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Highlights
e The impact of exercise on heart and muscles of Lmna

e Strenuous chronic exercise led to earlier onset of the cardiomyopathy in Lmna
mice.

o Skeletal muscle structure and function was not impacted by exercise-induced stress.

9K mice was investigated.

delK32/+

Abstract

LMNA gene encodes lamin A/C, ubiquitous proteins of the nuclear envelope. They
play crucial role in maintaining nuclear shape and stiffness. When mutated, they essentially
lead to dilated cardiomyopathy with conduction defects, associated or not with muscular
diseases. Excessive mechanical stress sensitivity has been involved in the pathophysiology.

We have previously reported the phenotype of Lmna®'<®?

mice, reproducing a mutation found
in LMNA-related Congenital Muscular Dystrophy patients. Heterozygous Lmna®™<®* (Het)
mice develop a progressive dilated cardiomyopathy leading to death between 35 and 70
weeks of age. To investigate the sensitivity of the skeletal muscles and myocardium to
chronic exercise-induced stress, Het and wild-type (Wt) mice were subjected to strenuous
running treadmill exercise for 5 weeks. Before exercise, the cardiac function of Het mice was
similar to Wt-littermates. After the exercise-period, Het mice showed cardiac dysfunction and
dilation without visible changes in cardiac morphology, molecular remodelling or nuclear
structure compared to Wt exercised and Het sedentary mice. Contrary to myocardium,
skeletal muscle ex vivo contractile function remained unaffected in Het exercised mice. In

delK32

conclusion, the expression of the Lmna mutation increased the susceptibility of the

myocardium to cardiac stress and led to an earlier onset of the cardiac phenotype in Het mice.

Key words: A-type lamin, L-CMD, dilated cardiomyopathy, mechanical stress, chronic

exercise
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1. Introduction

Lamin A and C are proteins of the type V intermediate filament family. They result
from alternative splicing of LMNA gene transcript [1]. They assemble in a highly organized
structure that forms a meshwork beneath the inner nuclear membrane: the nuclear lamina. The
physiological roles of lamin A/C are not yet all fully understood but major advances have
been made in the past decade, increasing the complexity of these proteins. Their filamentous
nature and the regular organization of the meshwork, together with their numerous
interactions with many proteins of the nuclear membrane (e.g; Emerin, SUN proteins, nuclear
pore complexes among many others) provide structure and stiffness to the nucleus. Therefore,
lamin A/C plays fundamental role in the nuclear and cellular mechanical resistance. They also
largely interact with proteins of the nucleoplasm and with chromatin, influencing all the
nuclear functions (DNA replication, RNA transcription, chromatin organization among
others), extending their properties to regulation of gene expression and transmission of
signaling cascades [2]. By providing physical coupling between the cytoplasm and the nuclear
interior, lamins have been shown to integrate external mechanical cues, allowing force
transmission from the outside of the cell to adapt gene expression to face changes in cellular
environment [3].

To date, more than 500 mutations in LMNA gene have been reported
(http://mwvww.umd.be/LMNA/ and G Bonne, R Ben Yaou, personal communications) and lead
to a wide spectrum of diseases collectively referred to as laminopathies [4]. These pathologies
involve either specific tissues (striated muscles, adipose tissue, peripheral nerves) or several
systems (progeroid syndromes) with overlapping phenotypes. Among all LMNA mutations
identified in patients, more than 60% lead to striated muscle-specific diseases [5]. Four
striated muscle laminopathies have been described involving different muscles and of

different severity: Emery-Dreifuss muscular dystrophy (EDMD) [6], limb girdle muscular
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dystrophy type 1B (LGMD1B) [7], LMNA-related congenital muscular dystrophy (L-CMD)
[8] and dilated cardiomyopathy with conduction disease (DCM-CD) [9]. This last entity can
be of diverse severity but is a common feature to all laminopathies affecting striated muscles
[10].

The mechanisms by which mutations in lamin A/C, proteins ubiquitously expressed in
differentiated cells, lead to tissue-specific diseases remain unclear. Based on their crucial
roles in mechanical adaptation and signaling transmission to gene expression, two major non-
exclusive hypotheses are now collectively accepted (reviewed in [5] and [11]): (i) the
‘structural hypothesis’ proposes that one of the most important function of the nuclear lamina
would be to maintain the structural integrity of cells, particularly cells subjected to constant
mechanical stress (as striated muscles). Lamin dysfunction due to mutation would lead to
cellular weakness and/or lack of cellular abilities to properly adapt to the microenvironment,
ultimately promoting death and/or inadequate adaptation when cells are subjected to high
mechanical stress (reviewed in [3]) (ii) the ‘gene regulation hypothesis’ proposes that altered
patterns of gene expression, due to genome modifications and to improper
regulation/transmission of signaling pathways, induced by the expression of mutant lamin,
might be the underlying causes of the diseases [12].

delK32

We reported the Lmna mouse model (deleted for lysine in position 32 of lamin

A/C) [13, 14], mutation responsible for severe form of EDMD and L-CMD in patients [8, 15-

delK32/delK32

18]. The homozygous Lmna mice die at 2 weeks of age due to severe global

maturation defects and metabolic disorders [13]. The heterozygous Lmna®"<3?*

mice (referred
to as Het mice) were the first Lmna knock-in mice that present a cardiac phenotype at the
heterozygous state. They develop a progressive cardiac systolic dysfunction followed by

ventricle dilation (DCM) without rhythm or conduction defect, evolving to death between 35

and 70 weeks of age [14].
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As mentioned above, it has been shown that intact nuclear lamina network is crucial
for the maintenance of proper cellular architecture and mechanical stiffness notably in
muscular cells. Because the deletion of lysine 32 leads to an important reduction of the
protein stability and content in tissue [13, 14], we hypothesized that the expression of mutant
delK32-lamin A/C would increase the vulnerability of mechanically challenged tissues. In the
present study, we investigated the sensitivity of the skeletal muscles and myocardium of Het
mice to exercise-induced mechanical stress. To unravel the effect of myocardial stress on the
development of the dilated cardiomyopathy observed in Het mice, we studied 17 week-old
Het and wild-type (Wt) mice, before the onset of any cardiac dysfunction [14]. Het and Wt
mice were subjected to strenuous treadmill protocol (5 weeks, 5 days/week, 45 min/day at
speed ranging from 16 to 21 m/min), cardiac and skeletal muscles function and structure were

analysed.
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2. Materials and Methods
2.1. Animals and treadmill protocol

Lmna®"32 knock-in mice in a C57BI/6_129/SvJ genetic background were generated
and genotyped as previously described [5]. Mutant and WT male littermates were studied
according to protocols approved by the European legislation (L358-86/609/EEC). The
phenotype of Het mice has been reported previously [14]. Forced exercise was performed on
a rodent motorized treadmill (Bioseb LE8710M; 0% incline). Exercise performance of 17
week-old Het and Wt mice was assessed before the 5-week chronic exercise period by an
exercise tolerance test. This tolerance test consisted in graded increments of running speed
from 7 to 21 m/min in 15 minutes after which the speed was kept constant at 21 m/min and
time to exhaustion was recorded. Exhaustion occurred when mice were unable to maintain the
running speed despite electrical stimuli received from a grid at the base of each lane. Mice
were then randomly assigned into four groups: Wt sedentary (Wt-S, n=4), Wt exercised (Wt-
E, n=5), Het sedentary (Het-S, n=9) and Het exercised (Het-E, n=9). For strenuous chronic
exercise training, mice ran at speed ranging from 16 to 21 m/min at 0% incline for 45 min, 5
sessions/week for 5 weeks (Fig. 1A). The protocol included 3 days of acclimatization and 15

min of warm-up per session.
All the analyses (in vivo, ex vivo and in vitro) have been performed blindly.
2.2. Cardiac function measurement

Transthoracic echocardiography was performed at room temperature on sedated mice
(0.5% isofluorane) using an echocardiography-Doppler (General Electric Medical systems Co,
Vivid 7 Dimension/Vivid 7 PRO) with a probe emitting ultrasounds with 9-14 MHz

frequency, as described in [14].
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2.3. Muscle contractile properties

The isometric contractile properties of soleus muscles were studied in vitro as
previously described [19]. Briefly, Soleus muscles were soaked in an oxygenated Krebs
solution (95% O2 and 5% CO2) containing 58.5 mM NaCl, 24 mM NaHCO3, 5.4 mM KCl,
1.2 mM KH2PO4, 1.8 mM CaCl2, 1 mM MgSO4, and 10 mM glucose, pH 7.4, and
maintained at a temperature of 22°C. One of the muscle tendons was attached to a lever arm
of a servomotor system (300B Dual-Mode Lever; Aurora Scientific). After equilibration (30
min), electrical stimulation was delivered through electrodes running parallel to the muscle. 1-
ms pulses were generated by a high power stimulator (701B; Aurora Scientific). The maximal
force (Po) was measured at Lo (optimal muscle length for maximal force production) during
isometric contractions in response to electrical stimulation (frequency of 50-125 Hz; train of
stimulation of 1500 ms). Fatigue resistance was determined after a 5-min rest period. Muscles
were stimulated at 75 Hz during 500 ms every 1.6 s for 3 min. The time for initial force to fall
by 20% was determined. Soleus muscles were weighted and sP, (specific maximal force) was
calculated by dividing P by the estimated cross-section area (CSA) of the muscle. Muscle
cross-sectional area was calculated using the following equation: CSA = (muscle mass, in
gram)/[1.06 g/cm® x (optimal fiber length, in cm)]. 1.06 g/cm?® is the muscle density. The
optimal fiber length is calculated as 0.70 x L,. 0.70 represents the ratio of the optimal fiber

length to the L, of the soleus muscle.
2.4. Histology and immunochemical analysis

Fresh heart and Plantaris muscle samples were snap frozen in liquid-nitrogen-cooled
isopentane (VWR International, Fontenay-sous-Bois, France), and stored at -80°C until
further processing. Three animals were analysed in each group. Frozen sections (8 pum) of

transversal cardiac and Plantaris muscle were stained with Sirius red for fibrosis visualization
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and Hematein/eosin, respectively. Sections were analysed by light microscopy. For
immunohistochemical analysis, tissue sections were fixed for 10 min in 100% acetone at -
20°C (sections were not fixed before vinculin staining) and incubated for 30 min with
blocking solution (5% bovine serum albumin IgG-free in PBS) at room temperature. Primary
mouse IgG1 anti-vinculin monoclonal Ab (1:250, Sigma Aldrich) and goat anti-lamin Bl
polyclonal Ab (1:100, Santa Cruz) were diluted in blocking solution and sections were
incubated for 1h30 at room temperature. Sections were washed three times with PBS and
incubated with secondary Ab (1:500, Alexa fluor 568-conjugated donkey anti-goat IgG and
Alexa fluor 488-conjugated goat anti-mouse 1gG1) for 30 min at room temperature. Cardiac
sections were mounted with mounting medium (Vectashield) with 40,6-diamidino-2-
phenylindole dihydrochloride (DAPI) and images were acquired with a Carl Zeiss Axiophotl
fluorescence microscope. Collagen proportion, cardiomyocytes cross-section areas and nuclei
length were measured using NIS Software. Proportion of lengthened nuclei was evaluated by
counting all nuclei with length over 20 pum (95" percentile of Wt Sedentary mice nuclei

length distribution).
2.5. mRNA analysis

Heart were harvested and rapidly frozen in liquid-nitrogen. Total RNA was extracted
using RNeasy fibrous tissue mini kit (Qiagen) and qPCR was performed as described in [14].
The sequences of oligonucleotides used for gRT-PCR analysis are listed in the Supplemental
Table 1. Five animals in Wt-E, Het-E, Het-S groups and four animals in Wt-S group were

analysed.
2.6. Statistical analysis

Differences between groups were assessed with Sigmastat software using two-way

ANOVA followed by Holm-Sidak test for multiple comparisons for normally distributed data,
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and two-way ANOVA on Ranks for the data that were not normally distributed. Probability

values of p<0.05 were considered statistically significant.
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3. Results

3.1. Exercise ability

Prior to the 5-week forced-exercise period, the overall ability of Wt and Het mice to
exercise was assessed using an exercise tolerance test. Wt and Het mice were able to sustain
exercise for an average time of 55 and 53 min, respectively (Fig. 1B). This test indicated that
the running ability and endurance was similar in Het and Wt mice, confirming that Het mice
did not show major muscular, cardiac or metabolic defects at that age, as described previously
[14]. Mice were then randomly assigned into four groups: Wt sedentary (Wt-S, n=4), Wt
exercised (Wt-E, n=5), Het sedentary (Het-S, n=9), Het exercised (Het-E, n=9); Wt and Het
exercised mice were subjected to the treadmill running protocol. The average running time

per session was similar in Het-E and Wt-E throughout the 5-week period (Fig. 1C).

3.2. Survival during the 5 weeks study

Over the 5-week period of the study, two Het mice died: one sedentary (Het-S) and
one exercised (Het-E) Het mice. The Het-E mouse died at day 37, after the 5-week exercise
period was completed (Fig. 1A). Therefore, the exercise training did not increase the mortality

of Het mice in this study.

3.3. Muscular function

The Het mice do not show skeletal muscle dysfunction or histological abnormalities in
sedentary conditions [14]. After the 5-week exercise period, we assessed the ex vivo
contractile properties of the Soleus muscle (slow-twitch muscle) and the histological features
of the Plantaris muscle (fast-twitch muscle), two muscles recruited during exercise. Soleus
muscle did not show any contractile dysfunction or gross morphological abnormalities in Het-

E mice (Table 1; Two-way ANOVA, p>0.05 for all parameters). In addition, the histological
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structure of the Plantaris muscle was preserved in Het-E mice compared to Wt and Het-S
(Fig. 2). These results indicated that exercise-induced stress did not affect skeletal muscle

structure and function in this study.

3.4. Cardiac function

All echocardiographic parameters were similar in Het and Wt mice before the 5-week
exercise period, as expected at this age (Table 2, [14]). All cardiac parameters of Wt mice
were identical at baseline and after the 5-week period of the study without any difference
between sedentary and exercised mice. After the 5-week exercise period (22 weeks of age),
the fractional shortening was decreased in Het mice (exercised and sedentary) compared to Wt
mice (FS: 34+6.1% vs 40.6+4.7%, p=0.008), indicating a cardiac contractile dysfunction in
Het mice. This result was in accordance with the natural time course of the DCM progression
in Het mice [14]. The cardiac wall thickness in diastole (IVSd) was similar in all groups,
indicating no sign of cardiac hypertrophy in exercised mice.

The exercise-induced stress resulted in a trend toward decreased cardiac function in
Het-E mice compared to Het-S mice (FS: 31.7£6.21% vs 36.3+£5.5%, respectively, p=0.091)
and significant increase in ventricular dilation in both diastole and systole in Het-E mice when
compared to Het-S mice (LVEDD: p<0.01 vs Het-S; LVESD: p<0.05 vs Het-S; Table 2 and
Figure 3A-B). The Het-E mice also demonstrated significant depression in cardiac function
when compared to Wt-E mice (lower fractional shortening and thinner interventricular septum
in systole (IVSs)), and ventricular dilation (p<0.01 and p<0.05, respectively; Table 2 and
Figure 3A-B).

In our first description of the Het mice [14], we reported that the ventricular dilation
was observed after 30 weeks of age in Het male mice and, importantly, the decrease in FS
always occurred before the ventricular dilation. In the present study, the results indicated that

exercise-induced stress accelerated the onset of the cardiomyopathy in the Het mice (dilation
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and decreased FS), suggesting that the expression of the mutant delK32-lamin A/C weakened

the myocardium.

3.5. Cardiac morphology

Despite contractile dysfunction and relative dilation of the left ventricle, heart weight
to tibia length ratio was similar in Het-S when compared to the other groups (Fig. 3C),
indicating no cardiac hypertrophy. Myocardial structure was further examined by
immunohistology. The distribution of cardiomyocyte cross-section area (CSA) was similar in
all groups, despite a trend toward a higher proportion of smaller CSA in Het mice (Fig. 3D-E).
We investigated whether myocardial matrix remodeling could explain contractile dysfunction
observed in Het-S mice. Interstitial fibrosis was quantified using Sirius red staining of
collagen (Fig. 3F-G) and the expression of Transforming Growth Factor B genes (Tgfbl and
Tgfb2), increased during matrix remodeling, was measured by qRT-PCR (Fig. 3H-1). Both

parameters were not statistically different between groups.

3.6. Cardiomyonuclei morphology

Modifications of nuclear morphology are frequently associated with A-type lamins
deficiency. Particularly, fragile and elongated nuclei have been reported in different cell types
[13, 20-22]. We previously described such elongated nuclei in the myocardium of Het mice
[14]. We measured nuclei length in the heart of Het and Wt mice exercised or sedentary (Fig.
4). The results indicated that, despite a similar overall distribution of nuclear length in Het
and Wt mice (Fig. 4B), both Het-S and Het-E mice showed a higher proportion of elongated
nuclei (length >20 um, Fig. 4A and C). However, exercise had no additional effect on this

parameter in Wt or in Het mice.

3.7. Cardiac molecular remodelling
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Expression levels of molecular markers specific of cardiac remodeling, i.e., Nppa,
Nppb, Myh6 and Myh7 were assessed. In addition, expression of mechanosensitive early
genes Egrl and lex1, previously used as markers for mechanical defective sensing or
resistance in Lamin mutant mice [23], was measured. Both Egrl and lex1 showed similar
expression levels in all groups (Fig. 5A-B), even if Egrl expression tended to be higher in the
heart of Het-E mice. Ventricular expression of natriuretic peptides reflects ventricular stretch
and remodeling processes. They are expressed at low level in normal conditions but increase
under pathological stress conditions. Here, the expression of both Nppa and Nppb was not
statistically different between groups (Fig. 5C-D). Beta-myosin heavy chain (Myh7) was
highly increased in Het mice, without effect of exercise. Whereas, the alpha-myosin heavy
chain expression (Myh6) was similar in all groups (Fig. 5E-F). These results indicated that
contractile proteins (myosin heavy chains) expression was altered in Het mice, accounting for
the early stage of cardiac dysfunction. However, despite the myocardial sensitivity to
exercise-induced stress, there was no significant effect of exercise on cardiac remodeling

markers expression.
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4. Discussion

The Het mice develop a progressive cardiac dysfunction followed by ventricle dilation
(DCM) without rhythm or conduction defect, evolving to death between 35 and 70 weeks of
age [14]. Here we investigated the impact of chronic exercise-induced mechanical stress on
cardiac and skeletal muscle function of Het mice. The major findings of this study are: (i)
strenuous exercise did not increase the mortality of Het mice but (ii) led to an anticipation of
the onset of the cardiac phenotype as shown by the earlier left ventricle dilation; (iii)
importantly, skeletal muscle structure and function remained unaltered under exercise-
induced stress.

A large variety of imposed exercise protocols can be found in the literature to
challenge cardiac and skeletal muscle function in mouse. Depending on the nature of the
exercise (forced exercise on treadmill, voluntary wheel or swimming), the intensity and the
frequency, different effects have been observed in terms of cardiac response to stress. Some
authors reported moderate cardiac hypertrophy; others showed that heart size and morphology
remained unaffected [24-27]. Because of the lack of consensus regarding strenuous exercise
protocols, we designed a protocol relatively similar to the one applied to heterozygous

LmnaAB-ll

mice [28]. These mice expressed a truncated form of lamin A/C at low level [29,
30]. They develop early cardiac rhythm and conduction abnormalities and a dilated
cardiomyopathy [28, 29] of milder severity compared with the DCM observed in Het mice
[14]. Chandar and colleagues showed previously that regular moderate exercise had beneficial
effect on the DCM in Lmna®®™* mice, slowing down the progression of the contractile
dysfunction and reducing the ventricle dilation [28]. They also evaluated the impact of
exercise intensity on those mice and showed that the benefit of exercise was lost under
strenuous exercise training. However, mechanical stress induced by this intense exercise did

A8-11

not worsen the DCM phenotype of Lmna delK32/+

mice. In Lmna mice, strenuous exercise
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had a significant impact on the cardiac phenotype. We showed that the expression of the

LmnadelKSZ

mutation increased the susceptibility of the myocardium to cardiac stress: exercise-
induced stress modified the time course of DCM (dilation occurring earlier in Het-E when
compared to Het-S mice) and led to a more severe cardiac phenotype. This result is in

accordance with our previous report showing that mutant Lmna®<*

is highly deleterious for
the heart [14]. Function and ventricle dimensions were altered before myocardial structural
abnormalities could be seen, suggesting fine intrinsic alterations under mechanical stress in
Het hearts. Further analyses are needed to delineate the mechanisms responsible for this
anticipation of the onset of DCM in Het mice.

Many studies have shown that lamin A/C expression level is cell-type dependent and
associates with stiffness of the nucleus and of the tissue [31]. Particularly, cells isolated from

LmnaAB-ll

mice have altered nuclear shape and chromatin organization, and show increased
deformability and reduced viability in response to biaxial strain in vitro [32]. In vivo, lamin
AJC deficiency leads to impaired response to pressure-overload induced mechanical stress,
linked to the inability of cardiomyocytes to properly activate mechanosensing pathways [33,
34]. We recently reported that human myoblasts from patients harbouring LMNA®K3*
mutation demonstrated an inability to properly sense and mediate mechanical cues coming
from their microenvironment [35]. This feature was associated with altered shape and
elongated nuclei, as observed in Het hearts. Therefore, cardiac dilation observed in Het-E
mice might result from inadequate sensing and/or remodelling to cope with increased
myocardial stress. We previously showed that delK32-lamin was unstable and subjected to
constant degradation in the cardiac and skeletal muscle tissue [13, 14], leading to a reduction
of 50% of lamin A/C protein level in Het mice. Level of lamin A protein correlates with

stiffness of the tissue, stiffer tissues which sustain high stress and mechanical tension

expressing higher amount of lamin A protein [36]. Tightly regulated lamin A level contributes
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to specific tissue response to their mechanical environment and allows to maintain tissue
homeostasis. The decreased amount of lamin A/C, together with the negative impact of
mutant delK32 lamin in Het hearts [14], is therefore likely to affect myocardial resistance to
exercise-induced mechanical stress and could explain the earlier onset of the DCM observed
in this study.

Exercise training is approved as therapeutic intervention for stable NYHA class I-111
heart failure patients. It has been shown to reduce mortality and hospitalization in patients
suffering from mild to moderate heart failure [37]. The beneficial effects of exercise are
largely documented and include improvement of endothelial dysfunction, reduction of
neurohormonal hyperactivation, anti-inflammatory effects and improvement of general
hemodynamics parameters in patients with heart failure [38, 39]. However, intensive exercise
could also have a negative impact on the heart, especially in a cardiomyopathic context. For
instance, competitive sport activities must be discouraged for patients suffering from or
diagnosed with genetic conditions associated with hypertrophic cardiomyopathy or DCM, in
which intensive exercise increases the risk of sudden death due to ventricular arrhythmia. For
these patients only recreational and/or low-moderate dynamic sports are recommended [40,
41]. Contraindications have also been raised for patients with complex ventricular arrhythmia
at rest or appearing with exertion [38], conditions associated with LMNA-related DCM-CD
[10]. In laminopathies, the effect of exercise on cardiac function has not been studied
extensively. In a study evaluating the long-term outcome and risk stratification in patients
with cardiolaminopathies, Pasotti and colleagues identified an increased risk of major cardiac
events (e.g. sudden cardiac death) in LMNA-positive subjects [42]. They concluded that high
dynamic competitive sports should be discouraged for these patients. We previously reported
that the Het mice represent a valuable model for the study of Lmna-related DCM [14]. Here

we show that exercise-induced stress has a negative effect on the onset of this cardiac
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phenotype, reinforcing the idea that LMNA-related DCM constitutes a non-common subset of
DCM and heart failure. Therefore the present study underlines that, even if considered
beneficial for cardiac management of heart failure, exercise might be recommended with

caution in LMNA-related DCM patients. In addition, the effect of stress upon myocardial

A8-11/+ delK32/+

function appears to be mutation-dependent, as Lmna and Lmna mice were

differentially affected by exercise-induced stress.
Importantly, in contrast to myocardial susceptibility, exercise-induced mechanical
stress had no effect on skeletal muscle in Het mice in this study, confirming that delK32

lamin A/C affects differently cardiomyocytes and muscle cells [13, 14, 35].
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Figures Legends

Figure 1. Schematic representation of the protocol and running ability of Wt and Het
mice. (A) After 3 days acclimatization, cardiac function was measured using
echocardiography. Exercise tolerance test was performed and mice underwent the 5-week
exercise period. After 24h rest, the cardiac function was assessed using echocardiography.
After 48h recovery post-echocardiography, mice were euthanized; tissues collected and
skeletal muscle function (Soleus) was assessed ex vivo. (B) Exercise tolerance test performed

before 5-week exercise period (n=9 Wt and 18 Het). Mean + SEM. (C) Running time at each

session of exercise period (n=5 Wt and 9 Het). Mean + SEM.

Figure 2. Skeletal muscle histology of Wt and Het sedentary and exercised mice.

Plantaris sections stained with Haematin/eosin. Scale = 50um.

Figure 3. Cardiac function and morphology of Wt and Het sedentary and exercised mice
after the 5-week exercise period. (A) Fractional shortening (FS), **p<0.01 compared to Wt
exercised mice. Mean + SEM. (B) Left ventricular diameter in diastole, ##p<0.01 compared
to Het sedentary mice. Mean + SEM. (C) Heart weight (HW) to tibia length (TL) ratio in
sedentary (n=4 Wt and 8 Het) and exercised mice (n=5 Wt and 8 Het). Mean + SEM. (D)
Heart sections stained with anti-vinculin antibody, labelling cardiomyocytes membranes
(green). Sed = sedentary mice; Ex = Exercised mice. Nuclei are counterstained with DAPI
(blue). Scale = 50um. (E) Distribution of cardiomyocytes cross-section areas (n=1124 + 302
cardiomyocytes measured per animal). (F) Heart sections stained with Sirius Red showing
collagen (red). Scale = 100um. (G) Quantification of collagen staining normalized to total
area. Mean = SEM. (H-1) mRNA level of Transforming Growth Factor beta 1 (H) and beta 2

(1) genes. Mean + SEM.
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Figure 4. Cardiac nuclei morphology of Wt and Het sedentary and exercised mice. (A)
Heart sections stained with anti-lamin Bl antibody, labelling nuclear membrane. Sed =
Sedentary mice; Ex = Exercised mice. Scale = 50um. (B) Distribution of nuclei length (n=272

+ 89 nuclei measured per animal). (C) Proportion of elongated nuclei (Ilength > 20um). Mean

+ SEM.

Figure 5. Expression of cardiac remodeling markers. (A-B) mRNA level of
“mechanosensitive” genes. A, Early growth response 1 (Egrl); B, Immediate early gene
response X-1 (lex1). (C-D) mRNA level of natriuretic peptides genes. C, Atrial natriuretic
peptide precursor (Nppa); D, Brain natriuretic peptide precursor (Nppb). (E-F) mRNA level
of myosin heavy chain genes. E, alpha-isoform (Myh6); F, beta-isoform (Myh7). *p<0.05 vs

training-matched Wt. Mean + SEM.
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Table 1. Ex vivo Soleus muscle contractile properties of Wt and Het mice after the 5-

week exercise protocol. (number of animals). Lo: optimal muscle length; sPo: specific

maximal force. Mean + SEM. Two-way ANOVA, p>0.05 for all comparisons.

Muscle weight (mg)
Lo (mm)
sPy (MN/mm?)

Fatigue (sec)

Sedentary Exercised
Wt (4) Het (8) Wt (5) Het (8)
13.6£0.6 12.8+£0.5 13.2+10 12.8+£0.5
13.0+£0.0 129+0.2 129+0.1 13.3+0.04
1766+ 7.1 167.1 +10.4 148.4 + 16.6 184.2+ 7.5
359+19 328+ 16 33.2+3.3 31.8+2.2
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Table 2. Echocardiographic parameters of Wt and Het male mice before (17 weeks of
age) and after 5 weeks of exercise protocol (22 weeks of age). (number of animals). BW:
body weight, 1VSd: Interventricular septum thickness in diastole, PWd: Posterior wall
thickness in diastole, LVEDD: Left ventricular end-diastolic diameter, IVSs: Interventricular
septum thickness in systole, PWSs: Posterior wall thickness in systole, LVESD: Left
ventricular end-systolic diameter, LVM: Left ventricular mass, FS: Fractional shortening,
HR: Heart rate. *p<0.05, **p<0.01 compared to Wt exercised mice, #p<0.05, ##p<0.01
compared to Het sedentary mice. ANOVA, Holm-Sidak test. Mean + SEM.

Before exercise After the 5-week period
Sedentary Exercised
Wt (9) Het (18) Wt (4) Het (8) Wt (5) Het (9)

BW (g) 29.7+0.53 30.1£0.75 33.2+155 31.9+1.10 29.8+116 29.9+0.57
HR (bpm) 503+14 475+11 540+10 539+13 517 +£10 515+ 14

Diastole
IVS (mm) 0.66 +0.02 0.63+0.02 0.65+0.03 0.60+0.02 0.62+0.02 0.60+0.02
PW (mm) 0.83+0.03 0.81+0.02 0.83+0.05 0.80+0.04 0.78+0.02 0.73+0.02
LVD (mm) 4.00+0.12 4.11+0.07 4.00+0.14 4.00+0.05 4.10+0.12 4.30 +0.07 ##

Systole
IVS (mm) 1.23+0.04 1.17+0.04 1.20+0.06 1.08+0.04 1.16+0.05 1.01+0.04*
PW (mm) 1.24+0.05 1.19+0.04 1.33+0.09 1.23+0.05 1.18+0.05 1.11+0.04
LVD (mm) 2.34+0.14 2.53+0.07 2.33+0.17 257+0.09 254+0.17 2.93+0.13 #*

FS (%) 415+1.93 382+1.13 423+2.15 363+191 38.9+2.19 31.7+2.07 **
LVM (mg) 107 +4.53 106+3.58 105+2.30 99+4.56 103+4.74 105+ 2.93
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