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  Introd uction   

 Skeletal muscle is a highly dynamic and adaptive tissue, constantly changing in 
response to biomechanical and metabolic demand. Such adaptation, spanning 
hypertrophy, atrophy, and regeneration require remodelling of muscle fi bres, extra-
cellular matrix, and microvasculature, and involves complex interplay between 
soluble and insoluble regulatory factors. Understanding the role of soluble factors 
in particular is attractive to potential therapeutic approaches to diseases and condi-
tions in which muscle function is compromised. This volume focuses on the critical 
role of soluble factors, including growth factors and cytokines, in regulating and 
maintaining muscle tissue function and adaptive change. 

 Chapter   1     (Anderson) provides a detailed review of the history and biology of 
the role of hepatocyte growth factor (HGF) in regulating satellite cell activity. HGF 
was one of the earliest identifi ed growth factors in satellite cell regulation and acts 
at multiple stages in the myogenic program. HGF is predominantly sequestered to 
the muscle fi bre basement membrane and extracellular matrix and is liberated in 
response to physical stimuli, such as stretch and injury. Thus it is expressed 
extremely early, almost immediately, upon damage to muscle fi bres, making it 
essential in the initial stages of satellite cell activation. The reliance of release from 
the matrix on nitric oxide synthase-1 (NOS-1) and the role of this relationship in 
certain disease states is reviewed. This chapter also emphasises that most studies on 
growth factor function in muscle biology relate to effects on single cell types (e.g. 
muscle cells, fi broblasts, endothelial cells, nerve fi bres). It suggests that there is a 
signifi cant need to utilise advancing technologies to develop a detailed understand-
ing roles of growth factors such as HGF in highly complex tissues such as skeletal 
muscle. 

 Chapter   2     by Joanisse and Paris focuses primarily on the role of cytokines in 
regulating muscle satellite cell activity in response to exercise, ageing, disease and 
repair following injury. Central to this chapter is the role of the infl ammatory 
response to muscle remodelling following exercise, damage/injury, ageing, and in 
certain disease states. Infl ammation is a well-established normal reaction to any tis-
sue injury type, and cytokines with direct roles in this process have been shown to 
have roles beyond infl ammation through direct interactions with muscle cells 
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 themselves, regulating their activity. The chapter focuses largely on interleukins, 
with several isoforms being implicated both directly and indirectly on the myogenic 
program, and muscle hypertrophy following exercise. This chapter also highlights 
the potential role of muscle tissue as a direct source of cytokine (“myokine”) secre-
tion, with evidence indicating muscle production of several interleukins which may 
have both local and systemic effects. The work presented in this chapter clearly 
identifi es gaps in the literature base while emphasising the high level of complexity 
of interactions and cross-talk between the immune and musculoskeletal systems. 

 The pleiotropic roles of Leukaemia Inhibitory Factor (LIF) are described in 
Chap.   3     by Hunt and White. Cytokines of the LIF receptor family are pleiotropic 
cytokines which can infl uence muscle in a number of ways including via direct 
interaction with the LIF receptor complex on the surface of muscle cells and indi-
rect effects mediated through other cells. Originally described as a mitogenic cyto-
kine for isolated myoblasts, the list of myogenic effects of LIF has grown since then 
to include development, adult muscle homeostasis, metabolic, and regulation of 
regeneration through its anti-infl ammatory properties. 

 An often overlooked factor in the regulation of satellite cell activity is the extra-
cellular matrix, and this is considered by Song in Chap.   4    . Traditionally, the ECM 
has been thought of as a structural scaffold in which cells reside; in reality, compo-
nents of the ECM directly regulate cell behaviour. Many molecules in the ECM 
play a critical role in regulating satellite cell activities including activation, prolif-
eration, and differentiation. Of particular importance are membrane-associated 
heparin sulphate proteoglycans which function as co-receptors for many growth 
factors to enhance their binding affi nity to their primary receptors and initiate down-
stream signal transduction. The heparin-bound growth factors including FGF2, 
HFG and TGF-β have been reported to modulate satellite cell activation, migration, 
proliferation, and differentiation. 

 While many studies describe the positive regulation of cellular activity in skel-
etal muscle, negative regulators are equally critical. Of particular interest are those 
affecting muscle mass and function in pathological conditions. Many readers will 
be familiar with myostatin, which is a key regulator of muscle development, and 
more recent evidence is emerging that other TGF-β proteins act in concert with 
myostatin to regulate the growth and remodelling of skeletal muscle. Chen et al. in 
Chap.   5     consider the growing understanding of TGF-β biology in muscle and its 
potential to advance the development of therapeutics for muscle-related conditions 
is reviewed here. The complexity of the TGF-β network provides the means for this 
system to fi nely regulate a variety of different cellular processes in many different 
cell types and organ systems, including skeletal muscle. 

 Cross-talk between adipocytes and skeletal muscle via correct control by adipo-
kines is important in controlling energy homeostasis during rest and exercise and 
can help prevent metabolic disease. Adipose tissue not only functions as a reserve 
to store energy but has become of major interest as an endocrine organ, releasing 
signalling molecules termed adipokines which impact on other tissues, such as 
 skeletal muscle. Adipocytes, within skeletal muscle and adipose tissue, secrete 
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 adipokines to fi nely maintain the balance between energy intake and expenditure. 
Chapter   6     by Coles focuses on the three adipokines, adiponectin, leptin, and IL-6, 
which have potent effects on skeletal muscle at rest and during exercise. Similarly, 
adiponectin, leptin, and IL-6 enhance glucose uptake and increase fatty acid oxida-
tion in skeletal muscle. Whilst the last decade has revealed a vast amount of knowl-
edge about these adipokines, there is much more to understand, particularly in the 
search for drugs that might reduce lipotoxicity in skeletal muscle for the treatment 
of metabolic syndrome, obesity, and diabetes. 

 Growth factor-mediated regulation of microvascular growth and remodelling is 
the focus of Chap.   7     (Smythe). This chapter discusses changes in the muscle micro-
vasculature in response to exercise, atrophy due to ageing and disuse, regeneration 
following injury, and disease, and highlights both the redundancy and balance of 
pro- and anti-angiogenic growth factors regulating capillary growth and remodel-
ling. This chapter also investigates the evidence in the literature for potential for 
growth factor-based therapies in promoting vascular supply, and thus compromised 
muscle function, such as in certain diseases and following signifi cant muscle 
trauma.  

Introduction
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    Chapter 1   
 Hepatocyte Growth Factor and Satellite Cell 
Activation                     

       Judy     E.     Anderson    

    Abstract     Satellite cells are the “currency” for the muscle growth that is critical to 
meat production in many species, as well as to phenotypic distinctions in develop-
ment at the level of species or taxa, and for human muscle growth, function and 
regeneration. Careful research on the activation and behaviour of satellite cells, the 
stem cells in skeletal muscle, including cross-species comparisons, has potential to 
reveal the mechanisms underlying pathological conditions in animals and humans, 
and to anticipate implications of development, evolution and environmental change 
on muscle function and animal performance.  

  Keywords     c-met receptor   •   HGF   •   Skeletal muscle   •   Growth   •   Regeneration   • 
  Nitric oxide   •   Muscle atrophy   •   Cytoskeleton   •   DGC   •   Zebrafi sh  

1.1       Introduction 

 As the building blocks for skeletal muscle during development, growth and regen-
eration (Anderson  2006 ; Mauro  1961 ; Mauro et al.  1970 ; Yablonka-Reuveni  2011 ), 
satellite cells play a fundamental role in muscle biology and animal function. They 
can respond dramatically and continuously to alterations in physiological demands 
on muscle, and to injuries and changes in nutritional constraints during adaptation. 
It is well-established that growth factors and cytokines have important roles in the 
repair of skeletal muscle (Karalaki et al.  2009 ), and that they have differential 
effects at various stages of myogenesis. Hepatocyte growth factor (HGF) for 
instance, is a protein made in myocytes and myoblasts (Charge and Rudnicki  2004 ; 
Sheehan et al.  2000 ; Tatsumi et al.  1998 ) and it promotes their proliferation while 
inhibiting myotube formation and differentiation in culture and regeneration. 

        J.  E.   Anderson      (*) 
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 HGF binds to the c-met receptor expressed on myoblasts and on satellite cells; 
that binding inhibits expression of the muscle regulatory genes, MyoD and myo-
genin, and the structural protein, myosin heavy chain (Anastasi et al.  1997 ; Gal- 
Levi et al.  1998 ; Leshem et al.  2000 ; Miller et al.  2000 ). By comparison, other 
growth factors also promote proliferation of myogenic cells, for example insulin- 
like growth factor (IGF-1) and fi broblast growth factor (FGF-2) and then promote 
myotube differentiation (Allen and Boxhorn  1989 ; Florini and Magri  1989 ; Hayashi 
et al.  2004 ). 

 Distinctions among growth factors in their activity in skeletal muscle were fi rst 
explored in now-classic  in vitro  culture studies of proliferation and differentiation 
(Allen et al.  1995b ;  1979 ) to understand the regulation of muscle growth. Studies of 
HGF, FGF and transforming growth factor beta (TGF-β) on proliferation and dif-
ferentiation (Allen et al.  1995b ; Allen and Boxhorn  1989 ; Allen and Rankin  1990 ; 
Johnson and Allen  1993 ;  1995 ) opened the fi eld to studies of different stages in the 
myogenic regulatory program. As revealed at the time, the sequence of regulatory 
gene expression was delayed in cultures of satellite cells from muscle of old rats, 
pending a latent period between isolation of the quiescent satellite cells from mus-
cle and their activation and proliferation in culture (Smith et al.  1994 ). Bischoff 
used a crushed-muscle extract (CME) preparation to induce activation of satellite 
cells on isolated fi bers prepared for culture, and that extract was also shown to 
enhance muscle regeneration and satellite cell activity  in vivo  (Bischoff  1986a ,  b ; 
Bischoff and Heintz  1994 ). 

 Early  in situ  hybridization experiments demonstrated that HGF was regulated 
during muscle development and then transiently expressed following ischemia- 
induced muscle injury and repair (Jennische et al.  1993 ). However, it was the notion 
that live and dead muscle fi bers have distinctive interactions with their resident 
satellite cells and that living, intact fi bers produce a factor that activates satellite 
cells and stimulates their transition from G0 to the cell cycle (Bischoff  1990 ). This 
was confi rmed later, in studies of activation on fi bers exposed to CME or the myo-
toxin, marcaine (Anderson and Pilipowicz  2002 ); those studies led to the identifi ca-
tion of HGF as the activating factor in CME (Tatsumi et al.  1998 ). Subsequently, 
HGF-c-met interactions were examined in the context of paracrine signaling 
(Anastasi et al.  1997 ). More recently, an engineered high-affi nity HGF with two 
c-met binding sites called Magic-Factor 1, has been shown to stimulate hypertrophy 
through anti-apoptotic pathways (Cassano et al.  2008 ). Current literature gives HGF 
a very prominent profi le in processes mediating the balance between the activation 
of satellite cells and their return to quiescence (bou-Khalil et al.  2010 ; Chazaud 
 2010 ; Yamada et al.  2010 ), although other gene products and genetic background 
clearly impact satellite cell populations and their functionality in healthy and dis-
eased muscle (Fukada et al.  2010 ;  2013 ). 

 Satellite cell activation is initiated through a cascade of calcium-dependent sig-
nals that release HGF from the extracellular matrix (Hara et al.  2012 ; Tatsumi et al. 
 2009b ; Tatsumi  2010 ). Injury-induced activation leads to those processes involved 
in regeneration of muscle tissue, including angiogenesis, nerve sprouting and inner-
vation, matrix remodelling and myogenesis, itself. All these processes impact 
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directly on the outcome of tissue repair and the level of function attained by that 
tissue. Since the identifi cation of nitric oxide as a potent mediator of satellite cell 
activation in mouse muscle (Anderson  2000 ; Wozniak and Anderson  2007 ;  2009 ), 
many roles of HGF and HGF-mediated signaling during the regeneration of muscle 
tissue have been reported. However, the scope of differences in HGF-mediated pro-
cesses during activation and regeneration in different species, and many of the key 
aspects of chemical, mechanical, growth-factor- and chemokine-mediated signaling 
that affect muscle plasticity and function are not as well established across species, 
despite their importance in shaping muscle adaptation and the wide range of life- 
history challenges met by different species. 

 Capabilities of research using the single-fi ber culture model to study HGF- 
mediated activation in mammalian and zebrafi sh muscle provide a strong platform 
for future exploration of HGF-induced signaling in development and muscle-tissue 
repair. This chapter provides a focused review of literature that relates to HGF- 
mediated mechanisms important in muscle growth and regeneration. Many studies 
demonstrate the interdependence of muscle structure, development and phenotype 
by modeling their combined impact on the activation of satellite cells. Evolutionary 
distinctions in activation by nitric oxide signaling (Anderson  2000 ) and possible 
species-dependent contributions of satellite cell regulation may contribute to deter-
mining the phenotypic pattern of muscle tissue expansion.  

1.2     Satellite Cell Activation 

 The cytoskeletal transmembrane dystroglycan complex (DGC) anchors nitric oxide 
synthase (NOS)-1 close to the muscle fi ber membrane. The DGC stabilizes the 
membrane of contracting muscle fi bers by linking the actin cytoskeleton through 
the membrane to the surrounding matrix (Barresi and Campbell  2006 ; Campbell 
and Stull  2003 ; Durbeej and Campbell  2002 ; Ervasti and Campbell  1991 ;  1993 ; 
Matsumura et al.  1993 ). Changes in dystrophin, NOS-1 and transmembrane 
β-dystroglycan in the DGC, between muscles of wild-type, dystrophin-defi cient 
and old mice accompany changes in satellite cell activation and cycling in muscle 
development, atrophy and regeneration (Janke et al.  2013 ; Leiter et al.  2012 ; 
Wozniak et al.  2003 ; Wozniak and Anderson  2007 ). We recently identifi ed that the 
DGC develops in relation to muscle loading (Janke et al.  2013 ). 

 Satellite cells are precursor or stem cells on muscle fi bers (Anderson  2006 ; Seale 
and Rudnicki  2000 ; Yablonka-Reuveni  2011 ) and are the source of cells for growth 
and regeneration (Collins et al.  2005 ; Collins and Partridge  2005 ). In adult mice, 
satellite cells are mitotically quiescent (G0); once activated to cycle, they form 
myoblasts that commit to the muscle lineage, divide, differentiate and fuse to extend 
existing fi bers or form new ones. By asymmetrical division, some myoblasts return 
to a satellite position on fi bers to renew the stem-cell niche (Collins et al.  2005 ; 
Kuang et al.  2007 ; Rudnicki et al.  2008 ). As fi ber nuclei are post-mitotic, satellite 
cell activation is  critical  for muscle regeneration and plasticity. 

1 Hepatocyte Growth Factor and Satellite Cell Activation
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 Satellite cells are activated to cycle via signaling through the potent gaseous 
signal of nitric oxide release (Anderson  2000 ). Time-course studies of satellite cell 
activation using single muscle fi bers that were mechanically stretched in culture 
revealed functional satellite-cell heterogeneity related to mRNA expression of 
c-met, the receptor for HGF (Fig.  1.1 ), and that loss of dystrophin appears to deplete 
particular subpopulations (Anderson and Wozniak  2004 ; Beauchamp et al.  1999 ; 
Collins et al.  2007 ; Heslop et al.  2000 ; Wozniak et al.  2003 ; Wozniak and Anderson 
 2007 ;  2009 ). Changes in NOS-1 expression or activity reduce or delay activation by 
injury, and then perturb the muscle-regeneration cascade (Anderson  2000 ; Wozniak 
and Anderson  2007 ). NOS-1 down-regulation in dystrophic muscle (Brenman et al. 
 1995 ) occurs with muscle loading in development and is not a direct result of the 
genetic loss of dystrophin (Janke et al.  2013 ). The mechano-sensitive NOS-1 pro-
tein releases nitric oxide after stretch; this liberates HGF from the fi ber matrix. HGF 
binds to the c-met receptor on satellite cells, initiating satellite cell cycling and 
movement (Siegel et al.  2009 ;  2011 ; Tatsumi et al.  1998 ;  2002 ; Wozniak et al. 
 2003 ;  2005 ; Wozniak and Anderson  2007 ;  2009 ). Satellite cells also express dystro-
phin (Anderson et al.  1991 ), loss of which was shown recently to particularly impact 
satellite cell polarity in mitotic division and disease progression and regeneration in 
muscular dystrophy (Dumont et al.  2015 ).

   The level of c-met expression in muscle and the number of c-met expressing 
satellite cells on fi bers increases after activating satellite cells in wild-type mouse 

  Fig. 1.1     Satellite cell heterogeneity on fi bers.  Zebrafi sh fi bers were isolated, plated on collagen 
and incubated with or without cyclical stretching using a FlexCell vacuum-system apparatus. 
Fibers were fi xed after 0 h, 3 of stretching or after 24 h (3 h stretching plus 21 h further incubation) 
before immunostaining for c-met protein. The number of c-met-positive satellite cells on each fi ber 
was plotted as a frequency distribution for control fi bers ( without stretch ) and fi bers immediately 
or 21 h after stretch (Zhang and Anderson  2014 ). Graphs show signifi cant heterogeneity for the 
distribution of c-met-positive satellite cells as a population on fi bers (at least 67 fi bers per group)       
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muscle (Anderson and Wozniak  2004 ; Wozniak et al.  2003 ). Interestingly, HGF is 
expressed in many types of cells in muscle tissue including skeletal, smooth and 
cardiac muscle cells (Fig.  1.2 ). HGF is also expressed by infi ltrating mononuclear 
infl ammatory cells in regenerating mouse muscle (Sakaguchi et al.  2014 ) and in 
human muscle of patients with polymyositis/dermatomyositis (Sugiura et al.  2010 ). 
Interestingly, macrophages were reported to activate myogenic cells as early as 
1999 (Merly et al.  1999 ). In cultures of CD56-expressing myoblasts from those 
patients, the level of HGF was reduced by treatment with TGFβ and anti- 
infl ammatory treatment, and increased by treatment with interleukin-1α (Sugiura 
et al.  2010 ). HGF treatment of those cells in culture reduced their synthesis of pro- 
collagen 1, while interferon-gamma increased the expression of c-met, suggesting 
the use of HGF to promote regeneration of muscle in infl ammatory conditions 
(Sugiura et al.  2010 ). HGF-mediated muscle cell proliferation was also suggested as 
an approach to promoting muscle growth for treatment of urinary incontinence 
(Sumino et al.  2007 ). Molecules including miRNA489 (Brack et al.  2009 ), FoxO1, 
TGFβ3 and myostatin promote quiescence and inhibit growth and cycling (Argiles 
et al.  2012 ; Huang et al.  2012 ; Reed et al.  2012 ; Thomas et al.  2000 ). The balance 
between quiescence and activation states in myogenic cells is infl uenced by epigen-
etic effects of the surrounding matrix that are mediated by signaling through the 
Wnt pathway and the methylation state of chromatin that is mediated in part by 
mixed lineage leukemia 5 (MLL5) (Dhawan and Rando  2005 ; Sebastian et al.  2009 ; 
Sellathurai et al.  2013 ; Srivastava et al.  2010 ; Subramaniam et al.  2013 ).

1.3        Myogenic Cell Motility 

 Syndecans, especially syndecan 3 among the heparan sulphate proteoglycans (Casar 
et al.  2004 ; Cornelison et al.  2001 ;  2004 ; Pisconti et al.  2010 ; Rapraeger  2000 ), 
CD34, Eph-ephrin and Notch-delta interactions, Wnt, FGF2 and possibly Hedgehog 
(Xie et al.  2013 ) promote motility and cycling after activation (Alfaro et al.  2011 ; 
Ieronimakis et al.  2010 ; Luo et al.  2005 ; O’Brien et al.  2004 ; Stark et al.  2011 ). 
Syndecan-3 and dermatan sulfate are required for muscle regeneration and activa-
tion signaling (Casar et al.  2004 ; Villena and Brandan  2004 ). Interestingly, HGF 
induces the formation of lamellipodia and cell migration in cultures of C2C12 cells 
in a 3-dimensional assay. This is reported to occur through a balance of PI3-kinase- 
dependent signals in the WAVE2 N-WASP pathway that involve the formation of 
branched actin fi laments and polarization of the plasma membrane (Kawamura 
et al.  2004 ). Such regulation likely plays a role in the fascinating HGF-dependent 
travel by activated satellite cells along muscle fi bers that can be so beautifully dem-
onstrated in fi ber cultures (Siegel et al.  2009 ;  2011 ). This HGF-mediated migration 
may also interact with CD44-dependent regulation of the speed of satellite cell 
migration (Mylona et al.  2006 ). Involvement of glypican-1 in stabilizing HGF-c- 
met interactions via mechanisms related to lipid-raft formation is required for the 

1 Hepatocyte Growth Factor and Satellite Cell Activation
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  Fig. 1.2     Hepatocyte growth factor (HGF) expression in control and dystrophic muscle.  Muscle 
histology viewed by hematoxylin and eosin staining ( a ,  e ) and in situ hybridization for HGF) using 
digoxigenin-labeled riboprobe to identify mRNA ( b–d ,  f–h ) from wild-type C57BL10 mice ( a – d ) 
and dystrophin-defi cient  mdx  mice ( e–f ). ( a ) Muscle fi bers in control diaphragm. ( b ) Two satellite 
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optimal response of mouse C2C12 cells to HGF signaling and to stabilize CD44 
(Gutierrez et al.  2014 ). HGF also induces expression of caveolin-1 which inhibits 
cell proliferation, and is proposed to regulate the activity of the ERK pathway in 
satellite cell mobility and proliferation during regeneration (Volonte et al.  2005 ). 

 Another distinction among different growth factor-mediated processes is that 
HGF appears not to infl uence fi brinolysis required for invasion of myogenic cells 
into a matrix, although the migration process is dependent on urokinase plasmino-
gen activator activity which is in turn, regulated by FGF-2 and TGFβ (Fibbi et al. 
 2002 ). Possible similarities among different types of cells (e.g., myogenic cells and 
keratinocytes) suggest that many features of migration, may show distinctions 
based on the surrounding matrix or particular features of how factors are applied in 
an experiment (e.g., separately or in combination), as illustrated by use of a wound- 
assay culture system (Peplow and Chatterjee  2013 ). In a review of heparanase and 
syndecan-1 in tumours, the up-regulation of HGF expression by heparanase, and 
subsequent binding of HGF to syndecan-1 for degradation, was highlighted as a 
mechanism regulating growth factor activity (Ramani et al.  2013 ). It is possible that 
similar interactions during HGF-mediated responses by satellite cells play a role in 
the timing or dose-response of activation and migration during growth and repair of 
muscle and could point the way to designing novel therapeutics to promote those 
processes.  

1.4     Zebrafi sh Single-Fiber Studies of Satellite Cell Activation 

 Temperature, environment and life-history events such as migratory behaviour in 
fi sh and birds and hibernation patterns in mammals, infl uence muscle plasticity and 
metabolic adaptation (Corrigan et al.  2011 ; Johnston  2006 ; Johnston and Hall  2004 ; 
Meyerrochow and Ingram  1993 ; Price et al.  2011 ; Wund et al.  2008 ). For instance, 
hibernation affects muscle mass or growth in some vertebrates and not in others. 
Interestingly, hibernation can protect muscle from atrophy that ensues with starva-
tion, disuse/immobilization or even denervation. Hibernation apparently changes 
the neural regulation of catabolic pathways, such that decreases in muscle mass and 
fi ber cross-sectional area in hibernating bears after denervation are only one third to 

Fig. 1.2 (continued) cells ( arrows ) in tibialis anterior muscle contain cytoplasm densely stained 
for HGF transcript; less intense staining for HGF transcripts is visible around the periphery of 
myofi bers. A nerve bundle is indicated by the  crossed vertical arrow . ( c ) HGF expression is dem-
onstrated in intrafusal fi bers of a muscle spindle ( arrow ) and in smooth muscle around a blood 
vessel ( crossed vertical arrow ). ( d ) A small myotube ( vertical arrow ) is regenerating between 
intact fi bers in the diaphragm of a control mouse. ( e ) Regenerating fi bers ( arrow ) within sections 
of dystrophic tibialis anterior muscle. ( f  and  g ) Small regenerating fi bers ( arrows ) are intensely 
stained for HGF mRNA in an inter- nuclear distribution in longitudinal section ( g ). ( h ) Cardiac 
myocytes from the atrium of a dystrophic mouse are stained for HGF transcripts ( arrow ). Bar = 10 
μm (original magnifi cation X200); bar in panel  b  applies to  b–h  (original magnifi cation X400)       
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one half as pronounced as in non-hibernating bears (Lin et al.  2012 ). Hibernation is 
also accompanied by down-regulation of autophagic and proteolytic pathways 
mediated by serum- and glucocorticoid-inducible kinase-1 (GSK1) (Andres-Mateos 
et al.  2013 ). Moreover, in studies of the 13-striped ground squirrel, while the level 
of myostatin, which typically represses satellite cell proliferation in non-hibernating 
animals and typically increases in starvation and disuse, it is surprising that in hiber-
nating animals, myostatin levels do not change. Myostatin stays at normal pre- 
hibernation levels well into hibernation, and the marked increase only happens 
when the animal is beginning to  arouse  from topor, toward the end of hibernation 
(Brooks et al.  2011 ). Regulation of muscle atrophy is clearly overlain by complex 
metabolic changes somewhat separable from neural and other activity and/or endo-
crine infl uences. Such fascinating observations encourage in-depth comparative 
studies of muscle satellite-cell biology and the impact of various life-history events. 

 A key distinction in muscle-growth capacity between mammals and teleosts is 
the regulation of fi ber number. In mammals, fi ber number does not increase after 
birth; by comparison, in teleost fi sh, the number of fi bers, especially fast fi bers, rises 
nearly continuously with body size and muscle mass, as part of the process termed 
indeterminate growth (Hall et al.  2004 ; Johnston  2006 ; Johnston and Hall  2004 ). A 
leader in the fi eld, IA Johnston, notes the major gap in our understanding of the 
impact of indeterminate growth and ectothermy on the regulation of muscle growth 
in teleosts versus mammals (Johnston et al.  2011 ). 

 On the basis of the growing body of work on mammalian muscle fi bers, and 
long-standing questions about the regulation of muscle growth in fi sh, we modifi ed 
the protocol for isolating mouse-muscle fi bers to enable culture studies of zebrafi sh 
muscle fi bers (Anderson et al.  2012 ) prepared with careful attention to Bischoff’s 
technique (Bischoff  1986b ). Using single-fi ber cultures from zebrafi sh, experi-
ments revealed that satellite cell activation on zebrafi sh fi bers is mediated by nitric 
oxide, HGF and mechanical-stretch signals (Zhang and Anderson  2014 ) (Fig.  1.3a, 
b ), similar to fi ber cultures from mouse (Anderson and Pilipowicz  2002 ; Wozniak 
et al.  2003 ; Wozniak and Anderson  2007 ). However, although the cascade of acti-
vation involved similar signals, peak activation in zebrafi sh fi ber cultures occurred 
at a distinctly higher concentration of nitric oxide and a lower concentration of 
HGF, than in our earlier fi ndings on activation in mouse-fi ber cultures; values in 
fi sh vs. mouse fi ber experiments were: 1 mM isosorbide dinitrate (2 molar equiva-
lents of nitric oxide released) vs. 100 nM of the NOS substrate L-arginine (1 molar 
equivalent of nitric oxide produced); and 10 ng/mL vs. 25 ng/mL HGF in medium, 
respectively (Anderson and Pilipowicz  2002 ; Wozniak and Anderson  2007 ; Zhang 
and Anderson  2014 ). [Unfortunately, the direction of the comparative fi sh-mouse 
difference for response to nitric oxide is reversed in Zhang and Anderson  2014 .] 
While the levels of nitric oxide and HGF extant in the two types of fi bers is not 
known, the relative differences indicate there is a differential “tuning” of activation 
by the HGF-mediated cascade in mouse and fi sh fi bers. The dose-response of 
HGF- induced activation is shifted to a lower peak concentration of exogenous 
HGF by stretching in culture (Fig.  1.3c ), due to release of HGF from the low-
affi nity receptors in the extracellular matrix surrounding fi bers (Tatsumi et al. 
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 2001 ;  2002 ; Tatsumi and Allen  2004 ). Activation by exposure to HGF and by 
mechanical stretching in the fi sh fi bers is additionally mediated by temperature. 
Results of studies using inhibition of HGF-c-met binding and NOS activity dem-
onstrated that activation of satellite cells on fi bers in culture is reduced at 21 °C 
compared to the level observed at 27 °C, the typical temperature for rearing zebraf-
ish (Zhang and Anderson  2014 ).

  Fig. 1.3     Dose-response curves for satellite cell activation on fi bers in culture.  Muscle fi bers 
were isolated from zebrafi sh ( a ,  b ) and mouse ( c ) and cultured in basal growth medium containing 
bromodeoxyuridine (BrdU) for 24 h in the presence of: ( a ) the NO donor isosorbide dinitrate, 
ISDN (0–2.5 mM); ( b ) HGF (0–25 ng/mL); and ( c ) HGF (0–30 ng/mL) with or without cyclical 
stretching. After 24 h incubation, fi bers were fi xed and immunostained for BrdU, the dose-response 
of satellite cell activation was determined as the number of BrdU-positive satellite cells per fi ber. 
Note that peak activation by HGF occurred at a lower concentration in unstretched zebrafi sh than 
mouse fi ber cultures ( c  vs.  b ), and that HGF-induced activation on mouse fi bers shifts to a lower 
concentration of HGF in the presence of 3 h of stretching       
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   The interesting fi nding of a novel temperature-sensitive pattern of satellite cell 
activation on zebrafi sh fi bers was accompanied by observation that the population 
of satellite cells identifi ed by immunostaining studies for the c-met receptor protein, 
increased in size only 3 h after stretch (Zhang and Anderson  2014 ). This fi nding 
indicated that c-met is acting as an immediate early gene in satellite cell activation 
on zebrafi sh fi bers, consistent with fi ndings from mouse-fi ber cultures (Wozniak 
et al.  2003 ). As well, there were more c-met-positive satellite cells on fi sh fi bers, 
and they cycled faster than in mouse (Zhang and Anderson  2014 ). Very recent 
extension of these fi ber-culture studies is now examining developmental aspects of 
interactions between fi bers and their resident satellite cells. 

 The study demonstrated the sensitivity of the fi ber-model system for testing the 
impact of brief or subtle changes in the fi ber environment, on muscle growth and 
adaptive capacity. While there is clear conservation of regulatory pathways between 
zebrafi sh and mouse muscle, at least in the fi ber-culture model system, these recent 
studies provide fresh insights on possible mechanisms of indeterminate muscle 
growth in fi sh that utilize fi ber hyperplasia and hypertrophy, in comparison to post- 
natal muscle growth by hypertrophy of fi bers in mammalian species. Such informa-
tion could be a strong asset to aquaculture and food-meat production industries, and 
assist in further studies of the epigenetic interactions of the fi ber cytoskeleton with 
satellite cell activity as they relate to understanding how the growth and repair of 
muscle tissue shape functional muscle plasticity.  

1.5     Re-defi ning the Impact of Age on Satellite Cell Activation 
and Muscle-Growth Capacity 

 Previous research in this laboratory tracked the concurrent loss of muscle mass, 
strength, proliferation and fi ber size in aging mice, with changes in NOS-1 and 
β-dystroglycan in the DGC and membrane function. Exercise increased levels of the 
protein NOS-1 in skeletal muscle and increased the proliferation of satellite cells 
when the intervention was given at eight but not 18 months-of-age, and the response 
was muscle-specifi c rather generalized in all muscles (Leiter et al.  2011 ). We also 
found that satellite cells were not activated in old muscle by the level of stretching 
that effectively activates them when younger muscle is stretched in culture, and this 
refractoriness to stretching increased with greater age (Leiter and Anderson  2010 ). 
The novel fi nding was that in muscles from old mice, proteins of the DGC were 
relocated and reduced in concentration (Leiter et al.  2012 ), and that remarkably, 
combined treatment with voluntary-running exercise and the nitric oxide-donor com-
pound called isosorbide dinitrate, partly restored the benefi cial muscle-building 
effects of exercise in the old mice, toward effects that are more typical of exercise 
effects on muscle in younger animals. This was despite the signifi cant decline in the 
number of satellite cells expressing transcripts for myoD, myogenin or pax7 found in 
the gastrocnemius muscle of animals at 18 months-of- age, the age at which the 
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combined treatment with ISDN plus exercise had started, compared to muscle at 3, 8 
or 12 months-of-age (Fig.  1.4 , Leiter & Anderson,  unpublished data ). Treatment also 
shifted the subcellular pattern of the β-dystroglycan and NOS-1 in muscle from the 
old mice, toward the localization pattern seen in muscle from much younger mice. 
This was concurrent with decreased permeability to serum immunoglobulins in the 
muscle of old mice; overall, the combined treatment of exercise and the nitric oxide 
donor resulted in a 25 % increase in muscle mass and increased fi ber diameter in the 
old mice (Leiter et al.  2012 ). Without the increase in nitric oxide provided by the 
NO-donor treatment, exercised old mice displayed the typical loss of muscle mass 
and the distribution of the two proteins in the DGC had the pattern that was observed 
in muscle of old mice. There may be potential for application of therapy based on 
nitric oxide, to improve the functional state of muscle growth capacity in aging or to 
assist in “pre-habilitation” of muscle prior to surgical procedures. This study shows 
the growth capacity of satellite cells in old muscle is retained. A comprehensive 
examination of the capacity for muscle regeneration in response to three different 
types of injury (freeze, crush and myotoxin) in very old mice, showed that the capac-
ity of satellite cells in muscle of old or very old mice to provide fully functional 
regenerated muscle tissue can be retained if muscle damage has not affected the 
neurovascular supply (Lee et al.  2013 ). The possibility of progressive changes in 
HGF expression and HGF-mediated signaling in satellite cell activation has not been 
fully explored through the aging process.

1.6        Integrating Growth, Satellite-Cell Behaviour 
and Cytoskeletal Development 

 Cytoskeletal NOS-1 and β-dystroglycan develop earlier in mouse diaphragm than 
limb muscle. This pattern changes with loss of dystrophin from the DGC (Janke 
et al.  2013 ). Such fi ndings support the idea that differential muscle loading, which 
is higher and earlier in diaphragm than in limb muscle, and the structure of the DGC 
that differs in important but seemingly subtle ways from the DGC in the central 
nervous system, may explain muscle-specifi c variations in muscular dystrophy 
(Janke et al.  2013 ; Snow et al.  2013a ;  b ). Previous reports on c-met regulation of 
cell functions, such as migration of invasive tumour cells, limb muscle precursors 
in development, and tubule formation by epithelial cells, in regeneration of liver 
and proliferation of liver and placental cells (Trusolino et al.  2010 ), and the out-
come of muscle satellite-cell activation (Leiter et al.  2012 ; Webster and Fan  2013 ; 
Wozniak and Anderson  2007 ), clearly demonstrate the importance of the cytoskel-
eton in mediating that regulation. 

 Semaphorin3A (Sema3A) is a paracrine neuro-repellant protein, novel to muscle 
biology since 2009 (Tatsumi et al.  2009a ). Sema3A is implicated in an axon- 
guidance role during the regeneration of skeletal muscle. HGF induces Sema3A 
secretion by activated satellite cells, but interestingly this does not occur through 
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  Fig. 1.4     Satellite cell populations decline with increasing age.  ( a ) Gastrocnemius muscle from 
mice aged 3, 8, 12, and 18 months, showing satellite cells stained positive by combined  in situ  
hybridization (ISH) using a cocktail of riboprobes for pax7 (a muscle-specifi cation gene, expressed 
in quiescent and activated satellite cells), and myoD and myogenin RNA (muscle-regulatory genes 
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HGF binding to c-met. These fi ndings suggest that satellite cells serve to collect and 
integrate activating and quiescence factors and the functional capacity for nerve- 
independent and nerve-dependent repair via Sema3A (Do et al.  2011 ;  2012 ; Suzuki 
et al.  2013 ). Sema3A is up-regulated by HGF, peaks early in myoblast differentia-
tion and could mediate the timing of axonal ingrowth to regenerating fi bers. It is 
intriguing that Sema3A may act through a receptor in the plexinA2-myogenin path-
way that is particularly active in slow muscle (Suzuki et al.  2013 ; Tatsumi et al. 
 2009a ). This fi eld of study opens exciting new ways to study nerve-muscle interplay 
during muscle development. For example, it would be fascinating to examine the 
expression and behaviour of satellite cells on developing fi bers at different life- 
stages from a number of species, as the stage that is particularly critical to organism 
survival may differ in different species. Satellite cell activity could be explored 
using an architectural approach, by examining the expression of HGF, Sema3A and 
other regulatory and structural proteins by satellite cells and their activation status, 
according to their distance from vessels or nerve-muscle junctions along a fi ber in 
culture or  in vivo . Such studies could help identify factors that contribute to produc-
ing a heterogeneous population of stem cells in a muscle, and how the behaviour of 
satellite cells during development and activation in growth, may infl uence the mus-
cle phenotype that develops in different species. 

 Characterization of the satellite cell populations  in vivo  on adult and developing 
muscle fi bers on non-mammalian species is an important and achievable goal, given 
the acceleration of the satellite cell fi eld that has resulted in the past three decades 
of focused research using rodent models of human disease. Understanding how 
satellite cell populations vary in size and activation state by species, fi ber type and 
through development can now be examined in relation to differences in the environ-
ment, function and behaviour of an organism. A good “baseline” understanding is 
still missing information about cross-species comparisons of satellite cell popula-
tions in adult and developing muscle that explain the differential responses by mus-
cle to activating stimuli and environmental change, and the distinctive capacity for 
nearly life-long formation of new fi bers in some species. Studies of the differential 
growth by fi sh developing in cold versus warm water, and the genes expressed by 
muscle tissue or fi bers (Johnston  2006 ; Johnston et al.  2009 ; Johnston and Hall 
 2004 ; Steinbacher et al.  2011 ) have not fully explained the important biology of 

Fig. 1.4 (continued) expressed by activated satellite cells). Satellite cells are directly juxtaposed to 
the sarcolemma of unstained fi bers ( arrows  indicate satellite cells with a prominent nucleus). 
 Insets  show a negative- control section ( arrow  points to an unstained satellite cell) and a satellite 
cell on an atrophic fi ber (at 3 and 18 months, respectively). Bar = 10 μm. ( b ) Satellite cell density 
(number of ISH-positive mononuclear cells in the satellite position per fi eld, mean  ±  SEM, 247–
303 fi elds per group) was highest at 12 months.  Brackets  indicate signifi cant differences (p < 0.001). 
( c ) The percentage of satellite cells detected by in situ hybridization for each age group, plotted 
against satellite cell density (the number of ISH+ cells per fi eld). The density of satellite cells 
expressing at least one of myoD, myogenin or pax7 declined with increasing age (p < 0.01, Chi-
square statistics); 18-mo gastrocnemius muscles had the highest frequency of fi elds without any 
satellite cells (Leiter and Anderson, unpublished)       
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muscle satellite cells, the proteins they make or bind and their response to changing 
conditions. That information is crucial to anticipating animal responses to climate 
change, toxic habitat or tissue injury. 

 By studying the regulation of satellite cell activation signaling on single fi bers  in 
vitro , experiments could be conducted to examine species-specifi c differences in the 
regulation of satellite cell activation and how they may relate to features of the 
DGC. A synthesis of information on how the DGC and internal cytoskeleton shape 
nuclear position and development is also missing from the literature, despite the 
critical roles of those proteins in regulating satellite cell activation (for example, see 
Janke et al.  2013 ; Wozniak and Anderson  2007 ) and muscle fi ber integrity. 

 A further gap in our knowledge relates to understanding the basis for central 
nucleation in regenerated fi bers. Typically in development, as myotubes differenti-
ate and receive innervation, nuclei shift from the central region of myotubes toward 
the periphery of fi bers (just inside the DGC). Nesprin1 may be involved in that 
relocation. Nesprins are part of a complex that links the outer nuclear envelope with 
the actin cytoskeleton, and preliminary observations showed nesprin1 distribution 
differed between the peripheral nuclei in normal adult fi bers and those centrally 
located nuclei in regenerated fi bers in the absence of dystrophin (Kaluzny and 
Anderson,  unpublished ). The positioning of satellite cells in proximity to in- growing 
nerves and blood vessels (Duxson and Sheard  1995 ; Harris et al.  1989 ), particularly 
at the nerve-muscle junction or endplate regions, is also reported to relate to the 
location of giant nesprinG proteins (>1000 kb) (Burke and Roux  2009 ; Crisp et al. 
 2006 ; Roux et al.  2009 ; Starr and Fischer  2005 ; Tzur et al.  2006 ; Zhang et al.  2007 ). 
It would be fascinating to examine nerve-muscle junctions on fi bers in culture, in 
relation to the position and activity of the resident satellite cells and myonuclei at 
important stages in development and regeneration, and also the interaction of satel-
lite cells with angiogenic processes and vascular endothelial growth factor through 
those processes. 

 Since muscle stem-cell activity on fi bers is so strongly linked with the ultimate 
outcome of muscle growth, physiology and adaption to neurovascular regulation 
(Allen et al.  1995a ), it will be important to take new advantage from the fi ber-model 
system to interrogate the relationship between satellite cell activation, behaviour and 
muscle phenotype. Fiber cultures could be used to study whether growth factors such 
as HGF or cytokines derived from the many tissue types in a muscle belly, direct 
satellite cell populations toward regenerating fi bers that take up a particular fast or 
slower phenotype after the repair. Alternatively, satellite cells may be the prime orga-
nizers of key stages in the regenerative response through their integration of incom-
ing signals and subsequent release of factors that actively signal to the local or 
systemic environment. For example, an interesting report examined systemic interac-
tions mediating HGF expression, and found that within an hour of a muscle injury, 
both liver and spleen had up-regulated HGF expression and production of the inac-
tive 90 kDa form of HGF protein. Serum from rats undergoing muscle regeneration 
was also able to induce expression of HGF transcripts in cells cultured from rat 
spleen, suggesting a role for an endocrine-level regulation of satellite cell behaviour 
(Suzuki et al.  2002 ). Fiber cultures could be used to screen for myogenic or 
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 growth-promoting effects of a range of compounds or extracts from natural or engi-
neered tissues. Another report noted the importance of HGF in recruiting myogenic 
cells into injured muscle by mediating their interactions with vascular endothelial 
cells (Corti et al.  2001 ). With the recent discovery that satellite cells make Sema3A 
during activation and regeneration (Do et al.  2011 ; Suzuki et al.  2013 ; Tatsumi et al. 
 2009a ), it is time to open the window wide for study of this novel aspect of muscle 
biology and nerve-muscle interaction. 

 Experiments on HGF-induced Sema3A production by satellite cells on single 
fi bers, classifi ed by immunostaining (Anderson et al.  1988 ; Merrifi eld and Atkinson 
 2000 ) and structure from mouse and zebrafi sh could be designed to manipulate 
satellite cell activation by HGF and nitric oxide, inhibit NOS-1 or block c-met and 
other cytokine and growth-factor receptors. Time-course studies such as those that 
tracked repair (Anderson et al.  1998 ; Grounds  1987 ; Grounds et al.  1992 ; Grounds 
and McGeachie  1987 ;  1992 ; McGeachie and Grounds  1987 ; McIntosh et al.  1998a , 
 b ,  c ; Moor et al.  2000 ; Smythe et al.  2008 ) may identify further fi ber-type (Suzuki 
et al.  2013 ) or differential species effects on activation and Sema3A synthesis. 
Studies of larval muscle development in various fi sh species may identify species- 
specifi c patterns of HGF and Sema3A signaling that infl uence receptor clustering at 
nerve-muscle junctions (Lomo  2003 ), motor synapse elimination (Busetto et al. 
 2003 ; Jansen and Fladby  1990 ; Missias et al.  1996 ) and satellite cell positioning 
near synapses and vessels (Duxson et al.  1986 ; Duxson and Sheard  1995 ; Paul et al. 
 2004 ). HGF is known to increase blood vessel formation if it is incorporated 
in local-release acellular grafts after nerve sectioning (Li et al.  2008 ; Watanabe and 
Okada  1967 ). HGF also promotes angiogenesis and muscle-fascicle organization, 
as studied in a gel matrix around engrafted myoblasts (Barbero et al.  2001 ), and 
HGF expression increases during hyperbaric oxygen treatment to improve muscle 
repair after severe ischemia (Asano et al.  2007 ). Both fi ndings are consistent with a 
recent report on the impact of oxygen levels on HGF-promoter activity and satellite 
cell-mediated angiogenesis (Flann et al.  2014 ). 

 Interestingly, acetylcholine receptors cluster on the muscle membrane before, 
not after developing fi bers are innervated, so the pattern of fi ber formation may 
infl uence the growth of motor axons and synapse formation (Arber et al.  2002 ). 
There are also distinct innervation patterns in parasitic and free-living lamprey 
(Atkins and Pezzementi  1993 ; Pezzementi and Chatonnet  2010 ) that have not been 
studied in relation to satellite cells on those muscle fi bers. Such research could pur-
sue the impact of satellite cell-derived factors such as HGF on driving angiogenesis 
(Ferrara et al.  2003 ; Williams and Annex  2004 ) or axon-guidance, and provide an 
exciting revision of classical thinking that is untested at the level of satellite-cell 
biology on fi bers. 

 The precise state of satellite cells in a particular model system during assay, is 
critically important in interpreting fi ndings. Satellite cells can be examined in many 
model systems: single-cell primary cultures, cell homogenates after expansion or 
differential plating, myoblasts derived from bulk cultures of mixed muscle cells, 
fi bers cultured either free-fl oating or attached to a substrate, and in sections of nor-
mal, developing or regenerating muscle. In each system, the previous activities of 
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those cells, the experimental conditions, and the way satellite cells or fi bers are 
isolated as reagents for use in each assay  all  affect research fi ndings and their inter-
pretation. For instance, the mechanism of fi ber isolation impacts the activation sta-
tus of their resident satellite cells. Isolation to study satellite cell motility in response 
to HGF can effectively use cultures in which the preparation protocol activates the 
satellite cells (Siegel et al.  2009 ). By comparison, studies of the transition from 
quiescence to activation need preparations that avoid shaking or other activating 
stimuli (Anderson et al.  2012 ; Wozniak and Anderson  2005 ). The status of satellite 
cells, quiescent, activated, mobile and/or proliferative, needs to be verifi ed in a 
control group under the same conditions (Wozniak et al.  2003 ; Wozniak and 
Anderson  2007 ). An understanding the status of satellite cells, such as their expres-
sion of muscle-regulatory genes (therefore activated), genes such as pax7 that spec-
ify muscle (Seale et al.  2000 ) or identify satellite cells (e.g., c-met, CD44, or CD56/
NCAM) and their proliferation state, is as critical as experimental design in inter-
preting  in vivo  experiments. A recent report suggesting that HGF-c-met signaling 
may not be required for activation or proliferation of satellite cells (Webster and 
Fan  2013 ) did not control for a number of important features of experimental design: 
the interval between tamoxifen-knockdown of c-met gene activity and experimental 
assay; the possibility of residual c-met in satellite cells that were most stem-like or 
quiescent; satellite cell activation in different-aged mice at the time of injury; uncer-
tain half-life of c-met; the activity of c-met as an immediate early gene (Wozniak 
and Anderson  2007 ; Zhang and Anderson  2014 ); and the complex implications of 
satellite-cell heterogeneity. Thus, the conclusions of that report regarding satellite 
cell activation are not well founded. Satellite cell behaviour following injury, 
stretching and isolation refl ects the events of activation, including entry into the cell 
cycle and mobilization (Anderson  2000 ); the many molecular-genetic pathways and 
epigenetic and feedback mechanisms that regulate activation and/or are impacted 
by it, are yet to be fully established.  

1.7     Conclusion 

 HGF activates satellite cells; its release from the muscle extracellular matrix is ini-
tially mediated via nitric oxide release, calcium-calmodulin signaling and matrix 
metalloproteinase activity after mechanical or injury-induced signals. Satellite cells 
respond by proliferating and making HGF and Sema3A; they also underpin the 
multi-directional signaling process between muscle fi bers and proteins and cells in 
the large volume of tissue outside the endomysium. By using the single-fi ber model 
system, single-cell physiology is accessible to comparative study and can give 
insights into the integral role of a heterogeneous population of satellite cells. Such 
research has potential to improve our ability to promote human muscle growth and 
repair, to prevent conditions such as age-related atrophy and to improve manage-
ment and treatment of neuromuscular diseases. For animal and comparative physi-
ologists, such basic muscle-cell biology studies could test new approaches to 
aquaculture and species conservation.     

J.E. Anderson



17

   References 

    Alfaro LA, Dick SA, Siegel AL, Anonuevo AS, McNagny KM, Megeney LA, Cornelison DD, 
Rossi FM (2011) CD34 promotes satellite cell motility and entry into proliferation to facilitate 
effi cient skeletal muscle regeneration. Stem Cells 29(12):2030–2041  

     Allen RE, Boxhorn LK (1989) Regulation of skeletal muscle satellite cell proliferation and dif-
ferentiation by transforming growth factor-beta, insulin-like growth factor I, and fi broblast 
growth factor. J Cell Physiol 138(2):311–315  

    Allen RE, Rankin LL (1990) Regulation of satellite cells during skeletal muscle growth and devel-
opment. Proc Soc Exp Biol Med 194(2):81–86  

    Allen RE, Merkel RA, Young RB (1979) Cellular aspects of muscle growth: myogenic cell prolif-
eration. J Anim Sci 49(1):115–127  

    Allen DL, Monke SR, Talmadge RJ, Roy RR, Edgerton VR (1995a) Plasticity of myonuclear 
number in hypertrophied and atrophied mammalian skeletal muscle fi bers. J Appl Physiol 
78(5):1969–1976  

     Allen RE, Sheehan SM, Taylor RG, Kendall TL, Rice GM (1995b) Hepatocyte growth factor acti-
vates quiescent skeletal muscle satellite cells in vitro. J Cell Physiol 165(2):307–312  

     Anastasi S, Giordano S, Sthandier O, Gambarotta G, Maione R, Comoglio P, Amati P (1997) A 
natural hepatocyte growth factor/scatter factor autocrine loop in myoblast cells and the effect 
of the constitutive Met kinase activation on myogenic differentiation. J Cell Biol 
137(5):1057–1068  

        Anderson JE (2000) A role for nitric oxide in muscle repair: nitric oxide-mediated activation of 
muscle satellite cells. Mol Biol Cell 11(5):1859–1874  

    Anderson JE (2006) The satellite cell as a companion in skeletal muscle plasticity: currency, con-
veyance, clue, connector and colander. J Exp Biol 209(Pt 12):2276–2292  

      Anderson J, Pilipowicz O (2002) Activation of muscle satellite cells in single-fi ber cultures. Nitric 
Oxide 7(1):36–41  

     Anderson JE, Wozniak AC (2004) Satellite cell activation on fi bers: modeling events in vivo – an 
invited review. Can J Physiol Pharmacol 82(5):300–310  

    Anderson JE, Bressler BH, Ovalle WK (1988) Functional regeneration in the hindlimb skeletal 
muscle of the mdx mouse. J Muscle Res Cell Motil 9(6):499–515  

    Anderson JE, Liu L, Kardami E (1991) Distinctive patterns of basic fi broblast growth factor 
(bFGF) distribution in degenerating and regenerating areas of dystrophic (mdx) striated mus-
cles. Dev Biol 147(1):96–109  

    Anderson JE, McIntosh LM, Moor AN, Yablonka-Reuveni Z (1998) Levels of MyoD protein 
expression following injury of mdx and normal limb muscle are modifi ed by thyroid hormone. 
J Histochem Cytochem 46(1):59–67  

     Anderson JE, Wozniak AC, Mizunoya W (2012) Single muscle-fi ber isolation and culture for cel-
lular, molecular, pharmacological, and evolutionary studies. Methods Mol Biol 798:85–102  

    Andres-Mateos E, Brinkmeier H, Burks TN, Mejias R, Files DC, Steinberger M, Soleimani A, 
Marx R, Simmers JL, Lin B, Hedderick EF, Marr TG, Lin BM, Hourde C, Leinwand LA, Kuhl 
D, Foller M, Vogelsang S, Hernandez-Diaz I, Vaughan DK, de la Rosa DA, Lang F, Cohn RD 
(2013) Activation of serum/glucocorticoid-induced kinase 1 (SGK1) is important to maintain 
skeletal muscle homeostasis and prevent atrophy. EMBO Mol Med 5(1):80–91  

    Arber S, Burden SJ, Harris AJ (2002) Patterning of skeletal muscle. Curr Opin Neurobiol 
12(1):100–103  

   Argiles JM, Orpi M, Busquets S, Lopez-Soriano FJ (2012) Myostatin: more than just a regulator 
of muscle mass. Drug Discov Today 17(13–14):702–709  

    Asano T, Kaneko E, Shinozaki S, Imai Y, Shibayama M, Chiba T, Ai M, Kawakami A, Asaoka H, 
Nakayama T, Mano Y, Shimokado K (2007) Hyperbaric oxygen induces basic fi broblast 
growth factor and hepatocyte growth factor expression, and enhances blood perfusion and 
muscle regeneration in mouse ischemic hind limbs. Circ J 71(3):405–411  

1 Hepatocyte Growth Factor and Satellite Cell Activation



18

    Atkins C, Pezzementi L (1993) Developmental changes in the molecular forms of acetylcholines-
terase during the life-cycle of the lamprey  Petromyzon marinus . Comp Biochem Physiol B: 
Biochem Mol Biol 106:369–372  

    Barbero A, Benelli R, Minghelli S, Tosetti F, Dorcaratto A, Ponzetto C, Wernig A, Cullen MJ, 
Albini A, Noonan DM (2001) Growth factor supplemented matrigel improves ectopic skeletal 
muscle formation–a cell therapy approach. J Cell Physiol 186(2):183–192  

    Barresi R, Campbell KP (2006) Dystroglycan: from biosynthesis to pathogenesis of human dis-
ease. J Cell Sci 119(Pt 2):199–207  

    Beauchamp JR, Morgan JE, Pagel CN, Partridge TA (1999) Dynamics of myoblast transplantation 
reveal a discrete minority of precursors with stem cell-like properties as the myogenic source. 
J Cell Biol 144(6):1113–1122  

    Bischoff R (1986a) A satellite cell mitogen from crushed adult muscle. Dev Biol 115(1):140–147  
     Bischoff R (1986b) Proliferation of muscle satellite cells on intact myofi bers in culture. Dev Biol 

115(1):129–139  
    Bischoff R (1990) Cell cycle commitment of rat muscle satellite cells. J Cell Biol 

111(1):201–207  
    Bischoff R, Heintz C (1994) Enhancement of skeletal muscle regeneration. Dev Dyn 

201(1):41–54  
    bou-Khalil R, Mounier R, Chazaud B (2010) Regulation of myogenic stem cell behavior by vessel 

cells: the “menage a trois” of satellite cells, periendothelial cells and endothelial cells. Cell 
Cycle 9(5):892–896  

    Brack AS, Murphy-Seiler F, Hanifi  J, Deka J, Eyckerman S, Keller C, Aguet M, Rando TA (2009) 
BCL9 is an essential component of canonical Wnt signaling that mediates the differentiation of 
myogenic progenitors during muscle regeneration. Dev Biol 335(1):93–105  

    Brenman JE, Chao DS, Xia H, Aldape K, Bredt DS (1995) Nitric oxide synthase complexed with 
dystrophin and absent from skeletal muscle sarcolemma in Duchenne muscular dystrophy. Cell 
82(5):743–752  

    Brooks NE, Myburgh KH, Storey KB (2011) Myostatin levels in skeletal muscle of hibernating 
ground squirrels. J Exp Biol 214(15):2522–2527  

    Burke B, Roux KJ (2009) Nuclei take a position: managing nuclear location. Dev Cell 
17(5):587–597  

    Busetto G, Buffelli M, Cangiano L, Cangiano A (2003) Effects of evoked and spontaneous moto-
neuronal fi ring on synapse competition and elimination in skeletal muscle. J Neurocytol 
32(5–8):795–802  

    Campbell KP, Stull JT (2003) Skeletal muscle basement membrane-sarcolemma-cytoskeleton 
interaction minireview series. J Biol Chem 278(15):12599–12600  

     Casar JC, Cabello-Verrugio C, Olguin H, Aldunate R, Inestrosa NC, Brandan E (2004) Heparan 
sulfate proteoglycans are increased during skeletal muscle regeneration: requirement of syn-
decan- 3 for successful fi ber formation. J Cell Sci 117(Pt 1):73–84  

   Cassano M, Biressi S, Finan A, Benedetti L, Omes C, Boratto R, Martin F, Allegretti M, Broccoli 
V, Cusella De AG, Comoglio PM, Basilico C, Torrente Y, Michieli P, Cossu G, Sampaolesi M 
(2008) Magic-factor 1, a partial agonist of Met, induces muscle hypertrophy by protecting 
myogenic progenitors from apoptosis. Plos One 3(9):e3223  

    Charge SB, Rudnicki MA (2004) Cellular and molecular regulation of muscle regeneration. 
Physiol Rev 84(1):209–238  

    Chazaud B (2010) Dual effect of HGF on satellite/myogenic cell quiescence. Focus on “High 
concentrations of HGF inhibit skeletal muscle satellite cell proliferation in vitro by inducing 
expression of myostatin: a possible mechanism for reestablishing satellite cell quiescence 
in vivo”. Am J Physiol Cell Physiol 298(3):C448–C449  

    Collins CA, Partridge TA (2005) Self-renewal of the adult skeletal muscle satellite cell. Cell Cycle 
4(10):1338–1341  

J.E. Anderson



19

     Collins CA, Olsen I, Zammit PS, Heslop L, Petrie A, Partridge TA, Morgan JE (2005) Stem cell 
function, self-renewal, and behavioral heterogeneity of cells from the adult muscle satellite cell 
niche. Cell 122(2):289–301  

    Collins CA, Zammit PS, Perez RA, Morgan JE, Partridge TA (2007) A population of myogenic 
stem cells that survives skeletal muscle aging. Stem Cells 25:885–894  

    Cornelison DD, Filla MS, Stanley HM, Rapraeger AC, Olwin BB (2001) Syndecan-3 and syn-
decan- 4 specifi cally mark skeletal muscle satellite cells and are implicated in satellite cell 
maintenance and muscle regeneration. Dev Biol 239(1):79–94  

    Cornelison DD, Wilcox-Adelman SA, Goetinck PF, Rauvala H, Rapraeger AC, Olwin BB (2004) 
Essential and separable roles for Syndecan-3 and Syndecan-4 in skeletal muscle development 
and regeneration. Genes Dev 18(18):2231–2236  

    Corrigan LJ, Lucas MC, Winfi eld IJ, Hoelzel AR (2011) Environmental factors associated with 
genetic and phenotypic divergence among sympatric populations of Arctic charr ( Salvelinus 
alpinus ). J Evol Biol 24:1906–1917  

    Corti S, Salani S, Del BR, Sironi M, Strazzer S, D’Angelo MG, Comi GP, Bresolin N, Scarlato G 
(2001) Chemotactic factors enhance myogenic cell migration across an endothelial monolayer. 
Exp Cell Res 268(1):36–44  

    Crisp M, Liu Q, Roux K, Rattner JB, Shanahan C, Burke B, Stahl PD, Hodzic D (2006) Coupling 
of the nucleus and cytoplasm: role of the LINC complex. J Cell Biol 172(1):41–53  

    Dhawan J, Rando TA (2005) Stem cells in postnatal myogenesis: molecular mechanisms of satel-
lite cell quiescence, activation and replenishment. Trends Cell Biol 15(12):666–673  

     Do MK, Sato Y, Shimizu N, Suzuki T, Shono J, Mizunoya W, Nakamura M, Ikeuchi Y, Anderson 
JE, Tatsumi R (2011) Growth factor regulation of neural chemorepellent Sema3A expression 
in satellite cell cultures. Am J Physiol Cell Physiol 301(5):C1270–C1279  

   Do MK, Suzuki T, Gerelt B, Sato Y, Mizunoya W, Nakamura M, Ikeuchi Y, Anderson JE, Tatsumi 
R (2012) Time-coordinated prevalence of extracellular HGF, FGF2 and TGF-beta3 in crush- 
injured skeletal muscle. Anim Sci J 83(10):712–717  

    Dumont NA, Wang YX, von Maltazahn J, Pasut A, Bentzinger CF, Brun CE, Rudnicki MA (2015) 
Dystrophin expression in muscle stem cells regulates their polarity and asymmetric division. 
Nat Med 21(12):1455–1463  

    Durbeej M, Campbell KP (2002) Muscular dystrophies involving the dystrophin-glycoprotein 
complex: an overview of current mouse models. Curr Opin Genet Dev 12(3):349–361  

     Duxson MJ, Sheard PW (1995) Formation of new myotubes occurs exclusively at the multiple 
innervation zones of an embryonic large muscle. Dev Dyn 204(4):391–405  

    Duxson MJ, Ross JJ, Harris AJ (1986) Transfer of differentiated synaptic terminals from primary 
myotubes to new-formed muscle cells during embryonic development in the rat. Neurosci Lett 
71(2):147–152  

    Ervasti JM, Campbell KP (1991) Membrane organization of the dystrophin-glycoprotein complex. 
Cell 66(6):1121–1131  

    Ervasti JM, Campbell KP (1993) A role for the dystrophin-glycoprotein complex as a transmem-
brane linker between laminin and actin. J Cell Biol 122(4):809–823  

    Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and its receptors. Nat Med 
9(6):669–676  

    Fibbi G, D’Alessio S, Pucci M, Cerletti M, Del RM (2002) Growth factor-dependent proliferation 
and invasion of muscle satellite cells require the cell-associated fi brinolytic system. Biol Chem 
383(1):127–136  

    Flann KL, Rathbone CR, Cole LC, Liu X, Allen RE, Rhoads RP (2014) Hypoxia simultaneously 
alters satellite cell-mediated angiogenesis and hepatocyte growth factor expression. J Cell 
Physiol 229(5):572–579  

   Florini JR, Magri KA (1989) Effects of growth factors on myogenic differentiation. Am J Physiol 
256(4) Pt 1:C701–C711  

1 Hepatocyte Growth Factor and Satellite Cell Activation



20

    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 satel-
lite cells and mdx phenotypes. Am J Pathol 176(5):2414–2424  

    Fukada S, Ma Y, Ohtani T, Watanabe Y, Murakami S, Yamaguchi M (2013) Isolation, characteriza-
tion, and molecular regulation of muscle stem cells. Front Physiol 4:317  

    Gal-Levi R, Leshem Y, Aoki S, Nakamura T, Halevy O (1998) Hepatocyte growth factor plays a 
dual role in regulating skeletal muscle satellite cell proliferation and differentiation. Biochim 
Biophys Acta 1402(1):39–51  

    Grounds MD (1987) Phagocytosis of necrotic muscle in muscle isografts is infl uenced by the 
strain, age, and sex of host mice. J Pathol 153(1):71–82  

    Grounds MD, McGeachie JK (1987) A model of myogenesis in vivo, derived from detailed auto-
radiographic studies of regenerating skeletal muscle, challenges the concept of quantal mitosis. 
Cell Tissue Res 250(3):563–569  

    Grounds MD, McGeachie JK (1992) Skeletal muscle regeneration after crush injury in dystrophic 
mdx mice: an autoradiographic study. Muscle Nerve 15(5):580–586  

    Grounds MD, Garrett KL, Lai MC, Wright WE, Beilharz MW (1992) Identifi cation of skeletal 
muscle precursor cells in vivo by use of MyoD1 and myogenin probes. Cell Tissue Res 
267(1):99–104  

   Gutierrez J, Cabrera D, Brandan E (2014) Glypican-1 regulates myoblast response to HGF via Met 
in a lipid raft-dependent mechanism: effect on migration of skeletal muscle precursor cells. 
Skelet Muscle 4(1):5  

    Hall TE, Smith P, Johnston IA (2004) Stages of embryonic development in the Atlantic cod Gadus 
morhua. J Morphol 259(3):255–270  

    Hara M, Tabata K, Suzuki T, Do MK, Mizunoya W, Nakamura M, Nishimura S, Tabata S, Ikeuchi 
Y, Sunagawa K, Anderson JE, Allen RE, Tatsumi R (2012) Calcium infl ux through a possible 
coupling of cation channels impacts skeletal muscle satellite cell activation in response to 
mechanical stretch. Am J Physiol Cell Physiol 302(12):C1741–C1750  

    Harris AJ, Duxson MJ, Fitzsimons RB, Rieger F (1989) Myonuclear birthdates distinguish the 
origins of primary and secondary myotubes in embryonic mammalian skeletal muscles. 
Development 107(4):771–784  

    Hayashi S, Aso H, Watanabe K, Nara H, Rose MT, Ohwada S, Yamaguchi T (2004) Sequence of 
IGF-I, IGF-II, and HGF expression in regenerating skeletal muscle. Histochem Cell Biol 
122(5):427–434  

    Heslop L, Morgan JE, Partridge TA (2000) Evidence for a myogenic stem cell that is exhausted in 
dystrophic muscle. J Cell Sci 113(Pt 12):2299–2308  

    Huang Z, Chen X, Yu B, He J, Chen D (2012) MicroRNA-27a promotes myoblast proliferation by 
targeting myostatin. Biochem Biophys Res Commun 423(2):265–269  

   Ieronimakis N, Balasundaram G, Rainey S, Srirangam K, Yablonka-Reuveni Z, Reyes M (2010) 
Absence of CD34 on murine skeletal muscle satellite cells marks a reversible state of activation 
during acute injury. PLoS One 5(6):e10920  

        Janke A, Upadhaya R, Snow WM, Anderson JE (2013) A new look at cytoskeletal NOS-1 and 
â-dystroglycan changes in developing muscle and brain in control and  mdx  dystrophic mice. 
Dev Dyn 242(12):1369–1381. doi:  10.1002/dvdy.24031      

    Jansen JK, Fladby T (1990) The perinatal reorganization of the innervation of skeletal muscle in 
mammals. Prog Neurobiol 34(1):39–90  

   Jennische E, Ekberg S, Matejka GL (1993) Expression of hepatocyte growth factor in growing and 
regenerating rat skeletal muscle. Am J Physiol 265(1) Pt 1;C122–C128  

    Johnson SE, Allen RE (1993) Proliferating cell nuclear antigen (PCNA) is expressed in activated 
rat skeletal muscle satellite cells. J Cell Physiol 154(1):39–43  

    Johnson SE, Allen RE (1995) Activation of skeletal muscle satellite cells and the role of fi broblast 
growth factor receptors. Exp Cell Res 219(2):449–453  

      Johnston IA (2006) Environment and plasticity of myogenesis in teleost fi sh. J Exp Biol 209(Pt 
12):2249–2264  

J.E. Anderson

http://dx.doi.org/10.1002/dvdy.24031


21

     Johnston IA, Hall TE (2004) Mechanisms of muscle development and responses to temperature 
change in fi sh larvae. In: Govoni JJ (ed) Development of form and function in fi shes and the 
question of larval adaptation [40], pp 85–116. American Fisheries Society Symposium. Ref 
Type: Serial (Book, Monograph)  

    Johnston IA, Lee HT, Macqueen DJ, Paranthaman K, Kawashima C, Anwar A, Kinghorn JR, 
Dalmay T (2009) Embryonic temperature affects muscle fi bre recruitment in adult zebrafi sh: 
genome-wide changes in gene and microRNA expression associated with the transition from 
hyperplastic to hypertrophic growth phenotypes. J Exp Biol 212(Pt 12):1781–1793  

    Johnston IA, Bower NI, Macqueen DJ (2011) Growth and the regulation of myotomal muscle mass 
in teleost fi sh. J Exp Biol 214(Pt 10):1617–1628  

    Karalaki M, Fili S, Philippou A, Koutsilieris M (2009) Muscle regeneration: cellular and molecu-
lar events. In Vivo 23(5):779–796  

    Kawamura K, Takano K, Suetsugu S, Kurisu S, Yamazaki D, Miki H, Takenawa T, Endo T (2004) 
N-WASP and WAVE2 acting downstream of phosphatidylinositol 3-kinase are required for 
myogenic cell migration induced by hepatocyte growth factor. J Biol Chem 
279(52):54862–54871  

    Kuang S, Kuroda K, Le GF, Rudnicki MA (2007) Asymmetric self-renewal and commitment of 
satellite stem cells in muscle. Cell 129(5):999–1010  

    Lee AS, Anderson JE, Joya JE, Head SI, Pather N, Kee AJ, Gunning PW, Hardeman EC (2013) 
Aged skeletal muscle retains the ability to fully regenerate functional architecture. 
Bioarchitecture 3(2):25–37  

    Leiter JR, Anderson JE (2010) Satellite cells are increasingly refractory to activation by nitric 
oxide and stretch in aged mouse-muscle cultures. Int J Biochem Cell Biol 42:132–136  

    Leiter JR, Peeler J, Anderson JE (2011) Exercise-induced muscle growth is muscle-specifi c and 
age-dependent. Muscle Nerve 43(6):828–838  

       Leiter JR, Upadhaya R, Anderson JE (2012) Nitric oxide and voluntary exercise together promote 
quadriceps hypertrophy and increase vascular density in female 18-mo-old mice. Am J Physiol 
Cell Physiol 302(9):C1306–C1315  

    Leshem Y, Spicer DB, Gal-Levi R, Halevy O (2000) Hepatocyte growth factor (HGF) inhibits 
skeletal muscle cell differentiation: a role for the bHLH protein twist and the cdk inhibitor p27. 
J Cell Physiol 184(1):101–109  

    Li Z, Peng J, Wang G, Yang Q, Yu H, Guo Q, Wang A, Zhao B, Lu S (2008) Effects of local release 
of hepatocyte growth factor on peripheral nerve regeneration in acellular nerve grafts. Exp 
Neurol 214(1):47–54  

    Lin DC, Hershey JD, Mattoon JS, Robbins CT (2012) Skeletal muscles of hibernating brown bears 
are unusually resistant to effects of denervation. J Exp Biol 215(12):2081–2087  

    Lomo T (2003) What controls the position, number, size, and distribution of neuromuscular junc-
tions on rat muscle fi bers? J Neurocytol 32(5–8):835–848  

    Luo D, Renault VM, Rando TA (2005) The regulation of Notch signaling in muscle stem cell acti-
vation and postnatal myogenesis. Semin Cell Dev Biol 16(4-5):612–622  

    Matsumura K, Ohlendieck K, Ionasescu VV, Tome FM, Nonaka I, Burghes AH, Mora M, Kaplan 
JC, Fardeau M, Campbell KP (1993) The role of the dystrophin-glycoprotein complex in the 
molecular pathogenesis of muscular dystrophies. Neuromuscul Disord 3(5–6):533–535  

    Mauro A (1961) Satellite cell of skeletal muscle fi bers. J Biophys Biochem Cytol 9:493–495  
    Mauro A, Shafi q SA, Milhorat AT (1970) Regeneration of striated muscle, and myogenesis. 

Ekcerpta Medica, Amsterdam  
    McGeachie JK, Grounds MD (1987) Initiation and duration of muscle precursor replication after 

mild and severe injury to skeletal muscle of mice. An autoradiographic study. Cell Tissue Res 
248(1):125–130  

    McIntosh L, Granberg KE, Briere KM, Anderson JE (1998a) Nuclear magnetic resonance spec-
troscopy study of muscle growth, mdx dystrophy and glucocorticoid treatments: correlation 
with repair. NMR Biomed 11(1):1–10  

1 Hepatocyte Growth Factor and Satellite Cell Activation



22

    McIntosh LM, Baker RE, Anderson JE (1998b) Magnetic resonance imaging of regenerating and 
dystrophic mouse muscle. Biochem Cell Biol 76(2–3):532–541  

    McIntosh LM, Garrett KL, Megeney L, Rudnicki MA, Anderson JE (1998c) Regeneration and 
myogenic cell proliferation correlate with taurine levels in dystrophin- and MyoD-defi cient 
muscles. Anat Rec 252(2):311–324  

    Merly F, Lescaudron L, Rouaud T, Crossin F, Gardahaut MF (1999) Macrophages enhance muscle 
satellite cell proliferation and delay their differentiation. Muscle Nerve 22(6):724–732  

    Merrifi eld P, Atkinson BG (2000) Phylogenetic diversity of myosin expression in muscle. Microsc 
Res Tech 50(6):425–429  

    Meyerrochow VB, Ingram JR (1993) Red white muscle distribution and fi ber growth dynamics – a 
comparison between Lacustrine and Riverine populations of the Southern smelt Retropinna- 
Retropinna Richardson. Proc Biol Sci 252(1334):85–92  

    Miller KJ, Thaloor D, Matteson S, Pavlath GK (2000) Hepatocyte growth factor affects satellite 
cell activation and differentiation in regenerating skeletal muscle. Am J Physiol Cell Physiol 
278(1):C174–C181  

    Missias AC, Chu GC, Klocke BJ, Sanes JR, Merlie JP (1996) Maturation of the acetylcholine 
receptor in skeletal muscle: regulation of the AChR gamma-to-epsilon switch. Dev Biol 
179(1):223–238  

    Moor AN, Rector ES, Anderson JE (2000) Cell cycle behavior and MyoD expression in response 
to T3 differ in normal and mdx dystrophic primary muscle cell cultures. Microsc Res Tech 
48(3–4):204–212  

    Mylona E, Jones KA, Mills ST, Pavlath GK (2006) CD44 regulates myoblast migration and dif-
ferentiation. J Cell Physiol 209(2):314–321  

    O’Brien LE, Tang K, Kats ES, Schutz-Geschwender A, Lipschutz JH, Mostov KE (2004) ERK and 
MMPs sequentially regulate distinct stages of epithelial tubule development. Dev Cell 
7(1):21–32  

    Paul AC, Sheard PW, Duxson MJ (2004) Development of a mammalian series-fi bered muscle. 
Anat Rec A Discov Mol Cell Evol Biol 278(2):571–578  

    Peplow PV, Chatterjee MP (2013) A review of the infl uence of growth factors and cytokines in 
in vitro human keratinocyte migration. Cytokine 62(1):1–21  

   Pezzementi L, Chatonnet A (2010) Evolution of cholinesterases in the animal kingdom. Chem Biol 
Interact 187:27–33. Ref Type: Journal (Full)  

    Pisconti A, Cornelison DD, Olguin HC, Antwine TL, Olwin BB (2010) Syndecan-3 and Notch 
cooperate in regulating adult myogenesis. J Cell Biol 190(3):427–441  

    Price ER, Bauchinger U, Zajac DM, Cerasale DJ, McFarlan JT, Gerson AR, McWilliams SR, 
Guglielmo CG (2011) Migration- and exercise-induced changes to fl ight muscle size in migra-
tory birds and association with IGF1 and myostatin mRNA expression. J Exp Biol 
214(17):2823–2831  

    Ramani VC, Purushothaman A, Stewart MD, Thompson CA, Vlodavsky I, Au JL, Sanderson RD 
(2013) The heparanase/syndecan-1 axis in cancer: mechanisms and therapies. FEBS 
J 280(10):2294–2306  

    Rapraeger AC (2000) Syndecan-regulated receptor signaling. J Cell Biol 149(5):995–998  
    Reed SA, Sandesara PB, Senf SM, Judge AR (2012) Inhibition of FoxO transcriptional activity 

prevents muscle fi ber atrophy during cachexia and induces hypertrophy. FASEB 
J 26(3):987–1000  

    Roux KJ, Crisp ML, Liu Q, Kim D, Kozlov S, Stewart CL, Burke B (2009) Nesprin 4 is an outer 
nuclear membrane protein that can induce kinesin-mediated cell polarization. Proc Natl Acad 
Sci U S A 106(7):2194–2199  

    Rudnicki MA, Le GF, McKinnell I, Kuang S (2008) The molecular regulation of muscle stem cell 
function. Cold Spring Harb Symp Quant Biol 73:323–331  

    Sakaguchi S, Shono JI, Suzuki T, Sawano S, Anderson JE, Do MK, Ohtsubo H, Mizunoya W, Sato 
Y, Nakamura M, Furuse M, Yamada K, Ikeuchi Y, Tatsumi R (2014) Implication of anti- 
infl ammatory macrophages in regenerative moto-neuritogenesis: promotion of myoblast 

J.E. Anderson



23

migration and neural chemorepellent semaphorin 3A expression in injured muscle. Int 
J Biochem Cell Biol 54:272–285  

    Seale P, Rudnicki MA (2000) A new look at the origin, function, and “stem-cell” status of muscle 
satellite cells. Dev Biol 218(2):115–124  

    Seale P, Sabourin LA, Girgis-Gabardo A, Mansouri A, Gruss P, Rudnicki MA (2000) Pax7 is 
required for the specifi cation of myogenic satellite cells. Cell 102(6):777–786  

    Sebastian S, Sreenivas P, Sambasivan R, Cheedipudi S, Kandalla P, Pavlath GK, Dhawan J (2009) 
MLL5, a trithorax homolog, indirectly regulates H3K4 methylation, represses cyclin A2 
expression, and promotes myogenic differentiation. Proc Natl Acad Sci U S A 
106(12):4719–4724  

   Sellathurai J, Cheedipudi S, Dhawan J, Schroder HD (2013) A novel in vitro model for studying 
quiescence and activation of primary isolated human myoblasts. Plos One 8(5):e64067  

    Sheehan SM, Tatsumi R, Temm-Grove CJ, Allen RE (2000) HGF is an autocrine growth factor for 
skeletal muscle satellite cells in vitro. Muscle Nerve 23(2):239–245  

      Siegel AL, Atchison K, Fisher KE, Davis GE, Cornelison DD (2009) 3D timelapse analysis of 
muscle satellite cell motility. Stem Cells 27(10):2527–2538  

     Siegel AL, Kuhlmann PK, Cornelison DD (2011) Muscle satellite cell proliferation and associa-
tion: new insights from myofi ber time-lapse imaging. Skelet Muscle 1(1):1–7  

    Smith CK, Janney MJ, Allen RE (1994) Temporal expression of myogenic regulatory genes during 
activation, proliferation, and differentiation of rat skeletal muscle satellite cells. J Cell Physiol 
159(2):379–385  

    Smythe GM, Shavlakadze T, Roberts P, Davies MJ, McGeachie JK, Grounds MD (2008) Age 
infl uences the early events of skeletal muscle regeneration: studies of whole muscle grafts 
transplanted between young (8 weeks) and old (13–21 months) mice. Exp Gerontol 
43(6):550–562  

    Snow WM, Anderson JE, Jakobson LS (2013a) Neuropsychological and neurobehavioral func-
tioning in Duchenne muscular dystrophy: a review. Neurosci Biobehav Rev 37(5):743–752  

    Snow WM, Fry M, Anderson JE (2013b) Increased density of dystrophin protein in the lateral 
versus the vermal mouse cerebellum. Cell Mol Neurobiol 33(4):513–520  

    Srivastava S, Mishra RK, Dhawan J (2010) Regulation of cellular chromatin state: insights from 
quiescence and differentiation. Organogenesis 6(1):37–47  

    Stark DA, Karvas RM, Siegel AL, Cornelison DD (2011) Eph/ephrin interactions modulate muscle 
satellite cell motility and patterning. Development 138(24):5279–5289  

    Starr DA, Fischer JA (2005) KASH ’n Karry: the KASH domain family of cargo-specifi c cytoskel-
etal adaptor proteins. Bioessays 27(11):1136–1146  

    Steinbacher P, Marschallinger J, Obermayer A, Neuhofer A, Sanger AM, Stoiber W (2011) 
Temperature-dependent modifi cation of muscle precursor cell behaviour is an underlying rea-
son for lasting effects on muscle cellularity and body growth of teleost fi sh. J Exp Biol 214(Pt 
11):1791–1801  

   Subramaniam S, Sreenivas P, Cheedipudi S, Reddy VR, Shashidhara LS, Chilukoti RK, Mylavarapu 
M, Dhawan J (2013) Distinct transcriptional networks in quiescent myoblasts: a role for Wnt 
signaling in reversible vs. irreversible arrest. Plos One 8(6):e65097  

      Sugiura T, Kawaguchi Y, Soejima M, Katsumata Y, Gono T, Baba S, Kawamoto M, Murakawa Y, 
Yamanaka H, Hara M (2010) Increased HGF and c-Met in muscle tissues of polymyositis and 
dermatomyositis patients: benefi cial roles of HGF in muscle regeneration. Clin Immunol 
136(3):387–399  

    Sumino Y, Hirata Y, Sato F, Mimata H (2007) Growth mechanism of satellite cells in human ure-
thral rhabdosphincter. Neurourol Urodyn 26(4):552–561  

    Suzuki S, Yamanouchi K, Soeta C, Katakai Y, Harada R, Naito K, Tojo H (2002) Skeletal muscle 
injury induces hepatocyte growth factor expression in spleen. Biochem Biophys Res Commun 
292(3):709–714  

       Suzuki T, Do MK, Sato Y, Ojima K, Hara M, Mizunoya W, Nakamura M, Furuse M, Ikeuchi Y, 
Anderson JE, Tatsumi R (2013) Comparative analysis of semaphorin 3A in soleus and EDL 

1 Hepatocyte Growth Factor and Satellite Cell Activation



24

muscle satellite cells in vitro toward understanding its role in modulating myogenin expres-
sion. Int J Biochem Cell Biol 45(2):476–482  

    Tatsumi R (2010) Mechano-biology of skeletal muscle hypertrophy and regeneration: possible 
mechanism of stretch-induced activation of resident myogenic stem cells. Anim Sci 
J 81(1):11–20  

    Tatsumi R, Allen RE (2004) Active hepatocyte growth factor is present in skeletal muscle extracel-
lular matrix. Muscle Nerve 30(5):654–658  

      Tatsumi R, Anderson JE, Nevoret CJ, Halevy O, Allen RE (1998) HGF/SF is present in normal 
adult skeletal muscle and is capable of activating satellite cells. Dev Biol 194(1):114–128  

    Tatsumi R, Sheehan SM, Iwasaki H, Hattori A, Allen RE (2001) Mechanical stretch induces activa-
tion of skeletal muscle satellite cells in vitro. Exp Cell Res 267(1):107–114  

     Tatsumi R, Hattori A, Ikeuchi Y, Anderson JE, Allen RE (2002) Release of hepatocyte growth fac-
tor from mechanically stretched skeletal muscle satellite cells and role of pH and nitric oxide. 
Mol Biol Cell 13(8):2909–2918  

      Tatsumi R, Sankoda Y, Anderson JE, Sato Y, Mizunoya W, Shimizu N, Suzuki T, Yamada M, 
Rhoads RP Jr, Ikeuchi Y, Allen RE (2009a) Possible implication of satellite cells in regenera-
tive motoneuritogenesis: HGF upregulates neural chemorepellent Sema3A during myogenic 
differentiation. Am J Physiol Cell Physiol 297(2):C238–C252  

   Tatsumi R, Wuollet al, Tabata K, Nishimura S, Tabata S, Mizunoya W, Ikeuchi Y, Allen RE (2009b) 
A role for calcium-calmodulin in regulating nitric oxide production during skeletal muscle 
satellite cell activation. Am J Physiol Cell Physiol 296(4):C922–C929  

    Thomas M, Langley B, Berry C, Sharma M, Kirk S, Bass J, Kambadur R (2000) Myostatin, a nega-
tive regulator of muscle growth, functions by inhibiting myoblast proliferation. J Biol Chem 
275(51):40235–40243  

    Trusolino L, Bertotti A, Comoglio PM (2010) MET signalling: principles and functions in devel-
opment, organ regeneration and cancer. Nat Rev Mol Cell Biol 11(12):834–848  

    Tzur YB, Wilson KL, Gruenbaum Y (2006) SUN-domain proteins: ‘Velcro’ that links the nucleo-
skeleton to the cytoskeleton. Nat Rev Mol Cell Biol 7(10):782–788  

    Villena J, Brandan E (2004) Dermatan sulfate exerts an enhanced growth factor response on skel-
etal muscle satellite cell proliferation and migration. J Cell Physiol 198(2):169–178  

    Volonte D, Liu Y, Galbiati F (2005) The modulation of caveolin-1 expression controls satellite cell 
activation during muscle repair. FASEB J 19(2):237–239  

    Watanabe I, Okada S (1967) Stationary phase of cultured mammalian cells (L5178Y). J Cell Biol 
35(2):285–294  

    Webster MT, Fan CM (2013) c-MET regulates myoblast motility and myocyte fusion during adult 
skeletal muscle regeneration. PLoS One 8(11):e81757  

    Williams RS, Annex BH (2004) Plasticity of myocytes and capillaries: a possible coordinating role 
for VEGF. Circ Res 95(1):7–8  

    Wozniak AC, Anderson JE (2005) Single-fi ber isolation and maintenance of satellite cell quies-
cence. Biochem Cell Biol 83(5):674–676  

              Wozniak AC, Anderson JE (2007) Nitric oxide-dependence of satellite stem cell activation and 
quiescence on normal skeletal muscle fi bers. Dev Dyn 236(1):240–250  

      Wozniak AC, Anderson JE (2009) The dynamics of the nitric oxide release-transient from stretched 
muscle cells. Int J Biochem Cell Biol 41(3):625–631  

          Wozniak AC, Pilipowicz O, Yablonka-Reuveni Z, Greenway S, Craven S, Scott E, Anderson JE 
(2003) C-met expression and mechanical activation of satellite cells on cultured muscle fi bers. 
J Histochem Cytochem 51(11):1437–1445  

    Wozniak AC, Kong J, Bock E, Pilipowicz O, Anderson JE (2005) Signaling satellite-cell activation 
in skeletal muscle: markers, models, stretch, and potential alternate pathways. Muscle Nerve 
31(3):283–300  

    Wund MA, Baker JA, Clancy B, Golub JL, Foster SA (2008) A test of the “Flexible stem” model 
of evolution: ancestral plasticity, genetic accommodation, and morphological divergence in the 
threespine stickleback radiation. Am Nat 172:449–462  

J.E. Anderson



25

    Xie G, Karaca G, Swiderska-Syn M, Michelotti GA, Kruger L, Chen Y, Premont RT, Choi SS, 
Diehl AM (2013) Cross-talk between notch and hedgehog regulates hepatic stellate cell fate. 
Hepatology 58(5):1801–1813  

     Yablonka-Reuveni Z (2011) The skeletal muscle satellite cell: still young and fascinating at 50. 
J Histochem Cytochem 59(12):1041–1059  

    Yamada M, Tatsumi R, Yamanouchi K, Hosoyama T, Shiratsuchi S, Sato A, Mizunoya W, Ikeuchi 
Y, Furuse M, Allen RE (2010) High concentrations of HGF inhibit skeletal muscle satellite cell 
proliferation in vitro by inducing expression of myostatin: a possible mechanism for reestab-
lishing satellite cell quiescence in vivo. Am J Physiol Cell Physiol 298(3):C465–C476  

           Zhang H, Anderson JE (2014) Satellite cell activation and populations on single muscle-fi ber cul-
tures from adult zebrafi sh (Danio rerio). J Exp Biol 217(Pt 11):1910–1917  

    Zhang X, Xu R, Zhu B, Yang X, Ding X, Duan S, Xu T, Zhuang Y, Han M (2007) Syne-1 and 
Syne-2 play crucial roles in myonuclear anchorage and motor neuron innervation. Development 
134(5):901–908    

1 Hepatocyte Growth Factor and Satellite Cell Activation



27© Springer International Publishing Switzerland 2016 
J. White, G. Smythe (eds.), Growth Factors and Cytokines in Skeletal Muscle 
Development, Growth, Regeneration and Disease, Advances in Experimental 
Medicine and Biology 900, DOI 10.1007/978-3-319-27511-6_2

    Chapter 2   
 Cytokine Mediated Control of Muscle Stem 
Cell Function                     

       Sophie     Joanisse     and     Gianni     Parise    

    Abstract     Skeletal muscle stem cells, known as satellite cells (SC), are an absolute 
requirement for muscle regeneration and contribute signifi cantly to post-natal mus-
cle growth. This stem cell population is governed by a network of transcription 
factors collectively referred to as the myogenic regulatory factors. These factors are 
responsible for the progression of a SC from the quiescent state through activation, 
proliferation and terminal differentiation in a process referred to as the myogenic 
programme. At each stage in this process, cytokines and growth factors have been 
shown to play a role in directing the myogenic response. The myogenic programme 
is complex and requires input from a host of factors that provide both stimulatory 
and inhibitory signals that regulate SC. Despite years of work in this fi eld, there 
remains a paucity of information on the precise factors that drive the myogenic 
programme. In recent years, factors, such as IL-6, have been shown to be critical 
factors in promoting SC proliferation. In fact, a complete absence of IL-6 in skeletal 
muscle substantially impairs muscle SC proliferation. These observations highlight 
the potential importance of the infl ammatory response and the cross-talk between 
infl ammatory cells and SC in promoting muscle repair and growth. This chapter will 
focus on recent advances in cytokine (and some growth factors) regulation of 
SC. Work from cell, animal and human models will be discussed.  
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2.1       Introduction 

2.1.1     Skeletal Muscle 

 Skeletal muscle is a rather unique tissue in that it is composed of multinucleated 
cells, also known as muscle fi bres that run the entire length of a muscle linking 
tendon to tendon (Fig.  2.1 ). Working together, muscle fi bres are capable of generat-
ing signifi cant forces allowing us to initiate and complete all tasks of daily living. 
Additionally, skeletal muscle fi bres can withstand signifi cant mechanical strain 
during cycles of contraction and relaxation. Vital for the appropriate function of 
skeletal muscle is that it retains the ability to adapt and remodel in response to 
physiological cues. For example, one who assumes a regular exercise regimen 
would expect to undergo adaptation to the exercise as to avoid damage to the muscle 
upon subsequent exercise bouts. The capacity of skeletal muscle to adapt is deter-
mined by both existing nuclei that populate a muscle fi bre and by a specialized 
population of muscle stem cells referred to as satellite cells (SC). The contribution 
of new nuclei from the SC pool into existing muscle fi bres is essential for muscle 
repair and regeneration and is part of the response to regular exercise.

Skeletal muscle 

Sarcolemma

Basal lamina
Satellite cell

Skeletal muscle fibre 

Myonuclei

  Fig. 2.1    Skeletal muscle is composed of many post-mitotic muscle fi bres which are unable to 
divide. Muscle fi bres are terminally differentiated multinucleated cells. Quiescent satellite cells 
(SC) are mononucleated cells located between the sarcolemma (plasma membrane) and the basal 
lamina of muscle fi bres. When SC become activated they can migrate to the site of injury and 
contribute to muscle repair       
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2.2         Satellite Cells 

 Although skeletal muscle is post-mitotic it retains the ability to remodel and regen-
erate. This is due to muscle SC, which are mononucleated cells located on the 
periphery of multinucleated muscle fi bres, specifi cally between the sarcolemma 
(cell membrane) and the basal lamina (Mauro  1961 ) (Fig.  2.1 ). Maintenance of the 
SC pool is essential in maintaining muscle health throughout adulthood. SC are 
located in a region referred to as the SC niche (Kuang et al.  2008 ). The location of 
the SC within its niche allows for their visualization and quantifi cation in response 
to various stimuli such as exercise and injury. The muscle fi bre to which a SC is 
associated composes part of the SC niche, and various signals released from the 
given muscle fi bre are able to regulate SC activity (Kuang et al.  2008 ). Additionally, 
SC are located in close proximity to capillaries and are infl uenced by various factors 
such as, insulin like growth factor-1 (IGF-1), hepatocyte growth factor (HGF), basic 
fi broblast growth factor (bFGF), platelet derived growth factor (PDGF-BB) and 
vascular endothelial growth factor (VEGF), produced by endothelial cells (Christov 
et al.  2007 ). Therefore the microvasculature is also an important part of the SC 
niche (Fig.  2.2 ).

SC activation 

Capillaries 

Sarcolemma 

Basal lamina 

Satellite cell 

Macrophages 

  Fig. 2.2    The satellite cell (SC) resides between the sarcolemma and the basal lamina, its anatomi-
cal location is referred to as the SC niche. SC are infl uenced by various signals released by infi ltrat-
ing immune cells, like macrophages, circulating systemic factors reaching the SC via the 
microvasculature (capillaries) and also by signals produced by the muscle fi bre itself. These sig-
nals have the ability to activate quiescent SC and promote muscle repair by mediating SC prolif-
eration and differentiation       
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   SC have been implicated in playing an important role in growth, regeneration 
and have even been identifi ed as being affected in several disease states. The following 
section will discuss the various roles and function of SC.  

2.3     The Role of Satellite Cells 

2.3.1     Muscle Regeneration and Growth 

 The importance of SC in early development have been highlighted by Pax7 defi cient 
mouse models. Pax7 is a paired box transcription factor expressed by quiescent and 
activated SC and is widely used as a marker of SC in skeletal muscle (McKay et al. 
 2010 ). Mice with a targeted null mutation of Pax7 (Pax7 -/-), generally lack SC and 
fail to thrive with only a small number living to adulthood, while most are not 
post- natally viable (Mansouri et al.  1996 ; Oustanina et al.  2004 ). Additionally, these 
mice were smaller than heterozygous littermates, had reduced muscle mass and 
contained more small fi bres (Mansouri et al.  1996 ; Oustanina et al.  2004 ). In order 
to study the necessity of SC in adult skeletal muscle, several groups explored other 
models allowing mice to thrive into adulthood while rendering the SC pool non- 
functional. Irradiation of mouse skeletal muscle inhibits SC activity and any other 
mononuclear dividing cell resident in skeletal muscle. Irradiation studies have 
explored the potential role of SC in mediating gains in muscle mass following 
hypertrophic stimuli by essentially rendering the SC non-functional. Several studies 
using irradiated rodent skeletal muscle demonstrated that the tissue was unable to 
hypertrophy even when challenged with an overload stimulus which lead to signifi -
cant hypertrophy in control animals (Adams et al.  2002 ; Rosenblatt and Parry  1992 ; 
Rosenblatt et al.  1994 ). Hypertrophy was inhibited following 3 months of functional 
overload in rats suggesting that SC play a crucial role in mediating skeletal muscle 
hypertrophy (Adams et al.  2002 ). 

 Although irradiation studies have highlighted the importance of SC in the hyper-
trophic response more recent work suggests that SC may be redundant in mediating 
gains in muscle mass. A novel mouse model was developed in which there is near 
complete ablation of SC in mature mouse skeletal muscle. Two weeks of functional 
overload led to hypertrophy even in SC depleted skeletal muscle (McCarthy 
et al.  2011 ). 

 Although rodent models have provided compelling evidence that SC are not 
necessary in mediating skeletal muscle hypertrophy, a concomitant increase in 
muscle fi bre cross sectional area (CSA) and expansion of the SC pool has consis-
tently been reported in humans (Bellamy et al.  2014 ; Kadi and Thornell  2000 ; 
Petrella et al.  2006 ,  2008 ). Therefore under normal physiological conditions SC do 
seem to contribute to muscle hypertrophy; this is evident in both rodent and human 
models. 
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 The contribution of SC in mediating increases of muscle mass following 
hypertrophic stimuli in rodents is debatable but, their presence is necessary in 
skeletal muscle regeneration. Following traumatic injury, skeletal muscle is able to 
repair and regenerate; this process is possible due to appropriate function of 
SC. Following injury to skeletal muscle, immune cells, namely neutrophils and 
macrophages, infi ltrate the tissue and secrete factors promoting SC activation and 
proliferation in order to initiate the regenerative process (Deng et al.  2012 ). 
The expression of factors such as leukemia inhibitory factor (LIF) and IGF-1 are 
up-regulated following injury and their presence has been shown to stimulate SC 
proliferation (Edwall et al.  1989 ; Kurek et al.  1996 ). FGF-6 has also been demon-
strated to play a role in mediating SC activity during regeneration. Muscle regenera-
tion is severely impaired in mutant FGF-6 mice (FGF-6 -/-) and is accompanied by 
a reduced number of proliferating and differentiating SC (Floss et al.  1997 ). HGF 
also plays an important role in SC proliferation as evidenced by  in vitro  experiments 
in which cultured rat SC treated with HGF increased proliferation in a dose depen-
dent manner (Allen et al.  1995 ).  In vivo  models have also demonstrated a role for 
HGF in SC proliferation, as evidenced by increased expression in skeletal muscle 
following stretch-induced activation of SC (Tatsumi et al.  2006 ). Interestingly, HGF 
is a potent regulator of SC and is involved in more than just inducing proliferation. 
In fact, HGF has been shown to be a potent chemoattractant in myoblast cultures 
(Bischoff  1997 ). This is a rather important observation since migration of SC to the 
sites of injury is an absolute necessity in promoting muscle repair. 

 Given the extent of infl ammation following injury it has been hypothesized that 
cross-talk between infl ammatory cells and SC might be an important event in 
promoting muscle repair. Cytokines released from macrophages have been shown 
to promote SC proliferation (Cantini et al.  1994 ). Gene expression of interleukin-6 
(IL-6), a pro-infl ammatory cytokine, is increased following injury in mouse skeletal 
muscle (Kurek et al.  1996 ), and rodent studies have demonstrated a direct effect of 
IL-6 on SC, which strongly supports a role for cytokines in mediating the SC 
response to injury. 

 When skeletal muscle injury is induced via injection of toxin into muscle devoid 
of SC, muscle regeneration is impaired (Lepper et al.  2011 ; McCarthy et al.  2011 ; 
Sambasivan et al.  2011 ). Furthermore, the transplantation of SC into Pax7-/- mouse 
muscle rescues the ability of the muscle to regenerate following injury (Sambasivan 
et al.  2011 ). Collectively, these fi ndings provide evidence of the essential role that 
SC play in mediating skeletal muscle regeneration. There is also evidence to suggest 
a role for SC in muscle repair/adaptation following exercise. Following 2 weeks of 
exercise, SC defi cient mice experienced a loss of muscle fi bres, a decrease in muscle 
mass and an increase in infl ammation and fat infi ltration into the muscle. The exer-
cise program did not negatively affect muscle of control animals who had an intact 
and functional SC pool (Sambasivan et al.  2011 ). This suggests that SC are necessary 
in maintaining muscle health in more physiologically relevant injury or exercise 
models (Sambasivan et al.  2011 ).  
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2.3.2     Exercise and Adaptation 

 Although skeletal muscle regeneration has been a primary model used to under-
stand SC biology, it is also well established that SC are responsive to exercise. This 
suggests that exercise induced adaptation is, at least in part, regulated through SC 
activity. As already mentioned in this chapter mice lacking SC were not able to 
repair muscle following damage induced via exercise (Sambasivan et al.  2011 ). In 
humans, following damage inducing exercise there is a signifi cant expansion of the 
SC pool (Crameri et al.  2004 ; McKay et al.  2010 ; O’Reilly et al.  2008 ; Toth et al. 
 2011 ). Additionally, following weight bearing physical activity SC become acti-
vated (Crameri et al.  2004 ; Darr and Schultz  1987 ) and several studies have high-
lighted the association of SC pool expansion and hypertrophy (Petrella et al.  2006 , 
 2008 ; Sinha-Hikim et al.  2003 ). Resistance training leading to increases in muscle 
mass is often accompanied by a concomitant increase in the number of myonuclei 
per fi bre, this increase is mediated by the contribution of new nuclei via SC to fi bres 
undergoing hypertrophy (Kadi and Thornell  2000 ; Petrella et al.  2006 ,  2008 ). 

 The theory of the myonuclear domain highlights that each nuclei governs a 
defi ned volume of cytoplasm within a muscle fi bre and, when a given cytoplasmic 
volume expands beyond a certain threshold the addition of new nuclei, via the SC, 
is necessary in order to support growth (Allen et al.  1999 ). The maintenance of the 
myonuclear domain following hypertrophic conditions highlights a role for SC in 
exercise. During responses to hypertrophic stimuli, SC activate, proliferate and fuse 
to existing fi bres donating their nuclei in order to support muscle fi bre growth – a 
process very similar to muscle regeneration and maintenance. Recently, it has been 
demonstrated that there is a positive relationship between an acute increase in circu-
lating IL-6 following a bout of resistance exercise and the extent of muscle hyper-
trophy following resistance training (Mitchell et al.  2013 ), suggesting that the acute 
increase in circulating cytokines following exercise may play an important role in 
activating SC and contributing to muscle growth.  

2.3.3     Muscle Pathology 

 Various myopathies are characterized by a compromised cytoarchitechture of the 
muscle fi bre. Myopathic skeletal muscle is constantly undergoing cycles of 
degeneration- regeneration. Duchenne muscular dystrophy (DMD) is one of the 
most common myopathies and is characterized by the absence the cytoskeletal pro-
tein dystrophin leaving muscle fi bres in a fragile state. SC from DMD patients are 
required to undergo a greater number of cell divisions compared to those in healthy 
muscle. For this reason the SC pool becomes exhausted as the SC are constantly 
mediating muscle regeneration (Cossu and Mavilio  2000 ; Hawke and Garry  2001 ). 

 Cerebral palsy (CP) is a common movement disorder in children. Patients with 
CP have a restricted range of motion around joints thus limiting their mobility 
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(Smith et al.  2013 ). CP is characterized by impaired muscle growth and reduced 
CSA of skeletal muscle. Further analysis of skeletal muscle of CP patients reveals 
that they have a reduced number of SC compared to healthy controls (Smith et al. 
 2013 ). The reduced pool of SC in skeletal muscle of CP patients may contribute to 
a hallmark characteristic of CP - reduced muscle mass. 

 Although not a disease per se, aging is accompanied by alterations in muscle 
function and structure. Aging is associated with a reduction in CSA of type II mus-
cle fi bres which is accompanied by a reduction in type II associated SC (McKay 
et al.  2012 ). The acute response of SC from aged skeletal muscle to respond to a 
bout of resistance exercise is also impaired (McKay et al.  2013 ,  2012 ). The number 
of proliferating and differentiating SC following exercise is reduced in aging mus-
cle which may contribute to the reduced muscle mass associated with aging (McKay 
et al.  2012 ). Additionally the response of SC to acute exercise in aged adults seems 
to be dysregulated. The dysregulation associated with aging is further supported by 
the fact that there is a reduction in the number of SC expressing IL-6 in old adults 
compared to young following exercise (McKay et al.  2013 ). Collectively, although 
still debatable, the evidence suggests that an age-related loss in skeletal muscle may 
be associated with dysfunction of the SC population. 

 Whether related to myopathy, muscle regeneration following injury, or exercise 
induced adaptation SC appear to play a critical role in the maintenance of muscle 
health. However, the precise factors responsible for SC regulation remain somewhat 
less clear.   

2.4     Myogenic Regulatory Factors 

 Although normally quiescent, the activation of SC and their progression through the 
myogenic programme is essential in muscle repair and growth. This process is 
governed by a transcriptional network collectively referred to as the myogenic 
regulatory factors (MRF) (Holterman and Rudnicki  2005 ; Le Grand and Rudnicki 
 2007 ; Rudnicki et al.  2008 ; Seale and Rudnicki  2000 ; Ten Broek et al.  2010 ). Four 
MRF are involved in myogenesis Myf5, MyoD, MRF4 and myogenin. During SC 
proliferation both Myf5 and MyoD are synergistically expressed, as observed by an 
increase in the proportion of SC co-localized with both MRF during muscle regen-
eration in rodents (Cooper et al.  1999 ). Additionally  in vitro  studies have demon-
strated that very few myoblasts from MyoD defi cient rodents fail to express 
myogenin indicating impaired differentiation potential (Yablonka-Reuveni et al. 
 1999 ) (Fig.  2.3 ). Following SC activation in humans there is an increase in the pro-
portion of SC expressing IL-6 during the proliferative phase (McKay et al.  2009 ). 
Additionally, the mRNA expression of mechano growth factor (MGF) in whole 
muscle, a splice variant of IGF-1, is correlated with Myf5 mRNA expression in 
whole muscle following SC activation in humans (McKay et al.  2008 ). The down- 
regulation of Myf5 followed by MyoD and the subsequent up-reguation of MRF4 
and myogenin induces SC differentiation (Kassar-Duchossoy et al.  2004 ). In human 
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skeletal muscle, gene expression of MRF4 a marker of terminal differentiation in 
SC is correlated to the gene expression of both IGF-1Ea and b in whole muscle 
following SC activation (McKay et al.  2008 ). More specifi cally the proportion of 
SC co-localized with IGF-1 in muscle cross sections is signifi cantly increased 72 h 
following SC activation via resistance exercise in humans (Grubb et al.  2014 ). 
Together this implicates various isoforms of IGF-1 in specifi c phases of the myo-
genic programme. The upstream factors regulating up- and down-regulation of the 
MRF are relatively unknown but specifi c cytokines, such as IL-6, appear closely 
related to MRF gene expression suggesting that cytokines and other growth factors 
may infl uence SC progression through the myogenic programme.

   Notch signaling also plays an important role in SC regulation. It was originally 
demonstrated to play an important role in SC activation and proliferation (Conboy 
and Rando  2002 ; Luo et al.  2005 ) and more recently was shown to play an important 
role in maintaining quiescence in the SC pool (Bjornson et al.  2012 ). A reduction in 
Notch signaling in necessary in order to promote SC differentiation When SC 
differentiation is induced there is a reduction in Notch signaling and an increase in 

Quiescent SC

Activated SC

Proliferating SC

Fusion to
existing
fibres

Differentiating SC

Nascent
myotubes

Myf5

MyoD

MRF4

Myogenin

  Fig. 2.3    Myogenic regulatory factors (MRF) regulate the progression of the SC through the 
myogenic programme. SC will become activated following various stimuli such as weight baring 
physical activity and injury. Myf5 is the fi rst MRF to be expressed, it occurs shortly after activation 
and indicates myogenic commitment of the SC. Proliferating SC will begin to express MyoD and 
down-regulate Myf5 expression. MyoD expression will persist until early differentiation of the 
SC. The expression of MyoD becomes down-regulated during late differentiation where the 
expression of both MRF4 and myogenin are observed       
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Wnt signaling. The coordination between Notch and Wnt singling results in the 
regulation of various MRF also contributing to the progression of a SC through the 
myogenic programme.  

2.5     Interleukins and Their Role in Muscle Growth 
and Regeneration 

 Although interleukins normally act on immune cells to regulate immune and infl am-
matory responses, it is now becoming clear that at least a subset of interleukins can 
substantially infl uence SC function. Interleukins and their traditional role as media-
tors of the immune response are now implicated to play a role in skeletal muscle 
repair and regeneration. 

 There is now a critical mass of evidence in humans suggesting that cytokines, 
such as the interleukin family (IL- 1 to 35) (Della Gatta et al.  2014 ), are responsive 
to exercise. The IL-6 response to exercise has been most well characterized with a 
signifi cant increase in muscle IL-6 expression (Febbraio and Pedersen  2002 ). 
There is also a very substantial increase in plasma IL-6 levels following exercise 
which is dependent upon the intensity and duration (Pedersen  2007 ). In addition to 
IL-6 other interleukins are also associated with exercise. Following 6 weeks of 
resistance training there was an increase in anti-infl ammatory cytokines IL-4 and 
IL-13 gene expression in skeletal muscle (Prokopchuk et al.  2007 ). Acute bouts of 
aerobic, concurrent and resistance exercise have also been shown to increase IL-1 
and IL-6 mRNA expression in skeletal muscle (Donges et al.  2014 ). Protein expres-
sion of IL-6, IL-8 and IL-10 are all increased acutely in skeletal muscle following a 
bout of resistance exercise. IL-4 protein expression is up-regulated acutely following 
resistance exercise but only following 12 weeks of resistance exercise training, 
protein expression failed to increase when subjects were untrained (Della Gatta 
et al.  2014 ). IL-6 mRNA expression was increased in skeletal muscle following a 
resistance training program that led to signifi cant hypertrophy in rats (Begue et al. 
 2013 ). The acute increases in cytokines as described above following exercise are 
likely important in mediating skeletal muscle adaptation as described previously SC 
also become activated acutely following exercise. Therefore, the acute increases in 
cytokines are likely important in regulating SC activity. 

 IL-6 has also been shown to co-localize with SC in response to resistance exer-
cise. Following resistance exercise in humans and rodents there is an increase in the 
proportion of the SC pool that is positive for IL-6 protein (Begue et al.  2013 ; McKay 
et al.  2009 ). More specifi cally, following resistance exercise STAT3 signals to the 
SC via IL-6 likely mediating SC proliferation (Begue et al.  2013 ; Toth et al.  2011 ). 
Although these results do not directly link interleukins to muscle growth their 
response to hypertrophic stimuli, like resistance exercise, suggests a role in mediating 
gains in muscle mass. 
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 As described previously growth factors and cytokines govern specifi c phases of 
the myogenic programme. Interleukins also play a role in muscle growth and repair 
as evidenced by their necessity in mediating both of these active processes in skel-
etal muscle. Many rodent models utilizing ablation of specifi c interleukins such as 
IL-4 (Horsley et al.  2003 ), IL-6 (Serrano et al.  2008 ) and IL-10 (Deng et al.  2012 ) 
all demonstrate impaired muscle growth following injury (IL-4) or during periods 
of overload-induced hypertrophy (IL-6, IL-10). Additionally, when recombinant 
IL-15 is administered to mice an increase in soleus muscle weight results as com-
pared to controls (Carbó et al.  2001 ).  In vitro  models have also demonstrated a 
potential role for IL-15 in mediating skeletal muscle hypertrophy; over-expression 
of IL-15 in C2C12 cells as well as in human myoblasts leads to a greater accumula-
tion of myosin heavy chain protein compared to control (Furmanczyk and Quinn 
 2003 ; Quinn et al.  2002 ). 

 Infi ltrating macrophages are reduced in IL-6 defi cient mice following injury 
which impacts SC proliferation thereby impairing muscle regeneration (Zhang et al. 
 2013 ). IL-6 acts via STAT3 in macrophages to promote the production of other 
cytokines which can also impact muscle regeneration by stimulating SC prolifera-
tion (Zhang et al.  2013 ). Various cytokines are able to infl uence muscle growth and 
regeneration; both processes that require the progression of the SC through the 
myogenic programme.  

2.6     Interleukins and Myogenesis 

2.6.1     Proliferation 

 As mentioned above interleukins play an important role in myogenesis (Della Gatta 
et al.  2014 ). IL-4 is an anti-infl ammatory cytokine and its role in the immune system 
has been well described (Brown  2008 ). Some work suggests that IL-4 may also play 
an important role in myogenesis. Serum response factor (SRF) is a transcription 
factor that plays a role in SC proliferation. When SRF expression was eliminated 
SC proliferation and myonuclear accretion was impaired in mouse skeletal muscle 
undergoing compensatory hypertrophy (Guerci et al.  2012 ). Specifi cally, SRF posi-
tively regulates IL-4 expression via Cox2 and IL-4 expression is necessary for the 
SRF-controlled fusion of myoblasts (Guerci et al.  2012 ). 

 IL-6 is a cytokine with various immune functions (Kishimoto  2005 ) however 
some evidence suggest that it also plays an important role in myogenesis. 
Compensatory hypertrophy is impaired in IL-6 defi cient rodents, this impairment is 
also accompanied by an impairment in SC activation (Serrano et al.  2008 ). The 
necessity of IL-6 signaling via STAT3 for myoblast proliferation was also confi rmed 
 in vivo  (Serrano et al.  2008 ). Treatment of rat SC cultures with IL-6 resulted in an 
increase in proliferation, the number of SC staining for phosphorylated-STAT3 
(p-STAT3) and MyoD/cyclin D1 also increased (Kurosaka and Machida  2013 ). 
These results are consistent with studies exploring the role of IL-6 in humans. 
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An increase in the number of SC expressing IL-6, 4 and 24 h following damaging 
eccentric exercise has been reported (McKay et al.  2009 ). The increase in SC 
expressing IL-6 is accompanied by a signifi cant increase in the total number of SC 
24 h following damage implying a role for IL-6 in mediating SC proliferation in 
humans (McKay et al.  2009 ). It also appears that IL-6 signals through STAT3 in 
humans to promote SC proliferation as the number of SC expressing p-STAT3 fol-
lowing damaging exercise is also increased (Toth et al.  2011 ).  

2.6.2     Differentiation 

 An indispensable component for successful muscle regeneration is the recruitment 
of SC to the site of damage and subsequent fusion to existing myotubes or with 
other myoblasts to form new myotubes. In addition to mediating SC proliferation 
IL-4 has also been implicated in SC differentiation. IL-4 defi cient mice have a 
reduced muscle fi bre cross sectional area compared to their wild type counterparts 
(Horsley et al.  2003 ) implying it has a role in muscle growth. More specifi cally the 
authors demonstrate that IL-4 acts in promoting the fusion of myoblasts to nascent 
myotubes in periods of growth and regeneration (Horsley et al.  2003 ). In human 
myoblasts an increase in IL-4 expression is observed during differentiation 
(Lafreniere et al.  2006 ). In accordance with the rodent literature IL-4 has been 
shown to be essential in myonuclear accretion in differentiating human myoblasts. 
When cells are treated with an IL-4 blocking antibody myonuclear accretion is 
reduced suggesting a role in muscle growth (Lafreniere et al.  2006 ). When differen-
tiation is induced in myoblasts prepared from chick embryos an increase in IL-4 
concentration is observed in the conditioned media (Possidonio et al.  2011 ). 
Additionally, myotubes treated with recombinant IL-4 following induction of dif-
ferentiation had greater myotube thickness compared to untreated cells, again 
implicating a role for IL-4 in differentiation (Possidonio et al.  2011 ). Additionally, 
IL-13, another anti-infl ammatory cytokine of the interleukin family, is secreted in 
response to insulin like growth factor-1 (IGF-1) treatment, via nuclear factor of 
activated T-cells, cytoplasmic calcineurin-dependent 2 (NFATc2), and stimulates 
fusion of myoblasts (Jacquemin et al.  2007 ). Thus, anti-infl ammatory interleukins 
−4 and −13 appear to play a role in SC differentiation. 

 In addition to playing a role in SC differentiation IL-4 has also been shown to 
increase myoblast migration both  in vitro  and  in vivo . When human myoblasts are 
incubated with IL-4 migration is increased. This has also been confi rmed in an  in 
vitro  model where human myoblasts were co-injected with IL-4 into mouse skeletal 
muscle and showed a greater migration distance than myoblasts transplanted with-
out IL-4 (Lafreniere et al.  2006 ). 

 Not only does IL-6 play a signifi cant role in inducing proliferation of SC, evi-
dence also suggests a role for IL-6 in SC differentiation. Differentiating C2C12 
myoblasts have an increased IL-6 expression. Ablation of IL-6 expression led to a 
decrease in differentiation while over-expression of IL-6 increased differentiation 

2 Cytokine Mediated Control of Muscle Stem Cell Function



38

(Baeza-Raja and Muñoz-Cánoves  2004 ). Additionally myoblasts isolated from IL-6 
defi cient mice had a decreased propensity for differentiation and fusion (Hoene et al. 
 2013 ). Although IL-6 has an important role in promoting differentiation the 
activation of its downstream signalling molecule STAT3 is also necessary to induce 
differentiation of myoblasts (Hoene et al.  2013 ). IL-6 is able to activate various 
signaling cascades ultimately leading to different outcomes, either proliferation or 
differentiation. Although this notion seems contradictory an increase in IL-6 can 
affect various phases of myogenesis; it may be possible that negative feedback 
regulators of IL-6, like suppressor of cytokine signalling (SOCS)-3, also infl uence 
its effect in either proliferation or differentiation. IL-6 plays an important role in 
myoblast proliferation and differentiation and is therefore a key cytokine in driving 
the myogenic programme. The role of interleukins in the myogenic programme is 
summarized in Fig.  2.4 .

SC Proliferation

Fusion to 
existing 
fibres

SC Differentiation

Nascent 
myotubes

IL-10

IL-6

T cells

SC migration to site 
of injury

IL-13

IL-4

SRF

SRF

circulation

IL-4

  Fig. 2.4    Various interleukins play in different phases of the myogenic programme. IL-4, IL-6 and 
IL-10 are associated with SC proliferation. Additionally IL-4 and IL-6 also play a role in SC dif-
ferentiation as does IL-13. Following exercise there is an acute increase in plasma and muscle 
expression of IL-6, IL-6 has been associated with both SC proliferation and differentiation. 
Following acute exercise there is an increase in IL-10, when macrophages are stimulated with 
IL-10 SC proliferation is increased. Similarly to IL-6, IL-4 is involved in both SC proliferation and 
differentiation, its expression is increased in muscle following exercise training. The secretion of 
IL-13 by activated T-cells stimulated SC fusion       
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2.6.3        Interleukins Derived Macrophages and Myogenesis 

 Certain interleukins have the ability to act directly upon SC but are also able to 
act on other cell types residing within skeletal muscle, such as macrophages, to 
indirectly stimulate SC. Mice defi cient in IL-10, an anti-infl ammatory cytokine, 
have impaired muscle regeneration (Deng et al.  2012 ). When mouse myoblasts 
were directly stimulated with IL-10, proliferation was not affected. However, when 
myoblasts were co-cultured with M2 macrophages, activated with IL-10, prolifera-
tion was increased (Deng et al.  2012 ). Together this highlights that IL-10 plays an 
indirect role in myogenesis by inducing macrophage activity. 

 Although IL-6 production by skeletal muscle is greatly increased following 
exercise and its production plays a role in SC regulation (Steensberg et al.  2000 ); 
the production of IL-6 by infl ammatory cells also mediates many processes 
throughout the body. Mice defi cient in RING fi nger protein 13 (RNF13) exhibit 
improved muscle regeneration compared to wild type following muscle injury 
induced via toxin injection due to increase in SC proliferation (Meng et al.  2014 ). 
It was demonstrated that the increase in SC proliferation was due to the release of 
IL-4/IL-6 from macrophages rather than the skeletal muscle itself (Meng et al. 
 2014 ). Together these results highlight the importance of IL-6 in mediating SC 
proliferation whether it be produced by the muscle itself or by various cell types 
resident in the muscle.   

2.7     Conclusion 

 Undoubtedly, muscle stem cells play a critical role in skeletal muscle health. Their 
contribution to post natal growth, muscle regeneration following trauma and muscle 
adaption following exercise is well documented. Although the transcriptional 
networks that drive muscle stem cell from quiescence through proliferation and into 
differentiation are relatively well described there is a lack of information regarding 
the upstream signals that induce the myogenic programme. Over the years great 
strides have been made to identify growth factors and other cytokines that contrib-
ute to the regulation of muscle stem cells. There is much research that still needs to 
be completed in order to elucidate their specifi c roles in SC regulation. It is, how-
ever, becoming more clear that growth factors, interleukins and other cytokines, 
whether derived from infl ammatory cells or from skeletal muscle itself have a an 
important role to play in this process (Tables  2.1  and  2.2 ).
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   Table 2.1    Interleukins involved in exercise   

 Interleukin  Type  Tissue  Increased expression 

 IL-1  Pro-infl ammatory  Muscle  Acute increase following exercise 
Donges et al. ( 2014 ). 

 IL-4  Anti-infl ammatory  Muscle  Increase following training 
Prokopchuk et al. ( 2007 ) 
 Essential in myonuclear accretion Guerci 
et al. ( 2012 ) 

 IL-6  Anti/pro-infl ammatory  Plasma, 
muscle 

 Acute increase following exercise Febbraio 
and Pedersen ( 2002 ), Pedersen ( 2007 ), 
McKay et al. ( 2009 ), Toth et al. ( 2011 ), 
Begue et al. ( 2013 ), Donges et al. ( 2014 ) 
 Increase following training 
Begue et al. ( 2013 ) 

 IL-8  Anti-infl ammatory  Muscle  Acute increase following exercise 
Della Gatta et al. ( 2014 ) 

 IL-10  Anti-infl ammatory  Muscle  Acute increase following exercise 
Della Gatta et al. ( 2014 ) 

 IL-13  Anti-infl ammatory  Muscle  Increase following training 
Prokopchuk et al. ( 2007 ) 

 IL-15  Pro-infl ammatory  N/A  Increase in muscle weight when 
recombinant IL-15 administered to mice 
Carbó et al. ( 2001 ) 

  Summary of interleukins involved in muscle growth, the tissue in which the interleukin was 
measured and when its expression was increased  

   Table 2.2    Interleukins and myogenesis   

 Interleukin  Type  Stage of myogenesis  Effect 

 IL-4  Anti- infl ammatory  Proliferation, 
differentiation, 
migration 

 Essential for SRF-controlled 
fusion of myoblasts 
Guerci et al. ( 2012 ) 
 Increased expression during 
myoblast differentiation 
Lafreniere et al. ( 2006 ) 
 Incubation of myoblasts with IL-4 
increases migration Lafreniere 
et al. ( 2006 ) 

 IL-6  Anti/pro-infl ammatory  Proliferation, 
differentiation 

 IL-6 signals via STAT3 during 
proliferation and differentiation 
Serrano et al. ( 2008 ), McKay 
et al. ( 2009 ), Toth et al. ( 2011 ), 
Hoene et al. ( 2013 ), Kurosaka and 
Machida ( 2013 ) 

 IL-10  Anti- infl ammatory  Proliferation  Macrophages activated via IL-10 
increase myoblast proliferation 
Deng et al. ( 2012 ) 

 IL-13  Anti- infl ammatory  Differentiation  Secreted by activated T-cells to 
stimulate myoblast fusion 
Jacquemin et al. ( 2007 ) 

  Summary of interleukins involved in myogenesis, which phase of the myogenic programme they 
play a role and their effect  

S. Joanisse and G. Parise



41

          References 

     Adams GR, Caiozzo VJ, Haddad F, Baldwin KM (2002) Cellular and molecular responses 
to increased skeletal muscle loading after irradiation. Am J Physiol Cell Physiol 
283(4):C1182–C1195  

    Allen RE, Sheehan SM, Taylor RG, Kendall TL, Rice GM (1995) Hepatocyte growth factor 
activates quiescent skeletal muscle satellite cells in vitro. J Cell Physiol 165(2):307–312  

    Allen DL, Roy RR, Edgerton VR (1999) Myonuclear domains in muscle adaptation and disease. 
Muscle Nerve 22(10):1350–1360  

    Baeza-Raja B, Muñoz-Cánoves P (2004) p38 MAPK-induced nuclear factor-kappaB activity 
is required for skeletal muscle differentiation: role of interleukin-6. Mol Biol Cell 
15(4):2013–2026  

        Begue G, Douillard A, Galbes O, Rossano B, Vernus B, Candau R, Py G (2013) Early activation of 
rat skeletal muscle IL-6/STAT1/STAT3 dependent gene expression in resistance exercise linked 
to hypertrophy. PLoS One 8(2):e57141  

    Bellamy LM, Joanisse S, Grubb A, Mitchell CJ, McKay BR, Phillips SM, Baker S, Parise G (2014) 
The acute satellite cell response and skeletal muscle hypertrophy following resistance training. 
PLoS One 9:e109739  

    Bischoff R (1997) Chemotaxis of skeletal muscle satellite cells. Dev Dyn 208(4):505–515  
    Bjornson CRR, Cheung TH, Liu L, Tripathi PV, Steeper KM, Rando TA (2012) Notch signaling is 

necessary to maintain quiescence in adult muscle stem cells. Stem Cells 30:232–242  
    Brown MA (2008) IL-4 production by T cells: you need a little to get a lot. J Immunol 

181(5):2941–2942  
    Cantini M, Massimino ML, Bruson A, Catani C, Dalla Libera L, Carraro U (1994) Macrophages 

regulate proliferation and differentiation of satellite cells. Biochem Biophys Res Commun 
202(3):1688–1696  

     Carbó N, López-Soriano J, Costelli P, Alvarez B, Busquets S, Baccino FM, Quinn LS, López- 
Soriano FJ, Argilés JM (2001) Interleukin-15 mediates reciprocal regulation of adipose and 
muscle mass: a potential role in body weight control. Biochim Biophys Acta 1526(1):17–24  

    Christov C, Chrétien F, Abou-Khalil R, Bassez G, Vallet G, Authier F-J, Bassaglia Y, Shinin V, 
Tajbakhsh S, chazaud B, Gherardi RK (2007) Muscle satellite cells and endothelial cells: close 
neighbors and privileged partners. Mol Biol Cell 18(4):1397–1409  

    Conboy IM, Rando T a (2002) The regulation of Notch signaling controls satellite cell activation 
and cell fate determination in postnatal myogenesis. Dev Cell 3:397–409  

    Cooper RN, Tajbakhsh S, Mouly V, Cossu G, Buckingham M, Butler-Browne GS (1999) In vivo 
satellite cell activation via Myf5 and MyoD in regenerating mouse skeletal muscle. J Cell Sci 
112(Pt 17):2895–2901  

    Cossu G, Mavilio F (2000) Myogenic stem cells for the therapy of primary myopathies: wishful 
thinking or therapeutic perspective? J Clin Invest 105(12):1669–1674  

     Crameri RM, Langberg H, Magnusson P, Jensen CH, Schrøder HD, Olesen JL, Suetta C, 
Teisner B, Kjaer M (2004) Changes in satellite cells in human skeletal muscle after a single 
bout of high intensity exercise. J Physiol 558(Pt 1):333–340  

    Darr KC, Schultz E (1987) Exercise-induced satellite cell activation in growing and mature skel-
etal muscle. J Appl Physiol (1985) 63(5):1816–1821  

        Della Gatta PA, Garnham AP, Peake JM, Cameron-Smith D (2014) Effect of exercise training on 
skeletal muscle cytokine expression in the elderly. Brain Behav Immun 39:80–86  

        Deng B, Wehling-Henricks M, Villalta SA, Wang Y, Tidball JG (2012) IL-10 triggers changes in 
macrophage phenotype that promote muscle growth and regeneration. J Immunol 
189(7):3669–3680  

      Donges CE, Duffi eld R, Smith GC, Short MJ, Edge JA (2014) Cytokine mRNA expression 
responses to resistance, aerobic, and concurrent exercise in sedentary middle-aged men. Appl 
Physiol Nutr Metab 39(2):130–137  

2 Cytokine Mediated Control of Muscle Stem Cell Function



42

    Edwall D, Schalling M, Jennische E, Norstedt G (1989) Induction of insulin-like growth factor I 
messenger ribonucleic acid during regeneration of rat skeletal muscle. Endocrinology 
124(2):820–825  

     Febbraio MA, Pedersen BK (2002) Muscle-derived interleukin-6: mechanisms for activation and 
possible biological roles. FASEB J 16(11):1335–1347. doi:  10.1096/fj.01-0876rev      

    Floss T, Arnold HH, Braun T (1997) A role for FGF-6 in skeletal muscle regeneration. Genes Dev 
11(16):2040–2051  

    Furmanczyk PS, Quinn LS (2003) Interleukin-15 increases myosin accretion in human skeletal 
myogenic cultures. Cell Biol Int 27(10):845–851  

    Grubb A, Joanisse S, Moore DR, Bellamy LM, Mitchell CJ, Phillips SM, Parise G (2014) IGF-1 
colocalizes with muscle satellite cells following acute exercise in humans. Appl Physiol Nutr 
Metab 39(4):514–518  

       Guerci A, Lahoute C, Hébrard S, Collard L, Graindorge D, Favier M, Cagnard N, Batonnet-Pichon 
S, Précigout G, Garcia L, Tuil D, Daegelen D, Sotiropoulos A (2012) Srf-dependent paracrine 
signals produced by myofi bers control satellite cell-mediated skeletal muscle hypertrophy. 
Cell Metab 15(1):25–37  

    Hawke TJ, Garry DJ (2001) Myogenic satellite cells: physiology to molecular biology. J Appl 
Physiol (1985) 91(2):534–551  

      Hoene M, Runge H, Häring HU, Schleicher ED, Weigert C (2013) Interleukin-6 promotes myo-
genic differentiation of mouse skeletal muscle cells: role of the STAT3 pathway. Am J Physiol 
Cell Physiol 304(2):C128–C136  

    Holterman CE, Rudnicki MA (2005) Molecular regulation of satellite cell function. Semin Cell 
Dev Biol 16(4–5):575–584  

      Horsley V, Jansen KM, Mills ST, Pavlath GK (2003) IL-4 acts as a myoblast recruitment factor 
during mammalian muscle growth. Cell 113(4):483–494  

     Jacquemin V, Butler-Browne GS, Furling D, Mouly V (2007) IL-13 mediates the recruitment of 
reserve cells for fusion during IGF-1-induced hypertrophy of human myotubes. J Cell Sci 
120(Pt 4):670–681  

     Kadi F, Thornell LE (2000) Concomitant increases in myonuclear and satellite cell content in 
female trapezius muscle following strength training. Histochem Cell Biol 113(2):99–103  

    Kassar-Duchossoy L, Gayraud-Morel B, Gomès D, Rocancourt D, Buckingham M, Shinin V, 
Tajbakhsh S (2004) Mrf4 determines skeletal muscle identity in Myf5:Myod double-mutant 
mice. Nature 431(7007):466–471  

    Kishimoto T (2005) Interleukin-6: from basic science to medicine–40 years in immunology. 
Annu Rev Immunol 23:1–21  

     Kuang S, Gillespie MA, Rudnicki MA (2008) Niche regulation of muscle satellite cell self-renewal 
and differentiation. Cell Stem Cell 2(1):22–31  

     Kurek JB, Nouri S, Kannourakis G, Murphy M, Austin L (1996) Leukemia inhibitory factor and 
interleukin-6 are produced by diseased and regenerating skeletal muscle. Muscle Nerve 
19(10):1291–1301  

     Kurosaka M, Machida S (2013) Interleukin-6-induced satellite cell proliferation is regulated by 
induction of the JAK2/STAT3 signalling pathway through cyclin D1 targeting. Cell Prolif 
46(4):365–373  

        Lafreniere JF, Mills P, Bouchentouf M, Tremblay JP (2006) Interleukin-4 improves the migration 
of human myogenic precursor cells in vitro and in vivo. Exp Cell Res 312(7):1127–1141  

    Le Grand F, Rudnicki MA (2007) Skeletal muscle satellite cells and adult myogenesis. Curr Opin 
Cell Biol 19(6):628–633  

    Lepper C, Partridge TA, Fan C-M (2011) An absolute requirement for Pax7-positive satellite cells 
in acute injury-induced skeletal muscle regeneration. Development 138(17):3639–3646  

    Luo D, Renault VM, Rando TA (2005) The regulation of Notch signaling in muscle stem cell acti-
vation and postnatal myogenesis. Semin Cell Dev Biol 16:612–622  

     Mansouri A, Stoykova A, Torres M, Gruss P (1996) Dysgenesis of cephalic neural crest derivatives 
in Pax7-/- mutant mice. Development 122(3):831–838  

S. Joanisse and G. Parise

http://dx.doi.org/10.1096/fj.01-0876rev


43

    Mauro A (1961) Satellite cell of skeletal muscle fi bers. J Biophys Biochem Cytol 9:493–495  
     McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R, Lawson BA, 

Grimes B, Keller C, Van Zant G, Campbell KS, Esser KA, Dupont-Versteegden EE, Peterson 
CA (2011) Effective fi ber hypertrophy in satellite cell-depleted skeletal muscle. Development 
138(17):3657–3666  

     McKay BR, O’Reilly CE, Phillips SM, Tarnopolsky MA, Parise G (2008) Co-expression of IGF-1 
family members with myogenic regulatory factors following acute damaging muscle- 
lengthening contractions in humans. J Physiol 586(Pt 22):5549–5560  

         McKay BR, De Lisio M, Johnston APW, O’Reilly CE, Phillips SM, Tarnopolsky MA, Parise G 
(2009) Association of interleukin-6 signalling with the muscle stem cell response following 
muscle-lengthening contractions in humans. PLoS One 4(6):e6027  

     McKay BR, Toth KG, Tarnopolsky MA, Parise G (2010) Satellite cell number and cell cycle kinet-
ics in response to acute myotrauma in humans: immunohistochemistry versus fl ow cytometry. 
J Physiol 588(Pt 17):3307–3320  

      McKay BR, Ogborn DI, Bellamy LM, Tarnopolsky MA, Parise G (2012) Myostatin is associated 
with age-related human muscle stem cell dysfunction. FASEB J 26(6):2509–2521  

     McKay BR, Ogborn DI, Baker JM, Toth KG, Tarnopolsky MA, Parise G (2013) Elevated SOCS3 
and altered IL-6 signaling is associated with age-related human muscle stem cell dysfunctions. 
Am J Physiol Cell Physiol 304(8):C717–C728  

     Meng J, Zou X, Wu R, Zhong R, Zhu D, Zhang Y (2014) Accelerated regeneration of the skeletal 
muscle in RNF13-knockout mice is mediated by macrophage-secreted IL-4/IL-6. Protein Cell 
5(3):235–247  

    Mitchell CJ, Churchward-Venne TA, Bellamy L, Parise G, Baker SK, Phillips SM (2013) Muscular 
and systemic correlates of resistance training-induced muscle hypertrophy. PLoS One 
8(10):e78636  

    O’Reilly C, McKay B, Phillips S, Tarnopolsky M, Parise G (2008) Hepatocyte growth factor 
(HGF) and the satellite cell response following muscle lengthening contractions in humans. 
Muscle Nerve 38(5):1434–1442  

     Oustanina S, Hause G, Braun T (2004) Pax7 directs postnatal renewal and propagation of 
myogenic satellite cells but not their specifi cation. EMBO J 23(16):3430–3439  

    Pedersen BK (2007) IL-6 signalling in exercise and disease. Biochem Soc Trans 
35(Pt 5):1295–1297  

      Petrella JK, Kim J, Cross JM, Kosek DJ, Bamman MM (2006) Effi cacy of myonuclear addition 
may explain differential myofi ber growth among resistance-trained young and older men and 
women. Am J Physiol Endocrinol Metab 291(5):E937–E946  

      Petrella JK, Kim J-S, Mayhew DL, Cross JM, Bamman MM (2008) Potent myofi ber hypertrophy 
during resistance training in humans is associated with satellite cell-mediated myonuclear 
addition: a cluster analysis. J Appl Physiol (1985) 104(6):1736–1742  

     Possidonio ACB, Senna ML, Portilho DM, Pontes Soares C, da Silva Sampaio L, Einicker-Lamas 
M, Castelo Branco MTLC, Costa ML, Mermelstein C (2011) α-Cyclodextrin enhances myo-
blast fusion and muscle differentiation by the release of IL-4. Cytokine 55(2):280–287  

      Prokopchuk O, Liu Y, Wang L, Wirth K, Schmidtbleicher D, Steinacker JM (2007) Skeletal muscle 
IL-4, IL-4Ralpha, IL-13 and IL-13Ralpha1 expression and response to strength training. Exerc 
Immunol Rev 13:67–75  

    Quinn LS, Anderson BG, Drivdahl RH, Alvarez B, Argilés JM (2002) Overexpression of 
interleukin- 15 induces skeletal muscle hypertrophy in vitro: implications for treatment of 
muscle wasting disorders. Exp Cell Res 280(1):55–63  

    Rosenblatt JD, Parry DJ (1992) Gamma irradiation prevents compensatory hypertrophy of over-
loaded mouse extensor digitorum longus muscle. J Appl Physiol (1985) 73(6):2538–2543  

    Rosenblatt JD, Yong D, Parry DJ (1994) Satellite cell activity is required for hypertrophy of 
overloaded adult rat muscle. Muscle Nerve 17(6):608–613  

    Rudnicki MA, Le Grand F, McKinnell I, Kuang S (2008) The molecular regulation of muscle stem 
cell function. Cold Spring Harb Symp Quant Biol 73:323–331  

2 Cytokine Mediated Control of Muscle Stem Cell Function



44

        Sambasivan R, Yao R, Kissenpfennig A, Van Wittenberghe L, Paldi A, Gayraud-Morel B, Guenou 
H, Malissen B, Tajbakhsh S, Galy A (2011) Pax7-expressing satellite cells are indispensable for 
adult skeletal muscle regeneration. Development 138(17):3647–3656  

    Seale P, Rudnicki MA (2000) A new look at the origin, function, and “stem-cell” status of muscle 
satellite cells. Dev Biol 218(2):115–124  

       Serrano AL, Baeza-Raja B, Perdiguero E, Jardí M, Muñoz-Cánoves P (2008) Interleukin-6 is an 
essential regulator of satellite cell-mediated skeletal muscle hypertrophy. Cell Metab 
7(1):33–44  

    Sinha-Hikim I, Roth SM, Lee MI, Bhasin S (2003) Testosterone-induced muscle hypertrophy is 
associated with an increase in satellite cell number in healthy, young men. Am J Physiol 
Endocrinol Metab 285(1):E197–E205  

     Smith LR, Chambers HG, Lieber RL (2013) Reduced satellite cell population may lead to contrac-
tures in children with cerebral palsy. Dev Med Child Neurol 55(3):264–270  

    Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen B (2000) Production 
of interleukin-6 in contracting human skeletal muscles can account for the exercise-induced 
increase in plasma interleukin-6. J Physiol 529(Pt 1):237–242  

    Tatsumi R, Liu X, Pulido A, Morales M, Sakata T, Dial S, HAttori A, Ikeuchi Y, Allen RE (2006) 
Satellite cell activation in stretched skeletal muscle and the role of nitric oxide and hepatocyte 
growth factor. Am J Physiol Cell Physiol 290(6):C1487–C1494  

    Ten Broek RW, Grefte S, Von den Hoff JW (2010) Regulatory factors and cell populations involved 
in skeletal muscle regeneration. J Cell Physiol 224(1):7–16  

        Toth KG, McKay BR, De Lisio M, Little JP, Tarnopolsky MA, Parise G (2011) IL-6 induced 
STAT3 signalling is associated with the proliferation of human muscle satellite cells following 
acute muscle damage. PLoS One 6(3):e17392  

    Yablonka-Reuveni Z, Rudnicki MA, Rivera AJ, Primig M, Anderson JE, Natanson P (1999) The 
transition from proliferation to differentiation is delayed in satellite cells from mice lacking 
MyoD. Dev Biol 210(2):440–455  

     Zhang C, Li Y, Wu Y, Wang L, Wang X, Du J (2013) Interleukin-6/signal transducer and activator 
of transcription 3 (STAT3) pathway is essential for macrophage infi ltration and myoblast pro-
liferation during muscle regeneration. J Biol Chem 288(3):1489–1499    

S. Joanisse and G. Parise



45© Springer International Publishing Switzerland 2016 
J. White, G. Smythe (eds.), Growth Factors and Cytokines in Skeletal Muscle 
Development, Growth, Regeneration and Disease, Advances in Experimental 
Medicine and Biology 900, DOI 10.1007/978-3-319-27511-6_3

    Chapter 3   
 The Role of Leukemia Inhibitory Factor 
Receptor Signaling in Skeletal Muscle Growth, 
Injury and Disease                     

       Liam     C.     Hunt      and     Jason     White   

    Abstract     Cytokines are an incredibly diverse group of secreted proteins with 
equally diverse functions. The actions of cytokines are mediated by the unique and 
sometimes overlapping receptors to which the soluble ligands bind. Classifi ed 
within the interleukin-6 family of cytokines are leukemia inhibitory factor (LIF), 
oncostatin-M (OSM), cardiotrophin-1 (CT-1) and ciliary neurotrophic factor 
(CNTF). These cytokines all bind to the leukemia inhibitory factor receptor (LIFR) 
and gp130, and in some cases an additional receptor subunit, leading to activation 
of downstream kinases and transcriptional activators. LIFR is expressed on a broad 
range of cell types and can generate pleiotropic effects. In the context of skeletal 
muscle physiology, these cytokines have been shown to exert effects on motor neu-
rons, infl ammatory and muscle cells. From isolated cells through to whole organ-
isms, manipulations of LIFR signaling cytokines have a wide range of outcomes 
infl uencing muscle cell growth, myogenic differentiation, response to exercise, 
metabolism, neural innervation and recruitment of infl ammatory cells to sites of 
muscle injury. This article will discuss the shared and distinct processes that LIFR 
cytokines regulate in a variety of experimental models with the common theme of 
skeletal muscle physiology.  
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3.1       Introduction 

 Leukemia inhibitory factor (LIF) is the archetypal cytokine of the leukemia inhibi-
tor factor receptor (LIFR) signaling family. The gene for LIF was fi rst cloned from 
a cDNA library with the help of partial peptide sequence from a protein purifi ed 
with M1 myeloid leukemia inhibitory properties (Gearing et al.  1987 ). Shortly 
thereafter, oncostatin M (OSM) was cloned in a similar fashion (Malik et al.  1989 ). 
Both genes show signifi cant similarity (likely due to branching from a conserved 
ancestral gene), were placed in the same cytokine family and share the same recep-
tor (Gearing et al.  1991 ,  1992 ; Rose and Bruce  1991 ; Gearing and Bruce  1992 ). At 
a similar time, ciliary neurotrophic factor (CNTF) was cloned and found to share 
comparable neurotrophic properties with LIF and also utilize the same receptor 
components (Lin et al.  1989 ; Davis et al.  1993 a). The receptor components identi-
fi ed capable of binding LIF, OSM and CNTF and generating intracellular signaling 
were the beta receptor subunits LIF receptor (LIFR) and gp130, the interleukin-6 
(IL-6) transducing receptor subunit. 

 Formation of the receptor complex leads to phosphorylation of janus kinases 
(JAKs) associated with the cytoplasmic domain of the receptor and allows for intra-
cellular communication (Heinrich et al.  1998 ). Signal transducers and activators of 
signaling (STATs) are recruited and phosphorylated forming homodimers that 
translocate into the nucleus and initiate gene transcription. In addition, cytokine 
signaling may activate mitogen activated protein kinase (MAPK) and 
phosphoinositide- 3-kinase (PI3K) pathways through JAKs or the tyrosine phospha-
tase SHP2. In this way LIFR signaling can induce a wide range of effects within a 
cell depending on the particular machinery possessed by that cell to process the 
downstream signal. 

 After the elucidation of these three similar cytokines (LIF, OSM and CNTF) and 
the mechanisms by which they initiate intracellular signaling, there have been addi-
tional LIFR signaling ligands and receptor components identifi ed. CNTF, in addi-
tion to utilizing LIFR and gp130 was found to recruit a third receptor subunit 
referred to as CNTFR (Davis et al.  1993 b). Cardiotrophin-1 (CT-1) was found to 
induce hypertrophy of cardiac myocytes  in vitro  (Pennica et al.  1995a ) and compete 
for the same receptor as LIF as well as induce similar effects including inhibition of 
M1 myeloid growth and neurotrophic effects (Pennica et al.  1995b ). 

 A similar signaling mechanism for CT-1 as CNTF was observed. However, the 
third component of the tripartite receptor has yet to be identifi ed (Robledo et al. 
 1997 ). OSM has also been shown to utilize a distinct receptor complex, the OSM 
receptor (OSMR) and gp130 (Mosley et al.  1996 ). Although reports have suggested 
that OSMR/gp130 may be specifi c to mouse OSM and may not bind LIFR/gp130 
unlike human OSM (Ichihara et al.  1997 ), there is evidence that OSM can induce 
effects in OSMR defi cient mice via LIFR indicating that usage of both receptor 
complexes is likely to occur in both species (Walker et al.  2010 ). Finally a novel 
ligand, cardiotrophin-like cytokine (CLC) also binds CNTFR and gp130 along with 
the soluble receptor cytokine-life factor (CLF) (Elson et al.  2000 ), because these 
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ligands have more recently been dicovered there is not much known about them in 
the context of skeletal muscle. Figure  3.1  illustrates the different ligand and recep-
tor components for this group of cytokines.

   This article will discuss how the unique group of LIFR cytokines can affect 
muscle physiology. The potential cellular sources and stimuli which give rise to 
these cytokines and the direct and indirect effects on muscle cells in conditions of 
normal function, growth and wasting are highlighted. This discussion emphasises 
the broad range of effects that these cytokines can produce and suggests potential 
for treating disorders involving muscle degeneration, such as Duchenne Muscular 
Dystrophy.  

3.2     Varied Sources of LIFR Cytokines Regulating Muscle 
and Peripheral Homeostasis 

 Cytokines that infl uence muscle directly can be produced from within the muscle 
cells as an autocrine, by neighboring cells within the muscle tissue (which includes 
non-muscle cells such as adipose, fi broblasts, endothelial cells and more) as a para-
crine or from a distant tissue which then circulates as an endocrine. In addition, 
cytokines may exert functions by binding other cells or tissues and affecting muscle 
cells indirectly. The sources of cells which can produce LIFR cytokines that are 
capable of exerting effects on muscle appear to include most of these possibilities; 
one such example is that macrophages can produce LIF and this acts as a chemotac-
tic factor for myogenic precursor cells (Robertson et al.  1993 ). We observed LIF 

  Fig. 3.1    Illustration of LIF receptor signaling complexes and ligands utilized to initiate intracel-
lular signaling       
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immunoreactivity in injured muscle deriving from mononucleated cells, which 
could include infl ammatory cells such as macrophages or neutrophils (Hunt et al. 
 2013 ). Nerve injury increases LIF expression and therefore the neurons or glial 
Schwann cells that comprise the nerve could be a source of LIF that can regulate 
muscle homeostasis (Ito et al.  1998 ). 

 Cultured myotubes also express LIF, which is increased with mimetics of muscle 
stimulation and activity including electrical stimulation and calcium infl ux by an 
ionophore; moreover human muscle also expresses increased amounts of LIF 
mRNA shortly after (6 h) a bout of exercise (Broholm et al.  2008 ,  2011 ). The term 
myokine was coined to describe peptide factors produced by skeletal muscle in 
response to stimuli (for example exercise or nutrients) that can act as an autocrine, 
paracrine or endocrine. Fulfi lling this defi nition, LIF and other LIFR cytokines are 
indeed myokines. Whilst monitoring the administration of a LIF mutant, we detected 
a signifi cant increase in circulating endogenous LIF in the control group shortly 
after muscle injury (1 day) (Hunt et al.  2013 ). This suggested that muscle damage 
may be one such stimulus, in addition to the aforementioned muscle stimulation or 
exercise, which induces LIF and myokine expression capable of acting as an endo-
crine. OSM is also a verifi ed myokine (Hojman et al.  2011 ); cultured myotubes that 
were electrically stimulated secreted OSM and it is up-regulated in muscles of mice 
after exercise and increased in circulation too. The production of endocrine factors 
from muscle following exercise has become an exciting area of development 
recently with discoveries indicating myokines can have profound impacts on sys-
temic metabolism (Boström et al.  2012 ). Many of the reported health benefi ts of 
exercise (Pedersen and Fischer  2007 ) could indeed be mediated by the effects of 
myokines on peripheral tissues; for example OSM was shown to be a component of 
serum from exercised mice that could block the growth of breast cancer cells 
(Hojman et al.  2011 ). Both the sources and targets of LIFR cytokines may be varied 
and this article will discuss the effects of these cytokines which can mediate muscle 
cell growth and homeostasis via direct and indirect effects.  

3.3     LIFR Is Involved in Muscle Development Predominantly 
Via Neurotrophic Effects 

 The individual cytokines that signal through LIFR may be partially redundant 
during development because individual defi ciency of LIF, CT-1, CNTF and OSM 
does not affect viability and causes only minimal defects in mice, yet combining 
defi ciency of multiple genes can be severe (Holtmann et al.  2005 ; Morikawa 
et al.  2004 ), whilst loss of LIFR causes perinatal lethality with massive loss of 
motor neurons (Ware et al.  1995 ; Li et al.  1995 ). This indicates an essential role 
for this group of cytokines as a whole in development. The majority of develop-
mental phenotypes reported in mice defi cient singly for LIF, CT-1, CNTF and 
OSM demonstrate defects in neuronal development. In particular LIF, CT-1 and 
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CNTF are defi cient in motor neuron development whilst OSM defi cient mice 
have nociceptive impairment. 

 LIF mRNA is present at high levels in the muscle of embryonic mice at E17 but 
decreases dramatically by birth (Kwon et al.  1995 ). E17 coincides with the end of 
secondary myogenesis, which is when all myofi bres that would be present in post- 
natal life have been formed, whilst decreases in LIF expression by birth coincide 
with the time that neonatal synaptic withdrawal occurs. Treatment of neonatal 
mouse tensor fasciae latae limb muscles with recombinant LIF caused a transient 
delay in synaptic withdrawal; that is the maturation of the motor units innervating 
muscle. LIF defi cient mice also have reduced area of the postsynaptic motor end 
plate. In combination with CNTF and CT-1, LIF defi ciency reduces motor function, 
whilst age dependent loss of function is most pronounced with LIF defi ciency alone 
(Holtmann et al.  2005 ), suggesting a requirement for LIF in the maintenance of the 
neuromuscular junction both at the presynaptic and postsynaptic ends. Although 
LIF may be important for development and maintenance of motor neurons there is 
little evidence that LIF is directly required for muscle formation during develop-
ment. Muscles from LIF defi cient mice appear phenotypically normal unless 
stressed (Kurek et al.  1997 ). In fact, no defects in muscle formation and function in 
young mice without a stressor have been reported for defi ciency of CT-1, CNTF 
and LIF in studies examining muscle histologically (Holtmann et al.  2005 ; Miyake 
et al.  2009 ). These studies indicate that the LIFR cytokines are critical for motor 
neuron development and maintenance of the neuromuscular junction. Although 
there has been one study that reported that the intraperitoneal administration of 
CNTF to neonatal rats (from 1 to 6 days) increased muscle area and myofi bre num-
ber, there is little evidence however that the endogenous loss of these cytokines 
directly infl uences developmental myogenesis.  

3.4     Indirect and Direct Effects of LIFR Cytokines Regulate 
Adult Muscle Cell Homeostasis 

 Defi ciency of LIFR and ligands does not appear to alter developmental myogenesis 
to a signifi cant degree to induce a phenotype; however LIFR cytokines can infl u-
ence the proliferation, differentiation and myogenesis of muscle precursor cells  in 
vitro  (Hunt et al.  2010 ,  2011a ; Austin and Burgess  1991 ). LIF induces a growth 
effect in cultured myoblasts (Austin and Burgess  1991 ), the precursors of syncytial 
muscle fi bres, which is largely mediated through suppression of apoptosis by inhib-
iting caspase-3 activation and activity (Hunt et al.  2010 ). In conjunction, LIF also 
inhibits differentiation via reduction in caspase-3 activity, which is required for 
differentiation (Hunt et al.  2011a ). Indeed, most members of this cytokine sub- 
group including CT-1 (Miyake et al.  2009 ), OSM (Xiao et al.  2010 ) and CNTF 
(Wang et al.  2008 ; Chen et al.  2005 ; Hiatt et al.  2012 ) inhibit myogenic differentia-
tion and promote the growth of myoblasts. In the majority of cases, MAPK 
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extracellular regulated kinase (MEK) activity was necessary for cytokine induced 
inhibition of differentiation. PI3K dependent mechanisms have also been identifi ed 
that promote the survival of muscle precursor cells (Hunt et al.  2010 ; Hiatt et al. 
 2012 ). Together these indicate that LIFR cytokines promote cell growth and viabil-
ity, whilst inhibiting differentiation and thus may play important roles in controlling 
the muscle precursor pool present during myogenesis. 

 In addition to myogenesis that occurs developmentally, myogenesis can also 
occur in adults in response to injury to regenerate damaged muscles. Studies with 
mice defi cient in LIFR cytokines or with additional exogenous cytokines have dem-
onstrated roles during adult muscle regeneration. In a revascularization and dener-
vation model of muscle injury, local administration of CNTF promoted the 
regeneration of new myofi bres in the muscle (Marques and Santo Neto  1997 ). 
Although the authors were dismissive of a neurotrophic effect allowing more rapid 
innervation and subsequent growth they could not exclude this possibility, but sug-
gested in their opinion it was most likely due to a direct effect on myogenic cells. 
Further studies suggested that LIF also promotes skeletal muscle regeneration via 
direct growth effects on myogenic cells (Kurek et al.  1997 ; Barnard et al.  1994 ). 

 LIF null mouse muscles had a reduced regenerative response to crush injury, and 
the opposite could be achieved by local administration of LIF (Kurek et al.  1997 ). 
Interestingly, though it was speculated that LIF induced stimulation of regeneration 
was caused by promoting proliferation of myogenic precursors, they did not see the 
same effect when other factors capable of inducing proliferation such as interleu-
kin- 6 and transforming growth factor-α were administered. In contrast to these stud-
ies, when CT-1 was overexpressed systemically by adenovirus in mice myogenic 
differentiation and regeneration of muscle cells (induced by cardiotoxin) was inhib-
ited (Miyake et al.  2009 ). This was also attributed to a direct effect on myogenic 
cells with CT-1 inhibiting differentiation. Similarly, transgenic expression of OSM 
in muscle injured by electroporation inhibited regeneration of muscle fi bres but did 
not affect the number of MyoD positive myoblasts during the early stages of regen-
eration, which suggested no effect on the myogenic pool (Xiao et al.  2010 ). 

 Whilst it may be tempting to speculate that these cytokines could have differential 
effects during regeneration it becomes diffi cult to compare between the different 
studies using different methodologies for administration, genetic manipulation, tim-
ing and modes of regeneration. Therefore we attempted to provide clearer insight 
into the role of LIFR signaling by utilizing a broad antagonist of the LIFR and study 
its effects during the different phases of muscle regeneration (infl ammatory and 
myogenic differentiation phases) (Hunt et al.  2013 ). We employed the LIF mutant 
MH35-BD, which is shown to compete with and antagonize at least LIF and OSM 
(Upadhyay et al.  2009 ). MH35-BD was administered systemically (via intraperito-
neal injection at 1 mg/kg) to mice either at the same time as induction of regeneration 
with notexin or after 3 days (Hunt et al.  2013 ). This protocol allowed for robust cir-
culating levels of MH35-BD within a specifi c time frame that was maintained at high 
levels for around 3–4 days and thus we could target the processes of infl ammatory 
infi ltration of the muscle (1–3 days) and myogenic proliferation and differentiation 
(3–7 days). When the infl ammatory phase was targeted with LIFR inhibition there 
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was a large increase (~three–four fold increase with MH34-BD compared to vehicle 
injected mice) in mRNA expression of the pro-infl ammatory cytokines tumor necro-
sis factor (TNF-α) interleukin-1B (IL-1B) and IL-6. Coincidentally there was also an 
increase in neutrophils infi ltrating the muscle but not macrophages. 

 This pro-infl ammatory response resulted in a subsequent delay in regeneration of 
the muscle fi bres. No effect on regeneration was observed when LIFR was targeted 
during 3–7 days, which corresponds to a large increase in the number of myoblasts 
that support myogenic differentiation and fusion into syncytial muscle. Taken 
together, this indicated that LIFR signaling was predominant during the early phase 
of regeneration and relates to infl ammatory infi ltration, thus it is not likely to be 
necessary for myogenesis  in vivo . LIFR signaling during muscle injury therefore is 
necessary to limit pro-infl ammatory cytokines that inhibit myogenic differentiation. 
Consistent with roles for LIFR cytokines in modulating infl ammation following 
injury, endogenous expression of these cytokines coincides with the early stages of 
injury and infl ammation (Hunt et al.  2013 ; Xiao et al.  2010 ). Indeed, LIF is shown 
to suppress peripheral infl ammation; OSM is also suggested to act as an anti- 
infl ammatory cytokine (Wahl and Wallace  2001 ). Therefore LIFR cytokines may 
infl uence muscle regeneration indirectly by modulating infl ammatory cell responses. 

 Like IL-6, LIF and related cytokines have been suggested to also act in pro- as 
well as anti-infl ammatory fashions (Sugiura et al.  2000 ; Kerr and Patterson  2004 ; 
Gadient and Patterson  1999 ). It may be possible that the pro- vs anti-infl ammatory 
effects could be highly context specifi c and relate to particular tissue or model sys-
tems studied or even the modality of altered signaling (eg. complete endogenous 
loss vs partial inhibition vs exogenous administration above physiological levels). 
IL-6 infl ammatory potential has been suggested to relate to the specifi c receptor 
interaction, that is trans-signaling (via a soluble IL-6 receptor) is pro-infl ammatory 
whereas classic signaling (via the membrane bound receptor) is anti-infl ammatory 
(Scheller et al.  2011 ). Whilst many studies have demonstrated these pro- and anti- 
infl ammatory effects of LIFR, none have differentiated and elucidated what medi-
ates these distinct effects. It may be possible that a similar mechanism to IL-6 
signaling exists for LIFR cytokines as a soluble receptor has been discovered 
(Layton et al.  1992 ) though very little is known. 

 These studies have demonstrated the effects of LIFR cytokines on the mononu-
cleate infl ammatory cells which infi ltrate muscle during regeneration as well as the 
myogenic precursors which can respond to muscle injury. There are few studies 
though that have examined either the presence of receptors for or direct effects of 
LIFR cytokines on syncytial muscle cells. Following muscle contusion, LIFR 
mRNA was observed by in situ hybridization in cells surrounding syncytial muscle 
fi bres such as myogenic precursors and endothelium as well as in the myofi bres 
themselves (Kami et al.  2000 ). CNTFR was also observed in the nascent myotubes. 
We have also demonstrated the presence of LIFR protein by immunohistochemistry 
in mononuclear cells, which includes macrophages (Hunt et al.  2013 ). LIFR immu-
noreactivity was also present in nascent myotubes and around the edges of myofi -
bres, in a non-uniform pattern and did not appear to be related to myofi bre type 
(Hunt et al.  2011b ). There did appear to be a close association between the LIFR 

3 The Role of Leukemia Inhibitory Factor Receptor Signaling in Skeletal Muscle…



52

protein and localization of neuromuscular junctions; intense LIFR immunoreactiv-
ity co-localized with bungarotoxin immunofl uorescence. Though we could not dis-
tinguish whether this was present on the pre-synaptic neurons or post-synaptic 
muscle, but it is consistent with a role for LIFR cytokines in synaptic signaling 
between the muscle and nerve. 

 The presence of LIFR protein on the sarcolemma of myofi bres suggests that this 
family of cytokines may be able to directly infl uence muscle fi bre maintenance. Both 
LIF and CT-1 induce cardiac hypertrophy (Pennica et al.  1995a ; Kodama et al.  1997 ), 
yet research on the hypertrophic effects of LIFR cytokines on skeletal muscle is lim-
ited. A study examining the interplay between LIF and β-adrenoceptor agonist clen-
buterol found that daily systemic administration of LIF for 4 weeks in healthy adult 
rats increased muscle size and force producing capacity synergistically with clen-
buterol in both fast and slow twitch muscle, but LIF alone only produced these effects 
in the slow twitch soleus muscle (Gregorevic et al.  2002 ). Therefore LIF and related 
cytokines may bind receptors on the sarcolemma of myofi bres and induce hypertro-
phic responses that work independently from and in conjunction with beta agonists. 
Further evidence that LIF may be involved in maintenance of muscle mass is demon-
strated with increased LIF mRNA expression in human cases of chronic muscle atro-
phy compared to healthy controls (Reardon et al.  2001 ). Compensatory hypertrophy 
in skeletal muscles in response to increased loading requires LIF as LIF defi cient 
mice show either no or delayed hypertrophic responses (Spangenburg and Booth 
 2006 ). Contrarily, it was proposed that LIF could induce muscle atrophy via activa-
tion of JAK and subsequent STAT transcriptional activity (Seto et al.  2015 ). LIF was 
secreted in large quantities by the cachexia inducing C26 tumour cells and shown to 
reduce the size of cultured myotubes. Although inhibition of STAT3 induced hyper-
trophy and prevented C26 tumour induced muscle wasting, whether or not elevated 
circulating LIF could induce atrophy, or conversely muscle specifi c loss of LIFR 
could prevent atrophy, was not tested in vivo. Because of the limitations of these 
studies, whether LIF could infl uence muscle hypertrophy by direct effects on myofi -
bres or by infl uencing the motor neurons innervating the muscle is not known, but 
this research favors the likelihood that LIFR cytokines and downstream mediators 
could mediate muscle hypertrophy and atrophy.  

3.5     Metabolic Functions of LIFR Cytokines 

 IL-6 also shares many similar attributes with LIFR cytokines including being pro-
duced by varied cellular sources and pleiotropic effects that include altering muscle 
and peripheral metabolism (Febbraio and Pedersen  2005 ). IL-6 has been suggested 
to induce lipolysis and could be an important myokine mediating exercise depen-
dent increases in insulin sensitivity indirectly by acting in an anti-infl ammatory 
manner (Pedersen et al.  2004 ). LIFR cytokines also appear to infl uence metabolism; 
for example LIFR knockout mice, which die perinatally, show increased glycogen 
content in livers during the fetal stages (Ware et al.  1995 ). 

 Because LIFR cytokines may be produced by muscle and effect peripheral tis-
sues, their infl uence on metabolism may be quite broad like that of IL-6, regulating 
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homeostasis of important metabolic tissues such as liver and adipose. LIF alters 
lipid metabolism in cultured adipocytes, inhibiting lipoprotein lipase activity 
(Marshall et al.  1994 ). LIFR is necessary for formation of fat storing adipocytes 
from embryonic stem cells and LIF promoted adipogenic differentiation via MAPKs 
of certain preadipocyte cells (Aubert et al.  1999 ). Conversely, OSM appears to 
inhibit adipocyte differentiation also through MAPK and STAT dependent path-
ways (Miyaoka et al.  2006 ). Further studies have suggested that LIF has no adipo-
genic effects in 3T3-L1 preadipocytes, but may regulate specifi c transcripts related 
to adipogenesis and have minor effects on insulin stimulated glucose uptake (Hogan 
and Stephens  2005 ). CT-1 ubiquitous knockout induces an obese insulin resistant 
phenotype in mice, whilst CT-1 administration induces fatty acid oxidation, lipoly-
sis and adipose remodeling (Moreno-Aliaga et al.  2011 ). CNTF has also been 
shown to infl uence adipoctyes; increasing insulin sensitivity, decreasing fatty acid 
synthesis (Zvonic et al.  2003 ) and increasing production of the anti-obesogenic adi-
pokine leptin (Ott et al.  2004 ). CNTF has received a great deal of attention for these 
anti-obesogenic properties with trials of a human recombinant variant successfully 
demonstrating weight loss (White and Stephens  2011 ). Infl ammation has also been 
linked with insulin resistance and metabolic syndromes such as diabetes and there-
fore because LIFR cytokines can act as infl ammatory mediators may be myokine 
mediators of metabolism similar to IL-6 (Dandona et al.  2004 ). Effects of LIFR 
cytokines on these metabolic tissues such as adipose and the liver may infl uence 
skeletal muscle metabolism by altering the availability of fuel stores such as glu-
cose and fatty acids and manipulating endocrines that infl uence systemic metabo-
lism. Thus the production of LIFR cytokines whether from the muscle or from other 
tissues may infl uence skeletal muscle metabolism indirectly. 

 Directly, LIFR cytokines may also infl uence muscle metabolism. Systemic 
CNTF administration reduced circulating glucose levels and this was related to 
direct effects of CNTF increasing muscle glucose uptake (Steinberg et al.  2009 ). 
This effect required the PI3K signaling pathway but was not affected with loss of 
adenosine monophosphate activated kinase (AMPK). There have also been reports 
of AMPK dependent CNTF functions that signal via gp130, CNTFR and IL-6R 
(instead of LIFR) (Watt et al.  2006 ). CNTF in this instance increased fatty acid 
oxidation and improved insulin sensitivity within skeletal muscle. Whether other 
LIFR cytokines apart from CNTF directly affect muscle metabolism has not yet 
been examined. However present data suggests that LIFR cytokines may be capable 
of infl uencing muscle metabolism, either indirectly or directly, and link muscle 
activity, cytokine production, infl ammation and metabolism.  

3.6     Potential for LIFR Cytokines in Treating Muscular 
Dystrophies 

 Muscular dystrophies are a group of pathologies that can cause severe muscle wast-
ing which can impair basic muscle function and cause premature death with the 
most severe types. Several genetic models of mice that recapitulate the human 
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pathologies are used to study muscular dystrophies; one of the most common is the 
mdx mouse. Mdx mice lack the protein dystrophin, an integral membrane protein 
that links the sarcolemma of myofi bres to the surrounding extracellular matrix. 
Without this protein myofi bres are not stable, undergo cell death and the muscles of 
the mice experience constant cycles of degeneration and regeneration. LIFR cyto-
kines have been implicated as modulators of pathogenesis, with LIF itself being the 
most studied by far. 

 Following initial studies that showed LIF induced growth of muscle precursor 
cells (Austin and Burgess  1991 ) there was much excitement over the possibility that 
stimulating the myogenic pool capable of regenerating muscle could alleviate 
symptoms of muscle loss in mdx mouse. Methods were trialed to perfuse LIF into 
the muscles of mdx mice and it was found that LIF infusion for 1 week stimulated 
muscle regeneration and reduced morphological parameters that correlate with 
pathology in the treated vastus lateralis muscle (Kurek et al.  1996 ). Indeed sus-
tained release of LIF over a period of 3 months in the diaphragm of mdx mice also 
improved morphological parameters closer to those of wild-type non-dystrophic 
muscles; moreover LIF treatment improved force producing capacity of the muscles 
(Austin et al.  2000 ). A study to establish the possible mechanism that LIF may 
increase myoblast replication to enhance regeneration confi rmed that LIF infusion 
into the diaphragm increased tritiated thymidine incorporation in myotube nuclei, 
suggesting that myoblasts were more proliferative prior to fusing into post-mitotic 
myotubes, however regeneration was not enhanced in this study (White et al.  2002 ). 
Interestingly Evan’s Blue Dye incorporation into damaged muscle fi bres was 
reduced in LIF treated mdx muscles compared with untreated mdx muscles indicat-
ing that the myofi bres may have been protected against cell death. A subsequent 
study also confi rmed that LIF treatment sustains myoblasts proliferation (note that 
LIF treatment did not actually increase but prevented decreases in proliferation over 
time) in a crush injury model (White et al.  2001a ). 

 The best interpretation of this data that reconciles all evidence that LIF and 
related cytokines inhibit myogenic differentiation yet may be benefi cial to regenera-
tion is that whilst exogenous LIF may maintain the myogenic pool in a proliferative 
state and delay differentiation, in the long-term differentiation still occurs and ulti-
mately the growth and regeneration of muscle fi bres is not affected. It is most likely 
that the effect of exogenous LIF on regenerating muscle is also infl uenced by the 
action of LIF on infl ammatory cells as described earlier wherein we found that 
LIFR blockade had pro-infl ammatory effects during regeneration. LIF limiting an 
infl ammatory response in the chronically infl amed dystrophic muscle could well 
account for the observed benefi ts of exogenous LIF administration; in particular it 
may explain how dystrophin defi cient fi bres were protected from necrosis similar to 
inhibition of the pro-infl ammatory cytokine TNF with Remicade (Grounds and 
Torrisi  2004 ). 

 In addition to direct administration, LIF has been considered in conjunction with 
stem cell therapies that attempt to engraft dystrophin expressing myoblasts into 
dystrophin defi cient muscle. One such study found that LIF administration enhanced 
dystrophin expression following myoblast transplantation (White et al.  2001b ). 
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We examined the survival of myoblasts transplanted into dystrophic muscle and 
found that LIF treatment transiently aided the survival of transplanted cells (Hunt 
et al.  2011b ) in a manner similar to depletion of innate immune cells such as neutro-
phils and natural killer cells (Sammels et al.  2004 ); again illustrating the role of LIF 
in modulating infl ammatory responses. 

 There are no studies examining the potential of additional LIFR cytokines such 
as CT-1, OSM or CNTF as therapeutics for muscular dystrophies; however links 
between the signaling pathways induced in muscle by these cytokines and pathways 
that can modulate pathogenesis are apparent. An example is that CNTF induces 
activation of AMPK in muscle and AMPK activation has been shown to improve 
muscle function in dystrophic mice (Ljubicic et al.  2011 ). Because administration 
of protein factors is limited by oral bioavailability and even despite engineering 
platforms such as slow releasing alginate rods for cytokine delivery, gene therapy 
methods to directly target the genetic lesions or simple small molecule drugs that 
have good oral bioavailability and may slow disease progression are the simplest 
candidates to consider for dystrophy therapies. However, studying the pathways by 
which these cytokines may infl uence muscle can shed light on the endogenous pro-
cesses by which muscle adapts to growth, exercise, injury and disease. Summarised 
in Fig.  3.2  is a diagram of the proposed modes by which LIFR cytokines (using LIF 
as an example) can infl uence muscle directly, indirectly as well as peripheral tissues 
due to muscle specifi c stimuli.

  Fig. 3.2    Schematic of mechanisms by which LIF and related cytokines infl uence muscle directly, 
indirectly and contribute to peripheral homeostasis       
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3.7        Conclusions 

 LIFR cytokines are pleiotropic cytokines which can infl uence muscle in a number 
of ways including via direct interaction with the LIF receptor complex on the sur-
face of muscle cells and indirect effects mediated through other cells. Our under-
standing of how LIFR cytokines may infl uence mature syncytial myofi bre cells 
directly is incomplete, but evidence points towards possible hypertrophic and meta-
bolic effects. The use of genetic models to ablate LIFR expression specifi cally 
within myofi bres may however allow these properties to be elucidated. The direct 
effects of LIFR cytokines inhibiting myogenic differentiation of muscle precursor 
cells are now well established  in vitro . However, developmentally this does not 
appear to occur and there is a lack of consensus as to the effects during adult muscle 
regeneration. We suggest that LIFR signaling may actually infl uence adult muscle 
regeneration indirectly via regulation of infl ammation following injury. The anti- 
infl ammatory properties of LIFR cytokines may also be useful in the treatment of 
muscle diseases in which chronic infl ammation mediates the pathogenesis. Indirect 
actions of LIFR cytokines that can infl uence muscle homeostasis are becoming 
more widely recognized with neurotrophic and infl ammatory regulating actions 
linked to muscle function. The discovery that LIFR cytokines may be produced in 
response to muscle stimulation and are distributed systemically to act as endocrines 
opens a range of new and exciting possibilities for muscle derived cytokines to 
infl uence not only muscle but peripheral and systemic homeostasis.     
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    Chapter 4   
 Function of Membrane-Associated 
Proteoglycans in the Regulation of Satellite 
Cell Growth                     

       Yan     Song    

    Abstract     Muscle growth can be divided into embryonic and postnatal periods. 
During the embryonic period, mesenchymal stem cells proliferate and differentiate 
to form muscle fi bers. Postnatal muscle growth (hypertrophy) is characterized by 
the enlargement of existing muscle fi ber size. Satellite cells (also known as adult 
myoblasts) are responsible for hypertrophy. The activity of satellite cells can be 
regulated by their extracellular matrix (ECM). The ECM is composed of collagens, 
proteoglycans, non-collagenous glycoproteins, cytokines and growth factors. 
Proteoglycans contain a central core protein with covalently attached glycosamino-
glycans (GAGs: chondroitin sulfate, keratan sulfate, dermatan sulfate, and heparan 
sulfate) and N- or O-linked glycosylation chains. Membrane-associated proteogly-
cans attach to the cell membrane either through a glycosylphosphatidylinositol 
anchor or transmembrane domain. The GAGs can bind proteins including cytokines 
and growth factors. Both cytokines and growth factors play important roles in regu-
lating satellite cell growth and development. Cytokines are generally associated 
with immune cells. However, cytokines can also affect muscle cell development. 
For instance, interleukin-6, tumor necrosis factor-α, and leukemia inhibitory factor 
have been reported to affect the proliferation and differentiation of satellite cells 
and myoblasts. Growth factors are potent stimulators or inhibitors of satellite cell 
proliferation and differentiation. The proper function of some cytokines and growth 
factors requires an interaction with the cell membrane-associated proteoglycans to 
enhance the affi nity to bind to their primary receptors to initiate downstream signal 
transduction. This chapter is focused on the interaction of membrane-associated 
proteoglycans with cytokines and growth factors, and their role in satellite cell 
growth and development.  
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  Abbreviations 

   C1    constant region 1   
  C2    constant region 2   
  ECM    extracellular matrix   
  FGF    fi broblast growth factor   
  FGF2    fi broblast growth factor 2   
  FGFR    fi broblast growth factor receptor   
  GAGs    glycosaminoglycans   
  GPI    glycosylphosphatidylinositol   
  HGF    hepatocyte growth factor   
  HSPG    heparan sulfate proteoglycan   
  IGF    insulin-like growth factor   
  IGF-I    insulin-like growth factor-I   
  IGF-II    insulin-like growth factor-II   
  IL-6    interleukin-6   
  LIF    leukemia inhibitory factor   
  MAP    mitogen-activated protein   
  N-glycosylated chain    N-linked glycosylated chain   
  PIP 2     phosphatidylinositol 4, 5-bisphosphate   
  PKC    protein kinase C   
  PKCα    protein kinase C alpha   
  TGF    transforming growth factor   
  TGF-β    transforming growth factor-beta   
  TGF-β1    transforming growth factor-beta 1   
  TGF-β2    transforming growth factor-beta 2   
  TNF-α    tumor necrosis factor-alpha   
  V    variable region   
  VEGF    vascular endothelial growth factor   

4.1         Introduction 

 Skeletal muscle composes about 50 % of an animal body mass (Huard et al.  2002 ) 
and it is the contractile tissue of an animal which forms force and movements. 
Multinucleated myofi bers are derived from mesenchymal stem cells, myoblasts. 
During the embryonic period, the number of myofi ber number increases and after 
birth skeletal muscle grows by the enlargement of existing muscle fi ber size 
(hypertrophy). Satellite cells are responsible for hypertrophy and muscle regen-
eration. They are undifferentiated mononuclear myogenic precursor cells. They 
have the ability to self-renew in order to maintain their population pool; to prolif-
erate, differentiate and fuse with existing muscle fi bers in order to maintain, repair 
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and increase muscle fi ber size (Moss and LeBlond  1971 ; Kuang et al.  2007 ). 
Satellite cells are normally quiescent in adults (Schultz et al.  1978 ; Cornelison and 
Wold  1997 ). However, when skeletal muscle tissue is injured or heavily used, the 
satellite cells become active and re-enter the cell cycle (Chargé and Rudnicki 
 2004 ; Dhawan and Rando  2005 ) and then proliferate, fuse with damaged myofi -
bers or form new myofi bers through a process similar to fetal muscle formation 
(Parker et al.  2003 ). 

 The activity of satellite cells can be regulated by their extracellular matrix 
(ECM). The ECM is composed of collagens, proteoglycans, non-collagenous gly-
coproteins, cytokines, and growth factors. Proteoglycans contain a central core pro-
tein with covalently attached glycosaminoglycans (GAGs: chondroitin sulfate, 
keratan sulfate, dermatan sulfate, and heparan sulfate) and N- or O-linked glycosyl-
ated chains. Membrane-associated proteoglycans attach to the cell membrane either 
through a transmembrane domain of the core protein or a glycosylphosphatidylino-
sitol (GPI) anchor. The GAGs can bind to and regulate the activity of cytokines and 
growth factors which play important roles in regulating satellite cell growth and 
development.  

4.2     Skeletal Muscle Growth and Development 

 In the early stages of embryonic development, ectoderm, mesoderm, and endoderm 
layers form through a process called gastrulation. Typical mesoderm derived tissues 
include blood, blood vessels, bones, cartilage, connective tissue, and muscle. On 
both sides of the neural tube, the mesoderm divides into four different layers: axial 
mesoderm, intermediate mesoderm, paraxial mesoderm, and the lateral plate meso-
derm (Christ and Ordahl  1995 ). Paraxial mesoderm is the source for almost all of 
the embryonic skeletal muscle. Paraxial mesoderm gives rise to somites which are 
clusters of cells. Cells from the dorsal part of the somites form the dermomyotome. 
Muscle progenitor cells delaminate from the four edges of the dermomyotome and 
then migrate to the areas that muscle will form (Gros et al.  2004 ). Through the regu-
lation of myogenic regulatory factors, these muscle progenitor cells become myo-
blasts. The myoblasts will further differentiate into myocytes, fuse with each other 
and then mature into muscle fi bers. 

 Postnatal muscle growth continues by the proliferation, differentiation, and 
fusion of satellite cells. Satellite cells were fi rst described by Mauro ( 1961 ) and 
were named due to their location between basement membrane and the sarcolemma. 
The progenitor cells from the central dermomyotome give rise to most satellite cells 
(Armand et al.  1983 ; Gros et al.  2005 ). They are responsible for postnatal muscle 
growth and regeneration. The activity of satellite cells is high during the neonatal 
stage of development and decreases with age. Satellite cells are usually quiescent or 
in the G0 phase of the cell cycle in adults (Bischoff  1990a ). However, the activity 
can be up-regulated in case of muscle injured or heavily used. Once activated, satel-

4 Function of Membrane-Associated Proteoglycans in the Regulation of Satellite…



64

lite cells re-enter the cell cycle, proliferate, and fuse with adjacent myofi bers or 
form new ones to reconstitute the muscle. The number of satellite cells decreases in 
aged animals, but the capacity for self-renewal, proliferation and differentiation 
remains the same (Shefer et al.  2006 ). It has been reported that satellite cells from 
aged animal have enhanced activation when they are grafted to a young animal 
whereas satellite cells from young animal showed decreased activation when they 
are grafted to an aged animal (Zacks and Sheff  1982 ; Carlson and Faulkner  1989 ). 
This also indicates that the satellite cell niche is important for the activity of satellite 
cells. Bischoff ( 1990b ) demonstrated that the behavior of satellite cells can be regu-
lated by their ECM. The ECM not only provides extracellular cues to allow satellite 
cells to survive, but also dynamically regulates their behavior to maintain a balance 
between quiescence, self-renewal, and differentiation (Fuchs et al.  2004 ; Morrison 
and Spradling  2008 ). The ECM regulates satellite cell behavior through modulating 
interactions between cell membrane receptors and growth factors and cytokines. 

 Skeletal muscle regeneration is important for maintaining skeletal muscle mass 
and function. Regeneration occurs not only in response to major injury and stimuli, 
but also due to daily wear and tear (Tidball and Villalta  2010 ). During regeneration, 
there are three overlapping phases: infl ammation dominated by the invasion of mac-
rophages, tissue formation by the activated satellite cells, and tissue remodeling. 
When muscle gets injured, the myofi bers undergo necrosis and degeneration, and 
leukocytes invade from damaged blood vessels. Neutrophils are the fi rst infl amma-
tory cells to enter, and then macrophages to phagocytose muscle debris (Chargé and 
Rudnicki  2004 ). Both neutrophils and macrophages release cytokines and chemo-
kines which can amplify the infl ammatory response and recruit satellite cells to the 
site of injury. Leukaemia inhibitory factor (LIF) and interleukin-6 (IL-6) are two 
cytokines which strongly infl uent muscle myoblast proliferation. IL-6 stimulates 
fi broblast growth and suppresses fusion of myoblast to form myotubes whereas LIF 
has no effect on fi broblast growth but promotes myoblast fusion. 

 Except for cytokines, many growth factors are also recruited into the wound 
area, including fi broblast growth factor (FGF), transforming growth factor (TGF) 
families, insulin-like growth factors (IGF-I, IGF-II), vascular endothelial growth 
factor (VEGF), and hepatocyte growth factor (HGF). Growth factors control the 
proliferation and differentiation of satellite cells thus is essential in muscle regen-
eration process (Chargé and Rudnicki  2004 ; Ten Broek et al.  2010 ). Among them, 
IGF-1 is critical for muscle growth and myoblast proliferation; HGF stimulates sat-
ellite cell activation, proliferation, and differentiation; and transforming growth fac-
tor beta-1 (TGF-β1) inhibits satellite cell proliferation and differentiation, and 
myoblast recruitment. Under the regulation of cytokines and growth factors, the 
activated satellite cells migrate to the site of injury to repair damaged myofi bers or 
form new myofi bers (Chen and Goldhamer  2003 ; Chargé and Rudnicki  2004 ; 
Buckingham  2006 ; Shi and Garry  2006 ).  
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4.3     Extracellular Matrix 

 The ECM is an extracellular environment that surrounds cells. It is not only a sub-
strate for the cells to adhere to, a scaffold to support cells, but also an organized 
dynamic structure that regulates intracellular communication and cell behavior. It is 
secreted by cells and feeds back information to the cell by sending signals into the 
cell. The composition of the ECM varies from tissue to tissue: each tissue has its 
own specifi c composition of matrix molecules that is adapted to the functional 
requirements of that tissue. In the same tissue, it is also changes with developmental 
stage, age, and health conditions, etc. The ECM modulates the production, degrada-
tion, and remodeling of its components to support tissue development, function, and 
repair (Uldbjerg and Malmström  1991 ; Page-McCaw et al.  2007 ; Lu et al.  2011 ). 

 The ECM is composed of fi brous proteins including collagens, non-fi brous pro-
teins like glycoproteins and proteoglycans. Proteoglycans are glycosylated proteins 
with a high net negative charge that can attract water to keep cells hydrated. 
Proteoglycans are involved in a variety of biological processes by modulating 
growth factor activity, organizing the extracellular environment, and maintaining 
tissue structure and function. They are composed of a central core protein and cova-
lently linked GAG chains (Hardingham and Fosang  1992 ) and N-linked glycosyl-
ated chains (N-glycosylated chain) attached to a center core protein. 
Glycosaminoglycan chains are long unbranched polysaccharides consisting of a 
repeating disacharide unit which is covalently attached to the core protein at Ser- 
Gly repeats. There are four types of GAGs: heparan sulfate, chondroitin sulfate, 
dermatan sulfate, and keratan sulfate. Accordingly, the proteoglycans bearing these 
GAGs are named as heparan sulfate proteoglycans (HSPG), chondroitin sulfate pro-
teoglycans, dermatan sulfate proteoglycans, and keratan sulfate proteoglycans 
(Table  4.1 ).

    Chondroitin sulfates are major components of the ECM, especially in the tissues 
such as cartilage, tendons, and aorta walls. They interact with macromolecules in 
the ECM and contribute to tissue structural integrity. Versican and aggrecan are two 
large chondroitin sulfate proteoglycans. Their chondroitin sulfate chains are com-
posed of two alternative residues of D-glucuronic acid and  N -acetylgalactosamine. 
Versican has been reported to play important roles in cell adhesion, migration and 
proliferation (Zhang et al.  1998 ). Aggrecan is a major structural proteoglycan in 
cartilage. It functions in mediating chondrocyte-chondrocyte and chondrocyte- 
matrix interactions. 

 Dermatan sulfates, also named as chondroitin sulfate B previously, are com-
posed of a repeating disaccharide unit of L-iduronate and  N -acetylglucosamine. 
Members in this family include decorin and biglycan. They are mainly expressed in 
skin, blood vessels, heart valves, tendons, and lung. Depending on the tissue, they 
can bear either chondroitin sulfates or dermatan sulfates. As dermatan sulfate pro-
teoglycans, they play important roles in coagulation, cardiovascular disease, carci-
nogenesis, infection, wound repair, and fi brosis. 
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    Table 4.1    Proteoglycan   classifi cation       

  (a) According to the glycosaminoglycan attached:  
  Chondroitin sulfate  
 Aggrecan  Cartilage 
 Betaglycan  Fibroblasts 
 Biglycan  Muscle 
 Decorin  Connective tissue 
 Perlecan  Basement membrane 
 Serglycin  Mast cells, hematopoietic cells 
 Syndecan 1, 3  Epithelial cells, fi broblasts 
 Versican  Blood vessels, skin 
  Dermatan sulfate  
 Biglycan  Muscle 
 Decorin  Connective tissue 
  Heparan sulfate  
 Agrin  Basement membrane 
 Betaglycan  Fibroblasts 
 CD44 V3  Keratinocytes, activated monocytes 
 Collagen XVIII  Epithelial cells, basement membrane 
 Glypican 1-6  Epithelial cells, fi broblasts 
 Perlecan  Basement membrane 
 Serglycin  Mast cells, hematopoietic cells 
 Syndecan 1-4  Epithelial cells, fi broblasts 
  Keratan sulfate  
 Aggrecan  Cartilage 
 Fibromodulin  Extracellular matrix 
 Lumican  Corneal stroma 
  (b) According to cell localization:  
  Extracellular  
 Aggrecan  Cartilage 
 Agrin  Basement membrane 
 Biglycan  Muscle 
 Collagen XVIII  Epithelial cells, basement membrane 
 Decorin  Connective tissue 
 Fibromodulin  Extracellular matrix 
 Lumican  Corneal stroma 
 Perlecan  Basement membrane 
 Versican  Blood vessels, skin 
  Membrane-associated  
 Betaglycan  Fibroblasts 
 CD44v3  Lymphocytes 
 Glypican 1-6  Epithelial cells, fi broblasts 
 Neuropilin-1  Endothelial cells 
 Syndecan 1-4  Epithelial cells, fi broblasts 
  Intracellular  
 Serglycin  Mast cells, hematopoietic cells 
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  Table 4.2    Cell membrane-associated heparan sulfate proteoglycan binding growth factors and 
cytokines   

 Function in muscle  References 

 Growth Factors  FGF2  Promotes satellite cell proliferation, 
inhibits satellite cell differentiation 

 Allen et al. ( 1984 ) 
 DiMario and Strohman 
( 1988 ) 
 Greene and Allen ( 1991 ) 
 Dollenmeier et al. ( 1981 ) 
 McFarland ( 1999 ) 

 HGF  Activates satellite cells, regulates 
myogenesis, muscle regeneration, and 
would healing 

 Allen et al. ( 1995 ) 
 Anastasi et al. ( 1997 ) 
 Gallagher and Lyon 
( 2000 ) 

 TGF- β  Inhibits satellite cell proliferation, 
differentiation, and muscle-specifi c 
gene expression 

 Allen and Boxhorn 
( 1987 ) 
 Florini and Magri ( 1989 ) 

 IGF  Induces satellite cell proliferation, 
promote muscle hypertrophy 

 Adams and Haddad 
( 1996 ) 
 Adams and McCue 
( 1998 ) 
 Adams and Haddad 
( 1996 ) 
 Rosenblatt and Parry 
( 1992 ) 

 Cytokines  IL-6  Promotes satellite cell proliferation, 
remodels muscle extracellular matrix 

 Austin et al. ( 1992 ) 
 Baeza-Raja and 
Muñoz-Cánoves ( 2004 ) 
 Al-Khalili et al. ( 2006 ) 
 Serrano et al. ( 2008 ) 
 White et al. ( 2009 ) 

 LIF  Stimulates satellite cell proliferation, 
muscle regeneration and hypertrophy 

 Rosenblatt et al. ( 1994 ) 
 Hawke and Garry ( 2001 ) 
 Mitchell and Pavlath 
( 2001 ) 
 Spangenburg and Booth 
( 2006 ) 

 TNF- α  Regulate muscle cell proliferation and 
differentiation, regeneration 

 Layne and Farmer ( 1999 ) 
 Thaloor et al. ( 1999 ) 
 Guttridge et al. ( 2000 ) 
 Warren et al. ( 2002 ) 
 Li ( 2003 ) 

   FGF2  fi broblast growth factor 2,  HGF  hepatocyte growth factor,  IGF  insulin-like growth factor, 
 IL-6  interleukin-6,  LIF  leukemia inhibitory factor,  TGF-β  transforming growth factor-beta,  TNF-α  
tumor necrosis factor-alpha  
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 Keratan sulfates are mainly expressed in cornea, cartilage, and bone. Keratan 
sulfates are composed of a repeating disaccharide unit of galactose and 
 N -acetylglucosamine. They can absorb large amounts of water and act as a cushion 
in joints to absorb mechanical stress and as a buffer of corneal hydration. The main 
family members in keratan sulfate proteoglycans are fi bromodulin and lumican. 
Fibromodulin is involved in TGF-β activity regulation and ECM assembly 
(Hildebrand et al.  1994 ) whereas lumican mainly functions in corneal transparency 
and ECM assembly. To date, there are no keratan sulfate proteoglycans have been 
found in skeletal muscle. 

 Heparan sulfate proteoglycans are present at the surface of all adherent animal 
cells. They are linear polysaccharides that are composed of a repeat disaccharide 
unit of glucuronic acid or iduronic acid attached to a glucosamine. Family members 
of HSPG include syndecan, glypican, betaglycan, CD44v3, perlecan, agrin, and col-
lagen XVIII. They can interact with growth factors, chemokines, cytokines, ECM 
molecules, morphogens, and clotting factors (Esko and Selleck  2002 ), and regulate 
a wide variety of biological activities, including developmental processes, angio-
genesis, blood coagulation and tumor metastasis. Heparan sulfate proteoglycans are 
also involved in assembling the ECM (Iozzo  2005 ; Peretti et al.  2008 ), modulating 
enzymes activity (Yu and Woessner  2000 ; Nascimento et al.  2005 ), and regulating 
activity of growth factors and cytokines. Furthermore, HSPG can promote growth 
factor signal transduction pathways by function as a receptor or co-receptor. 

 Heparan sulfate proteoglycans can bear one or several heparan sulfate chains to 
their core protein. They may bind to growth factors and enhance their binding affi n-
ity to their high-affi nity tyrosine kinase receptors. This model was fi rst and exten-
sively studied in fi broblast growth factor (FGF2; Rapraeger et al.  1991 ), and 
extended to other growth factors, such as HGF (Rubin et al.  2001 ; Kemp et al. 
 2006 ), VEGF (Gitay-Goren et al.  1992 ), platelet-derived growth factor (Rolny et al. 
 2002 ; Abramsson et al.  2007 ), and placenta growth factor (Athanassiades and Lala 
 1998 ). Other growth factors can be regulated by HSPGs including TGF-β and bone 
morphogenetic protein (Chen et al.  2006 ; Rider  2006 ). 

 In skeletal muscle, HSPGs are very important regulators of muscle growth and 
development. The expression of HSPGs is signifi cantly higher in growth selected 
turkey breast muscle than those from non-growth selected ones (Liu et al.  2002 ), 
which indicates an important role of HSPGs in skeletal muscle growth and develop-
ment. Sporer et al. ( 2011 ) in microarray analysis showed that HSPG, syndecan-4 
and glpican-1, are differentially expressed with growth selection. Several  in vitro  
experiments showed altered myogenic progression when proteoglycan sulfation is 
inhibited in cultured C2C12 cells and myofi bers (Melo et al.  1996 ; Osses and 
Brandan  2001 ; Cornelison et al.  2001 ). Moreover, the adding of heparan sulfate 
mimicker, synthetic polymers, can stimulate muscle regeneration and reinnervation 
(Desgranges et al.  1999 ) 

 According to the location, proteoglycans can be divided into three groups: extra-
cellular proteoglycans, intracellular proteoglycans, and membrane-associated pro-
teoglycans (Table  4.1 ). Extracellular proteoglycans include aggrecan, perlecan, 
agrin, and collagen XVIII etc. They play important roles in defi ne matrix structure 
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and provide space for cell adehesion, proliferation, and migration. Intracellular pro-
teoglycans, serglycin, plays an important role in forming vesicles to package and 
store granular contents (Tantravahi et al.  1986 ; Stevens et al.  1988 ), and regulating 
cell apoptosis and immune responses (Metkar et al.  2002 ; Raja et al.  2002 ; Kolset 
and Pejler  2011 ). 

 The cell membrane-associated proteoglycans attach to the cell membrane either 
through a GPI anchor or a transmembrane domain. They can interact with integrins 
and ECM molecules including fi bronectin, laminins, vitronectin, and fi brillar col-
lagens to organize the cytoskeletal structure, regulate cell shape, cell adhesion, 
migration, and cell signal transduction (Bernfi eld et al.  1999 ). Membrane-associated 
proteoglycans can function as co-receptors for various growth factors. For example, 
FGF2 and HGF are the two growth factors whose signaling can be markedly 
enhanced by cell membrane-associated proteoglycans (Rapraeger et al.  1991 ; 
Yayon et al.  1991 ; Derksen et al.  2002 ).  

4.4     Cell Membrane-Associated Proteoglycans 

 Almost all of the cell membrane-associated proteoglycans are heparan sulfate pro-
teoglycans. Syndecans and glypicans are the two main families of cell membrane- 
associated proteoglycans. Syndecans bind to the cell membrane through a highly 
conserved transmembrane domain whereas glypicans bind to the cell membrane by 
a GPI anchor. They have been reported to bind to cytokines such as IL-6 and tumor 
necrosis factor-alpha (TNF-α) and growth factors including FGF (Gallagher  2001 ; 
Wu et al.  2003 ), HGF (Lyon and Gallagher  1994 ), and VEGF (Neufeld et al.  1999 ) 
to regulate cell signal transduction (Bernfi eld et al.  1999 ; Tumova et al.  2000 ). 
Other membrane-associated proteoglycans are betaglycan, CD44, and neuropilin all 
of which are part-time HSPGs due to them containing heparan sulfate chains in 
some proportion or under certain conditions. 

4.4.1     Syndecans 

 The syndecans have four family members, all of which have been found to be 
expressed in skeletal muscle (Brandan and Larraín  1998 ; Larraín et al.  1998 ; 
Fuentealba et al.  1999 ; Cornelison et al.  2001 ; Liu et al.  2004 ,  2006 ). Syndecan-1 is 
predominantly expressed in epithelial cells; syndecan-2 is in fi broblasts whereas 
syndecan-3 is predominantly expressed in neural tissue. Syndecan-4 is expressed 
ubiquitously in developing embryo and adult tissues (Kim et al.  1994 ). Based on 
sequence homology, syndecan-1 and syndecan-3 are classifi ed to one subfamily 
whereas syndecan-2 and syndecan-4 belong to another (Bernfi eld et al.  1999 ; 
Couchman et al.  2001 ). They are type Ι membrane glycoproteins that usually have 
heparan sulfates attached to the core protein, and some contain chondroitin or 
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dermatan sulfate chains (Bernfi eld et al.  1999 ; Deepa et al.  2004 ). All of the syn-
decans have an extracellular domain, a hydrophobic transmembrane domain, and a 
short cytoplasmic domain (Fig.  4.1 ). Syndecans have a unique extracellular domain, 
a highly conserved transmembrane domain, and a cytoplasmic domain. The cyto-
plasmic domain has two constant regions, C1 and C2, separated by a unique vari-
able region, V. At the C terminus of the cytoplasmic domain, the conserved amino 
acid sequence (EFYA) provides a binding region for postsynaptic density protein, 
disc- large, zonulin-1 domain containing proteins, syntenin, synectin, and the Ca2/
calmodulin associated serine/threonine kinase (Zimmermann et al.  2005 ; Naccache 
et al.  2006 ; Jemth and Gianni  2007 ; Beekman and Coffer  2008 ; Boukerche et al. 
 2008 ). This structure allows syndecans to function as cell surface receptors (Choi 
et al.  2011 ).

   Syndecan-1 was fi rst discovered in a mouse epithelial cell line (Rapraeger and 
Bernfi eld  1983 ). It is abundantly expressed in epithelial cells and lowly expressed in 
the fi broblast and endothelial cells (Elenius et al.  1991 ,  1992 ; Kojima et al.  1992 ). 
Syndecan-1 core protein can be attached with both heparan sulfates and chondroitin 
sulfates (Rapraeger et al.  1985 ). Haparin binding growth factors have the potential 
to bind to syndecan-1 heparan sulfate chains. It has been reported that syndecan-1 
can mediate FGF2 binding and activity (Filla et al.  1998 ) and regulate fi broblast 
growth factor receptor (FGFR) signaling (Steinfeld et al.  1996 ). In muscle cells, 
syndecan-1 is highly expressed during cell proliferation and down-regulated during 
differentiation (Larraín et al.  1997 ). In growth selected turkeys and high-growth 
mice, there is increased syndecan-1expression (Summers and Medrano  1997 ; Liu 

RMKKKDEGSY EFYA

HS chain CS chain

C1  V C2

Syndecan-1

Syndecan-2

Syndecan-3

Syndecan-4

V Region Sequence

  Fig. 4.1    Syndecan structure. Syndecan family has 4 members, syndecan −1 to −4. All of them are 
composed of a transmembrane core protein and covalently attached heparan sulfate (HS) chains. 
Syndecan-1 and syndecan-3 also can also bear chondroitin sulfate (CS) chains. Syndecan cytoplas-
mic domain is divided into three domain, constant region 1(C1) and 2 (C2), and variable region 
(V). The C1 and C2 domains are highly conserved among all of the four syndecans, but not the V 
domain       
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et al.  2004 ), which may indicate a period of increased cell proliferation and growth 
(Velleman et al.  2012 ). 

 Syndecan-2 is primarily expressed in fi broblasts, and also in endothelial, mesen-
chymal and carcinoma cells (Marynen et al.  1989 ; Essner et al.  2006 ; Fears et al. 
 2006 ). Syndecan-2 has important roles in embryonic development (Chen et al. 
 2002 ; Kramer and Yost  2002 ; Arrington and Yost  2009 ) and matrix assembly 
(Klass et al.  2000 ). Wang et al. ( 2010 ) reported that the inhibiting syndecan-2 
expression causes defects in actin skeleton formation and fi bronectin deposition. 
The extracellular domain promotes integrin mediated cell focal adhesion formation 
in mesenchymal cells independent of the heparan sulfate chains (Whiteford et al. 
 2007 ). The cytoplasmic domain of syndecan-2 may play a role in TGF-β signal 
transduction (Chen et al.  2004 ). Brandan and Larraín ( 1998 ) and Liu et al. ( 2006 ) 
have shown the expression of syndecan-2 during skeletal muscle proliferation and 
differentiation. However, the mechanism of how syndecan-2 functions in skeletal 
muscle is still unclear. 

 Syndecan-3 is mainly expressed in the nervous system and its role in nervous 
system development has been well studied (Raulo et al.  1994 ; Lauri et al.  1999 ; 
Paveliev et al.  2008 ). Syndecan-3 is the receptor for the ECM component heparin- 
binding growth-associated molecule and it is required for the survival of primary 
sensory neurons (Paveliev et al.  2008 ). Cultured dorsal root ganglion neurons from 
syndecan-3 defi cient mice had massive cell death compared to the wild type con-
trols. Furthermore, anti-syndecan-3 antibodies added to the culture media can also 
inhibit heparin-binding growth-associated molecule induced neurite outgrowth 
(Raulo et al.  1994 ). 

 Syndecan-3 is also expressed in skeletal muscle cells (Fuentealba et al.  1999 ). 
The expression of syndecan-3 is down-regulated during skeletal muscle differentia-
tion. Syndecan-3 –null satellite cells have an aberrant cell cycle which causes 
reduced proliferation, increased cell death and delayed differentiation (Pisconti 
et al.  2010 ). Using antisense syndecan-3 mRNA, Fuentealba et al. ( 1999 ) found that 
the inhibition of syndecan-3 expression accelerated skeletal muscle cell differentia-
tion through an FGF2-dependent mechanism. Syndecan-3 binds to FGF2 through 
its heparan sulfate chains (Chernousov and Carey  1993 ). It is has also been sug-
gested to function as a co-receptor with FGFRs and integrins (Woods and Couchman 
 2000 ). 

 Syndecan-4 is ubiquitously expressed during development and in most adult tis-
sues (Oh and Couchman  2004 ). Syndecan-4 transmembrane core protein is com-
posed of an extracellular domain, a transmembrane domain and a short cytoplasmic 
domain (Fig.  4.2a ). There are three GAG chain attached to the core protein at the 
N-terminus and two N-glycosylated chains attached to the core protein close to the 
cell membrane. Song et al. ( 2011 ) reported that syndecan-4 GAG chains and 
N-glycosylated chains are required during turkey satellite cell proliferation. The 
extracellular domain of syndecan-4 can be shed from the cell surface and function 
as an effector in maintaining the proteolytic balance during infl ammation 
(Kainulainen et al.  1998 ). The cytoplasmic domain of syndecan-4 is critical in syn-
decan- 4 regulated cell proliferation, FGF2 responsiveness, (Song et al.  2012a ), 
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focal adhesion formation (Saoncella et al.  1999 ), cell migration (Echtermeyer et al. 
 2001 ), and apoptosis (Jeong et al.  2001 ).

   Focal adhesions are the points of strong attachment of cells to the ECM or other 
cells. They are composed of a large number of proteins including ECM molecules 
that cells attach to, cell membrane receptors including integrins and syndecan-4, 
and cytoplasmic proteins including but not limited to vinculin, talin, alpha actinin, 
paxillin, focal adhesion kinase, SrC, and protein kinase C (PKC) (Burridge and 
Chrzanowska-Wodnicka  1996 ; Clark and Brugge  1995 ). The heparan sulfate chains 
of sydencan-4 bind to the heparin-binding domain of fi bronectin in the ECM and 
together with integrins promote the formation of focal adhesion and stress fi bers 
(Saoncella et al.  1999 ; Lyon et al.  2000 ; Woods et al.  2000 ). The number, size, and 
stability of focal adhesions infl uence cell migration. Gopal et al. ( 2010 ) reported 
that syndecan-4-null fi broblasts have altered actin cytoskeleton formation, and that 
multiple heparan sulfate chains are required in this process. The overexpression of 
syndecan-4 in Chinese hamster ovary cells leads to increased focal adhesion forma-
tion and decreased cell motility whereas the overexpression of a truncated syn-
decan- 4 without the V region of the cytoplasmic domain decreased cell spreading 
and focal adhesion (Longley et al.  1999 ). This indicates the critical role of the syn-
decan- 4 cytoplasmic domain V region in the formation of focal adhesions. 

 Syndecan-4 also plays an important role in muscle maintenance and regeneration 
(Cornelison et al.  2001 ,  2004 ). During muscle development, more syndecan-4 is 
expressed in turkey embryonic pectoralis major muscle in growth selected turkeys 
compared to unselected turkeys (Liu et al.  2006 ). Furthermore, syndecan-4 knock-
out mice lose the ability to regenerate damaged muscle (Cornelison et al.  2004 ). 
Syndecan-4 participates in signaling transduction by transmitting signals from the 

  Fig. 4.2    Structure of cell membrane-associated heparan sulfate proteoglycan syndecan-4 and 
glypican-1. A, syndecan-4 attaches to the cell membrane through a transmembrane core protein. 
The core protein is composed of an extracellular domain (E), a transmembrane domain (T) and a 
short cytoplasmic domain (C). There are three glycosaminoglycan (GAG) chains attached to the 
core protein at the N-terminus and two N-linked glycosylated chains (N-chain) attached to the core 
protein close to the cell membrane. B, glypican-1 attaches to the cell membrane via a glycophos-
phatidylinositol (GPI) anchor. Glypican-1 globular domain-containing core protein has three GAG 
chains attached to the core protein close to the cell membrane and three N-chains spread into the 
extracellular matrix (ECM)       
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ECM into the cell as a co-receptor and by activating protein kinase C alpha (PKCα) 
signal transduction (Volk et al.  1999 ; Oh et al.  1997 ,  1998 ). 

 Syndecan-4 functions as a co-receptor of FGF2. Volk et al. ( 1999 ) reported that 
syndecan-4 cytoplasmic domain is required in FGF2-induced cell proliferation and 
migration in endothelial cells. In this process, syndecan-4 GAG chains may bind to 
FGF2 and present FGF2 to its high affi nity receptor, FGFR (Kojima et al.  1996 ; 
Steinfeld et al.  1996 ). The binding of FGF2 phosphorylates FGFR, and subse-
quently activates Raf-1 and mitogen-activated protein (MAP) kinase which enters 
nucleus to regulate gene transcription involved in growth and migration (reviewed 
by Wilcox-Adelman et al.  2002 ). However, Zhang et al. ( 2008 ) showed that 
 syndecan- 4 GAG chains are not required for syndecan-4 function in turkey satellite 
cell proliferation and differentiation. In the same cell system, the deletion of the 
cytoplasmic domain of syndecan-4 increased cellular responsiveness to FGF2 
(Song et al.  2012a ). How syndecan-4 modulates FGF2 responsiveness may be cell 
type specifi c (Velleman et al.  2012 ). 

 In the presence of phosphatidylinositol 4, 5-bisphosphate (PIP 2 ), the cytoplasmic 
domain of syndecan-4 can translocate PKCα to the cell membrane and activate it 
(Fig.  4.3 ; Oh et al.  1997 ,  1998 ; Horowitz et al.  1999 ). The activated PKCα will 
activate RhoA and its targets, the Rho kinase to regulate gene expression (Dovas 
et al.  2006 ). The binding of PIP 2  to the syndecan-4 cytoplasmic domain V region at 
the sequence of KKPIYKK promotes and stabilizes the oligomerization of syn-
decan- 4 (Oh et al.  1998 ; Lee et al.  1998 ). The oligomerization of syndecan-4 pro-
motes the binding and activation of PKCα to its cytoplasmic domain (Horowitz and 
Simons  1998a ,  b ) whereas the monomeric syndecan-4 is not capable of potentiating 
PKCα activity. The phosphorylation status of the Ser residue in the C1 region of the 
syndecan-4 cytoplasmic domain is critical in regulating the affi nity to PIP 2  and 
oligomerization status of syndecan-4. Fibroblast growth factor 2 can be the regula-
tor in this process. Without FGF2, Ser can be phosphorylated which will block 
oligomerization of the syndecan-4 cytoplasmic domain, thus decrease the binding 
of PIP 2  and activation of PKCα (Horowitz and Simons  1998a ). When FGF2 is 
added, it may bind to syndecan-4 GAG chains, and dephosphorylate Ser (Horowitz 
and Simons  1998b ), thus forming oligomers and activate PKCα activity and down-
stream signaling pathways (Rybin et al.  1999 ). The activation of PKCα can regulate 
both cell migration (Harrington et al.  1997 ) and proliferation (Schonwasser et al. 
 1998 ; Besson and Yong  2000 ). Furthermore, Ser residue in the cytoplasmic domain 
can regulate cellular responsiveness to FGF2 in turkey satellite cells (Song et al. 
 2012b ).

4.4.2        Glypican-1 

 Six glypicans have been identifi ed, but only glypican-1 has been shown to be 
expressed in skeletal muscle (Campos et al.  1993 ). The glypicans are attached to the 
cell membrane by a GPI anchor (Fig.  4.1b ). Glypican-1 globular domain-containing 
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core protein has three GAG chains attached close to the cell membrane and three 
N-glycosylated chains extending into the ECM. The GPI anchor allows glypican-1 
to diffuse in the outer leafl et of the cell membrane and affi liate with lipid rafts 
(Taylor et al.  2009 ; Gutiérrez and Brandan  2010 ). Lipid rafts are the membrane 
domain rich in sphingolipids and cholesterols (Brady et al.  2004 ; Brown and London 
 1998 ). The localization of glypicans into the lipid rafts may allow them to bind 
more directly and effi ciently with a number of morphogens located in lipid rafts 
(Rietveld et al.  1999 ; Zhai et al.  2004 ). 

 The membrane-associated glypican-1 has been hypothesized to increase FGF2 
binding to its signaling receptor (Steinfeld et al.  1996 ; Brandan and Larraín  1998 ). 
During muscle cell differentiation, the expression of glypican-1 is increased 
(Brandan et al.  1996 ; Liu et al.  2004 ; Velleman et al.  2006 ). The increased glypican-
 1 sequesters FGF2 away from its receptor by being shed from the cell surface and 
having FGF2 bound to its heparan sulfate GAG chains (Velleman et al.  2013 ). In 
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  Fig. 4.3    The phosphorylation status of the Ser residue in the constant region 1 (C1) of the syn-
decan- 4 cytoplasmic domain is critical in regulating the affi nity to phosphatidylinositol 4, 
5-bisphosphate (PIP 2 ) and oligomerization status of syndecan-4. Without fi broblast growth factor 
2 (FGF2), Ser can be phosphorylated which will block oligomerization of the syndecan-4 cytoplas-
mic domain. In presence FGF2, it binds to syndecan-4 glycosaminoglycan (GAG) chains, and 
dephosphorylates Ser which enhances the binding of PIP 2  to the syndecan-4 cytoplasmic domain, 
promotes and stabilizes the oligomerization of syndecan-4. The oligomerization of syndecan-4 
promotes the binding and activation of protein kinase C-alpha (PKCα) to its cytoplasmic domain. 
The activated PKCα activates the downstream pathway leading to the activation of RhoA and its 
targets, the Rho kinase to regulate gene expression       
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addition, glypican-1 can sequester FGF2 in lipid raft and prevent its binding and 
dependent signaling (Gutiérrez and Brandan  2010 ). 

 The glypican-1 GAG chains are critical in binding and regulating growth factor 
activities. The GAG chains are attached to the core protein at Ser residues near the 
C termini. Zhang et al. ( 2007 ) reported that glypican-1 GAG chains are required for 
its function to regulate turkey myogenic satellite cell differentiation and response to 
FGF2 during proliferation. The N-glycosylated chains are attached to the core pro-
tein at the Asn residue of the sequence of Asn-Xaa-Ser/Thr; Xaa can be any amino 
acid except Pro (Kornfeld and Kornfeld  1985 ). Glypican-1 N-glycosylated chains 
play important roles in satellite cell proliferation and differentiation (Song et al. 
 2010 ). The deletion of both glypican-1 N-glycosylated chains and GAG chains 
increased satellite cell proliferation, differentiation and cellular responsiveness to 
FGF2 (Song et al.  2010 ). However, the deletion of glypican-1 GAG chains had no 
effect on satellite cell proliferation, which suggests that glypican-1 GAG and 
N-glycosylated chains interact with each other in regulating turkey satellite cell 
proliferation, differentiation, and responsiveness to FGF2.  

4.4.3     Betaglycan 

 Betaglycan (also named as TGF-β receptor III) is a part-time membrane-associated 
proteoglycan (López-Casillas et al.  1991 ). It has a high affi nity for TGF-β super-
family members and FGF2. The interaction with TGF-β and FGF2 suggests a role 
of betaglycan in skeletal muscle satellite cell proliferation and differentiation. The 
betaglycan core protein is composed of an extracellular domain, a transmembrane 
domain, and a short cytoplasmic tail. The extracellular domain has several potential 
attachment sites for chondroitin sulfate and heparan sulfate chains. Betaglycan 
binds to TGF-β superfamily members via its core protein independent of its glycos-
aminoglycan chains. However, the binding of betaglycan to FGF2 requires its hepa-
ran sulfate chains (Andres et al.  1992 ). Betaglycan binds to TGF-β and increased 
the affi nity of TGF-β to its serine/threonine kinase receptors, type II and type I 
receptor, to initiate downstream signaling (Blobe et al.  2001 ; Eickelberg et al. 
 2002 ). The betaglycan extracellular domain can be cleaved by membrane type- 
matrix metalloproteinase as a soluble receptor (Arribas and Borroto  2002 ; Velasco- 
Loyden et al.  2004 ) to inhibit TFG-β activity (López-Casillas et al.  1994 ; Mythreye 
and Blobe  2009 ).  

4.4.4     CD44 

 CD44 is a cell membrane-associated glycoprotein (Brown et al.  1991 ). It has 19 
exons with many splice sites that result in numerous CD44 isoforms. CD44 is a 
primary receptor for hyaluronic acid (Ponta et al.  2003 ), and can also interact with 
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other ECM molecules, such as osteopontin, fi brinogen, fi bronectin, collagen, and 
laminin (Naor et al.  2002 ). CD44 participates in various cellular functions including 
lymphocyte activation (Seth et al.  1991 ; Galandrini et al.  1994 ), cell-cell and cell- 
matrix interactions (Lazaar et al.  1994 ), cell migration (Legg et al.  2002 ; Thorne 
et al.  2004 ), and tumor metastasis (Herrera-Gayol and Jothy  1999 ; Bourguignon 
et al.  2001 ; Wong et al.  2003 ). The function of CD44 is dependent on its posttrans-
lational modifi cations. CD44 isoforms can be modifi ed with chondroitin sulfate, 
heparan sulfate, and keratan sulfte. Heparan sulfate can only attach to the v3 exon 
of v3-containing CD44 isoform and will bind to many growth factors including 
HGF, FGF2, fi broblast growth factor 4, and fi broblast growth factor 8 (Bennett et al. 
 1995 ; Sherman et al.  1998 ; Grimme et al.  1999 ; van der Voort et al.  1999 ,  2000 ; 
Jones et al.  2000 ; Yu et al.  2002 ). 

 CD44 has been shown to be expressed in muscle cells (Yu and Toole  1996 ). It 
may regulate myoblast migration and differentiation (Mylona et al.  2006 ). The 
CD44 defi cient myoblasts showed defects in cell motility and differentiation  in 
vitro . Furthermore, the CD44 null mice had delayed regeneration of muscle tissue 
following injury. However, the mechanism of how CD44 regulating myoblast 
migration and differentiation needs further study.  

4.4.5     Neuropilin 

 The neuropilins have 2 family members. Neuropilin1 is mainly expressed in heart 
and placenta whereas neuropilin2 is expressed in liver hepatocytes, kidney distal 
and proximal tubules. Both neuropilins are transmembrane glycoproteins with a 
large N-terminal extracellular domain, a transmembrane domain, and a short cyto-
plasmic domain. The N-terminal domain contains a complement-binding, coagula-
tion factor V/VIII, and meprin domains (Pellet-Many et al.  2008 ) which allow 
neuropilins to bind various ligands and co-receptors. 

 Neuropilin1 can bind to VEGF and semaphorin family members to regulate vas-
cular and neuronal development, respectively (He and Tessier-Lavigne  1997 ; 
Kitsukawa et al.  1997 ; Kolodkin et al.  1997 ; Soker et al.  1998 ; Kawasaki et al. 
 1999 ; Gu et al.  2002 ). Neuropilin1 knockout mice are embryonic lethal with severe 
defects in the vasculature and nervous system. Both neuropilin1 and neuropilin2 
have been reported to be expressed in satellite cell cultures from the soleus and 
extensor digitorum longus muscle and regulate myogenin expression activity 
(Suzuki et al.  2012 ). Furthermore, the upregulated expression of neuropilin1 
enhances VEGF signaling in exercise-trained skeletal muscle (Ji et al.  2007 ). The 
enhanced VEGF signaling promotes myotube hypertrophy and myogenic differen-
tiation (Bryan et al.  2008 ). The mechanism of how neuropilin1 functions in skeletal 
muscle and satellite cells are still unclear.   
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4.5     Cytokines and Growth Factors Affecting Muscle 
Development and Growth 

 Cytokines are a diverse group of diffusible, soluble proteins, peptides, or glycopro-
teins that function as mediators between cells. They are generally associated with 
immune cells and hematopoietic cells. However, some cytokines exhibit growth 
factor activities and has been reported to be secreted and function in all sorts of 
other cells and tissues. For example, cytokines can also be expressed by skeletal 
muscle cells and affect different stages of myocyte development, including prolif-
eration, differentiation, and regeneration. Pedersen ( 2013 ) suggested that peptides 
and cytokines produced by muscle cells and exert autocrine, paracrine, or endocrine 
effects should be named as ‘myokines’. Interleukin-6, TNF-α, and LIF have been 
reported to affect the proliferation and differentiation of satellite cells and myo-
blasts. Both syndecan-4 and glypican-1 have the potential to bind to heparin- binding 
domain containing cytokines including Macrophage infl ammatory protein, interleu-
kin- 3, interleukin-7, interleukin-8, interferon gamma, and granulocyte macrophage 
colony-stimulating factor (Tanaka et al.  1998 ). In fact, many cytokines, such as 
interleukin-5, interleukin-6, interleukin-7, interleukin-8, interleukin-10, and inter-
feron gamma have been reported to bind to heparin/heparan sulfate (Lortat Jacob 
and Grimaud  1991 ; Clarke et al.  1995 ; Lipscombe et al.  1998 ; Spillmann et al. 
 1998 ; Borghesi et al.  1999 ; Mummery and Rider  2000 ; Salek-Ardakani et al.  2000 ). 
According to Tanaka et al. ( 1998 ) some cytokines bind to the HSPGs in order to: 1. 
accumulate cytokines at high concentration; 2. to induce cytokine conformational 
changes; 3. to promote appropriate conformation changes for initiating signal trans-
duction; and 4. to protect cytokines from degradation. The binding of cytokines to 
HSPGs are highly specifi c which indicates the pivotal role of HSPGs in regulating 
the functions of heparin-binding cytokines. 

 Growth factors are naturally occurring polypeptides that are capable of regulat-
ing cell proliferation, division, and survival. They are usually small proteins less 
than 200 amino acids. Growth factors in the ECM play a key role in regulating cell 
functions. They share many similarities with cytokines in regulating cell activi-
ties, and the distinction between growth factors and cytokines is arbitrary. They 
are sometimes interchangeable. Both cytokines and growth factors are potent 
stimulators or inhibitors of satellite cell proliferation and differentiation. Growth 
factors can be produced by muscle cells and secreted into the ECM where they are 
bound to proteoglycans. Heparin-binding growth factors FGF2, HFG, and VEGF 
all can bind to HSPGs. This binding increases the affi nity to interact with their 
primary receptors and initiate downstream signal transduction (Hartmann et al. 
 1998 ; Sperinde and Nugent  1998 ; Kan et al.  1999 ; Lin et al.  1999 ; Clayton et al. 
 2001 ). Growth factors that are involved in regulating satellite cell growth and dif-
ferentiation include but are not limited to TGF-β, IGF, HGF, and FGF2 (Hawke 
and Garry  2001 ). 
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 Transforming growth factor-beta inhibits satellite cell differentiation to a 
 myogenic lineage (Allen and Boxhorn  1987 ). Insulin like growth factor 1 increases 
proliferation and differentiation by increasing the expression of cell-cycle progres-
sion factors during proliferation (Engert et al.  1996 ) and induces myogenic regula-
tory factor expression during differentiation (Musaro and Rosenthal  1999 ). 
Hepatocyte growth factor can stimulate quiescent satellite cells to enter the cell 
cycle, increase cell proliferation and inhibit satellite cell differentiation (Allen et al. 
 1995 ; Gal-Levi et al.  1998 ; Miller et al.  2000 ). Fibroblast growth factor 2 is a strong 
stimulator of satellite cell proliferation and inhibitor of satellite cell differentiation 
(Allen and Boxhorn  1989 ; Yablonka-Reuveni et al.  1999 ). 

4.5.1     Interleukin-6 

 Interleukin-6 functions in modulating immune responses and regulating energy 
metabolism (Kishimoto  2005 ; Pedersen  2012 ). Skeletal muscle is an important 
source of IL-6 (Pedersen and Febbraio  2008 ). Interleukin-6 is expressed in skeletal 
muscle at a very low levels during the resting stage, but increases rapidly after exer-
cise (Pedersen and Febbraio  2008 ; Puppa et al.  2012 ) and during muscle regenera-
tion (Kurek et al.  1996 ; Kami and Senba  1998 ). It has been reported that IL-6 
promotes myogenic satellite cell proliferation (Austin et al.  1992 ; Serrano et al. 
 2008 ), and myotube formation (Baeza-Raja and Muñoz-Cánoves  2004 ; Al-Khalili 
et al.  2006 ). Additionally, Tsujinaka et al. ( 1996 ) reported that that IL-6 transgenic 
mice showed atrophy and enhanced muscle proteolysis. Protein degradation was 
also accelerated by IL-6 treatment in C2C12 myotubes (Ebisui et al.  1995 ). 
Furthermore, IL-6 may be involved in muscle ECM remodeling (White et al.  2009 ). 
Mummery and Rider ( 2000 ) reported that IL-6 can bind to heparin and heparan 
sulfate to retain IL-6 close to its secretion site and function in a paracrine manner. 
During muscle regeneration period, IL-6 may be secreted and bind to cell membrane- 
associated proteoglycans at the site of injury to degrade muscle cell debris and 
promote satellite cell proliferation and form new myotubes.  

4.5.2     Leukemia Inhibitory Factor 

 Leukemia Inhibitory Factor is a myokine that belongs to the IL-6 cytokine super-
family (Broholm et al.  2008 ). Leukemia Inhibitory Factor is involved in a wide 
variety of biological activities including regulating embryonic stem cell differentia-
tion and stimulating myoblasts proliferation. Leukemia Inhibitory Factor is 
expressed in skeletal muscle at a low level and up-regulated during muscle regen-
eration process (Kurek et al.  1998 ; Schoser et al.  1998 ; Sakuma et al.  2000 ). It has 
been shown to affect muscle cell growth, differentiation, and muscle regeneration 
(Kami and Senba  1998 ; Sakuma et al.  1998 ,  2000 ; Austin et al.  2000 ; Reardon et al. 
 2000 ; Jo et al.  2005 ; Spangenburg and Booth  2006 ). Spangenburg and Booth ( 2002 ) 
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reported that LIF can induce skeletal muscle satellite cell proliferation through acti-
vation of the JAK2-STAT3 signaling pathway. Satellite cell proliferation is essential 
for skeletal muscle regeneration and hypertrophy (Rosenblatt et al.  1994 ; Hawke 
and Garry  2001 ; Mitchell and Pavlath  2001 ). Leukemia Inhibitory Factor functions 
as an indispensable factor in both processes (Barnard et al.  1994 ; Spangenburg and 
Booth  2006 ). However, it is still unclear if membrane-associated HSPGs are 
involved in LIF regulated satellite cell growth and regeneration.  

4.5.3     Tumor Necrosis Factor-α 

 Tumor Necrosis Factor-α is a central mediator of cellular infl ammatory and apop-
totic signaling pathways. It is primarily produced by activated macrophages. In 
addition to macrophages, muscle cells are also a source of TNF-α. Muscle cells 
constitutively express TNF-α (Saghizadeh et al.  1996 ), especially during the regen-
eration process. In response to TNF-α, the skeletal muscle myocytes undergo pro-
tein loss (Garcia-Martinez et al.  1993 ; Li et al.  1998 ; Li and Reid  2000 ) and promote 
muscle muscle regeneration. Mice defi cient of TNF-α have been shown to have 
decreased MyoD expression and myogenesis after injury. Muscle cell proliferation 
and differentiation can also be regulated by TNF-α (Layne and Farmer  1999 ; 
Guttridge et al.  2000 ; Warren et al.  2002 ). In mouse C2 cells, TNF-α enhanced 
myoblast proliferation and inhibited differentiation (Szalay and Duda  1997 ), how-
ever, in rat L8 myoblasts, TNF-α inhibited both cell proliferation and fusion (Ji 
et al.  1998 ). 

 The interaction between TNF-α and the membrane-associated proteoglycans is 
still not clear. Tumor Necrosis Factor-α has been shown to enhance syndecan-4 
expression in the endothelium-like EAhy926 cells (Okuyama et al.  2013 ). On the 
other hand, TNF-α expression can be up-regulated by HSPG in murine microglia 
(Bussini et al.  2005 ). In the intestinal epithelium, syndecan-1 can down-regulate 
infl ammatory cytokines, such as TNF-α and IFN-gamma, to maintain the intestinal 
epithelial barrier integrity. Bode et al. ( 2008 ) proposed that syndecan-1 plays a 
direct role in sealing the gaps between epithelial cells to prevent protein leakage 
during this process.  

4.5.4     Hepatocyte Growth Factor 

 Hepatocyte growth factor is a cytokine produced by mesenchymal cells that func-
tions in regulating cellular growth, motility and morphogenic activities in many 
tissues and organs. The activation and proliferation of hepatocytes, renal tubule 
cells, endothelial cells, and epithelial cells have been reported to be regulated by 
HGF (Michalopoulos  1995 ). In skeletal muscle, HGF is involved in myogenesis, 
regeneration, and wound healing (Gallagher and Lyon  2000 ). Takayama et al. 
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( 1996 ) reported that the overexpression of HGF in transgenic mice results in the 
abnormal development of skeletal muscle. Furthermore, quiescent satellite cells can 
be activated by HGF to enter cell cycle for myogenesis (Allen et al.  1995 ; Anastasi 
et al.  1997 ) by interacting with the c-met proto-oncogene receptor (Gonzatti-Haces 
et al.  1988 ). 

 Hepatocyte Growth Factor is located in the ECM in uninjured muscle and released 
from the ECM and presented to the c-met receptor to initiate downstream signal 
transduction upon stress stimulation (Tatsumi et al.  2001 ,  2002 ). The rapid increase 
in HGF concentration in response to muscle injury or stretch may come from the 
muscle fi ber and satellite cell ECM (Tatsumi et al.  1998 ; Tanaka et al.  2006 ), and be 
synthesized by activated satellite cells (Sheehan et al.  2000 ). Heparan sulfate appears 
to play a role in forming the HGF-c-met complex. Derksen et al. ( 2002 ) reported 
that syndecan-1 can bind to HGF and strongly promotes HGF- mediated signaling by 
activating its receptor tyrosine kinase, Met. The binding of syndecan-1 also pro-
motes activation of phosphatidylinositol (PI) 3-kinase/protein kinase B and RAS/
MAP kinase pathways to regulate cell proliferation and survival.  

4.5.5     Insulin-Like Growth Factors 

 Insulin-like growth factors share high sequence similarity with insulin (Froesch and 
Zapf  1985 ). They are small single chain peptides consist of closely related two 
forms: IGF-I and IFG-II. Both IGF-I and IGF-II are both important in regulating 
cell proliferation, differentiation, and metabolism (Allen and Boxhorn  1989 ). IGF-I 
has been shown to induce satellite cell proliferation (Adams and Haddad  1996 ; 
Adams and McCue  1998 ), and muscle hypertrophy (Rosenblatt and Parry  1992 ; 
Adams and Haddad  1996 ). The IGF-I knockout mice have decreased muscle mass 
and development which indicates a role of IGF-I in muscle growth and develop-
ment (Powell-Braxton et al.  1993 ). Insulin-like growth factor-I contributes to skel-
etal muscle hypertrophy by enhancing satellite cell activation and proliferation, 
muscle specifi c gene expression and protein synthesis (Florini et al.  1996 ; 
Chakravarthy et al.  2000 ; Chargé and Rudnicki  2004 ; Philippou et al.  2007 ). IGF-1 
binds to the tyrosine kinase IGF-1 receptor to initiate PI3-kinase and MAP kinases 
pathways to regulate cell survival, proliferation, and growth (Coffer et al.  1998 ; 
Delafontaine et al.  2004 ). IGF-I has been shown to bind to ECM molecules to affect 
cell survival and migration (Kricker et al.  2003 ; Kashyap et al.  2011 ).  

4.5.6     Transforming Growth Factor-Beta 

 The TGF-β superfamily contains more than 30 members in mammals. They are 
involved in diverse biological activities, regulating cell proliferation, differentia-
tion, and migration in many cell types. In adult muscle cells, TGF-β negatively 
affects cell regeneration by inhibiting satellite cell proliferation, differentiation, and 
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muscle-specifi c gene expression (Allen and Boxhorn  1987 ; Florini and Magri 
 1989 ). Many TGF-β superfamily members including transforming growth factor- 
beta 1(TGF-β1), transforming growth factor-beta 2 (TGF-β2), and bone morphoge-
netic protein-2, -4 and -7 have been shown to bind to heparin and heparan sulfate 
(Ruppert et al.  1996 ; Lyon et al.  1997 ; Ohkawara et al.  2002 ; Irie et al.  2003 ; Takada 
et al.  2003 ). The membrane-associated proteoglycan betaglycan, also known as 
TGF-β receptor type III, functions as a co-receptor to present TFG-β ligands to type 
II receptor (Blobe et al.  2001 ; Eickelberg et al.  2002 ). The binding of TGF-β to 
heparin or HSPGs retain them at the sites of secretion within the tissues. However, 
the TGF-β superfamily members do not share a conserved heparin and heparan 
sulfate binding sites (Rider  2006 ). Lyon et al. ( 1997 ) reported that the binding of 
heparan sulfate to TGF-β1 and -β2 has no effect on receptor signaling, instead it 
protects the growth factor from inactivation by α2-macroglobulin. The mechanism 
of membrane-associated proteoglycan modulation by the TGF-β superfamily 
responsiveness remains to be studied.   

4.6     Conclusions 

 Satellite cells are skeletal muscle stem cells responsible for postnatal muscle growth 
and regeneration. The activation of satellite cells decreases with age and remains 
quiescent in adults. An important factor to regulate satellite cell activity is the 
ECM. The ECM not only functions as a structural scaffold for cells to reside in, but 
also directly regulating cell behavior. Many molecules in the ECM play a critical 
role in regulating satellite cell activities including activation, proliferation, and dif-
ferentiation (Bentzinger et al.  2010 ). Extracellular matrix mediated signal transduc-
tion includes growth factors and cytokines. 

 Upon damage, the ECM component of satellite cells changes to activate the sat-
ellite cells. The activated satellite cells contribute to muscle regeneration and hyper-
trophy. These two processes include the interactions of satellite cells with the 
immune system and growth factors. The immune system leads to infl ammation at 
the site of damage in order to clean up the waste products in the injured area and 
repair the damage. Both neutrophils and macrophages phagocytose muscle debris 
and secret chemokines and cytokines to amplify the infl ammatory response. 
Cytokines serve as the directors of immune cells to stimulate the arrival of lympho-
cytes, nuetrophils, monocytes, and also satellite cells to the site of injury. During 
this process, cytokines may bind to the HSPGs in order to accumulate a high con-
centration and function properly without degradation (Tanaka et al.  1998 ). Growth 
factors are the most powerful factor regulating satellite cells activities (McFarland 
 1999 ). Heparin-binding growth factors including FGF2, HFG, and TGF-β have 
been reported to modulate satellite cell activation, migration, proliferation, and dif-
ferentiation (Hawke and Garry  2001 ). In these processes, membrane-associated 
HSPGs function as a co-receptor for many growth factors to enhance their binding 
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affi nity to their primary receptors and initiate downstream signal transduction 
(Hartmann et al.  1998 ; Sperinde and Nugent  1998 ; Kan et al.  1999 ; Lin et al.  1999 ; 
Clayton et al.  2001 ). Future research will need to address how the membrane- 
associated proteoglycans binding to growth factors, especially cytokines in regulat-
ing satellite cell behavior. Understanding the mechanism of how membrane-associated 
proteoglycans interact with growth factors and cytokines in satellite cells will shed 
light on muscle regeneration and excise related muscle hypertrophy.     
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    Chapter 5   
 The TGF-β Signalling Network in Muscle 
Development, Adaptation and Disease                     

       Justin     L.     Chen    *,     Timothy     D.     Colgan    *,     Kelly     L.     Walton    ,     Paul     Gregorevic     , 
and     Craig     A.     Harrison    

    Abstract     Skeletal muscle possesses remarkable ability to change its size and force- 
producing capacity in response to physiological stimuli. Impairment of the cellular 
processes that govern these attributes also affects muscle mass and function in path-
ological conditions. Myostatin, a member of the TGF-β family, has been identifi ed 
as a key regulator of muscle development, and adaptation in adulthood. In muscle, 
myostatin binds to its type I (ALK4/5) and type II (ActRIIA/B) receptors to initiate 
Smad2/3 signalling and the regulation of target genes that co-ordinate the balance 
between protein synthesis and degradation. Interestingly, evidence is emerging that 
other TGF-β proteins act in concert with myostatin to regulate the growth and 
remodelling of skeletal muscle. Consequently, dysregulation of TGF-β proteins and 
their associated signalling components is increasingly being implicated in muscle 
wasting associated with chronic illness, ageing, and inactivity. The growing under-
standing of TGF-β biology in muscle, and its potential to advance the development 
of therapeutics for muscle-related conditions is reviewed here.  
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5.1       Introduction 

 Skeletal muscle is a highly adaptive tissue, capable of responding to imposed physi-
ological stimuli, to tune its performance as a contractile tissue, a metabolic regula-
tor, and a secretor of factors that infl uence other organs. Finely regulated processes 
controlling protein synthesis and degradation enable changes in muscle mass and 
function as demands require. 

 The adaptive properties of skeletal muscle also make it susceptible to loss of 
mass and functional capacity, when protein turnover is adversely affected in patho-
logical contexts. Signifi cant wasting of skeletal muscle is associated with many 
diseases, including (but not limited to) advanced progression of certain cancers, 
sepsis, organ failure, HIV/AIDS, anorexia, disuse, advanced ageing and neuromus-
cular disorders (Ciciliot et al.  2013 ; Dam et al.  2014 ; Jung et al.  2014 ; Mondello 
et al.  2015 ; Puthucheary et al.  2013 ; Tang et al.  2002 ; Visvanathan and Chapman 
 2009 ; Wall et al.  2014 ). As the debilitating effects of muscle wasting reduce quality 
of life and survival, placing signifi cant burden on our healthcare system, it is neces-
sary to understand the mechanisms that regulate muscle attributes, and use this 
information to advance the development of muscle-directed therapeutics. 

 Increasingly, muscle wasting observed in chronic illness is being linked with 
perturbed regulation of the transforming growth factor-β (TGF-β) signalling net-
work. The TGF-β ligand family comprises 34 structurally-related proteins 
(Cusella-De Angelis et al.  1994 ; Wu and Hill  2009 ) broadly classifi ed as: TGF-β 
isoforms, growth differentiation factors (GDFs), bone morphogenetic proteins 
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(BMPs), activins and inhibins (Massague  1998 ). Other members include Nodal, 
lefty and anti-Müllerian hormone. Myostatin (also known as GDF-8) has been iden-
tifi ed as a critical regulator of muscle development and homeostasis (Mcpherron 
et al.  1997 ), although subsequent studies have begun to identify other TGF-β pro-
teins, such as TGF-β1, activins and several BMPs, as also having crucial roles in 
muscle. This review considers the signifi cance of signalling regulated by the TGF-β 
network as a regulator of muscle attributes in relation to musculoskeletal disorders.  

5.2     The TGF-β Signalling Network in Overview 

 In the human body, the vast majority of cell types express at least one TGF-β family 
ligand and their cognate receptors (Blobe et al.  2000 ). Together, TGF-β proteins and 
their signalling components exert physiological control over proliferation, differen-
tiation, apoptosis, adhesion and extracellular matrix deposition, thereby controlling 
embryogenesis, organogenesis and adult tissue homeostasis (Buijs et al.  2007 ; 
Chang et al.  2002 ; Massague  1990 ; Shi and Massague  2003 ). While this review 
focuses on myostatin and other TGF-β family proteins with emerging roles in the 
biology and disease of skeletal muscle, it is benefi cial to review the processes that 
control ligand synthesis and activity. 

5.2.1     Ligand Synthesis and Secretion 

 Like most TGF-β family proteins, myostatin is synthesised as a precursor protein 
comprising an N-terminal prodomain and a C-terminal mature domain (Fig.  5.1 ). 
During biosynthesis, hydrophobic residues at the N-terminus of the prodomain bind 
to residues in the mature domain, an interaction that is critical for correct protein 
formation (Walton et al.  2010 ). Two monomers are linked covalently at a site within 
the mature domain (Husken-Hindi et al.  1994 ), and non-covalently between the two 
prodomains. Following complex assembly, proprotein convertases cleave between 
the pro- and mature domains (Dubois et al.  1995 ; Gentry et al.  1988 ), resulting in a 
covalently bound mature protein non-covalently associated to its prodomain dimer. 
From herein, TGF-β family proteins are referred to as to the ‘mature dimer’ and the 
resultant prodomain dimer is described as the ‘prodomain’. Following synthesis, the 
mature dimer and prodomain complex is secreted from the cell, and in many 
instances, localised to the extracellular matrix (ECM).

   Some TGF-β proteins, such as myostatin, activins and TGF-β isoforms, bind to 
the ECM via specifi c interactions (Ramirez and Rifkin  2009 ; Rifkin  2005 ; Sengle 
et al.  2008a ). The ECM network of glycoproteins plays essential roles in the struc-
ture, survival, migration and proliferation of cells (Assoian et al.  1983 ; Brunner 
et al.  1989 ; Gentry and Nash  1990 ), and can also act as an important intermediate 
reservoir for many members of the family prior to their activation (Fig.  5.2 ) (Sengle 
et al.  2008a ). ECM components vary between organs as they are temporally and 
spatially expressed and secreted by proximal tissues, but the three major proteins 
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  Fig. 5.1     Synthesis of TGF-β proteins . ( a ) TGF-β proteins are synthesised as precursor proteins 
consisting of an N-terminal prodomain and a C-terminal mature domain. Prodomains form tight 
contacts within their mature domains, which facilitate folding and dimerisation. ( b ) Dimeric pre-
cursors are cleaved between the pro- and mature domains by proprotein convertases, such as furin, 
to form ( c ) a complex comprising prodomain non-covalently associated to the mature TGF-β dimer       

  Fig. 5.2     Localisation of TGF-β proteins to the extracellular matrix . The prodomains target 
TGF-β proteins to the ECM in the vicinity of target cells. ( a ) Some TGF-βs, such as BMP-7 bind 
directly to fi brillin microfi brils in the ECM, ( b ) while others, such as activin A, bind fi brillin- 
associated proteins, such as perlecan. ( c ) The TGF-β isoforms bind to LTBPs, which then bind to 
fi brillin in the ECM       
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comprising the ECM are collagen, fi bronectin and fi brillin (Vakonakis and Campbell 
 2007 ). Interestingly, TGF-β proteins are also critical regulators of ECM production, 
regulating collagen synthesis and deposition by fi broblasts (Akhurst and Hata  2012 ).

   The prodomains of the TGF-β isoforms bind the ECM via an intermediate asso-
ciation with latent TGF-β-binding proteins (LTBPs). Prodomain binding to LTBPs 
promotes the formation of large latent complexes (LLCs). The C-terminal region of 
LTBPs binds to the N-terminal region of fi brillin, targeting LLCs to the ECM, an 
interaction that is essential for normal TGF-β signalling (Ramirez et al.  2008 ). 
Other TGF-β proteins, including BMP-2, -4, -7, -10 and GDF-5 can bind directly to 
fi brillin via their prodomains (Sengle et al.  2008a ), whereas activin prodomains can 
bind heparin sulphate proteoglycans, such as perlecan, in the ECM (Li et al.  2010 ).  

5.2.2     Prodomains Control TGF-β Ligand Activity 
and Localisation in the Extracellular Matrix 

 Prodomains can modulate the signalling potential of their associated TGF-β pro-
teins. For the majority of TGF-β family members, the interaction between the 
mature protein and their associated prodomains is weak, allowing them to be readily 
displaced in the presence of their target receptors (Sengle et al.  2008b ; Walton et al. 
 2009 ). However, myostatin, GDF-11, TGF-β1, TGF-β2, TGF-β3, BMP-10 and 
human GDF-9 bind their prodomains with high affi nity and are secreted in a latent 
form (Simpson et al.  2012 ). The prodomains confer latency by shielding the 
receptor- binding epitopes (Bottinger et al.  1996 ; De Crescenzo et al.  2001 ; Ge et al. 
 2006 ; Hill et al.  2002 ; Thies et al.  2001 ). 

 The latency of some TGF-β proteins provides an additional barrier in activity 
regulation. Myostatin is expressed in skeletal muscle and is a potent negative regu-
lator of muscle mass, therefore an additional level of regulation is necessary to 
constrain its effects. The BMP-1/tolloid family of metalloproteinases is hypothe-
sised to activate latent myostatin, by cleaving after the aspartate-76 residue within 
the myostatin prodomain and releasing mature active myostatin.(Lee  2008 ; Wolfman 
et al.  2003 ). Other latent TGF-βs can be activated by thrombospondin-1 and integ-
rins, which alter the conformation of the prodomain enabling the release of the 
mature active proteins (Fig.  5.3 ) (Annes et al.  2004 ; Ribeiro et al.  1999 ).

5.2.3        TGF-β Family Members Target Specifi c Receptor 
Complexes and Transcription Factors 

 The biological effects of myostatin are initiated upon engagement of the ligand with 
two specifi c transmembrane serine/threonine kinase receptors (Fig.  5.4 ). Binding of 
mature myostatin to the extracellular domain of a type II activin receptor (ActRII) 
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  Fig. 5.3     TGF-β activation . ( a ) The TGF-β isoforms, myostatin and GDF-11 bind their prodo-
mains with high affi nity, with the prodomains shielding the receptor-binding epitopes. In order for 
these ligands to signal, they must be liberated from their prodomains via an activation mechanism, 
enabling them to bind to their receptors. ( b ) For the other TGF-β proteins, such as activin A, they 
are secreted in an ‘active’ form. These ligands have a higher affi nity for their signalling receptors 
than their prodomains and do not require an activation step       
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leads to recruitment, phosphorylation and activation of a type I activin receptor 
(ActRI), also known as an activin receptor-like kinase (ALK) (Ten Dijke and Arthur 
 2007 ). Type II and type I transmembrane receptors are classifi ed by their structural 
and functional properties. There are fi ve mammalian type II receptors: ActRIIA, 
ActRIIB, TβRII, BMPRII and AMHRII, and seven type I receptors: activin receptor- 
like kinases (ALK) 1-7 (Shimasaki et al.  2004 ). Predominantly, the type II receptors 
facilitate ligand engagement, whereas the type I receptors determine the signalling 
specifi city by phosphorylating specifi c Smad proteins that modulate intracellular 
signalling and regulate target gene transcription (Ten Dijke and Arthur  2007 ).

  Fig. 5.4     TGF-β signalling pathway . TGF-β signalling is divided into two main intracellular 
pathways (the TGF-β and BMP pathways) according to the type I and II receptors the ligands tar-
get and the intracellular Smads they activate. The binding of a growth factor to a type II receptor 
leads to recruitment of a type I receptor. The TGF-β subgroup phosphorylate type I receptors. In 
turn, type I receptors phosphorylate Smads 2 or 3. Conversely, activation by the BMP subgroup 
leads to phosphorylation of Smads 1, 5 or 8. All Smads form complexes with Smad4, and translo-
cate to the nucleus to regulate gene transcription with co-activators, co-repressors and additional 
transcription factors. Smad6 and 7 are inhibitory Smads that prevent Smads forming complexes 
with Smad4, and also bind to type I receptors       
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   Myostatin can signal through the type II receptors ActRIIA/B and BMPRII, and 
the type I receptors ALK4 and ALK5 (Sidis et al.  2006 ; Tsuchida et al.  2004 ). 
Activation of ALK4 and ALK5 receptors proceeds to phosphorylate intracellular 
Smad2 or 3 transcription factors (Wrighton et al.  2009b ), which then bind to Smad4, 
and the resulting Smad complex translocates to the nucleus to regulate gene tran-
scription (Massague and Gomis  2006 ; Wrighton et al.  2009a ). Other TGF-β pro-
teins that initiate Smad2/3 signalling include the TGF-β isoforms, activins and 
Nodal. Notably, in parallel with this ActRII-Smad2/3 signalling pathway, the TGF-β 
network supports signalling mediated by other ligands that activate ALKs1, 2, 3 and 
6 to phosphorylate Smad1/5/8. BMPs, other GDFs and AMH can employ this axis 
via their binding to discrete type II receptors (Massague and Gomis  2006 ). 

 As there are only a handful of type I and type II receptors for the large number of 
TGF-β proteins, several TGF-β proteins can utilise the same receptor complexes. 
For example, activin A, activin B, BMP-4, BMP-7 and GDF-5 can bind ActRIIA/B 
(Greenwald et al.  2003 ; Harrison et al.  2004 ; Tsuchida et al.  2004 ). Similarly, BMP- 
2, BMP-4, BMP-7, BMP-15 and GDF-9 bind BMPRII (Shi et al.  2000 ). In some 
circumstances, more than one ligand can utilise the same receptor complex; both 
myostatin and activin A can initiate signalling via ActRIIA/B and ALK4 (Tsuchida 
et al.  2004 ). The interplay of numerous ligands and receptor combinations and the 
interaction of downstream Smad signalling with other pathways varies by cell type 
and context, thus creating a system for highly varied and nuanced effects of the 
TGF-β network.  

5.2.4     Extracellular Regulation of TGF-β Signalling 

 Further regulation of TGF-β signalling is facilitated by extracellular, membrane- 
bound and intracellular proteins. Some members of the TGF-β family also require 
accessory receptors, such as betaglycan, endoglin and cripto, to enhance their inter-
action with signalling receptors. For example, betaglycan acts as a co-receptor for 
the TGF-β isoforms, most notably TGF-β2, and inhibin (Cheifetz et al.  1990 ; Lewis 
et al.  2000 ). Within cells, inhibitory Smad proteins 6 and 7 govern TGF-β signalling 
through a negative feedback loop. Smad6 and 7 bind to type I receptors, to inhibit 
the phosphorylation of receptor-regulated Smads (Gazzerro and Canalis  2006 ). In 
addition, Ski binds to Smad4 to prevent the formation of Smad complexes, as well 
as retaining existing Smad complexes bound to DNA to prevent binding of new 
complexes (Luo  2003 ). 

 Follistatin is an extracellular protein found in circulating and membrane-bound 
forms, and exhibits high affi nity binding for activins, but also bind myostatin, GDF- 
11 and some BMPs (Lee and Mcpherron  2001 ; Nakamura et al.  1990 ; Tsuchida 
 2006 ). In the case of activins, follistatin neutralises activity by shielding 
 approximately a third of the residues on the mature ligand, including both the type 
I and type II receptor-binding sites (Harrington et al.  2006 ). Follistatin-related gene 
(FLRG) is an inhibitor of TGF-β signalling that also contains a follistatin-binding 
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domain, which binds similar ligands as follistatin (Tsuchida et al.  2000 ). There are 
also specifi c extracellular BMP antagonists, such as noggin, that preferentially bind 
certain BMP family members and reduce their access to signalling receptors 
(Gazzerro and Canalis  2006 ; Shimasaki et al.  2004 ). Collectively, these extra- 
cellular proteins confer an additional layer of regulation to control the bioactivity of 
the TGF-β family of ligands.   

5.3     The Role of TGF-β Signalling in Skeletal Muscle 
Development and Homeostasis 

 The formation of skeletal muscle (myogenesis) commences early during embryonic 
development. Pluripotent muscle progenitor cells originating from the somites give 
rise to myoblasts, the precursor cells of skeletal muscle fi bres (Kubota et al.  1989 ; 
Mauro  1961 ). The fusion of myoblasts produces multi-nucleated muscle fi bres, 
which, remarkably, can be maintained for life. In parallel, a population of progenitor 
cells persist as ‘satellite cells’, which reside in proximity with muscle fi bres as a 
reservoir of cells for repair of muscle fi bres. Proliferation and recruitment of the 
resident satellite cells occurs when damaged muscle fi bres must be repaired (or 
regenerated). Post-natal adaptation of muscle mass occurs largely via changes in the 
size of existing muscle fi bres, although in some instances recruitment of satellite 
cell may also provide a means of contributing additional nuclei to existing fi bres 
during episodes of growth. 

 Myostatin, in particular, has been defi ned as a potent negative regulator of skel-
etal muscle mass (Mcpherron et al.  1997 ). Myostatin knockout mice ( Mstn   -/-  ) exhibit 
dramatically increased muscle mass as a result of increased fi bre numbers being 
formed during development, and increased fi bre size in adulthood. The signifi cance 
of myostatin in skeletal muscle is evident from its conservation across species, as 
loss of myostatin during development has been associated with a ‘hypermuscular’ 
phenotype in rodents (mice, rats), dogs, birds (chickens, turkeys), sheep, pigs, 
horses and humans. Although other members of the TGF-β family have also been 
found to exert unique effects upon muscle development and post-natal adaptation 
(Kollias and Mcdermott  2008 ; Lee et al.  2005 ), myostatin remains arguably the 
most dominant regulator of skeletal muscle phenotype in development. 

5.3.1     Skeletal Muscle Development 

 Cells of somatic origin are directed down a program of myogenesis commencing 
early in embryonic development according to episodes of determination, differen-
tiation and maturation. Determination begins with the formation of pluripotent 
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muscle progenitor cells (Mauro  1961 ) that give rise to myoblasts, the precursor cells 
of skeletal muscle fi bres (Kubota et al.  1989 ). Myoblasts completing an active pro-
liferative phase typically undergo differentiation, which entails irreversible with-
drawal from the cell cycle, and the expression of early muscle-specifi c genes, 
including the MyoD and MEF2 family of transcription factors (Joulia-Ekaza and 
Cabello  2006 ). These myogenic factors support myoblast commitment and fusion, 
and the subsequent expression of late muscle-specifi c genes (Acharyya et al.  2004 ; 
Megeney et al.  1996 ; Wheeler et al.  1999 ). As myoblasts fuse into post-mitotic 
syncytial structures spanning from tendon to tendon, the specialised proteins 
required to assemble the excitation-contraction apparatus are synthesised, and sup-
port the maturation of muscle fi bres. For most species, the number of skeletal mus-
cle fi bres is determined before birth and maintained largely until approaching 
senescence.  

5.3.2     Myostatin as a Regulator of Myogenesis 

 During embryonic myogenesis, myostatin signalling initiates the Smad2/3 complex 
to translocate to the nucleus and block production of the muscle transcription factor 
MyoD. Inhibition of MyoD prevents myoblast proliferation, differentiation and 
fusion through cell cycle arrest (i.e., myoblasts accumulate in the G1 and G2 phase 
of the cell cycle) (Allen and Unterman  2007 ; Langley et al.  2002 ; Rios et al.  2002 ; 
Thomas et al.  2000 ; Zhu et al.  2004 ). This coincides with up-regulation of p21, a 
potent inhibitor of the cyclin-Cdk complexes (Thomas et al.  2000 ) that support cell 
cycle progression. Cyclin-Cdk complex inhibition results in reduced phosphoryla-
tion of Rb, a tumour suppressor protein that inhibits cell growth. Hypo- 
phosphorylated Rb inhibits cell cycle progression by binding and repressing the 
activity of the E2F family of transcription factors (Lam and La Thangue  1994 ), 
thereby preventing their transcription of S-phase-specifi c genes (La Thangue  1996 ).  

5.3.3     Myostatin as a Regulator of Muscle Fibre Size 

 In mature muscle fi bres, the maintenance of size is dependent on the balance 
between protein synthesis and protein degradation. While these processes are para-
mount to maintaining muscle health and homeostasis, the interaction of signalling 
pathways that infl uence protein turnover in muscle continues to be expanded upon. 
As with the process of muscle fi bre formation, myostatin appears to play a promi-
nent role in governing the processes controlling muscle fi bre size. 

 Stimulation of the canonical Smad2/3 pathway by myostatin suppresses the tran-
scription and activity of MyoD and the myogenic regulatory factor myogenin to 
limit protein synthesis. While these effects serve to maintain satellite cells in a qui-
escent state (Langley et al.  2002 ; Liu et al.  2001 ), the same process limits the growth 
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of muscle fi bres by restricting expression of muscle proteins. Although myostatin 
has been shown to activate the canonical Smad pathway in muscle, crosstalk with 
other non-Smad pathways also contributes to the regulation of protein turnover in 
muscle fi bres (Kollias and Mcdermott  2008 ; Mcpherron et al.  1997 ) (Fig.  5.5 ).

  Fig. 5.5     Increased activation of the Smad2/3 signalling pathway results in muscle wasting . 
Heightened activation of the Smad2/3 signalling pathway, as when myostatin or activin A are 
overexpressed, leads to inactivation of Akt and additional dephosphorylation of the transcription 
factor FoxO3. Dephosphorylated FoxO3 can translocate to the nucleus and induce the expression 
of the muscle-specifi c ubiquitin ligases, atrogin-1 and MuRF-1. These ligases ubiquitinate myofi -
brillar proteins, such as myosin, targeting them for degradation via the ubiquitin-proteasome sys-
tem, resulting in muscle wasting. Akt is also a central mediator of protein synthesis, where its 
phosphorylation by PI3K activates mTOR-mediated phosphorylation of S6 ribosomal protein to 
increase protein translation       
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   The IGF-1/PI3K/Akt signalling cascade is a regulator of processes associated 
with cell cycle proliferation and cell survival, and in muscle, is also a key governor 
of protein synthesis and glucose metabolism (Chen et al.  2014 ; Morissette et al. 
 2009 ; Trendelenburg et al.  2009 ; Zdychova and Komers  2005 ). Phosphorylation of 
Akt results in increased protein synthesis through activation of mTOR, and subse-
quently 4E-BP1 and S6K (Bodine et al.  2001 ; Laplante and Sabatini  2012 ). mTOR 
is a key contributor to skeletal muscle growth and as such, can be regulated through 
a variety of signalling targets.  In vitro  and  in vivo  studies have demonstrated that the 
absence of myostatin results in increased Akt activity and therefore elevated mTOR 
signalling (Lipina et al.  2010 ). Prevention of muscle atrophy also occurs down-
stream of Akt through inhibition of apoptotic factors such as Bax, and the Forkhead 
box O (FoxO) transcription factor family (Fig.  5.5 ) (Hribal et al.  2003 ). During the 
differentiation of myoblasts, as myostatin expression increases, FoxOs are dephos-
phorylated and enter the nucleus, where they promote transcription of the muscle- 
specifi c E3-ubiquitin ligases, atrogin-1 and MuRF-1 (Zhao et al.  2007 ). These 
muscle-specifi c ligases mark muscle proteins for degradation via the ubiquitin- 
proteasome pathway. During homeostasis, the protein synthesis and degradation 
pathways are in balance to maintain muscle mass (Lokireddy et al.  2011 ; Sartori 
et al.  2009 ). In the  Mstn   -/-   mouse, the IGF-1/PI3K/Akt pathway is de-repressed, 
increasing protein synthesis, while FoxO proteins remain in the cytoplasm in the 
phosphorylated form, unable to initiate transcription of the catabolic E3-ubiquitin 
ligases (Mcpherron et al.  1997 ). Thus, elevated expression of myostatin promotes 
increased atrogin-1 and MuRF-1 transcription, while myostatin inhibition has the 
opposite effect. 

 While the Smad/Akt/FoxO axis is a major regulator of muscle size, other cellular 
pathways intersect with this network, adding an additional layer of control to the 
system. Crosstalk exists between the Smad pathway and the mitogen-activated pro-
tein kinase (MAPK) pathways of the extracellular signal-related kinase 1/2 
(ERK1/2), p38 and JNK (Hanafusa et al.  1999 ; Mulder  2000 ; Philip et al.  2005 ). 
TGF-β proteins can bind to MAPK receptors in a cell-specifi c and context- dependent 
manner, but MAPKs that are not activated by TGF-βs are capable of regulating 
Smad proteins and Smad complexes (Javelaud and Mauviel  2005 ; Rahimi and Leof 
 2007 ). To date, the role of ERK1/2 in skeletal muscle mass remains incompletely 
defi ned. Further research in this area could yield new insights into muscle regulation 
in the future.  

5.3.4     Other TGF-β Proteins as Regulators of Muscle 
Development and Maturation 

 Although myostatin is well characterised as a negative regulator of muscle, other 
members of the TGF-β are also essential in guiding myogenesis and supporting 
muscle homeostasis. For instance, TGF-β1 expressed during myogenesis inhibits 
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the expression of muscle-specifi c mRNA and proteins  in vitro  (Massague et al. 
 1986 ), and inhibits differentiation of myoblasts (Cusella-De Angelis et al.  1994 ; 
Massague et al.  1986 ; Olson et al.  1986 ). TGF-β1 has also been shown to inhibit 
skeletal muscle satellite cell differentiation, proliferation and fusion  in vitro , 
 suggesting a role in regulating muscle regeneration (Allen and Boxhorn  1987 ; 
Li et al.  2004 ). 

 Other members of the TGF-β family are also implicated in muscle homeostasis. 
The broad spectrum TGF-β antagonist, follistatin, binds several TGF-β family 
members in addition to myostatin, including activins, GDF-11, and BMP-2, -4, -6, 
and -7 (Glister et al.  2004 ; Schneyer et al.  2008 ; Sidis et al.  2006 ). Transgenic mice 
over expressing follistatin exhibit dramatically increased muscle mass as a product 
of increased muscle fi bre number and size(Lee and Mcpherron  2001 ). Similarly, 
transgenic overexpression of a dominant negative ActRIIB in mice, which binds 
similar TGF-β proteins as follistatin, also yields a hypermuscular phenotype (Lee 
and Mcpherron  2001 ). Importantly, when follistatin or the dominant negative 
ActRIIB were overexpressed in  Mstn   -/-   mice, which already exhibit twice the mus-
cle mass of wild type mice, a further increase in muscle mass was still observed 
(Lee  2007 ; Winbanks et al.  2012 ). As this additional increase occurred in the 
absence of myostatin, at least one other TGF-β protein capable of binding follistatin 
and ActRIIB must contribute to the negative regulation of muscle mass under 
homeostatic conditions. Recent studies have subsequently revealed that activin A 
and B contribute to the negative regulation of muscle mass (Chen et al.  2015 ). 

 Historically, research into the control of muscle homeostasis has focussed on the 
Smad2/3 signalling arm of the TGF-β family. This has largely left the role of the 
Smad1/5/8 pathway in skeletal muscle unchartered. However, recent reports have 
begun to show that the Smad1/5/8 axis is a positive regulator of muscle mass (Sartori 
et al.  2013 ; Winbanks et al.  2013 ). Increases in muscle mass and Smad1/5 phos-
phorylation were observed when BMP-7, or a constitutively active ALK3, were over-
expressed in muscle (Winbanks et al.  2013 ), with growth mediated by increased 
mTOR activity. Interestingly, while blockade of Smad2/3 signalling results in muscle 
hypertrophy, overexpression of Smad6, an inhibitor of Smad1/5/8 signalling, had no 
effect on endogenous muscle mass (Lee  2007 ; Lee and Mcpherron  2001 ; Lee et al. 
 2005 ; Winbanks et al.  2013 ). Collectively, the studies to date suggest that the Smad2/3 
arm of the TGF-β signalling pathway is prominent in regulating muscle mass, but 
that the parallel opposing arm of Smad1/5/8 is required for sustaining or promoting 
muscle hypertrophy. This latter aspect is noted from observations that muscles up-
regulate expression of BMPs and their signalling receptors to protect against muscle 
atrophy in models of denervation. Inhibiting BMP signalling in this context exacer-
bates muscle wasting (Sartori et al.  2013 ; Winbanks et al.  2013 ). Mechanistically, the 
BMP-Smad1/5/8 signalling axis was shown to negatively regulate the transcription 
of E3 ubiquitin ligases that drive proteasome-mediated protein breakdown (Sartori 
et al.  2013 ; Winbanks et al.  2013 ). Thus, the BMP-Smad1/5/8 signalling arm of the 
TGF-β network exerts positive effects on protein synthesis and degradation in muscle 
depending on the context. These fi ndings suggest multiple TGF-β family members 
contribute simultaneously to the establishment of skeletal muscle attributes.   

5 TGF-β Signalling in Skeletal Muscle



110

5.4     The Role of TGF-β Signalling in Post-natal Muscle 
Regeneration 

 The regeneration of muscle fi bres after damage recapitulates many of the events 
involved in myogenesis during embryonic development. Myostatin tightly governs 
the activity of transcription factors involved with lineage progression within both 
satellite cells and myoblasts, and by doing so is a key regulator in muscle regenera-
tion following injury (Cornelison et al.  2000 ; Langley et al.  2002 ; Mccroskery et al. 
 2003 ). 

 To better dissect the role of myostatin during regeneration, several injury models 
have been employed. Following injection with myotoxic agents, the muscles of 
24-month-old senescent  Mstn   -/-   mice regenerate similarly to their wild-type counter-
parts (Wagner et al.  2005 ). However, while wild-type muscles eventually estab-
lished a similar histological profi le, injured  Mstn   -/-   muscles were able to attain larger 
myofi bre diameters at an earlier phase of regeneration than was possible for wild- 
type muscles (Wagner et al.  2005 ). These fi ndings provide evidence for myostatin 
playing a more complex role in muscle regeneration than solely governing lineage 
control within muscle itself, and highlight the possibility of non-muscle factors con-
tributing to this regenerative phenotype. 

 Using a dry-ice injury-regeneration model in  Mstn   -/-   and wild-type bovine mus-
cle, it was demonstrated that myostatin can govern chemokine secretion following 
injury (Iwasaki et al.  2013 ). The injured muscles of  Mstn   -/-   cows did not parallel the 
level of elevation of chemokines (CXCL1, CXCL2, CXCL6 and CCL2) found in 
wild-type counterparts, as measured by protein level and transcript abundance: a 
result that is mirrored  in vitro . Whether these chemokines are typically all of muscle 
origin in an  in vivo  setting is yet to be established. These fi ndings, however, high-
light that a complete picture of myostatin and TGF-β signalling in muscle regenera-
tion is still being pieced together. Similarly control of muscle size can be heavily 
infl uenced by the infl ammatory response, which also plays a major role during 
muscle regeneration. 

 Infl ammatory cells feature heavily in the regenerative process, and are also 
implicated in pro-fi brotic signalling, throughout which TGF-β is a major coordina-
tor of fi brotic deposition (Bernasconi et al.  1999 ; Gosselin et al.  2004 ). After injury, 
migration of macrophages and fi broblasts increase the production of ECM compo-
nents (Serrano and Munoz-Canoves  2010 ). TGF-β, in conjunction with other sig-
nalling molecules, including tumour necrosis factor-alpha (TNF-α), promotes the 
production of ECM components collagen and elastin (Gosselin and Martinez  2004 ; 
Gosselin et al.  2004 ). ECM components provide a support framework within the 
damaged muscle, which is then degraded during the regeneration process (Serrano 
and Munoz-Canoves  2010 ). While external factors can modulate TGF-β signalling 
during regeneration, myostatin expression is signifi cantly down-regulated in satel-
lite cells, enabling lineage progression and myofi bre re-population (Cornelison 
et al.  2000 ). This tight regulation of TGF-β signalling is important in controlling 
muscle remodelling following trauma through injury or disease.  
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5.5     TGF-β Signalling in Skeletal Muscle Disease 

 The majority of the 34 TGF-β proteins play critical and overlapping roles in organo-
genesis and post-natal tissue homeostasis. Intriguingly, these potent signalling pro-
teins only utilise a very small number of receptors. The canonical signalling pathway 
uses fi ve type II receptors (TβRII, ActRII, ActRIIB, BMPRII and AMHRII) and 
seven type I receptors (ALKs 1-7) to fi nely regulate the inputs of the distinct TGF-β 
proteins. These receptors can interact with multiple TGF-β proteins. Therefore, the 
expression and activity of ligands is tightly regulated, and this strict control extends 
to all their associated components including signalling receptors, inhibitors and the 
downstream molecules that transduce their signals to the nucleus for gene 
expression. 

 Owing to these ligands’ secreted nature, altered expression of specifi c TGF-β 
family proteins in disease settings can exert deleterious effects in either the tissue of 
origin or at distal sites. Given the diverse biological roles of TGF-β family proteins, 
it is not surprising that disruption within the signalling network has detrimental 
consequences for cell function. As examples, many mutations in TGF-β proteins or 
their associated signalling components have been identifi ed in human disease (Table 
 5.1 ). Though mutations within the TGF-β signalling network often result in devel-
opmental disorders, vascular diseases and cancer (Gordon and Blobe  2008 ), ongo-
ing research is revealing that altered TGF-β network signalling also exerts 
detrimental effects on tissue function, including in skeletal muscle. Consequently, 
manipulation of TGF-β signalling may offer the means to target TGF-β actions in 
muscle to improve specifi c disease states.

5.5.1       Muscular Dystrophy 

 Collectively, muscular dystrophies are a group of disorders characterised by pro-
gressive loss of functional muscle mass and an accumulation of non-functional 
fi brotic tissue. A large array of genetic mutations have been identifi ed within dystro-
phic muscle fi bres (Cohn and Campbell  2000 ), predominantly within genes encod-
ing for proteins that make up the dystrophin-associated protein complex (DAPC) 
(Tsuchida  2006 ). The DAPC is a highly specialised and regulated network of scaf-
folding proteins anchoring the outside of the muscle fi bre to the inside, which pro-
tects muscle fi bres from injury under typical mechanical loading (Campbell and 
Kahl  1989 ; Ervasti et al.  1990 ). Proteins of the DAPC not only provide physical 
links, but also act to transmit signals regarding membrane stability and force trans-
duction (Constantin  2014 ).

  As the most common heritable neuromuscular disorder, Duchenne muscular dys-
trophy (DMD) is a severe and debilitating condition that typically affects young 
males, confi ning them to a wheelchair early in their youth (Engvall and Wewer 
 2003 ). In DMD, mutations in the dystrophin gene prevent the production of 

5 TGF-β Signalling in Skeletal Muscle



112

   Table 5.1    Mutations in the TGF-β signalling pathway in human disease   

 Protein/gene  Disease  References 

 TGF-β1  Atherosclerosis, Camurati-Engelmann 
disease, childhood asthma, 
cardiovascular disorders, fi brosis, 
hypertension, osteoporosis, 
otosclerosis, psoriasis; breast, colon, 
pancreatic, and prostate cancers; 
tumour invasion & metastasis 

 Baran et al. ( 2007 ), Border and 
Noble ( 1994 ), Gordon and Blobe 
( 2008 ), Kinoshita et al. ( 2000 ), Li 
et al. ( 1999 ), Maehara et al. ( 1999 ), 
Salam et al. ( 2007 ), Thys et al. 
( 2007 ), Yamada et al. ( 1998 ) 

 TGF-β2  Cleft palate, breast and pancreatic 
cancer 

 Gordon and Blobe ( 2008 ), Slayton 
et al. ( 2003 ) 

 TGF-β3  Cleft palate  Tanabe et al. ( 2000 ) 
 GDF-3  Microphthalmia, isolated type 7, 

Klippel–Feil syndrome type 3 
 Harrison et al. ( 2011 ) 

 GDF-5  Brachydacyly type A2 and C, Du Pan 
syndrome, Hunter-Thompson 
chondrodysplasia, Grebe 
chondrodysplasia, Proximal 
symphalangism 

 Harrison et al. ( 2011 ), Lehmann 
et al. ( 2007 ), Thomas et al. ( 1996 , 
 1997)  

 GDF-6  Bilateral anophthalmia, 
microphthalmia 

 Harrison et al. ( 2011 ) 

 BMP-2  Breast cancer  Clement et al. ( 2005 ) 
 BMP-4  Breast cancer, microphthalmia 

syndromic type 6, Non-syndromic 
orofacial cleft type 11 

 Gordon and Blobe ( 2008 ), Harrison 
et al. ( 2011 ) 

 BMP-7  Breast cancer and ocular 
developmental disorders 

 Gordon and Blobe ( 2008 ), Harrison 
et al. ( 2011 ) 

 BMP-10  Cardiomyopathy  Gordon and Blobe ( 2008 ) 
 BMP-15  Premature ovarian failure  Harrison et al. ( 2011 ) 
 Lefty-1  Situs Ambiguus  Gordon and Blobe ( 2008 ) 
 Nodal  Situs Ambiguus, visceral heterotaxy 

autosomal type 5 
 Gordon and Blobe ( 2008 ), Harrison 
et al. ( 2011 ) 

 Inhibin-α  Premature ovarian failure  Gordon and Blobe ( 2008 ) 
 ALK1  Familial primary pulmonary 

hypertension, Hereditary 
haemorrhagic telangiectasia, 
gondadotroph tumour 

 Berg et al. ( 1997 ), D’abronzo et al. 
( 1999 ), Loscalzo ( 2001 ) 

 ALK2  Fibrodysplasia Ossifi cans Progressiva  Groppe et al. ( 2007 ), Shore et al. 
( 2006 ) 

 ALK3  Bannayan–Riley–Ruvalcaba, Cowden 
disease, juvenile polyposis 

 Howe et al. ( 2001 ), Zhou et al. 
( 2001 ) 

 ALK5  Breast, cervical, head and neck, and 
pancreatic cancers; chronic 
lymphocytic leukaemia, familial 
thoracic aortic aneurysm syndrome, 
Furlong syndrome, Loeys–Dietz 
syndrome 

 Blobe et al. ( 2000 ), Loeys et al. 
( 2005 ), Matyas et al. ( 2006 ), Pannu 
et al. ( 2006 ) 

 ALK6  Breast cancer, brachydactyly type A2  Lehmann et al. ( 2003 ) 

(continued)
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 functional dystrophin protein (Hoffman et al.  1987 ; Jacobs et al.  1981 ; Koenig et al. 
 1987 ). Dystrophin is a pivotal member of the DAPC acting both as a large, central 
tether and as a marshalling molecule for many associated proteins that assemble in 
its proximity (Constantin  2014 ). The mutations that cause the loss of dystrophin, or 
similarly important structural proteins from the DAPC, weaken the overall integrity 
of muscle fi bres. These more fragile fi bres are susceptible to contraction- induced 
injury and subject to bouts of ongoing degeneration and regeneration. Repeated 
cycles of breakdown and repair are hypothesised to compromise the regenerative 
process over time (Jiang et al.  2014 ). Similarly, muscles comprised of structurally 

Table 5.1 (continued)

 Protein/gene  Disease  References 

 AMH  Persistent Müllerian duct syndrome  Belville et al. ( 1999 ) 
 AMHR2  Persistent Müllerian duct syndrome  Belville et al. ( 1999 ) 
 BMPR2  Familial primary pulmonary 

hypertension 
 Lane et al. ( 2000 ) 

 TGFBR2  Breast, cervical, colon, endometrial, 
gastric, glioma, liver, lung, 
lymphoma, pancreatic and prostate 
cancers; atherosclerosis, Loeys–Dietz 
syndrome, familial thoracic aortic 
aneurysm syndrome, Sphrintzen–
Goldberg syndrome 

 Baldwin et al. ( 1996 ), Chen et al. 
( 2013 ,  2014) , Goggins et al. ( 1998 ), 
Gordon and Blobe ( 2008 ), Grady 
et al. ( 1999 ), Knaus et al. ( 1996 ), 
Loeys et al. ( 2005 ), Matyas et al. 
( 2006 ), Myeroff et al. ( 1995 ), Pannu 
et al. ( 2006 ), Villanueva et al. ( 1998 ) 

 Endoglin  Atherosclerosis, hereditary 
haemorrhagic telangiectasia 

 Mcallister et al. ( 1994 ), Mccaffrey 
et al. ( 1997 ), Shovlin et al. ( 1997 ) 

 Decreased 
betaglycan 

 Pancreatic and prostate cancer  Gordon and Blobe ( 2008 ) 

 Noggin  Multiple synostoses syndrome, 
proximal symphalangism, Stapes 
ankylosis 

 Brown et al. ( 2002 ), Gong et al. 
( 1999 ) 

 Fibrillin-1  Marfan syndrome  Dean ( 2007 ), Ramirez and Dietz 
( 2007 ) 

 Smad2  Colorectal, lung and hepatocellular 
cancers 

 Eppert et al. ( 1996 ), Riggins et al. 
( 1997 ) 

 Smad3 
mutations 

 Lung cancer  Gordon and Blobe ( 2008 ) 

 Increased 
Smad3 nuclear 
localisation 

 Prostate cancer  Gordon and Blobe ( 2008 ) 

 Smad4  Bladder, breast, colorectal, head and 
neck, hepatocellular, gastric, lung, 
pancreatic, prostate, oesophageal, 
ovarian and renal cancers 

 Hahn et al. ( 1996 ), Thiagalingam 
et al. ( 1996 ) 

 Smad4  Familial juvenile polyposis  Howe et al. ( 1998 ) 
 Increased 
Smad4 nuclear 
localisation 

 Prostate cancer  Gordon and Blobe ( 2008 ) 
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impaired fi bres are vulnerable to infi ltration by adipose, fi brotic and infl ammatory 
cells, which further impair the muscles’ regenerative capacity (Acharyya et al.  2007 ; 
Andreetta et al.  2006 ; Jacobs et al.  1981 ). 

 During muscle regeneration after injury, TGF-β1 is increased to regulate a short 
infl ammatory response in damaged muscles, enabling the removal of cellular debris 
from sites of new fi bre formation (Serrano and Munoz-Canoves  2010 ). In dystro-
phic muscle, the repeated cycles of regeneration leaves the muscles persistently 
exposed to TGF-β1, infl ammatory cells and their signalling molecules (Cohn et al. 
 2007 ). This aberrant signalling promotes the production of collagen and other ECM 
proteins, exacerbating fi brotic accumulation (Sabatelli et al.  2012 ; Zanotti et al. 
 2010 ). As TGF-β signalling is often associated with facilitating ongoing fi brotic 
infi ltration, TGF-β inhibition has been proposed as potential therapeutic strategy in 
the dystrophic setting (Chen et al.  2005 ; Zanotti et al.  2010 ). 

 Several studies have investigated the potential outcomes of inhibiting the TGF-β 
signalling pathway in DMD. Administration of neutralising antibodies against 
TGF-β signifi cantly resolved fi brosis in treated  mdx  mice, a model for DMD, when 
compared to their untreated littermates (Andreetta et al.  2006 ). While no change 
was observed regarding the ongoing cycles of degeneration and regeneration, there 
was an increase in infl ammatory CD4+ lymphocytes, highlighting a potential hurdle 
when considering immunomodulation accompanying long-term treatment 
(Andreetta et al.  2006 ). As an alternate approach, the angiotensin II type 1 receptor 
blocker losartan, a widely-used FDA-approved drug for hypertension, has been 
demonstrated to inhibit TGF-β effects when administered to  mdx  mice, broadly rep-
licating the effects of TGF-β inhibition by neutralising antibodies (Cohn et al. 
 2007 ). Losartan administration to  mdx  mice was reported to enhance limb grip 
strength compared to untreated  mdx  mice (Cohn et al.  2007 ), and reduce cardiac, 
diaphragm and skeletal muscle fi brosis (Spurney et al.  2011 ). Though effects on 
fi brotic signature have been signifi cant, improvements in cardiac and limb muscle 
function to date appear relatively modest. These fi ndings suggest that targeting 
TGF-β signalling may be benefi cial in ameliorating fi brosis associated with dystro-
phy, but offers modest potential to enhance muscle strength.

  Consequently, interventions that target other TGF-β members may be required. 
In this regard, several alternate strategies have been pursued to inhibit the actions of 
myostatin and other related TGF-β family members that repress muscle mass. These 
include treatment with a soluble form of the ActRIIB receptor, which comprises the 
extracellular domain fused to an IgG-Fc domain (Morine et al.  2010 ; Pistilli et al. 
 2011 ), myostatin- neutralising antibodies (Bogdanovich et al.  2002 ), and the admin-
istration of a myostatin prodomain fused to an IgG-Fc domain (Bogdanovich et al. 
 2005 ). Increased expression of soluble follistatin (as an inhibitor of myostatin and 
activins) via gene delivery using adeno-associated virus-based vectors (AAV) has 
also been pursued (Rodino-Klapac et al.  2009 ). Promising early studies in mice 
have supported clinical evaluation of viral vector-mediated administration of fol-
listatin to treat Becker muscular dystrophy and sporadic inclusion body myositis 
(Mendell et al.  2015 ). Each of these intervention approaches has been demonstrated 
to increase muscle mass and functional capacity to an extent, thus supporting the 
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 suggestion that strategic manipulation of TGF-β network activity in dystrophic 
muscles may hold promise for maintaining or restoring the functionality of muscu-
lature in this setting.  

5.5.2     Marfan Syndrome 

 Marfan syndrome (MFS) is an autosomal dominant disease resulting from muta-
tions in the fi brillin-1 gene, causing loss of this key protein in the ECM and a crucial 
regulator of TGF-β signalling (Dietz et al.  1991 ; Hollister et al.  1990 ; Kaartinen and 
Warburton  2003 ; Neptune et al.  2003 ). Patients with MFS exhibit a range of clinical 
symptoms, including defects in the musculoskeletal, cardiovascular and ocular sys-
tems. Altered ECM integrity contributes to reduced ability of the aortic wall to 
withstand intraluminal pressure, which can result in the formation of an aortic aneu-
rysm, a leading cause of morbidity in patients with MFS (Judge and Dietz  2005 ). 
Although the most visible manifestation of the disease is the increase in bone growth 
that results in hyper-fl exible joints and malformations of digits, limbs and the chest 
wall, respiratory muscle dysfunction, poor skeletal muscle development and clinical 
weakness are also observed (Behan et al.  2003 ).

  The mutations in fi brillin-1 associated with MFS render the fi brillin-1 protein 
sensitive to proteolysis and degradation (Ramirez and Dietz  2007 ; Ramirez and 
Rifkin  2009 ; Reinhardt et al.  1997 ). As fi brillin-1 is required for TGF-β localisation 
via LTBPs (Kaartinen and Warburton  2003 ; Neptune et al.  2003 ), the lack of ECM 
structural integrity in patients with MFS enhances the level of active TGF-β that is 
released from the matrix (Kaartinen and Warburton  2003 ; Neptune et al.  2003 ). 
TGF-β protein levels that are signifi cantly elevated in the sera of patients with MFS 
are hypothesised to contribute to MFS aetiology by disrupting signalling during tis-
sue development and adaptation (Hillebrand et al.  2014 ; Neptune et al.  2003 ). Mouse 
studies have also identifi ed TGF-β signalling to be a major contributor to the prolaps-
ing of the mitral valve, a pathology common in MFS (Ng et al.  2004 ). The dysregula-
tion of TGF-β that can manifest pathologies, such as those found in MFS, highlights 
the importance of regulating TGF-β signalling through ligand release and activation 
within the ECM production, as well as ligand production (Ramirez and Dietz  2007 ). 

 Administration of a TGF-β neutralising antibody or losartan to fi brillin-1- defi cient 
mice modelling MFS can restore muscle fi bre diameter (reduced in the diseased 
state) to wild-type dimensions, enhance the regenerative capacity of  muscles, and 
slow the progression of aortic pathology (Cohn et al.  2007 ; Habashi et al.  2006 ). 
However, while murine studies show promise for the drug, the use of losartan in 
individuals with MFS has yielded mixed results. Depending on the study, clinical 
use of losartan has had modest effects on normalising circulating TGF-β levels 
(Franken et al.  2014 ; Groenink et al.  2013 ; Lacro et al.  2013 ,  2014 ; Pees et al.  2013 ). 
Moreover, there has been some discrepancy in the apparent effects of losartan treat-
ment on measures of aorta morphology (Franken et al.  2014 ; Groenink et al.  2013 ; 
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Lacro et al.  2013 ,  2014 ; Pees et al.  2013 ). Collectively, these fi ndings serve to pro-
vide a unique insight into treating MFS via TGF-β inhibition, highlighting that this 
disease may be more nuanced than originally anticipated and that researchers will 
require an even greater understanding of the disease aetiology. Whether TGF-β inhi-
bition through losartan therapy will be clinically effective for all patients with MFS 
remains to be conclusively determined. While the mismatch between preclinical and 
clinical trial results could emphasise the innate differences that exist between the 
physiology of mouse and man, the fi ndings are indicative of a fi eld moving forward 
in their understanding of the complex relationship between TGF-β regulation and 
disease pathology.  

5.5.3     Muscle Wasting Associated with Disuse 

 Muscle atrophy is a major problem in conditions of disuse, such as limb casting, 
immobilisation, or patients undergoing intensive care unit hospitalisation. In 
patients confi ned to extended bed rest, signifi cant muscle atrophy leads to a poorer 
prognosis for recovery, increasing their hospital stay duration, and can also severely 
impair the successfulness of long-term rehabilitation post discharge. 

 Animal studies of limb immobilisation have demonstrated that ensuing disuse 
atrophy of muscles is a product of simultaneous reductions in protein synthesis and 
increases in protein degradation (Booth and Seider  1979 ). This contrasts with dener-
vation-induced muscle atrophy, where both protein synthesis and degradation 
increase, though protein breakdown exceeds protein synthesis (Argadine et al.  2009 ).

  Recently, Zhang  et al.  provided an important link between mechanical load- 
sensing via the dystrophin-associated protein complex and the protein synthesis/
degradation pathways in unloaded muscles, which implicated the TGF-β network 
(Zhang et al.  2014 ). In wild-type mice, plantaris muscles comprising fast-twitch 
muscle fi bres and soleus muscles comprising slow twitch muscle fi bres lost differ-
ing amounts of mass and exhibited differing expression of dystrophin mRNA over 
the course of unloading (Zhang et al.  2014 ). Comparisons of unloading atrophy in 
wild-type and dystrophin-defi cient mice revealed relative sparing of some 
dystrophin- defi cient muscles, accompanied with reduced expression of the E3 ubiq-
uitin ligases MuRF-1 and atrogin-1, responsible for controlling ubiquitin/protea-
some degradation. These observations point to a role of the dystrophin-associated 
protein complex as a regulator of protein degradation pathways in unloaded mus-
cles. Additionally, wild-type mice exhibited up-regulation of TGF-β1 and increased 
phosphorylation of Smad3 subsequent to unloading, while these proteins, which 
were expressed at a greater basal rate in  mdx  mice, were reduced after the unloading 
period. As the TGF-β1/Smad3 pathway infl uences protein synthesis and degrada-
tion processes, these fi ndings suggest that regulation of TGF-β network signalling 
downstream of the dystrophin-associated protein complex contributes to changes in 
muscle mass with unloading. As a comparison, examination of denervated muscles 
has determined that myostatin transcription is increased in neurogenic atrophy 
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(Baumann et al.  2003 ). Subsequent studies have identifi ed a peak in myostatin pro-
tein level anywhere between 3-28 days post-denervation, where Smad2 phosphory-
lation is at its highest level around 3 days (Shao et al.  2007 ; Zhang et al.  2006 ). 

 Collectively, these studies implicate increased myostatin and Smad2/3 signalling 
as contributing to muscle atrophy in mouse models of disuse or denervation. The 
involvement of myostatin in disuse atrophy in humans remains unclear. While some 
studies have reported unchanged myostatin mRNA levels following unloading (De 
Boer et al.  2007 ; Jones et al.  2004 ), increased myostatin transcripts have been 
observed in reduced limb use associated with chronic osteoarthritis (Reardon et al. 
 2001 ). Whether myostatin is elevated temporally or only in discrete models of dis-
ease is yet to be identifi ed. As myostatin levels can be controlled independently of 
transcription, further investigation may need to pursue protein detection techniques 
to analyse myostatin activity in sera or in muscle itself.  

5.5.4     Sarcopenia 

 Sarcopenia is defi ned as the loss of muscle mass and functional capacity specifi cally 
associated with advancing age (Roubenoff  2000 ). Hallmarks of sarcopenia include 
muscle fi bre atrophy, reduced muscle fi bre number, diminished satellite cell activity, 
and progressive deterioration of pre-synaptic structures of the neuromuscular junc-
tion. Rodent studies of sarcopenia have identifi ed gene signatures associated with 
oxidative stress and motoneuron degeneration as early indicators of sarcopenia, but 
at the signalling level, there is also evidence that the TGF-β network plays a role in 
ageing-associated muscle wasting. Muscle biopsies from human septuagenarians 
have been noted to exhibit increased myostatin expression relative to the muscles of 
young adults (Leger et al.  2008 ). Aged mice and humans also demonstrate elevated 
levels of TGF-β1 protein with an accompanying elevation in Smad3 phosphoryla-
tion (Carlson et al.  2009 ), the sera of which can inhibit the myogenic potential of 
satellite cells  in vitro  (Carlson et al.  2009 ). These fi ndings point to mechanisms by 
which elevated TGF-β1 and myostatin may contribute to the suppressed regenera-
tive capacity of aged muscle. 

 Seeking to prevent or overcome sarcopenic muscle atrophy, other studies have 
identifi ed the inhibition of myostatin-Smad2/3 signalling as a potential therapeutic 
target. Mice lacking myostatin have been reported to exhibit reduced susceptibility 
to ageing-associated atrophy of fast twitch muscle fi bres compared with wild-type 
mice. Treatment of aged mice with neutralising antibodies that target myostatin has 
also been shown to preserve muscle mass and force-producing capacity, and reduce 
markers of apoptosis (Murphy et al.  2010 ). Similar effects have been achieved using 
recombinant viral vectors to deliver myostatin prodomain constructs to old animals 
(Collins-Hooper et al.  2014 ) or via the administration of soluble ActRIIB receptors 
as ligand traps (Chiu et al.  2013 ). In aged mice, attenuation of TGF-β signalling 
using a receptor kinase inhibitor has also proven benefi cial for enhancing muscle 
regeneration after experimental injury (Carlson et al.  2009 ). Paralleling the benefi ts 
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of losartan treatment in mouse models of muscular dystrophy, administering losar-
tan to aged mice confers improvements in muscle mass and function and reduced 
fi brosis (Burks et al.  2011 ). Combined, these studies support further investigation 
into blocking TGF-β signalling as a preventative or restorative intervention for 
sarcopenia.  

5.5.5     Cachexia 

 As many as 80 % of all patients contending with the progression of advanced cancer 
exhibit symptoms of cachexia, a debilitating syndrome characterised by the loss of 
body mass and fatigue (Tisdale  2009 ). The loss of muscle mass is a leading contrib-
uting factor for increased morbidity and mortality among cancer patients, account-
ing for nearly 30 % of cancer-related deaths (Anker et al.  2003 ; Tisdale  2002 ,  2009 ). 
Perturbation of the autoimmune, neuromuscular and infl ammatory systems has also 
been implicated in the manifestation of cachexia (Jespersen et al.  2006 ; Tan and 
Fearon  2008 ). The degree of weight loss experienced by patients varies by cancer 
type, with cachexia occurring especially frequently and being particularly severe in 
association with pancreatic and gastric cancers (Dewys  1986 ). Although a common 
side effect of cancer and chemotherapy is decreased appetite (Theologides  1979 ), 
cachexia is a hypercatabolic state that cannot be reversed by hyper-caloric food 
intake (Bosaeus et al.  2001 ). Importantly, cachexia is not unique to patients with 
cancer, as patients with other forms of chronic illness can present with similar 
degrees of wasting. A particularly striking example is that of cardiac cachexia diag-
nosed in patients with chronic heart failure. Severe loss of muscle mass in these 
individuals has similar implications as in patients with cancer, with signifi cant 
weight loss representing a contributing factor to death in a signifi cant percentage of 
patients with heart disease (Glass and Roubenoff  2010 ; Wigmore et al.  1997 ). 

 Our understanding of the aetiology of cancer cachexia has greatly improved in 
recent years, with the current model recognising the condition as a product of the 
combined insult of tumour- and host-derived factors (Fearon et al.  2013 ; Morley 
et al.  2006 ). Increased expression and excess signalling of the pro-infl ammatory 
cytokines TNF-α, IL-6 and IL-1β are heavily implicated in the manifestation of 
cachexia (Iwase et al.  2004 ; Kuroda et al.  2007 ; Moses et al.  2009 ; Oliff et al.  1987 ; 
Scott et al.  1996 ), but in tandem with these pro-cachectic factors, a growing body of 
work has identifi ed specifi c TGF-β family proteins as dominant players in patho-
genesis of cachexia (Zhou et al.  2010 ). 

 TGF-β family members that have been associated with cancer cachexia include 
TGF-β1 (Ikushima and Miyazono  2010 ), activin A (Pirisi et al.  2000 ; Wildi et al. 
 2001 ), BMP-4 (Thawani et al.  2010 ), GDF-15 (Bauskin et al.  2006 ) and myostatin 
(Lokireddy et al.  2012 ). Several studies have also established direct effects of spe-
cifi c TGF-β proteins as cachectic factors. Administration of TGF-β1 into mice 
xenografted with human breast cancers induced severe weight loss and fi brosis 
(Zugmaier et al.  1991 ). Elevated levels of activin A and activin B induced in mice 
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as a consequence of inhibin knock-out promotes rapid loss of muscle and fat mass 
that is ultimately fatal (Matzuk et al.  1992 ,  1994 ). Systemic overexpression of myo-
statin or activin A in mice by implantation of genetically engineered Chinese ham-
ster ovary cells also promotes extensive wasting of lean and fat mass (Zhou et al. 
 2010 ; Zimmers et al.  2002 ). Importantly, both activin and myostatin have also been 
shown to induce signifi cant muscle wasting if over expressed in healthy mice in the 
absence of other tumour-derived factors (Chen et al.  2014 ). These fi ndings illustrate 
that excessive levels of specifi c TGF-β family ligands can be considered as direct 
contributors to the development of cachexia, and thus may also serve as sensitive 
biomarkers of patient prognosis. 

 The growing interest in the TGF-β network as a factor in the etiology of cachexia 
has spurred considerable effort to evaluate interventions that might modulate the 
actions of excessive TGF-β ligand levels. SB431542, a small molecule inhibitor of 
TGF-β signalling via selective antagonism of ALK4/5/7 (Laping et al.  2002 ), has 
proven capable of reducing the tumourigenic effects of TGF-β (Halder et al.  2005 ; 
Watt et al.  2010 ). Treatment mice bearing activin-expressing tumours with antibod-
ies against activin A was effective at reversing cachexia and prolonging survival 
(Zhou et al.  2010 ). Antibodies designed to neutralise myostatin have also demon-
strated effi cacy in protecting mice bearing cachexia-inducing carcinomas (Murphy 
et al.  2011 ). Arguably, the most potent effects have been observed in studies evalu-
ating the administration of soluble ActRIIB receptors as ‘ligand traps’ for circulat-
ing TGF-β family members (Zhou et al.  2010 ). Promising results in mouse models 
have motivated the clinical evaluation of soluble ActRIIA and ActRIIB designs 
(Attie et al.  2013 ).

  The use of modifi ed receptors, however, has raised concerns about the potential 
off-target effects as they still retain their capacity to bind multiple ligands (Massague 
 1998 ), which could disrupt normal endogenous signalling. One such concern is the 
potential disruption of BMP-9 and BMP-10, which operate as regulators of angio-
genesis (Allen and Unterman  2007 ; Vallese et al.  2013 ; Zhang and Bradley  1996 ). 
Concerns over adverse events have recently tempered enthusiasm for continued 
development of soluble ActRIIB receptors for long-term. However, the exploration 
of TGF-β network antagonism as a treatment for diseases associated with muscle 
wasting is still a fi eld of in its infancy. Continued study will hopefully yield useful 
interventions for long-term patient benefi ts (Attie et al.  2013 ).

  One alternative to soluble ActRII-based interventions currently showing promise 
is the use of antibodies directed against the endogenous ActRIIB receptor (Lach-
Trifi lieff et al.  2014 ). This intervention has been demonstrated to increase muscle 
mass in both animals and human subjects with conditions of muscle wasting. 
However, given the previously reported side-effect risks of using soluble ActRIIB 
receptors (Attie et al.  2013 ), it may also eventuate that targeting the endogenous 
ActRIIB receptor at the systemic level may present similar challenges. Consequently, 
ligand-specifi c inhibitors may prove the most effective strategy to mitigate muscle 
wasting with minimal risk of off-target effects. These may take the form of antibod-
ies (Yaden et al.  2014 ) or proteins that mimic the prodomain of specifi c TGF-β 
ligands (Chen et al.  2015 ). The latter approach was recently shown to effectively 
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prevent activin-induced muscle wasting in mouse models (Chen et al.  2015 ). 
Ongoing research should help to identify the most promising approaches for modu-
lating the TGF-β network to combat muscle wasting.   

5.6     Concluding Remarks 

 The complexity of the TGF-β network provides the means for this system to fi nely 
regulate a variety of different cellular processes in many different cell types and 
organ systems, including skeletal muscle. Considerable effort has provided us with 
an appreciation for the role of the TGF-β network as a regulator of skeletal muscle 
development and adaptation, and when perturbed, as a contributor to muscle dis-
ease. However, it is clear that our understanding of the signifi cance of the TGF-β 
network in muscle will be enhanced with continued examination of TGF-β family 
members and their signalling mechanisms. Novel approaches to modulating the 
TGF-β network are increasingly showing promise as prospective interventions for 
muscle disease. Though hurdles remain to be faced in realising the widespread clin-
ical use of these approaches, continued dedication to better understanding the 
TGF-β network in muscle will hopefully aid the development of invaluable new 
therapeutics, and help us to more completely defi ne the mechanisms that govern the 
attributes of skeletal muscle in health and disease.     
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    Chapter 6   
 Adipokines in Healthy Skeletal Muscle 
and Metabolic Disease                     

       C.  A.     Coles    

    Abstract     Adipose tissue not only functions as a reserve to store energy but has 
become of major interest as an endocrine organ, releasing signalling molecules 
termed adipokines which impact on other tissues, such as skeletal muscle. Adipocytes, 
within skeletal muscle and adipose tissue, secrete adipokines to fi nely maintain the 
balance between feed intake and energy expenditure. This book chapter focuses on 
the three adipokines, adiponectin, leptin and IL-6, which have potent effects on skel-
etal muscle during rest and exercise. Similarly, adiponectin, leptin and IL-6 enhance 
glucose uptake and increase fatty acid oxidation in skeletal muscle. Fatty acid oxida-
tion is increased through activation of AMPK (adenosine monophosphate-activated 
protein kinase signalling) causing phosphorylation and inhibition of ACC (acetyl-
coenzyme A carboxylase), decreasing availability of malonyl CoA. Leptin and adipo-
nectin also control feed intake via AMPK signalling in the hypothalamus. Adipokines 
function to maintain energy homeostasis, however, when feed intake exceeds energy 
expenditure adipokines can become dysregulated causing lipotoxicity in skeletal 
muscle and metabolic disease can prevail. Cross-talk between adipocytes and skeletal 
muscle via correct control by adipokines is important in controlling energy homeo-
stasis during rest and exercise and can help prevent metabolic disease.  

  Keywords     Adipokines   •   Adipocytokines   •   Adiponectin   •   Leptin   •   Interleukin-6   • 
  Skeletal muscle   •   Adipose tissue   •   Metabolism   •   Exercise   •   Insulin resistance   • 
  Infl ammation  

6.1       Introduction 

 Adipose tissue was originally believed to solely serve as an energy reserve, storing 
lipids in order to fi nely maintain the homeostatic balance between food intake and 
energy expenditure. In the last decade adipose tissue has prevailed as an endocrine 
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organ responsible for expression and release of signalling molecules in the circula-
tion, having potent effects on other tissues involved in energy homeostasis including 
skeletal muscle, liver and hypothalamus. These signalling molecules are termed 
adipokines or adipocytokines, characterised as being expressed and secreted by 
 adipocytes into the circulation to target receptors in other tissues. Skeletal muscle is 
the largest insulin-sensitive tissue in the body, responsible for the majority of 
insulin- stimulated glucose uptake and storage, in order to store energy during feed-
ing and maintain energy demand during expenditure (Stump et al.  2006 ). Therefore 
cross- talk between energy reserves, such as adipose tissue and skeletal muscle, is 
vital to fi nely manage energy homeostasis. Adipokines have emerged as being fun-
damental in controlling the signals between tissues whilst maintaining energy bal-
ance. In times when food intake exceeds energy expenditure this fi nely tuned system 
becomes overwhelmed and metabolic disease prevails. Ultimately, adipokines 
become dysregulated contributing to insulin resistance in skeletal muscle and an 
increase in free circulating fatty acids. Exercise has been shown to improve insulin 
resistance in skeletal muscle. There are numerous adipokines; however this chapter 
aims to discuss three adipokines, adiponectin, leptin and interleukin-6 (IL-6) as 
their effects on skeletal muscle during energy homeostasis, including rest and exer-
cise, have been well documented.  

6.2     Function of Adipokines and Their Role in Healthy 
Skeletal Muscle 

6.2.1     Adiponectin 

6.2.1.1     Background and Metabolism 

 Adiponectin is a 30 kDa adipokine expressed and secreted exclusively from differ-
entiated adipocytes and is important for energy homeostasis acting in skeletal mus-
cle, brain and liver. Adiponectin is also referred to as  Acrp30, AdipoQ, apM1, Gbp28  
(Kraemer and Castracane  2007 ) and is found pre-dominantly in circulating plasma 
at substantial levels, up to 5 to 10 μg/ml in healthy humans (Matsuzawa et al.  2004 ). 
There are two forms of adiponectin that exist in plasma, the full-length form and a 
proteolytic cleaved fragment of the globular C-terminal domain (Fruebis et al.  2001 ). 
Two receptors with affi nity for adiponectin are AdipoR1 and AdipoR2. AdipoR1 is 
expressed in skeletal muscle and brain and AdipoR2 is mainly expressed in the liver, 
with the globular C-terminal cleavage fragment having high affi nity with AdipoR1 
and full-length adiponectin having higher affi nity for AdipoR2 (Duntas et al.  2004 ; 
Kubota et al.  2007 ). Adiponectin was fi rst identifi ed as a being signifi cantly low in 
adipose tissue in obese mice and humans (Hu et al.  1996 ), reduced in plasma of 
obese humans (Arita et al.  1999 ), reduced in patients with type II diabetes (Hotta et 
al.  2001 ) and decreased with increased body mass index (BMI) related to elevated 
adiposity (Matsuzawa et al.  2004 ). Insulin resistance associated with lipoatrophic 
mice was reversed by administration of adiponectin (and more potently when 
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combined with leptin) (Yamauchi et al.  2001 ). This distinct association of adiponec-
tin, insulin resistance and metabolic disease (discussed in more detail in part II) lead 
to investigations into discovery that adiponectin is important in sensitising cells to 
insulin and increasing mitochondrial fatty acid oxidation in skeletal muscle (Fruebis 
et al.  2001 ; Yamauchi et al.  2001 ,  2002 ). Globular adiponectin enhances glucose 
uptake by GLUT4 translocation and decreases rates of glycogen synthesis, shifting 
glucose towards lactate production in skeletal muscle (Ceddia et al.  2005 ). Thus it is 
through this enhanced glucose uptake adiponectin is believed to increase insulin 
sensitivity. Increased fatty-acid oxidation in skeletal muscle is also found to be 
through globular adiponectin binding to AdipoR1 (and less potently AdipoR2) to 
activate AMP-kinase (Ceddia et al.  2005 ). Activation of AMP-K inactivates acetyl-
coenzyme A carboxylase and decreases malonyl CoA (similarly like IL-6) to 
enhance fatty acid oxidation in skeletal muscle (Tomas et al.  2002 ; Ceddia et al. 
 2005 ; Yoon et al.  2006 ) (described in more detail Sect.  6.2.4 ). In addition to this, 
adiponectin stimulates AMPK (through receptor binding to AdipoR1) in the hypo-
thalamus to increase food intake and decrease energy expenditure (Kubota et al. 
 2007 ).  

6.2.1.2     Adiponectin and Exercise 

 Exercise is associated with enhancing insulin sensitivity (Tamura et al.  2005 ; Ikeda 
et al.  2013 ). In light of the fi ndings that adiponectin has been involved in increasing 
insulin sensitivity it is thought adiponectin concentrations may be altered during 
exercise. However, investigations following acute (short-term ≤ 60 min and long- 
term ≥ 60 min) and chronic (short-term ≤ 12 weeks and long-term ≥ 12 weeks) have 
shown minimal adjustments in adiponectin concentrations. In a study where elite 
rowers performed a 6000-m ergometer test (20 min), plasma adiponectin was 
decreased immediately after exercise but elevated above pre-exercise levels follow-
ing 30 min of recovery (Jurimae et al.  2005 ). Similarly, adiponectin was not altered 
immediately after exercise but increased above pre-exercise values after 30 min of 
recovery following 6.5 km of rowing by trained rowers. In contrast, no change in 
adiponectin has been found following acute short-term exercise where healthy male 
subjects ran at 79 % of VO 2  max for 30 min. Acute long-term exercise also did not 
alter plasma adiponectin levels in healthy males and females cycling at 60 % VO 2  
max for 60 min (Ferguson et al.  2004 ) and males cycling at 50 % VO 2  max for 
120 min (Punyadeera et al.  2005 ). Punyadeera et al. ( 2005 ) found gene expression 
 AdipoR1  and  AdipoR2  in muscle was not altered even though adipose tissue lipoly-
sis and plasma free fatty acids were. These authors showed histologically adiponec-
tin is present at the sarcolemma of skeletal muscle fi bres. The authors believe 
discrepancies between studies and the increased adiponectin in the rowing experi-
ments are possibly due to a large proportion of muscles being used during rowing, 
and the anaerobic nature of the exercise resulting in greater energy expenditure. 

 Contradicting results are also apparent for adiponectin concentrations in 
response to chronic short and long-term training. Young (mean age 22) and middle-
aged (mean age 60) women who undertook a 10-week aerobic training program, 
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where they trained three times weekly at 70 VO 2  max displayed increased serum 
adiponectin (greater in the middle-aged women) with improved insulin sensitivity 
(Lim et al.  2008 ). However, Hulver et al. ( 2002 ) found no exercise-induced change 
in adiponectin where insulin action was improved, body weight was reduced. In 
addition, elite male rowers who trained 7 times weekly for 24-weeks at low inten-
sity showed no difference in post-exercise adiponectin from pre-exercise levels 
(Jurimae et al.  2007 ). 

 In summary the effects of exercise on adiponectin in healthy individuals are not 
well understood. Overall, it is believed adiponectin increases where duration, fre-
quency and intensity is suffi cient enough to increase insulin sensitivity with body 
weight loss and when all muscles are being used in exercises of high intensity of 
great energy expenditure. Adiponectin may serve as a signal to utilise energy stores 
only when the body is at high energy demand.   

6.2.2     Leptin 

6.2.2.1     Background and Metabolism 

 Leptin is a 16 kDa protein found circulating in serum and is expressed primarily by 
adipocytes but additionally expressed in skeletal muscle, liver, gastric wall, vascular 
cells placenta and ovary (Bouassida et al.  2010 ). Gene expression and serum levels 
of leptin correlate with body fat, therefore are increased in obesity and reduced with 
weight loss (Boden et al.  1996 ; Considine et al.  1996 ). Leptin is encoded by the 
 Obese (ob)  gene, in mouse and humans, important for reducing food intake and 
increasing energy expenditure (Halaas et al.  1995 ) via interaction with the  Ob  
receptor, which has numerous spliced variants (Ob-Ra: leptin transporter, Ob-Rb: 
long form with intracellular signalling domain, Ob-Re: soluble form of transmem-
brane receptor, Ob-Rc and Ob-Rd) (Meier and Gressner  2004 ; Koerner et al.  2005 ). 
In normal mice, leptin treatment reduces body weight (Halaas et al.  1995 ). 
Administration of recombinant leptin to mutant  Ob  mice, which display symptoms 
including obesity, increased fat deposition, hyperglycaemia and hyperinsulinemia, 
had reduced food intake, increased body weight loss and reduced body fat 
(Pelleymounter et al.  1995 ; Halaas et al.  1995 ). In addition, Pelleymounter et al. 
( 1995 ) showed leptin’s effects on body weight loss was dose dependent also decreas-
ing serum concentrations of insulin and glucose in a dose dependent manner. Leptin 
expression is diurnal, increasing during the night for appetite suppression during 
sleep (Saladin et al.  1995 ; Sinha et al.  1996 ). In rats, leptin expression was also 
regulated by feeding patterns where night time levels were reduced after feeding 
(fasting) rats (Saladin et al.  1995 ). Fasting in humans causes large decreases in 
serum leptin levels. After 52 h of fasting in normal weighted and obese humans, 
leptin serum levels declined 64 % and 72 % respectively, this was prevented by IV 
administration of glucose to maintain basal plasma glucose and insulin concentra-
tions (Boden et al.  1996 ). Leptin targets the arcuate nucleus (Arc) and ventromedial 
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nucleus (PVN) areas in the hypothalamus in reducing food intake and body weight 
(Sahu et al.  2011 ). Studies on leptin prove it be an important adipokine in regulating 
talk between adipose tissue, the hypothalamus and skeletal muscle to ensure ade-
quate energy reserves are available, thus maintaining energy homeostasis. 

 In skeletal muscle, leptin interacts with Ob-R long and short form (Murakami 
et al.  1997 ) to stimulate fatty acid oxidation, increase glucose uptake and prevent 
accumulation of lipids in non-adipose tissue. Leptin treatment increases fatty acid 
uptake and oxidation in mice fed a high-fat diet (for 3-months) independent of 
leptin-induced energy intake. Treatment of leptin to the  soleus  muscle increased 
fatty acid oxidation by 42 % and decreased incorporation of fatty acids into triacyl-
glycerol by 35 % (Muoio et al.  1997 ). In contrast to insulin administration in the 
 soleus  muscle which decreased fatty acid oxidation by 40 % and increased triacylg-
lycerol synthesis by 70 % (Muoio et al.  1997 ). The  extensor digitorum longus  
(EDL) muscle showed minimal effects in response to leptin treatment thought to be 
being a highly glycolytic muscle, with much less oxidative enzymes, mitochondria 
and a reduced capacity to store and utilise triacylglycerol as an energy reserve 
(Muoio et al.  1997 ). When administered with insulin, leptin reduced triacylglycerol 
synthesis by 50 % in both the EDL and  soleus  muscle. Leptin stimulates fatty acid 
oxidation through activation of AMPK, a potent inhibitor of ACC (described in 
detail in Sect.  6.2.4 ) attenuating lipid biosynthesis and thus activating fatty acid 
oxidation (Minokoshi et al.  2002 ; Suzuki et al.  2007 ). In addition to increasing fatty 
acid oxidation in skeletal muscle, leptin also stimulates glucose transport in skeletal 
muscle. This is supported by Yaspelkis et al. ( 1999 ) who also showed improvements 
in insulin-stimulated glucose transport in skeletal muscle after leptin administration 
in rats. Injection of leptin into the medial hypothalamus, making it accessible to 
ventromedial hypothalamic nucleus, increases glucose uptake in skeletal muscle. In 
summary, leptin is important in the regulation of glucose uptake in skeletal muscle 
via its action in the hypothalamus and to stimulate fatty acid oxidation directly in 
skeletal muscle through AMPK signalling.  

6.2.2.2     Leptin and Exercise 

 The effect of acute short-term exercise on leptin concentrations in healthy subjects 
has been investigated. Leptin concentrations declined, immediately after and 30 
min, following a 30-min ergometer rowing test (Jurimae et al.  2005 ). Plasma leptin 
concentrations also decreased in male and females immediately after 20 min of run-
ning at 70 % VO 2  max (following an overnight fast) (Legakis et al.  2004 ). Basal 
levels of leptin returned 1 h following the exercise. Zafeiridis et al. ( 2003 ) investi-
gated the effect of three resistance training protocols (maximum strength, muscular 
hypertrophy and strength endurance training) on leptin levels. Plasma levels 
decreased following 30 min of exercise, however this was not different to control 
groups who did not exercise. The decline in leptin was believed to be due to an 
overnight fast, thus different protocols of resistance training did effect leptin con-
centrations in plasma. 
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 In response to acute long-term exercise plasma leptin concentrations show vary-
ing alterations. In competitive endurance races with differing duration and energy 
expenditure, (1) half-marathon 21 km, energy expenditure (EE) 5852 kJ: (2) ski- 
alpinism 45 km, EE 20,900 kJ: (3) ultra-marathon 100 km, 29,269 kJ, plasma leptin 
levels were decreased (within 20 min post-race) in subjects who completed the ski- 
alpinism and ultra-marathon race but not the half-marathon. Plasma free fatty acids 
were increased signifi cantly after each race displaying a negative correlation with 
per cent reduction in leptin. Leptin levels were found to be decreased following 
60 min of moderate intensity (70 % VO 2  max) 24 h and 48 h post-exercise (subjects 
had 12 h fast prior to exercise) (Olive and Miller  2001 ). A trend for decreased leptin 
occurs following long-term acute exercise when energy expenditure is high. 

 Plasma leptin concentrations following chronic short-term (≤12 weeks) and 
long-term training (≥12 weeks) also show varying results. Males who completed a 
14-day ski expedition where they were active for 10 h per day, carrying 25 kg and 
skiing between 12 and 30 km/day displayed reduced plasma leptin concentrations at 
the end of the 14-days. Leptin levels increased after 6 weeks of recovery but not to 
pre-race levels (Eriksson et al.  2008 ). Highly trained rowers who also performed 
chronic short-term training (2000 m ergometer test) following 3 weeks of heavy 
training had reduced leptin levels (Jurimae et al.  2003 ). In contrast, a 6-week resis-
tance training protocol did not alter plasma leptin concentrations even though fat 
mass was reduced by 7 % (Ara et al.  2006 ). For long-term training studies, Desgorces 
et al. ( 2004 ) found leptin to be decreased in trained rowers who completed a 90 min 
exercise session at 70–75 % VO 2  max following a 36-week rowing protocol. 
Fatouros et al. ( 2005 ) found leptin not to be changed in healthy control subjects fol-
lowing a 24-week resistance training program (three times weekly for 60 min). In 
summary, the effects of exercise on circulating leptin following chronic short and 
long term exercise programs vary between studies, but show either no change or a 
decrease in plasma leptin levels. The decrease in leptin levels is attributed to exer-
cises with high energy demand and where a large proportion of muscles are 
utilised.   

6.2.3     Interleukin-6 

6.2.3.1     Background and Metabolism 

 Interleukin-6 (IL-6) is well known for its regulation in pro-infl ammatory signalling 
during immune responses and host defence mechanisms. During sepsis circulating 
IL-6 increases. Recently IL-6 has emerged as an important signalling molecule dur-
ing exercise and metabolic processes to maintain energy homeostasis. Termed an 
adipokine and myokine, circulating plasma IL-6 can act on adipose tissue and skel-
etal muscle. At rest adipose tissue accounts for 10–35 % of the circulating plasma 
IL-6 levels (Mohamed-Ali et al.  1997 ), with adipocytes and non-adipocyte cells 
within the tissue extracellular matrix also secreting IL-6 (Hoene and Weigert  2008 ). 
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Interstitial concentrations of IL-6 in adipose tissue are 100-fold higher than in cir-
culating plasma (Sopasakis et al.  2004 ) suggesting local effects on adipocytes and 
other cell types such as macrophages. IL-6 produced from visceral fat is greater than 
that released from subcutaneous adipose tissue (Fain et al.  2004 ). Direct effects of 
IL-6 on adipocytes include increased lipolysis and whole body fat oxidation (Hoene 
and Weigert  2008 ). The metabolic role of IL-6 is further supported in IL-6 defi cient 
mice which develop mature-onset obesity, this can be rescued by treatment with 
IL-6 (Wallenius et al.  2002 ).  

6.2.3.2     IL-6 and Exercise: The Energy Sensor in Skeletal Muscle 

 During physical activity, plasma IL-6 concentration increases dramatically, by up 
100-fold during strenuous exercise (Ostrowski et al.  1998 ). During prolonged exer-
cise (2 h marathon) IL-6 was detectable in plasma and skeletal muscle immediately 
(plasma concentration 100-fold greater than pre-exercise) and 2 h (plasma concen-
tration 25-fold greater than pre-exercise) post-exercise (Ostrowski et al.  1998 ). Due 
to IL-6 being well established as a pro-infl ammatory cytokine and the concomitant 
increase in creation kinase (marker of muscle damage), the spike in IL-6 during 
exercise was fi rst believed to be secreted from infl ammatory cells in response to 
exercise-induced muscle damage. However, elevations in plasma IL-6 are not 
related to muscle damage (Toft et al.  2002 ) and monocytes are not to be the source 
of IL-6 during exercise (Starkie et al.  2000 ,  2001 ). A study by Steensberg et al. 
( 2000 ), whereby six healthy males performed one-legged dynamic knee extensor 
exercise (at 40 % peak power) for 5 h, were able to show that the contracting muscle 
(working leg) was the source of IL-6 release and responsible for elevations in IL-6 
plasma concentration. Repetitive low-intensity exercise also results in a large 
increase in IL-6 but only locally within the contracting muscle, not within the arte-
rial circulation (Rosendal et al.  2005 ). Steensberg et al. ( 2000 ) were also able to 
show that the exercise-induced elevation in IL-6 (both local and arterial) increased 
with duration of exercise. IL-6 release from contracting skeletal muscle is myofi bre 
specifi c, predominantly to Type 2 myofi bres (Hiscock et al.  2004 ). Adipose tissue is 
not believed to contribute to increased plasma IL-6 concentration during exercise 
(Lyngsø et al.  2002 ). Thus during exercise IL-6 serves more potently as a myokine 
rather than an adipokine which appears to just have local effects within adipose tis-
sue. Nonetheless the role of IL-6 as circulating endocrine factor enables cross-talk 
between adipose tissue, skeletal muscle and the liver during energy homeostasis. 

 IL-6 has been termed the ‘energy sensor’ due to substantial increases in its gene 
expression and protein release during exercise when glycogen levels are low (Keller 
et al.  2001 ; Steensberg et al.  2002 ; Fischer et al.  2004 ). Ingestion of glucose during 
exercise has shown to attenuate the spike in IL-6 during exercise (Febbraio et al. 
 2003 ). The role of IL-6 when glycogen reserves are made low during exercise was 
made evident in a study where healthy untrained but active humans received treat-
ment of recombinant human IL-6 to cause enhanced fatty acid concentration and 
turnover, independent of adrenaline, insulin or glucagon (Van Hall et al.  2003 ). This 
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demonstrates IL-6 increases lipolysis and is an important modulator of whole-body 
fat oxidation, supported by work of others (Bruce and Dyck  2004 ; Petersen and 
Pedersen  2005 ). Moreover, Bruce and Dyck ( 2004 ) showed IL-6 regulates fatty acid 
oxidation in skeletal muscle and attenuates insulin’s ability to repress fatty acid 
oxidation and stimulation of lipogenesis. In light of this IL-6 exercise-induced 
response is found to be much lower in magnitude in a trained athlete, whose glyco-
gen content is increased, has greater capacity to oxidise fat and less dependency to 
utilise plasma glucose and glycogen reserves as an energy substrate (Fischer et al. 
 2004 ; Pedersen  2012 ). Exercise training is also believed to sensitise IL-6 to the IL-6 
receptor (IL-6R), this comes from the fi nding that IL-6R mRNA is increased in a 
trained skeletal muscle (Keller et al.  2005 ). IL-6 signals through AMP-activated 
protein kinase (AMPK) to increase basal glucose uptake and translocation of 
GLUT4 (Carey et al.  2006 ). This also evident in IL-6 KO mice which have dimin-
ished AMPK activity in muscle and adipose tissue (Ruderman et al.  2006 ).   

6.2.4       Skeletal Muscle Fatty Acid Oxidation and Increased 
Glucose Uptake Via Adipokine Mediated AMPK 
Activation 

 The adipokines leptin, adiponectin and IL-6 function to increase glucose uptake and 
fatty acid oxidation in skeletal muscle. These metabolic processes are induced 
through activation of the enzyme AMPK. AMPK can increase glucose uptake 
through enhanced glucose transporter 4 (GLUT4) translocation to the plasma mem-
brane (Ruderman et al.  2006 ; Friedrichsen et al.  2013 ). In a neutral state (when 
AMPK is not activated), malonyl-CoA (derived from glucose) inhibits carnitine 
palmitoytransferase-1 (CPT-1), the enzyme responsible for transfer of long-chain 
fatty acyl-CoA (FA-CoA from the cytosol into the mitochondria for fatty acid oxi-
dation (through the  fatty-acid β-oxidation pathway ) (Ruderman et al.  2006 ). 
Suppression of CPT-1 makes more FA-CoA available in the cytosol for triglyceride 
and diacylglycerol synthesis (lipogenesis). Activation of AMPK by leptin, adipo-
nectin and IL-6 leads to phosphorylation of AMPK, phosphorylating and inhibiting 
ACC to diminish malonyl-CoA concentration (Berggren et al.  2005 ). By decreasing 
malonyl-CoA, CPT-1 transports FA-CoA across the mitochondrial membrane for 
fatty acid oxidation. In addition to this, AMPK can decrease ACC through tran-
scriptional regulation of SREBP1C and activate expression of PGC1α to increase 
direct synthesis of CPT-1 and enhance expression of genes regulating mitochondrial 
biogenesis and oxidative phosphorylation (Ruderman et al.  2006 ). Adiponectin and 
leptin were shown to be important for AMPK induced deacetylation of PGC1α 
(activating mitochondrial biogenesis) in C2C12 cell  in vitro  (Li et al.  2011 ) .  

 Leptin and adiponectin can infl uence food intake through AMPK signalling in 
the hypothalamus. Adiponectin activates AMPK as described above during fasting 
to increase food intake and leptin can suppress food intake during feeding (Kubota 
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et al.  2007 ). Leptin functions to decrease Arc and PVN AMPK phosphorylation and 
subsequent ACC phosphorylation to activate ACC, increasing malonyl-CoA and 
thus fatty acid biosynthesis (Gao et al.  2007 ). Availability of cellular malonyl-CoA 
inhibits mitochondrial CPT-1 and therefore fatty acid oxidation (Minokoshi et al. 
 2008 ). Inhibition of CPT-1 activity in the hypothalamus has shown to suppress food 
intake (Obici et al.  2003 ). A rise in hypothalamic malonyl-CoA signals skeletal 
muscle to increase fatty acid oxidation via the sympathetic nervous system (SNS) 
and β-adrenergic receptors (Cha et al.  2006 ). Leptin also infl uences glucose uptake 
in skeletal muscle in the hypothalamus via the SNS and β-adrenergic receptors 
(Minokoshi et al.  2012 ). Other studies have shown AMPK is activated to increase 
fatty acid oxidation in skeletal muscle and hypothalamus independent of malonyl- 
CoA. Chronic treatment of leptin increased AMPK and ACC phosphorylation with-
out reducing malonyl-CoA in the  soleus  and  gastrocnemius  muscle (Steinberg et al. 
 2003 ) and hypothalamus (Keung et al.  2011 ) Fig.  6.1 .

  Fig. 6.1     Adiponectin, leptin and IL-6 induced-AMPK signalling.  Leptin, adiponectin and IL-6 
receptor binding causes phosphorylation of AMPK, phosphorylating ACC causing its inactivation. 
Inactivated ACC reduces availability of malonyl-CoA inhibiting lipogenesis in the cytosol, ulti-
mately causing more FA-CoA to be available for transport across mitochondrial membrane for 
increased fatty acid oxidation. In skeletal muscle, this pathway has shown to be active independent 
of malonyl-CoA (AMPK: adenosine monophosphate-activated protein kinase, ACC: acetyl- 
coenzyme A carboxylase, FA-CoA: fatty acyl-CoA) (Figure part modifi ed from Kahn et al.  2005 )       
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6.3         Part II: Adipokines and Metabolic Disease 

6.3.1     Metabolic Disease and Impact on Skeletal Muscle 

 Adipose tissue serves as an energy reserve to facilitate energy requirements whilst 
fasting and during times when energy expenditure is high, such as exercise. When 
the balance between fuel intake and energy consumption is not matched, thus food 
intake exceeds energy expenditure, lipids accumulate overloading mechanisms to 
balance energy homeostasis leading to the development of metabolic disease. 
Metabolic disease has become increasingly prevalent in developed industrialised 
countries. In a national health and nutrition examination survey in North America, 
metabolic syndrome was present in 22.8 % and 22.6 % of male and female adults 
respectively (Park et al.  2003 ). Insulin resistance is a common symptom of the met-
abolic diseases, diabetes, metabolic syndrome and obesity. Metabolic syndrome is 
characterised as displaying symptoms including high blood pressure, insulin resis-
tance, hyperlipidemia and obesity. Obesity is defi ned in subjects with increased 
lipids in subcutaneous, visceral adipose tissue, ectopic lipid accumulation in non- 
adipose tissue including skeletal muscle and increased circulating fatty acids. Lipid 
overload, particularly in adipose tissue and skeletal muscle, affects insulin sensitiv-
ity and normal skeletal muscle maintenance and regeneration (Akhmedov and 
Berdeaux  2013 ). Mice fed a high fat diet for 8-months had impaired muscle regen-
eration after cardio-toxin muscle injury, whereby myofi bres were smaller with 
increased interstitial collagen deposition (Hu et al.  2010 ). In addition, mice fed a 
high-fat diet for 3 weeks had reduced number of satellite cells following cold- 
induced injury (Woo et al.  2011 ). Muscle biopsies from obese people with type II 
diabetes mellitus have shown increased accumulation of intramyocellular lipids 
(IMCL: lipids within myofi bres) (Goodpaster et al.  2000 ). Moreover, extramyocel-
lular lipids (EMCL: lipids within adipocytes between myofi bres) are associated 
with obese patients with insulin resistance and poor muscle performance (Hilton 
et al.  2008 ; Malenfant et al.  2001 ). Lipotoxicity whereby pools of saturated fatty 
acids are high can cause increased apoptosis of L6 and C2C12 muscle cells 
(Akhmedov and Berdeaux  2013 ). Endurance trained athletes have shown increased 
IMCL, not related to insulin resistance (Kiens  2006 ). However, the lipid metabolites 
ceramide, diacylglycerol and long chain fatty acyl CoA esters have been associated 
with causing skeletal muscle insulin resistance rather than intramyocellular triglyc-
eride (Cooney et al.  2002 ; Kraegen and Cooney  2008 ; Hla and Kolesnick  2014 ). 
Adipokines have shown to be important in regulating these metabolites to healthy 
levels. The adiponectin receptors AdipoR1 and AdipoR2 were found to be funda-
mental in adiponectin mediating a reduction in ceramide (Holland et al.  2011 ). 
Recovery of insulin and leptin action in rats on a high fat diet by endurance exercise 
also restored ceramide to control levels (Ritchie et al.  2011 ). Skeletal muscle is 
important for energy homeostasis to balance energy intake and expenditure. 
Adipokines are vital for this balance to prevent an accumulation of intramuscular 
lipids which can cause excess lipid metabolites, development of insulin resistance 
and insulin resistance.  
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6.3.2     Infl ammation and Development of Insulin Resistance 
in Metabolic Disease 

 In metabolic disease where obesity is a major contributing factor, white adipose tis-
sue (WAT) expands through adipocyte hyperplasia and hypertrophy. Weight gain 
via expansion of WAT signifi cantly impacts on whole body glucose homeostasis, 
particularly when adipocyte size increases (adipocyte hypertrophy). Larger adipo-
cytes are linked to insulin resistance and increased risk of type 2 diabetes (Salans 
et al.  1968 ; Cotillard et al.  2014 ). Cotillard et al. ( 2014 ) were able to develop a 
model to predict a greater incidence of developing type 2 diabetes with increased 
adipocyte size in two cohorts of Caucasian women who were candidates for bariat-
ric surgery. Adipocyte hypertrophy is characterised as large adipocytes containing a 
lipid volume greater than 800pL (Kloting and Bluher  2014 ). In adipose tissue where 
hypertrophic adipocytes predominate an infl ammatory microenvironment prevails. 
Hotamisligil et al. ( 1993 ) were fi rst to show TNFα is secreted from adipose tissue 
of obese mice. The source of TNFα comes from an infi ltration of M1 macrophages 
(M1: pro-infl ammatory macrophages, classically activated), also responsible for 
release of other pro-infl ammatory cytokines including, MCP-1, IL-8, IL-18, induc-
ible nitric oxide synthase (iNOS) and reactive oxygen species (ROS) (Weisberg 
et al.  2003 ; Xu et al.  2003 ; Rudich et al.  2007 ; Cao  2014 ). Obese mice defi cient in 
TNFα have reduced free circulating fatty acids and were protected from insulin 
resistance (Uysal et al.  1997 ). Furthermore, activation of the NLRP3 infl ammasome 
(Nod-like receptor, pyrin domain containing 3) contributes to release of the pro- 
infl ammatory cytokines, IL-1β and IL-18, via induction of caspase-1 cleavage in 
obesity and type 2 diabetes (Masters et al.  2010 ; Vandanmagsar et al.  2011 ). This is 
concomitant with a decrease in anti-infl ammatory cytokines, such as IL-10, from 
the M2 macrophage subtype (M2: anti-infl ammatory macrophages, alternatively 
activated). Lumeng et al. ( 2007 ) showed that diet-induced obesity leads to a shift 
from M2 polarised state as seen in lean subjects to a pro-infl ammatory M1 state. In 
addition to the development of an infl ammatory microenvironment, stress sensing 
kinases (p38 mitogen-activated protein kinase (MAPK), Jun N-terminal kinase 
(JNK), extracellular signal regulated kinase (ERK) and inhibitory-ĸB kinase (IKK)) 
are activated (Bashan et al.  2007 ; Rudich et al.  2007 ), ER (endoplasmic reticulum) 
stress is induced (Xu et al.  2010 ), autophagy (Kovsan et al.  2011 ) and apoptosis 
(Keuper et al.  2011 ) of adipocytes is exacerbated contributing further to a hypoxic 
environment. 

 Collectively these factors contribute to the development insulin resistance. TNFα 
is implicated in contributing to insulin resistance by binding to the TNF receptor 
(TNF-R55) (Hotamisligil et al.  1994 ,  1996 ; Peraldi et al.  1996 ). Activation of 
 TNF- R55 induces the ‘death domain’, enhancing A-SMase activity to cause accu-
mulation of the metabolite ceramide (Csehi et al.  2005 ). It is proposed ceramide 
activates serine kinases, such as JNK, to phosphorylate serine residues on IRS-1 
(insulin- receptor substrate), inhibiting signals from the insulin receptor (IR) and 
thus insulin sensitivity (Csehi et al.  2005 ). Stuart et al. ( 2014 ) showed in skeletal 
muscle, serine phosphorylation (Ser363) of IRS-1 (phosphorylation site of JNK1) 
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was upregulated in metabolic syndrome subjects to cause insulin resistance. IKKβ 
and JAK STAT are also involved in serine phosphorylation IRS-1 to inhibit action 
of the IR receptor and therefore insulin sensitivity (Gao et al.  2002 ; Johnston et al. 
 2003 ) Fig.  6.2 .

6.3.3        Adiponectin and Metabolic Disease 

 In animal models of obesity and insulin resistance circulatory levels of adiponectin 
are reduced (Hu et al.  1996 ; Hotta et al.  2001 ). Mice defi cient in adiponectin have 
insulin resistance and glucose intolerance (Kubota et al.  2002 ; Maeda et al.  2002 ; 
Nawrocki et al.  2006 ). Similarly in humans, plasma adiponectin levels are low and 

  Fig. 6.2     Consequences of adipocyte hypertrophy in the development of adipose tissue infl am-
mation and eventually secondary tissue damage in tissues such as skeletal muscle.  When 
energy intake exceeds energy expenditure, weight gain increases, causing adipocyte hyperplasia 
(increase in the number of adipocytes) and adipocyte hypertrophy (increase in adipocyte size). 
Adipocyte hypertrophy is linked to impaired insulin signalling, reducing insulin sensitivity. 
Activation of stress kinases, pro-infl ammatory cytokines, intracellular toxins (iNOS and ROS) lead 
to a hypoxic environment inducing autophagy, apoptosis, and adipose tissue infl ammation. 
Collectively these factors contribute to insulin resistance in metabolic disease (such as obesity and 
type 2 diabetes) and can cause secondary tissue damage in tissues such as liver, brain, endothelium, 
vasculature, endocrine organs and skeletal muscle (Figure sourced from Kloting and Bluher  2014 )       
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negatively correlate with adiposity, insulin resistance, type 2 diabetes and metabolic 
syndrome (Rabe et al.  2008 ). Gene expression of the skeletal muscle specifi c adipo-
nectin receptor ( AdipoR1 ) is suppressed in genetically obese and diabetic (db/db) 
mice (Inukai et al.  2005 ). Continuous systemic administration of recombinant adi-
ponectin reverses insulin resistance in lipoatrophic mice alleviating hyperglycae-
mia, hyperinsulinemia. Adiponectin acts by decreasing triglyceride content in 
skeletal muscle and serum free fatty acid levels (Yamauchi et al.  2001 ). The 
C-terminal globular region of adiponectin proving to be more potent in its effects 
than full-length adiponectin (Yamauchi et al.  2001 ). Adiponectin also reverses insu-
lin resistance in obese mice. Globular and full-length adiponectin function to do this 
by increasing fatty acid oxidation and decreasing triglyceride content in skeletal 
muscle and reducing serum free fatty acids (Yamauchi et al.  2001 ). Intraperitoneal 
administration of adiponectin for seven days in obese mice reduced serum glucose, 
insulin, triglycerides and weight of visceral WAT (Masaki et al.  2003 ). Treatment of 
globular adiponectin to excised skeletal muscle from lean and obese non-diabetic 
females increased skeletal muscle glucose uptake and fatty acid oxidation through 
increased AMPK activity. The effects of globular adiponectin was blunted in excised 
muscle from obese patients, AMPK activity also reduced suggestive of adiponectin 
resistance in obese subjects (Bruce et al.  2005 ). This was also found in mice whereby 
globular adiponectin resistance developed in skeletal muscle of mice following a 
high fat diet, through loss of fatty acid oxidation by ACC signalling (Mullen et al. 
 2007 ). Endurance exercise training has proved to restore insulin response (in skel-
etal muscle) of insulin-resistant rats fed a high fat diet (Ritchie et al.  2011 ). However 
in a similar study, endurance exercise did not restore adiponectin resistance (to 
stimulate fatty acid oxidation) in skeletal muscle of rats fed a high fat diet even 
though insulin action was corrected (Gulli et al.  2012 ). Furthermore, exercised- 
induced restoration of glucose and insulin was recently found to be independent of 
adiponectin (Ritchie et al.  2014 ) even though treatment and overexpression of adi-
ponectin improves insulin sensitivity (Yamauchi et al.  2001 ; Kandasamy et al. 
 2012 ). These results highlight the complexity of adiponectin signalling in adipose 
tissue and skeletal muscle during exercise and metabolic disease. 

 The importance of the adiponectin receptors,  AdipoR1  (skeletal muscle) and 
 AdipoR2  (liver), have been highlighted with the use of animal models, with reports 
of confl icting data. Targeted disruption of both  AdipoR1  and  AdipoR2  ( Adipor1-/-/
Adipo2-/- mice ) caused marked glucose intolerance and insulin resistance, proving 
to be more severe than adiponectin defi cient mice suggestive other ligands may be 
involved (Yamauchi et al.  2007 ). Disruption of just  AdipoR1  infl uenced activation 
of AMPK pathways and  AdipoR2  was predominantly associated with activation of 
PPARα, reducing infl ammation and oxidative stress (Yamauchi et al.  2007 ). Both 
pathways acting simultaneously to decrease triglyceride content and increase insu-
lin sensitivity (Yamauchi et al.  2007 ). Bjursell et al. ( 2007 ) showed opposing effects 
of  AdipoR1-/-  and  AdipoR2-/-  mice.  AdipoR2-/-  mice were lean and resistant to 
diet-induced glucose intolerance whereas  AdipoR1-/-  mice showed increased adi-
posity and decreased glucose tolerance. In contrary, Liu et al. ( 2007 ) demonstrated 
 AdipoR2-/-  mice only reduced diet induced insulin resistance. Reports on adiponec-
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tin,  AdipoR1  and  AdipoR2 , although some confl icting, prove them to be better can-
didates as a therapeutic for metabolic diseases, rather than targeting adiponectin as 
other compensatory ligands may be involved in adiponectin receptor signalling.  

6.3.4     Leptin and Metabolic Disease 

 Levels of circulating leptin are elevated in obesity models, such as mice fed a high 
fat diet (Frederich et al.  1995 ). Circulating leptin and leptin mRNA in adipose tissue 
are elevated and strongly associated with body mass index and fat mass in obesity 
(Hamilton et al.  1995 ; Lonnqvist et al.  1995 ; Considine et al.  1996 ; Bastard et al. 
 2006 ). Maffei et al. ( 1996 ) screened 105 obese/diabetic patients for mutations in the 
human  Ob  gene, no mutations in the leptin gene were evident in any of the patients. 
Montague et al. ( 1997 ) did however, fi nd a homozygous frame-shift mutation (sin-
gle deletion of guanine in codon 133) in leptin gene of two severely obese children, 
displaying symptoms consistent with the leptin defi cient mice, such as increased 
body weight and adiposity, hyperinsulinaemia and insulin resistance. These fi nd-
ings highlight the importance of leptin in regulating food intake and energy 
expenditure. 

 Deletion of the Ob gene (leptin) in mice causes obesity, displaying increased fat 
deposition, hyperglycaemia and hyperinsulinemia, reduced food intake, increased 
body weight loss and reduced body fat (Pelleymounter et al.  1995 ; Halaas et al. 
 1995 ). In skeletal muscle, defi ciency of leptin in mice caused reduced muscle mass 
(in the gastrocnemius, extensor digitorum longus and soleus) and differential gene 
expression of 1127 genes in the gastrocnemius muscle (Sainz et al.  2009 ,  2010 ). 
Gene ontology analysis found these largely constituted genes associated with oxida-
tive stress and infl ammation. Skeletal muscle oxidative stress, muscle atrophy and 
infl ammation was reversed in leptin defi cient mice by leptin administration (Sainz 
et al.  2010 ). Administration of recombinant leptin to mutant  Ob  mice also increases 
weight loss by decreasing body fat, food intake and lowering serum concentrations 
of glucose and insulin (Pelleymounter et al.  1995 ; Halaas et al.  1995 ). Chronic treat-
ment of leptin (2 weeks) in rats resulted in reduced fatty acid transport and uptake 
across the sarcolemmal membrane of red and white skeletal muscle fi bres, reducing 
intramuscular triacylglycerol depots (Steinberg et al.  2002b ) and improved fatty 
acid oxidation and hydrolysis of triacylglycerols (Steinberg et al.  2002a ). This sug-
gest leptin is important for reducing storage of intramuscular lipids. 

 Elevated leptin in metabolic disease is associated with leptin resistance, evident 
in diet-induced obesity model mice which had diminished response to peripherally 
administrated leptin (Van Heek et al.  1997 ) and mice fed a high fat-diet displayed 
reduced lipid oxidation in soleus muscle after leptin treatment (Steinberg and Dyck 
 2000 ). This confi rmed in human studies where leptin increased fatty acid oxidation 
in lean skeletal muscle but not in obese subjects (Steinberg et al.  2002c ). Human 
obesity subjects show an accumulation of intramuscular lipids (triacylglycerol and 
diacylglycerol, long chain fatty acid acyl-CoA) suggestive that fatty acid and lipid 
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metabolism is dysregulated in skeletal muscle (Consitt et al.  2009 ). Suppressor of 
cytokine signalling-3 (Socs3) is involved as a negative regulator of leptin sensitivity. 
Socs3 defi cient mice are resistant to high fat diet-induced weight gain, hyperlepti-
nemia, suppression of food intake and are insulin-sensitive (Howard et al.  2004 ; 
Mori et al.  2004 ). These mice show enhanced leptin-induced hypothalamic Stat3- 
tyrosine phosphorylation (Mori et al.  2004 ). Prolonged stimulation of the leptin 
receptor (Ob-Rb: long form), induces expression of Socs3, as a negative feedback 
mechanism by inhibiting Stat3 signal transduction to cause insulin resistance (Dunn 
et al.  2005 ). Deletion of muscle specifi c-Socs3 did not alter muscle development, 
body mass, adiposity or energy expenditure but did improve glucose tolerance and 
insulin sensitivity in high fat-diet induced-obese mice (Jorgensen et al.  2013 ). 
Leptin resistance is also accompanied with increased Socs3 in skeletal muscle 
(Steinberg et al.  2003 ). Endurance training in rats was able to reverse diet-induced 
leptin resistance in skeletal muscle, however, this appeared to be independent of 
Socs3 suggesting activation of alternate pathways inducing leptin resistance in skel-
etal muscle during exercise (Steinberg et al.  2004 ). This was accompanied by 
reduced triacylglycerol storage but not increased fatty acid oxidation (Steinberg 
et al.  2004 ). Inhibition of Socs3 as a therapy may be benefi cial to improve leptin 
sensitivity and therefore insulin sensitivity, in patients with metabolic disease such 
as obesity and type 2 diabetes. Further studies are required to understand the mecha-
nisms behind leptin resistance in skeletal muscle.  

6.3.5     IL-6 and Metabolic Disease 

 Elevated levels of plasma IL-6 have been found in obese and type 2 diabetic patients 
associated with insulin resistance (Kern et al.  2001 ; Bastard et al.  2002 ; Spranger 
et al.  2003 ). Increased IL-6 insulin resistance has also been associated with hyper-
tension in obese type 2 diabetic patients (Lukic et al.  2014 ). Elevated arterial and 
subcutaneous venous IL-6 in obese patients were negatively associated with fore-
arm glucose uptake and glucose uptake in skeletal muscle was also decreased sug-
gesting a role for IL-6 in skeletal muscle insulin resistance (Mitrou et al.  2011 ). 
Furthermore, a 3-week low calorie weight loss diet in obese subjects reduced IL-6 
levels in adipose tissue and serum (Bastard et al.  2000 ). These fi ndings are sup-
ported by the discovering the IL-6 174G > C gene variant is associated with meta-
bolic syndrome displaying insulin resistance and increased fasting insulin (Fishman 
et al.  1998 ; Fernandez-Real et al.  2000 ; Stephens et al.  2007 ). Subjects homozygous 
for the C allele have reduced plasma IL-6, increased insulin sensitivity and reduced 
fasting insulin than those with G/G and G/C genotype (Fernandez-Real et al.  2000 ). 

 It has been controversial over the years the exact role IL-6 plays in metabolic 
disease. Elevated circulating IL-6 is associated with diabetes and insulin resistance 
and this is also associated with low-level chronic infl ammation. IL-6 is well known 
as a pro-infl ammatory cytokine and recently has been well accepted as a myokine 
important for insulin sensitivity in the working muscle during exercise as described 
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in previous sections of this chapter. Thus a role for IL-6 in regulating insulin resis-
tance and infl ammation in metabolic disease is still yet to be fully elucidated. 
However, so far evidence in mouse models has hinted, whilst some confl icting, IL-6 
is important for insulin action and regulating leptin. Wallenius et al. ( 2002 ) found 
IL6 -/-  mice developed obesity by 9 months of age, with an increase predominantly 
in subcutaneous fat, increased leptin level, leptin insensitivity and altered carbohy-
drate and lipid metabolism. Treatment of IL-6 to IL-6 -/-  mice was successful in 
reducing body weight, total abdominal and intraperitoneal area (from CT scan) and 
leptin levels (Wallenius et al.  2002 ). Di Gregorio et al. ( 2004 ) also generated IL-6 -
/-  mice which did not develop mature-onset obesity, elevated leptin levels or abnor-
mal lipid metabolism, IL-6 -/-  mice fed a high fat diet did have high blood glucose 
following a glucose tolerance. Evidence IL-6 infl uences insulin resistance was 
shown in a study by Klover et al. ( 2003 ) whereby chronic exposure of IL-6 caused 
insulin resistance in the liver of mice. Depletion of IL-6 by neutralising antibody in 
obese mice improved hepatic insulin action (Klover et al.  2005 ). Secretion of IL-6 in 
an adipose stress signalling pathway (JNK-1) was thought to induce insulin resis-
tance via increased expression of SOCS3 (Sabio et al.  2008 ). 

 More recently IL-6 has proved to be a positive regulator of insulin sensitivity and 
not a mediator of infl ammation in metabolic disease. Human IL-6 (hIL-6) was over-
expressed in the brain and lung of mice increasing insulin sensitivity and leptin 
action to prevent diet-induced obesity. Overexpression of hIL-6 in mice on a high- 
fat diet remained insulin sensitive and glucose tolerant, had reduced body weight, 
reduced daily food consumption and reduced serum leptin with no alteration in 
infl ammatory cells observed by tissue histology or serum white blood cell counts 
(Sadagurski et al.  2010 ). These authors also crossed the  ob/ob  mouse with mice 
overexpressing hIL-6, showing reduced body weight, lower glucose and fasted 
insulin. Interestingly, administration of leptin to  ob/ob  mice overexpressing hIL-6 
decreased body weight and feed intake suggesting IL-6 enhances leptin action to 
prevent obesity in mice. Moreover, inactivation of interleukin receptor alpha ( Ilra ) 
genes in myeloid cells caused insulin resistance and increased infl ammation in diet- 
induced obesity supporting the notion IL-6 signalling is important for maintaining 
insulin sensitivity and is not pro-infl ammatory in metabolic disease (Mauer et al. 
 2014 ). The diverse role IL-6 has in multiple tissues and cell types makes it very dif-
fi cult to elucidate a defi nitive role for IL-6 in the metabolic diseased state. Thus the 
complexity of IL-6 and its multiple functions makes it a diffi cult candidate as a 
therapeutic for metabolic disease. Further studies are required to eliminate the con-
troversy surrounding the role IL-6 has in metabolic disease.  

6.3.6     The Anti-infl ammatory Effect of Exercise in Metabolic 
Disease: Focus on Adipokines 

 Chronic systemic low-grade infl ammation (two-four fold elevation in plasma of 
normal range) is associated with metabolic diseases such as obesity, diabetes 
and metabolic syndrome. Regular ‘non-damaging’ exercise is shown to suppress 
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macrophage infi ltration into adipose tissue (Kawanishi et al.  2010 ) and reduce 
infl ammatory biomarker concentrations (Bruunsgaard  2005 ; Beavers et al. 
 2010 ). These include the adipokines, TNFα and IL-6 (also infl ammatory cyto-
kines) whereby circulating levels are found to be elevated in metabolic diseases 
and are strongly associated with increased risk of other diseases including car-
diovascular disease, cancer and disability (Beavers et al.  2010 ). Studies on 
elderly patients (>70 years), showed reduced levels of circulating IL-6 and 
TNFα where exercise was used as an intervention (Beavers et al.  2010 ). Aerobic 
exercise has shown to be more effective in reducing chronic infl ammation than 
resistance exercise. For example, a study conducted on obese postmenopausal 
women with type 2 diabetes who undertook a 14-week aerobic training program 
showed a 15 % reduction in the infl ammatory biomarker acute phase reactant 
C-reactive protein (CRP). In contrast, 12 weeks of high intensity progressive 
resistance strength training did not alter pro- infl ammatory cytokines IL-1β, 
TNFα, IL-6 or IL-2 (Rall et al.  1996 ). Similarly, IL-6 and TNFα were not 
changed following resistance training in elderly women (65–80 years) (McFarlin 
et al.  2004 ). A combination of aerobic (40 % contribution to 1 h) and resistance 
(60 % contribution to 1 h) training over 12 weeks in patients with metabolic 
syndrome reduced the infl ammatory cytokine IL-18 by 17.5 % (Troseid et al. 
 2009 ). Aerobic exercise is more likely to be effective as an intervention to 
reduce low-grade infl ammatory biomarker concentrations in patients with meta-
bolic disease. 

 Whilst IL-6 is known to be elevated in metabolic diseases, its role as a circula-
tory pro-infl ammatory cytokine is questioned. IL-6 and TNFα are tightly linked 
whereby TNFα stimulates IL-6 production and during exercise IL-6 inhibits the 
production of TNFα (Schindler et al.  1990 ; Starkie et al.  2003 ). IL-6 also enhances 
plasma concentrations of the anti-infl ammatory cytokine IL-10 (Steensberg et al. 
 2003 ). Thus IL-6 is thought to serve as an anti-infl ammatory cytokine, particularly 
when considering its role in exercise-induced AMPK activation for enhanced glu-
cose uptake and fatty acid oxidation.  

6.3.7     Effect of Exercise on Regulating Adiponectin and Leptin 
in Metabolic Disease Patients 

 There is evidence to suggest exercise can be used as an intervention to regulate 
leptin and adiponectin back to healthy levels in patients with metabolic disease. 
Serum leptin was markedly reduced in obese females after long term (12 weeks) 
training of 3–4 times weekly at anaerobic threshold for 45 min (Ozcelik et al.  2004 ). 
Similarly, leptin levels were reduced in obese females who exercised for 45 min 
daily for 5 days weekly at 50 % VO 2  max (for 12 weeks) (Polak et al.  2006 ). Exercise 
has shown to increase adiponectin levels in obese females who completed 7 months 
of training (30–60 min, 4–5 days per week), leptin was also reduced along with 
body weight, body fat mass and TNFα (Golbidi and Laher  2014 ). Bruun et al. 
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( 2006 ) were also able to show daily exercise (2–3 h of moderate intensity) in 
severely obese males who lost 1 % body weight per week caused adiponectin to be 
elevated. However, a study of 19 overweight and obese females who undertook 12 
weeks of training (3 times weekly, 40 min per session) showed no difference in 
adiponectin and leptin even though insulin sensitivity was improved. Nonetheless, 
there is evidence to suggest circulating adipokine levels can be altered back to 
healthy levels through exercise, to assist reducing insulin resistance in adipose tis-
sue and skeletal muscle.   

6.4     Concluding Remarks 

 Cross-talk between adipose tissue and skeletal muscle is fundamental in main-
taining energy homeostasis, in order to balance feed intake with energy expendi-
ture. The adipokines adiponectin, leptin and IL-6 have shown to be potent 
mediators of glucose uptake and fatty acid oxidation, via AMPK signalling, in 
skeletal muscle. Serum IL-6, also termed a myokine, is signifi cantly up regulated 
during exercise; these fi ndings are consistent between large numbers of studies. 
However, studies on leptin and adiponectin following exercise are confl icting; 
some show no alterations in serum adiponectin or leptin post-exercise, others 
show leptin to decrease following exercise and adiponectin to increase not imme-
diately but 30 min post-exercise. Consistency between studies for leptin and adi-
ponectin alterations after exercise was found during exercises where whole-body 
muscles were utilised such as rowing. Experimental studies whereby exercise 
intensity, duration, type of exercise and energy expenditure are fi nely controlled 
may reduce inconsistences between studies to fully elucidate the effect exercise 
has on adiponectin and leptin. 

 These adipokines have also been fundamental in the development of insulin 
resistance in metabolic disease. Elevated levels of leptin and IL-6 and low levels 
of adiponectin have been associated with insulin resistance. These adipokines 
can develop their own resistance in metabolic disease contributing to an accumu-
lation of lipids in skeletal muscle, impacting on the pathogenesis of insulin resis-
tance. Exercise, in particular endurance training, is successful in reducing insulin 
resistance and adipokine resistance in skeletal muscle (in rodents on high fat 
diet), regulating these adipokines to optimal levels to maintain insulin sensitiv-
ity. Overall, whilst the last decade has revealed a vast amount of knowledge 
about these adipokines, there is much more to understand, particularly in the 
search for drugs to treat metabolic syndrome, obesity and diabetes to reduce 
lipotoxicity in skeletal muscle. However, the most obvious and cost-effective 
means to potentially help prevent and treat metabolic disease, such as obesity, 
may be as simple as a controlled diet and exercise so food intake does not exceed 
energy expenditure.     
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    Chapter 7   
 Role of Growth Factors in Modulation 
of the Microvasculature in Adult Skeletal 
Muscle                     

       Gayle     Smythe    

    Abstract     Post-natal skeletal muscle is a highly plastic tissue that has the capacity 
to regenerate rapidly following injury, and to undergo signifi cant modifi cation in 
tissue mass (i.e. atrophy/hypertrophy) in response to global metabolic changes. 
These processes are reliant largely on soluble factors that directly modulate muscle 
regeneration and mass. However, skeletal muscle function also depends on an ade-
quate blood supply. Thus muscle regeneration and changes in muscle mass, particu-
larly hypertrophy, also demand rapid changes in the microvasculature. Recent 
evidence clearly demonstrates a critical role for soluble growth factors in the tight 
regulation of angiogenic expansion of the muscle microvasculature. Furthermore, 
exogenous modulation of these factors has the capacity to impact directly on angio-
genesis and thus, indirectly, on muscle regeneration, growth and performance. This 
chapter reviews recent developments in understanding the role of growth factors in 
modulating the skeletal muscle microvasculature, and the potential therapeutic 
applications of exogenous angiogenic and anti-angiogenic mediators in promoting 
effective growth and regeneration, and ameliorating certain diseases, of skeletal 
muscle.  

  Keywords     Angiogenesis   •   Vascular endothelial growth factor   •   Cytokine   •   Skeletal 
muscle   •   Myogenesis   •   Hypertrophy  

7.1       Introduction 

 An effi cient vasculature for the supply of oxygen and other nutrients to, and removal 
of metabolic waste from, skeletal muscle is essential for healthy tissue function. The 
plasticity of skeletal muscle in response to a range of normal environmental stimuli 
(e.g. injury, exercise) demands that the microvasculature is similarly dynamic and 
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capable of rapidly adapting to tissue change. Such modifi cations to the microvascu-
lature are regulated through a complex interplay between cellular, extracellular 
matrix and both blood-borne and local soluble growth factors. Defi ning the pro-
cesses underlying modifi cation of the muscle microvasculature is not only important 
in understanding normal muscle biology, but also in identifying potential therapeu-
tic approaches in a range of muscle conditions and diseases. 

 In postnatal tissues, capillary growth generally occurs via angiogenesis. In this 
process, endothelial buds sprout (sprouting angiogenesis) or split (intussusceptive 
angiogenesis) from existing vessels, and grow toward the stimulus (De Spiegelaere 
et al.  2012 ). Sprouting angiogenesis is predominantly driven by growth factor- 
based stimuli, while intussusception is regulated by changes in haemodynamics and 
shear stress (Gianni-Barrera et al.  2011 ). This chapter focuses on the soluble growth 
factors and cytokines that contribute to angiogenic blood vessel growth in skeletal 
muscle, in response to a range of both normal and pathological conditions of muscle 
tissue. Therefore, the term “angiogenesis” hereafter refers to sprouting-type angio-
genesis, while reference to intussusceptive angiogenesis will be specifi ed as such. 

 In sprouting-type angiogenesis, a local stimulus causes small buds of endothelial 
cells to form and grow toward the stimulus (reviewed in Carmeliet  2000 ). The ini-
tial stimulus is typically a change in the local release of one or more soluble growth 
factor/s, and it is well established that angiogenesis is a highly regulated process 
that is governed largely by the balance of pro- and anti-angiogenic factors (reviewed 
in Bouis et al.  2006 ). The growth of endothelial buds is also regulated by changes 
in the basement membrane and extracellular matrix via the actions of matrix metal-
loproteinases (MMPs) and their inhibitors, and interactions of other cell types 
including pericytes and vascular smooth muscle cells.  

7.2     Angiogenesis: A Function of the Pro- and Anti- 
angiogenic Growth Factor Balance 

 A range of soluble factors has been identifi ed with pro- and/or anti-angiogenic func-
tions. This section will focus on growth factors and morphogens with a known role 
in vascularisation of postnatal skeletal muscle, including vascular endothelial 
growth factor (VEGF), transforming growth factor-β (TGF-β), fi broblast growth 
factor (FGF), angiopoietins, thrombospondins, and the Sonic hedgehog (Shh) fam-
ily. These key factors will be discussed in detail in relation to their general angio-
genic roles, followed by a review of their roles in skeletal muscle function in a range 
of normal and pathological circumstances. An overview of the key factors regulat-
ing angiogenic mechanisms in skeletal muscle is provided in Table  7.1 .
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   Table 7.1    Summary of key angiogenic growth factors relevant to skeletal muscle biology   

 Factor 

 Known roles in skeletal muscle a,b  

 Key references  Exercise  Injury/repair/disease  Ageing 

 VEGF c   Promotes 
vascular 
growth; 
potentiates 
Ang-2 

 Promotes vascular 
growth, cross-talk with 
myogenic factors; 
altered expression 
profi le in some muscle 
diseases, potential 
therapeutic target 

 Decreases with 
ageing with 
reduced 
angiogenic 
potential in 
ageing muscle 

 Hoffner et al. ( 2003 ), 
Olenich et al. ( 2013 ), 
Hoier et al. ( 2010 , 
 2012 ,  2013 ), Hoier 
and Hellsten ( 2014 ), 
Wagner ( 2011 ), 
Delavar et al. ( 2014 ), 
Rhoads et al. ( 2013 ), 
Palladino et al. 
( 2013 ), Deasy et al. 
( 2009 ), Volpi et al. 
( 2013 ), Wagatsuma 
( 2006 ) 

 TGF-β  Limited role 
compared with 
VEGF 

 Promotes 
infl ammation and 
fi brosis; potential 
therapeutic target to 
reduce fi brosis in some 
muscle diseases 

 May increase 
with age, 
promoting 
anti- angiogenic 
and fi brotic 
phenotype 

 Carlson et al.  2009a , 
 b ; Orlova et al.  2011 ; 
Gustafsson and 
Kraus  2001 ; 

 FGF-2  Limited role 
compared with 
VEGF 

 Promotes angiogenesis 
and myogenesis 

 Expression and/or 
signaling 
pathways may 
decrease with age 

 Gustafsson and 
Kraus ( 2001 ), Stratos 
et al. ( 2011 ), Lieu 
et al. ( 2011 ), Amir 
et al. ( 2007 ), 
Chakkalakal et al. 
( 2012 ) 

 Shh  Promotes both 
myogenic and 
angiogenic cellular 
activity; regulates 
VEGF and Ang-1/-2 
expression 

 Decreases with 
ageing with 
reduced 
angiogenic 
potential in 
ageing muscle 

 Pola et al. ( 2001 ), 
Koleva et al. ( 2005 ), 
Elia et al. ( 2007 ), 
Straface et al. ( 2009 ), 
Fujii and Kuwano 
( 2010 ), Renault et al. 
( 2010 ), Palladino 
et al. ( 2011 ), Renault 
et al. ( 2013b ), 
Piccioni et al. 
( 2014b ) 

 Dhh  Promotes expression 
of other angiogenic 
factors by peripheral 
nerves 

 Decreases with 
ageing with 
reduced 
angiogenic 
potential in 
ageing muscle 

 Renault et al. ( 2013a , 
 b ), Piccioni et al. 
( 2014b ) 

(continued)
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7.2.1       Vascular Endothelial Growth Factor (VEGF) 

 VEGF is a relatively ubiquitous growth factor family that regulates microvascular 
remodelling and growth, including during embryonic development, cyclic changes 
in the ovaries and uterus, and wound healing of otherwise healthy tissues (reviewed 
in Byrne et al.  2005 ). VEGF is also known as a key angiogenic growth factor in 
promoting tumour growth and metastasis, and, on secretion by developing tumour 
cells, it exerts not only paracrine effects on the local microvasculature, but also 

Table 7.1 (continued)

 Factor 

 Known roles in skeletal muscle a,b  

 Key references  Exercise  Injury/repair/disease  Ageing 

 TSP- 
1/-2 

 TSP-1 is 
inhibitory; 
varied 
responses to 
exercises 
depending on 
acute vs 
chronic 
training type 

 TSP-1 elevated and 
contributes to limited 
revascularisation in 
some disease states 
(e.g. ischemia); role 
for overall regulation 
of capillary bed 
density in 
physiological and 
pathological states 

 Malek et al. ( 2013 ), 
Malek and Olfert 
( 2009 ), Olfert et al. 
( 2006 ), Roudier et al. 
( 2013 ), Audet et al. 
( 2013 ), Hoier et al. 
( 2012 ) 

 Ang-1  Anti- 
angiogenic, 
balance shifts 
to increased 
Ang-2 

 Anti-angiogenic, high 
early expression with 
later balance shift to 
Ang-2; promotes 
satellite cell survival/
quiesence 

 Does not appear 
impaired or 
altered with age 

 Lloyd et al. ( 2003 ), 
Gustafsson et al. 
( 2007 ), Wagatsuma 
et al. ( 2005 ), 
Wagatsuma ( 2006 , 
 2007 ,  2008 ), Qin 
et al. ( 2013 ), 
Dallabrida et al. 
( 2005 ), Abou-Khalil 
et al. ( 2009 ), Wang 
et al. ( 2011 ) 

 Ang-2  Pro-angiogenic, 
potentiated by 
VEGF 

 Pro-angiogenic, 
induced later to 
promote 
vascularisation; 
promotes myogenic 
differentiation 

 Does not appear 
impaired or 
altered with age 

 Lloyd et al. ( 2003 ), 
Gustafsson et al. 
( 2007 ), Wagatsuma 
et al. ( 2005 ), 
Wagatsuma ( 2006 , 
 2007 ,  2008 ), Qin 
et al. ( 2013 ), 
Mofarrahi and 
Hussain ( 2011 ), 
Hoier et al. ( 2012 ) 

   a The growth factor roles summarised in this table align with those discussed in detail in this review 
chapter 
  b Where no information is entered for a growth factor, either limited or no literature was identifi ed, 
or it was beyond the scope of this chapter 
  c Abbreviations used in this table:  VEGF  vascular endothelial growth factor,  TGF-β  transforming 
growth factor-β,  FGF-2  fi broblast growth factor-2,  Shh  sonic hedgehog,  Dhh  desert hedgehog, 
 TSP-1/-2  thrombospondin-1/-2,  Ang-1/-2  angiopoietin-1/-2  
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autocrine effects on tumour cell survival (reviewed in Byrne et al.  2005 ). The VEGF 
gene and protein families, their receptors and signalling cascades have been 
reviewed extensively elsewhere (Byrne et al.  2005 ; Shibuya  2008 ) and will be cov-
ered here only briefl y. 

 There are 6 known genes in the VEGF family, denoted VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, VEGF-E, and placental growth factor (PlGF) (reviewed in 
Byrne et al.  2005 ). VEGF proteins involved in postnatal angiogenesis are predomi-
nantly encoded by the VEGF-A gene. Multiple isoforms are generated through 
alternative splicing from 8 exons, and these are denoted by their amino acid number 
with VEGF 165  being the most predominant isoform. This family constitutes both 
anti- and pro-angiogenic isoforms, of which the former are usually denoted as 
VEGF xxxb . (reviewed in Byrne et al.  2005 ; Nowak et al.  2008 ). The expression pat-
tern of pro- and anti-angiogenic VEGF isoforms is regulated largely through the 
local growth factor environment regulating alternative splicing of pre-mRNA 
(Nowak et al.  2008 ), with the angiogenic outcome being regulated at least in part 
through the ratio of positive and negative isoforms (Carter et al.  2011 ; Zhao et al. 
 2011 ). The pro-angiogenic VEGF isoforms promote vascular permeability, angio-
genesis and infl ammation and are expressed by a range of cell types, including those 
of the myogenic lineage (reviewed in Volpi et al.  2013 ). Proteins encoded by 
VEGF-C and VEGF-D have weaker effects on the blood vasculature, having a more 
signifi cant role in lymphangiogenesis (reviewed in Byrne et al.  2005 ). VEGF-B is 
known to be specifi cally expressed in several tissues, including skeletal muscle 
where it is thought to contribute to angiogenesis (Olofsson et al.  1996 ).  

7.2.2     Transforming Growth Factor-β 

 TGF-β promotes both early events of endothelial cell proliferation and migration, 
as well as the extracellular matrix synthesis and perivascular cell migration which 
correspond with the later stages of vessel stabilisation and growth cessation (Roberts 
et al.  1986 ; Madri et al.  1988 ; Pepper et al.  1990 ,  1993 ; reviewed in Bertolino et al 
 2005 ).  In vitro , TGF-β exerts dose-dependent effects on endothelial cell mitosis, 
whereby low doses promote proliferation while high doses are inhibitory (Pepper 
et al.  1993 ). These multifunctional roles of TGF-β are differentially regulated 
through receptor- and downstream signalling pathway-dependent mechanisms 
(Orlova et al.  2011 ). Expression levels of the two key TGF-β receptors, activin 
receptor-like kinase-1 (ALK1) and ALK5, correspond with the phenotypic response 
of endothelial cells to growth factor exposure. ALK1 ligation and activation of the 
Smad1/5 signalling pathway occurs early in angiogenesis and promotes prolifera-
tion and migration. In contrast, ALK5-Smad2/3 activation occurs later and corre-
sponds with matrix synthesis and vessel maturation. It has been proposed that 
imbalances or discordance in these signalling pathways may be a contributing fac-
tor in pathological forms of angiogenesis (reviewed in Jakobsson and van Meeteren 
 2013 ). However, TGF-β has also been strongly implicated in fi brosis and scar tissue 
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formation through fi broblast proliferation and matrix production, while also having 
the capacity to suppress the immune system (reviewed in Jakobsson and van 
Meeteren  2013 ). Therefore, up-regulation of TGF-β as a pro-angiogenic therapy 
may not be suitable for promoting tissue repair due to the dose-dependent effects on 
endothelial cells, and increased likelihood of fi brosis and poor tissue healing. 
However, as discussed below, inhibition of this growth factor has been widely con-
sidered as an anti-fi brotic treatment approach, including for promoting skeletal 
muscle repair following injury.  

7.2.3     Fibroblast Growth Factors 

 While both acidic and basic fi broblast growth factors (FGF-1 and FGF-2 respec-
tively) are known to promote angiogenesis, FGF-2 is the most potent and well char-
acterised of the two. FGF-2 is readily stored in the extracellular matrix and 
endothelial cell basement membrane of most tissues by binding in an inactive form 
to heparan sulphate proteoglycan (Vlodavsky et al.  1987 ; Folkman et al.  1988 ). 
FGF-2 alone promotes endothelial cell activity, but there is also signifi cant evi-
dence for synergistic cross-talk of this growth factor with VEGF, angiopoietins, and 
platelet-derived growth factors in the regulation of angiogenesis (Lieu et al.  2011 ). 
FGF-2 also has a well-established role in promoting the formation of new skeletal 
muscle tissue (myogenesis), exerting direct effects on proliferation and differentia-
tion of muscle precursor cells (myoblasts) (Stratos et al.  2011 ). Thus, this factor 
appears to exert multiple roles in muscle, having dual myogenic and angiogenic 
functions, and these are discussed in detail below.  

7.2.4     Sonic Hedgehog Family 

 The Hedgehog (Hh) family includes Sonic hedgehog (Shh), Desert hedgehog (Dhh) 
and Indian hedgehog (Ihh), and they act via the Patched1 receptor, subsequent de- 
repression of the trans-membrane protein Smoothened and activation of the Gli 
transcription factors (reviewed in Villavivicencio et al.  2000 ). While originally 
identifi ed for its role as a pre-natal myogenic and vasculogenic morphogen, Shh is 
now known to be up-regulated in adult skeletal muscle following injury where it 
promotes both angiogenic and myogenic processes (Pola et al.  2003 ; Straface et al. 
 2009 ). Shh promotes post-natal angiogenesis by direct effects on endothelial cells 
(Renault et al.  2010 ), and may have a role in controlling the expression of VEGF 
and the ratio of pro- and anti-angiogenic angiopoietin isoform expression (Pola 
et al.  2001 ; Straface et al.  2009 ; Fujii and Kuwano  2010 ). Exogenous administration 
of Shh promotes wound healing in diabetic skin ulcers by enhancing wound 
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revascularisation through direct effects on endothelial cell proliferation and 
 migration, and capillary maturation/tube formation (Asai et al.  2006 ). Similar 
effects are shown in limb ischemia with direct administration of Shh alone (Palladino 
et al.  2011 ), and in combination with bone marrow-derived endothelial cell progeni-
tors to increase the local pool of angiogenic cells (Palladino et al.  2012 ). Dhh also 
promotes revascularisation in ischemic muscle, by promoting survival and expres-
sion of angiogenic growth factors by local peripheral nerves, rather than through a 
direct effect on the microvasculature (Renault et al.  2013a ). 

 During development, Shh promotes myogenic differentiation and hypertrophy 
(Duprez et al.  1998 ). There is evidence that this occurs at least in part via the Gli2- 
mediated transcriptional up-regulation of myogenic regulatory factors (e.g.  Myf5, 
MyoD ) (Gustafsson et al.  2002 ; Maves et al.  2007 ; Straface et al.  2009 ) and myosin 
expression (Duprez et al.  1998 ; Sacks et al.  2003 ). A role for Shh in postnatal myo-
genesis was fi rst described in limb ischemia (Pola et al.  2003 ). This appears to be 
largely through regulation of myogenic cell proliferation and survival by inhibiting 
pro-apoptotic pathways regulated by caspase-3 (Koleva et al.  2005 ), and activating 
the phosphatidyl-inositol 3-kinase/Akt and mitogen-activated protein kinase signal-
ling pathways (Elia et al.  2007 ). It has been hypothesised that these mechanisms are 
largely through autocrine secretion of Shh by myoblasts in injured muscle (Elia 
et al.  2007 ). 

 Thus there are clear roles for the Hh family of proteins in postnatal muscle injury 
and repair whereby Shh promotes both myogenesis and angiogenesis through direct 
effects on myoblasts and endothelial cells respectively, while Dhh up-regulates 
nerve-derived angiogenic factors to indirectly enhance revascularisation.  

7.2.5     Thrombospondins (−1 and −2) 

 Thrombospondins (TSPs) were identifi ed as being anti-angiogenic as they promote 
the latter phases of angiogenesis, including capillary stabilisation and maturation 
(Iruela-Arispe et al.  1991 ). TSPs appear to have a key role in regulating the skeletal 
muscle microvasculature. TSP-1 knockout mice show a signifi cant increase in cap-
illary density in muscle (Malek and Olfert  2009 ; reviewed in Lawler and Lawler 
 2012 ), and blocking TSP-1 activity can promote revascularisation of ischemic mus-
cle (Roudier et al.  2013 ). In contrast,  in vivo  delivery of a TSP-1 mimetic causes 
reduced muscle capillary density (Audet et al.  2013 ). TSP-2 is not as well under-
stood, but is known to inhibit the release and activity of pro-angiogenic factors such 
as VEGF and matrix-degrading MMPs (MacLauchlan et al.  2009 ). While the inhib-
itory effects of TSPs on angiogenesis have largely been characterised in tumour 
models for their potential therapeutic value (reviewed in Lawler and Lawler  2012 ), 
these factors are also up-regulated in skeletal muscle under certain conditions, and 
these are discussed in detail below.  
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7.2.6     Angiopoietins 

 Of the angiopoietin (Ang) family of proteins, Ang-1 and Ang-2 are the best 
 characterised in relation to angiogenic roles. Ang-1 has pro-angiogenic effects, pro-
moting endothelial cell activation, migration and survival, and recruitment of peri-
cytes and vascular smooth muscle cells to newly formed vessels (Brindle et al. 
 2006 ; reviewed in Fagiani and Christofori  2013 ). The role of Ang-2 is more com-
plex; when acting alone, it is potently anti-angiogenic, but in concert with VEGF it 
can potentiate endothelial cell sprouting (Holash et al.  1999 ; Visconti et al.  2002 ; 
reviewed in Fagiani and Christofori  2013 ). Angiogenic outcomes are often a func-
tion of the ratio of Ang-1 to Ang-2, with increased expression of both isoforms often 
occurring, but usually to a higher magnitude for one over the other (Fujii and 
Kuwano  2010 ). This appears to be regulated at least in part by other factors infl u-
encing angiogenesis, with Shh having the capacity to up-regulate Ang-1 expression, 
and FGF2 selectively inducing Ang-2 expression (Fujii and Kuwano  2010 ). Specifi c 
examples of angiogenesis being regulated by the Ang1/Ang-2 balance are outlined 
in the context of skeletal muscle biology in the following sections.   

7.3     Angiogenesis in Skeletal Muscle: Exercise, Regeneration, 
Disease and Ageing 

 Skeletal muscle is responsible for all voluntary movement. It is highly responsive to 
environmental change, being able to rapidly hypertrophy to accommodate higher 
metabolic demand, while atrophying during periods of disuse. Tissue growth requires 
a concomitant expansion of the microvasculature to ensure adequate nutrient 
exchange, and therefore angiogenic growth factors are essential in coupling vascular 
supply with tissue mass. In addition, as in any wound-healing situation, revasculari-
sation of injured skeletal muscle is essential in promoting repair and functional 
recovery. In small injuries, this is relatively effi cient, but can become problematic 
with repetitive damage or extensive trauma. Consequent to these roles of angiogen-
esis in normal healthy muscle is that its’ regulation can be disrupted through the 
normal ageing process, and in a range of disease states. A detailed understanding of 
the role of angiogenic growth factors in healthy muscle responding to metabolic 
changes, and the impact of ageing and disease on these factors, may provide a basis 
for developing “angiogenic therapies” for conditions affecting muscle function. 

7.3.1     Exercise-Induced Angiogenesis 

 Exercise is a well-established stimulant of skeletal muscle angiogenesis, whereby 
expansion of the microvasculature occurs to match muscle hypertrophy and 
increased metabolic demand, and this has been well documented since the 1970s 
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(Andersen and Henriksson  1977 ; Tesch et al.  1984 ; Hudlicka  1990 ). This is a highly 
regulated process defi ned by the temporal expression of pro- and anti-angiogenic 
growth factors regulating microvascular dynamics in skeletal muscle in response to 
both acute and chronic exercise. 

 The most potent angiogenic factor clearly involved in exercise-induced angio-
genesis in skeletal muscle is VEGF (reviewed in Hoier and Hellsten  2014 ). Acute 
exercise in mice (Olenich et al.  2013 ) and humans (Hoier et al.  2012 ) leads to a 
rapid increase in VEGF expression in skeletal muscles and a subsequent increase in 
capillary density. VEGF is stored within sub-sarcolemmal vesicles in skeletal myo-
fi bres and released upon contraction, making the protein available to stimulate local 
endothelial cell activity and angiogenesis (Hoffner et al.  2003 ; Hoier et al.  2010 ; 
Hoier et al.  2013 ). The essential role of VEGF in exercise-induced angiogenesis and 
the relationship of this to muscle function has been clearly demonstrated. Mice 
exhibiting a VEGF defi ciency in their skeletal muscles showed reduced muscle cap-
illary density following 8 weeks of exercise training, and this impacted signifi cantly 
on overall running performance and muscle oxidative capacity (Wagner  2011 ; 
Delavar et al.  2014 ). This appears to be regulated at least in part through β-adrenergic- 
mediated up-regulation of peroxisome proliferator-activated receptor-gamma 
coactivator-1α (PGC-1α), and oestrogen-related receptor-α (ERRα) (Chinsomboon 
et al.  2009 ; Wallace et al.  2011 ). Oxygen supply, specifi cally hypoxia, promotes 
angiogenesis in skeletal muscle, and this may contribute to increased exercise (and 
thus oxygen) demand and similarly to the direct effects of exercise. Hypoxia- 
induced angiogenesis may similarly be controlled regulated by PGC-1α/ERRα/
VEGF signaling (Arany et al.  2008 ). There is also evidence that hypoxia-inducible 
factors (HIFs) can also promote VEGF up-regulation (Ameln et al.  2005 ; Gustafsson 
et al.  1999 ; Flann et al.  2014 ; reviewed in Hoier and Hellsten  2014 ), although this 
may represent some redundancy, because while a genetic defi ciency of VEGF sig-
nifi cantly impairs exercise-induced angiogenesis, there is no similar effect of HIF 
defi ciencies (Wagner  2011 ). Thus, while it is clear that VEGF has a signifi cant 
angiogenic function in response to exercise, both directly in response to muscle 
activity and as a result of increased oxygen demand, the upstream regulation of 
VEGF activity is clearly complex and further signaling pathways may remain to be 
characterised. 

 The balance of Ang-1/Ang-2 expression is also modifi ed in response to exercise 
in skeletal muscle, with a shift towards increased Ang-2 levels (Lloyd et al.  2003 ; 
Gustafsson et al.  2007 ). The corresponding increase in VEGF expression likely 
potentiates the pro-angiogenic effects of Ang-2 (Gustafsson et al.  2007 ). 
Interestingly, there is a decrease in both Ang-1 and Ang-2 expression in muscle 
disuse (Wagatsuma  2008 ) and in denervated muscle (Wagatsuma et al.  2005 ). In 
both situations, muscles atrophy and thus demand on the vascular supply decreases, 
allowing for vascular regression to occur. 

 Concomitant with increased pro-angiogenic factor expression is an initial 
decrease in expression of anti-angiogenic TSP-1 with exercise (Malek et al.  2013 ). 
TSP-1 null mice not only show a signifi cant increase in capillary density, they also 
show an increased capacity to undertake exercise through increased maximal speed 
and time to exhaustion (Malek and Olfert  2009 ). However, the role of TSP-1 in 
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exercise-induced angiogenesis may be regulated through exercise type, oxygen 
demand, and the timing of sample analysis. A single bout of acute exercise induces 
TSP-1 up-regulation, but with chronic activity this effect is lost, and where exer-
cise occurs in hypoxic conditions, TSP-1 induction capacity is signifi cantly reduced 
(Olfert et al.  2006 ). The impact of chronic activity may explain why some studies 
report no effect of regular exercise training on TSP-1 expression levels (Hoier et al. 
 2012 ). 

 Following up-regulation of pro-angiogenic growth factors, subsequent negative 
regulation of angiogenesis to limit the extent of vessel growth to physiological 
requirements, comes not only through increased release of anti-angiogenic factors, 
but is also largely controlled by the p53 tumour suppressor, which blocks angio-
genic factor expression while simultaneously up-regulating anti-angiogenic factors 
(Ma et al.  2012 ). Indirectly, through down-regulation of p53, other factors such as 
the E3 ubiquitin ligase murine double minute-2 (Mdm2), can also tip the balance of 
pro- and anti-angiogenic factor activity towards the promotion of new vessel growth 
(Ma et al.  2012 ; Roudier et al.  2012 ). Mdm2 expression is strongly induced by 
exercise, and its actions are partly via induction of VEGF-A (Ma et al.  2012 ; 
Roudier et al.  2012 ). Interestingly, while Mdm2 is a known negative regulator of 
p53 activity, recent studies show that Mdm2 can also promote angiogenesis via 
VEGF-A induction independently of p53 (Roudier et al.  2012 ; Xiong et al.  2014 ). 

 In summary, it is abundantly clear that angiogenesis is a critical component of 
the adaptability of skeletal muscle to exercise. The roles of both pro- and anti- 
angiogenic factors and the processes that govern their expression profi les are clearly 
complex and in many cases still remain to be fully elucidated. However, it is most 
evident that, as in all forms of physiological angiogenesis, the overall balance of 
pro- and anti-angiogenic growth factors, and their extremely tight spatio-temporal 
regulation, is critical in governing changes in the muscle microvascular network to 
ensure effi cient nutrient supply based on demand. An understanding of compounds 
that have the capacity to modify the microvasculature and thus promote the muscle 
response to exercise has the potential to inform not only elite athletic performance, 
but also to promote exercise in those experiencing muscle fatigue or other bases for 
an inability to exercise. Recently the cocoa-derived (−)-epicatechin was shown to 
signifi cantly promote VEGF and down-regulate TSP-1 expression, with an overall 
increase in capillary density, in skeletal muscle of low running capacity rats 
(Huttemann et al.  2013 ). This compound also promoted exercise performance in 
low running capacity animals (Huttemann et al.  2013 ) and allowed exercise capac-
ity to be maintained following a non-training period (Huttemann et al.  2012 ).  

7.3.2     Revascularisation of Injured Muscle 

 Effi cient muscle regeneration requires a controlled infl ammatory response, fol-
lowed by combined muscle formation (myogenesis) and angiogenesis. These pro-
cesses are highly inter-dependent and studies on the roles of growth factors in their 
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regulation are complex, because a number of growth factors have overlapping 
 myogenic, fi brogenic, and angiogenic functions. 

 The detailed process of muscle regeneration  in vivo  has been recently and exten-
sively reviewed elsewhere (see Jarvinen et al.  2014 ; Uezumi et al.  2014 ). Briefl y, 
following injury of normal healthy muscle, a rapid infl ammatory response leads to 
removal of tissue debris, and this is followed by activation of resident muscle pre-
cursor (satellite) cells, which undergo proliferation, fusion with one another and/or 
damaged myofi bres, and terminal differentiation to form mature repaired myofi -
bres. There is concomitant stabilisation of damaged capillaries, and growth of new 
capillary branches to re-supply the regenerating muscle tissue. An important aspect 
of regeneration is the resolution of the initial infl ammatory process, since chronic 
infl ammation impairs myogenesis and promotes a fi brogenic (scar) tissue pheno-
type. While young, healthy skeletal muscle can regenerate well after small injuries, 
there is evidence to suggest that pre-injury structure may not always be fully 
regained due to the formation of fi brotic scar tissue, thus making previously dam-
aged muscle susceptible to re-injury (Kasemkijwattana et al.  2000 ). Therefore, 
exogenous delivery of growth factors to promote myogenesis and/or angiogenesis, 
or limit infl ammation and fi brosis, has long been considered of potential therapeutic 
value in aiding post-injury muscle repair (Kasemkijwattana et al.  2000 ). 

 TGF-β is a key therapeutic target in tissue repair due to its known fi brogenic 
role, however, as outlined above, it also has complex roles in angiogenesis that 
require consideration. TGF-β transfection transforms skeletal myoblasts to a myo-
fi brogenic phenotype (Li et al.  2004 ). A recent study reported that this phenotypic 
switch can be potentiated by the lymphangiogenic VEGF-C, which directly acti-
vates TGF-β to promote myofi broblast activation and tissue fi brosis in myocardial 
infarction (Zhao et al.  2014 ). The hormone relaxin can restore myogenic properties 
of TGF-β-transfected myoblasts, and enhances muscle regeneration  in vivo  (Negishi 
et al.  2005 ). More recent studies have demonstrated that relaxin promotes both 
myogenesis and angiogenesis, while reducing infl ammation, in injured muscle (Mu 
et al.  2010 ). These effects of relaxin may be via up-regulation of pro-angiogenic 
VEGF isoforms (Unemori et al.  2000 ), and/or through up-regulation of MMPs, 
which enhance extracellular matrix degradation and facilitate migration of both 
myoblasts and capillary endothelial cells (Rivilis et al.  2002 ; Johnson et al.  2004 ; 
Mu et al  2010 ). Recent studies have demonstrated that the anti-fi brotic agent, losar-
tan, promotes regeneration of injured muscle through limiting expression of TGF-β 
to reduce muscle fi brosis (Terada et al.  2013 ), and enhances angiogenesis in over-
loaded muscles by up-regulating VEGF expression (Gorman et al.  2014 ). Thus, a 
number of exogenous approaches to manipulating TGFβ and VEGF expression 
have been tested for their therapeutic benefi ts in the context of skeletal muscle 
regeneration. 

 Similarly to exercise, muscle injury and ischemia also induce VEGF expression 
(Rissanen et al.  2002 ), likely through release of this protein directly from storage 
sites in damaged myofi bres (Hoffner et al.  2003 ; Hoier et al.  2010 ). As described 
above, VEGF up-regulation in ischemic conditions, resulting largely from restricted 
vascular and oxygen supply, may also be controlled through upstream signaling via 
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PGC-1α/ERRα (Arany et al.  2008 ). Therefore, not surprisingly, the VEGF  family 
has been widely tested for its capacity to induce angiogenesis in skeletal muscle, 
largely through virus-mediated delivery (Smythe et al.  2002 ; Rissanen et al.  2003 ; 
Arsic et al.  2004 ; Messina et al.  2007 ; Frey et al.  2012 ; Long et al.  2013 ; Heikura 
et al.  2012 ; Kuwahara et al.  2013 ). Recent studies have focused on delivery modes 
and co-administration with other agents, including using endothelial progenitor 
cells over-expressing both the VEGF-A and heme oxygenase-1 genes, which pro-
moted increased regeneration and muscle revascularisation to a greater extent 
than delivery of VEGF alone (Long et al.  2013 ). VEGF delivered in combination 
with pro-myogenic growth factors such insulin-like growth factor-1 (IGF-1) 
(Borselli et al.  2010 ) and hepatocyte growth factor (Makarevich et al.  2012 ) has 
been shown to enhance repair and reperfusion of ischemic skeletal muscles over 
and above the effects of single growth factor therapy alone. Interestingly, IGF-1 
over-expression in muscle-derived stem cells promotes increased expression of 
VEGF, indicating cross-talk between potent myogenic and angiogenic growth 
factors (Chen et al.  2014 ). 

 The pre-transplantation therapeutic potential of angiogenic growth factors was 
shown by pre-loading mouse muscles with VEGF encoded by an adeno-associated 
viral vector (Smythe et al.  2002 ). This approach led to enhanced post- transplantation 
revascularisation and regeneration and has potential therapeutic applications in 
preparation for surgery-induced muscle trauma. More recently a liposome-based 
delivery system was utilised to treat major muscle injuries with VEGF 165  (Ye et al. 
 2010 ). VEGF therapy, including for intramuscular delivery, primarily to treat limb 
ischemia, has been trialed clinically in humans, with outcomes ranging from little 
or no effect, to signifi cant improvements (reviewed in Giacca and Zacchiagna 
 2012 ). There has been some experimental success with drugs and other therapeutic 
regimes that indirectly impact on VEGF levels. Mechanical stimulation alone has 
been shown to enhance endothelial cell activity and this appears to occur by promo-
tion of angiogenic growth factor expression in ischemic limbs, leading to a stronger 
neovascular response and more rapid functional recovery (Tepekoylu et al.  2013 ). 
The applicability of the use of mechanical stimulation may apply to combining 
massage therapies with pharmacological and/or cell-mediated approaches to pro-
mote muscle healing (Best et al.  2013 ). 

 Interestingly, while VEGF administration may be a potential therapeutic 
approach for a range of conditions, including promoting muscle healing after injury, 
it has been reported that the high doses required for functional improvement pro-
mote vascular growth through intussusceptive angiogenesis, rather than the sprout-
ing form that is typically driven by changes in the extravascular environment 
(Gianni-Barrera et al.  2013 ). Thus, there may be a dose-dependent effect of VEGF 
on the cellular process/es by which revascularisation occurs, whereby high doses 
promote intravascular changes that drive vascular growth, compared with lower 
doses that directly impact on endothelial cells and promote sprouting events. 
Furthermore, there is evidence to suggest that VEGF delivered as the sole angiogenic 
growth factor may be problematic due to resultant poorly formed and abnormally 
permeable capillaries (Mujagic et al.  2013 ; Shimizu-Motohashi and Askaura  2014 ). 
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This appears to be due to a lack of pericyte recruitment, as a recent study 
 demonstrated co-delivery of VEGF with platelet-derived growth factor, which acti-
vates pericyte migration, improves the morphology and function of newly formed 
capillaries in ischemic muscle (Banfi  et al.  2012 ). Therefore, it is important to assess 
experimental angiogenic growth factor-based therapies not only for their capacity 
induce revascularisation, but to promote the formation of vessels with normal mor-
phology and functional capacity. 

 Other factors contributing to angiogenesis and/or myogenesis in injured muscle 
include FGF2, angiopoietins, TSP-1, and Shh. As outlined above, FGF-2 also exerts 
both angiogenic and myogenic effects and may thus be of therapeutic use in enhanc-
ing regeneration of muscle following injury. Early studies reported that direct 
administration of FGF-2 into injured muscle did not improve the repair outcome 
(Mitchell et al.  1996 ), however more recent studies indicate that more robust modes 
of intramuscular delivery are more effective (Stratos et al.  2011 ). However, the rela-
tive effects of exogenous FGF-2 delivery on angiogenesis and/or myogenesis have 
not been investigated in detail, and it remains unclear if therapeutic benefi ts are due 
to single or dual effects on these processes. 

 Ang-1 and Ang-2 are both up-regulated in injured skeletal muscle, however sim-
ilarly to exercise-induced expression, the fold-change in Ang-2 expression is much 
greater than that of Ang-1, leading to a ratio variation that favours the vessel desta-
bilising effects of Ang-2 (Wagatsuma  2007 ). There is also evidence for tightly regu-
lated temporal expression of angiopoietin isoforms throughout angiogenesis in 
muscle repair, with early high expression of Ang-1, followed by a later phase of 
high Ang-2 expression (Qin et al.  2013 ). As is the case with other angiogenic growth 
factors, angiopoietins also appear to exert a direct infl uence on cells of the myo-
genic lineage, with Ang-1 promoting satellite cell survival, renewal and quiescence 
(Dallabrida et al.  2005 ; Abou-Khalil et al.  2009 ), while Ang-2 appears to be 
involved in differentiation of skeletal muscle cells (Mofarrahi and Hussain  2011 ). 
However, the detailed time- and process-dependent roles of angiopoietin isoforms 
in muscle-based angiogenesis requires more in-depth investigation. 

 As described in detail above, the Hh factor family have dual roles in myogenesis 
and angiogenesis, and these roles have formed the basis for recent studies on the 
therapeutic potential of Hh protein administration to extensive muscle injuries. 
However, the benefi ts of Hh therapy may need to be regarded with caution because 
Hh signalling is also known to directly promote tumour cell survival (Delloye- 
Bourgeois et al.  2013 ), and dysfunctional Hh signalling has been linked with highly 
aggressive embryo-originating rhabdomyosarcoma (Rajurkar et al.  2013 ). 

 Taken together, these studies clearly demonstrate a highly complex interplay 
between myogenic, angiogenic and fi brogenic processes in the repair of skeletal 
muscle following injury. There are roles of other systems and cell types (e.g. the 
immune system) that are outside the scope of this chapter. What is abundantly clear 
is that there are multiple opportunities for therapeutic approaches that target over-
lapping roles of growth factors in these processes, and recent developments in this 
fi eld of research are promising.  
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7.3.3     Muscle Disease 

 Many diseases of skeletal muscle are characterised by muscle weakness and 
 susceptibility to injury and degeneration, and/or disruption to the subsequent regen-
eration process. Therefore, there are some parallels in therapeutic approaches for 
promoting repair and revascularisation of normal healthy muscle following injury 
(see above), and muscle disease. Duchenne muscular dystrophy (DMD) is one of 
the most common and severe muscle diseases, resulting from a genetic mutation in 
the dystrophin gene causing a defi ciency in the muscle membrane-stabilising 
 dystrophin protein (reviewed in Ennen et al.  2013 ). A range of therapeutic 
approaches, largely based on gene replacement utilising both cell- and non-cell-
based vehicles, have been in experimental development for many years, and these 
have been extensively reviewed recently elsewhere (see Foster et al.  2012 ; Rodino-
Klapac et al.  2013 ). Due to limitations of gene-based therapies relating to delivery, 
dissemination, and immunological responses and other side effects, alternative 
approaches are under consideration. Growth factor-mediated therapies to exoge-
nously regulate the processes associated with muscle regeneration (myogenesis, 
angiogenesis, infl ammation, fi brosis), may be of signifi cant value, alone or in com-
bination with gene therapy, in ameliorating the progression of DMD and other 
degenerative muscle diseases. 

 While muscle weakness, degeneration and limited capacity for repeated cycles 
of repair are the primary contributing factors to disease progression in DMD, the 
disease appears to be exacerbated by impaired angiogenic growth factor expression 
and abnormalities in the vascular endothelium itself. Expression of angiogenic 
growth factors, such as VEGF and HIF1α, by dystrophic muscle cells is signifi -
cantly reduced, as is the overall potential of these cells to induce an angiogenic 
response (Rhoads et al.  2013 ). Dystrophic endothelial cells show an increased pro-
pensity to undergo apoptosis and a reduced capacity to contribute to angiogenesis 
(Palladino et al.  2013 ; reviewed in Shimizu-Motohashi and Askaura  2014 ). This is 
consistent with previous reports of signifi cant abnormalities in the dystrophic brain 
endothelium, including increased permeability and disruption of the blood–brain 
barrier (Nico et al.  2003 ). The combined impacts of a dystrophin defi ciency on the 
myogenic and angiogenic potential of dystrophic muscle have provided a basis for 
combining dystrophin and VEGF gene therapy utilising stem cells (Deasy et al. 
 2009 ). Interestingly, using mechanical stimulation in combination with 
 muscle- derived stem cell therapy can also promote both myogenesis and angiogen-
esis, with the latter appearing to be largely due to up-regulation of VEGF expres-
sion (Beckman et al.  2013 ). Other approaches combining VEGF with myogenic 
factors to promote angiogenesis and myogenesis are discussed above in relation to 
muscle regeneration. VEGF-based therapies may also be of clinical signifi cance in 
other muscle diseases, with evidence for a strong shift toward an anti-angiogenic 
VEGF profi le through elevated VEGF 165b  expression in muscle biopsies from 
humans with infl ammatory myopathies (Volpi et al.  2013 ). 
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 Similarly to the repair of normal healthy muscle, the balance between myogenic, 
angiogenic and fi brotic processes need to be considered in growth factor-based 
therapeutic approaches to muscle disease. DMD is characterised by progressive 
replacement of large areas of muscle tissue with fi brotic scar tissue, and drugs that 
target fi brotic and infl ammatory pathways have been shown to improve muscle 
pathology (Klingler et al.  2012 ). These may be of use in combination with angio-
genic and other pharmacological approaches. There may also be signifi cant value in 
considering non-invasive methods of potentiating the effects of pharmacologically- 
based treatments, such as light exercise and massage (Klingler et al.  2012 ). As dis-
cussed above, these may have the capacity promote endogenous angiogenic activity, 
and the responsiveness of muscle tissue to exogenously delivered factors.  

7.3.4     Effects of Skeletal Muscle Ageing 

 Similarly to most tissues of the body, skeletal muscle undergoes certain changes 
with the normal ageing process, which can impact on defi cits in muscle workload 
capacity, and in the ability to self-repair following injury. Compounding factors of 
older age, including a more sedentary lifestyle leading to muscle atrophy and loss 
of muscle mass (sarcopenia), can contribute to limitations in muscle function. 

 Many studies have investigated the capacity of aged skeletal muscle to regenerate 
following injury, with wide-ranging fi ndings that can likely be attributed to variation 
in species, experimental approaches, sample sizes and sampling time points, and 
ages under investigation. The variation of data from very slight, to severe, effects of 
ageing on overall muscle repair is also likely due to the complexity of this process 
and involvement infl ammatory, fi brotic, myogenic and angiogenic components 
(Grounds  1998 ; Carosio et al.  2011 ). There is evidence for an age-associated loss of 
the capacity of injured muscle to induce an angiogenic response (Shimada et al. 
 2004 ; Smythe et al.  2008 ). This may be due to altered levels of stored angiogenic 
factors, with endogenous VEGF expression in skeletal muscle declining with age 
(Wagatsuma  2006 ; Rhoads et al.  2013 ), combined with evidence that endothelial 
cells derived from aged skeletal muscle show a higher incidence of apoptosis (Wang 
et al.  2013 ). Aged muscle has a reduced capacity to induce VEGF expression in 
response to limb ischemia (Wang et al.  2011 ). In contrast, other factors such as 
Ang-1 and Ang-2 show both normal baseline expression levels (Wagatsuma  2006 ) 
and induction in response to ischemia (Wang et al.  2011 ) in old muscle. Ageing also 
appears to be associated with decreased expression of the pro-angiogenic Hedgehog 
family members, Dhh (Renault et al.  2013b ) and Shh (Piccioni et al.  2014b ). In 
particular impaired Shh expression appears to lead to limited revascularisation and 
regeneration of injured muscle, and intramuscular injection of plasmid-encoded Shh 
can ameliorate this effect of ageing (Piccioni et al.  2014b ). 

 Ageing may also induce a shift in the microvascular environment to one that sup-
ports fi brosis, rather than myogenesis (Brack et al.  2007 ). This may be regulated 
through altered levels of TGF-β as inhibitors of this growth factor can promote 
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improved myogenic cell activity and limit the conversion of these cells to a fi brotic 
phenotype (Carlson et al.  2009a ). Furthermore, muscle satellite cells express 
increased levels of TGFβ and Smad3 with age, which promotes higher levels of 
matrix synthesis and can thus contribute to a fi brotic (Carlson et al.  2009b ) and anti- 
angiogenic (Orlova et al.  2011 ) phenotype. As outlined above, TGFβ may therefore 
be a key target for young and old muscles, and diseased muscles, in which reducing 
fi brosis is of therapeutic benefi t. 

 In contrast to muscle injury, there does not appear to be an impact of age on 
exercise-induced angiogenesis, with aged mice exhibiting a similar capillary-to- 
fi bre ratio following acute exercise to young animals (Gavin et al.  2006 ). 
Interestingly, the latter study showed that this was related to increased VEGF 
expression levels, and these results corresponded with data in humans (Gavin et al. 
 2007 ; Buford et al.  2012 ). These data suggest that within normal physiological con-
ditions, old muscle retains the capacity to elicit angiogenic activity in response to 
exercise, but may be limited in the more extensive response required for injury 
repair. There may also be an effect of regular exercise and fi tness level on angio-
genic, myogenic and fi brotic growth factor expression profi les in ageing, since the 
capacity to induce expression of FGF-2 is increased in aged muscle of individuals 
with a higher level of fi tness (Amir et al.  2007 ). Muscle satellite cells express high 
levels of the FGF inhibitor, Sprouty (Chakkalakal et al.  2012 ); while this was 
reported in the context of muscle regenerative capacity and satellite cell renewal, 
this may also indirectly impact on the capacity of aged muscle to induce an appro-
priate angiogenic response and maintain an adequate microvascular supply.   

7.4     Conclusions and Recent Advances in Angiogenic 
Therapies 

 A dynamic microvasculature is essential for normal skeletal muscle function and 
its’ capacity to respond to changes in functional demand, injury, ageing, and dis-
ease. Both anti- and pro-angiogenic therapies have been under investigation for 
some time, although the former is much more advanced, particularly in relation to 
anti-cancer treatment (reviewed in Katoh  2013 ). A number of promising anti- 
angiogenic drugs that specifi cally target VEGF have been developed for limiting 
tumour growth and metastasis, age-associated macular degeneration and other dis-
eases that are potentiated by neovascular processes. Ramucirumab specifi cally tar-
gets the VEGF2 receptor and has been shown in phase III clinical trials to prolong 
life expectancy in cancer patients (Clarke and Hurwitz  2013 ), while tivozanib 
blocks VEGF receptor tyrosine kinase activity and has also shown positive effects 
through phase III clinical trials (Cowey  2013 ). 

 A number of therapies have been outlined in this chapter with specifi c relevance 
to treating conditions of skeletal muscle, which primarily focus on shifting the 
growth factor balance to one that favours angiogenesis. These include reducing 
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anti-angiogenic and pro-fi brotic effects of TGFβ (Terada et al.  2013 ), and promot-
ing expression of VEGF (Smythe et al.  2002 ; Rissanen et al.  2003 ; Arsic et al.  2004 ; 
Messina et al.  2007 ; Frey et al.  2012 ; Long et al.  2013 ; Heikura et al.  2012 ; 
Kuwahara et al.  2013 ), FGF2 (Stratos et al.  2011 ), and Shh (Piccioni et al.  2014a ,  b ) 
to enhance young, aged and diseased muscle regeneration. Studies have also manip-
ulated expression of VEGF and TSP-1 activity to enhance capillary density and 
exercise capacity (Huttemann et al.  2012 ,  2013 ). Several studies have also investi-
gated the effi cacy of combination therapies to improve outcomes in overall muscle 
function, and in the quality of new vessels that are formed in response to angiogenic 
factor delivery (Borselli et al.  2010 ; Banfi  et al.  2012 ; Makarevich et al.  2012 ; Long 
et al.  2013 ). These latter approaches have promising potential for treating a range of 
conditions affecting skeletal muscle.     
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