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Duchenne muscular dystrophy (DMD) is a lethal genetic disorder caused by loss of functional dystrophin
protein. Accumulating evidence suggests that the deficiency of dystrophin leads to aberrant activation of
many signaling pathways which contribute to disease progression. However, the proximal signaling events
leading to the activation of various pathological cascades in dystrophic muscle remain less clear. TNF recep-
tor-associated factor 6 (TRAF6) is an adaptor protein which acts as a signaling intermediate for several recep-
tor-mediated signaling events leading to the context-dependent activation of a number of signaling pathways.
TRAF6 is also an E3 ubiquitin ligase and an important regulator of autophagy. However, the role of TRAF6 in
pathogenesis of DMD remains unknown. Here, we demonstrate that the levels and activity of TRAF6 are
increased in skeletal muscle of mdx (a mouse model of DMD) mice. Targeted deletion of TRAF6 improves
muscle strength and reduces fiber necrosis, infiltration of macrophages and the activation of proinflammatory
transcription factor nuclear factor-kappa B (NF-kB) in 7-week-old mdx mice. Ablation of TRAF6 also increases
satellite cells proliferation and myofiber regeneration in young mdx mice. Intriguingly, ablation of TRAF6 exacer-
bates muscle injury and increases fibrosis in 9-month-old mdx mice. TRAF6 inhibition reduces the markers of
autophagy and Akt signaling in dystrophic muscle of mdx mice. Collectively, our study suggests that while
the inhibition of TRAF6 improves muscle structure and function in young mdx mice, its continued inhibition
causes more severe myopathy at later stages of disease progression potentially through repressing autophagy.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a devastating and ul-
timately fatal disease characterized by progressive muscle
wasting and weakness. The absence of dystrophin is a key
factor in developing DMD (1). Dystrophin is a critical compo-
nent of dystrophin-glycoprotein complex (DGC), which links
the cytoskeleton to the extracellular matrix thus maintaining
muscle fiber membrane integrity (2). Although the primary
genetic defect is known, the dystrophic process has not been
clearly identified (3,4). Studies in animal models and humans
have shown that the primary deficiency of dystrophin results
in the activation of several pathological cascades such as ex-
tracellular matrix breakdown, oxidative stress, cycles of fiber

degeneration and regeneration, inflammatory response and
gradual replacement of muscle fibers with adipose and connect-
ive tissue (3,5–8).

Besides acting as a molecular scaffold serving mechanical
function, accumulating evidence suggests that DGC also has
an important signaling role in striated muscle. Loss of dystrophin
in skeletal muscle leads to aberrant activation of a number of sig-
naling pathways such as NF-kB, phosphatidylinositol 3-kinase
(PI3K)/Akt and mitogen-activated protein kinases (9–14).
Interestingly, many of these signaling pathways are activated
even at pre-necrotic state and their modulation using molecular
and pharmacological approaches considerably improves muscle
pathology in models of DMD (9–11,13,14). However, given the
progressive degenerative nature of DMD and the convoluted

∗To whom correspondence should be addressed at: Department of Anatomical Sciences and Neurobiology, University of Louisville School of Medicine, 500
South Preston Street, Louisville, KY 40202, USA. Tel: +1 5028521133; Fax: +1 5028526228; Email: ashok.kumar@louisville.edu or ashokkmann@
yahoo.com

# The Author 2013. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2014, Vol. 23, No. 6 1492–1505
doi:10.1093/hmg/ddt536
Advance Access published on October 24, 2013



involvement of many secondary processes, developing a pan
therapeutic strategy that proves beneficial during the course of
the disease has been challenging. Despite the identification of
many of the principal and auxiliary signaling pathways that con-
tribute to myopathy, the proximal signaling events leading to the
activation of such pathological cascades in dystrophic muscle
remain unknown.

TNF receptor-associated factors (TRAFs) are a family of con-
served adaptor proteins which act as signaling intermediates for
several receptor-mediated signaling events leading to the
context-dependent activation of a number of signaling pathways
(15,16). TRAF6 functions as a signal transducer to activate IkB
kinase (IKK) and subsequently NF-kB activation in response to
proinflammatory cytokines, bacterial products, Toll/IL-1 family
and from receptors such as receptor activator of NF-kB (RANK)
and CD40 (16–19). TRAF6 is also an E3 ubiquitin ligase which
undergoes autoubiquitination and catalyzes K63 polyubiquitina-
tion of TAK1 that is required for IKK activation (20,21). TRAF6
interacts with ubiquitin conjugating enzymes UBE2N/UBC13
and UBE2V1/UEV1A to stimulate the formation of polyubiqui-
tin chains on IKK. This protein also causes the K63-linked poly-
ubiquitination of Akt which leads to its translocation to cell
membrane, phosphorylation and enzymatic activation (22).
Other signaling proteins such as interleukin-1 receptor-
associated kinase 1, Src family kinase and protein kinase C
zeta have also been found to interact with TRAF6 further signi-
fying a central role of TRAF6 in cross-talk between different sig-
naling pathways (16,18,19). Moreover, TRAF6 interacts with
scaffold protein p62/Sequestosome 1 which is involved in regu-
lation of autophagy and trafficking of proteins to the proteasome
(19,23–25). It has been also found that TRAF6 promotes the
K63-linked ubiquitination of Beclin-1, which is critical for the
induction of autophagy, in response to toll-like receptor 4 signal-
ing (26). However, the role of TRAF6 signaling in muscular dys-
trophy remains unknown.

Accumulating evidence suggests that TRAF6 is a crucial
regulator of skeletal muscle mass in catabolic states (27–29).
Abundance and activation of TRAF6 are increased in skeletal
muscle of mice in many atrophying conditions. Notably, inhib-
ition of TRAF6 using genetic approaches attenuates muscle
wasting in response to denervation, cancer cachexia and starva-
tion (28,29). Furthermore, specific inhibition of TRAF6 also
improves myofiber regeneration upon cardiotoxin-mediated
injury (27). One of the mechanisms by which TRAF6 mediates
muscle wasting is through stimulation of autophagy (28,29).
Autophagy is an important homeostasis mechanism which is es-
sential for clearing of dysfunctional organelles and preventing
tissue damage (30). While basal level of autophagy is required
for the maintenance of skeletal muscle mass, excessive autopha-
gosome formation generally leads to muscle wasting (30–34).
Interestingly, autophagy has been found to be impaired in
muscle biopsies from patients with DMD and in skeletal
muscle of mdx mice with concomitant accumulation of
damaged organelles (35). However, the role of TRAF6 in regu-
lation of autophagy in the ‘settings’ of muscular dystrophy
remains unknown.

In this study, we have investigated the role and the mechan-
isms by which TRAF6 affects disease progression in mdx
(a mouse model of DMD) mice. Our results show that depletion
of TRAF6 attenuates injury and inflammation and improves

muscle structure and regeneration in young mdx mice. In con-
trast, continued inhibition of TRAF6 causes fiber degeneration
and fibrosis at later stages of mdx mouse development potential-
ly through inhibition of autophagy.

RESULTS

TRAF6 levels are increased in skeletal muscle of mdx mice

In mdx mice, muscle injury starts at around 2.5 weeks followed
by peak necrotic phase in combination with inflammation
between 3 and 4 weeks of age (36,37). Regeneration starts
around the age of 6 weeks and continues while alternating with
ongoing degeneration until 12 weeks of age (38,39). We first
compared the levels of TRAF6 in skeletal muscle of wild-type
(WT) and mdx mice at both pre-necrotic and necrotic stages.
Diaphragm and gastrocnemius (GA) muscle from 10, 14, 23
and 48 days old WT (i.e. C57BL10) and mdx mice were isolated
and processed to measure protein levels of TRAF6 by perform-
ing western blot. Consistent with our previously published
results (29), the levels of TRAF6 were considerably higher in
young mice and reduced at later stages of development.
However, the levels of TRAF6 protein were markedly higher
in both diaphragm and GA muscle of mdx mice compared
with WT mice at all the ages (Fig. 1A and B). In a separate experi-
ment, we measured protein levels of TRAF6 in quadriceps
muscle of young (6-week) and old (9-month) WT and mdx
mice. The levels of TRAF6 were significantly higher in quadri-
ceps muscle of both 6-week- and 9-month-old mdx mice com-
pared with their corresponding age-matched WT mice
(Supplementary Material, Fig. S1). Increased levels of TRAF6
at 10 and 14 days in mdx mice also suggest that the levels of
TRAF6 start increasing before the onset of fiber necrosis in
mdx mice.

Since TRAF6 is an important E3 ubiquitin ligase which also
undergoes autoubiquitination to induce cellular signaling
(28,40,41), we next investigated the levels of ubiquitinated
TRAF6 protein in skeletal muscle of WT and mdx mice. Dia-
phragm was isolated from 10, 14, 21, 23 and 48 days old mice
and muscle extracts prepared were immunoprecipitated using
anti-ubiquitin followed by western blot with anti-TRAF6.
Results showed that the levels of ubiquitinated TRAF6 protein
were significantly higher in mdx mice compared with WT
mice at all the ages (Fig. 1C). Together, these data are suggestive
that the levels and activation of TRAF6 are increased in skeletal
muscle of mdx mice.

Targeted deletion of TRAF6 improves muscle strength
in 7-week-old mdx mice

We have previously generated and characterized muscle-
specific Traf6-knockout mice (Traf6mko) by crossing floxed
TRAF6 (Traf6f/f) mice with muscle creatine kinase
(MCK)-Cre mice (29). MCK deletes floxed Traf6 allele only
in differentiated myofibers but not in other cell type such as sat-
ellite cells, endothelial cells and fibroblasts (27,29). For this
study, we crossed TRAF6mko mice with mdx mice to obtain lit-
termate mdx;Traf6f/f and mdx;Traf6mko mice. We first measured
the levels of TRAF6 in skeletal muscle of mdx;Traf6f/f and
mdx;Traf6mko mice at the age of 2 weeks (before the onset of
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fiber necrosis). Levels of TRAF6 were found to be significantly
reduced (�80%) in diaphragm and GA muscle of mdx;Traf6mko

mice compared with mdx;Traf6f/f mice (Fig. 2A and B). The de-
pletion of TRAF6 in mdx;Traf6mko mice was specific because
levels TRAF2 and TRAF3 were comparable between
mdx;Traf6f/f and mdx;Traf6mko mice (Fig. 2A). Furthermore,
there was no significant change in the levels of TRAF6 in
kidney, liver, spleen and cultured fibroblasts of mdx;Traf6f/f

and mdx;Traf6mko mice, suggesting that MCK-Cre specifically
depletes TRAF6 in skeletal muscle of mice (Supplementary Ma-
terial, Fig. S2). We next investigated whether depletion of
TRAF6 in skeletal muscle of mdx mice produces any develop-
mental phenotype at prenecrotic state. Hematoxylin and Eosin
(H&E) staining of GA muscle (Fig. 2C) and diaphragm (data
not shown) showed that depletion of TRAF6 does not produce
any overt phenotype in mdx mice at prenecrotic state.

We next performed systematic evaluation of muscle function
in mdx;Traf6f/f and mdx;Traf6mko mice. We first sought to

investigate whether depletion of TRAF6 affects muscle grip
strength in mdx mice. Results showed that forelimb (Fig. 2D)
and total four limb (Fig. 2E) grip strength were significantly
higher in mdx;Traf6mko mice compared with mdx;Traf6f/f litter-
mates at the age of 7 weeks. Furthermore, mdx;Traf6mko mice
performed significantly better compared with mdx;Traf6f/f

mice on a wire hanging test (Fig. 2F) providing initial evidence
that inhibition of TRAF6 signaling improves muscle function in
young mdx mice.

Depletion of TRAF6 improves muscle histopathology
in young mdx mice

Diaphragm, GA, quadriceps muscles of 7-week-old mdx;Traf6f/f

and mdx;Traf6mko mice were isolated and processed for H&E
staining. We observed typical features of dystrophic muscle in-
cluding variability in fiber cross-section area, central nucleation,
fiber necrosis and cellular infiltrates within muscle cross-sections

Figure 1. Activation of TRAF6 in skeletal muscle of mdx mice. Levels of TRAF6 protein in (A) diaphragm and (B) GA muscle of WT and mdx mice at different stages
of development measured by western blotting. Representative immunoblots and densitometry quantification of data are presented here. (C) Diaphragm extracts from
10, 14, 21, 23 and 48 days old WT and mdx mice were immunoprecipitated with anti-ubiquitin followed by western blotting using anti-TRAF6. Representative immu-
noblot and quantification of fold change in the levels of ubiquitinated TRAF6 protein are depicted here. N ¼ 3 or 4 at indicated age of mice. Error bars represent SD.
∗P , 0.05, values vary significantly from corresponding age-matched WT mice.
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in skeletal muscle of mdx;Traf6f/f mice. However, these dystroph-
ic features were considerably reduced in skeletal muscles of
mdx;Traf6mko mice compared with mdx;Traf6f/f mice (Fig. 3A
and Supplementary Material, Fig. S3). Morphometric analysis
of H&E-stained muscle section showed that the necrotic area
(i.e. that contains only cellular infiltrate and no myofibers) was
significantly reduced in skeletal muscle of mdx;Traf6mko mice
compared with mdx;Traf6f/f mice (Fig. 3B). Furthermore, pro-
portion of centronucleated myofibers was also significantly
reduced in skeletal muscle of mdx;Traf6mko mice compared
with mdx;Traf6f/f littermates (Fig. 3C). Since the serum creatine
kinase (CK) level is an important marker of muscle injury, we
also measured the levels of CK in plasma. Our results showed
that serum CK levels were significantly lower in mdx;Traf6mko

mice compared with littermate mdx;Traf6f/f mice (Fig. 3D).
By performing immunostaining with Cy3-labeled anti-mouse
IgG on muscle sections, we further evaluated sarcolemmal
injury in mdx;Traf6f/f and mdx;Traf6mko mice. Consistent with
serum CK activity, the number of IgG-filled fibers was signifi-
cantly reduced in skeletal muscle of mdx;Traf6mko mice com-
pared with mdx;Traf6f/f mice (Supplementary Material, Fig.
S4). Taken together, these data are suggestive that the depletion
of TRAF6 inhibits muscle injury in young mdx mice.

Inhibition of TRAF6 reduces macrophage accumulation,
NF-kB activation and expression of inflammatory cytokines
in dystrophic muscle of young mdx mice

Inflammation is a major pathological feature that contributes
significantly to disease progression in DMD (3,5,6,42). To
understand whether TRAF6 plays a role in exacerbating inflam-
matory response in skeletal muscle of mdx mice, by performing
immunohistochemistry with F4/80 (a marker for macrophages)
antibody, we studied the accumulation of macrophages in dia-
phragm of 7–8 weeks old mdx;Traf6f/f and mdx;Traf6mko

mice. Interestingly, concentration of F4/80+ macrophages was
found to be significantly reduced in diaphragm of mdx;Traf6mko

mice compared with mdx;Traf6f/f mice (Fig. 4A and B, and Sup-
plementary Material, Fig. S5). NF-kB is a major proinflamma-
tory transcription factor that leads to the expression of a wide
variety of inflammatory cytokines, chemokines and matrix
degrading enzymes (43,44). To understand the mechanisms by
which deletion of TRAF6 improves muscle inflammation in
mdx mice, we studied the activation of NF-kB by performing
electrophoretic mobility shift assay (EMSA). DNA-binding
activity of NF-kB was considerably reduced in both diaphragm
and quadriceps muscle of mdx;Traf6mko mice compared with

Figure 2. Targeted depletion of TRAF6 improves muscle strength in 7-week-old mdx mice. (A) Western blot analysis of TRAF2, TRAF3 and TRAF6 protein levels in
diaphragm and GA muscle of 2-week-old mdx;Traf6f/f and mdx;Traf6mko mice. (B) Densitometry quantification of TRAF6 levels in diaphragm and GA muscle of
2-week-old mdx;TRAF6f/f and mdx;TRAF6mko mice. N ¼ 4 in each group. (C) Representative photomicrographs of H&E-stained GA muscle sections of 2-week-old
mdx;Traf6f/f and mdx;Traf6mko mice. Scale bar: 20 mm. Muscle strength was evaluated through a series of functional tests in 7-week-old mdx;Traf6f/f and
mdx;Traf6mko mice. Bar diagrams represent (D) forelimb grip strength normalized to body weight; (E) total four-limb grip strength; and (F) wire hanging time (in
seconds). N ¼ 8 in each group. Error bars represent SD. ∗P , 0.05, values vary significantly from mdx;Traf6f/f littermate.
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mdx;Traf6f/f littermates (Fig. 4C and D). Furthermore, transcript
levels of proinflammatory cytokines TNF-a, IL-1b and IL-6,
and a matrix degrading enzyme, matrix metalloproteinase-9
(MMP-9) were significantly reduced in diaphragm of mdx;
Traf6mko mice compared with mdx;Traf6f/f mice (Fig. 4E).
These data demonstrate that TRAF6 mediates NF-kB activation
and inflammatory response in myofibers of mdx mice.

Depletion of TRAF6 improves myofiber regeneration
in 7-week-old mdx mice

Accumulating evidence suggests that NF-kB and inflammatory
cytokines inhibit skeletal muscle regeneration in mdx mice
(9,45,46). We have also recently reported that inhibition of
TRAF6 improves myofiber regeneration upon cardiotoxin-
mediated injury (27). We next sought to investigate whether

the inhibition of TRAF6 improves muscle regeneration in mdx
mice. We performed immunostaining on quadriceps muscle
sections with an antibody that recognizes embryonic (develop-
mental) myosin heavy chain (eMyHC). Our analysis showed
that eMyHC-positive fibers were generally scattered and
smaller in size in skeletal muscle mdx;Traf6f/f mice. In contrast,
the eMyHC-positive fibers were more tightly packed in mdx;
Traf6mko compared with mdx;Traf6f/f mice (Fig. 5A, top). Fur-
thermore, the mean minimum Feret (MinFeret) diameter of
eMyHC-positive fibers was significantly higher in mdx;Traf6mko

mice compared with TRAF6f/f mice (Fig. 5B). Since satellite cells
are mainly responsible for repair of injured myofibers in adults,
we also investigated whether depletion of TRAF6 in skeletal
muscle of mdx mice affects the number of satellite cells. Quad-
riceps muscle sections from 7-week-old mdx;Traf6f/f and
mdx;Traf6mko mice were stained for Pax7, a marker for

Figure 3. Depletion of TRAF6 improves muscle histopathology in 7-week-old mdx mice. (A) Skeletal muscle of 7-week-old mdx;Traf6mko and littermate mdx;
TRAF6f/f mice were isolated and processed for H&E staining. Representative photomicrographs of H&E-stained diaphragm (top), GA (middle) and quadriceps
(bottom) muscles displaying manifestations of pathology. Scale bar: 20 mm. (B) Percentage necrotic area in quadriceps muscle of 7-week-old mdx;Traf6f/f and
mdx;Traf6mko littermates. (C) Percentage of fibers with one or more centrally localized nuclei in quadriceps muscle of 7-week-old mdx;Traf6f/f and mdx;Traf6mko

mice. (D) Relative fold change in CK activity in serum of 7-week-old mdx;Traf6f/f and mdx;Traf6mko mice. N ¼ 7 in each group. Error bars represent SD. ∗P , 0.05,
values vary significantly from mdx;Traf6f/f mice.
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quiescent and proliferating satellite cells (47–49), and nuclei
were counterstained with DAPI (Fig. 5A, bottom). Results
showed that the number of satellite cells was significantly
increased in quadriceps of mdx;Traf6mko mice compared with
mdx;Traf6f/f mice (Fig. 5C). These results suggest that the inhib-
ition of TRAF6 improves satellite cells proliferation and myofi-
ber regeneration in mdx mice.

Inhibition of TRAF6 exaggerates myopathy in 9-month-old
mdx mice

Upon confirming that the inhibition of TRAF6 improves muscle
histopathology and regeneration in 7-week-old mdx mice, we
next sought to determine whether the inhibition of TRAF6 will
also be effective in alleviating muscle pathology in older mdx
mice. We first performed histological analysis of skeletal
muscle at the age of 5 months. Intriguingly, we did not find
any noticeable difference in muscle histopathology or level of
fibrosis in skeletal muscle of 5-month-old mdx;Traf6f/f and
mdx;Traf6mko mice (data not shown). We next analyzed skeletal
muscle of these mice at the age of 9 months. We first performed

western blot and confirmed that the levels of TRAF6 are
repressed in skeletal muscle of 9-month-old mdx;Traf6mko

mice compared with mdx;Traf6f/f mice (Supplementary Mater-
ial, Fig. S6, Supplemental data file). Surprisingly, 9-month-old
mdx;Traf6mko mice showed increased muscle histopathology
compared with mdx;Traf6f/f mice (Fig. 6A). Skeletal muscle of
TRAF6mko mice showed increased necrotic area, cellular infil-
trate and variability in fiber size (Fig. 6A–C). To detected
injured/permeable fibers in mdx mice, we also performed immu-
nostaining with Cy3-labeled anti-mouse IgG on GA muscle sec-
tions (Fig. 6D). The number of IgG-filled fibers was significantly
higher in mdx;Traf6mko mice compared with mdx;Traf6f/f mice
(Fig. 6E).

Muscle-specific depletion of TRAF6 increases fibrosis
in 9-month-old mdx mice

Fibrosis is a pathogenic factor characterized by chronic inflam-
mation with persistent production of profibrotic cytokines and
excessive deposition of ECM proteins, including collagens and
fibronectin which can impair tissue function (50). Fibrosis is

Figure 4. Muscle-specific depletion of TRAF6 attenuates inflammatory processes in dystrophic muscle of 7-week-old mdx mice. (A) Representative photomicrographs
demonstrating F4/80+ macrophages in diaphragm section of 7-week-old mdx;Traf6f/f and mdx;Traf6mko mice. Scale bar: 20 mm. (B) Quantification of F4/80+ cells in
diaphragm of 7-week-old mdx;Traf6mko and mdx; TRAF6f/f mice. N¼ 7 or 8 in each group. (C) Representative EMSA gels presented here demonstrate that the DNA-
binding activity of NF-kB is reduced in diaphragm (upper panel) and quadriceps (lower panel) muscle in 7-week-old mdx;Traf6mko mice compared with littermate mdx;
TRAF6f/f mice. (D) Quantification of fold change in DNA-binding activity of NF-kB in diaphragm and quadriceps muscle of 7-week-old mdx;Traf6mko mice and mdx;
Traf6f/f littermates. N ¼ 3 in each group. (E) Relative mRNA levels of IL-1b, IL-6, TNFa and MMP-9 measured by QRT-PCR in diaphragm of 7-week-old mdx;
TRAF6f/f and mdx;Traf6mko mice. N ¼ 4 in each group. Error bars represent SD. ∗P , 0.05, values significantly different from littermate mdx;Traf6f/f mice.
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also a major pathological feature in muscular dystrophy which
progressively deteriorates locomotor capacity, posture mainten-
ance and the vital function of respiratory muscles (51). Progres-
sive fibrosis is observed in diaphragm of the mdx mice which
recapitulates clinical signs of DMD patients (37). We measured
the level of fibrosis by performing Trichrome staining on dia-
phragm and GA muscle sections. Accumulation of collagens
was significantly increased in both diaphragm and GA muscle
of 9-month-old mdx;Traf6mko mice compared with age-matched
mdx;Traf6f/f littermates (Fig. 7A and B). We next sought to in-
vestigate whether the deterioration in muscle histopathology
observed in 9-month-old mdx;Traf6mko mice is reflected in
muscle function. Indeed, forelimb grip strength and total limb
grip strength of mdx;Traf6mko mice were found to be significant-
ly reduced compared with littermate mdx;Traf6f/f mice (Fig. 7C
and D). Together, these results demonstrate that continued inhib-
ition of TRAF6 exacerbates pathology and caused loss of muscle
strength in old mdx mice.

Inhibition of TRAF6 reduces the markers of autophagy
and Akt signaling in dystrophic muscle of mdx mice

Recent studies have shown that inhibition of autophagy is one of
the major causes for myopathy in various models of muscular

dystrophy, including mdx mice (35). Since TRAF6 is an import-
ant positive regulator of autophagy, we next sought to determine
whether the inhibition of TRAF6 further represses autophagy in
mdx mice. Elevation in the level of LC3B-II protein is a hallmark
of autophagy (30). We measured the levels of LC3B-I and
LC3B-II protein in skeletal muscle of mdx;Traf6f/f and
mdx;Traf6mko mice. The levels of LC3B-II were significantly
reduced in skeletal muscle of 6-week-old mdx;Traf6mko mice
compared with mdx;Traf6f/f mice (Fig. 8A and B). Moreover,
the levels of another autophagy-related protein Beclin1 were sig-
nificantly reduced in myofibers of mdx;Traf6mko mice compared
with mdx;Traf6f/f mice (Fig. 8A and B). p62 protein undergoes
degradation through autophagy-lysosomal system (29,30). To
further confirm the role of TRAF6 in induction of autophagy
in myofibers of mdx mice, we also measured the levels of p62
protein. Results showed that the levels of p62 protein were
significantly higher in skeletal muscle of mdx;Traf6mko mice
compared with mdx;Traf6f/f littermates (Fig. 8A and B). More-
over, these markers of autophagy were also similarly affected
in dystrophic muscle of 5-month-old mdx;Traf6mko compared
with TRAF6f/f littermates (data not shown). TRAF6 has also
been shown to induce the expression of ubiquitin-proteasome
system (UPS) and autophagy-related molecules in skeletal
muscle in many catabolic conditions (28,29). To understand

Figure 5. Depletion of TRAF6 improves myofiber regeneration in young mdx mice. (A) Quadriceps muscle from 7-week-old mdx;Traf6f/f and mdx;Traf6mko mice
were isolated and processed for e-MyHC (top) and Pax7 (bottom) staining. Nuclei were identified by co-staining with DAPI. Representative photomicrographs are
presented here. Arrows point to Pax7+ cells. (B) Quantification of mean minimum Feret (MinFeret) diameter of eMyHC+ fibers in quadriceps muscle of mdx;Traf6f/f

and mdx;Traf6mko mice. (C) AveragenumberofPax7+cellsper field (�0.15 mm2) in quadricepsmuscleof 7-week-old mdx;Traf6f/f and mdx;Traf6mko mice. N ¼ 8 in
each group. Scale bar: 20 mm. Error bars represent SD. ∗P , 0.05, values significantly different from mdx;Traf6f/f mice.
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whether TRAF6 regulates the expression of the components of
UPS and autophagy in dystrophic muscle, we performed
QRT-PCR assay. Our results showed that the mRNA levels of
LC3B, Beclin1 and Atrogin-1 are significantly reduced in dys-
trophic muscle of 9-month-old mdx;Traf6mko mice compared
with mdx;Traf6f/f mice (Supplementary Material, Fig. S7). To-
gether, these results suggest that the inhibition of TRAF6
represses autophagy and UPS which may be responsible for
accumulation of damaged proteins and organelles leading to
increased myopathy at later stages of disease progression in
mdx mice.

Previous studies have shown that the Akt-mTOR signaling
pathway inhibits autophagy in skeletal muscle (30). There is
also evidence that TRAF6 activates Akt in some cell types
(22). Moreover, it has been also reported that the activity of
Akt-mTOR pathway is increased in skeletal muscle of mdx
mice compared with WT controls (11,52). We investigated
whether TRAF6 affects the activation of Akt in skeletal
muscle of mdx mice. Protein extracts prepared from GA
muscle of mdx;Traf6f/f and mdx;Traf6mko mice were subjected
to immunoblotting to detect phosphorylated and total protein
levels of Akt, mTOR and p70S6 kinase. Results showed that

Figure 6. Inhibition of TRAF6 exacerbates myopathy in 9-month-old mdx mice. Diaphragm and GA muscles were isolated from 9-month-old mdx; Traf6f/f and
mdx;Traf6mko mice and processed for H&E staining. (A) Representative photomicrographs of H&E-stained transverse sections of diaphragm (top) and GA
(bottom) muscle. Scale bar: 20 mm. (B) Percentage necrotic area in H&E-stained sections of GA muscle of 9-month-old mdx;Traf6f/f and mdx;Traf6mko littermates.
(C) Quantification of variability in fiber cross-sectional area (CSA) in GA muscle of 9-month-old mdx;Traf6f/f and mdx;Traf6mko mice. (D) GA muscle sections from
9-month-old mdx;Traf6f/f and mdx;Traf6mko mice were immunostained with Cy3-labeled goat anti-mouse IgG to detect permeable/damaged fibers. Representative
photomicrographs are presented here. (E) Quantification of IgG-positive fibers in GA muscle sections from 9-month-old mdx;Traf6f/f and mdx;Traf6mko mice. N ¼ 7
or 8 in each group. Scale bar: 20 mm. Error bars represent SD. ∗P , 0.05, values vary significantly from mdx;Traf6f/f mice.
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the phosphorylation of Akt, mTOR and p70S6 kinase was sig-
nificantly reduced in myofibers of mdx;Traf6mko compared
with mdx;Traf6f/f mice (Fig. 8C and 8D). Collectively, these
results indicate that TRAF6 is involved in the activation of
Akt; however, TRAF6 regulates autophagy independent of
Akt signaling.

DISCUSSION

Recent studies using genetic mouse models and pharmacologic-
al approaches have provided strong evidence that the modulation
of activity of specific signaling pathways has enormous potential
to reduce the severity of disease progression in muscular dys-
trophy (9,10,53). While the role of anomalous myogenic signal-
ing has become increasingly clear, the proximal signaling events
which lead to the activation of different pathways in dystrophic
muscle remain less understood. Furthermore, the effect of long-
term inhibition of different signaling pathway in disease progres-
sion in models of DMD has not been yet investigated. Since
TRAF6 is an important upstream regulator of many proinflam-
matory signaling pathways, we investigated the role of TRAF6
in pathogenesis of DMD. Our study demonstrates that the ex-
pression and activity of TRAF6 are increased in dystrophin-
deficient skeletal muscle (Fig. 1). While muscle-specific

depletion of TRAF6 signaling reduces injury and improves
muscle histopathology (Fig. 3) and regeneration (Fig. 5) in
young mice (7–8 weeks), long-term inhibition of TRAF6
results in deterioration of myopathy and loss of function in
mdx mice (Figs 6 and 7).

One of the mechanisms by which muscle-derived TRAF6 sig-
naling causes dystrophy in young mdx mice is by promoting
chronic inflammatory response. Initial fiber necrosis due to
sarcolemmal instability causes severe inflammatory response
in skeletal muscle which includes infiltration of macrophages
and neutrophils in dystrophic muscle and increased levels of
proinflammatory cytokines leading to hastening of fiber necrosis
and disease progression in DMD (10,53). Muscle-derived
factors appear to be some of the important contributors of
chronic inflammation in mdx myofibers supported by the find-
ings that the activation of proinflammatory transcription
factors such as NF-kB and activator protein-1 (AP-1) and
levels of various inflammatory cytokines (e.g. TNF-a and
IL-1b) start increasing before the onset of fiber necrosis
(9,11,13,14). Our results demonstrate that muscle-specific inhib-
ition of TRAF6 leads to diminished activation of NF-kB in dys-
trophic muscle of young mdx mice (Fig. 4C and 4D). It is notable
that in addition to proinflammatory cytokines, NF-kB also
induces the expression of a number of chemokines which
causes extravasation and migration of leukocytes (43,44).

Figure 7. Muscle-specific depletion of TRAF6 increases fibrosis in 9-month-old mdx mice. (A) Diaphragm and GA muscle were isolated from 9-month-old mdx;
Traf6f/f and mdx;Traf6mko mice and transverse muscle sections made were processed for Mason’s Trichrome staining for detection of collagen accumulation. Rep-
resentative photomicrographs are presented here. Scale bar: 20 mm. (B) Quantification of fibrotic area in diaphragm and GA muscle of 9-month-old mdx;Traf6f/f mice
and mdx;Traf6f/f littermates. Muscle strength of 9-month-old mdx;Traf6f/f and mdx;Traf6mko mice was evaluated. Bar diagrams representing (C) forelimb grip
strength and (D) total four-limb grip strength normalized to body weight. N ¼ 8 in each group. Scale bar: 20 mm. Error bars represent SD. ∗P , 0.05, values signifi-
cantly different from mdx; Traf6f/f mice.
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Consistently, we have found that the accumulation of macro-
phages and transcript levels of inflammatory cytokines were
also significantly reduced in skeletal muscle of mdx;Traf6mko

mice compared with mdx;Traf6f/f mice (Fig. 4). These results
are consistent with previous reports demonstrating that muscle-
specific depletion of TRAF6 inhibits activation of NF-kB in the
conditions of denervation and cancer cachexia and cardiotoxin-
mediated muscle injury (27,29). Although depletion of TRAF6
in skeletal muscle reduces inflammation, in the present study,
we have not investigated the role of TRAF6 in immune cells.
It is possible that TRAF6 signaling emanating from immune
compartments might also contribute to the inflammatory pro-
cesses in dystrophic muscles and concurrent inhibition of
TRAF6 in skeletal muscle and immune cells may lead to
further improvement in dystrophinopathy. Future research
should clarify the role of the TRAF6 signaling in immune cells
in pathogenesis of DMD.

Another mechanism by which TRAF6 signaling causes dys-
trophy is through the repression of myofiber regeneration. Inhib-
ition of TRAF6 increases the formation of new myofibers in mdx
mice (Fig. 5). These results are in agreement with our previous
findings demonstrating that the depletion of TRAF6 improves
whereas its overexpression represses the regeneration of myofi-
bers in response to acute injury in WT mice (27). Muscle regen-
eration after injury is a complex process which involves the

activation of quiescent satellite cells, their differentiation into
myoblasts and finally fusion of myoblasts to damaged myofibers
(54,55). Although the exact mechanisms remain enigmatic, the
results of the present study suggest that TRAF6 signaling from
injured myofibers limit the activation of satellite cells and may
interfere with their differentiation and fusion into myotubes. It
has been consistently observed that inflammatory cytokines
such as TNF-a, IL-1b and IL-6 inhibit the differentiation of
myoblasts by repressing the levels of MyoD (56–60). Further-
more, there is a positive feed-back loop between inflammatory
cytokines and NF-kB transcription factor. Elevated levels of in-
flammatory cytokines activate NF-kB, which in turn induces the
expression of inflammatory cytokines leading to sustained acti-
vation of NF-kB (43,44). Acharyya et al. (9) have previously
reported that NF-kB inhibits myofiber regeneration in mdx
mice. Our results demonstrate that TRAF6 is an upstream activa-
tor of NF-kB and expression of inflammatory cytokines in dys-
trophic muscle (Fig. 4). Therefore, it is reasonable to speculate
that the inhibition of TRAF6 improves muscle regeneration
through blocking NF-kB and reducing repertoire of inflamma-
tory cytokines in dystrophic muscle.

A striking observation of the present study is that the long-
term inhibition of TRAF6 signaling deteriorates muscle path-
ology in mdx mice. Analysis of myofibers of 9-month-old
mdx;Traf6mko mice revealed the presence of significantly

Figure 8. Role of TRAF6 in activation of autophagy and Akt signaling pathway. GA muscle of 6-week-old mdx;Traf6f/f and mdx;Traf6mko mice were processed for
western blotting. (A) Representative immunoblots present here demonstrate the levels of LC3B I and LC3B II and Beclin1, p62 and an unrelated protein GAPDH
(glyceraldehyde 3-phosphate dehydrogenase). (B) Densitometry quantification of LC3B I & II, Beclin1 and p62 protein levels in GA muscle of 6-week-old
mdx;Traf6f/f and mdx;Traf6mko mice. (C) Representative immunoblots presented here demonstrate the levels of phosphorylated (p) and total Akt, mTOR, p70 S6
kinase (p70 S6K) and GAPDH protein. (D) Quantification of phosphorylated versus total Akt, mTOR, p70 S6K ratio in GA muscle of 6-week-old mdx;Traf6f/f

and mdx;Traf6mko mice. N ¼ 6 in each group. Error bars represent SD. ∗P , 0.05, values significantly different from mdx;Traf6f/f mice.
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increased number of necrotic fibers and replacement of muscle
fibers by collagens (Figs 6 and 7). Although the exact mechan-
isms remain enigmatic, inhibition of autophagy appears to be
one of the important reasons for increased myopathy in
mdx;Traf6mko mice. Autophagy is an important homeostasis
mechanism which is critical for clearing dysfunctional orga-
nelles and to preventing tissue damage (30,61). Recently, the
role of autophagy in pathogenesis of muscular dystrophy has
been investigated using multiple approaches. Autophagy has
been found to be impaired in muscle biopsies from patients
with DMD and in mdx mice with concomitant accumulation of
damaged organelles (35). Notably, reactivation of autophagy
by feeding low-protein diet improved muscle strength and
various pathological features including fiber necrosis, patho-
logical hypertrophy and fibrosis in mdx mice (35). Similarly,
forced activation of autophagy using AMPK agonist, AICAR
(5-aminoimidazole-4-carboxamide-1-b-d-ribofuranoside), led
to improvements in mdx diaphragm histopathology and in force-
generating capacity (62).

TRAF6 is an essential component of autophagy in mammalian
cells. TRAF6 interacts with LC3B through p62. It has been re-
cently demonstrated that TRAF6 causes the Lys-63-linked ubi-
quitination of Beclin1 (the mammalian homologue of yeast
Atg6), which is essential for autophagosome formation in re-
sponse to Toll-like receptor 4 signaling (26). We have previously
reported that muscle-specific depletion of TRAF6 inhibits ex-
pression of autophagy-related molecules and autophagosome
formation in atrophying skeletal muscle (28,29). Our results
demonstrate that the levels of autophagy markers are consider-
ably reduced in dystrophic muscle of mdx;Traf6mko compared
with mdx;Traf6f/f mice, suggesting that TRAF6 is required for
the activation of autophagy in mdx mice (Fig. 8A and B).
While autophagy is also inhibited in young mdx;Traf6mko

mice, there is still significant improvement in muscle pathology
compared with mdx;Traf6f/f littermates. We envision that in-
flammation plays a predominant role in initial muscle injury
and regeneration and that there may not be sufficient load of
damaged organelles to clear through autophagy pathway in
young mdx mice. It is notable that excessive autophagy causes
muscle wasting in many catabolic states (30). Thus, the initial in-
hibition of autophagy in young mdx;TRAF6mko mice may be a
protective mechanism to preserve skeletal muscle mass.
However, due to the progressive nature of myopathy in mdx
mice, autophagy becomes essential for clearance of defunct cel-
lular organelles at later stages and hence continued inhibition of
autophagy exaggerates dystrophic phenotype in mdx mice.
Moreover, our results demonstrate that depletion of TRAF6 inhi-
bits both NF-kB and Akt signaling in skeletal muscle of mdx
mice (Figs 4C and D and 8C and D). While specific inhibition
of NF-kB has been shown to ameliorate dystrophy in young
mdx mice (9), the effects of long-term inhibition of NF-kB
have not been yet investigated. Both NF-kB and Akt are
known to play critical roles in cell survival mechanisms
(43,63). Therefore, it is possible that prolonged inhibition of
NF-kB and Akt in mdx;Traf6mko mice also directly induces
muscle cell death. Indeed, it has been previously reported that
forced activation of Akt prevents myofiber degeneration and
improves regeneration in mdx mice (64).

Akt signaling is also an important regulator of autophagy in
skeletal muscle. Activation of Akt inhibits autophagy through

repressing the activity of FOXO family transcription factors
(30). Recently, De Palma et al. (35) have suggested that the ac-
tivation of Akt signaling is responsible for inhibition of autop-
hagy in mdx mice. However, our results demonstrate that
TRAF6 regulates autophagy independent of Akt signaling.
Muscle-specific inhibition of TRAF6 also inhibited Akt
pathway in myofibers of mdx mice (Fig. 8C and D). It is also
notable that the inhibition of TRAF6 signaling did not affect
the activation of Akt kinase in regenerating myofibers in re-
sponse to cardiotoxin-mediated injury (27). However, in some
other cell types, TRAF6 has been found to be an important up-
stream activator of Akt kinase (22). Together, these findings
further highlight the role of TRAF6 in context-dependent activa-
tion of various signaling pathways.

In summary, our study has provided novel mechanistic
insights in dystrophic progression by identifying the role of
TRAF6 in mdx mice. It is now increasingly clear that muscular
dystrophy is a complex disorder and that a single therapeutic
intervention may not be sufficient to treat patients with muscular
dystrophy. Recent studies further support this notion by provid-
ing experimental evidence that combinatorial approaches cor-
recting more than one parameter of pathological cascade can
produce more robust improvement in myopathy in mouse
models of muscular dystrophy (65). Our results demonstrate
that the inhibition of TRAF6 is effective in reducing inflamma-
tory response and initial fiber necrosis in mdx mice. However, it
is also evident that the inhibition of TRAF6 can also produce
deleterious effects due to further repression of autophagy in dys-
trophic muscle. Nevertheless, it is reasonable to speculate that a
combinatorial approach involving pharmacological inhibitors of
TRAF6 and activators of autophagy can provide an effective
treatment strategy for patients with DMD.

MATERIALS AND METHODS

Mice

WT (strain: C57BL/10 ScSn) and mdx (strain: C57BL/10 ScSn
DMDmdx) mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA). Floxed Traf6 (Traf6f/f) and muscle-specific
Traf6-knockout (Traf6mko) mice have been previously described
(28,29). Traf6mko mice were crossed with mdx mice for five to
six generations to generate littermate mdx;Traf6f/f and
mdx;Traf6mko mice. All genotypes were determined by PCR
analysis from tail DNA. Mice were housed in the animal facility
of the University of Louisville under conventional conditions
with constant temperature and humidity and fed a standard
diet. All experiments with animals were approved by the Institu-
tional Animal Care and Use Committee of the University of
Louisville.

Creatine kinase (CK) assay

The serum level of CK was determined using a commercially
available kit (Stanbio Laboratory, TX, USA).

Histology and morphometric analysis

Skeletal muscle tissues were isolated, frozen in isopentane
cooled in liquid nitrogen and sectioned in a microtome cryostat.
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For the assessment of tissue morphology, 10mm thick transverse
sections of each muscle were stained with H&E, and the staining
was visualized on a microscope (Eclipse TE 2000-U), a digital
camera (Digital Sight DS-Fi1) and NIS Elements BR 3.00 soft-
ware (all from Nikon). The images were stored as JPEG files, and
image levels were equally adjusted using Photoshop CS2 soft-
ware (Adobe). Pictures of the whole muscle sections were cap-
tured and the percentage of centrally nucleated fibers was
counted in the entire muscle section. To quantify the variation
in fiber size, fiber cross-sectional area was measured for every
fiber in each section using Nikon NIS Elements BR 3.00 software
(Nikon). Variability in cross-sectional areas between samples
was expressed as the mean of the standard deviations for each
population. Necrotic area in H&E-stained sections was deter-
mined by measuring percentage area filled with cellular infiltrate
in whole muscle section. Mean minimum feret diameter of
eMyHC+ fibers was determined after measuring cross-sectional
area for each fiber. The extent of fibrosis in muscle cryosections
was determined using a Trichrome staining kit following a proto-
col suggested by manufacturer (American Master Tech).

For immunohistochemical detection of macrophages, rat anti-
mouse F4/80 (Serotec) was used at 1:500 dilution and horserad-
ish peroxidase-labeled streptavidin biotin technique (DAKO
K5001 with E468) was used as a detection system. The concen-
trations of F4/80+ cells were expressed as the number of cells per
volume of each section.

Indirect immunofluorescence

For immunohistochemistry study, muscle sections were blocked
in 1% bovine serum albumin in phosphate-buffered saline (PBS)
for 1 h, and incubated with anti-Pax7 (1:20, Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA)
or anti-E-MyHC (1:150, Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA, USA) in blocking solu-
tion at 48C overnight under humidified conditions. The sections
were washed briefly with PBS before incubation with Alexa
Fluorw 488 or 594-conjugated secondary antibody (1:3000, Invi-
trogen) for 1 h at room temperature and then washed three times
for 5 min with PBS. The slides were mounted using fluorescence
medium (Vector Laboratories) and visualized at room tempera-
ture on Nikon Eclipse TE 2000-U microscope (Nikon), a digital
camera (Nikon Digital Sight DS-Fi1) and Nikon NIS Elements
BR 3.00 software (Nikon). Image levels were equally adjusted
using Abode Photoshop CS2 software (Adobe). Damaged/
permeabilized fibers in muscle cryosections were identified
by immunostaining with Cy3-labelled goat anti-mouse IgG
(1:3000, Invitrogen).

Immunoprecipitation and western blotting

Quantitative estimation of specific protein was done by western
blot using a method as previously described (66). Briefly, indi-
vidual tissues were washed with PBS and homogenized in
lysis buffer A [50 mM Tris-Cl (pH 8.0), 200 mM NaCl, 50 mM

NaF, 1 mM dithiotheritol (DTT), 1 mM sodium orthovanadate,
0.3% IGEPAL and protease inhibitors]. Approximately, 100 mg
protein was resolved on each lane on 10% SDS–PAGE, electro-
transferred onto nitrocellulose membrane and probed using anti-
TRAF6 (1:500 MBL International), anti-TRAF2 (1:500; Santa

Cruz Biotechnology, Inc.), anti-TRAF3 (1:500; Santa Cruz
Biotechnology, Inc), anti-LC3B (1:500; Cell signaling Technol-
ogy), anti-Beclin (1:500; Cell signaling Technology), anti-p62
(1:500; MBL International), anti-phospho-Akt (1:500; Cell Sig-
naling Technology), anti-Akt (1:500; Cell Signaling Technol-
ogy), anti-phospho-mTOR (1:500; Cell Signaling Technology),
anti-mTOR (1:500; Cell Signaling Technology), anti-phospho-
p70-S6K (1:500; Cell Signaling Technology), anti-p70-S6K
(1:500; Cell Signaling Technology), anti-GADPH (1:2000; Cell
Signaling Technology) and anti-tubulin (1:2000, Cell Signaling
Inc) and detected by chemiluminescence.

To study the ubiquitination of TRAF6, muscle extract (400 mg
protein) was incubated overnight with 1 mg of anti-Ubiquitin
antibody (Santa Cruz Biotechnology, Inc.) in 600 ml of lysis
buffer, protein A-Sepharose beads were added and the mixture
was incubated at 48C for an additional 2 h. The beads were
washed four times with lysis buffer and finally suspended in
2× Laemmli sample buffer. Proteins were resolved on 10%
SDS–PAGE gel and immunoblotted using TRAF6 antibody
(1:500; MBL International).

Electrophoretic mobility shift assay (EMSA)

The DNA binding activity of NF-kB transcription factor was
measured using EMSA as detailed (14). Briefly, 20 mg of
nuclear extract prepared from skeletal muscle was incubated
with 16 fmol 32P-g ATP-end-labeled NF-kB consensus double-
stranded oligonucleotide (Promega, MA, USA) for 20 min at
378C. The incubation mixture included 2–3 mg of poly dI.dC
in a binding buffer [25 mM HEPES (pH 7.9), 0.5 mM EDTA,
0.5 mM dithiothreitol, 1% IGEPAL, 5% glycerol, 50 mM

NaCl]. The DNA–protein complex thus formed was separated
from free oligonucleotides on a 7.5% native polyacrylamide
gel. The gel was dried, and radioactive bands were visualized
and quantitated by PhosphorImager using ImageQuant TL
software (GE Healthcare, Piscataway, NJ, USA).

Quantitative real-time PCR (QRT-PCR)

Real-time PCR for individual genes was performed using an ABI
Prism 7300 Sequence Detection System (Applied Biosystems)
using a method as previously described (60,66). Briefly, the first-
strand cDNA reaction (0.5 ml) from GA muscle of individual
control or mdx mice (n ¼ 4 in each group) was subjected to real-
time PCR amplification using gene-specific primers. The
primers were designed according to ABI primer express instruc-
tions using Vector NTI software and were purchased from
Sigma-Genosys (Spring, TX, USA). The sequences of the
primers used are as follows: TNF-a, 5′-GCA TGA TCC GCG
ACG TGGAA-3′ (forward) and 5′-AGATCCATGCCGTTGG
CC AG-3′(reverse); IL-1b, 5′-CTCCATGAGCTTTGTACAA
GG-3′ (forward) and 5′-TGCTGATGTACCAGTTGGGG-3′

(reverse); IL-6, 5′-CCTTCTTGGGACTGATGCTGG-3′ (for-
ward) and 5′-GCCTCCGACTTGTGAAGTGGT-3′ (reverse);
MMP-9, 5′-GCGTGTCTGGAGATTCGACTT G-3′ (forward)
and 5′-CATGGTCCACCTTGTTCACCTC-3′ (reverse); LC3B,
5′-CTGGTGAATGGGCACAGCATG-3′ (forward) and 5′-CG
TCCGCTGGTAACATCCCTT-3′ (reverse); Beclin1, 5′-TGA
AATCAATGCTGCCTGGG-3′ (forward) and 5′-CCAGAAC
AGTATAACGGCAACTCC-3′ (reverse); p62, 5′-AGCACAG

Human Molecular Genetics, 2014, Vol. 23, No. 6 1503



GCACAGAAGACAAGAGT-3′ (forward) and 5′-AATGTGT
CCAGTCATCGTCTCCTC-3′ (reverse); Atrogin-1, 5′-GTCG
CAGCCAAGAAGAGAAAGA-3′ (forward) and 5′-TGCTA
TCAGCTCCAACAGCCTT-3′ (reverse); MuRF1, 5′-TAACT
GCATCTCCATGCTGGTG-3′ (forward) and 5′-TGGCGTAG
AGGGTGTCAAACTT-3′ (reverse); and beta-actin, 5′-CAGG
CATTGCTGACAGGATG-3′ (forward) and 5′-TGCTGATCC
ACATCTGCTGG-3′ (reverse).

Approximately 25 ml of reaction volume was used for the real-
time PCR assays which consisted of 2× (12.5 ml) Brilliant
SYBR Green QPCR Master Mix (Stratagene), 400 nm of
primers (0.5 ml each from the stock), 11 ml of water and 0.5 ml
of template. The thermal conditions consisted of an initial de-
naturation at 958C for 10 min followed by 40 cycles of denatur-
ation at 958C for 15 s, annealing and extension at 608C for 1 min
and, for a final step, a melting curve of 958C for 15 s, 608C for
15 s and 958C for 15 s. All reactions were carried out in triplicate
to reduce variation. The data were analyzed using SDS software
version 2.0, and the results were exported to Microsoft Excel for
further analysis. Data normalization was accomplished using
two endogenous control (b-actin) and the normalized values
were subjected to a 22DDCt formula to calculate the fold
change between the control and experimental groups. The
formula and its derivations were obtained from the ABI Prism
7900 Sequence Detection System user guide.

Grip strength and wire hanging measurements

A digital grip-strength meter (Columbus Instruments, Colum-
bus, OH, USA) was used to measure forelimb or total four-limb
grip strength in mice. Mice were acclimatized for 5 min before
starting test. The mouse was allowed to grab the metal pull bar
with the forepaws and in a separate experiment with or all four
paws. The mouse tail was then gently pulled backward in the
horizontal plane until it could no long grasp the bar. The force
at the time of release was recorded as the peak tension. Each
mouse was tested five times with a 20–40 s break between
tests. The average peak tension from three best attempts normal-
ized against total body weight was defined as forelimb grip
strength. For wire hanging time evaluation, mice were placed
on a grid in a starting upright position. The grid was then gradual-
ly inverted above a cage filled with bedding. Hanging time was
determined as the longest time sustained hanging against
gravity from three repetitions.

Statistical analysis

Results are expressed as mean+ standard deviation (SD). Stat-
istical analysis used Student’s t-test (two tailed) to compare
quantitative data populations with normal distribution and
equal variance. A value of P , 0.05 was considered statistically
significant unless otherwise specified.
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