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The heart is highly dependent for its function on oxidati-
ve energy generated in mitochondria, primarily by fatty
acid β-oxidation, respiratory electron chain and oxidative
phosphorylation. Defects in mitochondrial structure and
function have been found in association with cardiovascu-
lar diseases such as dilated and hypertrophy cardiomyo-
pathy, cardiac conduction defects and sudden death, 
ischemic and alcoholic cardiomyopathy, as well as myo-
carditis. While a subset of these mitochondrial abnormali-
ties have a defined genetic basis (e.g. mitochondrial DNA
changes leading to oxidative phosphorylation dysfunc-
tion,fatty acid β-oxidation defects due to specific nuclear
DNA mutations), other abnormalities appear to be due to
a more sporadic or environmental cardiotoxic insult or
have not yet been characterized.

This review focuses on abnormalities in mitochondrial
bioenergetic function and mitochondrial DNA defects as-
sociated with cardiovascular diseases, their significance
in cardiac pathogenesis as well as on the available diag-
nostic and therapeutic options. A concise background
concerning mitochondrial biogenesis and bioenergetic
pathways during cardiac growth,development and aging
will also be provided.

Key words: Mitochondria. Dilated cardiomyopathy. Hy-
pertrophic cardiomyopathy. Ischemic cardiomyopathy.
Cardiotoxicity. Apoptosis. Stem cells. Gene therapy.

INTRODUCTION

Abnormalities in the mitochondrial organelle

structure and function have been found with increas-

ing frequency in association with cardiovascular dis-
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La mitocondria y el corazón

Para su correcto funcionamiento, el corazón depende
estrechamente de la energía oxidativa generada en las
mitocondrias, principalmente a partir de la betaoxidación
de los ácidos grasos, de la cadena respiratoria de elec-
trones y de la fosforilación oxidativa. Los defectos en la
estructura y función mitocondriales se asocian a enferme-
dades cardiovasculares, como las miocardiopatías hiper-
trófica y dilatada, defectos en la conducción cardíaca y
muerte súbita, miocardiopatías isquémicas y alcohólicas
y miocarditis. Aunque una parte de estas anomalías mito-
condriales tiene una base genética definida (p. ej., los
cambios en el ADN mitocondrial que conducen a una dis-
función de la fosforilación oxidativa, o los defectos de la
betaoxidación de los ácidos grasos debidos a mutaciones
específicas del ADN nuclear), otras anomalías parecen
deberse a agresiones cardiotóxicas o ambientales más
esporádicas o a causas todavía no identificadas.

Esta revisión se centra en las anomalías de la función
bioenergética mitocondrial y en los defectos del ADN mi-
tocondrial asociados a enfermedades cardiovasculares,
su significado en la patogenia cardíaca y las opciones
diagnósticas y terapéuticas disponibles. También se des-
criben de forma concisa los antecedentes relacionados
con la biogénesis mitocondrial y con las vías bioenergéti-
cas durante el crecimiento cardíaco, el desarrollo y el en-
vejecimiento.

Palabras clave: Mitocondria. Miocardiopatía dilatada.
Miocardiopatía hipertrófica. Miocardiopatía isquémica.
Cardiotoxicidad. Apoptosis. Células madre. Terapia gé-
nica.
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eases such as dilated (DCM) and hypertrophic car-

diomyopathy (HCM), cardiac conduction defects and

sudden death, ischemic and alcoholic cardiomyopa-

thy, as well as myocarditis. Some of the mitochondr-

ial abnormalities may have a genetic basis (e.g. mito-

chondrial DNA [mtDNA] changes leading to

oxidative phosphorylation [OXPHOS] dysfunction,

fatty acid oxidation defects due to specific nuclear

DNA mutations) while other abnormalities appear to

be due to a more sporadic or environmental car-

diotoxic insult or have not yet been characterized.



In order to fully understand the role that the mito-

chondrial organelle plays in cardiovascular disease,

we provide in this review a brief background de-

scribing the biogenesis and function of cardiac mi-

tochondria during normal growth, development and

aging. Within this context, we then survey the inter-

action and characterization of mitochondria/mito-

chondrial abnormalities in cardiac diseases, their di-

agnosis, as well as therapeutic options available.

While aberrations in the bioenergetic function of the

mitochondria are frequently related to the cardiac

dysfunction, the specific defect(s) causing the bioen-

ergetic dysfunction often resides in a non-bioener-

getic pathway e,g, signaling between the mitochon-

dria and nucleus, or in overall mitochondrial

biogenesis and/or degradation pathways. Under-

standing these pathways and the impact of mitochon-

drial defects in cardiac pathology is important to im-

prove diagnosis and treatment of mitochondrial-

based cardiac diseases. 

MITOCHONDRIA AND THE NORMAL HEART

Mitochondrial bioenergetics

Mitochondria are abundant in energy-demanding

cardiac tissue constituting 20%-40% of cellular vol-

ume. Mitochondrial energy production depends on

both nuclear and mtDNA-encoded genetic factors

which modulate normal mitochondrial function in-

cluding enzyme activity and cofactor availability and

on environmental factors including the availability of

fuels (e.g. sugars, fats and proteins) and oxygen.

Several interacting bioenergetic pathways contribute

to mitochondrial energy metabolism (shown in Fig-

ure 1) including pyruvate oxidation, the tricarboxylic

acid (TCA) cycle, the mitochondrial β-oxidation of

fatty acids and the common final pathway OXPHOS

which generates 80%-90% of cellular ATP. OX-

PHOS is performed by complexes of proteins located

at the mitochondrial inner membrane including the

electron transport chain (ETC) respiratory complexes

I-IV, ATP synthase (complex V) and the adenine nu-

cleotide translocator (ANT). Fatty acids are the pri-

mary energy substrate for the production of ATP in

cardiac muscle by OXPHOS. In order to be utilized

for bioenergetic production via mitochondrial fatty

acid β-oxidation, fatty acids need to be effectively

transported into the cardiomyocyte and subsequently

into the mitochondria, a process requiring several

transport proteins including the carnitine shuttle

(carnitine acyltransferase and two carnitinine palmi-

toyl transferases as well as carnitine). Fatty acid 

β-oxidation and the oxidation of carbohydrates via

the TCA cycle generate the majority of intramito-
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Fig. 1. Mitochondrial bioenergetic
pathways. Mitochondrial inner-mem-
brane localized respiratory complexes
I-V (hatched circles) with associated
electron-transfer components, coenzy-
me Q (CoQ) and cytochrome c (cytc).
Also shown are the matrix associated
pyruvate oxidation, fatty acid b-oxida-
tion and TCA cycle pathways. The
apoptosis-associated mitochondrial
permeability transition pore (PTP) is
shown with two of its many proteins
depicted: adenine nucleotide transloca-
tor (ANT) and mitochondrial creatine
kinase (CK). The carnitine shuttle path-
way for the mitochondrial import of
fatty acids, the pyruvate transporter, K+

channel and Ca++ uniporter are located
in the mitochondrial membranes.



chondrial NADH and FADH which are the direct

source of electrons for the ETC. The supply of ATP

from other sources (e.g. glycolytic metabolism) is

limited in normal cardiac tissue. In addition to these

bioenergetic pathways and metabolic intermediates,

the heart also maintains stored high-energy phos-

phates (e.g., phosphocreatine) produced by mito-

chondrial creatine kinase using ATP from closely-as-

sociated ANT and mitochondrial ATP synthase.

Overview of mitochondrial biogenesis

Human mitochondria have their own double-strand

DNA circular molecule encompassing 16 569 bp and

encoding 13 proteins which constitute a portion of

the 5 enzyme complexes involved in electron trans-

port and OXPHOS.1 The protein-encoding mtDNA

genes are transcribed into specific mRNAs which are

translated on a mitochondrial specific ribosome/pro-

tein synthesis apparatus. The mtDNA also encodes

part of the mitochondrial protein synthesis machin-

ery including 2 ribosome RNA (rRNA) and 22 trans-

fer RNA (tRNA) shown in Figure 2. In general, each

cardiac cell contains multiple mitochondria (50-100)

and each mitochondria contains multiple copies of

mtDNA (1-10 molecules/mitochondria). Mitochon-

drial biogenesis is increased during cardiac hypertro-

phy, treatment with a variety of agents e.g. thyroxin,

xenobiotics, electrical stimulation and exercise.2

Presently, the mechanisms that regulate cardiac-spe-

cific mtDNA levels and overall mitochondrial num-

ber have not yet been delineated.3

However, it is well established that pathogenic

point mutations and large-scale deletions in the mito-

chondrial genome as well as generalized depletion of

mtDNA levels have severe consequences for organs

such as heart since ATP derived from OXPHOS is

needed to maintain myocardial contractility. 

Conversely, the nuclear genome encodes the entire

complement of proteins involved in mtDNA replica-

tion and transcription, protein components of mito-

chondrial ribosomes, multiple structural and trans-

port proteins of the mitochondrial membranes and

remaining peptide subunits (presently estimated at

71) of the respiratory complexes (other than the 13

mtDNA-encoded peptide subunits. These nuclear-en-

coded proteins are synthesized on cytosolic ribo-

somes, targeted to mitochondria and imported by a

complex process. Cardiac-specific regulation of a

number of the nuclear genes encoding OXPHOS

proteins can be mediated by variable gene expression

(e.g. ATP synthase β-subunit is expressed at higher

levels in heart than other tissues) sensitive to a vari-

ety of physiological and developmental stimuli, and

by the presence of tissue-specific isoforms for spe-

cific peptides (e.g. cardiac specific isoforms exist for

genes encoding cytochrome c oxidase subunits VIa,
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Fig. 2. Human mitochondrial genome.
A linear representation of the circular
16 569 base pair human mtDNA mole-
cule showing the location of the 22 tR-
NAs identified by their cognate amino
acid using single letter code
(F,V,L,I,Q,M,W,A,N,C,Y,S,D,K,G,R,
H,S,L,E, T,P), the two ribosomal RNA
genes (12s and 16s) and all 13 pro-
tein-encoding genes (ND1-ND6, COI-
COIII, cytb, ATPase6 and ATPase8).
The key further identifies the functio-
nal roles (i.e., the respiratory comple-
xes and associated enzymatic func-
tion) played by the proteins encoded
by each of the 13 structural genes.
The relative locations of the common
5 kb and 7.4 kb deletions, and novel
11.1 kb and 4.4 deletions are noted by
the boxed regions. The positions of
the origin of replication for the heavy
strand (OH) contained within the non-
coding D-loop region and of the light
strand replication origin (OL) are also
shown. The numbering is according to
Anderson et al.1
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VIIa and VIII). Therefore, mutations in nuclear

genes involved in mitochondrial biogenesis might be

expected to contribute in part to the observed mito-

chondrial cardiac enzyme and mtDNA defects, in-

cluding increased incidence of large-scale mtDNA

deletions and mtDNA depletion associated with car-

diac disorders. Thus far, few mutations in nuclear

genes affecting mitochondrial biogenesis leading to

cardiac disorders have been identified. While the nu-

clear genome controls mitochondrial biosynthesis,

mtDNA genes have a much higher mutation rate,

lack histones, have limited DNA repair and are ex-

posed to reactive oxygen species (ROS) generated by

the ETC. The search for mutations in both nuclear

and mitochondrial genomes as well as mutations that

affect cross-talk between the genomes is presently

expanding.

Cardiac mitochondrial changes during 
cardiac growth and development

In the fetal heart which functions in a relatively

hypoxic environment, glucose and lactate are the

predominant fuel substrates utilized by glycolysis

and lactate oxidation respectively. A large endoge-

nous supply of glycogen in the fetal and, to a lesser

extent, in the neonatal heart are a significant source

of glucose and myocardial ATP. Glycogenolysis is

particularly important in conditions of oxygen depri-

vation, and may allow the fetal heart to be more re-

sistant to the effects of hypoxia and ischemia as

compared to the adult heart.4 Fetal hearts have lower

mitochondrial content and therefore lower levels of

both respiratory complex and TCA cycle activities.

Fatty acid oxidation provides a small part of the

overall ATP production because of low levels of cir-

culating fatty acids and also due to the inhibition of

fatty acid oxidation by high lactate levels present in

the fetal heart.

Post-natally, a switch occurs so that fatty acids be-

come the primary energy substrate in the heart.5 The

expression of genes encoding fatty acid enzymes

(e.g. mitochondrial carnitine palmitoyltransferase

[CPT] enzymes and isoforms) shows a marked

change during the early postnatal period which par-

allels the increased utilization of fatty acids as a en-

ergy substrate in the neonatal heart. The specific ac-

tivity levels of CPT-II increase during the first month

of life as does myocardial carnitine levels.6 Of the 2

tissue-specific isoforms of CPTI, CPT-Ia gene is

highly expressed in the fetal heart and declines fol-

lowing birth while CPT-Ib, is highly expressed

throughout cardiac development.7 Specific mitochon-

drial membrane-associated and cytoplasmic proteins

involved in long-chain fatty acid uptake are co-ordi-

nately regulated during development in cardiac tis-

sue.8

The level of cardiac mitochondrial creatine kinase

(mtCK) which is undetectable in early fetal heart, is

upregulated during neonatal development. The in-

creased expression of mtCK within the first several

weeks after birth is coupled to both the availability

of ADP to mitochondria as well as to the structural

re-organization of cardiac mitochondria from a ran-

dom arragement (at 1 day) to an organized network

by 3 weeks postnatally.9 The maturation of the phos-

phocreatine shuttle is coordinated with the develop-

ment of the contractile properties of the myocardi-

um.10

Post-natal levels of cardiac-mitochondrial OX-

PHOS enzyme activities and content particularly in

humans, need to be clearly established.11 At present,

the information available is limited by the small

number of subjects studied with normal heart, and by

the variability of mitochondrial OXPHOS enzyme

activities due to dietary factors, exercise and hor-

monal stimuli.

A by-product of mitochondrial bioenergetic pro-

duction is the generation of ROS including superox-

ide and hydroxyl radicals and hydrogen peroxide

(H202). Side reactions of the mitochondrial ETC with

molecular oxygen directly generate the superoxide

anion radical. The main sites for mitochondrial ROS

generation are complex I and III activities of the res-

piratory chain; either excessive or diminished elec-

tron flux at these sites can stimulate the auto-oxida-

tion of flavins and quinones (including coenzyme Q)

producing superoxide radicals. The superoxide radi-

cals can be converted to H202 (in the presence of the

enzyme superoxide dismutase) which can further re-

act to form the hydroxyl radical.

Normally, these toxic by-products which are pow-

erful cell-damaging oxidants are neutralized by anti-

oxidant enzymes some of which are mitochondrially

located e.g. Mnsuperoxide dismutase (MnSOD) and

glutathione peroxidase (Figure 3) and others are cy-

tosolic e.g. Cu superoxide dismutase and catalase,

or scavenged by glutathione. Increased ROS genera-

tion resulting from myocardial ischemia/reperfu-

sion, inflammation, impaired antioxidant defenses

and aging may cause profound effects on cardiac

cells including increased lipid peroxidation effecting

primarily membrane phospholipids and proteins.

Superoxide is particularly damaging to the Fe-S
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moieties of enzymes (e.g. complex I, aconitase and

succinic dehydrogenase.12 Oxidative damage also

occurs with nucleic acids (particularly targeting

mtDNA) including induction of strand breaks, a

high incidence of base modification (including the

formation of 8-oxoguanosine) and subsequent point

mutations and deletions. Mitochondria which are the

primary site of ROS generation are therefore the

critical target of its damaging effects; the mitochon-

drial respiratory chain located in the inner mem-

brane is often damaged resulting in a further in-

crease in ROS generation leading to a vicious cycle

of dimished mitochondrial function. In addition to

the well characterized role of ROS as celldamaging,

recent evidence has provided an alternative view

concerning increased ROS generation and oxidative

stress in its role as an important regulatory phenom-

ena.13 Oxidative species (e.g. H202) can also function

as a potent signal sent from mitochondria to other

cellular sites rapidly, and reversibly eliciting an ar-

ray of intracellular cascades leading to different

physiological end-points for the cardiomyocyte (e.g.

apoptosis, necrosis, cardio-protection, cell prolifera-

tion).

Cardiac mitochondrial changes during aging
and senescence

Amongst the multiple metabolic changes that oc-

cur in cardiac muscle with advancing age are modi-

fications in membrane fatty acid and lipid composi-

tion including increasing levels of saturated fatty

acids14 and reduced levels of polyunsaturated fatty

acids15 and cardiolipin.16 Cardiolipin, the most un-

saturated cellular phospholipid, is a major compo-

nent of the mitochondrial inner membrane and plays

an integral role in cardiac mitochondrial membrane

transport function, fluidity and stability, and as a fa-

cilitator of key mitochondrial inner membrane

bioenergetic enzymes. Marked reduction in carnitine

and acetyl carnitine levels has also been reported in

older subjects.17

Increased levels of large-scale deletions and point

mutations in cardiac mtDNA, and reduced levels of

Marín-García J, et al. The Mitochondrial Organelle and the Heart
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Fig. 3. The mitochondrial pathway
of apoptosis. Cellular signals inclu-
ding ROS, and UV-induced DNA da-
mage and a variety of «death sig-
nals» trigger the apoptotic pathway
by modulation of the binding of
proapoptogenic proteins (e.g. BAX)
to the PTP causing it to open. Ele-
vated levels of mitochondrial cal-
cium levels as well as excessive
ROS (generated at respiratory com-
plex I and III sites) as shown also
promote the PTP opening. This is
followed by the release of cytochro-
me c and apoptosis-inducing factor
(AIF) from the mitochondria to the
cytosol with subsequent activation
of the caspases initiating cell self-
digestion and nuclear DNA frag-
mentation leading to apoptotic cell
death. Association of BAX with mi-
tochondria is prevented by anti-
apoptogenic Bcl family of proteins.
The neutralization of ROS occurs at
both intramitochondrial sites by an-
tioxidant enzymes, manganese su-
peroxide dismutase (MnSOD) and
glutathione peroxidase (GPx) and
within the cytosol by CuSOD, GPx
and catalase. Also shown are the
major proteins comprising the PTP
at contact sites adjoining the inner
and outer mitochondrial membra-
nes including hexokinase (HK),
adenine nucleotide translocator
(ANT), creatine kinase (CK), cyclo-

phidin D (CpD), porin and the benzodiazepine receptor (IBP) as well as the inner membrane phospholipid cardiolipin (CL). 
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mitochondrial enzymatic activities may occur with

aging.18-20 These mitochondrial abnormalities have

been proposed to be due in large part to the increased

mitochondrial production of ROS noted in aging.12,21

However, the effect of aging on cardiac OXPHOS

enzymatic function has been recently re-evaluated

and the extent and role of mitochondrial bioenergetic

decline has been put into question.11,22 The discrep-

ancies between these findings may be based on the

different methodologies employed in measuring mi-

tochondrial activities. If one distinguishes the car-

diac mitochondria as distinct populations (requiring

the physical separation of the organelle populations

in vitro) the interfibrillar mitochondria (IFM) located

between the myofibers and the subsarcolemmal mi-

tochondria (SSM), located below the plasma mem-

brane, age-dependent reductions are found in IFM

and not SSM respiratory complex III and IV specific

activities.23 A host of physiological changes/parame-

ters can also impact on levels of mitochondrial enzy-

matic activities. Levels of exercise and conditioning

as well as increased ischemic stresses can markedly

impact on mitochondrial enzyme activities.24

MITOCHONDRIAL DYSFUNCTION 
IN CARDIOVASCULAR DISEASES

MtDNA and cardiovascular disease

Discrete mitochondrial OXPHOS defects or respi-

ratory chain deficiency have been documented in

cardiomyopathies. Both DCM and HCM are fre-

quently accompanied by defective levels of specific

OXPHOS/respiratory enzyme activities.25-28

Cardiomyopathy (mostly HCM) often occur with

specific pathogenic point mutations in mtDNA29-35

(an updated list is presented in Table 1). Pathogenic

mtDNA mutations are generally located in nu-

cleotides which are highly conserved in evolution,

and frequently present in heteroplasmic fashion (a

mixed population of both mutant and wildtype mtD-

NA genomes) albeit recent evidence has indicated

that pathogenic mtDNA mutations can also be homo-

plasmic.36 These mutations are usually accompanied

by reduced levels of specific respiratory enzyme ac-

tivity(s). 

Pathogenic mtDNA mutations in a number of mito-

chondrial tRNA genes have been identified in associ-

ation with cardiomyopathy. Specific tRNA genes in-

cluding LEU, ILE and LYS appear to be hot spots for

mutation in cardiomyopathic patients. The site of mu-

tations within the generic tRNA cloverleaf stucture

may impact on the severity of phenotype and possibly

to its tissue-specificity.37 In general, pathogenic mito-

chondrial tRNA gene mutations negatively affect mi-

tochondrial protein synthesis and multiple specific

respiratory enzyme activities. A cardiomyopathy-as-

sociated mtDNA mutation has also been found in mi-

tochondrial rRNA.38 Other mtDNA point mutations

residing at other mtDNA locations (some occuring in

tRNA genes, others in mtDNA protein-encoding

genes), which were not present in normal individuals

have been reported in patients with DCM. These po-

tentially pathogenic mutations are heteroplasmic, and

present in highly conserved sequences.39-41 Moreover,

missense mutations in cytochrome b have been re-

ported in a wide spectrum of cardiomyopathies in-

cluding DCM, HCM, histiocytoid and post-partum

cardiomyopathy (Table I). It is noteworthy that cy-

tochrome b, the sole mitochondrial-encoded subunit

of complex IIII, also represents a hot spot for muta-

tions in patients with cardiomyopathy.

Multi-systemic mitochondrial diseases with cardiac

involvement have been reported usually with an ex-

panding spectrum of clinical manifestations. Some

are maternally inherited (due to mtDNA mutation)

and may present with a variable cardiac phenotype

(ventricular hypertrophy, cardiomegaly and dysrhyth-

mias) together with neurological syndromes includ-

ing Leigh (developmental delay, muscle weakness,

ophtalmoplegia and necrosis in the basal ganglia),

MELAS (mitochondrial myopathy, encephalopathy,

lactic acidosis and stroke-like episodes) and MERRF

(myoclonic epilepsy and ragged-red fibers).42-44 Spe-

cific mtDNA mutations, found in association with

primary cardiomyopathy, can also be present in pa-

tients with different combinations of clinical pheno-

types. The variability between mitochondrial geno-

type and phenotype may be explained by the

involvement of unidentified genetic or environmental

cofactor(s) capable of modulating the effect of mtD-

NA mutations. Similarly, specific syndrome(s)/phe-

notype(s) may be caused by entirely different nuclear

and/or mtDNA mutations. For example, Leigh syn-

drome can be caused by mutations in ATPase-6 sub-

unit,43 by point mutation in mitochondrial tRNA LYS

gene,45 by nuclear DNA mutations in pyruvate dehy-

drogenase,46 nuclear-encoded complex II subunits47 or

by mtDNA depletion.48 However, the correlation of

cardiac involvement in Leigh disease and the loci ef-

fected (whether nuclear or mitochondrial) has not

been established.

Sporadic large-scale rearrangements of mtDNA

can also be associated with cardiac disorders. In

Kearns-Sayre syndrome (KSS), cardiac conduction
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abnormalities typically co-exist with somatic large-

scale mtDNA deletions.49,50 The majority of mtDNA

deletions in KSS are of a single type, not inherited

and are detected mostly in skeletal muscle and rarely

in blood. One study showed a localized prevalence of

mtDNA deletions in the tissues containing the car-

diac conduction system i.e. the sinoatrial and atri-

oventricular nodes as compared to the surrounding

myocardium.51 In contrast, a multiple mtDNA dele-

tion phenotype associated with DCM is due to genet-

ic defects in unidentified autosomal nuclear loci

which can be either dominantly or recessively inherit-

ed.52,53 The mtDNA deletion events detected in KSS

and in autosomal disorders tend to be highly abun-

dant (reaching up to 95% of total mtDNA) either as

single-sized discrete deletions or in the aggregate and

are detected by Southern blot.54,55 Moreover, less

abundant, large-scale specific mtDNA deletions are

frequently found in cardiac tissues of many primary

cardiomyopathies by PCR analysis. These lessabun-

dant deletions reflect specific mtDNA damage (pre-

sumably a consequence of ROS), occur in an age de-

pendent manner54,55 and their role in cardiac disease

remains unclear.

Depletion in cardiac mtDNA levels has been re-

ported in patients with isolated cardiomyopathy, ei-

Marín-García J, et al. The Mitochondrial Organelle and the Heart
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TABLE 1. Specific mtDNA point mutations in cardiac disease

Gene Site AA change Cardiac phenotype Ref.

tRNA mutations

leu 3243 A->G HCM 42

leu 3260 A->G Tachycardia, adult onset HCM 34

leu 3303 C->T Fatal infantile HCM 30

leu 3254 C->G HCM 145

leu 12997 T->C DCM 146

ile 4300 A->G HCM-adult onset 35

ile 4317 A->G Fatal infantile HCM/DCM 147

ile 4320 C->T Fatal infantile HCM 31

ile 4269 A->G CF at 18 years, adult onset 29

ile 4295 A->G HCM 148

ile 4284 G->A CM 149

lys 8363 G->A HCM 32

lys 8334 A->G HCM 44

lys 8269 A->G HCM 150

lys 8348 A->G HCM 151

gly 9997 T->C Ventricular arrhythmia HCM 33

cys 5814 A->G HCM 152

val 1624 C->T HCM 36

ala 5587 T->C DCM 40

arg 10415 T->C DCM 40

arg 10424 T->C Fatal DCM 41

rRNA mutations

12s 1555 A->G CM 38

16s 3093 C->G CM 153

Structural gene mutations

Cytb 14927 A->G Thr-->Ala HCM 154, 56

Cytb 15236 A->G Ile-->Val DCM 56

Cytb 15508 C->G Asp-->Glu DCM 41

Cytb 15509 A->C Asn-->His Fatal post-partum CM 155

Cytb 15243 G->A HCM 157

Cytb 15498 G->A Gly->Asp Histiocytoid CM 156

COI 6860 A->C Lys-->Asn DCM 40

COII 7923 A->G Tyr-->Cys DCM 41

COIII 9216 A->G Gln-->Glu DCM 41

ND5 14069 C->T Ser-->Leu DCM 41

ATPase6 8993 T->G Leu-->Arg Leigh syndrome/HCM 43

1Ref indicates references; CM, Cardiomyopathy; HCM, hypertrophic cardiomyopathy; CF, cardiac insufficiency.



ther DCM and HCM.56 In addition, depletion of car-

diac mtDNA can be specifically induced by zidovu-

dine (AZT), which inhibits both the DNA poly-

merase of HIV and mitochondrial DNA polymerase

γ interfering with mtDNA replication. In both hu-

mans and animals treated with AZT,57,58 reduced car-

diac mtDNA levels are found associated with a

marked reduction in respiratory enzyme activities

and a clinical phenotype of cardiac dysfunction. The

mtDNA depletion appeared to be reversible since

cessation of AZT therapy was associated with im-

proved left ventricular function.

Defects in nuclear-DNA encoded mitochondrial
proteins and cardiovascular disease

Mutations in a wide array of nuclear genes encod-

ing mitochondrial proteins can cause cardiomyopa-

thy. For example, cardiomyopathy is frequently a

consequence of mutations in mitochondrial transport

proteins (e.g. carnitine-acylcarnitine translocase)

which facilitate the passage of critical metabolites

across the inner mitochondrial membrane59 and also

mutations in a mitochondrial transport protein,

frataxin, considered to be involved in mitochondrial

iron accumulation cause Friedreich ataxia (primarly

HCM).60 Moreover, mutations in nuclear genes en-

coding factors required for the assembly and func-

tioning of the multiple-subunit enzyme respiratory

complexes have been implicated in some mitochon-

drial-based diseases such as Leigh syndrome and

mutations in the SCO2 gene encoding a copper chap-

erone, involved in the assembly of complex IV

(COX), may result in cardiomyopathy.61 Interesting-

ly, the clinical phenotype in patients with SCO2 mu-

tations is distinct from that found with mutations in

other COX assembly factors (e.g. SURF1) which

typically present without cardiac involvement.62

Cardiomyopathy is the primary clinical manifesta-

tion in several inherited disorders of mitochondrial fat-

ty acid β-oxidation.63 Deficiencies in very long chain

acyl-Co A dehydrogenase (VLCAD),64 long chain 3-

hydroxylacyl CoA dehydrogenase (LCHAD)65 and

short-chain acyl CoA dehydrogenase (SCAD)66 have

been reported to cause cardiomyopathy in young chil-

dren. Also, defects in carnitine transport into cells as

well as in the carnitine-acylcarnitine shuttle mecha-

nism, responsible for fatty acid transport into mito-

chondria, have been found associated with cardiomy-

opathy.67 Defects in the mitochondrial trifunctional

protein (MTP) that affect long chain L-3 hydroxyla-

cyl-CoA protein are often associated with DCM.68

The cardiac pathogenesis of these inherited disorders

of fatty acid β-oxidation and carnitine metabolism

likely includes both a deficient bioenergetic supply to

the heart and the accumulation of toxic levels of fatty

free acids with subsequent cardiac dysfunction. These

disorders primarily occur in early childhood and are

usually precipitated by infectious illness or fasting

when the heart has an increased dependence on fatty-

acid oxidation for energy. Many of the inherited fatty

acid disorders described above can result in sudden

neonatal death.

Cardiac conduction defects and cardiac arrhyth-

mias are frequently present in patients with specific

defects in fatty acid oxidation.69 Both ventricular and

atrial arrhythmias were associated with deficiencies

in CPT-II deficiency, carnitine translocase and tri-

functional protein (MTP) deficiency. In contrast, car-

diac arrhythmias were absent in patients with defi-

ciencies in CPT-I, the primary carnitine carrier and

MCAD suggestive that accumulation of arrhythmo-

genic metabolites of fatty acids (e.g. long chain acyl-

carnitines) promote arrhythmias and potentially con-

tribute to CF and sudden death. It has long been

known that long chain acylcarnitines possess deter-

gent-like properties and can extensively modify

membrane proteins and lipids with toxic effects on

the cardiac membrane electrophysiological func-

tions, including ion transport and impair gap-junc-

tion channels. Moreover, the accumulation of long

chain fatty acid metabolites (e.g. long chain acylcar-

nitine) plays a pivotal role in the production of ven-

tricular arrhythmias that occur during myocardial is-

chemia.70 The accumulation of potentially toxic

long-chain esters during hypoxia/ischemia can be

prevented by selective blocking of CPT-I activity

with perhexiline or amiodarone reducing both the

risk of membrane electrophysiologic disturbances

and the incidence of lethal arrhythmias.71

Abnormal mitochondria and severe DCM has also

been reported in Barth syndrome, an X-linked disor-

der also characterized by cyclic neutropenia with

neonatal onset. Arrhythmias and cardiac failure (CF)

are frequently present. The protein tafazzin responsi-

ble for Barth syndrome72 is encoded by the G4.5

gene and likely belongs to a family of acyltransferas-

es involved in phospholipid synthesis. In patients

with the G4.5 mutation, saturated fatty acid levels in-

crease while unsaturated fatty acid and cardiolipin

levels are markedly reduced.73,74 Defective acyltrans-

ferase function may result in increased fatty acid sat-

uration, decreasing cardiac membrane fluidity and

function. 
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Genes encoding important structural and cy-

toskeletal proteins have frequently been implicated

in the pathogenesis of cardiomyopathy. Specific nu-

clear DNA mutations in structural and contractile

proteins such as actin, desmin, sarcoglycan, and dys-

trophin have been identified as causal in many cases

of DCM and CF. Similarly, cases with familial HCM

are due to specific pathogenic mutations in cardiac

proteins involved in generating contractile force in-

cluding β-myosin heavy chain (β-MHC), cardiac tro-

ponin T, tropomyosin and myosin-binding protein C.

The relationship of mitochondrial defects with muta-

tions in nuclear-encoded structural proteins is worthy

of note. Patients with specific β-MHC mutations

may develop abnormal mitochondrial number and a

marked reduction in mitochondrial respiratory func-

tion.75,76 A potential interaction of these nuclear path-

ogenic mutations with specific mtDNA mutations is

also suggested by studies showing co-existence in

some patients with HCM of mutations in both β-

MHC and mtDNA.77 In addition, the intracellular

distribution of mitochondria can be profoundly al-

tered in patients with defective structural proteins

(e.g. desmin)78 since both the intracellular position

and movement of mitochondria are mediated by cy-

toskeletal proteins. Defective cellular location of mi-

tochondria with potential downstream effect on car-

diac bioenergetic function may play a critical role in

cardiac pathophysiology.

Myocardial ischemia

When the supply of oxygen becomes limiting as

occurs with myocardial ischemia, OXPHOS and mi-

tochondrial ETC flux decline, creatine phosphate is

rapidly depleted, fatty acid and pyruvate oxidation

decrease and ATP production is impaired. The hy-

drolysis of glycolytically derived ATP and accumula-

tion of lactate leads to a decrease in intracellular pH

and intracellular acidosis, which has a direct in-

hibitory effect on contractile function. AMP and oth-

er intermediates accumulate with subsequent mito-

chondrial swelling and progressive degeneration. In

addition, myocardial ischemia has been shown to re-

sult in reduced levels of respiratory complex IV,79

complex V80 and increased levels of mtDNA dele-

tions.81 Sustained ischemia leads to ATP depletion

and necrotic cell death.

Paradoxically, functional mitochondria can exacer-

bate ischemic damage, especially at the onset of

reperfusion. A pronounced increase in fatty acid in-

flux and unbalanced fatty acid oxidation predomi-

nates during reperfusion, producing an excess of

acetyl CoA saturating the TCA cycle at the expense

of glucose and pyruvate oxidation, which is eventu-

ally inhibited. Increased OXPHOS causes an in-

crease in the ROS accumulation with increased lipid

peroxidation; this results in lower cardiolipin levels

in the inner membrane with consequent effect on

complex IV activity. Normal respiratory activity can

be restored by adding exogenous cardiolipin.82 At

present, there is evidence that reperfusion injury in-

volves apoptotic cell death in contrast to ischemic in-

jury which primarily involves necrotic cell death.83

Hyperthermic stress can protect against myocar-

dial dysfunction after ischemiareperfusion injury.84

Improved levels of complex I-V activities, heat

shock protein expression (i.e. Hsp 32, 60, and 72)

and ventricular function were attained in heatstressed

hearts. In comparison to untreated reperfused my-

ocardium, in which mitochondria were severely dis-

rupted, the reperfused heat-stressed myocardium ex-

hibited higher respiratory complex activities and

mitochondria with intact membranes packed with

parallel lamellar cristae. This provided evidence of

heat-stress-mediated enhancement of mitochondrial

energetic capacity associated with increased toler-

ance to ischemia-reperfusion injury. 

A self-defense cardioprotective mechanism in the

ischemic heart involves the opening of mitochondrial

ATP-sensitive K+ (KATP) channels. This cardiopro-

tective effect may be mediated by improved ATP pro-

duction, lowered Ca++ overloading in the mitochondr-

ial matrix and increased ROS generation leading to

protein kinase C activation. Several drugs are avail-

able that function to specifically activate the mito-

chondrial K-channel opening, e.g. diazoxide. Evi-

dence for mitochondrial K+-ATP channels as effectors

of myocardial preconditioning has been demonstrated

in human subjects.85

Apoptosis and cell death in cardiac disease

Apoptosis (programmed cell death) leading to car-

diac cell loss and to extensive left ventricular remod-

eling has been shown to be a significant feature of

CF both in patients with DCM and in animal models

of CF. It is increasingly recognized that mitochon-

dria play a pivotal role in the early events of apopto-

sis. 

In the mitochondrial pathway of apoptosis, the re-

lease from mitochondria to the cytosol of the apopto-

genic proteins, cytochrome c and apoptosis inducing

factor (AIF) is an integral event in triggering a sub-
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sequent cascade of cytoplasmic changes including

activation of downstream cysteine-aspartate proteas-

es (caspases) and nuclear endonucleases leading to

cell death.86,87 The release of mitochondrial peptides

is directed by an opening of a megachannel, the mi-

tochondrial permeability transition pore (PTP), a dy-

namic multiprotein complex located at contact sites

between the mitochondrial inner and outer mem-

branes promoted by the binding of proapoptotic pro-

teins such as Bax (Figure 3). The anti-apoptotic pro-

tein Bcl-2 (a mitochondrial protein) prevents the

association of Bax with the PTP and interferes with

the release of the apoptogenic peptides (e.g. cy-

tochrome c and AIF) from the mitochondria. Recent

evidence has established that PTP opening is a criti-

cal early step of apoptosis preceding the caspase cas-

cade. PTP opening is promoted by Ca++ influx into

mitochondria and excessive mitochondrial ROS pro-

duction.88 Other pro-apoptotic second messengers in-

cluding pro-oxidants and nitric oxide also induce

PTP opening. In addition to its involvement in apop-

totic cell death, opening of the PTP has been impli-

cated in the clinical cell death of cardiomyocytes in-

duced by excitotoxins (e.g. glutamate), as well as in

necrotic cell death occuring during anoxia and is-

chemia.89 This supports the emerging view that mito-

chondrial changes are a pivotal step in the commit-

ment to both apoptotic and necrotic types of cell

death. 

PTP opening is accompanied by dissipation of the

mitochondrial transmembrane potential (∆Ψm)88 and

mitochondrial membrane depolarization. The

changes in membrane potential can be either a cause

or the result of PTP opening, since extensive proton

influx occurs at this site. Decline in mitochondrial

respiratory enzyme activities (particularly complex

III) and in OXPHOS can contribute to the onset of

apoptosis. The PTP represents a critical site where

OXPHOS can integrate with both cell-signalling

stimuli and responses. Decreased ATP content pro-

motes the transfer of BAX to the PTP. However,

there is a continual dynamic in the balance of the

pro-apoptotic BAX and antiapoptotic Bcl factors in

modulating the events at the PTP site. Because apop-

tosis requires energy, the shutdown of OXPHOS ei-

ther leading or following the PTP opening is not

complete. It is important to note that complete mito-

chondrial de-energization does not favor apoptosis

but rather leads to necrosis. It should not be surpris-

ing that the early events of apoptosis involves modu-

lation in ATP levels, given the close proximity of the

PTP to the respiratory complexes in the mitochondri-

al inner membrane as well as its involvement in the

mitochondrial loss of cytochrome c, a critical mole-

cule in the ETC. Also present at the PTP site are a

number of energy-associated mitochondrial mole-

cules including the adenine-nucleotide exchanger,

the glycolytic enzyme, hexokinase, the outer mem-

brane voltage-dependent anion channel protein

(VDAC or porin), the mitochondrial creatine kinase

and the phospholipid cardiolipin.

Mitochondria and cardiotoxicity

An increasing number of drugs/toxins have been

recognized as having deleterious effects on cardiac

mitochondrial function. The reader is referred to two

recent excellent reviews concerning mitochondria (in

general) as a pharmacological target.90,91 We limit our

discussion to two relatively well-characterized toxins

which have cardiac-specific effects associated with

mitochondria. 

The anticancer anthraquinone glycoside drugs

(e.g. adriamycin/doxorubicin) have long been known

to affect myocardial function. Molecular and bio-

chemical myocardial changes occur with doxoru-

bicin-induced cardiomyopathy including striking

changes in mitochondrial structure and function. Mi-

tochondrial changes include markedly increased free

radical production through abnormal NADH dehy-

drogenase activity; increased mtDNA damage, in-

cluding accumulation of 8 OHdG adducts and large-

scale mtDNA deletions; alterations in mitochondrial

Ca++ homeostasis; changes in enzyme activities in-

volved in fatty acid oxidation (e.g. CPTI) and de-

creased ANT activity.92-96 The majority of deleterious

biochemical effects of doxorubicin can be counter-

acted by supplementation with any of the following:

MnSOD, carnitine, adenosine, metallothionein,

which provide varying levels of cardioprotection.97-99

There is also evidence that doxorubicin impacts

events at the mitochondrial PTP modulating Ca++

flux, free O2-radical generation, ANT activity, carni-

tine transport and metabolism and mtDNA integrity.

The involvement of doxorubicin with cardiac apop-

totic pathway induction is also consistent with the

doxorubicin-stimulated release of cytochrome c in

cardiomyocytes.100 In this regard, it is noteworthy

that patients with viral myocarditis also tends to have

decreased ANT activity and content101 suggesting

that the mitochondrial PTP may represent a common

target site for cardiac toxins/ infectious agents.

Moreover, there is evidence that the PTP site of the

apoptotic pathway may be a primary target for toxic
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agents (i.e. salicylate and valproate) involved in the

pathophysiology of Reyes disease.88

Intake of moderate amount of alcohol may exert

beneficial effects on the cardiovascular system;102

this may be manifested by moderate increases in my-

ocardial mitochondrial bioenergetics (i.e, increased

levels of respiratory enzyme activities and mtDNA)

suggesting increased cardiac-specific mitochondrial

biogenesis.103 On the contrary, intake of high dosage

of alcohol has been found to have detrimental effects

on myocardial tissues characterized at the subcellular

level by mitochondrial structural and functional ab-

normalities and mtDNA depletion.104-106

Animal models of mitochondrial-associated
cardiovascular disease

Gene ablation in mice (i.e. generation of null mu-

tations or gene «knock-outs») targeting a relatively

wide spectrum of genes encoding mitochondrial pro-

teins results in severe cardiac dysfunction. Targeted

genes include ANT,107 MnSOD,108,109 factors involved

in fatty acid metabolism, e.g. PPAR, MTP sub-

units110,111, the mitochondrial transcription factor mt-

TFA (also termed TFAM)112 and frataxin, e.g. the

protein responsible for Friedreich ataxia.113 In addi-

tion to examining the specific effects on cardiac

function by eliminating specific genes of mitochon-

drial function, tissue-specific knockout mice with

mitochondrial cardiomyopathy have been used to

identify modifying genes of potential therapeutic

value.114 At present, there is limited information

about the impact on myocardium of knocking-out

nuclear genes involved directly in mitochondrial OX-

PHOS. A recent report described cardiac dysfunction

in mice lacking cytochrome c oxidase subunit VIa-H,

the heart isoform.115 Little information is currently

available concerning mtDNA gene ablation since

generation of mtDNA gene knock-outs represents a

difficult technical challenge requiring a novel ap-

proach for the creation of a mitochondrial transgenic

animal; several approaches are discussed below.

A recent breakthrough in the creation of a mito-

chondrial transgenic animal was achieved with the

construction of a mouse strain containing high levels

of a single largescale mtDNA deletion (4696 bp).116

Myocardial mitochondria from mice with very high

levels (>85%) of the mtDNA4696 deletion tended to

have abnormal cristae and marked COX deficien-

cy;117 however, unlike human patients with KSS and

its analogous mtDNA deletion, mice with high pro-

portions of the mtDNA deletion died with kidney

disease. Further studies with mice harboring the

mtDNA4696 deletion also revealed that single cells

(in most tissues) either harbored mutant or wild-type

mitochondria; both types of mitochondria did not co-

exist in the same cell.118 It was proposed that the 

existence of inter-mitochondrial complementation

makes the expression of a deletion phenotype unlike-

ly in the presence of full-length wildtype mtDNA. If

the mouse model is relevant to human disorders with

mtDNA deletions, this finding could have important

ramifications for the potential treatment of deletion-

based KSS using full-length mtDNA.

The use of cardiac-specific overexpression of spe-

cific genes has also been highly informative in our

understanding of the role of mitochondria in cardiac

dysfunction. This technique involves fusing a regula-

tory region from a cardiac-specific gene with a can-

didate gene of interest and introduction into the

transgenic mice which will express the candidate

gene specifically in cardiac muscle cells. Overex-

pression of a number of genes which mediate expres-

sion and control of cardiac energy metabolism (e.g.

PGC1, PPAR, TNF-α) have been shown to lead to

cardiomyopathy with severe cardiac dysfunction and

marked changes in mitochondrial structure and func-

tion.119,120

The development of animal models of mitochondr-

ial-based cardiac dysfunction offers the possibility of

direct testing for potential treatments. For example,

the demonstration that MnSOD deficient animals de-

veloped ROS toxicity and DCM prompted specula-

tion that effective treatment with anti-oxidants could

ameliorate the cardiac phenotype; indeed, peritoneal

injection of MnSOD-deficient mice with the anti-ox-

idant MnTBAP eliminated the cardiac dysfunction

and reverses the ROS accumulation.121

Diagnosis and treatment of mitochondrial-
based cardiac diseases

The diagnosis of mitochondrial dysfunction in car-

diac disease has largely come from studies of en-

domyocardial biopsies using histochemical, ultra-

structure and OXPHOS and respiratory enzyme

analysis. Recently, the diagnostic utility of skeletal

muscle enzyme analysis in patients with cardiomy-

opathy was demonstrated122 and muscle biopsy may

eventually replace the need for endomyocardial

biopsy in evaluation and follow-up of mitochondrial-

based cardiomyopathy. DNA analysis used to identi-

fy specific pathogenic mtDNA mutations, large-scale

mtDNA deletions and evaluation of mtDNA levels
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can be informative; however, in our experience, the

overall incidence of pathogenic mtDNA mutations is

low in patients with cardiac disease including those

patients with definitive OXPHOS enzymatic defects.

After their initial identification, the functional signif-

icance of specific mtDNA mutations can be con-

firmed by the use of cybrid technology. In this

methodology, patient´s cytoplasts (enucleated cells

containing the patient´s mitochondria and mtDNA)

are fused with mtDNA-deficient recipient rhoº cells

(nucleated cultured cells whose mtDNA has been

eliminated through prolonged growth in ethidium

bromide). The resulting cytoplasmic hybrid («cy-

brid») cell lines which can be grown under appropri-

ate selective conditions, possess a wild-type nuclear

background derived from the rhoº recipient cells and

mtDNA derived entirely from the patient and can be

studied for growth, oxygen consumption, ATP pro-

duction, mitochondrial protein synthesis and evalua-

tion of specific enzymatic activities.123 For patient´s

with suspected nuclear gene defects, cybrids can also

be constructed with a wild-type mitochondrial

genome and the patient´s nuclear genome.

While evaluation of fatty acids using a profile of

blood-acylcarnitine levels by mass spectroscopy

analysis appears to be the most reliable method of

assessing a mitochondrial-based fatty acid metabo-

lism disorder,124 further biochemical analysis can be

used for the determination of levels of other key mi-

tochondrial intermediates including coenzyme Q10,

cardiolipin and carnitine.

A precise knowledge of the specific molecular and

biochemical defect may allow treatment with meta-

bolic intermediates (e.g. succinate), coenzymes and

vitamins serving as electron donors, transporters and

co-factors for electron transport (e.g. vitamin K, thi-

amine, ascorbate and riboflavin) by bypassing spe-

cific defects in OXPHOS and increasing ATP pro-

duction.125 For instance, coenzyme Q10 has been

reported to have beneficial effects in the treatment of

stroke-like episodes, lactic acidosis and fatigability

in MELAS, in the cardiac conduction disturbances

associated with KSS125 and in the management of

other cardiomyopathies126. Recently, idebenone, a

synthetic analogue of coenzyme Q has been reported

to be effective in the treatment of the cardiomyopa-

thy associated with Friedreich ataxia.127,128 Coen-

zyme Q10 also is potentially useful in its role as an

anti-oxidant.125

Mitochondrial long-chain fatty acid oxidation dis-

orders (including CPT II deficiency) are effectively

treated with long-term dietary therapy, with the re-

placement of normal dietary fat by medium-chain

triglycerides and increased carbohydrates particular-

ly, in the acute cardiomyopathy associated with VL-

CAD and LCHAD deficiencies.129,130 Prevention of

these disorders also involves the strict avoidance of

fasting, particularly in infancy. Patients with car-

diomyopathy secondary to primary carnitine defi-

ciency can be treated with oral L-carnitine. In a num-

ber of carnitine-treated cases, cardiomyopathy was

resolved with recurrence prevented for over 5

years.131 There is also increasing evidence that free

polyunsaturated fatty acids in the diet can provide a

significant cardioprotective effect against both is-

chemia-related ventricular fibrillation and ar-

rhythymias, increase mitochondrial cardiolipin con-

tent and can facilitate cardiac tolerance of ischemia

and reperfusion stresses.132

Deficiencies in CPT-II, carnitine acylcarnitine

translocase or MTP that can result in increased in-

cidence of cardiac conduction defects/arrhythmias

can be treated with targeted drugs which would en-

hance glucose use and pyruvate oxidation energy, at

the expense of fatty acid oxidation, in order to pre-

vent the accumulation of long-chain acylcar-

nitines.133 Other examples of metabolic intervention

include the reversal of the rise in fatty acid oxida-

tion that occurs during reperfusion using trimetazi-

dine and ranolazine. Dichloroacetate has shown

promise in stemming the rise in lactic acidosis and

reversing the decrease in pyruvate dehydrogenase

activity noted in myocardial ischemia and reperfu-

sion injury. 

Carnitine therapy also can be used to lower acyl-

CoA accumulation. Moreover, treatment of patients

in CF with carvedilol, a β-adrenoreceptor blocker,

can lead to marked improvement in myocardial ener-

gy efficiency by employing a shift of myocardial ox-

idative substrates from fatty acid to glucose.134

The road ahead: embryonic stem cells 
and gene-therapy

The formation of functioning myocardial cells in

mouse and human cells has been achieved with the

use of embryonic stem (ES) derived from blastocyst-

stage preembryos.135-137 This exciting technology has

numerous potential applications in the treatment of

cardiac diseases such as cardiomyopathy by augmen-

tation, regeneration or replacement of defective car-

diomyocytes. It may also be employed in pharmaco-

logical testing for the evaluation of cardiotoxic

compounds.138 Presently, limited information con-
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cerning mitochondrial structure and function in ES

cells is available, nor has its use been applied to car-

diac diseases with extensive mitochondrial abnor-

malities or for testing of mitochondrial cardiotoxi-

city.

Recently, mtDNAs from a respiratory-deficient

chloramphenicol-resistant (CAPR) cell line from

mice were introduced as enucleated cytoplasts into

ES cells (treated with rhodamine 6G to eliminate ES

cell mitochondria) using cell fusion; the resultant cy-

brids were injected into blastocysts and chimeric

mice were obtained.139 The CAPR phenotype which

is due to a mtDNA point mutation at nucleotide near

the 3´ end of the 16S rRNA gene was shown to be

transmitted maternally to the progeny. CAPR

chimeric mice developed an array of ocular abnor-

malities, including congenital cataracts, and de-

creased retinal function as well as severe growth re-

tardation, myopathy and dilated cardiomyopathy.

Mitochondria were abnormally enlarged in skeletal

and cardiac muscle of the CAPR mice and contained

numerous electron-dense granules. While the car-

diopathogenic mechanism of CAPR has not yet been

fully elucidated, it is noteworthy that the CAPR mu-

tation results in marked deficiency of mitochondrial

protein synthesis and shares the severity and cardiac

pathogenicity manifested by other mtDNA mutations

affecting mitochondrial protein synthesis (e.g. the

forementioned pathogenic tRNA and rRNA muta-

tions).

While the mouse ES cell-cybrid approach offers a

potential means to generate and examine animal

models of mitochondrial disease, the use of ES cells

technology to study human pathogenic mtDNA mu-

tations involved in cardiac disease has not yet been

attempted. A recent report proposed the possibility

of introducing «mtDNA repaired» ES cells into a pa-

tient harboring a mtDNA defect, potentially trans-

forming a diseased myocardium into a healthy

one.140 The «mtDNA-repaired» cell could likely be

derived from the patient´s own cells (bypassing im-

mune rejection), which have undergone treatment

with ethidium-bromide to remove the endogenous

defective mtDNA genomes, and which have been

newly retro-fitted to contain entirely wild-type mtD-

NA genes. In a similar vein, treatment of a patient´s

nuclear DNA defects might be envisioned as involv-

ing either a specific genetic replacement of the nu-

clear genetic defect (site-specific homologous re-

combination can be readily undertaken in ES cells)

or if the precise site of the nuclear defect is not

known, by replacement of the patient´s entire nucle-

us with a wild-type nucleus and subsequent genera-

tion of an ES cells construct. The successful devel-

opment of cell engineering using ES cells therapy

may have a dramatic impact on the treatment of mi-

tochondrial-based cardiac diseases. 

The effective use of gene therapy for mtDNA-en-

coded OXPHOS defects awaited the development of

a methodology for mitochondrial gene replacement

in human cells. Towards this end, several laborato-

ries have reported progress in the creation of cationic

vectors (e.g. liposomes), to carry signal peptide-tar-

geting sequences covalently attached to mitochondri-

al oligonucleotides into the mitochondria of living

cells.141-143 This type of mitochondrial transfection

approach can be combined with an antisense strategy

aimed at reducing the expression of the defective mi-

tochondrial allele in the patient´s tissue. In addition,

genetic correction of a specific mitochondrial DNA

deficiency in ATP synthase has been recently demon-

strated.144 Using directed expression of an engi-

neered nuclear-localized version of a mtDNA-encod-

ed polypeptide (ATPase6) in human cybrids, both the

biochemical and growth phenotype resulting from a

mutant 8993 allele were corrected. A similar genetic

approach may prove successful in the treatment of

cardiac disorders due to defined mtDNA point muta-

tions.
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