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Abstract

Duchenne muscular dystrophy (DMD) is a devastating and ultimately fatal disease characterized

by progressive muscle wasting and weakness. DMD is caused by the absence of a functional

dystrophin protein, which in turn leads to reduced expression and mislocalization of dystrophin-

associated proteins including neuronal nitric oxide (NO) synthase mu (nNOSμ). Disruption of

nNOSμ signaling results in muscle fatigue and unopposed sympathetic vasoconstriction during

exercise, thereby increasing contraction-induced damage in dystrophin-deficient muscles. The loss

of normal nNOSμ signaling during exercise is central to the vascular dysfunction proposed over

40 years ago to be an important pathogenic mechanism in DMD. Recent preclinical studies

focused on circumventing defective nNOSμ signaling in dystrophic skeletal and cardiac muscle by

inhibiting phosphodiesterase 5A (PDE5A) have shown promising results. This review addresses

nNOS signaling in normal and dystrophin-deficient muscles and the potential of PDE5A inhibition

as a therapeutic approach for the treatment of cardiovascular deficits in DMD.
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1 Introduction

The absence of normal neuronal nitric oxide (NO) synthase mu (nNOSμ) signaling in the

muscles of humans and mice is a well-described consequence of the loss of dystrophin, the

primary cause of Duchenne Muscular Dystrophy (DMD). The absence of nNOSμ signaling

impairs blood supply to contracting skeletal muscles, exposing working muscles to

continuous damaging ischemic insult (Thomas et al. 1998; Asai et al. 2007). At present, it is

not possible to selectively increase nNOS expression or activity using a pharmacological

approach, but it is possible to mimic some of the effects of increased nNOS activity, which

increases synthesis of cGMP and cGMP signaling (or circumvent aberrant upstream nNOS

signaling) by inhibiting the activity of downstream cGMP-hydrolyzing phosphodiesterases

(PDEs).

Recent efforts to pharmacologically enhance nNOS-cGMP signaling in dystrophic muscles

have involved the targeted inhibition of PDE5A with sildenafil (Viagra®, Revatio®) or

tadalafil (Cialis®), commonly used to treat erectile dysfunction and pulmonary hypertension.

In the presence of a stimulus of cGMP synthesis such as NO, PDE5A inhibitors block

cGMP breakdown, thereby raising cellular cGMP concentrations in many tissues such as

smooth muscle. Inhibition of PDE5A is a highly attractive therapeutic approach for treating

DMD for at least five reasons. First, there is strong evidence for pronounced vascular

dysfunction in DMD, particularly reduced blood delivery to active muscle (Mendell et al.

1971; Thomas et al. 1998; Sander et al. 2000). Second, in several animal models, PDE5A

inhibition has been shown to provide beneficial effects on skeletal, smooth, and cardiac

muscle tissues (Asai et al. 2007; Khairallah et al. 2008; Reffelmann and Kloner 2009).

Third, the ability to treat all muscle tissues is very important since therapeutic approaches

that correct only skeletal muscle dysfunction increase cardiac workload, which is damaging

to the weakened dystrophic heart (Townsend et al. 2008). Those approaches that fail to

address vascular dysfunction resulting from impaired nNOS signaling in smooth muscle

result in significant unopposed sympathetic vasoconstriction known to exacerbate skeletal

muscle damage (Ito et al. 2006). Fourth, increases in cGMP levels or PDE5A inhibition

confer substantial cardioprotective effects in several animal models including improved

diastolic dysfunction (Takimoto et al. 2005; Das et al. 2008; Reffelmann and Kloner 2009).

This is an important consideration since existing treatments for DMD-associated

cardiomyopathy, including angiotensin-converting enzyme (ACE) inhibitors and β-

adrenergic blockade, predominantly address systolic, but not the diastolic dysfunction in

DMD patients (Markham et al. 2006). Fifth, an obvious practical advantage is the

availability of FDA-approved, potent and highly selective PDE5A inhibitors that include

Viagra®/ Revatio® (sildenafil), Levitra® (vardenafil), and Cialis® (tadalafil). These drugs

have already been extensively tested in normal adults, while sildenafil has also been tested

in children. Thus, testing of safety and efficacy in DMD and other muscular dystrophies in

humans could occur quite quickly, which is an important consideration for a rapidly

progressing and invariably fatal disease. Before discussing studies of the impact of PDE5A

inhibition on the dystrophic pathology of the mdx mouse model of DMD, we first briefly

outline what is known about the function of nNOS-derived NO-signaling pathways in

normal and dystrophin-deficient muscles.
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2 nNOS Signaling in Skeletal Muscle

The free radical gas NO is indispensable for normal muscle health and exercise

performance. In skeletal muscle, neuronal nitric oxide synthase (nNOS) isozymes are the

predominant sources of NO. nNOS isozymes are Ca2+/calmodulin-regulated, heme-

containing flavoproteins that synthesize gaseous NO from L-arginine, in an NADPH and

O2-dependent manner (Bredt and Snyder 1990; Stuehr et al. 2004). Skeletal muscles express

at least two alternatively spliced forms of nNOS called nNOSμ and nNOSβ (Silvagno et al.

1996; Percival et al. 2010; Fig. 1). nNOSμ is localized to the sarcolemmal and to an

undefined cytosolic compartment, whereas nNOSβ is localized to the Golgi complex

(Brenman et al. 1995, 1996; Thomas et al. 2003; Percival et al. 2010; Fig. 1). nNOSμ

contains an amino terminal PDZ (PSD-95, discs-large, ZO-1) domain and an internal short

sequence (mu insert) of unknown function, while nNOSβ lacks both the PDZ domain and

the mu insert. Instead, nNOSβ contains a short unique amino terminal sequence that is a

putative Golgi-targeting motif. Thus, exon choice at the amino terminus appears to regulate

the differential targeting of these two nNOS isozymes. Sarcolemmal localization of nNOSμ

requires the correct expression and localization of dystrophin, α-syntrophin, and α-

dystrobrevin (Brenman et al. 1995, 1996; Adams et al. 2000), all of which are members of

the dystrophin glycoprotein complex (DGC). Thus, skeletal muscle has at least two NO-

signaling compartments defined by the localization of the two NOS isoenzymes to either the

subsarcolemmal space or Golgi membranes.

While nNOSμ and nNOSβ are differentially localized, they both synthesize NO, which

exerts its regulatory effects through cGMP-dependent and cGMP-independent pathways.

cGMP (guanosine 3′:5′-cyclic monophosphate) is an important second messenger produced

by the NO receptor, soluble guanylyl cyclase (sGC) (Mergia et al. 2009). NO binds at

multiple sites including the critical heme group within sGC, stimulating it to convert

guanosine triphosphate (GTP) into cGMP. In turn, cGMP binds and activates downstream

effectors including: cGMP-dependent protein kinases (PKG, also known as cGK), cyclic

nucleotide-gated (CNG) channels, and cGMP-regulated PDEs (Hofmann et al. 2009; Craven

and Zagotta 2006; Bender and Beavo 2006). In skeletal muscle, sGC and PKG isoforms are

localized to the Golgi complex (Percival et al. 2010; Fig. 1). PKG is also localized to the

neuromuscular junction (Chao et al. 1997). NO can also act through cGMP-independent

pathways by directly reacting with thiol residues of cysteine groups. This NO-based

posttranslational modification, known as S-nitrosylation, is also an important signal

transduction mechanism. For example, the activity of skeletal muscle RyR1, the ryanodine

Ca2+ release channel, is positively regulated by nitrosylation (Eu et al. 2000, Fig. 1).

Therefore, in skeletal muscle, nNOS-synthesized NO signals can be propagated through

both cGMP-dependent and cGMP-independent mechanisms.

Rapid modulation of NO-cGMP signaling is mediated both by the rate of cGMP synthesis

and by cGMP degradation by cGMP-PDEs. Several different PDEs are able to hydrolyze

cGMP including PDEs 1, 2, 3, 5, 6, 9, and 11. cGMP-specific PDEs, such as PDE5A,

hydrolyze only cGMP, thereby decreasing the cellular levels of cGMP (Bender and Beavo

2006; Fig. 1). Inhibition of these cGMP-hydrolyzing PDEs can raise cGMP levels and

effectively amplify the upstream NO signal. One of the most studied cGMP-PDEs is
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PDE5A, which is predominantly expressed in the vascular smooth muscle cells (VSMCs) of

most vascular beds, fibroblasts, and myofibroblasts (Wallis et al. 1999). PDE5A-mediated

cGMP degradation promotes smooth muscle contraction with concomitant blood vessel

constriction. Active PDE5A is also expressed in skeletal muscle homogenates and cell lines

including C2C12 myoblasts and myotubes (Bloom 2002; unpublished observations).

Although PDE5A expression in cardiomyocytes has been reported, this issue is contentious

since others contend there is no significant PDE5A expression or activity in these cells

(Senzaki et al. 2001; Takimoto et al. 2005; Reffelmann and Kloner 2009; Lukowski et al.

2010). Thus, PDE5A is expressed in skeletal and smooth muscles and perhaps at very low

levels in cardiomyocytes. nNOS is also expressed in VSMCs and cardiomyocytes (Xu et al.

1999; Ward et al. 2005). In VSMCs, nNOS promotes smooth muscle relaxation and blood

vessel dilation, particularly during chronic hypoxia (Ward et al. 2005). It is clear that

skeletal, cardiac, and smooth muscle cells possess the necessary molecular machinery for

localized nNOS-cGMP signaling (Fig. 1). Importantly, inhibition of PDE5 activity provides

a general approach to amplify nNOS-mediated signal transduction, or to broadly enhance

NO-cGMP signaling activity, particularly in smooth muscle cells.

Recent studies of NO signaling in skeletal muscle have provided new insights into nNOS

function. nNOSμ participates in pathways that regulate (1) contraction-induced glucose

uptake and glucose homeostasis, (2) muscle mass and atrophy (3) mitochondrial integrity (4)

susceptibility to fatigue (5) postexercise strength (6) exaggerated exercise-induced

inactivity, (7) and blood delivery during exercise (Thomas et al. 1998; Firestein and Bredt

1999; McConell and Wadley 2008; Suzuki et al. 2007; Percival et al. 2008, 2010; Kobayashi

et al. 2008; Wehling-Henricks et al. 2009). Therefore, nNOSμ appears to control

physiological pathways that collectively regulate metabolic energy flux, particularly during

muscle contraction. These roles also support the proposition that muscle nNOSμ function is

most important under conditions of physiological stress, particularly prolonged inactivity or

exercise. In agreement with this proposition, the muscles of trained athletes express higher

levels of nNOSμ, while nNOSμ levels are lower in less active or sedentary muscles and

often absent in myopathic muscles; therefore, establishing a close relationship between

nNOSμ expression and muscle activity (Brenman et al. 1995; Chang et al. 1996; Chao et al.

1996; Crosbie et al. 2002; McConell et al. 2007; Suzuki et al. 2007; Kobayashi et al. 2008).

The exercise performance of muscle is highly dependent on oxygen supply. Perhaps, the

best studied function of nNOSμ is its ability to attenuate resistance vessel vasoconstriction,

matching oxygen delivery with demand during muscle contraction (Thomas and Victor

1998; Thomas et al. 1998, 2003). The localization of nNOSμ to the sarcolemma is critical

for this vasomodulatory function and cannot be compensated for by cytoplasmic nNOSμ or

Golgi nNOSβ (Thomas et al. 2003; Percival et al. 2010). Taken together, these data

demonstrate a role for nNOSμ in regulating oxygen delivery during muscle contraction and

strongly support a role for nNOSμ in regulating the exercise performance of skeletal muscle.

3 nNOS Signaling in Cardiac Muscle

As in skeletal muscle, nNOSμ-synthesized NO in the heart has emerged as an important

autocrine regulator of cardiomyocyte contractility and coronary blood flow (Barouch et al.
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2002; Sears et al. 2003; Zhang et al. 2008; Seddon et al. 2009, Fig. 1). Cardiac nNOSμ plays

an essential role in promoting relaxation of the myocardium and may do so via the

regulation of Ca2+ flux. For example, nNOSμ-derived NO decreases inward Ca2+ movement

(thereby reducing basal contractility) by negatively regulating the activity of the L-type Ca2+

channel (Sears et al. 2003). However, in contrast to its distribution in skeletal muscle,

nNOSμ is primarily localized to the sarcoplasmic reticulum in cardiac myocytes in a

complex with the ryanodine receptor Ca2+-release channel (RyR2), suggesting tissue-

specific differences in nNOSμ function in excitation-contraction coupling (Xu et al. 1999;

Sears et al. 2003; Fig. 1). Cardiac nNOSμ is thought to serve a cardioprotective role under

conditions of pathophysiological stress. For example, nNOSμ translocation to the

sarcolemma occurs during myocardial infarction and heart failure, where it blunts β-

adrenergic signaling and reduces cardiac contractility (Bendall et al. 2004). Additional

support for a cardioprotective role comes from findings that nNOSμ depletion exacerbates

maladaptive cardiac remodeling following myocardial infarction (Saraiva et al. 2005). These

data strongly support an important role for nNOSμ in the regulation of cardiomyocyte

contractility and Ca2+ flux, functions that are protective in a pathophysiologically distressed

heart.

4 Skeletal Muscle Pathogenesis in Duchenne Muscular Dystrophy

Skeletal muscle nNOSμ expression, localization, and signaling are severely disrupted in

DMD, an X-linked muscle wasting disease that occurs in 1 in every 3,600–6,000 live male

births (Davies and Nowak 2006; Bushby et al. 2009). DMD patients exhibit elevated serum

creatine kinase activity levels (due to increased sarcolemmal permeability) and progressive

muscle wasting and weakness leading to loss of ambulation by 12 years of age (Davies and

Nowak 2006). Voluntary limb and trunk muscles are initially affected, followed by

respiratory and cardiac muscle involvement. DMD results predominantly from frame shift

mutations in the gene encoding dystrophin (Hoffman et al. 1987).

Dystrophin is a 427 kDa rod-shaped actin-binding protein that resides at the cytoplasmic

face of the sarcolemma (Hoffman et al. 1987; Koenig et al. 1988). It is the namesake of the

DGC (dystrophin glycoprotein complex), a multiprotein complex that links the extracellular

basal lamina with the intracellular γ-actin microfilament system (Ervasti and Campbell

1993). Dystrophin stabilizes myofibers against mechanical forces generated during muscle

contraction (Ervasti 2007). The DGC appears to have a mechanotransduction role whereby

dystrophin is necessary for inhibition of stretch-activated Ca2+ channel activity

(Vandebrouck et al. 2001). As mentioned above, dystrophin also serves as a scaffold on

which signaling molecules are localized primarily by the adaptor protein α-syntrophin

(Percival et al. 2006). nNOSμ is the best characterized ligand of α-syntrophin (Brenman et

al. 1996; Kameya et al. 1999; Adams et al. 2000). The mode of nNOSμ binding to α-

syntrophin leaves the PDZ domain of nNOSμ free to bind other proteins including

phosphofructokinase (Brenman et al. 1996; Hillier et al. 1999; Firestein and Bredt 1999;

Adams et al. 2001). Dystrophin deficiency leads to the loss of α-syntrophin and nNOSμ

from the DGC. Mislocalized nNOSμ fails to override exercise-induced sympathetic

vasoconstriction (Thomas et al. 2003). Thus, the loss of dystrophin simultaneously impacts
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muscle structural integrity and uncouples contraction-induced signaling, including NO-

mediated signal transduction.

Disruption of nNOSμ expression and signaling occurs not only in DMD, but also in other

myopathies, including: Becker Muscular Dystrophy (also from less pathogenic mutations of

dystrophin), Limb Girdle Muscular Dystrophies 2C, 2D, and 2E (resulting from mutations of

γ-, α-, and β-sarcoglycan, respectively), and Ulrich Congenital Muscular Dystrophy

(collagen VI mutation) (Brenman et al. 1995; Chang et al. 1996; Chao et al. 1996; Crosbie et

al. 2002; Kobayashi et al. 2008). These myopathies are all characterized by the absence of

sarcolemmal nNOSμ protein expression, whereas both cytosolic and sarcolemmal nNOSμ

expression are substantially reduced (≥80%) in dystrophin-deficient muscles (Chang et al.

1996). Thus, dystrophin is necessary for the normal expression and localization of nNOSμ.

The mechanisms by which nNOSμ signaling is disrupted remain to be determined in other

myopathies. In summary, it is clear that nNOS signaling abnormalities are common to a

broad spectrum of muscle diseases.

In addition to the dysregulation of nNOSμ, many other proteins and pathways are

deregulated in dystrophin-deficient muscle. The loss of dystrophin increases muscle

instability and permeability, reflected by excessive Ca2+ influx. In turn, Ca2+ overload leads

to activation of proteases and mitochondrial dysfunction causing muscle necrosis and cycles

of muscle cell degeneration and regeneration (Davies and Nowak 2006). Regeneration is

easily observed histologically as clusters of centrally nucleated fibers. Muscle breakdown is

accompanied by infiltration of inflammatory cells, particularly macrophages. Initially, the

regenerative capacity of dystrophin-deficient muscle keeps pace with degeneration, but is

soon exhausted and myofibers are gradually replaced by adipose and fibrous connective

tissue (Davies and Nowak 2006).

Corticosteroid treatment, despite significant side effects and limited efficacy, is the mainstay

therapy for the preservation of skeletal muscle function in DMD (Manzur et al. 2008). Death

typically ensues in the third decade of life with 75% of DMD patients dying from respiratory

failure while the remainder succumbs to heart failure (Finsterer and Stöllberger 2003).

However, the incidence and severity of cardiac dysfunction are on the rise because of

improvements in noninvasive ventilatory support (Eagle et al. 2007). Better understanding

of the cascade of pathological changes in dystrophin-deficient muscles is necessary to

identify new targets for therapeutic pharmacological intervention in the short term.

The effects of dystrophin-deficiency have been extensively studied in the mdx mouse, an

animal model for DMD. As is the case in humans, mdx mice exhibit significant skeletal

muscle weakness, susceptibility to fatigue, exercise intolerance, shorter lifespan, elevated

serum creatine kinase activity, widespread muscle degeneration and regeneration, muscle

necrosis, Ca2+ overload, fibrosis, and inflammation (Stedman et al. 1991; Davies and

Nowak 2006; Chamberlain et al. 2007; Willmann et al. 2009). Dystrophin-deficient mdx

myofibers exhibit a characteristic susceptibility to lengthening contraction that may result

from inappropriate stretch-activated Ca2+ channel activity (Petrof et al. 1993; Dellorusso et

al. 2001; Whitehead et al. 2006). The diaphragm muscle in mdx mice best recapitulates the

pathology observed in the skeletal muscles from DMD patients (Stedman et al. 1991).
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However, mice are less affected by the absence of dystrophin than humans and exhibit a

slower and milder disease progression. Highly effective compensatory mechanisms are

clearly at play in dystrophin-deficient tissues of mdx mice. Increased expression of utrophin,

a functional paralogue of dystrophin, is thought to play a significant compensatory role

(Davies and Nowak 2006). Overall, however, mdx mice represent a useful model for

investigating dystrophic pathology and for evaluating the efficacy of experimental

treatments.

5 Cardiac Muscle Pathogenesis in Duchenne Muscular Dystrophy

Like skeletal muscle, cardiac muscle is also severely affected by the loss of dystrophin with

cardiomyopathy beginning early in DMD patients. Left ventricle (LV) dysfunction is readily

detectable in patients in their teens. By 18 years of age, clinically relevant symptoms of

cardiomyopathy are evident in 90% of patients (Chenard et al. 1993; de Kermadec et al.

1994; Finsterer and Stöllberger 2003). Substantial improvements in noninvasive respiratory

support have extended patient longevity, but are accompanied by increased incidence of

severe cardiac dysfunction (Eagle et al. 2007). This has necessarily led to an upturn in the

management of cardiac dysfunction that now predominates in the late stages of DMD.

In contrast to skeletal muscle, the impact of dystrophin-deficiency on cardiac function in

humans has received much less attention. Over time, a DMD-associated dilated

cardiomyopathy (DCM) can develops as a consequence of the absence of dystrophin from

the heart (Finsterer and Stöllberger 2003). Similar to skeletal muscle, the absence of

dystrophin in the cardiomyocyte enhances membrane permeability leading to Ca2+ overload.

Pathologically, high intracellular Ca2+ concentrations result in excessive protease activity

and impair mitochondrial oxidative phosphorylation, causing widespread cardiomyocyte

necrosis. Cardiomyocyte death results in inflammation and extensive fibrosis, particularly of

the LV wall, reducing ventricular compliance and diastolic function (Moriuchi et al. 1993;

Frankel and Rosser 1976). Atrial and ventricular chamber walls stretch and thin out due to

cardiomyocyte death, leading to chamber dilation. As a result, both systolic and diastolic

function of the dystrophin-deficient heart is impaired. Eventually, DCM develops into

congestive heart failure. DCM may be associated with arrhythmias and other electrical

impulse conduction defects that also contribute to cardiac dysfunction (Finsterer and

Stöllberger 2003; Thrush et al. 2009). Sinus tachycardia (abnormally fast heart rate) is a

prevalent arrhythmia in DMD. Short PR intervals, tall R waves, and prominent Q waves are

also common impulse conduction abnormalities (Finsterer and Stöllberger 2003; Thrush et

al. 2009).

In the clinic, ACE inhibitors and β-adrenergic blockade provide the mainstay of therapeutic

intervention in DMD (Finsterer and Stöllberger 2003). While these interventions are often

effective for enhancing systolic function in DMD hearts, diastolic dysfunction is left largely

unaddressed. This is an important point relevant to the potential utility of PDE5A inhibitors

in treating DMD-associated DCM since sildenafil, currently used to treat erectile

dysfunction and pulmonary hypertension, will be tested in large clinical study for efficacy in

treating diastolic dysfunction in heart failure (ClinicalTrials.gov Identifier: NCT00781508).

Despite current interventions, DMD deaths from cardiac failure are on the rise and
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according to some estimates, death from congestive heart failure and/or arrhythmias can

account for 20–50% of deaths in DMD (Finsterer and Stöllberger 2003; Ishikawa et al.

1999). Thus, dystrophin-deficiency has serious negative consequences for cardiac as well as

skeletal muscle function.

Unlike skeletal muscle, the role of nNOS in the dystrophic heart has not been investigated in

humans. Also, studies of NO-cGMP signaling in mdx mouse hearts are limited. Knowledge

of the NOS-signaling pathway activity in dystrophy is very important from a therapeutic

standpoint, since NO is required for many of the cardioprotective effects of sildenafil

(Nagayama et al. 2008). In the absence of NO, sGC may not be sufficiently active and,

consequently, fails to produce physiologically sufficient amounts of cGMP, rendering the

inhibition of cGMP-hydrolyzing PDEs therapeutically ineffective (Fernhoff et al. 2009).

nNOS activity, but not nNOS protein expression, is inhibited in dystrophin-deficient cardiac

muscle. Cardiac nNOSμ levels appear unaffected by dystrophin-deficiency, despite a

significant reduction in nNOSμ activity (Bia et al. 1999; Wehling-Henricks et al. 2005). The

activity of endothelial NO synthase (eNOS), the other NO-generating enzyme in

cardiomyocytes, is unaffected by the absence of dystrophin (Bia et al. 1999). Elevated

expression of atrial natriuretic peptide (the ligand for the transmembrane guanylyl cyclase

ANP receptor A [NPR-A]) mRNA in mdx hearts is consistent with deficits in cGMP

signaling in dystrophic cardiac tissue (Khairallah et al. 2007) and suggests that increased

ANP pathway activity may be a compensatory mechanism in the mdx heart.

Although the impact of dystrophin-deficiency on cardiac function has received less attention

than in skeletal muscles, it is clear that mdx mice develop a less severe, but pronounced

cardiomyopathy compared with humans. Two important distinctions between mdx and DMD

hearts are that ventricular fibrosis is less extensive and chamber dilation is not pronounced

in murine mdx hearts (Quinlan et al. 2004; Wehling-Henricks et al. 2005; Spurney et al.

2008). The reasons for these differences are unknown. However, as in humans, the absence

of dystrophin initiates a similar cascade of pathological events that leads to increased

membrane permeability and Ca2+ overload, culminating in cardiomyocyte necrosis and

death. Increased cardiomyocyte death likely results in part from an increased susceptibility

to contraction-induced damage (Danialou et al. 2001). The predisposition of dystrophin-

deficient cardiomyocytes to necrosis and mechanical stress results in significant contractile

dysfunction.

Early mdx mouse studies suggested that cardiomyopathy could only be detected around 8

months of age (Quinlan et al. 2004). However, recent studies have demonstrated cardiac

dysfunction including LV systolic and diastolic dysfunction in mice as young as 8–10 weeks

of age (Danialou et al. 2001; Wu et al. 2008; Khairallah et al. 2007). Cardiac dysfunction is

not evident from noninvasive in vivo analysis at these young ages, suggesting compensatory

mechanisms in vivo. These findings are consistent with the progression of DCM in DMD

patients, where early cardiomyopathy goes largely unnoticed, only becoming clinically

symptomatic in the second decade of life. Hearts from 9- to 10-month-old mdx mice exhibit

marked systolic dysfunction and pathological LV remodeling (Quinlan et al. 2004; Spurney

et al. 2008). Also, myocardial performance index (MPI) is significantly increased, indicative
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of increased cardiac dysfunction (Spurney et al. 2008). Thus, collectively, these data

indicate pronounced left ventricular dysfunction in mdx hearts.

As observed in humans, contractile dysfunction is often accompanied by arrhythmias and

abnormal electrical impulse conduction. Electrocardiographic studies reveal that mdx and

DMD hearts exhibit similar aberrant impulse interval characteristics including deep Q

waves, a decreased S:R wave ratio, polyphasic R waves, shortened PR interval and QTc

intervals and cardiac arrhythmias, such as premature ventricular contractions (Chu et al.

2002; Wehling-Henricks et al. 2005; Bostick et al. 2009). In summary, dystrophin-

deficiency negatively affects cardiomyocyte survival and function in mdx mice.

Furthermore, mdx hearts recapitulate key features of cardiomyopathy in DMD hearts

including cardiomyocyte necrosis, susceptibility to mechanical stress, diastolic dysfunction,

systolic dysfunction, and impulse propagation defects.

6 Vascular Dysfunction Contributes to the Pathogenesis of DMD

While research in DMD has primarily focused on dystrophin function in skeletal muscle

and, to a lesser extent, cardiac muscle, smooth muscle dysfunction may also play a role in

the dystrophic phenotype. Both dystrophin and nNOSμ are expressed in VSMCs (Ward et al.

2005; Ito et al. 2006; Fig. 1). Indeed, abnormalities in smooth muscle in mdx mice appear to

contribute to the dystrophic phenotype, for example, by impairing blood supply during

exercise (Ito et al. 2006). This is particularly relevant to the therapeutic utility of PDE5

inhibitors in dystrophy because PDE5A is highly expressed in VSMCs in the vascular beds

of the circulatory system; thus, any consideration of the effects of systemic PDE5A

inhibition on mdx pathology must also consider any potential impact on VSMC function

(Wallis et al. 1999). Furthermore, vascular dysfunction has long been suspected to

contribute to the dystrophic pathology of DMD (Mendell et al. 1971).

Evidence of vascular dysfunction, specifically small clusters of necrotic fibers, was first

observed in skeletal muscle biopsies from DMD patients over 40 years ago. This muscle

pathology could be recapitulated by vascular obstruction, suggesting that muscle necrosis

could result from defects in a shared blood vessel. This reasoning formed the basis for the

vascular hypothesis proposed by Engel and coworkers that stated that skeletal muscle

microcirculation dysfunction could account for the pathogenesis of DMD (Mendell et al.

1971). This hypothesis was largely abandoned when no structural abnormalities of the

vasculature were found (Jerusalem et al. 1974). However, the vascular theory was revisited

when Victor and coworkers demonstrated that α-adrenergic receptor-mediated sympathetic

vasoconstriction was unopposed in the exercising hind limbs of mdx and KN1 (nNOS

knockout 1) mice and contracting forearms of DMD patients (Thomas et al. 1998; Sander et

al. 2000). Thus, during exercise, dystrophin-deficient muscles lacking sarcolemmal nNOSμ

would be subjected to repeated rounds of ischemia (functional ischemia) causing myofiber

damage in dystrophin-deficient muscles and contributing to the profound exercise

intolerance observed in DMD patients. The loss of nNOSμ targeting provides a mechanism

for the vascular dysfunction observed in dystrophin-deficient muscle.
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Direct evidence that reduced blood flow in postcontraction muscles played a primary role in

the disease pathogenesis came from in vivo microscopy studies. Pretreatment of dystrophic

mdx sternomastoid muscle with the NO donor SNAP (S-nitroso-N-acetylpenicillamine), or

the cGMP analog 8-CPT-cGMP (8-chlorophenylthio-cGMP) reversed the ischemic effects

of primary arteriole constriction and prevented contraction-induced myofiber damage (Asai

et al. 2007). This study provided proof of principle that pharmacological augmentation of

NO-cGMP signaling to increase blood supply to active muscles can reduce postexercise

muscle damage. The key role of sarcolemmal nNOSμ in preventing ischemic damage in

dystrophic muscle was later confirmed by a study of the therapeutic capability of a ΔH2-R15

minidystrophin cDNA that could restore sarcolemmal nNOSμ expression in mdx mice (Lai

et al. 2009). Sarcolemmal nNOSμ expression restored the ability of mdx muscle to oppose

exercise-induced sympathetic vasoconstriction, prevented contraction-induced fiber

degeneration and macrophage infiltration and improved exercise performance (Lai et al.

2009). Thus, contraction-induced sarcolemmal nNOSμ-derived NO signaling to the VSMC

of adjacent resistance vessels plays an important role in preserving skeletal muscle integrity.

While the importance of contraction-triggered paracrine signaling from skeletal muscle

nNOSμ-synthesized NO to the adjacent vasculature is apparent, dystrophin-associated nNOS

in VSMC of blood vessels may also facilitate opposition to sympathetic vasoconstriction

during exercise (Fig. 1). In mdx mice, the loss of dystrophin leads to the reduction of nNOSμ

isoenzyme expression in both skeletal and vascular smooth muscle (Ito et al. 2006). It is not

clear whether the nNOS isozyme in question is nNOSμ or nNOSα since both may be

expressed in VSMCs (Boulanger et al. 1998; Ward et al. 2005). Nevertheless, increased

smooth muscle specific-expression of dystrophin in mdx mice restored nNOS protein

expression and provided an intermediate level of inhibition of vasoconstriction during

contraction (Ito et al. 2006). Smooth muscle-specific dystrophin expression in mdx mice

reduced serum CK levels, indicating decreased myofiber permeability (Ito et al. 2006).

Unlike the paracrine action of sarcolemmal nNOSμ-derived NO on adjacent blood vessels,

VSMC nNOS-derived NO acts in an autocrine fashion to promote smooth muscle cGMP-

dependent relaxation and vasodilation. Together, these data suggest that aberrant nNOS

signaling in VSMCs can also contribute to the microvascular dysfunction and dystrophic

pathology by increasing myofiber permeability and susceptibility to ischemic damage during

exercise. Thus, the vascular dysfunction in mdx mice likely results from simultaneous

disruption of nNOS isozyme expression and signaling in both skeletal and smooth muscle.

7 Augmentation of Nitric Oxide Signaling in mdx Mice

The observations that nNOSμ signaling is disrupted in dystrophin-deficient skeletal, cardiac,

and smooth muscle cells, combined with abnormal nNOS and cGMP signaling in

dystrophin-deficient cardiac muscles, provides a compelling rationale for the use of

approaches that enhance nNOS signaling to treat dystrophinopathies. To date, such

approaches have used exogenous sources of NO to enhance NO signaling, such as NO

synthase transgenes or NO donors. Other approaches have focused on modulating

downstream effector activity, specifically by inhibiting PDE5A activity to enhance cGMP

levels that normally result from NO-mediated activation of sGC.
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Targeting nNOS signaling pathways has proved efficacious for reducing muscle damage and

improving exercise performance in the mdx mouse model of DMD. Reengineering of

conventional minidystrophin gene therapy cassettes to restore sarcolemmal nNOSμ

expression provides significant additional improvements over conventional microdystrophin

cassettes, including enhanced vasomodulation, exercise performance, and resistance to

exercise-induced muscle damage (Lai et al. 2009). Thus, the ability to restore sarcolemmal

nNOSμ expression substantially improves gene therapy-based intervention in mdx mice.

These data are consistent with reduced contraction-induced myofiber damage observed after

the application of NO donors (Asai et al. 2007). Cytosolic expression of an nNOSα

transgene reduced muscle damage without affecting membrane permeability in adult mdx

mice (Wehling et al. 2001). Substantial reductions in macrophages densities and cytolytic

activity were observed, suggesting that the anti-inflammatory properties of NO were

responsible for the reduction in muscle damage (Wehling et al. 2001). In agreement with

this proposal, a compensatory increase in utrophin expression was not observed (Tidball and

Wehling-Henricks 2004). Transduction of mdx skeletal muscles by adenovirus carrying a

constitutively active eNOS gene also improved dystrophic pathology and increased

myofiber size by upregulating follistatin expression (Colussi et al. 2008). Histone

deacetylase 2 (HDAC 2) inhibition by NO-dependent S-nitrosylation is responsible for the

anti-dystrophic impact of increased cytosolic NO, highlighting a novel link between NO

signaling and chromatin remodeling in dystrophic skeletal muscle (Colussi et al. 2008).

These findings provide evidence that NO can also exert beneficial effects on dystrophic

muscle through cGMP-independent pathways. Taken together, these studies provide a

compelling rationale for the potential therapeutic utility of increasing NO-cGMP signaling

in dystrophin-deficient tissues.

As in skeletal muscle, cardioprotective effects of increased NO concentrations have been

reported in mdx cardiac muscle. Cardiomyocyte-specific expression of a nNOSα transgene

in mdx mice significantly reduced interstitial fibrosis (Wehling-Henricks et al. 2005).

Interestingly, ectopic expression of nNOSα in mdx hearts (nNOSα is not normally expressed

in cardiomyocytes) corrected common impulse conduction defects including deep Q waves,

a decreased S:R wave ratio, polyphasic R waves and shortened PR interval, as well as

preventing cardiac arrhythmias, such as premature ventricular contractions (Wehling-

Henricks et al. 2005). Thus, increased cardiomyocyte NO levels can improve prominent

features of cardiac dystrophic pathology in mdx mice.

Not only are increases in NO concentrations cardioprotective, but increases in cGMP

concentrations are also cardioprotective in mdx hearts (Khairallah et al. 2008). Indeed,

cardiomyocyte-specific expression of constitutively active NPR-A (atrial natriuretic peptide

receptor A guanylyl cyclase), a plasma membrane-associated guanylyl cyclase, reduced

cardiomyopathy in mdx hearts (Khairallah et al. 2008). The NPR-A transgene-mediated an

increase in cGMP in dystrophin-deficient cardiomyocytes improved cardiomyocyte

viability, blunted the progressive increase in LV end diastolic pressure (preload), and

increased the cardiac power two-fold, but did not protect mdx hearts against contraction-

induced damage (Khairallah et al. 2008). These data demonstrated that chronic increases in

cardiomyocyte cGMP levels could reduce cardiac dysfunction in mdx mice. In summary, as
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observed in skeletal muscle, several different approaches indicate that enhanced NO-cGMP

signaling has potent antidystrophic effects in dystrophin-deficient hearts.

8 Use of PDE5A Inhibitors to Amplify cGMP Signaling in mdx Mice

As described above, one of the consequences of NO signaling is an increase in sGC activity,

with a concomitant increase in cytosolic cGMP. While it is not possible to selectively

increase nNOS expression or activity using a pharmacological approach, it is possible to

enhance NO signal transduction by inhibiting the activity of cGMP-hydrolyzing PDEs, such

as PDE5A, thus raising cytosolic cGMP. Three studies of the impact of PDE5A inhibition

on the dystrophic pathology of cardiac and skeletal muscle in the mdx mouse model of DMD

have been reported and will now be summarized.

In one published study of the cardiac effects of sildenafil-mediated inhibition of PDE5A in

mdx mice, Khairallah and coworkers reported that sildenafil administered daily by

intraperitoneal injection over 6 weeks (0.7 mg/kg/day) enabled mdx hearts to sustain a

higher heart rate in response to increased workload (Khairallah et al. 2008). Sildenafil

significantly reduced Evan’s Blue dye uptake in mdx cardiomyocytes, indicative of reduced

membrane permeability and suggestive of decreased susceptibility to contraction-induced

damage (Khairallah et al. 2008). Sildenafil also decreased sgca1 (α1 subunit of sGC) and

Anf (atrial natriuretic factor) transcript expression, suggesting that inhibition of PDE5A

improved upstream cGMP signaling and decreased early pathological remodeling in mdx

hearts, respectively. Cardioprotective effects were not due to utrophin upregulation.

In parallel independent studies, we have found that sildenafil confers significant

cardioprotection to old mdx hearts (Adamo et al. 2010). Twelve-month-old mdx mice exhibit

significant LV dysfunction, as indicated by a higher than normal MPI measured by

echocardiography (Spurney et al. 2008; Adamo et al. 2010, Fig. 2). Treatment of 12-month-

old mdx mice for 3 months with sildenafil in their drinking water significantly reduces MPI

to wild-type levels (Adamo et al. 2010, Fig. 2). Thus, sildenafil can reverse established left

ventricle dysfunction, even in aged mdx mice. These data suggest that older DMD patients

with established cardiomyopathy may benefit from PDE5A inhibition.

Since cardiomyocytes express very little or no PDE5A, the question remains as to how

PDE5A inhibition reduces cardiac pathology and dysfunction in the mdx heart (Takimoto et

al. 2005; Lukowski et al. 2010). PDE5A protein expression may be higher in mdx

cardiomyocytes, but at present it is unknown whether PDE5A levels or action are affected

by the loss of dystrophin. Sildenafil may exert some of its cardioprotective effects by

inhibiting PDE5A activity in VSMC of the systemic or cardiac vasculature. In addition, off-

target effects of sildenafil on PDE1C could contribute to cardiomyocyte-specific effects of

sildenafil. Like PDE5A, PDE1C can hydrolyze cGMP. But unlike PDE5A, PDE1C is found

in abundance in cardiomyocytes (Bender and Beavo 2006). High nanomolar concentrations

of sildenafil can inhibit PDE1C activity; therefore, inhibition of PDE1C could also account

for some of the cardioprotective effects of sildenafil (Lukowski et al. 2010; Vandeput et al.

2009). Nonetheless, it is clear that increasing cGMP levels sildenafil treatment reduces

cardiac pathology and dysfunction in mdx hearts (Khairallah et al. 2008). On the basis of
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these findings, Khairallah and coworkers proposed that upregulation of cGMP by PDE5

inhibition should be explored as a new therapeutic approach to treating DMD.

The impact of PDE5 inhibition on contraction-induced muscle damage during ischemic

exercise has also been investigated in mdx mice (Asai et al. 2007). Restoration of

postcontraction blood flow to the sternomastoid muscle in situ was achieved by acute

application of the PDE5 inhibitor, tadalafil. Tadalafil treatment reversed the ischemia and

reduced contraction-induced lesions and myofiber death. Pregnant mice were administered

tadalafil in their drinking water (1 mg tadalafil per 100 mL); thus, pups had received

tadalafil in utero and then also received tadalafil in their drinking water until 4 weeks of age

(Asai et al. 2007). Treated hind limb and respiratory skeletal muscles exhibited reduced

muscle necrosis and fibrosis (Asai et al. 2007). In addition, treated mdx muscles also

exhibited decreased variability in myofiber size and a reduction in regenerating centrally

nucleated myofibers, suggesting that tadalafil decreased muscle degeneration.

Taken together, these data suggest that tadalafil-mediated inhibition of PDE5A was

sufficient to restore blood supply to muscles after exercise and significantly reduced

contraction-induced damage in the dystrophin-deficient skeletal muscles. Like the heart,

PDE5A inhibition resulted in less contraction-induced damage in mdx muscles. The work of

Asai and coworkers supports the proposition that vascular therapy with PDE5A inhibitors

may be of therapeutic benefit to DMD patients.

Consistent with findings that mdx myofibers in situ experience excessive contraction-

induced damage under ischemic conditions, mdx mice exhibit marked cage inactivity after

mild treadmill exercise (Kobayashi et al. 2008). KN1 (nNOS knockout 1) mice also

exhibited the same postexercise inactivity, suggesting to the authors that loss of skeletal

muscle sarcolemmal nNOSμ was responsible. This postexercise decrease in cage activity is

thought to be analogous to the exaggerated fatigue response to mild exercise observed in

patients with neuromuscular diseases such as DMD.

To test the impact of improved postcontraction blood flow on postexercise cage activity,

Kobayashi and coworkers treated mdx and KN1 mice acutely with tadalafil or sildenafil.

Sildenafil (300 mg/kg/day) was administered in the food, while tadalafil (300 mg/kg/day)

was administered directly by gavage. Both inhibitors were administered the day before and

on the day of exercise testing. PDE5A inhibition substantially increased perfusion of the

mdx hind limb with blood after exercise. Interestingly, postexercise inactivity was reduced

30–40% by PDE5A inhibition in mdx mice, but was unaffected in KN1 mice, demonstrating

that nNOS expression (nNOS-2, nNOSα, nNOSμ) is required for the postexercise benefits

of PDE5A inhibition. This is consistent with findings that NO is required for both basal and

maximal activation of sGC activity and for many of the physiological effects of sildenafil

(Nagayama et al. 2008; Fernhoff et al. 2009). This may be an important consideration since

nNOS levels may be substantially lower or absent in DMD patients, thus lowering the

potential efficacy of sildenafil (Chang et al. 1996). Treated mdx mice ran twice the distance

of untreated mdx mice. Despite increased exercise performance, serum CK activity was

significantly reduced, suggesting reduced membrane permeability in agreement with results

reported by Asai et al. (2007). Together, these data suggest that in dystrophin-deficient
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muscle tissues, the loss of the vasomodulatory function of nNOSμ may be compensated for,

to some degree, by PDE5A inhibition.

The relationship between skeletal muscle performance, blood supply, and nNOSμ is

complex. Kobayashi and coworkers concluded that the absence of contraction-induced

sarcolemmal nNOSμ signaling to the adjacent VSMC was responsible for postexercise

inactivity. While the beneficial effects of PDE5A inhibition are clear, the mechanisms by

which they occur are not. Although it remains to be determined whether augmentation of

nNOSμ signaling from skeletal to VSMC is the sole pathway responsible for these beneficial

effects, it seems unlikely for several reasons. First, augmentation of smooth muscle NO-

cGMP signaling alone in mdx mice can enhance blood supply and reduce membrane

permeability (Ito et al. 2006). Since PDE5A expression is high in VSMC, inhibition of

PDE5A may promote smooth muscle relaxation independently of NO produced by skeletal

muscle. Second, PDE5A inhibition affects vascular bed function throughout the

cardiovascular system and likely enhances systemic hemodynamics during exercise. Third,

additional, recently identified nNOS-sGC-PKG signaling pathways in skeletal muscle

control postexercise muscle strength that could be affected by PDE5A inhibition in skeletal

muscle (Percival et al. 2010). Fourth, nNOS knockout mice exhibit pronounced muscle

fatigue and weakness during exercise that could contribute to the observed postexercise

weakness (Percival et al. 2008). Finally, acute sildenafil treatment enhances cardiac function

in mdx mice and could assist cardiovascular recovery (Khairallah et al. 2008). Thus, the

factors that contribute to the postexercise inactivity after mild exercise in mdx mice are

many and likely include muscle weakness during and/or after exercise. The beneficial

effects of PDE5A inhibition likely reflect effects at many sites of action, making

mechanistic interpretation of these whole animal studies very difficult. Nonetheless, while

the molecular mechanisms responsible are debatable, Kobayashi et al. have clearly shown

that PDE5A inhibition in mdx mice provides nNOS-dependent enhancement of activity

during and after exercise as well as reducing exercise-induced muscle damage.

9 Conclusion

Although the examples of therapeutic benefit are few and the mechanisms are poorly

understood, the evidence that PDE5A inhibition reduces skeletal and cardiac muscle

damage, particularly contraction-induced myofiber damage during exercise, is compelling.

PDE5A inhibition also enhances exercise performance, reduces the negative effects of mild

exercise, and enhances the workload capacity of dystrophin-deficient hearts. Thus, further

studies are required to flesh out this promising therapeutic approach. However, mice are not

men and ultimately, any efficacy of PDE5A inhibitors in preclinical studies must be

validated in a clinical setting. Efficacy in both skeletal muscle and cardiac tissue makes

PDE5A inhibition particularly attractive as a therapeutic approach and warrants further

research into the potential utility of PDE5A inhibition in the treatment of cardiovascular

disease in DMD.
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Fig. 1.
Propagation of NO-cGMP signals in skeletal, smooth, and cardiac muscle. Nitric oxide

synthase enzymes (nNOS and eNOS) regulate, and are regulated by, Ca2+ fluxes in muscle

cells. Ca2+/CaM activation of nNOS (or eNOS) leads to synthesis of NO, which in turn

binds and activates sGC. cGMP produced by sGC then modulates downstream effector

activity (see text) Abbreviations: α-Dg, α-dystroglycan; β-Dg, β-dystroglycan; α-syn, α-

syntrophin; AChR, nicotinic acetylcholine receptor; CaM, calmodulin; Cav-1, Caveolin-1;

Cav-3, caveolin-3; DHPR, dihyropyridine receptor; IRAG, inositol 1,4,5-triphosphate

receptor I-associated cGMP kinase substrate; PKG, protein kinase G (cGK); L-arg, L-

arginine; LTCC, L-type calcium channel; MLCP, myosin light chain phosphatase; NO,

nitric oxide; PDE, phosphodiesterase; pGD, particulate guanylyl cyclase; PMCA4, plasma

membrane calcium ATPase 4; RGS2, regulator of G protein signaling 2; RyR, ryanodine

receptor; sGC, soluble guanylyl cyclase; SPN, sarcospan; SR, sarcoplasmic reticulum
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Fig. 2.
Sildenafil treatment reverses cardiomyopathy in old mdx mice. Twelve-month-old mdx mice

exhibit significant left ventricle dysfunction as indicated by a high myocardial performance

index compared with wild-type mice (#p < 0.05). Twelve-month-old mdx mice treated for 3

months with the PDE5 inhibitor sildenafil ad libitum exhibited a significantly reduced (p <

0.05) myocardial performance index comparable to wild-type controls. Sildenafil treatment

can reverse established global left ventricle dysfunction in old mdx mice (Adamo et al.

2010)
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