Mitochondrial Cardiomyopathy
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7.1 Introduction

Mitochondria are the major sites of energy production
in the cell as they harbor the process of oxidative phos-
phorylation (OXPHOS). OXPHOS is performed by
proteins at the mitochondrial respiratory chain, com-
prising complexes I-IV and adenosine triphosphate
(ATP) synthase (complex V). As the heart is an energy-
dependent tissue, mitochondria constitute 20-40% of
the cellular volume of cardiomyocytes. The mitochon-
drial energy production is under the genetic control of
both nuclear and mitochondrial genes. Mutations
within these genes may cause defects in oxidative phos-
phorylation and have severe consequences for those
organs which are heavily dependent on energy produc-
tion like the heart, the brain, and skeletal muscle.
Because myopathy is often one of the main presenting
symptoms, patients with mitochondrial diseases tend to
be seen primarily by neurologists and pediatricians.
However, the importance of mitochondrial disease in
cardiology is being more and more recognized, not
only because cardiomyopathy may be the only mani-
festation of mitochondrial disease (Fig. 7.1).
Mitochondrial DNA (mtDNA) is a circular double-
stranded genome of 16.5 kilobases, encoding 13 poly-
peptides of the respiratory chain subunits, 28 ribosomal
RNAs, and 22 transfer RNAs (tRNAs). All these mito-
chondrial gene products are used in the mitochondrion
for energy production, but apart from these, many other
components of the respiratory chain and regulatory
mitochondrial proteins are coded by nuclear genes.
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Mitochondrial myopathies can thus be caused both by
mutations in mtDNA as well as nuclear DNA. Therefore,
different modes of inheritance may be observed in
mitochondrial disease, as mtDNA is exclusively mater-
nally inherited, while nuclear DNA follows Mendelian
inheritance. The maternal inheritance of mtDNA is due
to the fact that the mammalian egg contains about
100,000 mitochondria and mtDNA, whereas the sperm
contains only in the order of 100 mtDNA.'

Mammalian mtDNA has a very high mutation rate
in comparison to nuclear DNA. Each cell contains
hundreds to thousands of mitochondria and each
mitochondrion contains several copies of mtDNA.
Mutations in mtDNA therefore result in heteroplasmy:
the presence of two or more different genomes (with
and without a mutation) in one cell, the proportion of
which may change over time as the mitochondria mul-
tiply and are randomly distributed over daughter cells
during cell division. Due to this process the proportion
of mutant mtDNA varies considerably between organ
systems and even within a specific tissue, resulting in
different phenotypes and marked variability in severity
and symptom patterns. The heart, central nervous sys-
tem, and the skeletal muscles are particularly vulnera-
ble to defects in energy metabolism, and therefore are
often involved in mitochondrial disease.

Phenotype—genotype correlation in mitochondrial
disease is complex: patients with the same clinical
syndrome do not always show the same mutation in
the mtDNA and, conversely, a single mutation can be
associated with different clinical syndromes.”

Many mutations in mtDNA may lead to cardiomyo-
pathy, mostly hypertrophic, but dilating cardiomyopa-
thy and left ventricular noncompaction are also
possible.? A list of known mutations leading to cardio-
myopathy is reviewed elsewhere and shown in
Table 7.1.* Besides mutations in the mtDNA, many
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Fig.7.1 A cardiomyocyte
demonstrating the high
numbers of mitochondria in
between the contractile
filaments

Table7.1 Specific mitochondrial DNA (mtDNA) point mutations
in cardiac disease (Adapted from Marin-Garcia*)

Gene Site Cardiac phenotype

tRNA mutations

Leu 3243 A->G DCM

Leu 3260 A->G Tachycardia, adult
onset

Leu 3303 C->T Fatal infantile CM

Leu 3254 C->G HCM

Leu 12997 T->C DCM

Ile 4300 A->G HCM, adult onset

Tle 4317 A->G Fatal infantile CM

Tle 4320 C->T Fatal infantile CM

Ile 4269 A->G CF at 18 year, adult
onset

Tle 4295 A->G HCM

Tle 4284 G->A CM

Lys 8363 G->A HCM

Lys 8334 A->G HCM

Lys 8269 A->G HCM

Lys 8348 A->G HCM

Gly 9997 T->C Ventricular
arrhythmia, HCM

Cys 5814 A->G HCM

Ala 5587 T->C DCM

Arg 10415 T->C DCM

Arg 10424 T->C Fatal DCM

rRNA mutations

12s 1555 A->G CM

16s 3093 C->G CM

eac e

Table 7.1 (continued)

Gene Site

Cardiac phenotype

Structural gene

mutations

Cytb 14927 A->G HCM

Cytb 15236 A->G DCM

Cytb 15508 C->G DCM

Cytb 15509 A->C Fatal postpartum CM

Cytb 15498 G->A Histiocytoid CM

(¢(0)1 6860 A->C DCM

CoI1r 7923 A->G DCM

COIII 9216 A->G DCM

ND5 14069 C->T DCM

ATPase6 8993 T->G Leigh syndrome/
HCM

DCM dilated cardiomyopathy, HCM hypertrophic cardiomyopa-
thy, CF cardiac failure

mutations in nuclear genes encoding mitochondrial
proteins may also cause cardiomyopathy. Some exam-
ples include mutations in the mitochondrial transport
protein frataxin leading to Friedreich’s ataxia with
hypertrophic cardiomyopathy and mutations in the
gene encoding the protein fafazzin, resulting in Barth
syndrome, an X-linked neonatal disorder characterized
by dilating cardiomyopathy, cyclic neutropenia, and
skeletal myopathy.

The best known cardiac manifestations of mito-
chondrial disease are mentioned in the Table 7.2.
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Table 7.2 Cardiac manifestations of mitochondrial disease

Hypertrophic (non-obstructive) cardiomyopathy
Dilated cardiomyopathy

Left ventricular noncompaction

Left ventricular hypertrophy

WPW-syndrome

Long QT-syndrome

Ventricular tachycardia

Left anterior hemiblock

Right bundle branch block

Total AV block

Mitral valve prolapse

Many mitochondrial disorders become manifest in
the first years of life. The frequency of cardiomyopa-
thy in mitochondrial disease has been reported to be
from 17% to 40% and the incidence of mitochondrial
cardiomyopathy in children and young adults is esti-
mated to be at least 1/50,000.>> Children with mito-
chondrial cardiomyopathy generally have an earlier
onset, more severe morbidity, and increased mortality
compared with children who have mitochondrial dis-
orders without cardiac involvement.® One study
showed that of the patients with cardiomyopathy 71%
died or underwent heart transplantation, in contrast to
26% in patients with mitochondrial disease without
cardiomyopathy.®

As mentioned before, cardiac involvement in mito-
chondrial disease is usually part of multisystem manifes-
tations of the disorders in oxidative phosphorylation. It is
important to realize, however, that isolated cardiac pathol-
ogy may be the presenting symptom in mitochondrial
disease. In one study, approximately 10% of patients
presented with symptoms of cardiac involvement,
defined as the presence of symptoms of heart failure, or
abnormalities on echo, ECG, or chest x-ray.” Recently,
a novel mutation in mtDNA (m.8528 T>C) was
described in four young patients presenting with an
isolated hypertrophic cardiomyopathy, further under-
lining OXPHOS defects as a potential cause of isolated
cardiomyopathy.®

In this Chapter, two syndromes will be described in
more detail: MELAS and Kearns—Sayre syndrome.

7.2 MELAS Syndrome

This is a multisystem clinical syndrome manifested by
mitochondrial encephalomyopathy, lactic acidosis,
and recurrent stroke-like episodes.® The most com-
monly described gene mutation causing MELAS syn-
drome is a mitochondrial adenine-to-guanine transition
at nucleotide pair 3243 (m.3243A > G) encoding the
mitochondrial tRNA®™W.> At least 29 other specific
point mutations have been associated with the MELAS
syndrome.'” These mutations lead to impaired oxida-
tive phosphorylation, resulting in the inability of the
mitochondria to produce sufficient ATP to meet the
energy needs of the cell. This causes a shift to lactate
production, which can be systemically noticed as
lactate acidosis.

Due to the variability in severity and symptoms and
the problems confirming the diagnosis, the incidence
of MELAS syndrome is difficult to assess. It is
estimated to be as common as neuromuscular diseases
like Duchenne muscular dystrophy (frequency 18 per
100,000)."

The clinical features of MELAS syndrome vary
widely, but almost all include stroke-like episodes before
40 years of age, encephalopathy characterized by sei-
zures, dementia, or both, and lactic acidosis. Although
age at onset may be high in some patients, most patients,
however, present with initial symptoms between 2 and
20 years of age.® Other symptoms related to MELAS
syndrome are hearing loss, migraine headaches, periph-
eral neuropathy, depression, learning disabilities, growth
failure, diabetes mellitus, gastrointestinal symptoms,
renal involvement, and myopathy.

Cardiac involvement in MELAS syndrome is reported
to be as high as 18-100%.'"-"* The most common pathol-
ogy is non-obstructive concentric hypertrophy, although
dilatation is also reported and might be seen as progres-
sion of the initial hypertrophic cardiomyopathy." In
children, cardiomyopathy may actually be the first mani-
festation of MELAS syndrome. Wolff—Parkinson—
White (WPW) syndrome has also been reported in
MELAS syndrome in up to 17% of patients.'"'

The clinical suspicion for mitochondrial disease is
based on the combination of symptoms related to dif-
ferent organ systems. On the other hand, especially in
young children, the presence of a cardiomyopathy may
be the only manifestation of a mitochondrial disorder.
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Laboratory examination will show lactic acidosis in
almost all patients. MRI of the brain in MELAS syn-
drome will typically show asymmetric lesions of the
occipital and parietal lobes, mimicking ischemia,
although not restricted to one specific vascular region.

ECGs may demonstrate aspecific abnormalities
suggestive of cardiomyopathy, like left ventricular
hypertrophy, negative T-waves in the precordial leads,
a left-oriented electrical axis, and prolonged QT
Echocardiographic examination is mandatory in dem-
onstrating cardiac involvement in mitochondrial dis-
ease. Next to left ventricular hypertrophy, diastolic and
systolic dysfunction may be present.

Muscular biopsy in most patients will show ragged
red fibers: deposits of mitochondrial material beneath
the sarcolemma, visualized by Gomori trichrome
staining or succinate dehydrogenase.'" !

Ultra structural analysis of the heart demonstrates
abnormal and markedly enlarged mitochondria.

Molecular diagnosis of mtDNA mutations is com-
plicated by the variability in heteroplasmy depending
on the specific tissue sampled. A detectable mutation
in muscle cells is not necessarily detectable in leuco-
cytes, cells regularly used for DNA analysis. Urine
sediment cells and cheek mucosa appear to be a better
alternative for DNA analysis.'¢

No specific treatments are available for mitochon-
drial cardiomyopathies, although there are some sug-
gestions that the use of 1-arginine and coenzyme Q10
in addition to vitamin supplementation might be
advantageous.'® As in other cardiomyopathies, regular
heart failure therapy is indicated, consisting of diuret-
ics, ACE-inhibitors, and Beta-blockers. In case of
refractory heart failure, despite optimal medical ther-
apy, heart transplantation can be considered in selected
patients."” This requires extensive evaluation of extrac-
ardiac involvement, especially with regard to potential
contraindications such as recurrent strokes, dementia,
and muscle waisting.

Furthermore, heart transplantation and other opera-
tions are generally accompanied by a significantly
increased perioperative risk, in particular due to stroke,
coma, seizures, respiratory failure, and cardiac arrhyth-
mias.'® Perioperative management includes generous
hydration, loading with intravenous glucose, and care-
ful control of body temperature and pH. Ringer’s solu-
tion should be avoided because of the lactate load.
Anesthetic agents in these patients may increase the
susceptibility to reactive oxygen species (ROS) and

apoptosis, resulting in neurotoxicity. In general, there-
fore, an increased sensitivity to anesthetics is noted,
requiring adjustment of dosing and careful manage-
ment, including optimal oxygenation.'®

In summary, given the high incidence of cardiac
involvement, all patients with MELAS syndrome
should undergo cardiac examination because this may
have therapeutic and prognostic consequences. On the
other hand, patients with hypertrophic cardiomyopa-
thy at a younger age should be considered having
mitochondrial disease, especially when they also suf-
fer from short stature, seizures, hemiparesis, hemiano-
psia or cortical blindness. MELAS syndrome is
maternally inherited, but genotype—phenotype correla-
tion is complex, which hampers the role of genetic
counseling in this syndrome.

7.3 Kearns-Sayre Syndrome

Clinically, this mitochondrial disease is characterized
by progressive external ophthalmoplegia resulting in
ptosis, and pigmentary retinopathy. Other manifesta-
tions of KSS are short stature, cerebellar signs, hearing
loss, mental retardation, vestibular system dysfunc-
tion, delayed puberty, and high cerebrospinal fluid pro-
tein content. Typical onset is before the age of 20.
Progression of the disease can be accompanied by
proximal myopathy."

Cardiac pathology consists of conduction defects
caused by infra-His block, resulting in total AV-block,
right bundle branch block, or left anterior hemi-
block.”**" These conduction defects may be rapidly
progressive and resultin acute cardiac death. Transition
of a normal electrocardiogram into total AV-block has
been reported within the course of 10 months.*
Complete heart block may also be the presenting
symptom of Kearns—Sayre syndrome in some patients.>
It seems plausible that early pacemaker implantation
improves survival, but criteria for prophylactic implan-
tation are not yet clear. The ACC guidelines state that
third degree and advanced second degree AV block
associated with neuromuscular disease like Kearns—
Sayre, with or without symptoms constitute a class I
indication for permanent pacemaker implantation.**
Some authors suggest that, given the rapid progression
to potential fatal complete AV block, the presence of
fascicular block in Kearns—Sayre syndrome warrants
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prophylactic implantation of a pacemaker.” In patients
with a normal electrocardiogram, regular ECG follow-
ups at least every 6 months are advisable.

Pathologic examination of cardiac biopsies espe-
cially shows enlarged and abnormally structured mito-
chondria, but loss of myofibrils in skeletal and cardiac
muscle may also be seen.”

Macroscopically, mitral valve prolapse may be noted,
as well as cardiomyopathy in some cases.>* The inci-
dence of cardiomyopathy in KSS, in future may increase
due to the prolonged longevity in patients treated by
early pacemaker implantation.” Clinical manifestations
of cardiac disease in KSS have been reported to occur in
57% of patients affected and include syncopal attacks,
cardiac arrest, and congestive heart failure.

In contrast to the MELAS syndrome, which is
mostly caused by a point mutation in the mtDNA and
maternally inherited, genetic analysis in KSS mainly
shows a large deletion of mtDNA (nucleotide positions
8483 to 13483).>' Most cases are sporadic with hetero-
plasmy of 34-60% and a severely compromised life
expectancy: patients rarely survive beyond the age of
30." This high mortality is partly related to sudden
cardiac death due to AV-block, which can be prevented
in some patients by timely pacemaker implantation.

7.4 Conclusion

The mitochondrial diseases are a heterogeneous group
of disorders which can affect virtually all organ sys-
tems, not only in infancy, but also during the early-to-
mid adult years. Most of the mitochondrial diseases are
caused by mutations in the nuclear DNA, of which only
a few have been identified thus far. A small percentage
is caused by mutations in the mitochondrial DNA.
Mitochondrial diseases should be included in the dif-
ferential diagnosis whenever a patient presents with
progressive multisystem involvement that does not
clearly fit with an established pattern of disease. The
combination of cardiomyopathy, deafness, diabetes,
together with encephalopathy and myopathy are highly
susceptible of mitochondrial disease.”” Especially in
very young children hypertrophic cardiomyopathy can
be the predominant symptom of mitochondrial disease.
Cardiomyopathy may be the presenting and pre-
dominant clinical expression of MELAS syndrome and
is one of the causes of death in this disease, underlining

the importance of this condition to the cardiologist. The
same holds for the progressive conduction disorders in
Kearns—Sayre syndrome, which may require pacemaker
implantation to prevent sudden death.

Apart from these rather well-delineated disorders,
many others exist and the phenotypes frequently over-
lap complicating things even more.

Given all these facts, genetic counseling in mito-
chondrial disease is difficult. There is only a very small
chance that males with mtDNA mutations will trans-
mit the disease. The risk in females is depending on
the level of heteroplasmy, but it remains difficult to
give advice in the clinical routine.

Diagnosis of mitochondrial diseases is notoriously
difficult and relies on a high level of suspicion, but is
important, given the potential management implica-
tions, not only with respect to cardiac disease, but also
more in general like decreased anesthetic requirement
during surgical procedures.
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