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Abstract Insulin-like growth factor 1 (IGF-1) is a key anabolic growth factor stim-
ulating phosphatidylinositol 3-kinase (PI3K)/Akt signaling which is well known for
regulating muscle hypertrophy. However, the role of IGF-1 in muscle atrophy is less
clear. This review provides an overview of the mechanisms via which IGF-1 signal-
ing is implicated in several conditions of muscle atrophy and via which mechanisms
protein turnover is altered. IGF-1/PI3K/Akt signaling stimulates the rate of protein
synthesis via p70S6Kinase and p90 ribosomal S6 kinase and negatively regulates
protein degradation, predominantly by its inhibiting effect on proteasomal and lyso-
somal protein degradation. Caspase-dependent protein degradation is also attenu-
ated by IGF/PI3K/Akt signaling, whereas evidence for an effect on
calpain-dependent protein degradation is inconclusive. IGF-1/PI3K/Akt signaling
reduces during denervation-, unloading-, and joint immobilization-induced muscle
atrophy, whereas IGF-1/PI3K/Akt signaling seems unaltered during aging-
associated muscle atrophy. During denervation and aging, IGF-1 overexpression or
injection counteracts denervation- and aging-associated muscle atrophy, despite
enhanced anabolic resistance with regard to IGF-1 signaling with aging. It remains
unclear whether pharmacological stimulation of IGF-1/PI3K/Akt signaling attenu-
ates immobilization- or unloading-induced muscle atrophy. Exploration of the pos-
sibilities to interfere with IGF-1/PI3K/Akt signaling reveals that microRNAs
targeting IGF-1 signaling components are promising targets to counterbalance mus-
cle atrophy. Overall, the findings summarized in this review show that in disuse
conditions, but not with aging, IGF-1/PI3K/Akt signaling is attenuated and that in
some conditions stimulation of this pathway may alleviate skeletal muscle atrophy.
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6.1 Introduction

Insulin-like growth factor 1 (IGF-1) is a key anabolic growth factor which is
involved in tissue development during growth, as well as in adaptation and regen-
eration of mature tissues and cells. IGF-1 is expressed in multiple isoforms in almost
all tissues and cells [1]. It is therefore not surprising that mice deficient in IGF-1 or
its receptor show decreased viability, growth deficiency, and malformations in sev-
eral tissue types [2]. IGF-1 is expressed in the liver, acts locally in an autocrine and
paracrine manner on liver cells, but also has a strong endocrine function on other
tissues like muscle. In muscle, IGF-1 isoforms that are most abundantly expressed
are IGF-1Ea and mechano growth factor (MGF, also referred to as IGF-1Ec in
humans or IGF-1Eb in rodents). In skeletal muscle, basal mRNA levels are higher
for IGF-1Ea than MGF [3]. Paradoxically, the expression of IGF-1Ea is higher in
relative small oxidative myofibers, expressing slow myosin heavy chains (MHCs)
than in relative large, low oxidative myofibers expressing fast-type MHCs [4].
Expression of these main IGF-1 isoforms increases substantially in response to
mechanical overload by stretching or increased contractile activity [1, 5, 6].
Moreover, IGF-1 expression is also enhanced biochemically by growth hormone
(GH), and its half-life time and/or bioactivity is both negatively and positively regu-
lated by several IGF-binding proteins (IGFBPs) as well as by albumin [1, 7, 8].
Since different IGFBPs can compensate for each other [7], single IGFBP measure-
ments provide little evidence regarding the bioavailability of IGF-1.

Both IGF-1 isoforms are derived from the same gene which contains 6 exons.
MGEF is expressed by alternative splicing of exon 5 and 6 and differs from IGF-
1Ea in its E peptide which contains exon 5 and 6 in stead of exon 6 in IGF-1Ea [6].
The IGF-1 domain of IGF-1Ea and MGF, which consists of exon 3 and 4, signals
via the IGF-1 receptor (IGF-1R), which is a tyrosine kinase receptor expressed in
both myofibers and muscle stem cells (also known as satellite cells). Also the E
peptides of IGF-1Ea and MGF E are involved in signaling via the IGF-1R whereby
the MGF E peptide is known for its stimulatory effect on satellite cell activation,
proliferation, and migration [1, 9, 10]. Moreover, different IGF-1 isoforms exist
also due to different promotor start regions upstream of exon 1 or 2 [11]. Transcripts
including exon 1 are known as class 1 IGF-1 isoforms, whereas IGF-1 isoforms
including exon 2 are referred to as class 2 [11]. Functional differences of the two
classes remain however unclear [12]. IGF-1 and insulin share about 50% amino acid
homology and can bind each other’s receptors, albeit with lower affinity.

IGF-1 and MGF are well known for their autocrine and paracrine roles during
muscle overload and myofiber hypertrophy, however, less is known about how
IGF-1 is involved in the induction of muscle atrophy. An important signaling path-
way in skeletal muscle atrophy is the IGF-1/phosphatidylinositol 3-kinase (PI3K)/
Akt pathway, since this is involved in both protein synthesis and protein degradation
[4, 13-22]. Here we provide an overview of the main signaling pathways via which
IGF-1 and MGF modulate the rate of protein synthesis and degradation during
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muscle atrophy, with particular emphasis on the IGF-1/PI3K/Akt pathway, and how
IGF-1 signaling is altered.

6.2 The Role of IGF-1 in the Regulation of Protein Synthesis
and Degradation

Changes in muscle size are the net effect of changes in the rate of protein synthesis
and protein degradation. IGF-1 affects both processes, and as such, changes in its
signaling have a strong effect on muscle size [4, 13-22]. In this paragraph, the role
of IGF-1 in protein synthesis and different mechanisms of protein breakdown is
reviewed.

Binding of IGF-1 to its receptor causes phosphorylation of the intracellular adap-
tor proteins Shc or insulin receptor substrate 1 (IRS-1), which results in the activa-
tion of two main pathways, RAS/RAF/MEK/ERK (also known as mitogen-activated
protein kinase (MAPK) signaling) and PI3K/Akt, respectively [21, 23]. IGF-1-
induced hypertrophy in rats is prevented by the inhibition of MEK [24], which indi-
cates the requisite for MAPK signaling in hypertrophy in vivo. In myotubes however,
inhibition of RAF has been shown to induce hypertrophy [25], suggesting an inhibi-
tory effect of MAPK signaling on hypertrophy in vitro. These observations show
that the role of MAPK in protein synthesis and degradation and the underlying
mechanisms are not entirely understood. On the other hand, the IGF-1/PI3K/Akt
pathway and its anabolic mechanisms underlying myofiber hypertrophy are well
established. Translocation of PI3K to phosphorylated IRS-1 results in the phos-
phorylation of PI3K. Subsequently, this causes the phosphorylation of
phosphoinositide-dependent kinase-1 (PDK1) which then phosphorylates the ser-
ine/threonine kinase Akt (also known as protein kinase B) [26]. Akt is involved in
multiple cellular processes including proliferation, metabolism, and cell size regu-
lation [27]. Because the IGF-1/PI3K/Akt pathway plays a major role in myofiber
size, the main focus of this review will be on the role of this pathway during skeletal
muscle atrophy.

6.2.1 Protein Synthesis

Changes in the rate of protein synthesis involve changes in the rate of mRNA tran-
scription and translation, which in muscle are both enhanced by IGF-1 [see for
review 13, 28]. IGF-1 increases protein levels of -catenin (a transcription factor
involved in skeletal muscle growth) by phosphorylation of glycogen synthase kinase
3 beta (GSK3p), which prevents atrophy and can even induce hypertrophy in
dexamethasone-treated rats [29]. Moreover, IGF-1 has been shown to increase tran-
scription rate of a-skeletal actin during differentiation and myosin heavy chain
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(MHC) IIB in C2C12 myoblasts and myotubes, respectively [30, 31]. Increased
transcription by IGF-1 may be regulated by myogenin and MyoD, which are both
transcription factors involved in the expression of actin and myosin, since IGF-1 has
been shown to induce myogenin and MyoD expression [32] and both transcription
factors increase in the human vastus lateralis after resistance exercise [33]. Note,
myogenin has been shown to be stimulated by IGF-1/PI3K/Akt signaling when
simultaneously MAPK signaling is inhibited [24, 34]. Indeed, IGF-1 treatment has
also been associated with a lack of increase in myogenin and MyoD [31, 35]. These
observations show that IGF-1 enhances transcription, but the underlying mecha-
nisms are not entirely clear.

In addition to transcription, the IGF-1/PI3K/Akt pathway stimulates translation
by activation of a key anabolic target, the mammalian target of rapamycin (mTOR),
which is a kinase that integrates multiple upstream signals, which are not solely
derived from IGF-1/PI3K/Akt activation [36]. In addition to IGF-1, another impor-
tant activator of mTOR is mechanical loading [37], and therefore disuse atrophy is
likely to decrease mTOR activity even if IGF-1 signaling would be unaffected.
Moreover, mTOR is affected by several other upstream mediators such as energy
status or amino acids [36]. Activation of mTOR stimulates the rate of mRNA trans-
lation by phosphorylation of 4E-BP (also known as PHAS-1), which prevents its
binding (i.e., inactivation) to the eukaryotic initiation factor (eIF) 4E (Fig. 6.1) [17,
38]. Furthermore, activated mTOR also activates p70S6Kinase (p70S6K) which
stimulates mRNA translation by phosphorylating ribosomal protein S6 (rpS6) and
activation of eukaryotic elongation factor (eEF) 2 [39—42].

Moreover, PDK1 which is phosphorylated by PI3K and subsequently phosphor-
ylates Akt is also likely to be involved in enhancement of the rate of protein synthe-
sis independent of Akt [26]. The role of PDK1 in skeletal muscle is not fully
understood, but evidence from studies on several other cell types, including smooth
muscle, suggests that PDK1 can phosphorylate Akt and has also the ability to
directly activate p70S6K and p90 ribosomal S6 kinase (p90RSK), both increasing
the rate of translation by regulation of rpS6 and eEF2 [26, 40, 41]. In smooth muscle
cells, p90RSK is also activated by ERK [26]. In addition, mRNA translation rate is
also increased by phosphorylation of Akt which then phosphorylates and inhibits
GSK3p which is subsequently no longer able to suppress elF2B activity [43].
GSK3p has been shown to be required for atrophy in C2C12 myotubes and is
involved in both skeletal muscle hypertrophy and atrophy in humans [44, 45].
Moreover, GSK3p may also be inhibited by ERKs as it has been shown in cancer
cells that ERKs facilitate the inhibition of GSK3p by [46].

The key regulatory kinases of which the activity is modulated by IGF-1 are
p70S6K, p90RSK, and GSK3p, which are all involved in enhancement of the rate of
mRNA translation (Fig. 6.1).



6 The Role of IGF-1 Signaling in Skeletal Muscle Atrophy 113

=K
frd

Pl

‘I

©-0-0
7
-6

@/"

a)—

—(§)-

elF2B elF4E eEF2 eEF2
rpS6 rpS6

Protein synthesis

Fig. 6.1 An overview of the key signaling pathways underlying the hypertrophic effects of IGF-1.
Stimulation is indicated by arrows, and inhibitory effects are indicated by lines capped by perpen-
dicular lines. Solid lines represent established mechanisms; dashed lines represent mechanisms
that have not been consistently proven in myofibers. Colors represent different pathways or down-
stream targets. Two important signaling pathways induced by IGF-1 are the IGF-1/PI3K/Akt path-
way and the IGF-1/Ras/Raf/Mek/Erk pathway. Both pathways result in kinase activation or
changes in binding proteins causing enhancement of mRNA translation by regulating ribosomal
proteins, eukaryotic initiation factors (elF), or eukaryotic elongation factors (eEF). Abbreviations:
IGF-1 insulin-like growth factor 1, PI3K phosphatidylinositol 3-kinase, PDKI phosphoinositide-
dependent kinase-1, GSK3/ glycogen synthase kinase 3 beta, n7OR mammalian target of rapamy-
cin, 4E-BP 4E-binding protein, ERK extracellular signal-regulated kinases

6.2.2 Proteasomal Muscle Protein Degradation

The prime system for muscle protein degradation is the ubiquitin-proteasome sys-
tem [13, 14, 47, 48]. During protein degradation, contractile proteins are ubiquiti-
nated by the consecutive actions of E1, E2, and E3 enzymes which can then be
recognized and subsequently degraded by proteasomes. The gene expression as
well as their function in muscle atrophy of two E3 ligases, Muscle Ring Finger 1
(MuRF1) and muscle atrophy F-box (MAFbx, also known as Atrogin-1), has exten-
sively been examined [see for review 48]. Both E3 ligases are particularly involved
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in the degradation of contractile proteins and elF3f [49, 50]. During several atrophic
conditions, MuRF1 and MAFbx expression levels are increased [48, 51], and these
ligases are critical for the enhanced rate of protein degradation as MuRF1- or
MAFbx-deficient mice showed a 36% and 56% reduction in denervation-induced
muscle atrophy after 14 days, respectively [51]. Expression of MuRF1 and MAFbx
is regulated by a group of Forkhead box O (FOXO) transcription factors which
stimulate expression of several genes involved in diverse mechanisms of protein
degradation, including proteasomal degradation [18, 19]. Transcriptional activation
of MuRF-1 and MAFbx expression requires nuclear localization of FOXO tran-
scription factors which is mediated by Akt. Active Akt phosphorylates FOXO tran-
scription factors resulting in their cytoplasmic retention and inactivation of their
function as transcription factors in the nucleus [52, 53]. FOXO1, 3, and 4 are the
most important FOXO transcription factors involved in muscle atrophy and are all
regulated by Akt [18]. Moreover, muscle atrophy induced by IGF-1R and insulin
receptor knockout could completely be prevented by the combined knockout of
FOXOlI, 3, and 4, whereas knockout of single FOXO transcription factors had little
or no effect [54], which indicates the importance of all three FOXO factors in mus-
cle atrophy. In short, the IGF-1/PI3K/Akt pathway negatively regulates proteasomal
degradation by inactivating FOXO transcription factors and hence the expression of
the E3-ligases MAFbx and MuRF-1 (Fig. 6.2).

6.2.3 Lysosomal Muscle Protein Degradation

Autophagy is another key mechanism for muscle protein degradation [55].
Autophagy concerns the engulfment of cellular particles into autophagosomes
which subsequently fuse with lysosomes to be degraded in the acid intralysosomal
environment [55]. Several conditions like fasting and denervation result in the
upregulation of expression of proteins involved in autophagy [56, 57]. Induced
myofiber atrophy by constitutive active FOXO3 was attenuated by knockdown of
LC3, a gene involved in autophagy [56]. An accumulation in ubiquitinated proteins
was observed in autophagy-deficient mice [58], which suggest that some ubiquiti-
nated proteins are specifically degraded by lysosomal degradation. These observa-
tions indicate the involvement of autophagy in muscle atrophy. In addition to its role
in muscle atrophy, autophagy is also important for cell maintenance as this mecha-
nism is also responsible for the clearance of misfolded proteins and dysfunctional
organelles [55]; therefore both diminished and overactivity of autophagosomes
could be harmful to myofibers. The first may affect the quality of myofibers, whereas
the second affects the quantity of proteins within myofibers.

IGF-1 has been shown to regulate autophagy since deletion of insulin receptor
and IGF-1R in mice increased an autophagic flux [54]. As in proteasomal degrada-
tion, deactivation of FOXO transcription factors by Akt is also a key mechanism in
autophagy [56, 57]. FOXO3 is involved in the control of autophagosome formation
by stimulating expression of two autophagy-related genes, i.e., LC3 and Bnip3 [56,
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Fig. 6.2 An overview of the key signaling pathway underlying the anti-atrophic effects of IGF-1.
Stimulation is indicated by arrows, and inhibitory effects are indicated by lines capped by perpen-
dicular lines. Solid lines represent established mechanisms; dashed lines represent mechanisms
that have not been consistently proven in myofibers. Abbreviations: /GF-1 insulin-like growth
factor 1, PI3K phosphatidylinositol 3-kinase, FOXO Forkhead box O transcription factors, MuRF 1
Muscle Ring Finger 1, MAFbx muscle atrophy F-box, LC3 microtubule-associated protein 1A/1B-
light chain 3, Bnip3 BCL2 interacting protein 3

57]. In addition, the upregulation of several autophagic factors and autophagosome
formation induced by fasting or denervation, was abolished by exogenous expres-
sion of constitutively active Akt, while inhibition of Akt increased lysosomal prote-
olysis [56, 57]. The inhibition of total mRNA synthesis while Akt was blocked
largely suppressed the increased lysosomal proteolysis caused by Akt inhibition
[57], which suggests that FOXO-induced transcription is largely responsible for
increased lysosomal proteolysis. Although the effect was relatively small, mTOR
inhibition also caused an increase in lysosomal proteolysis, while blocking of
mRNA synthesis did not prevent this increase, which indicates that mTOR can also
suppress autophagy independent of transcriptional control [57]. These observations
are in line with results of a study on acute uremia whereby IGF-1/PI3K/Akt-
independent stimulation of mTOR by leucine also suppressed autophagy [59].
These data suggest that an increase in IGF-1/PI3K/Akt signaling inhibits autophagy
through activation of predominantly FOXO3 and also mTOR. In addition to fasting
and denervation, 4 days of knee joint immobilization in young adult humans caused
increased LC3B-II/LC3B-I protein ratios, an indication of increased autophagy,
concomitant with decreased pAkt/tAkt levels [60]. This suggests that an increase in
autophagy due to reduced IGF-1/PI3K/Akt signaling is associated with unloading.
Overall, there is strong evidence that the IGF-1/PI3K/Akt pathway inhibits
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autophagy during fasting, denervation, and potentially joint immobilization and that
this is mediated predominantly through the inactivation of FOXO3 (Fig. 6.2).

However, the role of autophagy in different atrophic conditions is not unambigu-
ous. In contrast to adults, in elderly LC3B-II/LC3B-I protein ratios were unaffected
after 4 days of knee joint immobilization [60], which suggests that in aged muscle
autophagy may not be induced by joint immobilization. In the long term, after
2 weeks of joint immobilization, no convincing increase in autophagy could be
shown in both young adult and elderly. These observations indicate that in elderly
joint immobilization does not increase muscle autophagy, whereas in adults autoph-
agy is increased shortly after immobilization and does not occur in the long term
[60]. The lack of a long-term effect of unloading is confirmed by a study in which
mice were subjected to 91 days of unloading in the International Space Station,
which showed no changes in autophagy-related gene expression [61]. In contrast, in
adult and old rats undergoing hind limb suspension for 2 weeks, no clear increase in
autophagy was observed suggesting that in this unloading model, autophagy may
not play a role in the induction of muscle atrophy [62].

Autophagy seems also to be regulated independent of IGF-1/PI3K/Akt signal-
ing, since mice showing aging-associated muscle atrophy, whereby IGF-1 signaling
was unchanged, had an increase in autophagic vesicles [63]. This is in line with the
effect of lipopolysaccharide (LPS) administration in rat skeletal muscle resulting in
acute inflammation, which is associated with proteasomal and lysosomal proteoly-
sis [64, 65]. LPS injection caused a decrease in IGF-1 mRNA expression and Akt
phosphorylation [64, 65]. Although blocking of this LPS-induced inflammation
restored Akt phosphorylation and autophagy-related protein expression [65], IGF-1
systemic or muscle-specific overexpression could not inhibit the LPS-induced
increased autophagy-related gene expression [64]. This also suggests that autoph-
agy is regulated independently of IGF-1 signaling. Indeed, p38 MAPK has been
suggested to regulate autophagy [55, 66]. p38 can be stimulated by IGF-1 but also
independent of IGF-1 by, for instance, oxidative stress [66].

Overall, there is strong evidence that autophagy is regulated by the IGF-1/PI3K/
Akt pathway and is involved in fasting- and denervation-induced atrophy. However,
the role of autophagy is not clear in all muscle atrophic conditions and seems to be
transient and age dependent.

6.2.4 Caspase- and Calpain-Dependent Muscle Protein
Degradation

6.2.4.1 Calpain-Dependent Protein Degradation

Calpains are cysteine proteases which are activated by free cytoplasmic calcium and
degrade predominantly cytoskeletal proteins [see for review 67]. In skeletal muscle,
three different calpain isoforms are mainly expressed, i.e., milli- and micromolar cal-
pains (also referred to as calpain 1 and 2, respectively), which are named after their
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sensitivity for calcium, and calpain 3, also known as p94 [67]. Although calpains are
also able to degrade contractile proteins, they predominantly degrade Z-discs of sarco-
meres which makes myofilaments available for degradation by the proteasome [67].

Calpain inhibition prevented immobilization-induced atrophy [68]. Moreover,
calpain 3-deficient mice, which exhibit features of limb girdle muscular dystrophy
type 2A, showed reduced muscle atrophy when subjected to unloading, suggesting
calpain 3 requirement for muscle atrophy [69]. Because of their cooperation with
the proteasome, it is conceivable that calpain expression is reduced by IGF-1, simi-
lar as E3 ligase expression. Indeed, both in vitro and in vivo studies on myotubes
and mature myofibers show that IGF-1 inhibits calpain activity [70, 71]. Moreover,
caloric restriction-induced muscle atrophy in neonatal calves was associated with
an increase in calpain 1 activity and decrease in IGF-1 protein expression [72]. This
observation is in line with that of another study showing that IGF-1 has an inhibi-
tory effect on calpain-dependent proteolysis in dexamethasone-induced L6 myo-
tube atrophy [73], which indicates that IGF-1 attenuates calpain activity. In contrast,
another study investigating L6 myotube atrophy using the same calpain blocker in
presence or absence of IGF-1 supplementation reported an increase instead of a
decrease in myofibrillar protein degradation when calpain activity was blocked
[74]. Although there are contrasting results regarding the effect of IGF-1 on calpain-
induced proteolysis, the majority of these studies suggest an inhibitory effect of
IGF-1 on calpain-dependent protein degradation (Fig. 6.2).

Although the role of IGF-1 in calpain activation is subject to controversy, a few
studies have shown some insight in the interaction between calpain activity and Akt.
In rat diaphragm muscle ex vivo, it has been shown that activation of calpains
reduces Akt activity by lowering the binding of heat shock protein 90 (HSP90) to
Akt which preserves Akt activity [67, 75]. Also, a reduction in pAkt in rat soleus
muscle was prevented when unloading-induced calpain 1 activation was blocked.
[76]. These results indicate that calpain activity reduces Akt phosphorylation. Note
that Akt phosphorylation was not affected in calpain 3-deficient mice [69] which
suggests calpain isoform specificity for the interaction with Akt activity.

The studies discussed above show that little is known regarding the role of the
IGF-1/PI3K/Akt pathway in calpain-dependent protein degradation and to the best
of our knowledge, a direct link between IGF-1/PI3K/Akt signaling and calpain
activity in skeletal muscle has not been investigated. The data available suggest that
calpain 1 but not 3 can inhibit Akt activity and that IGF-1 can inhibit calpain activ-
ity, but there is no evidence suggesting that an inhibitory effect of IGF-1 on calpain-
dependent muscle protein degradation is mediated by IGF-1/PI3K/Akt signaling.

6.2.4.2 Caspase-Dependent Protein Degradation

Caspases are proteases, which in particular are involved in apoptosis and inflamma-
tion. Caspase-3 is activated in both angiotensin II-induced muscle wasting [77] and
chronic kidney disease (associated with muscle wasting) [78]. Moreover, caspase-3
and caspase-9 activities increase during immobilization-induced muscle atrophy
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[68, 79], and the inhibition of caspase-3 activity prevented immobilization-induced
atrophy in the rat soleus [68]. In contrast, no increases in caspase-3, caspase-8, or
caspase-9 activities have been observed following limb unloading in both rats and
humans [62, 80]. These observations indicate that caspase-mediated protein degra-
dation is involved in several but not all conditions of muscle atrophy. Although sup-
port for IGF-1/PI3K/Akt-induced calpain-dependent degradation is scarce, evidence
for the IGF-1/PI3K/Akt involvement in the reduction of caspase-dependent protein
degradation is more substantial.

Administration of recombinant active caspase-3 to cultured L6 myotubes or rat
psoas muscle lysates causes cleavage of myofibrillar proteins resulting in a detect-
able 14kD actin fragment which is degraded by the proteasome [81]. Serum
deprivation also results in enhanced myofibrillar fragmentation which is abol-
ished after inhibition of caspase-3 activity by IGF-1 [81]. Moreover, the inhibi-
tory effect of IGF-1 on caspase-3 activity in L6 myotubes has been shown to be
PI3K dependent [81]. These results suggest involvement of caspase-3 in myofi-
brillar degradation and that this caspase-mediated protein degradation is counter-
balanced by IGF-1/PI3K/Akt signaling. In addition to this in vitro evidence,
during angiotensin II administration inducing muscle atrophy in mice, IGF-1 sig-
naling reduced, which was indicated by decreased IRS-1 and Akt phosphoryla-
tion, while caspase-3-dependent actin degradation increased [77]. Moreover,
transgenic mice overexpressing muscle-specific IGF-1 were prevented from cas-
pase-3-mediated actin degradation after angiotensin II treatment [77]. These
observations indicate that caspase-3 cleaves myofibrillar proteins resulting in
actin fragments which are degraded by the proteasome and that activity of cas-
pase-3 is negatively regulated by IGF-1/PI3K/Akt signaling. The results of these
studies are in line with those of other studies suggesting an inhibitory effect of
Akt on caspase-3 activation [c.f. 82, 83].

In contrast, rats subjected to hind limb suspension for 2 weeks showed no
increases in caspase-3, caspase-8, or caspase-9 activity within their lower leg mus-
cles, while IGF-1 serum levels were slightly decreased [62]. However, since a large
fraction of circular IGF-1 is produced by the liver, serum levels do not accurately
reflect muscle-specific levels. In addition, as phosphorylated Akt was not decreased
during unloading, it cannot be concluded that decreased IGF1/PI3K/Akt signaling
is concomitant with a lack in change of caspase activity. This is line with a study
showing no changes in both IGF1/PI3K/Akt signaling and caspase-3 mRNA levels
following unilateral leg unloading humans [80]. Taken together, IGF-1/PI3K/Akt
signaling inhibits caspase-mediated protein degradation (Fig. 6.2). It seems that in
atrophic conditions in which IGF-1/PI3K/Akt signaling is unaffected, caspase-
dependent protein degradation remains unaffected as well, whereas caspase-
mediated protein degradation decreases in atrophic conditions associated with
reduced IGF-1/PI3K/Akt signaling.
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6.3 The Role of IGF-1/PI3K/Akt in Skeletal Muscle Atrophy
Models

Muscle atrophy is a hallmark of several conditions such as aging, disuse, space
flight, and a variety of pathologies. These conditions have in common a reduction in
contractile activity of myofibers as well as a reduction in intra- and extracellular
mechanical stress and strains to which myofibers are subjected. Despite these simi-
larities, the impact on IGF-1 signaling within muscles varies between different dis-
use models. Here we discuss the effects of several conditions associated with muscle
atrophy on IGF-1 expression and signaling in an attempt to explain the muscle atro-
phy associated with the corresponding physicochemical conditions.

6.3.1 Muscle Denervation and IGF-1 Signaling

A widely used model for studying mechanisms underlying muscle atrophy in vivo
is muscle denervation which is associated with severe atrophy. Denervation of mus-
cles results in a tremendous loss of muscle activity, retaining little mechanical sig-
naling, however fibrillations occur as side effect [84]. Here we will discuss effects
of denervation on IGF-1/PI3K/Akt signaling and how alterations in IGF-1 signaling
contribute to denervation-induced atrophy.

Denervation of skeletal muscle has revealed myofiber-type-dependent differ-
ences. Three days following denervation in rats, increased IGF-1 mRNA expression
levels in fast, glycolytic extensor digitorum longus (EDL) muscle were observed,
whereas in slow, oxidative soleus muscle, no changes in IGF-1 mRNA expression
were observed [85]. Since calcium-calcineurin signaling regulates IGF-1 mRNA
expression [86], the myofiber-type difference in IGF-1 mRNA expression following
denervation could well be explained by more fibrillations in fast, glycolytic muscles
than in slow, oxidative muscle in the first 3 days following denervation [84]. The
increase in IGF-1 mRNA expression in the EDL following denervation was com-
pletely blunted at day 7 after denervation [85], suggesting that IGF-1 expression
after denervation shows only a transient increase which decays during the first
week. A lack of a long-term effect of denervation on IGF-1 mRNA expression has
also been shown in rat gastrocnemius muscle 7 weeks after botulin toxin-induced
denervation [87]. Moreover, during the first 2 weeks after spinal cord injury in rats,
IGF-1 mRNA expression levels in the EDL and soleus muscle were unaltered [85],
whereas increased IGF-1 mRNA levels in the plantaris and soleus muscle have been
reported after 30 days of spinal cord injury [88]. It seems that IGF-1 mRNA expres-
sion is either unaffected or increased after denervation, which depends on muscle
type, denervation model, and/or time of measurement.

Regarding the effects of denervation on IGF-1 protein levels, the literature is less
ambiguous. IGF-1 protein levels in denervated muscle of rodents or upper leg mus-
cles of humans with spinal cord injury are reduced [89, 90]. In line with these
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observations, IGF-1R and Akt phosphorylation and protein levels of P13K and
IRS-1 have been shown to be decreased after denervation in rodents [88, 89, 91, 92].
Although spinal cord injury is associated with reduced IGF-1 protein levels in
human upper leg muscle, Akt phosphorylation was unaltered suggesting a differ-
ence between surgical denervation in animal models and human spinal cord injury
[90]. Therefore, even though increases in IGF-1 mRNA have been reported follow-
ing denervation, activity of IGF-1/PI3K/Akt signaling seems to be reduced, with a
possible exception after human spinal cord injury.

Besides the observed denervation-related decrease in IGF-1/PI3K/Akt signaling,
enhancement of this signaling pathway by either injection of IGF-1 into denervated
muscle or transgenic muscle-specific overexpression of IGF-1 in mice has shown to
diminish denervation-induced atrophy [19, 93-96]. Moreover, constitutive expres-
sion of activated P13K or Akt also inhibits denervation-induced atrophy in rodents
[17, 97]. Similarly, several interventions counterbalancing denervation-induced
atrophy are associated with increased Akt phosphorylation [98-101]. Taken
together, IGF-1/PI3K/Akt activity reduces during denervation in adult skeletal mus-
cle, and it is obvious that increasing IGF-1/PI3K/Akt signaling inhibits denervation-
induced atrophy.

6.3.2 Muscle Unloading and IGF-1 Signaling

Unloading of muscles by limb suspension is a disuse model that causes substantial
skeletal muscle atrophy. The obvious difference with denervation is the still intact
neuronal innervation, but external and internal loads applied to the limbs remain low.

Hind limb suspension (HLS) for 1-2 weeks did not change IGF-1 mRNA levels
in rodent soleus, gastrocnemius, or plantaris muscle [102—-109]. In contrast to
1-2 weeks after HLS, IGF-1 mRNA expression levels in the soleus and tibialis
anterior were decreased after 2 and 3 days of HLS [108, 110]. This suggests that
IGF-1 mRNA expression is downregulated during the initial phase of HLS-induced
atrophy but is not involved in the longer-term response. At the protein level, IGF-1
expression drops in rat soleus muscle after 2—4 weeks of unloading [111, 112]. In
line with reduced IGF-1 protein levels, HLS in rodents for at least 14 days caused
decreased phosphorylated Akt levels and/or IRS-1 protein concentrations in soleus
and gastrocnemius muscle, indicating that HLS is a strong stimulus for atrophy
which is accompanied by reduced IGF-1/PI3K/Akt signaling [17, 110, 111, 113,
114]. In addition to decreased IGF-1 protein levels, an explanation for the reduced
Akt phosphorylation and muscle atrophy during unloading may be the increase in
ubiquitin ligase Cbl-b expression which results in an elevated ubiquitination of
IRS-1 complexes [114]. The contribution of Cbl-b to HLS-induced muscle atrophy
is indicated by the observation that Cbl-b-deficient mice are protected from HLS-
induced atrophy [114]. To summarize, IGF-1/PI3K/Akt signaling reduces during
unloading in different rodent muscles, while IGF-1 mRNA expression is only
decreased in the first days of HLS.
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Regarding the effectiveness of pharmacological enhancement of IGF-1/PI3K/
Akt signaling to counterbalance HLS-induced atrophy, the literature is contradict-
ing. After a period of 1-2 weeks of HLS, muscle-specific overexpression of IGF-1
did not counteract muscle atrophy in mouse soleus, gastrocnemius, and tibialis ante-
rior muscles [107, 115, 116]. These observations are in line with a study showing
that systemic injection of both GH and IGF-1 does not attenuate HLS-induced atro-
phy in rats, however when combined with exercise, muscle atrophy was attenuated
[117]. These studies suggest that stimulation of IGF-1 alone is not sufficient to blunt
HLS-induced atrophy, which indicates that unloading-induced atrophy is induced
by other mechanisms than by reduced IGF-1/PI3K/Akt signaling solely.

In contrast, several studies show that increasing IGF-1/PI3K/Akt signaling can
counterbalance HLS-induced atrophy. Overexpression of IGF-1 by DNA electro-
poration into skeletal muscle or subcutaneous injection of a mixture of IGF-1 and
its stabilizing binding protein IGFBP-3 attenuated HLS-induced atrophy in rodents
[118, 119]. Also exercise associated with increased IGF-1 and MGF mRNA levels
attenuated HLS-induced atrophy in rats [109]. In addition, injections with ghrelin, a
growth hormone-releasing peptide, in mice during 2 weeks of HLS enhanced IGF-1/
PI3K/Akt signaling in the plantaris but not in soleus muscle, which alleviated atro-
phy in the plantaris but not in soleus muscle [120].

It seems that HLS-induced muscle atrophy is accompanied by reduced IGF-1/
PI3K/Akt signaling as a result of the degradation of IRS-1. Why pharmacological
increasing IGF-1/PI3K/Akt signaling alleviates muscle atrophy in some studies but
not all remains unsolved. Exercise, however, seems an effective intervention in
attenuating unloading-induced muscle atrophy.

6.3.3 Immobilization and IGF-1 Signaling

Another frequently applied model for disuse and muscle atrophy is joint immobili-
zation, using splints, casts, or surgical staples. The effect of joint immobilization-
induced muscle atrophy on IGF-1 expression is however not clear. After ankle and
knee immobilization in rodent, rabbit, dog, or human studies, levels of serum IGF-1,
muscle protein, or mRNA were not affected [5, 121-124] or decreased [122, 125—
127]. Moreover, in human muscle increased levels of IGF-1 mRNA in muscle have
been reported upon immobilization [60, 127].

In humans, unilateral knee joint immobilization in 30° knee flexion for 2 weeks
in young and old adults was surprisingly related to increased IGF-1 and MGF
mRNA levels in m. vastus lateralis, while atrophy was less in old compared to
young adults [60, 127]. In contrast, 2 weeks of unilateral knee immobilization in
50° flexion in young adults was associated with a lack of change in serum IGF-1 and
mRNA expression levels of IGF-1 as well as MGF in m. vastus lateralis [123].
During immobilization in young adults, serum IGF-1, IGF-1, or MGF mRNA
expression increased after administered growth hormone injections, however with-
out attenuating muscle atrophy [123]. When the same protocols were applied to
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elderly, results were quite similar, except that growth hormone injections and con-
comitant increases in serum IGF-1, IGF, and MGF mRNA prevented muscle atro-
phy [124]. These observations indicate that the angle of immobilization affects
IGF-1 expression levels and that increased IGF-1 expression levels during immobi-
lization (with or without growth hormone administration) can counterbalance
immobilization-induced atrophy in old but not young adults. Since these results
only report IGF-1 mRNA expression or serum levels, there is no certainty regarding
the activity of the IGF-1/PI3K/Akt pathway. In accordance with the age effect in
humans, attenuation of the reduction in Akt phosphorylation as observed during
immobilization experiments by losartan supplementation could completely blunt
muscle atrophy during 3 weeks of immobilization of the hind limb of old mice
[128]. The protective effect of losartan was mainly by maintaining the number of
myofibers, which decrease with aging. This might be an explanation for the age-
related difference since IGF-1 is antiapoptotic and would therefore be able to inhibit
a potential age-related loss of myofibers in immobilization-induced atrophy. Note
that losartan treatment does not provide direct evidence for IGF-1/PI3K/Akt signal-
ing since it affects other signaling pathways such as TGF-p signaling as well.

IGF-1IR and Akt phosphorylation decreased during immobilization-induced
muscle atrophy in young and old mice, which implies blunted IGF-1/PI3K/Akt sig-
naling [122, 128, 129]. Akt phosphorylation also decreased in m. vastus lateralis of
young but not adult humans after 2—4 days of knee joint immobilization [60]. In
several models of atrophy including immobilization, miR-29b has been shown to be
upregulated which downregulates IGF-1/PI3K/Akt signaling [89]. Subsequent
in vitro overexpression of IGF-1 or PI3K concomitant with a miR-29b mimic atten-
uated miR-29b-induced atrophy [89]. Together these studies indicate that loss of
IGF-1/PI3K/Akt signaling during joint immobilization contributes to
immobilization-induced muscle atrophy although this may not be true for elder
humans.

Increased IGF-1 receptor and Akt phosphorylation by angiotensin-(1-7) treat-
ment alleviated immobilization-induced muscle atrophy in mice [129]. In contrast,
in vivo overexpression of IGF-1 (viral mediated or induced by growth hormone)
improved muscle morphology, indicated by less widened interstitial space, necrotic
fibers, and inflammatory cells, but did not reduce myofiber diameter or muscle
cross-sectional area during immobilization [125, 130, 131]. Moreover, mice with
reduced mTOR activity show muscle atrophy to the same extent as control mice
during immobilization [122]. Taken together, some studies on animal models suc-
cessfully reduced muscle atrophy or morphology by increasing IGF-1 signaling or
activation of downstream IGF-1 targets, while other studies did not show any reduc-
tions in immobilization-induced muscle atrophy.

From the above it is concluded that IGF-1/PI3K/Akt signaling reduces dur-
ing joint immobilization. Whether stimulation of IGF-1 signaling plays a role in
the maintenance of muscle mass during immobilization-induced muscle atrophy
has not been unambiguously established, although in older subjects this may be
the case.
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6.3.4 Muscle Aging and IGF-1 Signaling

In addition to primary disuse models, aging is also associated with skeletal muscle
atrophy. The loss of skeletal muscle mass and strength during aging, referred to as
sarcopenia, is determined by combination of two processes, i.e., loss of myofibers
and myofiber atrophy, which have different temporal distributions [132]. As a result
of loss of motor units, remaining myofibers are possibly more active as compensa-
tion. Whereas under disuse conditions, predominantly type 1 fibers are affected,
during aging type 2 myofibers are more susceptible to atrophy and necrosis com-
pared to type 1 myofibers. In aging, the loss of muscle mass is likely due to a reduc-
tion in physical activity, oxidative stress, chronic low-grade inflammation, and
changes in systemic serum proteins [133]. The chronic state of low-grade inflamma-
tion related to aging is associated with increased IL-6 and TNF-a plasma levels
[134]. These cytokines can interfere with IGF-1 signaling (see 6.4 Interference with
IGF-1 Signaling) and are therefore likely to play a role in aging-associated muscle
wasting [135, 136].

IGF-1 serum levels decrease with age, but no differences in IGF-1 serum levels
were shown between elderly females with and without sarcopenia [137]. Based on
small effects of GH injections on muscle hypertrophy in elderly, while exercise is
capable of inducing hypertrophy, several literature-based studies suggest that locally
expressed IGF-1 is important in the maintenance of muscle mass, while there is no
consistent evidence for a relationship between IGF-1 serum levels and age-related
loss of muscle strength [138—140]. The role of the IGF-1/PI3K/Akt pathway is dis-
cussed below.

Cross-sectional analyses of a large cohort including over 100 human participants
and different mouse models, suggest that IGF-1/PI3K/Akt signaling activity is unaf-
fected during aging [141]. Whereas skeletal muscle mRNA levels of IGF-1Ea and
MGF reduced with age in mice, this was not evident in skeletal muscle of human
subjects. MuRF-1 knockout old mice showed a blunted atrophy but decrease in
muscle force, which indicates that proteasomal degradation is essential for main-
taining muscle quality during aging. In addition, MuRF-1 and MAFbx mRNA lev-
els did not differ between old sedentary and young human participants [141]. These
observations are in line with those of another study showing no change in IGF-1/
PI3K/Akt signaling, indicated by unaffected IGF-1R and Akt phosphorylation, in
skeletal muscle of klotho mutant mice, a mouse model with an aging-related pheno-
type showing muscle atrophy [63]. In addition, it was shown that MuRF-1 and
MAFbx protein levels in skeletal muscle were not upregulated in klotho mutant
mice compared to control mice [63]. Also, no differences in IRS1 phosphorylation
did exist between old and young adult rats [142]. Together, these studies indicate
that IGF-1/PI3K/Akt signaling is not downregulated with aging and sarcopenia is
not the result of increased activation of the ubiquitin-proteasome system.

Note that in old rodent muscles, both similar [62, 63, 143] and lower [142, 144]
pAkt/tAkt levels compared to young rodent muscles have been reported. In line
with these observations, in biopsies of young and old human subjects, both similar
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[141] and decreased [145] levels of pAkt/tAkt with age have been reported. The
decrease in pAkt/tAkt in aged humans was likely due to increased levels of tAkt,
while pAkt levels were not affected, which suggest that in old human muscle, IGF/
PI3K/Akt signaling activity is not reduced, but Akt synthesis is upregulated [145].
Although some studies show decreased levels of pAkt/tAkt related to aging, there is
not an obvious reduction in IGF-1/PI3K/Akt signaling.

In mice, virus-mediated or transgenic overexpression of IGF-1 can prevent
aging-induced muscle atrophy and a decrease in type 2B fiber fraction [146, 147].
Despite elevated IGF-1 expression, sedentary transgenic IGF-1 old mice did not
have larger myofiber diameters compared to their aged-matched controls, whereas
sedentary transgenic IGF-1 adult mice did show larger myofiber diameters com-
pared to their aged-matched controls [148]. This suggests a decreased anabolic
response to IGF-1/PI3K/Akt signaling with age rather than the inability of IGF-1/
PI3K/Akt signaling to prevent the aging-associated atrophy. Indeed, overload of
hind limb muscles of young, mature, and old rats showed reduced hypertrophy and
decreased upregulation of MGF and IGF-1 receptor mRNA with age [149]. This
result is in accordance with those of other studies suggesting an impaired anabolic
response of the IGF-1/PI3K/Akt pathway in aged rats [142, 150]. From this it can
be concluded that the trophic response to IGF-1 decreases with age, but is not com-
pletely lost and overexpression of IGF-1 is capable of attenuating aging-related
muscle atrophy. Moreover, decreased Akt phosphorylation but no changes in activ-
ity of downstream targets of mTOR upon a single bout of resistance exercise were
observed in old compared to adult humans, suggesting that the synthesis machinery
is not affected by age but rather the IGF-1/PI3K/Akt signaling [151]. A possible
explanation is that exercise-induced IGF-1/PI3K/Akt signaling is inhibited by
increased levels of IL-6 and TNF-a associated with the chronic low grade of sys-
temic inflammation seen with aging [135, 136].

Regarding the effects of aging, IGF-1/PI3K/Akt signaling does not seem to be
reduced during aging-associated muscle atrophy, while IGF-1 overexpression is
able to inhibit aging-associated muscle atrophy. However, the anabolic potential of
this pathway reduces with age, which might be due to increased interference of pro-
inflammatory cytokines.

6.4 Interference with IGF-1 Signaling

Changes in IGF-1/PI3K/AKkt signaling can be the result of decreased IGF-1 expres-
sion, bioactivity, receptor availability, or inhibition along its pathway. Insight into
the mechanisms affecting IGF-1/PI3K/Akt signaling will reveal possible candidates
for counterbalancing reduced IGF-1/PI3K/Akt signaling. Because IGF-1 is involved
in many tissues and cell types, clinical interventions should be muscle specific or
target a factor which interferes with IGF-1 and has a lesser general effect. Although
it is outside the scope of this review to discuss all different interfering factors, a few
important ones are pointed out.
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AMP-activated kinase (AMPK) interferes with IGF-1 signaling by inhibiting
and stimulating the downstream targets mTOR and FOXO3 [152-154]. Moreover,
AMPK/FOXO3 signaling increased during HLS-induced muscle atrophy in rats
[155], which could explain why not all studies report an effect of IGF-1 overexpres-
sion on HLS-induced muscle atrophy. Another negative regulator of myofiber size
is myostatin, which is a member of the TGF-f family [156]. Myostatin inhibits Akt
via Smad3 signaling and has therefore opposite effects compared to IGF-1 [157].
Several types of muscle atrophy are associated with increased myostatin expression
(see Chap. 8).

As mentioned before, also pro-inflammatory cytokines like IL-6 and TNF-a can
interfere with IGF-1 signaling and likely play a role in muscle atrophy associated
with systemic inflammation, such as aging [135, 136]. IL-6 is able to inhibit mTOR,
p70S6K, and p90RSK activation in muscle cells, without affecting Akt phosphory-
lation [158]. TNF-a impairs IGF- 1R sensitivity [136] and increases MuRF-1 expres-
sion by activating a group of transcriptions factors known as nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) [13]. Reducing systemic
inflammation could counterbalance inflammatory-associated muscle wasting by
enhancing the effect of IGF-1. Regular exercise stimulates IGF-1 expression and
has an anti-inflammatory effect [159] which attenuates the interference of cytokine
signaling with IGF-1 and is therefore a safe and cheap intervention to counterbal-
ance muscle atrophy associated with elevated levels of IL-6 and TNF-a.

Recent studies have shown that microRNAs (miRNAs) are capable of interfering
with IGF-1 signaling and thereby play an important role in muscle atrophy [89,
160]. miR-29b negatively regulates IGF-1 and PI3K expression and has been shown
to be upregulated in the tibialis anterior, soleus, and EDL muscle in denervation-
induced muscle atrophy [89]. Moreover, miR-29b was also upregulated in immobi-
lization, dexamethasone, fasting, cancer cachexia, and aging-induced muscle
atrophy [89]. In addition to miR-29b, miR-18a also suppresses IGF-1/PI3K/Akt
signaling, and its overexpression induces muscle atrophy [160]. Because of the gen-
eral role of miR-29b in muscle atrophy (i.e., upregulation in several muscles and
atrophic conditions) and the observation that many miRNAs have been shown to be
tissue specific [161, 162], miRNAs are promising targets for counterbalancing mus-
cle atrophy. Preclinical and clinical trials in which miRNAs are targeted are cur-
rently conducted, although, to the best of our knowledge, not aimed to prevent or
restore muscle wasting.

6.5 Conclusions and Future Perspectives

Here we reviewed the role of IGF-1 signaling in the induction of muscle atrophy
and show that in disuse conditions muscle atrophy is in part due to a decline in
IGF-1 signaling, whereas with aging-associated muscle atrophy, IGF-1 signaling
remains unaffected. Moreover, enhancement of IGF-1/PI3K/Akt in some conditions
is an effective strategy to counterbalancing muscle atrophy, however this does not
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apply to all disuse conditions. Under hypertrophic conditions by mechanical load-
ing, IGF-1/PI3K/Akt signaling increases muscle mass by stimulating protein syn-
thesis and inhibiting protein degradation. Protein synthesis is stimulated by mTOR,
which activates p70S6K and p90RSK, which are downstream targets of Akt and
PDKI1. Akt also stimulates protein synthesis by inhibiting GSK3f activity. During
atrophic conditions, protein synthesis is reduced and/or protein degradation is
increased. The four main mechanisms in protein degradation are proteasomal-,
lysosomal-, and caspase- and calpain-dependent protein degradation. Regarding the
role of IGF-1 in protein degradation, it is clear that IGF-1 inhibits proteasomal-
mediated muscle protein degradation by lowering the expression of E3-ligases,
resulting in attenuated protein ubiquitination. Reductions in expression of E3 ligases
are a result of inactivation of FOXO transcription factors by phosphorylated Akt. In
addition, FOXO inactivation by phosphorylated Akt also reduces lysosomal degra-
dation. When IGF-1/PI3K/Akt signaling decreases during atrophic conditions,
caspase-dependent degradation seems to be reduced as well. Future research is
required to obtain more detailed insight in the role of IGF-1/PI3K/Akt signaling on
calpain-dependent degradation.

The role of the IGF-1/PI3K/Akt pathway differs between different models of
skeletal muscle atrophy. During denervation-induced atrophy, IGF-1/PI3K/Akt sig-
naling activity is reduced, and upregulation of IGF-1/PI3K/Akt signaling counter-
balances denervation-induced muscle atrophy. In contrast, during unloading- and
joint immobilization-induced atrophy, IGF-1/PI3K/Akt signaling activity is reduced
as well, but it remains unclear whether upregulation of the IGF-1/PI3K/Akt path-
way is sufficient to attenuate denervation- or joint immobilization-induced muscle
atrophy, suggesting that other pathways are involved which cannot be compensated
by IGF-1/PI3K/Akt signaling. No obvious downregulation of IGF-1/PI3K/Akt sig-
naling is shown during aging-associated atrophy. Although the anabolic potential of
the IGF-1/PI3K/Akt pathway reduces with age, activation of this pathway has the
ability to achieve recovery of aging-associated muscle atrophy.

The role of miRNAs in regulation of myofiber size is a novel and promising area
for further research. Many miRNAs are tissue specifically expressed and could tar-
get IGF-1 signaling components in muscle wasting without affecting its role in
many tissues and cell types. Although there is substantial evidence showing that
miRNAs can interfere with IGF-1/PI3K/Akt signaling, there remains a lack of
knowledge regarding the possibilities to counterbalance muscle atrophy by target-
ing miRNAs. Because of the general effects of miRNAs in several conditions of
muscle atrophy and muscle phenotypes, future studies should aim for more insight
in knowledge regarding biological functions of miRNAs and clinical application of
altering miRNA activity in prevention and recovery of muscle atrophy. Overall,
IGF-1/PI3K/Akt is a key signaling pathway in protein synthesis and degradation, of
which its activity is attenuated during several disuse models.
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