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Abstract: Duchenne muscular dystrophy (DMD) is an X-linked recessive disease resulting in the 
loss of dystrophin, a key cytoskeletal protein in the dystrophin-glycoprotein complex. Dystrophin 
connects the extracellular matrix with the cytoskeleton and stabilizes the sarcolemma. 
Cardiomyopathy is prominent in adolescents and young adults with DMD, manifesting as dilated 
cardiomyopathy (DCM) in the later stages of disease. Sarcolemmal instability, leading to calcium 
mishandling and overload in the cardiac myocyte, is a key mechanistic contributor to muscle cell 
death, fibrosis, and diminished cardiac contractile function in DMD patients. Current therapies for 
DMD cardiomyopathy can slow disease progression, but they do not directly target aberrant 
calcium handling and calcium overload. Experimental therapeutic targets that address calcium 
mishandling and overload include membrane stabilization, inhibition of stretch-activated channels, 
ryanodine receptor stabilization, and augmentation of calcium cycling via modulation of the 
Serca2a/phospholamban (PLN) complex or cytosolic calcium buffering. This paper addresses what 
is known about the mechanistic basis of calcium mishandling in DCM, with a focus on DMD 
cardiomyopathy. Additionally, we discuss currently utilized therapies for DMD cardiomyopathy, 
and review experimental therapeutic strategies targeting the calcium handling defects in DCM and 
DMD cardiomyopathy. 
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1. Introduction 

1.1. Dilated Cardiomyopathy: Prevalence, Causes, and Clinical Manifestations 

Cardiovascular diseases (CVD) contribute to approximately 30% of global morbidity and 
mortality, representing a major public health concern [1]. Among the several types of CVD, dilated 
cardiomyopathies (DCM) are an important cause of congestive heart failure and cardiac disease 
requiring heart transplantation [2]. DCM is a disease of the heart muscle characterized by increased 
ventricle chamber volume and impaired systolic function involving the left or both ventricles. DCM 
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can develop at any age, is a common form of cardiomyopathy in the pediatric population, and can 
lead to sudden cardiac death in adolescents and young adults [2,3]. Although the etiology of DCM 
remains unknown in 66% of cases, myocarditis and neuromuscular diseases are the most commonly 
recognized causes of DCM. In 20%–48% of cases, the disease is inherited and is referred to as familial 
dilated cardiomyopathy [2,3]. 

DCM is commonly underdiagnosed because most individuals are asymptomatic in the early 
stages of the disease. Typically, DCM is diagnosed during screening for cardiac dysfunction in 
individuals considered at risk, such as in family members of DCM patients. Early symptoms are 
nonspecific and include easy fatigability, decreased appetite, effort-induced shortness of breath, 
intermittent chest pain, fainting, syncope, and/or palpitations [3]. Undiagnosed, patients will later 
present with symptoms of end organ dysfunction due to systolic defects and peripheral 
hypoperfusion [3]. Physical examination can reveal sinusoidal tachycardia, gallop rhythm, a heart 
murmur, jugular-venous distention, pallor, cool hands and feet, and hepatomegaly at more advanced 
stages. Patients with severe DCM demonstrate symptoms and complications of congestive heart 
failure, such as dyspnea with exertion or at rest, chest pain, abdominal pain, and peripheral edema. 
Arrhythmias, thromboembolism, and sudden death are also common in DCM and may occur at any 
stage [3,4]. 

1.2. Dilated Cardiomyopathy in Muscular Dystrophy: Prevalence, Clinical Manifestations 

Duchenne muscular dystrophy (DMD) is the most common and a severe form of muscular 
dystrophy. It affects approximately 1 in 5000 males [5]. DMD is an X-linked myopathy caused by a 
mutation in the dystrophin gene resulting in a complete loss of dystrophin protein in striated 
muscles. Absence of dystrophin leads to disruption of the dystrophin-associated glycoprotein 
complex (DGC), which connects the cytoskeleton to the extracellular matrix and contributes to force 
transmission. Dystrophin is essential for stabilization of the sarcolemma. In DMD, loss of dystrophin 
leads to a fragile sarcolemma susceptible to stress-induced damage, resulting in myocyte death and 
progressive muscle wasting [6]. Early signs of muscle weakness in children affected with DMD 
generally occur between the ages of three and five. Muscle weakness initially involves the proximal 
muscles (Gowers’ sign), followed by distal skeletal muscle groups (limbs and trunk). DMD is 
progressive, and in the absence of appropriate treatment and care, affected individuals typically lose 
ambulation by age 10–12 [7]. 

Until more recently, early loss of mobility and respiratory complications in DMD patients 
obscured symptoms of cardiac involvement. Over the past two decades, clinical advancements in 
respiratory assistance [8,9], implementation of anti-inflammatory drugs, and emerging muscle-
targeted therapies led to improvement of activity levels, extended ambulation, and increased 
longevity in the DMD population. This, in turn, revealed cardiomyopathy as a major cause of 
morbidity and mortality in DMD patients [10–12]. It is estimated that 25% of boys have 
cardiomyopathy at 6 years of age and 59% by 10 years of age [13]. Cardiac involvement becomes 
highly prominent as DMD boys advance in age, with more than 90% of young men over 18 years of 
age having evidence of significant cardiac dysfunction [13]. 

The development of dilated cardiomyopathy in DMD is a consequence of multiple mechanisms, 
and a complete understanding of the pathophysiology has not been elucidated. The elevation of 
plasma creatine kinase (CK) is a hallmark of DMD, indicating that there is increased permeability of 
the plasma membrane, allowing soluble enzymes to leak out of the muscle cell [14–16]. The absence 
of dystrophin disrupts force transmission and causes contraction-induced sarcolemma damage and 
membrane permeability that allows an influx of calcium, triggering death of the myocyte [14–16]. The 
mechanisms that lead to increased permeability of the plasma membrane are not fully understood; 
however, it is widely acknowledged that increased calcium influx and calcium overload contribute 
to the molecular progression of the disease [17–20]. In the earlier stages of disease, compensatory 
mechanisms have been noted. In particular, an increase in calcium transient amplitude, increased 
sarcoplasmic reticulum calcium load and leak, and a reduced cardiac reserve are reported in animal 
models [21,22]. In the later decompensated stage, DMD cardiomyopathy presents as DCM, 
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characterized by enlarged ventricles, reduced systolic function, decreased calcium transients, 
reduced cardiac wall thickness, and cardiac arrhythmias [3,23]. 

1.3. Objective of This Review 

Understanding in greater detail the underlying mechanisms of DCM pathogenesis in DMD is 
critical to the development of targeted therapies for this disease. Current advancements in the 
treatment of skeletal muscle pathology may not benefit dystrophic cardiac muscle in the same way 
due to key differences in the function and calcium handling of these two striated muscle lineages 
[24]. Further, treatment of skeletal muscle without regard to the heart may exacerbate cardiac 
dysfunction [25], as can be seen in patients with X-linked dilated cardiomyopathy. These patients 
exhibit normal dystrophin expression in skeletal muscle and the absence of dystrophin in the heart 
[26,27]. Indeed, improved treatment options focused on ameliorating the skeletal muscle pathology 
of DMD have uncovered a previously underappreciated cardiac involvement, with an estimated 
20%–30% of deaths now resulting from cardiac failure in this population [28]. The purpose of this 
paper is to (1) discuss the role of calcium mishandling in DCM development and progression with a 
focus on DMD cardiomyopathy, (2) detail currently utilized therapies for DMD cardiomyopathy, and 
(3) evaluate experimental therapeutic strategies for correcting calcium mishandling and calcium 
overload in DCM and DMD cardiomyopathy. 

2. Molecular Mechanisms of Dilated Cardiomyopathy 

2.1. Genetic and Acquired Causes of DCM 

There are a multitude of genetic and acquired causes of DCM, making the pathology of the 
disease highly diverse and clinically vexing [23]. Many known genetic and novel mutations leading 
to DCM are contained within the sarcomere or cytoskeleton. Therefore, these structures will be the 
main focus here. A schematic outlining common causes of DCM is shown in Figure 1. 

 
Figure 1. Common genetic and acquired causes of dilated cardiomyopathy in humans. ZASP: z-band 
alternatively spliced PDZ-motif. 

2.1.1. Sarcomere 

The cardiac sarcomere consists of a repeating pattern of contractile and regulatory proteins 
organized into thick and thin myofilaments [29]. The sarcomere is the basic contractile unit of cardiac 
muscle. Therefore, mutations impacting sarcomeric protein function can have a severe effect on heart 
performance. Approximately 5%–10% of DCM diagnoses are due to mutations in sarcomeric proteins 
[30]. Thin filament proteins, including actin, tropomyosin (Tm), and the three protein subunits that 
make up the troponin complex, are common targets of DCM-causing mutations [31]. Mutations in 
the troponin complex typically cause a reduction in myofilament calcium sensitivity and force 
production [32]. There is evidence however, that in end stage heart failure, there is an increase in 
myofilament calcium sensitivity [33,34]. This increase is thought to be due to changes in 
phosphorylation levels of myofilament proteins such as troponin I (TnI), possibly through protein 
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kinase A (PKA) [35–37]. Another site of DCM mutations is within thick filament proteins, including 
the MYH7 gene (variant pAsn1918Lys), which encodes β-myosin heavy chain, the primary mechano-
motor protein of the adult human heart [38]. These mutations are thought to disrupt the ability of 
myosin to interact with actin, leading to a contractility defect [30]. Finally, a sarcomeric protein that 
has recently been identified as a target of DCM mutations is the giant protein titin [39]. Titin is a 
multifaceted protein that plays a key role in sarcomere assembly and helps maintain passive tension 
in muscles [40]. Mutations leading to the truncation of the titin protein account for 1%–3% of DCM 
diagnoses, with disease characterized by significant diastolic dysfunction, highlighting the complex 
role of titin in regulating contraction of the sarcomere [23]. 

2.1.2. Cytoskeleton 

Mutations in genes encoding cytoskeletal proteins in cardiac muscle are also highly associated 
with DCM. The loss of dystrophin results in DCM [41], including X-linked DCM where heart 
dysfunction and failure can be highly pronounced [27]. Mutations in proteins that interact with 
dystrophin, such as the sarcoglycans, can also represent causal genetic loci for DCM [42]. Although 
these proteins are found in both skeletal and cardiac muscle, mutations in some of these proteins can 
cause heart disease without significant skeletal muscle deficits [43]. Other commonly targeted 
proteins include desmin, vinculin, and z-band alternatively spliced PDZ-motif (ZASP) [44,45]. These 
proteins are integral for maintaining the connection between muscle fibers, the sarcolemma, and the 
extracelluar matrix. Mutations in cytoskeletal proteins generally inhibit myocyte force transmission 
and increase muscle membrane instability and permeability. The compromised sarcolemma leaves 
the muscle cell susceptible to increases in intracellular calcium, which can result in calcium overload 
and myocyte death [41,46]. 

2.1.3. Acquired Causes of DCM 

DCM can also be acquired through mechanisms unrelated to genetic factors. Causes of DCM 
outside of familial inheritance include infection or ischemia, which can lead to myocarditis [47]. Viral 
infection can cause both damaging immune and inflammatory responses and direct viral toxicity, 
resulting in cardiac myocyte necrosis, fibrotic development, and ventricular dilation [48]. Enterovirus 
infection can also cause cardiomyopathy, and in its most severe form, sudden death. The mechanism 
of disease is thought to be through the virus-encoded 2A protease, which cleaves the dystrophin 
protein. The resulting dystrophin fragment increases risk for fibrosis and ischemic injury in vivo [49]. 
Reductions in myocardial perfusion, a known deficit caused by ischemic heart disease, is also 
observed in DCM patients [50]. Defects in myocardial blood flow can lead to chronic ischemic events 
and thus contribute to the progression of DCM [51]. 

2.2. The Role of Calcium Cycling in DCM Pathogenesis 

2.2.1. Calcium Cycling in Healthy Cardiac Myocytes 

During contraction in healthy cardiac myocytes, electrical stimulation of the muscle leads to an 
increase in intracellular calcium, first as a small amount which enters through L-type voltage-gated 
calcium channels (dihydropyridine receptors (DHPR)) in the sarcolemma. The initial calcium influx 
then triggers a larger calcium release from the sarcoplasmic reticulum (SR) through ryanodine 
receptor 2 (RyR2), located in the SR membrane. Together, this process is referred to as calcium-
induced calcium release (CICR) [52]. Calcium rises in the cytoplasm and binds to troponin C (TnC), 
causing the protein to undergo a conformational change, which is facilitated by the binding of 
troponin I (TnI). As TnI switches binding from actin to TnC, tropomyosin (Tm) is then free to move, 
exposing myosin-binding sites on the actin filaments [29]. Troponin T (TnT)-Tm binding allows for 
the cooperative transmission of these conformational changes along the length of the thin filament in 
a complex series of protein-protein interactions, and cross-bridge binding of myosin to actin stabilizes 
Tm positioning [29]. Through these interactions the myofilament becomes activated and force can be 
generated [52] (Figure 2). 
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During relaxation, SR-associated proteins, notably sarco(endo)plasmic reticulum Ca2+-ATPase 
(SERCA2a) and phospholamban (PLN), are essential to the removal of calcium from the cytoplasm 
back into the SR [53]. The Serca2a/PLN complex is the major regulator of calcium cycling in cardiac 
muscle [54]. Serca2a is an ATP-dependent calcium pump localized within the longitudinal membrane 
of the sarcoplasmic reticulum [55]. Serca2a has a key role in regulating both the rate of calcium 
reuptake and subsequent myocyte relaxation in diastole, as well as SR calcium load, which affects 
calcium transient peak height and contractility in systole [54,56]. PLN is a negative regulator of 
Serca2a function [54]. The monomeric, dephosphorylated form of PLN interacts with Serca2a and 
decreases its affinity for calcium, thus decreasing SR calcium reuptake velocity. Phosphorylation of 
PLN at Ser 16 or Thr 17 inhibits its interaction with Serca2a and increases oligomerization of PLN 
into its pentameric form, thereby relieving Serca2a inhibition [54,56]. The resulting increase in Serca2a 
function increases the rate of calcium reuptake in diastole and also increases SR calcium load, 
resulting in increased contraction amplitude and hastened relaxation (Figure 2). 

The phosphorylation status of PLN is what determines its ability to alter Serca2a function. PLN 
phosphorylation is regulated in large part through β-adrenergic signaling. Stimulation of the 
sympathetic nervous system leads to increased activation and signaling through β-adrenergic 
receptors. The subsequent Protein Kinase A (PKA) activation leads to phosphorylation of PLN at Ser 
16, relieving its inhibition on Serca2a and increasing SR calcium reuptake [54,56]. Phosphorylation at 
Thr 17 also relieves inhibition on Serca2a and is accomplished via Ca2+/CaM Kinase in response to 
physiological stressors including ischemic injury, pacing stress or increased calcium concentration 
[54,56]. Multiple accessory proteins, including HS-1 associated protein X-1 (HAX-1), Protein-
Phosphatase 1 (PP1), endogenous inhibitors of PP1 (I-1 and I-2), Heat Shock Protein 20 (HSP20), and 
S100A1 proteins, are also associated with the Serca2a/PLN complex and serve to modulate PLN 
inhibition of Serca2a under various physiological conditions [54]. 
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Figure 2. Normal excitation-contraction coupling in cardiac myocytes. Membrane depolarization 
leads to a small influx of calcium through the L-type calcium channel (LTCC/DHPR) (1), which 
triggers a larger release of calcium from the sarcoplasmic reticulum (SR) through ryanodine receptor 
2 (RyR2) (2). Calcium then binds to the myofilaments, triggering myocyte contraction (3). During the 
relaxation phase, calcium reuptake occurs by pumping calcium out of the cytoplasm back into the SR 
via Serca2a or through the Na+/Ca2+ exchanger (NCX) (4). Phospholamban negatively regulates 
Serca2a activity. β-adrenergic signaling leads to phospholamban (PLN) phosphorylation and 
dissociation from Serca2a, increasing the rate of calcium reuptake into the SR. Normal physiological 
stretch leads to NADPH oxidase 2 (NOX-2) production of reactive oxygen species (ROS), which 
increases calcium entry through stretch-activated channels (SACs). Dystrophin serves to stabilize the 
sarcolemma during the repeated stress of myocyte contraction and relaxation. Inset shows increased 
detail of the dystrophin glycoprotein complex (DCG) and myofilament proteins. NOS: nitric oxide 
synthase; MCU: mitochondrial calcium uniporter; NCLX: mitochondrial sodium calcium exchanger. 

2.2.2. Calcium Cycling Defects in DCM 

DCM-causing mutations affect multiple aspects of calcium handling within the myocyte, from 
altering calcium sensitivity of the myofilament seen with sarcomeric mutations, to mislocalization 
and altered expression or function of calcium handling proteins seen with cytoskeletal mutations. In 
DCM, there is a decrease in peak height of the calcium transient in systole and a decreased rate of 
calcium reuptake in diastole [57]. Increased calcium leak from RyR2 can be a contributing factor, 
particularly in DMD cardiomyopathy [58]. The resulting decrease in SR calcium load decreases 
contractile function in systole [59]. Decreased calcium cycling and decreased SR calcium load can also 
occur via a decrease in the expression and/or activity of Serca2a [59–61]. PLN expression is not 
decreased to the same extent in DCM, thus increasing the ratio of PLN to Serca2a [60,61], which 
results in increased PLN inhibition of Serca2a. Additionally, β-adrenergic desensitization results in 
reduced PLN phosphorylation, which further increases its inhibition of Serca2a [54,60] (Figure 3). 
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Figure 3. Mechanisms of calcium overload in dystrophin-deficient cardiac myocytes. The absence of 
dystrophin destabilizes the sarcolemma and leads to stress-induced membrane damage/micro-tears 
and calcium influx (a). Excessive reactive oxygen species (ROS) production in cardiac myocytes leads 
to further membrane damage and increased calcium influx via stretch-activated channels (SACs) and 
ryanodine receptor 2 (RyR2) (b). Increased L-type calcium channel (LTCC/DHPR) current also 
contributes to increased intracellular calcium (c). Calcium leak from RyR2 (d), decreased Serca2a 
expression (e) and increased phospholamban (PLN) inhibition of Serca2a decrease sarcoplasmic 
reticulum (SR) calcium load, subsequently decreasing calcium transient peak height and decay rate 
and inhibiting contractile function in later stages of Duchenne muscular dystrophy (DMD) 
cardiomyopathy (dark lines in transients). Increased cytosolic calcium leads to mitochondrial cell 
death pathways (f). *Indicates points of abnormal calcium entry into the myocyte. NCX: Sodium 
calcium exchanger; NOX-2: NADPH oxidase 2; NOS: Nitric oxide synthase; MCU: Mitochondrial 
calcium uniporter; NCLX: Mitochondrial sodium calcium exchanger. 

3. Molecular Mechanisms of DMD Cardiomyopathy 

The lack of dystrophin in cardiac myocytes leads to instability of the sarcolemma, resulting in 
calcium overload and oxidative stress. Over time, excess calcium and reactive oxygen species (ROS) 
activate cell death pathways, fibrosis, and dilation [12]. How dystrophin functions to stabilize the cell 
membrane is not fully understood, but two prevailing ideas are supported by the literature. First, 
dystrophin, as part of the DGC, connects the extracellular matrix and the intracellular cytoskeleton 
and acts as a “shock absorber” for the sarcolemma during the repeated stress of contraction and 
relaxation [62–64]. Sarcolemmal stress in the absence of dystrophin leads to muscle membrane 
damage or micro-tears, causing extracellular calcium influx and calcium overload [20,62,63] (Figure 
3). Secondly, dystrophin acts as a scaffolding protein to localize and normalize function of proteins 
involved in intracellular calcium and redox homeostasis. Lack of dystrophin can cause 
mislocalization and abnormal expression/activity of these proteins, leading to calcium mishandling 
and oxidative stress [65]. Oxidative stress damages the sarcolemma and increases intracellular 
calcium entry through stretch-activated channels (SACs) in the sarcolemma [20] and RyR2 in the SR 
[65,66]. (Figure 3). 

3.1. Dystrophin as a Membrane Stabilizer 

When dystrophin is absent, as in DMD, the sarcolemma of cardiac myocytes is less compliant, 
which is revealed during passive length distension [41]. This leads to increased sarcolemma damage 
evidenced by lactate dehydrogenase (LDH) release under normal preload and afterload conditions 
in isolated working hearts [67]. This damage is even more pronounced under stress with 
isoproterenol or partial aortic constriction [67]. Damage is thought to occur via small membrane 
disruptions (micro-tears) that can lead to transient extracellular calcium influx [62] (Figure 3). 
Extracellular calcium influx raises intracellular calcium concentration, subsequently activating 
calcium release from the SR and increasing calcium concentration even further. Calcium overload 
ultimately results in myocyte hypercontracture and cell death [41,68]. 

Evidence for membrane destabilization as a primary cause of calcium overload and cell death in 
DMD comes from studies employing membrane stabilizers in the context of dystrophin deficiency. 
Membrane stabilizers, most notably the tri-block copolymer P188, have shown efficacy in reducing 
stress-induced calcium overload, hypercontracture, and cell death in animal models of DMD [41,68]. 
Membrane stabilizer studies provide evidence that dystrophin confers protection against stress-
induced mechanical damage to the sarcolemma, and stabilizing damaged portions of membranes can 
prevent calcium overload and myocyte death. 

3.2. Dystrophin as a Scaffold Protein 

In addition to its function as a membrane stabilizer, accumulating evidence suggests a role for 
dystrophin in regulating ROS production and calcium handling within the myocyte. Dystrophin 
serves as a scaffold, helping to localize multiple proteins involved in calcium and oxidative 
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homeostasis within the cell [65]. This allows for spatiotemporal control of ROS production and 
downstream signaling [66]. ROS products are important signaling molecules within the myocyte that 
regulate calcium cycling during physiological changes in cardiac load [69] (Figure 2). Abnormal or 
excessive ROS signaling in the absence of dystrophin [70] may contribute to cardiac pathology 
through aberrant calcium handling [70] (Figure 3). 

Increased ROS production in DMD contributes to calcium overload from intracellular sources, 
namely the SR [66]. Indeed, ROS was found to underlie the hypersensitivity of RyR2 to increasing 
intracellular calcium concentrations in mdx cardiac myocytes, a mouse model of DMD [71]. 
Physiological stretch of isolated cardiac myocytes was found to induce a localized, rapid and 
transient increase in RyR2 calcium spark production, and this effect was amplified in mdx cardiac 
myocytes, leading to calcium waves [72]. Antioxidant treatment, microtubule depolymerization, and 
inhibition of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 (NOX2) all 
abrogated this effect. It was concluded from this study that myocyte stretch caused microtubule 
activation of NOX-2, which increased NOX-2 ROS production, sensitized RyR2 and subsequently 
increased calcium spark frequency [72]. This is a physiologically important mechanism to increase 
calcium release during increased cardiac load. However, in the context of the dystrophin-deficient 
myocyte, this effect is amplified [72] and may be a contributing factor to increased diastolic calcium 
concentration [18] (Figure 3). Mdx mice have increased expression and density of microtubules [73], 
increased expression and activity of NOX-2 [72], and a compromised endogenous reducing system 
[66], all of which may lead to enhanced production of ROS and increased RyR2 calcium leak. Taken 
together, these studies reveal an important role for dystrophin in proper function and activity of 
proteins involved in both ROS and calcium handling within the myocyte. 

3.3. Calcium Overload Leading to Myocyte Death, Fibrosis, and Dilation 

Increased intracellular calcium in the context of dystrophin deficiency is a key mediator in 
myocyte death and fibrotic development [12]. As discussed above, excess calcium originates from 
both intracellular stores through hypersensitivity of RyR2 and from extracellular influx via 
sarcolemmal micro-tears and increased SAC activity [20]. Additionally, there is evidence for 
increased L-type calcium channel (LTCC) activity, which increases calcium cycling to compensate for 
myocyte loss and decreased β-adrenergic activity in young mdx mice [22]. This is an additional 
avenue for intracellular calcium overload and a potential cause of arrhythmias in DMD [74]. 
Increased calcium concentration in the cytosol leads to activation of calcium-dependent proteases 
and protein degradation [12,75] (Figure 3). 

Increased intracellular calcium also causes an increase in mitochondrial uptake of calcium. 
Increased mitochondrial calcium concentration occurs via the mitochondrial uniporter (MCU) as a 
consequence of RyR2 calcium leak [76] or increased LTCC calcium current [77]. Additionally, high 
cytosolic calcium can inhibit mitochondrial calcium extrusion via the mitochondrial sodium-calcium 
exchanger (NCLX) [78]. Increased mitochondrial calcium leads to enhanced mitochondrial ROS 
production, depolarization of the mitochondrial membrane, opening of the mitochondrial 
permeability transition pore (MPTP) [79,80] and decreased ATP production. Additionally, it was 
found that impaired communication between the LTCC and mitochondria in the absence of 
dystrophin decreases mitochondrial membrane potential and energy production [81]. The end result 
of these processes is cell death via necrosis and apoptosis [12,75,79,80] (Figure 3). Mitochondrial-
mediated cell death was found to be an important contributor to disease progression and fibrosis 
development in multiple animal models of muscular dystrophy [82]. Deletion or chemical inhibition 
of cyclophilin-D, an enzyme that regulates mitochondrial-mediated necrosis resulting from excess 
calcium [83], improved the dystrophic phenotype and decreased the replacement of healthy 
myocytes with fibrotic tissue [82]. 

Myocyte death, as a result of calcium overload, leads to the release of intracellular components 
and enzymes that initiate an inflammatory response. Clinically, DMD myocardium displays 
alternating areas of myocyte hypertrophy, atrophy/necrosis and fibrosis with replacement of heart 
muscle by connective tissue and fat [84–86]. DCM progression in DMD is characterized by a 
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distinctive pattern of fibrosis, initially affecting the posterobasal myocardium of the left ventricular 
free wall, progressing to the ventricular septum, and extending transmurally to affect the outer half 
of the ventricular wall [87]. There is likely a long subclinical phase of progressive fibrosis that starts 
early in the course of the disease [88–90]. The development of progressive fibrosis will eventually 
lead to overt cardiac disease, dilation, and decreased pump function. 

4. Model Systems to Study DCM and DMD Cardiomyopathy 

To clarify the mechanisms responsible for the physiologic features of DCM and DMD 
cardiomyopathy, and to establish novel, preventative, and innovative therapies, several experimental 
animal and cell models of DCM and DMD cardiomyopathy have been developed and investigated. 
Most models recapitulate several clinical features of DCM in humans, typically exhibiting dilation of 
the left or both ventricles, severe impairment of systolic and diastolic left ventricle function, and 
thinning of the left ventricle wall [91]. This section will highlight both animal and cell models that 
have been developed to study DCM as an independent disease and models that study it as a 
pathology of DMD. An overview of this section is summarized in Table 1. 

Table 1. Summary of model systems to study dilated cardiomyopathy (DCM) and Duchenne 
muscular dystrophy (DMD)-cardiomyopathy. 

Model System Strategy Cardiac Phenotype 
Rodent   

Muscle LIM protein 
(MLP) null mice 

[92] 

Deletion of MLP (actin-associated 
cytoskeletal protein) 

Anatomical and physiological hallmarks 
of human DCM 

Desmin-deficient 
mice 

[91,93] 
Desmin knockout mice 

Severe loss of overall myocardial 
architecture by degeneration and 

calcification 
Surgical 

interruptions of 
coronary arteries 

[94,95] 

Produce myocardial infarction through 
permanent coronary ligation or re-

perfused infarction 

DCM phenotype progressively develops 
post-infarction 

Doxorubicin or 
isoproterenol 

[96–99] 
Toxic drug-mediated cardiomyopathy 

Dose-dependent dilated phenotype and 
overt heart failure over time owing to 

severe myocardial injury and cell death 
mdx mice 
[100,101] 

Nonsense point mutation in exon 23 
preventing dystrophin expression 

Moderate DCM and functional cardiac 
impairment, progressive with age 

Utrophin knockout 
mdx mice 
[102,103] 

Crossing mdx mice to the utrophin-null 
background 

Severe cardiomyopathy. Displays 
physiological indicators of end-stage 

heart failure 
Large animals   

Dogs, pigs and sheep 
[104–108] 

Myocardial infarction, coronary micro-
embolization, pacing-induced 
tachycardia, and toxic injury 

DCM phenotype progressively develops 
post-infarction 

Golden retriever 
muscular dystrophy 

(GRMD) animal 
model of DMD 

[68,109,110] 

Spontaneous splice site mutation in the 
DMD gene. Single nucleotide change 

that leads to exon skipping and an out-
of-frame DMD transcript. 

Prominent cardiac lesions present as 
early as 6 months of age, with ECG 
abnormalities present at 1 year and 

profound myocardial contractile 
abnormalities by 20 months 

Human iPSCs   

iPSCs-CMs  
[111] 

iPSCs-CMs derived from a member of 
a family with DCM carrying a 

heterozygous mutation in cardiac 
troponin T 

iPSC-derived cardiomyocytes from DCM 
patients recapitulated to some extent the 

morphological and functional 
phenotypes of familial DCM with 
inherited mutation in troponin T 
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iPSCs-CMs  
[112] 

Patient-specific DCM iPSC generated 
from a single member of a family with 

an autosomal dominant nonsense 
mutation (p.R225X) in exon 4 of the 

lamin A/C (LMNA) gene 

iPSC-CMs showed morphologic changes, 
including a higher prevalence of nuclear 
bleb formation, micronucleation, as well 

as nuclear senescence and cellular 
apoptosis 

iPSC-CMs  
[113] 

iPSC-CMs derived from a patient with 
dilated cardiomyopathy with a novel 
heterozygous mutation of p.A285V 
codon conversion on exon 4 of the 

desmin gene 

iPSC-CMs provided histologic and 
functional confirmation that the 

candidate gene variant detected by 
whole exome sequencing was 

responsible for the disease 
iPSCs-CMs 

[114] 
iPSC-CMs from DMD patients and 

healthy control 
In vitro model that manifests the major 
phenotypes of DCM in DMD patients 

MLP: muscle LIM-protein; ECG: electrocardiogram; iPSCs-CMs: human induced pluripotent stem 
cells-derived cardiac myocytes. 

4.1. Rodents 

Rodent models are commonly used in cardiovascular research as they are easier to handle and 
house (leading to manageable costs), and have a relatively short life span, allowing the researcher to 
follow the natural history of the disease. Additionally, of great impact is the capacity to leverage 
mouse genetic manipulation for both gain/loss of function of specific genes. This includes capacity 
for temporal control of tissue-specific genetic constructs [115]. 

To evaluate the development, progression, and potential for regression of DCM, multiple 
genetically engineered rodent models have been developed. These models include constitutive and 
inducible transgenic overexpression and/or gene knockout that exhibit a DCM phenotype [116,117]. 
One of the first DCM mouse models to be described was the muscle Lin11, Isi1 & Mec-3 (LIM) protein 
(MLP)-null mouse. Deletion of MLP, an actin-associated cytoskeletal protein, leads to cardiac 
myocyte architectural disorganization through irregularities in the actin-based cytoskeletal structure. 
Mice deficient for MLP show many of the anatomical and physiological hallmarks of human DCM 
[92]. Desmin-deficient models are also commonly used, which exhibit severe loss of myocardial 
architecture by degeneration and calcification [93]. Additionally, models with mutations in 
mitochondria can develop DCM with atrioventricular block due to deficient oxidative 
phosphorylation [91]. 

Several non-genetic methods, including drug and surgical techniques, are also used to induce 
the development of DCM in rodents. Surgical techniques include interruption of coronary arteries to 
produce myocardial infarction through permanent coronary ligation [94] or re-perfused infarction 
[95]. After an infarction, the DCM phenotype progressively develops in mice. Chronic doxorubicin 
[96,97] or isoproterenol [98,99] administration can lead to a dose-dependent dilated phenotype and 
overt heart failure over time owing to severe myocardial injury and cell death. Toxic drug-mediated 
cardiomyopathy is characterized by myocyte apoptosis and oxidative stress being highly specific 
forms of injury, which may also be useful in assessing cardiac responses to stress. It should be noted, 
however, that although these non-genetic models recapitulate many aspects of a DCM phenotype, 
DMD-associated DCM has noted differences in pathophysiology compared to these models. 

Mdx mice that lack dystrophin are the most commonly used mouse model to study DMD. 
However, compared to patients with DMD, they exhibit a relatively minor cardiac phenotype 
[100,101]. Under baseline conditions, mdx mice do not demonstrate physiological indicators of heart 
failure early in life. However, disease can be readily unmasked by cardiac stressors. In efforts to make 
the baseline mdx cardiac phenotype more similar to that of patients, mdx mice have been crossed with 
utrophin knockout (KO) mice, which exhibit a more severe cardiomyopathy [102,103] and display 
the physiological indicators of end-stage heart failure, including a negative force-frequency 
relationship and a reduction in force development and impairment of relaxation [101]. Other 
symptomatic double knock-out strains have been generated by mutating genes involved in: (1) the 
DGC complex, including δ- sarcoglycan and dystrobrevin [118,119]; (2) muscle repair, such as 
dysferlin [120,121]; and (3) cytoskeleton-ECM interactions, including desmin and laminin [122,123]. 
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A thorough characterization of the cardiomyopathy in these models will increase the usefulness of 
these animal models for research into treatments and diagnostics for DMD cardiomyopathy. 

4.2. Large Mammals 

Although rodent animal models are commonly used in cardiovascular research and may display 
some of the characteristics of human cardiac disease, they typically do not recapitulate all aspects of 
DCM found in humans [124,125]. Preclinical validation of therapeutic approaches can be advanced 
in large animal models due to their proximity to human cardiac physiology and structure. [126]. 
Canines, swine, sheep, and non-human primates have been the most frequently used large animal 
models for cardiovascular research [104]. Taking into account the similarities in coronary anatomy, 
organ size, immunology, and physiology compared to humans, swine are considered the most 
attractive model for pre-clinical studies [105]. DCM can be induced in large animals by myocardial 
infarction, coronary micro-embolization, pacing-induced tachycardia, and toxic injury. Infarction 
models, including both re-perfused and non-re-perfused approaches in dogs [106], pigs [107], and 
sheep [108], are used to evaluate the pathophysiological mechanisms of post-infarction remodeling 
as well as DCM development, progression, and therapeutic response. 

The availability of large animal models of DMD has been instrumental in gaining insights into 
the cardiomyopathy and progression to heart failure associated with DMD. The golden retriever 
muscular dystrophy (GRMD) canine model of DMD has been indispensable, not only for the 
development of therapeutic approaches, but also for the study of the pathobiology of dystrophin 
deficiency in the heart [68,109,110]. Muscular dystrophy in GRMD animals closely recapitulates the 
timing and severity of disease progression observed in DMD patients. In addition to the severe 
skeletal muscle pathology, GRMD animals have prominent cardiac lesions present as early as 6 
months of age [127], with ECG abnormalities present at 1 year [128] and profound myocardial 
contractile abnormalities by 20 months [129]. 

4.3. Human iPSCs 

The contribution of animal models to our overall understanding of DCM has been indispensable. 
However, many important differences exist between animal models and humans. Additionally, 
cardiac tissues from DCM patients are difficult to obtain and exhibit a low survival rate in long-term 
culture. The emergence of induced pluripotent stem cells (iPSCs) [130], and the rapidly advancing 
technology associated with them have made it possible to obtain functional cardiac myocytes through 
the differentiation of human iPSCs derived from DCM patients [113,114]. Stem cell-derived cardiac 
myocytes from cells isolated directly from patients with cardiomyopathies recapitulate certain 
aspects of human cardiovascular disease and represent a powerful new model system to study the 
basic mechanisms of inherited cardiomyopathies. Thus, human induced pluripotent stem cell-
derived cardiac myocytes (hiPSC-CMs) are an important complement to experimental animal models 
to study the cellular, molecular, and physiological mechanisms associated with the pathogenesis of 
DCM, as well as to establish high-throughput platforms for drug screening in human cells. 

DCM was first modeled by Sun and coworkers using iPSCs-CMs derived from a member of a 
family with DCM carrying a heterozygous R173W mutation in cardiac troponin T (TNNT2) [111]. 
iPSC-derived cardiac myocytes from this patient recapitulated some of the morphological and 
functional phenotypes of familial DCM with inherited mutations in troponin T. This study describes 
the first successful modeling of dilated cardiomyopathy in hiPSC-CMs. Another patient-specific 
DCM iPSC line was generated from a single member of a family with an autosomal dominant 
nonsense mutation (p.R225X) in exon 4 of the lamin A/C (LMNA) gene. hiPSC-CMs from this patient 
showed morphologic changes, including a higher prevalence of nuclear bleb formation, 
micronucleation, as well as nuclear senescence and cellular apoptosis [112]. Additionally, Tse and 
colleagues generated hiPSC-CMs derived from a DCM patient with a novel heterozygous mutation 
of p.A285V codon conversion on exon 4 of the desmin (DES) gene [113]. In this study, hiPSC-CMs 
were able to provide histologic and functional confirmation that the candidate gene variant detected 
by whole exome sequencing was responsible for the disease. 
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To study the molecular mechanisms underlying DCM in DMD, Lin and co-workers generated 
cardiac myocytes (CMs) from DMD patients and healthy control induced pluripotent stem cells 
(iPSCs). Using DMD patient-derived iPSC-CMs, they have established an in vitro model that 
manifests the major phenotypes of DCM in DMD patients, and uncovered a potential new disease 
mechanism [114]. In this regard, Lin and co-workers examined a collection of muscular dystrophies 
(including DMD and Becker Muscular Dystrophy) and healthy hiPSC-derived cardiac myocytes. This 
included demonstration that loading of the treated DMD hiPSC-derived cardiac myocytes with the  
calcium sensitive dye, Rhod-2AM, revealed increased cytosolic calcium concentration. The use of 
calcium assays in hiPSC derived cardiac myocytes is becoming commonplace due to the ease and 
availability of high speed/resolution optical imaging techniques. Typically, this uses voltage-sensitive 
dyes or genetically-encoded voltage indicators to measure action potentials and calcium wave 
propagation. Indeed, Guan and coworkers showed a two-fold increase in T50 (duration of recovery) 
of calcium transients in hiPSC-derived cardiac myocytes from DMD patients compared to healthy 
hiPSC derived cardiac myocytes [131]. In addition, Tsurumi et al. reported that the measurement of 
the fluorescent ratio (410/490 nm) of indo-1 demonstrated that the intracellular calcium concentration 
was much higher in cardiac myocytes differentiated from DMD-hiPSCs than in those differentiated 
from control-hiPSCs [132]. 

HiPSC-CMs represent a unique platform to study basic mechanisms of cardiomyopathies using 
a human cell-based system. The literature published in the past decade demonstrates the utility of 
patient-specific iPSCs in disease modeling of cardiomyopathy, and has provided unique insights into 
disease mechanisms. However, the hiPSC-CMs that are available today still largely represent an 
immature version of the adult cardiac myocyte, and thus have inherent limitations in the study of 
cardiovascular disease. Systems to induce greater maturation in hiPSC-CMs are being developed, but 
considerable work remains to be done to further advance this model system. 

5. Currently Utilized Therapies for DMD Cardiomyopathy 

5.1. Gene Therapy 

Gene addition or gene correction therapies for DMD have gained considerable traction over the 
past few years. Multiple gene addition clinical trials for DMD are ongoing. These developments have 
been recently reviewed [133]. 

5.2. Drugs and Small Molecules 

There is currently no cure for DMD, and established small molecule therapy is limited to 
reducing the symptoms and hindering the mechanisms of disease progression in the heart. One of 
the predominant small molecules that has been used as a treatment for DMD patients are 
corticosteroids. Corticosteroids ameliorate the skeletal muscle phenotype with marked improvement 
in muscle strength and function [134]. Other studies have demonstrated that the use of corticosteroids 
leads to the stabilization of pulmonary function, prolonged ambulation, and reduced prevalence of 
scoliosis [135]. Although corticosteroids exhibit more potent effects in skeletal muscle than cardiac 
muscle, studies show steroids to be protective in the dystrophic heart, with possible benefits 
including preserved ventricular function, reduction in fibrosis, and improved survival [136–139]. In 
addition, corticosteroids have been associated with delaying the onset of cardiomyopathy by 4% for 
each year of treatment [139]. As a result of these documented benefits to skeletal muscle, pulmonary, 
and cardiac function, a daily regimen with corticosteroids such as deflazacort and prednisone is 
currently the earliest and most widely used DMD therapy [140]. However, the prolonged use of this 
drug is not without controversy, with the primary side-effects including reduced bone density, 
increased adiposity, and increased muscle catabolism [141]. In addition, some concerns stem from 
preclinical studies providing evidence that steroids may worsen the progression of DMD in the 
mouse heart [142,143]. Nevertheless, DMD clinical 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 reductions in fibrosis. 
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Angiotensin receptor blockers (ARBs) and angiotensin converting enzyme inhibitors (ACEIs) 
constitute another class of small molecules that have been used as a treatment for DMD patients [144]. 
Angiotensin II (AngII) and the AngII type 1 receptor (AT1R) exhibit many fundamental effects on the 
heart, including promoting fibrosis, ROS production, remodeling, and cardiomyocyte death [145–
147]. ACE inhibitors are generally implemented when LV systolic dysfunction declines. These 
inhibitors prevent the conversion of angiotensin-I to angiotensin-II (Ang-II), thereby reducing 
circulating levels of Ang-II. When angiotensin-II is activated, it stimulates the adrenal cortex to 
secrete aldosterone, promoting fluid and sodium retention. Both angiotensin-II and aldosterone 
contribute to the formation of fibrosis and overgrowth of connective tissue in the heart and further 
complicate the myocardial fibrosis resulting from dystrophin deficiency in DMD patients [148]. 
Therefore, the use of ACE inhibitors, aldosterone antagonists, and angiotensin receptor blockers 
(ARBs) has become a significant therapeutic approach for dystrophic cardiomyopathy. ACE 
inhibitors are a drug class that is often used as the first line of therapy for general heart failure, and 
was the first drug to be used in trials to demonstrate improved cardiac function and survival among 
DMD patients [149]. ARBs are equally effective when compared directly to ACEIs and better tolerated 
by patients, but they are usually utilized as an alternative in cases of poor ACEI tolerance [150]. 

Beta-blockers are another class of small molecules that are regularly used for the treatment of 
acquired heart failure, where they are often combined with ACEIs to improve survival and reduce 
hospitalization rates [151]. Beta-blockers have been considered a candidate for cardiac-directed 
therapy in DMD aiming to limit β-AR effects. Beta-blockers act by interfering with beta-receptor 
binding by catecholamines, which leads to a reduction of sympathetic nervous system activity. They 
are therefore prescribed for arrhythmic patients and those with symptomatic but stable systolic 
dysfunction. It is known that combination therapy with ACE and β-adrenergic blocker agents 
improves the survival of patients with left ventricular dysfunction [152]. 

A retrospective study demonstrated that DMD patients have improvement in echocardiographic 
parameters, such as fractional shortening, sphericity index, and left ventricular ejection, after the 
administration of either ACE inhibitors alone or the combination of both ACE inhibitors and beta-
blockers [153]. In a study conducted by Kajimoto and coworkers, patients with different types of 
muscular dystrophies were assigned to receive either an ACE inhibitor plus a beta-blocker 
(carvedilol) for at least 2 years or an ACE inhibitor alone (cilazapril or enalapril) for at least 3 years. 
They observed that the ACE inhibitor treatment alone maintained fractional shortening whereas the 
combination therapy provided a significant improvement in left ventricular fractional shortening 
[154]. Studies have also demonstrated that the use of ACE inhibitors in combination with beta -
blockers in DMD patients reversed congestive heart failure signs and symptoms, delayed the 
progression of left ventricular dysfunction, and also improved systolic function [144]. Although some 
DMD patient studies indicate that beta-blockers have additive effects on cardiac function and 
survival compared with ACEIs alone, some studies using beta-blockers in DMD cardiomyopathy 
have shown little effect, making it unclear as to whether these drugs deliver a significant benefit 
[155,156]. 

Mineralocorticoid receptor antagonists, such as eplerenone and spironolactone are another class 
of small molecules that have been used for managing heart failure with low ejection fraction, and are 
often incorporated into treatment for DMD cardiomyopathy [11]. In a pre-clinical study of DMD 
cardiomyopathy, the combination of spironolactone and ACEI therapy showed protective effects in 
both skeletal and cardiac muscle [143]. A recent clinical trial demonstrated that DMD patients with 
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 [157]. 

6. Experimental Therapeutic Strategies to Improve Calcium Handling and Decrease Calcium 
Overload in DCM and DMD Cardiomyopathy 

Although the mechanisms of cardiac dysfunction in DMD are complex and multifactorial, 
impaired calcium handling and calcium overload are key contributors to both early and late stage 
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pathogenesis, as previously described. Currently utilized clinical therapies for DMD cardiomyopathy 
do not directly target calcium handling defects. Therefore, development of novel therapeutic 
strategies should focus on targeting various aspects of these pathways. Upstream targets include 
repair of the damaged sarcolemma and restoration of hyperactive stretch-activated channel (SAC) 
activity and RyR2 function. These targets will mitigate calcium overload from both the extracellular 
space and intracellular stores. Downstream targets include normalization of Serca2a/PLN activity 
and calcium cycling. These targets will mitigate the contraction and relaxation deficits characteristic 
of the dilated phenotype in late stage DMD cardiomyopathy. A summary of studies that specifically 
target various aspects of calcium mishandling and overload in cardiac tissue of muscular dystrophy 
models is shown in Table 2. 

Table 2. Summary of research investigating experimental therapeutic strategies for calcium 
mishandling and overload in muscular dystrophy cardiomyopathy. 

Target Therapy Model Major Findings 

Sarcolemma 
[41,68,158,159] 

Copolymer –based 
membrane stabilizers 

mdx mice 
dysferlin KO 

mice 
GRMD 
canine 

↓ Myocyte Ca2+ 
influx/hypercontracture 

↓ Stress-induced functional deficits 
(acute and chronic) 

↓ Fibrosis, serum cTnI, LV 
remodeling 

↓ Ex vivo ischemia/reperfusion injury 
Stretch-Activated 

Channels 
[160] 

GsMTX-4 mdx mice ↓ Myocyte resting Ca2+ concentration 

Ryanodine Receptor 
[161] 

N-acetyl cysteine 
Rycal S107 

mdx mice 
↓ Myocyte resting Ca2+ concentration 

↓ Myocyte RyR2 Ca2+ leak 
↓ Arrhythmias 

Serca2a 
[162] 

AAV-9 Serca2a mdx mice Normalized ECG measurements 

Phospholamban 
[19,163–165] 

AAV S16E-PLN 
Adenovirus anti-PLN 

antibody 
Adenovirus inhibitor-2 

PLN-KO 

BIO14.6 
hamster 

mdx mice 

PLN inhibition in BIO14.6 hamsters 
• ↑ Ca2+ reuptake in SR vesicles 

• ↑ Myocyte contractility and Ca2+ 
handling 

• ↑ LV systolic and diastolic 
function 

• ↓ Fibrosis 
• ↑ Survival  

PLN ablation in mdx mice 
• ↑ Myocyte contractility and Ca2+ 

handling 
• ↓ LV systolic and diastolic 

function 
• ↑ EBD uptake 

• ↑ Fibrosis 
KO: knockout; cTnI: cardiac troponin I; LV: left ventricle; RyR2: ryanodine receptor 2; AAV: adeno-
associated virus; ECG: electrocardiogram; PLN: phospholamban; EBD: Evan’s Blue Dye. 

6.1. Membrane Stabilization 

Membrane stabilization has been extensively studied as a therapeutic strategy for DMD 
cardiomyopathy in both small and large animal models [41,68] to mitigate sarcolemmal damage and 
calcium overload occurring from mechanical stress in the absence of dystrophin. Triblock 
copolymers, of which Poloxamer 188 (P188) has been most widely studied, consist of a hydrophobic 
polypropylene oxide (PPO) core, flanked by two hydrophilic polyethylene oxide (PEO) chains [63]. 
P188 is thought to insert into damaged membranes to provide stability until intrinsic repair 
mechanisms are able to restore integrity of the membrane [63]. P188 treatment of isolated dystrophic 
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cardiac myocytes improved membrane compliance and decreased calcium influx and 
hypercontracture during passive physiological stretch [41]. Ex vivo mdx heart function was also 
improved after ischemia reperfusion injury with P188 treatment [159]. Finally, P188-treated mdx mice 
undergoing chronic isoproterenol stress had some improvements in in vivo cardiac function after two 
and four weeks [158], and a large animal model of DMD showed significant improvement in in vivo 
cardiac function after chronic P188 therapy [68]. The reader is referred to excellent recent reviews for 
more details on this topic [63,166]. 

Repairing damaged membranes using muscle-specific TRIM (tripartite motif) protein 
mitsugumin 53 (MG53) provides an additional avenue for targeting membrane instability in DMD. 
Recombinant MG53 administration to mdx mice improved skeletal muscle pathology and decreased 
damage after downhill treadmill running [167]. 

6.2. Stretch-Activated Channel Inhibition 

In addition to micro-tears in the sarcolemma, increased expression and activity of stretch-
activated non-selective ion channels (SACnsc) have been implicated in calcium influx and overload 
in muscular dystrophy. In skeletal muscle, the transient receptor potential channel (TRPC) family 
was identified as a therapeutic target for decreasing extracellular calcium entry in DMD. Inhibition 
of TRPC1 and TRPC4 expression with antisense oligonucleotides decreased calcium entry measured 
by patch-clamping in myofibers from mdx mice [168]. Further, transgenic expression of a dominant 
negative form of TRPC3 in mdx and Scgd-/- mice decreased the dystrophic phenotype in skeletal 
muscle, including decreased fibrosis, serum CK, and occurrence of central nuclei [16]. In the heart, 
increased expression of TRPC1 has been implicated in the increased slow force response in mdx mice, 
caused by slow calcium influx leading to increased force production over several minutes of myocyte 
stretch [160]. Blockage of this channel with stretch-activated channel blocker GsMTx-4 decreased 
resting calcium concentration [160]. Further research is needed to explore whether decreased SAC 
activity or expression in the heart can delay or inhibit the dilated phenotype of DMD 
cardiomyopathy. 

6.3. RyR2 Stabilization 

RyR2 hypersensitivity has been implicated in calcium overload within the dystrophic cardiac 
myocyte [71]. Calstabin2 is a subunit of RyR2, which stabilizes the closed state of this channel [169]. 
Phosphorylation [169] or oxidative stress leading to nitrosylation [161] inhibits the association of 
calstabin2 with RyR2, increasing SR calcium leak. Treatment with N-acetyl cysteine to prevent 
nitrosylation or RyR2 stabilizer Rycal S107 prevented depletion of calstabin2 and decreased 
production of calcium sparks and depolarization in mdx cardiac myocytes [161]. Treatment of mdx 
mice with Rycal S107 also significantly reduced arrhythmias [161]. Similar studies in skeletal muscle 
found RyR1 stabilization to improve muscle strength, exercise tolerance, and muscle histopathology 
[58,170]. Whether long-term treatment to stabilize RyR2 in the heart can lead to improved cardiac 
outcomes in DMD requires further investigation. 

6.4. Modulation of Serca2a/PLN 

As a result of the central role of Serca2a and PLN in cardiac calcium cycling, their necessity in 
the maintenance of low diastolic calcium concentration, and the changes associated with their 
expression and activity in DCM, this complex has become an important experimental therapeutic 
target in both DCM and DMD-cardiomyopathy. 

6.4.1. Serca2a as a Target for DCM Therapy 

Serca2a gene therapy has been studied extensively in a variety of heart failure models. 
Adenoviral gene transfer of Serca2a in isolated cardiac myocytes from failing human hearts improved 
peak height of contraction and relaxation rate, which could be explained by increased calcium peak 
height and decay rate [171]. Multiple small animal models of heart failure have also been used to 
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study the effectiveness of Serca2a gene therapy. Aortic-banded rats with adenoviral gene delivery of 
Serca2a had improved systolic and diastolic function measured by in vivo hemodynamics [172], 
increased survival rate [173], normalized energetics (PCr:ATP), and more efficient oxygen utilization 
compared to aortic-banded rats without Serca2a treatment [173,174]. Lentiviral-mediated Serca2a 
gene delivery after myocardial infarction in rats led to improvement in left ventricular systolic and 
diastolic dimensions and fractional shortening measured by echocardiography, improved 
hemodynamic measurements of systolic and diastolic function, and increased survival rate [175]. 
Two large animal models have also been used to study the effectiveness of Serca2a gene delivery via 
adeno-associated viral (AAV) gene transfer. In a swine model of mitral regurgitation, AAV delivery 
of Serca2a led to improved LV systolic and diastolic dimensions, left ventricular ejection fraction, and 
+dP/dt two months after gene delivery. AAV2/1-Serca2a in sheep with rapid pacing-induced heart 
failure also had improvements in LV dimensions, as well as increased systolic function and 
improvements in the pressure-volume relationship [176,177]. 

As a result of its therapeutic benefit in pre-clinical models of heart failure, Serca2a gene therapy 
has been tested in two randomized, placebo-controlled clinical trials using intracoronary delivery of 
AAV1 in advanced heart failure patients. In the first trial, patients that received the highest dose of 
Serca2a (1 × 1013 DNase resistant particles) showed improvement in pre-defined clinical endpoints 
including symptomatic, functional, biomarker, and LV function and remodeling abnormalities after 
six months [178]. The high-dose group also had an 82% decrease in recurrent cardiovascular events 
after three years of follow-up [179]. This study was followed by a larger multi-center trial of 250 heart 
failure patients using the high dose of Serca2a. Unlike the initial trial, there was no difference between 
treatment and control groups in either recurrent or terminal clinical events [180]. The basis for the 
discrepancy in results between the two studies is uncertain. A small number of heart tissue samples 
revealed low vector DNA copy number. Additionally, there were differences between the two trials 
in the number of total viral particles (including empty capsids) delivered [180]. 

6.4.2. PLN as a Target for DCM Therapy 

As the major regulator of Serca2a, PLN has also been studied for its potential role to mitigate the 
calcium cycling deficits contributing to DCM. Early studies found PLN overexpression or deficiency 
decreased or increased calcium cycling and Serca2a calcium sensitivity, respectively, and β-
adrenergic signaling was important in determining the level of PLN inhibition of Serca2a [181,182]. 
Increasing the ratio of PLN to Serca2a in a transgenic mouse model with 2-fold overexpression of 
PLN decreased peak height of contraction as well as slowed relaxation rate. This was accompanied 
by similar decreases in calcium transient peak height and decay rate. Depressed in vivo function 
measured by echocardiography was also present, and this was alleviated by isoproterenol treatment 
[181]. Contrary to PLN overexpression, PLN deficiency increases calcium cycling and cardiac 
function. Working heart preparations from PLN-deficient mice exhibited both increased systolic and 
diastolic function, which was not further enhanced by beta-adrenergic stimulation [182]. Increased 
calcium cycling and subsequent increases in contraction and relaxation function with PLN depletion 
are dose dependent, with PLN (+/-) mice exhibiting cardiac function at levels between WT and PLN 
(-/-) animals [183]. 

These early studies solidifying the inhibitory role of PLN on calcium cycling led to the 
hypothesis that PLN inhibition may ameliorate the depressed calcium cycling characteristic of DCM. 
This hypothesis has been tested in multiple models of DCM. In the MLP-deficient mouse [92], PLN 
deficiency decreased dilation and ultrastructural abnormalities and increased heart function 
measured by in vivo hemodynamics and echocardiography. These improvements could be explained 
by increased calcium cycling measured in isolated cardiac myocytes [184]. A pseudo-phosphorylated 
mutant of PLN (S16E) mimics the conformational change occurring in PLN after PKA 
phosphorylation at serine-16, decreasing interaction with Serca2a. In vivo rAAV gene transfer of S16E-
PLN improved multiple measures of heart function in a post-myocardial infarction rat model, 
including dilation, heart size, ejection fraction and E/A ratio measured by echocardiography at 2 and 
6 months post-MI. Additionally, multiple hemodynamic measurements were improved compared to 
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infarcted rats without AAV treatment [185]. Similar improvements in heart function were observed 
in a large animal model of heart failure with S16E-PLN gene transfer. Sheep undergoing four weeks 
of pacing stress, followed by in vivo percutaneous cardiac recirculation-mediated gene delivery of 
S16E-PLN recovered hemodynamic function after two weeks, whereas control animals continued to 
have worsening heart failure [186]. Another approach to inhibition of PLN is to inhibit Phosphatase-
1 (PP1), which dephosphorylates PLN and causes it to bind and inhibit Serca2a. Using AAV-9 gene 
delivery of a short-hairpin RNA against PP1beta with a B-type natriuretic peptide (BNP)-promoter 
created a heart-failure inducible expression system which was tested in the MLP-deficient mouse. 
This system increased PLN phosphorylation, which was accompanied by decreased cardiac 
remodeling and improved fractional shortening and hemodynamic function three months after gene 
transfer [187]. 

6.4.3. Serca2a and PLN in Muscular Dystrophy-Associated Cardiomyopathy 

Although most research has focused on the role of Serca2a/PLN in DCM in general, a number of 
studies have looked specifically at the cardiomyopathy occurring in models of muscular dystrophy. 
Serca2a gene expression is decreased in mice with DMD cardiomyopathy [188], suggesting the 
Serca2a/PLN complex may also be an important therapeutic target for DCM occurring in DMD. 

Two studies examined the effect of Serca1 overexpression in skeletal muscle, and one study 
looked at Serca2a overexpression in the heart of different mouse models of muscular dystrophy. 
Crossing Serca1 transgenic mice with mdx, mdx:utr-/-, and Sgcd-/- mice, resulting in a 1.5–4-fold 
overexpression of Serca1, decreased CK release [189,190], reduced Evan’s Blue Dye (EBD) uptake 
[189] and decreased fibrosis [189], suggesting decreased muscle damage. This was attributed to the 
ability of Serca1 overexpression to improve calcium handling in isolated myocytes [189]. The result 
of Serca1 overexpression led to restored treadmill running capability [189] and decreased percent 
torque loss after eccentric contraction-induced injury [190]. Serca2a overexpression in the aged mdx 
heart was examined using AAV-9 gene delivery. In this study, Serca2a was unable to reverse fibrosis, 
but did result in some improvement in electrocardiographic abnormalities [162]. 

PLN inhibition has also been tested in the context of muscular-dystrophy associated 
cardiomyopathy. The BIO14.6 hamster is a model of limb-girdle muscular dystrophy and exhibits a 
progressive cardiomyopathy phenotype beginning by about 5 weeks of age [191]. Recombinant AAV 
gene delivery of S16E-PLN in 5-6 week old BIO14.6 hamsters improved calcium cycling in isolated 
SR vesicles. This resulted in increased fractional shortening and improved maximum and minimum 
LV dP/dt at both 5 and 28 weeks post-gene transfer compared to BIO14.6 hamsters without AAV 
treatment [163]. Another study in the BIO14.6 hamster model used adenoviral gene delivery of an 
antibody targeted against PLN. Just over 50% of myocytes were infected with the virus, which led to 
short-term improvement in both echocardiographic and hemodynamic markers of systolic and 
diastolic function. This was accompanied by improved contractility and calcium handling in isolated 
myocytes, and increased SR calcium reuptake in whole heart homogenates [164]. Additionally, 
inhibition of PP1 via gene delivery of Inhibitor-2 in the BIO14.6 hamster resulted in beneficial effects 
on cardiac dimensions and fractional shortening, as well as improved hemodynamic measurements, 
decreased fibrosis, and improved survival [165]. 

Similar to PLN, sarcolipin (SLN) is an inhibitor of Serca. SLN expression is increased in heart 
muscle of mdx:utr-/- mice, dystrophic dogs and human patients with DMD. Deletion of either one or 
both alleles of SLN in mdx:utr-/- mice extended the lifespan of these animals, as well as improved heart 
function (ejection fraction and fractional shortening). Improved function was attributed to decreased 
left ventricular internal diameter in diastole (LVIDd) and decreased fibrotic and necrotic tissue. 
Although calcium handling was not measured in heart tissue in this study, skeletal muscle calcium 
reuptake was increased as a result of reduced SLN expression [192]. 

As a result of the extensive pre-clinical literature showing beneficial effects of Serca2a 
overexpression or PLN inhibition on calcium handling and heart failure outcomes in multiple models 
of heart failure, including muscular dystrophy-associated cardiomyopathy, our laboratory 
hypothesized that PLN ablation would improve calcium handling and subsequently improve cardiac 
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function in the mdx mouse. Isolated cardiac myocytes from these mice did indeed show enhanced 
contractility and faster relaxation, which was accompanied by increased calcium transient peak 
height and decay rate. However, in vivo echocardiography revealed severe dilation and decreased 
systolic and diastolic function. Histological analysis revealed significantly more fibrotic development 
and EBD uptake, indicating sarcolemma integrity was more severely compromised with PLN 
ablation [19]. It was concluded that, although PLN ablation improved calcium cycling in isolated 
myocytes, which could potentially decrease the risk of calcium overload, increased contractile 
function likely placed additional stress on an already compromised sarcolemma. This likely led to 
even more extensive membrane damage than occurs with dystrophin deficiency alone [19] (Figure 
4). 

 
Figure 4. Effects of increased calcium cycling on cardiac myocytes with dystrophin deficiency. Loss 
of dystrophin destabilizes the sarcolemma and leads to calcium mishandling and overload. Increasing 
calcium cycling via modulation of Serca2a/PLN function increases calcium uptake into the SR, which 
could decrease cytosolic calcium concentration. However, increased calcium cycling also increases 
contractility, which could subsequently cause increased membrane damage and exacerbate calcium 
overload. In the context of dystrophin deficiency, phospholamban (PLN) ablation led to increased 
membrane damage and worsened cardiomyopathy [19]. 

The results of this study are in contrast to others discussed above [162–165]. One potential 
contributor to these differences is the level of PLN inhibition. In the context of muscular dystrophy 
models, one study overexpressed Serca2a [162], and others have inhibited PLN to varying degrees 
through delivery of a pseudophosphorylated PLN [163], an antibody against PLN [164], or inhibitor-
2 [165]. Although complete ablation of PLN improved cardiomyopathy in a DCM model [184], this 
was not the case in mdx mice, highlighting key differences mechanistically between the 
pathophysiology of muscular dystrophy-associated DCM and other causes of DCM. PLN knockout 
mice have significantly increased calcium cycling leading to increased contractile function [182,183], 
which likely increased sarcolemmal stress. Additionally, PLN knockout mice are not responsive to 
β-adrenergic signaling [182] and therefore have very little cardiac reserve. PLN knockout mice also 
have an increased ATP utilization and oxygen consumption [193], potentially increasing oxidative 
stress and potentiating membrane damage in the context of muscular dystrophy, which exhibits 
decreased endogenous reducing capability [66]. Finally, gene deletion or transgenic expression of 
genes may have unknown compensatory effects on development which cannot be controlled for. 
Whether small increases in Serca2a expression or partial inhibition of PLN in mdx mice would yield 
different results needs to be the focus of future studies. 

6.4.4. Caution with Serca2a/PLN Therapy for Cardiomyopathy 

Although many pre-clinical models of heart failure, including those of muscular dystrophy-
associated cardiomyopathy, show significant improvement in cardiac morphology, calcium 



J. Clin. Med. 2020, 9, 520 19 of 31 

 

handling, contractile function, and survival with decreased PLN inhibition of Serca2a, caution should 
be taken when translating this to human disease. Two mutations leading to loss of PLN function have 
been identified in humans. A point mutation (T116G) resulting in a premature stop codon and a 
nonfunctional PLN protein (Leu39-stop) leads to severe DCM requiring transplantation at a young 
age [194]. Co-expression of Leu39-stop PLN and Serca2a in HEK293 cells revealed this truncated PLN 
protein was unable to decrease Serca2a affinity for calcium, and gene transfer of Leu39-stop PLN in 
isolated cardiac myocytes had no effects on calcium cycling or contraction/relaxation kinetics [194]. 
A CT missense mutation at nucleotide 25 of the PLN gene encodes an ArgCys substitution (R9C) 
in the cytosolic domain, which also results in DCM and early death [195]. Similar to the Leu39-stop 
mutation, R9C did not inhibit calcium uptake in HEK293 cells [195]. Further study of this mutation 
revealed that R9C stabilizes the pentamer conformation of the protein, making it unavailable to 
inhibit Serca2a [196]. Indeed, acute expression of R9C via adenoviral gene transfer in rabbit cardiac 
myocytes revealed an increase in contractility and relaxation kinetics, with a concomitant increase in 
calcium peak height and decay rate [197]. Additionally, R9C transfected cardiac myocytes showed 
decreased responsiveness to beta-adrenergic stimulation [197]. Finally, patients with specific 
polymorphisms in alpha2c and beta1 adrenergic receptors, which leads to increased release and 
sensitivity to norepinephrine, have an odds ratio of 10.11 of developing heart failure compared to 
patients without these polymorphisms [198]. Chronically increased adrenergic stimulation increases 
load on the heart and decreases cardiac reserve, both of which also occur with PLN inhibition. 

Key differences in cardiac physiology and calcium handling exist between mice and humans, 
which could account for the divergent outcomes. Approximately 90% of calcium reuptake in mice 
occurs via Serca2a and only 10% occurs via the sarcolemmal Na+/Ca2+ exchanger. In contrast, 
approximately one-third of calcium is exported from the cytosol via the Na+/Ca2+ exchanger in 
humans. Additionally, resting heart rate is approximately 10-fold lower in humans compared to mice, 
and the human heart has a greater variability in heart rate response to physiological stress. Finally, 
humans have a higher cardiac reserve allowing for increased SR calcium uptake and calcium load 
during physiological stress. Reducing cardiac reserve in humans by inhibiting PLN or increasing 
Serca2a may therefore have a much different outcome compared with a similar inhibition in rodents 
[56,199]. This was demonstrated in the CUPID 2 trial, where Serca2a gene delivery was not successful 
in meeting beneficial clinical outcomes in heart failure patients [180]. 

6.5. Calcium Buffering 

An alternative and energetically neutral approach to improving calcium reuptake and relaxation 
rate is to introduce expression of de novo calcium buffers into cardiac myocytes. The most well-studied 
calcium buffer in this context is parvalbumin. Parvalbumin (Parv) is ~12 kDa EF-hand 
calcium/magnesium binding protein naturally expressed in fast-twitch muscle in order to aid in fast 
relaxation by buffering calcium away from myofilaments [200,201]. Parvalbumin proteins contain 
two 12 amino acid EF-hand cation binding loops with binding affinities ranging from KCa2+ = 107−109 
M−1 and KMg2+ = 103−105 M−1, for calcium and magnesium, respectively [202,203]. In a resting myocyte, 
magnesium concentration is ~1 mM and calcium concentration is 10–100 nM, resulting in magnesium 
occupancy of the EF-hand loops. During contraction, calcium concentration increases, which causes 
calcium to displace magnesium in the binding loops. Calcium binding to Parv buffers calcium away 
from myofilaments to aid in rapid relaxation. As calcium is taken back up into the SR during 
relaxation, cytosolic calcium concentration falls, resulting in magnesium reoccupying the EF-hand 
cation binding loops. The ability of Parv to bind both magnesium and calcium is important in its 
function as a delayed calcium buffer. Calcium concentration must be sufficiently increased to induce 
magnesium dissociation from the EF-hand binding loops. This delay in calcium binding enables 
calcium to first bind to myofilaments and facilitate contraction of the myocyte before binding to Parv 
[203]. 

The ability of Parv to facilitate fast relaxation in the heart has been tested in numerous cell and 
animal models of diastolic dysfunction. Adenoviral gene transfer of Parv into isolated cardiac 
myocytes from hypothyroid rats [204], senescent rats [205], and Dahl salt-sensitive rats [206] hastened 
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relaxation by increasing the rate of calcium decay. In vivo studies revealed gene delivery of Ad-Parv 
improved short-term hemodynamic measurements of relaxation, including -dP/dt and time to 50% 
and 90% pressure decay in hypothyroid rats [207], and decreased tau, a load independent measure 
of diastolic dysfunction, in senescent rats [208,209]. One advantage to a calcium buffering approach 
for improved relaxation over increasing Serca2a activity is the energetic efficiency. Mathematical 
modeling studies indicate Serca2a overexpression leads to a higher peak and total ATP consumption 
compared to de novo Parv expression, which results in a more even distribution of ATP consumption 
over the course of the contractile cycle [210]. Additionally, Parv expression in cardiac myocytes 
preserves beta-adrenergic function, which is blunted with increased Serca2a function [211] or PLN 
inhibition [182]. 

One drawback to using wild-type Parv for improved relaxation in the heart is the 
calcium/magnesium binding affinities are not optimized for the relatively slow contractile cycle of 
the heart. Although Parv is a delayed calcium buffer, requiring magnesium removal from the EF-
hand cation binding sites before calcium can bind, the kinetics are optimized for fast-twitch muscle. 
This results in WT-Parv binding calcium too early in the contractile cycle of cardiac myocytes and 
inhibiting maximal contractility [206,212]. This is contraindicated in the context of dilated 
cardiomyopathy, which is characterized by both decreased contractile function and slowed 
relaxation. A potential solution to this problem with WT-Parv is to genetically modify the EF-hand 
cation binding site to have optimal binding affinities for the kinetics of the human heart. It was 
hypothesized and confirmed with mathematical modeling that increasing magnesium affinity and 
slowing magnesium off-rate even further than WT-Parv would restrict the buffering of calcium to 
diastole and prevent premature truncation of contraction [210]. 

To test this hypothesis in myocytes, two genetically modified parvalbumin proteins have been 
developed. Both involve substitutions of the highly conserved glutamate at residue 12 of the EF-hand 
cation binding site, one with glutamine (E101Q) [213] and one with aspartate (E101D) [214]. These 
substitutions eliminate the 7th coordinating oxygen preferred by calcium, resulting in both an 
increase in magnesium affinity and a decrease in calcium affinity, further delaying the buffering of 
calcium compared to WT-Parv. Adenoviral gene transfer of these modified parvalbumins increased 
relaxation rate and unexpectedly also increased contraction amplitude in isolated myocytes from rat 
(E101Q and E101D), rabbit (E101Q) and canine (E101Q). Additionally, ParvE101Q improved 
contractility and relaxation in multiple models of heart failure, including thapsigargin-treated rabbit 
myocytes, failing myocytes from dogs, and in vivo hemodynamic function of inducible Serca2a knock-
out mice [213,214]. 

As a result of its primary role in increasing relaxation, most studies with Parv have been done 
using models of diastolic dysfunction. This is because, as a calcium buffer, the main contribution of 
Parv in the context of the failing heart has been thought to be sequestration of calcium to enhance 
relaxation in diastole. In particular, the decreased contractility characteristic of WT-Parv-treated 
myocytes would be contraindicated for the already compromised contractility in DCM. Whether or 
not modified parvalbumins could serve to both improve relaxation and increase contractility in 
models of DCM is unknown and warrants further investigation, particularly because Parv both 
preserves beta-adrenergic function and is an energetically neutral approach to improving function in 
the energetically compromised failing heart [215]. Calcium buffering may potentially have a 
beneficial role in the cardiomyopathy of DMD. Increased diastolic calcium resulting from calcium 
influx through SACs, sarcolemmal micro-tears, and increased RyR2 leak could theoretically be 
mitigated through introduction of a calcium buffering system. The localization of these buffers within 
the myocyte, as well as the buffering capacity and calcium binding kinetics are all factors that need 
to be optimized and tested when considering this approach in the context of DMD cardiomyopathy. 

7. Conclusions 

Cardiomyopathy is a significant clinical feature of DMD, with nearly all patients exhibiting 
cardiac dysfunction by their teens [13]. Improved clinical management of musculoskeletal and 
respiratory issues in DMD patients has uncovered cardiomyopathy as a significant contributor to 
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morbidity and mortality [13]. The underlying pathology is complex, owing to the multiple functions 
of dystrophin in the cardiac myocyte, but calcium overload and mishandling due to membrane 
instability is a key mechanistic contributor to disease onset and progression. Currently utilized 
clinical therapies for DMD cardiomyopathy do not specifically target calcium handling defects and 
come with significant side effects. Gene therapeutic strategies to correct calcium handling defects 
show some promise in experimental models of DCM, but more work must be done to understand 
the potential benefits and risks of these strategies in models specific to DMD-related cardiomyopathy. 
Of note, increasing calcium cycling in the context of the membrane instability characteristic of DMD 
may exacerbate disease progression [19]. Continued work to understand the mechanistic 
underpinnings of DMD cardiomyopathy, specifically related to calcium handling, will enable a more 
targeted approach to therapeutic development for this disease. 
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