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Preface



The benefit of exercise training on heart rate response in patients with heart failure has been well
documented, as well as the exercise intolerance which is developed by patients and that limits the
exercise benefit. Several studies showed that a decrease in the exercise tolerance in patients with
chronic heart failure (CHF) is a strong prognostic indicator of cardiovascular events. As the life
expectancy of patients with heart disease has improved in recent years, a deeper understanding of
the molecular causes of exercise intolerance, is of primary scientific, clinical and social
importance.

Exercise intolerance is defined as the reduced ability to perform daily activities that involve
dynamic movement of large skeletal muscles because of symptoms of dyspnea or fatigue. Many
investigators have sought mechanisms to explain the source of exercise intolerance. Importantly,
hemodynamic improvements do not acutely reverse this process. Therefore, several different lines
of evidence have converged to identify skeletal muscle pathology as a major contributor to
exercise intolerance. While numerous studies have linked enzymatic and histologic abnormalities
to exercise intolerance, the underlying mechanisms driving these processes remain poorly
understood.

An useful animal model to investigate these aspects at a cellular/molecular level is represented
by the Tgaq 44" mice line, a transgenic mice model of CHF resulting from a cardiac-specific
overexpression of constitutively active Gag protein. This model is characterized by a gradual
progression of the disease and for this reason offers the great advantage of studying muscle
adaptations from the early to the late stage of the disease. Furthermore, voluntary exercise
represents a training modality in which physical activity occurs under non-stressful conditions
representing a valid training intervention to assess the presence of exercise intolerance.

The major findings of this thesis can be divided in (i) the characterization of the muscle alterations
in skeletal muscle in mice with dilated cardiomyopathy and (ii) the analysis of how these
alterations are related to in vivo functional performance over time.



Background



General structure of skeletal muscle

Skeletal muscle is the most abundant tissue in the vertebrate body. It is also a very specialized
tissue that has both the ability to contract and to conduct electrical impulses. Whole muscle is
attached to bone by a tendon, nearly inextensible connective tissue layer called epimysium. The
muscle is divided into bundles by thinner layers called perimysium within which we distinguish
the fiber bundles or fasciculi. Bundles are an aggregation of myofibers, the latter representing the
muscle cells (Fig. 1). Each fiber is a syncytium, i.e. a cell that have many nuclei. The nuclei are
oval in shaped and are found at the periphery of the cell, just beneath the thin, elastic membrane
(sarcolemma). The sarcoplasm also has many alternating light and dark bands, giving the fiber a
striped or striated appearance (hence the name striated muscle). With the aid of an electron
microscope it can be seen that each muscle fiber is made up of many smaller units, the myofibrils.
This specific arrangement of actin and myosin filaments is known as a sarcomere (Fig. 1).
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Fig. 1: Muscle anatomy and composition, from macroscopic to microscopic.




Muscle fiber organization

Skeletal muscle fiber is the fundamental unit of muscle, each fiber is a syncytium, (i.e. a
cell that have many nuclei) derives embryologically from the multiple division of progenitor
cells that give rise to myoblast fusion which leads to the formation of syncytial multinucleated
cells. A muscle fiber is from a few mm to several cm long and of variable diameter, 10-100 m; it
is surrounded by a membrane, the sarcolemma, which encloses a fluid matrix, the sarcoplasm
in which the nuclei, the sarcoplasmic organelles, glycogen granules and myofibrils which
constitute the component muscle contractile, are present. The myofibrils, with a diameter
between 0.5 and 2 mM, are in turn constituted by myofilaments or protofibrils of two types:
thin myofilaments with a diameter of 12 nm and thick myofilaments having a diameter of
approximately 4 nm.

Hanson and Huxley HE (HANSON and HUXLEY, 1953), using phase-contrast,
polarized light and electron microscopy, showed that the cross-striations resulted from a
discontinuous distribution of contractile proteins along the length of the myofibrils. They suggest
that the denser regions (the A-bands), were made of thick filaments, mainly made of myosin,
interdigitating with thin filaments, mainly made of actin (Fig. 2). The lighter regions, the I-bands,
were made of thin filaments. 1-bands presented a darker line in the middle, the so called Z-line,
from which the thin filaments departed towards the A band (Fig. 2). The distance between
two successive Z-lines was called the sarcomere (Fig. 2). In the middle of the A-band Hanson
and H.E Huxley (1953) identified a lighter region, the H-zone, where only the thick filaments
were present (Fig. 2). In the A-band two different types of filaments were present. The thicker
filaments (myosin), with a diameter of ~110 A, formed a very regular hexagonal array and
were spaced ~300 A apart and the thinner filaments (actin), with a diameter of ~40 A, that
were also arranged in a regular manner, lying fairly symmetrically in between three of the
thicker filaments. Thus six actin filaments surrounded every myosin filament. Myosin is the
most abundant protein in striated muscle fibers and is the main constituent of thick filaments.
It plays the role of the molecular motor of muscle contraction. Sarcomeric myosins belong to |1
class myosin (Sellers et al., 1996) and are composed by two heavy chains (MHC, molecular
weight of each MHC is 200-220 kD), two essential light chains and two regulatory light chains
(RLC) (ELC and RLC are together called MLC, with molecular weight 16-26 kD each). The
two heavy chains are wound around each other to form a double a-helical structure. At one
end both chains are folded into separate globular structures to form the two heads.

In the muscle, the long tail portion forms the backbone of the thick filament and the heads
protrude as cross-bridges toward the thin actin filament.

Each head contains two light chains distinct in one essential, or alkaline, light chain and one
regulatory, or phosphorylable, light chain.
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Fig. 2: Structure of sarcomere, the basic unit of striated muscle tissue (A) Photomicrograph of a logitudinal section of skeletal
muscle fiber: are visible the bands A, darker, and the bands I, clearer. (B) Electron photomicrograph of a sarcomere. A sarcomere is
defined as the segment between two neighbouring Z-lines (or Z-discs, or Z bodies). In electron micrographs of cross-striated muscle,
the Z-line (the disc in between the | bands) appears as a series of dark lines. Surrounding the Z-line is the region of the I-band. I-band
is the zone of thin filaments that is not superimposed by thick filaments. Following the I-band is the A-band. An A-band contains the
entire length of a single thick filament. Within the A-band is a paler region called the H-zone. H-band is the zone of the thick filaments
that is not superimposed by the thin filaments. Within the H-zone is a thin M-line (the disc in the middle of the sarcomere) formed of
cross-connecting elements of the cytoskeleton. (C) Simplified model of sarcomeres in parallel.

Functional and energetics properties of muscle fiber

The understanding of the mechanisms of skeletal muscle heterogeneity and plasticity progressed
very slowly from the pioneering work by Close (CLOSE, 1964) up to the end of the 1980s, when
several works and especially those coming from Pette’s and Schiaffino’s laboratories uncovered
the large molecular heterogeneity of the basic contractile unit of striated muscle, the sarcomere
(Bér and Pette, 1988; Schiaffino et al., 1989; Pette and Staron, 1990; Schiaffino and Reggiani,
1996) They showed that the heavy chain of myosin (MHC), as well as the light chain (MLC)
essential and regulators are encoded by a family of multigenes and therefore existed in different
isoforms (Schiaffino and Reggiani, 1996). The secret of the extraordinary capacity of myosin to
respond to requests very different functional among them lies precisely in the existence of
multiple isoforms of MHC and MLC. Isoforms can be defined as protein which have very similar,
but not identical, amino acid sequences, are coded by different genes, and are interchangeable.
The attention mostly focused on the MHC isoforms as MHCs are the portion of the molecule that
attaches to actin and split ATP, and they are mostly responsible for power generation.

In the human genome as in all mammals, nine genes encoding the sarcomeric MHC class Il have
been identified. The MHC genes are distributed in two main clusters: the first, located on human
chromosome 14, contains genes MHC-/slow and MHC-a and , the second cluster includes MHC-
emb, MHC-neo, MHC-eo genes, and the three genes coding MHCs fast adult and is localized on
chromosome 17 (Schiaffino and Reggiani, 1996). Four genes encoding isoforms 1 or f-MHC
slow, MHC 2A, MHC 2X and MHC 2B, predominant in adult skeletal muscle in different species
of mammals, are expressed in limbs and trunk muscle. Among these MHC 1 or B-slow is also
expressed at the level of the myocardium ventricle. The MHC 2B isoform is generally not
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expressed in human skeletal muscle. Two other genes encoding the MHC-emb and MHC-neo
isoforms, are expressed during development, in adult life only during the regeneration and, in
some species, in masticatory muscles. The remaining three isoforms have a limited tissue
distribution: MHC-a is expressed in heart and in some species in the mandibular muscle; MHC-
eo in extraocular and laryngeal muscle and finally the MHC-m isoform is expressed in the
mandibular muscles of carnivores and non human primates (Mascarello et al., 2004).

Since the discovery of MHC isoforms, it was straightforward to assume that they were
functionally different and that the functional heterogeneity among skeletal muscles depended on
their differential expression. However, it took a considerable amount of work to definitely prove
that this was actually the case.

In this respect, the earlier demonstration came with skinned fibers experiments in which
contractile properties and MHC isoform content could be determined in the same muscle fiber
enabling a direct relationship between function and MHC isoform content (Bottinelli et al., 1991,
Bottinelli and Reggiani, 2000). When muscle fibers were grouped on the basis of MHC isoform
content, very large differences among groups were observed with type | fibers being the slowest
and type IIB fibers being the fastest fiber type. In humans, for example, fibers containing MHC-
I (type 1) had 10 fold lower unloaded shortening velocity (Vo), maximum power output (Vmax),
rate constant of tension raise (1/T), and 3 fold lower ATPase and tension cost than type 11X fibers,
type 1A being intermediate. As expected, hybrid fibers were intermediate between pure fiber
types. Interestingly, two properties did not differentiate muscle fiber types as much as all the
others. Specific force (Po/CSA) was only 30-40% lower in slow fibers than in fast fibers, whereas
no differences were observed among fast fibers. Finally, thermodynamic efficiency was found to
be similar in slow and fast human fibers and only slightly higher in slow than in fast rat fibers.
The expression of different isoforms of protein and therefore the existence of distinct phenotypes
of fibers muscle is the major determinant of muscle performance in vivo.

The finding that fiber types differed significantly in most contractile and energetic properties
provided a simple basis for the functional heterogeneity of skeletal muscles. As in all mammals
skeletal muscles are mixed muscles expressing the different fibers types in variable proportions
(Fig 3A, B, C); it is expected that the higher the percent of fast fibers the higher the shortening
velocity of the muscles. The classic work (Thorstensson et al., 1976) showing that velocity of
knee extension was proportional to the percentage of fast fiber content of the contracting muscle
was the earliest demonstration that this was actually the case. The qualitative mechanism of
skeletal muscle heterogeneity and plasticity shown by Close long ago is based on the expression
of different myosin isoforms within fiber types and on a differential distribution of fiber types in
mammalian muscles. It is now well documented that the soleus muscle of the rat mostly contains
type | fibers whereas the EDL muscle mostly contains fast fibers (11A, 11X and 11B). No surprise
that the EDL was found to be much faster than the Soleus muscle (Fig. 3A, B, C).
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Fig. 3: MHC isoform distribution in soleus (A), tibialis anterior (B) and single muscle fibres (C) of mouse, rat, rabbit and
human (A) Different proportions of two MHC isoforms (MHC-2A and MHC-1 or slow) are expressed in mouse, rat, rabbit and human
soleus. (B) Two MHC isoforms (MHC-2X and MHC-2B) are detectable in mouse tibialis anterior, three isoforms (MHC-2A, MHC-
2X, MHC-2B) are expressed in rat and in rabbit tibialis anterior and only two (MHC-2A and MHC-1 or slow) in human tibialis
anterior. Note the different migration of fast MHC isoforms in rabbit. (C) Examples of MHC composition of single fibers: lane 1, rat
pure fast 2B fibre; lane 3, rabbit pure slow fibre; lane 4, mouse pure fast 2X fibre; lane 5, mouse pure fast 2A fiber. Lane 2 shows a
mixed rat muscle sample used as a reference. The relative percentage (mean +s.e.m.) of MHC isoforms of soleus and tibialis anterior
is shown in the histograms on the right-hand side of the figure (image, Pellegrino et al., 2003).




Muscle Plasticity

Skeletal muscle is a highly dynamic tissue that undergoes continuous remodeling in response to
various metabolic and functional demands. The quantity and quality of muscle can be traced down
to the structural and contractile proteins that respond to physiological and pathological conditions
including exercise and injury (Blaauw et al., 2013). Individual muscle fibers vary in their
mechanical, biochemical and metabolic properties depending upon the fiber type. Various criteria
have been used to classify fiber types including histochemical methods (Green et al., 1982), speed
of twitch contraction (Burke et al., 1973), fatigability, dominant enzymatic pathway and the
myosin heavy chain (MyHC) isoform expression (Larsson and Moss, 1993). Of those, MyHC
isoforms are the most frequently used classification criteria and are considered the molecular
markers of fiber types. Myosin is the molecular motor and the prime driving protein in force
generation. It is also the most abundant protein in the sarcomere comprising ~25% of the total
muscle proteins (Balagopal et al., 1997). Due to its abundance and contractile significance,
guantitative and qualitative changes in myosin and its isoforms have significant effects on muscle
strength. Because fiber type diversity is associated with functional diversity, alterations in muscle
fiber types affect contractile, metabolic and biochemical properties of the muscle.

Quantitative and Qualitative Mechanism of Skeletal Muscle
Plasticity

It is now clear two major mechanisms of skeletal muscle heterogeneity and plasticity exist: a
guantitative mechanism based on a change in muscle mass and a qualitative mechanism
independent of muscle mass.

Quantitative mechanism: The quantitative mechanism modifies fibers in size leading muscles to
an increase called hypertrophy or a decrease called atrophy.

Skeletal muscle mass can change quite rapidly and these changes can be evoked by a variety of
stimuli including mechanical loads, nutrients, neural activity, cytokines, growth factors and
hormones (Bodine, 2006; Sandri, 2008). All of these stimuli induce changes in muscle mass by
altering the net balance between protein synthesis and protein degradation. Genetic studies in both
drosophila and mammals have shown that pathways controlling protein synthesis and protein
breakdown are tightly regulated and interrelated. The first level of connection occurs during
protein synthesis when the quality control of the cell degrades proteins that are not correctly
folded. At a further level, protein degradation systems determine the half- life of protein and, in
muscle, are required to replace sarcomeric proteins as a consequence of changes in muscle
activity. Importantly, the proteolytic systems can produce alternative energy substrates that are
used by the cell to maintain internal homeostasis in conditions of energy stress.

Qualitative mechanism: The qualitative mechanisms is based on the presence of skeletal muscle
fiber types with different functional properties: fast and slow fibers. This imply that even whole
muscle properties could be modified by changing its relative content in slow and fast fibers. The
change of protein content and of protein isoforms towards a new steady-state during an adaptive
event can potentially be controlled by modifications in many steps from DNA to assembled
translation products. Altered pre-translational, translational and post-translational events are all
involved in the molecular regulation of skeletal muscle phenotype. In the plastic process, hybrid
fibers represent the ability of adult muscle fibers to shift from a fast to a slow phenotype and vice




versa. Genes coding for myosin heavy chains are activated and inactivated following the sequence
[ IIA—IIX«—(1IB), according with the stress imposed to the muscle.
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Signaling Pathways that control Skeletal Muscle Mass

Skeletal muscle is a highly adaptive tissue, capable of altering muscle fiber size, functional
capacity and metabolism in response to physiological stimuli. However, pathological conditions
compromise the mechanisms that regulate muscle homeostasis, resulting in loss of muscle mass,
functional impairment and compromised metabolism. This condition is characterized by
enhanced muscle protein breakdown and amino acids release that sustain liver gluconeogenesis
and tissue protein synthesis. Proteolysis is controlled by the two most important cellular
degradation systems, the ubiquitin proteasome and autophagy lysosome. These systems are
carefully regulated by different signaling pathways that determine protein and organelle turnover.
The decrease in cell size, named atrophy, involves the net loss of proteins, organelles and
cytoplasm. The amount of organelles and proteins in the cell depends from the balance between
biogenesis/biosynthesis and removal/destruction. This equilibrium defines the organelle and
protein turnover and greatly affects the size and performance of cells including skeletal muscles
(Sandri, 2016).

Degradation Pathway

All intracellular proteins and many extracellular proteins are continually “turning over”. Although
the continual destruction of cell proteins might seem wasteful, this process serves several
important homeostatic functions.

Cells contain multiple systems to carry out the degradation process: the Autophagy and the
Ubiquitine Proteasome System (UPS).

Therefore, excessive breakdown of cell constituents is prevented: the rates of protein synthesis
and degradation in each cell must be balanced precisely because even a small decrease in synthesis
or a small acceleration of degradation, if sustained, can result in a marked loss of mass in the
organism (Mitch and Goldberg, 1996).

Autophagy-Lysosome System in Skeletal Muscle

The term ‘autophagy’, derived from the Greek meaning ‘eating of self’, was first coined by
Christian de Duve over 40 years ago, and was largely based on the observed degradation of
mitochondria and other intracellular structures within lysosomes of rat liver perfused with the
pancreatic hormone, glucagon (Deter and De Duve, 1967).

Autophagy plays a crucial role in the turnover of cell components both in constitutive conditions
and in response to various stimuli, such as cellular stress, nutrient deprivation, amino acid
starvation and cytokines (Mizushima et al., 2008).

Three different mechanisms have been described in mammals for the delivery of the autophagic
cargo to lysosomes: macroautophagy, chaperone-mediated autophagy (CMA) and
microautophagy (Fig. 4). Thus far, most data on the role of the autophagic process in muscle are
related to macroautophagy. Although it is still unknown whether microautophagy occurs in
skeletal muscle, some findings indicate that microautophagy can participate in glycogen uptake
into lysosomes when macroautophagy is blocked (Raben et al., 2008; Takikita et al., 2010). CMA
has raised interest owing to its potential role in aging, neurodegenerative disorders and lysosomal
storage diseases (Kon and Cuervo, 2010).

The involvement of Autophagy in muscle protein breakdown during atrophy was not recognized
for a long time. Early evidence showed that lysosomal degradation contributes to protein
breakdown in denervated muscle (Furuno et al., 1990; Schiaffino and Hanzlikova, 1972).
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Moreover, cathepsin L, a lysosomal protease, was shown to be upregulated during muscle atrophy
(Deval et al., 2001). The development of molecular and imaging tools to follow autophagosome
formation has greatly improved the characterization of autophagy in normal and atrophying

muscles (Klionsky et al., 2008).

Interestingly, fast glycolytic muscles display a higher content of autophagosomes than slow f3-

oxidative muscles (Mizushima et al., 2004).

(A) Macroautophagy

LCc3

Beclin 1 Bechn 1
Bel2 Vps34 vps15
Ambral ‘Atg14

—
—
Sarcomeric

proteins

Eps2

RO:

@

Mitochondrion

—

Lysosome

Glycogen
Epﬁgke GW'D O
(B) Microautophagy
s~

\?-"6\0\’ \k¥

é‘g

Fig. 4: Macroautophagy, microautophagy and chaperone-mediated autophagy (CMA), and their contribution to protein
degradation and organelles removal in skeletal muscle. (A) Macroautophagy is triggered by the activation of a regulatory complex
(containing Vps34, Beclin 1, Vps15, Ambral and Atgl4) that induces LC3 recruitment to the nascent autophagosome (isolation
membrane). Selective removal of mitochondria (mitophagy; a specific form of macroautophagy) requires the PINK1-parkin complex
and Bnip3 factors. Proteins that are committed for lysosomal degradation (including BAG3 and filamin, shown here) are labeled by
polyubiquitin chains and delivered to the autophagosome by the p62 scaffold protein. (B) Microautophagy involves the direct
engulfment of small portions of cytoplasm into lysosomes. Glycogen (Glyc) is reportedly taken up and broken down by
microautophagy in skeletal muscle. (C) In CMA, proteins that are damaged by different agents, such as reactive oxygen species
(ROS), expose a specific amino acid sequence (the KFERQ motif) that is recognized by the Hsc70 chaperone, which in turn delivers
them to the lysosome via interaction with Lamp2a receptors. Dotted lines depict pathways whose molecular mechanisms and roles in
adult skeletal muscle have not yet been fully defined (image, Bonaldo and Sandri, 2013).

12



Macro- and micro-autophagy

This complex process is orchestrated at the molecular level. There are five key stages (Fig. 5): (a)
phagophore formation or nucleation; (b) Atg5-Atgl2 conjugation, interaction with Atgl6L and
multimerization at the phagophore; (c) LC3 processing and insertion into the extending
phagophore membrane; (d) capture of random or selective targets for degradation; and (e) fusion
of the autophagosome with the lysosome, followed by proteolytic degradation by lysosomal
proteases of engulfed molecules. Each of this steps involves a number of conserved autophagy-
related genes (Atg) that are transcriptionally regulated, reviewed in (Lapierre et al., 2015).

The autophagy process begins from the complex kinase ULK1 which consists of ULK1, Atgl3,
Atgl7 and receives stress signals from mTOR complex 1, when the kinase activity of mTORC1
is inhibited, with the autophagosome formation (Klionsky, 2007; Simonsen and Tooze, 2009;
Kundu and Thompson, 2005). This involves Vps34 that forms a complex with Atg6/Beclin 1.
Additional regulatory proteins complex with Vps34 and Beclin-1 at the ER and nucleated
phagophore to either promote autophagy, such as UVRAG, BIF-1, Atgl4L and Ambra (Liang et
al., 2006; Fimia et al., 2007), or to inhibit autophagy, such as Rubicon and Bcl-2 (Matsunaga et
al., 2009; Pattingre et al., 2005). Current research suggests that phosphorylation of ULK1 Beclin-
1 begins the activity of VPS34 complex containing Atgl4L, thereby promoting autophagy. There
are two ubiquitin-like systems that are key to autophagy (Mizushima, 2007; Kirkin et al., 2009)
acting at the Atgb—Atgl2 conjugation step and at the Atg8/LC3 processing step. LC3 of the
system is important for the transport and the autophagosome maturation; once the autophagosome
completes fusion of the expanding ends of the phagophore membrane, the next step towards
maturation in this self-degradative process is fusion of the autophagosome with the specialized
endosomal compartment that is the lysosome to form the ‘autolysosome’ (Mizushima, 2007).
Within the lysosome, cathepsin proteases B and D are required for turnover of autophagosomes
and, by inference, for the maturation of the autolysosome (Koike et al., 2005) to degrade the cargo

(Fig. 5).
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Fig. 5: Molecular circuitry and signaling pathways regulating autophagy. Autophagy is a complex self-degradative process that
involves the following key steps: regulation of induction activation of Atgl/ULK-1 complexes; vescicle nucleation control of
phagophore formation by Beclin-1/\VVPS34 at the ER and other membranes in response to stress signaling pathways; vescicle
elongation Atg5—Atg12 conjugation, interaction with Atgl6L, multimerization at the phagophore and LC3 processing and insertion
into the extending phagophore membrane; capture of random or selective targets for degradation, completion of the autophagosome
followed by; docking and fusion of the autophagosome with the lysosome and vescicle breakdown and degradation by lysosomal
proteases of engulfed molecules. Autophagy is regulated by important signaling pathways in the cell, including stress-signaling kinases



such as JNK-1, which promotes autophagy by phosphorylating Bcl 2, thereby promoting the interaction of Beclin-1 with VVPS34 (Wei
et al., 2008). Perhaps the central signaling molecule in determining the levels of autophagy in cells is the mTOR kinase that likely
mediates its effects on autophagy through inhibition of Atgl/ULK-1 complexes at the earliest stages in phagophore formation from
lipid bilayers (Wei et al., 2008). mTOR is key to integrating metabolic, growth factor and energy signaling into levels of both
autophagy, on the one hand, which is inhibited by mTOR when nutrients are plentiful and, on the other hand, to growth-promoting
activities, including protein translation, that are stimulated by mTOR signaling (Diaz-Troya et al., 2008). Autophagy is induced by
hypoxia and low cytosolic ATP levels that feed through REDD1 and AMP-kinase to inhibit mTOR activity through reduced Rheb
GTPase activity. Conversely, autophagy is inhibited by increased growth factor signaling through the insulin receptor and its adaptor,
IRS1, as well as other growth factor receptors that activate the Class | group of PI3-kinases and Akt, to promote mTOR activity
through inhibition of TSC1/TSC2 and increased Rheb GTPase activity (Diaz-Troya et al., 2008; Sabatini, 2006) (modified image,
Maiuri et al., 2007).

Atg5/Atg7-independent autophagy

Although Atg5- and Atg7-dependent autophagy has been shown to be critical for survival during
the starvation period in the first few days immediately following birth (Johansen and Lamark,
2011; Kuma et al., 2004, Komatsu et al., 2005), recent evidence has identified an alternative
Atg5/Atg7-independent pathway of autophagy (Nishida et al., 2009). This pathway of autophagy
was not associated with LC3 processing but appeared to specifically involve autophagosome
formation from late endosomes and the trans-Golgi (Nishida et al., 2009). Atg7-independent
autophagy had been implicated in mitochondrial clearance from reticulocytes (Zhang et al., 2009),
and it has consistently been shown that Ulk-1 (a mammalian homologue of Atgl) is required for
both reticulocyte clearance of mitochondria (Kundu et al., 2008) and, along with Beclin-1, for
Atg5/Atg7-independent autophagy (Nishida et al., 2009). The exact molecular basis of
Atg5/Atg7-independent autophagy remains to be elucidated.

Selective autophagy via p62:

Mitophagy

Autophagy is primarily considered to be a non-selective degradation pathway, but the significance
of more selective forms of autophagy is becoming increasingly evident. p62/SQSTML1 has been
proposed to contribute to selective autophagy of protein aggregates (aggrephagy), depolarized
mitochondria (mitophagy) (Fig. 6) and invasive microbes (xenophagy) through ubiquitin-
signaling (Rogov et al., 2014; Johansen and Lamark, 2011). We now focus on the role of p62 in
the selective autophagy of mitochondria. In mammals, parkin, PINK1, Bnip3 and Bnip3L have
been shown to regulate mitophagy, and inactivation of the genes encoding these proteins leads to
abnormal mitochondria (Bothe et al., 2000; Hara et al., 2006). PINK1 recruits parkin to
mitochondria (Fig. 7), where parkin promotes mitophagy through ubiquitylation of outer
mitochondrial membrane proteins that are recognized directly by p62, which brings autophagic
vesicles to ubiquitylated mitochondrial proteins (Narendra and Youle, 2011; Youle and Narendra,
2011). Bnip3 and Bnip3L reportedly bind directly to LC3, and can therefore recruit the growing
autophagosome to mitochondria (Hanna et al., 2012; Novak et al., 2010).

In atrophying muscle, the mitochondrial network is dramatically remodeled following fasting or
denervation, and autophagy via Bnip3 contributes to mitochondrial remodeling (Romanello et al.,
2010; Romanello and Sandri, 2010). Expression of the fission machinery is sufficient to cause
muscle wasting in mice, whereas inhibition of mitochondrial fission prevents muscle loss during
denervation, indicating that disruption of the mitochondrial network is a crucial amplificatory
loop of the muscle atrophy program (Romanello et al., 2010; Romanello and Sandri, 2010).
Conversely, impairment of basal mitophagy is deleterious to muscle homeostasis, and leads to the
accumulation of damaged and dysfunctional mitochondria (Grumati et al., 2010). Besides
mitophagy, other forms of selective autophagy probably play important roles in the maintenance
of skeletal muscle homeostasis.
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Fig. 6: Non-selective autophagy and mitophagy have different roles (a) Non-selective autophagy occurs when cells are deprived
of nutrients. It degrades a range of cytosolic contents, including proteins and many types of organelles. After their recruitment into
isolation membranes, cytosolic components are sealed into autophagosomes that fuse with lysosomes. The degradation of these
components in the lysosome supplies building blocks for re-use and for metabolism to provide ATP. (b) By contrast, mitophagy occurs
to eliminate mitochondria, either to regulate their number or to specifically remove ones that are damaged. Mitochondria are
selectively recruited into isolation membranes, which seal and then fuse with lysosomes to eliminate the trapped mitochondria (image,
Youle and Narendra, 2011).
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Fix. 7: Cartoon depicting regulation of PINK1 processing by voltage potential across the inner mitochondrial membrane. PTEN
induced putative kinase 1 (PINKZ1) is proteolytically cleaved and degraded in healthy mitochondria but stabilized on mitochondria
membrane with low inner membrane voltage (image, Narendra and Youle, 2011).

Ablation of autophagy

Although available data are still limited to a few components of the autophagic machinery, the
phenotypes of mice with muscle-specific inactivation of genes encoding autophagy-related
proteins clearly demonstrate the essential role of autophagy in muscle homeostasis (Table 1).
Ablation of Atg7, the unique E1 enzyme of the autophagic machinery, causes disorganized
sarcomeres and activation of the unfolded protein response, which in turn triggers myofiber
degeneration; this phenotype is associated with complete inhibition of autophagosome formation,
leading to abnormal mitochondria, oxidative stress, accumulation of polyubiquitylated proteins
and age-dependent decrease in force (Masiero et al., 2009). These Atg7-null mice are affected by
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muscle weakness and atrophy, and they display several signs of myopathy. Another study showed
that suppression of autophagy exacerbates fasting- and denervation-induced atrophy in Atg7-null
mice (Masiero and Sandri, 2010). A similar phenotype was observed in mice with muscle-specific
ablation of Atg5, another crucial component of the autophagy machinery (Raben et al., 2008).
Another recent study revealed that nutrient-deprivation autophagy factor-1 (Naf-1), a Bcl-2-
associated autophagy regulator, is required for the homeostatic maintenance of skeletal muscle in
mice. Nafl-null mice display muscle weakness and markedly decreased strength, accompanied
by increased autophagy, dysregulation of calcium homeostasis and enlarged mitochondria (Chang
etal., 2012).

Recent genetic studies by the group of Eric N. Olson, revealed a key role for histone deacetylases
(HDAC:S) in the control of skeletal muscle homeostasis and autophagic flux (Moresi et al., 2012;
Moresi et al., 2010) (see Table 1). Muscle-specific ablation of both HDAC1 and HDAC2 results
in partial perinatal lethality, and HDACZ1/2 double- knockout mice surviving postnatally develop
a progressive myopathy characterized by impaired autophagy. HDAC1 and HDAC?2 were found
to regulate muscle autophagy by inducing the expression of autophagy genes.

The crucial role of the autophagy-lysosome system in skeletal muscles is confirmed by the fact
that alterations of this process contribute to the pathogenesis of several genetic muscle diseases.
Autophagy has a dual role in muscle homeostasis: it can be detrimental and contribute to muscle
degeneration, but can also be a compensatory mechanism for cell survival.

Gene product Mouse model Phenotype Reference

Autophagy-lysosome

Atg5 Muscle-specific KO Muscle weakness, atrophy, myopathic phenotype Raben et al., 2008
Atg7 Muscle-specific KO, inducible  Muscle weakness, atrophy, myopathic phenotype, increased Masiero et al., 2009
muscle-specific KO muscle loss during denervation and fasting

NAF-1 Ko Increased autophagy, decreased muscle strength Chang et al., 2012

Lamp2 KO Accumulation of autophagic vesicles in many tissues, Tanaka et al,, 2000
including skeletal muscles

Acetylating enzymes and myogenic regulatory factors

HDAC1 + HDAC2 Muscle-specific double KO Perinatal sublethality, progressive myopathy with Moresi etal., 2012
autophagy blockade

HDAC4 Muscle-specific KO Protection from denervation-induced atrophy Moresi et al,, 2010

HDACS KO Protection from denervation-induced atrophy Moresi etal.,, 2010

HDAC4 + HDACS Muscle-specific double KO Marked protection from denervation-induced atrophy Moresi et al,, 2010

Myogenin Inducible KO Protection from denervation-induced atrophy Moresi et al,, 2010

KO, knockout

Table 1: Phenotype of transgenic and KO mice for genes involved in catabolic pathways of skeletal muscle (modified image,
Bonaldo and Sandri, 2013)
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Ubiquitine Proteasome System

In the ubiquitin-proteasome system, proteins are targeted for degradation by the 26S proteasome
through covalent attachment of a chain of ubiquitin molecules. Different classes of enzymes,
named E1, E2 and E3, are involved in protein ubiquitination. The E1 is the ubiquitin activating
enzyme and is encoded by only one gene. The ubiquitin ligase enzyme, or E3, binds the protein
substrate and catalyzes the movement of the ubiquitin from the E2 enzyme to the substrate. This
is the rate-limiting step of the ubiquitination process, which affects the subsequent proteasome-
dependent degradation. Once the protein is ubiquitinated it is docked to the proteasome for
degradation, unless the polyubiquitin chain is removed by the de-ubiquitinating enzymes (Fig. 8).
Different E2-E3 pairs function in the degradation of different proteins, and the specificity of the
E3s for specific groups of proteins provides exquisite selectivity to this degradation process. The
human genome contains around one hundred E2 and more than one thousand E3. This great
heterogeneity is involved in the precise regulation of different cellular processes. The content of
different E2s and E3s varies between tissues and with different physiological conditions, but it is
still unknown which specific E2s and E3s normally work in muscle (Sandri, 2016).
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Fig. 8: Ubiquitin-proteasome systems in muscle homeostasis. E1 enzymes activate ubiquitin proteins after the cleavage of ATP.
The ubiquitin is then moved from E1 to members of the E2 enzyme class. The final ubiquitylation reaction is catalyzed by members
of the E3 enzyme class. E3 binds to E2 and the protein substrate, inducing the transfer of ubiquitin from E2 to the substrate. Once the
substrate is polyubiquitylated, it is docked to the proteasome for degradation. Note that polyubiquitin chains can be removed by de-
ubiquitylating enzymes (ubiquitin-specific processing proteases (USPs). The components of this system that contribute to muscle
wasting are depicted. ZNF216 is involved in the recognition and delivery to the proteasome of ubiquitylated proteins during muscle
atrophy. Atrogin-1 regulates the half-life of the MyoD transcription factor and of elF3f, which is crucial for protein synthesis. Fbxo40
regulates the half-life of IRS1, an essential factor for IGF1/insulin signaling, whereas MuRF1 regulates the half-life of several
sarcomeric proteins. E3 ubiquitin ligases are depicted in green, with arrows pointing to their substrates. Note that ubiquitin ligases can
have different cellular localizations and can shuttle into the nucleus. IRS1, insulin receptor substrate 1; Ub, ubiquitin (image, Bonaldo
and Sandri, 2013).

Atrogin-1/MAFbx and MuRF1 ubiquitin ligases

The first ubiquitin ligases that were identified to play a role in muscle loss were Atrogin-1/MAFbx
and MuRF1. These two E3s are considered the master genes of muscle atrophy (Bodine et al.,
2001; Lecker et al., 2004). Thus far, MuRF1 ubiquitinates several muscle structural proteins,
including troponin | (Kedar et al., 2004), myosin heavy chains (Fielitz et al., 2007; Clarke et al.,
2007), actin (Polge et al., 2011), myosin binding protein C and myosin light chains 1 and 2 (Cohen
etal., 2009). In comparison, Atrogin-1 substrates seem to be involved in growth-related processes
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or survival pathways. Atrogin-1 promotes degradation of MyoD, a key muscle transcription
factor, and elF3-f, an important activator of protein synthesis (Csibi et al., 2010; Tintignac et al.,
2005). In recent work, Atrogin-1 was found to interact with sarcomeric proteins, including
myosins, desmin and vimentin, as well as, transcription factors components of the translational
machinery, enzymes involved in glycolysis and gluconeogenesis and mitochondrial proteins
(Lokireddy et al., 2012). Whether these interactions result in ubiquitination of these protein
substrates has yet to be proven. In the heart, Atrogin-1 ubiquitinates and reduces the levels of
calcineurin A, an important factor triggering cardiac hypertrophy in response to pressure overload
(Li et al., 2004). By using an in vivo Pulsed Stable Isotope Labeling of Amino aCids (SILAC)
approach in heart, it was recently found that Atroginl regulates the half-life of CHMP2B, an
ESCRT family member that plays an important role in autophagosome-lysosome fusion (Zaglia
et al., 2014). Interestingly, although Atroginl is described as a muscle specific ubiquitin ligase, it
was found to be modulated in many cancer cells (Wu et al., 2011, Lei et al., 2011; Chou et al.,
2010; Frolov et al., 2003) and recently, cMyc was reported as an Atrogin-1 substrate (Mei et al.,
2015) therefore, suggesting that this ligase might play a role in tumorigenesis.

It is important to highlight the involvement of these E3 ligases in different catabolic conditions
of muscle loss. Mice with MuRF1 knockout are not protected from denervation-induced muscle
loss at 7 days and only partially protected (around 30%) at 14 days (Bodine et al., 2001).
Moreover, the absence of MuRF1 does not protect from fasting induced atrophy, while muscle
mass is spared following glucocorticoid treatment (Baehr et al., 2011). Finally, MuRF1 inhibition
prevents age related muscle loss (Hwee et al., 2014; Sandri et al., 2013) but this protection is not
functional since aged MuRF1 knockout mice are weaker than age-matched controls (Sandri et al.,
2013). Inhibition of Atrogin-1 does not block denervation-and glucocorticoids-induced muscle
loss (Baehr et al., 2011; Gomes et al., 2012; Sartori et al., 2013) while muscle mass is only
partially spared in fasted Atrogin-1 knockout animals (Cong et al., 2011). Importantly, mice
Atrogin-1 knockout are not protected from ageing sarcopenia (Sandri et al., 2013) and die
prematurely from a severe restrictive-like hypertrophic cardiomyopathy (Zaglia et al., 2014;
Sandri et al., 2013).
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Protein Synthesis Signaling Pathway

Skeletal muscle mass increases during postnatal development through a process of hypertrophy,
i.e. enlargement of individual muscle fibers, and a similar process may be induced in adult skeletal
muscle in response to contractile activity, such as strength exercise, and specific hormones, such
as androgens and b-adrenergic agonists. Muscle hypertrophy occurs when the overall rates of
protein synthesis exceed the rates of protein degradation. Two major signaling pathways control
protein synthesis, the IGF1-Akt-mTOR pathway, acting as a positive regulator, and the
myostatin—-Smad2/3 pathway, acting as a negative regulator, and additional pathways have
recently been identified (Schiaffino et al., 2013) (Fig. 9).

IGF1/Akt/mTOR Signaling Pathway

The insulin-like growth factor 1-phosphoinositide-3-kinase—Akt/protein kinase B—mammalian
target of rapamycin (IGF1-PI3K-Akt/PKB-mTOR) pathway acts as a positive regulator of
muscle growth. In fact, muscle-specific inactivation of the IGF1 receptor impairs muscle growth
due to reduced muscle fiber number and size (Mavalli et al., 2010). Conversely, muscle-specific
over-expression of IGF1 causes muscle hypertrophy (Musaro et al., 2001).

Akt stimulates protein synthesis by activating mTOR and its downstream effectors. The kinase
MTOR interacts with several proteins to form two complexes: mTOR complex 1 (MTORCL1)
containing raptor and mTOR complex 2 (mTORC2) containing rictor (Laplante and Sabatini,
2012).

It should be stressed that mTOR responds to multiple upstream signals in addition to Akt,
including amino acids, and it controls several cellular processes in addition to protein synthesis,
including autophagy. The crucial role of mTOR in mediating muscle growth is supported by
genetic and pharmacological evidence. Muscle-specific mTOR knockout causes reduced
postnatal growth, due to the reduced size of fast but not slow muscle fibers, and severe myopathy
(Risson et al., 2009). A similar phenotype is found in mice lacking raptor in skeletal muscle,
whereas those lacking rictor have a normal phenotype, supporting a major role of mMTORCL1 in
mediating the effect of mMTOR on protein synthesis (Bentzinger et al., 2008). Rapamycin, a
specific mTOR inhibitor, acts especially on mTORC1, although mTORC2 is also affected during
chronic treatment (Laplante and Sabatini, 2012). Muscle fiber hypertrophy induced by
transfection of adult muscles with a constitutively active Akt construct is also blunted by
rapamycin (Bodine et al., 2001b; Pallafacchina et al., 2002).

Two major effectors of mTORC1 that promote protein synthesis are eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1) and S6 kinase 1. Muscle growth is apparently
unaffected by 4E-BP1 knockout (Le Bacquer et al., 2007). In contrast, deletion of S6 kinase 1
causes muscle atrophy and partially prevents the response to constitutively active Akt (Mounier
et al., 2011). However, the control of protein synthesis by mTOR is still incompletely
characterized (Laplante and Sabatini, 2012). The growth-promoting effect of mTORC1 is
repressed by AMP-activated protein kinase (AMPK), and hypertrophy of soleus muscle has been
described in AMPK-deficient mice (Mounier et al., 2011). Another aspect of mTOR function that
is incompletely understood is the role of mTOR in transcriptional regulation. In both yeast and
mammalian cells, TOR/mTOR controls cell growth by coordinately regulating the synthesis of
ribosomes and tRNAs and activating transcription by all three nuclear RNA polymerases (1, Il
and 1). However, ribosomal RNA accumulation induced in overloaded muscles after synergist
ablation is only partially inhibited by rapamycin (Goodman et al., 2011). On the other hand,
blockade of mTOR by rapamycin in cultured myotubes is sufficient to block most IGF1-induced
changes in transcription (Latres et al., 2005).
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Myostatin-Smad3 Pathway

The second major signaling pathway that regulates muscle growth involves the myostatin, acting
as a negative regulator (Lee, 2004). Myostatin inhibits protein synthesis and reduces myotube
size when added to differentiated myotubes in culture (Taylor et al., 2001). Furthermore, muscle
atrophy is induced in mice by systemically administered myostatin (Lee, 2004). Muscle
hypertrophy may also be induced by inhibitory extracellular binding proteins, such as follistatin,
whose effect is even greater than the lack of myostatin, because it binds to other TGFb
superfamily members, such as activin A, that act as negative regulators of muscle growth like
myostatin does (Fig. 9).

Myostatin and activin A interact and activate a heterodimeric receptor complex with serine—
threonine kinase activity, comprising a type Il receptor, activin receptor 2 (ACVR2 and
ACVR2B), and a type | receptor, activing receptor-like kinase 4 and 5 (ALK4 and ALKS).
Myostatin/activin A signaling in myofibers is mediated by phosphorylation and nuclear
translocation of Smad2 or Smad3 transcription factors, and formation of heterodimers with
Smad4. Although the transcriptional targets of the Smad2/Smad4 and Smad3/Smad4 complexes
that mediate the inhibitory effect on growth are not known, it is possible that myostatin/activin A
signaling interferes with the Akt-mTOR pathway (Sartori et al., 2009; Trendelenburg et al.,
2009).

Inhibition of Smad3 activity by follistatin is critical for activation of Akt—-mTOR signaling, as
constitutively active Smad3 was found to suppress follistatin-induced muscle growth and mTOR
activation. It is also possible that a direct interaction between Smad3 and Akt, as demonstrated in
other cell systems (Remy et al., 2004; Conery et al., 2004), may be involved in crosstalk between
the myostatin/activin A and IGF1 pathways in skeletal muscle.
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Fig. 9: Signaling modules responsible for skeletal muscle growth. All these modules converge to final common pathway centered
on mTOR and its effectors that control protein synthesis. Major signaling pathways. (A) IGF1 stimulates mTOR activity and muscle
growth via PI3K-Akt. (B) Follistatin induces muscle growth by inhibiting myostatin and activin A.
The two pathways cross-talk by direct interaction between Smad3 and Akt. In addition, transcriptional regulation by Smad3/Smad4
heterodimers may repress mTOR and protein synthesis through mechanisms that have not yet been defined. The arrow connecting
mTOR with a myonucleus indicates transcriptional roles of mTOR (image, Schiaffino et al., 2013).
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Protein synthesis and protein degradation:
hypertrophy vs atrophy

The changes in protein turnover, leading to muscle hypertrophy or atrophy, do not always proceed
according to the simplistic equations suggested by the ‘balance’ analogy, i.e. muscle hypertrophy
results from increased protein synthesis and decreased protein degradation, while muscle atrophy
results from decreased protein synthesis and increased protein degradation. Goldberg’s analyses
on muscle growth showed that, during soleus hypertrophy induced by gastrocnemius tenotomy,
decreased protein catabolism as well as increased synthesis of new proteins occurs. Interestingly,
during soleus hypertrophy induced by growth hormone, it was observed an increase of protein
synthesis without any change in protein degradation rates (Goldberg, 1969). Starvation causes
decreased protein synthesis and increased protein degradation in both fast and slow rat muscles
(Li and Goldberg, 1976). However, muscle denervation is accompanied by increased protein
degradation and increased rather than decreased protein synthesis (Argadine et al., 2009; Quy et
al., 2013). One must also consider that fast and slow muscles differ in their protein turnover rates,
with slow muscles showing higher rates of both protein synthesis and degradation (Goldberg,
1969).

Cross-talk between MPB and MPS:
FoxO family transcription factors

Akt controls both protein synthesis, via mTOR, and protein degradation, via transcription factors
of the FoxO family (Fig. 10).

The upregulation of atrogin-1, MuRF1 and several autophagy-related genes is normally blocked
by Akt through negative regulation of FoxO transcription factors (Lee et al., 2004; Sandri et al.,
2004; Stitt et al., 2004). The FoxO family in skeletal muscle is comprised of three isoforms:
FoxO1, FoxO3 and FoxO4. Akt phosphorylates FoxO proteins, promoting their export from the
nucleus to the cytoplasm. As predicted, the reduced activity of the Akt pathway observed in
different models of muscle atrophy results in decreased levels of phosphorylated FoxO in the
cytoplasm and a marked increase of nuclear FoxO (reviewed in Calnan and Brunet, 2008) (Fig.
10). The translocation and activity of FoxO members is required for the upregulation of atrogin-
1 and MuRF1, and FoxO3 is sufficient to promote atrogin-1 expression and muscle atrophy when
transfected into skeletal muscles in vivo (Sandri et al., 2004). FoxO1 transgenic mice show
markedly reduced muscle mass and fiber atrophy, further supporting the notion that FoxO proteins
are sufficient to promote muscle loss (Kamei et al., 2004; Southgate et al., 2007). In contrast,
FoxO knockdown by RNAI can block the upregulation of atrogin-1 expression during atrophy
and muscle loss (Liu et al., 2007; Sandri et al., 2004).

Crosstalk between protein breakdown and protein synthesis is not limited to Akt, but also involves
FoxO. Activation of FoxO in Drosophila muscle upregulates 4E-BP1 (Demontis and Perrimon,
2010) and represses mTOR via sestrin (Lee et al., 2010). Consistently, in mammals, FoxO3
reduces total protein synthesis in adult muscle (Reed et al., 2012). Thus, when Akt is active,
protein breakdown is suppressed, and when FoxO is induced, protein synthesis is further
suppressed. This is not trivial, because FoxO activity is regulated by several different post-
translational modifications, including phosphorylation, acetylation, and mono- and
polyubiquitylation (Huang and Tindall, 2007).

21



Other findings have revealed a connection between AMPK and FoxO3 (Fig. 10). AMPK
phosphorylates several Akt-independent sites on FoxO3, thereby stimulating its transcriptional
activity (Greer et al., 2007a; Greer et al., 2007b). Indeed, treatment of muscle cultures with
AICAR, an activator of AMPK, increases protein breakdown and atrogin-1 expression via the
FoxO family (Nakashima and Yakabe, 2007). In conditions of energy stress FoxO3 is activated
via AMPK in myofibers inducing the expression of atrogin-1 and MuRF1 (Romanello et al.,
2010). Activation of AMPK also leads to induction of some autophagy-related genes, such as
those coding for LC3 and Bnip3.

FoxO activity is also modulated by direct or indirect actions of cofactors and other transcription
factors. FoxO has been found to interact with PGCla, a critical cofactor for mitochondrial
biogenesis (Puigserver et al., 2003; Wu et al., 1999) (Fig. 10). Maintaining high levels of PGCla
during catabolic conditions (either in transgenic mice or by transfecting adult myofibers) muscle
mass is preserved (Geng et al., 2011; Sandri et al., 2006; Cannavino et al 2014; Cannavino et al
2015; Wenz et al., 2009). Similar beneficial effects were recently obtained by overexpression of
PGC1p, a homolog of PGCla (Brault et al., 2010). The positive action on muscle mass of these
cofactors is due to the inhibition of autophagy-lysosome and ubiquitin-proteasome degradation
systems. PGCla and PGC1p reduce protein breakdown by inhibiting the transcriptional activity
of FoxO3, but they do not affect protein synthesis. Thus, these cofactors prevent the excessive
activation of proteolytic systems by inhibiting the action of the pro-atrophy transcription factors
without perturbing the translational machinery.

It was recently reported that the transcription factor JunB blocks atrophy and promotes
hypertrophy in adult mouse muscles (Raffaello et al., 2010). Indeed, JunB can block myofiber
atrophy of denervated tibialis anterior muscles and cultured myotubes induced by FoxO3
overexpression, dexamethasone treatment or starvation. In these conditions, JunB prevents the
activation of atrogin-1 and partially that of MuRF1, thereby reducing the increase in overall
protein degradation induced by activated FoxO3. Further analysis revealed that JunB does not
inhibit FoxO3-mediated activation of the autophagy-lysosom system, but only the ubiquitin-
proteasome degradation, through inhibiting atrogin-1 and MuRF1 induction during catabolic
conditions. In fact, JunB directly binds FoxO3, thereby preventing its recruitment to the promoters
of key atrogenes. Moreover, JunB overexpression is sufficient to induce dramatic hypertrophy of
myotubes and of adult muscle. These hypertrophic changes depend on increased protein synthesis,
without affecting the basal rate of protein degradation (Sartori et al., 2009; Trendelenburg et al.,
2009). Indeed, JunB overexpression markedly suppresses myostatin expression in transfected
myotubes and decreases the phosphorylation of Smad3, the transcription factor downstream of
the myostatin-TGFp signaling pathway (Raffaello et al., 2010).
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Fig. 10. Major pathways that control muscle fiber size. Protein synthesis and degradation are regulated by several different stimuli,
which activate multiple signaling pathways, many of which converge at common intermediates and/or crosstalk with one another.
Many of the components shown here could be promising therapeutic targets. See the main text for further details. Dotted lines depict
pathways whose molecular mechanisms and role in adult skeletal muscle have yet to be completely defined. GR, glucocorticoid
receptor (image, Bonaldo and Sandri, 2013).
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Muscle Metabolism

The energy needed for all basic cellular functions, including muscle contraction, is supplied by
the hydrolysis of ATP, with ADP and P; release.

Very little ATP is stored in muscle fibers, only enough to power muscle contraction for a few
seconds. The ATP in muscle must be constantly replenished as it is used for various process.
ATP is replenished within muscle fibers in three ways: (i) from creatine phosphate (CP), (ii) by
glycolysis (anaerobic) and (iii) by cellular respiration (aerobic mitochondrial respiration). The
powerhouse of energy production and metabolism are the mitochondria.

Supply of ATP for muscle contraction:
Creatine phosphatase

A rapid turnover of ATP is maintained without the use of oxygen trough Creatin phosphate (CP),
an hight energy phosphate compound. Energy is released with the breakdown of CP, for the
immediate synthesis of ATP (ADP + CP «<» ATP + C + Energy). Different creatin phosphokinase
(CPK) isoenzymes catalyze the generation of CP from ATP at the mitochondrial site (CPK-MB
and CPK-mi) and generation of ATP from CP at the myofibrillar location (CPK-MM). In human
muscles at rest, CP content is slightly higher in fast than slow fibers (Sant'Ana Pereira et al., 1996;
Sahlin et al., 1997); moreover the total activity of CPK is equal in fast and slow fibers (Apple and
Tesch, 1989) or slightly higher in fast fibers (Yamashita and Yoshioka, 1992) but the greater CP
content and the higher activity of CPK-MM suggest that ATP regeneration from CP is likely more
effective in fast than in slow fibers.

Supply of ATP for muscle contraction:
Glycolysis

Anaerobic glycolysis is the catabolic pathway from glucose to pyruvate associated with the
regeneration of 2-3 mol ATP/mol glucose. In skeletal muscle, glycolysis permits high
performance when aerobic metabolism alone is not sufficient. In skeletal muscle at rest, glycolysis
provides nearly half of the acetyl-CoA used in Citric acid cycle. In human muscles, a pronounced
difference in glycogenolysis rate has been reported between slow and fast fibers during maximal
contractions (Vellestad et al., 1992; Greenhaff et al., 1993). The differential expression of
glycolytic genes in fast and slow muscles has been confirmed by PCR and microarray studies in
both mouse and human (Plomgaard et al., 2006; Chemello et al., 2011).

The pyruvate produced can be either (i) converted to lactate by lactate deidrogenase enzymes and
exported or (ii) decarboxylated to acetyl-CoA and enter in the tricarboxylic acid cycle (TCA). As
mention above the end product of glycolysis, pyruvate, can enter the tricarboxylic acid via the
pyruvate dehydrogenase (PDH) complex, which in skeletal muscle controls the glucose oxidation
pathway by catalyzing the irreversible decarboxylation of pyruvate to acetyl coenzyme A. PDH
is negatively regulated by phosphorylation mediated by pyruvate dehydrogenase kinases (PDK1
to -4). Thanks to its inhibitory control on PDH, PDK acts as switch of fuel oxidation from
carbohydrate to fat. PDK activity is less active in glycolytic than in oxidative muscles (Peters et
al., 2001) PDH activity is enhanced by a pyruvate dehydrogenase phosphatase (PDP), which is
also more abundant and more active in slow oxidative fibers (Leblanc et al., 2007). In summary
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ATP regeneration through the glycolytic pathway is more effective in fast than in slow fibers as
the glycolytic activity is about two times higher in fast fibers, moreover in both fiber types this is
not sufficient to cope with maximal ATP consumption, thus setting a limit to the use of this source
for contractile activity and leads pyruvate having two different fates: lactate or acetyl CoA. The
presence of different LDH isoforms and PDH regulation via kinase (PDK) and phosphatase (PDP)
control the switch between the two alternative pathways. The balance between the two
alternatives is shifted towards acetyl CoA in slow fibers and towards conversion to lactate in fast
fibers.

Supply of ATP for muscle contraction:
aerobic cellular respiration

Aerobic energy metabolism takes place in mitochondria, and it results in the greatest release of
energy; thus as the name implies it requires oxygen.

ATP resynthesis via mitochondrial oxidative phosphorylation utilizes acetyl-CoA derived either
from pyruvate generated by the activity of PDH or from fatty acids (FA) via-oxidation and can
provide 18 ATP per acetate.

In mitochondria of muscle cells, hydrogen atoms are extracted from the reducing equivalents that
are formed during the citric acid cycle, in a process called oxidative phosphorylation.
Consequently, special electron transport proteins extract the hydrogen atoms and transfer them
finally to molecular oxygen. The energy released during the transfer of electrons to oxygen is
conserved as ATP.

Oxidative Metabolism in muscle fiber

ATP regeneration based on TCA cycle is more effective in slow than in fast fibers due mainly to
differences in (i) substrate availability (ii) mitochondrial structure and (iii) oxidative enzyme
content and activity.

(i) Substrate availability Acetyl-CoA is provided by two sources: from (a) Fatty Acids (FA) via
activation to acyl-CoA, transfer into the mitochondria and via carnitine-acyl- transferase and
degradation to acetyl- CoA via p-oxidation, and (b) from pyruvate, derived from glycolysis via
PDH. The contribution of FA from B-oxidation to the TCA cycle is higher in slow than fast fibers.
In fact, type 1 fibers have greater availability and higher utilization of free fatty acids than type 2
fibers. The mitochondrial carnitine shuttle trough Carnitine palmitoyltransferase 1 (CPT 1), and
carnitine palmitoyltransferase II (CPT II) has an obligatory role in -oxidation by permitting acyl-
CoA translocation from the cytosol; in slow fibers CPT I is more active (Kim et al., 2002). Finally,
the activity of 3-hydroxy-acyl-CoA dehydrogenase (HAD), a key enzyme of B-oxidation, is
higher in slow than in fast fibers.

(ii) Mitochondrial structure Mitochondrial content varies significantly in relation to fiber type. In
human fibers, the mitochondrial volume varies from 6% in type 1 fibers to 4.5% in type 2A fibers
and 2.3% in type 2X fibers (Hoppeler et al., 1985). In the rat, the fraction volume occupied by
mitochondria ranges from 2.2% in fast glycolytic fibers of gastrocnemius to 10% in slow
oxidative fibers of soleus (Ogata and Yamasaki, 1997).

Beside their density, mitochondria of slow and fast fibers also differ in their ultrastructure; thus
slow fiber mitochondria exhibit more densely packed crista (Jackman and Willis, 1996).

(iii) Oxidative enzyme content and activity Using isolated mitochondrial preparations it has been
shown that citric acid cycle enzyme activities are approximately twice higher and electron
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transport chain (ETC) exhibits twice the capacity for coenzyme oxidation in mitochondria from
slow muscles compared with those from fast muscles of the rabbit (Jackman and Willis, 1996).
Mitochondrial generation of hydrogen peroxide is two- to three-fold higher in white fast
glycolytic muscles than in slow oxidative soleus of the rat (Anderson and Neufer, 2006).
Therefore, ATP regeneration based on TCA cycle is more effective in slow than in fast fibers due
to the greater mitochondrial density and greater TCA cycle fuelling based on -oxidation, which
is about three times higher in slow than in fast fibers. Diversity is also present in the regulation of
mitochondrial activity between slow and fast fibers, with different effects of the stimulation due
to ADP, more effective in fast fibers, and the stimulation due to creatine, more effective in slow
fibers. Importantly, once mitochondrial respiration and ATP regeneration are activated, in slow
fibers a complete energy balance can be achieved, i.e., consumption is covered by regeneration,
also in view of the relatively low ATP consumption. Such condition of balance is never achieved
in fast fibers.
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Redox homeostasis in skeletal muscle

Oxygen free radicals or, more generally, reactive oxygen species (ROS), as well as reactive
nitrogen species (RNS), are products of normal cellular metabolism. ROS and RNS are well
recognized for playing a dual role as both deleterious and beneficial species, since they can be
either harmful or beneficial to living systems (Valko et al., 2007). Beneficial effects of ROS occur
at low/moderate concentrations and involve physiological roles in cellular responses, as for
example in defense against infectious agents and in the function of a number of cellular signalling
systems. One further beneficial example of ROS at low/moderate concentrations is the induction
of a mitogenic response. The harmful effect of free radicals causing potential biological damage
is termed oxidative stress and nitrosative stress (Kovacic and Jacintho, 2001; Valko et al., 2001;
Ridnour et al., 2005; Valko et al., 2006). The latter occur in biological systems when there is an
overproduction of ROS/RNS and/or a deficiency of enzymatic and non-enzymatic antioxidants.
Oxidative stress results from the metabolic reactions that use oxygen and represents a disturbance
in the equilibrium status of pro-oxidant/antioxidant reactions in living organisms. The excess
ROS can damage cellular lipids, proteins, or DNA inhibiting their normal function. Because of
this, oxidative stress has been implicated in a number of human diseases as well as in the ageing
process. The delicate balance between beneficial and harmful effects of free radicals is a very
important aspect of living organisms and is achieved by mechanisms called “redox regulation”.

Reactive oxygen species (ROS)

Free radicals can be defined as molecules or molecular fragments containing one or more unpaired
electrons in atomic or molecular orbitals (Gutteridge and Mitchell, 1999; Halliwell, 2007). Free
radicals can be generated as products of homolytic, heterolytic, or redox reactions, producing
either charged or uncharged radical species. Note that reactive oxygen species (ROS) is a general
term that refers not only to oxygen-centered radicals, but also includes non radical reactive
derivatives of oxygen (e.g., hydrogen peroxide) (Halliwell, 2007). Similarly, the term reactive
nitrogen species (RNS) refers to both nitrogen radicals along with other reactive molecules in
which the reactive center is nitrogen. Radicals derived from oxygen represent the most important
class of radical species generated in living systems.

Superoxide anion radical (O2¢—)

Molecular oxygen (dioxygen) has a unique electronic configuration and is itself a radical. The
addition of one electron to dioxygen forms the superoxide anion radical (O2+—) (Miller et al.,
1990). This anion is negatively charged and is relatively membrane impermeable. Nonetheless,
compared with other free radicals, superoxide has a relatively long half-life that enables diffusion
within the cell. It is considered the “primary” ROS, and can further interact with other molecules
to generate “secondary” ROS, either directly or prevalently through enzyme- or metal-catalyzed
processes (Valko et al., 2005). It can react rapidly with some radicals such as NO and with some
iron-sulfur clusters in proteins (Valko et al., 2007). The production of superoxide mostly occurs
within mitochondria (Cadenas and Sies, 1998). Direct production of superoxide also occurs in
some specific enzymatic reactions such as those catalyzed by xanthine oxidase, NAD(P)H oxidase
enzymes and phospholipase (PL) A2-dependent.

The dismutation of superoxide anion to oxygen and hydrogen peroxide, catalyzed by the enzyme
superoxide dismutase (SOD), represents the largest source of the dangerous hydrogen peroxide
in the cell (Liochev and Fridovich, 2002). Importantly, the toxic action of superoxide depends
largely on the interaction with hydrogen peroxide, (O2¢— +H202 — O2 + *OH+OH—; Haber—
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Weiss reaction) which causes the formation of the radical hydroxyl (OH *), an extremely reactive
species.

Hydrogen peroxide (H20,)

Hydrogen peroxide is stable, permeable to membranes, and has a relatively long half-life within
the cell. In addition to dismutation of superoxide anion, hydrogen peroxide can be formed even
for direct production in some enzymatic reactions at the level of microsomes, peroxisomes and
mitochondria. It is cytotoxic although it is considered a weak oxidizing agent. The toxicity resides
in the fact that it is in capable of giving rise to the hydroxyl radical through reactions catalyzed
by metal ions (H202 + Fe2+ —+OH+OH— + Fe3+ Fenton reaction) (Bergendi et al., 1999; Valko
et al., 2005; Valko et al., 2007). For these chemical reasons the redox state of the cell is largely
linked to an iron (and copper) redox couple and is maintained within strict physiological limits.

28



Mechanisms of maintenance of “redox homeostasis”

Free radicals and reactive species operate at low, but measurable concentrations in the cells. Their
“steady state” concentrations are determined by the balance between their rates of production and
their rates of removal by various antioxidant systems. To maintain redox homeostasis, muscle
fibers contain a network of antioxidant defense mechanisms to reduce the risk of oxidative
damage during periods of increased ROS production. The term antioxidant has been defined in
many ways, but in the context of our discussion, antioxidants will be broadly defined as any
substance that delays or prevents the oxidation of a substrate.

Enzymatyc Antioxidant

The main antioxidant enzymes include superoxide dismutase, glutathione peroxidase, and
catalase (Tab. 2). Additional antioxidant enzymes such as peroxiredoxin, glutaredoxin, and
thioredoxin reductase also contribute to cellular protection against oxidation.

Superoxide dismutase (SOD)

Superoxide dismutase (SOD) was discovered in 1969 by McCord and Fridovich (McCord and
Fridovich, 1969) and forms the first line of defense against superoxide radicals as SOD dismutates
superoxide to form hydrogen peroxide (H20:) and oxygen (Oz) (Fig. 11). In mammals, three
isoforms of SOD (SOD1, SOD2, SOD3) exist, and all require a redox active transition metal in
the active site to accomplish the catalytic breakdown of the superoxide anion (Culotta et al.,
2006). SOD1 is primarily located in the cytosol and the mitochondrial intermembrane space.
SOD2 is located in the mitochondrial matrix. Finally, SOD3 is located in the extracellular space.
In skeletal muscle, 15-35% of the total SOD activity is in the mitochondria, and the remaining
65-85% is in the cytosol (Powers et al., 1994). In rat skeletal muscle, SOD activity is highest in
oxidative muscles that contain a high percentage of type | and type lla fibers compared with
muscles with low mitochondrial volumes (i.e., type lIx or l1b fibers) (Criswell et al., 1993).

Glutathione peroxidase (GPX)

Analysis of the selenoproteome has identified five glutathione peroxidases in mammals
(Brigelius-Flohe, 2006; Drevet, 2006). All of these GPX enzymes catalyze the reduction of H,O,
or organic hydroperoxide (ROOH) to water (H.O) and alcohol, respectively, using reduced
glutathione (GSH) or in some cases thioredoxin or glutaredoxin as the electron donor (Bjornstedt
et al., 1994; Bjornstedt et al., 1997; Holmgren et al., 2005) (Fig. 11). When GSH is the electron
donor, it donates a pair of hydrogen ions and GSH is oxidized to glutathione disulfide (GSSG)
(Fig. 11). Cells must possess a pathway capable of regenerating GSH. The reduction of GSSG
back to GSH is accomplished by glutathione reductase, a flavin containing enzyme whereby
NADPH provides the reducing power. Many tissues produce NADPH by glucose-6-phosphate
dehydrogenase via the pentose pathway, but skeletal muscles produce NADPH primarily via
isocitrate dehydrogenase (Lawler et al., 1993; Lawler and Demaree, 2001). Although the reaction
catalyzed by all GPXs appears to be the same, individual GPXs differ in substrate specificity (i.e.,
varying range of hydroperoxides) and cellular localization (i.e., cytosol vs. mitochondria)
(Brigelius-Flohe, 1999). The varying substrate specificity and cellular location across GPX
isoforms appears to optimize GPX’s function as a cellular antioxidant enzyme. Indeed, the fact
that many GPX isoenzymes will reduce a wide range of hydroperoxides ranging from H202 to
complex organic hydroperoxides makes GPX an important intracellular antioxidant to protect
against ROS-mediated damage to membrane lipids, proteins, and nuclei acids.
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Identical to SOD, the relative amount of GPX present in skeletal muscle fibers differs across fiber
types: highly oxidative fibers (i.e., type 1) exhibit the highest GPX activity, whereas rodent muscle
fibers with low oxidative capacity (i.e., type 11B) exhibit the lowest levels of GPX (Lawler et al.,
1993).

Catalase (Cat)

Catalase (Cat) serves several biochemical functions, but the principal purpose of CAT is to
catalyze the break-down of H;O. into H.O and O (Fig. 11). Although Cat and GPX share
common substrates, Cat has a much lower affinity for H.O at low concentrations compared with
GPX.

Cat protein levels are highest in highly oxidative muscle fibers and lowest in fibers with low
oxidative capacity (Laughlin et al., 1990; Leeuwenburgh et al., 1994; Pereira et al., 1994; Powers
etal., 1994).

The thioredoxin (TRX)

The thioredoxin (TRX) antioxidant system is composed of thioredoxin (TRX) and thioredoxin
reductase (TRXR) (Fig. 11) (Arnér and Holmgren, 2000; Holmgren et al., 2005; Yoshioka et al.,
2006; Berndt et al., 2007). The mammalian TRX is a highly conserved 12-kDa protein and cells
contain two TRX systems, the cytosolic (TRX1) and the mitochondrial (TRX2) (Berndt et al.,
2007). Functionally, TRX is the major ubiquitous disulfide reductase responsible for maintaining
proteins in their reduced state (Arner & Holmgren, 2000). Oxidized TRX is then reduced by
electrons from NADPH via thioredoxin reductase (Holmgren, 1985) (Fig. 11). Along with the
prevention of protein oxidation, numerous other physiological functions of TRX have been
described including reduction of transcription factors, protection against oxidative stress, and
control of apoptosis (Arnér and Holmgren, 2000). Moreover, thioredoxin reductase also
contributes as an antioxidant enzyme by reducing hydroperoxides and functioning as a NADPH-
dependent dehydroascorbate reductase to recycle vitamin C (Arnér and Holmgren, 2000).

Peroxiredoxin (PRX)

Peroxiredoxin (PRX) was discovered in 1988 and is a novel peroxidase capable of reducing both
hydroperoxides and peroxynitrate with the use of electrons provided by a physiological thiol like
TRX (Kim et al., 1985; Rhee et al., 2005a) (Fig. 11). Mammalian cells express six isoforms of
PRX (PRXI-V1I) that are distributed differentially within the cell: PRXI, 1I, and VI are found in
the cytosol; PRXIII is located in the mitochondrion; PRXIV is located in the extracellular space;
and PRXV is located in both mitochondria and peroxisomes (Rhee et al., 2005a). Unfortunately,
a kinetic analysis of PRX reaction rates at physiological concentrations of substrates has not been
reported for any of the PRX isoforms. Nonetheless, the molar efficiencies of PRXs are generally
smaller than GPX or CAT by several orders of magnitude (Flohé et al., 2003). Therefore, although
PRXs may defend against cellular oxidative stress, the importance of their antioxidant role in
mammalian cells remains unclear (Flohé et al., 2003). Moreover, growing evidences suggest that
in addition to antioxidant properties, these peroxidases may also play a role in the regulation of
H,0O; as a second messenger in receptor-mediated signaling (Kang et al., 2005; Rhee et al., 2005b;
Rhee et al., 2005¢).

Heat shock proteins

The production of heat shock proteins in living organisms, can be induced by any stress, but more
frequently by thermal stress and for this reason are called heat shock proteins. The Hsps have
been identified in virtually all species belonging to the eubacteria, archaea and higher organisms
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and animals. Also a considerable similarity between the Hsps in different species has been
verified, which is indicative of an early differentiation of the evolutionary course that makes them
conserved in all living organisms (Lindquist and Craig, 1988). This also suggests the existence of
such a protective function in all organisms. Many of the stress proteins are present at low levels
and their main function is to reduce to a minimum the harmful effects of any stress (Schlesinger,
1990; Gutteridge & Mitchell, 1999).

The stress proteins are molecular chaperones, and have, therefore, the task of ensuring the correct
folding and the restoration of the native structure. They have been classified into six families,
essentially on the basis of molecular weight: hsp100 (100-110 kDa), hsp90 (83-90 kDa), hsp70
(66-78 kDa), hsp60, hsp40 and hsp small (15-30 kDa). They are in different compartments cell
where they are appointed to carry out specific functions.

The Hsp70 family is the most conserved and the most studied and include the inducible form
Hsp70, the shape constitutively expressed Hsc70, the mitochondrial form Hsp75, and the shape
localized in the endoplasmic reticulum, Grp78. The inducible isoform of the protein Hsp-70 is
expressed especially in slow muscles rather than fast ones. As a result of various stress such as
ischemia or physical exercise Hsp-70 activation occurs both in slow and fast muscles (Lindquist
& Craig, 1988; Schlesinger, 1990; Gutteridge & Mitchell, 1999).
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Non-enzymatic Antioxidants

Nonenzymatic antioxidants include low-molecular-weight compounds, such as vitamins
(vitamins C and E), B-carotene, uric acid, and Glutathione GSH, a tripeptide (L-y-glutamyl-L-
cysteinyl-Lglycine) that comprise a thiol (sulfhydryl) group (Tab. 3).

Vitamin C

Vitamin C (Ascorbic Acid) Water-soluble vitamin C (ascorbic acid) provides intracellular and
extracellular aqueous-phase antioxidant capacity primarily by scavenging oxygen free radicals. It
converts vitamin E free radicals back to vitamin E. Its plasma levels have been shown to decrease
with age (Bunker, 1992; Mezzetti et al., 1996).

Vitamin E (a-TCP)

Vitamin E (o-Tocopherol, a-TCP) Lipid-soluble vitamin E is concentrated in the hydrophobic
interior site of cell membrane and is the principal defense against oxidant-induced membrane
injury. Vitamin E donates electron to peroxyl radical which is produced during lipid peroxidation
(Fig. 11). a-Tocopherol is the most active form of vitamin E and the major membrane-bound
antioxidant in cell.

Vitamin E triggers apoptosis of cancer cells and inhibits free radical formations.

Glutathione (GSH)

Glutathione GSH is highly abundant in all cell compartments and is the major soluble antioxidant.
GSH/GSSG ratio is a major determinant of oxidative stress. GSH shows its antioxidant effects in
several ways (Masella et al., 2005). It detoxifies H>O> and lipid peroxides via action of GSH-Px
(Fig. 11). GSH donates its electron to H.O, to reduce it into H,0 and O, (Fig. 11). GSSG is again
reduced into GSH by GSH reductase that uses NAD(P)H as the electron donor (Fig. 11).
Gluthatione peroxidase (GPX) are also important for the protection of cell membrane from lipid
peroxidation (Fig. 11). Reduced glutathione donates protons to membrane lipids and protects
them from oxidant attacks (Curello et al., 1985). GSH is a cofactor for several detoxifying
enzymes, such as GPX and transferase. It has a role in converting vitamin C and E back to their
active forms. GSH protects cells against apoptosis by interacting with proapoptotic and
antiapoptotic signaling pathways (Masella et al., 2005). It also regulates and activates several
transcription factors, such as AP-1, NF-kB, and Sp-1.

Carotenoids (B-Carotene)
Carotenoids are pigments found in plants. Primarily, B-carotene has been found to react with

peroxyl (ROO), hydroxyl (‘OH), and superoxide (O; ) radicals (EI-Agamey et al., 2004).
Carotenoids show their antioxidant effects in low oxygen partial pressure but may have pro-
oxidant effects at higher oxygen concentrations (Rice-Evans et al., 1997). Both carotenoids and
retinoic acids (RAs) are capable of regulating transcription factors. p-Carotene inhibits the
oxidant-induced NF-kB activation and interleukin (IL)-6 and tumor necrosis factor-a production.
Carotenoids also affect apoptosis of cells. Antiproliferative effects of RA have been shown in
several studies. This effect of RA is mediated mainly by retinoic acid receptors and vary among
cell types. In mammary carcinoma cells, retinoic acid receptor was shown to trigger growth
inhibition by inducing cell cycle arrest, apoptosis, or both (Donato and Noy, 2005; Niizuma et al.,
2006).
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ROS and exercise

Regular exercise is increasingly used as a therapeutic strategy to prevent age-related muscular
atrophy as well as a number of diseases, including heart failure and diabetes. It is noteworthy that
the benefits of exercise may not be equal between different conditions, due to the blunted adaptive
responses of skeletal. The metabolic and structural changes induced by exercise ultimately affect
the contractile properties of the muscle fibers and as contracting muscles generate ROS/ RNS;
these signaling molecules play crucial roles in the adaptive response to exercise. ROS/RNS
generate unique signaling cascades that are essential in skeletal muscle contraction and
adaptation, but also play a role in a wide array of cell processes including cell proliferation,
immune response and antioxidant defenses.

There are a number of potential endogenous sources of ROS/RNS in skeletal muscle (Fig. 11). A
part of ROS appear to come from uncoupling of mitochondrial electron transport chain at the level
of complexes I and I11 (in part 11 too). The 2% of the electrons (C-I, C-11 and C-I11, see white stars

in Fig. 11) reactive with the oxygen generating superoxide anion (O’ ). Recent studies indicate
that cytoplasmic generation, rather than electron leakage from the electron transport chain, are
primarily responsible for the increase in ROS/RNS generation within healthy skeletal muscle
following contractions (Pearson et al., 2014; Sakellariou et al., 2013; Sakellariou, Jackson and
Vasilaki 2014; Ward et al., 2014). As ROS/RNS are too reactive to produce a signaling effect by
diffusion throughout the cell, it is now considered that they produce an effect localized to their
site of generation (Poole, 2015). Other responsible ROS generators, are some enzymes including:
(i) aconitase (ACO), (ii) a-ketoglutarate dehydrogenase (KGDH), (iii) pyruvate dehydrogenase
(PDH) and (iv) the Monoamine Oxidase (MAOQ); overall exarcebate at least hydrogen peroxide
production (H20,) (see white stars in Fig. 11).

Importantly, more recently it has been understood that ROS are major signals involved in muscle
homeostasis, i.e. in maintaining normal skeletal muscle structure and function (Droge, 2002;
Smith & Reid, 2006; Brigelius-Flohé, 2009; Musaro, Fulle and Fand 2010). ROS production due
to heavy exercise training (Sastre et al., 1992; Palazzetti et al., 2003; Aguil6 et al., 2005) has been
shown to determine muscle damage, documented by increased lipid peroxidation, protein
carbonylation, increase in serum creatine kinase and altered glutathione redox status. On the
contrary, ROS production during moderate exercise caused positive adaptations among which are
increases in insulin sensitivity, mitochondria biogenesis and antioxidant defence systems (Powers
and Jackson, 2008; Jackson, 2010; Ristow et al., 2009). Consequently, antioxidant administration
may counter muscle damage following heavy exercise (Sastre et al., 1992; Palazzetti et al., 2004),
but also positive adaptations following moderate exercise (Ristow et al., 2009). The mechanisms
underlying the opposite effects of ROS on muscle homeostasis in different conditions are still
unclear. It could be that small, compartmentalized, or transient (minutes) increases in ROS mostly
modulate intracellular signals by reversible oxidation of specific protein residues (Ghezzi, 2005;
Janssen-Heininger et al., 2008) and consequently affect gene expression (Jackson et al. 2002;
Powers et al., 2005; Powers et al., 2010). The latter phenomenon could occur in response to
moderate exercise. In heavy exercise, disuse and pathological conditions, sustained (hours, days),
large increases in ROS could (i) have a direct, non-specific, large scale oxidative effect on
proteins, which would become more susceptible to proteolysis; (ii) damage plasma membrane
and sarcoplasmic reticulum altering calcium homeostasis and activating proteases (e.g. calpains),
enhancing proteolysis, (iii) damage lysosome and cause a leakage of catabolic enzymes in the
cytosol. Oxidized proteins could be more susceptible to proteolysis because they are more easily
targeted by the ubiquitin—proteasome system, which is up-regulated by ROS (Davies, 1987;
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Shang et al., 1997), because their recognition by calpain and caspase is enhanced (Smuder et al.,
2010), or because they could be directly degraded by proteasome without being ubiquitinated
(Grune et al., 2003), or for all the above causes.
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Fig. 11: Cartoon depicting the processes and components involved in ROS generation (white stars) and antioxidant defence
(red stars). Mitochondria are the primary cellular consumers of oxygen and contain numerous redox enzymes capable of transferring
single electrons to oxygen, generating the ROS superoxide (O,). Mitochondrial enzymes so far known to generate ROS include the
tricarboxylic acid (TCA) cycle enzymes aconitase (ACO) and a-ketoglutarate dehydrogenase (KGDH); the electron-transport chain
(ETC) complexes I, Il and Ill; pyruvate dehydrogenase (PDH) and glycerol-3-phosphate dehydrogenase (GPDH); dihydroorotate
dehydrogenase (DHOH); the monoamine oxidases (MAO); and cytochrome bs reductase (B5R). The transfer of electrons to oxygen,
generating superoxide, is more likely when these redox carriers are abundantly charged with electrons and the potential energy for
transfer is high, as reflected by a high mitochondrial membrane potential. ROS generation is decreased when available electrons are
few and potential energy for the transfer is low. Mitochondria also contain an extensive antioxidant defence system to detoxify the
ROS generated by the reactions described above. Both the membrane-enclosed and soluble compartments are protected.
Nonenzymatic components of the system include a-tocopherol (aTCP), coenzyme Q10 (Q), cytochrome c (C) and glutathione (GSH).
Enzymatic components include manganese superoxide dismutase (MnSOD), catalase (Cat), glutathione peroxidase (GPX),
phospholipid hydroperoxide glutathione peroxidase (PGPX), glutathione reductase (GR); peroxiredoxins (PRX3/5), glutaredoxin
(GRX2), thioredoxin (TRX2) and thioredoxin reductase (TRXR2). The regeneration of GSH (through GR) and reduced TRX2
(through TRXR2) depends on NADPH, which is derived from substrates (through isocitrate dehydrogenase, IDH, or malic enzyme,
ME) or the membrane potential (through nicotinamide nucleotide transhydrogenase, NNTH). So, like ROS generation, antioxidant
defences are also tied to the redox and energetic state of mitochondria. GSSG, glutathione disulphide; LOH, lipid hydroxide; LOOH,
lipid hydroperoxide; o, oxidized state; r, reduced state. In structurally and functionally intact mitochondria, a large antioxidant defence
capacity balances ROS generation, and there is little net ROS production. Mitochondrial damage with decrease of antioxidant defence
capacity is a prerequisite for net ROS production. Once this occurs, a vicious cycle (inset) can ensue whereby ROS can further damage
mitochondria, causing more free-radical generation and loss or consumption of antioxidant capacity. For example, the Fe—S cluster in
aconitase is easily inactivated by superoxide, the iron is released, and this induces hydroxyl radical production (image, Lin and Beal,
2006).
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TABLE 2. Enzymatic Scavenger of Antioxidant Defense

Name of Scavenger Acronym Catalyzed Reaction
Superoxide dismutase 50D MPFD+.80D 4+ 0,7 — MPFS0D + Oy

M™ 80D + 0,” + ZHT — MO 1U80D + H,0,
Catalase CAT 2HL0; — 0y + 2 HD

+ Fe(IIME — Hy0 + O = Fe(V)-E(+)
+ O = Fe(IV}E(+) = Hi0 + Fe(ll}E + Oy

Glutathione peroxidase GTPx +Ha0n — GSSG +2H0
2GSH+ ROOH — GS + ROH + H:0
Thioredoxin TRX Al ine monophosphate + sulfite + thioredoxin
disul fids 5'-adenylyl sulfate + thioredoxin
Ad ine 3 isphosph + sulfite + thioredoxin
disulfide = 3 -phosphoadenylyl sulfate + thioredoxin
Peroxiredoxin PRX 2R-SH + ROOH = R 88k + H:0 + ROH
Ghutathione transferase GST RX 4+ GSH = HX + 5-0i8)

TABLE 3. MNonenzymatic Scavenger of Antioxidant Defenses

Chemical Name Name of
of Scavenger Scavenger
All trans retinol 2 Vitamin A
Ascorbic acid Vitamin
wa-Tocopherol Vitamin E
p-Carotene

CGilutathione

Table 2 and 3: List of Enzymatic Scavenger and Non enzymatic Scavenger of Antioxidant Defences, shown in table 2 and 3,
respectively (modified image, Birben et al., 2012).

35



Mitochondrial Quality Control and Muscle
Mass Maintenance

Mitochondria are continuously challenged by reactive oxygen species (ROS), an inexorable by
product of oxidative phosphorylation. In order to prevent an excessive production of ROS but
also the release of dangerous factors such as cytochrome c, AlF (Apoptosis-inducing factor) or
endonuclease G, mammalian cells contain several systems that maintain mitochondrial integrity
and function.

This mitochondrial quality control includes pathways related to protein folding and degradation
as well as systems involved in organelle shape, movement and turnover (Fig. 12). The activation
of each specific quality control system depends on the degree of mitochondrial damage.
Dysfunctional mitochondria trigger catabolic signaling pathway swhich feed-forward to the
nucleus to promote the activation of muscle atrophy. Exercise, on the other hand, improves
mitochondrial function by activating mitochondrial biogenesis and mitophagy, possibly playing
an important part in the beneficial effects in several diseases. Optimized mitochondrial function
is strictly maintained by the coordinate activation of different mitochondrial quality control
pathways. (Romanello and Sandri, 2016).

Mitochondrial network:
not only a matter of shape

Mitochondria are dynamic organelles that continuously change remodeling their size, shape and
function through fusion and fission events.

Fusion leads to elongated mitochondria with increased interconnectivity into a tubular network.
On the contrary, fission fragments the network into unconnected shorter organelles. In
physiological conditions, most mammalian cells show a continuous filamentous mitochondrial
network with the exception of cardiomyocytes that display fragmented mitochondria that do not
form a network (Song and Dorn, 2015). However, the mitochondrial pool rapidly changes its
morphology according to the cellular needs. Increased mitochondrial fusion facilitates the
redistribution of metabolites, proteins and mtDNA within the network. Moreover, fusion between
healthy and damaged organelles allows to dilute the damaged material into the healthy network,
avoids the accumulation of dysfunctional mitochondria and maintains their overall fitness (i.e
function) (Twig et al., 2008). On the other hand, mitochondrial fragmentation is a mechanism that
segregates dysfunctional or damaged components of the mitochondrial network, allowing their
removal via mitophagy (Otera and Mihara, 2011). However, excessive fission generates isolated
mitochondria which are less efficient in ATP production and are dysfunctional because they
consume ATP to maintain their membrane potential (Benard et al., 2007).
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Fusion machinery

Mfnl and Mfn2 are integrated protein into the OMM (outer mitochondrial membrane) and have
two cytosolic heptad repeat domains (HR1 and HR2) which interact to form a dimeric antiparallel
coiled-coil structure. Then Mfn1/2 can interact homotypically (Mfn1-Mfnl, Mfn2-Mfn2) or
heterotypically (Mfn1-Mfn2) to promote the tethering of two adjacent mitochondria and further
the OMMs fusion (Koshiba et al., 2004). The two mitofusins conserve high degree of homology
but they seem to have different roles: Mfnl has higher GTPase and organelle fusion activity,
while Mfn2 has greater affinity for GTP (Ishihara et al., 2004). Additionally, Mfn2 and not Mfnl
is expressed on the mitochondria-associated endoplasmic reticulum membranes (MAM) and less
express on the endoplasmic/sarcoplasmic reticulum (ER/SR) (de Brito and Scorrano, 2009).
Indeed, Mfn2 bridges mitochondria to ER/SR facilitating important processes linked to ER-
mitochondria interactions like calcium homeostasis and signaling (de Brito and Scorrano, 2009;
Ngoh et al., 2012; Sebastian et al., 2012; Munoz et al., 2013; Ainbinder et al., 2015). Recent
studies have highlighted Mfn2 as a modulator of the UPR (unfolded protein response) during ER
stress. In fact, Mfn2 deficiency leads to fragmented ER network and ER stress (Ngoh et al., 2012;
Sebastian et al., 2012; Munoz et al., 2013; Bhandari et al., 2015). Furthermore, Mfn2 is modified
at the post-translational level; when is phosphorylated by PINKZ1, it becomes a receptor for the
ubiquitin ligase Parkin (Chen and Dorn, 2013). In addition, the E3 ligases Mull also promote
Mfn2 ubiquitination and proteasomal degradation (Leboucher et al., 2012; Lokireddy et al., 2012).
Altogether, Mfn2 promotes mitochondrial fusion, enhances ER-mitochondria and activates
mitophagy via PINK1/Parkin pathway.

The profusion protein Opal is regulated by proteolytic processing. There are different splicing
variants of Opal (8 in humans and 4 in mice) which are tissue specific. Opal-dependent
mitochondrial fusion needs Mfn1 (Cipolat et al., 2004).

Fission machinery

In mammalian cells, mitochondrial fission depends on the cytosolic GTPase dynamin-related
protein 1 (DRP1), that mediates the fragmentation of mitochondria and peroxisomes (Schrader,
2006). Drp1 translocates to mitochondria in response to cellular and mitochondrial signals.
DRP1 is recruited to the OMM where it assembles into multimeric ring complexes that form
active GTP-dependent mitochondrial fission sites (Smirnova et al.,, 2001). DRP1 lacks
hydrophobic membrane-binding domains and for this reason its recruitment on OMM s
dependent on mitochondrial membrane proteins that act as receptors. Accordingly, Drpl interacts
with the integral OMM proteins: Fisl, Mff, mitochondrial elongation factor 2/mitochondrial
dynamics protein 49 (MIEF2/MiD49) and MIEF1/MiD51. Fisl is the major DRP1 receptor in
yeasts (Karren et al., 2005). Fisl is a membrane protein homogenously distributed in the OMM
via a trans membrane domain located in the C-terminal region, and only a small portion of the
molecule protrudes into the intermembrane space (IMS). Overexpression of Fisl induces
mitochondrial fragmentation, but because it does not possess enzymatic activity, its role is
probably restricted to anchoring effector proteins to mitochondria. Accordingly, mitochondrial
fragmentation caused by Fisl overexpression can be blocked by expression of a dominant-
negative mutant of DRP1 (James et al., 2003). However, recent evidence suggest that Mff has an
higher affinity for DRP1 in mammalian (Otera et al., 2010).
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Fig. 12: Mitochondrial quality control pathways are depicted. The fusion starts with tethering of mitochondria, continues with
fusion of OMM (outer mitochondrial membrane) that involves the GTPase mitoprotein Mfn1/2, and concludes with fusionof 1M
(inner mitochondrial membrane) and cristae remodelling, that involves mitoprotein OPAL. The fission requires GTPase DRP1 that is
recruited to the OMM where interacts with OMM -integral protein receptor Fisl and Mff. The fission divedes the mitochondria in two
fragments with different A¥Ym. Depolarized will be removed by mitophagy. PINK1 accumulates on the surface of depolarized
mitochondria where phosphorilates ubiquitinaded OMM proteins and Parkin that will ubiquitinate Mfn1/2. The ubiquitinated proteins
will be recognized and redirect to mitophagy (modified image, Romanello and Sandri, 2016).
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Mitochondrial clearance and mitochondrial function:
energy and oxidative stress

Impaired skeletal muscle oxidative metabolism is associated with the development of a number
of chronic diseases ,with a reduction in the expression of a number of metabolic and mitochondrial
genes (Mootha et al., 2003; Patti et al., 2003). In addition, defective in mitochondrial metabolism
is thought to contribute to the development of muscle-wasting disorders, such as that seen in aging
(Mishra & Misra, 2003), COPD (chronic obstructive pulmonary disease; Balasubramanian &
Varkey, 2006) and some muscular dystrophies (Bernardi & Bonaldo, 2008). Taken together, these
findings highlight the importance of oxidative metabolism and skeletal muscle phenotype in
human health and performance.

It is widely recognized that the age-related decline in autophagy in conjunction with accumulation
of damaged proteins contribute to the deficiency of autophagy-lysosomal pathway (Rajawat et
al., 2009). The activity of AMPK, mitophagy, and mitochondrial biogenesis are coordinately
regulated to maintain a healthy pool of mitochondria in cellular homeostasis (Calvani et al., 2013).
A crosstalk exists between autophagy and mitochondrial quality control, which is crucial for
homeostasis of long-lived cells. The removal of damaged mitochondria by mitophagy is an
essential process for maintaining normal muscle function at basal level and in response to various
stress stimuli. Enlarged mitochondria with highly interconnected networks and aberrant
morphology are frequently observed in aging muscle. Fission segregates of the mitochondrial
network are damaged or senescent, and allow for the autophagic removal, while enlarged
mitochondria as a poor substrate can evade degradation by hindering the autophagic disposal of
dysfunctional organelles (Yoon et al., 2006). The impaired clearance of damaged mitochondria is
thought to be involved in skeletal muscle loss with oxidative damage and bio-energetic failure
(Leeetal., 2012). ROS can promote the accumulation of oxidized proteins that have the tendency
to aggregate in lysosomes, resulting in a further ROS production and autophagic function
decrease. Impaired autophagy stimulates further accumulation of damaged mitochondria, and
enhances the generation of ROS (Terman et al., 2010). The accumulation of dysfunctional
mitochondria and the impairment of autophagy lead to increased oxidative stress and decreased
ATP production (Fan J. et al., 2015).

PGC-1la

PGC-1 a has been extensively described as the master regulator of mitochondrial biogenesis.
PGC-1a coordinately increases mitochondrial biogenesis (through fusion and fission events) and
respiration rates, as well as the uptake and utilization of substrates for energy production. In order
to exert such a wide array of functions PGC-1a directly coactivates multiple transcription factors,
including nuclear receptors—such as the PPARs (Vega et al., 2000; Wang et al., 2003), the thyroid
hormone receptor (TR) (Puigserver et al., 1998), glucocorticoid receptors (GRs) (Vega et al.,
2000), estrogen receptors (ERs) (Puigserver et al., 1998; Feige and Auwerx, 2007; Wu et al.,
1999; St-Pierre et al., 2003; Lehman et al., 2000; Vega et al., 2000) estrogen-related receptors
(ERRS) (Huss et al., 2002; Schreiber et al., 2003) and non-nuclear receptor transcription factors,
such as myocyte enhancer factor-2 (MEF-2) (Michael et al., 2001) and the family of forkhead O-
box (FoxO) transcription factors (Puigserver et al., 2003).

PGC-1a is mainly expressed in tissues with high energy oxidative capacity, like heart, skeletal
muscle, liver, brown adipose tissue and brain, and is robustly induced in conditions that require
energy, such as cold, fasting and exercise (Puigserver et al., 1998; Mootha et al., 2004). Muscle-
specific PGC-1a transgenic animals display increased mitochondrial number and function, as well

39



as a higher relative amount of type | oxidative fibers (Lin et al., 2002). Conversely, mice with a
muscle-specific deletion of PGC-1a show abnormal glucose homeostasis linked to a moderate
reduction in the number of oxidative type | fibers, decreased endurance capacity and
mitochondrial gene expression (Handschin et al., 2007). Altogether, these data provide
compelling evidence that PGC-1a is a key regulator of mitochondrial biogenesis in muscle.

Interestingly, there is a strong overlap in the genes transcriptionally regulated by AMPK and
PGC-1la, suggesting that PGC-la might be an important mediator AMPK-induced gene
expression. In support of this hypothesis, AMPK activation leads to increased PGC-la
expression, and AMPK requires PGC-1a activity to modulate the expression of several key
players in mitochondrial and glucose metabolism. A closer link has been provided by recent
findings showing that AMPK can directly interact and phosphorylate PGC-1la. Direct
phosphorylation of PGC-1a by AMPK seems to increase transcriptional activity of PGC-1a, even
though the reasons why, where, and how that happens are still elusive. Phosphorylation of PGC-
1a by AMPK may, hence, be part of the link between the sensing of the energetic status and the
induction of transcriptional programs that control energy expenditure.

Recent studies have shown that PGC-1a also exerts a regulatory mechanism for the expression of
endogenous antioxidant proteins. Reduced mRNA levels of SOD1 (CuzZn-SOD), SOD2 (Mn-
SOD), and/or GPx1, (Leick et al., 2008) as well as SOD2 protein content, (Geng et al., 2010,
Leick et al., 2010) were observed in skeletal muscle from PGC-1a knockout mice, while PGC-1a
overexpression induces an upregulation of SOD2 protein content in skeletal muscle (Wenz et al.,
2009).

Recent observations indicate that PGC-1a may also play a role in anti-inflammatory effects.
Studies in PGC-1a KO animals indicated that PGC-1a modulates local or systemic inflammation
and might regulate the expression of inflammatory cytokines and inflammatory markers such as
TNF-a and IL-6 (Arnold et al., 2011, Handschin, 2009). PGC-1a KO mice show higher basal
MRNA expression of TNF-a, IL-6 in skeletal muscle, as well as higher serum IL-6 levels. In
addition, PGC-1a — overexpression in mice show lower TNF-o and 1L-6 mRNA levels in skeletal
muscle.
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Dilated Cardiomyopathy (DCM)

Dilated cardiomyopathy (DCM) is a complex clinical syndrome, progressive and irreversible, that
often results in death due to congestive heart failure (CHF, chronic heart failure), or heart attack
(SCD, sudden cardiac death).

Dilated cardiomyopathy is the cause of CHF in a substantial proportion of patients and, despite
advances in treatment, has a mean survival time of 5 years (Dec and Fuster, 1994; Richardson et
al.,, 1996). The only effective treatment for end-stage dilated cardiomyopathy is heart
transplantation but, since there is a limited number of donor organs, other forms of therapy are
being (Levin et al., 1995; Batista et al., 1996).

Exercise Intolerance and the “Muscle Hypothesis”

A clinical hallmark of the CHF is the exercise intolerance (El). The ability to exercise is a good
index to assess the quality of life and mortality, in fact, it has been amply demonstrated that
exercise is beneficial for the prevention and treatment of various pathological conditions
(Pedersen & Saltin, 2006) and that has a positive effect on the rehabilitation and treatment of
cardiac patients (Wisleff et al., 2002; Kemi et al., 2007; Stalen et al., 2009; Piepoli et al., 2011).

Exercise intolerance is related to the structural and functional aberrations in the transport of
oxygen (O,). The CHF reduces the availability of O in the muscle, increasing, at the same time,
the requests (Poole et al., 2012). The severity of CHF swings from moderate to severe, and is
commonly assessed in terms of kinetic rate of O2 consumption (VO.max) (Elahi et al., 2010). In
CHF patients, cardiac output (Qu) at rest, and in particular during physical exercise, is reduced
as a result of decreased ejection fraction and stroke volume. The heart rate response is insufficient
to compensate the reduction in stroke volume thus, the start condition, is a global vasoconstriction
that occurs, not only in the muscle, but in all peripheral organs, and that affects the distribution
and redistribution of Q. to and within skeletal muscle (Poole et al., 2012). Where arise vascular
diseases, endothelial cells can lose their ability to release vasodilatory substances and, in certain
pathological conditions, release factors that induce vasoconstriction; this vasoconstriction is
enhanced by higher working level of catecholamines, angiotensin 1, arginine, vasopressine and
endothelin-1 (Thomas et al., 2001; Teerlink, 2005).

The hemodynamic changes are not enough to explain the generation of symptoms in CHF, e.g.
reduced exercise tolerance; in fact, improved hemodynamics by cardiotonic agents, resulting in
improved cardiac performance, it does not lead to increased exercise tolerance.

Attention has therefore been focused on peripheral factors such as alterations in skeletal muscle
perfusion and intrinsic skeletal muscle abnormalities. Indeed, numerous studies in patients
(Mancini et al., 1989; Sullivan et al., 1990; Drexler et al., 1992; Massie et al., 1996; Sullivan et
al., 1997) and animal models of heart failure (Arnolda et al., 1991; Sabbah et al., 1993; Bernocchi
et al., 1996; Simonini et al., 1996b; Simonini et al., 1996a; Delp et al., 1997) have described
muscle histological abnormalities, including fiber atrophy, fiber-type transformation toward more
fast phenotype and reduced oxidative enzyme activity. However, whether these abnormalities
result in functional alterations of the contractile machinery or sites of energy production, has never
been directly assessed.
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For this reason, attention is focused on skeletal muscle, at the level of which is thought to reside
primarily responsible mechanism of exercise intolerance in patients with HF ("muscle hypothesis"
see Coats et al., 1994) (Poole et al., 2012).

Some studies have shown the existence of intrinsic abnormalities in skeletal muscle in patients
with heart failure that would lead to the establishment of an early anaerobic metabolism, which
would limit exercise capacity. Considering the importance of the peripheral muscle abnormalities,
their knowledge would help the development of more appropriate training protocols and more
effective drug therapies, targeted to improve the prognosis of CHF patients.

Exercise as therapy in chronic HF

In 2001, a European task force proposed a classification of HF based on two criteria: symptoms
of HF at rest or during exercise (typically breathlessness and fatigue), and objective evidence of
cardiac dysfunction at rest (Remme et al., 2001). Symptoms and functional exercise capacity are
used to classify the severity of HF, according to the NYHA classification system (i.e. New York
Heart Association) (Fig. 13), and to judge the patient’s response to treatment. A decreased
functional capacity is negatively related to individual’s ability to perform daily activities of life
and, therefore, their independence and quality of life. In patients with chronic HF, exercise
training can reverse , in part, the situation allaying symptoms, improving exercise capacity and
quality of life, and reducing disability, hospitalization and , thus, mortality (Piepoli et al., 2004;
Hunt et al., 2001; van Tol et al., 2006). For all details see Review Crimi et al. (2009).

Neurohumoral effects of exercise

Patients with HF exhibit neurohumoral changes: the sympathetic and renin-angiotensin-
aldosterone systems are enhanced (by release of catecholamines, renin, vasopressin, atrial natri
uretics) in an attempt to increase myocardial contractility, heart rate and vasoconstriction, and
expand extra cellular fluid volume (Anand et al., 2003; Azevedo et al., 2000; Benedict et al.,
1994). Continuous neurohumoral activation leads to deterioration of myocardial function with
inflammatory response, organ damage, and skeletal muscle deterioration, therefore a worsened
exercise tolerance.

Different protocols of exercise training reveal a reduction of sympathetic hyperactivity (Coats et
al., 1992; Belardinelli et al., 1995; Shemesh et al., 1995; Gordon et al., 1997; Hambrecht et al.,
2000; Passino et al., 2006) and muscle sympathetic nerve activity (Passino et al., 2006; de Mello
Franco et al., 2006). Exercise training can also reduce the levels of circulating neurohormones
including Ang I, aldosterone, vaso pressin and natriuretic peptides (Passino et al., 2006; Braith
etal., 1999; Wislgff et al., 2007) resulting in improved cardiac function, reduced vasoconstriction
with better peripheral and skeletal blood delivery, and, ultimately, improved exercise tolerance.

Endothelial effects of exercise

The worsening in vasodilatation in the microcirculation of patients with HF could be due to a
decrement of NO endothelial production (i.e. nitrix oxide) (Katz et al., 1999; Ramsey et al., 1995)
and to an increment of endothelin concentration (Lerman et al., 1992). The impaired of NO
production can be derived by reduced endothelial nitric oxide synthase (eNOS) expression or
activity, by asymmetric dimethyl arginine, NO scavenging by reactive oxygen species, and
reduced availability of I-arginine and tetrathydropbiopterin (Rush et al., 2005; Linke et al., 2003).
Oxidative stress has a major role in NO inactivation (Linke et al., 2003).

Regular exercise promotes NO release and, therefore, improves endothelium-dependent
vasodilatation to slow vascular damage (Napoli et al., 2004; Napoli et al., 2006). Evidence
suggests that improved endothelial function could be related mechanisms by which exercise
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training can exert its beneficial effects in HF (Watanabe et al., 2008; Arany et al., 2008; Bjarnstad
et al., 2008; Sarto et al., 2007).

Anti-inflammatory effects of exercise

In the last decade, it was highlighted a central role of inflammation in the pathophysiology of HF
(Adamopoulos et al., 2001; Blum and Miller, 2001). Levels of proinflammatory cytokines, such
as tumor necrosis factor (TNF) and interleukin (11)-6, (Torre-Amione et al., 1996; Tsutamoto et
al., 1998) are elevated in patients with HF. Cytokine activation can negatively affect myocardial
contractility by inducing activation of inducible nitric oxide synthase (iNOS), increasing
oxidative stress, inhibiting sarcoplasmic reticulum Ca?* release and promoting myocyte apoptosis
and cardiac remodeling (Ferdinandy et al., 2000; McTiernan et al., 1997; Bozkurt et al., 1998).
Increased cytokine production can also lead to endothelial dysfunction by increased production
of reactive oxygen species.

Regular exercise training has an anti-inflammatory effect: in experimental models of HF, exercise
training reduces plasma levels of inflammatory cytokines (TNF, soluble TNF, 11-6, 11-6 receptor,
11-1B8) (Adamopoulos et al., 2002), increases plasma levels of the anti-inflammatory cytokines
(Nunes et al., 2008), also in skeletal muscle (Damy et al., 2004), and can stimulate the innate
immune system, by influencing macrophage and lymphocyte function (Batista et al., 2007; Batista
et al., 2008).

Cardiovascular effects of exercise

Physical training can also have beneficial effects on cardiac performance in patients with chronic
HF (Hambrecht et al., 2000; Kenchaiah et al., 2009; Arena et al., 2008a; Arena et al., 2008b; Di
Valentino et al., 2010; Myers et al., 2008, Nilsson et al., 2008; Chase et al., 2008; Bensimhon et
al., 2008; Beckers et al., 2008) with significant improvements in left ventricular ejection fraction,
end-diastolic and systolic volumes (Haykowsky et al., 2007), and maximal heart rate, systolic
blood pressure and cardiac output (van Tol et al., 2006). Experimental data demonstrate that
exercise training can improve heart function by restoring cardiomyocyte contractility and calcium
sensitivity. Exercise training re-establishes calcium cycling by normalizing the activity of Ca?*-
regulating proteins, such as sarcoplasmatic reticulum Ca?* ATPase, phospholamban, the
ryanodine receptor and the Na?* and Ca?* exchanger, which increases myofilament Ca?*
sensitivity and, thus, myocyte contractility (Lu et al., 2002; Rolim et al., 2007; de Waard et al.,
2007; Medeiros et al., 2008).

Effects of exercise on skeletal muscle

It has been described that the HF lead to skeletal muscle myopathy contributing to exercise
capacity limitation. Apoptosis is not normally present in skeletal muscle, but has been reported to
be present in approximately 50% of patients with HF (Vescovo et al., 1998). It was also observed
alteration in the capillary density, a shift from aerobic capacity to glycolytic capacity and a
reduction in mitochondrial density and structure with decreased cytochrome oxidase activity and
oxidative enzymes (Sinoway and Li, 2005). These abnormalities cause an increase in muscle
fatigability, an alteration in oxidative metabolism, an increase in oxidative stress, and ineffective
high energy phosphate use (as shown by increased inorganic phosphate and phosphocreatine
levels) with early accumulation of lactate during exercise. Reduced perfusion, neuro humoral
changes, endothelial dysfunction and inflammatory activation can all participate in skeletal
muscle abnormalities (Sinoway and Li, 2005).

The exercise training is able to reverse changes potentially responsible for reducing of skeletal
muscle performance (Ventura-Clapier et al., 2007). In fact, in experimental models of HF,
exercise training shows a beneficial effect increasing muscle oxidative capacity (De Sousa et al.,
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2002), normalizing skeletal muscle metabolism (Brunotte et al., 1995), and reducing oxidative
stress (Lawler et al., 2006). It was also observed an augment in the mitochondrial content
(Belardinelli et al., 1995; Hambrecht et al., 1995; Gordon et al., 1997; Hambrecht et al., 1997,
Gustafsson et al., 2001; Damy et al., 2004). Clinical studies have shown contrasting effects of
exercise training on muscle fiber type distribution and capillary densities, which probably reflects
differences in training level and duration (Belardinelli et al., 1995; Hambrecht et al., 1997;
Keteyian et al., 2003; Larsen et al., 2002).

NYHA Class Symptoms
| Cardiac disease, but no symptoms and no limitation in ordinary physical activity, e.9. no shortness of breath when walking, climbing stairs etc
Il Mild symptoms (mild shortness of breath and/or angina) and slight limitation during ordinary activity

Marked limitation in activity due to symptoms, even during less-than-ordinary activity, e.g. walking short distances (20-100 m)
Comfortable only at rest

\'} Severe limitations. Experiences symptoms even while at rest. Mostly bedbound patients

Fig. 13: The New York Heart Association (NYHA) Functional Classification provides a simple way of classifying the extent of
heart failure. It places patients in one of four categories based on how much they are limited during physical activity; the
limitations/symptoms are in regard to normal breathing and varying degrees in shortness of breath and/or angina pain (image by The
Criteria Committee of the New York Heart Association. Nomenclature and Criteria for Diagnosis of Diseases of the Heart and Great
Vessels. 9th ed. Boston, Mass: Little, Brown & Co; 1994:253-256).
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Gag signalling

In the last few years the interactome of Gaq has expanded considerably, contributing to improve
our understanding of the cellular and physiological events controlled by this G alpha subunit
(Sanchez-Fernandez et al., 2014). Despite the size and diversity of the GPCR (G-protein coupled
receptors) superfamily, there are a relatively small number of G proteins able to initiate many
different intracellular signaling cascades. In the human genome 35 genes encode G proteins, 16
of which correspond to a-subunits, five to p and 14 to y (Milligan and Kostenis, 2006). On the
basis of sequence similarity, the Ga subunits have been divided into five different families i.e. G,
Gi, Gq, G12 (Simon et al., 1991) and the newly discovered G, (Oka et al., 2009).

Classically, Gogq action has been tied to the binding and activation of the B-isoforms of
phospholipase C (PLCp) as major downstream effectors (Rhee, 2001). However, to date Gayg is
known to interact with more than 20 proteins and the real complexity of Goq pathways is only
starting to be unravelled (Dowal et al., 2006).

Several lines of evidence underscore the importance of G4 protein-mediated signaling pathway in
transmitting hypertrophic signals to downstream cellular events. Enhanced Gq4-mediated signaling
leads to the development and ultimate decompensation of cardiac hypertrophy (Mende et al.,
2001; Edes et al., 2008).

Transgenic DCM Tgaq 44h model

The Gq protein belongs to the G protein family, GTP-dependent, and its activation is linked to the
development of HF (Drelicharz et al., 2009). In fact, previous studies demonstrated as transgenic
models expressing various components of Gq-mediated signalling pathway, e.g. myocardial
expression of a constitutively active alpha 1B-adrenergic receptor or overexpression of protein
kynase C beta2 isoform, causes cardiomyopathy (Milano et al., 1994, Wakasaki et al., 1997).

To study the progression of dilated cardiomyopathy, it was created a line of transgenic mice with
heart tissue-specific expression of Gq protein, including the G4 protein o subunit itself, which
mimics a constitutive activation of G-protein coupled receptors (GPCRs), i.e. al adrenergic,
angiotensin AT1 , endothelin ET-A (D'Angelo et al., 1997, Mende et al., 1998, Akhter et al.,
1998). In this transgenic model, the development of the phenotype does not require the continued
presence of the transgenic protein (Mende et al., 1998). In fact, transient expression of a
hemoagglutinin (HA)-tagged, a constitutively active G protein aq (HAag"), is enough to lead to
cardiac hypertrophy and dilation (Mende et al., 1999).

Two independent transgenic lines, aq*52 and aq*44, are available, obtained in the same genetic
background by microinjection of HAaq" cDNA under the control of the a-MHC promoter (Mende
etal., 2001).

In the two transgenic models, the cardiac phenotype is the same, however, in the 4 44 model, the
onset of the cardiac phenotype is delayed by approximately nine months (Fig. 14, by Mende et
al., 2001) and, therefore, represents a useful model for the study of mechanisms involved in the
progression of exercise intolerance.
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A 3.5 months B 13 months
R wt | | oj44n  wt |

Fig. 14: Cardiac phenotype in DCM trangenic model, (A) in a;"52 and (B) in aq"44h. In the panel A was showed the DCM cardiac
phenotype in a,'52 at the end-stage (3.5 months) respect to wild type; in the panel B was showed the DCM cardiac phenotype in
aq 44h at the end-stage (13 months) respect to wild type. In the trangenic model a,"44h the onset of the phenotype is delayed by

approximately 9 months respect to a4'52 (image by Mende et al., 2001).
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Aim

The general aim of this study was to understand skeletal muscle adaptations to CHF and to clarify
the molecular mechanisms causing exercise intolerance. For this purpose we used the Tgaq*44h
mice model which offers the opportunity to study the progression of skeletal muscle deterioration
associated to dilated cardiomyopathy.

To achieve our goals the following experimental strategies has been used:

- the use of a mouse model in which the disease develops gradually and mimic the progression of
the human disease;

- the study of the time course of muscle adaptations analyzing different stages of the disease,
starting from the time preceding the onset of structural and functional alterations of skeletal
muscle (4-6 months) to the early onset (10-12 months) until to the final stage of the disease (12-
14 months);

- the study of the effect of exercise at each stage of the disease in order to clarify the molecular
mechanisms underlying the effects of such intervention on CHF;

- the assessment of structural, functional and molecular analysis at each stage of the disease;

- the comparison of CHF and exercise training adaptations between soleus and gastrocnemius, in
order to understand if CHF and exercise differently influence slow and fast muscles.
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Sperimental Population

The transgenic DCM Tgaq*44 mice, generated as described in (Mende et al., 2001), and age-
matched control FVB mice, offered by the collaboration with Prof. J. Zoladz (Department of
Muscle Physiology, Faculty of Rehabilitation, University School of Physical Education, Krakow,
Poland), were used in experimental procedures (Tab. 4, 5).

Adult female FVB (n=71) and Tg (n=71) mice divided into 3 age groups (group 1, age: 4 month
old; group 2, age: 10 month old; group 3, age: 12 month old at the start of this study) were used
for all analysis. The mice were subdivided into sedentary (n=30) and training (n=41) FVB groups
and into sedentary (n=30) and training (n=41) Tg groups (Tab. 4, 5).

The training groups were placed in the cages equipped with a running wheel allowing to record
its voluntary wheel running activity (VWRA) during a period of 8 weeks. Mice were housed 1
per cage (a floor area of 355 x 235 x 190 mm) and maintained at 22-24°C, under a 12 h light cycle
with ad libitum access to water and rodent chow.

All experimental protocols were conducted according to the Guidelines for Animal Care and
Treatment of the European Union and approved by the Local Bioethics Committee in Krakow
(approvals No. 914/2012 and 27/2014).

FVE UnTr 6mo-old FVEB UnTr 12mo-old  FVE UnTr 14mo-old

n=3 n=9 n=13
Tg UnTr 6mo-old Tg UnTr 12mo-old Tg UnTr 14mo-old
n=12 n=_§ n=10

Table 4: Sperimental population used. FVB UnTr, control mice untrained; Tg UnTr, DCM trangenic mice untrained.

FVB Ir4-tmo-old FVE Tr10-12mo-old FVE Tr12-14mo-old

n=15 n=13 n=13
Tg Tr 4-6mo-old Tg Tr 10-12mo-old Tg Tr 12-14mo-old
n=13 n=14 n=14

Table 5: Sperimental population subjected to free wheel running. FVB Tr, control mice trained; Tg Tr, DCM trangenic mice
trained.
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In vivo functional evaluation

Voluntary wheel-running activity (VWRA)

Mice were individually housed in cages equipped with a running wheel. Animals were
acclimatizied to cages for 2 days with wheel locked. Wheels were unlocked on the third day, and
the VWRA of each studied mouse was recorded continually using the Running Wheel System
(Columbus Instruments Inc., Ohio, USA). The system was programed to record all mice running
episodes within the running wheel that lasted more than 10 seconds. Moreover the mice has been
filmed by a digital camera placed in the animal house allowing as to view on-line the mice
behavior without disturbing its normal live. Based on the number of revolutions of the wheel and
its radius the distance and the running velocity of the mice has been calculated. The data stored
in a computer were downloaded manually on a weekly basis. The distance of run and the velocity
of running has been expressed as a men = SD value per 24 h, covered by each mouse, and further
averaged for the entire period of training i.e. for 56 days. Based on the recorded individual data
of VWRA we have ranged the studied mice according to the total distance covered within the 8
weeks of study. We have noticed, that despite of having a free access to the running wheels some
mice were not interest to run. Based on the total distance covered within 56 days of study, by
individual mouse, we have selected the subgroups of the best runners in each group of the FVB
and the Tg mice, for further comparisons.

The animals from all experimental groups were sacrified 24 hours from last running activity to
avoid any acute effect of the last bout of exercise, with cervical dislocation and its muscles (soleus
and gastrocnemius) from both legs has been removed. Muscles were immediately frozen in liquid
nitrogen (-196°C) and stored at -80°C for further analisys performed.
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Proteomic Analysis

Samples preparation

Muscle Lysis and Protein Extraction

Still frozen muscles using liquid nitrogen are ground into a powder using a ceramic pestle. The
powder thus obtained was homogenized with a lysis buffer containing 20mM TRIS-HCI, 1%
triton x100, 10% Glycerol, 150mM NaCl, 5 mM EDTA, 100mM NaF and 2mM NaPPi
supplemented with 1X inhibitors protease phosphatase (Protease Inhibitor Cocktail, Sigma-
Aldrich, St. Louis MO) and 1mM PMSF. The lysis of tissue was performed on ice for 20 minutes.
The homogenate obtained was centrifuged at 13500 rpm for 20 min at 4°C and the supernatant
was transferred to a clean eppendorf tube and stored at -80°C until ready to use.

Quantification of Protein extract

The protein concentration of the lysates was determined using the RC DC™ (reducing agent and
detergent compatible) protein assay (Bio-Rad).

RC-DC TM. is a colorimetric assay for protein determination in the presence of reducing agents
and detergents. The RC DC protein assay is based on the Lowry protocol (LOWRY et al., 1951),
one of the most used methods to evaluate protein amount; proteins in the samples are treated with
copper and other solution to have a final blue colored product which absorbance it is read at 750
nm and it is directly proportional to protein concentration according to the law of Lambert-Beer.
The absorbance value of each sample is read in a spectrophotometer and the concentration protein
is calculated by interpolating the values on a calibration curve whose points are scalar
concentrations of a solution of known concentration (1.45 mg/ml) of Bovine serum albumin
(BSA).

Myosin Heavy Chain composition (MHC)

The previously prepared and quantified samples are mixed in a buffer called BUFFER Laemmli,
(62.5mM Tris-HCI pH 6.8, 2.3% SDS, 10% glycerol, 5% beta-mercaptoethanol and 0.01%
bromophenol blue) (Laemmli, 1970).

The sodium dodecylsulfate (SDS, anionic detergent) present in the buffer, has a dual function: on
the one hand, being a detergent, favors the denaturation of proteins in combination with other
reducing agents (beta mercaptoethanol), on the other, intercalates every two amino acids |,
conferring a negative electric charge to the denatured protein; proteins can be well resolved
according to their mass in an electrophoretic run.

SDS PAGE

The content of myosin heavy chains (MHC) was determined using an electrophoretic approach
previously described in detail. Four bands can be separated and quantified by densitometric
analysis, to evaluate the relative proportion of the four MHC isoforms, MHC-1, MHC-2A, MHC
and MHC-2X-2B, in each sample (Pellegrino et al., 2003). The separation and identification of
myosin heavy chains (MHC), was determined by electrophoresis on sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE), as described by Talmadge (Talmadge et al., 1996). For the
electrophoretic run, was used a batch system consists of two polyacrylamide gel (PAA,
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acrylamide-bisacrilamide 50: 1) containing 10% SDS in a solution of Tris-HCI pH 6.8 (stacking
gel) or Tris-HCI pH 8.8 ( Running Gel). The addition of two catalysts 10% APS (ammonium
persulfate) and TEMED promotes the polymerization between acrylamide and bisacrylamide
leading to the formation of pores, more or less large, depending on the amount of the two
polymers. The stacking gel, which contains PAA to 4%, favors the packing of the samples at the
interface with the running gel; in the latter it is instead added different percentages of the two
polymers so as to obtain the separation of proteins of interest in an appropriate way. In our case,
we used a percentage of the 8% and the quantities reported in the following table (Tab. 6). It is
prepared by a top and bottom running buffer (Tab. 6) and the operating conditions are 200V
(constant voltage) for 2 hours, followed by 250V for another 24 hours. At the end of the run, the
proteins can be analyzed by staining with Coomassie Blue or Silver Stain for a quantitative or
qualitative quantification, respectively.

SOLUZIONS RUNNING GEL STACKING GEL
Acrylamide/Bis 50:1 8% 4%
Glycerol 30% 30%
SDS 10% 0,4% 0,4%
TRIS 1.5M 0.2M
TRIS 0.5M 0.07M
EDTA 0.004M
Glycine 0.1M
APS 0.10% 0.10%
TEMED 0.05% 0.05%
SOLUZIONS UPPER BUFFER LOWER BUFFER
SDS 0.1% 0.05%
TRIS 0.1M 0.5M
Glycine 0.15M 0.15M

Table 6: Protocol of 8% polyacrylamide gel.

Staining with Coomassie Brillant Blue

This staining method is able to detect less than 0.1 ug of protein in a single band. After the
electrophoresis, the gel is immersed in a fixing solution for 1h under stirring (solution composition
shown in Table 7); then transferred in the Coomassie Blue staining, which stains both the protein
bands that the background. After a washing in water, they are used the solutions A and B (Tab.
7) to destain the background and maintain bands.
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Densitometric Analysis

The identification of the isoforms and the determination of the amount of one isoform over
another, was performed using a scanner (Epson Expression 1680 Pro) and a software (2202
Ultroscan Laser densitometry LKB). During the analysis, the protein bands were visualized as
peaks and their areas measured and compared. In this way it was possible to determine the
percentage ratio of the different isoforms. The analysis of each sample is repeated three times and
the average of the three measurements taken into account. The distribution value in MHC,
obtained from each sample, is then averaged with the other values of the samples belonging to
the same group in order to assess the average distribution in MHC isoform.

Coomassie _ _
SOLUTIONS FIXING Destain A | Destain B
Blue
METHANOL 50% 50%
Acetic Acid 12% 10% 10% 5%
Coomassie Blue
0.6%
R-250
ETHANOL 30% 5%

Table 7: Solutions for Coomassie Blue Staining.

Western Blot

The Western blot technique was invented in 1979 by Towbin (Towbin et al., 1979), simple and
rapid, it allows to identify a particular protein in a mixture of proteins, using the recognition by
specific antibodies. The mixture of proteins (protein-lysate) is separated according to molecular
weight by electrophoresis on polyacrylamide gel and, subsequently, the gel is transferred to a
nitrocellulose or polyvinylidene fluoride membrane (PVDF); It proceeds to the recognition of the
target protein through the use of a specific antibody and the protein-antibody binding can be
displayed using different techniques, including autoradiography, chemiluminescent or colored
products.

As mentioned above for the myosin isoforms, the total protein are prepared in the same way.
To allow complete denaturation, samples were heated at 95°C for 5 min or 50°C for 20 min and
proteins can be well resolved according to their mass in an electrophoretic run.

SDS PAGE

For the experiment were used preformed gels (BIORAD) in wich the proportion of polymers
varies uniformly from 12% (the top of the gel) to 20% (at the bottom of the same). An equal
amount of protein sample (Tab. 8) was loaded on the gel and subjected to electrophoresis; the
electrophoretic run was carried out at constant current (100V) for about 1.5 h in a running buffer
at pH 8.8 (25mM Tris, Glycine 192mm, 1% SDS). To monitor the separation of the proteins, a
protein marker was loaded, consisting of a mixture of a molecular weight proteins known



(Preistained Protein Ladder Marker, BIORAD). At the end of the electrophoretic run the apparatus
was disassembled and the gels recovered for the next step.

Electro-blotting

The proteins resolved by electrophoresis, are transferred (blotting) into a nitrocellulose or
polyvinylidene fluoride membrane (PVDF) applying an electric field in which the proteins, yet
negatively charged, will migrate from the negative pole to the positive pole. The transfer was
carried out at a constant voltage at 100V for 2h at 4°C or at 35mA Overnight (O/N) in a transfer
buffer containing 25mM Tris, Glycine 192mm, and 20% methanol. The successful transfer of the
proteins was verified by staining with Ponceau Red (SIGMA ALDRICH) in TCA (0.2% Ponceau
Red in 3% trichloroacetic acid, TCA) of the nitrocellulose/PVDF for 5 minutes under stirring at
room temperature; this coloration can be easily removed with brief washes in water. The Red
Ponceau, by binding to proteins on the nitrocellulose/PVVDF membrane, provides information not
only on the transfer of proteins, but it gives us an idea about the uniformity of the amount of
protein loaded; the image, then, is scanned and used for subsequent analysis.

Blocking of aspecific sites and incubation with primary antibodies

To minimize the background, the aspecific binding sites on the nitrocellulose/PVDF membrane
are saturated with a blocking solution consisting of fat-free milk (MILK) to 5% or from bovine
serum albumin (BSA) in 2-8% TBS-Tween-20 (0.05%), for 1h at room temperature with constant
agitation. At the end of incubation, three washes are carried out, each of 10 min, with TBS-Tween-
20 and the membrane incubated O/N at 4°C with the specific primary antibody, appropriately
diluted in a solution by MILK 5% or BSA 2-8% in TBS-Tween-20 (Tab. 8).

Incubation with secondary antibodies and acquisition

Subsequently, it is repeated three washes in TBS-Tween-20, and the membrane incubated for 1h
at room temperature with constant stirring with a secondary antibody of goat anti-mouse (DAKO)
or anti-rabbit conjugated with the enzyme HRP (Horseradish Peroxidase) (Cell Signalling)
appropriately diluted in a 5% solution by MILK with TBS-Tween 20 (Tab. 8). After removing
the excess of antibody with two washes of 10 minutes each in TBS-Tween-20, and a last in TBS,
it was carried out the detection of proteins using ECL Advance detection system (Amersham)
which highlights HPRT the substrate by a chemiluminescent reaction. The membrane was gained
through an analysis sowtware ImageQuant LAS 4000 (GE Healthcare Life Sciences) and the
exposure time adjusted in an automatic manner or editable depending on the intensity of the
emitted signal.
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protein
lyzate

sptnrazion AbI COmMPADY AbII COmMpany
(ng)
anti-Elb
1:1000
1:10000 Cell
PGC-1o 4 MILE £t MILE Abcam
_ MILK 53 Siznalling
UL
anti-Blb
- 1:1000 Cell 1:10000 Cell
p-AMFPK o 40 BSA 5% - } . o . .
B5A 5% Signalling MILK 5% Siznalling
anti-Blb
1:1000 Cell 1:10000 Cell
AMPE o 40 BSA 59 ~ i ) o . .
B5A 5% Signalling MILK 5% Siznalling
anti-Blb
1:1000
30D1 MILE &t 1:10000 Cell
0 MILKE Abcam
- MILK 5% Siznalling
ELL]
anti-Blb
1:1000
Catalase MILE &t 1:10000 Cell
0 MILK Abcam
_ MILK 5% Siznalling
L]
anti-Blb
40 - 1:1000 Cell 1:10000 Cell
Drpl BSA 5% } . o . .
B5A 1% Signalling MILK 5% Siznalling
anti-ms3
1:1000
1:2000
Mfal 1] MILE &t MILE Abcam o DAKD
_ MILK 5%
509
1:1000 anti-Blb
MILE &t Cell
Mfn2 0 MILKE Abcam 1:10000 . )
- - Signalling
ELL] MILK 5%
1:1000 anti-Blb
MILE &t SIGMA Cell
LC3IB 40 MILK 1:10000
_ ALDRICH o Siznalling
L] MILEK 5%

Table 8: List of antibodies used.




Data analysis

The various bands, present on the scanned images, are quantified with program Adobe Photoshop
and is defined a BAP value (Brightness Area Product) given by the product of the brightness for
the area of the band itself. The target protein levels were then normalized with respect to the
amount of Housekeeping/ponceau protein. The data are expressed as the ratio between the BAP
of target protein and of housekeeping.

Oxy Blot

Secondary modifications of proteins, such as oxidation by oxygen free radicals and other reactive
oxygen species (ROS), have been evaluated. The carbonyl groups are introduced at the level of
the side chains of the protein through a site-specific mechanism.

The level of carbonylation was evaluated using the OxyBlotTM kit (AbNova) that provides
reagents for the immunodetection and is sensitive to these carbonyl groups. The carbonyl groups
are derivatized with 2,4-dinitrophenylhydrazone (DNP hydrazone) by reaction with 2,4-
dinitrophenylhydrazine (DNPH). The protein-DNP-derivatized samples are separated by
electrophoresis on polyacrylamide gel (gel Anykd Biorad) followed by Western blotting. This
step is followed by saturation of aspecific binding sites with 3% BSA solution. Then the
membranes are incubated with the primary antibody, specific for the DNP portion of the proteins,
and thereafter with horseradish peroxidase-conjugated antibody directed against the primary
antibody (secondary antibody: goat anti-rabbit 1gG). The membranes are then treated with a
chemiluminescent reagent (ECL Advance, as described earlier). and positive bands that emit light
are captured with sowtware of ImageQuant LAS 4000 analysis (GE Healthcare Life Sciences).
The level of oxidation between FVB transgenic controls and Tg, is quantified by comparing the
signal intensity for immuno-positive compared to the total protein content of protein loaded into
the gel by means of analysis of ponceau signal.
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Gene Expression Analysis

Samples preparation

Extraction of mMRNA from muscle tissue

The still frozen muscle tissue, are pulverized with a pestle and mortar sterile, previously treated
with RNase Zap (SIGMA ALDRICH), to remove the possible presence of RNase. Approximately
20 mg of powder for each sample is used for RNA extraction with SV Total RNA Isolation System
(Promega, Italy). The extraction of 'RNA requires four basic steps: (i) effective destruction of
cells or tissues, (ii) the denaturation of nucleoprotein complexes, (iii) inactivation of endogenous
ribonuclease (RNase) and (iv) removal of contaminants such as DNA and proteins. The most
important step is the immediate inactivation of endogenous RNase. The SV Total RNA Isolation
System combines the destructive and protective properties of guanidine thiocyanate (GTC) and,
of the B-mercaptoethanol to inactivate the ribonucleases present in cell extracts. The GTC, in
association with SDS, acts to inactivate the nucleoprotein complexes, allowing the RNA to be
released into solution devoid of protein. Dilutions of cell extracts, in the presence of high
concentrations of GTC causes selective precipitation of cellular proteins, while RNA remains in
solution. After centrifugation, to remove precipitated proteins and cellular debris, RNA is
selectively precipitated with ethanol and bound to the silica glass surface present in the column.
The binding reaction takes place rapidly due to the disruption of the water molecules by the
chaotropic salts, favoring, thus, the absorption of nucleic acids to the silica. The RNase-free
DNase | is applied directly onto the silica membrane to digest the possible contamination of
genomic DNA. The total RNA is further purified from possible contaminating salts, proteins and
cellular impurities by a series of washes. Finally, the total RNA is eluted from the membrane by
the addition of Nuclease-Free Water. This procedure produces a pure population of total RNA
after only one cycle of purification, without organic extractions or precipitations.

RNA quantification

The nucleic acids absorb ultraviolet light in a specific wavelength pattern. Through the use of the
Nano Drop, an mRNA sample, equal to 2pl, is exposed to ultraviolet light at 260 nm and, through
a photo detector, is measured the light that passes through the sample. More light is absorbed by
the sample, higher is the concentration of nucleic acid content. We also evaluated the
contamination by proteins by evaluating the ratio of the absorbance at 260 and 280 nm
(A260/280), which for pure RNA is ~1.98-2.

Reverse transcription and cDNA synthesis

For retrotrascribe the messenger RNA (mRNA), it is necessary to use an enzyme, reverse
transcriptase, able to synthesize a second helix, complementary, forming a double helix of DNA,
said cDNA, which will be amplified by Real-Time PCR. In this study, a quantity of 300 ng of
RNA for each sample was retrotrascribed by the action of the enzyme Superscript 11 (Invitrogen)
according to the following protocol:

(1) in the volume corresponding to 300 ng of RNA of each sample, was added 1ul of random
primers (non-specific)

(i1) 1l Deoxyribonucleosides (10 mM of dATP, dGTP, dCTP and dTTP at neutral pH)

(iii) RNase-free water to reach the final volume of 13.5 pl
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(iv) the mixture thus obtained, is heated to 65°C for 5 minutes to induce denaturation of the double
helix and to allow pairing of the primers to their complementary sequences

(v) incubation on ice for at least 1 minute

(vi) added 4 pul of 5X First-Strand Buffer, 1 ul of 0.1 M DTT, 1 ul of RNaseOUT ™ Recombinant
RNase Inhibitor (40 units/ml) and 0.5 pl of SuperScript ™ IIT RT (200 units/mL).

(vii) the mixture thus composed, was incubated at 25°C for 5 minutes, at 50°C for 60 minutes
(anealing and extension). After the temperature is increased to 70°C for 15 minutes to stop the
reaction.

Primer design

For the design of primers, we were used the NCBI databases
(http://www.ncbi.nlm.nih.gov/entrez) and BLAST (http://www.ncbi.nlm.nih.gov/BLAST) and
the specificity of each primer constructed, validated by the use of free software online, Wizard
and Primer3 primer (http://frodo.wi.mit.edu/primer3) (Melting temperature; amounts in GC;
primer length; length amplified). The sequences of the primers were purchased from SIGMA
ALDRICH, resuspended in sterile water to a final concentration of 100 uM and stored at -20°C
(Tab. 9).

Primer forward Primer reverse
CTICGIGITCCITGCA
MuRF1 ACCTGGTGGAAMACATC
CATC
Atrosin] GCAAACACTIGCCACATICIC CTIGAGGGGAAAGIC
rosin- TC AGACG
Cathepsinl GCGCOTGACTGGTTGAG AAAGGCAGCAAGGAT
t ! .
Alnepsin GAGTG
PGC-lalpha ACCCCAGAGTCACCAAATGA CGAAGCCTTGAAGGGT
TATC
ia HK
Ppia Cuanti Tect Primer Aszsay
gene (Qiagen, Valencia, CA, USA)

Table 9: List of sequence of primers used.

Efficiency primer validation

The amplicons exponentially doubling at every cycle. However, the amplification depends on the
effectiveness of each primer to bind specifically to the sequence without creating structures in
hairpin or stem-loop or dimers of primers. The traditional method to determine the amplification
efficiency requires a calibration curve, in which a sample is serially diluted with a known
concentration.

For each pair of primers, the calibration curve with serial dilution (10-1) has been performed; the
Ct values thus obtained, were analyzed with respect to the initial amount of template in a semi-
logarithmic scale; the values thus obtained, were positioned with respect to a straight line, and
calculated the slope, using the equations:
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Exponential amplification:
10(—1/slope)

or, Efficiency Reaction:
[10(—1/slope)]_1

it has made it possible to calculate the efficiency of each reaction.

The optimal values of the slope are equal to -3.322 for a 2 efficiency, i.e the 100%.

In this project only the primers with an R? of value between 0.97 and 0.99, was taken into
consideration.

To assess the presence of dimers of primers, only one melting peak, corresponding to specific
amplicon, must appear; on the contrary, all the primers showed more melting peaks, were not
taken into account for the Real Time-PCR experiments.

Real Time-PCR

The Real Time PCR is a method that is based on the amplification and quantification of DNA.
The technique, unlike a traditional PCR "end point", exploits the use of fluorescent molecules or
probes, which allow to follow in real time and quantify the amplification reaction.

In our case, it used the probe SYBR Green I, a fluorescent molecule does not specify that binds
to the minor groove of the DNA double helix level.

Samples of the muscles c-DNA were prepared using the SYBR® Green PCR Master Mix
(Applied Biosystems, Warrington, UK) consisting of a HotStart Taqg DNA Polymerase, a SYBR
Green | probe, MgClI2 at a concentration of 5 mM, dNTP , and the fluorescent dye ROX passive
reference. The latter serves as an internal reference to normalize the signal emitted by the SYBR
Green | probe, thereby enabling to correct possible variations between the wells due to
experimental errors and/or due to fluctuations of the fluorescence. For each gene to be studied,
the reaction was carried out in duplicate.

The mixture, having a final volume of 30 pl, contained 15ul of SYBR Green PCR Master Mix,
0.6 ul of oligo primers specific to each gene, 3 ul of cDNA mold of each sample and 12 pl of
sterile H,O to bring to volume.

The reaction was performed using the AB PRISM 7500 instrument (Applied Biosystems,
Warrington, UK).

The protocol used for the reaction of gene amplification consists of 4 steps:

(i) a pre-incubation cycle of 10 minutes at 95°C to activate the HotStart Tag polymerase and
denature the DNA

(ii) 45 cycles of amplification, each of them divided in a phase in which the sample is brought to
95°C for 15 seconds for denaturation, a step of 60 seconds at 60°C in which there is the annealing
of primer and a step of 30 seconds at 72°C in which there is the elongation of the DNA strand. In
this last phase the probe intercalates DNA and acquire the basic fluorescence to quantify.

Analysis of Melting curve

Through the analysis of a graph, in which the abscissa is the number of cycles and the ordinate
the logarithm of the fluorescence, is obtained for each sample a sigmoid in which one can observe
a region to increase exponentially (Fig. 15). The data is automatically analyzed by the software
once you have chosen the central point of the exponential part of the curve for the sample with
the highest concentration (the one that reaches the loop-line after a smaller number of cycles).



In the relative quantification, the concentration of the gene of interest (target) is expressed as a
function of the concentration of a reference gene (housekeeping gene), which is assumed to be
constant between the different tissues of an organism, in all stages of development (expressed
constitutively) and should not suffer modifications due to the experimental treatment. In our case,
to normalize the samples was chosen the housekeeping gene Ppia (cyclophilin A).

The ACT was calculated by subtracting the CT of control FVB mice to CT of Tg mice transgenic
for both for both target genes for the housekeeping gene; the values obtained by the target genes
were normalized on the values obtained by the housekeeping gene.
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Fig. 15: Model of an amplification plot in a single sample; at the level of the base line (baseline) does not occur any significant
change in the fluorescence signal (Rn); during the exponential phase, the fluorescence signal increases proportionally with respect to
the amount of amplification products.

The Threshold is the line of the fluorescence signal level determined automatically by the software and is set above the baseline and
sufficiently low as to fall within the exponential growth region of the amplification curve.

The Cr is the cycle number of the amplification cycle when the fluorescence signal crosses the threshold.

Statistical analysis

All data are expressed as mean values + standard error of the mean (s.e.m). Statistical analysis
was performed using two-way ANOVA analysis of variance with Bonferroni post hoc test and
Student’s t-test, and the level of significance was set to p<0.05.
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Skeletal muscle deterioration by dilated
cardiomyopathy (DCM)

The results obtained from the animal model of dilated cardiomyopathy (7gaq*44 transgenic mice
model) are described and discussed in this section.

The analysis were performed on gastrocnemius and soleus muscle taken as an example of “fast”
and “slow” muscle, at different stages of the disease, 6, 12 and 14 months of age. All experiments
were performed on Tg DCM and FVB age-matched control mice, with and without a protocol of
2 months of free wheel running.

Effect of 2 months of voluntary wheel running activity (VWRA)

In order to test the presence of exercise intolerance (El) and to verify the effect of endurance
training on muscle adaptive responses, the in vivo functional performance was analyzed on Tg
DCM mice and compared to the effect of exercise per se on FVB control mice.

The functional performance of individual mice was calculated as mean of total distance (Km) and
total time (h), recording 24h no stop during the 2 months of voluntary activity. A significant
reduction of total distance of running and of total time of running was observed at 14 months in
Tg+EX mice respect to age-matched FVB+EX control mice (Fig. 16).
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Fig. 16: In vivo functional test. (A) Total distance of running and (B) total time of running (mean+SEM) covered during 2 months
of VWRA, in control exercised mice (FVB+EX) and in transgenic DCM exercised mice (Tg+EX), at 6, 12 and 14 months of age.
n=11/13 for each group. Data are shown as meants.e.m. Two-way ANOVA analysis-Bonferroni post hoc test, level of significance
set to p<0.05.

A: Total distance of running; * Tg+Ex sign diffent from age-matched FVB+EX (p<0.001)

B: Total time of running; * Tg+Ex sign diffent from age-matched FVB+EX (p<0.001)




In order to better determine the effect of VWRA on functional performance, the functional
performance at the beginning and at the end of the VWRA was also compared.

This effect was calculated through the comparison of average value of distance and time covered
daily by mice in the first 3 days (start time: 2°, 3° and 4° day, excluding the first day for the
accommodation phenomenon) and in the last 3 days of VWRA (end time: 58°, 59° and 60° day),
assuming that at the start time mice are still not considered trained and the distance covered by
mice reflects the basal functional capacity of both FVB and Tg mice. As indicated in Figure 17,
the in vivo performance has improved significantly both in FVB and Tg mice at all stages of the
disease. In fact, a significant increase of daily distance was observed in FVB mice at 6 and 12
months of age (Fig. 17A) and in Tg mice at 6, 12 and 14 months of age (Fig. 17B).

Figure 17 panel C shows the in vivo functional basal activity of FVB and Tg mice. No significant
differences were observed in functional performance of FVB and Tg mice before the 2 months of
VWRA. Interestingly, after 2 months of VWRA a reduction of the daily distance was observed in
Tg mice only at 14 months of age, i.e. at the late stage of the disease (Fig. 17D).

As regard the average time of the daily activity at the start and end time, no significant differences
were observed in FVB mice, whereas a significant increase was found in Tg mice at 6 months of
age (Fig.17E and F).

From the comparison of the time of daily activity, a significant reduction was observed at 14
months of age in FVB and Tg mice both at the beginning (Fig.17G) and at the end (Fig.17H) of
VWRA.
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Fig. 17: In vivo functional test. Mean of distance covered daily during end time respect to start time in FVB+EX mice (A) and in
Tg+EX mice (B); mean of distance covered daily during start time (C) and during end time (D) between FVB+EX and Tg+EX; mean
of time of activity daily during end time respect to start time in FVB+EX mice (E) and in Tg+EX mice (F); mean of time of activity
daily during start time (G) and during end time (H) between FVB+EX and Tg+EX.

n=11/13 for each group. Data are shown as mean+s.e.m. Student’s t-test analysis, level of significance set to p<0.05.

A: mean distance of running daily; % end time sign diffent from start time

B: mean distance of running daily; % end time sign diffent from start time

D: mean distance of running daily; * end time Tg+EX sign diffent from end time age-matched FVB+EX

F: mean time of activity daily; % end time sign diffent from start time

G: mean time of activity daily; % start time Tg+EX sign diffent from start time age-matched FVB+EX

H: mean time of activity daily; % end time Tg+EX sign diffent from end time age-matched FVB+EX




Effect of DCM and endurance exercise on Myosin Heavy Chain
(MyHC) isoform composition

Gastrocnemius and soleus muscles of Tg and FVB mice, at 6-12-14 months of age, were collected
in order to analyze the effect of dilated cardiomyopathy and exercise on muscle phenotype
(MyHC isoforms composition).

Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant slow-to-fast shift in MyHC
isoforms expression was observed at 6 months, respect to the age-matched FVB mice, with a
reduction of type 1 and 2A, and an increase of type 2B isoforms percentage (Fig. 18A). At 12
months, Tg mice did not show significant change in MyHC composition respect to age-matched
FVB mice, in fact, only a trend in type 2A reduction and type 2B increase was observed (Fig.
18C). Instead, Tg 14 months old mice, showed a significant slow-to-fast shift of MyHC isoforms
composition, respect to age-matched FVB mice, with a reduction of type 1 and 2A isoforms, and
an increase of type 2X and 2B (Fig. 18E).

Effect of exercise: In FVB+EX mice no significant change in MyHC pattern expression was
observed after exercise, respect to the age-matched FVB mice, at any time analyzed (Fig. 18A, C
and E).

In Tg+EX mice, a significant fast-to-slow shift in MyHC isoforms expression was observed at 6
months, respect to age-matched Tg mice, with an increase of type 1 and 2A, and a reduction of
type 2B (Fig. 18A). At 12 months, Tg+EX mice, did not show significant change in MyHC pattern
expression respect to age-matched Tg mice (Fig. 18C) whereas, at 14 mo, a significant fast-to-
slow shift in MyHC pattern expression was observed respect to age-matched Tg mice, with an
increase of type 2A and a reduction of type 2X (Fig. 18E).

Soleus muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant slow-to-fast shift in MyHC
isoforms expression was observed at 6 months, respect to age-matched FVB mice, with a
reduction of type | and an increase of type 11X (Fig. 18B). At 12 and 14 months, Tg mice did not
show significant change in MyHC composition respect to age-matched FVB mice (Fig. 18D and
F).

Effect of exercise: In FVB+EX mice no significant change in MyHC pattern expression was
observed after exercise, respect to age-matched FVB mice, at any time analyzed (Fig. 18B, D and
F).

In Tg+EX mice, a significant fast-to-slow shift in MyHC isoforms expression was observed at 6
months, respect to age-matched Tg mice, with an increase of type 1A and a reduction of type 11X
(Fig. 18B) At 12 and 14 months, Tg+EX mice, did not show significant change in MyHC pattern
expression respect to age-matched Tg mice (Fig. 18D and F).
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Fig. 18: Relative distribution of MHC isoform at 6 months of age, in Gastrocnemius (A) and in Soleus muscle (B); at 12 months of
age, in Gastrocnemius (C) and in Soleus muscle (D); at 14 months of age, in Gastrocnemius (E) and in Soleus muscle (F), in FVB,
FVB+EX, Tg and Tg+EX respectively.

n=11/13 for each group. Data are shown as meants.e.m. Student’s t-test analysis, level of significance set to p<0.05.

A: MyHC isoform %; % Tg sign diffent from FVB; @ Tg+EX sign different from Tg

B: MyHC isoform %; % Tg sign diffent from FVB; e Tg+EX sign different from Tg

E MyHC isoform %; % Tg sign diffent from FVB; e Tg+EX sign different from Tg
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Effect of DCM and endurance training on skeletal muscle
metabolism

Several factors is tought to be in part responsible for exercise intolerance during heart failure,
including alteration in metabolic adaptations. The following metabolic key molecules were
analyzed: (i) PGC-1lalpha protein and mRNA expression, the transcription factor involved in
mitochondrial biogenesis, (ii) AMPK protein expression, the cellular energy sensor, (iii) DRP1
protein expression, involved in mitochondrial fission machinery, (iv) Mfnl and Mfn2 protein
expression, involved in mitochondrial fusion machinery, and (v) oxidative and (vi) glycolitic
enzymes, in gastrocnemius and soleus muscle.

Oxidative metabolism:
PGC-1a

Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant PGC-1a protein and gene
expression reduction was observed respect to age-matched FVB mice, at all stages of the disease,
with the exception of PGC-1a protein expression at 14 months and PGC-1a gene expression at 6
months, that resulted unchanged in Tg mice (Fig. 19A and 20A).

Effect of exercise: In FVB+EX mice, a significant PGC-1a protein expression reduction was
observed at 12 months, respect to age-matched FVB mice (Fig. 19A).

In Tg+EX mice, a significant PGC-1a protein expression up-regulation was observed at 14
months, respect to age-matched Tg mice (Fig. 19A).

Soleus muscle

No differences in PGC-1a protein and gene expression were observed for each group, at any time
analyzed (Fig. 19B and 20B), with the exception of significant PGC-1a gene expression reduction
in Tg cardiopathic mice, at 14 months (Fig. 20B).
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Fig. 19: Western blot analysis of PGC-1a normalized on actin ponceau protein. Relative protein level in Gastrocnemius muscle
(A) and relative protein level in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.
n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: PGC-1 a relative protein level; % Tg sign diffent from FVB; e Tg+EX sign different from Tg; # FVB+EX sign different from
FVB
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Fig. 20: Gene expression analysis of PGC-1a normalized on Ppia gene. Relative mRNA expression in Gastrocnemius muscle (A)
and relative mRNA expression in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.
n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: PGC-1 o gene expression; % Tg sign diffent from FVB; Tg; # FVB+EX sign different from FVB

B: PGC-1 a gene expression; % Tg sign diffent from FVB
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Energy metabolism:
AMPK
Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant reduction in the ratio between
the phosphorylated and total AMPK (pAMPK/AMPK) was observed respect to age-matched FVB
mice, at all stages of disease (Fig. 21A).

Effect of exercise: In FVB+EX mice, a significant reduction in the ratio between the
phosphorylated and total AMPK (pAMPK/AMPK) was observed respect to age-matched FVB
mice, at all stages of disease (Fig. 21A).

Differently from FVB+EX, in Tg+EX mice, a significant up-regulation in the ratio between the
phosphorylated and total AMPK (pAMPK/AMPK) was observed at 6 and 14 months, respect to
age-matched Tg and FVB+EX mice (Fig. 21A).

Soleus muscle
No difference in the ratio between the phosphorylated and total AMPK (pAMPK/AMPK) was
observed in Tg and in FVB+EX mice, at any time analyzed (Fig. 21B).

Effect of exercise: In Tg+EX mice, a significant up-regulation in the ratio between the
phosphorylated and total AMPK (pPAMPK/AMPK) was observed at 6 months, respect to age—
matched Tg mice (Fig. 21B) and, at 14 months, respect to age-matched FVB+EX mice (Fig. 21A).
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Fig. 21: Western blot analysis of P-AMPK/AMPK relative ratio. Relative protein level in Gastrocnemius muscle (A) and relative
protein level in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.

n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: P-AMPK/AMPK relative ratio; * Tg sign diffent from FVB; @ Tg+EX sign different from Tg; * Tg+EX sign different from
FVB+EX; # FVB+EX sign different from FVB

B: P-AMPK/AMPK relative ratio; ® Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX
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Mitochondrial dynamic:

DRP1-fission related protein
Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant DRP1 protein expression
reduction was observed at 6 and 12 months, respect to age-matched FVB mice (Fig. 22A).

Effect of exercise: No difference in DRP1 protein expression was observed in FVB+EX mice, at
any time analyzed (Fig. 22A).

In Tg+EX mice, a significant DRP1 protein expression up-regulation was observed at 14 months
respect to age-matched Tg mice (Fig. 22A).

Soleus muscle
No difference in DRP1 protein expression was observed for each group, at any time analyzed
(Fig. 22B).
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Fig. 22: Western blot analysis of DRP1 normalized on actin ponceau protein. Relative protein level in Gastrocnemius muscle (A)
and effect of ageing (B), and relative protein level in soleus muscle (C) and effect of ageing (D) at 6, 12 and 14 months of age, in
FVB, FVB+EX, Tg and Tg+EX respectively.

n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: DRP1 relative protein level; * Tg sign diffent from FVB; ® Tg+EX sign different from Tg
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Mitochondrial dynamic:

Mfn1/2-fusion related protein

Gastrocnemius muscle

Since alterations in master control of oxidative metabolism i.e. PGC-1a were found only in
gastrocnemius, the mitochondrial fusion, oxidative and glycolitic enzymes, have been
investigated only in gastrocnemius muscle.

Effect of cardiomyopathy: In Tg cardiopathic mice, Mfnl protein expression reduction was
observed at 12 and 14 months, respect to age-matched FVB mice, which reached the statistical
significance at 12 months (Fig. 23A). No difference in Mfn2 protein expression was oserved (Fig.
23B).

Effect of exercise: In FVB+EX mice, a significant Mfnl protein expression reduction was
observed respect to age-matched FVB mice, at alla stages of disease (Fig. 23A) and only at 12
months Mfn2 (Fig. 23B).

In Tg+EX mice, a significant Mfnl protein expression reduction (Fig. 23A) and Mfn2 protein
expression up-regulation (Fig. 23B) was observed at 6 mo, respect to age-matched Tg mice.
Furthermore, a significant Mfn1 and Mfn2 protein expression up-regulation (Fig. 23A and B) was
observed at 14 and at 12 months respectively, respect to age-matched FVB+EX mice.
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Fig. 23: Western blot analysis of Mfnl and Mfn2 normalized on actin ponceau protein. Relative protein level in Gastrocnemius
muscle of Mfnl (A) and relative protein level in Gastrocnemius of Mfn2 (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg
and Tg+EX respectively.

n=4 for each group in Gas. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post hoc test; level of significance

set to p<0.05.

A: Mfn1 relative protein level; % Tg sign diffent from FVB; @ Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX;
# FVB+EX sign different from FVB

B: Mfn2 relative protein level; @ Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX; # FVB+EX sign different
from FVB
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Oxidative and glycolitic enzymes
Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant complex IV protein expression
reduction was observed at 12 months, respect to age-matched FVB mice (Fig. 24D). However, a
trend in complex I, Il and 111 protein expression reduction was also observed at 12 months (Fig.
24A, B and C).

Effect of exercise: No difference in OXPHOS complexes protein expression was observed in
FVB+EX and Tg+EX mice, at any time analyzed (Fig. 24A, B, C, D and E).
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Fig. 24: Western blot analysis of OXPHOS complexes normalized on ponceau. Relative protein level in Gastrocnemius muscle
of complex | (A); of complex Il (B); of complex Il (C); of complex IV (D) and of complex V (E) at 6, 12 and 14 months of age, in
FVB, FVB+EX, Tg and Tg+EX respectively.

n=4 for each group in Gas. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post hoc test; level of significance
set to p<0.05.

D: OXOPHOS complex protein expression; % Tg sign different from FVB
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Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant TPI protein expression up-
regulation was observed at 12 months, respect to age-matched FVVB mice (Fig. 25).

Effect of exercise: In FVB+EX, TPI protein expression significantly increased at 12 months,
respect to age-matched FVB mice (Fig. 25).

No difference in TPI protein expression was observed in Tg+EX, at any time analyzed (Fig. 25).
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Fig. 25: Western blot analysis of TPl normalized on actin ponceau protein. Relative protein level in Gastrocnemius muscle at 6,
12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.

n=4 for each group in Gas. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post hoc test; level of significance
set to p<0.05.

A: TPI relative protein level; % Tg sign diffent from FVB; # FVVB+EX sign different from FVB
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Effect of DCM and endurance training on skeletal muscle Redox-
homeostasis

One of the potential mechanism involved in development of exercise intolerance, is oxidative
stress. To clarify its involvement in DCM muscle response, we analyzed redox-status in fast
gastrocnemius and slow soleus muscle, before and after 2 months of endurance training, both in
wild type and cardiopathic mice (i) by studying antioxidant defense system adaptations (SOD1
and Catalase) and (ii) by measuring protein oxidation index.

Anti-oxidant defence system
Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a SOD1 protein expression reduction was
observed at 12 and 14 months, statistically significant at 14 months, respect to age-matched FVB
mice (Fig. 27A). A Catalase protein expression reduction was observed only at 12 months (Fig.
28A).

Effect of exercise: No differeces in SOD1 and Catalase protein expression were observed in
FVB+EX mice, at any time analyzed (Fig. 27A and 28A), with the exception of SOD1 protein
expression reduction at 14 months (Fig. 27A).

In Tg+EX mice, a significant SOD1 protein expression reduction was observed at 6 months,
respect to age-matched FVB+EX mice (Fig. 27A). Furthermore, a significant SOD1 protein
expression up-regulation was observed at 14 months, respect to age-matched Tg and FVB+EX
mice (Fig. 27A). No difference in Catalase protein expression was observed (Fig. 28A).

It was also evaluated the presence of the final product of a redox alteration through the analysis
of protein carbonylation levels.

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant protein oxidation index increase
was observed at 12 and 14 months, respect to the age-matched FVVB mice (Fig. 29A).

Effect of exercise: No differece in protein oxidation index was observed in FVB+EX mice, at any
time analyzed (Fig. 29A).

In Tg+EX mice, protein oxidation was prevented only at 12 months (Fig. 29A).

Soleus muscle
No differences in SOD1 and Catalase protein expression and in oxidation index were observed
for each group, at any time analyzed (Fig. 27B, 28B and 29B).
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Fig. 27: Western blot analysis of SOD1 normalized on actin ponceau protein. Relative protein level in Gastrocnemius muscle (A)
and relative protein level in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.

n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: SODL relative protein level; % Tg sign diffent from FVB; @ Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX;
# FVB+EX sign different from FVB
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Fig. 28: Western blot analysis of Catalase normalized on actin ponceau protein. Relative protein level in Gastrocnemius muscle
(A) and relative protein level in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.
n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: Catalase relative protein level; % Tg sign diffent from FVB
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Fig. 29: Western blot analysis of Protein Oxidation normalized on ponceau. Protein oxidation accumulation in Gastrocnemius
muscle (A) and protein oxidation accumulation in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX

respectively.
n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post

hoc test; level of significance set to p<0.05.
A: Protein oxidation index; % Tg sign diffent from FVB; e Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX
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Effect of DCM and endurance training on skeletal muscle
degradation pathway

The contribution of the ubiquitin proteasome and the autophagy system to DCM and the time
course of their activation, before an after 2 months of endurance exercise, was assessed in this
thesis. The exercise-dependent ubiquitine proteasome and autophagy activation is still unclear,
but evidence suggests that these systems are required to garantee cellular quality during endurance
exercise (Lo Verso et la., 2014; Grumati et al., 2011).

Real time PCR and Western Blots analyses were used to assess the mMRNA expression and the
protein level of key factors of the above pathways, in both gastrocnemius and soleus muscles.

Ubiquitine proteasome pathway:
Atrogin-1 and MuRF1

To assess the ubiquitin proteasome pathway contribution in DCM, gene expression of Atroginl
and MuRF1 ubiquitin ligases were studied, in both gastrocnemius and soleus muscle.

Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant Atroginl and MuRF1 gene
expression reduction was observed at 12 months, respect to age-matched FVB mice (Fig. 30A
and 31A).

Effect of exercise: No differeces in Atroginl and MuRF1 gene expression were observed in
FVB+EX mice, at any time analyzed (Fig. 30A and 31A).

In Tg+EX mice, a significant Atroginl and MuRF1 gene expression up-regulation was observed
at 6 and 12 months, respect to age-matched Tg and FVB+EX mice (Fig. 30A and 31A), with the
exception of Atroginl gene expression at 12 months, statistically significant only respect to age-
matched Tg mice (Fig. 30A).

Soleus muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant Atroginl and MuRF1 gene
expression reduction was observed at 12 months, respect to age-matched FVB mice (Fig. 30B
and 31B), with the exception of MuRF1 that was not statistically significant (Fig. 31B).

Effect of exercise: No differeces in Atroginl and MuRF1 gene expression were observed in
FVB+EX mice, at any time analyzed (Fig. 30B and 31B).

In Tg+EX mice, high level of Atroginl mRNA was observed at 6 and 12 months, respect to age-
matched Tg mice and at 6 months was also statistically significant respect to FVB+EX mice (Fig.
30B). However, a trend in MuRF1 gene expression up-regulation was also observed at 6 and 12
months (Fig. 31B).
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Fig. 30: Gene expression analysis of Atrogin-1 normalized on Ppia gene. Relative mRNA expression in Gastrocnemius muscle
(A) and relative mRNa expression in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.
n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: Atrogin-1 gene expression; % Tg sign diffent from FVB; @ Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX

B: Atrogin-1 gene expression; % Tg sign diffent from FVB; @ Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX
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Fig. 31: Gene expression analysis of MuRF1 normalized on Ppia gene. Relative mRNA expression in Gastrocnemius muscle (A)
and relative mRNa expression in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.
n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: MuRF1 gene expression; * Tg sign diffent from FVB; @ Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX
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Autophagy pathway:
LC3 and Cathepsin L

To assess autophagy pathway involvement in DCM, LC3 protein level and CathepsinL gene
expression, two key markers of autophagy machinery, were studied in both gastrocnemius and
soleus muscle.

Gastrocnemius muscle

Effect of cardiomyopathy: In Tg cardiopathic mice, a significant reduction in the ratio between
the active and precursor LC3 (LC3II/LC3I) was observed at 14 months, respect to age-matched
FVB mice (Fig. 32A). No difference in ChatepsinL gene expression was observed (Fig. 33A).

Effect of exercise: In FVB+EX mice, a significant reduction in ratio between the active and
precursor LC3 (LC3II/LC3I) was observed at 14 months, respect to age-matched FVVB mice (Fig.
32A). No difference in ChatepsinL gene expression was observed (Fig. 33A).

In Tg+EX mice, a significant increase in LC3II/LC3I ratio (at 6 months) and ChatepsinL gene
expression (at 12 months) was observed, respect to age-matched Tg and FVB+EX mice (Fig. 32A
and 33A).

Furthermore, the exercise failed to prevent autophagy inhibition found at 14 months in Tg
cardiopathic mice. In fact, a significant reduction in LC311/LC3I ratio was observed at 14 months,
respect to age-matched FVB mice (Fig. 32A).

Soleus muscle
No differences in LC3II/LC3I ratio and in CathepsinL gene expression were observed for each
group, at any time analyzed (Fig. 32B and 33B).
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Fig. 32: Western blot analysis of LC311/LC3lI relative ratio. Relative protein level in Gastrocnemius muscle (A) and relative protein
level in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.

n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: LC3II/LC3I relative ratio; % Tg sign diffent from FVB; @ Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX;
# FVB+EX sign different from FVB
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Fig. 33: Gene expression analysis of CathepsinL normalized on Ppia gene. Relative mRNA expression in Gastrocnemius muscle
(A) and relative mRNA expression in soleus muscle (B) at 6, 12 and 14 months of age, in FVB, FVB+EX, Tg and Tg+EX respectively.
n=4 for each group in Gas; n=3 for each group in soleus. Data are shown as meanzs.e.m. Two-way ANOVA analysis-Bonferroni post
hoc test; level of significance set to p<0.05.

A: CathepsinL gene expression; ® Tg+EX sign different from Tg; * Tg+EX sign different from FVB+EX
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Discussion

89



While some studies claimed that poor exercise capacity in patients with HF is caused by a
reduction in ejection fraction and cardiac output most researchers have suggested that changes in
the periphery are the main contributors to poor exercise capacity in these patients. These
alterations include an increase in peripheral vascular resistance, changes in skeletal muscle
metabolism, and reduction in skeletal muscle blood flow, mass, and strength. Therefore, the
concept has emerged that the impairments at the skeletal muscle level, contribute significantly to
the exercise intolerance (EI) in CHF patients (Hirai et al., 2015; Poole et al., 2012; Massie et al.,
1996).

The transgenic cardiopathic model used in this thesis is characterized by a gradual progression of
the disease and, for this reason, it offers the great advantage of studying muscle adaptations from
the early to the late stages of the disease.

The major findings of this study concern (i) the characterization of the muscle alterations in
skeletal muscle in mice with dilated cardiomyopathy (DCM) and (ii) the analysis of how these
alterations are related to in vivo functional performance over time.

Functional performance: effect of cardiomyopathy and exercise

In this study, the in vivo functional evaluation was carried out by measuring the total distance and
the total time of activity covered by mice after 2 months of voluntary wheel running.

Various researchers have shown that forced and voluntary exercise produce very different effects
on tested animals. Animals forced to exercise develop physical and mental stress, so the physical
activity in our experiments occurred under non-stressful conditions (Ke et al., 2011; Li et al.,
2014).

In general we have observed a substantial increase in the level of spontaneous activity, both in
wild type and cardiopathic mice (Fig. 17A and B) demonstrating a beneficial effect of VWRA on
muscle function.

Cardiopathic exercised mice performed a total distance significantly lower than wild type
exercised mice, only at 14 months of age (Fig. 16A). The observations of exercise program
restricted to this result strongly suggest a functional alteration only in the late stage of dilated
cardiomyopathy (14 months).

Interestingly, comparing the functional basal activity of wild type and cardiopathic mice, a deficit
in in vivo functional activity was found at 12 and 14 months of age before the VWRA. In fact,
cardiopathic mice showed a daily activity lower than the age matched control mice (Fig.17C)
slightly above the level of significance. 2 months of VWRA reduced the functional gap between
control and cardiopathic mice found at 12 months (from 46% before VWRA to 32% at the end of
VWRA) indicating that exercise was able to reduce the difference in exercise tolerance between
the two groups (Fig. 17D). In contrast, at 14 months of age, the functional gap between
cardiopathic and wild type mice was found increased (from 44% before VWRA to 58% at the end
of VWRA) (Fig.17D) despite the positive effect of exercise on cardiopathic mice at all stage of
the disease (Fig.17B).

These results suggest that (i) muscle function begins to decrease in the crucial period of
cardiomyopathy, i.e. the transition from the compensated to the uncompensated phase (12
months), (ii) exercise has a positive effect on in vivo muscle function at all stages of the disease,
therefore the voluntary wheel running represents a valid training intervention (iii) despite the
positive effect of exercise, exercise intolerance is increased in cardiopathic mice in the late phase
of the disease.
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Muscle phenotype (MyHC): effect of cardiomyopathy and exercise

As skeletal muscle contain different fiber types with different functional and metabolic
characteristics, in order to verify if DCM affects skeletal muscle fibers composition and therefore
muscle function, we analyzed MyHCs composition of gastrocnemius and soleus muscle of
cardiopathic and control mice. The MyHC isoforms distribution was shifted toward fast MyHC2B
in gastrocnemius of mice with cardiomyopathy, consistent with studies that reported a shift from
slow to fast fibers both in human (Drexler et al., 1992; Sullivan et al., 1990; Caforio et al., 1989;
Mancini et al 1989) and animal (De Sousa et al., 2000). Interestingly, in gastrocnemius muscle
MyHC isoforms distribution changed when the animals did not yet exhibit the cardiac
abnormalities (at 6 months) (Fig. 18A) and persisted during all stages of the disease (12 and 14
months) (Fig. 18C and E).

Differently from gastrocnemius, cardiomyopathy affected soleus MyHC isoforms distribution
only in the early phase of the disease (Fig. 18B), after that muscle phenotype was preserved until
the overt disease (Fig. 18D and F). These observations are in agreement with other studies
demonstrating a major involvement of fast muscle in HF condition (Garnier et al., 2003).
Exercise-induced skeletal muscle adaptations to voluntary wheel running and involuntary
treadmill training have been evaluated in several studies and appear dependent to type and amount
of exercise. Chronic voluntary wheel running had no effect on muscle phenotype of control
animals neither in the gastrocnemius nor in the soleus (Fig. 18). This is in agreement with
evidences in which no effect on muscle phenotype were found following this training regime
(Pellegrino et al., 2005). In other words, the positive effect on in vivo muscle function in control
mice found in this study is not correlated with muscle phenotype suggesting that functional
performance improvements of skeletal muscle occurred independently from fiber types transition.
A similar scenario has been described in human undergoing moderate-intensity endurance
training (Zoladz et al., 2013), in which the improvements in muscle performance was not
accompanied by a change in muscle myosin heavy chain distribution and mitochondrial
biogenesis. These considerations are useful for interpreting the time course of molecular
adaptations in DCM and the effect of endurance training, together with the functional
consequences on exercise tolerance. However, although exercise did not affect control healthy
mice, our data strongly suggest that it was able to prevent the modulation of fiber types toward
the more glycolytic metabolic pattern, both in gastrocnemius and soleus of cardiopathic mice,
restoring a muscle phenotype similar to the control healthy mice (Fig. 18). This is a positive effect
of exercise, in fact an alteration in fiber type from type | to type Ilb imply slow vs fast and
oxidative vs glycolytic properties twitching, therefore affecting aerobic exercise capacity
adversely.

Metabolic and energetic adaptation: effect of cardiomyopathy and exercise

Numerous studies in patients (Mancini et al., 1989; Sullivan et al., 1990; Drexler et al., 1992;
Massie et al., 1996; Sullivan et al., 1997) and animal models of heart failure (Arnolda et al., 1991;
Sabbah et al., 1993; Bernocchi et al., 1996; Simonini et al., 1996b; Simonini et al., 1996a; Delp
et al., 1997) have described reduction in oxidative enzyme activity. However, whether these
abnormalities result in functional alterations of the contractile machinery, has never been directly
assessed.

In order to better characterize this aspect, we performed an analysis of energy metabolism, before
and during the development of the disease (at 6, 12 and 14 months of age). In general, we found
that slow and fast muscles differently adapted to cardiomyopathy, with slow muscle more
protected from metabolic alteration than fast muscle.

PCG-1a is the master control of mitochondrial biogenesis and oxidative metabolism, enhancing
fatty acid p-oxidation, oxidative phosphorylation and ATP production (Liang & Ward, 2006).
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Decrease of PCG-1a levels have been found in animal model of heart failure, both in cardiac
(Knowlton, Chen and Malik 2014) and skeletal muscle (Garnier A. et al., 2003). Accordingly with
this, we found lower level of PCG-1a in gastrocnemius muscle of cardiopathic mice respect to
age matched control (Fig. 19A). Interestingly, the decrease in PGC-1a protein expression in
gastrocnemius muscle occurred early into DCM, and precede the development of disease (Fig.
19A). Considering that PGC-1a is expressed preferentially in muscle enriched in type | fibers,
reduction of PGC-1a observed in this study could be in part dependent on a shift in muscle
phenotype (Fig. 18A, C and E). However, at 12 months of age, in the face of PGC-1a reduction,
no differences in gastrocnemius phenotype between cardiopathic and control mice were observed.
Therefore it is unlikely that adaptations of PGC-1a could be solely dependent on a shift in muscle
phenotype. Therefore it seems that these adaptations in part reflect a primary metabolic
impairment.

Differently from gastrocnemius, in soleus of cardiopathic mice, the PGC-1a protein levels were
found similar to those observed in control mice at all stages of the disease (fig. 19B), despite the
reduced PGC-1a mRNA expression found at 14 months of age (Fig. 20B). Taken together, these
results suggest that fast muscles are most affected by the disease than the slow muscles.

Since the PGC-1a has a prominent role in the metabolic adaptations to the energetic status, its
activity might be targeted by cellular mechanism capable to sense the perturbations in availability
of energy of the cell. One of them is represented by 5’-AMP-activated protein kinase (AMPK), a
cellular energy sensor. When intracellular levels of ATP decrease, a corresponding increase in
AMP leads to activation of AMPK, a step that is essential for restoring intracellular energy
balance via AMPK-dependent inhibition of energy-consuming biosynthetic processes and
concomitant activation of pathways that increase ATP production (Dasgupta et al., 2012).

Mice lacking AMPK show drastic reduction in mitochondrial content and exercise capacity
(Dasgupta eta la 2012, Jgrgensen et al 2007, Steinberg et al 2010). Consistent with this, our data
showed AMPK down-regulation in gastrocnemius muscle of cardiopathic mice, at all phases of
DCM (6, 12 and 14-months) (Fig. 21A) suggesting basal AMPK signaling could be suppressed
by cardiomyopathy with possible decrease in ability to tolerate metabolic stress such as muscle
contraction.

Interestingly, recent findings have demonstrated a closer link between AMPK and PGC-1a,
showing that AMPK can directly interact and phosphorylate PGC-1a (Jager et al 2007). Direct
phosphorylation of PGC-1a by AMPK seems to increase transcriptional activity of PGC-1a, even
though the reasons why, where, and how that happens, are still elusive. Phosphorylation of PGC-
la by AMPK may, hence, be part of the link between the sensing of the energetic status and the
induction of transcriptional programs that control energy expenditure. The lower PGC-1a
expression we have shown in gastrocnemius of cardiopathic mice provide further evidence of the
essential role that AMPK plays in maintaining mitochondrial function. Interestingly, despite the
mitochondrial biogenesis and AMPK reduction in mice with cardiomyopathy, their in vivo basal
performance was not significantly different from that of age-matched control mice (Fig. 17C)
highlighting the large functional reserve of skeletal muscle to maintain resting/basal energy
homeostasis.

As for PGC-1la, also for AMPK activation, soleus of cardiopathic mice did not show any
alteration, with AMPK levels similar to those of control mice (Fig.21B). This result, together with
PGC-1a adaptation, further suggests that the slow muscle is less affected by the disease.

It is widely established that AMPK is activated by muscle contraction and exercise in both human
and rodents (Winder and Hardie, 1996; Durante et al., 2002) in an intensity-dependent manner.
AMPK activation in skeletal muscle during exercise improves athletic performance (Jgrgensen et
al. 2005), and mice treated with AMPK activating compounds exhibit superendurance (Jager et
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al., 2007; Narkar et al., 2008). In gastrocnemius of wild type mice, exercise determined a
reduction of AMPK activation (Fig.21A) and a decreasing trend of PGC-1a content (Fig. 19A).
This apparent contradiction could be due to the fact that gene expression can vary significantly
with time and muscle type after physical exercise. In our study muscles were collected 24h post-
exercise. Similar results have been observed by Dasgupta (Dasgupta et al 2012) in which
expression of PGC-1a and other mitochondrial genes have been found significantly reduced in
gastrocnemius muscle already to 6h post-exercise. In soleus of wild type mice, exercise did not
induce any variation in terms of PGC-1a and AMPK expression. A similar scenario has been
found in a recent paper of Lira (Lira et al., 2013) in which no changes of PGC-1a, Cyc and Cox4
protein expression have been found with voluntary wheel running in soleus muscle. This is in
agreement with the concept that because of its high postural and locomotive activities soleus
muscle has already a highly oxidative phenotype that is minimally enhanced by the long-term
increases in contractile activity during voluntary running. Consistent with this concept, here we
found that cardiopathic mice were much more responsive to exercise than wild type mice. In fact,
at least for soleus at 6 months of age and gastrocnemius at all stages of the disease (6, 12 and 14
months of age), muscle phenotype of cardiopathic mice was faster than that of wild type mice
(Fig. 18), therefore, these muscles could be more susceptible to the effects of exercise.

Exercised cardiopathic mice showed higher levels of AMPK both in gastrocnemius and soleus,
respect to the untrained cardiopathic mice, that resulted in PGC-1a increase only in gastrocnemius
(Fig. 19A). Interestingly, after exercise we observed a fast to slow shift of MyHC isoforms in
both muscles (Fig. 18), despite the lack of increase of PGC-1a in soleus (Fig. 19B). This result is
not surprising, since there are several evidences indicating that endurance exercise-induced fiber-
type transformation in skeletal muscle could occur independent of the function of the PGClalpha.
In fact, in this regard, Geng and coworkers (Geng et al., 2010), using PGC-1a knockout mice,
showed that voluntary exercise-induced Ilb-to-1la transformation was not affected by the deletion
of the PGC-1a gene in skeletal muscle. Consistent with this, overexpression of active upstream
signaling molecules in skeletal muscle that upregulate PGC-lo, expression can promote
mitochondrial biogenesis without inducing shifts in fiber-type composition (Akimoto et al., 2005,
Garcia-Roves et al., 2008).

Mitochondrial dynamic network: effect of cardiomyopathy and exercise

Since in cardiopathic fast muscle we found a deficit of key markers regulating oxidative
metabolism, and considering that PGC-1a alpha down-regulation could be also linked to events
of mitochondrial network related to changing shape phenomena, to better characterize this issue,
we studied the mitochondrial dynamics through the analyses of pro-fusion (Mfn1, Mfn2) and pro-
fission (DRP1) related proteins expression. Mitochondrial fission was found down regulated at
all stages of the disease in gastrocnemius muscle (Fig. 22A) together with the decrease of pro-
fusion Mfnl at 12 months of age and no changes in pro-fusion Mfn2 (Fig. 23). Mitochondrial
fusion and fission are crucial mechanisms for maintaining mitochondrial function and preserving
energy production. A balance between these two systems is essential for a physiological
maintenance of the cell. In particular, mitochondrial fusion is required to fuse new mitochondria,
and mitochondrial fission allows for selective segregation of damaged mitochondria, which are
afterward eliminated by DRP1-dependent mitochondrial autophagy (lkeda et al., 2015). These
results are in line with the reduced PGC-1a and AMPK levels found in these muscles and
consistent with the hypothesis that mitochondrial dysfunction occurs, already when the mice were
not yet affected by DCM (i.e. at 6 months of age).

Redox status: effect of cardiomyopathy and exercise
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An important aspect, which is connected to the presence of mitochondrial alteration, is the
excessive production of reactive oxygen species (ROS). Whenever the body is subjected to an
insult which results in an increase of the intracellular concentration of ROS, it triggers a response
by the endogenous antioxidant defense system, aimed to decrease ROS concentration. As
explained above, the main proteins involved in the response of the antioxidant system are
represented by the superoxide dismutase (SOD) and Catalase, whose expression increase in
response to increased ROS. The SOD converts superoxide ion into hydrogen peroxide and
catalase works downstream of SOD converting the hydrogen peroxide into water, avoiding in this
way the oxidative damage operated by the accumulation of the hydroxyl radical consequent to the
peroxide hydrogen accumulation. In this study the concomitant analysis of different parameters
related to oxidative stress, combined together, provide strong indication that (i) redox imbalance
affects gastrocnemius muscle and could be involved in the development of exercise intolerance
and (ii) the soleus muscle was preserved from the oxidative damage.

At 6 months of age, i.e. when mice did not yet exhibit cardiac abnormalities, gastrocnemius was
characterized by low, but no significant, levels of SOD1 (Fig. 27A) and catalase (Fig. 28A) with
possible ROS accumulation and oxidative damage (Lawler et al., 2006). In the later stages of the
disease, the persistent downregulation of catalase, at 12 months (Fig. 28A), and SOD1, at 14
months (Fig. 27A), resulted in protein oxidation (Fig. 29A). Instead, slow muscle was protected
by oxidative damage (Fig. 29B), in agreemente with the normal expression of SOD and catalase
at all stages of the disease (Fig. 27B and 28B).

Therefore, these results indicate an early and persistent impairment of the cellular responses
against ROS that could be involved in the development of exercise intolerance. Several evidences
indicate that a relationship between oxidative damage and functional performance exists
(Kuwahara et al., 2010; Reid 2007). Kuwahara and coworkers demonstrated that the presence of
oxidative damage worsens the functional performance in mice. In fact, the in vivo performance
of mice lacking SOD2 and characterized by the presence of oxidative damage in skeletal muscle,
has been found compromised. The subsequent administration of an antioxidant improved the in
vivo performance. Therefore, it is reasonable to consider oxidative damage a potential mechanism
responsible for the development of exercise intolerance in cardiopathic mice. Since this deficit in
antioxidant systems occurred before the appearance of cardiac abnormalities and persist in the
later phases of the disease (12 and 14 months of age) it can be considered one of the primary
mechanisms of the exercise intolerance.

It is well established that, during contractile activity, the increase in metabolic rate in skeletal
muscle results in an increased production of oxidants. Failure to remove these oxidants during
exercise can result in significant oxidative damage of cellular biomolecules. Fortunately, regular
endurance exercise results in adaptations in the skeletal muscle antioxidant capacity, which
protects myocytes against the deleterious effects of oxidants and prevents extensive cellular
damage. Consistent with this concept, we found that, in wild type mice, both fast and slow muscle
was protected by oxidative damage during exercise (Fig. 29) despite the reduced SOD level at 14
months of age and the unchanged SOD and catalase levels at 6 and 12 months. Probably other
antioxidant systems come into play in protecting the muscle from oxidative damage. In fact, the
free radicals are neutralized by an elaborate antioxidant defense system consisting of enzymes
such as catalase, superoxide dismutase, glutathione peroxidase, and numerous non-enzymatic
antioxidants, including vitamin A, E and C, glutathione, ubiquinone, and flavonoids.

Endurance exercise, in cardiopathic mice, was able to reduce skeletal muscle damage found at 12
months of age but no at 14 months (Fig. 29A), despite the increase of SOD level in this last phase
of the disease (Fig. 27A). As explained before, the antioxidant effect of exercise found in
cardiopathic mice may depend on activation of other antioxidant systems, in fact, also in this case
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no improvement of SOD and catalase expression were found at 12 months. Interestingly, the
positive effect of exercise on oxidative damage was correlated with the improvements of in vivo
function observed in trained cardiopathic mice at 12 months (Fig. 17D). Hence, exercise represent
a useful therapeutic modality to reduce oxidative damage associated with the disease, especially
in the crucial period of cardiomyopathy, i.e. the transition from the compensated to the
uncompensated phase (12 months of age). These observation are in agreement with evidences that
demonstrated a beneficial effect of aerobic exercise on anti-oxidant defences in the muscle of HF
patients (Poole et al., 2012).

Effect of cardiomyopathy and exercise on tournover

Two main proteolytic pathway controlling protein degradation in skeletal muscle are the
ubiquitine proteasome and autophagy system (Sandri, 2008).

The ubiquitine proteasome is responsible for degradation of soluble and myofibrillar muscle
protein after the substrates are tagged by a polyubiquitin chain (Reid, 2005) and subsequently
cleaved by proteasome 26S (Solomon and Goldberg, 1996). Autophagy involves the sequestration
of proteins and/or organelles by double-membrane structures that form autophagosomes, which
then fuse with lysosomes to degrade engulfed materials.

In addition to its role in simply maintaining proteostasis, proteolysis is an essential part of the
production of new skeletal muscle fibers and adapting muscle fibers to cellular stress. Current
research clearly indicates a critical role of protein degradation in the regulation of the myogenic
differentiation program, ensuring timely protein expression for myoblast differentiation while
also mediating myoblast fusion and myotube formation. The mature muscle fiber then relies on
appropriate protein degradation to rid the cell of damaged proteins from the mechanical and
oxidative stress that accompanies the force-bearing/force-generating function of skeletal muscle.
Additionally, during nutrient deprivation the organism depends on skeletal muscle proteolysis to
maintain whole-body energy homeostasis. Not surprisingly, defects within these proteolytic
systems often result in the development of myopathic conditions (Jokl and Blanco, al 2016).
Defective activity of ubiquitine ligases and autophagy can lead to deleterious effect on skeletal
muscle and cover a pathogenic role in several forms of muscle diseases (Grumati et al., 2011).
Basal autophagy, is a continuous baseline process responsible for removal of dysfunctional
cellular components and is required for normal cell function (Levine and Klionsky 2004; Lee et
al., 2010).

Here, the ubiquitin proteasome markers (Atroginl and MuRF1) were found lower than the control
basal level in 12 months old cardiopathic mice, both in gastrocnemius (Fig. 30A and 31A) and
soleus muscle (Fig. 30B and 31B). A similar results were found for autophagic markers (Fig. 32
and 33) that resulted down-regulated under the basal level at 12 mo (trend to decrease in the
CathepsinL level, both in fast and slow muscle) (Fig. 33A and B) and at 14 mo (significant
decrease in the LC3 level in fast muscle) (Fig. 32A) in mice with cardiomyopathy. In other words,
it seems that a deficit in the basal catabolic process is present in cardiopathic muscles starting
from the crucial period of the transition from compensated hypertrophy to decompensated HF
(i.e.12 months).

Since high level of AMPK causes Atroginl and MuRF1 induction via a FoxO3-dependent
mechanism (Tong et al., 2009), it is reasonable to think that deficit in catabolic process found in
mice with cardiomyopathy could be due to the low levels of AMPK that prevent catabolic
induction. This mechanism would seem to prevail on the effect of the reduced PGC-1a content
on catabolic pathways activation (Cannavino et al 2014).

Muscle maintenance relies on a baseline turnover of mechanically unfolded proteins to prevent
cytotoxic accumulation of aggregates, as well as the turnover of damaged organelles, particularly
mitochondria.
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Exercise training-induced skeletal muscle adaptation likely requires both addition and clearance
of cellular components. Several evidences indicate that exercise induces a general upregulation
of ubiquitine proteasome basal level both in human (Stefanetti et al., 2015) and mice (Cunha et
al., 2012). Furthermore, recent studies have shown that an intense, single bout of forced treadmill
exercise in mice resulted in activation of autophagy and increased autophagy flux in skeletal
muscle (Grumati et al., 2011; He et al 2012) as well as long time voluntary wheel-running exercise
(Liraetal., 2013).

In this context, it is believed that Atroginl and MuRF1 may play a role in healthy skeletal muscle
adaptation and remodelling post-exercise. It is also believed that endurance exercise-induced
increase in ubiquitine proteasome may play a role in precluding type | fiber growth to optimize
oxygen supply to the mitochondria (vanWessel et al., 2010).

Consistent with this, our findings indicate that in vivo skeletal muscle enhancements found in
cardiopathic mice at 6 and 12 months of age, as evidenced by increased running capacity (Fig.
17D), occurred in spite of the upregulated ubiquitine proteasome (Fig. 30 and 31) and autophagy
system (Fig. 33) suggesting that (i) a contribution of the catabolic systems to metabolic turnover
of myofibrillar proteins and skeletal muscle adaptations to exercise occurs and (ii) overactivation
of skeletal muscle proteolytic systems is not restricted to atrophying states.

In agreement with the positive effect of catabolic system activation on protein turnover, the late
phase of the disease (14 months), where we found exercise intolerance (Fig. 16), is not
accompanied by an increase of the catabolic systems which resulted even down-regulated or
unchanged (Fig. 30, 31, 32 and 33).

Considering the high oxidation index found in gastrocnemius of cardiopathic exercised mice at
the late stage of the disease (Fig. 29A), it is reasonable to think that catabolic systems and in
particular the ubiquitine proteasome, for which a central role is recognized in removing oxidized
proteins (Grune et al., 2003), become ineffective because themselves could be damaged by
oxidation. Our results are therefore in line with those concerning different skeletal muscle disease
models, in which an altered basal level of catabolic pathway is associated to an altered clearance
of damaged protein and/or organelles, leading to an alteration in cellular homeostasys (Kroemer,
Marifio and Levine, 2010; Kroemer 2010).

Surpraisingly, we did not found changes in catabolic processes in exercised wild type mice. A
possible explanation for these results, could be due to transient expression of ubiquitine ligase
(Cannavino et al., 2014), together with a possible different times of these events between wild
type and Tg exercised mice.
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Conclusions
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In order to get a comprehensive picture of the complex adaptations of human skeletal muscle to
dilated cardiomyopathy and exercise intolerance and further the understanding of the underlying
mechanisms, we participated to Harmonia Project.

Results of this thesis provide information on the time course by which mice with cardiomyopathy
develop muscular molecular alteration and exercise intolerance during the progression of the
disease.

Because Tgaq*44 transgenic mice develop progressive cardiomyopathy they are a useful animal
model for investigating the physiopathology of the disorder.

According to the “peripheral muscle hypothesis”, results of this study have shown that (i)
substantial modifications occur to muscles as a consequence of cardiomyopathy: shift in muscle
phenotype, deficit in energetic and oxidative metabolic markers (AMPK and PGCla), alteration
in mitochondrial dynamic (DRP1 reduction), deficit in the basal catabolism (ubiquitine
proteasome and autophagy reduction) and oxidative stress. Firstly, most of these alterations
occurred only in gastrocnemius suggesting that fast muscles are more affected by cardiomyopathy
than slow muscles. Secondly, the timing of adaptations was different with a) muscle phenotype,
PGCla, AMPK, and DRP1 changes preceding the onset of the disease b) oxidative stress
occurring in the crucial period of cardiomyopathy, i.e. the transition from the compensated to the
uncompensated phase (12 months) and persisting overtime c) atroginl and Murfl deficit
occurring in the late phase of the disease.

The recovery of altered parameters in the early and crucial phase of the disease (6 and 12 months)
induced by exercise resulted in an in vivo functional improvement which prevented the
occurrence of exercise intolerance. Instead, in the late phase of the disease (14 months) muscle
response to exercise was compromised showing inability to counteract the oxidative stress and
inefficacy to increase catabolic process which ensure an adequate proteins turnover during
exercise.

Therefore, the decline of protein quality control system and the accumulation of oxidized proteins
seem primarily involved in determining the exercise intolerance observed in cardiopathic mice.
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