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1 INTRODUCTION 

 

1.1 Skeletal muscle niche 

Muscle tissue can differentiate in three forms: skeletal, cardiac or smooth 

muscle. 

Skeletal muscle is part of musculoskeletal system, it is innervated by somatic 

motor nerves, then it is considered a voluntary muscle; it has a functionally unit that is 

responsible of the contraction. Smooth muscle that is found in the walls of hollow 

organs, and consists of small elongated cells that are not striated and are under 

involuntary control. Cardiac muscle that occurs only in the heart, it consists of small 

cells that are striated and under involuntary control. 

The skeletal muscle is able to contract and cause movement but also to stop 

movement, such as resisting gravity to maintain posture. Muscle contraction requires 

energy produced by ATP broken down. This step produces heat, that is very noticeable 

during exercise. 

Each skeletal muscle is an organ that consists of various integrated tissues: the 

skeletal muscle fibres, blood vessels, nerve fibres, and three layers of connective tissue 

that enclose it, and also compartmentalize the muscle fibres within the muscle. The 

epimysium wrap the entire muscle and separates it from other tissues and organs in the 

area, allowing the muscle to contract and to move independently. Inside each skeletal 

muscle its cellular units, the muscle fibres, are organized in fascicle, by a middle layer 

of connective tissue called the perimysium. Inside each fascicle, each muscle fibre is 

encased in a thin connective tissue layer of collagen called the endomysium. 

The muscle fibres develop by fusion of individual myoblasts, they contain the 

cytoplasm, called sarcoplasm, that is surrounded by the sarcolemma. Into the 

sarcoplasm there are myofibrils, long narrow structures (1–2 μm in diameter) that 

represent the contractile machinery. Numerous nuclei are usually localized between the 

myofibrils and the sarcolemma. Myogenic satellite cells lie between the sarcolemma 

and the surrounding basal lamina. 

The functional unit of a skeletal muscle fibre is the sarcomere, an highly 

organized structure consisting of myofilaments actin (thin filament), myosin (thick 

filament) and their regulatory proteins, troponin and tropomyosin, and other support 

proteins. Each sarcomere is bordered by structures called Z-discs to which the actin 
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myofilaments and its troponin-tropomyosin complex are anchored projecting toward the 

center of the sarcomere. The A-band consists of the thick filaments, together with thin 

filaments that interdigitate with, and thus overlap. The central region of the A-band is 

the H-zone, containing at the centre the M-line, where the thick filaments are linked 

together transversely. The I-band consists of the adjacent portions of two neighbouring 

sarcomeres, in which only thin filaments are present and anchored in the Z-disc. A third 

type of filament is composed of the elastic protein, titin. 

When signal by a motor neuron arrive up to a skeletal muscle, Ca
2+

 entry into 

the sarcoplasm, bind to troponin so that tropomyosin can slide away from the binding 

sites on the actin strands. This allows the myosin heads to bind to these exposed binding 

sites and form cross-bridges, thin filaments and thick filaments slide on each other, then 

fibres contracts. This step requires ATP. 

A number of proteins which are neither contractile nor regulatory are responsible 

for the structural integrity of the myofibrils: α-actinin, is a rod-shaped molecule which 

anchors the plus-ends of actin filaments from adjacent sarcomeres to the Z-disc; nebulin 

inserts into the Z-disc, associated with the thin filaments; desmin that is an intermediate 

filament protein characteristic of muscle and with plectrin forms a network that 

connects myofibrils together and the sarcolemma. Dystrophin is confined to the 

periphery of the muscle fibre, close to the cytoplasmic face of the sarcolemma, it binds 

to actin intracellularly and is also associated with a large oligomeric complex that links 

specifically with merosin, the α2 laminin isoform of the muscle basal lamina. 

The fibres contain other organelles essential for cellular function, such as 

ribosomes, Golgi apparatus, mitochondria and a network of tubules and cisterns called 

triads. Tubular invaginations of the sarcolemma penetrate between the myofibrils, the 

lumen of these transverse (T-) tubules are thus in continuity with the extracellular space. 

The sarcoplasmic reticulum (SR) is a specialized form of smooth endoplasmic reticulum 

and forms a plexus of cisterns that expand into larger sacs, terminal cisterns, where they 

come into close contact with T-tubules, forming these structures called triads. 

Skeletal muscles are composed entirely of fibres of the twitch type. The first 

type of fibres obtain their energy by aerobic oxidation of substrates, particularly of fats 

and fatty acids. They have large numbers of mitochondria; contain myoglobin, an 

oxygen-transport pigment related to haemoglobin. Such fibres have the function such as 

postural maintenance, in which moderate forces need to be sustained for prolonged 

periods. The other type of fibres have few mitochondria, little myoglobin, and store 
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energy as cytoplasmic glycogen granules. They produce energy through anaerobic 

glycolysis, a route that provides prompt access to energy but for a shorter period than 

oxidative metabolism. They are capable of brief bursts of intense activity. 

Muscles that have a conspicuously red appearance are rich blood supply and 

high myoglobin content and they are characterized by a predominantly aerobic 

metabolism; whereas others have a much paler appearance, reflecting a more anaerobic 

character. These variations led to discern muscle into red and white types.  

The red muscle are mainly consist by oxidative, slow twitch fibres, the white one 

by glycolytic, fast twitch fibres. Slow-contracting are defined type I fibres, that fast-

contracting are defined type II fibres. 

Molecular analyses have revealed that fibres may be further identified according 

to their content of myosin heavy-chain isoforms. Myosin heavy-chain I (MHCI) are 

generally oxidative fibres, myosin heavy-chain IIB (MHCIIB) largely rely on glycolytic 

metabolism, and myosin heavy-chain IIA (MHCIIA) are moderately oxidative and 

glycolytic,  

Until the mid 20th century, the mechanisms responsible for the maintenance and 

repair of skeletal muscle were unclear. These issues were largely resolved with the 

discoveries that multinucleated muscle fibres were formed by the fusion of mononuclear 

precursors, myoblasts, and that in addition to the already differentiated muscle fibres, in 

the muscle, there are the undifferentiated cells, called progenitor cells.  

The route of differentiation is favoured by myogenic determination factors Myf-5, 

myogenin, MyoD and Myf-6 (herculin) are a family of nuclear phosphoproteins. They 

have in common a 70-amino-acid, basic helix-loop-helix (bHLH) domain that is 

essential for protein–protein interactions and DNA binding. Outside the bHLH domain 

there are sequence differences between the factors that probably confer some functional 

specificity. 

The myogenic factors do not all appear at the same stage of myogenesis 

(Buckingham et al 2003). In the somites, Myf-5 is expressed early, before myotome 

formation, and is followed by expression of myogenin. MyoD is expressed relatively 

late together with the contractile protein genes. Myf-6 is expressed transiently in the 

myotome and becomes the major transcript postnatally. Myogenin is crucial for the 

development of functional skeletal muscle, and that while neither Myf-5 nor MyoD is 

essential to myogenic differentiation on their own. Myf-5 is expressed first but 

transiently, followed by myogenin and MyoD, and eventually Myf-6.  
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These molecular pathways are also essential in differentiation process of 

progenitor cells that promote growth and repair in adult muscle. 

The most of these are Satellite cells located between the basal lamina and 

myofibre plasma membrane (Pannérec et al., 2012). They are mononucleated cells with 

myogenic potential, unlike differentiated fibres. This cell population presents specific 

markers such as Pax7 (transcription factor), N-CAM, M-cadherin, CD34 (membrane 

protein) (Biressi et al., 2010). Following muscle injury, satellite cells undergo 

asymmetric divisions leading to the formation of undifferentiated cells, which return to 

quiescence and thus replenish the satellite cell compartment, and differentiated 

myoblasts which form new myofibres (Pallafacchina et al, 2013).  

Satellite cells grown in vitro, in differentiating medium, lose partly their self- 

renewal and regenerative capacity, when they are re-engrafted in a damaged muscle 

(Montarras et al., 2005). Thus, we might suggest that the surrounding environment is 

fundamental for satellite cells operation. Small vessels secrete IGF-1, fibroblast growth 

factor (FGF), hepatocyte growth factor (HGF), vascular endothelial growth factor 

(VEGF) that influence satellite cells located close to them (Sonnet et al., 2006). In turn, 

satellite cells differentiated in myoblasts promote angiogenesis in a positive feedback 

that allows a faster tissue repair: they attract fibroblasts for the following connective 

tissue expansion and they promote conversion of monocytes in anti-inflammatory 

macrophages that stimulate myogenesis and fibre growth (Arnold et., 2007). Vascular-

mediated paracrine effects on the stem cells niche play a fundamental role on their 

response. Indeed, satellite cells ablation leads to a complete loss of muscle regeneration 

and to a defect in fibroblasts recruitment with consequent slowing in the regeneration of 

connective tissue (Murphy et al., 2011). 

Several signalling pathways are involved in satellite cells proliferation, like 

cytokines, interleukin-4 and 6; while Wnt signalling, ligand of the membrane receptor 

Frizzled, decreases the proliferative capacity and promotes the differentiation of satellite 

cells to become fusion-competent myoblasts (Brack et al., 2007). On the other hand, 

Notch, a membrane receptor activated by the ligand Delta, seems to control the balance 

between satellite cells proliferation and differentiation (Brack et al., 2008). 

In spite of this, there may be reports about non-satellite cell populations with 

myogenic capacity (Pannérec et al., 2012). For example, side population (SP) that have 

the capacity to reconstitute the hematopoietic lineage (Jackson et al.,1999; Asakura et 

al., 2002) and restore dystrophin expression and improve muscle function in mdx mice 
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(Gussoni et al., 1999). An additional population are Mesoangioblasts (Mabs), isolated 

from embryonic or postnatal muscle vasculature (De Angeli L. et al., 1999); finally, also 

Pericytes that contribute to postnatal muscle growth and repair (Dellavalle et al., 2011). 

 

1.2 Muscle Wasting 

Muscle wasting is defined as a weakening, shrinkage, and loss of muscle caused 

by disease or lack of use. It occurs usually in the context of many diseases and 

conditions which cause a decrease in muscle mass: inactivity or upon extended bed rest 

(which can occur during a prolonged illness) and cachexia. This derangement involves 

muscle proteins and it is characterized by an increase in protein catabolism and a 

decrease in protein synthesis.  

Protein synthesis is regulated by two key factors: eukaryotic initiation factor 2 

(eIF2) and factor 4F (eIF4F). The first is associated with a pathway GTP/GDP-

dependent and it leads to an active translation, while there is a block of translation when 

eIF2 is phosphorylated. The latter drives to a correct starting of the translation; it results 

from the cooperation between eIF4E-4A-4G. In a cachectic subject phosphorylation of 

eIF2 (Eley, Russel, Tisdale, 2007) and eIF4E binding to 4E-BP1, the constitutive 

regulator of eIF4F complex (Eley, Tisdale, 2007), increase. 

Protein catabolism may be due to the activation of the lysosomal system, cytosolic 

calcium-regulated calpains and mainly from the ATP ubiquitin-dependent proteolytic 

pathway. This degradation brings to loss of muscle fibres and later to atrophy. The 

lysosomal system is mainly responsible for the degradation of extracellular proteins and 

receptors. Pathway involving calpains attends in tissue injury and necrosis. The 

ubiquitin-proteasome pathway contributes to the degradation of myofibrillar proteins 

(Hasselgren et al., 2002). 

The release of superoxide anions, hydrogen peroxides or nitric oxide can 

contribute to muscle wasting. These molecules can interact each other and generate 

more highly reactive products (Peroxynitrite and hydroxyl radical). This series of events 

can be set off by an inflammatory event and they culminate in oxidative stress. The 

increase of reactive oxidative species (ROS) promotes catabolism of muscle cells even 

more. A study conducted in C2C12 cells documented that ROS induces an up-

regulation of E3-ubiquitin ligases (Li et al., 2003), accordingly grow up proteasome 

activity and degradation of myosin. In cancer cachexia MHC is an important target of 

http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Cachexia
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muscle wasting. It is reduced in protein form but steady in mRNA level, as it was 

established with an experiment of Lenk et al. where MHC immunoprecipitated with 

ubiquitin (Lenk et al., 2010). 

The fast-twitch type II fibres (in tibialis anterior and gastrocnemius) are lost faster 

than slow-twitch type I fibres (in soleus) (Tisdale et al., 2009). 

In skeletal muscle there are two muscle-specific E3 ligases: atrogin-1 (MAFbx) 

and Muscle RING-finger protein-1 (MuRF1) (Lokireddy et al., 2012). Both act on 

myofibrillar and intracellular proteins labelling them for degradation through the 

ubiquitin-proteosome system (UPS). Expression of atrogin-1 and MuRF1 are regulated 

by insulin growth factor-1 (IGF-1)/ phosphatidylinositol-3-kinase (PI3K)/ Akt pathway, 

Forkhead box protein O1 (FoxO1) and 3, nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFkB) (Lokireddy et al., 2012). 

Indeed muscle wasting is a direct consequence of circulating proteins produced by 

both the host and tumour. 

Among these, a considerable factor is FoxO. In myotube, activation of FoxO3 

stimulates both lysosomal and proteasome-dependent protein degradation (Tisdale et al., 

2009). Glucocorticoids contribute to FoxO activation decreasing action of PI3K/Akt 

pathway that inactivates it by phosphorylation (Tisdale et al., 2009). It was highlighted 

in a study by Liu et al (Liu et al., 2007) on a cancer cachexia mice model, where the 

expression of Foxo-1 in normal and cachectic mice was reduced using silencing 

oligonucleotides: this caused an increase in skeletal muscle mass of the mice, an 

increase in the levels of myogenic differentiation factor (MyoD) and a decrease in the 

levels of Myostatin. 

Myostatin, a Transforming growth factor beta (TGFβ) superfamily member, is the 

responsible factor for stopping growth of muscle tissue. It is further secreted by murine 

and human neoplasms. It seems that myostatin is involved in the generation of cancer 

cachexia. Murine C26 colon cancer cells release a vast amount of myostatin, and 

experiments conducted with C2C12 exposed to C26 conditional medium demonstrated 

that the tumour mass produces such an amount of myostatin that can trigger skeletal 

muscle wasting (Zhou et al., 2010). Probably because it blocks proliferation and 

differentiation of the cells, and induces a decrease in MyoD levels. Skeletal muscle in 

C26 tumour bearing mice also displayed elevated activity of the autophagy-lysosome 

pathway. In light of this, Lokireddy et al. (Lokireddy et al., 2012) asserted that 

“myostatin is a novel tumour factor”. 

https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0CD4QFjABahUKEwjL64rExI3JAhWBaxQKHVk8AqA&url=http%25253A%25252F%25252Fwww.ncbi.nlm.nih.gov%25252Fpubmed%25252F18222470&usg=AFQjCNFpOlH0BUTjoPmSHTAbk-jTZ2m1gg&sig2=rUZYte9QOl_66Y8DqZzwHA
https://en.wikipedia.org/wiki/Transforming_growth_factor
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The loss of muscle mass is also affiliated to an increased serum level of a tumour 

produced proteolysis-inducing factor (PIF). Indeed an administration of PIF in a normal 

mice bring to a rapid decrease in body weight and enhancement in mRNA of ubiquitin 

in the gastrocnemius and components 19S and 20S proteosome (Lorite et al., 2001). PIF 

activates a pathway that involves phospholipase A2 (PLA2) that produces arachidonic 

acid (AA) that in turn actives NADPH oxidase. This mechanism releases ROS and 

activates NFkB contributing to proteasomic degradation downstream (Tisdale et al., 

2009). 

Also cytokines are involved in muscle wasting. Costelli et al. (Costelli et al., 

2002), using inhibitors for tumour necrosis factor- α (TNF-α) and interleukin 6 (IL-6) in 

rats bearing hepatoma, they prevented the depletion of muscle mass and reduced 

proteolysis (Fig.1) . 

 

 

Fig.  1 

Pattern of factors that originates the muscle wasting. (Sangiorgi C et al.: Muscle wasting and cardiac muscle damage in 

cachectic patients. Euromediterranean Biomedical Journal, 2013) 

 

 

 

Opposite to these negative factors, IGF-1 can positively regulate muscle mass 

stimulating protein synthesis. 
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1.2.1 Sarcopenia and Cachexia  

Sarcopenia and Cachexia are both conditions characterized by loss of skeletal 

muscle. The first is associate with aging without any declared disease, the second one, 

instead, is linked to chronic diseases, cancer, inflammatory conditions, heart failure. 

They are not always totally independent. In some cases, sarcopenia e cachexia can 

coexist or interact. Also, physical inactivity is exacerbated by both chronic disease and 

age, then it contributes to muscle wasting in some patients. Physical activity, therefore, 

could contribute to maintenance of skeletal muscle mass (Bowen et al., 2015). 

In sarcopenia insulin sensitivity is impaired, then, the release of IGF-1 and 

expression of Akt and mammalian target of rapamycin (mTOR) is reduced. As a 

consequence protein synthesis and proliferation of satellite cells are less stimulated, and 

also, Peroxisome proliferator-activated receptor-γ (PPAR-γ) co-activator 1α (PGC1α) 

signaling is reduced (Wenz et al., 2009). On the other side, there’s also an increase in 

protein degradation due to calpain system rather than to UPS (Dargelos et al., 2007). 

While autophagy declines with age (McMullen et al., 2009), muscle markers of 

apoptosis are significantly increased in old compared to young individuals, as it is 

suggested by Wenz T. et al. in a work of 2014, where the overexpression of PGC1α in 

aged mice reduces mitochondrial impairments, apoptosis and also muscle wasting 

(Wenz et al., 2009). Also satellite cells numbers and regenerative capacity are reduced 

in relation to aging; likely, this is determined by the expected increase of myostatin with 

age, that has been demonstrated to impair satellite cells regeneration (McCroskery et al., 

2003). Overall this move towards an alteration of the subtle balance pro-oxidant and 

anti-oxidant enzymes in favor of the first, determining an increase of ROS and damage 

of mitochondrial DNA (Tanhauser et al., 1995). It seems that the main impairment is 

about superoxide dismutase (SOD) expression and activity (Sakellariou et al., 2014). 

Regarding cachexia, the definition that scientists and clinicians agreed in the 

cachexia consensus conference in 2006 in Washington (DC) describes cachexia as a 

“complex metabolic syndrome associated with underlying illness and characterized by 

loss of muscle with or without loss off fat mass” (Evans et al., 2008). In cachectic 

condition the main cause that brings to muscle wasting is the increase in UPS activity. 

Mice with cancer cachexia colon-26 tumour-induced show a reduction mainly in 

myosin heavy chain causing a skeletal and respiratory muscle wasting, increasing also 

risk of respiratory failure (Roberts et al., 2013). This is linked to the growing in MURF-
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1 and MAFbx activity, on the one side, to the down-regulation of de-ubiquitinases 

(Wing et al., 2013). The consequence of these events is, as previously said, the 

intensification of ROS release and, consequently, of pro-inflammatory factors as TNF-

α, IL-6 and cytokines in general. In addition, however, in 70% of cachectic subjects, 

there’s also low testosterone level and consequently, decrease in IGF-1 mRNA, in 

myofibrillar protein synthesis and kinases phosphorylation (White et al 2013). 

Regarding myostatin, it is overexpressed and acts suppressing Akt, reducing protein 

synthesis, promoting FoxO transcription, then, encouraging protein degradation. Some 

evidences propose follistatin like inhibitor of myostatin, therefore, muscle wasting in 

cachexia (Cohen et al.2015). 

 

1.2.2 Training like treatment 

The attempt to improve the conditions of a cachectic subject with real medical 

treatments don’t give great results to reduce cachexia effects on lean mass reduction. 

Appetite stimulants, such megestrol acetate, were used, but gain in weight was due to an 

accumulation of fat rather than body mass (Tisdale et al., 2009). Another attempt was 

cyproheptadine, a histamine antagonist, that improved in appetite but did not avoid 

weight loss. Corticosteroids also enhance appetite, performance and sensation of well-

being but they did not have positive effects on body weight (Tisdale et al., 2006). We 

know that, also, growth hormone (GH) influences in a positive manner muscle mass but 

its clinical efficacy has not been demonstrated yet (Osterziel et al., 1998). 

 Moreover cachexia can be treated with an inhibitor of gene transcription of TNF 

(Pentoxifylline), with anti-cytokine antibodies and cytokine receptor antagonists. Anti-

inflammatory/anabolic cytokine, like interleukin-15 (IL-15), has a key role in a decrease 

in protein degradation and DNA fragmentation (Muliawati et al., 2012) . 

Until now, in recovery of loss mass, the treatment that brings the most positive 

results is exercise training. Also, recently it has been suggested to slow the progression 

of several cancer forms and to increase cancer survivorship by decreasing the risk of 

recurrence (Courneya and Friedenreich, 2007).  

Exercise training is able to decrease myostatine and cytokines expression in 

skeletal muscle. It may reduce pro-inflammatory cytokine expression, mainly of TNF 

and IL-6 (Smart et al., 2011) and the expression of myostatin in skeletal muscle (Lenk 

et al., 2012). The anabolic component of exercise training increases activation of 
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antioxidant enzymes. Resistance training, moreover, induces significant 

phosphorylation on mTOR favoring protein synthesis (Lenk et al., 2012).  

A regular physical activity can improve quality of life and it has positive effects 

on the chance of survival. Probably the efficacy of exercise training is linked to the 

adult stem cells (ASC) of skeletal and cardiac muscle tissue, but also to the molecular 

pathways that arising by training.  

Physical activity, with its relative contracting skeletal muscle, generates an 

increase in the rate of reduction of oxygen. This brought to an increase of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) production, as demonstrated 

by Davies et al. in 1982 and Balon &Nadler in 1994, respectively (Davies et al., 1982; 

Balon et al., 1994).  

On the other hand it gives also the production of antioxidant enzymes, as MnSOD 

(superoxide dismutase manganese dependent) (McArdle , Van Der Meulen et al., 2004) 

or transcription factor as PGC1α that contribute to slow down muscle wasting by 

sarcopenia restoring protein synthesis and limiting protein degradation acting on 

myostatine and FoxO expression. The resistance exercise training (RET) improves 

muscle mass and strength by increasing fibres cross-section area and number of 

myofibrils (Atherton et al., 2012). In particular, it stimulates PGC1-α4 isoform that 

prevent cancer cachexia, in mice, by activating IGF-1 and repressing myostatin. 

Further, training pushes cyto-protective proteins production, like for example 

proteins of heat shock proteins (HSPs) family (McArdle et al., 2004).  

 

1.3 Mitochondrial biogenesis 

Mitochondria from fast type II fibres have properties that promote higher levels of 

ROS production, rather than slow type I fibres (Anderson et al., 2006). Furthermore, 

you know that increase in ROS and RNS production is involved in signalling pathways 

that brought to muscle adaptation in response to endurance exercise training.  

An important adaptation that follows the training of skeletal muscle is the increase 

in mitochondrial muscle fibre due to mitochondrial biogenesis. This event originates 

since gene products transcription, from both the nuclear and mitochondrial genomes. 

PGC1α has been shown to be protagonist and fundamental regulator in 

mitochondrial biogenesis. It interacts with several transcription factors and nuclear 
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receptors involved in both nuclear- and mitochondrial-encoded genes transcription 

required in organelle synthesis (Powers et al., 2011). 

PGC1α transcription is positively controlled by high cellular levels of ROS, 

through AMP-activated protein kinase (AMPK) pathways (Irrcher et al., 2009). Nuclear 

factor-kB (NF-kB), adjusted in turn by ROS levels, would influence the expression of 

PGC1α, thanks to binding site contents in its promoter (Irrcher et al., 2008). Moreover, 

p38 mitogen-activated protein kinases (p38 MAPK) and AMPK are capable of 

phosphorylating PGC1α at a variety of amino acid residues, which results in a more 

stable and active PGC1α protein (Fig.2) (Powers et al., 2011). 

 

 

Fig.  2 

Steps leading to NF-κB activation and signalling in cells. (Scott K. Powers et al. 2011. Reactive oxygen and nitrogen species as 

intracellular signals in skeletal muscle J Physiol 589.9) 

 

Then, PGC1α is induced by exercise and it causes, in addition to biogenesis, also 

fibre type switching, stimulation of fatty acid oxidation, angiogenesis and resistance to 

muscle atrophy (Arany et al., 2008). 

In mouse and human skeletal muscle and adipose tissue, the PGC1  gene can be 

driven by two different promoters. The proximal promoter, located in canonical exon 1 

(exon 1a) and the distal one sited in the alternative exon 1 (exon 1b) located at 13.7 kb 

upstream from the exon 1a of the PGC1  gene (Fig.3) (Miura et al., 2008). 
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Fig.  3 

Schematic structure of the 5’-region of the murine PGC1  gene. (Xingyuan W. et al. 2014. Effect of Exercise Intensity on 

Isoform-Specific Expressions of NT-PGC1  mRNA in Mouse Skeletal Muscle. Hindawi Publishing Corporation). 

 

Exon 1b presents two different splice sites. PGC1 -b and PGC1 -c isoforms 

derive by alternative splicing of these two different sites to the exon 2.  

Previous studies have shown that alternative splicing between exons 6 and 7 of 

the PGC1  gene produces an additional transcript encoding the N-terminal isoform of 

PGC1  (NT-PGC1 ), which consists of 267 amino acids of PGC1  and 3 amino acids 

from the splicing insert (Fig.4). 

  

 

Fig.  4 

The schematic diagram of amino acid sequences of NT-PGC-1 -a, NT-PGC-1 -b, and NT-PGC-1 -c and PGC-1 -a, PGC-

1 -b, and PGC-1 -c. (Xingyuan W. et al. 2014. Effect of Exercise Intensity on Isoform-Specific Expressions of NT-PGC-1  

mRNA in Mouse Skeletal Muscle. Hindawi Publishing Corporation) 

 

The three NT-PGC1  mRNA isoforms (NT-PGC1 -a, NT-PGC1 -b, and NT-

PGC1 -c) are coexpressed with three PGC1  isoforms and regulate thermogenic and 

mitochondrial gene expression in response to cold stress (Wen et al., 2014). 

 

1.4 HSPs in stress response 

Also chaperon proteins are among molecules involved in pathways induced by 

high levels of ROS. They are traditionally known like molecules that facilitate 

synthesis, folding and assembly of proteins (Moseley et al., 1997). Nevertheless, it’s 
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also demonstrated that they have protective effects against stress: indeed they are found 

in response to heat-shock stimuli and other kind of cellular stress (Locke et al., 1995). 

The main function of skeletal muscle is to permit the movement of the body, during this 

function, it is subjected to several tissue changes, including the induction of HSPs, 

which are also upregulated, in skeletal muscle, after stress (Fehrenbach et al., 1999). 

Increase in the levels of HSPs is regulated by a specific DNA sequence, named 

heat shock element (HSE), located upstream the coding regions of various HSP genes 

(Morimoto et al., 1992), that is a binding site in the promotor region for a specific 

protein known as heat shock transcription factor (HSF). In mammals we have HSF1, 

activated by several stressors like heat, oxidative stress and denatured proteins; HSF2 

that seems to regulate protein expression and cell differentiation. HSF1 and HSF2 

isoforms can be transcribed by alternative splicing in a tissue-dependent manner 

(Goodson et al., 1995). In unstressed cells, HSF1 is present in a monomeric form that is 

enable to DNA binding activity. After exposure to stresses, HSF1 acquires a trimeric 

state and the DNA-binding activity, then it accumulates in the nucleus and binds to the 

HSE (Sorgen et al., 1991). 

It has been suggested that HSP themselves may negatively regulate HSP gene 

expression (Fig. 5) (Locke, 1997). When the HSP gene is activated, increases the pool 

of unbound HSP and the possibility of complex formation with activated HSF: the 

binding of HSP to HSF will inhibit further DNA-binding of HSF and consequently, will 

decrease HSP transcription. 

 

 

Fig.  5 

Stress-dependent regulation of HSP-gene expression by HSF (left), and functions of HSP as chaperone of denaturated 

proteins or of nascent proteins (right), and the feed-back regulation of HSP-HSF-complex (Yuefei Liu et al. 2001. Changes 

in skeletal muscle heat shock proteins: pathological significante. Frontiers in Bioscience 6, d12-25 
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HSP expression is not only organ or tissue specific (Flanagan et al., 1995; 

Manzerra et al., 1997), but also muscle fibre type specific (Neufer et al., 1996). 

Oishi Y. et al subjected the soleus and plantaris muscle of rats to a single bout of 

elevated temperature for 1h. They observed different response of some of HSPs family, 

in slow fibre of soleus and fast ones of plantaris (Oishi et al., 2003).  

Fibres with type I, IIa or IIb myosine heavy chain have respectively decreasing 

mitochondrial content. Mitochondria are the location of several HSP proteins like 

Hsp60; Hsp10 that assists the latter in its function; mitochondrial Hsp70, also known 

like 75kDA glucose-regulated protein (GRP75) (Welch et al., 1992). Indeed, Hsp70 

protein is mainly present in type I fibres, almost nothing in type II.  

A chronically stimulation (10Hz), in a muscle like tibialis anterior (TA), make 

reduce amounts of type IIb MHC gaining type IIa fibres. These changes could represent 

the input for molecular pathways that enhance expression of stress proteins (Ornatsky et 

al., 1995). 

 

1.5 Hsp60 

Among stress proteins, Hsp60 generates great interest. It is mainly known for its 

function like chaperons, but its levels are found overexpressed in stress conditions like 

tumours (Campanella et al., 2012) or chronic diseases. In addition to its usual 

mitochondrial localization, it was found also in cytosolic and extracellular environment 

(Cappello et al., 2008). This differentially localization could be possible its interaction 

with several physiological elements.  

Then, Hsp60 could be involved in many of molecular pathways originated by 

exercise training and  the resulting oxidative stress; indeed, there are already proven 

correlations between hsp60 and physical training, in literature. 

Mattson and its collaborators observed the trend of HSPs in skeletal muscle after 

endurance training. With their results, for the first time in literature, they showed a 

chronically increase in Hsp70 and Hsp60 in plantaris (IIa/IIx fibres type) rat muscle but 

not in soleus (I fibres type) (Mattson et al., 2000). It is also found that increase of Hsp60 

coincides with the rise in citrate synthase activity in the plantaris. This suggests a 

collaboration of the two proteins to support typical muscle adaptations to endurance 

activity, in which, mitochondrial activity is clearly involved. Other evidences about the 

relation between Hsp60 and exercise training reproduce the increase of the protein in 
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soleus of rats (Fisher 344) after endurance training, as well as in right and left ventricle 

of heart (Samelman et al., 2000). 

In human, the analysis of the vastus lateralis muscle (I/IIa/IIb fibres type) 

biopsies shows an increase in Hsp60, αβcrystallin and MnSOD in trained rather than in 

untrained subjects (Morton et al., 2008). In particular, the authors explain the up-

regulation of Hsp60 with the need to protect mitochondrial proteins against damage and 

to facilitate protein import and folding in mitochondrial biogenesis exercise-induced. 

More recently, in 2013, another research group worked with human vastus lateralis and 

they found an uniform expression of Hsp60 in I/IIa/IIx fibres type, in the various 

untrained, resistance and endurance trained subjects (Folkesson et al., 2013). 
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1.6 AIMS 

The aims of this study were to evaluate the effects of endurance exercise on 

Hsp60 and PGC1α expression levels and their interaction on different skeletal muscle 

fibres in a mice model, and the molecular pathway triggered by Hsp60 overexpression 

in an in vitro model of myoblasts. 

We hypothesized that an increase in Hsp60 should not be the same in all fibre 

types considering their variety, and should be accompanied by changes in PGC1α and 

increased mitochondrial numbers. We planned experiments to dissect the molecular 

interactions involving Hsp60 in muscle. Also, we focused on other molecules involved 

in the pathways lead by p38 and AMPK, which represent key steps in PGC1α 

expression and activation in skeletal muscle fibres as stress response.    

To test our assumption, we first performed a comprehensive assessment of Hsp60 

levels in sedentary and trained mice, comparing different type of fibres. Moreover, 

using a short-term overexpression of Hsp60 in cultured myoblasts, we studied a 

correlation between Hsp60 overexpression and PGC1 α1 activation. 
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2 MATERIALS AND METHODS 

 

2.1 Animal model 

BALB/c AnNHsd mice, obtained from Harlan Laboratories, Srl (Udine, Italy) 

were housed under a 12:12-hour light-dark cycle, provided with free access to food and 

water; they were free to move inside the cages. All animal experiments were approved 

by the Committee on the Ethics of Animal Experiments of the University of Palermo 

and adhere to the recommendations in the Guide for the Care and Use of Laboratory 

Animals by the National Institute of Health (NIH). All experiments were performed in 

the Human Physiology Laboratory of the Department of Experimental Biomedicine and 

Clinical Neurosciences of the University of Palermo, which was formally authorised by 

the Italian Ministry of Health (Roma, Italy).  

Seventy-two young (7-weeks old) healthy male mice, were divided in two 

experimental groups: sedentary (SED) or trained (TR). The TR mice were trained 

according to a progressive endurance training protocol (TRP) for rodents as previously 

performed in our lab (Di Felice et al., 2007) while SED mice did not perform any 

supervised running activity. Every two weeks, all mice were weighed, and their strength 

was measured. Forty-eight hours after the last training session, eight mice for each 

group were sacrificed via cervical dislocation after 15, 30 and 45 days. The group of 

posterior muscles (gastrocnemius, soleus and plantaris) of the hindlimbs were dissected 

and preserved in liquid nitrogen (right hindlimb) or embedded in paraffin (left 

hindlimb) to evaluate the morphological and molecular changes.  

For the cachexia related experiments, seven mice were inoculated with a frozen 

fragment of solid C26 tumour derived from colon tumour mass of mouse. Tumour mass 

was token from these animals to inoculate the experimental mice with fresh fragments.  

Six weeks before the inoculation, adult (A) male (M) and female (F) mice were 

randomly assigned to one of the experimental conditions as follow: sedentary (SED), 

progressive training (TRP), low intensity training (TRL), moderate intensity training 

(TRM) and high intensity training (TRH). All trained mice performed the TRP as first 

training protocol to create a progressive adaptation to the exercise and they were 

underwent to one of the other training program (TRL, TRM or TRH) after tumour 

inoculum.  
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The groups were identified with the following acronyms: AM-SED/SED; AM-

SED/TRp; AM-TRp/TRl; AM-TRp/TRm; AM-TRp/TRh; AF-SED/SED; AF-SED/TRp; 

AF-TRp/TRl; AF-TRp/TRm; AF-TRp/TRh.  

A first set of experiments for cachexia involved 20 mice (3-months old) for each 

group (n=200). They were maintained until the natural death, to evaluate the survival. 

Body mass, tumour size and survival were monitored five days per week after 

inoculation. Tumour growth was calculated as the number of days passed from the 

inoculation to the palpable tumour under the skin. Cachexia, like loss of 15-20% of 

body weight and survive in a state of cachexia, was also evaluated as the number of 

days passed from the rise up of cachexia to the death. 

 

2.2 Endurance training 

A motorized Rota-Rod (Rota-Rod; Ugo Basile, Biological Research Apparatus, 

Comerio Varese, Italy) was used to train the mice accord to TRP, TRL, TRM, TRH 

endurance protocols (Table1).  

 

Endurance training protocols. 

 
TRP TRL TRM TRH 

Week 
Time 

(min) 

Speed 

(m/min) 

Time 

(min) 

Speed 

(m/min) 

Time 

(min) 

Speed 

(m/min) 

Time 

(min) 

Speed 

(m/min) 

1 15 3.2 30 3.2 60 4 75 4 

2 30 3.2 30 3.2 60 4 90 4 

3 30 4 30 3.2 60 4 90 4.8 

4 45 4 30 3.2 60 4 105 4.8 

5 60 4 30 3.2 60 4 120 4.8 

6 60 4.8 30 3.2 60 4 120 4.8 

 

Table 1 

Endurance training protocols for mice. Progressive training (TRP), low intensity training (TRL), moderate intensity training 

(TRM) and high intensity training (TRH). 
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2.3 C26 tumour 

C26 tumour mass derived from colon tumours induced and transplanted in 

different inbred mouse strains. It was originally defined as an undifferentiated Grade IV 

carcinoma (Corbett et al., 1975). In previous experiments, a sample of its cells was 

inoculated in BALB/C mice and it resulted highly tumourigenic and with little capacity 

to metastasize and an high percentage of C26-inoculated mice went against to death 

(Sato et al., 1981). The histological analysis showed C26 as a partially encapsulated, 

anaplastic carcinoma with cells different in size and a considerable vascularization 

sufficient to advance tumour growth (Aulino et al., 2010) . 

C26 tumour promotes protein catabolism increasing atrogin-1 e MuRF1 activity 

(Acharyya et al., 2005). So it cause loss of adipose and skeletal muscle tissue, for this 

reason it’s considered an appropriate model to investigate cachexia mechanisms 

(Tanaka et al., 1990) . 

In our experiments, a solid fragment of about 2 mm
3  

was subcutaneously 

implanted in BALB/C mice, upon the haunch. Around 10
th 

days it was visible as 

protrusion under skin that caused ulcers occasionally. From our histological observation 

it’s no more visible capsules-like structures and it expresses more vimentin than keratin 

that is the typical epithelial marker. 

 

2.4 Cell Culture Methods 

C2C12 mouse adherent myoblasts were grown in High glucose Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 20% fetal bovine serum (FBS), 

sodium pyruvate, L-glutamine, penicillin, and streptomycin (proliferation medium) at 

37 °C in a humidified atmosphere with 5% CO2.  

2.4.1 Bacterial Transformation 

XL10-Gold ultracompetent cells (Agilent technologies 200315) are deficient in all 

known restriction systems [D(mcrA)183 D(mcrCB-hsdSMR-mrr)173] and in 

endonuclease (endA).  

Bacterial cells are placed on ice and an aliquot 100 µl of cells is gently mix, into a 

pre-chilled tube, with 4 µl of the β-ME mix provided with these bacterial batches.  

The cells incubate on ice for 10 minutes are swirling gently every 2 minutes, after, 

50 ng of the experimental DNA are added to the aliquot. This mixture is incubated on 
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ice for 30 minutes after which we give it a Heat-pulse in a 42°C water bath for 30 

seconds followed by an incubation on ice for 2 minutes. We add 0.9 ml of preheated 

(42°C) LB-broth and incubate the tubes at 37°C for 1 hour with shaking at 225-250 

rpm.  

Three-hundred microliters of this transformation mixture are plated on LB agar 

plates containing the appropriate antibiotic (Kanamycin for pCMV6-Entry-HSPD1, 

Ampicillin for pcDNA 3.1-mok), incubated at 37°C overnight.  

2.4.2 Plasmid extraction 

The grown colonies are inoculated each in 500 ml of LB-broth and incubated 

overnight. From this bacterial culture, plasmid DNA is isolated using the QIAGEN 

Plasmid Maxi Kit
®
, which is based on a modified alkaline lysis procedure. Plasmid 

DNA is bound by an anion-exchange resin contained in columns provides with kit. The 

DNA pellet was washed two times with 70% ethanol and dissolved in 30 μl 1x TE 

buffer, according to the manufacturer’s protocol. 

2.4.3 Transfection 

Plasmids were transfected using Lipofectamine
®
 2000 Reagent according to the 

manufacturer’s instructions.  

Briefly, C2C12 cells were plated 1 day before transfection in 6-well dishes (5x10
4
 

cell/well). 

On the day of the transfection, the cells were 70% confluent. 

3.5 μg plasmid DNA (pCMV6-Entry-HSPD1 for overexpression of Hsp60 and 

pcDNA 3.1-mok like negative control) was diluted in 150μl of Opti-MEM Medium 

(without FCS, sodium pyruvate, L-glutamine, penicillin, and streptomycin) and mixed 

with 6 μl of Lipofectamine diluited in 150 μl of Opti-MEM. The mixture was added to 

cells grown. After 7–8 h, Opti-MEM and FBS was added to a final concentration of 

20% in a final volume of 2ml. 

Hsp60 siRNA (m) (sc-35604, Santa Cruz) was administered according to siRNA 

Reagent System (sc-45064, Santa Cruz) protocol using a mixture of 8μl siRNA duplex 

diluited in 100μl Tranfection Medium, with 8μl siRNA Tranfection Reagent diluited in 

100μl Tranfection Medium. The siRNA neg-control is used in the same way. After 7 

hours was added 1 ml of normal growth medium. The cells were incubated for 48 h. 
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To extract proteins and RNA, cells from each well were re-plated into a new 6-

well dish and incubated for another 24 h in proliferation medium. 

For immunofluorescence analysis, 10
4 

cells/well were plated in chamber slides 

and after 24h cells were fixed with 4% glutaraldehyde and icy methanol. 

2.4.4 Treatment with conditioned medium 

The day after transfection, cells received fresh medium. The medium was taken 

24h after and it was put in 6-wells plates with 70000 cells (C2C12) for well, to see the 

effect of factors released in the medium by transfected cells. RNA, to perform Real 

Time PCR, was exacted from the 3 kind of treatment (C2C12-medium, pcMV6-Hsd1-

medium, pcDNA-medium) at different times: 0h, 6h, 24h, 48h. 

 

2.5 Total RNA and DNA isolation 

The total RNA and total DNA (genomic and mtDNA) were extracted using 

Trireagent (Sigma®) according to the manufacturer’s instructions, by cryopreserved 

samples of transfected cells and muscles of trained and sedentary mice.  

Tissue samples were then homogenized in TRI REAGENT (1ml for 50-100 mg of 

tissue) and subsequently centrifuged at 12000 x g for 10 minutes at 4°C to remove the 

insoluble material. 0,2 ml of chloroform was then added to the samples. After 15 

minutes, the mixtures were centrifuged at 12000 x g for 15 minutes at 4°C, to separate 

the RNA (aqueous phase) from proteins (red organic phase) and DNA (interphase).  

The aqueous phase was transferred to a fresh tube to which 0,5 ml of isopropanol 

was added. After 10 minutes, the samples were centrifuged at 12000 x g at 4°C. The 

supernatant was removed and the RNA pellet was added to 1 ml of 75% ethanol and 

then shaken. The mixture was centrifuged at 7500 x g for 5 minutes at 4°C. The RNA 

was eluted from the filter in 50μl of RNase-free H2O. The RNA extract obtained was 

stored at -20 ° C until use. 

In the restant part was added 100% ethanol and the resulting pellet was washed 

with 0.1 Trisodium Citrate, suspended in 75% ethanol, dried under vacuum and 

dissolved in 8mM NaOH. 0.1 M HEPES was used to get a pH 8.4, more suitable for 

PCR analysis. 

Concentration of samples were calculated with spectrophotometric analysis using 

NanoDrop 2000 UV-Vis Spectrophotometer. 
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2.6 Reverse Transcription PCR 

Reverse transcription was performed using the ImProm-II Reverse Transcriptase 

Kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions. 

The oligo, previously placed at 60° C for 5', was complexed with 300 ng of RNA 

extracted, in a final volume of 5µl in a first step (Table 2) in the thermocycler. 

 

 

70°C 10’ 

4°C 5’ 
 

Table 2 

First step reverse transcription PCR parameters. 

 

To this volume were added 15μl of Mix (containing 5x Reaction buffer, MgCl2, 

dNTPs, RNase Inhibitor, Reverse transcriptase and H2O DNAse / Range free), then 

each sample has undergone a second step (Table 3) in the thermocycler. In this step, the 

RNA is copied in cDNA. 

 

 

25°C  5’  annealing  

50°C  60’  extension  

70°C  15’  

Inactivation 

Reverse 

Transcriptase  

4°  ∞  
 

 

Table 3 

Second step reverse transcription PCR parameters. 

 

2.7 Quantitative real-time PCR (qRT-PCR) 

The cDNA was amplified using the primers in Table 5 with GoTaq
® 

qPCR Master 

Mix kit (A6001, Promega Corporation, USA) and the protocol for thermal cycler ( 

Rotor-Gene
TM 

6000, QIAGEN) described in Table 4. 
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95°C 2’ 
Hot-Start 

Activation 
1 cycles 

95°C 15’’ Denaturation 

45 cycles T° annealing 

primers 
60’’ 

Annealing/ 

Extension 

60–95°C 
 

Dissociation 1 cycles 

 
 
Table 4 

Quantitative real-time PCR (qRT-PCR) parameters. 

 

The level of trascripted, of our primers (Table 5), was normalized to 

Glyceraldehyde 3-phosphate dehydrogenase (GADPH) degree. Changes in transcript 

level were calculated using the 2
-ΔΔCt

 method. 

 

Primer Target Sequence  Forward Reverse 

PGC1 tot 
PubMed PMID: 

23217713 (ref)  

5’-TGATGTGAATGAC 

TTGGATACAGACA-3’ 

5’-GCTCATTGTTGTA 

CTGGTTGGATATG-3’ 

PGC1 a1 
PubMed PMID: 

23217713 (ref)  

5’-GGACATGTGCA 

GCCAAGACTCT-3’ 

5’-CACTTCAATCCA 

CCCAGAAAGCT-3’ 

PGC1 a2 
PubMed PMID: 

23217713  

5’-CCACCAGAATG 

AGTGACATGGA-3’ 

5’-GTTCAGCAAG 

ATCTGGGCAAA-3’ 

PGC1 a3 
PubMed PMID: 

23217713  

5’-AAGTGAGTAAC 

CGGAGGCATTC-3’ 

5’-TTCAGGAAGAT 

CTGGGCAAAGA-3’ 

PGC1 a4 
PubMed PMID: 

23217713  

5’-TCACACCAAA 

CCCACAGAAA-3’ 

5’-CAGTGTGTGT 

ATGAGGGTTGG-3’ 

HSP60_Mus MGI:MGI:96242  
5’-ACGATCTATT 

GCCAAGGAGG-3’ 

5’-TCAGGGGTTG 

TCACAGGTTT-3’ 

GADPH_Mus MGI:MGI:95640  

5'-CAAGGACACT 

GAGCAAGAGA-3' 

5'-GCCCCTCCTG 

TTATTATGGG-3' 

 

Table 5 

Primers for quantitative real-time PCR (qRT-PCR) list. 

 

http://www.informatics.jax.org/marker/MGI:96242
http://www.informatics.jax.org/marker/MGI:95640


28 

 

2.8 mtDNA Copy Number Analysis 

This method compares the levels of nuclear to mitochondrial DNA (mtDNA), in a 

DNA sample mtDNA. Copy number was quantitatively analyzed using GoTaq QPC kit 

(A6001, Promega Corporation, USA) real-time PCR (Applied Biosystems). 

The genes mt-cyt_b and mt-12s as the mitochondrial marker ones, Becn-1 gene 

was used as the nuclear marker to standardize mtDNA copy number to diploid 

chromosomal DNA content. 

Resultant Cts obtained from the Real-Time instrument are used to represent the 

level of each gene. Both the mitochondrial genes mt-12S and mt-Cyt_b are compared to 

the nuclear one, Becn-1 (Table 6). 

 

Primer Target Sequence Forward Reverse 

BECN1_m 
template MGI databse ID 

OTTMUSG00000002791 

5’-CGAGTGCCTT 

CATCCAAAAC-3’ 

5’-GTCCTGGCAC 

CTCTCTAATG-3’ 

mt-

Cytb_m 

template MGI database ID 

17711 

5’-TAGCAATCGT 

TCACCTCCTC-3’ 

5’-TGTAGTTGTC 

TGGGTCTCCT-3’ 

mt_12s_m 
template MGI database ID 

MGI:102493 

5’-GATAAACCCC 

GCTCTACCTC-3’ 

5’-CATTGGCTAC 

ACCTTGACCT-3’ 

 

Table 6 

Primers for quantitative real-time PCR (qRT-PCR) list. 

 

Copy numbers were calculated based on the ΔCt of the matched mitochondrial to 

nuclear DNA Cts. To calculate copy number, the average of Set 1 = (mt-12S/BECN1) 

and Set 2 = (mt-Cyt_b/BECN1) ratios were determined. The individual ratios from Set 

1 and Set 2 were used to calculate N = 2ΔCt where ΔCt1 = CtNucl - CtMito1 and ΔCt2 

= CtNucl - CtMito2. 

 

2.9 Immunoblotting 

Samples, mice muscles and cells, were homogenized by lysis buffer (200 mM 

HEPES, 5 M NaCl, 10% Triton X-100, 0.5 M EDTA, 1 M DTT, 0.25 g Na-

deoxycholate, 0.05 g SDS) supplemented with Protease Inhibitor Cocktail (Sigma-

Aldrich, USA) in an ice-bath temperature, using also a hand plastic pestle for muscle.  
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The homogenates were centrifuged at 13000xg for 15 minutes at 4°C and the 

supernatant fractions (total lysate) were stored in -80°C freezer. The protein 

concentrations were quantified spectrophotometrically according to Bradford using 

bovine serum albumin (BSA, Sigma-Aldrich, USA) as the standard.  

The proteins were separated by 12% SDS-PAGE and electrophoretically 

transferred to a nitrocellulose membrane 0.45 µm (Bio-Rad Laboratories, Inc. 

Germany). The membrane was incubated in a blocking solution containing 5% bovine 

serum albumin (BSA, Sigma-Aldrich, USA) in Tris-buffered saline (20 mM Tris, 137 

mM NaCl, pH 7.6) containing 0.05% Tween-20 (T-TBS) for 1 h at RT.  

Next, the membrane was further incubated in a primary antibody, anti-Hsp60 

(diluted 1:1000, mouse monoclonal antibody ab13532, Abcam, UK), anti-

glyceraldehyde-3-phosphate dehydrogenase (GAPDH - diluted 1:3000,  rabbit 

polyclonal antibody ADI905784, Enzo Life Sciences, USA), anti-PGC1α (diluted, 

1:1000, mouse monoclonal antibody ST1202, Calbiochem, USA), anti-Hsp70 (diluted, 

1:1000, mouse monoclonal antibody C92F3A-5, Santa Cruz Biotechnologies, USA), or 

anti-Alix (diluited, 1:500, mouse monoclonal antibody sc-53538 Santa Cruz 

Biotechnologies, USA), in T-TBS containing 0.5% BSA overnight at 4°C. The 

following day, the membrane was washed with T-TBS and incubated with an HRP-

conjugated secondary antibody (anti-rabbit NA934V, or anti-mouse NA931, Amersham 

Biosciences, USA) diluted in T-TBS containing 0.5% BSA for 1 h.  

The detection of the immunopositive bands was performed using ECL Western 

Blotting Detection Reagent (Amersham Biosciences) according to the manufacturer’s 

instructions.  

The detected bands were analysed using ImageJ software version 1.41 (NIH, 

USA; http://rsb.info.nih.gov/ij).  

 

2.10  Immunoprecipitation 

Immunoprecipitation was performed in order to detect the interaction between 

Hsp60 and PGC1α in C2C12 cells transfected with pCMV6-Entry-HSPD1. Briefly, 500 

μg of protein from total cells lysates were incubated with the primary antibody (rabbit 

polyclonal anti-HSP60, H-300, sc-13966, Santa Cruz Biotechnology) overnight at 4 ºC 

with gentle rotation. 
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The complexes formed were immunoprecipitated with antibodies linked to 

Sepharose A beads (GE Healthcare, Milano, Italy) and then, they were revealed by 10% 

SDS-PAGE using anti-PGC1α primary antibody (diluted, 1:1,000, mouse monoclonal 

antibody ST1202, Calbiochem). Nonspecifically bound proteins were removed by 

repeated washings with isotonic lysis buffer. 

 

2.11  Histological analysis 

Muscles were fixed in a solution of acetone, methanol and water (2:2:1) for 12 

hours, washed in tap water and dehydrated with ethanol at 70, 96, 100% v/v.  After 

dehydration, the tissue pieces were placed in xylol for 1.5 hours and embedded into 

paraffin. The embedded muscles were sliced into sections (5 μm) that were mounted on 

glass slides.  

These sections were subjected a deparaffination protocol before any analysis. This 

protocol consists of an alcohols decreasing scale that rehydrate sections preparing them 

to receive the following treatments. 

Chambers slides with muscle cells, after a PBS washing were fixed in ice 

methanol for 30 minutes at room temperature (RT). 

 

2.11.1  Immunohistochemistry 

For immunohistochemical analysis, the deparaffinated serial sections were 

incubated in an “antigen unmasking solution” (10 mM tri-sodium citrate, 0.05% Tween-

20) for 10 min at 75°C, after they were processed by the MACH1 kit (M1u539g, 

Biocare, USA), used according to the manufacturer’s instructions.  

The sections were incubated in primary antibodies, including anti-myosin heavy 

chain-I (MHC-I, A4951, Hybridoma Bank, USA), anti-myosin heavy chain-II (MHC-II, 

A474, Hybridoma Bank, USA) and anti-Hsp60 (rabbit polyclonal antibody ab53109, 

Abcam, UK), in a humidified chamber overnight at 4°C. The following day, the sections 

were incubated for 1 hour with the secondary antibody and polymers as previously 

described (23592297). Finally, the slides were coverslipped, and images were captured 

using a Leica DM5000 upright microscope (Leica Microsystems, Heidelberg, 

Germany).  

The cross-sectional area (CSA) of the type I muscle fibres of the posterior muscle 

group from the hindlimbs was measured using ImageJ 1.41 software to evaluate the 
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effect of endurance training. The analyses were performed using 5 fields per section, 5 

sections per mice (40 μm between sections) and 8 mice per group.  

Densitometric analysis of the staining intensity of the anti-Hsp60 antibody was 

performed using ImageJ 1.41 software. The acquired image (RGB) was transformed to 

greyscale (32-bit) and then inverted. In the 0-255 greyscale image, 0 corresponds to no 

positivity and 255 corresponds to maximum positivity the staining intensity of each 

measured fibre was expressed as the pixel intensity (PI) normalized to that of the CSA.  

 

2.11.2  Immunofluorescence 

For immunofluorescence, deparaffinized sections and fixed cells were incubated 

in the “antigen unmasking solution” (10 mM tri-sodium citrate, 0.05% Tween-20) for 

10 min at 75°C or RT respectively and treated with a blocking solution (3% BSA in 

PBS) for 30 min.  

Next, the primary antibody (anti-Hsp60, rabbit polyclonal ab53109, Abcam; anti-

MHC-I, mouse monoclonal A4.74, Hybridoma Bank; anti-PGC1α, mouse monoclonal 

ST1202, Calbiochem; anti-laminin, rabbit polyclonal AB2034, Millipore, USA; anti-

DDK, mouse monoclonal TA5001, Origene, USA) diluted 1:50, was applied, and the 

sections were incubated in a humidified chamber overnight at 4°C. Then, the sections 

were incubated for 1 hour at RT with a conjugated secondary antibody (anti-rabbit IgG–

FITC antibody produced in goat, F0382, Sigma-Aldrich; anti-mouse IgG-TRITC 

antibody produced in goat, T5393, Sigma-Aldrich).  Nucleus were stained with Hoescht 

Stain Solution (1:1000, Hoechst 33258, Sigma-Aldrich, Germany).  

The slides were treated with PermaFluor Mountant (Thermo Fisher Scientific 

Inc.) and cover slipped. The images were captured using a Leica DM5000 upright 

microscope (Leica Microsystems, Heidelberg, Germany) or a Leica Confocal 

Microscope TCS SP8 (Leica Microsystems). 

 

2.12  ELISA: enzyme-linked immunoadsorbent assay 

Polyvinylchloride microtiter plates (High bond cod. 353279, BD Biosciences San 

Jose, CA, USA) were coated with H-300, rabbit polyclonal antibody raised against 

amino acids 274-573 mapping at the C-terminus of Hsp60 of human origin (H-300, sc-

13966, Santa Cruz Biotechnology) 10 μg/ml in PBS (phosphate buffered saline), 50 

μl/well, overnight at 4°C.  
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After, the plates were blocked with 3% BSA in PBS (200 μl/well, 2h at RT). All 

subsequent steps were carried out at RT. 

It was added the  2° element (that will stick to the coating) in PBS/ 1%BSA, 50µl 

x well: standard curve for Hsp60 (180ng/ml), (diluted 1:25; 1:12.5; 1:6.25; 1:3.12); 

conditioned medium of C2C12-NT, C2C12-pcMV6-Hsd1, C2C12-pcDNA-mok. 

Washed 4 times with PBS and treated with AbI anti-Hsp60-ms (k19, sc-1722, 

Santa Cruz Biotechnology) 10µg/ml in PBS/ 1%BSA 1h (R.T.), 50µl x; washed 4 times 

with PBS, again.  After, 50µl x well of AbII HPRT-ms 1:1000 in PBS/ 1%BSA 1h 

(R.T.) was putted in. After the final wash, the plates were incubated with 0.4 mg/ml o-

phenylenediamine (OPD: P-8287, Sigma-Aldrich) solution in 7.5ml of distilled water, 

with 10ul of hydrogen peroxide 36%; 100 µl/well, 30 min. The reaction was stopped by 

adding 10% (v/v) sulfuric acid (100 μl/well), and the absorbance of each well was read 

at 490 nm. Serum concentrations (in ng/ml) of Hsp60 was calculated according to the 

standard curves obtained by using recombinant human Hsp60 (V13-31176, Vinci-

Biochem srl, Firenze, Italy) in the sandwich ELISA. 

 

2.13  Statistical analyses 

Body weight and force data were statistically analysed via two-way ANOVA for 

repeated measurements, while all the other data were analysed via one-way ANOVA for 

single measurements. If a significant difference was detected during ANOVA analyses, 

this was further evaluated by Bonferroni post-hoc test. All statistical analyses were 

performed using GraphPad Prism
TM

 4.0 software (GraphPad Software Inc., San Diego, 

California, USA). All data are presented as the means ± SD, and the level of statistical 

significance was set at p<0.05. 
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3 RESULTS 

 

3.1 Functional effects of endurance exercise 

The mice from both groups, sedentary (SED) and trained (TR) were weighed at 

the beginning of the experiment and after every two weeks. 

They showed a significant increase in body weight during the 45 days of 

experimentation (P<0.001). Trained groups for 30 and 45 days (TR30 and TR45, 

respectively) and sedentary groups for 30 and 45 days (SED30 and SED45, 

respectively) showed a significant increase in the body weight compared to trained 

groups for 15 days (TR15) and sedentary groups for 15 days (SED15), respectively 

(P<0.001); while the body weight of TR45 and SED45 mice increased significantly 

compared to TR30 and SED30 mice, respectively (P<0.001).  

Moreover, only the mice trained for 45 days underwent a reduced increase in body 

weight compared to the corresponding sedentary mice (P<0.05) (Fig. 6a). 

 

 
Fig.  1 

Functional effects of endurance exercise on the body weight, strength, . a), changes in the body weight over time. Square (■) 

sedentary (SED) mice; Rhombus (◆) trained (TR) mice; horizontal axis, time of training. Data are presented as the means 

± SD. # 34 significantly different from SED15 (n=8), SED30 (n=8) and SED45 (n=8) mice (P<0.001); * significantly different 

than TR30 (n=8) and TR45 (n=8) mice (P<0.001); § significantly different from SED30 and SED45 mice (P<0.001); ‡ 

significantly different from TR45 mice (P<0.001); † significantly different from SED45 mice (P<0.05). b), strength of the 

forelimbs. Square (■) SED mice; Rhombus (◆) TR mice; horizontal axis, time of training. Data are presented as the means 

± SD. ◊ significantly different from TR15 (n=8), TR30 and TR45 (P<0.001). 

 

The strength of the mice and the cross section area (CSA) of the type I muscle 

fibres were measured. The strength results revealed significant increases for the trained 

groups after 15, 30, and 45 days (P<0.001), while no significant differences were 

detected in the sedentary groups (Fig. 6b). Moreover, morphometric analysis revealed a 



34 

 

significant increase in the CSA of the type I fibres in TR45 mice compared to the TR15 

mice (P<0.001) (Fig. 7).  

These increases in the strength of the mice and CSA of the type I muscle fibres 

confirm that endurance training induced significant modifications and adaptations in 

skeletal muscle improving muscular fitness 

 

 
Fig.  2 

Functional effects of endurance exercise on Cross section Area (CSA). Histogram showing the results for the CSA of type I 

fibres of the posterior group of hindlimb muscles. An average of 435 fibres was analyzed for each mouse. Bars, groups of 

mice; open bars, SED mice; shaded bars, TR mice; horizontal axis, time of training. ‡ significantly different from 45-TR. 

 

3.2 Hsp60 and fibres type in posterior muscle group of mouse 

hindlimbs 

To evaluate Hsp60 levels in each muscle of the posterior group of hindlimb, the 

cross-sections of the entire muscle group were analyzed by immunohistochemistry. In 

the same analysis was observed both Hsp60 and fibres type content on serial cross-

sections. 

The expression of Hsp60 resulted inhomogeneous between the three muscles (Fig. 

8aI). In soleus all of muscle fibres were positive and in plantaris only approximately 

55% of the fibres. While, only the red area of gastrocnemius was positive to Hsp60; the 

deeper region in lateral and medial regions to the plantaris. 

The A4951 and the A474 antibody were used to detect MHC-I (Fig. 8aII/bII) and 

MHC-IIa/IIx (8aIII/bIII) respectively. By examining overlapping serial cross-sections of 

the same sample stained for MHC-I and MHC-IIa/x, it was possible to identify type IIb 

fibres because they were unstained. Type I fibres resulted more abundant in the soleus; 

on the contrary type IIa and IIx fibres were more present in the plantaris and the 

gastrocnemius muscles. 

Concerning distribution of Hsp60 protein, in different fibres type, it showed a 

mosaic-staining pattern (Fig. 8bI). 
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Fig.  3 

a), immunohistochemistry for Hsp60 (I), MHC-I (II) and MHC-IIa/x (III) in serial cross-sections of the posterior group of 

hindlimb muscles, reconstructed by combining multiple images captured at low magnification (10x) (gastrocnemius, soleus, 

and plantaris, are circled in green, red, and blue, respectively). b), enhanced magnification of the images shown in a). Type 

IIb fibres are negative to antibodies anti-MHC-I and anti-MHCIIa/x. Bar 25 μm. c), representative images used for 

densitometric analysis of the staining intensity of a cross-section immunostained for Hsp60. The analysis was performed 

using 5 fields per section, 5 sections per mice (40 μm between sections) and 8 mice per group. An average of 435 fibres was 

analyzed for each mouse. The acquired RGB image (Bb) was transformed to a greyscale image (32-bit) and then inverted. 

Representative histograms of the fibres I, IIa, IIb, and IIx are shown in the small framed panels, where 0 corresponds to no 

positivity and 255 corresponds to maximal positivity. 

 

The levels of Hsp60 in each muscle fibre type were analyzed only at 45 days 

because the overall greatest changes were detected at this time point.  

Densitometric analysis (Fig. 8c) of serial cross-sections of muscle from sedentary 

mice (SED45), analyzed by immunohistochemistry, revealed that the Hsp60 protein was 

more elevated in type IIa fibres and below, in decreasing quantity, in type I fibres 

(P<0.05) and in type IIx fibres (P<0.05). Type IIb fibres displayed lower levels of 

Hsp60 than any other fibre type (P<0.05). 

Again, quantification of staining intensity (Fig. 9) let on that endurance exercise 

training induced a significant increase in type I fibres in the gastrocnemius (Fig.9a/c) 

and the soleus of trained mice compared to sedentary mice at 45 days (P<0.01). 

 

 

Fig.  4 

Staining intensity (determined with ImageJ 1.41 software) of the fibres. It was expressed as the mean pixel intensity (PI) 

normalized to the cross-sectional area (CSA) for the red gastrocnemius (a), the plantaris (b), and the soleus (c). SED45 and 

TR45 indicate trained and sedentary mice on day 45, respectively. Data are presented as the means ± SD. # significantly 

different from type I fibres from SED45 mice (P<0.01), * (P<0.05), ** (P<0.001). 
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3.3 Hsp60 levels after endurance training 

The mosaic staining pattern displayed with immunohistochemistry (in Fig. 8bI), 

and the increase in type I fibres in TR45 mice compared to the control (Fig.9) was also 

demonstrated by confocal microscopy. Also, this showed an increase in Hsp60 level in 

trained mice rather than in sedentary. 

by the double fluorescence method type I fibres were stained with anti-MHC-I 

(Fig. 10aII/V) and anti Hsp60 (Fig. 10aI/IV) antibody, then the content of Hsp60 for 

each fibre was determined, using the Leica application suite advanced fluorescences 

software; excluding the interstitial cells.  

Type I fibres were strongly positive for the Hsp60 staining, and there was a 

significant higher level of this protein in trained than in sedentary mice (P<0.05) (Fig. 

10b).  

 

 

Fig.  5 

Confocal microscopy analysis further demonstrates that Hsp60 protein levels increase in mice trained for 45 days. a), 

immunofluorescence for Hsp60 and MHC-I of cross-sections of sedentary and trained mice at 45 days (SED45, n=8, and 

TR45, n=8, respectively); the arrows indicate the type I fibres. Bar 25 μm. b), the staining intensity for Hsp60 (bars) of type I 

fibres was expressed as the mean pixel intensity (PI) normalized to the CSA (cross-sectional area) using the software Leica 

application suite advanced fluorescences software. Open bar, sedentary (SED45) mice; shaded bar, trained (TR45) mice; 

both on day 45. Data are presented as the means ± SD. * significantly different from SED45 mice (P<0.05). 

 

 

In immunofluorescence images it was evident that Hsp60 was present both in the 

interstitial cells and inside the fibres (Fig. 11a). It was localized inter-myofibrillar (IMF) 

mitochondria like positive spots inside myofibrils, but also in sub-sarcolemmal (SS) 

mitochondria as positive bundles beneath the plasma membrane and (Fig. 11b).  
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Fig.  6 
a), representative immunofluorescence image revealing that Hsp60 was localized also in inter-myofibrillar mitochondria 

(IMF). Bar 10 μm. b), representative immunofluorescence image revealing that Hsp60 was localized to the subsarcolemmal 

(SS) space. Bar 20 μm. 

 

Then, considering that many fibres positive for Hsp60 were detected in soleus and 

it is richer in type I, IIa, and IIx fibres compared to other posterior muscles, the attention 

focused about this muscle. This analysis revealed that endurance exercise had a positive 

effect on Hsp60 protein levels (Fig. 12a), it showed a significant increase in the trained 

mice compared to the sedentary mice. A significant difference was detected between the 

TR30 and SED30 mice (P<0.05) and the TR45 and SED45 mice (P<0.001) (Fig. 12b). 

 

 
Fig.  7 

a), representative western blots of Hsp60 (60 kDa) in the soleus from the trained (n=8) and sedentary mice (n=8) at various 

time points. 40μg of protein was loaded in each lane; GAPDH (37 kDa) was used as the loading control. B), relative 

expression levels of Hsp60 in the soleus. Open bars, sedentary mice; shaded bars, trained mice; horizontal axis, days. AU: 

Arbitrary Unit. ∂ significantly different from TR30 mice (P<0.05). # significantly different from TR45 mice (P<0.001). 

 

This result was furthermore confirmation by qRT-PCR analysis, that reported a 

significant increase in Hsp60 transcript (Fig. 13) in soleus muscle of TR45 compared to 

SED45 ones. 
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Fig.  8  

qRT-PCR analysis of hsp60 gene in the soleus. Bars show the hsp60 gene expression levels normalized for the reference 

genes, according to the Livak Method (2-ΔΔCT) (Schmittgen and Livak, 2008) in soleus of sedentary (n=6) and trained 

(n=6) mice at 45 days (SED45, and TR45, respectively. ∂ significantly different from SED45 (P<0.01); 

 

Concurrently to the increases in Hsp60 levels in muscle, ELISA test revealed 

blood Hsp60 levels of trained mice higher than sedentary mice at 30 and 45 days (Fig. 

14). 

 

 
Fig.  9 

Serum levels of Hsp60 in SED (n=8) and TR (n=8) groups at various time points. Open bars, sedentary (SED) mice; shaded 

bars, trained (TR) mice; horizontal axis, days. Data are presented as the means ± SD. ∂ significantly different from TR30 

mice (P<0.05). # significantly different from TR45 mice (P<0.001). 

 

3.4 Mitochondrial biogenesis 

Generally, Hsp60 is considered a biomarker of mitochondria content, considering 

its most common location. Then, it was interesting to investigate if the increase in the 

levels of Hsp60 was accompanied by an increase in the number of mitochondria. 

That was valuated through qRT-PCR. with a protocols that compare the copy 

number of mitochondrial genes, to the nuclear ones. Indeed, as expected, TR45 mice 

showed more than double of mitochondria compared to SED45 (Fig. 15). 

Then, the increase in Hsp60 protein and gene levels was correlated to an increase 

in mitochondrial DNA. 
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Fig.  10 

Copy number of mitochondrial genes in the soleus of sedentary mice (n=6) at day 45 (SED45, open bar) and trained mice 

(n=6) at day 45 (TR45, shaded bar). # different from 45 TR p<0.001. 

 

3.5 Transfection efficacy 

It was realized a closed cell system where to observe the effects of Hsp60 protein 

overexpressed, without any physiological interference as could occur in vivo. To do this 

was employed a myoblasts cell line called C2C12. Then, part of C2C12 cells was 

transfected with pCMV6-Entry-HSD1 plasmid that contained the sequence defining 

overexpression of Hsp60,and a little oligonucleotide coding for DDK, used like a tag to 

detect really transfected cells. Simultaneously other plates of C2C12 was transfected 

with pcDNA 3.1 like negative control plasmid. Again, others C2C12 were processed 

with silencer pre-designed siRNA against Hsp60 and its siRNA negative control, to 

examine the effects of absence of the protein. 

The working of protocol was confirmed by confocal analysis. Expression of 

Hsp60 and DDK (Fig. 16a) and knock down of Hsp60 performed by RNA interference 

(Fig. 16b) were visible through immunofluorescence analysis. 
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Fig.  11 

a), immunofluorescence images of C2C12 myoblasts cell line transfected with pCMV6-Entry-HSPD1 vector, (pcDNA3.1 

was used as a negative control), the expression of the tag DDK demonstrated the efficiency of transfection of these cells 

(Bar 50 µm); b), immunofluorescence images of C2C12 myoblasts treated with Hsp60 siRNA ( siRNA Hsp60) (Bar 25 µm). 

 

Further confirmation that transfection protocol worked we performed a qRT-PCR 

with RNA extracted by transfected and silenced cells (Fig. 17). We found that the hsp60 

gene was considerably more expressed in pCMV6-Entry-HSD1 cells than in pcDNA 

and siRNA cells. This increase was comparable to that verified in soleus of TR45 

compared to SED45 (Fig. 13). So we proposed that the increase in Hsp60 protein levels 

following endurance training, was due, at least in part, to a physiological increase in 

hsp60 gene 
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Fig.  12 

qRT-PCR analysis of hsp60 gene in transfected C2C12 cells. Bars show the hsp60 gene expression levels normalized for the 

reference genes, according to the Livak Method (2-ΔΔCT) (Schmittgen and Livak, 2008) in C2C12 myoblasts transfected 

with pCMV6-Entry-HSPD1 vector to over-express hsp60 (pcDNA3.1 was used as a negative control); and Hsp60 siRNA for 

silencing Hsp60 (scramble siRNA used as a negative control, Control siRNA). # significantly different from pcDNA3.1 

(P<0.01); ¥ significantly different from Control siRNA. 

 

In spite of this, in transfected cells, there wasn’t the increase in the number of 

mitochondria like in muscle fibres of trained mice, as demonstrated by the levels of 

mtDNA copy number(Fig. 18). 

 

 
Fig.  13 

Copy number of mitochondrial genes in C2C12 myoblast transfected with pCMV6-Entry-HSPD1 vector (shaded bar) 

(pcDNA3.1 was used as a negative control, open bar). 

 

3.6 PGC1α in Hsp60 overexpressed models 

Therefore, the interest of the experimental study moved on PGC1α that, for 

literature, is the protagonist of mitochondrial biogenesis mechanism.  

Western blotting (Fig. 19) showed an increase in PGC1α in mouse muscle, 

induced by endurance training, similar to that observed in C2C12 cells transfected with 

pCMV6-Entry-HSPD1. 
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Fig.  14 

Representative western blots of PGC1 α1 levels in the soleus (a) of trained and sedentary mice, and in C2C12 cells (b) upon 

transfection with pCMV-Entry-HSPD1 vector (pcDNA3.1 was used as a negative control). Relative expression levels (I, II) 

(bars) of PGC1 α1 (113 kDa). ∂ significantly different from TR45 p<0.001; # different from pCMV6-Entry-Hspd1 p<0.0001. 

 

So, we decided to evaluate also the gene expression levels of the co-activator 

PGC1α in its isoforms suggested as involved in exercise training (Ruas JL et al., 2012). 

It was examined PGC1α in its total form, PGC1 α1 the transcript originating from the 

proximal promoter corresponding to a 113 kDa protein; α2 the transcript originating 

from the distal promoter and corresponding to a 41.9 kDa protein; α3 the transcript 

originating from the alternative distal promoter and corresponding to a 41.0 kDa 

protein; and α4 the transcript originating from the distal promoter, corresponding to a 

29.1 kDa protein, which has undergone an alternative splicing between the 6 and 7 

exons.  

In the soleus of trained mice the PGC1α isoform α4 was not detected but there 

was an increase in total PGC1α, and in the α1, α2, and α3 isoforms (Fig. 20a), in 

parallel with the increase in hsp60 gene expression (Fig. 13 and 17). In C2C12 

myoblasts transfected with pCMV6-Entry-HSPD1 we found increase in the expression 

of PGC1α isoform 1 (Fig. 20b). While the siRNA against hsp60 did not have any effect 

on the basal levels of PGC1 α1(Fig. 20b). 
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Fig.  15 

qRT-PCR analysis of PGC1α gene and its isoforms in the soleus of trained mice and transfected C2C12 cells. Bars show the 

PGC1α isoforms [PGC1α total (αtot), isoform 1 (α1), 2 (α2), 3 (α3), 4 (α4)] gene expression normalized for the reference 

genes, according to the Livak Method (2- ΔΔCT), in: soleus of SED45 (grey bars) and TR45 (black bars); C2C12 myoblast 

transfected with pCMV6-Entry-HSPD1 vector to over-express hsp60 (pcDNA3.1 was used as a negative control); and 

Hsp60 siRNA for silencing Hsp60 (scramble siRNA used as a negative control, Control siRNA). Data are presented as 

means ± SD, bars show the PGC1α isoforms [PGC1α total (P<0.01); ∂ significantly different from SED45 (P<0.01); # 

significantly different from pcDNA3.1 (P<0.01). 

 

We found that elevated levels of Hsp60 protein and expression of the hsp60 gene 

were accompanied by an increase in the expression of PGC1α gene, both in vivo and in 

vitro. These observations suggested that Hsp60 levels and PGC1α gene expression were 

linked in some way. 

This hypothesis was strengthened by double immunofluorescence for Hsp60 and 

PGC1α on sections of SED45 (Fig. 21a) and TR45 (Fig. 21b), which showed again 

correspondence between increase of Hsp60 and PGC1α protein. In the same slides, with 

greater magnification, Hsp60 appeared at high levels also in interstitial cells and PGC1α 

was localized in a cytoplasmic compartment between the nucleus and mitochondria 

(Fig. 21c). Thanks to the signal of laminin was even more obvious that PGC1α resulted 

localized in the cytoplasm of interstitial cells (mesenchymal progenitors, connective  

tissue cells or pericytes) (Fig. 21d). 
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Fig.  16 

The confocal microscopy analysis shows the localization of PGC1α positive cells in the skeletal muscle tissue. 

Immunofluorescence for Hsp60 and PGC1α of muscle cross-sections of sedentary (a) and trained (b) mice at 45 days 

(SED45 and TR45, respectively). Bar 25 μm. Immunofluorescence for Hsp60 and PGC1α (c) of muscle cross-sections of 

trained mice at 45 days (TR45) at higher magnification; for laminin and PGC1α (d) that result localized in the interstitial 

space, outside the fibres;. Bar 15 μm. 

 

Validated a concomitance between overexpression of Hsp60 and the activation of 

PGC1 α1, it was proper to understand if possible a direct interaction between the two 

proteins, considering that PGC1α protein is also a transcription factor for it self gene. 

For this reason, we have immunoprecipitated Hsp60, of transfected C2C12 

samples, and performed a Western blotting analysis on the immunoprecipitation with 

the anti-PGC1α antibody. The result showed that at 113 kDa PGC1α isoform co-

immunoprecipitated with Hsp60 (Fig. 22). 

 

 
Fig.  17 

Representative blot of immunoprecipitation experiments in C2C12 myoblasts transfected with pCMV6-Entry-HSPD1 

vector to over-express hsp60 (pcDNA3.1 was used as a negative control) showing a 113 kDa band corresponding to PGC1α 

that co-immunoprecipited with Hsp60. 

 

Within of stress response they were also evaluated the protein levels of 4 

Hydroxynonenal (4 HNE), manganese superoxide dismutase (Mn SOD), phospho 

AMP-activated protein kinase alpha1 (p-AMPKα), AMPKα1, AMPKα2 and 
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Transcription Factor A Mitochondrial (TFAM) both in the muscle of trained mice and 

in C2C12 cells transfected with pCMV6-Entry-HSPD1.  

In Soleus muscle, only 4 HNE and p-AMPK presented a significant increase in 

trained mice, while in transfected C2C12 there was no increase (Fig. 23). 

 

 

 

Fig.  18 

Representative western blots of 4 HNE (55 kDa), Mn SOD (25 kDa), p-AMPKα (63 kDa), AMPKα1 (63 kDa), AMPKα2 (63 

kDa), TFAM (30 kDa) in soleus (a) of sedentary (SED45, open bar, n=8) and trained (TR45, shaded bar, n=8) mice at 45 

days, and in transfected C2C12 cells (b). GAPDH (37 kDa) was used as the loading control. Relative expression levels (bars) 

of 4 HNE (55 kDa) (I) and p-AMPKα (63 kDa) (II). Data are presented as the means ± SD. ∂ significantly different from 

TR45 mice (P<0.001). AU: Arbitrary Unit. 

 

So the important relation between effects of exercise training and activated 

molecular pathways in muscles, involved only Hsp60 and PGC1α. 

 

3.7 Paracrine effect of Hsp60 

As already demonstrated above (Fig. 14), the endurance training also determined 

a release of Hsp60 in the bloodstream. Therefore, we wanted to verify if Hsp60 released 

could have an effect on surrounding elements.  

For this purpose we used the closed cells system, C2C12 cells were transfected 

whit pCMV6-Entry-HSD1 and pcDNA 3.1 plasmids as in previous experiment (Fig. 

16). After 48h their conditioned medium was taken, a little part of it was analyzed by 
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ELISA test and the remaining part was given to different wells of naive C2C12 for 0h, 

6h, 12h, 24h, 48h. 

The ELISA test (Fig. 24) about conditioned medium confirmed that C2C12 

transfected with the pCMV6-Entry-HSPD1 plasmid released more Hsp60, while they 

were silenced by siRNA against Hsp60, they released less protein in extracellular 

environment. 

 

 
Fig.  19 

Medium levels of Hsp60 in C2C12 cells transfected with pCMV6-Entry-HSPD1 vector to overexpress Hsp60 (pcDNA3.1 

used as a negative control); and Hsp60 siRNA for silencing Hsp60 (scramble siRNA used as a negative control, Control 

siRNA). Data are presented as the means ± SD. Δ significantly different from p-CMV-Entry-HSPD1 (P<0.05). † 

significantly different from siRNA Hsp60 (P<0.05). 

 

While as regards cells treated with conditioned medium at different time, their 

RNA was extracted and tested through qRT-PCR. The result most relevant concerned 

cells treated for 6 h with medium from C2C12 transfected with the pCMV6-Entry-

HSPD1 plasmid (Fig. 25): they showed a significant increase in the levels of expression 

of the PGC1 α1 isoform. 
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Fig.  20 

qRT-PCR analysis of PGC1 α1 isoform in C2C12 cells treated with the conditioned media (Fig. 24) from C2C12 myoblasts 

transfected with pCMV6-Entry-HSPD1 vector (C pCMV6-Entry-HSPD1) to over-express hsp60, and from C2C12 

myoblasts transfected with pcDNA3.1 used as a negative control (C pcDNA3.1) for 6 and 12 hours (h). UT: untreated cells. 

Data are presented as the means ± SD. ◊ significantly different from UT 6 h, C pcDNA3.1 6 h and C pCMV6-Entry-HSPD1 

12 h (P<0.01). 

 

High levels of Hsp60 released in the culture medium induced the increase in 

Hsp60 and PGC1α levels in neighbouring cells. 

 

3.8 Effect of endurance training on cachectic mice 

On the basis of these data that confirmed that this trained mouse model defined 

significant and positive changes in molecular stress response pathways, we undertook a 

series of experiments applying the endurance training on mice bearing the C26 tumour 

mass. In all the mice the tumour was visible around 10 days after the inoculation. No 

differences were present between the groups in the tumour growth delay. 

 

3.8.1 Survival curves 

Survival curves of all groups are shown in figure 26. The TRP protocol conducted 

after inoculation of C26 not induced a significant increase in the median survival in 

male and female adult mice (AM-SED/TRP and AF-SED/TRP) compared with sedentary 

groups. 

The three different training protocols (TRL, TRM and TRH) completed by adult 

female mice after 6 weeks of TRP and tumour inoculation did not induced any 

significant change in the median survival compared with control mice (AF-SED/SED). 

While, the adult male mice trained before and after the inoculation (AM-TRP/TRL, AM-

TRP/TRM and AM-TRP/TRH) showed an higher median survival than matching adult 
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female mice (AF-TRP/TRL, AF-TRP/TRM and AF-TRP/TRH, respectively) (p<0.05). 

Moreover the AM-TRP/TRM and AM-TRP/TRH groups showed an higher median 

survival than AM-SED/SED group (p<0.05). 

 

 

Fig.  21 

Surviving curve of male (AM-SED/SED; AM-SED/TRp; AM-TRp/TRl; AM-TRp/TRm; AM-TRp/TRh ) and female (AF-

SED/SED; AF-SED/TRp; AF-TRp/TRl; AF-TRp/TRm; AF-TRp/TRh) mice groups. † significant different than AM-

SED/SED (p<0.05); ‡ significant different than corresponding female group (p<0.05). 

 

3.8.2 Cachexia curves 

Literature defines cachexia as a body weight loss of 15%. In our experimental 

groups the cachexia occurred around 19 days after tumour inoculation, they showed a 

similar cachexia curves if expressed in percentage of body weight lost (Fig. 27).  

 

 

Fig.  22 

Representative curve of body weight lost trend in male (AM-SED/SED; AM-SED/TRp; AM-TRp/TRl; AM-TRp/TRm; 

AM-TRp/TRh ) and female (AF-SED/SED; AF-SED/TRp; AF-TRp/TRl; AF-TRp/TRm; AF-TRp/TRh) mice groups. 

 

Only in the AF-TRP/ TRH the cachexia occurred significantly later than in AF-

SED/SED and AF-SED/TRP (Table 7). 

Moreover, AM-TRP/TRM survive longer in a state of cachexia than AF-TRP/ 

TRM (p<0.03), while AM-TRP/TRH and AF-SED/TRP groups survive longer than the 

AF-TRP/TRH group (p<0.05).  
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Groups  

Body Weight  Tumor 

growth delay 

(d)  

Cachexia (d)  

Survive in a 

state of 

cachexia (d)  
Inoculum (g)  Cachexia (g)  

AM-SED/SED  26.3±1.2  21.3±0.9  11.1±1.1  18.7±2.7  20.0±5.3  

AM-SED/ TRP  26.7±2.0  21.9±2.0  10.7±1.0  17.6±2.9  14.4±10.3  

AM-TRP/ TRL  26.8±2.0  21.5±2.3  12.2±1.6  20.9±4.5  14.4±8.9  

AM-TRP/ TRM  26.9±1.6  21.0±2.4  11.4±0.9  21.1±5.6  17.3±9.6   €  

AM-TRP/ TRH  26.2±1.1  21.7±0.9  10.0±2.1  20.0±3.3  16.1±8.3   $  

AF-SED/SED  20.9±1.2  17.4±1.1  10.7±1.3  17.0±4.1 $  13.2±9.5  

AF-SED/ TRP  20.7±1.2  17.3±1.2  10.6±1.2  16.4±2.6 $  14.3±7.8   $  

AF-TRP/ TRL  18.2±1.0  15.6±0.7  11.4±1.4  19.9±6.1  10.0±7.3  

AF-TRP/ TRM  19.5±3.1  16.2±2.3  10.8±0.9  20.0±6.5  9.0±5.5  

AF-TRP/ TRH  19.3±0.8  16.6±0.9  10.5±1.7  22.9±10.3  5.9±4.7  

 

Table 7 

Summary of cachexia experiments data for male (AM-SED/SED; AM-SED/TRp; AM-TRp/TRl; AM-TRp/TRm; AM-

TRp/TRh ) and female AF-SED/SED; AF-SED/TRp; AF-TRp/TRl; AF-TRp/TRm; AF-TRp/TRh) mice groups. € different 

than AF-TRP/ TRM (p<0.03); $ different than AF-TRP/ TRH (p<0.05).  
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4 DISCUSSION 

Chronic diseases, cancer, long periods of physics inactivity, malnutrition or aging 

can cause the establishment of muscle wasting condition characterized by a loss of 

weight and degeneration of muscle fibres. Muscle wasting involves several molecular 

pathways promoting protein degradation and interfering with protein synthesis (Eley, 

Russel, Tisdale, 2007; Eley, Tisdale, 2007; Hasselgren et al., 2002). Products of the 

catabolism increase oxidative stress inducing the further activation of E3-ub-Li system,  

the immune response and all the contributing factor to muscle wasting (Li et al., 2003). 

The positive effect of exercise training on recovery of lost skeletal muscle mass in 

muscle wasting condition is well known in literature (Lenk et al., 2012; Bowen et al., 

2015). Exercise has the ability to reduce expression of inflammatory cytokines (such as 

TNFα and IL-6) (Osterziel et al., 1998) and Myostatin, to induce significant 

phosphorylation on mTOR (Lenk et al., 2012) and to increase the number of adult stem 

cells in the muscle (Macaluso et al., 2013).  

 

 

Fig.  23 

The effects of exercise on the signalling pathways associated with muscle growth and wasting in sarcopenia and cachexia 

(Bowen et al., 2015. Skeletal muscle wasting in cachexia and sarcopenia: molecular pathophysiology and impact of exercise 

training. J Cachexia Sarcopenia Muscle.). 
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Physical activity generates ROS, but it also stimulates the production of 

antioxidant enzymes, as superoxide dismutases (SOD) (McArdle, Van Der Meulen et 

al., 2004) and cyto-protective proteins, like HSPs (McArdle, Dillmann et al., 2004). 

High levels of ROS and RNS generated by exercise induce muscle adaptations, among 

which the increase in the cross sectional area of fibres and the increase of mitochondrial 

biogenesis, key events for the response to stress and muscle regeneration (Atherton et 

al., 2012). 

The endurance protocol used in this study induced a significant loss in body 

weight, an increase in force and in CSA of muscle fibres in mice, in accordance with the 

many data published in our laboratory (Di Felice et al., 2007). These changes are 

considered physiological adaptations due to aerobic training. 

The histological analysis of serial muscle cross-sections revealed that Hsp60 

immunoreactivity was strongly localized in type I, IIa and IIx muscle fibres, while type 

IIb muscle fibres appeared only slightly positive for Hsp60 (IIa > I > IIx > IIb). This 

chaperonin is particularly expressed in soleus, plantaris and deeper regions of 

gastrocnemius, muscles richest of type I, IIa and IIx muscle fibres. 

The fibre-type specific levels of Hsp60 in skeletal muscle is a very novel finding 

for human and animal model. Very recently, Folkesson et al. (Folkesson et al., 2013) 

did not detect any fibre type-specific staining of Hsp60 in human, the type I and type II 

fibres displayed a similarly uniform cytoplasmic staining. Our data appears clearly in 

contrast with these results, but the same authors indicated that their results were 

surprising considering that Hsp60 is a molecular chaperone involved in mitochondrial 

homeostasis (Campanella et al., 2008; Campanella et al., 2009; Di Felice et al., 2005) 

and given the differences in mitochondrial content between slow and fast fibres 

(Folkesson et al., 2013). In our opinion, the lack of fibre-type specificity of Hsp60 in 

Folkesson et al. (Folkesson et al., 2013) may be explained by the quantitative 

distribution of the fibre types in the muscle. In fact, they examined the vastus lateralis 

muscle from humans, which is composed almost exclusively of type I and IIa muscle 

fibres (Bloemberg and Quadrilatero, 2012). However, the discrepancy in the results may 

be caused by the sample preparation (frozen Vs. acetone/methanol fixation) or antibody 

specificity (StressGen Vs. Abcam). 

Only a few reports have been published describing the levels and the expression 

of Hsp60 in skeletal muscle of animals at rest or under stress, and their results are 

contradictory. Mattson et al. (Mattson et al., 2000) demonstrated an increase in Hsp60 
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expression in the rat after an 8-week training protocol in plantaris, but not in soleus. 

Treadmill running induced changes in Hsp60 level in parallel to increases in the activity 

of citrate synthase, but the authors did not examine cellular localisation or the 

expression of this protein in each fibre type (Mattson et al., 2000). Despite this, in 

another study, an increase in Hsp60 level was detected in rat soleus muscles after 16-20 

weeks of treadmill endurance training (Samelman, 2000). Again, Oishi et al. (Oishi et 

al., 2003) demonstrated an increase in Hsp60 level in the deep (relatively high 

percentage of slow fibres) and in superficial regions (only fast fibres) of the 

gastrocnemius after a single bout of heat stress. This increase was similar to that 

following a prolonged periods of treadmill running (Mattson et al., 2000; Samelman, 

2000). Furthermore, the authors found that the level of Hsp60 was different between 

muscles or muscle regions containing distinct fibre type compositions, suggesting that 

the fibre type composition of a muscle or muscle region may impact the response of 

specific HSPs to stress (Oishi et al., 2003). 

The results obtained were confirmed also with confocal microscope, Western 

Blotting and qRT-PCR analysis of soleus muscle. Moreover, we detected significant 

high levels of Hsp60 in serum of trained mice compared to sedentary, using ELISA test.  

Upregulation of muscle Hsp60 levels after exercise training was in agreement 

with findings from other animal studies (Morton et al., 2008 and Mattson et al., 2000). 

Moreover, in our study, Hsp60 levels increased significantly exclusively in type I fibres 

of the red gastrocnemius and the soleus, although Hsp60 content increased by about two 

folds according to the Western blotting results, while immunohistochemistry showed 

only a 15% increase in type I fibres; this may be explained as a difference in the 

experimental approaches. At the best of our knowledge, our study is the first one that 

analyses the hsp60 gene expression after endurance training. Concerning higher levels 

of circulating Hsp60, they have been observed in various pathological conditions, such 

as type 2 diabetes (Yuan et al., 2011), coronary heart disease (Zhang et al., 2008), 

carotid arterial stiffness (Ellins et al., 2008), physiological and psychosocial stress 

(Lewthwaite et al., 2002), atherosclerosis (Xu et al., 2000), Hashimoto’s thyroiditis 

(Marino Gammazza et al., 2014), and in normal and aged individuals (Pockley et al., 

1999 and Rea et al., 2001), and after a single bout of exercise (Febbraio et al., 2004). 

Mitochondrial biogenesis is one of the most studied muscle adaptations following 

aerobic training. We observed a significant increase in mitochondrial DNA copies in 

trained mice compared to sedentary. This data were in parallel with the increase of 
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Hsp60 levels, suggesting that this chaperone might facilitate proteins import and folding 

during exercise-induced mitochondrial biogenesis. For instance, this could be a 

protecting mechanism to maintain mitochondrial homeostasis during exercise-induced 

damage (Morton et al., 2008). 

The principal actor of mitochondrial biogenesis is the transcriptional factor 

PGC1α (Powers et al., 2011 and Arany et al., 2008). We investigated PGC1α isoforms 

levels after 45 days of endurance exercise and in C2C12 overexpressing Hsp60. In 

particular, we analysed the PGC1α isoforms transcribed by the activation of the 

proximal and the alternative promoter, or as a result of an alternative splicing of exon 1 

(When et al., 2014). The results obtained showed a significant increase of PGC1α total, 

α1, α2 and α3 isoform levels in soleus muscle of trained mice, while C2C12 cells 

overexpressing Hsp60 showed a significant increase of PGC1α total and α1 isoform 

levels. Other studies demonstrated increased levels of isoform α1 compared to isoform 

α2 in resistance training experiments (Ruas et al., 2012). This discrepancy with our 

results may be due to a difference in the training protocol used by us, as compared to 

that applied by the other investigators.  Moreover, NT-PGC1α alternative splicing 

isoforms (NT-PGC1 α-a, b, and c) mRNAs may be induced by a single bout of high, 

medium, and low intensity exercise (Wen et al., 2014), while in our experiments, using 

a pan anti-body against all PGC1α isoforms, any 35 kDa band (corresponding to NT-

PGC1α isoforms) was found, and we never detected PGC1 α4. 

These results indicate that a prolonged endurance exercise causes, predominantly, 

an increase in the levels PGC1 α1, α2, and, α3 isoforms, with the greatest increase being 

that of the α2 isoform.  

The most interesting result obtained in our study was the correlation between 

Hsp60 and PGC1α in mice muscles samples and in the cellular one. In trained mice, the 

interaction was confirmed by double IF in soleus; in the cells the immunoprecipitation 

assay showed the presence of PGC1α together with Hsp60. In the contrary, other 

proteins usually involved in stress response pathways did not undergo any changes 

neither in vitro nor in vivo, except for a significant increase of 4 HNE and p-AMPK in 

soleus of trained mice. 

Confocal microscope images showed overexpression of Hsp60 both in muscle 

fibres and interstitial cells although PGC1α was detectable only in the latter. Our idea 

was that Hsp60 could have a paracrine action on surrounding elements. This finding 

suggested further experiments on transfected cells; their medium was used to treat naїve 
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cells. The transfected cells displayed high levels of Hsp60 released in the medium and 

the naїve cells treated with this medium showed high PGC1 α1 mRNA levels. 

Therefore, our hypothesis regarding the paracrine effect of Hsp60 released in the 

extracellular environment was confirmed in vivo on muscle fibres and in vitro on 

transfected cells. In particular, Hsp60 released by the cells  might trigger the 

overexpression of PGC1 α1 in the surrounding cells. The release of Hsp60 may occur 

via vesicles leading it up to the target represented by interstitial and undifferentiated 

surrounding cells, where interaction of Hsp60 with PGC1α might promote greater 

mitochondrial biogenesis, supporting muscle regeneration and recovery in muscle 

wasting. 

In the light of our results and conclusions, we applied exercise training to a 

pathological condition (cancer cachexia) to observe if the molecular mechanisms arising 

from our endurance protocol, engaging Hsp60 and mitochondrial biogenesis, can give 

positive effect about the length and quality of life. The experiments done in this study 

demonstrated that male and female mice inoculated with the colon-rectal tumour and 

underwent to different training protocols (TRP, TRL, TRM, TRH), showed a similar trend 

in body weight loss. Cachectic male mice trained with moderate and high intensity 

training protocols survived longer than control groups. These data suggest that 

endurance exercise could be an adjuvant therapy for cancer survival, but it seems to be 

gender specific. 

These observations on cachectic mice are only a first experimental approach; 

other experiments are necessary to confirm whether Hsp60 is lead up to its targets, 

promoting the PGC1α mediated response and encouraging formation of new fibres, 

regeneration of muscle tissue and body mass maintenance.  

In conclusion, the new knowledges arising from this study, contribute to 

understand the role of Hsp60 in the muscular adaptations to exercise training. The 

findings about the release and traffic of Hsp60 towards specific sites could be important 

in the hypothesis to use Hsp60 like medical treatment, as exercise training mimetic, in 

muscle wasting conditions, such as cancer, heart failure and aging. 
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