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ARTICLE INFO ABSTRACT

Keywords:

Duchenne muscular dystrophy is a severe muscle wasting disease, characterized by a severely reduced lifespan in
Cardiomyopathy which cardiomyopathy is one of the leading causes of death. Multiple therapies aiming at dystrophin restoration
Exercise

have been approved. It is anticipated that these therapies will maintain muscle function for longer and extend
the ambulatory period, which in turn will increase the cardiac workload which could be detrimental for cardiac
function. We investigated the effects of voluntary running exercise in combination with low dystrophin levels on
function and pathology of skeletal muscle and heart. We divided 15.5-month old female mdx (no dystrophin),
mdx-Xist*™ (varying low dystrophin levels) and wild type mice (BL10-WT and Xist*™-WT) to either a sedentary
or voluntary wheel running regime and assessed muscle function at 17.5 months of age. Thereafter, a cardiac
MRI was obtained, and muscle and heart histopathology were assessed. We show that voluntary exercise is
beneficial to skeletal muscle and heart function in dystrophic mice while not affecting muscle pathology. Low
amounts of dystrophin further improve skeletal muscle and cardiac function. These findings suggest that vo-
luntary exercise may be beneficial for skeletal muscle and heart in DMD patients, especially in conjunction with
low amounts of dystrophin.

Low dystrophin levels
Magnetic resonance imaging
Heart

1. Introduction

Duchenne muscular dystrophy (DMD) is a severe and progressive
muscle wasting disease, caused by mutations in the DMD gene that
prevent synthesis of functional dystrophin proteins. In muscle, dystro-
phin anchors the intracellular cytoskeleton to the extracellular matrix,
thereby providing structural stability during contractions. Muscle fibres
devoid of dystrophin are highly susceptible to injury and replaced by
connective and adipose tissue upon exhaustion of the regenerative ca-
pacity of the muscle. Due to progressive muscle wasting, patients be-
come wheelchair dependent in the 2nd decade of life and die before
their 4th decade of life due to cardiorespiratory failure [1].

Because of the improved respiratory care, cardiac failure is now one
of the main leading causes of death [2]. Already at six years of age, a
quarter of DMD patients have some kind of cardiac involvement, while
at the age of 18 years almost all DMD patients are affected [2,3]. One

key characteristic of cardiomyopathy is the dilated left ventricle, found
in the majority of older DMD patients [3-5], while studies on right
ventricular function are less coherent [6-8]. Early detection is chal-
lenging, since cardiac involvement does not always result into clinical
symptoms due to exercise intolerance resulting from skeletal muscle
weakness.

Not only DMD patients, but also Becker muscular dystrophy (BMD)
patients suffer from cardiac myopathy. BMD patients have in-frame
mutations in the DMD gene leading to synthesis of reduced levels of
truncated, but partially functional dystrophin proteins. Consequently,
their muscle pathology is less severe than DMD patients. However,
despite the expression of low dystrophin levels, about two thirds of
BMD patients develop cardiomyopathy [9-11]. Similarly, DMD and
BMD carriers, expressing 50% of dystrophin, also have an increased risk
for cardiomyopathy [12,13].

Currently there are two therapeutic strategies approved aimed to
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restore dystrophin expression in DMD patients; namely stop codon
read-through therapy (Ataluren, PTC Therapeutics, conditionally ap-
proved by the European Medicines Agency) and exon skipping therapy
(Eteplirsen, Sarepta, received accelerated approval from the Food and
Drug Administration, US) [14-18]. Ongoing efforts try to optimize
bioavailability and efficiency of genetic therapies in skeletal muscle and
heart [19-21]. As yet however, the effects are primarily found in ske-
letal muscle, which could potentially extend the ambulatory period in
DMD patients. It is anticipated that this will increase the workload for
the heart. It is however difficult to predict the modulating effects of this
increased activity on the heart; in healthy subjects exercise is beneficial
for cardiac function [22], while for DMD patients this is largely un-
known due to the early loss of ambulation. This warrants the need to
obtain understanding of the effects of dystrophin expression and ex-
ercise on skeletal and cardiac muscle function.

The most frequently studied animal model for DMD is the mdx
mouse, harbouring a spontaneous mutation in exon 23 of the murine
Dmd gene which hampers dystrophin protein synthesis [23]. Skeletal
muscle funetion is impaired in mdx mice. These mice also suffer from
dilated cardiomyopathy and extensive cardiac fibrosis, which becomes
apparent from the age of 6 months onwards and deteriorates with age
[24-26]. The effect of exercise on cardiac function has been studied in
mdx mice, showing mixed results. Some studies found improvement of
cardiac function [27], while others did not find a modulating effect
[28,29] or found a deteriorating effect of exercise on cardiac function
[30,31]. The effect of exercise on skeletal muscle function in mdx mice
is more conclusive. Forced treadmill exercise generally results in de-
creased muscle function and worsening of muscle pathology [32,33],
whereas voluntary exercise generally results in improved muscle
function [34-38].

In this study, we investigated the effects of voluntary running ex-
ercise and the expression of low dystrophin levels on skeletal muscle
and heart function and pathology in 18-months-old wild type, mdx and
mdx-Xist*™ mice. At this age, mdx mice have already developed severe
cardiomyopathy and we hypothesized that voluntary running could
also in this advanced disease stage positively modulate heart and ske-
letal muscle function. Mdx-Xist*™ mice express low dystrophin levels
and were used to assess whether these levels could partly ameliorate
heart pathology and whether this effect is altered by exercise. The mdx-
Xist"™ mice were generated by crossing Xist"™ females (carrying a
mutation in the promoter of the Xist gene, which coordinates X-in-
activation, but with an intact Dmd gene) with mdx males (which have a
normal Xist gene, but do not express dystrophin). In the female mdx-
Xist®™ pups, the X-chromosome expressing the mutated Xist gene, but
intact Dmd gene, is preferentially inactivated, allowing expression of
varying but low amounts of dystrophin in skeletal and cardiac muscle
[24,39,40].

We show that voluntary exercise improves both skeletal and cardiac
muscle function in dystrophic and wildtype mice, while having no de-
leterious effect on muscle integrity and quality. Expression of 3.13-50%
dystrophin in skeletal muscle and 2.8-20.1% dystrophin in cardiac
muscle further increases function of skeletal and cardiac muscles. These
data implicate that voluntary exercise protocols are not deleterious, but
beneficial for muscle function in mice.

2. Material and methods
2.1. Animal care

Mice were bred at the animal facility of the Leiden University
Medical Center, where they were housed in individually ventilated
cages (IVC) at 20.5°C with 12-h dark-light cycles and given standard
RM3 chow (SDS, Essex, UK) and water ad libitum. To generate mdx-
Xist™™ mice, Xist*™ females (carrying a mutated Xist gene resulting in
preferential inactivation of the X-chromosome) were crossed with
C57BL/10ScSn-Dmd™®/J (mdx) males (carrying only a mutated Dmd
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gene). Their female mdx-Xist*™ offspring consequently expressed low
and varying amounts of dystrophin in skeletal and heart muscles due to
non-random X-inactivation [39,40]. In this study we included: n = 16
mdx, n =48 mdx-Xist"™, n =16 C57BL/10ScSnJ (BL10-WT), and
n = 16 Xist""™-WT females. Since only the female mdx-Xist""™ mice ex-
press low dystrophin levels, analyses in the other mouse strains were
also done in female mice to allow direct comparisons between the
genotypes. All experiments were approved by the Animal Experimental
Committee of the LUMC (permit #12208) and executed following EU-
guidelines.

2.2. Voluntary exercise

Since we aimed to assess the effect of voluntary running on cardi-
omyopathy in an advanced stage of cardiomyopathy, we randomly al-
located mice to either a voluntary exercise or sedentary group, at
15.5 months of age. Voluntary exercise consisted of an 8-week period
where mice were individually housed in a cage equipped with a running
wheel for 3 or 4 days alternating per week (in total mice spent 28 days
with a running wheel). For the remaining time they were housed in IVC
cages without a running wheel, similar to the sedentary group. The
voluntary running wheel (circumference 77 cm, produced in-house)
was equipped with two sensors placed at 180° from each other allowing
detection of unique rotations. The rotation data of each individual
wheel was automatically uploaded to a computer.

2.3. Functional testing

At 17.5 months of age, mice were subjected to two and four limb
hanging tests to assess overall muscle function, condition and co-
ordination. Tests were performed twice with one-week interval be-
tween the two tests. For the two limb hanging test mice had to hang on
a metal wire (secured 30cm above a cage with bedding, diameter
3 mm). Hereto mice, handled by the tail, were directed towards the
wire which they grasped with their two forelimbs only. Upon release,
the timer started and from that moment onwards, mice were allowed to
use their hind limbs and tail if their physical abilities allowed them to
do so. For the four limb hanging test, mice were placed on top of a
metal grid which was subsequently turned upside down above a cage
with bedding. In contrast to the two limb hanging test, mice were al-
lowed to hold the grid with all four limbs from the start onwards, which
could be an advantage for weaker mice. For both hanging tests, mice
were given a maximum of three attempts to complete a 10-minute
hanging session. The maximum hang time was used for analyses.
Hanging times were not corrected for bodyweight. These tests were
executed using the standard operation produces published by the
TREAT-NMD  Alliance  (DMD_M.2.1.004  version 4.0 and
DMD_M.2.1.005 version 2.0) [41].

2.4. Cardiac magnetic resonance imaging

At the age of 18 months, cardiac magnetic resonance imaging (MRI)
was performed under general anaesthesia using isoflurane in a 1:1
mixture of oxygen and air (total flow: 0.6 L/min). Induction of anaes-
thesia was performed by 4% isoflurane and maintained at approxi-
mately 1-2% isoflurane. Respiration rate was used to monitor the an-
aesthesia depth and was kept between 50 and 80 respirations per
minute. Cardiac MRI was obtained in prone position using a 7 Tesla
Bruker PharmaScan® (Bruker BioSpin, Germany) equipped with a 370
mT/m gradient system, a 38 mm birdcage quadrature coil and
ParaVision 5.1 software. To assess cardiac function short-axis images
were acquired with the retrospectively-gated Intragate FLASH sequence
with  the following  settings: 8-9  slices; field-of-view:
3.4 x 3.4 x 0.1 cm; image matrix size: 256 X 144; repetitions: 256; flip
angle: 18°; echo time: 1.7 ms; repetition time: 6 ms; navigator echo
position: in-slice; number of reconstructed frames: 18.
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For every image, the endo- and epicardium were manually con-
toured for both the left and right ventricle in Mass (mass-
dev_18feb2015) [42], an in-house developed software package. A single
person contoured the ventricles, while a second person checked the
quality of the contouring. In case of disagreement the contouring was
adjusted to obtain consensus. End-systolic and end-diastolic cardiac
phases were automatically determined and as quality criterion of the
cardiac contouring a maximum mass difference of the left ventricle of
10% was allowed between both cardiac phases. End-systolic volume
(ESV) and end-diastolic volume (EDV) were determined and heart rate
(HR) was extracted from the IntraGate sequence. These parameters
were used to calculate the stroke volume (SV = EDV — ESV), cardiac
output (CO = SV x HR) and ejection fraction (EF = SV/EDV x 100%).
All cardiac volume parameters were normalized to body mass. To assess
cardiac hypertrophy, heart-to-body mass ratio was calculated by di-
viding heart mass by the body mass.

2.5. Creatine kinase level analysis

Immediately after the induction of general anaesthesia for MRI,
blood obtained via an angled tail cut was collected in a Minicollect tube
(0.8 mL Lithium Heparin Sep, Greiner bio-one, Austria) and stored in
shaved ice upon plasma separation by centrifugation for 5 min at 13000
RPM (17979 RCF) at 4 °C. Creatine kinase (CK) levels were measured
with Reflotron® CK test strips and a Reflotron® Plus device.

2.6. Histological examination

After MRI, mice were sacrificed by cervical dislocation and the
quadriceps and heart were dissected and snap frozen in 2-methylbutane
(Sigma Aldrich, the Netherlands) cooled in liquid nitrogen. Sections of
8 um were made on Superfrost Plus slides (Thermo Fisher Scientific,
Menzel-Glédser, Germany) with a Leica CM3050 S Research Cryostat
(Leica Microsystems B.V., Amsterdam, The Netherlands) along the en-
tire length of the muscle with an interval of 240 pym between the sec-
tions. Excess tissue was used for protein isolation.

Sections of the quadriceps were stained with Haematoxylin and
Eosin staining according to a conventional protocol. Pictures were
generated at 10 times magnification of the middle section of the muscle
covering its entire surface. The colour deconvolution plugin of ImageJ
software (Rasband W.S., ImageJ, U.S. National Institutes of Health,
USA, http://rsb.info.nih.gov/ij/, 1997-2008) was used to separate
healthy and unhealthy tissue (containing fibrosis, necrosis and in-
flammation) of the merged picture. The threshold tool was used to
quantify both the healthy and whole muscle area, based on which the
percentage of pathologic tissue was assessed.

Heart sections were stained with goat-anti-Collagen type 1 (dilution
1:100, 1310-01 Southern Biotech, USA), donkey-anti-goat Alexa594
(dilution 1:1000, Invitrogen, the Netherlands) and DAPI. A fluorescent
microscope (Leica AF6000 or BZ-X700 fluorescent microscope
(Keyence, Osaka, Japan)) was used to examine the sections at a 10
times magnification and images covering the entire middle section of
the heart were captured with a Leica DC350FX or BZ-X700 snapshot
camera. The percentage of fibrotic tissue and whole muscle area was
assessed with the threshold tool of ImageJ software.

2.7. Dystrophin quantification by Western blot

The quadriceps and heart of mdx-Xist*™ mice were homogenized
and dystrophin levels quantified by Western blotting using the Odyssey
system as described previously [43]. Blots were stained overnight for
dystrophin with NCL-DYS1 (dilution 1:125, Novacastra, UK) and alpha-
actinin with AB72592 (dilution 1:7500, Abcam, UK). The fluorescent
IRDye 800CW goat-anti-mouse IgG (dilution 1:5000, Li-COR, USA) and
IRDye 680LT donkey-anti-rabbit IgG (1:10,000, Li-COR, USA) were
used as secondary antibodies for dystrophin and alpha-actinin
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respectively. The lowest concentration in the standard curve was 2.5%.
2.8. RNA isolation and gene expression analysis

Diaphragm muscles were placed in 1.4 mm Zirconium Beads pre-
filled tubes (OPS Diagnostics, Lebanon, USA) and homogenized in
TRIsure isolation reagent (Bioline, London, United Kingdom) using a
MagNA Lyser (Roche Diagnostics). Total RNA was isolated using the
TRIsure isolation method and purified by applying a NucleoSpin RNA II
kit (Macherey-Nagel, Diiren, Germany) according to the manufacturer's
instruction. From 500 ng of RNA, cDNA was synthesized using random
N6 primers (Thermo fisher scientific) and Bioscript enzyme (GCBiotech,
Alphen aan den Rijn, the Netherlands) according to the manufacturer's
instructions. Quantitative PCR was performed in triplo per biological
sample with the use of the LightCycler 480 and the ready to use
SensiMix reagents (GCBiotech). The LinReg qPCR method was used for
analyses of gene expression levels which were normalized to the
housekeeping gene Gapdh. For this analysis, n = 5 mdx, BL10-WT and
Xist""-WT mice were randomly selected and n = 15 mdx-Xist*"™ mice
per exercise regime. Mice of the latter strain were selected based on
dystrophin expression levels of the quadriceps to ensure that equal
proportions of mice with low or higher dystrophin expression levels
were included in each exercise group.

2.9. Statistics

Statistical analysis was performed in R (3.3.0) using RStudio
(1.0.143) [44,45] and Prism 4 (GraphPad Software, La Jolla, CA, USA).
For comparison between strains a one-way ANOVA was used. To test
the effect of voluntary running and strain on outcome measures a two-
way ANOVA was used. A Fisher's least significant difference test was
performed for 28 pair-wise combinations (4 strains, 2 exercise groups)
in case the null-hypothesis in an ANOVA-test was rejected. Although
this post-hoc test has less protection against a familywise error rate
(FWER) compared to e.g. Tukey's range test or Bonferroni correction,
we believe that it is the best trade-off between statistical power and
controlling for the FWER, since only 7 of 28 (mdx vs BL10-WT and mdx-
Xist™™, mdx-Xist*™ vs Xist*™-WT and within each strain sedentary vs
voluntary running) pairwise comparisons were of interest. Correlations
between outcome measures were determined with Spearman's product-
moment correlation test. Mice that did not sufficiently run were re-
allocated to the sedentary group and this threshold was set by 1.5 times
the interquartile range below the lower quartile assessed in all ex-
ercised mice (common outlier detection method in boxplots).

3. Results
3.1. Voluntary exercise improves skeletal muscle function and pathology

To study the effect of voluntary exercise and the expression of low
amounts of dystrophin on skeletal muscle function we subjected 15-
months-old female mdx (no dystrophin), mdx-Xist*™ (low varying dys-
trophin levels) and BL10-WT and Xist""SWT (wild types) to voluntary
running or sedentary groups. Voluntary running mice were provided
with a running wheel for 28 days spread over a period of two months.
The running distance for two mdx-Xist*™ and three Xist*™-WT mice was
negligible (did not exceed the threshold of 837 m per day). Given that
these mice performed well in the other muscle function tests and had
good cardiac performance, we concluded that their unwillingness to
participate in voluntary exercise was not due to pathology. Since they
were voluntarily sedentary, we re-allocated them to the sedentary
group, without violating the principle of randomization. The other mice
ran significantly more than the threshold.

Mdx-Xist*"™ mice subjected to voluntary exercise had significantly
higher dystrophin levels in their quadriceps than those assigned to the
sedentary group (Fig. 1A-B, sedentary: average = 15.65% (range:
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P < .01). ANOVA analysis showed significant differences between
mouse strains (P < .01) on the distance ran per day (Fig. 1C). Mdx
mice ran significantly less compared to BL10-WT mice (mdx 6.75 vs
BL10-WT 14.32km/day, P < .01). Although low amounts of
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dystrophin in mdx-Xist*™ mice did not significantly increase the dis-
tance ran per day compared to mdx mice (mdx-Xist*™ 8.76 vs mdx
6.75km/day, P = .25), it was also not decreased compared to wild type
Xist""-WT mice (mdx-Xist*™ 8.76 vs Xist*™WT 10.11 km/day, P = .46.
Xist""-WT mice ran markedly less than the BL10-WT mice, which could
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Fig. 1. Voluntary running and skeletal muscle function and pathology. One and two-way ANOVA analyses and Fisher's least significant difference post-hoc tests were
performed. Significant differences (P < .05) are indicated with the asterisks sign. Bar graphs represent the mean and error bars the standard deviation. A)
Representative Western blot of the quadriceps of mdx-Xist*" mice expressing low levels of dystrophin. To ensure equal loading in the concentration curve, wildtype
protein lysates were diluted in mdx protein lysates. B) Mice allocated to the voluntary running group had significantly higher dystrophin levels in their quadriceps. C)
15.5-month-old mice ran 3-4 days a week for a 2-month period. Mdx mice ran less than BL10-WT mice and low amounts of dystrophin in mdx-Xist""™ mice did not
increase the distance ran. D) At 17.5 month of age muscle performance in the two limb hanging tests was impaired in sedentary mdx and mdx-Xist*" mice. Although
in mdx-Xist*™ mice maximum hang time was improved by seven-fold compared to mdx mice, this did not reach significance. Voluntary exercise significantly
improved muscle function in mdx-Xist*™ and BL10-WT mice. E) Muscle performance assessed with four limb hanging tests revealed impaired muscle function in the
sedentary dystrophic mice. Although mdx-Xist"™ had a two-fold improvement in hang time compared to mdx mice this did not reach significance. Hang time was
more than doubled by exercise in mdx mice, but this did not reach significance. In mdx-Xist*"™ and BL10-WT mice exercise significantly improved muscle function.
F + G) Although exercise generally improved muscle performance, it did not affect pathology measured by plasma creatine kinase levels and histopathology of the
quadriceps muscle (the amount of fibrosis, necrosis and inflammation). Low dystrophin levels in mdx-Xist*"™ mice partly prevented pathology which was less severe
compared to mdx mice, but still affected compared to both wildtype strains.

be due to lack of motivation. The amount of dystrophin in the quad- 2.8%; Xist""-WT: 4.0%). Voluntary exercise had no effect on the
riceps muscle and the distance ran did not correlate in mdx-Xist*"™ mice amount of pathology in any of the strains. The levels of histopathology
(p = 0.35, P =.10). did not correlate to dystrophin levels in mdx-Xist*™ mice (p = —0.23,
At 17.5 months of age, skeletal muscle function was assessed in all P = .10, Supplementary Fig. 1C). Performance of the H4-test, but not
mice using two- and four-limb hanging tests (H2 and H4). In the se- the H2-test, negatively correlated with the amount of pathology of the
dentary group, muscle performance of mdx mice was impaired in both quadriceps in mdx mice (H4: p = —0.54, P < .05).
hanging tests compared to mdx-Xist*™ and wild type mice, reaching In mdx mice, the diaphragm is the most severely affected muscle.
significance for the latter strain (Fig. 1D +E). Low amounts of dystro- We therefore assessed how low dystrophin levels and voluntary exercise
phin in mdx-Xist™ mice improved hanging time by two to seven-fold affect pathology in this muscle. Hereto, expression of genes involved in
compared to mdx mice, although this did not reach significance (H2: fibrosis (Collal and Lox) and inflammation (Cd68 and Lgals3) was as-

mdx 9.3 s vs mdx-Xist"™ 68.6s, P = .37; H4: mdx 54.4 s vs mdx-Xist""® sessed (Fig. 2A-B). For all genes, expression levels were significantly
100.0s, P =.34). In addition, Xist*">WT mice significantly out- elevated in mdx compared to BL10-WT mice. Low dystrophin levels in
performed mdx-Xist"™ mice (H2: mdx-Xist*™ 68.6s vs Xist*'“WT mdx-Xist*" mice marginally lowered expression, reaching significance
320.5s, P < .01; H4: mdx-Xist™ 109.0s vs Xist®™-WT 306.5s, for Lox, but expression levels remained elevated compared to Xist*"-

P < .01). WT mice. Voluntary running increased Collal expression in mdx-Xist*"®

At strain level voluntary exercise improved muscle performance (H2 mice, but did not affect expression for other genes in any of the strains.
and H4: P < .01). Voluntary running in mdx mice did not affect These data indicate that voluntary running positively affects muscle
hanging time in the H2-test, but more than doubled it in the H4-test, function and pathology not only in dystrophin negative mdx mice, but
(H2: sed 9.3s vs vol run 12.1s, P = .97; H4: sed 54.4s vs vol run also when low dystrophin levels are expressed.

120.4s, P = .36). In mdx-Xist*™ mice, voluntary exercise improved
muscle function in both hanging tests (H2: sed 68.6 s vs vol run 181.0s,
P = .02; H4: sed 109.0 s vs vol run 219.3s, P < .01). It should be noted
that part of this improvement could be due to the significantly higher
dystrophin levels in the quadriceps of the exercised mdx-Xist"™ mice.
Voluntary exercise also improved hanging performance in BL10-WT
mice (H2: sed 220.1 s vs vol run 468.0s, P < .01; H4: sed 281.9s vs vol
run 453.0s, P = .02), but not in Xist*"-WT mice. At strain level the
amount of voluntary exercise correlated positively with muscle per-
formance (H2: p = 0.34, P =.02; H4: p = 0.30; P = .06), but within
each strain this correlation disappeared. Dystrophin expression in mdx-
Xist™™ mice of both exercise groups combined positively correlated
with performance of the two-, but not with the four-limb hanging test
(H2; p=0.46, P < .01, H4; p=0.14, P = .33, Supplementary
Fig. 1A-B).

Since voluntary exercise beneficially affected skeletal muscle func-
tion in all strains, we questioned whether exercise would also impact
skeletal muscle integrity and histopathology. Therefore, we measured
CK levels (marker muscle integrity) in plasma collected prior to sacri-
fice at 18 months of age and assessed the amount of pathology in the
quadriceps. CK levels were elevated in mdx compared to wild type mice
(which had CK levels < 500 U/L) (Fig. 1F), whereas CK levels in mdx-
Xist™™ mice were normalized to wild type levels. Voluntary exercise did
not have a significant effect on CK levels in any of the strains, neither
did CK levels correlate with dystrophin levels of the quadriceps in the
mdx-Xist™™ mice (p = 0.23, P = .11). Histopathology of the quadriceps
was assessed on H&E stained sections. The amount of pathological
tissue (containing fibrosis, necrosis and inflammation) was quantified
on whole muscle cross-sections. The quadriceps of mdx mice was the
most severely affected and this was partly prevented by low amounts of
dystrophin in mdx-Xist*"™ mice (mdx: 12.7%; mdx-Xist*"™: 8.7%), shown
in Fig. 1G. Although muscle pathology was less severe in mdx-Xist*"®
mice, it was still significant compared to wild type mice (BL10-WT:

3.2. Low amounts of dystrophin preserve cardiac function in mdx-Xist*"™
mice

After subjecting mice to skeletal muscle function tests, we assessed
body mass and cardiac function at 18 months of age, while after sa-
crifice, dystrophin levels of the heart were assessed for the mdx-Xist*"
mice (Fig. 3A-B). As previously observed [40], levels in the heart were
lower compared to the quadriceps (heart 9.9% vs qua 19.8%), and did
not differ between sedentary and voluntary mice. We observed no
significant correlation in dystrophin levels between heart and quad-
riceps muscles within individuals (p = 0.27, P = .06).

Body mass was not equally distributed between the strains
(P < .01) and was not affected by voluntary exercise (Fig. 3C). Mice on
a Xist"™ background had a significant higher body mass (P < .01)
compared to mice on a BL10 background. Because of this genetic
background effect, all cardiac volumes were normalized to body mass.
Cardiac hypertrophy was only present in mdx mice, as the heart-to-
body-mass ratio was increased compared to all other strains (P < .01),
shown in Fig. 3D. Although exercise increased heart-to-body-mass ratio
in all strains (P = .01), this only reached significance in Xist*hs -WT
mice.

Heart rate was not significantly different between the strains and
exercise regime (Fig. 3E). Left ventricular ejection fraction (LV EF) was
significantly lower in sedentary and voluntary exercised mdx mice
compared to all other strains (Fig. 3F), while low amounts of dystrophin
normalized LV EF to wild type values (mdx: 49.6%; BL10-WT: 63.3%;
mdx-Xist™™: 58.4%; Xist*"™-WT: 60.2%). Voluntary exercise had no ef-
fect on LV EF. Left ventricular dilation, observed as an increased end-
systolic volume, was only present in mdx mice and was prevented by
low amounts of dystrophin in mdx-Xist*™ mice (Fig. 3G). Voluntary
exercise had no effect on left ventricular dilatation in any of the strains.
Left ventricular stroke volume (LV SV) was not affected in the
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Fig. 2. Effect of low dystrophin levels and voluntary running on pathology of the diaphragm. Two-way ANOVA analyses and Fisher's least significant difference post-
hoc tests were performed. Significant differences (P < .05) are indicated with the asterisks sign. Bar graphs represent the mean and error bars the standard
deviation. A) Expression of genes involved in fibrosis (Collal and Lox) are elevated in mdx mice compared to wildtype. Low dystrophin levels partly normalize this
towards wildtype levels reaching significance for Lox. Voluntary exercise only increased Collal levels in the mdx-Xist*™ strain. B) Expression of genes involved in
inflammation (Cd68 and Lgals3) were increased in mdx and to a lesser extend in mdx-Xist"™ mice. Voluntary running did not affect expression of inflammatory genes.

dystrophic strains (Fig. 3H). Although at strain level exercise increased
LV SV (P = .04), it did not reach significance within each strain. A si-
milar pattern was found for left ventricular cardiac output (LV CO),
shown in Fig. 31. Sedentary mdx mice had lower LV CO compared to all
other strains but it was not significantly different compared to seden-
tary mdx-Xist"™ or wild type mice (mdx: 0.53 vs BLLO-WT: 0.62 vs mdx-
Xist™®: 0.62 vs Xist""-WT: 0.62ml/min/g). Voluntary exercise in-
creased LV CO at strain level (P < .01), but this only reached sig-
nificance in BL10-WT mice (sed 0.62 vs vol run 0.78 ml/min/g,
P =.02).

We also assessed functionality of the right ventricle. Sedentary mdx
mice had significantly lower right ventricular ejection fraction (RV EF)
compared to sedentary BL10-WT mice (mdx 42.3% vs BL10-WT 53.2%,
P = .03), shown in Fig. 4A. Low amounts of dystrophin in sedentary
mdx-Xist™™ mice increased RV EF compared to mdx mice, but not up to
wild type values (mdx-Xist"™ 47.5% vs Xist"™-WT: 56.8% P < .01).
Voluntary exercise did not affect RV EF. The pronounced ventricular
dilation found in the left ventricle was also present in the right ventricle
(Fig. 4B). While sedentary mdx had significantly higher right ven-
tricular end-systolic volumes (RV ESV) compared to sedentary BL10-
WT mice (mdx 1.11 vs BL10 0.68 ml/g, P = .01), this was partly nor-
malized in sedentary mdx-Xist™" mice (mdx-Xist*™® 0.89 vs Xist*'>-WT
0.58 ml/g, P = .01). Voluntary exercise increased RV ESV in mdx mice.
Right ventricular stroke volume and cardiac output did not differ be-
tween strains or groups (Fig. 4C + D).

To determine if the improved cardiac function in mdx-Xist*™ mice
coincides with a decrease of heart pathology we assessed the amount of
fibrotic infiltration on collagen type I stained sections (Fig. 5A). The
most extensive amount of fibrosis was found in mdx mice (Fig. 5B).
Sedentary mdx mice had significantly more fibrotic infiltration com-
pared to sedentary mdx-Xist*" and wildtype mice (mdx 8.6% vs mdx-
Xist™™ 5.2%, P = .04; mdx 8.6% vs BLIO-WT 2.2%, P < .01). Low
dystrophin levels only partly prevented fibrotic infiltration, as fibrosis
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was still more extensive compared to wild type mice (mdx-Xist*™ 5.2%
Xist*™-WT 1.1%, P < .01). Although cardiac function was improved by
voluntary exercise, no significant effect on fibrosis was found.

Although low amounts of dystrophin partly prevented fibrotic in-
filtration, we observed no correlation between dystrophin levels and
fibrosis in the hearts of mdx-Xist*™ mice (p = —0.20, P =16,
Supplementary Fig. 1D). However, in mdx mice, the only strain that
presented with cardiac hypertrophy, we observed a positive correlation
between the amount of fibrosis and cardiac hypertrophy (p = 0.67,
P = .01). This correlation was not found in other strains. In addition to
this, the amount of fibrosis in mdx and mdx-Xist*"™ mice was sig-
nificantly correlated to LV ejection fraction (p = —0.43, P < .01) and
to LV ESV (p =0.41, P < .01), but not to LV SV and LV CO.
Furthermore, we observed a positive correlation in mdx-Xist*™ mice
between the amount of dystrophin in the heart and skeletal muscle
function (H2: p = 0.45, P = .00; H4: p = 0.46, P = .00). In summary,
these cardiac data reveal that voluntary running positively affects heart
function, while it does not deteriorate heart pathology. Low dystrophin
levels further increase this effect.

4. Discussion

In this study we investigated the effects of increased voluntary ac-
tivity on skeletal and cardiac muscle function and pathology in mice
expressing no or low dystrophin levels. We showed that although total
distance run by mdx mice was less than wild type, this voluntary ex-
ercise did improve muscle performance in both strains. Notably, plasma
CK levels and pathology of the quadriceps and diaphragm in mdx mice
were not negatively affected by exercise. These results are in line with
literature, where also others have reported on the beneficial effects of
voluntary exercise in mdx mice [35-37].

Expression of low dystrophin levels in mdx-Xist*™ mice improved
the total distance run in the running wheel and more than doubled
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Fig. 3. Cardiac dystrophin levels, body mass and left ventricular function assessed in 18-months-old mice. One and two-way ANOVA analyses and Fisher's least
significant difference post-hoc tests were performed. Significant differences (P < .05) are indicated with the asterisks sign. Bar graphs represent the mean and error
bars the standard deviation. A) Representative Western blot of the heart of mdx-Xist*"™ mice. To ensure equal loading in the concentration curve, wildtype protein
lysates were diluted in mdx protein lysates. M = marker. B) Dystrophin levels were lower in the heart compared to the quadriceps muscle (Fig. 1A) and did not differ
between sedentary or exercised mice. C) Body mass was lower in mice with a pure BL10 genetic background (mdx and BL10-WT) compared to mice with a Xist*"®
background, while exercise had no effect. D) In mdx mice a clear sign of cardiac hypertrophy was observed by means of the heart-to-body-mass ratio and this was not
affected by exercise. Low amounts of dystrophin in mdx-Xist*™ mice prevented cardiac hypertrophy. E) ANOVA analysis showed no differences in heart rate between
the strains and exercise. F) Left ventricular ejection fraction was only impaired in mdx mice and not affected by exercise. G) Left ventricular dilatation was only
present in mdx mice, prevented by low amounts of dystrophin in mdx-Xist"™ mice and not affected by exercise. H + I) Left ventricular stroke volume and cardiac
output were not different among strains and although ANOVA analysis revealed an increase in both cardiac parameters by exercise this only remained significant for
cardiac output in BL10-WT mice.

-

hanging performance, although both did not reach significance. In ad- with peptide-conjugated phosphorodiamidate morpholino oligomer
dition to this, low dystrophin levels decreased plasma CK levels and which resulted in the expression of partially functional dystrophin le-
partly prevented skeletal muscle and heart pathology. Dystrophin ex- vels of around 30% in cardiac muscle partly prevented cardiac hyper-
pression only correlated to muscle function (two limb hanging test), but trophy in 7-months-old mice [47]. Our results imply that even lower
not to pathology. This implies that voluntary exercise and low dystro- amounts of dystrophin in mdx-Xist*™ hearts (2.8-20.1%), prevent car-
phin levels are beneficial for skeletal muscle function and pathology in diac hypertrophy, since dystrophin expression in heart and cardiac
dystrophic mice. hypertrophy are not significantly correlated. However, it should be
The cardiac hypertrophy found in mdx mice is in accordance with noted that in our model the low levels are expressed from the fetal
other studies [24,46,47] and was slightly increased by voluntary ex- stage, while in the Jearawiriyapaisarn et al. study dystrophin was re-
ercise which is in line with a previous study which reported an in- stored in adult mice.
creased heart-to-body-mass ratio from 5.0 to 6.0 mg/g after a two week We and others [50-52] found dilatation of the left ventricle in mdx
voluntary exercise regime in 8-10 week old mice [48]. Increased car- mice. Low amounts of dystrophin prevented dilatation in mdx-Xist*"®
diac hypertrophy becomes apparent in older mdx mice as reported by mice, while no correlation was found between dystrophin expression
van Erp et al. [26], since at younger age the skeletal muscle hyper- and severity of the left ventricular dilatation (p = 0.08, P = .58) and
trophy results in increased body mass and therefore possibly mask the the amount of pathology in cardiac muscle (p = 0.14, P = .33). The
cardiac hypertrophy measured with heart-to-body-mass ratios. Cardiac right ventricle was dilated as well in mdx mice and this was only partly
hypertrophy correlated in mdx mice to the amount of cardiac fibrosis, prevented in mdx-Xist*"™ mice. We used MRI to assess cardiac function
while it did not correlate to heart function. which has superior resolution and ability to quantify cardiac volumes
Bostick et al. already showed that carrier mdx mice, which express compared with ultrasound, but is not able to measure any regurgitation
50% dystrophin in heart, do not have an increased heart-to-body-mass (backward flow) of blood. Since DMD patients and corresponding
ratio [49] and Jearawiriyapaisarn et al. showed that mdx mice treated mouse models are not associated with valve problems, it is likely that
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Fig. 4. Right ventricular function assessed in 18 months-old mice. Two-way ANOVA analyses and Fisher's least significant difference post-hoc tests were performed.
Significant differences (P < .05) are indicated with the asterisks sign. Bar graphs represent the mean and error bars the standard deviation. A) Right ventricular
ejection fraction in mdx was lower compared to BL10-WT mice. Low amounts of dystrophin increased ejection fraction in mdx-Xist"™ mice, but not up to wild type
levels. Voluntary exercise did not affect ejection fraction. B) Ventricular dilation by means of end-systolic volume was also present in the right ventricle of mdx mice
and was partly normalized in mdx-Xist*™ mice and only affected by exercise in mdx mice. C + D) Right ventricular stroke volume and cardiac output were not
affected by strain or exercise.
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references to colour in this figure legend, the reader is referred to the web version of this article.)

the cardiac output measurements are correct. Small discrepancies be-
tween the left and right ventricle functional parameters were present.
These discrepancies could be attributed to difficulties in delineation of
the endocardium at the base of the heart near the right atrioventricular
valve, which cycles through the most basal plane of the MRI acquisition
due to the cardiac cycle and has a thin free wall [55].

Based on previous studies, we assume that cardiac fibrosis was al-
ready present at the time of our voluntary exercise intervention in the
mdx and the mdx-Xist*"™ models. It is therefore notable that voluntary
exercise was not only beneficial for skeletal muscle function, it also
resulted in increased cardiac function. In addition, expression of low
dystrophin levels in mdx-Xist*™ mice normalized cardiac output.
Increases in heart rate and stroke volume contributed both to the in-
creased cardiac output. This increase in cardiac function was not ac-
companied by worsening of cardiac pathology, as the amount of fi-
brosis, ejection fraction and severity of dilation was not changed. This
implies that low intensity exercise can be safely performed, since no
detrimental effect was found. Voluntary exercise was applied from an
older age (15.5 months) onwards in this study. It would be interesting
to assess the effects of such an intervention in younger mice on muscle
function and pathology.

In the heart, we did not observe higher dystrophin levels in ex-
ercised mice compared to sedentary mdx-Xist*"™ mice, contrary to our
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observations in the quadriceps. Since we could only ascertain dystro-
phin levels after sacrifice at 18 months of age, randomization based on
dystrophin levels prior to the experiment was not possible. It is possible
that the higher dystrophin levels are due to chance. However, from wild
type mice it is known that the pool of satellite cells, from which muscle
cells can regenerate, expands by low intensity exercise [56] thereby
improving regeneration capacity in the exercised mice. With a higher
survival rate of dystrophin positive fibres over time, preferential dif-
ferentiation and survival of dystrophin expressing muscle fibres could
also lead to increased dystrophin expression. This is further supported
by the equal dystrophin expression levels in hearts of sedentary and
voluntary exercised mdx-Xist*™ mice, since cardiomyocytes have a
considerable lower regenerative capacity than skeletal muscle fibers
[57]. We observed in voluntary exercised mdx-Xist*"™ mice higher
skeletal muscle performance compared with the sedentary ones (dou-
bling of hanging time in both hanging wire tests, though P > .05). This
observation could also be explained by the hypothesized secondary
effect of increased dystrophin levels caused by voluntary exercise. It
should also be noted that mdx-Xist*™ mice express low dystrophin le-
vels from birth onwards, while dystrophin restoring therapies in DMD
patients starts a later age. The effect of this restoration later in life is not
known.

In summary we show that voluntary exercise is beneficial to skeletal
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muscle and heart function in dystrophic mice while not affecting muscle
pathology. Low amounts of dystrophin further improve skeletal muscle
and cardiac function. These findings suggest that voluntary exercise
may be beneficial for skeletal muscle and heart in DMD patients,
especially in conjunction with low amounts of dystrophin.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yjmcc.2018.10.008.
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