
INTRODUCTION
Leucine availability represents an im-

portant nutritional signal responsible
for postprandial stimulation of muscle
protein synthesis (1). Amino acid
refeeding after short-term starvation in-
creases muscle protein synthesis, and
physiologically-relevant concentrations
of amino acids enhance synthesis in the
perfused hindlimb, in incubated muscle,
and cultured myocytes (2–8). The
branched-chain amino acid leucine ac-
counts for all or most of the ability of a
mixture of amino acids to stimulate pro-
tein synthesis. Moreover, the anabolic

effects of leucine are mediated by cell
signaling pathways which stimulate
translation initiation via activation of
mammalian target of rapamycin
(mTOR) (2–10). This protein kinase rep-
resents a point of signal amplification
because stimulation of mTOR phospho-
rylates multiple substrates which en-
hance translation, including eukaryotic
initiation factor 4E-binding protein (4E-
BP1) and the ribosomal protein (rp) S6
kinase-1(S6K1) (11).

The leucine-induced phosphorylation
of 4E-BP1 positively modulates the for-
mation of the functional eukaryotic initi-

ation factor (eIF)-4F complex (1,2,9). This
complex is necessary for cap-dependent
translation and is composed of 3 sub-
units (i.e., eIF-4E, -4G and -4A). In mus-
cle eIF4E is the least abundant of these
subunits and considered rate-limiting in
the binding of mRNA to ribosomes (12).
During initiation the eIF4E·mRNA com-
plex binds to eIF4G and eIF4A forming
the active eIF4F complex and thereby en-
hances translation. The assembly of the
functional eIF4F complex is controlled in
part by 4E-BP1 functioning as a cap-de-
pendent translational repressor. The non-
phosphorylated form of this binding pro-
tein obstructs the interaction of eIF4G
with eIF4E limiting assembly of the ac-
tive eIF4F complex (12,13). Increased
phosphorylation of 4E-BP1 by leucine re-
leases eIF4E permitting its binding to
eIF4G and stimulating mRNA translation
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Sepsis blunts the ability of nutrient signaling by leucine to stimulate skeletal muscle protein synthesis by impairing translation ini-
tiation. The present study tested the hypothesis that overproduction of either tumor necrosis factor (TNF)-α or glucocorticoids me-
diate the sepsis-induced leucine resistance. Prior to producing peritonitis, rats received either vehicle, TNF binding protein (TNFBP)
to inhibit endogenous TNFα action, and/or the glucocorticoid receptor antagonist RU486. Leucine was orally administered to all
rats 24 h thereafter and the gastrocnemius removed 20 min later to assess protein synthesis and signaling components important
in controlling peptide-chain initiation. Muscle protein synthesis was 65% lower in septic rats administered leucine than in leucine-
treated control animals. This reduction was not prevented by either TNFBP or RU486 alone, but was completely reversed by the
combination. This sepsis-induced leucine resistance was associated with an 80% reduction in the amount of active eIF4E·eIF4G
complex, a 5-fold increase in the formation of the inactive eIF4E·4E-BP1 complex as well as markedly reduced (at least 70%) phos-
phorylation of 4E-BP1, eIF4G, S6K1, S6, and mTOR. Pretreatment of septic rats with either TNFBP or RU486 individually only nominally
improved the leucine action as assessed by the above-mentioned endpoints. In contrast, when TNFBP and RU486 were co-ad-
ministered, the ability of sepsis to impair the leucine-stimulated phosphorylation of 4E-BP1, eIF4G, S6K1, and S6 as well as the re-
distribution of eIF4E was essentially prevented. No differences in the total amount or phosphorylation of eIF2α and eIF2Bε were
detected between the different groups, and changes could not be attributed to differences in the prevailing plasma concen-
tration of insulin or leucine. Our data demonstrate the sepsis-induced leucine resistance in skeletal muscle results from the coop-
erative interaction of both TNFα and glucocorticoids.
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(1). Additionally, leucine stimulates
phosphorylation and activation of S6K1
(1,2,9,10). This leucine-induced hyper-
phosphorylation of S6K1 is largely inhib-
ited by rapamycin implicating mTOR in
the activation of this downstream kinase
(2,14). Leucine-induced activation of
S6K1 leads to phosphorylation of the
physiological substrate rpS6 and is
tightly correlated with a proportional in-
crease in in vivo protein synthesis (5,15)

A defining characteristic of sepsis is
the negative nitrogen balance which
leads to the erosion of lean body mass
(16). This sepsis-induced muscle catabo-
lism results from an increase in protein
degradation and a decrease in protein
synthesis (15,17,18). The decreased mus-
cle protein synthesis produced by acute
peritonitis results from a defect in trans-
lation initiation characterized by the re-
duced constitutive phosphorylation of
4E-BP1 and S6K1/rpS6 (15). A reduction
in peptide-chain initiation and protein
synthesis is also observed in response to
elevated tumor necrosis factor (TNF)-α
and glucocorticoids, both of which are
increased by sepsis (19–22). Furthermore,
sepsis and endotoxin impair the normal
protein synthetic response to leucine
(15,23). Therefore, because sepsis in-
creases secretion of both TNFα and glu-
cocorticoids and because these im-
munomodulators impair protein
synthesis, the purpose of the present
study was to determine their potential
role in mediating the sepsis-induced
leucine resistance. Hence, septic rats
were pretreated with TNF binding pro-
tein (TNFBP) and/or the glucocorticoid
receptor antagonist RU486 to block the
endogenous actions of these catabolic
stimuli and determine whether they pre-
vented the sepsis-induced decrement in
leucine action via alterations in cell sig-
naling pathways known to regulate
translation initiation.

MATERIALS AND METHODS

Experimental Protocols
Male Sprague-Dawley rats (200-225 g;

Charles River Breeding Laboratories,

Cambridge, MA) 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 ad-
hered to National Institutes of Health
guidelines for the use of experimental ani-
mals. Sepsis was induced by cecal ligation
and puncture (CLP). Rats were anes-
thetized with pentobarbital (50-60 mg/kg)
and a midline laparotomy was performed.
The cecum was ligated at its base and
punctured twice using a 20G needle. The
cecum was returned to the peritoneal
cavity, the muscle and skin layers closed,
and rats were resuscitated with 10 mL of
0.9% sterile saline administered subcuta-
neously. The nonseptic control animals
received a laparotomy with intestinal
manipulation and were resuscitated.
After surgery, animals were fasted but
permitted free access to water. Hence,
any observed changes between septic and
nonseptic rats cannot be attributed to dif-
ferences in nutritional status.

Septic and nonseptic rats were admin-
istered 1.35 g/kg BW leucine (54 g/L)
by oral gavage 24 h after CLP. This dose
of leucine was selected because it is the
amount consumed in a 24-h period
when rats of this age and strain are pro-
vided free access to food (15). This
leucine dose maximally stimulates mus-
cle protein synthesis and indices of
translation initiation in nonseptic rats
(24). Finally, this leucine dose increases
the plasma leucine concentration to ap-
proximately 1500 μmol/mL (15), which
is 2- to 3-fold greater than seen in meal-
fed rats (25); this increase was compara-
ble in control and septic rats (15 and cur-
rent study).

To determine the role of endogenously
produced TNFα, septic rats were injected
subcutaneously with TNFBP (1 mg/kg,
1 mL/rat; Amgen, Boulder, CO), an
antagonist of TNFα action, 4 h prior to
CLP. The dose of TNFBP and timing of the
initial injection were chosen based on the
peak plasma TNF levels (60-80 pg/mL)
4 h after induction of sepsis in this model

(26) and previous pharmacokinetic stud-
ies (data not shown) demonstrating the
plasma concentrations of TNFBP remain
above 500 ng/mL for at least 12 h after
subcutaneous injection of 1 mg/kg
TNFBP. Therefore, by injecting the TNFBP

4 h prior to induction of sepsis, we were
assured of relatively high concentrations
of TNFBP throughout the septic insult. A
lower dose of TNFBP, albeit in baboons,
was sufficient to completely neutralize
the massive increase in circulating TNFα
induced by E. coli bacteremia (27). The
dose of TNFBP used in the current study
is sufficient to prevent the sepsis-induced
redistribution of eIF4E between active
and inactive complexes in cardiac muscle
under basal conditions (28). Finally, this
dose of TNFBP completely inhibits the in-
crease in atrogin-1, believed to be respon-
sible for the increased protein degrada-
tion, after an exogenous infusion of
TNFα which raises the plasma TNFα
concentration to values above that seen in
CLP (29). Collectively, these studies sup-
port the contention that the dose of
TNFBP was not limiting under the present
experimental conditions. To determine
the role of glucocorticoids in modulating
the sepsis-induced change in leucine ac-
tion septic rats were injected subcuta-
neously with the type II glucocorticoid
receptor antagonist RU486 (20 mg/kg,
Mifepristone; Sigma, St. Louis, MO)
30 min prior to CLP. This or lower doses
of RU486 prevents the glucocorticoid-
induced increase in muscle proteolysis
(18) and the endotoxin-induced decrease
in plasma IGF-I (30). Finally, additional
septic rats were injected with both TNFBP

and RU486 (1 mg/kg and 20 mg/kg, re-
spectively) prior to CLP. Nonseptic ani-
mals administered TNFBP and RU486
were not included in the presented study
because our preliminary data (n = 5 per
group) indicated there was no statistically
significant difference in the rate of mus-
cle protein synthesis between naive con-
trol animals (1.21 ± 0.09 nmol Phe/mg
protein/hour) and those treated with
TNFBP or RU486 (1.15 ± 0.11 and 1.22 ±
0.08 nmol Phe/mg protein/hour, respec-
tively). Furthermore, these drugs did not
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alter the phosphorylation of 4E-BP1 and
S6 in muscle, compared with values from
untreated control rats (data not shown).

Finally, in a 3rd study, rats were
injected via a lateral tail vein with
L-[2,3,4,5,6-3H]-phenylalanine (Phe;
150 mM, 30 μCi/mL; 1 mL/100 g body
weight) 10 min after administration of
leucine or saline for in vivo determina-
tion of muscle protein synthesis
(15,19,20). Rats were then anesthetized
with pentobarbital and the gastrocne-
mius was freeze-clamped 10 min after
injection of Phe (i.e., 20 min after
leucine). Thereafter, blood was collected
from the abdominal aorta to measure
plasma Phe specific radioactivity. Blood
was centrifuged and plasma was col-
lected. In this study and all others, tissue
and plasma samples were stored at
–70 °C until analyzed. Muscle was
powdered and a portion used to esti-
mate the rate of incorporation of [3H]Phe
into protein exactly as previously de-
scribed (15,19,20).

Immunoprecipitation and Western
Blotting

The tissue preparation was exactly as
described by our laboratory (15,19,20,23).
Briefly, muscle homogenates were pre-
pared in a 1:4 ratio of ice-cold homogeniza-
tion buffer (20 mM HEPES, pH 7.4, 2 mM
EGTA, 50 mM NaF, 100 mM KCl, 0.2 mM
EDTA, 50 mM β-glycerophosphate, 1 mM
DTT, 0.1 mM PMSF, 1 mM benzamidine,
0.5 mM sodium vanadate) and clarified
by centrifugation. The supernatant was
aliquoted and mixed with an equivalent
volume of sample buffer. The samples
were subjected to electrophoresis on ei-
ther a 7.5% polyacrylamide gel for S6K1,
a 15% polyacrylamide gel for phosphory-
lated S6 and 4E-BP1, and 6% gel for
mTOR, and proteins electrophoretically
transferred to PVDF. The blots were incu-
bated with either primary antibodies to
total S6K1 (no. 230, Santa Cruz Biotech-
nology, Santa Cruz, CA), phospho-
specific S6K1 (Thr421/Ser424 or Thr389;
Cell Signaling Technology, Beverly, MA),
total 4E-BP1 (Bethyl Laboratories, Mont-
gomery, TX), phospho-specific 4E-BP1

(Thr37; Cell Signaling), total and phos-
phorylated (Ser 2481) mTOR (Bethyl Lab-
oratories), total and phosphorylated (Ser
1108) eIF4G (Cell Signaling) or phospho-
rylated-S6 (Ser235/Ser236; Cell Signal-
ing). The total amount and the phospho-
rylation state of the α-subunit of eIF2
(Ser51 eIF2α; Cell Signaling) and the 
ε -subunit of eIF2B (Ser535 eIF2Bε;
Biosource International, Camarillo, CA)
in muscle were estimated by protein
immunoblot analysis, as described previ-
ously (19). All blots were washed, incu-
bated with secondary antibody (horse-
radish peroxidase conjugated goat
anti-mouse or goat anti-rabbit), and de-
veloped with enhanced chemilumines-
cence (ECL) Western blotting reagents
as per the manufacturer’s (Amersham)
instructions. The blots were exposed to
X-ray film, developed, and finally
scanned (Microtek ScanMaker IV) and
analyzed using National Institutes of
Health Image 1.6 software.

The 4E-BP1·eIF4E and eIF4G·eIF4E
complexes were quantified as described
(15,19, 20,23). Briefly, eIF4E was im-
munoprecipitated using an anti-eIF4E
monoclonal antibody (gift from Drs. Jef-
ferson and Kimball; Hershey, PA) and
subjected to polyacrylamide gel elec-
trophoresis. The blots were incubated
with a mouse anti-human eIF4E anti-
body, a rabbit anti-rat 4E-BP1 antibody,

or a goat anti-eIF4G antibody. The phos-
phorylated forms of 4E-BP1 were mea-
sured after immunoprecipitation of 4E-
BP1. The blots were developed with ECL
and the autoradiographs scanned for
analysis as described above.

Plasma Determinations
The plasma insulin concentration was

measured using a commercial radioim-
munoassay (RIA) for rat insulin (Linco
Research, St. Charles, MO). The plasma
leucine concentration was determined by
derivatizing with phenylisothiocyanate,
followed by high-performance liquid
chromatography analysis (15).

Statistical Analysis
Experimental data for each condition

are summarized as means ±SE where the
number of animals was 7-8 for each
treatment group. Statistical evaluation of
the data was performed using ANOVA
followed by Student-Neuman-Keuls test
to determine treatment effect. Differences
between the groups were considered sig-
nificant when P < 0.05.

RESULTS

Alteration in Muscle Protein Synthesis
Protein synthesis in the gastrocnemius

was 65% lower in septic rats administered
leucine, compared with values from the

R E S E A R C H  A R T I C L E
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Figure 1. Effect of sepsis on leucine (Leu)-stimulated muscle protein synthesis Sal=saline;
BP=TNFBP; and RU=RU486. Values are means ± SEM; n = 6-7 rats per group. Means with dif-
ferent letters are statistically different from each other (P < 0.05).



control + leucine group (Figure 1). This
lower synthetic rate was not prevented by
either TNFBP or RU486 alone, but was
completely reversed by the combination.

Alterations in eIF4E Distribution
The cellular mechanism by which sep-

sis induces muscle leucine resistance was
investigated by analyzing known regula-
tory steps in translational control. The
ability of leucine to increase the amount
of the active eIF4E·eIF4G complex in
muscle was reduced by 90% in septic
rats, compared with values from leucine-
treated control rats (Figure 2). Pretreat-
ment of septic rats with either TNFBP or
RU486 alone slightly, albeit significantly,
increased the action of leucine on this as-
sociation. However, the amount of the

eIF4E·eIF4G complex was still reduced
more than 80%, compared with control
rats administered leucine. In contrast, the
ability of leucine to increase eIF4G bind-
ing with eIF4E was not different in septic
rats treated with both TNFBP + RU486,
compared with values in the control +
leucine group. None of the changes in
eIF4E·eIF4G complex formation could be
ascribed to sepsis-, drug-, or nutrient-
induced changes in the total amount of
eIF4E in muscle (Figure 2B).

Conversely, the amount of the inactive
eIF4E·4E-BP1 complex was 5-fold greater
in septic rats administered leucine, com-
pared with values from control rats
given leucine (Figure 3). Because the hy-
perphosphorylated γ -isoform of 4E-BP1
cannot bind to eIF4E, the eIF4E immuno-

precipitate contains the 2 nonphosphory-
lated α- and β- isoforms of 4E-BP1 which
resolve as a doublet on Western blot
analysis (Figure 3A). Pretreatment of
septic rats with either TNFBP or RU486
individually reduced the amount of the
inactive complex by 30%, but the amount
remained elevated compared with con-
trol + leucine group. A further reduction
in eIF4E·4E-BP1 was seen in septic rats
co-administered both TNFBP and RU486;
however, the amount of inactive complex
was still greater than values in leucine-
gavaged control animals.

Phosphorylation of 4E-BP1 and eIF4G
To define the mechanism through

which sepsis modulates eIF4E availabil-
ity we examined the phosphorylation
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Figure 2. Effect of sepsis on leucine (Leu)-stimulated association
of eIF4G with eIF4E in skeletal muscle. Panel A; eIF4E was immuno-
precipitated (IP) and the amount of eIF4G bound to eIF4E as-
sessed by immunoblotting (IB); Panel B; representative Western
blot of total eIF4E; bar graph; densitometric analysis of im-
munoblots of eIF4G associated with eIF4E, where the value from
septic rats treated with Leu and without additional drug adminis-
tration (Sal) was set at 1.0 AU (arbitrary units). Values are means ±
SEM; n = 7-8 per group. Means with different letters are statistically
different from each other (P < 0.05).

Figure 3. Effect of sepsis on leucine (Leu)-induced changes in the
binding of 4E-BP1 to eIF4E in skeletal muscle. Panel A: eIF4E was
immunoprecipitated (IP) and the amount of 4E-BP1 bound to
eIF4E assessed by immunoblotting (IB); Panel B; representative
Western blot of total eIF4E; and bar graph, densitometric analysis
of immunoblots of 4E-BP1 associated with eIF4E, where the value
from septic rats treated with Leu and without additional drug ad-
ministration (Sal) was set at 1.0 AU. Values are means ± SEM; n = 7-
8 per group. Means with different letters are statistically different
from each other (P < 0.05).



state of 4E-BP1. The above mentioned
changes in eIF4E distribution in the sep-
sis + leucine group were associated with
an 80% decrease in the hyperphosphory-
lated γ -isoform of 4E-BP1, compared
with values from the control + leucine
group (Figure 4). In septic rats, a modest
leucine-induced increase in 4E-BP1 phos-
phorylation was seen in rats treated with
either TNFBP or RU486 alone. However,
when both agents were administered to-
gether the responsiveness of septic rats
to leucine was the same as control ani-
mals. Phosphorylation of 4E-BP1 is or-
dered and hierarchical, with Thr37 and
Thr46 being the initial residues phospho-
rylated (31). The sepsis and/or leucine-
induced changes in Thr37-phosphoryla-
tion of 4E-BP1 were comparable to those
described for the γ -isoform of 4E-BP1
(data not shown).

The interaction between eIF4E and
eIF4G can also be regulated in part by
the phosphorylation of eIF4G which is
enhanced by mitogen and serum stimu-
lation and conversely inhibited by ra-
pamycin (32). The phosphorylation of
eIF4G in response to leucine was 80%
less in muscle from septic rats than in
control animals given leucine (Figure 5).
Individually TNFBP or RU486 moder-
ately ameliorated the sepsis-induced in-
hibition of leucine-stimulated eIF4G
phosphorylation. However, muscle from
septic rats treated with TNFBP + RU486
in combination exhibited the same ex-
tent of eIF4G phosphorylation as control
animals given leucine. Changes in
eIF4G phosphorylation were not due to
a leucine- or sepsis-induced alteration in
the content of total eIF4G in muscle
(Figure 5B).

S6K1 and S6 Phosphorylation
In muscle from leucine-treated control

rats, there was an intensive band indicat-
ing Thr389-phosphorylation of S6K1
(Figure 6A). Phosphorylation of this
residue is necessary for full and func-
tional activation of S6K1 (33). In contrast,
there was essentially no S6K1 phospho-
rylation in muscle of leucine-treated sep-
tic rats. Pretreatment of septic rats with
either TNFBP or RU486 alone failed to im-
prove leucine responsiveness. However,
the extent of S6K1 Thr389-phosphoryla-
tion was the same in septic rats adminis-
tered the TNFBP + RU486 combination
and leucine-treated control animals.
Comparable changes in the phosphoryla-
tion of S6K1 at residue Thr421/Ser424 in
the autoregulatory domain were also ob-
served in response to leucine and/or
sepsis (data not shown).

R E S E A R C H  A R T I C L E
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Figure 4. Effect of sepsis on leucine (Leu)-stimulated phosphoryla-
tion of 4E-BP1. Top panel: is a representative immunoblot for total
4E-BP1 and the positions of the α-, β-, and γ -isoforms are indi-
cated; bar graph: represents densitometric analysis of the hyper-
phosphorylated γ -isoform of 4E-BP1. The value from septic rats
treated with Leu and without additional drug administration (Sal)
was set at 1.0 AU. Values are means ± SEM; n = 7-8 per group.
Means with different letters are statistically different from each
other (P < 0.05).

Figure 5. Effect of sepsis on leucine (Leu)-stimulated phosphoryla-
tion of eIF4G. Panels A and B: a representative immunoblot of
Ser1108-phosphorylated (P) and total eIF4G; bar graph: densito-
metric analysis of eIF4G phosphorylation where the value from
septic rats treated with Leu and without additional drug adminis-
tration (Sal) was set at 1.0 AU. Values are means ± SEM; n = 7-8
per group. Means with different letters are statistically different
from each other (P < 0.05).



The S6 protein is a component of the
40S ribosome and a downstream sub-
strate for S6K1. The leucine-stimulated
phosphorylation of rpS6 was 90%
lower in septic rats, compared with
muscle from control rats provided
leucine (Figure 6B and bar graph). Indi-
vidually TNFBP or RU486 modestly im-
proved leucine-stimulated rpS6 phos-
phorylation in septic rats. However,
together these agents completely pre-
vented the sepsis-induced suppression
of rpS6 phosphorylation. Again, these
changes where independent of a
change in the total amount of rpS6 pro-
tein (Figure 6C).

mTOR phosphorylation
When leucine was orally administered

to septic rats the extent of mTOR
Ser2481-phosphorylation was reduced
70%, compared with the response seen
in control rats given leucine (Figure 7).
This leucine resistance at the level of
mTOR was not ameliorated by either
TNFBP or RU486 alone. However, the
magnitude of mTOR phosphorylation in
muscle from septic rats given both
agents in combination was not different
from that seen in the control + leucine
group. All sepsis-induced changes were
independent of a change in total mTOR
protein (Figure 7B).

eIF2 and eIF2B
The 1st step in translation initiation is

the formation of a ternary complex con-
sisting of eIF2, GTP, and met-tRNAi (as
reviewed in 34). The binding of met-
tRNAi to the 40S subunit to form the 43S
pre-initiation complex is mediated by
eIF2, of which the α-subunit appears im-
portant in regulating protein synthesis.
However, the content of eIF2α in gastroc-
nemius did not differ between leucine-
treated control and septic rats (541 ± 46
vs 522 ± 39 AU, respectively; n = 5-6 per
group, P = NS). eIF2α also undergoes re-
versible phosphorylation and the extent
of phosphorylation is inversely propor-
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Figure 6. Effect of sepsis on leucine (Leu)-stimulated phosphoryla-
tion of S6K1 and ribosomal protein (rp) S6. Panel A: a representa-
tive immunoblot for the phosphorylation of the Thr389 site of S6K1;
panel B: a representative immunoblot for the phosphorylation of
rpS6 at Ser235/Ser236; panel C: representative immunoblot for
total rpS6; bar graph: the densitometric analysis of rpS6 phospho-
rylation of Ser235/Ser236 where the value from septic rats treated
with Leu and without additional drug administration (Sal) was set
at 1.0 AU. Values are means ± SEM; n = 7-8 per group. Means with
different letters are statistically different from each other (P < 0.05).

Figure 7. Effect of sepsis on leucine (Leu)-stimulated phosphoryla-
tion of mTOR (mammalian target of rapamycin). Top and middle
panels; a representative immunoblot of Ser2481-phosphorylated
(p) and total mTOR, respectively; bar graph: densitometric analy-
sis of mTOR phosphorylation where the value from septic rats
treated with Leu and without additional drug administration (Sal)
was set at 1.0 AU. Values are means ± SEM; n = 7-8 per group.
Means with different letters are statistically different from each
other (P < 0.05).



tional to changes in protein synthesis
(34). However, there was no difference
in eIF2α phosphorylation between con-
trol + leucine and septic + leucine groups
(224 ± 32 vs 231 ± 27 AU, respectively;
P = NS). The ability of eIF2 to form a ter-
nary complex is also modified by eIF2B
which catalyzes guanine nucleotide ex-
change and is required to regenerate the
active eIF2·GTP complex. In the present
study, there was no significant difference
in the relative amount of total (755 ± 62
vs 791 ± 58 AU; P = NS) and phosphory-
lated (334 ± 21 vs 344 ± 32 AU; P = NS)
eIF2Bε in muscle from control and septic
rats administered leucine. Finally, pre-
treatment of septic rats with TNFBP or
RU486 either alone or in combination
also did not significantly alter the total
amount or phosphorylation of eIF2α or
eIF2Bε (data not shown). Collectively,
these data suggest an alteration in the
eIF2/eIF2B system is an unlikely locus
for the sepsis-induced leucine resistance.

Plasma Insulin and Leucine
The prevailing plasma concentration of

the anabolic hormone insulin affects
translation initiation via alterations in
eIF4E distribution and the phosphory-
lation of S6K1 (1,2,5–10). However, the
insulin concentration of rats in the con-
trol + leucine group (1.01 ± 0.13 ng/mL)
was not significantly different from sep-
tic rats administered leucine without pre-
treatment (1.12 ± 0.11 ng/mL) or septic
rats pretreated with TNFBP, RU486, or
TNFBP + RU486 (1.24 ± 0.21, 1.09 ± 0.14
and 1.28 ± 0.16 ng/mL, respectively).
Likewise, differences in the rate of leucine
absorption or clearance would alter the
plasma leucine concentration between
groups and might account for differences
in the phosphorylation of signaling inter-
mediates. However, again, the leucine
concentration was not statistical different
between animals in the control + leucine
group (1323 ± 319 μmol/L) and the sep-
tic + leucine group (1524 ± 211 μmol/L),
or septic rats pretreated with TNFBP,
RU486, or TNFBP + RU486 (1487 ± 231,
1515 ± 198, and 1299 ± 240 μmol/L, re-
spectively). Hence, the ability of TNFBP +

RU486 to prevent the sepsis-induced
leucine resistance could not be attributed
to differences in the prevailing blood
concentration of insulin or leucine.

DISCUSSION
The present study assessed the relative

importance of two known catabolic me-
diators, TNFα and glucocorticoids, as
physiological regulators of the leucine re-
sistance produced acutely by peritonitis.
Our data confirm sepsis produced by
CLP decreases the anabolic action of
leucine as evidenced by the decreased
phosphorylation of 4E-BP1, eIF4G, S6K1,
and rpS6 as well as the redistribution
of eIF4E from the active eIF4E·eIF4G
complex to the inactive eIF4E·4E-BP1
complex. Collectively, these changes are
consistent with the diminished ability
of leucine to stimulate protein synthesis
in muscle of septic rats (current study
and 4,15) as well as the diminished ana-
bolic response to nutritional support ob-
served in septic patients (35). This sepsis-
induced leucine resistance appears
independent of changes in translation
initiation mediated by the eIF2/eIF2B
system. However, we cannot exclude the
potential importance of this system in
more chronic (for example, 5 days) septic
models where eIF2Bε has been shown to
be reduced (36).

Among amino acids, leucine occupies
a central role in the regulation of post-
prandial stimulation of muscle protein
synthesis (1). While the mechanism by
which myocytes “sense” leucine is
poorly defined, the nutrient signal
clearly stimulates mTOR activity
(2,5,6,10,23). Our current data indicate
that individually TNFBP and RU486 sta-
tistically improved leucine signaling via
both the 4E-BP1 and S6K1 pathways in
septic animals, although this was not re-
flected in a significant increase in the au-
tophosphorylation of mTOR. The reason
for this apparent discrepancy is un-
known but may indicate mechanisms
other than Ser2481-phosphorylation are
important in controlling mTOR activity.
Regardless, the large majority of the sep-
sis-induced decrement in leucine respon-

siveness still remained when TNFα or
glucocorticoids were individually inhib-
ited. In contrast, when the in vivo actions
of both TNFα and glucocorticoids were
inhibited in tandem, the leucine respon-
siveness of septic rats was comparable to
that seen in nonseptic control animals.
Overall, these novel findings suggest
TNFα and glucocorticoids interact in a
cooperative manner to regulate nutrient
signaling in skeletal muscle.

Our results also indicate the mecha-
nism for the sepsis-induced muscle
leucine resistance differs from the mech-
anism mediating the decrease in basal
protein synthesis seen in the post-
absorptive state. In previous studies,
treatment of septic rats with agents
which decrease TNFα synthesis or
antagonize its actions prevented the
decrease in protein synthesis and transla-
tion initiation as well as the accompany-
ing loss of muscle protein (36,37). These
data are consistent with the ability of a
sustained infusion of recombinant TNFα
to decrease basal peptide-chain initiation
and protein synthesis in fasted rats (20).
In contradistinction, in the current study
the inhibition of TNFα bioactivity alone
only nominally improved leucine signal-
ing. Likewise, inhibition of endogenous
glucocorticoids by RU486 also failed to
prevent the sepsis-induced leucine resist-
ance. This finding complements earlier
reports indicting the sepsis-induced de-
crease in basal muscle protein synthesis is
also glucocorticoid-independent (18,38).
These results were unexpected because
the synthetic glucocorticoid dexametha-
sone markedly decreases both basal and
leucine-stimulated muscle protein syn-
thesis via defects in translation initiation
(21,22). Collectively, these data suggest
the alterations in protein synthesis pro-
duced by large doses of the synthetic
glucocorticoid dexamethasone may not
faithfully mimic the protein metabolic ef-
fects produced by the increased secretion
of endogenous glucocorticoids. One pos-
sible explanation for the ineffectiveness
of RU486 in the current study is the ele-
vation in endogenous corticosterone nat-
urally suppresses the inflammatory in-
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sult produced by sepsis thereby limiting
severity (39). Hence, RU486 treatment of
septic rats potentially unmasks or ac-
centuates inhibitory effects of other
mediators, such as TNFα. In this regard,
RU486 increases the early sepsis-
induced increase in NF-κB activation
in muscle (40) and increases cytokine
production in septic or endotoxemic
animals (41,42). Collectively, these find-
ings are consistent with reports that
adrenalectomized rats and intact rats
treated with RU486 are more susceptible
to the lethal effects of endotoxin, sepsis,
IL-1, and TNFα (41–43).

Alternatively, the need to antagonize
both TNFα and glucocorticoid actions to
prevent the sepsis-induced leucine re-
sistance may also suggest endogenous
glucocorticoids are necessary for the full
inhibitory effect of TNFα on skeletal
muscle protein synthesis to be mani-
fested. The evidence supporting such a
permissive effect of glucocorticoids on
enhancing sensitivity of various meta-
bolic and humoral immune responses
has been reviewed (39,44). For example,
it is generally accepted that the permis-
sive effects of glucocorticoids are neces-
sary for the optimal glycogenolytic
effects of catecholamines and the gluco-
neogenic effects of glucagon which com-
bine to maintain glucose homeostasis
under stress conditions (45). Moreover,
glucocorticoids enhance selected compo-
nents of the innate immune system. In
this regard, pretreatment of humans
with cortisol prior to endotoxin increased
circulating concentrations of TNFα and
IL-6 (46). Furthermore, glucocorticoids
act synergistically with either cytokines
or endotoxin to increase other diverse
inflammatory mediators, such toll-like
receptor-2 mRNA and protein (47), IL-6
receptor number (48), and under some
conditions the acute-phase protein
response (49).

At the molecular level the cooperative
effect between glucocorticoids and
TNFα is poorly characterized but, theo-
retically, could result from an upregula-
tion of the glucocorticoid receptor num-
ber in muscle and/or the concentration

of the free intracellular glucocorticoid to
which receptors are exposed. In this re-
gard, glucocorticoid receptor mRNA and
protein as well as binding activity are in-
creased in skeletal muscle of septic rats
(50). Additionally, inflammation-induced
alterations in 11β-hydroxysteroid dehy-
drogenase (11βHSD) enzyme activity can
alter the equilibrium between the con-
centration of the active glucocorticoid
(i.e., cortisol in humans, corticosterone
in rodents) and their inert 11-keto
metabolite (i.e., cortisone and 11-dehy-
drocorticosterone, respectively). Endo-
toxin and inflammatory cytokines in-
hibit 11βHSD type 2 and reciprocally
increase the activity of 11βHSD type 1
thereby increasing the tissue concentra-
tion of the active steroid (51,52). Such an
increase in the bioactivity of glucocorti-
coids within muscle would be expected
to impair translational control of protein
synthesis. In addition, glucocorticoids
also increase the expression of a variety
of cytokine receptors, including TNFα
and IL-6 (53,54), which would be ex-
pected to enhance their bioactivity. At
this time, it appears that both glucocorti-
coids and TNFα impair peptide-chain
initiation via similar defects in mTOR-
mediated mechanisms. However, we
cannot exclude the possibility that these
immunomodulators could also activate
unique and separate signal transduction
pathways.

In conclusion, the ability of sepsis to
produce this leucine resistance was not
prevented by antagonizing the bioactiv-
ity of either TNFα or glucocorticoids
individually. However, when septic rats
were administered TNFBP and RU486
in combination, the ability of leucine
to stimulate the phosphorylation of
4E-BP1, S6K1, and rpS6, increase the
amount of the functional eIF4F complex,
and stimulate protein synthesis in mus-
cle was completely normalized. These
data suggest TNFα and glucocorticoids
function in a cooperative manner to inte-
grate the physiological whole-body re-
sponse to sepsis and impair leucine-
stimulated mTOR-mediated translation
initiation.
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