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Abstract Adult skeletal muscle can regenerate in response
to muscle damage. This ability is conferred by the presence
of myogenic stem cells called satellite cells. In response to
stimuli such as injury or exercise, these cells become acti-
vated and express myogenic regulatory factors (MRFs),
i.e., transcription factors of the myogenic lineage including
Myf5, MyoD, myogenin, and Mrf4 to proliferate and dif-
ferentiate into myofibers. The MRF family of proteins con-
trols the transcription of important muscle-specific proteins
such as myosin heavy chain and muscle creatine kinase.
Different growth factors are secreted during muscle repair
among which insulin-like growth factors (IGFs) are the only
ones that promote both muscle cell proliferation and differ-
entiation and that play a key role in muscle regeneration
and hypertrophy. Different isoforms of IGFs are expressed
during muscle repair: IGF-IEa, IGF-IEb, or IGF-IEc (also
known as mechano growth factor, MGF) and IGF-1I. MGF
is expressed first and is observed in satellite cells and in pro-
liferating myoblasts whereas IGF-Ia and IGF-II expression
occurs at the state of muscle fiber formation. Interestingly,
several studies report the induction of MRFs in response to
IGFs stimulation. Inversely, IGFs expression may also be
regulated by MRFs. Various mechanisms are proposed to
support these interactions. In this review, we describe the
general process of muscle hypertrophy and regeneration and
decipher the interactions between the two groups of factors
involved in the process.
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Introduction

About one-half of our body mass is made up skeletal mus-
cle. Besides its obvious role in locomotor activity and pos-
tural behavior, skeletal muscle also functions as a metabolic
regulator, for example by storing glycogen. Loss of muscle
tissue observed in aging or in degenerative muscle diseases
therefore alters physical abilities and leads to metabolic
problems such as insulin resistance or osteoporosis. This
constitutes a major public-health problem.

Adult muscle consists of multinucleated myofibers
that can undergo changes in size (atrophy/hypertrophy)
and type (slow-contracting, fatigue-resistant type/fast-
contracting, fatigable type). Due to its daily mechanical
work, muscle undergoes small tears and minor lesions.
This leads to a slow turnover of constituent fibers, replac-
ing no more than 1-2 % of myonuclei per week [1]. In
normal conditions, adult skeletal muscle is therefore a sta-
ble tissue. However, in response to severe injury due to
a direct trauma, to an extensive physical activity or to a
genetic muscle disease, skeletal muscle has the remarkable
ability to regenerate itself, preventing loss of muscle mass
and/or delaying the appearance of clinical symptoms of
muscle diseases. This is due to the presence of quiescent
satellite cells, which are mononucleated cells localized in
a niche constituted by the sarcolemma of the adjacent mus-
cle fiber and the basal lamina. The initial phase of muscle
repair is characterized by necrosis of damaged fibers and
activation of an inflammatory response. Then, quiescent
satellite cells reenter the cell cycle and proliferate to renew
the quiescent satellite cell pool or to differentiate in new
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myofibers. The final phase of regeneration consists of a
maturation of newly formed myofibers and in a remod-
eling of regenerated muscle.

Different factors play critical roles in skeletal muscle
regeneration. Among them, myogenic regulatory factors
(MRFs) and insulin-like growth factors (IGFs) are critical
for muscle repair. MRF family proteins constitute the key
factors that determine the progression of satellite cell acti-
vation during myogenesis and muscle regeneration. How-
ever, the mechanisms by which the expression and activity
of these factors are regulated during the processes are not
completely clarified. Specifically, it is not clear whether the
IGF pathway acts upstream/downstream or in parallel to
MREFs.

In this review, we present the general mechanisms of
muscle repair and hypertrophy with emphasis on MRFs and
IGFs and then discuss the molecular mechanisms underly-
ing the cooperation between the two groups of factors.

Animal models of muscle degeneration

Degeneration/regeneration processes can be obtained by
different methods. The amplitude and kinetics of the repair
depend on the extent of degeneration, the muscle injured,
the animal model studied, and the method used to induce
injury [2, 3] (review in [4, 5]). It is important to note that,
in higher vertebrates, muscle regeneration depends on
whether the injured tissue retains an extracellular matrix
scaffold that serves as a template for muscle fibers forma-
tion [6].

So far, the easiest and the most reproducible technique
to induce muscle degeneration seems to be a muscular
injection of a myotoxin such as cardiotoxin, bupivacaine
(marcain), or notexin [7] (review in [4]). The other methods
used to induce myotrauma are muscle crushing or freez-
ing, BaCl, and muscle denervation, and devascularization
obtained by muscle transplantation [7, 8]. Finally, intensive
muscle exercise and in particular eccentric exercise (muscle
stretch during contraction) can induce muscle lesions and
constitutes a physiological mechanism of muscle degenera-
tion [9-11].

On the other hand, muscle repair is also frequently inves-
tigated in pathological models with abnormal muscle degen-
eration such as the mdx (X-linked muscular dystrophy)
mouse. This mouse is a model of Duchenne muscular
dystrophy (DMD), the most common form of human
muscular dystrophy characterized by a progressive and con-
tinuous muscle degeneration accompanied by inadequate
muscle regeneration [12—15]. DMD is due to a mutation in
the p21 locus of chromosome X [16, 17]. The mutation results
in the complete lack of expression of dystrophin, a 427-kDa
protein localized at the cytoplasmic face of the sarcolemma
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[16]. Dystrophin-deficient muscle has an increase in mus-
cle membrane fragility making it particularly sensitive to
eccentric contractions (significant loss of muscle strength
induced by repeated cycles of lengthening contractions)
[18-21].

Phases of muscle repair

Injured muscles show a rapid necrosis of myofibers.
Disruption of their sarcolemma results in increased serum
levels of muscular cytosolic proteins such as creatine kinase
[22]. Different kinetics of muscle regeneration have been
observed. For example, after cardiotoxin-induced mus-
cle degeneration, muscle repair is achieved in 3—4 weeks.
Indeed, 3 days after injection, muscle force production and
histochemical analysis show that degeneration is almost
complete. Myogenic cell differentiation and new myotube
formation are already observed 5-6 days post-injection. By
10 days post-injection, the overall muscle architecture is
restored, although most regenerated myofibers are smaller
and display central myonuclei; after 3—4 weeks, muscle
is morphologically and histochemically indistinguishable
from pre-injury muscle [23, 24].

Different phases play critical roles during skeletal muscle
regeneration. They include inflammation reaction, activa-
tion of satellite cells, and muscle remodeling. These differ-
ent phases overlap during the process of muscle repair.

Inflammation

Muscle inflammation is generally a beneficial response
as it promotes muscle repair and growth (review in [25]).
After muscle damage, bone marrow cells rapidly invade
zones of necrosis in response to chemotactic factors and
then play different roles during muscle repair [26]. Indeed,
the inflammatory response occurs within 1 h of muscle
damage with invasion by neutrophils, raises a peak in 48 h
with invasion by monocytes and macrophages, and persists
throughout the process of muscle repair (review in [25,
27]). These inflammatory cells play a key role in phago-
cytosis of cellular debris and cleaning disrupted myofila-
ments, cytosolic structures, and damaged sarcolemma of
damaged muscle [28].

Independently of the main role they play in cleaning, it
has been shown that macrophages actively promote muscle
regeneration by releasing growth factors and cytokines [25].
Indeed, two populations of macrophages colonize injured
muscle. The first one is present within 24 h after muscle
injury and is characterized by expression of CD68 surface
marker but absence of CD163 marker. These macrophages
are involved in phagocytosis of muscle debris by secreting
pro-inflammatory cytokines such as tumor necrosis factor
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alpha (TNFa) and interleukin-1 beta (IL-18). Then, they
decline rapidly and are replaced about 2—4 days after injury
by a second population of macrophages that are CD68—/
CD163+ [6]. These CD1634 macrophages secrete I1L-10
to resolve inflammation but also release factors enhancing
myogenic precursors proliferation, growth, and differentia-
tion [29-31].

The important role of macrophages in the regeneration
process is supported by the fact that the suppression of their
activity impairs muscle regeneration and leads to muscle
fibrosis [32]. However, if growing evidence indicates that
macrophages allow muscle repair, the beneficial role of
neutrophils during muscle regeneration is much less clear
(review in [25]).

Activation, proliferation, and differentiation
of satellite cells

In adult skeletal muscle, satellite cells are quiescent and
localized in a niche between the sarcolemma of the myofiber
and the basal lamina. Satellite cells can be identified by the
presence of specific markers, such as CD34, M-cadherin,
and Pax-7, a transcription factor involved in embryonic
myogenesis [33, 34]. At birth, this cellular population repre-
sents a substantial proportion of muscle nuclei, up to 30 %,
but this progressively decreases with ageing.

During muscle regeneration, satellite cells become acti-
vated along damaged muscle. Indeed, satellite cells migrate
from distant undamaged areas to the injured site [35] and
proliferate [36] in a process similar to fetal muscle develop-
ment [37]. The division of satellite cells occurs in an apical—
basal asymmetric mode: the basal daughter cell supporting
self-renewal by producing a stem cell population that is
prevented from differentiation, and the apical daughter cell
giving rise to more committed myogenic progeny [38—40].
Committed myogenic progeny proliferate as myoblasts,
migrate, and fuse with each other to form novel myofibers
or with pre-existing fibers to repair damaged fibers.

The behavior of satellite cells depends on multiple fac-
tors that come from their microenvironment. Their niche,
the neighboring cells and the extracellular matrix, constitute
this microenvironment.

Different signaling pathways have been implicated in
the satellite cell activation process. For example, Wnt and
Notch signaling, which are mainly involved in embryogen-
esis, are also shown to play an important role in satellite
cell fate, proliferation, and differentiation during muscle
regeneration. During myogenesis, Delta-1 (a notch ligand)
binding to notch (a transmembrane receptor) activates the
notch signaling pathway. This leads to the cleavage of the
intracellular portion of notch and its translocation to the
nucleus where it activates a family of transcription fac-
tors and induces stem cell proliferation [41]. Interestingly,

during the asymmetric division of satellite cells, numb, the
antagonist of notch is localized asymmetrically, indicating
divergent cell fate of daughter cells, the numb + daughter
cells becoming committed myoblasts expressing MRFs
[42]. The Wnt pathway is activated by the binding of
Want to its receptor composed of frizzled and low-density
lipoprotein-related protein (LRP). This induces the recruit-
ment of Dishevelled (Dvl), which releases the inhibition
of glycogen synthase kinase-beta (GSKf) on B-catenin.
B-catenin then translocates to the nucleus and promotes
gene transcription. While notch signaling induces satellite
cell proliferation and specification, Wnt signaling allows
satellite cell differentiation as illustrated by the temporal
switch observed from notch to Wnt signaling during myo-
genesis [43].

The proliferative capacity of satellite cells also depends
on muscle innervation. Experiments show that denervation
of 6-day-old neonatal rat drastically reduces satellite cell
proliferative capacity [44].

Other factors such as growth factors are secreted in the
satellite cell microenvironment and play a critical role in
their activation. In particular, the role of IGF-induced sat-
ellite cell activation during muscle regeneration has been
largely reported. However, the involvement of satellite
cell activation on IGF-induced muscle hypertrophy is still
debated. In both cases, the mechanisms underlying IGF-
induced activation of satellite cells remain poorly under-
stood. This will be discussed in detail below.

In turn, activated satellite cells secrete different com-
pounds involved in chemotaxis of bone marrow cells.
Indeed, DNA-microarray analysis of genes expressed dur-
ing regeneration revealed an increase of at least six chemo-
tactic factors: monocyte chemoattractant protein-1, mac-
rophage-derived chemokine (MDC), fractalkine (FKN),
vascular endothelial growth factor (VEGF), urokinase type
plasminogen-activator receptor (WPAR) and urokinase [26].
Interestingly, their expression was correlated with the acti-
vation of satellite cells and decreased at the differentiation
phase [45, 46].

Finally, it has been shown that cells derived from line-
ages other than muscle also possess myogenic potential.
This is the case of bone marrow-derived progenitors, mes-
oangioblasts, pericytes, blood-derived AC133+ progeni-
tors, and interstitial cells that are capable to participate
in the formation of multinucleated myotubes [47—-49]. In
all cases, all potential myogenic cells express Pax7 [50].
Indeed, the use of diphtheria toxin to eliminate Pax7-
expressing cells in adult muscle results in the loss of the
replenishment of satellite cell pool and muscle repair fol-
lowing injury [51]. The different steps of myogenesis, i.e.,
myoblast proliferation, migration, alignment, and fusion
into myotubes are under the control of diverse regulatory
factors such as Pax genes, MRFs, and myocyte enhancer
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binding factors 2 (Mef2), growth factors, calcium, and
calpains [24, 52, 53].

Muscle remodeling

As mentioned above, muscle regeneration crucially depends
on the maintenance of the basal lamina [6]. Within the intact
basal lamina, satellite cell proliferation, fusion, and differ-
entiation operate a reconstruction of normal muscle fibers in
a very short period of time. These steps of muscle regenera-
tion do not require innervation.

However, growth and remodeling of regenerated muscle
depends on the development of blood vessels and on the
formation of myotendinous connections and neuromuscular
junction. In the absence of innervation, myofibers remain
atrophic and newly formed myotubes express, by default,
embryonic, neonatal, and fast MHC, as in developing mus-
cles, but are not able to express slow MHC. Motor neuron
activity is required for both muscle growth and fiber-type
specification [54].

Muscle treatment with rapamycin, a specific inhibitor of
the mammalian target of rapamycin (mTOR), blocks growth
of regenerating muscle, suggesting that nerve activity exerts
its effect on muscle growth by selectively activating the
Akt-mTOR pathway. Interestingly, it does not interfere with
the slow-type expression program [55].

Triggering the expression of slow-type MHC seems to
involve two other signaling pathways, namely the ERK and
calcineurin—-NFAT pathways [56]. This illustrates that Ca**
transients obtained by the nerve stimulation of slow-type
muscle pattern more efficiently activates calcineurin than a
fast-type pattern [57].

Extracellular matrix plays an important role in nerve
growth. Indeed, interaction between Schwann cells and the
ECM are essential for peripheral nerve regeneration and the
collagen present in the ECM participates in the process by
acting as a driving force in nerve growth and differentia-
tion [58]. The remodeling of the ECM is also involved in
the process of muscle repair by activating satellite cells and
promoting their migration and fusion into myotubes. This
happens through metalloproteinases, which allow the turno-
ver of the ECM by cleaving its components and which par-
ticipate in the activation of latent growth factors [59, 60].

MRFs pathway

MRFs are muscle-specific basic helix—loop—helix transcrip-
tion factors. They include Myf5, MyoD, myogenin, and
Mrf4 proteins that act as nodal points for myogenic informa-
tion [61, 62]. MRFs contain a conserved basic DNA binding
domain that binds to the E-box consensus sequences
(CANNTG) of the promoters of muscle-specific genes
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[63, 64]. Myf5 and MyoD are mainly involved in muscle
specification and trigger conversion of non-muscle cells,
such as fibroblasts, into muscle [65, 66], whereas myogenin
and Mrf4 act later during myogenesis and allow myotube
formation and maturation [67-69].

In response to muscle injury, satellite cells become acti-
vated along the damaged myofibers, proliferate and migrate
to the injury site plugging the breaches, or by forming new
myotubes [35]. Activated satellite cells first express Myf5,
which promotes their proliferation. They then start express-
ing MyoD that induces their withdrawn from the cell cycle
[70-72].

MyoD constitutes the key myogenic transcription factor
in muscle regeneration [4, 73]. Indeed, primary myogenic
cells derived from adult skeletal muscle of MyoD ™'~ mice
fail to exit the cell cycle and to enter the differentiation pro-
cess. Interestingly, transfection of a MyoD-expression cas-
sette in these cells rescues the differentiation deficit [73].
Expression of MyoD during muscle regeneration controls
that of several muscle-specific genes such as developmen-
tal myosin heavy chain (MHCd, only present in regenerated
fibers) and myogenin [63, 74, 75].

Expression of myogenin occurs at the beginning of
myotube formation and is the key factor leading to myo-
blast fusion [76]. Finally, Mrf4 is involved in the matura-
tion of myotubes allowing reorganization of myofilaments
and central nuclei migration to the periphery of the cell
[67] (Fig. 1). However, recent evidence points to the role of
Mrf4 in skeletal muscle determination. Indeed, it has been
shown that muscle formation may occur in Myf5/MyoD
double-null mice if Mrf4 is expressed [77]. The effect
of MRFs is potentiated by the Mef2 [78, 79]; they act
synergistically with them to allow myotube formation
[80, 81]. The expression of MRF family proteins is under
the control of Pax genes, essentially Pax3 and Pax7. All
satellite cells are marked by expression of Pax7 and in
many muscles, of its paralogue Pax3. This cell population
comes from a somite-derived population of Pax3/Pax7-
positive cells responsible for muscle growth during devel-
opment [82].

In developing muscles, at late embryonic and fetal stages,
most of these cells proliferate and do not express skeletal
markers. At this stage, Pax3 and Pax7 control both myo-
genic cell fate and ensure cell survival. Indeed, in Pax3/
Pax7 double-mutant mice, an important increase in satellite
cell apoptosis is observed [83, 84].

The situation is different in adult muscle. Many sat-
ellite cells are Pax3 negative, and Pax7 (but not Pax3)
ensures cell survival. These cells enter the myogenic
program by expressing two key myogenic determination
genes Myf5 and MyoD. In quiescent satellite cells, Myf5
is expressed at a low level and is not under Pax control.
In satellite cells depleted in Myf5, myogenesis occurs but
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Fig.1 The myogenic regulatory factors pathway during skeletal
muscle regeneration. Satellite cells are normally quiescent expressing
Pax 7 involved in their survival. Upon muscle damage, they become
activated and express Myf5 to proliferate as myoblast, then express-
ing MyoD. MyoD constitutes the key MRF, which regulates myoblast

transfection of these cells with a dominant-negative form
of Pax3/Pax7 prevents the expression of myogenin and
blocks differentiation [51, 77, 85]. This suggests that in
adult satellite cells, Pax3 and Pax7 exert their action on
myogenesis by inducing the expression of MyoD. In mus-
cle regeneration, Pax7 seems to play an essential role in
allowing the formation of myogenic progenitors. Indeed,
in mutant mice expressing Pax7 carrying a knock in of
a B-galactosidase cassette (Pax7'*#1¢%) but still express-
ing Pax3, acute regeneration (consecutive to degeneration
induced by cardiotoxin injection in TA muscle) showed
a severe deficit with only rare centrally nucleated fib-
ers [86]. Inversely, it has been demonstrated that Pax7-
expressing satellite cells can allow muscle repair after
several bouts of acute injury [51]. Moreover, MyoD-
positive cells were observed among Pax7-positive cells in
regenerated muscles from wild-type mice but these cells
did not express Pax3. In contrast, the mononuclear cells
associated with fibers in Pax7'%#!a* mice were all nega-
tive for MyoD, indicating an absence of functional satel-
lite cells in Pax7'%#1%¢Z mice,

IGFs and other growth factors released during
regeneration

Muscle injury causes the release of different growth fac-
tors in the extracellular environment. These factors may
be released by damaged fibers, newly formed myotubes,
inflammatory cells like macrophages, or they can come
from the bloodstream. They play an important role at differ-
ent steps of muscle regeneration (reviewed in [87]).

MyoD 1 N _§ ¥ §

s Myogenin =

—— M4 — -

differentiation during muscle regeneration. Indeed, the MyoD-positive
cells exit from the cell cycle and express myogenin to initiate the
differentiation and fusion into myotube. These myotubes present
central nuclei. The expression of Mrf4 allows maturation of myotube
in myofiber that present peripheric nuclei

Expression of IGFs during myogenesis and muscle
regeneration

Autocrine secretion of IGFs

In response to muscle injury or exercise, muscle cells
express IGF-1 and IGF-II [88]. IGF-1 is the only growth fac-
tor clearly involved in both proliferation and differentiation
of myoblasts [§9-93]. Different isoforms of IGF-I generated
by alternative splicing are involved in muscle regeneration:
IGF-1Ea and MGF (mechano-growth factor), corresponding
to IGF-IEDb (in rat) and IGF-IEc (in human).

MGEF is only expressed by damaged or loaded skeletal
muscle [94]. Following muscle damage, its expression
increases quite rapidly and is correlated with the activa-
tion of satellite cells; then splicing switches expression to
IGF-IEa, the sustained action of which enhances myoblasts
fusion [94-96]. Moreover, autocrine secretion of IGF-I dur-
ing muscle regeneration limits muscle damage and allows
recruitment of bone marrow cells to the injury site [94].
Indeed, within 1 h after muscle injury, there is an invasion
of neutrophils into the site of the injury, which contributes
to muscle damage by releasing free radicals or other oxi-
dants that cause a lysis of muscle cell membranes [25].
Interestingly, the expression of MGF increases the activity
of superoxide dismutase, known to decrease the level of free
radicals, and so limits muscle damage [97] (for review see
[27]). Moreover, the chemoattractive effect of muscle sat-
ellite cells on bone marrow stem cells is enhanced by the
expression of MGF during muscle regeneration [98]. This
increases the number of monocytes/macrophages into the
injured muscle and favors muscle repair.
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On the other hand, the expression of IGF-II by regen-
erating muscle cell plays a role in the later step of myo-
blast differentiation while allowing myotube formation
[99-103].

Paracrine secretion of IGF's

Paracrine secretion of IGFs is essentially assumed by two
groups of bone marrow-derived cells: monocytes/mac-
rophages, and endothelial cells that induce a rapid increase
in IGF-I around damaged myofibers. The paracrine secre-
tion of IGF-I speeds up the inflammatory response and
allows muscle architecture restoration [103—-106].

Endocrine secretion of IGFs

Circulating IGFs from blood vessels also take part in muscle
regeneration. The isoform involved in the process is IGF-
IEa. However, several studies indicate a predominant action
of locally produced IGFs during myogenesis and muscle
repair [72, 94, 98, 99, 101, 104].

Role of IGFs in muscle repair and hypertrophy (Fig. 2)

IGFs are involved at different steps of myogenesis and mus-
cle regeneration: they activate satellite cell proliferation
(hyperplasia), increase protein synthesis (hypertrophy), and
promote differentiation [28, 93, 107-109].

Fig. 2 Models of IGF-induced
muscle cell proliferation and
differentiation. The binding

of IGF-I to its receptor activates

IGFs and muscle cell proliferation

The mitogenic action of IGFs on muscle cell is essentially
due to IGF-I and mediated by the mitogen-activated protein
kinase (MAPK/ERK1/2) pathway [89, 110, 111]. MAPKSs
are serine/threonine kinases involved in cell cycle progres-
sion and cell survival. By altering the levels and activities
of transcription factors, MAPK leads to altered transcrip-
tion of genes involved in the cell cycle. For example,
upon IGF-I stimulation, expression of cyclins D1 and D2
increases, accelerating cell cycle progression [111]. This
pathway mediates its mitogenic activity essentially through
phosphorylation of ERKI1/2, allowing cell proliferation
[112].

IGFs and muscle cell differentiation

As described above, IGF-I and II are both involved in
muscle cell differentiation. IGF-II exerts its effect by
binding to the IGFI-R. The effect of these growth factors
on myoblasts differentiation in vivo is mainly mediated
by the PI3K/Akt/mTOR/p70S6K pathway [72, 101, 111,
113-119].

Phosphatidylinositol 3-kinase (PI3K) contains two subu-
nits: a catalytic subunit called p110 and a regulatory subu-
nit called p85. IGF-I stimulation results in IGF-I receptor
(IGF-IR) autophosphorylation. This leads to phosphoryla-
tion of insulin receptor substrates (IRS) on tyrosine residues

Plasma membrane

two main pathways: the MAPK
pathway that allows myoblast
proliferation through the
activation of ERK and cyclin,
and the PI3K/Akt pathway that
promotes muscle cell differen-
tiation and hypertrophy through
activation of muscle protein
synthesis and inhibition of
muscle proteolysis. IGF-II also
mediates the effects of IGF-1 by
its binding to the IGF-IR. These
signaling pathways are detailed
in the text

Transcription

¥

Muscle cell proliferation
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and a subsequent binding of the SH2 domain of the p85
subunit of PI3K to phosphotyrosine residues that releases
p110 for PI3K activation. The activation of PI3K generates
PIP3 responsible for Akt targeting to the plasma membrane
where it is activated through phosphorylation by its activat-
ing kinase, phosphoinositide-dependent kinase 1 (PDK1).
Negative regulators of Akt are phosphatase and TENsin
homolog (PTEN) and SH2-domain-containing inositol 5’
phosphate (SHIP2) that dephosphorylate PIP; and prevents
translocation of Akt to the plasma membrane and its subse-
quent phosphorylation [120].

Akt, also called protein kinase B (PKB), is a 65-kDa
and serine/threonine kinase localized in the cytosol. Three
isoforms of Akt are described: Akt 1, 2, 3. In skeletal
muscle, two of them are predominant: Aktl and Akt2.
However, Akt mediated-growth effect of IGF-I in skeletal
muscle has been attributed essentially to Aktl [113, 114].
Akt2 seems more involved in muscle glucose metabolism
[121]. Insulin and IGF-I stimulation leads to Akt translo-
cation to the plasma membrane where it becomes phos-
phorylated on threonine 308 and serine 473 by PDKI.
After phosphorylation, Akt returns to the cytosol or to the
nucleus to target its downstream effectors. Akt mediates
the effect of IGF-I in two ways: through anabolic effects
and through anti-catabolic effects [115, 117, 122]. Akt
promotes protein synthesis and cell growth principally
by phosphorylating and activating mTOR and p70S6K.
Inhibition of mTOR by rapamycin treatment prevents
both myogenic differentiation and myofibers growth dur-
ing development [123, 124]. The anti-catabolic effect of
Akt is due to the inactivation of proteolysis, mediated
by inhibition of Foxo3a and GSK 3 by phosphorylation.
Phosphorylation of Foxo3a leads to its exclusion from the
nucleus where it plays a role in the transcriptional activa-
tion of genes that negatively regulate muscle development
such as MuRf-1 and Atroginl [also called muscle atrophy
F (MAF) box] [125, 126].

IGFs and muscle cell hypertrophy

If the role of the IGF-I-induced satellite cell activation and
proliferation is well reported in muscle regeneration, its
involvement is less clear in muscle hypertrophy.

Using a genetically modified mouse model expressing an
inducible Aktl gene, the group of Reggiani showed that Akt
increases skeletal muscle mass and force without satellite
cell activation [127]. It is well known that Akt activation
allows muscle protein synthesis and muscle cell differen-
tiation [111] and that satellite cell activation occurs before
myoblast differentiation. Moreover, the IGF-I pathway-
induced muscle cell proliferation is essentially mediated by
the MAPK pathway, which does not depend on activation of
Akt [110, 111]. Thus, it is expected that muscle hypertrophy

induced by Akt stimulation may be more due to a better dif-
ferentiation of committed myoblasts than to an activation of
quiescent satellite cells.

On the other hand, several experiments show that various
models of muscle hypertrophy in which IGF-I receptor acti-
vation is required [128-130], such as overload-dependent
muscle hypertrophy or follistatin-induced muscle hypertro-
phy, were blocked by X-ray or gamma-ray irradiation (used
to inhibit satellite cell activation) [107, 131-133].

These results strongly emphasize the obligatory role of
satellite cell activation during these processes, although a
possible interference of irradiation with muscle protein syn-
thesis cannot be ruled out.

The importance of satellite cell activation is also sup-
ported by the fact that MAPK activation precedes that of the
PI3K/Akt pathway during overload-induced muscle hyper-
trophy and that, at the early phase of the process, mTORCl1
activation occurs independently of PI3K/Akt signaling. This
suggests a significant contribution of the MAPK pathway to
mTORCI1 activation [134].

Together, all these results suggest that IGF-induced mus-
cle hypertrophy requires both MAPK and PI3K/Akt and that
myoblasts proliferation may precede differentiation during
the process.

Other secreted factors involved in muscle repair and
hypertrophy

Besides IGFs, other secreted factors modulate the kinetics
of muscle repair. The most important ones are briefly men-
tioned below.

Hepatocyte growth factor (HGF) is released from the
extracellular matrix upon muscle injury and is secreted by
newly formed myotubes. It leads quiescent satellite cells to
reenter the cell cycle and promotes their proliferation by
activating p38 MAPK and PI3K [135]. It also inhibits dif-
ferentiation by upregulating Twist protein, an inhibitor of
MyoD expression, and by repressing p27, a cyclin-depend-
ent kinase inhibitor [136].

Platelet-derived growth factor (PDGF) is released by
activated platelets and activated macrophages. It stimu-
lates proliferation, inhibits differentiation, and promotes
angiogenesis.

Fibroblast growth factor-6 (FGF-6) stimulates prolifera-
tion of satellite cells but may also interfere with the expres-
sion of MyoD and myogenin, therefore playing a role in dif-
ferentiation [137].

Interleukin-6 (IL-6) and TNFa produced by activated
leukocytes induce proteolysis of damaged myofibers and
therefore take part in the degenerative phase of muscle
regeneration [138, 139]. However, they also promote satel-
lite cell proliferation and differentiation, favoring replace-
ment of the destroyed tissue [140-142].
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Transforming growth factor-beta (TGFpB) is a family
of proteins including myostatin (MSTN) and activin/inhi-
bin factors, which bind to the extracellular matrix and are
released upon muscle injury. In vitro, they inhibit satellite
cell proliferation and differentiation [143—145]. The role of
myostatin in muscle growth control has been emphasized by
the fact that mutation in MSTN gene causes a very impres-
sive increase of muscle mass [145, 146].

Leukemia inhibitor factor (LIF) is produced by regener-
ating fibers and plays an important role in remodeling of
extracellular matrix in late muscle repair [147].

Follistatin also plays a role during muscle repair and
hypertrophy. Myofibers and inflammatory cells secrete it.
Follistatin acts by inhibiting the effects of myostatin through
its binding with a high affinity to Activin and in a lesser
extent to Inhibin [148].

Progranulin (PGRN) is an emergent factor that cooperates
with IGF-I in the regulation of skeletal muscle hypertrophy
and regeneration. Indeed, PGRN is co-induced with IGF-I
and can substitute it during muscle hypertrophy [149]. It is

Plasma membrane

also involved in activation of muscle progenitor cells during
muscle regeneration [149, 150].

Interplay between MRFs and IGFs pathways

As described in Fig. 3, the MRFs and IGF pathways consti-
tute important signaling pathways that control skeletal mus-
cle regeneration and hypertrophy [101, 151-153]. However,
we only begin to understand how these pathways interact
with each other [127, 154].

Induction of MRFs genes by IGFs stimulation

A series of experimental investigations indicate that the IGF
pathway might regulate the MRF family proteins, in par-
ticular MyoD and myogenin.

As described above, MyoD is expressed by activated sat-
ellite cells. There is now a considerable amount of experi-
mental evidences suggesting that IGF might regulate the
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Fig. 3 Interplay between the MRFs and IGFs pathways during
myogenesis and muscle regeneration. The IGF pathway regulates
MREFs expression and activity. Indeed, the activity of MyoD, the
key regulator of muscle regeneration, is enhanced by the activation
of the PI3K/Akt pathway in two ways: (i) interaction of active Akt
with PHB?2 that releases MyoD from the inhibitory effects of PHB2
(known to complex MyoD and Mef2, inhibiting their activity), (ii)
inhibition of MyoD proteolysis by active mTOR, the downstream tar-
get of Akt. Active MyoD then induces the transcription of myogenin
(to allow myoblast differentiation) or other muscle-specific genes
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and remove the inhibition of HDAC on the transcription of follista-
tin, which inhibits the negative regulator of myogenesis, myostatin.
MRFs may also modulate the IGF pathway through different ways:
(i) induction of the transcription of IGF-II (known to be involved in
myoblast differentiation), (ii) inhibition of Foxo 3a that induces mus-
cle proteolysis and PTEN known to inhibit PI3K, both regulations
mediated by miR 486, (iii) slowdown in myogenesis through regula-
tion of the expression of IGF-II by SKIP or induction of miR 133 to
block IGF-R, each way constituting a negative feedback of MRFs on
IGF expression and myogenesis
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protein level or the activity of MyoD during myogenesis
and muscle regeneration [113, 151, 155-157]. Indeed, in
C2C12 cells, IGF-I stimulation increases the transcriptional
activity of MyoD [156]. Moreover, mechanical damage or
bupivacaine-induced muscle injury is followed by autocrine
secretion of MGF in the early phase of muscle repair. This
has been shown to control MyoD expression and satellite
cell activation [95, 158]. Besides, in vivo treatment of dy
dystrophic mice with IGF-I improves restitution of muscle
architecture and is accompanied by a higher expression of
MyoD [157]. MKR mice that express a dominant negative
IGF-I receptor specifically in skeletal muscle also present
a marked muscle hypoplasia from birth to 3 weeks of age
[159]. Interestingly, this hypoplasia is associated with a
decrease in ERK immunoreactivity level and in MyoD and
myogenin expression. Muscle hypoplasia has also been
observed in IGF-I"'~ mice [160]. Moreover, the use of
inducible IGF-R knockout showed impairment of satellite
cell activation and muscle regeneration [161].

All these experiments establish a probable link between
IGF signaling and MRFs, in particular MyoD.

However, the mechanisms by which IGF regulates MyoD
expression or activity have not been clearly established yet.
Different mechanisms have been proposed.

Prohibitin 2 (PHB2) has been identified as interacting
with Akt during myogenesis. PHB2 is a highly conserved
and ubiquitously expressed protein, also called repressor
of estrogen receptor activity (REA) localized in various
intracellular compartments. It plays an important role in
maintaining mitochondrial inheritance and morphology and
acts as scaffolding protein at the plasma membrane [162].
Sun et al. [151] have shown that PHB2 binds to MyoD
and Mef2 and acts as a transcriptional repressor of mus-
cle cell differentiation. Indeed, stable expression of PHB2
in C2C12 inhibits myogenic differentiation. Interestingly,
when co-expressed with Akt, the repressive effect of PHB2
is relieved, suggesting a possible crosstalk between Akt and
PHB2. The authors identified the central region of PHB2 as
interacting with the N-terminus of Akt. Thus, Akt partially
reduces the binding of PHB2 to MyoD and consequently
relieves its repressive effect on myogenic reporters.

Another mechanism by which IGF may control MyoD
activity seems to be a mTORC1-dependent control of its
stability by suppressing its proteasome-dependent degra-
dation [163]. Interestingly, MyoD protein protection from
degradation allows the expression of muscle-specific micro-
RNA 1 (miR 1), which in turn releases the inhibitory effect
of histone deacetylase 4 (HDAC4) on follistatin production
and myocyte fusion. miRs are 23-nucleotides-long noncod-
ing RNAs that regulate protein expression by targeting the
3’ untranslated region of messenger RNAs [164, 165]. Dif-
ferent miRs are expressed in skeletal muscle. Among them,
miR 1 is a conserved muscle-specific miR that is essential

for myogenesis. Several studies have revealed that miR-1
regulates numerous biological processes including the
development of cardiac and skeletal muscle. Interestingly,
repression of miR 1 in skeletal muscle impairs myoblast dif-
ferentiation [166].

Finally, growing arguments support an increase in MyoD
at the mRNA level upon activation of the IGF-I pathway
[94, 157, 167].

Taken together, these observations show that IGF-I main-
tains MyoD activity by stabilizing the protein in amTORCI-
miR 1-dependent way and by increasing its transcription.

One the other hand, several reports indicate that IGF stim-
ulation also induces myogenin expression [155, 156, 167].
For example, a significant correlation is observed between
muscle hypertrophy in response to resistance training and
mRNA expression of MyoD, myogenin, and IGF-I, sug-
gesting a possible interaction between MRFs and IGF-I in
the control of muscle hypertrophy during resistance training
[167]. During myogenesis, myogenin expression is essen-
tially under the control of MyoD. It is therefore expected
that IGF-I that regulates MyoD expression or activity may in
turn control the expression of myogenin and induce muscle
differentiation. However, IGF-I may also regulate myogenin
expression independently of MyoD, as the effect has been
observed in L6 cells reported not to express MyoD [155].
Interestingly, three cis-elements have been identified within
the 133-base pair mouse proximal promoter of myogenin,
namely E-box, MEF2, and MEF3 that would be regulated
by the PI3K/Akt pathway [156].

These results show that IGF-I controls myogenin expres-
sion by both MyoD-dependent and MyoD-independent
processes.

If the interaction between the IGF signaling pathway
and MyoD and myogenin is well established, less is known
about Myf-5. Most satellite cells express Myf5 but remain
quiescent. Indeed, recent data show that in these quiescent
satellite cells, Myf5 mRNA is sequestered in messenger of
ribonucleoprotein particles (mRNP) granules together with
miR 31, which negatively regulates its translation. Upon
activation, mRNP granules are dissociated, the miR 31 level
is reduced, and Myf5 protein therefore accumulates [168].
Myf5 activation in these cells promotes both self-renewal
and myogenic commitment [169].

So far, only a few studies have reported an induction
of Myf5 by IGF [170, 171]. This point needs further
investigation.

Induction of IGFs genes by MRFs
Several observations also suggest that the IGF pathway acts
downstream of MRFs [101, 119, 152, 172]. The most direct

demonstration was provided by Wilson et al. [101]. Indeed,
in C3H 10T1/2 fibroblasts acutely converted in myoblasts
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by MyoD transfection, they observed an increase in the
expression of IGF-II at mRNA and protein levels during the
differentiation phase. Interestingly, interference with IGF-1I
production or repression of Akt in those cells inhibited the
production of muscle-specific proteins and myoblasts fusion
into myotubes. This result indicates a possible induction of
IGF-II expression by MyoD, with the subsequent activa-
tion of IGF/Akt signaling during muscle cell differentia-
tion. This is corroborated by the fact that in rat muscle cells,
PI3K/Akt signaling is enhanced by MyoD, an effect related
to the regulation of miR 486 expression that inhibits PTEN
(a negative regulator of the PI3K/Akt pathway) and Foxola
(involved in muscle proteolysis) [101, 152].

Moreover, recent findings indicate a negative regulation
of autocrine expression of IGF-II by the skeletal muscle-
and kidney-enriched inositol polyphosphate phosphatase
(SKIP) and a subsequent decrease of the PI3K/Akt/mTOR
pathway during C2C12 myoblasts differentiation [172].
SKIP is known to be a negative regulator of insulin-depend-
ent Akt activation in skeletal muscle through inhibition
of the expression of IGF-II. Indeed, repression of SKIP
increases IGF-II mRNA and muscle differentiation but
co-transfection of SKIP with IGF-II siRNA blocks muscle
differentiation [172—174]. SKIP expression is lower at the
earlier stages of differentiation and increases at the end of
differentiation under the control of MyoD. MyoD-induced
SKIP expression could therefore be a way of limiting mus-
cle differentiation through an auto-regulation loop mecha-
nism of the IGF-II/PI3K/Akt/mTOR. It is also known that
myogenin, the expression of which is increased by IGF-I
stimulation, transactivates miR 133 and negatively regulates
IGF-IR expression. This constitutes another negative feed-
back loop [175].

IGF-I expression might also be under the control of
MRFs during myogenesis. Indeed, it has been shown that a
mutation in the MRFs binding domain E-box of IGF-1 DNA
specifically reduces the expression of IGF-I mRNA during
myogenesis [176].

Conclusions

MRFs and IGFs constitute key regulatory factors mediating
skeletal muscle growth and regeneration. It has long been
known that these factors interact but the molecular mecha-
nisms involved are not completely elucidated. In this review,
we report many observations supporting the regulation of
MyoD and myogenin by IGFs and inversely. However, the
precise mechanisms by which IGFs induce the switch of sat-
ellite cells from quiescence to activation are not completely
understood. A deeper knowledge of these mechanisms
would open new therapeutic horizons for the management
of muscle loss related to aging or to dystrophies.
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