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Preface

Mitochondria have been pivotal in the development of some of the
most important ideas in modern biology. Since the discovery that the
organelle has its own DNA and specific mutations were found in
association with neuromuscular and cardiovascular diseases and with
aging, an extraordi-nary number of publications have followed, and the
term mitochondrial medicine was coined. Furthermore, our
understanding of the multiple roles that mitochondria play in cardiac
cell homeostasis opened the door for intensive experimentation to
understand the pathogenesis and to find new treatments for
cardiovascular diseases.

Besides its role in adenosine triphosphate generation, mitochondria
regu-late a complex network of cellular interactions, involving (1)
generation and detoxification of reactive oxygen species, including
superoxide anion, hy-drogen peroxide, and hydroxyl radical; (2)
maintenance of the antioxidant glutathione in a reduced state and
adequate level of mitochondrial matrix superoxide dismutase; (3)
cytoplasmic calcium homeostasis, particularly under conditions of
cellular calcium loading; (4) transport of metabolites between
cytoplasm and matrix; (5) both programmed (apoptosis) and necrotic
cell death; and (6) cell growth and development. It is therefore not
surprising that this organelle has come to be the center stage in many
current investigations of cardiovascular diseases, aging, and aging-
related disease. Concomitant with these advances, an impressive effort
is under- way for the development of new tools and methodologies to
study mitochondrial structure and function, including powerful ways to
visualize, monitor, and alter the organelle function to assess the genetic
consequences of these perturbations.

Because the heart is highly dependent for its function on oxidative
energy that is generated in mitochondria—primarily by fatty acid p-
oxidation, respiratory electron chain, and oxidative phosphorylation
(OXPHOS)—it is understandable that defects in mitochondrial
structure and function can be found in association with cardiovascular
diseases.

Abnormalities in the organelle structure and function are being
increas-ingly reported in association with conditions such as dilated and
hypertro-phic cardiomyopathy, cardiac conduction defects and sudden
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death, ischemic and alcoholic cardiomyopathy, myocarditis, and
neuromuscular diseases associated with cardiac disease and aging.
Some of the mitochondrial abnormalities may have a genetic basis
(e.g., mitochondrial DNA changes might lead to abnormal OXPHOS,
and fatty acid oxidation defects might be due to specific nuclear DNA
mutations), while other abnormalities may be due to a more sporadic or
environmental cardiotoxic insult or may not yet be characterized.

To understand the role that mitochondria play in cardiovascular
disease, we discuss the biogenesis and function of cardiac mitochondria
during normal growth, development, and aging. Within this context, we
then examine the interaction and characterization of mitochondria and
mitochondrial abnormalities in cardiac diseases, their diagnosis,
therapeutic options currently available, future directions for research,
and new frontiers in treatment. While aberrations in the bioenergetic
function of the mitochondria are frequently related to cardiac
dysfunction, the specific defect causing the bioenergetic abnormalities
often resides in a nonbioenergetic pathway (e.g., signaling between the
mitochondria and nucleus) or in the overall mitochondrial biogenesis or
degradation pathways. Understanding these pathways and the effects
that mitochondrial defects have in cardiac pathology is extremely
important in establishing the diagnosis and treatment of mitochondrial-
based cardiac diseases.

As mitochondria's role in the field of cardiology is strengthened
and as research on the multiple functions of this organelle continues its
expansion, the time seems appropriate for a book that may integrate
known facts, what is developing and what will be known in the near
future. In addition to providing a recount of past discoveries, the book
deals with areas that are of emerging interest to researchers and
clinicians, eyeing potential alternatives that may improve currently
available therapies and interventions in the management of
cardiovascular diseases in general and the cardiovascular pathology of
aging in particular.

It is hoped that this work will further advance the field of
mitochondrial medicine.

"New discoveries, fragments of the past, parts of the future."

Jose Marin-Garcia
Highland Park, New Jersey



Chapter 1

An Introduction to Mitochondria and the
Heart

Overview

This introductory chapter to mitochondria and the heart describes
mitochondria and their components, their multiple functions (includ-
ing their pathology in cardiovascular diseases), and briefly their role
in myocardial ischemia/cardioprotection, apoptosis/cell death, and
currently available animal models of mitochondrial-based cardiac de-
fects. Most of these subjects merit a more comprehensive discussion
and have chapters dedicated to them.

What are mitochondria?

Mitochondria, the powerhouse of the cell, are double-membraned
organelles located in the cytoplasm, and their primary cellular role is
the generation of bioenergy.

The components of the mitochondria (Figure 1.1) include a compact
mitochondrial genome and their own class of ribosomes. Structural,
regulatory, and functional proteins are involved in a variety of tasks
that range from enzymatic constituents of bioenergetic pathways
—e.g., oxidative phosphorylation (OXPHOS) and respiration, the
tricarboxylic acid (TCA) cycle, fatty acid oxidation (FAO); substrate,
ion, and nucleotide transport membrane channels; biosynthesis of
mitochondrial components e.g., mitochondrial RNA and DNA
(mtDNA); the import and assembly of the various protein complexes;
and critical elements that are involved in intercellular communication
and cell-death pathways (e.g., redox signaling and apoptotic
progression).

While most biological membranes have approximately a 50:50 ratio
of protein to lipid, the inner mitochondrial membrane is somewhat
exceptional because it exhibits a ratio of 75:25, which is indicative of
more densely packed proteins. In cardiac tissue, the anionic phospho-
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Figure 1.1. The mitochondrial organelle. The inner and outer mitochondrial
membranes have numerous points of contact (termed contact sites) and contain a
large assortment of integral and peripheral proteins as well as numerous
phospholipids. The electron transport chain (ETC) is composed of inner-membrane
localized respiratory complexes I-V with associated electron-transfer components,
coenzyme Q (CoQ) and cytochrome c (cytc) as shown. Also shown are the matrix
associated pyruvate oxidation, fatty acid (5-oxidation (FAO), and the TCA cycle
pathways. The apoptosis-associated mitochondrial permeability transition (PT)
pore is shown including key components such as the adenine nucleotide
translocator (ANT), porin, mitochondrial creatine kinase (CK), hexokinase (HEX)
and the inner membrane phospholipid, cardiolipin (CL). The release of apoptogenic
peptides (e.g., cyt c) from mitochondria precedes caspase activation, leading to
apoptotic cell death. Also depicted is the carnitine shuttle pathway for the mitchon-
drial import of fatty acids including carnitine palmitoyltransferases (CPT-I and
CPT-II) and carnitine translocase (CAT), as is the pyruvate transporter (PyT). The
generation ofROSfrom mitochondrial ETC is depicted as are the mitochondrial an-
tioxidants superoxide dismutase (MnSOD) and glutathione peroxidase (GPx). The
mtDNA is shown with transcripts( mtRNA) which are translated on mitochondrial
ribosomes( mtribosomes) forming peptide subunits of complex I,III, IV, and V.

lipid, cardiolipin, is particularly prevalent in the mitochondrial inner
membrane and at the contact sites. Pores in the outer membrane
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facilitate the transport of most small molecules (< 5000 kDa) in and
out of the mitochondria and are composed primarily of the abundant
protein, porin.The inner membrane contains the components of the
mitochondrial respiratory electron transport chain (ETC), OXPHOS,
and adenine nucleotide transport (ANT). Because the proton and
electron flux are located in the inner mitochondrial membrane, the
organelle is primarily responsible for the electrochemical potential
gradient associated with ATP synthesis and its coupling with electron
transport. The inner membrane forms highly folded lamellar
structures that are termed cristae and that extend the surface area of
the inner membrane to within the matrix; the number of cristae
sharply increases in highly respiratory-active cardiomyocytes (i.e.,
threefold more than found in hepatocytes).

The matrix compartment enclosed within the inner membrane con-
tains the mtDNA, ribosomes, transfer, and ribosomal RNAs as well as
a multitude of enzymes required for the oxidation of pyruvate, fatty
acids, and TCA cycle metabolites.
The number and morphology of mitochondria within the cardiomyo-

cyte can change as a function of diverse physiological stimuli (e.g.,
exercise, hormones/cytokines, electrical stimulation, etc.), the stage in
cardiac development and pathophysiological insult (e.g., cardiac
hypertrophy). The population of mitochondria in the cardiomyocytes
is controlled by autophagy, a process by which lysosomes regulate
the different cellular components.

Under some conditions, more than 1,000 mitochondria can be pres-
ent in a cardiomyocyte. Typically distributed in a uniform fashion
along the entire length of the myofibrillar apparatus (Figure 1.2), they
have variable shapes that are likely related to the extent of
mitochondrial fusion and division. Mitochondria are involved in
cardiac contraction to provide a constant supply of ATP to the
sarcomeres. Information concerning the movement of mitochondria
within the cardiac cell and its regulation is currently limited; however,
it is possible that cardiac mitochondrial movement is mediated by
both actin myofilaments and microtubules as has been demonstrated
with neural cells [1].

How to study mitochondria: New and old

The in vitro growth, culturing, and passaging of cardiomyocytes
derived from either neonates or adults have furnished highly informa-
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Figure 1.2. Mitochondria of different shapes (arrows) are distributed along
myofibers.

tive models to study cardiomyocyte phenotype, molecular and
biochemical events in response to physiological stresses, the addition
and deletion of specific genes, and pharmacological treatments.
Moreover, cardiomyocyte culture has proven to be a convenient
system for examining rapid signaling changes in membrane channels,
mitochondria, transducing kinases, and the receptors associated with
myocardial hypertrophy, hypoxia, and apoptosis. In addition, recent-
ly developed cardiac myocyte cell lines have provided researchers the
opportunity to evaluate the expression of several transcription factors
associated with early cardiac development.

Over the last decade, great advances have been made in cytochem-
ical techniques for evaluating mitochondria, both at the ultrastruc-
tural and functional levels, including the use of fluorescent dyes. The
development of fluorescent imaging technology is improving our
ability to measure precisely levels of specific ions and metabolites in
the mitochondrial organelle of living cells as well as its sub-
compartments, such as the mitochondrial matrix. For example, by
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specifically targeting the Ca++ probe aequorin (a Ca++ binding photo-
protein) to the mitochondrial matrix, free mitochondrial Ca++ levels
can be determined [2]. A variety of fluorescent probes and
potentiometric dyes (listed in Table 1.1) have been used increasingly
to evaluate quantitatively overall cardiomyocyte mitochondrial
number, membrane potential, oxidative stress and Ca++ levels [3-8].

Table 1.1. Fluorescent dyes

Fluorescent Dye To evaluate Reference
Mitotracker green Mitochondrial number [8]
JC-1 Membrane potential [5]
CMX-Ros Membrane potential [4]
Fura-2 Ca++ levels [7]
Dihydrorhodamine 123 Oxidative stress [6]

Other techniques that are available include the fractionation and iso-
lation of mitochondria and their membrane-bound subcomparments
by differential centrifugation to recover specific membrane fractions;
the identification of specific markers of mitochondria and potentially
contaminating subcellular organelles (e.g., ER, lysosomes); the devel-
opment and availability of a large armamentarium of specific anti-
bodies to mitochondrial proteins for use in both immunocytochemical
analysis and western immunoblot analysis; easily accessed and
updated databases with molecular information to furnish specific
probes for molecular genetic and gene expression analysis; a variety
of amplification and mutation detection techniques to screen for
maternally inherited mtDNA point mutations and Mendelian inherited
nuclear DNA mutations; quantitatively accessing large-scale mtDNA
deletions; gauging mitochondrial copy number; and improved
techniques for the analysis of mtDNA damage. Several excellent
books containing updated methods are commercially available.

A recent and critical development in mitochondrial methodology
involves the use of cell hybrids (cybrids) to study the effects of
specific mutations on mitochondrial function. The development of
cultured mammalian cells that lack mtDNA due to growth in low
concentrations of ethidium bromide was pivotal in the development
of the cybrid technique [9-10] These cells are comparable to yeast
petite cells that lack mtDNA and are similarly termed rho° cells.
These cells lack mtDNA, exhibit defective respiration, and adopt an
anaerobic phenotype. Cytoplasts containing mitochondria can be
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prepared from a wide variety of enucleated cells (e.g., platelets and
fibroblasts) and fused with rho° cells lacking mtDNA to form cybrids,
essentially changing the combination of nucleus and mitochondria.
Cybrids containing normal mitochondria regain functional respira-
tion, manifest an aerobic phenotype, and can be readily distinguished
from cybrids with defective mitochondria. Cybrids can be maintained
in culture using the appropriate media supplementation and have been
successfully employed to study nuclear-cytoplasmic interactions, as
well as the effects of specific mitochondrial mutations in different
nuclear backgrounds.

Mitochondrial bioenergetics

Mitochondria are abundant in energy-demanding cardiac tissue
constituting 20% to 40% of cellular volume. Mitochondrial energy
production depends on both nuclear and mtDNA-encoded genetic
factors that modulate normal mitochondrial function (including
enzyme activity and cofactor availability) and on environmental
factors (including substrate availability—such as sugars, fats, and
proteins— and oxygen). Several interacting bioenergetic pathways
contribute to mitochondrial energy metabolism (shown in Figure 1.1),
including pyruvate oxidation, the TCA cycle, the (3-oxidation of fatty
acids, and the common final pathway, OXPHOS, which generates
approximately 80% of cellular ATP. OXPHOS is performed by
complexes of proteins located at the mitochondrial inner membrane,
including the respiratory ETC complexes I-IV, ATP synthase
(complex V), and the adenine nucleotide translocator (ANT). Fatty
acids are the primary energy substrate for ATP production by
OXPHOS in postnatal and adult cardiac muscle. To be fully utilized
for bioenergetic production via mitochondrial fatty acid (3-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 acyltrans-
ferase and two carnitine palmitoyltransferases as well as carnitine).
Fatty acid (3-oxidation and the oxidation of carbohydrates via the
TCA cycle generate the majority of intramitochondrial NADH and
FADH2, the direct source of electrons for ETC/OXPHOS. The supply
of ATP from other sources (e.g., glycolytic metabolism) is limited in
normal cardiac tissue. In addition to these bioenergetic pathways and



An Introduction to Mitochondria and the Heart 7

metabolic intermediates, the heart also maintains stored high-energy
phosphates (e.g., phosphocreatine) produced by mitochondrial cre-
atine kinase using ATP from closely associated ANT and mitochon-
drial ATP synthase.

Mitochondrial biogenesis

Human mitochondria have their own double-stranded circular DNA
encoding 13 protein components of 4 of the enzyme complexes (i.e.,
I, III, IV, and V) involved in electron transport and OXPHOS. These
protein-encoding mtDNA genes are transcribed into specific mRNAs
that are translated on mitochondrial specific ribosomes. The mtDNA
also encodes part of the mitochondrial protein synthesis machinery,
including 2 ribosomal RNAs (rRNA) and 22 transfer RNAs (tRNA),
as shown in Figure 1.3 [11].

D-loop
12s cytb

16s
ND6

ND5

ND4

COI
com

COII ATPase6
ATPase8

Figure 1.3. Human mitochondrial double-stranded circular DNA. This circular
DNA encodes 13 protein components of 4 of the 5 enzyme complexes involved in
electron transport and OXPHOS, two rRNAs (12S and 16S), and 22 tRNAs, as
shown. The noncoding D-loop region is also shown.

In general, the cardiomyocyte contains multiple mitochondria (50
to 100 per cell) and each mitochondrion contains multiple copies of
mtDNA (1 to 10 copies per mitochondrion).

Pathogenic point mutations and large-scale deletions in mtDNA as
well as generalized depletion of mtDNA levels have severe conse-
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quences for organs such as the heart, since ATP derived from
OXPHOS is needed to maintain myocardial contractility. The nuclear
genome encodes the entire complement of proteins involved in
mtDNA replication and transcription, protein components of
mitochondrial ribosomes, multiple structural and transport proteins of
the mitochondrial membranes, and remaining peptide subunits of the
respiratory complexes. Synthesized on cytosolic ribosomes, these
nuclear-encoded proteins are targeted to mitochondria and imported
by a complex but well characterized process involving signal peptide
recognition, membrane receptors, proteases, and an array of molecular
chaperones. Cardiac-specific regulation of a number of the nuclear
genes encoding OXPHOS proteins can be mediated by variable gene
expression sensitive to a number of physiological and developmental
stimuli and by the presence of tissue-specific isoforms for specific
peptides. Therefore, mutations in nuclear genes involved in
mitochondrial biogenesis might be expected to contribute to the
observed mitochondrial cardiac enzyme and mtDNA defects,
including an increased incidence of large-scale mtDNA deletions and
mtDNA depletion associated with cardiac disorders. However, thus
far only a limited number of mutations have been identified in nuclear
genes affecting mitochondrial biogenesis and leading to cardiac
disorders. While the nuclear genome controls mitochondrial
biosynthesis, mtDNA genes have a much higher mutation rate
because of a lack of histones, limited DNA repair, and exposure to
reactive oxygen species (ROS) generated by the ETC. Nevertheless,
the search for mutations in both nuclear and mitochondrial genomes
as well as mutations that affect the cross-talk between the genomes is
presently expanding.

Cardiac mitochondrial biogenesis is increased during myocardial hy-
pertrophy, treatment with a variety of agents (e.g., thyroxin and xe-
nobiotics), electrical stimulation, and exercise [12], but the mole-
cular mechanisms that regulate cardiac-specific mtDNA levels and
overall mitochondrial number are not known [13].
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Cardiac mitochondrial changes during cardiac growth
and development

Variations in mitochondrial substrate utilization, enzyme and
membrane activities, growth program, and gene expression occur
during the course of cardiac development and in aging, and they
reflect changes in cardiac function [14]. Moreover, the role (and
demand) for ATP production is clearly modulated during cardiac de-
velopment as well as during physiological transitions and perturba-
tions.

Among the multiple metabolic changes that occur in cardiac muscle
with advancing age are modifications in membrane fatty acid and
lipid composition, including increased levels of saturated fatty acids
and decreased levels of polyunsaturated fatty acids and cardiolipin
[15-16]. Cardiolipin, the most unsaturated cellular phospholipid, is a
major component of the mitochondrial inner membrane; plays an
intrinsic role in cardiac mitochondrial membrane transport function,
fluidity, and stability; and is a facilitator of key mitochondrial inner
membrane bioenergetic enzymes. In addition, marked reductions in
carnitine and acetylcarnitine levels have also been reported in the
aging heart.

A by-product of mitochondrial bioenergetic activity is generation
of ROS, including superoxide, hydroxyl radicals, and hydrogen
peroxide (H2O2) [17]. Side reactions of the mitochondrial ETC with
molecular oxygen directly generate the superoxide anion radical.
Superoxide radicals can be converted to H2O2 (in the presence of the
enzyme superoxide dismutase), which can further react to form the
hydroxyl radical. Normally, these toxic by-products, which are
powerful cell-damaging oxidants, are neutralized by antioxidant en-
zymes, some of which are found in the mitochondria (e.g., manganese
superoxide dismutase [MnSOD] and glutathione peroxidase) and
others of which are found in the cytosol (e.g., CuSOD or catalase) or
are scavenged by glutathione. Increased generation of ROS occurs
during aging and can also result from myocardial ischemia/reperfu-
sion, inflammation, and impaired antioxidant defenses. This may
cause profound effects on cardiac cells, including increased
peroxidative damage effecting primarily the membrane phospholipids
and proteins. Oxidative damage also targets nucleic acids (particular-
ly mtDNA), causing induction of strand breaks, base modifications
and subsequently, point mutations, and deletions [18].
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Mitochondria: The primary site of ROS generation, and
also a critical target of its damaging effects

The mitochondrial respiratory chain, located in the inner membrane,
is often damaged, resulting in further increase in ROS generation and
leading to a vicious cycle of diminished mitochondrial function. In
addition to the well characterized cell-damaging effects of ROS,
mitochondrial ROS generation and oxidative stress are recognized as
having important regulatory functions. Oxidative species (e.g., H2O2)
can function as a potent signal sent from mitochondria to other
cellular sites rapidly and reversibly, eliciting an array of intracellular
cascades that lead to different physiological end-points for the
cardiomyocyte (e.g., apoptosis, necrosis, cardioprotection, and cell
proliferation).

Mitochondrial dysfunction in cardiovascular disease

Defects in mtDNA

Discrete mitochondrial OXPHOS defects or respiratory chain enzyme
activity deficiency have been documented in both dilated (DCM) and
hypertrophic (HCM) cardiomyopathies [19-20]. In addition,
cardiomyopathy can present with specific pathogenic mtDNA point
mutations. Pathogenic mtDNA mutations are generally located in
nucleotides that are highly conserved in evolution, usually
accompanied by reduced levels of myocardial specific respiratory
enzyme activity, and frequently present in heteroplasmic fashion (a
mixed population of both mutant and wildtype mtDNA genomes)
[21-23], albeit recent data suggest that certain pathogenic mtDNA
mutations can also be homoplasmic [24].

Mutations in a number of mitochondrial tRNA genes have been de-
tected in association with cardiomyopathy. Specific tRNA genes
including Leu, He, and Lys appear to be hot spots for mutations in
cardiomyopathic patients. In patients with either HCM or DCM,
mutations at other mtDNA loci have also been identified (e.g., other
tRNAs, rRNA, and in a variety of mtDNA protein-encoding genes).
In addition, multisystemic mitochondrial diseases with a wide
spectrum of clinical manifestations, which include cardiomyopathy,
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have been reported with pathogenic mtDNA mutations. These
disorders, including Leigh, MELAS (mitochondrial encephalomyopa-
thy with lactic acidosis and strokelike episodes) and MERRF
(myoclonic epilepsy with ragged red fibers) syndromes are maternally
inherited and often present with a variable cardiac phenotype and a
range of neurological symptoms [21]. Specific mtDNA mutations
found in association with primary cardiomyopathy can also be present
in patients with different combinations of clinical phenotypes. The
variability between mitochondrial genotype and phenotype may be
related to the involvement of unidentified genetic or environmental
cofactor(s) capable of modulating the effect of mtDNA mutations.
Similarly, specific phenotype(s) may be caused by a variety of
different nuclear and/or mtDNA mutations. For example, Leigh
syndrome can be caused by mutations in ATPase-6 subunit [25], point
mutation in mitochondrial tRNALys gene [26], nuclear DNA mutations
in pyruvate dehydrogenase [27], nuclear-encoded complex II subunits
[28], or mtDNA depletion [29].

Sporadic large-scale rearrangements of mtDNA can also be associ-
ated with cardiac disorders. In Kearns-Sayre syndrome (KSS), cardiac
conduction abnormalities typically coexist with somatic large-scale
mtDNA deletions [30-31]. The majority of mtDNA deletions in KSS
are of a single type; they are not inherited and are mainly detected in
skeletal muscle and rarely in blood. In contrast, a multiple mtDNA
deletion phenotype associated with DCM may result from genetic
defects in unidentified autosomal nuclear loci that can be either
dominantly or recessively inherited [32-33]. The mtDNA deletions
detected in KSS and in the autosomal disorders tend to be abundant
compared to the less abundant, large-scale mtDNA deletions revealed
by polymerase chain reaction (PCR) amplification in cardiac tissues
of many primary cardiomyopathies [34]. These less abundant
deletions reflect specific mtDNA damage (probably as a consequence
of ROS) and often occur in an age-dependent manner; however, their
role in cardiac pathogenesis is unclear.

Depletion in cardiac mtDNA levels has also been reported in pa-
tients with isolated cardiomyopathy, either DCM or HCM [35-36],
and also can be induced by drugs such as zidovudine (AZT) and
adriamycin (doxorubicin) [37-38].
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Defects in nuclear DNA-encoded mitochondrialproteins

Mutations in a wide array of nuclear genes encoding mitochondrial
proteins can also cause cardiomyopathy. For example, cardiomyopa-
thy may occur as a consequence of mutations in mitochondrial
transport proteins that facilitate the passage of critical metabolites
across the inner mitochondrial membrane. Mutations in a mitochon-
drial transport protein, frataxin, which is involved in mitochondrial
iron accumulation, cause Friedreich ataxia (FRDA) with HCM [39].
Moreover, mutations in nuclear genes encoding factors required for
the assembly and functioning of the multiple-subunit respiratory
complexes have been implicated in some mitochondrial-based dis-
eases such as Leigh syndrome. Mutations in the SCO2 gene encoding
a copper chaperone that takes part in complex IV assembly can result
in cardiomyopathy [40].

Cardiomyopathy may also be a primary manifestation of several in-
herited disorders of mitochondrial FAO [41]. Deficiencies in very
long-chain acyl-CoA dehydrogenase (VLCAD) [42], long-chain 3-
hydroxylacyl-CoA dehydrogenase (LCHAD) [43], short-chain acyl-
CoA dehydrogenase (SCAD) [44], and the mitochondrial trifunctional
protein (MTP) [45] have been reported to cause cardiomyopathy in
young children. Also, defects in carnitine transport into cells and in
the carnitine-acylcarnitine shuttle, which is responsible for fatty acid
transport into mitochondria, can be associated with cardiomyopathy
[46]. The cardiac pathogenesis of these inherited disorders of fatty
acid (3-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
increased dependence on FAO for energy. Many of the inherited FAO
disorders described above can result in sudden neonatal death [41].

Cardiac conduction defects also occur in patients with specific de-
fects in FAO [47]. Both ventricular and atrial arrhythmias are
associated with deficiencies in CPT-II, carnitine translocase, and
MTP activities.

Long-chain acylcarnitines possess detergent-like properties and
accumulation can extensively modify membrane proteins and lipids
with toxic effects on cardiac membrane electrophysiological
functions, including ion transport and gap-junction channel activity
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[48-49]. Moreover, the accumulation of long-chain fatty acid
metabolites plays a pivotal role in the production of ventricular
arrhythmias occurring during myocardial ischemia.

Arrhythmias, cardiac failure, and severe DCM with abnormal mito-
chondria are also common features of Barth syndrome, an X-linked
disorder also characterized by cyclic neutropenia and neonatal onset
[50-51]. The protein tafazzin responsible for Barth syndrome is
encoded by the G4.5 gene and likely belongs to a family of
acyltransferases involved in phospholipid synthesis. Its defect results
in cardiolipin depletion [52].

Myocardial ischemia and ETC

When the supply of O2 becomes limited (as occurs with myocardial
ischemia, OXPHOS and mitochondrial ETC flux decline), creatine
phosphate is rapidly depleted, fatty acid and pyruvate oxidation
decrease, and ATP production is impaired. The increased hydrolysis
of ATP and accumulation of lactate lead to lower intracellular pH and
intracellular acidosis, with a direct inhibitory effect on cardiac con-
tractile function. In addition, myocardial ischemia results in reduced
activity levels of respiratory complex IV and V and increased levels
of mtDNA deletions [53-56]. Sustained ischemia will lead to ATP
depletion and finally to necrotic cell death.

Paradoxically, functional mitochondria can exacerbate ischemic da-
mage, especially at the onset of reperfusion. Increased OXPHOS
causes increased ROS accumulation with increased lipid peroxidation;
this results in lower cardiolipin levels in the inner membrane with
consequent effect on complex IV activity [57]. Reperfusion injury
mediates an increased opening of the permeability transition (PT)
pore, a dynamic megachannel located at contact sites between the
mitochondrial inner and outer membranes, which can result in
subsequent triggering of apoptotic cell death [58].

As discussed more comprehensively in Chapter 5, a cardioprotec-
tive mechanism can be elicited by ischemic preconditioning (IPC)
with short bouts of ischemia applied prior to a more prolonged
ischemic insult [59-61]. This cardioprotective effect may be mediated
by improved ATP production, lowered Ca++ overloading in the
mitchondrial matrix, and increased ROS generation leading to protein
kinase C activation and has been proposed to involve the opening of
mitochondrial ATP-sensitive KATP (mitoKATp) and PT pore channels
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[62-66]. Several drugs that specifically activate the mitoKATP channel
opening (e.g., diazoxide, nicorandil) mimic ischemic preconditioning
[67-68]. Evidence for mitoKATP channels as effectors of myocardial
preconditioning has also been demonstrated in human subjects [69].

Apoptosis and cell death

Apoptosis (programmed cell death) leading to cardiac cell loss and to
extensive left ventricular remodeling has been shown to occur in
cardiac failure both in patients with DCM and in animal models.
Mitochondria play a pivotal role in the early events of apoptosis. A
central outcome in the mitochondrial apoptotic pathway is the release
from the intermembrane space into the cytosol of a group of proteins
(e.g., cytochrome c, Smac, AIF, and endonuclease G) that subsequent-
ly triggers a cascade of cytoplasmic changes depicted in Figure 1.1
[70-72]. These apoptogenic mitochondrial proteins form an apopto-
some complex on release in the cytosol and are involved in the
subsequent activation of downstream cysteine-aspartate proteases
(caspases) initiating cell self-digestion and nuclear DNA fragmenta-
tion by endonucleases, and leading to apoptotic cell death [73]. The
release of the mitochondrial intermembrane peptides occurs primarily
as a result of outer membrane permeabilization regulated by the
complex interactions of different members of the Bcl-2 family, in-
cluding Bax, Bid, Bcl-2, and Bcl-X (L) [74]. Proapoptotic membrane-
binding proteins (e.g., Bax, Bid, and Bad), translocated from the
cytosol to mitochondria, potentiate cytochrome c release, whereas
antiapoptotic proteins antagonize this event. The release of these
proteins is also associated and potentially regulated by the opening of
the PT pore, a critical early step of apoptosis preceding the caspase
cascade [75]. PT pore opening is promoted by elevated Ca++ influx
into mitochondria, excessive mitochondrial ROS production,
prooxidants, fatty acids, and nitric oxide [73]. PT pore opening is
also accompanied by the dissipation of the mitochondrial membrane
potential and depolarization. Changes in membrane potential can be
either a cause or the result of PT pore opening, since extensive proton
influx occurs at this site. There is a continual dynamic in the balance
of the proapoptotic proteins (e.g., Bax) and antiapoptotic Bcl-2 factors
in modulating the progression of the apoptotic events within the
mitochondria.
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The PT pore may be a site where mitochondria can integrate multi-
ple cell-signaling stimuli and metabolic responses. Because apoptosis
requires energy, the shutdown of OXPHOS either leading or
following the PT pore opening is not complete since complete
mitochondrial deenergization does not favor apoptosis but rather leads
to necrotic cell death [76]. Opening of the PT pore during apoptosis is
transient, allowing mitochondria to maintain the ATP levels necessary
for fueling the downstream apoptotic responses. It should not be
surprising that the early apoptotic events involve the modulation of
ATP levels, given the close proximity of the PT pore to the
respiratory complexes in the mitochondrial inner membrane as well as
its involvement in the mitochondrial loss of cytochrome c, a critical
molecule in ETC function. Also present at the PT pore site are a
number of energy-associated mitochondrial molecules, including
ANT, the glycolytic enzyme hexokinase, the outer membrane, voltage
-dependent anion channel protein (VDAC or porin), the mitochondrial
creatine kinase, and the phospholipid cardiolipin [73, 77].

Animal models of mitochondrial-associated
cardiovascular disease

Gene ablation in mice (i.e., generation of null mutations or gene
knockouts) targeting a relatively wide spectrum of nuclear genes
encoding mitochondrial proteins results in severe cardiac dysfunction.

Targeted genes include ANT [78], MnSOD [79], factors involved in
mitochondrial fatty acid metabolism (e.g., PPAR-a, MTP subunits)
[80-81], the mitochondrial transcription factor mtTFA (also termed
TFAM) [82], and frataxin [83]. Little information is currently avail-
able concerning mtDNA gene ablation since generation of mtDNA
gene knockouts presents an especially difficult technical challenge.

The use of cardiac-specific overexpression of specific genes has al-
so been informative in our overall understanding of the role of
mitochondria in cardiac dysfunction. Notably, overexpression of a
number of nuclear genes that mediate expression and control of cardi-
ac energy metabolism (e.g., PGC-lcx, PPAR-a, and TNF-a) can lead
to cardiomyopathy with severe cardiac defects and marked changes in
mitochondrial structure and function [84-86]. The development of
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animal models of mitochondrial-based cardiac dysfunction also offers
the possibility of direct testing for potential treatments.

Diagnosis and treatment of mitochondrial-based cardiac
diseases

The diagnosis of mitochondrial dysfunction in cardiac disease has
emerged largely from clinical studies of endomyocardial biopsies and
skeletal muscle using combined histochemical, ultrastructure,
OXPHOS, and respiratory enzyme analysis. DNA analysis used to
identify specific pathogenic mtDNA mutations, large-scale mtDNA
deletions, and evaluation of mtDNA levels can be informative;
however, the overall incidence of pathogenic mtDNA mutations is
low in patients with cardiac disease, including those with definitive
OXPHOS enzymatic defects [87].
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 FAO metabolic disorder [88-89].
Moreover, biochemical analysis can be used for the determination of
levels of other key mitochondrial intermediates, including coenzyme
Qio, cardiolipin, and carnitine.

Knowledge of the specific molecular and biochemical defect may
allow the treatment with metabolic intermediates and vitamins serving
as electron donors, transporters, and cofactors for electron transport
(e.g., vitamin K, thiamine, ascorbate, and riboflavin), bypassing
specific defects in OXPHOS and increasing ATP production [90-91].

Mitochondrial long-chain FAO disorders can be effectively treated
with long-term dietary therapy with the replacement of normal dietary
fat by medium-chain triglycerides and increased carbohydrates,
particularly in the acute cardiomyopathy associated with VLCAD and
LCHAD deficiencies [92-93].

The road ahead

The formation and reintroduction of functioning myocardial cells into
damaged myocardium have been achieved with the use of embryonic
stem cells derived from blastocyst-stage preembryos [94-95]. More
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recently, it was demonstrated that a subpopulation of adult cardiac
stem cells injected into an ischemic heart was able to fully
reconstitute well-differentiated myocardium, differentiating into both
cardiomyocytes and new blood vessels [96]. These exciting technolo-
gies have numerous potential applications in the treatment of cardiac
diseases such as cardiomyopathy by augmentation, regeneration, or
replacement of defective cardiomyocytes. They may also be
employed in pharmacological testing of cardiotoxic compounds.

The applied use of gene therapy for mtDNA-encoded OXPHOS de-
fects awaits the development of an effective methodology for
mitochondrial gene replacement in human cells. Toward this end,
various approaches utilizing signal peptide-targeting sequences
covalently attached to mitochondrial oligonucleotides have been
introduced into the mitochondria of living cells [97-98]. This strategy
of mitochondrial transfection can be combined with an antisense
approach targeting the expression of defective mitochondrial alleles in
the patient's tissue and may prove successful in the treatment of
cardiac disorders due to defined mtDNA point mutations.
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Chapter 2

Mitochondrial Bioenergetics in the Heart

Overview

Several interacting pathways contribute to the production of
bioenergy in the mitochondria, including pyruvate oxidation, the citric
acid (TCA) or Krebs cycle, the (3-oxidation of fatty acids (FAO), the
common final pathway of oxidation phosphorylation (OXPHOS)
(which utilizes the energy released from electron transfer) and the
generation of a chemiosmotic gradient to drive the conversion of ADP
and inorganic phosphate to ATP.

Introduction

OXPHOS is performed by a series of multiprotein enzymes located at
the mitochondrial inner membrane, including the respiratory ETC
complexes I—IV and ATP synthase (complex V). These enzyme
complexes interact with numerous electron carriers (most of which
can be easily dissociated from the membrane complexes) that assist in
the transfer of electrons from complex to complex. These carriers as
well as the proteins within each complex contain metal groups that
bind and transfer the electrons. The directional movement of the
electrons between these key carriers is illustrated in Figure 2.1.

NADH-* FMN-> CoQ-» cytb-> cytcl-* cytc-> cytaa3-> O2

1s

Succinate -> FAD

Figure 2.1. Electron transport chain
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Reduced NAD (NADH) and FAD (FADH2) derived mainly from
the TCA cycle and FAO are the primary electron donors for the ETC.
The electrons derived from the oxidation of NADH are passed to
complex I, containing FMN to the lipid ubiquinone (CoQ); electrons
from the TCA cycle and from oxidized succinate and FADH2 enter
ETC at complex II, which also transfers them to the ubiquinone
acceptor. Complex III containing the noncovalent bound heme
cytochrome b removes the electrons from ubiquinone and delivers
them to the covalent-bound heme containing cytochrome c. Electrons
are removed by the oxidation of cytochrome c at complex IV and
transferred to the final acceptor, molecular oxygen. Energy is released
from the transfer at specific sites (complexes I, III, and IV) and used
to pump protons across the mitochondrial inner membrane from the
matrix to the intermembrane space. The generation of this
electrochemical proton gradient and the backflow of protons at
complex V/ATP synthase (a reverse proton-pump) to synthesize ATP
from ADP and inorganic phosphate complete the oxidative
phosphorylation.

The production of ATP via anaerobic glycolytic metabolism with its
markedly lower yield is limited particularly in normal cardiac tissue.
In addition to these bioenergetic pathways and metabolic intermedi-
ates, stored high-energy phosphates are generated by mitochondrial
creatine kinase, which can serve as bioenergetic reserves for cardiac
tissue.

In this chapter, the respiratory ETC and OXPHOS pathways and
their regulation are discussed in detail, with particular reference to the
heart. Information is provided about interacting pathways such as
pyruvate oxidation, the TCA cycle, and the transport of nucleotides
and phosphates, which are inextricably linked to OXPHOS.

Complex I (NADH-ubiquinone oxidoreductase)

The complex I activity combines the transfer of 2 electrons from
NADH to ubiquinone coupled with the ejection of 4 protons from the
mitochondrial matrix to the intermembrane space contributing to a
chemiosmotic gradient to supply the energy necessary for ATP
synthesis. The relatively modest function of the enzyme contrasts
with the large 900 kD assembly of the beef heart enzyme, containing
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at least 43 peptide subunits with several cofactors, including FMN
and ubiquinone; on the other hand, the enzyme structure in
prokaryotic cells contains only 14 peptide subunits. The lower
eukaryote yeast Saccharomyces cerevisiae, which has a very active
electron transport chain, has no complex I at all.

Enzyme structure

Complex I has been characterized as L shaped with a base immersed
in the inner membrane forming a "membranous" domain, and a short
arm (containing an NADH substrate binding site) extending into
matrix [1].

Of its 43 peptide subunits, 7 are encoded by mtDNA (i.e., ND1-6,
ND4L). Each of these 7 subunits has bacterial homologues and has
been shown to be located in the inner membrane. They are essential
for the organization of the enzyme's membranous domain and its
ubiquinone hydrogenase activity and are likely responsible for the
proton-pump mechanism coupled to NADH oxidation [2]. These
subunits interact with lipophilic quinones at 2 binding sites. There are
a number of specific complex I inhibitors, the great majority of which
interact with the components of the membranous-domain (e.g.,
rotenone, which interacts with ND1) and target the electron transfer
from Fe-S clusters to ubiquinone [3]. Other complex I inhibitors
include phenoxan, aureothin, annonin VI, piericidin, and the designer
drug methyl-phenyl-tetrahydropyridine (MPTP).

The remaining 36 nuclear encoded subunits are primarily present in
the short arm of complex I, which contains the NADH dehydrogenase
activity, the FMN cofactor, and a number of Fe-S clusters. Both
binding sites for NADH and FMN cofactor are contained within the
51 kD subunit. The exact role of many of these subunit proteins is
presently unknown; however, they may participate in the regulation,
assembly, and stability of complex I. The majority of the cDNAs for
the nuclear complex I genes have been cloned, and their primary
structure is available. Chromosomal mapping of more than 12 nuclear
genes has revealed a wide pattern of distribution, and single-copy
status with 2 pseudogenes identified. Thus far, there is little evidence
of tissue-specific isoforms.

Complex I also contains between 22 and 24 atoms of iron and
sulfur organized in at least 5 Fe-S clusters (detectable as specific elec-
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INTERMEMBRANE SPACE

NADH

Figure 2.2. Schematic view of the structure of complex I. The two major domains
of this L-shaped complex enzyme (containing over 40 polypeptides) are shown and
contain the NADH and FMN binding sites and the Fe-S clusters Nla, Nib, N2, N3,
and N4, which direct the electron flow to the mobile carrier Q (ubiquinone) pool.
Also shown is the proton pump.

tronic paramagnetic resonance [EPR] structures) [4]. These clusters
are denoted Nla, Nib (binuclear clusters), and N2, N3, N4
(tetranuclear clusters), and their relative position within the L-shaped
structure of complex I is depicted in Figure 2.2.

Complex II (Succinate-ubiquinone oxidoreductase)

Complex II consists of 4 nuclear-DNA encoded peptides and is the
simplest respiratory complex (Figure 2.3). The 2 largest subunits
comprise the succinate dehydrogenase (SDH) activity of the TCA
cycle, which catalyzes succinate oxidation to fumarate, thereby
reducing covalently attached flavin adenine dinucleotide (FAD). This
reaction occurs on the major flavoprotein (Fp) subunit and results in
the transfer of 2 electrons from FADH2 to the inner membrane, for-
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INTERMEMBRANE SPACE

SDH

Fumarate

Succinate

Figure 2.3. Schematic representation of complex II succinate-ubiquinone
oxidoreductase. Depicted are the two anchoring membrane protein subunits (Cn.3
and C11.4) with cytochrome b560, the Ip (iron protein) subunit with its 3 Fe-S clusters,
and the Fp (flavoprotein) subunit containing the FAD cofactor and nearby-
substrate binding site (e.g., succinate); SDH comprises the Fp andlp subunits.

ming ubiquinone. Hence it represents a pivotal link between the TCA
cycle and the ETC. These peripheral proteins are linked to the inner
membrane through 2 integral membrane (anchor) proteins of 11 and 9
kD [5], encoded by SDHC and SDHD, respectively.

The 70 kD subunit is covalently linked to FAD at a histidine
residue, and the substrate analogue malonate binds as competitive
inhibitor at the active site. The Fp gene (SDHA) has been sequenced
from the human heart [6]. The second subunit is an iron-protein (Ip)
subunit of 27 kD containing 3 nonheme Fe-S centers involved in
electron transport function. Ip contains 3 highly conserved cysteine
clusters that are involved in the structure of the 3 Fe-S clusters. The Ip
gene (SDHB) has been sequenced in human [7]. Ip, like other Fe
proteins, has primarily a posttranscriptional mode of regulation. Iron
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regulatory elements (IRE) are present in the Ip mRNA transcript,
which can form a stem-loop structure at the 5' untranslated region on
binding iron regulatory proteins (IRP). In the absence of IRP, Ip
mRNA is normally translated, whereas if IRP is present, there is
decreased translation of Ip [8].

The Fp-Ip complex (SDH) can be easily dissociated by treatment
with chaotropic agents, and the dissociated SDH can oxidize succi-
nate to fumarate by using artificial electron acceptors such as ferricya-
nide, PMS, or tetrazolium but cannot interact directly with the more
lipophilic ubiquinone. Therefore, the interaction with ubiquinone can
occur only on the association of Fp-Ip with both anchor proteins (Cn-3
and CIM) within the membrane.

The overall structure of complex II is similar to complex I. It
comprises a matrix-localized peripheral subcomplex (SDH) with a
substrate binding site, hydrogen acceptor (FAD), and 3 Fe-S centers
conducting electron transfer linked to the membrane-bound subcom-
plex containing a cytochrome 6560 that is distinct from the cytochrome
b associated with complex III and also features a ubiquinone binding
site.

Complex III (Ubiquinol-cytochrome c oxidoreductase)

Complex III catalyzes the oxidation of ubiquinol and the transfer of
electrons to the mobile carrier cytochrome c coupled to the transfer of
protons across the inner membrane. Complex III is also termed bcl
complex after its 2 cytochrome components.

The mitochondrial bcl complex in most species contain up to 11
subunits per monomer, whose central feature is 3 redox centers,
cytochrome b (with 2 heme groups), cytochrome c\ (one heme), and
an iron-sulfur protein, Rieske protein, which are all highly conserved
in evolution [9]. The other subunit proteins (including the core 1 and
core 2 proteins and subunits VI to XI) are less conserved but manifest
secondary structure similarities. All the be 1 proteins are encoded by
the nuclear genome except the mtDNA-encoded cytochrome b. The
importance of the 3 redox proteins cytochrome 6, cl, and Rieske iron-
sulfur protein to complex III function is underscored by their primary
role in both electron transfer and accompanying proton translocation,
as well as by the fact that the corresponding be 1 complex in bacteria
contains only these 3 proteins.
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Structural studies demonstrated that the functional be 1 complex is
present as a dimer [10]. Each monomer contains 13 transmembrane
helices, 8 contributed by cytochrome 6, 1 from cytochrome c\ and 1
from the iron-sulfur protein. Cytochrome b contains 1 heme (&L)
oriented closely to the positive side of the membrane and 1 heme (bu)
attached to 2 histidines positioned proximal to the negative side of the
membrane. The core I and II proteins, constituting roughly 50% of the
molecular mass of the be 1 complex, are located on the matrix side of
the inner membrane and serve primarily a structural rather than
functional role.

The Rieske iron-sulfur protein and the domain of cytochrome el
containing heme are located on the outside of the membrane (P side)
facing the intermembrane space. The Rieske protein contains a Fe-S
cluster that is coordinated by two histidine and two cysteine residues.
In cytochrome el, the heme is covalently bound to 2 cysteines
contained within the hydrophilic N-terminus extending into the
intermembrane space; its C terminus contains a transmembrane an-
choring sequence.

A recently identified ancillary protein (BCslL) contributes to the
assembly of complex III by assisting in the maturation of the Rieske
protein.

The Q cycle and be 1 function

Complex III like complex I contains two reaction centers for
ubiquinone, QN and Qp [11]. QN is located on the matrix (negative)
side of the membrane, while Qp is located on the intermembrane
space (positive) side of the membrane (see Figure 2.4). At Qp, the
oxidation of the 2 electron donor ubiquinol (QH2) into ubiquinone
occurs; electrons are accepted and divided into two pathways, half to
be recycled and half to be transferred via the Fe-S center and
cytochrome el to cytochrome c. At QN, the ubiquinone molecule is
reduced into ubiquinol, recycling electrons back into the quinone pool
with an associated uptake of protons from the matrix.
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INTERMEMBRANE SPACE

2H-

Figure 2.4. The Q cycle and electron flow through complex III. The 3 catalytic
subunits of the mitochondria! bcl complex (the Rieske Fe-S protein and
cytochromes cl and b) are shown highlighting the major sites of electron transfer
as detailed in the text. The flow of electrons resulting from the oxidation ofQH2 to
the mobile carrier cytochrome c is shown as is the proton pump at this site.

The Q cycle is initiated with the oxidation of ubiquinol (QH2) sup-
plied by complex I or complex II at the Qp site. One electron is
transferred to the Fe-S center of the Rieske protein, which is
subsequently oxidized by cytochrome cl9 which in turn is oxidized by
the mobile carrier cytochrome c (with a single electron transferred)
and 2 protons are released into the intermembrane space. The
semiquinone intermediate, resulting from the oxidation of ubiquinol,
donates a second electron to the heme bh and becomes oxidized to
ubiquinone (Q). Heme Z?L is then reoxidized by heme bn, which
reduces a quinone into a semiquinone at QN. This constitutes the first
half of the Q cycle with a net oxidation of QH2 to semiquinone,
reduction of cytochrome c, and transfer of two protons to the
intermembrane space.
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The second half of the Q cycle is started by a second round of ubi-
quinol oxidation at Qp resulting in reduced cytochrome c, the release
of 2 more protons into the intermembrane space, and the successive
reduction of cytochrome hemes bL and bn culminating with the
complete reduction at QN of the semiquinone (formed in the first half
of the cycle) to ubiquinone. This reaction sequence results in the
uptake of 2 protons from the matrix. A net result of the Q cycle is that
for every pair of electrons transferred from ubiquinol to cytochrome,
4 protons are translocated to the intermembrane space, and 2 protons
are removed from the matrix.

Specific inhibitors of electron transport have proved to be extremely
valuable in arresting electron flux at specific sites allowing the
isolation of portions of the electron chain for detailed evaluation [12].
A number of complex III inhibitors can block ubiquinol oxidiation at
QP (e.g., myxothiazol, mucidin). Myxothiazol binds to cytochrome b
midway between heme &L and the Fe-S center of the Rieske protein.
Other inhibitors (e.g., antimycin and diuron) prevent the oxidation by
ubiquinone at QN. The antimycin binding site is located within a
transmembrane region of cytochrome b near Z>H.

Complex IV (Cytochrome c oxidase)

Complex IV (COX) accepts 4 electrons from cytochrome c and
transfers them to molecular oxygen, which is reduced to water,
consuming 4 protons; simultaneously, 4 protons are translocated from
the matrix to the intermembrane space creating the proton electro-
chemical gradient to be used to generate ATP.

The mammalian COX enzyme contains 13 subunits with 2 hemes,
cytochrome aai, and 2 copper centers; Fe is the ligand bound to the
hemes. In total, there are actually 3 redox centers, denoted CuA, heme
a, and heme a^-CuB (Figure 2.5).

The mtDNA-encoded subunits COX I, II, and III have extensive ho-
mology to subunits present in the bacterial enzyme and form the
enzyme's catalytic core, containing the metallic centers, the binding
sites for O2 and cytochrome c, and the bulk of the proton and electron
pathways. Subunit I binds the heme a and a?> prosthetic groups and
forms the CuB redox center. Subunit II binds the CuA center, whereas
subunit III is involved in proton pumping and in electron transport
through its metal centers.
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INTERMEMBRANE SPACE

MATRIX

Figure 2.5. Structure of the heart COX (complex IV) monomer. The rela-
tive orientation of the COX submits containing the heme Cu centers, Zn and
Mg site. The cytochrome c binding site, and the proton pump are shown.

The nuclear encoded subunits IV, Va, Vb, Via, VIb, Vic, Vila,
Vllb, VIIc, and VIII are considered to contribute to the biogenesis,
stability, assembly, and regulation of the mammalian COX enzyme.
However, their precise function has not yet been completely determi-
ned. Many use the designation CO rather than COX in designating the
complex IV genes (e.g., COI encodes COXI).

COX enzyme structure

The elucidation of COX enzyme structure, with its 13 subunits at the
2.8 A0 resolution from beef heart [13], as well as in soil bacteria (P.
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denitrificans) [14], has been critical to our understanding of the role
of COX in the ETC. These enzymes were found to have striking
homology at the level of redox center organization and structure.

Subunit I of COX contains 12 transmembrane a helices organized
in 3 groups of 4 helices; each group has a pore in the center; 1 con-
tains heme a, another, heme a3-CuB center, and the third is empty.

Histidine residues play a key role as ligands; heme a^ is linked by
His376, CuB is bound to His240 and His290, and heme a binds His61 and
His378. Heme a and #3-CuB center are located near the cytochrome c
binding site, 13 A° from the membrane surface. Subunit II carries the
CuA atoms coordinated with 2 cysteines—a methionine and a gluta-
mate residue. Subunit III contains 7 transmembrane helices and is
bound to subunit I on the opposite side of subunit II.

Most of the nuclear-encoded COX subunits have a transmembrane
a helix interacting with other nuclear and mitochondrial subunits.
Three subunits are peripherally located; subunits Va and Vb are
present on the matrix side, and VIb is located on the intermembrane
space side (Figure 2.5).

Subunit Vb is bound to I and III; it contains a Zn atom linked to 4
Cys and to a zinc finger motif; the function of the relatively isolated
Zn site is unknown. A Mg site is located on the cytoplasmic side at
the junction of subunit II (Glu298) and subunit I (His368, Asp 369),
between heme a?, and CuA. Beef-heart COX enzyme is a dimer whose
monomers are linked by subunits Via and VIb.

COX subunit gene structure and expression

The nucleotide primary sequence is available for all the cDNAs of
human COX, and the chromosome location of the majority of these
genes has been determined. The specific features of the human
nuclear COX genes—including chromosomal location, isoform,
cDNA and mature protein size—are presented in Table 2.1.

There are tissue-specific isoforms of subunits IV, Via, VIb, Vila,
VIII. Isoforms H (present in heart and skeletal muscle) and L (mainly
in liver) have been identified for subunits Via, Vila, and VIII in beef
but only for Via and Vila in humans. A lung-specific isoform for
subunit IV (COXIV-2) has been recently reported in human, rat, and
mice [15], and a testes-specific isoform for subunit VIb [16]. An im-
portant regulatory function involving ATP-binding has been assigned
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Table 2.1. Human nuclear COX subunits

Subunit
IV
Va
Vb
Via

VIb
Vic

Vila

Vllb
VIIc
VIII

cDNA
668 bp
647 bp
494 bp
Vla-L: 543 bp
Vla-H: 371 bp
439 bp
421 bp

VIIa-L: 408 bp
VIIa-H: 341 bp
468 bp
334 bp
472 bp

Mature Protein
Size
147 aa
109 aa
98 aa
Vla-L: 86 aa
Vla-H: 86 aa
86 aa
75 aa

VIIa-L: 60 aa
VIIa-H: 58 aa
56 aa
47 aa
44 aa

Chromosomal
Location
16 q22-q24
15 q25
2cen-113
12 q24.2
16p
19 ql3.1
8 q22-q23

4q31-qter
19ql3.1
N.A.
5ql4
11 ql2-13

Note: N.A. = not available.

to the subunit isoform Vla-H, which is not found with its isoform
Vla-L. ATP binding to the heart enzyme uncouples proton flux from
electron transfer [17].

The sequences of most of the COX subunit genes, including the
complete promoter sequence for many of the nuclear genes, are
available. Subunits Vb, Vla-L, Vla-H [18], VIIa-L [19] and VIIa-H
[20] have been fully analyzed.

The transcriptional regulation of the H isoforms is largely attributed
to the presence of muscle-specific promoter elements (e.g., Myo D) in
Vla-H and VIIa-H, whereas L isoform expression is primarily
regulated at the posttranscriptional level. During the transition from
fetal to adult rat, the expression of Vla-H and VIII-H subunits
increases, while their isoforms (liver-specific forms) decrease [21].
Various hormones (e.g., thyroid hormone and adrenal steroid
hormone) have been reported to induce specific isoform expression.

As noted in the following chapter on mitochondrial biogenesis,
many of the COX genes contain within their promoters binding sites
for the SP1, NRF-1, and NRF-2 regulatory proteins. These multiple
c/s-acting sites and trans-acting regulatory factors that govern trans-
criptional expression of the COX subunit genes allow for diverse
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stimuli to modulate enzyme biosynthesis and can also be integrated
for coordinated biosynthesis.

Several ancillary nuclear proteins that do not belong to the COX en-
zyme complex have been reported as essential in its assembly.
Phylogenetically conserved proteins with roles in COX enzyme as-
sembly and function, originally identified in yeast, have been found in
humans, including COX 10, OXA1, SCO1, SCO2, and SURF1.
Specific defects in the genes encoding these proteins may result in
COX deficiency with a variety of clinical phenotypes, including
Leigh syndrome and other neuropathies. Defects in SCO2 and in
COX 15 (the latter involved in the biosynthesis of heme required for
COX enzyme assembly) result in fatal infantile HCM [22-23].

COX activity regulation

The mechanistic pathway of electron transfer is better understood than
the mechanism of proton pumping. The binding site for cytochrome c
occurs on the intermembrane space side of the enzyme and involves
residues from subunits II, Via, and VIb. The highly conserved
residues Glu109 and Asp139 of subunit II are essential to cytochrome c
binding. Electrons from reduced cytochrome c are first transferred to
the CuA center then to heme a and finally to the heme #3-CuB center
where the oxygen reduction site is located, with the hydrogen-bond
networking playing a pivotal role in electron transfer.

With respect to electron transfer and oxygen-reduction activity, the
monomeric form of COX is as active as the dimeric form; however,
only the dimeric form can perform proton pump function. A nucleo-
tide binding site (for adenine nucleotides) is located between Arg14

and Arg17 of the Vla-H subunit isoform and Trp275 of subunit I of the
other monomer. This interaction is thought to contribute to dimer
stability. Also ATP can modulate COX activity through subunits IV
and VIA by allosteric interactions [17].



40 MITOCHONDRIA AND THE HEART

Complex V (Fo-Fj ATPase; ATP synthase)

Subunit composition, structure, and function

ATP synthase is the primary enzyme of oxidative phosphorylation
responsible for ATP synthesis from ADP and inorganic phosphate. In
the bovine heart, there are 16 subunits for complex V, including two
subunits denoted ATPase6 and ATP6L (also termed ATPase8) enco-
ded by mtDNA genes, while the remaining 14 subunits are encoded
by the nuclear DNA. The overall complex V structure is shown in
Figure 2.6. Early studies employing biochemical, ultrastructural, and
electron microscopy analysis depicted the enzyme as a lollipop-like
structure with a spherical headpiece projected into the mitochondrial
matrix attached by a central stalk to an inner membrane basepiece
[24]. Further studies have modified the original model of mammalian
ATP synthase structure to include a second stalk extending from the
basepiece to the top of the headpiece, as well as a ringlike disc or
"collar11 surrounding the central stalk [25]. Biochemical studies have
demonstrated that complex V can be dissociated into a soluble Fl-
ATPase (contained within the spherical headpiece) and an insoluble
membrane complex called Fo. In all species studied, including bac-
teria, the spherical head contains the catalytic Fi-ATPase subcomplex
comprised of 5 different peptide subunits — a, (3, y, 8, and 8 in the
ratio 3:3:1:1:1. The mammalian enzyme also contains an ancillary
protein that binds the p subunit (IF1) and functions as an inhibitor of
ATP synthesis or hydrolysis.

The central stalk combined with the membrane portion of the Fo
subcomplex has the ability to translocate protons across the
membrane and on coupling with the Fi subcomplex can synthesize
ATP. The central stalk and membrane segments of the Fo subcomplex
contain the OSCP (oligomycin sensitivity conferring protein), b, d,
F6, e, f, g, and A6L subunits, and the hydrophobic transmembrane
proteins subunits a and c (the latter referred to as the DCCD binding
protein). The stoichiometry of the Fo subunits in the mammalian
enzyme may be variable; the ratio of a, b, and c subunits is usually
1:2:n, where n is between 9 and 12.
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IN1ERMEMBRANE SPACE

MATRIX

ADP + Pi

ATP

Figure 2.6. Schematic representation of complex V. The peripherally located
FjATPase containing subunits cc,P,Y,S, and e and associated inhibitor protein
IF1 are shown, as is the membrane-embedded FoATPase containing the integral
subunits c and a along with their associated subunits A6L, b, d, e, f F6, g, and
OSCP comprising the major and minor stalks located at the juncture of the Fo-
FjATPase subcomplexes. ATP synthesis is driven by proton flow from the
intermembrane space into the matrix as indicated.

In the F i subcomplex, 3 a and 3 p subunits are alternately arranged
around the central y subunit. Nucleotide binding sites are situated at
the interfaces of each a and (3 junction. Each a subunit and one
P subunit (PTP) contains AMP-PP; another p subunit (PDP) contains
ADP; while the third p subunit (PE) is empty. These include the 3
catalytic active sites at which nucleotide turnover occurs.

The binding of ADP and inorganic phosphate at one of the active
sites provides the energy needed for combining the substrates to make
ATP, since ATP formation is spontaneous and does not require
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additional energy input. However, the release of the newly formed
ATP is energetically unfavorable in the face of the strong nucleotide
binding and requires energy provided by proton translocation. The
release is triggered by changes in affinity for ATP driven by
conformational variations in the enzyme. A model of a rotary
molecular motor has been used to describe the Fi-ATPase stucture
[26-30]. The movement of the motor and changes in conformation of
the protein are accomplished by the transient and cyclical occupancy
of the catalytic sites, driven by energy coming from Fo transduced
through the y subunit, the motor's shaft. The rotation of the y subunit
inside the 3 oc-(3 couples has been directly observed. The input ener-
gy from Foto Fi functions not to phosphorylate ADP but to change
the conformation of the oc-P couples effecting nucleotide binding and
their release.

Inhibition of complex V activity can be affected at either the Fi or
Fo levels. Fi specific inhibitors such as aurovertin, efrapeptin, and the
natural protein inhibitor (IF1) interfere either with nucleotide binding
to Fi or with the conformational changes essential to enzyme
catalysis. Aurovertin binds to PTP and PE, whereas efrapeptin interacts
with y and prevents the conformational changes occurring by nu-
cleotide binding at PE. Uncouplers such as carbonylcyanide p-tri-
fluoromethoxyphenylhydrazone (FCCP) or 2-4 dinitrophenol (DNP)
dissipate the proton gradient, thereby eliminating the energy source.
Inhibitors such as oligomycin or carbodiimide prevent proton
translocation through Fo. Oligomycin binds to the stalk OSCP subunit
blocking proton flow. Dicyclohexylcarbodiimide (DCCD) binds to
Glu residues contained within the hydrophobic a helices of the c sub-
unit. Despite the fact that there are between 9 and 12 c subunits per Fo
subcomplex, the binding of a single DCCD molecule is sufficient to
block proton transfer and entirely abolish the activity of the enzyme.
This finding has suggested a model of complex V function in which
the single integral a subunit and 9 to 12 c subunits, embedded in the
inner membrane Fo, form a path for proton flux across the membrane
with the proton movement passing through all of the c subunits before
the transfer to Fi. Movement of the c subunits in Fo, within the lipid
bilayer, may rotate coupled with the rotation of the central shaft (y
subunit) of Fi [26-27].

As in other complicated biological systems, supercomplexes invol-
ved in bioenergetic metabolism (i.e., metabolons) exist in the
mitochondria [31]. One or more have been identified with the ETC
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complexes (e.g., complexes II and IV) [32], and there is biochemical
evidence for a supercomplex composed of ATP synthase, ANT, and
the phosphate carrier [33]. These supercomplexes provide increased
efficiency by eliminating the diffusion of substrates and other
products and as a means of channeling intermediates to individual
complexes, leading to catalytic enhancement. In the case of ATP
synthase, the advantages of having the key membrane carriers for
ADP, phosphate, and ATP proximal to the enzyme responsible for
synthesis and hydrolysis may be particularly critical given the large
number of avidly competitive binding molecules (Table 2.2.).

Table 2.2. Subunits of human ATP synthase: Mature proteins,
presequence size, and the mapped locale of genes

Subunit

Fpsubcomplex
a
P
Y
5
£

Fo-subcomplex
c (ATPase9)

OSCP
b
d
e
f
g
F6
IF1
Factor B
a (ATPase6)

A6L

Mature Protein
Size

55.1 kD (510 aa)
51.6 kD (480 aa)
30.2 kD (272 aa)
15.1 kD (146 aa)
5.7kD(51aa)

14.7 kD (75 aa)

23.2 kD (190 aa)
24.6 kd (214 aa)
18.4 kD (161 aa)
7 kD (66 aa)
10.7kD(88aa)
11.4kD(100aa)
12.6 kD (76 aa)
12.2 kD (106 aa)
20.3 kD (175 aa)
24.8 kD (226 aa)

7.9 kD (68 aa)

Gene Location

18ql2-q21
12pl3-qter
10q22-q23
19pl3.3
20ql3.2-»ql3.3

3 functional genes
PI chromosome 17
P2 chromosome 12
P3 chromosome 2
2 Iq22.1-22.2
N.A.
12ql3
4p
N.A.
3Q27
Chromosome 10
N.A.
14q21.3
mtDNA

mtDNA

Presequence

43 aa
49 aa
25 aa
22 aa
N.A.

61 aa
66 aa
66 aa
23 aa
42 aa
N.A.
N.A.
5 aa
N.A.
32 aa
25 aa
40 aa
None

None
Note: N.A. = not available; aa = amino acid residues.
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There are two tissue-specific isoforms identified for the y gene, and
these are derived from a single gene by alternative splicing of exon 9
[34]. The H isoform is prevalent in cardiac and skeletal muscle,
whereas the L isoform that contains additional sequences at its C-
terminus is found in other tissues. The gene for the 8 subunit also
uses alternative splicing to generate two transcripts whose differential
function and expression are unknown [35]. The c subunit is encoded
by 3 different functional genes, PI, P2, and P3, resulting in 3 isoforms
with different signal sequences but identically sized mature proteins.
The c isoforms have different expression patterns in regard to tissue-
specificity, physiological regulation, hormone treatment, and devel-
opment [36]. Besides the functional nuclear genes encoding ATP
synthase subunits, several pseudogenes have also been identified.

As noted in our analysis of the COX genes, several of the ATP syn-
thase genes (e.g., ATP a and (3) contain cis binding sites for the SP1,
OXBOX, and NRF-2 regulatory proteins. However, little information
is currently available concerning the promoter elements of the ma-
jority of human ATP synthase genes.

ATP synthase defects and related pathologies

Although this subject is treated in depth in later chapters, it is rele-
vant to briefly mention here that defects in ATP synthase have
significant clinical consequences. The best characterized mtDNA
mutation in ATPase6 at nt 8993 causes Leigh syndrome with HCM.
This mutation modifies the Fo subunit a conformation, blocking
proton transfer and reducing complex V stability [37]. In Batten
disease (or neuronal ceroid lipofuscinosis), a hereditary neurodegen-
erative disease, an aberrant accumulation of the Fo subunit c is found
in several tissues, including brain and heart [38]. The targeting of
specific tissues, with electrical excitability in the Batten neurodegen-
erative disorder, has prompted the suggestion that the Fo subunit c
has a role in membrane electrical response, ion pore formation, and
calcium signaling [39]. In Batten patients, none of the 3 nuclear genes
encoding the c protein contain mutations; the genetic defect lies in the
CLN3 gene implicated in mitochondrial and lysosomal proteolytic
processing of the c subunit.
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Myocardial ATP synthase regulation may be abnormal in alcoholic
cardiomyopathy [40]. Decreased ATP synthase activity has been
found in several patients with primary cardiomyopathy with no
defects in the mtDNA genes encoding the ATP synthase subunits. The
enzyme abnormalities have been attributed to mutations in nuclear
genes involved in the structure of the enzyme or its biosynthesis [41].

Other enzymes of bioenergetics

Adenine nucleotide translocator (ANT)

ANT's primary physiological role is to control the flux of ADP and
ATP. In the mitochondria, it is responsible for maintaining an
adequate supply of ADP for the ATP synthase generation of ATP and
the transfer of ATP from its site of synthesis out of the mitochondria
for utilization when and where needed (e.g., myofibril and membrane
pumps). A strict exchange stoichiometry is maintained by ANT with 1
ADP entering the matrix for 1 ATP released outside the mitochondria,
keeping the mitochondrial adenine nucleotide level relatively con-
stant. ANT can function as a critical factor in modulating the
OXPHOS rate through respiratory control, dependent on the
developmental and metabolic conditions of supply and demand and
on the tissue. From studies in several animal models, there is evi-
dence that ANT exerts greater effects on the respiratory control of the
newborn heart than in the adult heart. However, in the adult heart
under conditions of high workload and hypertrophy, the involvement
of myocardial ANT in controlling respiration appears to increase [42-
43]. In addition, ANT actively participates in channeling and directing
adenine nucleotides to specific microcompartment-containing en-
zymes (e.g., creatine kinase) [44], and it has been identified as an
intrinsic component of the PT pore implicated in the early events of
apoptosis (a role that is examined in more detail in Chapter 4). The
interaction with the outer membrane VDAC/porin is also critical to
the overall ANT function. Besides regulating the entry of cytosolic
ADP through the outer membrane pores to reach the ANT carrier,
porin transfers ATP to the cytosol. In some cases, this passage
through the outer membrane serves as a limiting factor for ADP entry.
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Moreover, ANT interacts with the proximal ATP synthase and the
mitochondrial creatine kinase isoforms, which play a pivotal role in
the ADP/ATP flux (Figure 2.7). ANT function is also electrogenic
and sensitive to the mitochondrial membrane potential. Significantly,
ADP influx involves the translocation of a proton into the matrix
resulting in lower pH.

ATP-CONSUMING
SITE

Cytosol

Outer
membrane

Intermembrane
space

Inner
membrane

Matrix

Figure 2.7. View of the interaction of ATP synthase, ANT, VDAC/ porin, and
CK at a contact site and in the transfer of ATP and ADP to and from the
mitochondria. The relative orientation of the ATP synthase, the ANT, the octomeric
mitochondrial creatine kinase (mt-CK) within the intermembrane space, and the
outer membrane located VDAC/porin are shown as are cytosolic sites (e.g.,
myofibrils) where ATP is delivered and utilized. Also depicted in the lipid bilayer
are cardiolipin residues (dark circles) to which mt-CK molecules attach. The
metabolites phosphocreatine (PCr) and creatine(Cr) are also shown.
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ANT structure

ANT is an integral mitochondrial inner-membrane protein with a
molecular weight of approximately 32 kD with 3 large sequence
repeats encompassing approximately 100 aa; each repeat contains 2
motifs of transmembrane helices. Overall, the ANT protein has 6
transmembrane domains with both its N- and C-termini present on the
same side of the inner membrane, facing the intermembrane space.
Three highly specific inhibitors (atractyloside, carboxyatractyloside,

and bongkrekic acid) have been useful in the analysis and purification
of the ANT protein. These inhibitors bind to opposite sides of the
carrier; atractyloside binds from the outside and binds to the cytoplas-
mic side; bongkrekic acid enters the mitochondria and binds only to
the matrix side.

ANT regulation in the heart

Mitochondrial ATP synthesis is tightly coupled to cytosolic ATP
utilization, in both the developing heart and the mature heart.
Mitochondrial OXPHOS in vitro responds to increases in cytosolic
ADP with respiration displaying first-order Michaelis-Menten kinet-
ics, a pattern found in vivo in the newborn myocardium. In contrast, in
vivo studies in mature adult myocardium have shown that a sub-
stantial increase in oxygen consumption is accompanied by minimal
ADP changes indicating less respiratory control [45]. In the mature
heart, during high work states, increased level of ANT carrier sites are
found that likely modulate a greater sensitivity of OXPHOS to ADP
levels [46]. Levels of myocardial ANT isoforms are modulated during
cardiac development, with thyroid hormone treatment, and also in
cardiac hypertrophy [42]. It is not known if alteration in human
myocardial ANT level occurs during aging and senescence.

ANT genes and their expression

Data concerning the human 3 ANT gene isoforms and their chromo-
somal locations are presented in Table 2.3. It includes other nomen-
clatures used in several studies (e.g., ANC1, ANC2, and ANC3),
which can be confusing since ANT2 corresponds to ANC3 and ANT3
corresponds to ANC2.
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Table 2.3. Human adenine-nucleotide translocator genes

Alternative Chromosome
Isoform Designation Location

Isoform Expression/
Regulation

ANT1 ANC1 4q35-qter High-level expression in
heart and skeletal muscle;
low-level expression in
proliferating myoblasts;
promoter contains TATA,
CCAAT, and OXBOX
sites

ANT2 ANC3 Xp22.2 Low-level expression in
heart; Increased level of
expression in
proliferating cells;
promoter contains SP1 and
TATA but no CCAAT or
OXBOX sites

ANT3 ANC2 Xql3-> Ubiquitously present in
Xq25-q26 most tissues;

"housekeeping" type
expression; no TATA,
CCAAT, or OXBOX
sequences in promoter

While both ANT2 and ANT3 are located on the X chromosome, on-
ly ANT2 is subjected to X-inactivation (i.e., one transcribed copy in
males compared to two copies in females). All 3 ANT genes have
similar genomic structures but contain numerous differences in their
promoter regions, likely responsible for the differences found in
tissue-specific expression [47] as depicted in Table 2.3.

ANT dysfunction plays a key role in cardiac pathology

In transgenic mice, a knockout mutation of ANT1 gene leads to
severe cardiac hypertrophy and dramatic proliferation of mitochondria
in both skeletal and cardiac muscle. ANT1 deficient mice display the
histological, metabolic, and physiological characteristics of mitochon-
drial cardiomyopathy [48]. In addition, significant changes in the
level of ANT1 expression in patients with MERRF, MELAS, and
KSS [49] have been reported. Antibodies against ANT1 isoform are
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rather prevalent in the sera of patients with DCM and myocarditis
[50-51] and considerable decline in transport of adenine nucleotides,
accompanied by a significant elevation in ANT1 protein, have been
found in the myocardium of these patients. On the other hand, no
changes in ANT protein or carrier activity have been detected in
patients with ischemic or valvular heart disease.

Similar to the newborn heart, the hypertrophic heart displays lower
ANT protein levels and ADP-dependent respiratory kinetics, which
may contribute to myocardial remodeling and heart failure [42].

Creatine kinase

Mitochondrial creatine kinase (mt-CK) is responsible for the transfer
of high-energy phosphates from mitochondria to the cytosolic carrier,
creatine, and exists in mammals as two isoenzymes, sarcomeric mt-
CK and ubiquitous mt-CK (Table 2.4). As shown in Figure 2.7, at the
inner membrane site, the mitochondrial enzyme forms phosphocre-
atine and ADP from ATP generated by ATP synthase and translo-
cated out of the mitochondria by ANT. The phosphocreatine is
shuttled to cytosolic sites, where it can be utilized and hydrolyzed by
cytosolic CK isozymes to provide ATP for utilization in muscle
contraction and ion transport. Creatine kinase has been described as a
major phosphotransfer system in cells with high-energy demand such
as the cardiomyocyte, facilitating intracellular energetic communica-
tion by its integration with other enzymatic systems [52]. The
expression and functional coupling of mt-CK is highly tissue and
species specific, is subject to short-term and long-term adaptations,
and shows developmental regulation. The mode of action of mt-CK is
related to its precise localization within the mitochondrial intermem-
brane space, and its amount can control the quantitative aspects of the
coupling to ATP-generating pathways [53],

The close interaction of mt-CK and ANT in mitochondria allows
for the direct translocation of ATP from the active site of ANT into
the active site of mt-CK. As a result, the ATP concentration increases
and the concentration of ADP decreases in the active site of mt-CK,
providing a high rate of unidirectional synthesis of phosphocreatine
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Table 2.4. Mitochondrial creatine kinase genes and proteins

Isoform
Sarcomeric
mt-CK

Ubiquitous
mt-CK

Genetic
Locus
5ql3.3

15ql5

Mature
Protein
Size (aa)
419 aa
(47.5 kD)

417 aa
(47 kD)

Pre-
sequence
Size (aa)
39 aa

39 aa

Expression
Pattern
Highly and
exclusively
expressed in
heart and skeletal
muscle
Low-level of
expression in
tissues, including
heart and skeletal
muscle

and ADP. No stable pool of creatine or phosphocreatine is present in
the mitochondrial matrix in contrast to a large creatine pool localized
in the cytoplasm; therefore, creatine must be continually brought into
the mitochondria through the outer membrane.

While the mitochondrial creatine kinase is found in either dimeric
and octameric forms, both in vitro and in vivo [54], the mt-CK
octamer is the predominant form in vivo. Impairment of heart function
and mitochondrial energy metabolism have been found to be asso-
ciated with a significant decrease of mt-CK octamer/dimer ratios and
reduced mt-CK activities. A significant decrease of the octamer/
dimer ratio is found in heart with induced ischemia, and a decrease of
octamer stability occurs in vitro, on induction by peroxynitrite
radicals. The loss of mt-CK octamers impairs the channeling of high-
energy phosphates from the mitochondria and compromises heart
function in general.

Structure

The two mitochondrial isoforms of creatine kinase are similar in size
and quaternary structure (i.e., all form dimeric and octomeric
structures) to the 3 cytoplasmic CK isoforms (e.g., MM, BB, and
MB). Nevertheless, all CK isoforms exhibit substantial differences in
primary structure, and there is more sequence divergence between the
different cellular CK isoforms in the same organism than there is in
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the same CK isoform of different species [55-56]. All of the CK
isoforms represent distinct gene products of related but separate
genes, and the mitochondrial isoforms are physically distinguishable
from their cytosolic counterparts not only by their mitochondrial
location but also by their higher isoelectric point. They contain a N-
terminal presequence of 39 aa for targeting the mt-CK proteins to the
intermembrane space. Mt-CK gene expression is tissue-specific and
developmentally regulated, undetectable in the early fetal heart and
increasing in a concerted fashion with their cytosolic counterparts
during cardiac growth and development [57]. The elevated expression
of the mitochondrial isozymes, and the development of the phospho-
creatine shuttle is also coordinated with the development of the
myocardial contractile apparatus [58] and with the transition in bio-
energetic substrates from glycolytic to oxidative pathways [59].

Creatine kinase and the heart

It is well established that both acute ischemia-reperfusion and chronic
ischemia result in the loss of the stimulatory effect of creatine for mt-
CK and affect the outer mitochondrial permeability to cytochrome c
and ADP. This can be explained by an ischemia-induced alteration of
the intermembrane space leading to the loss of intracellular adenine
nucleotide compartmentation and functional coupling of mt-CK and
ANT. Such effects can be prevented by ischemic preconditioning or
pharmacological preconditioning using mitochondrial ATP-sensitive
potassium channel openers. The protective effect of preconditioning is
associated with the preservation of mitochondrial function, as evi-
denced by maintenance of affinity constants and Vmax for ADP in
mitochondrial respiration and the preservation of functional coupling
between mt-CK and ANT [60].

Opening of the mitoKATP channel during ischemic precondition-
ing has been suggested as critical in maintaining the intermembrane
space environment needed to ensure low outer membrane permeabili-
ty to ADP and ATP [61].

In transgenic mice with CK deficiency, energy delivery for muscu-
lar contraction is compromised as are intracellular cardiac handling
and signal communication to membrane sensors such as the KATP

channel [62-63]. Studies with mice containing null mutations in
either the ubiquitous or sarcomeric mt-CK genes have shown little
bioenergetic abnormalities and unchanged phosphocreatine levels rel-
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ative to controls [64-66]. However, deletion of both the ubiquitous
mt-CK and sarcomeric mt-CK genes leads to significant alterations in
myocardial high-energy phosphate metabolites. [66]. Alternative
high-energy phosphotransfer routes can rescue cellular bioenergetic
dysfunction in cells with defective CK [62]; these alternative routes
include adaptive increases in other CK isoforms as well as increased
levels of adenylate kinase and glycolytic pathway function [62, 67].

Finally, studies in both clinical and experimental models of cardio-
myopathy (the latter of either hereditary or of diabetic etiology) have
found significant reductions in mt-CK activity levels [68-69].

PDHandthe TCA (Krebs) cycle

The TCA cycle is preceded by the production of acetyl-CoA and
NADH from the oxidation and decarboxylation of pyruvate transport-
ed into the mitochondria by pyruvate dehydrogenase (PDH). Pyruvate
oxidation has an essential role in aerobic energy metabolism and is
catalyzed by the multimeric pyruvate dehydrogenase complex
(PDHC) located in the mitochondrial matrix. This large assembly
includes 132 subunits (30 El dimers, 60 E2 monomers, and 6 E3 di-
mers) with a variety of coenzymes including thiamine pyrophosphate,
lipoamide, CoA, FAD, and NAD and also contains 3 catalytic
subunits responsible for different enzymatic reactions. PDHC is regu-
lated by end-product inhibition, as well as by the activation/inactiva-
tion of its catalytic components (i.e., El , E2, and E3) by their
dephosphorylation/ phosphorylation. Activation of the El component
is catalyzed by a PDH-phosphatase (PDHP) requiring Mg++ and Ca++;
inactivation of El activity is accomplished by an ATP-dependent
pyruvate kinase that is subject to inhibition by pyruvate or dichloro-
acetate and activation by increased ratios of NADH/NAD, acetyl-
CoA/CoA, and ATP/ADP. Both the activating phosphatase and deac-
tivating PDH kinase have several cardiac-specific isoforms subject to
regulation by diverse developmental, dietary, and hormonal stimuli
[70-71]. The PDH kinase (PDHK) 1 isoform is up-regulated in the
adult compared to the neonatal heart and is primarily involved in
regulating glucose oxidation through the inhibitory phosphorylation
of PDHC. Expression of the cardiac PDH kinase 4 isoform is
responsive to changes in the myocardial lipid supply; its early up-
regulation in the postnatal heart contributes to the perinatal
developmental switch to fatty acids as the primary myocardial energy
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source. This myocardial kinase isoform is also up-regulated in
response to thyroid hormone and high-fat diet. Starvation and diabetes
decrease the level of PDHC in the heart by both activating PDHK
gene expression and by the inactivation of myocardial PDH
phosphatase activity, effected largely by promoting reduced expres-
sion of the PDHP2 gene [72].

All but 1 enzyme of the TCA cycle are soluble enzymes situated
within the mitochondrial matrix, with SDH (the peripheral part of the
membrane-bound complex II) being the exception. The TCA enzymes
are highly organized as a supercomplex or metabolon within the
matrix, providing a kinetic advantage in concentrating intermediates
and channeling substrates within the supercomplex [73]. Substrate
and product concentration are the immediate controlling factors
determining the flux through the cycle, and ATP, ADP, and Ca++ are
significant allosteric effectors of TCA cycle enzymes. Several of the
TCA enzymes (i.e., isocitrate dehydrogenase, a-ketoglutarate dehy-
drogenase, and malate dehydrogenase) also require NAD+ as a cofac-
tor to produce NADH. While a major contribution of the TCA cycle is
as a direct source of intramitochondrial reducing equivalents NADH
and FADH2 for the ETC, the supply of NAD is critical (supplied by
complex I oxidation) and indicates the necessity of coupling the TCA
and ETC pathways to regulate oxygen consumption, NADH oxida-
tion and ATP synthesis. Although the majority of the primary
sequences of the cDNAs for the human TCA cycle enzymes have
been reported, information regarding either the genomic structure or
regulatory sequences for these genes, their expression and overall
regulation is rather limited at this time.

Overall regulation of mitochondrial bioenergetics in the
heart

Supply and demand: substrates, oxygen and ATP-ADP
levels

If adequate substrates are supplied, the rate of oxygen consumption
(a direct measure of OXPHOS) depends largely on the ADP and
phosphate levels. In the absence of ADP (i.e., state 4 respiration),
oxygen consumption is an order of magnitude lower. With lower
levels of ADP available as substrate, ATP synthesis by complex V
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declines, the membrane potential is not dissipated, and subsequent
proton translocation and electron transport are adversely affected.
Under these circumstances (i.e., absence of ADP), increased proton
leakage can increase the rate of respiration by abolishing the proton
gradient (causing less coupling). This proton leakage can occur either
with damaged (or frozen) mitochondria, with naturally occurring pro-
teins that promote proton leaks (termed uncoupling proteins), or by
treatment with uncouplers (e.g., dinitrophenol) that provide a path for
protons across the bilayer membrane, collapsing the electrochemical
gradient.

ATP consumption (the majority of which occurs in the cytosol) also
plays a critical role in regulating respiration. Since the ratio of ATP/
ADP in vivo is generally very high, changes in ATP level are smaller
compared to ADP. It has been argued that respiratory control is
exerted by the ATP/ADP ratio, but the consensus view supports the
concept that ADP levels in mitochondria are more often critical.
Analysis of whole hearts by NMR has failed to demonstrate sufficient
changes in adenine nucleotide levels to account for the increases in
oxygen consumption that occur with an increased workload.

Another way that adenine nucleotides can impact on respiration is
by direct effects on the bioenergetic enzymes involved. Both ADP
and ATP can exert allosteric effects on enzymes involved in
bioenergetic production (e.g., both cytosolic glycolytic enzymes and
mitochondrial dehydrogenases) and on ATP utilization. In addition, a
role for ATP and ADP in the allosteric control of COX activity is well
established. This is particularly relevant to the heart enzyme in which
the tissue-specific COX enzyme interacts and is stimulated by ADP,
an effect not seen with the liver COX. This regulation is pertinent to
COX since it is the only respiratory enzyme with tissue-specific
isoform subunits (Via, Vila, and VIII). The interaction with ADP is
likely to involve the N-terminus of the Vla-H subunit. Recently, it has
been found that myocardial cytochrome c oxidase activity is also
profoundly regulated by NO levels [74] and by cAMP-dependent
phosphorylation of specific COX subunits [75], which may modulate
the ATP-COX interaction.

Other substrates such as NADH and NAD are also important in me-
tabolic control, but they are rarely limiting since NADH can be re-
supplied by many diverse reactions with individual regulation. The
NADH level is controlled and elevated with increased ADP. Levels of
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oxygen are also rarely rate-limiting in mammalian tissues except un-
der hypoxic conditions.

Cytoplasmic and mitochondrial calcium levels are controlled by
diverse stimuli including hormones and growth factors and by
electrical signals. Specific transporters including a Ca++ uniporter and
a Na+/Ca++ exchanger have been implicated in the influx and efflux,
respectively, of mitochondrial Ca++. Increases in mitochondrial Ca++

stimulate several TCA cycle dehydrogenases (e.g., isocitrate and a-
ketoglutarate dehydrogenase), phosphatase-activated PDH, and ATP
synthase activities. This Ca++-mediated enzyme activation results in
increased intramitochondrial NADH, elevated membrane potential,
and increased ATP synthesis [76]. It is noteworthy that an increase in
cardiac work is often associated with increased cytosolic Ca++.
Studies with isolated cardiomyocytes support this model; however, it
is technically difficult to measure mitochondrial matrix Ca++ levels in
the in vivo heart. Elevated levels of mitochondrial NADH/NAD,
expected with calcium stimulation of the dehydrogenases, accompa-
nying increased myocardial O2 consumption in vivo have been
reported under conditions of increased heart rate [77]. However, other
studies have found a decreased mitochondrial NADH level with
increased cardiac workload [78].

Another key modulator of enzyme activity, which can influence the
overall respiration rate, are lipids, which contribute to the mito-
chondrial membrane milieu. Cardiolipin, an exclusive mitochondrial
membrane component, has been found to be necessary for COX
stability and activity. In addition, it plays a key role in binding mt-CK
to the inner membrane.

The construction of integrated models of cardiac mitochondrial en-
ergy metabolism has been made to predict the results of various
effectors (e.g., hormones, metabolic inhibitors, and substrates) on
OXPHOS rates [79-80]. These models reveal that there is no single
rate-limiting step and support the importance of ADP, ATP, proton
leak, and calcium levels in regulating respiration. Control over
bioenergetic flux may occur at multiple sites (e.g., ATP synthase,
ANT, and ETC) to minimize levels needed for any one regulatory
factor.
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Chapter 3

Heart Mitochondrial Biogenesis

Overview

Mitochondrial DNA (mtDNA) defects including point mutations,
large-scale deletions and depletion may be associated with cardiac
disorders. Most of the proteins participating in mitochondrial biogen-
esis—including mtDNA maintenance, transcription, and replication—
are encoded by the nuclear genome and may be implicated in cardiac
mtDNA defects. How mitochondrial biogenesis normally proceeds
and how it can be affected by physiological stresses and disease are
discussed in this chapter, keeping in mind that a coordinated expres-
sion of both nuclear and mitochondrial genomes must be maintained.
Understanding the stimuli, signals, and transducers that govern the
mitochondrial biogenesis pathways may have critical significance in
the management of certain cardiac disorders.

Introduction

Pathogenic point mutations and large-scale deletions in the
mitochondrial genome as well as generalized depletion of mtDNA
levels have severe consequences for organs such as the heart, since
ATP derived from OXPHOS is steadily needed to maintain normal
myocardial function. The nuclear genome encodes the entire com-
plement of proteins involved in mtDNA replication and transcription,
protein components of mitochondrial ribosomes, multiple structural
and transport proteins of the mitochondrial membranes, and the
remaining peptide subunits of the respiratory complexes (other than
the 13 mtDNA-encoded peptide subunits).

These nuclear-encoded proteins are synthesized on the cytosolic ri-
bosomes, targeted to mitochondria, and imported by a complex pro-
cess.
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The mtDNA genes exhibit a much higher mutation rate than the nu-
clear genes since they lack histones, have a rather limited DNA repair
machinery, and are exposed to ROS generated by the ETC. A
comprehensive analysis of the mitochondria and nuclear genome in-
teractions and the overall regulation of biogenesis is presented in this
chapter, with particular emphasis on heart mitochondria.

Structure of mtDNA

Mammalian cardiac mitochondria have their own double-strand DNA
circular molecule encompassing slightly over 16,000 bp and encoding
13 proteins that constitute a portion of the 5 enzyme complexes
involved in the OXPHOS-respiratory chain [1], The protein-encoding
mtDNA genes are transcribed into mRNAs that are translated on a
mitochondrial ribosome/protein synthesis apparatus. The mtDNA also
encodes 2 ribosomal RNAs (e.g., 12S and 16S rRNA) and 22 tRNAs
that contribute to the mitochondrial protein synthesis apparatus. The
organization of the mitochondrial genome (Figure 3.1) and the
sequence of its genes are highly conserved in evolution. This genome
is highly compact and organized with structural genes generally sepa-
rated by tRNA genes. Some of the proteins genes are overlapping.

Two mRNAs are translated in two different reading frames gen-
erating 4 proteins (ATPase 6 and 8, ND4 and ND4L). The structural
genes of cardiac mtDNA (unlike either nuclear genes or plant and
yeast mtDNA genes) contain no introns. A control region of
approximately 1,100 nucleotides in size contains nearly all the
mtDNA noncoding sequences, including the majority of sequence
elements for the regulation of mitochondrial transcription and DNA
replication. This region located between the tRNAPro and tRNAphe

contains a short triple-stranded structure called the displacement loop
or D-loop (Figure 3.1) in which a nascent H-strand DNA is annealed
to the complementary parental L-strand DNA, displacing the parental
H-strand. The D-loop region contains 3 blocks of sequences denoted
CSB I-III with evolutionary conservation and also contains sequences
that show an extremely high degree of variation ("hypervariable
region"), including base substitutions.
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Figure 3.1. Diagram of the human mitochondrial genome and its D-Ioop
region. The circular human mtDNA molecule depicts the location of the 22 tRNAs
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), 2 ribosomalRNA genes (12Sand 16S), all 13protein-
encoding genes (ND1-ND6, COI-COIII, cytb, ATPase6, and ATPase8), the
noncoding D-loop region including the origin of replication for the heavy strand
(OH), and promoters for transcription of the light (LSP) and heavy strand (HSP).
Also shown are the binding sites for mitochondrial transcription factor (mtTFA), the
highly conserved sequence blocks (CSB I-III), the start sites of the nascent DNA
strand, the L and H transcripts produced by mtDNA replication, and transcription
and TAS (termination association sequence). Also shown is the origin of replication
for the L strand (O[).

In mammalian mitochondria, the mitochondrial genetic code differs
from the "universal" genetic code found in bacteria, animal and plant
nuclear DNA. The "universal" termination codon UGA is translated
as Trp, while AGA and AGG (which normally encode Arg) are
recognized as termination codons. In addition, AUA is recognized as
Met instead of He. Moreover, there is a higher flexibility in the
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pairing of the third base of mitochondrial anticodons compared with
their cytosolic counterparts. This allows the limited set of 22 tRNA
species encoded by human mtDNA to be sufficient to translate all
mitochondrial proteins.

MtDNA undergoes a higher mutation rate than nuclear DNA [2].
This has been attributed to the proximity of the mtDNA to oxidative
free radicals generated by the mitochondrial bioenergetic machinery
present in the inner membrane, as well as to a rather limited mtDNA
repair system. An increased incidence of heart mtDNA mutations has
been found in association with aging and cardiac disease [3].

While the maps of animal mtDNA are often presented in linear
form, it is important to emphasize its circular nature as well as its
topological structure, which is most often supercoiled. The covalently
closed circular mtDNAs are molecules with each duplex composed
of a heavy (H) and a light (L) strand, distinguishable on the basis of
their base composition. Both the circularity and the supercoiled nature
of mtDNA impose constraints on its replication and transcriptional
functions as well as on the maintenance of the mtDNA genome.

Mitochondrial DNA has often been characterized as essentially
naked, compared to the histone-enveloped nuclear DNA and its
complex chromatin structure. Although mtDNA is localized within
the mitochondrial matrix, it binds to the inner-membrane proteins [4-
5]. In lower eukaryotes such as yeast and the slime mold, Physarum,
a mitochondrial nucleoid-like structure, is present. The mtDNA from
higher eukaryotes, including human, has also been found to be pack-
aged in a nucleoid structure [6-8].

MtDNA Function

Replication

The replication cycle of the mtDNA begins with the initiation of the
leading H-strand synthesis at the replication origin (OH) with an RNA
primer transcribed from the light strand promoter (LSP) [9-10], The
synthesis of this primer requires both a mtRNA polymerase and the
mitochondrial transcription factor (mtTFA). The RNA primer exists
as a stable and persistent RNA:DNA hybrid (also known as an R-
loop), which is formed during transcription at human OH [11].
Therefore, the replication of mammalian mtDNA is intimately linked
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with mitochondrial transcription. H-strand DNA replication is initia-
ted within the D-loop at 4 major and 3 minor sites. Three of these
sites correspond to the L-strand transcription stop sequences, contain-
ing the conserved sequence blocks (CSB I-III) shown in Figure 3.1.

The mtTFA binds throughout the D-loop with a 40 to 50 base pair
periodicity, with the CSBI most strongly bound. The mtTFA sites,
downstream from CSBI, correspond to the DNA synthesis initiation
sites, suggesting that mtTFA exerts a role in defining the transition
from RNA to DNA synthesis. Evidence that mtTFA is a limiting
factor for mtDNA replication has been demonstrated in vivo in mice
[12]. The essential role of mtTFA in maintaining the overall mito-
chondrial structure and function in the heart has been well document-
ed in mtTFA-null transgenic mice, which exhibit DCM and severe
abnormalities in the structure and function of heart mitochondria [13].

The initial L strand primer transcript is enzymatically processed to
yield the mature RNA 3' termini, most likely by a mitochondrial RNA
processing endonuclease (MRP RNase), a ribonucleoprotein [9]. The
MRP RNase requires a nuclear-encoded RNA of 265 nucleotides to
guide the precise cleavage events. The processed-primer is then
further elongated by mitochondrial DNA polymerase y to generate a
short piece of H strand DNA (7S DNA), at which DNA replication
apparently pauses. Arrested nascent H-strands remain annealed to
their template L strand and form triplex D-loop structures. While the
role of these triplex D-loop structures is presently unclear, they are
particularly abundant in the heart and probably correlate with the
capacity of the tissue to perform oxidative metabolism [14]. All 7S
DNA molecules end at a site located about 50 nucleotides beyond a
short conserved sequence element termed the termination-associated
sequence (TAS), which interacts with a sequence-specific termination
protein of 48kD [15]. Further elongation and completion of synthesis
of the H-strand daughter DNA may be mediated by either antitermi-
nation or reinitiation events at the TAS site. These events and their
regulation may be key determinants in the mtDNA copy number [16].

Eventually, the leading H-strand synthesis proceeds beyond the 7S
DNA and around the L-strand template. After traversing approxi-
mately two-thirds of the genome, a second site, the L-strand replica-
tion origin (OL), is exposed. The OL origin delimits a region of 30 bp
within a cluster of tRNA genes. Displacement of the parental H-
strand, which adopts a stem and loop structure, is recognized by a
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different enzyme, mtDNA primase, which provides a short RNA pri-
mer for L-strand DNA synthesis [17]. Following the synthesis of
these primers, subsequent L strand elongation proceeds by mtDNA
polymerase y. Following the RNA primer removal and ATP-depen-
dent DNA ligation events, the ensuing replication of covalent mtDNA
circles is completed (estimated to occur within 2 hours).

Mammalian mtDNA polymerase y, the only DNA polymerase pres-
ent in mitochondria, is composed of a 140-kD catalytic subunit and a
smaller accessory protein of 43-54 kD [18]. The major catalytic
subunit of human mtDNA polymerase y has been cloned and sequen-
ced, and its content and activity do not significantly change during de-
velopment or aging [19-20]. The DNA polymerase 7 is stably ex-
pressed in cell cultures devoid of mtDNA, in contrast to mtTFA,
whose amount and stability depend on mtDNA [21]. These findings
have also suggested that the binding of mtTFA to mtDNA protects it
from proteolytic degradation, since in the absence of mtDNA, the
mtTFA is more easily degraded.

Other protein factors are involved in mtDNA replication. These
include a mitochondrial single-strand binding protein (mtSSB), which
maintains the integrity of exposed single-stranded regions of mtDNA
found in the replication intermediates and which also has been
reported to stimulate mtDNA polymerase activity. The levels of
mtSSB protein correlate with mtDNA content and are up-regulated
during early postnatal development of the heart [20]. DNA topoisom-
erases (enzymes that change the supercoiling of DNA) have been
identified in mitochondria of leukemia cells and human platelets [22].
Specific genes involved in the synthesis of mtDNA topoisomerase
have not yet been identified; they may represent modified isoforms of
the nuclear DNA topoisomerase genes derived by differential
expression or splicing [23]. In addition, a human ligase III gene has
been shown to encode both a nuclear and a mitochondrial isoform
[24]. While a role for the ligase III activity in mtDNA repair has been
recently demonstrated, its precise role in mtDNA replication has not
been determined (although likely required in the formation of
covalently closed mtDNA circles). Other proteins, considered to play
a role in mtDNA replication, include the ATP-dependent helicases
(enzymes that separate the strands of DNA), which have been
identified and partially purified from mitochondria. The protein
encoded by the gene Twinkle has striking homology to bacteriophage
helicases, exhibits a DNA helicase activity with 5f to 3f directionality,
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and is involved with events at the mitochondrial replication fork [25].
In vitro reconstitution experiments have shown that in combination
with purified DNA polymerase y and mtSSB, Twinkle forms a func-
tional mtDNA replisome capable of replicating the full-length
mtDNA molecule at a rate not significantly different than that found
in vivo [26]. Mutations in either DNA polymerase y or Twinkle can
cause autosomal dominant progressive external ophthalmoplegia
(adPEO), a disorder associated with deletions in mtDNA [27].

Regulation of mitochondrial DNA replication:

Mitochondrial DNA replication can be regulated by the following:
1. Synthesis or modulation of RNA polymerase, mtTFA activity, and
binding controlling LSP transcription;
2. Synthesis and cleavage activity by MRP RNAse, regulation of
elongation, and termination, or antitermination of D-loop;
3. Modulating mtDNA polymerase y and mtDNA primase synthesis
and activity;
4. Regulation of nucleotide levels (defects in nucleotide metabolism
can severely impact mtDNA levels and cause mitochondrial cyto-
pathy [28]);
5. Regulation of import of these nuclear proteins to mitochondria.

Mitochondrial proliferation is frequently accompanied by a high
rate of mtDNA replication [29]. Nuclear-encoded transcription factors
(e.g., NRF-1 and NRF-2) are responsive to a number of the stimuli
that increase mitochondrial biogenesis [30]. These factors modulate
the transcriptional expression of several genes implicated in mtDNA
replication, including mtTFA, the RNA component of the MRP
RNase, mtSSB, and mtDNA polymerase y subunits, reinforcing the
notion that many of the regulatory steps for mtDNA replication are
likely exerted at the nuclear level as discussed later.

In general, multiple copies of mtDNA are present in each cardiac
cell (estimated at 1 to 10 genomes/mitochondria) [29], The molecular
mechanism(s) that regulate cardiac-specific mtDNA levels remains
unknown. However, it has been reported that mtTFA is critical in the
regulation of mtDNA levels; knockouts of mtTFA function decrease
mtDNA copy number, while mtTFA overexpression elevates mtDNA
levels [31-32]. The turnover of mtDNA is relatively short; the half-
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life for rat heart mtDNA is estimated at approximately 1 week
compared to 1 month in brain [33]. The number of mtDNA molecules
may change during cell differentiation and in response to different
physiological conditions in contrast to the 2 copies of the nuclear
genome found in somatic cells. The occurrence of a high copy num-
ber for mtDNA molecules, genes, and alleles has important
ramifications for the effect of mutant mtDNA alleles on phenotype,
cellular distribution, transmission at mitosis, and inheritance of
mitochondrial genes, as well as in the regulation of cardiac
mitochondrial gene expression.

Mitochondrial transcription andRNA processing

The characterization of trans-acting factors involved in mtDNA
replication, transcription and translation has generally been hampered
by their low concentration, as well as by problems with
nuclear/cytosolic contamination. However, several key genes have
recently been identified during the screening of human gene data
bases with sequences of genes derived from yeast and lower
eukaryotes involved in mitochondrial replication, transcription, and
translation. This has allowed rapid progress in carrying out functional
studies.

In vertebrates, mtDNA is transcribed by mtRNA polymerase with at
least 1 transcription factor (mtTFA) conferring transcriptional
specificity (i.e., promoter selectivity) [34-35]. The human mtRNA
polymerase is a single-subunit enzyme of 145 kD whose gene has
recently been identified and whose protein residues (particularly
within the C-terminal half of the polypeptide) share significant
sequence homology with yeast mitochondrial and bacteriophage T3,
SP6, and T7 RNA polymerases [36]. The mitochondrial transcription
factor mtTFA (also known as TFAM) possesses 2 high-mobility
group (HMG) domains involved in DNA-binding as well as a C-
terminal transcriptional activating domain [37-38]. It is noteworthy
that related HMG proteins have been implicated in both
transcriptional activation and packaging of nuclear DNA in
chromatin. Moreover, mtTFA binds to mtDNA at a variety of sites in
addition to the promoter sites raising the possibility that mtTFA may
have additional functions in mitochondrial maintenance or distribu-
tion. This is supported by new reports that mtTFA is present in
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human cells at a concentration well in excess of that required for
transcriptional function, and by mtTFA's ability to wrap around the
mtDNA in a histone-type fashion [39-41].

Critical to its transcriptional function, the mtTFA protein acts bidi-
rectionally by binding to 2 sites within the D-loop that are located
immediately upstream (between 10 to 40 bp) of each transcriptional
start site of the light- and heavy-strand promoters (i.e., LSP and
HSP). Each promoter element contains a 15 bp consensus sequence
5f-CANACC(G)CC(A)AAAGAYA surrounding the transcription
initiation sites. Despite the close proximity of these 2 promoters
(approximately 150 bp apart), these elements do not overlap and are
functionally independent. A second initiation site for H-strand trans-
cription (HSP2) is located at position 638 in the tRNAphe gene,
adjacent to the 12S rRNA. It has limited homology with the 15 bp
consensus sequence, is used less frequently, and is considered a minor
promoter. The mtTFA has the ability to wrap and unwind DNA in
vitro, and can bend mtDNA at the promoters [39]. At low
concentrations of mtTFA, the L-strand is transcribed from LSP,
presumably due to its higher affinity for its binding site near LSP. In
contrast, at higher concentrations of mtTFA, the H-strand is
transcribed from both major and minor promoter regions, albeit the
extent of mtTFA-stimulation of H-strand transcription is moderate
and likely requires accessory factors. In lower eukaryotes, such as
yeast and Xenopus laevis, a second transcription factor (mtTFB) with
extensive sequence homology with the dissociable sigma subunit of
bacterial RNA polymerase is required for mtDNA transcription [9].
Recently, 2 related homologues of mtTFB were identified (e.g.,
TFB1M and TFB2M) in human and mouse. They have been shown to
participate in the activation of mtDNA transcriptional initiation
[42-43].

The transcription of each mtDNA strand is polycistronic [44]. L-
strand transcription produces a large genome-size precursor transcript,
which is rapidly processed to yield mature transcripts for 1 poly-
peptide (ND6) and 8 tRNAs (P, SUCN, Q, A, C, N, Y, E). Similarly, H-
strand transcription generates large, full-genome-length precursor
transcripts which are rapidly processed to produce discrete mature
transcripts for 12S and 16S rRNAs, the remaining 12 polypeptides,
and 14 tRNAs (F, V, LUUR, M, I, W, D, K, G, T, R, H, SAGY, LCUN).
The previously described transcriptional attenuation sequence located
at nt 3237-3249 (near the end of the 16S rRNA gene within tRNALeu)
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is a highly conserved motif in mtDNA and functions to regulate the
rRNA/mRNA transcript ratio. Binding of a protein complex
(including a 34 kD multileucine zipper-containing protein termed
mTERF) to this sequence (and perhaps to mtRNA polymerase)
terminates mtDNA transcription, resulting in a 15 to 100-fold higher
synthesis of rRNA (16S and 12S rRNAs) relative to genes located
downstream [45]. The mTERF termination activity but not its DNA-
binding function is regulated by phosphorylation, and mTERF is
active as a monomer but not as a dimer [46-47]. The functional
significance of the mTERF regulatory site is underscored by the
demonstration that point mutations within TAS are associated with
MEL AS, which may be a consequence of mitochondrial trans-
criptional dysfunction [48].

Regulation of mitochondrial transcription and
processing

There is no evidence for differential activity of the two major
mitochondrial transcription promoters [29]. The presence of mtRNA
polymerase in combination with 1 major accessory factor is thought
to determine a steady state rate of transcription from both promoters.
Modulation of the overall level of mitochondrial transcription is
primarily regulated by levels of the mtRNA polymerase and mtTFA,
controlled by nuclear factors. However, recent data have shown that
mitochondria transcription can be more directly regulated without
invoking changes in nuclear transcription factors and nuclear gene
expression. Studies with isolated mitochondria (also termed in
organello) show that mtDNA transcription can be maintained for
several hours in the absence of nuclear and cytoplasmic interactions;
however, processing of rRNA precursors and the stability of the
mature rRNAs, but not transcription itself, is severely impaired after
short periods of incubation [49-50]. This supports the view that
rRNA processing is dependent on the mitochondrial interaction with
the nucleo-cytoplasmic compartment, whereas events leading to the
synthesis of mitochondrial mRNAs do not require the continuous
supply of nucleocytoplasmic factors (likely accumulated in excess by
mitochondria). In addition, the relative transcription rates of rRNA
and mRNA are modulated by ATP levels [51]. It appears that ATP
levels directly impact mtRNA polymerase activity, both in organello
and in vitro, suggesting that mtRNA synthesis is regulated in re-
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sponse to changes in intramitochondrial ATP levels [49]. Footprinting
analysis of protein-DNA interactions suggests that ATP affects
transcription primarily by acting at the level of transcriptional
initiation at specific promoter sites and not on transcription termina-
tion sites [52]. In addition, in organello mitochondrial transcription
studies have demonstrated that thyroid hormone directly modulates
mtRNA levels and transcription rate, affecting the mRNA/rRNA
ratio. This is achieved by selective modification of the specific H-
strand initiation sites and does not require previous activation of
nuclear gene expression [50].

There is also evidence that posttranscriptional control plays a con-
tributory role in regulating mitochondrial gene expression [29].
Differential RNA stability accounts for 20 to 150-fold higher levels of
tRNA compared to individual mRNAs derived from the same
transcriptional event [53] and likely contributes to the different
steady-state levels of individual mature RNA species derived from
the same transcript [54]. Changes in mtRNA stability can also occur
as a function of developmental or physiological transition, resulting in
marked changes in the steady-state levels of specific mitochondrial
transcripts. In the developing liver, high transcript levels of mtDNA-
encoded subunits of ATP synthase (i.e., ATPase 6 and 8) result from
altered stability of the specific mitochondrial transcripts [55]. Similar
findings have been found with the mRNAs of the nuclear-encoded
ATP synthase subunit (3 [56]. These findings indicate that the devel-
opmental regulation of nuclear and mitochondrial genes during
biogenesis of mammalian mitochondria can be conceitedly controlled
by a posttranscriptional mechanism involving regulation of degrada-
tion of mRNA derived from both genomes.

Mitochondrial translation

Mitochondrial ribosomes

Translation of mitochondrial mRNAs occurs exclusively on mito-
chondrial ribosomes. The rRNA of mitochondrial ribosomes are en-
coded by mtDNA, while the ribosomal proteins are entirely encoded
by nuclear DNA [57]. The ribosomes present in mammalian
mitochondria have a lower sedimentation coefficient (i.e., 55S) than
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cytoplasmic ribosomes and are composed of small (28S) and large
(39S) subunits. They are characterized by a significantly lower
percentage of rRNA, compared to bacterial or cytoplasmic ribosomes,
and a compensatory increase in the number and mass of ribosomal
proteins [58]. The small subunit of the mitochondrial ribosome con-
tains a 12S rRNA and about 30 proteins, whereas the large subunit
consists of a 16S rRNA and approximately 48 proteins [59]. This total
of nearly 80 proteins is significantly higher than that observed in
bacterial ribosomes and eukaryotic cytoplasmic ribosomes. At
present, the available data are limited in regard to the content and
number of ribosomes/ mitochondria in human cells as a function of
development, cell-type, or physiological condition.

Although the importance of the mitochondrial translation products
is well known, the information available in mammalian mitochondria
concerning the identity of the protein components of the translational
machinery is limited. A comprehensive effort to identify and
characterize mammalian and human genes involved in the
mitochondrial ribosome is currently underway. Recently, proteins
from both the large and small subunits of the mammalian
mitochondrial ribosome have been primarily characterized by peptide
sequencing coupled to extensive use of the expressed sequence tag
(EST) databases to deduce the full-length cDNAs and the
corresponding amino acid sequences [60-65]. Of the 48 proteins
present in mammalian mitochondrial large ribosomal subunit, 28
shared extensive homology with E. coli ribosomal proteins; the
remaining 20 proteins had no homology with either bacterial,
chloroplast, or cytosolic ribosomal proteins, indicating that they were
novel [65]. The majority of the identified genes encoding the
mitochondrial ribosomal proteins have been mapped and show a
pattern of wide dispersion throughout the nuclear genome [66].

Although all of the polypeptides synthesized by the mitochondrial
translational system are localized in the inner membrane, it has not
yet been determined whether they are actually synthesized on
membrane-bound ribosomes or if the insertion of these polypeptides
is a cotranslational or posttranslational process. Unlike yeast
mitochondrial and nuclear mRNAs, animal mitochondrial mRNAs
lack significant 5f- and 3'-untranslated nucleotides. The start codon is
generally located within 3 nucleotides of the 5' end of the mRNA. In
addition, there is no 5' 7-methylguanylate cap structure (found in
nuclear mRNAs), nor is there a Shine-Delgarno sequence for
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appropriately positioning the ribosome for efficient translation such
as found in bacteria [29]. In general, the stop codon of mitochondrial
mRNA is immediately followed by a poly (A) tail added posttrans-
criptionally. A significant fraction of bovine mitochondrial ribosomes
are associated with the inner membrane and most ribosomes can be
released from the inner membrane by high salt (indicating
electrostatic interactions) or detergent. In addition, there is evidence
that the nascent peptide insertion is not involved in ribosome-
membrane attachment [67].

Protein synthesis from mammalian mitochondrial ribosomes like
their prokaryotic counterparts is sensitive to chloramphenicol but
insensitive to cycloheximide. The binding site for chloramphenicol
can be modified by a mutation in the rRNA gene resulting in
chloramphenicol-resistant (CAPR) mutants, the first mitochondrial
mutation to be investigated in mammalian cell culture studies [68].

Chloramphenicol has been widely used to selectively inhibit mito-
chondrial protein synthesis without effecting the cytoplasmic protein
synthesis machinery. Conversely, cycloheximide is used to inhibit
cytoplasmic protein synthesis with little immediate effect on mito-
chondrial protein synthesis.

Mutations or polymorphisms in mtRNA molecules involved in
processing and translation may be a primary cause of some OXPHOS
disorders and may modulate the severity and tissue specificity of
pathogenic mitochondrial DNA mutations [69]. A cardiac-specific
splice variant of a mitochondrial ribosomal protein (L5) has been
recently identified as a potential candidate in the cardiac specificity of
mitochondrial-based disease [70], In addition, compared to their
cytosolic counterparts, the mitochondrial ribosomes have also been
shown to be extremely sensitive to toxic agents such as alcohol.
Chronic ethanol feeding in rats can produce a marked decrease in the
number of intact 55S mitochondrial ribosomes, as well as decreased
levels of a selected number of ribosomal subunit proteins, suggesting
impaired mitochondrial assembly [71]. However, no such defects
were observed with cytoplasmic ribosomes. These changes in
ribosomes may be the cause for the decreased hepatic mitochondrial
protein synthesis and impaired OXPHOS observed with increased
alcohol consumption [72].
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Initiation and elongation of translation

Identifying and reconstituting the in vitro factors, enzymes and sub-
strates comprise the classical molecular approach toward under-
standing complex molecular phenomena such as replication, trans-
cription, and translation. Over the last 2 decades, while in vitro
systems have been successfully developed and employed with both
human mitochondrial DNA replication and transcription, no in vitro
system has yet been developed for the study of mitochondrial trans-
lation. Hence, there has been a lag in identifying elongation and
initiation factors for mitochondrial translation.

The following has been revealed thus far in mammalian protein
synthesis:
1. Small ribosomal subunits bind mRNA tightly in the absence of
initiating factors or tRNA (unlike prokaryotic or eukaryotic cytosolic
systems). At least 400 nucleotides of the messenger template are
minimally required for efficient binding to the ribosomal subunit,
which may explain why genes for ATPase8 and ND4L (which encode
< 300 nt transcripts) may have to be part of a larger message [73].
2. Two initiating factor (IF-2 and IF-3) have been identified and
cloned. IF2 belongs to a family of GTPases and exhibits strong
structural and functional homology with E. coli IF-2, promoting
fMET-tRNA binding to the small ribosomal subunit in the presence
of GTP and mRNA template [74-75].
3. Three mitochondrial elongation factors (EF-TU, EF-TS and EF-G)
have been purified and cloned from mammalian sources and show
structural and functional homology with the corresponding pro-
karyotic factors [76-78].

Mitochondrial DNA repair

It has been assumed for some time that mtDNA repair was not
present, poorly developed, or inefficient. More recently, the presence
of mtDNA repair in mammalian cells has been unequivocally
demonstrated, and a number of defects are removed from mtDNA in
cells exposed to various chemicals [79-80]. The activity of several
proteins that process damaged mtDNA has been detected in mito-
chondria. Specific evidence has been found for mitochondrial base
excision repair (BER), mismatch repair, and recombinational repair
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mechanisms, while mitochondrial nucleotide excision repair (NER)
has not been demonstrated.

In aerobic cells, the most frequent type of injury encountered by nu-
clear DNA and even more by mtDNA is DNA damage arising from
ROS. This damage includes single-strand breaks and oxidative base
damage. Mitochondria are proficient at removing oxidized and alky-
lated lesions by the monofunctional alkylating agent alloxan and
acridine orange damage, which are typically repaired by base excision
repair. These agents enter the cell, undergo redox cycling, and
produce ROS similar to that normally generated in mitochondria.
Addition of 5 mM alloxan to cultured rat cells increased the rate of
oxidative base damage and by several fold the frequency of mtDNA
defects. After alloxan removal, the frequency of oxidized bases
decreased rapidly, returning to levels found in mitochondria from
untreated cells, indicating that mitochondrial repair of these defects is
extremely efficient [81].

A number of enzymatic activities involved in DNA repair have
been found in mitochondria. Three uracil glycosylases have been
identified and characterized [82-84]. A mitochondrial apurinic (AP)
endonuclease activity that is UV-inducible has also been found [85].
Examination of CHO cells exposed to acridine orange plus light for
the purpose of introducing 8-oxoG and other oxidative DNA damage
lesions showed that these lesions were rapidly removed from mtDNA
(with more than 60% of the defects repaired within 4 hours),
suggesting that mammalian cells possess mitochondrial enzymes that
recognize and remove 8-oxoG. A mitochondrial endonuclease, react-
ive to oxidative damage, is responsible for the recognition and
incision of 8-oxoG and abasic sites [86]. Another mitochondrial
endonuclease (endonuclease G) has been proposed to play a con-
tributory role in both mtDNA replication and in repair of both single-
strand breaks and intrastrand cross-links [87-89]. However,
endonuclease G's role in mtDNA repair and replication has been
recently challenged because this nuclease appears to be exclusively
located within the mitochondrial intermembrane space and not in the
matrix compartment, in which mtDNA resides [90-91]. The release
from the mitochondrial intermembrane space into the cytoplasm (and
eventual delivery to the nucleus) of endonuclease G, along with
cytochrome c, AIF, and Smac/diablo proteins, represents a pivotal
event in apoptotic progression [92]. It is also noteworthy that
endonuclease G activity is markedly elevated in both fetal and adult
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heart mitochondria, compared to other tissues, and displays signifi-
cant decline in the senescent heart [93].

Other DNA repair enzymes identified in mammalian mitochondria
include a DNA ligase III activity [24] involved in repairing single-
strand nicks [89] and a poly (ADP-ribose) polymerase (PARP) im-
plicated in repairing alkylation damage to mtDNA by facilitating the
removal of N-methylpurines induced by methylnitrosourea treatment
[94], In addition, mtDNA polymerase y can be recruited to fill single-
nucleotide gaps during base excision repair, in contrast to the "patch"
repair found in nuclear DNA [95].

Distinct mtDNA repair systems are utilized for repairing missing
and mismatched bases (e.g., BER), and also in the repair of cytosine
and guanosine deamination in human fibroblasts (e.g., repair of NO-
induced mtDNA damage) [96]. Thus far, there has been only limited
investigation of mtDNA repair at the regulatory level, although there
is indication of the existence of both tissue-specific and devel-
opmental-specific regulation of mtDNA repair. For instance, there are
striking variations in glial cell responses to mtDNA damage with
astrocytes being more effective at removing some types of alkylating
damage compared to oligodendrocytes [97]. This variability appears
to correlate with the ability to withstand oxidative stress. Moreover,
recombinational repair of mtDNA in mammalian cells has also been
demonstrated [98]. This is consistent with the observed mitochondrial
repair of cisplatin-induced interstrand lesions in mtDNA [99]. Such
interstrand DNA abnormalities are repaired in bacteria and in yeast
nuclear DNA by homologous recombination, suggesting that
mammalian mitochondria may utilize a homologous recombination-
based process to repair damaged DNA. Recombination intermediates
involving all regions of the mitochondrial genome are particularly
prevalent in human heart muscle and are considered products of
mtDNA repair [100]. Studies of mtDNA repair of inter- and
intrastrand defects, double-strand scissions, or bulky adducts that
likely involve NER have been rather equivocal. While repair of UV-
induced mtDNA photolesions was not detected in cultured mouse or
human cells [101-102], the repair of UV-induced photolesions and of
some bulky adducts and interstrand lesions in mtDNA has been
reported in murine leukemia [103] and yeast [104].
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Nuclear participation in mitochondrial biogenesis

Nuclear regulatory proteins and coordination of
transcriptional events

Mitochondria have been estimated to contain more than 1,000
polypeptides, and most of them are nuclear-DNA-encoded. With a
limited (but essential) contribution of 13 proteins, 2 ribosomal
rRNAs, and 22 tRNAs, mitochondria are obviously not self-sup-
porting organelles. The entire complement of enzymes and regulatory
factors required for mtDNA replication and repair, transcription, RNA
processing, and translation is encoded by nuclear DNA. In addition,
the large network of enzymes involved in generating bioenergy, via
the TCA cycle and FAO pathways, are encoded by nuclear genes, and
the respiratory enzyme complexes of OXPHOS and ETC are of
hybrid origin with the majority of enzyme subunits (over 70) being
encoded by nuclear DNA, as shown in Table 3.1.

Table 3.1. MtDNA-and nuclear-DNA-encoded subunits
of ETC/OXPHOS complexes

MtDNA-Encoded Nuclear-DNA
Subunits Encoded Subunits

35
4

10
10
14

These nuclear-encoded proteins are synthesized on cytosolic ribo-
somes, targeted to mitochondria, and imported by a complex process.

In this section, we address the major nuclear regulatory circuits in
mitochondrial protein biosynthesis and examine the pathway from the
nucleus to the mitochondria.

The transcriptional signals governing the nuclear gene synthesis of
mitochondrial proteins are of 2 major classes, cis elements and trans
regulatory factors (primarily activators). Regulatory cis elements are
located within the promoter sequences of the structural genes to be

Complex I
Complex II
Complex III
Complex IV
Complex V

7
0
1
3
2
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transcribed. These are responsive to diverse tissue and developmental
specific signals, as well as to an array of physiological stimuli that are
gradually being revealed. Specific cis elements involved in the regula-
tion of specific nuclear transcripts of mitochondrial proteins have
been identified within the promoter regions of genes encoding
selected subunits of ATP synthase, cytochrome c oxidase, ANT,
cytochrome c, and several FAO and TCA cycle enzymes. While some
of these cis sequences respond to general transcriptional activators
(e.g., SP1, CCAAT, cAMP response element binding or CREB),
others respond to specific mitochondrial trans activators (e.g.,
OXBOX activators).

The OXBOX enhancer element has been located in 5' regions and
promoters of ANT, ATP (3, and ATP a genes [105] and is bound by
transcription factors, present only in muscle cells [106]. The OXBOX
sequence element is also present in a highly conserved sequence
block within the mtDNA D-loop [107]. Mitochondrial element-
binding proteins (MtEBPs) are present in the mitochondria of human,
bovine, and rat cells. MtEBPs purified from human mitochondria,
using mitochondrial element-specific DNA affinity chromatography,
recognize specific cis acting sequences in the cytochrome c gene,
COXVb, mitochondrial creatine kinase, and a mitochondrial element-
like sequence within the mtTFA binding site for the heavy-strand
promoter [108]. These findings suggest a role for OXBOX and
MtEBP in coordinating nuclear and mitochondrial gene expression.

Nuclear respiratory factors (e.g., NRF-1 and NRF-2) are presently
the best characterized of the trans activators involved in mitochondri-
al biogenesis [30, 109-110]. These factors bind sites within the
promoters of genes for complex IV subunits, including COXIV,
COXVIIa, COXVb, several complex I, III, and V subunits, cyto-
chrome c, mtTFA, and 8-aminolevulinate (ALA) synthase, the rate-
limiting enzyme in heme biosynthesis and expression regulation as
shown in Table 3.2. The NRF-2 factor also known as the GA-binding
protein (GABP) binds to a cis sequence element containing a
GGAA/T motif [111], present in many of the same genes as the NRF-
1 cis element. The transcription factor NRF-1 has a central role in
augmenting mitochondrial biogenesis during states of increased
respiratory uncoupling (which increases oxygen consumption and
lowers energy reserves). Moreover, by translating physiological
signals into an increased capacity for generating energy, it plays a
pivotal role in cellular adaptation to energy demands [112].
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Interestingly, the expression of the NRF family is itself regulated by
the master transcriptional regulator, PGC-la [113].

Table 3.2. Regulatory sites in nuclear genes specifying
mitochondrial proteins

OXPHOS Genes
NRF-1 Cytochrome c

Complex I (subunit 8)
Complex II (subunits
SDHB, SDHC,SDHD)
Complex III (core
and ubiquinone
binding proteins)
Complex IV
(subunits Vb, Vic,
Via, and Vila)
Complex V
(subunits (3 and y)

NRF-2 Complex II (subunits
SDHB, SDHC,SDHD)
Complex V (subunit P)
Complex IV (subunits
IV, Vb Via, Vila, and
Vb)

OXBOX ANT
ComplexV
(subunits a and P)

MtDNA
Biogenesis
MRPRNA
mtTFA
rpS12

mtTFA
TFB1M
TFB2M
rpS12
mtSSB

N.D.

Other Mitochondrial
Functions
5-ALA synthase
TOM20
VDAC

TOM20
SURF1
VDAC

N.D.

Note: ND = not determined; rp S12 = ribosomal protein SI2.

A number of nuclear genes encoding mitochondrial proteins re-
spond to thyroid hormone by virtue of the cis element, TRE (thyroid
hormone responsive element) within their promoter sequences. In
addition, the global regulator PPAR-a regulates several of the FAO
enzymes [114]. In Table 3.2, a list of several cis elements and their
trans activators identified in the gene activation of specific nuclear-
encoded mitochondrial proteins is presented, including nuclear
OXPHOS and targeted biogenesis genes. Several of the cis se-
quences are present not only in nuclear gene promoter regions but
also are found within the mtDNA D-loop region as well (e.g., TRE
and OXBOX elements), suggesting a mechanism of coordinated
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regulation of both nuclear and mtDNA gene expression. While a
number of important OXPHOS genes have several cis regulatory
sites, recognized by these transacting factors, many of the genes
involved in OXPHOS and ETC do not contain any of the
forementioned cis elements as a recognizable consensus sequence.

Hormones affecting both mitochondrial transcription
and nuclear transcription

It has been reported that a number of nuclear and mitochondrial-
encoded genes exhibit a similar pattern of transcriptional regulation in
cardiac tissue [115]. However, the analysis of transcript and peptide
levels, of both nuclear and mtDNA-encoded enzyme subunits,
assessed in response to physiological transition (e.g., thyroid hormone
treatment and cell-growth activation), have revealed a more complex
pattern of transcriptional regulation of nuclear genes encoding mito-
chondrial proteins, indicating multiple regulatory circuits [116-117].

In mitochondria, hormone receptors serve as transcription factors,
previously thought to be solely located in the nucleus. For example,a
protein (denoted c-ErbAocl) displaying affinity for triiodothyronine
(T3), similar to that of the T3 nuclear receptor, was found in the
mitochondrial matrix of rat liver [118]. The c-ErbAod protein, a
truncated version of the T3 nuclear receptor, specifically binds to 4
sites with sequence homology to nuclear T3 response elements; 2 of
the sites are located within the mtDNA D-loop. The binding of the c-
ErbAal protein to its response element causes an increase in levels of
both precursor and mature mitochondrial transcripts and in the ratio of
mRNA to rRNA in a T3-dependent manner, leading to the stimulation
of mitochondrial protein synthesis [119]. Experiments using immuno-
fluorescence labeling and confocal laser-scanning microscopy have
similarly localized a glucocorticoid receptor in the mitochondrial
matrix [120]. Evidence of mtDNA sequence similarity to nuclear
glucocorticoid-responsive elements has also been demonstrated [121].
However, unlike the thyroid hormone receptor, direct evidence of a
glucocorticod receptor-mediated action of steroid hormones on
mitochondrial gene transcription has not yet been reported.

The presence of hormone receptors in mitochondria, which bind
both nuclear and mitochondrial hormone-response elements, further
assists the coordination of the bi-genomic response to hormone
stimulation and regulation. At least in the case of the T3 receptor,
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such pathways appear to be operative in both short-term physiological
responses, providing a direct and rapid mitochondrial response to
hormone stimulation and in overall myocyte development and
differentiation [122].

Mitochondria import and assembly of proteins

The translocation of proteins into mitochondria (as with other
organelles such as the chloroplast and peroxisome) is post-
translational (after protein is completely synthesized). Therefore, it is
unlikely that cytoplasmic ribosomes, either free or associated with
endoplasmic reticulum (ER), are bound to the mitochondrial or-
ganelle [123].

Protein translocation occurs at mitochondrial "contact" sites joining
outer and inner membranes. Signal sequences (signal peptides 20 to
80 residues long) on the imported proteins are a prerequisite for their
efficient translocation into the mitochondrial matrix; a second signal
(normally composed of hydrophobic residues) is required for in-
sertion into the inner membrane. Specific receptors are present on the
mitochondrial outer membrane and bind signal peptides. These
receptors are part of the translocase outer-membrane complex (TOM
20) [124-126]. Translocation requires both mitochondrial membrane
potential and ATP hydrolysis, and mitochondrial protein import is
mediated by the action of chaperone proteins e.g., heat-shock proteins
(HSPs) located in both the cytoplasm and mitochondria. These
chaperones sequentially fold the proteins before entering mitochon-
dria and unfold them once inside the matrix (e.g., mitochondrial
HSP70). Within the matrix, a signal-peptidase rapidly cleaves off the
signal peptide as shown in Figure 3.2.

Tissue-specific mitochondrial protein import can be affected by
hormones. Thyroid hormone can modify the cardiac mitochondrial
phenotype by increasing the rate of mitochondrial protein import
[127]. The import of matrix-localized precursor proteins malate
dehydrogenase (MDH), and ornithine carbamoyl transferase was
increased coinciding with thyroid hormone-induced changes in the
expression of protein import machinery components (i.e., elevated
levels of the outer-membrane receptor TOM20 and the mtHSP70.
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Figure 3.2. General outline of mitochondrial protein import. A typical matrix-
destined precursor preprotein, containing a mitochondrial-targeting presequence,
is unfolded and directed to the import machinery by a cytosolic chaperone (e.g.,
cytosolic HSP protein of 70 kd, cHSP70). The denatured form of the precursor
protein is recognized by receptors on the outer membrane (TOM 20/22 and 37/70).
The preprotein is translocated through the outer membrane (TOM complex) and
transferred to the translocase on the inner membrane (TIM complex). The matrix
chaperone mtHSP70 pulls in the precursor, and the signal sequence is cleaved by
the mitochondrial processing peptidase (MPP). Subsequently, the mature protein is
refolded by matrix chaperones HSP60 and CPN10.
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Relevance of mitochondrial biogenesis

While the issue of mitochondrial nonautonomy is an open and shut
case, the interactions between nucleus and mitochondria for a
coordinated regulation of gene expression are recognized as having a
large, subtle, and rich interrelationship that is gradually being
deciphered. This relationship is considered to be a two-way dialogue
or cross-talk between the two genomes, allowing an integration of
responses to a variety of extracellular and intracellular stimuli and
signals. In addition to physiological stimulation of mitochondrial
biogenesis in skeletal and cardiac muscle in response to increased
contractile activity (e.g., exercise), electrical stimuli, and thyroid
hormone [128], there is evidence that the mitochondrial biogenesis
pathways may be implicated in mitochondrial-based diseases. Coordi-
nated increases in both mitochondrial and nuclear gene expression
have also been reported in patients with mitochondrial diseases with
OXPHOS defects, including mitochondrial cardiomyopathy [129,3].
Understanding the stimuli, signals, and transducers that govern the
mitochondrial biogenesis pathways may have critical significance in
the effective treatment of cardiovascular disorders.
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Chapter 4

ROS Generation, Antioxidants, and Cell
Death

Overview

All cell types including cardiomyocytes are capable of generating
reactive oxidative species (ROS), and the major sources of produc-
tion include mitochondria, xanthine oxidases, and the NADPH
oxidases. Under pathophysiological conditions, ROS levels increase
and cause cellular damage and dysfunction targeting primarily the mi-
tochondria. The cardiomyocyte and mainly its mitochondria can neu-
tralize ROS with an array of scavenging enzymes and antioxidants. In
addition to its damaging effect, ROS play a role in a number of signal
transduction pathways in the cardiomyocyte. Whether the effects of
this signaling role are beneficial or harmful may depend on the site,
source, and amount of ROS produced, as well as the overall redox
status of the cell. ROS have been implicated in the development of
cardiac hypertrophy, cardiomyocyte apoptosis, and remodeling of the
heart, largely by up-regulating proapoptotic proteins and the
mitochondrial-dependent pathways. Cardiomyocyte apoptosis has
been reported in a variety of cardiovascular diseases, including
myocardial infarction, ischemia/reperfusion, end-stage heart failure,
and aging.

Introduction

Both the generation of ROS and the onset of apoptotic cell death are
important and often connected events in cell homeostasis. Mitochon-
dria are essential players in the physiology of the cardiomyocyte and
play a dominant role in redox signaling pathways, stress response,
myocardial ischemia, heart failure, hypertrophy, and aging. This
chapter includes a discussion about ROS generation, outlining both its
critical role in cell damage and signal transduction, its regulation by
cellular and mitochondrial antioxidants, and its involvement in the on-
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set of cell apoptosis and cardiac pathophysiology. Signaling pathways
involved in the development and progression of apoptosis are also
presented, and their significance in cardiac disease is discussed.

The significance of ROS

Generation of ROS

The major ROS are the superoxide radical O2#", hydrogen peroxide
(H2O2), and the hydroxyl radical OH*. The superoxide anion (02*") is
formed when oxygen accepts an electron. Superoxide is in
equilibrium with its more reactive protonated form, •HO2, which is
favored in acidosis (such as occurs with ischemia). The rates of
mitochondrial O2#"generation are known to be inversely correlated
with the maximum life-span potential of different mammalian species
[1]. The production of the hydroxyl radical (which is the most
reactive form of ROS) is primarily responsible for the damage to
cellular macromolecules such as proteins, DNA, and lipids. Formation
of the highly reactive hydroxyl radical comes from reactions
involving the other ROS species (e.g., the Fenton reaction) in which
ubiquitous metal ions, such as Fe (II) or Cu (I), react with H2O2. The
high reactivity of the hydroxyl radical and its extremely short
physiological half-life of 10"9 sec restrict its damage to a small radius
from where it is generated, since it is too short-lived to diffuse far
from its origin [2]. The location of free metal ions can determine the
initiation of free radical damage. In contrast, the less reactive
superoxide radicals produced in mitochondria can be delivered to the
cytosol through anion channels (e.g., VDAC) and thereby may
impact sites far from their generation, including activation of
transcription factors such as N F - K B among other effects [3].
Similarly, the freely diffusible H2O2 generated in mitochondria can be
delivered to the cytosol, where it contributes to increased levels of
cellular ROS. An accurate quantification of mitochondrial ROS flux
inside living cells is very difficult since the turnover of several ROS
species (particularly the OH* radical) is extremely rapid. Indirect
strategies, including the use of gene knockout and overexpression
studies [4], have been used to demonstrate the presence and
involvement of mitochondrial ROS.
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Under normal physiological conditions, the primary source of ROS
is the mitochondrial ETC, where oxygen can be activated to
superoxide radical by a nonenzymatic process. This production of
ROS is a by-product of normal metabolism and occurs from electrons
produced (or leaked) from the ETC at complexes I, III, and IV. There
is evidence that semiquinones generated within complexes I and III
are the most likely donors of electrons to molecular oxygen, providing
a constant source of superoxide [5-6]; however, a supportive role for
complex II in ROS production has also been suggested [7]. Mitochon-
drial ROS generation can be amplified in cells with abnormal
respiratory chain function as well as, under physiological and patholo-
gical conditions, where oxygen consumption is increased.

Besides mitochondria, other cellular sources for generating superox-
ide radicals include the reactions of oxygen with microsomal cyto-
chrome p450 and with reduced flavins (e.g., NADPH), usually in the
presence of metal ions. In addition, xanthine oxidase (XO), a
primarily cytosolic enzyme involved in purine metabolism, is also a
source of the superoxide radical. Notably, XO activity and its super-
oxide generation are markedly increased in the heart after postische-
mia/reperfusion damage. Its location within the human myocardium is
primarily in the endothelial cells of capillaries and smaller vessels
[8-9]. Multiple studies have shown that that the XO inhibitor
allopurinol provides protection against the cardiac damage resulting
from anoxia. Recently, Cappola and coworkers demonstrated a
provocative link between XO activity and abnormal cardiac energy
metabolism in patients with idiopathic DCM, since inhibition of XO
with allopurinol significantly improved myocardial function [10].

In the presence of the enzyme superoxide dismutase (SOD), super-
oxide radicals can be converted to H2O2, which can further react via
the Fenton reaction to form the hydroxyl radical. Superoxide can also
react with nitric oxide (NO) to form peroxynitrite, which is also a
highly reactive and deleterious free radical species (Figure 4.1).
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Figure 4.1. Cellular ROS generation and metabolism. Sites of mitochondrial
super oxide O2~ radical (via respiratory complexes I, II, and III) and cytosolic O2~.
generation (by NADPH oxidase or xanthine oxidase) are depicted. Also shown are
reactions of the Of radical with NO to form the highly reactive peroxynitrite, which
can target PT pore opening and the inactivation of mitochondrial aconitase by O2*~.
MnSOD (in mitochondria) and CuSOD (in cytosol) to form H2O2 are also
displayed. The H2O2 is then either further neutralized in the mitochondria by
glutathione peroxidase (GPx) and glutathione, in the peroxisome by catalase, or in
the presence ofFe++ via the Fenton reaction,which forms the highly reactive OH*
radical, which can cause severe lipid per oxidation and extensive oxidative damage
to proteins and mtDNA.

Negative effects of ROS

ROS cause deleterious effects on cells including extensive
peroxidative damage to membrane phospholipids and proteins.
Protein modifications, such as carbonylation, nitration, and the
formation of lipid peroxidation adducts (e.g., 4-hydroxynonenal
[HNE]), are products of oxidative damage secondary to ROS [11].
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Significantly, changes in the myocardial respiratory complexes I to V
by ROS-mediated nitration, carbonylation, and HNE adduct, with
associated decline in their enzymatic activity, have been reported in
both in vitro and in vivo studies [12]. Superoxide is also especially
damaging to the Fe-S centers of enzymes (e.g., complex I, aconitase,
and succinate dehydrogenase). Moreover, the inactivation of
mitochondrial aconitase by superoxide, which generates Fe (II) and
H2O2, also increases hydroxyl radical formation through the Fenton
reaction [13]. Lipids and in particular the mitochondrial-specific
cardiolipin serve as a focal target for free radical damage. A large
accumulation of superoxide radicals produced in vitro, with sub-
mitochondrial particles from heart resulted in extensive cardiolipin
peroxidation with a parallel loss of cytochrome c oxidase activity
[14-15]. Oxidative damage also affects nucleic acids and in particular
mtDNA by the induction of single- and double-strand breaks, base
damage, and modification (including 8-oxoguanosine formation),
resulting in the generation of point mutations and deletions [16-18].

In addition, the highly reactive peroxynitrite irreversibly impairs
mitochondrial respiration [19] since it inhibits complex I activity,
largely by tyrosine nitration of several targeted subunits [20-21],
modifies cytochrome c structure and function [22], affects cyto-
chrome c oxidase activity, inhibits mitochondrial aconitase [23], and
causes induction of the PT pore [24]. Some of the effects of
peroxynitrite on its mitochondrial targets (e.g., the PT pore) are
potentiated by increased calcium levels [25]. The effects of peroxy-
nitrite on mitochondria can be clearly distinguished from the effects
of NO, which often are reversible [19].

Taken together, mitochondria (which are the primary site of intra-
cellular ROS generation) are also a primary locus of its damaging ef-
fects. In particular, damage to mtDNA induces abnormalities in the
mtDNA-encoded polypeptides of the respiratory complexes located in
the inner membrane, with consequent decrease of electron transfer
and further production of ROS, thus establishing a vicious cycle of
oxidative stress, mitochondrial function, and bioenergetic decline.
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Antioxidant defense

The powerful cell-damaging ROS oxidants can be neutralized by an
array of protective antioxidant scavenger enzymes, as well as by
various lipid and water-soluble compounds including ascorbic acid,
glutathione, thioredoxin, and a-tocopherol. The antioxidant enzymes
are located in a variety of cellular compartments including the
mitochondria (e.g., MnSOD, glutathione peroxidase, thioredoxin
reductase), peroxisomes (e.g., catalase), microsomes (e.g.,
cytochrome P450) and in the cytosol (e.g., CuSOD and cytosolic
thioredoxin reductase). In general, there are significantly lower levels
of antioxidants in myocardial mitochondria than in liver mitochon-
dria, but the consensus opinion is that the antioxidant capacity of the
heart is generally sufficient to handle the normal levels of ROS
production, although insufficient to meet the greater ROS accumula-
tion that occurs during stress, myocardial disease, and ischemia [26].

A mitochondrial isoform of catalase with low specific activity has
been found in rat [27-28]. This mitochondrial catalase activity was
detected in the heart but not in liver or skeletal muscle and it appears
to increase during caloric-restricted diets and in the diabetic heart
[29-31]. The role that this enzyme plays has not been fully
determined although there is evidence of its participation in the
prevention of excess lipid peroxidation in myocardial ischemia [32].
On the other hand, a mitochondria-specific catalase has not been
found in the heart of transgenic mice even after overexpression of the
catalase gene [33].

While superoxide dismutases catalyze the removal of superoxide
radicals by the formation of H2O2, glutathione peroxidase (GPx) cata-
lyzes the breakdown of H2O 2 to water and oxidized glutathione
(GSSG) by using reduced glutathione (GSH) as shown in Figure 4.1.
Since GPx is located in both the mitochondria and cytosol, H2O2 can
be removed from either compartment depending on the availability of
glutathione. A small fraction of the total cellular pool of GSH is
sequestered in mitochondria by the action of a carrier that transports
GSH from cytosol to the mitochondrial matrix [34]. On exposure to
increased exogenous ROS, isolated, perfused rat hearts are rapidly
depleted of their antioxidant reserves, including those of SOD and
GSH, rendering them more vulnerable to the action of oxidative
injury [35].
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Another important mechanism in the antioxidant reactions is the
sequestering of iron and copper ions to keep them from reacting with
superoxide or H2O2. The antioxidant dexrazoxane prevents site-
specific iron-based oxygen radical damage by chelating free and
loosely bound iron. It has been used as a cardioprotective drug against
doxorubicin-induced oxidative damage to myocardial mitochondria in
both humans and animals [36-37]. The antioxidant metal-binding
protein metallothionein (MT) also provides cardioprotection by
directly reacting with ROS produced by ischemia/reperfusion and
doxorubicin treatment, as demonstrated by studies with a cardiac-
specific, MT-overexpressing transgenic mouse model [38]. MT ex-
pression is also inducible within the heart (and other tissues) by TNF-
oc, IL-6, doxorubicin, and metals such as cadmium and Zn [38-40],
although its cardioprotective role in those studies was not determined

The uncoupling of mitochondrial respiration from OXPHOS ATP
production—by either artificial uncouplers such as 2,4-dinitrophenol
(e.g., DNP) or natural uncouplers (e.g., laurate), fatty acids, and
mitochondrial uncoupling (UCP) proteins—strongly inhibits O2#" and
H2O2 formation in mitochondria [41-43]. ROS production is favored
when the mitochondrial membrane potential is above a specific
threshold. Under conditions where the mitochondrial membrane
potential is at its peak (e.g., state 4 respiration), ROS production is
augmented. Significantly, increased mitochondrial membrane poten-
tial slows electron transport through the respiratory chain, resulting in
increased half-life of the ubiquinone free radical and increasing the
likelihood that electrons will interact with oxygen to form ROS [44].
Uncouplers prevent the transmembrane electrochemical H+ potential
difference (A |IH) from being above a threshold critical for ROS
formation by respiratory complexes I and III. This has been corrobo-
rated in transgenic mice in which UCP3 protein is lacking, resulting
in enhanced ROS production and increased oxidative stress in the
heart and skeletal muscle [45]; in transgenic mice with UCP1 overex-
presssion [46]; and in cardiomyocytes with UCP2 overexpression in
which ROS is markedly attenuated [47].
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Role ofROS in cell signaling

In addition to the cell-damaging effects of ROS, mitochondrial ROS
generation and the oxidative stress they engender play a major role in
cell regulation and signaling. Oxidative species such as H2O2 and the
superoxide anion can be used as potent signals sent from mitochon-
dria to other cellular sites rapidly and reversibly, triggering an array
of intracellular cascades leading to diverse physiological end-points
for the cardiomyocyte, some negative (e.g., apoptosis and necrosis)
and others positive (e.g., cardioprotection and cell proliferation).
H2O2 produced by mitochondria and sent to the cytosol is involved in
several signal transduction pathways, including the activation of c-Jun
N-terminal kinase (JNK1) and mitogen-activated protein kinases
(MAPK) activities [48-50], and can impact the regulation of redox-
sensitive K+ channels affecting arteriole constriction [51]. The release
of H2O 2 from mitochondria and its subsequent cellular effects are
increased in cardiomyocytes treated with antimycin and high Ca++ and
further enhanced by treatment with CoQ. CoQ plays a dual role in the
mitochondrial generation of intracellular redox signaling, by acting
both as a prooxidant involved in ROS generation and as an
antioxidant by inhibiting the PT pore and cytochrome c release and
also by increasing ATP synthesis [52]. Increased mitochondrial H2O2
generation and signaling occur with NO modulation of the respiratory
chain [49, 53], as well as with the induction of myocardial mito-
chondrial NO production, resulting from treatment with enalapril
[54]. ROS play a fundamental role in the cardioprotective signaling
pathways of ischemic preconditioning, in critical oxygen sensing, and
in the induction of stress responses that promote cell survival. These
phenomena are further examined in Chapters 5 and 10.

ROS and cardiac pathology

ROS generation increases in the aging heart, myocardial ischemia and
reperfusion, inflammation, and in general, the presence of impaired
antioxidant defenses. It is known that a burst of ROS occurs during
the first moments of reperfusion and is associated with changes in
mitochondria (e.g., PT pore opening) and myocardial injury [55]. The
source of ROS generation during early reperfusion has not been
determined and may be of either mitochondrial or cytoplasmic origin.
In contrast, the source of ROS generated during ischemia (and likely
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in the early/acute pathway of ischemic preconditioning) more clearly
involves the mitochondrial ETC and may be different than the source
of ROS generated in early reperfusion [56-57].

In the canine model of pacing-induced DCM and heart failure, there
is a marked increase in left ventricular tissue aldehyde levels, suggest-
ing elevated free radical-induced damage [58-59]. The increased
levels of oxidative stress correlated with the onset of reduced cardiac
complex III and V activities. This has been corroborated by measure-
ments of ROS levels in paced compared to unpaced dogs, revealing
that both O2*" and OH# radicals generated from mitochondrial-pro-
duced H2O2 are increased in the failing myocardium and correlated
with the severity of left ventricular dysfunction [60-61].

Oxidative stress also appears to be involved in the generation of
large-scale myocardial mtDNA deletions demonstrated in pacing-
induced cardiac failure [58] as well as in studies of ameroid
constriction-mediated myocardial ischemia in the dog [62]. In
addition, neonatal cardiac myocytes treated with TNF-a displayed a
significant increase in ROS levels, accompanied by an overall decline
in mtDNA copy number and decreased complex III activity [63]. The
TNF-a mediated decline in mtDNA copy number might result from
an increase in mtDNA deletions.

ROS-induced mtDNA damage, resulting in respiratory complex
enzyme dysfunction, contributes to the progression of left ventricular
(LV) remodeling and failure after myocardial infarction (MI). In a
murine model of MI and remodeling created by ligation of the left
anterior descending coronary artery, increased ROS production (e.g.,
OH* level) was found in association with decreased levels of mtDNA
and ETC activities, suggesting impairment of mitochondrial function
[64].
Recently, the chronic release of ROS has been linked to the develop-

ment of left ventricular hypertrophy and progressive heart failure.
Chronic ROS generation can derive both from mitochondria and from
nonmitochondrial NADPH oxidase, which in endothelial cells is
activated by cytokines, neurohormones, and growth factors (e.g.,
angiotensin II, norepinephrine, and TNF-a) [65-66].



108 MITOCHONDRIA AND THE HEART

Long-term abnormalities in cardiac phenotype can be driven by
redox-sensitive gene expression, and in this way ROS may act as
potent intracellular second messengers. In cardiac myocytes, NADPH
oxidase plays a prominent role in the hypertrophic pathway [67-69].
In addition, NADPH oxidase activity is significantly increased in the
failing versus nonfailing myocardium [70]. Recently, it has been
reported that statins (i.e., 3-hydroxyl-3-methylglutaryl coenzyme A
[HMG-CoA] reductase inhibitors), by modulating the ROS-generating
activity of NADPH oxidase, can inhibit cardiac hypertrophy by
cholesterol-independent mechanisms [71-72]. Statins block the iso-
prenylation and activation of members of the Rho guanosine triphos-
phatase (GTPase) family such as Racl, an essential component of
NADPH oxidase. Thus, it appears that blocking ROS production with
statins may be beneficial to patients with myocardial hypertrophy and
chronic heart failure.

ROS and apoptosis

Increased oxidative stress and ROS accumulation can lead to
apoptosis. Apoptosis can be blocked or delayed by treatment with
antioxidants and thiol reductants [73]. Moreover, overexpression of
antioxidant proteins (e.g., MnSOD, glutathione peroxidase, and met-
allothionein) can block apoptotic progression [74-76]. Attenuation of
apoptosis by overexpression of the antiapoptotic protein Bcl-2 was
associated with protection against ROS and oxidative stress [77].
Cells from transgenic mice containing ablated genes encoding
antioxidant proteins (e.g., glutathione peroxidase) have both increased
oxidative stress levels and increased apoptosis [78-79].
Agents that induce apoptosis (e.g., TNF- a) also promote high levels

of mitochondrial-generated ROS [80]. In addition, ROS production
can target an array of signal transducers (e.g. JNK, TNF-a, and
MAPK), which interface with the apoptotic machinery described in
detail below. This includes both activation of the proapoptotic Bcl-2
family and mediators (e.g., TNF-a), as well as the modulation of their
gene expression by activation of specific transcription factors (e.g.,
NF-KB).

Recently, an important model system has emerged to study the in-
duction of oxidative stress and apoptosis by employing the treatment
of cultured cardiomyocytes with H2O2[81], This approach has
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permitted a molecular and biochemical appraisal of the cellular and
mitochondrial events presaging, accompanying and following the
induction of cardiomyocyte apoptosis. In addition, it has allowed the
study of short-lived signaling intermediates, as well as various
treatments (e.g., antioxidants) to stem the development of cardiomyo-
cyte oxidative stress and apoptotic progression [82-83].

It is also important to point out that not all cardiomyocyte apoptosis
is triggered by oxidative stress and ROS generation. Recent reports
have shown no evidence of ROS (or NO) involvement in the
palmitate-mediated induction of apoptosis in neonatal rat cardiomyo-
cytes [84], illustrating the complex, multiforked, and parallel nature
of signals in the apoptotic pathway.

Apoptosis and cell death

It is well established that mitochondria play a pivotal role in the early
events of apoptosis. An early event in the mitochondrial apoptotic
pathway (as shown in Figure 4.2) is the release from the
intermembrane space into the cytosol of a group of proteins (e.g.,
cytochrome c, Smac/diablo, AIF, and endonuclease G) [85]. These
mitochondrial proteins are involved in triggering the subsequent
activation of downstream cysteine-aspartate proteases (caspases),
initiating cell self-digestion (e.g., cytochrome c and Smac/diablo), and
nuclear DNA fragmentation by endonucleases (e.g., endonuclease G
and AIF) leading to apoptotic cell death [86]. Caspases, which are
normally inactive enzymes, require specific proteolytic cleavage for
their activation. This is achieved by the formation in the cytosol of
large protein complexes termed apoptosomes, which incorporate
released cytochrome c, Apaf-1, and recruited caspases (e.g., caspase-
9). The assembly and function of the apoptosome are regulated by
Smac/diablo, intracellular K+ levels, and a class of proteins termed
IAPS [87]. The release of the mitochondrial intermembrane peptides
to the cytosol occurs primarily as a result of the disruption of the
mitochondrial outer membrane [88].
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Figure 4.2. The mitochondrial pathway of apoptosis. An array of cellular
signals, including ROS and UV-induced DNA damage, trigger the apoptotic
pathway regulated by proapoptotic proteins (e.g., Bax, Bid and Bad) binding to
outer mitochondrial membrane leading to mitochondrial outer-membrane
permeabilization (MOM?) and PT pore opening. Elevated levels of mitochondrial
Ca++ as well as ETC-generated ROS also promote PT pore opening. This is
followed by the release of cytochrome c (Cyt c), Smac, endonuclease G (Endo G),
and apoptosis-inducing factor (AIF) from the mitochondrial intermembrane space
to the cytosol, and apoptosome formation leading to caspase and endonuclease
activation, DNA fragmentation, and cell death. Association of Bax with
mitochondria is prevented by antiapoptogenic proteins (e.g., Bcl-2). Also shown are
major proteins comprising the PT pore including hexokinase (Hex), adenine
nucleotide translocator (ANT), creatine kinase (CK), cyclophilin D (CyP-D), and
porin (VDAC) as well as the inner membrane phospholipid cardiolipin (CL).
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This change in mitochondrial membrane integrity is regulated by
the complex and dynamic interactions of different members of the
Bcl-2 family, including Bax, Bid, Bcl-2, and BCI-XL. Proteins of the
Bcl-2 family share one or several Bcl-2 homology (BH) regions and
behave as either pro- or antiapoptotic proteins. The highly conserved
BH domains (BH1-4) are essential for homo- and heterocomplex
formation, as well as to induce cell death. Proapoptotic homologues
can be subdivided into 2 major subtypes, the multidomain Bax
subfamily (e.g., Bax and Bak) which possesses BH1-3 domains, and
the BH3-only subfamily (e.g., Bad and Bid). Both proapoptotic
subtypes promote cell-death signaling by targeting mitochondrial
membranes, albeit by different mechanisms [89]. Proapoptotic
membrane-binding proteins (e.g., Bax) on translocation from the
cytosol to mitochondria, potentiate cytochrome c release, presumably
by forming channels in the outer membrane. This is supported by data
showing that Bax can form channels and release cytochrome c from
artificial membranes or liposomes [90]. The BH3-only proteins (e.g.,
Bid) act by activating the multidomain proapoptotic proteins or by
binding and antagonizing the antiapoptotic proteins. Activation of
proapoptotic proteins such as Bax to oligomerize, translocate, and
bind to the mitochondria represents a critical control point for
apoptosis. It requires extensive conformational changes, in response
to a multitude of death signals involving the binding of several factors
(e.g., BH3-only proteins) and phosphorylation by several kinases
including P38 MAP kinase. Cytoplasmic p53 can directly activate
Bax and trigger apoptosis by functioning similarly to the BH3-only
proteins [91]. The antiapoptotic proteins Bcl-2 and BCI-XL display
conservation in all four BH1-4 domains and act to preserve
mitochondrial outer membrane integrity by binding and sequestering
proapoptotic activating factors (e.g., Bad or Bid), antagonizing the
events of channel formation and cytochrome c release. Bcl-2 prevents
the functional association of Bax with the mitochondria and interferes
with the release of apoptogenic peptides (e.g., cytochrome c and AIF)
from the mitochondria.

Protein release from the cristae, where the majority of cytochrome c
is located, may be associated with the opening of the membrane
mitochondrial megachannel, the PT pore located at contact sites
between the inner and outer membranes [92]. However, the role of the
transient opening of the PT pore in the release of cytochrome c is not
yet fully understood, since cytochrome c release occurs prior to any
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discernable mitochondrial swelling. Nevertheless, PT pore opening is
an early requisite feature of apoptosis preceding the activation of
caspases and is promoted by elevated Ca++ influx into mitochondria,
excessive mitochondrial ROS production (primarily from respiratory
complex I and III), prooxidants, fatty acids, and nitric oxide [86].

Opening of the PT pore causes a number of important changes in
mitochondrial structure and metabolism, including increased mito-
chondrial matrix volume, leading to mitochondrial swelling, release
of matrix calcium, altered cristae, and cessation of ATP production,
due to uncoupling of ETC and dissipation of the mitochondrial
membrane potential. Both Bax and Bcl-2 directly interact with the
voltage-dependent anion channel protein VDAC/porin, both a
component of the PT pore as well as a major contributor to the
mitochondrial outer membrane permeability [93]. The efflux of
cytochrome c is therefore coordinated with the activation of a
mitochondrial remodeling pathway characterized by changes in inner
membrane morphology and organization, ensuring the complete
release of cytochrome c and the onset of mitochondrial dysfunction
[94].

Myocardial apoptosis

In the last decade, there was increasing support from both animal
models and clinical studies that myocardial apoptosis progressively
increases and is a significant feature of cardiac failure. Apoptotic
processes are pivotally involved in the remodeling of the heart, which
accompanies or precedes the development of heart failure. The loss of
cardiac cells (by inappropriate cell death) might take on particular
significance during conditions of increased hemodynamic cardiac
loading and in myocardial infarct. In addition, inappropriate loss of
atrial cells has been suggested as a mechanism for cardiac
arrhythmias [95]. Myocardial apoptosis has been documented in
patients with end-stage DCM [96-97]. Cytochrome c release from
mitochondria was found to also occur in the failing human heart and
in cardiomyopathy [98]. Critical issues that remain to be elucidated
include identification of the molecular triggers for cardiac apoptosis,
the precise quantification of apoptotic cells, and the time of apoptosis
onset and completion. The overall role of apoptosis in cardiac failure
(while highly attractive as a theoretical construct) is not yet known.
Findings from in vitro systems and animal models suggest that
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myocardial apoptosis occurs in response to a variety of insults,
including ischemia-reperfusion, myocardial infarction, atrial pacing,
and mechanical stretch, and following aortic constriction-pressure
overload. Apoptotic induction has also been described in pacing-
induced cardiac failure in dogs [99-100].

A large number of factors present in the failing myocardium have
been shown to caused or be involved with apoptosis, including
catecholamines, angiotensin, inflammatory cytokines, ROS, NO,
hypoxia, peptide growth factors (e.g., TGF and cardiotrophin), and
mechanical stress. A subset of these factors are involved in the
mediation of hypertrophic growth of cardiac myocytes [67, 101-102];
some factors (e.g., ROS) contribute to both pathways (apoptosis and
cell growth) [67], while others clearly favor 1 pathway and antagonize
the other. For instance, the activation of phosphoinositide-3 kinase
(PI3K) and its downstream serine-threonine effector Akt is a pivotal
transducing event in cell proliferation, cardiomyocyte survival, and
myocardial hypertrophy [103] and a potent antagonist to the apoptotic
pathway (and vice versa).

In the adult heart, several of the signaling cascades mediating myo-
cyte growth and hypertrophy also function to enhance cardiomyocyte
survival, in response to pleiotropic death stimuli [104]. The modula-
tion of myocardial growth by blocking intracellular apoptotic signal-
ing pathways may have potential value in the prevention and
treatment of heart failure.
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Chapter 5

Myocardial Ischemia and Cardioprotection

Overview

Acute ischemia and myocardial infarct as a consequence of coronary
artery disease remain major public health problems. The incidence of
heart failure secondary to myocardial ischemia/myocardial infarct is
increasing, and in the United States alone, more than a half million
new cases are diagnosed each year in adults and aging individuals.
Moreover, after myocardial infarction, patients are at high risk for
recurrent cardiovascular events, new onset heart failure, and increased
mortality. Data so far accumulated using ischemic preconditioning
(IPC) and cardioprotection (CP) in animal models suggest that these
interventions may be a desirable alternative to the currently available
drug armamentarium and surgical interventions for coronary artery
disease.

Introduction

When exposed to an insult, cardiomyocytes are able to mount a
cardioprotective response. Until recently, reperfusion of the ischemic
myocardium was the only intervention available to restore the various
cellular functions affected by myocardial ischemia, including
preventing cell death by necrosis or apoptosis. Unfortunately,
reperfusion may result in extensive myocardial damage, including
myocardial stunning, and the functional recovery of the heart may
appear only after a period of cardiac contractile dysfunction that may
last for several hours or days. Understanding the damage that
ischemia produce in mitochondrial structure and function as well as
the cellular and molecular mechanisms of IPC-CP is essential in de-
veloping new therapies to improve the welfare of so many patients
with myocardial diseases. Unequivocal data and more refined
techniques to evaluate the molecular events occurring in ischemia and
CP are required prior to clinical trials with drugs and regimens whose
specificity of action, including their overall, metabolic and physiologi-
cal role, and potential benefits are not absolutely clear.
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Mitochondria! dysfunction in myocardial ischemia

Oxidation-phosphorylation decline in ischemia

When the supply of oxygen becomes limited as occurs with
myocardial ischemia, OXPHOS and mitochondrial ETC flux decline.
Data collected from the porcine model of myocardial ischemia
demonstrated significant reduction in mitochondrial respiratory
complex I activity (35%) and in state 3 mitochondrial respiration
supported by NAD-linked substrates, glutamate and malate [1-2].
These studies also found that in addition to complex I, complex V
(oligomycin-sensitive Fo-FiATPase) was a critical target of early
myocardial ischemia, exhibiting severe activity reduction (>45%).
These findings have since been confirmed in rat and human
myocardium [3]. As ischemia progresses, rat hearts also display a
moderate decrease (25%) in complex IV activity level, in parallel with
significantly depleted levels of the mitochondrial inner membrane
phospholipid, cardiolipin, which as previously noted plays an integral
role in promoting the stability and activity of complexes I and IV
[4-6]. Additional evidence supports the notion that a functionally
distinct subpopulation of myocardial mitochondria (i.e., subsarcolem-
mal mitochondria) are preferentially affected during ischemia display-
ing discernible damage in complex IV [7-8]. Also, complex III
deficiency occurs during the progression of myocardial ischemia [9].

Despite evidence that specific mitochondrial OXPHOS and ETC
functions are affected following myocardial ischemia, the molecular
and biochemical basis of that dysfunction has not yet been fully es-
tablished. Considerable experimental data support the hypothesis that
there is not a common mechanism for ischemia-mediated decline in
enzymatic activity for the different respiratory complexes [10].
Ischemia-related damage to complex HI results in highly targeted
injury to the Fe-S cluster of the Rieske protein subunit of complex III
[9]. Evolutionary conserved cysteine and histidine residues in the
Rieske subunit responsible for Fe++ binding and for the integrity of
the cluster are the proposed targets for ischemic impairment of the
complex III activity; the level of the Rieske subunit itself is not
affected in myocardial ischemia. In contrast, neither qualitative nor
quantitative defects in complex IV protein subunits have been
detected in myocardial ischemia. The loss of the inner membrane lipid
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cardiolipin, which has been demonstrated in both in vivo and in vitro
models of myocardial ischemia, has been proposed as the probable
explanation for the specific dysfunction of complex IV activity.
Cardiolipin depletion with its attendent decrease in membrane fluidity
might also impact other inner-membrane transporters and ETC com-
plexes.

The loss of complex I activity has been attributed to depletion of
both flavin mononucleotide [2] and, more recently, cardiolipin [5],
although the precise mechanism has not yet been determined.
Supplementation of ischemic cells with exogenous cardiolipin has
been shown to largely restore both complex I and IV activities after
ischemic insult [4-5]. If this is true, the mechanism of how cardiolipin
is disturbed in ischemia needs to be determined. This mechanism
must also take into account both the rapidity of the ischemic insult
and its differential effect on respiratory enzymes. Essentially 30
minutes of ischemic insult is required for the decline in complex III
and IV activity and discernible cardiolipin depletion, while complex I
activity decline is detectable within 10 minutes.

Other potential explanations for the impact of myocardial ischemia
on mitochondrial respiratory enzymes have been considered. These
include altered mitochondrial protein import during ischemia,
mitochondrial transcription, and protein synthesis [10]. Evidence for
altered protein import to mitochondria is presently scant and does not
provide an explanation of why many cytoplasmically synthesized
mitochondrial proteins are not affected in ischemia. The notion that
mitochondrial transcription and protein synthesis are affected is con-
sistent with the loss of specific respiratory complex activities whose
subunits are encoded by mtDNA (i.e., I, III, IV, and V). However,
data on ischemia-mediated decreases in mitochondrial-specific trans-
cript and peptide levels (e.g., COXI and ATPase6) are not available.

On the other hand, mtDNA damage has been reported in association
with ischemia. Data from clinical studies of patients with ischemic
heart disease have shown that large-scale mtDNA deletions are preva-
lent in myocardium [11]. Studies from dogs undergoing ameroid
constriction also found a significant elevation in the level of myocar-
dial mtDNA deletions (with a concomitant decline in respiratory
enzyme activities) in ischemia-affected myocardium compared to
controls [12]. These findings support a loss of mtDNA integrity with
chronic ischemic insult and are unlikely to explain the rapid and
differential loss of specific respiratory enzymatic activities found in
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acute myocardial ischemia. Parenthetically, similar findings were not
demonstrated using the rat model of myocardial ischemia described
above.

In addition to mitochondrial OXPHOS and ETC, other mitochondri-
al bioenergetic pathways are significantly affected in ischemic myo-
cardium. Levels of creatine phosphate are rapidly depleted along with
progressive decline in mitochondrial creatine kinase activity, reducing
the export of high-energy phosphates from mitochondria [13]. During
the development of myocardial ischemia in rats, in addition to a pro-
gressive decline in respiratory enzyme activities there is an increase in
proton leak across the mitochondrial inner membrane [14-15].

Ischemia promotes a cellular bioenergetic substrate selection shift in
the myocyte, with a switch to glycolytic/glucose pathway from FAO/
aerobic metabolic pathways, underlying the mitochondrial plasticity
concept [16]. Impaired oxidation of fatty acids results in the accumu-
lation of long-chain fatty acids that inhibit PDH and that can result in
cardiac arrhythmias. The hydrolysis of glycolytically derived ATP,
accumulation of lactate, and a marked decline in pyruvate oxidation
lead to a decrease in intracellular pH and intracellular acidosis, which
has a direct inhibitory effect on contractile function. AMP and other
intermediates accumulate, and subsequent mitochondrial swelling and
progressive degeneration occur.

Myocardial ischemia and oxidative stress

Ischemia results in oxidative damage to proteins, including the oxida-
tion of carbonyl and sulfhydryl groups; the latter occurs concomitant-
ly with a severe depletion in glutathione levels [17]. Mitochondrial
proteins are readily targeted as they are close to the site of free radical
generation. Ischemia triggers protease activity and also mediates the
peroxidation of lipids; in addition to a marked loss in cardiolipin,
there is loss of membrane fluidity and movement within the
mitochondrial membranes [18]. Also, the mitochondrial antioxidant
response appears to be hampered by the ischemic insult [17-19].
Besides a marked reduction in the levels of reduced compared to oxi-
dized glutathione, the ischemic myocardium also exhibits a decrease
in mitochondrial-localized MnSOD and GPx activities. In contrast,
the levels of cytoplasmic antioxidants (e.g., CuSOD and catalase) are
unchanged.

Sustained myocardial ischemia can lead to pronounced ATP deple-
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tion and either apoptotic or necrotic cell death. The selection of apop-
tosis as compared to necrosis centers on the availability of ATP;
higher levels of ATP furnish energy needed for the apoptotic events to
occur, whereas low levels of ATP promote necrosis. The release of
cytochrome c is also predisposed by the events of ischemia [20]. The
relationship of cytochrome c loss, oxidative stress, and myocardial
apoptosis have been previously discussed.

Myocardial ischemia and mitochondrial calcium flux

Mitochondrial Ca^ flux represents an early pivotal event in ischemia/
anoxia-induced cardiomyocyte damage, preceding and presumably
leading to reduced mitochondrial respiratory activity levels followed
by an accumulation of intracellular oxidation, mitochondrial mem-
brane depolarization, and cell death. What remains unclear at this
time is the critical sequence of early mitochondrial-related events,
including mitochondrial membrane depolarization and its functional
consequences, particularly with respect to mitochondrial bioenergetic
function, cytochrome c release, and the role of the opening of the
mitochondrial PT pore. In addition, calcium flux into mitochondria
has a potentially important regulatory role in this response, since it is
well established that calcium overload promotes mitochondrial PT
pore opening and agents that block PT pore opening inhibit apoptosis
[21].

As a surrogate of ischemia/reperfusion cardiac damage, the model
of H2O2-treated cardiomyocytes has been recently used in the
assessment of mitochondrial oxidative damage and cardioprotective
mechanisms, with potential clinical application [22]. By using a va-
riety of cardioprotective agents the modulation of various stages in
the cardiomyocyte H2O 2 response was tested [23]. These studies
demonstrated that the activation of mitoKATP channels (proposed as a
central event in cardioprotective IPC) targeted and suppressed the
mitochondrial morphological changes that require matrix Ca++ over-
load, preceding changes in the mitochondrial membrane potential. A
representative illustration depicting mitochondrial Ca++ flux in neo-
natal rat cardiomyocytes in response to H2O2 treatment is shown in
Figure 5.1.
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Figure 5.1. Fluorescent imaging of mitochondrial calcium in cultured neonatal
rat cardiomyocytes. Cells were loaded with rhod-2, a fluorescent indicator of
mitochondrial calcium level at 4°Cfor 60 min followed by incubation at 37° C for
30 min. The graph inside shows the time-lapse increases in mitochondrial-localized
rhod-2 fluorescence in cardiomyocytes subjected to H2O2 treatment.

Gene expression

Myocardial ischemia can also elicit a marked and rapid activation of
myocardial gene expression affecting mitochondrial function [24-25].
The current availability of microarray technology may allow the iden-
tification of changes in the overall myocardial transcriptional pro-
gramming at the onset and progression of ischemia. This technology
may also allow assessment of the role that ischemia plays in modula-
ting transcriptional expression of genes involved in a plurality of
mitochondrial functions including OXPHOS/ETC, the TCA cycle,
FAO, mitochondrial PT pore and antioxidant responses, mtDNA
transcription and maintenance, as well as nuclear transcription factors
known to be involved in mitochondrial biogenesis.
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Reperfusion

Paradoxically, functional mitochondria can exacerbate ischemic
damage, especially at the onset of reperfusion. A pronounced increase
in fatty acid influx and unbalanced FAO predominates during re-
perfusion, producing an excess of acetyl CoA saturating the TCA
cycle at the expense of glucose and pyruvate oxidation, which is
eventually inhibited. Increased OXPHOS causes elevated 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 [4-5]. At present, there is evidence that
reperfusion injury involves apoptotic cell death in contrast to ischemic
injury, which primarily involves necrotic cell death [26].

Cardioprotection

Hyperthermic stress can protect against myocardial dysfunction after
ischemia/reperfusion injury [27]. Improved levels of complex I to V
activities, heat-shock protein expression (i.e., HSP32, HSP60, and
HSP72), and ventricular function were attained in heat-stressed
hearts. In comparison to untreated reperfused myocardium, in which
mitochondria were severely disrupted, the reperfused heat-stressed
myocardium exhibited higher respiratory enzyme activities and
displayed mitochondria with intact membranes, packed with parallel
lamellar cristae. These findings provided evidence that heat-stress-
mediated enhancement of the mitochondrial energetic capacity is
associated with increased tolerance to ischemia-reperfusion injury.

Ischemic cardioprotection

IPC is a phenomenon in which single or multiple brief periods of is-
chemia have been shown to protect the heart against a more prolonged
ischemic insult (index ischemia), resulting in the reduction in myocar-
idial infarct size, severity of stunning, and incidence of cardiac
arrhythmias. IPC was first demonstrated by Murry [28] in a canine
model, showing that brief periods of ischemia and reperfusion
provided cardioprotection to a prolonged ischemic insult. Subsequent
studies have demonstrated CP in all animals studied and have also
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shown that IPC-like effects occur in cultured cells exposed to hypoxia
and metabolic inhibition, impacting both the structure and function of
mitochondria. A key rationale for IPC is to prevent ischemia-driven
myocardial necrosis [29].

Information about IPC has also been derived from the use of potas-
sium channel openers (KCOs) such as nicorandil, diazoxide, pinacidil,
and cromakalin and also by the use of KATP channel blockers (e.g.,
glibenclamide and 5-hydroxydecanoic acid (5-HD), which diminish
the beneficial effects of short ischemic events on cardiac tissue [29].
Initially, sarcolemmal KATP (sarcKATp) channels were thought to be
implicated in IPC but more recently the focus has shifted to the
mitoK.ATP channels. Garlid and associates have shown that the KCO
diazoxide was 1,000 to 2,000 times more potent in opening the
mitoKATP channel than the sarcKATP channel [30]. The negative effect
of 5-HD (abolishing diazoxide's protective effect entirely) further
suggested that mitoKATP mediated IPC, since 5-HD is highly selective
in interacting with the mitoKATP, as compared to the sarcolemmal
channel. However, 5-HD treatment has been recently shown to also
modulate mitochondrial respiration and fatty acid (3-oxidation
independently of its interaction with the mitoKATP channel [31].
Nevertheless, recent data support the view that both the mitoKATP and
sarcKATP channels have contributory roles in cardioprotection
[32-33], Under specific conditions, diazoxide and 5-HD can modulate
sarcKATP channel opening [32], whereas mitoKATP can bind molecules
previously thought to interact solely with sarcKATP channels and in
some species (e.g., dogs) both the mitochondrial and sarcKATP
channels must be blocked to entirely abolish IPC cardioprotection
[33]. Another ion channel previously thought to be exclusive to the
myocardial sarcolemmal membrane (i.e., the calcium-activated K+

channel) has recently been located on the mitochondrial inner
membrane and demonstrated to be functionally cardioprotective
against myocardial infarct [34].

Biochemical structural analysis of the proteins comprising the KATP

channels has been performed with functional channels isolated from
both myocardial sarcolemmal and mitochondrial membranes [35-36].
The channel activities of these preparations have been reconstituted in
liposomes and shown to be regulated by the same ligands as in vivo,
in both heart and brain. While the sarcKATP channels are heteromulti-
meric complexes of sulfonylurea receptors (SUR) and potassium in-
ward rectifier (Kir) gene products [37], the precise molecular compo-
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sition of the mitoKATP channel has yet to be identified [38]. Using
immunoblot analysis, no evidence for the presence of either known
sulfonylurea receptors (SUR1 or SUR2) in mitochondria has been
found [39], While there is evidence for the presence of Kir6.1 and 6.2
in cardiac mitochondria [40], gene knockout studies demonstrated no
discernible functional role for these proteins in the mitoKATP channel
[38]. A recent study has indicated that a multiprotein complex can be
purified from the mitochondrial inner membrane, which functions as a
mitoKATP channel, fully sensitive to channel activators and blockers
on reconstitution into proteoliposomes and lipid bilayers [41]. This
complex contains 5 mitochondrial proteins, including ANT, the mito-
chondrial ATP-binding cassette protein 1 (mABCl), the phosphate
carrier (PIC), ATP synthase, and SDH. However, at this time, the
pore-forming component of the mitoKATP channel remains undeter-
mined as do the potential identity of other proteins within this
complex. The identity of major bioenergetic proteins (ATP synthase
and SDH) within the mitoKATP channel and their overlap with
structural components of the PT pore (e.g., ANT) have important
ramifications for the mechanism of cardioprotection and its
relatedness to both bioenergetic function and apoptosis regulation.

Cascade of mitochondrial events in IPC

Treatment with KCOs causes a reduction in mitochondrial Ca++ influx
[42-43]. Korge et al. [42] performed experiments with isolated mito-
chondria that are anoxic and "deenergized", simulating the ischemic
state. Under these conditions, a mild depolarization of the mitochon-
drial membrane potential occurs, which prevents the uptake into the
matrix of extramitochondrial Ca++ (preventing mitochondrial Ca++

overload, which could ensue during ischemia or reperfusion) and also
results in inhibition in the opening of the PT pore. If isolated mito-
chondria are previously loaded with Ca++ and subsequently
depolarized (with diazoxide), the PT pore is opened [44-45]. Other
studies have found that the PT pore opens in the first minutes of
reperfusion following ischemia [46], in association with elevated
levels of mitochondrial Ca++, increased oxidative stress, and increased
matrix pH [47]. Opening the PT pore allows H2O and solutes to enter
the mitochondria, increasing matrix volume and rupturing the outer
membrane and can result in cell death by either apoptosis or necrosis.
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Inhibiting PT pore opening at reperfusion using cyclosporin A has
been reported to be cardioprotective [48].

IPC not only protects against necrotic cell death but blunts the
progression of myocyte apoptosis. Apoptosis occurs as a consequence
of ischemia/reperfusion, and the predominant view is that myocyte
apoptosis, occurring as a result of ischemia/reperfusion (I/R), is in
fact reperfusion-triggered [49]. This may be because reperfusion
rapidly restores intracellular ATP levels that are required to allow the
progression of the apoptotic pathway. Reduction of apoptosis by IPC
is elicited by the inhibition of inflammatory cell activation and by
altering the expression of apoptogenic proteins (e.g., Bax) and protein
kinase C activity. Early hallmark events of apoptosis occur at the
mitochondrial inner membrane and include opening of the PT pore
and release of cytochrome c from mitochondria. With CP, cytochrome
c release is inhibited along with PT pore opening, and the Ca++ flux
into mitochondria is stemmed. The IPC-modulation of myocardial
apoptotic events has been documented in early but not delayed IPC
[50].

The connection of mitochondrial respiratory activity and ATP levels
to IPC and to the opening of mitoKATP channels has been proposed to
be critical in the overall regulation of myocardial bioenergetics, as
well as in the survival of the ischemic cell. A modest but significant
level of uncoupling of respiration and OXPHOS occurs with IPC [16].
The uncoupling of OXPHOS, under certain circumstances, can allow
the fine-tuning of cellular bioenergetic efficiency in accord with cell
needs, proposed as a primary reason for mitochondrial uncoupling
proteins. The importance of uncoupling has been further supported by
studies in which treatment with uncouplers (e.g., DNP) mimics IPC
[48]. Moreover, it has been demonstrated in myocytes that a crucial
determinant in opening of both sarcKATP and mitoKATP channels is the
cytoplasmic ATP pool, mainly produced by mitochondrial OXPHOS.
Either uncoupling of mitochondrial OXPHOS or inhibition of COX
results in the opening of cardiac KATP channels, even in the presence
of glucose [51]. Modulation of COX activity by NO should be
expected to impact directly on the opening of KATP channels and may
be contributory to the known effect of NO on IPC [52]. In addition,
increased myocardial ATP levels have been reported in rat hearts
treated with IPC and with diazoxide (in comparison to levels in
untreated animals) [53-54]. There is evidence that IPC and KCO
treatment causes the inhibition of cardiac mitochondrial ATPase and
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reduction of ATP depletion during the early stages of sustained
ischemia, and this effect persists during the critical early phase of
reperfusion [55]. The inhibition of ATP hydrolysis will allow the
conservation of high-energy phosphates, improve the energy state of
the heart during ischemia, and may contribute to postischemic
recovery. Similarly, in isolated mitochondria subjected to anoxia,
diazoxide (if present during the anoxic insult) preserved ADP-
stimulated respiration and ATP levels, relative to untreated anoxic-
stressed mitochondria [56]. On the other hand, it is important to note
that mitochondrial ATP depletion and decreased mitochondrial
ATPase activity are unlikely to be responsible for the cardioprotective
effects of IPC. These conclusions are supported by findings that ATP
depletion can remain unchanged and even be enhanced during IPC
cardioprotection [57-58].

Differential compartmentation of ATP within the cardiomyocyte
may also contribute to CP since ATP located near the sarcolemmal
membrane would be more readily available for the membrane trans-
porters and ion pumps needed for cardiomyocyte function [16].

It is generally accepted that the mitoK ATP channels close when the
mitochondrial ATP level is high and open under conditions of low
ATP levels (responding to ATP/ADP ratio, as well as to localized
changes in adenosine content derived from adenine nucleotide
metabolism). Contributory roles have been proposed for ANT,
VDAC, and creatine kinase, important factors both in the control and
cellular distribution of mitochondria ATP and as components of the
PT pore [59]. The opening of mitoKATP channels either by KCOs or
by ischemic preconditioning modulates the PT pore opening, although
it has not yet been determined whether the PT pore is a upstream
target of the cardioprotective stimuli or a downstream end-effector
[60]. In addition, the role of KATP channel opening in mediating
VDAC activity and outer mitochondrial membrane permeability to
regulate both the efflux and influx of mitochondrial adenine
nucleotide levels may be critical in cardioprotection and remains to be
fully elucidated. In this regard, it is noteworthy to mention that
VDAC is a pivotal control site in the triggering of myocardial
apoptosis with high affinity for both the proapoptotic and
antiapoptotic proteins of the Bcl-2 family and for kinases such as
PKCe [61]. Another important aspect of respiratory and OXPHOS
regulation is the pivotal role played by ROS generation (a by-product
of OXPHOS), which as discussed below represents a critical
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downstream mediator of preconditioning. Recently, it has been
reported that ROS induces a significant decrease in mitochondrial
NADH-supported respiration, which can be reproduced by pharmaco-
logically inhibiting the activity of complex I, a primary site of
mitochondrial ROS generation [62].

IPC and treatment with KCOs significantly increase cardiomyocyte
mitochondrial volume, presumably due to the influx of K+ [63].
Induced mitochondrial matrix swelling may result in improved
mitochondrial energy production by the activation of FAO, mito-
chondrial respiration, and ATP production [64]. In experiments with
isolated mitochondria, K+-induced mitochondrial swelling was not
necessary for the increased ROS production mediated by diazoxide,
suggesting that diazoxide may modulate ROS by a mechanism inde-
pendent of the K+ channel opening [56]. However, controversy exists
concerning both the extent, cause, and significance of matrix changes
during IPC [65]. Other effects of mitoKATP channel opening include
the maintenance of the tight structure of the intermembrane space
required to preserve the normal low outer-membrane permeability to
adenine nucleotides and cytochrome c, beneficial effects elicited by
diaxoxide treatment which are abrogated by the mitoKATP channel
inhibitor 5-HD [66]. Consequently, the mitoKATP channel opening is
considered both a signaling trigger and a mediator/effector of the CP
pathway [67].

Signaling pathways

Adenosine and other ligands

Adenosine and its G-protein coupled receptors represent an important
positive stimulus, as well as a locus for feedback control of IPC [68].
Adenosine is generated at high levels during myocardial ischemia
from ATP metabolism, which is produced primarily in mitochondria.
IPC-induced cardioprotection is abrogated by treatment with adeno-
sine receptor antagonists, suggesting that adenosine, produced during
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Figure 5.2. Schematic representation depicting cellular events occurring in
early ischemic preconditioning. Adenosine, produced by the breakdown of
adenine nucleotides during ischemia, leads to the activation of phospholipase C
(PLC), which in turn activates and translocates protein kinase C (PKC) to target
mitochondrial membranes modulating the opening of mitoKArp and to a lesser
extent sarcK^TP channels. Other agonists of G-protein coupled receptors also
stimulate parallel signaling pathways with either PKC-dependent or tyrosine
kinase-dependent and phosphoinositide-3 kinase (PISK) cascades. Multiple mito-
chondrial events are integral to cardioprotection including increased mitochondrial
ROS generation, modulation of permeability transition (PT) pore opening, and
mitochondrial ETC activity, albeit the temporal sequence of these events is
presently undetermined. MitoKATP channel opening also provides positive feedback
by altering components such as ROS, mitogen-activated protein kinase (MAPK) or
PKC activation.

IPC, acts on cell-surface receptors, the most important being the Al
adenosine receptor [69]. Other ligands (including bradykinin, acetyl-
choline, and endothelin) have been identified that bind specific G-
protein coupled receptors, mediate mitoKATP channel opening, and
elicit IPC cardioprotection. These receptors represent parallel and
likely redundant pathways [70]. At least 3 surface receptors, acting in
parallel, can trigger preconditioning (PC). This redundancy also
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appears to extend to the signal transduction pathways, involved with
at least two independent parallel pathways, with consequent kinase
activation [71-73]. Whether these multiple receptor pathways act in
concert or synergistically holds great significance for developing
more effective therapeutic approaches, including reduced drug
dosages that may avoid side-effect reactions. The binding of specific
ligands to their membrane-bound receptors leads to subsequent
activation of phospholipase C and production of diacylglycerol, which
in turn stimulates the pivotal signal transducer protein kinase C (PKC)
as depicted in Figure 5.2. Alternatively, the activation of
phosphoinositide-3-kinase (PI3K) and several tyrosine kinases have
been implicated as signaling cardioprotective responses, in
conjunction with different stimuli [70-73]. Recently, it has been
proposed that the sphingolipid signaling pathway can also have a
contributory role in IPC-mediated CP [74]. Activation of these
kinases can be cardioprotective by altering energy metabolic
pathways as well as by directly modulating cell-death mechanisms as
discussed in the previous chapter.

Activation and translocation of PKC as a pivotal signaling
event in IPC and CP

With IPC, two isoforms of PKC, PKCe, and PKC8 can translocate
and become active in mitochondria. Several studies support the view
that PKC activation likely precedes mitoKATP channel opening in the
CP pathway [75-76]. Moreover, in ischemia-induced damaged
cardiomyocytes and in transgenic mice, PKCe and PKC8 have been
shown to have strikingly opposing effects on CP. Specifically,
activation of PKCe caused increased CP, whereas activation of PKC5
increased the damage induced by ischemia in vitro and in vivo [77].
PKCe activation has been implicated in mitoKATP channel activation
[78], and PKCe can also directly form complexes with components of
the PT pore [79], although the role of this interaction in either
modulating PT pore opening or in conferring CP has not been
established.

Activation of ERK and JNK subfamilies of the mitogen-activated
protein kinase (MAPK) can play a contributory role in the signal
transduction cascade(s) involved in IPC-mediated cardioprotection,
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with much attention directed to the role of p38 MAPK. While the
opening of mitoKATP channels was shown to activate p38 MAPK
[80-81], currently there is controversy concerning its role in IPC,
although a downstream role seems plausible [82-83]. Further support
for P38 MAPK providing a downstream function in the CP signaling
process comes from studies of hypoxic cardiomyocytes demonstrating
that mitochondrial ROS generation (at complex I and III) is a
necessary prerequisite leading to the downstream activation of P38
MAPK [84-85].

Reactive oxygen species

That ROS is involved in CP appears unquestionable. Diazoxide-
mediated CP results in ROS production and blocking of ROS
production with antioxidants blunts CP [86]. Moreover, it has been
established that mitochondrial ROS production occurs downstream
and as a consequence of mitoKATP channel opening [87]. A further
link between the signaling pathways, ROS generation and mito-
chondrial bioenergetic function has been confirmed by the recent
discovery that the second messenger, ceramide directly targets
complex III activity, which is a pivotal site of mitochondrial ROS
generation [88].

ROS generation functions in the CP pathway(s) as a downstream
intracellular signal or second messenger which can lead to further
protein kinase and G-protein activation, activation of the nuclear poly
(ADP-ribose) polymerase (PARP) or direct modulation of the
mitoKATP channel [89-91]. However, the large ROS accumulation
that occurs in ischemic cardiomyocytes in response to reperfusion is
reduced either by diazoxide or by hypoxic PC [92-93]. Moreover,
ROS levels are reduced in preconditioned tissues following index
ischemia, at the time of reperfusion, which is considered to be a
consequence of PC preventing PT pore opening [94]. These findings
have prompted the characterization of ROS as dual-sided with respect
to CP, both involved in signaling or triggering of preconditioning and,
as a consequence of ischemia/reperfusion damage, mediating
ischemic cell death (which cardioprotection can stem). While it is
accepted that the initial signaling mechanism of ROS generation lies
downstream of mitoKATP channel opening, further research is
necessary to precisely delineate its temporal place within the order of
events comprising the cardioprotective pathway, as well as to explain
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how ROS generation occurs as a consequence of KATP channel
opening [95].

Cardioprotection: An emerging field

In the relatively new field of CP, a number of conflicting findings
have been noted. Data frequently don't translate among different
models (or species) used in the experimental studies, which may limit
their utility. Also, some of the difficulties encountered are related to
the common definition of cellular events using a variety of
pharmaceutical reagents (e.g., inhibitors of specific protein kinases,
ROS scavengers and mimetics, channel openers and inhibitors,
metabolic uncouplers, etc.). Moreover, the signaling protein kinases
have multiple isoforms, some with demonstrably opposing effects on
CP, as well as markedly different affinities for the inhibitors used
[96]. A subset of the pharmacological treatments used (particularly at
high dosage) may have compromised "specificity" impacting on more
than a single cellular event, thereby complicating the interpretation.
Recent findings that both diazoxide and 5-HD have distinctive effects
on mitochondria, independent of the mitoKATP channel targets [97-
100], have made the evaluation of upstream and downstream events
rather difficult. For example, respiratory complex II (SDH) activity
appears to be directly inhibited by some KCOs (e.g., diazoxide) [101],
which may complicate the interpretation of experiments utilizing
diazoxide to elicit mitoKATP channel opening (a standard procedure in
this field). This finding, however, takes on added significance with
the recent discovery that SDH is likely a primary component of the
mitoKATP channel [41]. This is also consistent with the finding that
specific SDH inhibitors such as 3-nitropropionic acid (3-NPA) can
result in increased K+ transport by the mitoKATP channel and can
mimic the CP provided by ischemic preconditioning [41, 102].
Moreover, KATP channel blockers, which entirely abolish the
cardioprotective effect of diazoxide, also reverse the effect of
complex II inhibitors [41].

Another question raised with CP experiments has been the use of
anesthesia in some animal models. A number of anesthetics have
marked influence on CP, presumably through targeting mitoKATP
channels [103] as well as several mitochondrial metabolic processes,
including reduction of mitochondrial complex I activity [104] and
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mitochondrial membrane potential [105]. Contradictory results have
also emerged when comparing studies and findings from isolated
mitochondria from cultured cells, organs, or whole animal.

Another confounding variable that may impact CP studies is gender,
as suggested by a recent report showing that testosterone can induce
cytoprotection by specifically activating the mitoKATP channel in rat
cardiomyocytes [106], Further studies will be needed to confirm these
findings in the in vivo heart and to assess their clinical implications.

Early and late IPCpathways

Two distinct pathways of IPC cardioprotection have been demon-
strated. Acute protection occurs as a result of a brief period of
ischemia applied 1 to 2 hr before a longer ischemic insult. The
resulting early CP occurs within a few minutes after the initial
stimulus and lasts for 2 to 3 hr and is considered the model of classic
preconditioning. A later pathway of delayed preconditioning, often
referred to as a second window of protection, appears about 12 to 24
hr after the preconditioning event and lasts several days [107]. The
events of delayed preconditioning have generally been recognized as
having greater clinical relevance, since the protective phase is longer
and appears to be effective against both myocardial infarction and
stunning.

While the delayed preconditioning process involves a similar spec-
trum of stimuli (e.g., adenosine and bradykinin), the involvement of
their receptors and transducers (e.g., the mitoKATP channels and
protein kinases), and pathophysiological mediators (e.g., ROS)
utilized by the acute IPC pathway, there appears to be a greater
complexity in its regulation since a number of effectors of delayed CP
need to be synthesized entirely de novo, a response involving the
coordinated regulation of expression of multiple genes. Previously, it
was thought that the acute preconditioning pathway did not involve
protein synthesis since blockades at either the transcription or
translational levels had no effect on IPC. However, new studies show
that actinomycin D-transcriptional inhibition abolished IPC-induced
CP with dramatic reductions in the activation of several MAP kinases
and subsequent transcription and phosphorylation of specific
transcription factors [108]. Unlike the acute protection pathway, the
delayed IPC pathway appears to be more dependent on the
involvement of NO and its synthase (NOS), heat-shock proteins (e.g.,
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HSP27 and HSP72), MnSOD and cytokine induction [109-113] (as
shown in Figure 5.3) than the acute protection pathway, although the
involvement of NO in concert with the acute protection pathway has
been recently reported [87]. The ability of NO to act in concert with
ROS signaling (generated in the CP after cell exposure to KCOs and
other preconditioning stimuli) may be a critical factor in targeting the
mitochondrial respiratory chain and modulating mitoKATP channels to
provide protection against ischemia [114]. This is supported by data
showing that (1) inhibitors of NOS abrogate delayed IPC-mediated
protection [112]; (2) NO donors can mimic IPC in conferring CP
[114] and (3) free radical scavengers can reduce NOS activation, NO
generation, and the induction of cardioprotective signaling [107].

As noted with early preconditioning, delayed preconditioning also
promotes CP by augmenting cardiomyocyte bioenergetic capacity in
response to ischemic and anoxic insult. The modulation of mito-
chondrial respiration in response to delayed preconditioning has
recently been shown to occur primarily as a consequence of the
induction of ETC and ANT transcription, promoted by the ROS-
dependent up-regulation of nuclear transcription factors NRF-1 and
PGC-lcc[115].

The role of mitochondria in both types of IPC and CP therefore
appears to be critical. In addition to the contributory roles that the
mitoKATP channels, mitochondrial-generated ROS, and ETC induction
play in the events of both types of PC, a mitochondrial-specific
antioxidant response has been demonstrated, primarily with respect to
the events of delayed preconditioning [110]. The time course of
MnSOD induction, a mitochondrial-specific protective response to
ROS mediated damage, correlates well with the appearance of
ischemic tolerance. The activities of other cellular antioxidants (i.e.,
catalase and CuSOD) were not similarly affected. That MnSOD
induction plays a role in delayed IPC is further supported by findings
that treatment with antisense oligonucleotides to MnSOD,
immediately after IPC, completely abolished both the IPC
cardioprotective effects as well as MnSOD induction [110]. MnSOD
induction is likely downstream of both ROS generation and ROS-
mediated activation of specific transcription factors (e.g., NF-KB),
and the subsequent induction of cytokines (e.g., TNF-oc and IL-lp)
[74, 116]. It is noteworthy that the myocyte intracellular pathways af-
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Figure 5.3. Schematic representation depicting cellular events occurring in
delayed ischemic preconditioning. The contributions ofmitoKATp channels and the
parallel signal transduction pathways utilizing a variety of agonists, G-coupled
proteins, and protein kinases are depicted as found with the early preconditioning
model. Also, a protein kinase-mediated activation (with ROS involvement) of
specific nuclear transcription factors (e.g. NF-kB, NRF-1, and PGC-la) is in-
volved, leading to increased gene expression and synthesis of protective proteins,
enabling sustained CP. These include mitochondrial MnSOD, ETC and ANT
proteins, eNOS, and several stress-activated heat-shock proteins (HSPs) as well as
activation ofcytokines (including TNF-aand IL-lf5). These proteins provide several
levels ofCP by acting at a variety of cellular sites, including mitochondria.

fected by TNF-a include the rapid activation of the sphingolipid-
ceramide signaling pathway generating endogenous second-messen-
gers ceramide and sphingosine [74].

Thus, in the delayed IPC pathway, the mitochondrial response to
relatively short-term metabolic stresses contributes to a dynamic
intracellular cross-talk and signaling between multiple cellular
compartments, enabling the cardiomyocyte to adopt a stress-tolerant
state. Moreover, in addition to IPC, several physical stresses can serve
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to promote MnSOD-associated delayed cardioprotective induction
including, whole body hyperthermia and exercise [110, 116].

Potential applications to clinical medicine

Understanding the molecular and biochemical mechanism of CP
offers great potential in the clinical treatment of myocardial diseases.
Given the increasing number of individuals affected with myocardial
ischemia, novel therapeutic interventions would appear of interest,
even if effective only in a limited number of cases. Nevertheless, in
this chapter, we have noted a number of methodological limitations
presently associated with a number of the IPC studies. Most
researchers are aware of these limitations and are vigorously
attempting to circumvent them. Unequivocal data and more refined
techniques for the precise evaluation of the molecular events of CP
are required prior to treatment with drugs and regimens whose
specificity of action and overall metabolic and physiological role (as
well as potential benefit) are not absolutely clear. These new data will
be instrumental in further understanding the temporal pathway of
mitochondrial-mediated CP and will allow the development of new,
more effective drugs with increased specificity of action, as well as
the acquisition of the critical information needed to know when to
apply CP. For instance, the addition of specific cardioprotective
agents at the immediate onset of reperfusion has been found to
significantly reduce infarct size [117-119]. Exploration of alternative
methods to improve mitochondrial cardioprotective responses seems
warranted. For example, the finding that PT pore opening during
reperfusion can be modulated by either mitochondrial Ca++ levels or
oxidative stress suggests that regulation of mitochondrial Ca++ and/or
ROS levels prior to reperfusion might be effective in exerting CP.
Moreover, the use of gene therapy in animal models of myocardial
ischemia [120-121] has shown promising results with the
upregulation of cardioprotective genes (e.g., iNOS and heme
oxygenase); human studies are underway. Notwithstanding, further
research is needed to understand the role that mitochondria play in the
protection against the cell damage that may occur with transient
ischemia and reperfusion, such as hypercontracture and swelling
finally leading to sarcoplasmic rupture and cell death.
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As a corollary, it is important to understand that the IPC events
examined so far took place primarily in the healthy heart of
experimental animals [122-123]. We need to consider that PC may
behave differently and may be less effective in humans with com-
promised cardiac function secondary to cardiac failure/ cardiomyo-
pathies. While the application of PC in human cardiovascular diseases
has been generally limited thus far, there is evidence that CP may be a
useful adjunct in the management of cardiovascular diseases. Several
clinical studies have shown that the IPC-mediated cardioprotection
[124] or the careful use of stress or pharmacological stimuli (e.g.,
exercise, nitroglycerin and adenosine) can be of benefit in patients
who have angina or who are undergoing coronary angioplasty or open
heart surgery [124-127]. Moreover, recent clinical trials suggest that
chronic administration of the KCO nicorandil improves the cardio-
vascular prognosis in patients with coronary artery disease [128].

Also, screening of potential PC-mimetic candidates in patients
undergoing angioplasty appears feasible, as is the evaluation of PC-
based strategies in clinical trials of heart transplant and bypass
surgery. However, definitive evidence of their beneficial effects must
be established prior to be used in the aged and diseased heart [129].
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Chapter 6

Mitochondria Dysfunction in
Cardiomyopathy and Heart Failure

Overview

Cardiac failure is an endemic health problem of great magnitude in
the Western world. In spite of considerable clinical and research
efforts during the last decade and the development of new drugs and
surgical modalities of therapy, mortality and morbidity remain high.
Clinical cardiologists and basic researchers have shown great interest
in mitochondria research, not only in their structure and function but
also in the multiple roles that the organelle plays in cell homeostasis
and in particular in programmed cell death and necrosis during
cardiac failure, myocardial ischemia, and aging. The focus of an
increasing number of publications, mitochondria are being intensively
examined in the search for answers to outstanding questions in the
pathogenesis and pathophysiology of a myriad of cardiovascular
diseases and in particular in cardiac failure. This chapter focuses on
the progress made in our understanding of the biochemistry and
molecular analysis of mitochondria in cardiomyopathy and cardiac
failure and on future directions in mitochondrial-directed therapies.

Introduction

Broadly used, the term heart failure (HF) refers to a pathophysiologic
state where the heart is unable to meet the metabolic requirements of
the body. A chronic disorder, HF is the principal cause of
hospitalization in patients over 65 years of age. It has a progressive
clinical course resulting in high morbidity and mortality and poses a
tremendous burden for the health-care delivery system.

Taking advantage of the remarkable fusion recently achieved by
genetics and biochemistry in molecular biology, mitochondrial
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research is accelerating its application to cardiovascular pathologies.
In this chapter, a discussion of how mitochondrial dysfunction may be
related to other critical cellular and molecular changes found in
cardiac hypertrophy and failure—including dysfunctional structural
and cytoskeletal proteins, apoptosis, calcium flux and handling, and
signaling pathways—is presented. Moreover, the biochemical and
molecular changes occurring in severe HF secondary to primary
cardiomyopathy (dilated/hypertrophic) in humans and in animal
models of HF secondary to volume or pressure overload are
examined. Finally, the available evidence that mitochondrial
dysfunction plays a pivotal role in cardiac failure is presented.

Mitochondria are the major source of bioenergy in the
cardiac cell

The heart is highly dependent for its function on oxidative energy
generated in mitochondria, primarily by fatty acid p-oxidation, ETC,
and OXPHOS (Figure 6.1). Mitochondria are abundant in energy-
demanding cardiac tissue constituting over one-third of the
cardiomyocyte cellular volume (i.e., a greater proportion than found
in skeletal muscle). Energy production in mitochondria depends on
genetic factors that modulate normal mitochondrial function,
including enzyme activity and cofactor availability and on
environmental factors such as the availability of fuels (e.g., sugars,
fats, and proteins) and oxygen. In the postnatal and adult heart, fatty
acids are the primary energy substrate for heart muscle ATP
generation by OXPHOS and the mitochondrial respiratory chain, the
most important supply of cardiac energy, whereas the fetal heart
derives energy primarily from the oxidation of glucose and lactate
supplied by the glycolytic pathway. The phosphotransferase enzymes,
creatine kinase, and to a lesser extent adenylate kinase play a pivotal
role in the distribution of ATP from its site of synthesis in the
mitochondria to spatially distinct sites of ATP utilization within the
cytosol [1].

During contraction and relaxation, over 75% of the cardiomyocyte
ATP is utilized by actomyosin ATPase and various ion pumps. More-
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RESPIRATORY COMPLEXES
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Pyruvate CARNITINE
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SYSTEM

Fatty acids

Figure 6.1. Mitochondrial bioenergetic pathways in heart failure. Mitochondri-
al inner-membrane localized respiratory complexes I to V with asso-ciated electron-
transfer components, CoQ and Cyt c, are depicted as are the matrix-localized
NADH and acetyl-CoA-generating fatty acid ^-oxidation and TCA cycle pathways.
Several inner-membrane transporters (CAT, CPT-1, and CPT-H) for car nit ine/fatty
acids and the adenine nucleotide transporter (ANT) are shown. Key markers of
apoptotic processes are shown, including cyt c, the PT pore with its constituent
proteins ANT, VDAC and associated phospholipid cardiolipin (CL), Bcl-2 in the
outer membrane, and matrix-localized mitochondrial superoxide dismutase (SOD).

over, decreased cellular ATP levels (due to mitochondrial dysfunc-
tion) can markedly lower the threshold of plasma membrane
depolarization [2] and therefore potentially influence impulse
generation and conduction in the myocardium. As the amount of ATP
in the heart is relatively small compared to the demand, the
cardiomyocyte must continually and rapidly resynthesize ATP to
maintain normal contractility, pump function, and cell viability.
Cardiac mitochondrial dysfunction leads to reduced ATP generation
and causes diminished myocardial contractile function, which can
lead to cardiac failure and death.
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What is the evidence for myocardial dependency on
mitochondrial function?

Mitochondria! dysfunction and cardiomyopathy: Support
from human studies

Both DCM and HCM are frequently accompanied by changes in one
or more of the OXPHOS/ respiratory enzyme activities [3-8].
Disorders of mitochondrial OXPHOS are typically biochemically and
clinically heterogenous, often displaying a wide spectrum of clinical
presentations, including myopathy and cardiomyopathy.

Significantly reduced activity levels of myocardial respiratory com-
plexes I, III, IV, and V have been reported in patients in which HCM
or DCM is the only clinical manifestation, as well as in patients with
cardiac involvement in addition to a wide and variable spectrum of
primarily neurological presentations associated with mitochondrial
disorders (such as MELAS, MERRF, and PEO). While no relation-
ship has been established with either patient age or cardiac phenotype
(e.g., HCM or DCM) to the type or extent of respiratory enzyme
affected, older patients tend to have an increase in the number of
respiratory enzymes involved [9]. Specific gene defects (usually in
mtDNA) have been identified in a relatively small number of patients
with significant enzyme deficiencies, and these are described below.
Recently, a study of terminally failing myocardium from a series of
43 explanted failing hearts demonstrated significantly decreased
levels of complex I activity with no detectable mtDNA abnormalities
in either structure or level [10].

Specific pathogenic point mutations in mtDNA have been demon-
strated in a number of patients with cardiomyopathy, mainly in HCM
[11-27]. Most of the pathogenic mtDNA mutations were found in
highly conserved nucleotides, frequently present in a heteroplasmic
fashion (a mixed population of both mutant and wildtype mtDNA
genomes) and accompanied by decreased levels of respiratory enzyme
activity(s). Some of the pathogenic mtDNA mutations, identified in
association with cardiomyopathy, are in mitochondrial tRNA genes
(Table 6.1) with particularly high incidence in tRNAs for Leu, Lys,
and He. The location of the mutation within the generic tRNA clover-
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Table 6.1. Specific mitochondrial tRNA and rRNA point
mutations in cardiomyopathy

Gene
Leu
Leu
Leu
He
He
He

He
He
He
Lys
Lys
Lys
Lys
Gly
Ala
Arg
Arg
16S rRNA
12S rRNA
Cys
Val
Val
Leu

Site
3243 ( A - K J )

3260 (A->G)
3303 (C-»T)
4300 (A->G)
4317(A^G)
4320 (C-»T)

4269 (A-»G)
4295 (A->G)
4284 (G-»A)
8334 (A-»G)
8363 (G-»A)
8348 (A-»G)
8296 (A-»G)
9997 (T-»C)
5587 (T->C)
10415 (T->C)
10424 (T-»C)
3093 (C->G
1555 (A-»G)
5814 (A->G)
1644 (G->A)
1624 (C->T)
12297 (T->C)

Cardiac Phenotype
DCM
Tachycardia
Fatal infantile CM
HCM- adult onset
Fatal infantile CM
Fatal infantile CM

HF at 18 years
HCM
Fatal CM
HCM
HCM
HCM/DCM
Fatal HCM
Arrhythmia/HCM
DCM
DCM
Fatal DCM
MELAS/CM
CM
HCM
HCM/MELAS
HCM
DCM

References
[19]
[17]
[13]
[18]

[11]
[14]

[12]
[27]
[22]
[19]
[15]
[20]
[21]
[16]
[33]
[33]
[34]
[30]
[31]
[23]
[24]
[25]
[26]

leaf may relate to the severity of the phenotypic effect and possibly to
its tissue specificity [28]. For example, severe cardiomyopathies have
been diagnosed in patients harboring mutations in nucleotides at
similar positions in their respective tRNAs (e.g., 4269/9997 and
3303/8363).

Mitochondrial protein synthesis and specific respiratory enzyme
activities are negatively affected by pathogenic mutations in tRNA
genes. Cardiomyopathy-associated mtDNA mutations have also been
found in mitochondrial rRNAs [29-30]. Additional mtDNA point
mutations have been reported in patients with cardiomyopathy and HF
and were not detected in normal individuals. Some reside in other
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Table 6.2. Mitochondrial structural gene mutations in
cardiomyopathy

Gene
Cytb
Cytb
Cytb
Cytb
Cytb
Cytb

con
com
COI
ND1
ND5
ATPase6

Site
14927 (A->G)
15236 (A-K3)
15508 (C-^G)
15509 (A^C)
15498(G^A)
15243 (G->A)
7923 (A^G)
9216 (A->G)
6860 (A^C)
3310 (C->T)
14609 (C-^T)
8993 (T^G)

AA change
Thr->Ala
Ile->Val
Asp-»Glu
Asn—>His
Gly—»Asp
Gly->Glu
Tyr—»Cys
Gln->Glu
Lys—>Asn
Pro-*Ser
Ser—»Leu
Leu—»Arg

Cardiac
Phenotype
DCM, HCM
DCM
DCM
FPCM
HiCM
HCM
DCM
DCM
DCM
HCM
DCM
LS/HCM

References
[32,45]
[45]
[34]
[46]
[47]
[48]
[34]
[34]
[31]
[49]
[34]
[41]

Note: LS = Leigh syndrome; HiCM = Histiocytoid cardiomyopathy;
FPCM = Fatal postpartum cardiomyopathy.

tRNA genes, while other mutations occur in mtDNA protein-encoding
or structural genetic loci as shown in Table 6.2. These mtDNA muta-
tions are primarily heteroplasmic and reside in highly conserved
sequences [31-34]. Recent studies have also implicated specific
homoplasmic mutations in mtDNA as a possible if not frequent cause
of cardiomyopathy [35-36]. Whether heteroplasmic or homoplasmic,
the rigorous assignment of many of these mutations as truly the
primary cause of cardiomyopathy remains to be established.

Evidence of the relationship of cardiac cellular damage and mtDNA
mutations has been further confirmed from cybrid experiments.
Experiments with mutant alleles at nt 3243, 3260, and 9997 show that
cells harboring these point mutations have diminished mitochondrial
protein synthesis and respiratory enzyme activities [37-39]. Similarly,
large-scale deletions in mtDNA have also been shown to adversely
effect mitochondrial protein synthesis and respiratory function(s) in
cells in which they have been introduced [40]. A limitation of these
type of studies (which involve single cells in culture) is that they con-
firm that there is a relationship between a defect in mtDNA and
mitochondrial dysfunction but not necessarily one with the cardiac
dysfunction/phenotype.
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In addition to mitochondrial cardiomyopathy, many cases of sys-
temic mitochondrial diseases with cardiac involvement have been
reported. These disorders tend to have a variable spectrum of neurolo-
gical manifestations. Some are maternally inherited (due to mtDNA
mutation) and may present a variable cardiac phenotype including
ventricular hypertrophy, cardiomegaly, and dysrhythmias) [19, 28,
41-42]. Examples include Leigh, MELAS, and MERRF syndromes.

One of the more puzzling aspects in the area of mtDNA
pathogenesis relates to the frequent finding that specific mtDNA
mutations found in association with primary cardiomyopathy can also
be found in patients with different arrays of neurological disorders.
For instance, the 8363 mutation has been found in several cases of
HCM; however, the same mutation has also been detected in patients
and relatives with severe encephalomyopathies, including Leigh
syndrome [43], ataxia, or sensorineural deafness with or without the
cardiomyopathy [15]. Similarly, a mutation at nt 3423 in tRNALeu

(probably the best characterized and more often mtDNA mutation
reported in mitochondrial disorders), which in the past has been
associated only with the MELAS phenotype, was recently detected in
patients with isolated cardiomyopathy without neuromuscular invol-
vement [44]. A potential explanation for this challenging situation
correlating genotypic mutation to phenotypic manifestation, is the
involvement of other genetic or environmental cofactors, which may
modulate the effect of mtDNA mutations.

In addition to maternally inherited disorders, a number of the mito-
chondrial abnormalities with associated cardiac manifestations are
sporadic (in general, due to somatic large-scale mtDNA deletions), in-
cluding KSS in which patients may display cardiomyopathy, mitral
valve prolapse, and/or cardiac conduction abnormalities. The majority
of KSS mtDNA deletions are of a single type, are not inherited, and
have been found primarily in skeletal muscle [50]. In contrast, defects
in autosomal nuclear loci are thought to be the cause of multiple
mtDNA deletion phenotypes. However, the precise genetic defect has
not yet been identified [51] and can be either dominantly or
recessively inherited [52-53]. The mtDNA deletion events detected in
KSS and in autosomal disorders tend to be highly abundant (ranging
up to 95% of the total mtDNA) either as discrete single-sized
deletions or in the aggregate [32]. Due to their abundance, these
deletions are often detected by southern blot analysis. A second type
of large-scale mtDNA deletion has been found in cardiac tissue of
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many primary cardiomyopathies. These mtDNA deletions tend to be
less abundant (<0.1%) and are often detectable only by PCR analysis.
Their significance in cardiac pathogenesis is not yet clear; they may
be evidence of specific mtDNA damage and tend to occur in an age-
dependent manner [54-56]. Whether mtDNA deletions are primary to
cardiomyopathic disease or whether they represent secondary somatic
mutations arising from cardiac dysfunction and resulting metabolic
changes (e.g., increased ROS-mediated damage to mtDNA) remains
unresolved [32, 54]. Evidence that increased levels of oxidative stress
can result in increased levels of myocardial mtDNA deletions, in
association with elevated ROS production, has been provided by
studies in transgenic mice containing defective ANT1 alleles [57] and
in patients with specific ANT1 mutations [58].

As discussed in Chapter 4, increased ROS can promote extensive
mtDNA damage, which can lead to defects in mitochondrial encoded
gene expression and respiratory chain enzymes and contribute to the
progression of HF. In a murine model of myocardial infarct and HF,
mtDNA copy number significantly decreased by 44% compared to
sham animals [59]. In addition, this study found a parallel decrease in
steady-state levels of several mtDNA-encoded transcripts, including
subunits of complexes I, III, and IV as well as 12S and 16S rRNAs.
Moreover, the enzymatic activity of respiratory complexes I, III, and
IV (each containing subunits encoded by mtDNA) were decreased,
while the complexes encoded only by nuclear DNA (e.g., citrate
synthase and complex II) showed normal activity. These findings
suggest that ROS, mtDNA damage, and defective ETC might play an
important role in the development and progression of cardiac failure
[59]. Transgenic mice with TNF-a overexpression also develop early
HF and display markedly reduced cardiac mtDNA repair activity,
resulting in extensive mtDNA mutations associated with mitochon-
drial structural and functional defects [60], suggesting that defects in
mitochondrial structure and function contribute to the pathophysio-
logical effects of TNF-a on the heart.

Cardiac mtDNA depletion has also been described in cardiomyopa-
thy. Depletion of cardiac mtDNA levels with concomitant reduction
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in mitochondrial respiratory activities accompanies DCM in both
animal models and patients treated with AZT (or zidovudine), which
inhibits the activities of both the HIV-virus reverse transcriptase and
mitochondrial DNA polymerase y [61-62]. Reduced cardiac mtDNA
levels have also been reported in patients with severe cardiomyopathy
and reduced cardiac respiratory enzyme activities [8, 45, 63].
Moreover, reduced mtDNA levels have been found in the skeletal
muscle of patients with cardiomyopathy as well as in patients with
myopathy [64]. In one study of neuropathies associated with skeletal
muscle mtDNA depletion, a direct relationship of mtTFA levels to
mtDNA levels was suggested [65]. However, no evidence of reduced
levels in cardiac mtTFA levels was found in cardiomyopathic patients
with cardiac mtDNA depletion [63].

Clinical evidence of nuclear mutations in mitochondrial
components

Mutations in a wide spectrum of nuclear genes encoding
mitochondrial proteins also can cause cardiomyopathy. For example,
mutations in mitochondrial transport proteins (e.g., carnitine-
acylcarnitine translocase), which facilitate the passage of critical
metabolites across the inner mitochondrial membrane, have been
shown to be involved in cardiomyopathy [66]. Friedreich ataxia
(FRDA), which often presents with HCM, is caused by mutations in a
nuclear-encoded mitochondrial transport protein, frataxin, implicated
in mitochondrial iron accumulation and compromised respiratory
enzyme activities [67-69]. Mutations in several of the 36 nuclear-
encoded subunits of respiratory complex I have been identified as
contributory to the onset of Leigh disease with associated cardiomyo-
pathy and to HCM (e.g., NDUFS2) [70-71]. In addition, mutations in
nuclear genes encoding factors required for the assembly and
functioning of the multiple-subunit respiratory complexes have been
implicated in mitochondrial-based diseases such as Leigh syndrome.
These include mutations in the SCO2 gene encoding a copper
chaperone involved in COX assembly, which can result in fatal infan-
tile HCM with complex IV deficiency [72]. It is noteworthy that the
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clinical phenotype in patients with SCO2 mutations is distinct from
that found with mutations in other COX assembly factors (e.g.,
SURF1), which typically present without cardiac involvement.
Recently, deleterious mutations in C0X15, a heme A farnesyltrans-
ferase involved in the synthesis of the prosthetic heme A group in
COX, were identified in HCM [73].

As is discussed in greater depth in Chapter 7, a number of nuclear
gene defects in the mitochondrial fatty acid (3-oxidation pathway can
lead to cardiomyopathy [74]. Cardiomyopathy results from specific
defects in the genes encoding very long-chain acyl-CoA dehydro-
genase (VLCAD) [75] and long-chain 3-hydroxylacyl-CoA dehydro-
genase (LCAD) [76] and from mutations affecting carnitine metabol-
ism [77]. Potential causes of many of the inherited disorders of FAO
and carnitine metabolism include inadequate supply of NADH and
energy to the heart, as well as the accumulation and pathophysio-
logical effects of toxic levels of free fatty acids on cardiac function.
Moreover, there is evidence that mutations in the tafazzin gene results
in reduced mitochondrial phospholipid levels, including cardiolipin
leading to Barth syndrome, an X-linked disorder characterized by
DCM and frequent presentation of cardiac arrhythmias and heart
failure [78-80].

Contribution of transgenic models to the study of
mitochondria in heart dysfunction

There is increasing evidence from mouse transgenic models that
disruption of mitochondrial bioenergy at specific loci or pathways can
cause cardiomyopathy and HF. Gene ablation in mice (i.e., the
generation of null mutations or gene knockouts) targeting a relatively
wide spectrum of genes encoding specific mitochondrial proteins
results in severe cardiomyopathy. Targeted genes include ANT [81],
MnSOD [82], GPx [83], factors involved in fatty acid metabolism
(e.g., MTP subunits) [84], mtTFA [85], and frataxin (e.g., the protein
responsible for FRDA) [86]. ANT-deficient mice develop progressive
HCM while MnSOD deficient mice develop DCM, yet both types of
null mutation cause severe cardiac ATP deficiency, which is thought
to underlie the resulting cardiac phenotype(s). Another major
contribution of the transgenic mouse model has been to further our
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understanding of the family of transcriptional coactivators and factors
(including PPAR-a, PGC-la, NRF-1, and MEF-2), which coordinate-
ly regulate myocardial energy metabolism and of their essential role
in the developing embryonic heart, and to delineate the order of
biochemical and molecular events in the metabolic and transcriptional
cascade governing energy regulation in both the normal and diseased
heart [87].

In addition to examining the specific effects on cardiac phenotype
by eliminating specific nuclear genes regulating mitochondrial
function, tissue-specific knockout mice with mitochondrial cardio-
myopathy have been used to identify modifying genes of potential
therapeutic value [88]. At present, there is limited information about
the impact on myocardium of knocking out nuclear genes involved
directly in mitochondrial OXPHOS. A recent report described cardiac
dysfunction in mice lacking cytochrome c oxidase subunit Vla-H, the
heart isoform [89]. In addition, the knockout approach has not yet
been accomplished with mtDNA genes due to the formidable
technical difficulty involved in direct gene replacement or ablation of
a multicopy gene, in the setting of a non-nuclear multicopy organelle
(i.e., the mitochondrion), although several promising approaches are
discussed in a later chapter.

The use of cardiac-specific overexpression of specific genes has
also proved highly informative in furthering our understanding of the
role of mitochondria in cardiac dysfunction. This technique involves
fusing a regulatory region from a cardiac-specific gene with a
candidate gene of interest and introduction into the transgenic mice,
which will express the candidate gene specifically in cardiac muscle
cells. Overexpression of genes that mediate the expression and control
of cardiac energy metabolism (e.g., PGC-la and PPAR-a) has been
shown to lead to severe cardiac dysfunction and marked changes in
mitochondrial structure and function [90-92]. Similarly, transgenic
mice containing cardiac-specific overexpression of calcineurin exhi-
bited severe cardiac hypertrophy (that progresses to heart failure),
marked mitochondrial respiratory dysfunction, and superoxide gen-
eration [93].

The development of animal models of mitochondrial-based cardiac
dysfunction offers the possibility of direct testing for potential treat-
ments. For example, the demonstration that MnSOD-deficient animals
developed ROS toxicity and DCM prompted speculation that effect-
tive treatment with antioxidants could ameliorate the cardiac pheno-
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type. Indeed, peritoneal injection of MnSOD-deficient mice with the
antioxidant Manganese (III) tetrakis (4-benzoic acid) porphyrin elimi-
nated the cardiac dysfunction and reversed the ROS accumulation
[94].

Evidence from animal models that mitochondrial
bioenergetic enzymes play a critical role in HF

Canine pacing-induced cardiomyopathy is a model of HF in which
rapid ventricular pacing leads to an increase in chamber dimension,
wall thinning, elevation in ventricular wall stress, and congestive HF,
mimicking DCM in humans [95-96]. Myocardial tissues from paced
dogs had markedly reduced activities of myofibrillar Ca++ ATPase,
sarcoplasmic reticulum Ca++ ATPase, and respiratory complexes III
and V [97-98]. On the other hand, paced dogs had significantly
higher activities of the fatty acid oxidation enzyme hydroxylacyl-
CoA dehydrogenase and the TCA cycle enzyme oxoglutarate dehy-
drogenase. These data suggest that in pacing-induced HF, there is an
impairment of key ATP generating enzymes and down-regulation of
ATP-utilizing enzymes with an increase (possibly compensatory) in
FAO and TCA cycle activities [98]. The reduction in the levels of
myocardial mitochondrial complex V activity was further identified
as both an early and a persistent event in the development of HF
[97-99]. Similar findings of reduced levels of complex V activity
were also reported in a naturally occurring canine model of idiopathic
DCM [100].

Several models of mechanically overloaded heart have presented
further evidence of defective mitochondrial bioenergetics in HF. In
both volume- and pressure-overloaded rat hearts [101], depletion of
phosphocreatine occurs with left ventricular hypertrophy. Patients in
HF have shown marked reductions in levels of phosphocreatine
(similarly decreased in HCM and DCM) [102], and reduced
mitochondrial creatine kinase activity and content were also demon-
strated in a pressure-overload rat model [103]. In volume-overloaded
hearts, alterations in myocardial high-energy phosphates (i.e., signi-
ficantly lower myocardial creatine phosphate/ATP ratios) have been
postulated to contribute to contractile/pump dysfunction occurring
during exercise [104], These mitochondrial abnormalities in function
persisted despite adequate tissue oxygenation [105] and suggest that
altered regulation of mitochondrial OXPHOS results in reduced
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phosphocreatine levels present in HF [106]. Modulation of OXPHOS
activities could be achieved by differential substrate utilization,
changes in ADP, inorganic phosphate, intramitochondrial NADH, and
oxygen levels [107]. In recent studies using a porcine model of left
ventricular infarction and remodeling (induced by ligation of the left
circumflex artery), reduced systolic performance accompanied by
reduced levels of high-energy phosphates, myocardial OXPHOS,
ANT protein and in the (3 subunit of complex V were noted
[108-109]. These findings suggest that specific mitochondrial inner-
membrane proteins may play a critical role during the remodeling that
occurs in HF. Nevertheless, the order of the myocardial molecular and
biochemical events leading to abnormal regulation of OXPHOS needs
to be established.

Mitochondria dysfunction and other cellular pathways
in cardiomyopathy

Numerous molecular and cellular changes leading to HF have been
identified [110]. Traditionally, research has centered on abnormalities
in the cardiac pump function by examining disturbances in calcium
flux/homeostasis and levels of major contractile proteins (e.g.,
myosin, actin, ATPase, and troponin) [111]. Currently, the research
focus has shifted toward hypertrophic growth and myocardium-
remodeling stimuli, the elucidation of signal transduction pathways
leading to cardiac hypertrophy and failure, the role of apoptosis in
heart remodeling, and the extracellular matrix/cy to skeletal changes
occurring in HF [112].

A number of the aforementioned cellular/molecular changes obser-
ved during HF involve mitochondria and bioenergetic production.
However, this complex relationship has not been fully investigated
and requires further research. It could be argued that mitochondrial
dysfunction plays an integral part in the mechanism(s) of cardiac
dysfunction, even when other factors are more evident, or it may
represent a common downstream event in the pathways leading to HF.
Nevertheless, in most cases of HF, it remains to be established
whether the mitochondrial abnormalities associated with other
myocardial changes (discussed below) are truly primary or secondary
to other abnormalities in myocardium (e.g., hypertrophy and remodel-
ing). In addition, further work is critically needed to measure the



1 7 0 MITOCHONDRIA AND THE HEART

extent that mitochondrial abnormalities (either primary or secondary
to other myocardial changes) contribute to HF pathophysiology .

Mutations in contractile/sarcomere proteins and
mitochondrial function

Genes encoding important structural and cytoskeletal myocardial
proteins (located outside the mitochondria) have frequently been
implicated in the pathogenesis of cardiomyopathy. Familial
hypertrophic cardiomyopathy (FHCM) often is due to mutations in
myofibrillar proteins, which are involved in the generation of force,
including (5-myosin heavy chain ((3-MHC), cardiac troponin T, a-tro-
pomyosin, and myosin-binding protein C [113-116]. The best-
characterized mutations reside in (3-MHC [113], and a number of
these mutations are associated with poor prognosis (including sudden
death). Other (3-MHC mutations are associated with more moderate
cardiac phenotype(s) and only mild hypertrophy.

Genes encoding important structural and cytoskeletal proteins have
also recently been implicated in the pathogenesis of other types of
cardiomyopathy such as DCM. These proteins (e.g., actin) organize
the contractile apparatus of cardiac myocytes and in some cases (e.g.,
dystrophin and sarcoglycan) anchor the myocytes in their
extracellular milieu, allowing the generation of force [112]. Mutations
in the cardiac actin gene have been found in patients with familial
DCM [117]. Moreover, mutations in the 8-sarcoglycan gene have
been identified as the molecular defect responsible for the autosomal
recessive cardiomyopathy found in the Syrian hamster [118]. Defects
in the gene encoding dystrophin have been identified as causal in the
X-linked DCM and HF associated with Duchenne syndrome [119].
Recent studies have also reported that specific point mutations as well
as a null allele in the gene for desmin, a major myofibrillar structural
protein involved in linking Z bands to the plasma membrane, resulted
in both DCM and skeletal myopathy [120], In mice null for desmin,
the muscle-specific member of the intermediate filament gene family,
a severe cardiomyopathy develops characterized by extensive cardio-
myocyte death, myocardial fibrosis, calcification, and eventual HF
with the earliest ultrastructural defects observed in mitochondria
[121]. Overexpression of the antiapoptotic protein Bcl-2 in the desmin
null heart resulted in the amelioration of the mitochondrial defects,
reduced fibrotic myocardial lesions and cardiac hypertrophy, restored
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cardiomyocyte infrastructure, and significantly improved cardiac
function [122].

The relationship of mitochondrial bioenergetic defects with muta-
tions in nuclear-encoded structural proteins is worthy of note. Patients
with specific (3-MHC mutations may develop abnormal mitochondrial
number and a marked reduction in mitochondrial respiratory function
[123-124]. A potential interaction of these nuclear pathogenic muta-
tions with specific mtDNA mutations is also suggested by studies
showing coexistence in some patients with HCM of mutations in both
P-MHC and mtDNA [125]. In addition, the intracellular distribution
of mitochondria can be profoundly altered in patients with defective
structural proteins, since both the intracellular position and movement
of mitochondria are mediated by cytoskeletal proteins. Defective cell-
ular location of mitochondria, with potential downstream effects on
cardiac bioenergetic function, may play a critical role in cardiac
pathophysiology.

While structural gene mutations in sarcomeric contractile proteins
such as myosin, myosin binding protein, cardiac troponin T and I, and
tropomyosin are well recognized in FHCM, their role in cardiac
pathogenesis has remained obscure despite intense investigation over
the last decade. It has been proposed that cardiac energy depletion or
a mismatch between ATP utilization and supply, rather than
depressed sarcomeric contraction, may in fact be the underlying cause
[126]. This hypothesis stems from the observation that mutations in
different sarcomeric proteins leads to inefficient ATP utilization and
by the demonstration of mitochondrial respiratory enzymatic
dysfunction in patients containing mutations in myosin structural
genes known to cause HCM, as well as in transgenic mice with
missense cardiac troponin T alleles, and recently, in a transgenic
mouse model of HCM with mutant myosin heavy chain alleles [123,
127-128]. In addition, several mutations in the regulatory subunit of
AMP-activated protein kinase (AMPK), a key sensor and mediator in
cellular energy metabolism, have been found in patients with HCM
and ventricular preexcitation (Wolff-Parkinson-White syndrome)
[129]. In response to activation following an increase in the
AMP/ATP ratio, AMPK phosphorylates a number of downstream
targets culminating in the switching off of energy (ATP)-utilizing
pathways and the switching on of energy-generating pathways
including mitochondrial FAO, essentially functioning as a low-fuel
gauge. Although the precise mechanism by which the AMPK
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mutations promote cardiac disease is still undetermined, a plausible
hypothesis is that they aberrantly signal cardiac energy depletion and
that normal levels of AMPK serve to protect against cardiac
hypertrophy [130]. The realization that mitochondrial energy defici-
ciency may act as an initiating signal for myocardial hypertrophy can
prove useful as a unifying framework and may provide further
insights into a number of clinical features of HCM, such as its
heterogeneity and variable onset.

The wide variability in the clinical phenotype of HCM remains
unexplained, and it is likely that there are multiple contributing
factors, including mitochondrial dysfunction. In two transgenic
models of HCM, mitochondrial function was evaluated in mice with
either a mutant myosin heavy chain gene (MyHC) or a mutant cardiac
troponin T (R92Q) gene [128]. Despite mitochondrial ultrastructural
abnormalities in both models, the rate of state 3 respiration was
significantly decreased only in the mutant MyHC mice, and this
decrease preceded the cardiac dysfunction. Also, the maximum acti-
vity of a-ketoglutarate dehydrogenase as assayed in isolated disrup-
ted mitochondria was decreased compared with isolated control mito-
chondria. Moreover, respiratory activities of complexes I and IV were
decreased in the mutant MyHC transgenic mice. Inhibition of (3-adre-
nergic receptor kinase, which is elevated in mutant MyHC mouse
hearts, prevented mitochondrial respiratory impairment. Therefore,
mitochondria may contribute to the hemodynamic dysfunction seen in
some forms of HCM and may be responsible for some of the
heterogeneity of the disease phenotypes.

An informative experimental model used to study the genesis of
cardiomyopathy utilizes the Syrian hamster, in which inbred sublines
(derived from a common ancestor) feature either HCM or DCM,
inherited as an autosomal-recessive trait [118]. As noted above, a
common defect in a gene for 8-sarcoglycan (5-SG) causes cardio-
myopathy and has been identified in both HCM and DCM hamsters
[131]. The 8-SG mutation results in altered sarcolemmal membrane
permeability and integrity with impact on contractility (in both
cardiac and skeletal muscle) and disturbed ion homeostasis (including
Ca++ levels). Mitochondria from cardiomyopathic (CM) hamsters
have been shown to have altered levels of TCA cycle enymes and
PDH activities (possibly as a function of different Ca++ levels), FAO
enzymes and creatine kinase. Analysis of mitochondrial respiration
found a significant difference between control and CM hamsters in
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specific subpopulations of myocardial mitochondria. Hoppel and as-
sociates [132] reported that sarcolemmal mitochondrial respiration
was largely unchanged in CM hamsters compared to controls, while
interfibrillar mitochondrial state 3 respiration levels were significantly
depressed in the CM hamster myocardium. Moreover, the finding that
the same mutation results in HCM (in BIO 14 strains) while resulting
in DCM in a second strain (TO strains) has led researchers to propose
that other genetic or environmental factors might contribute to the
pathogenesis and phenotype of cardiomyopathy. Indeed, a recent
study found a heteroplasmic mtDNA mutation in COXIII in BIO 14
hamster strains associated with HCM but not in DCM development
[133].

Mitochondrial function and cardiac hypertrophy

Cardiac hypertrophy has been associated with increased
mitochondrial number and size as well as increased mtDNA synthesis
[134-136]. Studies of rat cardiac hypertrophy documented a coor-
dination between complex IV activity, nuclear-encoded mRNA, and
mitochondrial rRNA synthesis. Within 24 hr after growth stimulus, a
specific decrease was found only in mitochondrial mRNA synthesis
[136].

A number of studies have reported that thyroid hormone (TH) can
affect mitochondrial structure and function since treatment with TH
causes myocardial hypertrophy. Models of cardiac hypertrophy show
TH-induced increases in total tissue RNA and ventricular weight, as
well as in the levels of both cytosolic and mitochondrial ribosomes.
TH can also modulate increases in mitochondrial enzyme activities.
One way that TH regulates mitochondria is by modulating the
transcriptional activation of nuclear genes encoding mitochondrial
proteins including components of the respiratory pathway [137]. This
regulatory effect occurs as a result of many of the nuclear-encoded
mitochondrial genes having TH-sensitive promoter elements [138].
Recent study has also demonstrated that TH treatment in vivo caused
elevated levels of markers of mitochondrial biogenesis including
myocardial mtDNA, specific mtDNA-encoded proteins and trans-
cripts as well as nuclear-encoded regulators including mtTFA and
PPAR-oc [139]. The majority of the observed TH-induced changes in
myocardial mitochondria followed the onset of cardiac hypertrophy
byTH.
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Calcium signaling and mitochondrial function in HF

Changes in Ca"^ transport and metabolism are known to occur in HF.
At the molecular level, marked reductions in the levels of phospho-
lamban mRNA and both sarcoplasmic reticulum Ca++-ATPase (SER-
CA) mRNA and enzyme activity, as well as increased levels of
sarcolemmal Na+-Ca++ exchanger have been reported [140-143]. At
the physiological level, there is prolonged action potential and Ca++

transient, decreased Ca++ uptake and reduced Ca++ release by the
sarcoplasmic reticulum, and increased diastolic Ca++ concentration
[143]. However, it is not clear whether these are primary or secondary
changes to other events happening in HF.

Mitochondria also exert a significant regulatory role as a sensor of
intracellular free Ca++. Several mechanisms of enhanced function of
OXPHOS by Ca++ have been reported, including stimulation of sev-
eral dehydrogenases in the TCA cycle due to increases in mito-
chondrial matrix Ca++ [144-145], and activation by Ca++ of mito-
chondrial ATP synthase activity [146-147]. Acute HF generated by
manipulating calcium concentrations in perfused canine hearts was
accompanied by a striking decrease in mitochondrial respiratory
function [148]. Of significance, the methodologies for investigating
mitochondrial pool sizes and fluxes of Ca++ using fluorescent dyes
have been markedly improved and should be evaluated relative to
mitochondrial respiratory activities.

Mitochondrial function and apoptosis in HF

Apoptotic processes have been shown to be crucial in the cardiac
remodeling, which accompanies or precedes HF. Myocardial apop-
tosis has been documented in patients with end-stage DCM [149—
150], as is discussed in Chapter 4, but there are several critical issues
that remain to be elucidated, including identification of the molecular
triggers for cardiac apoptosis, the precise quantification of apoptotic
cells, and the timing of apoptosis onset and completion. The overall
role of apoptosis in HF (while highly attractive as a theoretical
construct) is not yet known.
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Figure 6.2. Pathway of apoptosis. Cellular signals, including ROS, trigger the
apoptotic pathway regulated by binding of proapoptogenic proteins to
mitochondrial membranes (e.g., Bax, Bid, and Bad), leading to mitochondrial
membrane permeabilization and PTpore opening. Elevated levels of mitochondrial
calcium as well as ETC-generated ROS as shown also promote PT pore opening.
This is followed by the release of cytochrome c (Cyt c), Smac, and apoptosis-
inducing factor (AIF) from the mitochondrial intermembrane space to the cytosol,
apoptosome formation leading to caspase and endonuclease activation and
apoptotic cell death. Association of Bax with mitochondria is prevented by
antiapoptogenic proteins (e.g., Bcl-2). The major proteins comprising the PT pore—
including hexokinase (Hex), adenine nucleotide translocator (ANT), creatine kinase
(CK), cyclophilin D (CyP-D), porin (VDAC), the benzodiazepine receptor (IBP),
and the inner-membrane phospholipid cardiolipin (CL)—are also shown.

Data from in vitro systems and animal models experiments suggest
that myocardial apoptosis occurs in response to a variety of insults
including ischemia-reperfusion, myocardial infarction, pacing, mech-
anical stretch and pressure overload (Figure 6.2). Factors present in
the failing myocardium that may cause or be involved with apoptosis,
include catecholamines, angiotensin, inflammatory cytokines, ROS,
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NO, hypoxia, mechanical stress, and peptide growth factors (e.g.,
TGF and cardiotrophin). A subset of these factors also mediates hy-
pertrophy of cardiac myocytes in vitro. As previously discussed,
many of the major apoptotic proteins are located in mitochondria and
may impact on mitochondrial function and signaling (which is dis-
cussed in depth in Chapter 10). The contribution of mitochondria to
caspase activation in myocardial apoptosis, including the recent
identification of several procaspases within the mitochondrial inter-
membrane space, is under investigation [151]. There is also some
evidence that myocardial apoptosis in response to specific stimuli
may depend on the energy content of the myocyte [152].

Recent studies have examined the release of cytochrome c from mi-
tochondria to the cytosol as a key hallmark and critical signaling
event of apoptosis. Cytochrome c release from mitochondria has been
reported in the failing human heart and cardiomyopathy [153]. How-
ever, to the best of our knowledge, the investigation of OXPHOS acti-
vities during HF-associated apoptosis has been inexplicably limited.
Moreover, the role of the oncogenic protein Bcl-2 in human/rat
cardiac apoptosis studies has been arguably equivocal, although it is a
well-established and well-characterized marker of apoptosis in cell
culture models. Recently, in mice that express a proofreading-defi-
cient mitochondrial DNA polymerase in the heart, it was
demonstrated that increased levels of mtDNA mutations activate the
mitochondrial apoptotic pathway and cause severe DCM [154].

ROS has been implicated in apoptosis induction, as is discussed at
length in Chapter 4, and evidence has been presented that the
generation of free (V~ radicals comes largely from hypoxic mitochon-
dria and from respiratory dysfunction. The mitochondrial apoptotic
pathway is activated in cardiac myocytes in response to a variety of
physiological stimuli, including oxidative stress and hypoxia as well
as serum and glucose deprivation [155-157]. In addition, the
mitochondrial-located MnSOD, which has a pivotal role in regulating
the accumulation of mitochondrial generated ROS, can be recruited
during CP to limit myocardial apoptosis [158].

What events occurring in HF are truly tissue-specific?

Patients suffering from HF often exhibit early muscular fatigue and
exercise intolerance. The finding of shared events in skeletal muscle
and heart during HF has considerable prognostic implication for the
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clinician. Yet to date, despite considerable research efforts in this
area, the relationship between cardiac and skeletal muscle events in
HF at the cellular and molecular levels remains unclear. In this
section, a brief overview of molecular and cellular changes occurring
in cardiac and skeletal muscle is presented, focusing on the mitochon-
drial bioenergetic events in both tissues.

A number of changes occur in skeletal muscle during HF, including
histological and electromyographic evidence of generalized myopathy
and exercise intolerance. Evaluation of skeletal muscle metabolism by
the noninvasive methodology of phosphorus nuclear magnetic reso-
nance spectroscopy has demonstrated abnormal levels of
phosphocreatine and inorganic phosphate in patients with HF
following moderate exercise [159-160]. Also, patients with desmin
and (3-MHC mutations known to cause HCM and HF have defined
changes in skeletal muscle fibers. Patients with specific p-MHC
mutations may develop abnormal mitochondrial number and function
in skeletal muscle as well as type I fiber abnormalities and atrophy
[161]. Congestive HF is often accompanied by skeletal myopathy
with a shift from slow aerobic fatigue-resistant fibers to fast anaerobic
ones. Is the fiber atrophy mediated by apoptosis?. Evidence of
apoptosis as gauged by TUNEL and by significantly reduced
expression of Bcl-2 has been demonstrated in both skeletal muscle of
both patients with chronic HF [162] and in rats with experimentally
induced HF [163]. Evidence of increased iNOS was also noted in the
patients with HF.

Structural and functional changes in skeletal muscle mitochondria
have also been found in cardiomyopathy /HF [164-165]. Specific
pathogenic mtDNA mutations (e.g., 3243, 3260, 4269, 8344, 8363,
and 9997) and accompanying respiratory enzyme defects present in
cardiomyopathy with a broad spectrum of myopathies are present at
relatively high levels in skeletal muscle mtDNA. Moreover, the use of
skeletal muscle biopsies (instead of endomyocardial biopsy) for the
analysis of respiratory enzyme dysfunction has been recommended in
the diagnostic evaluation of mitochondrial-mediated cardiac abnor-
malities [166], Reductions in specific enzyme activities were found in
both skeletal and cardiac muscle in a group of children with
cardiomyopathy [166]. Similarly, pronounced complex IV defects
were shown in both cardiac and skeletal muscle of patients with KSS
and cardiomyopathy [167].
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While an increasing incidence of cardiac mtDNA deletions has been
reported in patients with DCM, scarce data are available regarding
either the tissue specificity or correlation of the extent of cardiac
mtDNA deletions with skeletal muscle deletions in the same patient.
In isolated cases of KSS with cardiomyopathy, both skeletal muscle
and heart were shown to harbor high levels of mtDNA deletions
[168]. Also, multiple mtDNA deletions and mtDNA depletion have
been detected in skeletal muscle of patients with cardiomyopathy
[169]. The forementioned effects of AZT on mtDNA levels, respira-
tory complex activities, and bioenergetic phenotype were found in
both heart and skeletal muscle from human and animal models.

Many of the cardiac cellular changes as well as the mitochondrial
abnormalities often revealed during HF appear to be present in
skeletal muscle. There is evidence that alterations in energy metabo-
lism including decreased mitochondrial ATP production as well as
altered transfer of energy through the phosphotransfer kinases occur
in both cardiac and skeletal muscles and suggest a generalized
metabolic myopathy in HF [170]. While more evidence confirming
these findings is warranted, evaluation of skeletal muscle mitochon-
drial function can be informative in the overall diagnostic and
prognostic evaluation of patients with HF. Determining what other
parts of the HF signaling-pathway are truly cardiac specific and which
might be also operative in skeletal muscle awaits further studies. Such
studies might shed light about the relationship between the signaling
pathways and mitochondrial energetics.

Future prospects

The use of transgenic mice with defined mutations to study their
impact and relationship to HF has been very informative. However, at
present there still remains a gap in information about the
physiological, biochemical, and molecular events in normal mouse
heart. What is needed is a rigorous standardization of quantitative
measurements relevant to mitochondrial bioenergetics, structure, and
function in both cardiac and skeletal muscle. This should include an
evaluation of the levels of mitochondrial enzyme activities, mtDNA,
ATP, ADP, and NADH, as well as a comprehensive investigation of
mitochondrial changes (including mtDNA deletions) as a function of
age. Particular focus should be directed to the activity levels and
content of complex V, mt-CK, and ANT, given the degree to which
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they appear affected in HF. Such information should provide the
requisite database to investigate and compare the direct effects of
introducing mutant genes in animal model (e.g., mouse) to test for
pathogenic mutations that effect both mitochondria and cardiac
function. Further refinement will also be needed to overcome the
aforementioned technical hurdle that presently exists in introducing
and testing specific mtDNA mutations and their pathogenic effects in
a whole-animal model as well as more precise monitoring of cellular
and molecular events in the myocardium in a less invasive manner
than endomyocardial biopsy.

The need for new treatments for HF is obvious, and currently a
number of new drugs are under development, including modulators of
myocardial remodeling. Future strategies will also include antiapop-
totic drugs and gene therapy. Undoubtedly, mitochondria have a
particular aureole that is attracting cardiologists and students at large,
and this interest will continue for a long time to come. Further re-
search may bring, in the near future, a full understanding of the
temporal order of changes in mitochondrial structure and function, as
well as the organelle contribution to the pathophysiological events
occurring in HF. These advances will facilitate a rational use of
mitochondrial-targeted therapies.
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Chapter 7

Fatty Acid and Glucose Metabolism in
Cardiac Disease

Overview

Fatty acid and glucose metabolism have been extensively studied in
the heart; however, information regarding the role(s) that
mitochondria play in this metabolism and in the pathogenesis and pro-
gression of cardiac disease is rather limited. In this chapter, our under-
standing of the mechanisms, diagnosis, and treatment of metabolic
defects occurring in human cardiac disorders and the experimental
findings observed in animal models are discussed.

Introduction

Fatty acids and associated lipids play an important role in cardio-
myocyte structure and function. In the postnatal and adult mam-
malian heart, fatty acid (3 oxidation is the preferred pathway for the
energy required for normal cardiac function. Glucose metabolism,
which provides the bulk of ATP during prenatal growth, contributes
significantly to the ATP production in the adult heart (up to 30% of
myocardial ATP can be generated by glucose oxidation). In myo-
cardial ischemia and hypertrophy, profound changes in both glucose
and fatty acid metabolism occur, with glucose metabolism taking on
greater importance. In addition, specific abnormalities in myocardial
FAO metabolism, caused by either inherited or acquired physiological
stresses, and in cardiac glucose utilization caused by chronic insulin
deficiency or resistance may result in arrhythmias, cardiomyopathy,
and HF.

In this chapter, the molecular and cellular basis of fatty acid, lipid,
and glucose metabolic defects that can lead to cardiac disease are
presented. In this context, the focus is on the molecular and biochemi-
cal events that can lead to myocardial hypertrophy, cardiomyopathy,
and HF. Since there is a vast literature on acquired and inherited lipid
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disorders (e.g., cholesterol, the apolipoproteins, and HDL/ LDL),
coronary artery disease, and stroke, these subjects are not included.

Role of fatty acids and their metabolism in the normal
cardiomyocyte: Structural and regulatory roles in
cardiac cell membranes

Fatty acids play an integral role in the structure and function of the
cardiac cell plasma and mitochondrial membranes. Their influence on
the fluidity and stability of membrane structure markedly impacts on
membrane functions such as transport of ions and substrates and
electrophysiology intrinsic to cardiac function and excitability. In
addition to their multiple structural and functional roles within the
cardiac cell membrane, fatty acids and associated lipids are also
regulatory molecules acting as second messengers in cell signaling, as
effectors in apoptotic cell death, and in responses to oxidative and
ischemic damage.

Fatty acid transporters and glucose carriers

Entry of fatty acids into the cardiomyocyte is mediated by several
proteins, including plasma membrane-associated fatty acid binding
proteins (FABPs) and a myocardial-specific integral membrane
transporter (fatty acid translocase or FAT/CD36), a homologue of
human CD36.The nonenzymatic FABP also serves as a facilitator of
intracellular transport of relatively insoluble long-chain fatty acids to
sites of metabolic utilization (e.g., mitochondria). In mammals, the
FABP content in skeletal, and cardiac muscle is related to the FAO
capacity of the tissue [1], FAT/CD36 is present in an intracellular
compartment from which it can be translocated to the plasma
membrane within minutes of stimulation by either muscle contraction
or insulin treatment, leading to elevated myocardial uptake of long-
chain fatty acids. In a rodent model of type 1 diabetes, fatty acid
uptake into the heart and skeletal muscle is also elevated by increas-
ing the expression of both FAT/CD36 and FABP [2].
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Prior to their transport into mitochondria, fatty acids must be acti-
vated in the cytoplasm. This activation process requires ATP, CoA-
SH, and is catalyzed by fatty acyl-CoA synthetases, associated with
either the endoplasmic reticulum or the outer membrane of the mito-
chondria. At least 3 different acyl-CoA synthetase enzymes have been
described whose specificities depend on fatty acid chain length.

For the P oxidation pathway to proceed, the fatty acyl-CoA has to
be transported across the inner mitochondrial membrane. Long-chain
fatty acyl-CoA molecules cannot pass directly across the inner
mitochondrial membrane and need to be transported as carnitine
esters, whereas short-chain and medium-chain fatty acids can be
easily transported without the assistance of carnitine. The transport of
long-chain fatty acyl-CoA into the mitochondria depicted in Figure
7.1 is accomplished via an acylcarnitine intermediate, which itself is
generated by the action of carnitine palmitoyltransferase I (CPT-I), an
enzyme residing in the inner face of the outer mitochondrial mem-
brane. The resulting acylcarnitine molecule is subsequently trans-
ported into the mitochondria by the carnitine translocase, a trans-
membrane protein residing in the inner membrane that delivers acyl-
carnitine in exchange for free carnitine from the mitochondrial matrix.
CPT-II located within the inner mitochondrial membrane catalyzes
the regeneration of the fatty acyl-CoA molecule, with the acyl group
transferred back to Co A from carnitine. Once inside the mitochon-
drion, the fatty acid-Co A is a substrate for the FAO machinery.

The uptake of fatty acids by heart mitochondria is regulated by the
levels of the metabolite malonyl-CoA, which functions as a potent
allosteric inhibitor of CPT-I. Malonyl-CoA is synthesized by the en-
zyme acetyl-CoA carboxylase (ACC) from cytoplasmic acetyl-CoA.
The enzyme malonyl-CoA decarboxylase (MCD) is involved in the
regulation of malonyl-CoA turnover. Levels of malonyl-CoA are
affected by changes in acetyl-CoA levels or by modulation of the
ACC and MCD activities. ACC activity is allosterically regulated by
citrate and by kinase-mediated phosphorylation. In the ischemic heart,
AMP-activated protein kinase (AMPK) promotes the phosphorylation
and inhibition of ACC as well as activation of MCD, resulting in
lower myocardial malonyl-CoA levels and increasing FAO [3].
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Figure 7.1. Mitochondrial fatty acid import and oxidation. Fatty acid and car-
nitine after entry into the cardiomyocyte are transported into the mitochondria for
oxidation. FABP, fatty acid binding protein; FAT, fatty acid translocase; CPT-I,
carnitine palmitoyltransferase I; CPT-II, carnitine palmitoyltransferase II; MCAD,
medium-chain acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydroge-
nase; LCAD, long-chain acyl-CoA dehydrogenase.

The level of cytoplasmic acetyl-CoA increases either as a function of
decreased TCA cycle activity, reflecting lowered metabolic demand,
or as a result of increased PDH activity. Therefore, malonyl-CoA
production linked to altered metabolic demand or utilization of carbo-
hydrate resources can in turn impact on either the down- or up-regula-
tion of fatty acid import into mitochondria and myocardial FAO.
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As in all other cells, the entry of glucose into cardiac myocytes is
facilitated by members of the GLUT family of facilitative glucose
transporters [4]. The GLUT1 transporter, which is localized on the
plasma membrane under basal conditions, is thought to be the primary
mediator of basal glucose uptake in the heart [5]. Its myocardial
expression is stably increased within hours of ischemia or induction
of hypertrophy. The most abundant glucose transporter in the heart is
the insulin-responsive GLUT4 transporter. Insulin mediates the
translocation of GLUT4 to the plasma membrane from a pool of
intracellular vesicles and represents a critical control point by which
the net flux of glucose is regulated. A variety of stimuli including
hypoxia, ischemia, and cardiac work overload can induce this trans-
location, thereby increasing glucose uptake and glycolytic
metabolism. Defects in the ability of insulin to regulate GLUT4
translocation can lead to insulin resistance and non-insulin-dependent
type 2 diabetes. HF in patients with diabetic cardiomyopathy results
in a marked downregulation of myocardial GLUT transporters,
limiting both glucose uptake and oxidation and contributing to the
heart's inability to generate much needed ATP [6]. In diabetic
cardiomyopathy, decreased glucose utilization results in an almost
exclusive utilization of fatty acids as the myocardial energy source
[7-8].

Fetal expression of myocardial GLUT4 is present throughout em-
bryonic development, albeit at low levels, while GLUT1 is highly
expressed in the prenatal heart [9], At birth, the expression of genes
that control myocardial glucose transport and oxidation is down-
regulated. In the adult heart, GLUT4 becomes the main glucose
transporter, although GLUT1 is expressed at a considerable level. The
regulation of myocardial glucose transporter levels is primarily exert-
ed transcriptionally [10].

Bioenergetics ofFAO

The mitochondrial fatty acid p oxidation pathway contains 4 reaction
steps, including acyl-CoA dehydrogenases (short-chain, SCAD,
medium-chain, MCAD, long-chain, LCAD, and very long-chain,
VLCAD), short-chain enoyl-CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase, and 3-ketoacyl-CoA thiolase as shown in Figure 7.2.
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Figure 7.2. Intersection of 3 mitochondrial bioenergetic pathways: Fatty acid (3
-oxidation, OXPHOS, and TCA cycle. ETF, electron transfer flavoprotein; cytc,
cytochrome c; MTP, mitochondrial trifunctional protein; MCAD, medium-chain
acyl-CoA dehydrogenase; LCAD, long-chain acyl-CoA dehydrogenase; LCHAD,
long-chain 3-hydroxylacyl-CoA dehydrogenase; OAA, oxaloacetate; M, malate; C,
citrate; F, fumarate; IC, isocitrate; KG, ketoglutarate; S, succinate; S-CoA,
succinyl-CoA.
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In the initial acyl-CoA dehydrogenase reaction, VLCAD and LCAD
are responsible for the enzymatic dehydrogenation of long-chain C8
to C22 fatty acids (e.g., palmitate and linoleic acids), with VLCAD
having greater activity with the longer-chain substrates (e.g., C22 and
C24 acyl-CoA esters). MCAD is active with the C4 to C12 straight-
chain fatty acids (e.g., decanoic acid) and SCAD primarily is active
with C2 to C4 fatty acids (e.g., butyryl-CoA). The remaining enzy-
matic reactions of FAO are performed by a highly organized single
enzymatic complex known as the mitochondria! trifunctional protein
(MTP), associated with the mitochondrial inner membrane. Recently,
a different set of enzymes, localized in the mitochondrial matrix, has
been reported to be responsible for the (3-oxidation of medium- and
short-chain fatty acids is [11-12].

The process of FAO is termed fi-oxidation since it involves the se-
quential removal of 2-carbon units by oxidation at the (3-carbon
position of the fatty acyl-CoA molecule. Each round of (3-oxidation
produces NADH, FADH2, and acetyl-CoA. Acetyl-CoA, the end pro-
duct of each round of P-oxidation, enters the TCA cycle, where it is
further oxidized to CO2 with the concomitant generation of NADH,
FADH2? and ATP. The NADH and FADH2 generated during FAO
and acetyl-CoA oxidation in the TCA cycle, will subsequently enter
the respiratory pathway for the production of ATP. Consequently, the
oxidation of fatty acids yields more energy per carbon atom than does
the oxidation of carbohydrates. However, while fatty acids produce
more ATP during complete aerobic oxidation than glucose, this
occurs at the expense of a higher rate of oxygen consumption. The
supply of oxygen can be an important determinant of myocardial fuel
utilization.

When circulating glucose and insulin levels are high, as occurs in
the postprandial state, glucose is a primary contributor to cardiac
energy metabolism [13]. During the fasting state, free fatty acids be-
come the dominant fuel. With increased FAO, glucose oxidation is
inhibited; during oxygen deprivation and anoxia, the inhibition of
glucose utilization is removed, and glycolysis is accelerated. A sig-
nificant increase in carbohydrate oxidation also occurs in the adult
heart in response to an acute increase in cardiac work. Since increase
in glucose uptake is delayed in this cardiac response, the increase in
glucose oxidation is initiated by rapid glycogen breakdown [14].
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Cellular location ofFAO and glucose oxidation

Both peroxisomes and mitochondria have multiple enzymes involved
in fatty acid (3-oxidation. The peroxisomal enzymes include palmitoyl
-CoA oxidase, L-functional protein, and 3-ketoacyl oxidase, which
are all inducible enzymes acting on straight-chain substrates. In
addition, peroxisomes contain branched-chain acyl-CoA oxidase, D-
functional protein, and sterol-carrier protein X, which are noninduc-
ible and primarily use branched-chain substrates. The inducible
enzymes increase in response to the peroxisomal proliferating activat-
ing receptor (PPAR) resulting in increased peroxisomal biogenesis
(see below).

It is important to note that while specific deficiencies in the mito-
chondrial-located enzymes involved in FAO may result in cardiomyo-
pathy (as discussed below), defects in peroxisomal FAO enzymes
primarily result in neurological pathology, including seizures,
hypotonia, and psychomotor retardation. Cardiac abnormalities have
been rarely described in peroxisomal deficiencies. This is also true of
diseases involving general peroxisomal biogenesis abnormalities such
as Zellweger syndrome and neonatal adrenoleukodystrophy, where
there is little or no cardiac involvement. PPAR plays a pivotal role in
both mitochondrial FAO and mitochondrial biogenesis, not only in
normal cardiac growth and development but also in HF. This suggests
an important interrelationship between the two cellular compartments
and further underscores the mitochondrial compartment as a critical
effector of cardiac homeostasis. The commonality of biogenesis and
potential feedback between these two cellular organelles needs further
elucidation in both normal growth and development and in cardiac
disease (both FAO and mitochondrial OXPHOS disorders).

After entering the plasma membrane, glucose is oxidized by the
glycolytic enzymes located primarily in the cytosol but often in asso-
ciation with specific organelles. Glyceraldehyde-3-phosphate dehy-
drogenase and pyruvate kinase bind to sarcolemmal and sarcoplasmic
reticulum membranes. Both the first enzyme in the glycolytic path-
way (i.e., hexokinase) and the last enzyme (i.e., PDH) are associated
with the mitochondria. Hexokinase binds at the outer membrane to
peripheral protein complexes such as the PT pore, while PDH (which
determines the fate of the glycolytic product pyruvate) is entirely
located within the mitochondrial matrix.
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The effect of disorders of fatty acid and glucose
metabolism on cardiac structure/function

In cardiac failure following cardiac hypertrophy, there is a major
switch in myocardial bioenergetic substrate used—from fatty acid to
glucose. A key component and marker of the switch is the coordinate
down-regulation of FAO enzymes and mRNA levels (>40%) in the
human left ventricle [15]. This switch is thought to represent a
reversal to a fetal energy substrate preference pattern of glucose
oxidation in the heart. During the development of cardiac hypertro-
phy, a fetal metabolic gene program is initiated via the complicity of
transcription factors that bind to regulatory elements, reducing gene
expression of FAO enzymes (e.g., MCAD and CPT-I (3). Although
the molecular mechanisms mediating this down-regulation are not
fully understood, the participation of several nuclear receptors,
intermediate metabolites, and transcription factors (e.g., SP1 and
PPAR) has been implicated in the programmatic change in
myocardial gene expression (see further discussion below) [16].

The hypertrophied and failing heart becomes increasingly depen-
dent on glucose as energy substrate. However, in the failing heart, it is
unlikely that increased anaerobic glycolysis can compensate in ATP
production for the decline in FAO, together with the diminished levels
of high-energy phosphates resulting from declining phosphocreatine
content, diminished creatine kinase activity, and mitochondrial
OXPHOS dysfunction. Moreover, despite the rise in glycolysis, the
rate of mitochondrial-localized pyruvate oxidation does not keep up
with the increased pyruvate levels [17]. This has led to the conclusion
that the failing heart is energetically, severely compromised [18].

The effects of diabetes and hyperglycemia on cardiac structure and
function are also profound. Insulin deficiency or resistance are as-
sociated with LV hypertrophy and cardiomyopathy. Myocardial
glucose uptake and utilization are affected with deficits in insulin
signaling leading to an increased reliance of the heart on FAO for
energy generation. This contributes to an increased accumulation of
lipid intermediates, elevated cellular acidosis, decreased cardiac
efficiency, and contractile dysfunction [19]. Moreover, hyperglycemia
and diabetes affect cardiac mitochondria function directly. In animals
treated with streptozocin to induce diabetes, cardiac mitochondria
show pronounced swelling, increased damage, and targeting by
lysosomes [20]. Mitochondria from a variety of diabetic animal
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models show diminished respiratory control as well as increased
oxidative stress [21-22]. These changes in cardiac structure and func-
tion are reversed with insulin administration. Conversely, the activity
of the PPAR-a gene regulatory pathway is increased in the diabetic
heart, which relies primarily on FAO for energy production, providing
further stimulus for the excessive FA import and oxidation underlying
the cardiac remodeling of the diabetic heart.

Specific heritable (inborn) deficiencies in fatty acid and glucose me-
tabolism are associated with cardiomyopathy and cardiac failure.
Table 7.1 presents a list of disorders affecting fatty acid metabolism,
which can result in cardiomyopathy or HF, with their characterized
genetic loci. Heritable defects in mitochondrial acyl-CoA dehydro-
genase have been described in cardiomyopathy and HF [23]. In
general, defects in the oxidation of long-chain fatty acids are more
likely to cause cardiomyopathy than defects in medium-chain or
short-chain fatty acids. Specific defects in enzymes involved in short-
chain, long-chain, and very long-chain fatty acids have been identified
[24-27], and the genetic defects are described further in more detail in
the molecular section below.

Although severe cardiomyopathy is unusual in patients exhibiting
MCAD deficiency, sudden death in children is a common outcome,
and its pathogenetic mechanism is presently undetermined.

Defects in malonyl-CoA decarboxylase due to mutations in MCD
can also lead to cardiomyopathy and neonatal death [28]. HCM
results from specific mutations in the regulatory subunit of AMPK, a
critical bioenergetic sensor that activitates FAO by adjusting malonyl
-CoA levels and increasing glucose uptake, particularly during chron-
ic low-energy states, such as those that occur in cardiac hypertrophy
and failure [29].

Carnitine deficiency has been frequently associated with severe car-
diomyopathy. Mutations in proteins that participate in carnitine trans-
port and metabolism may cause either DCM or HCM as a recessive
trait [30-31]. One of the genetic loci affected in carnitine associated
cardiac involvement encodes the plasma-membrane localized carrier
that transports carnitine into the cell; its deficiency has been described
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Table 7.1. Fatty acid metabolism disorders in cardiac failure

Fatty Acid Metabolism Disorders
CPT-II deficiency
Barth syndrome
SCAD deficiency
MTP deficiency
(includes LCHAD defect)
VLCAD deficiency
CPT-I deficiency
Carnitine transport
Carnitine translocase deficiency
MCAD deficiency
ETF deficiency
ETF dehydrogenase deficiency
FAT deficiency

Affected Loci
ICV
G4.5
SCAD
MTPa subunit
MTP(3 subunit

VLCAD
L-CPT-I
OCTN2
CACT
MCAD
ETFa
ETF-DH
CD36

as primary carnitine deficiency [32]. This transport deficiency is due
to specific defects in the gene OCTN2 encoding the plasma-mem-
brane localized organic cation/carnitine transporter [33].

The carnitine deficiency due to defects at this locus and its resultant
pathology, which can prove lethal in childhood, have been recently
shown to be dramatically reversed by intake of high-dose oral carni-
tine supplementation [34]. Defects in a second locus, the mitochondri-
al membrane localized carnitine-acylcarnitine translocase, also lead to
an autosomal recessive carnitine deficiency, cardiomyopathy, and
cardiac failure [35]. Carnitine supplementation has been shown to be
an effective therapy in some cases [36].

Although generally not found in association with cardiomyopathy or
cardiac failure, new evidence suggests that CPT-I deficiency can
result in cardiac involvement [37]. In contrast, there is consensus that
deficiencies in CPT-II (specifically infantile CPT-II deficiency), an
autosomal recessive disorder, is associated with cardiac damage and
sudden death [38].
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Secondary effects on mitochondrial fatty acid fi-oxidation:
Relationship to mitochondrial respiration and OXPHOS

The utilization of fatty acids as an energy source requires the
functional operation of the mitochondrial ETC and OXPHOS. The
NADH feeds into the ETC at complex I, and electrons are transferred
from acyl-CoA dehydrogenases via the electron-transfer flavoprotein
(ETF), ETF dehydrogenase, and ubiquinone (or coenzyme Q) to
complex III as depicted in Figure 7.2 [39]. Affected individuals with
deficiencies in the ETF pathway display impaired FAO and abnormal
intramitochondrial accumulation of fatty acids and glutaric acid and
may develop a fatal cardiomyopathy [39-40]. Similarly, patients with
defects in respiratory complexes (e.g., complexes I and IV) will
frequently develop cardiomyopathy and HF, largely as a result of
impaired energy production [41]. However, the extent of the effects
on cardiac FAO and on lipid accumulation in patients with defined
respiratory activity defects and with defective coenzyme Q levels has
not yet been fully assessed.

Fatty acid metabolism defects and their association with
cardiomyopathy and arrhythmias

Cardiomyopathy

With the exception of defects in the MTP that affect long-chain L-3
hydroxylacyl-CoA activity and are associated with DCM [42], most
of the disturbances in fatty acid metabolism are found in patients with
HCM, and many of the reported mutations in fatty acid p oxidation
pathway result in HCM rather than DCM [43].

The X-linked disorder Barth syndrome typically is characterized by
DCM, skeletal myopathy, neutropenia, and increased levels of 3-
methylglutaconic aciduria, with onset often occurring in infancy.
Arrhythmias and HF are frequently present. The protein tafazzin
encoded by the G4.5 gene is mutated and responsible for Barth
syndrome with associated cardiomyopathy [44-45]. While the
biochemical function of the tafazzin protein has not yet been
determined, structural analysis suggests that tafazzin belongs to a
family of acyltransferases involved in phospholipid synthesis [46].
Fatty acid composition of several phospholipids —including phospha-
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tidylcholine, phosphatidylethanolamine, and cardiolipin— was altered
in hearts of Barth patients [47]. Cardiolipin levels are also affected in
other tissues including cultured fibroblasts [48]. Abnormal cardiolipin
levels may prove useful as a diagnostic marker in patients with Barth
syndrome.

Arrhythmias and conduction defects

Conduction defects and cardiac arrhythmias frequently occur in
patients with certain FAO defects [49]. Specifically, these
electrocardiographic abnormalities were present in patients with
deficiencies in CPT-II, carnitine translocase, and MTP enzyme acti-
vities. On the other hand, cardiac arrhythmias were notably absent in
patients with deficiencies in CPT-I, the primary carnitine carrier and
MCAD. These findings support the notion that the accumulation of
arrhythmogenic intermediary metabolites of fatty acids (e.g., long-
chain acylcarnitines) may be responsible for arrhythmias and
potentially contributory to HF and sudden death. This is also consis-
tent with findings that long-chain acylcarnitines accumulate with
defects in CPT-II, carnitine translocase, and MTP, whereas MCAD,
CPT-I, and carnitine carrier defects do not result in the accumulation
of these intermediates.

Amphiphilic long-chain acylcarnitines possess detergent-like prop-
erties, can extensively modify membrane proteins and lipids, and have
a variety of toxic effects on the electrophysiological function of the
cardiac membranes including ion transport (Na+, Ca++) and impaired
gap junction activity. This is further supported by the demonstration
that patients with cardiomyopathy, due to inborn defects in carnitine
translocase, have an increased incidence of cardiac arrhythmias [50].
Moreover, the accumulation of long-chain fatty acid intermediates
(e.g., acylcarnitine) has been implicated in the genesis of ventricular
arrhythmias during myocardial ischemia [51]. Selective blocking of
CPT-I activity prevents the accumulation of potentially toxic long-
chain esters during hypoxia/ischemia, thereby reducing the risk of
electrophysiologic disturbance and membrane disruption [52]. Studies
to define the precise site of action of these toxic long-chain inter-
mediates within the cardiomyocytes (e.g., at the level of the plasma
membrane, mitochondrial matrix, or inner membrane) may prove to
be of great significance in the development of new therapies.
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Fatty acids, glucose, and cardiac apoptosis

The phospholipid cardiolipin is a component of the inner membrane
associated with the mitochondrial PT pore (and its constituent protein
ANT). Cardiolipin mediates the targeting of the proapoptotic protein
tBid to mitochondria, implicating cardiolipin in the pathway for
cytochrome c release [53]. It may also play a role in membrane
permeability and proton conductance, as well as in the functioning of
cytochrome c oxidase.

During ischemia, oxidation of the saturated fatty acid palmitate is
associated with diminished myocyte function [54]. Saturated long-
chain fatty acid substrates such as palmitate (but not monounsaturated
fatty acids such as oleate) readily induce apoptosis in rat neonatal
cardiomyocytes [55-56]. As an early feature of palmitate-induced
cardiomyocyte apoptosis, palmitate diminishes the content of the
mitochondrial cardiolipin by causing a marked reduction in cardio-
lipin synthesis. Decreased levels of cardiolipin synthesis and cyto-
chrome c release have been reported to be temporally correlated
suggesting that cardiolipin modulates the association of cytochrome c
with the mitochondrial inner membrane [57].

Palmitate also decreases the oxidative metabolism of fatty acids and
respiratory complex III activity, and has been associated with an
increase in the intracellular second messenger ceramide [54].

Recent data have shown that the ceramide apoptotic pathway, which
involves ROS production, is distinct from the palmitate-induced
pathway, which involves neither ROS production nor oxidative stress
[58-59]. The modulations in FAO metabolism (e.g., CPT-I activity
decline) and complex III activity in fatty acid-induced apoptosis have
been shown to be downstream occurring well after cytochrome c
release [54, 60-61].

Glucose and glucose uptake can play an important role in modula-
ting myocardial apoptosis. Glucose uptake in cardiomyocytes reduces
hypoxia-induced apoptosis [62]. Overexpression of GLUT 1, to pro-
mote increased glucose uptake, also blocked the progression of
apoptosis in hypoxia-treated cardiomyocytes [63]. A protective anti-
apoptotic role of glucose is further supported by studies in which
glucose deprivation promoted myocardial apoptosis. Insulin adminis-
tration attenuates cardiac ischemia-reperfusion induced apoptosis via
activation of Akt-mediated cell-survival signaling [64-65]. In contrast
to normal myocardial glucose uptake and signaling, which promote
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cell survival pathways (as discussed further in Chapter 10), there is
evidence that defective glucose uptake and hyperglycemia, as found
in diabetic cardiomyopathy, can lead to increased myocardial apop-
tosis. Hyperglycemia induces myocyte apoptosis, cytochrome c re-
lease, and high levels of ROS in cardiomyocytes in culture as well as
in a mouse model of diabetes produced by streptozocin treatment
[66].

Abnormalities in mtDNA and their association with
both diabetes and cardiomyopathy

As noted earlier in this chapter, diabetes can often present with car-
diomyopathy. Specific mtDNA mutations in association with both
diabetes and cardiomyopathy are increasingly reported. Diabetes has
been found in patients with large rearrangements (e.g., deletions) in
mtDNA or in association with specific point mutations [67-68].
These point mutations have been found in tRNAs, including sites
previously associated with MELAS (e.g., nt 3243) and MERRF (e.g.,
nt 8344), in structural genes (e.g., ND1 at nt 3310), and in 16s rRNA
[69-71]. In addition, mitochondria are primary target of oxidative
damage in the diabetic heart [72], which could lead to increased
generation of mtDNA mutations at specific hotspots. However, the
causal relationship between diabetes and mtDNA mutation remains
unclear.

Molecular players in FAO-related cardiac diseases;
modulation of gene expression

MCAD

MCAD deficiency is autosomally recessive and associated with
sudden death and severe cardiac arrhythmias [73]. Over 90% of cases
of MCAD deficiency are associated with a homozygous mutation at
nt 985 (A985G). This mutation directs a glutamate replacement of
lysine at residue 304 in the mature MCAD subunit, causing impair-
ment of tetramer assembly and increased protein instability [74].
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MCAD deficiency is the most frequent inborn metabolic disorder in
populations of northwestern European origin [75].

At the gene level, 3 of the 7 reported non-A985G mutations found
in MCAD deficiency localize to exon 11. At the protein level, the mu-
tant residues cluster in helix H of the MCAD protein and are proposed
to have their primary effect on the correct folding and assembly of the
tetrameric MCAD enzyme structure. The amino acid residues effected
are: M301T, S311R, and K304E [76].

VLCAD

Pediatric cardiomyopathy is the most common clinical phenotype of
VLCAD deficiency. A severe form of infantile cardiomyopathy is
found in over 67% of cases, often resulting in sudden death [20].
VLCAD deficiency is characterized by a significant reduction of
VLCAD mRNA and decreased levels and/or absence of VLCAD
enzyme activity. Mutation analysis of the VLCAD gene revealed a
large number of different mutant loci (21 in 19 patients) with few
repeated mutations [77]. Distinguishing between truly pathogenic
mutations and polymorphic variations remains to be done.

CPT-II

The infantile form of CPT-II deficiency has frequent cardiac involve-
ment and is associated with specific CPT-II mutations in contrast to
the adult form of CPT-II deficiency that does not present with cardiac
involvement. Infantile CPT-II deficiency has been associated with
several mutations including a homozygous mutation at A2399C
causing a Tyr-^Ser substititution at residue 628. This mutation
produces a marked decrease in CPT-II activity in fibroblasts [78].
Another mutation has been reported at C1992T predicting an
Arg—>Cys substitution at residue 631, which is associated with drastic
reduction of CPT-II catalytic activity [79].

MTP

MTP, an enzyme of (3 oxidation of long-chain fatty acids, is a multi-
enzyme complex composed of 4 molecules of the a-subunit (encoded
by HADHA) that contains both the enoyl-CoA hydratase and 3-
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hydroxyacyl-CoA dehydrogenase domains, and 4 molecules of the p-
subunit (encoded by HADHB) containing the 3-ketoacyl-CoA thio-
lase domain [80].

MTP deficiency has been classified into two different biochemical
phenotypes. In one, both a and P subunits are present and only the 3-
hydroxyacyl-CoA dehydrogenase (LCHAD) activity is effected. The
most common mutation associated with MTP deficiency (G1528C) is
associated with this phenotype. In the other, there is an absence of
both subunits, and the complete lack of all 3 enzymatic activities of
MTP. Mutations have been localized to the 5' donor splicing site of
the P subunit gene, which can result in the entire loss of an exon in
the mRNA (exon 3) and are associated with the second phenotype.
Although there is some overlap between the clinical features found in
each molecular/biochemical phenotype, patients with neonatal cardio-
myopathy display the second biochemical phenotype only. Analysis
of 2 children who died of HF and acidosis revealed that they were
homozygous for a novel missense mutation G976C in the gene
encoding the MTP p subunit [81]. This mutation caused the loss of all
3 MTP activities and near complete loss of the protein, as assayed by
Western immunoblot analysis. The classification of MTP phenotypes
has been recently expanded. Patients with a lethal form of cardiomyo-
pathy harboring either a or P subunit mutations exhibit reduced ac-
tivity levels of all 3 MTP activities, indicating that mutations in either
subunit can contribute similarly to MTP complex instability [82].
Both DNA and enzymatic testing can be performed in fetal screening
of this often devastating disease [83].

PPAR

Members of the superfamily of nuclear gene receptors, the
peroxisomal proliferating activating receptors (PPARs) have been
identified as playing a key role in the transcriptional regulation of
genes involved in intracellular lipid and energy metabolism including
FAO enzymes [84-85]. Three isoforms of the PPAR subfamily
(a, P and y) are enriched in tissues that are dependent on lipid utili-
zation for energy metabolism (e.g., heart, liver, brown adipose tissue
as well as in all critical vascular cells) and have been implicated in the
rapid mobilization of bioenergetic stores in response to physiological
stresses.
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By acting on DNA response elements, as heterodimers with the nu-
clear retinoid X receptor (RXR), PPAR acts as a transcriptional acti-
vator stimulating the expression of a constellation of genes encoding
enzymes involved in both peroxisome and mitochondrial FAO (e.g.,
mitochondrial MCAD, CPT-I, and peroxisomal acyl-CoA oxidase).
PPAR activity is dependent on the presence of a variety of activating
ligands (e.g., prostaglandins, eicosanoids, and long-chain unsaturated
fatty acids) and interacting proteins (i.e., coactivators and corepres-
sors). The PPAR-ligand complex binds to a DNA response element in
the promoter region of specific genes activating transcription [86].
The activity of PPAR-a is a critical determinant of myocardial energy
production and can serve to match cardiac lipid delivery to oxidative
capacity [87]. Cardiac metabolic gene expression is activated by
PPAR-oc regulation during postnatal development, during short-term
starvation and in response to exercise training. One marker of PPAR
activation is up-regulated MCAD expression.

Conversely, pressure-overload hypertrophy results in deactivation
of PPAR-a with lower FAO enzyme expression, abnormal cardiac
lipid homoeostasis, and reduced energy production [88]. The negative
regulation of PPAR-a is mediated at the transcriptional level during
ventricular overload in mice. In addition, PPAR activity is altered at
the posttranscriptional level, via the extracellular signal-regulated
MAP kinase pathway. Ventricular overload therefore results in
hypertrophied myocytes with intracellular fat accumulation (in re-
sponse to oleate loading). At this time, the role of PPAR in the activa-
tion of the fetal gene program, occurring during hypertrophy and HF,
has not yet been fully delineated.

PPAR plays a pivotal role in mediating the effect of hypoxia on car-
diomyocyte mitochondrial FAO resulting in diminished CPT-I (3
mRNA levels. This is accomplished via PPAR transcriptional regula-
tion (due to reduced binding of PPAR-a), and its obligate partner,
retinoid X receptor a (RXR-a) to a DNA response element residing
within the CPT-I (3 promoter [89]. The cardiac phenotype of mice
with overexpression of PPAR-a strikingly mimics the metabolic phe-
notype of diabetic cardiomyopathy, with increased myocardial FAO
and decreased levels of glucose uptake and oxidation [90].
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Although PPAR-y specific agonists have cardioprotective effects in
response to ischemia, the levels of PPAR-y are barely detectable in
the heart, even in isolated myocytes exposed to PPAR-y agonists or
FA ligands, arguing against a direct role for PPAR-y in cardiac lipid
metabolism [91]. In contrast, the less characterized myocardial
PPAR-p isoform is similar in abundance to PPAR-a, fatty acid indu-
cible, and promotes myocardial PPAR target gene expression. To
precisely define the specific endogenous ligands used by these differ-
ent PPARs, their specific coactivators and the full set of targeted
genes for each receptor isoforms further research is needed. Eventual-
ly, this information may allow a finely tuned pharmacological modu-
lation of cardiac metabolism.

Peroxisome proliferator-activated receptor y coactivator
(PGC-la)

PGC-loc has been identified as a regulator of mitochondrial
respiratory function in tissues specialized for thermogenesis (e.g.,
brown adipose tissue and skeletal muscle) [92]. PGC-la gene expres-
sion is induced in the mouse heart after birth and in response to short-
term fasting, conditions known to increase cardiac mitochondrial
energy production. Expression of PGC-la in cardiac myocytes has
been reported to induce nuclear and mitochondrial gene expression
involved in multiple mitochondrial bioenergetic pathways, increased
mitochondrial biogenesis, and respiration. Cardiac-specific overex-
pression of PGC-la in transgenic mice resulted in uncontrolled
mitochondrial proliferation in cardiac myocytes, leading to loss of
sarcomeric structure and DCM. These results identify PGC-la as a
critical regulatory molecule in controlling myocardial mitochondrial
number and function in response to energy demands [93].

PGC-la also has been implicated in mediating the increased expres-
sion of mtTFA, involved in the control of both mtDNA transcription
and replication, and NRF-1, which regulates the expression of a num-
ber of nuclear genes involved in OXPHOS including subunits of
cytochrome c oxidase and ATP synthase [94].

PGC-la overexpression in the myocardium can display strikingly
developmental-specific differences. For instance, in the neonatal myo-
cardium, PGC-la overexpression leads to increased size and number
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of mitochondria, concurrent with the increased gene expression as-
sociated with mitochondrial biogenesis. In the adult mouse, PGC-
loc overexpression produces a moderate increase in mitochondrial
number, abnormal organelle structure, and eventually cardiomyopathy
with increased ventricular mass and dilatation [95]. Cessation of
PGC-loc expression reverses over time the cardiac phenotype.

Animal models of defective fatty acid metabolism and
cardiac failure

A number of animal models have been useful in our understanding of
the initiation, severity, and progression of the cardiac phenotypes
associated with specific abnormalities in fatty acid and glucose
metabolism. Transgenic mice lacking PPAR-a display a cardiac phe-
notype of increased myocyte lipid accumulation [96]. Mice lacking
MTP a and (3 subunits alleles show necrosis and acute degradation of
the cardiac myocytes. They also accumulate long-chain fatty acid
metabolites, have low birth weight, and develop neonatal hypo-
glycemia, with sudden death occurring between 6 and 36 hr after birth
[97].

To test the hypothesis that disturbance in myocardial fatty acid
uptake and utilization leads to the accumulation of cardiotoxic lipid
species and to establish a mouse model of metabolic cardiomyopathy,
transgenic mouse lines that overexpress long-chain acyl-CoA
synthetase in the heart were generated. These mice showed cardiac-
restricted expression of the transgene and marked cardiac myocyte
triglyceride accumulation. Lipid accumulation was associated with
initial cardiac hypertrophy, followed by the development of left-
ventricular dysfunction and premature death [98].

The role ofRXR-a in HF has been examined in transgenic mice as
well. RXR-oc null mutant mice display ocular and cardiac malform-
ations and liver developmental delay and die from HF in early embryo
life. A large percentage (over 50%) of the downstream target genes,
identified by subtractive hybridization, encode proteins involved in
fatty acid metabolism and electron transport, suggesting energy de-
ficiency in the null RXR-oc embryos. ATP content and MCAD mRNA
were significantly lower in RXR-oc mutant hearts compared to wild-
type mice. These findings suggest that defects in intermediary meta-
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bolism may be a causative factor in the RXR-a -/- phenotype, an em-
bryonic form of DCM [99].

Our understanding of the roles that mitochondrial gene expression
and function play in defining cardiac metabolism has also been
greatly enhanced by transgenic studies. The previously discussed
studies with PGC-loc overexpression suggest that increased mitochon-
drial function and biogenesis may be fine in the neonatal heart but
may result in cardiomyopathy in the adult. Disturbing mitochondrial
bioenergetic function by creating null mutations in ANT1 can also
lead to mitochondrial proliferation with dysfunctional mitochondria
and cardiomyopathy [100]. Similarly, null mutations in mtTFA in
mouse cause progressive cardiac dysfunction with depleted mtDNA
and an associated decline in OXPHOS ATP production [101]. An
early feature in the progression of this cardiac mitochondrial
dysfunction is the activation of a fetal metabolic gene-expression
program characterized by the decreased expression of FAO genes and
increased expression of glycolytic genes [102]. The switch in the
programming of cardiac metabolism was followed by increased
myocardial mitochondrial biogenesis, which could not compensate in
ATP production but rather contributes to the progression of heart
failure, probably in a way similar to the PCG-loc overexpression in
the adult heart.

Advances in diagnostics and treatment of fatty
acid/cardiac disease

At the biochemical level, the diagnostic evaluation of fatty acid
defects and determination of carnitine levels are easily performed.
Rapid and correct diagnosis (including newborn screening using a
noninvasive, highly sensitive methodology profiling acylcarnitines,
via tandem mass spectrometry, on blood spot collected on a Guthrie
card) is critical since dramatic recovery from or prevention of arrhyth-
mias and cardiac failure have been demonstrated in these disorders
(e.g., VLCAD deficiency) [103]. As previously discussed, the use of
carnitine supplementation in patients with carnitine deficiency may be
of significant benefit in the prevention and treatment of potentially
lethal disorders. The use of genetic analysis is also available, although
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the presence of nonrepeating mutations makes this analysis rather
problematic.

The use of targeted dietary supplements and the pharmacological
treatment of FAO and metabolic cardiac disorders are discussed in
Chapter 11. In addition, gene therapy for some of the fatty acid
disturbances of cardiac function and structure to decrease long-chain
fatty acid intermediates and redirect metabolic programs holds great
promise and is discussed in Chapter 11.

References

1. Glatz JF, Storch J (2001) Unraveling the significance of cellular
fatty acid binding-protein. Curr Opin Lipidol 12:267-74
2. Bonen A, Campbell SE, Benton CR, Chabowski A, Coort SL, Han
XX, Koonen DP, Glatz JF, Luiken JJ (2004) Regulation of fatty acid
transport by fatty acid translocase/CD36. Proc Nutr Soc 63:245-9
3. Hopkins TA, Dyck JR, Lopaschuk GD (2003) AMP-activated
protein kinase regulation of fatty acid oxidation in the ischaemic
heart. Biochem Soc Trans 31:207-12
4. Abel ED (2004) Glucose transport in the heart. Front Biosci
9:201-15
5. Flier JS, Mueckler MM, Usher P, Lodish HF (1987) Elevated lev-
els of glucose transport and transporter messenger RNA are induced
by ras or src oncogenes. Science 235:1492-5
6. Razeghi P, Young ME, Ying J, Depre C, Uray IP, Kolesar J, Ship-
ley GL, Moravec CS, Davies PJ, Frazier OH, Taegtmeyer H (2002)
Downregulation of metabolic gene expression in failing human heart
before and after mechanical unloading. Cardiology 97:203-9
7. Razeghi P, Young ME, Cockrill TC, Frazier OH, Taegtmeyer H
(2002) Downregulation of myocardial myocyte enhancer factor 2C
and myocyte enhancer factor 2C-regulated gene expression in diabetic
patients with nonischemic heart failure. Circulation 106:407-11
8. Stanley WC, Lopaschuk GD, McCormack JG (1997) Regulation
of energy substrate metabolism in the diabetic heart. Cardiovasc Res
34:25-33



Fatty Acid and Glucose Metabolism in Cardiac Disease 219

9. Vannucci SJ, Rutherford T, Wilkie MB, Simpson I A, Lauder JM
(2000) Prenatal expression of the GLUT4 glucose transporter in the
mouse. DevNeurosci 22:274-82
10. Santalucia T, Boheler KR, Brand NJ, Sahye U, Fandos C, Vinals
F, Ferre J, Testar X, Palacin M, Zorzano A (1999) Factors involved in
GLUT-1 glucose transporter gene transcription in cardiac muscle. J
BiolChem 274:17626-34
11. Liang X, Le W, Zhang D, Schulz H (2001) Impact of the intrami-
tochondrial enzyme organization on fatty acid organization. Biochem
Soc Trans 29:279-82
12. Jackson S, Schaefer J, Middleton B, Turnbull DM (1995) Charac-
terization of a novel enzyme of human fatty acid beta-oxidation: A
matrix-associated, mitochondrial 2-enoyl CoA hydratase. Biochem
Biophys Res Commun 214:247-53
13. Opie LH, Sack MN (2002) Metabolic plasticity and the promo-
tion of cardiac protection in ischemia and ischemic preconditioning. J
Mol Cell Cardiol 34:1077-89
14. Goodwin GW, Taegtmeyer H (2000) Improved energy homeosta-
sis of the heart in the metabolic state of exercise. Am J Physiol Heart
Circ Physiol 279:H1490-501
15. Sack MN, Rader TA, Park S, Bastin J, McCune SA, Kelly DP
(1996) Fatty acid oxidation enzyme gene expression is downregulated
in the failing heart. Circulation 94:2837-42
16. Kanda H, Nohara R, Hasegawa K, Kishimoto C, Sasayama S
(2000) A nuclear complex containing PPARa/RXR is markedly
downregulated in the hypertrophied rat left ventricular myocardium
with normal systolic function. Heart Vessels 15:191-6
17. Leong HS, Brownsey RW, Kulpa JE, Allard MF (2003) Glycoly-
sis and pyruvate oxidation in cardiac hypertrophy: Why so unbal-
anced? Comp Biochem Physiol A Mol Integr Physiol 135:499-513
18. van Bilsen M, Smeets PJ, Gilde AJ, van der Vusse GJ (2004)
Metabolic remodelling of the failing heart: The cardiac burn-out syn-
drome? Cardiovasc Res 61:218-26
19. Avogaro A, Vigili de Kreutzenberg S, Negut C, Tiengo A, Scog-
namiglio R (2004) Diabetic cardiomyopathy: A metabolic perspec-
tive. Am J Cardiol 93:13A-16A
20. Seager MJ, Singal PK, Orchard R, Pierce GN, Dhalla NS (1984)
Cardiac cell damage: A primary myocardial disease in streptozotocin-
induced chronic diabetes. Br J Exp Pathol 65:613-23



2 2 0 MITOCHONDRIA AND THE HEART

21. Mokhtar N, Lavoie JP, Rousseau-Migneron S, Nadeau A (1993)
Physical training reverses defect in mitochondrial energy production
in heart of chronically diabetic rats. Diabetes 42:682-7
22. Tomita M, Mukae S, Geshi E, Umetsu K, Nakatani M, Katagiri T
(1996) Mitochondrial respiratory impairment in streptozotocin in-
duced diabetic rat heart. Jpn Circ J 60:673-82
23. Kelly DP, Strauss AW (1994) Inherited cardiomyopathies. New
EnglJMed 330:913-9
24. Hale DE, Batshaw ML, Coates PM, Frerman FE, Goodman SI,
Singh I, Stanley CA (1985) Long-chain acyl coenzyme A dehydro-
genase deficiency: An inherited cause of nonketotic hypoglycemia.
PediatrRes 19:666-71
25. Rocchiccioli F, Wanders RJ, Aubourg P, Vianey-Liaud C, Ijlst L,
Fabre M, Cartier N, Bougneres PF (1990) Deficiency of long-chain 3-
hydroxyacyl-CoA dehydrogenase: A cause of lethal myopathy and
cardiomyopathy in early childhood. Pediatr Res 28:657-62
26. Strauss AW, Powell CK, Hale DE, Anderson MM, Ahuja A,
Brackett JC, Sims HF (1995) Molecular basis of human mitochondrial
very-long-chain acyl-CoA dehydrogenase deficiency causing cardio-
myopathy and sudden death in childhood. Proc Natl Acad Sci USA
92:10496-500
27. Tein I, Haslam RH, Rhead WJ, Bennett MJ, Becker LE, Vockley
J (1999) Short-chain acyl-CoA dehydrogenase deficiency: A cause of
ophthalmoplegia and multicore myopathy. Neurology 52:366-72
28. Surendran S, Sacksteder KA, Gould SJ, Coldwell JG, Rady PL,
Tyring SK, Matalon R (2001) Malonyl Co A decarboxylase defi-
ciency: C to T transition in intron 2 of the MCD gene. J Neurosci Res
65:591-4
29. Oliveira SM, Ehtisham J, Redwood CS, Ostman-Smith I, Blair
EM, Watkins H (2003) Mutation analysis of AMP-activated protein
kinase subunits in inherited cardiomyopathies: Implications for kinase
function and disease pathogenesis. J Mol Cell Cardiol 35:1251-5
30. Roe CR, Ding JH. In: Scriver C, et al. ed. Metabolic and Molecu-
lar Basis of Inherited Disease. Vol. 2: McGraw-Hill 2001:2297-326
31. Engel AG, Angelini C (1973) Carnitine deficiency of human
skeletal muscle with associated lipid storage myopathy: A new syn-
drome. Science 179:899-902
32. Stanley CA, Treem WR, Hale DE, Coates PM (1990) A genetic
defect in carnitine transport causing primary carnitine deficiency.
Prog Clin Biol Res 321:457-64



Fatty Acid and Glucose Metabolism in Cardiac Disease 221

33. Nezu J, Tamai I, Oku A, Ohashi R, Yabuuchi H, Hashimoto N,
Nikaido H, Sai Y, Koizumi A, Shoji Y, Takada G, Matsuishi T,
Yoshino M, Kato H, Ohura T, Tsujimoto G, Hayakawa J, Shimane M?

Tsuji A (1999) Primary systemic carnitine deficiency is caused by
mutations in a gene encoding sodium ion-dependent carnitine trans-
porter. Nat Genet 21:91-4
34. Tein I (2003) Carnitine transport: pathophysiology and metabo-
lism of known molecular defects. J Inherit Metab Dis 26:147-69
35. Roschinger W, Muntau AC, Duran M, Dorland L, Ijlst L, Wan-
ders RJ, Roscher AA (2000) Carnitine-acylcarnitine translocase defi-
ciency: Metabolic consequences of an impaired mitochondrial car-
nitine cycle. Clin Chim Acta 298:55-68
36. Iacobazzi V, Pasquali M, Singh R, Matern D, Rinaldo P, Amat di
San Filippo C, Palmieri F, Longo N (2004) Response to therapy in
carnitine/acylcarnitine translocase (CACT) deficiency due to a novel
missense mutation. Am J Med Genet 126A: 150-5
37. Olpin SE, Allen J, Bonham JR, Clark S, Clayton PT, Calvin J,
Downing M, Ives K, Jones S, Manning NJ, Pollitt RJ, Standing SJ,
Tanner MS. (2001) Features of carnitine palmitoyltransferase type I
deficiency. J Inherit Metab Dis 24:35-42
38. Demaugre F, Bonnefont JP, Colonna M, Cepanec C, Leroux JP,
Saudubray JM (1991) Infantile form of carnitine palmitoyltransferase
II deficiency with hepatomuscular symptoms and sudden death:
Physiopathological approach to carnitine palmitoyltransferase II defi-
ciencies. J Clin Invest 87:859-64
39. Salazar D, Zhang L, deGala GD, Frerman FE (1997) Expression
and characterization of two pathogenic mutations in human electron
transfer flavoprotein. J Biol Chem 272:26425-33
40. Gregersen N (1985) Riboflavin-responsive defects of beta-oxida-
tion. J Inherit Metab Dis 8:65-9
41. Marin-Garcia J, Goldenthal MJ, Moe GW (2001) Mitochondrial
pathology in cardiac failure. Cardiovasc Res 49:17-26
42. Brackett JC, Sims HF, Rinaldo P, Shapiro S, Powell CK, Bennett
MJ, Strauss AW (1995) Two alpha-subunit donor splice site muta-
tions cause human trifunctional protein deficiency. J Clin Invest
95:2076-82
43. Schonberger J, Seidman CE (2001) Many roads lead to a broken
heart: The genetics of dilated cardiomyopathy. Am J Hum Genet 69:
249-60



2 2 2 MITOCHONDRIA AND THE HEART

44. Bione S, D'Adamo P, Maestrini E, Gedeon AK, Bolhuis PA, To-
niolo D (1996) A novel X-linked gene, G4.5 is responsible for Barth
syndrome. Nat Genet 12:385-9
45. D'Adamo P, Fassone L, Gedeon A, Janssen EA, Bione S, Bolhuis
PA, Barth PG, Wilson M, Haan E, Orstavik KH, Patton MA, Green
AJ, Zammarchi E, Donati MA, Toniolo D (1997) The X-linked gene
G4.5 is responsible for different infantile dilated cardiomyopathies.
Am J Hum Genet 61:862-7
46. Neuwald AF (1997) Barth syndrome may be due to an acyltrans-
ferase deficiency. Curr Biol 7:R465-6
47. Schlame M, Kelley RI, Feigenbaum A, Towbin JA, Heerdt PM,
Schieble T, Wanders RJ, DiMauro S, Blanck TJ (2003) Phospholipid
abnormalities in children with Barth syndrome. J Am Coll Cardiol
42:1994-9
48. Vreken P, Valianpour F, Nijtmans LG, Grivell LA, Plecko B,
Wanders RJ, Barth PG (2000) Defective remodeling of cardiolipin
and phosphatidyl-glycerol in Barth syndrome. Biochem Biophys Res
Commun 279:378-82
49. Bonnet D, Martin D, De Lonlay P, Villain E, Jouvet P, Rabier D,
Brivet M, Saudubray JM (1999) Arrhythmias and conduction defects
as presenting symptoms of fatty acid oxidation disorders in children.
Circulation 100:2248-53
50. Stanley CA, Hale DE, Berry DT, Deleeuw S, Boxer J, Bonnefont
JP. (1992) A deficiency of carnitine-acylcarnitine translocase in the
inner mitochondrial membrane. New Engl J Med 327:19-23
51. Corr PB, Creer MH, Yamada KA, Saffitz JE, Sobel BE (1989)
Prophylaxis of early ventricular fibrillation by inhibition of acylcar-
nitine accumulation. J. Clin. Invest 83:927-36
52. Tripp ME (1989) Developmental cardiac metabolism in health
and disease. Pediatr Cardiol 10:150-8
53. Lutter M, Fang M, Luo X, Nishijima M, Xie X, Wang X (2000)
Cardiolipin provides specificity for targeting of tBid to mitochondria.
Nat Cell Biol 2:754-61
54. Hickson-Bick DL, Buja ML, McMillin JB (2000) Palmitate-medi-
iated alterations in the fatty acid metabolism of rat neonatal cardiac
myocytes. J Mol Cell Cardiol 32:511-19
55. De Vries JE, Vork MM, Roemen TH, de Jong YF, Cleutjens JP,
van der Vusse GJ, van Bilsen M (1997) Saturated but not monoun-
saturated fatty acids induce apoptotic cell death in neonatal rat ven-
tricular myocytes. J Lipid Res 38:1384-94



Fatty Acid and Glucose Metabolism in Cardiac Disease 223

56. Sparagna GC, Hickson-Bick DL, Buja LM, McMillin JB (2001)
Fatty acid-induced apoptosis in neonatal cardiomyocytes: Redox sig-
naling. Antioxid Redox Signal 3:71-9
57. Ostrander DB, Sparagna GC, Amoscato AA, McMillin JB, Dow-
han W (2001) Decreased cardiolipin synthesis corresponds with cyto-
chrome c release in palmitate-induced cardiomyocyte apoptosis. J
BiolChem 276:38061-67
58. Kong JY, Rabkin SW (2003) Mitochondrial effects with cera-
mide-induced cardiac apoptosis are different from those of palmitate.
Arch Biochem Biophys 412:196-206
59. Hickson-Bick DL, Sparagna GC, Buja LM, McMillin JB (2002)
Palmitate-induced apoptosis in neonatal cardiomyocytes is not
dependent on the generation of ROS. Am J Physiol Heart Circ Physiol
282.-H656-64
60. Sparagna GC, Hickson-Bick DL, Buja LM, McMillin JB (2000)
A metabolic role for mitochondria in palmitate-induced cardiac
myocyte apoptosis. Am J Physiol Heart Circ Physiol 279:H2124-32
61. Sparagna GC, Hickson-Bick DL (1999) Cardiac fatty acid meta-
bolism and the induction of apoptosis. Am J Med Sci 318:15-21
62. Malhotra R, Brosius FC (1999) Glucose uptake and glycolysis
reduce hypoxia-induced apoptosis in cultured neonatal rat cardiac
myocytes. J Biol Chem 274:12567-75
63. Lin Z, Weinberg JM, Malhotra R, Merritt SE, Holzman LB, Bro-
sius FC (2000) GLUT-1 reduces hypoxia-induced apoptosis and JNK
pathway activation. Am J Physiol Endocrinol Metab 278 :E95 8-66
64. Fujio Y, Nguyen T, Wencker D, Kitsis RN, Walsh K (2000) Akt
promotes survival of cardiomyocytes in vitro and protects against
ischemia-reperfusion injury in mouse heart. Circulation 101:660-7
65. Aikawa R, Nawano M, Gu Y, Katagiri H, Asano T, Zhu W, Na-
gai R, Komuro I (2000) Insulin prevents cardiomyocytes from oxida-
tive stress-induced apoptosis through activation of PI3 kinase/Akt.
Circulation 102:2873-9
66. Cai L, Li W, Wang G, Guo L, Jiang Y, Kang YJ (2002) Hyper-
glycemia-induced apoptosis in mouse myocardium: Mitochondrial
cytochrome c-mediated caspase-3 activation pathway. Diabetes 51:
1938-48
67. Rotig A, Bonnefont JP, Munnich A (1996) Mitochondrial diabe-
tes mellitus. Diabetes Metab 22:291-8
68. Maassen JA, T Hart LM, Van Essen E, Heine RJ, Nijpels G,
Jahangir Tafrechi RS, Raap AK, Janssen GM, Lemkes HH (2004)



2 2 4 MITOCHONDRIA AND THE HEART

Mitochondrial diabetes: Molecular mechanisms and clinical present-
ation. Diabetes 53:S103-9
69. Hattori Y, Nakajima K, Eizawa T, Ehara T, Koyama M, Hirai T,
Fukuda Y, Kinoshita M (2003) Heteroplasmic mitochondrial DNA
3310 mutation in NADH dehydrogenase subunit 1 associated with
type 2 diabetes, hypertrophic cardiomyopathy, and mental retardation
in a single patient. Diabetes Care 26:952-3
70. Suzuki S, Oka Y, Kadowaki T, Kanatsuka A, Kuzuya T, Kobaya-
shi M, Sanke T, Seino Y, Nanjo K (2003) Clinical features of diabetes
mellitus with the mitochondrial DNA 3243 (A-G) mutation in Ja-
panese: Maternal inheritance and mitochondria-related complications.
Diabetes Res Clin Pract 59:207-17
71. Hsieh RH, Li JY, Pang CY, Wei YH (2001) A novel mutation in
the mitochondrial 16S rRNA gene in a patient with MEL AS syn-
drome, diabetes mellitus, hyperthyroidism and cardiomyopathy. J
Biomed Sci 8:328-35
72. Shen X, Zheng S, Thongboonkerd V, Xu M, Pierce Jr WM, Klein
JB, Epstein PN (2004) Cardiac mitochondrial damage and biogenesis
in a chronic model of type I diabetes. Am J Physiol Endocrinol Metab
287:E896-905
73. Feillet F, Steinmann G, Vianey-Saban C, de Chillou C, Sadoul N,
Lefebvre E, Vidailhet M, Bollaert PE (2003) Adult presentation of
MCAD deficiency revealed by coma and severe arrythmias. Intensive
Care Med 29:1594-7
74. Kelly DP, Hale DE, Rutledge SL, Ogden ML, Whelan AJ, Zhang
Z, Strauss AW. (1992) Molecular basis of inherited medium chain
acyl-CoA dehydrogenase deficiency causing sudden child death. J In-
herit Metab Dis 15:171-80
75. Tanaka K, Yokota I, Coates PM (1992) Mutations in the medium
chain acyl-CoA dehydrogenase (MCAD) gene. Hum Mutat 1:271—9
76. Andresen BS, Bross P, Jensen TG, Knudsen I, Winter V, Kolvraa
S, Bolund L, Gregersen N (1995) Molecular diagnosis and charac-
terization of medium-chain acyl-CoA dehydrogenase deficiency.
Scand J Clin Lab Invest Suppl 220:9-25
77. Mathur A, Sims HF, Gopalakrishnan D, Gibson B, Rinaldo P,
Vockley J, Hug G, Strauss AW (1999) Molecular heterogeneity in
very-long-chain acyl-CoA dehydrogenase deficiency causing
pediatric cardiomyopathy and sudden death. Circulation 99:1337-43
78. Bonnefont JP, Taroni F, Cavadini P, Cepanec C, Brivet M, Sau-



Fatty Acid and Glucose Metabolism in Cardiac Disease 225

dubray JM, Leroux JP, Demaugre F (1996) Molecular analysis of
carnitine palmitoyltransferase II deficiency with hepatocardiomus-
cular expression. Am J Hum Genet 58:971-8
79. Taroni F, Verderio E, Fiorucci S, Cavadini P, Finocchiaro G,
Uziel G, Lamantea E, Gellera C, DiDonato S (1992) Molecular cha-
racterization of inherited carnitine palmitoyltransferase II deficiency.
Proc Natl Acad Sci 89:8429-33
80. Orii KE, Aoyama T? Wakui K, Fukushima Y, Miyajima H, Ya-
maguchi S, Orii T, Kondo N, Hashimoto T (1997) Genomic and
mutational analysis of the mitochondrial trifunctional protein beta-
subunit (HADHB) gene in patients with trifunctional protein defi-
ciency. Hum Mol Genet 6:1215-24
81. Schwab KO, Ensenauer R, Matern D, Uyanik G, Schnieders B,
Wanders RA, Lehnert W (2003) Complete deficiency of
mitochondrial trifunctional protein due to a novel mutation within the
beta-subunit of the mitochondrial trifunctional protein gene leads to
failure of long-chain fatty acid beta-oxidation with fatal outcome. Eur
JPediatr 162:90-5
82. Spiekerkoetter U, Khuchua Z, Yue Z, Bennett MJ, Strauss AW
(2004) General mitochondrial trifunctional protein (TFP) deficiency
as a result of either alpha- or beta-subunit mutations exhibits similar
phenotypes because mutations in either subunit alter TFP complex
expression and subunit turnover. Pediatr Res 55:190-6
83. Ibdah JA, Zhao Y, Viola J, Gibson B, Bennett MJ, Strauss AW
(2001) Molecular prenatal diagnosis in families with fetal mitochon-
drial trifunctional protein mutations. J Pediatr 138:396-9
84. Barger PM, Kelly DP (2000) PPAR signaling in the control of
cardiac energy metabolism. Trends Cardiovasc Med 10:238-45
85. Finck BN, Kelly DP (2002) Peroxisome proliferator-activated
receptor alpha (PPARalpha) signaling in the gene regulatory control
of energy metabolism in the normal and diseased heart. J Mol Cell
Cardiol 34:1249-57
86. Gulick T, Cresci S, Caira T, Moore DD, Kelly DP (1994) The
peroxisome proliferator activated receptor regulates mitochondrial
fatty acid oxidative enzyme gene expression. Proc Natl Acad Sci USA
91:11012-16
87. Kelly DP (2003) PPARs of the heart: Three is a crowd. Circ Res
92:482-4



2 2 6 MITOCHONDRIA AND THE HEART

88. Barger PM, Brandt JM, Leone TC, Weinheimer CJ, Kelly DP
(2000) Deactivation of peroxisome proliferator-activated receptor-
alpha during cardiac hypertrophic growth. J Clin Invest 105:1723-30
89. Huss JM, Levy FH, Kelly DP (2001) Hypoxia inhibits the perox-
isome proliferator-activated receptor alpha/retinoid X receptor gene
regulatory pathway in cardiac myocytes: A mechanism for CVde-
pendent modulation of mitochondrial fatty acid oxidation. J Biol
Chem 276:27605-12
90. Finck BN, Lehman JJ, Leone TC, Welch MJ, Bennett MJ, Ko-
vacs A, Han X, Gross RW, Kozak R, Lopaschuk GD, Kelly DP
(2002) The cardiac phenotype induced by PPARalpha overexpression
mimics that caused by diabetes mellitus. J Clin Invest 109:121-30
91. Gilde AJ, van der Lee KA, Willemsen PH, Chinetti G, van der
Leij FR, van der Vusse GJ, Staels B, van Bilsen M (2003) Peroxisome
proliferator-activated receptor (PPAR) alpha and PPARbeta/delta, but
not PPARgamma, modulate the expression of genes involved in
cardiac lipid metabolism. Circ Res 92:518-24
92. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Moo-
tha V, Troy A, Cinti S, Lowell B, Scarpulla RC, Spiegelman BM
(1999) Mechanisms controlling mitochondrial biogenesis and respira-
tion through the thermogenic coactivator PGC-1. Cell 98:115-24
93. Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros
DM,Kelly DP (2000) Peroxisome proliferator-activated receptor
gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J
Clin Invest 106:847-56
94. Vega RB, Huss JM, Kelly DP (2000) The coactivator PGC-1 co-
operates with peroxisome proliferator-activated receptor in tran-
scriptional control of nuclear genes encoding mitochondrial fatty acid
oxidation enzymes. Mol Cell Biol 20:1868-76
95. Russell LK, Mansfield CM, Lehman JJ, Kovacs A, Courtois M,
Saffitz JE, Medeiros DM, Valencik ML, McDonald JA, Kelly DP
(2004) Cardiac-specific induction of the transcriptional coactivator
peroxisome proliferator-activated receptor gamma coactivator-1 alpha
promotes mitochondrial biogenesis and reversible cardiomyopathy in
a developmental stage-dependent manner. Circ Res 94:525-33.
96. Djouadi F, Brandt JM, Weinheimer CJ, Leone TC, Gonzalez FJ,
Kelly DP (1999) The role of the peroxisome proliferator-activated
receptor alpha (PPAR a) in the control of cardiac lipid metabolism.
Prostaglandins Leukot Essent Fatty Acids 60:339-43



Fatty Acid and Glucose Metabolism in Cardiac Disease 227

97. Ibdah JA, Paul H, Zhao Y, B nford S, Salleng K, Cline M, Ma-
tern D, Bennett MJ, Rinaldo P, Strauss AW (2001) Lack of mito-
chondrial trifunctional protein in mice causes neonatal hypoglycemia
and sudden death. J Clin Invest 107:1403-9
98. Chiu HC, Kovacs A, Ford D, Hsu FF, Garcia R, Herrero P, Saf-
fitz JE, Schaffer JE (2001) A novel mouse model of lipotoxic cardio-
myopathy. J Clin Invest 107:813-22
99. Ruiz-Lozano P, Smith SM, Perkins G, Kubalak SW, Boss GR,
Sucov HM, Evans RM, Chien KR (1998) Energy deprivation and a
deficiency in downstream metabolic target genes during the onset of
embryonic heart failure in RXR alpha -/- embryos. Development
125:533-44
100. Graham BH, Waymire KG, Cottrell B, Trounce IA, MacGregor
GR, Wallace DC (1997) A mouse model for mitochondrial myopathy
and cardiomyopathy resulting from a deficiency in the heart/muscle
isoform of the adenine nucleotide translocator. Nat Genet 16:226-34
101. Wang J, Wilhelmsson H, Graff C, Li H, Oldfors A, Rustin P,
Bruning JC, Kahn CR, Clayton DA, Barsh GS, Thoren P, Larsson NG
(1999) Dilated cardiomyopathy and atrioventricular conduction
blocks induced by heart-specific inactivation of mitochondrial DNA
gene expression. Nat Genet 21:133-7
102. Hansson A, Hance N, Dufour E, Rantanen A, Hultenby K,
Clayton DA, Wibom R, Larsson NG (2004) A switch in metabolism
precedes increased mitochondrial biogenesis in respiratory chain-
deficient mouse hearts. Proc Natl Acad Sci USA 101:3136-41
103. Touma EH, Rashed MS, Vianey-Saban C, Sakr A, Divry P,
Gregersen N, Andresen BS (2001) A severe genotype with favourable
outcome in very long chain acyl-CoA dehydrogenase deficiency.
Arch Dis Child 84:58-60



Chapter 8

Mitochondria in Pediatric Cardiology

Overview

Abnormalities in cardiac mitochondrial respiratory enzyme function
and mtDNA have been identified in an increasing number of children
and infants with either DCM or HCM, giving rise to the entity known
as mitochondrial cardiomyopathy. In addition, children with congeni-
tal heart defects (CHD) and in particular those in HF often present
with defects in the structure and function of mitochondria. Awareness
of the mitochondrial role in heart bioenergetics and of the potential
association of CHD with gene mutations that may affect mitochon-
drial respiration and metabolism is important. The histochemical, bio-
chemical, and molecular findings of mitochondrial cardiomyopathy,
which will be helpful for its diagnosis in neonates and children, and
the role that mitochondrial defects play in a number of congenital
heart defects are presented in this chapter.

MITOCHONDRIAL CARDIOMYOPATHY

Introduction

Mitochondrial cardiomyopathy (MCM) can be defined as an
OXPHOS disease characterized by abnormal cardiac mitochondria
either in number, structure or function. By altering ETC function,
specific pathogenic mtDNA mutations or depletion of mtDNA levels
may also result in cardiomyopathy. MCM may present either a
hypertrophic phenotype (characterized primarily by left ventricular or
biventricular hypertrophy often accompanied by myofibril disarray) or
a dilated phenotype (characterized by increased ventricular size and
impaired ventricular function).

Many of the described mitochondrial cardiomyopathies occur in
conjunction with primarily neurological disorders such as MEL AS,
MERRF, KSS, and Leigh syndromes and with the less characterized
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family of cardioneuropathies [1-3]. This association likely stems from
the strong demand that neural (e.g., brain and ocular tissue) and
cardiac tissue have for oxidative energy, as well as their extreme
sensitivity to its deprivation. These disorders may present early in
childhood, while others manifest themselves later (adult or adolescent
onset). Mitochondrial abnormalities have also been reported in a num-
ber of cases of fatal infantile cardiomyopathy [4-7].

Biochemical analysis has demonstrated that specific defects in mito-
chondrial ETC and/or OXPHOS are the major loci of mitochondrial
dysfunction in MCM [1-2]. Since the 5 multisubunit respiratory com-
plexes (I to V) located in the mitochondrial inner membrane consist of
over 70 different types of polypeptide components, a large number of
potential sites for defects are present in the pathway for energy
generation (Figure 8.1).

In MCM as well as in other OXPHOS diseases, single or multiple
defects in each of the respiratory complex activities can be present [4,
8-10]. Some of these defects are attributable to defined changes in
mtDNA, such as specific mutations in the mitochondrial protein syn-
thesis apparatus (e.g., mitochondrial encoded tRNAs) [4] or muta-
tions in structural protein-encoding genes [11-12]. However, in the
majority of mitochondrial based cardiomyopathies, the primary site of
defect has not yet been elucidated.

A pattern of maternal inheritance can be used to corroborate the pre-
sence of a mitochondrial-based pathology in a number of familial car-
diomyopathies [4, 13-14]. However, mutations in nuclear genes may
also be associated with MCM. For instance, a mutation in a nuclear
gene involved in mtDNA replication has been implicated in an auto-
somally inherited cardiomyopathy characterized by the accumulation
of multiple mtDNA deletions in the patient's brain and heart [15-16].
Mutations in 2 nuclear genes NDUFV2 and NDUFS2, encoding sub-
units of respiratory complex I, have been implicated in the develop-
ment of early onset HCM [17-18].

Moreover, fatal infantile cardiomyopathy can result from the severe
skeletal and cardiac muscle complex IV deficiency found in patients
with mutations in the nuclear SCO2 gene. This gene encodes the
copper-binding protein involved in the assembly of COX subunits into
a functional complex IV enzyme [19].
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RESPIRATORY COMPLEXES

Matrix

Inner membrane

Outer membrane

Pyruvate

Figure 8.1. Mitochondrial structure and major metabolic reactions involved in
OXPHOS. The electron transport chain with respiratory complexes I to V is
illustrated showing directional proton movement (Ft) as indicated. The electron
carriers CoQ (coenzyme Q) and cytochrome c (Cyt c) are depicted with stippled
circles. The TCA cycle is shown with several key metabolic intermediates identified:
malate (M), oxaloacetic acid (OAA), citric acid (C), isocitrate (IC), a-ketoglutarate
(KG), succinate (S), succinyl-CoA (S-CoA), fumarate (F), and NADH. Pyruvate
transporters (PyT) and the ATP/ADP translocator (ANT) are indicated by the light
circles. Other key enzymes shown are PDH (pyruvate dehydrogenase) and CS
(citrate synthase). Also noted is the general organization of the mitochondrial
compartments: inner and outer membranes and matrix.

MCM can also occur in a sporadic fashion. Various agents that cause
damage to the mitochondria can result in cardiomyopathy. Some of
these agents may have nonspecific or multiple modes of action on both
mitochondria and the cell (e.g., alcohol, adriamycin, and ischemia).
The relationship of sporadic mtDNA damage to cardiomyopathy is of
great interest since somatically generated mtDNA deletions increase
during myocardial ischemia [20], In addition, KSS, a neuromuscular
disorder with atrioventricular conduction defects and cardiomyopathy,
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is commonly associated with abundant large-scale mtDNA deletions
whose generation is thought to be spontaneous, since they are rarely
detected in mothers or siblings. In contrast, a severe cardiomyopathy
associated with multiple mtDNA deletions and progressive external
ophthalmoplegia (PEO) is transmitted by an autosomally recessive
nuclear gene defect [21]. This defect along with mutations in other
nuclear genes such as Twinkle, ANT1, and POLy presumably affects
proteins involved in DNA maintenance, leading to the development of
multiple mtDNA deletions and cardiac pathology. This unique etio-
logy of cardiac pathology, involving both Mendelian transmission and
mitochondrial cytopathy has been termed a "dual genome" disease
[22].

As previously discussed, the molecular basis and pathogenic signif-
icance of mtDNA deletions in the cardiomyopathic heart in most
clinical cases remains undefined. Among the agents that have been
shown to result in specific mitochondrial damage and cardiomyopathy
are adriamycin and zidovudine (AZT) [23-24].

Diagnosis

Findings at the clinical, histochemical, biochemical, and molecular
levels are used in the characterization of MCM. The highly variable
clinical manifestations of MCM are indicative of both the hetero-
geneity of the disease as well as its frequent association with multi-
systemic disorder. Histochemical and morphological analysis to deter-
mine abnormality in mitochondria structure or number has proven
informative in some cases but is not always specific. Biochemical
analysis demonstrating reductions in specific respiratory enzymes
activities is probably the most consistent assay for MCM. The
biochemical analysis of the respiratory chain requires (in most cases)
highly invasive endomyocardial biopsy, although enzyme analysis of
biopsied skeletal muscle can be informative as noted in Chapter 6.
Another important diagnostic tool in evaluating MCM is the analysis
of specific molecular genetic changes such as mtDNA point mutations
and deletions, increasingly identified in cardiomyopathies. The mole-
cular genetic analysis of mtDNA mutations with blood, biopsied
skeletal muscle, or cultured cells can also be informative. A definitive
assessment of MCM should include both a molecular genetic and
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biochemical analysis combined with a comprehensive clinical and his-
tochemical profile.

Clinical signs

MCM has often been found in association with certain "soft" clinical
signs in patients and maternal relatives including hearing loss,
hypotonia, and migraine-like headaches. Manifestations of cardiac
involvement include DCM, HCM, and ventricular dysrhythmias [25].
Lactic acidosis is commonly present, and many patients display
generalized muscle weakness [26-27].

Histological and electron microscopic (EM) analysis

Abnormalities in mitochondrial structure may be found including but
not limited to distended cristae, electron dense and paracrystalline
inclusions, and swollen or distended mitochondrial membranes. In
addition to these abnormalities, giant mitochondria may also be
present [28]. Increased number and aggregation of abnormal mito-
chondria are often detected in particular with cardiac hypertrophy.
Ragged-red fibers (RRF) are often present in skeletal muscle as shown
in Figure 8.2. RRF are associated with disorders of adult/adolescent
onset [29], commonly present in disorders caused by defects in mito-
chondrial protein synthesis and rarely present in disorders associated
with mitochondrial structural gene defects [30]. EM will allow
assessment of mitochondria number and structural abnormalities
(Figure 8.3).

Enzyme immunostaining has proved to be a useful adjunct in assess-
ing the relative amounts of specific enzyme activity in muscle fibers
and specific enzyme content (e.g., cytochrome c oxidase) [31]. In
addition, immunohistochemical studies of skeletal muscle biopsies of
children with COX deficiencies have been used to distinguish between
mtDNA and nuclear DNA specific defects, based on the levels of
mtDNA-encoded subunits COXI and COXII relative to changes in
nuclear DNA-encoded subunits COXIV and COXVA [32].



234 MITOCHONDRIA AND THE HEART

Figure 8,2. Quadriceps femoris muscle biopsy. This biopsy shows fibers
with basophilic sarcoplasmic masses, corresponding to ragged-red fibers
(arrows) clearly identified with modified Gomori trichrome stain because
these subsarcolemmal zones are irregular in shape and intensely red in
color, whereas the normal myofibrils are green.
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Figure 8.3. Mitochondrial defects.("a) Increased mitochondrial number in cardiac
muscle and ( b) giant mitochondria with electron-dense deposits in skeletal muscle
of a child with mitochondrial cardiomyopathy

Biochemical analysis

Using either crude tissue homogenates or isolated mitochondria, the
specific activity levels of each respiratory complex can be evaluated.
Mitochondrial based diseases such as MELAS and MERRF most
often exhibit deficiencies in complex I and complex IV activities [33-
34]. Deficiencies in either complex V, complex IV, or PDH activities
have been described in Leigh syndrome [12, 35-37]. Complex IV
deficiency has also been described in isolated cases of pediatric car-
diomyopathy [38-39] and is the most common recognized respiratory
chain defect in childhood. Infants with histiocytoid cardiomyopathy
—which is characterized by cardiomegaly, ventricular tachycardia,
and frequently sudden death occurring within the first 2 years of life—
harbor defects in respiratory enzyme activities including complexes
III [40] and IV [41]. Moreover, in children with DCM, reduced levels
of specific cardiac respiratory chain enzyme activities were frequently
found that ranged from 35 to 70% of age-matched control values [42].
Reduced activity levels of complex III were most often observed
although cases exhibiting reduced activities of complexes I, IV, and V
were also noted. Other studies using biopsied cardiac tissue from chil-
dren with HCM found reduced complex I and IV activities [43]. Why
specific mtDNA-encoded enzymes are affected while others are
unaffected is not known.
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MtDNA analysis

As previously noted, a number of mtDNA mutations have been
reported to play a role in the pathogenesis of cardiomyopathies.
Defects in mtDNA identified thus far include specific point mutations
in mitochondrial tRNA genes and in several of the 13 protein-encod-
ing mitochondrial structural genes.

Other mtDNA abnormalities include increased abundance of speci-
fic large-scale mtDNA deletions in cardiomyopathic tissues, although
their pathogenic role remains to be established. Additional types of
mtDNA rearrangement (including tandem duplications of sequence)
and defective genetic loci (including mitochondrial ribosomal RNA
genes) have also been reported [44-45].

Distinguishing pathogenic mutations from polymorphic variations in
nucleotide sequence is not simple. Moreover, a number of mtDNA
sequence changes previously characterized as polymorphic variants
have been found to be associated with an increased incidence of car-
diomyopathy; these include both homoplasmic and heteroplasmic mo-
difications in the D-loop regulatory region (e.g., nt 16093, 16168,
16186, and 16189) [46-48].

Mitochondrial tRNA mutations

Defects in mitochondrial tRNAs, which play a key role in protein
synthesis, are involved in the genesis of multisystemic diseases with
associated cardiomyopathy including MEL AS [49], MERRF [50], and
Leigh syndrome [51]. Children with cardiomyopathy have been
screened for evidence of tRNA mutation using a variety of techniques
such as single-strand conformation polymorphism (SSCP) analysis
[52], restriction enzyme digestion [53], and automated DNA sequen-
cing [54]. Point mutations in tRNA genes (e.g. tRNALeu, tRNAIle,
tRNAVal, tRNALys , and tRNAGly) have been associated with HCM
[55-60], a number of which are shown in Figure 8.4.
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Figure 8.4. Linear representation of the circular 16,569 basepair human
mtDNA molecule. It shows the location of all 13 protein-encoding genes (ND1-
ND6, COI- COIII cytb, ATP6, and ATP8), 22 tRNAs 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 2 rRNA genes (12S and 16S), and the noncoding D-loop region
(D-L). Position of pathogenic mtDNA mutations in tRNA genes, including leu, lys,
He, and gly, are shown.
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Molecular data concerning the location of these mutations, biochem-
ical findings concerning the enzymes affected, the inheritance pattern,
the relative proportion of mutant relative to wild type alleles
(heteroplasmy), and pertinent clinical findings are presented in Table
8.1. For certain mutations (e.g., 3243 in tRNALeu and 8344 in
tRNALys) clinical manifestations are often delayed occurring primarily
in adolescents or adults. However, although atypical, early presenta-
tion of cardiomyopathy has been reported in cases with mutation at nt
3243 [61] and recently in a case of fatal infantile histiocytoid cardio-
myopathy with a sporadic nt 8344 mutation in heart and liver [41]. For
other less frequent tRNA mutations, particularly those associated with
fatal infantile cardiomyopathy (e.g., 4269 tRNAIle, 4317 tRNAIle, 4320
tRNAIle, and 3303 tRNALeu), given the limited number of cases
reported thus far, it is presently unknown whether or not the clinical
outcome will invariably be the same. The majority of the afore-
mentioned studies detected tRNA mutations using mtDNA derived
from biopsied skeletal muscle. In some instances, the amount of the
mutant allele is high enough to be detected in blood as well [62].
However, more often, analysis of the patient's blood has provided
limited information since hematopoietic cells may lose mtDNA
mutations [1-2]. Moreover, different quantities of both normal and
mutant alleles may be found in the patient (i.e., heteroplasmy), an
intracellular mixture of wild-type and mutant genomes that may be
different dependent on the tissue examined. This is in contrast with si-
tuations where only one allele or the other is found (i.e.,
homoplasmy). Only when the percentage of mutant tRNA genes in-
creases above a certain tissue-specific threshold does protein synthesis
become inhibited resulting in decreased activity levels of specific
respiration enzymes and abnormal cellular phenotypes [1-3]. Young
individuals (<20 years of age) appear to have higher thresholds
requiring as much as 95% of mutant mtDNAs in order to express the
disease phenotype.

Moderately and severely deleterious mtDNA mutations are likely to
be heteroplasmic while mildly deleterious mtDNA mutations are
homoplasmic [63]. For example, the 3303 tRNALeu mutation was
described as homoplasmic in the proband and a close relative both
who died of fatal infantile cardiomyopathy; however, maternal
relatives with milder symptoms were heteroplasmic for this allele [4].
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Table 8.1. tRNA mutations in mitochondrial cardiomyopathy

Gene
leu

leu

leu

ile

ile

ile

ile

lys

lys

lys

giy

Site
3243
A-^G

3260
A->G
3303
C->T
4300
A^G
4317
A^G
4320
C->T
4269
A^G

8344
A^G

8296
A->G
8363
G^A
9997
T->C

Freq
NUM

LIM

LIM

LIM

ND

LIM

LIM

NUM

LIM

LIM

LIM

HOM/
HET
HET

HET

HOM/
HET
HOM/
HET
ND

HET

HOM/
HET

HET

HET

HET

HET

Signs and
Symptoms
MELAS,
RRF, HCM

Dypsnea, CM,
tachycardia
FICM
myopathy
Dyspnea,
RRF, HCM
FICM

FICM,
seizures
Deafness,
epilepsy, RRF
HFatl8yr,
Leigh,
MERRF,
hist CM
Fatal HCM

Hearing loss,
ataxia, HCM
Arrhythmia,
HCM

Ref
[41]

[48]

[4]

[14]

[5]

[49]

[6]

[42]

[66]

[13,
43]
[47]

Biochemical
Findings
Defects in I + IV
activities and
protein translation
I + IV
defects
Unknown

No defects in
muscle or heart
IV defect

No defects in
OXPHOS
IV defect

I and IV
defects

N.D.

I, III + IV defects;
high II activity
I, III + IV defects

Note: Freq, frequency; LIM, limited; NUM, numerous; FICM, fatal infantile
cardiomyopathy; Ref, references; HOM, homoplasmy; HET, heteroplasmy;
RRF, ragged red fiber; hist CM, histiocytoid cardiomyopathy; HCM,
hypertrophic cardiomyopathy; HF, heart failure; MELAS, mitochondrial
myopathy, encephalopathy, lactic acidosis and strokelike episodes; MERRF,
myoclonic epilepsy and ragged red fibers; N.D., not determined.
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A homoplasmic mutation at 12192 in tRNAHls has been reported in
several patients with DCM [64]. A pathogenic mutation in tRNAIle at
nt 4300 was homoplasmic in all samples from several unrelated
children affected with severe HCM as well as their maternal relatives
[65]. Such findings suggest that caution is warranted in assessing
pathogenicity as a function of heteroplasmy.

Detection of specific tRNA mutations has been made relatively sim-
ple by the use of restriction fragment digestion of PCR amplified
products containing the gene sequence of interest. Defective mtDNA
genes can be characterized by either a loss or a gain of a restriction
enzyme site. For the analysis of sequence changes that do not alter
natural restriction sites, a restriction site can been created using
"mismatched" primers that will distinguish between the presence of
the wild-type and mutant alleles [67]. All of the point mutations in
tRNA noted in Table 8.1 have been analyzed by restriction digestion.
This approach has made possible the detection of each of the defective
alleles described above using minimal tissue, limited technology, and
resources. Similar diagnostic tests can also be performed with genes
(e.g., p-MHC and acyl-CoA dehydrogenase) in which a number of
specific mutations have been identified that are associated with a poor
clinical outcome in patients with HCM, as described in Chapters 6 and
7 [68-69]. These molecular genetic tests in combination with an
analysis of pedigree/inheritance (e.g., an autosomal dominant pattern
for (3-MHC defects) can be used in excluding these defects, which are
particularly common in cases of familial HCM [70-71], in the
differential diagnosis of MCM.

As frequently found with nuclear gene mutations (e.g., (3-MHC mu-
tations) associated with HCM [72], the consensus experience with
mtDNA mutations has been that each specific HCM-causing mutation
tends to be relatively rare, challenging the view of common mutations
and that most families have "private" or novel mutations; however,
some pathogenic mtDNA mutations are more prevalent. Nevertheless,
correlation of the clinical course and prognosis with the presence of
specific mutant alleles (and with their overall proportion relative to
wild type alleles) has proved highly informative in several cases.

Other mitochondrial tRNA mutations have been reported whose as-
sociation with cardiomyopathy remain to be confirmed. For instance,
a heteroplasmic mutation in tRNAPro at 15990 converting the tRNAPro

anticodon to that of tRNASer was reported in a child with a myopathy
characterized by progressive weakness of the extremities [73]. While
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mitochondrial respiratory complex activity levels in the patient's biop-
sied skeletal muscle were severely decreased, there was no evidence
of cardiac involvement.

Mutations have also been found in the anticodon stem and loop of
tRNAThr at 15923 and 15924 in 2 unrelated cases of fatal infantile
respiratory failure [74] and in tRNAThr at 15928 in several cases of
cardiomyopathy [75]. Although the pathogenicity of these mutations
has been called into question, since the 15924 tRNAThrand 15928
tRNAThr mutations have been observed in control tissues [76], the mu-
tant allele at nt 15924 has been confirmed in patients with cardio-
myopathy rather than in normal subjects [77].

Mitochondrial structural gene mutations

An important criteria in assessing pathogenicity of a specific mutant
allele in a mtDNA protein-encoding gene relates to how conserved in
evolution is the amino acid residue that is altered [63]. Albeit rarely
present, point mutations in moderately and highly conserved amino
acid residues associated with cardiomyopathy have been identified in
many of the 13 mtDNA-encoded proteins including ATPase6, cyt6,
COXI, COXII, ND3, ND5, and ND1 and are discussed in more detail
below.

ATPsynthase (ATPase6)

Leigh syndrome is a rapidly progressive neurodegenerative childhood
disease with variable clinical manifestations including seizures, ataxia,
basal ganglia lesions, and muscle weakness that can be associated
with HCM [12, 78]. A mutation in ATPase6 has been reported in
several independent cases of Leigh syndrome with associated cardio-
myopathy. The ATPase6 mutation is a T—>G transversion at np 8993
converting a highly conserved hydrophobic leucine 156 to arginine
[79-81]. In biochemical studies with cultured lymphocytes derived
from patients with Leigh disease, a pronounced defect was noted in
the proton channel of the H+-translocating ATP synthase, thus
inhibiting ATP generation from OXPHOS [80]. Abnormal activity of
complex V was also found in the heart and skeletal muscle of an
unrelated individual with Leigh cardiomyopathy containing the same
mutation [35]. This mutation has been shown to present itself
heteroplasmically in maternal relatives while the patient had >95%
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mutant mtDNA in several tissues (e.g., heart, brain and skeletal mus-
cle). The relative concentration of the mutant allele correlates with the
clinical severity of the disease.

A severe phenotype ("true" Leigh syndrome) occurs with a higher
percentage of mutant genomes; lesser amounts of the mutant allele are
associated with milder symptoms often termed NARP syndrome
(neurogenic muscle weakness, ataxia, and retinitis pigmentosa) [63].
A second heteroplasmic, maternally inherited mutation located at the
same position 8993 (T-»C) resulting in a leucine —>proline change has
also been reported [82]. Mutations at a variety of other genetic loci
can also cause Leigh syndrome (e.g., point mutations at several sites
including the mitochondrial tRNALys gene [51], nuclear genes encod-
ing subunits of PDH [37], the flavoprotein subunit of complex II [83],
and COX assembly factor SCO2 [19]).

Cytochrome b (cytb)

Several mutations in the cyt6 gene have been identified in children
with cardiomyopathy. The first, an A-^G mutation at nt 14927 in
cyt6, converting a highly conserved threonine to an alanine residue,
was found in the cardiac mtDNA of a 1-year-old male with marked
cardiomegaly who died of HF [11]. Second, a mutation at nt 15236
converting a highly conserved isoleucine to a valine at residue 164 has
been described in 2 unrelated patients [84]; a 7-year-old female with
familial DCM and a 19-year-old male presenting with HCM. Un-
fortunately, data concerning the extent of heteroplasmy, inheritance
pattern, and respiratory enzyme activity analysis were not reported in
these cases. The third cyib mutation, a C->A at nt 15452 in cytft,
converted a leucine to an isoleucine at residue 236 [85]. This mutation
was heteroplasmic, present in 7 of 33 cases of DCM screened and not
found in controls (18 individuals), with 4 of the 7 mutant alleles de-
tected in infants under 2 years of age.

In these patients, there was a striking reduction in cardiac complex
III activity with levels ranging from 0 to 40% of the control value.
Since this mutation does not result in changing a highly conserved
amino acid residue, its presence in several cases of Leber's hereditary
optic neuropathy (LHON) was previously considered nonpathogenic
[86]. Nevertheless, to rigorously prove the pathogenicity of this muta-
tion, its relationship to both the defective complex III activity and to
the cellular phenotype will require the analysis of cybrids in which
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defective mitochondria containing the mutant gene are introduced into
cultured cells by cell fusion [87].

In a child with COX deficiency displaying severe histiocytoid car-
diomyopathy, a mutant allele in cytb at nt 15498 was detected [88].
This mutation results in the replacement of a neutral amino acid
(glycine) with an acidic amino acid (aspartic acid) at a highly con-
served residue (251), altering the interactions of cyt6 with other
subunits, thereby affecting complex III assembly and proton transfer
function [88-89]. Another study identified a cytb mutation at nt 15243
in a patient with severe HCM and complex III deficiency. This
mutation changes a highly conserved glycine to a glutamic acid
residue situated within the cd2 helical region of cytb in close prox-
imity to the hinge region of the Rieske iron-sulfur protein and was
found to profoundly alter the subunit interactions, conformation of the
bcl complex, and complex III stability and activity [90-91]. A cytb
mutation at nt 15508 in a highly conserved aspartic acid with a glu-
tamic acid residue was found in a female infant with DCM in
association with marked complex III deficiency [75].

It is noteworthy that a relatively large number of pathogenic muta-
tions in cytb have been found in cardiomyopathic tissues. While a
subset of these mutations represent either neutral amino acid sub-
stitutions or likely polymorphisms, it remains to be seen whether there
is some additive or synergistic effect of these mutations on mitochon-
drial function. These findings also imply that cytb represents a hither-
to uncharacterized "hotspot" for mtDNA defects, some of which could
play an important role in the pathogenesis of cardiomyopathy, adding
it to a list that includes several mitochondrial tRNA genes (e.g.,
tRNALeu, tRNAIle, and tRNALys) and ATPase6 [1-3].

Mutations in COX and ND subunits

Obayashi and associates [11] found a mutation at COII at nt 7673
converting a highly conserved isoleucine to valine at residue 30 in a 1
year-old patient with cardiomegaly. Ozawa and associates [84] report-
ed a mutation in COI at nt 6521 causing a change from highly
conserved isoleucine to methionine at residue 206 in a 7-year-old
female with DCM. However, lack of information concerning allele
heteroplasmy and enzymatic data precluded a complete evaluation of
these mutations' pathogenicity.
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Several potentially pathogenic mutations in mtDNA genes encoding
complex I subunits have been reported. One in ND5 at nt 13258
converted a highly conserved serine to a cysteine residue in a child
with HCM [11] and a second mutation in NDl at nt 3394 converting a
highly conserved threonine to a histidine residue in a child with DCM
[84]. Another mutation in NDl at nt 3310 has been described in a case
of HCM in conjunction with type 2 diabetes [92]. As with the COX
mutations described above, no biochemical data were available. A
severe reduction of complex I activity was found in association with a
mutation in ND5 at nt 14069 resulting in a serine to leucine transition
in a female of 14 years old with DCM [75].

MtDNA depletion

As previously noted, mtDNA depletion in cardiac cells can also play a
role in the pathogenesis of cardiomyopathy. Depletion of wild-type
mtDNA has been found as a primary defect in several young patients
with mitochondrial myopathy and respiratory enzyme defects [93-94]
and has also been shown, in some cases, to be tissue-specific and
autosomally transmitted [95-96]. Recently, several nuclear loci have
been identified as likely responsible for mtDNA depletion. Auto-
somal recessive mutations in enzymes that play a role in mitochon-
drial nucleotide metabolism (e.g., thymidine kinase, thymidine
phosphorylase, and deoxyguanosine kinase) have been identified in a
subset of patients with mtDNA depletion and represent an example of
the "dual genome" disorders. In addition, depletion of cardiac mtDNA
levels can be specifically induced by AZT, which inhibits both the
viral reverse transcriptase and mitochondrial DNA polymerase y,
abrogating mtDNA replication [23], Moreover, a causative role for
zidovudine in the development of cardiomyopathy in AZT-treated
infants and children has been proposed [97]. The role of mtDNA de-
pletion in cardiomyopathy remains to be demonstrated by the
systematic and accurate estimation of total undeleted mitochondrial
genomes and their relationship to cardiac respiratory enzyme defects.
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MITOCHONDRIA AND CONGENITAL HEART DEFECTS
(CHD)

CHD, cardiomyopathy, and arrhythmias are common causes of
mortality and morbidity in infants and children, in particular during
the perinatal period. Single gene mutations have been implicated in
the pathogenesis of CHD. These mutations are more common than
previously thought and may be present in a number of genes involved
in cardiac structure and function, including extracellular matrix
proteins, metabolic enzymes and membrane transporters, fatty acid
and mitochondrial biosynthesis, cardiac OXPHOS metabolism,
sarcomeric structural and contractile proteins, as well as nuclear
transcription factors, which control myocardial gene expression and
developmental programming [98]. In addition, abnormalities in the
structure and function of mitochondria have been found in a
significant number of children with CHD and several subclasses of
these mitochondrial defects will be discussed in this section.

Structural and functional cardiac defects

Ultrastructural changes and abnormal mitochondrial number have
been reported in a variety of CHD, including ventricular septal defect,
patent ductus arteriosus (PDA), and right ventricular dysplasia
[99-102]. In addition, DiGeorge/velo-cardio-facial syndrome, which
can present with Tetralogy of Fallot results from a large chromosomal
deletion ranging from 1.5 to 3 mB in chromosome 22 excising over 30
genes, some of which appear to be involved in mitochondrial function
[103]. The loss of the gene for the mitochondrial citrate transporter
was initially proposed as contributing to the distinct phenotype of this
syndrome [104]. However, recent evidence implicated the deletion of
the gene encoding the T-box transcription factor TBX1 in the cardio-
vascular abnormalities present in velo-cardio-facial/DiGeorge syn-
drome [105].

It is well established that functional closure of PDA at birth is initi-
ated by O2-induced vasoconstriction. Mitochondrial ETC and gener-
ation of H2O2 are essential components of the O2 sensing apparatus
[106-107]. Mitochondrial-generated KfeC^has been demonstrated to
function as a diffusible redox-mediator that can directly inhibit the
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activity of voltage-gated K+ channels and thereby regulate the tone
and patency of human ductus arteriosus in vivo. Modulation of this
mitochondrial-based O2 sensing apparatus may prove useful as a
potential therapeutic target in treating this common congenital heart
disease in preterm infants.

Cardiac arrhythmias

The accumulation of intermediary metabolites of fatty acids, such as
long-chain acylcarnitines, can result in severe cardiac arrhythmias and
conduction defects in the neonate. Inborn errors of FAO (e.g., car-
nitine palmitoyltransferase II, mitochondrial trifunctional protein, and
carnitine-acylcarnitine translocase deficiencies) have been reported in
cases of unexplained sudden infant death or near misses and in infants
with conduction defects or ventricular tachycardia [108]. In Wolff-
Parkinson-White (WPW) syndrome, a disorder of preexcitation of the
ventricle characterized by rapid and variable atrioventricular con-
duction, a subset of cases have been found to be caused by mutations
in the regulatory subunit of AMPK, a key sensor and mediator in cel-
lular energy metabolism [ 109].

Other congenital cardiomyopathies with mitochondrial
defects

Significant mitochondrial defects have been demonstrated in cases of
FRDA with HCM and in the X-linked Barth syndrome with DCM.
The mutant genes frataxin in FRDA and G4.5 in Barth syndrome have
been mapped and fully characterized [110-111]. Also, as previously
noted, a number of genetic defects in lipid metabolism and mitochon-
drial FAO can result in pediatric cardiomyopathy, including VLCAD,
carnitine metabolism, and MTP defects [112]. Another type of
congenital pediatric cardiomyopathy, left ventricular noncompaction
(LVNC), has recently been found to have a frequent association with
mitochondrial myopathy [113]. This disorder appears to be genetical-
ly heterogenous, linked to defects at a variety of genetic loci including
X-linked G4.5. Autosomal dominant LVNC has recently been map-
ped to an unidentified gene at chromosome I lp l5 [114]. Congenital
HCM and defective OXPHOS in association with infantile cataracts
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and mitochondrial myopathy have been described in children with
Sengers syndrome [115-116]. Although patients with Sengers syn-
drome exhibit a pronounced ANT protein deficiency in skeletal mus-
cle and abnormal mitochondrial structure [115-117], the underlying
genetic defect has not yet been determined. In addition, patients with
Alpers syndrome display HCM with skeletal muscle RRF in
association with reduced mitochondrial respiration, including COX
deficiency and extensive mtDNA depletion [28, 118]. In addition, pro-
nounced mtDNA polymerase y deficiency [119] and specific lesions in
the POLy gene have been reported in patients with Alpers syndrome
[120]. Wilson's disease, an autosomal recessive disorder of copper ho-
meostasis, is characterized by abnormal accumulation of copper in
several tissues and has been reported to display a range of cardiac ab-
normalities, including HCM, supraventricular tachycardia, and auto-
nomic dysfunction [121-122]. The disease associated gene encodes a
copper-transporting P-type ATPase, the WND protein. The excessive
accumulation of copper is particularly toxic to mitochondria resulting
in increased ROS formation, inhibition of mitochondrial dehydro-
genases (e.g., PDH) and reduced mitochondrial OXPHOS activities
[123-125].

Congenital heart defects and mitochondrial respiration

Recent studies have further examined the effects of CHD on mito-
chondrial respiration and metabolism. NO binds to complex IV de-
creasing myocardial oxygen consumption; in HF this regulation is
abrogated due to reduced levels of available NO. Myocardial NO-me-
diated regulation of mitochondrial respiration has been evaluated
comparing patients with end-stage CHD and nonischemic cardiomyo-
pathy [126]. Both eNOS antagonists (e.g., bradykinin, ramiprilat, and
amlodipine) and NO donors (e.g., nitroglycerin and S-nitroso-N-
acetylpenicillamine [SNAP]) caused a significantly smaller decrease
in mitochondrial respiration in CHD hearts compared to cardiomyopa-
thic hearts, suggesting abnormal NO-mediated mitochondrial regula-
tion in CHD. In contrast, the abnormal regulation in the cardiomyopa-
thic heart is related to reduced NO levels and can be reversed by NO
donors or agonists.

Exercise tolerance is also compromised in patients with CHD [127].
Using 31P nuclear magnetic spectroscopy, skeletal muscle metabolites
were assessed in patients with CHD and age-matched healthy con-
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trols. In patients with CHD, resting muscle showed a significant
elevation in cytosolic pH and in inorganic phosphate levels. However,
exercised muscle had increased cytosolic acidification and increased
phosphocreatine depletion, whose levels took significantly longer to
recover, consistent with a decrease in oxidative ATP synthesis in the
skeletal muscle of children with CHD.

Conclusions

Defects in the structure and function of mitochondria have been found
in an increasing number of cardiomyopathies, a subset of which have
all the hallmarks of mitochondrial disease. While the molecular basis
of the majority of these mitochondrial defects has not yet been
established, mtDNA mutations (both point mutations and deletions)
are increasingly being identified in MCM. To draw valid conclusions
concerning their role in the pathophysiology of cardiomyopathy, these
mutations should be (1) compared to previously established mtDNA
sequences as well as to unaffected controls to exclude polymorphic
variation (an updated database of common mtDNA polymorphisms is
available at www.mitomap.org), (2) evaluated for levels of tissue-
specificity and heteroplasmy, (3) assessed as to their inheritance
pattern, (4) correlated with the presence of other mtDNA point
mutations and deletions, and (5) correlated with OXPHOS enzymatic
defects.

Increased awareness and knowledge of MCM will enhance the pros-
pects for developing both a finely tooled diagnostic methodology as
well as a range of possible therapeutic modalities. Although no
umagic bullet" is yet available to treat mitochondrial-based disorders,
delineation of the specific molecular defect can allow treatment with
metabolic intermediates (e.g., succinate), coenzymes, and vitamins
serving as electron donors and transporters (e.g., vitamin K, thiamine,
ascorbate, and riboflavin) to at least partially bypass the defect in
OXPHOS and increase ATP production [128]. Coenzyme Qio and its
analogue idebenone have been reported to have beneficial effects in
the treatment of stroke-like episodes, lactic acidosis, and fatigability in
MELAS, in the cardiac conduction disturbance associated with KSS,
and in the management of other mitochondrial cardiomyopathies,
including FRDA [128—131]. Alternative therapeutic approachs may
also include the use of gene therapy to replace defective genes and
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override abnormal cardiac mitochondrial function and are discussed
further in Chapter 11.
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Chapter 9

Mitochondria and the Aging Heart

Overview

The mitochondrial theory of aging states that somatic mutations in
mtDNA initiate a vicious cycle in which the organelle bioenergetic
function is progressively compromised leading to tissue dysfunction,
degeneration, and eventually death. As the human population ages
and the average life span increases, so does the burden of
cardiovascular disease. While risk factors such as lifestyle patterns,
genetic traits, blood lipid levels, and diabetes can contribute to its
development, advancing age unequivocally remains the most
significant predictor of cardiac disease. Several parameters of left
ventricular function may be affected with aging (including increased
duration of systole, decreased sympathetic stimulation and increased
left ventricle ejection time), while compliance decreases. In addition,
changes in cardiac phenotype with diastolic dysfunction, reduced
contractility, left ventricular hypertrophy, and heart failure all
increase in incidence with age. Given the limited capacity that the
heart has for regeneration, reversing or slowing the progression of
these abnormalities poses a major challenge. Moreover, during aging
a significant loss of cardiac myocytes occurs, probably related to
programmed cell death (apoptosis). This loss in cardiomyocytes may
be secondary to mitochondrial dysfunction caused by chronic
exposure to oxidative radicals and damage to mtDNA and
mitochondrial membranes. While mtDNA damage (point mutations
and deletions) occurs with cardiac aging, mtDNA levels, although
decreased mainly in liver and skeletal muscle, are for the most part
preserved in the aging heart. In this chapter, the bioenergetic,
biogenesis, and molecular changes occurring with aging in human and
animal models are discussed, including our own experience with
senescent rats and innovative therapies that may reverse the process.
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Introduction

Cellular manifestations of aging are most pronounced in postmitotic
organs (e.g., brain and heart), and abnormalities in cardiomyocyte
structure and function may be the definitive factors in the overall
cardiac aging process. As the heart ages, myocytes undergo some
degree of hypertrophy, and this may be accompanied by
mitochondria-derived oxidative injury, contributing to the overall
cellular aging process as well as to ischemia-induced tissue damage.
While the aging heart suffers greater damage following an episode of
ischemia and reperfusion than the young or adult heart, the occurrence
and degree of aging-related defects in OXPHOS remain uncertain.
Many of the aging-related defects have been found to be limited to
interfibrillar mitochondria (e.g., COX activity and rate of OXPHOS
were decreased), while the subsarcolemmal mitochondria remained
unaffected [1]. The selective alteration of interfibrillar mitochondria
during aging raises the possibility that the consequences of aging-
induced mitochondrial dysfunction will be enhanced in specific
subcellular regions of the senescent cardiomyocyte. In addition, in the
aging heart during ischemia, ATP and tissue adenosine levels are
reduced compared to adult controls [2]. However, the reduction of
ATP content in early ischemia is unlikely to provide a mechanism for
the increased damage observed following more prolonged periods of
ischemia in the aging heart. The interaction of mitochondria and
lysosomes in cellular homeostasis may also be of significance, since
both organelles suffer the most remarkable age-related alterations in
postmitotic cells [3]. Many mitochondria undergo enlargement and
structural disorganization, while lysosomes responsible for mitochon-
drial turnover experience a loss of function. The rate of total
mitochondrial protein turnover declines with age [4]. The coupled
mitochondrial and lysosomal defects contribute to irreversible func-
tional impairment and cell death. Similarly, mitochondrial interaction
with other functional compartments of the cardiac cell (e.g., the ER
for Ca++ metabolism, peroxisomes for the interchange of antioxidant
enzymes essential in the production and decomposition of H2O2) must
be kept in check since defects in communication between these
organelles may accelerate the aging process.
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Bioenergetics and gene expression in the aging heart

A thorough discussion of mitochondrial bioenergetics and the heart is
presented in Chapter 2. Here it suffices to say that in the aging heart
of a variety of animal models, including bovine, dog, and rat, as well
as in humans, defects in the ETC and OXPHOS have been found
[5-12] and the respiratory complexes primarily affected (I, III, IV,
and V) have subunits encoded by both the nuclear and mitochondrial
genomes. Studies with rat heart have found that the respiratory
complexes of the interfibrillar population of mitochondria
(particularly complexes III and IV) are more likely to be affected in
aging than the sarcolemmal mitochondrial populations [10]. Other
studies have shown that complex I, the respiratory enzyme with the
largest complement of mtDNA-encoded subunits (i.e., 7 of the 13
mtDNA encoded proteins), appears to be the most affected with
aging, and also becomes more strongly rate-limiting for electron
transfer [11], Complex I also plays a major role in the formation of
superoxide radicals. A decline in complex I activity (with increased
state 4 respiration) elevates ROS production during aging likely
promoting the generation of prooxidant compounds, the modulation
of the PT pore and mitochondrial membrane potential, and finally the
induction of apoptosis. However, it is important to note that there is
considerable disagreement in the literature concerning the extent or
significance of mitochondrial ETC dysfunction in the aging heart. A
recent study in humans found that mitochondrial respiratory enzymes
maintained normal activities in the aging heart and concluded that
defects in ETC cannot be considered the main cause of the increased
oxidative damage associated with aging [13]. These conflicting results
may be related to the difficulties involved in accessing fresh control
cardiac tissues from humans for gauging enzymatic values, as well as
from the different populations of mitochondria studied.

Age-related changes in mitochondrial adenine nucleotide metabo-
lism may also underlie progressive decline in cardiac function.
Reduced myocardial ANT activity has been reported in the aging rat
heart [14], probably as a consequence of both a diminished pool of
exchangeable adenine nucleotides (ADP + ATP) and lower ANT
velocity. Membrane lipids of cardiac mitochondria from aged rat
displayed a 43% higher cholesterol/phospholipid ratio and a signifi-
cantly lower phosphatidylethanolamine/phosphatidylcholine ratio
compared to the young rat. Moreover, older rats display a marked
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decline in levels of myocardial cardiolipin, the primarily inner-
membrane localized phospholipid implicated in mediating the
stability and enzymatic activities of respiratory complexes I and IV
[15-17]. These findings suggest that changes in the lipid components
of the mitochondrial inner membrane, in which the ANT and the
respiratory complexes are embedded, may be contributory to the
aging-related decrease in cardiac mitochondrial function.

Mitochondrial function and gene expression in the
aging heart

The mitochondrial theory of aging suggests that somatic mutations in
mtDNA, induced by oxygen radicals, are the primary cause of energy
decline (Figure 9.1). Also, ROS, considered as the pathogenic agent
of many diseases and aging, are mainly the product of the
mitochondrial respiratory chain. The free radical theory of aging and
its particular targeting of mtDNA is supported by a large number of
observations describing the limited mtDNA repair machine, the ab-
sence in mitochondria of histones and a chromatin structure, which
serve to protect the nuclear genome from damage. With aging,
increased level of ROS-induced changes in mtDNA, including base
modifications and increased number of mtDNA deletions might be
expected to cause increased errors or mutations in mtDNA-encoded
enzyme subunits, resulting in impaired OXPHOS and defective ETC,
which in turn creates more ROS.

mtDNA damage <================= O2 radicals increased
si/ ^

mtDNA mutations -» impaired OXPHOS -> defective ETC

Figure 9.1. Vicious cycle initiated by somatic mtDNA damage. Somatic mtDNA
damage can lead to eventual injury in the aging heart.
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During aging, myocardial mitochondrial gene expression may be
down-regulated [5, 18-20], although this view has been recently
challenged [21-22]. The effect of senescence on mtDNA transcription
has been studied with an in organello system using intact isolated rat
heart mitochondria [23]. The electrophoretic patterns of mtDNA
transcription products in young, adult, and senescent rats showed an
age-related reduction in newly synthesized mitochondrial transcripts,
as a consequence of a reduction in the synthesis rate. These results
correlate with reduced enzyme activity levels of complexes I and IV,
which are partially encoded by the mitochondrial genome, and with
an age-related increase in the protein carbonyl content of the
mitochondrial membranes, which has been observed in senescent
mitochondria, suggesting an accumulation of mitochondrial oxidative
damage.

Other studies using transcription profiling have not clarified the ef-
fect of age on myocardial mitochondrial transcription. One study
(with the aging mouse model) found that aging cardiac myocytes have
reduced mtDNA-encoded ETC expression and reduced levels of
cardiac transcription factors [20], while another study with rat
documented an increase in the myocardial expression of OXPHOS
genes [22].

The potential role that nuclear gene expression of mitochondrial
proteins plays needs to be further examined. Gene expression profiles
in both the senescent mice and rat hearts indicated decreased cellular
adaptation and protection against stress-induced injury, together with
the development of contractile dysfunction. Moreover, there is defini-
tive evidence that the aging process is associated with a genetic
component and that the senescent phenotype, which is the endpoint of
the aging process, may be due to changes in the expression of a
limited number of genes that remain to be identified.

A large number of changes in mitochondrial structure and function
has been reported with cardiac aging. Besides OXPHOS/ETC
functions, it is evident that other aspects of the organelle function are
affected during cardiac aging including the down-regulation of FAO
metabolism, changes in mitochondrial Ca++ transport and mito-
chondrial import of nuclear-encoded proteins [24-26]. There is
considerably evidence that the structural components of the
mitochondria are modified in the aging heart, including the
phospholipid content of mitochondrial membranes, mitochondrial
protein modification as well as the generation of extensive mtDNA
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damage [27-31]. These defects are likely to contribute to the
progression of mitochondrial impairment and provide a contextual
setting for the mitochondrial dysfunction developing in the aging
heart. Decline in overall mitochondrial function during the aging
process may lead to cellular energy deficits, especially in times of
greater energy demand (e.g., exercise) and compromise vital ATP-
dependent cellular processes, including detoxification, DNA repair,
DNA replication, and osmotic balance. Mitochondrial decay may also
lead to enhanced oxidant production rendering the cell more prone to
oxidative insult. In addition, these mitochondrial alterations may be
contributory elements in the increased susceptibility of the aging heart
to ischemia-reperfusion damage, which also targets mitochondrial
function [32]. Due to its reliance for energy on (3-oxidation of fatty
acids and the postmitotic nature of cardiac myocytes, which would
allow for greater accumulation of mitochondrial mutations and dele-
tions, the heart is especially susceptible to a dysfunctional mito-
chondria. Thus, maintenance of mitochondrial function is essential to
preserve overall myocardial function.

ROS in the aging heart

The production of ROS and oxidative stress is a function of both the
inefficiency of the transfer of electrons through the respiratory chain
and the overall level of antioxidant defenses in the cell [33]. Because
ROS are the result of normal metabolic processes, the more active
tissues, such as the heart, suffer the most damage. In addition, the
bioenergetic dysfunction occurring with aging will further increase
the accumulation of ROS. Among its many targets, ROS can reduce
inner-membrane fluidity by attacking the polyunsaturated fatty acids
and cardiolipin, which can substantially affect protein transport
function and the ETC. There is also extensive evidence for increased
ROS-mediated oxidative damage to a wide spectrum of myocardial
lipids and proteins in the aging heart. Both myocardial mitochondrial
and nuclear DNA damage may result in further accumulation of
oxidative species. In particular, mtDNA damage accumulates due to
its inefficient repair and its close proximity to the sources of ROS.
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In the aging heart, the neutralization of ROS by both cytosolic and
mitochondrial antioxidants such as superoxide dismutase (SOD),
catalase (CA), glutathione peroxidase (GPx), and glutathione becomes
of critical significance as presented in Figure 9.2. Markedly declining
levels of ascorbate and reduced glutathione in interfibrillar (but not
sarcolemmal) mitochondria have been found in the aging heart [34].

H 2 0

ATP

RESPIRATORY COMPLEXES
ADP

Inner membrane

Outer membrane

Cytosol
APOPTOTIC
CELL DEATH

Figure 9.2. Location of antioxidant enzymes and ROS generation in the aging
heart. Shown are the cytosolic pathways of ROS generation involving NADPH
oxidase and xanthine oxidase (XO), the cytosolic antioxidant enzymes copper SOD
(CuSOD), glutathione peroxidase (GPx), and catalase as well as the mitochondrial
pathway of ROS generation (primarily through complexes I and III) and
mitochondrial antioxidant response featuring MnSOD, GPx, and glutathione. Also
depicted are the primary mitochondrial targets of ROS including the PT pore and
mitochondrial apoptotic pathway and mtDNA.
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Several studies have reported elevated levels of myocardial glutathi-
one peroxidase and reductase presumably as an adaptive mechanism
to cope with increased ROS generation [35-36]. Most studies (with
one exception [37]) have found no changes with aging in the
myocardial activity levels of the antioxidant MnSOD [36, 38-39].
Mimetics of the antioxidant enzymes CA and SOD have been consid-
ered as a way of fighting back against the accumulation of ROS and
therefore aging. However, we have to be prudent since this modality
of therapy may also produce undesirable effects on the "good role" of
ROS as signaling molecules.

As discussed in Chapter 4, ROS can induce myocardial apoptosis.
During aging, there is a significant loss of postmitotic cells such as
cardiac myocytes potentially triggered by the onset of mytochondrial
dysfunction and ROS generation. For instance, in vitro studies of
H2O2-treated cardiomyocytes show that increased mitochondrial
oxidative stress and declining mitochondrial energy production lead
to the activation of apoptotic pathways [40-41], but whether this also
occurs in the aging heart in vivo is unclear. Although the role and
extent of apoptosis in normal myocardial aging is presently under
considerable debate, evidence of cardiomyocyte apoptosis has been
corroborated by studies demonstrating the release of cytochrome c
from the aging rat heart mitochondria and decreased levels of the
antiapoptotic protein Bcl-2 while proapoptotic Bax remained
unchanged [42]. Moreover, myocytes derived from the hearts of old
mice displayed increased levels of markers of cell death and senes-
cence, compared to myocytes from younger animals [43].

Mitochondrial DNA damage in the aging heart

Mitochondria of postmitotic cells (e.g., cardiomyocytes) have a
limited life span of a few weeks. Their replacement during normal
turnover requires an intergenomic coordination between both the
mitochondrial and the nuclear genome. Over the last decade, a
significant number of mtDNA point mutations have been reported in
humans above a certain age. Initially, increased levels of mutations at
specific sites within the mtDNA D-loop control region were reported
in skin fibroblasts and skeletal muscle of aging individuals [44]. More
recently, Marin-Garcia et al. [45], in their study on the incidence and
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location of myocardial D-loop mutations as a function of age, found
no evidence of an age-related correlation in the accumulation of
homoplasmic mutations in either patients with cardiomyopathy or in
normal controls. Similarly, no age-related accumulation was found for
heteroplasmic mutations in either the D-loop or cytochome b gene.
This contrasts with age-dependent increases in mtDNA deletions
found in human cardiac tissues from aging patients with and without
cardiac disease [46]. Recently, research has focused on the role that
pathogenic mtDNA mutations may have in programmed cell death in
human, even though mtDNA damage and defective mitochondrial
respiration may not be essential factors for the process of apoptosis to
occur. The integrity of mtDNA may influence the rate of apoptosis
during aging, most probably by regulating ROS production.

Experimental evidence reveals that for mtDNA mutations to have a
phenotypic effect, they must be present in high proportion (often
calculated at over 80%) compared to their wildtype counterparts.
Given that mtDNA is a multicopy genome estimated at over 1,000
copies per cardiomyocyte, the occurrence of a somatic mutation in a
single mtDNA molecule must have some replicative advantage to
multiply (by clonal expansion) to become the predominant mtDNA
molecule in a cell. Recent studies have shown that a high proportion
of cells in the normal human heart (as well as other tissues) contain
high levels of clonal mutant mtDNA derived from a single mtDNA
molecule containing somatic mutations [47]. While such a selective
replicative advantage has been demonstrated with in vitro studies of
mtDNA deletions in human cells [48] and clonal expansion of
mtDNA deletions have been found with in vivo human cardiomyo-
cytes [49], this represents the first definitive evidence for clonal
expansion of mtDNA point mutations. The cardiomyocyte phenotypes
resulting from clonal expansions might be expected to include neutral
phenotypes, hyporespiratory phenotypes (with less ROS production
and reduced ATP production), or phenotypes with defective ETC,
enhanced ROS generation and oxidative stress triggered apoptosis.
Since the mechanism by which mutant mtDNAs are selectively
replicated is not known, further research effort in this area may have
great impact in our understanding of mitochondria's role in the aging
myocardium [50].

Experimental observations in 6- and 27-month-old rats have shown
an age-related reduction of mtDNA copy number in skeletal muscle
and liver but not in the heart [5]. In human however, it is unclear if
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there is an aging-related decrease in mtDNA copy number. Recently,
one study described no changes in the heart nor in skeletal muscle
with age [51], while another found decreased levels of skeletal muscle
mtDNA copy number in older healthy humans (65 to 75 years old)
compared to young adults (20 to 30 years old) [52]. Nevertheless, it
appears that the effects of aging on mitochondrial gene expression are
tissue-specific and mtDNA levels are preserved in the aging heart
muscle, presumably due to its continual aerobic activity. In this
regard, it is noteworthy that no changes in the levels or activity of the
mtTFA protein, implicated in mtDNA replication and transcription,
have been demonstrated in the aging rat heart as compared to an age-
related increase in liver and brain [53]. In our laboratory, we have
found increased levels of heart mtDNA deletions in aging patients
with idiopathic DCM compared to young patients [46]. In the older
patient group, the age-related decline in ETC and the increased
accumulation of mtDNA deletions may be the result of oxidative
damage, which increase with aging [54]. Moreover, age appears to
play a role in increasing the incidence of specific mtDNA deleletions
(the common 5 and 7kb deletions) and in the development of multiple
respiratory enzymes defects in patients with DCM but appears to be
noncontributory to the severity or frequency of single enzyme activity
defects.

Recently, the potential causative effects of point mutations and de-
letions on aging have been addressed experimentally by creating
homozygous knock-in mice that express a proof-reading-deficient
version of Poly, the nuclear-encoded catalytic subunit of mtDNA
polymerase [55]. The knock-in mice developed a three-to fivefold in-
crease in the levels of mtDNA point mutations, as well as an
increased amount of deleted mtDNA. The increase in somatic mtDNA
mutations was associated with reduced life span and the premature
onset of aging-related phenotypes, including heart enlargement, thus
providing a causative link between mtDNA mutations and aging. The
accumulation of age-dependent point mutations and deletions in
postmitotic tissues has also recently been demonstrated to be signifi-
cantly elevated in individuals with mutations in the mitochondrial
helicase Twinkle or in Poly [56].



Mitochondria and the Aging Heart

Rat model of cardiac aging: Defects in ETC

273

In our institution, we have performed a comprehensive analysis of
mitochondrial enzyme activities, mtDNA, and specific expression a-
nalysis of mitochondrial and nuclear genes in the heart of senescent
Fischer rat (30 months of age) compared to young adults (4 months).
Using hearts derived from Fischer rats allowed us to work with an
isogenic background, in both young and older animals, as well as a
consistency of parameters (e.g., diet and exercise) that are difficult to
control with other species, including the human.

As depicted in Figure 9.3, the specific activity level of respiratory
complex IV was significantly reduced (by 26%) in the 30-month-old
heart compared to 4-month-old heart. Complex I activity declined by
a similar amount in the senescent heart although the difference
between age groups was not statistically significant. Complex V acti-
vity was markedly reduced (by 46%) in the senescent heart. Both
complex II and CS (citrate synthase) activity levels were not signi-
ficantly reduced in the senescent compared to the young adult heart.

Figure 9.3. Mitochondrial enzyme activities in 4- and 30- month-old rat hearts.
Specific activity levels are shown for respiratory complexes I, II, IV and V, and
citrate synthase (CS) in hearts from 4-(Rj) and 30-month-old rats(D). Values shown
are in nm substrate/min/mg protein (except CS which is at 10 fold higher levels) and
represent mean ~SE (n=6); * p < 0.05 relative to control.
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When enzyme activities were normalized relative to CS (often used
as a gauge of overall mitochondrial content), the activity ratios ob-
tained for complexes I, IV, and V (i.e., I/CS, IV/CS, and V/CS) as de-
picted in Figure 9.4 exhibited significant declines in the older age
group. However, the activity ratio of complex II showed no signi-
ficant change with age.
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Figure 9.4. Mitochondrial respiratory enzyme activity ratios in 4- and 30-
month-old rat hearts. Activity ratios (i.e. specific activity of each respiratory
enzyme normalized to CS activity) are shown for respiratory complex I (i.e. I/CS), II
(II/CS), IV (IV/CS) and V (V/CS) in hearts from 4-(fR) and 30-month (O-old rats.
Values shown represent mean ± SE (n^6); *, p < 0.05 relative to control.

The mechanisms for mitochondrial enzymatic defects observed in
myocardial aging may include posttranscriptional and translational
regulation, the import of mitochondrial subunits as well as factors that
can modulate the successful assembly, functioning, and activity of the
subunits within the mitochondrial inner membrane.
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Gene expression

Gene expression in cardiac aging was evaluated by northern blots. A
significant increase was found in the age-dependent expression levels
of mtDNA encoded genes examined including 12S rRNA, cyt& and
COI ranging from 1.3 to 1.6-fold in senescent as compared to young
adult heart (Table 9.1). Transcript levels of myocardial nuclear trans-
cription factors NF-KB are 1.5-fold up-regulated in senescent com-
pared to young adult hearts. Expression of GPx, a mitochondrial-
located stress response protein, was significantly up-regulated (1.4-
fold) in the senescent heart. The housekeeping gene GAPDH showed
no significant change with aging.

Table 9.1. RNA analysis: Genes grouped by function

mtDNA genes Ratio S/YA
cytb 1.31 ±0.08*
COI 1.60 ±0.09*
12SrRNA 1.48 ±0.05*
Transcription factors
NF-KB 1.52 ±0.15*
Stress response
Glutathione peroxidase 1.39 ± 0.04*
Cytoplasmic genes
GAPDH 1.04 ± 0.013

Note: S/YA = normalized transcript level in senescent heart /level in young
adult heart; Standard mean ± SEM; * indicates p < 0.05.

DNA copy number and damage analysis

To determine whether modulation in mtDNA copy number was
involved in the altered levels of mitochondrial enzyme activities
observed in the senescent heart, we determined mtDNA levels using
quantitative competitive PCR. No significant change in mtDNA levels
was detected in the 30-month-old as compared to 4-month-old hearts.
However, significant mtDNA damage was found in the senescent
heart as gauged by the attenuated amplification of progressively larger
DNA fragments. Amplification of smaller 406 and 618 bp fragments



2 7 6 MITOCHONDRIA AND THE HEART

displayed no significant difference in efficiency when comparing tem-
plate DNA derived from young and older myocardium. However, lar-
ger fragments of 2193 and 3115 bp exhibited a marked decline in am-
plification efficiency with template DNA in older heart (Table 9.2).

Table 9.2. Amplification efficiency of myocardial mtDNA
fragments

Amplified Fragment Size
406 bp
618 bp
2193 bp
3115 bp

Senescent Adult
(% Relative to Young Adult)

97
89
56*
43*

Note: *p<0.05.

Comments

On mitochondrial dysfunction

In the senescent heart, we found a moderate decrease in complex I
and IV activities and a more significant decline in complex V activity.
On the other hand, and in marked contrast to the significant decline in
activities found in mtDNA encoded enzymes (e.g., complexes I, IV,
and V), entirely nuclear-encoded mitochondrial enzymes (e.g.,
complex II and CS) exhibited no significant changes. These findings
were very similar to those previously reported by our laboratory using
18-month-old rats compared to 2-month-old young adults [5].

The molecular basis for the marked decline in complex I, IV, and V
activities during aging remains unclear. Immunoblot studies with
specific antibodies directed against both nuclear-encoded (ATPy and
ATPoc) and mitochondrial-encoded (ATP6) subunits have not detec-
ted either a qualitative or quantitative difference in these complex V
subunits in senescent rats. Moreover, our data do not support the
hypothesis that reduced levels of complexes I, IV, and V activities in
aging occur as a function of altered mtDNA levels, which were
unchanged. Transcript analysis of mtDNA-encoded subunits (COI
and cyib) failed to detect any significant reduction (but rather an
increase) in the mtDNA transcription of these subunits, suggesting
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that decline in gene transcription is unlikely to provide the molecular
basis for the enzymatic defects found in the senescent heart. This is in
agreement with the findings of Barazonni and associates [22] but
different than those reported by Gadaleta [18, 57]. In an entirely novel
model of aging, the primate Macaca fascicularis, and utilizing pro-
teomic analysis, Yan and associates reported a marked aging-
mediated decline in the levels of myocardial proteins involved in gly-
colysis (e.g., pyruvate kinase, a-enolase, and triosephosphate iso-
merase), glucose oxidation (e.g., PDH El (3-subunit), and OXPHOS
(ATP synthase a and P subunits and COXIV subunit). The effect was
gender-specific (i.e., present only in older males) [58].

On mitochondrial DNA damage

The marked decline in mtDNA integrity in the senescent heart does
not result in lower transcription of those genes, suggesting the
presence of an adaptive mechanism to promote mitochondrial trans-
cription in the presence of mitochondrial dysfunction and mtDNA
damage. Such a mechanism has been described in patients with
mitochondrial disease. It could be argued that the generation of
mtDNA damage in the senescent heart may be secondary to increased
ROS and mitochondrial enzymatic dysfunction. This hypothesis may
be tested by overcoming the aging-mediated mitochondrial dys-
function and/or the generation of mitochondrial ROS and examining
the extent of mtDNA damage. While overall levels of mtDNA were
not changed, significant specific mtDNA nucleotide damage was
prevalent in the senescent heart, as gauged by reduced PCR am-
plification of larger mtDNA fragments. This damage is likely a result
of increased oxidative damage to mtDNA.

On gene expression of mitochondrial stress proteins and
cellular programming

Genes encoding mitochondrial stress proteins including both heat-
shock and antioxidant response proteins such as HSP60 and GPx are
up-regulated in the senescent heart. Increased levels of HSP60 protein
have been reported in association with increased level of protein
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import into mitochondria [25], indicating that mitochondrial protein
import is unlikely to be a primary cause of mitochondrial dysfunction.

A significant increase in myocardial mitochondrial GPx activity has
been reported in the senescent heart [35-36]. Elevated GPx levels
may be an important mechanism in coping with free radical damage,
which increases in the senescent heart. In our study, the increased
gene expression of GPx is a novel finding suggesting that a signaling
mechanism for this transcriptional response needs to be identified.

Aging can induce and activate transcription factors affecting cellu-
lar programming. The transcription factor Nf-KB—which is involved
in triggering a broad array of inflammatory, cytokine and stress
proteins responses in myocardium—was increased in the senescent
heart. The transcriptional stimulation of NF-KB is ROS-sensitive.

On mitochondrial PTpore

It is known that the opening of the mitochondrial PT pore occurs as a
landmark event of apoptosis and as a result of oxidative stress in
cardiomyocytes; however, there is little information concerning the
PT pore opening in the aging rat heart. We found increased Ca++

sensitivity of the PT pore opening in the senescent heart compared to
the young adult. Whether this inner membrane event contributes to
the early mitochondrial dysfunction observed, serves as a by-product
of the production of mitochondrial ROS, or is an intrinsic component
of the myocardial apoptosis trigger during aging remains to be
determined.

Conclusions

Mitochondria are an important focal point in the events of myocardial
aging process. Mitochondrial enzymatic dysfunction is unlikely to be
a result of an aging-induced decline in mitochondrial transcription,
mtDNA depletion, or defective mitochondrial biogenesis. The search
for the mechanism of mitochondrial enzyme dysfunction should focus
on the posttranslational modification of the component proteins,
particularly mtDNA-encoded subunits. Comprehensive examination
of all the peptide subunits involved in each aging-affected respiratory
enzyme using blue native polyacrylamide gel electrophoresis (BN-
PAGE) analysis (in which catalytic activities can be maintained) may
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be informative in distinguishing among the possible mechanisms for
enzymatic dysfunction [59]. A strong mitochondrial stress response
with increased gene expression of HSP60 and GPx, presumably
secondary to elevated ROS production, occurs in the senescent heart,
which may be mediated by the increased transcription of NF-KB. The
role(s) of both aging-dependent mtDNA damage and increased sen-
sitivity of the PT pore need to be further delineated both as indicators
of oxidative damage and as potential stimuli or signaling events of
downstream cellular transcriptional and apoptotic events in myocar-
dial aging. The larger context of myocardial nuclear gene expression
governing mitochondrial function needs to be considered and fully
examined, given the relative scarcity of aging-regulation data pre-
sently available. A comprehensive analysis of mitochondrial events
may be extremely useful in assessing both the individual pathway
responses and the overall cardiac phenotype in aging.

Potential approaches to reverse mitochondrial
dysfunction in the aging heart

Although in Chapters 11 and 12 we address in detail where we are
and where we are going in the treatment of the mitopathies of the
aging heart and cardiovascular diseases at large, in this chapter we
comment briefly on the recently suggested therapies for mitochondrial
dysfunction secondary to ROS and defective FAO metabolism oc-
curring in the aging heart.

To reverse the mitochondrial dysfuntion found in the aging heart, it
has been suggested that supplements of acetyl-1-carnitine (ALCAR)
and (R)-alpha-lipoic acid can improve myocardial bioenergetics and
decrease the oxidative stress associated with aging [60]. Old rats fed
with ALCAR have shown a reversal of the age-related decline in
carnitine levels and improved mitochondrial fatty acid (3-oxidation in
a number of tissues studied. However, ALCAR supplementation does
not appear to reverse the age-related decline in the cardiac antioxidant
status and may not improve the indices of oxidative stress. Lipoic
acid, a potent thiol antioxidant and mitochondrial metabolite, appears
to increase low molecular weight antioxidants decreasing the age-
associated oxidative insult. Seemingly, ALCAR along with lipoic acid
may be effective supplemental regimens to maintain myocardial
function in aging. Moreover, the lipophilic antioxidant and mitochon-
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drial redox coupler coenzyme Qio may have the potential to improve
energy production in the aging heart mitochondria by bypassing
defective components in the respiratory chain, as well as by reducing
the effects of oxidative stress. Recent studies in rats and human
suggest that coenzyme Qio protect the aging heart against stress [61].

Judging by the popular media, it would appear that caloric restric-
tion and the use of antioxidants to slow/stop aging-related cardiac
defects is a well-established fact. However, so far, there is a lack of
meticulous and carefully done research to prove this contention.
There is little doubt that mitochondria represent a desirable
pharmacological target and drugs that modulate mitochondrial
function (e.g., targeting oxidative stress) may be helpful in the aging
heart; however, it is not clear if and how much of these antioxidant
agents should be administered without jeopardizing the ROS
"protector side" role in the heart signaling pathways. Recently, the
antioxidant organoselenium compound ebselen, a mimic of glu-
tathione peroxidase, has been shown to prevent the structural and
functional changes occurring in mitochondria of aged red blood cells
of the rainbow trout, induced by oxidative stress. However, it did not
prevent swelling of the organelle [62]. Whether this compound can be
of any significance in reversing the changes that occur in human
cardiac aging is not known at this time. Similarly, dietary restriction,
which is known to retard aging and increase the lifespan of rodents,
has been shown to significantly reduce the age-related accumulation
of 8-oxo-2-deoxyguanosine (oxo8dG) in nuclear DNA in all tissues of
male B6D23F1 mice and in most tissues of male F344 rats [63].
Dietary restriction seems also to prevent the age-related increase in
oxo8dG levels in mtDNA isolated from the liver of both rats and
mice; at this time, data on heart are not yet available.

That moderate exercise has beneficial effects on cardiac physiology
and metabolism is well recognized. Moderate exercise in a treadmill
increased the life span of male and female mice (aged from 28 to 78
wk) by 19 and 9%, respectively [64]. Moreover, moderate exercise
decreased the aging-associated accumulation of oxygen free radicals,
probably by reducing the decrease in antioxidant enzymes and in
complex I and IV activities in a number of tissues, including the heart.
These effects however, were not significant in the very old animals.

Contrary to simple organisms, such as yeast and worms, in which
aging is easily altered through external stimuli, such as caloric
restriction or through genetic manipulation (e.g., SIR2 genes), ma-
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nipulation of aging in mammals is more complex since it includes a
close relation with programmed cell death that does not tolerate well
the effects of antiaging therapy [65]. With advancing age, cells are
much more susceptible to certain toxins or stresses and may not
adequately respond to environmental and toxicological insults that
would require increased ATP production to be successfully de-
toxified. Further research is needed to understand the role that
mitochondrial dysfunction plays in aging, as well as to identify novel
strategies to slow the progression of accumulative loss of cardiomyo-
cytes (by apoptosis or programmed cell death) and stem the metabolic
decline evident with age.
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Chapter 10

Heart Mitochondria Signaling Pathways

Overview

The contribution that mitochondria make to cardiac function goes
well beyond their critical bioenergetic role as a provider of ATP. The
organelle performs an essential role in the regulatory and signaling
events that occur in response to physiological stresses, including but
not limited to myocardial ischemia and reperfusion, hypoxia,
oxidative stress, hormonal, and cytokine stimuli. Research studies on
both intact cardiac muscle tissue and cultured cardiomyocytes are
beginning to examine the nature and the extent of mitochondrial
involvement in interorganelle communication, hypertrophic growth,
and cell death. In this chapter, particular aspects of the newly
emerging field of mitochondrial medicine are presented, including
assessment of organelle participation at the molecular and biochemi-
cal levels, in the multiple and interrelated signaling pathways,
gauging the effect that mitochondria have as a receiver, integrator,
and transmitter of signals on cardiac phenotype. In addition, future
directions that may impact on the treatment of cardiac diseases are
discussed.

Introduction

Mitochondrial signaling can be defined as the process by which the
organelle communicates with its environment as a transmitter and
receiver of signals. The contribution that mitochondria make to
cardiac function extends well beyond their critical bioenergetic role as
ATP producer. The organelle plays an integral part in the regulatory
and signaling events that occur in response to physiological stresses,
including but not limited to myocardial ischemia and reperfusion,
hypoxia, oxidative stress, hormonal, and cytokine stimuli. Research
on both intact cardiac muscle tissue and cultured cardiomyocytes has
just begun to probe the nature and extent of mitochondrial involve-
ment in interorganelle communication, hypertrophic growth, and cell
death.
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In this chapter, an in-depth analysis of the multiple roles that the orga-
nelle plays as an integrator and receiver of signals in cardiac
pathophysiology is presented.

Mitochondrial abnormalities, signaling defects, and
myocardial disease

As previously noted, pathogenic point mutations and large-scale
deletions in cardiac mtDNA have severe consequences for the heart
[1]. Specific mtDNA mutations with associated mitochondrial
respiratory dysfunction have been identified in isolated cases of
cardiomyopathy as well as in systemic encephalomyopathies with
cardiac involvement, including Leigh disease, MELAS, and MERRF
[1]. In addition, the depletion of cardiac mtDNA levels concomitant
with myocardial mitochondrial respiratory dysfunction has been
found in patients with both DCM and HCM and in patients and
animal models treated with zidovudine [2-3]. While the dependence
of cardiac homeostasis on functional mitochondria is primarily
attributed to needed ATP derived from OXPHOS for maintaining
myocardial contractility, the role of cardiac mitochondria in re-
sponding to a variety of intracellular and extracellular signals,
metabolic substrates, and physiological stresses has recently become
of increasing interest. Examination of cardiomyocytes containing
specific pathogenic mtDNA point mutations and deletions or depleted
mtDNA levels for their effect(s) on mitochondrial signaling may
provide further information on the role of a mitochondrial cytopathy
in the pathogenesis of cardiac diseases.

In addition to mtDNA defects, mutations at several different nucle-
ar gene loci have been described in conjunction with mitochondrial
OXPHOS deficiencies in cardiomyopathies associated with Leigh
syndrome, COX deficiency, and FRDA [4-6]. In addition, mutations
in nuclear genes that contribute to the observed cardiac disease-
associated mitochondrial enzyme and mtDNA defects (including the
elevated incidence of large-scale mtDNA deletions and mtDNA
depletion) have been recently reported [7]. The involvement of both
genomes in mitochondrial biogenesis and mitochondria-based
pathogenesis serves as an important rationale for examining the cross-
talk and regulatory signaling between both genomes as well as to
expand the search for mutations involved in mitochondrial biogenesis.
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Understanding the intergenomic signaling pathways may also prove
illuminating about cardiac dysfunction involving various mitochon-
drial targets (including non-OXPHOS function) both in genetic
syndromes/diseases and with physiological insults.

Defects in mitochondrial carnitine, fatty acid (FA) transport, and
FAO have a crucial role in cardiac sudden death, bioenergetic
dysfunction, cardiac arrhythmias, and cardiomyopathy [1]. In trans-
genic mice, the disruption of specific nuclear genes-encoding
mitochondrial proteins (engaged in a broad array of functions) leads
to cardiomyopathy and HF. Knockout mutations in ANT, MnSOD,
mtTFA, and the frataxin gene (encoding a mitochondrial iron
transporter associated with FRDA) leads to phenotypic cardiomyopa-
thy and HF [8-11]. In FRDA, the disease phenotype is very
prominent in the heart and less in striated muscle and clearly impacts
mitochondrial bioenergetic function [6].These findings underscore the
importance of the mitochondrial organelle in the overall maintenance
of a functional cardiac phenotype. In particular, the mitochondrial role
in myocardial apoptosis (i.e., ANT is an essential component of the
mitochondrial PT pore, which mediates early apoptotic progression)
and mitochondrial antioxidant response (e.g., MnSOD) to oxidative
stress, a critical element of myocardial ischemia and mitochondrial
cytoprotection, need to be emphasized.

Mitochondrial signaling in myocardial ischemia and
cardioprotection

When the supply of oxygen is disrupted as found with myocardial
ischemia, both mitochondrial ETC flux and OXPHOS decline, the
myocardial reserves of high-energy phosphates are rapidly depleted,
pyruvate oxidation decreases, and ATP production is impaired. The
hydrolysis of glycolytic-derived ATP and the resulting accumulation
of lactate and pyruvate leads to intracellular acidosis (which has a
direct effect on cardiac contractile function) and to the accumulation
of myocardial sodium and calcium. Moreover, the energy deficit
occurring as a result of ATP depletion is further compounded by the
deployment of ATP to reestablish the disturbed myocardial ionic
balance rather than to fuel contraction. AMP and other intermediates
also accumulate with subsequent mitochondrial swelling and degener-
ation. In addition, the activity levels of respiratory complexes IV and
V decrease in myocardial ischemia and may lead to increased levels



2 9 2 MITOCHONDRIA AND THE HEART

of mtDNA deletions [12-14]. While ultimately, sustained myocardial
ischemia leads to ATP depletion and necrotic cell death, there is
ample evidence that both ischemia and hypoxia can activate cardio-
myocyte mitochondrial death pathway by promoting the PT pore
opening concomitant with mitochondrial membrane depolarization,
eventual disruption of the mitochondrial membranes, and release of
cytochrome c [15].

Increased mitochondrial function can also exacerbate ischemic da-
mage, especially at the onset of reperfusion when FA influx increases
and unbalanced FAO occurs [16]. Excess acetyl-CoA is produced,
saturating the TCA cycle at the expense of glucose and pyruvate
oxidation. Increased OXPHOS elevates mitochondrial ROS produc-
tion and myocardial lipid peroxidation resulting in cardiolipin
depletion with severe effect on both complex I and IV activities [17].
These enzyme activities can be restored to normal levels by the
addition of exogenous cardiolipin or by the induction of antioxidants
MnSOD and catalase.

Analysis of the events of ischemic preconditioning has revealed that
its cardioprotective effect is at least partially mediated by Ca++ over-
loading in the mitochondrial matrix and by increased mitochondrial
ROS generation, leading to further protein kinase activation. The
cascade of cardioprotective events can be initiated by the binding of a
variety of ligands (e.g. adenosine, opioids, bradykinin, acetylcholine)
to sarcolemmal G-coupled receptors with the subsequent activation of
calcium flux, tyrosine protein kinases, and the pI3k/Akt pathway
(Figure 10.1). In addition, marked changes in mitochondrial matrix
volume associated with the cardiomyocyte mitoKATP channel opening
may also play a contributory role in cytoprotection [18-19]. Drugs
such as diazoxide and nicorandil specifically activate the mitoKATP
channel opening eliciting CP and can also inhibit H^CVinduced
apoptotic progression in cardiomyocytes, suggesting that mitoKATP
channels also play a significant regulatory role in oxidative-stress
signals in mitochondrial apoptosis [20]. While considerable attention
has focused on the opening of the mitoKATP channel as the primary
regulatory event in mitochondrial cardioprotective signaling [21-23],
this view has recently been challenged by recent evidence implicating
the cardioprotective effects of mitoKATP and associated channel
openers (e.g., KCOs) with respiratory function inhibition in addition
to mitoKATP channel activity [24-25]. The precise temporal order of
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Figure 10.1. Mitochondrial ion channels are pivotal signal transducers in
myocardium. The cardioprotection pathway involving the mitochondrial F?
channels (mitoKArp) is located in the inner membrane and is mediated by ROS,
ligands binding to an assortment of G-coupled membrane receptors, and protein
kinases (PKC/PI3K). Calcium enters the mitochondria in response to a variety of
stimuli via a complex of membrane proteins, including the outer-membrane (OM)
voltage-dependent anion carrier (VDAC), the inner-membrane (IM) proteins, rapid
mode of Ca++ uptake (RaM), and the Ca++ uniporter. High Ca++ levels can be
supplied from ryanodine release (RyR) and phosphatidylinositol 3 (IP3R) receptors
located in the sarcoplasmic (SR) and endoplasmic (ER) reticulum, respectively, and
is coupled to the entry of calcium into the cardiomyocyte through the voltage-
dependent Ca++ channel (VDCC). Entry of high calcium levels into the mitochon-
dria can increase activities of several enzymes of TCA cycle, electron transport
chain (ETC), and complex V. Calcium also modulates the opening of the permeabil-
ity transition (PT) pore shown with its accessory components, including VDAC,
adenine nucleotide translocator (ANT), hexokinase (Hex), creatine kinase (CK),
cyclophilin D (CyP-D), and cardiolipin (CL); calcium efflux is primarily managed
by the Na+/Ca2+ exchanger.
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events in the mitochondrial CP cascade and the exact molecular na-
ture of the mitoK.ATP channel still remain to be precisely defined
[21-22]

CP associated with mitochondrial signaling has also been demons-
trated with brief periods of hypothermia prior to a prolonged ischemic
insult [26]. The preservation of myocardial function and ATP levels
are accompanied by increased expression of stress proteins (e.g.,
HSP70) and constitutive mitochondrial proteins (e.g., ANT and ATP
synthase-(3).

Mitochondrial signaling and myocardial hypertrophy

The concept that cardiac cells have the ability to grow in number is
controversial. Although there is general agreement that cardiomyo-
cytes are postmitotic with limited proliferative capacity, recent studies
have suggested that cardiomyocyte growth regulation may be
disturbed in hearts undergoing severe remodeling (such as in late-
stage HF) [27]. In normal postnatal cardiomyocyte growth, an in-
crease in cardiac cell size and not in cell number is more commonly
accepted [28]. Stimuli that provoke myocardial hypertrophy include
increases in mechanical and hemodynamic loads (volume and
pressure overloads/mechanical stretch), inflammatory cytokines, pep-
tide growth factors, neuroendocrine factors (e.g., norepinephrine and
angiotensin), and oxidative stress.

Molecular features of the hypertrophic response include changes in
the myocardial gene expression program (fetal gene transcription)
with a large array of nuclear transcription factors and activators
identified, multiple signaling cascade pathways featuring an array of
protein kinases [29] with resulting effects on cellular protein synthesis
(including ribosomes), activated membrane ATPase pumps and cal-
cium handlers (e.g., sarco-/endoplasmic reticulum Ca++ ATPase), and
induced protein synthesis of the sarcomeric contractile apparatus (e.g.,
specific myosin isoforms).

Cardiac hypertrophy resulting from primarily physiological stimuli
generally does not lead to heart failure, in contrast to cardiac hyper-
trophy resulting from pathological stimuli (decompensation), which
often does [30]. The former tends to be concentric, manifested largely
by cardiac myocyte thickening, while eccentric hypertrophy is charac-
terized by cell elongation. These growth responses are mediated by
different signal transduction pathways. In addition, cardiac cells un-
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dergoing hypertrophy from pathological stimuli display both an
increased sensitivity to apoptotic stimuli and an expression pattern fa-
voring proapoptotic regulation of Fas, the Bcl-2 protein family, and
caspases [31].

In cardiac hypertrophy, the effects on heart mitochondria are mani-
fold. There is a significant down-regulation of mitochondrial path-
ways involving FAO/FA transport system occurring as part of a shift
in cardiac bioenergetic substrate utilization from FA to glucose (gly-
colytic pathways) [32]. Both experimental and clinical studies of
cardiac hypertrophy and HF have demonstrated reduced levels of
carnitine required for mitochondrial FA import and FAO [33-34].
Moreover, the levels of MCAD, a key enzyme in FAO, have been
shown to be both transcriptionally and translationally down-regulated
in the rat pressure-overload model and during HF and is mediated in
part by modulation of the levels of the global transcription factor
PPAR-oc [35]. Decline in PPAR-oc in myocardial hypertrophy not on-
ly impacts the expression of genes involved in the FAO pathway but
also effects the regulation of the mitochondrial carnitine shuttle by
malonyl-CoA by its effect on the expression of the malonyl-CoA
degrading enzyme, malonyl-CoA decarboxylase (MCD) [36].

Cardiac hypertrophy (both due to physiological and pathological
stimuli) is accompanied by an increase in mitochondrial number
resulting from increased mitochondrial biogenesis and protein
synthesis [37]. Stimuli ranging from electrical stimulation and exer-
cise to thyroid hormone treatment elicit cardiac hypertrophy with
increased mitochondrial biogenesis and function. In addition, increa-
sed mitochondrial number has been reported in both experimental ani-
mal and transgenic models of HCM and in clinical cases of mito-
chondria-based cardiac disease [1, 38-39]. Aberrant mitochondrial
accumulation, abnormal mitochondrial function, and myocardial hy-
pertrophy have been widely recognized in patients with an HCM
phenotype presenting either as isolated cardiomyopathy or in systemic
neuropathies such as MELAS, MERRF, and Leigh disease. The in-
crease in mitochondria is considered to be a compensatory response to
mitochondrial bioenergetic dysfunction, observable in these animal
models and patients, and is often discernible by increased RRF in
cardiomyocytes [38]. The precise elements involved in signaling the
events leading to mitochondrial biogenesis during cardiac hypertro-
phy and HCM remain to be identified.
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Cardiac hypertrophy is also associated with shifts in mitochondrial
metabolism elicited by signaling proteins (e.g., Akt/PI3K/ mammalian
target of rapamycin [mTOR] pathway), which coordinate hyper-
trophic growth responses to a variety of physiological stimuli (e.g.,
glucose and serum deprivation). The critical role played by bio-
energetic substrates/products (e.g., fatty acids, ATP, pyruvate, and
phosphocreatine) and their regulators (e.g., AMP kinase and malonyl-
CoA) in myocardial hypertrophy, and the commonality of many of the
signaling elements in the hypertrophic and apoptotic pathways further
support a pivotal mitochondrial role in committing the myocardial cell
to growth/hypertrophy or to cell death (by apoptosis or necrosis) [29,
32, 40].

Signaling the mitochondria: Key players

Nuclear gene activation

Nuclear transcriptional modulators have been identified that govern
the expression of a wide array of mitochondrial proteins in response
to diverse cellular stimuli and signals. For instance, nuclear
transcription factors such as nuclear respiratory factors NRF-1 and
NRF-2 are implicated in the activation of mitochondrial biogenesis
[41-43]. These factors exert a direct effect on the synthesis of specific
nuclear-encoded subunits of the mitochondrial respiratory enzymes as
well as up-regulate levels of mtTFA, involved in both mtDNA
replication and transcription (Figure 10.2). In addition to the nuclear
global regulatory transcription factors such as PPARs and their
transcriptional coactivators (e.g., RXR-a), which play a pivotal
regulatory role in the expression of mitochondrial FAO pathways
integral to myocardial bioenergetic metabolism [44-46], the transcrip-
tion coactivator PGC-loc, which is abundantly expressed in
cardiac muscle, activates expression of transcription factors NRF-1
and NRF-2, providing an important regulatory link between
mitochondrial biogenesis and FAO capacity [47]. Transcriptional
control by these activators is affected by hypoxia, ischemia, and
cardiac failure [48-49]. PGC-la expression and mitochondrial bio-
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Figure 10.2. Myocardial mitochondrial biogenesis and bioenergetic pathways
are signal driven. Shown are the major mitochondrial bioenergetic pathways,
including the matrix-localized TCA cycle, the inner-membrane (IM) associated fatty
acid oxidation pathway, and the respiratory complexes (I-V) with closely
associated adenine nucleotide translocator (ANT) involved in ATP/ADP
mitochondria transport and uncoupling proteins (UCP) effecting proton transport.
Also depicted are thyroid hormone (TH) and nitric oxide (NO) activation of
transcription factors in the nucleus (e.g., PGC-la, PPAR-a, and NRF-l) and a
subset of factors (e.g., Erb-Aa and mtTFA) that activate mtDNA transcription by
interaction with D-loop sequences promoting mitochondrial biogenesis. All but IS
mitochondrial proteins are encoded in the nucleus, translated on cytoplasmic
ribosomes, and incorporated through the complex outer membrane by a mitochon-
drial import apparatus utilizing chaperones such as heat-shock proteins (HSPs) as
shown. Also shown are the endoplasmic reticulum (ER) that provides important mi-
tochondrial membrane phospholipids, (e.g., coenzyme Q [CoQJ and cardiolipin
fCLJ).
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genesis are modulated by the activation of a calcium/calmodulin-
dependent protein kinase, indicating that the Ca++-regulated signaling
pathway plays a significant role in transcriptional activation of genes
governing mitochondrial biogenesis [50]. Moreover, these nuclear
activators are modulated during cardiac development [51-52].
Activation of the nuclear factor activated T-cell (NFAT) family of
transcription factors has been shown to be crucial in early cardiac
development and is required to maintain myocardial mitochondrial
oxidative function. Targeted cardiac gene disruption of the NFATc-3
and NFATc-4 genes results in cardiomyocyte ETC dysfunction, re-
duced ventricular size, and aberrant cardiomyocyte structure in the
mouse embryo [52].

Evidence that these nuclear transcriptional factors modulate the car-
diac phenotype comes largely from studies in transgenic animals
bearing either mutations in specific transcriptional factors or over-
expressed genes [44-53]. Also, it has been found that specific nuclear
transcription factors are essential for normal cardiac phenotype and
mitochondrial function. For instance, cardiac-specific PGC-loc over-
expression in transgenic mice results in uncontrolled mitochondrial
proliferation and extensive loss of sarcomeric structure leading to
DCM [44]. The myocardial overexpression of PPAR-a may lead to
severe cardiomyopathy with both increased myocardial FA uptake
and mitochondrial FAO [53]. Similarly, mutations targeting mtTFA
produce inactivation of myocardial mitochondrial gene expression
and ETC dysfunction resulting in DCM and atrioventricular con-
duction defects [11].

Protein kinases

Evidence that mitochondria contain multiple phosphoprotein sub-
strates for protein kinases and that a number of protein kinases are
translocated into heart mitochondria strongly suggests that protein
phosphorylation within the mitochondria is a critical component of
mitochondrial signaling pathways [54]. However, it is important to
note that the detection of a protein in a phosphorylated state does not
directly implicate phosphorylation as playing a regulatory role. Many
proteins can be phosphorylated in vitro by protein kinases yet show
no changes in activity. Thus far, protein kinases identified in heart
mitochondria include PDH kinase, branched-chain a-ketoacid de-
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hydrogenase kinase, protein kinase A (PKA), protein kinase C (PKC5
and 8 isoforms), and c-Jun N-terminal kinase kinase [55-60]. Their
characterization has offered new insights into the fundamental
mechanisms regulating mitochondrial responses to diverse physiolog-
ical stimuli and stresses.

In cardiomyocytes, PKCe, after translocation to the mitochondria,
forms a signaling module by forming complexes with specific
mitogen-activated protein kinases (e.g., extracellular signal-regulated
kinase, P38, and c-Jun N-terminal kinase), resulting in the
phosphorylation of the proapoptotic protein Bad [59]. Also, PKCe
forms physical interaction with components of the cardiac PT pore (in
particular, the VDAC and ANT) [61]. This interaction may inhibit the
pathological opening of the pore, including Ca++-induced opening and
subsequent mitochondrial swelling, contributing to PKCe-induced
CP. While PKC activation in CP likely precedes mitoKATP channel
opening, its direct interaction with the mitoKATP channels has not
been demonstrated. Following treatment with diazoxide, PKC8 is also
translocated to cardiac mitochondria [58]; however, several studies
have shown that PKC8 does not play a contributory role in the CP
provided by IPC [62-63].

A cAMP-dependent protein kinase (mtPKA) as well as its protein
substrates have been localized to the matrix side of the inner mito-
chondrial membrane [57]. In cardiomyocytes, the 18-kDa subunit of
complex I (NDUFS4) is phosphorylated by mtPKA, and increased
levels of cAMP promote NDUFS4 phosphorylation, enhancing both
complex I activity and NAD-linked mitochondrial respiration [57,
64-65]. These posttranslational changes can be reversed by dephos-
phorylation via a mitochondria-localized phosphatase. Phosphoryla-
tion of several subunits of COX including COXI, III, and Vb occurs
at serine residues by mtPKA modulating COX activity [66] and has
been considered to be a critical element of respiratory control. This
cAMP-dependent phosphorylation occurs with high ATP/ADP ratios
and results in the allosteric inhibition of COX activity. At the same
time, this regulatory control can result in reduced mitochondrial
membrane potential and more efficient energy transduction in the
resting state. Conversely, increases in mitochondrial phosphatase
(Ca++-induced) activity reverse the allosteric COX inhibition/respira-
tory control resulting in increased membrane potential and ROS for-
mation. Various stress stimuli leading to increased mitochondrial Ca++
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flux result in increased membrane potential and mitochondrial ROS
formation.

With the development of new technologies, including improved ki-
nase inhibitors assays and proteomic analysis, a variety of mito-
chondrial phosphoprotein targets for these kinases have been report-
ed. A set of proteins has been identified in the mitochondrial phos-
phoprotein proteome of the bovine heart as targets of kinase-mediated
phosphorylation [67]. The majority of identified phosphoproteins
were involved in mitochondrial bioenergetic function either in the
TCA cycle (e.g., aconitase, isocitrate, and pyruvate dehydrogenase),
as respiratory complex subunits (e.g., NDUFA 10 of complex I, SDH
flavoprotein subunit of complex II, core I and core III subunits of
complex III, and a and p subunits of complex V), or as essential
players in mitochondrial bioenergetic homeostasis (e.g., creatine ki-
nase and ANT). In addition, during myocardial ischemia, phospho-
rylation of the elongation factor EF-Tu, a key regulatory protein of
the cardiac mitochondrial protein translation apparatus, is modulated
[68].

Calcium signaling

The import of Ca++ from cytosol into cardiac mitochondria is an im-
portant regulatory event in cell signaling. Recently, mitochondrial
calcium flux, particularly in cultured cardiomyocytes, has become
detectable using advanced cell-imaging techniques with fluorescent
dyes, confocal microscopy, and recombinantly derived Ca++ sensitive
photoprobes [69-70]. Mitochondrial Ca++ influx is primarily provided
by a Ca++ pump uniporter located in the inner membrane driven by the
mitochondrial membrane potential as well as by low matrix Ca++

levels and can be blocked by ruthenium red [71]. Mitochondrial Ca*"1"
uptake is significantly and rapidly elevated in cardiomyocytes during
physiological Ca++ signaling and is often accompanied by a highly
localized transient mitochondrial depolarization [70]. Efflux of Ca++

from cardiomyocyte mitochondria is mediated by a Na+/Ca++ ex-
changer linked to ETC proton pumping, although calcium efflux also
occurs with PT pore opening. Activation of the PT pore and
mitochondrial Ca++ flux also occurs in early myocardial apoptosis and
ischemia/reperfusion and is involved in the generation of a calcium
wave delivering system between adjacent mitochondria [72],
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A major consequence of increased mitochondrial Ca++ uptake is the
up-regulation of energy metabolism and stimulation of mitochondrial
OXPHOS. Elevated mitochondrial Ca++ levels allosterically stimulate
the activity of 3 TCA cycle enzymes, including pyruvate, isocitrate,
and 2-oxoglutarate dehydrogenase [73-74]. Activation of these
enzymes by Ca++ results in increased NADH/NAD+ ratios and
ultimately leads to increased mitochondrial ATP synthesis. Recently,
a thermokinetic model of cardiac bioenergetics described calcium
activation of the dehydrogenases as the rate-limiting determinant of
respiratory flux regulating myocardial oxygen consumption, proton
efflux, NADH, and ATP synthesis [75]. In cardiomyocytes, mito-
chondrial ATP synthase activity can be directly modulated by
increased mitochondrial Ca++ levels [76-77].

Intracompartment Ca++ signaling is recognized as a key mode of
signal transduction and amplification in mitochondria [69-70]. Using
inositol phospholipids such as inositol 1,4,5-triphosphate (IP3) as
second messengers, a variety of cell-surface hormones and neu-
rotransmitters signal the release of Ca++ from the ER and Golgi ap-
paratus into the cytosol. The proximity of mitochondria to ER mem-
branes appears to be a significant factor for ER Ca++ release and
mitochondrial Ca++ uptake [78]. This dramatic increase in mitochon-
drial Ca++ is rapidly mobilized from the ER IP3-receptor channels
when in close contact to mitochondria, albeit the precise molecular
mechanism of this transfer has not been fully established. Similarly,
the sarcoplasmic reticulum ryanodine receptors are also located near
the cardiomyocyte mitochondria undergoing calcium release [79].
Proposed mechanisms for the rapid mitochondrial Ca4"1" import include
the involvement of diffusible cytosolic factors that stimulate the Ca++

uniporter, the activation of an entirely different channel in the heart
mitochondrial membrane (RaM), and enhanced Ca++ uptake by mito-
chondrial analogues of ryanodine receptors residing in the inner
membrane [80-83]. Recently, VDAC/porin has also been identified
(Figure 10.1) as a component in Ca++ transport from ER through the
outer mitochondrial membrane [84].

Mitochondrial receptors

Few well-characterized heart mitochondrial receptors have been de-
tected despite the large number of receptors that have been identified
in other tissues/cell types. The thyroid hormone (TH) receptor Erb-
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Aoc, which was identified as an "orphan" receptor [85-86] involved in
interacting with mtDNA during targeted hormonal stimulation (Figure
10.2), has not yet been documented in cardiac tissue, despite the
known marked effect of TH in heart mitochondria. In addition, a large
number of nuclear transcription factors described and characterized in
many other tissues/cell types as translocating to mitochondria,
including p53, N F - K B , PPAR-OC, RXR-a, and TR3 (another "orphan
receptor" of the steroid-thyroid hormone-retinoid receptor superfami-
ly of transcription factors), have also not yet been documented in
heart mitochondria. No specific mitochondrial receptors have yet been
found that bind TNF-oc or various cytokines known to effect cardiac
mitochondrial function, despite several recent studies demonstrating
that TNF-a impacts cardiomyocyte mitochondria. Moreover, in
contrast to other tissues, there has been limited characterization in
heart mitochondria of anchoring proteins, which bind and concentrate
protein kinases.

A common theme concerning signaling and activation includes the
stimuli-generated translocation of specific cytosolic proteins into the
mitochondria. The growing list of such translocated entities includes
many of the proapoptotic proteins (e.g., Bax and Bid) as well as
protein kinases. Many of these appear to target specific proteins on
the outer mitochondria membrane; others are imported as preproteins,
recognized by a small set of specific receptors (translocases) on the
mitochondrial translocase of the outer membrane. The import of pro-
teins into mitochondria is often mediated by heat-shock proteins (e.g.,
HSP60 and HSP70) that specifically interact with a complex mito-
chondrial protein import apparatus (including matrix proteases). A
number of physiological stimuli and stresses, including temperature
changes and hormone treatment (e.g., TH), can result in modulating
the cardiac mitochondrial import apparatus control [87-88].

Signals of survival and stress impact heart mitochondria

The list of extracellular influences and intracellularly generated sig-
nals that impact the mitochondrial organelle is growing, as reflected
in Table 10.1. In addition to hormonal and cytokines stimuli (e.g., TH,
TNF-a, and IL-1 (3), there are also pro- and antiapoptotic modulators,
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Table 10.1. Stimuli signaling myocardial mitochondrial function

Stimuli
IL-1 (3

TNF-a

Heat stress

Low glucose

Low serum

Palmitate

Ceramide

Electrical
stimulation

Nitric oxide

Thyroid
hormone
(T3/T4)

Signaling
Pathway
NO
production
Ceramide
pathway

Increased
levels of
HSP 32,
60,72
Myocardial
apoptosis
Myocardial
apoptosis
Myocardial
apoptosis;
ceramide
increase

Ceramide
pathway
NRF-1
activation

Peroxyni-
trite forma-
tion

Receptor-
mediated
nuclear and
mtDNA
gene
activation

Cardiomyocyte
Phenotype
Cardiac
dysfunction
Cell death

Improved
cardiac function
after I/R

Cell death

Cell death

Cell death

Cell death

Hypertrophy

Myocardial O2
uptake decline;
increased H2O2

Hypertrophy

Mitochondrial
Effect
Decreased
respiration
Reduced activity
levels of PDH,
complexes I and II

Increased complex
I-V activities

Cyt c release

Cyt c release

Reduced complex
III and membrane
potential; increased
cyt c release, UCP,
and swollen
mitochondria
Decreased complex
III activity
Mitochondrial
proliferation

Complex I and IV
decrease;
increased cyt c
release

Mitochondrial
proliferation.
increased UCP
and uncoupled
OXPHOS

Ref
[89]

[90]

[91]

[92]

[92]

[93]

[94]

[25]

[95-
96]

[97-
98]

Note: HSP, heat-shock protein; I/R, ischemia/reperfusion; IL, interleukin;
NO, nitric oxide; NRF-1, nuclear respiratory factor-1; OXPHOS, oxidative
phosphorylation; PDH, pyruvate dyhydrogenase; T3, triiodothyronine; T4,
thyroxin; TNF-a, tumor necrosis factor-a; UCP, uncoupling protein.
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nutrient, serum, growth and mitotic stimulatory factors, as well as me-
tabolic and stress stimuli, which are described in more detail in this
section.

Survival signals and apoptosis

Activation of the PI3 kinase/Akt (protein kinase B) pathway promotes
cell survival primarily by intervening in the mitochondrial apoptosis
cascade at events before cytochrome c release and caspase activation
occur. Akt activation inhibits changes in the inner mitochondrial
membrane potential that occur in apoptosis (suppressing apoptotic
progression and the cytochrome c release induced by several
proapoptotic proteins). While Akt also contributes to the phosphory-
lation and inactivation of the proapoptogenic protein Bad, it remains
unclear whether Bad phosphorylation is the mechanism by which Akt
ensures cell survival and mitochondrial integrity, since other mito-
chondrial targets of Akt remain to be identified [99]. With regards to
the heart, PI3K/Akt signaling also promotes glucose uptake and the
growth and survival of cardiomyocytes and has been directly
implicated in heart growth [100]. Growth factors are known to affect
cardiomyocyte growth (e.g., type 1 insulin-like growth factor (IGF)
signal through the PI3K/Akt pathway) [101]. Recently, microarray
analysis of cardiomyocytes demonstrated that IGF-1 treatment results
in the differential expression of genes involved in cellular signaling
and mitochondrial function and confirmed that this IGF-mediated
gene regulation requires extracellular-signal regulated kinase and
PI3K activation [102]. In transgenic mice with cardiac-specific ex-
pression of activated Akt, IGF-binding protein is up-regulated (con-
sistent with its growth signaling/antiapoptotic role), and both PGC-loc
and PPAR-cc (activating mitochondrial FAO and mitochondrial bio-
genesis) are down-regulated, presumably shifting cardiomyocytes
toward glycolytic metabolism [103]. Deprivation of nutrients (e.g.,
amino acid, glucose and serum) that can lead to cardiomyocyte
apoptosis [92] has been found to signal via the mitochondrial as-
sociated mTOR protein [104]. Moreover, both the Akt pathway and
the downstream mTOR protein impact cardiomyocyte survival and
cell size largely through increased cytoplasmic protein synthesis by
mediating activation of translational initiation factors and ribosomal
proteins (Figure 10.3). In addition, serotonin binding to the serotonin
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Figure 10.3. The myocardial phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway has a mitochondrial component. A variety of signals,
including serum and nutrients deprivation and growth factor (e.g., insulin-like
growth factor, IGF) stimulation, lead to PI3K-directed phosphorylation and
activation of Akt, resulting in the negative regulation of proapoptotic protein
activation (e.g., Bad), apoptotic suppression, and up-regulation of glucose uptake.
Mammalian target of rapamycin (MTOR; also called FRAP) located in
mitochondria lies downstream of Akt and integrates the response to growth factor
and nutrient deprivation, mitochondrial membrane depolarization events, and is
responsive to ATP levels. Both MTOR and Akt modulate cytoplasmic protein
synthesis by the activation of translation initiation factors (IF) and of ribosomal
proteins (e.g., S6), which regulate cardiomyocyte size. Also shown (italics) is the
response ofPBK and MTOR kinase activities, respectively, to the specific inhibitors
wortmannin and rapamycin.

2B receptor protects cardiomyocytes against serum-deprivation-
induced apoptosis via the PI3K pathway impacting ANT and Bax
expression. In transgenic mice harboring serotonin 2B receptor null
mutations, pronounced myocardial mitochondrial defects are present
in addition to altered ETC activities (i.e., complexes II and IV), ANT,
and Bax expression [105].
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Finally, Akt signaling also provides CP against ischemic injury in
response to diverse treatments, including cardiotrophin-1, adenosine,
acetylcholine, and bradykinin-mediated preconditioning [106-108],
although the precise target of Akt action in mitochondria-based CP
remains undetermined since Akt does not associate directly with

channels.

Stress signals

Stresses in cardiac hypertrophy (e.g., mechanical stress) and
ischemia/hypoxia (e.g., oxidative stress) elicit a variety of adaptive
responses at the tissue, cellular, and molecular levels. A current model
displaying a cardiac physiological response to hypoxia suggests that
mitochondria function as O2 sensors both by increasing ROS
generation during hypoxia and via their abundant heme-containing
proteins (e.g., COX), which reversibly bind oxygen [109]. Oxidant
signals such as ROS act as second messengers initiating signaling
cascades and are prominent features in both adaptive responses to
hypoxia and mechanically stressed heart. Down-regulation of COX
activity contributes to increased ROS generation and signaling
observed in cardiomyocytes during hypoxia [110]. Also, hypoxia
stimulates NO synthesis in cardiomyocytes [111], and NO down-reg-
ulates COX activity, with subsequent mitochondrial H2O2 production.
This event has been proposed to provide a mitochondria-generated
signal for further regulating redox-sensitive signaling pathways,
including apoptosis, and can proceed even in the absence of marked
changes in ATP levels [96], NO synthase (NOS) has been identified
in heart mitochondria although its role in regulating OXPHOS is not
clear [112-113]. Mitochondrial ROS has also been shown to activate
P38 kinase in hypoxic cardiomyocytes [114]. Longer-term responses
to hypoxia have been shown to involve increased gene expression of
hypoxia-induced factors and the activation of transcription factors
such as N F - K B , which has also been implicated in the complex
regulation of cardiac hypertrophy and inflammatory cytokines
(e.g.,TNF-a and IL- 1). While increased ROS has been shown to be
an important element in NF-KB gene activation, there is evidence that
cardiomyocyte hypoxia-induced factor (HIF) gene activation can also
occur in the absence of ROS [115].
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Metabolic signals

Mitochondria respond to changes in cellular levels of key metabolites
such as adenosine, ATP, ADP, oxygen, and NADH as well as
numerous substrates and coenzymes. After birth, FAO becomes the
primary source of cardiac bioenergy and of electrons/NADH for the
TCA cycle and ETC function [116]. Fatty acids also physically
interact with mitochondria, impacting on membrane structure and
function such as transport and excitability. As discussed in Chapter 7,
the increased accumulation of amphiphilic long-chain fatty acids,
which occurs with defective mitochondrial FAO and transport, can
provide a variety of toxic effects on the electrophysiological
properties of cardiac cell membranes, including disturbed ion
transport and impaired gap junction activity causing cardiac
arrhythmias, and contribute to cardiac failure and sudden death [36,
117]. In addition, long-chain fatty acids (e.g., palmitate) can modulate
inner-membrane proton conductance (increased uncoupling) and
stimulate PT pore opening, determining apoptogenic protein release
into the cytosol [93].

Another major mitochondrial target of hormone signaling (TH) as
well as of long-chain fatty acids (e.g., palmitate) in the myocardium is
the family of uncoupling proteins (UCP1-UCP5). These inner-
membrane-localized carrier proteins function to dissipate the proton
gradient across the mitochondrial membrane. The myocardial expres-
sion of uncoupling proteins is up-regulated transcriptionally with
either palmitate or TH treatment [118-120]. Cardiac expression of
one of the uncoupling protein genes (UCP3) has also been reported to
be PPAR-a dependent [120]. In addition, elevated expression of
uncoupling proteins in cardiac muscle results in increased uncoupling
of OXPHOS from respiration, decreased myocardial efficiency, and
mitochondrial membrane potential [119].

Future prospects: Therapeutic targets and directions

The essential role played by mitochondria in
cytoprotective signaling and CP

The recognition that mitochondria play an essential role in cytoprotec-
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tive signaling and CP may stimulate further collaboration among
cardiologists and others researchers in the fields of drug discovery to
successfully carry out the pharmacological manipulation of mito-
chondrial metabolism and signaling in cardiovascular diseases.
Research in mitochondria-based CP may reveal potential target
molecules (e.g., mitochondrial receptor, signaling kinase, or mem-
brane channel) for highly specific pharmacological intervention,
although, as a caveat, a greater understanding of the network of
complex interacting pathways will be needed. For example, despite
recent achievements in identifying genetic and signaling defects
causing cardiac arrhythmia, the development of effective drugs (e.g.,
specific ion channel blockers) to substantially reduce the mortality
associated with severe arrhythmias has thus far shown little success,
underscoring the complex circuitry involved in evolving cardiac
disease phenotypes [121]. Moreover, pharmacological agents that are
cardioprotective in animal studies can have variable effects in clinical
settings (e.g., diazoxide has shown negative effects, while nicorandil
has proved more successful in limited clinical trials) [122].

Mitochondrial metabolic intermediates

Increasing knowledge of the specific molecular and biochemical
nature of mitochondrial bioenergetic defects has provided a rationale
for clinical treatment using metabolic intermediates (e.g., succinate),
coenzymes, and vitamins serving as electron donors, transporters, and
cofactors (e.g., vitamin K, thiamine, and ascorbate) in order to bypass
specific defects in OXPHOS and increase ATP production [123]. For
instance, coenzyme Qio and its analogue idebenone have shown
beneficial effects in the treatment of the cardiomyopathy associated
with FRDA [124]. Shifting myocardial oxidative substrates from fatty
acid to glucose has been effectively used to prevent the accumulation
of long-chain acylcarnitines and in improving myocardial energy
efficiency in HF [125]. In addition, dichloroacetate has shown prom-
ise in stemming the lactic acidosis and declining PDH activity that
accompanies myocardial ischemia and reperfusion injury [123].
Dietary therapies, including replacement of normal dietary fat by me-
dium-chain triglycerides and increased carbohydrates, and carnitine
supplementation have proved highly effective in treating cardiomyo-
pathies due to mitochondrial long-chain FAO disorders and mitochon-
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drial carnitine transport deficiencies and in lowering acyl-CoA ac-
cumulation [126]. Supplementation with free polyunsaturated fatty
acids can provide significant cardioprotective effect against both
ischemia-related ventricular fibrillation and arrhythmias [127]. A
more complete description of the palliative therapies presently avail-
able to treat mitochondrial-based cardiac diseases as well as the future
prospects for gene and cell transplantation therapies are presented in
Chapters 11 and 12.

Summary

At the outset, it is important to understand that the complex field of
heart mitochondrial signaling is presently in its infancy. Many of the
findings cited in this chapter came to light as a by-product of a large
number of studies focused on understanding the mechanisms of
apoptosis. Our purpose here is to direct the focus on the subject of
mitochondrial signaling in its own right, knowing that a large number
of potential relationships of heart mitochondria with other cellular
organelles remain to be identified.

Accordingly, heart mitochondria are presented as the receiver, inte-
grator, and transmitter of signals, involving multiple and interrelated
signaling pathways at both the molecular and biochemical levels, with
nuclear and cytoplasmic factors fundamentally involved in the
shaping of the organelle's responses. We examine evidence that the
mitochondria act as a dynamic receiver and integrator of numerous
translocated signaling proteins (including protein kinases and nuclear
transcription factors), regulatory Ca++ fluxes, and membrane phospho-
lipids as well as the transmission of mitochondria-generated oxidative
stress and energy-related signaling that contribute to the overall
cardiomyocyte response to myocardial ischemia and hypertrophy.
While presently, there is substantial interest and information con-
cerning the integral role of myocardial apoptosis in cardiac
remodeling, myocardial mitochondrial signaling also plays fundamen-
tal roles in the cardiomyocyte proliferative pathways, nutrient and O2
sensing, bioenergetic metabolite/substrate selection, interorganellar
cross-talk, and the responses of cardiomyocytes to metabolic transi-
tion and physiological stresses, roles that are only recently coming to
light and warrant further investigation. An increased awareness of
mitochondrial signaling may lead to the delineation of the molecular
mechanisms underlying different cardiovascular pathological states
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and enhance our understanding of the widening spectra of abnormal
cardiac phenotypes known to have mitochondrial dysfunction.
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Chapter 11

Treatment of Mitochondrial-Based Cardiac
Diseases. Targeting the Organelle

Overview

Mitochondrial research and its current application in cardiology have
taken advantage of the remarkable fusion recently achieved by
genetics and biochemistry in molecular biology. While this progress
have been applied mainly to discoveries on the etiopathogenesis of
neuromuscular, cardiovascular, and other diseases, more focused
studies are critically needed to assess the extent that heart mitochon-
drial defects (either primary or secondary to other myocardial
changes) contribute to the pathophysiology of cardiac diseases. In this
way, this knowledge can be applied to the discovery of specific
mitochondria-targeted drugs to treat the failing heart and also to
reverse or to slow the abnormal changes in cardiac cells structure and
function that occur with aging and other pathological clinical states.

Introduction

Currently, there is no effective treatment for mitochondrial disorders
despite recent major advances in understanding the pathogenesis of
mitochondrial diseases. Various pharmacological treatments are being
used, but there is no definitive evidence that these drugs are
efficacious. The current and accelerated progress in mitochondrial
research has brought increased interest in the pharmacological
manipulation of mitochondria. A variety of pharmacological treat-
ments are being used, usually in various combinations as a therapeutic
"cocktail". While there are multiple reports and case studies citing the
beneficial use of many of these compounds in treating cardiomyopa-
pathies, there have been no large-scale rigorously controlled studies
supporting their efficacy in patients with mitochondrial cardiomyopa-
thy.
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The development of delivery systems and carriers of mitochon-
drial specific drugs, although a very attractive methodology, is still in
its infancy, and more research will be needed prior to its clinical use.

Treatment of respiratory and metabolic defects

Despite recent advances in understanding the pathogenesis of mito-
chondrial-based cardiac disorders, at this time, there is no recognized
"magic bullet" for their effective treatment. Various pharmacological
modalities have been used, but there is no consensus about their
efficacy [1]. Several compounds, including various vitamins and
metabolic cofactors (e.g., riboflavin, thiamine, tocopherol [vitamin E],
folic acid, succinate, ascorbate [vitamin C], menadione, L-carnitine
and C0Q10), have been employed, usually in various combinations as
a therapeutic "cocktail". These compounds act on mitochondrial
physiology at a variety of levels, including bypassing blocks in the
respiratory chain caused by deficiencies of specific ETC complexes,
providing increased scavenging of ROS, and increasing metabolites
that might be reduced (due to either defective synthesis or transport)
in patients with mitochondrial disease. Nevertheless, knowledge of
the specific metabolic defect can be of great significance in defining
the appropriate treatment. For instance, in patients with either primary
carnitine or CoQ deficiency, treatment with the appropriate compound
has been shown to be successful and (in the case of carnitine
deficiency) can be life-saving. The efficacy of carnitine in treating
children with carnitine-deficiency cardiomyopathy underscores the
importance of gauging carnitine levels in children with unexplained
cardiomyopathy, as well as the critical timing of such treatment [2-3].
Moreover, patients with cardiomyopathy and COX deficiency due to
mutations in SCO2, a COX-assembly protein implicated in the
incorporation of copper into the COX holenzyme, have been shown to
respond to copper supplementation [4], Unfortunately, in many cases
of mitochondrial cardiomyopathy, the precise genetic and biochemi-
cal locus of the mitochondrial defect is not known, and the use of the
above generic "cocktails" may not be effective.

Severe blocks in the respiratory chain result in the accumulation of
upstream metabolites including pyruvate, lactate, and the transamina-
ted product, alanine. Levels of all 3 compounds are elevated in the
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blood and urine of patients with mitochondrial myopathies. Lactic
acidosis has a range of neurotoxic effects and can be effectively con-
trolled with the use of dichloroacetate (DCA), an inhibitor of PDH
kinase.

Patients with MELAS treated with DCA have been reported to show
clinical improvement [5]. By rapidly stimulating PDH activity and,
therefore, promoting aerobic glucose oxidation in myocardial cells,
DCA can significantly improve myocardial function in conditions of
limited oxygen availability (e.g., ischemia/reperfusion and congestive
heart failure) and stem the mitochondrial energy failure associated
with these states [6]. In addition to decreasing lactic acidosis, the
clinical use of DCA has also been associated with the suppression of
myocardial long-chain fatty acid metabolism and increased left
ventricular stroke work and cardiac output, without changes in myo-
cardial oxygen consumption. Moreover, DCA stimulation of PDH
activity, which is otherwise depressed in the diabetic heart, can be
beneficial. The DCA-mediated increase in glucose metabolism rate, in
combination with the use of partial FAO inhibitors, has been proposed
as a potential therapeutic approach to diabetic cardiomyopathy [7].

In patients with cytochrome c oxidase deficiency, DCA in combina-
tion with the use of aerobic training was found to improve exercise
capacity and aerobic metabolism [8]. While the use of aerobic
exercise itself has shown considerable benefits, including increasing
work and oxidative capacity in patients with mitochondrial diseases,
exercise tolerance and aerobic training have not yet been sys-
tematically examined in patients with mitochondrial cardiomyopathy.

Use of antioxidants

As discussed in Chapter 4, mitochondria are an important source of
free radicals. Increased ROS generation plays an important role in the
pathogenesis of mitochondrial-based cardiac disorders, suggesting
that antioxidants may be beneficial [9-10]. In the cardiac damage
elicited by ischemia/reperfusion and the cardiomyopathies associated
with FRDA and doxorubicin-induction, there is evidence that mito-
chondrial ROS and oxidative stress are implicated in the pathogenesis
of the disease [11-12]. Several oxygen radical scavengers, including
CoQio, vitamin E, dexrazoxane, and idebenone, have been used in
their treatment [13-15]. In doxorubicin-induced cardiomyopathy, the
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free-radical scavenger dexrazoxane has been shown to protect the
heart from doxorubicin-associated oxidative damage and has been
recently recommended for clinical use to attenuate the myocardial
damage that may occur in children treated with doxorubicin
chemotherapy for acute lymphoblastic leukemia [16]. Both C0Q10 and
idebenone have been reported to markedly improve cardiac function
and reduce cardiac hypertrophy in patients with FRDA [17-19]. The
ataxia and other CNS symptoms occurring in FRDA are less affected
by the administration of these antioxidants than is the cardiac
phenotype. Idebenone has also been shown to improve cardiac
function in mitochondrial cardiomyopathy [13]. In addition to its role
as an antioxidant, CoQ also serves multiple cellular functions,
including participation as an electron carrier in the respiratory chain
and as an activating cofactor for the mitochondrial uncoupling
proteins. It has been reported to have a beneficial effect in several
neurological disorders with cardiac involvement, including MELAS
and KSS syndromes [5]. CoQio at relatively high doses ranging (60 to
150 mg/day) results in significant reduction of the cardiac conduction
abnormalities seen in patients with KSS or CPEO syndromes [20].

Clinical improvement was seen in patients with congestive heart
failure (CHF) after CoQio supplementation to standard therapy [21].
However, since the sample size and the design used in these studies
raised concerns as to the validity of systematic clinical use of CoQio
in treating CHF, a large double-blind multisite clinical trial is present-
ly underway to test its efficacy [22-23].

ROS and cellular redox states regulate an extensive number of vital
pathways in the myocardium, including energy metabolism, survival
and stress responses, apoptosis, inflammatory response, and oxygen
sensing. A detailed review of the literature reveals that the results
using whole organ and animal models (more so than in isolated cell
models) are often contradictory regarding their role in ischemia and
reperfusion injury as it is in the role of antioxidants as a therapy,
providing insight into why clinical trials of antioxidants frequently
have shown mixed results.
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Treatment ofFAO disorders, arrhythmias, and CHF

Treatment of disorders of mitochondrial long-chain FAO is based on
the avoidance of fasting and the replacement of normal dietary fat by
medium-chain triglyceride. Knowledge of the precise site of the bio-
chemical or molecular defect can be of critical importance regarding
the choice of the therapeutic modality used. For instance, deficiencies
in CPT-II, carnitine acylcarnitine translocase, or MTP can be treated
with drugs targeted to enhance glucose use and pyruvate oxidation
energy, at the expense of FAO, to prevent the accumulation of long-
chain acylcarnitines that can result in cardiac conduction defects and
arrhythmias [3, 24]. In contrast, acute cardiomyopathy associated with
VLCAD deficiency, which can be diagnosed by acylcarnitine analysis
even in the neonatal period, can be treated with dietary therapy,
including medium-chain triglycerides [25]. Long-chain fatty acid ac-
cumulation and their side-effects can also be effectively reversed by
inhibition of CPT-I activity with perhexiline and amiodarone.

In the failing and ischemic heart, there is a plurality of changes in
myocardial metabolism. Modulation of myocardial glucose and fatty
acid metabolism is recognized as a target for therapeutic modification.
The treatment of patients in CHF using carvedilol, a (3-adrenoreceptor
blocker, results in marked improvement in myocardial energy
efficiency by shifting myocardial oxidative substrates from fatty acid
to glucose [26]. Free fatty acids are a primary source of energy during
cardiac ischemia and can also serve to uncouple OXPHOS and
increase myocardial O2 consumption. On the other hand, inhibitors of
FAO can increase glucose oxidation and may improve cardiac
efficiency. It is noteworthy that inhibitors of (3-FAO can help to
prevent the hyperglycemia that occurs in noninsulin-dependent dia-
betes. Since the inhibition of FAO is effective in controlling
abnormalities in diabetes, FAO inhibitors targeting enzymes such as
CPT-I may also prove useful in the treatment of diabetic
cardiomyopathy. FAO inhibition can be achieved using a number of
enzymatic inhibitors such as etomoxir, oxfenicine, perhexiline,
aminocarnitine, trimetazidine, ranolazine, and DC A [27-28]. In ani-
mal models, etoxomir, an inhibitor of CPT-I, reversed changes in fetal
gene expression, preserved cardiac function, and prevented
ventricular dilatation [29]. In clinical studies of patients in heart fail-
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ure, etoxomir improved systolic ventricular function, increased
ejection fraction, and decreased pulmonary capillary pressure [30].
Ranolazine treatment reduces cellular acetyl-CoA content via partial
inhibition of fatty acid oxidation (it is therefore termed a pFOX
inhibitor) and activates PDH activity. Clinically, it has been used to
treat both ischemia and angina [31]. This metabolic switch increases
ATP production, reduces the rise in lactic acidosis, and improves
myocardial function under conditions of reduced myocardial oxygen
delivery. Trimetazidine treatment has been demonstrated to provide
protective affects against myocardial ischemia, diabetic cardio-
myopathy, and exercise-induced angina in numerous clinical and
experimental investigations [27-28, 32]. While initially trimetazidine
was thought to be an inhibitor of the activity of the long-chain
isoform of the last enzyme involved in mitochondrial fatty acid |3-
oxidation, 3-ketoacyl coenzyme A thiolase [33], recent studies have
cast doubt on FAO inhibition as being the primary mechanism by
which trimetazidine mediates cardiac recovery [34], Another related
effect of trimetazidine, which may contribute to its antiischemic
action, is its acceleration of phospholipid synthesis and turnover with
significant consequences for a-adrenergic signaling [35].

Clinical studies have suggested that polyunsaturated fatty acids
(e.g., N-3 PUFA) or fish oil supplementation appears to reduce
mortality and sudden death associated with CHF [36]. Its effect on
mortality and morbidity are currently being gauged in the GISSI heart
failure project, a large-scale, randomized, double-blind study [37]. A
somewhat smaller but carefully designed study has recently
confirmed that N-3 PUFA treatment markedly reduces the incidence
of both atrial and ventricular arrhythmias [38]. Among a large
assortment of PUFA-mediated effects on cardiomyocyte membrane
lipid organization and function, the incorporation of N-3 PUFA
(normally associated with reduced arachidonic acid) induces a
reduction of mitochondrial (3-FAO and oxygen consumption in the
heart. These effects on mitochondrial metabolism are manifested
primarily during postischemic reperfusion as improved metabolic and
ventricular function. Both aging and ischemia markedly decrease
levels of N-3 PUFA and cardiolipin in myocardial membranes, effects
that have been correlated to increased mitochondrial Ca++ levels and
the effects of Ca++ on mitochondrial enzymatic activities [39].
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Table 11.1. Metabolic and antioxidant treatments for
mitochondrial-based cardiac disorders

Treatment
Coenzyme Q

Dichloroacetate

Idebenone

Carnitine

Etomoxir

Trimetazidine

Ranolazine

Perhexilene
N-3 PUFA
Copper
supplement
Dexrazoxane

Carvedilol

Diltiazem

Primary Mechanism
Antioxidant/
ETC carrier
Increased PDH
activity; decreased
FAO
Antioxidant

Increased fatty acid
transport
FAO inhibitor

FAO inhibitor;
increased phospholipid
turnover
Partial FAO inhibitor

FAO inhibitor;
Reduced FAO
Assist in COX subunit
assembly
Antioxidant

(3-adrenergic blocker;
FAO shift to glucose
Inhibits release of
mitochondrial Ca++

Disorder
Heart failure, FRDA,
MELAS, KSS
KSS, MELAS, lactic acidosis,
diabetic cardiomyopathy

Friedreich ataxia (FRDA),
mitochondrial cardiomyopathy
Cardiomyopathy and heart
failure
FAO disorders

FAO disorders, myocardial
ischemia/angina, diabetic
cardiomyopathy
FAO disorders, myocardial
ischemia/angina
Arrhythmia
Arrhythmia
HCM due to SCO2 mutation

Doxorubicin-induced
cardiomyopathy
Congestive heart failure

Cardiac arrhythmia
Myocardial ischemia

Cardioprotective agents

As discussed in Chapter 5, CP can be a useful adjunct in the treat-
ment of cardiovascular disease (Table 11.1). Animal studies have
shown that the addition of specific drugs (e.g., protein kinase C
inhibitors and adenosine receptor agonists) targeting different steps of
the CP signaling pathways and applied at the immediate onset of re-
perfusion can significantly reduce the size of myocardial infarct and
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improve cardiac function [40-41]. Animal studies have also demon-
strated that treatment with a particular pharmacological class of
calcium antagonists (e.g., diltiazem and verapamil) can reduce a
number of the harmful effects of calcium overload following
myocardial ischemia and particularly prominent during early
reperfusion, with recovery of myocardial contractility and restoration
of the levels of critically needed myocardial high-energy phosphates
[42-43]. Clinical studies have also shown that diltiazem and
verapamil treatment can be beneficial to patients after myocardial
infarct and with cardiac arrhythmias [44-45]. The clinical benefits of
reducing the size of myocardial infarct and increasing the viability
and recovery of regional function appear to be significant if diltiazem
treatment is applied prior to myocardial perfusion [46]. Diltiazem in-
hibits sodium-induced Ca++ release by isolated mitochondria; the
increased mitochondrial Ca++ matrix levels result in elevated Ca++-
induced dehydrogenase activities, increased respiration, and restored
ATP levels [47]. Intravenous diltiazem can be cardioprotective both
as an antiischemic and antiarrhthymogenic agent when infused in
patients undergoing coronary artery bypass grafting [48].

As previously mentioned, a number of clinical studies have shown
that mitochondrial-based CP elicited by IPC, as well as by the use of
physiological stress and pharmacological stimuli (e.g., exercise and
adenosine) can provide beneficial results in treating angina [49-50].
Moreover, in recent clinical trials, the chronic administration of the
mitoKATP opener nicorandil was shown to improve the prognosis of
patients with coronary artery disease [51]. The further use of CP-
based strategies in treating patients undergoing angioplasty, ischemic
cardiomyopathy, heart transplant, and bypass surgery is currently
under consideration.

Volatile anesthetic agents commonly used to maintain the state of
general anesthesia, such as halothane, isoflurane, and sevoflurane, can
provide CP in response to myocardial ischemia and reperfusion
[52-54]. The cardioprotective signaling pathway of anesthetic
preconditioning (APC) shares components with IPC, including pro-
tein kinase C activation, mitoKATP channel activation, and mitochon-
drial ROS generation, despite the differences between these 2 stimuli.
The direct inhibition of mitochondrial ETC enzymes and altered
mitochondrial bioenergetics in hearts preconditioned by APC impli-
cate the mitochondria as a primary target. Decreased mitochondrial
ROS levels in ischemic and reperfused hearts preconditioned by APC
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have been proposed as contributory to their improved structure and
function [54], Clinical studies have confirmed that sevoflurane pre-
conditioning preserves myocardial function, as assessed by bio-
chemical markers, in patients undergoing coronary artery bypass graft
surgery under cardioplegic arrest [55].

Another potential target of CP is the apoptotic pathway, which
prominently features the permeabilization of mitochondrial mem-
branes, leading to the release of protease and nuclease activators and
to bioenergetic failure. As noted in Chapter 4, mitochondrial apop-
tosis plays a pivotal role in the progression of myocardial remodeling
in HCM and DCM and can also result from myocardial
ischemia/reperfusion. Attenuation of the mitochondrial apoptotic
pathway by overexpression of the antiapoptotic protein Bcl-2 has
been shown to provide CP in cultured cardiomyocytes and in animal
models by treatment with antioxidants such as melatonin [56-57].
Modulating PT pore opening, a common early event in the mito-
chondrial apoptotic pathway, can be directly mediated by cyclosporin
A or sanglifehrin A treatment providing cardioprotection against
reperfusion injury [58]. Uncouplers of OXPHOS such as dinitro-
phenol and CCCP have also been shown to elicit CP [59-60].
Moreover, overexpression of the uncoupling protein (UCP2) in
cultured neonatal rat cardiomyocytes suppressed markers of apoptotic
cell death, prevented the loss of mitochondrial membrane potential,
attenuated both mitochondrial Ca++ overload and ROS production,
protecting cardiomyocytes exposed to oxidative stress [61]. There-
fore, the recent discovery that the KCOs diazoxide and pinacidil
facilitate proton translocation through mitochondrial membranes
acting as uncouplers of OXPHOS, activating state 4 respiration and
depolarizing the mitochondria, is not surprising [62]. Since the ma-
jority of cardioprotective treatments targeting myocardial apoptosis
(e.g., modulation of uncoupler or PT pore activity) can have profound
impact on a variety of metabolic processes, their therapeutic
application may prove to be problematic. Nevertheless, several
reagents (mostly antioxidants) have shown promising results in
preliminary clinical studies. In a group of patients undergoing cardiac
surgery with cardioplegic arrest, increased myocardial apoptotic
progression was effectively prevented in those infused with n-
acetylcysteine, an antioxidant and sulfhydryl donor precursor for
glutathione [63]. In addition, grape seed proanthocyanin extract
(GSPE), a potent antioxidant, showed cardioprotective properties in
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both animal and human, improving postischemic left ventricular
function and significantly reducing infarct size, myocardial ROS
levels, and apoptotic markers [64], This finding confirms previous
studies documenting that the polyphenolic antioxidants present in red
wine, such as resveratrol and proanthocyanidins, provide CP by their
ability to function as in vivo antioxidants in addition to the alcoholic
component, which also is cardioprotective by adapting the heart to
oxidative stress [65-66]. Pyruvate also provides CP in both animal
models [58, 67] and in human [68], although how this is mediated has
not yet been determined.

A complementary approach to cardioprotective therapies targeting
apoptosis, involves triggering antiapoptotic cell proliferation (or cell
survival pathways). Various growth factors, including insulin-like
growth factor (e.g., IGF-1), hepatocyte growth factor, endothelin-1,
fibroblast growth factor, and transforming growth factor, have been
shown to protect the heart against oxidative stress, largely by
attenuating cardiac myocyte apoptosis [69]. Growth factor signaling
such as occurs with IGF-1 is mediated via activation of the PI3K
pathway, which has been shown to be cardioprotective and by the
serine-threonine kinase, Akt. Concerns have been raised by the
systemic administration of high levels of IGF-1 peptide. In vivo
cardiac IGF-I gene transfer, performed prior to ischemia-reperfusion
injury, achieved a more sustained activation of Akt and reduced
hypoxia-induced apoptosis as compared to the effects of IGF-1
peptide treatment [70]. Somatic gene transfer of growth factors may
be advantageous over systemic delivery by mediating cardiomyocyte
protection without elevating serum levels of growth factors. Studies in
transgenic animals with Akt overexpression showed a variety of
cardiac phenotypes, including progressive cardiac hypertrophy and
failure, suggesting that considerable caution is warranted in the
therapeutic application of Akt expression and signaling since it is a
critical mediator of hypertrophic growth [71-72]. However, in
transgenic animals, hypertrophic remodeling resulting from Akt
myocardial overexpression can be eliminated by nuclear-targeting of
Akt, which enhances survival of cardiomyocytes with no loss of its
cardioprotection against ischemia [73].

In a comparable way, a "metabolic cocktail" composed of glucose-
insulin-potasssium, when administrated at early reperfusion, reduces
infarct size in the rat heart in vivo. This is a relatively inexpensive
approach to CP in which the insulin component primarily stimulates
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Akt prosurvival signaling [74]. Since intravenous insulin therapy is
associated with metabolic side-effects, the development of therapeutic
agents that can target downstream cell-survival insulin-activated
signaling events has been considered as an alternate approach to
promote CP [75] (Table 11.2).

Table 11.2. Cardioprotective agents

Agent
Ischemic preconditioning
Nicorandil
Sevoflurane
N-acetylcysteine

Pyruvate
Proanthocyanin extract
Glucose-insulin-potassium
Adenosine
Moderate alcohol
Other polyphenols
Diazoxide, Pinacidil
Bcl-2 overexpression
Cyclosporin A
Dinitrophenol, CCCP

Mechanism
Activates CP pathway
MitoKATP channel opener
Volatile anesthetic
Antioxidant; glutathione
precursor
Not determined
Antioxidant
Akt activation
Activates CP pathway
Akt activation
Antioxidant
MitoKATP channel opener
Apoptotic inhibitor
PT pore modulator
Uncouplers

Clinical (C)
or Animal
(A) Model
C,A
C,A
C,A
C,A

C,A
C,A
C,A
A
A
A
A
A
A
A

New approaches in treatment

Gene therapy in cardiovascular diseases

Advances in the identification of genes affected in cardiovascular
disease have lead to improved therapies, either by the use of gene
replacement or gene-suppression (silencing) methodologies. Preclini-
cal studies in a variety of animal models have shown that gene
therapy can provide beneficial results in the treatment of HF,
hypertension, hypertrophy, cardiac arrhythmias, and myocarditis as
well as in disorders of the vascular wall, particularly in cases where
drug therapy has proved to be of limited value. Gene therapy enables
therapeutic concentrations of a gene product to be accumulated and
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maintained at optimally high levels and at a localized target site of
action and also offers the possibility of minimizing systemic side
effects by avoiding high plasma levels of the gene product [76].
While early phases of clinical gene therapy trials for cardiovascular
diseases have shown promising results, in particular in regard to
therapeutic angiogenesis and restenosis treatment, the development of
improved vectors, methods of delivery, and the acquisition of safety
and toxicity data remain to be critically improved before these
therapies can be routinely used in a clinical setting.

Both viral vectors and naked plasmid DNAs have been employed
in preclinical and clinical cardiovascular gene transfer studies. While
plasmid DNA vectors have been shown to have good entry and
expression in normal and ischemic muscle [77], their lower efficiency
of transfection in myocardial gene delivery limits their use. Features
of viral vectors can predetermine both the range of host cells that can
be transduced as well as the efficiency, level, and duration of
transgene expression. Adenoviral vectors can transduce both dividing
and nondividing cells and are particularly efficient in transfecting
postmitotic cells, including cardiomyocytes and to a lesser extent
vascular cells, and have been the primary viral vector of choice. A
limitation of the adenoviral vectors is their provision of transient
rather than prolonged transgene expression. Moreover, adenoviral
vectors pose additional safety concerns. These vectors produce in-
creased inflammation, and long-term cell- and antibody-mediated
immune responses have been widely reported [78]. Nevertheless, to
date, no evidence of serious adverse effects have been reported in
clinical trials of cardiovascular gene therapy using adenoviral vector-
mediated involving over 150 subjects [79]. Other viral vectors are
being considered for future use in cardiovascular therapies, including
lentivirus and recombinant adeno-associated virus (AAV). AAV is
taken up more slowly into myocardial cells. Compared to adenovirus,
AAV transgene expression levels are lower but can be longer term,
being sustained in rodent myocardium for 9 to 12 months, and AAV
vectors have a lower potential to induce unwanted inflammation or
immunocytotoxicity [76].

Another alternative gene transfer approach involves antisense strate-
gies (e.g., using either antisense oligonucleotides or small interfering
RNAs [siRNA]) that can regulate the transcription of targeted
endogenous genes and selectively inhibit their expression). The
antisense oligonucleotide approach can employ either single-strand or
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double-strand oligonucleotides to target specific gene expression,
whereas siRNA involves the use of a specific double strand RNA
construct to silence specific gene expression (RNAi). Double-strand
oligonucleotides homologous to the cis regulatory sequences of the
promoter of a gene of interest can be similarly employed. These can
function as molecular decoys to bind specific transcription factors and
therefore block the expression of genes requiring those transcription
factors [80]. A similar strategy has been employed to block cell-cycle
progression and modulate cell proliferation.

In addition to several well-characterized animal models of cardiac
gene therapy aimed at treating restenosis, hypertension, and angioge-
nesis [81], a number of nuclear gene targets to elicit increased
myocardial protection and improve cardiac function have been
described.

Short-term protection of the heart from ischemia and oxidative
stress can be provided by gene transfer and overexpression of genes
encoding critical antioxidant enzymes such as superoxide dismutase
(SOD) or heme oxygenase (HO-1). Introduction of a myocardial pro-
tective gene such as HO-1 employing a recombinant AAV vector into
myocardium prior to coronary artery ligation significantly reduced
infarct size in a rat model of ischemia and reperfusion [82]. In
addition, gene-mediated CP against myocardial ischemia was a-
chieved by introducing and overexpressing genes for the free radical
scavenger enzyme SOD [83], heat-shock chaperone HSP70 [84], and
antiapoptotic mitochondrial protein Bcl-2 [85]. It remains to be seen
whether these vectors and genes can provide long-term CP against
repeated, chronic forms of ischemic insult.

Experimental cardiac gene therapy has also provided useful infor-
mation in treating cardiomyopathy and HF. In transgenic mice null for
desmin, the muscle-specific member of the intermediate filament gene
family, cardiomyopathy develops characterized by extensive cardio-
myocyte death, fibrosis, and eventual HF. There is evidence that
mitochondrial abnormalities are implicated in the onset of the
cardiomyopathy. The overexpression of the Bcl-2 in the desmin null
heart resulted in the correction of mitochondrial defects, reduction in
the occurrence of myocardial fibrotic lesions, prevention of cardiac
hypertrophy, restoration of cardiomyocyte ultrastructure, and signifi-
cant improvement of cardiac function [86].

Nuclear-encoded gene products affecting mitochondrial metabolism
have also recently proved to be an effective target for gene therapy in
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the rat CNS and human fibroblasts. The El a subunit of the PDHC
complex has been successfully transduced as an AAV construct;
transduction of cultured fibroblasts from a patient with an El a
deficiency led to a partial restoration of PDH activity [87]. Given the
pivotal role of PDHC in the regulation of aerobic metabolism, the
delivery or modulation of this gene in cardiac tissues may prove
useful in treating disorders in which cardiac aerobic metabolism is
affected, including ischemia, hypertrophy, and HF.

Mitochondria and gene therapy

Targeting mitochondria using nucleic acids

Gene therapy to replace or repair defective mitochondrial genes could
be an important adjunct in the treatment of mitochondrial-based
cardiovascular disease. However, it has not yet been proven possible
to introduce and replace (or repair) mtDNA genes in the mitochondria
of either in vitro cultured cells or, more important, in the organelles of
in vivo myocardium, posing a major hurdle for gene therapy of
mtDNA-based disorders. While biolistic transformation using highly
accelerated DNA-coated metal particles has shown success in the
delivery of genes into bacteria, and the organelles of plants and yeast,
this technique has not been proven applicable in the transformation of
mammalian mitochondria. Another approach, electroporation of
nucleic acids, while effective in the delivery of genes to the nucleus
with subsequent expression has not been successfully applied to the
gene delivery and expression in mitochondria of living cells [88], In
addition to the difficulties associated with a delivery system for
mitochondrial genes, the replacement of endogenous multiple-copy
defective genes (within multiple organelles) also poses a formidable
challenge. Nevertheless, despite the present lack of a reliable
mitochondrial transformation system, several approaches obtained
primarily with isolated cells of individuals affected with mito-
chondrial diseases or from cybrids have shown promising results
[89-90; Marin-Garcia and associates, unpublished data]. These
include the selective destruction of mutant mtDNA by importing a
restriction endonuclease enzyme into mitochondria [91], replacement
of a mutant mtDNA encoded protein with a genetically engineered
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wildtype equivalent expressed from the nucleus (also called allotopic
expression) [92-93], or using gene-replacement of defective mtDNA
alleles with cognate genes transfected from other organisms [94] as
shown in Table 11.3.

Table 11.3. Mitochondrial gene delivery methods

Effectiveness with Mammalian
Method Mitochondria
Electroporation Not successful
Naked plasmid/viral Not successful
transfection
DQAsome Successful transfection of plasmid DNA
PNAs (by itself) Inefficient transfer of oligonucleotides
PNA + cationic liposomes Improved transfer of oligonucleotides
PNA + cationic Improved transfer of oligonucleotides
polyetheneimine
Allotopic expression Successful transfer of "reengineered"

ATPase6 and ND4 genes targeted for
nuclear/cytosolic expression and
delivered to mitochondria

Another promising strategy in mitochondrial gene therapy is to in-
fluence heteroplasmy, the ratio of mutant to wildtype genomes ("gene
shifting"), using pharmacological, molecular, or physiological
approachs. For instance, when grown in the presence of the ATPase
inhibitor oligomycin, cultured cells containing a mixture of both the
mutant pathogenic A8993G (responsible for Leigh syndrome) and the
wildtype 8993 alleles exhibit a significant increase in the wild-type
allele [95].

In patients with heteroplasmic mutations causing mitochondrial
myopathies, segregation of mutant and wild-type mtDNAs has been
reported in the skeletal muscle. In such patients, mutant mtDNAs
predominate in mature myofibers but are rarely detectable in skeletal
muscle satellite cells [96-97]. This pattern presumably reflects the
loss of the mutation by random genetic drift in mitotically active
tissues and the proliferation of mitochondria containing the mutant
mtDNA in postmitotic cells. Satellite cells are dormant myoblasts that
can be stimulated to reenter the cell cycle and form regenerated
muscle by fusing with existing myofibers in response to signals for
muscle growth and repair or following necrosis. The mtDNA
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genotype in mature myofibers from a patient with mitochondrial myo-
pathy was examined after enhancing the incorporation of satellite
cells by regenerative growth induced by resistance exercise training.
A marked increase in the ratio of wild-type to mutant mtDNAs was
found in muscle fibers with normal respiratory chain activity after a
short period of exercise training [98]. Other studies have similarly
demonstrated that by inducing localized muscle necrosis, muscle
regeneration is stimulated along with the activation of endogenous
satellite cell growth into myofibers, resulting in barely detectable
levels of mutant mtDNA alleles, where previously they had been in
excess, and restoring normal myogenic mitochondrial function [96]. It
remains to be seen how this approach might be adapted in effectively
treating specific cardiac mtDNA defects and mitochondrial dys-
function.

An alternative delivery system for nucleic acids into mitochondria
involves the use of peptide nucleic acids (PNA) [99]. Initial ex-
periments employed PNA as a selective antisense inhibitor to target
the replication of a pathogenic mtDNA allele in vitro [100]. De-
creased in vitro replication of the mutant nt 8344 allele for MERRF
could be achieved using a PNA construct containing a short synthetic
oligonucleotide complementary to the MERRF mutation, mimicking a
shift in allele heteroplasmy observed in a MERRF patient. In this
study, however, a PNA-induced gene shift in the extent of allele
heteroplasmy could not be demonstrated in cultured cells. The
difficulties associated with mitochondrial uptake of nucleic acids in
living cells have been more recently surmounted by the addition of a
mitochondrial-targeting leader peptide to the PNA-oligonucleotide
molecule, and the introduction of the PNA-oligonucleotide construct
in cationic liposomes [101-102] and, even more effectively, with
cationic polyethylenimine (PEI) [103]. The latter approach success-
fully allowed the import of PNA-oligonucleotides into the mitochon-
drial matrix of living cultured cells or isolated mitochondria, a critical
step in potential mitochondrial gene-specific therapy. An analogous
mitochondrial-specific delivery system has been developed using
DQAsomes, liposome-like vesicles formed in aqueous medium from a
dicationic amphiphile called dequalinium [104]. These DQAsomes
can bind DNA (as well as drugs), are able to transfect cells with a
high efficiency, and selectively accumulate in mitochondria releasing
their load [105-106]. Moreover, in addition to PNA-oligonucleotides,
plasmid DNAs can be incorporated and condensed within the
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DQAsomes and exclusively delivered to the mitochondrial compart-
ment [105].

Targeting mitochondria using bioactive compounds

The selective delivery of a variety of compounds (e.g., antiapoptotic
drugs, antioxidants, and proton uncouplers) to the mitochondria can
be envisaged as playing a fundamental role in the treatment of a
number of mitochondrial-based disorders with cardiac involvement.
The previously mentioned DQAsome has been shown to deliver drugs
that trigger apoptosis to mitochondria and inhibit carcinoma growth in
mice [105]. A synthetic ubiquinone analog (termed mitoQ) has been
selectively targeted to mitochondria by the addition of a lipophilic
triphenylphosphate cation [107]. These positively charged lipophilic
molecules rapidly permeate the lipid bilayers and accumulate at high
levels within negatively charged energized mitochondria [108].
Significant doses of these bioactive compounds can be administered
safely by mouth to mice over long periods of time and accumulate
within most organs, including the heart and brain. The incorporation
of mitoQ within mitochondria can prevent apoptotic cell death and
caspase activation induced by H2O2 (in isolated Jurkat cells) and can
function as a potent antioxidant, preventing lipid peroxidation and
protecting the mitochondria from oxidative damage. This procedure
of targeting bioactive molecules to mitochondria can be adapted to
other neutral bioactive molecules, offering a potential vehicle for
testing other mitochondrial-specific therapies. For instance, synthetic
peptide antioxidants containing dimethyltyrosine, which are cell-
permeable and concentrate 1,000-fold in the mitochondria, can reduce
intracellular ROS and cell death in a cell model. In ischemic hearts,
these peptides potently improved contractile force in an ex vivo heart
model [109].

The successful incorporation into the mitochondrial matrix of ano-
ther modified antioxidant, a synthetic analog of vitamin E (MitoVitE),
reduces mitochondrial lipid peroxidation and protein damage and can
accumulate after oral administration at therapeutic concentrations
within the cardiac tissue [108]. This methodology has been recently
extended to develop of a thiol-specific indicator (containing a
conjugated lipophilic cation) capable of quantitative labeling and
assessment of mitochondrial cysteines and gauging the precise redox



340 MITOCHONDRIA AND THE HEART

state of individual mitochondrial proteins in response to oxidative
stress and cell death [110].
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Chapter 12

Future Frontiers in Mitochondrial Cardiac
Biology

Overview

New discoveries in molecular genetic technology are beginning to be
applied in cardiology arising from chromosomal mapping and identi-
fication of genes involved in both the primary etiology and as signi-
ficant risk factors in the development of cardiac and vascular abnor-
malities. Novel technologies are being developed in animal models,
while others are currently being evaluated in early clinical trials.

Genes and proteins involved in the regulation of cardiovascular
physiology and in cardiac disease are being intensively studied.
In this chapter, we discuss future frontiers in mitochondrial medicine,
including the potential use of cell engineering (e.g., stem cell trans-
plantation) in mitochondrial-based cardiac pathologies, the applica-
tion of new technologies (e.g., pharmacogenetics and proteomics),
and the critical issues that these technologies raise.

Introduction

Despite evidence that mitochondria play a significant role in the
maintenance of normal cardiac function and in cardiac pathology,
fundamental questions remain unanswered regarding the underlying
molecular and biochemical mechanisms involved, and ways this
information can be used in improving clinical diagnosis and
treatment. To address these often difficult questions, a number of
emerging technologies are being recruited, some tested only in animal
models and others being investigated in early clinical trials. Novel
approaches using molecular genetic and cytogenetic technology to
identify genes and proteins involved in cardiovascular regulation and
cardiac diseases are presented in this chapter. Also, critical issues
regarding data management and standardization, ethical concerns
raised by using this novel technology, and the overall availability of
research findings in this important field are addressed.
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Figure 12.1. Human chromosomal map of inherited cardiovascular disorders.
Disorders and affected genes are localized on ideograms of each of the human
chromosomes. These include ACE, angiotensin-converting enzyme; AD-DCM,
autosomal dominant dilated cardiomyopathy; AF, familial atrial fibrillation; APOE,
apolipoprotein E; ARVD, arrhythmogenic right ventricular dysplasia; AVSD,
atrioventricular septal defect; a-GLU, a-glucosidase; a MHC, a-myosin heavy
chain; a TM, a-tropomyosin; fi ADR, fi adrenergic receptor; fi MHC, fi-myosin
heavy chain; CACT, carnitine-acylcarnitine translocase; CPTII, carnitine palmi-
toyltransferase II; S- SGC, 8 -sarcoglycan; DCM, dilated cardiomyopathy; DMPK,
myotonin protein kinase; FRDA, Friedreich's ataxia; GLA, a galactosidase; HCM,
hypertrophic cardiomyopathy; HERG, human ether-a-go-go related gene; HOS,
Holt-Oram syndrome; JAG1, jagged-1; KCNE1, potassium channel, voltage-gated,
Isk-related subfamily member 1; KCNE2, potassium channel, voltage-gated, Isk-
related subfamily member 2; KVLQT1, potassium voltage-gated long QT syndrome
1 channel; LQT, long QT syndrome; MMD, myotonic muscular dystrophy; MMP9,
matrix metalloproteinase 9; MTP, mitochondrial trifunctional protein; MYBPC,
myosin-binding protein C; MYL2, regulatory ventricular myosin light chain; MYL3,
essential ventricular myosin light chain; NDUFS2, complex I subunit; OCTN2,
organic cation carnitine transporter 2; PDA, patent ductus arteriosus/Char
syndrome; PPH, primary pulmonary hypertension; PPKAy2, AMP-activatedprotein
kinase gamma 2; PTPN11, protein tyrosine phosphatase; RYR2, ryanodine receptor
2; SCO2, synthesis of cytochrome c oxidase (COX assembly protein); SCN5A,
sodium channel, voltage-gated, type V, a polypeptide; SVAS, supravalvular aortic
stenosis; TBXI, T-box 1 transcription factor; TBX5, T-box 5 transcription factor;
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TFAP2B, transcription factor of the AP-2 family; TNNT2, cardiac troponin T;
TNN13, cardiac troponin I; TTN, titin; VCFS/DG, velocardiofacial
syndrome/DiGeorge; WPW, Wo Iff-Par kins on-White syndrome; X-DCM, X-linked
dilated cardiomyopathy.

Disease gene identification: Diagnostic application

Breakthroughs in molecular genetic technology have just begun to be
applied in cardiology stemming from the use of chromosomal
mapping and the identification of genes involved in the primary
etiology and as significant risk factors in the development of cardiac
and vascular abnormalities. Specific genetic and molecular factors
have been linked to congenital heart defects (CHD) and cardiac
arrhythmias allowing their identification on the human chromosome
map and provide a valuable opportunity for improved genetic
diagnostics and future gene therapy of cardiovascular disease (CVD)
(Figure 12.1).

Many of the nuclear gene defects implicated in cardiomyopathies
were originally mapped by linkage analyses in affected families,
allowing the subsequent identification of candidate genes (and mutant
alleles) by positional cloning and subsequent nucleotide sequence
analysis. A variety of molecular techniques including polymerase
chain reaction (PCR), restriction fragment length polymorphism
(RFLP), and single-strand conformation polymorphism (SSCP) have
been used in screening defective alleles from the proband and family
members to establish inheritance patterns. In most cases, detection of
novel nuclear mutations by itself is an immense undertaking involving
a comprehensive analysis of large and multiple coding regions
(exons) of 1, if not more, candidate genes, an undertaking less
problematic with the shorter, intron-less mtDNA genes. Moreover, in
the relatively well-characterized cases of familial HCM gene
screening, the consensus experience has been that each specific
HCM-causing mutation is rare, challenging the view of common
mutations since most families have "private" or novel mutations [1].
While somewhat true of mtDNA mutations, molecular "hotspots"
(e.g., tRNALeu and cyib genes) appear to be more likely affected in
mitochondrial cardiomyopathies [2]. The correlation of the clinical
course and prognosis with specific mutations has often proved
informative with nuclear gene mutations. For instance, specific B-
MHC mutations in HCM are associated with a high incidence of
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sudden death, whereas other mutations are associated with a better
prognosis. In contrast, specific mtDNA gene mutations are more
frequently associated with variable clinical phenotypes and modifying
nuclear factors influencing the expression of pathogenic alleles have
often been proposed as discussed below.

Recent advances in the detection of pathogenic mutations providing
improved sensitivity and speed by applying high-throughput
analytical techniques such as denaturing high-performance liquid
chromatography (DHPLC) or capillary array electrophoresis will
further advance the use of molecular genetic analysis in clinical and
preclinical diagnosis [3]. Moreover, the availability of gene chip tech-
nology may allow in the near future, not only the automated and rapid
screening of mtDNA and nuclear gene mutations from clinical
samples but also the assessment of their impact on specific
myocardial gene expression.

Modifying Factors, Epigenetics, and SNPs

Genetic heterogeneity and intrafamilial variability have also made
difficult the precise molecular elucidation of many cardiac defects, as
well as the correlation of genotype with cardiac phenotype. As noted
above, these difficulties may arise from the involvement of undefined
multifactorial or polygenic factors that contribute to the expression of
specific cardiac gene defect(s), as well as to a variety of epigenetic or
acquired influences. Progress is gradually being made in defining
these polygenic and epigenetic factors, a number of which have
proved amenable to molecular analysis. Modifications of nuclear
DNA and its nuclear environment (i.e., chromatin) may be a
significant factor in the expression of cardiovascular diseases.
Epigenetic alterations in chromatin (e.g., histone acetylation) have
been directly implicated in the modulation of myocardial gene
expression in the progression of cardiac disorders, including cardiac
hypertrophy, and can play a contributory role in modulating the
heart's responses to physiological insult [4-5]. Another key epi-
genetic mechanism involves the methylation of cytosine residues in
DNA that has been implicated in genomic imprinting, gene inact-
ivation or silencing, and changes in chromatin structure and genome
stability [6]. It is well established that a major mechanism for gene
expression down-regulation involves the methylation of a cytosine-
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and guanosine-rich area termed the CpG island, often located within
the promoter region of genes [7]. While there has been limited
systematic study addressing the relationship of DNA methylation to
the expression of cardiac genes, either during myocardial develop-
ment, normal physiological transition, or during cardiac disease, a
number of pivotal cardiac genes whose aberrant function can result in
cardiac disorders contain CpG islands and can be regulated by
methylation [8]. The stability and expression of the cardiac troponin
gene associated with cardiac contractility function (and with HCM
phenotype) is affected by cytosine methylation [9]. Recently, it was
demonstrated that the expression of the KVLQT1 gene involved in
cardiac membrane transport genes can be modulated by targeted DNA
methylation [10]. Notably, defects in this gene have been definitively
implicated in the etiology of long QT syndrome, cardiac arrhythmias,
and sudden cardiac death [11]. Moreover, the mtTFA gene associated
with mitochondrial biogenesis is also regulated by DNA methylation
[12]. The promoter of human mtTFA contains 67 CpG dinucleotides
localized at its NRF-1 binding site. In vitro methylation of the NRF-1
site by Hhal methylase abolished the mtTFA promoter activity up to
90%, implying that the CpG methylation of NRF-1 site inactivates
mtTFA promoter-driven transcriptional activity. The role of DNA
methylation in mitochondrial-based diseases awaits to be investigated.

High levels of homocysteine, an important risk factor associated
with CVD, have been correlated with decreased levels of DNA
methylation (or increased hypomethylation) [13]. DNA hypomethyla-
tion, associated with elevated levels of hyperacetylated and
decondensed chromatin due to decreased binding of methyl-sensitive
proteins (e.g., methyl CpG binding protein and histone deacetylase)
may allow specific regions of DNA to be more highly susceptible to
oxidative damage and DNA strand breakage. Increased homo-
cysteine-mediated DNA hypomethylation and associated alterations
in gene expression and chromatin structure may prove informative in
understanding the pathogenesis of diseases related to homocys-
teinemia including CVD.

There is evidence that the genetic background in which deleterious
mutations occur can significantly modulate their phenotypic expres-
sion. The presence of modifier genes in the genetic background that
influence the phenotypic expression and severity of pathogenic HCM
genes has been well established [14]. A number of maternally inheri-
ted disorders with variable penetrance, often restricted to single tissue
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expression, including LHON, mitochondrial nonsyndromic sensori-
neural hearing loss, and a form of mitochondrial HCM, have been
proposed to be caused by a primary homoplasmic mtDNA pathogenic
mutation acting in concert with a nuclear modifier, which can be a
common functional polymorphism in a tissue-specific protein,
possibly with mitochondrial location [15]. In this disease model, the
mtDNA mutation is necessary but not sufficient to induce the
pathology, whereas the nuclear modifier does not induce any
pathology per se but contributes to the pathogenic effect of the mito-
chondrial mutation.

The identification of modifier genes, which will markedly improve
the elucidation of genetic risk factors, has been assisted by large-scale
genome-wide approaches to identify polymorphic variants correlated
with disease severity. A list of genes with polymorphic variants
associated with cardiac and mitochondrial diseases is presented in
Table 12.1.

A large variety of molecular techniques are presently available for
the detection of single nucleotide polymorphisms (SNPs). SNPs
association studies have identified several candidate modifier genes
for various cardiac disorders [16]. A number of specific genetic
polymorphisms have been reported in association with myocardial
infarction, coronary artery disease, and HCM. With the increased
cataloging of SNPs either alone or within a larger chromosomal
region (haplotypes) in available shared databases, these modifier loci
can be evaluated for their effects in predisposing to specific cardiac
defects and may impact on the choice of diagnostic and treatment
options (e.g., pharmacogenetics). The analysis of SNPs in mtDNA has
also been recently reported in Parkinson's disease, nonsyndromic
hearing impairment, and LHON [17-19], but SNPS in mtDNA have
not yet been assessed in association with cardiac disease.

Understanding cardiovascular disease at the genomic level may e-
ventually allow for the more effective stratification of patient
subclasses, opening the door to a highly targeted and optimized
patient-specific therapy. The related fields of pharmacogenomics and
pharmacogenetics hold the promise of improved drug development
and the tailoring of drug therapy based on the individual's ability to
metabolize drugs that are determined only in part by age and
influenced by disease, environmental factors (e.g., diet), concurrent
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Table 12.1. Polymorphic variants associated with cardiac and
mitochondrial disease

Site Affected (loci)
ATP-cassette binding
protein (ABC or MDR)
Angiotensin converting
enzyme (ACE)
Apolipoprotein E
(APOE)
(3-adrenergic receptor
(ADR(3 1)

Cholesterol ester
transport protein
(CETP)
MinK related protein
(KCNE2/MiRPl)
Endothelin receptor A
(ETA)
Plasminogen-activator
inhibitor type 1 (PAI-1)
Stromelysin-1 (MMP-3)

mtDNA
T16189C inD-loop
t R N ALeu(CUN)

Normal Function
Lipid transport

Renin-angiotensin
regulator
Lipid transport

Neurohormone
receptor

Lipid transport

Potassium channel

Vasoregulator

Intravascular
fibrinolysis
Matrix
metalloproteinase

Not known
Protein synthesis

Associated Phenotype
Coronary artery disease

Coronary artery disease

Coronary artery disease

Cardiac arrhythmia;
acute myocardial
infarction
Coronary artery disease

Antibiotic-induced
cardiac arrhythmia
Idiopathic DCM

Myocardial infarction

Myocardial infarction;
angina

DCM
Cardiac conduction
defects

medications, and variable genetic factors specifying the transport,
metabolism, and targets of the drug [20]. A subset of the SNPs
identified in human genes (e.g., (3-adrenergic receptor and angiotensin
-converting enzyme) have been associated with substantial changes in
the metabolism or effects of medications used in treating cardiac
disease and may be informative in predicting the clinical response.
Individualizing therapy may be particularly critical in establishing
drug dosages and efficacy in children with cardiovascular disease, a
population for which pharmacokinetics has proven to be particularly
poorly defined and often unpredictable. Therefore, both immuno-
logical and genetic phenotyping of patients may provide a more ef-
fective therapeutic strategy, either by inhibiting or stimulating specific
responses.
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By utilizing a genome-wide analysis of cardiovascular disorders, a
larger net can be cast for detecting associated disease-related
mutations. Recent methodological advances have made it possible to
simultaneously assess the entire profile of expressed genes in affected
myocardium, requiring only a very limited amount of tissue usually
collected by endomyocardial biopsy. Gene expression profiling, to
comprehensively evaluate which genes are increased and which are
decreased in expression, can be achieved by several methods,
including DNA microarrays (DNA chips), serial analysis of gene
expression (SAGE), differential display, and subtractive hybridiza-
tion. Despite cautions regarding its use, rigorously performed DNA
microarray analysis has been a highly informative tool in establishing
the pathophysiological features of disease states such as myocardial
hypertrophy [21], myocardial infarct [22], DCM [23], and HF [24-
26], Gene expression profiling (also termed transcriptome analysis)
has also been examined in preconditioning models [27] in studies of
early cardiac morphogenesis and developmeijt [28], and has been
applied both in clinical diagnosis and in the evaluation of patients'
response to therapy [29-30], Recognition of the limitations inherent
in transcriptome analysis (e.g., gene regulation occurs at levels other
than transcription, and that altered transcription is not always related
to phenotype changes or to altered protein synthesis) underscores the
need for other complementary approaches (e.g., proteomic analysis)
to gain a more complete understanding of complex cardiac disorders.

The association of defective genes with cardiac disorders uncovered
by genomic analysis can be followed by proteomic analysis to
establish the function and pathophysiological role played by the
mutant protein and also to reveal interacting modulators. There are
approximately 1,000 to 2,000 proteins constituting the human
mitochondrial proteome [31]. Given the high hydrophobicity of many
of its peptides, proteomic analysis of mitochondria is particularly
challenging as is distinguishing mitochondrial proteins from closely
related cytosolic isoforms and from contaminants present in the
mitochondrial preparations.

As previously noted, most of the proteins imported into the mito-
chondrial organelle contain characteristic targeting sequences usually
localized at the N-terminus. The alternative subcellular targeting of
mitochondrial proteins can be accomplished by a variety of regulatory
mechanisms to achieve differential expression of specific targeting
signals of the protein isoforms, including variable transcription (using
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different initiation sites), mRNA splicing, and translational and post-
translational modifications. In a recent survey of 31 proteins that
localize to both mitochondria and other cytosolic compartments, the
majority of proteins examined appear to employ a combination of
regulatory mechanisms [32].

Recently, proteomic analysis of human cardiac mitochondria was
carried out using sucrose-gradient centrifugation of detergent-solubi-
lized mitochondria followed by 1-dimensional PAGE. Subsequent
detection by mass spectrometry, tryptic peptide finger-printing, and
rigorous bioinformatic analysis yielded a total of 615 distinct protein
identifications, of which 20% had unknown biochemical function
[33]. The human heart proteome has also been characterized using
multidimensional liquid chromatography coupled with tandem mass
spectrometry [34]. Other researchers have used 2-dimensional PAGE
analysis of the mitochondrial proteome; however, this approach
provides a limited analysis of very hydrophobic proteins due to their
precipitation during first-dimension isoelectric focusing, the frequent
underassessment of mitochondrial peptides with lower molecular
mass, as well as the loss of functional analysis. An alternative method
employs blue-native (BN) electrophoresis in the first-dimension, in
which proteins are maintained in their native state and can be assessed
for function, followed by denaturing SDS-PAGE coupled to tryptic
peptide fingerprinting, using matrix-assisted laser desorption/ ioni-
zation-time of flight mass spectrometry [35]. These techniques have
also been recently adapted for the identification of a subset of mito-
chondrial proteins containing posttranslational modifications (e.g.,
phosphorylation and thiol-reactive oxidation) [36]. Changes in the
cardiac mitochondrial proteome have also recently been examined in
response to oxidative stress [37] and in hearts deficient in creatine
kinase [38]. A recent combined analysis of the mitochondrial pro-
teome and RNA expression has also proved informative in gene
identification and mitochondrial biogenesis [39].

There is also increasing interest in establishing WEB accessible
resources for sharing the enormous volume of data emerging from
mitochondrial proteomic studies as well as in the generation of
reference and data standards, to ensure data reproducibility and
validity and to assist in data interpretation [40]. These databases
include a large range of relevant information about the source of the
proteins, including organism, tissue, disease/physiological state, age,
gender, genetic variation (transgenic or knockout), and cell type.
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Once the implicated genes and their gene products have been fully
identified, sequence and subsequent bioinformatic analysis can be
employed to identify common structural and functional motifs and
homologies with known proteins. Again, the availability of accessible
searchable resources for data comparison has greatly contributed to
the task of assigning function to proteins. Functional protein-protein
interactions can also be further determined by the use of yeast 2-hy-
brid analysis. Thus far, this type of analysis has been advantageously
used to delineate critical interactions between Bax and ANT proteins
in the mitochondrial apoptosis pathway [41], interaction of membrane
proteins (TIM50, TIM23) in the mitochondrial protein import
mechanism [42], identification of mitochondrial protein kinase A
anchoring proteins [43], and mitochondrial signal transducer interac-
tion [44]. Two-hybrid analysis has also been useful in understanding
the synergistic interactions of transcription factors NKX2.5 and TBX5
in early cardiac development [45]. Information derived from pro-
teomic and functional analyses (e.g., protein-protein interaction) can
be incorporated into a rational design of drugs to treat myocardium
damaged by mitochondrial oxidative stress and congenital heart
defects [46].

Animal models of mitochondrial-based heart
disease

One of the most exciting and successful tools to evaluate specific
gene dysfunction and mitochondrial-based heart disease has been
transgenic animals. The availability of animal models with
mitochondrial-based cardiac disease has been extremely useful in
highlighting the multiple pathways that (if perturbed) can lead to
dysfunction in the human heart and in the identification of potential
targets for future drug and gene therapies and can also serve as a
critical substrate for directly testing novel treatment strategies
[47-48]. As has been noted at several points throughout this book,
null mutations in a number of nuclear-encoded genes involved in
mitochondrial metabolic function can lead to cardiac dysfunction in
transgenic mice (listed in Table 12.2). Unfortunately, null mutations
that are easily generated in mice have not yet been generated in other
rodents and animal species (e.g., rat, dog and pig). However, data
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from studies from a variety of organisms utilizing overexpression of
specific genes have proved informative in delineating genes and
pathways mediating regulation of cardiac function and onset of CVD.

Table 12.2. Transgenic models of mitochondrial-based CVD

Gene Loci

Nuclear gene knockouts

Adenine nucleolide
translocator (ANT1)
Mn superoxide
dismutase (SOD2)
Heart-specific mtTFA

Frataxin
Long-chain acyl-CoA
dehydrogenase
(LCAD)
Mitochondrial
trifunctional protein
alpha subunit (MTPoc)
Very long-chain acyl-
CoA dehydrogenase
(VLCAD)
RXRoc

MEF2A

Mitochondrial DNA
Chloramphenicol
resistance (CAPR)

4.7 kb deletion

Cardiac Phenotype

Cardiomyopathy and defective
coupled respiration
DCM and SOD deficiency

DCM and conduction defects;
mtDNA depletion, ETC defects
HCM; ETC defect; Fe-S deposits
Cardiomyopathy and sudden
death; impaired FAO

Cardiac necrosis and sudden
death; lipid accumulation with
impaired FAO
Increased ventricular tachycardia;
lipid and mitochondrial
accumulation
Embryonic HF with defects in
ETC, and ATP levels; increased
mitochondrial number
DCM and sudden death; severe
mitochondrial disorganization and
dysfunction

DCM and perinatal death

Cardiomyopathy and ETC defects

Ref
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Recent studies have begun to achieve the introduction and replace-
ment of mtDNA in animal models. Recent successes with the
allotopic strategy, described in Chapter 11, in which normal mito-
chondrial protein is expressed by nuclear-genetic engineering, have
enabled the correction of specific mitochondrial genetic and
enzymatic deficiencies [60-61]. However, there are limitations in the
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repertoire of mitochondrial genes that can be functionally replaced in
mammalian cells by allotopic expression [62].

Given the systemic nature of many mtDNA defects, a major obsta-
cle remains in how to deliver an effective agent (e.g., functional gene
or gene product) throughout the cells of a living organism for
repair/therapy [63]. Strategies to address this problem include the
transplant of healthy mitochondria into the germ line. This can be
achieved by transfer of a nucleus from a fertilized oocyte to a healthy
donor cytoplast. Several techniques have been used to successfully
introduce genetically distinct mtDNA molecules into the mouse
female germ line. Heteroplasmic mice have been created by the fusion
of cytoplasts generated from mouse ova with single zygotes [64] by
fusion of a zygote nucleus and a portion of the oocyte cytoplasm with
enucleated eggs [65], and by the microinjection of somatic cell
mitochondria from one species of mice into zygotes of another
species generating xenocybrids [66]. The fusion of cytoplasts hetero-
plasmic for a 4,696-bp mtDNA deletion to pronucleus-stage zygotes
has also been used to generate the first mouse model of mtDNA
disease [59], including the development of cardiomyopathy. The
fusion of cytoplasts to undifferentiated mouse female embryonic stem
(ES) cells has also been used to introduce a well-characterized mouse
mtDNA mutation, the mouse 16S rRNA mutation resulting in
chloramphenicol resistance (CAPR) into the mouse female germ line
[58, 67]. Mice homoplasmic for the CAPR mutation exhibited
myopathy, DCM, and perinatal or in utero lethality, validating the ES
cell approach to produce transmitochondrial mice. More recently, the
strategy of xenocybrid transfer of mitochondria by cytoplast fusion,
combined with the use of mtDNA-depleted ES cells, enabled the
generation of transmitochondrial mice with germ-line transmission of
homoplasmic mitochondria containing the introduced alleles [68].

The use of transmitochondrial oocytes in human studies has a limit-
ed but controversial history. Ooplasmic transplantation has been
reported in several studies in conjunction with in vitro fertilization
clinics [69-70]. In these studies, the addition of a small amount of
injected ooplasm, derived from fertile donor oocytes, into develop-
mentally compromised oocytes from patients with recurrent pre-
implantation failure was reported to enhance embryo viability and led
to the birth of 15 children. The mtDNA from the donor as well as the
recipient cell mtDNA were found to be present in blood of the child
emerging from the transplanted oocyte at 1 year of age. Excluding the
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numerous ethical considerations provoked by this first case of human
germ-line genetic modification, several cautions have been raised by
these studies, including the potential for long-term harm in
chromosomal segregation and aberrant division, predicted by similar
studies conducted in lower organisms, and epigenetic influences of
foreign cytoplasm demonstrated in numerous studies of cytoplasmic
transfer in mice [71]. In fact, 2 of the 15 pregnancies resulted in
unexpected chromosomal abnormalities, including Turner syndrome.
The long-term deleterious influence of heteroplasmic mtDNA has
also been considered as a potential problem in this technique [72]. If
we are to fully appreciate the outcomes associated with embryo
manipulation, then extensive investigations with animal models that
incorporate genetic, biochemical, and physiological analyses are
mandated, accompanied by clinical monitoring, to demonstrate the
suitability of these techniques for human use.

In patients with mitochondrial disease due to specific mtDNA de-
fects, recommendations have been formulated regarding the use of
prenatal diagnosis, including preimplantation diagnosis and chorionic
villus sampling [73]. Prenatal diagnosis of defects such as Mendelian
defects and syndromes caused by mutations at nt 8993 appear to be
more reliable than with other maternally inherited defects, in which
there is little correlation between phenotype and the amount of mutant
allele (mutant load).

Cellular engineering

Recently, there has been intense interest in the use of cell trans-
plantation to treat myocardial damage via cardiac transplantation and
cell repair. This represents a daunting challenge, since it has been
estimated that millions of cardiac cells would be required to
repopulate and repair a single damaged human heart.

One promising new therapeutic technique for the augmentation and
regeneration of myocardium is the use of cellular cardiomyoplasty,
involving transplantation of autologous skeletal myoblasts into
injured myocardium. Reports from both animal and clinical
investigations indicate that skeletal myoblasts grafted into infarcted
myocardium survive, can generate new myocytes and improve
myocardial performance [74-75]. However, studies have also shown
that electromechanical coupling between grafted myogenic cells and
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host cells is lacking with this approach [76],
Another approach involves the introduction of undifferentiated adult

stem cells of hematopoietic origin that also can successfully engraft in
damaged myocardium and improve cardiac performance. This has
been shown with purified mesenchymal and bone marrow cells
[77-82]. A number of these studies have reported that some degree of
cardiomyogenic differentiation and developmental plasticity, involv-
ing the transplanted stem cells, is present at the sites of damage,
although the mechanism for the phenotypic improvement resulting
from transplant of these extracardiac stem cells (whether involving
transdetermination or cell fusion events) remains highly controversial
[83-84]. Studies are underway to investigate and enhance the
efficiency of the transplanted cell's homing to the site of injury and
the differentiation process they undergo as well as to gauge the
overall stability and functioning of the transplanted cells in the
myocardial environment. Long-term studies of cardiac repair with
transplanted hematopoietic cells have revealed that the newly formed
myocytes do not fully acquire adult cardiomyocyte characteristics
(e.g., size) and are subject to increased apoptosis over time, leading to
concerns with their long-term efficacy in cardiac repair [84],

Stem-cell-derived cardiomyocytes can be obtained from embryonic
stem (ES) cells derived from the inner cell mass of the embryonic
blastocyst. These cells can still divide and can be expanded in culture
and differentiate into different cardiac muscle cells (i.e., atrial,
ventricular, and pacemaker) [85]. After transplantation into damaged
myocardium in mice, they formed stable grafts and survived for at
least 7 weeks. The selection of ES cells has to be performed with care
to prevent teratoma formation, which can originate from single undif-
ferentiated cells attached to the transferred cells. Moreover, their
transfer is allogenic, making immunosuppression necessary. Also, ES
cells can act as an unanticipated arrhythmogenic source after
intramyocardial transplantation [86]. While the use of ES cells has
also shown encouraging preliminarily results in mediating myocardial
injury repair [87-88], there are significant ethical, legal, and
distribution issues with their use that will have to be surmounted. The
promising developmental plasticity of adult stem cells revealed by
numerous studies may allow circumvention of the ethical and
availability issues associated with the ES cell approach. Recently, a
subpopulation of adult cardiac cells with stem-cell-like properties has
been identified, recruited, and transplanted to a site of myocardial
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ischemic injury and shown to fully reconstitute well-differentiated
myocardium, differentiating into both cardiomyocytes and new blood
vessels [89-90].

A brief comparison of the advantages and limitations of the cell
types presently used in cardiac transplantation is shown in Table 12.3.
While no clear-cut choice has yet emerged as to the cell type to trans-
plant in myocardial repair, there is reason to think that this will be a
fruitful area of research, that may result in exciting therapies in the
years to come.

Applications of stem cells in treating mitochondrial defects
and toxicology

Presently, information concerning mitochondrial structure and
function in ES cells is limited, and the use of ES cell therapy has not
been applied to treating cardiac diseases with extensive mitochondrial
enzyme or DNA (in particular, mtDNA) abnormalities or for the test-
ing of mitochondrial-based cardiotoxicity.

As we have previously noted, a subset of cardiac disorders, with a
pronounced mitochondrial-based cytopathy and bioenergetic dys-
function, has a genetic basis due to either defects in mtDNA or
nuclear DNA [2]. Recently, it has been .proposed to introduce
mtDNA-repaired ES cells into a patient harboring a pathogenic
mtDNA mutation, thereby potentially transforming a diseased myo-
cardium into a healthy one [91]. The mtDNA-repaired cell can be
derived from the patient's own cells, whose endogenous defective
mtDNA genome has been entirely eliminated by treatment with
ethidium bromide and replaced by entirely wild-type mtDNA genes.
In a similar vein, treatment of a patient's nuclear DNA defects would
involve either specific genetic replacement (site-specific homologous
recombination can be readily undertaken in ES cells), or if the precise
site of the nuclear defect is not known, by replacing the entire nucleus
of the patient with a wild-type nucleus. In the near future, ES cell
therapy may be used in treating mitochondrial-based cardiac diseases.
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Table 12.3. Advantages and limitations of specific cell types in
cell transplantation for the treatment of CVD

Cell Type
Skeletal
myoblast

Adult stem
cells:
Mesenchymal/
bone marrow

Cardiac stem
cells

Embryonic
stem cells

Advantages
1. Cells proliferate in vitro
(allowing for autologous
transplant)
2. Ischemia-resistant
3. Transplanted myoblasts can
differentiate into slow-twitch
myocytes enabling cellular
cardiomyoplasty.
4. Reduces progressive
ventricular dilatation
1. Pluripotent stem cells can
develop into cardiomyocytes.
2. Stem cells are easy to isolate
and grow well in culture.
3. Neovascularization can also
occur at site of myocardial scar,
which may diminish ischemia.
4. Can improve myocardial
contractile function
5. Autologous transplantation
possible requiring no immune-
suppression treatment
1. Recognition of myocardial
growth factors and recruitment
to myocardium are likely faster
and more efficient than other
cell types
2. In vivo electrical coupling
of transplanted cells to existing
myocardium
1. Easy propagation and well-
defined cardiomyocyte
differentiation process
2. Pluripotent

Limitations
1. Likely do not
develop new
cardiomyocytes
in vivo
2. Electrical coupling to
surrounding myocardial
cells is poor
3. Long-term stability
of differentiated
phenotype is unknown.
1. New program of
cell-differentiation is
required.
2. Efficiency of
differentiation into
adult cardiomyocytes
appears limited.

1. Poor cell growth in
vitro
2. Transplanted cells
are very sensitive to
ischemic insult and
apoptotic cell death.

1. Potential for tumor
formation and immune
rejection
2. Arrhythmogenic
potential
3. Incomplete response
to physiological stimuli
4. Difficult to isolate
5. Ethical objections
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Pharmacological testing and appraisal of drugs with potential
cardiotoxicity can be carried out using stem cells [92-94]]. As an
alternative to in vivo studies, a test utilizing differentiation of ES cell
into cardiomyocytes (to test chemical toxicity in vitro) has been
developed. Retinoic acid was strongly embryotoxic inhibiting cardiac
cell differentiation at very low concentrations (several orders of
magnitude), compared to the levels needed to exert cytotoxic effects
on the viability of the ES cells [94].
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GLOSSARY

AAV Adeno-associated virus. A defective human parvovirus with
potential as a vector for human gene therapy of cardiovascular
disorders.
acetyl -CoA Small water-soluble molecule that carries acetyl groups
linked to coenzyme A (CoA) by a thioester bond.
ANT Adenine nucleotide translocator. A mitochondrial inner
membrane carrier protein of ADP and ATP and part of the PT pore.
AIF Apoptosis-inducing factor. Released from mitochondrial
intermembrane space in early apoptosis and subsequently involved in
nuclear DNA fragmentation.
ADP Adenosine diphosphate.
allele One of several alternate forms of a single gene occupying a
given locus on a chromosome or mtDNA.
allotopic expression Alternative method of mitochondrial gene
therapy in which a mitochondrial gene is reengineered for expression
from the nucleus and targeting its translation product to the
mitochondria.
amphipathic Molecule with distinct hydrophobic and hydrophilic
domains (e.g., phospholipids and detergents).
amplification Generation of many copies of a specific region of
DNA.
antimycin A Specific inhibitor of complex III activity.
antisense RNA RNA complementary to a specific transcript of a
gene that can hybridize to the specific RNA and block its function.
ASO Antisense oligonucleotides. These short, synthetic DNA
molecules can reduce specific gene expression by acting either
directly or as decoys of transcription factors.
APC Anesthetic preconditioning.
apoptosis Programmed cell death.
apoptosome Cytosolic complex involved in the activation of
apoptotic caspases.
ATP Adenosine triphosphate.
atractyloside Inhibitor of the adenine nucleotide translocator.
AZT Zidovudine. Used to treat AIDS. An inhibitor of DNA
polymerase that can cause mtDNA depletion.
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BER Base excision repair. DNA repair in which a missing or
damaged base on a single strand is recognized, excised, and replaced
in the duplex by synthesizing a sequence complementary to the
remaining strand.
bilayer Arrangement of phospholipids in biological membranes.
biolistic transformation Method of introducing DNA into cells
using highly accelerated DNA-coated metal particles.
bp Base pairs.
BMDC Bone-marrow-derived cells.
CAPR Resistance to the antibiotic chloramphenicol.
cardiolipin Anionic phospholipid located primarily in the
mitochondrial inner membrane.
carnitine Carrier molecule involved in the transport of long-chain
fatty acids into the mitochondria for (3-FAO.
caspases Intracellular cysteine proteases activated during apoptosis
that cleave substrates at their aspartic acid residues.
CCCP Carbonyl cyanide m-chlorophenyl hydrazone. A potent
uncoupler.
cDNA Complementary DNA. DNA fragment that is synthesized
from the mRNA strand by reverse transcriptase. This DNA copy of a
mature mRNA lacks the introns that are present in the genomic DNA.
cDNA library Collection of cDNAs synthesized from the mRNA of
an organism cloned into a vector.
cell fusion Fusion of two somatic cells creating a hybrid cell.
chaperone Protein that assists in the proper folding and assembly
into larger complexes of unfolded or misfolded proteins.
chemiosmotic coupling Mechanism in which a gradient of
hydrogen ions (pH gradient) across a membrane is used to drive an
energy-requiring process such as ATP production (e.g., oxidative
phosphorylation).
chromatin The complex of DNA and histone and nonhistone
proteins found in the nucleus of a eukaryotic cell that constitutes the
chromosomes.
cis-acting elements DNA sequences that affect the expression of
genes only on the molecule of DNA where they reside; not protein
encoding.
CK Creatine kinase. Both mitochondrial and cytosolic isoforms of
this enzyme that catalyzes the reversible phosphorylation of creatine
by ATP to form the high-energy compound phosphocreatine.
codon A 3-nucleotide sequence in mRNA specifying a unique amino
acid.
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codon A 3-nucleotide sequence in mRNA specifying a unique amino
acid.
complex I NADH-ubiquinone oxidoreductase.
complex II Succinate CoQ oxidoreductase.
complex III CoQ-cytochrome c oxidoreductase.
complex IV Cytochrome c oxidase.
complex V Oligomycin-sensitive ATP synthase. Also termed Fo-Fi
ATPase.
CoQ Coenzyme Q (also ubiquinone). Electron carrier and
antioxidant.
COX Cytochrome c oxidase (complex IV).
CP Cardioprotection.
CPEO Chronic progressive external ophthalmoplegia.
CPT-I Carnitine palmitoyltransferase I.
CPT-II Carnitine palmitoyltransferase II.
CpG islands: GC-rich regions of DNA often found in promoter
regions.
cristae Folding of inner mitochondrial membrane to enlarge the
surface area.
CsA Cyclosporin A. An inhibitor of PT pore opening.
CyP-D Cyclophilin D. CsA-binding matrix protein component of the
PT pore
cybrid Hybrid cell created by the fusion of an enucleated with a
nucleated cell. The enucleated cell typically contributes the
mitochondria, whereas the nucleated cell may or may not have
mtDNA.
cytochrome A family of proteins that contain heme as a
prosthetic group involved in electron transfer and identifiable by their
absorption spectra.
cytoplast Cell devoid of nuclei used in the generation of
transmitochondrial cybrids.
CVD Cardiovascular disease.
DCCD Dicyclohexylcarbodiimide. An inhibitor of mitochondrial
oligomycin-sensitive ATPase binding covalently to the c subunit
blocking proton transfer.
doxorubicin Also called adriamycin. Used to treat leukemia but also
causes extensive mitochondrial defects and induces cardiomyopathy.
dexrazoxane Antioxidant that prevents site Fe-based oxidative
damage by chelating free iron; provides clinical cardioprotection
against doxorubicin-induced oxidative damage.
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D loop Noncoding regulatory region of mtDNA involved in
controlling its replication and transcription.
DQAsomes Liposome-like vesicles formed in aqueous medium with
a dicationic amphiphile dequalinium used as a mitochondrial-specific
delivery system for gene therapy.
DCM Dilated cardiomyopathy.
DCA Dichloroacetate. By inhibiting PDH kinase, DCA stimulates
PDH, promoting aerobic oxidation and reducing lactic acidosis.
DNP Dinitrophenol; uncoupling agent.
differential display Technique used to identify genes that are
differentially expressed; RNA from the samples being compared is
reverse transcribed, and the cDNA is further amplified using random
primers. Genes that are differentially expressed in the chosen samples
can be identified by electrophoresis.
electroporation Method to transfect cells with either exogenous
genes or proteins using electrical field.
epigenetic Acquired and reversible modification of genetic material
(e.g., methylation).
ETC Electron transport chain. A series of complexes in the
mitochondrial inner membrane to conduct electrons from the
oxidation of NADH and succinate to oxygen.
ER Endoplasmic reticulum. A membrane-bound cytosolic
compartment where lipids and membrane-bound proteins are
synthesized.
ERK Extracellular regulated kinase.
ES Embryonic stem cell.
EST Expressed sequence tags.
exon Segment of a gene that remains after the splicing of the
primary RNA transcript and contains the coding sequences as well as
5' and 3 untranslated regions.
expression vector A vector that contains elements necessary for
high-level and accurate transcription and translation of an inserted
cDNA in a particular host or tissue.
FAD Flavin adenine dinucleotide. Common coenzyme of
dehydrogenases; in the ETC, FAD is covalently linked to SDH.
FADH2 Flavin adenine dinucleotide (reduced form).
FAO Fatty acid oxidation.
FMN Flavin mononucleotide. A cofactor of complex I.
Fp Flavoprotein subunit of complex II.
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FRDA Friedreich ataxia. An autosomal-dominant neuromuscular
disorder with frequent HCM caused by mutations in gene for frataxin,
a mitochondrial-localized protein.
glycolysis Cytosolic-located metabolic pathway present in all cells
catalyzing the anaerobic conversion of glucose to pyruvate.
GPx Glutathione peroxidase. An antioxidant enzyme with both
mitochondrial and cytosolic isoforms.
GSH Glutathione.
GTP Guanosine triphosphate.
G protein A heterotrimeric membrane-associated GTP-binding
protein involved in cell-signaling pathways; activated by specific
hormone or ligand binding to a 7-helix transmembrane receptor
protein.
genome Total genetic information carried by a cell or an organism.
genetic code Correspondence between nucleotide triplets (codon)
and specific amino acids in proteins.
gene product The protein, tRNA, or rRNA encoded by a gene.
genomic library Collection of DNA fragments (each inserted into a
vector molecule) representative of the entire genome.
genotype Genetic constitution of a cell or an organism.
HCM Hypertrophic cardiomyopathy.
heteroplasmy Presence of more than 1 genotype in a cell.
homoplasmy Presence of a single genotype in a cell.
helicase Enzymes that separate the strands of DNA.
HSP Heat-shock protein. A family of chaperones involved in protein
folding.
hybridization Binding of nucleic acid sequences through
complementary base pairing. The hybridization rate is influenced by
temperature, G-C composition, extent of homology, and length of
the sequences involved.
hydrophobic Lipophilic; insoluble in water.
ionophore Small hydrophobic molecule that promotes the transfer of
specific ions through the membrane bilayer.
intermembrane space Space between inner and outer membranes.
intron A segment of a nuclear gene that is transcribed into the
primary RNA transcript but is excised during RNA splicing and not
present in the mature transcript.
IPC Ischemic preconditioning.
IRE Iron-responsive element.
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iron-sulfur center Nonheme iron ions complexed with cysteine
chains and inorganic sulflde atoms making a protein capable of
conducting electrons in electron transport or redox reactions.
IRP Iron-responsive protein.
isoforms Related form of the same protein generated by alternative
splicing, transcriptional starts or encoded by entirely different genes.
integral membrane protein Protein with at least 1 transmembrane
segment requiring detergent for solubilization.
KCOs Potassium channel openers (e.g., nicorandil, diazoxide, and
pinacidil); can mediate cardioprotection.
Krebs cycle Central metabolic pathway of aerobic respiration
occurring in the mitochondrial matrix; involves oxidation of acetyl
groups derived from pyruvate to CO2, NADH, and H2O. The NADH
from this cycle is a central substrate in the OXPHOS pathway.
Also termed TCA or citric acid cycle.
KSS Kearns-Sayre syndrome. A mitochondrial neuropathy
characterized by ptosis, ophthalmoplegia, and retinopathy with
frequent cardiac conduction defects and cardiomyopathy
knockout mutation A null mutation in a gene, abolishing its
function (usually in mouse); allows evaluation of its phenotypic role.
LCAD Long-chain acyl Co A dehydrogenase involved in FAO.
LCHAD Long-chain 3-hydroxylacyl-CoA dehydrogenase.
LHON Leber hereditary optical neuropathy.
ligand Any molecule that binds to a specific site on a protein or a
receptor molecule.
ligase Enzymes that join together 2 molecules in an energy
dependent process; involved in DNA replication and repair.
MAP kinase Mitogen-activated protein kinases. A family of
conserved serine/threonine protein kinases activated as a result of a
wide range of signals involved in cell proliferation and differentiation;
includes JNK and ERK.
matrix Space enclosed by the mitochondrial inner membrane.
MELAS Mitochondrial encephalomyopathy with lactic acidosis and
strokelike episodes
membrane potential Combination of proton and ion gradients
across the inner membrane making the inside negative relative to the
outside.
MERRF Mitochondrial cytopathy including myotonus, epilepsy, and
ragged-red fibers.
MSC Mesenchymal stem cells.
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MCM Mitochondrial cardiomyopathy.
microarray A range of oligonucleotides immobilized onto a surface
(chip) that can be hybridized to determine quantitative transcript
expression or mutation detection.

channel Activation of the ATP-sensitive inner-membrane
channel has been implicated as a central signaling event

(both as trigger and end effector) in IPC and other CP pathways.
mitoplast Mitochondrial preparation without outer membrane.
mobile carrier Small molecule shuttling electrons between
complexes in the mitochondrial ETC.
modifier gene A gene that modifies a trait encoded by another gene.
mRNA Messenger RNA. Specifies the amino acid sequence of a
protein; translated into protein on ribosomes.
mtDNA polymorphism Presence of mtDNA differing in size (due to
either insertions or deletions) or in single nucleotide sequence.
mtDNA Mitochondrial DNA.
mtTFA Mitochondrial transcription factor A (also called TFAM).
MT Metallothionein. An inducible antioxidant metal-binding protein
with cardioprotective properties.
mTOR Mammalian target of rapamycin.
MTP Mitochondrial trifunctional protein, part of mitochondrial FAO.
NADH Nicotinamide adenine dinucleotide (reduced form).
NARP Neuropathy, ataxia, retinitis pigmentosa.
NO Nitric oxide; vasodilator.
NOS Nitric oxide synthase.
ND1 One of 7 ND subunits in mtDNA encoding complex I.
NER Nucleotide excision repair
nonmendelian inheritance Cytoplasmic inheritance due to genes
located in mitochondria.
northern blot Molecular technique by which RNA separated by
electrophoresis is transferred and immobilized for the detection of
specific transcripts by hybridization with a labeled probe.
NRF-1 and NRF-2 Nuclear respiratory factor.
nt nucleotide, the basic unit of DNA composed of a purine or
pyrimidine base, a sugar, and a phosphate group.
nucleases Enzymes that catalyze the degradation of DNA (DNAse)
or RNA (RNAse); specific nucleases have been identified that target
either the 5' or 3' ends of DNA (exonuclease) or that can digest
nucleic acids from internal sites (endonucleases).
null mutation Ablation or knockout of a gene.
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Origin of replication for mtDNA, light strand.
OH Origin of replication for mtDNA, heavy strand.
oligonucleotide Short polymer of DNA or RNA that is usually
synthetic in origin.
OXPHOS Oxidative phosphorylation. A process in mitochondria in
which ATP formation is driven by electron transfer from NADH and
FADH2 to molecular oxygen and by the generation of a pH gradient
and chemiosmotic coupling.
oligomycin Specific inhibitor of mitochondrial ATP synthase and
OXPHOS.
PAGE Poly aery lamide gel electrophoresis.
PARP Poly (ADP-ribose) polymerase.
PCR Polymerase chain reaction. An amplification of DNA fragments
using a thermostabile DNA polymerase and paired oligonucleotide
primers subjected to repeated reactions with thermal cycling.
PDH Pyruvate dehydrogenase.
pharmacogenetics Study of the role of inheritance in interindividual
variation in drug response.
PNA: Peptide nucleic acids; an alternative delivery system for nucleic
acids to mitochondria.
peptide Short polymer of amino acids that can be produced
synthetically.
peripheral membrane protein Protein associated with membrane
via protein protein interactions; solubilized by changes in pH or salt.
pFOX Partial fatty acid oxidation.
peroxisome Small membrane-bounded organelle that uses oxygen to
oxidize organic molecules, including fatty acids and contain enzymes
that generate and degrade hydrogen peroxide (H2O2) (e.g., catalase).
PGC-loc Peroxisome proliferator-activated receptor gamma co-
activator. Transcriptional regulator of mitochondrial bioenergetic and
biogenesis operative during physiological transitions.
phenotype Observable physical characteristics of a cell or organism
resulting from the interaction of its genetic constitution (genotype)
with its environment.
PKA Protein kinase A. Activated by cAMP.
PKB Protein kinase B; also called Akt.
PKC Protein kinase C.
PI3K Phosphatidylinositol 3-kinase.
PT pore Permeability transition pore. A non-specific megachannel
in the mitochondrial inner membrane.
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PUFA Polyunsaturated fatty acids.
plasmid DNA capable of autonomous existence in an organism; can
replicate and maintain itself without integrating into the genome used
as a vector.
pleiotropic mutation A single mutation with multiple (often
unrelated) effects on an organism.
polyadenylation Addition of a sequence of polyadenylie acid (poly
A residues) to the 3' end of RNA after its translation.
poly genie A large number of genes each contributing a small amount
to the phenotype.
porin Pore-forming protein in the outer mitochondrial membrane
(see VDAC).
PPAR Peroxisome proliferator-activated receptor.
primer Short nucleotide sequence that is paired with 1 strand of
DNA and provides a free 3'-OH end at which a DNA polymerase
starts the synthesis of a nascent chain.
promoter Region of DNA involved in the binding of RNA
polymerase to initiate transcription.
proteome Entire complement of proteins contained within the
eukaryotic cell.
protein kinase Enzyme that transfers the terminal phosphate group
of ATP to a specific amino acid of a target protein.
posttranslational modification Postsynthetic modification of
proteins by glycosylation, phosphorylation, proteolytic cleavage, or
other covalent changes involving side chains or termini.
redox reactions Oxidation-reduction reactions in which there is a
transfer of electrons from an electron donor (the reducing agent) to an
electron acceptor (oxidizing agent).
rRNA Ribosomal RNA. A central component of the ribosome.
ROS Reactive oxygen species, including superoxide, hydroxyl
radicals, and hydrogen peroxide.
RFLP Restriction fragment-length polymorphism. A variation in the
length of restriction fragments due to presence or absence of a
restriction site.
RRF Ragged red fiber.
restriction endonucleases Endonucleases that recognize a specific
sequence in a DNA molecule (usually palindromic) and cleave the
DNA at or near that site.
rho° cells Cells containing no mitochondrial DNA.
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rhodamine 123 A fluorescent dye used to stain mitochondria in
living cells.
RieskeFe-S protein A subunit and electron carrier of complex III.
rotenone Specific inhibitor of complex I activity.
RXR Retinoid X receptor. On binding 9-cis retinoic acid, RXR
acts as a heterodimer and as a repressor or activator of specific gene
transcription, playing a key role in cardiac development and
physiological gene expression.
SCAD Short-chain acyl Co A dehydrogenase involved in FAO.
SDH Succinate dehydrogenase. A TCA cycle enzyme associated
with complex II.
SAGE Serial analysis of gene expression. Quantitative analysis of
RNA transcripts by using short sequence tags to generate a
characteristic expression profile.
signal sequence N-terminal sequence for targeting proteins into
mitochondria.
SDS Sodium dodecyl sulfate. An ionic detergent used for the
solubilization, denaturation of proteins, and their size separation in
PAGE.
SNP Single nucleotide polymorphism.
SOD Superoxide dismutase. An antioxidant ROS-scavenging
enzyme with both mitochondrial and cytosolic isoforms.
splicing Reaction in the nucleus in which introns are removed from
primary nuclear RNA and exons joined to generate mRNA.
state 3 Respiration in coupled mitochondria in which oxygen
consumption depends on the availability of ADP.
state 4 Respiration in the absence of ADP.
southern blot Detection of separated restriction fragments after size
separation on agarose gels, transfer to membranes and hybridization
with labeled gene probes.
SR Sarcoplasmic reticulum. A network of internal membranes in
muscle-cell cytosol that contains high Ca++ concentration, which is
released on excitation.
TAS Termination associated sequence. A short conserved sequence
element in mtDNA that interacts with sequence-specific termination
proteins involved in mtDNA replication control.
tRNA Transfer RNA. A small RNA molecule used in protein
synthesis as an adaptor between mRNA and amino acids.
TCA cycle Tricarboxylic acid cycle (see Krebs cycle).
TNF-cc Tumor necrosis factor a.
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TIM Protein complex in mitochondrial inner membrane required for
protein import.
TOM Protein complex in mitochondrial outer membrane required for
protein import.
topoisomerases Enzymes that change the supercoiling of DNA.
T3 Triiodothyronine.
transgenic animal Animal that has stably incorporated one or more
genes from another cell or organism and can pass them on to
successive generations; created by introducing new DNA sequences
into the germline.
transcript RNA product of DNA transcription.
transcription factor Protein required for the initiation of
transcription by RNA polymerase at specific sites and functioning as a
regulatory factor in gene expression.
transcriptome Comprehensive transcript analysis for expression
profiling.
translation Synthesis of protein from the mRNA template at the
ribosome.
trans-acting elements Regulatory elements that mediate specific
gene expression that are not located within or near the gene
(e.g., proteins that bind and regulate specific promoters).
2-dimensional electrophoresis Technique for separating proteins
based on their size and charge differences.
2-hybrid system Method to detect proteins that interact with
each other using yeast gene expression.
uncoupler Protein or other molecule capable of uncoupling electron
transport from oxidative phosphorylation..
UCP Uncoupling protein.
VDAC Voltage-dependent anion channel (see porin).
VLCAD Very long-chain acyl CoA-dehydrogenase; (3-oxidation of
fatty acids.
western blot Immunochemical detection of proteins immobilized
on a filter after size separation by PAGE.

wild-type The common genotype or phenotype of a given organism
occurring in nature.

xenocybrid Rho° cells of 1 species repopulated with mitochondria
from another species.
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Al adenosine receptor, 134
Acetyl-1-carnitine (ALCAR), 279-80
Acetylcholine, 135, 292, 306
Acetyl CoA, 52, 129, 159, 200, 292, 377
Acetyl CoA carboxylase (ACC), 199
Acetylcysteine, 331-33
Actin, 3, 169-70
Actinomycin D inhibition, 139
Acylcarnitine, 12, 16, 167, 208-10, 217,

246, 308, 327, 353
Acyl CoA dehydrogenases, 12, 166, 200-1
Acyl CoA oxidase, 204, 214
Adenine nucleotide translocator (ANT),

cardiomyopathy, 15, 49, 164, 169, 178,
217,247,291,361
metabolic function, 3, 6-7, 43-5, 48-9
PTpore,2, 15, 110, 131, 133, 159, 175,
210,291,299,360
regulation , 45-8, 80-1, 141, 265, 293,

297, 300, 305, 377
role in mtDNA integrity, 164, 232
structure, 46-7

Adenosine, 133-5, 139, 264, 292, 306, 329
Adenosine receptor antagonists, 134, 329
Adenosine triphosphate (see ATP)
Adeno-associated virus (AAV), 334-5, 377
Adenoviral vectors, 334
Adenylate kinase, 52, 158
AdPEO, 69
Adriamycin (see doxorubicin)
Adrenergic signaling pathways, 172,

328-9, 352, 357
Adult stem cells, 364-66
Aequorin, 5
Aerobic training, 325
AIF, 14,77, 109-11, 176,377
Akt, 113, 210, 292, 296, 304-6, 332, 384
Alcohol, 45, 75, 231, 332-3
Allopurinol, 101

Allosteric control, 39, 53, 199, 300-1
Allotopic expression, 337-9, 361, 377
Alloxan, 77
oc-ketoglutarate dehydrogenase, 53,

55,202,231
Ameroid-mediated ischemia, 107, 125
Amiodarone, 327
Amlodipine, 247
AMP kinase (AMPK), 171, 199, 206,

246, 296, 352
Anaerobic respiration, 6, 28, 205, 381
Anchor proteins, 31-2
Anesthetic preconditioning, 330, 377
Angina, 143, 328-30, 357
Animal models

aging, 263, 265
cardiomyopathy, 14, 165-8, 206, 290
cardioprotection ,123, 138-40,

326,331-5,351
heart failure, 112-13, 158, 168,

174,216,326,334
mitochondrial-based CVD, 1, 15,

167, 178,295,360-1,363
myocardial ischemia, 142, 326-7

Antiapoptotic proteins, 14, 108-11,
133,170,175,304,331,335

Antiapoptotic, proliferation cell, 332
Anticodons, 66, 240
Antimycin, 35, 106,377
Antioxidant, 99-100, 104-5, 137, 268

aging, 269-70, 277-80
block apoptosis, 108-9
enzymes, 9, 104, 264, 268, 270
ischemia, 104-6, 126, 167-8,291-2
therapy, 106, 280, 325-33, 335, 339

Antisense oligonucleotides, 17, 140,
334, 338, 377

Apoptogenic protein expression, 132
Apoptosome, 14, 109-10, 175, 377
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Arrhythmia, 12-13, 112, 126, 129, 161,
166, 197, 209811, 217, 239, 245-6, 291,
307-9, 327-30, 333, 352-3, 355, 357

Ascorbate, 16, 104, 248, 269, 308, 324
Ataxia, 12, 163, 165, 239, 241-2, 242, 247,

326,329,352,381,383
ATP, 3, 6-8, 15-6, 63, 133, 158, 197

compartmentation, 49-50, 133-4, 158
consumption, 45-7, 54, 158-9, 168-72,

198-201,268,294
cytoplasmic pool, 45-6, 132
depletion, 126, 133, 166, 264, 291-2
hydrolysis, 13,83,126,133,291
intracellular levels, 72, 126, 132-3, 178,
216, 264-5,294,299,305-7,330

mitochondrial synthesis, 3, 13,27-8,
35, 40-42, 47, 52-5, 105-6, 112, 134,
174, 178, 203, 205, 216, 241, 248,
271,281,289-91,301,308,328

ATP synthase {see respiratory complex V)
ATP/ADP ratio, 52-4, 133, 299
Atractyloside, 47,377
Atrial defects, 12, 112-3, 328, 352
Atrioventricular block, 231, 298
Autosomal nuclear disorders, 11, 163
230, 244

autosomal dominant, 69, 240, 247,
352,381

autosomal recessive, 170,172, 207,
211,232,244,247

Autologous skeletal myoblasts, 363
Autophagy, 3
AZT, 11, 165, 178, 232, 244, 290, 377

Bacteria, 29, 32, 35-6, 40, 65, 71-5, 78
Bad, 14, 110-1,175,299,304-5
Barth syndrome, 13, 166, 207-9, 246
Batten disease, 44
Bax, 14, 110-2, 132, 175, 270, 302-5, 360
bc\ complex, 32-4, 243
Bcl-2, 14, 108, 110-2, 133, 159, 170,
175-7,270,295,331,333,335

BCI-XL, 14, 111

BCslL, 33
BER, 76,78,378
BH, 33-4

BH regions, 111
BH3-only subfamily, 111
Bid, 14, 110-1,176,210,302
Blue native (BN) PAGE, 278, 359
Bongkrekic acid, 47
Bradykinin, 134, 247, 292. 306
Brain, 44, 70, 130, 230, 242, 264, 272
Biolistic transformation, 336, 378
BL,33-4

Calcineurin, 167
Calcium-activated K+ channel, 130
Caloric restriction, 280-1
Capillary array electrophoresis, 354
CAPR,76,362,378
Carbonyl oxidation, 102-3, 126, 267
Cardiac conduction abnormalities,

11-2,163,249,326-7,357,361
Cardiac failure, 13-4, 107, 112-3, 143,

157-9, 164, 168-70, 175-79, 199,
205-11, 214, 217-8, 229, 241, 291,
296, 307, 335

Cardiac hypertrophy, 3-4, 8, 45-8, 99,
107-8, 113, 158, 163, 167-70, 172-3,
175, 197, 201, 205-6, 214, 216, 229,
233, 263-4, 294-6, 303, 306, 309,
326, 332-3, 335-6, 354, 358
Cardiac stem cells, 16, 364, 366
Cardiolipin, 2, 3, 9, 13-6, 46, 55, 103,

110, 124-7, 129, 166, 176,209-11,
266, 268, 292, 293, 297, 328, 378

Cardiomyocytes, 3-4, 16-7, 55, 99,
105-6, 109, 123, 137-9, 210-1, 215,
263, 270-1, 278, 281, 289-91, 294-5,
299, 300, 304-6, 309, 331-4, 364, 367

H202-treated, 109, 127-8
Cardiomyopathy

alcoholic, 45
diabetic, 52, 201, 211, 214, 325-9,
DCM

animal, 14, 67, 107,165-8,170,
172,215-7,298,358,361-2

clinical, 10-4,49, 101, 112, 160-
2, 165-6, 170, 174-7,206,208,
229, 233-5, 240-4, 246, 272, 290,
331,352-3,357
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Cardiomyopathy (continued)
fatal infantile, 39, 161, 165, 230, 238-41
Histiocytoid, 162,235,238-39,243
HCM

animal, 166-8, 171-3, 295-6, 331
clinical, 10-2, 39, 44, 160-8, 170-2,
177, 206-8, 229-30 233, 235-44,
246-7, 290, 295-6, 329, 352-6

mitochondrial, 48, 85, 163, 167, 229-
244, 248, 324-6, 329, 353, 361, 383

Cardiomegaly, 163, 235, 242-3
Cardiomyoplasty, 363, 366
Cardiovascular disease (CVD), 353, 355,

361,366,379
Carnitine deficiency, 9, 12, 165-6,206-8,
209-10, 246, 291, 295, 309, 324
supplementation, 207,217,308,324

CAT, 2, 12, 159, 165, 199-200, 209
Carnitine palmitoyltransferase,

CPT-I, 2, 159, 199-200,207-10,214
CPT-II, 12,159,199-200,207-9,212

Carvedilol, 327, 329
Caspase, 14, 109-12, 175-6, 295, 304,

339, 377-8
Catalase, 9, 102, 104, 127, 140, 269, 292
Cell fusion, 243, 364, 378
CCCP, 331,333,378
Cell transplantation, 309, 363-6
Ceramide, 137, 141,210,303
C-ErbAal, 82
Chaperone proteins, 8, 12, 83-4, 165, 297,
335,378

Chemiosmotic gradient, 27-8, 378
Chloramphenicol, 75, 361-2, 378
Chromatin, 66, 70, 266, 354-5, 378
Cis elements, 38, 44, 79-82, 335, 387
Citric acid cycle (see TCA cycle)
Citrate synthase, 164, 231, 273-4
Cytochrome c oxidase (see

complex IV)
Congenital heart defects (CHD),
229, 245-8, 353, 360

Contact site, 2, 13,46, 111
Contractile proteins, 169-71, 245
Copper supplementation, 324
CoQio, (see ubiquinone)
Coronary artery bypass graft, 330-1

Coronary artery disease, 123, 143, 198
330, 356-7

Coronary artery ligation, 107, 335
CPEO, 326, 379
CpG islands, 355, 379
Creatine kinase (CK), 2, 15, 28, 45-6,

110, 133, 158,293,378
cardiac disease, 51-2, 126, 168, 172,
205, 359
isoforms, 46, 49-50
regulation, 49-51, 80, 175, 300
structure, 50-1

CREB, 80
Cristae, 3, 111-12, 129, 233, 379
Cromakalin, 130
CSB, 64-5, 67
Cybrid, 5-6, 162, 243, 336, 362, 379
Cyclophilin D, 110,293,379
Cyclosporin A, 132, 331, 333, 379
Cysteine, 31,33,37, 124,244
Cytochrome b, 28, 31-5, 242-3
Cytochrome b56o, 31-2
Cytochrome c

apoptotic release, 14, 51, 77, 106,
109-12, 127, 132, 134, 175,210-11,
270, 292, 304
ETC, 2, 15, 28, 32-9, 80, 202, 231
gene regulation, 80-1, 103

Cytochrome cl, 32-4
Cytopathy, 69, 232, 290, 365, 382
Cytoplast, 6, 362, 379
Cytosine methylation, 354

Decompensation, 294
DHPLC, 354
Dequatinium, 338, 380
Desmin, 170, 177,335
Desmin-null cardiomyopathy, 170-1,
335

Dexrazoxane, 105, 326, 329, 379
Diabetes, 53, 104, 198, 201, 205,
211,244,263,327

Diabetic cardiomyopathy (see
cardiomyopathy)

Diazoxide, 14, 130-4, 137-8,292,
299,308,331-3,382
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Dichloroacetate (DCA), 52, 308, 325,
327, 329, 380

Dicyclohexylcarbodiimide (DCCD), 40,
42, 379

Differential display, 358, 380
DiGeorge syndrome, 245, 353
Dilated cardiomyopathy {see

cardiomyopathy)
Diltiazem, 329-30
D-loop, 7, 64-5, 237, 380

mutations, 236, 270-1, 357
regulatory binding sites, 67, 71, 80-2
replication role, 67-9
transcriptional role, 69, 71, 297

Dinitrophenol (DNP), 42, 54, 105, 132,
331,333,380

Doxorubicin, 11, 105, 232, 325, 329, 379
DQAsome, 337-9, 380
Dual genome disease, 232, 244
Dystrophin, 170

Ebselen, 280
Electrical stimulation, 3, 8, 55, 85, 295,

303
Electrochemical gradient, 28, 35, 54, 105
Electron carrier, 27, 231, 326, 379, 386
Electron transfer flavoprotein (ETF),

202, 207-8
Electron transport chain (ETC), 2, 3,

6, 8-9, 13, 15, 28, 31, 36, 42, 53, 55,
64,79,82, 101, 107, 110, 112, 124-5,
128, 135, 140-1, 158, 175, 208, 245,
267, 293, 300, 307, 329, 380

dysfunction, 126, 164, 229-30,
265-8, 271-3, 291, 298, 305, 324,
330,361

ROS generation, 8-9, 64, 101, 107,
112, 175,271

Electroporation, 336-7
Elongation factor (EF-TU), 76, 300
Embryonic stem cells (ES), 16, 362,

364-67, 380
Enalapril, 106
Endomyocardial biopsy, 16, 177,

179,232,358

Endonuclease, 14, 67, 77, 109, 175,
337, 383, 385

Endonuclease G (Endo G), 14, 77,
109-10

Endoplasmic reticulum (ER), 5, 83,
199,264,293-4,297,301,380

Endothelin, 135,332,357
Enoyl Co A hydratase, 201, 212
Epigenetic, 354, 363, 380
ERK, 136, 380, 382
EST, 74, 380
Ethanol, 75

Ethidium bromide (EB), 5, 365
Etomoxir, 329
Exercise, 3, 8, 85, 142-3, 168, 177,

214, 268, 273, 280, 295, 325, 328,
330, 338

Exercise intolerance, 177, 247-8, 325

FAD, 27-8, 30-2, 52, 380
FADH2, 6, 28, 30, 53, 203, 380, 384
Fatty Acid (FA)

accumulation, long-chain, 12, 126,
166,208-9,216,307,327

cardiac arrhythmia, 12, 126,
208-9,246,291,307-8,329

apoptosis, 14, 109, 112, 210
binding protein (FAPB), 198,200
myocardial uptake, 198-200, 216
oxidation (FAO)

mitochondrial, 1-3, 158-9, 171,
201-4, 279, 295-8, 304, 307-8

peroxisomal, 204, 214
regulation, 166-8, 200, 217, 267

diabetes, 201-2,205-7,211
ischemia, 13, 130,210,327
inhibition, 206, 295, 325-30

translocation mitochondria, 12,
198-201

uncoupling respiration, 105, 307,
327

Fatty acid translocase, 198, 200
Fenton reaction, 100-3
Fe-S cluster, 29-35, 103, 124, 386
Flavoprotein, 30-1, 202, 208, 242, 300
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Fluorescent dyes, 4-5, 128, 174, 300, 386
FMN, 27-30, 380
Fp subunit complex II, 30-2, 242, 300, 380
Footprinting, mtDNA-protein, 73
Frataxin, 12, 15, 165-6, 246, 291, 361, 381
Free radicals {see ROS)
Friedreich ataxia (FRDA), 12, 165-6, 246,

248, 290-1, 308, 325-6, 329, 352, 381

GABP, 80
Gene expression profiling, 358
Gene replacement, 17, 167, 333
Gene shifting, 337-8
Gene therapy, 17, 142, 179, 218,

333-9, 353, 360, 377, 380
GISSI heart failure project, 328
Glibenclamide, 130
Glucocorticoid receptor, 82
Glucose

deprivation, 176, 201, 210, 296, 303-4
oxidation, 52, 126 ,129, 158, 197, 201,
203-5, 214, 216, 277, 292, 325, 327
uptake, myocardial, 198, 200-1,

204-6,210-11,214,304-5
utilization, myocardial, 198, 203-5,

295, 308, 325, 327, 329
Glucose-insulin-potassium cocktail,
332-3

Glutathione, 9, 102, 104, 126,269,
331,333,381

Glutathione peroxidase (GPx), 2, 9, 102,
104, 108, 127, 166, 269-70, 275-80, 381

Glycolysis, 6, 15, 28, 51-2, 54, 126,
158, 201, 203-5, 277, 291, 295, 304, 381

Golgi apparatus, 301
G-protein coupled receptors, 134-7
Grafted myogenic cells, 363
Grape seed proanthocyanin, 331
Growth factor signaling, 55, 107, 113,

175,294,304-5,332

Hamster, 172-3
Hearing loss, deafness, 163, 233,

239, 356
Heart failure {see cardiac failure)
Heart transplant, 143, 330
Heat-shock proteins (HSP), 65, 83-4,

129,140-1,277-8,294,297,
302-3,335,381

Heat-stressed hearts, 129
Helicase, 68-9,272, 381
Hematopoietic cells, 238, 364
Heme, 28, 31-7, 39, 82, 166, 306, 379
Heme oxygenase, 142, 335
Heteroplasmic mice, 362
Heteroplasmic mutations, 10, 160-2,

173, 238-44, 248, 271, 337-8, 363
Hexokinase, 2, 15, 110, 175, 204, 293
High-energy phosphates, 7, 28, 49, 52,

126, 133, 168-9, 205, 291, 330, 378
Histone, 8, 64, 66, 71, 266, 354-5, 378
Homocysteine, 355
Homoplasmic mutation, 10, 162, 236,
238-40,271,356,362,381

HSP {see heat-shock protein)
Human chromosome map, 352
3-hydroxyl-3-methylglutaryl coenzyme
A reductase (HMG-CoA), 108

5-HD, 130, 134, 138
Hydrogen peroxide (H202), 9, 100-9,
127-8, 245, 264, 270, 292, 303, 339

Hydroxyl radical (OH«), 9, 100-3, 107,
385

Hyperglycemia, 205, 211, 327
Hyperthermia, 129, 142
Hypertrophic cardiomyopathy (HCM)

{see cardiomyopathy)
Hypothermia, 294
Hypoxia,4, 113, 130, 137, 175-6,

201, 209-10, 214, 289, 292, 296, 306,
332

Hypoxia-inducing factor (HIF), 306
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IAP, 109
Idebenone, 248, 308, 326
Immunostaining, 235
Immunoblot analysis, 5, 131, 213, 276
Index ischemia, 129, 137
Inner membrane, 2-3, 6, 9, 13, 15, 27-9,

31-3, 40, 42, 47-9, 55, 66, 74-6, 83-4,
103, 110, 125-6, 129-32, 175, 199, 203,
209-10, 230, 266, 274, 278, 293, 300-2,
307-8, 377

Inflammatory cytokines, 107, 113, 140-1,
175,278,294,302,306

INOS, 142, 177
Inositol phospholipids, 301
Insulin, 197-8, 201, 203, 205-6, 210, 327,
332-3

Insulin resistance, 197, 201, 205
Insulin-like growth factor (IGF), 304, 332
Integral protein, 31, 41-2, 47, 198, 382
Ion channel, 12, 15, 112, 130, 293, 308
Iron regulatory element (IRE), 32, 381
Iron regulatory protein (IRP), 32, 382
Iron-sulfur protein subunit {see

Rieske subunit)
Iron-sulfur cluster {see Fe-S cluster)
Ischemia

apoptosis, 113, 123, 175, 210-1
cardioprotection, 1, 13, 129-43,
309, 329-33

fatty acid metabolism, 13, 104, 126,
128, 197, 209, 215, 296, 327-8
mitochondrial defects, 13, 50-51,
99,106,123-28,130,231,264,
268, 289-92, 300-3, 308
ROS , 9, 99-100, 104, 127, 175, 268,

306, 309, 326
treatment, 304,325-33

Ischemic preconditioning (IPC), 13-4,
51, 107, 123, 127, 129-42, 292, 299,
330,333,381

early IPC, 133, 139-41
delayed IPC, 139-42

Isocitrate dehydrogenase, 53, 55, 300-1

JC-1 dye, 5
JNK, 106, 108, 136, 382

KATP channel blockers, 130, 138
KCO, 51, 130-4, 138-40, 143,
292,331,382

KSS, 11,49, 163, 177-8,229,231,
248, 326, 329, 382

Krebs cycle, {see TCA cycle)
KVLQT1,352,355
3-ketoacyl coenzyme A thiolase,
201-2,204,213,328

Lactate, 158
accumulation, 13, 126, 291, 325

Lactic acidosis, 11,213, 233, 239, 248
treatment, 308,325,328-9, 380

Large ribosomal subunit, 74
Laurate, 105
Left ventricular noncompaction, 246
Leigh syndrome, 11-2, 39, 44, 162-5,

229, 235-6, 239, 241-2, 290, 295, 337
Lentivirus, 334
LHON, 242, 356, 382
Ligase, 69, 78, 382
Lipid peroxidation, 13, 102, 104, 129,
292, 339

Lipophilic intermediates, 29, 32, 279,
339

Liposome, 111, 130-1, 337-38, 380
Long-chain 3-hydroxylacyl Co A
dehydrogenase (LCHAD), 12, 16,
202,207,213,382

Loss of atrial cells, arrhythmia, 112
LSP (light strand promoter), 65-6, 69,

71
Lysosomes, 3, 5, 44, 206, 264

Malate dehydrogenase, 53, 83
Malonate, 31
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Malonyl CoA, 199-200, 206, 295-6
Malonyl CoA decarboxylase (MCD),

199,206,295
MAP kinase, 106, 135-6, 141, 214, 382
Matrix-assisted laser desorption ionization-
time of flight mass spectrometry, 359

MCAD, 200-3, 205-7, 209, 211-2,
214,216,295

MELAS, 11,48,72, 160-3,211,229,235,
239, 248, 290, 295, 325-6, 329, 382

MERRF, 11, 48, 160, 163, 211, 229,
235-6, 239, 290, 295, 338, 382

Mesenchymal and bone marrow cells, 364
Metabolons, 42-3, 53
Metallothionein, 105, 108, 383
3-methylglutaconic aciduria, 208
Microarray analysis, 128, 304, 358, 383
Mimetics, 138, 143,270
Mismatch repair, 76-8
Mitochondria,

apoptosis, 14-5,45,108-12, 127, 131-3,
174-6, 210, 291-3, 296, 300, 326, 331

bioenergetics, 6-7, 27-55, 132, 168,
178,229,265,279,301,330

ETC (see electron transport chain)
FAO (see Fatty Acid Oxidation,

mitochondrial)
biogenesis, 7-8, 38, 63-85, 129, 173,

204, 215-7, 226, 278, 290, 295-98,
304-5, 355, 359, 384

cristae,3, 111-2,129,233,379
fractionation, 5
giant, 233, 235
intermembrane space, 14, 28, 33-7, 39,
41, 46-51, 77, 109-10, 134, 175-6, 377
intracellular movement, 3, 171
matrix, 2-5, 13, 28-9, 32-7, 40-1, 45-7,

50-3, 55, 66, 77, 82-4, 104, 112, 127,
131, 134, 159, 174, 203-4, 209, 231,
292, 297, 299-300, 302, 330, 338, 382

number, 3, 5, 8, 171, 177, 215-6, 229,
232-3,235,245,295,361,

protein degradation/turnover, 264
protein import, 83-4, 125, 278, 302,

360, 387
shape changes, 3-4, 233
structure, morphology, 3, 112, 124, 233

Mitochondrial Ca++, 5, 55, 110-12, 127,
131-2, 142, 174, 267, 292-4, 299-301

Mitochondrial cardiomyopathy (see
cardiomyopathy, mitochondrial)

Mitochondrial catalase, 104
Mitochondrial disease, 10, 13, 85, 163,

248, 277, 323-5, 336, 356-7, 363
cytopathy, 69, 232, 290, 365
therapies, 123, 157, 179, 218
281,309,332-39,360,365

Mitochondrial DNA (mtDNA), 1,3,
5-11, 13, 15-7, 29, 32, 35, 40, 43-5,
63-73, 76-82, 102-3, 107, 125-8,
160-5, 167,171-3, 176-9, 211, 215,
217, 229-33, 235-44, 247-8, 263-73,
275-80, 290, 292, 296-7, 302-3,
336-8, 353-4, 356-7, 361-3, 365,
377, 379-80, 383-4

MtDNA
damage, 5,11,78, 125,164,231

aging, 263,266,268,271,274,
276-9
oxidative damage, 9, 77, 102-3,

105,107,211,265-8,272,
277-9, 326, 355

repair, 66, 68,76-8,164,266
deletions, 5, 8-9, 11-3, 16, 63, 69,

103, 107, 125-6, 162-4, 177-8,
211,230-2,236,248,263,266,
268, 271-2, 290, 292, 383

depletion, 8, 11, 13,63, 165,178,
229, 244, 247, 278, 290, 361, 377

levels, 8,11,16,63,69-70, 107,
165, 173, 178, 229, 244, 263, 272,
275-6, 290

pathogenic point mutations, 5, 8-11,
16,63,72,75, 103, 160-3, 171,
177-9, 229, 232, 236-44, 248,
263, 271, 290, 337-8, 354, 356, 365

clonal expansion, 271
DCM, 10,242-4
HCM, 10,236-42,353
mutant load, 363
mutation rate, 8, 64, 66

polymorphisms, (see polymorphic
variants)
databases, 248
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MtDNA (continued)
polymerase y, 67-70, 78, 165, 176, 244,
247, 272, 377

primase, 68-9
replication, 8, 63, 66-70, 76-7, 79, 215,
230, 244, 268, 272, 296, 338, 380
transcription, 70-3, 128, 215, 277, 297
gene replacement, 17, 167, 333, 336-8
maternal inheritance, 5, 11, 163, 230
half-life, 69-70
genome, 2, 8, 10, 63-7, 69, 78, 85

genetic code, 65-6
SNPS, 354, 356-57, 386

Mitochondrial KATP channel, 13, 51,
127, 130-141, 209, 292-4, 299, 306,
330, 333, 383

Mitochondrial membrane potential, 5, 14,
46, 53-5, 83, 105, 112, 127, 131, 138,
265, 299-300, 303-4, 307, 331, 382

Mitochondrial NO, 101, 106, 306
Mitochondrial NOS, 306
Mitochondrial peptidase, 83-4
Mitochondrial plasticity, 126
Mitochondrial protein

databases, 5, 359-60
import, 83-4, 125, 267, 278, 358, 360
oxidative damage, 9, 102-3, 126-7, 267
phosphoproteins, 298-300
proteome, 300,358-9
2 dimensional PAGE, 359

Mitochondrial protein kinases, 298-9, 360
Mitochondrial ribosomes, 1-3, 7-9, 63-4,

73-76, 174
Mitochondrial ROS generation, 10, 14,

100-2, 112, 134-7, 277-8, 292, 300,
325, 330

H2O2 generation, 106
Mitochondrial sulfonylurea receptor, 131
Mitochondrial transcription factor A

{see mtTFA)
Mitochondrial translation, 70-1, 73-6, 79,
239, 300

Mitochondrial translocation BAX, 111
Mitochondrial trifunctional protein
{see MTP)

Mitogen-activated protein kinase
{see MAPK)

MitoQ, 339
MnSOD, 2, 9, 15, 102-4, 127, 139-42,

166-7, 176,269-70,291-2
induction, 141-2

MnTBAP, 167
MitoTracker dyes 5
Modifier genes, 355-6, 383
Molecular chaperones, 8, 83, 297, 356
MPP, 84
MRP RNase, 67, 69, 82
MTERF, 72
mTOR, 296, 304-5, 383
MTP, 12, 15, 166, 202-3, 207, 209,
213,217,247,327,352,361

mtRNA processing , 67, 69, 70-3, 75,
79

mtRNA stability, 73
MtSSB, 68-9
MtTFA, 15, 65-72, 80-1, 165-6, 173,

215-7, 272, 291, 296-8, 355, 361, 383
binding sites, 67, 71, 80
methylation, 355

MtTFB,71
Murine model of MI, 107
Muscle (cardiac), 6, 9, 48, 85, 167, 177,

198,230,235,289,307,364
Muscle (skeletal), 11, 16, 37, 44, 48,

50,85,104-5,158,163, 165, 172,
176-8, 198, 215, 232-5, 238, 241-2,
247-8, 263, 270-2, 337

weakness, 233, 241-2
Muscular dystrophy, 352
Myocardial apoptosis, 112-3, 127,
132-3, 174, 176, 210-1, 270, 278, 291,
300,303,309,331

Myocardial function, 63, 101, 268, 279,
294,325,328,331

Myocarditis, 49, 333
Myopathy, 160, 165, 170, 177-8, 208,

213, 235, 239-40, 244, 246-7, 338
Myosin heavy chain, 170-2, 240, 352
Myosin light chain, 352
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Myosin-binding protein C, 170, 352
Myotonic dystrophy, 352
Myxothiazol, 35

N-3 PUFA, 328-9, 385
NADH, 6, 27-30, 52-5, 134, 159, 166,

169, 178, 203, 208, 231, 307, 379-84
NADH/NAD ratio, 52, 55, 301
NADPH oxidase, 99, 101-2, 107-8, 269
Naked plasmid/viral transfection, 334, 337
NARJP, 242, 383
Necrosis, 10, 106-7, 123, 127, 130-1, 157,

175,216,296,338,361
NDUFV2, 230
NDUFS2, 165,230,352
NF-kB, 100, 108, 140-1, 275, 278-9, 302,

306
Nicorandil, 14, 130, 143, 292, 308, 330,

333, 382
Nitroglycerin, 143, 247
NKX2-5, 360
Nuclear magnetic resonance (NMR)

spectroscopy, 54, 177, 247
NOS, 139-42, 177, 247, 306, 383
NRF-1, 38, 69, 80-1, 140-1, 215,

296-7, 303, 355, 383
NRF-2, 38,44,69,80-1,296-7,383
Nuclear DNA mutations, 5, 8, 11-2, 45,

165-6, 230-2, 240-2, 290-1, 353-4
Nucleotide excision repair, 77-8, 383
Nuclear regulatory proteins, 38, 44, 79
Nucleoid, 66
Null mutations, 15, 51, 67, 166, 170,

216-7,305,335,360,382

OH (replication origin, heavy chain),
65-6, 384

OL (replication origin, light chain),
65, 67, 384

Oligomycin, 40, 42, 124, 337, 384
Ooplasmic transplantation, 362
Opioids, 134, 139,292
OSCP, 40-3

Outer membrane, 2, 13-5, 45-6, 50-1,
83-4, 109-12, 131, 160, 199,204,
231,297,302,381,383,387

OXBOX , 44, 48, 80-1
OXPHOS, 1, 3, 6-8, 10, 13-7, 27-8,

45, 47, 53, 55, 63-4, 75, 79, 81-2, 85,
105, 124, 126, 128-9, 132-3, 158,
160, 167-9, 174, 176, 202, 204-5,
208, 215, 217, 229-31, 239, 241, 245-
248, 264-7, 277, 290-2, 301, 303,
306-8,327,331,382,384

Oxidative stress, 5, 10, 78, 103, 105-9,
126-7, 131, 142, 164, 176, 206, 210,
268, 270-1, 278-80, 289, 291, 294,
306, 309, 326, 331-2, 335, 340, 360

Oxygen, 6, 8-9, 27-8, 35, 39, 47, 53-4,
80, 100-1, 105-6, 113, 124, 137, 158,
169, 203, 245, 247, 266, 280, 291,
301, 306-7, 325-8, 380, 384-6

Oxodeoxyguanosine (oxo8dG),
formation 77, 103,280

Oxoglutarate dehydrogenase, 168, 301

Perhexiline, 327
P38 MAPK, 111, 136-7, 299, 306
P53, 111,302
Pacing-induced HF, 107, 113, 168
Palmitate-induced apoptosis, 109,
210,303,307

Partial fatty acid oxidation inhibitor
(pFOX), 328,384

Patent ductus arteriosus (PDA), 245-6,
352

PDH, 52-3, 172, 200, 204, 231,
235, 247, 277, 303, 308, 324-5,
328-9, 336, 380, 384

PDH kinase, 52, 325, 380
PDH phosphatase, 53
Peripheral protein, 2, 31, 204, 384
Permeability transition pore {see PT

pore)
Peroxisome, 83, 102,104, 204, 213-15,

264, 384
Peroxynitrite, 50, 101-3, 303
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PGC-la, 15, 81, 141, 166-7, 215-7,
296-8, 304, 384

induction, 140,216
overexpression, 167, 215-7, 298

pH, 13,46,126,131,248,378,384
Pharmacogenetics, 351, 356, 384
Pharmacogenomics, 356
Pharmacological treatments for CP, 138
Phosphocreatine, 7, 46, 49-51, 168,
177,205,296,378

Phosphoinositide-3 ki nase (PI3K), 113,
135-6, 292-3, 296, 304-5, 332, 384

Phospholipase C activation, 135-6
Phospholipid(s), 2, 9, 13, 15, 102, 110,

124, 159, 166, 175, 208, 210, 265-7, 297,
301,309,328-9,377-8

Phosphotransferase enzymes, 49, 52, 158,
178

Photoprotein, 5
PI3K pathway, 113, 135-6,292-3, 296,

304-5,332
Pinacidil, 130,331,333,382
Plasmid vectors, 334, 337, 339, 385
PNA, 337-9,384
Polycistronic transcript, 71
Polyethylenimine (PEI), 337-8
Polymerase chain reaction (PCR), 11,

164,240,275-7,353,384
Polymorphic variants, 75, 212, 236,

243, 248, 353, 356-7, 383, 385
Polyphenolic antioxidants, 332
Porin (see VDAC)
Potassium channel openers (see KCO)
Potassium inward rectifier, 130
PPAR, 204-5, 213-5, 296,385
PPAR-a, 15, 81, 166-7, 173, 206, 213-6,

295, 297-8, 302, 304, 307
Prenatal diagnosis, 363
Proanthocyanidins, 331
Proapoptotic proteins, 14, 99, 108, 110-1,

133, 175, 210, 270, 295, 299, 302, 304-5
Prooxidants, 14, 106, 112, 265
Promoter, 38, 44, 48, 65-6, 70-3, 80-1,

173,214,335,355,379,385

Protein kinase and G-protein
activation, 13, 135, 137, 141, 293

PKA, 299
PKC, 135-7, 299, 330
Protein phosphorylation, 52, 54, 72,

111, 139, 199,298-300,304-5,359,
385

Protein release mitochondria/cristae,
14,77,109-12,175

Protein-protein interaction, 360
Proteome databases, 300, 359-60
Proton pump, 28, 30, 34-6, 39, 300
Proton leak, 54-5, 126
Proton translocation, 32, 42, 54, 331
Pseudogene, 29, 44
PTpore, 13-5,45, 102-3, 106, 110-2,

127-8, 129, 131-3, 137-8, 142, 159,
175, 205, 210, 265, 269, 278-9, 291-
92, 299-300, 307, 331-3, 377, 379

Pyruvate, 2, 6, 11, 13, 27-8, 52, 55,
126, 129, 204-5, 231, 277, 291-2,
296-7, 327, 332, 382

Pyruvate dehydrogenase (see PDH)

Q cycle, 33-5

Ragged red fibers (RRF), 11, 233, 239,
247, 295, 385

Rat, 37-8, 70, 77, 80, 82, 104, 109,
124, 126, 127-8, 132, 139, 168,
173, 176, 210, 265, 267, 270, 272-4,
278,295,331-2,335-6,361

Ramiprilat, 247
Ranolazine, 327
Recombinational repair, 76-8
Redox, 1, 32, 35-6, 77, 99, 106, 108,

245, 280, 306, 326, 340, 382, 385
Reperfusion, 13, 51, 99, 101, 105-7,

113,123,127,129-133,137,142,
175, 210, 264, 268, 289, 292, 300,
303, 308, 325-6, 328-32, 335

Replication origin (see OH and OL)
Replisome, 69
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Respiratory complex
I, 28-30, 79-81, 101-3, 112, 137,

208, 270, 274, 292, 299-300, 303
defects, 124-5, 134, 139, 160, 164-5,

172,208,230,235,239,244,
265-6, 270, 276, 280, 292

II, 11,28,30-2,53,79,81,101-3,
164, 274, 300, 303, 379

defects, 11, 138,305
III, 32-5,79-81,101-3,112, 137,

210,237,300,303,377,379
defects, 107, 124-5, 164, 210, 235,

239, 242-3, 265
IV, 28, 35-9, 54-5, 79-2, 101, 103, 129,

237, 247, 269, 292, 299, 303, 379
defects, 12-13, 39, 124-5, 164-5,

173,7,208,230,234-6,239,
243-4, 265-7, 273, 276, 305-6

V, 28, 40-4, 49, 55, 74, 79-2, 103,
107,237,297,300,303,379

defects, 13,44-5, 107, 124, 168, 235,
239, 241-2, 265, 270, 273, 276

Respiratory control, 45, 47, 54, 206, 299
Restriction endonuclease, 236, 240, 337,

385
Restriction fragment length

polymorphism (RFLP), 353, 385
Resveratrol, 332
Retinoic acid, 367, 386
Rhodamine, 385
Rho°, 5-6, 385
Ribosomal proteins, 73-5, 81, 304-5
Rieske ISP (see iron-sulfur protein),

32-5, 124-5, 243, 386
Right ventricular dysplasia, 245, 352
RNA polymerase, 66, 69-72, 387
RNA primer, 66, 68
ROS generation

apoptosis, 13, 108-12, 175-7,211
cardioprotection, 13, 106, 133-4,

137,140,177,292-3,330-1
ischemia/reperfusion, 9, 13, 106-7,

127,129,134,143,293,306
Mitochondrial (see Mitochondrial,

Ros generation)
nonmitochondrial source, 101-2, 108

Rotary molecular motor, 42
Rotenone, 29, 386
rRNA, 7, 10, 64, 71-5, 79, 82, 161,

164,173,212,237,275,362,385
RXR, 214, 216-7, 296, 302, 361, 386
Ryanodine receptors, 293, 301, 352

Sanglifehrin A, 331
Sarcoglycan, 172-3,352
Sarcolemmal KATpchannels, 130-3, 135
Sarcomeric proteins, 49, 171, 245, 294
Sarcoplasamic reticulum (SR), 168,

174,204,293,301,386
SCO2, 12, 39, 165-6, 230, 242, 324,

329, 352
Semiquinone, 34-5, 101
SDH, 30-2, 53, 81,103, 131, 138,
300, 380, 386

Sengers syndrome, 247
SERCA, 174
Serial analysis gene expression, 358,
Serotonin, 304-5
Sevoflurane preconditioning, 330-3
Short-chain acyl CoA dehydrogenase
(SCAD), 12, 200-1, 203, 207, 386

Short-term fasting, 12, 203, 215
Signal sequence, 44, 83-4, 386
Single nucleotide polymorphism (SNP)
354, 356-7, 387

Skeletal muscle (see Muscle,
skeletal)
biopsed, diagnosis of CVD, 11, 16,
163-5, 177-9, 233-6, 238, 242, 248
myoblast, 48, 337, 363, 366

Smac/diablo, 14, 77, 109-10, 175
Small ribosomal subunit, 74, 76
SNAP, 247
SOD (see superoxide dismutase)
Sodium-calcium exchanger, 55, 174,
293, 300

Southern blot, 163,386
SP1, 38,44, 48, 80,205
Sphingolipid signaling pathway, 136
Sphingosine, 141
Splicing, 44, 68, 213, 359, 380
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Starvation, 53, 214
State 3 respiration, 124, 172-3, 386
State 4 respiration, 53, 105, 265, 331, 386
Streptozocin, 205,211
Stress proteins, 277-8, 294
Subsarcolemmal mitochondria, 124, 234,
264

Substrate channeling, 43, 53
Substrate switch, 52, 126, 171, 205, 217
328

Subtractive hybridization, 216, 358
Succinate oxidation, 27-8, 30-2, 202
Sudden death, 12, 170, 206-9, 211-2, 216,
235, 246, 291, 307, 328, 352, 354-5, 361

Supercomplexes, 42-3, 53
Superoxide dismutase (SOD), 2, 9, 101-2,

104, 108,, 159, 269-70, 335, 361, 386
Superoxide radical 02'% 9, 100-1, 103-4,

167,175,265,385
Statins, 108

T3-receptor, 82-3, 297, 301-2
Tachycardia, 161, 235, 239, 246-7, 353
Tafazzin, 13,166,208
Tandem mass spectrometry, 217, 359
Targeting sequences, 17, 338, 358
TAS, 65, 67, 72, 386
TBX, 245, 353, 360
TCA cycle, 1-3, 6, 27-31, 52-55, 79-80,

128-9, 159, 168, 172, 174,200-3,231,
292-3,297,300-1,307,382

Tetralogy of Fallot, 245
Therapeutic cocktail, 323-4, 332
Thiamine, 16, 52, 248, 308, 321-4
Thioredoxin reductase, 104
Thyroid hormone, 38, 47, 53, 73, 81-3,

85, 173,295-7,301-3
TIM, 84, 360, 387
Tissue-specificity, 8, 44, 48-9, 51, 54, 75,

78, 80, 161, 167, 176-8, 198, 238, 244,
248, 272, 356

Tissue-specific isoforms, 8, 29, 37,
44, 48, 50-4

TNF alpha (TNF-a), 15, 105, 140-1,
302-3, 306, 386
cardiac failure, 15, 107-8
overexpression, 164
ROS levels, 107-8, 141

Tocopherol (see vitamin E)
TOM, 81,83-4, 387
Topoisomerases, 68, 387
Trans-acting factors, 38, 70,79-82, 387
Transcription activator, 81, 296-8
Transcription regulation, 38, 79-83,
213-5,296-8

Transcription termination, 73
Transcriptome analysis, 358, 387
Transdetermination, 364
Transfer RNA (tRNA), 3, 7, 10-1,

64-6,67,71-3,76,79,160-3,
211,230,236-43,353,357,381

Transgene expression, 216-7, 334
Transgenic mouse, 48, 51, 67, 104-5,

108, 136, 164, 166-7, 171-2, 178,
215-7, 291, 295, 298, 304-5, 332,
335, 360-1

Translation elongation, 76, 300
Translation initiation, 76, 305,
Transmembrane protein, 33, 35-7, 40,
47,199,381-2

Transmitochondrial mice, 362
TRE, 81
Treatment clinical

cardiomyopathy, 324, 326-7, 329-30
FAO defects, 16, 218, 308, 327-30
FRDA, 248, 308, 326, 329
MELAS, 248, 325-6, 329
myocardial ischemia, 142, 308, 329

Trichrome Gomori, 234
Triiodothyronine (see T3)
Trimetazidine, 327-29
Troponin, 169-72, 353, 355
Tumor necrosis factor (see TNF)
Twinkle, 68-9, 232, 272
Two-hybrid analysis, 360, 387
Tyrosine kinase, 135-6, 292
Tyrosine nitration, 103
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Ubiquinol, 32-5
Ubiquinone (also coenzyme Q)

antioxidant, 106,280
electron carrier, 2, 16, 27-8, 159, 208,
231,297

therapy, 249, 280, 308, 323-6, 329, 338
Uncoupling ETC, 37, 54, 112, 297, 307

IPC, 132-3
ROS, 106,331

Uncouplers, 42, 54, 105, 132, 138, 331,
333,339,387

Uncoupling protein (UCP), 54, 105, 132,
297,303,307,326,331,387

Uniporters, 55, 293, 300-1
Uracil glycosylase, 77

Yeast, 5, 29, 39, 64, 66, 70-1, 74,
78, 280, 336, 360, 387

Zidovudine (see AZT)
Zinc, 37

VDAC (also porin), 2, 3, 15, 45-6,
81, 100, 110, 112, 133, 159, 175,293,
301,385,387

Velo-cardio-facial syndrome (see
DiGeorge syndrome)

Ventricular dilatation, 216, 327, 366
Ventricular septal defect, 245, 352
Verapamil, 330

Very long-chain acyl-Co A
dehydrogenase (VLCAD)
deficiency, 12, 16, 166, 207,
212,217,246,327,361,387

function, 201-2, 387

Viral vectors, 334-5
Vitamin E, 324, 339

Wilson's disease, 247
Wolff-Parkinson-White (WPW)
Syndrome, 172,246,353

Xanthine oxidase, 99, 101-2, 269
Xenobiotics, 8
Xenomitochondrial cybrids, 362, 387
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