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Abstract
The maintenance of muscle mass is critical for health and issues associated with the quality of life.
Over the last decade, extensive progress has been made with regards to our understanding of the
molecules that regulate skeletal muscle mass. Not surprisingly, many of these molecules are
intimately involved in the regulation of protein synthesis and protein degradation [e.g. the
mammalian target of rapamycin (mTOR), eukaryotic initiation factor 2B (eIF2B), eukaryotic
initiation factor 3f (eIF3f) and the forkhead box O (FoxO) transcription factors]. It is also
becoming apparent that molecules which sense, or control, the energetic status of the cell play a
key role in the regulation of muscle mass [e.g. AMP-activated protein kinase (AMPK) and
peroxisome proliferator-activated receptor gamma coactivator-1 α (PGC1α)]. In this review we
will attempt to summarize the current knowledge of how these molecules regulate skeletal muscle
mass.
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1. Introduction
Skeletal muscles, which comprise up to 40-50% of the body's mass, are not only the motors
that drive locomotion, but they also play a crucial role in whole body metabolism [1, 2]. It
has also been well recognized that the maintenance of skeletal muscle mass plays an
important role in disease prevention and issues associated with the quality of life [3].
Skeletal muscle mass can change quite rapidly and these changes can be evoked by a variety
of stimuli including mechanical loads, nutrients, neural activity, cytokines, growth factors
and hormones [4-6]. All of these stimuli induce changes in muscle mass by altering the net
balance between protein synthesis and protein degradation. Hence, it should not be
surprising that molecules involved in the regulation of protein synthesis (e.g. mTOR, eIF3f,
eIF2B) have recently been shown to induce an increase in muscle mass, while molecules
that activate protein degradation (e.g. FoxO, atrogin-1) induce a decrease in muscle mass.
What might be less apparent is that many of the regulatory events that control protein
metabolism are influenced by molecules that sense and / or are involved in the regulation of
cellular energetic status (e.g. AMPK and PGC1α), and recent studies have indicated that
these molecules also play an important role in the regulation of skeletal muscle mass. In this
review, we will provide a brief background with regard to why these molecules have been
implicated in the regulation of skeletal muscle mass and summarize recent data which shed
light on how these molecules may exert their regulatory effects. We would also like to
acknowledge that many other signalling molecules and transcription factors have also been
shown to play a role in the regulation of skeletal muscle mass. However, due to limited
space, we are not able to discuss all of these factors in the current review. Hence, the reader
is referred to the following recent original papers and reviews [7-20].

2. The Role of mTOR in the Regulation of Skeletal Muscle Mass
2.1 mTOR, mTORC1 and Protein Synthesis

In 1965 it was discovered that a microorganism (Streptomyces hygroscopicus) in the soil
from the island of Rapa Nui (Easter Island) produced a compound that possessed antibiotic
properties [21]. This compound was subsequently given the name rapamycin [22]. After its
identification, rapamycin was found to be capable of inhibiting the growth of a variety of
eukaryotic organisms [23]. It was later determined that the growth regulatory effects of
rapamycin were a result of its ability to inhibit signalling by two closely related serine /
threonine kinases in yeast, which were designated the target of rapamycin (TOR) 1 and 2
[24]. A single mammalian ortholog of the yeast TOR genes was discovered [25, 26] and
later termed the mammalian target of rapamycin (mTOR) [27]. More recently, it has been
shown that mTOR exists in two functionally distinct multi-protein signalling complexes,
mTORC1 and mTORC2 [28, 29]. In general, only signalling by mTORC1 is inhibited by
rapamycin, and thus the growth regulatory effects of rapamycin are believed to be primarily
exerted through the mTORC1 complex [30, 31]. Over the last decade, our knowledge of
mTOR has rapidly expanded and it is now widely appreciated that signalling by mTORC1 is
involved in the regulation of several anabolic processes including protein synthesis,
ribosome biogenesis, and mitochondrial biogenesis, as well as catabolic processes such as
autophagy [31-33].

Two of the most studied mTORC1 targets are the eukaryotic initiation factor 4E binding
protein (4E-BP1) and the ribosomal S6 kinase (p70S6k1), which both play important roles in
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the initiation of mRNA translation. For example, eIF4E, which binds to the 7-methyl-
guanosine ‘cap’ (found on the 5’-end of all cellular mRNAs), is inhibited from binding to
eIF4G by 4E-BP1, thus suppressing cap-dependent translation initiation [34]. The
phosphorylation of 4E-BP1 by mTORC1 results in the dissociation of 4E-BP1 from eIF4E
which allows eIF4G to bind to eIF4E and this, in-turn, promotes an increase in cap-
dependent translation (Figure 1) [34]. Another widely recognized function of mTORC1
involves its ability to control the selective translation of mRNAs that contain a long and
highly structured 5’ untranslated region (5’UTR). These types of mRNAs often encode
proteins with growth regulatory functions such as myc, HIF1 , cyclin D1, and insulin-like
growth factor II (IGF-II) [34-36]. For a comprehensive review of these topics see Ma and
Blenis, 2009 [34].

In skeletal muscle, signalling by mTORC1 has been shown to be regulated by a variety of
different stimuli that control skeletal muscle mass. For example, signalling by mTORC1 is
activated in response to hypertrophic stimuli such as increased mechanical loading, feeding
and growth factors [37-39]. On the other hand, signalling by mTORC1 is inhibited by
atrophic stimuli such as decreased mechanical loading, food deprivation and
glucocorticoids. [40-42]. Studies with rapamycin also suggest that signalling through
mTORC1 is necessary for the hypertrophic effects of several stimuli. For instance,
hypertrophy induced by mechanical loading, IGF-I and clenbuterol has been shown to be
significantly, if not completely, blocked by rapamycin [38, 43, 44]. There is also evidence
which suggests that the activation of mTORC1 signalling is sufficient to induce
hypertrophy. For example, overexpression of constitutively active PKB (c.a.-PKB) activates
mTORC1 signalling and induces hypertrophy through a rapamycin-sensitive mechanism
[45]. Combined, these types of observations have led many to conclude that the activation of
mTORC1 signalling is both necessary and sufficient for the induction of skeletal muscle
hypertrophy [45, 46].

The aforementioned studies support the hypothesis that signalling through mTORC1 is
sufficient to induce hypertrophy, however, the hypertrophic stimuli employed in these
studies also induce signalling through phosphatidyinositol 3-kinase (PI3K) and PKB. This is
an important point because signalling through PI3K/PKB can regulate mTOR-independent
growth regulatory molecules such as the glycogen synthase kinase 3β (GSK3β), tuberin
(TSC2) and the FoxO transcription factors [4, 5, 47]. Thus, based on these original studies, it
was not clear if signalling by mTORC1 was sufficient, or simply permissive, for the
induction of hypertrophy. To address this issue, overexpression of Rheb was recently used
as a means to induce a PI3K/PKB-independent activation of mTORC1 [48]. Rheb was
selected for this study because in-vitro studies had demonstrated that purified Rheb can
directly activate mTORC1 signalling [49]. Consistent with these studies, it was determined
that overexpression of Rheb induced a PI3K/PKB-independent activation of mTORC1 in
skeletal muscle. Furthermore, overexpression of Rheb was sufficient to induce an increase in
protein synthesis and hypertrophy [48, 50]. Finally, the hypertrophic effect of Rheb was
shown to occur through a rapamycin-sensitive mechanism [48]. Taken together, these results
suggested that the activation of mTORC1 is indeed sufficient to induce hypertrophy, at least
in part by increasing protein synthesis.

Rapamycin is considered to be a highly specific inhibitor of mTORC1, and thus, it has been
widely accepted that a rapamycin-sensitive hypertrophic response implies an mTORC1-
dependent response [6, 46, 51]. However, like most pharmacological inhibitors, rapamycin
can exert non-specific (mTORC1-independent) actions. For instance, rapamycin can bind
and sequester the FKBP12 protein, which has been shown to play an important role in the
function of the ryanodine receptor and signalling by members of the TGF-β superfamily
(e.g. myostatin) [52-54]. Furthermore, systemic administration of rapamycin would be
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expected to inhibit mTORC1 signalling in all cells throughout the body. Thus, it is not clear
if the anti-hypertrophic effects of rapamycin are due to the inhibition of mTORC1 signalling
in skeletal muscle cells, other cell types within skeletal muscle tissue (e.g., immune cells), or
distant effects in other tissues. However, the recent development of mice with skeletal
muscle specific expression of rapamycin-resistant (RR) or rapamycin-resistant kinase dead
(RRKD) mutants of mTOR has begun to shed light on this topic [55]. For example, it has
been shown that the hypertrophic effects of Rheb are completely blocked by rapamycin in
muscles from wild type and RRKD-mTOR mice, but not RR-mTOR mice. Similar
observations have also been observed during the regenerative hypertrophy that occurs in
response to myotoxin induced injury [55]. In other words, these recent studies indicate that
mTOR, in skeletal muscle cells, is the rapamycin-sensitive element that confers
hypertrophy, and the kinase activity of mTOR is necessary for this event. In the future, it
will be important to determine if these points hold true during other types of rapamycin-
sensitive hypertrophic events such as that which occurs in response to increased mechanical
loading.

2.2 mTORC1, Autophagy and Protein Degradation
Another potential mechanism by which mTORC1 may control skeletal muscle mass is
through the regulation of protein degradation via the process of autophagy (‘self-eating’)
[56]. In general, autophagy is a process that involves the membranous engulfing of cellular
components, which are then subjected to lysosome-dependent degradation [57]. Conditions
which inhibit mTORC1 signalling, such as starvation and rapamycin, result in increased
autophagy, while under nutrient rich conditions mTORC1 inhibits autophagy [56]. Although
the exact mechanism by which mTORC1 regulates autophagy remains to be fully
determined, current evidence suggests that mTORC1 associates with, phosphorylates, and
inhibits Atg13 (autophagy gene 13) and ULK1 (UNC-51 like kinase), which are key protein
kinases involved in the initial formation of autophagasomes (Figure 2) [33]. Thus, reduced
mTORC1 signalling may result in increased autophagy-induced protein degradation in
skeletal muscle. Indeed, rapamycin has been shown to increase autophagic flux [58] and
lysosomal proteolysis rates [59] in myoblasts and myotubes, respectively. To date, however,
evidence that mTORC1 plays a major role in regulating skeletal muscle autophagy is lacking
[57]. For example, treatment of C2C12 myotubes with rapamycin induces only relatively
small increases in lysosomal proteolysis rates (~10%) [59]. Furthermore, rapamycin or
RNAi-mediated mTOR knockdown in vivo are not sufficient to induce the formation of
autophagasomes [60]. In contrast, however, starvation and rapamycin have been shown to
increase autophagic flux in skeletal muscle in vivo [58]. Thus, the magnitude of mTORC1's
role in regulating skeletal muscle autophagy remains to be definitively determined. The
paucity of studies in this area of investigation highlights the need for more research into
mTORC1 and autophagy in skeletal muscle.

In summary, recent studies strongly indicate that the activation of signalling through
mTORC1 is sufficient to induce an increase in muscle mass and this effect is at least
partially driven by an increase in protein synthesis. Recent studies have also implicated
mTOR in the regulation of ribosome biogenesis, mitochondrial biogenesis and autophagy,
but the potential involvement of these mTOR-dependent mechanisms in the regulation of
skeletal muscle mass remain to be clearly defined.

3. The eIF3f can Regulate Protein Synthesis and Skeletal Muscle Mass
The eukaryotic initiation factor 3 (eIF3) is a multi-protein complex composed of 12 subunits
(eIF3a-eIF3l) [61]. When combined with the 40S ribosomal subunit, eIF3 becomes part of
the pre-initiation complex (PIC) which, in-turn, plays a fundamental role in the regulation of
translation initiation [61]. The eIF3 complex has also been shown to act as a scaffold that
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interconnects mTORC1 with p70S6k1 [62]. In this model, inactive p70S6k1 is bound to eIF3,
and upon mitogen/growth factor/amino acid stimulation, the mTORC1 complex binds to
eIF3-p70S6k1, which in-turn, leads to the phosphorylation / activation of p70S6k1. Active
p70S6k1 is then released from eIF3 and can subsequently phosphorylate various downstream
substrates that have been implicated in the regulation of protein synthesis, such as the
ribosomal protein S6 (rpS6) and eukaryotic initiation factors 4B (eIF4B) (Figure 1) [62].
Hence, the eIF3 complex has the potential to regulate protein synthesis and skeletal muscle
mass via both mTOR-dependent (e.g. mTORC1-eIF3-p70S6k1) and mTOR-independent (e.g.
PIC formation) mechanisms.

In support of a role for eIF3 in the regulation of skeletal muscle mass, recent studies have
demonstrated that overexpression of the eIF3f subunit can induce muscle hypertrophy both
in-vitro and in-vivo [63]. Furthermore, eIF3f overexpression promotes an increase in the
phosphorylation of mTORC1 substrates such as p70S6k1, rpS6 and 4E-BP1 along with a
concomitant increase in the rate of protein synthesis [64]. Conversely, knockdown of eIF3f
expression induces myotube atrophy and this is associated with a decrease in the
phosphorylation of mTORC1 substrates and protein synthesis [63, 65]. Combined, these
studies suggest that simply altering the expression level of eIF3f can result in strong effects
on mTORC1 signalling, protein synthesis and muscle mass.

The expression of eIF3f can be regulated by a muscle specific E3 ubquitin ligase called
atrogin-1 [63], whose expression increases in response to atrophic stimuli [66-69].
Interestingly, eIF3f expression decreases during various atrophic conditions, and knockdown
of atrogin-1 or inhibition of the proteasome system can prevent this decrease [63]. Since the
expression level of eIF3f can regulate protein synthesis, it has been proposed that the
atrophic effects of atrogin-1 are at least partially due to a decrease in protein synthesis that is
driven by the loss of eIF3f [70]. In support of the hypothesis, six highly conserved lysine
residues on the C-terminal end of eIF3f have been shown to be necessary for atrogin-1
mediated ubiquitination and degradation, and mutation of these residues (eIF3f K5-10R)
confers increased stability to eIF3f protein [64]. Furthermore, under basal conditions,
overexpression of the eIF3f K5-10R mutant is capable of inducing a more robust increase in
mTORC1 signalling, protein synthesis and hypertrophy than the wild type protein. Finally,
the eIF3f K5-10R mutant can attenuate the development of atrophy under both in vitro and in
vivo conditions [64, 65].

Additional support for the hypothesis that atrogin-1 serves as a regulator eIF3f levels and
protein synthesis has also recently been obtained in a study that examined the atrophic
effects of berberine, an inhibitor of mitochondrial respiration [71]. Berberine-induced
atrophy is associated with decreased eIF3f expression, mTORC1 signalling and protein
synthesis, as well as increased protein degradation. Importantly, knockdown of atrogin-1
prevented the berberine-induced decrease in eIF3f levels, protein synthesis and atrophy [71].

In summary, it appears that the expression of eIF3f plays a fundamental role in the
regulation of mTORC1 signalling, protein synthesis and skeletal muscle mass [63]. In
addition, recent studies indicate that under atrophic conditions, atrogin-1 can directly
regulate mTORC1 signalling and protein synthesis via the ubiquitination and subsequent
degradation of eIF3f. Interestingly, the translation of eIF3f is regulated via a rapamycin-
sensitive mechanism which raises the possibility that mTORC1 activation could induce
eIF3f expression and protein synthesis in a feed-forward manner [72]. Additional studies are
required to further examine the interplay between mTORC1, eIF3f and atrogin-1 under
different hypertrophic and atrophic conditions, as well as the potential role of other eIF3
subunits in the regulation of skeletal muscle mass.
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4. The eIF2B Regulates Global Protein Synthesis and Skeletal Muscle Mass
The eukaryotic initiation factor 2 (eIF2) plays a key role in translation initiation.
Specifically, in a GTP dependent manner, eIF2 shuttles the initiator tRNA (Met-tRNAi) to
the ribosome during the formation of the 48S PIC (Figure 1B). The GTP on eIF2 is then
hydrolyzed to GDP which induces the release of eIF2·GDP, as well as other initiation
factors, from the PIC. Once these factors have been released, a functional 80S ribosome is
formed by addition of the large 60S ribosomal subunit, at which point translation elongation
can commence. In order to participate in another round of translation initiation, the GDP
bound to eIF2 must be exchanged for GTP. This reaction is catalyzed by the eIF2B
holoenzyme, which is composed of five (α-ε) subunits. The ε subunit serves the catalytic
function of eIF2B and its activity can be regulated by a variety of stimuli including
hormones, nutrients, and mechanical loading [73-77]. Furthermore, several studies have
shown that, in skeletal muscle, the activity of eIF2B correlates well with the changes in
protein synthesis that occur in response to mechanical loading, amino acid starvation and
sepsis [73, 75, 78]. Thus, by controlling rates of protein synthesis, eIF2B has the potential to
play a role in the regulation of skeletal muscle mass during a variety of different conditions.

Unlike mTORC1, which controls the translation of a selective subset of mRNAs, eIF2-
eIF2B appears to control the translation initiation of nearly all mRNAs, and thus controls
global rates of protein synthesis. However, the activity of eIF2B can also exert some
transcript specific regulatory functions. For example, a reduction in eIF2B activity leads to
an increase in the translation of a small subset of mRNAs, including the activating
transcription factor 4 (ATF4) [79]. ATF4 is a protein that has been reported to be both
necessary and sufficient for the induction of atrophy in adult mouse skeletal muscle [80].
Thus, it is possible that inhibition of eIF2B activity could promote atrophy via a mechanism
that involves both a decrease in global protein synthesis along with a selective increase in
the translation of ATF4, however, this possibility remains to be explored in skeletal muscle.

One of most widely recognized mechanisms that controls eIF2B activity is a change in the
abundance of the eIF2Bε subunit. For example, it was demonstrated that overexpression of
eIF2Bε is sufficient to induce an increase in eIF2B activity and global protein synthesis,
while knockdown of eIF2Bε results in a decrease in both of these end points [81, 82]. Thus,
it appears that the abundance of eIF2Bε is a rate limiting factor for global protein synthesis.
This is an important point because previous studies have shown that eIF2Bε abundance and
eIF2B activity are elevated by hypertrophic stimuli such as mechanical loading [75, 83-86].
Furthermore, it was recently demonstrated that overexpression of eIF2Bε was sufficient to
induce hypertrophy invivo [85]. Thus, changes in eIF2Bε and eIF2B activity appear to be a
fundamental mechanism through which muscle mass can be regulated.

The activity of eIF2B is regulated not only by the abundance of eIF2Bε, but may also be
regulated by changes in the phosphorylation state of eIF2Bε at Ser539 [87], although
evidence that this occurs in skeletal muscle is scant. Furthermore, phosphorylation of the α
subunit of eIF2 can have a major inhibitory influence on eIF2B activity, however, a detailed
discussion of this mechanism is beyond the scope of this review and hence the reader is
referred to Wek et al., 2006 [88]. It should also be mentioned that only a limited number of
studies in skeletal muscle have been aimed at examining the phosphorylation eIF2α [89,
90]. Thus, further investigation is required into how eIF2-eIF2B activity is regulated in
skeletal muscle.

In summary, eIF2B activity plays a fundamental role in the regulation of protein synthesis
and recent studies have shown that increased eIF2Bε abundance, which is sufficient to
increase eIF2B activity, is also sufficient to induce an increase in muscle mass [85]. In
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addition, there is evidence which suggests that a decrease in eIF2B activity can lead to a
decrease in protein synthesis [81, 82]. Although there are several mechanisms through
which eIF2B activity can be regulated, these mechanisms remain rather unexplored in
skeletal muscle. Interestingly, eIF2B activity can be regulated by the amount of eIF2Bε
subunit and recent reports indicate that the translation of eIF2Bε is regulated via an
mTORC1-dependent mechanism [81, 83]. Thus, the effects of mTORC1 on protein
synthesis may be due, in part, to a selective increase in the translation of eIF2Bε. In other
words, there is still much to learn about eIF2-eIF2B and this will likely be an exciting area
of study in the near future.

5. FoxO Transcription Factors and the Regulation of Skeletal Muscle Mass
The FoxO (Forkhead box containing protein, O-subclass) proteins are members of a large
family of conserved DNA binding transcription factors that regulate metabolism, cellular
proliferation and differentiation, apoptosis, stress tolerance and longevity [91]. The FoxO
subclass is comprised of FoxO1 (a.k.a. forkhead in Rhabdomyosarcomas; FKHR), FoxO3
(FKHR-like protein 1; FKHRL1 or FoxO3a), FoxO4 (acute leukemia fusion gene located in
chromosome X; AFX), and the most recently described FoxO6 [92]. With the exception of
FoxO6 [93], the transcription activity of these proteins is largely controlled by shuttling
between the cytoplasm and the nucleus where FoxOs can bind specific DNA sequences [93].
The major determinant of FoxO cellular location is its phosphorylation status and several
kinases have been found to phosphorylate FoxOs [93]. The most widely studied kinase is
PKB, with PKB-dependent phosphorylation inducing translocation of the FoxOs from the
nucleus to the cytoplasm, thereby inhibiting their transcriptional activity [94, 95].

The FoxOs are expressed in skeletal muscle cells [96] and play roles in myotube
differentiation [97], myotube fusion [98], and the regulation of carbohydrate and fatty acid
metabolism [99-101]. Skeletal muscle FoxO nuclear localization and transcriptional
activities are suppressed by IGF-1/PI3K/PKB [102, 103] and stress-activated protein kinases
(JNK and p38) [104] signalling, and have recently been shown to be modulated by
acetylation [105]. Importantly, FoxOs have also been implicated in the regulation of skeletal
muscle mass. For example, FoxO1 expression is up regulated in various models of muscle
atrophy [68, 69], and this is associated with increased nuclear levels of FoxO [102, 103].
Moreover, transgenic overexpression of FoxO1 results in reduced muscle mass [106], while
knocking down FoxO1 expression promotes an increase muscle mass [107]. Furthermore,
overexpression of FoxO3 is sufficient to induce a decrease in muscle mass [59, 102, 108].
These data suggest that changes FoxO activity are somehow involved in regulation of
protein degradation and/or proteins synthesis. Indeed, overexpression of FoxO3 can
stimulate proteolysis in myotubes [59, 60, 109] and knocking down FoxO1 expression
decreases protein degradation in myotubes [110]. The two main processes of cellular protein
degradation in skeletal muscle are the ubiquitin proteasome system (UPS) and autophagic/
lysosomal protein degradation [111] and recent studies have implicated FoxO transcription
factors in the regulation of both these catabolic pathways.

5.1 FoxOs and the Ubiquitin Proteasome System
Many atrophic conditions are associated with an up regulation of the muscle specific E3-
ubiquitin ligases atrogin-1 and MuRF1 [66-69]. Poly-ubiquitination by atrogin-1 and
MuRF1 targets selected proteins for degradation by the 26S proteasome [111]. UPS-
mediated protein degradation is responsible for the degradation of myofibrillar and most
soluble proteins [112], and thus is responsible for the majority of protein degradation in vivo
[113]. Overexpression of FoxO3 has been shown to increase UPS mediated proteolysis in
myotubes [59]. Furthermore, wild type and constitutively active FoxO3 (c.a.-FoxO3)
overexpression regulates atrogin-1 and MuRF1 promoter activities and mRNA expression
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[102, 108, 109], albeit through potentially different mechanisms [114]. Moreover, FoxO3
knock down and expression of dominant negative FoxO3 inhibits increases in atrogin-1 and
MuRF1 promoter activities under some [102, 115], but not all atrophic conditions [110].
Thus, there is significant evidence that FoxO3 plays a key role in the activation of UPS-
mediated protein degradation in skeletal muscle (Figure 2).

Similar to FoxO3, FoxO1 knock down inhibits increases in atrogin-1 promoter activity [102]
and atrogin-1 and MuRF1 expression under certain atrophic conditions [110]. Furthermore,
FoxO1 has been shown to bind to, and co-activate, the MuRF1 promoter [116], although this
binding may not be required for MuRF1 gene expression [117]. Interestingly, unlike FoxO3,
overexpression of wild type or constitutively active FoxO1 is not sufficient to induce an
increase in atrogin-1 or MuRF1 expression [103] which suggests possible differences in the
mechanisms through which FoxO1 and FoxO3 regulate the expression of these E3 ligases
[116].

To date, there has been very little investigation into FoxO4-mediated regulation of atrogin-1,
MuRF1 and the UPS. Recently, however, it was shown that TNFα-induced increases in
atrogin-1 were mediated by FoxO4 nuclear localization, independent of PKB
phosphorylation, FoxO1 and FoxO3 [118]. These data further suggest that different stimuli
may activate different members of the FoxO family and thus regulate the UPS via different
mechanisms.

5.2 FoxOs and Autophagic/Lysosomal Protein Degradation
In addition to regulating the UPS mediated protein degradation, FoxOs also appear to play a
role in the regulation of autophagic/lysosomal protein degradation [59, 60]. For example,
recent studies have demonstrated that the expression of several autophagy related genes is
up regulated in various models of skeletal muscle atrophy [60, 68, 119]. Moreover, FoxO3
binds to and increases the transcription of several key autophagy genes, including LC3
(microtubule-associated protein1 light chain 3) and Bnip3 (Bcl-2/adenovirus E1B 19-kDa
interacting protein 3) [59, 60]. Overexpression of c.a.-FoxO3 also increases the formation of
LC3 positive autophagasomes and stimulates lysosomal protein degradation [59, 60].
Indeed, it has recently been suggested that FoxO3 is both necessary and sufficient for the
induction of autophagy in skeletal muscle [60]. Thus, several lines of evidence indicate that
FoxO3 plays a fundamentally important role in the regulation of protein degradation via
autophagy in skeletal muscle (Figure 2).

While there has been much focus on the role of FoxO3 in the induction of autophagy in
skeletal muscle, there has been less research on whether FoxO1 plays a similar role. Muscles
overexpressing FoxO1 have, however, been reported to have elevated levels of the
lysosomal protease cathepsin L [106]. More recently, the expression of cathepsin L has been
shown to be a direct target of FoxO1 in skeletal muscle, with fasting-induced expression of
cathepsin L being inhibited in FoxO1 knockout mice and by expression of a dominant
negative mutant of FoxO1 [120]. Thus, FoxO1 may play a role in lysosomal protein
degradation in skeletal muscle, however, the magnitude of this role, whether it plays a role
in the formation of autophagasomes and the degree of redundancy between FoxO1 and 3 are
yet to be determined. To date, there has been no investigation into the role of FoxO4 in the
regulation of skeletal muscle autophagy.

5.3 Potential Regulation of mTORC1 Signalling by FoxOs?
Studies across different metazoans have shown the potential for FoxO-induced inhibition of
TORC1 signalling [121]. In mammalian non-muscle cells, FoxO1 activation indirectly
activates AMPK, which then phosphorylates TSC2 and activates its GAP activity (see

Goodman et al. Page 8

Cell Signal. Author manuscript; available in PMC 2013 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AMPK section below), leading to reduced mTORC1 signalling [122]. FoxO3 may also
attenuate mTORC1 signalling by increasing the expression of Bnip3 [60] which interacts
with Rheb and reduces Rheb's ability to induce mTORC1 signalling (Figure 1) [123]. It has
also been suggested that FoxO3 may also regulate mTORC1 via a TSC1 dependent
mechanism [124]. If FoxOs are able to regulate mTORC1 signalling in skeletal muscle cells,
they may also play a role in regulating skeletal muscle mass by inhibiting mTORC1-
mediated protein synthesis. Indeed, FoxO1 induces proteasome-dependent degradation of
some of the components of mTORC1 (mTOR, Raptor, p70S6k1) in differentiating C2C12
myoblasts [125], thus potentially reducing mTORC1 signalling. Interestingly, however,
constitutively active and dominant negative FoxO3 constructs were shown to have no effect
on mTORC1 signalling (p70S6k1 and 4E-BP1 phosphorylation) in differentiated myotubes
[59, 60]. Thus, more research is required to elucidate any potential role for the FoxOs in
regulating mTORC1 signalling, and protein synthesis, in skeletal muscle under basal,
hypertrophic or atrophic conditions.

In summary, FoxO transcription factors play a key role in the regulation of skeletal muscle
mass by coordinating the activation of both UPS and autophagic/lysosomal mediated protein
degradation. While considerably more research has focused on FoxO3, further research is
required into the differential mechanisms of FoxO1, 3 and 4 activation, and their respective
roles in regulating skeletal muscle protein degradation via the UPS and autophagy. Recent
data also suggest that FoxOs could potentially down regulate mTORC1 signalling, and thus
regulate skeletal muscle mass by decreasing protein synthesis.

6. The Role of AMPK in the Regulation of Skeletal Muscle Mass
5’-AMP-activated protein kinase (AMPK) is a heterotrimeric serine / threonine kinase
composed of a catalytic subunit (α) and two regulatory subunits (β and γ) [126]. AMPK
serves as an energy sensor and is activated by an elevation in the AMP/ATP ratio [126].
Enhanced binding of AMP to the subunit leads to an increase in the phosphorylation of the
Thr172 residue on AMPK and subsequently induces an increase in AMPK activity [126]. In
other words, conditions that cause significant cellular energy stress (e.g. exercise, starvation
or mitochondrial dysfunction) will promote an increase in AMPK activity.

AMPK has been implicated in the regulation of a variety of different metabolic processes.
For example, it has been shown that activation of AMPK inhibits energy consuming
anabolic processes such as protein synthesis and stimulates catabolic energy producing
processes such as glycolysis, fatty acid oxidation and protein degradation [126]. The ability
of AMPK to exert such diverse effects on metabolism suggests that it could play a
fundamental role in the regulation of skeletal muscle mass. In support of this possibility, the
expression of a kinase dead AMPK α2 subunit induces muscle hypertrophy in-vivo [127].
Furthermore, knockout models of AMPK α1 (AMPK α1

-/-) and α1/α2 (AMPKα1
-/- α2

-/-)
have shown that the loss of these genes promotes hypertrophy both in-vitro and in-vivo
[128, 129]. Conversely, activation of AMPK with 5-aminoimidazole-4-carboxamide
riboside (AICAR) induces atrophy in myotubes [130]. Moreover, in atrophic double
p70S6k1/S6k2 knockout myotubes, in which AMPK is activated, the expression of kinase
dead AMPK rescues the atrophic phenotype [127]. In other words, several studies have
clearly implicated AMPK in the regulation of muscle cell size, and there is evidence which
suggests that AMPK exerts its effects by controlling both protein synthesis and protein
degradation.

6.1 AMPK and Skeletal Muscle Protein Degradation
Consistent with the studies mentioned above, there is a growing body of evidence which
indicates that the activation of AMPK results in signalling events that promote an increase in

Goodman et al. Page 9

Cell Signal. Author manuscript; available in PMC 2013 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protein degradation (Figure 2). For example, activation of AMPK with AICAR has been
shown to induce an increase in protein degradation and this is associated with an increase in
the expression of atrogin-1 and MuRF1 [131-133]. Other AMPK activators such as
metformin and 2-deoxyglucose also increase atrogin-1 and MuRF1 expression [131].
Conversely, inhibition of AMPK with Compound C blocks AICAR-induced atrogin-1 and
MuRF1 expression [130, 131]. It has also been proposed that AMPK regulates the
expression of atrogin-1 and MuRF1 via a FoxO3 dependent mechanism that involves an
AMPK dependent increase in total [132], and nuclear localized, FoxO3 [130], as well as
increased FoxO3 binding to atrogin-1 and MuRF1 promoters (Figure 2) [108]. The AMPK-
induced activation of FoxO3 transcription activity may involve the phosphorylation of
FoxO3 on residues that are distinct from those phosphorylated by PKB [134], although
evidence in skeletal muscle is lacking. Thus, there is significant evidence that signalling
through AMPK is sufficient for the induction of protein degradation via the UPS, and this is
at least partially the result of the ability of AMPK to induce a FoxO3-dependent
transcription of atrogin-1 and MuRF1.

Another potential mechanism to explain AMPK-induced proteolysis is via the activation of
autophagy. In fact, in non-muscle cells, AMPK is required for autophagy-induced
proteolysis [135]. Recent studies suggest that AMPK can directly phosphorylate and activate
ULK1 (the exact phosphorylation site is yet to be confirmed), leading to the formation of a
protein complex (ULK1/Atg13/FIP200) involved in the early formation of autophagasomes
(Figure 2) [136, 137]. This mechanism would provide a direct pathway for cellular energy
stress to trigger the catabolism of cellular proteins and provide substrates for energy
production and survival. While attractive, such a mechanism remains to be established in
skeletal muscle cells. Also, as discussed above, given that FoxO3 plays a role in the
regulation of skeletal muscle autophagy [59, 60], AMPK may also induce activation of the
autophagic/lysosomal pathway via FoxO3 (Figure 2).

Recently, it was shown that mitochondrial remodeling (i.e. mitochondrial fission), induced
during atrophic conditions such as fasting, denervation and FoxO3 overexpression, was
associated with increased activation of AMPK [108]. Furthermore, expression of the
autophagy-related atrogene Bnip3 and mitochondrial fission proteins, DRP1 and Fis1, also
increase AMPK activation in cell culture. Moreover, the expression of these proteins is
sufficient to induce atrophy in vivo, and this effect can be completely inhibited by
expression of a dominant negative AMPK, and knockdown of either AMPK or FoxO3
[108]. Importantly, these observations provided evidence for an amplification loop in which
FoxO3 induces mitochondrial fission and perturbs mitochondrial energy metabolism,
leading to increased activation of AMPK and possibly further activation of FoxO3-induced
activation of autophagic [59] and UPS protein degradation [102]. Hence, it appears that
alterations in mitochondrial morphology and mitochondrial function lead to activation of
AMPK/FoxO3 and the exacerbation of catabolic processes induced during various atrophic
conditions.

Further support that impaired mitochondrial function and AMPK activation may play a role
in skeletal muscle atrophy comes from a recent study investigating muscle atrophy in
response to administration of anti-diabetic agent, berberine [71]. Since berberine had
previously been shown to impair mitochondrial function [138], it was hypothesized that
berberine-induced mitochondrial dysfunction would activate AMPK and promote the
induction of atrogin-1 expression. Indeed, in the absence of changes in the phosphorylated
PKB or PKB phosphorylation of FoxO1 & 3, berberine increased AMPK activation and
atrogin-1 expression, and stimulated protein degradation [71]. This study further supports
the hypothesis that abnormal mitochondrial function, and the subsequent activation of
AMPK, may play a causal role in the induction of skeletal muscle atrophy.
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Taken together, the aforementioned studies show a consistent link between AMPK
activation, increased atrogin-1 expression and protein degradation, and ultimately muscle
atrophy. Moreover, most studies show a role for FoxO3 in the AMPK-induced activation of
atrogin-1. Furthermore, recent studies provide important evidence that mitochondrial
morphology and/or function may play critical roles in the process of skeletal muscle
atrophy, at least in part by activating AMPK and the UPS. In addition, there is growing
evidence that AMPK may also regulate autophagic protein degradation pathways.
Additional studies are required to determine whether changes in mitochondrial morphology
and function play a role in other models of skeletal muscle atrophy (i.e. diabetes, cancer
cachexia, chronic kidney disease, sepsis, cardiac failure). Also, further research is needed to
determine how AMPK induces FoxO3 transcriptional activity and whether AMPK
activation leads to direct and /or indirect activation of autophagy.

6.2 AMPK and the Regulation of Skeletal Muscle Protein Synthesis
AMPK has not only been implicated in the regulation of protein degradation, but there is
also evidence that it can regulate protein synthesis. For example, activation of AMPK with
AICAR has been shown to induce a decrease in the rate of protein synthesis in myotubes
[133] and in skeletal muscle in vivo [139]. Furthermore, inhibition of AMPK activity via
knockout of the AMPK α1 and α2 isoforms (AMPKα1

-/- α2
-/-) results in myotubes with a

dramatically elevated rates of protein synthesis [129]. Hence, it appears that active AMPK
exerts a negative regulatory influence on the rate of protein synthesis.

The exact mechanisms through which AMPK regulates protein synthesis in skeletal muscle
have not been clearly defined; however, numerous studies suggest that the regulation of
mTORC1 signalling is involved in this process. This point is based on several studies which
have shown that pharmacological activation (AICAR, metformin, berberine) of AMPK
induces a decrease in markers of mTORC1 signalling [127, 139, 140]. On the other hand,
muscles with diminished AMPK activity (dominant negative AMPK or AMPKα1

-/- α2
-/-)

reveal enhanced mTORC1 signalling [129, 141]. Studies to date suggest that AMPK may
regulate mTORC1 signalling via the phosphorylation of TSC2, leading to increased GAP
activity toward Rheb [140, 142], direct phosphorylation and inhibition mTOR [143], and / or
the phosphorylation and dissociation of the critical mTORC1 protein, Raptor (Figure 1)
[129, 144]. Thus, it appears that AMPK can directly and / or indirectly effect mTORC1
signalling, and this likely serves as one mechanism through which AMPK regulates protein
synthesis.

Another potential mechanism linking AMPK with the regulation of protein synthesis is
based on the ability of AMPK to regulate atrogin-1 expression [131]. As mentioned
previously, atrogin-1 can regulate the levels of eIF3f and the levels of eIF3f can regulate the
rate of protein synthesis. Thus, it is possible that an increase in AMPK activity may also
inhibit protein synthesis, in part, via an atrogin-1-induced decrease in eIF3f levels.
Furthermore, AMPK has also been proposed to regulate protein synthesis by inhibiting
translation elongation. In non-muscle cells, AMPK has been shown to phosphorylate and
activate the eukaryotic elongation factor 2 (eEF2) kinase. Active eEF2 kinase can then
phosphorylate and inhibit the activity of eEF2, and consequently, inhibit peptide elongation
(Figure 1) [145, 146]. Whether a similar mechanism exists in resting or contracting skeletal
muscle, however, remains to be determined [147].

Taken together, the aforementioned studies indicate that there are potentially several
mechanisms via which AMPK could regulate skeletal muscle protein synthesis and thus play
a role in the regulation of skeletal muscle mass.
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6.3 AMPK, mTORC1 Signaling and Compensatory Skeletal Muscle Growth
As mentioned above, AMPK can directly influence mTORC1 signalling. Signalling from
AMPK also appears to be able to override the ability of other stimuli to regulate mTORC1.
For instance, it has been shown that AICAR-induced activation of AMPK can prevent the
activation of mTORC1 signalling that normally occurs in response to agonists such as
insulin or high-resistance contractions [148, 149]. Conversely, in myotubes with impaired
AMPK activity (AMPK α1

-/-), overexpression of c.a.-PKB promotes a greater increase in
mTORC1 signalling than that which is observed in wild type myotubes [128]. Interestingly,
in AMPKα1

-/- α2
-/- myotubes, basal mTORC1 signalling is already elevated and c.a.-PKB

fails to promote a further increase in mTORC1 signalling [129]. Thus, in the absence of
AMPK activity, mTORC1 signalling appears to be maximally activated and cannot be
driven higher by c.a.-PKB [129]. These observations have led to the hypothesis that, under
basal conditions, AMPK exerts an inhibitory effect on mTORC1 activity, which presumably
puts the brakes on growth promoting processes and thus preserves cellular energy.

The idea that AMPK exerts inhibitory effects on growth promoting processes has led many
to question whether AMPK activation could also play a role in limiting compensatory
changes in skeletal muscle mass in response to stimuli such as increased mechanical loading
[150]. In support of this possibility, a strong negative correlation has been shown between
AMPK Thr172 phosphorylation and the magnitude of hypertrophy in response to chronic
overload [151]. Significant negative correlations have also been found between AMPK
Thr172 phosphorylation and markers of mTORC1 signalling [151]. More recently, it was
shown that inhibition of AMPK activity (Compound C and AMPK α1-/-) allows muscles to
undergo an accelerated hypertrophy in response to mechanical loading and this effect is
associated, in part, with a greater increase in mTORC1 signalling [128, 152]. Conversely,
activation of AMPK with AICAR reduces the hypertrophic effects of mechanical loading
[152]. Thus, a growing body of evidence suggests that AMPK activity can have a potent
effect on compensatory changes in skeletal muscle mass.

In summary, cell culture and rodent studies clearly show that AMPK has the potential to
regulate skeletal muscle mass by influencing both protein synthesis and/or protein
degradation. This is a particularly important point when considering that the AMPK
activating compound metformin is a first line therapy for the control of blood glucose in pre-
diabetics and type II diabetics. Based on the studies mentioned above it would appear that
such AMPK agonists could have negative effects on muscle mass and thus further
complicate the diabetic state. However, further research will be needed to assess the
potential negative consequences of pharmacological activation of AMPK on skeletal muscle
mass.

7. PGC1α and the Regulation of Skeletal Muscle Mass
Peroxisome Proliferator-Activated Receptor-γ Coactivator-1α (PGC1α) was originally
identified as a transcriptional co-activator of PPAR-γ induced by cold exposure in brown
adipose tissue [153]. It has since been shown to co-activate several nuclear hormone
receptors and transcription factors (e.g. ERRα, PPARα, NRF-1, MEF2) which leads to an
up regulation of mitochondrial gene expression and an increase in mitochondrial DNA in
tissues such as skeletal muscle (for review see [154]). The expression of PGC1α in skeletal
muscle is greatly influenced by levels of physical activity with endurance exercise
increasing PGC1α expression [155, 156] and physical inactivity leading to decreased
expression [157].

PGC1α has been implicated in the regulation of skeletal muscle mass, particularly in
conditions of muscle atrophy [158] (Figure 2). For example, PGC1α expression decreases in
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a multitude of different muscle atrophic models [109, 157-165], although some models have
reported increases in PGC1α expression [166-169]. Recently, it was proposed that a
decrease in PGC1α mRNA, prior to the induction of denervation-induced muscle atrophy,
may contribute to ensuing muscle atrophy. [158]. To date, however, no studies have
demonstrated that a decrease in muscle PGC1α is sufficient to induce muscle fiber atrophy.
In fact, muscle specific knockout of PGC1α does not exacerbate denervation-induced
atrophy, nor increase the expression of atrogin-1 or MuRF1 [170]. Thus, notwithstanding
potential compensatory adaptations in these transgenic models, to date, there is little support
for the hypothesis that the loss of PGC1α expression per se is sufficient to induce muscle
atrophy. Thus, it appears that the decrease in PGC1α expression observed in various models
of muscle atrophy may be a secondary event to the atrophic condition itself and/or due to
reduced levels of physical activity that are associated with the atrophic condition/disease.

Although reduced PGC1α expression may not be sufficient to induce skeletal muscle
atrophy, significant evidence exists which demonstrates that increased expression of PGC1α
is sufficient to inhibit increases in protein degradation and protect skeletal muscle mass from
various atrophic stimuli. For example, transient overexpression of PGC1α in vivo blocks
c.a.-FoxO3-induced muscle fiber atrophy, and transgenic muscle specific PGC1α
overexpression protects against denervation- and fasting-induced atrophy, an effect
associated with a blunting of the expression of atrogin-1, MuRF1 and cathepsin L [158].
Moreover, PGC1α overexpression also protects aging muscle from sarcopenia and is
associated with reduced apoptotic markers and suppression of autophagy and UPS genes
[171]. Together, these data suggest that PGC1α overexpression may inhibit protein
degradation. Indeed, PGC1α overexpression has been shown to decrease basal, and block
c.a.-FoxO3-induced, protein degradation rates in myotubes by inhibiting both the UPS and
lysosomal degradation systems, with no effect on rates of protein synthesis [109] The anti-
atrophic effects of PGC1α may be due, at least in part, to the suppression of FoxO3 binding
to, and activation of genes such as atrogin-1 [109, 158, 172]. NFκB, a transcription factor
also implicated in skeletal muscle atrophy [173, 174], has also recently been shown to be
profoundly inhibited by PGC1α overexpression in vivo [109] and could explain some of the
PGC1α effect. Thus, PGC1α overexpression has the ability to inhibit muscle atrophy and
this appears to be mediated, at least in part, via an attenuation of the UPS and autophagic/
lysosomal protein degradation pathways (Figure 2).

As mentioned earlier, it has recently been shown that some models of atrophy are associated
with disruption of the mitochondrial network (i.e. mitochondrial fission) [108], and an
increase in AMPK activation that may lead to increased FoxO3-induced activation of
autophagic [59] and proteasomal protein degradation [102]. This suggests that mitochondrial
morphology and function may play key roles in the maintenance of muscle mass [172, 175].
Hence, the anti-atrophic effects of PGC1α overexpression may potentially result from its
ability to induce mitochondrial biogenesis [176] and promote mitochondrial fusion [177],
which would counteract atrophy associated mitochondrial fission, and thus help to maintain
cellular ATP levels. In fact, PGC1α overexpression has recently been shown to induce
mitochondrial biogenesis, and reduce the activation of AMPK and atrogin-1 expression that
is associated with berbine-induced skeletal muscle atrophy [71]. Thus, by inhibiting AMPK
activation, PGC1α overexpression has the potential to inhibit protein degradation and
muscle atrophy.

In summary, there is a growing body of evidence which demonstrates that PGC1α
overexpression can exert a protective effect against skeletal muscle atrophy in rodents.
While some progress has been made in understanding the mechanism of this effect, more
work is required to further elucidate the signals generated or inhibited by PGC1α
overexpression. The anti-atrophic effect of PGC1α suggests that the development of
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therapeutic compounds which increase muscle PGC1α expression may be beneficial for
maintaining skeletal muscle mass in patients with various muscle wasting conditions,
particularly in those with limited ability for exercise [178]. In this regard, further work is
required to determine the level of PGC1α expression needed to have a therapeutic effect,
and the long terms effects of PGC1α overexpression [179].

8. Summary
Recent progress has significantly expanded our understanding of the molecular mechanisms
that regulate skeletal muscle protein synthesis and degradation. Despite this, considerably
more research is required to fully elucidate the many different mechanisms that potentially
regulate these two processes and ultimately determine skeletal muscle mass. Moreover,
defining these mechanisms in the myriad of different models used to investigate skeletal
muscle hypertrophy and atrophy will be a complex task. This task may be made easier by
identifying common elements that might link the various models together. For example,
mitochondrial shape and function, cellular energetic status, and AMPK activation, may play
a fundamental role in regulating protein synthesis and degradation in many of the different
models of atrophy currently under investigation [180]. Successful identification of such
common regulatory molecules / pathways will greatly aid our understanding of how
different types of stimuli promote changes in skeletal muscle mass. Furthermore, future
findings may lead to the development of novel therapeutics for use in a range of clinical
conditions associated with muscle atrophy / wasting, metabolic disease and reduced
mobility, and thus help to improve quality of life.
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Highlights

• We review recent progress on selected potential regulators of skeletal muscle
mass.

• mTOR, eIF3f, and eIF2Bε play critical roles in the regulation of protein
synthesis.

• Activated FoxOs regulate protein degradation via the proteasome and
autophagy.

• AMPK can activate protein degradation and suppress protein synthesis.

• PGC1α and mitochondria are implicated in the regulation of muscle mass.
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Figure 1. A general overview of some of the factors that regulate translation initiation and
protein synthesis in skeletal muscle
(A) Mammalian target of rapamycin complex 1 (mTORC1) and eukaryotic initiation factor
(eIF) 2B activity, and eIF2B subunit abundance, are up-regulated in response to growth
factors, nutrients and mechanical overload. mTORC1 may, in part, be responsible for the
increase in eIF2B expression. Activated mTORC1 binds to eIF3f causing the activation and
release of ribosomal protein S6 kinase 1 (p70S6k1). Atrogin-1 can ubiquitinate eIF3f,
targeting it for degradation via the ubiquitin proteasome system leading to decreased
mTORC1 signalling. mTORC1 also phosphorylates 4E-binding protein (4E-BP1), relieving
it's binding to eIF4E. AMPK-activated protein kinase (AMPK) inhibits mTORC1 activity by
activating the GAP activity of the tuberous sclerosis complex (TSC1/2) complex, and by
directly phosphorylating Raptor and mTOR. AMPK may also activate eukaryotic elongation
factor 2 kinase (eEF2K) leading to inhibition of eEF2 and peptide elongation. It remains to
be determined whether Forkhead box containing protein, O subclass (FoxO) transcription
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factors indirectly lead to AMPK activation and Ras homologue enriched in the brain (Rheb)
inhibition. (B) mTORC1-induced phosphorylation of 4E-BP1 and its dissociation from
eIF4E allows the recruitment other translation initiation factors (e.g. eIF4G, 4A & 4B, the
eIF3 complex, and GTP/Met-tRNAi bound eIF2) and the 40s ribosomal subunit to the 5’-
Cap structure of mRNA leading to the formation of the 48S pre-initiation complex (PIC) and
increased translation initiation and protein synthesis. Activated p70S6k1 phosphorylates
ribosomal protein S6 (rpS6) and eIF4B, and enhances translation initiation efficiency.
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Figure 2. A general overview of some of the signalling molecules involved in the regulation of
protein degradation in skeletal muscle
Activated Forkhead box containing protein, O subclass (FoxO) transcription factors induce
the transcription of genes encoding proteins involved in protein degradation via both the
autophagy/lysosomal and ubiquitin proteasome pathways. AMP-activated protein kinase
(AMPK), which is activated by a decrease in ATP levels due to conditions such as exercise,
starvation, mitochondrial fission and/or dysfunction, ultimately leads to the activation of
FoxOs. Activated FoxOs induce further mitochondrial fission/dysfunction. It is yet to be
determined in skeletal muscle whether AMPK can directly activate autophagy by the
phosphorylation of UNC-51 like kinase (ULK). Overexpression of peroxisome proliferator-
activated receptor-γ coactivator-1α (PGC1α) inhibits FoxO transcriptional activity,
possibly by inducing mitochondrial biogenesis and fusion, restoring ATP levels and thus
decreasing AMPK activation. PGC1α overexpression also inhibits nuclear factor kappa B
(NFκB) transcriptional activity. Growth factor induced signalling through protein kinase B
(PKB) inhibits FoxO transcriptional activity and activates mTORC1 which is an inhibitor of
ULK and autophagy gene 13 (Atg13), and thus, an inhibitor of autophagy.
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