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Abstract

Inhibition of translational efficiency is responsible at least in part for the sepsis-induced decrease in protein synthesis observed in skeletal

muscle. Moreover, infusion of the inflammatory cytokine tumor necrosis factor a (TNF-a) into naive rats produces a comparable decrement.

Therefore, the purpose of the present study was to determine whether inhibition of TNF action under in vivo conditions could prevent the

sepsis-induced decrease in translation initiation observed in the postabsorptive state. To address this aim, sepsis was produced by cecal

ligation and puncture (CLP) and rats were studied in the fasted condition 20 to 24 hours thereafter. Both septic and time-matched nonseptic

control rats were pretreated with TNF-binding protein (TNFBP) before CLP or sham surgery to neutralize endogenously produced TNF.

Sepsis altered the distribution of eukaryotic initiation factor 4E (eIF4E) in the gastrocnemius by increasing the amount associated with

4E-BP1 (inactive complex) and decreasing the amount bound to eIF4G (active complex). This change in eIF4E availability was associated

with a decreased phosphorylation of 4E-BP1. Furthermore, the phosphorylation of ribosomal protein S6 and mammalian target of rapamycin

(mTOR) was also decreased in the gastrocnemius from septic rats. Pretreatment of septic rats with TNFBP largely ameliorated the altered

distribution of eIF4E as well as the reduced phosphorylation of 4E-BP1, S6, and mTOR. In contrast, sepsis did not change either the total

amount or the phosphorylation state of eIF2a or eIF2Be. Furthermore, no sepsis-induced change in eIFs was detected in the slow-twitch

soleus muscle. The ability of TNFBP to prevent the sepsis-induced alterations in translation initiation was independent of change in plasma

insulin and proportional to the insulinlike growth factor I content in blood and muscle but was associated with a reduction in plasma

corticosterone. Hence, the decreased constitutive protein synthesis observed in fast-twitch skeletal muscle in response to peritonitis is

mediated by a TNF-dependent mechanism affecting mTOR regulation of translation initiation.

D 2007 Published by Elsevier Inc.
1. Introduction

Negative nitrogen balance and the loss of muscle

protein are hallmarks of gram-negative sepsis [1]. The

erosion of lean body mass in this condition results from

both a decrease in muscle protein synthesis and an increase

in proteolysis [2-5]. Previous work in animal models of

sepsis indicates the impairment of protein synthesis occurs

in muscles with a predominance of fast-twitch fibers (eg,

gastrocnemius) as opposed to slow-twitch fibers (eg,

soleus) [5]. Moreover, the sepsis-induced inhibition of

protein synthesis primarily results from a decrease in
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translational efficiency, rather than a decrease in number of

ribosomes [5,6].

The process of messenger RNA (mRNA) translation

involves 3 steps: initiation, elongation, and termination. In

general, impaired muscle protein synthesis induced by

hypermetabolic sepsis in rats results from multiple defects

in the initiation phase of translation [7]. Initiation is

regulated by a large number of protein factors, termed

eukaryotic initiation factors (eIFs). One of these initiation

factors, eIF2, mediates the first step in initiation, which

involves the attachment of the initiator methionyl-transfer

ribonucleic acid (tRNA) (met-tRNAi
met) to the 40S ribo-

somal subunit to form the 43S preinitiation complex [8].

Moreover, the activity of eIF2 can be modulated by the

activity of another initiation factor, eIF2B [9]. A decrease in

the amount of catalytic e subunit of eIF2B has been reported

in some models of chronic peritonitis [10,11].
xperimental 56 (2007) 49–57
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A second regulatory step in initiation involves the

binding of mRNA to the 43S preinitiation complex that is

mediated by eIF4F [12]. The stable ternary complex referred

to as eIF4F plays a pivotal role in controlling peptide-chain

initiation by regulating the recruitment of the 43S preinitia-

tion complex to the mRNA. The eIF4F complex is

heterotrimeric (eg, eIF-4E, -4G, and -4A) and, of these

subunits, eIF4E is considered rate limiting in the binding of

mRNA to ribosomes [13]. eIF4E has high affinity for the

m7GTP cap structure present at the 5V end of all nuclear

transcribed mRNAs and is necessary for formation of the

eIF4EdmRNA complex. During translation initiation, the

eIF4EdmRNA complex interacts with eIF4G and eIF4A to

form the active eIF4F holoenzyme, thereby allowing cap-

dependent translation to proceed. In muscle, the interaction

between eIF4E and the scaffold protein eIF4G is controlled

in part by the eIF-4E binding protein 1 (BP-1) that functions

as a cap-dependent translational repressor [14]. This binding

protein obstructs the interaction of eIF4G with eIF4E and

thereby limits the assembly of the active eIF4F complex.

The increased phosphorylation of 4E-BP1 releases it from

eIF4E and consequently facilitates the binding of eIF4E

with eIF4G. Both sepsis and endotoxemia decrease consti-

tutive 4E-BP1 phosphorylation in skeletal muscle [3,15,16],

but the physiologic mechanism producing this change

remains poorly understood.

Regulation of mRNA translation is also exerted by the

multisite phosphorylation and activation of the serine (Ser)/

threonine (Thr) protein kinase S6K1 [17]. This activation

may play a role in the translational regulation of the mRNA

family that encodes proteins containing a terminal oligopyr-

imidine (TOP, eg, 5V-TOP) tract downstream of their

transcription initiation site [18], although this remains an

area of controversy [19,20]. Currently, the mechanism by

which sepsis decreases the phosphorylation of S6K1 and its

physiologic downstream substrate, ribosomal protein (rp)

S6, remains unknown.

The proinflammatory cytokine tumor necrosis factor a
(TNF-a) is synthesized and secreted by numerous cell types

and tissues in response to bacterial infection or lipopoly-

saccharide (endotoxin). Cytokines can potentially modulate

cellular functions either locally in an autocrine/paracrine

manner or at sites distant from their origin of synthesis in a

manner consistent with that of endocrine hormones.

Although blood-borne cytokines are primarily derived from

macrophage-rich tissues, nonimmune tissues (eg, striated

muscle) also synthesize TNF-a and other inflammatory

cytokines [21,22]. Hence, an elevation in the circulating or

tissue concentration of TNF-a has been posited to alter a

wide array of metabolic functions. In this regard, exoge-

nous TNF-a both increases muscle proteolysis [23] and

decreases muscle protein synthesis and selected aspects of

mRNA translation [24]. Conversely, pretreatment of rats

with agents that decrease circulating TNF-a have been

reported to improve muscle protein balance in septic rats by

preventing either the elevated rate of proteolysis or the
decreased rate of muscle protein synthesis [23,25-27],

although the underlying mechanisms for these changes

are not fully elucidated. Therefore, the purpose of the

present study was to focus on the synthetic side of the

protein balance equation by assessing selected regulatory

elements that control translation initiation and protein

synthesis. To define the cellular mechanism by which

endogenous TNF-a impairs muscle protein synthesis, septic

and time-matched control rats were pretreated with TNF-

binding protein (TNFBP), and selected regulatory steps

controlling peptide-chain initiation were assessed in both

slow- and fast-twitch skeletal muscle.
2. Materials and methods

2.1. Animals and experimental protocols

Male Sprague-Dawley rats weighing 200 to 225 g were

purchased from Charles River Breeding Laboratories (Cam-

bridge, MA). Rats were acclimated for 1 week in a light-

controlled room (12 hours light/12 hours dark cycle) under

constant temperature. 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 (NIH) guidelines

for the use of experimental animals.

Rats were injected subcutaneously with TNFBP (1 mg/kg,

1 mL/rat; Amgen, Boulder, CO) to determine the potential

role of endogenously produced TNF-a as a mediator of the

sepsis-induced changes in signal transduction. TNFBP is a

dimeric, polyethylene glycol–linked form of the human p55

soluble TNF receptor that antagonizes the actions of TNF-a
[28]. The timing and dose of the synthetic TNF receptor are

based on previous work demonstrating its effectiveness in

preventing the sepsis-induced loss of skeletal muscle protein

mass [25]. Four hours after TNFBP administration, rats were

anesthetized with pentobarbital sodium (50-60 mg/kg), a

midline laparotomy was performed, and sepsis was produced

by cecal ligation and puncture (CLP). The cecum was ligated

at its base and punctured twice with a 20-g needle, returned

to the peritoneal cavity, and the muscle and skin layers were

individually closed. Rats were resuscitated with 10 mL of

0.9% sterile saline administered subcutaneously. Time-

matched nonseptic control animals were subjected to a

midline laparotomy with intestinal manipulation, and resus-

citated with the same volume of saline. During the operation,

rats were placed on a warming pad to maintain body

temperature. After surgery, food was withheld but the

animals were permitted free access to water. Hence, observed

changes between septic and nonseptic rats cannot be

attributed to differences in food intake or nutritional status.

Twenty to 24 hours after CLP, rats were anesthetized and a

blood sample was collected from the abdominal aorta into a

heparinized syringe. Thereafter, skeletal muscle (gastrocne-

mius and soleus) was excised and a portion homogenized,



Fig. 1. Sepsis-induced changes in the binding of 4E-BP1 with eIF4E in the

gastrocnemius muscle. Rats were subjected to CLP to induce sepsis and

studied approximately 18 to 20 hours thereafter; nonseptic control rats

underwent sham surgery and were time-matched and pair-fed. Four hours

before CLP, rats were injected subcutaneously with either TNFBP or an

equal volume of saline (1 mL). A, eIF4E was immunoprecipitated (IP) and

the amount of 4E-BP1 bound to eIF4E assessed by immunoblotting (IB);

the positions of the a- and b-isoforms are so indicated. B, Representative

Western blot of total eIF4E demonstrating no differences among groups. C,

Bar graph represents densitometric analysis of immunoblots of 4E-BP1

associated with eIF4E, where the value from the control + saline (Sal)

group was set at 1.0 AU. Values are means F SEM; n = 9 to 10 rats

per group. Means with different letters are statistically different from each

other ( P b .05).
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and the remaining tissue was freeze-clamped. All blood and

tissue samples were stored at �708C until analyzed.

2.2. Immunoblotting and immunoprecipitation

After immunoprecipitation of 4E-BP1 from tissue homo-

genates, the various phosphorylated forms of 4E-BP1 were

separated by sodium dodecyl sulfate polyacrylamide elec-

trophoresis (SDS-PAGE) and analyzed by protein immuno-

blotting [3,15,16,24]. Other Western blots were performed

using either primary antibodies to total S6K1 (no. 230, Santa

Cruz Biotechnology, Santa Cruz, CA), total 4E-BP1 (Bethyl

Laboratories, Montgomery, TX), phosphospecific 4E-BP1

(Thr37; Cell Signaling Technology, Beverly, MA), total and

phosphorylated (Ser 2448 and Ser2481) mammalian target of

rapamycin (mTOR, Bethyl Laboratories), total and phos-

phorylated S6 (Ser235/Ser236; Cell Signaling), total and

phosphorylated eIF2a (Ser51; Cell Signaling), or total and

phosphorylated eIF2Be (Ser35; Cell Signaling). The blots

were developed by using enhanced chemiluminescence

(Amersham, Pharmacia Biotech, Piscataway, NJ). The blots

were exposed to x-ray film in a cassette equipped with a

DuPont (Boston, MA) Lightning Plus intensifying screen.

After development, films were scanned (Microtek Scan-

Maker IV, Carson, CA) and analyzed using NIH Image 1.6

software (NIH, Bethesda, MD).

The association of eIF4E with either 4E-BP1 or eIF4G

was determined as previously described [16,24]. Briefly,
fresh skeletal muscle was homogenized and eIF4E as well

as 4E-BP1d eIF4E and eIF4Gd eIF4E complexes were

immunoprecipitated from aliquots of 10000g supernatants

by using an anti-eIF4E monoclonal antibody. The antibody-

antigen complex was collected by incubation with BioMag

goat antimouse IgG beads (Perseptive Biosystems, Framing-

ham, MA). The beads were collected by centrifugation and

the supernatants were subjected to electrophoresis either on

a 7.5% polyacrylamide gel for analysis of eIF4G or on a

15% gel to quantify 4E-BP1 and eIF4E. Proteins were then

electrophoretically transferred to nitrocellulose. The mem-

branes were incubated with a mouse antihuman eIF4E

antibody, a rabbit antirat 4E-BP1 antibody, or a rabbit anti-

eIF4G antibody (Bethyl Laboratories). Autoradiographs

were scanned and quantified as described above.

2.3. Isolation of mRNA, nuclease protection assay, and

Northern blotting

Total RNAwas extracted from the gastrocnemius only in

a mixture of phenol and guanidine thiocyanate (TRI

Reagent, Molecular Research Center, Cincinnati, OH) using

the manufacturer’s protocol. RNA was separated from

protein and DNA by the addition of bromocholoropropane

and precipitation in isopropanol. After a 75% ethanol wash

and resuspension in formamide, RNA samples were

quantified by spectrophotometry. Ten micrograms of RNA

was used for each assay. TNF-a was determined by a

commercial multiprobe rat template set (rCK-1; Pharmin-

gen, San Diego, CA) with an in vitro transcription kit

(Pharmingen). The labeled riboprobe was hybridized with

RNA overnight by using a ribonuclease protection assay

(RPA) and the manufacturer’s protocol (Pharmingen).

Protected RNAs were separated by a 5% acrylamide gel

(19:1 acrylamide/bisacrylamide). Gels were transferred to

blotting paper and dried under vacuum on a gel dryer. Dried

gels were exposed to a phosphorimager screen (Molecular

Dynamics, Sunnyvale, CA) and the resulting data were

quantified with ImageQuant software and normalized to the

rat ribosomal protein L32 mRNA signal in each lane, as

previously described [21]. Insulin-like growth factor-I

(IGF-I) mRNA content was determined by Northern blotting

by using capillary transfer to Zeta-Probe GT blotting

membranes (Bio-Rad Laboratories, Hercules, CA). An

800–base pair probe from rat IGF-I (Peter Rotwein, Port-

land, OR) was labeled by a Random Primed DNA Labeling

kit (Roche Molecular Biochemicals, Indianapolis, IN) as

previously described [15]. For normalization of RNA

loading, a rat 18S oligonucleotide was radioactively end

labeled with polynucleotide kinase (Amersham), and blots

were stripped, reprobed, and quantified as described above.

2.4. Plasma determinations

Blood was centrifuged and the plasma concentrations of

insulin (Linco Research, St Charles, MO), IGF-I (DSL,

Webster, TX) and corticosterone (DSL) were measured by

commercial radioimmunoassays.



Fig. 2. Sepsis-induced changes in the binding of eIF4G with eIF4E in the

gastrocnemius muscle. Rats were pretreated with either TNFBP or saline

4 hours before CLP or sham surgery, and muscle samples were obtained

18 to 20 hours thereafter. A, eIF4E was immunoprecipitated (IP) and the

amount of eIF4G bound to eIF4E assessed by immunoblotting (IB).

B, Representative Western blot of total eIF4E demonstrating no differences

between groups. C, Bar graph represents densitometric analysis of

immunoblots of eIF4G associated with eIF4E, where the value from the

control + saline (Sal) group was set at 1.0 AU. Values are means F SEM;

n = 9 to 10 rats per group. Means with different letters are statistically

different from each other ( P b .05).

C.H. Lang, R.A. Frost / Metabolism Clinical and Experimental 56 (2007) 49–5752
2.5. Statistical analysis

Data were obtained from separate experimental series

each containing all 4 groups. Experimental values are

presented as means F SE. The number of rats in each

group is indicated in the figure and table legends. Statistical

evaluation of the data was performed by analysis of variance

followed by the Student-Newman-Keuls test to determine

treatment effect (Instat, San Diego, CA). Differences

between the groups were considered significant at P less

than .05.
Fig. 3. Sepsis-induced changes in the phosphorylation of 4E-BP1 in the

gastrocnemius muscle. Rats were pretreated with either TNFBP or saline

4 hours before CLP or sham surgery, and muscle samples were obtained

18 to 20 hours thereafter. A, Representative immunoblot for total 4E-BP1

with the positions of the a-, b-, and c-isoforms indicated; quantitation of all

3 bands indicated there was no sepsis-induced change in total 4E-BP1 (data

not shown). B, Representative immunoblot of phosphorylated (P) 4E-BP1

using a phosphospecific antibody to T37/T46. C, Bar graph represents

densitometric analysis of Thr37 phosphorylation, where the value from

control + saline (Sal) group was set at 1.0 AU. Values are means F SEM;

n = 9 to 10 rats per group. Means with different letters are statistically

different from each other ( P b .05).
3. Results

3.1. Sepsis-induced alterations in eIF4E availability

The mechanistic interactions between sepsis and TNF-a
were investigated under in vivo conditions by analyzing

known regulatory steps in the control of translation

initiation. To this end, the extent of the functional eIF4F

complex was first assessed. Fig. 1 illustrates that the a- and
b-isoforms of 4E-BP1 were detected in eIF4E immunopre-

cipitates of the gastrocnemius and the content of the inactive

eIF4Ed 4E-BP1 complex was increased approximately 80%

compared with control values from time-matched nonseptic

rats. When eIF4E is bound to 4E-BP1 it is unable to interact

with eIF4G to form the active eIF4Ed eIF4G complex. Fig. 2

illustrates under basal conditions the amount of active

eIF4Ed eIF4G complex was reciprocally reduced approxi-

mately 65% by the septic insult, compared with values from
nonseptic control animals. Pretreatment of control rats with

TNFBP did not significantly alter eIF4E distribution between

inactive and active complexes in the gastrocnemius from

control rats. In contrast, TNFBP essentially completely

prevented the sepsis-induced redistribution of eIF4E. Hence,

the amount of eIF4Ed 4E-BP1 and eIF4Ed eIF4G complexes

in the gastrocnemius from the TNFBP + sepsis group was

not different from nonseptic control values (Figs. 1 and 2).

Many catabolic conditions lead to the redistribution of

eIF4E between the active and inactive eIF4F complex via

the actions of the translational repressor molecule 4E-BP1

[12,15,16,24,29]. Hyperphosphorylation of 4E-BP1

decreases the association of the binding protein with eIF4E

and generally increases translation [14]. One-dimensional

SDS-PAGE allows the various phosphorylated forms of

4E-BP1 to be resolved into 3 bands. Fig. 3A illustrates the

amount of 4E-BP1 in the hyperphosphorylated c form was

down-regulated by sepsis and this decrease was prevented

by TNFBP. Comparable results were obtained when a

phosphospecific antibody was used to detect changes in

the phosphorylation state of Thr37/Thr46 in 4E-BP1

(Fig. 3B and C).

3.2. Sepsis-induced changes in S6K1, rpS6, and mTOR

S6K1 also resolves into multiple bands when analyzed

by SDS-PAGE because variable phosphorylation yields

differences in electrophoretic mobilities [17,18]. Hence,



Fig. 4. Sepsis-induced changes in the phosphorylation of S6K1 and the

ribosomal protein (rp) S6 in the gastrocnemius muscle. Rats were pretreated

with either TNFBP or saline 4 hours before CLP or sham surgery, and

muscle samples were obtained 18 to 20 hours thereafter. A, Representative

immunoblot for total S6K1. B and C, Representative immunoblots of

phosphorylated (P) and total rpS6, respectively. D, Bar graph represents

densitometric analysis of rpS6 phosphorylation where the value from the

control + saline (Sal) group was set at 1.0 AU. Values are means F SEM;

n = 9 to 10 rats per group. Means with different letters are statistically

different from each other ( P b .05).

Fig. 5. Sepsis-induced changes of mTOR in the gastrocnemius muscle. Rats

were pretreated with either TNFBP or saline 4 hours before CLP or sham

surgery, and muscle samples were obtained 18 to 20 hours thereafter. A, B,

and C, Representative immunoblots of Ser2448-phosphorylated (P),

Ser2481-phosphorylated, and total mTOR, respectively. D, Bar graph

represents densitometric analysis of Ser2481 phosphorylated mTOR where

the value from the control + saline (Sal) group was set at 1.0 AU. Values are

means F SEM; n = 9 to 10 rats per group. Means with different letters are

statistically different from each other ( P b .05).

Fig. 6. Sepsis-induced changes in the content of TNF-a and IGF-I mRNA

in the gastrocnemius muscle. Rats were pretreated with either TNFBP or

saline 4 hours before CLP or sham surgery, and muscle samples were

obtained 18 to 20 hours thereafter. A and B, Representative autoradiographs

from a nuclease protection assay for TNF-a and L32, the latter of which

was used as a loading control. C and D, Representative Northern blots of

the major 7.5-kilobase IGF-I mRNA transcript and 18S loading control.

Representative blots show an n = 4 for each group, but are representative of

9 to 10 rats per group.
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the most slowly migrating forms of S6K1 represent the

heavily phosphorylated and most activated form of the

kinase. In the gastrocnemius from control rats, there was

modest constitutive S6K1 phosphorylation (Fig. 4A). Sepsis

alone appeared to increase the mobility of the top band,

indicating a relative dephosphorylation of S6K1. In septic

rats pretreated with TNFBP, the mobility of the top band

decreased back to control values. The S6K1 immunoblot

was not quantified because the 2 bands could not be

adequately separated. However, the phosphorylation status

of the ribosomal protein S6, which is often used as a

surrogate marker of S6K1 activity, was determined and

quantified. Use of a phosphospecific antibody directed

against the first and second phosphorylation sites, Ser236

and Ser235 [30], showed that sepsis clearly produced a

dephosphorylation of rpS6 in the gastrocnemius (Fig. 4B).

Furthermore, administration of TNFBP prevented the reduc-

tion in constitutive rpS6 phosphorylation. Neither the

sepsis- nor TNFBP-induced change in S6 resulted from a

change in total S6 protein (Fig. 4C and D).

The proline-directed Ser/Thr protein kinase referred to as

mTOR is believed to be a common upstream mediator and is

responsible, at least in part, for the phosphorylation of

4E-BP1 and S6K1 [29]. Sepsis consistently decreased the

phosphorylation of mTOR on Ser2481 and Ser2448 by 45%

to 55% and this response was prevented by TNFBP (Fig. 5A,

B, and D). Neither sepsis nor TNFBP altered total mTOR

content in muscle (Fig. 5B).
3.3. Soleus muscle

Sepsis preferentially decreases protein synthesis in

muscle with a predominance of fast-twitch fibers (eg,

gastrocnemius) [5]. Therefore, as a bnegative controlQ
various regulatory elements of translation initiation were

also assessed in the slow-twitch soleus. We detected no

statistically significant changes in the distribution of eIF4E

or the phosphorylation of 4E-BP1, rpS6, or mTOR in soleus

muscle from septic rats compared with values from time-

matched nonseptic control rats (data not shown).



Table 1

Effect of sepsis on plasma hormone concentrations

Saline +

nonseptic

TNFBP +

nonseptic

Saline +

sepsis

TNFBP +

sepsis

Insulin (pmol/L) 102 F 14a 113 F 15a 119 F 18a 107 F 16a

IGF-I (ng/mL) 547 F 41a 560 F 43a 372 F 33b 511 F 35a

Corticosterone (ng/mL) 171 F 18a 159 F 27a 447 F 36b 275 F 31c

Values are means F SEM; n = 9 to 10 rats per group. Means with

different letters for a specific parameter are statistically different from

each other ( P b .05). Rats were pretreated with either TNFBP or saline

4 hours before CLP or sham surgery, and blood samples were obtained

24 hours thereafter.
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3.4. Sepsis-induced changes in the eIF2/eIF2B system

Sepsis induced by CLP did not significantly alter either

the total amount of eIF2a or eIF2Be, or the phosphorylation
state of these 2 regulatory factors in the gastrocnemius at the

time point examined (data not shown). In addition, no

change in the total amount or phosphorylation state of eIF2a
and eIF2Be was detected in muscle from either nonseptic or

septic rats treated with TNFBP (data not shown).

3.5. Tissue TNF-a and IGF-I mRNA content

Muscle from septic rats showed a 3- to 7-fold increase in

the mRNA content for TNF-a when sampled 20 to 24 hours

after CLP, compared with values from control rats (Fig. 6A).

In addition, sepsis decreased IGF-I mRNA by 35%

(Fig. 6C). Both of these sepsis-induced changes, which

can potentially regulate protein synthesis either directly or

indirectly, were prevented by TNFBP.

3.6. Plasma hormone concentrations

The plasma insulin concentration was not significantly

altered by either sepsis or the administration of TNFBP
(Table 1). In contrast, sepsis reduced the plasma IGF-I

concentration by 32% and this decrease was prevented by

TNFBP (Table 1). Sepsis also more than doubled the plasma

corticosterone concentration, compared with control values

(Table 1). Treatment of rats with TNFBP reduced the sepsis-

induced increase in corticosterone by approximately 60%

but did not alter corticosterone in control rats.
4. Discussion

When protracted, numerous forms of stress lead to the

erosion of lean body mass [1]. Sepsis, endotoxin, and

inflammatory cytokines have all been reported to modulate

muscle protein balance, at least in part, by decreasing global

protein synthesis [3-5,15,24]. This reduction is character-

ized by an impaired synthetic rate of both the sacroplasmic

and myofibrillar protein pools in muscle from septic or

TNF-a–infused rats [6,24]. Previous studies have reported

sepsis-induced muscle atrophy can be prevented or attenu-

ated by agents that either neutralize circulating TNF-a or

prevent its synthesis [25,27,31]. Furthermore, pretreatment

of septic rats with TNFBP prevents the characteristic
reduction in global protein synthesis [25]. The current

studies advance a mechanistic understanding of the protein

synthetic response by demonstrating that TNFBP prevents

sepsis-induced defects in mTOR signaling. mTOR repre-

sents an up stream signaling component and a bifurcation

point for the regulation of 4E-BP1 and S6K1/S6 phosphor-

ylation [32]. We assessed the phosphorylation of mTOR at

2 sites—Ser2481 and Ser2448. Phosphorylation of the first

site is indicative of autophosphorylation of the protein and

considered crucial in the activation of the kinase, whereas

phosphorylation of the second site appears mediated by

several kinases, including PKB and S6K1, under different

experimental conditions [33,34]. Our current results, dem-

onstrate a coordinated decrease in mTOR phosphorylation at

both Ser2481 and Ser2448, and therefore suggest sepsis

diminished mTOR kinase activity. Pretreatment of septic

rats with TNFBP prevented the reduction in mTOR

phosphorylation. In response to nutrient deprivation and

growth factor stimulation, the kinase activity of mTOR can

be regulated by physical interactions with several newly

reported proteins, such as raptor, rictor, and GbL [35].

Although not directly assessed in the current study, it seems

likely that TNF-a, either directly or indirectly, alters one or

more of these mTOR-protein interactions thereby impairing

translation initiation and muscle protein synthesis.

As mentioned above, growth factors such as insulin and

IGF-I enhance mTOR phosphorylation and thereby stimu-

late protein synthesis [12,32]. In this regard, the ability of

TNFBP to prevent the sepsis-induced decrease in mTOR

phosphorylation could not be attributed to a concomitant

change in the plasma insulin concentration. In contrast,

changes in phosphorylated mTOR in response to sepsis

and/or TNFBP were inversely proportional to changes in the

IGF-I content of plasma and muscle. Although such an

association does not prove causality, these data are

consistent with the known anabolic effects of IGF-I in

skeletal muscle that are mTOR-dependent [32]. These

results are consistent with previously published studies

showing a reduction in muscle IGF-I mRNA in response to

TNF-a under both in vivo conditions and in cultured

myocytes [24,36]. Moreover, the data are consistent with

the ability of TNF-neutralizing agents to prevent the

decrease in plasma IGF-I seen in sterile inflammation

produced by zymosan [37] and the sepsis-induced growth

hormone resistance [38]. Finally, TNFBP also prevented the

sepsis-induced increase in muscle TNF-a mRNA content,

although the mechanism for this change was not specifi-

cally investigated.

One caveat of in vivo studies in general and the current

study in particular is the inability to determine whether

endogenously produced TNF-a was directly or indirectly

responsible for the sepsis-induced decrease in mTOR

phosphorylation and its downstream effects. There is some

controversy regarding whether TNF-a can directly alter

muscle protein synthesis. For example, several previous

studies have failed to detect a consistent reduction in the in
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vivo rate of muscle protein synthesis [23,39-41]. However,

these studies were limited by the transient elevation in

TNF-a produced by a bolus injection of cytokine, and when

TNF-a was continuously administered for at least 24 hours,

a decrease in total and sacroplasmic protein synthesis as

well as a decrease in translation initiation was detected

[24,42]. Likewise, there are conflicting data on the ability of

TNF-a to directly inhibit muscle protein synthesis under in

vitro and in situ conditions [43-46]. Hence, whether the

increased production of endogenous TNF-a is directly

responsible for our current finding pertaining to changes

in the protein synthesis signal transduction pathway remains

equivocal. However, it is noteworthy that TNFBP also

significantly reduced the sepsis-induced increase in circu-

lating corticosterone. Excess glucocorticoids also impair

mTOR-mediated muscle protein synthesis and produce

muscle wasting [12,47,48]. Therefore, in the present study

we cannot exclude the possibility of an indirect effect of

TNF-a on translation initiation mediated by a secondary

increase in corticosterone. Such an indirect effect has been

previously reported for the endotoxin-induced decrease in

muscle IGF-I [49] and the sepsis-induced increase in muscle

ubiquitin-proteasome–dependent proteolysis [50].

Increased mTOR kinase activity stimulates the phos-

phorylation of 4E-BP1 and S6K1, whereas rapamycin-

induced inhibition of mTOR produces a reciprocal decrease

in the phosphorylation of these intermediates controlling

translation initiation [32]. In the current study, the hyper-

metabolic polymicrobial septic insult decreased basal

phosphorylation of the translational repressor molecule

4E-BP1. This change was associated with the redistribution

of eIF4E from the active eIF4Gd eIF4E complex to the

inactive 4E-BP1d eIF4E complex. Although protein synthe-

sis was not directly determined in the present study, the

ability of the eIF4Ed eIF4G complex to bind to the mRNA

cap has been reported to be a rate-limiting determinant of

total protein synthesis in myocytes [51]. Comparable

changes in the formation of the active eIF4F complex in

muscle have also been reported in response to endotoxin

[15], a condition characterized by excessive production of

TNF-a, and by TNF-a per se [24]. Sepsis also decreased the

constitutive phosphorylation of rpS6, which is a physiologic

substrate for S6K1 and provides an indirect index of S6K1

activity [12,30]. The phosphorylation of S6K1 and S6 are

associated with accelerated rates of mRNA translation

initiation and a stimulation of skeletal muscle protein

synthesis under in vivo conditions where other components

of the translational apparatus have not been overexpressed

or altered as a compensatory response to their deletion

[12,16,29]. Although activation of S6K1 and the phos-

phorylation of rpS6 was originally believed to be the

principle mechanism through which the translation of

5V-TOP mRNAs was enhanced [52], recent studies indicate

redundancy may exist between S6K1, S6K2, and a mitogen-

activated protein kinase–dependent kinase in the mitogen-

stimulated phosphorylation of rpS6 [19,20]. Therefore, the
physiologic significance of the sepsis-induced decrease in

S6K1 and S6 under in vivo conditions remains to be

determined but is consistent with a defect in more proximal

signal transduction elements. Pretreatment of rats with

TNFBP before CLP prevented the sepsis-induced decrease

in 4E-BP1 and S6K1/S6 phosphorylation as well as the

redistribution of eIF4E into the inactive complex. All of

these changes are consistent with the above-mentioned

ability of TNFBP to prevent sepsis-induced decreases in

mTOR kinase activity.

Finally, our data also suggest that 20 to 24 hours after

CLP, the ability of eIF2 to form a ternary complex with GTP

and met-tRNAi
met, a potentially rate controlling step in

translation initiation [8,9], was not decreased. Specifically,

there was no sepsis-induced decrease in either the total

amount or the phosphorylation states of either eIF2B or eIF2

in skeletal muscle. These results differ from those observed

in a chronic (5 day) abscess model of sepsis, where a

consistent decrease in the amount of eIF2Be protein and

mRNA expression has been reported [10,11]. The simplest

explanation for the difference between the current CLP

model and the abscess model relates to the more protracted

duration of the insult in the latter condition. In this regard,

eIF2Be is only slightly decreased at 3 days postinfection,

whereas it is substantially reduced (40%) at 5 days

postinfection [10]. Therefore, collectively, these data indi-

cate changes in the eIF2/2B system are not primarily

responsible for the acute decrease in muscle protein

synthesis produced in response to infection.

In summary, the results of the present investigation

provide evidence that sepsis inhibits mTOR signaling

pathways in fast-twitch, but not slow-twitch, skeletal

muscle under postabsorptive in vivo conditions. This defect

is evidenced by a reduced phosphorylation of 4E-BP1 that

is associated with a redistribution of eIF4E from the active

eIF4Ed eIF4G complex to the inactive eIF4Ed 4E-BP1

complex, and a reduced phosphorylation of rpS6. These

sepsis-induced defects in skeletal muscle appear mediated,

either directly or indirectly, by the endogenous overpro-

duction of TNF-a. Furthermore, because TNFBP also

partially prevented the sepsis-induced increase in cortico-

sterone, we cannot exclude the possibility that a reduction

in this catabolic hormone was in part responsible for

observed changes in the translational control of muscle

protein synthesis.
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