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Purpose of review

Mitochondrial disorders are an increasingly recognized cause of heart dysfunction, with the primary
manifestations being cardiomyopathy and conduction defects. This review focuses on the complex genetics
of mitochondrial disease and recently discovered conditions that affect mitochondrial function.

Recent findings

Next-generation sequencing techniques, especially whole-exome sequencing, have led to the discovery of a
number of conditions that cause mitochondrial dysfunction and subsequent cardiac abnormalities. Nuclear
DNA defects are the main cause of mitochondrial disease in children, with disease pathogenesis being
related to either abnormalities in specific mitochondrial electron transport chain subunits or in proteins
related to subunit or mitochondrial DNA maintenance, mitochondrial protein translation, lipid bilayer
structure, or other aspects of mitochondrial function.

Summary

Currently, symptomatic therapy using standard medications targeting relief of complications is the primary
approach to treatment. There are no US Food and Drug Administration-approved therapies for the specific
treatment of mitochondrial disease. However, on the basis of recent advances in understanding of the
pathophysiology of these complex disorders, various novel approaches are either in clinical trials or in
development.
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INTRODUCTION

Mitochondrial disorders are multisystemic condi-
tions that may present at any age, although children
are commonly affected. The prevalence of mito-
chondrial disease in children less than 16 years of
age is estimated to be 5–15 cases per 100 000 indi-
viduals [1

&&

]. Organ systems that are highly depen-
dent on oxidative metabolism are especially
vulnerable to mitochondrial dysfunction, so it is
not surprising that in many cases the heart is in-
volved. In particular, mitochondrial disease patients
with cardiac impairment commonly have cardiomy-
opathy, conduction defects, or both [2

&&

–4
&&

,5]. The
most common form of cardiomyopathy is hyper-
trophic, but dilated cardiomyopathy and left
ventricular (LV) noncompaction also occur relative-
ly frequently [4

&&

,5]. Histiocytoid or restrictive
cardiomyopathy, endocardial fibroelastosis, aortic
root dilatation, myocardial fibrosis, pulmonary
hypertension, and pericardial effusion may more
rarely be associated with mitochondrial disease
[2

&&

,6–9]. Conduction system and bradyarrhyth-
mias, as well as ventricular preexcitation and
tachyarrhythmias, are the most commonly encoun-
tered arrhythmias in mitochondrial disorders [9,10].
ht © 2017 Wolters Kluwe
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Mitochondrial genetics is complex as the elec-
tron transport chain (ETC) (for full list of abbrevia-
tions used, refer to Table 1) is coded for by the
coordinated interaction of the mitochondrial and
nuclear genomes [11,12]. Abnormalities in mito-
chondrial DNA (mtDNA) are more commonly
encountered in adults, whereas nuclear DNA
(nDNA) defects are more common in children.
Indeed, approximately 80% of mitochondrial disease
is caused by pathogenic variants in nDNA in children
[12]. Regardless of the molecular origin of the defect,
the ultimate result is a perturbation in oxidative
phosphorylation (OXPHOS) and decreased energy
production [1

&&

]. The most common mode of inheri-
tance of mitochondrial disease in children is auto-
somal recessive, although any inheritance pattern, or
even sporadic disease, may occur.
r Health, Inc. All rights reserved.
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KEY POINTS

� Cardiomyopathy and conduction defects are common
in both primary and secondary mitochondrial disorders.

� In children, autosomal recessive inheritance is present
in approximately 80% of patients, but any inheritance
pattern, or even sporadic cases, can occur.

� Next-generation sequencing techniques, especially
whole-exome sequencing, have become a standard
clinical practice that has led to the discovery of a
number of new disorders with diverse molecular
pathophysiology.

� Symptomatic therapy using standard medications
targeting relief of complications is the primary
approach to treatment.

� Although there are currently no FDA-approved
medications specifically for the treatment of
mitochondrial disease, a number of promising therapies
are in clinical trials or in development.

Table 1. Common abbreviations

Abbreviation Definition

CPEO Chronic progressive external ophthalmoplegia

ETC Electron transport chain

FILA Fatal infantile lactic acidosis

KSS Kearns–Sayre syndrome

MELAS Mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes

MERRF Myoclonic epilepsy with ragged red fibers

MNGIE Mitochondrial neurogastrointestinal encephalopathy

mtDNA Mitochondrial DNA

nDNA Nuclear DNA

OXPHOS Oxidative phosphorylation

WPW Wolff–Parkinson–White

Cardiovascular medicine
In general, genetic defects that lead to mito-
chondrial dysfunction may affect specific subunits
that comprise the mitochondrial ETC, that is,
subunits of complexes I–IV, or complex V (ATP
synthase); proteins responsible for maintenance or
support of the mitochondrial ETC or mitochondrial
biogenesis; and various enzymes in biochemical
pathways that may be linked to mitochondrial
function, such as enzymes related to organic acid
or fatty acid (FA) metabolism. These latter condi-
tions are often referred to as ‘secondary’ mitochon-
drial disorders given the lack of direct involvement
of structural components of the mitochondrial ETC
or proteins that affect the biogenesis or mainte-
nance of the ETC.
NUCLEAR MITOCHONDRIAL DEFECTS

The most commonly encountered defects in chil-
dren with mitochondrial diseases are nuclear in
origin. Isolated specific subunit deficiencies, espe-
cially affecting complex I, are particularly prevalent.
There are numerous molecular mechanisms that are
not related to a specific ETC subunit deficiency, but
rather to defects in ETC subunit or mtDNA mainte-
nance, mitochondrial protein translation, lipid
bilayer structure, or other aspects of mitochondrial
function (Table 2).
Single mitochondrial electron transport chain
deficiencies

Mitochondrial complex I is encoded by 44 subunits
(seven by mtDNA and 37 by nDNA), with defects
 Copyright © 2017 Wolters Kluwer 
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being detected in 26 complex I structural genes to
date [13

&

]. Isolated complex I deficiency is caused
by mutations in a variety of nuclear genes coding
for either structural subunits or factors important
for biogenesis and maintenance of complex I, and
comprises approximately 30% of childhood mito-
chondrial disease [2

&&

]. The clinical phenotypes
associated with complex I deficiency are broad
and include Leigh syndrome, fatal infantile lactic
acidosis (FILA), cystic leukoencephalopathy, mito-
chondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS), and cardiomyopathy
[14]. Cardiomyopathy may be isolated and associat-
ed with hypertrophy or LV noncompaction, or may
occur as part of more widespread disease, including
FILA, seizures, hypotonia, pigmentary retinopathy,
optic atrophy, deafness, liver dysfunction, and
developmental delay [2

&&

,3
&&

,15,16]. Conduction
defects, such as Wolff–Parkinson–White syndrome,
may also occur [15]. Mutations in ACAD9 cause
complex I deficiency and hypertrophic cardiomyo-
pathy responsive to riboflavin. ACAD9 deficiency is
one of the relatively rare mitochondrial disorders
that show improvement following supplementation
of a specific cofactor [17,18].

Complex II (succinate dehydrogenase) is the
only ETC subunit that is completely encoded by
nDNA. Isolated complex II deficiency is a rare cause
of mitochondrial disease. Neurological abnormali-
ties are the most common finding, especially Leigh
syndrome or leukoencephalopathy, but about 50%
of reported cases have had cardiac involvement,
including dilated or hypertrophic cardiomyopathy,
LV noncompaction, and conduction defects [19].

Pathogenic variants in BCS1L cause a multisys-
tem disorder with early neonatal demise in many
instances, although milder cases with survival into
adulthood have also been described. BCS1L protein
Health, Inc. All rights reserved.
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Table 2. Nuclear DNA abnormalities associated with cardiomyopathy and arrhythmias or conduction defects

Condition Genetic defect Heart findings Other clinical features

Isolated complex deficiencies

Complex I deficiency Multiple complex I
subunit genes,
ACAD9, FOXRED1

HCM, DCM, LVNC,
WPW

Leigh syndrome, FILA, MELAS,
leukoencephalopathy, seizures, hypotonia,
pigmentary retinopathy, optic atrophy,
hearing loss, liver dysfunction

Complex II deficiency SDHA, SDHD HCM, DCM, LVNC,
AF, heart block

Leukoencephalopathy, cerebellar atrophy,
seizures, spasticity, myopathy, liver
dysfunction, kidney dysfunction

Complex III deficiency BCS1L HCM Developmental delay, psychosis, hearing loss

Complex IV deficiency SCO2, SURF1,
C2orf64, C12orf62,
COX6B1

HCM, DCM Leigh syndrome, encephalopathy, ataxia, liver
dysfunction, kidney dysfunction

Mitochondrial translation defects

GTP-binding protein 3
deficiency

GTPBP3 HCM, DCM, heart
block, WPW

Leigh syndrome, encephalopathy

Mitochondrial translational
activator protein deficiency

MTO1 HCM, heart block Encephalopathy, hypotonia

Alanyl-tRNA synthetase
deficiency

AARS2 HCM Leukoencephalopathy, myopathy

Tyrosyl-tRNA synthetase
deficiency

YARS2 HCM MLASA syndrome

tRNA methyltransferase 5
deficiency

TRMT5 HCM Developmental delay, hypotonia, peripheral
neuropathy, renal tubulopathy

RNA processing defect ELAC2 HCM, PSVE Microcephaly, growth deficiency, hearing loss

Mitochondrial ribosomal
subunit deficiencies

MRPS22, MRPL3,
MRPL44

HCM, WPW Leukoencephalopathy, seizures, liver
dysfunction, renal tubulopathy

mtDNA depletion syndromes

MNGIE TYMP Mild or asymptomatic
HCM

Leukoencephalopathy, severe gastrointestinal
dysmotility, ophthalmoplegia, hearing loss,
peripheral neuropathy

F-box protein deficiency FBXL4 Cardiomyopathy,
unspecified

Encephalopathy, brain atrophy

Coenzyme Q10 biosynthesis
defects

COQ2, COQ4,
COQ9

HCM Leigh syndrome, encephalomyopathy, retinitis
pigmentosa, hearing loss, liver dysfunction,
renal tubulopathy

3-Methylglutatconic acidurias

Barth syndrome TAZ HCM, DCM, LVNC
EFE, VT, LQT

Myopathy, short stature, neutropenia

Dilated cardiomyopathy and
ataxia syndrome

DNAJC19 DCM, LVNC Ataxia, optic atrophy, short stature, testicular
abnormalities, liver disease

Complex V deficiency TMEM70 HCM Cataracts, leukodystrophy, ataxia, myopathy,
short stature

Sengers syndrome AGK HCM Cataracts, myopathy, exercise intolerance, short
stature

AF, atrial fibrillation; DCM, dilated cardiomyopathy; EFE, endocardial fibroelastosis; FILA, fatal infantile lactic acidosis; GTP, guanosine triphosphate; HCM,
hypertrophic cardiomyopathy; LQT, long QT syndrome; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MLASA, myopathy,
lactic acidosis, sideroblastic anemia; MNGIE, mitochondrial neurogastrointestinal encephalopathy; PSVE, paroxysmal supraventricular extra-systoles; LVNC, left
ventricular noncompaction; VT, ventricular tachycardia; WPW, Wolff–Parkinson–White syndrome. Examples of conditions that are associated with heart disease
and feature abnormal nDNA are shown, along with the causative molecular defects and clinical findings. The genetic defects noted above are provided as major
contributors to the various mitochondrial conditions, but are not a comprehensive compilation. For further details related to genetic defects involved in
mitochondrial heart disease, the reader is referred to reviews listed in Recommended Reading [2

&&

,3
&&

].

Pediatric mitochondrial diseases and the heart Enns
is involved in the biogenesis of complex III and
abnormalities lead to isolated complex III deficiency.
Affected patients may have fetal growth retardation,
cholestasis, prominent lactic acidosis, iron overload,
 Copyright © 2017 Wolters Kluwe
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and aminoaciduria. Hypertrophic cardiomyopathy
may be encountered in more mild cases [20].

Isolated complex IV (cytochrome c oxidase) de-
ficiency and cardiomyopathy have been reported in
r Health, Inc. All rights reserved.
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Cardiovascular medicine
children with mutations in the complex IV assembly
genes SURF1 and SCO2, but neurological manifes-
tations are also frequently present [2

&&

,3
&&

,21]. Fatal
neonatal cardiomyopathy has been noted in
patients with pathogenic mutations in other com-
plex IV assembly genes, including C2orf64 and
C12orf62 [22,23]. Neonates with C12orf12 abnor-
malities also had associated brain abnormalities,
hepatomegaly, renal hypoplasia, and adrenal-gland
hyperplasia [23].
Defects of mitochondrial translation

Mitochondrial protein translation defects typically
cause multiple OXPHOS abnormalities and severe
disease; although more mild, slowly progressive
disease and single complex deficiencies have been
noted in some instances. Pathogenic variants have
been found in genes encoding elongation factors,
aminoacyl-tRNA synthetases, tRNA-modifying en-
zymes, a mitochondrial peptide release factor, and
an RNase that processes mitochondrial RNA [24].
Most disorders associated with protein translation
defects have neurological involvement, and cardio-
myopathy, as well as other multisystem abnormali-
ties. Conditions affecting mitochondrial translation
include defects in mitochondrial ribosomal proteins
(MRPS22, MRPL3, MRPL44), mitochondrial tyrosine
(YARS2) or alanine (AARS2) tRNA aminoacylation,
and an endonuclease that affects mitochondrial RNA
processing (ELAC2) [25–30].

Abnormalities in posttranscriptional modifica-
tion of mitochondrial tRNAs are illustrative of
recently identified protein translation disorders
that lead to cardiomyopathy. Mitochondrial GTP-
binding protein 3 (GTPBP3) interacts with the
mitochondria translational activator 1 protein
(MTO1) to modify the tRNA ‘wobble-base’ in the
anticodon loop of certain mitochondrial tRNAs by
adding a 5-taurinoethyuridine residue [31]. Muta-
tions in GTPBP3 cause hypertrophic or dilated car-
diomyopathy, conduction defects, encephalopathy,
lactic acidemia, hypoglycemia, and hyperammone-
mia, with most affected individuals manifesting in
infancy [31]. Childhood hypertrophic cardiomyop-
athy, psychomotor delay, encephalopathy, hypoto-
nia, cardiac conduction defects, and lactic acidosis
have also been described in children with pathogen-
ic variants in MTO1 [32–34].

Abnormal posttranscriptional modification of
mitochondrial tRNAs also occurs in defective func-
tion of tRNA methyltransferase 5 (TRMT5), an
enzyme that modifies a tRNA guanosine residue at
position 37. Mutations in TRMT5 cause broad clini-
cal disease, ranging from childhood hypertrophic
cardiomyopathy to adult exercise intolerance.
 Copyright © 2017 Wolters Kluwer 

544 www.co-pediatrics.com
Other reported features include global developmen-
tal delay, hypotonia, peripheral neuropathy, renal
tubulopathy, and lactic acidosis [35].
Mitochondrial DNA depletion syndromes

These autosomal recessive disorders affect the main-
tenance of mtDNA and feature a quantitative deple-
tion of mtDNA in affected tissues [36]. Cardiac
dysfunction is not typical, although cardiomyo-
pathy has been reported in a disorder associated with
fatal infantile encephalomyopathy secondary to
deficiency of an F-box protein caused by FBXL4
mutations [37]. Gastrointestinal dysmotility,
ophthalmoplegia, hearing loss, and peripheral neu-
ropathy are hallmarks of mitochondrial neurogas-
trointestinal encephalopathy (MNGIE) syndrome.
However, cardiac manifestations may also occur.
Heart involvement tends to be mild in MNGIE, with
asymptomatic ventricular hypertrophy and bundle-
branch block being reported [2

&&

,3
&&

].
Heterozygous mutations in OPA1 lead to autoso-

maldominantoptic atrophy, the most commonform
of inherited mitochondrial vision loss. Two siblings
with a novel homozygous c.1601T>G mutation in
OPA1 had globally decreased mitochondrial ETC
activities in muscle and severe mtDNA depletion
[38

&

]. Both children developed a hypertrophic cardio-
myopathy and died in infancy. Other clinical find-
ings included profound neurodevelopmental
retardation, failure to thrive, hypotonia, opistho-
tonic posturing, and sensorineural deafness [38

&

].
Disorders of coenzyme Q10 biosynthesis

Coenzyme Q10 (CoQ10) is a lipophilic quinone that
shuttles electrons derived from multiple sources, in-
cluding complexes I and II and other mitochondrial
flavoproteins, to complex III [39]. To date, mutations
in eight genes responsible for CoQ10 synthesis have
been related to primary CoQ10 deficiency [39,40

&

].
Affected patients have had hypertrophic cardiomy-
opathy and variable other findings, including devel-
opmentaldelay, pigmentary retinopathy, hypotonia,
weakness, ataxia, sensorineural hearing loss, liver
dysfunction, kidney disease, and pancytopenia
[3

&&

]. Hypertrophic cardiomyopathy has been associ-
ated with mutations in COQ2, COQ4, and COQ9
[2

&&

,39]. High-dose oral CoQ10 is beneficial in these
conditions, especially for treating brain, muscular,
and renal symptoms [40

&

].
Barth syndrome and other causes of
3-methylglutaconic aciduria

Cardiolipin is a major phospholipid of the mito-
chondrial lipid membranes and associates with key
Health, Inc. All rights reserved.
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mitochondrial proteins, including OXPHOS com-
plexes, solute carriers, and membrane translocases
[41

&

]. Cardiolipin is also involved in diverse mito-
chondrial processes, such as mitochondrial fission,
inner mitochondrial membrane fusion, apoptosis,
and mitophagy [41

&

]. An acyl chain remodeling
protein, tafazzin (TAZ), plays a critical role in the
formation of cardiolipin and electron flow through
complex I [41

&

,42
&

].
Pathogenic variants in TAZ cause Barth syn-

drome, an X-linked multisystem disorder that
features dilated or hypertrophic cardiomyopathy,
LV noncompaction, skeletal myopathy, short
stature, and neutropenia [43]. Increased excretion
of 3-methylglutatconic acid (3MGC) and 2-ethyhy-
dracrylic acid is typical [43]. Barth syndrome
patients also have a distinctive amino acid profile
characterized by low-plasma arginine and cystine
levels, and elevations in proline, tyrosine, and as-
paragine in men; female carriers do not show similar
abnormalities [43]. Ventricular arrhythmias, such as
ventricular tachycardia or ventricular fibrillation,
may cause sudden cardiac death [44]. Recent work
using a mouse model of Barth syndrome specifically
implicated cardiac-specific loss of succinate dehy-
drogenase (complex II) activity as a key event in the
pathogenesis of cardiomyopathy [45

&

].
Other disorders that feature cardiomyopathy

and abnormal excretion of 3MGC are caused by
autosomal recessive mutations in DNAJC19,
TMEM70, and AGK [2

&&

,3
&&

]. Dilated cardiomyopa-
thy and ataxia syndrome is caused by pathogenic
variants in DNAJC19 and is characterized by dilated
cardiomyopathy or LV noncompaction, cerebellar
ataxia, short stature, and testicular abnormalities
[46,47]. Unlike Barth syndrome, patients do not
have skeletal myopathy or neutropenia [47].
DNAJC19 protein is localized to the mitochondrial
inner membrane and serves as a molecular chaper-
one [47]. Mutations in TMEM70 cause an isolated
deficiency of ATP synthase secondary to impaired
biogenesis and a multisystem mitochondrial disease
that features neonatal lactic acidosis, hypertrophic
cardiomyopathy, and variable central nervous sys-
tem involvement [48]. Sengers syndrome is caused
by mutations in AGK, which encodes an acylglycerol
kinase that is considered to be involved in the
assembly of a mitochondrial adenine nucleotide
transporter. Affected patients are characterized by
congenital cataracts, hypertrophic cardiomyopathy,
skeletal myopathy, exercise intolerance, and lactic
acidosis. Mental development is normal [49]. Poor
cardiac contractility and bradycardia were described
in children with excretion of 3MGC and mutations
in HTRA2, a gene encoding a mitochondrial serine
protease. Clinical features were variable and
 Copyright © 2017 Wolters Kluwe
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included seizures, cataracts, respiratory insufficien-
cy, hypotonia, and early infantile demise [50

&

]. The
cause of the elevation in 3MGC in these disorders
remains an object of speculation.
Novel molecular mechanisms and new
disorders

With the increasing use of whole-exome sequencing
(WES), novel mitochondrial diseases characterized
by abnormalities in an increasing variety of molec-
ular pathways are being discovered. For example,
TANGO2 encodes the transport and Golgi organiza-
tion 2 protein, which is localized to mitochondria
and appears to be involved in redistributing Golgi
membranes into the endoplasmic reticulum [51

&

].
Children with deleterious mutations in TANGO2
presented with recurrent metabolic crises charac-
terized by rhabdomyolysis, hypoglycemia, lactic
acidosis, and increased acylcarnitine levels. Severe
arrhythmias, including torsade de pointes and long
QT syndrome, were consistent manifestations [51

&

].
Significant dysfunction of the mitochondrial ETC
was not detected in muscle or skin fibroblasts
isolated from affected children. On the other hand,
biochemical findings were consistent with an
impairment of FA oxidation [51

&

], which is interest-
ing given the clinical features similar to long-chain
FA oxidation defects (see below).

Missense mutations in PPA2, the gene encoding
mitochondrial inorganic pyrophosphatase, may
lead to a wide range of clinical phenotypes. The
most severe symptoms include neonatal encepha-
lopathy, lactic acidosis, cardiac arrhythmia, myo-
cardial necrosis, and early demise. Some patients
have survived to teenage years or early adulthood,
but died because of an exquisite sensitivity to
alcohol that leads to fatal cardiac arrhythmias.
Others have developed myocardial fibrosis and are
still living in the fourth decade [52

&

]. Inorganic
pyrophosphatase catalyzes the hydrolysis of pyro-
phosphate orthophosphate, thereby providing
pyrophosphate orthophosphate for ATP synthesis.
Therefore, it appears that the clinical manifestations
are likely related to ATP deficiency [52

&

].
The majority of mitochondrial proteins are

synthesized in the cytoplasm and imported into
mitochondria through the use of N-terminal target-
ing sequences. The targeting sequences are subse-
quently cleaved in the mitochondrial matrix by
specialized proteases. The mitochondrial inter-
mediate presequence protease MIP/Oct1 has been
implicated in a disorder characterized by LV non-
compaction, developmental delay, seizures, and cat-
aracts. Skeletal and cardiac muscle showed features
of metabolic myopathy, such as fiber type variation,
r Health, Inc. All rights reserved.
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Table 3. Mitochondrial DNA abnormalities associated with cardiomyopathy and arrhythmias or conduction defects

Condition Genetic defect Heart findings Other clinical features

Kearns–Sayre syndrome mtDNA deletion HCM, DCM, heart block, PMVT Progressive external ophthalmoplegia,
pigmentary retinopathy, cerebellar ataxia,
hearing loss, increased CSF protein,
diabetes mellitus, renal tubulopathy

MELAS tRNALeu point mutation HCM, DCM, LVNC, RCM,
heart block, WPW

Encephalopathy, seizures, stroke-like
episodes, headaches, hearing loss,
myopathy

MERRF tRNALys point mutation HCM, DCM, HiCM, WPW Myoclonus, seizures, ataxia, optic atrophy,
hearing loss, short stature

Complex I deficiency multiple complex I
subunit genes

HCM, DCM Leigh syndrome, leukoencephalopathy,
seizures, optic atrophy

Complex III deficiency MTCYB HCM, DCM, HiCM Exercise intolerance, myopathy, seizures,
optic atrophy, short stature

Complex IV deficiency MT-CO1, MT-CO2,
MT-CO3

HCM, DCM, HiCM Encephalopathy, seizures, pigmentary
retinopathy, hearing loss, myopathy, liver
dysfunction

Complex V deficiency MT-ATP6, MT-ATP8 HCM Ataxia, peripheral neuropathy

DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; HiCM, histiocytoid cardiomyopathy; LVNC, left ventricular noncompaction; MELAS,
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MERRF, myoclonic epilepsy with ragged red fibers; PMVT, polymorphic ventricular
tachycardia; RCM, restrictive cardiomyopathy; WPW, Wolff–Parkinson–White syndrome. Relatively common conditions that are associated with heart disease
and feature abnormal mtDNA are shown, along with the most common molecular defects and clinical findings. Although the most common molecular defects are
indicated in the table, in most cases multiple genetic abnormalities can cause similar clinical presentations.

Cardiovascular medicine
lipid and glycogen deposits, and abnormal appear-
ing mitochondria [53

&

].
MITOCHONDRIAL DNA ABNORMALITIES

Mitochondrial DNA mutations may either consist
of deletions or various point mutations (Table 3).
Deletions of multiple lengths in different mtDNAs
raise the possibility of the presence of a nuclear
defect related to mtDNA maintenance.
Mitochondrial DNA deletion syndrome

Syndromes caused by single, large mtDNA deletions
fall into three main groups: chronic progressive ex-
ternal ophthalmoplegia (CPEO), Pearson syndrome,
and Kearns–Sayre syndrome (KSS). KSS is a multi-
systemic condition with onset less than age 20 years
characterized by ophthalmoplegia, pigmentary reti-
nopathy, elevated cerebrospinal fluid protein, cere-
bellar ataxia, and cardiac conduction defects. Over
half of KSS patients develop cardiac complications,
with left anterior fascicular block with or without
right bundle-branch block being the most common
ECG abnormality. Progression to high-grade atrio-
ventricular block can be rapid [54]. Sudden cardiac
death occurs in up to 20% of cases [54].
Mitochondrial DNA point mutations

As in nDNA defects, mtDNA point mutations can
lead to either deficiency of a specific ETC complex or
 Copyright © 2017 Wolters Kluwer 
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multiple complex abnormalities, depending on the
function of the defective gene. Structural ETC gene
abnormalities lead to isolated complex deficiencies,
whereas dysfunction of genes associated with pro-
tein translation, such as mitochondrial tRNA genes
or mitochondrial ribosomal RNA subunit genes,
typically lead to multiple ETC deficiencies [55,56].

Isolated complex deficiencies involving com-
plexes I, III, IV, and V have been reported in children
with cardiomyopathies [2

&&

,3
&&

,57–61]. The degree
of heteroplasmy affects the clinical presentation. For
example, the m.8528T>C mutation is located in an
overlapping region of genes that code for mitochon-
drial ATPase 6 and ATPase 8 and has been noted to
cause an infantile hypertrophic cardiomyopathy
secondary to complex V deficiency [60]. In one
particularly severely affected patient who died at
age 5.5 months, heteroplasmy, with a mutant load
of 90%, was detected in heart tissue. The patient’s
mother was found to carry the same mutation at low
mutant load in skin fibroblasts [61].

The classic mitochondrial syndromes MELAS and
myoclonic epilepsy with ragged red fibers (MERRF)
are caused by mutations in mitochondrial tRNA
genes; MT-TL1 encoding tRNALeu (MELAS) and
MT-TK encoding tRNALys (MERRF). The typical pre-
sentation of these disorders primarily involves the
neuromuscular system, but hypertrophic, dilated, or
histiocytoid cardiomyopathy, as well as a variety of
arrhythmias, may also occur [2

&&

,62–64]. Point muta-
tions in a variety of other mitochondrial tRNAs have
Health, Inc. All rights reserved.
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also been related to multiple ETC deficiencies and
various forms of cardiomyopathy [2

&&

,3
&&

].
CONDITIONS WITH SECONDARY
MITOCHONDRIAL INVOLVEMENT

An increasing number of conditions have been
identified that cause mitochondrial dysfunction.
These so-called secondary mitochondrial disorders
have close links to ETC function but are not related
to specific ETC structural subunits or proteins
known to affect ETC subunit maintenance or bio-
genesis directly.
Friedreich ataxia

Friedreich ataxia is an autosomal recessive neuro-
degenerative disease with prominent cardiac mani-
festations, including progressive hypertrophic
cardiomyopathy (�2/3 of patients), arrhythmias,
and heart failure [65]. Iron–sulfur clusters are essen-
tial components of the ETC complexes, as well as
tricarboxylic acid cycle enzymes. Mutations in FXN,
which encodes frataxin, lead to aberrant iron–sulfur
cluster assembly, impaired mitochondrial iron
homeostasis, redox imbalance, and subsequent
ETC dysfunction [66].
Fatty acid oxidation defects

Increased blood lactate, biomarkers of oxidative
stress, decreased ETC function in tissues, and mito-
chondrial morphological abnormalities, that is, bio-
chemical and pathological findings suggestive of
mitochondrial dysfunction, have been associated
with FA oxidation disorders (FAODs) [67]. Cardiac
involvement is relatively common in carnitine
transporter deficiency and the long-chain FAODs
[68,69

&

]. Hypertrophic or dilated cardiomyopathy,
sudden death, and arrhythmias, such as ventricular
tachycardia or fibrillation, supraventricular tachy-
cardia, torsade de pointes, and heart block, may
occur [70]. Metabolic crises are often triggered by
fasting or an illness severe enough to cause catabo-
lism [71].
Organic acidemias

A number of organic acidemias are associated with
secondary mitochondrial dysfunction. Although
cardiomyopathy occurs relatively frequently in pro-
pionic acidemia patients, it may also be seen in
those who have methylmalonic acidemia, although
renal failure is more typical in the latter condition
[72,73]. Cardiomyopathy has also been described as
a presenting feature of propionic acidemia in older
children, although this is unusual [74,75]. A direct
 Copyright © 2017 Wolters Kluwe
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inhibitory effect of propionyl-CoA has been linked
to the pathogenesis of mitochondrial dysfunction in
methylmalonic and propionic acidemia [72,76–78].
An 8-year-old propionic acidemia patient who died
because of a hypertrophic cardiomyopathy had
absent activity of nicotinamide adenine dinucleo-
tide dehydrogenase cytochrome c reductase in heart
and muscle on autopsy [79].

Severe cardiomyopathy has also been described
in children with 2-methyl-3-hydroxybutyryl-CoA
dehydrogenase (MHBD) deficiency, an X-linked
condition characterized by progressive encephalop-
athy, seizures, hypotonia, dystonia, optic atrophy,
retinopathy, and sensorineural deafness. MHBD
deficiency is caused by mutations in HSD17B10, a
gene that encodes a component of the mitochon-
drial RNase P [80].
MITOCHONDRIAL DISEASE DIAGNOSTIC
APPROACH

A comprehensive approach to mitochondrial disease
diagnosis is beyond the scope of this review, so the
reader is referred to recommended reading below
[1

&&

,2
&&

,81–84]. In recent years, next-generation
sequencing techniques have changed the diagnostic
approach to the investigation of mitochondrial
disease, which previously had relied to a greater
extent on more invasive procedures, especially mus-
cle biopsy. At present, unless a specific mitochondrial
disorder is considered high on the differential diag-
nosis, next-generation sequencing mitochondrial
gene panels that include both mtDNA and known
pathogenic nDNA genes (typically hundreds of genes
are sequenced in such panels) are routinely employed
in clinical practice [85,86]. WES is also being used in
an increasing number of cases, as the clinical utility of
this technique has been proven in numerous instan-
ces [85–88,89

&

]. Indeed, most, if not all, of newly
described conditions discussed in this review were
discovered by WES.

With respect to mitochondrial cardiac disease,
cardiovascular MRI (CMR) has shown promise as a
diagnostic technique in adults, although this is not
yet a method in routine use [4

&&

]. Different CMR
patterns of cardiac involvement have been noted
when patients with KSS or CPEO are compared with
those with MELAS [90,91]. CMR has a theoretical
advantage over echocardiography because of its
ability to detect subtle structural tissue changes by
late gadolinium enhancement imaging [91].
POTENTIAL THERAPIES

At present, there are no US Food and Drug Adminis-
tration (FDA)-approved therapies for the treatment
r Health, Inc. All rights reserved.
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of mitochondrial disease, although consensus guide-
lines recommend a trial of CoQ10, riboflavin and
a-lipoic acid, and administration of L-carnitine, if
there is a documented deficiency [84]. Some primary
and secondary mitochondrial disorders that have
cardiac involvement have shown response to differ-
ent cofactors, including CoQ10 biosynthesis defects
(CoQ10), multiple acyl-CoA dehydrogenase deficien-
cy (riboflavin), acyl-CoA dehydrogenase 9 deficiency
(riboflavin), KSS (folinic acid), and thiamine-
responsive megaloblastic anemia (thiamine)
[2

&&

,17,18,40
&

,92–94]. However, in most cases, sup-
portive care using standard medications is provided
depending on the specific needs of the child.
Anesthesia and sedation

Particular attention must be paid to any procedures
that require sedation or general anesthesia, because
certain anesthetic agents are more prone to exacer-
bate mitochondrial dysfunction [95]. Although es-
sentially all anesthetic agents appear to have some
effect on mitochondrial function, propofol and vol-
atile anesthetics are particularly problematic, with
the former especially affecting complex I, and the
latter inhibiting multiple ETC complexes, uncou-
pling OXPHOS, and limiting FA transport into mi-
tochondria [95,96]. Despite the increased risk of
anesthesia-related complications, it should be noted
that mitochondrial patients, in general, tolerate
anesthesia. Minimizing preoperative fasting, the
addition of glucose to perioperative intravenous
fluids (unless on a ketogenic diet or there is a history
of adverse reaction to higher glucose intake), and
slow titration and adjustment of volatile and paren-
teral anesthetics are recommended general precau-
tions [84].
Novel medications

Past clinical trials have been mostly open-label and
involved relatively small number of patients, but
there has been a promising trend toward larger
studies with more rigorous trial design [97]. In a
number of trials using a variety of different drugs,
such as CoQ10, dichloroacetate, idebenone, crea-
tine, and other vitamins or cofactors, there has been
a paucity of demonstrated benefits to date [97,98].
An increasing number of clinical trials using novel
medications are in progress or in development for
treatment of mitochondrial disorders.

Quinones and other experimental therapies

Compounds that have the potential to increase
intracellular glutathione levels, including a-toco-
trienol quinone and cysteamine bitartrate, have
 Copyright © 2017 Wolters Kluwer 
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been used in recent clinical trials to treat a variety
of primary and secondary mitochondrial disorders
but have not targeted cardiac dysfunction specifi-
cally [99]. Other ongoing trials include randomized,
double-blind studies targeting various aspects of
mitochondrial disease pathophysiology, including
reactive oxygen species production (KH176, idebe-
none), mitochondrial biogenesis (RTA 408, bezafi-
brate), and cardiolipin oxidation (MTP-131) [100].
The therapeutic efficacy of these novel compounds
is still under investigation.

Bezafibrate

Bezafibrate is a peroxisome proliferator-activated
receptor agonist that substantially ameliorated the
development of LV systolic dysfunction in a mouse
model of Barth syndrome [101]. Although this com-
pound is currently in clinical trials for mitochondri-
al myopathy patients (NCT02398201), it may hold
promise for Barth syndrome and other mitochon-
drial patients as well.

Triheptanoin

Triheptanoin is a medium, odd-chain FA consisting
of a glycerol backbone and three FAs with a length of
seven carbons (heptanoic acid, C7) that has been
used to treat patients with long-chain FA disorders
(LC-FAOD). Triheptanoin is metabolized to com-
pounds that supply the tricarboxylic acid cycle with
necessary substrates, including succinyl-CoA, there-
by having the potential to improve cellular bio-
energetics [102,103]. Initial reports indicate that
triheptanoin decreases the incidence and duration
of major clinical manifestations, such as hypoglyce-
mic episodes and hospitalizations, and improves
exercise endurance and quality of life [103,104

&

].
In 10 children with moderate-to-severe cardiomy-
opathy secondary to LC-FAOD, triheptanoin had a
positive effect on cardiac function [105

&

].

Transplantation and ventricular assist
device implantation

Cardiac transplantation has been performed success-
fully in children with severe mitochondrial hyper-
trophic or dilated cardiomyopathy [44,106–109].
Although there have been case reports of demise
following solid organ transplantation in mitochon-
drial patients, such surgery is typically not associated
with worsening or metabolic compromise postoper-
atively [108,110

&

]. Nine of 11 mitochondrial disease
patients undergoing heart transplantation between
ages 6 weeks and 35 years (mean 10.3 years; median
12 years) survived. However, long-term follow-up of
these patients showed that five had eventual worsen-
ingof symptomsrelated tounderlying mitochondrial
disease [110

&

].
Health, Inc. All rights reserved.
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The implantation of a ventricular assist device is
commonly performed in patients who have heart
block. In many cases, this procedure is undertaken
before a patient ultimately undergoes transplanta-
tion for cardiomyopathy, and patients tolerate the
operation well [108]. Implantation of a cardioverter
defibrillator may prevent sudden cardiac death in at
risk individuals, including patients with Barth syn-
drome, KSS, and those who harbor pathogenic
mutations in PPA2 [44,72].
CONCLUSION

Cardiomyopathy and conduction defects are the
primary cardiac manifestations of mitochondrial
disease in the heart. Improved genetic diagnostic
techniques have led to the discovery of novel defects
associated with mitochondrial dysfunction at an
increasingly accelerated rate. As our understanding
of underlying pathophysiology of mitochondrial
disorders continues to improve, there is an increased
likelihood that improved treatments for these dev-
astating conditions will be developed, but rigorously
designed clinical trials are needed.
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