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Abstract

Sepsis-induced muscle atrophy is produced in part by decreased protein synthesis mediated by
inhibition of MTOR (mammalian target of rapamycin). The present study tests the hypothesis that
alteration of specific protein-protein interactions within the mTORC1 (mTOR complex 1)
contributes to the decreased mTOR activity observed after cecal ligation and puncture in rats.
Sepsis decreased in vivo translational efficiency in gastrocnemius and reduced the phosphorylation
of eukaryotic initiation factor (elF) 4E-binding protein (BP) 1, S6 kinase (S6K) 1, and mTOR,
compared with time-matched pair-fed controls. Sepsis decreased T246-phosphorylated PRAS40
(proline-rich Akt substrate 40) and reciprocally increased S792-phosphorylated raptor (regulatory
associated protein of MTOR). Despite these phosphorylation changes, sepsis did not alter PRAS40
binding to raptor. The amount of the mTOR-raptor complex did not differ between groups. In
contrast, the binding and retention of both 4E-BP1 and S6K1 to raptor were increased, and,
conversely, the binding of raptor with elF3 was decreased in sepsis. These changes in mMTORC1 in
the basal state were associated with enhanced 52032-AMP activated kinase activity. Acute in vivo
leucine stimulation increased muscle protein synthesis in control, but not septic rats. This muscle
leucine resistance was associated with coordinated changes in raptor-elF3 binding and 4E-BP1
phosphorylation. Overall, our data suggest the sepsis-induced decrease in muscle protein synthesis
may be mediated by the inability of 4E-BP1 and S6K1 to be phosphorylated and released from
mTORC1 as well as the decreased recruitment of elF3 necessary for a functional 48S complex.
These data provide additional mechanistic insight into the molecular mechanisms by which sepsis
impairs both basal protein synthesis and the anabolic response to the nutrient signal leucine in
skeletal muscle.
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INTRODUCTION

Negative nitrogen balance and the erosion of lean body mass are defining characteristics of
bacterial infection and can adversely affect morbidity and mortality in sepsis (1). The
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observed atrophy is undoubtedly multifactorial, but it is in part mediated by decreased
synthesis of both myofibrillar and sarcoplasmic proteins in skeletal muscle preferentially
composed of fast-twitch (e.g., gastrocnemius) fibers (2). This sepsis-induced decrease in
muscle protein synthesis results from reduced translational efficiency and is predominantly
controlled at the level of peptide-chain initiation (3). In turn, translation initiation is
regulated by a number of specialized proteins termed eukaryotic initiation factors (elFs),
many of which are sensitive to hormonal and nutritional signals functioning in a cooperative
manner to adjust translation to match cellular requirements. A rate-controlling step in
translation initiation is mediated by elF4AF and involves the binding of mMRNA to the 43S
preinitiation complex. This multimeric elF4F complex is composed of several proteins
including elF4E, which directly binds the m’GTP-cap structure; elF4A, which together with
elF4B unwinds secondary structure via its ATP-dependent RNA helicase activity; and
elF4G, which serves as an adaptor protein. elF4G is the nucleus for the formation of the
initiation complex, as evidenced by its binding sites not only for elFAE but also for elIF4A
and elF3 (4). As a result, elF4G recruits the 40S subunit to the 52032 end of mRNA and
coordinates the circularization of MRNA via its interactions with elFAE, poly(A)-binding
protein (PABP), and elF3.

Formation of the elF4F complex controls cap-dependent initiation by regulating the
availability of “free” elF4E. Although sepsis does not alter the total amount of cellular
elF4E, it shifts the distribution of elF4E from the active to the inactive complex (2,5). The
binding of elF4E to elF4E-BP-1 (4E-BP1) allows association with mRNA, but it prevents
binding to elF4G and consequently the formation of the active elF4F complex (6) (Fig. 1).
Nutrients and growth factors positively modulate the ordered phosphorylation of 4E-BP1,
releasing 4E-BP1 from elF4E, and thereby stimulating cap-dependent mRNA translation by
enhancing formation of the active elFAE 00B7 elF4G complex. The phosphorylation of 4E-
BP1 is mediated by the conserved serine (Ser)/threonine (Thr) protein kinase mammalian
target of rapamycin (mTOR) (7). A consensus has emerged pertaining to the ability of sepsis
to impair elF4F formation in skeletal muscle. In general, septic insults—such as those
imposed by cecal ligation and puncture (CLP) and endotoxin (LPS)—decrease 4E-BP1
phosphorylation (5,8). This change increases the amount of the inactive elF4E 00B7 4E-BP1
complex and reciprocally decreases the active elF4E 00B7 elF4G complex. The sepsis-
induced reduction in elF4E 00B7 elF4G diminishes mMRNA binding with the ribosome and
thereby limits muscle protein synthesis.

The metabolic consequences of various catabolic stresses and anabolic stimuli are integrated
by mTOR (3) (Fig. 1). Sepsis and endotoxin decrease mTOR kinase activity as evidenced by
the coordinate decrease in mTOR autophosphorylation at Ser2481 as well as the
phosphorylation of the mTOR substrates 4E-BP1 and S6 kinase 1 (S6K1) (2,5,8,9).
However, despite its importance, there is a paucity of data pertaining to the mechanism
mediating the sepsis-induced decrease in skeletal muscle mTOR activity. In general, mMTOR
is partitioned between two large multiprotein complexes having distinct functions. One of
the mTOR complexes, mTORC?2, is considered rapamycin-insensitive and, although an
important regulator of the cytoskeleton organization, has little influence on mRNA
translation (10). Conversely, the other mTOR complex 1 (mTORC1), consisting of mTOR,
GBL (G-protein B-subunit-like protein/mLST8), PRAS40 (proline-rich Akt substrate 40),
raptor (regulatory associated protein of mTOR), and DEPTOR (also known as DEP domain
containing 6; DEPDC) (7,11), regulates mTOR activity in a rapamycin-sensitive manner (7)
and is altered by sepsis (2). Consistent with this observation, muscle-specific inactivation of
raptor, but not rictor, in mice produces muscle atrophy (12). In this regard, raptor is a
scaffold protein, which regulates mTOR Kkinase activity and the subsequent downstream
phosphorylation of 4E-BP1 and S6K1. The importance of 4E-BP1 has been discussed
above, and the ordered phosphorylation of S6K1 activates the protein resulting in the
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phosphorylation of more than a dozen substrates, many of which affect cap-dependent
translation (13). However, whether sepsis modulates the mTOR 00B7 raptor interaction as
well as other newly recognized protein-protein interactions regulating cap-dependent
translation in skeletal muscle has not been investigated, and this gap is addressed by the data
provided herein.

MATERIALS AND METHODS

Experimental protocols

Male Sprague-Dawley rats (200-225 g; Charles River Breeding Laboratories, Cambridge,
Mass) were acclimated for 1 week in a controlled environment. Water and standard rat chow
were provided ad libitum. All experiments were approved by the Institutional Animal Care
and Use Committee of The Pennsylvania State University College of Medicine and adhered
to the National Institutes of Health guidelines for the use of experimental animals. Sepsis
was induced by CLP (5,9). Rats were anesthetized with pentobarbital (50-60 mg/kg), and a
midline laparotomy was performed. The cecum was ligated at its base and punctured twice
using a 20-gauge needle. The cecum was returned to the peritoneal cavity, the muscle and
skin layers were closed separately, and rats were resuscitated with 10 mL of 0.9% sterile
saline (3700B0C) administered subcutaneously. The nonseptic control animals received a
laparotomy with intestinal manipulation and fluid resuscitation. After surgery, all rats were
fasted, but permitted free access to water. Hence, any observed change between septic and
nonseptic rats cannot be attributed to differences in nutritional status. In a second study,
septic and nonseptic rats were administered 1.35 g/kg body weight of leucine (54 g/L) by
oral gavage 24 h after CLP, and muscle was excised 30 min thereafter. This leucine dose
maximally stimulates muscle protein synthesis and indices of translation initiation in
nonseptic rats at the time point examined (14). Although we have previously reported there
is no difference in the plasma leucine concentrations between control and septic rats
gavaged with leucine (5,9), we quantified leucine concentrations in the current study by
high-pressure liquid chromatography.

Muscle protein synthesis

In vivo protein synthesis in gastrocnemius was determined approximately 24 h after CLP or
sham surgery using the flooding-dose technique (15). Briefly, rats were anesthetized with
pentobarbital i.p. (100 mg/kg), and a catheter was placed in the carotid artery. A bolus
injection of .-[2,3,4,5,6 —*H]phenylalanine (Phe; 150 mM, 30 uCi/mL; 1 mL/100 g body
weight) was injected via the jugular vein, and serial blood samples were drawn after 2, 6,
and 10 min for measurement of Phe concentration and radioactivity. Immediately after the
final blood sample, the gastrocnemius from 1 leg was frozen in vivo between aluminum
blocks precooled to the temperature of liquid nitrogen, and the other muscle was rapidly
excised with a portion being homogenized directly, and the remainder freeze clamped.
Blood was centrifuged, and plasma was collected. All tissue and plasma samples were stored
at —8000BOC until analyzed. The frozen muscle was powdered under liquid nitrogen, and a
portion used to estimate the rate of incorporation of [3H]Phe into protein (15). Total RNA
was determined, and translational efficiency was calculated by dividing the rate of synthesis
by the total RNA per tissue.

Immunoprecipitation and Western blot analysis

The tissue preparation was the same as previously described by our laboratory (2,5,8,9).
Muscle was homogenized in ice-cold buffer (pH 7.4) composed of the following (in
millimolars): 20 HEPES, 2 EGTA, 50 NaF, 100 KClI, 0.2 EDTA, 50 p-glycerophosphate, 1
DTT, 0.1 PMSF, 1 benzamidine, 0.5 sodium vanadate, plus one protease inhibitor cocktail
tablet from Roche. After clarification by centrifugation, the protein concentration was
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determined, and an equal amount of protein per sample was subjected to sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). The blots were incubated with
primary antibodies to total and phosphorylated proteins (Cell Signaling, Beverly, Mass,
unless otherwise noted) including total and Thr1462-phosphorylated TSC2 (tuberous
sclerosis complex 2), total and Thr37/46-phosphorylated 4E-BP1 (Bethyl Laboratories,
Montgomery, Tex), total and phosphorylated (both Ser2448 and Ser2481) mTOR, total and
Ser1108-phosphorylated elF4G, total and Ser240/244-phosphorylated-S6, total and Ser428-
phosphorylated LKB1, total and Thr172-phosphorylated 52032-AMP-activated protein
kinase (AMPK), total and Ser79-phosphorylated acetyl-CoA carboxylase (ACC), total and
Thr246-phosphorylated PRAS40 (Biosource, Camarillo, Calif), total and phosphorylated
Akt (both Thr308 and Ser473), total and Ser21/9-glycogen synthase kinase (GSK)-a/p, total
and Ser422-phosphorylated elF4B, and total GBL, TSC1, REDD1 (REgulated in
Development and DNA damage responses; Peprotech, Inc, Chicago, Ill), elF4A, PABP,
DEPTOR (Millipore, Billerica, Mass), and elF3f or elF3b (Abcam, Cambridge, Mass). The
blots were developed with enhanced chemiluminescence Western blotting reagents
(Amersham, Piscataway, NJ), and the blots were exposed to x-ray film to achieve a signal
within the linear range. After development, the film was scanned (Microtek ScanMaker 1V)
and quantified with Scion Image 3b software (Scion Corp, Frederick, Md).

The elF4E 00B7 4E-BP1 and elF4E 00B7 elFAG complexes were quantified as described
(2,5,8,9). Briefly, elF4E was immunoprecipitated from aliquots of supernatants using an
anti-elF4E monoclonal antibody (kindly provided by Drs. Jefferson and Kimball, Hershey,
Pa). Antibody-antigen complexes were collected using magnetic beads, subjected to SDS-
PAGE, and finally transferred to a polyvinylidene fluoride membrane. Blots were incubated
with a mouse anti-human elF4E antibody, rabbit anti-rat 4E-BP1 antibody, or rabbit anti-
elF4G antibody.

To maintain potential protein-protein interactions, fresh muscle was also homogenized in
CHAPS buffer (pH 7.5) composed of the following(in millimolars): 40 HEPES, 120 NaCl, 1
EDTA, 10 pyrophosphate, 10 B-glycerophosphate, 50 NaF, 1.5 sodium vanadate, 0.3%
CHAPS, and one protease inhibitor cocktail tablet (11,16). The homogenate was clarified by
centrifugation, and an aliquot of the supernatant was combined with either anti-TSC2, anti-
mTOR, anti-raptor, or anti-elF3b antibody, and immune complexes were isolated with goat
anti— rabbit BioMag 1gG (PerSeptive Diagnostics, Boston, Mass) beads. The beads were
collected, washed with CHAPS buffer, precipitated by centrifugation, and subjected to SDS-
PAGE as described above. All blots were then developed with enhanced
chemiluminescence, and the autoradiographs were quantified as above.

Statistical analysis

RESULTS

Experimental data for each condition are summarized as means + SE, where the number of
animals in each treatment group is indicated in the legend to the figure or table. Statistical
evaluation of the data was performed using either Student t test for two-group comparisons
or ANOVA followed post hoc by Student-Neuman-Keuls test for multiple group
comparisons (GraphPad InStat, version 3.05; GraphPad, La Jolla, Calif). Differences
between the groups were considered significant when P < 0.05.

Sepsis impairs muscle protein synthesis, mTOR kinase activity, and formation of elF4F

complex

Approximately 24 h after induction of sepsis, translational efficiency of gastrocnemius was
assessed in vivo and found to be reduced 37% in septic rats compared with time-matched
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control rats (control = 114 +9 vs septic = 72 £10 nmol Phe incorporated/mg RNA per hour;
n = 8 per group; P < 0.05). Note that values are normalized to the total RNA content, which
provides an estimate of ribosomal number in muscle. Therefore, the data indicate that the
sepsis-induced reduction in muscle protein synthesis was due to impaired translation per se
and not a decrease in the relative abundance of ribosomes.

Representative Western blots of muscle homogenates for total and phosphorylated proteins
playing a central role in regulating protein translation are presented in Figure 2A. Sepsis
decreased 4E-BP1 phosphorylation as well as the phosphorylation of mTOR at Ser2448 and
Ser2481, collectively indicating a decrement in mTOR kinase activity. The phosphorylation
of S6K1 tended to be reduced in muscle from septic rats (data not shown), but definitive
changes were difficult to document because of the relatively low constitutive
phosphorylation of S6K1 in the basal fasted state in vivo. However, both Ser1108-
phosphorylated elF4G and Ser240/244-phosphorylated ribosomal protein S6, both S6K1
substrates and rapamycin-sensitive (e.g., mTOR-dependent), were decreased in muscle from
septic rats. These sepsis-induced decreases in phosphorylation were independent of a change
in the total amount of 4E-BP1, S6, mTOR, or elF4G. Finally, when the same amount of
elF4E was immunoprecipitated from both groups, the amount of 4E-BP1 bound to elF4E
(e.g., inactive complex) was increased, and, conversely, the amount of elF4G bound to
elF4E (e.g., active complex) was decreased in muscle from septic rats, compared with
control values (Fig. 2B). These data indicate that sepsis decreases functional elF4F complex
formation. Quantitation for the immunoblots in Figure 2 is not presented because
comparable changes in these end points have been previously reported by our laboratory (2,
5, 9). These data are presented to confirm the fidelity of the septic model and provide the
necessary background for the remainder of the investigation.

Sepsis alters upstream regulators of mTOR

The overall energy status of muscle is sensed by AMPK, which is activated by
phosphorylation in various catabolic conditions (17). AMPK Thr172 phosphorylation in
gastrocnemius from CLP-treated rats was increased by 65%, compared with time-matched
control values (Fig. 3, A and C). The phosphorylation of ACC, a downstream substrate for
AMPK, was increased 60%, and this change was independent of a change in total ACC
protein (Fig. 3, A and E). AMPK is an LKB1 substrate, and increased LKB1 Ser428
phosphorylation is important in activating AMPK (18). Sepsis increased Ser428-
phosphorylated LBK1 greater than 50% (Fig. 3, B and D). REDDL is a novel stress-response
gene, which is upregulated by a diverse array of catabolic insults in an AMPK-dependent
manner (19) and decreases mTOR activity (20). Muscle from septic rats had a greater than
8-fold increase in REDD1 protein, compared with control values (Fig. 3, B and F).

As Akt is upstream of mTOR and modulates its Ser/Thr kinase activity, we assessed Akt
phosphorylation on two sites thought to be necessary for its full activation (7). Sepsis
coordinately decreased both Thr308-phosphorylated (e.g., phosphatidylinositol-32032
kinase [PI3K]-dependent) and Ser473-phosphorylated (e.g., mMTORC2-dependent) Akt in
muscle by approximately 40% (Fig. 4, A, C, and E). However, there was a discordant sepsis-
induced change in the phosphorylation of two downstream Akt substrates. That is, whereas
sepsis decreased PRAS40 phosphorylation (Thr246) by 40% (Fig. 4, B and D), no change in
Ser21/9-phosphorylated GSKa/p was detected in gastrocnemius (Fig. 4, B and F).

Activated Akt directly phosphorylates TSC2 on Thr1462 and ultimately relieves the
inhibitory action of the TSC1 00B7 TSC2 complex on mTOR activity (21). AMPK and
REDD1 also alter mTOR kinase activity at least in part by modulation of TSC2
phosphorylation and TSC1 00B7 TSC2 complex formation. However, the total amount of
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TSC1, TSC2, Thrl462-phosphorylated TSC2 and the amount of the TSC1 00B7 TSC2
heterodimer in muscle did not differ between control and septic rats (Fig. 5).

Sepsis-induced change in mTORC1

mTORC1 is a multiprotein complex regulating protein synthesis and consisting of mTOR,
raptor, GBL, PRAS40, and DEPTOR (7,11,22). Of these proteins, the total amount of mMTOR
(Fig. 1A), PRAS40 (Fig. 3B), GBL (Fig. 6A), and raptor (Fig. 6A) did not differ between
control and septic rats. However, sepsis increased raptor phosphorylation by almost 90%
(Fig. 6B). Finally, sepsis increased the total DEPTOR, an mTOR-interacting protein
believed to be a negative regulator of MTOR (23), in septic muscle by 70%, compared with
control values (Fig. 6C).

Raptor functions as a scaffold protein recruiting substrates to mTORC1 via short TOS
(mTOR signaling) motifs in its substrates (11,22). Therefore, raptor was immunoprecipitated
and then immunoblotted for PRAS40, 4E-BP1, S6K1, and GBL. Although sepsis did not
alter the association of raptor with PRAS40 or GBL (Fig. 7A), it did increase both 4E-BP1
(Fig. 7B) and S6K1 (Fig. 7C) binding to raptor by 70%.

In addition, when raptor was immunoprecipitated, the amount of mTOR bound to raptor did
not differ between control and septic rats (Fig. 7A). Although this finding was unexpected, it
was confirmed by performing the reverse immunoprecipitation procedure (data not shown).
However, we did detect a greater than 90% reduction in mTOR 00B?7 raptor interaction in
rats treated with rapamycin (data not shown), indicating our ability to detect a change in this
protein-protein complex.

With regard to mTORC2, there was no sepsis-induced change in the total amount of rictor in
muscle homogenates or the amount of rictor bound to an mTOR immunoprecipitate (data
not shown).

Sepsis-induced change in elF3

The largest translation initiation factor, elF3, is composed of 13 nonidentical subunits (24).
Although the physiological function of each subunit is not known, it is clear that elF3 must
bind to mTORC1 for optimal mTOR Kkinase activity (25). We assessed the total amount of
two of the subunits, elF3-b (e.g., one of the five conserved core polypeptides essential for
translation) and elF3-f (e.g., the subunit shown to be rapidly degraded by the ubiquitin-
proteasome). Our results indicate that the total content of elF3b and elF3f in muscle
homogenates did not differ between control and septic rats (Fig. 8A). Moreover, there was
no sepsis-induced change in the amount of total or phosphorylated elF4B, total elF4A1, or
total PABP—all proteins implicated in regulating mRNA protein translation (Fig. 8A).
Finally, we immunoprecipitated elF3b from muscle and determined the amount of bound
raptor. Data in Figure 8C indicate that sepsis decreased the amount of the elF3 00B7 raptor
complex by 40%.

Leucine-induced changes in mTORC1

In the second study, leucine was orally gavaged approximately 24 h after induction of sepsis
or sham surgery. Leucine administration to control rats increased muscle protein synthesis
by 37%, and this anabolic response was completely absent in septic rats (Fig. 9A). This
leucine resistance was not due to sepsis- or leucine-induced changes in mTOR 00B7 raptor
binding (Fig. 9B), but it was associated with concordant changes in raptor binding to elF3
(Fig. 9C). The phosphorylation of both 4E-BP1 (Fig. 9D) and S6K1 (data not shown) was
also increased by leucine in control but not septic rats (Fig. 9D), and such a response is
consistent with the change in mTOR Kkinase activity anticipated by previously mentioned
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changes in raptor 00B7 elF3b binding. The differential ability of leucine to alter raptor 00B7
elF3 binding could not be attributed to altered raptor Ser792 phosphorylation (Fig. 9E) or
PRAS40 Ser246 phosphorylation (Fig. 9F). Acute leucine stimulation did not alter basal
AMPKGa or Akt phosphorylation in control rats or the sepsis-induced change in
phosphorylation for these two proteins (data not shown). Finally, none of the observed
differences between control and septic rats could be attributed to differences in the plasma
leucine either under basal conditions (control = 112 £28 umol/L and septic = 133 = 19 umol/
L; not statistically significant) or in response to the leucine gavage (control = 967 £34 umol/
L and septic = 1002 + 55 pmol/L; not statistically significant).

DISCUSSION

mTOR signaling occupies a central role in integrating nutrient, energy, and growth stimuli to
regulate muscle protein synthesis (7) (Fig. 1). Sepsis and endotoxin impair mTOR kinase
activity in muscle as evidenced by the reduction in mTOR autophosphorylation as well as
decreased phosphorylation of downstream substrates 4E-BP1 and S6K1 (8,9). The data in
the present study confirm these observations. Although we acknowledge that this study is
largely descriptive in nature, our data do suggest potential mechanisms by which sepsis
impairs mTOR kinase. Of the two mTOR-containing protein complexes, mMTORC1 seems
primarily involved in regulating protein synthesis (11,22). However, our data indicate that,
under basal postabsorptive conditions, sepsis does not alter the assembly of the mTOR 00B7
raptor complex in skeletal muscle where protein synthesis and translational efficiency were
simultaneously ascertained to be reduced. These findings in septic rats differ from those
reported in alcohol-treated rats where impaired muscle protein synthesis and mTOR kinase
activity were associated with an increased mTOR 00B7 raptor binding (16). The reason for
the difference in mTOR 00B7 raptor binding between these two catabolic conditions is not
evident, and little insight is gained from in vitro studies in nonmuscle cells where the mTOR
00B7 raptor interaction to the withdrawal of serum (e.g., growth factors) and/or amino acids
has also been shown to be divergent (11,22,26,27). We speculate that such divergent results
suggest that other protein-binding partners are more critically involved in regulating
mTORC1 activity under catabolic conditions than the simple association of MTOR and
raptor.

Cellular stresses inhibit mMTORCL1 through a diverse array of potential mechanisms. For
example, AMPK activation in response to energy stress inhibits protein synthesis in cultured
myocytes and in vivo muscle (28). Our data demonstrate an LKB1-dependent sepsis-induced
increase in AMPK activation, as evidenced by the enhanced phosphorylation of AMPK and
ACC. In turn, AMPK phosphorylates multiple targets. One mechanism whereby AMPK
decreases protein synthesis is via the TSC complex, as increased TSC2 phosphorylation as
well as enhanced formation of the TSC1 00B7 TSC2 heterodimer can negatively regulate
mTOR activity (29). However, although AMPK in muscle was activated by sepsis, this
mechanism does not seem operational because TSC1 00B7 TSC2 association and the
AMPK-sensitive Thr1462 phosphorylation of TSC2 did not differ between control and
septic rats. AMPK may also inhibit mTOR kinase activity in a TSC-independent manner as
raptor Ser792 phosphorylation facilitates recruitment of the 14-3-3 protein (29). Such a
sepsis-induced increase in raptor phosphorylation was detected and is consistent with the
increased raptor phosphorylation observed in rats administered the AMPK activator AICAR
(5-aminoimidazole-4-carboxamide-1B-o-ribonucleoside) (28) and in cultured myocytes
incubated with endotoxin (30). Collectively, these data suggest that AMPK “senses” an
energy deficit (e.g., increased AMP/ATP ratio) in muscle, presumably as a result of
mitochondrial dysfunction, which may mediate part of the sepsis-induced increased decrease
in protein synthesis in this tissue. Such a sepsis-induced defect in mitochondrial oxidative
phosphorylation has been reported in cardiac muscle (31).
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Our data indicate that sepsis also upregulates the REDD1 protein in muscle, a response
comparable to that observed after AMPK activation by AICAR (32). The ability of REDD1
to negatively regulate mTOR seems to proceed via the binding of REDD1 to 14-3-3, the
latter of which normally binds to and inhibits TSC2 activity (19). Because such a
redistribution of 14-3-3 from TSC2 to REDD1 would not be expected to disrupt the TSC1
00B7 TSC2 complex, our data cannot exclude this as a possible mechanism for the sepsis-
induced inhibition of mMTOR activity.

PRAS40 also binds to raptor and is believed to be a translational repressor, so its
overexpression decreases mTOR activity (33). Upon phosphorylation induced by insulin and
other growth factors, PRAS40 is released from raptor and thereby enhances protein
synthesis by facilitating the engagement of 4E-BP1 and S6K1 with the limiting amount of
raptor. Multiple lines of evidence indicate that PRAS40 Thr246 phosphorylation is Akt-
dependent (34), and our current data showing a sepsis-induced decrease in both Akt
activation and PRAS40 phosphorylation support such a mechanism. Moreover, Akt may
directly phosphorylate mTOR (35). Collectively, these results are also consistent with the
endotoxin-induced reduction in Akt, mTOR, and PRAS40 phosphorylation seen in cultured
myotubes (30). Therefore, the lack of a significant difference in the amount of the PRAS40
00B7 raptor complex in muscle from septic rats was unexpected. Although PRAS40
preferentially binds to raptor, it can also interact with the kinase domain of mTOR (33);
however, no difference in the amount of the PRAS40 00B7 mTOR complex was detected in
muscle of control and septic rats (unpublished observation).

In contrast, we did detect a sepsis-induced increase in the amount of 4E-BP1 00B7 raptor
and S6K1 00B7 raptor complex in skeletal muscle (Fig. 10). Recruitment of these mTOR
substrates to mTORC1 is necessary for their canonical phosphorylation by mTOR kinase,
and raptor is known to preferentially bind the nonphosphorylated substrates (11). We
interpret the increased complex formation in raptor immunoprecipitates, in conjunction with
the reduced phosphorylation of 4E-BP1 and S6K1 in total tissue homogenates, to indicate
there is no sepsis-induced defect in the 4E-BP1 or S6K1 binding to raptor per se, but that
their subsequent phosphorylation and release from mTORC1 are impaired. This in vivo
scenario differs from that seen in vitro where cells cultured under the catabolic conditions
produced by the absence of amino acids and/or growth factors demonstrate a reduced
formation of 4E-BP1 00B7 raptor (27,36). It is noteworthy that the sepsis-induced change in
mTOR kinase activity was associated with a marked increase in DEPTOR, a negative
regulator of mMTORCL activity (23), and the importance of this increase warrants
investigation.

elF3 is a multisubunit protein complex that serves as a docking site for the binding of
several components of the translational machinery (24). Incubation of myotubes with
various catabolic agents has been reported to decrease elF3f content, and elF3f knockdown
decreases protein synthesis (37) and produces muscle atrophy (38). However, our data
demonstrate that the total elF3f content did not differ in muscle of control and septic rats.
Moreover, the interaction of elF3 with the elF4F 00B7 mRNA complex facilitates the
binding of MRNA to the 43S ribosomal complex and formation of the 48S complex. S6K1
dissociates from elF3 upon activation (25), and therefore, catabolic states would be expected
to increase the association of hypophosphorylated (e.g., inactive) S6K1 with elF3.
Conversely, the binding of mMTORCL1 to elF3 would be expected to decrease under
conditions where protein synthesis is inhibited. Consistent with this expectation, our current
data indicate that sepsis decreased the binding of raptor in mTORCL to elF3b. Finally,
elF4B is an ancillary factor for optimal ATPase/RNA helicase activity of elF4A in the
functional elF4F complex. Phosphorylation of elF4B enhances its association with elF3 and
promotes translation. Although elF4B associates with elF3 under insulin-stimulated
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conditions, but not serum-starved conditions (25), this association was not investigated in
the current study because a significant sepsis-induced change in Ser422-phosphorylated
elF4B in whole muscle homogenate was not detected. The absence of a decrease in elF4B
phosphorylation was unexpected as elF4B is a known substrate for S6K1 and Akt, and the
kinase activity of both proteins was concomitantly downregulated by sepsis (3,5,9).

In our second study, we used acute in vivo leucine stimulation to perturb protein balance as a
physiological approach to identify potential intracellular signaling intermediates
contributing to the sepsis-induced decrease in muscle protein synthesis. In this regard, we
confirmed that muscle from septic rats is essentially unresponsive to the ability of leucine to
enhance protein synthesis and stimulate mTOR kinase activity (5). As discussed above in
the basal state, the sepsis-induced leucine resistance could not be attributed to altered mTOR
00B7 raptor binding, but it was consistent with the inability of leucine to increase raptor
00B7 elF3 binding as observed in control muscle. Furthermore, this defect in raptor 00B7
elF3 binding and mTOR kinase activity could not be explained by differential raptor
phosphorylation, at least at residue Ser792, as seen in other conditions (29). As AMPKa.
directly phosphorylates the Ser792 residue of raptor (29), these data suggest that the sepsis-
induced increase in AMPKa activity is an unlikely mediator of leucine resistance. Finally,
PRAS40 phosphorylation is necessary for leucine-stimulated mTOR kinase activity (e.g.,
S6K1 phosphorylation) in cardiac muscle (39). Our data support this conclusion in skeletal
muscle of control rats. However, in contrast, the leucine-induced increment in PRAS40
phosphorylation was comparable in both control and septic rats, suggesting that PRAS40
phosphorylation may not be causative in the sepsis-induced leucine resistance. The
systematic study of other mechanisms by which sepsis impairs the anabolic effect of leucine
is beyond the scope of the current article, but it might involve the G protein Rag (40) or
Vps34 (41). In conclusion, the multitude of signaling events described herein provides a
conceptual framework regarding the ability of sepsis to impair muscle protein synthesis via
altering protein-protein interactions within mTORL, specifically the binding of 4E-BP1 and
elF3 with raptor, which may impair both basal and nutrient-stimulated increases in muscle
protein synthesis (Fig. 10).
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Fig. 1.

Regulation of muscle protein synthesis. Simplified schematic of the integrating role of
mTOR in controlling diverse cellular signals, such as hormones, nutrients, and stress,
regulating protein synthesis. The mTORC1 consisting of mTOR, raptor (regulatory
associated protein of mMTOR), GBL (also known as mLST8), PRAS40, and DEPTOR
stimulates translation initiation and protein synthesis by increasing phosphorylation of both
4E-BP1 (elF4E BP-1) and S6K1 (ribosomal protein S6K1). In contrast, nTORC2,
consisting of mTOR, rictor (rapamycin-insensitive companion of mTOR), GBL, DEPTOR,
mSIN1 (mammalian stress-activated protein kKinase-interacting protein), and PRR5 (proline-
rich protein 5), seems to have minimal impact on muscle protein synthesis. The
phosphorylation of 4E-BP1 decreases the inactive 4E-BP1 00B7 elF4E complex and
increases the elF4E 00B7 elF4G complex, thereby enhancing cap-dependent translation.
Activation of S6K1 phosphorylates a host of proteins, which can differentially regulate
protein synthesis. Growth factors, such as insulin and IGF-1 (insulinlike growth factor 1),
signal through binding to their cognate receptors and regulate mTORC1 via a PI3K-Akt—
dependent pathway. Akt destabilizes the TSC1/TSC2 protein-protein complex, thereby
activating mTOR via the small GTPase Rheb (Ras homolog enriched in brain). In addition,
nutrients, such as the branched-chain amino acid leucine, increase translation via a
mechanism affecting mTOR probably distal to or at the level of Rheb and possibly mediated
by the family of Rag G-proteins or Vps34 (vacuolar protein sorting 34). The cellular energy
status (i.e., AMP/ATP ratio) is transduced by LKB1 modulation of AMPK (52032-AMP
activated protein kinase) activity.
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Fig. 2.

Effect of sepsis on the relative content of total and phosphorylated proteins regulating
translation initiation in skeletal muscle. Gastrocnemius was sampled 24 h after CLP or from
time-matched pair-fed sham control rats. A, Muscle homogenates were processed, and
representative Western blots for phosphorylated mTOR, 4E-BP1, S6, and elF4G are
presented. B, elF4E was immunoprecipitated (IP) from muscle homogenates and
immunoblotted for either 4E-BP1, elF4G, or elF4E, and representative blots shown. Arrow
refers to the most heavily phosphorylated form of 4E-BP1 and hence most active form of the
protein. Sample size was 7 to 10 rats per group for each protein, and representative
immunoblots are presented.
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Fig. 3.

Effect of sepsis on the total amount and phosphorylation of AMPK, ACC, and LKB1 as well
as total REDD1 protein in gastrocnemius. A and B, Representative Western blots for total
and phosphorylated proteins. Bar graphs, quantitation of all Western blot data for Thr172-
phosphorylated AMPK (C), Ser428-phosphorylated LKB1 (D), Ser79-phosphorylated ACC
(E), and total REDD1 (F) normalized to the total amount of the respective protein or loading
control, and the control value set at 100 arbitrary units (AUs). Values are means + SEM; n =
7-10 rats each. *P < 0.05, compared with time-matched pair-fed control values.
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Page 15

Effect of sepsis on phosphorylation of Akt and downstream target proteins PRAS40 and
GSK in gastrocnemius. A and B are representative Western blots of phosphorylated and
total Akt, PRAS40, and GSK. C and E, Quantitation of all Western blot data for Thr308-
and Ser473-phosphorylated Akt, respectively, normalized to total Akt. D and F, Quantitation
of all Western blot data for Thr246-phosphorylated PRAS40 and Ser21/9-phosphorylated
GSKa/B, respectively, normalized to total protein. Values for control animals were set at 100
AU. Values are means + SEM; n = 7-10 rats each. *P < 0.05, compared with time-matched

pair-fed control values.
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Effect of sepsis on TSC in gastrocnemius. Top three panels, Representative Western blots
from Thr1462-phosphorylated TSC2 and total TSC2, and total TSC1, respectively. Bottom
two panels, Representative immunoblots of TSC1 and TSC2 performed after
immunoprecipitation (IP) of TSC2 from muscle homogenates. Statistical analysis of data
from 7 to 10 rats per group indicate no statistical significance for any end point between
control and septic rats (data not shown).
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Fig. 6.

Effect of sepsis on raptor phosphorylation and total DEPTOR. A, Representative Western
blots for Ser792-phosphorylated raptor as well as total raptor, GBL, and DEPTOR ,
respectively. Statistical analysis of all data indicated that there was no significant difference
in the amount of total raptor or GBL between muscle from control and septic rats (data not
shown). B and C, Quantitation of Western blot data for phosphorylated raptor and total
DEPTOR, respectively, normalized to loading protein and control value set at 100 AU.
Values are means + SEM; n = 5-10 rats each. *P < 0.05, compared with time-matched pair-
fed control values.
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Fig. 7.

Effect of sepsis on binding of raptor to various partner proteins in gastrocnemius. A, Raptor
was immunoprecipitated (IP) and then immunoblotted for PRAS40, 4E-BP1, S6K1, GBL,
mTOR, or raptor. B and C, Quantitation of Western blot data normalized to amount of raptor
in the IP, with control value set at 100 AU. Values are means = SEM; n = 6 rats each. *P <
0.05, compared with time-matched pair-fed control values.
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Effect of sepsis on total elF3 and elF3 00B7 raptor in muscle. A, Representative Western
blots of total and Ser422-phosphorylated elF4B, elF4A1, PABP, elF3-b, and elF3-f. For
each of these proteins, there was no statistical difference in the relative amount of the
protein in muscle between control and septic rats (quantitative data not shown). B, elF3b
was immunoprecipitated (IP) from muscle and immunoblotting performed for both raptor
and elF3b. C, Bar graph, quantitation of Western blot data of elF3 00B7 raptor binding
normalized to the amount of elF3b in the IP, where control value was set at 100 AU. Values
are means + SEM; n = 5 rats each. *P < 0.05, compared with time-matched pair-fed control
values.
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Fig. 9.

Leucine-induced changes in protein synthesis and mTORC1 in skeletal muscle from control
and septic rats. Gastrocnemius was sampled 30 min after oral administration of a maximally
stimulating dose of the branched-chain amino acid leucine. In vivo muscle protein synthesis
was determined as described in Materials and Methods (A). Bar graphs are quantitation of
immunoblots after immunoprecipitation (IP) of either raptor (B) or elF3b (C). Western blot
data from whole muscle tissue homogenates have also been quantitated (D, E, and F). There
was no sepsis or leucine effect on the total amount of raptor, mTOR, elF3b, 4E-BP1, or
PRAS40 (data not shown). Saline-treated control values were arbitrarily set to 1.0 AU.
Values are means £ SEM; n = 7-9 rats per group. Values with different letters are
statistically different (P < 0.05).
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Fig. 10.

Schematic for sepsis-induced changes in mTORCL. Under basal conditions, S6K1 is
associated with the elF3 at the PIC (preinitiation complex). In addition, 4E-BP1 is bound to
the elF4E, which in turn is bound to the 7m-GTP cap of the mRNA at the 52032 end. Under
inhibitory conditions (as in rapamycin-treated), mTOR/raptor complex is not part of this
mRNA PIC. Upon stimulation (as in after anabolic stimulation), mTOR/raptor complex is
recruited to the elF3 complex. Activated mTOR then phosphorylates both S6K1 (at T389)
and 4E-BP1 (at several sites in a hierarchy manner). Upon phosphorylation, these mTOR
substrates (S6K1 and 4E-BP1) dissociate from the elF3. The unbound dissociated
(phosphorylated) S6K1 can be further phosphorylated by PDK1 (3-phosphoinositide—
dependent kinase 1) at T229; this latter secondary phosphorylation is believed to be required
for the full activation of the S6K which is capable of phosphorylating more than 10 known
substrates. All abbreviations are defined in the text and in Figure 1.
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