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ARTICLE INFO ABSTRACT
Article history: Background: Co-administration of ibuprofen (IBU) and isosorbide dinitrate (ISDN) provides synergistic
Received 21 December 2012 beneficial effects on dystrophic skeletal muscle. Whether this treatment has also cardioprotective effects
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A in this disease was still unknown. Aims: To evaluate the effects of co-administration of IBU and ISDN (a)
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on left ventricular (LV) structure and function, and (b) on cardiac inflammatory response and fibrosis in
mdx mice. Methods: Three groups of mice were studied: mdx mice treated with IBU (50 mgkg~!)+ISDN

g(ley;/wt)rlds: e dvstronh (30mgkg-1) administered daily in the diet, mdx mice that received standard diet without drugs and
H(eearet al muscle dystrophy wild type aged-matched mice. Animals were analysed after 10-11 months of treatment. Structural and
Nitric oxide functional parameters were evaluated by echocardiography while histological analyses were performed

Non steroidal anti-inflammatory drugs to evaluate inflammatory response, collagen deposition, cardiomyocyte number and area. Results: Treat-
ment for 10-11 months with IBU +ISDN preserved LV wall thickness and LV mass. Drug treatment also
preserved the total number of cardiomyocytes in the LV and attenuated the increase in cardiomyocyte
size, when compared to untreated mdx mice. Moreover, a trend towards a decreased number of inflam-
matory cells, a reduced LV myocardial interstitial fibrosis and an enhanced global LV function response
to stress was observed in treated mdx mice. Conclusions: Treatment for 10-11 months with IBU +ISDN
is effective in preventing the alterations in LV morphology of mdx mice while not reaching statistical
significance on LV function and cardiac inflammation.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Duchenne muscular dystrophy (DMD) is a degenerative disease
caused by mutations in the dystrophin encoding-gene affecting 1
of 3600-6000 live male births a year. Mutations result in mus-
cle degeneration and necrosis leading patients to death during
their mid-twenties, in most cases because of impaired respiratory
function [1]. Cardiac dysfunction significantly contributes to death
(10-20%) even in those cases with a delayed disease onset [2-5].

New and promising experimental strategies have been devel-
oped for DMD treatment focused on restoring skeletal or cardiac
muscle function [6-11]; effective therapies able to ameliorate func-
tion of both tissues are still poorly developed [12,13].

A commonly used model to study cardiac pathology in DMD are
mdx mice that lack dystrophin due to nonsense mutations: these
animals, similarly to DMD patients, develop moderate myocardial
fibrosis, detectable at 6-8 months of age [14] followed by car-
diac dysfunction that becomes recordable by echocardiography in
11-12 months old animals [15].

The reduced functional dystrophin in cardiomyocytes leads to
increase oxidative stress, alterations in cellular Ca?* homeosta-
sis, and reduction in generation of the cardioprotective messenger
nitric oxide (NO) due to an impaired activity of the neuronal NO
synthase (nNOS) [16-20]. These events contribute significantly to
the onset and progression of the cardiac dysfunction. In particu-
lar, mdx mice that over-express nNOS transgene revealed reduced
fibrosis and recovery of some ECG parameters [16].

A therapy based on increasing the cellular levels of the NO-
generated second messenger cyclic GMP (cGMP) using inhibitors of
the cGMP-hydrolysing phosphodiesterase-5 was found to decrease
susceptibility to cardiac sympathetic stress and reduce cardiac dys-
function in mdx mice [17,21].

NO has complex actions and not all of them mediated via cGMP
generation; among these, particularly beneficial to the heart appear
to be the regulation of bioenergetics and mitochondrial function
controlling metabolic changes that has been shown to anticipate
cardiomyopathy [22,23]. Thus a NO-based therapy is conceivably
a better option to treat cardiomyopathy in DMD than a simple
enhancement of cGMP levels.

Animportant pathogenic mechanism of cardiomyopathy in both
DMD patients and animal models of dystrophy is persistent inflam-
mation that further damages cardiomyocytes and induces fibrosis
[14,24].

We recently found that the combination of a non-steroidal anti-
inflammatory drug (NSAID) and NO release has beneficial effects on
skeletal muscle in dystrophic mice and in human patients [25-28].
We decided to investigate whether such an approach is benefi-
cial also on the DMD-associated cardiomyopathy. We tested the
combination of the NSAID ibuprofen (IBU) and the NO donor drug
isosorbide dinitrate (ISDN).

We evaluated the effects of chronic co-administration of IBU
and ISDN on left ventricle (LV) structure and function by echocar-
diography and by histological analyses. In addition, we evaluated
the possibility that the pharmacological treatment affects cardiac
metabolism by positron emission tomography (PET).

2. Materials and methods
2.1. Animals and treatments

All animal care and experimental procedures were in accor-
dance to the European Community guidelines and were approved
by the Institutional Ethical Committee. 4cv mdx mice (crossed to
obtain C57BI/6] background) and C57BI/6] wild type (WT) con-
trol mice (Jackson Laboratory, Maine, USA) were housed in the

pathogen-free facility at the Ospedale San Raffaele Institute. Ani-
mal groups (6-8 animals per group) were treated starting at 1
month of age with a diet (Mucedola, Milano, Italy) containing the
study drugs aiming at average daily doses of 30 mgkg~!day~! of
ISDN (Alexis, Lausanne, Switzerland) and 50 mgkg~! day~! of IBU
(Sigma-Aldrich, MO, USA) or with standard diet without drugs.
Diets were prepared based on the average daily food intake mea-
sured for these animals [27,28]. Mice and food were weighed
weekly. The mice were analysed at 11-12 months of age.

All animals presented a normal physical state at rest and no
adverse effects were observed as pharmacological treatment con-
sequence. No significant differences in food intake were observed
among the experimental groups.

2.2. Echocardiography

Transthoracic echocardiography was carried out on conscious
mice 10-11 months old using a Vivid I Dimensions (GE Vingmed)
echo machine equipped with a 96-element linear array trans-
ducer (i13L) and a 7.5MHz phased array probe for pulsed-wave
and colour Doppler imaging. Parasternal short and long-axis
views using two-dimensional and M-mode echocardiography were
recorded on magneto-optic disc for off-line analysis by a sono-
grapher blind to study groups. Left atrial diameter, end-diastolic
and end-systolic wall thicknesses and LV internal dimensions were
measured, as recommended by the American Society of Echocar-
diography. Only the left ventricle was analysed. LV Fractional
shortening (LVFS) was calculated from M-mode short axis view and
LV mass from M-mode long-axis view. LV volumes and left ven-
tricular ejection fraction (LVEF) were calculated by the modified
simple plane Simpson’s rule from the parasternal long-axis view.
Aortic outflow and transmitral LV inflow velocities were measured
from 5 and 4 apical chamber views, respectively, by pulsed-wave
Doppler. All Doppler spectra were recorded for 5-10 cardiac cycles
at a sweep speed of 100 mm/s. The colour Doppler preset was at a
Nyquist limit of 0.44 m/s [29,30]. Stress echocardiography with i.v.
dobutamine infusions from 0 to 40 ng g~! min—! was carried out in
a subgroup of animals of each study group. LVEF was chosen as a
marker of LV systolic function, and deceleration time normalised
by heart rate (DT/HR) as a marker of diastolic function in response
to stress [31,32].

2.3. Histology and immunohistochemistry

After echocardiography animals were sacrificed. The heart was
arrested in diastole by injection of a 2.5 M solution of KCI, removed
from the chest, blotted and weighted. The atria were trimmed and
ventricles weighed. The ventricles were cut into two transversal
sections, one was fixed in 10% formalin and embedded in paraffin,
the other included in OCT and quickly frozen on liquid nitrogen-
cooled isopentane.

Interstitial collagen was assessed on 10 wm paraffin sections
of LV stained with 0.1% Sirius red [33] and quantified at a final
200x magnification with an Axioscope microscope (Kontron-Zeiss,
Germany) connected to a video camera (XC-77CE CCD Video Cam-
era Module, Sony). The resulting image was processed on the
Kontron KS300 image-analysis system (Kontron-Zeiss, Germany).
The content of interstitial collagen (expressed as the fractional
area of the entire cross section) was averaged on nine fields
selected across the wall thickness in the septum and free wall. The
nature of the Sirius red-stained collagen deposit was confirmed
by examining the sections under a microscope fitted with a lin-
ear cross-polarising filter that renders collagen fibres birefrigent
[34]. Collagen deposition was evaluated also by hydroxyproline
assay. Hearts were homogenised in 0.5 ml of PBS and then were
hydrolysed in 6 N HCI at 110°C for 12 h. Twentyfive microliters of
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lysate were added to a solution containing 0.5 ml of 1.4% Chlo-
ramine T (Sigma), 10% n-propanol and 0.5M sodium acetate.
After 20 min at room temperature, 0.5 ml of Erlich’s solution (1M
p-dimethylaminobenzaldehyde [Sigma] in 70% n-propanol, 20%
perchloric acid) was added to the sample and a 15 min incuba-
tion at 65 °C performed. Absorbance was measured at 550 nm and
the amount of hydroxyproline was determined against a standard
curve.

Cardiomyocyte cross-sectional area was measured in 5pum
paraffin sections, stained with AlexaFluor® 488-conjugated wheat
germ agglutinin (Invitrogen™) and counterstained with bisben-
zimide for nuclei identification. Area was measured by manually
tracing the fibre contour on images of at least 50 cardiomyocytes
in each section.

Cardiac myocyte number was determined by a quantitative
morphometric method on 5pum paraffin transversal sections
stained with haematoxylin at 400x magnification. Briefly, the
number of myocyte nuclear profiles and the volume fraction of
myocytes (i.e., after exclusion of empty spaces, blood vessels and
collage/scars)were counted in 21 fields of tissue section of transver-
sally cut muscle cells in four representative sections from each
heart. Nuclear length was obtained from 25 measurements in lon-
gitudinally oriented myocytes viewed at a magnification 1000 x
with an Olympus IX51 microscope equipped with a high-contrast
F-VIEW II camera. The number of myocyte nuclei per unit volume
of myocardium was computed from the number of nuclear pro-
files divided by the myocyte nuclear length. Myocyte cell volume
per nucleus was calculated from the volume fraction of myocytes
divided by the number of myocyte nuclei per unit volume of
myocardium. The total number of myocyte nuclei in each ventri-
cle was derived from the product of the number per unit volume
and the total left ventricular volume. The latter was evaluated by
dividing ventricular weight by the specific gravity of muscle tissue
[35].

Infiltrating leukocytes were detected by anti-CD45 immunohis-
tochemical staining. Cryosections (7 wm) were incubated with a
monoclonal rat anti-mouse CD45 antibody (clone #30-F11; R&D
Systems, Inc.) followed by an anti rat biotinylated antibody (cod
BA-4001; Vector Laboratories, USA) [36]. Peroxidase activity was
visualised by diaminobenzidine and nuclei were counterstained
with haematoxylin. Labelled inflammatory cells were counted at
600x under light microscope (Carl Zeiss, Axioskop, West Germany)
in two representative tissue sections from each heart. CD45* cells
were counted in 80 fields of each section; the total number in each
animal was calculated and normalised to tissue area, expressed as
number of cells/mm?.

2.4. Positron emission tomography (PET)

PET imaging was performed using a YAP-(S)-PET Il small animal
scanner (ISE, Pisa, Italy) (field of view: 4 cm x 4cm x 4 cm; maxi-
mum sensitivity: 19 cps/kBq; spatial resolution:1.8 mm). Animals
were analysed at 4, 6 and 11 months of age.

Mice, fasted over night before PET study, were injected in the
tail vein with [18F]FDG (4.1 £0.01 MBq in 50 pl of NaCl 0.9%). Sixty
minutes after radiotracer injection, animals were positioned prone
in the scanner bed and chest was centred in the Field Of View using
a laser pointing system. Mice were scanned for 30 min (6 frames of
5mineach)and during acquisition were kept under gas anaesthesia
(1.5% isoflurane) [37].

PET data were acquired in list mode using the full axial accep-
tance angle of the scanner (3D mode) and all images were then
reconstructed using the expectation maximisation algorithm.

Quantification analysis was performed with the Analyse 7.0
software (AnalyzeDirect Inc., Overland Park, KS, United States)
using the Region of Interest (ROIs) analysis. At least 10 slices

Table 1
Body and heart weights.
WT Untreated IBU +ISDN
BW (g) 344425 323+1.1 344405
LV +RV (mg) 137.0+1.9° 106.5+5.4 128.1+6.9
LV +RV/BW (mg) 3.6+0.2 32+02 3.7+0.2

Variables are expressed as mean+ SEM analysed by one-way ANOVA. BW: body
weight; LV +RV: left ventricle + right ventricle, WT: wild type, untreated: mdx mice
without drug treatment, IBU+ISDN: mdx mice treatment with drugs WT: n=6,
untreated: n=8, IBU+ISDN: n=6

" pvalue <0.05 vs. mdx from Dunnett’s comparisons post test.

for animal were analysed. ROIs were drawn in order to sample
the entire heart volume using as anatomical reference Computed
Tomography image obtained in WT mice. The radiopharmaceuti-
cal distribution was calculated as mean standardised uptake value
(SUVmean =mean activity concentration (MBq/g)/[injected dose
(MBq)/body weight (g)]) by correcting for injected dose and mouse
weight.

2.5. Statistical analysis

All data are presented as mean + SEM. For dobutamine exper-
iments, data are expressed as changes of echocardiographic
variables from baseline to 40ngg~! min—! dobutamine infusion.
Experimental groups were compared by one-way-analysis of vari-
ance (ANOVA) followed by the post hoc Dunnett’s test, using
mdx mice as reference group. For CD45* cells analyses the
Kruskall-Wallis test and Dunn’s Multiple Comparison Post hoc test
were used because of the non normal distribution of the variable.

All analyses were performed with the Graph Pad, PRISM 5.0 for
Windows, (GraphPad Software, Inc., San Diego, California).

3. Results

3.1. IBU+ISDN treatment preserves heart anatomy and shows a
trend towards ameliorating LV functional performance during
stress

No significant differences in weight gain were observed among
the experimental groups. LV+RV weight was 29% lower in mdx
untreated mice, compared to WT age-matched mice and 21% lower
when compared to mdx IBU +ISDN group (Table 1); similar results
were obtained after indexing ventricular weight by body weight.
Results of echocardiographic evaluation at rest of conscious mice
are reported in Table 2. LV anteroseptal wall was 23% thinner in
mdx mice compared to WT and the inferior wall thickness was
reduced by 20% (although this difference did not reach statisti-
cal significance). In mdx mice treated with the combination of
IBU +ISDN, LV anteroseptal and inferior wall thickness were sig-
nificantly increased, reaching values similar to those of WT mice.
LV mass in mdx group was reduced by 60% of that in WT, while drug
treatment normalised it.

In the mdx untreated group cardiac output and stroke volume
mean values were reduced by 60% and 30%, respectively, with
respect to those observed in WT age-matched mice; treatment
increased both values although the increment did not reach statisti-
cal significance (Table 2). Similarly, transmitral E wave deceleration
time, which reflects LV diastolic function, was 35% less in mdx
untreated mice compared to WT mice; this variable was not
affected by the drug treatment. Heart rate, LV diameters and vol-
umes, shortening and ejection fractions were similar in the three
groups.

In a separate set of experiments, we performed a stress test with
dobutamine to unmask deficits in LV function not detectable by an
exam in resting conditions. In mdx untreated mice, the increase
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Fig. 1. Dobutamine echocardiographic stress test. Data are expressed as relative changes from baseline to 40ngg~' min~' of dobutamine infusion. (A) Heart rate, (B) LV
ejection fraction, (C) deceleration time normalised by heart rate (DT/HR). WT =wild type, n="7; Untreated = mdx mice without drug treatment, n==6; IBU + ISDN= mdx mice

treated with the drug combination, n=6. Data are mean =+ SEM. *p value <0.05.

in heart rate from baseline to the peak dose of 40ngg~! min~!
of dobutamine was less than that observed in WT mice and in
mice treated with IBU +ISDN (4 +7vs. 19+ 8% and 21 + 14% respec-
tively, Fig. 1). Upon dobutamine infusion LVEF decreased in mdx
untreated mice while increasing significantly in WT mice (-3 +4
vs. 16 £ 5%, Fig. 1). Similarly, deceleration time normalised by heart
rate decreased in mdx mice and increased in WT mice. Overall,
IBU+ISDN treatment in mdx mice exposed to the dobutamine-
induced stress impacted positively on heart function (Fig. 1).
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3.2. IBU+ISDN treatment normalises the LV cardiomyocytes
number and cross sectional area

Ventricular weight was 29% lower in untreated mdx compared
to WT age-matched mice: treatment with IBU+ISDN attenuated
the decrease in ventricular weight in agreement with data obtained
for LV mass and wall thickness by echocardiography (Table 1). Total
number of cardiomyocytes in the LV was estimated to explain the
decrease in LV mass found in mdx mice. Indeed, the total number

WT

UNTREATED

IBU+ISDN

Fig. 2. Number of cardiomyocytes and cross sectional area. (A) Number of cardiomyocytes in the LV; (B) LV cardiomyocyte cross-sectional area. Data are expressed as
mean £ SEM. *p value <0.05, and ****p value <0.001 vs. mdx untreated, one-way ANOVA and Dunnett’s comparison post hoc test. (C) Representative photomicrographs of
cardiomyocyte cross sectional area: 600x magnification, scale bars =50 wm. WT = wild type, n=6; Untreated = mdx mice without drug treatment, n=6; IBU + ISDN = mdx mice

treated with the drug combination.
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Fig. 3. Cardiac fibrosis. (A) Myocardial interstitial collagen content quantification. Bars represent mean + SEM. **p value <0.01 and ***p value <0.001 vs. mdx untreated from
Dunnett’s comparison post-test; WT=wild type, n=6; Untreated = mdx mice without drug treatment, n=4: IBU +ISDN = mdx mice treated with the drug combination, n=6.
(B) Representative photomicrographs of myocardial interstitial collagen content stained with Sirius red (600 x magnification; scale bars=10 wm). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the article.)

of cardiomyocytes was reduced by 11% in mdx untreated compared
to WT age-matched mice: treatment limited significantly the loss
of cardiomyocyte that were 4.6 x 106 £ 0.3 in mdx untreated and
5.5 x 106 £ 0.2 in treated mice (Fig. 2A).

Cardiomyocyte cross sectional area was then measured as an
index of hypertrophy: area was 43% greater in mdx untreated mice
compared to WT mice; the drug treatment significantly reduced
cardiomyocyte enlargement by 14% (Fig. 2B and representative
images in C).

3.3. IBU+ISDN treatment effects on interstitial cardiac fibrosis
and tissue infiltration

The LV of mdx showed extensive focal areas of fibrosis and
inflammatory infiltration. Interstitial collagen content was 5 fold
higher in mdx mice when compared with WT animals: treatment
significantly reduced interstitial cardiac fibrosis in mdx mice as
shown by the Sirius red staining (Fig. 3A, and representative images
in B). Measurement of hydroxyproline content showed a trend of
reduction although results did not reach statistical significance (not
shown).

The number of CD45* cells in the interstitium was increased 2.5
fold in mdx compared to WT mice, while it was reduced by 11%
in mdx mice treated with IBU+ISDN compared to untreated mdx
mice (Fig. 4A and representative images in B). In both dystrophic
groups of mice, but not in WT, CD45cells were present in clusters
surrounding interstitial areas of fibrosis.

3.4. IBU+ISDN treatment reduces heart glucose uptake in young
mdx mice

Metabolic changes occur in human DMD; they are considered
independent determining factors for disease progression [38]. Such
metabolic changes have been described in young dystrophic mice
and include increased carbohydrate utilisation by heart [22].

To investigate if the drug treatment had an effect in the con-
trol of metabolic shift of dystrophic heart, we evaluated glucose
uptake by PET imaging analyses after injection of ['8F]FDG. During
the first 6 months of life, untreated mdx mice showed a sig-
nificantly higher uptake of ['8F]JFDG than WT mice, which was
significantly reduced by treatment with IBU +ISDN (Fig. 5). No sig-
nificant [!8F]FDG uptake differences were instead observed at 11
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Fig. 4. Cardiac tissue inflammatory cells infiltration. (A) Number of CD45* cells. Each symbol represents the mean value of CD45" cells counted in mouse left ventricle,
horizontal line represents the median value. Kruskal-Wallis non-parametric ANOVA; **p<0.01 from, Dunn’s Multiple Comparison post-test. (B) Representative photomi-
crographs of anti-CD45 antibody staining. Positive-stained cells were visualised with diaminobenzidine. Scale bars = 100 m. WT = wild type, Untreated = mdx mice without

drug treatment, IBU + ISDN= mdx mice treated with the drug combination.

months of age between WT, treated and untreated mdx mice and at
this stage the drug treatment did not affect this parameter (Fig. 5).

4. Discussion

DMD is a complex disease in which both skeletal and cardiac
muscle damages contribute to death. While significant step for-
wards have been made to slow disease progression of either muscle
therapies that target both tissues are still missing. Classical phar-
macological approaches [6],and the novel therapies currently being
tested, including the use of muscle progenitor cells [39], intravas-
cular or direct intramuscular injection of gene therapy vectors [40],
and oligonucleotide strategies for exon skipping [41] restore either
the skeletal or cardiac muscle function [13,42]. This situation leads,
in the clinical practice, to complex poly-therapeutic approaches.
This has profound consequences in terms of drug interactions and
adverse reactions.

We have recently described that a combination of the NO donor
ISDN and the non steroidal anti-inflammatory drug IBU has benefi-
cial effects on skeletal muscle structure and function that appears
to have efficacy also in humans, in the absence of significant adverse
drug reactions [26].

NO has several beneficial effects on heart physiology. It pro-
motes cardiac muscle excitation contraction coupling [43,44] and
organic nitrates are commonly used as treatment for heart fail-
ure and stroke [43,45,46]. In addition, cardiomyopathy in DMD
shares several aspects of skeletal muscle degeneration, including
inflammation [14,43]. These observations prompted us to investi-
gate the potential cardiac benefit of the therapy combining ISDN
and IBU; the results we report show that this therapy preserves LV
morphology and tended to ameliorate LV function response during
stress.

In particular, we studied in vivo the effects of IBU+ISDN long
term treatment on LV structure and function in the mdx mouse
model of DMD. A specific aspect of the dystrophic cardiac muscle is
areduced LV wall thickness and LV mass, possibly as a consequence
or dystrophin absence [47-49]. In untreated mdx mice we found
evidence of LV dysfunction to a degree similar to that reported by
other authors that evaluated LV function [17,50].

In this study we used 4cv mdx mice, in which alterations of
LV function are less evident than in other strains as previously
described [43,44]. We decided to use this model as it represents in
our opinion a better challenge to test the efficacy of the IBU +ISDN
treatment. The observed decrease in CO and SV may be related
to diastolic dysfunction that reduce LV preload. Diastolic stiffness
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Table 2
Baseline echocardiographic parameters of conscious mice.

WT Untreated IBU +ISDN
HR (bpm) 647 + 24 614 + 17 608 + 18
LVIDd (mm) 33+0.1 29+0.1 31+0.1
LVIDs (mm) 1.3 +£0.1 1.3 +£0.1 14 +£0.1
IVSThd (mm) 0.81 + 0.07" 0.62 + 0.00 0.87 + 0.03™"
AWThd (mm) 0.85 + 0.04° 0.69 + 0.04 0.85 + 0.05
IWThd (mm) 0.90 + 0.05 0.75 + 0.05 0.93 + 0.03"
LV mass (mg) 77.0 £ 6.6 48.6 + 3.5 712+ 157
LV mass/BW (mg/g) 23+02"" 15+0.1 2.1 +£0.03"
EDV (l) 43 +1.8" 34+ 15 38+ 1.6
EDV/BW (pl/g) 1.3+£0.2 1.6 £ 0.1 1.1+£0.1
ESV (ul) 11+28 8+04 9409
ESV/BW (pl/g) 033 +0.1 0.26 + 0.02 0.25 + 0.03
EF (%) 72 £5.0 75+13 77 £1.9
CO ml/min—! 24+ 16" 15+ 1.3 19+22
SV (ul) 37 £23° 26 +24 30 +£4.7
E/A 14 +£0.1 1.3 +£0.1 14 +£0.1
DT (ms) 23+ 1.5 17 +1.3 18 +23

Values are mean +SEManalyzed by one-way ANOVA. HR: heart rate, LVIDd: left
ventricular diastolic diameter; LVIDs: left ventricular systolic diameter; SF: shorten-
ing fraction; IVSThd: interventricular septum diastolic thickness; AWThd: diastolic
anteroseptal wall thickness; IWThd: diastolic inferior wall thickness; EDV: end dia-
stolic volume; ESV: end systolic volume; EF: ejection fraction; CO: cardiac output;
SV: stroke volume; E/A: transmitral flow E wave peak velocity; DT: deceleration
time of transmitral flow E wave velocity, WT: wild type, untreated: mdx mice with-
outdrug treatment, IBU + ISDN: mdx mice treatment with drugs WT: n=6, untreated,
n=8,[BU+ISDN: n=6.
" p value <0.05 vs. mdx untreated mice from Dunnett’s comparisons post test.
" pvalue<0.01 vs. mdx untreated mice from Dunnett’s comparisons post test.
™" pvalue<0.001 vs. mdx untreated mice from Dunnett’s comparisons post test.

seems to be an issue of mdx cardiomyopathy not related only to
the content of myocardial collagen but also to a non coordinated
contraction-relaxation coupling due to dystrophin deficiency [45].
In this scenario the treatment with IBU +ISDN preserved LV mass,
by reducing cardiomyocyte loss. Less clear were the effects on car-
diac inflammatory response, as evidenced by interstitial fibrosis
and infiltrating leukocytes. In particular, the Sirius red staining
indicated that the treatment reduced collagen deposition, a result
not confirmed by collagen staining with hydroxyproline. The dis-
crepancy may arise from the fact that Sirius red staining reveals
interstitial collagen content, whereas hydroxyproline represents
total, interstitial and perivascular, collagen content. Further studies
are needed to clarify this issue.

Altered heart regulation and output in the mdx mouse is associ-
ated to an impaired regulation of blood flow during exercise with
ensuing low tissue perfusion and ischaemia [51]. To investigate the
effect of the ISDN +IBU therapy, we used a model of dobutamine-
induced cardiac stress that increases LV workload conditions. The
drug treatment of the mdx mice appeared to impact positively on
their altered response in LV ejection fraction and deceleration time
(representative of LV systolic and diastolic function, respectively),
although did not reaching statistical significance. Studies in chil-
dren with DMD reported that an abnormal LV function response
during dobutamine stress echocardiography is a prognostic factor
for subsequent clinical manifestations of heart failure [52]. A con-
clusive confirmation of these results regarding IBU + ISDN effect in
a clinical setting has not yet been obtained, although preliminary
results in patients suggest this to be the case [26].

Changes in heart metabolism occur in DMD patients and in the
mdx mice with increased glucose utilisation and decreased high-
energy phosphate metabolism [22,26,53]. The importance of heart
metabolism and in particular of changes in mitochondrial sub-
strate metabolism in DMD-associated cardiac failure [54-56] has
been demonstrated and corrective therapies proposed [57,58]. A
recent study showed also a marked shift in substrate fuel selec-
tion from fatty acids to carbohydrates, with enhanced oxygen
consumption in mdx mice at 10-12 weeks of age, when no major

A
1.2+ —--WT
—=—Untreated
0.9 —+IBU+ISDN
: 0.6+ *
% F—;/I
0.3+
0.0 T T ,
4 6 11
Time (months)
B PET
WT
Untreated
IBU+ISDN

min T T max

Fig. 5. Glucose uptake. (A) Quantification of ['8F]FDG-PET images. WT (cir-
cles)=wild type, Untreated (squares) = mdx mice without drug treatment, IBU + ISDN
(triangles)=mdx mice treated with the drug combination. Data are express as
mean £ s.e.m, *p <0.05 vs. mdx untreated, by one-way ANOVA followed by the post
hoc Dunnett’s test. WT: n=3; untreated: n=>5: IBU+ISDN: n=5. (B) Representative
transaxial ['8F]FDG-PET images of WT, Untreated mdx and IBU +ISDN treated mdx
mice acquired at 4 months. Level of ['8F]-FDG uptake is indicated by colour scale.
On the right, Computed Tomography (CT) image obtained for WT mouse and used
as anatomic reference.

histological or echocardiographic abnormalities are reported [22].
These findings suggest substrate metabolism shift as an (indepen-
dent) factor contributing to contractile dysfunction and disease
progression. We investigated the impact of the treatment on heart
metabolism. We relied on [!8F]FDG heart uptake monitored by
PET as a readout of glucose utilisation. The drug combination nor-
malised [!8F]FDG uptake in mdx mice, indicating the normalisation
of heart metabolism. Such an action is one of the possible mecha-
nisms by which the drug combination is effective.

In conclusion, we demonstrate that the combination of
IBU +ISDN in mid stages of DMD positively impacted on cardiac
morphology and size while the changes on cardiac function in
terms of cardiac output or stroke volume and inflammation were
relatively small and did not reach statistical significance. Further
studies in larger animal groups are needed to confirm whether the
effects we report here translate into a global amelioration of dys-
trophic heart function. The efficacy of the treatment on the heart, if
confirmed, alongside the efficacy already reported for skeletal mus-
cle [27] and the overall good profile of safety of these drugs suggest
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that the combination of IBU +ISDN is of therapeutic value and that
it should be rapidly optimised for DMD treatment.
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