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Key points

o Skeletal muscle atrophy occurs as a result of disuse. Although several studies have established
that a decrease in protein synthesis and increase in protein degradation lead to muscle atrophy,
little is known about the triggers underlying such processes.

e A growing body of evidence challenges oxidative stress as a trigger of disuse atrophy;
furthermore, it is also becoming evident that mitochondrial dysfunction may play a causative
role in determining muscle atrophy.

e Mitochondrial fusion and fission have emerged as important processes that govern
mitochondrial function and PGC-1a may regulate fusion/fission events.

e Although most studies on mice have focused on the anti-gravitary slow soleus muscle as it
is preferentially affected by disuse atrophy, several fast muscles (including gastrocnemius) go
through a significant loss of mass following unloading.

® Here we found that in fast muscles an early down-regulation of pro-fusion proteins, through
concomitant AMP-activated protein kinase (AMPK) activation, can activate catabolic systems,
and ultimately cause muscle mass loss in disuse. Elevated muscle PGC-1a completely preserves
muscle mass by preventing the fall in pro-fusion protein expression, AMPK and catabolic
system activation, suggesting that compounds inducing PGC- 1« expression could be useful to
treat and prevent muscle atrophy.
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Abstract The mechanisms triggering disuse muscle atrophy remain of debate. It is becoming
evident that mitochondrial dysfunction may regulate pathways controlling muscle mass. We have
recently shown that mitochondrial dysfunction plays a major role in disuse atrophy of soleus, a
slow, oxidative muscle. Here we tested the hypothesis that hindlimb unloading-induced atrophy
could be due to mitochondrial dysfunction in fast muscles too, notwithstanding their much
lower mitochondrial content. Gastrocnemius displayed atrophy following both 3 and 7 days of
unloading. SOD1 and catalase up-regulation, no H, O, accumulation and no increase of protein
carbonylation suggest the antioxidant defence system efficiently reacted to redox imbalance in the
early phases of disuse. A defective mitochondrial fusion (Mfn1, Mfn2 and OPA1 down-regulation)
occurred together with an impairment of OXPHOS capacity. Furthermore, at 3 days of unloading
higher acetyl-CoA carboxylase (ACC) phosphorylation was found, suggesting AMP-activated
protein kinase (AMPK) pathway activation. To test the role of mitochondrial alterations we used
Tg-mice overexpressing PGC- 1« because of the known effect of PGC-1« on stimulation of Mfn2
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expression. PGC-« overexpression was sufficient to prevent (i) the decrease of pro-fusion proteins
(Mfnl, Mfn2 and OPA1), (ii) activation of the AMPK pathway, (iii) the inducible expression of
MuRF1 and atroginl and of authopagic factors, and (iv) any muscle mass loss in response to
disuse. As the effects of increased PGC- 1w activity were sustained throughout disuse, compounds
inducing PGC-1a expression could be useful to treat and prevent muscle atrophy also in fast
muscles.
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proliferative activated receptor-y coactivator lo; UPS, ubiquitine proteasome system.

Introduction

The molecular mechanisms that govern the imbalance
between pathways controlling protein synthesis and
degradation in disuse muscle atrophy remain unclear,
notwithstanding the large amount of work done (Bonaldo
& Sandri, 2013). Investigations of multiple models of
disuse in animals have shown an up-regulation of genes
related to protein degradation and stress response as well
as a down-regulation of those related to transcription and
translation, and energy metabolism (Lecker et al. 2004;
Bodine, 2013).

Debate is ongoing regarding whether and to what
extent redox signalling can actually be the trigger of
such phenomena (Pellegrino et al. 2011a,b; Powers et al.
2012). A growing body of evidence challenges oxidative
stress as a trigger of disuse atrophy (Ikemoto et al. 2002;
Koesterer et al. 2002; Servais et al. 2007; Brocca et al.
2010; Desaphy et al. 2010; Glover et al. 2010; Kuwahara
et al. 2010; Pellegrino et al. 2011b; Powers et al. 2012;
Cannavino et al. 2014). We have recently reported that, in
soleus muscle, notwithstanding an early persistent redox
imbalance, a metabolic programme controlling muscle
mass, rather than oxidative stress, played a major role
in triggering hindlimb unloading (HU) muscle atrophy.
A down-regulation of peroxisome proliferative activated
receptor-y coactivator la (PGC-la) expression and
protein content was, in fact, shown to activate catabolic
systems by promoting ubiquitin ligase and autophagy gene
expression through FoxO3 disinhibition (Cannavino et al.
2014).

Although most studies on mice have focused on the
anti-gravitary, slow soleus muscle as it is preferentially
affected by disuse atrophy, several fast muscles (including
gastrocnemius) go through a significant loss of mass
following unloading (Kyparos et al. 2005; Brocca et al.
2010; Desaphy et al. 2010). As fast muscles in mice have
mostly a glycolytic metabolism and express low levels

of PGC-1 (Lin et al. 2002), the metabolic programme
supporting disuse-induced muscle mass loss in soleus
might not be relevant in fast muscles.

Dataregarding PGC- 1o during disuse in fast muscles are
inconsistent: increases (Wagatsuma et al. 2011), decreases
(Mazzatti et al. 2008) as well as no change (Nagatomo
et al. 2011) of PGC-la levels have been reported.
However, alterations of mitochondrial biogenesis (Liu
et al. 2012b), mitochondrial respiration (Yajid et al
1998) and mitochondrial dynamics (Wagatsuma et al.
2011; Liu et al. 2012b) have been shown after prolonged
unloading in fast muscles. Moreover, in our pre-
vious study we demonstrated that antioxidant treatment
during unloading did not prevent gastrocnemius atrophy,
suggesting that oxidative stress is not the major cause
of disuse atrophy also in fast muscle (Brocca et al
2010).

A recent report has highlighted the importance of
mitochondrial dynamics in cell and animal physio-
logy. Mitochondria constantly fuse and divide, and an
imbalance of these two processes dramatically alters overall
mitochondrial morphology and function (Chen & Chan,
2005). Mitochondrial fusion and fission have emerged
as important processes that govern mitochondrial
function (Detmer & Chan, 2007; Hoppins et al. 2007).
The mitofusins, Mfnl and Mifn2, are located on the
mitochondrial outer membrane and are involved in early
steps in membrane fusion (Koshiba et al. 2004; Meeusen
et al. 2006; Song et al. 2009). The dynamin-related
protein optic atrophy 1 (OPA1) is associated with the
inner membrane and is essential for inner membrane
fusion (Meeusen et al. 2006; Song et al 2009). In
addition to its well-recognized function of controlling
mitochondrial morphology, mitochondrial fusion clearly
protects mitochondrial function (Detmer & Chan, 2007).
Mice lacking Mfn1/2 function in skeletal muscle exhibit
both mitochondrial dysfunction and profound muscle
atrophy (Chen et al. 2010).
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Mifn2 is a key target of the nuclear coactivator PGC-1a.
Maintenance of a normal expression of Mfn2 is critical
for the stimulatory effect of PGC-1o on mitochondrial
membrane potential (Soriano et al. 2006) and PGC-1lo
may regulate mitochondrial fusion/fission events and
hence mitochondrial function (Soriano et al. 2006).
The latter phenomena could reduce ATP generating
capacity, which in turn could shift signalling pathways
toward catabolism through activation of 5’ AMP-activated
protein kinase (AMPK). AMPK, a cellular kinase, senses
the energy level of the cell and causes atrogin-1 and
muscle-specific ring finger protein-1 (MuRF-1) induction
via a FoxO3-dependent mechanism (Tong et al. 2009)
determining muscle loss.

The goal of the present study was to clarify whether
mytochondrial dysfunction, recently indicated to play a
major role in soleus (Cannavino et al. 2014), could trigger
disuse-induced muscle atrophy also in a fast muscle, the
gastrocnemius, which has different metabolism, much
lower mitochondrial content (Jackman & Willis, 1996;
Berchtold et al. 2000; Lin et al. 2002), low PGC-lu
expression (Lin ef al. 2002) and different redox balance
response to disuse (Brocca et al. 2010). We show that:
(1) HU resulted in the early down-regulation of pro-fusion
protein expression and mitochondrial dysfunction;
(2) energy stress activated the protein degradation
pathway through AMPK activation; and (3) gastro-
cnemius atrophy was totally prevented by muscle-specific
over-expression of PGC-1« through stimulation of Mfn2
expression.

Methods
Ethical approval

Experiments were approved by the Italian Health
Department and complied with the Italian guidelines
for the use of laboratory animals, which conform to
the European Community Directive published in 1986
(86/609/ECC).

Animal care and hindlimb unloading

Six-month-old male C57BL/6 mice (Charles River
Laboratories, Wilmington, MA, USA) and transgenic mice
overexpressing PGC-1la (TgPGC-1«) in skeletal muscle,
as previously described (Lin et al. 2002), were used. Mice
were unloaded for 3, 7 and 14 days as previously described
(Brocca et al. 2010). Briefly, animals were suspended
individually in special cages by thin string tied at one end to
the tail and at the other end to the top of the cage; the length
of the string was adjusted to allow the animals moving
freely on the forelimbs, while the body was inclined at
30—40 deg from the horizontal plane. All mice had water
and food ad libitum. The ground C57BL/6 and TgPGC-1«
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mice were maintained free in single cages and killed after
3, 7 or 14 days. The animals of all experimental groups
were killed at 10.00 h after 2 h without food by cervical
dislocation to allow removal of gastrocnemius muscle.
Muscles were immediately frozen in liquid nitrogen and
stored at —80°C.

Experimental plan

Not all analyses were performed on both WT and
TgPGC-1lor mice at all times (3, 7 and 14 days), but
the timing of HU, the strain of the animals and the
analyses performed were chosen according to a precise
rationale. WT mice were given 3 and 7 days of HU
to analyse the time course of adaptations of muscle
mass, intracellular pathways controlling muscle mass,
redox status, mitochondrial impairment and AMPK
pathway. As the experiment on WT mice suggested that
mitochondrial dysfunction could be involved in causing
gastrocnemius atrophy, to test such a conclusion and study
the mechanisms underlying the potential prevention of
muscle mass loss, TgPGC-1a mice were subjected to HU
for 3 days. The time was chosen based on the observations
that intracellular signalling pathways controlling muscle
mass were previously shown to go through clear
adaptations at that time in soleus (Cannavino et al. 2014)
and in gastrocnemius (experiments on WT mice of this
study), and that gastrocnemius was atrophic following
3 days of HU (Fig. 1). TgPGC-1o mice underwent 14 days
of HU because we wanted to check that PGC-1 « protein
levels were maintained during chronic disuse in transgenic
mice and that the positive effect on muscle size found at
3 days of HU was maintained also after prolonged disuse.

Cross-sectional area (CSA) analysis

CSA of individual muscle fibres was determined in the
mid-belly region of gastrocnemius muscles as previously
described (Brocca er al. 2010). Briefly, muscle serial
transverse sections (10 pum thick) were stained with
haematoxylin-eosin. Images of the stained sections were
captured from alight microscope (Leica DMLS) and trans-
ferred to a personal computer using a video camera (Leica
DFC 280). Fibre CSA was measured with Image ] analysis
software (NIH, Bethesda, MD, USA) and expressed in
micrometres squared.

Analysis of myosin heavy chain (MHC) isoform
content

MHC isoform content was determined using an electro-
phoretic approach previously described in detail (Brocca
etal. 2010). Briefly, about 6 g of each muscle sample were
dissolved in lysis buffer (20 mm Tris-HCI, 1% Triton X100,
10% glycerol, 150 mm NaCl, 5 mm EDTA, 100 mMm NaF,
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2mM NaPPj, 1 x inhibitors protease phosphatase (Protease
Inhibitor Cocktail, Sigma-Aldrich, St. Louis, MO, USA)
and 1 mM PMSF). The lysates were loaded onto 8% poly-
acrylamide SDS-PAGE gels. Electrophoresis was run for 2 h
at 200 V and then for 24 h at 250 V; the gels were stained
with Coomassie Blue. Densitometric analysis of MHC
bands was performed to assess the relative proportion of
the MHC isoforms (Pellegrino et al. 2003)

Western blot analysis

Frozen muscle samples were pulverized and immediately
re-suspended in a lysis buffer (20 mm Tris-HCI, 1%
Triton X100, 10% glycerol, 150 mm NaCl, 5 mm EDTA,
100 mm NaF and 2 mm NaPPi supplemented with 1x
protease, phosphatase inhibitors (Sigma-Aldrich) and
1 mM PMSF). The homogenate obtained was centrifuged
at 18000 g for 20 min at 4°C and the supernatant
stored at —80°C until ready to use. Equal amounts of
muscle samples were loaded on gradient precast gels
purchased from Bio-Rad (AnyKd; Hercules, CA, USA).
Proteins were electro-transferred to PVDF membranes
at 35 mA overnight. The membranes were probed with
specific primary antibodies (see below). Thereafter, the
membranes were incubated in HRP-conjugated secondary
antibody. The protein bands were visualized by an
enhanced chemiluminescence method. The content of
each protein investigated was assessed by determining the
brightness—area product of the protein band as previously
described (Gondin et al. 2011).

OxyBlot analysis

Muscle samples previously stored at —80°C were
pulverized and homogenized at 4°C in an antioxidant
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buffer containing protease inhibitors, 25 mm imidazole
and 5 mMm EDTA, pH 7.2, adjusted with NaOH as pre-
viously described in detail (Brocca et al. 2010). The lysate
was left for 20 min on ice and the homogenate obtained
was centrifuged at 18000 g for 20 min at 4°C. Protein
concentration was determined on the supernatant using
the RC DCTM protein assay kit (BioRad). The supernatant
was stored at —80°C until ready to use.

Protein carbonylation level was detected using an
OxyBlot kit (AbNova, Taipei City, Taiwan), which provides
reagents for sensitive immunodetection of these carbonyl
groups. The carbonyl groups in the protein side chains
are derivatized to 2,4-dinitrophenylhydrazone (DNP
hydrazone) by reaction with 2,4-dinitrophenylhydrazine
(DNPH); 6 ug of the DNP-derivatized protein samples
were separated by PAGE (15% SDS polyacrylamide
gels) and then blotted for 2 h at 100 V to a
nitrocellulose membrane. Membranes obtained were
stained with Ponceau Red and then scanned. Membranes
were incubated with primary antibody, specific to the
DNP moiety of the proteins, and subsequently with an
HRP-antibody conjugate directed against the primary
antibody (secondary antibody: goat anti-rabbit IgG). Blots
were developed by using an enhanced chemiluminescence
method. Positive bands emitting light were detected by
short exposure to photographic films. Protein oxidation
was quantified by defining the oxidative index (OI), i.e. the
ratio between densitometric values of the OxyBlot bands
and those stained with Ponceau Red.

Gene expression analysis

Total RNA, from skeletal samples, was extracted using the
Promega SV Total RNA isolation kit; the concentration
of RNA was evaluated by using a NanoDrop instrument

Figure 1. CSA is reduced in gastrocnemius in the
early phases of HU
A, quantification of average fibre area from
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haematoxylin and eosin-stained gastrocnemius muscle
from control mice (C) and mice unloaded for 3 days

; :-_:1;1:: (HU-3) and 7 days (HU-7). B, representative

haematoxylin and eosin stainings of the gastrocnemius

o muscle of control mice (C), and mice unloaded for 3

days (HU-3) and 7 days (HU-7). *Significantly different
from C, P < 0.05. Scale bar: 100 um. Data are
= presented as means & SEM.
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(Thermo Scientific, Waltham, MA, USA) and 300 ng
was reverse-transcribed with SuperScript III reverse trans-
criptase (Invitrogen, Carlsbad, CA, USA) to obtain cDNA.
The cDNA was analysed by real-time PCR (RT-PCR; AB
7500) with the SYBR Green or TagMan PCR kit (Applied
Biosystems, Foster City, CA, USA) and the data were
normalized to hypoxanthine-guanine phosphoribosyl
transferase rRNA. Oligonucleotide primers used for
RT-PCR are listed below.

Primers

Forward (FP) and reverse (RP) primers used for RT-PCR
are listed below:

MuRF1 FP: ACCTGCTGGTGGAAAACATC; RP:
CTTCGTGTTCCTTGCACATC
Atrogin-1 FP: GCAAACACTGCCACATTCTCTC; RP:
CTTGAGGGGAAAGTGAGACG
p62 FP: CCCAGTGTCTTGGCATTCTT; RP:
AGGGAAAGCAGAGGAAGCTC

Beclinl FP: GCTCCTGAGGCATGGAGGGGTCT; RP:
GGTTTCGCCTGGGCTGTGGTAA

PGC-la FP: ACCCCAGAGTCACCAAATGA; RP:
CGAAGCCTTGAAAGGGTTATC

Mfn-1, Mfn-2 and OPAI TagMan gene expression assay
(Applied Biosystems)

HPRT Quanti Tect Primer Assay (Qiagen, Valencia, CA,
USA)

Antibodies

Anti-rabbit superoxide dismutase 1 (Abcam, Cambridge,
MA, USA); anti-rabbit catalase (Abcam); anti-rabbit
« tubulin (Sigma-Aldrich); anti-mouse OXPHOS
complexes (Abcam); anti-rabbit PGC-la (Abcam);
anti-rabbit DRP1 (Cell Signaling, Danvers, MA, USA);
anti-rabbit p-AKT®™#73) (Cell Signaling); anti-rabbit
AKT (Cell Signaling); anti-rabbit p-SERp(ser23>/23¢)
(Cell Signaling); anti-rabbit S6Rp (Cell Signaling);
anti-rabbit p-4EBP1(""37/40) (Cell Signaling); anti-rabbit
4EBP1 (Cell Signaling); anti-rabbit p-AMPK(hr172)
(Cell Signaling); anti-rabbit AMPK (Cell Signaling);
anti-rabbit p-ACC®*7 (Cell Signaling); anti-rabbit ACC
(Cell Signaling); anti-rabbit LC3B (Sigma Aldrich);
anti-rabbit citrate synthase (Abcam); anti-mouse IgG
(Dako, Glostrup, Denmark); anti-rabbit IgG (Cell
Signaling).

Hydrogen peroxide quantification

Frozen muscle samples were pulverized in a steel mortar
with liquid nitrogen to obtain a powder that was
immediately re-suspended in the assay buffer provided
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with the kit (Abcam). After protein quantification, samples
were removed of all proteins. A standard curve with known
H, 0, concentration was generated following the supplied
protocol. Samples and H,0O, standards were incubated
at room temperature for 10 min in HRP and OxiRed
Probe that reacted with H,O, to produce red fluorescence
(Ex/Em = 535/587 nm) and measured with a micro-plate
reader (Tecan Infinite 200 Pro) (Cannavino et al. 2014).

OXPHOS capacity

Maximal ADP-stimulated mitochondrial respiration
(‘OXPHOS capacity’) was determined in permeabilized
muscle fibres by high-resolution respirometry (Oxygraph
2-K; Oroboros Instruments, Innsbriick, Austria)
(Salvadego et al. 2013). Fibre bundles were separated
using sharp forceps in ice-cold preservation solution
(BIOPS; Oroboros Instruments). Muscle samples in
solution plus 10% (w/v) fatty acid-free BSA and 30%
(v/iv) DMSO were quickly frozen in liquid nitrogen
and stored at —80°C until analysis within 1 month.
For analysis, muscle samples were quickly thawed
by immersion in the preservation solution at room
temperature, washed and permeabilized in saponin
(50 wg ml™') for 30 min at 4°C. Fibres were subsequently
washed in a mitochondrial respiration solution (MiR05;
Oroboros Instruments) and weighed before adding to a
3 ml chamber in the high-resolution respirometer and
incubated with MiR05 at 37°C. The O, concentration
in the chamber was kept above 270 um throughout
the experiment, to avoid O, diffusion limitation. Inter-
mittent reoxygenation steps were performed by adding
a 200 mm H,0, solution into the medium containing
catalase.

O, consumption in the chamber was measured
polarographycally following a sequential administration
of substrates. Maximal ADP-stimulated mitochondrial
respiration (state 3 respiration) was measured after the
addition of ADP (5.0 mMm) as phosphate acceptor with
malate (4 mm), glutamate (10 mm) and succinate (10 mm)
as substrates. The addition of cytochrome ¢ (10 um)
had no additive effects (<10%) on respiration, thereby
confirming the integrity of the outer mitochondrial
membrane. Mitochondrial respiration values were then
normalized per citrate synthase (CS) content, taken as an
estimate of mitochondrial mass.

Statistical analysis

Data are expressed as mean & SEM. Statistical significance
of the differences between means was assessed by one-way
ANOVA followed by Student—-Newman—Keuls test. A
probability of less than 5% was considered significant
(P < 0.05).
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Results

CSA was reduced in gastrocnemius in the early
phases of HU

CSA of skeletal muscle fibres was analysed in the mid-belly
region of gastrocnemius in control and unloaded mice.
The measurements were performed on cryosections
stained with haematoxylin—eosin. Gastrocnemius muscle
fibres went through 14 and 12% of atrophy, respectively,
at 3 and 7 days of HU (Fig. 1). As the portion of
muscle analysed contained almost solely MHC isoform
IIB (Control MHC-IIB 91 =+ 1.5%, MHC-IIX 5.5 + 1.1%
MHC-IIA 3.5 + 0.8%), all fibres analysed were considered
type IIB.

The antioxidant defence system efficiently reacted to
the initial reactive oxygen species (ROS) increase

To examine the effects of HU on redox imbalance, we
studied the expression of SOD1 and catalase, the two
major enzymes of ROS scavenging, H,O, content and
protein carbonylation. Gastrocnemius showed an early
SOD1 and catalase up-regulation evident at 3 and 7 days of
HU compared with control (Fig. 2D). H,O, concentration
(Fig. 2A) and protein carbonylation (Fig. 2B) levels were
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not different from control at any of the experimental times
analysed.

Mitochondrial fusion was impaired in gastrocnemius
muscle in the early phases of HU

To define the adaptations of oxidative metabolism to
muscle disuse we used RT-PCR and Western blot analysis.

To examine the effects of HU on expression of
mitochondrial biogenesis-related genes, the mRNA trans-
cript and protein level of PGC-1«, playing a central role in
mitochondrial biogenesis, were studied. PGC-1o mRNA
and protein expression was unchanged both at 3 and at
7 days of HU (Fig. 3). Similarly, no changes in levels of
protein in mitochondrial complexes (Fig. 3D) (Complexes
I-V) at either time analysed were found.

As the mitochondrial fission machinery is able to cause
muscle wasting in mice (Romanello et al. 2010), the
expression of DRPI, one of its major components, was
analysed. Levels of DRP1 protein did not change at either
time analysed (Fig. 3C).

However, a mismatch between the increase in CS
protein level and its activity was observed on day 3 of
HU (Fig. 3E,F). CS protein and activity levels dropped
significantly on day 7 of HU. Moreover, OXPHOS
capacity in permeabilized fibres was impaired both at
3 and at 7 days (Fig. 3G), suggesting an alteration of
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Figure 2. The antioxidant defence system efficiently reacts to the initial ROS increase

A, determination of H,O, concentration. B, quantification of protein carbonylation level. C, representative
OxyBlot and Red Ponceau staining. D, quantification of protein levels of SOD1 and catalase by Western blot.
E, representative Western blot of SOD1, catalase and «-tubulin. *Significantly different from C, P < 0.05;
#significantly different from HU-3, P < 0.05, n = 6 for each group. Data are presented as means + SEM.
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mitochondrial function. OXPHOS capacity was assessed
based on maximal ADP-stimulated state 3 mitochondrial
respiration (normalized per CS content), taken as an
estimate of mitochondrial mass. As mitochondrial fusion
protects mitochondrial function (Detmer & Chan, 2007),
we also analysed expression of the pro-fusion proteins
Mifnl, Mfn2 and OPA1. Importantly, a significantly lower
level of such proteins was detected in HU animals
compared to controls (Fig. 3H).

The latter results indicate alteration to the
mitochondrial network, which could potentially lead to
energy stress. Because when mitochondria are fragmented

Fast muscle atrophy following hindlimb unloading
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FoxO3 is activated via AMPK in myofibres and induces
the expression of atrogin-1 and MuRF-1 (Romanello
& Sandri, 2010), we studied the ratio of the active
(phosphorylated) and total form of AMPK and its
downstream acetyl-CoA carboxylase (ACC) by Western
blotting. At 3 days of HU, no significant changes were
observed in AMPK activation whereas a significant
increase of ACC activation was found (Fig. 4).

Collectively, the results indicate that the mitochondrial
network was compromised in gastrocnemius muscle
and that this sustained an impairment of function and
activation of the AMPK catabolic system.
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pro-fusion proteins by RT-PCR. C, control; HU-3,
3 days of hindlimb unloading; HU-7, 7 days of
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C, P < 0.05; #significantly different from HU-3, C’@) ®)

P < 0.05. Data are presented as means + SEM.
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PGC-1« levels are maintained in transgenic mice
during HU

To elucidate the role of Mfn2 expression in disuse atrophy,
muscle-specific transgenic mice for the peroxisome
PGC-1la were used as PGC-la is known to enhance
expression of pro-fusion proteins (Soriano et al. 2006;
Zorzano, 2009).

First, to ensure muscle specificity of expression, PGC-1c
expression in the gastrocnemius of Tg-PGC- 1« mice using
the WT samples as reference was assessed. Then, to check
that protein levels were maintained during chronic disuse,
Tg-PGC-1a mice were unloaded for 14 days.

As expected, both PGC-1oe mRNA and protein levels
were higher in Tg-PGC-1a gastrocnemius than in the WT
(Fig. 5). Furthermore, the PGC-1a overexpression was
maintained during disuse, i.e. both mRNA and protein
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Figure 4. The AMPK pathway is activated early during HU in
gastrocnemius muscle

Determination of the activation level of AMP-kinase (A) and of ACC
(B) by Western blot measuring the ratio between the phosphorylated
(p) and total forms. C, control; HU-3, 3 days of hindlimb unloading;
HU-7, 7 days of hindlimb unloading. *Significantly different from C,
P < 0.05, n = 6 for each group. Data are presented as means & SEM.
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levels were significantly up-regulated in Tg-PGC-1c after
14 days of HU in comparison to control Tg-PGC-1l«
(Fig. 5).

Elevated muscle PGC-1« completely preserved muscle
mass by preventing the activation of catabolic
systems

As gastrocnemius atrophy occurs early into disuse
(3 days, Fig. 1) and we have previously found that
the catabolic systems are also active early (Cannavino
et al. 2014), Tg-PGC-1o mice were unloaded for 3 days.
The TgPGC-1a mice showed complete resistance to HU
muscle atrophy (Fig. 6). The CSA of gastrocnemius
fibres of Tg-PGC-1a mice was not different from that of
C-Tg-PGC-1a. To assess whether the protection against
muscle atrophy might fade with time, Tg-PGC-1a mice
were unloaded for 14 days following HU. No atrophy was
observed following 14 days of HU (Fig. 6).

As expected on the basis of muscle atrophy, catabolic
systems were significantly induced at 3 days of HU
compared to control animals, whereas high levels of
PGC-1a completely blunted the up regulation of MuRF-1,
atrogin-1, beclinl and p62 genes (Fig. 7A).

To check whether the slight increase of p62 in the
unloaded gastrocnemius muscle of TgPGC-1a animals
resulted in increased autophagy, the level of lipidated
microtubule-associated protein light chain 3 (LC3) were
studied. The cytosolic form of LC3-1, when recruited
on autophagosomes, covalently binds phospholipids,
resulting in a higher molecular weight protein named
LC3-II. Therefore, the protein level of LC3-II is often
used as a marker of autophagy (Kabeya et al. 2004). No
significant changes in LC3-II/LC3-I ratio in unloaded
TgPGC-1lor samples compared to controls were found

Figure 5. In transgenic mice, PGC-1a
levels are maintained during HU

A, quantification of mMRNA levels of
PGC-1a in WT and transgenic mice. B,
quantification of protein levels of PGC-1a
by Western blot in WT and transgenic
mice. C, representative Western blot of

S=—=a—

— S e [PGC1-00

PGC-1a. *Significantly different from C;
#significantly different from C and HU-14

|——_-||-------—' |0c-tub

at P < 0.05, n = 5 for each group. Data
are presented as means + SEM.
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(Fig. 7B). Therefore, the increased PGC-la levels
completely prevented activation of the catabolic systems
in gastrocnemius.

Hind limb suspension did not significantly affect the
anabolic pathway in gastrocnemius muscle of WT and
TgPGC-1a mice (Fig. 7C). In fact, no differences were
found in pAKT, pS6R and p4EBP1 activation.

Elevated muscle PGC-1a completely prevented
pro-fusion protein down-regulation and ACC
activation

To assess whether PGC-la over-expression actually
elicited its effect through a modulation of mitochondrial
dynamics, Mfnl, Mfn2, OPAl and ACC were studied.
PGC-la overexpression completely prevented the
decrease of Mfnl, Mfn2 and OPA1l (Fig. 8A) and
also the increase of ACC (Fig. 8B) in HU muscles.
PGC-1a therefore appeared to be sufficient to preserve
mitochondrial fusion proteins, to block activation of the
energy-stress pathway and muscle atrophy.

Discussion

Although several studies have attempted to elucidate the
signalling pathways involved in triggering atrophy during
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disuse of limb muscles, the exact mechanisms responsible
for disuse-induced muscular atrophy are currently debated
and there is still no therapy to treat muscle atrophy.
Our previous findings have indicated that a metabolic
programme might be the major phenomenon triggering
muscle atrophy in HU mice (Cannavino et al. 2014).
We demonstrated, in fact, that a fall in the levels of
PGC-1a can be responsible for the activation of proteolytic
pathways through FoxO3 disinhibition, leading to the
conclusion that deregulation in PGC-1« is the molecular
switch that triggers protein breakdown. The latter work
was performed on soleus muscle, a slow muscle with
high oxidative metabolism, mitochondrial content and
PGC-1la expression. As fast muscles rely mainly on
glycolytic metabolisms, have much lower mitochondrial
content (Jackman & Willis, 1996; Berchtold et al. 2000; Lin
et al. 2002), and express PGC-1« at low levels (Lin et al.
2002), a metabolic programme might not be as relevant in
gastrocnemius as in soleus. In the present study, we tested
the hypothesis that also in fast muscles disuse-induced
muscle atrophy could be due to a metabolic programme.

Gastrocnemius muscle went through atrophy following
both 3 and 7 days of HU, confirming, and extending to
earlier times, the results of previous studies, which showed
significant gastrocnemius mass loss with long-term disuse
(Kyparos et al. 2005; Brocca et al. 2010; Desaphy et al.
2010). Although the loss of CSA appeared to plateau

HU-14-TgPGC1a

Figure 6. Increased PGC-1« expression in muscle prevents muscle atrophy during HU

A, CSA of gastrocnemius fibres stained with haematoxylin and eosin. B, Scale bar: 100 um. C-TgPGC-1«, control,
transgenic PGC-1a; HU3-TgPGC-1e, 3 days of hindlimb unloading, transgenic PGC-1«; HU14-TgPGC-1«a, 14 days
of hindlimb unloading, transgenic PGC-1«. *Significantly different from C, P < 0.05. Data are presented as

means 4+ SEM.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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between 3 and 7 days, note that, following 14 days of HU,
CSA of type IIB fibres from gastrocnemius was 25% lower
than in controls, indicating that disuse atrophy in gastro-
cnemius actually progresses beyond 7 days. However, the
observation of a plateau is intriguing. It is consistent with
some previous observations (Isfort et al. 2002) and at
variance with others (Bodine, 2013). The rate of muscle
mass loss might vary according to the time course of
the adaptations of the intracellular signalling pathways
controlling muscle mass, which in turn might vary from
pathway to pathway.
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Oxidative stress and disuse atrophy in a fast muscle

The present study supports theidea that even in fast muscle
oxidative stress might not be the main phenomenon in
triggering disuse muscle atrophy (Ikemoto et al. 2002;
Koesterer et al. 2002; Servais et al. 2007; Brocca et al. 2010;
Desaphy et al. 2010; Glover et al. 2010; Kuwahara et al.
2010; Pellegrino et al. 2011b; Powers et al. 2012; Cannavino
et al. 2014). Redox imbalance occurred early into HU
in gastrocnemius consistently with the up-regulation of
SOD1 and catalase (Fig. 2). The lack of H, O, accumulation
together with the absence of carbonylation both at 3 and

oy
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Figure 7. Increased PGC-1a expression in muscle prevents activation of the catabolic systems

A, quantification of mMRNA levels of MuRF-1 and atrogin-1 (ubiquitin proteasome system) and of Beclin1 and p62
(autophagy system) by RT-PCR. B, quantification of protein levels of LC3-Il based on the ratio between the content
in forms Il and | of LC3 by Western blotting. C, determination of activity levels of AKT, S6R and 4EBP1 by Western
blot analysis of the ratio between the content in the phosphorylated (p) and total forms. D, representative Western
blot of synthetic factors. *Significantly different from C, P < 0.05; #significantly different from C-TgPGC-1«,

P < 0.05. Data are presented as means + SEM.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



J Physiol 593.8

at 7 days of HU (Fig. 2) indicates that, in the early phase
of disuse, the antioxidant defence system efficiently reacts
to the initial ROS increase. This compensatory increase in
antioxidant activity is maintained over time, in agreement
with the absence of carbonylation found at 14 days of
HU (Brocca et al. 2010). Given that we have previously
shown that antioxidant treatment during unloading did
not prevent gastrocnemius atrophy, the data suggest that
oxidative stress might not be the major phenomenon of
disuse atrophy in fast muscle (Brocca et al. 2010).

Imbalance between mitochondrial fission and fusion
and AMPK activation in fast muscles following HU

In contrast to what was observed in soleus (Cannavino
et al. 2014), unloaded gastrocnemius showed normal
PGC-1a levels (Fig. 2) and no alterations in mitochondrial
complex expression, suggesting different mechanisms for
fast muscle atrophy. Previous findings regarding PGC-1a
during disuse in fast muscle are contradictory. In fact,
higher (Wagatsuma et al. 2011), lower (Mazzatti et al.
2008) and unchanged (Nagatomo et al. 2011) PGC-1lo
levels have been reported. Furthermore, mitochondrial
complexes did not drastically change with disuse in fast
muscle, and only a reduction of complex I expression was
found after 28 days of unloading in gastrocnemius muscle
(Liu et al. 2012b). This notwithstanding, several lines of
evidence suggest that mitochondrial alterations could be
good candidates in triggering atrophy even in fast muscle.
In fact, alteration in mitochondrial biogenesis (Liu et al.
2012b) and mitochondrial respiration (Yajid et al. 1998)
have been found after chronic disuse in fast skeletal muscle.

Mitochondria play critical roles in the life and
death of cells. Mitochondrial dynamics are regulated
by coordinated fusion and fission cycles performed
by a complex molecular machinery. Mitochondrial
dynamics maintain normal mitochondrial function by
degrading damaged mitochondria and generating new
mitochondria. The mitochondrion is vital to cellular
energy and metabolism, being the site of generation of
most ATP. Derangements in fusion—fission have been
proposed as a mechanism underlying the formation of
dysfunctional aberrant mitochondria (Yoon et al. 2006)
and causing muscle atrophy through activation of AMPK
(Romanello et al. 2010).

Fusion—fission derangement can be due to an excessive
activation of fission. In contrast to observations in soleus
(Cannavino et al. 2014), unchanged DRP1 mRNA levels
(Fig. 3) suggest that in the early phases of gastrocnemius
atrophy there is no excessive fission activation.

Mitochondrial fusion was assessed based on the
expression of three large GTPases that require the
coordinated fusion of the outer and inner membranes:
Min1, Mfn2 and OPA1. A defective mitochondrial fusion,

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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revealed by a down-regulation of Mfn1, Mfn2 and OPA1,
occurred (Fig. 3), in agreement with previous reports in
fast muscle during early (Wagatsuma et al. 2011) and
chronic disuse (Liu et al. 2012b). Mitochondrial fusion
can protect mitochondrial function (Detmer & Chan,
2007). Consistently, we found an impairment of OXPHOS
capacity assessed as the maximal ADP-stimulated state
3 mitochondrial respiration (Fig. 3). Together with a
mismatch between the increase in CS protein level and
its activity, the latter suggests a compensatory mechanism
to an intrinsic oxidative defect in fast twitch muscle.

The decrease in mitochondrial biogenesis and
impaired mitochondrial function could lower ATP
production, generate energy imbalance and activate
protein catabolism. The energy level of the cell is, in
fact, sensed by AMPK, a cellular kinase, which can cause
atrogin-1 and MuRF-1 induction via a FoxO3-dependent
mechanism (Tong et al. 2009). Interestingly, an early
up-regulation of ACC, a kinase downstream of AMPK,
was observed (Fig. 4), indicating activation of AMPK. The
latter results suggest that mitochondrial alteration could
be important in determining muscle size during disuse in
fast muscles.

Several signalling kinases, including AMPK, have been
implicated in activating PGC- 1« transcription in response
to various stimuli (Irrcher ef al. 2008). This might explain
why, following HU, PGC-1« level is unchanged.

PGC-1« over-expression prevents HU-induced muscle
atrophy and imbalance in mitochondrial fusion and
fission

To test the role of mitochondrial alterations we used
transgenic mice overexpressing PGC-1a. In fact, it has
been shown that the Mfn2 gene is controlled by PGC-1«
and PGC-18 in conjunction with oestrogen-related
receptor-a (Soriano et al. 2006; Liesa et al. 2008) and
PGC-1a stimulates Mfn2 expression (Soriano et al. 2006;
Zorzano, 2009). We subjected transgenic mice over-
expressing PGC-la to 3 days of HU. The duration of
HU was chosen based on the observation that in soleus
maximal induction of catabolic genes occurred 3 days after
unloading (Cannavino et al. 2014). Skeletal muscle over-
expressing PGC-a displayed complete resistance to loss
of mass following 3 days of HU and this positive effect
on muscle size was fully maintained also after prolonged
disuse (14 days) (Fig. 6), consistent with the high and
steady protein levels of PGC-1« (Fig. 5).

To test the mechanism underlying this effect on muscle
size, we analysed the main pathways controlling muscle
mass. The ubiquitine proteasome system (UPS) and auto-
phagy are the two major proteolytic systems responsible
for muscle wasting. Among several markers of UPS, two
E3 ubiquitin ligases, MAFbx/Atrogin-1 and MuRF1 (also
known as atrogenes), have been widely used as they are
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highly expressed in many conditions of muscle wasting
(Bodine et al. 2001a; Cohen et al. 2009).

MuRF1 and atrogin-1 mRNA expression at 3 days
(Fig. 7) was dramatically increased, indicating UPS
activation in the early phases of disuse atrophy. Disuse
also induced expression of genes involved in autophagy
(Beclinl and p62) (Fig. 7). It has been recently under-
stood that an increase in activity of the autophagy system
can have a role in muscle atrophy (Sandri, 2010). The
latter findings indicate that, at least in the early stages of
disuse, gastrocnemius mass loss is supported by activation
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of both the UPS and autophagy systems, consistent with
previous observations (Bodine et al. 2001a; Ikemoto et al.
2002; Haddad et al. 2006; Kline et al. 2007).

Signalling through the phosphatidyl-inositol 3-kinase
(PI3K/AKY/mTOR) pathway controls protein synthesis
and muscle hypertrophy (Rommel et al. 2001). In gastro-
cnemius muscle, HU did not result in any significant
alterations in the phosphorylation states of the anabolic
pathway after 3 days (Fig. 7). Little and contradictory
information is available on the impact of disuse on
activation of the protein synthesis signalling pathway in

pACC/ACC

Figure 8. Increased PGC-1« expression in
muscle prevents the reduction of
pro-fusion proteins

A, quantification of mRNA levels of
pro-fusion proteins (Mfn-1, Mfn-2 and
OPA-1) by RT-PCR. B, determination of the
activation level of ACC by Western blot
measuring the ratio between the
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Figure 9. Scheme representing the effects of the early stages of disuse on gastrocnemius muscle
Skeletal muscle disuse would cause down-regulation of pro-fusion proteins leading to mitochondrial dysfunction
and AMPK activation. AMPK activation leads to the activation of FoxO, which induces the transcription of genes
encoding proteins involved in protein degradation via both the autophagy and the ubiquitin proteasome pathways.
The increase in the rate of protein degradation causes gastrocnemius atrophy. AMPK might also prevent the
down-regulation of PGC-1« in gastrocnemius in the early stages of HU. Changes of protein synthesis would not
be responsible for gastrocnemius atrophy at this stage of disuse.
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fast muscles. Although our results are not in agreement
with those of Bodine et al. (2001b), who found a decrease
in the protein synthesis signalling pathway in atrophied
gastrocnemius muscle at 14 days of unloading, they are in
line with the concept that protein synthesis regulation
differs among muscle types (Hornberger et al. 2001).
Indeed, several lines of evidence indicate an increase
or no changes in protein synthesis in fast muscles in
different disuse models, including HU. An increase in
translation factors (p70S6K, eEF-2 and elF-2a) has been
reported in the atrophied fast EDL muscle at 7 days of
denervation (Hornberger et al. 2001). Loss of gastro-
cnemius mass independent of a decrease in protein
synthesis has been reported after unilateral hindlimb
immobilization (Krawiec et al. 2005). Finally, in line
with our results, Liu et al. (2012a) showed a biphasic
protein translational signalling response of gastrocnemius
to HU. Specifically, the authors found that the initial
unloading phase was associated with increased repression
of 4EBP1 (eukaryotic translation initiation factor
4E-binding protein 1) on translation initiation factor
elF4E without alteration of the Akt/mTOR/p70S6K/S6
pathway, while prolonged disuse (14 days) was associated
with activation of translational signalling, including
activation of the Akt/mTOR/p70S6K/S6 pathway and
diminished repression of 4EBP1 on eIF4E.

The findings discussed so far prompted the hypothesis
that in fast muscles an early down-regulation of pro-fusion
proteins at 3 days of HU, through concomitant AMPK
activation, can activate the ubiquitin proteasome pathway
and autophagy, and ultimately cause muscle mass loss in
disuse.

The latter hypothesis was confirmed by the observation
that overexpression of PGC-a was sufficient to prevent
(i) the decrease of pro-fusion proteins (Mfnl, Mfn2 and
OPA1l) (Fig. 8), (ii) activation of the AMPK pathway
(Fig. 8), (iii) the inducible expression of MuRF1 and
atroginl and the autophagic factors (Fig. 7); and (iv) any
muscle mass loss in response to disuse.

Conclusions

The present results and our recent previous study
(Cannavino et al. 2014) strongly support the idea that a
metabolic programme can play a major role in triggering
disuse muscle atrophy both in slow and in fast muscles.
However, the metabolic programme would exert its effects
through different pathways in slow, soleus and fast, gastro-
cnemius muscles. In soleus the primary phenomenon
would be a fall of PGC-la expression and content,
which would cause induction of atrogenes through
FoxO3 disinhibition (Cannavino et al. 2014), whereas
in gastrocnemius the primary phenomenon would be a
down-regulation of pro-fusion proteins, which in turn

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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would cause energy stress and induction of atrogenes
through AMPK activation (Fig. 9). It is known that during
muscle wasting the enhanced FoxO activity results in
increased transcription of Mull, a mitochondrial E3 ligase,
which ubiquitinates and targets Mfn2 for degradation
through the UPS, resulting in mitochondrial dysfunction
(Lokireddy et al. 2012). Interestingly, slow-twitch muscle
has small amounts of Mull but high Mfn2 protein levels
whereas fast-twitch muscles express higher levels of Mull
and low levels of Mfn2 (Lokireddy et al. 2012). The
latter phenomenon probably exposes fast muscles to a
rapid degradation of Mfn2 with subsequent alteration of
mitochondrial fusion, which precedes the fall of PGC-«
levels that occurs in the late stages of disuse.

Moreover, our results show that PGC-1« levels higher
than basal are necessary to increase pro-fusion proteins,
thus preventing gastrocnemius muscle atrophy during
disuse. Interestingly, the higher efficacy of resistance
training in preventing muscle mass loss compared to end-
urance training could be due to the fact that although
both types of exercise increase PGC-1a expression, at a
given exercise volume the higher the intensity the higher
the effect (Egan et al. 2010). As the effects of increased
PGC-1a activity were sustained throughout disuse (Fig. 6),
compounds inducing PGC- 1« expression could be useful
to treat and prevent muscle atrophy.
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