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Co-administration of ibuprofen and nitric oxide is
an effective experimental therapy for muscular
dystrophy, with immediate applicability to humansbph_809 1550..1560
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Background and purpose: Current therapies for muscular dystrophy are based on corticosteroids. Significant side effects
associated with these therapies have prompted several studies aimed at identifying possible alternative strategies. As inflam-
mation and defects of nitric oxide (NO) generation are key pathogenic events in muscular dystrophies, we have studied the
effects of combining the NO donor isosorbide dinitrate (ISDN) and the non-steroidal anti-inflammatory drug ibuprofen.
Experimental approach: a-Sarcoglycan-null mice were treated for up to 8 months with ISDN (30 mg·kg-1) plus ibuprofen
(50 mg·kg-1) administered daily in the diet. Effects of ISDN and ibuprofen alone were assessed in parallel. Drug effects on
animal motility and muscle function, muscle damage, inflammatory infiltrates and cytokine levels, as well as muscle regen-
eration including assessment of endogenous stem cell pool, were measured at selected time points.
Key results: Combination of ibuprofen and ISDN stimulated regeneration capacity, of myogenic precursor cells, reduced
muscle necrotic damage and inflammation. Muscle function in terms of free voluntary movement and resistance to exercise
was maintained throughout the time window analysed. The effects of ISDN and ibuprofen administered separately were
transient and significantly lower than those induced by their combination.
Conclusions and implications: Co-administration of NO and ibuprofen provided synergistic beneficial effects in a mouse
model of muscular dystrophy, leading to an effective therapy. Our results open the possibility of immediate clinical testing of
a combination of ISDN and ibuprofen in dystrophic patients, as both components are approved for use in humans, with a good
safety profile.
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Introduction

Muscular dystrophies are a group of genetic, hereditary

muscle diseases characterized by defects in muscle proteins

that induce progressive skeletal muscle damage accompanied

by fibre necrosis and chronic local inflammation, leading to

substitution of fibres by connective and adipose tissue (Emery,

2002). In the most severe forms, such as Duchenne muscular

dystrophy, continuous and progressive skeletal muscle

damage leads the patient to complete paralysis and death,

usually by respiratory and/or cardiac failure (Emery, 2002). The

pharmacological therapies currently in use are based on corti-

costeroids and provide only a temporary delay of the disease

progression and is associated with severe side effects (Manzur

et al., 2004). Alternative pharmacological strategies are thus

continually proposed and investigated, including protease

inhibitors, calcium antagonists and antioxidants, compounds

that induce correct dystrophin gene expression, modulate

muscle growth or stabilize the link between cytoskeleton and

extracellular matrix. So far none of these therapies has yielded

favourable outcomes in clinical trials (Wagner, 2008).

Molecular dystrophies have a complex pathogenesis as

the original genetic defect leads to a host of concurrent
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pathogenic events. A possible successful pharmacological

strategy is to use either individual drugs or drug combinations

that address comprehensively the complexity of the dystro-

phic phenotype. There are two key pathological events that

appear particularly susceptible to pharmacological interven-

tion in muscular dystrophy. One is local inflammation, which

is now recognized to play a significant role in fibre destruction

and in progression of muscular dystrophies (Spencer and

Tidball, 2001). Indeed, DNA microarray or biochemical data

show that inflammatory mediators/effectors dominate the

expression profile of muscles from the mdx mouse model of

dystrophy (Porter et al., 2002).

A second pathogenic effect is reduced generation of nitric

oxide (NO). Delocalization of nNOS and loss of NO genera-

tion that occur in muscular dystrophies (Bredt, 1998; Rando,

2001) have essential roles in muscle inactivity and fatigue

(Kobayashi et al., 2008; Lai et al., 2009) and in the neurogenic

defects associated with the disease (Deng et al., 2009) so much

so that restoration of NO generation by transgenic expression

of nNOS ameliorates the dystrophic phenotype (Wehling

et al., 2001; Wehling-Henricks et al., 2009). NO protects

muscle from damage during contractile activity by enhancing

vasodilation and bioavailability of nutrients to muscle, as well

as energy generation through enhanced glucose uptake, gly-

colysis and mitochondrial biogenesis (Stamler and Meissner,

2001; Nisoli et al., 2003; Wehling-Henricks et al., 2009). In

addition, NO enhances repair of the damaged muscle via

specific actions on survival, activation and differentiation of

satellite cells, the mononuclear progenitors of myocytes, able

to form new fibres (Anderson, 2000; Pisconti et al., 2006;

Colussi et al., 2008; Percival et al., 2008; Filippin et al., 2009).

Pharmacological strategies based on either anti-inflammatory

drugs apart from corticosteroids or NO generation, tested in

the mdx mouse model of the disease, have, however, shown a

limited efficacy (Grounds and Torrisi, 2004; Voisin et al.,

2005; Reutenauer et al., 2008; Huang et al., 2009; Wang et al.,

2009).

We have previously reported that HCT 1026, belonging to a

new class of NO-releasing drugs, in which the NO moiety is

linked with a non-steroidal anti-inflammatory drug (NSAID),

has significant and persistent therapeutic effects in the mdx

mouse, with an efficacy superior to that of the corticosteroid

prednisolone (Brunelli et al., 2007b). In the same study we

found that HCT 1026 was effective also on the a-sarcoglycan

(a-SG)-null mouse, a model of dystrophy that has a severe

phenotype in the mouse with features resembling those of

human Duchenne muscular dystrophy (Duclos et al., 1998).

These results suggested that NO release and inhibition of

inflammation synergized to yield a novel effective therapy in

muscular dystrophy.

In this study we have tested this hypothesis studying the

efficacy of the combined administration of the NO donor

isosorbide dinitrate (ISDN) and the NSAID ibuprofen in the

a-SG-null mouse. Our results show that the combination of

these drugs has significant and persistent therapeutic effects

due to both the anti-inflammatory and NO properties,

through actions on both muscle preservation and regenera-

tion. By contrast, ISDN and ibuprofen when administered as

single drugs did not show significant therapeutic effects. ISDN

and ibuprofen are approved for use in humans, including in

paediatric patients; the results we report therefore open the

possibility of their immediate clinical testing as a treatment in

dystrophic patients. Of importance, a therapeutic regimen in

which the NO and NSAID therapeutic activity are associated

with different molecules allows their doses to be adjusted

separately from each other to meet a more refined and per-

sonalized therapy.

Methods

Animals and treatment

All animal care and experimental procedures were in accor-

dance with the European Community guidelines and were

approved by the Institutional Ethical Committee. a-SG-null

mice were a kind gift of Dr K Campbell (Iowa University, Iowa

City, IA, USA). Animals were housed in the pathogen-free

facility at our Institution. a-SG-null mice are characterized by

the development of histopathological features of muscle dys-

trophy with ongoing fibre degeneration, fibrous tissue depo-

sition and infiltration of inflammatory cells (Duclos et al.,

1998). Animal groups (15 animals per group) were treated as

follows. Animal were given in their diet (Mucedola, Milano,

Italy) starting at 1 month of age for up to 8 months: (i)

30 mg·kg-1·day-1 of ISDN (Alexis, Lausen, Switzerland) and

50 mg·kg-1·day-1 of ibuprofen (Sigma-Aldrich, MO, USA) com-

bination, (ii) 30 mg·kg-1·day-1 of ISDN; (iii) 50 mg·kg-1·day-1 of

ibuprofen; and (iv) standard diet without drug additions.

Diets were prepared based on the daily food intake measured

for these animals (Brunelli et al., 2007b). Mice and diets were

weighed and food intake was calculated weekly during the

treatment. No significant differences in food intake and

weight gain were observed among the experimental groups.

Creatine kinase (CK) serum levels were assessed in each

animal monthly from the first month of treatment (2 months

of age) and functional tests (free wheel running and treadmill)

were performed sequentially at the fourth and eighth month

of treatment on seven animals per group. One week after

completing the two functional tests, the seven mice for each

treatment group were killed by neck dislocation for histologi-

cal analyses, cytokine measurements and preparation of

primary myoblasts.

To assess the steady state concentrations of ibuprofen,

nitrites and nitrates reached during the treatment, four addi-

tional groups of mice (seven mice per group) were treated as

above for 1 week after which drug concentrations were tested.

Ibuprofen plasma level determination

Plasma was obtained by cardiac puncture and centrifuged at

13 000¥ g at 4°C for 5 min to remove cells. Plasma ibuprofen

concentrations were assessed using previously published

methods (Farrar et al., 2002; Zhao et al., 2005) with minor

modifications. Briefly, 25 mL of internal standard solution

(indomethacin 100 mg·mL-1) and 500 mL of methanol were

added to 100 mL of plasma in 1.5 mL polypropylene centri-

fuge tubes. The tubes were mixed for 30 s and centrifuged for

10 min at 10 000¥ g. The supernatant was transferred to a

clean polypropylene tube and evaporated to dryness. The

residue was reconstituted with 150 mL of a solution contain-
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ing acetonitrile and 50 mM of acetate buffer, pH 4.5 (70/30),

and 20 mL of this solution was injected for HPLC analysis

using X Bridge C18 150 ¥ 4.6, 3.5 mm (Waters Corporation,

MA, USA) for the chromatographic separation. The detector

was set at 220 nm, the flow was 1 mL·min-1 and the mobile

phase consisted of acetonitrile and 50 mM of acetate buffer

pH 4.5 (50/50). The retention times of ibuprofen and internal

standard were 5.4 and 7.5 min respectively. The assay was

linear from 0.5 to 100 mg·mL-1, imprecision and inaccuracy

was below 10%.

Nitrite and nitrate plasma level determination

For quantitative measurements, prior to the derivatization

procedure, plasma samples (100 mL) were spiked with the
15N-labelled nitrite and nitrate as internal standards to achieve

final concentrations of 0.2 mM for [15N]nitrite and 2 mM for

[15N]nitrate. Derivatization of nitrite and nitrate was per-

formed as described (Tsikas, 2000). Briefly, acetone (400 mL)

and pentafluorobenzyl bromide (PFB-Br; 10 mL) were added to

the samples and they were incubated at 50°C for 60 min. After

derivatization acetone was evaporated under a nitrogen

stream, reaction products were extracted from the remaining

aqueous phase by vortex-mixing with toluene (1 mL) for

1 min and a 700 mL aliquot of the organic phase was trans-

ferred into 1.5-mL glass vials for GC–MS analysis.

GC–MS was carried out on a Finnigan Trace (DSQ) 7000

apparatus (San Jose, CA, USA) connected directly to a Finni-

gan Trace gas chromatograph Ultra. The fused silica capillary

column used was an Rtx-5MS (15 m ¥ 0.25 mm I.D., 0.25 mm

film thickness) from Restek (Bellefonte, USA). The following

temperature programme was used in GC–MS: the column was

held at 90°C for 5 min then increased to 200°C at a rate of

50°C/min. Helium (1.0 mL·min-1) and methane

(2.2 mL·min-1) were used as the carrier and the reagent gases,

respectively, for negative-ion chemical ionization. Injector,

interface and ion-source were held constant at 200°C, 250°C

and 200°C respectively. Aliquots (1 mL) were injected in the

splitless mode. Calculation of concentrations of nitrites and

nitrates in biological fluids was performed as described previ-

ously (Tsikas, 2000).

Analysis of biochemical and functional parameters

Serum CK levels were measured in blood samples obtained

from the tail vein. The blood was centrifuged at 13 000¥ g at

4°C and the supernatant used to measure CK activity in an

indirect colorimetric assay (Randox, UK) (Brunelli et al.,

2007a).

Functional muscle activity was measured using both the

running wheel, to assess free locomotor activity, and the

exhaustion treadmill, to assess resistance to fatigue. The pro-

tocols used in these studies have been previously described

(Brunelli et al., 2007b). In brief, for the running wheel test,

mice were housed individually in cages (9 ¥ 22 ¥ 9 cm)

equipped with a running wheel (20 cm in diameter, Trixie,

Germany). Each wheel revolution was registered by a mag-

netic switch, which was connected to a speedometer. The

distance was recorded continuously for 24 h. Three tests were

performed on the same animal allowing 2 days in between

each test. Results shown are average of the three tests.

For the exhaustion treadmill test, analyses were carried out

using a six-lane motorized treadmill (Exeter 3/6 Treadmill;

Columbus Instruments, Columbus, OH, USA) supplied with

shocker plates. The initial trials were performed at low inten-

sity and for short duration to get the mice accustomed to the

exercise; the treadmill was then run at an inclination of 0° at

5 m·min-1 for 5 min, after which the speed was increased

1 m·min-1 every 3 min until a speed of 10 m·min-1 was

reached. The test was stopped when the mouse remained on

the shocker plate for 20 s without attempting to reengage the

treadmill. The time to exhaustion was determined from the

beginning of the test to the time of exhaustion. The treadmill

inclination was maintained at 0° throughout the test. Three

tests were performed on the same animal allowing 2 days in

between each test. Results shown are the averages of the three

tests.

Histological analysis

The animals were killed by cervical dislocation and tibialis

anterior or diaphragm muscles were dissected and immedi-

ately frozen in liquid N2-cooled isopentane. Analyses were

carried out as previously described (Brunelli et al., 2007b). In

brief, serial muscle sections were obtained and stained with

haematoxylin and eosin following standard procedures. Ten

random images for each muscle were taken at 10¥ magnifica-

tion with a S100 TV microscope (Carl Zeiss MicroImaging Inc,

Iena, Germany). The number of necrotic and centronucleated

fibres and the number of infiltrating inflammatory cells was

counted and analysed using a digitized imaging systems

(ImageJ 1.38¥ National Institute of Health). Necrotic cells

were identified by hyper-eosinophilia, thinning and waviness

and, eventually, presence of many nuclei (Ontell, 1981). To

analyse the inflammatory infiltrates further, we performed an

immunofluorescence staining of diaphragm sections obtained

at 4 months from untreated and treated animals employing

an anti-laminin antibody (Sigma-Aldrich, MO, USA) to iden-

tify skeletal muscle fibres and an anti-CD11b antibody for

inflammatory infiltrate staining (BD PharMingen, CA, USA)

followed by appropriated secondary antibodies (Alexa Fluor,

Invitrogen,OR, USA). Ten random images for each muscle

were taken at 40 ¥ magnification using a Leica TCS SP2 Laser

Scanning Confocal microcope (Leica, Mannheim, Germany)

and analysed using a digitized imaging systems (ImageJ 1.38¥

National Institute of Health).

Cytokine determination

Tibialis muscles were isolated after death and rapidly homog-

enized in 20 mM Tris-HCl, containing 137 mM NaCl, 5 mM

EDTA and a protease inhibitor cocktail (Roche, Basel, Switzer-

land), pH 8.0, and centrifuged at 3.000 rpm for 5 min at 4°C.

Protein content in the samples was determined by the bicin-

choninic acid assay (BCA, Pierce, Bezons, France). Concentra-

tions of transforming growth factor b (TGF-b), tumour

necrosis factor a (TNF-a) and CCL3/macrophage inflamma-

tory protein 1a (MIP-1a) were determined on equal amounts

of protein lysates using the Quantikine ELISA kits (R&D

System, Minneapolis, MN, USA) according to manufacturer’s

instructions. CCL2/monocyte chemoattractant protein-1
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(MCP-1) was determined with an ELISA kit from Biosource (CA,

USA) Chemokine and other nomenclature follows Alexander

et al. (2009).

Primary myoblast cell isolation and analysis

Primary myoblasts were isolated from quadriceps and gastroc-

nemius muscles as described (Sciorati et al., 2006). Briefly,

muscles were digested with a mixture of collagenase and

dispase and the fibroblasts removed. Myoblasts were counted

and stained with fluorescein isothiocyanate-conjugated CD34

antibody (AbD Serotec, Oxford, UK) and phycoerythrine-

conjugated a7-integrin antibody (MBL, Woburn, MA, USA)

according to manufacturer’s protocol. The number of positive

cells was measured by flow cytometry analysing 10.000 events

for each sample (FACScalibur, Becton Dickinson, San Josè, CA,

USA). Aliquots (1 ¥ 105) of isolated cells were cultured using

Matrigel-coated dishes in DMEM supplemented with 10%

foetal bovine serum, 3% chick embryo extract, 100 U·mL-1

penicillin, 100 mg·mL-1 streptomycin and 50 mg·mL-1 genta-

mycin for 1 week. To induce myotube formation cells were

than cultured for 24 h in differentiation medium (DMEM

supplemented with 2% horse serum, 100 U·mL-1 penicillin

and 100 mg·mL-1 streptomycin). Cells were lysed and analysed

for differentiation proteins expression by SDS electrophoresis

as described (Sciorati et al., 2006).

Statistical analysis

Results were expressed as the means � SEM or median (plus

90% interval of confidence) according to their distribution

based on results of the Kolmogorov–Smirnov normality test.

For the parameters with a normal distribution, the ANOVA test

was used, whereas the Mann and Whitney test was used for

parameters with non-normal distribution. A P-value of less

than 0.05 was considered as statistically significant.

Results

Evaluation of the plasma concentrations of NO and ibuprofen in

a-SG-null mice treated with ibuprofen and/or ISDN

We measured the plasma levels reached by the drugs when

incorporated into the diet, assessing the steady state plasma

concentrations of nitrites and nitrates (as a measure of NO),

and ibuprofen after 1 week of treatment in a-SG-null mice

receiving 50 mg·kg-1·day-1 of ibuprofen, 30 mg·kg-1·day-1

ISDN or ibuprofen plus ISDN. Table 1 shows the mean values

of the plasma concentration of nitrites, nitrates and ibuprofen

achieved with the different treatments. The values obtained

for ibuprofen are in the range of those observed in patients

treated with a paediatric dose of 150–300 mg·day-1 of the drug

(Steen et al., 2000; Lotsch et al., 2001). The plasma concentra-

tions of ibuprofen did not change when it was given alone or

in combination with ISDN, showing no major pharmacoki-

netic interactions between the drugs.

a-SG-null animal groups were then fed with standard diet

or the various drug combinations in the diet for up to 8

months during which parameters assessing function, archi-

tecture, inflammatory status and ability to repair of the dys-

trophic muscle were evaluated. Weight and food intake were

routinely assessed and no significant differences were

observed between the animal groups.

Ibuprofen plus ISDN ameliorate muscle function persistently in

a-SG-null mice

To assess muscle function we relied on in vivo analyses that

allowed longitudinal functional evaluations in the same

animal during a long period of treatment. We employed two

independent tests: the free wheel test that measured the vol-

untary running capacity (Figure 1A) and the treadmill, that

measured resistance to fatigue during a forced exercise

(Figure 1B). Tests were applied after 4 and 8 months of treat-

ment. The treatment with ibuprofen plus ISDN yielded sig-

nificant amelioration of the functional parameters both at the

free wheel and treadmill tests. By contrast, treatment with

only ibuprofen or ISDN failed to ameliorate functional param-

eters at the treadmill test, and yielded only a slight, although

significant, improvement in the free wheel test.

Ibuprofen plus ISDN affect CK release and reduce skeletal muscle

necrosis in a-SG-null mice

As an in vivo indicator of skeletal muscle damage we analysed

the serum levels of CK, a skeletal muscle enzyme released

during fibre degeneration (Duclos et al., 1998). In untreated

a-SG-null mice, the serum CK activity increased progressively

up to the fourth month of age. In this time-window, treat-

ment with ibuprofen plus ISDN reduced CK levels in the

serum with respect to those observed in untreated animals

(Figure 2A), suggesting that disease progression had been

slowed by the treatment. In agreement, CK values in treated

animals decreased progressively throughout the time window

analysed. The observation that from the fifth month onwards,

CK values in untreated animals decreased significantly, is con-

Table 1 Plasma ibuprofen, nitrite and nitrate levels

Treatment Ibuprofen (mg·mL-1
� SEM) Nitrites (mM � SEM) Nitrates (mM � SEM)

Ibuprofen 8.17 � 0.73 3.13 � 0.13 29.91 � 2.27
Ibuprofen plus ISDN 7.35 � 0.85 4.16 � 0.11* 46.16 � 3.61*
ISDN 4.32 � 0.10* 49.16 � 2.37*
STD 3.27 � 0.11 30.52 � 3.89

*P < 0.01 versus ibuprofen.

Plasma level of ibuprofen, nitrites and nitrates in mice treated for 1 week with standard diet (STD) or a diet containing ibuprofen, alone or together ISDN (n = 7).

ISDN, isosorbide dinitrate; STD, standard diet.
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sistent with the above observation as CK values depend not

only on the severity of muscle damage (see Figures 2B and 3)

but also on the extent of muscle mass that is damaged, and in

these animals there is significant progressive substitution of

muscular with fibrotic tissue (Duclos et al., 1998; Brunelli

et al., 2007b). This may also explain why CK values in ibu-

profen plus ISDN from fifth month onwards appear to be

higher than those observed in the untreated animals at the

same time-window. The fact that necrosis is still reduced by

the treatment from the fifth month onwards sustains this

hypothesis, although other hypothesis such as progressive

damage to muscle at later stages of the disease cannot be

excluded. The treatment with only ibuprofen or ISDN yielded

reductions of CK serum levels which were less than those

induced by the combined drug treatment and transient, as

after the fourth month of treatment, values were similar to

those observed in the untreated control group.

The efficacy of the various treatments in maintaining

muscle integrity was assessed also by histological analyses.

Evaluation of the number of necrotic fibres in sections of

diaphragm muscles isolated from treated and untreated

animals is shown in Figure 2B and representative images in

Figure 3. All treatments yielded significant reduction of the

number of necrotic fibres after 4 months of treatment,

whereas after 8 months reduction was significant only in the

groups receiving the combination of ibuprofen and ISDN.

Similar results were obtained for tibialis anterior muscles (data

not shown).

Ibuprofen and ibuprofen plus ISDN reduce skeletal muscle

inflammation in a-SG-null mice

An abundant inflammatory infiltrate dispersed mostly in

the fibrous/connective tissue that progressively replaces

Figure 1 Ibuprofen plus ISDN ameliorate muscle function over the
long term, in a-SG-null mice. Free wheel running to test spontaneous
movement (A) or treadmill test to measure resistance to fatigue (B)
was carried out with mice treated with standard diet (STD) or a diet
containing ibuprofen (IBU), ISDN or the two drugs combined. Param-
eters measured in matched wild-type animals (WT) are shown for
comparison. *P < 0.01 for the effect of each treatment versus STD, #P
< 0.01 for the effect of IBU plus ISDN versus that of each single drug;
n = 7. a-SG, a-sarcoglycan; ISDN, isosorbide dinitrate.

Figure 2 Ibuprofen plus ISDN reduce skeletal muscle damage long
term in a-SG-null mice. CK activity serum levels (A) and number of
necrotic fibres quantified in sections of diaphragm muscles (B)
obtained from mice treated with standard diet (STD) or a diet con-
taining ibuprofen (IBU), ISDN or the two drugs combined. Param-
eters measured in matched wild-type animals (WT) are shown for
comparison *P < 0.01 for the effect of each treatment versus STD, #P
< 0.01 for the effect of IBU plus ISDN versus that of each single drug;
n = 7. a-SG, a-sarcoglycan; CK, creatine kinase; ISDN, isosorbide
dinitrate.
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myofibres is a typical feature of dystrophic muscles (Tanabe

et al., 1986; Spencer and Tidball, 2001). We evaluated inflam-

matory infiltrates in diaphragm and the expression of the

pro-inflammatory cytokines TNF-a, TGF-b, CCL3/MIP-1a and

CCL2/MCP-1 in homogenates of the tibialis anterior muscle.

Ibuprofen, alone or combined with ISDN, reduced the

number of infiltrating inflammatory cells as shown by the

decreased cellular positivity to CD11b in muscle sections

(Figure 4A and Table 2), and inhibited generation of MIP-1a,

TGF-b and TNF-a (Figure 4B). By contrast, ISDN per se was

without significant effects on the inflammatory parameters

investigated. (Figure 4A and B).

Ibuprofen plus ISDN increase muscle regeneration, myogenic

precursor cells number and regenerative potential

The a-SG-null mice skeletal muscles degeneration is accom-

panied in the early phases of the disease by appearance of

centronucleated, regenerating fibres. Later on, a significant

decrease of regenerative capacity is observed, most likely due

to depletion of the pool of myogenic precursor cells, an event

that contributes to disease progression and muscle wasting

(Jejurikar and Kuzon, 2003).

We found that ibuprofen plus ISDN significantly increased

the number of centronucleated fibres in both diaphragm and

tibialis anterior muscles, whereas ibuprofen or ISDN were

ineffective when given alone (Figure 5A).

We also isolated from the same animal groups the myo-

genic precursor cells and analysed their number, by assessing

co-expression of the markers CD34 and a7-integrin, as well as

their ability to differentiate in vitro, a good measure of their

regenerative potential (Buckingham et al., 2003). Ibuprofen

plus ISDN enhanced both the number and differentiation

ability of myogenic precursor cells significantly. Compared

with untreated control cells; by contrast, ibuprofen and ISDN

when administered alone did not have significant effects on

these parameters (Figure 5B and C).

Discussion

The main finding of our study is that a combination of ibu-

profen and ISDN proved to be a long-term effective therapy

for muscular dystrophy in the a-SG-null mice model. Further-

more, because this combination was of two well characterized

drugs, our finding opens the door to immediate testing for

efficacy in humans.

To assess the efficacy of the therapy in mice, we carried out

a careful evaluation for 8 months of several unrelated markers

of muscle function, damage and regeneration, and inflamma-

tory responses, investigated using multiple different

approaches in treated and untreated a-SG-null mice, as well as

in matched healthy animals. Muscle function was evaluated

studying both the spontaneous animal movement and the

resistance to fatigue; the level of muscle damage was assessed

by measuring CK release in plasma and by counting the

number of necrotic fibres in sections of both a voluntary and

an involuntary muscle (tibialis anterior and diaphragm).

Inflammatory reactions were studied by histological and bio-

chemical parameters, while the regenerative capacity of

muscle was assessed by analysing the proliferative and differ-

entiative capacities of myogenic precursor cells both in vivo

and ex vivo. Of importance, the treatment allowed a signifi-

cant, albeit not full, restoration of parameters towards those

observed in WT animals, clearly indicating the efficacy of the

therapy we propose. In addition, the data obtained from the

various experimental approaches especially at the eighth

month strongly suggest that the therapeutic action of ibupro-

fen plus ISDN results from converging beneficial effects that

limit inflammation and damage to the muscle and concur-

rently enhance its regenerative potential, although progres-

sion of damage to muscles cannot be excluded in the treated

animals, in view of the persisitence of high CK levels, at later

stages of treatment. Likewise, it is important to mention that

the experimental protocol was designed in such a way that

the ex vivo analyses were carried out, 1 week later, on the same

animals that performed the functional tests, i.e. conditions

under which we cannot exclude the presence of muscle

Figure 3 Histological analysis of dystrophic muscle in animals
treated with standard diet, ibuprofen and/or ISDN. Representative
haematoxylin and eosin-stained sections of diaphragms of mice
treated with standard diet (STD) or a diet containing ibuprofen (IBU),
ISDN or the two drugs combined, obtained after 4 (A) and 8 (B)
months of treatment. ISDN, isosorbide dinitrate.
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damage, inflammation and regeneration induced by the

physical exercise during functional tests. Whereas this proto-

col allows data from all groups to be internally consistent and

comparable, we cannot exclude that part of the effects of drug

treatments were due to actions on exercise-induced inflam-

mation, damage and regeneration and not solely due to the

effect of treatments on dystrophy.

The observation that NO or NSAID therapies may have

some degree of efficacy in muscular dystrophy is not new;

however, this is the first report that demonstrate the syner-

gism of a combined treatment and its long-term efficacy.

Approaches with only NO-donors or L-arginine yielded some

amelioration of the mdx dystrophic phenotype. However,

these treatmens were not investigated over the long term and,

moreover, in most studies only amelioration of muscle mor-

phology, but not functional recovery was reported (Barton

Figure 4 Ibuprofen and ibuprofen plus ISDN reduce skeletal muscle inflammation in a-SG-null mice. Inflammatory infiltrates were assessed
by immunodetection with an anti CD11b antibody (green) (A). An anti laminin antibody was used to reveal the myofibres (red). The levels of
CCL2/MCP-1, CCL3/MIP-1a, TGF-b and TNF-a were measured in homogenates of tibialis anterior muscles (B) obtained from mice treated with
standard diet (STD) or a diet containing ibuprofen (IBU), ISDN or the two drugs combined. Parameters measured in matched wild-type animals
(wt) are shown for comparison *P < 0.01 for the effect of each treatment versus STD, #P < 0.01 for the effect of IBU plus ISDN versus that of
ISDN; n = 7. a-SG, a-sarcoglycan; ISDN, isosorbide dinitrate; MCP-1, monocyte chemoattractant protein-1; CCL2; MIP-1a, macrophage
inflammatory protein 1a; CCL3; TGF-b, transforming growth factor b; TNF-a, tumour necrosis factor a.

Table 2 IBU and IBU + ISDN reduce inflammatory CD11b+ infiltrates

Treatment % of CD11b
positive area

STD 36.4 � 4.2
IBU 17.5 � 3.3*
ISDN 33.3 � 5.2
IBU + ISDN 15.8 � 1.0*

*P < 0.01 versus STD.

CD11b-positive areas in sections of the diaphragm of animals exposed to the

various treatments or standard diet (STD) and killed at 4 months of age, were

quantified and expressed as percentage of total analysed areas (n = 7).

IBU, ibuprofen; ISDN, isosorbide dinitrate; STD, standard diet.
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et al., 2005; Marques et al., 2005; Voisin et al., 2005; Hnia

et al., 2008; Benabdellah et al., 2009; Wang et al., 2009).

Similar considerations apply to therapies aimed at controlling

inflammation. The pharmacological approaches proposed

thus far in the mdx mouse model yielded amelioration of only

single muscle force and/or the treatment was limited to a few

weeks (Pierno et al., 2007; Radley et al., 2008; Reutenauer

et al., 2008; Burdi et al., 2009; Dorchies et al., 2009; Huang

et al., 2009). An open pilot study with the TNF-a inhibitor

pentoxifylline suggested potential stabilization of strength in

Duchenne patients but the treatment was poorly tolerated

(Escolar et al., 2007).

A study reported functional recovery of treatment with the

combination of L-arginine and the corticosteroid drug

deflazacort on muscle voluntary exercise for 3 months (Archer

et al., 2006). At variance with that study however, we used a

strategy that avoided corticosteroid administration and was

effective long-term.

The therapy we propose also solves some specific drawbacks

reported with NSAIDs in muscle. NSAIDS have been described

to negatively regulate the activation of myogenic precursor

cells (Thorsson et al., 1998; Mendias et al., 2004; Mackey et al.,

2007) and the concomitant administration of NO appears to

prevent this inhibitory effect in a way similar to that already

described for the combination of NO with prednisolone

(Betters et al., 2008).

The results we describe in the mouse model are important

in terms of possible treatments for the human muscular dys-

trophies and open the door to immediate testing in patients.

Ibuprofen and ISDN are drugs long established in the clinic

with a good profile of safety (Ferdinand, 2005; Leroy et al.,

2007), and we did not detect overt signs of toxicity during the

treatments, including the group of animals receiving both

drugs. In addition, the doses chosen for this study for each

drugs yield plasma level similar to those measured in humans

and, in the case of ibuprofen, in the range of those obtained

Figure 5 Ibuprofen plus ISDN increase muscle regeneration, myogenic precursor cells number and regenerative potential. Number of
centronucleated regenerating fibres quantified in sections of diaphragm and tibialis anterior muscles (A), number of CD34/a7 integrin-positive
cells isolated from tibialis anterior muscles quantified by flow cytometry (B) and expression of the differentiation markers, myogenin (Myog)
and myosin heavy chain (MHC), in myogenic precursor cells isolated and then cultured for 1 week (C) from mice treated with standard diet
(STD) or a diet containing ibuprofen (IBU), ISDN or the two drugs combined. Parameters measured in matched wild-type animals (WT) are
shown in panel A for comparison. *P < 0.01 for the effect of each treatment versus STD, #P < 0.01 for the effect of IBU plus ISDN versus that
of each single drug; n = 7. ISDN, isosorbide dinitrate.
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using paediatric doses of the drug (Steen et al., 2000; Lotsch

et al., 2001). Finally, in terms of pharmacokinetics, no signifi-

cant interactions affecting bioavailability were detected as

demonstrated by the similar steady-state plasma concentra-

tions reached by each drug administered alone or in combi-

nation. A phase IIb clinical trial using this combination of

drugs is currently being planned in Duchenne muscular dys-

trophy patients.

An important aspect of the study was in the comparison

between the pharmacodynamic effects of ibuprofen plus

ISDN and those of ISDN or ibuprofen administered alone.

This approach allowed us to conclude that the efficacy of the

combination of ISDN and ibuprofen therapy is indeed attrib-

utable to synergistic effects of NO release and NSAID activity,

as no long-term amelioration of muscle function or

histological/biochemical parameters were observed when

ISDN or ibuprofen were administered alone. It remains to be

elucidated which mechanisms beyond the specific protective

effects of NO on muscle and reduction of inflammation by

ibuprofen contribute to the synergistic effect. One possibility

is an enhanced cytoprotection resulting from the combina-

tion of the inhibitory effects of NO on several death-inducing

pathways (Liu and Stamler, 1999; Clementi et al., 2003) with

the protective effect resulting from inhibition of inducible

cyclo-oxygenase (Mollace et al., 2005). In particular such syn-

ergism might be expressed as the preservation of mitochon-

drial integrity and function in analogy with other

degenerative diseases (Deigner et al., 2000; Takuma et al.,

2001).

The combination of ISDN plus ibuprofen had an impressive

effect on the regenerative potential of myogenic precursor

cells, an effect not observed when the drugs were adminis-

tered separately. Although we still have to elucidate the

mechanism(s) of this enhanced pro-regenerative potential, it

is most likely due to the direct effects of NO as promoter of

activation proliferation and fusogenicity of myogenic cells

(Anderson, 2000; Pisconti et al., 2006; Colussi et al., 2008;

Percival et al., 2008; Filippin et al., 2009) and it is of great

significance from a perspective of potential therapies. A

therapy that controls fibre necrosis and limits damage may

not be effective if the residual regenerative capacity to bring

back significant muscle mass and strength is exhausted. Main-

tenance, self-renewal and differentiation of the myogenic pre-

cursor cells pool are thus key aspects required for an effective

pharmacological therapy for muscular dystrophy as they

would allow the muscle to maintain its self-repairing ability,

which is especially needed in dystrophic muscles, subjected to

continuous damage (Cossu and Sampaolesi, 2004). The pres-

ervation of the regenerative capacity of muscle by the com-

bination of ISDN plus ibuprofen may explain why this

therapy was effective long-term.

The possibility of treating muscular dystrophy with an

approach other than steroids is attractive for several reasons. In

Duchenne muscular dystrophy, several studies suggest that

steroids are effective when administered in daily dose regi-

mens; however, they are often not tolerated in the long term;

over the course of several years, severe adverse effects in

approximately a third of treated patients are reported (Manzur

et al., 2004). Alternative regimens have been proposed, with

the hope of reducing the adverse effects but a final assessment

of whether the beneficial effects of steroids justify the adverse

effects is not defined (Manzur and Muntoni, 2009).

In conclusion, this study demonstrate that NO and NSAIDs

exert synergistic and persistent beneficial effect in dystrophic

mice. Inhibition of muscle damage and inflammation, as well

as maintenance of muscle regenerative capacity appear to

account for the therapeutic effect of this combination. The

fact that the therapy is obtained by combining drugs already

approved for paediatric use paves the way to immediate

testing of its efficacy in human patients.
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