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Mitochondrial
Cardiomyopathy

Pathophysiology, Diagnosis, and Management

Mitochondrial disease is a heterogeneous group of multisystemic diseases that develop
consequent to mutations in nuclear or mitochondrial DNA. The prevalence of inherited mi-
tochondrial disease has been estimated to be greater than 1 in 5,000 births; however, the
diagnosis and treatment of this disease are not taught in most adult-cardiology curricu-
la. Because mitochondrial diseases often occur as a syndrome with resultant multiorgan
dysfunction, they might not immediately appear to be specific to the cardiovascular sys-
tem. Mitochondrial cardiomyopathy can be described as a myocardial condition character-
ized by abnormal heart-muscle structure, function, or both, secondary to genetic defects
involving the mitochondrial respiratory chain, in the absence of concomitant coronary ar-
tery disease, hypertension, valvular disease, or congenital heart disease. The typical car-
diac manifestations of mitochondrial disease—nhypertrophic and dilated cardiomyopathy,
arrhythmias, left ventricular myocardial noncompaction, and heart failure—can worsen
acutely during a metabolic crisis. The optimal management of mitochondrial disease ne-
cessitates the involvement of a multidisciplinary team, careful evaluations of patients, and
the anticipation of iatrogenic and noniatrogenic complications.

In this review, we describe the complex pathophysiology of mitochondrial disease and
its clinical features. We focus on current practice in the diagnosis and treatment of patients
with mitochondrial cardiomyopathy, including optimal therapeutic management and long-
term monitoring. We hope that this information will serve as a guide for practicing cardiol-
ogists who treat patients thus affected. (Tex Heart Inst J 2013;40(4):385-94)

he myocardium depends on a high level of acrobic metabolism to supply blood

and energy substrate to all organs of the body. The mitochondria have a key

role in energy production and in the growth and regulation of cardiac bioen-
ergetic arrangements. Specific mitochondrial diseases have been attributed to mito-
chondrial mutations, and cardiac involvement is frequent. However, these syndromes
are generally not covered comprehensively in cardiology curricula and might not be
widely recognized by practicing cardiologists who treat adults. Recent research has
shown that derangements of energy metabolism are ultimately implicated in most
forms of heart failure. In this review, we describe the biologic characteristics of the mi-
tochondria and their role in cardiac bioenergetic arrangements, discuss the spectrum
of mitochondrial disease, and provide a guide for practicing cardiologists to use when
treating patients affected by mitochondrial crisis.

The Mitochondria: Energy Flow and Adaptation
Energy flow fuels growth, survival, and reproduction. Mitochondria are crucial to
the flow of energy in cells. The 4 primary cellular functions of mitochondria are to
supply energy to the cell in the form of adenosine triphosphate (ATP), generate and
regulate reactive oxygen species, buffer cytosolic calcium ions, and regulate apoptosis
through the mitochondrial permeability transition pore.' In addition, mitochondria
have a central role in protecting cellular metabolism against reactive oxygen species.”
Mitochondria presumably originated as parasites that formed a symbiotic relation-
ship with eukaryotic cells more than 2 billion years ago, in response to an increase in
atmospheric oxygen. As the symbiosis matured, the 2 organisms consolidated their
metabolic pathways and exchanged genes to support multicellularity.’ The genes that
regulate the mitochondrial genome were perhaps transferred to the nuclear DNA of
eukaryotic cells during this genetic exchange. The transferred genes, including those
that govern mitochondrial growth, regulation, and oxidative phosphorylation, were in-
terspersed among the existing cellular bioenergetic genes in nuclear DNA (nDNA). As
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a result, the mitochondria retained 13 genes that encode
subunits of the electron transport chain. In addition,
mitochondrial DNA (mtDNA) encodes 2 ribosomal
RNAs and 22 transfer RNAs that are involved in mi-
tochondrial transcription and translation. Most mito-
chondrial proteins became encoded by the host nuclear
genome, so cellular machinery evolved to import these
proteins into the mitochondria and to target them to
specific locations within the inner or outer membranes
or the matrix of the mitochondria.’

The electron transport chain comprises 5 enzyme
complexes embedded within the inner mitochondrial
membrane. As electrons are transferred from one com-
plex to the next, the released energy is used to pump
protons across the mitochondrial membrane; this cre-
ates an electrochemical proton gradient. The potential
energy generated by this gradient is used to produce
heat, import proteins and calcium ions, and generate
ATP from adenosine diphosphate. This electrochemi-
cal gradient is crucial to the energetic arrangements of
cells, and mitochondrial enzyme complexes must work
together to maintain it.

Disruptions in energy production have been impli-
cated in a broad range of metabolic, neoplastic, degen-
erative, and age-related diseases. Mitochondrial disease
is characterized by defects in the mitochondrial respi-
ratory chain that result in deficient ATP production.
Research conducted during the last 2 decades reveals
that mitochondrial disease can result from mutations
in either the mtDNA or the nDNA. Moreover, mito-
chondrial disease occurs far more frequently than was
thought: 1 in 10,000 individuals has mitochondrial dis-
ease, and mtDNA mutations are found as frequently as
in 1 of every 200 samples of cord blood.*” Mitochon-
drial disease usually affects tissues with high energy
demands, such as the heart, brain, muscles, and endo-
crine system; however, any organ can be affected. In
addition, mitochondrial disease has been implicated in
aging and the development of diabetes mellitus, cardio-
vascular disease, and numerous other degenerative dis-
eases.” Therefore, understanding the complex biologic
characteristics of the mitochondria is necessary for un-
derstanding this complicated group of diseases.

Cells contain hundreds of mitochondria, and
each mitochondrion contains hundreds of copies of
mtDNA. Accordingly, cells contain thousands of cop-
ies of mtDNA. When a mutation arises in mtDNA,
it creates a mixed population of wild-type and mutant
mtDNA within a single cell, which results in an un-
usual biologic state called heteroplasmy.” As heteroplas-
mic cells divide, the m¢DNA is distributed randomly to
the daughter cells; curiously, this is known to result in
cells with skewed populations of wild-type or mutant
mtDNA. Therefore, the random mitotic segregation of
mtDNA causes variations in heteroplasmy that result
in varying proportions of mutant mtDNA in daughter
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cells.*"* These variations in heteroplasmy are a key fea-
ture of mitochondrial disease. In addition, it is thought
that the degree of heteroplasmy determines the clinical
phenotype; that is, the clinical disease state becomes
more severe as the proportion of mutant mtDNA in-
creases. The absolute threshold that determines a dis-
ease state is usually 50% to 100% mutant mtDNA;
however, clinical disease states have been reported
when mutant mtDNA levels were as low as 10%." Fur-
thermore, differences in the phenotypic expression of
mitochondrial disease are influenced by the energy re-
quirement of the specific tissue. Tissues that are meta-
bolically active have a greater vulnerability to defects in
mtDNA "2 Because mtDNA encodes only those genes
that are involved in mitochondrial maintenance or oxi-
dative phosphorylation, the unique system of mitochon-
drial inheritance might enable an ideal genetic system
for rapid adaptation in response to changes in region-
al energy environments. Furthermore, this rapid adap-
tation might explain the higher mutation rate observed
in mtDNA than in nDNA.>"

Tissues with high aerobic metabolism demands, such
as brain tissue, heart muscle, and skeletal muscle, are
usually more severely affected in patients with mito-
chondrial disease. As a result, mitochondrial enceph-
alomyopathy and cardiomyopathy are typically the
most prominent manifestations. In a study of infants
and children hospitalized with mitochondrial diseases,
Holmgren and colleagues® reported cardiomyopathy in
17% of the patients, and a mortality rate that was high-
er in the children with cardiomyopathy (71%) than in
those without cardiac involvement (26%).

Pathophysiology

Although multiple biochemical pathways involve mito-
chondria, the term primary mitochondrial disease has
typically been used to describe those diseases in which
energy production is impaired through the alteration of
oxidative phosphorylation. Mitochondrial diseases can
be classified genetically, functionally, or biochemically.
Genetic classification refers to the location of a muta-
tion in either the mtDNA or the nDNA. Mitochondri-
al diseases arising from mtDNA are more prevalent in
adults, whereas diseases arising from nDNA tend to be
more prevalent in infants and children.® Mitochondrial
diseases can also be classified by the function of the pro-
teins involved in the disease. Mutations can be found
in genes that encode subunits of the electron transport
chain complexes; in genes that encode ancillary pro-
teins needed for the assembly, transport, and function
of the electron transport chain complexes; or in genes
that control activities of the mitochondria. In addition,
mutations have been described in genes encoding pro-
teins that synthesize cardiolipin, an integral part of the
inner mitochondrial membrane.”* The most frequently
identified biochemical abnormalities are deficiencies in
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NADH-coenzyme Q (CoQ) reductase (complex I) and
cytochrome-c oxidase (complex IV)"** (Fig. 1).

Clinical Features

Because the heart is a muscle with high energy demands,
most patients with mitochondrial disease are susceptible
to cardiac involvement. Mitochondrial cardiomyopathy
can be described as a myocardial disorder characterized
by abnormal hearemuscle structure, function, or both,
secondary to genetic defects involving the mitochondri-
al respiratory chain, in the absence of concomitant cor-
onary artery disease, hypertension, valvular disease, and
congenital heart disease. The presentation of mitochon-
drial cardiomyopathy includes hypertrophic, dilated,
and left ventricular (LV) noncompaction,”" and the se-
verity can range from no symptoms to devastating mul-
tisystemic disease. Severe cardiac manifestations include
heart failure and ventricular tachyarrhythmia—which
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Fig. 1 Diagram shows the pathophysiology of mitochondrial
disorders. The electron transport chain comprises complexes

| to V, which are encoded by both nuclear and mitochondrial
DNA. Mutations in either form of DNA can cause mitochondrial
disorders.

ADP = adenosine diphosphate; ALS = amyotrophic lateral sclero-
sis; ATP = adenosine triphosphate; CoQ = coenzyme Q; Cyt C =
cytochrome c; FBSN = familial bilateral striatal necrosis;
GRAACILE = growth retardation, aminoaciduria, lactic acidosis,
and early death; LHON = Leber hereditary optic neuropathy;
MELAS = mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes; MILS = maternally inherited Leigh
syndrome; NARP = neuropathy, ataxia, and retinitis pigmentosa
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can worsen acutely during a metabolic crisis—and sud-
den cardiac death. Mitochondrial crisis is often precip-
itated by physiologic stressors such as febrile illness or
surgery and can be accompanied by acute heart failure.

The clinical expression of mitochondrial cardiomy-
opathy is often accompanied by multisystemic disease
(Table I). Most patients with neuromuscular symptoms
present with normal or slightly elevated creatine kinase
levels, a normal electromyogram, and normal results of
nerve-conduction studies.”** Abnormal liver enzyme
levels have been found in up to 10% of patients.'*!
Renal manifestations include proximal tubulopathy, ne-
phritic syndrome, tubulointerstitial nephritis, and non-
specific renal failure.”* Pancytopenia is seen in 10% of
patients.” Endocrinopathies include diabetes mellitus,
diabetes insipidus, hypothyroidism, hypoparathyroid-
ism, adrenocorticotropic hormone deficiency, and hy-
pogonadism.' Short stature occurs in 20% of patients.”
Dysmorphic features are uncommon but can be similar
to those seen in fetal alcohol syndrome: microcephaly,
round face, high forehead, featureless philtrum, low-set
ears, and short neck.” Dermatologic features include
hypertrichosis, eczema, vitiligo, multiple lipomatosis,
and reticular pigmentation.”” Retinitis pigmentosa is
the chief ophthalmologic abnormality.” Sensorineural
hearing loss occurs in 7% to 26% of patients, and its
prevalence increases with age.””** Anorexia, abdomi-
nal pain, nausea, vomiting, diarrhea, constipation, and
chronic intestinal pseudo-obstruction are the typical
gastrointestinal symptoms.”**

Several mitochondrial disorders with distinct clini-
cal syndromes have been identified. Characteristic mi-
tochondrial syndromes, which may be recognized by
pediatric or adult neurologists, are listed with their as-
sociated cardiovascular manifestations in Table II. They
include mitochondrial encephalopathy with lactic acido-
sis and stroke-like episodes (MELAS); Leigh syndrome
(subacute necrotizing encephalomyelopathy); myoclon-
ic epilepsy with ragged red fibers (MERRF); maternal-
ly inherited deafness and diabetes (MIDD); neuropathy,
ataxia, and retinitis pigmentosa (NARP); mitochondrial
neurogastrointestinal encephalopathy (MNGIE); growth
retardation, aminoaciduria, cholestasis, iron overload,
lactic acidosis, and early death (GRAACILE); X-linked
cardiomyopathy, mitochondrial myopathy, and cyclic
neutropenia (Barth syndrome); Leber hereditary optic
neuropathy (LHON); sideroblastic anemia and pancre-
atic dysfunction (Pearson syndrome); and Kearns-Sayre
syndrome characterized by chronic progressive external
ophthalmoplegia with pigmentary retinopathy, short
stature, cerebellar ataxia, mental retardation, and cardi-
ac conduction defects.

Diagnosis

Primary mitochondrial diseases are clinically, biochemi-
cally, and genetically heterogeneous, and their diagnosis
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TABLE I. Clinical Manifestations in Patients with Mitochondrial Disorders

System Clinical Manifestations

System Clinical Manifestations

Heart failure

Arrhythmias

Murmurs

Sudden death

Left ventricular myocardial
noncompaction

Apical ballooning syndrome

Cardiovascular

Pulmonary Dyspnea
Orthopnea
Respiratory failure

Respiratory acidosis

Neurologic Encephalopathy
Ataxia

Movement disorders
Seizure disorders

Mental retardation

Renal failure

Benign renal cysts

Focal segmental glomerulosclerosis
Proximal tubulopathy

Nephritic syndrome
Tubulointerstitial nephritis

Renal

Anemia
Leukopenia
Thrombocytopenia
Eosinophilia

Hematologic

Diabetes mellitus
Diabetes insipidus
Hypothyroidism
Hypoparathyroidism
ACTH deficiency
Hypogonadism
Amenorrhea
Gynecomastia

Endocrine

Musculoskeletal

Skin and soft tissue

Gastrointestinal

Muscle weakness with normal
creatine kinase levels and
normal electromyographic and
nerve-conduction studies

Short stature

Microcephaly

Round face

High forehead

Low-set ears

Short neck

Hypertrichosis
Eczema

Vitiligo

Multiple lipomatosis
Reticular pigmentation

Periodontosis
Anorexia
Abdominal pain
Nausea

Vomiting

Diarrhea
Malabsorption
Villous atrophy
Constipation
Pseudo-obstruction
Pancreatitis
Elevated liver enzyme levels

Ophthalmic External ophthalmoparesis
Retinitis pigmentosa
Auditory Sensorineural hearing loss

ACTH = adrenocorticotropic hormone

can be challenging. A family history of maternal inher-
itance or multisystemic disease should raise concern. A
classic Mendelian inheritance pattern (autosomal domi-
nant, autosomal recessive, or X-linked) usually indicates
a nuclear mutation.” Of note, because of the curious
state of heteroplasmy, not all persons with mcDNA
mutations will manifest symptomatic disease. Further-
more, if nDNA mutation is indeed present, multisys-
temic disease might not be present early in the disease
course. Several proposed diagnostic criteria incorporate
clinical, histologic, enzymologic, functional, and molec-
ular factors. These criteria have improved the detection
of mitochondrial disease (Table III)*; however, most
are subject to interpretation, and standardization is not
possible.

Muscle biopsy is considered to be the gold standard
for the diagnosis of mitochondrial disease; however, its
specificity and sensitivity are not 100%. Muscle biopsy
specimens are routinely examined for structural chang-
es with the use of light microscopy, histochemistry with
specific enzymes, and ultrastructural examination by
electron microscopy. Ragged red fibers arising from
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the subsarcolemmal accumulation of mitochondria as
seen on a modified Gomori trichrome stain are con-
sidered to be the histologic hallmark of mitochondrial
dysfunction (Fig. 2), but these fibers are typically ab-
sent in children and are seen only in late-stage disease in
many adults. Cytochrome oxidase-negative fibers, the
pathologic abnormality most frequently yielded by mus-
cle biopsies, have not been reported in healthy individ-
uals younger than 30 years of age. Other nonspecific
findings in muscle biopsy specimens are internal nuclei,
atrophic fibers, large quantities of lipid droplets, fiber-
type grouping, type I or I fiber atrophy, fiber hyper-
trophy, glycogen, and inflammation.'** In some cases
of mitochondrial disease, muscle biopsy findings can be
completely normal histologically. Electron microscopy
can sometimes reveal subsarcolemmal, enlarged, swol-
len mitochondria with irregular cristae and paracrystal-
line inclusions. Evaluation of electron transport chain
function with use of polarographic and spectrophoto-
metric assays is often performed in muscle tissue®?';
however, standards are not available for cardiac tissue
analysis. Mitochondrial genome screening is typically
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performed on the muscle sample. Nuclear DNA abnor-
malities are often difficult to diagnose, because only a
small proportion of these nDNA mutations have been

identified. Despite the use of optimal diagnostic tools,
results can be ambiguous and can pose a challenge for
clinicians.

TABLE Il. Mitochondrial Syndromes and Their Cardiovascular Manifestations

Syndrome

Cardiovascular Manifestations

Barth syndrome (lethal infantile cardiomyopathy)

Chronic progressive external ophthalmoplegia

Leigh syndrome (subacute necrotizing encephalomyelopathy)
Kearns-Sayre syndrome

Mitochondrial encephalopathy, lactic acidosis, and

stroke-like episodes

Myoclonic epilepsy and ragged red fibers
Maternally inherited diabetes and deafness
Neurogenic muscle weakness, ataxia, and retinitis pigmentosa

Maternally inherited Leigh syndrome

Dilated cardiomyopathy and left ventricular hypertrabeculation
Arrhythmia

Cardiomyopathy and arrhythmia

Arrhythmia

Dilated cardiomyopathy and left ventricular hypertrabeculation

Cardiomyopathy and arrhythmia

Left ventricular hypertrabeculation and arrhythmia
Cardiomyopathy

Cardiomyopathy

TABLE lll. Diagnostic Criteria for Mitochondrial Disorders*

Major Diagnostic Criteria

Minor Diagnostic Criteria

Clinical

Histologic

Enzymologic

Functional

Molecular

Metabolic

Mitochondrial syndrome or involvement of any 3 of
the following systems: neurologic, muscular, cardiac,
renal, nutritional, hepatic, endocrine, hematologic,
otologic, ophthalmologic, dermatologic, or
dysmorphic; exacerbations; family history of mtDNA
mutations; or exclusion of alternate diagnosis

>2% ragged red fibers in skeletal muscle

>2% COX-negative fibers in a patient <50 years of
age, >5% COX-negative fibers in a patient >50 years
of age, <20% activity of any RC complex in a tissue,
<30% activity of any RC complex in a cell line, or
<30% activity of the same RC complex activity in >2
tissues

Fibroblast ATP synthesis rates >3 SD units below the
mean

Identification of an NnDNA or mtDNA mutation of
undisputed pathogenicity

Symptoms compatible with an RC defect

1%-2% ragged red fibers in a patient 30 to 50

years of age, any ragged red fibers in a patient <30
years of age, >2% subsarcolemmal mitochondrial
accumulations in a patient <16 years of age, or
widespread electron microscopic abnormalities in any
tissue

Antibody-based demonstration of a defect in RC
complex expression, 20%-30% activity of any RC
complex in a tissue, 30%-40% activity of any RC
complex in a cell line, or 30%-40% activity of the
same RC complex activity in >2 tissues

Fibroblast ATP synthesis rates 2 to 3 SD units below
the mean, or fibroblasts unable to grow on media with
glucose replaced by galactose

Identification of an NDNA or mtDNA mutation of
probable pathogenicity

One or more metabolic indicators of impaired RC
function

ATP = adenosine triphosphate; COX = cytochrome oxidase; mtDNA = mitochondrial DNA; nDNA = nuclear DNA; RC = respiratory

chain

Reproduced with permission from: Bernier FP, Boneh A, Dennett X, Chow CW, Cleary MA, Thorburn DR. Diagnostic criteria for
respiratory chain disorders in adults and children. Neurology 2002;59(9):1406-11.%

*Definitive = 2 major criteria, or 1T major criterion plus 2 minor criteria; probable = 1 major plus 1 minor, or 3 minor; possible = 1 major,
or 2 minor, 1 of which must be clinical
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Fig. 2 Photomicrograph shows ragged red fibers in muscle
tissue obtained from a patient with chronic progressive external
ophthalmoplegia (Gomori trichrome stain, orig. x400). Image
courtesy of lan J. Butler, Department of Neurology, University of
Texas Health Science Center.

In cardiac specimens from patients with mitochon-
drial cardiomyopathy, the morphologic features are not
specific, and the differential diagnosis encompasses a
broad range of genetic, storage, metabolic, and environ-
mental causes. In infants and children, mitochondrial
cardiomyopathy frequently presents with a hypertrophic
morphology that is usually associated with endocardi-
al fibroelastosis and asymmetric septal hypertrophy.”
Microscopic features that suggest cardiomyopathy in
mitochondrial disease include fusiform enlargement of
affected myocytes around the perinuclear region with
cytoplasmic clearing and replacement of cross striae by
fine granules. Ultrastructural examination of endo-
myocardial biopsy samples from adults with mtDNA
mutations has yielded more (48%) and larger (7%)
mitochondria, higher glycogen concentrations (12%),
greater lipid accumulation (8%), abnormal cristae, and
more paracrystalline inclusions (3%) than in healthy
tissue.” Bernier and colleagues® reported ultrastructur-
al cardiac abnormalities in only 13% of patients who
were known to have respiratory chain disease.

When mitochondrial disease is known or suspected,
the cardiac examination should be directed toward elic-
iting signs of heart failure, including cardiac enlarge-
ment, elevated jugular venous pressure, auscultation of
S, and S, gallop, bilateral lung crackles, pitting edema,
hepatomegaly, and signs of hypoperfusion. The diag-
nostic laboratory evaluation should include a complete
blood count and measurements of electrolyte levels, liver
function, thyroid function, blood glucose, hemoglobin
A, creatine kinase, lactate, and pyruvate. Echocar-
diography and 12-lead electrocardiography are neces-
sary initially, and perhaps also repeatedly if a crisis state
is suspected.

A high degree of suspicion is important when consid-
ering a diagnosis of mitochondrial disease. Clinicians
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should consider possible mitochondrial cardiomyopa-
thy in any patient who presents with signs of acute heart
failure and multisystemic involvement without a clear
explanation, and the patient should be referred to a ge-
neticist or other specialist who is familiar with diagnos-
ing mitochondrial disease.

Cardiac Presentation of Mitochondrial Disease
Referrals for cardiac evaluation typically come from
neurologists or geneticists who have diagnosed a mito-
chondrial disorder. Cardiologists who evaluate patients
for hypertrophy, conduction abnormalities, and dilat-
ed cardiomyopathy should be aware of the spectrum
of mitochondrial disease so that they can collaborate
with neurologists, geneticists, and mitochondrial-dis-
ease specialists to make accurate diagnoses and arrange
appropriate care for these patients. Certain syndromes
predispose patients to specific abnormalities.** For ex-
ample, patients with Kearns-Sayre syndrome are pre-
disposed to atrioventricular conduction defects that can
present as syncope, Adams-Stokes syndrome, or sud-
den death. In these patients, retinopathy and ophthal-
moplegia tend to occur before heart-block syndromes
develop. Therefore, when ophthalmoplegia has been
noted, affected patients should be monitored closely. Pa-
tients with MERRF and MELAS should be monitored
for the development of cardiac hypertrophy and dilated
cardiomyopathy. Patients with MERRF can have myo-
clonus, generalized convulsions, cerebellar ataxia, mus-
cular atrophy, and elevated blood lactate and pyruvate
levels, as well as ragged red fibers in muscle biopsy spec-
imens. A case series of patients with MERRF and an
m.8344A>G mutation of mtDNA revealed that early
age of onset was the only factor associated with the oc-
currence of myocardial disease.” The development of
myocardial disease in this cohort was associated with
a higher risk of sudden cardiac death. Patients with
MELAS can also have ragged red fibers upon muscle
biopsy; however, unlike MERREF patients, MELAS pa-
tients have normal early development and start to show
symptoms only between 3 years of age and adulthood.
Patients with MELAS tend to have short stature, sei-
zures, hemiparesis, hemianopia, and blindness.*
Mitochondrial mutations are the typical cause of LV
myocardial noncompaction, which is also known as LV
hypertrabeculation (LVHT). Left ventricular hypertra-
beculation is characterized by prominent ventricular
trabeculations and deep recesses that extend from the
LV cavity to the subendocardial surface of the ventricle,
accompanied or not by LV dysfunction.**** Advances in
diagnostic imaging and its widespread availability have
led to more frequent diagnosis of LVHT; however, there
is currently little agreement about the various diagnos-
tic criteria that have been proposed.”* Left ventricular
hypertrabeculation can be found in isolation or in as-
sociation with other genetic neuromuscular conditions,
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cardiac abnormalities, or genetic syndromes. It has been
clearly shown that LVHT is more often associated with
genetic abnormalities than not.” Patients who present
with LVHT should be investigated for genetic disor-
ders, particularly neuromuscular, and it is important to
screen first-degree relatives.

Bioenergetic derangements are increasingly recog-
nized as major culprits in the development of cardiac
hypertrophy and in the progression to heart failure, in
both acquired and inherited disease.” The mitochon-
dria are a crucial platform for energy transduction,
signaling, and cell-death pathways that are broadly rel-
evant to heart failure, even in the absence of an un-
derlying mitochondrial myopathy. Oxidative stress and
mitochondrial dysfunction are key factors in the devel-
opment of most heart failure. The high energy demands
of the heart change continually with variations in phys-
iologic demand. The pathways that generate ATP must
respond proportionally to myocardial demand, and
this necessitates finely tuned metabolic responsiveness.
These metabolic responses have short- and long-term
components that function at multiple levels, including
control of enzyme activity, signal transduction events,
and the regulation of genes that encode rate-limiting
enzymes.”

Studies have shown the importance of substrate flex-
ibility in preserving normal cardiac function. In ex-
perimental models of pressure overload, failing human
hearts have shifted from oxidizing fatty acids (the pre-
ferred substrate in the healthy heart) to oxidizing glu-
cose for energy production.”®* This metabolic switch is
associated with the downregulation of genes involved
in mitochondrial biogenesis and fatty-acid metabolism
and is mediated by the deactivation of PPAR-o and
its activator, PGC-a, which are members of a fami-
ly of transcriptional coactivators involved in mitochon-
drial regulation and biogenesis. An increased reliance
on glycolytic pathways could effectively reduce oxygen
consumption in the short term; however, over time, re-
duced oxygen consumption might enable the progres-
sion of cardiac disease by creating an energy-deficient
state.”*® Identifying the mechanism by which altera-
tions in substrate utilization cause cardiomyopathy is an
area of intense research. Experimental evidence shows
that elevated fatty-acid flux and fatty-acid oxidation
(FAQO)-deficient states can both be associated with car-
diac dysfunction. Chronic increases in FAO, as seen in
diabetes, and decreases in FAO, as seen in pressure-over-
load models of heart failure, can both lead to heart fail-
ure.>% Accordingly, energy deficiency can be broadly
conceived as both a cause and an effect of heart failure.

Management

The management of mitochondrial disease and car-
diomyopathy is largely supportive. Physicians should
be aware that patients can make a remarkable recov-
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ery from a severe crisis state. Pharmacologic strategies
include the use of various dietary supplements. A typi-
cal “mitochondrial cocktail” would include coenzyme
Q10 (CoQI10), creatine, L-carnitine, thiamine, ribofla-
vin, folate, and other antioxidants such as vitamins C
and E. Studies have suggested that the use of antioxi-
dants partially improves clinical features®*"*; in con-
trast, a systematic review by Chinnery and colleagues®
found no clear evidence to support the use of any sup-
plement in patients with mitochondrial disease. In a
randomized, double-blinded, crossover trial, 30 patients
with mitochondrial cytopathy were given 1,200 mg/d
of CoQI10 for 60 days.” Monitoring was of blood lac-
tate levels, urinary markers of oxidative stress, body
composition, activities of daily living, quality of life,
forearm handgrip strength, oxygen desaturation, cycle
exercise, cardiorespiratory variables, and brain metabo-
lites. The authors concluded that therapy with CoQ10
for 60 days had minor positive effects on cycle exercise,
aerobic capacity, and post-exercise lactate levels, but not
on grip strength, activities of daily living, and quality
of life. The modest therapeutic benefits of CoQ10 are
attributed to its function as an electron acceptor in the
mitochondrial electron transport chain and its ability
to scavenge free radicals. In a randomized controlled
trial conducted in 7 patients with mitochondrial cy-
topathies, therapy with creatine monohydrate increased
the patients’ strength in high-intensity anaerobic- and
aerobic-type activities but did not improve their perfor-
mance of lower-intensity aerobic activities.” L-carnitine
supplementation is highly effective in patients who have
dilated cardiomyopathy secondary to primary systemic
carnitine deficiency; however, it has little effect on other
types of mitochondrial cardiomyopathy. Dichloroace-
tate therapy to reduce lactic acid accumulation has not
improved clinical or biochemical values and has been
associated with severe, irreversible polyneuropathy,” so
this therapy should not be used. L-arginine infused in
patients during the acute phase of MELAS improved
their clinical symptoms within the first 24 hours, and
an 18-month regimen of oral arginine reduced the fre-
quency and severity of stroke symptoms.*

Patients with mitochondrial disease should avoid
certain medications that interfere with mitochondrial
function and can precipitate a crisis state (Table IV).

Crisis Management

The mortality rate can be high in patients with mito-
chondrial disease that manifests into a crisis state, so
urgent treatment is necessary. A mitochondrial crisis is
defined as acute or subacute multiorgan failure second-
ary to mitochondrial respiratory chain function that is
worsening because of fever, illness, stress, medications,
or heat. Crises can be associated with striking eleva-
tions in lactate levels. Cardiac complications during a
crisis include cardiogenic shock, atrial and ventricular
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arthythmias, dilated cardiomyopathy, and sudden car-
diac death. Management should be directed toward the
underlying cause of the crisis and emphasize care that
can optimize mitochondrial function. Table V shows
a general management approach, including laboratory
tests and recommended steps and precautions.

Patients often have baseline acidemia, and the correc-
tion of acidosis should be gradual. Upon suspicion of
infection, therapy with broad-spectrum antibiotics can
be started. Oxygenation can worsen the crisis by in-
creasing free-radical production, so the Pa0, should be
maintained between 50 and 60 mmHg.” To improve
blood flow and correct hyperammonemia, a continu-
ous infusion of 10% arginine should be started with a
loading dose of 600 mg/kg and maintained at 600 mg/
kg/d.**% Arginine is best administered through a cen-
tral line, to prevent tissue necrosis and phlebitis; how-
ever, this therapy has been associated with hypotension,
nausea, emesis, headache, and life-threatening hyperka-
lemia. In patients with worsening renal function, hemo-
dialysis should be considered to correct lactic acidosis,
hyperammonemia, or hyperkalemia.

Patients with mitochondrial disease who present with
fever or are unable to eat or drink should be given dex-
trose-containing intravenous fluids—preferably D10
with half-normal saline content—at a maintenance
dose, regardless of blood glucose levels. Their metabolic
and volume status should be evaluated periodically. The
management of these patients’ cardiac complications,
including heart failure, bradyarrhythmias, and tachyar-
thythmias, follows the same guidelines as those for the
general population. Therapy with B-blockers and an-
giotensin-converting enzyme inhibitors should be con-
sidered in all patients who have cardiomyopathy at the
time of discharge from the hospital, even though there
are no randomized controlled trials to support the use of
such therapies in this population. If cardiac dysfunction
is noted during a crisis, patients should be closely mon-
itored: serial echocardiography should be performed
upon their hospital discharge and during their 1- and
3-month follow-up examinations. In selected patients

TABLE IV. Selected Drugs to Avoid in a
Mitochondrial Crisis

Reason to Avoid Drug
Lactic acidosis Metformin
Interference with respiratory Valproic acid
chain function Statins

Propofol

Streptomycin
Tetracyclines
Erythromycin
Azithromycin
Chloramphenicol

Increased risk of hearing loss Aminoglycosides
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TABLE V. General Approach to Management of Acute
Mitochondrial Crisis

General

Early diagnosis (see Table IlI)

Consider contact with a mitochondrial-disease center
Neurologic consultation

Medical genetics consultation

Laboratory Tests

Complete blood count, basic metabolic panel, liver enzymes,
ammonia, serum lactate, serum pyruvate, serum lactate/
pyruvate ratios, creatine kinase, quantitative urine organic acid,
quantitative amino acids, and plasma acy! carnitine profile

Therapeutic Approaches

Avoidance of medications that can worsen mitochondrial
function (see Table V)

Use of respiratory chain cofactors (Coenzyme Q10, L-carnitine,
creatine, and L-arginine)

Antioxidants (thiamine, riboflavin, vitamins C and E, idebenone,
and dihydrolipoate)

Telemetric and serial echocardiographic monitoring until crisis is
completely resolved

Empiric antibiotics for suspected infection

Adequate control of seizures

Correction of acid—base and electrolyte disturbances

Hemodialysis to reduce lactic acid accumulation and
hyperammonemia

Avoidance of hypoglycemic episodes through proper hydration
with dextrose-containing intravenous fluids

Limiting oxygenation to a Pao, between 50 and 60 mmHg

Ventilatory support for respiratory failure

Antiarrhythmic medications for atrial and ventricular
tachyarrhythmias

Angiotensin-converting enzyme inhibitor and B-blocker therapy
for patients who have congestive heart failure

Supportive and Long-Term Considerations

Prompt implantable cardioverter-defibrillator placement for
cardiac-arrest survivors

Education of the patient and family

Good nutritional support

Ophthalmic examination

Audiologic testing

Brain magnetic resonance imaging

Serial electrocardiographic and echocardiographic monitoring

Physical, occupational, and speech therapy

who have advanced heart failure due to cardiomyopa-
thy, cardiac transplantation can be considered. Three
pediatric patients with mitochondrial cardiomyopathy
who underwent cardiac transplantation reportedly had
excellent early and late outcomes.”

Conclusion

Mitochondrial cardiomyopathy is a distinct clinical en-
tity in patients who have underlying genetic defects that
involve the mitochondrial respiratory chain. Because di-
agnosing mitochondrial disease can be challenging for
clinicians, the first step is maintaining a high degree of
suspicion. Patients should be referred to a geneticist or
mitochondrial specialist whenever mitochondrial dis-
ease is suspected. Patients with mitochondrial cardio-
myopathy should be counseled about cardiovascular
complications and appropriate medications. Clinicians
should be aware of the established supportive strategies
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for the short-term care of patients in crisis states. Cur-
rent pharmacologic strategies are incompletely effective,
and large randomized controlled trials are warranted to
direct future therapy.

The chief difficulty in developing pharmacologic
therapies is the heterogeneity of mitochondrial disease.
Furthermore, research is needed to better understand
the complex bioenergetic arrangements and redox net-
works of the mitochondrion and cell. Future research
in this area could lead to therapies for the currently rec-
ognized mitochondrial disease states and for more com-
plex metabolic defects that are associated with cancer
and diabetes.
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