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Abstract
Loss of lean body mass is a characteristic feature of the septic response, and the mechanisms
responsible for this decrease and means of prevention have not been fully elucidated. The present
study tested the hypothesis that in vitro treatment of skeletal muscle with lithium chloride (LiCl), a
glycogen synthase kinase (GSK)-3 inhibitor, would reverse both the sepsis-induced increase in
muscle protein degradation and inhibition of protein synthesis. Sepsis decreased GSK-3β
phosphorylation and increased GSK-3β activity, under basal conditions. Sepsis increased muscle
protein degradation, with a concomitant increase in atrogin-1 and MuRF1 mRNA and 26S
proteasome activity. Incubation of septic muscle with LiCl completely reversed the increased
GSK-3β activity and decreased proteolysis to basal nonseptic values, but only partially reduced
proteasome activity and did not diminish atrogene expression. LiCl also did not ameliorate the
sepsis-induced increase in LC3-II, a marker for activated autophagy. In contrast, LiCl increased
protein synthesis only in nonseptic control muscle. The inability of septic muscle to respond to
LiCl was independent of its ability to reverse the sepsis-induced increase in eIF2Bε
phosphorylation, decreased eIF2B activity, or the reduced phosphorylation of FOXO3, but instead
was more closely associated with the continued suppression of mTOR kinase activity (e.g.,
reduced phosphorylation of 4E-BP1 and S6). These data suggest that in vitro lithium treatment
which inhibited GSK-3β activity: a) effectively reversed the sepsis-induced increase in
proteolysis, but only in part by a reduction in the ubiquitin-proteasome pathway and not by a
reduction in autophagy; and b) was ineffective at reversing the sepsis-induced decrease in muscle
protein synthesis. This lithium resistant state appears mediated at the level of mTOR and not eIF2/
eIF2B. Hence, use of GSK-3β inhibitors in the treatment of sepsis may not be expected to fully
correct the imbalance in muscle protein turnover.
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INTRODUCTION
Sepsis produces a profound negative nitrogen balance which occurs secondary to a net
catabolism of skeletal muscle proteins. Sepsis-induced muscle wasting results from both a
sustained decrease in protein synthesis as well as an increase in protein degradation (1–3),
and it characterizes the cachexia of critical illness. Not only does this erosion of lean body
mass adversely affect morbidity and mortality in septic and critically ill patients, but it has
also proven difficult to ameliorate with either growth factor treatment or nutritional
supplementation (2).

The glycogen synthase kinase (GSK)-3 family members, consisting of the two highly
homologous α- and β-isoforms, function as serine (Ser)/threonine (Thr) kinases and lie
distal to Akt in the canonical phosphatidylinositol-3-kinase (PI3K)-Akt signaling pathway
(4). In contradistinction to other protein kinases, GSK-3 is catalytically active under basal
conditions and inhibited by growth factor stimulation (5). Moreover, as the phosphorylation
of its substrates generally leads to substrate inactivation, GSK-3 inactivation (i.e.,
phosphorylation) stimulates diverse cellular functions, including gene expression,
cytoskeletal integrity, and metabolism (4), which have been implicated in a wide array of
disease states (6).

The functions of the two GSK isoforms are not entirely redundant (7). Although the relative
importance of each isoform in regulating GSK-3 activity in skeletal muscle is poorly
defined, there is 3- to 4-fold more GSK-3β in muscle and, by using mutant GSK3β9A/9A
knock-in mice, the β-isoform appears to be the predominant regulator of glycogen synthase
in muscle (8). In addition to the large number of metabolic studies which have focused on
the role of GSK-3β in glucose homeostasis (9), a change in GSK-3 activity can also
modulate cellular protein turnover by potentially influencing both rates of protein synthesis
and degradation. This is exemplified in studies where hypertrophy was observed in
myotubes cultured with the GSK-3 inhibitor lithium chloride (LiCl) (10). In addition to
LiCl, other pharmacological inhibitors of GSK-3 prevent the elevated rate of muscle
proteolysis seen in response to burn injury, sepsis, and excess dexamethasone (1,11,12).
However, there are no data pertaining to the effect of LiCl on the depressed rates of muscle
protein synthesis in sepsis, and our current study addresses this gap in understanding.

The sites limiting protein synthesis during sepsis are beginning to be unraveled. One such
regulatory site is the formation of the 43S preinitiation complex, which is markedly reduced
in skeletal muscle during more sustained septic insults (13). The step involving the binding
of met-tRNAmet

i to the 40S ribosomal subunit, forming the 43S preinitiation complex is
mediated by eukaryotic initiation factor (eIF)-2 and is regulated by the activity of another
initiation factor, eIF2B (14). eIF2B is a guanine nucleotide-exchange factor with five
subunits (α-ε) which catalyzes the exchange of guanosine diphosphate (GDP) bound to eIF2
for guanosine triphosphate (GTP). We previously reported that sepsis, endotoxin (LPS) and
excess tumor necrosis factor (TNF)-α decrease eIF2B activity in skeletal muscle, and
thereby impairs 43S preinitiation complex formation (13,15). Importantly, the sepsis-
induced reduction in eIF2B activity occurs only in those muscles which exhibit a
concomitant decrease in the rate of protein synthesis, i.e., muscles composed of mixed fast-
twitch fibers (e.g., gastrocnemius and epitrochlearis). Sepsis reduces the content of the
catalytic ε-subunit of eIF2B (eIF2Bε) over a 3–5 day period (15). Moreover, alterations in
the expression and phosphorylation state of neeIF2Bε correlate with the changes in protein
synthesis and translation efficiency after induction and recovery from the septic insult.
GSK-3 phosphorylation of eIF2Bε on Ser535 is involved in the regulation of eIF2B activity
during initiation and progression of the septic process (15). Thus, the sepsis-induced
decrease in GSK-3β phosphorylation (and inactivation) is consistent with the increased

Bertsch et al. Page 2

Shock. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphorylation and inactivation of eIF2Bε, which ultimately contributes to the sepsis-
induced reduction in muscle protein synthesis.

Various formulations of lithium and other GSK-3 inhibitors have been used or tested as
possible treatments for a wide range of diseases (4). While two chemically distinct GSK-3
inhibitors have proven efficacious in reducing LPS-induced liver and renal damage as well
as acute lethality when used as a pre-treatment (16,17), there are no studies of GSK-3
inhibitors in more chronic sepsis models. Given this background, the purpose of the present
study was to determine whether lithium could reverse the sepsis-induced decrease in muscle
protein synthesis. To accomplish this goal we incubated the epitrochlearis from either
nonseptic or septic rats in the absence or presence of LiCl and quantified the effect on
protein synthesis (primary) and degradation (secondary). Additionally, various signal
transduction pathways were examined to determine potential mechanisms of action.

MATERIALS AND METHODS
Animals

Adult male specific-pathogen free Sprague-Dawley rats (Charles River Breeding
Laboratories, Cambridge, MA; 150–225 g) were maintained on a 12 h light: 12 h dark cycle
and were fed standard rat chow ad libitum for 1 wk prior to study. Chronic abdominal sepsis
was created by implantation of a fecal-agar pellet (1.5 ml) inoculated with Escherichia coli
[104 colony forming units (CFU)] and Bacteroides fragilis (108 CFU) into the peritoneal
cavity, as previously described (15,18). The animals develop an abdominal abscess resulting
in a well-characterized hyperdynamic, hypermetabolic septic condition. A separate group of
rats underwent the intra-abdominal implantation of a sterilized fecal agar pellet to which
sterile saline was added instead of bacteria. Subsequently, these animals are referred to as
the “nonseptic” group. While the sterile pellet produces a mild nonseptic inflammation, we
have previously reported there is no difference in the in vivo rate of muscle protein synthesis
between these nonseptic animals and naive control rats (19). Likewise, our preliminary data
(n = 8) demonstrate that in vitro-determined rates of protein synthesis (naive control = 0.288
± 0.011 vs nonseptic control = 0.310 ± 0.015 nmol Phe incorporated/mg protein/h) and
degradation (naive control = 2.45 ± 0.15 vs nonseptic control = 2.37 ± 0.18 nmol tyrosine/
mg protein/h) are not statistically different (P > 0.1) between these two control groups.
Nonseptic control rats were pair-fed to match food consumption of septic animals. The
Institutional Animal Care and Use Committee at the Pennsylvania State University College
of Medicine approved the experiments described herein.

Epitrochlearis incubation
Three days after induction of sepsis, rats were anesthetized with pentobarbital (100 mg/kg
body wt), and the skin on both forelimbs was removed. The epitrochlearis muscle from each
forelimb was excised intact and immediately placed in Krebs-Henseleit bicarbonate (KHB)
buffer and incubated, exactly as described previously (20). The epitrochlearis incubations
were performed in a 37C environmental chamber with gentle shaking and were continuously
gassed with 95% O2-5% CO2. The KHB buffer consisted of (in mM) 110 NaCl, 25
NaHCO3, 3.4 KCl, 1 CaCl2, 1 MgSO4, and 1 KH2PO4 (pH 7.4), supplemented with 5.5
glucose, 5 HEPES, 0.2 valine, 0.17 leucine, 0.1 isoleucine, and 0.01% (wt/vol) BSA, either
in the absence or presence of added LiCl. At the dose used, LiCl was soluble in media; for
media without added LiCl, an equal molar concentration of NaCl was added to balance
osmolality.

Epitrochlearis muscles were first preincubated for 30 min, with one muscle preincubated in
media containing LiCl (10 mM), and the contralateral epitrochlearis preincubated in buffer
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without LiCl. Comparable doses of LiCl have been reported to antagonize the increased rate
of muscle proteolysis observed in other catabolic conditions (1,11,12). After preincubation,
the muscles were quickly rinsed in buffer and transferred to 3 ml of fresh buffer (± LiCl) and
incubated for 2 h with a change of buffer after the first hour. The buffer was supplemented
with 1.2 mM of 5 µCi/ml of L-[2,3,4,5,6-3H]phenylalanine (Amersham Life Science,
Arlington Heights, IL) during the final hour of incubation. At the end of the incubation, the
muscles were quickly removed from the buffer, blotted dry, weighed, and frozen in liquid
nitrogen. Muscles and incubation media were stored at −80 °C.

Protein synthesis and degradation
In vitro rates of protein synthesis, expressed as nanomoles phenylalanine incorporated per
milligram protein per hour, were measured by the incorporation of radioactive phenylalanine
from the incubation medium into the epitrochlearis, as previously described (20,21). The
rate of protein synthesis was calculated by dividing the amount of radioactive phenylalanine
incorporated into TCA-precipitable protein over the final incubation by the specific
radioactivity of phenylalanine in the incubation medium.

The In vitro rate of protein degradation was were measured by the accumulation of tyrosine
in the incubation medium, as described previously (20,22). Because tyrosine is not
synthesized or metabolized by muscle, except for use by protein synthesis, tyrosine release
from the epitrochlearis into the incubation medium reflects net protein balance. Tyrosine
release was linear in muscles from both nonseptic and septic rats over the 2-h incubation
period (data not shown). Total protein degradation was estimated simultaneously with the
rate of protein synthesis as the sum of the accumulated tyrosine in the buffer over a 2-h
period plus the amount of tyrosine equivalents incorporated into protein via protein
synthesis during the same time interval. To obtain the amount of tyrosine incorporated into
mixed muscle proteins, we multiplied the value for incorporation of radioactive
phenylalanine into protein by 0.77 which is the molar ratio of tyrosine to phenylalanine in
mixed proteins from skeletal muscle (22). Hence, values for tyrosine equivalents
incorporated into mixed muscle protein were estimated for individual muscles. Tyrosine in
the incubation medium was measured fluorometrically (20).

In vitro eIF2B and GSK-3β activity
The activity of eIF2B in muscle was measured in supernatants using a [3H]GDP-GDP
exchange assay, as previously described by our laboratory (13). Tissue was homogenized in
buffer consisting of (in mM) 20 triethanolamine (pH 7.0), 2 magnesium acetate, 150 KCl,
0.5 DTT, 0.1 EDTA, 250 sucrose, 5 EGTA, and 50 β-glycerolphosphate. The homogenate
was then centrifuged and the supernatant assayed immediately for eIF2B activity by
measuring the decrease in eIF2-[3H]GDP complex bound to nitrocellulose filters. The
GSK-3β activity assay was performed as previously described by our laboratory for other
IP-kinase assays (23). Briefly, GSK-3β was immunoprecipitated by incubating muscle
homogenate with an excess of anti-GSK-3β antibody or appropriate IgG control at 4° C.
Protein A Sepharose was added and immune complexes were washed twice with buffer (10
mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.2 mM sodium vanadate, and 1 µM
microcystin LR) and twice with kinase reaction buffer (25 mM HEPES, pH 7.4, 50 mM
KCl, 10 mM MgCl2 and phoshatase inhibitors). Kinase reactions were initiated by
resuspending immune complexes in KHB containing phosphatase inhibitors, 25 µM ATP, 5
µCi [γ-32P]-ATP and 20 mM phospho-glycogen synthase peptide-2 (Upstate Biotechnology,
Lake Placid, NY). Samples were incubated for 15 min at 30° C, and 20 µl of supernatant
was spotted onto Whatman P81 phosphocellulose paper. Filters were washed three times
with 175 mM orthophosphoric acid, rinsed in acetone, air dried, and 32P incorporation was
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measured in a liquid scintillation counter. Nonspecific 32P incorporation was subtracted
from values obtained using the phospho-glycogen synthase peptide.

Proteasome activity
In vitro proteasome activity was assessed by quantifying the chymotryptic-like peptidase
activity in epitrochlearis. Muscle was homogenized in buffer containing 50 µM Tris-HCl
(pH 7.4), 5 mM MgCl2, 250 mM sucrose, 2 mM ATP, and 1 mM DTT. The homogenate
was first centrifuged at 400 × g (5 min) and then clarified by sequential centrifugation steps
(10,000 × g for 20 min followed by 100,000 × g for 5 h) to isolate the 20S and 26S
proteasomes, respectively, as previously described (24). After resuspension, proteasome
chymotryptic-like activity was determined using a fluorometer (Molecular Devices
SpectraMax Gemini EM) to measure the release of 7-amino-4-methylcoumarin (AMC) from
the fluorogenic peptide substrate LLVY-AMC (Chemicon International, Temecula, CA).

Western blot analysis
The phosphorylated and total amounts of various proteins important for control of protein
synthesis and degradation were quantified by protein immunoblotting (15,25,26). Total
protein was determined by bicinchoninic acid assay (Pierce, Rockford, IL) after
centrifugation, and equal amounts of protein per sample were subjected to standard SDS-
PAGE, using antibodies obtained from Cell Signaling (Beverly, MA), unless otherwise
indicated. Specifically, Western blot analysis was performed using antibodies for total and
phospho-specific eIF2Bε (Ser535), GSK-3β (Ser9), GSK-3α (Ser21), Akt (Ser473), S6
(Ser240/244), TSC2 (tuberous sclerosis complex 2; Thr1462), FOXO3 (Forkhead box O;
Thr32; Upstate), and total tubulin, LC3B (microtubule-associated protein 1 light chain 3;
MAP1-LC3), and 4E-BP1 (eIF4 binding protein-1; from Bethyl Laboratories, Montgomery,
TX). Blots were developed with enhanced chemiluminescence Western blotting reagents
(Supersignal Pico; Pierce, Rockford, IL). Dried blots were exposed to X-ray film to achieve
a signal within the linear range, and film was then scanned (Microtek ScanMakerIV) and
quantified using Scion Image 3b software (Scion, Frederick, MD). The signal densities for
phosphorylated proteins were normalized to the respective total protein or tubulin.

Ribonuclease protection assays
Total RNA was extracted from tissues in a mixture of phenol and guanidine thiocyanate
(TRI Reagent; Molecular Research Center, Cincinnati, OH) using the manufacturer’s
protocol. Riboprobes were synthesized from a multi-probe mouse cytokine template set
(rCK-1; Pharmingen, San Diego, CA) using an in vitro transcription kit (Pharmingen).
Primer sequences for insulin-like growth factor (IGF)-I, TNFα, interleukin (IL)-6 and nitric
oxide synthase (NOS)-2 have been previously reported (27), as have those for the two
muscle-specific E3-ubiquitin ligases [i.e., atrogin-1 and MuRF1 (muscle ring finger-1)] (21)
which are collectively referred to as “atrogenes.” The labeled riboprobe was hybridized with
RNA overnight using a ribonuclease protection assay (RPA). Protected RNAs were
separated using a 5% acrylamide gel, and dried gels were exposed to a phosphorimager
screen (Molecular Dynamics, Sunnyvale, CA). The resulting data were quantified using
ImageQuant and normalized to L32.

Statistical analysis
Values shown are means ± SEM. Statistical evaluation of the data when two comparisons
were made was performed using Student's t-test. For multiple comparisons, a two-way
ANOVA was performed followed by the Sidak test to identify individual differences if
ANOVA indicated a significant difference. Differences among the means were considered
significant when P < 0.05.
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RESULTS
Muscle weight, protein synthesis and degradation

Nonseptic rats showed no change in body weight over the first 24 h but thereafter
demonstrated a positive weight gain over the subsequent two days (Figure 1A). In contrast,
septic rats lost body weight over the first 48 hours post surgery before gaining weight on day
3. These differences in body weight gain were independent of nutritional intake as the time-
matched nonseptic rats were pair-fed to the food consumed by septic rats. On day 3,
immediately upon excision from the rat (i.e., prior to incubation), the wet weight of the
epitrochlearis muscle was 28% less in septic (Figure 1B). However, there was no
significance difference in the protein content (µg protein/mg wet wt) of muscles between
nonseptic and septic rats (Figure 1C).

Next, epitrochlearis muscles from both groups were incubated in the absence or presence of
LiCl under in vitro conditions. Sepsis reduced the rate of protein synthesis by 50% under
basal conditions (e.g., no LiCl), compared with muscle from nonseptic rats (Figure 2A). The
“contro" values in Figure 2 represent data pooled from muscles incubated with either 0 or 10
mM NaCl. The “extra” NaCl present in the latter group was added to the media to balance
the increased osmolality incurred by the addition of an equal molar concentration of LiCl in
other muscle incubations. The rates of protein synthesis (and degradation, described below)
did not differ in muscles incubated with 0 and 10 mM NaCl, and therefore data were
combined for purposes of graphical and statistical analysis. Lithium increased the rate of
protein synthesis in epitrochlearis from nonseptic rats, with synthesis being increased 155%.
In contrast, muscle from septic rats incubated with 10 mM LiCl did not show a statistically
significant increase in protein synthesis. The absolute rate of synthesis in septic muscle in
the presence of LiCl did not differ from that seen in nonseptic muscle under basal conditions
(Figure 2A). The failure of lithium to increase protein synthesis in septic muscle was not
related to a suboptimal concentration of LiCl as addition of 20 mM LiCl in the media
actually decreased synthesis (0.18 ± 0.08 nmol Phe incorp/h/mg protein), compared with the
response seen at 10 mM LiCl (0.27 ± 0.08 nmol Phe incorporated/h/mg protein; P < 0.05).

The rate of proteolysis under basal conditions was increased 40% in muscle from septic
animals, compared with time-matched nonseptic values (Figure 2B). Inclusion of 10 mM
LiCl in the media attenuated protein degradation in muscle from both nonseptic (−33%) and
septic (−60%) rats. There was no significant difference in protein degradation between
nonseptic and septic rats incubated with media containing 10 mM LiCl.

To assess whether LiCl may have influenced tyrosine uptake or release by incubated muscle,
we also determined the tyrosine content in muscle from nonseptic and septic rats incubated
in the presence and absence of LiCl. Data in Table 1 illustrate there is no difference in the
tyrosine concentration among the 4 groups at time 0 (e.g., after 30 min of preincubation).
Furthermore, while muscle tyrosine increased 50–70% after 2 h of incubation, the increase
was comparable in all 4 groups. As such, there was no difference in the muscle tyrosine
concentration among the 4 groups at this latter time point.

Signal transduction related to protein synthesis
Hasselgren and co-workers have implicated GSK-3 phosphorylation as a potential regulator
of protein degradation in incubated muscle following burn and acute peritonitis induced by
cecal ligation and puncture (1,11,12,24). Lithium modulates GSK-3 through two
mechanisms, namely dephosphorylation and direct inhibition of GSK-3 (4,24). To assess the
influence of a more sustained septic insult on GSK-3 activity, first phospho-GSK-3β was
semi-quantitated in muscle. The extent of GSK-3β phosphorylation was reduced 40% in
muscle from septic rats under basal conditions, compared with basal nonseptic values
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(Figure 3A and inset). This sepsis-induced reduction was independent of a change in total
GSK-3β. Furthermore, incubation of nonseptic muscle with lithium did not alter GSK-3β
phosphorylation nor did it reverse the sepsis-induced decrease in this phospho-protein. In
contrast, there was no sepsis-induced effect on GSK-3α Ser21-phosphorylation (data not
shown). We also quantified GSK-3β activity per se using an in vitro kinase assay. In
nonseptic muscle, LiCl reduced GSK-3β activity by 35% (Figure 3B). In contrast, sepsis
doubled GSK-3β kinase activity under basal conditions, and in vitro treatment with lithium
returned kinase activity to values not different from the two control groups. As the Ser9-
residue of GSK-3β is phosphorylated by Akt, Akt activity was assessed by Ser473
phosphorylation. In contrast to the sepsis-induced decrease phosphorylation of GSK-3β
noted above, we detected no sepsis- or lithium-induced change in Akt phosphorylation
(Figure 3, insert). As a positive control, several control muscles were incubated with IGF-I,
and we were able to detect increased Akt phosphorylation (Figure 3, insert, lanes 5,6).

We previously reported that eIF2 phosphorylation is involved in the inhibition of eIF2Bε
during sepsis and that increasing eIFBε partially overcomes the sepsis-induced decrease in
muscle protein synthesis (28). Therefore, we assessed the ability of LiCl to ameliorate the
effect of sepsis on eIF2Bε phosphorylation. Sepsis increased the extent of eIF2Bε
phosphorylation by ~50% under basal conditions, compared to nonseptic values (Figure 4A
and inset). In epitrochlearis from nonseptic rats, LiCl did not alter eIF2Bε phosphorylation.
In contrast, LiCl lowered the extent of eIF2Bε phosphorylation in muscle from septic rats.
There was no significant difference in the extent of eIF2Bε phosphorylation in epitrochlearis
between nonseptic and septic rats incubated with lithium-containing media. Conversely,
sepsis decreased eIF2B guanine nucleotide exchange activity under basal conditions, and
lithium reversed this sepsis-induced decrease (Figure 4B).

The rate of mRNA translation and protein synthesis is also regulated by mTOR (mammalian
target of rapamycin) kinase activity, which we assessed by determining the phosphorylation
of its downstream substrate 4E-BP1 (29). Sepsis decreased the phosphorylation of the hyper-
phosphorylated γ-isoform of 4E-BP1 by 55%, compared to basal nonseptic values (Figure
5A and inset). Incubation of epitrochlearis with LiCl did not alter 4E-BP1 phosphorylation
in muscle from either group. Tubulin was run as a loading control for this blot and band
intensity was not different among the groups (Figure 5, inset). We also examined the
S240/244-phosphorylated ribosomal protein S6, as this residue is specifically rapamycin-
sensitive (i.e., mTOR-dependent) and phosphorylated by S6 kinase (S6K)-1. The basal
phosphorylation of S6 was reduced in septic muscle. As with 4E-BP1, the phosphorylation
of S6 was not altered in either nonseptic or septic muscles incubated with LiCl (Figure 5B).

A potentially important upstream regulator of mTOR activity is TSC2 (tuberin) and its
activity can in part be regulated by both Akt and GSK-3 (30). However, we detected no
sepsis- or lithium-induced change in either total or Thr1462-phosphorylated TSC2 in
incubated muscle (data not shown).

Potential mechanisms for changes in protein degradation
To assess whether lithium ameliorates the sepsis-induced muscle protein degradation by
reduction in the ubiquitin-proteasome pathway, we assessed the mRNA content for atrogin-1
and MuRF (i.e., atrogenes) which are elevated in many catabolic conditions (31). In muscle
from nonseptic rats, the LiCl-induced reduction in protein degradation appeared independent
of a coordinate reduction in either atrogin-1 or MuRF1 mRNA content (Figure 6A and 6B).
Furthermore, in nonseptic muscle, lithium tended to reduce 26S proteasome activity, but the
change did not achieve statistical significance (Figure 6C). As expected, muscle from septic
rats demonstrated a several-fold elevation in atrogin-1 and MuRF1 mRNA expression and
more than a 2-fold increase in 26S proteasome activity, compared to basal nonseptic values.
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While incubation of septic muscle with lithium partially reversed the elevated proteasome
activity, it did not blunt the sepsis-induced increase in atrogene expression (Figure 6A–C).

In addition to proteasome-mediated proteolysis, sepsis can also stimulate the autophagic/
lysosomal pathway in skeletal muscle (32). To assess this potential mechanism, muscle
homogenates were immunoblotted to detect the conversion of LC3-I to LC3-II which
appears to be provide reliable index of autophagosome formation (33). As illustrated in
Figure 7, sepsis increased the ratio of LC3-II/LC3-I by 60–70%, but the short-term (2–h)
incubation of muscle with LiCl did not alter this ratio in either nonseptic or septic muscle.

The FOXO transcription factors are implicated as regulators of muscle wasting and have
been implicated in regulating both the ubiquitin-proteasome and autophagic/lysosomal
pathways (3). When in the active (dephosphorylated) state, FOXO stimulates protein
degradation via increased atrogene expression (34). Under basal conditions, Thr32-
phosphorylated FOXO3 was decreased in muscle from septic rats, compared to nonseptic
values, and incubation with LiCl did not alter the phosphorylation state of this protein in
either group (Figure 8). This sepsis-induced change in FOXO3 phosphorylation was
independent of a change in total FOXO3 protein in muscle.

Potential mediators of protein metabolic response
Finally, we determined the mRNA content for an important anabolic mediator (e.g., IGF-I)
and several catabolic mediators (TNFα, IL-6 and NOS2) which can function in an autocrine/
paracrine manner to regulate muscle protein balance (2). Sepsis increased TNFα, IL-6 and
NOS2 mRNA content several-fold, compared with values from nonseptic muscle (Table 2).
Incubation of muscle from septic rats with LiCl did not attenuate the sepsis-induced change
in TNFα, IL-6 or IGF-I mRNA. In contrast, LiCl partially ameliorated the sepsis-induced
increase in both NOS2 mRNA and protein in incubated epitrochlearis (Table 2).

DISCUSSION
Previous studies investigating the role of lithium and GSK-3 on the regulation of protein
balance in catabolic conditions have primarily assessed the role of this protein in controlling
muscle protein degradation (1,11,12). In addition, LiCl has also been demonstrated to
increase protein synthesis and produce hypertrophy, albeit in neonatal cardiomyocytes (35).
Our present data confirm the many reports that sepsis decreases skeletal muscle protein
synthesis and that this defect can be retained under in vitro conditions (20,36). This sepsis-
induced decrease in protein synthesis was associated with increased phosphorylation of
eIF2Bε and a concomitant reduction in eIF2B activity. In addition, these sepsis-induced
changes were associated with decreased GSK-3β phosphorylation and stimulation of GSK-3
activity. Decreased GSK-3 phosphorylation has previously been reported for muscle
obtained directly from septic (15) or burned (1) rats. While we acknowledge that these many
sepsis-induced changes are associations and do not prove causality, they are all internally
consistent with the fact that the ε-subunit of eIF2B is necessary for full catalytic activity of
the holoenzyme (37), that the phosphorylation of Ser535-eIF2Bε is inversely proportional to
changes in eIF2B activity and protein synthesis (38) and that eIF2Bε is a known substrate
for GSK-3β (14). Akt activity occupies a central position in regulating muscle protein
synthesis and degradation, with increased Akt activity inducing hypertrophy and decreased
Akt activity leading to atrophy (39). As GSK-3β is a known substrate for Akt, it was
unanticipated that the sepsis-induced decrease in GSK-3β phosphorylation appeared
independent of a change in Akt Ser473-phosphorylation (activity) under our experimental
conditions. In contrast, we and others have reported that Akt phosphorylation is reduced in
muscle from septic rats when tissue is analyzed immediately upon its removal from the rat
(40,41). Therefore, we cannot exclude the possibility that a sepsis-induced change in Akt
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phosphorylation occurred in vivo. but it was not retained when muscles were incubated in
vitro.

We hypothesized that incubation of muscle from septic rats with LiCl might reverse the
decreased protein synthesis because of the coordinate change in GSK-3β and eIF2B
activities. Such a lithium-induced antagonism on muscle protein degradation has been
reported in incubated muscle from rats following burn injury or dexamethasone treatment
(1,11,12). While we confirmed the ability of LiCl to completely reverse the sepsis-induced
increase in proteolysis (discussed later), no such reversal for protein synthesis was observed.
Lithium clearly stimulated protein synthesis in muscle from nonseptic rats, but this anabolic
effect was essentially absent in muscle from septic rats. This finding of “lithium resistance”
in septic muscle is novel and does did not appear to involve either GSK-3β or eIF2B. That
is, incubation of septic muscle with LiCl was able to decrease GSK-3β activity which, in
turn, was associated with a reduction in eIF2Bε phosphorylation and increased eIF2B
activity. It is noteworthy that in contrast to previous results (11), we detected no change in
the phosphorylation state of GSK-3β in muscle from either nonseptic or septic rats in
response to LiCl, despite a demonstrable decrease in GSK-3 activity. This lack of a LiCl-
induced change in GSK-3β phosphorylation is consistent with the lack of change in its
upstream kinase, Akt. Moreover, this divergence between Ser9-GSK-3β phosphorylation
and GSK activity per se has been previously reported using the chemically distinct GSK-3
inhibitor CT118637 (42,43), and it is consistent with other known mechanisms for the
activation for this enzyme (44). Despite the complete reversal of this GSK-3/eIF2B pathway
by LiCl, the sepsis-induced decrease in protein synthesis was still apparent. In contrast, LiCl
did not reverse the sepsis-induced increase in 4E-BP1 phosphorylation, with the
phosphorylation state of this mTOR substrate being the same in septic muscle in the absence
and presence of lithium. Similarly, LiCl did not alter the mTOR-dependent phosphorylation
of the S6K1 substrate S6 in muscle from septic rats. Collectively, these data suggest the
decreased protein synthetic rate in muscle from septic rats is predominantly mediated via the
mTOR pathway and not by defects in eIF2/eIF2B.

As mentioned above, prior to our study, essentially all of the data pertaining to the control of
skeletal muscle protein turnover by GSK-3 focused on the degradation side of the protein
balance equation. Inhibition of GSK-3 activity by LiCl, TDZD-8 (a highly specific GSK-3β
inhibitor) and siRNA directed towards GSK-3β all decrease burn-induced muscle
degradation in incubated muscles (1,12) − a response at least as great as that seen following
treatment of muscle with the anabolic hormone IGF-I. Lithium also decreased the
dexamethasone-induced increase in proteolysis in L6 myotubes (11). The mechanism by
which LiCl and GSK-3 mediate protein degradation has not been fully elucidated. Of the
proteolytic pathways, the ubiquitin-proteasome-dependent mechanism appears in part
responsible for the increased degradation in skeletal muscle observed in various catabolic
states and the up-regulation of the muscle-specific E3-ubiquitin ligases atrogin-1 and
MuRF1 appears particularly important in this regard (31). In support of their putative role,
cultured myotubes incubated with LiCl or the GSK-3β inhibitor SB415 for 24 h show
complete inhibition of the dexamethasone-induced increase in atrogin-1 and MuRF-1
mRNA content (11). Moreover, LiCl can reduce proteasome activity, albeit in non-muscle
cells (45). In contrast, transfection of a constitutively active GSK-3 did not alter the
dexamethasone-induced increase in atrogin-1 (34). Our current data are more supportive of
the latter study, indicating the lithium-induced reduction in GSK-3 activity does not blunt
the sepsis-induced increase in muscle atrogene mRNA content and results in only
approximately half of the elevation in proteasome activity in muscle. As muscles in our
study were only incubated for 2 h with LiCl, it is possible that a longer exposure time might
be required to decrease atrogen expression. Given that our data indicate that LiCl decreased
the sepsis-induced increase in muscle proteolysis, it seems unlikely this anti-catabolic effect
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of LiCl is mediated via altered atrogene expression. However, we did note that lithium
decreased the sepsis-induced increase in 26S proteasome activity. This latter conclusion is
supported by previous results indicating that LiCl also ameliorates the increased proteasome
activity in L6 myotubes cultured with the calcium ionophore A23817 (11). The mechanism
by which LiCl decreased the sepsis-induced increase in proteasome activity was not further
investigated.

In addition to the proteasome, lysosomes are also important in regulating muscle proteolysis
and FOXO3 activation can coordinately upregulate both the ubiquitin-proteasome and
lysosomal pathways (46). Atrophic stimuli increase transcription of a number of autophagy-
related genes, including LC3 (32,33,46). LC3-I is located in the cytosol, but during
autophagy it is lipidated by a series of ubiquitinization-like reactions producing LC3-II.
Hence, the sepsis-induced increase in the LC3-II/LC-I ratio strongly suggests an increased
autophagic activity. Although sepsis- and trauma-induced changes in autophagy have been
reported for other tissues (47), we believe this is the initial report that prolonged sepsis
increases autophagy in skeletal muscle per se. These data are consistent with the previously
reported increase in LC3-II in atrophying muscle of dexamethasone-treated rats (48). Also,
our data suggest that, at least acutely under in vitro conditions, the sepsis-induced autophagy
can not be ameliorated by LiCl. The coordinated up-regulation of MuRF-1, atrogin-1, and
LC3-II is internally consistent with the reduction in FoxO3 phosphorylation (46). Additional
studies will be needed to more fully characterize the sepsis-induced changes in autophagy-
related genes/proteins and to determine whether inhibition of this particular pathway in vivo
alters the atrophic response.

The proinflammatory cytokines TNFα and IL-6 can either directly or indirectly impact both
protein synthesis and degradation (2,3). But, in our current study, LiCl did not ameliorate
the sepsis-induced increase in either cytokine, suggesting the over-production of these
cytokines is not causally related to the ability of lithium to modulate the sepsis-induced
changes in muscle protein balance. In contrast, LiCl partially reduced the elevation in NOS2
mRNA and protein in muscle from septic rats. Although increased NO production can
decrease muscle protein synthesis (25,43), its effect on skeletal muscle proteolysis does not
appear to have been previously studied. Our data are consistent with the ability of GSK-3
inhibitors to blunt endotoxin-induced increase in NO in other cell types (43,49).

In summary, the results of the present study suggest that LiCl can antagonize sepsis-induced
muscle protein turnover under in vitro conditions. The ability of lithium to inhibit muscle
proteolysis is pronounced, while septic muscle is resistant to lithium’s ability to stimulate
muscle protein synthesis. Collectively, these data suggest the potential effectiveness of
GSK-3 inhibitors in restoring muscle protein balance might be limited. However, definitive
conclusions are difficult because the current study was limited by the lack of corresponding
data from rats treated in vivo with LiCl or another GSK-3 inhibitor. Therefore, further
studies where septic animals are treated in vivo with this general class of inhibitor and
muscle protein balance assessed seem warranted. From a mechanistic perspective, the
nominal stimulatory activity of lithium on muscle protein synthesis appears largely related
to its inability to activate mTOR kinase activity and thereby stimulate cap-dependent
translation as opposed to its ability to increase eIF2B activity. Finally, the ability of lithium
to reverse the sepsis-induced increase in muscle protein breakdown is not dependent on the
down-regulation of autophagy or the E3-ubiquitin ligases atrogin-1 and MuRF1. However,
LiCl did partially ameliorate the sepsis-induced increase in the proteasome pathway,
suggesting that lithium may directly or indirectly modulate other regulatory steps in this
protein degradation pathway.
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Figure 1.
Weight gain and muscle weight of nonseptic and septic animals. Panel A: On day 0 rats
were implanted with either a sterile (nonseptic) or infected (septic) pellet. Rats were
weighed daily and the differences in weight from day 0 are plotted. Panel B: Wet weight of
the epitrochlearis was determined immediately prior to incubation. Panel C: Muscle protein
content was determined at the end of the 2-h incubation period. Values shown are means ±
SEM for nonseptic (n = 42) and septic (n = 45) rats. *P <0.001 versus time-matched
nonseptic value.
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Figure 2.
Effect of lithium chloride (LiCl) on sepsis-induced changes in muscle protein synthesis and
degradation. Epitrochlearis muscles from nonseptic and septic rats were excised on day 3
post-sepsis and incubated in vitro in the absence or presence of 10 mM LiCl. Panel A: rates
of protein synthesis; Panel B, rates of protein degradation (net tyrosine release). Values are
means ± SEM for 9–10 muscles in each group. Means with different letters (a, b, c) are
significantly different (P < 0.05).
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Figure 3.
Effect of LiCl on Akt and GSK-3β phosphorylation as well as GSK-3 activity in muscle
from nonseptic and septic rats. The phosphorylation state of Akt (Ser473) and GSK-3β
(Ser9) were determined in muscle homogenates using phosphospecific antibodies. The blots
were then stripped and re-probed with an antibody recognizing the respective total protein.
Panel A, quantitation of all Western blot data for phosphorylated GSK-3 normalized to total
GSK protein. The final 2 lanes for each Western blot are positive controls from control
muscles treated with IGF-I (100 ng/ml). Panel B, GSK-3β activity was quantified in
homogenates as described in Methods. Values are means ± SEM for 8–9 muscles in each
group. Means with different letters (a, b, c) are significantly different (P < 0.05).
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Figure 4.
Lithium ameliorates the sepsis-induced increase in eIF2Bε Ser535-phosphorylation and
decreased eIF2B activity in muscle. To determine the relative phosphorylation state of
eIF2Bε, equal amounts of protein from homogenates of epitrochlearis from nonseptic and
septic rats were immunoblotted with an anti-eIF2B antibody, specific for the phosphorylated
form of eIF2Bε. The blots were then stripped of antibody and re-probed with an antibody
recognizing total eIF2Bε. Panel A, bar graph indicates the amount of eIF2Bε in the
phosphorylated form divided by the total eIF2Bε. Panel B, eIF2B activity was determined as
in Methods. Results represent means ± SEM for 8–13 muscles in each group. Means with
different letters (a, b) are significantly different (P < 0.05).
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Figure 5.
Effect of LiCl on 4E-BP1 and S6 phosphorylation in muscle of nonseptic and septic rats.
Results represent means ± SEM for 8–13 muscles in each group. Total 4E-BP1 was
determined and the γ-isoform (most heavy phosphorylated), β-isoform, and α-isoform (least
phosphorylated) identified. α-Tubulin is also shown as a loading control. Panel A,
quantitation of 4E-BP1 phosphorylation. Panel B, phosphorylated and total ribosomal
protein S6 were determined and the bar graph indicates the phosphorylated form normalized
to total S6. Means with different letters (a, b) are significantly different (P < 0.05).
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Figure 6.
Effect of LiCl on atrogene expression and proteasome activity in muscle from nonseptic and
septic rats. The mRNA content in muscle for atrogin-1 (panel A) and MuRF1 (panel B) was
quantitated by ribonuclease protection assay (RPA) and data were normalized to L32 which
was unaffected by either sepsis and/or lithium treatment. The 20S and 26S proteasome
activity was assessed as in Methods. Panel C, 26S proteasome activity data are presented,
but the sepsis- and LiCl-induced changes in 20S proteasome activity were comparable (data
not shown). Values are means ± SEM for 8–9 muscles in each group. Means with different
letters (a, b, c) are significantly different (P < 0.05).
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Figure 7.
Effect of LiCl on the autophagic/lysosomal pathway as assessed by the LC3-II/LC3-I ratio
in muscle from nonseptic and septic rats. LC3 was determined by Western blot analysis and
the two isoforms so indicated (inset). Bar graph, represents quantitation of all data
normalized to α-tubulin. Values are means ± SEM for 8–9 muscles in each group. Means
with different letters (a, b) are significantly different (P < 0.05).
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Figure 8.
Effect of LiCl on FOXO3 phosphorylation in muscle from nonseptic and septic rats. Total
and Thr32-phosphorylated FOXO3 were determined by Western blot analysis. Bar graph,
represents quantitation of all data normalized to total FOXO3 protein. Values are means ±
SEM for 8–9 muscles in each group. Means with different letters (a, b) are significantly
different (P < 0.05).
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Table 1

Tyrosine concentration in epitrochlearis incubated in the absence or presence of LiCl

Incubation Time

LiCl treatment 0 h 2 h

Nonseptic − 89 ± 7 132 ± 16*

+ 75 ± 6 128 ± 15*

Septic − 97 ± 8 145 ± 21*

+ 81 ± 8 137 ± 23*

Values are means ± SEM (n = 6 per group), where units are nmol/g tissue. Tissue content of tyrosine was determined after the 30 min
preincubation period (e.g., 0 h) and at the end of the 2-h incubation period.

*
P < 0.05 compared to values from same treatment group. At any given time (i.e., either 0 h or 2 h), there was no significant difference among the

four experimental groups.
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Table 2

Effect of lithium chloride (LiCl) on sepsis-induced changes in IGF-I and various inflammatory mediators

Nonseptic Septic

Control LiCl Control LiCl

IGF-I mRNA 1.00 ± 0.08a 0.98 ± 0.11a 0.47 ± 0.07b 0.55 ± 0.06b

TNFα mRNA 1.00 ± 0.11a 1.04 ± 0.09a 3.33 ± 0.78b 3.01 ± 0.45b

IL-6 mRNA 1.00 ± 0.14a 0.89 ± 0.12a 2.32 ± 0.11b 2.97 ± 0.47b

NOS2 mRNA 1.00 ± 0.11a 0.94 ± 0.11a 4.87 ± 1.84b 2.32 ± 1.44ab

NOS2 protein 1.00 ± 0.14a 0.88 ± 0.11a 3.22 ± 0.43b 1.55 ± 0.31ab

Values are means ± SEM for 8–9 muscles in each group. Within the same row, means with different letters (a, b) are significantly different (P <
0.05); means with the same letter are not statistically different. The mRNA content for each transcript was normalized to L32. For the NOS2
protein, signal intensity was normalized to tubulin, which was not different between groups (data not shown).
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