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Abstract

Myostatin (mstn) blockade, resulting in muscle hypertrophy, is a promising therapy to counteract
age-related muscle loss. However, oxidative and mitochondrial deficit observed in young mice
with myostatin inhibition could be detrimental with aging. The aim of this study was (a) to bring
original data on metabolic and mitochondrial consequences of mstn inhibition in old mice, and
(b) to examine whether 4-weeks of AICAR treatment, a pharmacological compound known to
upregulate oxidative metabolism, may be useful to improve exercise capacity and mitochondrial
deficit of 20-months mstn KO versus wild-type (WT) mice. Our results show that despite the
enlarged muscle mass, the oxidative and mitochondrial deficit associated with reduced endurance
running capacity is maintained in old mstn KO mice but not worsened by aging. Importantly,
AICAR treatment induced a significant beneficial effect on running limit time only in old mstn KO
mice, with a marked increase in PGC-1a expression and slight beneficial effects on mitochondrial
function. We showed that AICAR effects were autophagy-independent. This study underlines the
relevance of aged muscle remodelling by complementary approaches that impact both muscle
mass and function, and suggest that mstn inhibition and aerobic metabolism activators should be
co-developed for delaying age-related deficits in skeletal muscle.
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The identification of the myostatin (mstn) protein, a member of treatment of muscle-wasting disorders such as sarcopenia. Indeed,
the transforming growth factors (TGFp) family that is expressed in genetic alteration of this negative regulator of muscle growth led to
skeletal muscle, has brought much interest for mstn inhibition as a a hypermuscular phenotype in many animal species and in a human



study (1) suggesting that manipulation of mstn can be beneficial for
maintaining muscle mass in aged individuals. Previous studies have
shown that an acute mstn inhibition using the antibody PF-354 in
24-month-old mice significantly improved muscle weight (2) and
that genetic ablation of mstn attenuated age-related skeletal muscle
atrophy (3,4). The effect of mstn inhibition on muscle contractile
properties is less evident. Early studies reported that specific tension
(ratio of force to mass), a marker of the muscle contractile efficiency,
is reduced in mstn null mice (KO) compared to their wild-type
(WT) littermates (5-7). However, a recent study showed that the
hypertrophic muscle, that develops as a consequence of propeptide-
mediated inhibition of mstn in aged mice, has normal contractile
properties (8). Moreover, other studies have reported that inhibiting
mstn expression is instrumental in preventing age-related pathologi-
cal alterations in heart function (9) or rescuing aged-related osteo-
porosis and insulin sensitivity in senescent mice (10). Collectively,
these observations suggest that mstn blockade may provide an effec-
tive therapy to attenuate the skeletal muscle function deficit (11),
enhancing muscle mass and whole body metabolism in aged mam-
mals (2).

Loss of mstn expression in young mice is also associated with
specific metabolic features in skeletal muscle (12). Early studies
provided evidence at the cellular level that loss of myostatin leads,
despite the enlarged muscle mass, to loss of oxidative properties,
with impaired activity of oxidative enzymes, mitochondrial DNA
depletion, and a reduced capillary density (5,13,14). Further evi-
dence about the metabolic deregulation of the mstn-deficient muscle
was provided by our data showing uncoupling in the intermyofibril-
lar mitochondria respiration in young mstn KO glycolytic muscles,
associated with increased muscle fatigability during ex vivo contrac-
tility tests (15). As discussed recently, collectively the above studies
on muscle physiology in the absence of myostatin or with myostatin
inhibition make the point that the cost for the induced hypermuscu-
larity is an oxidative and mitochondrial metabolic deficit (12,16).
While attenuating myostatin signaling is considered as a very attrac-
tive strategy to halt and possibly reverse age-related muscle weak-
ness (12), few studies are available on the metabolic muscle status in
aged mice with myostatin inhibition. A recent report demonstrates
a shift toward a hypermuscular glycolytic phenotype in 20-months-
old animals with propeptide-mediated inhibition of myostatin and
highlights a decrease in the expression of key genes that control
ubiquitin-mediated protein breakdown (8). The impact on oxidative,
mitochondrial metabolism, and consequences on endurance muscle
capacity remains to be investigated.

The oxidative and mitochondrial deficit with myostatin inhibi-
tion that may be worsened with aging raised the interest of activat-
ing mitochondrial biogenesis and oxidative metabolism to improve
function of aged mstn-deficient muscle and to potentiate the mstn
inhibition therapeutic strategy. Interestingly, reports by Patel’s group
provided key findings that the mstn-deficient muscles are not geneti-
cally locked and can be functionally remodeled toward oxidative
metabolism by means of exercise training (17,18). In such conditions
as age, the use of exercise mimetic drug may represent an interesting
alternative therapeutic strategy to boost aerobic metabolism (17). In
this context, the synthetic agonist AICAR (5-aminoimidazole-4-car-
boxamide-1-D-ribofuranoside), up-regulates oxidative metabolism
and mimics the effects of aerobic exercise in young skeletal muscle
(19). Indeed, this targeting key pharmacological molecule induces the
activation of AMP-activated protein kinase (AMPK), a major sensor
of cellular energy status and consequently increases the expression
and phosphorylation of peroxisome proliferator-activated receptor

gamma coactivator 1 alpha (PGC-1 a) (20). AMPK regulates expres-
sion of proteins involved in energy metabolism including glucose and
fatty acids transporters, GLUT4 and FAT/CD36 respectively (21,22).
PGC-1a is considered as the master regulator of mitochondrial bio-
genesis, regulating several co-transcription factors to induce the
expression of nuclear genes encoding mitochondrial protein (23,24).
Moreover, it has been shown, that AICAR switches on autophagy-
mitophagy pathway, a mechanism that ensure mitochondrial quality
control through the removal of damaged or dysfunctional mitochon-
dria (25,26).

The novelty of the present work is to test an emerging strategy: to
remodel aged muscle with co-simultaneous loss-muscle mass inhibi-
tion and aerobic metabolism activation. The aim of this study was
thus to bring original data on metabolic and mitochondrial conse-
quences of mstn inhibition in old mice and to determine whether
AICAR treatment, may be useful to improve exercise capacity and
mitochondrial deficit of aged WT and mstn KO mice.

We show that (a) the oxidative and mitochondrial deficit is main-
tained but not worsened by aging in old mstn KO mice compared to
WT, (b) AICAR treatment had no beneficial impact on skeletal mus-
cle of WT mice and could not be considered as a mimetic of exercise
in aged mice, and (c) AICAR treatment improved aerobic running
capacity in aged mstn KO mice with a marked increase in PGC-1a
expression and slight beneficial effects on mitochondrial function.

Methods

Animals

Male mstn KO mice used in this study have been described previ-
ously (27). Twenty-month old male mstn KO and wild-type (WT)
mice (n = 17-19/genotype) were randomly divided in two groups
comprising vehicle-treated (WT+placebo and KO+placebo) and
AICAR-treated (WT+AICAR and KO+AICAR) animals (7 = 8-10/
group). Mice were treated with either vehicle (0.9% NaCl) or AICAR
(Toronto Research chemicals, Toronto, ON, Canada) at a daily dose
of 500 mg/kg body weight by intra-peritoneal injection (5/7 days per
week) during 4 weeks. 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 accordance with European directives (86/609/
CEE) and approved by the Ethical Committee of Region Languedoc
Roussillon.

Performance Outcomes

At the beginning and the end of AICAR or placebo treatment, mice
were submitted to two treadmill running tests in a blinded manner.
Maximal aerobic velocity (MAV) was determined via 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 determined via a
submaximal running test where the speed starts at 10 m/min for the
first 2 minutes and was set to 70% of maximal running speed until
exhaustion. The limit endurance time was recorded. Mice were killed
48 hours after the last running test.

Mitochondrial Isolation

One hour after the last AICAR injection, mice were killed by cervical
elongation. Gastrocnemius, soleus, extensor digitorum longus (EDL)
muscles were removed, weight and quickly frozen in liquid nitrogen



and stored at -80°C for western blotting and enzymatic analysis.
Tibialis anterior, gastrocnemius, and quadriceps were immediately
placed in ice-cold buffer (100 mM KCI, 5 mM MgSO4, 5 mM EDTA,
and 50mM Tris-HCl, pH 7.4). Subsarcolemmal (SS) and intermyofi-
brilar (IMF) mitochondria were fractionated by differential centrifu-
gation as described previously (28). Mitochondria were resuspended
in 100mM KCl and 10mM MOPS, pH 7.4. Mitochondrial protein
content was determined using the Bradford assay and the yield was
expressed as milligram of mitochondrial proteins per gram of muscle
wet weight.

Mitochondrial Respiration

SS and IMF mitochondria oxygen consumption was measured
using the high-resolution Oxygraph-2k (OROBOROS Instruments,
Innsbruck, Austria). Mitochondrial subfractions were incubated
in two sealed thermostated chambers (37°C) containing 2 mL of
MIROS respiration medium [0.5mM EGTA, 3mM MgCI2-6H20,
65mM KCl, 20mM taurine, 10mM KH2PO4, 20mM HEPES,
110mM sucrose, and 1g/l BSA, pH 7.1]. Resting rate (state 4) was
evaluated in the presence of SmM glutamate, 2.5 mM malate, and
S mM succinate; ADP-stimulated rate (state 3) was determined after
addition of 0.5 mM ADP. Mitochondria integrity was checked using
NADH addition during state 3 measurements. The increase in res-
piration was less than 10% and not significantly different between
WT and KO mice, showing that mitochondria were fully functional
(data not shown). Data acquisition and analysis was performed
using Oxygraph-2k-DatlLab software version 4.3 (OROBOROS
Instruments). The respiratory control ratio (RCR) was set as the
ratio of oxygen consumption at state 3 over oxygen consumption
at state 4.

Mitochondrial Enzymes Activities

Mitochondrial activities were measured in gastrocnemius mus-
cle. Citrate synthase (CS) activity was measured as previously
described (29): the activity of the enzyme was measured spec-
trophotometrically at 412nm by following the yellow color of
5-thio-2-nitrobenzoic acid, which is generated from the reaction of
5,5’-dithiobis-2-nitrobenzoic acid with the free Co-A liberated from
the reaction of acetyl-CoA and oxaloacetate under citrate synthase
action to synthesize citrate. Complex I (CI) activity was measured
as previously described (28): the method is based on measuring
spectrophotometrically at 600nm 2,6-dichloroindophenol reduc-
tion by electrons accepted from decylubiquinol, reduced after oxida-
tion of NADH by complex I. Complex II (CII) and complex II+ III
(CII+IM) activities were measured as previously described: succinate-
ubiquinone reductase and succinate-cytochrome ¢ reductase activity
were, respectively, determined spectrophotometrically at 600 nm and
550nm (31). Cytochrome ¢ oxidase (COX) activity was measured as
previously described: oxidation of reduced cytochrome c is followed
spectrophotometrically at 550 nm (15).

Western Blotting

Frozen EDL muscle samples were homogenized using an Ultra
Turrax homogenizer in an ice cold extraction buffer (20 mM HEPES,
pH 7.4, 2mM EGTA, 50mM p-glycerophosphate, 1mM dithi-
othreitol, 1mM Na3VO4, 10% glycerol, 1% Triton X-100, 10 pM
leupeptin, 5 pM pepstatin A, 3mM benzamidine, 10 pg/mL apro-
tinin, and 1mM phenylmethylsulfonyl fluoride). Proteins (50 pg)
were separated on SDS-PAGE and then transferred to a nitrocellu-
lose membrane (120 minutes, 120V). Membranes were blocked in

TBS1X/0.2% Tween-20 containing either 5% fat-free milk or 5%
BSA for 1 hour at room temperature. Then, membranes were incu-
bated overnight with primary antibody against, phospho-AMPKa
(Thr172), total AMPKa, phospho-ACC (Ser79), total ACC, LC3,
Beclin-1, p62 (1/1000; Cell Signaling Technology, Danvers, MA),
PGC-1a (1/1000; Calbiochem, Merck, Darmstadt, Germany),
VDAC (1/2000; Abcam, Cambridge, UK), mitochondrial respiratory
complex subunits (I-20 kDa; II-30 kDa; [11-47 kDa; V-53 kDa; 1/208;
MitoSciences, Eugene), a-tubulin (1/6000; Sigma-Aldrich, St Louis,
MO), GAPDH (1/60000; Abcam), FAT/CD36 (1/500; Abcam),
GLUT4, GRP78 (1/500; SantaCruz Biotechnology, Santa Cruz, CA)
in blocking buffer. After washes in TBS1X/0.2% Tween-20 under
gentle agitation, membrane was incubated for 1 hour with horse-
radish peroxidase-labelled antibody. After further washes, antibody-
bound proteins were revealed using enhanced chemiluminescence
detection reagents (ECL, ThermoScientific, Courtaboeuf, France).
o-tubulin and GAPDH were used as loading references and blot
intensities were measured using the Image] software (NIH).

Statistical Analysis

All data are presented as means =+ SEM. Unpaired Student’s #-tests
were used to indicate statistical difference between the two aged
groups of mice. A two-way ANOVA followed by Bonferroni mul-
tiple-comparison procedure was used to determine the effects of
AICAR treatment and animal genotype mice. To facilitate the read-
ing of AICAR effect, we presented separated analysis on WT and
KO cohorts and reported in figures’ legend the results of ANOVA.
Data are thus presented as the fold increase in AICAR over placebo
group for each genotype. No AICAR effect was thus visualized by
the dashed line, arbitrary taken as 1. Above this value, AICAR over-
expressed or stimulated, under this value, AICAR underexpressed
or depreciated. The significance level was set at 0.05. The data were
analyzed using the statistical package Graphpad Prism.

Results

Aged mstn KO Mice Conserved the Hypermuscular
Phenotype Coupled With a Glycolytic Phenotype
Compared to Aged WT Mice

Body and skeletal muscle (quadriceps, gastrocnemius, tibialis ante-
rior, EDL, soleus) weights were significantly greater in aged mstn
KO mice compared to their WT littermates (Table 1), confirming
the hypermuscular phenotype maintenance. Muscle hypertrophy
reached about 140% for glycolytic muscles and 171% for the oxi-
dative muscle soleus in aged mstn KO mice compared to aged WT.
Concerning metabolic markers, aged mstn KO EDL muscle showed
a significant increase in GLUT4 protein levels, and a decrease in
FAT/CD36 protein levels compared to aged WT mice (Figure 1A).

Aged mstn KO Mice Presented a Reduction in
Oxidative Metabolism and in Mitochondrial Pool
Associated With an Impairment of Aerobic Running
Performance

EDL muscle showed a significant decrease in PGC-la protein
levels in KO mice compared to WT mice (Figure 1B). We did not
detect any differences between the two groups in phosphorylation
of AMPK (Figure 1B), nor in phosphorylation of ACC (acetyl CoA
carboxylase), its downstream target (data not shown). In addition,
aged mstn KO mice exhibited a decrease in protein level of the outer



Table 1. Body and Muscle Weights in Aged WT and mstn KO Mice

Body Weight ~ TA/BW EDL/BW QUAD/BW

GASTRO/BW  SOL/BW PLANT/BW Heart/ BW

WT+Placebo ~ 35.0+4.2 1.49+0.24 0.37+0.11 6.19+0.96

KO+Placebo ~ 42.2+4.1* 2.34+0.22* 0.53+0.08* 8.71£0.72*

WT+AICAR  35.9+5.3 1.51+0.26 0.32+0.08 5.48+0.73

4.99+0.97 0.21+0.03 0.96+0.08 5.23+0.63
¢ 7.16+0.63* 0.36+0.06* 1.40+0.10* 3.87+0.78*
4.41+0.58 0.024+0.06 0.97+0.36 4.70+0.39

KO+AICAR 41.6+5.5*% 2.54+0.17% 0.51+0.07* 8.51+1.11* 6.71+0.70* 0.37+0.10* 1.47+0.22% 4.25+0.78%

Data are expressed as means + SEM. BW: Body weight (g); Gastro: gastrocnemiu

s; Quad: quadriceps; TA: tibialis anterior; EDL: extensor digital longus; SOL:

soleus. Muscle weights are normalized by BW (mg/g). *p < .05 KO versus WT (ANOVA genotype main effect); 7 = 8-10 in each group.

A WT KO ’

v " *
o

Arbitrary Units

GAPDH — [ = e ]

1

rarjpas > [ ]
GLUT4

WT KO

FAT-CD36

B —awTt
rectan =] =pi
0.6 0.35
voacs[==—=] g, 2
5" 1.00 * 025
& 03 * 0.75 * 0.20
So.
< 0.10
a-Tubulin - El 0.0 0.00 0.00
PGC-1a VDAC cs AMPK-p / AMPK-T
@ 1250 0.100 0125 p=0.15 0.02 0.125 =WT
£ " * -0
S 1000 2 0.100 0.100
< 0.075
~§ 750 * 2 0.075 0.075
2 500 £ o0 0.050 oot 0.050
& 2
- 20 < 0.025 0.025 0.025
(8]
0 0.000 0.000 0.00 0.000
Citrate Synthase Complex|/CS Complex l/CS Complex II+11/CS COX/CS
s § - =
25 T 3 g 2500 =wT
© \:IWT 1= I3 -
& - @ 30 E= KO
La KO > F o 2000
= 225 2
o3 g EZO @ 1500
1] >
52 I EB B 1000 *
« T 10 -
Q .% s £ 500
0 = - 0

SS IMF

Figure 1. Substrate transporters, mitochondrial function and muscle function in aged mstn KO and WT muscle. (A and B). Representative immunoblots and

quantifications showing protein expression levels of the transporters GLUT4 and
VDAC, of CS and AMPK phosphorylation (B) within the EDL of aged WT and mstn

FAT-CD36 (A) and of PGC1-a, of the outermembrane mitochondrial protein
KO mice. All protein expression quantifications are normalized to a-Tubulin

or GAPDH. (C). Enzymatic activity of citrate synthase and mitochondrial complexes were reported in gastrocnemius muscle homogenates. Mitochondrial
complexes activities are normalized to CS activity and are expressed in AU. (D). Mitochondrial respiration in SS and IMF subfractions of WT and KO muscles
was assessed in glycolytic muscle mix (tibialis, anterior gastrocnemius, quadriceps) and RCR was calculated, as the ratio of oxygen consumption at state 3 over
oxygen consumption at state 4. Whole body performance is represented by (E) maximal running velocity and limit endurance time. Data are expressed as means
+ SEM. AU: Arbitrary Units; U/mg: units of activity per mg of total muscular protein; CS: Citrate Synthase; RCR: respiratory control ratio; SS: subsarcolemmal;

IMF: intermyofibrillar; *p < .05 KO versus WT (t-test genotype effect), § p <.01 IMF

mitochondrial membrane channel VDAC and of the citrate synthase
(CS) (Figure 1B), two markers of mitochondrial content.

To further characterize the mitochondrial phenotype, we per-
formed enzymatic activity measurements on whole muscle and res-
piratory analyses on isolated mitochondria. Our results showed a

versus SS (ANOVA type of mitochondria effect); n = 5-8.

30% lower CS activity in aged mstn KO mice compared to aged WT
mice (Figure 1C). Furthermore, complex I activity was significantly
reduced in aged mstn KO mice, whereas no change was observed
in the activity of other ETC complexes (complexes II, II+III, COX;
Figure 1C). For mitochondrial respiration measurements, we choose



to divide mitochondria into their two subpopulations: the subsar-
colemmal (SS) and the intermyofibrillar (IMF) mitochondria. As
expected, we found higher states 4 and 3 respiration rates for IMF
subfraction (data not shown), associated with an increase of RCR,
compared to SS in both genotype, (p < .001, Figure 1D). We did
not observe any differences in mitochondrial respiration parameters
(states 4 and 3) as well as in RCR between the two genotypes (not
shown and Figure 1D). Similarly, the protein expression of mito-
chondrial respiratory chain complexes (complexes I, II, III, and V)
normalized to VDAC expression were not altered in aged KO com-
pared to WT mice (Supplementary Figure S1).

To assess muscle performance, we subjected aged WT and mstn
KO mice to physical exercise tests, wherein we measured the maxi-
mal aerobic running velocity (MAV) and endurance capacity (time to
exhaustion). The aged mstn KO mice showed a significant reduction
of MAV (-26%) and endurance capacity (-70%) compared to aged
WT mice (Figure 1E).

Muscle Autophagic Process is Preserved in Aged

KO Mice

We profiled key regulators of autophagy in the EDL muscles from
old KO mstn and WT samples. Here, we studied protein levels of p62
(receptor for cargo destined to be degraded by autophagy), beclin-1
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2
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(a component of the class III phosphoinosotide 3-kinase complex
involved in the initiation of autophagosomes), LC3-II (the lipidated
form of LC3 that is generated during the process of autophagosome
formation) and the ratio LC3-II to LC3-1.

We found that all these autophagic markers were unaltered in
aged mstn KO EDL muscles compared to aged WT (Figure 2).

AICARTreatment Had No Beneficial Effect

on Running Capacity and Muscle Oxidative
Metabolism in Aged WT Mice

The MAV and the endurance capacity were not changed with
AICAR treatment in aged WT mice (Figure 3). To determine
whether AICAR treatment activated AMPK pathway, we first
checked AICAR effects on AMPK and ACC phosphorylation as
well as on PGC-1aexpression in EDL muscle homogenates of WT
mice. AICAR treatment induced a slight but significant increase
in PGC-laprotein levels in WT mice (1.15 fold ie +15% vs pla-
cebo; Figure 4A), while it failed to increase others markers of
oxidative mitochondrial metabolism. Indeed, AICAR had no
effect either on AMPK phosphorylation or on protein level of CS,
VDAC (Figure 4A) and representative ETC complex components
(Supplementary Figure S1). No AICAR effect was observed on
GLUT4 and FAT/CD36 protein expression (Figure 4B). Moreover,
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Figure 2. Autophagy markers in EDL from aged WT and KO mstn mice. Representative immunoblots and quantifications showing protein expression levels
of autophagy markers p62, Beclin1 and LC3 in WT and mstn KO mice. All protein expression quantifications are normalized to GAPDH. Data are expressed as

means + SEM. AU: Arbitrary Units; n=5-8.
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means + SEM; ANOVA analysis indicated a significant main genotype effect, * p <.05 KO versus WT; n = 11-14. (B) Limit endurance time. Data are expressed as
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Figure 4. Effect of AICAR treatment on mitochondrial function on aged WT mice. (A). Representative Western blots and graphical summary of phosphorylated
and total forms of AMPK, VDAC, CS and of PGC1-a within the EDL of aged WT treated (AICAR) or untreated (placebo). (B). Representative immunoblots and
quantifications showing protein expression levels of the transporters GLUT4 and FAT-CD36 (C). Mitochondrial respiration in SS and IMF subfractions of WT
and KO glycolytic muscles was assessed and RCR is presented. (D). Enzymatic activities of mitochondrial complexes after AICAR treatment was reported
in gastronemius muscle. Data are normalized to citrate synthase activity. AU: Arbitrary Units; U/mg: units of activity per mg of total muscular protein; COX,
cytochrome c oxidase; RCR: respiratory control ratio, as the ratio of oxygen consumption at state 3 over oxygen consumption at state 4; SS: subsarcolemmal;
IMF: intermyofibrillar. ANOVA analyzed data which were presented in 2 different figures (WT: Figures 4 and 5; KO: Figures 6 and 7). ANOVA analysis indicated
significant main treatment effect on PGC-1-a protein levels and RCR, and statistical interaction between treatment and genotype for mitochondrial complexes
activity. In this figure, data are presented as the fold increase in AICAR over Placebo group in WT mice. The dashed line represents the no-effect control value
(1); *p < .05 AICAR versus Placebo; n=5-8.

AICAR induced a decrease in complex I and COX enzyme activ-
ity and in RCR values in IMF mitochondrial fractions (p < .05,

Figure 4C and D). Lastly, autophagy markers were not modified

by the treatment (Figure 5).

AICAR Treatment Improved Aerobic Running
Performance in Aged KO mstn Mice

AICAR treatment did not change MAV (Figure 3A), but reduced dif-
ferences in running endurance parameters between aged KO and WT



mice (Figure 3B). Indeed, aged KO mice endurance time increased
from 30% (placebo) to 87% (AICAR) of WT values.

AICARTreatment Boosted PGC-1a Protein

Expression in Aged mstn KO Muscles and Activity

of All Mitochondrial Electron Transport Chain
Complexes

AICAR treatment induced a greater increase in PGC-la pro-
tein expression in aged KO mice (+1.50 fold ie +50% vs placebo;
Figure 6A) compared to WT mice (+1.15 fold ie + 15 % vs pla-
cebo; Figure 4A). However, AICAR did not activate phosphorylation
of AMPK (Figure 6A) and ACC (data not shown). The treatment
also failed to change the glycolytic phenotype with no significant
increase in GLUT4 and FAT/CD36 (Figure 6B) expression in aged
muscle tissues of KO mice (p = .27 and .13 respectively). In addi-
tion, AICAR treatment did not affect mitochondrial density since
neither CS activity (Figure 6D), nor CS, VDAC (Figure 6A) and
mitochondrial respiratory chain complex subunits protein expres-
sion (Supplementary Figure S1) were altered. We further examined
whether AICAR treatment affected mitochondrial function in aged
mstn KO mice with measurement of mitochondrial respiration.
AICAR decreased RCR in IMF mitochondria of aged mstn KO mice
(p < .05) (Figure 6C). Lastly, activities of all ETC complexes were
significantly increased with AICAR in aged mstn KO mice compared
to aged WT mice (Figure 6D), showing a differential effect of AICAR
between the two genotypes. Lastly, Beclin1, LC3II/I and p62 protein
contents remained stable suggesting no upregulation of autophagy
pathway in aged mstn KO mice after 4 weeks of AICAR treatment
(Figure 7).

Discussion

Initially, therapies in the skeletal muscle aging focused on the pre-
vention of age-related muscle loss, among them the successful and
promising myostatin inhibition pathway. However, recent studies in
young mice highlighted that side effect of such therapy is a func-
tional and aerobic metabolic deficit (15-18). How to preserve simul-
taneous muscle mass and function in ageing muscle? Our study is
the first to evaluate in mstn hypertrophy mice the ability of AICAR
to produce exercise-like effects in ageing skeletal muscle. We showed
that mstn inhibition and aerobic metabolism activators should be
co-developed for delaying age-related deficits in skeletal muscle.
Due to the rapid aging of the population and the inevitable finan-
cial pressure on the health care system, a considerable effort is being
expanded to develop anti-age and anti-sarcopenic therapies (8,32).
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Increasing muscle mass through the control of myostatin-mediated
signaling is an attractive strategy since it involves manipulating a
naturally occurring mechanism to control muscle mass (8). Our pre-
sent study confirmed that mstn deficiency has a beneficial effect on
muscle mass that persists with aging (4,8). Although maintenance
of muscle mass is important for muscle function in aged individu-
als, muscle metabolism is also relevant. Indeed, at the subcellular
levels, aged muscle fibers display an increased level of mitochondrial
abnormalities and susceptibility to apoptosis (33,34). We provided
here for the first time evidence that mitochondrial content/biogen-
esis remains depreciated in aged mstn KO glycolytic muscle with
CS activity, VDAC, and PGC-1a protein content being reduced,
as shown previously in young mstn KO animals (5,15,35). Recent
studies have shown increased AMPK activity in skeletal muscle of
young mstn KO mice (36,37). Here we reported that this increase
is not maintained with aging since neither basal AMPK nor ACC
phosphorylation were altered in aged mstn KO EDL compared to
aged WT mice. Next, we examined the mitochondrial function in
aged mstn KO and our results suggest that difference tends to dimin-
ish somewhat with age. Indeed, complex I activity in gastrocnemius
was significantly reduced in aged mstn KO mice compared to aged
WT. But, with aging, we no longer observed the increased of the
COX activity previously shown in young mstn KO versus WT mice
(15). Furthermore, no difference was found in RCR values of mix
glycolytic muscles between genotypes. According to Galuzzi and
colleagues (25), mitochondrial content and function are in part
controlled by the autophagic process. Indeed, damaged or par-
tially permeabilized mitochondria are selectively degraded by the
autophagic machinery, a physiological mechanism that is critical for
the maintenance of intracellular homeostasis. In the present study,
we did not find a strong case for autophagy being clearly activated
at a greater level in aged mstn KO EDL muscles, which corroborates
results recently published on autophagic gene expression markers in
old mice after 7 weeks of post-natal myostatin inhibition (8). Lastly,
aerobic endurance performance of aged KO mice remains largely
inferior to WT. This exercise intolerance could likely not be related
to body weight difference, as Savage and colleagues (14) showed
exercise capacity reduction in young mstn mice while body weights
were similar to those of WT. In the same line, according to Morissette
and colleagues (10), a negative effect of mstn inactivation on the
myocardium could be excluded. The exercise intolerance is thus
likely related to the metabolic status of skeletal muscle, ones consist-
ent with the decrease in mitochondrial content/biogenesis markers.
This last result is a concern as increased skeletal muscle fatigability
promotes the cycle of deconditioning and sedentary lifestyle with
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Figure 5. Effect of AICAR treatment in aged WT mice on autophagy. Representative immunoblots and quantifications showing protein expression levels of
autophagy markers p62, Beclin1 and LC3II/I) in AICAR or Placebo WT mice. All protein expression quantifications are normalized to GAPDH. Data are expressed

as means + SEM. No significant ANOVA effect has been observed; n=5-8.
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Figure 6. Effect of AICAR treatment on mitochondrial function in aged KO mstn mice. Representative immunoblots and quantifications showing (A) ratio of
phosphorylated to total forms of AMPK, VDAC, Citrate Synthase and PGC1-a (B) and protein expression levels of the transporters GLUT4 and FAT-CD36 within
the EDL of aged mstn KO mice after AICAR treatment. All protein expression quantifications are normalized to a-Tubulin or GAPDH. (C). Mitochondrial respiration

in SS and IMF subfractions of mstn KO glycolytic muscles was assessed and RCR i

s presented. (D) Enzymatic activities of mitochondrial complexes after AICAR

treatment was reported in gastronemius muscle homogenate. COX, cytochrome c oxidase; RCR: respiratory control ratio, as the ratio of oxygen consumption at
state 3 over oxygen consumption at state 4; SS: subsarcolemmal; IMF: intermyofibrillar. ANOVA analyzed data which were presented in 2 different figures (WT:

Figures 4 and 5; KO: Figures 6 and 7. ANOVA analysis indicated significant main tr

eatment effect on PGC-1-a protein levels and RCR, and statistical interaction

between treatment and genotype for mitochondrial complexes activity. In this figure, data are presented as the fold increase in AICAR over Placebo group in KO
mice. The dashed line represents the no-effect control value (1); § and *p < .05 AICAR versus Placebo; n = 5-8.

aging, which consequently contributes to a decrease in quality of
life, functional independence and higher rates of comorbidities, and
mortality (38-40). In humans, mstn inhibition strategy has to take
place in mature skeletal muscle. Interestingly, our results highlight
those obtained after post-natal mstn inhibition showing a downreg-
ulated oxidative phosphorylation and mitochondrial function path-
way (16,41). Finally, Collins-Hooper and colleagues (8) showed in

aged mice, that AAV8MyoPPT an antagonizing myostatin signaling
by the overexpression of the myostatin propeptide, is associated with
a decrease in the number of SDH-positive fibers.

Our results underline the need to target muscle fiber size, by
means of myostatin inhibition and oxidative metabolism simultane-
ously, for further investigation related to age-related muscle weakness
(12). Previous positive results in mice suggest that exercise training
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Figure 7. Effect of AICAR treatment in EDL from aged KO mstn mice on autophagy. Representative immunoblots and quantifications showing protein
expression levels of autophagy markers p62, Beclin1 and LC3Il/l in treated (AICAR) or not treated (placebo) mstn KO mice. All protein expression quantifications
are normalized to GAPDH. Data are expressed as means + SEM; no significant ANOVA effect has been observed; n=5-8.

could achieve this aim (17,18). In such conditions as age, the use of
exercise mimetic drug may represent an interesting alternative thera-
peutic strategy to boost aerobic metabolism (17).We used AICAR
treatment to optimize exercise capacity and oxidative metabolism
in aged mice according to Narkar and colleagues (19). As in this
previous study, our work demonstrated that AICAR treatment did
not alter mitochondria content, but increased PGC-10. expression
in aged WT and KO mice proving the activation of mitochondrial
biogenesis signaling. However, contrary to young mice, no AICAR
effect on running performance is observed in aged WT mice. Thus,
our results do not support that AICAR could be considered as a
“mimetic of exercise” in aged WT mice. This result has to be treated
with caution since pharmacological phenotypic modifiers and exer-
cise mimetics represent currently a new research dynamic (19,42).
AICAR treatment even seems to have several deleterious effects on
mitochondrial function in aged WT mice with both decrease of res-
piratory complexes activity (COX and complexe I) and RCR, indi-
cating a decrease of mitochondrial quality. The decrease of RCR
after AICAR treatment is an indicative of lower amounts of ATP
per oxygen consumed. Recent findings have also shown that acute
AICAR exposure in C2C12 myotubes and adult single skeletal mus-
cle fibers inhibited oxygen consumption (43). This original result is
worthy of further mechanistic investigation. Otherwise, our study
underscores a beneficial AICAR effect on running endurance capac-
ity in aged mstn KO mice. Indeed, AICAR treatment increased run-
ning limit time by 105% in mstn KO mice. AICAR did not alter
body and heart weights in our mice suggesting no significant body
composition or cardiac effects (44). To investigate the mechanism
of the improvement of muscle performance in mstn KO mice, we
first explore the mitochondrial function. We can notice that the
increase in PGC-1a is greater in aged mstn KO mice compared to
aged WT suggesting greater sensitivity to AICAR treatment. This
better responsiveness could be attributed to the muscle type II phe-
notype of mstn KO mice, since AICAR is known to be more potent in
fast-twitch muscles (45). In our present study, we observed a lack of
stimulation of basal AMPK phosphorylation one hour after the last
AICAR injection. Consistently, several studies reported no increase
in AMPK activity after AICAR administration in old rats (46,47). In
our work, first the possibility of a missed activation of AMPK path-
way due to its transiency could be considered. Second, we cannot
also totally exclude the possibility that AICAR could exert its effects
on PGC-1a independently of AMPK activation (48). Whatever the
exact mechanisms, in the present study AICAR treatment did not sig-
nificantly increase mitochondrial pool or substrate transporters. We

can hypothesize that the activation of PGC-1a expression observed
was likely not sufficient to increase it (22).

Data on mitochondrial function are more contradictory.
Indeed, the decrease in RCR of IMF mitochondria was accom-
panied by an increase in the activities of all electron transport
chain complexes (activities normalized to CS, to ensure an equal
mitochondrial content). These results suggest that, mitochondrial
activity can be upregulated by AICAR, to supply the initial defi-
cit of mitochondria density in aged mstn KO mice contrary to
WT mice. By increasing the ETC complex activities, mitochondria
could produce more energy needed to ensure muscular contrac-
tion. On the other hand, AICAR effect on mitochondrial activ-
ity may promote autophagy pathway (26). Indeed, the autophagic
process is the sole known mechanism for mitochondrial turnover,
and clearance of damaged mitochondrial (25). In our present work,
we showed no impact of AICAR treatment on autophagy markers
suggesting an autophagic independent mechanism. Collectively,
we suggest that 4-weeks of AICAR treatment in old mstn KO mice
affects positively first mitochondrial ETC complexes activity and
prevent from age-related muscle endurance deterioration. The
marked increase of PGC-1 protein levels, without an increase in
the mitochondria pool, highlights the requirement for a long-term
treatment, often over several months. Finally, we cannot rule out
the possibility that AICAR acts, directly or indirectly, on other
mechanisms such as calcium homeostasis. Indeed, recent findings
have shown that AICAR exposure in skeletal muscle of RyR1
mutant mice, independently of the AMPK pathway, reduced Ca**
leak from the sarcoplasmic reticulum to the sarcoplasm (49). New
studies and further investigations are needed to demonstrate this
hypothesis in mstn KO mice skeletal muscle.

In conclusion, the present study confirms that myostatin inhi-
bition represents an effective anti-atrophic therapeutical strategy in
aging. However, it reveals the acute need for simultaneous oxida-
tive metabolism upregulation, as we demonstrate negative meta-
bolic and mitochondrial consequences of mstn inactivation in old
mice. We show that 4-weeks AICAR treatment induces some posi-
tive effects on muscle glycolytic fast contractile profile of KO mstn
mice, with an improvement of endurance running capacity, but not
in aged wild-type mice. These results suggest that pharmacological
aerobic metabolism activators have to be recognized, not as “miracle
molecules” but as “promising molecules” for a new active field of
research for aging biology. This study underlines the relevance of
aged muscle remodeling by complementary approaches that impact
both muscle mass and function, and suggests that mstn inhibition



and aerobic metabolism activators should be co-developed for delay-

ing age-related deficits in skeletal muscle.
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