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INTRODUCTION  

 

Skeletal muscle regeneration  

Skeletal muscle is the most abundant tissue in the vertebrate body. In human, it comprises the 30-40% of the 

total body mass, and its primary function is to convert chemical energy into mechanical force, allowing 

precise movement, force generation, posture maintenance, and respiration (Frontera and Ochala, 2015; 

Relaix and Zammit, 2012). Besides its mechanical function, skeletal muscle plays a crucial role in regulating 

metabolism, since it is a primary target of insulin-dependent glucose uptake and a huge amino acids 

reservoir, that serves as substrates for protein synthesis and hepatic gluconeogenesis, sustaining survival 

during critical conditions, such as fasting (Jensen et al., 2011; Wolfe, 2006).    

The skeletal muscle is essentially composed of long multinucleated cells, the myofibers, composed of 

hundreds of post-mitotic nuclei and surrounded by the basal lamina. A synchronized framework of myofibrils 

is packed into a single myofiber, and each myofibril is formed by thousands of repeated contractile units 

called sarcomeres (Relaix and Zammit, 2012; Figure 1).  

 

Figure 1. The structure and ultrastructure of 
skeletal muscle and myofiber.  
The satellite cell (SC) is located between the 
basal lamina and the plasmalemma (adapted 
from Relaix and Zammit, 2012). 
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(MyoD), thus SCs enter the cell cycle as a transient amplifying population, referred to as myoblasts (Singh 

and Dilworth, 2013; Figure 2).  

 

 

 

 

Figure 2. SC myogenic progression. 
SCs derive from embryonic progenitor cells that escape from differentiation during muscle development. The 
SC pool comprises muscle stem cells and committed progenitors; after specific stimuli, SCs activates, 
proliferates as myoblasts and differentiates as myocytes; however, a subset of SCs exits the cell cycle and 
maintain the quiescent pool, through the mechanism of self-renewal. At later differentiation stage, myocytes 
fuse to each other, or to existing damaged myofibers, to repair the muscle. The myogenic process is defined 
by the expression of key genes: Pax3 during embryonic development; Pax7 in quiescent SCs and during 
myoblast proliferation; Myf5 and MyoD after SC activation (although transiently expressed in quiescent SCs); 
myogenin (MyoG) and Mrf4 in later stages of differentiation  (from Bentzinger et al., 2012). 
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Although the contribution of the defective asymmetric division in the DMD progression is not completely 

elucidated yet, this intrinsic defect on SC mitosis could partially explain the parallel impairment of both 

myogenesis and self-renewal presents in DMD (Dumont et al., 2015; Jiang et al., 2014). 

 

 

 

 

Figure 5. Defective asymmetric division in dystrophin-null SC. 
(A) Normal SC (i.e. dystrophin positive) undergoes asymmetric division during which dystrophin localizes in 
the basal side of the SC and co-localizes with Mark2 (or Par1b). Par3 (or Pard3-member of the Par complex) 
is localized in the opposite site (apical). The asymmetric distribution of the polarity determinants, including 
Notch signaling components, defines the opposite cell fate of the daughter cells: one quiescent stem cell and 
one committed progenitor. (B) In dystrophin-null SC, Mark2 is downregulated, and Par3 asymmetric 
distribution is impaired. Dysregulation of the polarity determinants results in a defective mitosis and myogenic 
progression (adapted from Chang et al., 2016). 
 

 

Two corticosteroids, prednisone and deflazacort, are the only drugs that had ultimately demonstrated to 

have beneficial effects on DMD patients and represent the standard of care for this pathology (Straub et al., 

2016). In particular, treatment with corticosteroids improves muscle strength and functional outcomes as 

well as cardiac dysfunction and life expectancy (Angelini et al., 1994; Beytía et al., 2012; Fenichel et al., 1991). 

However, these beneficial effects are associated with several side effects that include excessive weight gain, 

behavioral changes, and osteoporosis (Angelini and Peterle, 2012; Vestergaard et al., 2001). The precise 

mechanisms of action through which corticosteroids ameliorate the DMD phenotype are not yet known. 
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However, they likely include inhibition of fibrotic tissue deposition, increased expression of utrophin (that 

partially compensates for dystrophin function), and reduction of inflammation (Angelini, 2015; Spuler and 

Engel, 1998).   

 

 

Gene therapy 

Although corticosteroid treatment slows down the progression of DMD, the effective cure of the pathology 

requires a full genetic correction of the affected tissues. Gene therapy is an attractive therapeutic approach 

for this monogenic disorder. Several viral vectors have been tested for applications in DMD, including 

adenoviral vector, lentiviral vectors, and adeno-associated viral (AAV) vectors (Guiraud et al., 2015; 

Konieczny et al., 2013).  Considering the extremely large dimension of the dystrophin gene, one important 

issue is the limited packaging capacity of the vectors. However, the expression of a portion of the dystrophin 

protein (mini-dystrophin) is sufficient to ameliorate muscle dystrophic phenotype (Guiraud et al., 2015). In 

particular, AAV vectors expressing the mini-dystrophin gene have been tested in both preclinical and clinical 

studies. These studies reveal an unsatisfactory dystrophin expression and a concomitant T-cell reactivity 

against both the dystrophin and the viral vectors (Konieczny et al., 2013; Mendell et al., 2010). Another 

therapeutic approach regards the use of viral vector-free gene delivery. The full-length dystrophin cDNA 

injection in dystrophic mice results in a relative high dystrophin expression. However, this expression is not 

stable throughout time; this is thought to be related to the low stability of the extrachromosomal DNA 

(Bertoni et al., 2006; Liu et al., 2001; Molnar et al., 2004).  

Currently, promising studies come from the observation that a subset of myofibers in DMD express a 

truncated form of dystrophin that lacks the mutated exon (Wilton et al., 1997). This is due to a spontaneous 

intrinsic exon skipping mechanism that restores the correct reading frame of the dystrophin mRNA (Dowling, 

2016). The development of an antisense RNA against the mutated exon allows a forced RNA exon skipping 

and the expression of a truncated, but still functional, dystrophin (Adkin et al., 2012; Cirak et al., 2012). Most 

of the developed antisense RNA are against exon 51 since the relative majority of the DMD patients (about 
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the 13%) has mutations in this exon (Bladen et al., 2015). These antisense RNAs include the drug eteplirsen 

(Sarepta Therapeutics) that is currently tested in a phase III clinical trial (ClinicalTrials.gov identifier: 

NCT02255552). Previous clinical and pre-clinical studies demonstrate that treatment with this compound 

partially restores dystrophin expression (in about 40% of the myofibers) and moderately improves functional 

muscle performance (Dowling, 2016).  However, since the antisense RNA targets a specific exon, treatment 

with these oligonucleotides must be mutation-, and consequently, patient-specific, thus their future 

application in DMD therapy would require a personalized approach (Kole and Leppert, 2012). 

 

 

Cell therapy 

Pioneering studies reported that intramuscular myoblasts transplant in mdx dystrophic mice, from a wild-

type (WT) donor, results in a consistent dystrophin expression (Partridge et al., 1989). However, the 

translation of this paradigm into the clinical practice revealed several limitations, such as the immune 

response against the donor cells and inadequate engraftment of the myoblasts (Gussoni et al., 1999; Mendell 

et al., 1995). To improves engraftment and long-term survival of transplanted cells, several 

immunosuppressant agents have been tested in animal models (Maffioletti et al., 2014). However, the main 

bottleneck of myoblast transplantation is that these cells do not cross the vessel wall and have a limited 

capacity to migrate. Thus a proper treatment would require a huge number of local intramuscular injections, 

a practice infeasible for the diaphragm and other respiratory muscles (Price et al., 2007). Mesoangioblasts 

are myogenic pericyte-derived progenitor cells with a promising profile for the treatment of DMD since they 

can pass throughout vessels, enabling systemic delivery, and exhibit modulatory activities on the immune 

system (Benedetti et al., 2013; Sampaolesi et al., 2006). Pre-clinical studies reported a partial efficacy of 

mesoangioblast systemic delivery for the treatment of DMD (Konieczny et al., 2013). However, a recent phase 

I/IIa clinical trial failed to recapitulate this effect, suggesting that further studies are required to improve 

efficacy in the clinical practice (Cossu et al., 2015).  
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2001). Consistently with its modulatory effects on energy balance, ghrelin interferes with insulin release and 

glucose homeostasis (Sangiao-Alvarellos and Cordido, 2010). Ghrelin infusion in both mice and human blunts  

insulin secretion, thus impairing peripheral glucose uptake (Dezaki et al., 2008; Tong et al., 2010). Moreover, 

inhibition of the ghrelin-GHSR1a axis results in increased insulin response and glucose tolerance in rats 

(Dezaki et al., 2008; Sangiao-Alvarellos and Cordido, 2010), confirming the negative action of ghrelin on 

insulin function. These effects have been confirmed in genetic ablation experiments, indeed, in GHSR- and 

Ghrl-null mice, insulin secretion, insulin sensitivity, and glucose uptake are increased (Longo et al., 2008; Qi 

et al., 2011; Sun et al., 2008). 

 

In pathological conditions, such as chronic heart failure and cancer cachexia, high plasmatic ghrelin levels are 

associated with long-term energy deficit situations (Müller et al., 2015). The correlation between energy 

deficiency and ghrelin levels observed in several cachectic conditions, may be a consequence of decreased 

food uptake, thus have been considered as a compensation mechanism (DeBoer, 2011; Müller et al., 2015). 

Indeed, treatment with ghrelin or GHSR1a-analogues improves cancer-associated cachectic state in both 

animal models and patients (Garcia et al., 2013; Reano et al., 2014), suggesting that further increase of ghrelin 

levels through its exogenous administration positively modulates energy balance. The positive effects of 

ghrelin in the context of cancer cachexia reside in its primary ability to induce food intake and increase lean 

body mass, by positively regulating GH-IGF1 axis.  

Moreover, ghrelin displays an anti-inflammatory action that contributes to the protection against cachexia 

(Chen et al., 2015; Dixit et al., 2004; Prodam and Filigheddu, 2014). Although ghrelin has anti-inflammatory 

effects in several contexts  (Dixit et al., 2004; Hataya et al., 2003; Li et al., 2004; Waseem et al., 2008), it has 

also been demonstrated that GHSR-1a contributes to the development of experimental colitis (Liu et al., 

2015) as well as to the expression of pro-inflammatory cytokines in macrophages of mice fed with high 

fructose diet (Ma et al., 2013). Consistently, pro-inflammatory cytokine release by macrophage is mediated 

by the GHSR-1a and genetic ablation of GHSR-1a attenuates age-associated increase of pro-inflammatory 

peritoneal macrophages in adipose tissue (Lin et al., 2016). Although opposite activities of ghrelin on 
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- the potential protective effects of UnAG on skeletal muscle of mdx mice analyzing structural and 

functional parameters. 

- the effects of UnAG on dystrophin-null SC defective asymmetric division and self-renewal by ex vivo 

UnAG treatment of mdx-derived SCs.  
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myofibers at day 3 post-CTX, although no significant differences were observed in the number of 

eMyHC-expressing fibers at day 7 (Supplementary information, Figure S3A-C). Also, transient 

collagen deposition during regeneration tended to disappear more rapidly in Tg muscles 

(Supplementary information, Figure S3D and S3E).  

Though basal Tg muscle do not overtly differ from their WT littermates (Porporato et al., 2013), a 

closer examination of their not-injured muscles revealed a larger number of SCs, seen as Pax7+ 

nuclei, in both TA and quadriceps (QUAD) from Tg animals (Figure 7D and 7E). However, this higher 

basal number of SCs does not affect the injury-induced SC proliferation, as, during regeneration, SC 

number in TA muscles from Tg and WT are not different (Supplementary information, Figure S4). 

This finding suggests that a UnAG-rich environment may confer a regenerative advantage, at least 

partially by promoting post-natal SC pool formation. In addition, transplant of SCs from GFP donor 

mice in muscles of Tg or WT recipient mice resulted, 30 days later, in ~80% increase in GFP+ fibers in 

Tg than in WT mice (Figure 7F and 7G), suggesting that UnAG promotes skeletal muscle regeneration 

plausibly by acting on the transplanted SCs.  
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months of age. Ghrelin up-regulation in muscles was confirmed by real-time RT-PCR (Supplementary 

information, Figure S7A and S7B). Analysis of diaphragms revealed less muscle damage (Figure 11G 

and 11H) and collagen deposition (Figure 11I and 11L) in AAV9-Ghrl-injected mice compared to the 

AAV9-LacZ-injected controls. Altogether, these data indicate that UnAG treatment is effective even 

after the onset of muscle degeneration, supporting the idea that UnAG administration could 

represent a potential treatment for muscular dystrophies. 

Altogether, these data show that upregulation of circulating UnAG partially relieves the pathological 

condition of mdx dystrophic mice. 
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SUPPLEMENTARY INFORMATION 

 

 

 

Supplementary Figure 1. CTX injury induces ghrelin gene expression in skeletal muscle. Relative ghrelin gene 
expression was determined by real-time RT-PCR in tibialis anterior muscle after 18 h from CTX injection. 
**P<0.01 vs. non-injured contralateral muscle; n = 10. 
 
 
 

 
 
 
Supplementary Figure 2. Cross-sectional area in basal and regenerating muscle of WT vs. Myh6/Ghrl 
transgenic mice. (A-B) Representative images of laminin and DAPI staining and quantification of cross-
sectional area (CSA) frequency distribution of myofibers in basal (not-injured) conditions (A) and of 
regenerating (i.e. centronucleated) myofibers after 15 days from CTX injection (B) in TA muscles of WT vs 
Myh6/Ghrl (Tg) mice. N=5 for each group. Scale bar, 100 µm.  
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Supplementary Figure 3. Embryonic myosin heavy chain (eMyHC)-positive myofibers and transient collagen 
deposition during muscle regeneration in WT vs. Tg mice. (A) laminin (red), eMyHC (green), and DAPI (blue) 
staining in regenerating muscle of WT and Tg mice at 3 days post-CTX injection. Scale bar, 50 µm. (B-C) 
Representative images (B) and quantification (C) of eMyHC-positive myofibers in regenerating muscle of WT 
and Tg mice at 7 days post-CTX. Mean±s.e.m. N=5 for each group. Scale bar, 50 µm. (D-E) Representative 
images of Masson trichrome staining (D) and quantification of collagen deposition (E) in basal condition (day 
0) and in the regenerating area after 3, 7, and 15 days post CTX-injection in WT vs. Tg animals. Mean±s.e.m. 
N=5 for each group. Scale bar, 100 µm. 
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Supplementary Figure 4. Pax7 positive cells during muscle regeneration in WT vs. Myh6/Ghrl transgenic 

mice. Representative images (A) and quantification (B) of Pax7 positive nuclei in basal condition (day 0) and 

during muscle regeneration (after 3, 7, and 15 days post-CTX) in TA of WT vs. Myh6/Ghrl (Tg) mice. 

Mean±s.e.m. *P<0.05 vs. WT. n=5. Scale bar, 50 µm.  

 

 

 

 

 

 

 

Supplementary Figure 5. Total and phosphorylated p38 MAPK in control vs. UnAG-treated SC. UnAG 

treatment increases the localization of phospho-p38T180/Y182 while maintaining unperturbed the total p38 

uniform distribution. Scale bar, 5 µm.  
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Supplementary Figure 6. Myofiber cross-sectional area in quadriceps of mdxTg- vs. mdxTg+. (A-C) 

Representative images of laminin (green) and DAPI (blue) staining (left) and frequency distribution (right) of 

myofiber cross-sectional area (CSA) in mdxTg- vs. mdxTg+ mice quadriceps at 1 (A), 3 (B), and 6 (C) months of 

age. N=3 for (A); N=5 for (B-C). Scale bar, 50 µm. 
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and Kirschner, 2010). It is plausible that the defect in muscle regeneration of mdx mice resides at least in part 

in the defective asymmetric division of dystrophin-null SC that translates in an imbalance between SCs and 

committed myoblasts able to terminally differentiate and repair the damaged muscle (Chang et al., 2016; 

Dumont et al., 2015). The finding that UnAG, in dystrophin-null SCs, enhances their self-renewal and 

increases the number of committed myoblasts suggests that UnAG promotes SC asymmetric division by 

activating pathways that are independent of dystrophin expression. Thus, we can speculate that the increase 

in the absolute number of functional SCs triggered by UnAG in mdx mice may increase the number of 

committed progenitors, thus sustaining the better muscle regeneration and improved dystrophic phenotype 

observed in mdxTg+ mice.  

Altogether, these data suggest that increase in either circulating or local UnAG levels could delay the 

progression of the disease. A therapeutic approach would presumably involve the chronic administration of 

UnAG to dystrophic patients. Although the receptor through which UnAG exerts its biological activities 

remains elusive, UnAG has been recently used in clinical trials to assess its metabolic effects, and it was 

reported that the peptide was well-tolerated, and no serious adverse events occurred during the studies 

(Benso et al., 2012; Broglio et al., 2004; Kiewiet et al., 2009; Özcan et al., 2014; Tong et al., 2014); therefore, 

UnAG could be a realistic adjuvant treatment in the near future to help to preserve muscles of dystrophic 

patients.  
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 Moreover, the recent finding of a cell-autonomous defect in dystrophin-null SCs (Dumont et al., 2015) 

indicates that the functional recovery of SC asymmetric division and self-renewal exerted by UnAG could 

impact on the dystrophic phenotype, although the relevance of this effect on the structural and functional 

muscle recovery in mdx dystrophic mice remains to be elucidated. More in general, further studies are 

required to assess the involvement of SC intrinsic and extrinsic defects - and the consequent rescue possibility 

- in the progression of muscle wasting-related conditions, such as cancer cachexia, sarcopenia, and 

dystrophies. 
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Fibrosis can a
ect almost all tissues and organs, it o�en represents the terminal stage of chronic diseases, and it is regarded as a
major health issue for which e�cient therapies are needed. Tissue injury, by inducing necrosis/apoptosis, triggers in
ammatory
response that, in turn, promotes �broblast activation and pathological deposition of extracellular matrix. Acylated and unacylated
ghrelin are the main products of the ghrelin gene. 	e acylated form, through its receptor GHSR-�a, stimulates appetite and growth
hormone (GH) release. Although unacylated ghrelin does not bind or activate GHSR-�a, it shares with the acylated form several
biological activities. Ghrelin peptides exhibit anti-in
ammatory, antioxidative, and antiapoptotic activities, suggesting that they
might represent an e�cient approach to prevent or reduce �brosis. 	e aim of this review is to summarize the available evidence
regarding the e
ects of acylated and unacylated ghrelin on di
erent pathologies and experimental models in which �brosis is a
predominant characteristic.

1. Introduction

Repair of damaged tissues is a complex physiological pro-
cess that results in the deposition of extracellular matrix
(ECM) components by resident �broblasts [� ]. Although the
deposition of ECM proteins is normally a transient event,
repeated tissue injuries in chronic pathologies or dysregu-
lation of this process can lead to �brosis and, eventually, to
organ dysfunction [� ]. Fibrosis can a
ect almost all tissues
and organs, including heart, liver, kidney, lungs, and skin,
therefore representing a major health issue for which e�cient
therapies are needed.

Regardless of the speci�c �brotic disease and organs
a
ected, the mechanisms involved in the progression of this
pathology are very similar. Indeed, damaged tissue repair
can be recapitulated in four overlapping phases, hemostasis,
in
ammation, proliferation, and remodeling in which several
cell types, closely interconnected to each other, play an
important role [� ]. During the phases of hemostasis and
in
ammation, platelets secrete cytokines, including platelet-
derived growth factor (PDGF) and transforming growth
factor-� (TGF-� ) that, in turn, recruit macrophages, neu-
trophils, and natural-killer cells to the site of injury. 	ese
cells, besides removing dead cells, debris, and pathogens,

release cytokines that trigger activation and proliferation of
resident �broblasts, thus a
ecting ECM production [� ]. For
example, macrophages release TGF-� � that controls a wide
spectrum of activities, such as promoting �broblast di
er-
entiation into active myo�broblasts, inducing ECM protein
expression [� , � ], and repressing the expression of matrix
metalloproteinases (MMPs), key proteins able to degrade
several ECM components [� ]. In addition, macrophages
release tumor necrosis factor-� (TNF-� ) and interleukin-��
(IL-� � ) that promote �broblast activation and �brotic tissue
deposition [� ]. Tissue damage and in
ammation increase
reactive oxygen species (ROS) production, which, in turn,
contributes to �brosis, enhancing the secretion of �brogenic
factors [� ].

Acylated and unacylated ghrelin are circulating peptide
hormones encoded by the ghrelin gene which are mainly
released from the stomach during fasting [� ]. 	e ���-amino
acid preproghrelin undergoes proteolytic cleavages leading to
the mature ghrelin peptides and to another biological active
peptide named obestatin [�� ]. 	e acylated form, through
high a�nity binding to the growth hormone secretagogue
receptor type �a (GHSR-�a), induces GH release and pro-
motes food intake, adiposity, and positive energy balance [�� …
�� ]. Alongside its role in feeding and energy homeostasis,
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T���� �: Changes of acylated ghrelin, unacylated ghrelin, and obestatin blood concentrations in human pathological conditions leading to
organ �brosis.

Pathological condition Acylated ghrelin Unacylated ghrelin ObestatinNotes Reference

Chronic heart failure
(CHF)

� nd nd [�� ]

� nd nd Acylated ghrelin levels positively
correlate with favorable prognosis

[�� ]

Chronic hepatitis C � nd nd Acylated ghrelin levels negatively
correlate with �brosis severity

[�� ]

Alcoholic hepatitis � nd nd Acylated ghrelin levels negatively
correlate with �brosis severity

[�� ]

Nonalcoholic fatty liver
disease (NAFLD)

nd nd = [�� ]

Nonalcoholic
steatohepatitis (NASH)

= � = NASH versus non-NASH (among
NAFLD patients)

[�� ]
� = � Severe NASH (�brosis index� �) versus

not severe NASH (�brosis index<�)
Chronic obstructive
pulmonary disease (COPD)

� nd nd Acylated ghrelin levels positively
correlate with in
ammation

[�� ]

Systemic sclerosis � � nd [�� ]

ghrelin exerts also many other biological activities, including
cardioprotection and enhancement of cardiac function [�� ],
a strong anti-in
ammatory activity [�� ], antioxidant activity
on several cell types and tissues such as liver, heart, and
lung [�� …�� ], and neuroprotective activities [�� ]. 	e acylated
ghrelin anti-in
ammatory function mainly depends on its
direct e
ect on T lymphocytes and monocytes, in which it
inhibits the expression of proin
ammatory cytokines such as
IL-� � , IL-�, and TNF-� [�� ].

Acylation of ghrelin is essential for its binding to GHSR-
�a, since the unacylated form does not activate this receptor,
unless administered at very high concentrations, in which
case it acts as a functional agonist [�� …�� ]. However, both
acylated and unacylated ghrelin share high a�nity binding
sites in a number of cell lines and tissues, where they mediate
several activities, such as protection from apoptosis and
oxidative injury [�� …�� ], stimulation of cell di
erentiation
[�� …�� ], induction of proliferation [�� , �� …�� ], and protec-
tion of skeletal muscles from wasting [�� …�� ]. 	ese e
ects
suggest the presence of a not yet identi�ed common receptor
of both acylated and unacylated ghrelin. In addition, some
biological activities are elicited only by the unacylated but
not the acylated form of ghrelin, suggesting the existence of a
speci�c receptor for unacylated ghrelin [�� , �� …�� ].

Circulating levels of acylated and unacylated ghrelin are
o�en altered in pathological states associated with �bro-
sis and this suggests a role for these hormones in tissue
homeostasis and/or in etiology of these conditions ([�� …�� ],
Table �).

2. Acylated and Unacylated Ghrelin as
Antifibrotic Factors

�.�. Heart. 	e massive deposition of collagen in the
heart that occurs upon several stimuli, such as cardiomy-
ocyte death, in
ammation, hypertension-induced enhanced

workload, hypertrophy, or chemotherapy with doxorubicin,
plays a crucial role in cardiac remodeling a�er heart injury
and may contribute to ventricular arrhythmias, le� ventricu-
lar dysfunction, heart failure, and sudden cardiac death [�� ].

Together with in
ammation, cardiac �broblasts, the most
abundant cells in the heart, are the main players in cardiac
remodeling: upon injury they undergo proliferation and
synthesize collagen to replace the necrotic or apoptotic
cardiomyocytes [�� ].

Due to the antiapoptotic and anti-in
ammatory activity
of ghrelin, several researchers investigated the anti�brotic
e
ect of acylated and unacylated ghrelin in di
erent mod-
els of cardiac injury. Doxorubicin, an antibiotic used in
chemotherapy, alters cardiomyocytes energy metabolism and
induces their apoptosis, thus determining myocardial �bro-
sis, which eventually results in cardiomyopathy and conges-
tive heart failure [�� ]. Accordingly with the in vitro data on
the cardioprotective e
ect of acylated and unacylated ghrelin
against doxorubicin-induced apoptosis of cardiomyocytes
[�� ], it has been recently demonstrated that both peptides
are e
ective in inhibiting the cardiotoxicity of this drug also
in vivo [�� , �� ]. Unacylated ghrelin displays antiapoptotic
e
ects on cardiomyocytes through the activation of the
prosurvival ERK�/� and PI�K/Akt signaling pathways ([�� ,
�� ], Figure �). Acylated ghrelin seems to play an important
role in the regulation of autophagy, a cellular pathway
involved in protein and organelle degradation. Although this
cellular pathway is normally a protective mechanism, exces-
sive autophagy can destroy essential cellular components
and eventually induce apoptosis [�� ]. Doxorubicin treatment
induces oxidative stress, autophagy, apoptosis, and, �nally,
cardiac dysfunction and collagen deposition in the heart
[�� , �� ]. In this experimental model of cardiac injury, acylated
ghrelin inhibits ROS-induced autophagy and cardiomyocyte
death through the inhibition of AMPK and activation of p��-
MAPK pathway ([�� ], Figure �), thus leading to a decrease
of doxorubicin-induced �brosis and cardiac dysfunction.
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F����� �: Schematic representation of the molecular pathways involved in the anti�brotic activity of ghrelin and unacylated ghrelin. See text
for details.

	e anti�brotic e
ects of acylated and unacylated ghrelin
have been demonstrated in other experimental models of
cardiac injury, such as isoproterenol administration, myocar-
dial infarction (MI), and spontaneous or diabetes-associated
hypertension [�� …�� ]. 	e subacute injection in rats of the� -
adrenergic agonist isoproterenol induces myocardial injury
and �brosis and increases myocardial ghrelin expression and
plasmatic acylated ghrelin levels [�� , �� ]. In this model,
acylated ghrelin treatment ameliorates myocardial function
and reduces �brosis, although the mechanisms of such a
protection have not been elucidated [�� ]. 	e unacylated
form of the peptide displays similar e
ects, suggesting that
the anti�brotic activity of ghrelin is mediated by both GHSR-
dependent and GHSR-independent pathways [�� ].

Ghrelin has a positive e
ect on cardiac remodeling and
cardiac function also in rats undergoing MI by coronary
artery ligation. MI induces a strong increase in tissutal IL-
� � and TNF-� that is inhibited by the chronic administration
of ghrelin [�� ]. Ghrelin also blunts the induction of MMP-
� and MMP-� that could be viewed as an inhibition of
overall �broblasts activity [�� ]. However, in spontaneously
hypertensive rats, the synthetic GH-secretagogue hexarelin
prevents cardiac �brosis by inducing, rather than by inhibit-
ing, MMP-� and MMP-� activity [ �� ]. Notably, unacylated
ghrelin, despite reducing cardiac �brosis in diabetic mice,
has no e
ect on other MMPs involved in cardiac �brosis

development such as MMP-� and MMP-�� [�� ]. 	e e
ect
of unacylated ghrelin treatment was in fact investigated also
in db/db diabetic mice compared to nondiabetic mice [�� ],
since cardiac �brosis is also observed in diabetic patients
without hypertension [�� ]. In this model of diabetic mice,
unacylated ghrelin impairs collagen accumulation by upreg-
ulating adiponectin cardiac expression [�� ], which is known
to prevent myocardial hypertrophy and �brosis [�� , �� ].

�.�. Liver. In liver, hepatitis C or B viral infections, autoim-
mune diseases, alcohol abuse, and nonalcoholic fatty liver
disease (NAFLD) can progress to a severe �brotic disease
in which parenchymal tissue is replaced by nonfunctional
�brotic tissue, a condition de�ned as cirrhosis [�� ]. Removal
of the causative agent, such as viral infections, could revert
liver �brosis, but in the case of autoimmune diseases and
NAFLD the causative agent is not clearly de�ned and the
identi�cation of new agents that could modulate this process
is of pivotal importance [�� ].

In patients with alcoholic hepatitis and chronic hepatitis
C, plasmatic ghrelin levels are lower than in healthy subjects
and negatively correlate with the severity of �brosis ([�� ],
Table �). Circulating ghrelin levels also correlate with other
hepatic �brotic diseases; however, in the case of patients
with NAFLD, a worsening of the �brotic stage is associated
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with high plasmatic concentration of both acylated and
unacylated ghrelin ([�� ], Table �). Interestingly, a screening
of miRNAs expression in visceral adipose tissue of NAFLD
patients revealed that miR-���, of which the ghrelin gene is
a predicted target, is downregulated in nonalcoholic steato-
hepatitis (NASH) compared to non-NASH patients [�� ],
although a biological validation of this relationship still needs
to be performed.

Although the causative relationship between ghrelin cir-
culating levels and NAFLD is not de�ned, ghrelin might have
a therapeutic potential in this and other hepatic pathologies,
as demonstrated in several experimental models. 	e most
used models to induce hepatic �brosis include CCl4 or
thioacetamide (TAA) administration to rodents, which lead
to oxidative stress-mediated liver cirrhosis [�� ]. Another
model to induce liver �brosis consists in bile duct ligation
(BDL), which causes accumulation of hydrophobic bile acids
in the liver, leading to ROS formation, oxidative damage,
in
ammatory cell accumulation, and the increase of serum
proin
ammatory cytokines [�� ]. In addition, NAFLD may
be reproduced in rats by feeding animals with a high-fat
diet, thus inducing liver fat accumulation, in
ammation, and
cellular necrosis [�� ]. In this model, ghrelin treatment blunts
the induction of TNF-� and IL-� expression, counteracts
hepatic oxidative stress, and inhibits hepatic cell apoptosis
[�� ]. 	e bene�cial e
ects of ghrelin on liver injury and
�brosis have been pointed out by other studies as well.
Indeed, in rats with chronic hepatic �brosis caused by BDL,
ghrelin administration prevents hepatic damage by blunting
the BDL-induced increase of TNF-� , IL-� � , and IL-� plasma
levels [�� ]. Moreover, ghrelin treatment impairs neutrophil
in�ltration and diminishes the amount of myo�broblast
accumulation in the injured liver [�� , �� ]. Accordingly, ghre-
lin downregulates the expression of collagen-� � and TGF-
� � in primary hepatic stellate cells (HSC), the main hepatic
�brogenic cells [�� ], resulting in a diminished collagen
deposition [�� , �� ]. Ghrelin features anti-in
ammatory and
anti�brotic e
ects also in TAA-induced hepatic injury in
rats where it attenuates liver injury and collagen deposition
through inhibition of hepatic cell apoptosis and antioxidative
activity, in a way partially mediated by the induction of nitric
oxide (NO) [�� ].

Finally, the physiological role of the ghrelin gene in the
establishment of liver �brosis was investigated exploiting
ghrelin knock-out mice that display much more severe CCl4-
induced liver injury and �brosis compared to wild type
animals, suggesting that endogenous ghrelin is required for
a proper response to liver damage [�� ].

�.�. Kidneys. Ghrelin is expressed in kidneys and its expres-
sion is altered in pathological conditions such as glomeru-
lopathies, in particular in the proliferative form, in which
the immunoexpression of ghrelin is abated [�� ]. Moreover,
the expression of ghrelin negatively correlates with the
pro�brotic protein endothelin-� and interstitial in
ammatory
cell in�ltration, suggesting that the loss of ghrelin could
contribute to the development of renal interstitial �brosis,
which is the common feature of di
erent end-stage renal
diseases [�� ].

	e renin-angiotensin system (RAS) is a well-known reg-
ulator of blood pressure and contributes to the development
of target organ damage due to hypertension. Angiotensin-II
(AngII) is the main mediator of RAS-induced chronic kidney
damage through multiple mechanisms, including promotion
of in
ammation, �brosis, oxidative stress, and senescence
[�� ]. Indeed, in the experimental model of chronic kidney
disease induced by AngII infusion, the kidneys display
increased ROS and an accelerated tissue senescence [�� , �� ].
In addition, treated mice express higher levels of TGF-�
and plasminogen activator inhibitor-� (PAI-�) than saline-
infused animals [�� ]. In this model, ghrelin impairs renal
tubular damage, �brosis development, and senescence by
both reducing the oxidative stress and maintaining the
redox state. 	is is mediated by the induction of UCP� and
PGC�� that a
ect ROS production and mitochondriogenesis,
respectively ([�� ], Figure �).

	e anti�brogenic activity of ghrelin was demonstrated
also in a rat model of renal damage obtained by unilateral
ureteral obstruction (UUO), which results in tubular injury
and cell death, with interstitial macrophage in�ltration [�� ].
In this model, ghrelin protects renal tubular cells from
apoptosis, impairs macrophage in�ltration, and reduces the
induction of the proin
ammatory cytokines IL-�� , TNF-
� , and monocyte chemoattractant protein-� (MCP-�) [�� ].
Moreover, this work demonstrates that ghrelin attenuates
renal �brosis by inhibiting �broblast di
erentiation and
by blocking epithelial mesenchymal transition (EMT), thus
stabilizing the epithelial phenotype [�� ]. 	e mechanisms
through which ghrelin elicits its anti�brotic activity involve
the reduction of collagen I/III, �bronectin, and� -SMA
expression via inhibition of the TGF-� �/Smad� signaling
pathway [�� ].

�.�. Lungs. Lung �brosis occurs as a consequence of acute
lung injury leading to persistent respiratory failure. Lung
�brosis is usually di
erentiated into distinct types, includ-
ing di
use �brosing alveolitis, di
use interstitial �brosis,
and idiopathic pulmonary �brosis, which is considered the
most common and severe form of pulmonary �brosis [�� ].
Currently, there are no therapies to counteract acute lung
injury progression and lung transplantation remains the only
possible intervention in end-stage disease [�� ].

Acute lung injury is characterized by the damage of
the alveolar capillary barrier, neutrophil accumulation, and
the induction of proin
ammatory cytokines, followed by
devastating lung �brosis [�� , �� ]. In particular, the exfoliation
of alveolar epithelial cells from alveolar septa leads to the
activation of �broblasts and the subsequent massive ECM
deposition [�� ].

Cecal ligation and puncture (CLP), the most used tech-
nique to induce peritonitis and sepsis, also induces lung
injury and �brosis as direct consequence of hypoxemia,
neutrophilic in
ammation, and alveolar edema [�� ].

In CLP-treated rats, ghrelin attenuates acute lung injury
and mortality through inhibition of nuclear factor- (NF-)
� B activity ([�� ], Figure �). NF-� B is a transcription factor
that regulates gene expression of several cytokines, including
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TNF-� , IL-�, IL-�, and IL-� [ �� ]. Accordingly, treatment with
ghrelin reduces pulmonary levels of TNF-� and IL-� in CLP-
treated rats [�� ].

Another experimental model used to induce acute lung
injury in rodents is the intratracheal injection of bleomycin
that promotes massive cell death, neutrophil and lymphocyte
in�ltration, cytokine production, and �brosis [�� , �� ]. In
bleomycin-treated mice, ghrelin administration improves
animal survival in a dose-dependent manner and maintains
lung architecture by reducing �brosis [�� ]. 	is anti�brotic
activity is due to the impairment of neutrophil in�ltration and
accumulation in bronchoalveolar lavage 
uid and through
the inhibition of proin
ammatory cytokines and of IGF-�
release, which promotes collagen production by �broblasts
[�� ]. In addition, the inhibition of alveolar epithelial cell
death, observed in ghrelin-treated mice, represents another
mechanism that contributes to ghrelin anti�brotic e
ects,
since the prevention of the denudation of alveolar membranes
impairs the subsequent �brosis establishment [�� ].

In the same model of lung �brosis, the traditional
Japanese herbal medicine rikkunshito, known to stimulate
a strong secretion of ghrelin, reduces lung �brosis and
ameliorates the systemic cachectic condition [�� ]. However,
rikkunshito e
ects are only partially due to the associated
ghrelin increase, since it maintains its protective e
ects also
in mice devoid of the ghrelin gene [�� ].

�.	. Systemic Sclerosis.Systemic sclerosis, or scleroderma, is
an autoimmune chronic connective tissue disease character-
ized by extensive �brosis of the skin and internal organs,
including lungs, gastrointestinal tract, kidneys, and heart
[�� ]. Plasmatic levels of acylated and unacylated ghrelin are
lower in systemic sclerosis patients than in healthy controls
and even lower in patients with interstitial lung disease,
suggesting that acylated ghrelin levels inversely correlate with
tissue �brosis ([�� ], Table �). Consistently, acylated ghrelin
treatment of �broblasts isolated from systemic sclerosis
patients reduces TGF-� � expression and collagen production
[�� ].

Skin scleroderma might be experimentally induced in
mice by subcutaneous injections of bleomycin that result
in increased dermal thickness, a higher number of� -SMA-
positive myo�broblasts, and greater in�ltration of in
amma-
tory cells. All these e
ects are prevented by both acylated and
unacylated ghrelin [�� ]. Taken together, these data suggest
that restoring normal circulating acylated and unacylated lev-
els might e�ciently contrast the �brosis induced by systemic
sclerosis.

3. Conclusions

Fibrosis is an intrinsic response to chronic injury, main-
taining organ integrity when extensive necrosis or apopto-
sis occurs. With protracted damage, �brosis can progress
towards excessive scarring and organ failure. To date, no satis-
factory treatments are available. Anti-in
ammation strategies
are one of the possible therapeutic approaches to �brosis.
Acylated ghrelin has a potent anti-in
ammatory activity and

its ability to inhibit proin
ammatory cytokines expression
and release has been demonstrated by a large number of
studies, both in vitro and in vivo [�� ]. Most of the studies
on the anti�brotic e
ects of acylated and unacylated ghrelin
agree that the mechanism of action includes the reduction of
in
ammation. However, also their e
ect on oxidative stress
reduction plays a crucial role in repressing the formation
of �brosis, and their broad antiapoptotic activity surely
contributes in maintaining organ structure and function. 	is
has, however, raised a doubt that if they inhibit apoptosis also
in myo�broblasts, this could help, instead of hinder, �brosis
[�� ].

Circulating levels of ghrelin are o�en altered in patholo-
gies characterized by the presence of �brosis; however, it is
di�cult to discern a causative e
ect between ghrelin levels
and �brosis, as it is plausible that alterations in ghrelin
levels re
ect body mass and/or body energy metabolism.
	is is particularly possible in pathologies co-occurring with
cachexia, such as heart and renal failure, in which the increase
of ghrelin may represent a compensatory mechanism of the
organism in the attempt at re-establishing optimal energetic
balance or the establishment of ghrelin resistance [�� ]. How-
ever, in pathologies such as scleroderma, in which �brosis
a
ects the gastrointestinal tract, it cannot be excluded that
the altered levels of ghrelin are a direct consequence of the
altered gut condition.

Based on the studies reviewed herein, ghrelin, both in its
acylated and unacylated forms, acts at least at two di
erent
levels. On one side, ghrelin peptides reduce the in�ltration of
in
ammatory cells in the injured tissue and the subsequent
release of cytokines responsible for �broblast activation.
On the other side, they directly a
ect �broblast activity by
reducing collagen production through the inhibition of TGF-
� signaling pathway.

In conclusion, ghrelin peptides and their analogues
appear to be promising in the treatment of �brosis, although
their safety and e�cacy in long-term use still need to be
elucidated.
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a 50-fold increase of circulating UnAG, without affecting AG lev-
els (Table 1), as previously observed in other Ghrl-overexpressing 
Tg mice (43–45). Ghrl mRNA overexpression was restricted to the 
myocardium of Myh6/Ghrl mice, without leakage in the skeletal 
muscle (Supplemental Figure 2A). Moreover, consistent with the 
inability of UnAG to activate GHSR-1a and to promote GH release 
and adiposity, Myh6/Ghrl mice did not feature any change in cir-
culating IGF-1 concentration, tibial and nasoanal length, BMI, 
or food intake compared with their WT littermates. In addition, 
fasting decreased IGF-1 and increased ghrelin circulating concen-
trations to the same extent in WT and Myh6/Ghrl mice (Table 1). 
These data strongly indicate that the upregulation of circulating 
UnAG in Myh6/Ghrl mice does not activate GHSR-1a in the pitu-
itary and hypothalamus, stimulate the GH/IGF-1 axis, or affect 
endogenous ghrelin regulation. Moreover, tissue expression of 
IGF-1, which in skeletal muscle may act locally in a paracrine/
autocrine manner (46), was not altered in Myh6/Ghrl mice, either 
in fed or in fasted animals (Supplemental Figure 2B).

Although AG and UnAG differently regulate insulin release and 
sensitivity (47), basal insulin level, glucose uptake, and insulin sen-
sitivity were not affected in Myh6/Ghrl mice (Table 1 and Supple-
mental Figure 2, C and D).

Notably, compared with WT animals, fed Myh6/Ghrl mice did not 
feature any difference in heart and gastrocnemius muscle weight 
(Table 1), fiber cross-sectional area (CSA) distribution, or hindlimb 
force (as measured by grasping test; Supplemental Figure 2, E and F), 
which indicates that high levels of circulating UnAG do not induce 
skeletal muscle hypertrophy in vivo, consistent with the inability of 
UnAG to induce hypertrophy in C2C12-derived myotubes.

To investigate whether UnAG might protect 
from muscle wasting, we induced skeletal muscle 
atrophy by food deprivation. After 48 hours of 
fasting, gastrocnemius weight was decreased by 
approximately 14% in WT mice, and by approxi-
mately 9% in Myh6/Ghrl mice, compared with 
fed animals (Figure 3A), which indicates that 
increased circulating UnAG results in 30% protec-
tion from fasting-induced loss in gastrocnemius 
mass. Accordingly, gastrocnemii CSA was reduced 
by 29% in WT mice and by 19% in Myh6/Ghrl mice 
compared with fed animals (Figure 3B), indicative 
of 34% protection. Similarly, extensor digitorum 
longus (EDL) muscle weight and mean fiber area 
of Myh6/Ghrl mice was reduced to a lesser extent 
than in WT animals (Figure 3, D and E). This pro-
tection was reflected by shift in CSA distributions 
of gastrocnemii and EDL — toward fibers with 
wider area — in Myh6/Ghrl compared with WT 
mice under fasting conditions (Figure 3, C and F).

After 48 hours of fasting, Atrogin-1 and MuRF1 
expression in gastrocnemii of WT animals dra-
matically increased. In Myh6/Ghrl mice, the 
induction of Atrogin-1 was significantly reduced 
by one-third, while MuRF1 was only slightly, not 
significantly, decreased (Figure 3, G and H).

Plasma levels of glycerol and FFAs did not 
change in fasted Myh6/Ghrl and WT mice (Sup-
plemental Figure 2, G and H), which indicates 
that fasting did not significantly affect either 
glycerol or FFA concentrations, consistent with 

previous reports in the FVB mouse background (48, 49). Moreover, 
hepatic phosphoenolpyruvate carboxykinase (PEPCK) expression 
was induced to the same extent in fasted Myh6/Ghrl and WT lit-
termates (Supplemental Figure 2I). Together, these data suggest 
that muscle wasting–resistant properties of Myh6/Ghrl mice do not 
depend on effects of UnAG on energy balance.

Furthermore, Myh6/Ghrl mice were protected from denervation-
induced muscle atrophy, an experimental procedure that does not 
affect animal daily food intake (Table 1). At 7 and 14 days after 
denervation, gastrocnemii weight of WT animals was reduced by 
21% and 27%, respectively, while the loss of muscle weight in Myh6/
Ghrl animals was significantly lower (Figure 4A). Consistently, gas-
trocnemii mean fiber CSA of WT animals was remarkably reduced 
at both 7 and 14 days after denervation, whereas CSA in Myh6/Ghrl 
animals was reduced to a lesser extent (Figure 4B). At 7 days after 
denervation, Myh6/Ghrl mice featured a mild shift of gastrocnemii 
CSA distribution that became impressive after 14 days (Figure 4, C 
and D). A strong inhibition of atrophy at 7 days after denervation 
was also evident in EDL (Figure 4, E and F) and tibialis anterior 
(TA) muscles (Figure 4, G and H).

Moreover, in gastrocnemii of Myh6/Ghrl mice, the induction of 
Atrogin-1 was reduced by 40% (Figure 4I). Conversely, MuRF1 was 
only slightly, not significantly, reduced (Figure 4J), consistent with 
the fasting-induced atrophy data. Together, these observations 
indicated that constitutive high levels of UnAG impair experimen-
tally induced atrophy in vivo, likely through a mechanism inde-
pendent of GHSR-1a and activation of the GH/IGF-1 axis.

UnAG pharmacological treatment induces antiatrophic signaling in 
muscle and inhibits fasting- and denervation-induced atrophy. Acute 

Table 1
Phenotypical characterization of Myh6/Ghrl mice

	 WT	 Myh6/Ghrl
UnAG (pg/ml)	 445.4 ± 155	 25,000.5 ± 360A

AG, fed (pg/ml)	 41.7 ± 1.6	 39.3 ± 1.5
AG, fasted (pg/ml)	 75.7 ± 8.8	 68.2 ± 9.5
IGF-1, fed (ng/ml)	 748.5 ± 56	 765.5 ± 120
IGF-1, fasted (ng/ml)	 398 ± 93	 328 ± 37
Insulin (pg/ml)	 571 ± 58	 631 ± 129
Tibial length (mm)	 19.65 ± 0.11	 19.62 ± 0.22
Nasoanal length (mm)	 91.59 ± 0.51	 90.61 ± 0.95
BMI, fed (g/cm2)	 3.32 ± 0.12	 3.33 ± 0.08
BMI, fasted (g/cm2)	 2.93 ± 0.06	 2.92 ± 0.09
Gastrocnemius weight, fed (mg)	 134.86 ± 4.6	 137.2 ± 5.62
Gastrocnemius weight, fasted (mg)	 118 ± 4	 124 ± 3.1
Gastrocnemius weight/tibial length, fed (mg/mm)	 6.86 ± 0.22	 6.99 ± 0.25
Gastrocnemius weight/tibial length, fasted (mg/mm)	 5.89 ± 0.14	 6.36 ± 0.15B

Heart weight, fed (mg)	 117.5 ± 11.8	 122 ± 6.8
Heart weight, fasted (mg)	 103.0 ± 7.1	 105 ± 3.3
Heart weight/nasoanal length, fed (mg/mm)	 1.22 ± 0.12	 1.28 ± 0.08
Heart weight/nasoanal length, fasted (mg/mm)	 1.16 ± 0.07	 1.16 ± 0.03
Daily food intake (g)	 4.66 ± 0.17	 4.73 ± 0.07
Daily food intake, denervated (g)	 4.60 ± 0.17	 4.60 ± 0.18

Measurements were performed as described in Methods. Muscle mass and tibial length 
were calculated as the mean of right and left hindlimbs. n = 7 per group (fed); 4 per group 
(fasted 48 hours); 5 per group (denervated). Data are mean ± SEM. AP < 0.01 vs. WT.  
BP < 0.05 vs. WT.
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