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Abstract

While compelling evidence supports the central role of mitochondrial dysfunction in the
pathogenesis of heart failure, there is comparatively less information available on mitochondrial
alterations that occur prior to failure. Building on our recent work with the dystrophin-deficient
max mouse heart, this review focuses on how early changes in mitochondrial functional phenotype
occur prior to overt cardiomyopathy and may be a determinant for the development of adverse
cardiac remodelling leading to failure. These include alterations in energy substrate utilization and
signalling of cell death through increased permeability of mitochondrial membranes, which may
result from abnormal calcium handling, and production of reactive oxygen species. Furthermore,
we will discuss evidence supporting the notion that these alterations in the dystrophin-deficient
heart may represent an early “subclinical” signature of a defective nitric oxide/cGMP signalling
pathway, as well as the potential benefit of mitochondria-targeted therapies. While the max mouse
is an animal model of Duchenne muscular dystrophy (DMD), changes in the structural integrity of
dystrophin, the mutated cytoskeletal protein responsible for DMD, have also recently been
implicated as a common mechanism for contractile dysfunction in heart failure. In fact, altogether
our findings support a critical role for dystrophin in maintaining optimal coupling between
metabolism and contraction in the heart.
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1. Introduction

Mitochondria within cardiomyocytes are at considerable risk of undergoing adverse
phenotypic changes during the acute and/or chronic physiologic stress events (e.g., ischemic
or adrenergic challenge) associated with unfavorable cardiac remodelling. A reduced ability
of mitochondria to withstand such stresses may constitute the primary event that places the
heart into a vicious cycle of increasing dysfunction and cell death, ultimately resulting in
heart failure. In fact, several studies in humans and animal models of adverse cardiac
remodelling resulting from either genetic or acquired aetiologies demonstrate that in the
failing heart, mitochondria display a number of ultrastructural, biochemical, and functional
defects that are believed to contribute to energetic failure, oxidative stress, and activation of
cell death (for recent reviews, see refs. [1-6]). While these compelling data support the
central involvement of mitochondria in the pathogenesis of heart failure, there is
comparatively little information available on the mitochondrial alterations that occur during
the period that precedes the transition to heart failure. In particular, measurements of the
most commonly used markers of mitochondrial dysfunction have provided little evidence so
far to suggest that mitochondrial dysfunction may contribute during the early compensated
phases of cardiomyopathy to further deterioration of myocardial function. Accordingly, little
changes have been observed during that period in either (i) activity of the mitochondrial
respiratory chain complexes, (ii) respiratory performance in isolated mitochondria, (iii)
activity, protein and/or mRNA levels of mitochondrial marker enzymes, master regulators of
mitochondrial biogenesis (peroxisome proliferator-activated receptor -y coactivator, PGCla.)
or uncoupling proteins, (iv) acquired mutations or deletions of mtDNA, or (v) ultrastructural
alterations. However, rather than dismissing a role for mitochondria, this lack of evidence
may simply reflect the necessity to use different kinds of end-point and experimental models
to unravel mitochondrial abnormalities in the early phase of cardiomyopathies. Recent
evidence emphasized the importance of using experimental approaches, which preserve the
organization of mitochondrial supercomplexes [6,7]. Hence, the use of experimental
approaches that capture the dynamics of the mitochondrial functional phenotype under
various conditions, including the use of ex vivo experimental models such as the perfused
heart, appear particularly relevant in this regard. In addition to the obvious advantage of
preserving crucial metabolic and signalling cross-talk between cytosolic and mitochondrial
compartments, which may themselves constitute compensatory mechanisms, the use of an
intact heart preparation may also unmask abnormalities that are not readily observed /n vivo
due to the existence of compensatory mechanisms present within the intact organism.

The aforementioned concept is well illustrated by our recent studies in the dystrophin-
deficient heart from the max mouse, the animal model of Duchenne muscular dystrophy
(DMD). Specifically, the use of a perfused, working heart model was instrumental in
revealing, in this model, that early mitochondrial alterations in energy substrate metabolism
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do occur prior to the onset of overt cardiomyopathy [8,9]. Compared to other heart failure
aetiologies such as myocardial infarction, atherosclerosis, hypertension and diabetes, much
less is known about mitochondrial dysfunction in the dystrophic cardiomyopathy. This
question is not only important for the identification of novel and much needed treatment
avenues for DMD patients but may also be of relevance for our understanding of the
pathogenesis of heart failure in general. Indeed, changes in the integrity of dystrophin, a
cytoskeletal protein, have recently been documented in patients with end-stage dilated,
ischemic and viral cardiomyopathies and, as thus, may represent a common pathway for
contractile dysfunction in the failing heart [10-12].

Hence, building on our recent findings in the dystrophin-deficient heart, this review will
focus upon how early mitochondrial alterations may represent a primary factor involved in
the pathogenesis of the dystrophic cardiomyopathy and, thus, a potential target for
therapeutic interventions. Specifically, we will begin with a brief overview of the clinical
course of the dystrophic cardiomyopathy typically observed in humans and in the madx
mouse model, followed by a summary of our recently published findings on the metabolic
alterations observed in the hearts of young max mice prior to overt cardiomyopathy. We will
then present recent unpublished results that further substantiate the presence of early
mitochondrial functional alterations in these hearts, specifically cell death signalling through
enhanced permeability of mitochondrial membranes, which may result from an enhanced
production of reactive oxygen species (ROS), as well as abnormal calcium handling or
defective nitric oxide (NO)/cGMP signalling. In each section, we will briefly summarize the
current literature supporting the existence of these specific mitochondrial functional
alterations in other models of cardiomyopathies. Finally, we will discuss potential
therapeutic strategies targeting these early mitochondrial alterations in the dystrophic heart.

2. Characteristics of the dystrophic cardiomyopathy in DMD

DMD is an inherited X-linked disease resulting from mutations in the dystrophin gene
located at Xp21, which leads to the absence of this cytoskeletal protein in striated (skeletal
and cardiac) muscle cells. Dystrophin is part of a multimeric protein complex, the
dystrophin—glycoprotein complex (DGC) that links the cytoskeleton to the extracellular
matrix and encompasses both mechanical and signaling roles. Defects in the gene encoding
other protein members of this complex, namely, the sarcoglycans, sarcospan, dystroglycans,
dystrobrevins and synthrophins, also lead to muscular dystrophy (MD), although the age of
onset, affected muscles, and severity may vary considerably (for a recent review, see ref.
[13]). Cardiac involvement has been reported for some but not all of these proteins, namely
dystrophin (DMD), &-sarcoglycan (Limb girdle MD), B-sarcoglycan and dystrobrevins (for
reviews, see refs. [14,15]).

This review article will mainly focus on DMD, which is the most common form of MD.
Although the first clinical manifestations of DMD are generally related to skeletal muscle
weakness, cardiac involvement is inescapable with age and can progress to heart failure.
Typically, the development of dilated cardiomyopathy occurs progressively over time such
that by 18 years of age, 98% of DMD patients display echocardiographic evidence of
contractile dysfunction and electrocardiographic abnormalities such as arrhythmias [16,17].
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Experimental and clinical evidence also suggests that this cardiac involvement can occur in
the absence of clinically apparent skeletal muscle involvement or pathological defects in the
vasculature [18-20]. Ultimately progression toward heart failure, characterized by
pronounced ventricular fibrosis, will occur in 40% of patients between 10 and 30 years of
age [16,17,21,22].

This time course of disease progression is in many ways recapitulated in the max mouse, the
most widely used animal model of DMD. Indeed, hearts from madx mice do not display
apparent signs of cardiomyopathy prior to 25-30 weeks of age [23]. Selective fibrosis of the
left ventricle, cardiac dilation, and more marked deterioration of function usually become
evident by 40 weeks of age and worsens over time [23-25].

Currently, the mechanism responsible for the development of dilated cardiomyopathy in
DMD is unclear. In skeletal muscle, the primary organ responsible for the debilitating effect
of the disease, myofibers lacking dystrophin are abnormally susceptible to load-induced
sarcolemmal damage [26]. Similar to skeletal muscles, our group and others showed that
increasing cardiac workload either by (i) physical exercise, (ii) acute /n vivo administration
of a B-adrenergic agonist, (iii) ex vivo heart perfusion in the working mode, or (iv) aortic
constriction leads to elevated sarcolemmal injury in dystrophin-deficient mice compared to
control mice and, in some conditions, high mortality rates [9,27-29]. While mechanical
instability and ensuing rupture of the sarcolemmal membrane are likely a cause of
cardiomyocyte death based on the current literature in skeletal muscle [26,30,31], the lack of
functional dystrophin in cardiomyocytes may also have other consequences that could play
important roles in disease progression, including increased oxidative stress, alterations in
cellular Ca2* handling, and pronounced reductions in NO signaling due to an impaired
activity of neuronal nitric oxide synthase (nNOS) [13]. In skeletal muscle, the absence of
dystrophin results in displacement of NNOS from the plasma membrane, where it normally
binds directly to syntrophins (which are cytoplasmic proteins anchored to dystrophin’s
carboxyterminal domain), to the cytoplasm. Although this relocalization has not been
demonstrated in the heart, Bia et al. [24] demonstrated that the lack of dystrophin in the max
mouse resulted in abnormal electrocardiograms that are associated with decreased
myocardial nNOS activity. Furthermore, recent studies emphasized the importance of nNOS
subcellular (re)localization and interactions with other proteins as a factor regulating
myocardial contractility in normal and failing heart [32—34]. However, much remains to be
learned about the role and regulation of this nNOS-derived NO signalling. Irrespective of the
exact molecular mechanisms involved, abnormalities in NOS signaling, Ca2* handling and
oxidative stress, all have the potential to induce or may be the result of changes in
mitochondrial function, as will be detailed below.
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3. The dystrophic mouse heart displays early abnormalities of
mitochondrial metabolic function

3.1. Alterations in mitochondrial substrate metabolism in other models of cardiac
hypertrophy and failure

The importance of mitochondrial substrate metabolism in cardiac hypertrophy and failure
has been the subject of numerous recent reviews [35-39], and consequently this topic will
only be briefly summarized to highlight certain issues. In brief, alterations in cardiac energy
substrate metabolism are currently considered as an independent determining factor that
contributes to contractile dysfunction, as well as disease progression from left ventricular
hypertrophy to heart failure. However, there is an ongoing debate as to why cardiac
remodelling, particularly in the early compensatory phase prior to clinical manifestations,
results in a shift in substrate selection for energy production from long chain fatty acids
(LCFAs, which supply normally ~70% of the heart’s energy demand through mitochondria
[B-oxidation) to carbohydrates (CHOs). Such changes are believed to represent a
recapitulation of the fetal program, and while this has been shown to be a characteristic of
several models of cardiomyopathy, it has not been a consistent finding [38,40,41]. The
precise causes, as well as the consequences, of this substrate shift are also unclear, i.e., is it
harmful or beneficial for cardiac function? What are the consequences of this shift on the
development and progression of cardiac hypertrophy and failure? On one hand, there is
evidence that this shift in substrate use from LCFAs to CHOs may be beneficial for the post-
ischemic and failing heart. The potential benefits could include (i) the greater ATP-to-
oxygen ratio associated with glucose utilization (11-12%), (ii) a more efficient matching
between cytosolic glycolysis and mitochondrial oxidation, thereby decreasing the production
of protons which can promote detrimental calcium overload, and (iii) improved ion pump
function linked to glycolytic flux. On the other hand, potential detrimental consequences of
chronic inhibition of mitochondrial LCFA oxidation include intracellular lipid accumulation
and its associated lipotoxic sequelae as well as energy starvation, principally under
conditions of increased energy demand [36,38,42—47].

Recent studies with genetically modified mouse models of cardioprotection (for, e.g.,
calcineurin-knockout mouse [48], the glycogen synthase kinase-3 overexpressing mouse
[49], cardiomyocyte-specific constitutively active guanylate cyclase (GC*/0) over-expressing
mouse [50]), appear, however, to provide some insights in this debate. In fact, we found that
working GC*/% mouse hearts display a metabolic profile that is partly reminiscent of that
reported in compensated hypertrophied hearts (namely decreased LCFA p-oxidation, no
change in CHO oxidation and increased glycolysis [51-53]). A similar profile was also
reported in the other mouse models of cardioprotection, suggesting that it is beneficial.
However, GC*/0 mouse hearts exhibited also two striking and distinctive features: (i) the
glycolytically derived lactate and pyruvate production ratio (reflecting the cytosolic redox
state of the cells) was conserved and (ii) triglyceride synthesis was enhanced concomitantly
with lipolysis. In fact, in this model of cardioprotection, the increased triglyceride synthesis/
hydrolysis turnover seems to explain the observed decrease in LCFA B-oxidation, which was
documented by tracking the fate of exogenously administered and labeled LCFA, a
commonly used experimental paradigm. The importance of lipolysis for normal cardiac
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homeostasis was also recently emphasized by studies with transgenic mice lacking enzymes
involved in this process (for, e.g., adipose triglyceride lipase, lipoprotein lipase) [54,55].
However, much remains to be learned about the consequences of alterations in myocardial
substrate metabolism — beyond their selection for energy production —on the development of
cardiac hypertrophy and failure.

3.2. Alterations in mitochondrial substrate metabolism in the early preclinical stages of the
dystrophic cardiomyopathy

Using dystrophic (mdx) mice at the young age of 10-12 weeks (where histological or
echocardiographic evidence of cardiac disease cannot be detected yet), we measured the
metabolic and functional responses of their hearts, using ex vivo whole organ perfusion in
the working mode with carbon 13 (13C)-labeled substrates [56]. Results that were obtained
in these experiments are summarized in Table 1. Briefly, at a physiological afterload (50 mm
Hg) and with buffer substrate concentrations designed to mimic the in vivo milieu, madx
hearts demonstrated (i) compromised cardiac contractile function and efficiency and (ii)
reduced cellular integrity as reflected by a greater lactate dehydrogenase release [8]. It is
noteworthy, however, that the performance of max hearts in the above study, which were
perfused with multiple substrates consisting of CHOs (glucose, lactate, pyruvate) and a
LCFA (oleate), was by far superior to that previously reported with glucose as the sole
substrate [27], pointing to a need for an increased and balanced substrate supply in order to
achieve adequate ATP production in the madx heart.

In addition, at the metabolic level, we found that /mdx mouse hearts displayed (i) a marked
shift from LCFA to CHO oxidation for energy production associated with enhanced oxygen
consumption, (ii) a reduction in citric acid cycle (CAC) intermediates tissue levels, and (iii)
a 20% lower activity of the CAC enzyme aconitase. The metabolic shift from LCFA to CHO
that we observed in young max mice concurs with findings from cardiac positron emission
tomography studies performed in patients with DMD using 18F-deoxyglucose or a
radioiodinated branched fatty acid ([*231]15-(p-iodophenyl)-3-(R, S)-methylpentadecanoic
acid (BMIPP)) [57-60]. Although metabolic flux parameters relative to LCFA partitioning
between oxidation and triglyceride synthesis were not specifically assessed in our study, our
results indicated that the contribution of endogenous substrates (postulated to be
triglycerides) to acetyl-CoA production was similar to controls at this early stage of the
cardiomyopathic process, presumably because lower LCFA oxidation was compensated by
increased CHO oxidation. Taken together, these results strongly suggest the existence of
early mitochondrial metabolic alterations in the young dystrophic /max mouse heart at a time
that clearly precedes the onset of overt cardiomyopathy [8]. To the best of our knowledge,
cardiac energy substrate metabolism has not been assessed in any of the other MD mouse
models.

3.3. Putative mechanisms responsible for the mitochondrial metabolic alterations in the
dystrophic heart

Numerous candidate mechanisms were considered to explain the documented substrate shift
in dystrophic hearts. We initially examined two interacting nutrient signaling pathways, Akt
and AMPK, given their roles in regulating glucose uptake and utilization [61,62]. Compared

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 February 08.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

Burelle et al.

Page 7

to controls, max mouse hearts showed a significantly lower Akt phosphorylation state and
no differences in AMPK phosphorylation or activity (unpublished data), the latter being
consistent with the lack of significant differences in the AMP-to-ATP ratio between the two
groups of isolated hearts. However, neither the Akt nor the AMPK results could directly
account for the observed substrate shift towards CHO. However, another signaling pathway
that could help explain the metabolic shift observed in the perfused madx heart is the p38
MAPK pathway, which has been shown to be involved in regulating substrate energy
metabolism [63] through the nuclear receptor peroxisome proliferator-activated receptor
(PPARa), a transcriptional regulator of FA oxidation enzyme expression. Phosphorylation of
PPARa by p38 may lead to an increase in ligand-dependent transactivating functions and
enhanced functional cooperation with PGC-1a.. We have found a significant 2-fold decrease
in p38 phosphorylation (unpublished data), which may account, at least in part, for the
observed decrease in LCFA oxidation in the dystrophic heart.

To further explore the possible relationship between our observations and evolution of the
dystrophic cardiomyopathy in max mice, we undertook a quantitative comparison of young
(10-12 weeks) versus older (25 weeks) dystrophic hearts with respect to PPARa-regulated
genes involved in FA p-oxidation. In young max mice, where there are little obvious signs of
cardiomyopathy, there were no changes in gene expression that could account for the
concurrent shift in substrate utilization. However, in 25-week-old madx mice, the developing
cardiomyopathy was accompanied by slight changes in the gene expression levels of
PPARa, pyruvate dehydrogenase kinase-4 and myosin heavy chain B, which might be
compatible with a trend to recapitulate the fetal gene expression phenotype. Furthermore,
this is associated with a significant rise in anfgene expression and a significant increase in
transcript levels of sgca ;. The latter is a well-known target gene of the NO/cGMP pathway,
which has been shown to negatively correlate with cGMP levels [64]. In addition, although
anfexpression is often used as a marker of cardiac remodelling, recent studies have also
emphasized new cardioprotective roles for natriuretic peptides, particularly under conditions
of defective NO signaling (for review, see ref. [65]).

In this regard, existing literature did support the presence of defective NO signaling within
max hearts [24,66,67], as well as a crucial role for this pathway in optimizing metabolism-
contraction coupling [68,69]. In our denervated max heart perfusion model, in which the
buffer is not recirculated preventing compounds released by the heart from accumulating,
the natriuretic peptide signaling pathway is unlikely to be optimally active despite a potential
autocrine action of natriuretic peptides. This provided a potential explanation for the fact
that metabolic changes observed in madx hearts were most evident when these hearts were
perfused ex vivo [8]. In addition, the pattern of metabolic alterations in the perfused max
hearts, namely the observed metabolic shift in substrate utilization from LCFA to CHO
oxidation and the enhanced MVO,, is consistent with decreased NO signaling [69]. Finally,
a defect in NO/cGMP signaling is also compatible with decreased levels of phosphorylated
Akt, an activator of endothelial NO synthase, in ex vivo perfused max hearts [61].
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3.4. Establishing a role for the NO/cGMP pathway in mitochondrial metabolic alterations of
the dystrophic heart

To more firmly establish a link between defective NO/cGMP signaling and mitochondrial
function abnormalities, we recently increased cGMP signaling downstream of NO formation
in max mice by using either (1) a targeted genetic approach, where max mice were crossed
to transgenic mice overexpressing guanylyl cyclase in a cardiomyocyte-specific manner, or
(2) a pharmacological approach, where cGMP breakdown was inhibited by chronically
treating young (6 weeks old) max mice with the PDE5 inhibitor sildenafil. We found that
increasing cGMP signaling significantly improved mitochondrial metabolic and function
status of max mouse hearts, along with cardiac contractility and sarcolemmal integrity [9].

Specifically, at the metabolic level, 12-week-old max/GC*° hearts displayed a pattern of
substrate selection for energy production that was similar to that of their max counterparts.
This finding raises the following question: what are the potential cause(s) or consequence (s)
of the previously documented shift from LCFA to CHO utilization in 12-week-old madx
hearts compared to controls? At least two explanations for this observation can be put
forward. First, this shift may be a direct or indirect consequence of dystrophin deficiency.
Indeed, cytoskeletal disturbances subsequent to dystrophin deficiency may impact on the
compartmentalization of cytosolic carbohydrate metabolism [70,71]. Furthermore,
dystrophin deficiency also results in abnormalities in calcium handling, a factor that may
also independently impact substrate metabolism [72].

Another possibility is that the metabolic shift previously reported in madx hearts may
represent an adaptive response rather than a deleterious consequence of cardiac dysfunction.
In fact, our finding of a substrate shift from LCFA to CHO utilization associated with
enhanced glycolysis is in agreement with our findings in the cardioprotected GC*/® mouse
hearts, as discussed earlier [50]. However, it appears warranted to further investigate (i) how
the max heart handles lipids, including the partitioning of exogenous fatty acids between
oxidation (for energy production) and triglycerides (for storage) as well as triglyceride
hydrolysis particularly as the cardiomyopathy progresses, and (ii) how this would be
affected by enhancing cGMP signaling.

Beyond considerations about substrate selection, our finding of a marked increase in the
mitochondrial CAC pool size in the perfused max/GC*/° heart compared to their madx
counterparts suggested an improved mitochondrial metabolic status in the former group.
Such a change would be expected to enable the madx heart to enhance CAC flux and hence
mitochondrial NADH and energy production, especially under conditions of high energy
demand. It is noteworthy that a downregulation of mitochondrial gene expression has been
reported in dystrophic skeletal muscle [73]. Conversely, the induction of PGC-1a, a factor
governing mitochondrial biogenesis [5,74], was found to improve indices of skeletal muscle
damage in max mice [75]. However, we did not observe a difference in mitochondrial citrate
synthase activity (a marker of mitochondrial volume-density) in young 12-week-old max
mouse hearts [8], although it was found to be decreased by 18% at 8 months [76]. These
results suggest that, at least at a young age, factors other than PGC-1a. levels modulate the
mitochondrial metabolic status of the /max mouse heart. This improved mitochondrial
metabolic status in max/GC*/® mouse hearts reconciles many findings in the literature that
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support the role of cGMP signalling in preventing mitochondria-mediated cell death which
will be further discussed in Section 4.3.

Overall, our findings in madx/GC*° and GC*/® mice suggest that the metabolic shift from
LCFA to CHO in madxheart may be an adaptive response. While additional studies are
needed to clarify how the enhancement of NO/cGMP signaling in the madx heart might
impact on CHO and LFCA utilization based on the marked improvement in mitochondrial
CAC intermediate levels in perfused max/GC*° hearts, the mitigation of the dystrophic
cardiomyopathy found in these mice may be mediated, at least in part, by an improved
mitochondrial function resulting from enhanced cGMP signalling.

4. Is the dystrophic heart more vulnerable to induction of mitochondrial cell

death pathways?

4.1. Mitochondrial cell death pathways in other models of cardiac hypertrophy and failure

In addition to energy production, mitochondria play several important roles in other cellular
functions: (i) regulation of intracellular Ca2*dynamics by taking up and releasing large
amounts of Ca2*[77-80], (ii) ROS production that can trigger signalling pathways or induce
cell injury [81-84], and (iii) regulation of cell death through their ability to trigger necrosis
and apoptosis [85-88] by changing mitochondrial membrane permeability [88-90].

Studies employing models of acquired cardiomyopathy have shown that, in addition to overt
structural [91,92] and respiratory defects [93-101], mitochondria within the failing
myocardium display enhanced ROS production [94,95,102,103]. This is associated with
signs of oxidative stress-related damage such as accumulation of lipid peroxidation by-
products and mutations or deletions of mtDNA [94,104,105]. In addition, experimental
evidence obtained both in humans and animal models indicates that failing hearts display
enhanced permeability of mitochondrial outer [106—108] and inner [97,109] membranes,
leading to release of mitochondrial proapoptotic factors such as cytochrome ¢[110,111] and
activation of other downstream events, including cleavage of procaspases 3 [106,110] and 9
[111]. Hence, these results indicate that the mitochondrial death pathway is active in the
failing heart and likely plays a role in the associated cardiomyocyte death.

Although the molecular events involved in mitochondrial membrane permeation are not well
understood, the current consensus is that several mechanisms coexist and may be recruited
in response to specific death stimuli [88,112]. One major mechanism involves the
oligomerization of proapoptotic proteins of the Bcl-2 family to form pores across the outer
mitochondrial membrane [88,112]. Another important and well-characterized mechanism
involves the opening of the PTP, a high conductance nonspecific channel in the
mitochondrial inner membrane [88,90].

Recently published work from our group supports the notion that increased susceptibility of
mitochondria to opening of the permeability transition pore (PTP) during periods of stress
could be an important early factor in the progression towards heart failure by promoting cell
death [113,114]. Specifically, we have assessed myocardial PTP opening in the intact rat
heart as well as in isolated mitochondria during the early stages of ventricular remodelling,
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prior to the onset of systolic dysfunction or overt mitochondrial structural and respiratory
defects. Mitochondria isolated from hypertrophied rat hearts displayed an increased
susceptibility to opening of the PTP in response to a physiological stressor /n vitro (i.e.,
Ca2*overload, anoxia reoxygenation). This was also observed in the intact perfused heart
following ischemia—reperfusion (I-R) [113] and was associated with an impaired functional
recovery, greater tissue release of lactate dehydrogenase (LDH), and mitochondrial release
of proapoptotic factors upon reperfusion. Other studies have shown that hypertrophied hearts
are more susceptible to contractile dysfunction and cell death when exposed to stimuli such
as H,0, [115] and I-R [116-118], which are known to promote PTP opening. Importantly,
in at least one of these studies [115], susceptibility to stress-induced cell death could be
detected in cardiomyocytes isolated from hypertrophied hearts prior to detection of apoptotic
cell death in the whole organ /n situ. The latter became substantial only once the heart had
reached the failing stage, further suggesting that mitochondrial vulnerability to stress is a
precursor event in the progression toward organ failure.

4.2. Activation of mitochondrial death pathways in the dystrophic heart

Considering our findings of increased CAC intermediate levels in perfused max/GC*/°
hearts compared to their madx counterparts [9] and of an increased susceptibility to PTP
opening in the early stages of cardiomyopathy in our rat studies [113,114], we recently
determined whether vulnerability to PTP opening could be involved in the enhanced
cardiomyocyte injury previously observed in the hearts of young max mice challenged by
physiological stressors [8,9,27]. To accomplish this, we adapted the mitochondrial [3H]-
deoxyglucose ([3H]-DOG) entrapment method used to quantify PTP opening in rat hearts
[97,113,119,120] to the mouse. Using this approach, we found that when hearts of young
max mice are subjected to I-R, the number of mitochondria undergoing PTP opening is
significantly enhanced compared to normal hearts (Fig. 1). Enhanced PTP opening is
accompanied by greater release of cytochrome ¢ (Cyt-c) into the cytosolic fraction (Fig. 1E),
which further supports enhanced mitochondrial membrane permeability. As opening of the
PTP allows for ions and solutes of <1,500 Da to equilibrate across mitochondrial
membranes, we postulate that this phenomenon could account, at least in part, for the
reduction in citrate and total CAC pool size that we previously observed in ex vivo perfused
working hearts from max mice [8,9]. Furthermore, because this susceptibility to PTP
opening is present prior to any histological or hemodynamic evidence of cardiomyopathy,
we believe that it may play an important pathogenic role in the ensuing development of the
dystrophic cardiomyopathy. In support of this interpretation, Millay et al. [121] recently
reported that genetic ablation of the PTP-sensitizing protein cyclophilin-D (Cyp-D) in &-
sarcoglycan (scgd™") null mice, another model of MD in which there is associated
sarcolemmal instability, resulted in significantly reduced cardiac fibrosis and improved
ejection fraction. Recent data obtained in skeletal muscle from other forms of MD, including
Bethlem myopathy, Ullrich congenital dystrophy, and Limb girdle MD [121-124] also
support a role for PTP opening, but whether this also applies to the heart has not yet been
established.
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4.3. Potential factors underlying greater vulnerability to PTP opening in the dystrophic

heart

There are several factors that could potentially account for the enhanced propensity of the
dystrophin-deficient heart to PTP opening. These include mitochondrial calcium
accumulation, enhanced oxidative stress, and altered cGMP signalling, which could act
alone or in synergy. Acute ischemic episodes, similar to what has been described for skeletal
muscles, could also contribute to this phenomenon, although this remains to be substantiated
in the dystrophin-deficient heart [125,126]. Firstly, accumulation of Ca2* in the
mitochondrial matrix is recognized as one of the most important triggers for permeability
transition [127] and the lack of dystrophin (or &-sarcoglycan) predisposes to disruption of
the sarcolemmal membrane during mechanical stress, resulting in increased Ca2* entry. In
addition, it is now well recognized that there are other important sources of increased Ca2*
levels within dystrophic muscle cells, even in the absence of sarcolemmal disruption. These
include an increased Ca?* influx through voltage-independent stretch-sensitive Ca2* leak
channels (SACs) [128,129] and store-operated Ca2* channels (SOCs) [130-132], as well as
potentially via the ryanodine receptor [133]. Several studies in cardiac [134,135] and
skeletal muscle cells [132,136] indicate that because of their localization in the vicinity of
the sarcoplasmic reticulum and T-tubules, mitochondria rapidly take up Ca2* entering the
cytosol during depolarization. Thus mitochondria from dystrophic myocytes are likely to be
more susceptible to Ca2* overload due to increased Ca?* influx from several sources
[131,132].

Enhanced production of ROS is another major factor, which may act synergistically with
Ca?* overload to induce PTP opening [127]. The activities of aconitase and NADP-isocitrate
dehydrogenase, two mitochondrial enzymes that are notoriously sensitive to inactivation by
ROS, are reduced in adult skeletal muscle from madx mice compared to control [137].
Importantly, the muscle glutathione pool was significantly more oxidized in 14-day-old madx
mice (i.e., prior to the onset of skeletal muscle fiber necrosis, which occurs at ~4 weeks of
age) compared to normal mice, consistent with the notion that, in dystrophic muscle, chronic
oxidative stress constitutes a primary defect rather than being solely a consequence of
necrosis [137]. Although little data are available on mitochondrial oxidative stress in the
dystrophic heart, we found that aconitase activity was reduced (25%) in madx hearts
compared to controls at 12 weeks of age (i.e., prior to any overt sign of cardiomyopathy) [8]
(Fig. 2). However, respiratory function measured in isolated mitochondria from young max
hearts was similar to controls (Fig. 2, unpublished observations), as also previously
described by Kuznetsov et al. [138], suggesting that there are no major defects in respiratory
chain complexes at this early stage. While these results clearly indicate that factors which
promote oxidative stress are present in mitochondria from dystrophic hearts, it is still unclear
whether this is caused by enhanced H,O», production or by a reduction in the capacity of one
or more of the mitochondrial H,O, scavenging systems such as the glutathione and
thioredoxin systems, catalase, or other nonenzymatic reactions.

Finally, our finding [9] that expression of the GC*/° transgene in madx cardiomyocytes
largely prevented the loss of CAC intermediates in hearts perfused ex vivoin the working
mode suggests that defective NO/cGMP signalling may contribute to the enhanced
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propensity of the dystrophic heart to opening of the PTP. Although unequivocal proof
requires a comparative assessment of PTP opening in madxand mdx/GC*/° hearts, there is
published evidence in support of a link between cGMP signalling and mitochondrial PTP
opening, including results from studies that examined the impact of enhancing cGMP
signalling by either inhibiting its breakdown with the phosphodiesterase-5 inhibitor
sildenafil, or increasing its formation by stimulating the natriuretic receptors in the setting of
I-R or doxorubicin-induced cardiotoxicity [139-141]. The underlying mechanisms appear to
involve the capacity of cGMP-dependent protein kinase (PKG) to inhibit the PTP through
opening of mitochondrial Kagp channels (mK atp) [140-143]. Recent studies by Kukreja
and colleagues provide compelling evidence that ERK1/2 may be a key mediator that
bridges PKG to mK arp [144]. In addition, cGMP-dependent signalling has the potential to
reduce PTP opening indirectly through its impact on intracellular Ca2* dynamics. In fact,
data obtained in various cell types including cardiomyocytes show that PKG can potentially
reduce intracellular calcium levels by inhibiting (i) the synthesis of inositol triphosphate
(IP3), (ii) the release of CaZ*from intracellular stores through the 1P receptor, (iii)
SERCAZ2a-mediated Ca?*reuptake, and (iv) the influx of extracellular Ca2* through L-type
Ca?* channels [145,146].

Taken together, these results suggest that, similar to what has been observed in volume
overload-induced cardiac hypertrophy [113,114], mitochondria within dystrophin-deficient
cardiomyocytes are more prone to PTP opening than are those from normal cardiomyocytes
when challenged with a stressor. More importantly, this phenomenon is present at the early
stages of disease progression and contributes directly to the development of histological and
hemodynamic evidence of cardiomyopathy [121]. Although all of the mechanisms
underlying these phenomena remain to be clarified, increased Ca?* entry, enhanced
oxidative stress within mitochondria, and impaired NO/cGMP signalling are likely to play
key roles.

5. Mitochondrial protection: a potential strategy to protect the dystrophic

heart

While the dystrophic cardiomyopathy can be symptomatically treated directly with
conventional heart failure therapy such as p-adrenergic blockers or angiotensin-converting
enzyme inhibitors, novel therapies are being sought to specifically correct functional defects
resulting from dystrophin deficiency [147-151]. In this regard, current strategies that are
being developed include stem cell approaches as well as gene transfer of dystrophin,
utrophin, or functional dystrophin fragments (microdystrophins). However, the effectiveness
of these interventions remains to be established, particularly with respect to cardiac muscle
function given that for the most part, these interventions have been tested predominantly on
dystrophic skeletal muscle. In the meantime, alternative adjunct therapies are being sought
to slow disease progression, and these could ameliorate both the cardiac and skeletal muscle
dysfunction [152]. In view of the evidence presented in this review, pharmacological
strategies aimed at preventing mitochondrial dysfunction, particularly with respect to
reducing oxidative stress and opening of the PTP, appear to be a promising avenue. In this
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regard, three strategies will be discussed briefly: the use of cyclophilin-D ligands,
mitochondria-targeted antioxidants, and PDE-5 inhibitors.

5.1. Cyclophilin-D ligands

Cyclophilin-D (Cyp-D) is a chaperone-like protein of the immunophilin family located in
the mitochondrial matrix, which acts as a potent PTP sensitizer when translocated to the
inner membrane and bound to putative pore components [153-155]. In fact, cyclosporin-A
(CsA), an inhibitor of PTP opening, has long been known to act /n vitro by binding Cyp-D,
thus preventing its recruitment to the mitochondrial inner membrane [155,156]. Until
recently, however, the potential benefits of chronic treatment with CsA were limited by its
capacity to also inhibit calcineurin complexed to cyclophilin-A, causing a number of
deleterious effects in myocytes, including enhancement of apoptosis [157-159]. Fortunately,
several CsA analogs that do not inhibit calcineurin have now been developed, including
NIM811, Sanglifehrin-A, and Debio025. To date, the therapeutic potential of Cyp-D ligands
in the treatment of DMD has only been evaluated in skeletal muscle [121,124]. Specifically,
administration of Debio025 for six weeks in young max mice significantly reduced fibrosis
and the percentage of fibers containing central nuclei in the diaphragm, EDL, TA, and
quadriceps muscles [121]. Based on our recent results (Fig. 1), as well as the recently
reported improvement of cardiac outcomes following genetic ablation of Cyp-D in the &-
sarcoglycan deficient mouse [121], one would anticipate that Cyp-D ligands could also be
effective in slowing progression of the cardiomyopathy in DMD patients.

5.2. Mitochondria-targeted antioxidants

Given the evidence that oxidative stress within mitochondria is increased at very early stages
of disease progression in max mice [8,137] (Fig. 2), antioxidant therapies appear to be
another logical approach for the treatment of DMD. In fact, buffering excessive ROS
production within mitochondria could be beneficial not only by limiting oxidative damage to
mitochondrial and cellular structures, but also by reducing the likelihood of PTP opening
[127]. Various antioxidants, such as vitamin E and selenium [160], were considered but not
found to be beneficial against the progression of DMD. However, given the complexity of
free radical biology, the design of antioxidant therapies remains difficult [161]. Nevertheless,
Buyse et al. [162] recently reported the benefits of the antioxidant idebenone (SNT-MC17)
in a long-term placebo-controlled study in the dystrophin-deficient max mouse. Specifically,
this treatment was found to (i) improve diastolic dysfunction, (ii) limit mortality from
cardiac pump failure induced by dobutamine stress testing /n vivo, (iii) reduce cardiac
inflammation and fibrosis, and (iv) enhance exercise performance.

In recent years, a novel class of antioxidants that specifically accumulate within
mitochondria in large amounts has emerged. The development of these agents was motivated
by the recognition that the lack of effectiveness of classical antioxidant therapies in some
pathologies in which mitochondrial oxidative stress is known to develop, could be caused by
the inability to mobilize sufficient amounts of antioxidants within these organelles. Among
the agents available, Mito-Q, developed by Murphy et al., has reached clinical trials
[163,164]. The superiority of these mitochondria-targeted antioxidants over untargeted
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coenzyme Q derivatives, such as idebenone, has been demonstrated in Friedreich Ataxia
fibroblasts [164], but has not yet been tested in the dystrophin-deficient heart.

5.3. NO/cGMP signalling

Enhancing cGMP signalling, specifically downstream and independent of NO formation,
improved contractile performance, mitochondrial metabolic alterations, and sarcolemmal
integrity in the young max mouse heart [9]. More recently, Pasrchen et al. reported that 3-
month sildenafil treatment in /max mice started at 12 months of age was able to reverse the
existing cardiac dysfunction [165]. These findings point to defective cGMP signalling as
being an important component of disease pathogenesis in the dystrophin-deficient heart and
also suggest the basis for a novel therapeutic approach to prevent or delay the onset of
dystrophin-related cardiomyopathies. Since there are currently safe and well-tolerated
pharmacological means to enhance cGMP signalling, such drugs could provide the basis for
a new therapeutic strategy based upon PDES inhibition in the dystrophic heart. This type of
intervention may be considered as an adjunct therapy to other available treatments [151].
Asai et al. [166] also showed that treatment with tadalafil, another PDES5 inhibitor,
ameliorates contraction-induced skeletal muscle damage. While the mechanisms underlying
the beneficial effects of enhanced cGMP signalling in the dystrophic heart remain to be
established, our studies suggest that preservation of mitochondrial function could play an
important role [9]. This “mito-protective” effect could be partly related to a better
maintenance of anaplerotic fluxes responsible for the maintenance of CAC pool size and/or
to an improved mitochondrial integrity due to inhibition of PTP opening. This latter
possibility would be consistent with the existing literature showing that inhibition of
mitochondrial PTP opening through activation of Kagp channels is an end effector of
preconditioning induced by cGMP-dependent signalling [140-143]. Interestingly, dystrophin
has also been recently proposed to be an end-target of ischemic preconditioning [167].

6. Conclusion

Based on the evidence discussed in this review, we propose a simplified integrated
mechanistic scheme of potential players and consequences of early mitochondrial
dysfunction in the dystrophin-deficient heart (Fig. 3). Taken together, recent results highlight
early mitochondrial functional alterations in the dystrophic heart that precede overt
cardiomyopathy. These mitochondrial alterations include (i) CAC-related metabolic
parameters such as decreased aconitase activity and lower levels of CAC intermediate levels,
which are factors that may limit the capacity of the dystrophin-deficient to withstand an
increase in energy demand as occurs during an adrenergic challenge, and (ii) an enhanced
propensity of the dystrophin-deficient heart to PTP opening. We also demonstrated that ex
vivo perfused working hearts from young max mice display early alterations in substrate
selection for energy production, namely a shift from LCFA to CHO oxidation. While our
results suggest that this substrate shift may be an adaptive response, further investigations
are needed to better understand the causes and potential consequences of this metabolic
alteration. However, the mitochondrial alterations are likely to be maladaptive, contributing
to the pathophysiology of the disease. Overall, defective NO/cGMP signalling appears to be
a likely candidate mechanism contributing to these mitochondrial alterations, particularly the
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enhanced opening of the PTP, which in itself may be a factor governing mitochondrial efflux
of CAC intermediates. Additional factors that may contribute to mitochondrial dysfunction
in the dystrophin-deficient heart include augmented ROS production and abnormal calcium
handling. Therefore, it appears warranted to consider therapeutic interventions which
specifically target these mitochondrial abnormalities, including PDE inhibitors (e.g.,
sildenafil), along with newly emerging agents. Given dystrophin’s implication in other end-
stage cardiomyopathies and the central role of mitochondria in heart failure, the
aforementioned mitochondria-targeted therapeutic approaches appear to offer promising
avenues for patient management that extend beyond the dystrophic cardiomyopathy.
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Fig. 1.
Mitochondrial vulnerability to permeability transition pore (PTP) opening in 12 week-old

max mice. PTP opening was quantified /n7 situ in isolated Langendorff perfused hearts from
madxand C57BL/10 mice using an adaptation of the mitochondrial [3H]-2-deoxyglucose
(DOG) entrapment technique previously described for rat hearts [113,119]. As depicted in
(A\), this method relies on the fact that [BH]DOG accumulates in the cytosol of
cardiomyocytes as [?H]DOG-6-phosphate (P) and does not enter mitochondria unless PTP
opening occurs. Therefore, quantification of [BH]DOG-6P levels in mitochondria isolated at
the end of perfusion provides a quantitative index of the number of mitochondria in which
PTP opening occurred during the experiment. Specifically, hearts from control and madx
mice were initially perfused for 15 min in the nonrecirculating mode with a buffer
containing 11 mM glucose, 1.5 mM lactate, 0.2 mM pyruvate, 0.8 nM insulin and 0.5 mM
[BH]DOG (10 uCi/mL) to load the cardiomyocytes with this tracer. Then, following a 5-min
washout of extracellular [3H]DOG, hearts were submitted to 20 min of low-flow ischemia
(10% initial coronary flow) followed by 40 min reperfusion in presence of 1 uM
norepinephrine. Prior to ischemia (1), madx hearts showed no major contractile dysfunction as
reflected by the rate pressure product (RPP= Left ventricular developed pressure in mm
Hgxheart rate in beats per min) (C) but released greater amounts of lactate dehydrogenase
(LDH; values normalized for contractile function) in the coronary effluent compared to
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controls (D). However, at reperfusion (R), madx heart displayed (i) poorer functional
recovery (C), (ii) enhanced LDH release (D), (iii) greater opening of the PTP (B), and (iv)
greater release of cytochrome ¢ (Cyt-c) into the cytosolic fraction (E). Data represent means
+SEM, 1= 10-11 per group. *p< 0.05 vs. control C57BL/10 mice.
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Fig. 2.

M?tochondrial oxidative stress in max mouse hearts. (A) shows the activity of the
mitochondrial oxidative stress marker, aconitase, measured in tissue homogenates prepared
from either freshly isolated 12-week-old mouse hearts or perfused ex vivo in the working
mode [8]. Data are expressed in percentage of values measured in control animals
(C57BL/10) and represent means + SEM, /= 6-11 per group. (B) shows the results of
experiments in which changes in respiration (JO,) were recorded in response to the
sequential addition of glutamate-malate (5:2.5 mM), ADP (1 mM), rotenone (1 uM),
succinate (5 mM), and carbonyl cyanide m-chlorophenylhydrazone (CCCP: 0.1 uM). Data
shown in (B) are expressed per mg of total protein and represent means + SEM, = 4-6 per
group. *p< 0.05 vs. control C57BL/10 mice.
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Fig. 3.

Si?nplified integrated mechanistic scheme of potential players and consequences of early
mitochondrial dysfunction in the dystrophin-deficient heart. Refer to Section 6 for details.
Abbreviations: nNOS, neuronal nitric oxide synthase; Ca%*, calcium; cGMP, cyclic
guanosine monophosphate; PTP, permeability transition pore; CAC, citric acid cycle.
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Comparison of metabolic flux and physiological parameters assessed in 12-week-old C57BL/10 and madx

mouse hearts perfused with 13C-labeled substrates.

Measured parameters

mdx vs. C57BL/10 (ratio)

(1) Metabolic flux parameters assessed at 30 min

(A) Cytosolic
Glycolysis (production of lactate and pyruvate)

(B) Mitochondria

(i) Relative contribution of substrates to citrate synthesis
—Carbohydrate oxidation: pyruvate decarboxylation (PDC/CS)
—Fatty acid oxidation: oleate p-oxydation (OLE/CS)

—Oxidation of other substrates (OS/CS)
—Anaplerosis: pyruvate carboxylation (PC/CS)

—~

ii) Citric acid cycle-related parameters
—Citric acid cycle intermediate levels
—Aconitase activity
—Citrate synthase activity
—Calculated ATP production rates

(2) Physiological parameters assessed at 25-30 min

—Aortic flow

—Coronary flow

—Left ventricular systolic pressure

—Left ventricular end diastolic pressure

—Heart rate

—dAdfnax

—dAdyin

-Oxygen consumption

—Lactate dehydrogenase release

11.62)F

1 (2.20)%*

1 (0.73)%
NS

L (0.81)%

! (0.66)**
1 (072"
NS

raan”

1 (0.83) "
NS
1 (0.90) "
NS
NS
U (0.84)**
L 087"
1 (L18)**
1 (2.60)%*

Metabolic and functional data are from [8]. The following metabolic parameters were assessed in working hearts perfused for 30 min with

physiological concentrations of carbohydrates (11 mM glucose, 1.5 mM lactate and 0.2 mM pyruvate) and a fatty acid (0.4 mM oleate bound to

albumin) using 13¢-Jabeled substrates and mass isotopomer analysis by gas chromatography-mass spectrometry: (A) Glycolysis reflecting the

production of lactate and pyruvate from 13C—glucose (umoIXmin_l). (B.i) Substrate flux ratios reflecting the contribution of exogenous fatty acids
(oleate) and carbohydrates (CHOs: lactate, pyruvate and glucose) to citrate formation via (i) acetyl-CoA (energy) from oleate B-oxidation (OLE)
and pyruvate decarboxylation (PDC), or (ii) oxaloacetate (anaplerosis) from pyruvate carboxylation (PC), all expressed relative to citrate synthesis

(CS); (B.ii) Tissue concentration of citric acid cycle (CAC) intermediates (in pmolxg wet Weight_l), tissue aconitase and citrate synthase activity

(pmoIXmin_]-Xmg protein_l) and calculated ATP production rates.

*
£<0.05,
#

p< 0.001 for madx versus control mouse hearts; NS: not significant.
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