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ABSTRACT

While myostatin gene deletion is a promising therapy to fight muscle loss during aging, this approach induces
also skeletal muscle metabolic changes such as mitochondrial deficits, redox alteration and increased fatigability.
In the present study, we evaluated the effects of aging on these features in aged wild-type (WT) and mstn knock-
out (KO) mice. Moreover, to determine whether an enriched-antioxidant diet may be useful to prevent age-
related disorders, we orally administered to the two genotypes a melon concentrate rich in superoxide dismutase
for 12 weeks. We reported that mitochondrial functional abnormalities persisted (decreased state 3 and 4 of res-
piration; p < 0.05) in skeletal muscle from aged KO mice; however, differences with WT mice were attenuated at
old age in line with reduced difference on running endurance between the two genotypes. Interestingly, we
showed an increase in glutathione levels, associated with lower lipid peroxidation levels in KO muscle. Enriched
antioxidant diet reduced the aging-related negative effects on maximal aerobic velocity and running limit time
(p<0.05) in both groups, with systemic adaptations on body weight. The redox status and the hypertrophic phe-
notype appeared to be beneficial to KO mice, mitigating the effect of aging on the skeletal muscle metabolic

remodeling.

1. Introduction

Skeletal muscle represents the largest organ of human body. Its main
functions are to provide movement and autonomy and to balance pos-
ture as well as to regulate the body temperature. Loss of skeletal muscle
occurs as a consequence of several chronic diseases (cachexia) as well as
normal aging (sarcopenia), and may play a role in reduced physical per-
formance, falls, disability, and mortality for an increasing number of el-
derly patients (Fielding et al., 2011). Consequently, numerous potential
therapeutic approaches are being considered and developed. One of the
most promising approaches is inhibition of the myostatin signalling
(McPherron et al., 1977; Matsakas, 2014; Rodriguez et al., 2014).

Myostatin (mstn), a member of the transforming growth factors
superfamily, is a highly conserved negative regulator of skeletal
muscle mass (McPherron et al., 1977). The induced or natural condi-
tions leading to myostatin inactivation or inhibition result in an in-
creased muscle mass and are considered as promising therapeutic
approaches to prevent muscle wasting associated with numerous
disorders such as myopathies (Hulmi et al., 2013; Amthor and
Hoogaars, 2012), cancer (Busquets et al., 2012; Gallot et al., 2014),
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or aging (Morissette et al., 2009; Collins-Hooper et al., 2014;
Mendias et al., 2015). In addition to its role in skeletal muscle
growth, myostatin has recently been reported to be significantly in-
volved in the regulation of muscle metabolism. Indeed, early studies
provided evidence at the cellular level that deletion of myostatin in
glycolytic skeletal muscles led to loss of oxidative properties, with
impaired activity of oxidative metabolism enzymes, a reduced capil-
lary density, mitochondrial DNA depletion, and an uncoupled respi-
ration in the intermyofibrillar mitochondria (Amthor et al., 2007;
Lipina et al.,, 2010; Ploquin et al., 2012). This disturbance in oxidative
metabolism and mitochondrial deficits is also associated with an al-
teration in redox homeostasis (Ploquin et al., 2012; Sriram et al.,
2011) and increased muscle fatigability (Giannesini et al., 2013;
Relizani et al., 2014; Mouisel et al., 2014). Notably, mstn-deficient
fast-twitch skeletal muscles exhibit a significant decrease in lipid
peroxidation levels together with a significant upregulation of the
antioxidant glutathione system. By contrast, mitochondrial superox-
ide dismutase (MnSOD) and catalase activities are compromised
with a reduction of up to 80% compared to control muscles
(Ploquin et al., 2012). The mitochondrial deficit and the redox ho-
meostasis alteration in skeletal muscle raise a number of questions.
First, does mstn deletion alter mitochondrial yield and redox signal-
ing in other organs with high oxidative potential such as the liver?



Indeed, available data have not explored whether these metabolic
features were exclusive to skeletal muscles. Second, are the metabol-
ic features described in young mstn-deficient mice attenuated or
worsened with aging? Numerous papers have assigned mitochon-
drial function and redox status as the primary (initially) or second-
ary (new vision) causes of age-related muscle disorders (Derbré
et al., 2014). At subcellular level, aged muscle fibers display an in-
creased level of mitochondrial abnormalities and susceptibility to
apoptosis (Chabi et al., 2008). Aged mammalian and human popula-
tions exhibited higher muscle oxidative damage, as indicated by re-
duced glutathione levels and increased protein and DNA oxidation
as well as lipid peroxidation (Marzani et al., 2005; Pansarasa et al.,
1999). In this context, the consequences of mstn deletion on muscle
redox status and mitochondrial metabolism in aged mice remain to
be investigated. Despite the deficit in oxidative metabolism, the
global reduced redox state in mstn-deficient skeletal muscle could
be beneficial to counteract age-related oxidative stress. By contrast,
the fast-twitch muscle phenotype observed in young mice with nat-
ural or constitutive deletion of mstn (Girgenrath et al., 2005) associ-
ated to the strong decrease in MnSOD activity reported in glycolytic
muscles could be thus a disadvantage for “healthy aging.” Indeed, de-
crease or lack of adaptation in antioxidant activities, such as MnSOD
and GPx, has been reported in glycolytic muscles (Derbré et al.,
2014). Finally, it would be interesting to study the effect of dietary
antioxidant-enriched supplementation in aged mice with and with-
out mstn deletion. An original way could be to supply antioxidant en-
zymes to the mice that have long-lasting effects due to their lower
rate of exhaustion compared to mere metabolites, such as SODB, a
melon concentrate particularly rich in SOD with reported beneficial
antioxidant effects in several models with increased oxidative stress
(Carillon et al., 2013).

Thus, the aim of this study is to identify the effect of aging on the
regulation of mitochondrial function and redox status by constitu-
tive mstn deletion, in glycolytic skeletal muscles and liver, and to
determine whether an antioxidant diet may be useful to prevent
age-related disorders. Here we demonstrated that mitochondrial
function and redox signaling are specifically altered in skeletal mus-
cle compared to liver in mstn-deficient mice. Beyond muscle hyper-
trophy, we showed that a reduced redox status persists in aged mstn
KO muscle. Moreover, the metabolic differences between WT and KO
mice tended to diminish with age, in particular, mitochondrial func-
tion. In this direction, the difference in running endurance between
both groups of aged mice is also attenuated. In both genotypes, sup-
plementation by an enriched antioxidant diet reduced the negative
aging effects on running outcomes, associated with systemic adapta-
tions as seen on the body weight measurements. The redox status
and the hypertrophic phenotype appeared as beneficial adaptations
in KO mice because it has attenuated the effect of aging on the skel-
etal muscle metabolic remodeling.

2. Experimental procedures
2.1. Animals

Twenty-month-old male mstn KO (aged KO, n = 16) and wild-
type male mice (aged WT, n = 17) and 2-month-old male mstn
KO (young KO, n = 10) and wild-type male mice (young WT,
n = 10) were included in the study. Male mstn KO mice used in
this study have been described previously (Grobet et al., 2003).
WT and mstn KO mice were produced from homozygous matings,
and genotypewas determined by PCR analysis of tail DNA.

Mice were fed ad libitum and kept under a 12:12-h light-dark cycle.
The experimental protocols of this study were handled in strict ac-
cordance with European directives (86/609/CEE) and approved by
the Ethical Committee of Region Languedoc Roussillon.

2.2. Antioxidant supplementation

SOD by Bionov (SODB, Avignon, France) is a melon (not Genetic
Modified Organism) concentrate, particularly rich in SOD, resulting
from a patented extraction process. For nutraceutical applications,
SODB is coated with palm oil, by spray drying method, in order to pre-
serve SOD activity from the digestive enzymes secreted above the
small intestine. In this study, SODB contains 14 U SOD/mg powder mea-
sured according to Zhou and Prognon (2006). Aged WT and mstn KO
mice received the SOD-melon concentrate SODB, mixed with food, at
the daily dose of 40 U SOD for 3 months (aged WT + SODB; aged
KO + SODB, n = 8 in each group).

2.3. Aerobic exercise tolerance and endurance capacity

Young and aged mice were submitted to two running tests on a
treadmill. Maximal aerobic velocity (MAV) was determined following
a running test, where the speed was gradually increased by 2 m/min
from 10 m/min until exhaustion. Exhaustion was defined when the
mice were no longer able to maintain their normal running position
and/or after 5 consecutive seconds in contact with the shock grid
(0.2 mA) at the rear of the treadmill. Endurance capacity was deter-
mined via a submaximal running test where the speed starts at 10 m/
min for the first 2 min and was set to 70% of MAV until exhaustion.
The endurance limit time was recorded. Mice were killed 48 h after
the last running test.

Same running tests were performed in blinded manner in aged
mice with (aged WT + SODB; aged KO + SODB) and without (aged
WT + placebo; aged KO + placebo) the antioxidant supplementa-
tion diet, before (at 20 months) and after (at 23 months) the nutri-
tional treatment.

24. Sampling

At the end of the dietary supplementation, mice were weighed and
euthanized by cervical dislocation. Liver, quadriceps, gastrocnemius,
tibialis anterior (TA), and extensor digitorum longus (EDL) were re-
moved, weighed, and either immediately placed into ice-cold buffer
(100 mM KCl, 5 mM MgS0Oy4, 5 mM EDTA, 50 mM Tris-HCl, pH 7.4) for
mitochondrial isolation, or frozen in liquid nitrogen, and stored at
— 80 °C for enzymatic and protein analysis.

2.5. Mitochondrial isolation and respiration

Mixed muscles (quadriceps, gastrocnemius, and tibialis anterior)
were freed from connective tissues, briefly minced, and homogenized
with a Potter-Elvehjem homogenizer. Subsarcolemmal (SS) and
intermyofibrillar (IMF) mitochondria were fractionated by differential
centrifugation as described previously (Cogswell et al., 1993). Mito-
chondria were resuspended in 100 mM KCl, 10 mM MOPS, pH 7.4. Mi-
tochondrial protein content was determined using the Bradford assay,
and the yield was expressed as mg of mitochondrial proteins per gram
of muscle wet weight. SS and IMF mitochondrial oxygen consumption
was measured using the high-resolution Oxygraph-2 k (OROBOROS In-
struments, Innsbruck, Austria) as previously described (Ploquin et al.,
2012). Resting rate (state 4) was evaluated in the presence of 2.5 mM
malate, 5 mM glutamate, and 5 mM succinate; ADP-stimulated rate
(state 3) was determined after addition of 0.5 mM ADP. The respiratory
control ratio (RCR) was set as the ratio of oxygen consumption at state 3
over oxygen consumption at state 4.

2.6. Mitochondrial respiratory complexes and citrate synthase activities in
tissues

Mitochondrial activities were measured in gastrocnemius, and
liver. Complex I activity was measured according to Cogswell et al.



(1993): the method is based on measuring spectrophotometrically
2,6-dichloroindophenol reduction by electrons accepted from
decylubiquinol, reduced after oxidation of NADH by complex I. Com-
plex II (CII) and complex II + III (CII + CIII) activities were measured
according to Rustin et al. (1994): succinate-ubiquinone reductase and
succinate-cytochrome c reductase activity were respectively deter-
mined spectrophotometrically. Cytochrome c oxidase (COX) activity
was measured according to Wharton et al. (1967): oxidation of reduced
cytochrome c is followed spectrophotometrically. For citrate synthase
(CS), the activity of the enzyme is measured by following the color of
5-thio-2-nitrobenzoic acid, which is generated from 5,5’-dithiobis-2-
nitrobenzoic acid present in the reaction of citrate synthesis and caused
by the deacetylation of acetyl-CoA (Ploquin et al.,, 2012).

2.7. Determination of antioxidant activities

Total and manganese superoxide dismutases (SOD and Mn-SOD)
were measured according to the method of Marklund and Marklund
(1974). Catalase activity was measured according to the method of
Beers and Sizer (1952). Total glutathione (GSH) was measured ac-
cording to the method of Griffith (1980). Glutathione peroxidase
(GPx) was measured according to the method of Flohe and Gunzler
(1984). Glutathione reductase (GRx) was measured according to
the method of Carlberg and Mannervik (1985). Measurements
were run in duplicate with a CV less than 15%. Lipid peroxidation
levels or thiobarbituric acid reactive substances (TBARS) were mea-
sured in tissue homogenates (gastrocnemius and soleus) as previ-
ously described (Ploquin et al., 2012).

2.8. Immunoblotting

Frozen EDL muscle samples were homogenized using an Ultra
Turrax homogenizer in an ice-cold extraction buffer (20 mM Tris,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, and 1% Triton X-100).
Protease and phosphatase inhibitors were added before extraction.
Homogenates were sonicated and then centrifuged at 14,000g for
15 min at 4 °C.

For protein expression, 50 g was separated on SDS-PAGE gel at the
appropriate concentration of acrylamide and transferred onto nitrocel-
lulose membrane. Total protein on the membrane was visualized by
Ponceau red staining, and this was used to verify equal loading among
the lanes. Blots were blocked (1 h) with 5% bovine serum albumin
(BSA) in 1x Tris-buffered saline-0.2% Tween 20 (TBST), followed by
overnight incubation with antibodies directed toward rpS6, phosphor
pS6 (Ser235/236), 4EBP1, and phospho-4EBP1 (Thr37/46) (Cell Signal-
ing Technology, Danvers, MA). After three 5-min washes at room tem-
perature with TBST, blots were incubated at room temperature (1 h)
with a secondary antibody conjugated with horseradish peroxidase.
Blots were again subjected to three 5-min washes at room temperature
with TBST, and antibody-bound proteins were revealed using the ECL
reagent (Bio-Rad Life Science, Hercules, CA). Films were scanned and
analyzed using Image ] software. All blots were corrected for loading
using Ponceau red staining.

For carbonyls protein immunodetection, 25 pg of proteins was pre-
pared according to the Millipore Oxyblot™ protein oxidation detection
kit instructions (Millipore). Briefly, proteins extracts were derivatized
with 2,4-dinitro phenyl hydrazine derivatization for 30 min and sepa-
rated on 12% SDS/polyacrylamide gel. Total proteins were transferred
onto nitrocellulose membrane and visualized by Ponceau red staining.
After an overnight incubation with anti-4-dinitro phenylhydrazine anti-
body, antibody-bound proteins were revealed using the ECL reagent
(Bio-Rad Life Science, Hercules, CA). Films were scanned and analyzed
using Image ] software. All blots were corrected for loading using
Ponceau red staining.

2.9. Statistical analysis

All data are presented as the mean 4+ SEM. A two-way analysis of
variance (ANOVA) followed by Tukey's pairwise multiple comparison
procedure was used to determine the effects of aging, genotype, or
SODB supplementation. An unpaired t test or a Mann-Whitney rank
sum test when normality was not obtained was used to compare direct-
ly two groups. The significance level was set at 0.05. The data were
analysed using the statistical package Statview.

3. Results
3.1. Skeletal muscle hypertrophy in aged KO mice

Heart and liver weights were similar between WT and mstn KO mice
groups and increased with age, together with the increase in body
weight (Table 1). Mstn deletion has a main positive effect on absolute
and relative muscle mass (Table 1). For example, TA weights of young
and aged KO mice were heavier by 153% and 175% compared to age-
matched WT mice. By contrast, aging had a negative effect on relative
muscle mass in WT mice only (Table 1).

3.2. Myostatin deletion did not alter mitochondrial activity and oxidative
stress markers level in liver

Citrate synthase and COX activities were decreased with aging in
liver for both WT and KO mice (Supplemental Fig. 1). No significant dif-
ference was reported between the two genotypes. Regarding redox sta-
tus, aging increased TBAR levels by 30% in both WT and KO animals,
while MnSOD activity was neither altered by aging nor genotype.

3.3. Mitochondrial abnormalities due to mstn deletion were attenuated
with aging in skeletal muscles

Mstn deletion resulted in a decreased CS activity in the gastroc-
nemius muscle of both young and aged groups (***p < 0.001; Fig.
1). We next measured the activities of the mitochondrial electron
transport chain (ETC) complexes and normalized for mitochondrial
content with total CS activity. In young mice, a significant increase
was observed for the complex II + Il and COX activity in gastrocne-
mius muscle of mstn KO mice compared with WT mice (*p < 0.05;
Fig. 1). Aging induced a significant increase in complex I activity
only in WT mice and reduced the complex Il + Il activity in both ge-
notypes (¥3p < 0.01, Fig. 1). No significant aging effect was reported
for complex Il and COX activities.

Functions of SS and IMF mitochondria were only studied in aged
mice groups (Fig. 2), as well as antioxidant muscle defense and oxi-
dative stress markers (Fig. 2). Once again, mitochondrial depletion
(40%, p <0.01) was found in aged mstn KO mice for IMF subfractions
compared with WT mice. By contrast, a significant higher SS mito-
chondrial yield was reported in the KO mice (Fig. 2). IMF and SS res-
piration were both altered in aged mstn KO mice compared to aged
WT mice: aged KO mice exhibited a significantly lower basal oxygen
consumption measured at state 4 and at state 3 (Fig. 2) compared to
aged WT. Nevertheless, no significant alteration of the RCR was
found in both mitochondrial subpopulations between the two aged
genotypes.

3.4. Reduced redox status due to mstn deletion is preserved with aging in
skeletal muscles

Antioxidant catalase and SOD enzyme activity measurement in
gastrocnemius from aged mstn KO mice were significantly reduced.
Notably, SODt and MnSOD activities were respectively decreased
by 28% and up to 46% in aged mstn KO gastrocnemius muscles com-
pared with aged WT (Fig. 2). The amount of total GSH was elevated



Table 1

Aging effect on organs and skeletal muscle mass.

WT KO

Weight Youngn =10 Agedn=29 Youngn =10 Agedn=29

Body (g) 293 £ 15 433 4 2.3%8 364 + 1.0 42.8 + 0.9%
Heart (mg) 169 + 12 261 + 14%% 166 + 11 247 + 15%8
Heart/BW (mg/g) 58+ 0.5 6.1+04 47403 58+ 04

Liver (mg) 1417 + 132 2207 + 144%%8 1458 + 40 1869 + 10288
Liver/BW (mg/g) 48.0 +£ 3.6 51.0 + 2.4 402 £+ 1.1 43.6 +£2.1™

TA (mg) 58.0 + 5.1 57.3 4+ 35 88.7 £ 32" 100.3 + 9.1
TA/BW (mg/g) 20+0.2 1.3+ 068 25410 234027
EDL (mg) 107 £ 1.3 89+ 05 17.8 £ 1.0 19.7 + 1.3"
EDL/BW (mg/g) 0.35 + 0.03 021 £ 0.01%% 0.51 + 0.03™" 0.46 + 0.03™""
GAS (mg) 156.5 + 7.9 163.4 + 6.5 254.8 + 4.0 312.7 4 254788
GAS/BW (mg/g) 5.4 +0.2 3.8 + 0.06%% 734017 72+ 057
Soleus (mg) 7.8 £0.7 7.7 £0.7 13.7 £ 2.0 122 4+ 04"
Soleus/BW (mg/g) 0.27 + 0.03 0.18 + 0.02%% 0.39 + 0.02"" 0.29 + 0.04"""8%%

Data are presented as mean 4 SEM. TA, tibialis anterior; EDL, extensor digital longus, GAS, gastrocnemius; BW, body weight.

* p<0.05vs. WT.

** p<0.01vs. WT.

*** p<0.001 vs. WT.
§ p<0.05 vs. young.
88 p<0.01 vs. young.

88 p<0.001 vs. young.

(+41%) in aged mstn KO mice. The GPx activity was not altered by
genotype (data not shown). Concerning skeletal muscle oxidation
products, lipid peroxidation was significantly decreased in mstn KO
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gastrocnemius relative to WT (***p < 0.001; Fig. 2). Protein oxidation
assessed by the evaluation of thiol levels and carbonylation profile
was not altered by mstn depletion (data not shown).
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Fig. 1. Effect of aging and myostatin deletion on gastrocnemius citrate synthase and mitochondrial ETC complex activities. Enzymatic activities of CS and mitochondrial complexes in
gastrocnemius muscle homogenates from young (open bars) and aged (filled bars) mice. Data are presented as mean + SEM; n = 9-10 mice. CS, citrate synthase; COX, cytochrome ¢
oxidase; *p < 0.05 and ***p < 0.001 vs. WT; $p < 0.05 and 33p < 0.01 vs. young. n = 9-10 in each group; AU, arbitrary units.
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Fig. 2. (A) Mitochondrial yield and respiration rates in SS and IMF subfractions in mixed muscles. Data are presented as mean = SE; n = 9-9. SS, subsarcolemmal; IMF, intermyofibrillar;
RCR, respiratory control ratio; *p < 0.05 vs. WT, **p < 0.01 vs. WT, ***p <0.001 vs. WT. (B) Gastrocnemius antioxidant enzyme activities and TBAR levels in aged WT and KO mstn mice. Data
are presented as mean 4 SE; SODt, total superoxide dismutase; MnSOD, manganese superoxide dismutase; GSH, total glutathione; TBARs, thiobarbituric acid-reactive substances.

*p <0.01 vs. WT, **p < 0.001 vs. WT; n = 9-9.

3.5. Impaired running capacity is attenuated with aging in mstn KO mice

Mstn KO mice presented a reduction in maximal aerobic velocity and
running limit time compared with age-matched WT mice (***p < 0.001;

Maximal aerobic velocity (m/mn)

WT

KO

Fig. 3). A significant negative effect of aging was observed on running
limit time for both genotypes (3p < 0.05). Post-hoc analysis revealed
that aging suppressed initial differences observed in running limit time
between mstn KO and WT mice.

—1 Young

: Aged 20months
3000 I Aged 23months
2500 I
2000

1500

1000
- I
0
WT

Running limit time (s)

Fig. 3. Effect of aging and myostatin deletion on running performances features. Data are presented as mean = SEM; ***p < 0.001 vs. WT (genotype ANOVA effect); $<0.05 vs. young (aging

ANOVA effect); n = 9 by groups.



MAYV (m/mn)

35

Running limit time (s)

. + 3000 ++

31 T I 2500 _

29 = WT placebo ¥
2000

27 - @~ WT SODB

25 KO placebo 1500

23

55 -d= KOSODB 1000

19 500

17

15 0

T-20 months T-23 months

T-20 months T-23 months

Fig. 4. Effect of 3 months of SODB treatment in aged mice groups on running outcomes. Left: mean individual groups maximal aerobic velocity values at the beginning (T-20 months) and at
the end (T-23 months) of the treatment. Right: mean individual groups running limit time values at the beginning (T-20 months) and at the end (T-23 months) of the treatment. ANOVA

illustrated effect treatment: 'p < 0.05 vs. placebo; T'p < 0.01 vs. placebo.

3.6. Antioxidant diet attenuated negative effect of aging on running
performance in aged mice

MAV and endurance (limit time) were measured before and after
the 3-month antioxidant diet in WT and KO aged mice, as illustrated
by the Fig. 4. SODB diet reduced the negative effect of aging on running
performance outcomes in both groups of mice supplemented. No geno-
type difference was observed in the response induced by the antioxi-
dant treatment. A trend toward lesser body weight was observed in
aged mice with antioxidant mix compared to placebo groups, especially
in WT mice (p = 0.06; Table 2). Higher muscle mass for EDL was ob-
served and when normalized by body weight, EDL, and QUAD hypertro-
phy index increased (p < 0.05, Table 2).

The phosphorylation of rpS6 (Ser235/236) and 4E-BP1 (Thr37/46)
were measured by western blotting on EDL protein extracts. We were
not able to detect any difference in rpS6 or 4EBP1 phosphorylation (ac-
tivation) following SODB diet (Supplementary Fig. 2). A significant ge-
notype effect was observed for 4EBP1 activation, whereas there was a
trend for rpS6 activation. No effects of the SODB diet were measured
in gastrocnemius on mitochondrial respiration rates, citrate synthase,
and COX activities (Table 2).

4. Discussion

Current demographic trends are leading to an increased percentage
of the human population living at old and very old ages (Briissow,
2013). However, concomitant with the increase in global life expectan-
cy, the number of living years with disability has been increased in most

countries, consistent with the expansion of morbidity. This has implica-
tions for health planning and health-care expenditure (Salomon et al.,
2012). With a growing number of aged individuals in the population,
the need to prioritize healthy aging is thus increasingly recognized.
Most prominent and very visible are the effects of aging on skeletal
muscle. Indeed, the loss of muscle mass and increased skeletal muscle
fatigue promote a sedentary lifestyle, functional and social dependence,
comorbidity, and impaired quality of life (Newman et al,, 2006). Increas-
ing muscle mass through the control of mstn-mediated signaling is an
attractive strategy to control muscle mass. Our present study and previ-
ous work has confirmed that mstn deletion prevent age-related skeletal
muscle loss, in particular in fast-twitch muscles (Collins-Hooper et al.,
2014; Mendias et al., 2015). Although maintenance of muscle mass is
important for muscle function in aged individuals, muscle metabolism
is also relevant to maintain muscle function.

We and others have previously shown that muscle oxidative
capacity was impaired in young mstn KO animals together with
decreased mitochondrial content and citrate synthase activity
(Amthor et al., 2007; Ploquin et al., 2012; Baligand et al., 2010). As
discussed recently, the above studies on muscle physiology
emphasize that the cost to induce hypertrophy is an oxidative and
mitochondrial metabolism deficit (Matsakas, 2014; Relizani et al.,
2014). In particular, even when expressed relative to muscle weight,
the IMF mitochondria population that provides energy for muscular
contraction was depleted in young mstn KO mice and had increased
basal oxygen consumption compared to wild-type littermates
(Ploquin et al., 2012). In the same way, Relizani et al. (2014) demon-
strated that blockade of ActRIIB signaling, via soluble receptors,
downregulated porin, a crucial ADP/ATP shuttle between cytosol

Table 2
Effect of SODB diet on weight and skeletal muscle mass in aged-mice groups.
Aged WT Aged KO ANOVA treatment effect
Placebo (n =9) SODB (n = 8) Placebo (n = 8) SODB (n = 10) Placebo (n = 17) SODB (n = 18)
Body weight (g) 433423 377+ 15 428 £ 09 426 4+ 1.2 43.1+£23 40.1 + 11
p = 0.066
Quad weight (mg) 19447 200 4 16 291 4 28 369 4 25*** 242 4+ 18 284 £+ 26
Quad/BW (mg/g) 45+0.2 53404 6.8 + 0.6*" 8.6 + 0.4 57 + 04 7.1+ 0.5}
TA weight (mg) 57 +3 5441 100 4 9*** 98 £ 7% 788 £ 7.1 763 £ 6.5
TA/BW (mg/g) 1.3 £+ 0.06 1.5 + 0.05 234 027 23 4+ 0.1 1.8+02 19+ 0.1
EDL weight (mg) 9.0 £ 0.5 111+ 15 19.8 + 1.3"* 233 +16 144+ 15 17.5 + 1.8%
EDL/BW (mg/g) 0.21 + 0.01 0.32 + 0.04 0.46 + 0.02*** 0.54 £ 0.03*** 0.33 £ 0.03 0.43 £ 0.0438
GAS weight (mg) 163+ 6 156 + 5 313 4 25%** 286 + 17*** 238 +22 221+ 18
GAS/BW (mg/g) 38+0.1 4.1+0.1 7.2 £ 0.5 6.7 4+ 0.3*** 54+ 0.5 55+03
Soleus weight (mg) 7.8 +£0.7 8.1+ 0.6 12.2 + 04" 114 £ 1.1 10.0 + 0.7 9.8+ 0.8
Soleus/BW (mg/g) 0.18 £ 0.02 0.22 £+ 0.02 0.29 £ 0.01*** 0.27 £ 0.03*** 0.24 4 0.02 0.24 £ 0.02

Data are presented as mean 4 SEM. BW, body weight; QUAD: quadriceps; TA: tibialis anterior; EDL, extensor digital longus, GAS, gastrocnemius.
Significant effect or trend to significant effect of the SODB treatment appears in bold in the table.

% p<0.001 vs. WT.
§ p<0.05 vs. placebo.
8 p<0.01 vs. placebo.



and mitochondrial matrix. Collectively, these studies suggest the
presence of a mitochondrial metabolic perturbation, and a deficient
oxidative phosphorylation process in induced or natural mstn defi-
ciency conditions. Interestingly, we show in the current manuscript
that aerobic metabolic perturbations related to mstn deletion are
specific to skeletal muscle, as we did not measure any differences
in liver, another tissue with high aerobic capacity, either in young
or aged mstn mice. This last result highlights the importance of
using skeletal muscle to study long-term metabolic adaptation in
mstn deficiency conditions.

In this context, we investigated how aging, a physiological process
known to affect skeletal muscle function, would impact the muscle met-
abolic mitochondrial and redox features in mstn-deficient mice. In the
present study, we observed that only the IMF mitochondrial content is
still strongly reduced in aged KO mice compared to WT, associated
with a global reduction in gastrocnemius citrate synthase activity. Inter-
estingly, this was not apparent for SS mitochondria population whose
yield is elevated in aged KO animals. Compared to data we previously
obtained in young animals (Ploquin et al., 2012), where both SS and
IMF were equally reduced in KO mice, we can hypothesize that SS mito-
chondria population is more susceptible to aging in WT mice. In this di-
rection, we compared RCR previously obtained in young animals
(Ploquin et al., 2012) to those of the present study, and surprisingly
only SS RCR value is decreased in aged WT compared to young WT
mice (2.68 vs. 3.64, p < 0.05) reinforcing our previous assumption. The
exploration of mitochondrial complexes activities furthermore high-
lights a specific alteration of mitochondrial function in WT aged animals
compared to KO ones: only complex I was increased to compensate a
potential aged-induced mitochondrial defect. As a result, the difference
in mitochondrial function between WT and KO animals tends to dimin-
ish somewhat with age, confirming newly published data (Pauly et al.,
2015). Similarly, aging reduced the running endurance capacity in
both groups but in a gentle way in aged KO mice. On this line, the differ-
ence on running time limit between the two genotypes is attenuated.
The evaluation of muscle aerobic capacity in vivo, contrary to ex vivo
tests, includes both central (as cardiac output) and peripheral (related
to skeletal muscle) factors. However, the likely culprit behind age-
related decline in running capacity appears to be due to peripheral fac-
tors such as the decrease in muscle mass coupled with the loss in the
ability of muscle to utilize oxygen (Lakatta, 1990). We hypothesize
that the prevention of age-related muscle loss reported in mstn KO
mice in our present study may account for the lower age-related decline
in endurance running capacity. The difference between aged wild-type
and mstn KO mice could also be explained, simply because the former
group of mice is aging and thus progressively acquire the metabolic al-
terations that occur in the mstn KO mice at young age. Together, our re-
sults suggest that with aging, the negative consequences of mstn
deletion on running capacity and mitochondrial function are reduced.
This is in line with newly published data from Mendias et al. on contrac-
tile properties of EDL and soleus of oldest-old Mstn —/—, Mstn +/—,
and WT mice. These authors showed that the deletion of myostatin in
mice protects against the aging-associated decrease in maximum skele-
tal muscle isometric force production without having a negative impact
on specific force production (Mendias et al., 2015).

Apart from being the ATP factory of cells, mitochondria are funda-
mental for a myriad of functions such as redox homeostasis. Indeed, mi-
tochondria generate intermediates for biosynthesis as well as reactive
oxygen species (ROS) that serve as redox messengers in the regulation
of intracellular signaling (Cheng and Ristow, 2013). Having its own an-
tioxidant defenses, mitochondria are able to upregulate antioxidant ex-
pression following mitochondrial stress (Barbour and Turner, 2014).
This is why age-dependent decline in mitochondrial pool and function
can adversely affect the bioenergetic of the cells and the redox homeo-
stasis (Cheng and Ristow, 2013). Given the mitochondrial deficit and
muscle fiber glycolytic shift (Collins-Hooper et al., 2014), we would ex-
pect a decrease in overall antioxidant activities in mstn deletion

conditions, especially in gastrocnemius muscle. Indeed, it is well de-
scribed that SOD, catalase, and the GSH system are highly expressed in
muscle fibers with high oxidative capacities (Powers et al., 2011). Con-
sistently, the enzymatic activities of catalase and mitochondrial SOD in
our aged mstn KO mice are strongly reduced compared to WT mice.
Nonetheless, we noticed a marked reduction in lipid peroxidation in
aged mstn-deficient muscles compared to control group. Taken togeth-
er, these results raise the issue of susceptibility or resistance of mstn-
deficient muscle tissue to oxidative stress conditions. It underlines
that mstn regulation could play a critical role in integrating redox sig-
naling and opens up new avenues of investigation of the underlying
mechanisms.

Finally, the strong decrease in MnSOD activity in KO mstn mice,
associated with the deficit in muscle function in aged mice, might
warrant antioxidant-enriched supplementation. Initial studies
reported a beneficial effect after an oral supplementation of SODB-
M in several metabolic pathogenic models (Carillon et al., 2013,
2014a,b; Décordé et al., 2010). Indeed, previous reports showed
that SODB dietary enhanced endogenous liver and adipose tissue an-
tioxidant defense and prevented oxidative stress in young hamsters
with obese phenotype (Carillon et al., 2014a) or with atherosclerosis
(Décordé et al., 2010). Endogenous antioxidant defenses were also in-
duced in the heart of spontaneously hypertensive rats after SODB sup-
plementation (Carillon et al., 2014b). Furthermore, we ascertained
that this antioxidant mix prevents in vitro H,O,-induced mortality
of human skeletal muscle cells and did not alter the in vitro myogenic
differentiation process (data not shown), a negative secondary effect
that often occurs in conjunction with other antioxidant compounds
(Won et al.,, 2012). In our present study, 12 weeks of SODB-
enriched diet significantly reduced the negative impact of aging on
running performance outcomes in both groups of aged mice, inde-
pendently of genotype. We also documented a trend to lower body
weight, and secondary an increase in muscle mass hypertrophy
index for two glycolytic muscles following SODB supplementation.
Concerning signaling pathways related to protein synthesis, we did
not detect any difference in rpS6 or 4EBP1 phosphorylation (activa-
tion) following SODB diet (data not shown). This result does not pre-
clude any effect on protein content homeostasis, as SODB diet can
also inhibit protein degradation pathways such ubiquitin protea-
some system or autophagy. The antioxidant diet does not mediate
improvement in running performance but prevents it decline. One
part of this prevention in aged mice may be related to the preserved
muscle mass, and a slightly decreased body weight that we showed
in our aged treated groups. However, the absence of statistically sig-
nificant and major changes in skeletal muscle biochemical assays fol-
lowing SODB diet underlines a potential effect of SODB on others
mechanisms, such as neuromuscular transmission, central neuronal
drive, or hormonal factors that account in part for the enhanced fa-
tigue in old age (Pagala et al., 1998). For example, a recent study
showed the ability of SODB to decrease adipose tissue weight and
to reduce insulin resistance in obese hamsters (Carillon et al.,
2014a). Taken together, these results suggest that in vivo dietary an-
tioxidant supplementation could be a viable therapeutic option in
conditions of antioxidant deficiency and/or oxidative stress, such as
in aging. These results need further research to identify the mecha-
nisms underpinning this effect.

We are aware that this study has several limitations. Mstn null mice
are a genetic model of prolonged mstn deficiency. The nature of
myostatin inhibition in the present study differed from the emerging
therapies using for pharmacological approaches. However, post-natal
mstn inhibition in adult mice causes the same metabolic changes char-
acterizing the genetic knock-out: fiber type changes (Collins-Hooper
et al,, 2014), decrease in markers of oxidative metabolism (Hulmi
etal., 2013; Relizani et al., 2014), or decrease in gene expression related
to oxidative phosphorylation (Rahimov et al., 2011). The latter allows
the study of the effects of long-term myostatin inhibition to understand



the signalling pathways related to myostatin regulation. Moreover,
myostatin inhibitory agents have been tested in aged mice and have
shown favorable effects on both physical function and whole-body me-
tabolism (White and LeBrasseur, 2014). Specifically, LeBrasseur et al.
(2009) have observed that weekly injections of a neutralizing antibody
to myostatin for 4 weeks significantly increased the relative weights of
individual muscles by up to 17% in aged mice and improved indices of
muscle performance and whole-body metabolism. On the whole, the
genetic mouse model of mstn deficiency provides a complementary
perspective, and this will help guide the forthcoming studies using
others myostatin deficiency models: antibodies, inhibitors, and rat
models. Indeed, mstn deletion models are not genetically locked and
can be functionally remodeled toward oxidative metabolism by means
of exercise training (Matsakas et al., 2012) or pharmacological aerobic
metabolism activators (Pauly et al,, 2015). Finally, Mendias et al.
(2015) recently showed that heterozygous rats (Mstn +/—), which
had 30% decrease in blood circulating myostatin protein, had an in-
crease in maximal lifespan and maximum age.

To conclude, our paper conveys an improved understanding of aged
mice specific metabolic changes in constitutive mstn-deficient skeletal
muscle. We showed that myostatin deletion specifically impacts skeletal
muscle mitochondrial function and redox status, and no other organ
with high oxidative potential such as liver. Decreased mitochondrial
function and oxidative markers persisted in aged mstn KO mice. How-
ever, muscle hypertrophy and the redox status related to this genotype
appeared as beneficial side effects attenuating the age effect, as meta-
bolic changes become less pronounced in comparison with WT mice.
This present study opens up new areas of investigation to identify sig-
naling pathway between mstn and redox function and supports mstn
deletion as promising treatment strategy for the aged or cachectic mus-
cle. Experiments directly inhibiting mstn by genetic or pharmacological
approach should be pursued in aged animals.
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