
Available online at www.sciencedirect.com

ental 58 (2009) 787–797
www.metabolismjournal.com
Metabolism Clinical and Experim
Local insulin-like growth factor I prevents sepsis-induced muscle atrophy
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Abstract

The present study tests the hypotheses that local bioavailability of insulin-like growth factor I (IGF-I) is capable of regulating muscle
protein balance and that muscle-directed IGF-I can selectively maintain muscle mass during bacterial infection. Initial studies in C57BL/6
mice demonstrated that increasing or decreasing bioavailable IGF-I within muscle by local administration of either Leu24 Ala31 IGF-I or IGF
binding protein 1, respectively, produced proportional changes in surrogate markers (eg, phosphorylation of 4E-BP1 and S6K1) of protein
synthesis. We next examined the ability of a sustained local administration of IGF-I to prevent sepsis-induced muscle atrophy over a 5-day
period. At the time of cecal ligation and puncture or sham surgery, mice had a time-release pellet containing IGF-I implanted next to the
gastrocnemius and a placebo pellet placed in the contralateral limb. Data indicated that IGF-I released locally only affected the adjacent
muscle and was not released into the circulation. Gastrocnemius from septic mice containing the placebo pellet was atrophied and had a
reduced IGF-I protein content. In contrast, locally directed IGF-I increased IGF-I protein within adjacent muscle to basal control levels. This
change was associated with a proportional increase in muscle weight and protein, as well as increased phosphorylation of 4E-BP1 and the
redistribution of eIF4E from the inactive eIF4E∙4EBP1 complex to the active eIF4E∙eIF4G complex. Local IGF-I also prevented the sepsis-
induced increase in atrogin-1 messenger RNA in the exposed muscle. Finally, local IGF-I prevented the sepsis-induced increase in muscle
interleukin-6 messenger RNA. Thus, muscle-directed IGF-I attenuates the sepsis-induced atrophic response apparently by increasing muscle
protein synthesis and potentially decreasing proteolysis. Collectively, our data suggest that agents that increase the bioavailability of IGF-I
within muscle per se might be effective in ameliorating the sepsis-induced loss of muscle mass without having undesirable effects on
metabolic processes in distant organs.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Unremitting bacterial infection increases nitrogen excre-
tion resulting from an imbalance between rates of whole-
body protein synthesis and degradation [1]. Although sepsis-
induced changes in protein balance can be detected in several
tissues, much of the urinary loss of nitrogen and increased
protein turnover is attributable to the erosion of muscle mass
[1,2]. The mechanism by which prolonged sepsis leads to
muscle atrophy involves both a decreased rate of protein
synthesis and an increased rate of proteolysis [1,3,4]. Such
changes adversely affect morbidity and mortality in severely
catabolic individuals [5,6], so limiting muscle loss in an
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attempt to preserve muscle function should improve the
recovery process.

The mechanism by which sepsis alters muscle protein
balance is undoubtedly multifactorial, being attributable to
increases in various catabolic agents (eg, inflammatory
cytokines, excess glucocorticoids) and decreases in either the
concentration or tissue responsiveness to various anabolic
agents (eg, growth factors) and nutrients (eg, leucine) [1,7].
Of these, the concentration of insulin-like growth factor I
(IGF-I) in either the muscle per se or the general circulation
occupies a central regulatory role in the accretion of muscle
mass during development and promotes a hypertrophic-like
response in cultured myocytes [8]. The systemic adminis-
tration of IGF-I, which increases the peptide level in the
general circulation, is capable of increasing muscle weight
and protein synthesis; and therefore, the hormone clearly
functions in an endocrine manner [9]. Furthermore, muscle
hypertrophy is also seen in transgenic mice that specifically
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overexpress IGF-I in skeletal muscle [10]. Importantly, the
overexpression of IGF-I in muscle per se does not increase
IGF-I in the circulation and does not lead to a generalized
increase in body weight (BW), thereby confirming that IGF-I
is also capable of intrinsic metabolic regulation via
autocrine/paracrine signaling. Moreover, the local infusion
of IGF-I in adult mice also increases muscle mass
independent of a general stimulation of somatic growth
[11]. The relative intrinsic importance of locally produced
IGF-I on muscle protein balance is further evidenced by the
hypertrophy seen in overloaded skeletal muscle of hypo-
physectomized rats. Under such a low-growth condition,
where the circulating concentration of IGF-I is extremely
low because of the lack of growth hormone, the autocrine/
paracrine effect of this growth factor is evidenced by the
correlation in muscle IGF-I content and increased muscle
mass [12]. However, at this time, it is unclear whether it is
the local IGF-I content within muscle or the concentration of
IGF-I in the blood that is the primary determinant of muscle
protein balance during infection because of the difficulty in
isolating these different growth factor pools [13]. Therefore,
the purpose of the present study was to test the hypotheses
that the local bioavailability of IGF-I is capable of regulating
in vivo muscle protein balance and that increasing the local
IGF-I content within skeletal muscle over a sustained period
can prevent sepsis-induced atrophy.
2. Materials and methods

2.1. Animals and experimental protocol

All experiments used specific pathogen-free, male
C57BL/6 mice (9-10 weeks of age, 22-25 g; Jackson
Laboratories, Bar Harbor, ME) that were housed under
constant environmental conditions and maintained on
standard rodent chow and water ad libitum for at least 1
week before the start of studies. In the first study, freely fed
control mice were injected intraperitoneally with either IGF
binding protein 1 (IGFBP-1) (5 μg/g BW; Calbiochem, La
Jolla, CA) or the same volume (0.5 mL) of vehicle (0.9%
saline). A separate group of mice in this study was injected
with IGFBP-1 (1 μg per muscle) into the right gastro-
cnemius, and vehicle was injected into the contralateral left
gastrocnemius. The IGFBP-1 or saline was administered by
multiple intramuscular injections using a 30-g needle to
deliver a total of 50 μL per muscle. The amount of IGFBP-1
needed to achieve a maximal response was based on
preliminary studies (data not shown) and published data
[14,15]. The second study was comparable with the first,
except that Leu24 Ala31 IGF-I was administered to mice
instead of IGFBP-1. For this study, mice were fasted for 5
hours to increase the endogenous production of IGFBP-1
and enhance the opportunity to demonstrate an effect of the
IGF-I analog. Leu24 Ala31 IGF-I is an analog of native IGF-I
that displaces IGF-I and IGF-II from IGFBPs because of its
high affinity for IGFBPs but itself does not bind to the IGF-I
receptor [16]. As a result, Leu24 Ala31 IGF-I increases the
“free” or bioavailable IGF-I. The Leu24 Ala31 IGF-I was
administered by either intraperitoneal (2 μg/g BW) or
intramuscular (0.5 μg per muscle) injection, as described
above. The doses of Leu24 Ala31 IGF-I used were based on
preliminary studies showing maximal effectiveness (data not
shown). Mice were anesthetized with ketamine/xylazine; and
20 minutes after administration of either IGFBP-1 or Leu24

Ala31 IGF-I, the gastrocnemius from both legs was excised.
This time point was selected based on preliminary studies
and published reports indicating a maximal stimulation of
muscle protein synthesis and translation initiation [4,17].
Tissues from this and subsequent studies were weighed,
frozen in liquid nitrogen, and stored at −70°C until analyzed.

In the third study, polymicrobial peritonitis was induced
by cecal ligation and puncture (CLP) [18]. Briefly, an
abdominal midline incision of approximately 1 cm was
made; and the cecum was exposed, ligated, and punctured
using a 23-gauge needle. Care was taken not to obstruct the
bowel. A small amount of feces was extruded from the
cecum to ensure patency of the puncture site. Sham control
mice were subjected to the same protocol, except that the
cecum was not ligated or punctured. Thereafter, the cecum
was replaced in the abdominal cavity; and the abdominal
muscles and skin were closed. A small skin incision was
made on the ventral portion of right hind limb, and a time-
release pellet containing recombinant human IGF-I formu-
lated to release approximately 2 μg/d for a period of 6 days
(3-mm diameter) was placed proximal to the belly of the
gastrocnemius. The native IGF-I peptide is 95% conserved
between mice and humans [19], and there is a high degree of
conservation of IGF-I action over a wide range of species
(eg, humans to fish) [19,20]. Similarly, a placebo pellet was
implanted next to the left gastrocnemius. In addition,
muscles from naive control mice—which underwent only
the surgical preparation but no pellet implantation—were
used as controls (“sham”). The skin incision was closed
using a single wound clip. After surgery, all mice were
housed individually; and each received 1 mL of warmed
(37°C) 0.9% sterile saline containing 0.05 mg/kg of
buprenorphine administered subcutaneously every 12 hours
for the remainder of the experimental protocol. Control mice
were pair-fed to match the food consumption of septic mice.
Mice were killed 5 days after CLP, the gastrocnemius and
heart were excised, and blood was collected from the inferior
vena cava into a heparinized syringe. The 5-day time point
was selected because preliminary studies demonstrated that,
at this time, it was possible to detect a net increase in muscle
weight in response to IGF-I stimulation (data not shown);
data from studies using shorter periods of time post-CLP had
greater variability.

All experimental protocols involving animals were
approved by the Institutional Animal Care and Use
Committee of The Pennsylvania State University College
of Medicine and adhered to the National Institutes of Health
guidelines for the use of experimental animals.
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2.2. Immunoprecipitation and Western blot analysis

The tissue preparation was the same as previously
described [4,17,21]. A portion of fresh muscle was
homogenized using a 1:5 ratio of ice-cold buffer consisting
of (in millimoles per liter) 20 HEPES, pH 7.4, 2 EGTA, 50
NaF, 100 KCl, 0.2 EDTA, 50 β-glycerophosphate, 1
dithiothreitol, 0.1 phenylmethylsulfonyl fluoride, 1 benza-
midine, 0.5 sodium vanadate, plus a protease inhibitor
cocktail tablet from Roche (Indianapolis, IN), and clarified
by centrifugation. The samples were subjected to sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, and the
proteins were electrophoretically transferred to polyvinyli-
dene difluoride membranes. The blots were incubated
with primary antibodies (unless otherwise noted, from Cell
Signaling, Beverly, MA) to total S6K1 (Santa Cruz
Biotechnology, Santa Cruz, CA), phospho-specific S6K1
(Thr389), and total (Bethyl Laboratories, Montgomery, TX)
and phospho-specific 4E-BP1 (Thr37/46). Blots were
washed with 1× Tris-buffered saline including 0.1%
Tween-20 and incubated with secondary antibody (horse-
radish peroxidase–conjugated goat anti-mouse or goat anti-
rabbit) immunoglobulin G at room temperature. The blots
were developed with enhanced chemiluminescence Western
blotting reagents (Amersham, Piscataway, NJ) and exposed
to x-ray film in a cassette equipped with a DuPont
Lightning Plus intensifying screen (Wilmington, DE). After
development, the film was scanned (Microtek ScanMaker
IV; Fontana, CA) and analyzed using National Institutes of
Health Image (Bethesda, MD) 1.6 software.

The eIF4E∙4EBP1 and eIF4E∙eIF4G complexes were
quantified as described [4,17,21]. From an aliquot of
supernatant, eIF4E was immunoprecipitated using an anti-
eIF4E monoclonal antibody (kindly provided by Drs
Jefferson and Kimball, Hershey, PA). Antibody-antigen
complexes were collected using magnetic beads and
subjected to sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, and proteins were transferred to a poly-
vinylidene difluoride membrane. Blots were incubated with
a mouse anti-human eIF4E antibody, rabbit anti-rat 4E-BP1
antibody, or rabbit anti-eIF4G antibody.

2.3. RNAse protection assay

Primer selection for mouse genes of interest (ie, atrogin-1,
MuRF1, tumor necrosis factor α [TNFα], interleukin-1 [IL-
1], and interleukin 6 [IL-6]) has been previously published
by our laboratory [22,23]. A 2-μL aliquot of template was
labeled using T7 Polymerase, RNaisin, and DNase (Pro-
mega, Madison, WI), NTPs and tRNA (Sigma, St Louis,
MO), and 32P-UTP (Amersham). Unless otherwise noted,
the entire RNAse protection assay procedure including
labeling conditions, component concentrations, sample
preparation, and gel electrophoresis was performed accord-
ing to previously published protocols (BD Biosciences
Pharmingen, San Diego, CA). Hybridization buffer was 80%
formamide and 20% stock buffer (200 mmol/L Pipes, pH
6.4, 2 mol/L NaCl, 5 mmol/L EDTA). Ten micrograms of
total RNA was hybridized overnight at 56°C in a dry bath
incubator (Fisher Scientific, Pittsburgh, PA) without the use
of mineral oil. Samples were treated with RNAse A + T1

(Sigma) in 1× RNAse buffer (10 mmol/LTris-HCl, pH 7.5, 5
mmol/L EDTA, 300 mmol/L NaCl) followed by Proteinase
K (Fisher Scientific) in 1× Proteinase K buffer (50 mmol/L
Tris, pH 8.0, 1 mmol/L EDTA, 1% Tween 20). After ethanol
precipitation, samples were resuspended in loading buffer
(98% formamide [vol/vol], 0.05% xylene cyanol [wt/vol],
0.05% bromphenol blue [wt/vol], 10 mmol/L EDTA).
Polyacrylamide gels were run, transferred to chromatogra-
phy paper, and dried (FB GD 45 Gel Dryer, Fisher
Scientific). Gels were exposed to a PhosphorImager screen
(Molecular Dynamics, Sunnyvale, CA), and the resultant
data were quantified using Molecular Dynamics's Image-
Quant software (ImageQuant version 5.2). Although the data
were normalized to L32, the same results were obtained if
data were normalized to glyceraldehyde-3-phosphate dehy-
drogenase (data not shown).

2.4. IGF-I and insulin determinations

Plasma samples were acid-ethanol extracted and cryopre-
cipitated to remove IGFBPs [14]. Insulinlike growth factor I
of human origin (eg, from the implanted pellet) was
differentiated from endogenous rat IGF-I by use of species-
specific radioimmunoassays (RIA; Diagnostic Systems
Laboratory, Webster, TX). The plasma insulin concentration
was also determined by RIA (Linco Research, St Louis, MO).

2.5. Statistical analysis

Data for each condition are summarized as means ± SE
where the number of mice per treatment group is indicated in
the legends to the figure or table. Unless otherwise indicated,
statistical evaluation of the data was performed using 2-way
analysis of variance with post hoc Student-Neuman-Keuls
test when the interaction was significant. Differences were
considered significant when P was less than .05.
3. Results

3.1. Acute regulation of local IGF-I

The first series of studies provided proof-of-principle that
regulation of the local IGF-I concentration was capable of
acutely modulating end points related to muscle protein
synthesis. First, mice were administered Leu24Ala31 IGF-I
that increases free IGF-I [16]. The intraperitoneal injection of
Leu24Ala31 IGF-I into 5-hour–fasted mice increased the
phosphorylation of 4E-BP1 and S6K1 compared with values
from vehicle-treated control mice (Fig. 1). Although we did
not directly determine rates of muscle protein synthesis in this
or subsequent studies, the phosphorylation of these proteins
is accepted as a functional readout of mammalian target of
rapamycin (mTOR) activity and correlates with proportional



ig. 2. Effect of intraperitoneal or intramuscular administration of IGFBP-1
n the phosphorylation of 4E-BP1. For mice injected intraperitoneally,
FBP-1 or vehicle (saline) was administered to 2 separate groups of mice.
or mice injected intramuscularly, IGFBP-1 was locally injected into the
ght gastrocnemius; and saline was injected into the contralateral muscle of
e same mouse. Muscles were sampled 20 minutes after injection of
FBP-1 and used to assess the phosphorylation state of 4E-BP1 (Thr37/

6). Inset, A representative Western blot for phosphorylated 4E-BP1 is
hown in the top panel, and the γ- and β-isoforms are identified. Total eIF4E
as included as a loading control. Thr389-phosphorylation of S6K1 was not
uantified in these mice because the low basal phosphorylation of this
rotein in muscle prevents seeing a treatment-induced decrease. The total
mount of 4E-BP1 and S6K1 in muscle did not differ among the various
eatment groups (data not shown). For bar graph, values are means ± SEM;
= 7, 7, 5, and 5, respectively. Values with different letters are statistically
ifferent; P b .05.

Fig. 1. Effect of intraperitoneal or intramuscular administration of Leu24-

Ala31 IGF-I on the phosphorylation of 4E-BP1 and S6K1. For mice injected
intraperitoneally, Leu24Ala31 IGF-I or vehicle (saline) was administered to 2
separate groups of mice. For mice administered Leu24Ala31 IGF-I
intramuscularly, the IGF-I analog was locally injected into the right
gastrocnemius; and saline was injected into the contralateral muscle of the
same mouse. Muscles were sampled 20 minutes after injection of Leu24Ala31

IGF-I and used to assess phosphorylation of 4E-BP1 (Thr37/46) and S6K1
(Thr389). Inset, Representative Western blots for these proteins are shown in
the top panel. For 4E-BP1, 3 isoforms of the protein were detected (ie, γ, β,
and α). Total eIF4E is included as a loading control. The total amount of 4E-
BP1 and S6K1 in muscle did not differ among the various treatment groups
(data not shown). For bar graphs, values are means ± SEM; n = 7, 6, 5, and 5,
respectively. Values with different letters are statistically different; P b .05.
IP indicates intraperitoneal; IM, intramuscular.
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changes in muscle protein synthesis [1]. Similarly, injection
of Leu24Ala31 IGF-I directly into muscle also increased
phosphorylation of these 2 proteins. The total amount of 4E-
BP1 and S6K1 protein in muscle was not different between
groups (data not shown). The intramuscular injection of
Leu24Ala31 IGF-I did not appear to “spill over” into the
general circulation because the extent of 4E-BP1 and S6K1
phosphorylation in the vehicle-injected contralateral muscle
was not different from levels in muscle of control mice
injected intraperitoneally with vehicle. To provide confirma-
tion that intramuscular-injected Leu24Ala31 IGF-I did not
appreciably spill over into the blood, plasma insulin levels
were determined. The intraperitoneal injection of Leu24Ala31

IGF-I decreased the insulin concentration (74 ± 18 pmol/L,
n = 6) compared with values in vehicle-treated control mice
(144 ± 24 pmol/L, n = 7, P b .05). Such a hypoinsulinemic
response was not detected when Leu24Ala31 IGF-I was
injected intramuscularly (138 ± 25 pmol/L, n = 5, P = not
significant compared with vehicle-treated control value).

Conversely, the second study was performed to determine
whether bioavailable IGF-I in muscle could be decreased by
injecting IGFBP-1, one of the 6 naturally occurring IGFBPs.
The intraperitoneal injection of IGFBP-1 decreased 4E-BP1
phosphorylation by 60% in muscle from freely fed mice
(Fig. 2). Systemically administered IGFBP-1 decreased the
circulating concentration of free IGF-I [14] and, because of
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its low molecular weight, would also be expected to cross the
capillary endothelium where it would neutralize interstitial
IGF-I [24]. In this regard, injection of IGFBP-1 directly into
the gastrocnemius reduced 4E-BP1 phosphorylation. Such a
change was not detected in the contralateral muscle injected
with vehicle, suggesting that the local intramuscular injection
of IGFBP-1 did not spill over into the general circulation. The
absence of a physiologically relevant amount of IGFBP-1
spillover into the general circulation was confirmed by the
lack of hyperinsulinemia. That is, mice injected intraper-
itoneally with IGFBP-1 were hyperinsulinemic (208 ± 29
pmol/L, n = 7, P b .05) compared with either control mice
injected with vehicle (148 ± 26 pmol/L, n = 7) or mice where
IGFBP-1 was injected intramuscularly (152 ± 21 pmol/L, n =
5). No effect of exogenous IGFBP-1 on S6K1 phosphoryla-
tion was observed because of the low constitutive phosphor-
ylation of this protein under basal conditions (data not
shown). The total 4E-BP1 and S6K1 protein in muscle was
not different between groups (data not shown).
Fig. 3. Plasma concentrations of IGF-I and IGFBP-1 in nonseptic (control)
and septic mice implanted with IGF-I–containing pellet. Mice (both
nonseptic and septic) in the “pellet” group had an IGF-I–containing pellet
implanted near the right gastrocnemius and a placebo pellet implanted near
the left gastrocnemius. Sham mice (both nonseptic and septic) had no pellets
implanted. Plasma IGF-I was determined by RIA; and IGFBP-1, by Western
blot analysis. Inset, A representative autoradiograph for IGFBP-1; each lane
was loaded with the same amount of total protein and corresponds to 1 of the
4 experimental groups. Values are means ± SEM; n = 7, 7, 8, and 8,
respectively. Values with different letters are statistically different; P b .05.

Fig. 4. Insulinlike growth factor I protein and mRNA content of
gastrocnemius in nonseptic (control) and septic mice implanted with either
a placebo or an IGF-I–containing pellet. Mice (both nonseptic and septic) in
the pellet group had an IGF-I–containing pellet implanted near the right
gastrocnemius and a placebo pellet implanted near the left gastrocnemius.
Sham mice (both nonseptic and septic) had no pellets implanted. For muscle
IGF-I protein content (top panel), the third bar in each group is stacked with
the open portion indicating the exogenous IGF-I derived from the implanted
pellet and the crosshatched portion indicating the endogenously produced rat
IGF-I. Bottom panel, IGF-I mRNA expression of gastrocnemius determined
by ribonuclease protection assay. Inset, Representative autoradiographs for
IGF-I and L32 mRNA are shown, with each lane corresponding to 1 of the 6
experimental groups. Values were normalized to L32, and the sham
nonseptic value was set at 1.0 arbitrary unit. Values are means ± SEM; n = 7,
7, 8, 8, 8, and 8, respectively. Values with different letters are statistically
different; P b .05. AU indicates arbitrary unit.
3.2. IGF-I effect in control and septic muscle

Fig. 3 (top panel) illustrates that the plasma IGF-I
concentration was decreased by approximately 30% in mice
5 days after CLP compared with nonseptic pair-fed control



ig. 6. Interleukin-6 mRNA content in skeletal muscle obtained from
onseptic (control) and septic mice implanted with either a placebo or an
F-I–containing pellet. Mice (both nonseptic and septic) in the pellet group

ad an IGF-I–containing pellet implanted near the right gastrocnemius and a
lacebo pellet implanted near the left gastrocnemius. Sham mice (both
onseptic and septic) had no pellets implanted. Inset, Representative
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values. Importantly, the IGF-I in the circulation was not
different between septic mice that had no pellets implanted
(ie, sham) and those in which 1 hind limb was implanted
with an IGF-containing pellet. Conversely, sepsis increased
the plasma IGFBP-1 concentration nearly 3-fold (Fig. 3,
bottom panel); and again, there was no difference in the
sepsis-induced change between septic mice with an IGF-I–
containing pellet and sham-treated septic animals. The
plasma insulin concentrations were not different between
control and septic mice, and did not differ between sham
and pellet-containing mice (data not shown). Finally, the
heart weight was not significantly different between control
and septic mice, and did not differ between sham and
pellet-containing mice (data not shown). Collectively, these
data indicate that sepsis produces characteristic changes in
the IGF system that have previously been reported in rats
[25] and that implantation of a pellet containing IGF-I
juxtaposed to the gastrocnemius did not “leak” IGF-I into
the general circulation.

The gastrocnemius was removed from animals in the
various groups, and the IGF-I protein and messenger RNA
(mRNA) content was quantified. The total IGF-I protein was
Fig. 5. Wet weight and protein of gastrocnemius obtained from nonseptic
(control) and septic mice implanted with either a placebo or an IGF-I–
containing pellet. Mice (both nonseptic and septic) in the pellet group had an
IGF-I–containing pellet implanted near the right gastrocnemius and a
placebo pellet implanted near the left gastrocnemius. Sham mice (both
nonseptic and septic) had no pellets implanted. Values are means ± SEM; n =
7, 7, 8, 8, 8, and 8, respectively. Values with different letters are statistically
different; P b .05.

utoradiographs for IL-6 and L32 mRNA are shown, with each lane
orresponding to 1 of the 6 experimental groups. For bar graph, values are
eans ± SEM; n = 7, 7, 8, 8, 8, and 8, respectively. Values with different
tters are statistically different; P b .05.
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decreased almost 50% in muscle from septic mice compared
with muscle from pair-fed nonseptic control mice (Fig. 4, top
panel). A comparable decrease in IGF-I protein was detected
in the left gastrocnemius of septic mice implanted with the
placebo pellet. In the muscle of nonseptic mice that received
the IGF-I–containing pellet, the total IGF-I content tended to
be increased compared with the contralateral muscle of the
same mouse; but this change did not achieve statistical
significance. Using species-specific RIAs, it was determined
that, in nonseptic mice, the IGF-I pellet decreased endogen-
ous IGF-I and that this was largely “balanced” by the
presence of exogenous human IGF-I from the pellet. In
contrast, in septic mice, the IGF-I pellet did not decrease
endogenous IGF-I and thereby increased the total IGF-I
protein in muscle back to values not different from the
nonseptic mice under basal conditions.

Insulinlike growth factor I mRNA expression was
reduced 40% in muscle from septic mice compared with
nonseptic control values (Fig. 4, bottom panel). The IGF-I
mRNA content was also reduced in gastrocnemius implanted
with the IGF-I–containing pellet. Such an IGF-I–induced
decrease in IGF-I mRNA was not detected in muscle from
septic mice that were similarly treated.

There was a 20% reduction in the wet weight of the
gastrocnemius, compared with muscles from pair-fed control
mice, over the 5-day duration of the septic insult (Fig. 5, top
panel). This sepsis-induced decrease was observed in sham
mice as well as in the gastrocnemius from mice receiving the
placebo pellet. In contrast, the weight of the gastrocnemius
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next to the IGF-I–containing pellet was increased to a
comparable extent in both nonseptic and septic mice.
Comparable changes were noted for the concentration of
protein in muscles from nonseptic and septic mice in the
presence and absence of IGF-I, with the exception that the
“increase” in protein detected in the muscle from nonseptic
control mice with the placebo pellet did not achieve
statistical significance (Fig. 5, bottom panel).
3.3. Tissue cytokine mRNA content

The IL-6 mRNA content in muscle from 5-day septic
mice was increased approximately 3.5-fold above time-
matched nonseptic control values (Fig. 6). This sepsis-
induced increase in IL-6 was also seen in muscle with the
implanted placebo pellet. In contrast, IL-6 mRNA expression
in muscle from septic mice implanted with the IGF-I–
containing pellet was comparable with values in nonseptic
mice. The IGF-I pellet did not alter IL-6 mRNA expression
in nonseptic animals, although constitutive expression was
nominal under basal conditions. At the 5-day period, no
sepsis or IGF-I change was detectable for either TNFα or IL-
1 mRNA expression in skeletal muscle (data not shown).
RNAse protection assay analysis for TNFα, IL-6, and IL-1
Fig. 7. Phosphorylation of 4E-BP1 and S6K1, and formation of the active eIF4F co
or an IGF-I–containing pellet. Mice (both nonseptic and septic) in the pellet group
placebo pellet implanted near the left gastrocnemius. Shammice (both nonseptic and
gastrocnemius; total 4E-BP1 was not different among the various groups (data not
eIF4G or 4E-BP1 in muscle, respectively. Western blot analysis for either eIF4G
muscle. Total eIF4E in tissue homogenates and eIF4E in the immunoprecipitate wer
of S6K1; total S6K1 protein was not different among the various groups (data not s
with different letters are statistically different; P b .05.
was also performed on liver from control and septic mice.
There was no detectable change in the mRNA content for
these 3 cytokines in liver from control and septic mice (data
not shown).
3.4. Surrogate markers of muscle protein synthesis
and degradation

In general, sepsis decreased the phosphorylation of 4E-
BP1 compared with nonseptic values (Fig. 7A). Moreover,
this change was consistent with the reduced amount of the
active eIF4E∙eIF4G complex (Fig. 7B) and increased amount
of the inactive eIF4E∙4EBP1 complex (Fig. 7C). In muscle of
nonseptic control mice, the IGF-I pellet increased 4E-BP1
phosphorylation and caused redistribution of eIF4E from 4E-
BP1 to eIF4G. Muscle-directed IGF-I also tended to increase
S6K1 phosphorylation in muscle from both nonseptic and
septic mice, but neither change achieved statistical sig-
nificance (Fig. 7D).

In catabolic conditions, atrogin-1 and MuRF1 mRNA
content is often correlated with the rate of muscle proteolysis
[26]. Sepsis increased the mRNA content for both atrogin-1
and MuRF1 in gastrocnemius compared with values from
nonseptic control mice (Fig. 8). Insulinlike growth factor I
mplex in nonseptic (control) and septic mice implanted with either a placebo
had an IGF-I–containing pellet implanted near the right gastrocnemius and a
septic) had no pellets implanted. A, Thr37/46 phosphorylation of 4E-BP1 in

shown). B and C, Quantitation of the amount of eIF4E associated with either
or 4E-BP1 was performed on the eIF4E that was immunoprecipitated from
e not different between groups (data not shown). D, Thr-389 phosphorylation
hown). Values are means ± SEM; n = 7, 7, 8, 8, 8, and 8, respectively. Values



Fig. 8. Atrogin-1 and MuRF1 mRNA content in skeletal muscle obtained
from nonseptic (control) and septic mice implanted with either a placebo or
an IGF-I–containing pellet. Mice (both nonseptic and septic) in the pellet
group had an IGF-I–containing pellet implanted in the right gastrocnemius
and a placebo pellet implanted in the left gastrocnemius. Sham mice (both
nonseptic and septic) had no pellets implanted. Inset, Representative
autoradiographs for atrogin-1, MuRF1, and L32 are shown, with each lane
corresponding to 1 of the 6 experimental groups. For bar graphs, values were
normalized to L32; and the sham nonseptic value was set at 1.0 arbitrary
unit. Values are means ± SEM; n = 7, 7, 8, 8, 8, and 8, respectively. Values
with different letters are statistically different; P b .05.
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decreased atrogin-1 expression in both nonseptic and septic
mice, with the decrement in the latter group being greater in
magnitude. In contrast, we failed to detect an IGF-I–induced
decrease in the expression of MuRF1 in either group of mice
at the time point assessed.
4. Discussion

The results of the present study suggest that direct
modulation of IGF-I availability within muscle of control
mice is capable of acutely regulating the phosphorylation of
proteins central to maintaining protein synthesis. In this
regard, increasing IGF-I bioavailability by the intramus-
cular injection of Leu24Ala31 IGF-I appeared to increase
mTOR activity as evidenced by enhanced phosphorylation
of both 4E-BP1 and S6K1 [27]. These data extend previous
work showing that the addition of Leu24Ala31 IGF-I to
cultured myocytes increases protein synthesis and that this
stimulation resulted from a displacement of native IGF-I
from various IGFBPs and not from its direct interaction
with the IGF-I receptor [28]. Conversely, sequestration of
bioactive IGF-I within muscle after the intramuscular
injection of IGFBP-1 reduced phosphorylation of 4E-BP1.
These data are also consistent with the reported reduction
in muscle protein synthesis observed when IGFBP-1 was
infused intravenously at a dose sufficient to reduce the
circulating concentration of free IGF-I [14] or when
myocytes were cultured with excess IGFBP-1 [29]. In the
present study, the intramuscular and intraperitoneal injec-
tion of either Leu24Ala31 IGF-I or IGFBP-1 produced
qualitatively similar changes in 4E-BP1 phosphorylation.
However, we cannot draw conclusions regarding the
sensitivity of muscle protein synthesis to these 2 different
routes of administration because complete dose-response
curves were not generated. Regardless, our data clearly
demonstrate that local regulation of IGF-I has the potential
to acutely impact muscle protein balance.

In preliminary studies, repeated intramuscular injections
of Leu24Ala31 IGF-I were performed in an attempt to
produce a sustained effect over several days. However,
multiple injections into the muscle produced muscle
inflammation as manifested by an increase in inflammatory
cytokine mRNA content and by altered phosphorylation of
4E-BP1 (Lang, unpublished observations) Hence, we
replaced this invasive method in subsequent studies by the
implantation of a time-release pellet near the gastrocnemius.
Muscle from the contralateral leg implanted with the placebo
pellet had cytokine mRNA levels as well as surrogate
markers of protein synthesis and degradation that were not
different from those of muscle of naive control mice,
suggesting that the implantation procedure per se did not
alter muscle protein balance. Furthermore, based on the
circulating concentrations of IGF-I, IGFBP-1, and insulin as
well as the heart weight, all of which were not different
between sham and pellet-implanted mice, the effect of the
IGF-I–containing pellet on the target muscle appears to
result solely from an elevation in the local muscle
concentration of IGF-I.

Muscle-directed IGF-I increased the gastrocnemius mass
in both control and septic mice, and the increment in weight
compared with the contralateral muscle was not different
between groups. The IGF-I pellet successfully restored IGF-I
protein content in the target muscle of septic mice to basal
control levels. In contrast, the IGF-I pellet did not
significantly increase IGF-I protein in muscle of control
mice, although a trend was noted. This differential effect
between control and septic mice in response to IGF-I appears
to result from a reduction in IGF-I synthesis (eg, as
evidenced by the decrease in IGF-I mRNA content) in
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muscle of control but not septic mice. The ability of locally
directed IGF-I to prevent the sepsis-induced atrophy in
gastrocnemius led to a corresponding increase in muscle
protein. These results differ from those of Criswell et al [30]
where muscle-specific overexpression of IGF-I failed to
prevent atrophy produced by disuse. Although the reason for
this difference is unknown, it is noteworthy that the atrophic
response produced by disuse was not associated with a
reduction in muscle IGF-I, whereas the IGF-I content was
markedly reduced by sepsis. The ability of muscle-directed
IGF-I to increase muscle protein and mass in septic animals
is consistent with similar responses produced in various
catabolic conditions when IGF-I is administered intrave-
nously [31-37]. One limitation of the current study is that we
did not determine whether locally administered IGF-I
increased the number or size of myofibers. However, IGF-I
is known to stimulate both cellular proliferation and
differentiation [8]. Moreover, the local infusion of IGF-I in
adult rats produces a proportional increase in the muscle
DNA and protein, suggesting a hypertrophic response,
possibly via stimulation of satellite cells [11].

Under basal conditions, sepsis and endotoxin deplete
muscle protein in part via a decrease in mTOR activity and
inhibition of mRNA translation [4,17]. In the current study,
this is evidenced by the reduction in 4E-BP1 phosphoryla-
tion and the redistribution of eIF4E from the active
eIF4E∙eIF4G complex to the inactive eIF4E∙4EBP1 com-
plex. Although protein synthesis was not directly deter-
mined, the changes in 4E-BP1 phosphorylation and eIF4
distribution are consistent with other studies that report a
significant correlation between these parameters and protein
synthesis per se in the same muscle [1]. Muscle-directed
IGF-I increased the phosphorylation of 4E-BP1 (and tended
to increase S6K1 phosphorylation), suggesting an increased
mTOR activity. Furthermore, locally administered IGF-I also
shifted a larger amount of eIF4E into the active eIF4E∙eIF4G
complex. Although these IGF-I–produced changes were
relatively smaller than those seen in muscle from nonseptic
mice exposed to IGF-I, they nonetheless maintained all of
these end points at values comparable with those seen in
control muscle under basal conditions. The exact mechanism
for this blunted response in septic muscle was not determined
but may be related to the increased concentration of IGFBP-1
in the blood and, presumably, in the muscle.

The mRNA content for atrogin-1 and MuRF1, which are
collectively referred to as atrogenes, is up-regulated in
various atrophic conditions [23,26,38]. Although some
reports question the causal relationship between atrogin-1
and MuRF1 mRNA expression and protein degradation per
se [39], an increased mRNA content for these muscle-
specific atrogenes appears to be directly proportional to
increased proteolysis in many conditions. Our present data
indicate both atrogin-1 and MuRF1 mRNAs were increased
5 days after induction of sepsis, and these findings are
consistent with previous reports indicating an up-regulation
at earlier time points in response to sepsis and endotoxin
[40,41]. Muscle-directed IGF-I selectively decreased the
sepsis-induced increase in atrogin-1 mRNA. In contrast,
IGF-I failed to decrease MuRF1 mRNA in septic mice. As a
result of this divergent response between the 2 atrogenes, it is
not possible to unequivocally conclude whether the ability of
locally directed IGF-I to prevent sepsis-induced wasting is
mediated in part by a reduction in muscle proteolysis. In this
regard, although a sustained intravenous administration of
IGF-I has been reported to decrease muscle proteolysis in
some catabolic conditions, such as burns and aging [42,43],
it appears relatively ineffective at preventing the increased
degradation produced by sepsis [44]. Therefore, additional
studies that directly quantitate protein breakdown are
required to definitively determine whether the ability of
locally directed IGF-I to ameliorate the sepsis-induced
decrease in muscle mass is mediated solely by its stimulatory
effect on protein synthesis or in part by slowing the
accelerated rate of protein degradation.

Elevations in one or more of the inflammatory cytokines
TNFα, IL-1, or IL-6 either directly or indirectly have been
implicated in the muscle atrophy produced in a variety of
conditions [25,45,46]. In general, the increase in the
circulating and tissue content of these cytokines occurs
relatively early (4-24 hours) after infection and wanes with
time [19,47]. Of the 3 inflammatory cytokines studied (ie,
TNFα, IL-1, and IL-6), only the latter was significantly
elevated in skeletal muscle at the 5-day time point used in the
current study. However, based on information in the
literature, it is likely that all of these cytokines were elevated
in both liver and muscle at earlier points (eg, b24 hours)
during the septic insult [48]. In contrast, in the current study,
the hepatic expression for all 3 cytokines was not different
from basal nonseptic levels at this relatively late time point.
Because of technical problems, plasma cytokine levels were
not assessed in our study; and therefore, we cannot determine
whether the elevation in muscle IL-6 mRNA resulted in an
elevation in its circulating concentration. The ability of the
IGF-I pellet to prevent the sepsis-induced atrophy in adjacent
muscle was associated with a reduction in IL-6 mRNA
content. Such a reduction in cytokine production is
consistent with previous reports that the systemic adminis-
tration of IGF-I can attenuate the elevation in circulating
TNFα, IL-1, and IL-6 levels produced by sepsis and burns
[49-51]. The mechanism for the suppressive effect of IGF-I
on muscle IL-6 mRNA content has not been elucidated, but
our preliminary studies would suggest an indirect effect of
the growth factor because preincubation of C2C12 myo-
blasts with different concentrations of IGF-I did not prevent
or ameliorate the endotoxin-induced increase in IL-6 mRNA
content (Frost and Lang, preliminary data). Furthermore,
these data are consistent with the growth defect and reduced
IGF-I levels observed in transgenic mice overexpressing IL-
6 [52], the ability of IL-6 to decrease blood-borne IGF-I [53],
and the ability of locally infused IL-6 to decrease muscle
protein synthesis [54]. Collectively, our data suggest that it is
possible to modulate IGF-I bioavailability within muscle per
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se and that agents increasing the availability of IGF-I within
muscle might be effective in ameliorating the sepsis-induced
loss of muscle mass without having undesirable effects on
metabolic processes in distant organs.
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