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Skeletal muscle atrophy promotes muscle weakness, limiting
activities of daily living. However, mechanisms underlying atro-
phy remain unclear. Here, we show that skeletal muscle immo-
bilization elevates Smad2/3 protein but not mRNA levels in
muscle, promoting atrophy. Furthermore, we demonstrate that
myostatin, which negatively regulates muscle hypertrophy,
is dispensable for denervation-induced muscle atrophy and
Smad2/3 protein accumulation. Moreover, muscle-specific
Smad2/3-deficient mice exhibited significant resistance to den-
ervation-induced muscle atrophy. In addition, expression of the
atrogenes Atrogin-1 and MuRFI, which underlie muscle atro-
phy, did not increase in muscles of Smad2/3-deficient mice fol-
lowing denervation. We also demonstrate that serum starvation
promotes Smad2/3 protein accumulation in C2C12 myogenic
cells, an in vitro muscle atrophy model, an effect inhibited by
IGF1 treatment. In vivo, we observed IGF1 receptor deactivation
in immobilized muscle, even in the presence of normal levels of
circulating IGF1. Denervation-induced muscle atrophy was
accompanied by reduced glucose intake and elevated levels of
branched-chain amino acids, effects that were Smad2/3-depen-
dent. Thus, muscle immobilization attenuates IGF1 signals at
the receptor rather than the ligand level, leading to Smad2/3
protein accumulation, muscle atrophy, and accompanying met-
abolic changes.

Skeletal muscle homeostasis is maintained as a balance of
anabolic and catabolic signals (1, 2). Insulin or growth hormone
signals activate anabolic signals, whereas starvation, cachexia,
prolonged disuse/unloading, or steroid treatment promotes
muscle atrophy/wasting (3). Loss of muscle volume and power
in the elderly frequently hampers activities of daily living,
resulting in further muscle wasting and sarcopenia, which is
characterized by further loss of muscle volume and power
(4). These conditions in the elderly are also associated with
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falls, which cause fractures and potentially contribute to
dementia. Defining mechanisms underlying muscle atrophy
could encourage development of therapies to prevent these
complications.

Younger individuals also can exhibit muscle atrophy from
long bed rest, cachexia resulting from malignancies, high dose
or long term steroid treatment, or even prolonged gravity-free
conditions associated with space flight. Local atrophy can occur
in muscles immobilized following injuries such as muscle/liga-
ment/tendon ruptures or bone fracture. Local muscle atrophy,
however, is usually not accompanied by systemic muscle atro-
phy and is instead thought to be driven by signals derived in the
immobilized region.

Insulin/insulin-like growth factor 1 (IGF1) promotes ana-
bolic signals in skeletal muscle via insulin receptor substrate 1
(IRS1) and PI3K, which in turn activates Akt, the mammalian
target of rapamycin or p70 S6 kinase (p70S6K) (5, 6). In con-
trast, catabolic signals are transduced by Forkhead box O family
members (FoxOs), muscle RING finger 1 (MuRF1, also called
Trim63), Atrogin-1 (also called muscle atrophy F-box (MAFbx)
or Fbxo32), or Cbl-b (7-10). Both MuRF1 and Atrogin-1 are
RING-type ubiquitin ligases and FoxO targets (11, 12), and both
regulate degradation of key muscle regulatory proteins such as
MyoD, calcineurin, elf3-f, myogenin, MyBP-C, MyLC, MyHC,
and troponin 1 (13-19). In a denervation-induced muscle atro-
phy model (8), mice deficient in either MuRF1 or Atrogin-1
exhibit partial but significant muscle sparing relative to wild-
type mice. The RING-type ubiquitin ligase Cbl-b, which is
induced by muscle unloading, targets IRS1, a regulator of IGF1
signaling (10). Cbl-b-deficient mice are reportedly resistant to
unloading-induced muscle atrophy (10). Stimulation by cyto-
kines such as TNFa reportedly promotes muscle atrophy (20,
21). Myostatin (also called GDF8), which activates Smad2/3 via
the activin receptor IIB (ActRIIB), reportedly inhibits muscle
growth, and animal models and human subjects harboring
myostatin mutations exhibit muscle hypertrophy (22-24).
Thus, targeting the myostatin-ActRIIB pathway is considered
one approach to block or prevent muscle wasting. Indeed,
inhibiting myostatin-ActRIIB signaling reportedly prevents
muscle wasting promoted by cancer in mice or seen in the Mdx
mouse model of muscular dystrophy (25, 26). Clinical trials also
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are now underway to test the effectiveness of blocking the myo-
statin-ActRIIB pathway in preventing muscle wasting (27).
Finally, anabolic and catabolic signals interact (1, 2); IGF signals
reportedly inhibit FoxOs, whereas Smads reportedly inhibit
IGF1 signals (7, 12, 28).

Here, we report that Smad2/3 proteins but not mRNA accu-
mulate in immobilized skeletal muscle following either dener-
vation or limb fixation, an outcome required for immobiliza-
tion-induced muscle atrophy, as lack of Smad2/3 completely
abrogated the denervation-induced atrophy phenotype. Inter-
estingly, lack of myostatin in adult mice did not prevent dener-
vation-induced muscle atrophy, and Smad2/3 protein still
accumulated in atrophic muscles of these mice. In normal cells,
Smad2/3 proteins were continuously destabilized by IGF1 sig-
naling, although muscle immobilization blocked IGF1-recep-
tor activation, even in the presence of the IGF1 ligand in vivo.
Finally, we show that muscle immobilization resulted in
reduced glucose uptake but increased levels of branched-chain
amino acids (BCAA)? in muscle.

Experimental Procedures

Mice—Mstnfl/fl mice carrying loxP-flanked Mstn alleles as
well as Ckmm Cre mice were purchased from The Jackson Lab-
oratory (Bar Harbor, ME). Inducible conditional Mstn knock-
out mice (Mx1 Cre; Mstnfl/fl) were generated by crossing Mst-
nfl/fl with Mx1 Cre transgenic mice. For denervation-induced
muscle atrophy, 8-week-old mice were anesthetized, and then a
1-mm portion of sciatic nerve was removed to denervate the
gastrocnemius muscle. For fixation-induced atrophy, 8-week-
old mice were anesthetized, and the hindlimb was held in a
fixed position by stapling (Autoclip, BD Biosciences). Thus,
immobilization on one side was achieved by either denervation
or fixation, and sham surgery was performed on the other
hindlimb. Animals were maintained under specific pathogen-
free conditions in animal facilities certified by the Keio Univer-
sity Animal Care Committee. Animal protocols were also
approved by the committee.

Reagents—Recombinant mouse IGF1 was purchased from
R&D Systems (Minneapolis, MN). LY294002, SIS3, and MG132
were obtained from Calbiochem, and U0126 was from Sigma.

Histology—Harvested muscles were fixed in 10% neutral-
buffered formalin, embedded in paraffin, cut into 4-um sec-
tions, and stained with hematoxylin and eosin. Fiber cross-sec-
tional area (CSA) was analyzed in H&E-stained gastrocnemius
muscle sections. For each muscle, CSA values were calculated
by analyzing at least 1000 myofibers using BioRevo (Keyence,
Osaka, Japan).

Real Time PCR Analysis—Total RNA was collected from
gastrocnemius muscle cells using TRI Reagent (Molecular
Research Center, Inc., Cincinnati, OH), and single-stranded
complementary DNAs (cDNAs) were synthesized with reverse
transcriptase (Clontech). Real time PCR was performed using
SYBR Premix ExTaq II (Takara Bio Inc., Otsu, Shiga, Japan)
with a DICE thermal cycler (Takara Bio Inc.), according to the
manufacturer’s instruction. B-Actin expression served as an

2 The abbreviations used are: BCAA, branched-chain amino acid; CSA, cross-
sectional area; DKO, double KO; cKO, conditional KO.
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internal control for real time PCR. Primer sequences were as
follows: Atrogin-1 forward, 5'-GAGACCATTCTACACTGG-
CAGCA-3', and Atrogin-1 reverse, 5'-GTCACTCAGCCTCT-
GCATGATGT-3'; MuRF1I forward, 5'-ACCTGCTGGTGGA-
AAACATCATT-3', and MuRFI reverse, 5'-AGGAGCAA-
GTAGGCACCTCACAC-3'; Smad?2 forward, 5'-CAGGACG-
GTTAGATGAGCTTGAGA-3', and Smad?2 reverse, 5'-CCC-
ACTGATCTACCGTATTTGCTG-3'; Fbxo40 forward, 5'-
ACCTCCTGGAAAGTCCACAATCAG-3', and Fbxo40
reverse, 5'-GACAGGTTTTCAGGTGCTCAGACA-3'; Trafs
forward, 5-TGCAAAAGATGGAACTGAGACATC-3’, and
Traf6 reverse, 5-TGGGACAATCCTCAATAATGTGTG-3';
Musal/Fbxo30 forward, 5'-CTTCAGTCTCGTGGAATGGT-
AATCTT-3', and Musal/Fbxo30reverse, 5'-TGCAGTACTG-
AATCGCCATAC-3'; Smart/Fbxo21 forward, 5'-TTTTTGA-
GGATGAGCTGGTGTGT-3', and Smart/Fbxo2l reverse,
5'-AGGAACGCCTTGAGGTTATTGAG-3'; Fbxo31 forward,
5'-GCTCGAGGAACGAGGATTACCC-3', and Fbxo31 re-
verse, 5'-ATCCAAAGCGGTCCTCATCAAA-3'; and ActB
forward, 5'-TGAGAGGGAAATCGTGCGTGAC-3', and ActB
reverse, 5'-~AAGAAGGAAGGCTGGAAAAGAG-3'.

Western Blot Analysis—Harvested muscles were homoge-
nized in RIPA buffer (1% Tween 20, 0.1% SDS, 150 nm NaCl, 10
mwM Tris-HCI (pH 7.4), 0.25 mm phenylmethylsulfonyl fluoride,
10 wg/ml aprotinin, 10 wg/ml leupeptin, 1 mm Na;VO,, 5 mm
NaF (Sigma)). Whole cell lysates were also prepared from
C2C12 cells using RIPA buffer and collected after 10 min of
centrifugation at 15,000 rpm at 4 °C. Equivalent amounts of
protein were separated by SDS-PAGE and transferred to a
PVDF membrane (Millipore Corp.). Proteins were detected
using the following antibodies: anti-phospho-Smad2 (3101,
Cell Signaling); anti-phospho-Smad3 (9520, Cell Signaling);
anti-Smad2/3 (3102, Cell Signaling); anti-phospho-Smad1/5/8
(9511, Cell Signaling); anti-Smadl (6944, Cell Signaling);
anti-phospho-IGF1 receptor (3024, Cell Signaling); anti-IGF1
receptor (9750, Cell Signaling); anti-Akt (9272, Cell Signaling);
anti-phospho Akt (4051, Cell Signaling); and anti-Actin
(A2066, Sigma). Bands were quantified by National Institutes of
Health imaging, as described (29, 30). For in vitro cell culture,
C2C12 cells were cultured in growth medium (DMEM supple-
mented with 10% FCS, penicillin (50 units/ml), and streptomy-
cin (100 pg/ml)) and maintained at 37 °C in humidified 5% CO,
atmosphere. Cell differentiation was initiated by incubating
80% confluent cultures in differentiation medium (DMEM sup-
plemented with 2% heat-inactivated horse serum) for 3 days to
induce myotube formation. Then, medium was replaced by
DMEM with or without 10% FCS representing respective non-
starvation or starvation groups in the presence or absence of
IGF1 (10 ng/ml), LY294002 (10 ), SIS3 (10 pum), or MG132
(10 wm). After 6 or 24 h of incubation, cells were harvested for
Western blotting or real time PCR, respectively. After 6 or 24 h
of incubation, cells were harvested for Western analysis or real
time PCR, respectively. Total RNAs were isolated using an
RNeasy mini kit (Qiagen, Hilden, Germany). Bands were quan-
tified as described previously (31).

ELISA—Serum IGF1 levels were measured by ELISA (R&D
Systems, Minneapolis, MN) according to the manufacturer’s
instructions.
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FIGURE 1. Smad2 and Smad3 proteins accumulate in denervation-induced immobilized atrophic muscle. A-D, hemi-sciatic nerve denervation-induced
immobilized muscle atrophy was established in gastrocnemius muscle of wild-type mice, and muscle weight (A, left), and histology (A, right) were compared
between atrophic (Den) and sham-operated non-atrophic control (Cont) muscles. Expression of Atrogin-1, MuRF1, Smad2, and Smad3 mRNAs relative to B-actin
were analyzed by real time PCR (B and D), whereas phosphorylated and non-phosphorylated forms of Smad2 and Smad3 protein were examined by Western
blot (C). Data (A, B, and D) represent mean values of the indicated parameter = S.D. (**, p < 0.01; ***, p < 0.001; ns, not significant; n = 4 or 5). Fold-change in
Smad2 and Smad3 protein levels between atrophic and control muscle are shown as mean Smad2 or Smad3/actin signal intensity == S.D. (G, *, p < 0.05; **, p <
0.01; *** p < 0.001; ns, not significant; n = 4 or 5). Two independent data sets (#7 and #2) are shown (C).

Immunohistochemistry—Harvested muscle was fixed in 10%
neutral buffered formalin, embedded in paraffin, and cut into
4-pum sections. After microwave treatment for 10 min in 1 mm
EDTA (pH 6.0) for antigen retrieval and blocking with 5% BSA/
PBS for 60 min, sections were stained with anti-IGF1 receptor 3
(9750, 1:1600 dilution; Cell Signaling) overnight at 4 °C. After
washing in PBS, sections were stained with Alexa Fluor 488/
goat anti-rabbit IgG (1:100 dilution; Invitrogen) for 1 h at room
temperature. DAPI (1:2000; Wako Pure Chemicals Industries,
Osaka, Japan) served as a nuclear stain. Sections were examined
using fluorescence microscopy (Biorevo; Keyence, Osaka,
Japan).

Metabolome Analysis—Frozen tissue (~40 mg) was added to
methanol (500 ul) containing internal standards (20 wmol/liter
each of methionine sulfone and p-camphor-10-sulfonic acid)
and homogenized using a cell disrupter. Then chloroform (500
wl) and Milli-Q water (200 wl) were added to the homogenate.
The solution was thoroughly mixed and then centrifuged at
4600 X g for 15 min at 4 °C, and the aqueous fraction was cen-
trifugally filtered through a Millipore 5-kDa cutoff filter to
remove large molecules. The filtrate was dried using an evacu-
ated centrifuge and dissolved in Milli-Q water (50 ul) contain-
ing 200 wmol/liter reference compounds (3-aminopyrrolidine
and trimesic acid) prior to capillary electrophoresis/mass spec-
trometry analysis. Capillary electrophoresis/mass spectrome-
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try-based metabolomic profiling and data analysis were per-
formed essentially as described (32—-36).

Statistical Analysis—Statistical analysis was performed using
the unpaired two-tailed.

Student’s ¢ test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; NS
means not significant, throughout the paper). All data are
expressed as means * S.D.

Results

Smad2/3 Protein Accumulates in Atrophic Muscle—Because
immobilization-induced skeletal muscle atrophy occurs only in
directly affected muscle, we hypothesized that atrophic signals
are regulated cell-intrinsically rather than systemically. Thus,
we examined changes in levels of intracellular proteins in skel-
etal muscle following unilateral sciatic nerve denervation in
8-week-old mice. Significantly reduced skeletal muscle volume
was evident in gastrocnemius muscle 1 week after denervation
compared with the sham-operated side (Fig. 14), and expres-
sion of mRNAs encoding atrophy-associated ubiquitin ligases
such as Atrogin-1 and MuRF]I increased in atrophic muscle
compared with non-atrophic muscle (Fig. 1B). Western analy-
sis showed that Smad2/3 proteins, which are downstream effec-
tors of myostatin-ActRIIB signaling, accumulated significantly
in atrophic muscle (Fig. 1C). The fact that our model enables
comparison between denervation-induced atrophic and sham-

SASBMB

VOLUME 291+NUMBER 23+JUNE 3, 2016



Smad2/3-dependent Muscle Atrophy by Immobilization

A B
gastrocnemius quadriceps Atrogin-1 MuRF1
_ 12 sa _ 12 sk §12, —=— 12 2
£5 11— £3 11— @10 210
'g £0.8 'g €038 S8 c8
806 2906 56 56
3004 @ 004 24 24
202 2202 B2 52
0 " 0 " go " 20 "
control  stapling control  stapling control stapling & ™ control stapling
(o3 Smad2 Smad3
control stapling =25 ns c 1.4 ns
(%]
< o 1
psmans[ =] is & 08
—— " = 204
SMAD3 | ®0.5 5
° o 0.2
control  stapling control  stapling

FIGURE 2. Smad2 and Smad3 accumulate at protein but not mRNA levels in fixation-induced immobilized atrophic muscle. A-C, muscle atrophy caused
by fixation using a stapling procedure (stapling) was generated in the left lower extremity of wild-type mice, and weight of gastrocnemius or quadriceps muscle
(A), or expression of Atrogin-1, MuRF1, Smad2, or Smad3 mRNAs relative to B-actin (B and C), and expression of Smad2, Smad3, pSmad2, and pSmad3 proteins
in gastrocnemius was examined (C). Data (A-C) represent mean values of indicated parameters = S.D. (**, p < 0.01; ***, p < 0.001; ns, not significant; n = 5).

operated non-atrophic muscle in the same mouse meant that
levels of circulating factors were comparable, supporting the
idea that Smad2/3 accumulation in atrophic muscle is regulated
cell-intrinsically. Furthermore, neither Smad2 nor Smad 3
mRNA levels were up-regulated in atrophic compared with
non-atrophic muscle (Fig. 1D). Nerve activity may function to
maintain muscle homeostasis; however, accumulation of both
total Smad2/3 and phospho (pSmad2/3)-protein in the absence
of mRNA up-regulation was also seen in a different immobili-
zation-induced model (a fixation model) without denervation
(Fig. 2), suggesting that Smad2/3 accumulation is a universal
mechanism underlying immobilization-induced muscle atro-
phy. Thus, we utilized the denervation model for the following
in vivo immobilization-induced muscle atrophy model.
Smad?2/3 Protein Accumulation Is Required for Skeletal Mus-
cle Atrophy—To determine how Smad2/3 protein accumula-
tion functions in skeletal muscle atrophy, we generated skeletal
muscle-specific Smad2/3 doubly deficient (DKO) mice by
crossing Smad2™"°*/Smad3 null mice with creatine kinase
muscle Cre mice (Fig. 34). Smad2 mRNA expression was sig-
nificantly down-regulated in DKO mice (data not shown).
Interestingly, Smad2/3 DKO mice were resistant to denerva-
tion-induced muscle atrophy shown by reduced muscle weight
and CSA of fibers. These observations support the idea that
Smad2/3 proteins are required for muscle atrophy (Fig. 3, Band
C). Significant up-regulation of Atrogin-1 and MuRF1 expres-
sion seen in atrophic relative to control non-atrophic muscles
was not evident in Smad2/3 DKO mice (Fig. 3D), supporting the
idea that Smad2/3 protein accumulation is required for both
atrophy of immobilized muscle and atrogene expression. The
bone morphogenetic protein-Smad1/5/8 axis is reportedly acti-
vated by BMP7 to promote muscle hypertrophy (37), and
Smad1/5/8 are required for myostatin-induced muscle hyper-
trophy (38). Indeed, we detected Smad1/5/8 activation in mus-
cle of WT, Smad2 cKO, and Smad3 KO mice following dener-
vation; however, Smad1/5/8 activation was less robust in DKO
than other mice (Fig. 3E). Akt protein accumulated following
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loss of either Smad2 or Smad3 in denervated muscle (Fig. 3E).
This finding suggests that hypertrophic signals via Smad1/5/8
are activated following denervation and are Smad2/3-depen-
dent mechanisms.

Myostatin Is Dispensable for Smad2/3 Protein Accumulation
and Skeletal Muscle Atrophy—Mice deficient in myostatin
exhibit elevated muscle volume (28), and anti-myostatin or
anti-ActRIIB antibodies have been developed as human thera-
pies for muscle atrophy (27). Smad2/3 is reportedly activated
following myostatin stimulation. To analyze how changes in
myostatin expression might affect skeletal muscle atrophy in
adult animals, we generated global but inducible myostatin
knock-out mice by crossing myostatin™*/°* mice with inter-
feron-inducible Mx-1 promoter-driven Cre (Mx-Cre) mice
(Mstn cKO; Mx;myostatin/™*/%°*), Myostatin cKO was induced
at 8 weeks of age, and then denervation was performed. Follow-
ing unilateral denervation, we observed denervation-induced
muscle atrophy in both Mstn cKO and control mice (Fig. 44). In
addition, pSmad2/3 and Smad2/3 total protein accumulation in
atrophic relative to non-atrophic muscle occurred in both Mstn
cKO and control mice (Fig. 4B). Expression of both Atrogin-1
and MuRF1 significantly increased in atrophic compared with
non-atrophic muscle of Mstn cKO and control mice following
denervation (Fig. 4C), suggesting that myostatin is dispensable
for immobilization-induced pSmad2/3 and total Smad2/3 pro-
tein accumulation and skeletal muscle atrophy.

IGF1 Signals Block Smad2/3 Protein Accumulation in
Muscle—Next we employed serum starvation of C2C12 myo-
genic cells, an in vitro muscle atrophy model (39), to examine
Smad2/3 effects in vitro. Serum-starved C2C12 cells showed
Smad2/3 accumulation at protein but not mRNA levels as well
as elevated expression of Atrogin-1 and MuRF1, effects seen in
vivo (Fig. 5, A and B). Serum starvation conditions differ from
immobilization; however, we utilized this model because
Smad2/3 protein but not mRNA accumulation occurred con-
comitantly with the elevated Atrogin-1 and MuRF1 levels in
myogenic cells in vitro as observed in vivo immobilization mod-
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A-E, hemi-sciatic nerve denervation-induced muscle atrophy was generated in

gastrocnemius muscle of wild-type (WT), Smad2 cKO, Smad3 KO, and Smad2/3 DKO mice. Smad2, Smad3, pSmad2, pSmad3, pSmad1/5/8, Smad1, pAkt, Akt,
and actin expression was determined by Western blot (A and E). Shown are muscle weight (B), histology and CSA of muscle fiber based on H&E staining (C), and

real time PCR analysis of Atrogin-1 and MuRF1 mRNAs relative to B-actin (D), in

denervated (Den) versus control (Cont) sides. Data (B-D) represent mean values

of the indicated parameter = S.D. (¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant; n = 5-11). Levels ofimmunoblotted pSmad1/5/8 proteins relative

to actin were quantified (E).

els. Elevated Atrogin-1 and MuRF1 expression in serum-
starved C2C12 cells was significantly inhibited by addition of
exogenous IGF1, which promotes anabolic signaling in muscle
(40,41), or SIS3, a Smad3 inhibitor (Fig. 5B). SIS3 treatment did
not elevate Akt activity in serum-starved C2C12 cells (data not
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shown). IGF1 effects were abolished by treatment of cells with
either LY294002, an Akt inhibitor, or U0126, a MEK (and thus
ERK) inhibitor (Fig. 5C). Akt activation by IGF1 in C2C12 cells
was unchanged by either SIS3 or U0126 treatment (Fig. 5D).
IGF1 treatment also blocked Smad2/3 protein accumulation

SASBMB

VOLUME 291+NUMBER 23+JUNE 3, 2016



Smad2/3-dependent Muscle Atrophy by Immobilization

a—y
N

[JCont
HDen

muscle weight
(% of control)
oo
o 00 =

OO
LIRS

control Mstn cKO

B Cont Den
pPSMAD2
PSMAD3E—==4

SMAD2[ ~e|
SMAD3[==]
Actin[

(9]

MuRF1

Atrogin-1
* *

*

[JCont
HDen

Relative expression
O= NWhHOO
Relative expression

e =~ b w A
ouI=oINhGCIWOTI A~ O

control Mstn cKO control Mstn cKO

FIGURE 4. Myostatin is dispensable for denervation-induced muscle atro-
phy and Smad2/3 protein accumulation. A-C, control (control) and Mstn
cKO (cKO) mice were generated, and hemi-sciatic nerve denervation-induced
muscle atrophy was generated in gastrocnemius muscle of mice of both gen-
otypes. Shown are muscle weight (A), Smad2, Smad3, pSmad2, and pSmad3
protein levels based on immunoblotting (B), and real time PCR analysis of
Atrogin-1 and MuRF1 mRNAs relative to B-actin analyzed (C), in muscles of
denervated (Den) and control (Cont) sides. Data (A and C) represent mean
values of the indicated parameter = S.D. (¥, p < 0.05; **, p < 0.01; ***, p <
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in serum-starved C2C12 cells, an effect reversed by either
LY294002 or U0126 treatment (Fig. 5E). Interestingly, the abil-
ity of IGF1 to block starvation-induced Smad2/3 protein accu-
mulation was abolished by treating cells with the proteasome
inhibitor MG132 (Fig. 5F), suggesting that Smad2/3 proteins
are regulated at steady state by the ubiquitin/proteasome path-
way in skeletal muscle and that IGF1 loss promotes Smad2/3
protein stabilization and concomitant accumulation followed
by skeletal muscle atrophy.

IGFI Receptor Activation Is Abrogated by Muscle Immo-
bilization—Next, we asked how muscle immobilization impairs
IGF1 signaling. Recently, the E3 ubiquitin ligases Cbl-b or
Fbx040 were shown to play a crucial role in inducing muscle
atrophy by degrading IRS1, an IGF1 signal transducer (10, 42).
However, we did not detect significant elevation of mRNAs
encoding either factor in atrophic compared with non-atrophic
muscle in our immobilization-induced atrophy models (data
not shown). Interestingly, however, IGF1 receptor phosphory-
lation, as analyzed by Western blot, decreased in denervation-
induced atrophic compared with non-atrophic muscle (Fig.
6A), and comparable changes were seen in fixation-induced
atrophic muscle (data not shown). It is noteworthy that in this
experimental system impaired IGF1 receptor activation occurs
only atrophic muscle, despite the fact that both atrophic and
non-atrophic muscle are exposed to equivalent levels of circu-
lating IGF1. We, in fact, confirmed that denervated and
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sham-operated mice showed similar levels of circulating IGF1
(Fig. 6B).

Finally, we evaluated potential metabolic changes underlying
muscle atrophy. Like insulin, IGF1 promotes cellular glucose
uptake (43—45). Given that IGF1 receptor phosphorylation
(and hence activation) is impaired in atrophic muscle, we ana-
lyzed glucose levels in immobilized muscle and found that they
were significantly lower in denervation-induced atrophic than
in sham-operated non-atrophic muscle (Fig. 6C). Lower glu-
cose levels were accompanied by lower ATP levels in atrophic
compared with non-atrophic muscle (Fig. 6C). By contrast, lev-
els of the BCAAs leucine, isoleucine, and valine were signifi-
cantly elevated in atrophic versus non-atrophic muscle (Fig.
6D), an effect indicative of protein degradation. Reduced glu-
cose uptake into muscle was also seen in Smad2/3 DKO dener-
vated relative to non-denervated muscles following denerva-
tion (Fig. 6E), although elevation of BCAA production in
muscles by denervation was altered in DKO mice (Fig. 6F).
These results suggest that muscle atrophy is accompanied by
altered energy homeostasis.

Discussion

Skeletal muscle volume is controlled by a balance of anabolic
and catabolic signals (1, 2). Thus, decreased muscle volume
occurs via either down-regulated anabolic signals, which occur
in conditions such as starvation or elevated catabolic signals,
which are activated by prolonged inactivity, limb fixation, mus-
cle disuse, steroid use, or mechanical unloading (3). Here, we
found that muscle immobilization by either denervation or
limb fixation impairs IGF1 receptor activation based on
observed changes in phosphorylation levels, followed by accu-
mulation of Smad2/3 proteins (Fig. 6G). Because we detected
phosphorylation of Smad2 and Smad3 in muscle after immobi-
lization by either denervation or fixation, we conclude that
activation and accumulation of Smad2/3 protein is required
for muscle atrophy. Smad2/3 protein phosphorylation was
detected in muscle following denervation even in myostatin
cKO mice (Fig. 4B). Thus, further studies are needed to identify
activators upstream of Smad2/3 after muscle immobilization.
Interestingly, IGF1 receptor activation was inhibited specifi-
cally in atrophic but not in non-atrophic muscles in the same
animal, in the presence of comparable levels of circulating IGF1
ligand. This finding means that muscle atrophy seen in immo-
bilized muscle is not driven systemically. Smad2/3 are reported
downstream effectors of myostatin-ActRIIB signaling (46);
however, we found that myostatin was dispensable for immo-
bilization-induced Smad2/3 activation. By contrast, lack of
Smad2/3 in muscles resulted in significant resistance to immo-
bilization-induced skeletal muscle atrophy and induced atro-
gene expression. These results suggest that Smad2/3 protein
accumulation is regulated cell intrinsically via a localized mech-
anism rather than systemically.

We also show that muscle atrophy is closely related to energy
metabolism and that BCAA generation accompanied by muscle
atrophy is Smad2/3-dependent. Because BCAA cannot be syn-
thesized de novo, elevated BCAA levels in atrophic muscles are
likely due to Smad2/3-dependent protein degradation. Overall,
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FIGURE 5.1GF1 regulates Smad2/3 protein accumulation in C2C12 myogenic cells. A-F, C2C12 myogenic cells were cultured in DMEM supplemented with
(starvation —) or without (starvation +) 10% FCS in the presence or absence of indicated factors (100 ng/ml IGF1; 10 um SIS3, a Smad3 inhibitor; 10 um
LY294002, an AKT inhibitor; 10 um U0126, a MEK (ERK) inhibitor; or 10 um MG132, a proteasome inhibitor). pSmad2, pSmad3, Smad2, Smad3, pAkt, Akt, and
actin proteins were analyzed by Western blot, and Smad2, Smad3, Atrogin-1, or MuRF1 mRNAs relative to B-actin were analyzed by real time PCR. Data (A-C)
represent mean Smad2, Smad3, Atrogin-1, or MuRF1 expression relative to B-actin = S.D. (¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant; n = 5).

our study suggests that Smad2/3 could be considered potential
therapeutic targets to prevent skeletal muscle atrophy.

IGF1 signaling in muscle reportedly inhibits muscle atrophy
through Akt-dependent phosphorylation and cytosolic seques-
tration of FOXOs, which are upstream activators of atrophy-
related genes (7, 12). One of those atrophy-related genes, the
ubiquitin ligase Cbl-b, is required to promote unloading-in-
duced atrophy by inhibiting IGF1 signaling via ubiquitinating
and destabilizing IRS1, an IGF1 signal transducer, and activat-
ing FoxO3 (10). Thus, in a muscle atrophy model, IGF1 signal-
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ing is impaired at the signal transducer level. However, in our
immobilization-induced muscle atrophy models, we did not
detect significant activation of Cbl-b expression in atrophic
muscle (data not shown) but rather observed impaired IGF1
signaling at the receptor level, even under normal circulating
IGF1 concentrations. We also showed that IGF1 signals sup-
press Smad2/3 protein accumulation following serum starva-
tion in C2C12 cells, effects rescued by treatment with Akt or
ERK inhibitors or with the proteasome inhibitor MG132. These
results suggest that muscle movement may activate the Akt,
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and levels of glucose, ATP, and BCAAs (isoleucine (lle), leucine (Leu), and valine (Val)) were compared between denervated atrophic (Den) and sham-operated
non-atrophic control (Cont) sides (C-F). All data are means * S.D. (n = 7).*, p < 0.05; **, p < 0.01; ***, p < 0.005; ns, not significant. Levels of immunoblotted
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mice, and serum IGF1 levels in each group were analyzed by ELISA. Data represent mean serum IGF1 concentration = S.D. (ns, not significant; n = 4). Two
independent data sets (#7 and #2) are shown (A). G, schematic model of immobilization-induced muscle atrophy. In non-immobilized conditions at steady
state, muscle IGF1 receptor is activated, continuously suppressing Smad2/3 protein accumulation and inhibiting Atrogin-1/MuRF1 expression and glucose
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resultant atrophy (G, right). Immobilization also inhibits glucose uptake by muscles and elevates BCAA levels.

ERK, or ubiquitin-proteasome systems to inhibit Smad2/3,
IGF1-dependently.

An interesting phenomena reported here is that IGF1 recep-
tors in immobilized muscle are insensitive to circulating IGF1
ligands, whereas IGF1 receptors in non-atrophic muscle are
activated in a normal fashion, a finding consistent with the
report that IGF1 overexpression in skeletal muscle does not
prevent unloading-induced muscle atrophy (47). Smad2/3 pro-
tein accumulation in muscle atrophy in our models did not
depend on circulating myostatin. Myostatin deficiency report-
edly results in muscle hypertrophy (48), but we found that myo-
statin inhibition in adult animals did not increase muscle vol-
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ume (data not shown). Moreover, IGF1 receptor deficiency in
muscle reportedly significantly reduces muscle volume (49).
These results suggest that muscle volume is likely regulated cell
intrinsically in adult animals. At present, how immobilization
promotes IGF1 receptor insensitivity in muscle remains
unclear, but our results clearly show that muscle movement
maintains IGF1 receptor activation as a means of achieving
muscle homeostasis.

To date, various mechanisms underlying muscle atrophy
have been reported, including elevated levels of reactive oxygen
species or inflammatory cytokines or activation of glucocorti-
coid receptors (50 -52). However, it remains unclear whether
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the mechanisms identified here, namely IGF1 receptor insensi-
tivity and Smad2/3 protein accumulation, are applicable to
other types of muscle atrophy, although common mechanisms
may underlie various forms of muscle atrophy. For example, the
atrogenes Atrogin-1 and MuRF1 are reportedly universally
up-regulated in atrophic muscle following denervation, immo-
bilization, or unloading; furthermore, Atrogin-1 or MuRF1
deficiency promotes partial but significant resistance to dener-
vation-induced muscle atrophy (8). Unloading also activates
FoxO3, which is upstream of Atrogin-1 and MuRF1, in atrophic
muscle, and Cbl-b deficiency inhibits both FoxO3 activation
and Atrogin-1/MuRF1 expression in an unloading-induced
muscle atrophy model (10). By contrast, in a steroid-induced
muscle atrophy model, glucocorticoid receptor activity report-
edly directly induces expression of KLF15, a factor required to
induce Atrogin-1 and MuRF1 expression, following dexameth-
asone stimulation of myogenic cells (53). KLF15 knockdown
blocks the ability of dexamethasone to induce Atrogin-1 and
MuRF1 (53). We found that targeting Smad2/3 in muscle pro-
moted resistance to denervation-induced muscle atrophy and
inhibited Atrogin-1/MuRF1 expression. Recently, factors other
than Atrogin-1/MuRF1, such as Traf6, Musal/Fbxo30, Smart/
Fbxo021, and Fbxo31, were reported to be up-regulated in den-
ervation-induced muscle atrophy (54, 55); however, we did not
detect differences in expression of those genes in muscle of
control and DKO mice after denervation (data not shown). Rea-
sons for these discrepancies remain unknown, but they could
be due to differences of experimental design. For example,
Trafb is reportedly up-regulated in tibialis anterior muscles 4
days after denervation, whereas Musal/Fbxo30, Smart/Fbxo21,
and Fbxo31 were shown to be up-regulated 3 days after dener-
vation in gastrocnemius muscle (54, 55). Taken together,
although their activity may differ in specific contexts, activators
of Atrogin-1/MuRF1 could serve as therapeutic targets to pre-
vent the muscle atrophy.

We also found that deactivation of the IGF1 receptor by mus-
cle immobilization significantly reduced intracellular glucose
levels relative to normal muscle, possibly as an energy-saving
mechanism. Dysfunctional muscle may instead act as a BCAA
reservoir to drive the tricarboxylic acid cycle. Increasing levels
of circulating BCAAs are also reported in steroid-induced mus-
cle atrophy models (53). We did not detect BCAA elevation in
sera following sciatic nerve denervation (data not shown), but
that is likely due to the small amount of atrophic muscle com-
pared with that seen in steroid-induced systemic atrophy.
Nonetheless, BCAA generation following muscle atrophy may
occur universally. Following denervation, muscle atrophy and
concomitant increases in BCAA in that muscle were seen in
both Smad2 cKO and Smad3 KO mice, but both were abrogated
in Smad2/3 DKO mice (Fig. 6F). These data suggest that Smad2
and Smad3 have a redundant function in immobilization-in-
duced muscle atrophy and BCAA production in muscle. None-
theless, the absence of muscle atrophy plus the lack of BCAA
generation seen following denervation in Smad2/3 DKO mice
suggest that Smad2/3 are required for degradation of muscle
proteins to BCAA in conditions of atrophy. By contrast, glucose
uptake likely depends on movement-induced IGF1 receptor
activation rather than Smad2/3; thus reduced glucose uptake
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was seen in both Smad2/3 DKO and control mice after dener-
vation. IGF1 receptor inactivation was not evident in vitro in
C2C12 cells, even under serum starvation conditions, and
Smad2/3 accumulation in serum-starved myogenic cells was
antagonized by IGF1 signaling in an Akt-dependent manner.
Today, sarcopenia is a serious health concern in the elderly.
At present, there is no medicine available to block muscle weak-
ness and deterioration, but understanding mechanisms under-
lying immobilization-induced muscle atrophy may shed light
on “disuse”’-induced, age-related muscle atrophy. Further stud-
ies are needed to elucidate whether mechanisms underlying
immobilization-induced muscle atrophy described here are
applicable to age-related sarcopenia in human subjects.
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