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Abstract

Duchenne muscular dystrophy (DMD) is the most common form of muscular dystrophy caused by

mutations in the dystrophin gene. Loss of dystrophin initiates a progressive decline in skeletal

muscle integrity and contractile capacity which weakens respiratory muscles including the

diaphragm, culminating in respiratory failure, the leading cause of morbidity and mortality in

DMD patients. At present, corticosteroid treatment is the primary pharmacological intervention in

DMD, but has limited efficacy and adverse side effects. Thus, there is an urgent need for new safe,

cost-effective, and rapidly implementable treatments that slow disease progression. One promising

new approach is the amplification of nitric oxide–cyclic guanosine monophosphate (NO–cGMP)

signalling pathways with phosphodiesterase 5 (PDE5) inhibitors. PDE5 inhibitors serve to amplify

NO signalling that is attenuated in many neuromuscular diseases including DMD. We report here

that a 14-week treatment of the mdx mouse model of DMD with the PDE5 inhibitor sildenafil

(Viagra®, Revatio®) significantly reduced mdx diaphragm muscle weakness without impacting

fatigue resistance. In addition to enhancing respiratory muscle contractility, sildenafil also

promoted normal extracellular matrix organization. PDE5 inhibition slowed the establishment of

mdx diaphragm fibrosis and reduced matrix metalloproteinase-13 (MMP-13) expression.

Sildenafil also normalized the expression of the pro-fibrotic (and pro-inflammatory) cytokine

tumour necrosis factor α (TNFα). Sildenafil-treated mdx diaphragms accumulated significantly

less Evans Blue tracer dye than untreated controls, which is also indicative of improved diaphragm

muscle health. We conclude that sildenafil-mediated PDE5 inhibition significantly reduces

diaphragm respiratory muscle dysfunction and pathology in the mdx mouse model of Duchenne
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muscular dystrophy. This study provides new insights into the therapeutic utility of targeting

defects in NO–cGMP signalling with PDE5 inhibitors in dystrophin-deficient muscle.
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Introduction

Duchenne muscular dystrophy (DMD) is a common neuromuscular disease caused by

mutations in the dystrophin gene [1]. DMD patients exhibit progressive skeletal muscle

degeneration and weakness as well as cardiomyopathy [2]. Dystrophin-deficient muscle

exhibits chronic inflammation and over time, muscle cells are steadily replaced with fibrotic

and fatty tissue [3–5]. Progressive endomysial fibrosis, the excessive deposition of

extracellular matrix proteins collagen I and fibronectin around muscle cells, impairs normal

muscle contractility, vascularization, and regeneration [2,5–7]. Fibrosis exacerbates both

skeletal and cardiac muscle dysfunction and presents an important target for therapeutic

intervention. Progressive respiratory muscle (diaphragm and intercostal) weakness leads to

respiratory failure, the leading cause of morbidity and mortality in DMD patients. Cardiac

failure, resulting from either cardiomyopathy or arrhythmias, is the second major cause of

mortality in DMD [2].

Currently, corticosteroids constitute the primary treatment option for muscle dysfunction in

DMD, but they exhibit limited efficacy, with serious side effects. The need for new

treatments has led to a focus on pharmacological enhancement of nitric oxide–cyclic

guanosine monophosphate (NO–cGMP) signalling pathways in dystrophic animals. NO is

indispensable for muscle integrity and function. In skeletal muscle, NO is synthesized by

neuronal nitric oxide synthase mu and beta (nNOSμ and nNOSβ), and regulates vascular

function, muscle mass, fatigue resistance, atrophy, and fibre type [8–14]. Loss of dystrophin

in both DMD patients and the mdx mouse model of DMD reduces nNOSμ expression and

prevents its normal localization, thereby inhibiting the vasoregulatory role of nNOSμ and

causing vascular dysfunction [8,13,15–18]. In active muscle, disruption of contraction-

coupled nNOSμ signalling to the vasculature impairs muscle perfusion, causing ischaemic

muscle damage and exaggerated inactivity after mild exercise [8,19,20]. Genetic

enhancement of nNOS expression attenuates skeletal muscle inflammation and necrosis,

improves exercise performance, and reduces cardiac fibrosis and contractile dysfunction in

mdx mice [21–23]. These studies provide a strong rationale for determining the therapeutic

utility of agents that amplify NO signalling in dystrophin-deficient muscle.

A major function of nNOS-derived NO is to stimulate cGMP production. This can be

mimicked with phosphodiesterase 5 (PDE5) inhibitors such as sildenafil (Viagra®/Revatio®)

and tadalafil (Cialis®). These FDA-approved vasodilators are used to treat erectile

dysfunction (considered an early clinical sign and risk factor of cardiovascular disease),

pulmonary hypertension, and heart failure [24]. Low (pico-nanomolar) concentrations of NO

bind and activate the ‘NO receptor’ soluble guanylyl cyclase (sGC), which amplifies the NO
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signal by synthesizing μM levels of cGMP. Downstream targets of cGMP include protein

kinase G, cyclic nucleotide-gated ion channels, and cGMP-activated PDEs [25,26]. PDE5

degrades cytosolic cGMP, thereby attenuating NO signalling intensity. Thus, inhibiting

PDE5 can raise cytosolic cGMP levels and indirectly amplify NO signalling.

We and others have used PDE5 inhibitors to amplify NO signalling in mdx mice, leading to

a clinical trial to test the impact of PDE5 inhibition on DMD-associated cardiomyopathy

[27] (ClinicalTrials.gov identifier: NCT01168908). Sildenafil enhanced sarcolemmal

integrity and rapidly reversed left ventricle dysfunction in mdx hearts [27,28]. Tadalafil

decreased contraction-induced ischaemic damage in mdx muscle [19]. Acute administration

of sildenafil enhanced mdx mouse activity after moderate exercise by a nNOSμ-dependent

mechanism [20]. While acute application of sildenafil shows promise as a therapeutic

approach to dystrophy, the impact of chronic administration of sildenafil on skeletal muscle

remains unknown. In the present study, we show that chronic sildenafil treatment improves

respiratory muscle pathology and function.

Materials and methods

Animal models

All experimental procedures performed on mice were approved by the Institutional Animal

Care and Use Committee of the University of Washington. Dystrophin-deficient C57BL/

10ScSn-Dmdmdx/J (mdx) mice and C57BL/10ScSn/J strain controls were purchased from

The Jackson Laboratory (Bar Harbor, ME, USA). All comparisons were made between age-

matched male mice.

Sildenafil administration

The PDE5 inhibitor sildenafil citrate (Pfizer Inc., New York, NY, USA) was administered in

the drinking water ad libitum (400 mg/l) to wild-type and mdx mice (up to 5 per cage) for 14

weeks from 3 weeks of age. Using this approach, the average concentration of circulating

sildenafil was 70 ± 0.05 nM over a 24-h period [27].

Diaphragm muscle contractile function

Diaphragm strength (specific force) and fatigue resistance were determined from 2–3 mm

wide diaphragm strips. Strips were continually perfused with buffer (121 mM NaCl, 5 mM

KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 24 mM NaHCO3, and 5.5 mM

glucose) and bubbled with 95% O2 and 5% CO2 (pH 7.4) at room temperature. A length–

force curve was then determined by tetanic contractions (120 Hz, 300 ms duration), spaced 1

min apart to determine Lo, the length at which maximum tetanic force is generated. Muscle

fibre length (Lf) at Lo is measured for calculation of specific force (maximal tetanic force

output normalized to muscle cross-sectional area). Diaphragm strips were then subjected to a

fatigue protocol involving repetitive stimulation at 1 Hz for 45 s. Force recovery was

measured at 1-min intervals up to 10 min.
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Evans Blue dye exclusion and serum creatine kinase activity assays

Evans Blue dye (EBD), a membrane-impermeant tracer dye, is a commonly used marker of

skeletal muscle membrane permeability and integrity. A 10 mg/ml stock solution of EBD

was prepared in PBS. A single dose (0.25 μg EBD per g of body weight) was administered

by intraperitoneal injection. Mice were sacrificed 18 h later and whole diaphragms were

dissected, mounted, and imaged. EBD levels were quantified using IMAGE J software

V1.44P. Serum creatine kinase activity was determined as described previously [12].

Western immunoblotting, immunohistochemistry, histology and the degeneration/
regeneration index assay, and quantitative real-time polymerase chain reaction assays

These methods are described in the Supplementary methods.

Statistics

Numbers of male mice analysed are provided in the figure legends. Data are presented as

mean ± standard error of the mean. Unpaired t-tests with Welch’s correction for unequal

variance were used for pairwise comparisons of specific force output. Unpaired t-tests were

also used for analyses of fold changes in qPCR arrays according to the manufacturer’s

instructions. A repeat measures ANOVA was used to analyse force deficits during fatigue

experiments, using time and treatment as variables. In all other experiments, one-way

ANOVA followed by Tukey’s multiple comparison post-hoc tests were used to determine

significant differences between groups. The significance level was set at p < 0.05.

Results

Sildenafil increases mdx diaphragm strength, but has no impact on fatigue resistance

Respiratory failure, originating primarily from diaphragm weakness, is the major cause of

mortality in DMD. We tested whether 14 weeks of sildenafil treatment could increase mdx

diaphragm muscle strength. The mdx diaphragm is particularly informative because it

exhibits the most severe dystrophic phenotype including excessive weakness, fatigability,

and fibrosis observed in DMD patients [29,30]. Sildenafil did not affect wild-type

diaphragm specific force, a measure of intrinsic muscle strength (Figure 1A). As expected,

mdx diaphragms generated only ~50% (p < 0.0001) of the force of wild-type diaphragms

(Figure 1A). However, sildenafil-treated mdx diaphragms exhibited a significant increase in

specific force and were ~15% stronger (p < 0.01) than control mdx diaphragms (Figure 1A).

By comparison, sildenafil is more effective than conventional steroid therapy, which does

not improve mdx diaphragm specific force [31,32]. Thus, a 15 % improvement is very

important in the context of mdx muscle function and compares very favourably with existing

steroid therapy. Also, it is useful to compare the average specific force deficit between age-

matched wild-type and mdx hindlimb muscles, which ranges from 20% to 25%

(Supplementary Figure 1A) [33,34]. Steroids increase mdx hindlimb muscle specific force

by about 26 %, whereas sildenafil did not significantly impact mdx tibialis anterior hindlimb

strength (Supplementary Figure 1A) [35]. Thus, the impact of sildenafil on strength appears

muscle-specific. These data suggest that sildenafil provides a significant enhancement of

dystrophin-deficient diaphragm muscle strength.
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To further understand the impact of sildenafil on diaphragm contractility, we investigated its

impact on diaphragm fatigue. Given that nNOS pathways promote muscle fatigue resistance

and exercise capacity in both normal and mdx mice, we hypothesized that sildenafil would

increase fatigue resistance in mdx mice [11,12,20,23,36]. Sildenafil had no impact on wild-

type diaphragm fatigue (Figure 1B). As expected, mdx diaphragms were significantly less

fatigue-resistant than controls (Figure 1B). Exaggerated mdx diaphragm fatigue was

characterized by significant force deficits during both repetitive stimulation (p < 0.05) and

recovery phases (p < 0.0001) compared with wild-type controls (Figures 1B and 1C).

During the fatigue protocol, sildenafil had no impact on the decline of normalized force

generation during the repetitive stimulation phase or on the marked post-exercise weakness

of the recovery phase in either wild-type or mdx muscle (Figure 1B). On average, mdx

muscle final force output levelled out at 37% of the initial force compared with 65% for

wild type controls, demonstrating excessive muscle fatigue (Figure 1C). Final force output

in either wild-type or mdx muscle was not significantly affected by sildenafil treatment.

Collectively, these findings suggest that sildenafil did not affect mdx diaphragm fatigue

resistance.

Sildenafil exhibits an anti-fibrotic activity in the mdx diaphragm

We investigated potential mechanisms for the sildenafil-mediated improvement in

respiratory muscle strength and focused initially on fibrosis, which is thought to contribute

to muscle weakness [6,7]. We examined two markers of fibrosis, collagen I and fibronectin,

in dystrophin-deficient diaphragm (Figure 2A [6]). Immunohistochemical analysis revealed

that collagen I and fibronectin are expressed at low levels around muscle fibres in normal

diaphragm, but are found at much higher amounts in mdx muscle as expected (Figure 2A).

Importantly, both collagen I and fibronectin were markedly decreased by sildenafil

treatment (Figure 2A). To provide a quantitative measure of the anti-fibrotic activity of

sildenafil, fibronectin levels in diaphragm muscles were measured by western

immunoblotting (Figures 2B and 2C). Fibronectin protein expression was five-fold higher (p

< 0.01) in vehicle-treated mdx mice than in wild-type controls (Figures 2B and 2C). In

agreement with immunohistochemical findings, an approximately 40% reduction (p < 0.05)

in fibronectin expression was observed in sildenafil-treated mdx diaphragms compared with

mdx controls (Figures 2B and 2C). These data suggested an important role for sildenafil in

slowing the development of fibrosis.

To further understand the anti-fibrotic properties of sildenafil, we investigated the impact of

sildenafil on the expression of TNFα and TGFβ1, known to promote fibrosis in mdx muscle

[37]. TNFα transcript expression was three-fold higher in mdx diaphragms compared with

controls. This increase is consistent with previous reports in DMD patients and mdx mice

(Figure 3A [38–40]). Sildenafil-mediated PDE5 inhibition significantly (p < 0.05) reduced

mdx diaphragm TNFα expression to levels indistinguishable from wild-type controls (Figure

3A). These data suggest that reductions in TNFα could contribute to decreased fibrosis and

increased diaphragm muscle strength.

The pro-fibrotic activity of TNFα in mdx mice may result from its ability to increase TGFβ1

expression, since TNFα blockade can reduce TGFβ1 and collagen I expression to wild-type

Percival et al. Page 5

J Pathol. Author manuscript; available in PMC 2014 June 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



levels [41]. To investigate the possibility that TNFα normalization reduced TGFβ1, thereby

reducing fibrosis, we measured TGFβ1 expression. As expected, TGFβ1 expression was

increased more than four-fold (p < 0.01) in vehicle-treated mdx diaphragm compared with

either treated or untreated wild-type controls (Figure 3B). But sildenafil did not impact

TGFβ1 expression in mdx diaphragms (Figure 3B). These data suggest that the regulation of

TGFβ1 transcript expression by TNFα in dystrophic muscle may not be as tightly coupled as

previously thought. It should be noted that these data do not diminish the importance of

TGFβ1 in dystrophic muscle fibrosis or preclude an impact of sildenafil on TGFβ1

signalling that may occur independently of TGFβ1 transcript expression changes.

One additional line of evidence also supported the idea that sildenafil may work by opposing

aberrant extracellular matrix (ECM) organization. Matrix metalloproteinase-13 (MMP-13)

expression is positively regulated by TNFα and may play a role in fibrosis [42]. MMP-13

expression was more than 2.5-fold higher (p < 0.01) in vehicle-treated mdx muscle than in

wild-type controls (Figure 3C). As predicted, MMP-13 expression was also significantly

decreased (p < 0.05) by sildenafil in mdx diaphragms relative to controls (Figure 3C). Thus,

normalization of TNFα could account for decreased MMP-13 expression. These data

suggest that MMP-13 may contribute to aberrant ECM organization in mdx muscle and

highlight a previously unappreciated link between NO–cGMP signalling and matrix

metalloproteinase pathways. To the best of our knowledge, MMP-13 has not been

previously implicated in dystrophic pathology. Together, these data strongly suggest that

sildenafil can significantly reduce fibrotic deposition in dystrophic diaphragm and may do

so, at least in part, by acting through TNFα- and MMP-13.

In addition to fibrosis, mdx diaphragm myofibres exhibit characteristically high levels of

central nucleation that reflect substantial muscle breakdown and regeneration (Figures 4A

and 4B) [29]. The fraction of muscle cells with centrally localized nuclei is a widely used

measure of muscle degeneration and regeneration. About 60% (p < 0.01) of mdx diaphragm

muscle cells are centrally nucleated compared with ~4% in wild-type controls (Figures 4A

and 4B). Central nucleation was unaffected by sildenafil treatment in both wild-type and

mdx muscle (Figures 4A and 4B). Similarly, sildenafil also did not affect central nucleation

frequency in mdx tibialis anterior hindlimb muscles (Supplementary Figures 2A and 2B).

Muscle degeneration or damage can also lead to elevated serum creatine kinase (CK)

activity or hyperCKaemia. In dystrophic muscle, sustained hyperCKaemia is a diagnostic

biomarker and is also thought to represent ongoing muscle damage. As expected, circulating

CK levels were significantly elevated in mdx mice compared with controls, but were

unaffected by sildenafil-mediated PDE5 inhibition (Figure 5). These findings are consistent

with previous reports that circulating CK activity in normal or mdx adult mice is unaffected

by changes in nNOS signalling [12,21,23]. Thus, the strength-enhancing and anti-fibrotic

benefits of sildenafil were independent of a change in the balance of degeneration to

regeneration or serum CK activity.

Sildenafil reduces extracellular dye accumulation in mdx diaphragms

Another key pathological characteristic of dystrophin-deficient muscle is its increased

permeability to extracellular tracer dyes, such as Evans Blue dye (EBD). Increased dye
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exclusion ability correlates well with reductions in fibrosis and improved muscle health

[43,44]. Therefore, based on the attenuation of fibrosis, we hypothesized that sildenafil-

treated mdx diaphragm muscles would also exhibit improved dye exclusion (Figure 6).

Vehicle-treated wild-type diaphragm muscles were largely impermeable to EBD (Figure

6A). In contrast, untreated mdx diaphragms exhibited pronounced EBD accumulation

(Figure 6A). Importantly, sildenafil significantly reduced mdx diaphragm permeability to

EBD (Figure 6A). Quantification of EBD accumulation revealed a 40% reduction (p < 0.01)

in EBD uptake in mdx diaphragms compared with mdx controls (Figure 6B). These data

suggest that sildenafil can also improve dystrophic muscle health by attenuating membrane

permeability. The EBD exclusion assay results correlate well with decreased contractile

dysfunction and fibrosis and indicate that sildenafil significantly improved both mdx

diaphragm integrity and function.

Discussion

Despite major advances in non-invasive ventilatory support, respiratory failure stemming

from skeletal muscle weakness remains the leading cause of morbidity and mortality in

DMD. To address this pathology, new, safe, efficacious, and cost-effective therapies are

required. The major finding of the present study is that chronic sildenafil treatment

significantly reduced diaphragm respiratory muscle weakness and fibrosis in the mdx mouse

model of DMD. This study provides compelling new support for the therapeutic utility of

targeting defective NO–cGMP signalling in dystrophin-deficient muscle with PDE5

inhibitors.

The first finding was the novel demonstration that chronic amplification of NO signalling by

sildenafil enhanced mdx diaphragm strength by 15%. This increase appears modest only

until it is compared with existing steroid therapy for DMD, which does not affect

dystrophin-deficient diaphragm specific force and improves mdx hindlimb muscle strength

by ~26% [31,32,35]. Furthermore, from a clinical point of view, if this sildenafil-mediated

improvement in diaphragm strength were to translate from mouse to human, this would still

constitute a significant advance in therapy and a very important addition to existing clinical

treatment options for respiratory dysfunction, particularly for older DMD patients.

Surprisingly, given that nNOS enzymes promote fatigue resistance, sildenafil did not impact

mdx diaphragm muscle fatigue, suggesting that the cGMP pool regulated by PDE5 does not

play a role in diaphragm fatigue.

These findings raise the question as to how sildenafil increases mdx diaphragm strength.

Although the precise mechanisms remain to be elucidated, this study implicates several

pathways that may act separately or in concert to improve mdx muscle strength. First,

sildenafil may enhance strength by improving diaphragm tissue perfusion. Indeed, given the

vasoregulatory role of nNOSμ and that sildenafil is a potent vasodilator, improved

diaphragm tissue perfusion may contribute to increased strength by reducing ischaemic

damage [8,17–19]. However, neither restored nNOSμ vasoregulatory activity nor acute

sildenafil-mediated muscle perfusion increases mdx hindlimb skeletal muscle strength

[20,23]. These studies suggest that sildenafil’s vasodilatory activity has little or no effect on

mdx diaphragm strength and certainly none on fatigue. However, other factors may be at
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play here that influence sildenafil’s impact including muscle-specific differences

(Supplementary Figure 1A) as well as the duration of drug treatment. Thus, mechanisms

other than vasodilation per se appear responsible for the impact of prolonged PDE5

inhibition on mdx diaphragm contractility.

One likely contributing mechanism to the sildenafil-mediated increase in mdx diaphragm

strength is the substantial reduction of fibrosis. In DMD patients, fibrosis may cause skeletal

muscle weakness including diaphragm dysfunction, which in turn decreases chest wall

compliance and increases work required for breathing [7]. Left ventricle fibrosis impairs

wall movement and promotes ventricular arrhythmias in DMD patients [2]. Thus, fibrosis is

an important pathogenic feature in muscular dystrophy [37]. In mdx mice, extensive

diaphragm fibrosis occurs after the onset of diaphragm weakness; therefore, fibrosis does

not cause early diaphragm weakness in young (~6 weeks old) mdx mice [45]. However, with

time, there is a progressive decline in diaphragm specific force that parallels the

development of fibrosis, which is similar to findings in DMD [7,46]. Thus, fibrosis likely

contributes to muscle weakness in older mdx mice. In this study, sildenafil treatment

markedly reduced deposition of collagen I and fibronectin in the mdx diaphragm (Figure

2A). As expected, the attenuation of fibrosis was associated with enhanced diaphragm

contractility in sildenafil-treated 17-week-old mdx mice. These data are consistent with the

findings that tadalafil can qualitatively reduce diaphragm fibrosis and that NO can oppose

cardiac fibrosis and dysfunction in mdx mice [19,22]. Taken together, this body of work

provides compelling evidence that NO–cGMP pathways oppose fibrosis in dystrophin-

deficient muscle. These data support the clinical relevance of fibrosis to dystrophic muscle

dysfunction and the potential therapeutic utility of targeting fibrotic pathways with

sildenafil.

What are the mechanisms by which sildenafil reduces diaphragm fibrosis? Since sildenafil

(inhibits PDE5 and PDE1c) and tadalafil (inhibits PDE5 and PDE11) both decrease fibrosis,

we conclude that PDE5 inhibition is responsible for attenuating mdx diaphragm fibrosis

[19]. Furthermore, sildenafil normalized TNFα cytokine expression, suggesting a plausible

downstream target of increased cGMP (Figure 3A). Excessive TNFα signalling causes

inflammation, fibrosis, muscle catabolism, and vascular dysfunction, as well as skeletal

(diaphragm) and cardiac muscle weakness [47–51]. TNFα is elevated in DMD patients and

in mdx mice (increasing = 4 weeks of age) and may promote fibrosis and muscle weakness

(Figure 3A [29,38–41]). Indeed, TNFα causes muscle necrosis, fibrosis, weakness, and

respiratory dysfunction in adult mdx mice [40,52–54]. These studies provide compelling

evidence that the sildenafil-mediated normalization of TNFα expression could lead to a

reduction in mdx diaphragm fibrosis and contractile dysfunction. In summary, our current

working model is that sildenafil-mediated TNFα normalization directly increases diaphragm

strength in two ways: (1) by alleviating the force-depressing activity of TNFα, particularly

in younger mdx mice; and (2) by indirectly enhancing diaphragm contractility in older mdx

mice by inhibiting the pro-fibrotic activity of TNFα.

The anti-fibrotic action of sildenafil may also result from an impact on MMP-13 (Figure

3C). TNFα positively regulates the expression of MMP-13, a collagenase that regulates

extracellular matrix (ECM) degradation and can promote fibrosis [42,55,56]. Importantly,
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MMP-13 may have a role in skeletal muscle regeneration and repair [57]. MMP-13 levels

were significantly elevated in the mdx diaphragm, consistent with the profibrotic

extracellular environment (Figure 3C). Sildenafil also reduced MMP-13 transcript levels,

which is consistent with TNFα as a positive regulator of MMP-13, although it is also

possible that reductions in MMP-13 expression occur independently of TNFα (Figure 3C).

Interestingly, MMP-13 is also a key activator of MMP-9, whose excessive activity can

worsen mdx pathology [55,58]. So, decreasing MMP-13 may result in a beneficial reduction

in MMP-9. Further studies are required to determine how changes in TNFα and MMP-13

message levels correlate with protein expression and activity. These data suggest that the

anti-fibrotic impact of PDE5 inhibition in mdx diaphragm could result from the

normalization of TNFα, which may in turn attenuate the expression of pathogenic MMPs

including MMP-13 and possibly MMP-9, thereby promoting a more normal ECM.

Sildenafil-mediated reductions in fibrosis and weakness correlated well with decreased

Evans Blue dye (EBD) accumulation in mdx diaphragms, consistent with improved muscle

integrity (Figure 6). This is consistent with reduced EBD uptake in muscles of 4-week-old

mdx mice treated with tadalafil in utero [19]. Sarcolemmal microtears are thought to be one

mechanism by which EBD enters muscle cells; however, other mechanisms have been

proposed [59]. Thus, the conventional interpretation for reduced EBD uptake is that

sildenafil-treated mdx mice have less muscle damage or microtears. In this case, we would

also expect a reduction in both hyperCKaemia and central nucleation; however, both of

these pathological indices were unaffected by sildenafil. An absence of impact of sildenafil

on central nucleation may reflect the timing of drug administration. Central nucleation

reflects the balance of muscle degeneration to regeneration and increases rapidly during the

first weeks of life in mdx muscle before plateauing. Administration of sildenafil to 3-week-

old mdx mice simply may have been too late to impact the degree of central nucleation.

Another possibility is that sildenafil may have simultaneously decreased degeneration

(reflected in decreased diaphragm muscle fibrosis and increased muscle strength) and

improved regeneration, leaving total levels of central nucleation apparently unchanged.

Further studies are required to address these possibilities. These data suggest that muscle

EBD accumulation (or influx) and creatine kinase efflux across the sarcolemma are distinct

processes with unique sensitivities to NO–cGMP signalling. These data are consistent with

recent reports of reductions in fibrosis and EBD accumulation that occurred independently

of changes in hyperCKaemia in mdx mice [43,44]. Alternatively, persistent global

hyperCKaemia may be explained by sildenafil improving mdx diaphragm integrity only,

without affecting the integrity of other skeletal muscles. This possibility is consistent with

the observation that sildenafil preferentially improves the function of respiratory, but not

hindlimb, skeletal muscle. Collectively, these findings support a tight linkage between EBD

exclusion and fibrosis in dystrophin-deficient muscle. Furthermore, mitigation of mdx

dystrophic pathology resulting from either TNFα depletion or increased NO concentrations

can also occur independently of changes in serum CK activity [21,23,60]. From a

therapeutic perspective, reductions in global serum CK activity and central nucleation were

clearly unnecessary for the sildenafil-mediated reduction in fibrosis, diaphragm muscle

weakness, and cardiomyopathy [27]. In studies targeting defective NO signalling in
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muscular dystrophy, caution must be exercised to prevent overreliance on central nucleation

and hyperCKaemia as a measure of therapeutic impact.

In conclusion, we have demonstrated that chronic sildenafil treatment significantly reduces

respiratory muscle weakness and fibrosis. These findings suggest a novel application of

PDE5 inhibitors to the treatment of respiratory muscle dysfunction in DMD. Therapeutic

approaches that address secondary pathology in DMD will ideally slow the progression of

both respiratory dysfunction and cardiomyopathy. Such approaches should also be safe,

cost-effective, useful in combination with existing corticosteroid treatments, and easily

implementable. These therapies can potentially buy time and improve quality of life until

more comprehensive treatments directed at the primary gene defect become available. We

previously demonstrated that sildenafil reduces cardiomyopathy in mdx mice and thus

appears to meet the requirements of a therapeutic agent targeting secondary pathology.

Therefore, sildenafil shows promise as an adjunct therapeutic for dystrophic disease.

Importantly, these findings may be broadly applicable to other neuromuscular diseases that

lack normal NO signalling pathway function [20].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sildenafil increases mdx diaphragm muscle specific force output. (A) Maximal specific

force output of wild-type and mdx diaphragm strips treated with vehicle or sildenafil.

Treated mdx mice were significantly stronger than untreated mdx controls. (B)

Representative traces of fatigue resistance profiles of wild-type and mdx diaphragms treated

with vehicle or sildenafil. Mdx muscles exhibited significant muscle fatigue compared with

wild-type controls, with force deficits during repetitive stimulation and recovery phases

(marked post-exercise weakness). Sildenafil treatment did not impact the fatigue resistance

of wild-type or mdx diaphragm muscle. p < 0.05 refers to the difference in force output of

untreated wild-type and untreated mdx diaphragms during repetitive stimulation. p < 0.0001

refers to the difference in force output of untreated wild-type and untreated mdx diaphragms

during the recovery phase. (C) Mean final force output at the end of the repetitive

stimulation phase in wild-type and mdx diaphragm strips treated with vehicle or sildenafil of

a fatigue protocol. Mdx muscles show a significant force deficit at the end of repetitive

stimulation compared with wild-type. Sildenafil has no impact on the final force output in
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wild-type or mdx diaphragms. Wild-type untreated and sildenafil-treated: n = 5 each. mdx

untreated and sildenafil-treated: n = 5 and 9, respectively.
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Figure 2.
Sildenafil reduces endomysial fibrosis in the mdx diaphragm. (A) Representative diaphragm

sections stained with collagen I (top row) and fibronectin (bottom row) antibodies. Both

collagen I and fibronectin are markers of fibrosis in dystrophin-deficient skeletal muscle.

Sildenafil reduced both collagen I and fibronectin deposition around mdx diaphragm muscle

fibres. (B) Representative western blot of global fibronectin protein expression in vehicle

and sildenafil-treated mdx diaphragms. Mdx diaphragms exhibit high levels of fibronectin

that are significantly decreased by sildenafil treatment. (C) Western blot quantitation of

fibronectin protein levels. Sildenafil significantly reduced fibronectin expression in the mdx

diaphragm. Scale bars in A: 100 μm (top row) and 50 μm (bottom row). Wild-type (n = 5);

vehicle and sildenafil-treated mdx mice (n = 4 each).
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Figure 3.
Chronic sildenafil treatment normalizes TNFα and decreases MMP-13 expression, but does

not impact TGFβ1 in mdx diaphragms. The impact of sildenafil on regulators of

inflammation (TNFα) and fibrosis (TNFα, MMP-13, TGFβ1) was evaluated at the transcript

level by quantitative PCR. (A) TNFα expression was elevated 3.2-fold in mdx diaphragm

tissue, but normalized to wild-type levels by sildenafil treatment. (B) Profibrotic TGFβ1

transcript expression was substantially elevated in mdx diaphragms 5.8-fold, but unaffected

by sildenafil treatment. (C) MMP-13 expression was increased 2.7-fold in mdx diaphragm

and was also significantly reduced by sildenafil. Wild-type vehicle- (n = 5), wild-type

sildenafil- (n = 3), mdx vehicle- (n = 6), and sildenafil-treated mdx mice (n = 9).
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Figure 4.
Chronic sildenafil treatment did not impact central nucleation in the mdx diaphragm. (A)

Representative images of haematoxylin and eosin-stained diaphragm muscle sections from

vehicle- and sildenafil-treated wild-type (top row) and mdx (bottom row) mice. Mdx

diaphragms revealed no overt differences in inflammatory cell infiltration or muscle

necrosis. (B) Quantitation of the fraction of muscle fibres with centrally localized nuclei or

degeneration/regeneration index. The fraction of centrally nucleated muscle cells was over

60% in mdx diaphragms compared with wild-type controls. Sildenafil treatment did not

impact the degeneration/regeneration index. Scale bar = 100 μm. n = 4 for each group, with

all four diaphragms from each group haematoxylin and eosin-stained and analysed for

central nucleation.
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Figure 5.
Global serum creatine kinase activity is unaffected by sildenafil treatment. Elevated serum

CK (hyperCKaemia) is typically used as a marker of muscle damage. Both vehicle- and

sildenafil-treated wild-type animals show characteristically low CK activity. mdx mice

exhibited characteristic hyperCKaemia, marked by high levels of serum activity that were

unaffected by sildenafil treatment. n = 3 and 4 for vehicle- and sildenafil-treated wild-type

mice, respectively. n = 4 and 5 for vehicle- and sildenafil-treated mdx mice, respectively.
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Figure 6.
Sildenafil reduces sarcolemmal and vascular permeability of mdx diaphragm muscle tissue.

(A) Whole mounts of diaphragm respiratory muscles showing extensive accumulation of

Evans Blue dye (EBD) in mdx diaphragms which was reduced by sildenafil treatment. (B)

Quantification of EBD uptake. Sildenafil significantly reduces EBD uptake by the mdx

diaphragm. EBD uptake studies were performed in four mice for each group and

representative images are shown.
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