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Early Myocardial Dysfunction and Benefits of Cardiac Treatment
in Young X-Linked Duchenne Muscular Dystrophy Mice

Marie Vincenti'? - Charlotte Farah' - Pascal Amedro' - Valerie Scheuermann’ - Alain Lacampagne’ -
Olivier Cazorla'

Abstract

Context Duchenne muscular dystrophy (DMD) is associated with a progressive alteration in cardiac function.

Objective The aim of this study was to detect early cardiac dysfunction using the high sensitive two-dimensional speckle-
tracking echocardiography (2D strain) in mdx mouse model and to investigate the potential preventive effects of the S107
ryanodine receptor (RyR?2) stabilizer on early onset of DMD-related cardiomyopathy.

Methods and Results Conventional echocardiography and global and segmental left ventricle (LV) 2D strains were assessed
in male mdx mice and control C57/BL10 mice from 2 to 12 months of age. Up to 12 months of age, mdx mice showed
preserved myocardial function as assessed by conventional echocardiography. However, global longitudinal, radial, and
circumferential LV 2D strains significantly declined in mdx mice compared to controls from the 9 months of age. Segmental
2D strain analysis found a predominant alteration in posterior, inferior, and lateral LV segments, with a more marked impair-
ment with aging. Then, mdx mice were treated with S107 in the drinking water at a dose of 250 mg/L using two different
protocols: earlier therapy from 2 to 6 months of age and later therapy from 6 to 9 months of age. The treatment with S107
was efficient only when administered earlier in very young animals (from 2 to 6 months of age) and prevented the segmental
alterations seen in non-treated mdx mice.

Conclusions This is the first animal study to evaluate the therapeutic effect of a drug targeting early onset of DMD-related
cardiomyopathy, using 2D strain echocardiography. Speckle-tracking analyses revealed early alterations of LV posterior
segments that could be prevented by 4 months of RyR2 stabilization.

Keywords Heart failure - Duchenne muscular dystrophy - Dilated cardiomyopathy - 2D strain - Speckle-tracking
echocardiography

Background

Alain Lacampagne and Olivier Cazorla jointly supervised this Duchenne muscular dystrophy (DMD) is the most common
work. type of muscular dystrophy, affecting 1 in 3500 boys, with
a genetic X-linked recessive transmission and leading to
the absence of dystrophin in all muscles. Skeletal muscle
weakness is an early manifestation of DMD. Respiratory
failure has long been the most common cause of death in
young DMD patients due to diaphragm weakness [1]. With
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Advanced imaging techniques, such as cardiac magnetic
resonance imaging, Doppler tissue imaging or two-dimen-
sional (2D) speckle-tracking echocardiography (STE), and
cardiac distortion, have shown cardiac dysfunction as early
as the age of 8 [4-6]. Development of new ultrasound tech-
nologies has become a valuable tool to better characterize
cardiac structure and function both in humans and animals
[5, 7, 8]. Our team has recently conducted a prospective
controlled study of 108 children, which established the alter-
ation of global left ventricular (LV) 2D strain in children
with DMD despite normal LV function [9]. We also found
a significant interaction of age with DMD and global lon-
gitudinal 2D strain. However, further studies are requested
to use speckle-tracking analysis as a reliable surrogate end
point for heart failure in this population.

Among animal models of DMD, the X-linked muscular
dystrophy (mdx) mouse model has been extensively used
to investigate the pathophysiology and test new therapies
for DMD [10], with muscular dysfunction similar to human
patients [11]. Using conventional ultrasound measures,
cardiac dysfunction usually appears at a late stage after
12-month-old [12]. However, LV localized inflammation
and fibrosis have been described as early as 4 months of age
in mdx mice [13]. The use of STE imaging has allowed to
quantitatively measure myocardial strain and strain rate as
potentially sensitive markers for early myocardial dysfunc-
tion in mdx mice. Li et al. showed that peak systolic global
strain analysis was a feasible and reproducible method to
detect LV dysfunction in male (and female) mdx mice [8].
The LV segmental STE analysis remains to be performed to
detect early cardiac dysfunction and eventually preferential
regional cardiac dysfunction. Screening of the contractile
defaults of the heart by regional 2D-STE is useful to detect
subclinical myocardial dysfunction prior to the development
of delayed cardiomyopathy [14]. Moreover, pharmacologic
treatment of early deleterious events has to be tested to ana-
lyze its impact on in vivo regional cardiac function.

Dystrophin is a cytoskeleton protein that limits sarco-
lemma mechanical stresses developed during repeated
cycles of muscle contraction-relaxation [15]. Among several
pathophysiological pathways, alteration in Ca** homeosta-
sis is well described and recognized in dystrophin-deficient
myopathy [16]. Our group has shown that Ca>* leaks dur-
ing diastole from the sarcoplasmic reticulum (SR) is due
to progressive ryanodine receptor type 2 (RyR2) nitrosyla-
tion and depletion of the regulatory protein FKBP12.6 [12].
This results in increased cytosolic Ca®* and contributes to
trigger cardiac arrhythmias and remodeling in DMD. Pre-
venting the depletion of FKBP12.6 from the RyR2 complex
with the Ca®* channel stabilizer S107 (“rycal”) inhibited
the SR Ca®* leak, inhibited aberrant depolarization in iso-
lated cardiomyocytes, and prevented arrhythmias in vivo.

The impact of S107 on cardiac contractile function remains
to be determined.

The aim of the present study was (1) to perform a lon-
gitudinal analysis of the global and regional longitudinal,
radial, and circumferential LV 2D strains in mdx and wild-
type (WT) mice from 2- to 12-month-old and (2) to test the
effect of the S107 RyR2 stabilizer, on early onset of DMD-
related cardiomyopathy.

Methods
Animal Model

Experiments were conducted in accordance with the Euro-
pean directive for the protection of animals used for scien-
tific purposes and were approved by the ethical committee
(Comité d’éthique pour I’expérimentation animale Langue-
doc-Roussillon, n°® CEEA-LR-12078).

Male WT mice (C57BL/10ScSnJ), designed as WT,
were purchased from Harlan Laboratory (Gannat, France).
Male mdx mice (C57BL/10ScSnDmdmdx/J), designed as
mdx, were obtained from a colony maintained in the local
animal facility (Plateau Central d’Elevage et d’Archivage,
Montpellier, France). Animals were housed convention-
ally in controlled humidity and temperature, operating on
12 h of light and dark cycle with food and water available
ad libitum. A first set of animals (WT, n=12; mdx, n=12)
underwent cardiac monitoring using conventional echocar-
diography and 2D-STE, for an overall period of 1 year. Since
the mdx mouse model is a model with mild disease progres-
sion, death is not expected during the 1-year study period
[10]. Two other sets of mdx mice were treated with S107
diluted in drinking water (25 mg/100 mL) as we previously
reported [12], either between 2 and 6 months of age (n=10)
or between 6 and 9 months of age (n=9). Sonographer in
charge of the study analyses was blinded of mice’s group.

Echocardiography

Cardiac function was evaluated in vivo by 2D transthoracic
echocardiography using a high-frequency ultrasound system
(Vevo 2100, Visualsonics, Toronto, Canada) equipped with
a 30 MHz probe operating at a frame rate of 200-250 per
second and providing high resolution images. Echocardiog-
raphy was performed by a single sonographer (MV) blinded
from mice group and treatment. A posteriori analyses were
performed blinded from mice group and treatment using
VevoLab software. All measurements were averaged from a
minimum of three cycles and followed the standards of the
American Society of Echocardiography and the Vevo 2100
guidelines.



Mice were anesthetized using isoflurane (3% for induc-
tion; 1.5% sedation). Animals were placed in a dorsal posi-
tion on a heated platform to maintain physiological body
temperature (36-38 °C; rectal thermometer monitoring).
Heart rate was controlled (> 400 beats/min; ECG legs elec-
trodes) with adjustment of level of anesthesia as necessary.

Offline Analysis
Conventional Echocardiography Indexes

M-mode images were obtained using LV short-axis view at
the mid papillary muscle level in order to assess the follow-
ing conventional ultrasound indexes of LV morphology and
systolic function: LV ejection fraction (LVEF), LV shorten-
ing fraction (LVSF), LV mass, LV end diastolic diameter,
and LV posterior wall diastolic thickness. Doppler-mode was
used in the four-chamber view to assess diastolic function as
mitral inflow with peak early diastolic filling (E-wave) and
late diastolic filling (A-wave) velocities, E/A ratio. Early
diastolic velocities of the medial mitral annulus (E) were
measured by pulsed-wave Doppler tissue imaging and E/E’
ratio was calculated.

2D Strain Analyses

For 2D strain studies, B mode LV cine loops of short-axis
at the mid LV level and long-axis with scan head placed
optimized for a clear view of both the apex and the outflow
tract of LV were recorded. Three cardiac consecutive and
stable cycles were selected. After manual tracing of the LV
borders, the VevoLab software automatically detected the
movement of the entire myocardial wall (from the endocar-
dium to the epicardium) and therefore defined the areas of
interest and divided the LV into 6 segments per view (long-
axis segments: basal anterior, mid anterior, apical anterior,
apical posterior, mid posterior, and basal posterior segments;
short-axis segments: anterior, septal anterior, septal poste-
rior, inferior, posterior, and lateral). In poorly detected seg-
ments, the sonographer readjusted the endocardial contour
until better detection was obtained. Whenever the tracking
quality was not considered acceptable, the related segments
were excluded from the analysis and reported as “poor track-
ing quality” missing data.

Longitudinal LV 2D strain was analyzed using long-
axis cine loops. Circumferential and radial LV 2D strains
analyses were obtained from short-axis cine loops. For each
deformation (longitudinal, circumferential, and radial),
segmental peak systolic strains were averaged to obtain the
global peak systolic strain. We also pooled the number of
hypokinetic segments in each deformation at each time-point
to assess the evolution of LV regional dysfunction. Finally,
we explored whether the changes in global peak systolic

strain were due to alterations of preferential segments. Seg-
ments that were altered transiently only at one age were not
considered. Altered peak systolic strain (hypokinetic seg-
ment or global strain) was defined as significant lower abso-
lute strain value in mdx than in WT mice.

Myocardial Effects of S107 Treatment

Myocardial effect of S107 treatments was assessed by com-
paring the results of global and regional 2D strain of these
mdx-S107 groups to age-matched non-treated mdx mice and
WT mice.

Immunoblot Analyses

All mdx-S107 mice were sacrificed at the end of each S107
treatment after echocardiographic evaluation. The LV
was dissected, quick frozen in liquid nitrogen, and stored
at— 80 °C. Myocardial RyR2 expression was studied, as
described previously [17]. Solubilized proteins in non-
reducing Laemmli buffer were separated using SDS-PAGE
electrophoresis and were revealed overnight with primary
antibodies (RyR2, rabbit, homemade; GAPDH, mouse,
Abcam 8245). Bands were revealed and quantified with the
Odyssey system (LI-COR Biosciences, Lincoln, Nebraska).
Protein content was expressed relative to GAPDH content.
We compared the expression of RyR2 in mdx+S107 to age-
matched mdx controls and to 12 months WT mice.

Statistics

Statistics were performed using StatView 5.0 (SAS Institute,
Cary, NC). Data are presented as the mean + SEM. Differ-
ences were assessed with the one-way or two-way ANOVA
when appropriate. When significant interactions were found,
a Bonferroni post-hoc test was applied with p <0.05.

Results

Conventional and 2D Strain Analyses of Cardiac
Function in mdx Mice

Results of conventional ultrasound indexes and 2D strain
analyses from the age of 2 to 12 months, in 12 mdx mice and
their controls, are reported in Tables 1 and 2. From 6 months
of age, mdx mice showed smaller hearts (reduced LV mass
associated with smaller LV internal diameter; Table 1).
However, systolic and diastolic function parameters did not
differ between mdx and WT mice up to 12 months (Table 1;
Fig. 1A). Thus, conventional echocardiography indicates
that cardiac function is normal between mdx and WT mice.



Table 1 Morphological and conventional echocardiographic parameters in wild-type (WT) and mdx mice from 2- to 12-month-old

WT mdx WT mdx
(n=12) (n=12) (n=12) (n=12)
Body weight (g) 2 months 20.8+0.5 25.0+0.5%  Heart rate (bpm) 2 months 479+9 460+ 14
6 months 35.7+1.2 32.2+0.6% 6 months 436+12 444+ 8
9 months 42.6+2.0 32.0+0.5% 9 months 445+8 504 +£11%*
12 months  44.6+2.6 31.6 £0.6* 12 months 444 +8 493 + 7%
LVm/BW 2 months 45+0.2 3.8+0.2% LV mass (mg) 2 months 93+5 94 +4
6 months 4.5+0.3 3.8+0.2 6 months 159+8 124 +10%*
9 months 34+0.2 3.7+0.2 9 months 140+6 119+ 7%
12 months  3.6+0.2 39+03 12 months 156+ 10 125 +10%*
Ejection fraction (%) 2 months 71.9+2.3 65.7+3.0 Fractional shortening (%) 2 months 40.5+1.9 359+22
6 months 56.9+1.8 59.9+22 6 months 29.6+1.2 314+1.5
9 months 61.8+1.9 62.9+3.0 9 months 328+1.3 33.7+2.2
12 months  61.9+2.8 54.6+3.5 12 months  54.6+3.5 28.1+2.3
LV posterior wall (mm) 2 months 0.76+0.05 0.71+0.03 LV interior diameter (mm) 2 months 340+£0.08 3.55+0.09
6 months 0.93+0.05 0.91+0.05 6 months 4.06+0.08 3.64+0.10%
9 months 0.92+0.04 0.96+0.05 9 months 394+0.05 3.43+0.10%
12 months  0.94+0.08  0.93+0.06 12 months  3.96+0.10  3.62+0.18
E/A ratio 2 months 1.39+£0.09 1.39+0.03  E/E’ ratio 2 months 224+1.7 234+1.5
6 months 1.38+0.08  1.30+0.05 6 months 26.3+1.0 239+09
9 months 1.17+0.04  1.23+0.10 9 months 21.3+1.2 24.6+1.5
12 months  1.21+0.04  1.70+0.59 12 months  24.2+1.2 24.1+2.0

Body weight (BW), LV ejection fraction (LVEF), LV shortening fraction (LVSF), LV mass, LV end diastolic diameter (LVEDd), LV posterior
wall diastolic diameter (LVPWd); mitral inflow with peak early filling (E-wave) and late diastolic filling (A-wave) velocities, E/A ratio; early
diastolic velocities of the medial mitral annulus (E ) measured by pulsed-wave Doppler tissue imaging; E/E ratio. *P <0.05 mdx versus WT at
the same age

Table 2 Global 2D-strain

analyses in wild-type (WT) and e i
mdx mice (n=12) (n=12)
Longitudinal global peak systolic strain (%) 2 months —182+1.38 -20.1+0.6
6 months —-193+04 -20.6+1.2
9 months -20.2+0.8 —18.5+0.9
12 months —-19.7+0.6 -17.2+0.8%
Radial global peak systolic strain (%) 2 months 38.7+2.8 341+1.0
6 months 31.6+£29 32.1+2.7
9 months 39.8+2.9 36.2+2.3
12 months 429+2.6 29.7+3.1%
Circumferential global peak systolic strain (%) 2 months -26.4+0.9 —-24.0+0.8*%
6 months —-242+1.5 —23.7+0.7
9 months -279+12 —-25.0%15
12 months —24.1+0.5 —-20.0+1.7*

P <0.05 mdx versus WT at the same age

Global 2D peak systolic strains decreased in mdx mice  and circumferential deformations, suggesting early onset
from 9 months of age and became significantly lower than  of cardiac dysfunction (Fig. 1B-D, Table 2). At the age of
controls at 12 months of age in the longitudinal, radial,
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Fig.1 Conventional M-mode A B Longitudinal
echocardiography and 2D-STE 100~ 24~
imaging in WT and mdx mice at <
ages of 2, 6,9, and 12 months. 80- °\\/
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2 months, the LV circumferential strain was significantly
lower in mdx mice compared with WT mice (Fig. 1D).

High-Frequency Ultrasound STE Imaging Detects
Regional Cardiac Dysfunction in Young mdx Mice

The number of hypokinetic segments obtained in each
view at the different ages is presented in Fig. 2A. Most
of the hypokinetic segments were observed with the
radial and circumferential strains. At the age of 6 months,
hypokinetic segments were localized in the posterior wall
and then extended to the lateral wall with age. At the age
of 12 months, four out of the six segments of the radial
strain and three out of the six segments of the circum-
ferential strain were hypokinetic in mdx compared with
WT. Among all segments analyzed, we detected five seg-
ments of particular interest because of homogeneously and
continuously impaired: the longitudinal mid posterior, the
radial inferior and posterior, and the circumferential pos-
terior and lateral segments. The longitudinal mid poste-
rior strain (Fig. 2B) and the radial inferior strain (Fig. 2C)
decreased significantly from 9 months of age in mdx
compared with WT. The radial posterior strain (Fig. 2D)
decreased earlier from 6 months of age in mdx compared
with WT. Finally, the circumferential posterior and lateral
strains (Fig. 2E and F, respectively) were already lower by
2 months of age in mdx mice.

Age (month)

Effect of Treatment of SR Ca?* Leak (S107) on Global
and Regional Cardiac Dysfunction in Young mdx
Mice

We treated mdx mice just before the onset of decrease
of global strain from 6 to 9 months of age (3 months of
treatment). The global longitudinal (—19.4+1.0%), radial
(32.5+1.9%), and circumferential (—21.6 + 1.8%) peak sys-
tolic strains of mdx + S107 were not different from the non-
treated mdx group at 9-month-old evaluation.

Figure 3 represents the 2D strain segmental results at
9 months of age on WT mice, non-treated mdx mice, and
mdx+ S107 mice treated from 6 to 9 months of age. The
treatment had no effect on the number of hypokinetic seg-
ments as assessed by 2D-STE (Fig. 3A). Similarly, the treat-
ment had no effect on the peak systolic strain of the five
segments early altered in mdx mice (Fig. 3B-F). The only
segment showing an improvement with S107 was the radial
posterior segment whose peak systolic strain was similar to
WT mice (42.0+5.5% in mdx+S107 vs. 43.6 +4.2% in WT,
p=0.80) and tended to be higher when compared with non-
treated mdx mice (30.1+3.7%, p=0.06) (Fig. 3D).

Then, we treated mdx mice as early as possible from 2 to
6 months of age (4 months of treatment). The global longitu-
dinal (—18.5+1.1%), radial (34.4 +3.1%), and circumferen-
tial (—23.7 + 1.8%) peak systolic strains of mdx+ S107 were
not different from the non-treated mdx group at 6-month-old
evaluation.



Fig.2 Segmental strain analysis
in WT and mdx mice at the
ages of 2, 6, 9, and 12 months.
A Number of hypokinetic seg-
ments from the six segments
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of age. TOTAL is the sum of
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in the three views (out of 18
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a drawing illustrating in black,
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altered with aging. B-F Evolu-
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Figure 4 shows the 2D strain segmental results at
6 months of age on WT mice, non-treated mdx mice, and
mdx+S107 mice treated from 2 to 6 months of age. At the
age of 6 months, treatment with S107 prevented the devel-
opment of hypokinetic segments in mdx mice (Fig. 4A). At
this age, the significant decreases in radial posterior strain
(Fig. 4D) and circumferential posterior strain (Fig. 4E)
observed in mdx mice compared to WT mice were not
seen in mdx+ S107 mice. The maximal effect of S107 was
observed in the radial posterior segment (Fig. 4D; peak sys-
tolic strain value =43 +3% in mdx+ S107 mice vs. 27 £3%
in non-treated mdx mice (p<0.001) and 37 +3% in WT mice
(p=0.86)).

0 3 6 9 12
Age (month)

Circumferential strain (%)

Effect of the Treatment of SR Ca®* Leak on RyR2
Macromolecular Complex

Figure 5 represents the expression of RyR2, the tar-
get of S107 treatment, in WT, mdx, and two mdx-S107
groups. The amount of RyR2 was decreased in 6-month-
old (0.19 +0.03, p=0.04) and 9-month-old (0.20 +0.03,
p=0.08) mdx mice compared to WT (0.33 +0.08). The
treatment with S107 prevented this RyR2 decrease only
if administered early in mdx mice (from 2 months of age).



Fig. 3 Pharmacologic inhibi-
tion of RyR2 leak on regional
systolic strain alterations in mdx
mice. Three months of treat-
ment with S107 from the age of
6 to 9 months did not prevent
regional alterations in mdx
mice measured at 9 months of
age. A Number of hypokinetic
segments from the six segments
obtained in longitudinal (Long),
radial (Rad), and circumfer-
ential view in mdx mice (light
grey) and mdx+ S107 mice
(black) compared with WT
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Discussion 4 months of S107 treatment only if administered in very

Early detection of cardiac dysfunction and treatment is a
priority for young patients with DMD. The present study
is a preclinical prospective study that examined the effect
of S107 (RyR2 stabilizer) on the evolution of early signs
of LV dysfunction in young mdx mice. Up to the age of
12 months, mdx mice had preserved conventional ultra-
sound indexes of myocardial function. However, 2D strain
analyses showed longitudinal, radial, and circumferential
global peak systolic LV strain impairments as early as
9 months, with a greater magnitude at 12 months. The
segmental 2D strain analysis revealed the early alteration
of preferential segments, whose number increased with
aging: posterior, lateral, and inferior LV segments. This
decline in LV segmental strain was efficiently prevented by

young animals (2 months old).

We confirmed the interest of 2D strain analysis in the
early detection of cardiomyopathy in DMD animal mod-
els. Despite of normal conventional ultrasound cardiac
parameters, 2D global longitudinal, radial, and circumfer-
ential peak systolic strain of LV ventricle declined in mdx
mice as early as 9 months of age. We also observed sev-
eral segmental decreases of peak systolic strain as early
as 2 months of age that suggests some very early cardiac
dysfunction. Most of those segmental decreases were either
insufficient in the extent to affect the global peak systolic
strains when all segments are averaged or were initially
compensated by improvement of other segments, explain-
ing why global peak systolic strains remained stable for a
longer period. For example, the anteroseptal segment of the



Fig.4 Pharmacologic inhibi-
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circumferential strain in mdx mice tends to compensate the
alteration of other segments between 2 and 6 months of age
(Figure S1). At the age of 2 months, a transient significant
decrease of global circumferential strain was observed, prob-
ably explained by hypokinetic circumferential lateral and
posterior segments not compensated by the other segments.
These results suggest that 2D strain analysis of cardiac func-
tion is more sensitive to detect early cardiac dysfunction,
as previously published. Spurney et al. [18] showed sig-
nificant decreased on LV radial strain after 9 months of age
in male mdx mice with mild cardiomyopathy compared to
WT mice. Li et al. [8] showed longitudinal endomyocardial
and radial global strain decreases from the age of 6 months
in male and female mdx mice. Longitudinal epimyocardial
and circumferential endomyocardial global strain declined
from 9 months and worsened with age. Furthermore, Li

et al. showed, using 3D cardiac magnetic resonance tag-
ging, a biphasic change in myocardial wall strain and tor-
sion: despite a normal global ventricular function, mdx mice
experienced an initial increase at young age (2-month-old),
followed by a progressive decrease at older ages [19].
Other DMD animal models like Canine mdx showed simi-
lar preferential impaired LV segments: posterior segments
were significantly decreased in carrier and affected dogs
when segmental values were compared with normal dogs
in Takano et al. study [7]. These myocardial strain patterns
were also seen in previous clinical studies of DMD human
patients. Mori et al. [20] showed a significant decrease on
peak systolic radial strain of the posterior wall in DMD
patients compared to controls. Ogata et al. [21] also showed
abnormal strain profiles in the posterolateral wall of the LV
in DMD patients with normal systolic function. Mertens
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Fig.5 Changes of the RyR2 macromolecular complex in the myo-
cardium of mdx mice and effect of the chronic treatment with S107.
RyR2 content was quantified by Western blot in the LV of 6-month-
old mdx (mdx6, open bar, n=10) and mdx+S107 (mdx6+S107,
grey bar, n=10), of 9-month-old mdx (mdx9, open bar, n=5) and
mdx+S107 (mdx9+S107, dark grey bar, n=5), and 12-month-old
WT (n=6). *p<0.05

et al. [6] demonstrated significant decreases on longitudi-
nal and radial tissue velocities of the anterolateral and infe-
rolateral LV walls in DMD patients with normal systolic
function. Most recently, from our group, Amedro et al. [9]
showed significant decrease in longitudinal, radial, and cir-
cumferential global LV strains in DMD children with normal
systolic function compared to controls. Inferior, lateral, and
anterolateral segments were preferentially impaired.

To our knowledge, there is no regional difference on
dystrophin gene/protein expression in myocytes of the mdx
heart. However, we previously contributed to show that in
different species, contractile properties in a normal heart are
not uniform (differences between epi- and endomyocardial
layers, LV basal and apical levels, left and right ventricles)
and depend on the nature of myocardial stress (ischemic
condition, pressure/volume overload, genetic disorder) [14,

22, 23]. We could hypothesize that a different level of fibro-
sis occurred among heart regions, in response to regional
difference of shear stress [24]. To date, the regional dis-
parity in regional strain in DMD is still unclear and under
investigation.

The lack of dystrophin makes mdx mice more vulnerable
to mechanical stress and workload induced damage [25].
Calcium overload and mishandling due to membrane insta-
bility is a key mechanistic contributor to DMD disease onset
and progression. Although they do not show signs of heart
failure, young mdx mice display abnormal Ca®* homeosta-
sis and Ca?" dynamics [25]. This observation suggests that
abnormalities in myocardial Ca?* handling could play a role
in the development of the cardiac damage, which precedes
heart failure. The early alteration of contractility is consist-
ent with the development of fibrotic lesions. Several publi-
cations showed higher fibrosis in mdx compared with WT
animals as early as 6—8 months of age [19, 26, 27]. This
indicates that early regional damages occur in the myocar-
dium. The link between those regional damages and poten-
tial downstream signaling pathways such as the production
of reactive oxygen species and Ryr2-dependant abnormal
Ca* homeostasis remains to be explored in future studies.

Currently, there is no cure for DMD disease. Established
small molecule therapy is limited to reduce the symptoms
and hinder the mechanisms of disease progression in the
heart. Chronic activation of the sympathoadrenergic system
in mdx/DMD may promote the progression of cardiomyo-
pathy. Blain et al. [28] suggest that beta-blocker or ACE
inhibitor treatment of 4-month-old mdx mice over a 2-month
period can improve some indexes of cardiac function
assessed using cardiac MRI. Interestingly, combined treat-
ment was not more effective. Spurney et al. [29] showed that
chronic treatment with losartan from 3 to 9 months of age
decreases cardiac and skeletal muscle fibrosis and improves
cardiac systolic function in female mdx mice.

In our study, we aimed to evaluate, with 2D-STE, the
therapeutic effect of stabilizing RyR2 macrocomplex in the
cardiac impairment of mdx mice. We found that an earlier
and longer S107 use (from 2- to 6-month-old) prevented the
alteration of some LV segments and even normalized some
segmental altered strains such as the circumferential strain
of the posterior segment. These results suggest the involve-
ment of the RyR2 alteration in dystrophin-deficient mice and
its role in cardiac impairment. Other studies showed that in
young animals, RyR2 was increased in 2-month-old [25]
and 4-month-old mdx hearts [8] compared with age-matched
controls. Those changes coincided with a hypercontractile
state due to hyperphosphorylation of multiple Ca** handling
proteins induced by activation of the sympathoadrenergic
system [30]. They also observed a higher basal SR Ca**
content in 4-month-old mdx myocytes, suggesting that the
increased Ca** current and SERCA activity overcome the



leaking of Ca®* out of the SR at this age. In our study, we
found that RyR2 protein expression decreased from 6- to
9-month-old mdx hearts suggesting a degradation process in
old animals. This may also explain why the treatment with
S107 was less efficient when the cure started at 6 months
of age. An interesting feature of the S107 treatment was to
normalize the level RyR2 expression when the treatment
was used earlier, i.e., during the potential window of RyR2
overexpression. If the treatment was given too late, from
6 months of age, the beneficial effects on contractility and
RyR2 expression were not observed.

Limits

Localization of segmental alteration of peak systolic strain
in our study (i.e., posterior, inferior, and lateral LV wall) var-
ies from its observed by Spurney et al. [18] (i.e., radial mid
anterior LV wall). However, we used different software and
Spurney et al. did not assess the LV posterior wall because
of poor echogenicity issue.

All our analyses followed current echocardiographic
guidelines and are blinded of mice’s group, but we did not
evaluate inter- and intra-observer reproducibility. However,
we performed such a reliability analysis in a previously pub-
lished study regarding 2D strain and small animals, with a
good reproducibility [14].

The early treatment with S107 had beneficial effects
on segmental LV strains usually altered on mdx mice at
6 months of age. In the observational part of our study,
we showed a significant decrease in the global strain from
9 months of age in mdx mice. Thus, in future experiments,
we should treat the animals until 12 months to see the effect
of the treatment on improving the global strain parameter,
indicative of a delay or prevention of the cardiac disease.

C57BL/10 mdx mouse is the most extensively animal
model used in the field of DMD. However, compared with
DMD patients, mdx mice present mild muscle pathology,
no impact on lifespan, and delayed cardiomyopathy due to
the upregulation of the dystrophin homolog utrophin [31].
New genetic mouse model, like DBA2/J background, has
been recently developed to obtain a more severe muscle
phenotype [32]. However, as other mice models, lifetime
is not affected, suggesting other mechanisms of compen-
sation. Furthermore, if inflammation and fibrosis occurred
from 10-week-old, a spontaneous amelioration is observed
as soon as 34 weeks of age and may present several biases in
therapeutic studies [33]. This and our longer experience with
our BL10-mdx mice colony [34] explained why we choose
the C57BL/10 mdx mouse background for the present study.

Finally, the present work shows the interest in targeting
early RyR2 leak in the DMD heart and opens possibilities for
tests in animal models that mimic closely the human disease

of DMD such as the golden retriever muscular dystrophy
(GRMD) [23].

Conclusion

Our study is the first animal study to investigate with
2D-STE the therapeutic effect of a drug targeting the early
signs of cardiomyopathy in DMD.

We believe that 2D strain should be a surrogate outcome
in human DMD therapeutic studies.

Abbreviations 2D: Two-dimensional; DMD: Duchenne muscular dys-
trophy; STE: Speckle-tracking echocardiography; LV: Left ventricular;
SR: Sarcoplasmic reticulum; WT: Wild-type; mdx: X-linked muscular
dystrophy; RYR2: Ryanodine receptor type 2
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