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Review

Mitochondrial Cardiomyopathy
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Mitochondrial cardiomyopathy is characterized by an oxidative phosphorylation (OXPHOS) disorder due to
genetic mutations in genes encoding the structure and function of myocardial mitochondria. Mutations in both
mitochondrial and nuclear DNA can cause mitochondrial cardiomyopathy, and it is typically recognized as one
of the generalized manifestations of neurological and metabolic disorders. Cardiomyopathy, however, can be the
only phenotype of mitochondrial disease and is often misdiagnosed. Cardiac manifestations vary from asymp-
tomatic to catastrophic heart failure or sudden death. Although recent evolution in genetic testing has allowed
for the identification of the causative gene, tissue sampling to identify an OXPHOS disorder is still regarded as

the gold standard for diagnosis.
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Introduction

Mitochondrial cardiomyopathy is characterized by an
oxidative phosphorylation (OXPHOS) disorder due to
genetic mutations in genes encoding the structure and
function of myocardial mitochondria.” It is often recog-
nized as one of the phenotypes of common mitochon-
drial disease, such as MELAS, Leigh encephalopathy,
and infantile diseases with muscle weakness or inborn
errors of metabolism. However, it is rarely recognized as
an isolated mitochondrial cardiomyopathy and is often
overlooked when there are no associated symptoms
other than heart problems. To date, mitochondrial car-
diomyopathy has been diagnosed more accurately and
with greater ease by the identification of new causative
genes using next-generation sequencers and the func-
tional evaluation method of mitochondria on a cell basis
by measuring oxygen consumption rate. Recent studies
have also revealed that mitochondria play a major role
in failing myocardium, and investigating mitochondrial
cardiomyopathy could allow for a better understanding
of the genes and enzymes involved in myocardial energy

metabolism and also their evaluation systems. In this
regard, we will discuss the normal structure and func-
tion of mitochondria and the molecular genetics, patho-
physiology, clinical features, and definitive diagnosis of
mitochondrial cardiomyopathy.

Normal Structure and Function of
Mitochondria

Mitochondria are organelles present in almost all
eukaryotic cells that produce ATP by aerobic respira-
tion in tissue on-demand. The heart is an organ that
consumes 30kg of ATP per day in adults, and hundreds
of mitochondria exist in one cardiomyocyte. The mito-
chondria are composed of an outer membrane and an
inner membrane, and the inner membrane forms a
fold called cristae, which includes an electron transport
system composed of four respiratory chain enzyme
complexes (RC Complex I to IV) and ATP synthase
(Complex V). The inner membrane contains abundant
complex lipids called cardiolipin and plays a major
role in membrane impermeability and the stabilization

of respiratory chain enzyme complexes. NADH and

Corresponding author: Atsuhito Takeda, MD, PhD, Department of Pediatrics, Faculty of Medicine and Graduate School of Medicine,
Hokkaido University, Kital4, Nishi5, Kita-Ku, Sapporo, Hokkaido 060-8648, Japan

E-mail: a-takeda@med.hokudai.ac.jp

ORCiD: Atsuhito Takeda (https://orcid.org/0000-0001-9913-5834)

Originally published in Pediatric Cardiology and Cardiac Surgery, Vol. 33(2017), No. 4, pp. 287-296

doi: 10.24509/jpccs.20-003

© 2020 Japanese Society of Pediatric Cardiology and Cardiac Surgery



54

FADH2, which are primary proton and electron carriers,
are generated by f-oxidation and the TCA cycle from
a substrate such as fatty acid transported to a matrix,
and protons are pumped into the intermembrane space
by oxidation at the RC. ATP is synthesized in the pres-
ence of ATP synthase by a proton gradient across the
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inner membrane. Simultaneously generated electrons
move through the electron transport system (coenzyme
Q-Complex ITI-cytochrome c¢) and finally reduce oxygen
molecules to water (Fig. 1). About 1500 proteins are
involved in maintaining the mitochondrial structure
and function, but only 1% are encoded by mitochondrial
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Fig. 1 A schematic representation of the mitochondrial oxidative phosphorylation (OXPHOS) system and coding
genes associated with each respiratory chain complex

12S rRNA

3243A>G
3260A>G
3303C>T

4269A>G
4295A>G

4300A>G
4317A>G
4320C>T

8344A>G

8296A>G
8363G>A

g
' Cytb

E

I pds
ND6
2

Large deletion ND5
(4.9kb)
L
11778G>A . S

ND4 H

9997T>C

Fig. 2 Human mtDNA structure and causative genes for mitochondrial cardiomyopathy
Individual capital letters represent each tRNA. Mutations in red indicate early onset cardiomyopathy during infancy. ND1,
ND2, ND3, ND4L, ND4, ND5, ND6: Complex | subunit genes. Cytb: Complex Il subunit gene. COI, COIl, COIlll: Complex IV

subunit genes. ATP6, ATP8: Complex V subunit genes.
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DNA (mtDNA). The remaining 99% are encoded by
nuclear genes. mtDNA is a circular DNA of 16569 bases
that exists uniquely in mitochondria. Thousands of cop-
ies exist in one cardiomyocyte and encode 13 subunits
of the RC (except Complex II) as well as 22 tRNAs and
2 rRNAs involved in translation and synthesis? (Fig. 2).
The nuclear gene encodes the remaining RC subunits,
assembly factors, quality maintenance of mtDNA,
proteins involved in mitochondria transport, etc.; syn-
thesizes the protein in the cytoplasm; and transports it
into the mitochondria. The mtDNA replication involves
DNA polymerase y (POLG) and the Twinkle protein
that functions as an mtDNA helicase. Transcription and
translation of mtDNA involve mitochondrial RNA poly-
merase (mtRNAP), mitochondrial transcription factor
(TFAM), and translation elongation factor (TSFM), all
of which are encoded by nuclear genes.

Causative Genes and Pathogenesis of
Mitochondrial Cardiomyopathy

The causative gene of mitochondrial cardiomyopathy
includes mtDNA and nuclear gene mutations, and their
genetic backgrounds are very different. However, the
cardiac phenotype is similar and could not be differenti-
ated based on the clinical course and symptoms.

mtDNA and Nuclear Gene Mutations

There are mtDNA and nuclear genes encoding pro-
teins related to mitochondrial structure and function,
but mtDNA is involved only in a few genes related to
oxidative phosphorylation (OXPHOS). On the other
hand, most mitochondrial diseases are due to nuclear
gene mutations. Although there are point mutations and
deletions in mtDNA abnormalities, in both cases there
is a state in which normal mtDNA and mutant mtDNA
are mixed (heteroplasmy), and symptoms occur after
exceeding a certain mutation rate (threshold effect).
In addition, it is known that this threshold effect does
not often develop until adulthood. mtDNA mutation
is common in adults, but nuclear gene mutation is also
common in children. Moreover, because the mutation
rate and threshold vary among the organ or tissue (tissue
specificity), it is necessary to consider the mtDNA muta-
tion and mutation rate of the affected organ in order to
make a definitive diagnosis of the mtDNA mutation.”)
For example, even when the mtDNA mutation rate is
very low in the blood, there is a possibility that a high

mutation rate of mtDNA exists in the myocardium. In
fertilized eggs, mtDNA exists only in oocytes and has a
unique form of inheritance called maternal inheritance.
Mutation rates vary greatly among siblings, and the age
of onset and disease severity vary between families; thus,
genetic counseling must be performed.? Deletion of
mtDNA is a characteristic of Kearns-Sayre syndrome,
and cardiac conduction disorder is known to occur as
a cardiac complication. To date, more than 250 mito-
chondrial disease-causing genes have been reported in
nuclear gene mutations with all inheritance patterns
including autosomal dominant inheritance, autosomal
recessive inheritance, and X-linked recessive inheri-
tance. In prenatal diagnosis, interpretation of mitochon-
drial abnormalities of mtDNA mutations is difficult
because of heteroplasmy, whereas genetic counseling
would be important in lethal diseases because of nuclear
gene mutations.

Gene Mutations Related to Mitochondrial Struc-
ture and Function

Table 1 shows the genes and phenotypes related to
mitochondrial cardiomyopathy.”

The functional classification of genes that cause mito-
chondrial cardiomyopathy is as follows: 1) RC complex
subunit, 2) RC complex assembly, 3) mitochondrial pro-
tein synthesis, 4) maintenance of mitochondrial integ-
rity, and 5) mitochondrial DNA stability. The mtDNA
mutations encoding Complex I, IV, and V subunits®
have been reported as RC complex subunit abnormal-
ities. In nuclear gene mutations, NDUFS2, NDUFV2,
and NDUFA 11 have been reported as encoding the com-
plex I subunit and cause hypertrophic cardiomyopathy
(HCM) with Leigh encephalopathy.”® SDHA has been
reported in genetic mutations encoding Complex II sub-
units, which resulted in dilated cardiomyopathy (DCM)
and left ventricular non-compaction (LVNC), and is
fatal in almost all affected infants.!”

In the assembly factor of the complex I, Leigh enceph-
alopathy is a common disorder, among which NDUFAF1
and ACAD9 are associated with cardiomyopathy.!!>1?
SURFI is famous for the assembly factor of Complex
IV, but SCO2, COX10, and COX15 are important as dis-
ease-causing genes for cardiomyopathy.’*'> In Complex
V, TMEM?70 is a factor for early Complex V assembly,
and mutations at this site are known to cause infantile
lactic acidosis, 3-methylglutaconuria, and cardiomy-
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Table 1 Causative genes for mitochondrial cardiomyopathy

I. Mitochondrial . Cardio-
DNA Gene mutation myopathy Phenotype (OMIM)

Subunits of respiratory chain complex
MT-ND1 m.3460G>A HCM, LVNC LHON
MT-ND4 m.11778G>A HCM LHON / Progressive Dystonia
MT-ATP6/8 m.8528T>C HCM Infantile cardiomyopathy
MT-ATP6 m.8993T>G HCM NARP / Leigh Disease
MT-ND6 m.14484T7>C DCM LHON
MT-CYB m.14849T>C HCM Septo-Optic Dysplasia
Mitochondrial protein synthesis
MTTLT m.3243A>G HCM, DCM, MELAS / Leigh Syndrome / CPEO / Mitochondrial Mitopathy
RCM, LVNC
m.3260A>G HCM, DCM MELAS/Maternal Myopathy and Cardiomyopathy
m.3303T>C HCM, DCM Maternal Myopathy and Cardiomyopathy
MT-TI m.4300A>G HCM, DCM Maternally Inherited Cardiomyopathy
MT-TK m.8344A>G HCM, DCM MERRF
m.8363G>A HCM, DCM MERRF/Leigh Syndrome
MT-RNRT m.1555A>G RCM Maternally inherited DEAFness

Il. Nuclear genes  Gene mutation mcyf)f:t)hy Phenotype (OMIM)
Subunits of respiratory chain complex
Complex |  NDUFS2 252010 HCM Mitochondrial complex | deficiency
Complex |  NDUFV2 252010 HCM Mitochondrial complex | deficiency
Complex |  NDUFATT 252010 HCM Mitochondrial complex | deficiency
Complex Il SDHA 252011 DCM, LVNC Mitochondrial complex Il deficiency
Assembly factor
Complex |  NDUFAF1 252010 HCM Mitochondrial complex | deficiency
Complex| ACAD9 611126 HCM Mitochondrial complex | deficiency due to ACAD9 deficiency
Complex IV SCO2 604377 HCM CEMCOX1 (fatal infantile cardioencephalomyopathy due to
cytochrome c oxidase deficiency 1)
Complex IV COX10 220110 HCM Mitochondrial complex IV deficiency
Complex IV COX15 615119 HCM CEMCOX2 (fatal infantile cardioencephalomyopathy due to
cytochrome c oxidase deficiency 2)
ComplexV TMEM70 614052 HCM MCBDN2 (mitochondrial complex V (ATP synthase) deficiency nuclear
type 2)
Mitochondrial protein synthesis
AARS2 614096 HCM COXPD8 (combined oxidative phosphorylation deficiency-8)
MRPS22 611719 HCM COXPD5 (combined oxidative phosphorylation deficiency-b)
TSFM 610505 HCM COXPD3 (combined oxidative phosphorylation deficiency-3)
GTPBP3 616198 HCM, DCM COXPD23 (combined oxidative phosphorylation deficiency-23)
MTO1 614702 HCM COXPD10 (combined oxidative phosphorylation deficiency-10)
ELAC2 615440 HCM COXPD17 (combined oxidative phosphorylation deficiency-17)
Maintenance of mitochondrial integrity
TAZ 302060 DCM, LVNC BTHS (Barth Syndrome)
AGK 212350 HCM Sengers Syndrome
SLC22A5 212140 HCM, DCM CDSP (Systemic primary carnitine deficiency)
ACADVL 201475 HCM, DCM VLCAD deficiency
HADHA 609015 DCM HADHA (Trifunctional protein deficiency alpha subunit)
Mitochondrial DNA stability
SLC25A4 615418 HCM MTDPS12(mitochondrial DNA depletion syndrome-12)
Iron homeostasis
FXN 229300 HCM FRDA1 (Friedreich ataxia)
BOLA3 614299 HCM MMDS2 (multiple mitochondrial dysfunctions syndrome-2) with
hypoglycinemia
Coenzyme Q10 biosynthesis
Cc0Q9 614654 HCM COQ10D5 (coenzyme Q10 deficiency-5)
CcoQ4 616276 HCM COQ10D7 (coenzyme Q10 deficiency-7)
Mitochondrial protein transport
DNAJC19 610198 DCM, LVNC MGCAb (3-methylglutaconic aciduria type V)

DCM; dilated cardiomyopathy, HCM; hypertrophic cardiomyopathy, RCM; restrictive cardiomyopathy, LVNC; left ventricular non-
compaction.
Modified from Reference b).
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opathy.!® A gene involved in mitochondrial protein
synthesis includes a gene abnormality encoding tRNA in
mtDNA, and the m.3243A > G mutation is well known
as a causative gene of MELAS.

In nuclear mutations, tRNA post-translational modi-
fications and aminoacyl-tRNA synthetase (aaRS) abnor-
malities are known, and AARS2 mutations have been
reported as a causative gene for infant-onset HCM.!7>18)
The gene involved in maintaining mitochondrial integ-
rity is known as the TAZ gene that encodes the enzyme
tafazzin involved in cardiolipin maturation, and is
known as the responsible gene for Barth syndrome.
LVNC is a major cardiac complication in TAZ and is
an extremely important gene for differential diagnosis
of male infants with severe heart failure.!” Other mito-
chondrial phospholipid metabolism disorders include
mitochondrial disease (Sengers syndrome) character-
ized by cardiomyopathy and cataract due to acylglycerol
kinase deficiency (AGK mutation).??) Among the genes
involved in mitochondrial DNA stability, SLC25A4 is
known as the causative gene of mtDNA depletion syn-
drome, and these mutations cause cardiomyopathy.2!

Pathophysiology of Mitochondrial
Cardiomyopathy

A common pathological condition of mitochondrial
cardiomyopathy is a reduced ability to produce ATP in
mitochondria per unit myocardium. Myocardium is an
organ that continuously consumes energy through aer-
obic metabolism, and ATP deficiency directly leads to
decreased myocardial contractility.?? Fetal myocardium
has suppressed aerobic metabolism under a hypoxic
environment, and even if mitochondrial dysfunction is
present, it may not be serious. After birth, cardiac energy
depends on aerobic metabolism by mitochondria, and
thus cardiomyopathy develops in neonates and infants if
mitochondrial maladaptation exists.?®) In mitochondrial
cardiomyopathy that develops after infancy, cardiomyo-
cytes are filled with mitochondria as compensation for
reduced ATP production, with displaced myofibrils and
increased reactive oxygen species.

This may cause further qualitative deterioration of
mitochondria and eventually lead to myocardial failure.
In clinical practice, it is often recognized as a transi-
tion from circumferential left ventricular hypertrophy
to dilated phase hypertrophic cardiomyopathy. Other
cardiac phenotypes such as LVNC, cardiac conduction

disorders, and pulmonary hypertension have been
reported, but the detailed mechanisms of these diseases
due to mitochondrial dysfunction have not been eluci-
dated.

Clinical Manifestation of Mitochondrial
Cardiomyopathy

Mitochondrial cardiomyopathy varies in severity,
from asymptomatic to severe heart failure, and some-
times fatal arrhythmias and sudden death may occur.

Biological stress such as infection may worsen the
clinical course and even trigger the diagnosis. Mito-
chondrial cardiomyopathy is usually diagnosed accom-
panied by associated symptoms such as neuromuscular
or metabolic diseases, but cardiomyopathy may be a clue
to the diagnosis of mitochondrial disease regardless of
the associated symptoms. Typical phenotypes are HCM,
DCM, RCM, and LVNC. HCM accounts for about half
of mitochondrial cardiomyopathy, most of which is sym-
metrical left ventricular hypertrophy, but hypertrophic
obstructive cardiomyopathy also has been reported.
Most HCM would progress from systolic dysfunction to
left ventricular decompensation and may shift to dilated
phase hypertrophic cardiomyopathy. DCM is the second
most common with HCM, and may also occur in KSS,
MELAS, MERRE, and Leigh encephalopathy. In cases
with isolated cardiomyopathy, complex II deficiency has
been reported. A survival rate up to 16 years of age was
reported to be 18%,2 and the prognosis is extremely
poor. RCM is rare but has a poor prognosis, and 12% of
24 cases of mitochondrial cardiomyopathy undergoing
heart transplantation have been reported as RCM.?”
Although LVNC is rare in frequency, Finsterer et al
reported that mitochondrial cardiomyopathy had the
highest occurrence (40 cases) among 187 cases with left
ventricular hypertrabeculation (LVHT)/noncompac-
tion, followed by Barth syndrome (30 cases). Thus, it may
be underestimated in practice.?® Histiocytoid cardio-
myopathy (Purkinje fiber dysplasia) may develop with
ventricular arrhythmia in infancy but has been reported
to be one of the mitochondrial diseases.?” Arrhythmia
would develop alone or in combination with the above
cardiomyopathy. Sinus dysfunction syndrome is found
in KSS and mitochondrial DNA depletion syndrome. A
complete atrioventricular block is highly associated with
KSS, and thus the timing of pacemaker implantation
should be noted. WPW syndrome is frequently associ-
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ated with MELAS and MERRE, and may be indicated for
ablation in patients with supraventricular tachycardia.?®

Mitochondrial cardiomyopathy is important as a
differential diagnosis of HCM in newborns and infants,
and it is necessary to proceed with a definitive diagnosis
by the method described below, taking into consider-
ation the possibility of accompanying diseases such as
muscle disease, metabolic disease, and hearing loss.
Physicians should keep in mind that it may be lethal
when complete atrioventricular blocking or ventricular
tachycardia occur in MCM. In common mitochondrial
diseases (MELAS, MERRE, KSS, LHON, Leigh enceph-
alopathy), cardiomyopathy and arrhythmia may often
develop. About 40% of the patients with MELAS have
the complication of HCM,?” and there was a positive
correlation between the mt.3243A>G mutation rate
and the degree of cardiac hypertrophy.3” If it progresses,
it often transitions to the dilated phase of HCM. About
half of the patients with MERRF are known to have

cardiomyopathy such as HCM or DCM.3V In KSS, 45%
of the patients had fainting due to an advanced atrio-
ventricular block, and 23% exhibited sudden death.
Thus, preventive implantation of a pacemaker should be
considered when a fascicular block appears.?” HCM has
been reported in LHON and Leigh encephalopathy, but
its frequency is unknown.

Definite Diagnosis of Mitochondrial
Cardiomyopathy

Fig. 3 shows a flowchart for the definitive diagnosis of
mitochondrial cardiomyopathy. A definitive diagnosis
of mitochondrial cardiomyopathy, as in the definition
above, shows the oxidative phosphorylation disorder in
the myocardium and the causative gene. Diagnosis of
oxidative phosphorylation disorder is based on Bernier’s
diagnostic criteria for mitochondrial respiratory chain
disorder (Table 2) and is widely used in neuromuscular
diseases.> According to this diagnostic criteria, it is nec-

Unexplained cardiomyopathy where Neonatal/ Infantile Cardiomyopathy
Clinically suspected following tests or treatment is planned * HCM
mitochondrial disease with + Endomyocardial biopsy + DCM
cardiomyopathy - Skeletal muscle biopsy * RCM
* LVAD * LVNC
* Heart transplantation
v
[ e [l
Genetic tests for negative E Endomyocardial biopsy i | orential diagnosis
common diseases - > E Skeletal muscle biopsy Skin biopsy i iz:‘er:;:ejit:e?;s
1 |
| gy

Rt S

G . .
* mtDNA sequencing

* Disease Panel screening
for mitochondrial diseases

* Whole exome sequencing

electron microscopy

Pathologic examinations

* Ultrastructure of myocardium by

+ Skeletal muscle pathology

Tissue biochemical examinations

* Respiratory chain enzyme activity
assays

* OCR test for fibroblast

Confirmed

Fig. 3 Diagnostic flow chart for mitochondrial cardiomyopathy
Genetic tests for common mitochondrial diseases: MELAS (mt3243A>G, mt3271T>C), MERRF (mt8344A>G), Leigh
encephalopathy (mt8993T>G), KSS/CPEO(mtDNA deletion). Differential diagnosis: Pompe disease, Noonan syndrome,
organic acidemias and fatty acid oxidation disorders, sarcomere gene mutations, and Barth syndrome (7AZ). Modified from

Reference b5).
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Table 2 Diagnostic criteria for respiratory chain disorders

EMajor diagnostic criteria
. Clinical

Clinically complete RC encephalomyopathy or a mitochondrial cytopathy defined as fulfilling all three of the following conditions
1. Unexplained combination of multisystemic symptoms that is essentially pathognomonic for a RC disorder.
Symptoms must include at least three of the organ system presentations described elsewhere, namely neurologic,
muscular, cardiac, renal, nutritional, hepatic, endocrine, hematologic, otologic, ophthalmologic, dermatologic, or

dysmorphic.

2. A progressive clinical course with episodes of exacerbation (e.g., following intercurrent illnesses) or a family history that
is strongly indicative of a mtDNA mutation (at least one maternal relative other than the proband whose presentation

predicts a probable or definite RC disorder).

3. Other possible metabolic or nonmetabolic disorders have been excluded by appropriate testing, which may include
metabolite, enzyme, or mutation analyses, imaging, electrophysiological studies, and histology.

II. Histology
> 2% ragged red fibers in skeletal muscle

Ill. Enzymology
>2% COX-negative fibers if <50 years of age
>5% COX-negative fibers if >50 years of age
<20% activity of any RC complex in a tissue
<30% activity of any RC complex in a cell line

<30% activity of the same RC complex activity in two tissues

IV. Functional
Fibroblast ATP synthesis rates >3SD below mean
V. Molecular

Identification of a nuclear or mtDNA mutation of undisputed pathogenicity

BEMinor diagnostic criteria

I. Clinical
Symptoms compatible with a RC defect

II. Histology
1%-2% ragged red fibers if aged 30-50 years
Any ragged red fibers if <30 years of age

>2% subsarcolemmal mitochondrial accumulations in a patient<16 years of age

Widespread electron microscopic abnormalities in any tissue

Ill. Enzymology

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

30%-40% activity of the same RC complex activity in two tissues

IV. Functional
Fibroblast ATP synthesis rates 2-3 SD below mean

Fibroblasts unable to grow on media with glucose replaced by galactose

V. Molecular

Identification of a nuclear or mtDNA mutation of probable pathogenicity

VI. Metabolic

One or more metabolic indicators of impaired RC function

1. High levels of lactate, pyruvate and alanine in blood and cerebrospinal fluid
2. Increased protein in cerebrospinal fluid (when KSS is suspected)

3. Abnormal findings in 3'"P-MRS or PET (muscle or brain)
4. Abnormal findings in ergometer (decrease in VO,max, AVO,D, lactate threshold)

Definite diagnosis: two major criteria or one major plus two minor criteria.
Probable diagnosis: one major plus one minor criterion or at least three minor criteria.

Possible diagnosis: a single major criterion or two minor criteria, one of which must be clinical.

Modified from Reference 33).

essary to measure enzyme activity using myocardium in
the case of isolated cardiomyopathy. Also, as noted in
the diagnostic criteria, mitochondrial abnormalities
of myocardium in an electron microscopic image can
also help with the diagnosis. The diagnostic criteria for
mitochondrial cardiomyopathy in electron microscopy
has not been defined yet. However, abnormal mitochon-
drial proliferation, degeneration of cristae (concentric

circles, bundles), and accumulation of glycogen granules
are considered suspicious findings. Light microscopy
often shows vacuolar degeneration. In autopsy cases
such as sudden death of unknown cause, it is useful to
measure respiratory chain enzyme activity in the myo-
cardium when cardiomyopathy is suspected. Note that
in both biopsy and autopsy, the collected tissue should
be kept untreated and stored frozen at —80 degrees to
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preserve enzyme activity. Formalin (formaldehyde)
solution is a fixative used only for light microscopy, but
light microscopic images have poor specific findings
for mitochondrial cardiomyopathy, and a definitive
diagnosis is not possible if all the extracted heart tissue
is immersed in formalin. For electron microscopy, it is
important to first immerse in glutaraldehyde solution.
If the tissue is not fixed for electron microscopy, it may
be possible to proceed to the preparation of an electron
microscope sample at the formalin fixation stage, but the
preparation from a paraffin-embedded block results in

a significantly degraded sample and pathologic diagno-
sis becomes difficult. In newborns and infants, cardiac
biopsy is not performed from the first stage of causative
diagnosis for cardiomyopathy, and if there are accom-
panying symptoms of mitochondrial disease, genetic
testing will be performed. If no abnormalities are found
in a common genetic test for mitochondrial disease, a
whole-exome search using a next-generation sequencer
is performed. Recently, genetic diagnosis using a genetic
panel for mitochondrial disease with nuclear genes and
mitochondrial DNA has been utilized for a quick and

ABCB7  ClOorf2 DARS2  GFMI  MFN2  NDUFAII NUBPL QRSLI SERACI SURFI  TTC37
ACAD9  Clzorf65 DGUOK GTPBP3 MPVI7 ~ NDUFA2 OPA1  RARS2 SLC22A5 TACO1  TUFM
ACADVL ~ COQz DNAJC19 HADHA MRPSI6 NDUFAFI ~ PC ~ RRM2B SLC25A12 TAZ  TYMP
ADCK3 ~ COQ4  EARS2  HCCS MRPS22 NDUFAF2 PDHAI SARS2 SLC25A19 TIMMSA UQCRB
AFG3L2  COQ9  ECHSI HSD17B10 MRPS23 NDUFAF3 PDSSI ~ SCOl SLC25A20 TK2  UQCRQ
AIFMI ~ COX10 ETHE1  IARS  MTO1  NDUFAF4 PDSS? SCOZ SLC25A26 TMEM70  YARS2
ATPSE  COXI5 FASTKDZ IARS2  MTPAP YOUPALS. POLG  SDHA  SLC25A3  TNNI3
ATPAF2  COX4l2  FATA  KARS  MYH7 ’("gg”?‘g POLG2 SDHAFI ~ SPG7  TRMU
BCSIL  COX6B1 FOXREDI LRPPRC NDUFAI NDUFB11 PRKAG2 SDHAF? SUCLA2  TSFM
BOLA3  CPT2  FRDA  MECP? NDUFAI0 NDUFS4 PUSI ~ SDHB  SUCLGI  TTCI9
Fig. 4 Genetic screening panel for mitochondrial diseases
e)
Muscle
Col Coll Coll+lil Colll ColV Ccs
%ofnormal 793 2585 85 121 409 2200

CS ratio (%) 57.2  186.5 61.5 89.3 29.5

Coll ratio (%) 30.1 325 468 157
Heart

Col Coll Col+ll Coll ColV CS
%ofnormal 435 4106 1734 365 14 2200

CS ratio (%) 191 53.7 74.9 16.0 0.5

Coll ratio (%) 34.4 130.2 291 0.9

Fig. 5 Echocardiography, pathological findings, and respiratory chain complex activities in a patient with mito-

chondrial cardiomyopathy (13-year-old male)

a) Echocardiography showed mild hypertrophic cardiomyopathy. b) Skeletal muscle biopsy with modified Gomori trichrome
staining showed ragged-red fibers. c) Light microscopy of a biopsied right ventricle showed cytoplasmic vacuolization in
the myocardium. d) Electron microscopy of a biopsied right ventricular endomyocardium showed marked proliferation of
mitochondria within myofibrils. e) Respiratory chain complex activity of biopsied skeletal muscle and myocardium showed
defects in complex IV and combined defects in Complex I, 1ll, and IV. Co I, Co Il, Co lI+1ll, Co lll, Co IV: Enzymatic activity
of respiratory chain complex in complex I, II, [I+111, 1ll, and IV. CS: citrate synthase activity.
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efficient solution (Fig. 4). If there are skeletal muscle
symptoms such as muscle weakness, skeletal muscle
biopsy is also available. Fig. 5 shows a case of mito-
chondrial cardiomyopathy diagnosed by skeletal muscle
biopsy and endomyocardial biopsy. The individual was
found to have mild muscle weakness in the differential
diagnosis of HCM, which became an indicator of pos-
sible mitochondrial disease. In this case, a definitive
diagnosis was made using the two major criteria of Rag-
ged-red fiber in skeletal muscle and decreased respira-
tory chain enzyme activity in the heart muscle. Recently,
the oxygen consumption rate of fibroblasts from skin
biopsies has emerged as a method of the diagnosis of
oxidative phosphorylation disorder.> Genetic diagnosis
is very important, but it is limited because there are so
many types of related genes. In the future, it is necessary
to improve the accuracy of diagnosis with low-inva-
sive modalities, especially genetic testing. Thus, it is
extremely important to establish a registration system
and a medical network for such a rare disease.

Treatment and Management of
Mitochondrial Cardiomyopathy

There is no established treatment for mitochondrial
cardiomyopathy, and general medical management
should be performed according to chronic heart failure.
Renin-angiotensin inhibitors and beta-blockers should
be considered for cases with cardiac dysfunction such
as dilated cardiomyopathy or dilated phase hyper-
trophic cardiomyopathy, but the prognostic effect is
unknown. Renin-angiotensin inhibitors should be used
with caution when there is renal dysfunction. For acute
exacerbation of heart failure caused by mitochondrial
cytopathy, intravenous administration of diuretics and
PDE-III inhibitors are used to improve congestion in
addition to vitamin cocktail therapy. It may develop with
fatal arrhythmias such as ventricular tachycardia and
ventricular fibrillation. When it occurs, amiodarone and
group Ia drugs should be considered after cardioversion.
Prediction of fatal arrythmia before onset is difficult in
patients with mitochondrial cardiomyopathy, so it is not
indicated for ICD implantation as primary prevention of
sudden death, but is indicated for secondary prevention.
For refractory severe heart failure, ventricular assist
device (VAD) treatment is also considered when heart
transplantation is indicated. However, mitochondrial
disease is often associated with other organ involvement,

and the indication of heart transplantation should be
carefully considered in view of the severity of the effects
in other organs.

Moving Towards the Establishment of
a Clinical Network for Mitochondrial Diseases

From 2015, clinical research has been developed to
establish clinical guidelines, a diagnostic system, and a
registry system to improve the quality of medical treat-
ment of mitochondrial disease in Japan. The registry sys-
tem is also being developed in the MO-Bank (Mitochon-
drial disease research Organization data Bank) (HP:
http://mo-bank.com/index.html) and in cooperation
with a Global Mito Registry, an international registry
system for mitochondrial diseases.

Finally, there is currently no specific treatment for
mitochondrial cardiomyopathy, and traditional car-
dioprotective and symptomatic treatments are being
performed. It is inevitable that the treatment differs
depending on the causative gene, and the greatest dif-
ficulty is that the drug does not easily pass through the
inner membrane of the mitochondria. However, in the
course of disease progression, there are common path-
ways, such as mitochondrial disorders associated with
an increase in reactive oxygen species, and it is likely that
they will be targets for treatment in the future. In addi-
tion, research on drug delivery to the mitochondria has
recently emerged, and we hope that a major paradigm
shift will occur in the future.
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