
Multifaceted Role of Insulin-like Growth Factors and mTOR in
Skeletal Muscle

Robert A. Frost(a),(b),a and Charles H. Lang(a),b

(a) Associate Professor, Department of Cellular and Molecular Physiology, Pennsylvania State
University College of Medicine, Hershey PA, 17033
(b) Professor and Vice Chairman, Department of Cellular and Molecular Physiology, Pennsylvania
State University College of Medicine, Hershey PA, 17033

Synopsis
This review describes the current literature on the interaction between insulin-like growth
factors, endocrine hormones, and branched chain amino acids on muscle physiology in both
healthy young individuals and during select pathological conditions. An emphasis is placed
on the mechanism by which physical and hormonal signals are transduced at the cellular
level to either grow or atrophy skeletal muscle. The key role of the mammalian target of
rapamycin and its ability to respond to both hypertrophic and atrophic signals lays the
ground work for understanding how a combination of physical, nutritional, and
pharmacological therapies may be used in tandem to prevent and/or ameliorate reductions in
muscle mass.

IGF and mTOR in skeletal muscle health: the whys and the wherefores
Insulin and insulin-like growth factors (IGFs)-I and –II are evolutionarily conserved
peptides that are expressed in organisms as evolutionarily diverse as nematodes and humans
(1). In the adult, these peptides orchestrate metabolic responses to nutrients, hormones, and
stress (2).

IGFs and their receptors are also critical for the proliferation of muscle stem cells and
recovery from muscle injury (3,4). Skeletal muscle is especially dependent upon IGF
signaling during development as mice null for the IGF-I receptor (IGF-IR) exhibit severe
muscle cell hypoplasia (5,6). Specific deletion of the IGF-IR in skeletal muscle also reduces
the number of myonuclei per myofiber and myofiber cross-sectional area suggesting that
IGF-IR signaling mediates both the addition of nuclei to fibers and the maintenance of
myofiber size (7). In contrast, mice null for IGF-I expression in peripheral tissues (including
skeletal muscle) exhibit body weights indistinguishable from control littermates when
endocrine IGF-I is supplied from a hepatic transgene, signifying that a combination of
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autocrine, paracrine, and endocrine derived IGFs contribute to the maintenance of muscle
mass (7–10).

A variety of pathophysiological conditions adversely impact muscle mass and function
including: glucocorticoid excess, sepsis, muscular injury and dystrophies, inactivity, alcohol,
and aging. Almost all of these states have on occasion been linked to a reduction in either
circulating IGF-I levels or IGF signaling, although a definitive cause and effect relationship
is often lacking (11–20). It is therefore of interest from a human health perspective to
understand how IGFs affect muscle at the cellular, molecular and organismal level to
determine how and when the clinical use of IGFs or therapies that simulate their signaling
pathways may be beneficial 21–25.

Numerous laboratories have determined that nutrients, growth factors, hormones, and
muscle activity all generate cellular signals that have the capacity to maintain and/or grow
muscle mass. Although signaling through insulin receptor substrate (IRS)-1 and -2 and Akt
are important, a key focal point at which all of these signals meet and integrate in skeletal
muscle is the protein kinase known as the mammalian target of rapamycin (mTOR)
13,26,27. Because mTOR is critical for muscle function and its tissue-specific deletion
results in muscular dystrophy it seems fortuitous at this point in time to review the role
played by IGFs and mTOR in muscle during health and disease 28,29. This review will
broadly evaluate the role of IGFs and mTOR in the maintenance of muscle mass and
function and how this relationship is altered in pathophysiological conditions affecting
skeletal muscle.

Muscle IGFs and nutrition: substrates and signaling
It has long been appreciated that optimal nutrition, including sufficient caloric and protein
intake, is necessary for muscle growth during development, postnatal growth, and puberty
30–32. The growth hormone (GH)- IGF-I axis and muscle per se are influenced by amino
acids, fatty acids, and micronutrients which provide a milieu in which optimal muscle
growth may occur 33–37. Essential amino acids (EAAs) account for nearly all of the ability
of a well-balanced meal to stimulate muscle protein synthesis 38,39. Furthermore, the
branched-chain amino acids, (BCAA, e.g. leucine, isoleucine, and valine) a subset of the
EAAs, mediate this response 40. Combined with the ability of amino acids to stimulate both
insulin and GH release these nutrients provide a strong and potentially persistent anabolic
signal for skeletal muscle 41

BCAA not only serve as substrates for protein synthesis but also as signalling molecules that
act independently of growth factor receptors, phosphoinositide 3-kinase (PI3K), and Akt to
activate mTOR by facilitating its direct binding to the Ras-homolog enriched in brain (Rheb)
42–45. EAA uptake is required for this effect because AA uptake inhibitors such as D-
phenylalanine block mTOR activation by EAA. The siRNA-mediated knockdown of the
solute carrier SLC7A5 / SLC3A2 (an EAA and glutamine co-transporter) also curtails
mTOR signaling to its substrates ribosomal protein S6 kinase-1 (S6K1) and eukaryotic
initiation factor 4E binding protein (4E-BP1) 46. Optimal mTOR signaling therefore occurs
when the intracellular level of glutamine is sufficient for the co-transport of glutamine out of
the cell followed by the ensuing movement of leucine into the cell and the activation of
mTOR 47. Leucine transport and the stimulation of mTOR are also enhanced by IGF-I
providing additive effects on the activation of mTOR in muscle cells (See Figure 1) 48.

Although the exact nature of the intracellular BCAA sensor in mammalian cells remains
elusive a number of proteins have been identified that mediate signaling between amino
acids and Rheb. The key step in this process appears to be the movement of mTOR from a
cytosolic location to a late endosomal or lysosomal surface. Small GTPases referred to as
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the “Rag proteins” (Rag A–D) form heterodimers that when activated by amino acids bring
mTOR and Rheb together on the lysosome 49,50. Three targeting proteins — p14, p21, and
MP1—known collectively as the “Ragulator” tether the Rags, mTOR, and Rheb to the
lysosome 51. Colocalization of Rags and Rheb may allow mTOR to respond to spikes in the
intracellular concentration of amino acids as well as amino acids released as a consequence
of lysosomal protein breakdown. This positions mTOR to commence signaling and activate
translation initiation in response to fresh amino acids after a meal. Amino acids signal using
an “inside-out 6 mechanism” by which they must first accumulate within the lysosome
followed by a rotation of the vacuolar ATPase which allows the amino acids to be released
to the surface and activate the Rag proteins and mTOR (See Figure) 52. The importance of
intra-lysosomal accumulation of amino acids in mTOR activation was revealed by the fact
that overexpression of a proton-assisted amino acid transporter (PAT-1/Slc36a1) in
lysosomes prevented mTOR activation due to the ability of PAT-1to extrude amino acids
from the lysosomal lumen 52,53. But, currently the importance of these transporters in
mediating catabolism-induced defects in mTOR signaling remains unclear. Regulated
translocation of PAT-1 or other transporters between the plasma membrane and the
lysosome may be an innate mechanism by which muscle cells regulate mTOR signaling
54,55.

Our current understanding is that mTOR regulates both protein synthesis and autophagic
protein degradation in muscle 56. Nowhere is this dual role more apparent than in a
premature aging model (the Klotho null mouse) where mice show atrophy of the masseter
and tongue muscles which ultimately limits food and protein intake. These mice exhibit
normal signaling upstream of mTOR in the masseter but the phosphorylation of mTOR and
its downstream substrates is compromised 57. The lack of exogenous amino acids leads to a
vicious cycle of continued autophagy and muscle atrophy. Given the known interaction
between Klotho and IGF-I it would be interesting to test whether the mTOR defect could be
rescued by overexpression or exogenous administration of IGF-I 58. It is likely that even
though mTOR is situated on the lysosome it does not always receive a sufficient amino acid
signal to prevent autophagic cell death during prolonged periods of nutrient deprivation 59.
In this case, loss of mTOR activity on the lysosome surface may result in dephosphorylation
of a transcription factor that binds to the E-box (TFEB) and TFEB's translocation to the
nucleus where it up regulates 7 the expression of genes involved in vacuolar biogenesis
thereby perpetuating the atrophy process 60.

Rag proteins may not be the only small GTPases to regulate the intracellular localization of
mTOR. Recently, Saci et al showed that Rac1, a member of the Rho family, is necessary for
the activation of mTOR complex (mTORc)-1 and -2 by growth factors. Rac1 binds directly
to mTOR via a c-terminal RKR motif and binding is lost when these residues were mutated
to alanine 61. Growth factors and serum stimulate the Rac1-dependent translocation of
mTOR from a peri-nuclear localization to the plasma membrane 61. Conversely, Rac1
deletion in mouse embryonic fibroblasts decreases cell size and inhibits the phosphorylation
of mTOR substrates. Additional studies suggest that BCAA also stimulate mTOR by
decreasing the negative input from AMP kinase 62. During nutrient stress AMPK
phosphorylates TSC2 on S and T to increase the GTPase activating protein (GAP) activity
of TSC2 toward Rheb, thereby inhibiting mTOR activity 63. AMPK also phosphorylates
Raptor on S792 to inhibit the interaction of mTOR with its substrates 64. Lastly, nutrient
stress also induces a p38 kinase/p38-regulated kinase (PRAK) pathway that phosphorylates
Rheb on S130 to inhibit Rheb nucleotide binding and thus mTOR activity 65. Thus, leucine
and other BCAA, by inhibiting AMPK or PRAK, may facilitate the normal activation of
Rheb and mTOR to stimulate protein accretion in skeletal muscle.
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In contrast to nutrients, growth factors such as IGF-I stimulate mTOR via an IGF-IR, PI3K,
Akt pathway that disrupts the TSC1 and TSC2 complex. This protein-protein complex
normally represses mTOR signaling but when TSC2 is phosphorylated on multiple serine
residues (S939 and S981), TSC2 binds to 14-3-3 proteins that sequester TSC2 away from
Rheb. 8

TSC2 is a GAP for Rheb that converts Rheb from an active GTP-bound form to an inactive
GDP-bound state. Therefore, the sequestration of TSC2 with 14-3-3 increases the relative
amount of GTP bound Rheb and this activates mTOR in muscle cells 66. The importance of
TSC1 and TSC2 in the regulation of mTOR and protein synthesis is highlighted by the
observation that over expression of TSC1 in skeletal muscle leads to a more stable TSC1/2
complex, inhibition of mTOR activity, and as a result severe muscle wasting 67. Likewise,
mutation of the Akt phosphorylation sites on TSC2 to alanine prevents IGF-I from activating
Rheb and inhibits mTOR activity 66,68.

The above studies emphasize that amino acids and IGF-I stimulate mTOR via separate but
parallel pathways 69. These pathways converge by stimulating both the activity of Rheb and
its ability to interact with mTOR. How the binding of Rheb to mTOR activates the mTOR
kinase remains controversial. Rheb stimulates phospholipase D1 (PLD1) activity and the
synthesis of phosphatidic acid (PA), a known activator of mTOR 70. Conversely,
siRNAmediated knockdown of PLD1 prevents Rheb-induced phosphorylation of mTOR
substrates.

This picture is complicated by the fact that PA derived from membrane lipids may be
different than PA derived from de novo glycerolipid synthesis as the later form of PA
actually inhibits mTORc2 activity 71. Likewise, although PA binds directly to mTOR it is
not sufficient on its own to stimulate mTOR kinase activity in vitro suggesting that PA
needs to interact with other signaling molecules and partners and thus activates mTOR
indirectly 72. One possibility is that PA facilitates the recruitment of mTOR substrates
72,73. This would fit with the known ability of Rheb to enhance the binding of mTOR
substrates, such as the translation initiation factor 4E-BP1 independent of the intrinsic
mTOR kinase activity 74. Recent work would also suggest that PLD9 derived PA stabilizes
both the mTORc1 and mTORc2 complexes leading to greater phosphorylation of additional
substrates such as Akt on S473 75.

The parallel activation of mTOR via an amino acid induced-interaction of Rheb and mTOR
and an insulin/IGF-I- induced increase in GTP bound Rheb suggests that the two pathways
allow for the fine tuning of mTOR activity and translation initiation. This is especially
relevant to insulin responsive tissues such as the liver that is exposed to relatively high
concentrations of amino acids after a protein rich meal which then triggers a rapid release of
insulin into the portal circulation. Insulin or amino acids alone only minimally stimulate
global hepatic protein synthesis, but in combination they robustly increase mTOR activity
and protein synthesis 76. Teleologically it makes sense for muscle to also respond to both
amino acid and growth factor stimulation. Indeed, the combination of insulin and amino
acids are necessary for the maximal stimulation of muscle protein synthesis observed in
healthy adults and together they enhance the anabolic effect of exercise 77,78. Insulin and
IGFs in addition to stimulating pathways upstream of mTOR also stimulate amino acid
uptake and may therefore replenish intracellular levels of glutamine and leucine when these
amino acids become limiting for the activation of mTOR 48,79. In the presence of adequate
amino acid availability insulin prevents muscle protein breakdown whereas IGF-I enhances
amino acid transport and the amino acid induced increase in muscle protein synthesis 80,81.
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Amino acids, growth factors and exercise may also function synergistically to induce muscle
hypertrophy by up regulating the expression of JunB 82–84. JunB over-expression increases
the relative cross-sectional area of skeletal muscle while increasing protein synthesis in
C2C12 myotubes 83. Unlike the mechanisms described above that alter muscle protein 10
homeostasis via Akt and/or mTOR-dependent pathways, JunB increases muscle size
independent of mTOR activation 83. Jun B interacts with multiple transcription factors
including FoxO3 and these interactions prevent the expression of genes that negatively
regulate muscle mass such as the muscle-specific ubiquitin E3 ligase atrogin-1 and the
activin receptor type II (ActRII) ligand myostatin 83,85. Thus, muscle tissue appears to have
multiple redundant, but independent mechanisms, for regulating muscle mass and its
response to growth factors and feeding.

Muscle IGFs and exercise: may the force be with you
Although IGF-I stimulates Akt and mTOR as well as protein synthesis in skeletal muscle 86,
the role of IGF-I in the context of exercise-induced hypertrophy is much more tenuous 86.
For example, resistance exercise is known to increase IGF-I mRNA expression in skeletal
muscle but neither endocrine nor autocrine increases in the peptide have been reliably
demonstrated 87–90. Recent studies in humans also imply that the total level of IGF-I
peptide is unchanged in muscle microdialysis fluid during and after exercise suggesting no
net synthesis of IGF-I occurs in exercised muscle 91. Yet, because the amount of free IGF-I
(IGF-I not bound to IGF binding proteins, IGFBPs) is increased in venous blood draining
skeletal muscle, it appears that IGF-I could be released from IGFBPs during exercise. Thus,
the overall local IGF-I bioactivity could be increased in skeletal muscle during exercise and
thus stimulate hypertrophy, although the 11 mechanism by which this may occur remains
undetermined 91. Lastly, although immunization of control rats with IGF-I antibody does
not prevent the exercise-induced increase in protein synthesis it does in diabetic rats 92.
These results suggest that IGF-I can compensate for insulin in hypoinsulinemic rats by
enabling an anabolic response after acute resistance exercise.

Using a functional overload model in which the plantaris is forced to do the work of the
excised soleus and gastrocnemius, Spangenburg demonstrated that hypertrophy occurs
equally well in control mice and mice expressing a kinase dead form of the IGF-IR (MKR
mice) 93.

Because the MKR mice exhibited a decreased ability of IGF-I to stimulate Akt
phosphorylation but a normal mTOR response to overload it can be concluded that IGF-IR
kinase activity is not necessary for muscle hypertrophy in this model. A similar finding has
been made by Barton et al in which adeno-associated virus expression of a variety of IGF-I
isoforms in the tibialis failed to increase muscle mass in MKR mice 94. Others have also
posited that the IGF-I peptide is not necessary for stretch-induced changes in mTOR
signaling because conditioned media from stretched C2C12 myotubes was not sufficient to
activate the phosphorylation of S6K in naïve myotubes 95. Therefore, it has been concluded
that exercise-induced muscle hypertrophy is an intrinsic process independent of hormones
and growth factors 96. Yet, in a mouse model in which the tibialis anterior was electrically
stimulated via the sciatic nerve, the same authors found that electrical stimulation robustly
increased S6K1phosphorylation and this was dramatically reduced in MKR mice, suggesting
the IGF-IR tyrosine kinase activity may be necessary for mTOR signaling to its substrates in
this model 97. MKR mice also exhibit a reduced capacity to recover from muscle injury
implying that the IGF-IR is necessary for adequate myoblast fusion and differentiation
during the regeneration process 3.
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Although the MKR mouse has been used to determine whether the IGF-IR is necessary for
IGF-I signaling in skeletal muscle it must be remembered that MKR mice exhibit many
compensatory changes in response to the expression of the kinase-dead receptor including
hyperglycemia, insulin resistance, and decreased muscle fatty acid oxidation 98. In addition,
despite having smaller muscles the existing muscle exhibits a compensatory hyperplasia and
a greater number of type II glycolytic fibers suggesting it may have a greater potential to
hypertrophy independent of the IGF-IR tyrosine kinase activity 98,99. MKR muscle also
exhibits a basal 2-fold increase in Akt phosphorylation, a response exceeding that observed
in wild-type mice over expressing IGF-I94. One interpretation of these data is that Akt and
mTOR are already maximally stimulated.

MKR mice also tend to be hypogonadal 100. These and other compensatory changes may
influence the final response to functional overload observed by Spangenburg 93. Recent
work by Mavailli would suggest that muscle- specific deletion of the IGF-IR might be an
additional model for exploring the role of the IGF-IR in muscle hypertrophy independent of
the compensatory changes observed in MKR mice 7,101.

MKR mice initially exhibit reduced ERK levels in skeletal muscle compared to wild-type
controls, but this is followed by a compensatory increase in ERK phosphorylation as the
mice age 99. There is now evidence that IGF-IR tyrosine kinase activity may not be
necessary for ERK activation in response to IGF-I in some cell types. For example, ERK
continues to be activated in cells treated with IGF-IR tyrosine kinase inhibitors and in cells
expressing a kinase dead IGF-IR 102. These data suggest that muscle expressing the MKR
mutation could still be signaling via ERK or other pathways that have not previously been
appreciated as mediating the IGF-I hypertrophic response 103. Although highly speculative,
IGF signaling to ERK in MKR mice could activate PLD and generate PA to stimulate
signaling to mTOR via an ERK pathway 13 as recently demonstrated by Winter et al in Rat2
cells 104. However, whether such a mechanism also occurs in hypertrophying muscle fibers
remains to be determined 104,105.

Nowhere is muscle hypertrophy more evident than in myostatin knockout mice and mice
that express endogenous myostatin inhibitors such as follistatin 106. These mice exhibit
muscle weights 2–3 times that of wild-type control mice. Follistatin prevents myostatin
binding to the type II ActR but the mechanism by which this occurs has not been discerned.
Recent work by Kalista et al 107 indicates that the myostatin inhibitor follistatin causes
muscle hypertrophy via IGF-IR signaling. Control mice overexpressing follistatin exhibited
a 3-fold greater increase in muscle fiber cross-sectional area than mice expressing follistatin
on the MKR background 107. The follistatin response was also dependent on signaling
pathways downstream of the IGF-IR, including mTORc1 and Akt, as the follistatin response
was blunted either moderately by rapamycin or strongly by dominant-negative Akt 107.
Thus, follistatin, by increasing muscle IGFs appears to increase both satellite cell activation
and muscle hypertrophy via the classical IGF-IR/Akt/mTOR pathway 107,108. Future work
will have to determine whether follistatin, working via the IGF-IR, can also maintain both
muscle fiber myonuclear domain size and muscle force 109,110.

Recent work by Goodman et al 44 reports that systemic administration of rapamycin can
completely block the load-induced hypertrophy of the plantaris in a model where the
synergistic muscles (soleus and part of the gastrocnemius) are ablated. Goodman extended
these findings by showing that mice expressing a muscle- specific mTOR kinase-dead
transgene exhibited 14 virtually no compensatory hypertrophy as evidenced by the
unchanged cross-sectional area. These observations suggest that mTOR kinase activity is
essential for muscle hypertrophy in this model 111. In contrast, neither rapamycin nor the
kinase-dead form of mTOR inhibited muscle hyperplasia due to synergistic muscle ablation.
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This implies that load-induced changes in muscle mTOR activity induce mainly muscle
hypertrophy but not hyperplasia.

It has been posited that because IGF peptides can also bind to IGF binding proteins and
integrin receptors, that a signal independent of IGF-IR kinase activity could be generated in
the muscle of MKR mice 112. For example, Canonici et al have found that the IGF-IR forms
a ternary complex with E-cadherin and the alpha V integrin receptor and that IGF binding
initiates signaling by disrupting this complex 113. A similar finding was made by Saegusa
who demonstrated direct binding of IGF-I to the alphaV beta 3 integrin 103. In smooth
muscle, IGF-dependent ERK signaling is dependent upon direct binding of vitronectin to the
beta 3 receptor because disruption of binding with a beta-3 antibody reduced IGF-I signaling
114. The alpha v beta 3 integrin receptor is present on C2C12 cells and in skeletal muscle.
Therefore, it has the potential to interact with the IGF-IR and stimulate downstream
signaling pathways, such as the activation of focal adhesion kinases (FAK) and the adapter
protein paxillin 115–117. Indeed, FAK can transactivate IGF-I receptors in which the
receptor autophosphorylation sites have been 15 mutated. In addition, peptides that disrupt
IGF-IR/alpha V beta 3 interactions inhibit signaling to Akt and ERK kinases 118,119.

Barton and colleagues have reported that different IGF-I isoforms have different capacities
to stimulate gene expression in skeletal muscle 94. IGF-I is transcribed off a single gene, but
multiple mRNAs are generated by alternative splicing of exons in the gene. Muscle
expresses IGF-IA and IGF-1B in rodents as well as IGF-IC in humans. Although these
mRNAs produce identical IGF-I peptides, there is less homology in the E-peptides they
produce. Some have suggested that the E peptides (i.e. Ea and Eb) themselves may signal
through other receptors or facilitate signaling of the IGF-I peptide 94. Data are available
indicating the Epeptides are necessary for muscle hypertrophy because over expression of a
viral construct containing the IGF-IA or -B peptide, but not mature IGF-I, stimulated
hypertrophy of the tibialis and maintained force generation in the extensor digitorum longus
94. In addition, both the IGFIA and –B forms were inhibited in the MKR mouse. Work by
Shavlakadze et al suggests overexpression of the IGF-IA isoform in muscle is most
efficacious during periods of active growth, but not in adult mice 120. Yet, Matheny et al
would argue that although a stable IGF-I E pro-peptide exists, a final processed EB peptide
has not been identified in extracellular fluids or cell culture media 121. One possibility is
that the E-peptides anchor the IGF-I molecule in the extracellular matrix where they is more
likely to come in contact with the IGF-IR. How the Epeptide influences IGF-I signaling in
skeletal muscle remains an open question and should be an area of active research 21.
Exercise and adequate nutrition are not only important for the maintenance of muscle mass
but also for the prevention of and recovery from muscle disease 122–126. As noted above, a
key 16 component of the protective effects of exercise and amino acid supplementation are
their ability to stimulate mTOR 40,127,128. In the ensuing sections we will review how
various muscle diseases affect muscle mass and function, pursue common defects, and
investigate whether nutrition, exercise, and IGFs have potential therapeutic benefits.

The release of glucocorticoids from the adrenal cortex during stress contributes to the
regulation of blood pressure, blood glucose, and the inflammatory response. Yet,
glucocorticoid excess has a negative effect on muscle mass due to its ability to decrease
muscle protein synthesis and increase protein degradation 14. The synthetic glucocorticoid
dexamethasone stimulates the expression of a protein regulated in development and DNA
responses (REDD1) in skeletal muscle and this protein is a putative mTOR inhibitor
129,130. REDD1 competes with TSC2 for binding to 14-3-3 proteins such that REDD1 over
expression drives TSC2 to return Rheb to a GDP-bound form and inhibit mTOR 131. After
an 18 h fast, corticosterone up regulates REDD1 protein expression which can be prevented
by the glucocorticoid type II receptor antagonist RU486 132.
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REDD1 is also up regulated in a number of stress conditions where mTOR and muscle
protein synthesis are inhibited, including after endurance exercise, sepsis and acute alcohol
intoxication. However, a direct causal role for REDD1 in decreasing mTOR kinase activity
in these conditions has not been determined 133–135. REDD1 is also elevated paradoxically
by insulin and IGF-I in adipose tissue and skeletal muscle, emphasizing that the expression
of 17 REDD1 is not consistently associated with mTOR inhibition 136,137. In skeletal
muscle, IGF-Iinduced REDD1 may act in a negative feedback loop to dampen the
mitochondrial generation of reactive oxygen species (ROS) since REDD1 localizes to
mitochondria where its absence and/or over expression may result in elevated ROS 138,139.
REDD1 may have a similar function in glucocorticoid-induced muscle atrophy where ROS
are also elevated 140. Although ROS are necessary for IGF-I-induced myocyte hypertrophy
in C2C12 myotubes, it is not known if REDD1 is involved in this response 141. In addition,
ROS generated after treatment of C2C12 myotubes with lipopolysaccharide and interferon
gamma strongly inhibit mTOR activity and protein synthesis. Moreover, both parameters are
restored in the presence of IGF-I and antioxidants, suggesting that a normalization of ROS
levels is necessary for IGF-I-induced mTOR activity in this model 142. Glucocorticoids can
decrease muscle mass and mTOR activity by up regulating both REDD1 and the
transcription factor KLF15 via classical glucocorticoid receptor elements (GRE) in the
promoters of both genes 143. KLF15 also binds to response elements in atrogenes, such as
atrogin-1and muscle-specific ring finger-1, and these ubiquitin ligases target the
ubiquitinylation and degradation of critical structural and functional proteins within skeletal
muscle including the myosin heavy and light chains 144–146. Glucocorticoids also increase
the expression of FoxO transcription factors and FoxO1 and KLF15 cooperate to increase
the promoter activity of the atrogenes in skeletal muscle 56,143,147. Autophagy and
lysosomal protein degradation pathways are also up regulated in skeletal muscle by FoxO3
resulting in a coordinated effort to mobilize amino acids for hepatic gluconeogenesis 56,148.

Although excess glucocorticoids clearly up regulate FoxO and the translation initiation
factor 4E-BP1 these proteins also maintain muscle protein homeostasis by removing protein
aggregates during aging where their overexpression can increase muscle strength 149,150.
Therefore, a delicate balance of FoxO and 4E-BP1 signaling exists. The importance of FoxO
and 4E-BP1 in skeletal muscle and the organism as a whole is underscored by the fact that
FoxO signaling in muscle also affects metabolism in other tissues 150. For example, over
expression of 4E-BP1 specifically in skeletal muscle, but not in other tissues of Drosophila,
increases both the median and maximal lifespan of flies similar to that seen during caloric
restriction 150. The FoxOdependent induction of 4E-BP1 in the fat body has also been
proposed to be a “metabolic brake” that is activated by stress to prevent excessive “fat burn”
during starvation 151. Future studies need to examine whether these proteins play a similar
role in vertebrate muscle 152,153. The mitochondrial form of the branched chain amino
transferase gene (BCATm) is also up regulated by glucocorticoids in a KLF15-dependent
fashion 143. Over expression of KLF15 increases the activity of BCATm resulting in
enhanced oxidation of BCAA and decreased mTOR substrate phosphorylation 143. Further,
the negative effects of KLF15 can be overcome by excess BCAAs. mTOR activation by
BCAA do not alter the translocation of the glucocorticoid receptor (GR) into the nucleus,
but do diminish GR-mediated transcriptional activity 143. The positive effects of BCAA
therefore appear to be dominant over glucocorticoids because BCAA prevent
dexamethasone-induced increases in atrogenes, REDD1, and KLF15 while simultaneously
maintaining muscle mass, muscle cross-sectional area, and muscle strength in the
gastrocnemius 143,154,155. These data are consistent with previous reports showing that
mTOR activation by upstream activators, such as IGF-I and constitutively active Akt or
Rheb, 19 overcome the negative effects of dexamethasone on protein synthesis and the
phosphorylation of mTOR substrates 14,129,136,155,156.
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Excess BCAA may also enhance the anti-inflammatory effects of endogenous
glucocorticoids by decreasing the expression of inflammatory cytokines as occurs in
BCATm null mice 157. Other steroid hormones, such as testosterone, may also have
beneficial effects on muscle mass due to their ability to prevent glucocorticoid-induced
increases in REDD1 158,159.

The age-related decline in muscle mass and function that occurs in humans has long been
thought to be due to a coincident decline in hormones and growth factors 160. Serum
testosterone concentrations are also positively correlated with muscle mass and muscle fiber
cross-sectional area in the elderly 161. Similar to the drop in testosterone during the
“andropause”, GH and IGF-I decline during the “somatopause” and their rate of decline
correlates with the fall in muscle mass 162. Although GH and testosterone have dramatic
effects on muscle mass in the young, replacement therapies that match endogenous hormone
levels have only minimal effects on muscle mass and strength during sarcopenia. In
addition, exercise-induced changes in GH and testosterone do not influence muscle mass
96,163. These data suggest muscle exhibits resistance to these anabolic factors 164,165. The
mechanism behind sarcopenia is therefore multifactorial and consistent with testosterone
deficiency and the development of insulin resistance. In addition, leucine resistance
develops in castrated rats 166,167. Despite the above, the intrinsic ability of muscle to
respond to exercise is largely unchanged during sarcopenia suggesting that a multimodal
approach that has exercise as its focal point but includes nutrients and hormones, when
necessary, would be most efficacious at preventing muscle loss and/or restoring muscle
mass in the peri-sarcopenic period 168.

Studies from rodents have revealed that not all muscles are equally sensitive to androgens
due to their differential expression of the androgen receptor 169. In addition, skeletal muscle
is capable of converting dehydroepiandrosterone (DHEA) to testosterone but further
conversion of testosterone to dihydrotestosterone (DHT) may not be necessary for its
anabolic effects 170,171. This finding is promising because testosterone-induced
hyperplasia of the prostate can be blocked by 5-alpha reductase inhibitors whereas the
anabolic effects of testosterone are not. These data suggest that the benefits of androgens for
maintaining muscle mass may be garnered without their inherent cancer risk in males 172.
Androgens appear necessary for the development of muscle mass in male but not female
mice because genomic knockout of the androgen receptor (AR) decreases muscle mass and
force production in a gender-dependent manner 173. The decrease in muscle mass in AR
knockout mice is uniform across a number of muscles including the gastrocnemius, soleus,
tibialis anterior and the extensor digitorum longus, but not the heart 173. AR knockout was
associated with a decrease in maximal force generation in fast-twitch muscle (extensor
digitorum longus, EDL) and enhanced fatigue resistance in slow-twitch muscle (soleus).
These data are consistent with changes in gene expression in which androgens increase the
expression of type-II glycolytic fibers that produce more force, but are highly fatigable. AR
null mice exhibit no change in serum or limb muscle IGF-I or IGF-IR mRNA but exhibit a
decrease in amino acid and micronutrient transporter mRNAs (Slc38a4/SNAT4) that could
influence the co-transport of glutamine and leucine consistent with the leucine resistance
observed in castrated rats 167.

Surprisingly, selective ablation of the AR in skeletal myofibers decreases muscle mass in the
perineal muscles which contain a high concentration of the AR but not in the limb muscles
where the lack of AR signaling does not decrease mass but still affects muscle structural
proteins and force production 174. AR knockout postnatally in the perineal muscles also
decreased IGFIEa mRNA and this was associated with a decrease in muscle mass 174. In
contrast, castration of muscle specific AR null mice decreased both muscle IGF-IEa mRNA
and muscle mass suggesting that androgens maintain muscle mass by a myofiber specific

Frost and Lang Page 9

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and AR-independent mechanism. The AR, in supporting fibroblasts and satellite cells, may
therefore ultimately determine autocrine IGF-I levels and muscle mass. In agreement with
this is the finding that androgens stimulate the proliferation of human skeletal muscle cells
in vitro and this is blocked by both IGF-I neutralizing antibodies and si-RNA mediated
knockdown of the IGF-IR 100.

Signal transducers and activators of transcription (Stat) 5a/b, two transcription factors
necessary for the maintenance of muscle mass also maintain the expression of the androgen
receptor which is transcriptionally induced by GH. Muscle specific knockout of Stat5a/b
leads to a muscle fiber type switch from Type II to Type I fibers 175. Inhibition of IGF-IR
signaling in the MKR mouse also attenuates testosterone-induced gains in the mass of the
perineal muscles by 60% 100. Thus, IGF-IR signaling plays a critical role in the response of
muscle to androgens.

Ibebunjo et al have recently discovered a potential link between the andropause and
decreased muscle activity and muscle mass. These authors found that castration decreased
voluntary running speed and endurance, both of which were restored upon treatment with
testosterone 176. Testosterone increased the expression of a number of genes including IGF-
I, the IGF-IR, and solute carriers but that the increase in these markers occurred equally well
in sedentary and exercised rats suggesting that these genes are only permissive for the
observed behavior.

Although testosterone replacement was not associated with dramatic changes in muscle
mass it was associated with a transition to Type IIa muscle fibers. Because the transition to
Type IIa fibers was greater in the mice that ran than in the sedentary animals, testosterone
per se does not mediate the transition to Type II fibers but is obligatory to promote the
activity that drives the transition 176.

One scheme for staving off sarcopenia may be the consumption of adequate protein during
“middle age”. D'Antona et al found that mice fed a diet supplemented with BCAA exhibited
an increase in average lifespan and enhanced mitochondrial biogenesis in skeletal muscle
177. Not surprisingly, the greatest mitochondrial mass was achieved in mice that received
both BCAA and exercise and the beneficial effects of BCAA on mitochondrial biogenesis
could be blocked by rapamycin 177. It should be noted that many of the beneficial effects of
caloric restriction on lifespan can be mimicked by intermittent feeding protocols in which
there is little or no reduction in total caloric intake. In C. eleagans the beneficial effects of
intermittent feeding require Rheb to be transiently turned on and off and for mTOR to be
activated to down regulate the expression of an IGF-like peptide and increase the worms
loco motor activity 178.

The above data suggest that hormones, growth factors, nutrients, and exercise cooperate in
maintaining muscle mass and function and provide the impetus to overcome sarcopenia.
Recent data would suggest that this may occur via a centrally mediated mechanism 176,179.
AR knockout in the nervous system generates male mice that exhibit growth retardation, a
decrease in “male-typical behavior” and reduced serum levels of IGF-I 180. Although
overall activity is not affected by AR knockout in the nervous system of young adult mice
(2–5 months) it would be interesting to determine whether these mice are more prone to
decreased activity and sarcopenia with aging (> 18 months) 180. AR null mice also lack the
normal feedback control regulating glucocorticoid production such that plasma ACTH and
corticosterone are chronically elevated 181. Thus, the testosterone deficit seen with aging
may be a prerequisite to a glucocorticoid-induced decrease in muscle protein. Conversely,
animal studies are promising because they suggest that testosterone and tissue -selective
androgen receptor modulators can reverse dexamethasone-induced atrophy of the perineal
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muscles and repress genes involved in glucocorticoid-induced wasting including REDD1
and FOXO1 158,159,182. In summary, there appear to be significant cooperative effects
between amino acids, exercise, the IGF-system, and androgens in the maintenance of muscle
mass.

Immobilized muscle: a cast of characters involved in muscle atrophy
Immobilization of the leg muscles induces muscle atrophy and is highly relevant to clinical
conditions where patients endure long-standing bed rest 183. During prolonged bed rest,
there is a differential rate of atrophy between muscle groups with the anti-gravity muscles
and the plantar flexor muscles (medial gastrocnemius and soleus) displaying the greatest
atrophy.

The knee extensors, the hip extensors and abductors, and the muscles of the foot and ankle,
such as the tibialis posterior, are also greatly affected consistent with the use of these
muscles not only for locomotion but also for supporting load 183. In contrast, other muscles
such as the toe extensors (anterior tibial muscles) and flexors (flexor digitorum longus) show
little or no atrophy 183. These observations suggest that resistance exercise protocols
targeting the affected muscles could prevent damage to joints and diminish the risk of injury
during the recovery phase.

Immobilization is thought to make skeletal muscle resistant to the positive effects of
anabolic amino acids and protein suggesting that nutrition alone is insufficient to mount an
anabolic response during bed rest 184. Supplementation of BCAA during bed rest does not
affect either muscle protein synthesis or the release of 3-methyl histidine from muscle (a
marker of muscle protein breakdown) but does increase the free amino acid pool during the
early recovery phase 185. These observations suggest that a combination of amino acids and
exercise might enhance muscle recovery. Indeed, recent studies indicate that provision of
amino acids and exercise during bed rest increased muscle volume and strength while
decreasing the deposition of intramuscular fat compared to amino acid supplementation
alone 186. In a follow up study examining potential mechanisms by which the combination
of amino acids and resistance exercise restored muscle mass post bed rest, the authors found
that only the combination of exercise and amino acids increased IGF-I expression while
simultaneously antagonizing the increase in atrogenes 187. Lastly, ectopic expression of
IGF-I within the gastrocnemius prevented muscle atrophy by 50% in a mouse model of
seven days of hind-limb suspension 188. IGF-I expression from the gastrocnemius also
tended to increase the bone mineral content in the lumbar bones by dual-energy x-ray
absorptiometry suggesting a beneficial effect of either paracrine IGF-I or the maintenance of
muscle function on bone 188.

Recent studies suggest that FoxO and NF-kB transcription factors drive muscle atrophy in
the elderly who assume a sedentary lifestyle and in rodent models of muscle immobilization
56,189–191. Indeed, over expression of constitutively active FoxO or NF-kB stimulates the
atrophy program in mice 192. Other data suggest that ROS, and in particular hydrogen
peroxide, drive changes in muscle mass. Dodd et al have shown that over expression of
catalase partially attenuates NFkB/FoxO signalling and the loss of muscle mass during hind
limb immobilization is consistent with the ability of some antioxidants to abate
immobilization-induced muscle loss and muscle fatigue 193–195. It is noteworthy that the
application of intermittent heat during the reloading period also enhanced antioxidant
defences and the recovery of muscle mass and mTOR activity 196–198.

Although IGF-I mRNA and protein levels are not altered by immobilization, numerous
genes involved in IGF signalling are down regulated in human muscle during voluntary
casting 199,200. Therefore investigators have examined whether over expression of IGF-I
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can prevent immobilization-induced skeletal muscle loss. IGF-I does not inhibit the loss of
muscle mass during the atrophy phase but it does enhance muscle weight gain and cross-
sectional area during a 3 week reloading period 200,201. This response suggests that casted
muscle is IGF-I resistant and that muscle contraction is necessary for IGF-I to have its full
biological effect during recovery. Although IGF-I treatment is normally associated with an
increase in protein synthesis in control mice the IGF-I induced increase in muscle mass
during recovery from casting appears to be independent of changes in muscle protein
synthesis and may be related to the ability of IGF-I to stimulate the proliferation and
regeneration of muscle stem cells 200. Casting in humans also decreases the expression of
genes, such as SLC16A1, involved in the transport of monocarboxylates such as lactate,
pyruvate and branched-chain oxo acids derived from leucine 199. SLC16A1, also known as
MCT1, is a bidirectional transporter located on the plasma membrane of muscle cells.
Genetic defects in SLC16A1 may result in a deficiency in lactate transport out of the cell,
intracellular acidification and subsequent muscle degeneration 202. The resulting muscle
acidification may also inhibit the subsequent transport of glutamine via acidosis-induced
inhibition of the glutamine pump SNAT2 which is obligatory for the transport of BCAA
such as leucine, activation of mTOR signaling and protein synthesis 203. Growth factors
may be able to overcome intracellular acidification and stimulate protein synthesis by their
ability to activate the Na+/H+ antiport system and increase the pH of the intracellular
compartment 204,205.

Alcoholics experience a myopathy that selectively affects type II fibers (gastrocnemius
>soleus) and appears to result from a decrease in muscle protein synthesis and damage to
muscle proteins 206. Similar decrements in muscle protein synthesis are seen in animal
models of both acute alcohol intoxication and chronic alcohol abuse 207. Alcohol decreases
skeletal muscle IGFI content and makes muscle both IGF-I and insulin resistant at the level
of mTOR activity 208,209.

Although skeletal muscle is IGF-I resistant after the acute administration of alcohol, rats fed
an alcohol-containing diet for 16 weeks show improved muscle protein synthesis when
administered IGF-I as part of a binary complex with IGFBP-3 210. These data suggest that
the binary complex may maintain the local concentration of IGF-I in skeletal muscle for a
sustained period of time and allow for better recovery of the muscle than a single injection
of recombinant IGF-I which is rapidly cleared from the circulation. The binary complex may
also be more efficient at restoring plasma amino acids needed to transduce the IGF signal,
such as glutamine and alanine 210.

Alcohol also impairs the normal mTOR response to leucine in as little as 2.5 h after an oral
gavage of alcohol 211. Although acute alcohol intoxication has a similar effect on mTOR
activity in male and female rats, female rats appear to better tolerate the long-term effects of
alcohol on muscle. Female, but not male rats, exhibit an increase in markers of muscle
protein remodelling such as atrogin-1 and MuRF-1 suggesting female rats may be more
efficient at synthesizing new protein and clearing damaged protein than males when placed
on a long-term alcohol-containing diet 212. Alcohol also accelerates muscle loss due to
unilateral hind limb immobilization (casting a single leg) and alcohol impairs the recovery
of muscle mass for at least 5 days after cast removal 213. Following unilateral hind limb
immobilization in rats, alcohol accentuates the expression of atrogin-1 and MuRF-1 and
muscle recovery is improved by the proteasome inhibitor VelcadeTM. These results indicate
a fairly dominant proteasome-mediated muscle proteolysis element exists in the casting
model of disuse atrophy and that this can be accentuated by alcohol.

Although the mechanism by which alcohol induces leucine and IGF-I resistance has not
been completely elucidated, recent data suggests that mice that have abnormally high plasma
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leucine levels may be protected from alcohol-induced IGF-I resistance. Mice with a whole-
body knockout of the mitochondrial form of the BCAA metabolizing enzyme BCATm
exhibit plasma leucine levels 15-fold higher than wild-type mice 157,214. BCAA levels this
high do not inhibit the effects of alcohol on muscle protein synthesis pre se but they do
sensitize skeletal muscle to IGF-I allowing IGF-I to restore muscle protein synthesis to
levels observed in control rats given IGF-I 157. Excess BCAAs may therefore protect the
muscle from alcohol-induced changes in IGF-I sensitivity. High doses of leucine have also
been shown to ameliorate the negative effects of AMPK signalling on muscle protein
synthesis and to increase mitochondrial mass in muscle cells 62,215,216.

Studies by Hong-Brown et al in C2C12 myoblasts suggest that alcohol differentially affects
mTORc1 and -2. Alcohol decreases mTORc1 activity while increasing the abundance of
mTORc2 components and the phosphorylation of mTORc2 substrates such as Akt on S473
217. These findings suggest that, in myoblasts, alcohol does not directly alter the intrinsic
activity of mTOR. These authors have also shown that alcohol disrupts leucine signaling to
mTORc1 in myoblasts by suppressing the interaction of Rag A and C with mTOR 218. A
constitutively active combination of RagA and C but not A alone overcomes the negative
effect of alcohol and maintains the phosphorylation of mTOR substrates such as S6K1 and
4E-BP1 218. This implies that alcohol disrupts mTOR signalling at a step either prior to or
directly at the sensing of leucine by the Rag proteins (See Figure).

Summary
The plasticity of skeletal muscle is evidenced by its capacity to double or even triple in size.
Overall, muscle volume may be restricted by genetic limits but muscle quantity is primarily
regulated by its own use and disuse. Muscle hypertrophy is also influenced by the
availability of nutrients and the presence of endocrine and autocrine hormones such as IGF-
I. A concerted anabolic signal is generated by leucine which facilitates the translocation of
the kinase mTOR to the surface of the lysosome, where it is activated by Rheb, and by IGF-I
which relieves the inherent inhibition of mTOR by TSC2. mTOR is also positively regulated
by short-term changes in the energy state of individual muscle fibers after a meal and
secondarily by prolonged exposure to leucine, glucose and contractile load all of which may
influence the long-term energy state by increasing mitochondrial biogenesis. mTOR, when
activated, phosphorylates substrates such as the translation initiation factor 4E-BP1 to
stimulate muscle protein synthesis and muscle hypertrophy. IGF-I also stimulates the self-
renewal of muscle satellite cells to replace myonuclei and rebuild muscle after injury.
Exercise, nutrients, and growth factors have evolved together to optimally energize mTOR
and overcome the negative impact of catabolic hormones, inflammatory mediators, and
muscle damage. Hence, a combination of these mTOR modifiers used in tandem may be
efficacious in preventing and/or ameliorating reductions in muscle mass occurring in select
pathological conditions.
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Figure 1.
Skeletal muscle fibers are exposed to a wide range of physical, nutritional, and endocrine
signals. When provided on a consistent basis, the amino acid leucine, the peptide hormone
IGF-I as well as physical stretch/load stimulate muscle hypertrophy. Amino acid
transporters move leucine into the cell from extracellular sources and this process is
enhanced by IGF-I. Leucine is transported into the lysosome where it is also generated from
the breakdown of cellular proteins by autophagy. The vacuolar ATPase in concert with three
“ragulator” proteins allow for release of leucine from the lysosome and recruitment of GTP-
loaded Rag heterodimers and mTOR. Tethered to the lysosomal surface by the regulator,
mTOR can interact with Rheb and Raptor. The active raptor/mTOR complex phosphorylates
mTOR substrates, such as the translation initiation factor 4E-BP1, to stimulate protein
synthesis and muscle hypertrophy. IGF-I, by stimulating PDK1, Akt, and TSC2
phosphorylation relieves the negative input of negative energy charge imposed on TSC2 and
mTOR by AMPK. Overall energy balance is improved with glucose, leucine and exercise all
of which increase mitochondrial biogenesis and the capacity to form ATP.
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