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SCIENTIFIC BACKGROUND 

Skeletal muscle is the most abundant tissue in the vertebrate body and is composed by contractile cellular 

units, the myofibers, formed by hundreds of post-mitotic nuclei. Growth and repair of muscle are sustained 

by a pool of myogenic precursors, located between the basal lamina and the myofiber, called satellite cells 

(SCs) (Zammit et al., 2004). In the adult skeletal muscle, SCs are in a quiescent state and express the 

transcription factor paired-box 7 (Pax7) (Seale et al., 2000). After injury or exercise, several growth factors 

and cytokines trigger the activation of SCs, inducing the expression of myogenic genes, such as the 

myogenic factor 5 (Myf5) and the myoblasts determination factor (MyoD), thus the SCs enter the cell cycle 

as a transient amplifying population, referred to as myoblasts (Singh and Dilworth, 2013). After several 

cellular divisions, myoblasts turn off Pax7 expression and start to express other key genes that orchestrate 

the final stages of differentiation. At this stage, myoblasts exit the cell cycle and fuse into existing myofibers 

or fuse to each other to form de novo myofibers (Yin et al., 2013). 

During the regeneration process, the pool of SCs is maintained for a huge number of regeneration cycles, 

through the mechanism of self-renewal (Collins et al., 2005). In particular, it has been elegantly 

demonstrated that a small portion of SCs, at the first division, generates two distinct cell daughters: one 

committed progenitor, and the other with stem-like features, through asymmetric division (Kuang et al., 

2007). Indeed, SCs are present in the adult skeletal muscle in a hierarchical pool, composed by muscle stem 

cells and committed progenitors (Kuang et al., 2008).  

Despite the extraordinary ability of skeletal muscle to regenerate itself, in some pathological conditions, 

such as dystrophies, the regeneration process is impaired (Rahimov and Kunkel, 2013). In this context, 

skeletal muscle undergoes continuous rounds of degeneration and regeneration. This leads to gradual 

depletion of SCs and to deposition of fat and fibrotic tissue, resulting in loss of structure and function of 

skeletal muscle (Jiang et al., 2014). There are several proposed approaches to treat dystrophies, such as 

cell-based therapies. However, these approaches have some limitations, including the poor engraftment of 

the transplanted cells (Sirabella et al., 2013). There is currently no cure for these pathologies, thus the 

investigation of factors that could improve the regeneration process and could enhance the engraftment of 

donor cells is crucial (Briggs and Morgan, 2013). 

Acylated ghrelin (AG) is a peptide hormone released by the stomach in fasting condition. AG binds and 

activates the GHSR-1a (growth hormone secretagogue receptor 1a) inducing growth hormone release and 

appetite (Kojima et al., 1999; Asakawa et al., 2001).  

The unacylated form of ghrelin (unacylated ghrelin - UnAG), does not bind to GHSR-1a and has been 

considered for many years the inactive product of AG catabolism (Chen et al., 2009). However, AG and 

UnAG share several biological activities mediated by a not yet identified receptor, including inhibition of 

apoptosis in cardiomyocytes and endothelial cells, and impairment of skeletal muscle atrophy in mice 

(Baldanzi et al., 2002; Porporato et al., 2013). In addition, AG and UnAG induce differentiation and fusion of 
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myoblasts (Filigheddu et al., 2007). Recently, it has been demonstrated that UnAG promotes regeneration 

of skeletal muscle following hindlimb ischemia (Togliatto et al., 2013).  

These effects on skeletal muscle prompted us to investigate the role of UnAG on regeneration. Our 

preliminary data show that ghrelin gene (Ghrl) is upregulated in skeletal muscle after a necrotic damage, in 

accordance with previous observations (Guarriaran-Rodriguez et al., 2013). Together these data suggest 

that UnAG could promote regeneration of skeletal muscle.  

To verify this hypothesis we use transgenic mice over-expressing the ghrelin gene, characterized by high 

levels of plasmatic UnAG (Porporato et al., 2013). After 7 days from a necrotic injury, these mice display an 

advanced regenerative status compared to wild type (WT) mice. Moreover, the analysis of skeletal muscle 

in basal conditions (not-injured) reveals that transgenic mice have a greater number of SCs compared to 

WT mice, suggesting that UnAG could have an effect on proliferation and/or self-renewal of SCs. 

To evaluate the direct effect of UnAG on SCs, we isolated SCs from WT and we treated them ex vivo with 

UnAG. When plated, primary SCs undergo activation and start to proliferate. After 5 to 7 days, the majority 

of proliferating myoblasts exits the cell cycle and differentiates into myosin heavy chain (MHC) positive 

myotubes. While some of them do not differentiate and become quiescent Pax7+ cells (referred to as 

reserve cells). These cells define a reserve population that reflects satellite cell self-renewal (Danoviz and 

Yablonka-Reuveni, 2012). We note that UnAG increases the number of the reserve cells, suggesting that 

UnAG could improve self-renewal of SCs. 

 

AIMS OF THE PROJECT 

- To investigate the effect of UnAG on activation, proliferation, and self-renewal of SCs. 

- To verify in vivo the ability of UnAG to induce proliferation and self-renewal of SCs. 

- To assess the UnAG activity on skeletal muscle regeneration in dystrophic mice. 

- To verify in vivo if UnAG could improve engraftment of transplanted SCs. 

 

 

EXPERIMENTAL PROCEDURES 

 

Mice and in vivo treatment 

All experiments were conducted on young adult males, matched for age and weight. FVB and C57/BL6 

Myh6/Ghrl transgenic mice express Ghrl gene under the control of the cardiac-specific promoter of alpha-

myosin heavy chain (Myh6) gene. These transgenic mice have high levels (50 folds compared to wild type) 

of plasmatic UnAG (Porporato et al., 2013). Ghrl knock-out mice (Ghrl-/-) were from Prof. Catehrine- Laure 

Tomasetto laboratory (Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), Strasbourg, 

France).  

C57BL/6-Tg(CAG-EGFP)1Osb/J (β-actin/GFP) mice express ubiquitously the green fluorescent protein was 

used as donors of SCs for the transplantation experiments. 

To induce skeletal muscle damage and regeneration, left tibialis anterior muscle was injected with 30 µl of 

10 µM cardiotoxin from Naja mossambica mossambica (Sigma Aldrich). The thymidine analogue 5-Bromo-

2′-deoxyuridine (BrdU) (Sigma Aldrich) was injected intraperitoneally 6 mg/gram mouse. For continuous 

administration, BrdU was dissolved in drinking water (2.5 mg/ml) and given for 7 days, as previously 

described (Shea et al., 2010).     

 

Myofibers isolation and staining 

Single myofibers were isolated from extensor digitorum longus (EDL) muscle as previously described 

(Shefer and Yablonka-Reuveni, 2005). Briefly, EDL muscles were extracted from FVB wild type mice and 



digested in 0.2 mg/ml of collagenase type 1 (Sigma Aldrich) for 1h30’ at 37°C. After digestion, released 

intact myofibers were washed three times in serum-free medium. Myofibers were maintained in low 

proliferation medium (DMEM supplemented with 1% penicillin-streptomycin, containing 10 % horse serum, 

0.5 % chick embryo extract), in the presence or absence of 10 nM of UnAG, for up to 4 days. 

At specific time points, myofibers were fixed in 4% paraformaldehyde for 10’ then processed for immune-

staining as previously described (Beauchamp et al., 2000). Briefly, myofibers were permeabilized in 0.5% 

Triton X-100 in PBS and blocked in 4% BSA. Primary antibodies used were mouse monoclonal anti-Pax7 

(Developmental Studies Hybridoma Bank) and rabbit polyclonal anti-MyoD (Santa Cruz Biotechnology). 

Secondary antibodies used were goat anti-mouse 488 (Alexa Fluor) and goat anti-rabbit 568 (Alexa Fluor).  

 

Satellite cells isolation and transplantation 

Satellite cells (SCs) were isolated from hind limb muscles and diaphragm as previously described (Danoviz 

and Yablonka-Reuveni, 2012). Briefly, muscles were minced and digested for 1h in 0.1% Pronase at 37°C, 

then mechanically triturated in serial passages trough Pasteur pipette. The cell suspension was filtered in a 

40 µm cell strainer and then pre-plated in a 60 mm2 dish for 1h and 30’ at 37°C, in order to remove 

fibroblasts. After this incubation, cells were counted and plated in 35 mm2 gelatin-coated dishes. For the 

transplantation procedure, 105 cells isolated from β-actin/GFP mice were injected in the central region of 

the pre-damaged tibialis anterior with an insulin syringe. 

 

RESULTS 

 

UnAG induces activation, proliferation, and self-renewal of SCs. 

The enhanced regeneration observed in Myh6/Ghrl transgenic mice, could reflect the effect of UnAG on 

differentiation in vitro previously demonstrated (Filigheddu et al., 2007). However, we also note that 

Myh6/Ghrl transgenic mice have a greater pool of SCs, suggesting that UnAG could have an effect on 

proliferation and/or self-renewal of satellite cells. Thus, we investigated the effects of UnAG treatment on 

single myofibers isolated from EDL muscle of Wt mice. At 6h after incubation of myofibers in the presence 

or absence of 10 nM of UnAG, we observed that UnAG increases the portion of activated (MyoD+) SCs (fig. 

1A). Moreover, treatment with UnAG increases the number of myoblasts per cluster at 72h, indicating that 

UnAG is able to induce SCs proliferation (fig. 1B).     

At 96h of incubation, the portion of Pax7+/MyoD- SCs is enhanced in UnAG-treated myofibers (fig. 1C), 

suggesting that UnAG induces self-renewal of SCs.  

  

 

 

 

 

 

 

 

 

Figure 1. UnAG treatment of SCs on single myofibers induces activation, proliferation, and self-renewal. 

Treatment with 10 nM of UnAG induces activation of SCs, seen as percentage of Pax7+/MyoD+ nuclei (A). After 72h, 

the number of myoblasts (Pax7 and/or MyoD positive nuclei) per cluster is increased by treatment with 10 nM of 

UnAG (B). At 96h, the percentage of Pax7+/MyoD- self-renewing SCs is higher in UnAG-treated myofibers than in the 

untreated ones (C). N=3 for each time point. *p<0.05. 
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UnAG increases self-renewal of SCs in vivo. 

After activation and proliferation, a portion of SCs eventually undergo quiescence and maintain the stem 

pool. To investigate the putative effect of UnAG on self-renewal of SCs in vivo, we injected tibialis anterior 

of Wt and Myh6/Ghrl mice with CTX and we administrated BrdU for the first 7 days of regeneration. BrdU is 

incorporated in every cell that enters the S-phase. After 50 days from CTX injection, quiescent Pax7-

expressing SCs that have incorporated BrdU are the self-renewing cells (Shea et al., 2010) (fig. 2A). We 

noted that the number of Pax7+/BrdU+ SCs is higher in Myh6/Ghrl transgenic mice compared to WT (fig. 

2C), and this demonstrate that high levels of UnAG enhance SCs self-renewal in vivo. 

 

 

                       
                      

 

Figure 2. High levels of UnAG in mice increase self-renewal of SCs. 

Experimental design: cardiotoxin (CTX) was injected in left tibialis anterior (TA) of wild type (WT) and Myh6/Ghrl 

transgenic mice (Tg). During the first 7 days, BrdU was administered to label the cycling cells. After 50 days, left and 

right TA were harvested and stained for Pax7 and BrdU (A). Myh6/Ghrl transgenic mice (Tg) have a greater number of 

Pax7+/BrdU+ nuclei compared to wild type (WT), normalized to the contralateral number of SCs (B). N=7, *p<0.05   

(B).    

 

Upregulation of UnAG improves SCs transplantation outcome. 

Cell-based therapies are promising approaches to treat muscular dystrophies, but there are several 

limitations that impair their efficiency, such as the low engraftment of transplanted precursors (Briggs and 

Morgan, 2013). As UnAG promotes proliferation and differentiation of SCs we postulate that high levels of 

this peptide in recipient mice could improve the transplantation engraftment. To test this hypothesis, we 

isolated SCs from β-actin/GFP mice and we transplant those cells in the pre-damaged tibialis anterior 

muscles of Myh6/Ghrl and WT mice. After 30 days, the number of GFP positive myofibers is higher in 

My6/Ghrl mice compared to WT (fig. 3A and 3B). This data indicates that high levels of UnAG improve the 

SCs transplantation outcome in recipient mice.  
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Figure 3. High levels of UnAG in mice enhance SCs transplantation outcome. 

Representative images of green fluorescent protein (GFP) epifluorescence of transplanted tibialis anterior section of 

wild type (WT) and Myh6/Ghrl transgenic mice (Tg) (A). Number of GFP+ myofibers in WT and Tg mice after 30 days 

from transplant (fold increase) N=7 (B).  
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