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Abstract
Muscular dystrophies are a diverse group of genetic diseases characterized by
progressive muscle weakness and deterioration with wide variability in severity and affected
muscle groups. Some of the more devastating muscular dystrophies result from the absence
of components of the dystrophin-glycoprotein complex (DGC). Disruption of the DGC
compromises sarcolemmal integrity in striated muscle, leading to increased myocyte injury
and death. These forms of muscular dystrophy often feature both skeletal muscle wasting
and marked cardiomyopathy. The most common of these muscular dystrophies is Duchenne
muscular dystrophy (DMD), caused by mutations in the dystrophin gene that result in the
loss of this large membrane-stabilizing protein. DMD features a childhood onset and leads to
premature death at ages ranging from the teens into the 30’s, often from cardiorespiratory
failure. DMD is an X-linked disorder, and is usually inherited from carrier mothers who also
face a high risk of cardiomyopathy.
Sarcoglycanopathies are a rarer group of autosomal recessive Limb Girdle muscular
dystrophies (LGMD) that arise from mutations in the sarcoglycan genes, sometimes leading
to an aggressive Duchenne-like disease course in patients of both sexes. The
heterotetrameric sarcoglycan complex is a key component of the DGC, and its loss induces
significant myocyte pathology that can trigger childhood disease onset and premature death.
Muscles and hearts devoid of the sarcolgycan complex display hallmark dystrophic
pathology, including muscle wasting, loss of ambulation, and a high incidence of lethal
dilated cardiomyopathy.
The work presented here is driven by efforts to quantify the susceptibility of
dystrophic hearts to acute injury caused by increased cardiac workload, and to understand
the contribution of angiotensin signaling to dystrophic heart injury. It describes the following
key findings: 1) angiotensin receptor blockers (ARBs) can markedly reduce acute injury in
dystrophin-null and sarcoglycan-null mouse hearts; 2) female mouse hearts lacking the
sarcoglycan complex are significantly protected compared to male hearts, and do not derive
the same benefit from ARBs; and 3) mosaic expression of dystrophin in the heart results in
elevated vulnerability to injury that is modulated by factors besides dystrophin levels. This
work suggests that angiotensin signaling plays an exaggerated role in dystrophic heart injury
through mechanisms that may be sex-dependent, and that earlier and more consistent use
of angiotensin-blocking therapies has the potential to limit dystrophic cardiomyopathy.
Furthermore, it reveals that dystrophic hearts may continue to show significant vulnerability
in the context of gene therapies that restore partial dystrophin expression.
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CHAPTER 1: INTRODUCTION
Cardiac Pathophysiology and the Future of Cardiac Therapies in Duchenne
Muscular Dystrophy*
1. Overview
Muscular dystrophies are a diverse group of rare genetic diseases characterized
by progressive skeletal muscle wasting. Many different molecular mechanisms underlie
this loss of healthy muscle tissue, leading to wide variability in severity and affected
muscle groups. Some of the more devastating muscular dystrophies are those that
develop due to the absence of components of the dystrophin-glycoprotein complex
(DGC), resulting in compromised sarcolemmal integrity in skeletal muscle and the heart.
These forms of muscular dystrophy feature both skeletal muscle wasting and marked
cardiomyopathy. The most common form of muscular dystrophy is Duchenne muscular
dystrophy (DMD), which arises due to mutations in the dystrophin gene that result in the
complete absence of this large protein that functions in stabilizing the myocyte
membrane. Without dystrophin scaffolding the cytoskeleton to the sarcolemma, the
mechanical and molecular infrastructure of the cell is significantly compromised. This
gives rise to a variety of downstream pathogenic mechanisms, culminating in disease
characteristics that include striated muscle degeneration, fibrosis, loss of motor function,
and death due to cardiorespiratory failure.
With advancements in life-prolonging symptomatic therapies like ventilatory
support, a greater proportion of patients with severe forms of muscular dystrophy survive
long enough to develop heart failure, increasing the need for interventions that can
ameliorate heart disease in this population [1–3]. In the 21st century, heart failure is a
leading cause of death in DMD, with many patients reaching adolescence or adulthood
and displaying symptoms of dystrophic heart disease without receiving cardiac therapy
[2,4]. To address this issue, the most current guidelines released in 2015 recommend
that DMD patients start therapy with ACE inhibitors (ACEIs) or angiotensin receptor
blockers (ARBs) by 10 years of age or sooner, based on mounting evidence that early
stages of cardiac deterioration may have already begun [5,6].
Currently, there is great excitement in the muscular dystrophy community as new
therapeutic approaches are reaching the clinics. While the overall efficacy of these new
therapies will be measured in ongoing clinical trials, most of these trials lack detailed
*
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cardiac end-points, and some of these approaches are known to have relatively poor
efficacy in the dystrophic heart. Given the critical role of the heart in the disease process
and quality of life, this review will focus on current understanding of cardiac involvement
in DMD and detail how current and future therapies may delay or prevent the onset of
heart failure in DMD patients.
2. Genetic Basis
One of the earliest recognized features of DMD was its X-linked mode of
inheritance, which greatly aided in the identification of the genetic locus that was
responsible for the disease. The DMD gene is the largest known human gene at 2.4 Mb,
producing a 14 Kb mRNA transcript from 79 exons. Several internal promoters and
variable splicing give rise to a wide variety of dystrophin isoforms that are expressed in
striated and smooth muscle, brain, retina, and kidney, [7]. This vast size and complexity
likely contribute to higher probability of a mutation interfering with the gene product.
Deletions are the most common type of dystrophin mutation underlying DMD, accounting
for over 70% of all mutations and often causing a change in the reading frame that
produces a premature stop codon [8,9]. The next most common types of DMD mutation
are insertions and point mutations, also usually resulting in a premature stop codon and
the termination of protein synthesis [8,9]. DMD is most often passed down via the Xchromosome from a mother that has one mutated copy of the gene (carrier) to male
offspring, but also has a relatively high rate of de novo mutations accounting for roughly
1/3 of all cases [8,9]. Because DMD is an X-linked disease, it affects almost exclusively
males, with an incidence of approximately 1 in 5,000 live male births [10,11].
Conversely, mutations that still allow for a truncated dystrophin to be produced
and trafficked to the sarcolemma result in the overall milder Becker muscular dystrophy
(BMD). With an incidence of about 1 in 18,500 male births, BMD is much rarer than
DMD due to its roots in dystrophin mutations that preserve the open reading frame,
allowing for a partially functional protein product [9]. BMD displays wide phenotypic
variation, ranging from very severe DMD-like disease to very mild muscle weakness.
This phenotypic variation depends on the specific regions of dystrophin that are lost as a
result of the BMD-causing mutation [12,13]. Accordingly, analysis of the relationship
between the underlying mutation and resulting phenotype in BMD has been instrumental
in shaping our understanding of dystrophin’s structure and the function of its various
2

domains. In fact, identification of some BMD-causing mutations that produced extensive
deletions in the central domain but result in a very mild disease course has led to the
development of multiple truncated but functional micro-dystrophins as gene therapy
candidates currently in clinical trials.
3. Clinical Manifestation
Duchenne muscular dystrophy was first described in the early 19th century by
Italian physicians Gaetano Conte and L. Gioja. In the 1830’s, they reported on two
brothers displaying progressive muscle weakness in the face of paradoxical hypertrophy,
with the older brother dying with an enlarged heart, and the younger eventually losing
the ability to move [14]. Brothers afflicted by debilitating muscle deterioration along with
hypertrophy in the absence of neurological deficits were again described in 1852 and
1853 by Edward Meryon and William J. Little, respectively [14]. However, the most
detailed account was delivered in the 1860’s by Guillaume-Benjamin-Amand Duchenne,
who provided photos, drawings, and detailed descriptions of 13 of his own patients who
shared these characteristics of muscle wasting, progressive muscle weakness
accompanied by pseudohypertrophy, and premature death [14].
Initial clinical symptoms tend to be noticed around 3-5 years of age, and typically
include apparent muscle weakness and fatigue in the legs and pelvic region, causing an
abnormal gait, lordosis, and use of Gowers’ maneuver. The gastrocnemius eventually
develops pseudohypertrophy, resulting from accumulation of fatty and fibrotic tissue
combined with slower atrophy than in the thigh muscles [15]. Elevations in serum levels
of creatine kinase (CK), an enzyme typically retained within muscle fibers in healthy
tissue, are detectable in newborns with muscular dystrophy at levels around 10-fold
higher than in healthy newborns [10]. As children with DMD grow and reach a
symptomatic age, serum CK is further elevated to about 50-100 times of the healthy
level as myofiber contents leak out of increasingly damaged muscle cells. Since
dystrophin also plays a role in the brain and affects cognitive function, cognitive
or neuropsychiatric impairment present in roughly 1/3 of all cases [16,17].
Histopathological evaluation of patient muscle biopsies reveals central nucleation
indicative of ongoing muscle regeneration, along with fibrosis, myocyte necrosis, fatty
accumulation, and immune cell infiltration.
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Cardiac functional assessment via echocardiography shows systolic and diastolic
dysfunction as the disease progresses. Declines in ejection fraction (EF) to <50% can be
seen as early as 9-10 years of age, and ejection fraction may drop as low as 25-30%
later in the course of the disease [18]. Cardiac magnetic resonance imaging (CMR) may
be used to detect declining myocardial strain as an index of cardiac dysfunction before
the onset of measurable ejection fraction deficits [19]. In combination with late
gadolinium enhancement (LGE), cardiac MRI can also be used to identify fibrotic
scarring in the heart, which appears ahead of cardiac dysfunction [18]. This LGE+
fibrosis tends to be localized sub-epicardially, appearing in some patients even before
10 years of age and in the majority of patients after 15 years of age, and increases in
LGE are correlated with age and declining ejection fraction [18,20]. Cardiac troponin
(cTn) elevations can be intermittently detected in patient serum, serving as a biomarker
of sporadic periods of myocardial destruction [21–23]. Heart rhythm abnormalities are
also present in a significant portion of patients, usually in the form of sinus tachycardia,
and may be related to myocardial fibrosis in the cardiac conduction system [7].
As the disease progresses, atrophy of posture muscles often leads to scoliosis,
and further muscle wasting and contractures result in wheelchair dependence around
adolescence. Cardiac dysfunction usually progresses into dilated cardiomyopathy with
extensive fibrosis, shown to be present in essentially all patients over 18 years of age,
and eventually heart failure sets in [3,24]. Historically, death usually occurred by 20-25
years of age from cardiorespiratory failure, but advancements in respiratory and
pharmacological interventions have the capacity to extend lifespans into the 30’s and
early 40’s with diligent clinical management [1,25].
4. Pathophysiological Mechanisms of Dystrophic Cardiomyopathy
4.1. Membrane Instability
Membrane fragility has often been viewed as the primary defect in DMD,
precipitating multiple secondary pathophysiological mechanisms that lead to myocyte
death. In healthy myocytes, rather than distributing diffusely throughout the sarcolemma,
dystrophin localizes in a striated pattern that reflects its association with costameres
[26]. Costameres are a sub-sarcolemmal network that mechanically couples the
extracellular matrix (ECM) to the Z-disc of the sarcomere through the DGC and
cytoskeletal γ-actin, with dystrophin playing a central role in this mechanical linkage [27].
4

Dystrophin’s N-terminal region binds filamentous γ-actin and extends to the sarcolemma,
where its C-terminus joins with the transmembrane β-dystroglycan. β-dystroglycan’s
extracellular domain binds to the heavily-glycosylated α-dystroglycan, which in turn links
to the ECM through laminin. β-dystroglycan also associates with the transmembrane
sarcoglycan complex, which plays its own major role in sarcolemmal stability. This
assembly comprises the DGC, and this axis of force transmission and stabilization from
the contractile apparatus to the ECM is broken when dystrophin is not expressed. It is
worth noting that dystrophin loss precipitates the depletion of the majority of the DGC in
skeletal muscle, but cardiac muscle retains most of the other DGC components in the
absence of dystrophin [28,29].
Without functional dystrophin, the sarcolemma becomes fragile and displays
significant leakiness under increased workload on the myocyte. Serum biomarkers of
this increased cellular permeability include elevated levels of CK, the bulk of which is
attributable to skeletal muscle, and cTn from the myocardium [21,22,30]. Further
preclinical evidence of major membrane disruptions is readily detectable in dystrophic
hearts and muscle by Evans Blue dye or endogenous IgG entry into the myocytes,
indicating where the sarcolemma was compromised enough to permit influx of serum
proteins. These assays reveal markedly higher susceptibility to cardiac and skeletal
myocyte injury in dystrophic animals lacking dystrophin compared to healthy controls
[31–33].
Studies using genetic models have substantiated a pivotal role for membrane
integrity in cardiomyocyte preservation and dystrophic cardiomyopathy. Dysferlin, MG53,
and thrombospondin 4 (Thbs4) have been identified as important players in membrane
repair and maintenance. Ablation of any of these genes in dystrophin-null or
sarcoglycan-null animals has been shown to worsen their cardiac and skeletal muscle
pathology [34–38]. In fact, primary dysferlin deficiency is associated with muscular
dystrophy in animal models and human patients (Miyoshi Myopathy and LGMD2B)
characterized by mild-moderate muscle weakness and infrequent cardiac dysfunction
[39]. On the other hand, overexpression or exogenous delivery of MG53 or Thbs4 have
been shown to attenuate the severity of myocyte pathology in dystrophic animal models
[37,40,41].
In an effort to limit muscular dystrophy and dystrophic cardiomyopathy by
patching the sarcolemma, multiple groups have turned to synthetic amphiphilic
5

copolymers, chiefly poloxamer 188 (P188), as a potential therapy. P188 works to reduce
leak in biological membranes by partitioning into the hydrophobic region exposed when
the lipid bilayer tears, as demonstrated by molecular simulations [42,43]. Work in cells
has yielded convincing evidence of marked reductions in membrane leak following P188
treatment, and dystrophic animal studies with P188 have reinforced the concept of
membrane disruption as a major driver of dystrophic pathology [44–47]. Specifically,
dystrophic dogs and mdx mice showed significant amelioration of various disease
indices following P188 treatment, including improved cardiac histopathology and
reduced myocyte force drop. Accordingly, a human trial is currently being initiated to test
the safety and efficacy of P188 therapy in DMD patients [48].
4.2. Calcium Dysregulation
A major feature of homeostatic disruption that stems from high membrane
permeability is the erosion of ion gradients, which contributes to including increased
intracellular calcium levels. In addition to passive calcium leak through membrane tears,
a number of ion channels and calcium handling proteins may play a role in the
elevations in cytosolic calcium concentrations found in dystrophic myocytes.
Cardiomyocytes from mdx hearts display high diastolic calcium levels, augmented
calcium influx in response to stretch, altered calcium transient kinetics, and changes in
calcium-handling protein expression, activation, or post-translational modifications
[45,49,50].
Aside from passive calcium entry through the leaky membrane, transient receptor
potential (TRP) channels and L-type Ca2+ channels (LTCC) may be allowing excessive
calcium entry into dystrophic cardiomyocytes [51]. TRP channels, including TRPC1,
TRPC6, and TRPV2 are thought to participate in the augmented stretch-stimulated
cation influx observed in mdx cells, and have been shown to be overexpressed and/or
hyperactive in dystrophic myocytes [51–54]. Notably, inhibition of TRPC1 and TRPV2
showed a benefit in mdx cardiomyocytes at baseline and under osmotic stress by
reducing Ca2+ accumulation [50,53]. Other studies have shown enhanced calcium influx
through the L-type Ca2+ channel in cardiomyocytes from mice lacking just dystrophin or
both dystrophin and utrophin, and linked this change to delayed inactivation of the LTCC
[51,55–57].
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Excess diastolic calcium found in dystrophic cardiomyocytes may also come from
the sarcoplasmic reticulum (SR) in addition to extracellular sources. Ryanodine
receptors (RyR2) and the sarcoplasmic/endoplasmic reticulum calcium ATPase
(SERCA2a) are two of the key players that may drive excessive store-operated calcium
release in dystrophic cardiomyocytes. In addition to some studies documenting altered
channel expression, RyR2 has also been shown to undergo altered phosphorylation and
S-nitrosylation in dystrophic hearts, resulting in disrupted channel regulation by calstabin
and enhanced release of Ca2+ from the SR [58–60]. Accordingly, treatments interfering
with RyR phosphorylation or reinforcing its association with calstabin were shown to
normalize cytosolic calcium levels, reduce arrhythmogenicity, and improve cardiac
pathology in mdx hearts [59–62].In a similar vein, some studies have demonstrated
SERCA2a activity to be reduced in dystrophic hearts, possibly due to some combination
of lower SECRA2a expression and alterations in its regulation by the inhibitory proteins
phospholamban and sarcolipin [50,63,64]. Together, the failure of these mechanisms to
adequately sequester SR calcium to maintain low diastolic calcium levels may
compound upon the problem of high calcium leak across the sarcolemma, resulting in
significant myocyte pathology.
Elevated intracellular calcium not only interferes with proper contractile and
electrical activity in a myocyte, but also stimulates increased proteolysis, mitochondrial
dysfunction, and signaling cascades that promote cell death [65]. Calpains are a family
of proteases activated by calcium that have an abundance of cellular targets, including
cytoskeletal proteins, receptors, ion channels, and proteins that participate in excitationcontraction coupling [66]. It has been suggested that robust activation of calpain activity
could also lead to degradation of non-target proteins, and may even participate in
activation of the ubiquitin-proteasome system to drive further proteolysis [67,68].
Recently it was demonstrated that even in healthy mouse hearts, cardiomyocyte injury
resulting in endogenous IgG entry into the cell coincides with loss of dystrophin and
destruction of the orderly sarcomeric organization of α-actinin within 8 hours after the
injury [31]. These outcomes likely reflect the mass action of proteases activated by the
calcium influx following major membrane disruption, but similar processes may be
underway in dystrophic myocytes that have constant low-grade calcium elevations.
In addition to triggering proteolysis, cytosolic calcium moves through voltagedependent anion channels and the mitochondrial calcium uniporter complex into the
7

mitochondria, where it may induce mitochondrial dysfunction that can precipitate cell
death [69]. Mitochondrial oxidative metabolism depends upon the maintenance of a
negative mitochondrial inner membrane potential that is essential for ATP synthesis.
This process that is further stimulated by temporary elevations in mitochondrial matrix
calcium that occur during increased workloads in healthy mitochondria [70]. However,
excessive calcium loading into the mitochondria may trigger opening of the mitochondrial
permeability transition pore (mPTP), depolarizing the mitochondria and interrupting ATP
synthesis unless the mitochondrial membrane potential can be restored [71]. Opening of
the mPTP leads to mitochondrial swelling, potentially resulting in destruction of the
organelle, and can ultimately trigger cell death by depleting cellular ATP content and
releasing reactive oxygen species and pro-apoptotic factors from mitochondria into the
cytosol [71]. Indeed, mdx cardiomyocytes have been shown to have elevated
mitochondrial calcium content and mitochondrial swelling, inspiring ongoing efforts to
impede mPTP opening or mitochondrial calcium uptake to improve pathology in
preclinical dystrophic animal models [56,72,73].
4.3. Reactive Oxygen Species Dysregulation
Dystrophin loss is associated with increased generation of reactive oxygen
species (ROS) that contribute to the pathogenesis of DMD. A significant source of ROS
production is NADPH oxidase 2 (NOX2), the primary muscle isoform of this membranebound superoxide-generating enzyme. Mdx mice have been consistently shown to
harbor increased NOX2 expression and activity, and NOX2 appears to be responsible
for exaggerated stretch-induced ROS production in both skeletal and cardiac myocytes
from mdx mice [74,75]. This exaggerated increase in NOX2 dependent superoxide
production appears to underlie the disorganization of microtubules in skeletal muscle,
likely also contributing to the disorganized microtubule array in dystrophic cardimyocytes
[76–78]. Upon activation, NOX2 produces extracellular superoxide, which is converted
by extracellular superoxide dismutase to the membrane-permeant H2O2 [79]. Once
inside the myocyte, excess H2O2 can cause oxidation of proteins, lipids, carbohydrates,
and nucleic acids, precipitating a variety of pathological effects that include deficits in
calcium handling, contractility, and cell survival [80,81]. In fact, evidence suggests that
NOX2-generated ROS may contribute to SR calcium leak and mitochondrial dysfunction
in mdx myocytes [51,74–76,81,82].
8

Accordingly, many studies have demonstrated a protective effect of
pharmacological or genetic NOX2 inhibition in mdx heart and skeletal muscle, with
decreased ROS generation, improved calcium handling, increased myocyte survival,
and greater force production among the associated benefits [33,62,74,75,81,82]. NOX2
is also a likely downstream effector of angiotensin II type 1 receptor (AT1R), which may
be activated by the binding of angiotensin II or by stretch to stimulate ROS production
via NOX2 [80,83,84]. This relationship could account for some of the reported benefits of
angiotensin receptor blockers (ARBs) in dystrophic models, including recent work
showing acute protection of mdx myocardium when treated with losartan only 1 hour
before inducing cardiac injury with isoproterenol [31,85,86].
4.4. Nitric Oxide Dysregulation
In skeletal muscle, there is clear evidence that dystrophin is critical for the
localization of neuronal nitric oxide synthase (nNOS) at the membrane of the muscle
fiber [81,87]. From this sub-membrane compartment, NO readily diffuses out of the cell,
where it signals to neighboring vascular cells to dilate the vasculature, increasing blood
flow to actively contracting muscle [88,89]. The presence of this molecular arrangement
in the heart is not clearly understood. While dystrophin and nNOS are both expressed in
the myocardium, co-immunoprecipitation studies have demonstrated that they do not
interact to the same degree as in skeletal muscle [90]. Further, there are many
concurrent mechanisms controlling coronary blood flow that may render this nNOS
localization less necessary.
Complicating the understanding of cardiac nitric oxide signaling is the fact that all
three isoforms of NOS – nNOS, endothelial NOS (eNOS), and inducible NOS (iNOS) –
are expressed in the heart. Evidence of NO-related alterations from preclinical studies
include declines in nNOS activity and expression, significant increases in iNOS activity
and expression, and no reported change in eNOS activity and expression [59,74,91–93].
iNOS is of particular interest in dystrophic hearts and muscle, as its expression is
typically high in immune cells, and it is further increased with inflammation, potentially
resulting in large contribution of iNOS to NO production in regions of ongoing tissue
injury and degeneration [81,94,95]. Furthermore, despite the lack of evidence supporting
the interaction of nNOS with dystrophin in the heart, there are indications that
mitochondria from dystrophic hearts are associated with nNOS activity that is not
9

present in wild type hearts [96]. This suggests that nNOS localization is abnormal in
dystrophic cardiomyocytes, which, together with the increase in iNOS activity, results in
complex effects that alter the NO-dependent physiology of the dystrophic heart. Finally,
both skeletal muscle and the heart harbor eNOS, and the regulation of its activity is
multifactorial and complex, creating major obstacles to understanding this isoform’s
contribution to the NO metabolism of dystrophic myocytes [97].
The signaling of nitric oxide is complex, but it can be broadly divided into roughly
two branches: one mediated by cyclic guanylyl monophosphate (cGMP), and another via
direct covalent modifications. Initially, preclinical work suggested that the cGMP branch
of NO signaling may provide significant benefit, as both genetic and pharmacological
manipulations of this pathway appeared to partially improve dystrophic cardiac function
in mice [98,99]. Based on the promise of these results in the heart and other benefits in
skeletal muscle [88,89,100], a clinical trial was initiated to test the effects of
inhibiting phosphodiesterase 5 (PDE5), the enzyme partially responsible for the
degradation of cGMP, with sildenafil. Surprisingly, this sildenafil trial was terminated due
to several DMD patients receiving sildenafil displaying worsening cardiac function [101].
It is not clear if the sildenafil treatment accelerated the dystrophic disease process or
simply failed to show a beneficial effect. Importantly, PDE5 inhibition only prolongs the
duration of existing NO signaling, thus it is possible that NO synthesis may be too low or
mislocalized for sufficient cGMP to be produced in dystrophic cardiomyocytes.
Evidence shows that the dystrophic heart has increased levels of direct covalent
modification of cysteine residues in the form of S-nitrosylation (SNO). Proteomics-based
approaches demonstrate that mdx hearts have globally elevated levels of S-nitrosylation,
with modifications of the electron transport chain being particularly prominent [102].
Increased S-nitrosylation of the cardiac ryanodine receptor has been shown to increase
its Ca2+ leak, thus potentially contributing to increases in cytosolic Ca2+ and cardiac
arrhythmias [59,60]. Furthermore, overexpression of nNOS has been shown to limit
fibrosis and improve electrical and contractile properties of the dystrophic heart [103–
105]. Together these data describe a very complex role for NO signaling in the
dystrophic heart, where it alternates between providing benefit and detriment depending
on the particular target or the nature of the study. This complex physiology greatly
confounds the use of NO signaling as a therapeutic approach in the dystrophic heart.
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4.5. Fibrosis
Fibrosis is one of the earliest clinical features of dystrophic cardiac pathology,
making its first appearance in DMD patient hearts before 10 years of age [18,106].
Multiple cell types contribute to the development of fibrosis in the heart, including
cardiomyocytes, fibroblasts, endothelial cells, and immune cells. All of these cells can
secrete profibrotic cytokines and chemokines in response to stimuli like inflammation,
mechanical signals, and signals from neighboring cells. Fibroblasts and cardiomyocytes
are also capable of depositing the extracellular matrix components that comprise fibrotic
scars. Fibroblasts are an abundant and reactive cell type in the heart, readily
transforming into myofibroblasts and increasing their secretion of ECM and cytokines in
response to a large number of endocrine, paracrine, and mechanical signals that include
transforming growth factor β (TGFβ), ROS, angiotensin, aldosterone, ECM changes, and
many others [107,108]. Cardiomyocytes may help drive the fibrotic process not only by
dying and leaving a vacancy that must be filled in with ECM, but also by secreting their
own signaling molecules and collagen to contribute to the process [109]. Cellular stress
and necrotic death among cardiomyocytes likely kick off fibrosis in the dystrophic heart
by polluting the surrounding tissue with cytokines, chemokines, and debris that attract
neutrophils and macrophages. These cells are phenotypically-diverse, and various
contextual factors may contribute to their polarization to promote tissue inflammation or
repair through specific paracrine signaling profiles [110]. Furthermore, infiltrating myeloid
cells have been shown to harbor aldosterone synthase, thus potentially representing a
source of localized aldosterone production and promoting pro-fibrotic gene transcription
in mineralocorticoid receptor-expressing fibroblasts and cardiomyocytes [111]. The
nature of cardiac fibrosis in DMD is not unique or specific to the dystrophic process, but
its start early in the disease course and implications for the rest of the heart make
reducing fibrosis a major goal of cardiac-directed therapies for DMD.
The removal of damaged tissue eventually ends with the deposition of a new
fibrotic patch, and these lesions appear on CMR with LGE as areas of bright signal that
are often distributed in a sub-epicardial pattern on the left-ventricular free wall
[18,20,112]. The high consistency of lesion distribution in a mechanically-demanding
setting like the heart may indicate that the forces experienced by cardiac cells in this
particular region of the heart may be especially injurious, perhaps because of greater
cellular dynamics in the epicardium [113]. Aside from the obvious issue of failing to
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contribute to the pumping action of the heart, accumulation of fibrosis may present
additional challenges. First, it likely accelerates further losses of functional myocardium
by shifting the workload demand on the neighboring cardiomyocytes, which will now
have to carry out excessive contractile work in a stiff, mechanically burdensome
environment. Secondly, the scar may interrupt the tracts of electrical conduction through
the heart, potentially giving rise to a variety of arrhythmias. Because the consequences
of unmitigated fibrosis can be so dire, a major focus of established cardiac-directed
therapies is the amelioration of these processes.
5. Small Molecule Therapies for the Heart
Because of a lack of any potentially curative therapies for dystrophic
cardiomyopathy until very recently, these established small molecule-based therapies
are aimed at reducing the symptoms and hindering the mechanisms of disease
progression in the heart. The four groups of cardiac small molecule approaches listed
here are all currently in use in DMD clinical management.
5.1. Angiotensin-Inhibiting Therapies
Inhibition of the renin-angiotensin system has become a cornerstone of cardiacdirected therapeutic efforts in DMD patients, with the goal of ameliorating the adverse
remodeling that follows cardiomyocyte loss. Angiotensin II (AngII) and the AngII type 1
receptor (AT1R) exert many detrimental effects on the heart, including promoting fibrosis,
remodeling, ROS production, and cardiomyocyte death [80,83,114–116]. Angiotensin
receptor blockers (ARBs) and angiotensin converting enzyme inhibitors (ACEIs) are the
two main drug classes used to suppress the deleterious effects of angiotensin in heart
failure patients in general and in DMD patients specifically. Current guidelines
recommend that DMD patients be placed on either one of these two drugs by age 10 or
earlier, influenced by the growing body of work reporting the first signs of ongoing
cardiac disease processes around 6-10 years of age [18,19,21,22,106]. ACEIs are an
older drug class that is often used as the first line of therapy for general heart failure, and
was the first to be used in trials to demonstrate improved cardiac function and survival
among DMD patients [117,118]. For these reasons, they have often been named first in
guidelines and recommendations regarding management of DMD cardiomyopathy and
are more frequently prescribed [5,6,119,120]. ARBs are listed as a secondary option or
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an alternative in cases of poor ACEI tolerance, despite the fact that ARBs are not only
equally effective when compared directly to ACEIs, they are better tolerated by patients,
promoting improved compliance [121–123].
Importantly, recent preclinical work has shown that ARBs may have a unique
ability to prevent cardiomyocyte damage during acute bouts of increased workload in the
heart. Dystrophic mdx mouse hearts displayed 3-fold higher myocardial injury area than
wild type hearts after a bolus of the β-adrenergic agonist isoproterenol, but this
difference was eliminated by treatment with the ARB losartan [31]. Losartan reduced
cardiac damage 2.8-fold in mdx hearts without any significant effect on injury in wild type
hearts. Surprisingly, neither acute nor chronic ACEI treatment had any effect on the
extent of damage in the mouse heart, suggesting that direct blockade of AT1R may be
necessary to achieve the full benefit of anti-angiotensin therapy in the dystrophic heart
[120]. One potential explanation could be rooted in the fact that ACE is not strictly
necessary for the production of AngII and activation of AT1R. AngII can be produced
through the actions of other peptidases, most notably chymase, thus the inhibition of
ACE does not eliminate AngII production [124–126]. Furthermore, AT1R displays basal
activity and can be readily activated further by stretch independently of any ligand, thus
potentially giving rise to AngII-independent pathogenic signaling [127,128]. Another
compelling explanation for the disparity in benefits of ARBs and ACEIs is the indirect
augmentation of cardioprotective AngII type 2 receptor (AT2R) signaling as a
consequence of AT1R blockade [114,129]. AngII is the main endogenous ligand for both
receptors, and the blockade of AT1R feeds back to increase AngII production, resulting
in the redirection of a very robust AngII pool for AT2R activation [126,129,130].
Further clinical trials with younger patients (<10 years old) will be needed to
determine if ARBs have the same unique capacity to preserve cardiomyocytes in the
face of ongoing physiological stresses in human dystrophic hearts. Until this work can be
carried out, DMD patients should continue to be prescribed either one of these antiangiotensin drugs at the earliest age that the families and physicians can agree upon in
order to protect these vulnerable hearts from the permanent loss of myocardial tissue.
5.2. Beta-Adrenergic Receptor Blockers
Tachycardia is a common characteristic of DMD, reflecting autonomic
dysfunction in the dystrophic heart that predisposes it to arrhythmias. Holter monitoring
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in DMD patients routinely reveals average heart rates >100 beats per minute, reflecting
increased activation of the sympathetic nervous system and increased adrenergic
signaling in the heart [6,20,131]. The heart expresses an abundance of β-adrenergic
receptors (β-ΑR) in the pacemaker cells, conduction system, and the rest of the
myocardium. Activation of cardiac β-AR drives heart rate elevations and increased
contractility by augmenting and accelerating calcium transients in the myocyte, which
contributes to arrhythmogenesis [132]. Beta-blockers are regularly used for the
treatment of acquired heart failure, where they are often combined with ACEIs and
diuretics to improve survival and reduce hospitalization rates [133]. Accordingly, betablockers have been considered a candidate for cardiac-directed therapy in DMD with the
goal of limiting β-AR effects, although it remains unclear whether these drugs deliver a
significant benefit that cannot be achieved without them.
Investigations using beta-blockers in DMD cardiomyopathy have turned up mixed
results, with some studies demonstrating a clear benefit while others show little effect of
β-AR blockade on outcomes [131,134,135]. Although some DMD patient studies indicate
that beta-blockers preserve cardiac function and survival beyond the effects of ACEIs
alone, a recent trial revealed no difference between treatment groups receiving ACEIs
alone versus ACEIs with beta-blockers when the ACEI dose was adjusted according to
the severity of cardiac dysfunction [131,134,135]. These inconclusive results have
contributed to variable and often delayed initiation of beta-blocker use in DMD.
Because beta-blockers are a second-line therapy in DMD, a major obstacle to
successfully determining their capacity for benefitting the dystrophic heart may lie in the
delayed initiation of therapy and combined use of beta-blockers with other drugs.
Indeed, it seems most common in clinical practice to start beta-blockers once
tachycardia or other arrhythmias become detectable, which may be well after the onset
of early cardiac disease processes [6]. Because ACEIs and ARBs continue to be the first
line of therapy, it is unlikely that studies investigating the effects of beta-blockers alone
on the natural course of the disease will be possible [5]. However, sustained efforts
should be made to evaluate outcomes in patients receiving early intervention with betablockers compared to those receiving similarly early therapy without beta-blockers in
order to identify any significant benefits specific to beta-blocker use.
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5.3. Mineralocorticoid Receptor Antagonists
Mineralocorticoid receptor (MR) activation by aldosterone can contribute to
cardiac pathology by promoting cardiomyocyte death, hypertrophy, and fibrosis in DMD
cardiomyopathy and other types of heart failure [136]. For this reason, MR antagonists
like eplerenone and spironolactone are a part of the standard approach for managing
heart failure with low EF, and are occasionally incorporated into treatment for DMD
cardiomyopathy [7]. The potential importance of aldosterone signaling is underscored by
reports that myeloid cells infiltrating the site of heart and muscle injury in dystrophic mice
express aldosterone synthase, serving as a local source of paracrine aldosterone
signaling that may exacerbate the injury and the adverse remodeling that follows it [111].
MR signaling may also play a larger role in DMD due to the ability of corticosteroids like
prednisolone, which are used to preserve muscle function in DMD patients, to activate
MR in addition to their target receptor [137]. It is worth noting that spironolactone is
slightly more potent, but has lower selectivity for MR over androgen receptor, resulting in
higher potential for side effects associated with androgen imbalance, whereas
eplerenone is less likely to interfere with androgen receptor.
Preclinical work using mouse models of DMD cardiomyopathy has shown a
protective effect of the combination of spironolactone and ACEI in dystrophic muscles
and hearts that was attenuated in the group treated later in life, again reinforcing the
importance of proactive initiation of therapy [112,138]. Clinical trials went on to
demonstrate that patients with DMD and preserved ejection fraction already receiving
treatment with an ACEI or ARB showed modest but significant improvements in
myocardial strain, ejection fraction, and chamber dilation with eplerenone treatment,
compared to those without eplerenone [136]. The open label extension in patients using
eplerenone with ACEI or ARB showed that myocardial circumferential strain was
preserved over a period of 36 months [139]. The recent discovery of vamorolone, an MR
antagonist that is equally potent to eplerenone and also mirrors the anti-inflammatory
benefits of corticosteroids, may represent a critical step toward the inclusion of this MR
antagonist as a standard and proactive therapy for DMD cardiomyopathy [137].
5.4. Corticosteroids
Currently, a daily regimen with a corticosteroid like prednisone or deflazacort is
the earliest and most widely used DMD therapy, based on the ability of steroids to
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reduce inflammation and prolong strength and ambulation in DMD patients with
[7,51,140]. Because steroids are unequivocally beneficial in ameliorating the natural
course of DMD in skeletal muscle, therapy is often initiated fairly proactively around 2-5
years of age, making corticosteroids the earliest pharmacological influence on the
dystrophic heart [9]. The use of these drugs is not without controversy, with the primary
obstacle rooted in challenging systemic side effects, which arise from the classic
transcriptional effects of glucocorticoid receptor and include reduced bone density,
increased adiposity, and increased muscle catabolism [141]. However, some additional
concerns stem from preclinical studies providing evidence that steroids may worsen the
progression of DMD in the mouse heart [138,142]. Nevertheless, DMD patient studies
are largely in agreement that steroids are likely to be protective in the dystrophic heart,
with possible benefits including improved survival, preserved ventricular function, and
even reductions in fibrosis [143–148]. Perhaps the most telling is the observation that
increased survival among the steroid-treated cohort of one study was largely reflective of
a striking reduction in heart failure deaths [143].
Vamorolone, the novel drug that recapitulates the anti-inflammatory actions of
glucocorticoids and the anti-remodeling effects of MR antagonists, may deliver the same
benefits derived from corticosteroid use with minimized side effects [137,149]. It
represents a new class of steroids called dissociative steroids, which serve the function
of activating glucocorticoid receptor for signaling transduction, but do not result in its
binding to glucocorticoid response elements (GRE) and activation of GRE-dependent
transcription [141]. It remains to be seen if Vamorolone may replace glucocorticoids
and/or MR antagonists in the clinic, but it has already demonstrated efficacy in
preclinical studies using dystrophic mice, and is currently being tested in DMD patient
trials [137,149,150].
6. Gene-Targeted Therapies
In recent years, potentially curative approaches for DMD have begun to take
shape. Unlike the small molecule treatments, these gene-targeted therapies are
designed with the goal to induce expression of a functional gene product that will
reestablish normal myocyte physiology. Since these therapies aim to repair the original
defect in the cell by restoring functional dystrophin expression, their success is less
dependent upon making the correct assumptions regarding the exact mechanisms
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driving the cellular dysfunction in the absence of dystrophin. However, the high
complexity of these gene-targeted systems results in great challenges to achieving
efficient and lasting correction. Because of the large variety of mutations that cause
DMD, many of these approaches need to be tailored to suit subgroups of patients based
on the location of their disease-causing mutation.
An additional challenge lies in the difficulty of assessing the cardiac effects of
these approaches, because their efficacy will depend absolutely upon the whole-body
efficiency of transduction and dystrophin restoration. Ideally, corrective therapies should
be initiated as early in life as possible, both to achieve maximal preservation of healthy
muscle tissue and to facilitate dosing. Since the heart cannot be routinely biopsied to
check the efficiency of dystrophin re-expression, clinicians will depend on more sensitive
measures like myocardial strain to evaluate patient hearts at early time points in the
natural course of the disease. Achieving sufficient therapeutic efficacy in the heart will be
of the utmost importance, because correcting skeletal muscle without effectively
addressing the cardiomyopathy may result in increased demand on the fragile
myocardium, accelerating the progression of heart failure. Even if high efficiency of
these therapies is achieved in skeletal muscle, the phenotypic outcome in DMD patients
may resemble the disease characteristics of Becker muscular dystrophy or X-linked
dilated cardiomyopathy (XLCM) due to the reduced expression and/or truncation of
dystrophin. Patients with BMD and XLCM often have sufficient dystrophin expression to
display mild skeletal muscle pathology, but BMD has a high risk of heart failure, and
XLCM patients succumb to heart failure between 10-20 years of age [7,151–154]. To
minimize the risk of this outcome, careful ongoing cardiac monitoring and therapy will be
necessary to characterize the cardiac effects of these therapies and successfully
manage all aspects of DMD patient health in the context of partial dystrophin
replacement. Thus, even DMD patients who undergo treatments with good efficacy in
the heart will likely continue to require careful cardiac monitoring and be good
candidates for small molecule-based cardiac therapies to limit the effects of improved
skeletal muscle function on the dystrophic heart.
6.1. Stop Codon Readthrough
Roughly 10% of DMD patients have a nonsense mutation that replaces a regular
amino acid triplet with a premature stop codon and causes the ribosome to terminate
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translation, failing to synthesize the remainder of the protein [8]. The principle of stop
codon read-through, also referred to as nonsense suppression, is simply to induce the
ribosome to continue translating the mRNA through the premature stop codon and the
rest of the transcript. This concept was initially demonstrated using the aminoglycoside
antibiotic gentamicin, but due to the toxicity of gentamicin, ataluren (Translarna) was
developed as a safer alternative serving the same purpose. The drug works by binding
to the ribosome itself and mildly disrupting its ability to recognize the premature stop
codon, enabling the occasional addition of an amino acid in its place, followed by the
synthesis of the remainder of the gene [155]. This mechanism appears to be fairly
specific to premature stop codons, without enabling readthrough of regular stop codons,
and effectively enables partial dystrophin expression in skeletal muscle [155,156].
Based on preclinical efficacy, ataluren advanced to clinical trials and was
approved for the treatment of DMD in Europe, although it is still under investigation for
efficacy in the US. Unfortunately, very little evidence exists to inform the question
whether ataluren displays any degree of efficiency or delivers a benefit in the heart.
Preclinical work suggests that ataluren can induce a modest increase in diffuse
dystrophin expression in the mdx mouse heart [156]. Results in human patients are
more ambiguous, showing no measurable effect on cardiac function in a small cohort of
non-ambulatory DMD patients, although the cardiac function remained stable during the
treatment period of 20-24 months [157]. Additional work will need to be performed to
better understand the effects of ataluren in the heart and the clinical relevance of these
observations.
6.2. Antisense-Mediated Exon Skipping
Deletions are the most common type of DMD mutation, with many of them
causing dystrophin loss due to the disruption of the open reading frame. When the open
reading frame is shifted, it often results in a downstream premature stop codon that
terminates translation, so the premise of exon skipping is to sacrifice one exon to restore
the open reading frame of the rest of the gene. To accomplish this, antisense
oligonucleotides (AON) are designed to bind to the premature mRNA at the splice
acceptor site of the mutated exon to obscure the splice site. This causes the
spliceosome to move on to the next available splice acceptor site, resulting in the
omission of the mutated exon from the final mRNA transcript. Multiple AONs can be
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used to skip adjacent exons in cases where the removal of multiple exons is required to
restore the reading frame. The ultimate goal of this approach is the synthesis of a
truncated dystrophin protein that harbors a deletion but retains most of its functionality.
Over half of all DMD mutations and up to 80% of deletions are amenable to exon
skipping therapy, but since each therapy must be tailored to the mutation region, each
successfully-developed AON will only rescue a fraction of those mutations [8].
Preclinical studies demonstrated the strong potential of AON to reestablish dystrophin
expression in skeletal muscles, but raised concerns about efficacy in the heart based on
work showing negligible effects in cardiac muscle [158,159]. Upon probing the
underlying cause of this discrepancy, it was found that these AON therapies, often
delivered in the form of a phosphorodiamidate morpholino oligomer (PMO), were more
likely to be trapped in endosomes in cardiomyocytes than skeletal muscle [160].
Subsequent preclinical work demonstrated that optimizing the dose and modifying the
delivery system could solve this problem in the heart, showing improved cardiac muscle
dystrophin restoration with these approaches in dystrophic mice and dogs [161,162].
Currently, conjugation of PMOs to peptides that enhances cell permeability is an active
area of development, with preclinical studies demonstrating considerable expression of
dystrophin in the hearts of mdx mice and dystrophic dogs treated with high doses of
these peptide-conjugated PMO (PPMO) therapies [162–164].
At this time, one exon-skipping therapeutic is FDA approved, and several more
are in development to target the exons that represent the highest proportions of
deletions amenable to exon-skipping. Eteplirsen is a PMO from Sarepta Therapeutics
that induces the skipping of DMD exon 51, which may target up to 14% of all mutations.
It received FDA approval in 2016 amid controversy, with modest but positive results
based on clinical trials and patient experiences despite surprisingly modest effects on
dystrophin re-expression in patient biopsies [165,166]. However, tissue penetration and
longevity of PMOs has remained an ongoing concern, and no evidence exists of
significant eteplirsen uptake or benefits in the heart [51,167]. To address these
shortcomings, other delivery systems for AON are currently being investigated to identify
the modifications that can optimize cellular penetration and systemic safety, with a big
focus on PPMOs [160]. Additionally, multiple other exon-skipping AONs are being
actively developed, with PMOs targeting exons 45 and 53 already in clinical trials.
Because these agents only work at the level of premature RNA and have limited
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longevity in the cell, it will be important to set appropriate guidelines for dosing frequency
to reflect sufficient efficacy in the heart in order to minimize the risk of XLCM-like heart
failure.
6.3. Micro-dystrophin Viral Gene Therapy
Viral gene therapy has long been considered the potential key to curing genetic
diseases, based on its theoretical capability to completely replace the missing gene
product. For this reason, viral gene replacement therapy is the only approach currently in
development for clinical use that offers hope for all DMD patients regardless of the
underlying dystrophin mutation, and is the only available therapy for patients with
mutations that span critically important regions of dystrophin. There is a long history of
evidence from animal and human studies identifying both the great promise and the
significant challenges of viral gene therapy, but the field has made major strides toward
clinical applications in recent years. The broad lessons learned from this vast body of
work are: 1) viral gene therapy is feasible and can even be efficiently systemically
delivered; 2) only adeno-associated virus (AAV) is currently safe enough to use as a
gene therapy vehicle in human patients; and 3) the safety and efficiency of viral gene
therapy depend upon many factors that are unique to particular species and also the
individual biology of the patient.
In addition to the general limitations of viral gene delivery, the pursuit of a DMD
gene therapy faces the additional obstacles of gene size, as the full coding DMD gene
sequence exceeds the packaging capacity of AAV by over 2-fold. Because the 11 kb
cDNA cannot be delivered by an AAV with a 4-5 kb capacity, great effort has been
directed at optimally miniaturizing the DMD gene by reducing it to its most vital
components, producing the candidate micro-dystrophin constructs currently under
investigation [168]. Preclinical pursuit of over 30 of these micro-genes largely followed
the lessons learned from mildly-affected BMD patients with extensive DMD sequence
deletions, preserving the actin-binding N-terminus and the DGC-binding cysteine-rich
domain, but sacrificing large sections of the central rod domain that spans between them
[169]. While most of the preclinical work with AAV-delivered micro-dystrophins has
focused on skeletal muscle, strong evidence of the cardiac benefits of systemic
treatment includes marked reductions in histopathology and improvements in function,
supporting their advancement into clinical trials [29,170,171].
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Three different micro-dystrophins are currently under investigation in human
DMD patient trials of AAV-mediated micro-dystrophin therapy. The composition of the
micro-dystrophin constructs in these trials is relatively similar, however the microdystrophin vector from Pfizer uses a skeletal muscle promoter that does not drive any
expression in the heart [172]. The other two micro-dystrophin AAV trials, spearheaded
by Sarepta Therapeutics and Solid Biosciences, are using vectors driven by different
promoters that induce expression in both skeletal and cardiac muscle, delivered by a
different AAV serotype, and injected at different doses, significantly complicating any
comparison between these two trials [169]. Nonetheless, both the MHCK7 promoter in
Sarepta’s AAV construct and the CK8 promoter in Solid’s AAV construct have been
shown to drive robust cardiac expression of micro-dystrophins used in preclinical studies
[173,174].
It is still too soon to know if human cardiac function will be preserved by these
micro-dystrophin treatments, but it is possible that these initial trials may reveal the need
for higher doses to effectively transduce the majority of the post-mitotic myocardium, and
these higher doses may be accompanied by significant side-effects [169]. While some
preclinical literature supports the notion that transduction of half of the heart may be
sufficient to reap the full benefits, it is difficult to extrapolate confidently from mice to
human patients in light of the vastly different body sizes, lifespans, and phenotype
severity [32]. Furthermore, AAV-delivered plasmids are not expected to last forever, so
repeated dosing (along with immunosuppressive measures like plasmapheresis) may be
needed if reductions in the therapeutic effect are detected [175,176]. Finally, even if it
becomes possible to achieve complete cardiac transduction and lasting expression of
these DMD micro-genes, the treated patient population will still be at a similar risk for
developing cardiomyopathy as BMD and XLCM patients due to the extensive truncation
of the gene. These limitations on the maximal theoretical efficacy of AAV gene therapy
for DMD may result in the continued need for additional small molecule-based
management of cardiomyopathy in the setting of an otherwise BMD-like phenotype.
6.4. CRISPR-Cas9 Gene Editing
CRISPR-Cas9 is a highly versatile genome-editing approach that was found at
the root of a bacterial self-defense system against viral infection and gave rise to a
promising new strategy for correcting genetic diseases. This system is based simply
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upon a single guide RNA (sgRNA) molecule that recognizes a genomic sequence and
flags down an endonuclease to create a double-stranded break in the DNA at specific
recognition sites. In bacteria, both the Cas9 endonuclease and the guide RNAs are
encoded by genomic sequences, the latter of which is made up of clustered regularlyinterspaced short palindromic repeats (CRISPR), but in eukaryotic applications, the
sgRNA and Cas9 gene must be delivered exogenously. In non-proliferating cells like
skeletal muscle fibers and cardiomyocytes, CRISPR-Cas9 editing can be used to excise
a duplication or out-of-frame exon, disrupt a splice site to induce exon skipping, edit a
nucleotide in a nonsense mutation, or reframe an exon with a base insertion or deletion
that accompanies non-homologous end-joining repair [177,178]. Because the editing
occurs at the genomic level and myocyte nuclei will not divide further, this approach
represents the potential to treat DMD by reinstating dystrophin expression through a
single administration of the therapeutic agent.
Since the CRISPR-Cas9 treatment strategy depends upon the systemic delivery
and expression of foreign genes, this therapeutic approach has often made use of AAVmediated gene delivery in preclinical work to achieve sufficient transduction in vivo, with
promising outcomes from a large number of separate studies [178]. Using either a single
vector or two separate vectors to encode the sgRNA and the Cas9 sequences with a
cardiac-expressing promoter, several studies have demonstrated significant restoration
of cardiac dystrophin expression and improvement in cardiac pathology in different
mouse and dog models of DMD [179–182]. Importantly, the correction was shown to
persist long-term in mice, supporting the notion of permanent gene repair with this
genomic editing strategy [183–185].
Despite significant promise, this approach is not without its own setbacks. AAVmediated gene delivery will always face the challenge of possible immunogenicity, and
the delivery of a foreign gene exacerbates the issue with the potential of eliciting an
immune response to the bacterial protein. Careful screening and immunosuppressive
measures will be required to ensure patient safety and effective transduction, although
long term studies in preclinical models suggest immune response against Cas9 does not
limit the therapeutic efficacy [179,186]. Furthermore, the possibility of off-target
mutagenesis with CRISPR-Cas9 is a cause for concern that has previously been
substantiated in human cells, and recent studies have identified dozens of off-target
mutations throughout the mouse genome following 8 weeks of CRISPR-Cas9
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expression [185,187]. While most of these off-target mutations are found in introns,
many are in exons, indicating a need for additional preclinical work to investigate the rate
of accumulation and the physiological significance of these mutations. The risk of offtarget editing can be managed by optimizing both the guide RNAs and the Cas9
endonucleases to minimize non-specific activity and improve fidelity [178,188]. Finally,
as with AON-mediated exon skipping, some of the patients undergoing CRISPR-Cas9mediated exon skipping therapy may still find themselves with a BMD-like risk of
cardiomyopathy. Additional preclinical studies with longer post-treatment monitoring in
dog and/or non-human primate DMD models will be required to confirm the safety and
efficacy of this genome-editing therapy, but current results inspire optimism about the
possibility of CRISPR-Cas9 treatment reaching clinical trials.
7. Conclusions
Just over 30 years since the discovery of the protein dystrophin, and nearly two
centuries after the first descriptions of the devastating disease precipitated by its loss,
efforts to understand and correct the underlying pathology of DMD are advancing by
leaps and bounds. The preceding decades have been marked by careful mechanistic
studies aiming to tease part the molecular processes derailed by dystrophin loss,
providing extensive insights into the cellular dysfunction driving the progressive
deterioration and premature death seen in patients. These insights helped to form the
foundation for devising symptomatic interventions and small molecule treatment
strategies to prolong and improve the lives of DMD patients. Now, the tireless and
innovative efforts of the neuromuscular disease research community have started to
open the door for potentially curative approaches that may allow individuals with DMDcausing mutations to live out their adult lives with manageable health.
This turning point in the development of DMD therapies marks the beginning of a
new mission to map the shifting landscape of cardiac health and disease in patients that
undergo these cutting-edge treatments. This will require continued improvements in
cardiac diagnostic and treatment strategies used in the clinics and in preclinical studies
that will build upon recent breakthroughs. Deletions are the most common mutation type
underlying DMD, but even at their highest theoretical efficiency, these corrective
approaches cannot restore missing portions of the DMD gene sequence. For this
reason, even patients that are successfully treated with the next generation of gene23

targeted therapies will likely continue to benefit from regular monitoring or treatment by a
cardiologist. Ensuring that the vulnerable hearts of DMD patients receive careful
consideration should remain a major priority in the management of this deadly disease
as new questions and possibilities continue to arise from current and future discoveries.
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Summary
Duchenne muscular dystrophy (DMD) is an X-linked disease characterized by
skeletal muscle degeneration and a significant cardiomyopathy secondary to
cardiomyocyte damage and myocardial loss. The molecular basis of DMD lies in the
absence of the protein dystrophin, which plays critical roles in mechanical membrane
integrity and protein localization at the sarcolemma. A popular mouse model of DMD is
the mdx mouse, which lacks dystrophin and displays mild cardiac and skeletal pathology
that can be exacerbated to advance the disease state. In clinical and pre-clinical studies
of DMD, angiotensin signaling pathways have emerged as therapeutic targets due to
their adverse influence on muscle remodeling and oxidative stress. Here we aim to
establish a physiologically relevant cardiac injury model in the mdx mouse, and
determine whether acute blockade of the angiotensin II type 1 receptor (AT1R) may be
utilized for prevention of dystrophic injury.
In the present study, a single IP injection of isoproterenol (Iso, 10 mg/kg) was
used to induce cardiac stress and injury in mdx and wild type (C57Bl/10) mice. Mice
were euthanized 8 hours, 30 hours, 1 week, or 1 month following the injection, and
hearts were harvested for injury evaluation. At 8 and 30 hours post-injury, mdx hearts
showed 2.2-fold greater serum cTnI content and 3-fold more extensive injury than wild
type hearts. Analysis of hearts 1 week and 1 month after injury revealed significantly
higher fibrosis in mdx hearts, with a more robust and longer-lasting immune response
compared to wild type hearts. In the 30-hour group, losartan treatment initiated 1 hour
before Iso injection protected dystrophic hearts from cardiac damage, reducing mdx
acute injury area by 2.8-fold, without any significant effect on injury in wild type hearts.
However, both wild type and dystrophic hearts showed a 2-fold reduction in the
magnitude of the macrophage response to injury 30 hours after Iso with losartan.
This work demonstrates that acute blockade of AT1R has the potential for robust
injury prevention in a model of Iso-induced dystrophic heart injury. In addition to
selectively limiting dystrophic cardiac damage, blocking AT1R may serve to limit the
inflammatory nature of the immune response injury in all hearts. Our findings strongly
suggest that earlier adoption of angiotensin receptor blockers in DMD patients could limit
myocardial damage and subsequent cardiomyopathy.
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1. Introduction
Muscular dystrophies are a genetically diverse group of rare muscle wasting
diseases that often involve the heart, resulting in clinically significant cardiomyopathy
[3,5,6,148,189]. Duchenne muscular dystrophy (DMD) is the most common form, having
an X-linked inheritance pattern with an incidence of roughly 1 in every 3,500-5,000 boys
[5,11]. The molecular basis of DMD lies in the loss of the protein dystrophin, which
normally plays a critical role in maintaining the membrane integrity of muscle cells by
serving as a molecular link between the cytoskeleton and the extracellular matrix and a
signaling scaffold at the sarcolemma [52,190–193]. Dystrophin loss results in myocyte
necrosis, replacement of myocytes with extensive fibrosis, and eventual loss of muscle
mass [194,195]. Clinically, DMD is characterized by rapidly progressing skeletal muscle
wasting, loss of ambulation and other motor functions, respiratory insufficiency, and
pronounced heart disease [5,6,196]. As improvements in symptomatic respiratory
therapies have prolonged patient life spans, heart failure is becoming a more common
cause of premature death in patients with muscular dystrophy [1–3].
The mdx mouse is a commonly-used preclinical model of DMD, having a
spontaneous mutation in the DMD locus that results in the absence of dystrophin
[190,197,198]. In young adulthood, its disease is mild, but investigators have
successfully used aged mice, exogenous stressors, or additional genetic manipulations
to advance the disease state [5,29,32,112,199–203]. Multiple studies aimed at
modulating the mdx phenotype have pointed to angiotensin-related signaling pathways
and oxidative stress as important factors in both the skeletal and cardiac phenotype of
dystrophic mice [111,203–207]. Importantly, drugs including ACE inhibitors (ACEi),
angiotensin receptor blockers (ARBs), and antioxidants have shown a significant benefit
for dystrophic mice and human patients [86,112,123,131,208–211]. Current
recommendations guide clinicians to consider initiating ACEi or ARB therapy at the age
of 10 in Duchenne patients even without cardiac symptoms. This recommendation is
grounded in the thought that these drugs help primarily by minimizing adverse
remodeling following cardiomyocyte loss [5,6]. However, if these drugs are able to limit
cardiomyocyte loss, initiation at the age of 10 may be too late, as patients may already
be losing myocardium well before this point [3,212–214].
Our group and others have used adrenergic agonists like isoproterenol (Iso) and
dobutamine to stress mdx hearts to better recapitulate the severity of the human cardiac
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pathology [29,32,45,77]. Iso is a selective agonist of all β-adrenergic receptor isoforms
that drives a sharp increase in heart rate and cardiac contractility [215], producing a
sufficiently high workload to damage membranes of susceptible cardiomyocytes. This
model has advantages over further genetic manipulation or aging by reducing
confounding factors and allowing for more direct comparisons to other literature featuring
adult mdx mice. Additionally, this adrenergic stress model may be particularly relevant to
the perioperative stresses faced by Duchenne patients, whose treatment course may
include procedures requiring anesthesia, such as scoliosis correction or fracture repair,
that may result in bouts of elevated cardiac stress [6,216].
In the present study, we evaluate the cardiac consequences of a single bolus of
Iso in the mdx mouse, and combine this Iso-mediated cardiac insult with acute losartan
treatment to evaluate the potential benefits of ARB therapy for cardiomyocyte survival.
These data reveal an interaction between workload-induced cardiac injury and
exacerbation of this injury downstream of angiotensin II type 1 receptor (AT1R) in
dystrophic hearts, showing a significant reduction in acute myocardial damage with ARB
treatment at the time of Iso-induced cardiac stress. The potential cardiac protection and
good overall tolerability suggest that early initiation of ARB therapy may provide a readily
available means to slow the onset of dystrophic cardiomyopathy.
2. Methods
2.1. Animals
The wild type control strain C57BL/10SnJ (C10) and the dystrophic strain
C57BL/10ScSn-Dmdmdx/J (mdx) were bred and maintained at the University of
Minnesota from breed stock obtained from Jackson Laboratories. To limit genetic drift in
this colony, breed stock were purchased from Jackson Laboratories every 5-6
generations. All mice were 4-6 months of age at the time of experiments and were
housed in static (non-ventilated) cages with a 12-hour light-dark cycle. As DMD is a
disease predominantly affecting males, only male mice were used in these studies. All
animal procedures were approved by the University of Minnesota Institutional Animal
Care and Use Committee and performed in compliance with all relevant laws and
regulations.
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2.2. Isoproterenol studies
(-)-Isoproterenol hydrochloride (Iso; Sigma #I6504) was dissolved in saline and
sterile filtered into a foil-wrapped red-top glass vial prior to injection. The sterile Iso
solution was stored at 4˚C for no more than 3 days, and any solution developing
discoloration indicative of degradation was discarded. Mice received a single IP bolus
injection of 10 mg/kg Iso in volumes of 40-70 µl adjusted for body weight. Hearts were
harvested at timepoints of 8 hours, 30 hours, 1 week, and 1 month after the injection
(Fig. 2.1A).
2.3. Serum cTnI measurements
For a subset of mice, blood was collected from the facial vein of isofluraneanesthetized mice 1 week prior to the Iso injection for the baseline serum cTnI
measurement, and again 8 hours following the Iso injection. The collected blood was
allowed to clot on ice, then spun to separate the serum, which was then stored at -80˚C
until analysis. Serum cardiac troponin I content (cTnI) was measured via a cTnI test kit
on the Stratus CS Stat fluorometric analyzer (Siemens Healthcare).
2.4. Losartan studies
An additional subset of mice was assigned to receive losartan 1 hour prior to and
alongside Iso, terminating at the 30-hour timepoint. Losartan solution was made on the
day prior to Iso injections from a crushed generic losartan tablet (100mg) dissolved in
saline to a final concentration of 6 mg/ml, and sterile filtered. Doses were calculated
based on mouse body weights, the injection schedule, and the pharmacokinetics of
losartan as well as its primary active metabolite EXP3174 [217,218]. At the start of the
light cycle on the day of the study (7am), the mice received a loading dose in the form of
a 60 mg/kg losartan bolus injection, followed a single 10mg/kg Iso injection 1 hour later
(8am), and a 20 mg/kg losartan booster 6 hours after the first bolus (1pm). At the end of
the light cycle, the mice received another bolus of 60 mg/kg losartan to span the dark
cycle (7pm). At the end of the dark cycle, they received a final booster of 20 mg/kg
losartan (7am), and hearts were harvested 7 hours later (30 hours from the Iso bolus).
This dosing regimen was based on the half-lives of losartan and its major active
metabolite, and intended to minimize the troughs in drug serum levels after the loading
dose without disruptions to the dark cycle.
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2.5. Histopathology
Fresh excised hearts were rinsed in PBS and cut in half along the transverse
plane. The apical half was placed into OCT medium inside a block mold, and the OCT
block was frozen in liquid nitrogen-cooled isopentane. Heart block sections were cut to 7
microns and placed on plus slides to be stained. Slides used for dystrophin and actinin
staining were fixed in cold acetone for 10 minutes before rehydration and staining, while
all other immunofluorescent staining was performed on unfixed slides. The following
antibodies and reagents were used for IF staining: goat serum for blocking (Jackson
ImmunoResearch # 005-000-121, 10%), rabbit actinin polyclonal antibody (Novus
#NBP1-32462, 1:150), rabbit dystrophin polyclonal antibody (Abcam #ab15277, 1:150),
rat AlexaFluor 488 anti-mouse CD68 antibody – clone FA-11 (Biolegend, 1:150), rat
AlexaFluor 647 anti-mouse CD45 antibody – clone 30-F11 (Biolegend, 1:100), goat antimouse IgG (H+L) secondary antibody (Invitrogen #R37121, 1:200), goat anti-rabbit IgG
(H+L) secondary antibody (Invitrogen #A-11008, 1:200), WGA AlexaFluor conjugate
(ThermoFisher, 5µg/ml), and ProLong Gold Antifade Mountant with DAPI
(ThermoFisher). All immunofluorescence incubation steps were carried out at room
temperature for 1 hour, separated by three 5-minute washes in fresh PBS.
The following reagents were used for Sirius Red Fast Green (SRFG) staining:
1.2% picric acid solution (Ricca #R5860000), Direct Red 80 (Sigma #365548), Fast
Green FCF (Sigma #F7252), Formula 83 clearing solvent (CBG Biotech F83), and
organic mounting medium (CBG Biotech MM83). Prior to SRFG staining via a modified
protocol based on previously described methods [200], slides were fixed for 3 hours in
cold acetone, then rehydrated in 70% ethanol followed by tap water. The tissue was then
stained for 25 minutes in SRFG dye solution of picric acid, 0.1% Direct Red 80, and
0.1% Fast Green FCF, followed by washes in tap water and dehydration in 70% ethanol,
100% ethanol, and Formula 83.
2.6. Microscopy
All imaging was performed in NIS Elements software on a Nikon Eclipse Ni-E
upright epifluorescent microscope with motorized stage and filter wheel. For cell
infiltration and acute lesion studies, whole heart montages were collected as a stack of
three to four fluorescent channels at a resolution of 0.92 µm/pixel. For fibrosis studies,
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SRFG-stained sections were collected as brightfield montages at a resolution of 0.85
µm/pixel. For assessment of birefringence, images with a resolution of 0.17 µm/pixel
were collected using orthogonally oriented polarized filters flanking the slide. Dystrophin
and actinin IF close-up images were collected at a resolution of 0.23 µm/pixel, and
deconvolved via the automatic 2D deconvolution package in NIS Elements.
2.7. Image analysis
All images were analyzed under deidentified names in a blinded fashion in Fiji
using custom macros and scripts [219]. IgG analysis was carried out using 1180×944
µm (1280×1024 pixels) non-overlapping frames taken from whole montages to minimize
complications arising from variations in brightness across the whole heart section. IgG
lesion area was determined by thresholding the IgG image for total lesion area (indicated
by bright IgG-positive signal) and dividing that by total heart section area (provided by
tissue autofluorescence).
Fibrosis analysis of SRFG-stained sections was carried out on entire heart
montages using the color threshold function in Fiji. Areas containing collagen, which
takes up Sirius Red dye, were identified by measuring the pixel area corresponding to a
red hue. The fibrotic area was then divided by total heart pixel area, corresponding to
any hue and saturation that exceeds the neutral background.
Birefringence analysis was carried out using 2360×1770 µm (2560×1920 pixels)
frames imaged using brightfield, and matching frames imaged with orthogonally oriented
polarized filters flanking the slide. Total birefringent area was calculated as the number
of pixels corresponding to a signal that exceeds the brightness of the surrounding
myocardium. The birefringent area was divided by the total red area from the matched
brightfield image to calculate the percent birefringence of each fibrotic lesion.
Cell infiltration analysis workflow began with a blinded scrubbing of IF montage
images in which artifacts were removed, including blood within the ventricles or large
vessels, non-specific aggregates of dye, and areas in which the tissue was folded.
Lesion-positive regions and total muscle area were determined by thresholding the
entire montage, followed by a manual removal or addition of misidentified areas. Cellspecific thresholds were set to identify cell-positive regions, which were then compared
to the lesion areas. Any cell-positive region containing a shared pixel with a lesion was
considered a lesion-positive cell region. Results represent the percentage of cell-positive
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pixels relative to the total number of heart pixels. All data analysis scripts were
performed in Fiji and R.
2.8. Statistics
Statistical analyses were performed using Prism 7 (GraphPad Software) and R [220].
Statistical comparisons were made using one-way ANOVA or two-way ANOVA where
appropriate, with Sidak multiple comparison post-hoc test to identify specific differences
between relevant groups. All column and line graphs display the mean ± standard error.
3. Results
3.1. A single dose of isoproterenol causes acute myocardial injury that is significantly
exacerbated in dystrophic hearts.
Within hours of injection of a single dose of isoproterenol (Iso), areas of acute
myocardial injury could be identified by staining for myocyte infiltration of endogenous
IgG. The accumulation of intracellular IgG is only expected to occur in myocytes whose
membranes have been sufficiently disrupted to become permeable to large molecules
like serum proteins. Quantification of acute myocardial damage revealed that injured
myocyte area is already prominent as early 8 hours, with a peak at 30 hours after Iso
administration. This acute injury is completely removed 1 week after the Iso injection
(Fig. 2.1B). A significant difference was found between healthy and dystrophic hearts at
the 30-hour timepoint, with mdx hearts showing 3-fold greater injury than that seen in
wild type hearts (18.9±2.8% versus 6.3±1.7%, respectively).
Examination of entire heart montages revealed that in dystrophic hearts, these
acute lesions were large and scattered throughout the whole heart section. In contrast,
acute injury in wild type hearts manifested as smaller lesions that were concentrated in
the endocardium (Fig. 2.1C). This hints that the Iso-induced injury in C10 hearts may
result from perfusion-demand mismatching, with relative hypoperfusion of the
endocardium during Iso-induced increases if cardiac workload resulting in myocardial
injury. This mechanism is likely also active in the dystrophic heart, but large swaths of
injured myocardium are also found throughout the rest of the heart, suggesting an
additional mechanism of injury is at play. Mice with genetic ablation of all β-adrenergic
receptors showed no functional or histological response to the dose of Iso used in these
studies (data not shown), confirming the β-adrenergic receptor specificity of Iso action.
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3.2. Isoproterenol-induced sarcolemmal injury triggers cardiomyocyte destruction.
Closer inspection of the regions of acute injury revealed multiple signs of
myocyte degeneration at 8 hours after Iso injection. In intact myocytes, sarcomeric αactinin was localized in a pattern of orderly striations, but within IgG+ myocytes it
displayed a marked disruption of this striated pattern (Fig. 2.2A). Signs of myocyte
breakdown are not limited to the degradation of the contractile apparatus, as dystrophin
staining at the membrane was also largely lost in injured wild type myocytes (Fig. 2.2B).
The loss of normal sarcomeric patterning and sub-membrane protein localization
suggests that these damaged myocytes are undergoing widespread proteolysis. No
qualitative differences in the myocyte degradation process were found between injured
areas in wild type and dystrophic hearts at 8 or 30 hours after Iso administration.
Serum cardiac troponin (cTn) content is an index of cardiomyocyte integrity, and
elevated cTnI and cTnT levels have been documented in boys with DMD [21–23,30].
Untreated adult dystrophic mice showed no detectable ongoing basal cardiac injury, as
indicated by little to no IgG+ cardiac myocytes and negligible levels of serum cTnI that
are not different from those observed in wild type mice. Corroborating the histological
evidence of cardiomyocyte breakdown, serum levels of cTnI were found to be
dramatically increased 8 hours after Iso administration in both mdx and C10 hearts.
Serum collected from mdx mice 8 hours after the induction of Iso-induced injury showed
2.2-fold greater cTnI concentration than wild type mouse serum (Fig. 2.2C), consistent
with the greater acute myocardial injury present in dystrophic hearts (Fig. 2.1B).
3.3. Fibrotic replacement of Iso-induced cardiac injury is dynamic.
Many, if not all, of the acutely damaged cardiomyocytes were removed following
injury, resulting in their replacement with fibrotic lesions by 1 week after Iso
administration. At timepoints of 1 week and 1 month following Iso-induced injury,
dystrophic hearts displayed over 2-fold larger fibrosis area relative to wild type hearts
(Fig. 2.3A), consistent with the elevated acute injury observed in mdx hearts at earlier
timepoints. Replacement fibrosis area was highest 1 week following Iso administration in
hearts from both strains, and closely reflected the peak acute injury area measured at 30
hours (Fig. 2.1B). Interestingly, 1 month after Iso-induced injury, total fibrotic lesion area
was lower relative to its peak at 1 week after injury (Fig. 2.3A).
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This curious observation of fibrotic area reduction between 1 week and 1 month
following Iso administration could be explained by lesion contraction over this time
period rather than by removal of deposited matrix. Collagen bundles display
birefringence, the optical property that causes transmitted light to become polarized
[221]. Collagen’s orderly triple-helical structure underlies its inherent birefringence, which
becomes more pronounced as the density of collagen fibers increases. Sirius Red
staining further enhances this property due to the alignment of the dye molecule along
the collagen strands [221–223]. Birefringence can be assessed microscopically by using
two orthogonally-oriented polarized filters, referred to as the polarizer and the analyzer,
flanking the sample [200]. Polarized light passing through the first filter (polarizer) and
non-birefringent material will be blocked by the second filter (analyzer). However, a
birefringent material will polarize the light further as it traverses, allowing some of it to
pass through the analyzer and be detected by the camera. The wavelength and intensity
of the light passing through the analyzer can provide information about the relative
amount and organization of the birefringent material in the sample. For example, a
diffuse patch of collagen fibers that are oriented in many directions results in a small
amount of green or yellow polarized light. In contrast, a patch of densely-bundled and
organized collagen strands would result in bright orange or red light, with structural
collagen (e.g. tendons) serving as an excellent example of the latter [222–225]. Upon
measuring the polarized light passing through prominent lesions of 1-week and 1-month
mdx hearts, the older lesions were found to display a significantly greater birefringent
area relative to the total area stained by Sirius Red (Fig. 2.3C). Accordingly,
representative images show that the polarized light exiting 1-month-old lesions appears
noticeably brighter with prominent areas of red and orange color (Fig. 2.3D), supporting
the notion that tighter bundling of collagen over time is likely responsible for the modestly
reduced area seen in older lesions.
3.4. Iso-induced injury triggers extensive immune cell infiltration in dystrophic hearts.
Infiltrating immune cells were labeled by antibody staining for CD45, a cell
marker expressed by all leukocytes [226,227], and CD68, a phagocytic marker that is
generally utilized as a differentiated macrophage marker [207,228–230]. Both of these
immune cell markers showed a robust response to Iso-induced damage in mdx hearts,
but this response was significantly attenuated and truncated in C10 hearts (Fig. 2.4 A
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and D). Immune cell infiltration appeared to be delayed relative to the appearance of
cardiac injury, with no response evident at 8 hours after Iso administration. In dystrophic
hearts, an upsurge in immune infiltration could first be noted at 30 hours, with similarly
robust immune cell presence lingering for at least 1 week following injury. In wild type
hearts, a smaller increase in immune cells was apparent at 30 hours, and began to
regress toward baseline levels 1 week post-injury. The prevalence of these immune cell
markers dropped off to near-baseline levels 1 month post-injury in hearts from both
strains.
In addition to different amplitudes of the peak response, immune infiltration also
displayed different distribution in mdx and wild type hearts. CD45+ leukocytes and CD68+
macrophages were diffusely scattered throughout all of the hearts at baseline, and
remained so up to 8 hours after injury. In dystrophic hearts, 30 hours and 1 week after
injury both immune cell markers displayed robust expansion predominantly in regions of
damage, evidenced by the majority of the cells clustering in lesion areas (Fig. 2.4 B and
E). Although wild type hearts showed significant immune expansion in lesion areas at
the 30-hour timepoint, some augmentation of non-lesion immune cells was also
observed. At least 50% or more of the immune cells continued to occupy non-lesion
areas of wild type hearts at all timepoints, possibly due to the more diffuse nature of C10
cardiac injury.
3.5. Acute AT1R blockade dramatically reduces dystrophic Iso-induced injury and
modulates the immune response in the heart.
Angiotensin II (AngII) type 1 receptor (AT1R) is expressed in many cell types,
serving as a major mediator of AngII effects, including pro-fibrotic gene program
activation and increased ROS production [80,83,84,231,232] (Fig. 2.5A). These
outcomes can be attenuated by blocking activation of AT1R with an angiotensin receptor
blocker (ARB) like losartan. The anti-remodeling effects of ARBs are well-documented in
long-term studies [194,233,234], but much less is known about the potential acute
benefits of AT1R blockade for the dystrophic heart. To shed more light on this question,
mdx and wild type mice were treated with a brief course of intraperitoneal injections of
losartan starting 1 hour before the bolus of Iso and spanning the period of 30 hours after
Iso (Fig. 2.5A). Acute losartan treatment dramatically protected dystrophic hearts from
cardiac damage following Iso injection, cutting mdx IgG+ injury area by 2.8-fold (Fig.
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2.5B). Conversely, AT1R blockade showed no significant effect on wild type cardiac
damage, resulting in comparable Iso-induced injury area in wild type and dystrophic
hearts with acute losartan treatment. Interestingly, losartan did not change the
distribution of lesions in dystrophic hearts, with mdx lesions remaining larger and
localized more epicardially than C10 lesions (Fig. 2.5C).
The CD45+ leukocyte response in 30-hour post-Iso hearts reflected the same
trends as acute injury area. While C10 hearts showed no significant reduction in CD45+
area with losartan, mdx hearts showed a 38% reduction in the prevalence of CD45 after
losartan treatment, resulting in CD45 levels that are not different from those observed in
wild type hearts (Fig. 2.5D). Interestingly, CD68+ macrophages showed a different trend,
with a significant 53% reduction in total CD68+ area in C10 hearts treated with losartan,
despite no change in total injury area or total leukocyte infiltration (Fig. 2.5E). Dystrophic
hearts also showed a trend toward a proportionately larger CD68 decline with losartan,
with 56% lower CD68 compared to only 38% reduction in CD45. These declines in
CD68+ area appeared to manifest in both lesion and non-lesion areas in hearts of both
strains, suggesting that the overall immune profile of these mice may have shifted as a
consequence of AT1R blockade (Fig. 2.5E). Representative images, highlighting lesionpositive areas in hearts of both strains, demonstrate the visibly reduced prominence of
CD68+ cellular infiltrates in losartan-treated groups (Fig. 2.5F).

36

Figure 2.1: Effects of a single dose of isoproterenol on healthy and dystrophic hearts.
(A) After one bolus injection of 10 mg/kg isoproterenol (Iso), mice were sacrificed at
timepoints of 8 hours, 30 hours, 1 week, or 1 month. (B) Left: Acute Iso-induced injury,
measured by IgG incorporation, was prevalent as early as 8 hours, with a peak at 30
hours. Evidence of acute injury was totally removed by 1 week. (*** indicates p<0.001 vs.
baseline; interaction p=0.01; n = 6-17 mice per group). Right: Wild type (C10) hearts
displayed a peak acute injury area of only 6±2%, while mdx peak injury was 3-fold higher
at 19±3%. (*** indicates p<0.001). (C) Representative images of data shown in panel B.
Whole hearts are shown with WGA (green) marking the total tissue area and IgG (red)
indicating areas of acute myocyte injury. Scale bar = 1mm.
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Figure 2.2: Sarcolemmal injury triggers cardiomyocyte destruction as early as 8 hrs after
Iso.
(A) In both wild type (C10) and dystrophic hearts, uptake of IgG into injured myocytes
corresponds with profound disruption of sarcomere structure as early as 8 hours following
a bolus of Iso, compared to uninjured cardiomyocyte sarcomeres (right). Sarcomeres were
visualized by α-actinin staining (green), myocyte injury was marked by endogenous IgG
uptake (red), and extracellular matrix was visualized by WGA staining (magenta). Scale
bar = 20 µm. (B) In wild type mouse hearts, myocytes that had taken up IgG also lost
dystrophin at the sarcolemma, evidenced by absence of dystrophin staining (green). As
expected, mdx hearts did not exhibit dystrophin staining. Scale bar = 50 µm. (C) Cardiac
troponin I (cTnI) concentration was measured in serum collected from wild type and mdx
mice as an index of myocardial damage. Dystrophic mice showed significantly higher
serum levels of cTnI 8 hours after Iso. (*** indicates p<0.001; n ≥ 8 mice per group).
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Figure 2.3: Fibrotic replacement of Iso-induced cardiac injury is dynamic.
(A) Left: In wild type and dystrophic hearts, the area of fibrosis was the highest 1 week
after Iso-induced injury, and declined by 1 month (** indicates p=0.009 vs. baseline, ***
indicates p<0.001 vs. baseline, ## indicates p=0.003 vs. 1 month; interaction p=0.02; n =
8-15 mice per group). Right: One month after injury, mdx hearts displayed significantly
larger fibrotic area (13±1%) than control hearts (6±1%) (*** indicates p<0.001). (B)
Representative montages of data displayed in panel A. Whole hearts are shown with Fast
Green-stained myocardium and Sirius Red-stained fibrosis. Scale bar = 1mm. (C) One
month after Iso-induced injury, fibrotic lesions in mdx hearts displayed dramatically
increased birefringent area relative to 1-week lesions, suggesting that replacement fibrosis
contracts during maturation. (*** indicates p<0.001, n = 76-86 lesions from 14 mice per
group). (D) Representative images of data displayed in panel C. Matched brightfield,
cross-polarized, and overlay images of mdx hearts show the change in the birefringence
of 1-week and 1-month-old lesions; areas of birefringence are denoted in yellow on overlay
images. Scale bar = 100 µm.
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Figure 2.4: Iso-induced injury triggered a significantly greater immune cell response in
dystrophic hearts.
(A) CD45+ cell area was dramatically increased in mdx hearts 30 hours and 1 week after
Iso administration, with a return toward baseline at 1 month after injury. Wild type (C10)
hearts followed a similar pattern, with lower overall levels of infiltration and a faster return
toward baseline levels (*** indicates p<0.001, ** indicates p=0.008 vs. baseline; ###
indicates p<0.001, ## indicates p=0.004 difference between strains at the same timepoint;
interaction p=0.02; n = 5-11 mice per group). (B) The expansion of the CD45+ cell
population occurred primarily in lesioned areas of the heart, where the CD45+ area
significantly increased compared to baseline in dystrophic hearts (*** indicates p<0.001,
** indicates p=0.008, * indicates p<0.05 vs. baseline). (C) Representative images for data
shown in panels A and B. Cardiac lesions are represented by endogenous IgG uptake
(red, baseline and 30 hours) and WGA accumulation (red, 1 week and 1 month). CD45+
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cells are shown in green. Each panel is 1 mm2. (D) CD68+ immune infiltrates were
significantly increased in dystrophic hearts 30 hours and 1 week after Iso administration,
with a return toward baseline by 1 month post-injury. Wild type hearts displayed a smaller
and shorter-lived surge in cardiac CD68+ cells, with a significant increase observed only
at 30 hours after Iso injection (*** indicates p<0.001, * indicates p=0.02 vs. baseline; ###
indicates p<0.001, # indicates p=0.01 difference between strains at the same timepoint;
interaction p=0.02; n = 4-12 mice per group). (E) CD68+ cell expansion occurs primarily in
lesioned areas of the heart, where their numbers are significantly greater compared to
baseline. Only wild type hearts showed any expansion of non-lesion CD68+ cell numbers
at 30 hours after Iso injection (*** indicates p<0.001 vs. baseline, * indicates p=0.02 vs.
baseline). (F) Representative images for data shown in panels D and E, with CD68+ cells
shown in cyan. Each panel is 1 mm2.
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Figure 2.5: Acute losartan administration dramatically reduces Iso-induced injury in
dystrophic hearts.
(A) Angiotensin II type 1 receptors (AT1R) are G protein-coupled receptors that can be
activated by angiotensin II (Ang II) and blocked by losartan. Top: Mice were treated with
bolus injections of losartan (blue) 1 hour prior to Iso administration (orange), and at regular
intervals over 30 hours following Iso injection. (B) 30 hours after Iso, losartan treatment
caused no significant change in wild type (C10) cardiac injury, resulting in similarly low
levels of acute Iso-induced injury in wild type and dystrophic hearts with losartan
treatment. Untreated C10 and mdx data originally presented in Fig. 1B, shown here for
comparison. (*** indicates p<0.001; interaction p=0.02; n = 10-17 mice per group). (C)
Representative images of data shown in panel B. Whole hearts are shown with WGA
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(green) marking the total tissue area and IgG (red) indicating areas of acute myocyte
injury. Scale bar = 1mm. (D and E) CD45+ and CD68+ areas with and without losartan in
wild type and mdx hearts, in both lesion and non-lesion areas. (*** indicates p<0.001, **
indicates p<0.01, * indicates p=0.03 vs. same domain without losartan; ### indicates
p<0.001, ## indicates p<0.01 difference in total immune area; n = 9-13 mice per group).
(F) Representative images for data shown in panels D and E, with CD45+ cells shown in
green and CD68+ cells shown in cyan. Cardiac lesions are indicated by endogenous IgG
uptake (red). Each panel is 0.25 mm2.
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4. Discussion
Dystrophic cardiomyopathy is a progressive disorder in which the accumulation
of lesions results in extensive fibrosis and global cardiac dysfunction. One major goal of
the present study is to characterize myocardial injury in the dystrophic heart and the
response to this injury over time. The cardiac injury protocol detailed here, resulting in a
scattered distribution of myocardial lesions sustained secondary to increased workload
on the heart, represents a physiologically relevant approach for modeling the injury that
a dystrophic patient’s heart might sustain during surgical procedures or other severely
stressful events. This applicability is underscored by reports of elevated cardiac troponin
I in DMD and Becker muscular dystrophy (BMD) patient serum [21,30], aligning with our
observation of elevated cTnI in the serum of mdx mice following Iso-induced cardiac
damage. Isoproterenol’s well-characterized actions, ease of handling, and specificity for
β-adrenergic receptors result in a simple and reproducible adrenergic stress model that
can provide a reliable basis for evaluation of cardiac therapies. In addition to its utility in
evaluating acute injury prevention as demonstrated here, this Iso-based injury model
also provides quantifiable readouts for therapies that may target fibrosis or immune
infiltration, broadening its applicability.
Another major goal of this work is to investigate whether intervention with
angiotensin receptor blockers (ARBs) at the time of injury may help limit myocardial
damage during the early necrotic phase, rather than only mitigating the cardiac
remodeling during the later fibrotic period. ARBs may exert their action through multiple
mechanisms downstream of angiotensin II type 1 receptor (AT1R), a G-protein coupled
receptor (GPCR) found widely expressed in many tissues, including cardiomyocytes and
non-myocyte cardiac cells [114]. One pathway classically linked to AT1R activation in the
heart is the upregulation of genes associated with adverse remodeling, most notably
TGF-β [108,232,235], a cytokine known to worsen dystrophic processes [236,237]. The
inhibition of this pro-fibrotic and pro-hypertrophic gene program is often discussed as the
main benefit of ARBs as a cardiac therapy. However, mounting evidence suggests that
more acute effects of AT1R activation include increased production of reactive oxygen
species (ROS) by NADPH oxidase, a key mediator of angiotensin II’s effects in many
tissues [80,83]. Current literature features multiple reports of excessive NADPH oxidasemediated superoxide production contributing to cardiac and skeletal muscle injury in mdx
mice [33,74,81,207,238], indicating that early treatment with ARBs is a promising
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approach for limiting dystrophic injury. Here we show that Iso-induced cardiac injury can
be reduced 3-fold in dystrophic hearts by acute losartan treatment initiated 1 hour prior
to adrenergic stress and maintained during the 30-hour period that followed it. This rapid
protective effect strongly implicates an immediate signaling-based mechanism of action
rather than transcriptional effects. Importantly, Iso-induced cardiac injury in wild type
mice did not reflect any losartan benefit, suggesting that the mechanism of myocardial
injury targeted by losartan’s actions is uniquely exaggerated in dystrophic hearts. This
notion is further supported by the different distributions of cardiac lesions in dystrophic
and wild type hearts, even in the context of a strong reduction in dystrophic injury area.
Wild type hearts display a peppering of small lesions clustered in endocardial regions,
while mdx hearts show larger patches of damaged myocardium, which seem distributed
at random throughout the walls of the heart. These mdx lesions become smaller and
less frequent in losartan-treated hearts, but the distribution remains constant.
Our results, along with existing literature, support a model wherein ROSmediated exacerbation of initial myocyte injury is a key driver of the accumulation of
dystrophic heart damage. Oxidative stress induces a wide variety of pathological
processes in the cell, including sarcolemmal damage, and has been thoroughly
implicated in worsening cell survival [81,239]. NADPH oxidase, an effector of AT1R
signaling and an important source of reactive oxygen species within the heart, has been
shown to have increased expression and activity in dystrophic muscle, and can be
further activated in a stretch-dependent manner [75,82]. The approaches of specific
inhibition of NADPH oxidase or general scavenging of ROS via N-acetylcysteine have
been shown to improve both the skeletal muscle and cardiac phenotypes in dystrophic
mice [33,74,81,207,240]. Together, these data suggest that AT1R inhibition may benefit
DMD patients by limiting the amplification of myocardial injury secondary to excessive
ROS production in the dystrophic heart.
This work raises important questions regarding the mechanism of losartan action.
The first question regards the significance of the altered immune response to cardiac
injury, represented by the change in relative prevalence of macrophages. Wild type
hearts showed a 53% reduction in CD68+ area with losartan treatment, despite showing
no significant changes in acute injury area or total CD45+ leukocyte infiltration. A similar
trend in relative proportions of immune cell markers can be observed in mdx hearts,
where losartan treatment resulted in a 38% reduction in CD45+ leukocytes, but a larger
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56% reduction in CD68+ cells. CD68 is a surface marker that is expressed to some
degree by nearly all differentiated macrophages [229,230]. Similar reductions in CD68
content have been demonstrated in models of atherosclerosis and diabetic nephropathy
treated with losartan [241,242]. Furthermore, it has been shown that macrophage AT1R
activation plays an important role in macrophage polarization toward the more proinflammatory M1 form and increased ROS production via macrophage NADPH oxidase
[239,243,244]. If the immune response to cardiac damage is modified by losartan to
become less inflammatory, then it’s possible that both dystrophic and healthy hearts
could derive delayed benefits from losartan in the form of more effective post-injury
healing and less adverse remodeling.
Another important question is the relative benefit of ARB therapy compared to
the broadly acting ACE inhibitors, which are currently more often prescribed to treat
DMD patients despite showing lower tolerability [209,233]. Despite targeting similar
physiological pathways, these two approaches have divergent effects on endogenous
angiotensin signaling. ACE is a critical step in the enzymatic process that convert
angiotensin I (AngI) to a variety of biologically active angiotensin peptides, including
angiotensin II (AngII) and angiotensin (1-7). AngII may bind to both AT1R and AT2R,
while angiotensin (1-7) binds to Mas receptor (MasR), triggering physiologically distinct
downstream responses [245–247]. Importantly, signaling through AT2R and MasR is
considered to be protective, and is often characterized in terms of opposing the adverse
pro-fibrotic and pro-inflammatory effects of AT1R. ACE inhibition results in a large pool of
uncleaved AngI, which, through the actions of non-ACE peptidases, may partially spill
over into greater production of angiotensin (1-7) and greater MasR activation [126]. On
the other hand, AT1R blockade may leave large pools of both AngII and AngI [130], with
much of the AngII presumably being displaced to signal more through AT2R when AT1R
is inaccessible. Furthermore, ACE inhibition has been shown to alter the availability of
bradykinin, another peptide associated with cardiac protection, by blocking its
breakdown to inactive metabolites, whereas ARBs leave it unaffected [248,249]. Despite
these differences, little work has been done to directly compare these two treatment
approaches, and clinical trials in dystrophic patients have demonstrate that ARBs or
ACEi have similar effects on the preservation of cardiac function when initiated after the
onset of cardiac pathology [123].
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Preclinical work has made only limited contributions to shedding light on this
matter. Previous work using a 6-month or 2-year course of oral losartan demonstrated
reductions in muscle fibrosis and cardiac remodeling, significantly preserved cardiac
function, and markedly improved survival in losartan-treated mdx mice [85,250].
Comparable treatment courses with ACEi have not been documented in dystrophic
mice. Studies using young, unstressed dystrophic mice with treatment periods of 2-4
months show mixed results, with most studies demonstrating little to no cardiac benefit
compared to the natural disease course [138,142,251]. The short duration, lack of
challenge, and co-administration of other drugs complicate the interpretation of the
benefit of ACEi in dystrophic mice. The robust prevention of cardiac injury by AT1R
blockade presented here suggests that additional preclinical studies and patient trials
should investigate the relative efficacy of ARB-based versus ACEi-based therapeutic
approaches in limiting cardiac dysfunction when initiated prior to clinically evident
cardiac disease.
Current best practice recommendations suggest that anti-angiotensin therapy
should be initiated in DMD patients by the age of 10 [5,6]. This recommendation is
based on a trial of the ACEi perindopril, in which the group of patients that initiated
therapy at 10.7 ± 1.2 years of age demonstrated better cardiac function 5 years later and
higher 10-year survival than the group that started therapy at 13.6 ± 1.2 years of age
[117,118]. This clinical trial underscores the importance of early initiation of therapy.
However, the observation that global cardiac dysfunction can be detected in patients at
the age of 10 indicates that the loss of myocardium likely begins much earlier [3,212]. A
significant concern with early initiation of cardiac therapy in the pediatric patient
population is that potential side effects may significantly impact quality of life. The issue
of tolerability has been studied in over 250,000 heart failure patients, demonstrating that
ACEi and ARBs are equally effective, but ARBs are significantly better tolerated
[121,122]. The new discovery of a striking benefit for acute myocardial injury shown
here, coupled with limited side effects, strongly supports inclusion of ARBs among the
first interventions to limit cardiomyopathy in DMD patients, well before the onset of
global cardiac dysfunction. The earliest age at which any cardiac damage can be
identified remains unclear, but it is clear that once myocardial damage occurs, that
myocardium is lost forever.
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The studies presented here provide a new, readily reproducible model of
inducing cardiac injury in a genetic model of DMD. This approach provides an excellent
platform for the study of myocardial injury responses, and offers significant potential for
the pre-clinical assessment of therapies directed at dystrophic cardiomyopathy. The
nature of the progression of dystrophic cardiomyopathy is unclear, but recent evidence
suggests that DMD patients experience periods of significant cardiac damage resulting
in elevations in serum markers of cardiac injury [3,212–214]. These episodic periods of
cardiac injury are closely mirrored by the Iso-induced injury model used in these studies.
The heart disease associated with DMD is of growing clinical importance, however many
of the new therapeutic approaches have limited efficacy in the heart. Using this new
model system, we demonstrate the acute protective capability of losartan pre-treatment
in limiting the extent of new cardiac injury. This raises the important possibility that AT1R
blockade may not only result in favorable cardiac remodeling, but may limit the
accumulation of injury in the first place. If true, early ARB therapy could significantly
delay the onset of cardiac dysfunction in DMD patients, extending survival and improving
their quality of life.
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Summary
Duchenne muscular dystrophy (DMD) is a devastating muscle disease that
afflicts males due to the loss of the protein dystrophin, resulting in muscle deterioration
and cardiomyopathy. Dystrophin’s absence causes increased membrane fragility,
myocyte death, and tissue remodeling. Inhibition of angiotensin signaling with ACE
inhibitors or angiotensin receptor blockers (ARBs) is a mainstay of DMD therapy, with
clinical guidelines recommending starting one of these therapies by the age of 10 to
address cardiomyopathy.
Using the mdx mouse model of DMD, we previously showed that isoproterenol
causes extensive damage in dystrophic hearts, and treatment with the ARB losartan
starting only 1 hour before isoproterenol dramatically reduced this myocardial injury. In
the present study, we probed whether ACE inhibitors, which are more frequently
prescribed, can deliver similar protection. Surprisingly, lisinopril treatment initiated 1 hour
before isoproterenol failed to demonstrate any effect on injury in mdx hearts. Further,
with a 2-week pretreatment, only losartan significantly lowered mdx cardiac injury,
without any benefit associated with lisinopril treatment. These results confirm the ability
of ARBs, but not ACE inhibitors, to prevent acute injury in mouse hearts, and prompt the
question whether ARBs should be more frequently used for DMD cardiomyopathy
because of these potential protective actions.
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1. Introduction
Duchenne muscular dystrophy (DMD) is a devastating muscle wasting disease
that results in the loss of skeletal muscle function and development of cardiomyopathy.
This X-linked disease occurs almost exclusively in males at a rate of roughly 1:5000 live
male births [10,11]. The absence of the protein dystrophin leads to increased
sarcolemmal fragility and dysregulation of signaling processes associated with proper
dystrophin localization, triggering myocyte necrosis and replacement with fibrosis. DMD
is lethal in young adulthood, with death typically occurring from respiratory or heart
failure. In recent decades, advancements in symptomatic respiratory therapies have
resulted in prolonged patient lifespans, leading to higher rates of advanced heart
disease among individuals with DMD [1].
The cardiomyopathy of DMD is a progressive disorder, with the earliest signs of
disease processes appearing before the age of 10, and extensive myocardial fibrosis
and contractile deficits marking the end stage of the disease [11,18,22,106]. Attempts to
slow the progression of heart disease in patients with DMD include the recommendation
that chronic treatment with ACE inhibitors (ACEIs) or angiotensin receptors blockers
(ARBs) be initiated by 10 years of age or earlier, with the goal of mitigating fibrosis and
adverse remodeling that follows cardiomyocyte loss in the dystrophic heart [5,6]. Both
drugs aim to limit the deleterious processes associated with angiotensin II (AngII)
signaling in the heart and muscle, which include increased production of reactive oxygen
species (ROS), profibrotic gene transcription, and myocyte death [80,83,84,231]. ACEIs
interfere in these processes upstream of AngII, hindering its production by blocking the
ability of angiotensin-converting enzyme (ACE) to cleave angiotensin I into AngII.
Conversely, ARBs limit the effects of AngII after it is formed by blocking activation of
angiotensin II type 1 receptor (AT1R), a key mediator of many of AngII’s harmful effects.
Several early clinical trials demonstrated improved cardiac function in DMD patients
using ACEIs, paving the way for ACEIs being viewed as the top candidate for heart
failure therapy [117,118]. Additional trials went on to show that ARBs were just as
effective as ACEIs when used in patients whose cardiac health has begun to decline,
and that ARBs are better tolerated by patients, but ACEIs continue to be used more
widely in clinical management of DMD [121,123,233].
Recently, our group used the mdx mouse model of DMD to demonstrate that a
single bolus injection of the β-adrenergic receptor agonist isoproterenol (Iso) results in
51

acute damage to 18.9±0.3% of the mdx myocardium, relative to 6.3±2% injury in wild
type mice [31]. This experimental model of increased cardiac workload aims to
approximate the bouts of stress experienced by DMD patient hearts during surgical
procedures [216], with the subsequent injury likely resulting from the exacerbation of the
ongoing disease mechanisms of the dystrophic heart [30,252]. Importantly, we reported
that dystrophic mdx mice acutely treated with the ARB losartan shortly before this
injurious stimulus show a striking degree of protection from myocardial injury. High-dose
losartan treatment initiated only 1 hour prior to the bolus of Iso resulted in a 2.8-fold
reduction in mdx myocardial injury, seemingly preventing the accumulation of myocyte
damage in the dystrophic heart [31]. Interestingly, acute losartan did not have a
significant effect on Iso-induced damage in wild type hearts, resulting in similarly low
injury area in mdx and healthy hearts (6.8±2% vs. 4.9±1%, respectively) [31]. This
demonstrated that dystrophic hearts are uniquely vulnerable to AT1R-based
exacerbation of myocardial injury via a mechanism that plays a negligible role in healthy
hearts.
This discovery of losartan’s ability to prevent dystrophic heart injury has
prompted the question whether ACEIs would exert a similar effect. While it is welldocumented that both classes of drugs are effective at limiting the fibrosis and
remodeling that follow injury, the preservation of functional dystrophic myocardium is of
utmost importance in the management of cardiac disease in patients with DMD. To
determine the effectiveness of ACEIs in preserving dystrophic myocardium, here we
present our previously published Iso-induced injury protocol with the ACEI lisinopril. Our
new findings demonstrate that neither acute nor chronic treatment with lisinopril shows
the protective capacity to limit Iso-induced myocardial loss in dystrophic hearts that is
present with ARB treatment.
2. Methods
2.1. Animals
The wild type control strain C57BL/10SnJ (C10) and the dystrophic strain
C57BL/10ScSn-Dmdmdx/J (mdx) were bred and maintained at the University of
Minnesota from breeding stock obtained from Jackson Laboratories. All mice were 4-6
months of age at the time of experiments. Since DMD almost exclusively affects males,
male mice were used in these studies. All animal procedures were approved by the
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University of Minnesota Institutional Animal Care and Use Committee, and were
performed in compliance with all relevant laws and regulations.
2.2. Isoproterenol studies
(-)-Isoproterenol hydrochloride (Iso; Sigma #I6504) was dissolved in saline to a
concentration of 6 mg/ml and sterile-filtered prior to injection. The sterile Iso solution was
stored protected from light at 4˚C for up to 3 days, and discarded at the first sign
discoloration indicative of degradation. Mice received a single intraperitoneal bolus
injection of 10 mg/kg Iso in a volume of 40-70 µl, and hearts were harvested 30 hours
after the Iso injection, as previously described [31].
2.3. Acute lisinopril study
A subset of mice received acute lisinopril treatment starting 1 hour prior to Iso
and continuing after Iso, terminating at the 30-hour timepoint. Lisinopril powder (Cayman
Chemical #16833) was dissolved in sterile saline on the evening prior to Iso injections to
a concentration of 12 mg/ml, and stored protected from light at 4˚C. At the start of the
light cycle (7 am) on the day of the study, the mice received a 20 mg/kg loading dose of
lisinopril via IP injection in a volume of 40-70 µl, followed by a 10mg/kg Iso injection 1
hour later. At the end of the light cycle (7 pm), the mice received another bolus of 20
mg/kg lisinopril to span the dark cycle. At the end of the dark cycle, they received a final
dose of 20 mg/kg lisinopril, and hearts were harvested 7 hours later (30 hours after the
Iso bolus). This dosing regimen was based on the serum half-life of lisinopril, and
designed to minimize troughs in drug serum levels. Littermate mdx and wild type mice
were distributed evenly between the groups receiving Iso with lisinopril or Iso only.
2.4. Lisinopril and losartan pretreatment studies
To account for the possibility that additional protective effects may be revealed
with pretreatment, an additional subset of mice was assigned to drink either lisinopril or
losartan dissolved in water for 2 weeks prior to Iso-induced injury. Lisinopril was given at
a concentration of 264 mg/L in 1% dextrose water with an average consumed dose of 40
mg/kg daily [253]. Losartan was given at a concentration of 600 mg/L in 3% dextrose,
with an average consumed dose of 80 mg/kg daily [138]. The 2-fold difference in doses
of losartan and lisinopril is reflective of the similar 2- to 3-fold difference in doses of
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these drugs in human clinical applications. Drug-containing water was replaced 3 times
per week, and each mouse was weighed before and during the pretreatment at weekly
intervals [253].
The physical discomfort experienced by mice following Iso administration can
disrupt their water and food intake for up to 24 hours, so the mode of drug delivery was
switched from the drinking water to IP injections to ensure that therapeutic levels are
maintained during that time. At the start of the light cycle on the 15th day after the start of
pretreatment, mice received fresh tap water and a single a single 10mg/kg Iso IP
injection. For the next 30 hours, the mice pretreated with lisinopril received the same
booster injections of lisinopril as described in section 2.3 above, and mice pretreated
with losartan received booster injections as described previously [31]. Mice were
sacrificed and hearts were harvested 30 hours after the Iso injection.
2.5. Histopathology
Histopathology studies were carried out as previously described [31]. Briefly,
fresh excised hearts were cut in half along the transverse plane and placed into OCT
medium to be frozen in liquid nitrogen-cooled isopentane. Heart sections were cut to 7
µm, and the slides were stored at -80˚C before staining. All staining was performed on
unfixed tissue. The following reagents were used for IF staining: goat serum for blocking
(Jackson ImmunoResearch # 005-000-121, 10%), goat anti-mouse IgG (H+L) secondary
antibody (Invitrogen #R37121, 1:200), WGA AlexaFluor conjugate (ThermoFisher,
5µg/ml), and ProLong Gold Antifade Mountant with DAPI (ThermoFisher). After blocking,
staining was performed as a single step at room temperature for 1 hour, flanked by three
5-minute washes in PBS.
Only hearts from mice that survived the initial 24 hours were analyzed for injury
area, due to the difficulty of quantifying the poorly-defined early IgG-positive injury
present in hearts that succumb earlier in the time course. To ensure that this approach
would not skew results, we confirmed that the mortality rates of 20-37% among mdx
mice and 5-14% among wild type mice did not differ significantly between treatments.
2.6. Microscopy and image analysis
All imaging was performed in NIS Elements software on a Nikon Eclipse Ni-E
upright epifluorescent microscope with motorized stage and filter wheel. Whole heart
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montages were collected as a stack of three fluorescent channels at a resolution of 0.92
µm/pixel. IgG-positive injury area was determined using Fiji by subtracting the WGA
channel (staining extracellular matrix) from the IgG channel to better distinguish intramyocyte IgG signal [219]. This lesion area was then quantified by thresholding the
resulting IgG image for total lesion area, and normalizing it to total heart section area.
2.7. Patient anti-angiotensin drug information
Electronic medical records from patients diagnosed with Duchenne muscular
dystrophy at the University of Minnesota were surveyed for prescriptions of either ACEIs
or ARBs. In total, we examined the records of 95 DMD patients seen from 2009-2019.
The 30 patient records that did not specifically mention an ACE inhibitor or an ARB were
excluded from the analysis. Several patients had received both ACEIs and ARBs, and in
these cases they were classified by the most recent prescribed class of medication. No
patients were receiving both drug classes at the same time. Collection and analysis of
these data were performed in accordance with an IRB-approved protocol.
2.8. Statistics
Statistical tests were performed using Prism 7 (GraphPad Software). Preclinical
study statistical comparisons were made using two-way ANOVA with Sidak post-hoc
test. Ages from patient data were compared using the non-parametric Mann-Whitney
test. All graphs display the mean ± standard error.
3. Results
3.1. Acute treatment with lisinopril has no effect on Iso-induced cardiac injury area.
Acute ACE inhibition with lisinopril initiated 1 hour prior to the bolus of Iso failed
to decrease IgG+ cardiac injury area in both mdx hearts and wild type hearts (Fig. 3.1).
As previously shown, mdx hearts stressed with a 10 mg/kg bolus of Iso displayed very
high injury compared to wild type hearts (20.2±2% vs. 5.3±2%), and this difference
persisted with ACE inhibition (16.2±2% vs. 6.4±2%) (Fig. 3.1 B and C). This result
stands in stark contrast to our earlier published findings demonstrating that acute
losartan treatment has a robust capacity for myocardial injury reduction in dystrophic
hearts [31].
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3.2. Pretreatment with losartan, but not with lisinopril, significantly reduces Iso-induced
injury in mdx hearts.
To address the possibility that lisinopril may require a period of pretreatment to
exert a protective effect, mdx and C10 mice were placed on a 2-week course with either
lisinopril or losartan delivered in their drinking water before repeating the bolus injection
protocol (Fig. 3.2A). In agreement with our earlier work, losartan pretreatment exerted a
significant protective effect in dystrophic hearts, reducing mdx cardiac injury to 12.2±3%
without any effect in C10 hearts (5.7±1% injury area) (Fig. 3.2 B and C). In contrast,
pretreatment with lisinopril still did not reveal any protective effect on myocardial damage
in mouse hearts. Mdx mice pretreated with lisinopril and injected with a bolus of Iso
showed 20.9±2% IgG-positive cardiac injury, and C10 mice in the same treatment group
showed 5.4±2% cardiac injury (Fig. 3.2 B and C).
3.3. Patient records show that few patients with DMD receive ARB-based therapies.
According to electronic records from patients with DMD seen in the years
between 2009-2019 at the University of Minnesota, the majority of patients whose
records mention an anti-angiotensin drug are receiving ACE inhibitors. Among the
records that indicated the use of one of these drug classes, 72% of patients were on
ACEIs while only 28% were taking ARB drugs (Fig. 3.3). The ACE inhibitor group
included several patients that had begun the treatment before the age of 10, but all
patients in the ARB treatment group were above the age of 10. Interestingly, only 38%
(18/47) of patients in the ACEI-treated group but 72% (13/18) of the patients receiving
ARBs were also being treated with beta blockers. This may be related to the fact that
patients receiving ARBs were on average significantly older than those receiving ACEI,
and thus more likely to be in more advanced stages of cardiac dysfunction (Fig. 3.3). Out
of 95 patient records listing a diagnosis of DMD, 30 lacked any mention of ACE inhibitors
or ARBs, and were thus excluded from the analysis.
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Figure 3.1: Acute ACE inhibition is insufficient to protect the heart from Iso-induced
injury.
(A) The ACE inhibitor lisinopril was given as a 20 mg/kg IP injection 1 hour prior to a 10
mg/kg bolus injection of isoproterenol (Iso). Booster injections of lisinopril were given
twice at 12-hour increments to maintain drug serum levels. (B) Dystrophic (mdx) hearts
displayed 3.8-fold higher myocardial injury than wild type (C10) hearts 30 hours post-Iso.
Acute treatment with lisinopril (Lsp) did not significantly change Iso-induced injury area
in either group (*** p<0.001, ** p= 0.003; C10 n=6 per group; mdx n=10-11 per group).
(C) Representative images of data in panel B. Whole heart transverse sections are
shown with WGA (green) marking the tissue area and IgG (red) indicating areas of
[for reproduction in color]
myocardial injury. Scale bar = 1 mm.
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Figure 3.2: Pretreatment with losartan, but not lisinopril, protects mdx hearts from acute
myocyte injury.
(A) To investigate and compare potential chronic benefits of lisinopril (Lsp) and losartan
(Los), each drug was given as a pretreatment in drinking water for 2 weeks before
resuming the injection-based 30-hour protocol. (B) Losartan pretreatment significantly
lowered Iso-induced IgG+ injury in mdx hearts, but did not alter the injury outcome in
C10 hearts. Lisinopril pretreatment failed to show an effect in either group. Red dashed
reproduction
in color]
line indicates injury level of Iso-only [for
mdx
hearts, and
black dotted line indicates injury in

Iso-only C10 hearts, as shown in Fig. 1. (*** p<0.001, ** p=0.004; C10 n=6-7 per group;
mdx n=14-18 per group). (C) Representative images of data in panel B. Whole heart
transverse sections are shown with WGA (green) marking the tissue area and IgG (red)
indicating areas of myocardial injury. Scale bar = 1 mm.
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Patient Record Data

Figure 3.3: Patient records show that fewer patients with DMD receive treatment with
ARBs than ACE inhibitors.
Left: Of 65 records belonging to patients diagnosed with DMD that mentioned an antiangiotensin drug, 72% (47/65) indicated the use of an ACEi, and 28% (18/65) indicated
the use of an ARB. Right: The dotted line at 10 years of age corresponds to the 2015
guideline to initiate treatment with an ACEi or ARB at or before 10 years of age. Only the
ACEi group includes patients who are younger than 10 years of age, and the group of
patients receiving ARBs is older on average than the group receiving ACEi (*p=0.02).
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4. Discussion
Cardiomyopathy is a major feature of DMD that afflicts essentially all patients
over 18 years of age, becoming a leading cause of death in this era of life-prolonging
symptomatic respiratory therapies [1,3,7]. The earliest signs of cardiac pathology appear
in childhood, with transient elevations in serum levels of cardiac troponins and early
cardiac fibrosis detected in patients as young as 6 years of age [18,19,21,22,106].
These observations indicate that the destruction of healthy myocardium is ongoing well
before the onset of global cardiac dysfunction manifesting in reduced ejection fraction
[19,106]. Therefore, clinical approaches that preserve the myocardium by preventing this
early degeneration are critically important for the successful management of dystrophic
cardiomyopathy. This evidence of early cardiac degeneration has resulted in the
updating of earlier recommendations, that cardiac treatment be initiated in response to
detectable deficits in function, with the current guidelines that all DMD patients without
contraindications should start on ACE inhibitors or ARBs by 10 years of age or earlier
[5,20]. Currently, most DMD patients receiving an anti-angiotensin therapy are on
ACEIs, which are considered to be a first-line therapy for heart failure in general and are
named first by the guidelines for managing dystrophic cardiomyopathy [5,6,254]. ARBs
are often mentioned as an alternative to ACEIs or the next step for those who are poorly
tolerant of ACEI side effects, although clinical trials have not shown any differences in
efficacy between the two drugs in DMD [121,123].
This study and our previous work demonstrated that losartan treatment
significantly lowered myocardial injury following Iso-induced cardiac stress in the mdx
mouse heart. This injury-preventing effect is only evident in the dystrophic hearts,
without significant reduction in wild type cardiac damage after losartan treatment. This
observation suggests that an angiotensin-related mechanism that is uniquely
exaggerated in the dystrophic process is driving the accumulation of myocardial injury in
the dystrophic heart. This finding raised many questions regarding the potential ability of
ACE inhibitors to deliver similar protection, prompting the work presented here.
Surprisingly, we found a lack of benefit associated with lisinopril treatment before the
onset of Iso-induced myocardial injury, regardless of the treatment being initiated 1 hour
or 2 weeks before injury. These results indicate that ARBs have a unique protective
action in the dystrophic heart that is not recapitulated by ACEI treatment.
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Since ACE inhibitors and ARBs exert their respective actions at different points
within the renin-angiotensin system, it may be expected that these drug classes would
have similar beneficial effects. Indisputably, both drugs do provide significant benefits in
the dystrophic heart, as indicated by multiple clinicals trials supporting their efficacy.
However, the path from angiotensin I to AngII and AT1R activation is complex and
multifaceted, opening the door for some divergence in the effects and benefits of these
two drug classes that could explain the differences reported here. One possibility is that
some combination of ACE-independent production of AngII by other peptidases and
stretch-dependent activation of AT1R by the mechanical forces induced by increased
cardiac workload results in substantial AT1R signaling even in the presence of ACEIs
[124–128]. If the maximum benefit of anti-angiotensin therapies to cardiomyocytes lies in
blocking AT1R activation, then the indirect inhibition provided by ACEIs may be
insufficient to protect cardiomyocytes from damage in light of these alternative activating
mechanisms.
Another possible explanation is that ARB and ACEI treatments trigger distinct
homeostatic responses that result in different secondary effects on the production and
metabolism of angiotensin peptides. One unique secondary effect that may contribute to
the distinctive ability of ARBs to prevent cardiomyocyte injury may lie in enhanced
activation of angiotensin II type 2 receptor (AT2R) as a compensatory consequence of
AT1R antagonism. When AT1R is blocked, homeostatic mechanisms feed back to
increase circulating levels of AngII, and all of this displaced AngII can serve as a ligand
for AT2R activation, which has been shown to mediate cardioprotective effects of
angiotensin peptides [126,129]. Conversely, the distinct secondary effects induced by
ACEIs include increases in angiotensin (1-7) and bradykinin, both of which have
documented cardioprotective actions that may play a role in the demonstrated clinical
efficacy of ACEIs. Angiotensin (1-7) may be produced at higher rates by non-ACE
peptidases secondary to the accumulation of angiotensin I that follows ACEI treatment,
and may also be removed at a slower rate because its degradation is normally mediated
by ACE, resulting in its accumulation with ACE inhibition [126,130]. Angiotensin (1-7) is
the endogenous ligand for the Mas receptor, and like AT2R, Mas receptor activation
causes a variety of protective effects that oppose the actions of AT1R, including reducing
inflammation, reducing oxidative stress, and increasing vasodilation [245,255,256].
Bradykinin, the ligand for BK receptors, is another substrate for degradation by ACE that
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accumulates during ACE inhibition and may bear protective effects. However, while
bradykinin is indeed linked to beneficial effects on inflammation, NO signaling, and pain,
it is also a major contributor to the poorer tolerance of ACEIs, triggering a cough that
prompts many patients to discontinue ACEI use [248]. Together, the joint effects of these
protective mechanisms may drive the documented ACEI benefits of preventing
remodeling and preserving function in the surviving myocardium. However, the inability
of ACEIs to prevent myocardial damage in the Iso-induced injury model used here
suggests that its protective mechanisms may be insufficient to overcome the acute
effects of ACE-independent AT1R activation.
The work presented here has some important limitations that should be
addressed in future studies. First, the molecular effects of ACEI and ARB that are
described above participate in overlapping physiological pathways, thus it is not possible
to estimate the magnitude of their respective contributions to the overall protection
derived from the use of these drugs in a whole animal model. Further work should make
use of more selectively targeted agonists and antagonists to investigate the distinct
mechanisms that contribute to ACEI and ARB cardiac effects, including AT1R
modulation, AT2R activation, and Ang 1-7 signaling, to better understand the protective
pathways in the dystrophic heart. Furthermore, the studies described here have used the
mildly-affected mdx mouse, so additional work will be needed to determine if these
protective actions of ARBs are present in more severe or earlier-onset disease models.
It is possible that a different approach to evaluating cardiac or skeletal muscle
vulnerability in a dystrophic animal model would reveal a different relationship between
the benefits of ACEI and ARB treatments.
Despite these limitations, the existence of the novel and specific protective
influence of ARBs that we have described may carry major implications for clinical
management of dystrophic cardiomyopathy. Not only does the injury-limiting capacity of
ARBs support earlier initiation of anti-angiotensin therapies to precede the beginning of
cardiac deterioration, but it also calls for a more thorough comparison of potential
benefits between ARB and ACEI treatments. To date, clinical trials comparing ACEIs
and ARBs have been performed in DMD patients old enough to have established
cardiac injury, and records matching a DMD diagnosis from the University of Minnesota
show a trend toward older patients in the ARB treatment group than the ACEi group.
Based on these limitations, the lack of evidence supporting a significant benefit of ARBs
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over ACEIs may reflect the possibility that the additional ARB benefits described here
are less evident in hearts with significant pre-existing myocardial damage. Additional
clinical trials that enroll patients with DMD at a sufficiently young age to benefit from the
potential protective actions of ARBs will be necessary to compare the therapeutic
potential of ARBs and ACEIs in these fragile hearts. Data from our center show that the
small proportion of patients currently receiving ARB treatment may already be too old to
benefit maximally from early myocardial preservation by ARBs, so any comparisons
based on data from patients who started their ARB treatment after the onset of
cardiomyopathic symptoms should be made very cautiously.
In summary, we have presented data demonstrating that ARB treatment has a
unique capacity to save cardiomyocytes from injury rather than just mitigating
remodeling after their loss. These results support a shift in clinical practice toward using
ARBs as a first-line therapy before 10 years of age for any child diagnosed with DMD,
considering the certainty that virtually all of them will develop cardiomyopathy by their
late teens. ARBs are safe, relatively well-tolerated, and readily available drugs that may
hold the key to significant improvements in prognosis and quality of life for these
patients, only requiring some adjustments to their clinical application.
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Summary
Duchenne muscular dystrophy (DMD) is a devastating neuromuscular disease
that causes progressive muscle wasting and cardiomyopathy. This X-linked disease
results from mutations in the dystrophin gene and primarily affects males, with most
cases being passed via the X-chromosome from a mother who carries the mutation. The
loss of dystrophin causes widespread cellular pathology that leads to the loss of healthy
myocytes, thus great effort has been invested in gene-targeted therapies that may
restore dystrophin expression in striated muscle. Preclinical studies show that some of
these approaches result in a mosaic pattern of dystrophin-expressing and dystrophinnull myocardium, raising the question of what extent of dystrophin restoration is sufficient
to rescue the heart from DMD-related pathology. Female carrier hearts can provide
insights into this question, due to their mosaic dystrophin expression pattern resulting
from random X-inactivation.
In the present study, a mouse model of DMD carriers was used to model
myocardial injury resulting from isoproterenol-induced stress in hearts partially
expressing dystrophin. Carrier mice were derived either from dystrophic mothers or
dystrophic fathers breeding with a wild type mate. Our results revealed that, despite
expressing ~57% dystrophin, Carrier hearts are significantly susceptible to acute
cardiomyocyte injury induced by one or repeated high doses of isoproterenol.
Importantly, Carrier survival after cardiac injury depended on their parental genotypes,
as only Carrier mice derived from dystrophic mothers showed mortality. These findings
indicate that dystrophin expression in just over half of the heart may still leave the heart
with marked vulnerability to injury. Additionally, the differential survival observed in mice
expressing the same dystrophin levels underscores a need for better understanding of
the impact of other factors, including epigenetic, developmental, and environmental
influences, on this vulnerability in the dystrophic heart.
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1. Introduction
Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disease
that involves the heart, resulting in clinically significant cardiomyopathy [3,5,6,148,189].
The DMD gene locus on the X-chromosome encodes the protein dystrophin, which plays
a critical role in healthy muscle cells by bolstering membrane integrity and serving as a
signaling scaffold [52,190–193]. The loss of dystrophin leads to myocyte necrosis,
fibrosis, skeletal muscle wasting, and cardiomyopathy, culminating in premature death
from cardiorespiratory failure. Due to its X-linked origin, DMD occurs almost exclusively
in males at a rate of roughly 1:5000, and in the majority of cases, it is passed down from
a mother that carries one mutated copy of the gene [8,10,11]. Virtually all patients with
DMD over 18 years of age display overt clinical signs of cardiomyopathy, including
cardiac fibrosis, ventricular dilation, and reduced contractile function [3,24]. The
devastating cardiac pathology caused by DMD has been recognized since its earliest
descriptions, including an 1836 report by Conte and Gioja about two brothers who had
progressive debilitating muscle weakness, and the oldest of whom evidently suffered
from cardiomyopathy at the time of death [3,14]. The natural history of the disease often
terminated with death from cardiorespiratory failure in the late teens or early 20’s. With
advancements in symptomatic respiratory therapies and pharmacological management,
DMD patient lifespans have extended into the 30’s or early 40’s, magnifying the
incidence of heart failure in this patient population [1,25].
In recent years, a variety of potential new therapies aiming to enable dystrophin
expression in dystrophic muscle have emerged from preclinical work, with a few of them
now entering the clinical arena. Some of these therapeutic strategies, like antisense
oligonucleotide-mediated exon skipping and CRISPR-Cas9 gene editing, can restore the
expression of the endogenous DMD gene [161,162,179,180,182]. Conversely, microdystrophin gene therapy aims to replace the endogenous gene with a highly truncated
but functional substitute that has been scaled down to its essential components
[29,170,171]. These potential therapies hold great promise, and they have all been
shown to induce dystrophin expression in both the skeletal muscle and the heart in
preclinical studies. However, successful cardiomyocyte transduction continues to be a
major obstacle to their cardiac efficiency. In preclinical work, these approaches have
often displayed a mosaic pattern of transduction in the heart, with clusters of
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cardiomyocytes that still lack dystrophin adjacent to those that now express it
[161,164,180,183,257].
This mosaic dystrophin expression pattern is reminiscent of that seen in DMD
carrier hearts, who harbor one intact copy of the DMD gene and one disease-causing
copy that carries a mutation resulting in the loss of dystrophin. Because of the
requirement for two X-chromosomes for carrier status, DMD carriers are genetically
female. Due to X-inactivation around the mid-gestational point in embryonic
development, female cell nuclei have near-exclusive gene expression from a single Xchromosome [258]. This genetic composition results in a nearly uniform distribution of
dystrophin-positive myofibers in skeletal muscle, since each fiber is comprised of many
independent nuclei that contribute to the overall expression profile of the cell. In contrast,
each cardiomyocyte develops with a single nucleus, and any nuclear division that occurs
after X-inactivation maintains the X-inactivation status of the original nucleus [259]. For
this reason, the expression profile of any given cardiomyocyte generally depends on
only one X-chromosome, giving rise to the mosaic pattern of positive and negative
dystrophin expression in DMD carrier hearts.
In animal models, DMD carrier hearts have been shown to have roughly 50%
dystrophin-positive cardiomyocytes [32]. With gene therapy on a DMD background, the
relative proportions of dystrophin-positive and dystrophin-negative myocytes vary widely
in the heart, often on the basis of drug or virus dose or any modifications to the delivery
aimed at enhancing cardiac uptake [161,162,164]. As these developing therapies move
into clinical trials and become available to DMD patients, it becomes increasingly
important to determine how much dystrophin expression is sufficient to rescue the heart
in order to establish dosing. DMD carrier hearts represent a useful preclinical model to
evaluate whether approximately 50% dystrophin-positive myocardium will be sufficient to
reduce susceptibility to injury in treated dystrophic hearts.
Observations in patients with DMD suggest that episodes of elevated cardiac
stress and injury may underlie the progressive nature of DMD cardiomyopathy, indicated
by transient periods of angina and elevated serum cardiac troponins in the contexts of
surgery or other cardiac stress. We have previously shown that the β-adrenergic
receptor agonist isoproterenol (Iso) may represent an appropriate model of episodic
cardiac injury in dystrophic mice, based on elevations in serum cardiac troponins and
lesion localization in the mdx mouse heart injured by a high dose of Iso [31]. Previous
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work by Yue et al. had used low doses of Iso to investigate the impact of transient
cardiac stress in mouse DMD carrier hearts [32]. This study showed extensive protection
from cardiac stress-induced injury in DMD carrier hearts compared to dystrophin-null
mdx female hearts after a brief 12-hour course of three low-dose Iso injections.
However, we had been unable to induce a similar degree of cardiac damage to that
reported by Yue et al. using the low-dose Iso protocol, and found contrasting results
after inducing injury with high-dose Iso. Additionally, we set out to determine if the
degree of susceptibility to injury in the DMD carrier hearts would remain relatively similar
in the context of a multiple-day repeated cardiac stressor. Here we present the findings
that DMD carrier hearts with ~57% dystrophin-positive myocardium display significant
vulnerability to Iso-induced myocardial injury and mortality, and that the parental origin of
the mutated DMD gene determines the degree of protection afforded by partial
dystrophin expression.
2. Methods
2.1. Animals
The wild type control strain C57BL/10SnJ (C10), the dystrophic strain
C57BL/10ScSn-Dmdmdx/J (mdx), and the heterozygous offspring of their crosses (Carrier)
were bred and maintained at the University of Minnesota. To limit genetic drift within this
colony, breed stock were purchased from Jackson Laboratories every 5-6 generations.
All mice were 4-6 months of age at the time of experiments and were housed in static
cages with a 12-hour light-dark cycle. Since only female animals can be heterozygous
with respect to X-chromosome genes like DMD, all mice used in this study were female.
All animal procedures were approved by the University of Minnesota Institutional Animal
Care and Use Committee and performed in compliance with all relevant laws and
regulations. To enable the detection of epigenetic effects on experimental outcomes, two
groups of DMD Carrier mice were generated with either maternal (CarrierM) or paternal
(CarrierP) inheritance of the disease-causing DMD allele. CarrierM mice were born to
mdx dams and C10 sires, and CarrierP mice were born to C10 dams and mdx sires.
2.2. Low-dose isoproterenol challenge
(-)-Isoproterenol hydrochloride (Iso; Sigma #I6504) was dissolved in saline to a
concentration of 0.2 mg/ml and sterile filtered into a foil-wrapped glass vial prior to
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injection. The sterile Iso solution was stored at 4˚C for no more than 3 days, and any
solution developing discoloration, indicative of degradation, was discarded. Mice
received 3 IP bolus injections of 0.35 mg/kg Iso each in volumes of 40-60 µl adjusted for
body weight, with 6 hours between the first two injections and 3 hours between the
second and the third injection, as previously described by Yue et al. [32]. Mice were
sacrificed and hearts were harvested 30 hours after the first Iso injection.
2.3. High-dose isoproterenol challenge
Iso was dissolved in sterile saline to a concentration of 6 mg/ml, and otherwise
handled as described in section 2.2. Mice received a single IP bolus injection of 10
mg/kg Iso in volumes of 40-60 µl adjusted for body weight, as previously described [31].
Hearts were harvested 30 hours after the Iso injection.
2.4. Repeated high-dose isoproterenol challenge
Iso was prepared and handled as described in section 2.2. Mice received up to
14 injections of 10 mg/kg isoproterenol over the course of 5 days, delivered as 3 daily IP
injections at 8am, 12pm, and 4pm. Hearts from mice that succumbed to the challenge
were harvested at the time of discovery, and all survivors were sacrificed at 2pm on the
5th day. Mice that displayed marked and progressive lethargy or morbidity indicative of a
decline toward death were euthanized in compliance with the animal use protocol.
2.5. Histopathology
At the time of harvest, hearts were cut in half along the short axis, and the apical
halves were embedded in OCT blocks for histology. Heart section slides were prepared
as previously described [31], and all tissues were unfixed at the time of staining. The
following antibodies and reagents were used for immunofluorescence staining: goat
serum for blocking (Jackson ImmunoResearch # 005-000-121, 10%), rabbit dystrophin
monoclonal antibody (Abcam #ab218198, 1:300), goat anti-rabbit IgG (H+L) highly
cross-adsorbed Alexa Fluor Plus 647 secondary antibody (Invitrogen #A32733, 1:200),
Alexa Fluor 555 goat anti-mouse IgG secondary antibody with minimal cross-reactivity
(Biolegend # 405324, 1:150), WGA Alexa Fluor 488 conjugate (ThermoFisher #
W11261, 5µg/ml), and ProLong Gold antifade mountant with DAPI (ThermoFisher #
P36934). The blocking, primary antibody, and secondary antibody incubation steps were
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all carried out at room temperature for 1 hour, separated by three 5-minute washes in
fresh PBS.
The following reagents were used for Sirius Red Fast Green (SRFG) staining:
1.2% picric acid solution (Ricca #R5860000), Direct Red 80 (Sigma #365548), Fast
Green FCF (Sigma #F7252), Formula 83 clearing solvent (CBG Biotech F83), and
organic mounting medium (CBG Biotech MM83). Slides were first fixed for 3 hours in
snap chilled acetone at -20˚C before staining, then rehydrated in 70% ethanol followed
by two changes of tap water. The tissue was then stained for 25 minutes in SRFG dye
solution of picric acid, 0.1% Direct Red 80, and 0.1% Fast Green FCF. Staining was
followed by 3 washes in tap water, then dehydration in 70% ethanol, 100% ethanol, and
Formula 83 before coverslipping.
All imaging was performed using NIS Elements software on a Nikon Eclipse Ni-E
upright epifluorescent microscope with a motorized stage. For dystrophin and IgG lesion
analysis, whole heart montages were collected as a stack of four fluorescent channels at
a resolution of 0.92 µm/pixel. For evaluation of fibrosis, SRFG-stained sections were
imaged as brightfield montages at a resolution of 0.85 µm/pixel.
2.6. Histological analysis
Dystrophin was quantified histologically on whole heart montages in Fiji using the
threshold function [219]. An Alexa Fluor Plus 647 secondary antibody was chosen for
dystrophin staining due to strong fluorophore signal and low background signal in the
heart in that wavelength range, providing for an excellent signal-to-noise ratio and
facilitating this thresholding approach. (Note: the coloration used in the figures
represents the choice of optimal colors for depiction rather than the original wavelengths
used for imaging). Dystrophin+ pixel area was divided by total heart section area as
measured using the WGA signal. In wild type hearts, this method produced values with a
range of 45.4-49.2% with a mean and standard error of 46.9±0.3%, reflecting strong
consistency. All dystrophin measurements from individual hearts were then normalized
to this wild type dystrophin mean value to determine the relative percentage of
dystrophin expression in each heart compared to wild type hearts. The small number of
revertant dystrophin+ myocytes present in all mdx hearts enabled the selection of an
appropriate threshold for representing positive dystrophin signal in overwhelmingly
dystrophin– images.
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IgG+ injury area was determined using whole heart montages in Fiji by
subtracting the WGA channel (staining extracellular matrix) from the IgG channel to
better distinguish intra-myocyte IgG signal. The resulting IgG image was then
thresholded to measure total lesion area, and normalized to total heart section area.
Only hearts from mice that survived until the 30-hour sacrifice timepoint were analyzed
for IgG+ injury area, due to the technical difficulty of quantifying the poorly-defined early
injury present in hearts that succumb earlier in the time course.
Fibrosis was analyzed in whole heart montages of SRFG-stained sections using
the color threshold function in Fiji. Areas containing Sirius Red-stained collagen were
quantified by measuring the pixel area corresponding to a red hue above a minimum
saturation threshold. Total heart section area was represented by the full range of hues
above the same minimum saturation threshold, and fibrosis was calculated as the Sirius
Red area normalized to total heart area. Only hearts from mice that survived the
repeated Iso challenge were used for fibrosis quantification following the challenge.
Hearts that succumbed earlier in the challenge displayed a complex mix of degenerating
myocytes with acute IgG+ injury and the fibrosis that was in the process of replacing
them, and were thus difficult to quantify for total damaged area.
2.7. Statistics
All statistical analyses were performed using Prism 7 (GraphPad Software).
Dystrophin and injury levels were compared across groups using one-way ANOVA with
Holm-Sidak post-hoc test. Survival after a single high-dose Iso injection was compared
using the Chi-square test, and survival over time in the repeated Iso challenge was
compared using a log-rank test with the Bonferroni correction to adjust for multiple
comparisons.
3. Results
3.1. DMD Carrier heart dystrophin expression does not depend on parental origin of the
disease allele.
Two breeding strategies were used to generate DMD Carrier mice, producing
maternal (CarrierM) and paternal (CarrierP) female DMD Carriers from mdx dams and
mdx sires, respectively (Fig. 4.1A). Both strategies resulted in the same degree of
dystrophin expression in the Carrier hearts, as measured by histological quantification.
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Both groups displayed dystrophin+ signal in approximately 57% of the area
corresponding to full dystrophin expression seen in wild type (WT) hearts, regardless of
maternal or paternal origin of the disease-causing allele (56.8±3.7% in CarrierP and
57.6±3.4% in CarrierM; Fig. 4.1B). The pattern of dystrophin expression was confirmed to
be mosaic, with large adjacent regions of dystrophin+ and dystrophin– cardiomyocytes
(Fig. 4.1D), in agreement with previously published work [32]. The range of quantified
dystrophin levels in Carrier hearts represents real biological variability, rather than any
artifact of histological processing, with the lowest-expressing heart having 40.0%
dystrophin and the highest-expressing heart having 78.4% dystrophin relative to WT
hearts (Fig. 4.1E). The levels of dystrophin expression was not litter-dependent, as mice
expressing high levels of dystrophin and others expressing lower levels were found in
the same litter.
The presence or absence of dystrophin expression did not affect heart weights at
baseline, as no significant differences were detected in heart weights between WT, mdx,
and Carrier female mice, although Carrier hearts trended toward being slightly smaller
(123.3±1.2 mg vs. 123.3±2.0 mg vs. 118.1±1.8 mg, respectively; p=0.07). The absence
of a significant difference was confirmed by normalizing heart weight in mg to tibial
length in mm to account for body size (Fig. 4.1C; p=0.21).
3.2. DMD Carrier hearts display intermediate susceptibility to Iso-induced injury that
partially depends on parental origin.
Previously, Yue et al. showed that 3 sequential IP injections of the β-adrenergic
receptor agonist isoproterenol (Iso), each at a low dose of 0.35 mg/kg and staggered
over a 12-hour period before sacrifice, induced injury in approximately 11% of the mdx
heart area, but only 2% of the Carrier heart area and negligible injury in wild type hearts
[32]. Our attempt to replicate this result with the same Iso dosing protocol instead
yielded significantly lower myocardial damage in mdx and Carrier mice. Three sequential
Iso injections at a dose of 0.35 mg/kg each induced injury in less than 1% of the hearts
in each group, with the mdx injury approximately 2-fold greater than injury in both wild
type and Carrier hearts (Fig. 4.2A). The injured IgG+ myocytes in Carrier hearts were
largely devoid of dystrophin (Fig. 4.2 B and D), but this was also true in wild type hearts,
suggesting that cardiomyocyte injury likely precipitates the dystrophin loss as a
consequence of proteolysis [31].
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In an effort to recapitulate the higher level of injury in mdx hearts presented by
Yue et al., a protocol based on a single bolus IP injection of high-dose (10 mg/kg) Iso
was used to induce cardiac injury [31]. This dose revealed 10-fold higher injury in mdx
hearts compared to WT hearts, and an intermediate susceptibility to injury in DMD
Carrier hearts (Fig. 4.2C). Surprisingly, 21% (4 of 19) of DMD Carrier mice born to mdx
dams and WT sires (CarrierM) displayed spontaneous mortality after the single Iso
injection, while Carriers derived from mdx sires and WT dams (CarrierP) all survived until
sacrifice, and only 1 of 24 mdx females died (Fig. 4.2C).
Surviving Carrier mice displayed damaged myocardial area that was significantly
higher than in WT hearts and significantly lower than in mdx hearts, indicating
intermediate susceptibility to a single bout of injury (Fig. 4.2C). As before, the majority of
injured IgG+ cardiomyocytes lacked dystrophin, although the rare injured myocyte could
be found with some dystrophin expression (Fig. 4.2D).
3.3. DMD Carriers are highly susceptible to repeated bouts of high-dose Iso, but display
divergent survival.
To determine if hearts with 50% dystrophin expression would continue to show
partial protection in the face of repeated bouts of adrenergic stress with high-dose Iso,
WT, Carrier, and mdx mice received 14 doses of 10mg/kg Iso over a span of 5 days
before sacrifice (Fig. 4.3A). As in the case of a single bolus Iso injection, parental origin
of the null DMD allele had a significant influence on survival. Among CarrierM mice, 31%
succumbed to the repeated Iso challenge, reflecting nearly identical mortality as mdx
mice (38%). However, all CarrierP mice and WT mice survived the challenge (Fig. 4.3B).
Survivors of the challenge were analyzed for cardiac fibrosis area to reflect the
amount of myocardium lost during the challenge. Carrier mice were found to have
equally high levels of cardiac damage as mdx mice, regardless of maternal or paternal
origin of the disease-causing allele (Fig. 4.3C). Carrier hearts showed similar distribution
of replacement fibrosis as dystrophic hearts, with large lesions scattered randomly
throughout the myocardium, including subepicardial regions, in contrast to the
endocardial localization of WT heart lesions (Fig. 4.3D).
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Figure 4.1: DMD Carrier hearts display mosaic dystrophin expression throughout the
myocardium.
(A) Heterozygous DMD Carrier mice were generated from two different crosses.
Paternal Carrier (CarrierP) mice were bred from mdx fathers and wild type (C57Bl/10)
mothers, maternal Carrier (CarrierM) mice were derived from mdx mothers and wild type
fathers. (B) Histological quantification of dystrophin+ signal in Carrier hearts normalized
to dystrophin+ signal in wild type (C10) hearts. Both types of Carriers express dystrophin
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in ~57% of the heart area (n=7-13 per group). (C) Heart weights were not different
between C10, Carrier, and mdx mice at baseline when normalized to tibial length to
control for body size (n=6-14 per group; p=0.21). (D) Representative images of
dystrophin distribution in C10, Carrier, and mdx hearts. Magnified images show the
mosaic distribution of dystrophin+ and dystrophin– myocytes in Carrier hearts. Magnified
image scale = 0.5´0.5 mm. (E) Representative images of biological variability in
dystrophin expression in carrier hearts, ranging from 40.0-78.4%.
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including in wild type hearts; white arrows indicate injured myocytes displaying
dystrophin signal. (C) A single injection of high-dose Iso (10 mg/kg) caused widespread
lesions in Carrier and mdx hearts, and mortality in 21% of CarrierM mice (n=17-24 per
group; § p=0.027). Among survivors, both groups of Carriers displayed significantly
higher injury than C10 hearts, and CarrierP hearts displayed significantly lower injury
than mdx (n=10-14 per group; * p=0.04 vs. C10; *** p<0.001 vs. C10; # p=0.04 vs. mdx;
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### p<0.001 vs mdx). (D) Representative images of dystrophin distribution in wild type,
Carrier, and mdx hearts. Magnified images demonstrate the mosaic distribution of
dystrophin+ and dystrophin– cardiomyocytes in Carrier hearts. Magnified image scale =
0.3´0.3 mm.
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Figure 4.3: DMD Carriers are highly susceptibility to cardiac injury with repeated bouts of
injurious stimulation.
(A) The repeated Iso challenge is comprised of 14 injections of high-dose (10 mg/kg) Iso
over the span of 5 days. (B) All of the C10 and CarrierP mice survived the repeated Iso
challenge, but 31% of CarrierM and 38% of mdx mice died during the challenge (*
p=0.01; ** p=0.005). (C) Among survivors, repeated high-dose Iso caused similarly
extensive replacement fibrosis in the hearts of Carrier and mdx mice, which was
significantly higher than C10 injury (n=6-17 per group; ** p=0.01; *** p<0.001). (D)
Representative images of fibrosis in wild type (C10), Carrier, and mdx hearts after
repeated injury with high-dose Iso. Fibrosis is red, and intact myocardium is green.
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4. Discussion
DMD has been described in the literature for nearly 200 years as a devastating,
progressive disease that wastes away skeletal muscle and causes heart disease. In the
intervening decades, clinical advances that include symptomatic respiratory therapies
and scoliosis correction have markedly extended lifespans, but only modest strides have
been made in treating DMD cardiomyopathy [1,25]. A new wave of emerging genetargeted therapies holds the promise of potentially correcting the underlying defect in
DMD by restoring dystrophin expression, but the efficacy of these approaches in treating
the heart remains unknown. A major obstacle to maximizing the cardiac benefits of these
corrective strategies lies in differences in tissue transduction between the heart and
skeletal muscle that can result in hindered cardiac efficiency. In preclinical studies of
antisense-mediated exon skipping, CRISPR-Cas9 gene editing, and micro-dystrophin
gene delivery have resulted in incomplete cardiac dystrophin restoration, leaving a
mosaic pattern of dystrophin-positive and dystrophin-negative myocardium
[161,162,164]. A similar distribution of dystrophin is seen in the hearts of DMD carriers
who have one normal allele and one null allele of the X-chromosomal DMD gene, due to
random X-inactivation throughout the myocardium.
In the present study, we have used the mouse model of DMD carriers to
determine whether dystrophin expression in approximately half of the heart can protect
the remaining myocardium in the context of single or repeated bouts of workloadinduced cardiac stress. We reported that Carrier mice display intermediate susceptibility
to a single bout of high-dose Iso-induced injury relative to wild type and dystrophin-null
hearts, but they sustain the same degree of injury as dystrophic hearts with repeated
injurious Iso stimulation. Importantly, the comparison between Carriers derived from two
different breeding schemes revealed the surprising finding that mortality following Iso
varies in relation to the parent from whom the dystrophin-null allele is inherited.
Specifically, although all Carriers derived from mdx fathers and wild type mothers
survived the Iso-induced stress, Carrier mice from mdx mothers and wild type fathers
showed 21% mortality after a single dose and 31% mortality after repeated doses of Iso,
despite similar dystrophin expression.
Many of the findings presented here do not align with those reported by Yue et
al. in 2004, including the susceptibility to injury observed in carrier mouse hearts and the
divergent phenotypes of carriers from the two different breeding strategies [32]. Many of
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these differences may be related to the isoproterenol dose, which is the largest deviation
in experimental details between previous and current work. In our hands, the low dose of
Iso (0.35 mg/kg) previously used in the 2004 study was inadequate to cause more than
1-2% injury in mdx hearts, thus we turned to the high dose of Iso (10 mg/kg) that our
previous work is based on to recapitulate widespread injury in dystrophic hearts. It is
unclear what factors underlie the large differences in susceptibility observed in the two
studies. While the mice in the present study were 1-3 months older, this is unlikely to
account for their increased resilience. Another possible explanation may lie in the use of
Evans Blue dye by Yue et al. in contrast to IgG staining used in the current study.
Although both measures reflect cardiomyocyte permeability to serum proteins, Evans
Blue dye was injected 12 hours ahead in the earlier work, and may have exerted mild
cytotoxic effects that were subsequently amplified by Iso-induced stress. A multitude of
other unknown factors could also contribute to the overall effect of Iso in conscious
animals, including injection timing relative to light/dark cycles, single or group housing,
handling during the study, and other environmental influences.
The critical implication of these results for DMD therapies is that the degree of
protection from mortality in partially dystrophin-expressing hearts likely depends on
additional factors besides dystrophin levels. Although average dystrophin levels were
nearly identical in the hearts of both groups of this Carrier mouse model, their response
to high cardiac workload appears to be altered through a mechanism that significantly
affects their vulnerability and survival. This mechanism is beyond the scope of this work,
but it may be related to epigenetic differences causing divergent expression of genes
involved in cardiac resilience, or it may stem from different in utero environments
belonging to healthy and dystrophic mothers. The differences in vulnerability may also
involve a more complex behavioral basis, like differential interactions between healthy
and dystrophic mothers with their heterozygous offspring, leading to differences in
psychosocial stresses. This suggests that in human patients, a variety of factors could
influence the degree of therapeutic correction that is sufficient to prevent lethal heart
failure, potentially including polymorphisms in other genes, maternal and paternal
epigenetic imprinting, and even environmental or dietary factors.
Phenotypic diversity stemming from complex factors besides dystrophin is readily
evident in human DMD patients and DMD carriers. Marked phenotypic variability with
respect to the degree of cardiac and respiratory disease severity has been documented
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in multiple sets of brothers diagnosed with the same DMD-causing mutation, without
clear evidence of what may cause the divergence [260]. Furthermore, the cardiac and
respiratory phenotypes in any given patient may progress independently of each other,
and with trajectories that are not predictable based on the disease-causing mutation, in a
phenomenon referred to as phenotypic discordance [261]. Likewise, human carriers of
DMD have been documented to have variable skeletal muscle and cardiac phenotypes
that were not overtly linked to their underlying mutation [262,263]. In fact, the reported
incidence of cardiomyopathic symptoms in DMD carriers ranges from <10% to nearly
50%, reflecting the high variability of the carrier cardiac phenotype [20,262]. Regardless
of the variability in symptomology, current guidelines recommend routine monitoring of
carrier cardiac function, reflecting the understanding that DMD carriers are at high risk
for developing cardiomyopathy [6,20,264]. Together with the preclinical findings
presented here, these observations in human patients underscore the notion that the
therapeutic efficacy of partial dystrophin restoration in the heart is difficult to predict.
Current evidence points to the strong possibility that the restoration of dystrophin
in roughly half of in the heart may be sufficient to steer the course of the disease away
from heart failure in some patients, but not in others. Further preclinical and clinical
research will need to be directed at determining the factors that contribute the overall
outcomes in partially dystrophin-replete hearts. Additionally, the hearts of human
patients undergoing gene-targeted therapies should continue to be carefully monitored
using the latest available guidelines to evaluate the potential need for additional
therapeutic interventions with pharmacological therapies like angiotensin receptor
blockers or ACE inhibitors.
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Summary
Muscular dystrophies are a genetically diverse group of muscle wasting
diseases. Sarcoglycanopathies belong to the category of autosomal recessive Limbgirdle muscular dystrophies (LGMD), with many clinical cases featuring early onset,
progressive degeneration of skeletal muscles, and significant cardiomyopathy. The
sarcoglycan complex is a heterotetrameric member of the dystrophin glycoprotein
complex, which is critical in maintaining myocyte membrane integrity. The loss of the
sarcoglycans induces high membrane permeability, leading to myocyte death, fibrosis,
and cardiomyopathy. Individual mutations in four different sarcoglycan genes have been
documented to give rise to LGMD with a Duchenne-like disease course and severity.
Among the sarcoglycanopathies, the absence of β-sarcoglycan is associated with
particularly early onset and high rates of cardiac involvement.
The β-sarcoglycan-null mouse (βsg-/-), a model of LGMD2E, displays a
progressive cardiac phenotype that can be exacerbated by stressing the heart. The βadrenergic receptor agonist isoproterenol (Iso, 10 mg/kg) was used to induce cardiac
stress and injury in βsg-/- mice. A single dose of Iso caused early cardiac injury and
fibrosis in 10-24% of the heart area in βsg-/- mice. Surprisingly, male βsg-/- hearts
displayed 2.1-fold higher cardiomyocyte injury and 2.2-fold higher fibrosis compared to
female hearts. Chronic and acute treatments with the angiotensin receptor blocker
losartan markedly reduced cardiac damage and hypertrophy in male βsg-/- hearts, but
had no significant effect in female hearts. Due to the sex-dependence of this protective
effect, losartan treatment of βsg-/- mice resulted in the elimination of sex differences in
Iso-induced cardiac injury.
Here we report a striking sex difference in susceptibility to cardiac injury in mice
lacking the sarcoglycan complex, and demonstrate that angiotensin receptor blockade
reduces cardiac damage in male hearts, abolishing the sex difference. These findings
suggest that angiotensin receptor signaling contributes to exacerbation of cardiac injury
in these dystrophic hearts in a sex-dependent manner.
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1. Introduction
Muscular dystrophies are a genetically heterogeneous group of progressive
muscle wasting diseases with variable cardiac involvement. Limb-girdle muscular
dystrophy (LGMD) is a large and diverse category of muscular dystrophies, with LGMD
type 2 representing the subgroup with an autosomal recessive mode of inheritance.
Several of the diseases from this group feature clinically significant cardiomyopathy
[265]. Among these, the sarcoglycanopathies are particularly remarkable for presenting
with a degree of muscle deterioration and heart disease similar in severity to Duchenne
muscular dystrophy (DMD) [266,267].
The four primary sarcoglycanopathies are LGMD2C, 2D, 2E, and 2F, all arising
from mutations resulting in the absence of one or more proteins that constitute the
heterotetrameric sarcoglycan complex [268]. The sarcoglycans are important members
of the larger dystrophin-glycoprotein complex (DGC), which plays a critical role in
maintaining sarcolemmal integrity by serving as the node between the intracellular
stabilizing protein dystrophin and the extracellular anchoring protein laminin [193,269].
Although the transmembrane sarcoglycan complex does not interact directly with either
dystrophin or laminin, the loss of this complex can have grave consequences for the
skeletal muscle and heart tissue. The loss of α-sarcoglycan may leave the rest of the
sarcoglycan complex intact, explaining the observation that the associated pathology is
often milder [269,270]. However, the absence of β-, δ-, or γ-sarcoglycan can deplete the
whole sarcoglycan complex, precipitating childhood onset of pathological effects that
may include muscle weakness, myocyte necrosis, fibrosis, loss of ambulation, heart
failure, and premature death from cardiorespiratory insufficiency [266,271,272]. The loss
of β-sarcoglycan appears to be the most devastating, as indicated by the age of onset,
severity of the disease, and proportion of cardiac involvement [265,270,271]. Because
some patients completely lack one or more of the sarcoglycans but others retain partial
expression of the mutated protein, the phenotypic range of sarcoglycanopathies is large,
perhaps analogous to that of Duchenne and Becker muscular dystrophies combined
[271,272]. Sarcoglycanopathies have been estimated to have a prevalence of roughly 1
in 180,000, and account for up to 68% of patients with the more aggressive childhoodonset autosomal recessive LGMD, but only ~10% of the milder adult-onset cases
[270,273].
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The β-sarcoglycan-null mouse (βsg-/-) is a preclinical model of LGMD2E that
displays progressive muscle degeneration and cardiac fibrosis [274–276]. Earlier work
characterizing this mouse model demonstrated total loss of the sarcoglycan complex
and the associated protein sarcospan with retention of other DGC components, in
parallel with similar observations in human patient biopsies [275,277,278]. The cardiac
phenotype of the βsg-/- mouse can be accelerated by increasing stress on the heart to
induce acute myocardial injury and its conversion to fibrosis. The β-adrenergic receptor
agonist isoproterenol (Iso) has been successfully used for this purpose by our group and
several others, triggering increases in cardiac contractility and heart rate that produce
scattered clusters of injured cardiomyocytes [31,32,77]. These areas of myocardial
injury, detectable acutely by imaging cardiomyocyte uptake of endogenous serum
proteins (IgG or Evans blue dye-bound albumin), are subsequently replaced within a few
days by fibrotic lesions [31]. In earlier work, we have shown that the hearts of mdx mice,
a popular model of DMD, are significantly susceptible to acute Iso-induced injury, but
this susceptibility is markedly reduced by treatment with the angiotensin II type 1
receptor (AT1R) blocker losartan [31]. Because the phenotypes of DMD and LGMD2E
display many similarities in both human patients and mouse models, we set out to
determine whether this therapeutic effect may be recapitulated in the absence of βsarcoglycan.
In the present study, we aimed to assess the susceptibility of βsg-/- hearts to
acute Iso-induced injury, evaluate the conversion of these myocardial wounds to the
fibrotic scar, and determine whether global blockade of AT1R may ameliorate these
processes. Here we report a sex-dependent beneficial effect of losartan on acute injury
and fibrosis reduction in male βsg-/- mouse hearts but not female hearts, underscoring
the surprising discovery that cardiac vulnerability and the benefits of AT1R blockade
diverge by sex in this mouse model.
2. Methods
2.1. Animals
β-sarcoglycan-null (βsg-/-) mice were bred at the University of Minnesota from
breeding pairs obtained from the Jackson Laboratory. Mice were 4-6 months of age
during all isoproterenol studies. Because LGMD2E is an autosomal disease, both male
and female mice were used for these studies. All animal procedures were approved by
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the University of Minnesota Institutional Animal Care and Use Committee and performed
in compliance with all relevant laws and regulations.
2.2. VCD Study
The degree of ovarian hormone influence on cardiac injury was investigated by
inducing chemical ovarian senescence in a group of female mice using vinylcyclohexene
dioxide (VCD) [279–281]. The VCD was purchased from Synquest Laboratories (#22091-08) and prepared to a concentration of 64 ng/ml in sesame oil, as described elsewhere
[280]. Starting at 1-2 months of age, the mice received daily injections of 160 mg/kg
VCD or sesame oil vehicle, in volumes of 35-60 µl adjusted for body weight, for 15 days.
Mice entered the studies and were sacrificed 40-70 days from the end of their VCD
injection course. A significant reduction in uterine weights after VCD treatment compared
to vehicle-treated littermates and untreated female mice confirmed that VCD had the
intended effect of diminishing ovarian hormone production (75.4±4.3 mg control vs.
52.9±2.6 mg with VCD; p<0.001). All VCD-treated mice remained healthy throughout the
study.
2.3. Isoproterenol Studies
(-)-Isoproterenol hydrochloride (Iso; Sigma #I6504) was prepared and delivered
as previous described, as a single IP injection of 10 mg/kg per mouse [31]. Hearts were
harvested at timepoints of 30 hours and 1 month after the injection.
2.4. Acute Losartan Studies
A group of βsg-/- mice was assigned to receive acute treatment with losartan
starting 1 hour before the Iso injection, as previous described [31]. Briefly, a sterile
losartan solution was prepared from a crushed generic losartan tablet dissolved in
saline, and delivered as four intermittent IP injections totaling 160 mg/kg over the course
of the 30-hour timeframe. The injections began 1 hour before Iso and ended 7 hours
before the 30-hour heart harvest, without interrupting the dark cycle. Dosing was based
on the half-lives of losartan and its major active metabolite (EXP3174), and intended to
minimize the troughs in drug serum levels between the loading dose and the time of
sacrifice with minimal disruptions to the mice.
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2.5. Pretreatment Losartan Studies
To investigate further protective effects that may arise after pretreatment, an
additional group of βsg-/- mice was assigned to drink losartan dissolved in water for 2
weeks prior to Iso-induced injury. Losartan water was prepared from a crushed generic
tablet and given at a concentration of 600 mg/L in 2.5% dextrose, with an average
consumed dose of 80 mg/kg daily. Losartan-containing water was replaced 3 times per
week, and each mouse was weighed before and after the pretreatment.
The physical discomfort experienced by mice following Iso administration can
interrupt their water intake for 1-2 days, so the mode of drug delivery was switched from
the drinking water to IP injections for a period of 30 hours after Iso to maintain
therapeutic drug levels. On the 15th day after the start of pretreatment, mice received
fresh tap water and a single a single 10mg/kg Iso injection. For the next 30 hours, the
pretreated mice received booster injections of losartan as described in section 2.3 above
and elsewhere previously [31]. A subset of βsg-/- mice was sacrificed for the heart
harvest 30 hours after the Iso injection. The rest were placed back on the same losartan
treatment in the drinking water for 1 month after the Iso injection, and then sacrificed for
the heart harvest.
2.6. Histopathology
Only the hearts of mice that survived to their 30-hour and 1-month timepoints
were used for quantification of injury area for each timepoint, as we have shown cardiac
injury to undergo changes in appearance and total area during this time. The mortality
rate in any given sex and treatment group was no greater than 10%, thus this is not
expected to significantly skew the results.
Histopathology studies were carried out as previously described, using 7 µm
slices of unfixed frozen hearts [31]. The following reagents were used for IF staining:
goat serum for blocking (Jackson ImmunoResearch # 005-000-121, 10%), goat antimouse IgG (H+L) secondary antibody (Invitrogen #R37121, 1:200), WGA AlexaFluor
conjugate (ThermoFisher, 5µg/ml), and ProLong Gold Antifade Mountant with DAPI
(ThermoFisher). After blocking, staining was performed as a single step at room
temperature for 1 hour, flanked by three 5-minute washes in PBS.
The following reagents were used for Sirius Red Fast Green (SRFG) staining:
1.2% picric acid solution (Ricca #R5860000), Direct Red 80 (Sigma #365548), Fast
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Green FCF (Sigma #F7252), Formula 83 clearing solvent (CBG Biotech F83), and
organic mounting medium (CBG Biotech MM83). Slides were fixed for 3 hours in chilled
acetone at -20˚C before staining, then rehydrated in 70% ethanol followed by two
changes of tap water. The rehydrated slides were stained for 25 minutes in rocking
SRFG dye solution of picric acid, 0.1% Direct Red 80, and 0.1% Fast Green FCF. The
slides were then rinsed in 3 changes of tap water, and dehydrated in 70% ethanol, 100%
ethanol, and Formula 83 before applying organic mounting medium and coverslips.
2.7. Microscopy and Image Analysis
All imaging was performed in NIS Elements software on a Nikon Eclipse Ni-E
upright epifluorescent microscope with a motorized stage. Whole heart montages of
acute injury were collected as a stack of three fluorescent channels at a resolution of
0.92 µm/pixel.
IgG-positive injury area was determined using Fiji by subtracting the WGA
channel (staining extracellular matrix) from the IgG channel to better distinguish intramyocyte IgG signal [219]. This injury area was then quantified by thresholding the
resulting IgG image for total lesion area, and normalizing it to total heart section area.
SRFG-stained sections were collected as brightfield whole heart montages at a
resolution of 0.85 µm/pixel. Fibrosis was analyzed in these images using the color
threshold function in Fiji. Areas containing Sirius Red-stained collagen were measured
by counting the pixel area corresponding to a red hue above a minimum saturation
threshold. Total heart area was represented by the number of pixels with any hue above
the minimum saturation threshold, and fibrosis was calculated as the Sirius Red area
normalized to total heart area.
2.8. In Vivo Hemodynamic Assay
Left ventricular catheterization was performed as described previously
[200,202,282]. Briefly, mice were induced and maintained at a surgical plane of
anesthesia with isoflurane. Temperature was maintained at 37°C throughout the
procedure. A bilateral thoracotomy was performed to expose the apex of the heart. The
pericardium was removed, and a 1.4 Fr pressure-volume catheter was inserted into the
left ventricle via an apical stab incision created using a 25g needle. An intravenous
catheter was placed in the external jugular vein and 10% albumin-supplemented saline
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was infused to a final volume of 5 µl/g body weight. This infusion was delivered during a
10-minute equilibration period. At the end of this equilibration period, baseline
hemodynamics parameters were collected. Dobutamine was then infused (42µg/kg/min)
to assess cardiac reserve. After 5 minutes of dobutamine infusion, hemodynamic
parameters were collected again.
2.9. Statistics
All statistical analyses were performed using Prism 7 (GraphPad Software).
Comparisons between βsg-/- males, βsg-/- females, and VCD-treated βsg-/- females were
made using one-way ANOVA with Sidak post-hoc test. Hemodynamic parameters were
compared using two-way ANOVA for repeated measures. All other comparisons were
made using regular two-way ANOVA with Sidak post-hoc test. All graphs display the
mean with standard error.
3. Results
3.1. The amount of Iso-induced injury in βsg-/- hearts depends on sex but not on ovarian
hormones.
A single injection of isoproterenol (Iso) induced extensive and scattered injury in
-/-

βsg male and female hearts harvested 30 hours after the injection. Interestingly, the
cardiac injury area was 2.1-fold greater in male than female βsg-/- hearts, and the
depletion of ovarian hormones with VCD did not alter female susceptibility to Iso-induced
cardiac injury (Fig. 5.1A).
Quantification of fibrosis in hearts harvested 1 month after Iso-induced injury
revealed a similar 2.2-fold sex difference between male and female cardiac fibrosis.
Again, the degree of Iso-induced fibrosis was nearly identical in all female βsg-/- mice,
regardless of VCD treatment (Fig. 5.1B). Notably, some βsg-/- male hearts displayed
ventricular dilation at the time of sacrifice 1 month after Iso (Fig. 5.1C), reflecting the
dilated cardiomyopathy that has been documented in LGMD2E patients.
In vivo cardiac catheterization in male and female βsg-/- mice revealed that the
sex differences in cardiac injury are not a reflection of different cardiac performance at
baseline or under adrenergic stimulation. The short-lived β1-adrenergic receptor agonist
dobutamine, infused to evaluate the responsiveness of βsg-/- hearts to catecholamine
stimulation, induced similar increases in heart rate, ejection fraction, and contractility in
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βsg-/- hearts of both sexes, and neither sex showed a change in lusitropy with adrenergic
stimulation (Fig. 5.2).
3.2. Losartan reduces early injury in βsg-/- male hearts and eliminates the sex difference.
Broadly, βsg-/- mice treated with the angiotensin receptor blocker (ARB) losartan
displayed reductions in cardiac susceptibility to injury, and the losartan treatment
benefits were not significantly different between acute treatment started 1 hour before
Iso and chronic pretreatment given for 2 weeks before Iso (Fig. 5.3 A-C).
When compared to βsg-/- mice that had only received Iso, the combined group of
losartan-treated βsg-/- males from both treatment regimens displayed a striking 64%
reduction in early cardiomyocyte injury present 30 hours after the Iso injection. In
contrast, cardiac injury in female βsg-/- hearts treated with losartan trended toward a
modest reduction of approximately 40% that did not reach statistical significance
(p=0.12, Fig. 5.3D). Importantly, the protective effect of losartan on early cardiac injury
was significantly greater in βsg-/- males and erased the sex difference in cardiac injury
(interaction p=0.002, Fig. 5.3D).
3.3. Chronic losartan treatment after injury selectively benefits male βsg-/- hearts.
Within the group that continued to receive losartan in the drinking water for 1
month after Iso-induced injury, the treatment only ameliorated cardiac remodeling in
male βsg-/- hearts, without a significant effect in female hearts (Fig 5.4). Heart weights
normalized to body weight demonstrated that, on average, male βsg-/- hearts were
hypertrophied 1 month after Iso-induced injury, and losartan prevented this increase in
heart size (p<0.001; Fig. 5.4B). In contrast, female heart weights did not increase
significantly 1 month after Iso-induced cardiac injury, and the trend toward a modest
reduction in heart weight with losartan did not reach statistical significance (p=0.09;
interaction p=0.05; Fig. 5.4B).
Quantification of cardiac fibrosis showed that βsg-/- male hearts chronically
treated with losartan had a 46% reduction in Iso-induced cardiac fibrosis, but female
cardiac fibrosis was nearly identical with and without losartan (interaction p=0.01; Fig.
5.4C). As with acute injury, these discordant effects resulted in the elimination of sex
differences in cardiac remodeling after Iso-induced injury in losartan-treated βsg-/- hearts.
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Figure 5.1: βsg-/- hearts show significant vulnerability to Iso-induced injury that varies
by sex.
(A) Iso-induced early myocardial injury area, reflected in cardiomyocyte uptake of
endogenous mouse IgG, was 2.2-fold larger in male than female βsg-/- hearts. Female
cardiac injury was not altered by VCD treatment, which causes early ovarian
senescence (n=12-16 per group; *** p<0.001). (B) 1 month after Iso-induced injury,
cardiac fibrosis was 2.2-fold higher in male βsg-/- hearts than female hearts, and female
cardiac fibrosis was unaffected by VCD treatment (n=9-13 per group; *** p<0.001). (C)
Representative images of cardiac injury distribution in βsg-/- male and female hearts after
one injection of Iso. Images of early myocardial injury (top) and cardiac fibrosis (bottom)
both show lesions in red and total heart area in green.
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Figure 5.2: βsg-/- hearts of both sexes show similar performance at rest and with
adrenergic stimulation.
Cardiac functional parameters were measured in vivo in anesthetized mice at rest and
under adrenergic stimulation with dobutamine. These parameters show that βsg-/- male
and female hearts have similar cardiac function and adrenergic responsiveness, as
demonstrated by heart rate (A), ejection fraction (B), maximal rate of contraction (C), and
maximal rate of relaxation (D). All parameters except for the relaxation rate (D) showed
a significant main effect of stimulation (p<0.001), and none of the parameters showed a
main effect of sex or a significant interaction by two-way ANOVA (n=6-7 per group).
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the sex difference.
(A) Acute losartan treatment was initiated by injection 1 hour before Iso, and was
maintained with booster injections until the 30-hour sacrifice. (B) Chronic losartan
pretreatment began 2 weeks before the Iso injection in the drinking water, and was
maintained after Iso with booster injections until sacrifice. (C) The amount of Iso-induced
early cardiac injury in losartan-treated mice was not altered significantly based on the
length of the losartan treatment course (p>0.05 for sex, treatment type, and interaction;
n=8-12 per group). (D) The combined group of male βsg-/- mice treated with losartan
showed 64% lower early cardiac injury compared to male hearts without losartan. The
combined group of female βsg-/- mice treated with losartan trended toward a modest
reduction in early cardiac injury that was not statistically significant. The sex-dependence
of losartan’s effect on cardiac damage resulted in the loss of the sex difference in
losartan-treated mice (n=15-22; *** p<0.001; interaction p=0.002). The untreated βsg-/male and female injury data are reproduced from Fig. 1A. (E) Representative images of
cardiac injury in βsg-/- male and female hearts treated with losartan after one injection of
Iso, with myocardial damage shown in red and the total heart area shown in green.
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Figure 5.4: Chronic losartan treatment reduces cardiac fibrosis and normalizes heart
weight in male βsg-/- mice.
(A) The effects of losartan on cardiac remodeling after injury were assessed in mice
pretreated with losartan for 2 weeks before Iso, and maintained on losartan treatment in
the water for 1 month after Iso. During the 30-hour period immediately after Iso, the mice
received plain tap water and injected losartan boosters to ensure maintenance of
therapeutic levels (inset). (B) Male βsg-/- hearts were significantly enlarged 1 month after
Iso-induced injury, and chronic losartan treatment normalized heart weights in male
βsg-/- mice. Female hearts did not change in size significantly after Iso administration,
with or without losartan (n=6-11 per group; * p=0.02, ** p=0.003, *** p<0.001; interaction
p=0.05). (C) 1 month after Iso-induced injury, losartan treatment caused 46% lower
cardiac fibrosis in male βsg-/- hearts, compared to untreated mice. No detectable effect
on cardiac fibrosis was observed in female hearts (n=8-13 per group; ** p=0.001, ***
p<0.001; interaction p=0.01). The untreated βsg-/- male and female fibrosis data are
reproduced from Fig. 1B. (D) Representative images of cardiac fibrosis 1 month after
one injection of Iso in βsg-/- male and female hearts treated with losartan. Fibrosis is
shown in red and the total heart area shown in green.
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4. Discussion
The severity of the cardiomyopathy noted in many patients and preclinical
models with sarcoglycanopathies underscores the importance of identifying cardiacdirected therapies that may help these vulnerable hearts. In recent work, we identified
AT1R blockade as a potential treatment strategy for preventing the accumulation of early
myocardial injury in the mouse model of DMD, which shares many features with
LGMD2E [31,271]. In the present study, we aimed to evaluate the potential benefits of
treatment with the ARB losartan for preventing workload-induced injury in β-sarcoglycannull mouse hearts. While the protective effects of ARB treatment were partially
substantiated in this work, they are confounded by a striking sex difference manifesting
as enhanced cardiac resilience in dystrophic female mice. Specifically, male βsg-/- hearts
were roughly twice as susceptible as female hearts to early cardiomyocyte injury and the
fibrosis that replaces those cardiomyocytes, and losartan treatment served to eliminate
the sex differences through disproportionate protection in male hearts. These results
suggest that any degree of protection that is afforded to male βsg-/- hearts by AT1R
blockade may already be present in female βsg-/- hearts without additional treatments.
The marked rarity of LGMD2E, combined with the phenotypic variability
stemming from incomplete loss of β-sarcoglycan in some of the patients, significantly
complicates the evaluation of any potential sex differences in the cardiac phenotype of
human LGMD2E patients. One recent study set out to evaluate the phenotypic
characteristics of the largest cohort of LGMDE2 patients yet, and included 16 male and
16 female patients, with a severe phenotype observed in 7 and 8 of each group,
respectively [271]. However, this classification was based on loss of ambulation, and the
observations related to cardiomyopathy were not reported in relation to biological sex,
precluding any conclusions about cardiac sex-based differences. The large intra-group
variability in cardiac injury in the present study required sizeable cohorts of geneticallyidentical mice to detect the sex difference, despite its large effect size, thus the question
of a sex difference in human sarcoglycan-null hearts may not be readily answerable.
It is possible that the sex difference in cardiac resilience reported in this study
only exists in mice, and may not reflect similar underlying differences in human patients.
If this were the case, it highlights the question of the physiological differences that exist
between female humans and mice that enable the female mice to be markedly protected
despite the absence of the sarcoglycan complex. Interestingly, the existence of this
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protective mechanism in female mice does not depend on ovarian hormones, suggesting
that it may represent a potential basis for therapeutics that could be used to protect the
hearts of male and female sarcoglycanopathy patients. In clinical practice and preclinical
work, female protection from the more aggressive features of various acquired
cardiovascular diseases has been consistently documented, including in contexts of
myocardial injury, heart failure, and hypertension [283–290]. Although estrogen has
been linked to many of these protective effects, some known instances of female
resilience and protection do not depend on estrogen, and estrogen-independent
protective mechanisms may represent promising targets for therapeutic development for
all sexes [284,287,291,292]
Previous reports have detailed numerous sex differences in the renin-angiotensin
system, most notably with respect to angiotensin receptors and responses to
angiotensin II [293–296]. Importantly, the overall trend in the literature suggests that
female physiology may be skewed in favor of protective features of the angiotensin
system. However, until recently, it has been a common practice to only include males in
preclinical animal studies, potentially due to the assumption that female reproductive
cycling introduces excessive variability, or perhaps due to observing a confounding sex
difference [297]. In previous work, activation of AT1R with angiotensin II has been
extensively documented to induce many pathological effects in the cardiovascular
system and elsewhere [80,83,84,231,232], although it is less clear how many of these
conclusions were based on studies of males. The finding that AT1R blockade nullified the
existing sex difference in cardiac susceptibility in these mice, combined with reports of
pathological processes activated by AT1R signaling, suggests that less injurious
angiotensin signaling could underlie some aspects of female resilience.
Although sex differences complicate the interpretation of losartan’s benefits in the
present study, the protective effect of AT1R blockade on early Iso-induced myocardial
injury has been confirmed in male βsg-/- mice. Furthermore, we have shown here that
this protection persists chronically with ongoing treatment, resulting in amelioration of
cardiac remodeling and fibrosis that occur after myocardial damage. These observations
should be used to inform the course of treatment of LGMD2E in clinical settings, with a
possible goal of starting treatment with ARBs as early as reasonable to intervene in the
early disease processes in the heart. The first gene therapy aiming to completely replace
the absent β-sarcoglycan gene by an AAV-delivered vector has recently moved into a
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clinical trial with promising preliminary results, but its cardiac efficiency has not yet been
assessed in human patients [276,298]. There is a risk that the restoration of the cardiac
sarcoglycan complex may be incomplete in patient hearts after gene therapy, which may
occur as a consequence of efforts to identify the lowest effective AAV dose for achieving
sufficient skeletal muscle correction. In this case, patients with partial sarcoglycan
restoration may remain subject to underlying disease processes that could jeopardize
their hearts in the absence of additional therapeutic interventions, analogously to
LGMD2E patients who have been shown to develop cardiomyopathy even in the context
of partial endogenous β-sarcoglycan expression and mild skeletal muscle disease
[271,272]. Future work should aim to shed light on any potential sex differences in the
cardiac phenotype of sarcoglycanopathy patients, and continue to investigate the
protective capacity of AT1R blockade in their hearts.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
This dissertation represents a body of work driven by the pursuit of insights into
the dysfunctional processes underlying dystrophic cardiomyopathy and the interventions
that may limit these processes. These studies were carried out with the understanding
that small mammalian models of complex progressive diseases represent a compromise
between the desire for clear mechanistic answers and the importance of physiological
relevance to human disease. This compromise means that many of the conclusions and
future directions arising from this work should be tested at additional tiers of complexity.
More reductionist systems, such as ex vivo hearts and isolated cardiomyocytes, may
allow for clearer characterization of cellular features, processes, and causal relationships
with less potential for compensatory confounding effects. Conversely, only careful
clinical research will be able to assess parallels between these models and human
patients to determine whether the findings reported here are applicable to the ultimate
goal of treating disease in human patients.
1. Conclusions
The work described here has centered on the exploration of cardiac vulnerability
in mouse models of muscular dystrophies, with the goal of identifying relationships or
interventions that can help shape the management of these diseases in human patients.
Because the most severe muscular dystrophies are diseases of childhood and early
adulthood, the use of young adult mice enabled the study of cardiac disease without
concerns about aging as a confounding factor, but it presented the problem of only
modest cardiac involvement in these mice. For this reason, this work has relied on the
induction of cardiac stress with the β-adrenergic receptor agonist isoproterenol to
produce the kind of myocardial injury that may accumulate intermittently in human
patient hearts during bouts of high cardiac stress. This adrenergic stress model is
thought to be relevant to perioperative cardiac stresses in dystrophic patients, with
procedures requiring anesthesia and resulting in bouts of elevated cardiac stress being a
regular part of treatment [6,216]. Additionally, periods of chest pain accompanied by
serum cardia troponin elevations have been documented in DMD patients, in parallel
with effects of isoproterenol documented in our earlier work [30,31,252]
98

One major finding arising from this injury model is the robust capacity of
angiotensin receptor blockers to limit the extent of cardiomyocyte injury when given in
advance of the injurious stimulus. ARBs like losartan, along with ACE inhibitors, have
been understood to benefit failing and injured hearts by modifying transcriptional profiles
that drive adverse cardiac remodeling. The effects of angiotensin II signaling through
AT1R include the transcriptional activation of pro-fibrotic gene programs that contribute
to myocyte hypertrophy, myocyte death, fibrosis, and functional decline. The more
immediate, signaling-based effects of AT1R activation are less often addressed, but the
results described here suggest that acute AT1R signaling may represent an important
mechanism underlying myocardial injury in the dystrophic heart. In males of two different
genetic models of muscular dystrophy, the reduction in Iso-induced cardiomyocyte injury
was similarly robust if they were treated with losartan for two weeks or only 1 hour
before isoproterenol. This suggests that the effects of transcriptional changes are not
needed for this mechanism of protection at the time of injury, and it may instead depend
predominantly on blocking rapid signal transduction downstream of AT1R. NADPH
oxidase is a potential candidate for mediating this effect, as the activation of AT1R
signaling has been linked to ROS production via NADPH oxidase 2 [80,83,84]. Neither
an acute or chronic treatment course with an ACE inhibitor had an effect on early cardiac
injury, indicating that the inhibition of angiotensin’s pathological contribution to injury is
more effective with direct receptor blockade. Two primary implications can be derived
from this finding for further investigation. The first is the potentially causal role for
reactive oxygen species produced by NADPH oxidase, a downstream effector of AT1R
signaling, in the expansion of dystrophic myocardial injury. The second is the possibility
that dystrophic heart disease in human patients may be effectively delayed by the use
ARBs, in place of the more popular ACE inhibitors, at a sufficiently young age to precede
initial cardiac damage.
Another major conclusion stemming from this work is the discovery of significant
cardiac vulnerability and even Iso-induced mortality in female DMD carrier mice. Based
on earlier preclinical work with partial cardiac transduction of micro-dystrophin therapies,
combined with a previous study showing a lack of cardiac disease indicators in DMD
carrier mice, the extent of Iso-induced injury in dystrophin-mosaic carrier hearts was
surprising. Even more surprising was the observation that survival after isoproterenol
was highly divergent between the carrier mice bred from mdx males and those bred from
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mdx females. The mechanisms that may underlie this difference based on parental
genotypes are likely very complex and represent an interesting target for future studies.
However, the observation that hearts with similar levels of dystrophin expression may
show discordant vulnerability reveals a new layer of complexity in addressing the
question of how much genetic correction or replacement is sufficient in the dystrophinnull heart. A number of gene-targeted therapies in development and in trials for DMD
aim to restore skeletal muscle and cardiac dystrophin expression, including antisense
oligonucleotide exon skipping, AAV micro-dystrophin therapies, and CRISPR/Cas9 gene
editing. However, preclinical work has shown that these approaches may produce a
mosaic pattern of transduction in the heart, with clusters of cardiomyocytes that lack
dystrophin adjacent to those expressing it [161,164,180,183,257]. This resulting pattern
is comparable to mosaic DMD carrier hearts, and human carriers of DMD have been
documented to display a varied incidence of cardiac symptoms (<10% to nearly 50%)
that were not overtly linked to their underlying mutation [20,262,263]. Based on these
observations, the finding that mosaic expression of dystrophin in ~50% of the heart may
be insufficient to rescue the myocardium merits careful investigation.
A third major conclusion of this work is the possibility that sex-based alterations
in physiological processes that underlie dystrophic heart injury may partially overlap with
the benefits of AT1R blockade. In dystrophic mice lacking the sarcoglycan complex, male
hearts displayed over 2-fold higher Iso-induced cardiomyocyte injury and subsequent
fibrosis compared to female heart. However, ARB treatment selectively benefitted the
male mice without any significant protection in dystrophic female mice, abolishing the
sex differences in early injury, fibrosis, and hypertrophy in sarcoglycan-null hearts. In
light of previously reported sex differences in the renin-angiotensin system in humans
and animal models, this finding supports the possibility of an endogenous mechanism
that may mitigate angiotensin’s effects in female mouse hearts in the absence of ARB
treatment.
A central theme in this collection of work has been the exacerbation of existing
cardiac vulnerability in dystrophic mouse hearts using isoproterenol, a drug that
activates endogenous β-adrenergic receptors. This adrenergic stimulation produces a
response akin to “fight-or-flight” by approximating a robust upsurge in sympathetic
nervous system activation, which drives sharp increases in cardiac contractility and heart
rate. The increased workload on the myocardium is presumed to be the predominant
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cause of the cardiac damage presented here. However, many other factors could
contribute to the injury processes and mortality that follow isoproterenol administration,
including influences from the vascular, renal, immune, and central nervous systems.
2. Future Directions
Future work aiming to build upon the results reported here should continue to
probe the cellular processes that drive myocardial injury after Iso stimulation and
investigate how these conclusions are relevant to human dystrophic patients.
The study of the mechanistic effects of AT1R blockade in ex vivo working hearts,
cardiac papillary muscle preparations, or isolated cardiomyocytes would enable the
detection of reactive oxygen species production by dystrophic myocardium, as well as
any functional changes that may accompany ARB treatment. Furthermore, the
comparison of ARB effects on ROS production in whole hearts compared to
cardiomyocytes may shed light on the potential role of non-myocyte cardiac cells. The
pursuit of similar experiments in hearts from male and female sarcoglycan-null mice
would shed light on any differences in ROS accumulation that may exist without ARB
blockade, and reveal whether ARB treatment equalizes any such differences in male
and female hearts. Furthermore, efforts to recapitulate the benefits of losartan by
inhibiting NADPH oxidase or increasing antioxidant defenses could support or refute the
hypothesis that NADPH oxidase-mediated ROS production drives the deleterious effects
of angiotensin that are blocked by losartan. This work would help define the link between
AT1R and cardiomyocyte injury, determining whether ROS is the mediator of nontranscriptional AT1R effects that exacerbate myocardial injury.
Investigation of the clinical relevance of this ARB-mediated cardiac injury
prevention should begin in patients with DMD or genetically-diagnosed
sarcoglycanopathies before 10 years of age, with ARB treatment in place of ACE
inhibitor treatment. Clinical studies have shown similar efficacy of both drug classes in
treating heart failure in general and DMD cardiomyopathy in particular, and ARBs are
also better-tolerated than ACE inhibitors, resulting in minimal risk to patients. The
comparison of patients treated with ARBs from a young age to those treated with ACE
inhibitors or other non-ARB treatments can shed light on any significant differences in
the degree of benefits afforded by the different treatment options.
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To address cardiac vulnerability and the influence of non-dystrophin factors in
DMD carrier hearts, RNAseq comparing hearts from wild type, dystrophic, and carrier
mice could be used to generate hypotheses in preclinical work. Differences in a variety
of epigenetic influences between maternal and paternal DMD carriers should become
evident in assessing the transcriptome of their hearts. This approach could reveal the
differentially-expressed genes that modify cardiac vulnerability in hearts with mosaic
dystrophin expression, potentially contributing to the development and implementation of
cardiac gene-targeted therapies in DMD. Furthermore, human DMD carriers should
continue to be monitored and characterized in clinical work to improve understanding of
the phenotype of partial dystrophin expression.
Most importantly, future work must aim to continue improving approaches for
evaluating cardiac health and function in dystrophic hearts, and utilizing those
approaches to improve understanding of the cardiac phenotype in carriers of DMD and
patients with Becker muscular dystrophy. The landscape of DMD cardiomyopathy is on
the precipice of significant changes, as gene-targeted therapies aim to restore truncated
dystrophin expression that may have discordant efficiency in the heart and skeletal
muscle. The treatment of dystrophic patients with AAV-delivered replacement genes has
shown very promising early results in human trials. Limitations of this approach have
historically included immunogenicity, pre-existing neutralizing immunity, and the
challenges of producing sufficient amounts of virus for human dosing. However, recent
work has made progress in addressing these limitations, and earlier dosing of human
patients at a young age will require less virus than the dosing of older children and
adolescents patients. Because of the encouraging trajectory of AAV gene therapy, it
seems inevitable that it will play a major role in shaping the future of muscular
dystrophies. With the possibility of sustained ambulation and physical activity in
dystrophic patients comes an increased need to ensure that the heart can keep up. The
hearts of wheelchair-bound patients are subject to a very different set of demands than
the hearts of patients who may remain ambulatory for the duration of their adult lives,
thus future efforts must be directed at optimizing the cardiac efficacy of gene therapies
along with the pursuit of correcting skeletal muscle.
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