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Abstract
Aim—Skeletal muscle interleukin-6 (IL-6) expression is induced by continuous contraction,
overload-induced hypertrophy and during muscle regeneration. The loss of IL-6 can alter skeletal
muscle’s growth and extracellular matrix remodeling response to overload-induced hypertrophy.
IGF-1 gene expression and related signaling through Akt/mTOR is a critical regulator of muscle
mass. The significance of IL-6 expression during the recovery from muscle atrophy is unclear.
This study’s purpose was to determine the effect of IL-6 loss on mouse gastrocnemius (GAS)
muscle mass during recovery from hindlimb suspension (HS)-induced atrophy.

Methods—Female C57BL/6 (WT) and IL-6 knockout (IL-6 KO) mice at 10 wks of age were
assigned to control, HS, or HS followed by normal cage ambulation groups.

Results—GAS muscle atrophy was induced by 10 days of HS. HS induced a 20% loss of GAS
mass in both WT and IL-6 KOmice. HS+7 days of recovery restored WT GAS mass to cage
control values. GAS mass from IL-6 KO mice did not return to cage control values until HS+14
days of recovery. Both IGF-1 mRNA expression and Akt/mTOR signaling were increased in WT
muscle after 1 day of recovery. In IL-6 KO muscle, IGF-1 mRNA expression was decreased and
Akt/mTOR signaling was not induced after one day of recovery. MyoD and myogenin mRNA
expression were both induced in WT muscle after 1 day of recovery, but not in IL-6 KO muscle.

Conclusion—Muscle IL-6 expression appears important for the initial growth response during
the recovery from disuse.
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Introduction
Injury, sickness, and bed rest can all result in weight bearing muscles undergoing disuse.
Skeletal muscle mass regulation is dramatically impacted by these periods of disuse. As
little as 7 to 10 days of hindlimb suspension-induced muscle disuse causes a 25% or greater
mass loss of hindlimb weight bearing muscle mass in mice and rats (McClung et al., 2006,
Mitchell and Pavlath, 2001). There is a rapid decrease in myofiber cross sectional area, and
corresponding reduction in muscle protein synthesis (Fitts et al., 2000). Healthy muscle
rapidly recovers mass and myofiber cross sectional area upon the resumption of regular
weight-bearing activity (Itai et al., 2004, Mitchell and Pavlath, 2001, van der Velden et al.,
2007, McClung et al., 2006). The resumption of muscle loading induces damage and the
activation of local inflammatory signaling (Kasper, 1995, McClung et al., 2007). Myofiber
sarcolemma disruption and increased circulating creatine kinase have been reported during
muscle reloading after disuse (Kasper, 1995, McClung et al., 2007). Anabolic processes
related to protein accretion during mass recovery involve the sequential activation of
myogenic gene expression, growth factor gene expression, extracellular matrix (ECM)
remodeling, and growth factor signaling, (Bondesen et al., 2006, van der Velden et al., 2006,
Mitchell and Pavlath, 2001, Fluck et al., 2003). As previously investigated in
hypertrophying muscle, inflammatory and anabolic signaling pathways are likely integrated
during the recovery from muscle disuse. The disruption of the inflammatory response has
been shown to be detrimental to muscle mass recovery after injury (Bondesen et al., 2006,
Bondesen et al., 2004).

IL-6 is a multifaceted signaling molecule classified as a pro-inflammatory cytokine. IL-6 is
produced by a variety of cell types such as monocytes, fibroblasts, vascular endothelial cells,
and skeletal muscle fibers (Akira et al., 1993, Jonsdottir et al., 2000). Chronically elevated
levels of circulating IL-6 are associated with several pathophysiological conditions such as
cachexia and insulin resistance (Baltgalvis et al., 2008a, Kern et al., 2001, Baltgalvis et al.,
2008b). Muscle contraction acutely increases circulating IL-6 (Febbraio and Pedersen, 2002)
and functional overload increases muscle IL-6 gene expression (Carson et al., 2002). Muscle
IL-6 expression is also increased during recovery from disuse atrophy (Childs et al., 2003).
The homozygous IL-6 knockout mouse has been used to study various disease states as well
as adaptations to various stimuli. IL-6 knockout mice have an impaired acute-phase immune
response and have been shown to develop type II diabetes after 9 months of age (Kopf et al.,
1994, Wallenius et al., 2002). This observation has been used to demonstrate the role of IL-6
in glucose homeostasis. The temporal regulation of IL-6 expression is of paramount
importance to its actions in muscle. Chronic IL-6 administration directly to skeletal muscle
induces atrophy (Haddad et al., 2004) and transgenic mice over-expressing IL-6 at high
levels in all tissues and having high circulating levels also demonstrate muscle atrophy
(Tsujinaka et al., 1995). IL-6 is also a muscle mitogen that can activate cell proliferation in
skeletal muscle (Cantini et al., 1995), including satellite cells (Hawke and Garry, 2001).
Although the effect of IL-6 loss on overload-induced myofiber growth is equivocal (Serrano
et al., 2008, White et al., 2009b), there is strong evidence that IL-6 loss impairs satellite cell
activation and extracellular matrix remodeling.

Muscle growth is associated with the induction of myogenic regulatory factors and insulin-
like growth factor-1 (IGF-1) (Adams and Haddad, 1996, McClung et al., 2005). MyoD and
myogenin are myogenic regulatory factors that transcriptionally regulate myoblast
proliferation and differentiation. These myogenic factors homodimerize or heterodimerize
with other basic helix-loop-helix (bHLH) proteins and bind to a consensus E-box sequence
in the promoter region of muscle regulatory genes (Lluis et al., 2006). The induction of
MyoD and myogenin expression are initial events during the recovery from disuse-induced
atrophy (Mitchell and Pavlath, 2001). In IL-6 knockout mice, the overload-induced increase
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in MyoD expression was ablated (White et al., 2009b). Cyclin D1 is a regulator of the
mitotic process in many cell types and is induced early during growth of skeletal muscle
(Dapp et al., 2004). In regenerating skeletal muscle damaged by toxin injection, the
induction of cyclin D1 is thought to be mainly in proliferating satellite cells (Yan et al.,
2003). A critical regulator of muscle growth is the autocrine/paracrine expression and
secretion of IGF-1 (Adams and Haddad, 1996, van der Velden et al., 2007). IGF-1 is an
anabolic growth factor that is induced in overloaded and regenerating muscle (Adams and
Haddad, 1996, van der Velden et al., 2007, White et al., 2009a), and over-expression in
muscle is sufficient to stimulate hypertrophy (Semsarian et al., 1999). Furthermore, recovery
from disuse increases IGF-1 expression and related signaling through Akt/mTOR (Childs et
al., 2003, Sugiura et al., 2005, van der Velden et al., 2007).

The ECM plays an important role during skeletal muscle growth. The ECM is a dynamic
tissue that can adapt to alter loading patterns and is the functional link between skeletal
muscle and bone. The ECM acts as a scaffold for other proteins as well as a reservoir of
growth factors and cytokines. The ECM is composed primarily of collagens and
proteoglycans (Kjaer, 2004). Acute damaging-exercise increases collagen I and III gene
expression and their biosynthesis (Han et al., 1999). Limb immobilization decreases
collagen I and III gene expression in the rat gastrocnemius (Ahtikoski et al., 2001) and
human skeletal muscle (Urso et al., 2006). Increased loading also regulates collagen
expression. Increased mechanical load increases collagen synthesis (Laurent et al., 1985). In
addition, reloading following hindlimb suspension upregulated tenascin-C and fibronectin
(Fluck et al., 2003). The regulation of fibrosis is imperative for a normal growth response. Li
et al. demonstrated that increased fibrotic proteins were associated with inhibition of
myogenic proteins in C2C12 cells (Li et al., 2004). Although cytokines have been
established as critical regulators of the ECM, IL-6’s effect on ECM remodeling during
recovery from disuse-induced atrophy has not been established.

As with overload-induced hypertrophy, muscle IL-6 expression is potentially important for
muscle mass recovery from disuse atrophy. The purpose of this study was to determine if
IL-6 expression was necessary for successful muscle mass accretion during the recovery
from disuse-induced atrophy. We hypothesized that mice lacking IL-6 would have
attenuated recovery of gastrocnemius muscle mass that was related to the initial suppression
of muscle IGF-1 expression and associated Akt/mTOR activation. Additionally, MyoD,
myogenin and markers of extracellular matrix remodeling were examined during muscle
recovery from atrophy, since these factors had previously been shown to be regulated by
IL-6 during overload-induced muscle growth.

Methods
Animals

Female C57BL/6 (WT) and C57BL/6 × IL-6−/− (IL-6 KO) mice at approximately 10-weeks
old were acquired from a breeding colony at the animal resources facility at the University
of South Carolina. Animals were housed individually, kept on a 12:12-h light-dark cycle,
and given ad libitum access to normal rodent chow and water for the duration of the study at
the fully accredited animal care facilities at the University of South Carolina, Columbia.
Mice were randomly assigned to hindlimb suspension for 10 days with 4 different periods of
recovery (0 days, 1 day, 7 day, 14 days, n = 4–6 per group), or cage control mice. All
procedures were approved by the University of South Carolina Animal Care and Use
Committee.
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Hindlimb Suspension & Recovery
Skeletal muscle disuse was induced by hindlimb suspension as previously described
(Washington et al., 2004). Mice were subjected to 10 days of hindlimb suspension. Briefly,
tails from unanesthetized animals were cleansed with alcohol, covered with a light coat of
benzoin tincture and dried until tacky. Strips of elastoplast (Biersdorf, Norwalk, CT)
adhesive bandage were applied to the proximal 2/3rds of all sides of the tail and looped
through a swivel attachment mounted above the cage that was designed to allow 360°
rotational movement with only the forelimbs able to come into contact with the cage floor.
After 10 days of hindlimb suspension, mice were subjected to one of 4 recovery groups: 0
days of recovery, 1 day of recovery, 7 days of recovery, or 14 days of recovery. Recovery
consisted of normal ambulation in their cage. There was also a cage control group that did
not undergo hindlimb suspension. Body weights were recorded initially and at the day of the
sacrifice.

Muscle extraction
Mice were anesthetized with an intramuscular injection of ketamine hydrochloride (90mg/kg
body weight), xylazine (7mg/kg body weight), and acepromazine (1mg/kg body weight).
The gastrocnemius muscles were excised at the specified times. The left gastrocnemius was
embedded in OCT for morphological analysis and the right muscle snap frozen in liquid
nitrogen and stored at −80°C for gene and protein expression analysis.

Circulating creatine kinase levels
Serum creatine kinase levels were determined as previously described (McClung et al.,
2007). Serum was taken from the inferior vena cava at the time of sacrifice. Serum was
assayed spectrophotometrically at a wavelength of 340 nm for creatine kinase activity using
a commercially available kit (Diagnostic Chemicals Limited, Oxford CT) according to
manufacturer’s instructions.

Total RNA isolation and cDNA synthesis
RNA was extracted with Trizol reagent (Life Technologies, Grand Island, NY) as previously
described (Washington et al., 2004). Briefly, gastrocnemius muscles were homogenized in
Trizol. Total RNA was isolated, DNase treated, and concentration and purity was
determined by UV spectrophotometry. RNA with a 260/280 ratio of≥ 1.6 was used for
cDNA synthesis. cDNA was reverse transcribed from 3μg of total RNA with 1μl of random
hexamers and 50 units of Superscript III RT (Invitrogen) in a final volume of 20μl at 25°C
for 10 min, followed by 42°C for 50 min, and 70°C for 10 min.

Real-time Polymerase Chain Reaction
Real-time PCR was performed, and results were analyzed by using the ABI 7300
thermocycler Real-Time detection system (Sequence Detection Systems, model
7300;Applied Biosystems, Foster City, CA, USA). cDNA was amplified in a 25μl reaction
containing appropriate primer pairs and ABI SYBR Green or TaqMan Universal Mastermix
(Applied Biosystems, FosterCity, CA, USA). Samples were incubated at 95°C for 4 min,
followed by 40 cycles of denaturation, annealing, and extension at 95°C, 55°C, and 72°C,
respectively. SYBR Green or TaqMan fluorescence was measured at the end of the
extension step each cycle. Fluorescence labeled probes for MyoD (FAM dye), myogenin
(FAM dye), cyclin D1 (FAM dye), IL-6 (FAM dye), procollagen I (FAM dye), procollagen
III (FAM dye), fibronectin (FAM dye), and the ribosomal RNA 18s (VIC dye) were
purchasedfrom Applied Biosystems and quantified with TaqMan Universal mastermix.
Insulin like growth factor-1 (IGF-1) primersequence was synthesized by Integrated DNA
Technologies (IDT)(Caralville, IA, USA) and quantified with SYBR Green mastermix. The
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primer sequencesfor IGF-1 were: forward, 5′-TGGATGCTCTTCAGTTCGTG-3′; reverse,
5′-GTCTTGGGCATGTCAGTGTG-3′. Cycle threshold (Ct) was determined, and the ΔCt
value calculated as the difference between the Ct value and the 18s Ct value. Final
quantification of gene expression was calculated using the ΔΔCT method {Ct =
[ΔCt(calibrator) – ΔCt(sample)]. Relative quantification was then calculated as 2−ΔΔCt. Melt
curve analysis was performed at the end of the PCR run to verify no primer dimers were
formed.

Western blotting
Western blot analysis was performed as previously described (White et al., 2009a). Briefly,
frozen gastrocnemius muscle was homogenized in Mueller buffer and protein concentration
determined by the Bradford method (Bradford, 1976). Crude muscle homogenate 30 μg was
fractionated on 6%-10% SDS-polyacrylamide gels. Gels were transferred to polyvinylidene
difluoride (PVDF) membranes overnight. Membranes were Ponceau stained to verify equal
loading of each gel. Membranes were blocked overnight in 5% milk in Tris-buffered saline
with 0.1% Tween-20 (TBS-T). Primary antibodies for p-Akt (ser473), Akt, p-mTOR,
mTOR, p-S6K, S6K, p-Stat3, Stat3 (Cell signaling) and cyclinD1(Santa Cruz) were diluted
1:1000 to 1:500 in 5% Milk in TBS-T followed by 1 hour incubation with membranes at
room temperature. Anti-rabbit or mouse IgG horseradish-peroxidase conjugated secondary
antibodies (Cell Signaling) were incubated with the membranes at 1:2000 dilutions for 1
hour in 5% milk in TBS-T. Enhanced chemiluminescence (ECL) (GE Healthcare Life
Sciences, Piscataway, NJ) was used to visualize the antibody-antigen interactions. Images
were digitally scanned and blots were quantified by densitometry using scientific imaging
software (Scion Image, Frederick, MD).

Morphological Analysis
Myofiber cross sectional area analysis and percentage non-contractile tissue were
determined as previously described (McClung et al., 2006). Eight distinct digital images
from hematoxylin and eosin stained muscle sections (10μm) from the mid-belly of the
gastrocnemius muscle at a 40X magnification were taken and analyzed for fiber cross-
sectional area using NIH imaging software (Image J). Each fiber was traced with a handheld
mouse and the number of pixels traced was calibrated to a defined area in μm2. The
researcher, blinded to the treatment groups, traced approximately 150 fibers per sample. All
fibers in the cross-section images were quantified unless the sarcolemma was not intact.

Statistical Analysis
The experimental design of the present study had cage-control mice for each recovery day.
Each mouse represented an independent observation. For muscle mass, a two-way ANOVA
(genotype X treatment) was used to compare WT and IL-6−/−responses to hindlimb
suspension. Then, a two-way ANOVA (recovery day X strain) was run using the group at
the end of the 10 days of hindlimb suspension as the baseline group to compare the response
of WT and IL-6−/− muscle during recovery from hindlimb-induced atrophy. Circulating
creatine kinase, muscle fiber mean cross sectional area, MyoD, myogenin, and cyclinD1
gene expression data were analyzed with a two-way ANOVA (strain X treatment). Data are
reported as means ± SE. Chi-square analysis was used to determine shifts in gastrocnemius
fiber frequency distribution. Statistical significance level was set at p ≤ 0.05.

Results

Skeletal muscle wet weight—Hindlimb suspension decreased gastrocnemius wet
weight approximately 25% in both wild-type and IL-6 KO mice (Table 1). Muscle mass was
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corrected for tibia length (mm) to account for differences in body size. Muscle weight/tibia
length returned to control values by day 7 in wild-type mice, but remained depressed in the
IL-6 KO mice. By day 14 of reloading the muscle/tibia length ratio in IL-6 KO mice
returned to control values.

Gastrocnemius fiber cross-sectional area—By 14 days of recovery from disuse, the
mean cross-sectional area of gastrocnemius muscle fibers was not different in wild-type or
IL-6 KO mice, when compared to their cage controls (Figure 1A). The distribution of
myofiber cross-sectional area within a muscle can provide valuable information beyond the
mean area alone. No baseline difference between wild-type and IL-6 KO mice were found in
the incidence of small (< 1200 μm2) fibers, but wild-type mice had a greater incidence of
large (> 3000 μm2) fibers. At 14 days of recovery, small fiber incidence increased 63% in
wild-type muscle and 133% in IL-6 KO muscle (Figure 1B, 1C). At 14 days of recovery,
wild-type muscle large fiber incidence decreased 38%, while IL-6 KO mice had no
difference in the incidence of large fibers incidence. Differences in large fiber incidence
after 14 days of recovery between wild-type and IL-6 KO mice may be related to the cage
control wild-type mice having a higher percentage of large diameter fibers, when compared
to IL-6 KO cage controls. Mice lacking IL-6 are able to recover muscle mass and fiber
cross-sectional area after 14 days of recovery, despite an initial attenuation of growth.

Noncontractile tissue—The volume percent of noncontractile tissue was determined
from histological cross-sections of gastrocnemius muscle taken at the mid-belly after 14
days of reloading following 10 days of hindlimb suspension (Figure 1D). There was a main
effect for IL-6 KO muscle to have a higher percentage of noncontractile tissue regardless of
loading. There was a trend (p = 0.07) for 14 days of reloading to increase the percentage of
noncontractile tissue in muscle across both wild-type and IL-6 KO mice.

Circulating creatine kinase—Disruption of the muscle fiber sarcolemma allows the
release of creatine kinase from the cell’s cytoplasm to into the circulation. Circulating
creatine kinase activity is an indicator of skeletal muscle damage. Reloading previously
atrophied muscle has been demonstrated to induce damage to myofibers (McClung et al.,
2007, Kasper, 1995). There was a main effect of muscle reloading to increase circulating
creatine kinase levels. One day of recovery induced a 6-fold increase in creatine kinase
activity in both wild-type and IL-6 KO mice (Figure 2). The induction of circulating creatine
kinase activity demonstrates both wild-type and IL-6 KO mice had approximately similar
levels of initial damage upon resumption of normal ambulation after disuse.

Gastrocnemius mRNA and protein expression during recovery from disuse
Interleukin-6 and STAT 3 activation—There was no detectable IL-6 mRNA expression
in IL-6 KO mice (Figure 3). Hindlimb suspension did not alter muscle IL-6 gene expression
in either wild-type or IL-6 KO mice (Figure 3A). One day of recovery from disuse induced
wild-type muscle IL-6 mRNA expression approximately 2-fold (Figure 3B) and IL-6 gene
expression returned to cage control levels following 7 days of recovery (Figure 3C). The
induction in IL-6 mRNA after 1 day of recovery was associated with a greater than 2-fold
increase in STAT3 phosphorylation in wild-type muscle, which was not present in IL-6 KO
muscle after 1 day of recovery (Figure 3D).

Insulin-like growth factor-1 and associated signaling—While hindlimb suspension
did not alter muscle IGF-1 gene expression in wild-type mice, muscle IGF-1 mRNA was
decreased 80% in IL-6 KO mice (Figure 4A). One day of recovery significantly induced
wild-type muscle IGF-1 mRNA 4-fold (Figure 4B) which was associated with a 2-fold, 5-
fold, and 2-fold increase in Akt, mTOR, and p70 phosphorylation, respectively (Figure 4D).
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The activation of IGF-1/Akt signaling after 1 day of recovery was not present in IL-6 KO
muscle (Figure 4D). IGF-1 mRNA returned to control values by 7 days of reloading in both
wild-type and IL-6 KO mice (Figure 4C). These data demonstrate that both muscle IGF-1
gene expression and associated Akt/mTOR activation are differentially regulated by IL-6
availability during the initial stages of recovery from disuse.

Myogenic regulatory factor gene expression—There was a main effect for muscle
myogenin mRNA expression to be greater in IL-6 KO muscle than wild-type muscle,
regardless of loading conditions (Figure 5A). Hindlimb suspension did not alter MyoD and
myogenin mRNA expression in either wild-type or IL-6 KO muscle (Figure 5A). MyoD and
myogenin mRNA increased 3-fold and 2-fold, respectively following 1 day of recovery
(Figure 5B) and returned to cage control levels following 7 days of recovery (Figure 5C) in
wild-type muscle. In IL-6 KO muscle, MyoD and myogenin mRNA expression was not
induced following 1 day of recovery (Figure 5B). In fact, MyoD mRNA expression was
reduced following 1 day of recovery and remained depressed following 7 days of recovery
(Figure 5C). Myogenin mRNA expression was suppressed following 7 days of recovery in
IL-6 KO muscle (Figure 5C).

Cyclin D1—There was a main effect for hindlimb suspension to decrease muscle cyclin D1
mRNA expression across both wild-type and IL-6 KO mice (Figure 6A). Cyclin D1 mRNA
was not significantly induced at any time point of recovery in either wild-type or IL-6 KO
mice. There was a main effect for IL-6 KO muscle to have increased cyclin D1 mRNA
expression when compared to wild-type muscle at both 1 and 7 days of recovery (Figure
6B&C). Cyclin D1 protein expression at 1 day of recovery demonstrated a main effect of
IL-6 KO muscle to increase cyclin D1 expression, but did not result in a significant
interaction (Figure 6D).

Extracellular matrix gene expression—Muscle gene expression of procollagen I,
procollagen III and fibronectin were examined as markers of extracellular matrix remodeling
during the recovery from disuse. There was a main effect of hindlimb suspension to decrease
procollagen I, III, and fibronectin gene expression regardless of IL-6 (Figure 7A). 1 day of
recovery attenuated procollagen I and III mRNA expression (Figure 7B). While 1 day of
recovery reduced procollagen I gene expression 75% in wild-type muscle, there was only a
30% reduction in IL-6 KO muscle (Figure 7B). At 7 days of recovery, procollagen I and
procollagen III expression demonstrated considerable variability in wild-type muscle, which
was not different than control levels in both wild-type and IL-6 KO muscle (Figure 7C).
Fibronectin mRNA expression was induced 3-fold by 1 day of recovery in wild-type muscle
(Figure 7B) and then returned to cage control levels at 7 days of recovery (Figure 7C). IL-6
KO muscle did not have an induction of fibronectin mRNA after 1 day of overload, as in the
wild-type, and demonstrated considerable variability in expression after 7 days of recovery,
not being significantly different from IL-6 KO control muscle.

Discussion
IL-6 has been shown to alter skeletal muscle’s response to overload-induced hypertrophy
and is clearly involved in load-induced muscle remodeling. However, the role of IL-6 in the
recovery from disuse atrophy has not been examined. The primary purpose of this study was
to determine the effect of IL-6 loss on muscle mass recovery from disuse-induced atrophy.
We demonstrate the lack of IL-6 alters the initial response of skeletal muscle to recovery and
also delays the initial accretion of muscle mass. However, IL-6 deletion did not impair the
ability of muscle to recover wet weight and myofiber diameter after 14 days of recovery.
The current study reports the novel finding that the delay in muscle mass recovery from
disuse in IL-6 KOmice is associated with the suppression of IGF-1 mRNA expression and
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signaling through Akt/mTOR. Additionally, there is a repression of myogenic gene
expression at the onset of recovery. We did not find muscle lacking IL-6 to have excessive
extracellular matrix accumulation after 14 days of recovery from disuse, which contrasts
with our previous findings examining overload in mice lacking IL-6 (White et al., 2009b).

IL-6 has been implicated in the proliferation of various cell types such as fibroblasts,
satellite cell, and prostate cancer cells (Cantini et al., 1995, Fredj et al., 2005, Ueda et al.,
2002). IL-6 gene expression and associated signaling are induced during models of skeletal
muscle growth including functional overload and recovery from disuse (Carson et al., 2002,
McClung et al., 2007). We have previously shown mice lacking IL-6 have an altered
response to overload-induced muscle hypertrophy, especially in regards to extracellular
matrix remodeling (White et al., 2009b). Our current study also demonstrates that wild-type
mouse gastrocnemius muscle IL-6 mRNA is induced following 1 day of recovery from
disuse-induced atrophy. The IL-6 KO mice in the current study had no detectable levels of
IL-6 in control muscles and there was no induction of IL-6 following 1 day of reloading as
observed in the wild-type mice. It has been well established that 10 days of hindlimb
suspension induces atrophy in skeletal muscle (McClung et al., 2007, McClung et al., 2006).
We observed significant skeletal muscle atrophy following 10 days of hindlimb suspension
in both wild-type and IL-6 KO mice. When animals are allowed to undergo normal
ambulation following hindlimb suspension, skeletal muscle initiates a rapid growth response
with skeletal muscle mass returning to control levels by 7 days of reloading. However, in
mice lacking IL-6 there was delayed recovery of muscle mass. Our data suggests IL-6 may
be an important component of the initial growth response, but not required for skeletal
muscle mass growth after disuse atrophy.

IGF-1 is a potent mitogen that stimulates skeletal muscle growth in an autocrine/paracrine
fashion (Adams, 2002, Adams, 1998). IGF-1 expression is induced during skeletal muscle
hypertrophy and IGF-1 transgenic mice exhibit marked skeletal muscle hypertrophy (Adams
and Haddad, 1996, van der Velden et al., 2007, Semsarian et al., 1999). IGF-1 signaling
through Akt/mTOR is a well described regulator of muscle mass (Glass, 2010). IGF-1
activation of the Akt/mTOR signaling pathway has been shown to initiate protein synthesis
early in the recovery from disuse-induced atrophy (Childs et al., 2003). One of the targets of
Akt/mTOR signaling is p70S6K. Activation of p70S6K increases protein synthesis via
increased translation initiation. We show that IGF-1 signaling is induced after 1 day of
recovery in wild-type skeletal muscle, which is in agreement with previously published
studies (Sugiura et al., 2005, van der Velden et al., 2007, Childs et al., 2003). However, in
the absence of IL-6, IGF-1 signaling was not induced at 1 day of recovery from disuse. The
repression of IGF-1 signaling in the current study could reduce protein synthesis and delay
the rate of muscle mass recovery. It has been postulated that p70S6K phosphorylation is
more important early in the recovery process of skeletal muscle and less important later in
the recovery process (Childs et al., 2003). Our data provides support for the role of Akt/
mTOR signaling during the early stages (1 day) of recovery from disuse however, further
work will be needed to determine if Akt/mTOR activation increases later in the first week of
recovery. Since skeletal muscle mass and mean cross sectional area are recovered by 14
days, we postulate IL-6 dependent and IL-6 independent signaling pathways are likely
operating during the recovery process.

The bHLH transcription factors are collectively called myogenic regulatory factors and are
involved in muscle development, regeneration, and growth processes. The MyoD-family is
comprised of MyoD, myogenin, MRF4, and Myf5, which heterodimerize with E proteins
and bind to DNA-response elements in the regulatory region of muscle-specific genes
(Sabourin and Rudnicki, 2000). MyoD and myogenin induction occurs during overload-
induced growth and also recovery from disuse (Adams et al., 1999, Mitchell and Pavlath,
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2001, van der Velden et al., 2007). Altered MRF expression affects skeletal muscle to
recovery from disuse (Schuierer et al., 2005). In the present study, we observed myogenin
was increased in control muscle lacking IL-6. Interestingly, an increase in myogenin has
also been reported in aged rat skeletal muscle that also demonstrates suppressed
regeneration from toxin induced injury (Marsh et al., 1997). The failure to suppress the
expression of myogenin in muscle lacking IL-6 could play a role in delaying the recovery
process. After 10 days of suspension, we found MyoD and myogenin gene expression
induced after day 1 of recovery in wild-type mice was not present in skeletal muscle from
IL-6 KOmice. Serrano et al (Serrano et al., 2008) reported that mice lacking IL-6 and
subjected to functional overload had repressed muscle satellite cell activation which was
associated with the repression of myogenin. Further work is required to understand the
implications of myogenic factor suppression on the rate of muscle recovery from disuse and
if satellite cell activity is involved.

The dominant pathway of IL-6 signaling is through the signal transducer and activator of
transcription 3 (Stat3) signaling pathway (Croker et al., 2003). Stat3 transcriptional targets
are involved in multiple cellular functions including immune function, cell proliferation and
growth, differentiation and possibly apoptosis (Levy and Darnell, 2002, Clarkson et al.,
2006). In skeletal muscle, Stat3 activation has been associated with acute exercise (Trenerry
et al., 2008) and overload-induced muscle hypertrophy (Serrano et al., 2008). It has been
previously shown that cyclin D1, a marker of satellite cell proliferation (Olson et al., 1991)
is a transcription target of Stat3. We show Stat3 activation after one day of reloading
increases in wild-type mouse muscle, but not in IL-6 KO mice. However, cyclin D1
expression is increased in both control and reloaded muscle lacking IL-6. Cyclin D1
expression in wild-type muscle was not increased significantly due to the highly variable
response within these mice. Therefore, the induction of cyclin D1 in the IL-6 KO mouse is
not Stat3 dependent. In support of our data, cyclin D1 gene expression in IL-6 KO mice
undergoing overload-induced hypertrophy increased despite the lack of Stat3 activation
(Serrano et al., 2008). Taken together, there appears to be convincing evidence that muscle
cyclin D1 expression can be induced by growth-inducing stimuli in a Stat3-independent
manner.

The regulation of fibrosis is critical for a normal growth response (Sato et al., 2003, Li et al.,
2004). We recently reported that functional overloading skeletal muscle lacking IL-6 results
in an exaggerated induction of muscle IGF-1 gene expression and also a large induction in
non-contractile tissue compared to wild-type muscle (White et al., 2009b). This contrasts
with the present study which reports repressed IGF-1 signaling and no expansion of non-
contractile tissue. These changes clearly illustrate the physiological differences between
skeletal muscle growth due to functional overload and recovery of muscle mass after
atrophy. One major difference between these two models is the extent of muscle damage.
Skeletal muscle recovery from disuse is associated with extensive damage and inflammation
whereas there is limited damage resulting from functional overload (Dipasquale et al.,
2007). In addition, atrophy results in the induction of a unique cell-signaling pathway that
must be terminated or attenuated before growth can occur. Besides expansion of non-
contractile tissue, remodeling of extracellular matrix components is important regulator of
skeletal muscle growth (Kjaer, 2004). We demonstrate the induction of fibronectin mRNA
found after 1 day of recovery in wild-type is ablated in mice lacking IL-6 muscle.
Fibronectin availability has been shown to regulate satellite cell activity (Le Moigne et al.,
1990). While one day of reloading severely repressed collagen III and collagen I mRNA
expression, in mice lacking IL-6 this suppression was attenuated. At 7 days of reloading,
collagen I and III were increased ~70% in wild-type mice; however, these differences were
not significant due to high variability. Further investigation is needed to determine if altered
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extracellular remodeling at the onset of recovery could serve to delay recovery from
atrophy.

In summary, we present data demonstrating IL-6 is a regulator of the early adaptive response
of skeletal muscle recovery from disuse in young growing mice. IL-6 KO animals had an
initial delay in muscle mass recovery when compared to wild-type animals. We demonstrate
that the delayed muscle mass recovery in mice lacking IL-6 is associated with the initial
suppression of muscle IGF-1 signaling, and altered myogenic gene expression. Since IL-6
knockout mice maintained the capacity to fully recover skeletal muscle mass by day 14 of
recovery, it appears that IL-6 regulated processes occurring early in the recovery process
may affect the initial recovery rate, but not be required if sufficient recovery time is allowed.
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Figure 1.
Myofiber cross sectional area, fiber distribution, and % non-contractile tissue in
gastrocnemius muscle after 2 weeks of recovery from disuse in wild-type mice and IL-6 KO
mice. A) Mean myofiber cross sectional area. B) The effect of 14 days of reloading
following 10 days of hindlimb suspension on gastrocnemius myofiber size distribution in
wild-type mice. C) The effect of 14 days of reloading following 10 days of hindlimb
suspension on gastrocnemius myofiber size distribution in IL-6 KO mice. D) The effect of
14 days of reloading following 10 days of hindlimb suspension on % of non-contractile
tissue. Values are means ± SE, n= 4–8 per group. a, significant difference in the % of small
and/or large fibers. ME, main effect.

Washington et al. Page 15

Acta Physiol (Oxf). Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The effect of recovery day following disuse-induced atrophy on skeletal muscle damage.
The effect of 1 day of reloading following 10 days of disuse-induced atrophy on circulating
creatine kinase activity. Circulating creatine kinase activity is expressed as Units per liter
(U/L). Values are means ± SE, n = 3–8 per group. ME, main effect.
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Figure 3.
IL-6 signaling during 0, 1, and 7 days of reloading following 10 days of hindlimb
suspension in wild-type and IL-6 KO mice. A) The effect of 10 days of hindlimb suspension
on IL-6 mRNA abundance in the gastrocnemius muscle. B) The effect of 1 day of reloading
following 10 days of hindlimb suspension on IL-6 mRNA abundance in the gastrocnemius
muscle. C) The effect of 7 days of reloading following 10 days of hindlimb suspension on
IL-6 mRNA abundance in the gastrocnemius muscle. D). Upper representative western blot
of phospho and total forms of Stat3. Lower The ratio of phospho and total Stat3. Values are
means ± SE, n = 4–6 per group. a, significantly different from same genotype control. ND,
not detectable.
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Figure 4.
IGF-1 signaling during 0, 1, and 7 days of reloading following 10 days of hindlimb
suspension in WT and IL-6 KO mice. A) The effect of 10 days of hindlimb suspension on
IGF-1 mRNA abundance in the gastrocnemius muscle. B) The effect of 1 day of reloading
following 10 days of hindlimb suspension on IGF-1 mRNA abundance in the gastrocnemius
muscle. C) The effect of 7 days of reloading following 10 days of hindlimb suspension on
IGF-1 mRNA abundance in the gastrocnemius muscle. D). Upper representative western
blot of phospho and total forms of Akt, mTOR, and p70. Lower The ratio of phospho and
total Akt, mTOR and p70 after 1 day of reloading. Values are means ± SE, n = 4–6 per
group. a, significantly different from same genotype control.
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Figure 5.
The effect of reloading on myogenic regulatory factors in the gastrocnemius muscle of wild-
type and IL-6 KO. A) The effect of 10 days of hindlimb suspension on MyoD and myogenin
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mRNA abundance in the gastrocnemius muscle. B) The effect of 1 day of reloading
following 10 days of hindlimb suspension on MyoD and myogenin mRNA abundance in the
gastrocnemius muscle. C) The effect of 7 days of reloading following 10 days of hindlimb
suspension on MyoD and myogenin mRNA abundance in the gastrocnemius muscle. Values
are means ± SE, n = 4–6 per group. a, significantly different from same genotype control. b,
significantly different from wild-type control group. ME, main effect.
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Figure 6.
The effect of reloading on cyclin D1 in the gastrocnemius muscle of wild-type and IL-6 KO.
A) The effect of 10 days of hindlimb suspension on cyclin D1 mRNA abundance in the
gastrocnemius muscle. B) The effect of 1 day of reloading following 10 days of hindlimb
suspension on cyclin D1 mRNA abundance in the gastrocnemius muscle. C) The effect of 7
days of reloading following 10 days of hindlimb suspension on cyclin D1 mRNA abundance
in the gastrocnemius muscle. D). Upper representative western blot of cyclinD1 protein.
Lower Quantified cyclinD1 protein expression after 1 day of reloading. Values are means ±
SE, n = 4–6 per group. ME, main effect.
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Figure 7.
The effect of reloading on extracellular matrix gene expression in the gastrocnemius muscle
of Wild-type and IL-6 KO. A) The effect of 10 days of hindlimb suspension on procollagen
I, procollagen III, fibronectin mRNA abundance in the gastrocnemius muscle. B) The effect
of 1 day of reloading following 10 days of hindlimb suspension on procollagen I,
procollagen III, fibronectin mRNA abundance in the gastrocnemius muscle. C) The effect of
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7 days of reloading following 10 days of hindlimb suspension on procollagen I, procollagen
III, fibronectin mRNA abundance in the gastrocnemius muscle. Values are means ± SE, n =
4–6 per group. a, significantly different from same genotype control. b, significantly
different from wild-type matched treatment group.ME, main effect.
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Table 1

Gastrocnemius muscle wet weight, muscle weight relative to tibia length, in hindlimb suspended and
recovering wild-type and IL-6 KO mice. Skeletal muscle disuse was accomplished by hindlimb suspension.

Treatment Muscle Wet wt (mg) Tibia (mm) Muscle/tibia length (mg/mm)

WT

Con 96.8 ± 4.7 15.9 ± 0.2 5.7 ± 0.1

Sus + 0d 70.1 ± 4.1& 15.2 ± 0.3 4.5 ± 0.2&

Sus + 1d 90.8 ± 2.7a 16.2 ± 0.1 5.7 ± 0.2a

Sus + 7d 97.0 ± 4.3a 16.1 ± 0.2 5.9 ± 0.2a

IL-6 KO

Con 93.5 ± 2.6 16.2 ± 0.1 5.7 ± 0.2

Sus + 0 d 74.6 ± 2.4& 16.5 ± 0.1 4.6 ± 0.2&

Sus + 1d 66.1 ± 4.3b,c 14.6 ± 0.5 4.4 ± 0.2 b,c

Sus + 7d 81.5 ± 1.6d 15.9 ± 0.1 5.1 ± 0.1a,d

Values are means ± SE, n=4–8 per group.

&
main effect of suspension (p < 0.05).

a
significantly different from same genotype 10d+0 (p < 0.05).

b
significantly different from WT 10d+1 (p < 0.05).

c
significantly different from same genotype 10d+7 (p < 0.05).

d
significantly different from WT 10d+7 (p < 0.05). WT, wild-type.
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