PHYSIOLOGY 26: 83-96, 2011; doi:10.1152/physiol.00044.2010

Robert A. Frost and Charles H. Lang

Department of Cellular and Molecular Physiology, Pennsylvania
State University College of Medicine, Hershey, Pennsylvania

mTor Signaling in Skeletal Muscle During
Sepsis and Inflammation: Where Does It
All Go Wrong?

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved
protein kinase that exquisitely regulates protein metabolism in skeletal mus-
cle. mTOR integrates input from amino acids, growth factors, and intracellular
cues to make or break muscle protein. mTOR accomplishes this task by
stimulating the phosphorylation of substrates that control protein translation
while simultaneously inhibiting proteasomal and autophagic protein degrada-
tion. In a metabolic twist of fate, sepsis induces muscle atrophy in part by the
aberrant regulation of mTOR. In this review, we track the steps of normal

mTOR signaling in muscle and examine where they go astray in sepsis and

inflammation.

mTOR and Its Binding Partners

The mammalian target of rapamycin (mTOR) is a
serine (S)/threonine (T) kinase lying at the inter-
section of nutrient, growth factor, and stress sig-
naling, and regulates diverse cellular functions.
The majority of our knowledge related to the reg-
ulation of this protein has been derived from in
vitro studies using sophisticated cellular and mo-
lecular approaches, and a number of excellent re-
views have summarized these reports (20, 43, 118).
However, until recently, most of these studies have
used model systems (e.g., Drosophila, C. elegans,
transformed cell lines) that, although easily con-
trolled and manipulated, may not fully recapitulate
in vivo mammalian physiology. Furthermore, few
reviews have focused on mTOR regulation in skel-
etal muscle per se. Therefore, the primary empha-
sis of the present review is to summarize recent
studies on the central role of this kinase in regu-
lating both basal and stress-related changes in
skeletal muscle protein balance.

mTOR exists in two functionally distinct com-
plexes referred to as mTOR complex 1 (mTORCI)
and mTORC2, which were originally defined as being
rapamycin-sensitive and -insensitive, respectively
(FIGURE 1) (110). Although both complexes contain
mTOR, mTORCI1 primarily mediates the cellular
growth response to anabolic stimuli. Rapamycin and
the FK506 binding protein FKBP12 allosterically in-
hibit mTOR by binding to one surface of an mTOR
dimer (135). Rapamycin initially weakens the inter-
action of mTORCI with its binding partners, which is
eventually followed by disassociation of the complex.
The regulatory-associated protein of mTOR (raptor)
is a core component of mTORC1 mediating the initial

1548-9213/11 ©2011 Int. Union Physiol. Sci./Am. Physiol. Soc.

sensitivity of the complex to rapamycin. In contrast,
the presence of the rapamycin-insensitive compan-
ion of mTOR (rictor) differentiates mTORC2 from
mTORC1 and in part explains their different physio-
logical functions in vivo. Novel roles for additional
mTORC1 and -2 components have emerged from
studies using genetic screens and mass spectrometry
to identify binding partners for mTOR (79, 124, 125).
Moreover, the essential role of mTORC1 and -2 in
growth control and development is underscored by
the embryonic lethality resulting from the deletion of
mTORC-related proteins in mice (Table 1). As will be
described in more detail later in the review, mTORC1
is also a predominant loci for the inhibitory effects of
sepsis and inflammation on protein synthesis in skel-
etal muscle.

mTOR activity is positively regulated by growth
factors (e.g., insulin) and amino acids (e.g., leucine),
and both signals are thought to converge just up-
stream of mTOR on Rheb (Ras homolog enriched in
brain). Rheb is active when bound to GTP and, when
colocalized with mTOR, stimulates mTORC1 by en-
hancing the recruitment of its substrates (111). Thus
Rheb does not alter the intrinsic kinase activity of
the enzyme but facilitates the binding of sub-
strates that contain a TOR signaling (TOS) motif.
Rheb-activated substrate mobilization requires
raptor and therefore explains why this Ras ho-
molog activates only mTORCI1 while simultane-
ously inhibiting mTORC2 (69, 111). In addition,
only mTORC1 phosphorylates the ribosomal
protein S6 kinase (S6K)-1 on T389 and only
mTORC2 phosphorylates Akt on S473 in in vitro
kinase assays (FIGURE 1) (134). Moreover, the
specificity of Rheb toward the phosphorylation
of mTORC1 substrates is replicated in skeletal
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muscle where overexpression of Rheb is sufficient to
stimulate mTORCI1 activity, but not mTORC2, and
to produce hypertrophy (35).

mTOR: A Highly Regulated
Regulator

Rheb, like all small G proteins, is a GTP-sensitive
switch. The switch is “on” and mTOR activated when
Rheb contains bound GTP. Conversely, the switch is
in the “off” position in the presence of GDP, which
prevents phosphorylation of mTOR substrates. The
in vitro activation of mTORC1 by Rheb demonstrates
a direct interaction of these two proteins. The nucle-
otide binding state and the interaction of Rheb with
mTOR is coordinately controlled by the tuberous
sclerosis proteins TSC1 (also known as hamartin)
and TSC2 (also known as tuberin). TSC2 functions as
a GTPase activating protein (GAP) that turns Rheb off
by accelerating the GTPase activity of Rheb, thereby
converting Rheb to a GDP-bound state and inhibit-
ing mTOR activity (FIGURE 2) (78). Although both
TSCI and -2 have GAP domains, it appears that only
the GAP activity of TSC2 is functional. Yet, the pres-
ence of TSC1 is necessary for optimal TSC2
activity because formation of a TSC1/TSC2 het-
erodimeric complex stabilizes TSC2. TSC1 physically
prevents the ubiquitin-mediated proteolytic degra-
dation of TSC2 and likely explains the greater Rheb
GAP activity of the TSC1/TSC2 complex when TSC1
is overexpressed (7). The inhibitory effect of TSC1 is
underscored by the severe muscle atrophy that
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occurs when TSC1 is overexpressed in skeletal mus-
cle (Table 1) (127).

Although less well studied, Rheb is theoreti-
cally reactivated by guanine nucleotide exchange
factors (GEFs) that specifically exchange GDP for
GTP on Rheb. To date, two putative GEFs have
been identified for Rheb. The first GEF, referred
to as the translationally controlled tumor protein
(TCTP), binds more avidly to nucleotide-free
Rheb and stimulates the exchange of GDP for
GTP in vitro. RNA interference of TCTP expres-
sion in Drosophila reduces both cell and organ
size similar to that seen in Rheb and mTOR de-
letion mutants (42, 137). Although these charac-
teristics suggest TCTP is a candidate GEF for
Rheb, the validity of TCTP in this role has been
challenged (19, 129).

Given the above, it appears that the TSC pro-
teins integrate an array of cellular signals that
impinge on Rheb and therefore mTOR. Not sur-
prisingly, investigators have found that TSC2
phosphorylation acts as a major gate keeper of
Rheb and mTOR activity downstream of growth
factor and stress signals (43). In this regard, Akt
activation by insulin-like growth factor (IGF)-I
leads to an Akt-dependent phosphorylation of
TSC2 on multiple serine residues including S939
and S981 (FIGURE 2). Although phosphorylation
of these sites does not alter the intrinsic GAP
activity of TSC2 toward Rheb, it does facilitate
the binding of TSC2 to 14-3-3 proteins and the
partitioning of TSC2 away from a membrane
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FIGURE 1. Protein components of the mTOR complexes

mTORC1 is comprised of the core proteins mTOR, raptor, and mLST8 (aka GBL). In addition, mTORC1 binds a num-
ber of nonconserved or associated proteins in a species- and condition-specific manner, such as PRAS40, DEPTOR,
the Rag proteins A-D, and Rheb-GTP. TSC1/2-Rheb is the major upstream regulator of this rapamycin-sensitive pro-
tein complex and integrates input from cellular energy levels, growth factors, and nutrients to regulate protein
translation by phosphorylating S6K1 and 4E-BP1. In contrast, mTORC2 includes core proteins mTOR, rictor, and
mLST8, as well as various associated proteins such as mSin1, DEPTOR, and PROTOR/PPR5. The mTORC2 con-

trols cell structure and survival by regulating SGK and Akt.
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Table 1. Effect of genetic modification of mTOR-related proteins on muscle phenotype

A A

Protein Modification Muscle Response Reference(s)

mTOR —/— (Whole body) Embryonic lethal 34, 83

mTOR —/+ (Whole body) Decreased LBM, GC weight and protein synthesis 62

mTOR —/— (Muscle-specific) Decreased mass of TA, GC, and PLA; decreased 101
CSA; decreased S6 phosphorylation

Raptor —/— (Whole body) Embryonic lethal 37

Raptor —/— (Muscle-specific) Decreased mass of TA, EDL, soleus; decreased 6
fiber size; decreased S6 and 4E-BP1
phosphorylation

Rictor —/— (Whole body) Embryonic lethal 37

Rictor —/— (Muscle-specific) No change in fiber size 6

Sin1 —/— (Whole body) Embryonic lethal 101

mLST8 —/— (Whole body) Embryonic lethal 37

S6K1 —/— (Whole body) Decreased CSA 91

S6K2 —/— (Whole body) No change in CSA 91

S6K1/S6K2 —/—= (Whole body DK) Decreased mass of TA and GC, decreased CSA,; 91
decrease muscle wt gain to refeeding

4E-BP1 —/— (Whole body) No reported muscle phenotype 9

4E-BP1/2 —/— (Whole body DK) No reported muscle phenotype 67

TSC1 or 2 —/— (Whole body) Embryonic lethal 55, 92

TSC1 Overexpression (muscle-specific) Decreased weight and CSA in TA & EDL, 127
decreased muscle wt gain to refeeding

Rheb Overexpression (muscle-specific) Increased CSA, S6K1 & Sé6 phosphorylation in TA 35

Akt1/2 —/— (Whole body DK) Decreased CSA, decreased S6K1 & 4E-BP1 94
phosphorylation

Akt caAkt (muscle-specific) Increased CSA 10

AMPKa1 —/— (Whole body) Increased CSA and enhanced hypertrophic 82
response

AMPKa1/a2 —/— (Muscle-specific) Increased CSA, S6K1 phosphorylation 66

Observations made in the above table summarize representative data specifically pertaining to skeletal muscle. A more in-depth analysis may
be found in the cited references. TA, tibialis anterior; GC, gastrocnemius; PLA, plantaris; EDL, extensor digitorum longus; CSA, cross-sectional
area; DK, double knockout; ca, constitutively active; LBM, lean body mass.

fraction and therefore away from Rheb (12).
Hence, the Akt-stimulated spatial disassociation
of TSC2 from Rheb drives the membrane-bound
Rheb toward a GTP-bound state that activates
mTOR consistent with the role of Akt in muscle
hypertrophy (10). Similar findings have been
made in IGF-I treated C2C12 myotubes where a
single mutation of S939 to alanine prevents the
IGF-I-induced release of TSC2 from membrane-
bound Rheb (81). Therefore, a dynamic balance
exists between these two proteins (12, 127).
Overexpression of Rheb is sufficient to induce
muscle hypertrophy independent of Akt, sug-
gesting that an excess of “free” Rheb in skeletal
muscle facilitates the activation of mTOR (35).
Since mTOR sets in motion a metabolic gene net-
work that upregulates energy-consuming processes,
such as protein biosynthesis, it is not unreasonable
to assume that organisms have evolved mechanisms
to limit mTOR activity during stress (23, 118). Once
again, TSC2 appears to be a major gateway by which
stress signals are relayed to mTOR. For example, on
energy stress induced by 2-deoxyglucose, the phos-
phorylation of multiple mTOR substrates is reduced
as is cell size (46). The decreased mTOR activity is
TSC2-dependent since TSC2-null cells maintain

mTOR substrate phosphorylation (47). The phos-
phorylation of TSC2 by AMP-dependent kinase
(AMPK) occupies a critical step in transducing energy
stress to mTOR, as evidenced by the lack of a stress-
induced inhibition of mTOR when the three AMPK-
dependent phosphorylation sites on TSC2 are
mutated (S1337, S1331, and S1345) to alanine
(FIGURE 1). Limiting mTOR activity in the presence
of energy stress is a TSC2-dependent survival mech-
anism since successful downregulation of mTOR en-
hances cell survival, whereas cells that lack TSC2 and
maintain mTOR activity are more prone to die an
apoptotic cell death (47). In this regard, AMPK acti-
vation and inhibition of mTOR substrate phosphor-
ylation in myocytes and skeletal muscle by the AMPK
kinase activator aminoimidazole carboxamide ribo-
nucleotide (AICAR) may also be a protective mecha-
nism that limits anabolic processes and nutrient
signaling in exchange for cell survival (87, 97, 131).

mTOR Regulation b?l Amino Acids:
Too Much, Too Little, Too Late

Most signals impinging on mTOR are transduced
through the TSC complex to regulate Rheb. Yet,
amino acids may have found a signaling back door
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to the G protein. Cellular amino acids levels are
regulated by their plasma concentration, their abil-
ity to enter the cell through amino acid transport-
ers, and their appearance from the breakdown of
cellular proteins (8, 86, 96, 99). The circulating
concentrations of all amino acids rise after a meal,

but the essential amino acids (EAA) in general and
the branched-chain amino acids (BCAAs) in par-
ticular hold a unique place in the stimulation of
protein synthesis because they serve as both sub-
strates and intracellular signaling molecules. Oral
administration of a single BCAA, leucine, can replicate
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FIGURE 2. Activation of mTORC1 by nutrients (e.g., leucine) and growth factors (e.g., insulin and IGF-I)

mTORC1 functions as the central regulatory hub of these anabolic inputs but is also the site where various catabolic insults (e.g., inflammatory cyto-
kines, excess glucocorticoids, hypoxia, and cellular energy stress) negatively impact mTOR kinase activity and protein synthesis in mammalian skele-
tal muscle. A key component of the activation of mTOR occurs when leucine is taken up by amino acid transporters (SLC3A2 and SLC7AS5) in a
heteroexchange for glutamine (SLC1A5 and SLC38A2) (5, 86). An increase in intracellular leucine activates Rag heterodimers to translocate mTOR
to the lysosomal membrane where mTOR can be activated by Rheb in a “Ragulator”-dependent process (19, 28, 107, 108). Amino acids may also
signal to mTOR via the Ca*?-/CaM-dependent activation of the lysosomal membrane protein Vps34 (38). Negative regulation of mTOR is imposed
by LPS and inflammatory cytokines that may impinge on upstream amino acid signaling and mTOR itself to prevent the phosphorylation of mTOR
substrates and translation initiation as summarized in Table 2 and a recent review (63). ECF, extracellular fluid; LPS, lipopolysaccharide; TLR, Toll-
like receptor; AMPK, AMP-dependent kinase; SLC, solute carrier proteins (amino acid transporters); Ragulator, complex of p14, p18, and MP1;
Rheb, Ras homolog enriched in brain; PIP, phosphatidylinositol phosphate; PI3P, phosphatidylinositol 3-phosphate; Vps34, vacuolar protein sorting
34; CaM, calmodulin. Other abbreviations used in the figure are defined in the text.
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activation of mTOR in skeletal muscle seen after a
meal (53). Likewise, addition of leucine to amino
acid-deprived myotubes stimulates mTOR activity to
a greater extent than any other single amino acid (3).
Therefore, this amino acid has been used to assess
whether specific catabolic conditions display leucine
resistance as a potential mechanism underlying di-
minished mTOR signaling and muscle protein syn-
thesis (53, 58—-61, 65).

Whole body inhibition of BCAA catabolism by
deletion of the mitochondrial form of branched-
chain amino acid transferase (BCATm) chronically
raises plasma BCAAs 5- to 10-fold and enhances
muscle protein synthesis compared with wild-type
(WT) mice (64). BCATm-null mice also exhibit en-
hanced phosphorylation of the mTOR substrate 4E
binding protein (4E-BP1). Yet, BCATm-null mice
compensate for the increase in mTOR activity and
muscle protein synthesis because lean body mass
and individual muscle weight is not altered com-
pared with WT mice. These data suggest that
BCATm-null mice balance their increased rate of
muscle protein synthesis with enhanced protea-
somal or autophagic degradation of muscle pro-
tein. This creates a futile cycle between protein
synthesis and degradation as evidenced by the el-
evated metabolic rate in BCATm-null mice (113).
Finally, collectively, these data favor a model of
mTORCI regulation by leucine that does not in-
voke leucine catabolism.

The transport of leucine into cells and its stimula-
tion of mTOR requires sufficient intracellular glu-
tamine levels, which facilitates the bidirectional
transport of the two amino acids (FIGURE 2) (86). In-
hibition of either glutamine transport with L-y-glu-
tamyl-p-nitro-analide (GPNA) or EAA transport with
D-phenylalanine blocks mTOR activation. siRNA-me-
diated knockdown of solute carriers SLC7A5/SLC3A2
(the EAA transporter) or SLC1A5 (the glutamine
transporter) ablates glutamine and EAA co-transport
and mTOR signaling to S6K1 and 4E-BP1 (86). Baird
et al. have also provided evidence for functional cou-
pling between the leucine transporter (SLC7A5 or
LAT1) and the glutamine transporter (SLC38A2 or
SNAT2) (5). Acidosis, a common manifestation of
catabolic inflammatory conditions, also decreases
glutamine transport and mTOR substrate phosphor-
ylation via inhibition of the pH-sensitive sodium-
dependent neutral amino acid transporter (SNAT)-2
in myocytes (25). Therefore, downregulation of glu-
tamine or leucine transport, which essentially mim-
ics an amino acid-deprived state, represents a
potential mechanism by which mTOR activity might
be inhibited in various catabolic conditions. Work by
Drummond et al. indicates that EAA transiently in-
crease the expression of SLC7A5 and SNAT2 mRNA
in human skeletal muscle (22). Teleologically, this
may imply that EAA influence the future transport of

these amino acids; however, the increase in SLC7A5
protein compared with SLC7A5 mRNA was modest,
and the physiological importance of the change re-
mains to be determined (22). Moreover, in addition
to their transport functions, amino acid transporters
may also function as sensors for both intra- and
extracellular amino acid availability (44). However, the
exact mechanism of action and the cellular location for
the elusive leucine sensor remains to be definitively
established (24).

Because EAA and glutamine continue to stimulate
the phosphorylation of mTOR substrates in cells treated
with TSC2 siRNA, the activation of mTOR by amino
acids appears to proceed via a TSC2-independent
mechanism (FIGURE 2) (86). Likewise, mTOR sub-
strate phosphorylation continues to be suppressed
on amino acid withdrawal in TSC2-null cells (115).
When small GTPases mediating the amino acid sig-
nal are overexpressed in their GTP-bound state, they
also activate Rheb and mTOR in a parallel pathway
that is TSC2-independent (52, 108). Additionally, in-
cubation of the extensor digitorum longus (EDL) with
leucine inhibits AMPK activity and stimulates protein
synthesis in the absence of changes in the phosphor-
ylation of TSC2 or raptor (105).

To understand the mechanism by which amino
acids stimulate mTOR, the importance of its intra-
cellular localization must be appreciated. mTOR
has been reported to localize to the cytoplasm (4,
103), nucleus (70, 71), mitochondria (98), and a late
endosomal/lysosomal compartment (39, 108). As
might be expected, mTORC1 and mTORC2 also
have different subcellular locations (21). All of
these sites may be critical for specific mTOR func-
tions. For example, perturbing the conversion of
early endosomes to late endosomes, but not other
steps in endocytic trafficking (by expression of
constitutively active Rabba), antagonized amino
acid-dependent activation of mTORC1 (28). Inter-
estingly, the defect in mTOR activation could be
circumvented by overexpression of Rheb but not
by relieving the natural inhibition of Rheb by TSC2.
Such data suggest that inhibition of the conversion
of early endosomes to late endosomes abrogates
the ability of Rheb, Rheb activators, and mTOR to
co-localize. In contrast, overexpression of Rheb ar-
tificially forces its interaction with mTOR by mass
action, thereby stimulating the phosphorylation of
mTOR substrates (28).

It now appears that amino acids trigger the move-
ment of mTOR to the surface of lysosomes where
amino acid-sensitive GTPases (Rag proteins A
through D) and Rheb are colocalized (FIGURE 2) (52,
107, 108). Amino acids increase the GTP loading state
of Rag heterodimers, allowing the Rags to interact
with mTOR (52, 108). A complex of three proteins
(p14, p21, and MP1) known collectively as the “Ragu-
lator” helps tether the complex to the lysosome. The
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localization of mTOR to the lysosome is sufficient to
activate mTOR independent of the Rag and Ragula-
tor proteins but not Rheb (107).

The vacuolar sorting protein (Vps34) is a class III
phosphatidyl-inositide-30H-kinase (PI3K) that spe-
cifically phosphorylates the D3 position in PtdIns to
produce PI(3)P. In addition to its role in endosomal
trafficking and autophagy, Vps34 has been posited to
mediate mTOR activation by amino acids and to
reside in endosomes/lysosomes. Overexpression of
Vps34 specifically stimulates mTOR to phosphorylate
S6K1 in the presence but not the absence of amino
acids, and siRNA-mediated knockdown of Vps34 re-
duces amino acid stimulation of S6K1 (38, 88).
Although an amino acid-induced increase in intra-
cellular calcium (Ca*?) can facilitate the binding of
Ca*?/calmodulin to Vps34, resulting in elevated
PI(3)P and enhanced mTORC1 signaling (38), such a
Ca™? dependence has not been reported by others
(133). Thus, comparable to the Rag proteins, Vps34 is
perfectly positioned to mediate the activation of
mTOR by amino acids. Vps34 activity is elevated after
high resistance muscle contraction during the same
time frame in which mTOR substrates are phosphor-
ylated (74). These authors have also shown leucine to
activate Vps34 in C2C12 myotubes. Yet in Drosoph-
ila, Vps34 does not mediate the effects of nutrients
on mTOR signaling, and Vps34 abundance is un-
changed in skeletal muscle in response to insulin and
amino acids (49, 120). Given the above, determining
the relative importance of Vps34 and the Rag/
Ragulator complex in amino acid-induced mTOR
signaling in mammalian skeletal muscle will be an
area of active investigation.

With an appreciation of how mTOR integrates
diverse signals from growth factor receptors, up-
stream kinases, amino acid transporters, GAPs,
GEFs, and Rheb, we next examine where this sys-
tem may become dysfunctional in a pathological
state. We will focus on the skeletal muscle loss
occurring during sepsis because this disease exhib-
its a clear inhibition of basal mTOR activity and
resistance to the potentially beneficial effects of
amino acids. In addition, the observed decrease in
mTOR activity and muscle mass is consistent with
the loss of muscle mass and function that occurs in
mice in which the mTORC1 signaling pathway has
been genetically altered (Table 1).

mTOR Signaling in Sepsis: Where
Does It All Go Wrong?

Gram-negative infection and the resulting inflam-
matory sequelae yield a striking loss of lean body
mass characterized by a pronounced deficit in
skeletal muscle protein and mechanical function
(80, 116). Although inflammation also enhances
protein degradation, a significant portion of the
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sepsis-induced muscle atrophy is due to a failure of
muscle to maintain protein synthesis (1, 13, 63, 73).
Given the importance of maintaining skeletal mus-
cle mass in disease prevention, survival, and recov-
ery, elucidating how and why the inflammatory
response inhibits protein synthesis in this tissue is
of paramount importance (26, 106).

Early work by Vary and Kimball demonstrated
that sepsis preferentially targets protein synthesis
in fast-twitch but not slow-twitch muscles (126).
Sepsis did not alter ribosomal number but instead
increased the number of free ribosomal subunits,
implicating a defect in translation initiation and
efficiency. Because translation initiation is largely
controlled by the loading of the 43S ribosomal
subunit onto RNA and the ability of the eukaryotic
initiation factor (eIF)-4F to facilitate RNA binding,
there are numerous reports on the sepsis-induced
decrease in elIF-4F activity. In brief, elF-4F con-
tains a critical subunit, eIF-4E, that binds to the
7-methyl guanosine cap structure on RNA (100).
The binding eIF-4E is facilitated by another initia-
tion factor, eIF-4G, but is also competitively inhib-
ited by a family of eIF-4E binding proteins (4E-BPs)
that sequester elF-4E away from eIF-4G and the
48S initiation complex. Growth factors, hormones
and amino acids stimulate the phosphorylation of
4E-BP1, trigger the release elF-4E, facilitate elF-4E
binding to elF-4G, and ultimately the formation of
a functional elF-4F complex (100). In contrast, sep-
sis and the related inflammatory insult produced
by endotoxin (LPS) restrain the above cascade and
curtail muscle protein synthesis by inhibiting the
kinase that phosphorylates 4E-BP1, elF-4G, and
other factors involved in cap-dependent transla-
tion, namely mTOR (reviewed in Ref. 63; Table 2).
Although not specifically covered here, the inhibi-
tion of mTOR kinase activity is in part due to the
overproduction of proinflammatory cytokines, as
evidenced by the ability of specific inhibitors of
these cytokines to prevent the sepsis-induced de-
crease in 4E-BP1 and S6K1 phosphorylation and
restore muscle protein synthesis (30, 31, 63) (FIG-
URE 2; Table 2).

Given the importance of Akt activity in growth
factor and insulin-induced muscle hypertrophy, it
is reasonable to assume that sepsis might inhibit
Akt signaling, which would then have a secondary
effect on mTOR (10). Indeed, numerous investiga-
tors have reported that Akt phosphorylation is de-
creased 4 or 24 h after LPS as well as after cecal
ligation and puncture in rats (14, 15, 50, 60) (Table
2). Likewise, there is a decreased phosphorylation
of Akt on the S473 site and a decreased phosphor-
ylation of multiple Akt substrates, including the
proline-rich Akt substrate of 40 kDa (PRAS40) in
LPS/IFNvy-treated C2C12 myotubes (29, 32). The
changes in Akt and Akt substrate phosphorylation,



Table 2. Effect of sepsis or LPS on signaling to and from mTOR substrates and regulatory proteins in skeletal muscle

A A

Protein Modification Direction/Magnitude Reference(s)
pPRAS40 T246 Decreased 50% 32,50
pmTOR S52448/52481 Decreased 20-50% 50, 54, 59
pTSC2 S939, T1462 No Change 32,50
TSC1/TSC2 Association No Change 32,50
pRaptor pS792 Increased 80% 32, 50
pAMPKa T172 Increased 50% 50
Raptor/mTOR Association No Change 50
Raptor/elF3b Association Decreased 50% 50, 64
pS6K1 T389 Decreased Basal 70% 32,54
pS6K1 T389 Decreased Leu stimulation 70% 59, 60
Raptor/S6K1 Association Increased 60% 50
pSé S240/5244 Decreased basal, Leu, and IGF-| stimulation 75% 32,60
$235/5236
p4E-BP1 T37/T46 Decreased basal and Leu stimulation 80% 33,54,59,60
4E-BP1/elF-4E Association Increased 50% 54,59, 60
4E-BP1/elF-4E Leu induced Disassociation Blocked Completely 59, 60
Mouse4E-BP1/Raptor Association Decreased 60% 64
Rat 4E-BP1/Raptor Association Increased 50% 50
Deptor Total Protein/Mouse C2C12 Decreased 30% 33
Deptor Total Protein/Rat Muscle Increased 60% 50

Observations noted above summarize representative data specifically pertaining to skeletal muscle and in some cases C2C12 myotubes. A
more in-depth analysis may be found in the cited references.

as well as the phosphorylation of mTOR substrates
and protein synthesis, are all prevented by nitric
oxide synthase (NOS) inhibitors, suggesting a role
of NO in regulating the Akt-mTOR signaling cassette
(32). We speculate that nutrients, such as leucine,
may not be able to overcome sepsis-induced inhibi-
tion of Akt-mTOR signaling but that strong activators
of the pathway, such as IGF-I, may be sufficient to
restore muscle protein synthesis in vivo (33, 59, 60).

mTOR Substrates in Sepsis: Friend
or Foe?

The phosphorylation of multiple mTOR substrates
including 4E-BP1 and S6K1are inhibited in the gas-
trocnemius of septic rats or animals treated with
LPS. These changes are temporally associated with
a marked reduction in muscle protein synthesis,
whereas the total content of multiple mTOR sub-
strates are unchanged from controls. In addition,
the phosphorylation of potential downstream sub-
strates, including ribosomal protein S6, elF-4G,
and elF-4B, are also reduced (59, 60). Likewise, the
phosphorylation of mTOR itself by S6K1 (52448) is
diminished (41). Although mTORCI and -2 activity
per se have not been evaluated in muscle, the
reduction in mTOR autophosphorylation on S2481
(a marker of kinase activity) and the diminished
phosphorylation of both mTORC1 and -2 sub-
strates suggests the kinase activity of both com-
plexes is impaired (50) (Table 2). A similar decrease
in protein synthesis has been reported in cultured
myotubes treated with a combination of LPS and

interferon gamma (IFNvy) to replicate the septic
condition (32, 54).

Currently, it is not possible to identify specifi-
cally whether the decreased phosphorylation of
4E-BP1 or S6K1 is principally responsible for the
sepsis-induced reduction in muscle protein syn-
thesis, but it seems likely that both changes are
causally related. Such speculation is supported by
data from S6K1-null mice, which are smaller than
their WT littermates and exhibit disproportionate
muscle atrophy (91). However, since S6K1 phospho-
rylates at least 10 substrates in addition to S6, the
relative importance of these individual proteins is yet
to be assessed (40). Finally, although a muscle phe-
notype has not been yet reported in the 4E-BP1/BP-2
double knockout mouse (possibly because of a com-
pensatory hyper-stimulation of S6K1), data from
Drosophila clearly demonstrate the importance of
4E-BP1 in regulating cap-dependent translation dur-
ing stress (123). Hence, the ability of sepsis to coor-
dinately downregulate both S6K1 and 4E-BP1
appears causally related to the observed inhibition of
mRNA translation and protein synthesis in skeletal
muscle.

Recent studies have identified multiple potential
mTOR inhibitors. One of these proteins, the proline-
rich Akt substrate of 40 kDa (PRAS40), contains a TOS
motif and interacts with raptor as a competitive in-
hibitor of other mTOR substrates (109, 125). As an
Akt substrate, PRAS40 becomes phosphorylated on
T246, which facilitates its interaction with 14-3-3
proteins. As a result, the inhibitory effect of PRAS40
on mTOR is relieved and permits other mTOR
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substrates (such as 4E-BP1 and S6K1) to bind and
be phosphorylated (111). mTORCI1 may also assist
this process by phosphorylating PRAS40 on S221,
which reduces PRAS40 binding to raptor and re-
lieves PRAS40-mediated substrate competition
(128). PRAS40 phosphorylation on T246 is dramat-
ically deceased in septic muscle and in myotubes
treated with LPS/IFNy, suggesting that it should
strongly inhibit mTOR activity (Table 2). However,
such a mechanism does not appear operational
since the amount of PRAS40 and other substrates
bound to raptor was not altered by the decrease in
PRAS40 phosphorylation (32, 50). In addition, an
80% knockdown of PRAS40 in C2C12 myotubes
had no affect on mTOR substrate phosphorylation
or global protein synthesis, suggesting that overall
levels of PRAS40 and its phosphorylation status
(T246) may have little influence on mTOR activity
in fully differentiated muscle (51).

The sepsis-related decrease in mTOR activity is
also associated with an increased expression of a
potential inhibitor of mTOR referred to as DEPTOR
(the disheveled, egl-10, and pleckstrin homology do-
main containing regulator of mTOR) (Table 2) (50).
DEPTOR is unique among the mTOR binding pro-
teins in that it associates with both the mTORCI and
-2, and unlike PRAS40 interacts directly with the
mTOR protein. siRNA-mediated knockdown of DEP-
TOR increases the phosphorylation of mTORC1 and
-2 substrates, whereas its overexpression selectively
inhibits mTORCI while activating mTORC2 (95). The
activation of mTORC2 by DEPTOR may be a conse-
quence of the relief of mMTORC1-mediated inhibition
of mTORC2 normally imposed by the phosphoryla-
tion of rictor on T1135 by S6K1 (18). We speculate
that the observed increase in DEPTOR protein in
muscle from septic rats may be due to increased
DEPTOR mRNA expression or alternatively a stabili-
zation of existing DEPTOR protein, which occurs un-
der nutrient- and growth factor-deprived conditions
(50, 95).

elF3 is the largest of the mammalian eukaryotic
initiation factors and functions as a docking site for
multiple proteins, including S6K1(40). Overexpres-
sion of elF3f in mouse myoblasts or skeletal muscle
induces hypertrophy (56). Conversely, siRNA-
mediated knockdown of eIF3f induces atrophy in
myotubes (56). During muscle atrophy, the ubiq-
uitin ligase MAFbx ubiquitinates elF3f, leading to
its proteasomal degradation (16). The protein level
of this initiation factor is also reduced in myocytes
during starvation and oxidative stress (56). How-
ever, although sepsis does not decrease the total
elF3f protein in muscle, the amount of eIF3f bound
to mTORCL1 (e.g., raptor) was reduced (50). Such
data are consistent with the observed sepsis-
induced decrease in S6K1 phosphorylation.
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Why Can’t BCAA Do That?

Sepsis and LPS not only inhibit basal mTOR activ-
ity but also lead to the development of muscle
leucine resistance in the context of both mTORC1
and -2 (59, 60). Whereas an oral gavage of leucine,
which raised plasma leucine five- to sevenfold, in-
creased mTOR activity and muscle protein synthe-
sis in control rats, this anabolic response to leucine
is virtually absent in septic animals. One possibility
is that, although control and septic rats exhibit
comparable plasma leucine levels, sepsis impairs
either the transport of leucine into muscle or the
ability of muscle to “sense” leucine. A similar de-
fect in essential amino acid (EAA) signaling occurs
with aging. Cuthbertson et al. demonstrated that
the elderly exhibit decreased activation of muscle
protein synthesis and mTOR signaling in response
to EAA, suggesting a similar mechanism may un-
derlie amino acid resistance in a variety of muscle
wasting states (17). Because leucine transport is
highly dependent on the prevailing intracellular
concentration of glutamine and the two amino
acids are bi-directionally co-transported across cell
membranes, a deficit in glutamine could impair
leucine transport or sensing in skeletal muscle (86).
Glutamine is released from skeletal muscle during
sepsis, and the intramuscular levels of this amino
acid are rapidly depleted (48, 104, 126).

Secreted sphingomyelinase activity is elevated in
serum after acute inflammation and may act in an
endocrine fashion on various tissues, including
cardiac and skeletal muscle, where it converts sph-
ingomyelin in muscle membranes to ceramide (27,
132). In addition, pro-inflammatory cytokines in-
crease the generation of ceramide in skeletal myo-
cytes and inhibit protein synthesis (119). Recent work
suggests that ceramide decreases the expression of
the SNAT2 amino acid transporter in myotubes and
may be responsible for the decreased intracellular
glutamine levels and mTOR activity in these cells
(45). Sepsis-induced hyper-lacticacidemia may also
have a similar effect on SNAT2 expression and ex-
plain how metabolic acidosis inhibits glutamine
transport and mTOR activity in L6 myoblasts (25).
Given the importance of glutamine for co-transport
of leucine, future work will need to focus on whether
inhibition of muscle sphingomyelinase in sepsis can
replenish intracellular pools of muscle glutamine and
therefore restore leucine-stimulated mTOR activity.

Another alternative is that sepsis and inflamma-
tory mediators prevent leucine from being de-
tected by a yet to be defined leucine receptor/
sensor. As noted above, leucine stimulates the GTP
loading of Rag GTPases and facilitates the coalesc-
ing of Rheb and mTOR on the surface of lyso-
somes. It is possible that sepsis and LPS disturb



one or more of the Rag or Ragulator proteins lead-
ing to the formation of a non-functional complex.
For example, a sepsis-induced loss of the p18 pro-
tein or a decrease in its lipidation would be ex-
pected to inhibit the tethering of the Rag/Ragulator
complex to the lysosome making mTOR less sen-
sitive to leucine (84). In some cell types, LPS can
disrupt and/or colocalize with lysosomes after traf-
ficking from the cell surface with Toll-like recep-
tor (TLR)-4 (72, 93, 122). The small G protein
Rabb5a, which perturbs the conversion of early to
late endosomes and ablates amino acid- and in-
sulin-stimulated mTOR activity, can also be ac-
tivated by infection and IFNvy (2, 75). Thus there
may be one or more Rag, Ragulator, and/or en-
dosomal mechanisms by which sepsis disturbs
the interaction of mTOR and Rheb culminating
in leucine resistance.

Although sepsis and LPS produce leucine resis-
tance in muscle at the level of mTOR activity, the
stimulation of mTOR by IGF-I remains largely in-
tact. Indeed, increasing the local bioavailability of
IGF-I in either the general circulation or specifi-
cally in skeletal muscle over a sustained period of
time also prevents sepsis-induce atrophy (89, 121).
Yet, if sepsis-induced mTOR inhibition was strictly
through defective Rag GTPases, one would predict
that IGF-I could not rescue this phenotype since
amino acids are necessary for insulin-stimulated
phosphorylation of S6K1. For example, Rag pro-
teins that mimic the GDP-bound state inhibit both
the amino acid and insulin-stimulated phosphor-
ylation of mTOR substrates. Likewise, siRNA
knockdown of the Rag proteins also antagonizes
insulin-stimulated mTOR activity (108). These re-
sults suggest that sepsis may only partially inhibit
Rag/Ragulator function or that IGF-I can restore
intracellular amino acids more efficiently than
achieved by leucine supplementation alone.

Sepsis strongly inhibits both basal and leucine-
stimulated muscle protein synthesis in vivo. In
contrast to this model where rodents are chal-
lenged with a bolus of leucine, little is known about
whether a sustained elevation of BCAA is beneficial
in sepsis and whether it could alleviate the nega-
tive effects of LPS on mTOR activity. As noted
earlier, mice deficient in the key BCAA metaboliz-
ing enzyme BCATm exhibit a persistent elevation
of plasma BCAA levels (64, 113). The elevation of
BCAA concentrations appear to protect BCATm-
null mice from some of the negative effects of LPS
because they maintain muscle protein synthesis
rates similar to control mice when challenged with
the inflammatory stimuli (64). BCAA, when ele-
vated in this sustained fashion, also protect
BCATm-null mice by inhibiting an overzealous in-
flammatory response, as evidenced by a reduced
expression of inflammatory markers and increased

survival (64). It would be of interest to determine
whether exogenous administration of leucine or
BCAAs would also inhibit the inflammatory re-
sponse and maintain muscle protein synthesis to
distinguish the effect of elevated plasma amino
acids from other metabolic changes that occur in
BCATm-null mice.

Finally, although the exact molecular mechanism
for the sepsis-induced muscle leucine resistance re-
mains to be defined, it appears to differ at least
partially from that which impairs muscle protein syn-
thesis and mTOR activity under basal postabsorptive
conditions. For example, the sepsis-induced de-
crease in basal mTOR activity in muscle can be com-
pletely ameliorated by pretreatment of rats with a
neutralizing TNF binding protein (TNFBP). However,
in contrast, TNFBP alone failed to prevent the sepsis-
induced leucine resistance, and it was necessary that
rats be administered both TNFBP and RU486 (a glu-
cocorticoid receptor antagonist) to prevent the de-
velopment of leucine resistance (61). These results
suggest that elevated concentrations of both TNF-«
and glucocorticoids interact in a cooperative manner
to modulate the response to amino acids under this
catabolic condition.

mTOR Heterozygosity: What
Happens When the Glass is Half
Full?

mTOR and mTOR kinase activity are essential for
embryonic development since mice that are ei-
ther null for mTOR or mice carrying a knock-in
mutation in the mTOR kinase domain are em-
bryonic lethal (34, 83, 114) (Table 1). In contrast,
mice with a muscle-specific deletion of mTOR
or raptor both survive birth but exhibit severe
myopathy/dystrophy and premature death (6,
101). Interestingly, the weight of fast-twitch gly-
colytic muscles (e.g., gastrocnemius) are selec-
tively targeted by the loss of mTOR, whereas the
weight of slow-twitch oxidative muscles (e.g., so-
leus) were not affected (101). It is not known
whether muscle protein synthesis or degradation
are altered in muscle-specific mTOR-null mice,
but the expression of two atrogenes (MAFbx and
MuRF-1) was markedly depressed, making it un-
likely that an increased proteasomal degradation
accounts for the loss of muscle mass in mTOR
knockout mice.

Because of the confounding effect of muscle-
specific mTOR deletion causing muscle dystrophy
and early death, whole body mTOR heterozygous
mice were used to determine whether a ~50%
decrease in mTOR would reduce muscle protein
synthesis (62). Muscle mass and protein synthesis
were both reduced, and the mTOR heterozygo-
tes were less responsive than WT mice to leucine
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stimulation. Surprisingly, the basal level of mTOR
substrate phosphorylation (S6K1 and 4E-BP1) and
the ability of an oral leucine challenge to stimulate
substrate phosphorylation were not significantly
different in mTOR heterozygotes and WT mice.
Such a response suggests that the relative amount
of mTOR may alter protein translation and leucine
sensitivity independent of mTOR substrate phos-
phorylation. One possibility is that the 50% reduc-
tion in muscle mTOR inhibits ribosome biogenesis
and that this results in a long-term reduction in the
number of active ribosomes that accounts for the
fall in muscle protein synthesis in mTOR heterozy-
gotes. A reduction in the number of ribosomes
would also be consistent with the lack of change in
either the basal or leucine-stimulated phosphory-
lation of 4E-BP1, S6K1, and S6, since translation of
ribosomal RNAs is independent of the phosphory-
lation of these substrates (130).

The decreased mTOR protein in mTOR heterozy-
gotes places a significant burden on the mice when
stressed. mTOR heterozygotes, which already have a
reduced rate of muscle protein synthesis, exhibit a
disproportionally greater decrease when challenged
with LPS (62). Additionally, skeletal muscle from
mTOR heterozygotes that received this “second hit”
were unresponsive to leucine (62). Thus, although
superficially mTOR heterozygotes appeared rela-
tively normal compared with their homozygous
brethren, they were less able to mount an anabolic
response during an infectious stress. These data sug-
gest that a partial reduction in muscle mTOR re-
serves can have unforeseen negative consequences
when combined with stresses that inhibit mTOR
activity.

Feedback Inhibitors May Co-opt
mTOR Activity

Because chronic mTOR activation stimulates an-
abolic processes that are energy demanding,
over time the end products of mitochondrial ox-
idation [reactive oxygen species (ROS)] accumu-
late (112). Indeed, rapamycin can rapidly inhibit
mitochondrial function, shift energy production
toward aerobic glycolysis, and in a protective
coup inhibit ROS accumulation (98). Drosophila
have evolved an mTOR inhibitory protein, ses-
trin, which naturally responds to oxidative stress
and prevents age-related pathologies (68). Over-
expression of sestrin inhibits the phosphoryla-
tion of S6K1 and 4E-BP1, whereas sestrin-null
flies exhibit excessive ROS accumulation and mi-
tochondrial damage (68).

Sestrins are also induced by other stressors that
activate AMPK by a direct binding mechanism in-
dependent of the cellular AMP-to-ATP ratio (11).
Sestrin-activated AMPK becomes autophosphorylated
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and transphosphorylates TSC2. In sestrin overex-
pressing cells, siRNA knockdown of TSC2 restores
the activation of mTOR by upstream signals, sug-
gesting the TSC complex is necessary for sestrin’s
inhibitory activity.

It is not known whether sestrin mediates the
sepsis-induced decrease in mTOR activity and leu-
cine resistance in muscle. LPS does, however, stim-
ulate muscle AMPK phosphorylation as well as the
expression of FOXO1 and -3, potential activators of
sestrin gene expression (90). In addition, artificial
activation of AMPK in skeletal muscle with AICAR
inhibits mTOR substrate phosphorylation and in-
duces leucine resistance (97). Lastly, LPS and
sepsis induce the accumulation of ROS in skele-
tal muscle, essentially mimicking the conditions
necessary for sestrin expression (85, 136). Thus
we speculate that the expression of sestrin or
sestrin-like proteins remains a potential mecha-
nism by which feedback inhibitors attempt to
prevent additional ROS-mediated damage by in-
hibiting mTOR activity.

ROS: The Metabolic Cost of Doing
Business

Another feedback control mechanism by which cells
regulate ROS is the elimination of mitochondria that
have “gone bad.” In skeletal muscle, dysfunctional
mitochondria are chiefly removed by an autophagic
process (69, 117). Under normal conditions, au-
tophagy performs “house-keeping” functions, but
when ROS and AMPK activation drive the transport
of FOXO3 into the nucleus, FOXO3 stimulates the
expression of genes, such as BNIP3, that regulate
mitochondrial fission and autophagy (57). Persistent
and/or defective mitochondrial fission drives the
AMPK-dependent elimination of mitochondria and
the proteolytic side of muscle wasting (76, 77, 102).
Although less well studied, the FOXO3-driven expres-
sion of BNIP3 also inhibits mTOR. BNIP3 binds to
Rheb and inhibits the phosphorylation of 4E-BP1
and S6K1 (but not Akt on S473), consistent with
BNIP3 exclusively inhibiting mTORC1. BNIP3 de-
creases GTP binding to Rheb and, therefore, may
trigger the movement of Rheb away from the lyso-
somal surface where GTP loading is thought to occur
(69). Teleologically, the inhibition of mTOR activ-
ity and protein synthesis in muscle during a cat-
abolic state characterized by ongoing autophagic
and proteasomal protein degradation makes per-
fect sense. In this context, mTOR inhibition con-
tributes to a feedback loop that operates on the
rationale “if they're going to break it...don’t
make it.”



Concluding Remarks

For survival, mammals take in complex carbohy-
drates, fats, and proteins not only for energy but also
to recycle their constituent parts. The amino acids
released from digested protein facilitate this recy-
cling process by acting as signaling molecules that
stimulate protein synthesis. The BCAAs are essential
for translation initiation, and their absence triggers
proteolytic systems designed to obtain them from
internal stores, especially skeletal muscle. Sepsis and
inflammation are quasi starvation-like states in
which digested protein and even parenterally sup-
plied BCAAs fail to optimally stimulate protein syn-
thesis and mTOR activity. Although mTOR is a
highly regulated kinase, the sepsis-induced defect
in mTOR signaling appears to be independent of
TSC2 because signaling can be restored by growth
factors, such as IGF-I, that use this pathway. Sepsis-
induced leucine resistance can be mimicked by
AMPK activation, similar to that seen after LPS,
suggesting that one or more AMPK-dependent
mTOR inhibitors may promote the resistance phe-
notype. Because protein synthesis and degradation
are coordinately controlled, it is likely that factors
such as sestrins and BNIP3, which regulate au-
tophagy and proteasomal protein degradation,
may reciprocally inhibit mTOR and protein synthe-
sis to prevent futile cycling of amino acids. When
the world is deemed to be pathogen-free, hor-
mones and growth factors may signal the “all
clear” to muscle that it is once again safe to in-
crease energy expenditure using amino acids to
accrue muscle protein. ®
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