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Abstract 
 

Dystrophinopathies are a group of genetic disorders mainly affecting skeletal and 
cardiac muscle, caused by deficiency of the protein dystrophin at the sarcolemma of 
muscle fibers. Dystrophin is encoded by the Duchenne muscular dystrophy gene (DMD), 
linked to the Xp21 locus. Duchenne muscular dystrophy (DMD) is the severe form of 
dystrophinopathy caused by a complete deficiency of dystrophin protein, affecting 1 in ~ 
4,000 newborn males and representing one of the most common lethal childhood 
disorders. Becker muscular dystrophy (BMD) is the relatively milder condition caused by 
the presence of a reduced and/or partially functional dystrophin protein, and its clinical 
manifestations range from severe to mild. Disease manifestations are relatively rare in 
DMD/BMD carriers. Dilated cardiomyopathy (DCM) and respiratory insufficiency are 
the most frequent complications of dystrophinopathies. Mental retardation is found in a 
small percentage of patients. To date, dystrophinopathies have no definitive cure, but 
benefit from palliative pharmacological therapy with steroids, and multidisciplinary care 
for prevention and management of complications. Experimental molecular and genetic 
therapies are under development but their efficacy has yet to be proven. 
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Introduction: An Overview of Dystrophinopathies 
 
Dystrophinopathies are a group of genetic disorders mainly affecting skeletal and cardiac 

muscle, caused by deficiency of the protein dystrophin at the sarcolemma of muscle fibers 
(Hoffman et al. 1987). Dystrophin is encoded by the Duchenne Muscular Dystrophy gene 
(DMD), linked to the short arm of the X chromosome at the Xp21 locus. Dystrophinopathies 
are inherited as X-linked recessive disorders, hemizygote males being affected by the disease 
and heterozygote females being mostly asymptomatic carriers. The mutation rate is high, 
with about one third of cases with negative familiar history arising from de novo mutations 
(van Essen et al. 1992). 

Duchenne muscular dystrophy (DMD, MIM #310200) is the severe form of 
dystrophinopathy caused by a complete deficiency of dystrophin protein, affecting 1 in 3,800 
~ 4,200 newborn males (Mostacciuolo et al. 1987; van Essen et al. 1992) and representing 
one of the most common lethal childhood disorders. Boys affected by DMD suffer from loss 
of independent ambulation around the beginning of the second decade of life, and death by 
dilated cardiomyopathy (DCM) and/or respiratory insufficiency in the third or fourth decade. 
Becker muscular dystrophy (BMD, MIM #300376) is the relatively milder condition caused 
by the presence of a reduced and/or partially functional dystrophin protein (Monaco et al. 
1988; Hoffman et al. 1988; Hoffman et al. 1989). BMD phenotypes are highly variable, 
ranging from severe forms, which are similar to DMD, to milder clinical pictures with 
retainment of independent ambulation through adulthood; the association of DCM is likewise 
variable, and strongly influences life expectancy. Disease manifestations are relatively rare in 
DMD/BMD carriers (~10%) (Moser and Emery, 1974; Pegoraro et al. 1994), but may include 
severe phenotypes (Pegoraro et al. 1995). 

A partial dystrophin defect may also cause familiar X-linked DCM (MIM #302045) with 
no substantial muscular abnormalities (Melacini et al. 1996a; Ferlini et al. 1999) or mild 
phenotypes such as quadriceps myopathy, cramp and myalgia syndrome with or without 
myoglobinuria (Gospe et al. 1989; Doriguzzi et al. 1993), and asymptomatic elevation of 
serum creatin kinase (CK) (Morrone et al. 1997). 

To date, dystrophinopathies have no definitive cure, but the implementation of a 
multidisciplinary care protocol comprising a combination of palliative pharmacological 
interventions (i.e. steroid therapy) (Bushby et al. 2010a), cardiological therapy, antibiotic 
therapy, ventilatory assistance, physiotherapy, osteoarticular surgery, and screening for 
prevention of complications, has led to a substantial improvement of life quality and 
expectancy in DMD and severe forms of BMD (Sejerson et al. 2009; Bushby et al. 2010b); 
moreover, increasing knowledge about the molecular basis of dystrophinopathies has offered 
patients and families accurate genetic counseling, and, more recently, experimental molecular 
and genetic therapies (Guglieri and Bushby, 2010; Hoffman et al. 2011). 

 
 

Clinical Description of DMD 
 
DMD presents in early childhood. The acquisition of the milestones of motor 

development may be normal or slightly delayed, most boys gaining the ability to walk within 
the age of 18 months, and virtually all within 24 months. Soon after the acquisition of 
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independent ambulation, usually around the age of 3-4 years, parents become aware of a 
general motor delay in relation to unaffected siblings or peers, or of gait problems such as 
persistent flat-footed or toe-walking , or of a tendency to fall frequently. A less common 
presentation may be with language delay or learning difficulties (Darras et al. 2000). 

At presentation, muscle hypertrophy is often evident, being more prominent in lower 
limbs and especially at calves, which have an increased consistency at palpation. Proximal 
weakness causes a waddling gait; toe-walking may be observed at all times or occasionally 
(e.g. when the boy is fatigued). More often walking is flat-footed with simultaneous contact 
of the whole plantar surface (heel to toe) on the ground. Running is usually possible, but 
substantially slower than peers, and often, as weakness progresses, there is an exaggerated 
compensatory circumduction of arms to keep balance when the boy tries to accelerate his gait 
(“Duchenne jog”). Jumping and hopping is difficult or impossible. Proximal weakness also 
causes the need to perform a Gowers’ maneuver to rise from the floor, which consists in 
raising hips first while facing the floor, pushing up with both hands and feet, and 
subsequently extending the trunk by placing hands on knees and using them to “climb” up the 
legs (Gowers, 1879). From a supine position, patients also have difficulties sitting up without 
turning on the side, and raising their head to “look at their toes”. Macroglossia may be 
present. Some or all of these symptoms may be observed at presentation, and usually all of 
them ensue as the disease progresses over the years, eventually leading to the loss of the 
ability to run, climb stairs, rise from the floor and walk independently, usually in this order. 
In recent years, with the use of corticosteroid therapy as a standard of care, clinicians have 
become accustomed to observe an early phase of motor improvement, approximately up to 
the age of 7 years, when muscle strength and motor abilities reach a “plateau” (Mazzone et al. 
2011). In this stage, a small portion of DMD boys may be able to perform all of the 
aforementioned motor tasks normally, and strength and function in the upper limbs is usually 
normal or close to normal. Conversely, later years are marked by progressive muscle wasting 
with irreversible loss of motor function. A persistent elevation of CK to 5~100 times the 
upper limit of normal is always present, supporting the diagnosis and sometimes representing 
the first abnormality to emerge when found unexpectedly high in routine blood analyses. 

Loss of independent ambulation is an important milestone in the natural history of DMD, 
usually occurring before the age of 13 years. In fact, DMD used to be clinically defined as an 
X-linked muscular dystrophy with loss of ambulation within 13 years of age, while in BMD 
the loss of ambulation would be postponed after 16 years, with intermediate DMD/BMD 
forms losing ambulation between 13 and 16 years (Darras et al. 2000). These distinctions 
have become obsolete, as the availability of protein diagnostic analyses such as immuno-
histochemistry and western blot (see below in this Chapter) allows the discrimination between 
DMD and BMD based on the complete or partial dystrophin defect, years before the proband 
actually loses ambulation (Arahata et al. 1989). In a retrospective study of 106 DMD patients, 
median age at loss of ambulation was 10.5 years (10 in non steroid-treated patients and 11 in 
steroid-treated patients) (Pegoraro et al. 2011). Independent ambulation after the age of 16 in 
DMD is exceptional, although possible in steroid-treated patients. Loss of ambulation is not a 
sudden event but rather a gradual process occurring over 1 or 2 years, as walking becomes 
possible only for short tracts or only with ortheses, or help. Usually, the inability to walk at 
least 10 meters without aid is used to define loss of ambulation(Mazzone et al. 2010). Age at 
loss of ambulation may be influenced by external factors such as conservative or surgical 
treatment of retractions, steroid therapy, excessive weight gain, traumatic fractures, 
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intercurrent diseases or infections, especially those keeping patients bed-ridden for long 
periods; or by genetic modifiers remote from the disease gene (Pegoraro et al. 2011). After 
the loss of ambulation, muscle wasting and weakness continue to progress, determining an 
increasing disability in the upper limbs, and eventually leading to tetraplegia. In the late 
stages, movement in the distal segments of the hands is retained longest. Facial and bulbar 
muscles are also involved, while extraocular muscles are spared. 

The progressive loss of strength in the respiratory muscles determines the sequential 
appearance of several clinical manifestation: inefficacy of cough with a tendency to airway 
secretion encumbrance and increased risk of infections (Dohna-Schwake et al. 2006), 
nocturnal hypoventilation and sleep-related respiratory disturbances (Smith et al. 1988), and 
ultimately daytime ventilatory insufficiency. Again, there is a considerable variability in the 
age at onset of respiratory disturbances, which usually spare boys below the age of 15, but 
become very frequent after the age of 20, and appear to be significantly delayed by steroid 
therapy (Daftary et al. 2007). Common symptoms of nocturnal hypoventilation include 
morning headache, restless sleep, daytime hypersomnolence, decrease of attention and 
irritability. Modern guidelines for the management of respiratory insufficiency (Bushby et al. 
2010b) recommend annual overnight pulse oxymetry or polysomnographic studies in order to 
readily identify apnoeic episodes and desaturation, and prompt initiation of nocturnal non 
invasive mechanical ventilation when these episodes become clinically relevant. In the later 
stages of the disease, ventilatory insufficiency due to muscle weakness may be aggravated by 
chest wall deformity secondary to scoliosis, especially in non-steroid treated patients who 
have not undergone vertebral surgery (Velasco et al. 2007). Respiratory insufficiency in 
DMD and muscular dystrophies is discussed in further detail in the dedicated chapter in this 
book by Vianello et al.  

Dilated cardiomyopathy is a major complication of DMD, and the leading cause of death 
since nocturnal ventilation has been implemented as a standard of care in the advanced stages 
of the disease, reducing mortality due to respiratory insufficiency (Eagle et al. 2002). Age at 
onset of cardiomyopathy is variable: the first signs of preclinical involvement 
(echocardiographic or electrocardiographic alterations) are usually detectable after the age of 
10, while, by the age of 18, the majority of patients exhibit clinical signs of cardiac 
insufficiency (Nigro et al. 1990). Such variability shows no obvious correlation to the severity 
of muscle weakness; in fact, many authors argue that weaker patients, being preserved from 
myocardial exertion, may have a slower progression to heart failure (Spurney et al. 2011). 
Several authors have suggested an association between an earlier and more clinically relevant 
cardiac involvement and the deletion of specific exons, namely in the 5’-terminal region and 
in the rod domain of the dystrophin protein (exons 47-49), but no definite genotype-
phenotype correlation has been established that may explain the pathophysiology involved 
(Melacini et al. 1996b). Two patterns of myocardial dysfunction are recognized in DMD: left 
ventricular wall abnormalities and left ventricular dilation; both abnormalities may respond to 
a certain extent to pharmacological therapy, but eventually lead to depressed ejection fraction 
and heart failure (Melacini et al. 1996b). The symptoms of heart failure may be atypical in 
wheelchair-bound DMD patients, as they do not exercise and thus do not present with 
exertion dyspnea, but rather with vague symptoms such as headache, nausea, abdominal 
bloating or abdominal pain. An in-depth discussion of cardiomyopathy in DMD may be 
found in a dedicated chapter in this book by Melacini et al.  
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Cognitive impairment in DMD may be described as a general leftward shift of the 
spectrum of IQ scores in respect to the general population (Darras et al. 2000; Bresolin et al. 
1994). Neuropsychological testing has demonstrated more prominent deficits in active 
working memory, executive functions and verbal performance (Hinton et al. 2001; Wicksel et 
al. 2004), sometimes resembling attention deficit-hyperactivity disorder. Mutations located in 
the 3’ end of the gene, irrespective of their nature, have been related to a greater reduction of 
IQ levels, possibly due to the impaired expression of brain-specific isoforms (Magri et al. 
2011). Some authors, although confirming the statistical association of mental retardation to 
distal mutations, question the involvement of specific gene sequences (Bushby et al. 1995). 
Neuropsychiatric disorders, such as autism spectrum disorders, also have a higher incidence 
in the DMD population (Wu et al. 2005; Hendriksen and Vles, 2008). 

Prolonged immobility and steroid therapy are risk factors for the development of bone 
health issues in DMD patients, mainly secondary osteoporosis, fractures and scoliosis, which 
potentially determine additional disability and pain, and reduced quality and expectancy of 
life (Bushby et al. 2010b). Osteoporosis is very frequent in DMD since the first decade of life 
and increases the risk of long bone fractures from major or minor traumas. These are 
particularly common in the late ambulatory phase, when the risk of falls is particularly 
elevated (Quinlivan et al. 2005). Vertebral compression fractures are usually seen only in 
steroid-treated patients and their incidence is proportional to the total intake of steroids 
(Biggar et al. 2005), while non-steroid treated patients suffer from a higher degree of scoliosis 
with elevated angles (> 20°) which may impair respiratory function and benefits from spinal 
fusion surgery (Velasco et al. 2007). 

 
 

Clinical Description of BMD 
 
While DMD is a fairly monomorphic disorder with limited, although not irrelevant 

variability, BMD encompasses a wide spectrum of clinical manifestations. The severe end of 
this spectrum includes patients with a clinical presentation almost indistinguishable from 
DMD, despite the presence of dystrophin protein detectable by biochemical assays (Hoffman 
et al. 1991); the mild end comprises adult-onset disorders without any clinical manifestation 
in the first 3-4 decades of life, and with no relevant functional limitations even in the old age. 
Many different intermediate phenotypes are observed. On average, the onset of symptoms is 
around 12 years of age, loss of ambulation may ensue from adolescence onward, and life 
expectancy is around 50 years (Emery et al. 2002). The incidence of BMD is about 5 times 
lower than DMD (1 in ~ 18,000 live born males) (Mostacciuolo et al. 1987), but may be 
partially underestimated because of undiagnosed mild cases. As in DMD, muscle weakness 
and wasting are evident proximally more than distally, and usually greater in lower than in 
upper limbs. The anterior compartment of the thigh is more prominently affected, and 
exclusively affected in the “quadriceps myopathy” phenotype. Calf hypertrophy is very 
frequent and joint retractions may develop in the presence of relevant weakness, especially at 
the ankles. Hyperlordosis and scoliosis are less common than in DMD, and are usually 
observed at the severe end of the phenotypical spectrum. Macroglossia is rarely observed. 
Atypical clinical presentations are much more common in BMD than in DMD: possible 
examples are cramps and recurrent myoglobinuria (Bushby et al. 1991), or life-threatening 
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adverse reactions to general anesthesia (Bush and Dubowitz, 1991). Although some authors 
include pauci- or asymptomatic forms of dystrophinopathy in the BMD spectrum, the 
nosographic definition of BMD does not correctly apply to patients without actual dystrophic 
alterations of skeletal muscle, who may be better described as having mild dystrophinopathy. 

Dilated cardiomyopathy has a crucial relevance in BMD, representing in many patients 
the main clinical feature of the disease and considerably influencing life expectancy, so that 
cardiac transplantation is established as an effective treatment in patients with end-stage heart 
failure (Quinlivan and Dubowitz, 1992; Komanapalli et al. 2006). Again, involvement of 
cardiac and skeletal muscle are not directly related, nor proportional. For a detailed discussion 
of cardiomyopathy in BMD and of X-linked DCM with minor skeletal muscle involvement, 
we refer the reader to the dedicated chapter in this book by Melacini et al.  

Respiratory insufficiency in BMD is usually limited to severe cases, and found in patients 
with profound muscular weakness, without relevant differences in presentation and 
management compared to DMD; for greater detail on this matter we recommend reading the 
related chapter in this book by Vianello et al.  

Mental retardation is less common and generally less severe in BMD than DMD (Darras 
et al. 2000). Evidence has been presented on the role of regulatory regions for brain-specific 
isoforms of dystrophin, which may be disrupted by deletions localized in the distal regions of 
the gene (Bardoni et al. 1999). Disorders of the schizophrenic spectrum have also been 
described in BMD (Zatz et al. 1993). 

 
 

Clinical Description of Carriers 
 
Although female carriers of dystrophinopathy do not usually suffer from the same 

disabling symptoms and reduced life expectancy as affected males, they do manifest disease 
in some cases (Moser and Emery, 1974). Dilated cardiomyopathy, presenting with ventricular 
enlargement and/or decreased ejection fraction as in BMD/DMD, is frequent in carriers: more 
than 50% present some degree of preclinical or clinical myocardial involvement, with no 
significant differences between BMD and DMD carriers (Politano et al. 1996). Full-blown, 
symptomatic DCM develops in about 10% of cases (Schade van Westrum et al. 2011). 
Muscle weakness affects only about 12% of carriers (Grain et al. 2001) but severe, DMD-like 
phenotypes may be observed. In manifest carriers, neuromuscular clinical features such as 
distribution of weakness and calf hypertrophy are not qualitatively distinguishable from BMD 
or DMD, depending on the severity of phenotype. The same analogy applies for 
complications of muscular weakness in severe cases, which include respiratory insufficiency 
and osteo-articular alterations. It is important to note that about 10% of isolated cases of 
hyperCKemia and myopathy in female patients are due to a dystrophinopathy (manifesting 
carriers of Duchenne dystrophy). The correct diagnosis in these patients is imperative for 
appropriate genetic counseling to the patients and their families (Hoffman et al. 1992). 
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Molecular Bases of Dystrophinopathies:  
The DMD Gene 

 
The localization of the DMD genetic locus to the short arm of the X chromosome came 

from several almost contemporaneous observations of DMD in girls bearing X-autosomal 
translocations (Lindenbaum et al. 1979; Zatz et al. 1981) and from linkage studies on X-
chromosomal DNA restriction fragment length polymorphisms (Davies et al. 1983; Brown et 
al. 1985), which mapped its position more precisely to the Xp21.2 region. The genomic 
sequence of the DMD gene spans 2.4 Mb, the largest gene ever described in nature, and its 
structure is highly complex, comprising 79 exons and 8 different promoters, scattered 
between the 5’ regulatory region and the introns, which give rise to at least 19 different 
tissue-specific isoforms by means of alternative splicing [http://www.ncbi.nlm.nih.gov/ 
gene/1756; http://www.dmd.nl/isoforms.html]. The huge dimensions of the gene make it a 
frequent target of stochastic mutational events, explaining the high rate of about 65 to 85 
events per million (Mostacciuolo et al. 1987). Countless different mutations have been 
described in the DMD gene: the Leiden Muscular Dystrophy online database [www.dmd.nl] 
reports 1328 rearrangements involving one or more exons (White and den Dunnen, 2006) and 
2563 subexonic sequence variants (Aartsma-Rus et al. 2006). In the DMD population, the 
most frequent mutations are deletions of one or more exons (50~65%), followed by small 
mutations identified by sequence analysis such as single nucleotide substitutions, small 
insertions or small deletions (20~35%) and duplications of one or more exons (10~15%); in 
the BMD population deletions and duplications are more frequent (65~70% and 10~20%, 
respectively) and small sequence variants rarer (10~20%) (Darras et al. 2000). 

The cloning of the 14 kb dystrophin cDNA (Koenig et al. 1987) and the identification of 
its protein product (Hoffman et al. 1987) laid the basis for the understanding of the 
mechanisms by which DMD gene mutation cause dystrophinopathy, as synthesized by the 
“reading frame rule” (Monaco et al. 1988): mutations which disrupt the open reading frame 
(ORF) of the coding sequence, commonly referred to as “out of frame” or “frameshift” 
mutations, predict the complete loss of dystrophin, thus being generally associated with the 
severe DMD phenotype. On the contrary, mutations which respect the ORF (“in frame” 
mutations) predict the presence of a protein product, although altered and partially functional, 
and are generally associated with the relatively mild BMD phenotype.  

Examples of typical DMD-associated mutations are: deletion (or duplication) of one 
exon, or more adjacent exons, constituted by a number of coding nucleotides which is not a 
multiple of 3 (Monaco et al. 1988); nonsense point mutations determining the presence of a 
premature termination codon (PTC) (Nigro et al. 1992); small subexonic insertions or 
microdeletions of a number of coding nucleotides which is not a multiple of 3 (Kiliman et al. 
1992); splice site mutations leading to aberrant splicing of an out-of-frame mature transcript 
(Winnard et al. 1992). These mutations, although greatly differing in the quantity of genetic 
information that is altered or lost, all abolish dystrophin production mainly by nonsense 
mediated mRNA decay, a “quality control” mechanism by which cells degrade mRNAs 
encoding for prematurely truncated proteins.  

Examples of BMD associated mutations are deletion/duplication of one or more exons, 
constituted by multiple of 3 coding nucleotides (Monaco et al. 1988); subexonic 
microdeletions of a multiple of 3 coding nucleotides; splice site mutations leading to the in 
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frame skipping of one or more exons (Hagiwara et al. 1994); missense mutations causing an 
amino acid substitution (Roberts et al. 1994); distal nonsense mutations resulting in a 
truncated protein rather than in nonsense mediated mRNA decay. All these mutations allow 
the production of a stable, functional mRNA transcript: dystrophin is present, although 
abnormal and/or quantitatively reduced. It should be noted that while most mutant dystrophin 
proteins associated with BMD are smaller than normal, aberrantly large proteins are observed 
in the case of in frame duplications (Angelini et al. 1990)]. 

The “reading frame rule” is not strict and several exceptions have been described, most 
frequently concerning mutations in the proximal 5’ region of the gene. In the case of proximal 
out-of-frame deletions, the production of dystrophin may be rescued by different molecular 
mechanisms such as translational reinitiation (Gangopadhyay et al. 1992; Winnard et al. 
1993); alternatively, proximal in-frame deletion may lead to a severe DMD phenotype if 
functionally crucial actin-binding domains are lost (Vainzov et al. 1993; Muntoni et al. 1994). 
Other exceptions include the rescue of nonsense mutations through mutation-induced exon 
skipping (Flanigan et al. 2011)]. In the extensive Leiden Muscular Dystrophy mutational 
database, 91% of reported mutations are in agreement with the reading frame rule (Aartsma-
Rus et al. 2006). Exceptions are more common in the BMD population than in DMD (Kesari 
et al. 2008). 

 
 

Molecular Bases of Dystrophinopathy: 
The Dystrophin Protein 

 
The protein product of the DMD gene was identified by using polyclonal antibodies 

directed against fusion proteins containing two distinct regions of the murine 
cDNA (Hoffman et al. 1987). The 427 kDa muscular isoform of dystrophin protein (Dp427m) 
is constituted by 3,685 amino acids, and is translated from a 14 kb mRNA comprising all 79 
DMD exons (Monaco et al. 1986; Koenig et al. 1987). A full description of other known 
dystrophin isoforms [http://www.ncbi.nlm.nih.gov/gene/1756; http://www.dmd.nl/ 
isoforms.html] is beyond the purposes of this chapter. Immunohistochemical studies show 
that dystrophin is localized at the sarcolemma of normal muscle fibers (Zubrzycka-Gaarn et 
al. 1988). Dystrophin is functionally linked to several sarcolemmal and extracellular matrix 
proteins, many of which are involved in different forms of muscular dystrophy (dystroglycan, 
sarcoglycans, laminin -2), constituting a functional unity known as dystrophin-glycoprotein 
complex (DGC), and connecting the cytoskeleton to the sarcolemma (Ervasti et al. 1990; 
Cohn and Campbell, 2000). In skeletal muscle fibers and cardiomyocytes, the DGC is a 
fundamental constituent of the costamere, a complex subcellular apparatus involved in the 
lateral transmission of the force generated by the contractile sarcomeres. The costamere 
promotes an organized folding or “festooning” of the sarcolemma, minimizing sarcolemmal 
mechanical stress during muscle contraction and shortening (Ervasti, 2003)]. Aside from its 
structural and mechanical role, dystrophin may be secondarily involved in intracellular 
signaling pathways (Ervasti and Sonnemann, 2008)], through interactions with proteins such 
as syntrophins (Ahn and Kunkel, 1995), dystrobrevin (Blake, 2002) and nitric oxide synthase 
(Grozdanovic et al. 2001). 
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The primary structure of dystrophin and its homology domains predict a rod-shaped, 150 
nm long cytoskeletal protein (Koenig et al. 1988). At the amino-terminal extremity there are 
two calponin-homology regions with actin-binding capacity (aa 1-240). The functional 
relevance of the actin-binding site is paramount, as highlighted by reports of DMD-like 
patients with detectable dystrophin missing the amino-terminal region (Vainzov et al. 1993; 
Muntoni et al. 1994). The rod-like body of the protein is constituted by 24 triple-helical 
spectrin repeats (aa 253-3112). The carboxy-terminus of the protein interacts with beta-
dystroglycan and the glycoprotein complex, through a cisteine-rich, highly conserved region 
(aa 3113–3299) comprising several functionally relevant domains: a WW (tryptophan-
tryptophan) domain, two “EF hands” and a zinc-finger motif (Rentschler et al. 1999; Hnia et 
al. 2007). In synthesis, muscular dystrophin is tethered to sarcomeric actin by its amino-
terminus, and extends with its elongated rod-like portion towards the sarcolemma, where it 
binds and assembles the DGC by its carboxy-terminal domains. This model explains the 
structural and mechanical role of dystrophin within the costamere. 

 
 

Molecular Bases of Dystrophinopathy: 
Pathogenesis 

 
The widely accepted model of the dystrophin-glycoprotein complex as a scaffold, 

conferring resistance and flexibility to the sarcolemma (see above), has the intuitive 
consequence that a partial or complete defect of this structure renders the muscle membrane 
prone to the accumulation of mechanical damage. In fact, this damage initiates a complex 
cascade of events including inflammation, regeneration, fibrosis, alteration of intracellular 
homeostasis (calcium influx, oxidative stress), activation or suppression of intracellular 
signaling pathways, up- or downregulation of specific gene transcripts. These diverse, but 
closely interconnected mechanisms are briefly reviewed in this paragraph. 

Mechanical sarcolemmal damage: the increased permeability of the sarcolemma has 
been experimentally demonstrated in animal models of DMD, which show an abnormal 
accumulation of tracing molecules (e.g. Evans blue dye) in the sarcoplasm (Straub et al. 
1997). One of the main consequences of sarcolemmal tearing is an abnormal calcium influx 
(Petrof et al. 1993), which could also be sustained by ion channel malfunctioning due to 
inappropriate channel aggregation at the plasma membrane (Franco et al. 1990). The 
accumulation of calcium may facilitate fiber necrosis due to fiber overcontraction and/or 
activation of proteases such as calpain (Turner et al. 1988)]. 

Inflammation: an inflammatory, mainly monocyte-macrophagic infiltrate is often 
observed in the muscle biopsies of dystrophinopathy patients, with presence of 
mononucleated elements in the perivascular, perimysial and endomysial spaces (Engel and 
Arahata, 1986; McDouall et al. 1990); this is generally considered a secondary response to 
muscle fiber necrosis. The infiltrate in DMD is predominantly (>80%) constituted by 
macrophages and T lymphocytes, mainly of the CD4+ helper/inducer subtype, with increased 
expression of major histocompatibility complex class I antigens (Engel and Arahata, 1986). 
Inflammatory phenomena in DMD recognize different stages: an early inflammatory phase 
(even in fetal life) with activation of dendritic cells and expression of toll-like receptors, and a 
subsequent “chronic” phase with perpetuation of inflammation through secretion of TGF-
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and activation of intracellular second messenger pathways (Chen et al. 2005). Many of the 
other pathologic mechanisms described below depend on the activation of “chronic” 
inflammatory cascades. Non-steroidal anti-inflammatory drugs are experimental treatments 
for dystrophinopathies (D’Angelo et al. 2012). 

Regeneration and fibrosis: in a scenario of chronic, sustained sarcolemmal damage with 
the subsequent development of an inflammatory environment, the regenerative potential of 
muscle tissue is exploited to the maximum, but still cannot compensate for the loss of 
contractile sarcomeres. Endomysial fibrosis is one of the main negative prognostic markers in 
DMD histology (Desguerre et al. 2009). TGF-which is upregulated in DMD,is a potent 
pro-fibrotic factor (Heydemann et al. 2009). A pro-fibrotic action is also exerted by 
infiltrating lymphocytes and macrophages, as demonstrated by the beneficial effect of 
lymphocyte depletion on fibrosis in mdx mice  (Farini et al. 2007). The pro-fibrotic effects of 
TGF-involve the conjunct activation of other cytokines such as interleukins 4, 5 and 13 
(Zhou et al. 2010) and osteopontin (Vetrone et al. 2009; Zanotti et al. 2011) which in turn 
determine an up-regulation of matrix metalloproteinase activity and remodeling of the 
connective tissue. These mechanisms are relevant not only in skeletal muscle, but also in the 
dystrophin-deficient myocardium  (Dahiya et al. 2011). Stimulating regeneration, for example 
with inhibitors of myostatin (Bogdanovich et al. 2002), and conversely contrasting fibrosis 
(Zhou et al. 2010) are potential therapeutic strategies in dystrophinopathies. 

Oxidative stress: sarcolemmal damage may increase the production of reactive oxygen 
species (ROIs) both by mitochondrial calcium overload and subsequent impairment of 
oxydative phosphorylation, and by activation of intracellular signaling molecules such as 
phospholypase A2, which in turn activate cyclooxygenase (COX) and 5-lipoxygenase (5-
LOX) metabolism, leading to the production of potent inflammatory mediators such as 
prostaglandins, leukotrienes, platelet activating factors and lysophospholipids (Lindahl et al. 
2005; Jackson et al. 1991). Increased ROIs cause further sarcolemmal damage through lipid 
bilayer peroxidation, perpetuating a vicious cycles of membrane damage, inflammation and 
oxidative stress (Rando, 2002). 

Nuclear factor kappa-B (NF-B) activation: NF-B, a major transcription factor 
modulating the cellular immune, inflammatory and proliferative responses (Karin et al. 1999), 
has been shown to be consistently upregulated in the mdx mouse (Kumar and Boriek, 2003) 
and in DMD muscle (Monici et al. 2003). NF-B is activated by both proinflammatory 
cytokines and oxidative stress, and in turn promotes the expression of a set of genes including 
adhesion molecules, growth factors, cytokines and chemokines such as IL-1β, COX-2 and 
TNF-α (Baldwin, 2001). These events downstream of the activation of NF-B participate in 
the pathogenesis of muscular dystrophy by sustaining inflammation and promoting muscle 
wasting (Li et al. 2008). Blockage of the NF-B pathway has been shown to be beneficial in 
the mdx model (Messina et al. 2006). 

Nitric oxide synthase (NOS) dysfunction: as mentioned above, the C-terminal domains of 
dystrophin assemble several proteins involved in intracellular and paracrine signaling, such as 
syntrophins (Ahn and Kunkel, 1995), dystrobrevin (Blake, 2002) and NOS (Grozdanovic et 
al. 2001). The reduction of NOS activity in DMD, and in BMD with deletions or other 
mutations involving the C-terminal domains, supposedly lead to functional ischemia due to 
inefficient exercise-induced vasodilation through secretion of nitric oxide (NO*) (Rando et al. 
2001). BMD is a useful “natural model” in demonstrating the effect of reduced NO* 
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signaling, as some patients may have preserved NOS activity; indeed, a correlation between 
NOS activity and the histologic severity of the dystrophic changes has been shown (Chao et 
al. 1996). Exercise-induced ischemia, in turn, sustains the vicious circle of fiber necrosis, 
oxidative stress and inflammation. The ischemic phenomena downstream of NOS deficiency 
in dystrophinopathy are potentially treatable with phosphodiesterase 5 inhibitors (Adamo et 
al. 2010). 

Gene expression dysregulation: dystrophin deficiency induces a complex and profound 
alteration of gene expression in muscle, as shown by mRNA profiling studies: examples of 
induced gene sets are inflammatory pathways, such as TGF-and NF-B pathways, and 
compensatory pathways such as insulin-like growth factors and related genes, or cardiac 
genes abnormally expressed in skeletal muscle (Bakay et al. 2002; Chen et al. 2005). 

 
 

Diagnosis of Dystrophinopathy 
 
The clinical suspicion of dystrophinopathy usually arises from the observation of clinical 

signs as described in the previous paragraphs. If the patient has a positive family history for 
dystrophinopathy with a known mutation, a definite diagnosis may be attained by testing for 
the specific mutation. In index patients, several diagnostic tests are indicated in order to 
ascertain the differential diagnosis with other neuromuscular disorders and guide further 
molecular testing. 

Serum creatin-kinase (CK). A first-level, readily available laboratory test which supports 
the diagnosis of muscular dystrophy is the determination of CK levels. Elevated serum CK 
may be occasionally detected in the course of routine blood tests before clinical signs are 
evident, representing the first alteration to come to medical attention. CK levels are typically 
> 10 times the upper normal level in DMD and > 5 times the upper normal level in BMD 
(Darras et al. 2000). It must be noted that serum CK concentration gradually decreases 
with age as a function of the progressive disappearance of dystrophic muscle fibers, 
and may be lower than expected in patients with a long history of disease and advanced 
fibro-fatty substitution of muscle fibers (Zatz et al. 1991). CK levels may be normal or 
elevated in DMD-BMD carriers (Sumita et al. 1998) and in X-linked DCM patients (Mestroni 
et al. 1999). 

Muscle histology. Muscle biopsies of DMD patients show marked dystrophic alterations 
with degenerating, necrotic fibers; regenerating basophilic fibers; perimysial and endomysial 
fibrosis and fatty degeneration; inflammatory infiltrate mainly consisting of lympho-
monocytes. Histology in BMD muscle biopsies may range from dystrophic features to milder 
myopathic alterations such as fiber atrophy and/or nuclear centralization (Figure 1, panels A 
and B). 

Dystrophin immunofluorescence and immunoblotting studies. Protein studies are essential 
in order to support a clinical suspicion of dystrophinopathy, and to guide molecular studies 
towards DMD gene analyses, rather than looking for mutations in other genes involved in 
different neuromuscular disorders which may be included in the differential diagnosis. The 
characterization of dystrophin protein in muscle biopsies by immunoblotting is a fundamental 
step in the diagnostic process of dystrophinopathies: absence or very low (< 3%) levels are 
typical of the severe DMD phenotype, while low or high molecular weight dystrophin and/or 
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quantitatively reduced protein is commonly found in BMD patients (Hoffman et al. 1988) 
(Figure 1, panels H and I). Immunoblotting gives a reliable estimate of the quantity of 
dystrophin compared to control muscle (judged by the intensity of the band), and of its 
molecular weight (judged by the site of electrophoretic migration of the band), thus 
representing a more useful diagnostic and prognostic tool than immunofluorescence in BMD 
and DMD (Arahata et al. 1989).  

Immunofluorescence, on the other hand, is particularly useful in demonstrating a mosaic 
pattern of dystrophin-positive and-negative fibers in DMD/BMD carriers (Bonilla et al. 1988) 
(Figure 1, panel G). An unbalanced inactivation of the dystrophin-positive X chromosome 
may result in a quantitative dystrophin defect sufficiently severe to determine manifest 
disease. Indeed, X-chromosome inactivation studies have shown that while non-manifesting 
carriers more frequently show a random pattern of inactivation, manifesting carriers very 
often present a skewed inactivation of the dystrophin-positive X chromosome, leading to less 
efficient compensation (Bushby et al. 1993; Pegoraro et al. 1995). Cycles of degeneration and 
regeneration tend, over time, to “select” dystrophin positive myonuclei (genetic 
normalization); the quantity of dystrophin may be superior to what expected based on X-
inactivation studies because of the colonization of fibers by dystrophin produced by 
competent myonuclei (Pegoraro et al. 1995).  

In DMD, immunofluorescence studies may show isolated fibers (< 5%) with positive 
staining (revertant fibers) due to dystrophin re-expression by means of exon skipping, as 
demonstrated by staining with antibodies directed against epitopes encoded by specific exons 
(Thanh et al.1995) (Figure 1, panel F). The finding of revertant fibers in DMD muscle 
biopsies is believed to have no functional or prognostic relevance. Given the morpho-
functional complexity and considerable size of the dystrophin protein, protein studies reach 
ideal sensitivity when different antibodies directed to both amino-terminal and carboxy-
terminal domains are employed (Jay et al. 1993; Muntoni et al. 1993). 

Mutation analysis. In patients with a clinical suspicion of dystrophinopathy supported by 
the finding of absent, reduced, low or high molecular weight dystrophin, deletion/duplication 
of one or more exons of the DMD gene has to be ruled out by quantitative techniques such as 
multiplex Polymerase Chain Reaction (PCR) (Claustres et al. 1989; Beggs et al. 1990)], 
Multiple Ligation-dependent Probe Amplification (MLPA) (Schwartz et al. 2004) or 
Comparative Genomic Hybridization (CGH arrays) (Hedge et al. 2008). MLPA is most 
widely used for its high sensitivity and cost-effectiveness. These characteristics are shared 
also by CGH arrays. Both techniques are feasible for female carrier analysis, and correctly 
identify about two thirds of mutations in dystrophinopathies (see above). Patients testing 
negative for deletions/duplications undergo sequence analysis of coding and flanking intronic 
regions, capable of identifying nonsense mutations, sub-exonic rearrangements (micro-
deletions, small duplications and insertions), splicing mutations, and missense mutations. A 
minority of patients testing negative for both deletions and coding sequence alterations may 
harbour mutations in deep intronic regions. In these relatively rare cases, DMD cDNA 
obtained from retrotrascription of muscle-extracted mRNA should be sequenced, looking for 
alterations such as aberrant splicing or insertion of pseudoexonic sequences. In the light of 
these findings, further analyses are directed at the level of potentially implied introns, often 
revealing deep intronic mutations. 
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Although modern molecular techniques are normally able to fully characterize 
dystrophinopathy patients, cases yet remain in which the correlation between mutational 
studies, protein studies and phenotype may be controversial. 

 

 

Figure 1. Molecular diagnosis in DMD, BMD and DMD/BMD carriers. In panel A (DMD) and B 
(BMD) muscle biopsies stained with ematoxylin and eosin are shown. The DMD muscle shows 
histopathology consistent with a dystrophic process, with fiber size variation, increase in central nuclei, 
round hypercontracted fibers, hypertrophic fibers and a marked increase in endomysial and perymisial 
connective tissue. The BMD muscle shows a less severe histopathology with a mild variation of fiber 
size, few central nuclei and a small cluster of regenerating basophilic fiber with large nuclei. In panels 
C-G dystrophin immunofluorescence in cross sections from skeletal muscle biopsy is shown. In control 
muscle (panel C) bright continuous labeling around the plasma membrane of all myofibers can be 
observed. In a DMD patient’s muscle biopsy (panel D) dystrophin is completely absent but rarely, in 
older patients, scattered dystrophin-positive myofibers (revertant fibers) can be also observed (panel F). 
In BMD (panel E) a reduced and patchy dystrophin immunostaining with scattered dystrophin-negative 
fibers is shown. In panel G, cryosections from a DMD carrier were double immunostained with 
dystrophin (red) and embryonic myosin heavy chain (green). A mosaic pattern of dystrophin-negative 
and –positive fibers is shown. High frequency of dystrophin-negative muscle fibers and a small number 
of regenerating myofibers positive for embryonic myosin are common in DMD carriers.In panels H and 
I immunoblot analysis of muscle biopsies from DMD and BMD patients are shown. Immunoblot 
analysis of control muscle contains normal dystrophin, while DMD (panel H, asterisk) shows no 
dystrophin and BMD (panel I; asterisks) shows dystrophin of reduced molecular weight and amount. 
The lower panels are the corresponding post-transfer gels stained with Coomasie Blue to visualize the 
myosin heavy chain protein used for normalizing myofiber protein content of samples. 
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Genetic Counseling and Prevention 
 
When a diagnosis of dystrophinopathy is made, often there is no previous family history. 

This happens mainly because of two reasons: 1) de novo mutations are frequent (see above); 
2) absence of symptoms in female carriers may favour a “silent” transmission of the mutant X 
chromosome through several generation, if no affected males are born. In this scenario, once 
the causative DMD mutation has been detected, carrier analysis in the mother is warranted. If 
the mother is diagnosed a carrier, a cardiological and neurological follow-up is advisable for 
her, and the indication to genetic testing is extended to her mother and siblings. If, on the 
other hand, there is a positive family history with affected males in the maternal line, the 
mother is considered an obligate carrier. Nevertheless, molecular confirmation of genetic 
state is advisable in obligate carriers as well. The proportion of de novo mutations has further 
increased in recent years because of the availability of prenatal diagnosis, which has reduced 
the incidence of recurrent cases of dystrophinopathy in the same families (Helderman-van den 
Enden et al. 2012). 

Genetic analysis in the siblings of affected patients is indicated independent of the 
mother’s carrier state, as mutations in the germinal line may involve several egg cells 
(germinal mosaicism). As a consequence, the risk that a non-carrier mother of a 
dystrophinopathy patient may transmit a mutated allele to a second child is estimated around 
14% (Bakker et al. 1989). A pre-symptomatic molecular diagnosis in males (in BMD) is 
useful because it allows a strict cardiological follow-up. For analogous reasons, prenatal 
diagnosis is indicated not only in women with a known carrier status, but also in non-carriers 
who have already given birth to an affected son. 

Currently, neonatal screening is not widely advised for DMD. Early diagnosis may 
reduce the incidence in second-born sons and, in a hopefully near future, open the way to 
precocious pharmacological interventions. Because of these reasons, the ethic implications 
and opportunity of a widespread neonatal screening are currently debated (Ross et al. 2006; 
Helderman-van den Enden et al. 2012). 

 
 

Treatment 
 
The multidisciplinary follow-up tests and therapeutic interventions adopted as a standard 

of care in DMD have been briefly described above, in the sections dedicated to natural history 
and complications; this paragraph will focus on pharmacological therapies aimed at slowing 
the progression of muscular weakness. 

Glucocorticoid therapy is currently the only effective, widely prescribed, and 
commercially available pharmacological therapy in DMD. Dismally, its effect is no more than 
palliative, leading to a stabilization of muscle function in a period of time ranging from 6 
months to 2 years, as summarized in the 2004 Cochrane meta-analysis, updated in 2008 
(Manzur et al. 2004; Manzur et al. 2008). The studies included in the meta-analysis show that 
adverse effects of steroid therapy, mainly weight gain, behavioral disturbances, and 
aggravation of secondary osteoporosis, were generally manageable. There are not yet a 
sufficient number of randomised, double blind placebo-controlled studies to support 
a high-level evidence of a long-term effect of steroids (e.g. prolongation of independent 
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ambulation); one such study was conducted at our Center in Padova (Angelini et al. 1994). 
However, it must be noted that high levels of evidence are seldom reached in rare diseases. 
As assessed by the cited study and other studies, and widely accepted by experts, the order of 
magnitude of the prolongation of independent ambulation with steroids is around 1~2 years 
on average; occasional “responder” patients retain the ability to walk into their late teens, a 
phenomenon which is never observed without treatment (Angelini et al. 2007; Pegoraro et al. 
2011). The most frequently used compounds are prednisone 0.75 mg/kg, daily or on a 10 days 
on/10 days off regimen, and deflazacort 0.9 mg/kg daily. A universally shared consensus on 
the optimum steroid regimen is still missing, although existing evidence suggests a better 
efficacy with continuous regimens rather than with intermittent regimens (Fenichel et al. 
1991) and a lower incidence of some side effects (particularly weight gain) with deflazacort 
(Bonifati et al. 2000). An international NIH funded trial for Finding the Optimum Regimen of 
steroid therapy in DMD (FOR-DMD), comparing in a randomised double-blind fashion the 
three main regimens mentioned above, will start recruiting in late 2012. Steroid therapy also 
seems to exert a beneficial effect on respiratory function, preserving vital capacity and 
delaying the dependence from mechanical ventilation (Daftary et al. 2007; Bach et al. 2010). 
Use of steroids in severe BMD is contemplated in specialized centers, but not supported by 
evidence-based data. 

The mechanisms of action of corticosteroids are manifold and complex, and probably 
involve the modulation of several of the pathogenetic pathways discussed above. Steroids 
interact in a direct ligand-receptor fashion with components of several signal trasduction 
pathways, a mechanism which has been termed “transrepression” and mainly accounts for 
anti-inflammatory effects (e.g. inhibition of NF-B); on the other hand, the activation of the 
glucocorticoid receptor and the subsequent transcriptional up-regulation of several genes, 
which has been termed “transactivation”, is responsible of several adverse effects (Newton 
and Holden, 2007). Inhibition of NF-B would explain an amelioration of DMD pathology by 
reducing several events downstream of this pathway, which include inflammation, oxidative 
stress, and fiber atrophy (Baldwin, 2001; Li et al. 2008). The beneficial effect of deflazacort 
on muscle has been associated with activation of the calcineurin/nuclear factor of activated T-
cells (NF-AT) pathway, whose targets include the up-regulation of utrophin (St-Pierre et al. 
2004). Steroids may enhance the proliferation of myogenic precursor stem cells or myoblasts, 
and thereby increase regeneration, repair and growth in the dystrophic muscle due to their 
anabolic effect (Sklar and Brown, 1991; Pasquini et al. 1995; Anderson et al. 2000). Another 
possible explanation of the beneficial effect of steroids is a reduction in the rate of muscle 
breakdown, mediated by inhibition of proteolysis (Rifai et al. 1995). 

Other treatments capable, or potentially capable of mitigating the damage caused to 
muscle fibers by dystrophin deficiency, such as anti-inflammatory drugs, anti-oxidant drugs, 
enhancers of regeneration, have been mentioned in the paragraph about the corresponding 
physiopathological mechanism. We will now briefly review experimental treatments directed 
to the re-expression (molecular therapies) or delivery (gene therapy) of dystrophin in muscle 
fibers. 

Exon skipping. The goal of this therapeutic approach is to bring out of frame mutations 
back into frame, by the administration of sequence-specific antisense oligonucleotide 
compounds, capable of modulating mRNA splicing. These compounds specifically bind 
splice sites in flanking intronic regions, which become functionally silenced. This leads to the 
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splicing of a mature mRNA transcript lacking a targeted exon (exon skipping). If that exon is 
situated immediately before or after the boundaries of an out-of-frame deletion, the result may 
be the splicing of an internally deleted, but in-frame transcript, which is translated into a 
reduced molecular weight, “BMD-like” dystrophin (Lu et al. 2011; Aartsma-Rus, 2012). 
Several factors support the hope that this approach may be effective (Hoffman et al. 2011): 
antisense oligonucleotide drugs have already been approved and employed for other 
indications, with evidence of a good tolerability; it is not necessary in DMD that the degree of 
functional silencing of the target be close to 100%, as low quantities of dystrophin may be 
sufficient to influence the phenotype (Neri et al. 2007; van Putten et al. 2012); the disease 
itself favours the pharmacokinetics of this kind of drugs, because the increased permeability 
of the sarcolemma permits them to readily diffuse into muscle fibers. After demonstration of 
dystrophin re-expression by exon-skipping in animal models (Mann et al. 2001), these 
compounds have been tested in phase I/II human clinical trials, with evidence of dystrophin 
re-expression in DMD patients by local (van Deutekom et al. 2007; Kinali et al. 2009) and 
systemic (Goemans et al. 2011; Cirak et al. 2011) administration. Further trials are underway 
to better assess efficacy outcomes. Though very promising, the exon-skipping approach 
does have some intrinsic drawbacks: each compound is indicated only in a subgroup of 
deletions (12% or less of the total DMD population for each compound) (Aartsma-Rus, 
2012); the clinical outcome still depends on the characteristics of the deleted protein which is 
produced (DMD is turned into BMD); delivery of antisense nucleotides to the myocardium 
seems problematic (Heemskerk et al. 2009). 

Stop codon readthrough. Pharmacological compounds promoting “stop codon 
readthrough” cause ribosomes to continue translation through a premature termination codons 
(PTCs), while respecting the correct termination codon at the end of the ORF. This is a 
promising approach for about 10~15% of DMD boys, and a minority of BMD patients, who 
carry PTC mutations (Hoffman et al. 2011). The first compound which showed stop codon 
readthrough capabilities was gentamicin; clinical trials with this drug were limited because of 
limited potency and toxicity issues (Malik et al. 2010). A promising drug with a similar 
mechanism of action, but better tolerability, is ataluren, which was able to promote dystrophin 
re-expression in cellular models and in the mdx mouse (Welch et al. 2007). Phase 1-2b 
human trials have had good safety results (Hirawat et al. 2007), while efficacy data are yet 
controversial [http://www.parentprojectmd.org/ site/DocServer/2010-04-16_Final_Summary_ 
of_Ataluren_Data_at_AAN.pdf?docID=9461]. 

Gene therapy. A big obstacle to the delivery of a functional copy of the DMD gene to 
muscle fibers is its sheer size, which makes it difficult to pack into viral vectors, and the huge 
quantity of tissue, about 40% of body weight, which needs to be transfected efficiently 
(Foster et al. 2012)]. Currently experimented strategies for gene therapy include use of 
“microdystrophin” internally deleted genes, delivered by means of adenoviral vectors 
(Athanasopoulos et al. 2004); allogeneic transplantation (through arterial injection) of 
dystrophin-competent mesoangioblast stem cells, capable of differentiating into a myogenic 
line (Sampaolesi et al. 2006); or autologous transplantation of the patient’s mesoangioblasts 
after genetical correction with artificial chromosomes (Tedesco et al. 2011). 
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