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Abstract

Protein synthesis and degradation are dynamically regulated processes that act in concert to
control the accretion or loss of muscle mass. The present article focuses on the mechanisms
involved in the impairment of protein synthesis that are associated with skeletal muscle atrophy.
The vast majority of mechanisms known to regulate protein synthesis involve modulation of the
initiation phase of mMRNA translation, which comprises a series of reactions that result in the
binding of initiator methionyl-tRNA; and mRNA to the 40S ribosomal subunit. The function of the
proteins involved in both events has been shown to be repressed under atrophic conditions such as
sepsis, cachexia, chronic kidney disease, sarcopenia, and disuse atrophy. The basis for the
inhibition of protein synthesis under such conditions is likely to be multifactorial and includes
insulin/insulin-like growth factor 1 resistance, pro-inflammatory cytokine expression,
malnutrition, corticosteroids, and/or physical inactivity. The present article provides an overview
of the existing literature regarding mechanisms and signaling pathways involved in the regulation
of mRNA translation as they apply to skeletal muscle wasting, as well as the efficacy of potential
clinical interventions such as nutrition and exercise in the maintenance of skeletal muscle protein
synthesis under atrophic conditions.
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1. Introduction

Protein synthesis and degradation are dynamically regulated processes that act in concert to
control the accretion or loss of muscle mass. Muscle hypertrophy occurs when the rate of
protein synthesis exceeds the rate of degradation, or, conversely, muscle atrophy occurs
under conditions wherein the rate of protein synthesis is repressed relative to that of
degradation. Thus, muscle atrophy can be caused by either a reduction in the rate of protein
synthesis, a rise in the rate of degradation, or a simultaneous decline in synthesis in
combination with an increase in degradation. Although protein degradation is undoubtedly
an important contributor to the development and progression of muscle wasting under a
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variety of conditions, the focus of the present article will be on mechanisms involved in the
impairment of protein synthesis associated with muscle atrophy in selected atrophic
conditions, with the primary emphasis being on those conditions that are the focus of other
articles in this issue of the journal.

2. mRNA translation

The process of mMRNA translation occurs through a series of reactions that can be
functionally divided into three phases: initiation, elongation, and termination (Hershey et al.,
2012). The majority of mechanisms known to regulate mRNA translation involve the
initiation phase, with many fewer occurring at elongation or termination (Hershey et al.,
2012). Therefore, this review will focus primarily on modulation of translation initiation in
muscle wasting.

2.1. The met-tRNA; binding step in translation initiation

One of the first steps in translation initiation involves formation of a ternary complex
consisting of eukaryotic initiation factor (elF) 2, GTP, and initiator methionyl-tRNA (Met-
tRNA) (Hinnebusch and Lorsch, 2012). The ternary complex then associates with other
initiation factors to form a multifactor complex that subsequently binds to the 40S ribosomal
subunit to form the 43S preinitiation complex. During a later step in initiation, the GTP
bound to elF2 is hydrolyzed, and the elF2¢GDP complex is released from the preinitiation
complex. The GDP bound to elF2 must then be exchanged for GTP to permit formation of
the ternary complex and efficient recycling of elF2, because the affinity of Met-tRNA, for
the elF2¢GDP complex is significantly lower compared to its affinity for elF2¢GTP. The
GDP-GTP exchange on elF2 is mediated by the heteropentameric complex, elF2B.
Interestingly, only one of the five elF2B subunits (referred to as elF2Be) exhibits guanine
nucleotide exchange activity, the remaining subunits are thought to act to modulate the
activity of the complex (Reid et al., 2012).

2.2. The mRNA binding step in translation initiation

The binding of mMRNA to the 43S preinitiation complex can occur through two functionally
dissimilar mechanisms (Hinnebusch and Lorsch, 2012). In the first, elFAE binds to the
m/GTP cap structure at the 5’-end of the mRNA, and the elFAEsmRNA complex then
interacts with elF4G in association with elF4A to form the elF4FsmRNA complex. As part
of the elF4F complex, elF4G subsequently interacts with elF3 that is associated with the
43S pre-initiation complex to form the 48S preinitiation complex. Thus, elF4G acts as a
molecular bridge linking the elF4EsmRNA complex to the elF3+40S ribosomal subunit
complex. The 48S pre-initiation complex then scans along the 5’-untranslated region (5-
UTR) of the mRNA, and stops at the AUG start codon.

An alternative mechanism through which the 43S pre-initiation complex can bind to mRNA
involves its association with mRNA at or near the AUG start codon in a cap-independent
manner (Martinez-Salas et al., 2012). This interaction may require elF4A and elF4G, but
does is independent of elF4E. Many mRNAs that initiate translation through this mechanism
have long, highly-structured 5’-UTRs and contain a domain, referred to as an internal
ribosome entry site (IRES), to which the 43S pre-initiation complex binds.

Regardless of whether association of the mMRNA with the 43S pre-initiation complex occurs
through a cap-dependent or —independent mechanism, the binding of the anti-codon loop of
the Met-tRNA; to the AUG start codon of the mRNA halts the scanning of the 40S
ribosomal subunit (Hinnebusch and Lorsch, 2012). The GTP bound to elF2 is then
hydrolyzed and the elF2«GDP complex along with most of the other initiation factors are

Int J Biochem Cell Biol. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gordon et al. Page 3

released from the 40S ribosomal subunit. The 60S ribosomal subunit then joins, and the
resulting 80S initiation complex is competent to proceed with peptide chain elongation.

3. Regulatory mechanisms

3.1. Regulation involving elF2 and elF2B

One of the best-characterized mechanisms for regulating translation initiation involves the
a-subunit of elF2 (Wek et al., 2006). Phosphorylation of elF2a on Ser51 indirectly inhibits
translation initiation by transforming elF2 from a substrate of the guanine nucleotide
exchange factor (GEF) elF2B, into a competitive inhibitor. Inhibition of elF2B GEF activity
by phosphorylated elF2 results in accumulation of the elF2¢GDP complex that has limited
affinity for Met-tRNA,, leading to a decrease in the amount of the active Met-
tRNA;elF2GTP complex available to participate in assembly of the 43S pre-initiation
complex. Consequently, translation of most mRNAS is repressed under conditions that
promote phosphorylation of elF2a.. Counterintuitively, the translation of some mRNAs is
not repressed, but is instead enhanced in response to phosphorylation of elF2a. Such
mRNAs typically have multiple short upstream open reading frames (UORF) in the 5°-UTR
that are required for enhanced translation when elF2a is phosphorylated. A detailed
discussion of the mechanism involved in this type of regulation is beyond the scope of this
article, and the reader is referred to a recent review on this topic for further information
(Wethmar et al., 2010).

Four kinases have been shown to phosphorylate elF2a.: double-stranded RNA-dependent
protein kinase (PKR), PKR-like endoplasmic reticulum-associated protein kinase (PERK),
general-control nonderepressible (GCN2), and heme-regulated inhibitor (HRI) (Wek et al.,
2006). All four kinases phosphorylate elF2a on Ser51, leading to inhibition of elF2B
activity, but are activated in response to diverse stresses. For example, PKR is activated by
pro-inflammatory cytokines (Kang and Tang, 2012) and GCN2 is activated in response to
deprivation of essential amino acids (Dever and Hinnebusch, 2005).

In addition to regulation by changes in phosphorylation of elF2a, elF2B GEF activity is also
modulated in response to phosphorylation of the catalytic elF2Be subunit. For example,
amino acid deprivation results in phosphorylation of elF2Be on Ser525 and repression of
elF2B GEF activity independent of changes in elF2a phosphorylation (Wang and Proud,
2008). Although the kinase that phosphorylates elF2Be on Ser525 is unknown,
phosphorylation occurs independent of GCN2. The e-subunit of elF2B is phosphorylated on
a number of additional residues, including Ser540. Phosphorylation of Ser540 by glycogen
synthase kinase 3 (GSK-3) leads to inhibition of elF2B GEF activity (Welsh et al., 1998).
Thus, inhibition of GSK-3 in response to insulin or IGF-1 treatment promotes elF2B GEF
activity in part through inhibition of GSK-3 (Welsh and Proud, 1993).

3.2. Regulation involving elF4F and elF4B

Because little, if any, research has been performed on cap-independent mRNA translation in
muscle wasting, the focus herein will be primarily on cap-dependent translation. Cap-
dependent translation is contingent upon assembly of elF4A, elF4E, and elF4G into the
active elF4F complex (Hinnebusch and Lorsch, 2012). The binding of elF4E to elF4G is
predominantly regulated by a family of elFAE binding proteins (4E-BP) that bind to the
same domain on elF4E as does elF4G. Thus, the binding of 4E-BP to elF4E prevents its
association with elF4G, and therefore attenuates cap-dependent binding of mMRNA to the
43S preinitiation complex. The association of 4E-BPs with elF4E is controlled by
phosphorylation, whereby hyperphosphorylated forms of the proteins do not bind to elF4E,
but unphosphorylated and hypophosphorylated forms do. Phosphorylation of 4E-BP1, e.g. in
response to provision of amino acids, insulin, or IGF-1 to amino acid- and serum-starved
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cells, is blocked by the immunosuppressant rapamycin (Shigemitsu et al., 1999), suggesting
that the primary kinase responsible for 4E-BP1 phosphorylation is the mechanistic target of
rapamycin in complex 1 (mTORC1). The phosphorylation of 4E-BP1, as well as the
increase in protein synthesis, that occurs in muscle in response to either consumption of
amino acids (Dickinson et al., 2011) or resistance exercise (Drummond et al., 2009) is also
blocked by rapamycin treatment.

In addition to 4E-BP1, mTORC1 also phosphorylates the 70kDa ribosomal protein S6
kinase 1 (p70S6K1) in a rapamycin-sensitive manner, resulting in its activation (Hara et al.,
1998). Activated p70S6K1 subsequently phosphorylates two proteins that modulate cap-
dependent mRNA translation, elF4B and programmed cell death 4 (PDCD4). Similar to the
function of 4E-BP1 to inhibit assembly of the elF4E+elFAG complex, PDCD4 interacts with
elF4A and prevents its association with elF4G (Yang et al., 2003). Phosphorylation of
PDCD4 by p70S6K1 causes it to be released from elF4A, allowing elF4A to interact with
elF4G. Assembly of elF4A into the elF4F complex is also modulated by elF4B (Park et al.,
2013). Moreover, elF4B enhances the RNA helicase activity of elF4A (Rogers et al., 1999).
Thus, mTORC1 stimulates cap-dependent mMRNA translation through at least three
mechanisms: release of 4E-BP1 from elF4E and PDCD4 from elF4A, allowing them to bind
to elF4G and form the active elF4F complex, and phosphorylation of elF4B. As
demonstrated in a recent study (Dennis et al., 2012), all three events contribute to
maintenance of optimal rates of mMRNA translation.

3.3. Regulation of signaling through mTORC1

Signaling through mTORC1 is modulated through changes in activation of multiple
upstream pathways, many of which converge on the tuberous sclerosis complex (TSC)
proteins TSC1 and TSC2. Together, TSC1 and TSC2 function to promote GTP hydrolysis
by the small GTPase referred to as ras homolog enriched in brain (Rheb) (Inoki et al., 2003).
When it is associated with GTP, Rheb activates mMTORCL1, whereas Rheb*GDP does not
(Long et al., 2005). By stimulating the GTPase activity of Rheb, the TSC complex converts
Rheb from a GTP- to a GDP-bound form, thereby inhibiting mTORC1 activity. The
GTPase-activating function of the TSC complex is repressed through phosphorylation of
TSC2 by Akt and ERK, and activated through phosphorylation by the AMP-activated
protein kinase (AMPK) (Huang and Manning, 2008). Thus, hormones such as insulin and
IGF-1 promote mTORCL1 signaling, in part, through Akt- and ERK-mediated inhibition of
the TSC complex, whereas energy deficit, e.g. during hypoxia, has the opposite effect.
Amino acids, and in particular the branched-chain amino acid leucine, also stimulate
mTORC1 signaling, but do so in a TSC1«TSC2 independent manner. Instead, amino acids
promote the assembly of a mTORC1 complex with the Rag small GTPases and a
heteropentameric complex referred to as Ragulator at the late endosomal/lysosomal
membrane (Sancak et al., 2010). Localization of mMTORC1 at the membrane is thought to
promote its activation by allowing for its interaction with Rheb.

4. Regulation of mMRNA translation in muscle wasting conditions

4.1. Sepsis

Sepsis causes a rapid and significant loss of body protein, in part due to development of an
impairment of protein synthesis in skeletal muscle (Fig. 1). The molecular basis for the
decline in protein synthesis appears to be multifactorial in origin, and, at least in animal
models, is associated with inhibition of both elF2B GEF activity and repressed signaling
through mTORCL1. Early studies using a rodent model of chronic abdominal sepsis
demonstrated that induction of sepsis leads to a repression of 43S preinitiation complex
assembly (Vary et al., 1998) and inhibition of elF2B GEF activity in skeletal muscle, with
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no change in elF2a phosphorylation (Vary et al., 1994). Instead, repressed elF2B GEF
activity is associated with decreased expression of elF2Bs, with no change in expression of
the regulatory subunit elF2Bp (Voisin et al., 1996). Notably, changes in expression of
elF2Bp are directly proportional to alterations in elF2B activity and muscle protein
synthesis during the development of and recovery from the septic insult. Moreover,
decreasing serum tumor necrosis factor (TNF)a concentrations using amrinone ameliorates
not only the sepsis-induced repression of protein synthesis, but also the inhibition of elF2B
GEF activity. Overall, the results of the early studies provide strong support for the
hypothesis that sepsis-induced inhibition of protein synthesis is a consequence of repressed
elF2Be expression. The results of a more recent study (Tuckow et al., 2010) provide further
support for this idea. In that study, elF2Be was exogenously expressed in skeletal muscle of
septic rats by electroporating an expression plasmid into the tibialis anterior muscle. The
resulting increase in elF2Be expression prevented both the sepsis-induced fall in elF2B GEF
activity as well as the inhibition of protein synthesis.

Decreased expression of elF2Be may not be the sole mechanism through which sepsis
represses elF2B GEF activity. Thus, in the rat model of chronic abdominal sepsis,
phosphorylation of elF2Be on Ser535 (Ser540 in the human protein) changes in proportion
to the fall in elF2B activity during the development of and recovery from sepsis (Vary et al.,
2002). Changes in elF2Be phosphorylation are mirrored by alterations in GSK-3
phosphorylation, suggesting that decreased elF2B activity might be attributable in part to
activation of GSK-3. Indeed, the sepsis-induced changes in elF2Be and GSK-3
phosphorylation are both blocked by treatment with TNFa-binding protein, suggesting that,
similar to the alterations in elF2B GEF activity and elF2Be expression, phosphorylation of
elF2Be is regulated by inflammatory cytokines. Repressed elF2B GEF activity has also
been observed in other rodent models of sepsis. For example, elF2B activity is repressed in
rat gastrocnemius muscle four hours after intravenous injection of £. colilipopolysaccharide
(LPS) (Lang et al., 2000). The repression is not associated with altered expression of
elF2Be, but instead may be due to increased phosphorylation of elF2a.. However, inhibition
of elF2B GEF activity is not observed in all studies using LPS. For example, repressed
elF2B activity is not observed in LPS-treated neonatal pigs (Orellana et al., 2004).

In addition to perturbations in elF2B activity, chronic abdominal sepsis also leads to
impaired signaling through mTORC1, and the reader is referred to a recent review for
further information on this topic (Frost and Lang, 2011). However, it should be noted that
the repression of muscle protein synthesis in septic rodents is resistant to stimulation by
either insulin or leucine, although the response to IGF-1 appears to be intact. Whether IGF-1
is acting solely through mTORCL1 to stimulate protein synthesis, or might in addition result
in activation of elF2B, e.g. through inhibition of GSK-3 mediated phosphorylation of
elF2Be, is unknown.

In septic patients there is a rapid and profound loss of body protein that initially occurs
primarily due to loss of muscle protein (e.g. Plank et al., 1998). However, few studies have
examined the relative role of protein degradation compared to synthesis in sepsis-induced
muscle atrophy in humans, and fewer still have assessed the mechanism(s) involved in
regulating mRNA translation. To address this deficit, a recent study using muscle biopsies
taken from healthy volunteers and critically ill patients within 6-8 hours of admission to the
Intensive Care Unit (ICU, Constantin et al., 2011) assessed a number of biomarkers
associated with the control of mMRNA translation. Expression of TNFa and interleukin-6 are
significantly elevated in muscle of critically ill compared to healthy subjects, whereas
phosphorylation of mTOR, 4E-BP1, p70S6K1, and GSK-3 is reduced. Since
dephosphorylation of GSK-3 leads to its activation, this finding is consistent with the idea
that elF2B GEF activity might be inhibited through GSK-3-mediated phosphorylation of
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elF2Be. Unfortunately, phosphorylation of elF2B was not assessed. Overall, the results of
the study by Constantin et al. (Constantin et al., 2011) suggest that muscle protein synthesis
in critically ill patients might be mediated through mechanisms similar to those identified
using animal models of sepsis. However, the results of a second study using critically ill
patients (Jespersen et al., 2011) appear to contradict those reported by Constantin et al.
(Constantin et al., 2011). In that study, mTORCL signaling is significantly increased in
muscle of critically ill patients compared to controls. The reason for the discrepancy
between the two studies is unknown, but is likely due to the “intensive insulin therapy” that
patients in the second study received. Indeed, in the second study, phosphorylation of Akt
was positively correlated with the rate of insulin infusion. Since Akt is a positive upstream
regulator of mMTORCL, it is possible that the increase in mTORCL signaling observed in that
study is a consequence of insulin therapy.

4.2. Sarcopenia

Most studies assessing the basis for the loss of muscle mass that occurs with aging have
focused primarily on reduced rates of protein synthesis as being causative (Rasmussen and
Volpi, 2012). However, the results are inconsistent, with some studies suggesting that basal,
i.e. postabsorptive, rates of protein synthesis are reduced in muscle of aged compared to
younger individuals (Guillet et al., 2004; Welle et al., 1993; Yarasheski et al., 1993) whereas
others show no change (Fry et al., 2011; Fujita et al., 2007; Rasmussen et al., 2006;
Rasmussen and Volpi, 2012; Toth et al., 2005). Despite this paradox, there is substantial
evidence that skeletal muscle is resistant to anabolic stimuli in aged animals and humans
(Balage et al., 2010; Fry et al., 2011; Fujita et al., 2009; Fujita et al., 2007; Guillet et al.,
2004; Hwee and Bodine, 2009; Katsanos et al., 2005; Rasmussen et al., 2006). For example,
muscle exhibits age-related resistance to exercise-induced hypertrophy, as shown in studies
using the synergistic ablation model of resistance exercise in old compared to young rats
(Hwee and Bodine, 2009) and exercise can augment the anabolic response in elderly men
(Fujita et al., 2007; Pennings et al., 2011; Timmerman et al., 2012).

Skeletal muscle in the elderly is also resistant to the anabolic effect of amino acids. Thus,
the concentration of essential amino acids or leucine necessary to stimulate muscle protein
synthesis is greater in older compared to young humans (Katsanos et al., 2005; Katsanos et
al., 2006; Rasmussen and Volpi, 2012). The resistance to amino acids is aggravated by two
compounding factors. First, the elderly are often malnourished, particularly with regard to
dietary protein. It has been estimated that up to 38% of adult men and 41% of adult women
have dietary protein intakes below the current recommended daily allowance of 0.8 grams ¢
kg1 « day~1 (Paddon-Jones et al., 2008). However, the use of protein supplementation has
yielded mixed results with some studies showing increased rates of protein synthesis in
response to amino acid supplementation (Guillet et al., 2004; Paddon-Jones et al., 2006;
Paddon-Jones et al., 2003) whereas others have not (Katsanos et al., 2005; Katsanos et al.,
2006). This discrepancy may be related to the type or composition of the protein
supplement, as essential amino acids stimulate protein synthesis to a greater degree than
whey protein (Paddon-Jones et al., 2006). Second, the relative insensitivity of muscle
protein synthesis to amino acid-induced stimulation may be further complicated by the age-
related decline in the rate of amino acid absorption and subsequent secretion of insulin
(Katsanos et al., 2005; Paddon-Jones et al., 2003). However, it should be noted that in one
study (Paddon-Jones et al., 2003), amino acid delivery to the muscle in the elderly was not
compromised and in another study no difference between young and old humans in the
kinetics of amino acid digestion and absorption was observed (Koopman et al., 2009).

Anabolic resistance in skeletal muscle of the elderly also manifests as resistance to insulin-
induced stimulation of protein synthesis (Fujita et al., 2009; Fujita et al., 2007; Guillet et al.,
2004; Rasmussen et al., 2006). Thus, although physiological or postprandial levels of insulin
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are sufficient to induce protein synthesis in young muscle, supra-physiological levels of the
hormone are necessary to stimulate protein synthesis in the elderly (Fujita et al., 2009; Fujita
et al., 2007; Guillet et al., 2004). Moreover, activation of the PI3K/Akt/mTORC1 pathway
exhibits age-related insulin resistance, with supra-physiological levels of insulin needed to
potently increase phosphorylation of Akt on Ser473 and p70S6K1 on Thr389 (Fujita et al.,
2009). Resistance to insulin-induced protein synthesis may be exacerbated by reduced
secretion of the hormone in response to amino acid ingestion in aged individuals providing
another potential mechanism for reduced protein synthesis with amino acid supplementation
(Paddon-Jones et al., 2003). However, this phenomenon may be specific to amino acid
supplementation as insulin secretion in frail elderly women is increased compared to young
healthy women following a fixed meal demonstrating that dietary composition may affect
insulin secretion (Goulet et al., 2010). Notably, one group found that a single bout of aerobic
exercise prior to infusion of insulin to raise its concentration to postprandial levels
stimulated muscle protein synthesis in association with phosphorylation of Akt, mTOR, and
p70S6K1, whereas the hormone had no effect in the non-exercised control group (Fujita et
al., 2007).

IGF-1 may also play a role in sarcopenia. Though IGF-1 may not be necessary for muscle
hypertrophy that occurs following resistance exercise in young, healthy individuals (West et
al., 2010; West and Phillips, 2012), its over expression in muscle can induce significant
hypertrophy (Coleman et al., 1995). Moreover, plasma levels of IGF-1 are significantly
lower in older individuals than young (Toth et al., 2005). Additional evidence shows that
there is a significant negative correlation between age and plasma IGF-1 concentration in
both men and women (Copeland et al., 1990), and the amount of fat-free mass can be
predicted by plasma IGF-1 concentrations even after adjusting for age, baseline fat-free
mass, fat mass, and two-year weight changes (Payette et al., 2003). Despite these findings,
direct evidence regarding a precise role for IGF-1 in human sarcopenia is not available.

Another potential mechanism underlying sarcopenia is inflammation. Old rats with low
levels of inflammation have higher rates of protein synthesis in the postprandial state
compared to those with high inflammation (Balage et al., 2010). Additionally, daily
administration of ibuprofen to old rats increases rates of protein synthesis and
phosphorylation of 4E-BP1 in the postprandial state while decreasing serum IL-6 and IL-1
(Rieu et al., 2009). Human data show significantly higher levels of circulating 1L-6 and IL-6
receptor in old individuals (Roubenoff et al., 1998), with IL-6 levels being a significant
predictor of sarcopenia (Payette et al., 2003). Lastly, there is a negative correlation between
the level of C Reactive Protein and IL-6 to rates of mixed muscle and myosin heavy chain
protein synthesis further illustrating the likelihood of inflammation contributing to reduced
protein synthesis in sarcopenia (Toth et al., 2005).

The molecular basis for the diminished protein synthetic response to anabolic stimuli
appears to be multifactorial. As observed in septic rats, both the expression of elF2Be and
signaling through mTORC1 are reduced in muscle of aged compared to young rats (Hwee
and Boding, 2009). In addition, in humans, the stimulation of muscle protein synthesis
following a single bout of resistance exercise is significantly decreased in aged compared to
young individuals, with no activation of the mTORC1 signaling pathway in the muscle of
the elderly (Fry et al., 2011). However, the relative contribution of the observed changes in
elF2Be expression compared to perturbations in mTORCL signaling to the unresponsiveness
of muscle protein synthesis to anabolic stimuli is as yet undefined.

4.3. Cancer cachexia

Rates of muscle protein synthesis are significantly reduced in patients with cancer cachexia
(Emery et al., 1984) and muscle of cachectic patients is resistant anabolic stimulation (e.g.
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Williams et al., 2012). Surgical removal of the tumor in some cases, e.g. nonmetastatic
colorectal cancer, reverses the reduced synthesis rate (Williams et al., 2012). Moreover,
many of the cachexia-induced transcriptome alterations in cancer patients are reversed
following tumor resection (Gallagher et al., 2012), suggesting that the optimal treatment for
cachexia may be complete removal of the tumor. However, in many cases complete tumor
removal is not possible, and therefore there is a need for a better understanding of the
mechanisms that regulate protein synthesis during cancer cachexia.

Due to the difficult nature of studying the regulation of protein synthesis in cachectic
subjects, most of our understanding of the mechanisms involved in the effect have been
delineated using mouse models, both during cancer onset as well as during advanced stages
of the disease. Recent work investigating the regulation of protein turnover at the onset of
cachexia in the Apc™"* mouse model of colon cancer shows rates of myofibrillar protein
synthesis to be significantly decreased (White et al., 2011). The dysregulation of protein
synthesis is associated with suppressed mTORC1 signaling as assessed by decreased
phosphorylation of both 4E-BP1 and p70S6K1. However, no change in phosphorylation of
Akt, mTOR, or AMPK is observed, suggesting that mTORC1 signaling might be regulated
by another upstream regulator, e.g. the Rag complex. Overall, the results suggest that the
regulation of protein synthesis during the early stages of cachexia occurs through
suppression of mMTORC1 signaling resulting in decreased rates of protein synthesis, although
the underlying mechanism is still not understood.

A further decline in the rate of myofibrillar protein synthesis, beyond that seen in early
cachexia, occurs in advanced cachexia (White et al., 2011), suggesting that the regulation of
protein synthesis at more advanced stages may occur through mechanisms distinct from
those observed in early cachexia. For example, the phosphorylation of AMPK, as well as
AMPK activity, increase significantly during later stages (White et al., 2011). Moreover,
repressed phosphorylation of MTORC1 manifests during advanced cachexia and
phosphorylation of its substrates show further declines compared to early cachexia, despite
increased phosphorylation of the upstream mTORCL regulator, Akt (White et al., 2011). The
apparent disconnect that occurs between Akt and mTORCL1 during advanced cachexia may
be related to activation of AMPK because its activation in muscle overcomes insulin-
induced activation of mMTORCL1 with no effect on insulin-induced phosphorylation of Akt
(Deshmukh et al., 2008).

One possible explanation for the cachexia-associated activation AMPK could be
mitochondrial dysfunction. Mitochondrial size is significantly reduced in mice with colon
cancer prior to the onset of cachexia (White et al., 2012), and the expression of mitofusin 1
and 2, which promote mitochondrial fusion and maintain metabolic function (Santel et al.,
2003; Sebastian et al., 2012), are also significantly decreased during early cachexia (White
etal., 2011; White et al., 2012). Furthermore, the protein expression of fis1, which promotes
fragmenting of mitochondria (Stojanovski et al., 2004), is increased during advanced
cachexia progression coinciding with AMPK activation (White et al., 2012). Thus,
mitochondrial dysfunction may activate AMPK during later stages of cachexia resulting in
further reductions in the rates of protein synthesis and mTORC1 signaling.

Additional mechanisms that may be involved in regulation of protein synthesis include
resistance to insulin/IGF-1 signaling. Expression of the IGF-1 mRNA in skeletal muscle is
significantly reduced upon initiation of cachexia in a mouse model of colon cancer (White et
al., 2011), and administration of IGF-1 to rats inoculated with AH-130 cancer cells helps
maintain bodyweight, lean body mass, and muscle weight (Schmidt et al., 2011). However,
in humans, serum IGF-1 concentrations do not change during cachexia (Fouladiun et al.,
2005). A possible explanation for this dichotomy may be that the cachexia-induced decrease
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in muscle IGF-1 mRNA expression in animal models results in reduced intramuscular
concentrations of the hormone, leading to repressed autocrine/paracrine function, while
circulating IGF-1 is not affected. It is also possible that the sensitivity of the muscle to
IGF-1 is impaired, as there is evidence of skeletal muscle insulin resistance in human cancer
patients (Lundholm et al., 1978). In support of this idea, plasma insulin concentrations in
cachectic patients are increased >50% (Fouladiun et al., 2005). Moreover, plasma insulin
levels as well as the phosphorylation of Akt are significantly elevated in mice with colon
cancer despite reduced protein synthesis (Puppa et al., 2012; White et al., 2011). As noted
above, impaired insulin and Akt signaling to mTORC1 may be a consequence of
concomitant activation of AMPK.

In addition to impaired signaling through mTORCL1 to proteins involved in 48S preinitiation
complex assembly, cancer cachexia also impinges on proteins that control assembly of the
43S preinitiation complex. Mice injected with MAC16 tumor cells exhibit increased
phosphorylation of both the elF2a kinase, PKR, and the a.-subunit of elF2 (Eley et al.,
2007a; Tisdale, 2009). Elevated phosphorylation of both proteins is also observed in the
skeletal muscle of cancer patients exhibiting cachexia (Eley et al., 2008). The increase in
PKR phosphorylation is positively correlated with changes in elF2a phosphorylation,
suggesting that activation of PKR leads to elF2 phosphorylation in human cachexia (Eley et
al., 2008). Lastly, an inverse relationship exists between muscle myosin content and levels
of elF2a. phosphorylation, providing further support for the idea that reduced rates of
protein synthesis during cachexia are directly attributable to PKR-mediated phosphorylation
of elF2 (Eley et al., 2008). Although untested, a possible mechanism that might account for
the observed activation of PKR is inflammation, as this pathological feature is increased in
both humans and in animal models of cancer and PKR has been shown to be activated in
other disease models where inflammation is evident (Cao et al., 2012; McMillan et al., 1994;
Puppa et al., 2012; White et al., 2011; White et al., 2012).

Although it is unlikely to be the only cause (Fouladiun et al., 2005; Tisdale, 2009),
malnutrition may contribute to the development of cancer cachexia, as anorexia has been
noted in 61% of cancer patients nearing the end of life (Tisdale, 2009). Indeed, one study
noted decreased plasma levels of free amino acids in cachectic patients (Eley et al., 2007b),
and dietary protein supplementation to cancer patients can maintain bodyweight (Eley et al.,
2007a; Eley et al., 2007b; Fearon et al., 2003; Tisdale, 2009). Of particular note, dietary
supplementation with leucine in mice bearing MAC16 tumors both maintains muscle weight
and also attenuates phosphorylation of PKR and elF2a (Eley et al., 2007b). In addition,
leucine supplementation also increases the phosphorylation of 4E-BP1 (Eley et al., 2007b).
Similarly, administration of -hydroxy- -methylbutyrate to MAC16 tumor mice increases
rates of muscle protein synthesis, decreases phosphorylation of PKR and elF2a, and
increases signaling through mTORC1 (Eley et al., 2007a). Thus malabsorption of amino
acids, particularly leucine, may be partially responsible for reduced rates of protein synthesis
in cancer cachexia.

4.4. Disuse atrophy

Loss of skeletal muscle mass in response to limb immobilization, limb unloading/
suspension, and bed rest, referred to as disuse atrophy, is attributed to changes in the rate of
protein synthesis in skeletal muscle. During disuse atrophy, rates of protein synthesis are
attenuated under postabsorptive conditions and are resistant to stimulation by nutrients
(Phillips et al., 2009). In animal models of hindlimb immobilization, postabsorptive rates of
protein synthesis are attenuated as early as 6 hours post-immobilization (Booth and Seider,
1979; Goldspink, 1977). Human models of bed rest and limb immobilization also exhibit
attenuated postabsorptive rates of protein synthesis after 7 and 14 days, respectively (Glover
et al., 2008; Shangraw et al., 1988).
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In addition to reduced postabsorptive rates of protein synthesis, disuse leads to attenuated
nutrient-induced stimulation of muscle protein synthesis (Rennie, 2009). In response to both
low- and high-dose amino acid infusions, stimulation of protein synthesis was attenuated in
vastus lateralis muscle from immobilized compared to non-immobilized limbs (Glover et al.,
2008). The resistance to nutrient-induced stimulation of protein synthesis is termed
‘anabolic resistance’ and is observed in other human models of disuse, including bed rest
(Biolo et al., 2004; Drummond et al., 2012). The mechanisms responsible for attenuated
rates of protein synthesis and anabolic resistance in disuse atrophy are currently unknown,
but attenuated mTORC1 signaling and suppression of insulin/IGF-I signaling are possible
contributors.

As described above, mTORCL1 signaling mediates mitogenic-, exercise-, and nutrient-
induced stimulation of protein synthesis in skeletal muscle. Although postabsorptive
signaling through mTORC1 does not appear to be attenuated in human disuse atrophy (de
Boer et al., 2007; Marimuthu et al., 2011), mTORC1 signaling to p70S6K1 is repressed
under postabsorptive conditions in animal models of hindlimb immobilization (Kelleher et
al., 2013; Morris et al., 2004; You et al., 2010) and hindlimb suspension (Bajotto et al.,
2011; Hornberger et al., 2001). The mechanism responsible for attenuated mTORC1
signaling is unknown, but may be a consequence of upregulated expression of mMTORC1
inhibitors such as the regulated in DNA damage and development 1 and 2 (REDD1/2)
proteins (Kelleher et al., 2013). In both animal (Kelleher et al., 2013) and human models
(Drummond et al., 2012; Glover et al., 2008) of disuse atrophy, nutrient-induced
phosphorylation of p70S6K1 is delayed or resistant to stimulation. For example, in response
to leucine administration (Kelleher et al., 2013), p70S6K1 is resistant to phosphorylation on
Thr389 and Thr229 in soleus muscle from immobilized rat hindlimbs. Phosphorylation of
p70S6K1 on Thr229, which is mediated by 3-phosphoinositol-dependent kinase 1 (PDK1),
is required for mTORC1-mediated phosphorylation of p70S6K1 on Thr389 (Keshwani et al.,
2011). Therefore, the resistance to leucine-induced phosphorylation of p70S6K1 by
mTORC1 in the immobilized hindlimb may be consequence of defective PDK1 signaling. A
possible explanation for repressed phosphorylation of p70S6K1 on Thr229 is the
development of insulin resistance in muscle in the immobilized hindlimb that would perturb
activation of PDK1. Notably, insulin resistance and reduced skeletal muscle glucose uptake
are observed in people undergoing bed rest (Shangraw et al., 1988; Stuart et al., 1988), limb
immobilization (Richter et al., 1989), and spaceflight (Allen et al., 2009; Stein and Wade,
2005). Moreover, IGF-1 resistance occurs in rats after 14 days of hindlimb suspension in
skeletal muscle (Allen et al., 1997). Thus, insulin and IGF-1 resistance-induced attenuation
of Akt/TSC2 signaling to mTORC1 may provide a mechanism for attenuated protein
synthesis in disuse atrophy. The effects of insulin/IGF-1 resistance on mTORC1 signaling
may be compounded by changes in expression of Akt. Thus, in a recent study (Bienso et al.,
2012), seven days of bed rest reduced Aktl and Akt2 expression as well as Akt
phosphorylation on Thr308 in vastus lateralis biopsies from human participants both before
and after hyperinsulinemic-euglycemic clamp. In contrast, similar reductions in Akt protein
and phosphorylation have not been observed in other models of disuse atrophy that exhibit
insulin resistance (de Boer et al., 2007; Glover et al., 2008; O’Keefe M et al., 2004).
Therefore, the precise mechanism by which insulin/IGF-1 resistance contributes to impaired
mTORC1 signaling and protein synthesis remains unclear.

Possible mechanisms for suppression of insulin/IGF-1 signaling in models of disuse atrophy
include increases in myostatin expression, activation of the p38 MAPK signaling pathway,
and upregulated pro-inflammatory cytokine expression. Myostatin suppresses skeletal
muscle protein synthesis through inhibition of IGF-1 expression and signaling to Akt (Sun et
al., 2006; Zhang et al., 2011) as well as activation of p38 MAPK signaling (Zhang et al.,
2011). A caveat to this idea is that myostatin expression is not increased in mice (Dong et
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al., 2008) or humans (Jones et al., 2004) in other models of disuse, and fails to prevent
disuse atrophy in myostatin-deficient mice (McMahon et al., 2003). Regardless of the
involvement of myostatin, increases in p38 MAPK expression and phosphorylation are
associated with suppression of Akt phosphorylation and development of insulin resistance in
rats after one day of hindlimb suspension (O’Keefe M et al., 2004). p38 MAPK is also
implicated in promoting pro-inflammatory cytokine expression (Zhang et al., 2011), which
is linked to the development of insulin resistance and skeletal muscle wasting (Cai et al.,
2004; Li et al., 2008).

Upregulated expression of pro-inflammatory cytokines may also play a role in the
development of muscle wasting during disuse atrophy. Exogenous expression of a dominant
negative kB kinase spares skeletal muscle mass in rats following 7 days of hindlimb
suspension (Van Gammeren et al., 2009), suggesting that pro-inflammatory cytokine
signaling through the nuclear factor kappa-B (NF-xB) pathway may play a major role in
skeletal muscle disuse atrophy. Further support for a mechanism based on NF-xB signaling
is provided in studies where overexpression of heat shock protein 70 prevents both NF-xB
activation and skeletal muscle atrophy in immobilized rats (Senf et al., 2010; Senf et al.,
2008). Overall, myostatin, p38 MAPK and pro-inflammatory cytokines are key players in
the induction of insulin resistance and attenuation of protein synthesis in animal models of
disuse atrophy, but these players have yet to be validated in human models of disuse
atrophy.

In conclusion, attenuated rates of skeletal muscle protein synthesis in models of disuse
atrophy are associated with attenuated mTORCL1 signaling and insulin/IGF-1 resistance.
However, more research is necessary to determine the precise mechanism of attenuated
protein synthesis in human models of disuse atrophy.

Kidney Disease

Patients with chronic kidney disease leading to chronic and end-stage renal failure suffer
debilitating skeletal muscle wasting due in part to attenuated rates of protein synthesis. Both
chronic (Castellino et al., 1992) and end-stage (Castellino et al., 1999) renal failure patients
exhibit attenuated whole-body protein synthesis under postabsorptive conditions. Whole-
body protein synthesis increases in response to either hyperinsulinemia or infusion of a
combination of insulin and amino acids, but it is resistant to stimulation by
hyperaminoacidemia alone (Castellino et al., 1999; Castellino et al., 1992).

In skeletal muscle of chronic renal failure patients, protein synthesis is attenuated without an
increase in skeletal muscle protein degradation (Adey et al., 2000). Similar attenuations in
skeletal muscle protein synthesis have been reported in healthy participants made
metabolically acidotic by ammonium chloride supplementation (Kleger et al., 2001),
suggesting that development of metabolic acidosis in chronic kidney disease likely
contributes to the repression of skeletal muscle protein synthesis and development of
skeletal muscle wasting. Interestingly, although end-stage renal failure patients without
metabolic acidosis do not exhibit attenuated rates of skeletal muscle protein synthesis (Raj et
al., 2004), they still experience skeletal muscle wasting due in part to hemodialysis-induced
skeletal muscle protein catabolism (Ikizler, 2005; Raj et al., 2004).

One mechanism through which metabolic acidosis may attenuate protein synthesis in
patients with chronic kidney disease is through suppression of insulin/IGF-1 signaling.
Metabolic acidosis and uremia in response to kidney dysfunction stimulate the release of
glucocorticoids (Slee, 2012), leading to inhibition of phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K), suppression of Akt phosphorylation (Hu et al., 2009), and upregulated
expression of the mTORCL1 repressor REDD1 (Wang et al., 2006). Metabolic acidosis
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further inhibits P13K signaling to Akt by increasing expression of its p85 subunit without a
concomitant increase in the expression of the p110 catalytic subunit (Bailey et al., 2006).
Upregulated expression of p85 alone results in assembly of a p85¢IRS-1 complex that
interferes with the binding of the p85¢p110 complex to IRS-1 thereby preventing its
activation under acidotic conditions.

Increases in pro-inflammatory cytokine expression with chronic kidney disease may also
attenuate protein synthesis and suppress insulin/IGF-1 signaling through multiple
mechanisms. Pro-inflammatory cytokines lead to increased expression of both myostatin
(Sun et al., 2006; Zhang et al., 2011) and suppressors of cytokine signaling (SOCS), which
inhibit insulin/IGF-1 signaling through decreased IGF-1 expression (Mak and Rotwein,
2006) and IRS-1 tyrosine phosphorylation (Cheung et al., 2008; Suchy et al., 2013; Tanti et
al., 2012). In mice with chronic kidney disease, anti-myostatin peptibody administration
improves IGF-1 signaling to Akt and increases skeletal muscle protein synthesis (Zhang et
al., 2011). Moreover, increases in skeletal muscle mass are associated with suppression of
myostatin expression and induction of IGF-1 expression in work-induced overloaded uremic
rats (Chen et al., 2008; Sun et al., 2006). Insulin/IGF-1 resistance is likely to attenuate
protein synthesis through suppression of IRS-1/PI3K/Akt signaling to mTORC1. Despite
evidence of SOCS-mediated insulin resistance under diabetic conditions and myostatin-
mediated suppression of IGF-1 signaling in animal models, the mechanism by which insulin/
IGF-1 resistance attenuates skeletal muscle protein synthesis in humans is unclear (Mak and
Rotwein, 2006; Siew et al., 2007; Suchy et al., 2013). Therefore, more research is necessary
to determine the roles of SOCS and myostatin in attenuating skeletal muscle protein
synthesis in humans with chronic kidney disease.

Attenuated rates of skeletal muscle protein synthesis with chronic kidney disease are likely
to be compounded by malnutrition as a result of anorexia. Systemic inflammation associated
with chronic kidney disease disrupts the hypothalamic response to the appetite-regulating
hormones leptin, ghrelin and melanocortin, resulting in persistent activation of neural
anorexigenic pathways (Cheung et al., 2008; Slee, 2012). The resulting anorexia limits
nutrient intake of amino acids (Mak et al., 2011), and amino acids can become further
limited in patients receiving hemodialysis if they are not replaced (lkizler et al., 2002). Low
protein intake can also decrease circulating IGF-1 concentrations (Donahue and Phillips,
1989). Combined, reduced concentrations of plasma amino acids and IGF-1 likely result in
repression of skeletal muscle mTORC1 signaling and protein synthesis. In conclusion, a
possible mechanism for attenuated skeletal muscle protein synthesis with chronic kidney
disease may be due to suppression of the insulin/IGF-1 signaling due to metabolic acidosis,
upregulated pro-inflammatory cytokine expression, and malnutrition due to anorexia.

5. Conclusions and future directions

Loss of muscle mass is a debilitating feature that is a common manifestation of a variety of
diseases, and leads to reduced muscle function and increased morbidity and mortality.
Maintenance of skeletal muscle mass relies on a dynamic balance between protein synthesis
and degradation. In atrophic muscle, the balance between synthesis and degradation is
disrupted in favor of reduced synthesis and/or increased degradation. At a molecular level,
the reduced rate of protein synthesis that is commonly observed in muscle wasting diseases
is associated with impaired assembly of the 43S and/or 48S preinitiation complex (Fig. 1).
Assembly of the 48S preinitiation complex is in large part controlled by signaling through
mTORC1, and in many cases therapeutic interventions are targeted toward activating the
kinase. As an example, nutritional supplementation with leucine or mixtures of branched-
chain amino acids and/or resistance exercise are used to stimulate signaling through the
kinase. However, the concurrent development of insulin resistance, increased corticosteroid
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production, and/or inflammation may limit the effectiveness of amino acids and resistance
exercise in stimulating protein synthesis. It is also important to note that a general reduction
in overall physical activity may be an underlying contributor to the impaired rates of protein
synthesis and subsequent reductions in muscle mass observed in many of the conditions
discussed above. For example, aerobic exercise can spare muscle mass in a mouse model of
colon cancer, and a single bout of aerobic exercise increases nutrient-induced rates of
protein synthesis in aged individuals (Fujita et al., 2007; Puppa et al., 2012). If physical
activity is not an option, such as with bed rest or limb immobilization, development of
therapies that target the mechanisms through which these repressors act may be requisite in
designing more effective treatments to increase mMTORCL1 signaling and maintain muscle
mass. Devising effective strategies for reversing the inhibition of protein synthesis is also
complicated by the perturbation of 43S preinitiation complex assembly that occurs
concomitantly with repressed mTORC1 signaling in many atrophic conditions. Although to
our knowledge the relative contribution of repressed 43S compared to 48S preinitiation
complex assembly in the control of global rates of protein synthesis has not been addressed
in vivo, in cells in culture inhibition of 43S preinitiation complex assembly appears to be
dominant (Kimball et al., 1998). Assuming this phenomenon also occurs in muscle /n vivo,
delineating the mechanisms involved in the regulation of elF2a phosphorylation and elF2B
GEF activity during muscle wasting will be critical in identifying effective strategies for
therapeutic intervention. The studies that are described above have greatly expanded our
knowledge concerning the mechanisms through which protein synthesis is regulated during
muscle wasting. However, many questions remain unanswered, and more work is necessary
to fully understand the regulation of protein synthesis in human disease states as much of
our current knowledge is derived from animal studies. Although these studies provide
valuable information about the mechanistic details involved in the development of muscle
wasting, there is sometimes a disconnect between results from cell culture/animal studies
and human disease situations. Moreover, although in most cases changes in mMTORC1
signaling and phosphorylation of its downstream targets correlate well with alterations in
human muscle protein synthesis, in some studies modulation of upstream regulators of
mTORC1 signaling exhibit inconsistent patterns of change (Beelen et al., 2011; Greenhaff et
al., 2008; Rasmussen, 2011). Thus, a more detailed understanding of the regulatory
mechanisms controlling protein synthesis in humans will aid in the development of effective
and personalized therapies that preserve muscle mass.
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Abbreviations

4E-BP1 elF4E binding proteins

5-UTR 5’-untranslated region

AMPK AMP-activated protein kinase

elF eukaryotic initiation factor

GCN2 general-control nonderepressible
GEF guanine nucleotide exchange factor
GSK-3 glycogen synthase kinase-3
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HRI heme-regulated inhibitor
ICU Intensive Care Unit
IGF-1 insulin-like growth factor-1
IRES internal ribosome entry site
LPS lipopolysaccharide
Met-tRNA; initiator methionyl-tRNA
mTORC1 mechanistic target of rapamycin in complex 1
NF-xB nuclear factor kappa-B
p70S6K 1 70 kDa ribosomal protein S6 kinase 1
PDCD4 programmed cell death 4
PDK1 3-phosphoinositol-dependent kinase 1
PERK PKR-like endoplasmic reticulum-associated protein kinase
PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase
PKR double-stranded RNA-dependent protein kinase
REDD regulated in DNA damage and development
Rheb ras homolog enriched in brain
TSC tuberous sclerosis complex
TNF tumor necrosis factor
UORF upstream open reading frame
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Figure 1. Impairment of protein synthesisin various skeletal muscle wasting diseasesis
associated with inflammation, malnutrition, myostatin, and insulin resistance

Hormones such as insulin and insulin-like growth factor 1 (IGF-1) stimulate protein
synthesis through both the Akt/mTORCL signaling pathway and activation of elF2B, while
amino acids activate mTORC1 signaling through the Rag proteins. Cell signaling pathways
are depicted by black lines (arrows represent stimulatory pathways; lines with blunt ends
represent inhibitory). Skeletal muscle wasting diseases, including sarcopenia, cachexia,
disuse, sepsis, and chronic kidney disease (CKD), impair signaling through these pathways
at specific steps depicted by gray lines.
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