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Abstract

Significance: Skeletal muscle is a highly plastic tissue. Exercise evokes signaling pathways that strongly
modify myofiber metabolism and physiological and contractile properties of skeletal muscle. Regular physical
activity is beneficial for health and is highly recommended for the prevention of several chronic conditions. In
this review, we have focused our attention on the pathways that are known to mediate physical training-induced
plasticity. Recent Advances: An important role for redox signaling has recently been proposed in exercise-
mediated muscle remodeling and peroxisome proliferator-activated receptor 7 (PPAR?y) coactivator-1a (PGC-
lo) activation. Still more currently, autophagy has also been found to be involved in metabolic adaptation to
exercise. Critical Issues: Both redox signaling and autophagy are processes with ambivalent effects; they can
be detrimental and beneficial, depending on their delicate balance. As such, understanding their role in the chain
of events induced by exercise and leading to skeletal muscle remodeling is a very complicated matter.
Moreover, the study of the signaling induced by exercise is made even more difficult by the fact that exercise
can be performed with several different modalities, with this having different repercussions on adaptation.
Future Directions: Unraveling the complexity of the molecular signaling triggered by exercise on skeletal
muscle is crucial in order to define the therapeutic potentiality of physical training and to identify new
pharmacological compounds that are able to reproduce some beneficial effects of exercise. In evaluating the
effect of new ‘‘exercise mimetics,”” it will also be necessary to take into account the involvement of reactive
oxygen species, reactive nitrogen species, and autophagy and their controversial effects. Antioxid. Redox Signal.
21, 154-176.

Introduction

A DULT SKELETAL MUSCLE is a highly plastic tissue, as it is
able to change phenotype without changing genotype in
response to external stimuli (60). Although muscle plas-
ticity is limited by cell lineage determined during devel-
opment, myofibers’ physiological properties, metabolism,
and size vary according to environmental stimuli. Changes
in nutrient availability, paracrine/autocrine conditions,
and intracellular oxygen availability influence adult skel-
etal muscle features. This tissue is also extremely adapt-

able to changes in contractile activity, and adaptation to
exercise training has numerous beneficial effects on health.
For this reason, physical activity is highly recommended
for the prevention of several chronic conditions. In this
review, we examine the signaling pathways triggered by
exercise in skeletal muscle, with particular attention to
those involving the peroxisome proliferator-activated re-
ceptor 7 (PPARY) coactivator-1o (PGC-1a). We then focus
on the role recently suggested for reactive species and for
autophagy as mediators of molecular and metabolic re-
sponse to contraction.
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Mammalian skeletal muscles are composed of myofibers
with various contractile properties (such as force production,
endurance, twitch duration, and shortening velocity) and
differing metabolism. Myofibers are mainly classified as
slow-twitch or fast-twitch based on the maximal speed of
shortening (166). The variability in physiological properties
of myofibers strongly depends on the isoform of myosin
heavy-chain (MyHC) expressed. Indeed, myosin ATPase
activity determines the sliding velocity between actin and
myosin, thereby shortening the velocity of the fiber (6).
Myosin ATPase type I histochemical staining identifies
slow-twitch fibers, while myosin ATPase type II (which has
the highest ATPase activity) stains fast-twitch myofibers.
Based on the expression of the predominant isoforms of
MyHC protein expressed, myofibers are mainly classified as
type I fibers, type IIx/d fibers, and type Ila fibers (166, 167)
(Fig. 1).

Type I fibers (slow-twitch fibers) contain the slow isoform
of MyHC and slow isoforms of other contractile proteins.
They have a predominatly oxidative metabolism. They are
characterized by high mitochondrial content, high capillary
density and express mainly glucose and fatty acid oxidative
enzymes. Type I fibers are rich in myoglobin and are red
colored. They develop a slow contractile force and are re-
sistant to fatigue. They are involved in continuous tonic ac-
tivity. Force production depends on the time the myosin head
spends bound to actin, on the myosin head density and on the
duty ratio (16).

Type 1Ix/d fibers (fast-twitch fibers) express a fast isoform
of MyHC and fast isoforms of other contractile proteins and,
therefore, develop a fast contractile force. Type IIx/d fibers
mainly metabolize glucose by glycolysis and are character-
ized by low mitochondrial content and low capillary density.
They are also poor in myoglobin and are white in appearence.

Type IIx/d fibers express low glucose transporter 4 (GLUT4)
and have low sensitivity to insulin that type I fibers. They are
involved in phasic activity (103).

Type Ila fibers (fast-twitch fibers) have intermediate fea-
tures. They have a mixed (oxidative/glycolytic) metabolism.
They are fast-twitch fibers with a fast contractile force de-
velopment, but mainly express oxidative enzymes. Although
muscle endurance and resistance to fatigue rely on several
cellular factors, there is a strict correlation between these
properties and high oxidative capacity and high content of
mitochondria of the fiber. Therefore, type Ila fibers are fast
but they are more resistant to fatigue than type IIx/d fibers as
they are more oxidative (60, 143).

Rodents also possess type IIb fibers that are more fast-twich
and glycolytic than IIx/d fibers (Fig. 1). Many other contractile
and structural proteins are also present in distinct isoforms
whose expression is more or less tightly connected to fiber
type. For example, the shortening velocity also depends on
myosin light chain isoforms; thus, it might vary among fibers
of the same MyHC type. Therefore, the classification reported
earlier in four main fiber types is an oversimplification.
Moreover, muscle also contains hybrid fibers with a combi-
nation of myosin transcripts (I-Ila-1Ix/d-1Ib).

The velocity of shortening and the fiber’s twitch duration
depend not only on myosin composition but also on the speed
of Ca’* release and uptake in the fiber. These, in turn, depend
on the development of sarcoplasmic reticulum and on se-
questering systems such as the sarcoplasmic reticulum Ca**
ATPases (SERCAs) whose isoforms are differentially ex-
pressed in different fiber types (60, 142).

Skeletal Muscle Metabolism

To enable contraction, the skeletal muscle needs a high
amount of ATP, which is hydrolyzed by myosin ATPase and
is also necessary to enable exchange of ions occurring during
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contraction (48). ATP is provided by a complex network of
metabolic pathways that are briefly described in Figure 2. To
obtain the huge amount of energy required during exercise,
glucose uptake from the bloodstream increases while, at rest,
glucose can be stored as glycogen. Skeletal muscle is the
main storage site for glucose in the mammalian body. Gly-
cogen is distributed in distinct localizations within the
myofibers, depending on myofiber type and on training status
(139). Lipids can also be stored as triglycerides in the myo-
fiber, although excessive lipid accumulation is deleterious
and might cause lipotoxicity and inflammation. Energy re-
quirement during exercise induces the lipolysis of lipid
droplets with the liberation of free fatty acids (FFAs) and
the catabolism of glycogen with the release of glucose-1-
phosphate, both of which are further catabolized to produce
ATP (Fig. 2).

Exercise-Induced Adaptation

Skeletal muscle is extremely adaptable to environmental
changes and is characterized by a high metabolic flexibility:
It is able to rapidly modify the rate of ATP synthesis, the
blood flow, and the kind of substrate used, depending on
needs (103, 105). Skeletal muscle is also extremely adaptable
to changes in contractile activity: Physical exercise strongly
modifies metabolic potential, morphology, and physiology of
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skeletal muscle, thus producing a strong beneficial effect on
health (96, 144). All pathways of ATP generation are active
during exercise, but the relative contribution of each is de-
termined by the intensity and duration of contraction. Indeed,
exercise might be performed with different modalities, thus
producing different effects on muscles (39).

Physical exercise might be grossly classified as “‘endur-
ance training’” and “‘resistance training.”” Endurance training
is based on endurance and is aerobic, while resistance train-
ing is based on strength. Endurance exercise (e.g., performed
by marathon runners, swimmers, and cyclists) is generally
characterized by high-frequency, long duration, and low
power output. Resistance exercise (e.g., body building and
throwing events) is, in general, characterized by low fre-
quency, high resistance, high intensity, and short duration.
Along with the modality of exercise, other parameters such as
duration, frequency, and intensity of the exercise influence
the effect of physical training on the muscle (131).

Exercise triggers a metabolic and structural remodeling
in skeletal muscle, thus leading to changes in contractile
properties and to increased angiogenesis in order to reduce
muscle fatigue. These adaptations improve skeletal muscle
performance (13). The specific features of skeletal muscle
adaptation to exercise depend on the modality of exercise
performed (60). Resistance exercise acts mainly by in-
creasing muscle mass and strength (see ‘‘Exercise and

>
FIG. 2. Metabolic pathways for ATP production in skeletal myofibers. (A) Skeletal muscles require a high amount of
ATP for contraction. The main sources of energy are Glu and FFA. Glu uptake into the sarcoplasm from blood occurs,
among other things, through the GLUT4. Once in the cytosol, Glu is phosphorylated by HK and forms Glu-6-P. One
molecule of Glu-6-P can be converted into two molecules of Pyr through glycolysis, a metabolic anaerobic pathway
involving 10 enzymes (the enzyme phosphofructokinase is an important control point in the glycolytic pathway). Depending
on the energy needs, Glu-6-P can also be stored as glycogen. In anaerobic conditions Pyr is reduced to lactate by LDH.
Alternatively, in aerobic conditions, Pyr might be transferred into the mitochondria matrix, where it is decarboxylated into
acetyl-CoA by the PDH complex. Acetyl-CoA is then metabolized through the TCA cycle. The first enzyme acting in the
TCA cycle is the citrate synthase that forms citrate from acetyl-CoA and oxaloacetate. The TCA cycle produces reducing
equivalents (NADH, FADH,) and CO,. In addition to Pyr, another important source of acetyl-CoA is the f-oxidation of
FFA. FFA enter the myofiber through a passive flip-flop or through a protein-mediated mechanism such as the FAT/CD36.
In the cytosol, FFA undergo esterification and form triglycerides stored as lipid droplets that are surrounded by mito-
chondria. Alternatively, at the mitochondrial OM, they can be condensed with CoA to form FFA-CoA and, through the
CPT1, they can cross the mitochondrial IM and reach the mitochondrial matrix where they undergo ff-oxidation. f-oxidation
is a cycle of four reactions. Each cycle produces a molecule of acetyl-CoA which, in turn, enters the TCA cycle. Along with
acetyl-CoA, during f-oxidation, FADH, and NADH are also formed. In skeletal muscles, at rest, excess of ATP produced is
stored as PCr. ATP is converted into ADP and Pi by ATPase, and the Pi is used to convert Cr in PCr whose amount is
roughly 10 times higher than the amount of ATP. During intense activity, PCr can anaerobically donate a phosphate group
to ADP and form ATP for quick regeneration of ATP. PCr is, therefore, a rapid system to supply energy during contraction.
The reversible phosphorylation of Cr is catalyzed by several CK. Once ATP also produced by PCr is consumed, the AK
(myokinase) catalyzes the formation of ATP and AMP from two ADP molecules. During exercise, the amount of ATP
produced by the myofiber increases enormously. However, the stores of ATP that can be detected in the myofiber are not as
high, as ATP is stored in the form of PCr. (B) Reducing equivalents (NADH and FADH,) generated mainly during TCA, /-
oxidation, and glycolysis are oxidized by the complexes of the respiratory chain (Complex I, II, III, and IV) in the oxidative
phosphorylation pathway. Electrons are transferred from NADH and FADH, to oxygen (which is reduced to H,O) by means
of the enzyme complexes and by the electron carriers Ub and Cyt ¢ of the respiratory chain. The energy released by
reducing equivalent oxidation as electrons pass from one complex to the next is used to pump protons (H™) across the IM
into the intermembrane space. This creates an electrochemical proton gradient across the IM, which is highly energetic.
Protons can flow along this gradient through ATP synthase (ATPase or complex V); this backflow releases the energy of the
proton gradient, which is used by ATP synthase to phosphorylate ADP and to form ATP. This phosphorylation of ADP is
called oxidative, as it is coupled to the presence of oxygen that enables the oxidation of reducing equivalents. By this
mechanism, nutrients are oxidated and their energy is stored in usable energy as ATP. ATP is also produced in a lower
amount during glycolysis. OM, outer membrane; Glu, glucose; FFAs, free fatty acids; Glu-6-P, glucose-6-phosphate; Pyr,
pyruvate; PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid; FAT/CD36, fatty acyl translocase; CPT, carnitine
palmitoyltransferase; CK, creatine kinases; AK, adenylate kinase; Ub, ubiquinon; IM, inner membrane; Cr, creatine; Cyt c,
cytochrome c¢; GLUT4, glucose transporter 4; HK, hexokinase; PCr, phosphocreatine. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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skeletal muscle mass’’ section). On the other hand, endur-
ance exercise stimulates mitochondrial biogenesis and ex-
pression of mitochondrial respiration and FFA f-oxidation
genes, thereby providing a phenotypic adaptation toward a
more oxidative phenotype. Submaximal aerobic activities
increase insulin-independent glucose uptake and utilization
in skeletal muscle, along with insulin sensitivity and redis-
tribution of GLUT4 to the plasma membrane (125). With
regard to the contractile properties, endurance exercise pro-
motes fiber type transformation toward the slow-twitch
contractile apparatus by inducing a dramatic modification of
gene expression and physiological properties of the myofiber.
The muscle used frequently needs to be more energy efficient,
with both longer twitches and slower MyHC types contrib-
uting to higher energy efficiency (60).
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Exercise provides numerous beneficial effects on skeletal
muscle and, in general, on health (12). Although both exer-
cise modalities are beneficial for health, endurance exercise is
more effective for preventing cardiovascular diseases; while
resistance training (mostly inducing muscle hypertrophy) is
more effective for the maintenance of muscle mass contrast-
ing atrophy and age-related muscle wasting (15). Hyperten-
sion, coronary heart disease, and cardiovascular risk profile
mainly benefit from endurance exercise, which also increases
angiogenesis and capillarization and protects from inflam-
mation. The combination of both modalities of exercise in-
creases bone mineral density and greatly improves insulin
sensitivity, thereby protecting from type 2 diabetes. Exercise
remains the primary preventive approach against obesity,
glucose intolerance, and metabolic disease (31, 39, 64, 67).
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Signaling in Skeletal Muscle Exercise-Induced
Adaptation

The adaptation of myofibers and the benefits of regular
exercise are mediated by a network of molecular and meta-
bolic pathways that are activated by muscle contraction.
Changes in contractile activity are sensed by intracellular
sensors, which trigger intracellular signaling cascades. These
are, in turn, converted into a transcriptional modulation that
induces a metabolic reprogramming and a change of physi-
ological properties of myofibers. Although these signaling
mechanisms are not fully clarified, the transcription factors
induced by exercise include nuclear factor of activated T cells
(NFAT), myocyte enhancer factor 2 (MEF2), myogenic
differentiation factor (myoD), myogenin, and PPARs. These
transcription factors induce/repress genes coding for the fast
and slow isoforms of various contractile proteins and for
metabolic enzymes mediating a modulation of fiber-type
specification and a remodeling of skeletal muscle. The tran-
scriptional status (repressed or activated) of specific genes
might also be modulated by exercise-induced epigenetic
modifications (such as DNA methylation, phosphorylation,
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acetylation, and histone modifications) triggering chromatin
remodeling (54, 123). The transcriptional modifications in-
duced by exercise are deeply reviewed elsewhere (60, 103).
Interestingly, skeletal muscle might also act as a secretory
organ during exercise. It releases into circulation cytokines
and peptides called ““myokines’ (such as IL-6 and irisin),
which act both on other organs and on skeletal muscle (141).

Peroxisome proliferator-activated receptor y
coactivator-1a

Although the molecular mechanisms of the adaptive response
to exercise remain to be fully elucidated, PGC-1u is currently
considered a major regulator of phenotypic adaptation induced
by exercise. PGC-1o has been identified as a transcriptional
coactivator of peroxisome proliferator-activated receptor 7y
(PPARY) in brown fat cells (152). PGC-1a and its homolog
PGC-1 are also co-activators for PPAR« and PPARO (involved
in adipocyte differentiation and thermogenesis), and for a va-
riety of transcription factors other than PPARs (63, 101, 105,
124,151, 152, 199). PGC- 10 promotes up-regulation of itself by
an interaction with MEF2 on its own promoter (63) (Fig. 3).
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FIG. 3. Signaling pathways triggered by contraction and involving PGC-1a. PGC-1« is a major regulator of skeletal
muscle remodeling induced by exer01se Changes in contractile activity are sensed by intracellular sensors involved in PGC-
1o activation. These include Ca®*-dependent calcineurin and CAMKs, NO, ROS, p38 MAPK, AMPK, and SIRT1. Once
activated, PGC-1o co-activates a variety of transcription factors and nuclear receptors such as PPARs ERR-o, NRF-1, NRF-2,
MEF2, CREB, thyroid receptor, FoxO, Sox9, and Tfam, which upregulate genes coding for mitochondrial proteins such as
Mitofusin-2, PDK, Cyt ¢, and Cytrate synthase, thereby inducing mitochondrial biogenesis. PGC-1a also induces the
transcription of genes encoding proteins that are involved in lipid metabolism (e.g., CPT, ff-oxidation enzymes, and CD36),
in angiogenesis, and in termogenesis. Moreover, PGC-1« triggers transcription of itself by interacting with MEF2 on its own
promoter. By interacting with MEF2 (which binds the promoter of the gene encoding GLUT4), it also induces GLUT4
overexpression and enhances insulin sensitivity. The final effects of PGC-1o are fast-to-slow myofiber phenotype shift and
muscle performance improvement. ERR-u, estrogen-related receptor-a; AMPK, AMP-activated protein kinase; CREB,
cAMP-response element-binding protein; FoxO, forkhead box; Sox9, sex determining region Y-box 9; Tfam, transcription
factor A mitochondrial; MEF2, myocyte enhancer factor 2; NRF=nuclear respiratory factor; p38 MAPK, p38 mitogen-
activated protein kinase; PDK, pyruvate dehydrogenase kinase; PGC-1o=peroxisome proliferator-activated receptor y
(PPARY) coactivator-1o; ROS, reactive oxygen species; SIRT1, sirtuin 1.
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PGC-1a expression in skeletal muscle is greatly induced
by a single bout of exercise and also after prolonged
physical activity (5, 118, 146, 180, 181, 197). Exercise
seems to regulate not only the level of PGC-1¢ but also the
translocation of the protein to the nucleus (197). PGC-1a is
the master regulator of mitochondrial biogenesis; its
overexpression increases mitochondrial content. PGC-1a
promotes mitochondrial oxidative metabolism, glucose
and lipid metabolism, and energy homeostasis and en-
hances angiogenesis (124, 199). There are also strong in-
dications that PGC-1o plays a key role in fiber-type
specificity; indeed, PGC-1« is involved in slow phenotype
specification and is mainly expressed in slow muscles
(102, 103) (Fig. 3). Moreover, transgenic mice over-
expressing PGC-1o in skeletal muscles develop slower
muscles and display a muscle phenotype similar to that of
aerobically trained mice—high levels of mitochondrial
enzymes, high respiratory capacity, increased resistance to
fatigue, and thus improved exercise performance (19, 102,
190). On the other hand, PGC-1a knock-out mice have
reduced oxidative capacity and muscle performance, but
no clear influence on MyHC fiber type. By contrast, the
muscle-specific PGC-1a knock-out animals display a
slow-to-fast shift in MyHC fiber type, as well as reduced
oxidative capacity and impaired muscle function (62, 190).
However, on exercise, muscle-specific knock-out mice
exhibit normal running activity and normal fast-to-slow
fiber type transformation; while mitochondrial biogenesis
and angiogenesis appears to depend on PGC-1« as well as
on endurance exercise (49).

Since PGC-1o enhances GLUT4 expression and insulin
sensitivity, it has been proposed that the improved glucose
transport and insulin sensitivity occurring during exercise
might be, in part, mediated by PGC-1a. However, data from
transgenic and knock-out mice are highly controversial as
discussed by Lira et al. (49, 103, 131).

PGC-1a activity is regulated by transcriptional regulation
and also by post-translational modifications: phosphoryla-
tion, sumolation, and deacetylation as well as methylation
and ubiquitination. A single bout of exercise or endurance
exercise induces PGC-1o deacetylation in skeletal muscle,
and this correlates with the up-regulation of PGC-1a target
genes. Both phosphorylation and deacetylation of PGC-1a
have been suggested to be necessary for PGC-1u ability to
induce up-regulation of mitochondrial genes and of PGC-1a
gene itself (21, 74). The signal transduction pathways in-
duced by contraction sensors include those mediated by
AMP-activated protein kinase (AMPK), sirtuin 1 (SIRT1),
protein kinase C, changes in intracellular Ca®* concentra-
tion, p38 mitogen-activated protein kinase (p38 MAPK),
nitric oxide (NO®), reactive oxygen species (ROS), redox
balance, and hypoxia-inducible factor-1 (HIF-1). Several of
these signaling pathways may contribute to exercise-induced
PGC-1u activation (60) (Fig. 3).

AMP-activated protein kinase

It has been shown, both in tissue culture and in vivo, that
PGC-10o could be regulated by AMPK (4, 71, 72). AMPK is a
serine/threonine kinase that regulates metabolic adaptation of
skeletal muscle in response to an altered cellular energy
status. Being a metabolic sensor for energy deprivation,
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AMPK plays a key role in metabolic flexibility of skeletal
muscle, which is critical for the energy homeostasis of the
whole organism. AMPK is activated allosterically by in-
creased AMP/ATP and creatine/phosphocreatine (Cr/PCr)
ratios that are caused not only by fasting or glucose depri-
vation, but also by cellular stress and oxidative stress (80).
In order to rebuild energy stores in the cell, AMPK trig-
gers signaling pathways that induce the transcriptional up-
regulation of enzymes involved in lipid, glucose, and
mitochondrial oxidative metabolism and in mitochondrial
biogenesis (8, 74, 105, 192) (Fig. 4). Since AMPK activation
acts to spare ATP, it inhibits anabolic pathways such as
glycogen synthesis and protein synthesis and induces cata-
bolic pathways (23).

In addition to fasting, AMPK is also activated in the
skeletal muscle by exercise. Intense contraction requires high
amounts of ATP, thereby leading to AMP/ATP ratio increase.
Exercise enhances AMPK phosphorylation and AMPK en-
zymatic activity in an intensity-dependent manner (65, 192,
195). Strikingly, the pharmacologic activator of AMPK, 5-
aminoimidazole-4-carboxamide-1--4-ribofuranoside (AICAR)
increases the amount of mitochondria; promotes mitochon-
drial oxidative enzymes, GLUT4, hexokinase (HK) II, FFA
p-oxidation, and PGC-1a up-regulation both in vitro and
in vivo (176, 193). The AMPK agonist AICAR is able to
enhance running performances of mice in the absence of
exercise training (133). Pharmacological compounds that
activate beneficial endurance exercise-induced signalings are
defined as ‘‘exercise mimetics.” The PPARp/§ agonist
GWI1516 is a part of this category (89, 179). In addition,
resveratrol and chitooligosaccaride have recently been in-
cluded in this class of compounds (78, 127). ““Exercise mi-
metics’ are also beneficial to dystrophin-deficient skeletal
muscle, with some having been tested as a therapeutic for
type 2 diabetes (75, 78).

It has been proposed that AMPK may be necessary for
PGC-1a activity. AMPK is able to directly phosphorylate
PGC-1o in Thr 177 and Ser 538, thus being necessary for its
deacetylation by SIRTI. Indeed, the down-regulation of
AMPK inhibits PGC-1a deacetylation induced by exercise
(21). AMPK also acts by modulating metabolic enzymes
such as acetyl-CoA carboxylase (ACC) and GLUT4 (Fig. 4).
Moreover, AMPK phosphorylates some transcription factors
acting on PGC-/o and mitochondrial gene expression (Fig.
4). Similar to exercise, thyroid hormones increase energy
demand and oxygen consumption, hyperthyroid conditions
resulting in increased glucose uptake, FFA f-oxidation, and
oxidative capacity. Interestingly, it has been shown that
electrical stimulation plus thyroid hormone treatment trigger
mitochondrial biogenesis in skeletal muscle through the
phosphorylation of AMPK by liver kinase B1 (LKB1) and its
associated proteins. AMPK, in turn, increases the phos-
phorylation of cAMP-response element-binding protein
(CREB) and the expression of CREB-responsive mitochon-
drial genes such as those coding for PGC-1¢ and cytochrome ¢
(Cytc) (17, 182). However, while it has been shown that fast-
to-slow fiber-type shift during exercise depends on AMPK,
AMPK inhibition does not impair PGC-1¢ and mitochondrial
induction, as reviewed by Lira et al. (103). Despite this dis-
crepancy, most data strongly suggest that skeletal muscle
adaptation induced by endurance exercise may be mediated by
AMPK-induced PGC-1a. Moreover, this incongruity might be



160

7]

FERRARO ET AL.

—

it

mmmm o m sarcolemma

R

D

ﬁTm_

AR

mmnnm‘
Contractlon
AMP!ATPI il \

sarcoplasm

N

o\

Fasting adaptation
and

exercize
adaptation

NRF-1, ™
CREB,
MEF2,

FasHo—sIow ﬁber !

HDACs
phenotype Shlﬂ. /
_ Muscle ™~
. nucleus -~ performance )
/Enhan ced |_T1provement
oxidative

NAD+/NADH |

Y metabolism,’"

FIG. 4. Modulation of PGC-1a« by AMPK and SIRT1. The serine/threonine kinase AMPK is activated by increased
AMP/ATP ratio. AMPK is a heterotrimer with a catalytic « subunit and two (ff and y) regulatory subunits. Exercise requires
a high amount of ATP, thereby leading to AMP/ATP ratio increase, which enhances AMPK phosphorylation and AMPK
enzymatic activity. AMPK acts by phosphorylating and modulating some transcription factors such as NRF-1, CREB, and
MEF2, as well as HDACs, and also by phosphorylating metabolic enzymes. For example, it induces lipid metabolism by
phosphorylating and inactivating ACC. In the skeletal muscle, AMPK activation also triggers Glu uptake by enhancing
GLUT4 translocation to the sarcolemma. Moreover, AMPK phosphorylates PGC-1¢; this is needed for its deacetylation by
SIRT1. These modifications enable PGC-1o to migrate into the nucleus, where it plays its role as a transcription factor,
thereby triggering numerous effects. ACC, acetyl-CoA carboxylase; HDAC, histone deacetylase.

explained by the fact that, in addition to AMPK, other path-
ways (described in the next paragraphs) have been proposed as
being induced by exercise and as activating PGC-1a.

Sirtuins

As stated earlier, PGC-1a may also be regulated by dea-
cetylation. Most probably, PGC-1a deacetylation occurs by
means of the protein deacetylase SIRTI1. It has been sug-
gested that AMPK-mediated PGC-1a phosphorylation is
necessary for PGC-1a deacetylation by SIRT1 (20, 21) (Fig.
4). The regulation of the sirtuin family of deacetylases is
NAD™ dependent (168). AMPK might activate SIRTI by
increasing the NAD */NADH ratio through the induction of
oxidative metabolism and also by promoting the expression
of nicotinamide phosphoribosyltransferase (NAMPT) in
NAD™ biogenesis (20, 21, 47). SIRT1 activity is associated
with enhanced mitochondrial function and exercise perfor-
mance. After exercise or fasting, dynamic NAD"/NADH
ratio changes occur as a consequence of increased oxidative
metabolism, which determines a reoxidation of NADH to
NAD™. Tt has been demonstrated that endurance exercise is
able to stimulate SIRT1 by promoting the expression
NAMPT in NAD™ biogenesis. However, it is also possible
that the changes in sirtuins and NAD ¥ metabolism occur in
parallel with exercise-induced skeletal muscle remodeling,
rather than being a causative factor of the same. Recently, the
role of SIRT1 in PGC-1o deacetylation and mitochondrial

biogenesis on endurance exercise has been confuted: It has
been suggested that another deacetylating agent (general
control of amino-acid synthesis [GCNS5]), and not SIRT1, is
involved in PGC-1a deacetylation (145).

Independently of PGC-1o deacetylation, enhanced sirtuin
activity is associated with skeletal muscle remodeling on
exercise (50, 94). By sensing the NAD */NADH ratio and
deacetylating lysine residues on enzymes and transcription
factors, sirtuins couple the alterations in the cellular redox
state with the adaptive changes in gene expression and me-
tabolism. Interestingly, exercise-induced increase of SIRT3
is associated with improved mitochondrial function and en-
hanced skeletal muscle insulin sensitivity (20, 94).

p38 Mitogen-activated protein kinase

Acute exercise activates some MAPKs (Fig. 5): It has been
suggested that PGC-1« activation and the following skeletal
muscle metabolic adaptation triggered by exercise might be
mediated by p38 MAPK, which phosphorylates PGC-1o and
enables its translocation to the nucleus (Fig. 5). Both PGC-1«
phosphorylation and deacetylation seem to be necessary for
PGC-1o nuclear translocation (151, 197). Moreover, p38
MAPK phosphorylates some transcription factors directly
inducing up-regulation of PGC-1« and, in turn, of mitochon-
drial genes (2, 22) (Fig. 5). p38 MAPK is necessary for PGC-
la-mediated angiogenesis due to endurance exercise and
to motor nerve stimulation in mice (147). PGC-1a-mediated
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regulation of PGC-1o and, in turn, of mitochondrial genes. It has also been proposed that p38 MAPK might regulate PGC-
1o induction by endurance exercise mainly by mediating its nuclear translocation; while PGC-10 up-regulation might occur
as a secondary effect of PGC-1« translocation and activity. The increased activity of PGC-1o-induced by p38 MAPK mainly
mediates angiogenesis and metabolic adaptation to exercise. ATF, activating transcription factor; ERK, extracellular-signal-

regulated kinase; JNK, c-Jun N-terminal kinase.

metabolic adaptation to exercise specifically depends on the
p38y MAPK isoform, which induces mitochondrial biogenesis
and PGC-1o overexpression. The key role of p38y MAPK in
exercise-induced metabolic adaptation is strongly supported.
By contrast, exercise-induced contractile adaptation was un-
affected in p38y MAPK muscle-specific knock-out mice, and,
therefore, p38 MAPK may not be necessary for fast-to-slow
fiber type switch, which might be otherwise regulated.

Ca®* signaling

Several in vitro, ex vivo, and in vivo experiments strongly
suggest that the concentration of calcium in the myofiber has
a key role in PGC-1a regulation during contraction. The
Ca®" ionophore caffeine or electrical stimulation induces
PGC-1a mRNA up-regulation, with this effect being medi-
ated by Ca”"*/calmodulin-dependent calcineurin and Ca**/
calmodulin-dependent kinases (CaMKs) (93) (Fig. 6).

Calcineurin is a serine/threonine phosphatase that is
Ca”*/calmodulin dependent and activated during skeletal
muscle contraction. Although the role of calcineurin in
exercise-triggered muscle remodeling and in PGC-la
overexpression has not been fully demonstrated, its activity
has been associated with slow myofiber gene expression.
Calcineurin dephosphorylates and activates the NFAT tran-
scription factor, which is involved in slow-twitch gene ex-
pression (30, 171). Accordingly, calcineurin overexpression in
mice induces genes coding for slow-twitch proteins such as

myoglobin, GLUT4, pyruvate dehydrogenase kinase (PDK),
and mitochondrial enzymes and is associated with enhanced
endurance exercise performance (79, 134). Calcineurin in-
duces PGC-Ia transcription, and inhibition of the calci-
neurin/NFAT axis reduces type I fiber gene expression and
reduces fast-to-slow fiber type transition (199). Available
data strongly suggest that, while p38 MAPK/PGC-1« con-
trols mitochondria biogenesis and angiogenesis in response
to endurance exercise, calcineurin/NFAT axis controls fi-
ber-type shift.

CaMKs are also considered as being involved in the acti-
vation of slow oxidative gene expression in myocytes, al-
though their role in adaptation due to exercise needs further
elucidation (29, 38, 103). CaMKs’ overexpression is asso-
ciated with increased PGC-Io gene expression, mitochon-
drial biogenesis, glucose and lipid uptake and oxidation,
skeletal muscle plasticity, and reduced fatigability (37).
CAMKSs might act along with p38 MAPK in activating PGC-
1o and mitochondrial biogenesis (29, 198) (Fig. 6).

Exercise induces histone deacetylase 4 (HDAC4) and
HDACS export out of the nucleus. HDAC4 usually re-
presses MEF2 and, consequently, PGC-I« transcription.
The activation of CaMKII leads to phosphorylation and
nuclear exclusion of HDAC4, which releases MEF2,
thereby enabling the transcription of the genes encoding
PGC-1o and GLUT4 (104). It has been postulated that
CAMKSs might be upstream kinases for AMPK, p38 MAPK,
and HADC4 during contraction (103) (Fig. 6).
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HDACs. CaMKs phosphorylate and directly activate MEF2, which promotes the transcription of PGC-1o. Nuclear HDAC4
inhibits MEF2. By phosphorylating HDAC4, CaMKs induce HDAC4 export out of the nucleus, thereby releasing MEF2.
CaMKs, Ca2*/calmodulin—dependent kinases; NFAT, nuclear factor of activated T-cells.

ROS and NO*®

The skeletal muscle generates a complex set of ROS and
reactive nitrogen species (RNS), both at rest and during con-
tractile activity (61). The primary ROS produced by mitochon-
dria is the superoxide anion (O,° ™). Through various reactions, it
gives rise to other ROS, mainly hydrogen peroxide (H,O,) and
hydroxyl radical (OH®) (Fig. 7A). The main RNS is NO® that is
generated by different isoforms of nitric oxide synthases (NOS).
0,°~ can react rapidly with NO® and produce more dangerous
RNS (e.g., peroxynitrite [ONOO™]) (43, 148) (Fig. 7A).

Mitochondria are the predominant site for ROS generation
in cells (43). Other potential sites for ROS and RNS gener-
ation in skeletal muscle are the sarcoplasmic reticulum, the
transverse tubule, and the sarcolemma, all of which contain
an NAD(P)H-dependent oxidase that generates O,°~. More
specifically, in skeletal muscle, this enzyme appears to use
NADH as a substrate (148). Other sources of oxidative stress
during physical exercise are the inflammatory response me-
diated by neutrophils, the activity of xanthine oxidase, and
the phospholipase A, (PLA,) (56, 186) (Fig. 7A).

The most ROS and RNS can irreversibly modify and
damage proteins, DNA, and lipids; lipid peroxidation is, in
turn, a source of new free radicals (43). However, the tradi-
tional view by which ROS are a by-product of oxidative
metabolism with only negative effects on cellular com-
ponents has been now ruled out. ROS have a physiologi-
cal function, as they are necessary for regulating several key

biological processes. It has been hypothesized that their
beneficial or detrimental effects depends on their concen-
tration. At a very low concentration, ROS would induce bi-
ological processes such as proliferation and differentiation.
At a slightly higher concentration, they would mediate the
response of cells to ROS by inducing antioxidant genes. If
ROS concentration becomes too high, they would then in-
duce cell death (36, 178). Low and physiological levels of
ROS are required for force production in skeletal muscle. By
contrast, high levels of ROS promote contractile dysfunction,
resulting in muscle weakness and fatigue (150). In order to
maintain the redox balance, the levels of ROS, their gener-
ation, and elimination are finely tuned: Skeletal muscle has a
well-developed system of scavengers that prevent deleterious
effects of ROS (Fig. 7A).

Reactive species and muscle plasticity. The elevated
metabolic rate associated with physical exercise and muscle
contraction increases mitochondrial oxygen utilization in
muscle tissue and, consequently, increases ROS generation.
It has been recently proposed that both contraction-induced
ROS generation and NO® play an important physiological
function in the regulation of both muscle force production
and contraction-induced adaptive response of muscle fibers
to exercise training (81, 103, 140, 150, 174).

Since ROS’s seemingly contradictory beneficial and det-
rimental effects are probably due to the difference in both the
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which being well characterized) within the mitochondrial respiratory chain through incomplete reduction of oxygen in the
electron transport system. O,°~ can also be generated as a specific product of some enzymes into mitochondria. Moreover,
NADH oxidase, xanthine oxidase, and PLA, are other O,°~ generators. O,°~ can undergo spontaneous dismutation or
dismutation catalyzed by MnSOD (in the matrix) and Cu/ZnSOD (in the intermembrane space and in the cytosol) and form
H,0,. H,0, is cytotoxic; however, it is poorly reactive and is considered a relatively weak oxidizing agent. H>O, is unable
to oxidize DNA or lipids directly, but it can inactivate some enzymes. H,O, might be de-tossificated in H,O by catalase or
GPX or be transformed, through the Fenton reaction, into OH® which is, by contrast, highly reactive and able to damage
most macromolecules, including DNA, proteins, and lipids. O,°~ can react with NO® and produce ONOO ™. ONOO ™ is able
to rapidly cross membranes and is a strong oxidant agent that can lead to DNA damage and nitration of proteins. Sub-
intracellular measurements and detection of ROS are usually prone to artifacts, while O,°~ intracellular catabolism is
extremely complex and controversial. Therefore, the earlier description is an oversimplification. Skeletal muscle has a well-
developed system that prevents potentially deleterious effects of ROS (such as catalases, SODs, glutathione, GPX, per-
oxiredoxins, and thioredoxins). The abundance of scavengers abrogates free-radical chain reaction propagation under
physiological conditions. If redox homeostasis is disrupted, the cell becomes damaged, thus leading to a pathological
condition. (B) ROS and NO® mediate a contraction-induced adaptive response to exercise. NO® and ROS mediate the up-
regulation of PGC-10, GLUT4, mitochondrial genes, and slow genes. Moreover, ROS increase Glu uptake by triggering p38
MAPK (and also ERK) phosphorylation and activation, which possibly phosphorylates and activates PGC-1a. ROS and
RNS trigger PGC-1a phosphorylation and Glu uptake also through AMPK. Moreover, ROS induce NF-xB-mediated
transcription of PGC-a. Contraction also induces NO production by NOS. NO°®, in turn, activates calcineurin/NFAT
induction of fast-to-slow phenotype. NOS is a Ca®*/calmodulin- dependent enzyme that should be dephosphorylated in
order to produce NO®, and this might depend on calcineurin. NOS is also regulated by AMPK. NO®, nitric oxide; 0,°~,
superoxide anion; H202, hydrogen peroxide; GPX, glutatione peroxidase; NF-xB, nuclear factor-kappa B; NOS, nitric oxide
synthases; OH®, hydroxyl radical;, ONOO ~, peroxynitrite; PLA,, phospholipase A,; RNS, reactive nitrogen species; SOD,
superoxide dismutase.

magnitude and the temporal pattern of ROS generation, it is
plausible that moderate exercise can produce low levels of
ROS and activate signaling pathways, leading to cellular
adaptation and protection against stress. By contrast, maxi-
mal, or near maximal, bouts of high-intensity physical ex-
ercise and high levels of ROS production may result in
chronic activation of signaling pathways that promote cell
damage and, potentially, cell death (1).

Of particular interest is the role of NO® signaling in the
adaptive responses to exercise. More specifically, it has been
clearly shown that NO® and its derivatives play a role in the

modulation of cellular metabolism and in fast-to-slow fiber-
type transformation (138). NO® seems to mediate the up-
regulation of PGC-1a, GLUT4, and mitochondrial proteins,
thus modulating mitochondrial function and biogenesis (122)
(Fig. 7B). This hypothesis is supported by several data indi-
cating that NO® production increases in skeletal muscle
during contractile activity (140, 173); that low levels of NO*®
induce mitochondrial biogenesis, PGC-1a and GLUT4 ex-
pression in cultured muscle cells (138); and that NO® is re-
quired for the up-regulation of slow MyHC induced by
overload (169). It has also been observed that administration
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to humans of inorganic nitrate (which can be converted into
NO?® in the body) significantly improves energy metabolism
during exercise (24). Moreover, a genetic deletion of NOS or
their pharmacological inhibition prevents PGC-1o induction
that is triggered by endurance exercise (188). It has also been
demonstrated that NOS activity mediates sarcomere addition
during remobilization of muscle and increases expression of
the structural proteins talin and vinculin during cyclic
stretching of skeletal muscle (85), thus further proving a role
for NO*® in the skeletal muscle phenotypic adaptation to ex-
ercise. H,O, also seems to be important for plasticity of
skeletal muscle and for PGC-1a induction (174). As such,
cultured muscle myotubes treated with H,O, show induction
of PGC-1u, and the antioxidant N-acetyl-L-cysteine (NAC)
inhibits this up-regulation (71). Moreover, recent findings
suggest that ROS are involved in the regulation of glucose
uptake by muscles (95, 163) and that ROS scavengers and
generic antioxidants are able to modify glucose uptake
(25). Interestingly, antioxidants inhibit the up-regulation of
PGC-1a, mitochondrial proteins, and the increase of insulin
sensitivity induced by endurance exercise or by electrical
stimulation (55, 156).

PGC-1a activation induced by ROS also seems to trigger
protection against excessive oxidative stress. This is possibly
due to either the PGC-1a-induced up-regulation of antioxi-
dant enzymes and/or to the fact that the increased number of
mitochondria triggered by PGC-1o might enable lower levels
of respiratory activity for each mitochondrion while main-
taining the same amount of global ATP generation (155).

Interaction between reactive species and the other path-
ways involved in muscle plasticity. It has been suggested
that ROS and RNS might play a role in the phenotypic ad-
aptation induced by exercise by triggering p38 MAPK and
AMPK, which are known to activate PGC-1« after contrac-
tion (70, 81, 103) (Fig. 7B). Exogenous ROS increase glucose
uptake via p38 MAPK activation/phosphorylation; accord-
ingly, the inhibition of p38 MAPK reduces ROS-induced
glucose uptake (25). Moreover, contraction-induced RNS
and ROS are able to increase glucose uptake via AMPK;
while NAC and NOS inhibitors inhibit this effect. PGC-1ua
might be a part of a redox-sensitive pathway, which might
also involve the ROS-sensitive nuclear factor-kappa B (NF-
kB). In fact, human PGC-1a promoter contains several NF-
kB binding sites and ROS might induce PGC-Io transcrip-
tion through NF-xB (121) (Fig. 7B). ROS also mediate c-Jun
N-terminal kinase (JNK) signaling activation triggered by
acute exercise (141). In addition, it has recently been shown
that the xanthine oxidase inhibitor allopurinol is able to
attenuate skeletal muscle signaling after acute exercise
(namely, the increased phosphorylation of p38 MAPK and
extracellular-signal-regulated kinase [ERK]), although this
inhibitor does not impair mitochondrial adaptations to en-
durance training (PGC-la, GLUT4, and superoxide dis-
mutase [SOD] increase) (87, 116, 189). Moreover, some
authors suggest that NOS are activated by both Ca’* and
AMPK. As such, several studies have demonstrated that
NO°® is involved in Ca**/calmodulin and AMPK-mediated
effects and regulation of PGC-1a (103, 122).

In summary, data in literature strongly suggest that con-
traction stimulates a new molecular and metabolic profile,
which is most probably mediated by reactive species. ROS
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scavengers and generic antioxidants are useful to reduce the
damage due to excessive oxidative stress; however, they
might also impair beneficial phenotypic adaptation to exer-
cise in skeletal muscle such as glucose uptake (25, 36). The
specific role that ROS/RNS play in mitochondrial biogenesis
needs to be unraveled and further defined, as does the ques-
tion as to whether PGC-1a expression in skeletal muscle
depends on ROS/RNS.

Hypoxia-inducible factor-1

During exercise, oxygen consumption increases enor-
mously; while the partial pressure of oxygen (PO,) in the
contracting muscle decreases (60). This might activate the
transcription factor HIF-1. In normoxic conditions, the sub-
unit HIF-1a is hydroxylated by prolyl hydroxylase enzymes
(PHD), which are sensors of cellular oxygen tension: Hy-
droxylation of HIF-1« finally results in its proteasomal deg-
radation. When the intracellular PO, decreases, pyruvate
dehydrogenase (PDH) are inhibited and HIF-1« is no longer
degraded, thus enabling HIF-1 accumulation (73, 170). It has
been suggested that HIF-1-dependent processes are impor-
tant for muscle adaptation to low oxygen tension occurring
during endurance exercise. In fact, HIF-1 enhances the
transcription of genes involved in angiogenesis, erythropoi-
esis, and metabolic pathways, thereby enabling more oxygen
delivery to tissues; it also enhances the transcription of genes
that are involved in oxygen-independent energy production
such as glycolysis (45, 117). This is in accordance with the
finding that HIF-12 mRNA and protein levels increase after
acute exercise (86). On the other hand, other authors have
found that training reduces HIF-1 expression (107); this
suggests that HIF-1 is not responsible for the improvement of
oxygen transport and utilization during exercise. Accord-
ingly, it has recently been found that HIF-1 signaling and
overall gene expression on prolonged exercise is different
when compared with changes observed on hypoxia (86).
Furtheremore, albeit controversial, it has also been proposed
that HIF-1 may induce a slow-to-fast fiber type transforma-
tion which is in conflict with the induction of mitochondria
and oxidative metabolism generally occurring on exercise
(60, 86, 117).

Exercise and Skeletal Muscle Mass

As stated earlier, while endurance exercise acts by up-
regulating mitochondrial metabolism and fiber-type trans-
formation, the beneficial effects of resistance exercise mainly
depend on its ability to increase muscle mass. Skeletal muscle
mass depends on a delicate balance between protein synthesis
and protein degradation: Resistance exercise influences both
these processes by activating the phosphoinositide 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) sig-
naling (52). The kinase mTOR exists in two independent
complexes: mTOR complex 1 (mTORC1) and mTORC?2 (Fig.
8). Raptor and Rictor are specific functional components of
TORC1 and TORC?2, respectively. mTORCI controls pro-
tein translation by phosphorylating the eukaryotic translation
initiation factor 4E-binding protein-1 (4E-BP1) and p70 ri-
bosomal protein S6 kinase (p70S6K). p70S6K phosphory-
lates the ribosomal subunit S6 and up-regulates protein
synthesis. mTORC?2 prevents protein degradation by phos-
phorylating and inhibiting the forkhead box (FoxO) class
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FIG. 8. A general overview of the signaling molecules involved in the regulation of autophagy in skeletal muscles.
Autophagy is a multi-step process that involves distinct phases during which part of the cytoplasm intracellular organelles are
sequestered within characteristic double-membraned autophagic vacuoles (autophagosomes) that fuse with lysosomes and be-
come autophagolysosomes. There, defective intracellular organelles and proteins are digested by a battery of lysosomal hy-
drolases. LC3 and the Vps34-Beclinl complex are required, among many other proteins, for autophagosome formation. In
skeletal muscles, ROS production influences different cell signaling pathways, including selective mitochondrial autophagy
(mitophagy). Damaged mitochondria removal is particularly needed during exercise when the oxidative metabolism and the
turnover of mitochondria increase. Moreover, ROS are mainly produced by mitochondria. The activation of the pivotal autophagy
protein LC3 is mediated by the redox-sensitive Atg4 protease, which cleaves LC3. Growth factors such as IGF induce the PI3K/
Akt signaling, which activates mMTORC1 and mTORC2. mTORC1 (known to activate protein synthesis) also inhibits autophagy,
as it inhibits the formation of the Atgl (in humans ULK1) complex. ULKI is a serine/threonine kinase that forms a complex with
different regulatory proteins such as Atgl3 and Atgl7. Atgl3 hyper-phosphorylation inhibits its association with Atgl, while the
Atgl—-Atgl3 interaction enables the generation of autophagosomes. mTORC2 phosphorylates and inhibits FoxO transcription
factors, thus inhibiting autophagy. Indeed, dephosphorylated FoxOs migrate into the nucleus and activate the transcription of
genes that control muscle mass. FoxOs activate both ubiquitin-proteasome genes (atrogin-1 and MuRF-1) and autophagy-
lysosome genes such as Beclinl, LC3, Atg4, Atgl2, Atgl6, and AtgS. PTEN inhibits the PI3K/Akt signaling pathway, and,
therefore, it enables autophagy. Exercise, mitochondrial dysfunctions, starvation, and oxidative stress increase the intracellular
AMP/ATP ratio, thus activating the energy stress sensor AMPK, which, in turn, promotes autophagy by inhibiting mTORCI
through the phosphorylation of TSC2. The TSC complex, consisting of TSC1 and TSC2 proteins, regulates the activity of the
mTORC via Rheb, a small GTPase. In addition, AMPK induces autophagy by triggering ULK1 phosphorylation. By integrating
signals from upstream sensors such as mTOR and AMPK, the ULK1 complex plays a central role in autophagy. AMPK activates
FoxO transcription factors and leads to the expression of LC3 and Beclinl. Through a mechanism not yet known, p38 MAPK
also seems to induce autophagy. In addition, SIRT1 can deacetylate Atg5, Atg7, and LC3, thus inducing autophagy; nuclear
SIRT1 might induce the expression of autophagy genes through the activation of FoxOs. HDACI and 2 regulate muscle
autophagy by controlling the expression of autophagy genes. During exercise, PGC-1a induction is mediated, among other things,
by AMPK and p38 MAPK. Exercise up-regulates SIRT1 that removes acetyl groups from PGC-1a, enabling its translocation to
the nucleus. PGC-1« induction has been associated with increased autophagy, although this hypothesis needs further investi-
gation. IGF, insulin growth factor; LC3, microtubule-associated protein 1-light chain 3; mTOR, mammalian target of rapamycin;
mTORC, mTOR complex; MuRF-1, muscle ring finger protein 1; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and
tensin homologue; TSC, tuberosus sclerosis complex; ULK1, unc-51-like kinasel; Vps34, vacuolar protein sorting 34. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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of transcription factors. Indeed, FoxO transcription factors
induce the expression of atrogin-1/muscle atrophy F-box
(MAFbx) and muscle ring finger protein 1 (MuRF-1), two E3
ubiquitin ligases, which promote the ubiquitination and
the proteasome-mediated degradation of critical sarcomeric
proteins (9). The ubiquitin-proteasome system mediates
muscle atrophy in several conditions, and the oxidative stress
plays a key role in the regulation of the proteasome pro-
teolytic activity (149). Mechanosensory regulation of pro-
tein synthesis is determined by high-force contractions that
damage the sarcolemma and activate the membrane phos-
pholipid phosphatidic acid, which, in turn, activates mTOR.
During resistance exercise, mechanosensory regulation of
protein synthesis also involves some transmembrane re-
ceptors called focal adhesion kinase (FAK) proteins, which
transmit the contractile force through the skeletal muscle
architecture and trigger protein synthesis by inducing mTOR
activation (39, 84).

The influence of exercise on muscle mass also involves
muscle stem cells. As such, exercise induction of hypertrophy
is accompanied by satellite cell fusion to myofibers. Mi-
tochondria are considered as being involved in the regulation
of myoblast proliferation/differentiation; therefore, PGC-10-
mediated mitochondrial biogenesis triggered by endurance
exercise might possibly influence satellite cell fusion (113,
157). Interestingly, PGC-1o up-regulation occurs during
differentiation (88, 130). Other signalings triggered by en-
durance exercise, such as p38 MAPK and Akt, contribute to
satellite cell differentiation (1, 153, 183). Therefore, muscle
wasting might be counteracted by endurance training through
enhancement of myoblast differentiation and fusion. In ad-
dition, it has been suggested that PGC-1o might control
muscle wasting pathways (18). It reduces the FoxO3-
associated muscle atrophy, and mice overexpressing PGC-1a
are protected from sarcopenia and have an increased lifespan
(162, 191). Moreover, increasing mitochondrial oxidative
metabolism and biogenesis protects from atrophy, and this
might be achieved by endurance exercise-induced PGC-1«
(75, 191). Regular submaximal aerobic activities have also
been found to be beneficial for patients afflicted with Du-
chenne muscular dystrophy (DMD), while ‘“‘exercise mi-
metics’” decrease muscle inflammation and inhibit FoxO1
signaling (75). It has also been shown that exercise inhibits
MuRF up-regulation due to diabetes and that this might
mediate exercise’s beneficial effects on this disease (26, 51).

Autophagy

Along with the ubiquitin-proteasome activity, another
major proteolytic process mediates protein degradation in
cells—the autophagy-lysosome system. At baseline levels,
autophagy is a housekeeping mechanism cleaning cells of
aberrant and dysfunctional molecules and organelles, thereby
maintaining cell homeostasis. Autophagy is a multi-step
process during which a part of the cytoplasm (including
intracellular organelles) is sequestered within double-
membraned autophagic vacuoles (autophagosomes), which
then fuse to lysosomes and become autophagolysosomes
(Fig. 8). By this mechanism, defective organelles and pro-
teins are digested by lysosomal hydrolases (41, 126). Under
stress conditions, autophagy increases and promotes tempo-
rary cellular adaptation to unfavorable conditions. It pri-
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marily favors survival during nutritional stress imposed by
decreased nutrients; the degradation of intracellular material
through autophagy becomes an alternative source of energy
(83, 91).

More than 31 autophagy-related genes (ATG) have been
identified. They encode Atg proteins, which form different
complexes during the various steps of the autophagy process.
In mammalian cells, the vacuolar protein sorting 34 (Vps34)
complex regulates the initial steps of autophagosome for-
mation. This complex is composed of the class III-PI3K
Vps34, the kinase Vps15 (p150 in mammals), Atgl4 (Barkor
or mAtgl4 in mammals), and Atg6/Vps30 (Beclinl in
mammals). Beclinl interacts with several enhancing (Am-
bral, Atgl4/Barkor, and UVRAG) or inhibitory (Rubicon,
B-cell lymphoma 2 [Bcl2], and BclX/1) factors that modulate
its binding to Vps34 (44, 100, 119). In particular, the disso-
ciation of Beclinl from Bcl2 is essential for its autophagic
activity. After the initial step, two ubiquitin-like conjugation
systems are required for autophagosome formation comple-
tion: the Atgl2-AtgS and the microtubule-associated protein
1-light chain 3 (LC3)-phosphatidyl-ethanolamine (PE) sys-
tems. By means of the first conjugation system, the Atgl2-
Atg5-Atgl6L complex is added to the elongating membrane
of autophagosomes, thus enabling it to grow. With regard to
the other conjugation system, after the activation by Atg7
and Atg3, the Atgd-cleaved LC3 interacts and conjugates
with PE. PE-LC3 is the active form of LC3 (named LC3-II),
which stably associates with the autophagosomal membrane.
In the final stages of autophagy, the autophagosomes fuse
with the lysosomes for degradation of their *“‘cargo’ (126).

Autophagy and skeletal muscle mass maintenance

The role of autophagy in the maintenance of muscle mass
is controversial. While excessive autophagy is detrimental to
skeletal muscle and contributes to muscle wasting, basal
autophagy is required for the maintenance of skeletal mus-
cle homeostasis and integrity (112, 161). The autophagy-
lysosome system is activated in several atrophy conditions
such as fasting, caloric restriction, cancer cachexia, aging,
disuse, and denervation (114, 161). Conversely, the key role
of autophagy in skeletal muscle homeostasis maintenance is
supported by the fact that muscle-specific ablation of key
autophagy proteins such as Atg7 or Atg5 produces myofiber
degeneration and muscle weakness (10, 161). Accordingly,
ablation of Vpsl5 and ablation of the autophagy regulator
nutrient deprivation autophagy factor-1 (Nafl) leads to
myopathic features in mice (10, 135). Notably, something
that has been recently identified is the first human multi-
systemic disorder which is associated with defective autop-
hagy; the Vici syndrome, which is caused by a mutation in the
ATG ectopic P-granules autophagy-protein-5 (EPGS5): Both
Vici patients and EPG5 homolog knock-out mice display
skeletal muscle-impaired autophagy (32). The impairment of
autophagy also contributes to the pathogenesis of several
genetic muscle diseases such as Bethlem and Ullrich dys-
trophies, where defective autophagy causes the accumulation
of dysfunctional organelles into myofibers: Strikingly, the
reactivation of autophagy rescues the myopathic phenotype
(10, 53). Moreover, impaired autophagy and accumulation of
damaged organelles have recently been found in DMD pa-
tients and in dystrophin-deficient mice (35). It has also been
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suggested that unbalanced autophagy might contribute to
sarcopenia (10). A particular type of autophagy-defined
chaperone-assisted selective autophagy (CASA) has also
been found to be essential for muscle maintenance. CASA is
required for the efficient disposal of damaged filamin, which
would form aggregates in muscles. CASA differs from
chaperone-mediated autophagy, as it also needs the ubiqui-
tination of the chaperone substrate and the recruitment of the
ubiquitin adaptor p62. CASA’s relevance in skeletal muscle
maintenance is also supported by the finding that the limb-
girdle muscular dystrophy type 1D is associated to a mutation
on a gene coding a co-chaperone interacting with the CASA
complex (184).

On the other hand, the autophagy-lysosome system is acti-
vated in several atrophy conditions such as fasting, caloric re-
striction, cancer cachexia, aging, disuse, and denervation (114,
161). Moreover, the phenotype of some transgenic mice sug-
gests that autophagy may favor muscle atrophy: The laminin-2
knock-out mouse model of muscular dystrophy displays an
enhancement of autophagy whose inhibition significantly im-
proves their dystrophic phenotype (10). Increased Vps34 ac-
tivity and autophagy due to a mutation on the gene encoding
Jumpy have been associated to a centronuclear myopathy
(185), while skeletal muscle-specific ablation of Raptor (neg-
ative modulator of autophagy) results in dystrophy (7). The
mutation of genes related to lysosomal functions are a primary
cause of severe myopathies, including Danon and Pompe dis-
eases, that are characterized by a massive accumulation of
autophagosomes. However, it is not clear whether the myo-
phaty is caused by autophagosome accumulation, leading to
myofibrillar disorganization, or, vice versa, whether it is due to
lysosomal impairement: In this case, autophagosome accu-
mulation would be an attempt to maintain homeostasis (10).

To summarize, it is currently believed that a correct bal-
ance between activation and inhibition of autophagy is crit-
ical for muscle homeostasis. Too much autophagy causes an
excessive removal of crucial cellular components, which
leads to muscle atrophy. On the other hand, insufficient au-
tophagy leads to the accumulation of dysfunctional organ-
elles, thus impairing myofiber homeostasis (161).

Autophagy in exercise-mediated plasticity

Increasing evidence suggests that exercise triggers autop-
hagy in skeletal muscle and that autophagy mediates some
beneficial effects due to exercise. Grumati et al. have re-
vealed an important connection between autophagy and ex-
ercise physiology. They have shown that physical training
stimulates autophagy in mice skeletal muscles, and that
autophagy was able to prevent the accumulation of dam-
aged organelles and to maintain myofiber homeostasis. By
contrast, exercise is detrimental for collagen VI-deficient
muscles, in which, however, basal autophagy is extremely
beneficial (58, 59). Interestingly, He ef al. have found that, in
the skeletal muscle of autophagy-deficient mice, exercise is
not able to induce beneficial effects to the same extent as in
wild-type mice (68). The authors have used Bc2AAA mutant
mice and Beclinl heterozygous mice that are deficient in
exercise-induced but not in basal autophagy. Bcl2AAA
mice contain mutations in some Bcl2 phosphorylation sites,
which hinder Bcl2 phosphorylation. This prevents exercise-
induced dissociation of the Bcl2-Beclinl complex and au-
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tophagy activation. These mutant mice, in which exercise-
induced autophagy is defective, display decreased endurance
although they have normal muscle strength and fiber size.
Redistribution of the GLUT4 to the sarcolemma, increase of
glucose uptake, and increase of insulin sensitivity, usually
triggered by exercise, are reduced in these mice and this
might explain their impaired muscle performance (57).
Therefore, unaffected autophagy seems to be required for
glucose homeostasis and metabolism in the skeletal muscle
during exercise. In addition, in autophagy-deficient mice,
phosphorylation and activation of AMPK (which plays a role
in the redistribution of GLUT4 to the plasma membrane in
the skeletal muscle on exercise) are reduced (65, 161).

Other researchers have reported a connection betweeen
autophagy and exercise: It has been revealed that Vps34 is
activated by an acute bout of resistance exercise and that
autophagy is involved in protein catabolism after exercise
(53, 111). By contrast, a study performed on humans after an
acute bout of resistance exercise indicates a decrease of LC3
lipidation, thus suggesting a potential down-regulation of
autophagy in muscles (46). Moreover, endurance exercise
protects skeletal muscle against excessive activation of au-
tophagy triggered by doxorubicin (175). Conversely, in-
creased Atg7, Beclinl, and LC3 protein levels have been
reported to occur in rat soleus in response to moderate en-
durance exercise (40). Accordingly, moderate aerobic exer-
cise increases autophagy (Atg7 and Beclinl) in old mice and
triggers autophagy (LC3 and Atgl2) in skeletal muscles of
old obese women (82, 194). It has also been reported that 9
weeks of resistance exercise training, along with preventing
the loss of muscle mass and strength, also increase autophagy
and reduce apoptosis in skeletal muscles of aged rats (108): In
particular, reduced p62 protein levels; increased levels of
Beclinl, Atg5-Atgl2, and Atg7; and reduced LC3-II/LC3-I
ratio have been documented. The specific autophagy pathway
CASA seems to be induced by mechanical signals that are
typically triggered by exercise. Mechanical tension is an
essential stimulus for the development as well as for the
homeostasis of the locomotory system, and CASA plays a
role in muscle mechano-transduction (164).

The induction of autophagy has also been detected in hu-
mans after ultra-endurance exercise (training lasting more
than 6 h) by Jamart ez al. In this study, vastus lateralis samples
were acquired from subjects who had performed a 200-km
running race, and an increased expression of autophagy
proteins (Atg4, LC3, and Atgl2) was found. In addition,
levels of autophagy proteins were found to be higher after an
ultra-marathon race (76, 77). Induction of lysosomal enzyme
activity and an increased number of autophagic vacuoles
after strenuous endurance exercise had already been reported
in rodents (158). However, while physical exercise exerts a
beneficial effect on health, strenuous ultra-endurance exer-
cise is extreme and high energy demanding, thus also causing
a mechanical damage to muscle and a metabolic stress im-
pairing mitochondria. In this context, autophagy might be
triggered in order to remove damaged proteins and organelles
and to provide amino acids that can be utilized in case of
energetic stress (161). The role of autophagy in the skeletal
muscle in response to exercise needs to be clarified while
taking into account that it depends, among the other things,
on the type of muscles studied and on the mode of exercise
performed.
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Interplay between autophagy and the other signaling in-
volved in muscle plasticity. The involvement of autophagy
in exercise-induced remodeling might be related to the two
most important functions of autophagy: providing new
sources of energy and removing dysfunctional organelles.
During exercise, more energy is needed; the requirement of
energy generally induces autophagy and it is possible that, as
stated earlier, the increase of glucose uptake triggered by
exercise depends on autophagy. Moreover, autophagy is the
main mechanism for the removal of damaged mitochondria
that is necessary to protect myfibers from atrophy. Damaged
mitochondria removal is especially needed during exercise
when oxidative metabolism and turnover of mitochondria
increase. Interestingly, many of the sensors and pathways
triggered by exercise in skeletal muscle are involved in the
modulation of autophagy (Fig. 8).

The main intracellular pathways regulating autophagy in-
volve mTOR, which, as discussed earlier, is crucial for the
modulation of protein synthesis and degradation. In a fa-
vorable energetic status, nutrients are sensed by mTORCI,
which becomes activated via a cascade involving the PI3K/
Akt pathway (90, 115). Active mTORCI inhibits autophagy
by blocking the formation of the Atgl (unc-51-like kinasel
[ULKI1]) complex, which acts at the autophagy initiation
stage. Conversely, nutrient starvation and/or hypoxia cause
mTORCI signaling inhibition and, consequently, autophagy
activation. mMTORCI is inhibited by rapamycin, a potent in-
ducer of autophagy, even under nutrient-rich conditions. The
phosphatase and tensin homologue (PTEN) is a major neg-
ative regulator of the PI3K/Akt signaling pathway, thus en-
abling autophagy initiation (3). mTORC2 regulates both
protein degradation and autophagy (160). In fact, the PI3K/
AKT/mTORC2 pathway phosphorylates and inhibits the
FoxO transcription factors, which, when active, up-regulate
genes encoding both ubiquitin-proteasome proteins (atrogin-
1 and MuRF-1) and autophagy-lysosome proteins such as
Beclinl, LC3, Atgl6, and Atg5 (Fig. 8) (114). FoxO tran-
scription factors have been found to also induce PGC-lu
transcription, and PGC-1 induction has been associated with
increased autophagy (14, 99, 132, 151, 177). However, little
data are available on this issue and, by contrast, some of them
also suggest that during catabolic conditions high PGC-1u«
levels prevent the excessive activation of proteolytic systems
by inhibiting the transcriptional activity of FoxO3 (18).

Several studies have suggested that AMPK is required for
autophagy (Fig. 8). Interestingly, AMPK integrates stress
stimuli with autophagy initiation. Nutrient deprivation,
hypoxia, and oxidative stress increase the intracellular AMP/
ATP ratio, thus activating the AMPK sensor, which, in turn,
promotes autophagy. It has been suggested that AMPK in-
duces autophagy by inhibiting mTORCI1 through phosphor-
ylation of the tuberosus sclerosis complex 2 (TSC2) (which
regulates the activity of the mTOR) (69, 90, 137, 154, 200).
Autophagy seems to be modulated by a mechanism involving
AMPK, mTOR, and ULKI1. ULKI1 forms a complex with
AMPK, and AMPK activation results in ULK1 phosphory-
lation, which regulates the localization of a critical compo-
nent of the phagophore, Atg9 (110, 196). AMPK also leads to
the activation of FoxOs and to the expression of the ATG
LC3 and Beclinl (159).

The induction of autophagy has also been related to p38
MAPK. Although this connection is still unclear and con-
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troversial, it has been suggested that p38MAPK might reg-
ulate the expression of ATG via FoxO transcription factors
(34, 109, 120, 121, 129, 172).

In addition to mTOR and AMPK, protein (de)acetylation
by sirtuins can regulate autophagy under nutrient depletion
(97, 136) (Fig. 8). More specifically, SIRT1 can deacetylate
essential components of the autophagy machinery such as
Atg5, Atg7, and LC3. Conversely, p300 acetyltransferase
acetylates Atg5, Atg7, Atg8, and Atgl2, thus inhibiting
starvation-induced autophagy (98). Although controversial,
nuclear SIRT1 seems to induce the expression of autophagy
genes through the activation of FoxOs (66). HDACI1 and
HDAC?2 have also been found to regulate muscle autophagy
by controlling the expression of autophagy genes (128).

As discussed earlier, an important role in muscle adapta-
tion to exercise is played by ROS. Very interestingly, ROS
can also regulate autophagy. The mechanism through which
ROS induce autophagy has not been fully elucidated, but it is
believed that ROS could increase Beclinl expression and/or
regulate the activity of Atg4 (27, 28, 165). Both ROS and
autophagy might have either beneficial or detrimental effects,
depending on their balance.

Although there are many links suggesting an involvement
of autophagy in muscle remodeling due to exercise, the un-
derlying signalings are still obscure, sometimes contradictory
and need to be further investigated.

Metabolic Modulating Agents

As reported earlier, some pharmacological compounds
defined as “‘exercise mimetics’ can produce metabolic
effects similar to those induced by exercise. However, as
suggested by Booth and Laye (11), recapitulating the com-
plexity of all the molecular effects at the level of various or-
gans with a single “‘exercise pill” is unlikely to be achieved.
Such drugs might be used to reproduce only some of the
multiple effects due to exercise. Nevertheless, considering
such limits, pharmaco-therapy that replicates some exercise-
induced effects could be extremely useful in potentiating
the adaptive response to exercise or under conditions where
there is a physiologically low response of muscle to exercise,
such as in some insulin-resistent individuals or in old people
whose response to exercise in terms of muscle mass increase
is low (33, 92).

We have already discussed how metabolic remodeling
agents such as GW1516 and AICAR recapitulate some
effects of exercise that are aimed at achieving the best
metabolic energy efficiency. Other drugs might modulate
metabolism through different mechanisms. For example, the
category of ‘“‘metabolic modulators” (including trimetazi-
dine and perhexiline) optimizes metabolism by shifting ATP
production from FFA ff-oxidation toward glucose oxidation.
This increases the energy production efficiency, as ATP
synthesis during FFA ff-oxidation requires more oxygen than
during glucose oxidation. Metabolic modulators would likely
trigger metabolic sensors as in the case of GW1516 and
AICAR and might be beneficial during exercise where there
is a high oxygen expenditure. The choice of glucose as a
substrate triggered by these drugs induces a more efficient
utilization of the oxygen available; this could increase skel-
etal muscle metabolism efficiency and contractile perfor-
mance, as already observed for cardiac muscle function under
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transitory hypoxia (106). It has already been demonstrated
that trimetazidine improves exercise capability in patients
suffering from chronic stable angina (187), and that it has a
strong hypertrophic effect on cultured myotubes (42).
Moreover, as in the case of exercise, metabolic modulators
increase glucose uptake, thereby possibly enhancing insuline
sensitivity, although they reduce the FFA catabolism, which
is strongly enhanced during exercise.

Conclusions

The effects of exercise on skeletal muscle are various and
involve several molecular and metabolic players, which are
activated to a larger or lesser extent depending on the mo-
dalities of training. The recent findings about the involvement
of autophagy and reactive species, with their ambivalent
effects, in adaptation to exercise demonstrate how this phe-
nomenon is extremely complicated. Exercise’s physiological
and therapeutic relevance to health justifies the efforts of the
scientific community that are aimed at unraveling the com-
plex network of signaling and metabolic pathways triggered
by physical training on skeletal muscle. This will enable an
optimization of exercise prescription in the case of chronic
diseases along with deeper knowledge of the several effects
that drugs such as antioxidants and metabolic remodeling
agents might exert on adaptation to exercise.
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4E-BP1 = eukaryotic translation initiation factor
4E-binding protein-1
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AICAR = 5-aminoimidazole-4-carboxamide-1-f-4-
ribofuranoside
AK = adenylate kinase
AMPK = AMP-activated protein kinase
ATF = activating transcription factor
ATG = autophagy-related genes
Bcl2 =B-cell lymphoma 2
CaMKs = Ca?*/calmodulin-dependent kinases
CASA = chaperone-assisted selective autophagy
CK = creatine kinases
CPT = carnitine palmitoyltransferase
Cr =creatine
CREB = cAMP-response element-binding protein
CSA = cross-sectional area
Cyt ¢ =cytochrome ¢
DMD = Duchenne muscular dystrophy
EPGS5 =ectopic P-granules autophagy-protein-5
ERK = extracellular-signal-regulated kinase
ERR-o = estrogen-related receptor-o
FAK =focal adhesion kinase
FAT/CD36 = fatty acyl translocase
FFAs = free fatty acids
FoxO = forkhead box
GCNS = general control of amino-acid synthesis
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Glu = glucose
Glu-6-P = glucose-6-phosphate
GLUT4 = glucose transporter 4
GPX = glutatione peroxidase
H,0, =hydrogen peroxide
HDAC = histone deacetylase
HIF-1 = hypoxia-inducible factor-1
HK = hexokinase
IGF =insulin growth factor
IM = inner membrane
JNK = c-Jun N-terminal kinase
LC3 = microtubule-associated protein 1-light
chain 3
LDH = lactate dehydrogenase
LKB1 =liver kinase B1
MAFbx = muscle atrophy F-box
MEF2 = myocyte enhancer factor 2
mTOR = mammalian target of rapamycin
mTORC =mTOR complex
MuRF-1 = muscle ring finger protein 1
MyHC = myosin heavy chain
myoD = myogenic differentiation factor
NAC = N-acetyl-L-cysteine
Naf1 = nutrient deprivation autophagy factor-1
NAMPT = nicotinamide phosphoribosyltransferase
NF-kB = nuclear factor-kappa B
NFAT = nuclear factor of activated T-cells
NO°® = nitric oxide
NOS =nitric oxide synthases
NRF-1 = nuclear respiratory factor-1
0,°~ = superoxide anion
OH* = hydroxy! radical
OM = outer membrane
ONOO™ = peroxynitrite
p38 MAPK = p38 mitogen-activated protein kinase
p70S6K = p70 ribosomal protein S6 kinase
PCr = phosphocreatine
PDH = pyruvate dehydrogenase
PDK = pyruvate dehydrogenase kinase
PE = phosphatidyl-ethanolamine
PGC-1a = peroxisome proliferator-activated receptor 7
(PPARY) coactivator-1a
PHD = prolyl hydroxylase enzymes
PI3K = phosphoinositide 3-kinase
PLA, = phospholipase A,
PO, = partial pressure of oxygen
PPARy = peroxisome proliferator-activated receptor y
PTEN = phosphatase and tensin homologue
Pyr = pyruvate
RNS =reactive nitrogen species
ROS =reactive oxygen species
SERCAs = sarcoplasmic reticulum Ca>* ATPases
SDH = succinate dehydrogenase
SIRT1 = sirtuin 1
SOD = superoxide dismutase
Sox9 = sex determining region Y-box 9
TCA = tricarboxylic acid
Tfam = transcription factor A mitochondrial
TSC = tuberosus sclerosis complex
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ULK1 =unc-51-like kinasel
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