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Abstract: Mutations in the gene encoding for the intracellular protein dystrophin cause severe forms
of muscular dystrophy. These so-called dystrophinopathies are characterized by skeletal muscle
weakness and degeneration. Dystrophin deficiency also gives rise to considerable complications in the
heart, including cardiomyopathy development and arrhythmias. The current understanding of the
pathomechanisms in the dystrophic heart is limited, but there is growing evidence that dysfunctional
voltage-dependent ion channels in dystrophin-deficient cardiomyocytes play a significant role.
Herein, we summarize the current knowledge about abnormalities in voltage-dependent sarcolemmal
ion channel properties in the dystrophic heart, and discuss the potentially underlying mechanisms,
as well as their pathophysiological relevance.
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1. Introduction

Dystrophin deficiency causes diseases, the so-called “dystrophinopathies”, with progressive
muscle weakness and cycles of muscle necrosis and regeneration representing the pathophysiological
hallmarks [1]. Duchenne muscular dystrophy (DMD) is the most common and devastating form.
Boys with DMD (approximately 1 in 3500 are affected) usually show motor difficulties by six years
of age. Thereafter, muscle weakness progresses and leaves patients wheelchair-bound by their teens.
Death usually occurs before the patients become forty. The gene defect for DMD was mapped to
an X chromosome gene that encodes for the intracellular protein dystrophin. This protein is part
of a multimeric protein complex, the so-called dystrophin-associated protein complex (DAPC) [2].
Via DAPC, dystrophin provides a link between the intracellular microfilament network of actin and
the extracellular matrix [2,3]. In the absence of this physical link, as in the case of dystrophin deficiency,
the muscle fibers show an increased sensitivity to mechanical stress [4] and become susceptible to
degeneration. While DMD is characterized by the absence of dystrophin, mutations that result in
the retention of a partly functional dystrophin gene product are characteristic for the less severe
dystrophinopathy type, called Becker muscular dystrophy (BMD) (incidence: at least 1 in 18,450 male
live births [5]). Like DMD, BMD is characterized by progressive skeletal muscle weakness, but shows
a more heterogeneous clinical picture and has a milder course [6]. BMD patients may live until the
fifth or sixth decade of life [7]. Although the detailed mechanism(s) responsible for muscle fiber
degeneration in the course of dystrophinopathy progression are not completely understood, there
is general agreement on the involvement of abnormally enhanced levels of intracellular Ca2+ in
dystrophic cells [8–10].
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Besides skeletal muscle degeneration, the dystrophinopathies are frequently associated with
cardiovascular complications, including the development of a dilated cardiomyopathy and cardiac
arrhythmias [6,9,11–13]. Interestingly, in contrast to the normally more pronounced skeletal muscle
phenotype observed in DMD compared with BMD, the cardiac disease phenotype is often considered
rather similar in both types of dystrophinopathies [14–16], or even more severe in BMD patients
(e.g., [17,18]). This entails a difference in the main clinical feature associated with the two diseases,
namely: the skeletal muscle phenotype is typically prevailing in DMD, whereas in BMD, the cardiac
phenotype can be the predominant pathology [6,7,19,20]. For BMD, symptoms usually occur in
the third decade of life. About one third of the patients develop a dilated cardiomyopathy with
accompanying heart failure. In addition, arrhythmias occur [6,21], and the cardiac involvement
significantly contributes to the morbidity and mortality observed [6,17,20]. There is no obvious
correlation between cardiac involvement and the severity of skeletal muscle pathology in BMD
patients [6]. Notably, female BMD and DMD carriers, who are mostly free of skeletal muscle symptoms,
are also prone to cardiomyopathy development [22,23]. As the specific mechanisms resulting in
cardiac complications in the course of dystrophinopathy progression are incompletely understood,
current therapy is not targeted, but relies on approaches that are considered standard for dilated
cardiomyopathy [20,24]. Concerning cardiac arrhythmia management, there are no effective treatments
to prevent lethal ventricular tachyarrhythmias, because of a lack of understanding about the underlying
mechanisms (e.g., [25]). Consequently, there is an urgent need for boosting fundamental research in
this field as a basis for the future development of targeted therapeutic strategies in order to specifically
manage the cardiac complications associated with the dystrophinopathies [10,26].

In recent years, it has become apparent that the functional properties of voltage-dependent
sarcolemmal ion channels are significantly disturbed in dystrophin-deficient cardiomyocytes, and
relevance for the pathophysiology in the dystrophic heart has been suggested. These ion channel
abnormalities are likely connected with the fact that several channels directly interact with protein
members of the DAPC (e.g., [27–29]), and can thus be considered DAPC members themselves.
Alterations in the composition of this multiprotein complex (e.g., due to dystrophin deficiency)
will therefore impact the associated channels. Importantly, in this context, ion channels (and their
regulators) in dystrophin-deficient cardiomyocytes represent potential new therapeutic targets for
the management of dystrophic cardiomyopathy in patients. In the present article, we review the
current knowledge about the abnormalities in the voltage-dependent sarcolemmal sodium, calcium,
and potassium channels in the dystrophic heart. Although important, this topic has so far not received
much attention. Other ion channels with potential relevance in dystrophic cardiomyopathy, such as
for example transient receptor potential (TRP) channels [30,31] or the K(ATP) channel [32], are not
considered herein.

2. Dystrophic Cardiac Ion Channel Abnormalities: Evidence from Animal Model Studies

2.1. Sodium Channels

In adult ventricular cardiomyocytes, voltage-dependent sodium (Na+) channels are responsible for the
rapid depolarization during the upstroke phase of the action potential (AP), and Nav1.5 is the dominant
channel isoform expressed. We [33] and others [34–36] have previously used various mouse models of
DMD/BMD (mdx—dystrophin-deficient, classical dystrophinopathy mouse model [37]; mdx5cv—mdx
strain with a different point mutation [38]; mdx-utr—both dystrophin- and utrophin-deficient, more
severe disease phenotype [39,40]) to study the properties of Na+ channels in dystrophic cardiomyocytes.
These studies have consistently revealed that Na+ currents (i.e., Na+ current densities) are significantly
reduced in the cardiomyocytes derived from the ventricles of adult dystrophin-deficient mice when
compared to wild type [33–36]. This suggested that dystrophin deficiency reduces the number of functional
Na+ channels in the cardiomyocyte membrane, which was supported by decreased Nav1.5 protein levels in
the heart samples of dystrophic mice [34–36,41] (Figure 1, Table 1).
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Table 1. Dystrophin deficiency—induced changes in the properties of cardiac ion channels at the
level of protein expression (A) and channel function (B). Arrow heads pointing towards the bottom
indicate a down-regulation of channel protein expression (A), or a channel loss-of-function (B). “=”
represents no change in channel expression (A) or function (B). Arrow heads pointing towards the
top indicate an up-regulation of the channel protein expression (A), or channel gain-of-function
(B). na (not available) implies that it is currently unknown if dystrophin deficiency induces any
changes in the expression of the respective channel protein. INa—Na2+ current; ICaL—L-type Ca2+

current; ICaT—T-type Ca2+ current; IK1—inward rectifier K+ current; Ito—transient outward K+ current;
IK,slow—ultra-rapid delayed rectifying and slowly inactivating K+ current; mdx—dystrophin-deficient,
classical dystrophinopathy mouse model; mdx5cv—mdx strain with a different point mutation;
mdx-utr—both dystrophin- and utrophin-deficient, more severe disease phenotype. The channel
or channel subunit names are given according to IUPHAR (International Union of Basic and Clinical
Pharmacology; http://www.guidetopharmacology.org) nomenclature.

(A) Protein Data

Current Ion Channel Gene Name Change DMD Model Reference

INa Nav1.5 Scn5a ↓ mdx, mdx-utr [35]
↓ mdx [41]
↓ mdx5cv [34]
↓ mdx5cv [36]

β1 subunit Scn1b na
ICaL Cav1.2 Cacna1c = mdx5cv [34]

= mdx [42]
= mdx [43]
= mdx [44]

β2 subunit Cacnb2 = mdx [42]
α2δ1 subunit Cacna2d1 = mdx [45]

ICaT Cav3.1 Cacna1g na
Cav3.2 Cacna1h na

IK1 Kir2.1 Kcnj2 ↓ mdx5cv [34]
= mdx, mdx-utr [46]

Ito Kv4.2 Kcnd2 na
Kv4.3 Kcnd3 na
Kv1.4 Kcna4 na

IK,slow Kv1.5 Kcna5 na
Kv2.1 Kcnb1 na

(B) Functional Data

Current Ion Channel Gene Name Change DMD Model Reference

INa Nav1.5 Scn5a ↓ mdx, mdx-utr [35]
↓ mdx5cv [34]
↓ mdx, mdx-utr [33]
↓ mdx5cv [36]

ICaL Cav1.2 Cacna1c = mdx [47]
= mdx [48]
↑ mdx, mdx-utr [33]
↑ mdx, mdx-utr [49]
↑ mdx [42]
↑ mdx [27]
↑ mdx [50]
↑ mdx [44]
↑ mdx [51]

ICaT Cav3.1, Cav3.2 Cacna1g, Cacna1h = mdx [52]
IK1 Kir2.1 Kcnj2 ↓ mdx [46]
Ito Kv4.2, Kv4.3, Kv1.4 Kcnd2, Kcnd3, Kcna4 = mdx [47]

↓ xmd dog [53]
IK,slow Kv1.5, Kv2.1 Kcna5, Kcnb1 = mdx, mdx-utr [49]

http://www.guidetopharmacology.org
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Figure 1. Cartoon summarizing the effects of dystrophin deficiency on voltage-dependent sarcolemmal
ion channel expression and function in a ventricular cardiomyocyte. In healthy cardiomyocytes,
protein members of the dystrophin-associated protein complex (DAPC), such as dystrophin and
syntrophin, interact with ion channels to ensure their proper cellular expression and function. Among
those interactions, syntrophin binding to Nav1.5 and Kir2.1 is well-established (see manuscript text).
For potential other interactions (indicated by arrows), the evidence is less strong. In case of dystrophin
deficiency, the DAPC interactions with ion channels are disturbed, which results in alterations in
the channel properties. A red circle around a particular ion channel represents the down-regulation
of the expression of the respective protein, while a grey circle indicates that dystrophin deficiency
does not (or is not known to) alter a channel’s or a channel subunit’s expression. Red and green
arrows represent channel loss-of-function and gain-of-function, respectively. The light red arrow
indicates potential channel loss-of-function, whereby the literature evidence is controversial. A grey
arrow indicates unaltered channel function, or that the potential effects of dystrophin deficiency are
unknown. The physiologically prevailing direction of current flow during an action potential through
a particular ion channel (inward and/or outward) can be derived from the respective arrow head
position(s). ICaL—L-type Ca2+ current; ICaT—T-type Ca2+ current; INa—Na2+ current; IK1—inward
rectifier K+ current; Ito—transient outward K+ current; IK,slow—ultra-rapid delayed rectifying and
slowly inactivating K+ current. The channel or channel subunit names in the circles are given according
to IUPHAR nomenclature.

Because Nav1.5 interacts with dystrophin [34] and other protein members of the DAPC,
the syntrophins [28,29,34], it is conceivable that the disturbance of these interactions, in the case
of dystrophin deficiency, impairs Nav1.5 expression and localization. The interaction with syntrophin
normally occurs via the binding of the last three C-terminal residues of Nav1.5 (Ser-Ile-Val) to
syntrophin’s PDZ domain [54]. A detailed analysis of the Nav1.5 expression and localization in
healthy mouse ventricular cardiomyocytes revealed that at least two pools of channels coexist in
the membrane, as follows: one targeted at the lateral membranes by the DAPC via syntrophin and
dystrophin, and one targeted at the intercalated disks by synapse associated protein, SAP97 [55].
These authors further reported a selective loss of Nav1.5 at the lateral membranes, but not
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at the intercalated disks, in dystrophin-deficient (mdx) cardiomyocytes. Obviously, functional
dystrophin is essential for a proper expression of Nav1.5 at the lateral membranes of ventricular
cardiomyocytes, and the loss of this protein leads to impaired channel expression and, consequently,
Na+ channel loss-of-function. Moreover, it was suggested that the reduced expression of Nav1.5 in
dystrophin-deficient cardiomyocytes is dependent on proteasomal degradation [36].

Besides markedly reduced Na+ current (INa) densities and Nav1.5 protein levels in ventricular
cardiomyocytes derived from adult dystrophin-deficient mice, the gating properties of the expressed
Na+ channels are normal or slightly impaired at most. Thus, the voltage-dependencies of the activation
and inactivation in dystrophic ventricular cardiomyocytes were found to be similar to those of wild
type myocytes [33,34,36]. Only the authors of [35] reported slight shifts in both the activation and
steady-state inactivation curves towards more positive potentials in dystrophic cardiomyocytes.
We therefore conclude that a reduction in the lateral membrane expression represents the major
Na+ channel abnormality in dystrophin-deficient ventricular cardiomyocytes.

Reduced INa in dystrophin-deficient ventricular cardiomyocytes should affect their action
potential (AP). Indeed, we found a significant decrease in the AP upstroke velocity and a diminished
AP amplitude in dystrophic cardiomyocytes [33]. The described AP abnormalities in dystrophic
myocytes accord with reduced INa, and their relevance for the dystrophic heart was studied by
comparing the electrocardiograms (ECGs) recorded from adult wild type and dystrophin-deficient
mice. Here, consistent with the reduced Na+ channel availability and a slower AP upstroke in
dystrophic ventricular cardiomyocytes, several groups found significantly prolonged QRS intervals
in the ECGs of dystrophic, compared with wild type mice [34,41,56]. This suggests that ventricular
conduction is slowed in dystrophic animals. It should be noted that, besides reduced INa, other
abnormal properties of cardiomyocytes could also affect ventricular conduction in the dystrophic heart.
For example, a differential expression of connexin isoforms compared to wild type [41] would have
a direct impact on conduction.

2.2. Calcium Channels

During the plateau phase of the ventricular AP, a calcium (Ca2+) influx through Cav1.2 L-type
Ca2+ channels into the cytosol elicits a Ca2+-induced Ca2+ release from the sarcoplasmic reticulum (SR),
which finally triggers contraction. Comparison of the functional properties of Cav1.2 in ventricular
cardiomyocytes derived from wild type and dystrophic mice revealed two major differences, both
of which reflecting a gain-of-function, namely: (i) enhanced Ca2+ current (ICa) densities [42,49];
and (ii) reduced channel inactivation [27,33,44,49–51] in dystrophic compared to wild type myocytes.
In spite of some differences among the results from the above-named studies, all of the authors
consistently reported a channel gain-of-function in dystrophic cells (Figure 1, Table 1). This is in
agreement with the increased in-vivo left ventricular Ca2+ influx in the mdx mouse detected by
manganese-enhanced cardiovascular magnetic resonance imaging [57]. On the other hand, two reports
of normal Cav1.2 properties in dystrophic ventricular cardiomyocytes do exist [47,48]. To some
extent, the inconsistencies in the findings between various groups may be explained by the use of
mouse populations of different ages. Accordingly, the authors of [42] reported that the Ca2+ channel
abnormalities in dystrophic cardiomyocytes were dependent on the age of the animals from which the
cells had been derived.

Cav1.2 inactivates in a Ca2+-, as well as in a voltage-dependent manner. To test if both of
these modes of inactivation were impaired in dystrophic cardiomyocytes, we measured currents
through Ca2+ channels using either Ca2+ or barium (Ba2+) as the charge carrier [49]. While ICa

shows Ca2+-dependent inactivation as the predominant form, Ba2+ currents exclusively exhibit
voltage-dependent inactivation. We found reduced inactivation both in the Ca2+ and Ba2+ currents
of dystrophic ventricular cardiomyocytes [49]. This implied that dystrophin deficiency impairs both
Ca2+- and voltage-dependent inactivation.



Int. J. Mol. Sci. 2018, 19, 3296 6 of 19

All of the above cited studies have used hearts from either neonatal or young adult dystrophic
mice as a cell source. Recently, we have studied ICa in ventricular cardiomyocytes derived from
aged (>1 year of age) mdx mice. To our surprise, we found that the functional properties of Cav1.2
were similar in cardiomyocytes from mdx and wild type mice at this age [52]. This implied that the
dystrophin regulation of Cav1.2 in the heart is lost during aging. A significant loss of dystrophin
protein in the senescent murine heart [58] may help to explain this unexpected finding.

In contrast to L-type Cav1.2, low-voltage activated T-type Ca2+ channels are only slightly
expressed in cardiac ventricles from healthy adult mice, but the ventricular re-expression of T-type
channels has been reported in heart failure [59,60]. In the course of our previous work using
15–25-week-old mdx mice, with a focus on the L-type Ca2+ channel, we could only detect minute T-type
ICa both in wild type and mdx ventricular cardiomyocytes, and we have not noticed considerable
differences in the current density or voltage-dependence of channel activation between normal and
dystrophic cells. The activation as well as inactivation kinetics of the T-type ICa also appeared to be
similar. Tiny T-type ICa with similar properties was also found in wild type and mdx ventricular
cardiomyocytes derived from aged (>1 year of age) mice [52]. We therefore believe that T-type ICa is
neither considerably upregulated, nor dysregulated in dystrophic cardiomyocytes.

Studies that have provided evidence for an interaction of L-type Ca2+ channels with dystrophin in
the heart [27] and in skeletal muscle [61] suggested that, similar to that shown for Nav1.5 (see above),
the expression of L-type Ca2+ channels may be regulated by dystrophin. This, however, does not seem
to be the case, because, first, Ca2+ channel main alpha1C- [34,42–44,49] and auxiliary- [42,45,49] subunit
expression both at mRNA and protein level was found to be similar in wild type and dystrophic
mouse hearts (also see Table 1A). Secondly, ON-gating charge values, a measure for the number of
channels in the membrane, were similar in wild type and dystrophic cardiomyocytes [49]. Furthermore,
the absence of dystrophin did not appear to affect the membrane localization of Cav1.2 in cardiac
tissue ([27]; own unpublished preliminary data).

If abnormal Cav1.2, and channel subunit expression cannot account for the altered ICa properties
(enhanced current density and reduced channel inactivation) in dystrophic cardiomyocytes, there must
be one or several other causative mechanisms. It is, for example, conceivable that the lack of dystrophin
impairs Cav1.2 regulation. In this context, the authors of [42] tested the beta-adrenergic regulation of
Cav1.2 in wild type and mdx mice, and reported an increased basal phosphorylation of the Cav1.2
alpha1C subunit, accompanied by enhanced cAMP-dependent protein kinase A (PKA) activity in
the hearts from mdx mice. The PKA-dependent modulation of Cav1.2 (by phosphorylation [62,63]
and/or other mechanisms [64,65]) is thought to enhance the ICa amplitude, and also to affect
the channel inactivation properties [64]. An increased baseline PKA activity, and consequentially
enhanced basal phosphorylation of Cav1.2, may provide an explanation for larger L-type ICa in mdx
cardiomyocytes. The concept of an increased baseline PKA activity in dystrophic cardiomyocytes
is supported by enhanced PKA phosphorylation of the ryanodine receptor (RYR2) associated with
dystrophic cardiomyopathy in mdx mice [66]. On the other hand, it is in contrast to the increased ICa

enhancement triggered by beta-adrenergic stimulation via isoprenaline in mdx compared to wild type
cardiomyocytes [27]. Further studies are required to fully understand to what extent, and how exactly
abnormal PKA regulation contributes to L-type Ca2+ channel gain-of-function in the dystrophic heart.

Besides abnormal PKA modulation, another potential source of ICa dysregulation in the dystrophic
heart is nitric oxide synthase (NOS). In cardiomyocytes, nitric oxide (NO), synthesized by NO synthases,
is believed to regulate the function of Cav1.2 (e.g., [67,68]). Among the different NOS isoforms,
neuronal NOS (nNOS) and endothelial NOS (eNOS) are constitutively expressed in myocytes [68].
Whereas eNOS expression and activity were shown to be normal in the dystrophic heart [69,70],
nNOS expression [69] and activity [69,70] were significantly diminished, and the enzyme seemed
to be mislocalized [71]. This would be consistent with the view that the presence of dystrophin is
required for a proper expression and localization of nNOS. Indeed, in healthy cardiomyocytes, nNOS
binds to dystrophin as well as syntrophin, and is part of the DAPC [72]. If nNOS is knocked out in
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animal models or is pharmacologically inhibited, currents through L-type Ca2+ channels are increased,
and their inactivation is slowed [67,73,74]. Thus, both the enhanced ICa and the slowed channel
inactivation observed in dystrophic cardiomyocytes (see above) could be explained by an abnormally
decreased nNOS activity in the dystrophic cells. Direct proof for this hypothesis, however, is lacking
as of yet. In addition, although we have been trying hard to reproduce the NO- or nNOS-mediated
regulation of Cav1.2 function in healthy mouse cardiomyocytes in our lab, we have failed so far
(unpublished data). This is supported by the work from other groups, which contradicts the widely
accepted view of L-type Ca2+ channel inhibition by NO via nNOS activity. Thus, cardiomyocytes from
nNOS-/- mice exhibited normal ICa [75], and NO donors did not affect ICa in healthy rat myocytes [76].
Furthermore, diminished nNOS expression in mdx versus normal wild type hearts (see above) has
been questioned [70,77]. In our opinion, further research is needed in order to validate or disproof
the widely accepted view that nNOS functionally regulates the L-type Ca2+ channel in the heart.
If nNOS, against the current view, does not significantly regulate this channel, its potential alteration
in dystrophic cardiomyocytes can also not account for the L-type Ca2+ channel gain-of-function in
these cells.

A further potential source for ICa abnormalities in dystrophic cardiomyocytes includes an altered
regulation by reactive oxygen species (ROS). In particular, the Cav1.2 alpha1 subunit is a target for
direct redox modification during oxidative stress [78], and oxidizing agents result in an increase in the
channel-mediated Ca2+ influx [79–81]. Consequently, increased ROS levels in the dystrophic heart [82]
may help to explain the gain-of-function Ca2+ channel abnormalities in dystrophic cardiomyocytes.

Recently, it was shown that the expression of the nuclear pore protein Nup153 was significantly
increased at protein level in the mdx hearts when compared with controls, and its overexpression in
normal cardiomyocytes increased Cav1.2 channel function [83]. This would also be in line with Ca2+

channel gain-of-function in dystrophic cardiomyocytes.
Besides the above-mentioned regulators as potential sources for abnormal Ca2+ channel function

in dystrophin-deficient cardiomyocytes, numerous other known channel regulators, such as, for
example protein kinase C (PKC), Ca2+/calmodulin-dependent protein kinase II (CaMKII), and A-kinase
anchoring proteins (AKAPs) are further candidates as causative mechanisms or contributing factors.
To the best of our knowledge, for none of these or other regulators, however, a conclusive link to
dystrophic Ca2+ channel abnormalities has been established as yet.

Finally, because Cav1.2 is an example of extreme splicing diversity [84], potential alterations in
Ca2+ channel splice variants in the dystrophic heart, although currently unknown, should not be left
out of consideration.

Despite increased ICa in dystrophin-deficient compared with wild type ventricular cardiomyocytes
(see above), and the consequently increased Ca2+ influx during an AP, we and others [35,49] did not
observe AP prolongation in these cells. This was probably due to the comparably small contribution
of L-type ICa to the short AP in the murine heart [85]. Accordingly, the implementation of the
experimentally observed enhancement in “dystrophic” Ca2+ conductance in a computer model of
a human ventricular cardiomyocyte considerably prolonged the AP [49]. The ECG parameters most
likely to be affected by Ca2+ channel abnormalities in dystrophic cardiomyocytes are the PQ and the
QT intervals. The former parameter reflects the AV nodal conduction, whereas the latter parameter
corresponds to AP duration, and is dominated by ventricular repolarization. In accordance with
increased ICa in dystrophic cardiomyocytes, we and other authors have consistently found shortened
PQ intervals in dystrophic mice (e.g., [49,56]). Short PQ intervals compared to control animals were
also found in a canine model of DMD [86]. Regarding the QT interval, both normal (e.g., [34]) and
prolonged (e.g., [27,56]) values compared to wild type mice were observed in dystrophic mice. In our
study, mdx mice developed a small but significant QT interval prolongation only at an advanced
age [49]. Taken together, Ca2+-dependent ECG parameters are altered in dystrophic mice, and should
be considered a source for the emergence of cardiac arrhythmias, as described to occur in these
animals [87,88].
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Increased Ca2+ influx into the dystrophic cardiomyocyte during an AP may contribute to
cellular Ca2+ overload [89]. Several authors have reported increased resting free intracellular
Ca2+ concentrations in dystrophic cardiomyocytes [47,90,91], and there is evidence to suggest that
excess intracellular Ca2+ is a key trigger of cell death and fibrosis in the course of dystrophic
cardiomyopathy [8–10]. In our opinion, however, it is still unclear if, or to what extent L-type
Ca2+ channel gain-of-function contributes to increased resting intracellular Ca2+ in dystrophic
cardiomyocytes. Here, other factors such as, for example, altered TRP channel activity [30,31] and
leaky ryanodine receptors [88] may provide major contributions.

Ca2+ influx into the cytosol triggers Ca2+-induced Ca2+-release from the SR via the ryanodine
receptor. Thus, the enhanced Ca2+ influx into dystrophic cardiomyocytes during an AP may further
alter the cells’ intracellular Ca2+ release, and consequently modulate the contractility. To investigate
this, electrically evoked Ca2+ transients have been compared between wild type and mdx ventricular
cardiomyocytes by several groups, with very contradictory results. Thus, the authors of [90] reported
increased Ca2+ transient amplitudes in mdx cardiomyocytes, whereas others [48,77,88] found them to
be normal or even diminished in mdx cells, respectively. The authors of [42] recently reported Ca2+

transient amplitudes in mdx cardiomyocytes to be either normal or increased when compared to wild
type, and this was dependent on the age of the mice used. The latter report suggests that the different
age ranges of mice used in the enumerated studies may explain at least part of their contradictory
findings. In our study, electrically evoked Ca2+ transients in ventricular cardiomyocytes derived from
aged mdx mice showed normal amplitudes when compared to wild type [52]. On the other hand,
we found a significantly slowed decay of the Ca2+ signal triggered by electrical stimulation in “aged”
mdx myocytes, which coincides with similar results in the literature (e.g., [77,90]). The latter finding
can be explained by impaired Ca2+ removal from the cytosol after release in dystrophic cells [90].
The actually expected increase in Ca2+ transient amplitude due to enhanced L-type ICa in dystrophic
cardiomyocytes (see above), however, cannot be derived from the as yet published literature.

Finally, an interesting new aspect in the context of L-type Ca2+ channel dysregulation in dystrophic
cardiomyocytes was recently raised. In healthy myocytes, the L-type Ca2+ channel communicates with
the mitochondria, and thereby regulates the cellular metabolic activity [44,50]. This communication
occurs via the interaction of both the channel and mitochondria with the cytoskeleton, and involves
a voltage-dependent anion channel (VDAC) in the outer mitochondrial membrane [44,92]. In the case of
dystrophin deficiency, functional communication between the Ca2+ channel and mitochondrial VDAC
is impaired, and this contributes to metabolic inhibition—a relevant feature of the dystrophic heart. Via
this mechanism, L-type Ca2+ channel abnormalities are linked to metabolic dysfunction in dystrophic
cardiomyopathy. The authors of [93] reported significantly diminished VDAC1 protein levels in
mdx compared to healthy mouse hearts, whereas others [94] found a slight VDAC1 upregulation in
dystrophin-deficient hearts using the mdx4cv DMD mouse model.

2.3. Potassium Channels

In cardiomyocytes, voltage-dependent potassium (K+) channels are major determinants of the
resting membrane potential and AP repolarization. In contrast to Na+ and Ca2+ channels (see above),
very little is known about voltage-dependent K+ channels and potential abnormalities in their
properties in the dystrophic heart. In an early study using the mdx mouse model [47], no significant
difference was found in the voltage dependence and density of the transient outward K+ currents
(Ito) between the control and mdx ventricular cardiomyocytes. The authors of [53], using a canine
model of DMD, reported significantly reduced Ito in dystrophic compared with control epicardial
myocytes. The authors concluded that the reduction of Ito may alter the balance of inward and
outward currents in the dystrophic myocardium, and thereby contribute to cardiac pathology. In our
previous work, with a focus on the L-type Ca2+ channel [49], we found similar outward K+ currents
in control and dystrophic ventricular cardiomyocytes derived from two DMD/BMD mouse models
(mdx and mdx-utr). Recently, we have compared IK1 inward rectifier K+ currents in wild type and
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dystrophic (mdx and mdx-utr) ventricular cardiomyocytes [46]. The IK1 current, mainly carried by
Kir2.1 channels [95], controls the resting membrane potential and the final phase of AP repolarization.
Similar to Nav1.5 (see above), Kir2.1 is a member of the DAPC, and binds to syntrophin’s PDZ domain
via its C-terminus [29,96]. Thus, we hypothesized that dystrophin deficiency might impair IK1 currents.
Indeed, we found that IK1 was substantially diminished in the dystrophic compared with wild type
cardiomyocytes [46]. The Kir2.1 protein levels in dystrophic compared to wild type ventricles were
similar [46], or only slightly reduced [34]. This suggested that Kir2.1 channel expression is comparable
in dystrophin-deficient and wild type cardiomyocytes. Furthermore, immunostaining experiments
implied normal Kir2.1 localization within the T-tubular system in dystrophic cardiomyocytes [46].
These findings prompted us to suggest that another mechanism than the impaired Kir2.1 expression
and/or localization must be responsible for the reduced IK1 currents in dystrophic cardiomyocytes.
Here, channel inhibition by cytoplasmic regulatory factors is likely, and follow-up studies are needed in
order to identify the responsible regulator(s). Finally, reduced IK1 currents due to dystrophin deficiency
may provide an explanation for the low resting potentials occasionally measured in dystrophic
cardiomyocytes [35,88]. They also represent a potential additional mechanism to cause arrhythmias in
the dystrophic heart.

2.4. Ion Channel Abnormalities Prior to Dystrophic Cardiomyopathy Development

The described ion channel abnormalities in cardiomyocytes derived from dystrophin-deficient
DMD/BMD mouse models may represent a primary effect of the dystrophin gene mutation and
precede dilated cardiomyopathy development. As such, they could be regarded as a potential trigger
of disease (see below). On the other hand, they may simply be a secondary effect generated by the
cardiomyopathy. Thus, it is well known that heart failure leads to so-called “electrical remodeling”,
including alterations of ion channel expression and function [97]. Lately, evidence for the view that
channel abnormalities do exist already prior to cardiomyopathy development has been accumulating.

We could recently show that significant Na+ channel impairments (reduced current densities,
slowed inactivation kinetics) are already present in dystrophin-deficient cardiomyocytes derived
from one- to two-day-old neonatal mdx and/or mdx-utr mice [33]. As it is well established
that cardiac abnormalities are lacking in these DMD/BMD mouse models, even in young adult
animals (e.g., [40,98,99]), these Na+ channel defects in dystrophic neonatal cardiomyocytes can
be considered primary effects of the dystrophin gene mutation, which precede cardiomyopathy
development. Our auxiliary finding of reduced L-type Ca2+ channel inactivation in dystrophic neonatal
cardiomyocytes [33], supported by the authors of [27], suggests that this is not a special feature of Na+

channels alone, but more generally holds true for other ion channels. To demonstrate the functional
relevance of the observed Ca2+ channel abnormalities in dystrophic neonatal cardiomyocytes at the
organ level, we performed ECG recordings on two-day-old neonatal mice. We found significantly
shortened PQ-intervals in the dystrophic compared with wild type animals [49]. These findings,
consistent with the impaired Ca2+ channel inactivation in dystrophic neonatal cardiomyocytes [27,33],
suggested that atrioventricular (AV) nodal conduction is already accelerated in the dystrophic neonatal
heart prior to cardiomyopathy development. Moreover, mitochondrial dysfunction due to impaired
communication with the L-type Ca2+ channel is one of the first pathological alterations to occur in the
mdx heart prior to the onset of any detectable cardiomyopathy [9,100].

Taken together, there are reports of “early” ion channel abnormalities in cardiomyocytes derived
from dystrophin-deficient DMD/BMD mouse models. These are consistent with the concept of
dystrophin (and DAPC) regulation of cardiac ion channel expression and function [33,49,101,102].
Importantly, ion channel abnormalities may be considered novel causes or underlying mechanisms of
dystrophic cardiomyopathy genesis, as we have previously proposed [33]. Accordingly, in genetically
engineered mice, dilated cardiomyopathy can be induced by the aimed alteration of cardiac ion channel
expression and/or gating. For example, the reduced expression of Nav1.5 channels (a hallmark of
dystrophic cardiomyocytes [34,35], see above) triggered dilated cardiomyopathy development [103].
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3. Dystrophic Cardiac Ion Channel Abnormalities: Evidence from Human Studies

Although animal models of cardiomyopathy and heart failure are valuable tools to study disease
mechanisms [104], the yielded findings on dystrophic animals may not always apply to human
DMD/BMD patients. In particular, small animals, such as mice or rats, are often considered rather
inappropriate models, because the physiology of their hearts is different to that of humans. For example,
ion channel expression in adult ventricular cardiomyocytes from mice and humans is diverse, and this
entails considerable differences in cellular AP shape (short AP duration and lack of distinct plateau
phase in the mouse). Consequently, studies on ventricular cardiomyocytes from dystrophinopathy
patients would be necessary in order to validate the data deduced from muscular dystrophy animal
models. Because of the obvious difficulty in obtaining cardiomyocytes from human patients (and
from appropriate healthy control individuals), there are no data on voltage-dependent ion channel
abnormalities in native cardiomyocytes from dystrophinopathy patients, as yet. However, studies
using cardiomyocytes derived from induced pluripotent stem cells (iPSCs) of dystrophinopathy
patients begin to reveal first evidence. In addition, indirect evidence for abnormal ion channel function
in the human dystrophic heart can be inferred from abnormal ECGs, impaired impulse conduction,
and the occurrence of cardiac arrhythmias in patients.

L-type ICa densities, measured with the whole cell patch clamp technique, were significantly
reduced in DMD iPSC-derived compared with control cardiomyocytes [105]. This is in contrast to the
Ca2+ channel gain-of-function abnormalities consistently reported for dystrophic mouse ventricular
cardiomyocytes (see above). As, to the best of our knowledge, the authors of [105] have been the only
ones to compare ICa in normal and dystrophic human iPSC-derived cardiomyocytes, as yet, this single
finding should not be over-interpreted.

Ca2+ handling was studied previously [106], and a difference was found between iPSC-derived
DMD and healthy control cardiomyocytes, namely: the duration of recovery of the DMD Ca2+ transient
triggered by electrical stimulation was significantly prolonged compared to the control. This is in
line with similar findings in mouse models (e.g., [52,77,90]), and may be explained by impaired Ca2+

removal from the cytosol after release in dystrophic cells [90]. The authors of [105] reported elevated
levels of resting Ca2+ concentration in DMD iPSC-derived cardiomyocytes, again in accordance with
respective findings in mouse model studies [47,90,91].

Apart from iPSC-derived cardiomyocyte studies, there is indirect evidence for potentially
abnormal voltage-dependent ion channel function in the human dystrophic heart, as follows:
(i) like in dystrophic mouse ventricular cardiomyocytes, INa may be reduced in dystrophic human
cardiomyocytes. Thus, ventricular conduction is impaired in DMD [107,108] and BMD [6] patients,
and the QRS-interval in the ECG of patients with dilated cardiomyopathy is often prolonged (e.g., [109]);
(ii) Like in dystrophic mouse ventricular cardiomyocytes, ICa may be increased in dystrophic human
cardiomyocytes, because Ca2+-dependent ECG parameters in dystrophinopathy patients are altered in
a respective manner, as follows: Patients typically show short PQ intervals [6,107,110,111], consistent
with accelerated atrioventricular (AV) nodal conduction due to enhanced ICa in AV nodal cells,
and in some cases also prolonged QT intervals [110,112,113]. A prolonged QT interval, however,
is not a regular observation in dystrophinopathy patients, and may also arise via other mechanisms
(i.e., abnormal K+ currents in dystrophic human ventricular cardiomyocytes). A further argument for
potentially increased L-type ICa in dystrophic human cardiomyocytes can be found in the following
recent study [83]: Nup153, a nuclear pore protein that has been shown to increase the Cav1.2 channel
expression and function in mouse cardiomyocytes, is up-regulated in the heart of DMD patients.
Finally, the IK-dependent ECG parameters (i.e., QT interval and T-wave morphology) can also be
abnormal in dystrophinopathy patients [110,112,113]. Here, a direct assignment to one or several
particular K+ channels in the dystrophic heart, however, is currently impossible.

Taken together, the nature of the ECG abnormalities observed in dystrophinopathy patients,
in comparison with the cellular ion channel and ECG impairments reported for mouse models of
DMD/BMD (see above), suggest that the major ion channel abnormalities in dystrophic human and
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mouse hearts are similar, to a substantial extent. Furthermore, in analogy to the “early” ion channel
abnormalities in cardiomyocytes from dystrophin-deficient DMD/BMD mouse models (see above),
ECG abnormalities already occur in very young dystrophinopathy patients and precede the onset of
cardiac dysfunction [20,114].

4. Limitations of the Experimental Studies

Functional ion channel data from native cardiomyocytes of dystrophinopathy patients
(and appropriate healthy control individuals) are lacking. Thus, the actual existence of
voltage-dependent sarcolemmal ion channel abnormalities in cardiomyocytes from DMD/BMD
patients is currently unproven.

Studies using cardiomyocytes derived from iPSCs of dystrophinopathy patients currently
suffer from issues like potentially different levels of cell maturity between control and DMD/BMD
iPSC-derived cardiomyocytes, and/or genetic differences between cell donors (patients and healthy
control individuals). This may impact the results of the electrophysiological recordings and lead to
artificial findings.

The vast majority of the current knowledge about voltage-dependent ion channel abnormalities
in the dystrophin-deficient heart has been gained from studies on the mdx mouse model. As already
mentioned above, the physiology of the mouse heart is very different to that of the human heart.
In addition, the mdx mice exhibit a rather mild cardiomyopathy with a later onset (e.g., [98]) when
compared with dystrophinopathy patients. Therefore, the mdx mouse cannot be considered a fully
appropriate animal model for DMD/BMD.

Finally, voltage-dependent ion channel activity depends on the mechanical strain put
on a cardiomyocyte [115]. In the case of dystrophin deficiency, normal mechano-sensation
is disrupted [116,117]. None of the isolated cardiomyocyte studies cited in the present review article
have tested the effects of mechanical stress on the electrophysiological properties in normal and
dystrophic cardiomyocytes. Dystrophic ion channel abnormalities under mechanical stress may be
different to those observed under an unphysiological “unloaded” condition.

5. Conclusions, Clinical Implications, and Future Perspectives

The studies considered in the present review article clearly suggest the existence of significant
voltage-dependent sarcolemmal ion channel abnormalities in the dystrophin-deficient heart. These are
summarized in the cartoon displayed in Figure 1. A list of the occurring “dystrophic” changes in the
ion channel properties at the level of protein expression and function is given in sections A and B of
Table 1, respectively.

Dystrophic ventricular cardiomyocytes show considerable Na+ channel loss-of-function and
L-type Ca2+ channel gain-of-function. In addition, the functional communication between the
Ca2+ channel and mitochondria is impaired [44], which provides a link to metabolic dysfunction
in dystrophic cardiomyopathy. Furthermore, the activity of some K+ channels may be reduced in
dystrophic myocytes. Ion channel abnormalities occur prior to cardiomyopathy development in the
dystrophic heart, and may thus represent a primary effect of the dystrophin gene mutation. Channel
abnormalities in dystrophic cardiomyocytes can explain abnormal ECG parameters observed in
dystrophic animals and dystrophinopathy patients, and represent a relevant source for the emergence
of cardiac arrhythmias. Dystrophic Na+ channel impairments may be considered as a major cause of
the cardiac conduction defects observed in DMD/BMD patients. L-type Ca2+ channel gain-of-function
in dystrophic cardiomyocytes, on the other hand, may give rise to Ca2+-dependent arrhythmias. It is
interesting in this context, that similar Ca2+ channel abnormalities (larger currents and impaired
inactivation) were shown to underlie the serious cardiac arrhythmias observed in Timothy syndrome,
a rare multisystem disorder caused by Cav1.2 channel mutations [118–120]. Furthermore, as ion
channel impairments and associated mitochondrial dysfunction in cardiomyocytes precede the onset
of cardiomyopathy development in the dystrophic heart, they may well play a role in triggering
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the disease. Accordingly, both reduced INa [103] and increased ICa [121] in cardiomyocytes initiated
cardiomyopathy development in mouse model studies. Consequently, ion channel modulation may
not only represent a tool for arrhythmia management in dystrophinopathy patients, but emerges
as a promising candidate for the development of new treatment strategies to prevent dystrophic
cardiomyopathy genesis and to stop the progression of the disease. Studies with animal models
of muscular dystrophy are required to thoroughly test this hypothesis, as the potential basis for
subsequent clinical trials.

In order to gain deeper insights, prospective studies should focus on more appropriate
DMD/BMD animal models for the cardiac disease phenotype other than dystrophic mice. Here, a just
recently described rabbit model of muscular dystrophy [122] is of particular interest, as the properties
of the rabbit heart more closely resemble those of human hearts [123]. For example, in contrast to the
ventricular cardiomyocytes from adult mice, rabbit myocytes show a distinct plateau phase in their AP,
and express Kv11.1 (hERG) and Kv7.1 (KCNQ1) channels, the major determinants of AP repolarization
in human ventricular cardiomyocytes (e.g., [124]). Because of their absence in adult mouse ventricular
myocytes, the potential abnormalities of these important K+ channels in the dystrophic heart have not
been studied so far.

A gain of further knowledge is also expected from future studies with human DMD/BMD patient
iPSC-derived cardiomyocytes. However, this will depend on methodological improvements yet to
be achieved: e.g., the gain of truly mature iPSC-derived cardiomyocytes, or the avoidance of the
generation of strongly heterogeneous myocyte populations, which is a typical shortcoming of current
approaches to obtain iPSC-derived cardiomyocytes (e.g., [125,126]).

Finally, the current knowledge regarding the abnormalities in voltage-dependent sarcolemmal
ion channel functional properties in the dystrophic heart is almost exclusively based on studies on
ventricular cardiomyocytes. Prospective studies should also consider myocytes from other heart
regions, such as AV-nodal cells and cells from the central ventricular conduction system of the
heart. This would certainly help to better understand the emergence of cardiac arrhythmias in
the dystrophic heart.

Author Contributions: X.K. and K.H. wrote the manuscript; J.E. revised the manuscript.

Funding: This work was supported by the Austrian Science Fund (FWF) (P30234-B27 to K.H.).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Wallace, G.Q.; McNally, E.M. Mechanisms of Muscle Degeneration, Regeneration, and Repair in the Muscular
Dystrophies. Annu. Rev. Physiol. 2009, 71, 37–57. [CrossRef] [PubMed]

2. Ervasti, J.M.; Campbell, K.P. Membrane Organization of the Dystrophin-Glycoprotein Complex. Cell 1991,
66, 1121–1131. [CrossRef]

3. Ervasti, J.M.; Campbell, K.P. A Role for the Dystrophin-Glycoprotein Complex as a Transmembrane Linker
between Laminin and Actin. J. Cell Biol. 1993, 122, 809–823. [CrossRef] [PubMed]

4. Petrof, B.J.; Shragert, J.B.; Stedmant, H.H.; Kellyt, A.M.; Sweeney, H.L. Dystrophin Protects the Sarcolemma
from Stresses Developed during Muscle Contraction (Muscular Dystrophy/Muscle Injury/Mdx Mouse).
Med. Sci. 1993, 90, 3710–3714.

5. Bushby, K.M.; Thambyayah, M.; Gardner-Medwin, D. Prevalence and Incidence of Becker Muscular
Dystrophy. Lancet 1991, 337, 1022–1024. [CrossRef]

6. Finsterer, J.; Stöllberger, C. Cardiac Involvement in Becker Muscular Dystrophy. Can. J. Cardiol. 2008,
24, 786–792. [CrossRef]

7. Ho, R.; Nguyen, M.-L.; Mather, P. Cardiomyopathy in Becker Muscular Dystrophy: Overview.
World J. Cardiol. 2016, 8, 356–361. [CrossRef] [PubMed]

8. Alderton, J.M.; Steinhardt, R.A. How Calcium Influx through Calcium Leak Channels Is Responsible for the
Elevated Levels of Calcium-Dependent Proteolysis in Dystrophic Myotubes. Trends Cardiovasc. Med. 2000,
10, 268–272. [CrossRef]

http://dx.doi.org/10.1146/annurev.physiol.010908.163216
http://www.ncbi.nlm.nih.gov/pubmed/18808326
http://dx.doi.org/10.1016/0092-8674(91)90035-W
http://dx.doi.org/10.1083/jcb.122.4.809
http://www.ncbi.nlm.nih.gov/pubmed/8349731
http://dx.doi.org/10.1016/0140-6736(91)92671-N
http://dx.doi.org/10.1016/S0828-282X(08)70686-X
http://dx.doi.org/10.4330/wjc.v8.i6.356
http://www.ncbi.nlm.nih.gov/pubmed/27354892
http://dx.doi.org/10.1016/S1050-1738(00)00075-X


Int. J. Mol. Sci. 2018, 19, 3296 13 of 19

9. Johnstone, V.P.A.; Viola, H.M.; Hool, L.C. Dystrophic Cardiomyopathy—Potential Role of Calcium in
Pathogenesis, Treatment and Novel Therapies. Genes 2017, 8, 108. [CrossRef] [PubMed]

10. Van Westering, T.; Betts, C.; Wood, M. Current Understanding of Molecular Pathology and Treatment of
Cardiomyopathy in Duchenne Muscular Dystrophy. Molecules 2015, 20, 8823–8855. [CrossRef] [PubMed]

11. Chenard, A.A.; Becane, H.M.; Tertrain, F.; De Kermadec, J.M.; Weiss, Y.A. Ventricular Arrhythmia in
Duchenne Muscular Dystrophy: Prevalence, Significance and Prognosis. Neuromuscul. Disord. 1993,
3, 201–206. [CrossRef]

12. Tsuda, T.; Fitzgerald, K.K. Dystrophic Cardiomyopathy: Complex Pathobiological Processes to Generate
Clinical Phenotype. J. Cardiovasc. Dev. Dis. 2017, 4, 14. [CrossRef] [PubMed]

13. Kamdar, F.; Garry, D.J. Dystrophin-Deficient Cardiomyopathy. J. Am. Coll. Cardiol. 2016, 67, 2533–2546.
[CrossRef] [PubMed]

14. Kaspar, R.W.; Allen, H.D.; Montanaro, F. Current Understanding and Management of Dilated
Cardiomyopathy in Duchenne and Becker Muscular Dystrophy. J. Am. Acad. Nurse Pract. 2009, 21, 241–249.
[CrossRef] [PubMed]

15. Mavrogeni, S. Cardiac Involvement in Duchenne and Becker Muscular Dystrophy. World J. Cardiol. 2015,
7, 410. [CrossRef] [PubMed]

16. McNally, E.M.; MacLeod, H. Therapy Insight: Cardiovascular Complications Associated with Muscular
Dystrophies. Nat. Clin. Pract. Cardiovasc. Med. 2005, 2, 301–308. [CrossRef] [PubMed]

17. Verhaert, D.; Richards, K.; Rafael-Fortney, J.A.; Raman, S.V. Cardiac Involvement in Patients with
Muscular Dystrophies: Magnetic Resonance Imaging Phenotype and Genotypic Considerations.
Circ. Cardiovasc. Imaging 2011, 4, 67–76. [CrossRef] [PubMed]

18. Chiang, D.Y.; Allen, H.D.; Kim, J.J.; Valdes, S.O.; Wang, Y.; Pignatelli, R.H.; Lotze, T.E.; Miyake, C.Y. Relation
of Cardiac Dysfunction to Rhythm Abnormalities in Patients with Duchenne or Becker Muscular Dystrophies.
Am. J. Cardiol. 2016, 117, 1349–1354. [CrossRef] [PubMed]

19. Melacini, P.; Fanin, M.; Danieli, G.A.; Villanova, C.; Martinello, F.; Miorin, M.; Freda, M.P.; Miorelli, M.;
Mostacciuolo, M.L.; Fasoli, G.; et al. Myocardial Involvement Is Very Frequent among Patients Affected with
Subclinical Becker’s Muscular Dystrophy. Circulation 1996, 94, 3168–3175. [CrossRef] [PubMed]

20. Beynon, R.P.; Ray, S.G. Cardiac Involvement in Muscular Dystrophies. QJM 2008, 101, 337–344. [CrossRef]
[PubMed]

21. Ishizaki, M.; Fujimoto, A.; Ueyama, H.; Nishida, Y.; Imamura, S.; Uchino, M.; Ando, Y. Life-Threatening
Arrhythmias in a Becker Muscular Dystrophy Family Due to the Duplication of Exons 3-4 of the Dystrophin
Gene. Intern. Med. 2015, 54, 3075–3078. [CrossRef] [PubMed]

22. Florian, A.; Rösch, S.; Bietenbeck, M.; Engelen, M.; Stypmann, J.; Waltenberger, J.; Sechtem, U.; Yilmaz, A.
Cardiac Involvement in Female Duchenne and Becker Muscular Dystrophy Carriers in Comparison to
Their First-Degree Male Relatives: A Comparative Cardiovascular Magnetic Resonance Study. Eur. Heart J.
Cardiovasc. Imaging 2016, 17, 326–333. [CrossRef] [PubMed]

23. Politano, L.; Nigro, V.; Nigro, G.; Petretta, V.R.; Passamano, L.; Papparella, S.; Di Somma, S.; Comi, L.I.
Development of Cardiomyopathy in Female Carriers of Duchenne and Becker Muscular Dystrophies. JAMA
1996, 275, 1335–1338. [CrossRef] [PubMed]

24. Judge, D.P.; Kass, D.A.; Thompson, W.R.; Wagner, K.R. Pathophysiology and Therapy of Cardiac Dysfunction
in Duchenne Muscular Dystrophy. Am. J. Cardiovasc. Drugs 2011, 11, 287–294. [CrossRef] [PubMed]

25. Ather, S.; Wang, W.; Wang, Q.; Li, N.; Anderson, M.E.; Wehrens, X.H.T. Inhibition of CaMKII Phosphorylation
of RyR2 Prevents Inducible Ventricular Arrhythmias in Mice with Duchenne Muscular Dystrophy.
Heart Rhythm 2013, 10, 592–599. [CrossRef] [PubMed]

26. Bushby, K.; Finkel, R.; Birnkrant, D.J.; Case, L.E.; Clemens, P.R.; Cripe, L.; Kaul, A.; Kinnett, K.;
Mcdonald, C.; Pandya, S.; et al. Review Diagnosis and Management of Duchenne Muscular Dystrophy,
Part 2: Implementation of Multidisciplinary Care. Lancet Neurol. 2010, 9, 177–189. [CrossRef]

27. Sadeghi, A.; Doyle, A.D.; Johnson, B.D. Regulation of the Cardiac L-Type Ca2+ Channel by the Actin-Binding
Proteins Alpha-Actinin and Dystrophin. Am. J. Physiol. Cell Physiol. 2002, 282, C1502–C1511. [CrossRef]
[PubMed]

28. Ou, Y.; Strege, P.; Miller, S.M.; Makielski, J.; Ackerman, M.; Gibbons, S.J.; Farrugia, G. Syntrophin Γ2 Regulates
SCN5A Gating by a PDZ Domain-Mediated Interaction. J. Biol. Chem. 2003, 278, 1915–1923. [CrossRef]
[PubMed]

http://dx.doi.org/10.3390/genes8040108
http://www.ncbi.nlm.nih.gov/pubmed/28338606
http://dx.doi.org/10.3390/molecules20058823
http://www.ncbi.nlm.nih.gov/pubmed/25988613
http://dx.doi.org/10.1016/0960-8966(93)90060-W
http://dx.doi.org/10.3390/jcdd4030014
http://www.ncbi.nlm.nih.gov/pubmed/29367543
http://dx.doi.org/10.1016/j.jacc.2016.02.081
http://www.ncbi.nlm.nih.gov/pubmed/27230049
http://dx.doi.org/10.1111/j.1745-7599.2009.00404.x
http://www.ncbi.nlm.nih.gov/pubmed/19432907
http://dx.doi.org/10.4330/wjc.v7.i7.410
http://www.ncbi.nlm.nih.gov/pubmed/26225202
http://dx.doi.org/10.1038/ncpcardio0213
http://www.ncbi.nlm.nih.gov/pubmed/16265534
http://dx.doi.org/10.1161/CIRCIMAGING.110.960740
http://www.ncbi.nlm.nih.gov/pubmed/21245364
http://dx.doi.org/10.1016/j.amjcard.2016.01.031
http://www.ncbi.nlm.nih.gov/pubmed/26952271
http://dx.doi.org/10.1161/01.CIR.94.12.3168
http://www.ncbi.nlm.nih.gov/pubmed/8989125
http://dx.doi.org/10.1093/qjmed/hcm124
http://www.ncbi.nlm.nih.gov/pubmed/18238819
http://dx.doi.org/10.2169/internalmedicine.54.3986
http://www.ncbi.nlm.nih.gov/pubmed/26631896
http://dx.doi.org/10.1093/ehjci/jev161
http://www.ncbi.nlm.nih.gov/pubmed/26113120
http://dx.doi.org/10.1001/jama.1996.03530410049032
http://www.ncbi.nlm.nih.gov/pubmed/8614119
http://dx.doi.org/10.2165/11594070-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21812510
http://dx.doi.org/10.1016/j.hrthm.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23246599
http://dx.doi.org/10.1016/S1474-4422(09)70272-8
http://dx.doi.org/10.1152/ajpcell.00435.2001
http://www.ncbi.nlm.nih.gov/pubmed/11997265
http://dx.doi.org/10.1074/jbc.M209938200
http://www.ncbi.nlm.nih.gov/pubmed/12429735


Int. J. Mol. Sci. 2018, 19, 3296 14 of 19

29. Willis, B.C.; Ponce-Balbuena, D.; Jalife, J. Protein Assemblies of Sodium and Inward Rectifier Potassium
Channels Control Cardiac Excitability and Arrhythmogenesis. Am. J. Physiol. Circ. Physiol. 2015,
308, H1463–H1473. [CrossRef] [PubMed]

30. Matsumura, C.Y.; Taniguti, A.P.T.; Pertille, A.; Neto, H.S.; Marques, M.J. Stretch-Activated Calcium Channel
Protein TRPC1 Is Correlated with the Different Degrees of the Dystrophic Phenotype in Mdx Mice. Am. J.
Physiol. Physiol. 2011, 301, C1344–C1350. [CrossRef] [PubMed]

31. Chung, H.S.; Kim, G.E.; Holewinski, R.J.; Venkatraman, V.; Zhu, G.; Bedja, D.; Kass, D.A.; Van Eyk, J.E.
Transient Receptor Potential Channel 6 Regulates Abnormal Cardiac S-Nitrosylation in Duchenne Muscular
Dystrophy. Proc. Natl. Acad. Sci. USA 2017, 114, E10763–E10771. [CrossRef] [PubMed]

32. Graciotti, L.; Becker, J.; Granata, A.L.; Procopio, A.D.; Tessarollo, L.; Fulgenzi, G. Dystrophin Is Required for
the Normal Function of the Cardio-Protective KATP Channel in Cardiomyocytes. PLoS ONE 2011, 6, e27034.
[CrossRef] [PubMed]

33. Koenig, X.; Dysek, S.; Kimbacher, S.; Mike, A.K.; Cervenka, R.; Lukacs, P.; Nagl, K.; Dang, X.B.; Todt, H.;
Bittner, R.E.; et al. Voltage-Gated Ion Channel Dysfunction Precedes Cardiomyopathy Development in the
Dystrophic Heart. PLoS ONE 2011, 6, e20300. [CrossRef] [PubMed]

34. Gavillet, B.; Rougier, J.S.; Domenighetti, A.A.; Behar, R.; Boixel, C.; Ruchat, P.; Lehr, H.A.; Pedrazzini, T.;
Abriel, H. Cardiac Sodium Channel Nav1.5 Is Regulated by a Multiprotein Complex Composed of
Syntrophins and Dystrophin. Circ. Res. 2006, 99, 407–414. [CrossRef] [PubMed]

35. Albesa, M.; Ogrodnik, J.; Rougier, J.-S.; Abriel, H. Regulation of the Cardiac Sodium Channel Nav1.5 by
Utrophin in Dystrophin-Deficient Mice. Cardiovasc. Res. 2011, 89, 320–328. [CrossRef] [PubMed]

36. Rougier, J.-S.; Gavillet, B.; Abriel, H. Proteasome Inhibitor (MG132) Rescues Nav1.5 Protein Content and
the Cardiac Sodium Current in Dystrophin-Deficient Mdx5cv Mice. Front. Physiol. 2013, 4, 51. [CrossRef]
[PubMed]

37. Sicinski, P.; Geng, Y.; Ryder-Cook, A.S.; Barnard, E.A.; Darlison, M.G.; Barnard, P.J. The Molecular Basis
of Muscular Dystrophy in the Mdx Mouse: A Point Mutation. Science 1989, 244, 1578–1580. [CrossRef]
[PubMed]

38. Im, W.B.; Phelps, S.F.; Copen, E.H.; Adams, E.G.; Slightom, J.L.; Chamberlain, J.S. Differential Expression of
Dystrophin Isoforms in Strains of Mdx Mice with Different Mutations. Hum. Mol. Genet. 1996, 5, 1149–1153.
[CrossRef] [PubMed]

39. Deconinck, A.E.; Rafael, J.A.; Skinner, J.A.; Brown, S.C.; Potter, A.C.; Metzinger, L.; Watt, D.J.; Dickson, J.G.;
Tinsley, J.M.; Davies, K.E. Utrophin-Dystrophin-Deficient Mice as a Model for Duchenne Muscular Dystrophy.
Cell 1997, 90, 717–727. [CrossRef]

40. Grady, R.M.; Teng, H.; Nichol, M.C.; Cunningham, J.C.; Wilkinson, R.S.; Sanes, J.R. Skeletal and Cardiac
Myopathies in Mice Lacking Utrophin and Dystrophin: A Model for Duchenne Muscular Dystrophy. Cell
1997, 90, 729–738. [CrossRef]

41. Colussi, C.; Berni, R.; Rosati, J.; Straino, S.; Vitale, S.; Spallotta, F.; Baruffi, S.; Bocchi, L.; Delucchi, F.; Rossi, S.;
et al. The Histone Deacetylase Inhibitor Suberoylanilide Hydroxamic Acid Reduces Cardiac Arrhythmias in
Dystrophic Mice. Cardiovasc. Res. 2010, 87, 73–82. [CrossRef] [PubMed]

42. Li, Y.; Zhang, S.; Zhang, X.; Li, J.; Ai, X.; Zhang, L.; Yu, D.; Ge, S.; Peng, Y.; Chen, X. Blunted Cardiac
Beta-Adrenergic Response as an Early Indication of Cardiac Dysfunction in Duchenne Muscular Dystrophy.
Cardiovasc. Res. 2014, 103, 60–71. [CrossRef] [PubMed]

43. Prins, K.W.; Asp, M.L.; Zhang, H.; Wang, W.; Metzger, J.M. Microtubule-Mediated Misregulation of
Junctophilin-2 Underlies T-Tubule Disruptions and Calcium Mishandling in Mdx Mice. JACC Basic Transl. Sci.
2016, 1, 122–130. [CrossRef] [PubMed]

44. Viola, H.M.; Adams, A.M.; Davies, S.M.K.; Fletcher, S.; Filipovska, A.; Hool, L.C. Impaired Functional
Communication between the L-Type Calcium Channel and Mitochondria Contributes to Metabolic Inhibition
in the Mdx Heart. Proc. Natl. Acad. Sci. USA 2014, 111, E2905–E2914. [CrossRef] [PubMed]

45. Lohan, J.; Culligan, K.; Ohlendieck, K. Deficiency in Cardiac Dystrophin Affects the Abundance of the
alpha-/beta-Dystroglycan Complex. J. Biomed. Biotechnol. 2005, 2005, 28–36. [CrossRef] [PubMed]

46. Rubi, L.; Koenig, X.; Kubista, H.; Todt, H.; Hilber, K. Decreased Inward Rectifier Potassium Current IK1 in
Dystrophin-Deficient Ventricular Cardiomyocytes. Channels 2017, 11, 101–108. [CrossRef] [PubMed]

47. Alloatti, G.; Gallo, M.P.; Penna, C.; Levi, R.C. Properties of Cardiac Cells from Dystrophic Mouse. J. Mol.
Cell. Cardiol. 1995, 27, 1775–1779. [CrossRef]

http://dx.doi.org/10.1152/ajpheart.00176.2015
http://www.ncbi.nlm.nih.gov/pubmed/25862830
http://dx.doi.org/10.1152/ajpcell.00056.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900691
http://dx.doi.org/10.1073/pnas.1712623114
http://www.ncbi.nlm.nih.gov/pubmed/29187535
http://dx.doi.org/10.1371/journal.pone.0027034
http://www.ncbi.nlm.nih.gov/pubmed/22066028
http://dx.doi.org/10.1371/journal.pone.0020300
http://www.ncbi.nlm.nih.gov/pubmed/21677768
http://dx.doi.org/10.1161/01.RES.0000237466.13252.5e
http://www.ncbi.nlm.nih.gov/pubmed/16857961
http://dx.doi.org/10.1093/cvr/cvq326
http://www.ncbi.nlm.nih.gov/pubmed/20952415
http://dx.doi.org/10.3389/fphys.2013.00051
http://www.ncbi.nlm.nih.gov/pubmed/23532763
http://dx.doi.org/10.1126/science.2662404
http://www.ncbi.nlm.nih.gov/pubmed/2662404
http://dx.doi.org/10.1093/hmg/5.8.1149
http://www.ncbi.nlm.nih.gov/pubmed/8842734
http://dx.doi.org/10.1016/S0092-8674(00)80532-2
http://dx.doi.org/10.1016/S0092-8674(00)80533-4
http://dx.doi.org/10.1093/cvr/cvq035
http://www.ncbi.nlm.nih.gov/pubmed/20164117
http://dx.doi.org/10.1093/cvr/cvu119
http://www.ncbi.nlm.nih.gov/pubmed/24812281
http://dx.doi.org/10.1016/j.jacbts.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/27482548
http://dx.doi.org/10.1073/pnas.1402544111
http://www.ncbi.nlm.nih.gov/pubmed/24969422
http://dx.doi.org/10.1155/JBB.2005.28
http://www.ncbi.nlm.nih.gov/pubmed/15689636
http://dx.doi.org/10.1080/19336950.2016.1228498
http://www.ncbi.nlm.nih.gov/pubmed/27560040
http://dx.doi.org/10.1016/S0022-2828(95)91019-0


Int. J. Mol. Sci. 2018, 19, 3296 15 of 19

48. Ullrich, N.D.; Fanchaouy, M.; Gusev, K.; Shirokova, N.; Niggli, E. Hypersensitivity of Excitation-Contraction
Coupling in Dystrophic Cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H1992–H2003.
[CrossRef] [PubMed]

49. Koenig, X.; Rubi, L.; Obermair, G.J.; Cervenka, R.; Dang, X.B.; Lukacs, P.; Kummer, S.; Bittner, R.E.; Kubista, H.;
Todt, H.; et al. Enhanced Currents through L-Type Calcium Channels in Cardiomyocytes Disturb the
Electrophysiology of the Dystrophic Heart. AJP Heart Circ. Physiol. 2014, 306, H564–H573. [CrossRef]
[PubMed]

50. Viola, H.M.; Davies, S.M.K.; Filipovska, A.; Hool, L.C. L-Type Ca2+ Channel Contributes to Alterations
in Mitochondrial Calcium Handling in the Mdx Ventricular Myocyte. Am. J. Physiol. Circ. Physiol. 2013,
304, H767–H775. [CrossRef] [PubMed]

51. Woolf, P.J.; Lu, S.; Cornford-Nairn, R.; Watson, M.; Xiao, X.-H.; Holroyd, S.M.; Brown, L.; Hoey, A.J.
Alterations in Dihydropyridine Receptors in Dystrophin-Deficient Cardiac Muscle. Am. J. Physiol.
Circ. Physiol. 2006, 290, H2439–H2445. [CrossRef] [PubMed]

52. Rubi, L.; Todt, H.; Kubista, H.; Koenig, X.; Hilber, K. Calcium Current Properties in Dystrophin-deficient
Ventricular Cardiomyocytes from Aged Mdx Mice. Physiol. Rep. 2018, 6, e13567. [CrossRef] [PubMed]

53. Pacioretty, L.M.; Cooper, B.J.; Gilmour, R.F. Reduction of the Transient Outward Potassium Current in Canine
X-Linked Muscular Dystrophy. Circulation 1994, 90, 1350–1356. [CrossRef] [PubMed]

54. Shy, D.; Gillet, L.; Ogrodnik, J.; Albesa, M.; Verkerk, A.O.; Wolswinkel, R.; Rougier, J.-S.; Barc, J.; Essers, M.C.;
Syam, N.; et al. PDZ Domain-Binding Motif Regulates Cardiomyocyte Compartment-Specific NaV1.5
Channel Expression and Function. Circulation 2014, 130, 147–160. [CrossRef] [PubMed]

55. Petitprez, S.; Zmoos, A.-F.; Ogrodnik, J.; Balse, E.; Raad, N.; El-Haou, S.; Albesa, M.; Bittihn, P.; Luther, S.;
Lehnart, S.E.; et al. SAP97 and Dystrophin Macromolecular Complexes Determine Two Pools of Cardiac
Sodium Channels Nav1.5 in Cardiomyocytes. Circ. Res. 2011, 108, 294–304. [CrossRef] [PubMed]

56. Bostick, B.; Yue, Y.; Lai, Y.; Long, C.; Li, D.; Duan, D. Adeno-Associated Virus Serotype-9 Microdystrophin
Gene Therapy Ameliorates Electrocardiographic Abnormalities in Mdx Mice. Hum. Gene Ther. 2008,
19, 851–856. [CrossRef] [PubMed]

57. Greally, E.; Davison, B.J.; Blain, A.; Laval, S.; Blamire, A.; Straub, V.; MacGowan, G.A. Heterogeneous
Abnormalities of In-Vivo Left Ventricular Calcium Influx and Function in Mouse Models of Muscular
Dystrophy Cardiomyopathy. J. Cardiovasc. Magn. Reson. 2013, 15, 4. [CrossRef] [PubMed]

58. Townsend, D.; Daly, M.; Chamberlain, J.S.; Metzger, J.M. Age-Dependent Dystrophin Loss and Genetic
Reconstitution Establish a Molecular Link between Dystrophin and Heart Performance during Aging.
Mol. Ther. 2011, 19, 1821–1825. [CrossRef] [PubMed]

59. Kinoshita, H.; Kuwahara, K.; Takano, M.; Arai, Y.; Kuwabara, Y.; Yasuno, S.; Nakagawa, Y.; Nakanishi, M.;
Harada, M.; Fujiwara, M.; et al. T-Type Ca2+ Channel Blockade Prevents Sudden Death in Mice With Heart
Failure. Circulation 2009, 120, 743–752. [CrossRef] [PubMed]

60. Vassort, G.; Talavera, K.; Alvarez, J. Role of T-Type Ca2+ Channels in the Heart. Cell Calcium 2006, 40, 205–220.
[CrossRef] [PubMed]

61. Friedrich, O.; von Wegner, F.; Chamberlain, J.S.; Fink, R.H.A.; Rohrbach, P. L-Type Ca2+ Channel Function Is
Linked to Dystrophin Expression in Mammalian Muscle. PLoS ONE 2008, 3, e1762. [CrossRef] [PubMed]

62. Fuller, M.D.; Emrick, M.A.; Sadilek, M.; Scheuer, T.; Catterall, W.A. Molecular Mechanism of Calcium
Channel Regulation in the Fight-or-Flight Response. Sci. Signal. 2010, 3, ra70. [CrossRef] [PubMed]

63. Cserne Szappanos, H.; Muralidharan, P.; Ingley, E.; Petereit, J.; Millar, A.H.; Hool, L.C. Identification of
a Novel CAMP Dependent Protein Kinase A Phosphorylation Site on the Human Cardiac Calcium Channel.
Sci. Rep. 2017, 7, 15118. [CrossRef] [PubMed]

64. Weiss, S.; Oz, S.; Benmocha, A.; Dascal, N. Regulation of Cardiac L-Type Ca2+ Channel CaV1.2 via the
β-Adrenergic-CAMP-Protein Kinase a Pathway: Old Dogmas, Advances, and New Uncertainties. Circ. Res.
2013, 113, 617–631. [CrossRef] [PubMed]

65. Oz, S.; Pankonien, I.; Belkacemi, A.; Flockerzi, V.; Klussmann, E.; Haase, H.; Dascal, N. Protein Kinase
A Regulates C-Terminally Truncated CaV 1.2 in Xenopus Oocytes: Roles of N- and C-Termini of the α1C

Subunit. J. Physiol. 2017, 595, 3181–3202. [CrossRef] [PubMed]
66. Sarma, S.; Li, N.; van Oort, R.J.; Reynolds, C.; Skapura, D.G.; Wehrens, X.H.T. Genetic Inhibition of

PKA Phosphorylation of RyR2 Prevents Dystrophic Cardiomyopathy. Proc. Natl. Acad. Sci. USA 2010,
107, 13165–13170. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpheart.00602.2009
http://www.ncbi.nlm.nih.gov/pubmed/19783774
http://dx.doi.org/10.1152/ajpheart.00441.2013
http://www.ncbi.nlm.nih.gov/pubmed/24337461
http://dx.doi.org/10.1152/ajpheart.00700.2012
http://www.ncbi.nlm.nih.gov/pubmed/23335798
http://dx.doi.org/10.1152/ajpheart.00844.2005
http://www.ncbi.nlm.nih.gov/pubmed/16415078
http://dx.doi.org/10.14814/phy2.13567
http://www.ncbi.nlm.nih.gov/pubmed/29333726
http://dx.doi.org/10.1161/01.CIR.90.3.1350
http://www.ncbi.nlm.nih.gov/pubmed/8087945
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.007852
http://www.ncbi.nlm.nih.gov/pubmed/24895455
http://dx.doi.org/10.1161/CIRCRESAHA.110.228312
http://www.ncbi.nlm.nih.gov/pubmed/21164104
http://dx.doi.org/10.1089/hum.2008.058
http://www.ncbi.nlm.nih.gov/pubmed/18666839
http://dx.doi.org/10.1186/1532-429X-15-4
http://www.ncbi.nlm.nih.gov/pubmed/23324314
http://dx.doi.org/10.1038/mt.2011.120
http://www.ncbi.nlm.nih.gov/pubmed/21730971
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.857011
http://www.ncbi.nlm.nih.gov/pubmed/19687356
http://dx.doi.org/10.1016/j.ceca.2006.04.025
http://www.ncbi.nlm.nih.gov/pubmed/16766028
http://dx.doi.org/10.1371/journal.pone.0001762
http://www.ncbi.nlm.nih.gov/pubmed/18516256
http://dx.doi.org/10.1126/scisignal.2001152
http://www.ncbi.nlm.nih.gov/pubmed/20876873
http://dx.doi.org/10.1038/s41598-017-15087-0
http://www.ncbi.nlm.nih.gov/pubmed/29123182
http://dx.doi.org/10.1161/CIRCRESAHA.113.301781
http://www.ncbi.nlm.nih.gov/pubmed/23948586
http://dx.doi.org/10.1113/JP274015
http://www.ncbi.nlm.nih.gov/pubmed/28194788
http://dx.doi.org/10.1073/pnas.1004509107
http://www.ncbi.nlm.nih.gov/pubmed/20615971


Int. J. Mol. Sci. 2018, 19, 3296 16 of 19

67. Sears, C.E.; Bryant, S.M.; Ashley, E.A.; Lygate, C.A.; Rakovic, S.; Wallis, H.L.; Neubauer, S.; Terrar, D.A.;
Casadei, B. Cardiac Neuronal Nitric Oxide Synthase Isoform Regulates Myocardial Contraction and Calcium
Handling. Circ. Res. 2003, 92, e52–e59. [CrossRef] [PubMed]

68. Simon, J.N.; Duglan, D.; Casadei, B.; Carnicer, R. Nitric Oxide Synthase Regulation of Cardiac
Excitation–contraction Coupling in Health and Disease. J. Mol. Cell. Cardiol. 2014, 73, 80–91. [CrossRef]
[PubMed]

69. Bia, B.L.; Cassidy, P.J.; Young, M.E.; Rafael, J.A.; Leighton, B.; Davies, K.E.; Radda, G.K.; Clarke, K. Decreased
Myocardial NNOS, Increased INOS and Abnormal ECGs in Mouse Models of Duchenne Muscular Dystrophy.
J. Mol. Cell. Cardiol. 1999, 31, 1857–1862. [CrossRef] [PubMed]

70. Ramachandran, J.; Schneider, J.S.; Crassous, P.-A.; Zheng, R.; Gonzalez, J.P.; Xie, L.-H.; Beuve, A.;
Fraidenraich, D.; Peluffo, R.D. Nitric Oxide Signalling Pathway in Duchenne Muscular Dystrophy Mice:
Up-Regulation of L-Arginine Transporters. Biochem. J. 2013, 449, 133–142. [CrossRef] [PubMed]

71. Gonzalez, J.P.; Crassous, P.-A.; Schneider, J.S.; Beuve, A.; Fraidenraich, D. Neuronal Nitric Oxide
Synthase Localizes to Utrophin Expressing Intercalated Discs and Stabilizes Their Structural Integrity.
Neuromuscul. Disord. 2015, 25, 964–976. [CrossRef] [PubMed]

72. Fairclough, R.J.; Wood, M.J.; Davies, K.E. Therapy for Duchenne Muscular Dystrophy: Renewed Optimism
from Genetic Approaches. Nat. Rev. Genet. 2013, 14, 373–378. [CrossRef] [PubMed]

73. Burger, D.E.; Lu, X.; Lei, M.; Xiang, F.-L.; Hammoud, L.; Jiang, M.; Wang, H.; Jones, D.L.; Sims, S.M.; Feng, Q.
Neuronal Nitric Oxide Synthase Protects Against Myocardial Infarction-Induced Ventricular Arrhythmia
and Mortality in Mice. Circulation 2009, 120, 1345–1354. [CrossRef] [PubMed]

74. Wang, Y.; Youm, J.B.; Jin, C.Z.; Shin, D.H.; Zhao, Z.H.; Seo, E.Y.; Jang, J.H.; Kim, S.J.; Jin, Z.H.; Zhang, Y.H.
Modulation of L-Type Ca2+ Channel Activity by Neuronal Nitric Oxide Synthase and Myofilament Ca2+

Sensitivity in Cardiac Myocytes from Hypertensive Rat. Cell Calcium 2015, 58, 264–274. [CrossRef] [PubMed]
75. Barouch, L.A.; Harrison, R.W.; Skaf, M.W.; Rosas, G.O.; Cappola, T.P.; Kobeissi, Z.A.; Hobai, I.A.;

Lemmon, C.A.; Burnett, A.L.; O’Rourke, B.; et al. Nitric Oxide Regulates the Heart by Spatial Confinement
of Nitric Oxide Synthase Isoforms. Nature 2002, 416, 337–339. [CrossRef] [PubMed]

76. Abi-Gerges, N.; Fischmeister, R.; Méry, P.F. G Protein-Mediated Inhibitory Effect of a Nitric Oxide Donor on
the L-Type Ca2+ Current in Rat Ventricular Myocytes. J. Physiol. 2001, 531, 117–130. [CrossRef] [PubMed]

77. Gonzalez, D.R.; Treuer, A.V.; Lamirault, G.; Mayo, V.; Cao, Y.; Dulce, R.A.; Hare, J.M. NADPH Oxidase-2
Inhibition Restores Contractility and Intracellular Calcium Handling and Reduces Arrhythmogenicity in
Dystrophic Cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 2014, 307, H710–H721. [CrossRef] [PubMed]

78. Muralidharan, P.; Cserne Szappanos, H.; Ingley, E.; Hool, L.C. The Cardiac L-Type Calcium Channel Alpha
Subunit Is a Target for Direct Redox Modification during Oxidative Stress-the Role of Cysteine Residues in
the Alpha Interacting Domain. Clin. Exp. Pharmacol. Physiol. 2017, 44, 46–54. [CrossRef] [PubMed]

79. Cserne Szappanos, H.; Viola, H.; Hool, L.C. L-Type Calcium Channel: Clarifying the “Oxygen Sensing
Hypothesis”. Int. J. Biochem. Cell Biol. 2017, 86, 32–36. [CrossRef] [PubMed]

80. Tang, H.; Viola, H.M.; Filipovska, A.; Hool, L.C. Cav1.2 Calcium Channel Is Glutathionylated during
Oxidative Stress in Guinea Pig and Ischemic Human Heart. Free Radic. Biol. Med. 2011, 51, 1501–1511.
[CrossRef] [PubMed]

81. Viola, H.M.; Arthur, P.G.; Hool, L.C. Transient Exposure to Hydrogen Peroxide Causes an Increase in
Mitochondria-Derived Superoxide as a Result of Sustained Alteration in L-Type Ca2+ Channel Function in
the Absence of Apoptosis in Ventricular Myocytes. Circ. Res. 2007, 100, 1036–1044. [CrossRef] [PubMed]

82. Williams, I.A.; Allen, D.G. The Role of Reactive Oxygen Species in the Hearts of Dystrophin-Deficient Mdx
Mice. Am. J. Physiol. Circ. Physiol. 2007, 293, H1969–H1977. [CrossRef] [PubMed]

83. Nanni, S.; Re, A.; Ripoli, C.; Gowran, A.; Nigro, P.; D’Amario, D.; Amodeo, A.; Crea, F.; Grassi, C.;
Pontecorvi, A.; et al. The Nuclear Pore Protein Nup153 Associates with Chromatin and Regulates Cardiac
Gene Expression in Dystrophic Mdx Hearts. Cardiovasc. Res. 2016, 112, 555–567. [CrossRef] [PubMed]

84. Barrie, E.S.; Smith, R.M.; Sanford, J.C.; Sadee, W. MRNA Transcript Diversity Creates New Opportunities for
Pharmacological Intervention. Mol. Pharmacol. 2012, 81, 620–630. [CrossRef] [PubMed]

85. Koivumäki, J.T.; Takalo, J.; Korhonen, T.; Tavi, P.; Weckström, M. Modelling Sarcoplasmic Reticulum Calcium
ATPase and Its Regulation in Cardiac Myocytes. Philos. Trans. A Math. Phys. Eng. Sci. 2009, 367, 2181–2202.
[CrossRef] [PubMed]

http://dx.doi.org/10.1161/01.RES.0000064585.95749.6D
http://www.ncbi.nlm.nih.gov/pubmed/12623875
http://dx.doi.org/10.1016/j.yjmcc.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24631761
http://dx.doi.org/10.1006/jmcc.1999.1018
http://www.ncbi.nlm.nih.gov/pubmed/10525423
http://dx.doi.org/10.1042/BJ20120787
http://www.ncbi.nlm.nih.gov/pubmed/23009292
http://dx.doi.org/10.1016/j.nmd.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26483274
http://dx.doi.org/10.1038/nrg3460
http://www.ncbi.nlm.nih.gov/pubmed/23609411
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.846402
http://www.ncbi.nlm.nih.gov/pubmed/19770398
http://dx.doi.org/10.1016/j.ceca.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26115836
http://dx.doi.org/10.1038/416337a
http://www.ncbi.nlm.nih.gov/pubmed/11907582
http://dx.doi.org/10.1111/j.1469-7793.2001.0117j.x
http://www.ncbi.nlm.nih.gov/pubmed/11179396
http://dx.doi.org/10.1152/ajpheart.00890.2013
http://www.ncbi.nlm.nih.gov/pubmed/25015966
http://dx.doi.org/10.1111/1440-1681.12750
http://www.ncbi.nlm.nih.gov/pubmed/28306174
http://dx.doi.org/10.1016/j.biocel.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28323207
http://dx.doi.org/10.1016/j.freeradbiomed.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21810465
http://dx.doi.org/10.1161/01.RES.0000263010.19273.48
http://www.ncbi.nlm.nih.gov/pubmed/17347474
http://dx.doi.org/10.1152/ajpheart.00489.2007
http://www.ncbi.nlm.nih.gov/pubmed/17573457
http://dx.doi.org/10.1093/cvr/cvw204
http://www.ncbi.nlm.nih.gov/pubmed/28513807
http://dx.doi.org/10.1124/mol.111.076604
http://www.ncbi.nlm.nih.gov/pubmed/22319206
http://dx.doi.org/10.1098/rsta.2008.0304
http://www.ncbi.nlm.nih.gov/pubmed/19414452


Int. J. Mol. Sci. 2018, 19, 3296 17 of 19

86. Moise, N.S.; Valentine, B.A.; Brown, C.A.; Erb, H.N.; Beck, K.A.; Cooper, B.J.; Gilmour, R.F. Duchenne’s
Cardiomyopathy in a Canine Model: Electrocardiographic and Echocardiographic Studies. J. Am.
Coll. Cardiol. 1991, 17, 812–820. [CrossRef]

87. Gonzalez, J.P.; Ramachandran, J.; Himelman, E.; Badr, M.A.; Kang, C.; Nouet, J.; Fefelova, N.; Xie, L.-H.;
Shirokova, N.; Contreras, J.E.; et al. Normalization of Connexin 43 Protein Levels Prevents Cellular and
Functional Signs of Dystrophic Cardiomyopathy in Mice. Neuromuscul. Disord. 2018, 28, 361–372. [CrossRef]
[PubMed]

88. Fauconnier, J.; Thireau, J.; Reiken, S.; Cassan, C.; Richard, S.; Matecki, S.; Marks, A.R.; Lacampagne, A. Leaky
RyR2 Trigger Ventricular Arrhythmias in Duchenne Muscular Dystrophy. Proc. Natl. Acad. Sci. USA 2010,
107, 1559–1564. [CrossRef] [PubMed]

89. Zhou, Y.Y.; Lakatta, E.G.; Xiao, R.P. Age-Associated Alterations in Calcium Current and Its Modulation in
Cardiac Myocytes. Drugs Aging 1998, 13, 159–171. [CrossRef] [PubMed]

90. Williams, I.A.; Allen, D.G. Intracellular Calcium Handling in Ventricular Myocytes from Mdx Mice. Am. J.
Physiol. Circ. Physiol. 2007, 292, H846–H855. [CrossRef] [PubMed]

91. Mijares, A.; Altamirano, F.; Kolster, J.; Adams, J.A.; López, J.R. Age-Dependent Changes in Diastolic Ca2+

and Na+ Concentrations in Dystrophic Cardiomyopathy: Role of Ca2+ Entry and IP3. Biochem. Biophys.
Res. Commun. 2014, 452, 1054–1059. [CrossRef] [PubMed]

92. Viola, H.M.; Hool, L.C. Role of the Cytoskeleton in Communication between L-Type Ca2+ Channels and
Mitochondria. Clin. Exp. Pharmacol. Physiol. 2013, 40, 295–304. [CrossRef] [PubMed]

93. Lewis, C.; Jockusch, H.; Ohlendieck, K. Proteomic Profiling of the Dystrophin-Deficient MDX Heart Reveals
Drastically Altered Levels of Key Metabolic and Contractile Proteins. J. Biomed. Biotechnol. 2010, 2010, 648501.
[CrossRef] [PubMed]

94. Murphy, S.; Dowling, P.; Zweyer, M.; Mundegar, R.R.; Henry, M.; Meleady, P.; Swandulla, D.; Ohlendieck, K.
Proteomic Analysis of Dystrophin Deficiency and Associated Changes in the Aged Mdx-4cv Heart Model of
Dystrophinopathy-Related Cardiomyopathy. J. Proteom. 2016, 145, 24–36. [CrossRef] [PubMed]

95. Lopatin, A.N.; Nichols, C.G. Inward Rectifiers in the Heart: An Update on I(K1). J. Mol. Cell. Cardiol. 2001,
33, 625–638. [CrossRef] [PubMed]

96. Leonoudakis, D.; Conti, L.R.; Anderson, S.; Radeke, C.M.; McGuire, L.M.M.; Adams, M.E.; Froehner, S.C.;
Yates, J.R.; Vandenberg, C.A. Protein Trafficking and Anchoring Complexes Revealed by Proteomic Analysis
of Inward Rectifier Potassium Channel (Kir2.x)-Associated Proteins. J. Biol. Chem. 2004, 279, 22331–22346.
[CrossRef] [PubMed]

97. Aiba, T.; Tomaselli, G.F. Electrical Remodeling in the Failing Heart. Curr. Opin. Cardiol. 2010, 25, 29–36.
[CrossRef] [PubMed]

98. Quinlan, J.G.; Hahn, H.S.; Wong, B.L.; Lorenz, J.N.; Wenisch, A.S.; Levin, L.S. Evolution of the Mdx Mouse
Cardiomyopathy: Physiological and Morphological Findings. Neuromuscul. Disord. 2004, 14, 491–496.
[CrossRef] [PubMed]

99. Au, C.G.; Butler, T.L.; Sherwood, M.C.; Egan, J.R.; North, K.N.; Winlaw, D.S. Increased Connective Tissue
Growth Factor Associated with Cardiac Fibrosis in the Mdx Mouse Model of Dystrophic Cardiomyopathy.
Int. J. Exp. Pathol. 2011, 92, 57–65. [CrossRef] [PubMed]

100. Burelle, Y.; Khairallah, M.; Ascah, A.; Allen, B.G.; Deschepper, C.F.; Petrof, B.J.; Des Rosiers, C. Alterations
in Mitochondrial Function as a Harbinger of Cardiomyopathy: Lessons from the Dystrophic Heart. J. Mol.
Cell. Cardiol. 2010, 48, 310–321. [CrossRef] [PubMed]

101. Vatta, M.; Faulkner, G. Cytoskeletal Basis of Ion Channel Function in Cardiac Muscle. Future Cardiol. 2006,
2, 467–476. [CrossRef] [PubMed]

102. Abriel, H.; Rougier, J.-S.; Jalife, J. Ion Channel Macromolecular Complexes in Cardiomyocytes: Roles in
Sudden Cardiac Death. Circ. Res. 2015, 116, 1971–1988. [CrossRef] [PubMed]

103. Hesse, M.; Kondo, C.S.; Clark, R.B.; Su, L.; Allen, F.L.; Geary-Joo, C.T.M.; Kunnathu, S.; Severson, D.L.;
Nygren, A.; Giles, W.R.; et al. Dilated Cardiomyopathy Is Associated with Reduced Expression of the
Cardiac Sodium Channel Scn5a. Cardiovasc. Res. 2007, 75, 498–509. [CrossRef] [PubMed]

104. Houser, S.R.; Margulies, K.B.; Murphy, A.M.; Spinale, F.G.; Francis, G.S.; Prabhu, S.D.; Rockman, H.A.;
Kass, D.A.; Molkentin, J.D.; Sussman, M.A.; et al. Animal Models of Heart Failure: A Scientific Statement
from the American Heart Association. Circ. Res. 2012, 111, 131–150. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0735-1097(10)80202-5
http://dx.doi.org/10.1016/j.nmd.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29477453
http://dx.doi.org/10.1073/pnas.0908540107
http://www.ncbi.nlm.nih.gov/pubmed/20080623
http://dx.doi.org/10.2165/00002512-199813020-00007
http://www.ncbi.nlm.nih.gov/pubmed/9739504
http://dx.doi.org/10.1152/ajpheart.00688.2006
http://www.ncbi.nlm.nih.gov/pubmed/17012353
http://dx.doi.org/10.1016/j.bbrc.2014.09.045
http://www.ncbi.nlm.nih.gov/pubmed/25242522
http://dx.doi.org/10.1111/1440-1681.12072
http://www.ncbi.nlm.nih.gov/pubmed/23551128
http://dx.doi.org/10.1155/2010/648501
http://www.ncbi.nlm.nih.gov/pubmed/20508850
http://dx.doi.org/10.1016/j.jprot.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/26961938
http://dx.doi.org/10.1006/jmcc.2001.1344
http://www.ncbi.nlm.nih.gov/pubmed/11273717
http://dx.doi.org/10.1074/jbc.M400285200
http://www.ncbi.nlm.nih.gov/pubmed/15024025
http://dx.doi.org/10.1097/HCO.0b013e328333d3d6
http://www.ncbi.nlm.nih.gov/pubmed/19907317
http://dx.doi.org/10.1016/j.nmd.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15336690
http://dx.doi.org/10.1111/j.1365-2613.2010.00750.x
http://www.ncbi.nlm.nih.gov/pubmed/21121985
http://dx.doi.org/10.1016/j.yjmcc.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19769982
http://dx.doi.org/10.2217/14796678.2.4.467
http://www.ncbi.nlm.nih.gov/pubmed/19774097
http://dx.doi.org/10.1161/CIRCRESAHA.116.305017
http://www.ncbi.nlm.nih.gov/pubmed/26044251
http://dx.doi.org/10.1016/j.cardiores.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17512504
http://dx.doi.org/10.1161/RES.0b013e3182582523
http://www.ncbi.nlm.nih.gov/pubmed/22595296


Int. J. Mol. Sci. 2018, 19, 3296 18 of 19

105. Lin, B.; Li, Y.; Han, L.; Kaplan, A.D.; Ao, Y.; Kalra, S.; Bett, G.C.L.; Rasmusson, R.L.; Denning, C.; Yang, L.
Modeling and Study of the Mechanism of Dilated Cardiomyopathy Using Induced Pluripotent Stem Cells
Derived from Individuals with Duchenne Muscular Dystrophy. Dis. Model. Mech. 2015, 8, 457–466.
[CrossRef] [PubMed]

106. Guan, X.; Mack, D.L.; Moreno, C.M.; Strande, J.L.; Mathieu, J.; Shi, Y.; Markert, C.D.; Wang, Z.; Liu, G.;
Lawlor, M.W.; et al. Dystrophin-Deficient Cardiomyocytes Derived from Human Urine: New Biologic
Reagents for Drug Discovery. Stem Cell Res. 2014, 12, 467–480. [CrossRef] [PubMed]

107. Perloff, J.K. Cardiac Rhythm and Conduction in Duchenne’s Muscular Dystrophy: A Prospective Study of
20 Patients. J. Am. Coll. Cardiol. 1984, 3, 1263–1268. [CrossRef]

108. Yotsukura, M.; Miyagawa, M.; Tsuya, T.; Ishihara, T.; Ishikawa, K. A 10-Year Follow-up Study by Orthogonal
Frank Lead ECG on Patients with Progressive Muscular Dystrophy of the Duchenne Type. J. Electrocardiol.
1992, 25, 345–353. [CrossRef]

109. Xiao, H.B.; Roy, C.; Fujimoto, S.; Gibson, D.G. Natural History of Abnormal Conduction and Its Relation to
Prognosis in Patients with Dilated Cardiomyopathy. Int. J. Cardiol. 1996, 53, 163–170. [CrossRef]

110. Spurney, C.F. Cardiomyopathy of Duchenne Muscular Dystrophy: Current Understanding and Future
Directions. Muscle Nerve 2011, 44, 8–19. [CrossRef] [PubMed]

111. Steare, S.E.; Dubowitz, V.; Benatar, A. Subclinical Cardiomyopathy in Becker Muscular Dystrophy. Br. Heart J.
1992, 68, 304–308. [CrossRef] [PubMed]

112. Ergul, Y.; Ekici, B.; Nisli, K.; Tatli, B.; Binboga, F.; Acar, G.; Ozmen, M.; Omeroglu, R.E. Evaluation of the
North Star Ambulatory Assessment Scale and Cardiac Abnormalities in Ambulant Boys with Duchenne
Muscular Dystrophy. J. Paediatr. Child Health 2012, 48, 610–616. [CrossRef] [PubMed]

113. Nigro, G.; Nigro, G.; Politano, L.; Santangelo, L.; Petretta, V.R.; Passamano, L.; Panico, F.; De Luca, F.;
Montefusco, A.; Comi, L.I. Is the Value of QT Dispersion a Valid Method to Foresee the Risk of Sudden
Death? A Study in Becker Patients. Heart 2002, 87, 156–157. [CrossRef] [PubMed]

114. James, J.; Kinnett, K.; Wang, Y.; Ittenbach, R.F.; Benson, D.W.; Cripe, L. Electrocardiographic Abnormalities
in Very Young Duchenne Muscular Dystrophy Patients Precede the Onset of Cardiac Dysfunction.
Neuromuscul. Disord. 2011, 21, 462–467. [CrossRef] [PubMed]

115. Isenberg, G.; Kondratev, D.; Dyachenko, V.; Kazanski, V.; Gallitelli, M.F. Isolated Cardiomyocytes:
Mechanosensitivity of Action Potential, Membrane Current and Ion Concentration; Academia Publishing House
Ltd.: Moscow, Russia, 2005.

116. Allen, D.G.; Whitehead, N.P.; Yeung, E.W. Mechanisms of Stretch-Induced Muscle Damage in Normal and
Dystrophic Muscle: Role of Ionic Changes. J. Physiol. 2005, 567, 723–735. [CrossRef] [PubMed]

117. Seo, K.; Rainer, P.P.; Lee, D.-I.; Hao, S.; Bedja, D.; Birnbaumer, L.; Cingolani, O.H.; Kass, D.A. Hyperactive
Adverse Mechanical Stress Responses in Dystrophic Heart Are Coupled to Transient Receptor Potential
Canonical 6 and Blocked by CGMP-Protein Kinase G Modulation. Circ. Res. 2014, 114, 823–832. [CrossRef]
[PubMed]

118. Barrett, C.F.; Tsien, R.W. The Timothy Syndrome Mutation Differentially Affects Voltage- and
Calcium-Dependent Inactivation of CaV1.2 L-Type Calcium Channels. Proc. Natl. Acad. Sci. USA 2008,
105, 2157–2162. [CrossRef] [PubMed]

119. Dixon, R.E.; Cheng, E.P.; Mercado, J.L.; Santana, L.F. L-Type Ca2+ Channel Function during Timothy
Syndrome. Trends Cardiovasc. Med. 2012, 22, 72–76. [CrossRef] [PubMed]

120. Splawski, I.; Timothy, K.W.; Sharpe, L.M.; Decher, N.; Kumar, P.; Bloise, R.; Napolitano, C.; Schwartz, P.J.;
Joseph, R.M.; Condouris, K.; et al. Ca(V)1.2 Calcium Channel Dysfunction Causes a Multisystem Disorder
Including Arrhythmia and Autism. Cell 2004, 119, 19–31. [CrossRef] [PubMed]

121. Muth, J.N.; Bodi, I.; Lewis, W.; Varadi, G.; Schwartz, A. A Ca2+-Dependent Transgenic Model of Cardiac
Hypertrophy: A Role for Protein Kinase Calpha. Circulation 2001, 103, 140–147. [CrossRef] [PubMed]

122. Sui, T.; Lau, Y.S.; Liu, D.; Liu, T.; Xu, L.; Gao, Y.; Lai, L.; Li, Z.; Han, R. A Novel Rabbit Model of Duchenne
Muscular Dystrophy Generated by CRISPR/Cas9. Dis. Model. Mech. 2018, 11, dmm032201. [CrossRef]
[PubMed]

123. Milani-Nejad, N.; Janssen, P.M.L. Small and Large Animal Models in Cardiac Contraction Research:
Advantages and Disadvantages. Pharmacol. Ther. 2014, 141, 235–249. [CrossRef] [PubMed]

http://dx.doi.org/10.1242/dmm.019505
http://www.ncbi.nlm.nih.gov/pubmed/25791035
http://dx.doi.org/10.1016/j.scr.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24434629
http://dx.doi.org/10.1016/S0735-1097(84)80186-2
http://dx.doi.org/10.1016/0022-0736(92)90041-W
http://dx.doi.org/10.1016/0167-5273(95)02502-2
http://dx.doi.org/10.1002/mus.22097
http://www.ncbi.nlm.nih.gov/pubmed/21674516
http://dx.doi.org/10.1136/hrt.68.9.304
http://www.ncbi.nlm.nih.gov/pubmed/1389764
http://dx.doi.org/10.1111/j.1440-1754.2012.02428.x
http://www.ncbi.nlm.nih.gov/pubmed/22404693
http://dx.doi.org/10.1136/heart.87.2.156
http://www.ncbi.nlm.nih.gov/pubmed/11796555
http://dx.doi.org/10.1016/j.nmd.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21571532
http://dx.doi.org/10.1113/jphysiol.2005.091694
http://www.ncbi.nlm.nih.gov/pubmed/16002444
http://dx.doi.org/10.1161/CIRCRESAHA.114.302614
http://www.ncbi.nlm.nih.gov/pubmed/24449818
http://dx.doi.org/10.1073/pnas.0710501105
http://www.ncbi.nlm.nih.gov/pubmed/18250309
http://dx.doi.org/10.1016/j.tcm.2012.06.015
http://www.ncbi.nlm.nih.gov/pubmed/22999068
http://dx.doi.org/10.1016/j.cell.2004.09.011
http://www.ncbi.nlm.nih.gov/pubmed/15454078
http://dx.doi.org/10.1161/01.CIR.103.1.140
http://www.ncbi.nlm.nih.gov/pubmed/11136699
http://dx.doi.org/10.1242/dmm.032201
http://www.ncbi.nlm.nih.gov/pubmed/29871865
http://dx.doi.org/10.1016/j.pharmthera.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24140081


Int. J. Mol. Sci. 2018, 19, 3296 19 of 19

124. Nerbonne, J.M.; Nichols, C.G.; Schwarz, T.L.; Escande, D. Genetic Manipulation of Cardiac K+ Channel
Function in Mice: What Have We Learned, and Where Do We Go from Here? Circ. Res. 2001, 89, 944–956.
[CrossRef] [PubMed]

125. Bedada, F.B.; Wheelwright, M.; Metzger, J.M. Maturation Status of Sarcomere Structure and Function in
Human IPSC-Derived Cardiac Myocytes. Biochim. Biophys. Acta 2016, 1863, 1829–1838. [CrossRef] [PubMed]

126. Du, D.T.M.; Hellen, N.; Kane, C.; Terracciano, C.M.N. Action Potential Morphology of Human Induced
Pluripotent Stem Cell-Derived Cardiomyocytes Does Not Predict Cardiac Chamber Specificity and Is
Dependent on Cell Density. Biophys. J. 2015, 108, 1–4. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1161/hh2301.100349
http://www.ncbi.nlm.nih.gov/pubmed/11717150
http://dx.doi.org/10.1016/j.bbamcr.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26578113
http://dx.doi.org/10.1016/j.bpj.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25564842
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Dystrophic Cardiac Ion Channel Abnormalities: Evidence from Animal Model Studies 
	Sodium Channels 
	Calcium Channels 
	Potassium Channels 
	Ion Channel Abnormalities Prior to Dystrophic Cardiomyopathy Development 

	Dystrophic Cardiac Ion Channel Abnormalities: Evidence from Human Studies 
	Limitations of the Experimental Studies 
	Conclusions, Clinical Implications, and Future Perspectives 
	References

