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Preface

The term mitochondrion is derived from Latin, with mitos meaning thread and
chondrion meaning granules. Indeed, under the light microscope, mitochondria
often appear as rods or granules within the cytoplasm. For decades after
initial visualization of mitochondria by light microscopy, mitochondrial function
remained clouded. However, with the development of differential centrifu-
gation and electron microscopy, it was discovered that a chief function of the
mitochondria was the generation of ATP for the remainder of the cell. For many
years, the energy generating function of the mitochondria was considered the
primary, if not the sole function of the mitochondria. During that period, investi-
gators attempted to obtain information on the mechanism of ATP synthesis and
the regulation of electron transport. In the first chapter of the book, Dr. Hassinen
summarizes those studies, providing clear pictures on the transformation of
reducing equivalents into a proton gradient and the mechanism by which the F1F0

ATPase utilizes the proton gradient to generate ATP. He also summarizes the key
regulatory steps of the citric acid cycle, which is the major source of reducing
equivalents for the electron transport chain. In the heart, most of the carbon that
feeds into the citric acid cycle is derived from fatty acid metabolism. Although
fatty acid utilization provides most of the ATP for contraction, a proper balance
must be maintained between the utilization of fatty acids and that of glucose.
In the second chapter, Drs. Folmes and Lopaschuk discuss the interrelationship
between carbohydrate and fatty acid metabolism and how the interrelationship
is affected in various disease states. Correction of metabolic dysregulation is
introduced as a novel approach toward the treatment of heart disease. In the third
chapter, Drs. Sugden and Holmes describe the profound influence of the nuclear
regulators, known as the peroxisome proliferator-activated receptors (PPARs),
on lipid and carbohydrate metabolism. The physiological and pharmacological
ligands that activate the receptors are discussed, along with pathological condi-
tions associated with dysregulation of the receptors.

Today, it appears that crosstalk between the mitochondria and the remainder
of the cell is an extremely important function of the mitochondria. Not only do
the mitochondria provide metabolites to ensure continuation of several metabolic
pathways, but they also regulate the levels of key cytosolic constituents. This
is made possible by the presence of transporters in the inner mitochondrial
membrane that specifically regulate the movement of substrates in and out of
the mitochondria. In the fourth chapter, Drs. Kaplan and Mayor describe the
structure of a transport protein that shuttles citrate out of the mitochondria,
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vi Preface

providing a carbon source for fatty acid, triglyceride and cholesterol biosyn-
thesis. The chapter also clarifies the mechanism by which the transporter insures
the integrity of the membrane barriers protecting the mitochondria from the
accumulation of undesirable substances. In chapter 5, Dr. Vary outlines the role
of mitochondria in ammonia detoxification, gluconeogenesis, protein synthesis
and acid-base balance. The complex regulation of rate-limiting mitochondrial
events, such as flux through pyruvate and branched chain ketoacid dehydro-
genases, by transcription factors, hormones and cellular nutrition are reviewed.
In chapter 6, Dr. King discusses the important role played by the mitochondria in
amino acid metabolism. She reviews evidence that amino acids are involved in
mitochondrial-dependent cytoprotective reactions that are dependent on amino
acid metabolism rather than protein synthesis.

Mitochondria are dynamic organelles. They can migrate, undergo morpho-
logical changes and accumulate in response to physiological and pathological
biogenetic stimuli. Dr. Al-Mehdi summarizes the dynamic changes induced upon
endothelial mitochondria by shear-stress, flow adaptation and flow cessation.

Recent studies suggest that the mitochondria may also generate initiators of
important signaling pathways. Of particular interest is the activation of cell altering
protein kinases by mitochondrial-generated free radicals. How the mitochondria
maintain a balance between the generation and destruction of reactive oxygen
and nitrogen species is presently unclear. Dr. Turrens argues that it is a complex
process, involving multiple sources of reactive oxygen species, several antioxidant
enzymes, antioxidant vitamins and an assortment of antioxidant small molecules,
all which normally act to prevent the accumulation of damaging levels of oxidants.
Like reactive oxygen species, mitochondrial calcium homeostasis must be tightly
regulated to ensure mitochondrial and cellular viability. In chapter 9, Drs. Griffiths,
Bell, Balaska and Rutter discuss the transporters involved in calcium accumulation
by the mitochondria. They also discuss the coupling mechanisms that link modest
mitochondrial calcium accumulation with the stimulation of energy production.
Alsoaddressed in thechapterarepotentialpharmacological interventions thatmight
be expected to prevent the damaging effects of excessive mitochondrial calcium
accumulation that arise in certain pathological states. Besides the transport of
calcium, the mitochondria also regulate the transport of other cations. In chapter 10,
Dr. O’Rourke assigns an important cytoprotective role to the potassium channels.
He describes experimental evidence showing that multiple potassium channels are
cytoprotective, however, he argues that the lack of structure/function relationships
has limited the development of ion selective agents with therapeutic significance.

Failure to maintain proper levels of calcium and reactive species within
the mitochondria alters mitochondrial function, leading to the formation of the
mitochondrial permeability transition pore. The formation of the pore renders
the mitochondria leaky to organic and inorganic solutes, causing it to lose the
ability to generate ATP and to control matrix volume. Drs. Halestrap, Clarke
and Khalilin describe the properties of the pore, including the importance of
the mitochondrial permeability transition in the depletion of cellular ATP and
the loss of cell viability. They point out that events that accompany ischemia-
reperfusion, such as reactive oxygen species generation, calcium overload,
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adenine nucleotide depletion, inorganic phosphate accumulation and collapse
of the membrane potential, act as initiators or facilitators of pore formation. It
follows that effective therapy against ischemia-reperfusion damage requires rapid
closing of the mitochondrial permeability transition pore. In chapter 12, Drs.
Suleiman and Schaffer review the mechanisms underlying the onset of cellular
apoptosis, an orderly type of death that is initiated either by intrinsic, mitochon-
drial events or by extrinsic stimuli. Because apoptosis is genetically programmed
and proceeds along specified pathways, it is highly regulated. Drs. Suleiman and
Schaffer describe the effects of several cardioactive agents, including angiotensin
II, calcium, reactive species and �-adrenergic agonists, on the apoptotic pathway.
They maintain that the inhibition of apoptosis might serve as an important thera-
peutic approach in the treatment of heart disease. Traditionally, apoptosis and
necrotic oncosis represent distinct pathways, with only apoptosis considered a
highly regulated, genetically programmed pathway. However, in chapter 13,
Drs. Murphy and Steenbergen argue that the two forms of cell death share
common steps in accidental insults, such as ischemia-reperfusion. They point
out that in both forms of cell death, the mitochondria serve as a source of
reactive oxygen species and other pro-apoptotic factors, can contribute to ATP
depletion and modulate calcium homeostasis. Therefore, they maintain that a
better understanding of mitochondrial regulation should provide novel thera-
peutic approaches for reducing both apoptosis and necrosis. One mechanism of
protecting the cell against both forms of death is preconditioning. In chapter 14,
Drs. Phillip, Downey and Cohen propose a signaling cascade triggered by Gi

coupled receptors that lead to the opening of the KATP channel. They suggest that
attenuation of the mitochondrial permeability transition may serve as the end
effector of the preconditioning event. In chapter 15, Drs. Shokolenko, LeDoux
and Wilson ascribe a key role for mitochondrial DNA damage in apoptosis.
They point out that mitochondrial DNA is much more susceptible to oxidative
damage than nuclear DNA. Moreover, the synthesis of most mitochondrially
expressed peptides is regulated by a single promoter. Since the proteins encoded
by the mitochondria are components of electron transport, mitochondrial DNA
damage reduces flux through the electron transport and enhances generation of
superoxide. Therefore, it is logical to propose that mitochondrial DNA repair, by
reversing mitochondrial DNA damage, can rescue cells from excessive super-
oxide generation and oxidant-induced apoptosis.

Recent evidence that mitochondria are directly involved in cell signaling
initiated by pro-apoptotic factors, as well as cell survival stimuli, indicates that
the status of the mitochondria determines the viability of the cell. Future therapy
is likely to take advantage of this central role of the mitochondria to shift the
balance in favor of either cell survival or death. Moreover, with the emergence
of mitochondria as an important regulator of cell signaling, new interest in the
pathophysiology of the mitochondria should yield fascinating results.

Stephen W. Schaffer
M-Saadeh Suleiman
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Part 1
Mitochondrial Metabolism



1
Regulation of Mitochondrial
Respiration in Heart Muscle

Ilmo Hassinen

1.1. Introduction

Heart muscle with its continual and heavy use of energy is strongly dependent
on the most efficient biological energy provider, the process of oxidative
phosphorylation, which is responsible for the aerobic conversion and conser-
vation of the combustion energy of fuel substrates to ATP, the universal cellular
energy currency. Its key reactions are localized in mitochondria. The myocardial
mitochondrion may be regarded as an archetype of its kind and therefore is also
a classical experimental model in research on oxidative phosphorylation.

Mitochondria are organelles comprised of an outer membrane and inner
membrane, enclosing a matrix space. The latter contains the terminal catabolic
pathways such as the tricarboxylic acid cycle, fatty acid �-oxidation and pyruvate
dehydrogenase all of which extract hydrogen and electrons from fuel substrates
with the formation of NADH and reduced ubiquinone, a lipid-soluble isoprenoid
quinone in the mitochondrial inner membrane. Heart muscle mitochondria are
characterized by maximized inner membrane area, achieved by intricate folding,
which in electron micrographs appears as a tight packaging of inner membrane
invaginations, the cristae.

The inner membrane contains the respiratory chain, a series of redox enzymes,
which reduce oxygen to water with electrons donated by dehydrogenations in
intermediary metabolism. The respiratory enzyme complexes are in principle
redox-driven proton pumps, which use the energy derived from oxidation-
reduction reactions to translocate protons from the matrix space across the inner
mitochondrial membrane. This process leads to establishing an electrochemical
potential (gradient) of protons across the inner membrane. The electrochemical
potential (��H+) has two components, an ‘electric’ F·��, produced by the
membrane potential (��) and a ‘chemical’ 2.3RT·�pH provided by the trans-
membrane gradient of hydrogen ions.

The proton electrochemical potential serves as a primary form of existence
of conserved energy, which is utilized by the reversible proton-pumping F1Fo-
ATPase to synthesize ATP from ADP and inorganic phosphate. Import of
ADP and export of ADP is performed by the ADP/ATP translocase. For the

3



4 I. Hassinen

operation of this (chemiosmotic) principle of energy conservation, the mitochon-
drial inner membrane must be proton-tight, so that fuel substrates or metabolites
can permeate this membrane only by means of various exchange translocators.

Like all intracellular organelles surrounded by two membranes, the
mitochondria contain their own miniature chromosome, the mitochondrial DNA
(mtDNA), which codes for 13 mitochondrial peptides, all having the character
of insoluble intrinsic membrane protein. The mutation frequency of mtDNA
is one order of magnitude higher than that of nuclear DNA (Zeviani et al.
1998), and these mutations can lead to mitochondrial diseases. MtDNA derange-
ments include both point mutations and deletions. The latter are the cause of a
heart disease phenotype, the Kearns-Sayre syndrome characterized by a cardiac
conduction defect (Channer et al. 1988) in addition to the symptoms related to
skeletal muscle problems.

1.2. Heart Muscle Mitochondria

In heart muscle most of the copious mitochondria are aligned in interfibrillar
rows with a pitch of nearly one per sarcomere. The mitochondria appear as
tight packages of inner membrane cristae within the outer membrane. Another
population of mitochondria have a subsarcolemmal location and there is some
evidence (Riva et al. 2005) of functional differences between these two popula-
tions (Manneschi and Federico 1995; Weinstein et al. 1986).

The amount of subsarcolemmal mitochondria increases in certain mitochon-
drial diseases, and the trichrome staining properties of heaps of subsarcolemmal
mitochondria gives rise to the histological picture of ‘ragged red fibers’
(Reichmann et al. 1996) characteristic of mitochondriopathies.

Since the respiratory chain is composed of intrinsic membrane proteins,
maximizing inner membrane area is supportive of a high rate of oxidative
phosphorylation. In fact, the protein occupancy of the membrane is so high that
there is not much room left for translational, lateral movement of the enzyme
complexes in the membrane. Although ‘supercomplexes’ can be isolated with
defined methodology (Schagger 2002), the reactions in the ‘respiratory chain’
are probably more dependent on collision frequency between the complexes
(Gupte and Hackenbrock 1988) and intramembrane electron carriers than on a
structural organization of a chain.

1.3. The Respiratory Chain

1.3.1. Complex I

Complex I catalyses the initiating reaction of the respiratory chain, the reduction
of ubiquinone by NADH. The mechanism of complex I action is the least under-
stood of the mitochondrial respiratory complexes. This is due to the extreme
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complexity of the enzyme, apparent redundancy of the number of redox centers
and their location with respect to the location of its lipid-soluble electron
acceptor, ubiquinone in the membrane.

In vertebrates, complex I is comprised of 46 dissimilar subunits with a total
molecular mass of 900 kDa. Its bacterial counterpart, NDH-1, has only 14 (or
13 due to gene fusion) subunits, all of which are homologues of the subunits
of the mammalian enzyme so that the molecular mass is 550 kDa. Seven of
these subunits are homologues of the seven mitochondrially coded subunits
of the mammalian enzyme, the remaining seven subunits being homologues
of the nuclearly coded mammalian complex I subunits. It is becoming
evident that these 14 subunits represent the functional core of the mammalian
enzyme.

The purified enzyme is large enough to be visible in electron micrographs
obtained with negative staining. Both mammalian and bacterial enzymes have
an L-shaped form (Guenebaut et al. 1998), with an intramembrane arm and a
peripheral arm. Resolution of the holoenzyme to subcomplexes (Sazanov et al.
2000) reveals that all of the redox-active centers are located in the peripheral
arm of the enzyme, which contains the NADH-binding site, one molecule of
flavin mononucleotide (FMN) and eight iron-sulfur centers. The hydrophobic
subunits (ND1-ND6 and ND4L) coded in mtDNA reside in the membrane arm of
the complex. The ND1 subunit, which reacts with ubiquinone, has no identified
redox center. It is also the target of numerous pathogenic mutations, typically
resulting in the Leber hereditary ophthalmic neuropathy (LHON).

Complex I is a redox-driven proton pump with a stoichiometry of 4H+/2e−,
i.e. four protons per one molecule of NADH oxidized (Honkakoski and Hassinen
1986; Wikstrom 1984). This high H+/e− ratio cannot be explained with a classical
‘Mitchelian’ redox loop, because the enzyme contains only one hydrogen carrier
amongst several electron carriers. Several hypothetical models of complex I
function ranging from Q-cycle type mechanisms (Ragan, 1987; Dutton et al.,
1998) to reductant-induced oxidation (Brandt 1997) and conformation-driven
proton pump (Ohnishi and Salerno 2005) have been proposed. Sequence
homologies to Na+/H+ antiporters (Friedrich and Weiss 1997) or H+ conductors
(Hassinen and Vuokila 1993) suggest that the ND2, ND5, ND4 and ND4L
subunits may be involved in proton translocation (Kurki et al. 2000; Garofano
et al. 2003; Holt et al. 2003; Flemming et al. 2003; Kervinen et al. 2004)

1.3.2. Complex III
Complex III (ubiquinol:cytochrome c oxidoreductase) conveys the electrons from
reduced ubiquinone to ferricytochrome c, which becomes reduced. The complex
is composed of 11–12 dissimilar subunits, and one of these, cytochrome b,
is coded in mitochondrial DNA. Cytochrome b contains two heme B groups,
namely, a low potential heme (BL −30 mV) and a high potential heme
(BH +90 mV). With respect to the mitochondrial inner membrane these hemes
are located on opposite sides, one near the inner face and the other near the
outer face. The enzyme has also two quinone-binding domains in the vicinity of
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the two heme groups of cytochrome b, and an iron-sulfur protein center reacting
with cytochrome c1, which further reacts with cytochrome c on the outer face of
the inner membrane.

Complex III is a proton pump with a stoichiometry of 4H+/2e−. This can be
fully explained by the Q-cycle originally proposed by Peter Mitchell (1975),
which is based on spectroscopic findings suggestive of the presence of two
different cytochromes b. The 11-subunit complex III from bovine heart has been
crystallized, and on the basis of x-ray diffraction pattern its 3-D structure is
known at 3-Å resolution (Iwata et al., 1998). Its detailed spatial structure fits the
Q-cycle mechanism of action.

1.3.3. Complex IV

Complex IV (cytochrome c oxidase) catalyses the reduction of oxygen to water
by ferricytochrome c with concomitant pumping of protons (Wikström 1984)
with a stoichiometry of 2H+/2e−. Since the electron transport reaction is vectorial
and oriented from cytochrome c on the outer face of the membrane to the
oxygen reduction site on the inner face of the membrane, a membrane potential
(negative inside) is generated. Thus complex IV contributes to the formation of
the electrochemical potential by two modes, translocation of electrical charges
alone and protons.

Complex IV of mammals has 13 dissimilar subunits. Three of them (I-III)
are encoded by mtDNA. Bacterial cytochrome c oxidase is composed of only
three subunits and these are homologues of the mitochondrially coded ones.
Two mitochondrially-coded subunits contain all of the four redox-active groups
(two hemes and two copper atoms) of the enzyme (heme A and the binuclear
heme A3-CuB center in subunit I, and CuA in subunit II). The low number of
subunits in the bacterial enzyme indicates that these three subunits constitute
the functional core of the enzyme, and the other subunits apparently contribute
to its stability and regulation. The remaining 10 subunits of the mammalian
enzyme are nuclear coded, and at least two of them are involved in the allosteric
regulation of the enzyme.

Cytochrome c oxidase has been crystallized from a few tissues and species and
its 3-D structure has been determined from x-ray diffraction data, e.g. Paracoccus
denitrificans (Iwata et al. 1995) and bovine heart (Tsukihara et al. 1996).

1.4. ATP Synthesis

Complex V (ATP synthetase, F1Fo-ATPase) is a reversible H+-ATPase, which
pumps protons across a membrane at the expense of ATP hydrolysis. Conversely,
it is able to join ADP and inorganic phosphate by extracting water with
concomitant formation of ATP.

Complex V has three main parts, a membrane-embedded domain Fo, a catalytic
domain F1, and a joining stalk. The F1 domain is a heterohexamer composed
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of three �-subunits and three �-subunits. Pairs of � and � subunits form
three catalytic sites, which adopt three different conformations for three partial
reactions of ATP synthesis. In the middle of the stalk there is a rod-formed �
subunit anchored in the Fo domain that extends to the center of the F1 domain.
The b and � subunits also join the F1 and Fo domains and immobilize F1 in
relation to Fo.

The F1Fo-ATPase operates in ATP synthesis like a “nanomechanical engine”
(Kato-Yamada et al. 1998; Ueno et al. 2005). In the Fo domain there is a ‘rotor’
composed of 9 to 12 c subunits, depending on species. Subunit a of the Fo

moiety channels protons into the rotor. Protons are forced through the channel
by their electrochemical potential and cause the rotor to rotate. The � subunit
rotates with the rotor, and its bent end in the center of the stationary F1 part
deforms the �-� subunits and their catalytic sites in a sequential manner through
three functionally different conformations (Oster and Wang 2003). Thus, the
electrochemical energy of the mitochondrial inner membrane is transformed
through conformational changes to the F1 catalytic sites, which in turn drives
ATP synthesis. Three ATP molecules are formed during one turn of the rotor
and subunit �. The number of protons required for one turn of the rotor is
equal to the number of c subunits in it. With 12 c subunits 12 protons are
needed for 3 ATP molecules, i.e. the H+/ATP ratio is 4. The common experi-
mental finding is that three ATP molecules are formed when one molecule of
NADH is oxidized by mitochondria. This is in good agreement with the notion
that four protons or electrical charges are translocated by each of complexes
I, III and IV.

The structure of the F1-ATPase has been determined by x-ray crystallography
at 2.8 Å resolution (Abrahams et al. 1994).

The proton ATPase/ATP synthase reaction is reversible, which gives rise to
problems under conditions in which the electron transport and proton pumping
reactions of the respiratory chain are blocked as in ischemia or anoxia. Dissi-
pation of the proton electrochemical potential through proton leakage leaves the
H+-ATPase as the only supporter of (��H+). Thus, in ischemia F1Fo-ATPase
enhances the depletion of ATP.

However, there exists an endogenous inhibitor peptide IF1, which binds
to F1Fo-ATPase under conditions of intracellular acidification or decreased
mitochondrial membrane potential (Cabezon et al. 2000). There are big species
differences in the IF1 content of the myocardium. The concentration is high
in the low-beat hearts of larger mammals, whereas in the fast-beat hearts of
small rodents the IF1 concentration is low. Ischemia-induced inhibition of F1Fo-
ATPase can be demonstrated even in the isolated perfused rat heart (Ylitalo et al.
2001). Ischemic preconditioning, i.e. a brief ischemia/reperfusion, enhances the
inhibition of the ATPase during subsequent ischemia (Vuorinen et al. 1995a;
Ylitalo et al., 2001; Penna et al. 2004). However, the significance of F1Fo-ATPase
inhibition during the preconditioning process, the most efficient endogenous
mechanism of protection against ischemia/reperfusion damage, remains uncertain
(Green et al. 1998).
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1.5. Metabolite Translocation in the Inner Membrane.

As far as oxidative phosphorylation and aerobic glycolysis are concerned, the
main transport proteins in the mitochondrial inner membrane are ADP/ATP
translocase, phosphate translocase, glutamate/aspartate translocase and 2-
oxoglutarate translocase. The outer membrane is permeable to most small-
molecular weight substrates of the mitochondrion. In creatine kinase (CK)-
containing tissues such as brain and muscle, a mitochondrial isomorph of the CK
exists that is bound to the intermembrane surface of the inner membrane in close
structural and functional linkage to the ADP/ATP translocase. In connection
of its cytosolic isoenzyme, the CK form a “creatine phosphate cycle” which
provides a means of facilitated diffusion of ATP between the mitochondria
and the ATP-consuming reactions in myofilaments (Bessman and Geiger 1981;
Kupriyanov et al. 1984). The mitochondrial inner membrane is impermeant to
NADH and NAD+, so that the glutamate/aspartate and 2-oxoglutarate translo-
cators (malate-asparate shuttle) are indispensable for transferring reducing equiv-
alents of cytosolic NADH to the mitochondrial matrix under aerobic conditions.

1.6. Mitochondrial Redox Enzymes of Intermediary
Metabolism Having Inner Membrane Ubiquinone
as Electron Acceptor

1.6.1. Complex II (Succinate:Ubiquinone
Oxidoreductase)

For historical reasons, succinate dehydrogenase (succinate:ubiquinone oxidore-
ductase) is commonly listed as a component of the respiratory chain as
complex II, although it is not capable of proton pumping. This enzyme of the
tricarboxylic acid cycle contains covalently bound flavin-adenine dinucleotide
(FAD) as the prosthetic group and three iron-sulfur centers (bi- tri and tetranu-
clear). It is anchored to the mitochondrial inner membrane by means of two
b-type cytochromes, whose role in the electron transfer is unknown, and two
ubiquinone-binding proteins.

A common textbook error is the classification of succinate dehydrogenase as
a flavin-reducing enzyme, although the net reaction catalyzed is: succinate +
ubiquinone ↔ fumarate + ubiquinol. None of the subunits of SDH is encoded
in mitochondrial DNA (Anderson et al. 1981).

1.6.2. Electron Transfer Flavoprotein:Ubiquinone
Oxidoreductase

In fatty acid �-oxidation the electrons are fed into the respiratory chain via
two routes: In the first, fatty acyl-CoA is oxidized to enoyl-CoA by the FAD-
containing acyl-CoA oxidase enzyme, which becomes reduced. This is reoxidized
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by the electron transfer flavoprotein (ETF) (Beckmann and Frerman 1985), which
in turn is reoxidized by ETF dehydrogenase (ETF:ubiquinone oxidoreductase), a
metalloflavoprotein of the mitochondrial inner membrane (Ruzicka and Beinert
1977). The electrons are channeled to ubiquinone, a substrate of complex III of
the respiratory chain. The next �-oxidation reaction catalyzed by 3-hydroxyacyl-
CoA dehydrogenase produces NADH, which is oxidized by complex I (for
references, see Schulz 1991). Therefore electrons are fed into the respiratory
chain via two routes, one of which bypasses complex I, thus lowering the ATP/O
ratio.

1.6.3. Glycerol-3-Phosphate Dehydrogenase

Two glycerol-3-phosphate dehydrogenases exist. In the cytosol there is an
NAD-linked glycerol phosphate dehydrogenase (Ostro, and Fondy 1977), and
in the mitochondrial inner membrane there is an FAD-containing flavoenzyme
(glycerol-3-phosphate:ubiquinone oxidoreductase), which is linked to the respi-
ratory chain (Klingenberg 1970). The glycerol-3-phosphate-binding site of the
enzyme faces the intermembrane compartment and is then accessible to the
cytosolic glycerol-3-phosphate, which cannot penetrate the inner mitochondrial
membrane. These two enzymes constitute the glycerophosphate shuttle (Houstek
et al. 1975), a mechanism of reoxidation of cytosolic NADH during aerobic
glycolysis. In heart muscle the mitochondrial content of the glycerol phosphate
dehydrogenase flavoenzyme is low, and the glycerophosphate shuttle is not
significant in the myocardium, where aerobic reoxidation of cytosolic NADH
occurs by the malate-aspartate shuttle (LaNoue and Williamson 1971). The
glycerophosphate shuttle is significant in some other tissues such as the �-cells
of the pancreatic islets, which show a high rate of glucose oxidation (MacDonald
1981).

1.7. Levels of Regulation of Electron Transport
in the Mitochondrion

The activity of the mitochondrial respiratory chain is geared to the cellular
requirements of ATP, but this subtle regulation operates at several levels. The
majority of the ATP-consuming reactions occur in the cytosol, such that the
translocation of ATP, ADP, Pi and respiratory substrates, although the entry
of reducing equivalents into the respiratory chain must also be considered. In
fact, a unifying view of the mitochondrial respiratory control in intact cells has
not been achieved, and several competing hypotheses have been proposed. The
major in vivo regulation has been attributed to the ADP/ATP translocator, the
“substrate level” dehydrogenations (Katz et al. 1989; Heineman and Balaban
1990) and the near-equilibria between the ADP/ATP translocator, F1Fo-ATPase
and redox-linked proton pumps (Wilson et al. 1977; Hassinen 1986; Hassinen
and Hiltunen 1975). In skeletal muscle, Michaelis-Menten kinetics approximates
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the ADP-dependent respiratory control reasonably well (Chance et al. 1985).
Thus, for evaluation of respiratory control an integrating discussion of metabolic
control is needed.

1.8. Substrate Level Regulation of Supply of Reducing
Equivalents for the Respiratory Chain

1.8.1. Carbohydrate Oxidation

Under aerobic conditions the product of glycolysis is pyruvate, which is oxidized
in mitochondria by the pyruvate dehydrogenase complex (PDH) to acetyl-CoA,
which enters the tricarboxylic acid cycle. The enzyme is interconvertible by
means of phosphorylation to an inactive form (PDHi) and dephosphorylation
to an active dephosphorylated form (PDHa). Free Ca2+ and Mg2+ ions activate
the dephosphorylation by a phosphoprotein phosphatase (Midgley et al. 1987).
Because mitochondrial ATP is found as a magnesium salt, changes in the
mitochondrial ATP concentration influence mitochondrial [Mg2+]f (Wieland and
Portenhauser 1974; Denton et al. 1975). Thus, the mitochondrial [ATP]/[ADP]
ratio becomes a determinant of the [PDHi]/[PDHa] ratio. Because the heart rate
and contraction force are linked to [Ca2+]f transients that follow the action poten-
tials, the time-averaged cytosolic [Ca2+]f becomes dependent on the mechanical
work output of the heart. Moreover, it has been shown (MacGowan et al.
2001) that the mitochondrial [Ca2+]f follows the time-averaged cytosolic [Ca2+]f

although the transients become filtered out (Leisey et al. 1993). This means that
the activation state of PDH is effectively regulated by the mechanical workload
of the heart despite the fact that the [ATP]/[ADP] ratio is not markedly influenced
by it. The phosphorylation of PDHa to the inactive PDHi is catalyzed by a protein
kinase, which is activated by increased acetyl-CoA/CoA and NADH/NAD+

ratios (Ravindran et al. 1996; Peters 2003). Fatty acid oxidation, which is
determined by fatty acid availability, increases the mitochondrial acetyl-CoA
concentration (Ala-Rämi et al. 2005). Thus, fatty acid oxidation converts PDH
to its inactive form and is an efficient suppressor of myocardial carbohydrate
oxidation. Also ketone body oxidation elevates the myocardial concentration of
acetyl CoA and subdues glucose oxidation. It follows that pyruvate oxidation
becomes regulated by the acetyl-CoA/CoA, ATP/ADP, NADH/NAD+ ratios and
cardiac mechanical workload.

1.8.2. Fatty Acid Oxidation

The regulation of fatty acid oxidation is poorly understood, largely because
�-oxidation proceeds to completion and intermediate metabolites do not
accumulate. Administration of a fatty acid increases cardiac oxygen consumption.
This has been attributed to a decoupling effect of fatty acids on mitochondria
(Kornberg 1966), a decrease in the P/O ratio related to the by-passing of complex
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one by a portion of the reducing equivalents (see above) or a reduction of NADH
and the resulting increase in the thermodynamic driving force of cell respiration
(Hassinen et al. 1990).

The regulation of fatty acid oxidation is possible at the level of fatty acid uptake
into the cells, their import into the mitochondria (via the acylcarnitine/carnitine
transporter) and the process of �-oxidation itself. For the latter, it is known that
the semiquinone form of ETF is a feedback inhibitor of acyl-CoA dehydrogenase
(Beckmann and Frerman 1985), NADH inhibits 3-hydroxyacyl-CoA dehydro-
genase, and acetyl-CoA inhibits thiolase enzyme (for references, see Schulz
1991).

It has been shown in liver mitochondria that an increase in the mitochon-
drial matrix volume enhances �-oxidation. It is also known that matrix volume
is affected by calcium. Thus, it is possible that calcium regulates �-oxidation,
forming a link between ATP-consuming heart muscle contractions and ATP-
yielding fatty acid oxidation. Moreover, the matrix volume is also affected by
mitochondrial pyrophosphate, and mitochondrial pyrophosphatase is inhibited
by calcium. However, in heart muscle the pyrophosphate concentration is
not affected by metabolic perturbations (Griffiths and Halestrap 1993). When
contractility of an isolated perfused heart is adjusted by changes in the extra-
cellular [Ca2+] during fatty acid infusion, the alterations in the mitochondrial
redox state of flavins (and NADH/NAD+) are small compared with changes in
oxygen consumption or the free [ATP]·[ADP]/[Pi] ratio (Vuorinen et al. 1995b).
This suggests that the rate of fatty acid oxidation is regulated more by calcium-
induced changes in ATP consumption than by direct effects of calcium on
�-oxidation.

In heart muscle, the main determinant of fatty acid oxidation is their avail-
ability, and even low concentrations of fatty acids are able to almost totally
suppress carbohydrate oxidation as has been recently shown by the 13C NMR
isotopomer analysis methodology (Ala-Rämi et al. 2005). The mitochondrial
acylcarnitine/carnitine transferase I is inhibited by malonyl-CoA, an interme-
diate of fatty acid synthesis. In lipogenic tissues malonyl-CoA is a major
regulator of fatty acid oxidation and ketogenesis (McGarry and Foster 1979).
Malonyl-CoA is also synthesized by cytosolic acetyl-CoA carboxylase, which
is regulated by 5’-AMP-activated protein kinase in heart muscle, where its
only metabolic fate is the decarboxylation by the malonyl-CoA enzyme, whose
sole role is likely the regulation of fatty acid oxidation (Dyck et al. 1998;
Belke et al. 1998).

1.8.3. Tricarboxylic Acid Cycle

The mitochondrial tricarboxylic cycle is the most central metabolic pathway with
input from carbohydrate, fatty acid and amino acid oxidation. It feeds the respi-
ratory chain by reduction of NAD or ubiquinone. The regulation of tricarboxylic
acid (TCA) cycle is somewhat controversial as is the mutual significance of the
TCA cycle and respiratory chain in the regulation of cell respiration.
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There are two modes of regulation of the TCA cycle. First, there is flux
regulation, but an equally important mode of regulation involves the maintenance
of the pool of TCA cycle intermediates. The TCA cycle is designed for oxidation
of acetyl-CoA. The net degradation or oxidation of any of the cycle intermediates
necessitates their prior export from the cycle. The intermediates act by mass
action to accelerate TCA flux but are not consumed by the cycle itself. In spite
of that, the total pool size of the TCA cycle in heart muscle undergoes large
fluctuations and some of its intermediates function as feedback regulators of
cytosolic metabolic pathways.

1.8.3.1. Flux Regulation

Three enzymes of the TCA cycle have properties suitable for flux regulation.
(1) The mitochondrial concentration of oxaloacetate (OxAc) is within the range
of the Km of citrate synthase (Siess et al. 1984), such that the reaction velocity
becomes dependent on the mitochondrial concentration of OxAc, which in
turn depends on the status of the malate dehydrogenase reaction (Forsander
1970). It is known that the activity of malate dehydrogenase is near-equilibrium,
such that the concentration of OxAc varies as a function of the mitochondrial
NADH/NAD+ ratio, which in turn is dependent on the activity of the respi-
ratory chain. (2) Calcium is an activator (Nichols et al. 1994), NADH a product
inhibitor and ADP an allosteric activator (Ehrlich and Colman 1982) of NAD-
dependent isocitrate dehydrogenase, which accounts for the feedback regulation
of the enzyme by the respiratory chain. (3) Calcium is an activator of 2-oxoacid
dehydrogenase at concentrations encountered in mitochondria (McCormack and
Denton 1990). As described above, the mitochondrial [Ca2+] follows the time
averaged cytosolic calcium. Thus, the activity of 2-oxoacid dehydrogenase is
dependent upon the mechanical work output of the heart.

1.8.3.2. Pool Size Regulation

An important aspect of the TCA cycle is the maintenance of its pool size.
Although carbon shuffling between intermediates occurs, TCA cycle flux does
not affect total pool size. However, cycle metabolites are also used in some other
metabolic routes, biosynthetic for example. Thus, the pool requires continual
replenishment, a process referred to ‘anaplerosis’ by Kornberg (1966). It should
also be borne in mind that anaplerosis is important not only because it elevates
the levels of TCA intermediates but also because it regulates flux through other
metabolic pathways. A classical example is citrate, which regulates phosphofruc-
tokinase, a rate limiting enzyme in glycolysis. Because the pool size is dependent
on both replenishment and disposal, it is also influenced by the metabolic state
of the cell. This happens for example during the metabolism of odd-number
carbon fatty acids, which produce propionate, which in turn feeds into the TCA
cycle via propionyl-CoA carboxylase, thereby producing succinyl-CoA. These
TCA cycle disposal mechanisms are sometimes called ‘cataplerotic’

There are several means of anaplerosis in the heart muscle: (1) coupled
alanine and aspartate transaminations which produce oxaloacetate, (2) the
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purine nucleotide cycle which by sequential purine deamination and amination
produces ammonia and fumarate, (3) glutamate dehydrogenase which produces
2-oxoglutarate, a reaction that is dependent on the mitochondrial NAD+/NADH
ratio, (4) pyruvate carboxylase which produces oxaloacetate, (5) ‘malic’ enzymes
(decarboxylating malate dehydrogenases) that produce malate from pyruvate
by their reverse reactions. Pyruvate carboxylation in the myocardium is well
documented (Peuhkurinen and Hassinen 1982), but its rate during biotin
deficiency and the kinetic properties of the malic enzyme suggests that the latter
is the main route of pyruvate carboxylation in heart muscle (Sundqvist et al.
1989). Ala-Rämi et al. (2005) have shown that anaplerotic flux is dependent on
the work output of the heart.

The opposing ‘cataplerotic’ disposal reactions have been less characterized.
The redox state of the malic enzyme is such that the net rate is anaplerotic. Only
during high rates of anaplerosis can malic enzyme function in the direction of
cataperosis (Sundqvist et al. 1987).

1.9. Respiratory Chain Regulation

1.9.1. Substrate-Level or Respiratory Chain

The rate of oxidative phosphorylation and oxygen consumption is adjusted
according to the energy needs of the cell, and the phenomenon of “respi-
ratory control” in suspensions as first described by Lardy and Wellman (1952).
Nonetheless, one must take into consideration the regulation exerted by the
“rate-limiting” steps of mitochondrial electron transport, including (1) control
by substrate supply affecting the production of NADH, adjusted by the various
regulators of mitochondrial and cytosolic dehydrogenations, (2) control over
mitochondrial matrix dehydrogenases, (3) control by the mitochondrial avail-
ability of ADP and Pi, (4) control of cytochrome oxidase by the ATP/ADP·Pi ratio
through equilibrium reactions in respiratory complexes I and III, (5) allosteric
or covalent regulation of cytochrome oxidase, (6) oxygen availability and (7)
regulation of expression of the genes coding for the subunits of the respiratory
chain complexes.

1.9.2. NADH Limitation

The production of NADH or other kinds of reducing equivalents has two
important roles in the regulation of cell respiration. First, the oxidation-reduction
state of the mitochondrial matrix determines the redox gap and Gibbs free energy
change throughout the respiratory chain, ending with the reduction of oxygen.
Irreversible thermodynamics predicts that the reaction rate is proportional to
the driving force. Second, if the reaction rate of oxygen reduction is deter-
mined by the redox state of cytochrome oxidase by means of the reversible
redox-driven proton pumps and H+-ATPase, the set point of the redox state of
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cytochrome oxidase would be indefinite, without the control of the redox state
of the NADH/NAD+ couple.

A significant amount of evidence implicating an important regulatory role for
NADH production has been obtained by means of in vivo phosphorus NMR
of the canine heart. It has been shown that during phenylephrine-induced work
output transitions the myocardial concentrations of inorganic phosphate, creatine
phosphate and ATP remain constant within the accuracy limits of the method
(Katz et al. 1989). These data suggest that the adenylate system does not regulate
electron transport and oxygen consumption under in vivo conditions, although
respiratory control by the adenylate system can be demonstrated in suspensions
of isolated mitochondria.

1.9.3. Ca2+

As described above in section 1.8, several possibilities exist for the regulation
of mitochondrial NADH production in the myocardium. The main emphasis
is on the adjustment of tricarboxylic acid cycle flux by calcium. The NAD-
linked isocitrate and 2-oxoglutarate dehydrogenases are sensitive to activation
by calcium at concentrations observed in the mitochondrial matrix. A correlation
between intracellular calcium and oxygen consumption has been observed (Wu
et al. 1992), but experiments with the calcium sensitizer levosimendan failed to
distinguish between energy consumption or calcium elevation as the cause of
enhanced oxygen consumption (Todaka et al. 1996). When the work output of
isolated hearts perfused with buffer containing medium chain fatty acids was
altered by changes in extracellular calcium, the mitochondrial redox state and
cellular energy state data obtained by whole organ fluorometry and 31P NMR,
respectively, supported the notion that oxygen consumption is mainly determined
by energy expenditure (Vuorinen et al. 1995b).

1.9.4. Regulation by ATP, ADP and Inorganic Phosphate

1.9.4.1. Mitochondrial ADP Availability

Oxidative phosphorylation is dependent on mitochondrial availability of ADP
and inorganic phosphate, which are transported by the ADP/ATP translocator
and phosphate translocator, respectively. The former is electrogenic because
of a difference in the net charges of ATP and ADP, and becomes linked
to the mitochondrial membrane potential. The phosphate translocator is a
phosphate−/OH− exchanger and thus is coupled to transmembrane �pH (Palmieri
et al. 1993).

The ADP/ATP translocase is an abundant protein in mitochondria, but atracty-
loside administration demonstrates its potential ability to regulate the rate of
oxidative phosphorylation at least in isolated mitochondria (Groen et al. 1982).
However, a detailed analysis and modeling of skeletal muscle mitochondria
(Korzeniewski and Mazat 1996) according to the principles of Kacser (1983)
yields a flux control coefficient of 0.14 for the ADP/ATP translocator; the flux
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control coefficient is defined as the ratio of the fractional change of flux to
the fractional change in the concentration of the enzyme, with the sum of the
coefficients of the pathway being unity (Kacser and Burns 1973).

1.9.4.2. ADP/ATP Feedback

The signal from the cytosolic energy state can be conveyed to the mitochondria
through several modes, such as the concentration of ADP or ATP, the
[ATP]/[ADP] ratio, and the [ATP]/[ADP]·	Pi] ratio. In some cases, an index
of available high energy phosphate bonds, namely, the “energy charge” (EC) =
½(2·[ATP] + [ADP])/([ATP] + [ADP] + [AMP]), (Atkinson 1968) has been used
to express the energy status even though it does not reflect the thermodynamic
quantity of free energy available from ATP hydrolysis. The concentration of
free ADP in heart muscle cells is very low (30-90 �M), compared with the free
concentration of ATP (about 5 mM), or inorganic phosphate (around 1 mM),
so that during fluctuations within the in vivo range of the ATP/ADP ratio the
concentration of ATP remains almost constant.

The variation of oxygen consumption upon changes in work output of
the isolated working heart preparation (Williamson et al., 1976) has been
used to model the metabolic state of the mitochondria/cytosol/myofibril
system (Vendelin et al. 2000) relative to oxidative phosphorylation, ADP/ATP
translocase, phosphate translocase, mitochondrial and cytosolic creatine kinases
and adenylate kinase. It was found that a model assuming equilibrium satis-
factorily described the state of ATP, CrP and Cr, but the concentration of
ADP changed in a concentration-dependent, non-equilibrium manner indicating
the existence of intracellular concentration gradients. The data also revealed
a reasonable fit to a Michaelis-Menten type hyperbolic relationship between
cytosolic ADP and the rate of oxygen consumption (Vendelin et al. 2000).

The extreme sensitivity of the rate of oxidative phosphorylation to ADP,
resulting in a nearly constant value for the ATP/ADP ratio is difficult to explain.
It has been found that the regulation of oxidative phosphorylation does not follow
simple Michaelis-Menten kinetics but is at least second order with respect to
ADP (Jeneson et al. 1996). Thus, there must be an amplification mechanism to
increase the sensitivity of mitochondria to cytosolic ADP. To test this hypothesis,
an analysis was performed using curve fitting which was unbiased toward the
specific mechanism of the reactions involved. A satisfactory fit for the depen-
dence of the oxidative phosphorylation rate on ADP concentration was obtained
when an arbitrary Hill equation was used, yielding an n value of 3.5. This
finding supported the concept that an amplification mechanism sensitizes the
mitochondria to ADP (Jeneson et al. 1996) and argues in favor of an allosteric
regulatory mechanism.

The parallel activation of ATP-consuming and ATP-yielding pathways by
calcium has, indeed, been a popular explanation for the relative constancy of the
ATP/ADP ratio during workload transitions in heart muscle. Korzeniewsky et al.
(2005) have modeled oxidative phosphorylation in different muscles and found
that the closest fit to the experimental data is obtained when it is presumed that
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an “each-step activation” occurs. This means that a common signaling molecule
influences all contributors of the pathway, i.e. upon activation of muscle ATP
consumption, all individual enzyme complexes of the oxidative phosphorylation
system become simultaneously activated (Korzeniewski et al. 2005). However,
it is difficult to conceive the identity of the messenger. The experimental data
indicate that a source of hysteresis exists in the system, such that the activated
state of ATP synthesis is not immediately shut off after cessation of ATP
consuming muscle stimulation, giving rise to an overshoot of creatine phosphate
and undershoot of inorganic phosphate. According to Korzeniewski (1998), the
best fit of the experimental data assumes that the enhanced rate of ATP synthesis
decays with a time constant of 5 min.

The flux control coefficients of the complexes of the oxidative phosphorylation
system and the related metabolite translocases have been estimated in skeletal
muscle mitochondria, by fitting a theoretical model to the experimental data
(Korzeniewski and Mazat 1996). In the resting state (state 4) control was largely
imposed by the leakage of protons from the inner membrane, while in the
intermediate state (state 3.5), control was largely exerted by the ATP consuming
processes themselves. During the maximal rate, rate of oxidative phosphorylation
(state 3) the control coefficient of complex III was 0.26 when the ADP/ATP
carrier had a coefficient of 0.14 and the ATP synthase 0.16 (Korzeniewski and
Mazat 1996). The titration of rat heart mitochondria with oligomycin has yielded
a flux control coefficient of 0.04-0.09 for the F1Fo-ATPase (Ylitalo et al. 2001).

1.9.4.3. Near-Equilibria in the Respiratory Chain

The classical measurements of the redox potential of the matrix NADH/NAD+

couple and cytochrome c, as well as the free energy change of cytosolic ATP
hydrolysis in isolated liver cells have demonstrated that near-equilibrium prevails
(Wilson et al., 1974). The same relationship has been found in the isolated
perfused rat heart (Hassinen and Hiltunen 1975). An extended network of
redox- and free-energy near-equilibria (Hassinen and Hiltunen 1975) prevails in
the isolated perfused rat heart (Hassinen 1986), including the redox span across
mitochondrial complexes I and III, the ADP/ATP translocase, F1Fo-ATPase and
��+

H (Kauppinen et al. 1980; Kauppinen et al. 1983; Nuutinen et al. 1981;
Nuutinen 1984). Recent data (Liimatta et al. 2004) obtained by organ spectropho-
tometry of isolated perfused hearts from myoglobin knock-out mice also argue
that the dominant regulation exists at the level of the respiratory chain.

Mathematical modeling of these equilibria based on the kinetic properties
of cytochrome oxidase, which obeys first order kinetics, predicts that oxygen
consumption is proportional to the cytosolic [ATP]/[ADP]·	Pi] ratio (Wilson
et al. 1977). The equilibria minimize the entropy increase and enhance the energy
conservation efficiency of oxidative phosphorylation. This paradigm contradicts
simple Michaelis-Menten kinetics for ADP regulation of cell respiration but is in
accord with the classical notion that in a metabolic pathway the “rate-limiting”
step is out of equilibrium and controls flux through the subsequent steps of the
respiratory chain.
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However, it should be borne in mind that a single rate-limiting step does
not exist. All steps contribute, although the distribution of control is uneven
(Korzeniewski and Mazat 1996). The control attributed to individual steps can
be described by their flux control coefficient.

1.9.5. Allosteric and Covalent Regulation
of the Respiratory Chain

1.9.5.1. Complex I

The 42 kD (NDUFA10) subunit of complex I is phosphorylated at some
tyrosine residues that remain phosphorylated even during isolation of the complex
(Schilling et al., 2005). Moreover, the 18 kD (AQDQ) subunit in the iron-sulfur
protein fraction of complex I is phosphorylated in vitro by mitochondrial protein
kinase-A (Papa et al. 1996). The 18 kD subunit is coded by the nuclear NDUFS4
gene, and its mutation results in complex I deficiency when homozygous. A 5 bp
duplication in the NDUF4 gene destroys the phosphorylation site and abolishes
the cAMP-dependent activation of complex I in fibroblast cultures. A deficiency
of the 18 kD subunit due to a mutation leading to translation termination a few
residues after the mitochondrial targeting sequence results in a defect in the
assembly of complex I (Papa et al. 2002). The 18 kD complex I subunit can be
dephosphorylated by a mitochondrial serine phosphatase which is inhibited by
calcium in contrast to the mitochondrial PDH phosphatase which is activated by
calcium (Signorile et al. 2002).

Cyclic AMP and PKA have been found in mitochondria, and the A-kinase
anchoring proteins (AKAPs) which are variant splicing products of the AKAP1
gene have tag for targeting AKAPs and their PKA complexes to the mitochondrial
outer membrane (for a review, see Feliciello et al. 2005). Cytosolic cAMP
does not penetrate the mitochondrial inner membrane (Muller and Bandlow
1987), so that its signal probably reaches the mitochondrion by means of a
“transductosome” composed of a protein conglomerate assembled by AKAP
(Feliciello et al. 2005).

1.9.5.2. Complex IV

The multiplicity and overlap of the regulatory possibilities of cytochrome oxidase
is promoted by the allosteric regulation of mammalian cytochrome oxidase.
There are seven high affinity ATP binding sites and ten ADP binding sites in
bovine heart cytochrome oxidase. ATP binds to the matrix domain of the subunit
IV and acts as an allosteric inhibitor of the enzyme (Arnold and Kadenbach
1997). ATP is also bound to the heart isomorph of the VIa subunit, decreasing the
proton pumping efficiency (H+/e− ratio) of the enzyme (Frank and Kadenbach
1996). On the other hand, ADP bound to the heart type VIa subunit acts as an
allosteric activator of the enzyme (Anthony et al. 1993). It is noteworthy that
this is specific for the heart enzyme, so that the liver enzyme is not activated
by ADP.
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Cytochrome c oxidase is also subject to covalent modification by means
of protein kinases. It has been shown that a cyclic AMP dependent protein
kinase exists in bovine heart mitochondria that is capable of phosphorylating
some mitochondrial proteins (Technikova-Dobrova et al. 2001; Papa et al.
1999). Allosteric inhibition of cytochrome c oxidase by ATP is reversibly
switched on by cyclic AMP-dependent protein phosphorylation of subunits II
and Vb (Bender and Kadenbach 2000). Also subunit IV is phosphorylated, but
the identity of the protein kinase responsible for that is not known (Steenaart and
Shore 1997).

Figure 1.1. Metabolic interlinks of mitochondrial respiratory control in cardiomyocytes.
Abbreviations: C-I, complex I; C-III, complex III; C-IV, complex IV; C-V, complex V;
ANT, ADP/ATP exchange carrier; TCA, tricarboxylic acid; CKm, mitochondrial creatine
kinase; CKc, cytosolic creatine kinase; PK-A, cAMP-dependent protein kinase; PLC
phospholipase C. The solid arrows show metabolite transport and the dashed arrows
depict regulation.
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1.10. Concluding Remarks

In heart muscle, a tissue of continually high energy consumption, the regulation
of electron transfer in the mitochondrial respiratory chain is multifaceted
(Figure 1.1). It is evident that several organizational levels contribute to the
rate adjustments. The level of dominance is dependent on the stimulus resulting
from enhanced ATP consumption. It is apparent that when the primary stimulus
is external (humoral) and activates a second messenger system, control is
distributed because of the simultaneous activation of substrate-level metabolism,
which enhances the production of reducing equivalents to feed into the respi-
ratory chain, and the ATP consuming reactions, which through ADP stimulates
the respiratory chain. Under conditions in which the stimulus is non-humoral,
control by the adenylate system becomes dominant. The regulation is subtle and
the apparent sensitivity of mitochondrial respiration to ADP is extremely high,
and some modeling studies indicate that some kind of amplification system exists.
This may be based on the simultaneous activation of all of the enzyme complexes
of the respiratory chain, although the identity of the messenger remains unknown.
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2
Regulation of Fatty Acid Oxidation
of the Heart

Clifford D. L. Folmes and Gary D. Lopaschuk

2.1. Introduction

The heart has very high energy demands and requires a large amount of
ATP in order to maintain contraction and ionic homeostasis (Opie 1998). To
meet this high demand, the heart acts as a metabolic omnivore, metabolizing
a variety of carbon substrates, including carbohydrates (glucose, lactate, and
pyruvate), fatty acids, and ketone bodies (Neely and Morgan 1974; King and
Opie 1998; Stanley et al. 2005). Under normal aerobic conditions, the heart
preferentially metabolizes fatty acids, which contribute between 60% and 80%
of the required ATP (Lopaschuk et al. 1994a; Stanley and Chandler 2002),
with carbohydrates contributing the residual 20% to 40%. While there are many
similarities in fatty acid oxidation in various tissues, the regulation of fatty
acid oxidation in the heart can differ dramatically from regulation in tissues
like liver, skeletal muscle and kidney. This chapter will not attempt to compare
these differences, but instead will concentrate on the regulation of fatty acid
oxidation specifically in the heart. Although peroxisomal �-oxidation also occurs
in the heart and may play an important role in providing acetyl-CoA for the
production of malonyl-CoA, this chapter will focus on mitochondrial fatty acid
oxidation. In addition, fatty acids can also undergo �- or �-oxidation as well;
however the existence of these pathways in the heart has yet to be estab-
lished. Various disease states are associated with a dysregulation of myocardial
metabolism; this chapter will review this dysregulation and will introduce the use
of metabolic modulators as a novel pharmacological approach to treating heart
disease.

2.1.1. Overview of Myocardial Fatty Acid Metabolism

An overview of the pathway for fatty acid oxidation is found in Figure 2.1. The
major sources of fatty acids for the myocardium are fatty acids bound to albumin
and triglycerides in lipoproteins. Free fatty acids are removed from these sources
in the coronary vasculature, and transported across the endothelium into the
interstitial space by an as of yet unknown mechanism.
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Figure 2.1. Schematic overview of myocardial fatty acid metabolism. ACS,
acyl-CoA synethase; CPT-1, carnitine palmitoyltransferase-1: CPT-2, carnitine
palmitoyltransferase-2; CT, carnitine acyltranslocase; FABPpm, plasma membrane fatty
acid binding protein; FFA, free fatty acid; LPL, lipoprotein lipase.

These fatty acids then enter the cardiomyocytes by either passive diffusion or
a carrier-mediated process. These fatty acids are transported in the cytoplasm
by fatty acid binding proteins and are activated to long-chain fatty acyl-CoAs, a
step required for their further oxidation. The acyl moieties are then transported
across the impermeable inner mitochondrial membrane by carnitine dependent
transport complex. Once in the mitochondrial matrix acyl-CoAs enter the �-
oxidation spiral and for each successive cycle they are reduced by two carbon
units and produce one acetyl-CoA, one NADH and one FADH2. Acetyl-CoA is
further oxidized in the Krebs cycle, which results in the liberation of two CO2,
three NADH, and one FADH2. These reduced electron carriers enter the electron
transport chain, the hydrogens are transferred to oxygen to produce water, and
their energy is used for ATP synthesis. The remainder of the chapter will outline
the regulation of this process and its dysregulation in disease.

2.2. Fatty Acid Supply to the Cardiomyocyte

In healthy individuals circulating plasma fatty acid levels can range from
0.2 to 0.8 mM during the course of a day. However, in pathological states
which are associated with a metabolic stress, such as diabetes and ischemia,
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circulating fatty acid levels can far exceed these normal levels (>1.0 mM)
(Lopaschuk et al. 1994b). Plasma fatty acid concentration is dependent on their
release from triacylglycerols (TGs) in the adipocytes, which is dependent on
the balance of enzymatic activity of hormone-sensitive lipase for TG degra-
dation and glycerolphosphate acyltransferase for TG synthesis (Lopaschuk et al.
1994a). As the name implies, hormone-sensitive lipase is regulated by hormones,
including catecholamines which activate the enzyme, and insulin which inhibits
the enzyme. Thus pathological states such as ischemic heart disease which
increases �-adrenergic stimulation, results in elevated plasma fatty acid concen-
tration. This is in contrary to the fed state, where insulin levels are elevated and
fatty acid levels are suppressed. These fluctuations in plasma fatty acid levels are
important as the rate of fatty acid uptake into the cardiomyocyte is very dependent
on the concentration of nonesterified fatty acids supplied in the coronary vascu-
lature (Bing et al. 1954; Wisneski et al. 1987; Lopaschuk et al. 1994a). However
due to the hydrophobic nature of free fatty acids, they are never found in the
free form and must be associated with hydrophilic moieties such as proteins,
carnitine, or coenzyme A, to increase their solubility in the aqueous environment
of the plasma or cytoplasm. In the plasma they are found in their nonesterified
form bound to high affinity binding sites on albumin, or contained as TGs within
TG-rich lipoproteins, chylomicrons and very-low-density lipoproteins (VLDL)
(Richieri and Kleinfeld 1995). Even though the molar concentration of fatty
acids in lipoproteins is an order of magnitude greater than that of fatty acids
bound to albumin, it is believed that albumin fatty acids are the primary source
of energy for the heart (Hamilton and Kamp 1999). However TGs from these
lipoproteins cannot cross the plasma membrane, and must first be hydrolyzed
by lipoprotein lipase (LPL) to free fatty acids. Studies by Hauton et al. have
determined the contribution of fatty acids from albumin, VLDL and chylomi-
crons to fatty acid oxidation (Hauton et al. 2001). These authors showed that TG
from VLDL or chylomicrons could support cardiac function; however they were
of secondary importance when in the presence of fatty acid bound to albumin.
In addition the presence of free fatty acids suppressed utilization of TG from
chylomicrons but not from VLDL. Further studies by this group have shown
that TG from chylomicrons are oxidized and contribute to the maintenance of
mechanical function, while TG from VLDL is mostly incorporated into tissue
lipids (Niu et al. 2004).

Cardiac muscle is the tissue with the highest LPL expression, likely due to
tissue-specific regulatory elements in the LPL gene promoter region that allows
for differential regulation (Enerback and Gimble 1993; Fielding and Frayn 1998).
LPL is bound to the luminal side of the capillary endothelial cells and the
outer surface of the cardiomyocyte by charge interactions with heparin sulfate,
a constituent of the glycocalyx (Merkel et al. 2002a; Augustus et al. 2003;
Yagyu et al. 2003; Yokoyama et al. 2004). In vitro observations have shown
that both active and inactive LPL can anchor lipoproteins to the cell surface,
thereby increasing the efficiency of lipolysis (Merkel et al. 1998a; Merkel et al.
2002b). Mice with a cardiac specific deletion of LPL survive, and exhibit
increased circulating TGs, decreased uptake of lipoprotein derived fatty acids and
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a suppressed expression of fatty acid oxidation genes, likely due to a downreg-
ulation of a PPAR mediated pathway (Merkel et al. 1998b; Augustus et al.
2004). In addition, transgenic mice with cardiac restricted expression of LPL
are able to maintain normal circulating lipid levels, suggesting that the heart is
an important site for the homeostasis of serum lipid levels (Levak-Frank et al.
1999; Augustus et al. 2003). Following the hydrolysis of lipoprotein TGs, the
free fatty acids bind to albumin, until they are transported to the interstitial space
by an unknown concentration gradient dependent mechanism. Uptake of fatty
acids into the cardiomyocyte occurs by two mechanisms: passive diffusion and
a protein-mediated process (Van der Vusse et al. 2000).

2.3. Fatty Acid Uptake

2.3.1. Passive Diffusion

As fatty acids have low solubility in aqueous environments and have high
solubility in lipids, they partition into phospholipid bilayers (the kinetics of which
is reviewed elsewhere (Hamilton and Kamp 1999)). Therefore when fatty acids
dissociate from albumin, they readily adsorb into the plasma membrane despite
being in their ionized form at physiological pH (where their pKa is 4.5) (Hamilton
et al. 1994). Movement of ionized long-chain fatty acid (LCFA) anions from one
leaflet of the membrane to the other is slow (Gutknecht 1988; Schmider et al.
2000), whereas the movement of non-ionized LCFAs is rapid. This process is
thus accelerated due to the fact that the pKa of ionization of LCFAs is 7.6 in the
phospholipid bilayer. It has been proposed that this so called “flip-flop” model
includes several steps: 1) dissociation of fatty acid from albumin; 2) adsorption
of fatty acid to the membrane; 3) protonation; 4) flip-flop within the membrane;
and 5) desorption into the cytosolic space. (as reviewed (Hamilton and Kamp
1999; Schaffer 2002)).

2.3.2. Protein Mediated Fatty Acid Uptake

Several lines of evidence support the idea of facilitated fatty acid transport.
Studies in isolated adipocytes where fatty acids were not esterified, showed
that permeation could be distinguished from metabolism, and supply of fatty
acids by albumin did not limit uptake (Richieri and Kleinfeld 1995). Fatty acid
uptake produced nonlinear saturation kinetics as a function of fatty acid concen-
tration and produced a Km of 7 nM, a value expected for a carrier-mediated
process in the range of the physiological concentration of fatty acid (Richieri
and Kleinfeld 1995). These results were reproduced in cardiac myocytes by
Stremmel and Berk (Stremmel and Berk 1986). Competition for the trans-
porter was observed in competition assays between long chain fatty acids,
such as oleate and palmitate (Abumrad et al. 1981; Sorrentino et al. 1996).
Another study making use of fluorescent fatty acid derivatives showed that
greater than 87% of the fluorescent fatty acids remained unesterified inside the
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cell, therefore the competition could not be explained by metabolism (Storch
et al. 1991). Another line of evidence is that fatty acid uptake is sensitive to
protein modifying agents, such as phloretin which completely blocks membrane
flux of fatty acids, DIDS (4,4’-di-isothiocyanostilbene-2,2’-sulphonate) which
produces reversible inhibition of transport and antibodies raised against CD36
inhibited uptake (Abumrad et al. 1981; Abumrad et al. 1984; Harmon et al.
1992). For a more comprehensive review of this evidence see the review by
Abumrad et al. (1998).

2.3.3. CD36/Fatty Acid Translocase

FAT/CD36 was originally identified as a fatty acid transporter based on its
binding of two fatty acid uptake inhibitors, DIDS and sulpho-N-succinimidyl
FA esters (Harmon and Abumrad 1993; Abumrad et al. 1998). This 88 kDa
transmembrane protein is abundantly expressed in fatty acid metabolizing tissues
such as skeletal and cardiac muscle, and appears to be the major fatty acid
transporter found in the heart (Vannieuwenhoven et al. 1995; Greenwalt et al.
1995; Pelsers et al. 1999). Evidence for a role of CD36 in fatty acid uptake
comes both from experimental models and human studies. Transgenic mice that
overexpress FAT/CD36 in muscle have reduced circulating fatty acid levels
and fatty acid oxidation is increased only during muscle contraction, suggesting
that fatty acid uptake is only accelerated when there is a metabolic demand
(Ibrahimi et al. 1999). Conversely, CD36 null mice have increased circulating
fatty acids and tissue uptake of an iodinated fatty acid analog, [125I]BMIPP
(15-(p-iodophenyl)-3(R,S)-methylpentadecanoic acid) is reduced in heart,
skeletal muscle and adipose tissue (Febbraio et al. 1999; Coburn et al. 2000).
If hearts from CD36 knockout mice are perfused as isolated working hearts,
a 40-60% reduction in fatty acid oxidation occurs, which is compensated
for by an increase in glucose oxidation (Kuang et al. 2004). In addition,
humans with mutations in CD36 have lower rates of uptake of [123I]BMIPP
compared to normal people, suggesting that CD36 also partially regulates
cardiac fatty acid uptake in humans (Kintaka et al. 2002). Taken together, these
results suggest that CD36 is an important regulator of fatty acid uptake in
the heart.

Electrically stimulated contractions of cardiomyocytes in suspension results
in increased fatty acid uptake, and this is completely blocked by sulfo-N-
succinimidyloleate, a specific inhibitor of CD36 (Luiken et al., 2001a). This
increase in flux could be a result of either an increase in sarcolemmal abundance
of CD36 or an increase in intrinsic transport activity (Luiken et al. 2004a). In
similar studies performed in skeletal muscle, the apparent maximum velocity
of transport is increased independent of changes in Km. This finding suggests
that the increase in fatty acid uptake is dependent on an increase in total
transporter in the sarcolemma (Bonen et al. 2000). Subsequent fractionation
of cardiac myocytes showed that under basal conditions CD36 is localized at
both the sarcolemma membrane and in intracellular stores (Luiken et al. 2002).
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Contraction or an increase in energy demand was shown to induce a translocation
of CD36 from an intracellular pool to the plasma membrane, in a similar mode of
regulation as the GLUT-4 transporter (Luiken et al. 2001a; Luiken et al. 2003b;
Luiken et al. 2004b). To date several signaling proteins that may play a role in
the contraction induced translocation of CD36 have been identified, including
AMP-activated protein kinase (AMPK) (Luiken et al. 2003b), protein kinase C
��� or � or extracellular signal-related kinases (Luiken et al. 2004a). Surpris-
ingly a similar phenomenon of increased CD36 translocation to the sarcolemmal
membrane is observed in response to insulin stimulation (Luiken et al., 2001a).
Despite these interesting results in isolated cell systems, it has yet to be demon-
strated if translocation of CD36 occurs in the intact heart and thus it remains to
be determined that translocation of CD36 regulates cardiac fatty acid oxidation
under physiological conditions.

2.3.4. Plasma Membrane Fatty Acid Binding Protein

The plasma membrane fatty acid binding protein (FABPpm) was originally
identified based on its binding of radiolabelled oleate (Stremmel et al. 1985).
FABPpm is a 40 kDa protein that is loosely associated with the plasma
membrane. The evidence supporting a role of FABPpm in fatty acid transport was
initially based on an observation that treatment with an antibody raised against
this protein results in a reduction in fatty acid uptake in a variety of cells (Berk
et al. 1990; Zhou et al. 1992; Luiken et al. 1997). Additional evidence stems from
expression of FABPpm in Xenopus laevis oocytes and 3T3 fibroblasts, which
resulted in an increase in fatty acid uptake rates (Zhou et al. 1992; Zhou et al.
1994). A variety of conditions show concomitant changes in FABPpm protein
expression and fatty acid utilization, including differentiation of 3T3-L1 cells,
fasting, endurance training, diabetes and obesity (Zhou et al. 1992; Turcotte et al.
1997; Kiens et al. 1997; Berk et al. 1997; Luiken et al. 2001b).

2.3.5. Fatty Acid Transport Proteins

Fatty acid transport protein (FATP) was discovered as a fatty acid transporter by
use of an expression cloning strategy in 2T2-L1 adipocytes (Schaffer and Lodish
1994). Expression of this 63 kDa integral membrane protein in a stable fibroblast
cell line results in a 3- to 4-fold increase in long-chain fatty acid transport
(Schaffer and Lodish 1994). The cloning of this first FATP led to the discovery
of a family of evolutionarily conserved proteins, encoded by at least five different
genes in the mouse and displaying different tissue-specific expression patterns
(Anderson and Welsh 1990). FATP1 is the major isoform found in heart and
skeletal muscle (Hirsch et al. 1998; Binnert et al. 2000; Pohl et al. 2000).
However the role of this protein in fatty acid uptake is controversial. Bonen et al.
(2002) found an inverse relationship between FATP1 protein expression in the
plasma membrane and fatty acid uptake, however this may be due to the use of
a poor FATP1 antibody in those studies. At the protein level, FATP1 has 40%
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amino acid homology with very-long chain acyl-CoA synthetase (VLACS), and
FATP1 has been reported to be a VLACS (Uchiyama et al. 1996; Kiens et al.
1997; Coe et al. 1999). For a more in depth review of this literature please see a
review by Brinkmann et al. (2002). It has yet to be determined whether FATP1
has separate fatty acid uptake and VLACS activities.

2.3.6. Synergistic Action of Transporters

It has been proposed that CD36 and FABPpm may cooperate to transport fatty
acids across the plasma membrane (Glatz et al. 1997; Glatz and Storch 2001;
Bonen et al. 2002). Indirect evidence from studies in giant sarcolemmal vesicles
suggest that fatty acid uptake may be inhibited by either sulpho-N-succinimidyl
oleate or an anti-FABPpm antiserum (Luiken et al. 1999; Turcotte et al. 2000).
However when these agents are applied together they do not result in a further
decrease in fatty acid uptake (Luiken et al. 1999).

2.3.7. Very-Low-Density Lipoprotein (VLDL) Receptor

The VLDL receptor was originally cloned from a rabbit heart cDNA library
and showed striking similarity with the LDL receptor cDNA (Takahashi et al.
1992). The heart is the site with the most abundant VLDL receptor expression
and indirect evidence suggests that it may play a role in the uptake of fatty acids.
A study in Balb/c mice showed that VLDL receptor expression increases with
fasting and they (Kwok et al. 1997) proposed a role of the VLDL receptor in
delivery of fatty acids as a source of fuel. Additionally these fasting mice also
produced an increase in mRNA of other fatty acid metabolism proteins such as
acyl-CoA synthetase and LCAD, and an increase of remnant lipoprotein particles
(Kamataki et al. 2002). Studies are still required to elucidate the exact role of
the VLDL receptor on cardiac fatty acid metabolism.

2.4. Cytosolic Transport and Activation of Fatty Acids

2.4.1. Fatty Acid Binding Proteins (FABP)

FABPs are the cytoplasmic equivalent of albumin. While albumin transports fatty
acids between organs, FABPs are required for the bulk transportation of long-
chain fatty acids to specific intracellular targets, such as the mitochondrial outer
membrane. FABPs are a family of low molecular weight proteins (14–15 kDa)
with at least 13 members, with slightly differing amino acid sequence. These
protein were first identified as having a high affinity for fatty acids (Ockner
et al. 1972), however their role in fatty acid metabolism was not determined until
recently. Hearts from mice with a disruption of the gene encoding H-FABPc
(the heart isoform of the cytosolic FABP) show a 50% reduction in rates of
palmitate uptake. In addition, fatty acid utilization by cardiomyocytes isolated
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from H-FABPc deficient mouse hearts are suppressed by 45% despite the fact
that the capacity for fatty acid oxidation in heart homogenates does not differ
from wild-type animals (Schaap et al. 1998; Binas et al. 1999). A study of
skeletal muscle giant vesicles from H-FABP−/− mice demonstrated a similar
reduction in fatty acid uptake, but uptake in vesicles from H-FABP+/− is not
impaired, suggesting that H-FABP plays a permissive rather than regulatory role
in fatty acid uptake (Luiken et al. 2003a). Evidence suggests that fatty acids are
desorbed from the inner leaflet of the sarcolemma by collisional interaction of
muscle FABPc with the membrane, which differs from liver FABPc whereby the
fatty acids are released into the water layer adjacent to the membrane before they
bind to FABPc (Storch and Thumser 2000). It has yet to be determined whether
FABPc can physically interact with either fatty acyl-CoA sythetase or with the
phospholipids of the outer mitochondrial membrane where this enzyme resides.
However this interaction would help to aid in the transport of cytoplasmic fatty
acids to the enzyme, which activates the fatty acids before they can undergo
fatty acid oxidation in the mitochondria.

2.4.2. Activation of Fatty Acids

Fatty acids are activated by esterification to fatty acyl-CoAs by the action of a
family of fatty acyl-CoA synthetases (ACS), which differ in their chain length
specificity and their subcellular location (Knudsen et al. 1993). The heart isoform
of long-chain acyl-CoA synthase is localized to the aqueous cytoplasmic face
of the outer mitochondrial membrane (Waku 1992). This conversion to a more
reactive CoA thioester is a prerequisite for the subsequent catabolic process.
Several lines of evidence suggest that ACS plays a role in the uptake of fatty
acids. In adipocytes ACS1 is an integral membrane protein, and it has been shown
to localize to the plasma membrane and codistribute with FATP1 (Schaffer 2002).
Disruption of yeast orthologs of ACS1, FAA1 and FAA4, results in a restriction
of fatty acid uptake and utilization (Faergeman and Knudsen 1997; Choi and
Martin 1999). A transgenic mouse model that has increased ACS1 expression
in the heart produces marked cardiac TG accumulation, even when serum lipid
levels are normal (Chiu et al. 2001). Despite the essential role ACS plays in the
catabolism of fatty acids, their regulatory role in fatty acid metabolism has yet
to be elucidated.

Once activated, fatty acyl-CoAs can bind to another cytoplasmic binding
protein, acyl-CoA-binding protein (ACBP). This protein copurifies with FABP
and has been identified in a number of tissues including heart (Mikkelsen
and Knudsen 1987). It has been suggested that this protein may regulate fatty
acid metabolism by the vectorial delivery of fatty acyl moieties to distinct
metabolic pathways (Faergeman and Knudsen 1997). In addition, these proteins
may buffer the concentration of long-chain acyl-CoA esters, which would
relieve the end product inhibition of acetyl-CoA carboxylase (ACC) and adenine
nucleotide translocase (Rasmussen et al. 1993). These long-chain fatty acyl-
CoAs can then either be esterified to TGs by glycerolphosphate acyltransferase
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(Coleman et al. 2000) or transported into the mitochondria for subsequent
�-oxidation (Lopaschuk et al. 1994a).

2.5. Triacylglycerol as a Source of Fatty Acids

TG stores in the myocardium can be very important endogenous sources of fatty
acids for fatty acid oxidation (Crass 1977; Paulson and Crass 1982; Saddik and
Lopaschuk 1992). In the unphysiological condition of an isolated heart being
perfused in the absence of exogenous fatty acids, the heart can meet 50% of its
energy requirements by mobilizing its TG stores. However as concentrations of
fatty acids delivered to the heart increase, the contribution of these TG pools
to myocardial oxidative metabolism decrease; i.e. during perfusion with a high
concentration of fatty acids, TG fatty acids still contribute approximately 11% of
the total cardiac ATP production (Crass 1972; Saddik and Lopaschuk 1991). This
suggests that myocardial triglycerides are a mobilizable endogenous substrate
source due to a constant and rapid turnover of the pool. Approximately 10% of
fatty acids taken into the heart are first cycled through the TG pool before they
undergo oxidation. This TG turnover can be accelerated by adrenergic stimulation
(Crass 1977; Paulson and Crass 1982; Stanley et al. 1997; Goodwin et al. 1998;
Goodwin and Taegtmeyer 2000), uncontrolled diabetes (Saddik and Lopaschuk
1994) and during reperfusion of the heart following ischemia (Paulson and Crass
1982; Saddik and Lopaschuk 1992).

2.6. Regulation of Fatty Acid Transport
into the Mitochondria

2.6.1. Carnitine Transport System
�-oxidation of fatty acids occurs primarily in the mitochondria, however a small
portion also occurs in the peroxisomes (Schulz 1994; Kunau et al. 1995). Before
long-chain acyl-CoAs can undergo oxidation, they first must be transported
into the mitochondrial matrix. The inner mitochondrial membrane is not freely
permeable to acyl-CoA, most likely to maintain separate cytosolic and mitochon-
drial CoA pools, therefore a carnitine-dependent transport system is required
(Lopaschuk et al. 1994a; Kerner and Hoppel 2000). This system consists of three
components: carnitine palmitoyl transferase 1 (CPT1), carnitine acyltranslocase
(CT) and carnitine palmitoyl transferase 2 (CPT2), please see Figure 2.2. First
CPT1, found on the inner surface of the outer mitochondrial membrane (Murthy
and Pande 1987), catalyzes the conversion of long-chain acyl-CoA to long-chain
acylcarnitine. Secondly CT exchanges long-chain acylcarnitine for free carnitine
across the inner mitochondrial membrane. Lastly, CPT2 regenerates long-chain
acyl-CoA in the mitochondrial matrix. Of these three enzymes, CPT1 is the major
site of regulation in controlling the uptake of fatty acids into the mitochondria
(Kerner and Hoppel 2000).
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Figure 2.2. Regulation of fatty acid transport into the mitochondria. ACC, acetyl-
CoA carboxylase; ACS, acyl-CoA synethase; AMPK, AMP-activated protein kinase;
AMPKK, AMP-activated protein kinase kinase; CAT, carnitine acetyltransferase; CPT-1,
carnitine palmitoyltransferase-1: CPT-2, carnitine palmitoyltransferase-2; CT, carnitine
acyltranslocase; FFA, free fatty acid; MCD, malonyl-CoA decarboxylase.

2.6.2. Malonyl-CoA Regulation of Long-Chain Acyl-CoA
Transport into the Mitochondria

Fatty acid oxidation is tightly controlled at a number of steps, but the uptake
of fatty acyl-CoAs into the mitochondria is arguably one of the most important.
CPT1 is the major site of regulation as it is strongly inhibited by malonyl-CoA, a
compound that binds on the cytosolic side of the enzyme (McGarry et al. 1983;
Lopaschuk et al. 1994a; Zammit et al. 1997; Kerner and Hoppel 2000). The
heart expresses two isoforms of CPT1 (CPT1� (82 kDa) and CPT1� (88kDa))
with the 82 kDa isoform predominating. The CPT1� isoform is 30-fold more
sensitive to malonyl-CoA inhibition that the CPT1� liver isoform (McGarry
et al. 1983; Weis et al. 1994; McGarry and Brown 1997). Therefore, CPT1
activity in the heart is between 10 and 50 times more sensitive to malonyl-CoA
than in the liver. This makes malonyl-CoA a key endogenous inhibitor of fatty
acid oxidation in the heart, as malonyl-CoA levels are inversely correlated with
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fatty acid oxidation rates. (Saddik et al. 1993; Kudo et al. 1995; Stanley et al.
1996; Hall et al. 1996a; Abu-Elheiga et al. 2001).

The half-life of malonyl-CoA in the heart is approximately 1.25 minutes
(Reszko et al. 2001), making both the synthesis and degradation of malonyl-CoA
important in the control of its steady state level. Malonyl-CoA is synthesized
by the carboxylation of acetyl-CoA by acetyl-CoA carboxylase (ACC) (Thampy
1989; Kudo et al. 1995; Hall et al. 1996a; Hall et al. 1996b) and degraded to
acetyl-CoA and carbon dioxide in the cytosol and mitochondria by malonyl-CoA
decarboxylase (MCD) (Kim and Kolattukudy 1978; Dyck et al. 1998; Saha et al.
2000; Kerner and Hoppel 2002; Dyck et al. 2004)

2.6.3. Acetyl-CoA Carboxylase Regulation
of Malonyl-CoA

Two different isoform of ACC have been identified, a 265 kDa isoform (ACC265
or ACC�) and a 280 kDa isoform (ACC280 or ACC�); both isoforms are
expressed in the heart, although the prominent form is ACC280 and it appears to
contribute most of the heart ACC activity (Bai et al. 1986; Ha et al. 1996; Widmer
et al. 1996; Dyck et al. 1999). It has been speculated that ACC280 is directly
involved in the regulation of fatty acid oxidation because it is found in tissue
with high oxidative capacity and is in close association with the mitochondrial
membrane that would allow malonyl-CoA produced to directly inhibit CPT-1
activity (Saddik et al. 1993; Ha et al. 1996; Lee and Kim 1999; Abu-Elheiga
et al. 2001). Isolated working heart studies from our laboratory (Saddik et al.
1993; Lopaschuk et al. 1994a; Kudo et al. 1995; Kudo et al. 1996; Makinde
et al. 1997) provided direct evidence that ACC is an important regulator of fatty
acid oxidation. This has been confirmed in isolated myocytes as well (Awan and
Saggerson 1993).

ACC activity is dependent on the supply of its substrate, acetyl-CoA, however
most of the acetyl-CoA in cardiomyocytes resides in the mitochondria (Idell-
wenger et al. 1978). This is indirect evidence that acetyl-CoA can be derived from
the export of mitochondrial acetyl-CoA as acetylcarnitine by the CT (Lysiak et al.
1986; Saddik et al. 1993) or from citrate via the ATP-citrate lyase reaction (Saha
et al. 1997; Poirier et al. 2002). Recently, studies making use of 13C-labelled
substrates and isotopomer analysis of malonyl-CoA provided direct evidence that
malonyl-CoA is derived from acetyl-CoA produced by peroxisomal �-oxidation
(Reszko et al. 2004). This study also suggested that long-chain fatty acids
underwent partial oxidation in the peroxisomes, and the released products, C12
and C14 acyl-CoAs, were subsequently oxidized in the mitochondria (Reszko
et al. 2004). A more in depth review of the regulation of mammalian ACC has
been published (Munday 2002).

A major regulator of ACC activity in the hearts and skeletal muscle is AMPK,
which phosphorylates three serine residues in ACC265 (serines 79, 1200, and
1215), however only phosphorylation status at ser79 corresponds with inacti-
vation of the enzyme (Davies et al. 1990; Ha et al. 1994). Due to an N-terminal
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extension in ACC280 the equivalent phosphorylation site is ser219 (Scott et al.
2002). AMPK is a heterotrimeric serine/threonine kinase which consists of one
catalytic subunit (�) and two regulatory subunits (� and �); the most prominent
heart isoforms are the �2, �2, and �1/2 (Stapleton et al. 1996; Dyck et al. 1996;
Gao et al. 1996; Thornton et al. 1998). AMPK was originally discovered as a
regulator of fatty acid and cholesterol biosynthesis (Carling et al. 1987; Carling
et al. 1989). It is now known that AMPK acts as a key molecular regulator of
energy metabolism as it functions as an “energy conservation agent” in the liver
by inhibiting anabolic processes when ATP levels are depleted (Carling et al.
1994; Carling et al. 1997). However, in skeletal and heart muscle, its action is
to up-regulate fatty acid oxidation during occasions of increased energy demand
via the phosphorylation and inactivation of ACC. Thus AMPK is a metabolic
sensor in these tissues, which monitors the ratios of AMP/ATP and Cr/PCr, via a
mechanism involving the direct allosteric modification of the enzyme by AMP,
the activation of an upstream kinase (AMPKK), and the inhibition of protein
phosphatase 2C activity (Hawley et al., 1995; Ponticos et al. 1998). Despite the
discovery of the identity of two of the AMPKKs, LKB1 (Hawley et al. 2003)
and Ca calmodulin dependent kinase kinase (Hurley et al. 2005), it appears that
there are additional AMPKKs which mediate the ischemic induced activation of
AMPK (Altarejos et al. 2005). Our laboratory has shown that in isolated working
rat hearts, not only does ACC copurify with the �2 catalytic subunit of AMPK,
it can phosphorylate and inactivate both isoforms of ACC, resulting in an almost
complete loss of activity (Kudo et al. 1996; Dyck et al. 1999). Many studies have
shown a correlation between increased AMPK activity, decreased ACC activity
and increased fatty acid oxidation in working rat hearts (Kudo et al. 1995; Kudo
et al. 1996; Makinde et al. 1997; Makinde et al. 1998).

2.6.4. Malonyl-CoA Decarboxylase Regulation
of Malonyl-CoA

MCD catalyzes the decarboxylation of malonyl-CoA, and thus has been proposed
to play an important role in the regulation of myocardial fatty acid oxidation.
Generally in situations where MCD activity is elevated, malonyl-CoA content
is low, which results in elevated rates of fatty acid oxidation (Dyck et al. 1998;
Campbell et al. 2002; Dyck et al. 2004). Despite this correlative data, there
is a controversy as to where MCD is localized in the cell. As only cytosolic
malonyl-CoA is able to inhibit CPT-1, it would be logical that MCD would
reside on or near the mitochondrial membrane, however others have reported it
to be localized to the mitochondria, peroxisomes or in the cytosol (Alam and
Saggerson 1998; FitzPatrick et al. 1999; Sacksteder et al. 1999; Dyck et al.
2000). This differential localization may be due to two putative translational start
sequences (Gao et al. 1999), one of which encodes a protein with a mitochondrial
targeting sequence and a peroxisomal targeting sequence (SKL), the second of
which codes for a shorter protein that lacks the mitochondrial targeting sequence.
Despite this controversy, it still appears that MCD plays an important role in
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the regulation of fatty acid oxidation, and patients with MCD deficiencies have
phenotypes consistent with alterations in fatty acid oxidation (Brown et al. 1984;
Yano et al. 1997).

2.7. Regulation of �-Oxidation

Once acyl-CoAs have entered the mitochondria they undergo �-oxidation, which
produces NADH and FADH2 for the electron transport chain and acetyl-CoA for
further catabolism in the Krebs cycle. �-oxidation requires four different steps
as outlined in Figure 2.3, each of which is catalyzed by a specific enzyme with
specificity for short-, medium- and long-chain acyl-CoA intermediates (Bing
et al. 1954). The acyl-CoA undergoes repeated oxidation via these reactions
until only acetyl-CoA units remain. The first step of �-oxidation consists of
the conversion of acyl-CoA to 	2-3-trans-enoyl-CoA in the presence of the
FAD, and is catalyzed by acyl-CoA dehydrogenase. Enoyl-CoA hydratase then
adds water across the double bond to produce L-3-hydroxyacyl-CoA. In the
second dehydrogenation step of the pathway, L-3-hydroxyacyl-CoA dehydro-
genase catalyzes the oxidation of L-3-hydroxyacyl-CoA to L-3-ketoacyl-CoA,

Figure 2.3. Schematic of the reactions of �-oxidation for even-chain saturated fatty acids.
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with the involvement of NAD+ as a cofactor. The final step of the pathway
consists of the splitting of L-3-ketoacyl-CoA at the 2,3-position by 3-ketoacyl-
CoA thiolase, in the presence of CoA, to produce one acetyl-CoA unit and an
acyl-CoA that is 2 carbons shorter than the original acyl-CoA. This acyl-CoA
feeds back to acyl-CoA dehydrogenase to start another cycle of �-oxidation,
while acetyl-CoA goes to the Krebs cycle for further oxidation.

The oxidation of unsaturated fatty acids require additional enzymes. For odd
numbered double bonds, oxidation occurs until a 	3-cis-enoyl-CoA intermediate
is produced, which is isomerized by 	3�	2-enoyl-CoA isomerase to 	2-trans-
enoyl-CoA, which can be further oxidized. The oxidation of even numbered
double bonds requires an additional step. First these fatty acids undergo oxidation
until a 	2-trans, 	4-cis-dienoyl-CoA intermediate is produced. This interme-
diate is reduced by 2,4-dienoyl-CoA reductase to 	3-trans-enoyl-CoA which is
isomerized by 	3�	2-enoyl-CoA isomerase to 	2-trans-enoyl-CoA, which can
be further oxidized. For a more comprehensive review of �-oxidation in the heart
please see the reviews by Schulz (Schulz 1991; Schulz 1994).

�-oxidation is primarily dependent on the workload of the heart, as ratios
of NADH/NAD+ and acetyl-CoA/CoA decrease in response to an increase
in workload (Oram et al. 1973; Neely et al. 1976). The decrease in acetyl-
CoA/CoA ratio releases the suppression of L-3-ketoacyl-CoA thiolase activity
and a decrease in matrix acetyl-CoA also activates acyl-CoA dehydrogenase
(Oram et al. 1973). A decrease in workload would result in an increase in L-3-
ketoacyl-CoA, which feeds back and inhibits acyl-CoA dehydrogenase (Olowe
and Schulz 1980). Reports in liver suggest that the NADH/NAD+ ratio regulates
L-3-hydroxyacyl-CoA dehydrogenase in the presence of low acetyl-CoA levels,
however it is unknown whether this is an important site of regulation in the heart
(Latipaa et al. 1986).

Alternative methods of feedback regulation may exist in the heart. Elevated
levels �-oxidation or flux through pyruvate dehydrogenase result in an increase
in matrix acetyl-CoA. It has been proposed that this excess acetyl-CoA is
transported out of the mitochondria by one of two mechanisms: 1) conversion
to acetylcarnitine by carnitine acetyltransferase (CAT), transport across the
membrane by CT, and conversion back to acetyl-CoA by a cytosolic CAT (Lysiak
et al. 1986; Saddik et al. 1993) or 2) removal of citrate from the mitochondria
by the tricarboxylic acid transporter and conversion to acetyl-CoA by the ATP-
citrate lyase (Saha et al. 1997; Poirier et al. 2002). Each of these processes
increases cytosolic acetyl-CoA levels, which has the potential to accelerate the
production of malonyl-CoA, and therefore suppress fatty acid oxidation as shown
in Figure 2.2.

Recently a mechanism to augment fatty acid oxidation has been proposed
that involves mitochondrial thioesterase 1 (MTE1) and uncoupling protein 3
(UCP3) (Himms-Hagen and Harper 2001). MTE1 catalyzes the hydrolysis of
fatty acyl-CoA molecules to nonesterified fatty acid anions and free CoA,
while UCP3 are classically known for uncoupling ATP synthesis from oxidative
metabolism, but may act as a fatty acid anion transporter (Palou et al. 1998;
Samec et al. 1998). This hypothesis suggests that in the presence of high rates of
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fatty acid oxidation, free CoA may become limiting for CPT-2 and 3-ketoacyl-
CoA thiolase, and hence could suppress the flux thru �-oxidation. Therefore
hydrolysis of acyl-CoAs by MTE1 will liberate free CoA to allow for continued
�-oxidation, and the fatty acid anion generated would be transported out of the
mitochondria by UCP3 and be regenerated to acyl-CoA in the cytosol (Stavinoha
et al. 2004). However this hypothesis has yet to be examined in the intact
heart.

2.8. Interregulation of Carbohydrate and Fatty Acid
Metabolism

Rates of glucose and fatty acid oxidation are coordinately regulated in the heart,
with the rate of fatty acid oxidation being the primary physiological regulator
of glucose oxidation. Elevated rates of fatty acid oxidation can inhibit pyruvate
dehydrogenase (PDH) activity, the rate limiting enzyme of glucose oxidation.
This occurs due to an increase in mitochondrial NADH/NAD+ and acetyl-
CoA/CoA ratios which directly interferes with PDH activity, as well as activating
the PDH kinase which phosphorylates and inhibits PDH. In addition, glucose
oxidation may regulate fatty acid oxidation via the efflux of acetyl-CoA from
the mitochondria and its conversion to malonyl-CoA (as described previously).
Therefore inhibition of fatty acid oxidation results in an increase in glucose and
lactate uptake, as well as oxidation by lowering mitochondrial acetyl-CoA and
NADH levels and relieving the inhibition of PDH, and by decreasing citrate levels
and inhibition of phosphofructokinase-1, the rate limiting step of glycolysis. The
functional consequences in the switch in substrate usage will be discussed in
section 2.11.

2.9. Transcriptional Control of Fatty Acid Oxidation
Enzymes

The regulation of the expression of proteins that are involved in the myocardial
catabolism of fatty acid is not well understood. Except for genes that encode
thirteen subunits of the respiratory complexes which are found in circular
mitochondria DNA (Scarpulla 2002), all the proteins required for fatty acid
uptake and oxidation are encoded by nuclear genes. Recent studies have provided
insight that many cardiac genes are regulated by the ligand-activated transcription
factors, peroxisome proliferators-activated receptors (PPARs) (Berger and Moller
2002; Huss and Kelly 2004). Three PPAR isoforms have been discovered:
PPAR�, PPAR�/� and PPAR�/�, and their functional specificity is achieved
by isoform-specific tissue distribution, or by differences in ligand affinity or
cofactor interactions (Braissant et al. 1996; Escher and Wahli 2000). All of
these PPAR isoforms are activated when fatty acids bind, and form heterodimers
with retinoid X receptors, and then bind to specific PPAR response elements
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(PPREs) which are located within the promoter regions of many metabolic genes.
Binding of fatty acids and eicosanoids increase the activity of the heterodimers,
therefore they act as lipid sensors, which increase the facility for fatty acid
metabolism in response to greater exposure to fatty acids (Berger and Moller
2002; Huss and Kelly 2004). Additionally PPARs also recruit transcriptional
coactivators which are required to initiate target gene transcription, such as
PPAR� coactivator 1 (PGC-1), which when overexpressed increases the mRNA
production of metabolic genes and starts mitochondrial biogenesis (Vega et al.
2000; Lehman et al., 2000; Robyr et al. 2000). Once this complex binds
to the PPRE, it increases the rate of transcription of the specific gene that
it is bound to by recruitment of histone acetyltransferases, which increases
access to the transcriptional start site (Barger and Kelly 2000), as shown in
Figure 2.4.

PPAR� is highly expressed in tissues that have high rates of fatty acid
oxidation, such as heart, liver and skeletal muscle. At present the endogenous
ligand for PPAR� is unknown, however the fibrate class of hyperlipidemic drugs
are synthetic PPAR� ligands, and they increase the expression of fatty acid
oxidation genes and the rates of fatty acid oxidation in cardiomyocytes (Gilde
et al. 2003). PPAR� regulated genes are involved in most steps of cardiac FA
utilization including fatty acid uptake, activation to fatty acyl-CoA, transport
into the mitochondria, and mitochondrial ß-oxidation. Evidence from PPAR�
knockout mouse studies show that fatty acid oxidation enzymes are downregu-
lated and have suppressed fatty acid oxidation (Campbell et al. 2002). Mice with
a cardiac specific overexpression of PPAR� result in an upregulation of fatty
acid utilization enzymes and elevated rates of fatty acid oxidation (Finck et al.
2002; Hopkins et al. 2003).

PPAR�/� is also expressed in cardiomyocytes and PPAR�/
 selective ligands
can increase mRNA for fatty acid oxidation genes and increase fatty acid
oxidation in both neonatal and adult cardiomyocytes (Gilde et al. 2003; Cheng
et al. 2004b). In addition cardiomyocyte deletion of PPAR�/� downregulates
mRNA and protein of fatty acid oxidation genes and reduces catabolism of fatty
acids (Cheng et al. 2004a). PPARß activation can also rescue the expression of
fatty acid oxidations enzymes that are reduced at baseline in PPAR knockout
cardiomyocytes (DeLuca et al. 2000; Cheng et al. 2004b). It appears that
PPAR� and PPAR�/� regulate a similar series of genes, however they are not
functionally redundant and PPAR�/� cannot completely compensate for PPAR�
in the knockout mice (Huss and Kelly 2004).

PPAR� is primarily expressed in adipocytes but is expressed at low levels in
other tissues including the vascular wall, skeletal muscle, pancreatic �-cell, and
heart. PPAR� is primarily a regulator of lipid storage and adipose formation,
and does not appear to play a role in the regulation of fatty acid oxidation in the
heart (Gilde et al. 2003; Lee et al. 2003). However a recent study showed that
a cardiac specific knockout of PPAR� results in hypertrophic growth; however
mRNA or protein expression of fatty acid utilization genes or rates of fatty
acid oxidation were not measured in this study (Duan et al. 2005). This would
suggest that PPAR� plays a role in the heart; however PPAR� can also have
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Figure 2.4. Regulation of expression of fatty acid metabolism genes by stimulation
of peroxisome proliferators activated receptors. PPAR� and PPAR�/� directly modify
genes in the heart, while most of PPAR� effects are extracardiac and occur in either
the adipose tissue or skeletal muscle tissue. ACC, acetyl-CoA carboxylase; ACOX1,
acyl-CoA oxidase 1; Acrp 30, adipocyte complement-related factor 30; ACS, acyl-
CoA synthetase; FAT, fatty acid transporter; FATP-1, fatty acid transport protein 1;
IRS-2, insulin receptor substrate 2; LCAD, long-chain acyl-CoA dehydrogenase; LPL,
lipoprotein lipase; MCAD, medium-chain acyl-CoA dehydrogenase; MCD, malonyl-
CoA decarboxylase, mCPT-1, muscle isoform of carnitine palmitoyltransferase-1; MTE1,
mitochondrial thioesterase 1; PDK4, pyruvate dehydrogenase kinase 4; PEPCK, phospho-
enolpyruvate carboxylase; thiolase, 3-ketoacyl-CoA thiolase; TNF�, tumor necrosis factor
�; UCP1, uncoupling protein 1; UCP3, uncoupling protein 3; VLCAD, very-long-chain
acyl-CoA dehydrogenase.

indirect effects on myocardial fatty acid oxidation via decreasing the fatty acid
concentration to which the heart is exposed. For example, the insulin sensitizing
agent the thiazolidinediones are PPAR� ligands, and their mode of action is to
sequester fatty acids in the adipocytes, thus lowering circulating fatty acids and
triglycerides (Berger and Moller 2002).
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2.10. Alterations in Fatty Acid Oxidation in Disease

2.10.1. Hypertrophy Induced Changes in Myocardial
Fatty Acid Metabolism

Cardiac hypertrophy has been associated with reduced pre- and post-ischemic
function and is a risk factor for the development of congestive heart failure,
myocardial infarction and sudden death (Taegtmeyer and Overturf 1988; Frohlich
et al. 1992). Hypertrophied hearts have a reduction in the oxidation of long-
chain fatty acids, however oxidation of octanoate, a medium chain fatty acid,
is not different (el Alaoui-Talibi et al. 1992; Allard et al. 1994). This suggests
that mitochondrial �-oxidation is not impaired in non-decompensated hyper-
trophied hearts, but some other component of long-chain fatty acid utilization
is impaired. A number of alterations may explain the reduction of long-
chain fatty acid oxidation in the hypertrophied heart. Spontaneously hyper-
tensive rats have suppressed expression of cytosolic FABP and CD36, which
would reduce fatty acid supply to the mitochondria (Aitman et al. 1999;
Van der Vusse et al. 2000). In addition, long-chain fatty acid transport
into the mitochondria may also be suppressed due to reduced carnitine
concentrations in the hypertrophied heart, which could limit carnitine avail-
ability for CPT1 (Reibel et al. 1983; Allard et al. 1994; el Alaoui-Talibi
et al. 1997). It has also been hypothesized that there is impaired interaction
between acyl-CoA synthetase and CPT1 which would also suppress long-chain
fatty acid transport into the mitochondria (Christian et al. 1998). Hypertro-
phied hearts which are showing signs of decompensation (heart failure) also
have a reduction of mRNA expression of enzymes required for fatty acid
oxidation, including long- and medium-chain acyl-CoA dehydrogenase and
long-chain 3-hydroxyacyl-CoA dehydrogenase (Sack et al. 1996; Barger and
Kelly 1999).

Alterations in fatty acid oxidation in heart failure may share similar charac-
teristics of fatty acid oxidation alterations in hypertrophy. These changes will
not be discussed here since the metabolic effect of heart failure has recently
been extensively reviewed (Stanley et al. 2005). However, similar to hyper-
trophy, fatty acid oxidation appears to decrease as the severity of heart failure
increases. These alterations in fatty acid utilization in the hypertrophied heart
have profound effects on ischemic tolerance, as reviewed in (Sambandam
et al. 2002).

2.10.2. Diabetes Induced Changes in Myocardial Fatty
Acid Oxidation

Dramatic changes in energy metabolism occur in diabetes and are associated
with impaired contractile function (Lopaschuk 1996). In uncontrolled diabetes
fatty acid oxidation can provide between 90 and 100% of the heart’s energy
requirement (Randle 1986; Wall and Lopaschuk 1989). Even if diabetic rat hearts
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are perfused in the absence of fatty acids, glucose oxidation still only provides
about 20% of the heart’s total ATP requirement and endogenous triacylglyerol
provides a major source of energy. These elevated rates of fatty acid oxidation
can be partially explained by a deficiency in insulin signaling resulting in a
suppression of glucose uptake. The primary reasons for the elevated rates appear
to be an increased level of circulating fatty acids and triglycerides and a modifi-
cation of the intracellular control of fatty acid oxidation. One site of regulation
that appears to be important in diabetes is CPT1. It appears that sensitivity of
heart CPT1 to malonyl-CoA does not change (Stanley et al. 1999). However,
we have shown in streptozotocin diabetic rats (a model of type 1 diabetes), that
AMPK activity is elevated which is associated with a significant decrease in ACC
activity (Lopaschuk 1996). In addition MCD activity is significantly increased in
the heart (Dyck et al. 1998; Sakamoto et al. 2000). Taken together these results
suggest that a reduction in malonyl-CoA inhibition of CPT1 would account for
elevated rates of fatty acid oxidation in the diabetic heart. Elevated levels of circu-
lating fatty acids may also result in the activation of PPAR� and transcription
of fatty acid utilization genes (as review in (Young et al. 2002)). Indeed, trans-
genic mice with a cardiac specific overexpression of PPAR� produce a cardiac
phenotype that is similar to the phenotype caused by diabetes (Finck et al., 2002).
When these mice were treated with a specific PPAR� activator, many fatty acid
utilization genes were upregulated including M-CPT1, FATP1, FACS1, CD36,
UCP2 and UCP3 (Finck et al. 2002). Additionally PPAR� also stimulates the
induction of PDK4, which results in the phosphorylation and inhibition of PDH,
thus further suppressing glucose oxidation. Overall similar results were also seen
in hearts from type 2 diabetic animals as reviewed in (Carley and Severson 2005).

2.10.3. Genetic Deficiencies in Fatty Acid Oxidation

The last two decades have seen a steady increase in the identification of a number
of mitochondrial defects and associated disease states in patients (Gregersen et al.
2001; Gregersen et al. 2004). Deficiencies in many different fatty acid utilization
transporters and enzymes have now been discovered. One of the largest groups of
enzymes with heritable mutations are the acyl-CoA dehydrogenases (Gregersen
et al. 2004). Generally, defects in the catabolism of medium- or short-chain
fatty acids are less likely to produce heart failure or cardiomyopathies than
defects in long-chain fatty acid oxidation. One of the most common of these
deficiencies is in medium chain acyl-CoA dehydrogenase (MCAD) (Tanaka et al.
1992). Over 90% of these cases involved a homozygous mutation at base pair
985 (A985G) of MCAD, which results in the replacement of a lysine with a
glutamate at residue 304 that interferes with tetramer assembly and decreases
protein stability (Kelly et al. 1992). Specific defects have also been found in long-
chain and very long-chain acyl-CoA dehydrogenases (Hale et al. 1985; Strauss
et al. 1995).

Carnitine deficiencies are usually associated with severe cardiomyopathies and
are typically dependent on defects in carnitine transport or carnitine translocase
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(Engel and Angelini 1973). For a more in depth review of fatty acid oxidation
defects please see the following reviews (Marin-Garcia and Goldenthal 2002;
Gregersen et al. 2004). Although the direct myocardial metabolic effects of these
defects have not been determined, it is believed that due to suppressed oxidation
of fatty acids, there is an accumulation of intermediary metabolites of fatty acid
oxidation, such as long-chain acyl CoAs. These intermediates have detergent-
like properties which can modify membrane proteins and lipids, and lead to
cardiac arrhythmias and conduction defects (Marin-Garcia and Goldenthal 2002).
Additionally fatty acids have also been implicated in the induction of apoptosis
(Marin-Garcia and Goldenthal 2002).

2.11. Fatty Acid Oxidation in the Ischemic
and Reperfused Heart and Optimization of Fatty Acid
Oxidation as a Therapeutic Approach to Treat Ischemic
Heart Disease

Inadequate supply of oxygen during ischemia results in a reduction in overall
oxidative metabolism associated with an impairment of ATP production, the
magnitude of which is dependent on the severity of ischemia (Neely and Morgan
1974; Opie 1998). During severe ischemia, the primary source of ATP is
glycolytic metabolism of glycogen-derived glucose because coronary blood flow
is significantly reduced or even halted; thus substrate and oxygen supply to
the heart is suppressed and all oxidative metabolism effectively ceases (Neely
and Morgan 1974; Opie 1998). As pyruvate dehydrogenase, the rate limiting
enzyme of glucose oxidation, is inhibited, the pyruvate derived from glycolysis
is converted to lactate to preserve sufficient NAD+ to sustain flux through
glycolysis rather than being metabolized in the mitochondria. This uncoupling
of glycolysis from glucose oxidation produces protons from glycolytic ATP
hydrolysis, and the inability to remove these protons due to the reduction in
coronary blood flow is associated with an intracellular acidosis (Liu et al.
1996a; Liu et al. 1996b; King and Opie 1998; Liu et al. 2002). Homeostasis
of normal proton concentrations is dependent on a number of pathways, with
two of them involving Na+-dependent mechanisms: the Na+-H+ exchanger 1
(NHE1) (Karmazyn et al. 1999) and the Na+-HCO3

− cotransporter (NBC1, 3,
or 4) (Sterling and Casey 2002). During normal aerobic perfusion excess intra-
cellular sodium is removed by the Na+-K+ ATPase, however during ischemia
and reperfusion this transporter is inactivated due to a drop in ATP and intra-
cellular pH. Therefore during ischemia and reperfusion proton extrusion is
linked to an intracellular Na+ overload and activation of the reverse mode of
the Na+-Ca2+ exchanger (NCX) (Karmazyn and Moffat 1993), as shown in
Figure 2.5. Activation of NCX results in the ischemia-induced Ca2+ overload
that is associated with irreversible injury such as apoptosis and necrosis, and
reversible injury such as arrhythmias and stunning. This ionic derangement is
also detrimental because there is an increased need for ATP to correct these ionic
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imbalances, which shunts ATP away from contractile function and results in a
decrease in contractile efficiency. Despite the fact that ATP is quickly replen-
ished due to the rapid recovery of oxygen consumption and TCA cycle activity
during reperfusion, mechanical function can only recover once Ca2+ levels have
normalized (Lopaschuk et al. 1990; Benzi and Lerch 1992; Liu et al. 1996b; Liu
et al. 2002).

During reperfusion of previously ischemic hearts, fatty acids can provide
over 90% of the myocardium’s ATP requirement (Lopaschuk et al. 1990). This
excessive use of fatty acids is due to processes discussed earlier in this review,
including an increase in substrate supply due to hormonal stimulation of lipolysis
in adipose tissue (Oliver and Opie 1994; Lopaschuk et al. 1994b) and due to
a decrease in myocardial malonyl-CoA levels and reduced inhibition of CPT-1
(Kudo et al. 1995; Dyck et al. 1999). The reduction in malonyl-CoA is due to
the ischemia-induced activation of AMPK and phosphorylation and inactivation
of ACC. MCD activity is preserved during reperfusion; therefore there is a
reduction in malonyl-CoA levels, and a stimulation of fatty acid oxidation. These
excessive rates of fatty acid oxidation have important consequences on glucose
oxidation as these pathways are coordinately regulated (Randle et al. 1963).
This phenomenon is of particular importance since elevated rates of fatty acid

Figure 2.5. Metabolic effects of ischemia and reperfusion in the heart. ACS,
acyl-CoA synethase; CPT-1, carnitine palmitoyltransferase-1: CPT-2, carnitine
palmitoyltransferase-2; CT, carnitine acyltranslocase; FABPpm, plasma membrane fatty
acid binding protein, GLUT1/4, glucose transporter 1 or 4; LDH, lactate dehydroganse;
NCX, sodium/calcium exchanger; NHE, sodium/hydrogen exchanger; PDH, pyruvate
dehydrogenase; PDHK, pyruvate dehydrogenase kinase; PDHP, pyruvate dehydrogenase
phosphatase.
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oxidation rise produce an allosteric activation of pyruvate dehydrogenase kinase,
which phosphorylates and inactivates the pyruvate dehydrogase complex, thus
inhibiting glucose oxidation (Neely and Morgan 1974). Therefore elevated fatty
acid oxidation rates during reperfusion of ischemic hearts can exacerbate the
uncoupling of glucose metabolism during reperfusion. The use of metabolic
modulation to inhibit fatty acid oxidation and stimulate glucose oxidation is a
novel therapeutic approach that can be utilized to improve cardiac efficiency
(McCormack et al. 1996; Liu et al. 1996a; Kantor et al. 2000; Lopaschuk et al.
2003). Modification of myocardial metabolism is one of the key consequences
of ischemia and reperfusion that can contribute to reversible or irreversible
ischemia-reperfusion injury. An important therapeutic approach would therefore
be to reduce fatty acid oxidation and improve the coupling of glucose metabolism.
This would prevent the dysregulation of ion homeostasis and the associated
impairment of contractile function. Several different agents have already been
tested in experimental models and some are currently being used clinically.
These agents can be divided into two classes: those that lower circulating
free fatty acids and those that directly modify fatty acid oxidation or glucose
oxidation.

Agents that lower circulating fatty acids include compounds such
as �-adrenoceptor antagonists (�-blockers), glucose-insulin-potassium (GIK)
infusions, and nicotinic acid. The hypothesized modes of action of these
compounds is the reduction in circulating free fatty acids, which reduces fatty
acid supply to the mitochondria and therefore decrease fatty acid oxidation rates
and increase the aerobic disposal of pyruvate.

Another approach to lower fatty acid oxidation is to directly inhibit fatty acid
oxidation. This approach has been shown with a class of piperazine deriva-
tives, including trimetazidine and ranolazine. Trimetazidine is an inhibitor of
long-chain 3-ketoacylcoenzyme A thiolase that reduces fatty acid oxidation and
increases glucose oxidation via the Randle cycle (Kantor et al. 2000; Lopaschuk
et al. 2003). It is the first widely used antianginal drug with a mechanism
of action that can be attributed to the optimization of fatty acid oxidation.
Ranolazine is an anti-anginal agent that also inhibits fatty acid oxidation
(McCormack et al. 1996). Agents which accelerate glucose oxidation have also
been shown to reduce ischemic injury. The prototype of this class, dichloroacetate
(DCA), acts by way of the inhibition of PDH kinase, thus ultimately activating
PDH and glucose oxidation (Stacpoole 1989). For a more in depth review of
metabolic modulation please see these reviews ((Lopaschuk et al. 2002; Folmes
et al. 2005).

2.12. Conclusions

The heart is dependent on the oxidation of fatty acids as a source of ATP for
contraction and ion homeostasis. Therefore the use of fatty acids by the heart is a
highly regulated process and is dependent on many different processes: substrate
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supply and uptake by the cardiomyocyte, transport and activation in the cytosol,
transport into the mitochondria and finally �-oxidation of fatty acids. Despite
the complexity of this regulation, it ensures a continual supply of acyl-CoA
for oxidation. However, the detrimental effects of dysregulation of fatty acid
utilization are readily apparent in various forms of disease. As a result the use
of pharmacological modulators of myocardial metabolism is an exciting new
approach for the treatment of heart disease.
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3
Regulation of Mitochondrial Fuel
Handling by the Peroxisome
Proliferator-Activated Receptors

Mary C. Sugden and Mark J. Holness

3.1. Introduction

Within the body, lipids are essential for many aspects of cellular processes, and
the PPARS are sensors of lipids that act to regulate gene expression. As lipid
metabolism and glucose homeostasis are intrinsically related, these transcription
factors exert a profound influence on the selection of metabolic fuels for ATP
generation via mitochondrial oxidation. This chapter therefore focuses on the
role of the PPARs as key coordinators of the selection of metabolic fuels used
for mitochondrial ATP production.

In man, the nuclear hormone receptor family at present consists of 48
mammalian transcription factors that are related in terms of evolution, function
and structure. These transcription factors regulate a variety of genes that control
development, inflammation and nutrient metabolism in a range of tissues and
organs (reviewed in Berkenstam and Gustafsson 2005), and can be divided
into 3 groups. The first consists of classical high-affinity receptors for steroid
and thyroid hormones. The second group consists of low-affinity receptors that
bind non-classical ligands, including a wide range of metabolic intermediates
including fatty acids (FA) and cholesterol derivatives, and are implicated in the
regulation of lipid metabolism. The third group consists of “orphan” receptors,
such as the estrogen-related receptor � (ERR�), for which neither endogenous
nor synthetic ligands have yet been identified.

The low-affinity nuclear receptors include the peroxisome proliferator-
activated receptors (PPARs). Other important low-affinity receptors include the
RAR-related orphan receptors (which bind cholesterol or retinoic acid), the Liver
X receptor (LXR) subfamily (LXR� and LXR�), which are activated by oxidised
cholesterol derivatives (oxysterols), and the Farnesoid X receptor (FXR), which
binds bile acids. The retinoid X receptor (RXR) is a common binding partner for
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the PPARs. LXRs regulate cholesterol homeostasis in liver and adipose tissue
and “reverse cholesterol transport” from peripheral tissues to liver, and are also
increasingly recognized to be involved in inflammation and atherosclerosis. FXR
regulates hepatic intracellular bile acid and cholesterol levels by regulating the
expression of genes involved in cholesterol catabolism and biliary cholesterol
secretion.

Within the body, lipids are essential for many aspects of cellular processes,
including oxidative substrates for ATP production and, as such, are integral to
mitochondrial function. The PPARs act as lipid sensors. Through the actions
of lipids - or their derivatives - to activate the PPARs, lipids influence their
metabolic fates in an interactive manner which is fundamental to metabolic
fuel homeostasis under conditions of variable lipid availability - either dietary
or released from stored triglyceride (TAG). As lipid metabolism and glucose
homeostasis are intrinsically related, as initially described by the pioneering
work of Randle and his colleagues (Randle et al. 1963); reviewed in Randle
(1998), these transcription factors exert a profound influence on not only lipid,
but also glucose handling. The PPARs and their roles as key coordinators of
metabolic fuel oxidation will form the major focus of this review. The roles of
the PPARs in atherosclerosis and inflammation are described in detail elsewhere
(Israelian-Konaraki and Reaven 2005; Staels 2005).

3.2. PPARs: General Function in Relation to Tissue
Distribution

PPAR� (also known as NR1C1) was originally identified as a target for
hepatocarcinogens that elicited peroxisome proliferation in the liver of rodents
(Issemann and Green, 1990). These effects are not observed in man. Subsequent
studies identified two further PPAR receptor isoforms: PPAR� (also known as
PPAR�, NR1C2 or FA-activated receptor, FAAR) and PPAR� (also known as
NR1CR3). Subsequently, PPARs were demonstrated to be closely implicated in
mediating adaptive metabolic responses to changes in systemic metabolic fuel
availability, in particular lipids (reviewed in Kliewer et al. 2001). More recently,
the involvement of PPARs has been identified in a diverse range of physio-
logical and pathological processes. The differing biological actions of the PPAR
isoforms reflect differential tissue expression patterns.

PPAR�, a lipo-oxidative transcription factor, is most abundantly expressed
in a range of tissues with a high capacity for FA oxidation and which have
a high energy demand related to their physiological functions: these include
cardiac myocytes, hepatocytes, kidney cortex and pancreatic islets (Desvergne
and Wahli 1999; Kersten et al. 1999; Sugden et al. 2001). PPAR� is also
present in monocytes/macrophages, the artery wall, vascular smooth muscle
cells and endothelial cells (Duval et al. 2002). PPAR� promotes a programme
of lipid-induced activation of genes encoding proteins involved in FA uptake,
�-oxidation, FA transport into peroxisomes and �-oxidation of unsaturated FAs
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(Braissant et al. 1996; Wolfrum et al. 2001) and is established to be critical to
adaptations to fasting.

PPAR�, a lipogenic transcription factor, has a more limited tissue distri-
bution. It is highly expressed in white and brown adipocytes, the placenta, cells
of the immune system (macrophages, monocytes), and the endocrine pancreas
(Braissant et al. 1996; Dubois et al. 2000; Lupi et al. 2004; Zhou et al. 1998).
PPAR� promotes adipocyte differentiation, regulates intracellular lipid accumu-
lation, induces genes involved in lipogenesis (Rosen et al. 1999), alters the
secretion of adipokines, and regulates genes involved in or enhancing insulin
signalling (Gray et al. 2005; Mueller et al. 2002). Thus, while PPAR� does not
have a direct effect on mitochondrial fuel selection, it influences partitioning of
available dietary lipid between adipose tissue and oxidative tissues. Altered lipid
delivery to oxidative tissues such as heart, liver and oxidative skeletal muscle
has two effects: it influences competition between FA and glucose as oxidative
fuel by virtue of their relative availability and also may influence insulin action
within non-adipose tissues should lipid delivery be excessive. In muscle, the
strong relationship between PPAR� and altered lipid handling is accompanied
by increased intracellular concentrations of lipid metabolites, such as acyl-CoA
and diacylglycerol, which appear to impair insulin signalling by activating a
serine kinase cascade. This culminates in serine phosphorylation of components
of the insulin signalling pathway and a resultant impairment of their activation
by tyrosine phosphorylation (see e.g. Roden et al. 1996).

PPAR� is expressed ubiquitously, but is found only at low levels in liver.
Of the three PPAR isoforms, the function of PPAR� is the least well defined,
except perhaps in skeletal muscle. Emerging research has demonstrated distinct
tissue-specific patterns of regulation of FA utilisation by PPAR�, with a common
theme being the promotion of oxidative metabolism (Fredenrich and Grimaldi
2005; Grimaldi 2005; Lee et al. 2003; Luquet et al. 2005). Thus, PPAR� acts as a
central regulator of FA breakdown, as well as influencing the intrinsic oxidative
capability of skeletal muscle.

3.3. PPARs: Domain Structure and Regulation
of Transcriptional Activity

As with all nuclear receptors, the PPARs have a modular structure comprising
a ligand-independent transcriptional activation domain (AF-1) in the N-terminal
region, zinc finger motifs, a hinge region important for cofactor docking, a
conserved C-terminal ligand binding domain and an AF2 domain that binds to
co-repressors and co-activators (Figure 3.1).

Each of the PPAR subtypes bind to DNA as obligate heterodimers with a
second nuclear receptor, RXR (Kliewer et al. 1992) (Figure 3.1). In their inactive
state (in the absence of ligand), the PPARs can repress transcription by recruiting
accessory proteins (co-repressors) and recruiting histone deacetylase. Activation
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Figure 3.1. Interaction between PPARs, RXRs, co-repressors and co-activators in relation
to the regulation of gene expression Binding of the co-repressor to the PPAR/RXR
dimer in the absence of ligand blocks gene expression (panel A). Ligand binding leads
to a conformational change promoting release of the co-repressor and binding of the
co-activator resulting in gene transcription (panel B).

through ligand binding modifies local chromatin structure, inducing a conforma-
tional change leading to dissociation of co-repressors and recruitment of protein
complexes containing histone acetyl transferase activity that enhance gene
transcription (co-activators) (Figure 3.1). Several transcriptional coactivators,
including PPAR� coactivator-1 (PGC-1), the biological importance of which is
discussed later in this review, bind and enhance PPAR activity (Puigserver and
Spiegelman 2003).

The RXRs can be activated by 9-cis retinoic acid, an endogenous vitamin A
derivative. RXR heterodimers formed with PPARs can be activated by RXR
and PPAR agonists either independently or together, in which case they elicit
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synergistic activation. The individual roles of each of the RXR isoforms (�����)
(Bastien and Rochette-Egly 2004) which complex with the PPARs to form the
heterodimeric PPAR:RXR complex has not yet been determined (Berger and
Moller 2002). However, like the PPARs, the RXR isoforms are characterised by
a tissue-specific distribution: in rat heart, RXR� and RXR� are most abundant,
whereas RXR� is only marginally detected (Mangelsdorf et al. 1992). The
preferred DNA-binding site, referred to as the DR-1 motif, is the same for each of
the PPAR/RXR heterodimer pairs (Kliewer et al. 2001). Specificity of function
may be conferred by mechanisms that impart subtype-specific regulation of
PPAR activity, including differences in binding affinity for endogenous ligands
(Forman et al. 1997; Lin et al. 1999) or through phosphorylation of their transcrip-
tional activation domains (Barger et al. 2000; Barger et al. 2001; Forman et al.
1997; Lazennec et al. 2000). PPAR� contains a consensus mitogen-activated
protein kinase phosphorylation site which, when phosphorylated, decreases the
ligand binding affinity of PPAR� (Shao et al. 1998) and negatively regulates
transcriptional activity (Adams et al., 1997; Camp et al. 1999; Hu et al. 1996;
Zhang et al. 1996). Docking of coactivators is generally regulated by a confor-
mational change. Some of the most interesting of the transcriptional coactivators
include PGC-1 and PGC-2. PGC-1�, in particular, is a key regulator of cellular
energy metabolism: it is enriched in metabolically active tissues including heart
(reviewed in Finck et al. 2005).

The activated PPAR:RXR complexes bind to specific response elements
(PPREs) in the promoters of the various target genes. These are comprised of
a consensus sequence (AGGTCA), the NR hexameric core recognition motif,
that can be configured as a single element or two tandem repeats separated
by one nucleotide. Binding to the PPREs modifies transcription, leading to
an altered complement of enzymes in the cell, with a resultant alteration in
cellular functional characteristics. Through this mechanism, each PPAR can,
once activated, confer distinct properties of lipid handling to the tissues in which
it is found, with an overall systemic lipid-lowering effect.

3.4. Pharmacological PPAR Ligands

The importance of the nuclear hormone receptors in general was revealed when it
was discovered that they represented the targets of a number of widely-prescribed
drugs. It was discovered that PPAR� and PPAR� are the molecular targets
for major classes of drugs used to ameliorate atherogenic hypertriglyceridemia
and insulin resistance, both of which are commonly used in the treatment of
type 2 diabetes. The fibrate class of drugs (clofibrate, gemfibrozil, fenofibrate,
bezafibrate and ciprofibrate) have been in clinical use for over 40 years. These
drugs target PPAR�. Synthetic ligands for PPAR�, in addition to the fibrate
drugs, include phthalate ester plasticers, herbicides, and leukotriene D4 receptor
antagonists. PPAR� is the molecular target for the insulin-sensitising thiazo-
lidinediones (TZDs) (e.g., rosiglitazone, pioglitazone). Some of the side effects
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of the TZDs include weight gain through effects of PPAR� on adipose tissue
(described below) and current research is evaluating newer PPAR� ligands,
whose mode of binding differs from the TZDs or which are selected on the basis
of attenuated regulation of lipogenic genes (Shi et al. 2005). A new class of novel
PPAR-targeted compounds termed dual-acting PPAR agonists, which include the
compound ragaglitizar, specifically activate both PPAR� and PPAR�. Synthetic
PPAR� ligands include GW501516 and GW0742, which activate PPAR� with a
1000-fold selectivity over other PPAR isotypes (Sznaidman et al. 2003). There is
also current pharmaceutical interest in PPAR-pan agonists (which target all three
PPAR isoforms): these generate enhanced insulin sensitivity, mild suppression of
circulating triglycerides, reductions in low-density lipoprotein (LDL) cholesterol,
and increased high density lipoprotein (HDL) cholesterol. A recent review has
described emerging concepts in the use of PPAR agonists for treating metabolic
and cardiovascular disease (Staels and Fruchart 2005).

3.5. Physiological PPAR Ligands

The PPARs are vitally important sensors of the lipid status of the body and
of individual tissues or organs of the body. Although the complete range
of physiological ligands that regulate the activities of each of the PPAR
isoforms still remains to be established, it is now known that the PPARs
are activated by binding of naturally-occurring endogenous or dietary FA or
lipid derivatives. Known natural ligands of PPAR� include polyunsaturated
FAs and FA derivatives, including eicosanoids and leukotriene B4 (a lipoxy-
genase product of arachidonic acid). Recently the �-hydroxylated derivatives
of 14,15-epoxyeicosatrienoic acid, another derivative of arachidonic acid, has
been demonstrated to activate PPAR� (Cowart et al. 2002): other EETs and
their derivatives may also function as other natural ligands. Oleoylthanolamide, a
naturally occurring lipid that is structurally similar to the endogenous cannabinoid
anandamide, also activates PPAR� (Fu et al., 2003). New data also indicate that,
in liver, newly-synthesised fat (but not pre-existing fat) may be an endogenous
PPAR� activator (Chakravarthy et al. 2005). These studies used a mouse model
with liver-specific inactivation of the gene encoding the lipogenic enzyme FA
synthase (FAS). When normal chow was substituted by a high carbohydrate-zero
fat diet, these mice showed a fasting metabolic profile (hypoglycemia, high FA,
lowered insulin, low leptin), and a fatty liver: this resembles the phenotype of
fasting PPAR� null mice. This phenotype was reversed by the provision of high-
fat diet. Activation of PPAR� also “rescued” the phenotype. This suggests that
in the absence of dietary fat, FA synthesised de novo through FAS (“new fat”)
can act as a PPAR� ligand (and upregulate FA oxidation). It was also suggested
that dietary FA transported to the liver via chylomicrons could represent another
source of “new” fat. However, it was proposed that FA released from stored TAG
in adipose tissue, “old fat”, could not activate hepatic PPAR� as effectively.
It was proposed that new fat and old fat access separate intracellular compart-
ments, each containing a different pool of PPAR�, and these pools cannot be
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accessed by the FA derived from the bulk of intrahepatic TAG (most of which
originate from adipose-tissue derived FA). One pool of PPAR� is activated by
both newly synthesised and dietary FA (and upregulates glucose synthesis and
FA oxidation); the other pool is activated only by biosynthetic FA, and this pool
additionally activates cholesterol balance. The possibility was suggested that a
lipid-binding protein specific for new fat shuttles FA to nuclear PPAR or that
PPAR� shuttles between the nucleus and cytoplasm via chaperones (e.g. hsp90)
that promote an interaction with new fat. VLDLs produced by the liver and
chylomicrons containing dietary TAG are targeted to heart and skeletal muscle,
generating a local supply of FA and monoacylglycerol via lipoprotein lipase
(LPL). Physiological TAG hydrolysis mediated by LPL might represent a link
between lipid metabolism and PPAR� activation in tissues, such as heart, where
there is less de novo fat synthesis than in liver a finding relevant to the effects
of provision of high-fat diets, particularly those rich in very-long-chain FAs
and polyunsaturated FAs, which can induce FA oxidation via PPAR�. Lipolysis
of TAG-rich lipoproteins (VLDL) generates PPAR ligands in endothelial cells
(Ziouzenkova et al. 2003). Cardiac specific knockout of LPL elevates plasma
and cardiac TAG and lowers expression of the PPAR� target gene pyruvate
dehydrogenase kinase (PDK) 4 (Augustus et al. 2004). Whether or not LPL
activity in adipose tissue generates natural agonists for PPAR� has not been
investigated, but it is known that PPAR� is activated by specific prostanoids,
such as 15-deoxy-�12�14 prostaglandin J2. Activation of PPAR� by components
of oxidised LDL (9-hydroxyoctadecadienoic acid, 13- hydroxyoctadecadienoic
acid) enhances macrophage lipid accumulation through induction of a scavenger
receptor/transporter (FA translocase/CD36) (Lee et al. 2004). PPAR� is activated
by long-chain FA, both saturated and unsaturated, and by prostacyclin produced
by the conversion of polyunsaturated FAs (Amri et al. 1995). Again, it is not
yet known whether PPAR� activation is coupled with LPL activity in oxidative
skeletal muscle.

3.6. The Role of PPAR� in the Regulation of Fuel
Handling

The actions of PPAR� in heart and liver reflect the biological roles of these
tissues: the heart as a continually-contracting pump, the liver as a major fuel
producer and transformer. A recent study has demonstrated that, during neonatal
development of the heart, all three PPAR isoforms are upregulated almost in
parallel (Steinmetz et al. 2005). In parallel, cardiac metabolism switches from
glucose to lipid as the preferred energy substrate to generate ATP (Makinde
et al.1998). This transition is accompanied by changes in the activity and
expression levels of several enzymes and regulators involved in FA metabolism,
indicating a functional bias towards the lipo-oxidative PPARs, namely PPARs -�
and -�.



70 M. C. Sugden and M. J. Holness

3.6.1. Cardiac Fuel Utilisation

In the adult, the heart uses most available fuels to sustain a continuous and
enormous demand for energy to fulfill its function (Stanley and Chandler 2002).
Although pyruvate derived from either glycolysis or lactate that enters the cell
via the monocarboxylate transporter (MCT) can be converted to acetyl-CoA via
the pyruvate dehydrogenase (PDH) complex for entry into the tricarboxylic acid
(TCA) cycle (Figure 3.2), lipids are thought to constitute the predominant energy
substrate for the adult heart, even in the well-fed state. FAs account for 70% of
total ATP production in the normal heart; this proportion increases to >90% in
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Figure 3.2. Regulation of cardiac glucose and lipid utilisation by PPAR�. Sites regulated
by PPAR� are shown in bold. Abbreviations: AQP, aquaporin; CPT, carnitine palmitoyl-
transferase; GLUT, glucose transporter; FA, fatty acid; LPL, lipoprotein lipase; MCT,
monocarboxylate transporter; PDC, pyruvate dehydrogenase complex; PDK4, pyruvate
dehydrogenase kinase 4; VLDL-TAG, very-low-density lipoprotein-triacylglycerol.
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diabetes (Saddik and Lopaschuk 1991). In addition, cardiac FA oxidation is very
high upon reperfusion after ischemia (Kantor et al., 1999). Acetyl-CoA can be
generated from a range of lipid sources: circulating non-esterified FA (NEFA);
endogenous (stored) TAG; TAG in circulating very-low-density lipoproteins
(VLDL); or circulating ketone bodies. In perfused rat hearts, a considerable
rate of intramyocellular TAG breakdown supplies FA for post-ischemic fuel
oxidation, and TAG lipolysis contributes about 20% of total FA oxidation even
when hearts are perfused with exogenous FA (Saddik and Lopaschuk 1992).

3.6.2. Regulation of Cardiac Lipid Utilisation by PPAR�

The importance of PPAR� in the adult heart appears relatively limited when
the dietary or endogenous lipid supply is restricted, but PPAR� assumes an
important role in cardiac lipid management when lipid delivery to the heart is
increased e.g., by fasting or by increasing dietary fat. In these situations, PPAR�
activation enhances the expression of genes encoding many proteins involved
in FA transport, FA activation and FA oxidation (Figure 3.2): examples of
PPAR�-activated genes include muscle carnitine palmitoyltransferase 1 (m-CPT1)
(which is crucial for the transport of long-chain FA into the mitochondria)
and the �-oxidation enzymes medium-chain acyl-CoA dehydrogenase (MCAD)
and long-chain acyl-CoA dehydrogenase (LCAD). Increased expression of these
genes allows increased mitochondrial FA oxidation. Thus, PPAR� deficient
(null) mice provided with free access to a high-carbohydrate low-fat diet do
not show any obvious cardiac abnormalities, but starvation or high-fat feeding
results in significant perturbations in cardiac lipid metabolism as a consequence
of a failure of the heart to induce FA �-oxidation pathways (Djouadi et al.
1998; Kersten et al. 1999; Leone et al. 1999), including abnormal accumu-
lation of neutral lipid (Djouadi et al. 1998; Leone et al. 1999). Absence of
PPAR� decreases mitochondrial FA by approximately 70% (Aoyama et al.
1998; Campbell et al. 2002; Watanabe et al. 2000) due to reduced constitutive
and/or inducibleexpressionofseveralFAcatabolicenzymes(Campbell et al.2002).

3.6.3. Regulation of Cardiac Pyruvate Handling
by PPAR�

Although PPAR� is closely involved in the control of lipid handling, it also exerts
a direct and vital influence on glucose utilisation at the level of the pyruvate
dehydrogenase complex (PDC). Regulation of PDC activity is important since
PDC inactivation is crucial for glucose conservation when glucose is scarce,
whereas adequate PDC activity is required to allow both ATP and FA production
from glucose. The regulatory kinase pyruvate dehydrogenase kinase (PDK) 4
is an important negative regulator of glucose oxidation, functioning via post-
translational modification of PDC (Sugden and Holness 2003) (Figure 3.2).
Phosphorylation of E1 of PDC by PDK4 (and others of the PDK family) causes
inactivation, sparing glucose and favouring FA oxidation. High saturated fat
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feeding increases cardiac PDK4 expression and PPAR� activation acts syner-
gistically with high-fat feeding to enhance cardiac PDK4 expression (Holness
et al. 2002b). This essentially forces cardiac FA oxidation, despite available
carbohydrate, and thereby optimises clearance of incoming lipid, particularly
as the activity of this specific PDK isoform is increased by the increasing
NADH/NAD+ concentration ratios that accompany FA �-oxidation (Bowker-
Kinley et al. 1998) (reviewed in Sugden and Holness 2003). In starvation,
enhanced cardiac expression of PDK4 blocks glucose oxidation and again forces
FA oxidation to maintain the ATP supply for cardiac contraction (Sugden and
Holness 2003), this time in the face of a diminished supply of glucose. Increased
expression of cardiac PDK4 in starvation is again linked to PPAR� signalling,
as well as to cardiac FA supply (Holness et al. 2002b; Wu et al., 2001). The
involvement of lipid signalling via PPAR� in the regulation of cardiac PDK4
expression, as well as that of FA oxidation enzymes, extends the operation of
the classical glucose-FA cycle to the gene level and the newly-emerging field of
nutrigenomics (Gillies 2003; Mutch et al. 2005).

3.6.4. Regulation of Hepatic Nutrient Handling by
PPAR�

The liver is capable of either oxidising, or storing, FA at high rates - although not
simultaneously. This metabolic versatility underlies its central position in whole-
body lipid handling during the absorptive phase and after fasting. Incoming
FA, derived from the diet or adipocyte TAG, can be re-esterified within the
liver to provide the TAG component of VLDL: this function can be increased
when hepatic FA delivery is higher than that required to fuel hepatic ATP
requirements. During starvation, FAs generated by adipocyte lipolysis are taken
up by the liver and oxidised to form the water-soluble lipid-derived fuels, the
ketone bodies (Figure 3.3). The ketone bodies are avidly used as metabolic
fuels by skeletal muscle and brain in starvation, reducing their requirement for
glucose as metabolic fuel. PPAR� regulates genes encoding regulatory proteins
enhancing each stage of hepatic FA utilisation: FA uptake into the hepatocyte
across the plasma membrane, FA retention within the cell and its total or partial
mitochondrial oxidation, leading to ATP production and ketone body formation
respectively (Figure 3.3). It is essential that the capacity for hepatic FA oxidation
be up-regulated when lipid delivery is increased by a diet high in fat and also in
starvation, where there is increased generation of FA derived from the hydrolysis
of adipose-tissue TAG. These roles are best illustrated by the abnormal hepatic
responses to starvation seen in PPAR�–deficient mice (Kersten et al. 1999;
Leone et al. 1999; Sugden et al. 2002). These animals exhibit an impaired
ability to up-regulate hepatic FA oxidation in response to a high-fat diet, despite
increases in FA supply. Secondary to impaired FA oxidation, PPAR� deficient
mice become hypoglycemic when fasted in part due to inadequate generation
of ATP to fuel hepatic gluconeogenesis (Figure 3.3). Hypoglycemia also arises
out of the necessity of heart and oxidative skeletal muscle to continue to use
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Figure 3.3. Regulation of hepatic glucose and lipid utilisation by PPAR�. Sites regulated
by PPAR� are shown in bold. Abbreviations: AQP, aquaporin; GLUT, glucose trans-
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glucose at high rates, rather than to be able to switch to FA or ketone bodies as
alternative energy fuels. Fasting hypoketonemia in PPAR� null mice reflects a
failure to enhance expression of the key mitochondrial enzyme in ketogenesis,
mitochondrial HMG-CoA synthase (Le May et al. 2000).

In response to lipolytic stimulation (exercise and fasting), adipocytes release
not only hydrolysed FA, but also glycerol into the circulation. Glycerol is
used for hepatic gluconeogenesis, a process involving its conversion to glycerol
3-phosphate by hepatic glycerol kinase (Figure 3.4). The contribution of glycerol
to glucose production depends on the nutritional state: it may vary from 5%
postprandially in humans (Baba et al. 1995), and approx 50% in the postab-
sorptive state in rodents (Peroni et al. 1995) to 20% in humans (Baba et al.
1995; Jensen et al. 2001) and >90% rodents after prolonged fasting (Peroni et al.
1995). It has been proposed that PPAR� governs hepatic glycerol metabolism:
the expression of several genes involved in the hepatic metabolism of glycerol
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Figure 3.4. Actions of PPAR� on the adipocyte. Sites regulated by PPAR� are shown in
bold. Abbreviations: AQP, aquaporin; GLUT, glucose transporter; FA, fatty acid; LPL,
lipoprotein lipase.

(e.g. glycerol kinase, cytosolic and mitochondrial glycerol 3-phosphate dehydro-
genase) is enhanced by fasting in wild type mice but not PPAR� null mice
(Patsouris et al. 2004). Furthermore, administration of pharmacological PPAR�
agonists lowers plasma glycerol concentrations (Patsouris et al. 2004).

Under conditions of PPAR� stimulation by the non-�-oxidisable FA tetrade-
cylthioacetic acid, the liver functions as a major drain for circulating FA (Madsen
et al. 2002). Furthermore, the fibrates in current clinical use primarily act on
the liver in humans; hence, the TAG-lowering action of fibrates and related
PPAR�-targeted drugs in patients with hyperlipidemia is ascribed to increased
FA clearance via oxidation primarily, but not exclusively in liver. However,
new compounds are currently being developed to target PPAR� in tissues
other than the liver. Treatment of obese hypertriglyceridemic monkeys with a
selective PPAR� agonist increases LPL activity in muscle, with a reciprocal
decrease in adipose tissue. Thus PPAR� agonists suppress the uptake of TAGs
in adipose tissue, while increasing uptake in muscle for oxidation (Bodkin
et al. 2003).
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3.7. Regulation of Lipid Storage by PPAR�

The human PPAR� gene contains alternative transcription start sites resulting
in three splice variants that produce three mRNA species in man (PPAR�1, 2
and 3) and two in mice (PPAR�1 and 2) (Fajas et al. 1997; Fajas et al. 1998).
These mRNAs yield two distinct protein products: PPAR�1and 3 mRNA encode
an identical protein, PPAR�1, while PPAR�2 encodes a protein containing an
additional 30 amino acids, PPAR�2. PPAR�1 is expressed in many tissues;
PPAR�2 is expressed predominantly in adipose tissue (Auboeuf et al. 1997).
Conditioned PPAR� knockouts have confirmed an essential role of PPAR� in
adipocyte differentiation and survival (Kubota et al. 1999; Rosen et al. 1999).
Homozygous PPAR� knockout mice die at embryonic day 10 from impaired
placental development (Barak et al. 1999), highlighting that PPAR� is also vital
for nutrient and oxygen transfer to the fetus. PPAR� interacts with a number
of ligand-dependent co-activator complexes, including the CBP/p300 complex
(Gelman et al. 1999), steroid receptor c-activator (SRC1) (Zhu et al, 1996),
and PPAR� coactivators PGC1 and PGC2, resulting in a range of biological
activities.

The ability of adipocytes to store FA as TAG in the fed state provides animals
with a fuel store for use in time of need. In the fed state, insulin increases
adipocyte TAG storage by augmenting adipocyte glucose uptake (allowing the
production of glycerol 3-phosphate for FA esterification to form TAG), by direct
stimulation of enzymes involved in the esterification of incoming FA, mainly
generated locally via adipocyte LPL, and by effects to block TAG lipolysis.
Adipocyte production of glycerol 3-phosphate is enhanced by PPAR� activation
(Guan et al. 2002; Picard and Auwerx 2002), which stimulates glycerol transport
and glyceroneogenesis (Guan et al. 2002; Tordjman et al. 2003), in addition to
glucose transport and LPL expression (Figure 4.4).

Maintenance of glucose homeostasis requires optimisation of the body fat
mass and distribution, as shown by animal models of obesity and lipodystrophy
which are invariably insulin resistant (see e.g., Koutnikova et al. 2003). The use
of PPAR� knockout mice with tissue or isoform specific deletions, together with
the identification of human subjects with mutations in PPAR�, has highlighted
its role as a critical regulator of adipose tissue differentiation and function,
maintenance of fuel homeostasis and energy balance (Sewter and Vidal-Puig
2002). Mice harbouring dominant negative mutations of PPAR� show an altered
adipose-tissue distribution (Tsai et al. 2004). As ablation or impaired function
of PPAR� results in an insulin-resistant, lipodystrophic phenotype, the concept
has been developed that the insulin-sensitising effects of PPAR� activation
(e.g., by the TZDs) reside in its actions in adipose tissue: these include, in
addition to the induction of genes within mature adipocytes that allow them
to take up and esterify FA to storage TAG, the recruitment of new adipocytes
allowing an increase in lipid storage capability. Abnormal accumulation of TAG
and other lipid derivatives in liver and muscle can result in insulin resistance
(Shulman 2000). Thus, the sequestering of lipid within the adipocyte reduces
the burden of excessive FA delivery to heart, skeletal muscle, and liver, where
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its oxidation and/or accumulation of FA-derived lipids could cause impaired
glucose utilisation via substrate competition and/or insulin desensitisation (Frayn
2002). Of interest, specific deletion of the PPAR� gene in fat and muscle causes
insulin resistance (He et al. 2003; Hevener et al. 2003), but heterozygous PPAR�
knockout mice have improved insulin sensitivity, and are not susceptible to
insulin resistance arising from a high-fat diet (Kubota et al. 1999). Thus partial
activation is required to promote normal, but not excessive, adipose tissue stores.

PPAR� activation in the mature adipocyte also alters the expression and
secretion of adipocyte proteins that regulate insulin sensitivity, resulting in an
insulin-sensitising adipokine profile (Rangwala and Lazar 2004). Biologically-
active adipokines include leptin (insulin sensitising) and TNF� (which causes
insulin resistance). Leptin is considered to be insulin sensitising through its
effects to promote FA oxidation (Ceddia 2005). Increased leptin expression
in PPAR�+/− mice has been suggested to ameliorate insulin resistance, at
least in part, through its effects to promote FA oxidation in liver and muscle
(Yamauchi et al., 2001). This occurs in some tissues via activation of AMPK
(Minokoshi et al. 2002). In addition, leptin treatment rapidly activates PPARs
in C2C12 muscle cells (Bendinelli et al. 2005). TNF� has an established role
in the aetiology of insulin resistance (Hotamisligil 1999). PPAR� suppresses
the production of both leptin and TNF�, the former allowing the adipocyte to
continue to accumulate lipid and the latter relieving the insulin resistance that
exposure to high levels of TNF� induces. Recent emphasis has been placed on
the insulin-sensitising adipokine adiponectin. Adiponectin appears to mediate
its effects through two distinct receptors, AdipoR1 and AdipoR2: AdipoR1
is ubiquitous (highest in skeletal muscle), while AdipoR2 expression is more
restricted (most abundant in liver) (Yamauchi et al. 2003). Primary hepatocytes
bind full length adiponectin which stimulates PPAR� ligand activity and AMPK
activation (Yamauchi et al. 2003). The insulin-sensitising effects of the TZDs
are impaired in mice lacking adiponectin (Kadowaki and Yamauchi 2005).

Although PPAR� is primarily involved in the regulation of lipid storage,
it may also function in regulating glycerol transport across the adipocyte
plasma membrane (Figure 3.4). The aquaporins are a family of small (approx
30kDa/monomer), integral membrane proteins. Aquaporin (AQP) 7 (also termed
AQPap/7 in man), which transports glycerol as well as water, is expressed
at high levels in adipose tissue (Kishida et al., 2000). During differentiation,
3T3-L1 adipocytes increase adrenaline-stimulated release of glycerol in parallel
with the induction of AQP7 mRNA (Kishida et al. 2000). Knockdown of
AQP7 in 3T3-L1 adipocytes by introducing small interfering mRNA suppresses
adrenaline-stimulated glycerol release by approximately 50% (Maeda et al,
2004). AQP7 is a direct PPAR� target gene in adipocytes (Guan et al. 2002;
Kishida et al. 2001). Differentiated mouse and human adipocytes respond to
the TZDs (ciglitazone and rosiglitazone) in culture with increased adipocyte
AQP7 mRNA expression (Patsouris et al. 2004). The PPRE site in the human
AQP7 promoter is important for high AQP7 mRNA expression in differentiated
adipose cells and is responsible for the induction of AQP7 transcription by TZDs
(Kondo et al. 2002). Contrasting with liver, adipose tissue normally contains
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very little glycerol kinase and glycerol liberated from adipocyte TAG is not
recycled intracellularly to any great extent. However, it has been suggested (Guan
et al. 2002), although it remains controversial (Tan et al. 2003a), that in concert
with its effects to enhance adipose tissue AQP7 expression during adipocyte
maturation, PPAR� activation induces adipocyte glycerol kinase mRNA and
activity, allowing glycerol to serve as a direct source of glycerol 3-phosphate
within the adipocyte. Under physiological conditions, this could be potentially
important for expansion of the adipose-tissue mass e.g., during puberty in females
to promote the secretion of biologically active adipokines such as leptin, which
are essential for reproductive function (Chehab et al. 1996; Chehab et al. 1997;
reviewed by Chehab 1997).

Interactions between PPAR� and PPAR� in the control of tissue development
are not restricted to adipose tissue. The PPAR� specific ligand WY14643
and the PPAR� specific ligand GW0742 both induce increased expression of
enzymes involved in mitochondrial FA �-oxidation in cell cultures of neonatal
rat cardiomyocytes (Cheng et al. 2004). The highest increment in PPAR� and
PPAR� mRNA expression in the rat heart occurs from postnatal day 0 to day
7, whereas mRNA expression of MCAD and LCAD was observed between
days 7 and 21 (Steinmetz et al. 2005). Interestingly, expression of PDK4,
a PPAR�/ PPAR� target gene in the heart, also increases over this period
(Sugden et al. 2000). Although the delay in the rise in MCAD and LCAD
expression may reflect the absence of a necessary coactivator, the mRNA
expression of the RXR receptors, PGC-1� and � do not parallel the rise in MCAD
and LCAD. Other PPAR� target genes in muscle include genes involved in the
uptake and metabolism of glucose (e.g. c-Cbl associated protein and GLUT4)
(Baumann et al. 2000).

3.8. The Role of PPAR� in the Regulation of Oxidative
Metabolism

Relatively little was known about the function of PPAR� until relatively
recently, when the availability of PPAR�-specific agonists and animal models
allowed definition of the metabolic phenotype. PPAR� is expressed early during
embryogenesis and ubiquitously in adulthood (Braissant and Wahli 1998). Most
PPAR�-deficient mice die early in embryonic development due to a placental
defect; those that do survive are characterised by reduced body fat mass, skin
defects and altered myelinisation (Peters et al. 2000). PPAR� is implicated in
the regulation of proliferation of preadipocytes (Grimaldi 2001), keratinocytes
(Tan et al. 2003b), enterocytes (Poirier et al. 2001) and placenta (Lim et al.
1999). Early studies also suggested that PPAR� is involved in cholesterol
metabolism (Oliver, Jr. et al. 2001) and adiposity (Barak et al. 2002). PPAR� and
PPAR� are similarly abundant in heart (Muoio et al., 2002); it appears that in the
heart many processes are dependent on functional PPAR� (Muoio et al. 2002).
Nevertheless, exposure of cardiac myocytes to either PPAR�- or PPAR�-specific
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agonists leads to significant induction of PPAR target genes involved in FA
uptake and oxidation and both PPARs can be activated by FAs within this
system.

Skeletal muscle expresses all three PPAR isoforms, with high levels of
PPAR� expressed in both human and rodent skeletal muscle (Escher et al.
2001; Jones et al. 1995; Muoio et al. 2002). In this tissue, PPAR� promotes
oxidative metabolism and enhances aerobic capacity. Slow-twitch oxidative
skeletal muscle is a major site of FA catabolism, particularly during starvation
and long-term exercise, when circulating lipid delivery increases. However,
most evidence suggests that signalling via PPAR� impacts predominantly on
the regulation of lipid gene expression and fat oxidation in fast-twitch, not
slow-twitch, skeletal muscle, even though fast-twitch muscle does not normally
oxidise FA as avidly as slow oxidative muscle (Dulloo et al. 2001; Holness
et al. 2002a), and PPAR� is predominantly expressed in mitochondrial-rich
slow oxidative muscle (reviewed by Smith and Muscat 2005). Whereas PPAR�
ablation in the mouse results in abnormally high accumulation of neutral lipid
in heart and liver in response to interventions increasing FA delivery, such as
starvation, starvation of PPAR� deficient mice leads to only minor abnormal-
ities of skeletal-muscle FA metabolism (Muoio et al. 2002). In addition, skeletal
muscles from PPAR� null mice exhibit only minor changes in FA homeostasis
and neither constitutive nor inducible mRNA expression of known PPAR� target
genes, including PDK 4 (Holness et al. 2002a) and uncoupling protein (UCP) 3
are negatively affected by the absence of PPAR� (Muoio et al. 2002). PPAR�
may therefore assume greater importance in the modulation of lipid metabolism
than PPAR� in skeletal muscle, a conclusion supported by findings that PPAR�
mRNA expression levels in muscle are dramatically increased on fasting, under
conditions where FA oxidation by skeletal muscle is increased. The failure of
PPAR� null mice to exhibit severe defects in skeletal muscle FA oxidation in
response to starvation and exercise may reflect the fact that activation of PPAR�
using GW742 also increases FA oxidation and the mRNA levels of several
classical PPAR� target genes, including PDK4, m-CPT1, MCD and UCP3
(Muoio et al. 2002). Similarly, PPAR� activation induces mRNA expression of
UCP2 and UCP3 in human and L6 myotubes. This has led to the suggestion that
significant overlap exists in the functions of PPAR� and PPAR� in mediating
lipid-induced regulation of �-oxidation pathways in skeletal muscle (Muoio
et al. 2002). Gain- and loss-of-function experiments demonstrated that PPAR�
regulated the expression of genes encoding proteins involved in FA uptake,
handling and �-oxidation in differentiated mouse C2C12 myotubes (Holst et al.
2003). Similar observations were obtained using Affymetrix microarrays of rat
L6 myotubes (Tanaka et al. 2003). Generation of a Cre/Lox transgenic mouse
allowing skeletal muscle-specific overexpression of PPAR� resulted in increased
oxidative (fast-oxidative 2a) myofibers due to an increase in total myofiber
number (Luquet et al. 2003). This response resulted in an increase in oxidative
capabilities, characterised by up-regulation of succinate dehydrogenase, citrate
synthase, heart-FA binding protein and UCP2. In addition, these mice exhibited
net reduction of body fat mass related to reduced adipocyte size in fat depots.
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Subsequent studies demonstrated that overexpression of a constitutively-active
PPAR� in skeletal muscle resulted in protection against the development of
diet-induced obesity (Wang et al. 2004). There is also evidence that PPAR�
is implicated in the response to physical exercise. The phenotypes elicited by
muscle-specific overexpression of PPAR� are similar to those resulting from
endurance training in rodents (Allen et al. 2001) and humans (McCall et al. 1996)
and overexpression of PPAR� increases running endurance and resistance to
fatigue (Wang et al. 2004). Repeated moderate exercise in mice also promotes
up-regulation of PPAR� in muscle (Luquet et al. 2003).

Studies with synthetic PPAR� ligands suggest that they may improve many
factors associated with dyslipidemia, obesity and insulin resistance. Treatment
of insulin-resistant obese monkeys with the potent PPAR� agonist, GW1516, for
4 weeks normalises fasting plasma insulin and TAG concentrations, increases
HDL-cholesterol and lowers LDL-cholesterol (Oliver, Jr. et al. 2001). Admin-
istration of GW1516 to obese mice reduced adiposity and improved insulin
responsiveness (Tanaka et al. 2003; Wang et al, 2003). Mice expressing an
activated mutant form of PPAR� in brown and white adipocytes are characterised
by up-regulation of genes involved in FA catabolism and energy uncoupling
(Wang et al. 2003). These mice are also protected against diet-induced obesity
(Wang et al, 2003). These studies suggest that therapeutic activation of PPAR�
could be used to decrease diet-induced obesity. Selective PPAR� agonists (e.g.
GW501516) are currently in clinical trials for the treatment of dyslipidemia,
insulin resistance and obesity (Smith and Muscat 2005).

3.9. PGC-1�: an Enhancer of Mitochondrial Function
and Biogenesis

Many metabolic programmes can be triggered by the expression of the
transcriptional coactivator PGC-1�. In addition to activating the PPARs,
PGC-1� associates with other regulatory elements including cAMP response
element (CREBP)-binding protein, the forkhead transcription factor FOXO1 and
hepatocyte nuclear factor (HNF)-4�, which have been implicated in the devel-
opment of diabetes (Gupta et al. 2005; Nakae et al. 2002; Puigserver et al. 2003;
Yamagata et al., 1996; Yoon et al. 2001). PGC-1� exhibits a tissue-enriched
expression pattern (Knutti and Kralli 2001; Puigserver et al. 1998; Puigserver and
Spiegelman 2003). PGC-1� is robustly expressed in a range of oxidative tissues,
including heart and skeletal muscle, and is rapidly induced by a range of physi-
ological conditions (cold exposure, acute exercise and fasting) that increase the
demand for mitochondrial ATP or heat production (Baar et al. 2002; Goto et al.
2000; Irrcher et al. 2003; Lehman et al. 2000; Pilegaard et al. 2003; Puigserver
et al. 1998; Terada et al. 2002; Terada and Tabata 2004; Wu et al. 1999). Its
expression is also increased in the postnatal heart coincident with an increase in
mitochondrial FA oxidation (Lehman et al. 2000).
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Recently, the PGC-1�/ERR� pathway has been demonstrated to regulate FA
oxidation, oxidative phosphorylation and mitochondrial biogenesis in heart and
skeletal muscle (Huss et al. 2004; Mootha et al. 2004; Schreiber et al. 2004;
Willy et al. 2004). Evidence that PGC-1� regulates mitochondrial biogenesis in
mammals includes studies of forced expression showing that PGC-1� induces
expression of mitochondrial biogenic factors (e.g. nuclear respiratory factor 1
and 2 [NRF-1, NRF2] and the transcription factor of activated mitochondria
[Tfam]) (Wu et al. 1999). In heart, PGC-1� induces mitochondrial biogenesis
(Lehman et al. 2000) and, importantly, cooperates with PPAR� to increase
the expression of genes encoding mitochondrial FA oxidation enzymes, thereby
increasing the capacity for FA oxidation and intracellular lipid clearance
(Vega et al. 2000). In addition, forced expression of PGC-1� in skeletal muscle
and heart triggers mitochondrial proliferation (Lehman et al. 2000; Lin et al.
2002; Russell et al. 2004).

In parallel with the increase in PPAR� signalling, fasting also elevates PGC-1�
mRNA expression in liver (Herzig et al. 2001; Yoon et al. 2001). Impor-
tantly, PGC-1� mRNA expression is also increased in three different rodent
models of increased hepatic gluconeogenesis (Herzig et al. 2001; Yoon et al.
2001). Increased expression of PGC-1� in liver via adenovirus vector enhances
hepatic glucose production (Herzig et al. 2001) (reviewed in Vidal-Puig and
O’Rahilly 2001). At least two clinical studies have identified a correlation
between mutations of the Ppargc1a (previously known as the PGC-1� gene)
and insulin resistance or diabetes (Ek et al. 2001; Hara et al. 2002). The effect of
PGC-1� to induce gluconeogenesis appears to occur via an interaction with the
FOXO1 pathway (Puigserver et al. 2003). In liver, FOXO1 and the glucocor-
ticoid receptor, an additional PGC-1� partner, directly regulate PDK4 expression
through consensus binding sites in the PDK4 gene promoter (Kwon et al. 2004).
This effect both restricts glucose oxidation and also the provision of carbon for
malonyl-CoA synthesis, thereby facilitating hepatic FA oxidation by relieving
malonyl-CoA-induced inhibition of CPT 1 (Sugden and Holness 1994). Thus,
while the biological role of PGC-1� to enhance glucose production in starvation
is of major physiological importance, abnormally high expression/activity of this
coactivator will also induce the phenotype of hepatic insulin resistance.

PGC-1� expression is increased in heart after starvation (Lehman et al.
2000) and in skeletal muscle following exercise (Baar et al. 2002; Goto et al.
2000; Pilegaard et al. 2003). Skeletal muscle specific overexpression of PGC-1�
results in a fibre-type switch from fast-twitch to slow-twitch fibres (Lin et al.
2002). The latter have an increased mitochondrial density compared with fast-
twitch muscles, and thus an increased capacity for FA oxidation. Suppression
of glucose utilisation (uptake/phosphorylation) makes a major contribution to
glucose sparing during prolonged fasting (Holness and Sugden 1990) and,
very recently, Kelly and colleagues have shown that PGC-1� directly activates
PDK4 gene transcription in skeletal myotubes, leading to a reduction in glucose
oxidation rates (Wende et al. 2005). This observation is important in view of our
finding that signalling via PPAR� is not obligatory for enhanced expression of
PDK4 in skeletal muscle after starvation (Holness et al. 2002a).
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3.10. Dysregulation of PPARs and PGC-1 in Disease
States

Dysregulation of the PPAR� axis and its control of cardiac FA utilisation have
been detected in several cardiomyopathic disease states. Possibly as an adaptation
to limited oxygen availability, in cardiac hypertrophy and heart failure the adult
heart returns to a more “fetal” metabolic state, with greater reliance on glucose
metabolism, (Calvani et al. 2000; van Bilsen et al. 2004). Oxygen is essential for
ATP production from FAs, but glucose oxidation needs less oxygen per mole
than FA oxidation and glucose utilisation can proceed, albeit less efficiently, in
the absence of oxygen. However, less ATP is generated per mole of glucose
oxidised, and when excess dietary lipid can be ingested, the potential exists for
myocardial lipid accumulation and lipotoxicity. In animal models of heart failure
related to pressure overload or ischemia, the expression of PPAR�, PGC-1� and
downstream target genes encoding FAO enzymes is diminished (Barger et al.
2000; Depre et al. 1998; Sack et al. 1996). Similar observations have been made
in human patients with heart failure (Razeghi et al. 2002; Sack et al. 1996).
It is implied that deactivation of the PPAR�/PGC-1� axis is involved in the
metabolic switch away from FA catabolism in the failing heart, with reversion
to the fetal pattern of substrate use. Nevertheless, it remains controversial as to
whether changes in cardiac PPAR� signalling are adaptive or causally related
to myocardial pathology. Although causality between the reciprocal changes in
lipid and glucose utilisation has not been established, this metabolic switch may
serve to preserve ventricular function within the context of pressure overload.
The expression and activity of both PPAR� and RXR are also suppressed in the
hypoxic cardiac myocyte (Huss et al. 2001).

Epidemiological studies reveal that people with diabetes mellitus are at high
risk for the development of cardiovascular disease. The heart in uncontrolled
diabetes is constrained from switching to glucose oxidation, and relies almost
exclusively on lipid as an energy source (Belke et al. 2000; Lopaschuk 2002).
In the diabetic heart the PPAR�/PGC-1� axis is activated (Finck et al. 2002),
suggesting that dysregulation of the PPAR�/PGC-1� axis in diabetes is likely to
be involved in the metabolic remodelling that occurs in diabetic heart to initially
sustain the requirement for ATP. However, the precise role of these metabolic
“switches” in the development of heart failure has not been clearly defined.
Insight has been provided by supraphysiological activation of PPAR�. Cardiac-
specific over-expression of PPAR� (myosin heavy chain [MHC- PPAR�] mice),
in the absence of alterations in lipid-fuel delivery, show increased expression
of genes encoding FA oxidation enzymes, together with increased rates of
myocardial lipid oxidation and decreased rates of glucose uptake and oxidation
(Finck et al. 2002; Finck et al. 2003). This, however, is maladaptive, since
these mice develop a cardiomyopathy with enhanced sensitivity to ischemic
injury and recapitulate many of the metabolic abnormalities of the diabetic heart
(Lopaschuk 1996; Rodrigues and McNeill 1992), including decreased expression
of genes involved in cardiac glucose utilisation, accumulation of intracellular
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lipid, ventricular hypertrophy and systolic dysfunction. In this situation, the
profile of myocardial TAG species is similar to the lipid species in the circu-
lation, suggesting that the expanded lipid reservoir reflects increased uptake
incompletely balanced by a corresponding increase in oxidation. When mice with
cardiac-specific PPAR� overexpression are made diabetic, they develop a more
severe cardiomyopathy than wild-type controls (Finck et al. 2002). In contrast,
PPAR� null mice are protected from the development of a cardiomyopathy
(Campbell et al. 2002).

Effects of the TZDs to ameliorate hyperglycemia and hyperlipidemia in fatless
mice demonstrate that, although predominantly expressed in adipose tissue,
PPAR� ligands may exert their effects via PPAR� in tissues in addition to
adipose tissue. Thus there is evidence that PPAR� is expressed in non-adipose
tissue under situations where other PPAR isoforms are functionally absent.
Consistent with its function as an activator of lipogenesis and glycerolipid
synthesis, elevated PPAR� levels have been implicated as an early response
in the progression of cardiac lipotoxicity (Muoio et al. 2002; Unger and Orci
2001). The PPAR� agonist troglitazone prevents angiotensin II-induced hyper-
trophy in cultured rat cardiomyocytes (Asakawa et al. 2002) and similar results
are obtained in endothelin 1-induced hypertrophy (Sakai et al. 2002). In humans
with ischemic heart disease, an increase in PPAR� expression has been observed
when compared to patients suffering from dilated cardiomyopathy (Sakai et al.
2002). Although the underlying mechanism is not known, NF	B may be involved
in the signalling pathway (Takano et al. 2000; Zingarelli et al. 2003). The only
cardiac gene that exhibits a clear change in expression in response to troglitazone
treatment is acyl-CoA oxidase, which is involved in peroxisomal FA oxidation
(Cabrero et al. 2003). However, care should be taken when interpreting these
reports as the expression levels of PPARs may vary between the main cardiac
cell types (cardiac myocytes, fibroblasts and endothelial cells) and the potential
direct roles of PPAR� in cardiac function are not yet clear (Kelly 2003). Of
interest, the heart is closely associated with adipose tissue in adult man, and
epicardial and pericardial depots can represent a significant fraction of the total
mass of the heart, suggesting a possible role as a local FA source. With ageing
and obesity, adipose tissue closely associated with the heart increases in mass.
An intriguing possibility is that activation of PPAR� in the cardiac-associated
adipose tissue may act as a potential local sink for FA, sequestering excess FA
when they are delivered in excess of the cardiac ATP requirement or when they
cannot be cleared through oxidation. The heart expresses LPL and, interestingly,
LPL activity in isolated cardiac myocytes can be inhibited by PPAR� activation
(Carroll and Severson 2001). This effect may potentially help protect against a
potentially toxic oversupply of FAs to the myocardium. PPAR� agonists have
been reported to be cardioprotective against ischemic insult and to modify the
cardiac hypertrophic growth response to pressure overload (Asakawa et al. 2002;
Sivarajah et al. 2005). However, most cardiac effects are likely to be indirect
because of the low level of expression of PPAR� in the adult cardiac myocytes
themselves, although the adipose tissue surrounding the heart itself may be
targeted directly and act as a lipid buffer.
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Constitutive cardiac-specific overexpression of PGC-1 is lethal, the mice
exhibiting high numbers of large mitochondria, developing a dilated cardiomy-
opathy (including depressed contractile function and massive edema) and
ultimately dying by 6 weeks of age (Russell et al. 2005). As a consequence,
subsequent studies employed the reverse tetracycline transactivator and a tetra-
cycline responsive promoter to drive inducible cardiac-specific overexpression
of PGC-1� (Russell et al. 2004). This model revealed developmental stage-
specific responses to acute PGC-1� overexpression. Overexpression of PGC-1�
during neonatal life causes dramatic proliferation of mitochondria, together with
overt effects on cardiac function. Conversely, cardiac-specific overexpression
of PGC-1� in adulthood resulted in only modest mitochondrial proliferation;
however, it did elicit accumulation of aggregates of abnormal mitochondria
(varied abnormal ultrastructure, including vacuoles, small granules and large
membrane-bound inclusions within the mitochondria). In addition, cardiac
dysfunction was observed in response to cardiac-specific overexpression of PGC-
1� in adulthood, including wall thinning and chamber dilation, together with the
up-regulation of atrial natriuretic factor and brain natriuretic factor.

3.11. Concluding Remarks

PPARs are central to whole-body and tissue specific lipid homeostasis, and by
virtue of these actions, impact glucose homeostasis and insulin action. Activation
of all three PPARs appears to decrease systemic lipid availability. PPAR� and
PPAR� both promote mitochondrial FA oxidation, whereas PPAR� acts to direct
lipid towards storage in adipose tissue and away from oxidation in non-adipose
tissues. Some physiological ligands for activation of each of the PPARs are
PPAR subtype specific: such ligand specificity allows specificity of cellular
downstream metabolic responses to each of the individual PPARs. The PPARs
have proved to be attractive targets for the development of selective therapeutic
agents for pharmacological correction of abnormal lipid metabolism in disease
states. The newly-discovered role of the PPAR coactivator PGC-1� in both
mitochondrial biogenesis and the coordination of lipid oxidation and glucose
production provides a potential springboard for further research into mechanisms
that may optimise muscle performance in exercise.
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Molecular Structure
of the Mitochondrial Citrate Transport
Protein

Ronald S. Kaplan and June A. Mayor

4.1. Introduction

4.1.1. Overview of the Mitochondrial Citrate Transport
Protein

The mitochondrial citrate transport protein (i.e., CTP) is located within the inner
mitochondrial membrane and in higher eukaryotes catalyzes an obligatory 1:1
exchange of the dibasic form of a tricarboxylic acid (e.g., citrate, isocitrate,
or cis-aconitate) for either another tricarboxylate, a dicarboxylate, or phospho-
enolpyruvate (Palmieri et al. 1972; Bisaccia et al.1993; Palmieri 2004). The CTP
occupies a prominent position within intermediary metabolism since following
the efflux of citrate from the mitochondrial matrix and subsequent diffusion
across the outer mitochondrial membrane, the resulting cytoplasmic citrate serves
as the main carbon source fueling the fatty acid, triacylglycerol, and choles-
terol biosynthetic pathways (Watson and Lowenstein 1970; Brunengraber and
Lowenstein 1973; Endemann et al. 1982; Conover 1987). Additionally, via the
sequential action of citrate lyase and malate dehydrogenase, cytoplasmic citrate
enables the production of NAD+, a cofactor that is required for glycolysis.
Not only is CTP function essential to the bioenergetics of the physiological
state, but altered functioning of this carrier in certain disease states such as
diabetes (Kaplan et al. 1990b) and cancer (Kaplan et al. 1982) likely plays an
important role in maintaining the aberrant bioenergetics that characterizes these
pathologies.

The abbreviations used are: CTP, citrate transport protein; MTS, methanethio-
sulfonate; MTSES, sodium (2-sulfonatoethyl) methanethiosulfo-nate; MTSET,
(2-(trimethylammonium)ethyl) methanethiosulfonate bromide; PAGE, polyacrylamide gel
electrophoresis; S.E., standard error; and TMD, transmembrane domain.
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Due to the importance of the CTP, our laboratory has extensively studied
the CTP’s structure/function relationships in order to understand its molecular
mechanism. Thus the transporter has been purified in reconstitutively active
form (Kaplan et al. 1990a), cloned (Kaplan et al. 1993), and overexpressed
(Kaplan et al. 1995; Xu et al. 1995). Due to the high specific activity following
reconstitution of the overexpressed yeast mitochondrial CTP (Kaplan et al. 1995),
most of our recent investigative efforts have focused on this carrier source.
Accordingly, we have constructed a Cys-less yeast CTP which retains wild-
type functional properties (Xu et al. 2000) and have shown that in detergent
micelles both the wild-type and the cys-less variants exist as homodimers
(Kotaria et al. 1999). Each monomer is thought to contain six transmem-
brane domains (TMDs) (Kaplan et al. 1993; 1995). We then used the cys-
less CTP as a template upon which to reintroduce single cysteines at desired
locations which were subsequently probed with biochemical and biophysical
probes (Kaplan et al. 2000a; Kaplan et al. 2000b; Ma et al. 2004; Ma et al.
2005). Utilizing this approach we have identified the secondary structure, as
well as the water-accessible and -inaccessible surfaces of TMDs III and IV. This
data, in combination with examination of the ability of citrate (i.e., substrate) to
protect against MTSES reagent mediated inhibition of CTP function (Ma et al.
2005) has enabled identification of portions of the CTP translocation pathway.
Recently we have constructed a homology model of the CTP based on the crystal
structure of the mitochondrial ADP/ATP carrier (Walters and Kaplan 2004).
Superposition of our functional data onto the homology-modeled structure has
permitted us to glean considerable additional insight into the CTP’s structure-
based function. In this chapter, we will summarize our current state of knowledge
regarding the structure/function relationships within the CTP (as of January
2006), and will delineate our assessment of where future efforts ought to
focus.

4.1.2. Delineation of Essential Molecular Mechanistic
Issues to Address in Understanding Transporter Function

We begin with a comment regarding the nature of the issues that are important to
resolve in order to attain a comprehensive understanding of the functioning of a
metabolite transporter. These would include a complete definition of the substrate
translocation pathway, the substrate binding site(s), the gates that control access-
ibility from one side of the membrane versus the other, and the detailed
3-dimensional conformational change(s) that occur during, and in fact represent
the essence of, the transport process (West 1997). Portions of this information
have been obtained with the CTP, whereas other aspects are currently under
investigation. We now proceed with a detailed discussion of our current state of
knowledge regarding the CTP molecular mechanism. For information regarding
other aspects of this transporter the reader is referred to earlier reviews that are
available (Kramer and Palmieri 1992; Kaplan and Mayor 1993; Kaplan 1996;
Kaplan 2001).
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4.2. Identification of Residues that Comprise the Citrate
Translocation Pathway

4.2.1. Preliminary Identification Based on MTS Reagent
Accessibility

We initiated identification of those residues that comprise the citrate translocation
pathway via determination of the water-accessible surfaces of transmembrane
�-helices (Kaplan et al. 2000a; Ma et al. 2004). For these studies, starting with
a Cys-less CTP, which displays native functional properties as the template
(Xu et al. 2000), we engineered single cysteine residues at sequential positions
within a given transmembrane domain. Following overexpression and functional
reconstitution in liposomes of each single-Cys CTP variant, we examined the
ability of two methanethiosulfonate (i.e., MTS) reagents to inhibit function.
The ethylsulfonate and trimethylamine derivatives (i.e. MTSES and MTSET,
respectively) are absolutely specific for cysteine, will not permeate a lipid bilayer
in the absence of a translocation pathway, and react 5 × 109 more rapidly
with the thiolate anion (that forms only when a cysteine sulfhydryl group is
exposed to water) as compared to the unionized thiol group (Akabas et al. 1992;
Holmgren et al. 1996; Karlin and Akabas 1998). Furthermore, as previously
discussed, the molecular dimensions of these reagents are fairly similar to those
of citrate (Xu et al. 2000), the latter also being a highly hydrophilic molecule.
Thus, we believe that the MTS reagents and citrate will access similar aqueous
domains within the CTP. Consequently, the theoretical underpinning for these
studies consists of the idea that an accessible aqueous pathway through the lipid
bilayer is likely to represent the substrate translocation pathway. This point will
be further discussed below.

Utilizing the above approach we have measured the accessibility of residues
in TMDs III and IV to MTS reagents. It is noteworthy that, as depicted in
Figures 4.1 (TMD IV) and 4.2 (TMD III) the rate constants for inactivation vary
by greater than 7 and 5 orders of magnitude in TMDs IV and III, respectively. In
certain cases, the rate constants for inactivation of adjacent engineered cysteines
varied by 4–5 order of magnitude, thereby indicating a dramatic difference in
accessibility to the aqueous environment. Moreover, the periodicity of the rate
constant data strongly suggests that substantial portions of these TMDs exist
in an �-helical secondary structure. Furthermore, the rate constant data define
a highly accessible surface of each helix, which likely comprises portions of
the substrate translocation pathway, and a highly inaccessible surface of each
helix which likely faces either the lipid bilayer or is tightly packed against other
protein domains within the CTP. The results of computer modeling of these
TMDs with the rate constant data superimposed on the models are depicted in
Figure 4.2. As depicted in this Figure, each TMD displays a water-accessible
face (depicted in red) and a water-inaccessible face depicted in blue. Moreover,
TMDIII contains a series of moderately accessible residues depicted in magenta
(see Figure 4.3, Panels C and D).
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4.2.2. Evaluation of Whether Citrate Protects Against
the MTS-mediated Inhibition of CTP Function

In order to test the concept that the water-accessible residues do in fact represent
elements of the substrate translocation pathway through the CTP, we evaluated
the ability of citrate to protect against the MTSES-mediated inhibition of CTP
function (Ma et al. 2005). Thus, in the presence of a concentration of MTSES
that yields 50–70% inhibition, we examined the ability of a spectrum of citrate
concentrations to protect against the inhibition observed with 20 single-Cys
TMDIII mutants. As depicted in Table 4.1, we observed protection at 8 sites
with EC50 values that ranged 1.18–53.68 mM.

Figure 4.4 depicts the TMDIII protectable residues in red and the non-
protectable residues in blue. Importantly, for the most part the protectable
residues reside on one face of the �-helix whereas the unprotectable residues
reside on the opposite face.

It is important to note that, with the exception of the S123C mutant, the
other substrate-protectable residues display EC50 values that are significantly
greater than their Km values. In general, the condition where substrate protection
is observed with a given mutant, but where the measured EC50 �Km value
is diagnostic of a residue that lines the transport pathway, but is unlikely
to have direct involvement in substrate binding (Fu et al. 2001; Ye and

�
Figure 4.1. Rate constants for inactivation of citrate transport by MTS reagents versus
location of engineered cysteine in TMD IV. Time course data for inactivation (activation)
of a given single-Cys CTP variant by the MTS reagents were fitted to a simple exponential
function by unweighted Marquardt nonlinear least squares: rt = �r0 − r�� • e−m�c�t + r�
where rt is the observed activity remaining at time t (seconds), r0 is the initial activity,
r� is the asymptotic activity at t = �, c is reagent concentration (�M−1) and m is the
rate constant for inactivation (�M−1sec−1). Estimates of m (which range over 7 orders of
magnitude) are reliable as judged from replicate experiments producing standard errors
less than 20% of each estimate. The rate constant for inactivation, m, can be interpreted
as a measure of a residue’s accessibility to the MTS reagent. The broad range of estimates
of m dictated that further analyses be confined to Log10 transformed values. For each data
set (MTSES, MTSET and MTSEA) a Fourier analysis, as implemented in Mathematica,
revealed a regular periodicity of 4 between residues 177 and 193 with a noticeable loss
of signal when flanking sites were included. Therefore, further analyses were restricted to
residues 177 through 193. For each MTS reagent, estimates of Log10 m were fitted to the
periodic function Log10m = sn− i+a•Sin��n−x�•2�/p� using unweighted Marquardt
nonlinear least squares. The magnitude of the rate constant for inactivation (Log10 m)
is a function of position (residue number, n) with the straight line ((sn - i)) describing
the slope (s) and intercept (i) of the overall trend in a data set and the trigonometric
function �a•Sin��n−x�• 2�/p�� describing the periodicity either side of the line (p is
the number of residues per 2� radians, a is amplitude and x a constant setting the register
with respect to position, n). Reproduced from Kaplan et al., 2000a with permission from
J. Biol. Chem.
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Figure 4.2. Rate constants for inactivation of citrate transport by MTS reagents versus
location of engineered cysteine in TMD III. Time course data for inactivation of a given
single-Cys CTP variant by either MTSES or MTSET were fitted to a simple exponential
function by unweighted Marquardt nonlinear least squares as described in Figure 4.1.
Estimates of m ranged over 5 orders of magnitude. The rate constant for inactivation, m, can
be interpreted as a measure of a residue’s accessibility to the MTS reagent. The broad range
of estimates of m dictated that further analyses be confined to Log10 transformed values.
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Figure 4.3. Computer modeling of residues 177–193 within TMDIV and 112–137 within
TMDIII colored on the basis of reactivity toward the MTS reagents. TMD IV residues
177–193 (i.e., Panels A and B) were colored based on the mean of the deviations from the
straight lines as depicted in Figure 4.1, Panel D. Residues with values less than zero are
colored blue, while those with values greater than zero (i.e., more reactive and therefore
more accessible) are colored red. The sequence was modeled initially as a standard
�-helix, with N- and C-terminal residues capped as amides. The structure was lightly
minimized using the CHARMm force field (Brooks et al., 1983) to allow adjustment of
the backbone around Pro177. Panel A: Space-filling representation, showing the face of
the helix containing the more reactive residues (i.e., water-accessible). Panel B: Space-
filling representation, showing the face of the helix containing the less reactive residues
(i.e., water-inaccessible). TMD III residues 112–137 (Panels C and D) were colored
based on the mean MTS rate constant data depicted in Figure 4.2, Panel C. The most
reactive, and thus most accessible residues (i.e., log10 rate constant values ranging from
–2.72 –5.62 �M−1sec−1) are denoted in red. Residues of intermediate accessibility to
the MTS reagents (i.e., log10 rate constant values ranging from –6.06 –6.31 �M−1sec−1)
are denoted in magenta. Residues with the least accessibility to the MTS reagents (i.e.,
log10 rate constant values ranging from –6.91 –8.23 �M−1sec−1) are denoted in blue.
Mutants for which MTS rate constant data could not be obtained (i.e., Cys substitution at
positions 119 and 122) are denoted in gray. Panel C depicts a space-filling representation
showing the face of the helix containing the more reactive (i.e., water-accessible) residues.
Panel D depicts the face of the helix containing the less reactive (i.e., water-inaccessible)
residues. Reproduced from Kaplan et al., 2000� and Ma et al., 2004 in modified form
with permission from J. Biol. Chem. [See Color Plate I].

�
Figure 4.2. For each data set (MTSES and MTSET) a Fourier analysis, as implemented
in Mathematica, revealed a regular periodicity of 4 between residues 123 and 137 with
a noticeable loss of signal when sites closer to the amino terminus were included. The
gray traces indicate superimposed sinusoids. Panel A depicts the MTSES data. Panel B
depicts results with MTSET. Panel C depicts the mean of the MTSES and MTSET data
sets. Reproduced from Ma et al., 2004 with permission from J. Biol. Chem.
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Table 4.1. Kinetic Properties and EC50 Values for Those Single-Cys CTP Variants that
Exhibited Substrate Protection

Mutant Vmax

(nmol/min/mg)
Km (mM) Vmax/Km

(nmol/min/mg/mM)
EC50 (mM)

Cys-less 1402 ± 69 0.471 ± 0.052 2977 (100%) –
Gly-115 149 ± 5a 0.388 ± 0.005 384 (12.9%) 4.15
Leu-116 487 ± 23a 0.228 ± 0.008b 2136 (71.7%) 1.18
Gly-117 1448 ± 4 0.355 ± 0.027 4079 (137.0%) 2.78
Leu-121 640 ± 36a 0.300 ± 0.018 2133 (71.7%) 5.31
Ser-123 104 ± 15a 2.502 ± 0.928a 42 (1.4%) 6.66
Val-127 229 ± 29a 0.136 ± 0.006c 1684 (56.6%) 1.84
Glu-131 13 ± 1a 0.170 ± 0.014c 76 (2.6%) 7.18
Thr-135 267 ± 32a 0.118 ± 0.005c 2263 (76.0%) 53.68

a Values are p < 0.01 from a two-tailed Student’s t test between the Cys-less CTP and individual
single-Cys mutants,
b values are p < 0.075, and c

values are p < 0.05. Data from Ma et al., 2005 with permission from J. Biol. Chem.

Figure 4.4. Homology-modeled CTP TMD III colored according to substrate protection
data. Red denotes those residues that were protected by citrate against inactivation
by MTSES. Blue denotes residues with which no protection was observed. Panel A
depicts the TMD III helical face containing residues protected by citrate facing outwards.
Panel B depicts the face of the helix containing residues not protected by citrate.
The helical view depicted in panel B is rotated approx. 180° relative to that depicted
in panel A. Reproduced from Ma et al., 2005 with permission from J. Biol. Chem.
[See Color Plate II].
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Maloney 2002). Furthermore, several other findings were unexpected and these
will be discussed in the context of the homology modeled structure in sections
4.4.1–4.4.3.

4.2.3. Evaluation of the Temperature Dependence
of Substrate Protection

It is thought that two mechanisms can account for substrate protection against
modification of a given residue by a covalent reagent (Seal and Amara 1998;
Chen and Rudnick 2000; Leighton et al. 2002; Henry et al. 2003; Zomot and
Kanner 2003; Gasol et al. 2004). One mechanism, involves occupancy of either
the transport pathway or the substrate binding site by the substrate such that the
latter can directly sterically impede the approach of a reagent to the modification
site. The second mechanism involves a substrate-induced change in protein
conformation that results in a decreased accessibility of a given residue to the
modification reagent. Since the latter mechanism would presumably require
substantive movement of protein domains, it would display a significant temper-
ature dependence. In contrast, the first mechanism, which only involves collision
and competition between substrate and the modification reagent, would display
little temperature dependence. With these thoughts in mind, with the eight single-
Cys mutants with which substrate protection was observed, we examined the
extent of this protection at 4°C versus 20°C (Ma et al. 2005). Similar levels
of protection occurred at the two temperatures, thereby providing clear support
for the concept that the citrate protection observed with these single-Cys CTP
variants occurred by a direct steric blockage by substrate at the modification sites
and thus citrate and MTSES both compete for sites that line the translocation
pathway.

4.3. Construction of a Three-Dimensional Model
of the CTP

Through the efforts of my close collaborator and colleague D. Eric Walters
homology modeling was used to construct a three-dimensional model of the
CTP (Walters and Kaplan 2004) based on the x-ray crystal structure of the
mitochondrial ADP/ATP transporter (Pebay-Peyroula et al. 2003). As depicted
in Figure 4.5, superposition of the backbone trace of the homology-modeled
CTP onto the crystallographically determined structure of the ADP/ATP carrier
indicates that the CTP transmembrane domains are modeled quite well with a root
mean square deviation of 0.94 Å, whereas there is more variability in the modeled
loops with root mean square deviation values ranging from 0.72–2.06 Å. This
structure has proven to be extremely valuable in that it enables the placement
and interpretation of our functional data into a structural context, as well as in
the design of fine-tuned testable hypotheses regarding the molecular functioning
of the CTP (see sections 4.4, 4.6, and 4.7).
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A. B.

C1
C2

M3

M1
M2

Figure 4.5. Homology model of the CTP. Panel A: Superposition of the backbone trace
of the best-scoring homology-modeled CTP (red) and the crystallographically determined
ADP/ATP carrier (green). The intermembrane space loops (C1 and C2) and the mitochon-
drial matrix loops (M1, M2, and M3) connecting the transmembrane helices are labeled.
Note the nearly identical positioning of the TMDs of the two carriers, which consequently
appear as one color. Panel B: A ribbon diagram viewing the homology-modeled CTP
from the outside (i.e., the intermembrane space). Panel A is reproduced from Walters
and Kaplan, 2004 with permission from Biophys. J. [See Color Plate III].

4.4. Evaluation of CTP Functional Data in the Context
of the Three-Dimensional CTP Homology Model

Placing our functional data into a structural context has enabled the development
of molecular explanations for several unexpected findings (Ma et al. 2005). These
include the observed inability of citrate to protect against MTSES modification
of cysteines substituted for either Leu120 or K134, despite the fact that both of
these locations reside on the substrate-protectable face of TMDIII. In a similar
vein, citrate protected against MTSES modification of the L121C mutant despite
the fact that this position appears to reside on the non-protected surface of the
TMDIII helix. The molecular explanations for these findings have proven to be
of great interest and will now be discussed in detail.

4.4.1. Citrate Fails to Protect Against MTSES
Modification of the Leu120Cys Mutant

The explanation for this unexpected finding can be derived from close exami-
nation of the entire homology-modeled CTP structure (see Figure 4.6, Panel A).
Thus it becomes apparent that TMDIII intersects TMDIV at an approximate
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Figure 4.6. Depiction of TMD III substrate protection data in the context of the CTP
homology-modeled structure. Protected residues are shown in red, unprotected in blue,
and Q182 in TMD IV in orange. For clarity, only the TMDs are depicted. Panel A:
View into the transport pathway from the cytosolic surface of the bilayer. Panel B:
Cross-sectional view of the transport pathway depicting TMDs II - IV. Helices I, V, and
VI have been removed for clarity. This panel emphasizes the accessibility of L121 to the
transport path. Reproduced from Ma et al., 2005 with permission from J. Biol. Chem.
[See Color Plate III].

angle of 30°. When packed in this manner, the Leu-120 side-chain folds behind
the side-chain of Gln-182 in TMDIV. Thus, we believe that the Gln-182 sterically
blocks the approach of citrate to Leu-120, thereby preventing protection against
MTSES modification. Importantly, as depicted in Figure 4.6 (Panel A), the Gln-
182 side chain is more proximal to the transport pathway, and as expected its
modification by MTSES is protected by citrate (Ma et al. 2006).

4.4.2. Citrate Protects Against MTSES Modification
of the Leu121Cys Mutant

A second unexpected finding was the observation that even though within the
TMDIII helix, Leu-121 is displaced approximately 100° from the substrate
protectable surface of TMDIII, and thus would appear to reside on a portion of
TMDIII pointing away from the transport path, we nonetheless observed substrate
protection. However, as depicted in Figure 4.6 (Panel B), a cross-sectional
view of the transport pathway clearly indicates the potential accessibility of
this residue’s side-chain to the transport path. Additionally, the observation that
both Leu-120 and Leu-121 reside near the intersection of TMDs III and IV,
suggests that a low-magnitude helix-helix movement during the transport cycle
may profoundly influence the accessibility of these residues to the transport
pathway.
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4.4.3. Citrate Does Not Protect Against Modification
of the Lys134Cys Mutant

Based on the high MTS reagent accessibility of the Lys134Cys mutation (see
Figure 4.2), and its location on the substrate-protectable surface of TMDIII, we
were surprised to observe that citrate did not protect against MTSES-mediated
inhibition. An examination of the homology-modeled TMDIII reveals that the
Lys-134 side-chain resides near, but not entirely within, the transport path. We
believe that our results support the idea that upon removal of the length and
charge of the lysine side-chain, the resulting Cys side-chain is sufficiently distant
from the transport path such that citrate does not access this sulfhydryl group
with sufficient frequency to prevent covalent modification by MTSES.

An important take-home message from these studies is that MTS reagent
accessibility studies, when conducted in combination with substrate protection
investigations, represent a powerful set of approaches enabling identification of
residues that form the substrate translocation pathway. However, if only MTS
reagent inhibition studies are conducted, then one must interpret the findings
with appropriate caution. Thus, the MTS approach is, on its own, very effective
for identifying water-accessible and -inaccessible surfaces of a TMD, as well as
the likely secondary structure of such domains based on the periodicity of the
accessibility data. However, when it comes to identification of those residues
that line the translocation pathway one must interpret such data with caution
realizing that there will likely be a small percentage of mistaken identification of
such residues. Clearly, accessibility data in combination with substrate protection
data is a much better indicator of translocation pathway lining residues.

4.4.4. Superposition of TMD III and IV Functional Data
onto the CTP Homology-Modeled Structure

Significant insight into CTP functioning is obtained upon superposition of our
functional data onto the modeled CTP structure. For example, Figure 4.7 depicts
the substrate-protectable residues of TMDIII and the MTS-accessible residues of
TMDIV in red, and the residues in TMDIII that are not protected by substrate,
as well as the MTS-inaccessible residues of TMDIV in blue. Finally, moderately
accessible TMDIII residues are denoted in purple. This figure indicates that
as one views the transport pathway from the external (i.e., cytosolic) surface
of the bilayer, a substantial portion of the pathway is enclosed by TMD III
and IV residues colored in red or purple. In contrast, the residues in these
TMDs denoted in blue, face either other domains within the CTP or the lipid
bilayer. Thus, our data clearly indicate the location of the pathway within the
homology-modeled monomeric structure and offer firm support for the idea that
two pathways exist per functional dimer. Also, as we have previously noted, Cys
substitution mutagenesis with residues pointing into the pathway, is considerably
more disruptive of CTP function than is mutagenesis of residues that do not
comprise the pathway (Ma et al. 2004; Ma et al. 2006). Thus, of 14 essential
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Figure 4.7. Depiction of MTS rate constant data and substrate protection data super-
imposed onto the CTP homology model. Single-Cys CTP mutants with which the rate
constants for MTS reagent inactivation have been determined are depicted in space-filling
representation within the CTP homology-modeled structure. The substrate-protectable
residues of TMDIII and the MTS-accessible residues of TMDIV are shown in red.
Residues in TMDIII that are not protected by substrate, as well as the MTS-inaccessible
residues of TMDIV are depicted in blue. Finally, moderately accessible TMDIII residues
are denoted in purple. The view presented is looking down into the translocation pathway
from the cytosolic surface of the bilayer. [See Color Plate IV].

residues that we have identified within the CTP, the side-chains of all but
one project into the translocation pathway (Ma et al., 2006), implying that the
precisely defined 3-dimensional architecture of the pathway is critical to support
CTP function.

4.5. Criteria for Identification of Residues Involved
in Substrate Binding Versus those Involved in Other
Aspects of the Transport Mechanism

An important issue regarding the molecular mechanism of any transport protein
has to do with the identification of those residues that form the substrate binding
site versus those residues that are important to other aspects of the translocation
mechanism. We suggest that several criteria should be used in the identification
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of binding site residues. First, a residue that plays a prominent role in substrate
binding should be essential for function, such that replacement of the residue
via mutagenesis causes near total disruption of transporter function. The identi-
fication of an “essential” residue is relatively straightforward as it is obtained
via a simple specific activity determination and typically involves residues, the
mutation of which, causes a >98% inactivation of transporter function. This first
condition represents a necessary but not sufficient criterion. Second, mutation of
a substrate binding site residue should result in a profound increase in the Km

value. Here we would expect that at least a 5-10-fold increase and often an even
more profound increase would be obtained. Mutation of residues that are mecha-
nistically essential but are not involved in substrate binding will often result in a
large decrease in the Vmax with little change in the Km. Third, upon mutagenesis
of a binding site residue to a Cys, we would expect substrate to protect against
chemical modification of the engineered Cys, unless the remaining residues that
comprise the substrate binding site are of sufficient distance from the engineered
Cys such that citrate binding to these side-chains does not sterically block access
of the MTS reagent to the cysteine sulfhydryl group. Fourth, the EC50 for
protection should be similar to the Km value (Note: it is often overly rigorous to
expect the EC50 to be exactly the same as the Km value, since an inhibitor that
forms a covalent bond will ultimately overwhelm a substrate’s ability to compet-
itively protect against this inhibition). Fifth, the substrate protection should be
temperature-independent, thereby ruling out the possibility that protection arises
indirectly as a consequence of a protein conformational change, but rather is due
to a direct steric blockage by the substrate of the approach of the inhibitor to
the site of modification. Sixth, if a non-transportable competitive inhibitor exists
for the transporter, one would expect its Kd for binding to be greatly increased
(>5–10-fold) upon mutation of a binding site residue to Cys. As mentioned
above, with the CTP we have identified 14 essential residues (Ma et al. 2006).
In a very recent development, we have been able to modify our transport assay
such that we are now able to accurately measure Km values that are increased
up to 100-fold over the native value. Current studies indicate that some of
these essential residues display profound Km shifts. We believe that completion
of these studies should enable an accurate, data-based modeling of the citrate
binding site within the CTP during the next year.

4.6. The Location of the Monomer-Monomer Interface
in Homodimeric Mitochondrial Transporters

4.6.1. Predictions With the CTP

To date, extensive work from many laboratories utilizing a battery of approaches
indicates that mitochondrial transporters exist in detergent micelles as homo-
dimers and that this likely represents the functional form of these carriers (see
Kotaria et al. 1999 for a review of this literature). For example with the CTP,
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utilizing both a gel filtration approach and a charge-shift native PAGE (polyacry-
lamide gel electrophoresis) approach, we observed that both the wild-type and
the Cys-less CTP exist as homodimers (Kotaria et al. 1999). The question arises
as to the role that a dimeric structure plays in the CTP mechanism. Insight into
this issue can be gleaned from kinetic data indicating that the CTP operates by
a sequential type mechanism which includes the formation of a ternary complex
of two substrate molecules with the transporter prior to the translocation step
(Bisaccia et al. 1993). This kinetic mechanism has important structural conse-
quences in that two substrate binding sites must exist on opposite sides of the
membrane and these sites must be exposed and occupied prior to the translo-
cation event (Kramer and Palmieri 1992). Since superposition of our functional
data onto the CTP homology-modeled structure indicates that each monomer
contains a translocation pathway (Figure 4.7), a working model posits that the
obligatory exchange catalyzed by the CTP occurs when a binding site within
each monomer is occupied by substrate at opposite sides of the membrane. The
two monomers in the homodimer must be out-of-phase (Pebay-Peyroula et al.
2003) and must closely communicate such that a conformational change leading
to transport in one direction through one monomer is linked to a conformational
change leading to transport in the opposite direction in the other monomer. Thus
the composition of the dimer interface is essential to the correct functioning of
the homodimer.

We have proposed that TMDIII forms a substantive portion of the dimer
interface (Ma et al. 2004; Walters and Kaplan 2004). Specifically we posit that
G115 and G119, two residues which are highly conserved and which upon
mutation to Cys considerably inactivate CTP function, form part of the interface
and facilitate close packing between helices TMDIII and TMDIII’ (i.e., TMDIII
in the other monomer). In addition, we have inferred that Ala118 also resides
at the dimer interface. This supposition was based on our findings that the
Ala118Cys CTP variant displayed a 7-fold increase in the Km, moderate accessi-
bility to MTSES, and no substrate protection against MTSES-mediated inhibition
of CTP function (Ma et al. 2004; Ma et al. 2005). These findings, in combination
with our molecular modeling efforts, led to the conclusion that Ala118 may
reside in close proximity to Ala118’ of the other monomer and together form an
essential portion of the dimer interface. Further we posit that disruption of the
interface by replacement with the bulkier Cys results in a substantial conforma-
tional change in the substrate binding site, leading to an increase in the observed
Km. Interestingly, the Vmax value of the mutant also increases suggesting that
Cys substitution at this site removes an intrinsic molecular constraint upon the
transport rate, possibly one that is involved in the coordination of the function
of the two monomers.

A final hypothesis we have put forward regarding the composition of the
dimer interface is depicted in Figure 4.8, and posits that E122 (a residue which
upon mutation to Cys completely inactivates CTP function and which projects
approximately 180° away from the transport pathway) of one monomer resides
in close proximity to the TMDIII-TMDIV interface of the other monomer
(Walters and Kaplan 2004). It is interesting to note, that the amide side-chain
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Figure 4.8. Schematic representation of a proposed dimer interface involving E122 of
H3 and Q182’ of H4’. Helices 3 and 4 (i.e., H3 and H4) are identical to TMDs III and
IV. Reproduced from Walters and Kaplan, 2004 with permission from Biophys. J.

of Q182’ (i.e., Q182 of the other monomer) resides at the TMDIII-TMDIV
interface such that it can either face into the transport pathway or away from the
pathway into the interface. Moreover, we have proposed that E122-Q182’ and
E122’-Q182 interactions might serve to couple the conformational changes of
the two translocation pathways, enabling the CTP to function as an obligatory
antiporter.

4.6.2. Comparisons with the ADP/ATP Carrier Dimer
Interface

It should be noted that the above predictions regarding the dimer interface
were developed by interpreting our functional data in the context of the
CTP homology-modeled structure. An interesting question to consider is how
these predictions compare with data available from the crystal structure of the
mitochondrial ADP/ATP carrier. In the first structure, published by Pebay-
Peyroula et al. (2003), only the monomeric form of the carrier was crystal-
lized. However, in more recent studies crystals of two different dimeric forms
of the transporter, which differ greatly in their orientation, were obtained
(Nury et al. 2005). One of the crystal structures is compatible with existing data
on the ADP/ATP carrier putative dimer interface and indicates the presence of
cardiolipin at the interface. While the details of the protein-cardiolipin-protein
contacts that they propose are beyond the scope of this chapter, in general they
suggest that the interface involves interactions between cardiolipin, the matrix
loops and TMDs II, IV, and VI, as well as possible interactions between the loops
themselves. Presently, it is difficult to compare their findings with predictions
that we have put forward for the CTP, since to date most of our work with the
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CTP has involved the TMDs and not the extramembranous loops. Accordingly,
experiments are underway in our laboratory which are aimed at testing the role
of the external loops in CTP function.

4.7. Perspectives and Future Directions

We believe it accurate to say that substantial progress has been made in our
understanding of the functioning of the CTP at the molecular level during the last
5 years, and yet in many ways we are now poised to address the most interesting
questions. Thus, we believe we are close to attaining a detailed delineation of
the citrate binding site(s). The precise detail of this site will be established via
molecular modeling that will be guided by our extensive array of functional
data. A second question that we are beginning to address has to do with the
composition of the dimer interface. Our homology-model has permitted the
development of a number of hypotheses concerning this matter, which we plan
to test using a combination of functional assay and measurement of the distance
between engineered cysteines utilizing both disulfide crosslinking and EPR. A
third unresolved issue has to do with the conformational changes that occur
during the opening and closing of the gates that modulate movement through
the permeation pathway during the transport cycle. This can probably be best
addressed via X-ray crystallographic analysis of trapped conformations repre-
senting different steps of the transport cycle. Towards this end, we are in the
midst of extensive crystallization trials utilizing Fab fragments generated from
conformation-specific anti-CTP monoclonal antibodies, various CTP inhibitors,
and inactive CTP mutants that may be locked in a given conformation. Through
a combination of the above approaches we believe that we will achieve a
complete understanding of the molecular basis for CTP functioning during the
next 5–10 years.
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Regulation of Pyruvate and Amino
Acid Metabolism

Thomas C. Vary, Wiley W. Souba and Christopher J. Lynch

5.1. Introduction

Amino acids serve multiple functions in body ranging from the basic building
blocks of proteins to precursors for glucose and urea synthesis. The circulating
amino acids are generally categorized with respect to either their function (gluco-
neogenic or ketogenic) or availability (essential or nonessential). The metabolism
of amino acids is directly controlled through mitochondrial function. In addition,
there is growing evidence that amino acids participate in processes that control
cellular functions. Amino acids are not only utilized as metabolic substrates,
increasingly it has become evident they also participate in the regulation of
various cellular processes including protein synthesis, glycogen synthesis and
autophagy. The regulatory processes affected by amino acids may involve
mitochondria. This chapter will provide an overview of the current understanding
of the role of the mitochondrial function in controlling amino acid metabolism.

5.2. Metabolism of Amino Acids via Pyruvate
Dehydrogenase

The complexity of the processes involved in utilization and synthesis of glucose
represent one of the fundamental metabolic processes of the human body. The
overriding reason for the complexity of glucose homeostasis is the central
nervous system’s requirement for glucose to sustain energy production. The liver
and kidney represent the major organ systems capable of gluconeogenesis in man.
Skeletal muscle, by virtue of its mass, represents a major source of gluconeogenic
substrates. As such there is an intricate balance in the release of amino acids from
protein stores in muscle and the utilization of amino acids for gluconeogenesis
in the liver. Thus, interorgan transfer of carbon skeletons derived from amino
acids contributes significantly to the flux of nutrients delivered to the brain. In
the most simplistic scenario, when glucose becomes unavailable via ingestion of
food, amino acid availability is increased by net protein degradation in skeletal
muscle. There are several fates of the amino acids released by proteolysis in
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muscle (Figure 5.1). First, a certain amount of amino acids can be reincorporated
into proteins via protein synthesis. Second, amino acids can undergo oxidation in
mitochondria producing in the process energy. At least six amino acids (alanine,
aspartate, glutamate, leucine, isoleucine and valine) can be oxidized by skeletal
muscle. Third, amino acids can be released into the venous blood system. All
amino acids are readily released from skeletal muscle via specialized transport
systems. Fourth, skeletal muscle has the ability to interconvert the nitrogen from
amino acids to alanine and glutamine, thereby promoting de novo synthesis of
these two amino acids. Mitochondrial regulation of amino acid and carbohy-

Figure 5.1. Interrelationship between mitochondrial amino acid and pyruvate oxidation
in skeletal muscle. LEU – leucine; BCATm – Mitochondrial branched chain amino trans-
ferase; �-KG – �-ketoglutarate; KIC – �-ketoisocaproic acid; BCKD – branched chain
amino acid dehydrogenase; TCA – tricarboxylic acid cycle; PDH – pyruvate dehydro-
genase complex; PYR – pyruvate; ALA – alanine; GLUT – glutamate.



5. Regulation of Pyruvate and Amino Acid Metabolism 119

drate oxidation plays a vital role in the extent of de novo alanine and glutamine
synthesis.

Indeed, the majority of amino acids released by skeletal muscle during
starvation are alanine and glutamine (Felig 1975). The total content of alanine
plus glutamine in skeletal muscle proteins is slightly more than 10%, whereas
they comprise as much as 60% of amino acids released from muscle. Hence,
these two amino acids are released in amounts greater than can be accounted
for by proteolysis of skeletal muscle proteins. Hence, they undergo “de novo”
synthesis (Figures 5.2 and 5.3).

Figure 5.2. Relationship between branched chain amino acid metabolism and glutamine
synthesis in skeletal muscle. BCKD – branched chain amino acid dehydrogenase; TCA –
tricarboxylic acid cycle.
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Figure 5.3. Mitochondrial regulation of interorgan amino acid fluxes between skeletal
muscle and liver. LEU – leucine; BCATm – mitochondrial branched chain amino trans-
ferase; ; �-KG – �-ketoglutarate; KIC – �-ketoisocaproic acid; BCKD – branched chain
amino acid dehydrogenase; TCA – tricarboxylic acid cycle; PDH – pyruvate dehydro-
genase complex; PYR – pyruvate; ALA – alanine; GLUT – glutamate; OAA – oxaloac-
etate; PEP – phosphoenolpyruvate; MITO – mitochondria.

Amino acids are released from the skeletal muscle and are taken up by liver
and converted into glucose with the release of the nitrogen group being detoxified
via the formation of urea (Figure 5.3). Urea is then excreted from the body via
normal kidney function. The physiological significance of amino acid oxidation
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for energy is not thought to be as important as the ability of skeletal muscle to
convert amino acids to alanine and glutamine that are released in quantities that
greatly exceed their concentration in muscle proteins.

5.2.1. Alanine Cycle
The pathway by which alanine is formed and transported back to liver has been
referred to as the glucose/alanine cycle. About 30% of the alanine released by
skeletal muscle is derived from net protein degradation, while the remaining
70% is synthesized de novo. Glucose carbon is metabolized in skeletal muscle to
pyruvate via the glycolytic pathway. Once pyruvate is formed, there are essen-
tially three pathways that it can follow in muscle tissues. First, it can be
transported into the mitochondria, and oxidized via the pyruvate dehydrogenase
complex to acetyl-CoA and then subsequently completely oxidized via the tricar-
boxylic acid cycle. Second, it can be reduced to lactate with the consumption of
NADH. Lastly, pyruvate can be transaminated to alanine in a reaction catalyzed
by the alanine aminotransaminase. The pyruvate dehydrogenase (PDC) complex
catalyzes the first irreversible reaction in the mitochondrial oxidation of glucose
carbon and as such is the primary determinant of glucose oxidation (Randle et al.
1984; Randle et al. 1988; Randle 1998; Sugden et al. 1989). The regulation of this
complex is important to glucose homeostasis. Oxidation of pyruvate results in the
depletion of body glucose carbon sources because glucose cannot be synthesized
from acetyl-CoA and the PDH reaction is physiologically irreversible (Randle
et al. 1984; Randle et al. 1988; Randle 1998; Sugden et al. 1989). Thus, the
activity of the PDH complex determines whether pyruvate is oxidized via the
Krebs cycle or converted to lactate via lactate dehydrogenase or converted to
alanine via alanine transaminase.

The source of the nitrogen for de novo alanine synthesis occurs via transam-
inations with other amino acids. As much as 60% of the nitrogen for de
novo alanine synthesis is derived from branched chain amino acids (valine,
isoleucine, and leucine) (Hayman and Miles 1982). For the branched chain
amino acids, transamination is catalyzed by the branched chain aminotrans-
ferase. There are two aminotransferases; one that has a preference for valine
(a deficiency of which gives rise to hypervalenemia) and one that has a
preference for leucine or isoleucine (a deficiency of which gives rise to
leucine-isoleucinaemia). The resulting �-keto acids (�-ketoisocaproic; �-keto-
3-methylvalarate; �-ketoisovalate) are available for oxidative decarboxylation
via the mitochondrial branched chain amino acid dehydrogernase (BCKD) an
enzyme located in the inner mitochondrial membrane (Figure 5.1) and eventually
metabolized to either acetyl-CoA (leucine) or succinyl CoA (isoleucine and
valine) which enter the citric acid cycle. A deficiency in BCKD leads to the
accumulation of the �-keto acids in the blood and subsequent elimination from
the body (see section on Maple syrup urine disease).

5.2.2. Glutamine Cycle
Glutamine serves various metabolic functions in different tissues and under
different physiologic states. Its functions within the cell are characterized by its
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(a) utility in nitrogen transport and ammonia detoxification (b) importance in
maintaining the cellular redox state (c) position as a metabolic intermediate and
(d) and ability to serve as an energy source. Glutamine like alanine must arise
from amino acid metabolism in skeletal muscle. Glutamine serves as the primary
ammonia shuttle between tissues. This “nitrogen shuttle” provides a non-toxic
means of transporting ammonia from the periphery to the viscera. After reaching
its target organ ammonia can be regenerated for excretion or ureagenesis.

Glutamine is synthesized from intramuscular glutamate and ammonia via
glutamine synthetase (Figures 5.2 and 5.4).

The glutamine synthetase (GS) pathway accounts for as much as 50% of the
glutamine released with elevated rates of glutamine release (Vary et al. 1989a;
Vary and Murphy 1989). Expression of GS is increased in muscle during a
number of catabolic states, with induction of GS mRNA levels by 400–700%
(Abcouwer et al. 1996; Abcouwer et al. 1997; Ardawi and Majzoub 1991; Labow
et al. 2001). Induction of GS gene expression in skeletal muscle is largely
dependent on adrenal derived hormones (Abcouwer et al. 1995; Chandrasekher
et al. 1999; Lukaszewicz et al. 1997).

Glutamate is most likely formed from 2-oxoglutarate via transamination from
other amino acids. The 2-oxoglutarate arises from mitochondrial citrate and
transport of the carbon out of the mitochondria via malate/aspartate shuttle. The
ammonia arises from the reactions catalyzed by the glutamate dehydrogenase

Figure 5.4. Glutamine balance showing relationship between availability and consumption.
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reaction. Activation of PDH complex activity through dichloroacetate leads
to increased glutamine production presumably by lowering the availability of
pyruvate for transamination with glutamate to form alanine (Vary et al. 1988b).
Hence, the supply of glutamate would be elevated and available for de novo
glutamine synthesis. The liver serves as the major regulatory tissue responsible
for whole-body ammonia detoxification and glutamine homeostasis (Haussinger
et al. 1992; Meijer et al. 1990). Transport of glutamine across the plasma
membrane of liver cells may represent a rate-limiting step in its metabolism,
especially when intracellular catabolism is accelerated (Haussinger et al. 1985;
Low et al. 1993). In normal rat and human hepatocytes, glutamine transport is
predominantly mediated by a Na+-dependent transporter with narrow substrate
specificity (glutamine, histidine, and asparagine) termed system N (Bode et al.
1995; Kilberg et al. 1980).

In the mitochondria, ammonia is derived from glutamine by hydrolysis of
glutamine to glutamate by the enzyme glutaminase. Hydrolysis of glutamate
to �-ketoglutarate by the enzyme glutamate dehydrogenase can also generate
ammonia. In the liver, ammonia can combine with CO2 to form carbamoyl
phosphate that subsequently is detoxified by the urea cycle. The amino group on
glutamate and glutamine may also enter the urea cycle directly through a reaction
involving oxaloacetate to generate aspartate. One of the major functions of the
liver is the maintenance of ammonia homeostasis within the body. Glutamine
metabolism is distributed heterogeneously throughout the liver with glutamine
consumption via glutaminase concentrated in the periportal hepatocytes while
glutamine synthesis via glutamine synthetase is localized within the perivenous
hepatocytes. This distribution provides the liver with an elegant mechanism to
detoxify the blood of ammonia while contributing glutamine to the systemic
supply.

Maintenance of acid-base homeostasis is an essential function of the
kidney, particularly under conditions associated with metabolic acidosis. During
metabolic acidosis, aminogenesis is higher in kidney, allowing for the excretion
of protons in the form of ammonium ions in urine. The use of glutamine as
a nitrogen shuttle is also important in the excretion of nitrogenous wastes and
the maintenance of acid-base homeostasis. Circulating glutamine contributes
80–90% of the ammonia produced during acidosis. Under normal conditions,
renal uptake of glutamine from the blood is minimal. During chronic metabolic
acidosis, however, renal extraction of glutamine increases markedly. Enhanced
renal glutamine uptake and metabolism results from a coordinated series of
events triggered by the disruption of normal acid-base balance. The homeostatic
response involves alterations in interorgan glutamine flux, such that glutamine
release from skeletal muscle is doubled, the splanchnic bed shifts from net
glutamine uptake to glutamine release, and the kidney becomes the major site
of glutamine consumption.

Three Na+-dependent amino acid transport systems (system A, system ASC
(ATB0), and system N) transport glutamine across cell membranes. Almost all
the glutamine filtered at the glomerulus is reclaimed in the convoluted proximal
tubule, leaving little margin for increased glutamine uptake from the tubular
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lumen during acidosis. The major portion of the increased renal glutamine taken
up enters the tubular epithelium across the basolateral membrane from the blood
via system N1 (SN1) amino acid transporter. Acidosis causes a 10-fold increase
in whole kidney SN1 mRNA level and a 100-fold increase in the cortex (Karinch
et al. 2002). Acidosis increases Na+ -dependent glutamine uptake (SN1) into
basolateral and brush-border membrane vesicles isolated from rat cortex. The
SN1 carrier appears to be the most important cell membrane transporter of
circulating glutamine into the renal tubular cell during acidosis.

Once circulating glutamine is transported into the renal tubular cell, it is acted
upon by a kidney-specific isozyme of glutaminase; hydrolyzing glutamine and
generating ammonia for excretion in the urine (Deferrari et al. 1994; Dejong
et al. 1993). The catabolism of glutamine provides the majority of nitrogen
excreted in the urine. Furthermore, the availability of ammonia also facilitates
the excretion of acid loads by conjugating H+ ions and generating ammonium
ions for excretion. The metabolism of glutamine produces bicarbonate ions that
can function to further neutralize hydrogen ions in the blood. The adaptive
changes in proximal renal tubules include 1) escalating glutamine transport both
in brush border and basolateral membranes increases the availability of glutamine
for ammoniagenesis and simultaneously augments secretion of hydrogen ions
into urine and blood, 2) not surprisingly, glutamine consumption via phosphate-
dependent glutaminase, glutamate dehydrogenase, and phosphoenol carboxy-
kinase become accelerated within the kidney during acidosis (Deferrari et al.
1994; Deferrari et al. 1997), and 3) upsurges in activity of Na+/H+ antiporter and
Na+/HCO3

− co-transporter increases H+ secretion into urine and bicarbonate ion
reabsorption into the blood.

Aside from ureagenesis, glutamine plays a key role in regulating glutathione
synthesis. Glutathione is a tripeptide composed of glutamate, cysteine and glycine
and represents the major source of cellular reducing equivalents, protecting the
cell against oxidative injury. As a source of intracellular glutamate, glutamine
provides one of the constituents of glutathione, but glutamine can also contribute
to glutathione synthesis indirectly by exchanging intracellular glutamate (derived
from glutamine) across the cell membrane for extracellular cysteine, another
component of glutathione. The importance of glutathione resides in its ability
to catalyze the reduction of organic hydroperoxides and hydrogen peroxide
to limit reactive oxygen species damage. Glutathione peroxide lowers oxygen
reactive oxygen species through several mechanisms. First, it converts hydrogen
peroxide to water. Second, it converts peroxidated fatty acids to hydroxyl fatty
acids. Hydroxyl radicals tend to interact with unsaturated fatty acids in phospho-
lipids and other lipid components of membranes forming lipid hydroperoxides
ultimately resulting in increased hydrophilicity of membranes and inhibition of
several enzymes.

The flow of glutamine into and out of the liver can vary widely. Physiological
concentrations of ammonia within the portal circulation can produce a ‘feed-
forward stimulation’ of hepatic glutaminase (Haussinger 1990), allowing the liver
to increase glutamine consumption when glutamine is abundant (Welbourne and
Oshi 1990). Similarly, the effects of starvation, starvation in conjunction with
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sepsis (Fischer et al., 1996), proinflammatory cytokines (Pacitti et al. 1993), burn
injury (Lohmann et al. 1998), advanced malignant disease (Inoue et al. 1995),
and glucocorticoid excess can all increase glutamine transport and utilization
within the liver (Bobe et al. 2002; Bode et al. 1995; Low et al. 1992). However,
during metabolic acidosis glutamine flow is directed away from the liver and
is significantly increased in the kidney (Welbourne and Oshi 1990). Under
these conditions, hepatic ureagenesis is decreased, but renal ammoniagenesis is
increased to facilitate H+ excretion.

5.3. Regulation of Pyruvate Dehydrogenase Complex

The determining factor regulating formation of alanine and lactate from pyruvate
is the activity of the pyruvate dehydrogenase complex. The pyruvate dehydro-
genase (PDH) complex catalyzes the first irreversible reaction in the mitochon-
drial oxidation of glucose (Harris et al. 2002; Holness and Sugden 2003; Randle
et al. 1984; Randle 1998; Tsai et al. 1973). Pyruvate undergoes oxidative decar-
boxylation by the PDH complex in the presence of NAD+ and CoA to form
acetyl-CoA, NADH and CO2 (Figure 5.5). As such the PDH complex is the
primary determinant of glucose oxidation in animal cells (Harris et al. 2002;
Holness and Sugden 2003; Randle et al. 1984; Randle 1998; Tsai et al. 1973).
The regulation of this complex is important to glucose homeostasis as it links
glycolysis to tricarboxylic acid cycle and ultimately to ATP production by the
mitochondria. Oxidation of pyruvate results in the depletion of body glucose
carbon sources because glucose cannot be synthesized from acetyl-CoA and the
PDH reaction is physiologically irreversible (Harris et al. 2002; Holness and
Sugden 2003; Randle et al. 1984; Randle 1998; Tsai et al. 1973). Thus, the
activity of the PDH complex determines whether pyruvate is oxidized to CO2

and H2O or converted to lactate via lactate dehydrogenase or to alanine via
alanine transaminase.

Flux through the pyruvate dehydrogenase complex is tightly controlled through
several mechanisms (Figure 5.6). The activity of the PDH complex is controlled
both by end-product inhibition and by reversible phosphorylation (Harris et al.
2002; Holness and Sugden 2003; Randle et al. 1984; Randle 1998; Tsai et al.
1973). In vivo, the cycle of phosphorylation and dephosphorylation is accepted
as the major form of regulation of the PDH complex, and the predominant
mechanism controlling glucose oxidation in other conditions such as starvation or
diabetes (Harris et al. 2002; Holness and Sugden 2003; Randle et al. 1984; Randle
1998; Tsai et al. 1973). The PDH complex is inactivated by phosphorylation,
catalyzed by a PDH kinase (PDK), while a PDH phosphatase dephosphorylates
the PDH complex and reactivates the enzyme complex (Harris et al. 2002;
Holness and Sugden 2003; Randle et al. 1984; Randle 1998; Tsai et al. 1973).
The PDH kinase and the PDH phosphatase are both active, and the relative
activities of each of these two competing enzymes determines the proportion of
PDH in the active, dephosphorylated form (PDHa). Decreased flux through the
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Figure 5.5. Individual reactions catalyzed by subunits of pyruvate dehydrogenase complex.

PDH complex results from an increased proportion of inactive (phosphorylated)
PDH complex (no change in total PDH activity) (Berger et al. 1976; Randle et al.
1984; Randle et al. 1988; Sugden et al. 1989). Inactivation of PDH complex limits
oxidation of pyruvate derived from glycolysis and, hence, promotes increased
lactate and alanine production.

Accelerated oxidation of fatty acids raises the mitochondrial [acetyl-
CoA]/[CoA] and [NADH]/[NAD+] concentration ratios, thereby stimulating the
PDH kinase reaction (Hutson and Randle 1978; Kerbey et al. 1976; Vary et al.
1986). In other conditions, the PDHa may be increased in vitro by decreasing
the fatty acid concentration in fed animals (Randle et al. 1988; Sugden et al.
1989), or in hearts by inhibiting fatty acid oxidation with 2-tetradecylglycidate
(Caterson et al. 1982) or ranolazine (Clark et al. 1993; Clark et al. 1996). This
mechanism represents a rapid onset/offset mechanism for short-term adjustments
to the availability of fatty acids (Randle et al. 1988; Sugden et al. 1989).

In starvation and diabetes, the short-term effects of oxidation of fatty acids to
decrease the PDHa are supplemented by a more long-term mechanism involving
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Figure 5.6. Control of pyruvate dehydrogenase complex by phosphorylation/ dephos-
phorylation mechanism.

a stable increase in the activity of the PDH kinase (PDK). The activation of
the PDK is observed under in vitro conditions where fatty acid oxidation does
not occur. PDK activity is enhanced under these conditions by two mechanisms
during starvation and diabetes. First, the specific activity of PDH kinase intrinsic
to the complex is increased (Kerbey et al. 1979; Kerbey et al. 1984). Second,
the abundance of the kinase is also increased (Jones and Yeaman 1991; Kerbey
and Randle 1982).

Indeed, PDK exists as genetically distinct isozymes (PDK1, PDK2, PDK3
and PDK4) (Bowker-Kinley et al., 1998; Gudi et al., 1995; Harris et al., 1995;
Popov et al., 1993; Popov et al., 1994; Rowles et al., 1996). All members of this
family contain conserved motifs that presumably form the kinase domain. The
expression of these PDK isoenzymes occurs in a tissue-specific manner (Bowker-
Kinley et al., 1998; Wu et al., 1988). The mRNA for PDK1 is localized almost
exclusively in heart and pancreatic islets. PDK3 is limited to kidney, brain and
testis. The mRNA for PDK2 was present in all tissues tested but its abundance
was low in spleen and lungs. The mRNA for PDK4 was predominantly expressed
in skeletal muscle and heart. The specific activities of the isoenzymes varies
25-fold from 50 nmol/min/mg for PDK2 to 1250 nmol/min/mg for PDK3
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(PDK1 = 650 nmol/min/mg; PDK4 = 400 nmol/min/mg). The isoenzymes also
vary in the ability of dichloroacetate (DCA) to inhibit their activities (PDK2 >
PDK4 > PDK1 > PDK3; from most sensitive to DCA to least sensitive to DCA),
in the ability to be activated by NADH (PDK4 > PDK1 = PDK2 > PDK3), and
in their ability to be activated by acetyl-CoA (PDK2 > PDK1 > PDK4 = PDK3).
In vivo, overexpression of PDK2 inactivates PDC in cardiac muscle (Vary et al
unpublished data).

PDK4 is upregulated in most tissues during starvation, hormonal imbalances
(diabetes, hyperthyroidism) and insulin resistance (Harris et al. 2002; Holness
et al. 2002b; Holness and Sugden 2003; Randle 1998; Wu et al. 1999), but not
aging (Moreau et al. 2004). The factors that appear to regulate PDK4 include fatty
acid oxidation and adequate insulin signaling. The signaling pathways respon-
sible for the changes in PDK4 expression remain unresolved. However, PDK4
expression is either directly or indirectly regulated by peroxisome proliferators-
activated receptor alpha (PPAR-�). PPAR-� deficiencies limit the upregulation
of PDK4 in liver and kidney during starvation. Administration of WY-14,643,
a selective agonist for the peroxisome proliferator-activated receptor-alpha
(PPAR-�), induced large increases in pyruvate dehydrogenase kinase activity,
PDK4 protein, and PDK4 mRNA in gastrocnemius muscle from wild–type but
not in PPAR-�-null mice (Wu et al. 1999; Wu et al. 2001). Because long-chain
fatty acids activate PPAR-� endogenously, increased levels of these compounds
in starvation and diabetes may signal increased expression of PDK4 in skeletal
muscle.

However, there is some controversy regarding the role of PPAR-alpha in
regulating PDK4 expression in skeletal muscle and heart (Holness et al. 2002a;
Holness et al. 2002b; Spriet et al. 2004). Whereas, activation of PPAR-alpha in
gastrocnemius, a muscle composed primarily of fast, glycolytic fibers, increases
PDK4 expression, the same effect is not observed in oxidative skeletal muscles.
Likewise, skeletal muscle PDK-4 mRNA was progressively augmented over the
course of a 40 h fast in humans, whereas PPAR-alpha protein and forkhead
homolog in rhabdomyosarcoma (FKHR) mRNA abundance were unaffected
by the fast (Spriet et al. 2004). The changes in PDK-4 expression and PDH
activity did not coincide with increases in the transcriptional activators PPAR-
alpha and FKHR. PDK4 protein expression in oxidative skeletal muscle and
cardiac muscle appears regulated by a fatty acid-dependent mechanism that
is not obligatorily dependent on signaling via PPAR-alpha, but may involve
declines in plasma insulin concentrations. In this regard, PDK activity and the
abundance of the PDK isoform 4 protein and mRNA become elevated prior to
overt diabetes, but concomitant with rises in plasma fatty acids in animals that
become diabetic spontaneously (Bajotto et al. 2004). Indeed, effects of insulin
on PDK activity have shown that there are two phases to the insulin effect
on PDC complex (Feldhoff et al. 1993). Acute activation of the PDH complex
does not appear to result from lower PDK activity but rather correlates with an
insulin-mediated lowering of plasma free fatty acids. However, with daily insulin
therapy in diabetes, activation of PDH results from a decreased PDH kinase
activity. In cardiac muscle, PPAR-alpha activation lowers glucose oxidation



5. Regulation of Pyruvate and Amino Acid Metabolism 129

mainly by decreasing the flux of pyruvate through PDC due to negative feedback
inhibition of PDC by fatty acid oxidation reaction products rather than by the
phosphorylation of the PDC complex.

5.3.1. PDC in Regulation of Gluconeogenesis

Maintenance of plasma glucose concentrations is achieved through
glycogenolysis and by gluconeogenesis. Gluconeogenesis is the metabolic
process by which glucose is formed from non-carbohydrate precursors. The
process converts three carbon fragments derived primarily from lactate, glycerol
and amino acids. The carbon source for gluconeogenesis arises from several
sources including lactate, alanine, cysteine, and serine; substances released from
peripheral organs in response to inhibition of PDC and accelerated proteolysis
(Figure 5.3) (Vary 1999).

The PDC lies at the crossroads of utilization of pyruvate for energy production
and gluconeogenesis. Inactivation of PDC secondary to increased PDK activity
promotes gluconeogenesis in starvation or diabetes by limiting oxidation of
pyruvate thereby conserving three-carbon substrates (Vary 1999). This helps
maintain glucose levels during starvation, but is detrimental in diabetes by
inducing sustained hyperglycemia.

The hallmark responsible for the transition of the liver and kidney to gluco-
neogenesis is lowering of plasma insulin concentrations or development of
insulin resistance resulting in a sustained elevation in plasma lipids. Lipids act to
lower PDC activity through increased acetyl-CoA/CoA ratios and expression of
PDK4. The lipid-activated transcription factor, peroxisome proliferator-activated
receptor-alpha (PPAR-�), plays a pivotal role in the cellular metabolic response
to fatty acids. In liver, decreased concentrations of insulin and increased concen-
trations of fatty acids and glucocorticoids promote PDK4 gene expression in
starvation and diabetes through PPAR-� (Huang et al. 2002). The decreased
level of insulin is likely responsible for the increase in PDK2 mRNA levels in
starvation and diabetes. Renal protein expression of PDK4 was only marginally
induced by fasting in PPAR alpha null mice (Sugden et al. 2001).

Specific up-regulation of PDK4 protein expression in starvation, by
maintaining PDC activity relatively low, facilitates pyruvate carboxylation to
oxaloacetate and therefore entry of acetyl-CoA derived from fatty acid beta-
oxidation into the TCA cycle, allowing adequate ATP production for brisk
rates of gluconeogenesis. Indeed, activation of PDH by dichloroacetate (DCA)
decreases peripheral release of alanine and lactate, thereby interrupting the Cori
and alanine cycles and reducing the availability of three-carbon precursors for
gluconeogenesis. DCA inhibits hepatic triglyceride and cholesterol biosynthesis.
Administration of DCA in patients with non-insulin-dependent diabetes markedly
reduces circulating very-low-density lipoprotein cholesterol and triglyceride
concentrations (Stacpoole and Greene 1992). Unfortunately, DCA is metabolized
to glyoxylate, which is converted to oxalate and, in the presence of adequate
thiamine levels, to other metabolites which are toxic to humans (Stacpoole et al.
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1990). Hence, chronic use of DCA for diabetes mellitus or hyperlipoproteinemias
is limited by its neurologic and other forms of toxicity.

5.3.2. PDH Phosphatase

Activation of the PDH complex occurs through dephosphorylation catalyzed
by two genetically different isozymes of pyruvate dehydrogenase phosphatase,
PDP1c and PDP2c. PDP1c and PDP2c display marked biochemical and cellular
distribution differences (Huang et al. 2003; Karpova et al. 2003). PDP1c is highly
expressed in rat heart, brain, and testis and is detectable but less abundant in rat
muscle, lung, kidney, liver, and spleen, whereas PDP2 is abundant in rat kidney,
liver, heart, and brain and is detectable in spleen and lung (Huang et al. 2003).
The catalytic subunit of pyruvate dehydrogenase phosphatase 1 (PDP1c) is a
magnesium-dependent protein phosphatase heterodimer that regulates the activity
of mammalian pyruvate dehydrogenase complex. The activity of PDP1c strongly
depends upon the simultaneous presence of calcium ions and the E2 component
of PDC. The stimulatory effect of E2 on PDP1c can be partially mimicked
by a monomeric construct consisting of the inner lipoyl-bearing domain and
the E1-binding domain of E2 component (Chen et al. 1996). This strongly
suggests that the E2-mediated activation of PDP1c largely reflects the effects of
co-localization and mutual orientation of PDP1c and E1 component facilitated
by their binding to E2. Ca2+ appears to aid in the association of PDP1c with E2
bound, phosphorylated PDH (Chen et al. 1996). Site directed mutagenesis reveals
that residues Asp54, and Asp347 contribute to the binuclear metal-binding center,
and Asn49 contributes to the phosphate-binding sites (Karpova et al. 2004). The
regulatory subunit of PDP (PDPr) lowers the sensitivity of the catalytic subunit
of PDP1c to Mg2+ (Yan et al. 1996).

In contrast, the activity of PDP2c displays little, if any, dependence upon
either calcium ions or E2 (Karpova et al. 2003). Instead, PDP2c is sensitive to
the biological polyamine spermine, which, in turn, has no effect on the enzymatic
activity of PDP1 (Huang et al. 1998). Like PDP1, PDP2 is a Mg2+-dependent
enzyme, but its sensitivity to Mg2+ ions is almost 10-fold lower than that of
PDP1. Spermine increases the sensitivity of PDP2c to Mg2+, apparently by
interacting with PDPr (Yan et al. 1996). Furthermore, PDP2c does not appre-
ciably bind to PDC under the conditions when PDP1c exists predominantly
in the PDC-bound state. Both PDP1c and PDP2c can efficiently dephospho-
rylate all three phosphorylation sites located on the alpha chain of the E1
component. For PDC phosphorylated at a single site, the relative rates of dephos-
phorylation of individual sites are: site 2 > site 3 > site 1. Phosphorylation
of sites 2 or 3 in addition to site 1 does not have a significant impact on the
rates of dephosphorylation of individual sites by PDP1c, suggesting a random
mechanism of dephosphorylation. In contrast, a significant decrease in the overall
rate of dephosphorylation of pyruvate dehydrogenase by PDP2c occurs under
these conditions, suggesting that the mechanism of dephosphorylation of PDC
phosphorylated at multiple sites by PDP2c is not purely random. Starvation and



5. Regulation of Pyruvate and Amino Acid Metabolism 131

diabetes lower PDP2 mRNA abundance, PDP2 protein content, and PDP activity
in rat heart and kidney. Refeeding and insulin treatment effectively reversed
these effects of starvation and diabetes, respectively on PCP (Huang et al. 2003).
These marked differences in the site-specificity displayed by PDP1c and PDP2c
may be important under conditions (e.g. starvation and diabetes) associated with
increases in phosphorylation of sites 2 and 3 of pyruvate dehydrogenase and
provide a plausible mechanism for the observed changes in phosphorylation of
different sites of the PDH complex upon reactivation (Randle et al. 1984).

5.3.3. Role of Pyruvate Dehydrogenase Complex
in Sepsis-Induced Hypermetabolism

Severe trauma and sepsis initiate a pattern of physiologic and metabolic adapta-
tions characterized by an increase in oxygen consumption and alterations in
carbohydrate, fat, and protein metabolism. Virtually every organ system of
the body becomes affected displaying recognizable metabolic adjustments. The
host’s metabolic response to sepsis is associated with the rapid breakdown of
the body’s reserves of protein and carbohydrates, and an increased dependence
upon fatty acids. Sepsis shifts interorgan substrate fluxes causing an exaggerated
response in the normal physiologic mechanisms responsible for maintenance
of whole-body metabolic homeostasis. The degree of metabolic dysfunction is
ultimately indicative of the extent of organ dysfunction induced by the invading
organism or traumatic injury. Two of the earliest and most recognizable manifes-
tations of organ dysfunction in sepsis are a massive excretion of urea resulting
in a large negative nitrogen balance and alterations in glucose kinetics resulting
in increased rates of glucose appearance (150–200%) and metabolic clearance.
As such, sepsis represents the most common causes of lactic acidosis in the
presence (59%) or absence (49%) of shock (Stacpoole et al. 1994).

Sepsis increases the rate of glucose appearance by stimulating hepatic glucose
production (Keller et al. 1982; Lang et al. 1987; Vary et al. 1988b). Of the
gluconeogenic precursors, lactate accounts for 60–70% of the glucose carbon
used for gluconeogenesis. Net lactate extraction by the liver is increased 2–3
fold following severe infection (Dahn et al. 1987; McGuinness et al. 1995;
Wilmore et al. 1980). An increased rate of glucose production indicates that
hepatic lactate utilization is accelerated in sepsis. Thus, a constant supply of
gluconeogenic precursors must be maintained for the enhanced and persistent
rates of gluconeogenesis during sepsis.

The release of lactate and alanine from skeletal muscle is increased, indicating
both the Cori cycle and Felig cycle are providing adequate precursors for gluco-
neogenesis in sepsis. Skeletal muscle also represents a major source for the
production of gluconeogenic substrates. In contrast to protein catabolism, altering
substrate delivery to the liver by modulating skeletal muscle glucose metabolism
by treatment with dichloroacetate to activate PDC short-circuited the charac-
teristic derangements in glucose kinetics during sepsis. Thus, the accelerated
glucose appearance and glucose clearance appears dependent upon increased
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lactate and alanine production by skeletal muscle during sepsis. Elevated plasma
lactate concentrations are prognostic indicators of illness severity and/or death
in septic patients (Cerra 1989; Clark et al. 1996; Siegel et al. 1990; Vary
et al. 1988a).

Skeletal muscle, by virtue of its mass, represents the major source of gluco-
neogenic substrates. Sepsis dramatically enhances the peripheral utilization of
glucose, such that the glucose metabolic clearance rate is increased over 2-fold
compared with non-septic animals (Lang et al. 1990; Vary et al. 1988b). Uptake
of glucose by skeletal muscle is enhanced by systemic infection. Stimulation of
glucose uptake is not associated with increased deposition of glycogen (Vary
et al. 1995) but instead there is an acceleration of glycolysis with the subse-
quent release lactate and alanine from skeletal muscle (Gump et al. 1975; Shaw
et al. 1985; Vary et al. 1988b; Vary and Murphy 1989). The increased lactate
production by skeletal muscle provides the necessary gluconeogenic precursors
for maintenance of sustained rates of gluconeogenesis in sepsis. Furthermore,
lactate production most likely exceeds its utilization, thereby accounting for
elevated plasma lactate concentrations in sepsis. A strong correlation is obtained
between arterial lactate concentration and the rate of glucose appearance or rate
of recycling of glucose carbon (Lang et al. 1987) implying that circulating lactate
concentrations are an important determinant of gluconeogenesis.

Lactate arises from the reduction of pyruvate. Lactate production occurs
whenever the rate of pyruvate production from glycolysis or other sources [malic
enzyme or pyruvate carboxylase] exceeds glucose oxidation by the mitochondria.
Therefore, glucose oxidation should decrease resulting in increased gluconeo-
genesis, with a higher rate of diversion of pyruvate to lactate being important
physiologically in the regulation of plasma lactate concentrations. In septic
patients, whole-body glucose oxidation is inhibited and glucose turnover and
recycling is increased (Jahoor et al. 1989; Shaw et al. 1985). Accelerated lactate
release by the forearm of post-surgical patients occurs at a time when glucose
oxidation is depressed, indicating such a scenario occurs in vivo during sepsis
(Brandi et al. 1993).

Mitochondria isolated from skeletal muscle of septic rats have a defect in their
ability to oxidize pyruvate, but not other substrates, including fatty acids (Mela-
Riker et al., 1992). This implies that there is specific sepsis-induced inhibition
of the PDC. The inhibition of PDH complexes is a consequence of an increased
acetyl-CoA/CoA ratio, secondary to augmented fatty acid oxidation (Vary et al.
1986). The importance of inhibiting the PDH complex in controlling plasma
lactate concentrations is indicated by two observations. First, a negative linear
correlation exists between plasma lactate concentrations and skeletal muscle
PDHC in the active dephosphorylated form (Vary 1996). Second, activation of
the PDH complex with administration of dichloroacetate (DCA), an noncom-
petitive inhibitor of the PDH kinase, normalizes muscle and plasma lactate and
alanine concentrations and inhibits skeletal muscle lactate and alanine production
during sepsis (Lang et al. 1987; Vary et al. 1988b; Vary et al. 1989a; Vary et al.
1989b; Vary 1996).
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Does the ability of DCA to activate the PDH complex, thereby enhancing
pyruvate oxidation and subsequently lowering skeletal muscle lactate and alanine
concentrations and production, modulate glucose kinetics during sepsis? After
injection of DCA into septic rats, the elevated rates of glucose appearance (Lang
et al. 1987) and turnover were reduced (Vary et al. 1988b). Furthermore, the
sepsis-increased glucose metabolic clearance rate is normalized (Vary et al.
1988b). Hence, activation of the PDH complex successfully reversed or atten-
uated the sepsis-induced increases in glucose rate of appearance, glucose carbon
recycling, and glucose metabolic rate. These observations indicate enhanced
rates of gluconeogenesis are dependent in part upon the sustained delivery of
precursors from skeletal muscle from muscle to liver. Thus, stimulated glucose
uptake and glycolysis coupled with an inhibition of PDH complex in skeletal
muscle and subsequent release of lactate and alanine drives the accelerated rates
of gluconeogenesis during sepsis.

5.3.4. Potential Beneficial Therapeutic Effects
of Pyruvate
The inhibition of the PDC and the subsequent hyperlactatemia and hyperala-
ninemia under a variety of conditions has prompted the notion of using inhibitors
of the PDHK to modify metabolic derangements with the assumption that
this would lead to an increased beneficial effect. Indeed, dichloroacetate has
been touted as a useful therapeutic modality in treating hyperlactatemia (Vary
et al. 1988a) and in animal models of malaria prolongs survival (Holloway
et al. 1995). Activation of PDC improves heart function (Kline et al. 1997)
and survival following hemorrhagic shock (Granot and Steiner 1985). Unfortu-
nately, a multicenter double-bind randomized trial failed to show improvement
in hemodynamics or survival following activation of PDC despite lowering
plasma lactate concentrations and increasing plasma arterial pH (Stacpoole et al.
1992). One potential reason for such a result was that both hemodynamic and
non-hemodynamic (metabolic) underlying causes were present in the patient
population many of which independently predicted survival and most of who
were refractory to standard care.

Alternatively, elevating the cellular content of pyruvate also inhibits the
PDHK. In addition, pyruvate may act as an endogenous antioxidant and free
radical scavenger. Recognition that pyruvate acts both as an effective activator
of PDC and ROS scavenger has led investigators to use this compound as a
potential therapeutic agent for the treatment of various pathologic conditions
(Liedtke et al. 1976; Mochizuki and Neely 1980; Mongan et al. 1999; Slovin
et al. 2001). The usefulness of pyruvate as a therapeutic agent is abrogated by its
very poor stability in solution. Aqueous solutions of pyruvate rapidly undergo
an aldol-like condensation reaction to form 2-hydroxy-2-methyl-4-ketoglutarate
(parapyruvate), a compound that is a potent inhibitor of a critical step in the
mitochondrial tricarboxylic acid cycle (Montgomery and Webb 1956).

Ethyl pyruvate, a stable derivative of pyruvic acid in solution, circumvents
the problems relating to stability of pyruvate in solution (Sims et al. 2001).
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Original reports in the literature indicated that ethyl pyruvate could attenuate
deleterious effects of chemically-induced oxygen free radical damage in the lens
(Varma et al. 1998). Subsequently, treatment with ethyl pyruvate under a variety
of conditions ameliorates much of the structural and functional damage caused
by the insult. Treatment with ethyl pyruvate solution could improve survival
in rodent models of hemorrhagic shock or myocardial ischemia (Tawadrous
et al. 2002; Woo et al. 2004), acute endotoxemia and bacterial peritonitis (Fink
2003a; Ulloa et al. 2002), and sepsis-induced renal failure (Miyaji et al. 2003).
The protective actions may be related to metabolic (increased ATP production
from pyruvate) and non-metabolic (anti-inflammatory) mechanisms (Fink 2003b)
that down-regulate a number of proinflammatory genes. The anti-inflammatory
effects of ethyl pyruvate may be mediated through inhibition of NF-kappaB
signaling to p65 by binding ethyl pyruvate to p65 at Cys(38) (Han et al. 2005).

5.3.5. Role of Pyruvate Dehydrogenase Complex
in Prostate Cancer

Prostate cancer is the most common cancer detected in American men and the
second leading cause of cancer-related deaths in the United States. Most prostatic
cancers are detected in asymptomatic men who are found to have focal nodules
or areas of induration within the prostate at the time of digital rectal exam or
more recently through screening for the prostate-specific antigen in the blood or
transrectal ultrasound. The PSA that alone is not specific for cancer but is more
commonly associated with benign prostate hyperplagia which occurs frequently
in the same age groups as prostate cancer patients.

The prostate gland secretes a thin, milky fluid that contains calcium, citrate,
phosphate, a clotting enzyme, and a profibrinolysin and eventually becomes
incorporated, with secretions from other tissues, into semen. The prostate gland
has the unique function of accumulating and secreting extraordinarily high levels
of citrate. The prostate secretory epithelial cells synthesize citrate which, due to
a limiting mitochondrial (m-) aconitase, accumulates rather than being oxidized.
Thus citrate becomes essentially an end product of metabolism in prostate. For
continued net citrate production, a continual source of oxaloacetate (OAA) and
acetyl CoA is required. Glucose via pyruvate oxidation provides the source of
acetyl-CoA.

Citrate production is regulated by testosterone and/or by prolactin (Costello
et al. 2000). Both hormones selectively regulate the level and activity of pyruvate
dehydrogenase E1 alpha (E1a), thereby regulating the availability of acetyl CoA
for citrate synthesis. This process is under regulatory control by testosterone
and prolactin, which serve to modulate the expression of the genes associated
with these mitochondrial enzymes. The regulation of these genes by testosterone
and prolactin is specific for prostate cells, and appears to be mediated through
signaling pathways involving protein kinase C. Of interest to the pathogenesis of
prostate cancer, the ability of the prostate to secrete citrate is retarded in cancer
cells whereas increased citrate production is characteristic of benign prostate
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hyperplagia. These disease entities therefore represent a unique regulation of
mitochondrial function in that there is regulation of the gene expression of key
regulatory enzymes that are under hormonal control.

5.4. Branched-Chain Amino Acid Dehydrogenase

Branched chain amino acids (BCAA) (leucine, valine, isoleucine) are essential
amino acids whose major function in the body may not reside with energy
production but rather as a nutrient signal regulating protein metabolism. Of the
branched-chain amino acids, leucine is well suited as a nutrient signal for several
reasons. First, leucine is the most potent of the branched chained amino acids
with regard to accelerating protein synthesis. Second, it cannot be synthesized
de novo by mammals. Thus, changes in the plasma leucine concentrations must
arise from nutrition, tissue breakdown or changes in the rate of oxidation or
loss. Third, it is the most abundant essential amino acid in dietary protein and
thus is a crucial nutrient following ingestion of a protein meal. Fourth, once
taken up by the gut, leucine cannot be directly metabolized by the liver, which
lacks the branched-chain amino transferase (BCATm), the mitochondrial enzyme
responsible for removal of the nitrogen. This is in contrast to the liver’s capacity
to initiate the catabolism of other amino acids. In contrast to liver, most other
peripheral tissues have excess capacity (BCATm) to catalyze this first step.
This may facilitate postprandial rises in plasma leucine concentrations as leucine
would not be cleared in first pass by the liver.

BCAA catabolism entails two enzymatic steps common to all BCAAs followed
by subsequent steps that are dependent upon BCAA being utilized. The first
step involves reversible transamination of the BCAA with �-ketoglutarate to
form branched chain alpha-keto acids (BCKAs) and glutamate (Figure 5.1).
The glutamate formed is then transaminated with pyruvate to form alanine and
regenerate �-ketoglutarate or the glutamate is converted to glutamine. Following
transamination, BCKAs undergo irreversible oxidative decarboxylation. The
BCAA catabolic enzymes are distributed widely in body tissues and, with the
exception of the nervous system, all reactions occur in the mitochondria of
the cell. Transamination provides a mechanism for dispersing BCAA nitrogen
according to the tissue’s requirements for glutamate and other dispensable amino
acids. The intracellular compartmentalization of the branched-chain amino-
transferase isozymes (mitochondrial branched-chain aminotransferase, cytosolic
branched-chain aminotransferase) impacts on intra- and interorgan exchange of
BCAA metabolites, nitrogen cycling, and net nitrogen transfer.

The branched-chain ketoacid dehydrogenase (BCKDC) multienzyme complex
catalyzes the rate-limiting step and is the first irreversible step in leucine
oxidation. As such, the BCKDC is the most important regulatory enzyme in
the catabolic pathways of the BCAAs. The reaction converts branched-chain �-
keto acids [�-ketoisocaproate acid (KIC)] to CoA derivatives (such as isovaleryl
CoA). The BCKDC is a multi-enzyme complex. It contains a branched-chain keto
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acid decarboxylase (E1, which has an �2�2 structure with a covalently bound
thiamine pyrophosphate cofactor), dihydrolipoyl transacylase (E2, which has a
covalently bound lipoic acid), and the flavin-linked dihydrolipoyl dehydrogenase
(E3) (for review see Ref. (Harper et al. 1985)).

Activity of the complex is controlled by covalent modification with phosphory-
lation of its branched-chain alpha-ketoacid dehydrogenase subunits by a specific
kinase [branched-chain kinase (BDK)] causing inactivation and dephosphory-
lation by a specific phosphatase [branched-chain phosphatase (BDP)] causing
activation. Tight control of BCKDC activity is important for conserving as well
as disposing of BCAAs. Phosphorylation of the complex occurs when there is a
need to conserve BCAAs for protein synthesis; dephosphorylation occurs when
BCAAs are present in excess. The relative activities of BDK and BDP set the
activity state of BCKDC. BDK activity is regulated by alpha-ketoisocaproate
inhibition and altered level of expression.

The �-keto acid of leucine, KIC, is thought to inhibit the BCKD kinase,
promoting activation of BCKD complex. BCKD kinase phosphorylates the E1�
subunit of BCKD at two sites, termed sites 1 and 2 (Harris et al. 1986; Paxton
et al. 1986). Phosphorylation at site 1 (Ser293) inhibits BCKD activity, whereas
phosphorylation at site 2 is silent (Zhao et al. 1994). The BCKDH kinase is
responsible for inactivation of the complex by phosphorylation, and the activity
of the kinase is inversely correlated with the activity state of the BCKDH
complex, which suggests that the kinase is the primary regulator of the complex.
Ligands for peroxisome proliferator-activated receptor-alpha (PPAR-�) in rats
caused activation of the hepatic BCKDH complex in association with a decrease
in the kinase activity, which suggests that higher rates of fatty acid oxidation
upregulates the BCAA catabolism (Shimomura et al. 2004b). Less is known
about BDP but a novel mitochondrial phosphatase was identified recently that
may contribute to the regulation of BCKDC.

Whereas BCAA transamination occurs primarily in extrahepatic tissues, liver
is thought to be the major site of BCAA oxidation. It has been shown that
kinase activity and expression are affected by nutritional states imposed by low-
protein diet feeding, starvation, and diabetes. Evidence has also been presented
that certain hormones, particularly insulin, glucocorticoid, thyroid hormone
and female sex hormones, affect the activity and expression of the kinase.
The findings indicate that nutritional and hormonal control of the activity and
expression of branched-chain alpha-keto acid dehydrogenase kinase provides an
important means of control of the activity of the branched-chain alpha-keto acid
dehydrogenase complex, with inactivation serving to conserve branched-chain
amino acids for protein synthesis in some situations and activation serving to
provide carbon for gluconeogenesis in others (Shimomura et al. 2001). In rats fed
a standard laboratory diet (∼20% protein), which is more than sufficient to meet
the animal’s protein requirements, the liver enzyme is essentially active (Block
et al. 1990; Gillim et al. 1983; Miller et al. 1988). Only low-protein diets had a
significant impact on activity state. Dietary protein restriction results in increased
expression of BCKD kinase (Popov et al. 1995), and high levels of kinase were
found with BCKD, leading to increased steady-state levels of phosphorylated
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E1� and conservation of essential BCAA. Once dietary protein exceeded the
requirement, little kinase was found with BCKD in the PEG pellet. Decreasing
dietary protein lowers BCKD kinase mRNA and activity (Popov et al. 1995).
Lower concentrations of E2 and E1 were also observed in the low-protein diet
in addition to the changes in BCKD kinase (Lynch et al. 2003a and b). Hence,
dietary intake of leucine can regulate its metabolism in the mitochondria.

5.4.1. Maple Syrup Urine Disease (Branched Chain
Ketoaciduria)

Maple syrup urine disease (MSUD) is a disorder caused by a deficiency of
the branched-chain alpha-ketoacid dehydrogenase complex (BCKD). The defect
leads to an accumulation of both the branched chain amino acids and branched
chain �-keto acids. Indeed, the molar ratio of leucine to alanine is elevated 10- to
20-fold in this disease. The disease gets its name from the maple syrup odor
of the urine which is caused by the excretion of excessive amounts of �-keto-
3-methylvalarate in the urine of affected patients, producing an odor similar to
that of maple syrup. MSUD is characterized by psychomotor retardation, feeding
problems, and a maple syrup odor of the urine initially diagnosed in newborns.
Mutations in the genes encoding BCKD complex components E1�, E1�, E2 and
E3 mapped to human chromosomes 19q13.1-q13.2, 6p22-p21, 1p31, and 7131-
q32, respectively are the causative agents. The mode of inheritance is autosomal
recessive with an incidence of MSUD of approximately 1 in 180,000 births in the
United States. The incidence increases to as high as 1 in 200 births in populations
that have significant inbreeding communities, such as the Mennonites living in
Pennsylvania.

There are five distinct phenotypes of MSUD: classical, intermittent, interme-
diate, thiamine-responsive, and E3-deficient. Classical MSUD typically presents
in newborns and represents the most common form of the disease. Newborns
typically develop ketonuria within 48 hours of birth and present with irritability,
poor feeding, vomiting, lethary and dystonia. By four days of age, neuro-
logic abnormalities include alternating lethary and irritability, dystonia, apnea,
seizures, and indications of cerebral edema. The initial symptoms may not
develop until the infant is four to seven days of age, depending upon the feeding
regimen and breastfeeding may delay onset of symptoms to the second week.

Dietary therapy to promote normal growth and development and prompt
treatment of episodes of acute metabolic decompensation constitute the corner-
stone of management of these patients. Despite careful dietary management,
episodes of metabolic intoxication may occur in affected older infants or children
by increased net endogenous protein catabolism induced by intercurrent illness,
exercise, injury, surgery, cancer or fasting. Clinical manifestations include
epigastric pain, vomiting, anorexia and muscle fatigue. Neurologic signs may
include hyperactivity, sleep disturbance, stupor, decreased cognitive function,
dystonia and ataxia. The best outcomes occur in newborns, where therapy is
begun before they become symptomatic or are treated rapidly after symptoms
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develop. Acute metabolic decompensation can result in brain injury and requires
prompt treatment to avoid neurologic sequelae. Even with aggressive treatment
MSUD can be fatal in the newborn period or during decompensation.

The intermediate, intermittent and thiamine-responsive forms of MSUD may
present at any time during infancy or childhood and appear to be brought
on by episodes of stress. Intermediate MSUD is a rare disorder caused by
mutations in the E1� component of BCKD but in contrast to the classical
MSUD, residual BCKD activity typically is 3 to 30% of normal. Patients
may become symptomatic at any age, when the flux through BCATm exceeds
flux through BCKD. The intermittent form of the disease is the second most
common type of MSUD. Affected patients have normal growth and development.
They typically present with ketoacidosis during episodes of catabolic stress in
childhood, including intercurrent illnesses such as otitis media. Signs of neuro-
toxicity develop, including ataxia, lethargy, seizures and coma. Death may occur
without appropriate recognition and treatment. Thiamine-responsive MSUD is a
rare phenotype that has been associated with mutations in the E2 component,
the subunit that requires thiamine as a cofactor for complete enzymatic activity
(Figure 5.7).

Clinical presentation is similar to the intermediate form. In general, symptoms
in affected patients are not completely resolved with thiamine supplementation
alone, necessitating dietary restriction of branched-chain amino acids to achieve
metabolic control. Mutations in the gene encoding the E3 component of BCKD
(Figure 5.7) result in E3-deficient MSUD. Because the E3 component of BCKD is
also present in the PDH complex (Figure 5.5) and �-ketoglutarate dehydrogenase,
affected patients show symptoms of combined deficiencies of BCKD and the
pyruvate complexes including lactic acidosis superimposed on MSUD.

5.4.2. Role of Mitochondria in Cell Signaling Pathways
Activated by Leucine

Leucine is a direct acting nutrient signal that regulates protein synthesis in a
number of tissues. The effects on protein synthesis are brought about, at least in
part, by activation of cell-signaling pathways. These pathways are regulated by
adapter proteins, such as RAPTOR (Hara et al. 2002; Kim et al. 2002), and by
phosphorylation/dephosphorylation cascades (e.g., mTOR to ribosomal protein
S6 kinase-1 (S6K1) to S6 and mTOR to 4E-BP1 to eIF4E·eIF4G) that, in turn,
modulate factors involved in initiation of protein synthesis (Figure 5.8).

In striated muscle, the mTOR signaling pathway appears to play a role in
stimulation of protein synthesis by growth promoting anabolic hormones. Two
well known substrates of mTOR, namely 70 kDa ribosomal protein S6 kinase
(S6K1) and the translational repressor, eukaryotic initiation factor 4E binding
protein 1 (4E-BP1), have been implicated in the regulation of protein synthesis.
At least two signaling pathways appear to be important in leucine’s acute
regulation of protein synthesis, a rapamycin-sensitive pathway involving mTOR
and an unknown rapamycin-insensitive pathway that may or may not involve
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Figure 5.7. Individual reactions catalyzed by subunits of branched chain amino acid
dehydrogenase complex.

mTOR. It is presently unclear exactly how leucine activates mTOR aside from the
fact that the mechanism differs from that used by insulin. For example, no leucine
receptor has been yet identified. In fact, it has not been unequivocally estab-
lished whether effects of leucine are mediated by leucine or a metabolite derived
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Figure 5.8. Dual role of leucine in contributing to energy metabolism and control of
signaling pathways involved in gene expression. mTOR – mammalian target of rapamycin;
Glu – glutamate; �-KG – �-ketoglutarate; PKC� – protein kinase C epsilon isoform;
4E-BP1 – eukaryotic initiation factor 4E binding protein 1; S6K1 – ribosomal protein S6
protein kinase 1; BCKD – branched chain amino acid dehydrogenase.

from leucine transamination such as �-ketoisocaproate (�-KIC) or leucine
oxidation.

Leucine’s effects on protein metabolism are self-limiting because leucine
promotes its own disposal by an oxidative pathway, thereby terminating its
positive effects on body protein accretion. A strong case can therefore be made
that the proper leucine concentration in the various compartments of the body is
critically important for maintaining body protein levels beyond simply the need
of this essential amino acid for protein synthesis. In this regard, mitochondrial
metabolism may be required for leucine activation of mTOR. Specifically, a
metabolically-linked signal arising from activation of leucine metabolism in the
mitochondria results in mTOR activation (McDaniel et al. 2002). A potential
target cited was the branched chain ketoacid dehydrogenase (BCKD) complex.
There are several compelling arguments in favor of the notion that BCKD
kinase activities might provide a link between leucine signal and the activation
of mTOR. The first is that �-ketoisocaproate acid is a physiological inhibitor
of BCKD kinase. The second is that the order of potency of Leu > Ile > Val



5. Regulation of Pyruvate and Amino Acid Metabolism 141

and importance of leucine in the activation of mTOR signaling is similar to
that of their respective keto acids’ ability to activate the BCKD complex via
inhibition of the BCKD kinase. A third observation that supports this potential
mechanism is that mTOR appears to be associated with mitochondria membrane
in situ.

One way to delineate this effect is to simultaneously examine the dose
dependent effects of orally administered leucine on acute activation of S6K1
(an mTOR substrate) and phosphorylation of BCKD (Lynch et al. 2003a).
Increasing doses of leucine given orally via gavage directly correlated with
elevations in plasma leucine concentration. Phosphorylation of S6K1 (Thr389,
the phosphorylation site leading to activation) in adipose tissue was maximal at a
dose of leucine that increased plasma leucine approximately threefold. Changes
in BCKD phosphorylation state required higher plasma leucine concentrations.
Hence there exists a disconnection between the concentration of leucine required
for activation of S6K1 system and phosphorylation of BCKD. Only at concen-
trations significantly higher than those required for activation of S6K1 is the
phosphorylation state of BCKD lowered, allowing for oxidation of leucine to
occur. Hence as the leucine signal becomes too high, there is a stimulation
of leucine oxidation in peripheral tissue thereby lowering the plasma leucine
concentration. Thus, leucine metabolism may only be important in regulating
the magnitude and duration of the signal for mTOR activation.

Leucine dependent stimulation of mRNA translation in vivo occurs in part,
through a rapamycin-sensitive pathway (Anthony et al. 2000; Anthony et al.
2001). Rapamycin treatment, an inhibitor of the protein kinase mTOR, reduced
the mTOR-dependent 4E-BP1 and S6K1 phosphorylation. However, leucine
retained its ability to stimulate protein synthesis. Thus, inhibition of mTOR-
mediated signaling was not capable of completely eliminating the leucine-
dependent stimulation of protein synthesis. An additional study examining oral
leucine administration in diabetic rats demonstrated enhanced levels of protein
synthesis in skeletal muscle without corresponding changes in 4E-BP1 or S6K1
(Anthony et al. 2002). Similarly rates of skeletal muscle protein synthesis in
perfused hindlimbs can be enhanced by elevated leucine concentrations in the
absence of phosphorylation changes of 4E-BP1 and S6K1. Collectively, this
evidence underscores the ability of leucine to modulate translation initiation and
protein synthesis through an mTOR-independent mechanism(s).

5.4.3. Branched Chain Amino Acid Metabolism
in Liver Disease

Hepatic encephalopathy is a neuropsychiatric syndrome occurring in patients
with acute or chronic liver disease including cirrhosis. During the last 20 years
there has been much interest in nutritional treatment for patients with advanced
cirrhosis. Most studies have measured the potential benefit of nutritional supple-
ments of dietary proteins, generic protein hydrolysates, or specific branched-
chain amino acid (BCAA)-enriched formulas in regard to nutritional parameters
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and hepatic encephalopathy. Nutritional factors play a major role both in the
pathogenesis as well as management of hepatic encephalopathy (HE). Physi-
cians treating patients with chronic liver disease often restrict the intake of
dietary protein to prevent a rise in blood ammonia levels. The role of protein
restriction in patients with chronic hepatic encephalopathy (CHE) has been
questioned recently as the efficacy of protein withdrawal in patients with CHE
has never been subjected to a controlled trial. Evidence suggests that protein
intake plays only a limited role in precipitating encephalopathy. In fact, measures
taken to suppress endogenous protein breakdown are more effective than dietary
restrictions in reducing the load of amino acids on the decompensated liver.
A protein intake of less than 40 g per day, as has been indicated, contributes
to a negative nitrogen balance, which along with increased endogenous protein
catabolism, worsens encephalopathy. A positive nitrogen balance may have
positive effects on encephalopathy. Rather, depressed plasma branched-chain
amino acid (BCAA) levels, implicated in the pathogenesis of HE, also supervene
in cirrhosis only when malnutrition is present as well. Therefore, the emphasis
in the nutritional management of patients with CHE should not be on the
reduction of protein intake (Srivastava et al. 2003). Eleven randomised trials (556
patients) assessing BCAA versus carbohydrates, neomycin/lactulose, or isoni-
trogenous control showed BCAA significantly increased the number of patients
improving from hepatic encephalopathy at the end of treatment although there
were methodological concerns (Als-Nielsen et al. 2003; Fabbri et al. 1996).
Chemically-induced liver cirrhosis in rats raised the activity of hepatic BCKDH
complex and decreased plasma BCAA and branched-chain �-keto acid concen-
trations, suggesting that the BCAA requirement is increased in liver cirrhosis.
Because the effects of liver cirrhosis on the BCKDH complex in human liver
are different from those in rat liver, further studies are needed to clarify the
differences between rats and humans. In the valine catabolic pathway, crotonase
and beta-hydroxyisobutyryl-CoA hydrolase are very important to regulate the
toxic concentration of mitochondrial methacrylyl-CoA, which occurs in the
middle part of valine pathway and highly reacts with free thiol compounds.
Both enzyme activities in human and rat livers are very high compared to
that of the BCKDH complex. It has been found that both enzyme activities in
human livers were significantly reduced by liver cirrhosis and hepatocellular
carcinoma, suggesting a decrease in the capability to dispose methacrylyl-CoA
(Shimomura et al. 2004a). The findings described here suggest that alterations
in hepatic enzyme activities in the BCAA catabolism are associated with liver
failure.

Metabolic acidosis increases protein degradation resulting in muscle wasting
and a negative nitrogen balance. The branched-chain amino acids serve as useful
markers of these changes and their catabolism is increased in acidosis, partic-
ularly for the spontaneous acidosis associated with renal failure (Bailey 1998;
Wang et al. 1997). As a result, the neutral nitrogen balance is compromised
and malnutrition results. Glucocorticoids mediate these changes through the
recently discovered ATP-dependent ubiquitin-proteasome pathway. Metabolic
acidosis and glucocorticoids act in concert to stimulate branched-chain amino
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acid (BCAA) oxidation in adrenalectomized rats. In muscles of normal rats,
metabolic acidosis increases the maximal activity of the rate-limiting enzyme,
branched-chain alpha-ketoacid dehydrogenase (BCKAD) and a genetic response
to catabolic conditions like uremia is implicated by concurrently higher levels
of BCKAD subunit mRNA. Independent transactivation response elements to
acidification or glucocorticoids were localized in the E2 promoter. In summary,
catabolic responses to low extracellular pH and glucocorticoids include enhanced
expression of genes encoding BCKAD subunits. (Price and Wang 1999).

5.5. Summary

The regulation of the PDH and BCDH was originally established nearly 30 years
ago as a means to help explain the control of carbohydrate and amino acid
metabolism during transitions from feeding to starvation and during condi-
tions involved in altered carbohydrate metabolism. These types of studies also
delineated the role of glutamine in amino nitrogen metabolism in the body.
In recent years, there has been renewed interest in both the structure, function
and interaction of the components of the PDH and BCDH to define the
molecular interactions responsible for control mechanisms. More importantly,
there has been a growing body of evidence suggesting that these amino acids
can function as key effector molecules altering the signaling cascades respon-
sible for regulatory several intracellular systems responsible for synthesis and
expression of specific gene products. Future studies will have to integrate the
mechanisms of metabolism of pyruvate, glutamine and leucine with their roles
in the controlling gene expression.
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6
Amino Acids and the Mitochondria

Nicola King

6.1. Introduction and Summary

This chapter describes some of the important physiological functions of amino
acids in the mitochondria and the alterations caused by specific pathologies.
To some extent all of the featured items are dependent upon the movement of
amino acids across the highly selective permeability barrier that is the inner
mitochondrial membrane. The performance of this transport by specific carriers
is the subject of the first section. Once inside the mitochondrial matrix the amino
acids become involved in a bewildering number of critical metabolic pathways.
The second section elaborates on two of the most significant namely: the malate-
aspartate shuttle essential for the transfer of reducing equivalents between the
cytoplasm and the mitochondria; and the urea cycle, which is responsible for
maintaining sub-toxic levels of ammonia. The final section covers the changes
to mitochondrial amino acid metabolism that occur under different pathological
conditions. In this case three examples have been chosen comprising ischemia-
reperfusion in heart, myocardial hypertrophy and the special relationship that
exists between glutamine and cancer cells.

6.2. Amino Acid Transport Across the Mitochondrial
Inner Membrane

6.2.1. Introduction

When non-respiring mitochondria are suspended in isotonic solutions containing
different amino acids they swell suggesting that these compounds can cross the
mitochondrial inner membrane (Palmieri et al. 2001; Porter 2000). Amino acid
flux through the mitochondrial inner membrane has also been measured directly
using radiotracers via inhibitor stop techniques, oil- or Millipore- filtration
(reviewed in LaNoue and Schoolwerth 1979; Passarella et al. 2003). These inves-
tigations have greatly magnified our knowledge of the transport characteristics
of the various carriers (Figure 6.1), although surprisingly only a relatively small
number of the genes and proteins responsible have been identified.
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Figure 6.1. Amino acid carriers in the inner mitochondrial membrane. Question marks
indicate carriers that have been functionally characterized where the genes and proteins
responsible are unknown. For the sake of clarity only the major substrates are shown. In
contrast with those carriers, which have been identified at the molecular level, the names
of the proteins and all the natural amino acid substrates are given.

6.2.2. Acidic Amino Acid Carriers

The main acidic amino acid carriers of the mitochondrial inner membrane are
the aspartate-glutamate exchangers and the glutamate carriers. Some of the most
important characteristics of the aspartate-glutamate exchangers will be discussed
later (section 6.3.2), because of their key role in the malate-aspartate shuttle.
However, it is worth mentioning here that these carriers have narrow substrate
specificities, i.e. the only other natural amino acid to be accepted is cysteine-
sulfinate (LaNoue and Schoolwerth 1979). This compound, which is important
for sulfur homeostasis (Townsend et al. 2004), can be involved in a straight
exchange for aspartate or in an electrogenic exchange for glutamate and a proton
(LaNoue and Schoolwerth 1979). There are two aspartate-glutamate exchangers
that have so far been identified, which are encoded by the genes, SLC25A12
and SLC25A13 (Palmieri et al. 2001). The encoded proteins named aralar 1
and aralar 2 (also called citrin) respectively display the typical features of the
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mitochondrial carrier family including EF hand Ca2+ binding motifs in their
N terminals (4 in each protein) (Palmieri et al. 2001). Aralar 1 is most prevalent
in heart, skeletal muscle and brain, whereas aralar 2 is expressed in many tissues
but highest levels are in liver (Palmieri et al. 2001). Mutations in the gene
encoding aralar 2 cause adult type II citrullinemia, a rare disease marked by a
sudden onset of disorientation, restlessness, drowsiness and coma, leading in the
majority to death within a few years due to cerebral edema (Yasuda et al. 2001).

GC1 (SLC25A22) and GC2 (SLC25A23) are glutamate proton symporters in
the mitochondrial inner membrane (Fiermonte et al. 2001). They have chiefly
been implicated in the regulation of amino acid deamination in association
with glutamate dehydrogenase (LaNoue and Schoolwert 1979; Bradford and
McGivan 1973). GC1 is widely distributed in human tissues with high levels in
pancreas, liver, brain and testis and lower levels in heart, kidney, lung, small
intestine and spleen (Fiermonte et al., 2001). In contrast, GC2 expression is
largely confined to the brain and testis (Fiermonte et al. 2001). When the carriers
were reconstituted into proteoliposomes their substrate specificity was virtually
confined to glutamate; they were potently inhibited by �-cyanocinnamate and
bongkrekic acid; the Km for GC1 was around 5 mmoles, whilst that for GC2
was approximately 0.25 mmoles (Fiermonte et al. 2001).

A recent report has suggested that a member of the excitatory amino acid
transporter (EAAT) family, EAAT1 is expressed in cardiac mitochondria (Ralphe
et al. 2004). This transporter family, which contains 5 members, constitutes
the high affinity sodium dependent glutamate and aspartate transporters that are
most easily recognizable for their contribution to neurotransmitter re-uptake in
the central nervous system (Kanai and Hediger 2004). It is known that EAAT1-
EAAT3 are present in heart (King et al. 2004; Kugler 2004), where EAAT2
and EAAT3 are believed to reside within the cardiac sarcolemma (King et al.
2001; King et al. 2004; Kugler 2004). The exact function of EAAT1 in cardiac
mitochondria remains to be determined, although Ralphe et al. (2005) proposed
that it may be an additional aspartate-glutamate carrier involved in the malate-
aspartate shuttle.

6.2.3. Neutral Amino Acids

Early investigations of substrate flux across the mitochondrial inner membrane
suggested there was a single neutral amino acid carrier with a broad specificity
(reviewed in LaNoue and Schoolwerth 1979; Porter 2000). At this time, proline
was noted as a likely exception since it was not a very effective agent in
protecting other neutral amino acids against mersalyl inhibition (LaNoue and
Schoolwerth 1979), yet proline oxidation occurs exclusively in the mitochondria
(Passarella et al. 2003). Subsequently, Atlante et al. (1994) demonstrated in rat
kidney mitochondria the existence of a proline uniporter and a proline-glutamate
antiporter (Figure 6.1), the latter of which was dependent upon the membrane
potential difference.
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Another amino acid that has sparked controversy regarding its transport
mechanism is glutamine. The discussions seem to have been prompted by investi-
gations of the regulation of glutaminase activity, which catalyzes the deamination
of glutamine to glutamate and ammonia in the matrix, and the extent to which
this is limited by glutamine entry across the inner mitochondrial membrane
(LaNoue and Schoolwerth 1979; Passarella et al. 2003). This dispute has yet to
be resolved; however the purification and reconstitution into liposomes of a 41.5
kiloDalton carrier protein has helped clarify the specifics of glutamine transport
(Indiveri et al. 1998). The reconstituted glutamine carrier operated either as a
uniporter or as a homoexchanger (Indiveri et al. 1998). Glutamine uptake was
highest when the mitochondria were solubilized at pH 6.5 and the protein was
reconstituted at the same pH (Indiveri et al. 1998). The only other amino acids
tested, amongst a group containing aspartate, glutamate, leucine, alanine, glycine,
proline and serine, that was transported was asparagine (Indiveri et al. 1998).

6.2.4. Basic Amino Acid Carriers

A basic amino acid transporter has been described in brain mitochondria (Porter
2000; Dolinska et al. 1998). The uptake of arginine was sensitive to lysine
and ornithine suggesting that these compounds were also substrates with the
uptake inhibited by the nitric oxide inhibitor L-N-monomethyl arginine, but
neither glutamine nor histidine nor glutamate affected transport (Dolinska et al.
1998). The Km for arginine uptake in rat cerebral mitochondria was 0.08 mmoles
(Dolinska et al. 1998).

6.3. Amino Acid Metabolism in the Mitochondria
Under Normal Conditions

6.3.1. Introduction

As important intermediary metabolites, amino acids are involved in numerous
major pathways many of which have a mitochondrial component. These different
reactions may contribute to: energy production, including for example gluco-
neogenesis, ketogenesis and supplementation of citric acid cycle intermediates
(Jungas et al. 1992; Hutson et al. 2005; Pisarenko 1996); cellular and organ
ionic homeostasis, such as the regulation of nitrogen (Hutson et al. 2005; Medina
2001) and sulfur levels (Townsend et al. 2004); and the synthesis of many biolog-
ically active compounds e.g. purines, pyramidines, hormones, neurotransmitters
and other proteins (Mathews and Van Holde 1990). A comprehensive review
of all these processes would be worthy of a complete volume and as such is
beyond the scope of this chapter. Nonetheless, it would be neglectful to ignore
all the metabolic pathways involving amino acids that occur in the mitochondria.
We will therefore restrict ourselves to discussing just two of arguably the most
significant pathways namely: the malate-aspartate shuttle and the urea cycle.
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6.3.2. The Malate-Aspartate Shuttle

It has long been known that the mitochondrial inner membrane is impermeable
to the NADH/NAD+ couple (Lehninger 1951). This presents a problem since
the initial stages of energy production from glucose or lactate yield pyruvate
and NADH in the cytoplasm. In order to achieve maximal ATP production this
cytoplasmic pyruvate must be transferred into the mitochondria for oxidative
metabolism within the citric acid cycle accompanied by an equivalent oxidation
of NADH also within the mitochondria (Safer 1975).

The existence of a “shuttle” utilising the cytoplasmic aspartate aminotransferase
and the mitochondrial malate dehydrogenase (Figure 6.2), which could achieve
redox segregation was initially proposed in 1963 (Borst). However, Borst (1963)
was not entirely confident in his scheme, because the system was symmetrical
resulting in at equilibrium equal NAD+/NADH ratios in the cytoplasm and the
mitochondria. Previous work had shown that the NAD+/NADH ratio was more
oxidized in the cytoplasm than the mitochondria (Williamson et al. 1967). Two
further pieces of evidence were required before the malate-aspartate shuttle as
shown in Figure 6.2 came to be recognised as a vital conduit of cellular metabolism.

Figure 6.2. The malate-aspartate shuttle. Arrows indicate the direction of reactions.
Enzymes are numbered: 1 Cytoplasmic glutamate-oxaloacetate transaminase; 2 cytoplasmic
malate dehydrogenase; 3 Mitochondrial glutamate-oxaloacetate transaminase; and 4
mitochondrial malate dehydrogenase. Aralar 1 or 2, the aspartate-glutamate exchanger; and
OGC the 2-oxoglutarate (i.e. �-ketoglutarate) carrier.
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The first clue was that in coupled mitochondria transfer of electrons in the
respiratory chain results in a small pH gradient (inside alkaline) and a large
electrical potential difference (inside negative) across the mitochondrial inner
membrane (Safer 1975). The other related discovery was the observation that
the exchange of the acidic amino acids aspartate and glutamate was mediated
by a specific carrier in the inner membrane and was electrogenic in nature
(LaNoue and Schoolwerth 1979). More specifically, a cotransported proton
drove glutamate into the matrix, whilst an uncharged aspartate ion moved
in the opposite direction (LaNoue 1974). The significance of this is that the
other carrier involved in the shuttle and localised within the inner membrane,
OGC (SLC20A4, Iacobazzi et al. 1992) mediates the electroneutral exchange of
cytoplasmic malate for �-ketoglutarate in the matrix (Kaplan 2001). Hence the
aspartate-glutamate exchanger is widely regarded as the rate-limiting step in the
operation of the shuttle (Palmieri et al. 2001).

6.3.3. The Urea Cycle

Ammonia is produced as a by-product of protein and amino acid catabolism. It
has been estimated that 505 mmoles of ammonia are generated and transferred
to the liver each day (Jungas et al. 1992). Without further metabolism such
levels would be toxic as exemplified by several disease states in which excess
ammonia accumulates, resulting in for example brain edema, mental retardation
and cerebral palsy (Butterworth 2001). Under normal conditions, this is prevented
through a cyclical chain of reactions (Figure 6.3) wherein ammonia is converted
by the liver into urea, which can then be excreted via the kidneys.

The urea cycle utilizes the amino acids, aspartate, arginine, citrulline and
ornithine. The only one of these to be either consumed or produced is aspartate,
which is required for the reaction catalyzed by argininosuccinate synthetase
(ASS). Some of this aspartate may originate from transamination of oxaloacetate
in the matrix followed by transport on the glutamate-aspartate exchanger, aralar
2 that is an integral part of the malate-aspartate shuttle (Palmieri et al. 2001,
see above and Figures 6.1 and 6.2). Recently, it has been shown that in the
fetal liver 90% and in adult liver 30% of ASS expression is located on the outer
mitochondrial membrane although most texts designate this reaction as occurring
in the cytoplasm (Husson et al. 2003).

The next amino acid, arginine is catabolised by arginase. In hepatocytes this
reaction is mostly catalysed by a cytoplasmic enzyme, arginase I (Cheung and
Raijman 1981). A second enzyme, arginase II, which is responsible for about
10% of the total hepatocyte arginase activity (Cheung and Raijman 1981), is
present in the inner mitochondrial membrane. Arginase II has a wide tissue
distribution (Colleluori et al. 2001). It has a minor role supplementing urea cycle
activity in liver (Nissim et al. 2005). In addition it has been implicated in the
biosynthesis of proline and polyamines (Wu and Morris 1998), and, through its
influence on the intracellular arginine pool, as a regulator of NO2 availability and
smooth muscle relaxation in opossum anal internal sphincter (Baggio et al. 1999).
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Figure 6.3. The urea cycle. Reactions involving the enzymes 1–3 occur in the cytoplasm,
whilst reactions involving the enzymes 4–5 occur in the mitochondrial matrix. A heavy
continuous line representing the mitochondrial inner membrane and a heavy dashed line
representing the mitochondrial outer membrane indicate this segregation. Arrows indicate
the direction of reactions. Enzymes are numbered: 1 Argininosuccinate synthetase;
2 Argininosuccinase; 3 Arginase; 4 Ornithine transcarbamoylase; and 5 Carbamoyl
phosphate synthetase.

Finally, the only reactions that are definitively assigned to the mitochon-
drial matrix are those involving the enzymes: ornithine transcarbomoylase and
carbomoyl phosphate synthetase (Jungas et al. 1992, Nissim et al. 2005), which
in essence add free NH3 onto ornithine to yield citrulline.

6.4. Amino Acids in Mitochondria Under Pathological
Conditions

6.4.1. Introduction

In this section the role of amino acids in three different pathological states
will be examined namely: ischemia-reperfusion injury, hypertrophy and cancer.
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For the sake of simplicity the first two conditions will be discussed as they
pertain to cardiac mitochondria, whilst cancer will be discussed in relation to
glutamine.

6.4.2. Ischemia-Reperfusion Injury

When blood is diverted away from the heart (ischemia) this causes a decrease in
the supply of nutrients and oxygen to the myocardium. This leads to a reduction
in energy production in the mitochondria, a fall in intracellular pH, an increase in
[Ca2+]i and [Na+]i and an accumulation of abnormal metabolites e.g. lactic acid
(reviewed in Suleiman et al. 2001). If the ischemic period is short, restoration of
the blood flow (reperfusion) enables cellular recovery; however after prolonged
ischemia, reperfusion may result in significant cellular and tissue damage.

The foundation to the proposal that amino acids may alleviate ischemia-
reperfusion injury was largely based on their potential to convert to citric acid
cycle intermediates with subsequent substrate level phosphorylation and ATP
production in the mitochondria (Pisarenko 1996; Taegtmeyer 1995; Sveldjeholm
et al. 1995). Logical, though this may be, the concept does not enjoy universal
support (Buckberg 1996). A likely cause of this controversy is the relatively
poor understanding of the mechanisms of amino acid transport across the cardiac
sarcolemma. Thus, in the majority of cases where the addition of exogenous
amino acids leads to an increase in their myocardial concentration the outcome
has been beneficial (Pisarenko et al. 1985; Pisarenko et al. 1995).

Branched chain amino acids are transported across the cardiac sarcolemma
by the L system of mediation (King et al. 2001). The initial stages of their
metabolism occur exclusively in the mitochondria where the branched chain
aminotransferase is located (Hutson et al. 1988). Schwalb et al. (1989) exposed
working rat hearts to cardioplegic arrest followed by 68 min of global normoth-
ermic ischemia and 40 min reperfusion. The control group received a modified
St Thomas solution whilst the test groups received the same solution with 11.1
mmoles glucose plus or minus 3.5 mmoles branched chain amino acids (BCAA)
(Schwalb et al. 1989). During reperfusion ATP levels and the recovery of cardiac
output were significantly higher in the group receiving BCAA than in either
of the other two groups (Schwalb et al. 1989). Similarly, addition of acidic
amino acids to crystalloid or blood cardioplegia has also been shown to improve
functional recovery and ATP levels in various animal hearts (Haas et al., 1984;
Lazar et al. 1980; Bittl and Shine 1983; King et. al. 2004).

Oxidative stress accompanied by the production of reactive oxygen species
(ROS) is one of the major pathogenesis of ischemia-reperfusion (Suleiman et al.
2001; Zweier et al. 1988). Figure 6.4 illustrates the results of experiments carried
out using freshly isolated adult rat cardiomyocytes, which show that complex
III of the respiratory chain in the mitochondria can be a major source of these
ROS. This experiment was performed using the inhibitors, antimycin A, which
prolongs the lifespan of ubisemiquinone thereby promoting ROS production, and
myxothiazol, which prevents electron transfer to ubisemiquinone consequently
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Figure 6.4. Mitochondrial production of reactive oxygen species in freshly isolated
rat ventricular cardiomyocytes. The fluorescence of the probe, 5-(and-6)-chloromethyl-
2’, 7’-dichlorodihydrofluorescein diacetate (CM-DCFda) is proportional to the level
of hydroxy radical generation. This graph shows a time course of the fluorescence
measured in freshly isolated rat ventricular cardiomyocytes that have been loaded with
5 �moles CM-DCFda then superfused with a control Tyrode solution or a Tyrode solution
containing either 10 �moles myxothiazol or 1 �mole antimycin A. The increase in
fluorescence in the presence of antimycin A and the accompanying lack of effect of
myxothiazol suggest that complex III of the mitochondrial respiratory chain can be a
source of hydroxy radicals in cardiomyocytes. *p < 0.01 vs. control and + myxothiazol.
Results shown are the means ±S.D (n = 4).

lowering ROS generation (King et al. 2003). When cardiomyocytes are isolated
in the presence of glutamate this results in a higher NAD+/NADH ratio, higher
ATP levels (Williams et al. 2001) and lower levels of ROS production during
exposure to antimycin A or metabolic inhibition compared to non-glutamate
loaded controls (King et al. 2003).

Although the exact mechanism behind the antioxidant effect of glutamate
remains undetermined, it has been speculated that a pathway may exist linking
the activity of glutamate dehydrogenase in the mitochondria through glutathione
reductase to glutathione peroxidase and the detoxification of H2O2 to H2O
(Williams et al. 2001) (Figure 6.5).

6.4.3. Hypertrophy

Myocardial hypertrophy is an adaptive response to a chronic increase in the
heart’s workload. It occurs in several pathophysiological conditions including
sustained hypertension, aortic constriction, valvular insufficiency and hyperthy-
roidism (Rossi and Lortet 1996). Its onset and development is associated with
morphological and physiological restructuring of the heart that will affect all
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Figure 6.5. Hypothetical scheme linking glutamate metabolism in the mitochondria to the
detoxification of hydrogen peroxide. Glutamate deamination in the mitochondria through
1: glutamate dehydrogenase using the NADP+/NADPH couple is linked through the
activities of 2: glutathione reductase and 3: glutathione peroxidase to the detoxification of
hydrogen peroxide to water. Arrows indicate the directions of reactions. 2 GSH reduced
glutathione, GSSG oxidized glutathione.

of the organelles and cellular functions (Rossi and Lortet 1996). The following
discusses one of the ways in which these changes influence amino acids in the
cardiac mitochondria.

In several models, the progression of cardiac hypertrophy is marked by
increased glucose transport through GLUT1 (Montessuit and Thorburn 1999),
higher activity levels of the enzymes involved in glycolysis (Seymour et al.
1990; Valadares et al. 1969) and a down-regulation of fatty acid metabolism
(El Alaoui-Talibi and Moravec 1989). This shift towards a more anaerobic
pattern of ATP production might also be expected to impact upon the activity of
the malate-aspartate shuttle. This indeed appears to be the case in hypertrophy
induced by chronic exposure to the thyroid hormone, triiodothyronine (T3). In
these hearts the capacity of the malate-aspartate shuttle is significantly increased
by 33% compared to control (Scholz et al., 2000). This is accompanied in the T3

treated hearts by a significantly increased expression of the aspartate-glutamate
carrier and mitochondrial malate dehydrogenase in comparison to control (Scholz
et al. 2000). A more recent study by the same group, which benefited from the
molecular identification of the glutamate-aspartate carriers (Palmieri et al. 2001),
suggested that the acidic amino acid carrier whose expression was upregulated in
hypertrophy was in fact EAAT1 (Ralphe et al. 2005). This supports work carried
out in a model of chronic hypertension, the Spontaneously Hypertensive Rat,
where increased EAAT expression was shown in hypertrophic hearts compared
to control (King et al., 2004). The last mentioned investigation also showed that
the addition of 0.5 mmoles aspartate to isolated and perfused hypertrophic hearts
led to a significantly improved functional recovery upon reperfusion and higher
ATP levels at the end of ischemia compared to hypertrophic hearts not receiving
aspartate (King et al. 2004).
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6.4.4. Glutamine and Cancer

A curious feature of tumor cells, as opposed to their normal counterparts, is their
appetite for the neutral amino acid, glutamine (reviewed in Medina 2001 and
Souba 1993). Rapidly growing cancer cells exhibiting high rates of nucleotide
and protein synthesis require a continuous source of nitrogen (Medina 2001).
Glutamine, as the most abundant amino acid in the body, is the main vehicle
for circulating ammonia in a non-toxic form and is therefore a handy conduit
for enabling this supply (Medina et al. 1992). Thereafter, the nitrogen can be
liberated through the actions of glutaminase. This enzyme is located exclusively
in the mitochondria where it catalyzes the conversion of glutamine to glutamate
and NH3 (Queseda et al. 1988). There is a good correlation between the activity
of glutaminase and the extent of malignant proliferation in various rat hepatomas
(Linder-Horowitz et al. 1969) and breast cancer cells (Gómez-Fabre et al. 2000).

Glutamine may also be the major respiratory fuel in tumor cells. In order
to maintain optimum growth rates in conditions where the oxygen tension is
variable and often low (Griffiths et al. 2001), tumor cells rely more heavily
on glycolysis than on oxidative phosphorylation for ATP synthesis (Rossignol
et al., 2004). This adaptation is characterized by a shift away from the expression
of pyruvate kinase type L to the M2 type (Hacker et al. 1998, Ibsen, 1977).
If glucose levels are very reduced a further metabolic revision occurs leading
to the catabolism of glutamine for energy. Some studies go one step further
and suggest that tumor cells can survive and grow in the absence of glucose
as long as glutamine is present (Reitzer et al. 1979; Rossignol et al. 2004;
Eagle et al. 1958).

The pathway of glutamine catabolism in tumor cells is referred to as
glutaminolysis (Figure 6.6) by analogy to glycolysis (McKeehan 1982).
The second step in this pathway is a transamination reaction catalyzed by
mitochondrial glutamate-oxaloacetate transaminase. This is more favorable than
metabolism through glutamate dehydrogenase, because the high levels of NADH
and lactate found in tumor cells tend to force this enzyme towards glutamate
synthesis (Eigenbrodt et al. 1998). For example, malignant transformation of
the oval cell line OC/CDE 22 resulted in decreased cytoplasmic glutamate-
oxaloacetate transaminase activity with concomitantly increased mitochondrial
glutamate-oxaloacetate transaminase activity and no change in the activity of
glutamate dehydrogenase compared to control cells (Mazurek et al. 1999). The
final step in the glutaminolysis pathway involves oxidative decarboxylation
catalyzed by the NAD+ dependent mitochondrial malic enzyme to yield pyruvate
and CO2 (Loeber et al. 1991).

This importance of glutamine to tumor cell metabolism and proliferation
led to the attempted development in the 1980s of glutamine related anticancer
therapies (Medina 2001). These approaches largely involved the use of amino
acid analogs to reduce glutamine availability. Clinical trials were not however
successful due to toxic effects, lack of specificity and/or ineffectiveness (Medina
et al. 1992; Souba et al. 1993). More recently it has been shown that glutamine
starvation leads to apoptosis of murine hybridoma cells following activation of
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Figure 6.6. Glutaminolysis. Schematic pathway showing the possible production of
pyruvate from glutamine in the mitochondria of cancer cells. Arrows indicate the
direction of reactions. Enzymes are numbered: 1 glutaminase; 2 mitochondrial glutamate-
oxaloacetate transaminase; 3 �-ketoglutarate dehydrogenase; 4 succinyl-CoA synthetase;
5 succinate dehydrogenase; 6 fumarase and 7 malic enzyme.

the caspases –9 and –3 (Paquette et al. 2005). Perhaps as our understanding of
the complexities of cellular signaling and the pathways of apoptosis (reviewed
elsewhere in this volume) continue to advance this may open up new avenues
for a glutamine-based anticancer therapy.
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7
Mechanotransduction of Shear-Stress
at the Mitochondria

Abu-Bakr Al-Mehdi

7.1. Mechanotransduction of Shear–Stress

7.1.1. Physical Forces due to Blood Flow

Endothelial cells in situ experience a variety of physical forces caused by
hemodynamics. Tensile stress (a perpendicular force of pressure and stretch)
affects mostly the smooth muscle cells, and shear-stress (a tangential, frictional
force) affects specifically the endothelial cells.

Endothelial cells that are flow-adapted in vivo or in flow-chambers are
different from their statically grown counterparts. However, the common practice
of growing endothelial cells in Petri dishes initially overlooked this natural
environmental physical factor until its role was convincingly recognized in
endothelial cell physiology in the early eighties (Dewey et al. 1981). These
physical factors and their role in endothelial cell function have drawn increased
attention recently (Lansman 1988; Davies and Tripathi 1993). Hemodynamic
forces generated by the flow of blood along the endothelial surface are now
known to regulate both the morphology and function of endothelial cells
in different physiological and patho-physiological settings. Endothelial cells
transform the mechanical stimuli into electrical and biochemical signals in a
process called mechano-transduction.

Although the precise mechanisms of cellular mechanotransduction have yet to
be elucidated, tensile and shear-stress responsive ion channels and cytoskeletal
elements may be involved. Once the role of physical forces in endothelial cell
biology was recognized, researchers started studying the effects of shear-stress
by applying flow to statically cultured endothelial cells in a variety of devices,
like cone viscometers, parallel plate chambers, and artificial capillary tubes.
These studies of the effect of increased laminar, turbulent and oscillatory flow
on endothelial cell function have relevance for elucidating the pathogenetic
mechanisms of hypertension, arteriosclerosis, and other intravascular disorders.
Time-dependent responses of endothelial cells subjected to laminar shear-stress
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include: (1) rapid (within 1 min) hyperpolarization of the cell membrane and
activation of G proteins, (2) a slower (1–60 min) activation of MAP kinases and
NF-�B, cytoskeletal rearrangement, induction of connexin 43 and cell adhesion
proteins, (3) realignment of focal adhesions by 1–6 h, and (4) a delayed (6–24 h)
reorganization of cell surface and cellular alignment in the direction of flow
(Davies and Tripathi, 1993). After 6 to 24 hours of shear-stress exposure, these
cells can be considered ‘flow adapted’ analogous to their natural counterparts
in vivo.

Strikingly, some responses of the endothelial cells were shown to be similar
for both types of stimuli, i.e., increased shear-stress in non-adapted cells or loss
of shear-stress in adapted cells. These responses include pinocytosis (Davies
et al. 1984), intracellular calcium (James et al. 1995; Tozawa et al. 1999),
reactive oxygen species generation (Hsieh et al. 1998; Wei et al. 1999), and
nitric oxide generation (Mashour and Boock 1999; Al-Mehdi et al. 2000a).
That is, the response of flow adapted endothelial cells to loss of shear-stress is
similar in direction to the response following onset of flow for cells adapted
to static conditions. These responses represent a paradigm of alteration from a
state of adaptation (Davies 1995), that is, homeostasis at a new baseline level
after the subsidence of acute responses to flow or no-flow. The acute responses
themselves are the result of sensing increased shear-stress when flow is instituted
over endothelial cells adapted to no-flow; or they represent its inverse, the
result of sensing loss of shear-stress when flow is stopped for endothelial cells
adapted to shear-stress, as would happen during ischemia in vessels in vivo.
The high degree of adaptability of endothelial cells allows them to cope with
the challenges of hemodynamic alterations that they are constantly exposed to
even under physiological conditions and thereby contributing to their fitness
for survival.

It is theorized that the sensing of shear-stress proceeds via specialized sensors,
which may be specific plasma membrane molecules and microdomains, or
via alterations in general biophysical forces such as membrane fluidity and
cytoskeletal tension (Davies et al. 2003). The forces of shear-stress may act
locally as the sensors detect them, or they may be transmitted to distant sites
mechanically by means of the cytoskeleton, to elicit responses from organellar,
nuclear, cell-cell junction, and focal adhesion mechanotransducers.

The cis-acting DNA sequences that confer shear-mediated transcriptional
activation are not well characterized. Two potential candidates for such a shear-
stress response element have been suggested. The first is the SSRE (shear-stress
response element) identified as a 6-bp consensus sequence GAGACC, first
described for the gene encoding platelet-derived growth factor B (Resnick and
Gimbrone 1995). The second is a CT-rich Sp1 binding site within the vascular
endothelial growth factor receptor (i.e., FIk-1/KDR) that showed increased
occupancy after 3 hours of fluid shear-stress (Abumiya et al. 2002).

It is known that shear-stress affects nuclear gene expression; hundreds of
genes are up- or down-regulated under a variety of shear-stress conditions (Chen
et al. 2001; Garcia-Cardena et al. 2001; McCormick et al. 2001; Brooks et al.
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2002; Kallmann et al. 2002; Peters et al. 2002). It is not known however, if
shear-stress affects the expression of mitochondrial genes.

7.1.2. The Mechanotransduction Hypothesis
of Endothelial Cell Response to Ischemia

Ischemia or termination of blood flow in organs with systemic circulation not
only results in loss of oxygen, reduced substrate supply, and accumulation of
metabolites, but also the loss of shear-stress for the endothelial cells. The models
of hypoxia/reoxygenation performed on statically grown endothelial cells do not
take into account the effects caused by the lack of shear-stress. In the lung,
occlusion of the pulmonary artery in the presence of ventilation (as in the case
of clinical pulmonary thromboembolism) would not lead to tissue anoxia, but
would result in the loss of shear-stress. In fact, during ischemia, local lung
tissue pO2 will rise because oxygen is no longer removed by capillary blood.
Therefore, an isolated, air-ventilated, artificial-medium perfused rat or mouse
lung not only serves as an excellent model to study endothelial cells in situ,
but also allows the effects of anoxia, non-hypoxic ischemia, and the loss of
shear to be separated. Our experience with this isolated lung model and the
development of an intact organ fluorescence imaging technique to study changes
in endothelial cell function in situ led credence to the mechanotransduction
hypothesis of ischemia (Al-Mehdi et al. 1997a; Al-Mehdi et al. 1998a; Al-Mehdi
et al. 1998b). This hypothesis provides an explanation for the generation of
reactive oxygen species (ROS) by the flow-deprived, but non-hypoxic endothelial
cells, (Al-Mehdi et al. 1994; Al-Mehdi et al. 1996; Al-Mehdi et al. 1997a; Al-
Mehdi et al. 1997b; Al-Mehdi et al. 1998a; Al-Mehdi et al. 1998b; Wei et al.
1999; Al-Mehdi et al. 2000a; Al-Mehdi et al. 2000b; Song et al. 2001; Wei
et al. 2001; Fisher et al. 2002; Fisher et al. 2003; Wei et al. 2004). The basic
premise of the hypothesis is that ischemia is sensed by the endothelial cells
of the non-hypoxic lung as a loss of shear-stress, an inverse phenomenon of
sensing the imposition of shear-stress by statically cultured endothelial cells
upon resumption of flow. Therefore, the ischemic response of endothelial cells
is a mechanotransduction event.

Recent data suggest a direct role of the mitochondria in flow-sensing and
the responses to shear-stress. We postulate that the mitochondrial response is
more important for the long-term effects of flow or no-flow, such as cellular and
organellar adaptation. Apparently, the endothelial cells must acquire the ability
to respond to the loss of shear-stress during flow-adaptation.

7.2. Mitochondrial Mechanotransduction

7.2.1. Why can Mitochondria be Mechanotransducers?

The frictional force that is produced by blood flow is localized at the
plasma membrane. It is readily apparent that this force can act locally on
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membrane-associated mechanosensors. Membrane proteins such as integrins,
G-proteins, ion channels and localized rigid domains (cholesterol rich caveolae
and lipid rafts) can serve as mechanosensors. As opposed to the localized
sensing via molecular or domain-specific mechanisms, global sensing mecha-
nisms are thought to be mediated via alterations in plasma membrane viscosity
(or fluidity) and cytoskeletal tension (‘tensegrity’ as in Stamenovic 2005). The
mechanical force of shear-stress can be transmitted to non-apical parts of the
cell via cytoskeletal elements. The cytoskeleton has been shown to transmit
the mechanical force of shear-stress to intracellular sites. Indeed, the alignment
of actin filaments of macrovascular endothelial cells in the direction of flow
is responsible for overall cellular alignment and elongation (Malek and Izumo
1996).

Association of mitochondria with the cytoskeleton makes them potential sites
of mechanotransduction. Mitochondrial movement uses the molecular motors
kinesin and dynein that associate with microtubules and tether mitochondria to
them. Microtubules are the thickest and most rigid of all cytoskeletal fibers;
therefore, they are more suitable for transmission of mechanical force. The trans-
mitted force of shear-stress, acting on points of contact between microtubules
and organelles or basolateral focal adhesion sites, may be transduced locally
to produce a signaling event. Mechanotransmission via microtubules, but not
via intermediate or microfilaments, has been implicated in nuclear morphology
changes with shear-stress (Stamatas and McIntire 2001).

The mechanotransduction of shear-stress can be modeled analogous to ligand-
receptor signal transduction. For flow-mediated signaling, the ‘ligand’ or primary
signal is the mechanical force and the ‘receptor’ of this force is a mechanotrans-
ducer. The downstream components of mechanotransduction signaling share the
same second messengers and biochemical pathways as the conventional ligand-
receptor systems.

Once the mechanical force has been transmitted to the mitochondrial
membrane, a mechanotransducer on the mitochondrial membrane (inner or outer)
would be required to convert the force into a biochemical signal. The identity
of mitochondrial mechanotransducers is less clear than the mechanotransducers
of the plasma membrane. The mtKATP channel, the Na+/H+, Na+/Ca2+, and
K+/H+ exchangers, and the mitochondrial permeability transition pore can be
considered as potential mechanotransducers. Stretch, a mechanical force that
is experienced by vascular cells upon distension, has been shown to affect
cellular responses with mitochondrial participation (Ali et al. 2004; Liao et al.
2004).

Actin filaments are the other cytoskeletal elements that need to be considered
for mechanotransmission. If microtubules are tracks for movement, then actin
filaments are stations for mitochondrial clustering or stopping (Boldogh and Pon
2006). Although actin filaments have lower elasticity than microtubules, their
bundled and networked structure may be strong enough to transmit mechanical
forces from the plasma membrane to the stationary mitochondria. The actin
network has been shown to significantly contribute to cellular rigidity (Janmey
et al. 1991).
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7.2.2. Effect of Flow and Flow Cessation on
Mitochondrial Function

Exposure of endothelial cells to flow or ischemia leads to changes in mitochon-
drial shape, size, position, number, and functional status. A shear-stress of
10 dyn/cm2 increases mitochondrial membrane potential by 30%; but a higher
shear-stress (60 dyn/cm2) decreases mitochondrial membrane potential by 20%
(Kudo et al. 2000).

Mitochondria of lung pulmonary microvascular endothelial cells subjected
to 1–10 dynes/cm2 laminar flow rapidly hyperpolarize (increased JC-1 fluores-
cence) upon cessation of flow, suggesting that the mitochondria sense and
functionally respond to the loss of shear-stress (Figure 7.1). The response is seen
in both pulmonary macro- and microvascular cell types after flow-adaptation.
Acquisition of the hyperpolarization response to flow-cessation in flow-adapted
macro- and macrovascular cell types is a paradigm of common functional
adaptation. In contrast, only pulmonary macrovascular cells seem to exhibit signs
of morphological adaptation to flow by elongation and alignment in the direction
of the flow. This dissociation of morphological and functional adaptive responses
to flow in the two cell types suggests the presence of separate mechanisms of
flow-mediated signal transduction.

Microtubule disruption with 1 μM colchicine prevents flow cessation-induced
mitochondrial hyperpolarization, suggesting that microtubules are involved in
mechanotransmission (Figure 7.2). Moreover, the depolarization response to
flow-cessation suggests that mitochondrial membrane potential is coupled to
shear-stress via some other mechanisms. A role for the actin cytoskeleton may
explain this ‘paradoxical’ depolarization response to the loss of shear-stress.
A microtubular role for maintenance of mitochondrial membrane potential is

Flow-cessationControl

Figure 7.1. The left panel shows intensity plot of a rat pulmonary artery endothelial
cell flow-adapted for 20 hours at 10 dynes/cm2 and stained with JC-1 (Control). Right
panel (Flow-cessation) shows the same cell after flow was stopped for 1 min while
maintaining oxygenation. The increase in JC-1 red aggregate formation (indicated by
increase in TRITC-channel fluorescence) indicates mitochondrial hyperpolarization. A
purple-to white lookup table applied for pseudocolor rendering of intensity. Increases
in green, yellow and red colors indicate that mitochondrial membrane hyperpolarization
accompanies the loss of shear-stress.
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Figure 7.2. Flow-adapted endothelial cells were treated with 1 μM colchicine for 30 min
before being subjected to flow-cessation. Panel on the left shows intensity plots of JC-1
aggregate fluorescence during flow showing polarized mitochondria. Flow-cessation in
the presence of colchicine not only prevented mitochondrial hyperpolarization, but also
led to a depolarization response.

Table 7.1. Changes in � m with microtubule stabilization and disruption

Condition JC-1 Aggregate Fluorescence,
Arbitrary Units

JC-1 Monomer Fluorescence,
Arbitrary Units

Control 1376 ± 89 (n=4) 768 ± 56 (n=4)
Colchicine 756 ± 101 (n=3)* 1024 ± 65 (n=3)*
Paclitaxel 2215 ± 176 (n=3)# 460 ± 37 (n=3)#

Note: Mitochondria were imaged with a JC-1 filter set. The ratio of aggregate to monomer fluores-
cence, which increases at more negative � m, was 1.79 for control vs 0.73 and 4.8 upon colchicine
and paclitaxel treatment, respectively. *p < 0.05 vs control; #p < 0.5 vs control and colchicine.

indicated by the contrasting effects of colchicine and paclitaxel (a microtubule
stabilizer) (Table 7.1).

7.2.3. Mitochondrial Morphology and Function Under
Shear-stress

It has been demonstrated using MitoTracker Green that endothelial cells at
branch points of lung capillaries contain two-fold more mitochondria than their
midsegment counterparts. The spatial pattern of in situ pulmonary endothelial
cell intracellular Ca2+ levels and reactive oxygen generation in response to
TNF-� stimulation positively correlate with the mitochondrial content at those
sites (Parthasarathi et al. 2002). The major difference in the environment of
midsegment and branch point cells is the magnitude and pattern of shear-stress. In
the midsegment, flow is thought to be laminar and the shear-stress of consistent
magnitude; while in the branch points, flow is thought to be turbulent and the
shear-stress – highly variable. These observations suggest that shear-stress not
only regulates the endothelial cell phenotype, but also affects the mitochondrial
mass and their function in individual cells.
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Table 7.2. Mitochondrial morphological parameters

Cell type and growth condition Mitochondrial
number/cell

Mitochondrial
mass, μm3

Mitochondrial
length, μm

PAEC in static culture 257 ± 43 404 ± 34 8 ± 3
PAEC flow-adapted in vitro 145 ± 26* 199 ± 18* 7 ± 2
PAEC in situ in rat lung 36 ± 6 35 ± 6 5 ± 2
PMVEC in static culture 167 ± 32 557 ± 66 17 ± 6
PMVEC flow-adapted in vitro 95 ± 14* 279 ± 36* 15 ± 4
PMVEC in situ in rat lung 24 ± 7 19 ± 5 4 ± 2

Note:Mitochondrial mass was calculated from volume measurements, assuming a
uniform cylindrical shape (diameter 0.5 �m). The number of cells analyzed was 5–15.
*p < 0.05 vs static culture of same cell type.

The most striking finding was the relative paucity of mitochondria compared
to their content in endothelial cells in static culture. Endothelial cells in situ
are naturally flow-adapted. Indeed, Table 7.2 reveals that flow-adapted cells in
vitro and in vivo have less mitochondria, compared to their statically cultured
counterparts. The decreased mitochondrial content may be related to decreased
energy requirements of flow-adapted endothelial cells that are more quiescent
than cells under static culture. Figures 7.3 and 7.4 show mitochondrial dispo-
sition in endothelial cells in static culture and in vivo (naturally flow-adapted)
respectively. Mitochondria in naturally flow-adapted pulmonary precapillary
endothelial cells in intact rat lung exhibit a paucity of mitochondria, all with an
apparent perinuclear distribution. Average mitochondrial diameter of the flow-
adapted cells is approximately 0.5 μm. (Figure 7.3).

Figure 7.3. Intact organ fluorescence imaging of endothelial mitochondria in a subpleural
pulmonary precapillary vessel in the rat lung. Isolated rat lung was perfused with 100 nM
MitoTracker Green FM for 30 min and then the dye was washed out. Images of endothelial
cell mitochondria in situ were acquired by transpleural imaging of the perfused lung with
a 60x objective and Hamamatsu ORCA 100 ER digital camera using a Nikon 2000-TE
microscope. Mitochondria appear as dots and thread and are located perinuclearally.



176 A.-B. Al-Mehdi

Figure 7.4. Mitochondria in pulmonary microvascular endothelial cells were labeled
with 100 nM Mitotracker Red 633, and then stacks of z-axis images were acquired at
0.5 μm intervals. A single projection from a 3-D reconstructed image was obtained after
PSF-based deconvolution using MetaMorph (Molecular Devices, Inc) software.

In contrast to the endothelial cells in situ which contain a few mitochondria,
rat pulmonary microvascular endothelial cells in static culture contain numerous
mitochondria per cell with different shapes and sizes, which are scattered
throughout the cytoplasm (Figure 7.5). However, when pulmonary microvas-
cular cells were cultured in vitro under 20 dyn/cm2 shear-stress for 24 h, the
cells assume the phenotype seen under in vivo flow. The mitochondria gradually
acquire spherical shape, and after an initial increase, their velocity diminishes
(Figure 7.6). These alterations indicate that the mitochondria may be an important
site of mechanotransduction. This idea is also supported by the observation that
disruption of microtubules, which interferes with mechanotransduction, prevents
the maintenance of mitochondrial shape and structure (Figure 7.7). They remain
straighter. This pattern of microtubule changes may alter the pattern of mitochon-
drial movement under flow, with the mitochondrial translocation being more
restrictive when the microtubules assume the loop configuration (Figure 7.8).

Kudo et al. (2000) have shown that endogenous ATP content increases 70%
with acute imposition of shear-stress on statically cultured cells (Kudo et al.
2000). When endothelial cells were adapted first to 12 h of flow at 10 dynes/cm2
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Figure 7.5. Mitochondria in a
pulmonary microvascular endothelial
cell were labeled with 100 nM
MitoTracker Green FM for 30 min
and then the dye was washed out.
Images were acquired with a 100x
objective and Hamamatsu ORCA
100 ER digital camera using a
Nikon 2000-TE microscope.
Numerous mitochondria appear as
elongated threads. The picture was
acquired with a monochrome
camera, therefore, no pseudocolor
rendition was obtained.

Figure 7.6. Reduction in mitochondrial number and other morphological changes in a
pulmonary microvascular endothelial cell under flow. Cells were plated on coverslips and
subjected to 20 dyn/cm2 for up to 24 h in a parallel plate chamber. Pictures were taken
after 2 h (left panel), 6 h (middle), and 24 h (right). Shape changes and gradual decrease
in mitochondrial mass is observed with flow-adaptation. Labeling was with MitoTracker
Green. The picture was acquired with a monochrome camera, therefore, no pseudocolor
rendition was obtained.

Figure 7.7. Colchicine treatment led to disruption of mitochondrial structure and hazy
labeling with MitoTracker Red 633, indicating loss of mitochondrial membrane integrity
(bottom right). The picture was acquired with a monochrome camera, therefore, no
pseudocolor rendition was obtained.
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Figure 7.8. Endothelial cells from rat pulmonary microvasculature (left panel) and
pulmonary artery (right panel) were plated on coverslips and subjected to 20 dyn/cm2 for
3 h in a parallel plate chamber. Microtubules were stained with Oregon Green paclitaxel
and mitochondria with MitoTracker Red 633.

in a dual-chamber parallel plate flow chamber, and then subjected to 6 h of
non-hypoxic flow-cessation, ATP generation increased compared with statically
cultured cells (Control, Figure 7.9). Hyperpolarization of mitochondria with
flow-cessation (Figure 7.1) is compatible with the increased ATP generation.
Twenty-four hour of flow-adaptation led to significant decrease in intracellular
ATP levels compared to control (Figure 7.9).
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Figure 7.9. ATP generation with flow-adaptation and flow-cessation in pulmonary artery
endothelial cells. Control: statically cultured cells; Flow-adapted: 24 h flow-adaptation
at 10 dynes/cm2; Flow-cessation: 6 h flow-cessation following a 12 h flow-adaptation
period.
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7.3. Conclusions

While the importance of mechanical forces, including shear-stress, in a variety of
human diseases is now recognized, organellar mechanosensing has only begun
to receive some attention. The mitochondrial responses to mechanical forces
are distinct from the general cellular responses because of their specific role in
ATP generation, Ca2+ homeostasis, apoptosis, aging, atherogenesis, and interme-
diary metabolism. Although the downstream pathways of shear-stress-induced
cell signaling appear to mimic a ligand-receptor-second messenger model, the
nature of the mechanosensor still remains unknown. Despite the recognized
role of a shear-stress response element (the GAGACC SSRE) in flow regulated
genes, the mechanism of flow regulation of transcription factors that bind to
the SSRE is an area of speculation. Future studies that define the organellar
mechanosensors, mechanotransduction pathways, and characterize the nature of
pathogenetic mechanostimuli, might be helpful in the prevention of vascular
disease.
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Formation of Reactive Oxygen Species
in Mitochondria

Julio F. Turrens

8.1. Mitochondrial Sources of Reactive Oxygen Species

Living organisms obtain energy from the oxidation of various biomolecules,
including carbohydrates, lipids and the carbon skeletons of amino acids. Under
aerobic conditions, the reducing coenzymes produced during these reactions are
re-oxidized in the electron transport chain, transferring electrons to molecular
oxygen (E°= +800 mV) through a series of electron carriers in the respiratory
chain. This electrochemical energy is converted into a proton gradient which, in
turn, operates a rotor-type enzymatic complex (ATP synthase or Complex V),
inducing conformational changes which cause ADP and inorganic phosphate to
bind to the active site and ATP to be released (Noji and Yoshida 2001).

Although most biological oxidations involve removal of electron pairs, the
electronic configuration of the outer layer of molecular oxygen prevents it from
accepting more than one electron at a time. Thus, the complete reduction of
oxygen to water at the end of the respiratory chain must occur as a series
of four monovalent steps. Two of the partially reduced intermediates formed
in this process, superoxide anion and hydrogen peroxide, are quite stable and
eventually may become substrates in other redox reactions instead of continuing
their reduction to water. Although the terminal electron carrier in the respi-
ratory chain, cytochrome oxidase, retains all partially reduced intermediates
until oxygen is completely reduced to water, other redox centers in the respi-
ratory chain thermodynamically capable of reducing oxygen to superoxide anion
(E°= +310 mV) may divert some electrons towards the formation of this radical.
The resulting superoxide anion, in turn, may dismute (spontaneously or enzymat-
ically) producing hydrogen peroxide. It has been estimated that the proportion of
oxygen utilized in the production of these partially reduced species may account
for up to 1–2% of the total oxygen used in the respiratory chain.

Two main factors control the rate of mitochondrial superoxide formation:
oxygen concentration and the rate of electron flow. As electron carriers in the
respiratory chain become more reduced (for example, in the absence of ADP to
phosphorylate) their actual reduction potential becomes more negative favoring
superoxide anion formation at sites different from the terminal oxidase. Similarly,
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in the presence of inhibitors of the electron transport chain, some (not all)
electron carriers reduce oxygen to superoxide anion at a faster rate.

Various mitochondrial electron carriers reduce molecular oxygen to superoxide
anion on both sides of the inner mitochondrial membrane (Lenaz 2001; Turrens
2003) Some of the sources include most of the sites of electron entry: Complex
I (NADH dehydrogenase, Turrens and Boveris 1980; Turrens 2003), Complex
II (succinate dehydrogenase, Lenaz 2001), glycerol-phosphate dehydrogenase
(Lenaz 2001) and Complex III (ubiquinol-cytochrome c reductase, Cadenas et al.
1977; Turrens et al. 1985; Turrens 2003; Muller et al. 2004). Most of the
superoxide produced by Complex III results from the reaction between molecular
oxygen and ubisemiquinone produced during the Q-cycle, a reaction that occurs
on both sides of the inner mitochondrial membrane (Muller et al. 2004). While
most of the superoxide will eventually be converted into hydrogen peroxide by
two different superoxide dismutases, part of the superoxide released into the
inter-membrane space directly reacts with cytochrome c and it is reoxidized to
molecular oxygen (see below). The resulting reduced cytochrome c is, in turn,
reoxidized by Complex IV, thus contributing energy for ATP production.

Ubisemiquinone formation in Complex III requires one of the two electrons
in ubiquinol to be transferred through cytochrome c to the terminal oxidase
(Complex IV). Therefore, this reaction is inhibited by cyanide and other
cytochrome oxidase inhibitors (Turrens et al. 1985; Turrens 2003). This fact
is sometimes overlooked by investigators not familiar with the Q-cycle, who
tend to think that because inhibition of Complex IV increases the steady
state reduction level of all respiratory components, superoxide formation in
Complex III should also increase. In summary, inhibitors blocking cytochrome
b, like antimycin, stimulate superoxide formation in Complex III while inhibitors
blocking ubiquinol oxidation (myxothiazol, cyanide, and carbon monoxide)
inhibit this process. Yet, all these inhibitors stimulate superoxide formation
in Complex I, because they all cause this complex to be fully reduced. The
contribution of each mitochondrial complex to the intracellular steady state
concentration of hydrogen peroxide varies from tissue to tissue, depending on
the relative stoichiometry among the various respiratory components.

It is not clear which of the many redox centers found in Complex I is respon-
sible for superoxide formation. The proposed sources of reactive oxygen species
(ROS) include two iron-sulfur centers that are part of the Complex (either N2
(Genova et al. 2001) or N1a (Kushnareva et al. 2002) as well as the semiquinone
form of FMN, the prosthetic group of NADH-dehydrogenase (Vinogradov and
Grivennikova 2005). Although center N1a has a very low reduction potential
(-370 mV) and does not participate in electron transport within Complex I,
it has been proposed that it may act as a sink of electrons when Complex I
becomes highly reduced, preventing the autoxidation of FMN (Hinshliffe and
Sazanov 2005). This model would also explain the observation that Complex I
becomes a significant source of superoxide anion in the presence of mitochon-
drial inhibitors (for example, rotenone, antimycin, Turrens and Boveris 1980,
Turrens et al. 1982a).
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The enzyme dihydroorotate dehydrogenase is another respiratory component
capable of producing superoxide anion although its contribution is less important
given the very specific role of this enzyme in pyridine metabolism (Forman and
Kennedy 1976; Lenaz 2001).

In addition to the respiratory chain complexes mentioned above, several other
mitochondrial oxidoreductases can also transfer electrons directly to oxygen,
producing superoxide anion. One of these enzymes, monoamino oxidase, is
located in the outer mitochondrial membrane of many tissues and catalyzes the
oxidative deamination of various amines. In some tissues such as the nervous
system, this reaction contributes substantially to the intracellular steady state
concentration of hydrogen peroxide (Cohen et al. 1997).

Recent studies have shown that the �-ketoglutarate dehydrogenase complex
also produce ROS, but in this case the rate of hydrogen peroxide production by
this system depends on the NADH/NAD ratio (Tretter and Adam-Vizi 2004).
Another study has shown that both �-ketoglutarate and pyruvate dehydrogenase
complexes can produce ROS, and proposed that the flavoprotein dihydrolipoyl
dehydrogenase, one of the enzymes common to both complexes, is responsible
for this activity (Starkov et al. 2004).

The �-ketoglutarate dehydrogenase complex is not only a source of ROS but
also a target. Tretter and Adam-Vizi (2000) also showed that this complex was
inhibited by hydrogen peroxide and proposed that the physiological role of this
reversible process could be to decrease the supply of NADH to the respiratory
chain when the steady state concentration of hydrogen peroxide starts to increase,
thus decreasing the source of electrons for ROS formation. It was later shown
that the reversible inhibition of this complex resulted from the covalent binding
of glutathionyl groups to critical sulfhydryl groups in the protein, and that this
process could be reverted by the action of a recently identified mitochondrial
glutaredoxin (Nulton-Persson and Szweda 2003).

In addition to all the mitochondrial sources of reactive oxygen species described
above, some of the mitochondrial redox centers may transfer electrons to
various xenobiotics, which in turn may react with oxygen generating superoxide
anion. As an example, the antitumor agent doxorubicin may accept electrons
from the mitochondrial Complex I, causing cardiotoxicity (Kotamraju et al. 2004).

8.2. Relative Reactivity of Various Reactive Oxygen
Species

How reactive or toxic are these ROS? Many investigators new to the field tend
to assume that the term ROS involves a series of highly reactive oxidants. Yet,
not all these species are equally reactive. It is important to determine which
are the species produced in every case before proposing any models to explain
experimental observations (Figure 8.1).

Superoxide anion is the product resulting from the monovalent reduction of
oxygen. Although superoxide is not a powerful oxidant, it plays a major role
in oxidative stress through three different reactions. First, superoxide dismutes
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Figure 8.1. Intracellular sources of ROS and antioxidant defenses. The main ROS
produced in biological systems is superoxide anion. This radical can dismute to hydrogen
peroxide which, in turn, may be reduced to water by various peroxidases (catalase,
glutathione (GSH) peroxidase (Px) and peroxiredoxins. Unless superoxide anion is elimi-
nated, it may reduce transition metals and these transition metals in turn may catalyze the
formation of hydroxyl radical (· OH) a very powerful oxidant. Superoxide may also react
with nitric oxide to generate peroxynitrite, another strong oxidant. These strong oxidants
are not eliminated by enzymes but rather quenched by low molecular weight scavengers
such as vitamin E and ubiquinone.

spontaneously or through the reaction catalyzed by superoxide dismutase,
producing hydrogen peroxide and oxygen. Hydrogen peroxide may further react
with reduced transition metals through a Fenton reaction, producing hydroxyl
radicals, one of the most powerful oxidants in nature. Superoxide also plays a
direct role in this reaction as a reductant for transition metals, in particular iron.
Moreover, superoxide may also reduce ferric iron bound to ferritin, the protein
responsible for intracellular iron storage, increasing the pool of available iron for
these reactions. Finally, superoxide anion is also a precursor of peroxynitrite, a
third ubiquitous oxidant produced as a result of the diffusion-controlled reaction
between superoxide and nitric oxide. Nitric oxide is produced from arginine by
a group of enzymes known as nitric oxide synthases or NOS. Two independent
laboratories identified one of these isozymes in the mitochondrial matrix (Giulivi
et al. 1998; Richter et al. 1999). This oxidant, sometimes considered a “reactive
nitrogen species”, is both an oxidant and a nitrating species which has been
linked to a various pathological processes (Skinner et al. 1997).

8.3. Mitochondrial Antioxidant Defenses

The relative rates of ROS production and decomposition determine their steady
state concentration and, ultimately, their potential to cause tissue injury. Whether
enzymes or low molecular weight antioxidants are responsible for the elimination
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of ROS depends on the reactivity of each specific ROS toward biomolecules.
The elimination of strong oxidants (singlet oxygen and hydroxyl radical) is
a non-enzymatic process since these oxidants react indiscriminately with any
biological molecule, including proteins. Instead, strong oxidants are eliminated
through direct reactions with small molecular weight antioxidants (for example,
vitamin E, vitamin C and ubiquinone (Beyer 1994)). Less reactive species (super-
oxide anion, hydrogen peroxide and hydroperoxides) are eliminated by specific
enzymes (Figure 8.1). The mitochondrion has its own set of enzymes and other
antioxidants, many of which are different from those catalyzing the same reaction
elsewhere in the cell.

Given the role of superoxide anion as a precursor of most oxidative reactions,
it is important that this species be kept at the lowest possible steady state concen-
tration. Superoxide is the substrate of various enzymes and proteins located in all
mitochondrial compartments. The mitochondrial matrix contains Mn-superoxide
dismutase (SOD-2), an enzyme of bacterial origin, which, like most mitochon-
drial proteins, is coded in the cell nucleus. This enzyme can be induced by a
variety of cellular stresses including hypoxia (Sjostrom and Crapo 1981; Privale
et al. 1989), hyperoxia (Clerck et al. 1998), radiation (Oberley et al. 1987),
interleukins (Das et al. 1995) and many more forms of stress (MacMillan-Crow
and Cruthirds et al. 2001).

The intermembrane space contains the cytosolic isoform of superoxide
dismutase (Cu,Zn-SOD or SOD-1) (Okado-Matsumoto and Fridovich 2001). In
addition to SOD, cytochrome c, one of the respiratory chain electron carriers
located in the intermembrane space, provides a second line of protection against
superoxide anion produced in this compartment. In the oxidized form, this respi-
ratory chain electron carrier can oxidize superoxide anion, generating molecular
oxygen. As a result, in this unique scenario, superoxide anion returns the electron
to the respiratory chain, contributing to oxidative phosphorylation (Xu 2005).

Mitochondrial hydrogen peroxide and other peroxides are eliminated by a
group of enzymes called peroxidases. Glutathione peroxidases are a group
of selenium-containing proteins which reduce hydrogen peroxide and lipoper-
oxides at the expense of reduced glutathione, thereby acting as a hydrogen
donor (Ursini et al. 1995). The resulting oxidized glutathione is re-reduced by
glutathione reductase, using NADPH as a co-substrate. Mitochondria contain
various isoforms of this peroxidase with different specificity. The L-form of
phospholipid hydroperoxide glutathione peroxidase (PHGPx, an enzyme that
specifically reduces oxidized phospholipids in the membrane) contains the
N-terminus mitochondrial signal and is only found in this organelle (Imai and
Nakagawa 2003). It has been proposed that this enzyme plays an important role
in preventing apoptosis by blocking the release of cytochrome c in response to
the oxidation of cardiolipin (Imai and Nakagawa 2003).

Mitochondria also contain a second type of thiol-dependent small molecular
weight peroxidase, known as peroxiredoxin (Rhee et al. 2001). This enzyme
decomposes hydrogen peroxide using a different type of thiol-containing
hydrogen donor, known as thioredoxin (Rhee et al. 2001). The predominant
peroxiredoxins found in mitochondria are peroxiredoxin-III and V, the latter also
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found in other organelles (Chang et al., 2004; Banmayer et al. 2005). Catalase, a
peroxidase normally found in peroxisomes of most cells and in the cytoplasm of
erythrocytes is also found in the matrix of heart mitochondria (Radi et al. 1991)
but it is absent in mitochondria from all other tissues tested, including skeletal
muscle (Phung et al. 1994).

Some mitochondrial coenzymes involved in various metabolic processes
also serve as low molecular weight antioxidants. For example, ubiquinone
(coenzyme Q), the quinone responsible for carrying electrons between various
dehydrogenases and Complex III, is both a source and a scavenger of ROS,
depending on other metabolic conditions (Beyer 1994). Lipoic acid, a coenzyme
in the dihydrolipoyl transacylase component of both pyruvate and �-ketoglutarate
dehydrogenase complexes, is not only responsible for transferring acetyl or
succinyl groups to Coenzyme A, but also is a source of free sulfhydryl groups
that may act as free radical scavengers. Similarly, reduced glutathione acts as
a direct scavenger of hydroxyl radicals in addition to its role as the hydrogen
donor for glutathione peroxidase. Finally, mitochondria contain vitamin E whose
exclusive role is to terminate the chain of free radical-dependent reactions within
membranes (Cooper and Shapira 2003; Fariss et al. 2005).

8.4. Physiological and Pathological Scenarios Associated
with Mitochondrial Reactive Oxygen Species Metabolism

8.4.1. Metal-Mediated Pathology

Oxidative stress is a result of either an increased formation of ROS or limited
antioxidant defenses, since both processes are responsible for the steady state
concentration of ROS. The two most common processes leading to an increased
ROS formation in mitochondria are: a) inhibition of electron flow in the respi-
ratory chain, thus increasing the reduction level of electron carriers that transfer
one electron to oxygen and b) increased redox cycling by xenobiotics or metals
that may catalyze or propagate free radical formation. In many cases, the
increased mitochondrial oxidative cascade triggers an opening of the perme-
ability transition pore, allowing cytochrome c to be released into the cytoplasm,
starting the process of apoptosis. This topic is discussed elsewhere in this book.

An increased mitochondrial steady concentration of reactive oxygen species
plays an important role in various genetic diseases. For example, Friedreich’s
ataxia is associated with a genetic deficiency in a nuclear encoded protein
(frataxin), whose function is not clear but appears to be involved in mitochondrial
iron metabolism (Shapira 2002; Cooper and Shapira 2003). This mutation alters
the assembly of iron sulfur proteins (important prosthetic groups in Complex
I, II and III as well as in the enzyme fumarase in the Krebs’ cycle) inhibiting
respiration. Moreover, the pool of available free iron is also increased, providing
a catalyst for the formation of hydroxyl radicals through a Fenton-type reaction
with hydrogen peroxide.
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Similarly, Wilson disease affects copper homeostasis and increases the
availability of free copper that may catalyze lipid peroxidation while inhibiting
cytochrome oxidase, the terminal component in the respiratory chain which
contains two copper atoms (Shapira 2002).

8.4.2. Diabetes and Parkinson’s Disease

In recent years several research groups have proposed a role of mitochon-
drial ROS formation in relatively more common diseases such as diabetes or
Parkinson’s disease. In the case of diabetes, hyperglycemia has been associated
with oxidative stress through a complex process that includes protein kinase
C activation, cytochrome c release and apoptosis (Ye et al. 2004; Fariss et al.
2005). There are also rare cases of diabetes that appear to be triggered by a
mitochondrial DNA mutation of the leucine tRNA, but in this case the correlation
between mutation and disease is not clear since mutations in other mitochondrial
tRNAs are not linked to diabetes (Maasen et al. 2005).

In the case of Parkinson’s disease, various studies have shown an increase
in mitochondrial ROS formation by Complex I as one of the initial
steps leading to this disease. One of the most common animal models of
Parkinson’s disease involves exposing rodents to MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine), a toxic compound that is first metabolized to MPP+

(1-Methyl-4-phenylpyridinium) which in turn inhibits the respiratory chain at the
level of Complex I. This hypothesis is further supported by the fact that chronic
exposure to small concentrations of rotenone, a Complex I inhibitor, also causes
destruction of the substantia nigra, and has recently been developed as another
animal model for Parkinson’s disease (Shapira et al. 1993; Trojanowski 2003;
Sherer et al. 2003). In addition to Complex I, ROS produced by monoamine
oxidase have also been implicated in the pathogenesis of Parkinson’s disease
(Cohen et al. 1997).

8.4.3. Hyperoxia and Hypoxia

As mentioned above, oxygen concentration plays a central role in the rate ROS
formation as most of these reactions are non-enzymatic and are controlled by
mass action. In studies carried out almost 25 years ago, we showed that the
formation of superoxide by the respiratory chain was linearly dependent on
oxygen concentration (Turrens et al. 1982a). Similarly, the release of hydrogen
peroxide from intact mitochondria increased with oxygen concentration, yet
exhibited a biphasic behavior. Between 0 and 60% oxygen, the rate of hydrogen
peroxide production increased linearly with pO2 but between 60% and 100%
oxygen, the rate of release, although linear, showed a steeper slope suggesting
that the intramitochondrial antioxidant defenses were overwhelmed (Turrens
et al. 1982b). This result was very interesting because it correlated with the
histological observation that oxygen causes structural damage to the lungs at
pO2 higher than 60% (Crapo et al. 1983).
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All tissues are damaged by exposure to hyperoxic conditions. Under
normobaric hyperoxic conditions, only tissues directly exposed to atmospheric
oxygen such as the lungs (Pagano and Barazzone-Argiroffo 2003) and eyes
(Lucey and Dangman 1984) are injured, because the limited solubility of oxygen
in the plasma prevents other tissues from being exposed to high oxygen concen-
trations. Hyperbaric oxygen, however, causes more oxygen to be dissolved in the
plasma, resulting in toxic oxygen concentrations in peripheral tissues. Prolonged
exposure to hyperbaric oxygen causes convulsions resulting from brain damage
(Gershman et al. 1954).

It has been proposed that hypoxia is also associated with increased formation of
ROS (Schumacker 2002). It is difficult to propose a simple mechanism to connect
hypoxia with oxidative stress, since the main substrate for the process, oxygen,
is also the limiting species. Different scenarios may contribute to ROS formation
under hypoxic conditions. For example, nitric oxide formation triggered by
hypoxia may inhibit electron flow in the electron transport chain, increasing
the reduction state of some respiratory components (Poderoso et al. 1999). Part
of the process may involve the induction of critical proteins triggered by the
activation of hypoxia inducible factors (HIF), which control the expression of
various glycolytic enzymes and other intracellular signaling factors (Semenza
2001; Semenza 2002).

8.5. Mitochondrial Oxidative Stress and Aging

Aging is a complex phenomenon likely to be caused by a variety of independent
processes. Several studies have implicated the accumulation of damage resulting
from mitochondrial ROS as one of the main factors responsible for aging. One
of the earliest pieces of evidence came from studies carried out in Bruce Ames’
laboratory showing that the age-dependent accumulation of base modifications
in mitochondrial DNA vastly exceeds the rate of base modification in nuclear
DNA (Richter et al. 1988). In a recent study using single molecule PCR of
mitochondrial DNA the authors showed that aged human substantia nigra neurons
present a substantial amount of deletions. These deletions were more abundant in
cytochrome oxidase-deficient neurons, suggesting that they may be responsible
for inhibition of respiration (Kraytsberg et al. 2006).

Sohal and collaborators in the late 80s and early 90s, also showed that the rate
of hydrogen peroxide formation in mitochondria increases with age (Sohal and
Sohal 1991) providing a mechanism to explain, at least in part, the correlation
between oxidized DNA bases and aging described by Ames.

In another interesting study using MnSOD knock-out transgenic animals, the
investigators showed that heterozygous mutants showed the same mitochondrial
defects (including opening of the permeability transition pore and apoptosis)
as the normal animals, but at a much earlier age (Kokoszca et al. 2001). In
other words, the increased mitochondrial steady state concentration of superoxide
resulting from MnSOD deficiency is associated with premature aging.
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In most mammalian species females live longer than males. Comparisons
in mitochondrial metabolism between female and male rats provided another
indirect piece of evidence connecting ROS formation in mitochondria with aging.
Mitochondria isolated from female rats released hydrogen peroxide at half the
rate as the same organelles isolated from males, due in part to increased activ-
ities of antioxidant enzymes in the mitochondrial matrix. The lower rate of
mitochondrial ROS formation in females was estrogen dependent, and increased
to the same level as in males in ovariectomized animals (Sastre et al. 2002).
By using pharmacological inhibitors of signaling pathways the authors showed
that these differences were estrogen-dependent, caused by an upregulation of
antioxidant enzymes (Mn-SOD and glutathione peroxidase) via the activation of
MAP kinases and NF-�B (Viña et al. 2005).

A recent study provided one of the most striking pieces of evidence in support
of this hypothesis. The investigators created transgenic mice overexpressing
catalase in the mitochondria by transfecting animals with a vector containing
the peptide signal for translocation into the mitochondrion. Increased expression
of catalase in the mitochondrial matrix (an enzyme that is not normally in this
organelle) correlated with an average of 5-month increase in the lifespan of mice,
which also correlated with decreased incidence of cataracts and other markers
of aging (Schriner et al. 2005).

8.6. Conclusions

The formation of superoxide anion and other ROS is an unavoidable consequence
of aerobic metabolism. Although the proportion of oxygen partially reduced to
ROS is relatively small, continuous production under normal and pathological
conditions leads to a variety of processes, ranging from aging to apoptosis and
disease.
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Reperfused Myocardium
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9.1. Introduction

The role of intramitochondrial free [Ca2+] ([Ca2+]m) in regulating energy
production in the heart is now well-accepted: An increase in [Ca2+]m, such as
occurs during increased workload or adrenaline release, activates the mitochon-
drial dehydrogenases to increase NADH and hence ATP production (reviewed
in (Hansford 1994; McCormack et al. 1990)). But [Ca2+]m could also potentially
regulate whole-cell cell Ca2+ signalling, by reducing the free [Ca2+] available
for contraction, or by ion channel regulation.

In addition to this physiological role, an increase in [Ca2+]m has long been
associated with the transition from reversible to irreversible injury during
ischaemia/reperfusion (Shen and Jennings 1972a; Shen and Jennings 1972b). It
has also been known for some time that Ca2+ uptake by mitochondria can, under
certain conditions, promote a non-specific increase in the permeability of the
inner mitochondrial membrane (Hunter et al. 1976) – later found to be inhibited
by cyclosporine A (Crompton et al. 1988), and referred to as the mitochondrial
permeability transition pore (MPTP). We now know the MPTP opens upon
reperfusion, but not ischaemia, of the heart (Griffiths and Halestrap 1995), and
plays a pivotal role in cell death by both necrosis and apoptosis (see the chapter
by Halestrap in this volume).

Thus understanding how [Ca2+]m is regulated is important in both normal and
pathological heart function. In this chapter, we will focus on recent developments
in the role of [Ca2+]m in energy production and Ca2+ signalling, the pathways
of mitochondrial Ca2+ transport during ischaemia/reperfusion (IR), and finally
the Ca2+ transporters as possible targets of therapeutic intervention.
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9.2. Physiological Role of Mitochondrial [Ca2+]

9.2.1. Mitochondrial Ca2+ Transport Pathways

The classical properties of these channels were derived mainly from studies
on isolated mitochondria (reviewed in (Gunter and Pfeiffer 1990; Nicholls and
Crompton 1980)): In summary, mitochondrial uptake occurs via a Ca2+-uniporter
(CaUP), and efflux via a Na+/Ca2+ exchanger (mNCX). An Na+-independent
pathway exists in non-excitable cells, such as hepatocytes, but there appears to
be no equivalent pathway in heart cells (Nicholls and Crompton 1980). The Ca2+

transporters of mitochondria are depicted schematically in Figure 9.1, which
also summarises the known inhibitors of the pathways: the CaUP is inhibited
by ruthenium red (RUR) (Moore 1971) and Ru360 (Ying et al. 1991), and the
mNCX by diltiazem, clonazepam, and CGP37157 (Cox et al. 1993; Cox and
Matlib 1993).

The kinetics of these channels in isolated mitochondria indicated that they
were too slow to play any role in intracellular Ca2+ signalling during excitation-
contraction (EC) coupling of the heart. The CaUP exhibits low affinity, high
capacity transport of Ca2+, whereas the mNCX has a much lower Vmax,
saturating at [Ca2+]m below 1μM. In fact, it was predicted that net Ca2+ influx
would occur only when external [Ca2+] rose above about 500 nM (Gunter and
Pfeiffer 1990; Nicholls and Crompton 1980), much higher than the resting,
diastolic cytosolic free [Ca2+] ([Ca2+]c) of 100-200 nM. This, together with the
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Figure 9.1. Pathways of mitochondria Ca2+ transport in the heart. The model depicts the
classical pathways of mitochondrial Ca2+ transport elucidated from studies on isolated
mitochondria (see text for details). The mitochondrial permeability transition pore (MPTP)
is not thought to play a role under normal physiological conditions. CaUP – the mitochon-
drial Ca2+-uniporter; mNCX – the mitochondrial Na+/Ca2+-exchanger.
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sigmoidal nature of mitochondrial Ca2+ uptake (in presence of physiological
[Mg2+]) suggested that the CaUP responded to a “weighted average” of [Ca2+]c;
and so systolic increases in [Ca2+]c (typically about 1 μM) would contribute
much more to mitochondrial Ca2+ uptake than diastolic [Ca2+]c (Miyata et al.
1991). However, later studies in intact (non-cardiac) cells indicated that in vivo,
the situation may be very different: mitochondria located in close proximity
to Ca2+-release channels on the endoplasmic reticulum (ER) are exposed to a
much higher level of [Ca2+] than those elsewhere in the cytosol (Rizzuto et al.
1992; Visch et al. 2004). These localised regions of high [Ca2+]c would therefore
overcome the problem of the low affinity of the CaUP for Ca2+, and possibly
give rise to more rapid uptake rates at physiological [Ca2+]c than those predicted
from the early studies on isolated mitochondria.

The driving force for Ca2+-uptake is provided by the mitochondrial membrane
potential (�� m), and so Ca2+ competes with ATP synthesis in using the proton
motive force generated by the respiratory chain. Although under physiological
conditions, any beat-to-beat changes in [Ca2+]m would not be expected to produce
a decrease in �� m sufficient to inhibit ATP synthesis (Nicholls and Crompton
1980), under pathological conditions, accumulation of large amounts of Ca2+

by mitochondria would firstly reduce ATP synthesis, and secondly induce the
MPTP. This is discussed further in section 9.3.

As well as taking into account their subcellular proximity to other organelles,
mitochondria from different areas of the cell may have intrinsic differences
in Ca2+ transport activity: for example, McMillin-Wood et al. found that
mitochondria isolated from interfibrillar regions of the myocyte had a greater
capacity for Ca2+ uptake than mitochondria isolated from subsarcolemmal
regions (McMillin-Wood et al. 1980). A separate study, using electron probe
microanalysis (EPMA) in adult myocytes, revealed more rapid increases in
[Ca2+]m in a population of sub-sarcolemmal mitochondria than in more central
mitochondria during cell contraction (Gallitelli et al. 1999). However, EPMA
only detects changes in total [Ca2+]m, and so does not reflect dynamic changes
in free [Ca2+]m that are relevant to the activation of intramitochondrial enzymes,
or that would play a role in EC coupling. Rates of mitochondrial Ca2+ uptake
may also differ between species (this is considered in more detail in the next
section), and between sexes; mitochondria isolated from male rat hearts were
found to have a higher rate of mitochondrial Ca2+ uptake than those from female
rats (Arieli et al. 2004).

But investigating the role of mitochondrial Ca2+ transport in the heart in situ
has been problematic due to the difficulties of measuring [Ca2+]m in living cells,
and due to the lack of specific inhibitors of the transporters. These areas are
discussed below.

9.2.2. [Ca2+]m and ATP Production
Early studies on isolated mitochondria showed that the main regulator of ATP
production was likely to be ADP (Chance and Williams 1956), so it seemed
probable that this parameter had to increase, and ATP levels fall, before
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any stimulation of respiration occurred (Brown 1992). However, studies using
31P-NMR in whole hearts showed that ATP levels were maintained during
increased workload (Katz et al. 1989), implicating alternative regulatory mecha-
nisms in the control of mitochondrial respiration. One such mechanism is
provided by Ca2+: in many mammalian cell types, changes in the free Ca2+

concentration in the mitochondrial matrix ([Ca2+]m), by agonists that increase
cytosolic free [Ca2+] ([Ca2+]c), stimulate ATP production by activating three
mitochondrial dehydrogenases (McCormack et al. 1990), and also possibly by
activating the F0F1ATPase (Lim et al. 2002; Territo et al. 2000).

The ability of [Ca2+]m to increase ATP on a rapid timescale, as would have
to occur in the heart to meet sudden changes in energy demand, has not been
investigated, and exactly how ATP supply and demand are so well-matched in
the heart remains controversial. This is at least partly due to the difficulties in
measuring free [Ca2+]m and ATP on a rapid timescale in living cells.

NAD(P)H levels have been measured in whole hearts (Heineman and Balaban
1993; Katz et al. 1987), myocytes (White and Wittenberg 1993) or trabeculae
(Brandes and Bers 1996) as an indirect indicator of increases in the rate of
ATP synthesis. Several studies have concluded that when cells or whole hearts
are excited with ultraviolet light, 90% of cellular autofluorecence originates
from NADH in mitochondria (Carry et al. 1989; Duchen and Biscoe 1992).
One problem with this view is that any change in oxygen tension will tend to
increase NAD(P)H due to inhibition of respiration (Balaban 2002). However,
in well-oxygenated hearts, no change in NADH was observed in response to
physiological increases in workload (Heineman and Balaban 1993). Additionally,
altering the substrate from glucose to pyruvate did increase NADH, and this
was associated with an increase in the ATP/ADP + Pi, and increases in O2

consumption (Scholz et al. 1995). However, although lactate gave the same
increase in NADH, there was no rise in ATP/ADP + Pi. So similar levels
of NADH were associated with different ATP/ADP + Pi, and so an increase
in NADH cannot be taken as an unambiguous indicator of increased ATP
production (Scholz et al. 1995).

In myocytes, conflicting results have been obtained as to whether NADH
changes upon rapid stimulation of cells – and increases, no change and decreases
have all been reported (Griffiths et al. 1997b; White and Wittenberg 1993;
White and Wittenberg 1995). In isolated trabeculae, NADH was more carefully
measured by using an internal reference that negated motion artifacts. When
the muscle strips were stimulated at 3Hz from rest, an initial drop in NADH
occurred within 5 sec, followed by an increase to the initial or higher levels
over 60 sec (Brandes and Bers 1997). However, under physiological conditions,
the heart is never likely to be subjected to such a sudden and steep increase in
energy demand (i.e. from rest to beating rapidly).

We have preliminary data suggesting that ATP levels in myocytes that are
already beating remain constant upon addition of an adrenergic agonist (to
produce an increase in contraction and hence ATP demand). This was done by
expressing luciferase in either the cytosolic or mitochondrial compartment of
adult rat myocytes. However, similar to the results using NADH measurements
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in trabeculae, if the myocytes were suddenly stimulated to beat rapidly from
rest, then an initial fall in [ATP] was observed followed by recover, over a
time-course that paralleled Ca2+ uptake by the mitochondria.

Unfortunately Ru360 and RuR did not appear to be cell-permeant in our hands,
and so we could not determine whether uptake of Ca2+ by mitochondria was
essential in maintaining a constant ATP supply.

9.2.3. Measurement of [Ca2+]m in Living Cells

The most common methods for continuously monitoring Ca2+ in living cells or
tissues have involved using fluorescent indicators (Tsien, 1980), such as fura-2
(Grynkiewicz et al. 1985), or luminescent proteins, such as aequorin (Ridgway
and Ashley 1967). But in order to measure [Ca2+] specifically in mitochondria,
several problems must be overcome: the dye or protein must be able to cross
the cell membrane but be retained within the cell, it must act as a reporter for
Ca2+ without significantly perturbing cell function, and it must be specifically
located to mitochondria. In single heart cells these problems have been partic-
ularly difficult to surmount: In order to localise fluorescent indicators to the
mitochondrial compartment, three approaches have been employed: a) loading
the indicator, e.g. indo-1, as the acetoxymethyl ester, which enters both cytosol
and mitochondria, and then quenching the cytosolic indo-1 fluorescence by super-
fusion with Mn2+(Miyata et al. 1991), b) manipulating loading conditions of the
indicator so that it predominantly loads into mitochondria (Griffiths et al. 1997a)
– for this a cold-warm loading protocol is used where cells are loaded with the
indicator at room temperature and then incubated for an extended period at 37oC,
which promotes loss of cytosolic indo-1 through sarcolemmal anion channels,
and c) use of indicators such as rhod-2 that should preferentially accumulate
into mitochondria of respiring cells due to the negative mitochondrial membrane
potential (�� m) (Trollinger et al. 1997).

The validity of all these techniques has been questioned to some extent: The
Mn2+-quench technique was subject to the main criticism that it was impossible
to be certain how much of the cytosolic indo-1 fluorescence had been quenched,
and also that Mn2+ might interfere with cell Ca2+ transport systems. Therefore
the second method, where cytosolic indo-1 is allowed to leave the cytosol via an
anion exchanger would seem more reliable, but again it is difficult to be certain
that all the cytosolic dye had been removed. However, both these techniques gave
identical results in adult rat cardiomyocytes, in that [Ca2+]m did not change during
a single contraction of the cell, but did increase significantly over tens of seconds
when cells were stimulated to beat rapidly in the presence of noradrenaline
(Griffiths et al. 1997a). The final method where the indicator should accumulate
in mitochondria due to their negative �� m is not that straightforward, since
incubation conditions again affect the distribution of the dye. Lemasters and
colleagues used rhod-2 and cold-warm loading conditions to localise the indicator
to the mitochondria of rabbit myocytes (Trollinger et al. 1997). The difference
that loading conditions make is highlighted in Figure 9.2, where we found that
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Figure 9.2. Neonatal and adult rat cardiomyocytes loaded with rhod-2. Myocytes were
loaded with rhod-2 (a Ca2+-sensitive fluorescent indicator) using different loading condi-
tions. Panels A and B – cells were loaded for 15 min at 37oC. Panels C and D – cells
were loaded at 4oC for 30 min followed by incubation at 37oC for 2 hours. The latter
procedure results in localisation of dye to the mitochondrial compartment only, whereas
in the former rhod-2 is distributed throughout the cell.

rhod-2 is localised to all regions of the cell under standard loading conditions at
37oC, but if the cold-warm procedure is followed, a characteristic mitochondrial
pattern results (Balaska and Griffiths, unpublished data).

A technique that has been successful in measuring [Ca2+]m in non-cardiac cells
is that of using the photoprotein aequorin targeted specifically to the mitochondria
(Rizzuto et al. 1992). This is achieved by fusing the cDNA for aequorin to
the leader sequence of cytochrome c oxidase subunit VIII. The construct also
expresses green fluorescent protein (GFP) for detecting cells that have been
successfully transfected. Robert et al (Robert et al. 2001) used this technique in
neonatal cardiomyocytes, where the “fugene” reagent was used to transfect cells
with the cDNA of the aequorin construct. They observed beat-to-beat changes in
[Ca2+]m using this method, and also used untargeted aequorin to measure [Ca2+]c.
The kinetics of mitochondrial Ca2+ transients were broadly similar to those of the
cytosol, although of a reduced amplitude. The aequorin appeared to be correctly
targeted to mitochondria, as evidence by immunolocalisation studies, and co-
release of aequorin and the mitochondrial marker enzyme, citrate synthase upon
cell permeabilisation with digitonin. Neither Ru360 nor ruthenium red could
be used in intact cells, but both were capable of inhibiting mitochondrial Ca2+

uptake in permeabilised cells. One limitation of this study is that only about 10%
of cells were transfected with aequorin, and single cell measurements could not
be performed.
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However adult cardiomyocytes cannot be transfected by reagents such as
fugene or lipofectin, and neither are they amenable to microinjection (Griffiths,
unpublished observations). So we made an adenovirus containing the aequorin
construct, targeted to either mitochondria or cytosol (mtAq and cAq, respec-
tively). This appears to be the only method currently for transfecting adult
cardiomyocytes. We found that in adult rat myocytes, [Ca2+]m did change during
a single cell contraction, but only when cells were exposed to high external
[Ca2+] (4mM), and isoproterenol (a �-adrenergic agonist) (Bell et al. 2004). But
the level of aequorin expression achieved was insufficient to be detected in a
single cell, at least for the mtAq construct.

The most recent group of compounds to be used for measuring mitochon-
drial Ca2+ are those based on Ca2+-sensitive derivatives of green fluorescent
protein (Pozzan et al. 2003). These have the advantage that they can be
engineered as ratiometric probes, and can, in theory, be targeted to any subcell-
ular compartment. However, these are not without problems, especially in terms
of correct targeting to mitochondria. Pozzan’s group recently compared a variety
of fluorescent proteins, and found that the amount successfully targeted to
mitochondria varied considerably, with between 10 and 35% of the protein
mistargeted (Filippin et al. 2005). The most efficient targeting was achieved,
somewhat bizarrely, using a cDNA of a GFP-based protein fused with a double
leader-sequence of cytochrome c oxidase. This yellow cameleon (YC) is a FRET-
based Ca2+ indicator (it is excited by one wavelength and Ca2+ binding causes
opposite effects at two emission wavelengths) and is an ideal ratiometric indicator
for confocal microscopy and in particular for two-photon confocal microscopy
techniques. However, even in this YC 10% of the aequorin was mistargeted.
Also, if the targeting sequence of any of the probes was not removed from inside
the mitochondria, the fluorescent properties were “grossly” affected (Filippin
et al. 2005).

So none of the techniques currently available is without problems, and although
the GFP-based proteins would seem to give the best results in terms of mitochon-
drial targeting and being fluorescent and ratiometric, at present at least 10%
of signal is mistargeted and non-mitochondrial. Also, the GFP-based proteins
still have to be expressed in adult myocytes using a virus; so they are not
straightforward to use, and time consuming to make. At present, the fluorescent
indicators such as rhod-2, fura-2 or indo-1 still seem the best way forward given
that they can be used in single cells, can be localised to mitochondria providing
correct loading protocols are followed, and can be detected using relatively
simple photometry (as well as imaging if desired).

9.2.4. Role of [Ca2+]m in Whole-Cell Ca2+-Signalling

9.2.4.1. Beat-To-Beat Changes in [Ca2+]m?

In addition to their role in transmitting changes in [Ca2+]c to the mitochondrial
matrix to bring about increases in ATP supply, mitochondria have the potential
to act as local buffering systems, modulating local [Ca2+]c, and so regulating
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Ca2+-dependent processes (Jacobson and Duchen 2004). But in order to play
any role in EC coupling in the heart, the mitochondrial Ca2+ transporters must
be able to respond on a millisecond timescale to changes in [Ca2+]c. Initially,
predictions from isolated mitochondria were against this (as discussed above).
And studies of ours and others on isolated rat, cat and ferret myocytes agreed
with this prediction, i.e. that [Ca2+]m did not change during a single contraction
of the cell, but rather increased over tens of seconds (Griffiths et al. 1997a;
Miyata et al. 1991; Zhou et al. 1998). Since this was still rapid enough to allow
increased synthesis of ATP upon an increased demand, it fitted nicely with the
original predictions based on isolated mitochondrial studies; that the role of the
mitochondrial Ca2+ transporters is to convey changes in [Ca2+]c brought about
by increased workload adrenaline-stimulation to the mitochondrial matrix, and
hence increase ATP synthesis by activating the dehydrogenases (McCormack
et al., 1990).

However, results using different indicators, and different species, have varied;
subsequent to the studies described above, we found that mitochondrial Ca2+

transients did occur on a beat-to-beat basis in guinea-pig myocytes (using indo-
1 and the cold-warm mitochondrial loading procedure) (Griffiths 1999b), in
contrast to our previous observations in rat myocytes (Griffiths et al. 1997a).
Similar observations had previously been made on rabbit myocytes, using either
fluo-3 or rhod-2 and confocal microscopy (Chacon et al. 1996; Trollinger et al.
1997).

We have very recently found, using targeted aequorin described above, that
[Ca2+]m can change on a beat-to-beat basis in adult rat cardiomyocytes, but only
when cells are stimulated under conditions of high extracelluar [Ca2+] (4mM,
compared with 1mM in previous studies) and in the presence of isoproterenol
(Bell et al. 2004). In neonatal cardiomyocytes, mitochondrial Ca2+ transients
have also been observed using targeted aequorin and the kinetics were broadly
similar to those observed in the cytosol (Robert et al. 2001). Thus, there appears
to be an emerging consensus that increases in [Ca2+]m can occur over timescales
relevant to energy production – and for these purposes it does not matter
whether the increase in [Ca2+]m occurs over a timescale of milliseconds or
seconds. Also, there are differences in Ca2+ transport systems, both between
species and during development. It is not yet known whether these differ-
ences are due to variations in the kinetics of the transporters themselves, or
in their subcellular location and interaction with other Ca2+ transport systems.
However, differences have been shown for other Ca2+ transporters, for example,
the contribution of the SR and sarcolemmal Ca2+ fluxes during EC coupling
varies both during development (Tibbits et al. 2002), and across species
(Bers 1991).

9.2.4.2. Use of Inhibitors of the Mitochondrial Ca2+ Transporters

To elucidate a role of the mitochondrial Ca2+ transporters in cell signalling,
in theory inhibitors of the transporters could be used. Two inhibitors of the
CaUP have been commonly used, firstly ruthenium red (RuR) and secondly
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Ru360 (a derivative of RuR). RuR is useful in isolated mitochondria, but in
intact cells and tissues, it also inhibits the SR Ca2+ release channel (ryanodine
receptor) (Gupta et al. 1989). Thus at low concentrations in both whole
hearts and isolated myocytes, RuR lowers [Ca2+]c (Griffiths 2000; Gupta
et al. 1988); an effect that indirectly affects [Ca2+]m. However, the effect
of RuR on [Ca2+]c is biphasic in that at higher concentrations, RuR causes
spontaneous contractions and eventually contracture, indicative of cytosolic
Ca2+ overload (Griffiths 2000; Gupta et al. 1988). The reason for this is not
known, but may include inhibition of respiration and ATP synthesis – this
has been shown in liver mitochondria (Vasington et al. 1972) – and would
indirectly increase [Ca2+]c by disrupting ion-controlling mechanisms. Also, RuR
is a polycation, and so could conceivably displace bound intracellular [Ca2+]
(Griffiths 2000).

Ru360, appears to be of more practical use since at concentrations up to 10 μM,
it appears to inhibit mitochondrial Ca2+ uptake (induced by cell depolarisation)
in intact myocytes without affecting SR Ca2+ transport, L-type Ca2+-channel,
or sarcolemmal NCX (Matlib et al. 1998). Unfortunately, in our hands Ru360
did not appear to enter either adult or neonatal rat cardiomyocytes, since it had
no effect on mitochondrial Ca2+ transients (Bell, Rutter, Griffiths, unpublished
data). A lack of effect on [Ca2+]m in neonatal rat myocytes was also reported
by Robert et al. (2001) But several other studies have now reported effects of
Ru360 on cellular Ca2+-handling. For example, Ru360 was found to reduce
the speed of Ca2+ waves in isolated rat cardiomyocytes in a similar manner
to thapsigargin (an inhibitor of SERCA) (Landgraf et al. 2004), suggesting
that blockade of mitochondrial Ca2+ uptake prolongs the cytosolic Ca2+ signal.
Ru360 also enhanced the duration of the cytosolic Ca2+ transient, though did
not affect its amplitude (Landgraf et al. 2004). Mitochondrial Ca2+ uptake
may also play a role in controlling Ca2+ fluxes across the sarcolemma by
L-type Ca2+-channels (Sanchez et al. 2001). Inhibiting CaUP by Ru360 reduced
the amplitude of cytosolic Ca2+ transients when cells were stimulated at a
frequency of 3 Hz, but not at 0.1 Hz. The authors suggested that mitochondria
played a role in sequestering Ca2+, and so removed Ca2+ -dependent inacti-
vation of L-type Ca2+ channels. A schematic diagram of how the mitochon-
drial Ca2+ transporters may interact with those of the SR and sarcolemma is
shown in Figure 9.3. In contrast to studies using rat myocytes, toxic effects
of Ru360 have been reported in one study in isolated mouse ventricular
myocytes, where Ru360 induced a dose-dependent rise in resting [Ca2+]c (signif-
icant at 1.0 μM), with contracture of myocytes occurring at = 10μM (Seguchi
et al. 2005).

As with RuR, the concentrations of Ru360 that have been used in whole
hearts appear to differ from those used in isolated myocytes. In isolated perfused
rat hearts, Ru360 had no effect on contractile function at < 5μM; above this
concentration, contractile force generation was depressed and resting tension
elevated (de Jesus Garcia-Rivas et al. 2005) – whether this was attributed to
mitochondrial or non-mitochondrial effects cannot be determined from this study.
Thus it is difficult to know whether inhibiting mitochondrial Ca2+ uptake in
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Figure 9.3. Schematic diagram of Ca2+ handling during normal excitation-contraction
coupling in the heart, showing putative role of the mitochondrial Ca2+ transporters.
1. Voltage-dependent L-type Ca2+-channels.
2. SR Ca2+ release pathway (ryanodine receptor).
3. SR Ca2+ uptake pathway (SERCA ATPase)
4. Sarcolemmal Na+/Ca2+ exchanger (NCX)
5. Sarcolemmal Ca2+-ATPase (Ca2+ efflux)
6. Mitochondria Ca2+-uniporter (CaUP)
7. Mitochondrial Na+/Ca2+ exchanger (mNCX)
8-10. Possible routes of Ca2+ movement between L-type Ca2+-channels, SR efflux and
uptake pathways, and sarcolemmal Ca2+-efflux pathways.

a normal beating heart has any detrimental effect, although it is tempting to
speculate that partial inhibition of mitochondrial Ca2+ uptake achieved by low
concentrations of Ru360 has no adverse effect, whereas total inhibition, which
would occur when using concentrations > 5μM, depresses cardiac function. Even
a partial inhibition of CaUP may have a deleterious effect if the heart were
stimulated with adrenaline and/or subjected to increased workload, assuming
that an increase in [Ca2+]m under these conditions was essential for increasing
ATP supply. However, to the best of our knowledge, this type of experiment has
yet to be attempted.

Similarly, use of inhibitors of the mNCX in intact cells and hearts is not
without problems: of the 3 inhibitors that are effective in isolated mitochondria,
namely diltiazem, clonazepam and CGP37157, we found only clonazepam to
be effective in rat myocytes (Griffiths et al. 1997b). Diltiazem cannot be used
because of its effects on L-type Ca2+-channels, and we found that CGP37157
had variable effects on myocyte contractility and [Ca2+]m, possibly suggesting
problems with cell permeability, or a non-mitochondrial effect, as in neuronal
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cells where CGP37157 was reported to inhibit voltage-gated Ca2+ channels
(Baron and Thayer 1997). Clonazepam could be used as a relatively specific
inhibitor of mNCX in adult rat myocytes, and at concentrations up to 100 μM
had no significant effect on normal myocytes contraction or the cytosolic Ca2+

transient (Griffiths et al., 1997b). However, in adult guinea-pig myocytes, and in
neonatal rat myocytes, clonazepam totally inhibited contraction (Bell & Griffiths,
unpublished observations). A likely explanation for this is that clonazepam at
these concentrations inhibits the sarcolemmal NCX, which is known to contribute
to a much greater extent to Ca2+ removal from the cytosol during normal EC
coupling in these cell types: in adult rat cells the SR accounts for over 95% of
cytosolic Ca2+ removal (Bers 1991), so any effect of clonazepam on the NCX
in these cells would go unnoticed.

9.2.5. Is There More than One Pathway for Ca2+ Influx?

Whereas for many years there was thought to only be one Ca2+-uptake pathway
in mitochondria – the classical CaUP – more recently the existence of a rapid
uptake mode (RAM) has been proposed (Buntinas et al. 2001; Sparagna et al.
1995). However, whether this represented a separate pathway or different state
of the CaUP is unclear. Neither is it obvious how this pathway is reconciled with
the original studies on isolated mitochondria, indicating that, although the CaUP
can take up large amounts of Ca2+, uptake is relatively slow. Another recent
finding proposed the existence of a ryanodine receptor in the mitochondrial
membrane (mRyR) (Beutner et al. 2001; Beutner et al. 2005); this appears to
allow rapid uptake of Ca2+ at relatively low concentrations, and so could account
for physiological beat-to-beat Ca2+ uptake. Since this pathway is inhibited as
external [Ca2+] increases, it could have easily been missed in earlier studies
on isolated mitochondria, the majority of which used relatively high external
[Ca2+], and indicators that were not sensitive to sub-micromolar [Ca2+]. The
authors suggest that as the ryanodine-sensitive pathway becomes inhibited, the
classical CaUP takes over and accounts for mitochondrial Ca2+ uptake at higher
external [Ca2+], and so would be the more pathologically relevant one (Beutner
et al. 2005). These authors also found that ryanodine at concentrations of 2–
20 μM could inhibit large-amplitude swelling of mitochondria, a measure of
MPTP opening (Beutner et al. 2005). < 2 μM ryanodine enhanced swelling,
which was in agreement with its effects on the RyR-1 channel of skeletal
muscle i.e. that at lower concentrations ryanodine activates the channel. It is
still unclear as to whether the mRyR is the same as the CaUP – they are both
inhibited by RuR and Mg2+, suggesting they may be the same channel. But
having two separate pathways is an attractive hypothesis, and would explain
many of the controversies or discrepancies in results to date. For example, Ca2+

transients occur in adult guinea-pig and neonatal rat myocytes, but not in adult
rat myocytes. Although highly speculative at present, a different expression of
the Ca2+ transport pathways between species, and/or stage of development, could
explain these results.



208 E J. Griffiths, C.J. Bell, D. Balaska and G.A. Rutter

9.3. Role of Mitochondrial Ca2+ in Ischaemia/
Reperfusion Injury

9.3.1. Alterations in [Ca2+]m During Ischaemia/
Reperfusion and Hypoxia/Reoxygenation Injury.
Mitochondria have the capacity to take up huge amounts of Ca2+ (Gunter
and Pfeiffer 1990; Nicholls and Crompton 1980) and thus could potentially
remove toxic levels of Ca2+ from the cytosol. Unfortunately, such accumu-
lation of Ca2+ can eventually damage mitochondria both by competing for ATP
production and more importantly by inducing the mitochondrial permeability
transition pore (MPTP). It has been known for many years that Ca2+-induced
mitochondrial dysfunction during ischaemia is associated with the transition
from reversible to irreversible cell damage (Bush et al. 1980; Fleckenstein et al.
1983; Sordahl and Stewart 1980): Mitochondria accumulate deposits of calcium
phosphate, become swollen, and eventually rupture. This sequence of events,
whereby mitochondrial Ca2+ uptake leads to mitochondrial dysfunction (and
hence prevents oxidative phosphorylation) was later found to be due to Ca2+-
induced opening of the MPTP. The MPTP is discussed in detail in the chapter
by Halestrap et al. in this volume. Similarly, there are several reviews detailing
evidence for mitochondrial dysfunction in reperfusion injury (Di Lisa et al. 2003;
Halestrap et al. 2004; Honda et al. 2005; Piper et al. 1994; Suleiman et al.
2001). In this chapter we will concentrate on the pathways of mitochondrial Ca2+

transport under pathological conditions, whether excessive mitochondrial Ca2+

uptake is beneficial or harmful under conditions of ischaemia/reperfusion, and
whether the mitochondrial Ca2+ transport pathways could be targets for protective
interventions.

Mitochondrial Ca2+ uptake upon reperfusion of the heart has the potential to be
protective, since it would effectively remove Ca2+ from the cytosol, and prevent
cellular Ca2+ overload. Unfortunately, excessive Ca2+ uptake by mitochondria is
damaging, firstly by inhibiting ATP synthesis (by lowering �� m), and secondly
by inducing the MPTP.

With regard to the first point, �� m appears to remain constant during the
contractile cycle in isolated myocytes; implying that any beat-to-beat changes
in [Ca2+]m are too small to significantly affect �� m under physiological condi-
tions (Di Lisa et al. 1995; Griffiths 1999a), and so Ca2+ uptake would not be
expected to affect ATP synthesis. In isolated mitochondria, respiration-driven
Ca2+ uptake causes a dissipation of �� m (Akerman 1978), which begins with
external [Ca2+] as low as 1-2μM. However, �� m recovers once Ca2+ uptake
stops. With regard to induction of the MPTP by Ca2+, heart mitochondria are
more resistant than other tissues such as liver and kidney (Griffiths and Halestrap
1993), and can accumulate large amounts of Ca2+, (20 nmol/mg protein, equiv-
alent to approximately 10-20 μM) without triggering of the MPTP (Crompton
et al. 1978). But if mitochondria are first depleted of adenine nucleotides, or
subjected to oxidative stress, conditions that prevail upon reperfusion, then the
MPTP is induced at a far lower [Ca2+]m (Griffiths and Halestrap 1995). The
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decrease in �� m due to MPTP opening causes release of accumulated Ca2+ from
mitochondria (Crompton and Heid 1978), a process inhibited by cyclosporine A
(Crompton et al. 1988).

[Ca2+]m increases upon reperfusion of whole hearts, and
hypoxia/reoxygenation (or models of metabolic inhibition) of myocytes (Chacon
et al. 1994; Delcamp et al. 1998), and Miyata et al. (1992) found that whether
or not rat cardiomyocytes recovered from hypoxia depended on the level of
[Ca2+]m achieved at the end of the hypoxic period: cells having [Ca2+]m greater
than 250-300 nM invariably hypercontracted upon reperfusion (Miyata et al.
1992). This value of 300 nM [Ca2+]m is well within the normal physiological
range of [Ca2+]m, and lower than that required for maximum activation of the
dehydrogenase enzymes (0.5–1 μM). However other factors upon reperfusion
can lower the threshold of [Ca2+]m needed for the MPTP to open; for example
low adenine nucleotides and free radical generation. The values for increases
in [Ca2+]m during hypoxia of isolated myocytes are in good agreement with
those found in whole hearts: Allen et al (Allen et al. 1993) measured [Ca2+] in
mitochondria isolated following hypoxia or reoxygenation of rat hearts perfused
with fura-2. They found that 80 min of hypoxia caused no change in total tissue
calcium, whereas free [Ca2+]m rose from pre-hypoxic values of 160 nM, to 360
nM and 570 nM after 50 and 80 min of hypoxia, respectively. Reperfusion
after 50 min hypoxia resulted in no further change in [Ca2+]m, but after 80 min
hypoxia, reperfusion led to a 10-fold increase in [Ca2+]m (Allen et al. 1993).
This also highlights the fact that measurements of total tissue calcium cannot be
extrapolated to measurements of free [Ca2+].

Mitochondria from different species also have different Ca2+ uptake capacities,
which may influence their recovery from hypoxia/ischaemia; for example, the
rate of Ca2+ uptake was greater in muskrat (a diving mammal) compared with
guinea-pig mitochondria, and the former were also more resistant to Ca2+-
induced MPTP opening (McKean 1991). The authors of this study suggested
that this may aid the animal during recovery from hypoxia. Another factor to
consider is the effect of gender: mitochondria from female rats had lower rates
of mitochondria Ca2+ uptake than those from male rat heart, and the “female”
mitochondria also had improved ability to repolarise following Ca2+ overload.
It is well known that females are protected from some types of heart disease
by oestrogen, and this may be one possible mechanism to explain the protective
effects of oestrogen on ischaemia-reperfusion injury, although a mechanism for
this has yet to be proposed (Arieli et al. 2004).

But it should be remembered that limited (rather than excessive) Ca2+ uptake
by mitochondria on reperfusion has the capacity to be protective: for example,
by activation of pyruvate dehydrogenase (PDH). Several studies have shown
that increased glucose oxidation on reperfusion improves recovery of the heart,
and that drugs like ranolazine, which increase PDH activity, can improve post-
ischaemic recovery (Clarke et al. 1993). So in designing protective strategies, it
is a matter of getting the balance right between beneficial versus harmful effects
of mitochondrial Ca2+ uptake. The situation is further complicated by the fact
that many other factors on reperfusion affect this balance.
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9.3.2. Studies using Inhibitors of Mitochondrial Ca2+

Transport

9.3.2.1. RUR and Ru360

RuR has been reported to protect hearts or myocytes from reper-
fusion/reoxygenation damage at concentrations ranging 0.1 – 6 μM (Benzi and
Lerch 1992; Carry et al. 1989; Figueredo et al. 1991; Grover et al. 1990; Leperre
et al. 1995; Miyamae et al. 1996; Park et al. 1990; Peng et al. 1980; Stone
et al. 1989). Most of these studies have suggested that protection is due to
effects of RuR on [Ca2+]m. However, few of these studies also reported effects
on [Ca2+]c, and it seems more likely that the protective effects were due to an
energy sparing effect as a result of reducing [Ca2+]c; a conclusion reached by
Benzi and Lerch (1992). We have found that much higher concentrations of
RuR (about 20μM) are required to actually inhibit [Ca2+]m uptake in cardiomy-
ocytes, and this concentration has a deleterious, not a protective, effect (Griffiths
et al. 1998). So although low concentrations of RuR do appear to be cardio-
protective, this cannot be attributed to direct effects on mitochondrial Ca2+

uptake.
Ru360 has also been reported to protect whole hearts against ischaemia/ reper-

fusion injury: Pre-treatment of isolated rat hearts with 10 μM Ru360 provided
protection against reperfusion injury, as determined from infarct size and enzyme
release (Zhang et al. 2006). However another study reported that lower concen-
trations of Ru360 were required: functional recovery of rat hearts from ischaemia
was optimal between 0.25–1 μM Ru360 (de Jesus Garcia-Rivas et al. 2005).
Recovery declined at higher concentrations, and was not seen at 10 μM Ru360.
This protective effect of Ru360 was maintained upon separation of mitochondria
in terms of their ability to synthesise ATP and resist MPTP opening upon addition
of external Ca2+. [Ca2+]m (as measured following isolation of mitochondria at
the end of the perfusion protocol) was also decreased in Ru360 treated hearts
(de Jesus Garcia-Rivas et al. 2005).

9.3.2.2. Inhibitors of the Na+/Ca2+ Exchanger

Diltiazem can protect hearts from ischaemia/reperfusion damage, but this has
mainly been attributed to its effects on sarcolemmal L-type Ca2+-channels
(Winniford et al. 1985); although a recent study suggested that diltiazem inhibits
cytosolic Na+ overload through Na+ channels in the ischaemic heart, which
would indirectly preserve mitochondrial integrity (Takeo et al. 2004).

Clonazepam cannot be used in whole hearts as it appears to inhibit contractility
by a non-myocyte effect (Griffiths, unpublished observation), and there have
been no reports of the effects of CGP37157 in whole hearts. But clonazepam
has been used in isolated myocyte models of hypoxia/reoxygenation injury: In
suspensions of rat myocytes, 100 μM clonazepam reduced total cell [Ca2+],
Ca2+ uptake (mitochondrial and cytosolic [Ca2+] were not measured separately)
and LDH release, indicating preservation of membrane integrity (Sharikabad
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et al. 2001). Zhu et al. (2000) subjected cultured adult rat myocytes to 5mM
extracellular Ca2+, a condition that produced an increase in [Ca2+]m, measured
using rhod-2, and in necrotic cell death (Zhu et al. 2000). Pre-treatment with
clonazepam for 30 min reduced both the increase in [Ca2+]m, and the number
of necrotic cells (to about 50% of control). Interestingly, cyclosporine A (CsA,
an inhibitor of the MPTP) and clonazepam together reduced [Ca2+]m to similar
levels as clonazepam alone, but the occurrence of necrotic cells was only 9% of
control. This suggests that although clonazepam may have reduced [Ca2+]m in
a sub-population of cells, the MPTP still opened in other cells, and presence of
CsA then protected these cells from MPTP opening, and necrosis. Another study
in isolated myocytes found that clonazepam (100μM) inhibited total cellular
[Ca2+] increase in response to oxidative stress induced by H2O2 (Sharikabad
et al. 2004).

As well as the Ca2+ transport inhibitors themselves, intracellular acidification,
such as occurs during ischaemia, may also prevent excessive mitochondrial Ca2+

uptake: in isolated rat mitochondria, lowering external pH to 6.8 resulted in
mitochondrial acidification – this was measured in permeabilised myocytes that
had been previously loaded with the pH-sensitive fluorescent indicator carboxy-
SNARF, under conditions where it localised into mitochondria (Gursahani and
Schaefer 2004). The acid pH decreased the rate of Ca2+ uptake, probably as a
consequence of reduced �� m (Gursahani and Schaefer 2004) . Maintaining an
acid pH upon reperfusion is known to delay intracellular Ca2+ accumulation and
protect against reperfusion injury (Panagiotopoulos et al. 1990), and additionally
inhibits opening of the MPTP (Halestrap 1991).

9.3.2.3. Do the Transporters Reverse Direction During Hypoxia?

Although several studies had reported an increase in [Ca2+]m during hypoxia
(see above), the mechanism of entry of the Ca2+ was either not discussed, or
assumed to be the CaUP. But �� m depolarises during hypoxia (Di Lisa et al.
1995), and this would be expected to inhibit Ca2+ uptake through the CaUP. In
order to investigate the mechanisms and time-course of [Ca2+]m changes during
cell injury, we used a model of single cell hypoxia/reoxygenation injury; this
allowed continuous monitoring of [Ca2+]m, and correlation with cell functional
recovery upon reoxygenation. We found that the increase in myocyte [Ca2+]m

during hypoxia could not be prevented by RuR but instead could be prevented
by clonazepam. In contrast, upon reoxygenation, RuR once again inhibited Ca2+

uptake, whilst clonazepam inhibited efflux (Griffiths et al. 1998). This allowed
us to propose the following model: during hypoxia Ca2+ entry into mitochondria
occurs via mNCX, and the CaUP is largely inactive. Upon reoxygenation,
however, the transporters regain their normal directionality. This model of
hypoxia/reoxygenation injury is represented in Figure 9.4. Clonazepam (but not
RuR), also protected the cells from reoxygenation induced damage, as indexed
by the myocytes’ ability to restore synchronised cell contractions (Griffiths
et al. 1998). We have provided further evidence that entry of Ca2+during hypoxia
occurs via mNCX by showing, using a model of simulated hypoxia, that the
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Figure 9.4. Changes in cardiomyocyte mitochondrial Ca2+ transport pathways during
hypoxia/reoxygenation injury – implications for cell survival. Studies using a single-cell
model of hypoxia-reoxygenation injury found that the level of [Ca2+]m achieved at the end
of hypoxia determined whether cells survived (recovered ability to respond synchronously
to electrical stimulation), or hypercontracted (cell death). Cells only survived if [Ca2+]m

remained below about 250-300 nM. The accumulation of [Ca2+]m during hypoxia also
appeared to be via reversal of the mNCX, and not the CaUP (see text for further expla-
nation). We proposed that upon reoxygenation, ��m initially repolarises. Then if [Ca2+]m

remains below about 300 nM, ATP synthesis is restored, and the Ca2+ transport pathways
of the cell regain their normal function. However if [Ca2+]m rises above about 300nM,
this prevents ATP synthesis, and the MPTP is induced resulting in cell death.

process is Na+-dependent (Griffiths 1999a). In support of this idea, a reversal
of the mNCX under conditions of metabolic inhibition was also found in a
study on cultured renal epithelial cells: CGP37157 inhibited the rise in [Ca2+]m

(rhod-2 fluorescence) induced by metabolic inhibition (2-deoxyglucose plus
cyanide) (Smets et al. 2004).
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9.3.2.4. Ischaemic Preconditioning

A discussion of the mechanism of ischaemic preconditioning (IPC) is beyond the
scope of this chapter, but is dealt with elsewhere in this volume. However, one
of the proposed protective mechanisms is that IPC leads to opening of a mKATP

channel, and opening of this channel leads to membrane depolarisation (Murata
et al. 2001). This, in turn, reduces Ca2+ uptake by mitochondria. A reduced
[Ca2+]m has been reported in a model of IPC (Murata et al. 2001), but it is far
from clear that this was the result of mKATP opening. Furthermore, the effect
of, for example, diazoxide, on �� m is controversial – some studies finding
that it does produce a decrease (Murata et al. 2001), and others that it does
not (Hanley et al. 2002; Katoh et al. 2002; Lawrence et al. 2001). The role of
this mKATP channel has been almost entirely inferred indirectly based on studies
using pharmacological modulation of the channel; by activators or inhibitors such
as diazoxide and 5-hydroxdecanoate. An increasing number of studies recognise
that these agents are not specific, and that their actions on the heart can be
explained by actions other than on mKATP channels (Hanley et al. 2002; Katoh
et al. 2002; Lawrence et al. 2001; Lim et al. 2002).

9.4. Therapeutic Implications

As well as possible benefits of modulating [Ca2+]m during ischaemia/reperfusion
injury, there is evidence that both RuR and Ru360 can reduce ventricular fibril-
lation (VF): In a pacing-induced model of VF in the isolated rat heart, perfusion
with RuR (5μM), or Ru360 (10μM), resulted in conversion of VF to ventricular
tachycardia (VT) (Kawahara et al., 2003). This is potentially beneficial since VT
commonly occurs before VF, and sudden cardiac death (Myerburg et al. 1997).

However, the benzodiazepines like clonazepam and diltiazem cannot be used
in the whole heart as specific antagonists of mitochondrial Ca2+ efflux, because
of their effects on coronary vessels (diltiazem, for example, is used to reduce
high blood pressure). However, design of more specific inhibitors of the mNCX
may be of benefit in states where ATP synthesis is impaired such as in cardiomy-
opathies, since maintaining [Ca2+]m at higher levels may in turn increase ATP
production. There is some precedent for the idea that inhibiting the mNCX can
enhance [ATP]: in pancreatic islets CGP37157 increased oxidative phospho-
rylation, and potentiated glucose-stimulated insulin release (Lee et al. 2003),
prompting the authors to suggest it as a novel insulin secretagogue.

An intriguing study looked at human mitochondrial complex I deficiency
– this is associated with numerous clinical symptoms, ranging from lethal
encephalopathy’s, of which Leigh disease is the most common, to neurodegen-
erative disorders, including Parkinson’s disease (Triepels et al. 2001). This study
used skin fibroblasts from children with Complex I deficiency, and measured
cytosolic Ca2+ transients in response to bradykinin (Visch et al. 2004). They
found impaired increases in [Ca2+]c, [Ca2+]m, and ATP production in response to
bradykinin in the complex I deficient fibroblasts. Treatment with 1μM CGP37157
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restored all these parameters. They suggested that (i) decreased ATP production
in this disease is a result of reduced mitochondrial Ca2+ uptake, possibly due
to a reduced �� m in these patients, and (ii) CGP37157 can indirectly promote
enhanced release of Ca2+ from the ER in these cells by enhancing mitochondrial
Ca2+ uptake so that there is less inhibitory Ca2+ available at the mouth of the
IP3-operated ER Ca2+ release channels.

Given the limitations on using the current mitochondrial Ca2+ transport
inhibitors, it would be of great benefit if the transporters themselves could
be cloned, for use in transgenic or knockout studies. Unfortunately there have
only been a few sporadic attempts to purify the CaUP (Mironova et al. 1994;
Saris et al. 1993; Zazueta et al. 1998) and mNCX (Li et al. 1992; Paucek and
Jaburek 2004), and none has been more than partially successful. One of the
main problems is that mitochondrial membrane proteins are notoriously difficult
to purify, and the benefits of attempting their characterisation may require a lot
of effort for little apparent gain. Nevertheless, a concerted effort to accomplish
this may provide more benefit than can be foreseen at present.
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10
Mitochondrial Ion Channels

Brian O’Rourke

10.1. Introduction

The maintenance of a large electrochemical driving force for protons across the
mitochondrial inner membrane is essential for the production of ATP through
oxidative phosphorylation. At face value, the opening of energy dissipating ion
channels in the mitochondria would be unfavorable for energy transduction, but
a wealth of evidence now indicates that selective (and some non-selective) ion
channels may become active under various physiological or pathophysiological
conditions. This review summarizes recent investigations into the functional
roles for mitochondrial ion channels and efforts to identify molecular correlates
related to specific ion fluxes across the inner membrane. While it is clear that
mitochondrial ion channels play important roles in cellular life and death, our
understanding of their structure is limited, and seminal discoveries are eagerly
awaited.

Interest in mitochondria has grown in recent years as the list of important
cellular functions for this organelle has expanded from its fundamental role as
a provider of energy to generator of reactive oxygen species (ROS), modulator
of intracellular Ca2+ fluxes, initiator of cell death, mediator of cell protection,
and participant in the processes of aging and disease. With regard to oxidative
phosphorylation, the majority of the participating proteins have been identified
at the molecular level, and in many cases, high resolution crystal structures are
available. Importantly, a robust model of the energy transduction process, refined
over the decades since the chemiosmotic principle was proposed, is available
(for review, see Nicholls and Ferguson 2002).

In contrast, many of the important proteins involved in mediating ion transport
across the mitochondrial inner membrane have not been identified, although
they have been well characterized at the functional level. Extensive evidence
is available demonstrating that selective electrophoretic K+ (Brierley et al.
1971; Hansford and Lehninger 1972; Jung et al. 1977; Jung et al. 1984) and
Ca2+ (reviewed by Gunter and Pfeiffer 1990) uptake by mitochondria occurs
and that Na+ is exchanged for H+ (Douglas and Cockrell 1974) and Ca2+

(Jung et al. 1995). Similarly, K+/H+ exchange balances the K+ uniport activity
and modulates mitochondrial volume (Garlid 1996), yet no proteins have been

221



222 B. O’Rourke

definitively associated with any of these cation transport processes. Numerous
transporters of anionic metabolites across the inner membrane, usually of the
antiporter type, have also been identified at the molecular level (Jezek and
Jezek 2003). However, apart from the inorganic phosphate carrier (Gerreira and
Pedersen 1993) and the mitochondrial uncoupling proteins (UCP1, 2, and 3)
(Rousset et al. 2004), little is known about the molecular structure of putative
inner membrane anion channels that can mediate rapid anion flux.

Since ion channels are capable of transporting millions of ions per second, and
the electrochemical driving forces for ion movement across the inner membrane
are enormous, the knowledge gap regarding mitochondrial ion channel structure is
perhaps understandable – these proteins must necessarily be present in extremely
low abundance, or have a very low open probability, in order to maintain the
low permeability to ions required to exploit the protonmotive force for the gener-
ation of ATP via the mitochondrial ATP synthase. Nevertheless, although the
opening of mitochondrial ion channels may be brief and highly controlled, the
significance of the effects of their activation cannot be overstated. Mitochon-
drial ion channels are crucial to the mechanism of energy supply and demand
matching and are the decisive factor in determining whether a cell lives and dies.

Emerging evidence also suggests that the mitochondrial network can act as an
intracellular signaling network. For example, the activation of redox sensitive
transcription factors (e.g. HIF-1� or NF-�B) and signalling pathways (e.g. protein
kinase C) is likely to involve the generation of reactive oxygen species by the
mitochondria (Guzy et al. 2005). Ion channels may contribute to this function in
direct (serving as free radical transport pathways) or indirect (by altering the rate
of respiration and the leak of electrons to ROS) ways. These novel and important
functions of mitochondria underscore the need to identify and study the structure
and organization of the proteins in the mitochondrial outer and inner membranes.
While much progress has been made in assaying the function of mitochondrial
ion channels and exchangers, the challenge ahead will be to assign structures to
the various ion transport pathways and to study how increasing or decreasing
their expression affects the integrated cell function.

10.2. Fast Ion Movements Across the Inner Membrane

A basic tenet of the chemiosmotic hypothesis is that, apart from the movement of
protons through the mitochondrial ATP synthase and through non-specific low
conductance “proton leak” pathways, the mitochondrial inner membrane must
be quite impermeable to ions in order to maintain the efficiency of oxidative
phosphorylation. However, the large electrical driving force for ion movement
(∼180mV) would strongly favor ion flow through any open ion channels, even
in the absence of a concentration gradient across the inner membrane. A classic
and unquestionable example is Ca2+ influx through the Ca2+ uniporter. Under
conditions that prevent (e.g. in the presence of nucleotides) the activation of
the mitochondrial permeability transition pore (PTP), mitochondria can take up
enormous amounts of Ca2+ (up to almost 1M total Ca2+) although the matrix free
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Ca2+ concentration remains in the �M range due to the reversible precipitation
of Ca2+ with Pi. This Ca2+ sink property of the mitochondria is circumvented
if PTP opening is triggered by the Ca2+ overload, allowing both the release of
the accumulated Ca2+ and other matrix constituents with mass <∼1.5kDa. The
complete breakdown of the ion permeability barrier upon opening of the PTP
short circuits proton-coupled energy transduction and dissipates mitochondrial
membrane potential (�� m).

K+ conductance can also be substantial in energized mitochondria (Brierley
et al. 1971; Hansford and Lehninger 1972; Jung et al. 1977; Diwan et al. 1985)
and recent efforts have focused on characterizing the regulation and structure
of proteins involved in K+ uniport activity. The importance of this endeavor
is underscored by an accumulating body of evidence that mitochondrial K+

uptake is tied to protection against ischemic- or oxidative stress-mediated cell
injury (discussed below). The interplay between K+ uniport activity and K+/H+

exchange is an important physiological mechanism for regulating mitochondrial
volume (Garlid et al. 1996).

Although the ion transport rates for Na+ movement across the mitochondrial
membrane are slow compared to ion channel (uniporter)-mediated processes,
both the Na+/H+ exchange and Na+/Ca2+ exchangers of the inner membrane
play key roles in counterbalancing the activity of the Ca2+ uniporter. Thus, their
identification and characterization will be essential for developing a complete
picture of ion homeostasis in mitochondria.

Mitochondrial swelling induced by cation and anion movements into the
matrix compartment has been extensively employed to define ion permeabilities
across the mitochondrial inner membrane (Nicholls and Ferguson 2002). A series
of papers published in the 1980’s postulated that an inner membrane anion
channel (IMAC) was present under special conditions (e.g., divalent depletion)
(Garlid and Beavis 1986; Beavis 1992; Beavis and Powers 2004). Subsequently,
direct single channel patch-clamp methods revealed a number of partially anion
selective conductances in the inner membrane (Kinnally et al. 1993; Borecky
et al. 1997), with the most prominent being the so-called “centum pS” channel, a
strong voltage-dependent outwardly rectifying current (Sorgato et al. 1987). Over
the past few years, we have accumulated evidence suggesting that IMAC might
underlie oscillatory mitochondrial depolarizations induced by substrate depri-
vation (O’Rourke 2000) or oxidative stress (Aon et al. 2003). We propose that
these channels play a prominent role in post-ischemic electrical and contractile
dysfunction in the heart (Akar et al. 2005). The mitochondrial benzodiazepine
receptor (mBzR) appears to modulate this conductance, and is currently the only
link to a defined structure that may be involved in this important process.

10.3. Physiological Roles of Mitochondrial Ion Channels

Clearly, the mitochondrial ion transport process of primary importance to the
cell is the controlled transit of protons down their electrochemical gradient by
the mitochondrial F1Fo ATP synthase, coupled to ATP production. Less clear
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is the role of proton leak pathways across the inner membrane. It has been
postulated that the leak pathways might optimize the thermodynamic efficiency
of energy transduction (Stucki 1980). Alternatively, energy dissipation through
proton leaks has been suggested to modulate the rate of ROS production by
the electron transport chain (Demin et al. 1998). This is the rationale given to
explain some of the effects of the mitochondrial uncoupling proteins, but this
conjecture remains to be unequivocally proven. The actual structures responsible
for proton leaks across the inner membrane have not been determined.

Another clear physiological role for mitochondrial ion channels is to mediate
the uptake of Ca2+ into the matrix. The Vmax for influx through the mitochon-
drial Ca2+ uniporter is large (Bragadin et al. 1979) and Ca2+ movements
are electrophoretically driven (Gunter and Gunter 1994). Ca2+ uptake by
mitochondria plays an important role in stimulating oxidative phosphorylation
through the activation of TCA cycle dehydrogenases (Denton and McCormack
1990) and perhaps other sites in the electron transport chain (Bender and
Kadenbach 2000; Territo et al. 2000). Mitochondrial Ca2+ uptake during ischemia
and reperfusion also is a determinant of cell injury. Recently, the properties
of a highly selective Ca2+ channel in the mitochondrial inner membrane have
been shown to match that of the Ca2+ uniporter, providing additional supportive
evidence that it is truly an ion channel (Kirichok et al. 2004).

Since the mitochondria represent a restricted compartment bounded by the
inner and outer membranes, any net ion movements, accompanied by water,
have profound effects on the volume of the organelle. Thus, mitochondria have
been suggested to resemble “perfect osmometers” (Halestrap 1987). Modulation
of the mitochondrial matrix volume is likely to serve an important physio-
logical role in optimizing the oxidation of substrates like fatty acids. K+ uniport
activity, counterbalanced by the actions of the K+/H+ exchanger, provides a
mechanism by which mitochondrial volume may be regulated (Garlid 1996). It
should be noted that anion movements must accompany cation transport in order
to maintain electroneutrality, so the regulation of anion channels in the inner
membrane might also be a physiological mechanism for mitochondrial volume
regulation, as previously suggested for the IMAC (Garlid and Beavis 1986).

10.4. Protective K+ Channels

More than 20 years ago, it was demonstrated that pharmacological agents
capable of opening K+ channels protect hearts against ischemia-reperfusion
injury (Lamping and Gross 1985; Grover et al. 1989). This finding is now firmly
established and K+ channel openers have come to be viewed as “chemical precon-
ditioners”, i.e., compounds that can mimic the protective effects of brief cycles
of ischemia and reperfusion. Moreover, the finding that K+ channel inhibitors
such as glibenclamide and 5-hydroxydecanoate could block the protective effects
of either ischemic preconditioning (IPC) or K+ channel openers (Grover and
Garlid, 2000) suggested that K+ channels were a native effector of precondi-
tioning. While earlier studies naturally presumed that the target of the K+ channel
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openers was the sarcolemmal ATP-sensitive K+ (KATP) channel, the focus has
shifted recently to the mitochondria as the primary cardioprotective target of
these compounds.

10.5. Sarcolemmal KATP

Plasma membrane KATP channels, initially characterized in cardiac cells in 1983
(Noma 1983), have been extensively studied at the molecular level (Bryan
et al. 2004). Although their physiological role is clear in the regulation of
insulin release from the pancreas and in the modulation of vascular tone in
smooth muscle, our understanding of why cardiac cells express a high density of
sarcolemmal KATP channels (sarcKATP) remains cloudy. The recent availability
of transgenic mouse models in which components of the sarcKATP channel have
been knocked out provides a new opportunity to answer this question (Chutkow
et al. 2001; Suzuki et al. 2002; Gumina et al. 2003; Suzuki et al. 2003). In
the mouse, the primary physiological role of sarcKATP is apparently to help the
animal cope with metabolic stress. Mice that lack the pore-forming subunit of
the cardiac sarcKATP (Kir6.2) have a severely compromised ability to tolerate
ischemia - even short periods of ischemia lead to rapid ischemic contracture
of the heart (Suzuki et al. 2002; Suzuki et al. 2003). Similarly, when the KATP

channel is pharmacologically inhibited in the mouse with HMR1098, a selective
sarcKATP blocker, ischemic dysfunction is accentuated. The injury induced by
sarcKATP inhibition in the mouse is so severe that the innate ability to protect
hearts with preconditioning stimuli is lost. Function is also compromised with
exercise, a more physiological form of metabolic stress (Zingman et al. 2002).
From these data we can conclude that the mouse is highly dependent on sarcKATP

channels for survival under conditions of high energy demand.
In contrast, in larger animal species (e.g., rabbits) (Sato et al. 2000), and in

humans (Ghosh et al. 2000), sarcKATP appears to play a minor role in protecting
the heart during ischemia. Selective pharmacological inhibition of sarcKATP has
little or no effect on infarct size after ischemia and reperfusion or on the cardiac
preconditioning response (Tanno et al. 2001). Rather, sarcKATP contributes to post-
ischemic electrical dysfunction by increasing the dispersion of repolarization and
the heterogeneity of electrical excitability (Billman et al. 1998; Akar et al. 2005).
Moreover, as established in previous studies (Grover and Garlid 2000), the action
potential shortening effects of sarcKATP activation during ischemia are not corre-
lated with the extent of protection afforded by K+ channel openers. Thus, other
targets of these compounds, including the mitochondria, have been investigated
in the context of protection against metabolic stress, as discussed below.

10.6. Mitochondrial KATP

In 1991, ATP-sensitive K+ channels were reported to be present in the liver
mitochondrial inner membrane, using the direct mitoplast patch-clamp method
(Inoue et al. 1991). The mitochondrial KATP channel (mitoKATP) had properties
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similar to those observed in the sarcolemma of cardiac cells. Thus a link was
established between the effects of K+ channel opener compounds on mitochon-
drial function (Paucek et al. 1992; Szewczyk et al. 1993; Garlid 1996; Garlid et al.
1997) and a specific ion channel target that could be associated with protection
against ischemic injury in intact hearts (Garlid et al. 1997) or isolated myocytes
(Liu et al. 1998). The general hypothesis that an increase in mitochondrial
inner membrane permeability to K+ improves cellular tolerance to ischemia-
reperfusion injury has found widespread support in the setting of a variety of
tissues including liver, gut, brain, kidney and the heart.

Even before the description of mitoKATP, studies of the mitochondrial
K+ uniporter provided evidence that K+ selective channels were present on
the mitochondrial inner membrane. Since then, specific functional evidence
supporting mitoKATP has fallen into several categories, including: electrophysio-
logical recordings of channels reconstituted into proteoliposomes with mitochon-
drial membrane proteins, measurements of K+ uptake into mitochondria or
reconstituted liposomes, mitochondrial swelling assays, changes in mitochon-
drial redox potential or alterations in mitochondrial energetic parameters such as
respiration and ��m, as described in recent reviews of the subject (Garlid et al.
2003; O’Rourke 2004).

As for the other mitochondrial channels mentioned above, the lack of a specific
molecular entity associated with mitoKATP has largely restricted the supportive
arguments to the study of available pharmacological agents. A strong caveat
to acknowledge is the fact that some of these agents have substantial non-
specific effects on mitochondria that may or may not contribute to the effects
of the compound on the response to ischemia-reperfusion injury. It therefore
behooves the careful investigator to test several active channel openers or inhibitors
when possible, to find the common effect from structurally dissimilar agents
that are likely to have different non-specific actions. A variety of K+ channel
openers have been shown to activate mitoKATP, including diazoxide, nicorandil,
BMS191095 (Grover et al. 2001), cromakalim, levcromakalim, EMD60480,
EMD57970 (Garlid et al. 1996), pinacidil, RP66471, minoxidil sulfate, KRN2391
(Szewczyk et al. 1993) - only the first three show significant selectivity towards
the mitochondrial versus the sarcolemmal isoform of the KATP channel in cardiac
myocytes. Another drawback is that there is only one widely available K+

inhibitor, 5-hydroxydecanoate, that selectively inhibits mitoKATP without blocking
sarcKATP (Sato et al. 1998). The classical KATP channel inhibitor, glibenclamide,
is a sulfonylurea that blocks both the sarcKATP and mitoKATP isoforms, while
HMR1098 is usually found to be selective for the sarcolemmal channel.

Recent reports suggest that a number of other compounds may modulate
mitoKATP, including sildenafil (Ockaili et al. 2002), levosimedan (Kopustinskiene
et al. 2001), YM934 (Tanonaka et al. 1999), and MCC-134 (Sasaki et al. 2003).
MCC-134 was capable of inhibiting mitoKATP while activating sarcKATP. Impor-
tantly, diazoxide-mediated protection against simulated ischemia was prevented
by MCC-134, supporting the argument that mitoKATP, rather than sarcKATP

channels, were the mediators of protection. The opposite effects have been
reported for the antiarrhythmic drug Bepridil, which was shown in a recent study
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to activate mitoKATP while inhibiting sarcKATP [(Sato et al. 2006)]. While this
combination of actions would be expected to be cardioprotective and prevent
arrhythmias triggered by the opening of sarcKATP, Bepridil also blocks other
well known targets, including the L-type Ca2+ channel, making interpretation of
the overall results difficult to attribute specifically to mitoKATP.

Another emerging area of interest is how signal transduction pathways either
activate, or are activated by, the mitoKATP channel. Signalling pathways linked
to phosphoinositide hydrolysis, protein kinase C (PKC) activation or tyrosine
kinases have been shown to be mediators and/or effectors of cellular protection
(Cohen et al. 2000). In many cases, the downstream effects of receptor activation
can be blocked not only by inhibitors of the kinases, but by inhibition of the
mitoKATP channel (Uchiyama et al. 2003). This begs the question of whether
the channel lies upstream or downstream of the post-translational modifica-
tions mediated by either PKC or other kinases. One plausible link between the
activation of mitoKATP and signalling would be a change in redox-sensitive
pathways as a result of an increase in mitochondrially-derived reactive oxygen
species (Pain et al. 2000; Oldenburg et al. 2003). This could occur in response
to the increase in respiratory rate (and consequent leak of electrons to super-
oxide) induced by the opening of the K+ channel. A common effector, glycogen
synthase kinase 3� (GSK-3�) has recently been proposed as the integrator of
various preconditioning stimuli including the actions of K+ channel openers
(Juhaszova et al. 2004). Activation of GSK-3� blunts the effects of laser-induced
oxidative stress on the activation of the PTP in isolated heart cells. The mitoKATP

channel is likely to be both a target and effector in these pathways. For example,
nitric oxide donors (Sasaki et al., 2000) and PKC activators (Sato et al. 1998) can
enhance the activation of mitoKATP in isolated cardiac cells, and in some studies,
the mitoKATP inhibitor 5-hydroxydecanoate could not only prevent IPC when
applied during the preconditioning phase, but could also block the protection
against infarction when given before the long index ischemia, for both early
and delayed preconditioning protocols (Ockaili et al. 1999). More recently, the
NO-cyclic GMP-G kinase signal cascade has been implicated in the activation
of mitoKATP (Xu et al. 2004; Costa et al. 2005; Dang et al. 2005).

10.7. Mitochondrial KCa

In 2002, we identified another mitochondrial K+ channel, the mitoKCa channel,
in the cardiac mitochondrial inner membrane and linked it to protection against
ischemia-reperfusion injury (Xu et al. 2002). In mitoplast patch-clamp exper-
iments, this channel displayed properties resembling the Ca2+-activated K+

channel found in the plasma membrane of various cells, including smooth muscle
myocytes. MitoKCa was inhibited by charybdotoxin and iberiotoxin and these
toxins were shown to blunt K+ uptake into mitochondria in partially perme-
abilized adult cardiac cells. Moreover, a KCa opener, NS-1619, accelerated
mitochondrial K+ uptake and decreased infarct size in rabbit hearts subjected to
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30 minutes of global ischemia and 2 hours of reperfusion. We hypothesized that
mitoKCa might be activated under pathophysiological conditions when mitochon-
drial Ca2+ uptake is enhanced. The partial depolarization of �� m by mitoKCa

could act as a safeguard against excessive mitochondrial Ca2+ accumulation
by decreasing the electrochemical driving force for Ca2+ entry. MitoKCa might
also play a physiological role to fine-tune mitochondrial volume and/or Ca2+

accumulation under conditions of increased cardiac workload. Ca2+ activation of
this channel would be expected to cause a partial depolarization of �� m, which
would decrease the driving force for Ca2+ entry under conditions of positive
inotropic stimulation or ischemia.

Subsequent reports have confirmed that KCa channel openers protect hearts
against ischemic injury (Shintani et al. 2004; Stowe et al. 2006). Similar to the
effect of mitoKATP activation, mitoKCa opening has been implicated in early-
and delayed-preconditioning (Wang et al, 2004) and may participate in the
cardioprotection triggered by ischemia or receptor activation (Cao et al. 2005a;
Cao et al. 2005b; Gao et al. 2005). NS-1619-mediated preconditioning can be
prevented by blocking KCa channels with paxilline or by scavenging ROS during
the exposure to the opener (Stowe et al. 2006). The latter effect, as well as the
finding that PKC activation may be upstream of mitoKCa opening (Cao et al.
2005a), is reminiscent of the role of mitoKATP in preconditioning and implies
that mitoKCa too may be both a trigger and an effector of protection. With regard
to PKC activation of mitoKCa, it should be noted that one recent report (Sato
et al. 2005) showed modulation of mitoKCa by the cyclic AMP-activated protein
kinase (PKA) pathway, but not by the PKC pathway, in contradistinction to
the regulation of mitoKATP. Although both mitochondrial K+ channels appear
to have similar effects on mitochondrial function, each has a distinct and non-
overlapping pharmacology (Wu et al. 2002; Sato et al. 2005), providing strong
support for the idea that enhanced mitochondrial K+ uptake is the common factor
associated with resistance to cell injury.

Antibodies against the “Big K+” (BK) type KCa channel cross-react with
purified mitochondrial membranes (Wu et al. 2002) and recently, the � subunit
of the BK channel has also been reported in the mitochondria (Ohya et al. 2005).
However, it is still not clear whether the mitochondrial protein is identical to,
or just homologous with, the surface membrane channel. If it is the same, then
the question arises as to how the channel might be targeted to the mitochondrial
inner membrane.

10.8. Channels Activated by Metabolic Stress

The events leading up to necrotic or apoptotic cell death have been the subject
of extensive investigation in the search for novel targets for treating disorders
such as acute coronary syndrome, stroke, heart failure, diabetes, and Alzheimer’s
disease. Mitochondria play a central role in the mechanism of cell death, and
channels on both the inner and outer membranes represent untapped targets for
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therapeutic intervention. To date, few compounds have been developed with
the specific intent of modifying mitochondrial function, although it is now
clear that many drugs strongly interact with mitochondrial targets. While our
knowledge of the molecular structure of mitochondrial channels is rudimentary,
their importance cannot be denied, thus providing a powerful incentive to pursue
studies in this area.

With regard to the mitochondrial outer membrane, it is now well accepted that
a variety of stimuli can alter the permeability of the outer membrane to allow
cytochrome c and apoptosis-inducing factors to enter the cytoplasm, triggering
a well-defined cell death program. Recent evidence has implicated a number
of Bcl-2 family proteins in the formation of mitochondrial apoptosis-induced
channels (MAC) in the outer membrane (Pavlov et al. 2001; Martinez-Caballero
et al. 2005). The formation of these cytochrome c permeable channels is corre-
lated with the translocation of pro-apoptotic proteins such as Bax to the outer
membrane and can account for the selective release of factors from the mitochon-
drial intermembrane space even in the absence of PTP activation. It is postulated
that oligomeric Bax itself may form the pore (Martinez-Caballero et al. 2005).

Changes in inner membrane permeability and consequent depolarization of
�� m have long been associated with cell injury during hypoxic, oxidative or
ischemic stress. The two main factors tied to loss of �� m are Ca2+ overload
of the mitochondrial matrix and excessive accumulation of ROS. The collapse
of �� m can result in uncoupling of oxidative phosphorylation and reversal of
the mitochondrial ATP synthase, leading to rapid consumption of cytosolic ATP
and necrotic or apoptotic cell death. Although mitochondrial depolarization is
commonly observed under various forms of metabolic stress, the mechanism of
�� m loss is often poorly studied and frequently misinterpreted. How and when
specific mitochondrial ion channels contribute to the depolarization of �� m is
not well understood.

10.9. PTP or Not PTP?

Permeabilization of the mitochondrial inner membrane upon treatment with a
variety of effectors has been known for more that 30 years (see, for example,
Hunter et al. 1976). Perhaps the most physiologically relevant trigger is excessive
mitochondrial Ca2+ accumulation, which can occur after ischemia and reper-
fusion. The opening of a specific permeability transition pore (PTP) is thought
to underlie this response, allowing ions and metabolites up to ∼1500 KDa
in mass to exit the matrix compartment. This channel has been characterized
electrophysiologically (Bernardi et al. 1992; Szabo et al. 1992) and its opening
is promoted by �� m depolarization, Pi, ROS, and thiol modification, among
other factors. The pore can be inhibited by adenine nucleotides, Mg2+, or matrix
protons, and also by compounds such as bongkrekic acid (an inhibitor of the
adenine nucleotide translocase, ANT) or cyclosporin A (CsA, which binds to
the mitochondrial protein cyclophilin D). Although the structure of the PTP is



230 B. O’Rourke

widely portrayed to consist of a multiprotein complex prominently featuring the
ANT, voltage dependent anion channel (VDAC), cyclophilin, the F1Fo ATPase,
and other modulatory proteins, in truth, the structure of the pore is presently
unknown, as discussed in a recent review (DiLisa et al., 2006). The two proteins
central to prior models of PTP structure (Halestrap et al., 2004), ANT (Kokoszka
et al. 2006) and cyclophilin D (Baines et al. 2005; Basso et al. 2005; Nakagawa
et al. 2005; Schinzel et al. 2005) have been knocked out in recent transgenic
mouse studies, and the results support only a modulatory rather than an obligatory
role for these proteins in PTP-mediated transport. Multiple lines of evidence
support the idea that in tissues such as the heart, PTP opening occurs only during
reperfusion after ischemia (Halestrap et al. 2004; Akar et al. 2005) and is a major
checkpoint on the route towards cell injury and death.

Ca2+ and ROS can undoubtedly induce PTP opening in isolated mitochondria,
and conditions which favor Ca2+ overload and/or oxidative stress can readily
depolarize �� m in intact cells. However, recent studies have demonstrated that
mitochondrial depolarization is not always synonymous with PTP opening (Aon
et al., 2003), so one must employ multiple tools to determine whether a perme-
ability transition has occurred in a given situation. These tests include sensitivity
of the observed depolarization to the PTP inhibitors CsA or sanglifehrin, and
the direct demonstration that small molecules can permeate the mitochondrial
inner membrane. Often, PTP activation is invoked to account for �� m loss
without any (or with weak) confirming evidence, so one must be careful to avoid
trying to fit data into a preconceived notion about the permeability transition
pore.

10.10. IMAC

In order to meet the high energy demands of cardiac muscle, energy supply must be
finelyregulated torespondquickly tomatch increases inworkload.Accordingly, the
control of the mitochondrial oxidative phosphorylation pathway involves a number
of nonlinear positive and negative feedback loops utilized to maintain ATP at nearly
constant levels at steady-state. The nonlinear dynamics of the bioenergetic system,
however, may contribute to unstable or oscillatory behavior under stress. A case
in point is the observation that both �� m and the mitochondrial redox potential
can oscillate under metabolic or oxidative stress (O’Rourke et al. 1994). Mitochon-
drial criticality (Aon et al. 2004; Aon et al. 2006) refers to the cellular conditions
leading up to a breakpoint between stable and unstable �� m in the mitochondrial
network of the cardiac cell. The approach to the critical state, in which a small
perturbation can induce cell-wide, synchronized and self-sustaining oscillations in
�� m throughout the cell, depends on mitochondrial ROS production exceeding a
threshold level in a significant fraction of mitochondria (∼60%) in the network.
At this point, the weakly coupled fluctuations of individual mitochondria transition
into an emergent spatiotemporal pattern of synchronized limit cycle oscillations
(Cortassa et al. 2004). These metabolic oscillations are strongly coupled to the
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cardiomyocyte’s electrophysiological response through energy sensitive sarcKATP

channels on the membrane.
Our current understanding of the underlying mechanism of mitochondrial

criticality incorporates the concept of mitochondrial ROS-induced ROS release, a
term coined by Zorov et al. (2000) to describe how laser-induced oxidative stress
leads to �� m depolarization. Although PTP opening was implicated in this prior
study, we have found that whole-cell oscillations of �� m in the mitochondrial
network, triggered by substrate deprivation or local ROS generation in a tiny
fraction of the mitochondrial network, involve a more subtle and selective change
in ion permeability, through the activation of the inner membrane anion channel
(IMAC). We have examined the mechanism of the mitochondrial oscillator
in both experimental and computational studies (Aon et al. 2003; Cortassas
et al. 2003; Aon et al. 2004; Cortassa et al. 2004). IMAC, which we currently
hypothesize is related to the centum pS channel described in mitoplast patch-
clamp studies, is blocked by antagonists of the mitochondrial benzodiazepine
receptor (mBzR), a mitochondrial membrane protein whose molecular structure
is known but whose function is poorly understood (Gavrish et al. 1999). MBzR
has been shown to co-immunoprecipitate with other proteins found at the contact
sites between the mitochondrial outer and inner membranes (e.g. VDAC, ANT,
etc.), but it is presently unclear what role it plays in modulating mitochondrial
function. These questions notwithstanding, inhibition of this receptor-channel
(?) complex can acutely stabilize �� m in the polarized state and prevent the
activation of sarcKATP in cells undergoing metabolic oscillations (Akar et al.
2005). Furthermore, an agonist of the mBzR (FGIN1-27) has the opposite effect,
destabilizing �� m and promoting cellular electrical inexcitability (Aon et al.
2003; Akar et al. 2005).

The close coupling of the energetic and electrical functions of the cell has
major consequences in the scenario of ischemia and reperfusion of the whole
heart. In a recent study employing optical mapping of electrical activity in
isolated perfused hearts subjected to 30 minutes of global ischemia and reper-
fusion, we demonstrated how failure at the level of the mitochondria could
scale to produce post-ischemic arrhythmias in the intact organ. We hypothesize
that depolarization of the mitochondrial network in clusters of cells can create
“metabolic sinks” of current in heterogeneous regions of the myocardium, resulting
in slowed propagation and block of the excitation wave, promoting reentry and
ventricular fibrillation. Importantly, the same interventions that stabilize �� m

in single cell experiments can blunt action potential shortening during ischemia
and prevent arrhythmias upon reperfusion in intact hearts (Akar et al. 2005).

10.11. Molecular Targets

Based on a long history of investigating the ion permeability of mitochondria
using a variety of techniques including swelling assays, fluorescent indicators,
measurements of redox changes or respiration, single channel patch-clamp
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recordings, and reconstitution into lipid bilayers, there is ample evidence that
specific ion channels are present. Although the structure of VDAC of the outer
membrane is known, it is a disappointing fact that almost nothing is known
about the molecular structure of the pore of most mitochondrial inner membrane
channels. This is probably because mitochondrial inner membrane channels must
be present in low copy numbers to preserve the ability of the mitochondrion to
produce ATP.

Provocative analogies with the pharmacological or toxin sensitivities of surface
membrane (Liu et al. 2001; Xu et al. 2002) or intracellular (e.g. the ryanodine
receptor (RyR) - Beutner et al. 2001, 2005) ion channels have intensified the
search for mitochondrial congeners in the inner membrane. Thus far, immuno-
logic data showing reactivity of mitochondrial membranes with a variety of
ion channel antibodies is the main evidence supporting the idea that mitochon-
drial ion channels are similar in structure to surface membrane channels. This
approach has not led to definitive proof that a known protein is responsible for
the observed ion fluxes. So far, there has been no confirmation that a particular
immunoreactive band seen in a purified mitochondrial membrane preparation
matches the sequence of the primary target of the antibody. Moreover, proteomic
evidence confirming that putative channels of the Kir, KCa, or RyR subtypes
are present in mitochondrial membranes is absent. These deficiencies will likely
be overcome as more attention is focused on getting biochemical and structural
data confirming that a particular ion flux is associated with a particular protein
fraction.

Meanwhile, clues about modulatory interactions between known mitochondrial
proteins such as the ANT, the mitochondrial ATP synthase, the mBzR and VDAC
may help in the quest for ion channel pores. In this regard, it has been reported
that succinate dehydrogenase may regulate mitoKATP activity in reconstituted
proteoliposomes as part of a multiprotein complex (Ardehali et al. 2004), perhaps
offering a handle for further purification of mitochondrial K+ channel activity.
Similarly, the structure of IMAC may be revealed through its interaction with
the mBzR.

10.12. Conclusions

Mitochondrial ion channels for Ca2+, K+, or anions have been functionally and
pharmacologically characterized at many levels spanning from single molecules
to intact cell and organ function. The challenge ahead lies in defining the
molecular structures responsible for forming the ion selective pores mediating
these important ion transport processes. Achieving these goals will undoubtedly
spur the development of novel and specific therapeutic agents targeted to the
mitochondria. As the organelle responsible for integrating and responding to
environmental challenges, mitochondria are the hub of all cellular functions and
they play a central role as a determinant of cell life and death in a variety of
pathologies including acute coronary syndrome, neurodegeneration, cancer, and
aging.



10. Mitochondrial Ion Channels 233

References

Akar FG, Aon MA, Tomaselli GF, O’Rourke B (2005) The mitochondrial origin of
postischemic arrhythmias. J Clin Invest 115:3527–35

Aon MA, Cortassa S, Akar FG, O’Rourke B (2006) Mitochondrial criticality: a new
concept at the turning point of life or death. Biochim Biophys Acta 1762:232–40

Aon MA, Cortassa S, Marban E, O’Rourke B (2003) Synchronized whole cell oscillations
in mitochondrial metabolism triggered by a local release of reactive oxygen species in
cardiac myocytes. J Biol Chem 278:44735–44

Aon MA, Cortassa S, O’Rourke B (2004) Percolation and criticality in a mitochondrial
network. Proc Natl Acad Sci U S A 101: 4447–52

Ardehali H, Chen Z, Ko Y, Mejia-Alvarez R, Marban E (2004) Multiprotein complex
containing succinate dehydrogenase confers mitochondrial ATP-sensitive K+ channel
activity. Proc Natl Acad Sci USA 101:11880–5

Baines CP, Kaiser RA, Purcell NH, Blair NS, Osinska H, Hambleton MA, Brunskill EW,
Sayen MR, Gottlieb RA, Dorn GW, Robbins J, Molkentin JD (2005) Loss of cyclophilin
D reveals a critical role for mitochondrial permeability transition in cell death. Nature
434:658–62

Basso E, Fante L, Fowlkes J, Petronilli V, Forte MA, Bernardi P (2005) Properties of
the permeability transition pore in mitochondria devoid of Cyclophilin D. J Biol Chem
280: 18558–61

Beavis AD (1992) Properties of the inner membrane anion channel in intact mitochondria.
J Bioenerg Biomembr 24:77–90

Beavis AD, Powers M (2004) Temperature dependence of the mitochondrial inner
membrane anion channel: the relationship between temperature and inhibition by
magnesium. J Biol Chem 279:4045–50

Bender E, Kadenbach B (2000) The allosteric ATP-inhibition of cytochrome c oxidase
activity is reversibly switched on by cAMP-dependent phosphorylation. FEBS Lett
466:130–4

Bernardi P, Vassanelli S, Veronese P, Colonna R, Szabo I, Zoratti M (1992) Modulation of
the mitochondrial permeability transition pore. Effect of protons and divalent cations.
J Biol Chem 267:2934–9

Beutner G, Sharma VK, Giovannucci DR, Yule DI, Sheu SS (2001) Identification of a
ryanodine receptor in rat heart mitochondria. J Biol Chem 276:21482–8

Beutner G, Sharma VK, Lin L, Ryu SY, Dirksen RT, Sheu SS (2005) Type 1
ryanodine receptor in cardiac mitochondria: transducer of excitation-metabolism
coupling. Biochim Biophys Acta 1717:1–10

Billman GE, Englert HC, Scholkens BA (1998) HMR 1883, a novel cardioselective
inhibitor of the ATP-sensitive potassium channel. Part II: effects on susceptibility to
ventricular fibrillation induced by myocardial ischemia in conscious dogs. J Pharmacol
Exp Ther 286:1465–73

Borecky J, Jezek P, D. Siemen D (1997) 108-pS channel in brown fat mitochondria might
be identical to the inner membrane anion channel. J Biol Chem 272:19282–9

Bragadin M, Pozzan T, Azzone GF (1979) Kinetics of Ca2+ carrier in rat liver
mitochondria. Biochemistry 18:5972–8

Brierley GP, Jurkowitz M, K. Scott KM, Merola AJ (1971) Ion transport by
heart mitochondria. XXII. Spontaneous, energy-linked accumulation of acetate and
phosphate salts of monovalent cations. Arch Biochem Biophys 147:545–56

Bryan J, Vila-Carriles WH, Zhao G, Babenko AP, Aguilar-Bryan L (2004) Toward linking
structure with function in ATP-sensitive K+ channels. Diabetes 53 Suppl 3:S104–12



234 B. O’Rourke

Cao CM, Chen M, Wong TM (2005a) The K(Ca) channel as a trigger for the cardio-
protection induced by kappa-opioid receptor stimulation – its relationship with protein
kinase C. Br J Pharmacol 145:984–91

Cao CM, Xia Q, Gao Q, Chen M, Wong TM (2005b) Calcium-activated potassium
channel triggers cardioprotection of ischemic preconditioning. J Pharmacol Exp Ther
312:644–50

Chutkow WA, Samuel V, Hansen PA, Pu J, Valdivia CR, Makielski JC, Burant CF (2001)
Disruption of Sur2-containing K(ATP) channels enhances insulin-stimulated glucose
uptake in skeletal muscle. Proc Natl Acad Sci USA 98:11760–4

Cohen MV, Baines CP, Downey JM (2000) Ischemic preconditioning: from adenosine
receptor to KATP channel. Annu Rev Physiol 62:79–109

Cortassa S, Aon MA, Marban E, Winslow RL, O’Rourke B (2003) An integrated model
of cardiac mitochondrial energy metabolism and calcium dynamics. Biophys J 84:
2734–55

Cortassa S, Aon MA, Winslow RL, O’Rourke B (2004) A mitochondrial oscillator
dependent on reactive oxygen species. Biophys J 87:2060–73

Costa AD, Garlid KD, West IC, Lincoln TM, Downey JM, M. Cohen MV, Critz SD (2005)
Protein kinase G transmits the cardioprotective signal from cytosol to mitochondria.
Circ Res 97:329–36

Cuong DV, Kim N, Youm JB, Joo H, Warda M, Lee JW, Park WS, Kim T, Kang S,
Kim H, Han J (2006) Nitric oxide-cGMP-protein kinase G signaling pathway induces
anoxic preconditioning through activation of ATP-sensitive K+ channels in rat hearts.
Am J Physiol Heart Circ Physiol 290: H1808–H1817

Demin OV, Kholodenko BN, Skulachev VP (1998) A model of O2.-generation in the
complex III of the electron transport chain. Mol Cell Biochem 184:21–33

Denton RM, McCormack JG (1990) Ca2+ as a second messenger within mitochondria of
the heart and other tissues. Ann Rev Physiol 52:451–66

Di Lisa F, Bernardi P (2006) Mitochondria and ischemia-reperfusion injury of the heart:
Fixing a hole. Cardiovasc Res 70: 191–199

Diwan JJ (1985) Ba2+ uptake and the inhibition by Ba2+ of K+ flux into rat liver
mitochondria. J Membr Biol 84:165–71

Douglas MG, Cockrell RS (1974) Mitochondrial cation-hydrogen ion exchange. Sodium
selective transport by mitochondria and submitochondrial particles. J Biol Chem
249:5464–71

Ferreira GC, Pedersen PL (1993) Phosphate transport in mitochondria: past accomplish-
ments, present problems, and future challenges. J Bioenerg Biomembr 25:483–92

Gao Q, Zhang SZ, Cao CM, Bruce IC, Xia Q (2005) The mitochondrial permeability
transition pore and the Ca2+-activated K+ channel contribute to the cardioprotection
conferred by tumor necrosis factor-alpha. Cytokine 32:199–205

Garlid KD (1996) Cation transport in mitochondria–the potassium cycle. Biochim Biophys
Acta 1275:123–6

Garlid KD, Beavis AD (1986) Evidence for the existence of an inner membrane anion
channel in mitochondria. Biochim Biophys Acta 853:187–204

Garlid KD, Dos Santos P, Xie ZJ, Costa AD, Paucek P (2003) Mitochondrial potassium
transport: the role of the mitochondrial ATP-sensitive K(+) channel in cardiac function
and cardioprotection. Biochim Biophys Acta 1606:1–21

Garlid KD, Paucek P, Yarov-Yarovoy V, Murray MH, Darbenzio RB, D’Alonzo AJ,
Lodge NJ, Smith MA, Grover GJ (1997) Cardioprotective effect of diazoxide and
its interaction with mitochondrial ATP-sensitive K+ channels. Possible mechanism of
cardioprotection. Circ Res 81:1072–82



10. Mitochondrial Ion Channels 235

Garlid KD, Paucek P, Yarov-Yarovoy V, Sun X, Schindler PA (1996) The mitochondrial
KATP channel as a receptor for potassium channel openers. J Biol Chem 271:8796–9

Gavish M, Bachman I, Shoukrun R, Katz Y, Veenman L, Weisinger G, Weizman A
(1999) Enigma of the peripheral benzodiazepine receptor. Pharmacol Rev 51:629–50

Ghosh S, Standen NB, Galinanes M (2000) Evidence for mitochondrial K ATP channels
as effectors of human myocardial preconditioning. Cardiovasc Res 45:934–40

Grover GJ, Garlid KD (2000) ATP-Sensitive potassium channels: a review of their
cardioprotective pharmacology. J Mol Cell Cardiol 32:677–95

Grover GJ, D’Alonzo AJ, Garlid KD, Bajgar R, Lodge NJ, Sleph PG, Darbenzio RB,
Hess TA, Smith MA, Paucek P. Atwal KS (2001) Pharmacologic characterization
of BMS-191095, a mitochondrial K(ATP) opener with no peripheral vasodilator or
cardiac action potential shortening activity. J Pharmacol Exp Ther 297:1184–92

Grover GJ, McCullough JR, Henry DE, Conder ML, Sleph PG (1989) Anti-ischemic
effects of the potassium channel activators pinacidil and cromakalim and the reversal
of these effects with the potassium channel blocker glyburide. J Pharmacol Exp Ther
251:98–104

Gumina RJ, Pucar D, Bast P, Hodgson DM, Kurtz CE, Dzeja PP, Miki T, Seino S, Terzic A
(2003) Knockout of Kir6.2 negates ischemic preconditioning-induced protection of
myocardial energetics. Am J Physiol Heart Circ Physiol 284:H2106–13

Gunter KK, Gunter TE (1994) Transport of calcium by mitochondria. J Bioenerg
Biomembr 26:471–85

Gunter TE, Pfeiffer DR (1990) Mechanisms by which mitochondria transport calcium.
Am J Physiol 258:C755–86

Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, Simon MC, Hammerling U,
Schumacker PT (2005) Mitochondrial complex III is required for hypoxia-induced
ROS production and cellular oxygen sensing. Cell Metab 1:401–8

Halestrap AP (1987) The regulation of the oxidation of fatty acids and other substrates in
rat heart mitochondria by changes in the matrix volume induced by osmotic strength,
valinomycin and Ca2+. Biochem J 244:159–64

Halestrap AP, Clarke SJ, Javadov SA (2004) Mitochondrial permeability transition pore
opening during myocardial reperfusion–a target for cardioprotection. Cardiovasc Res
61:372–85

Hansford RG, Lehninger AL (1972) The effect of the coupled oxidation of substrate on
the permeability of blowfly flight-muscle mitochondria to potassium and other cations.
Biochem J 126:689–700

Hunter DR, Haworth RA, Southard JH (1976) Relationship between configuration,
function, and permeability in calcium-treated mitochondria. J Biol Chem 251:5069–77

Inoue I, Nagase H, Kishi K, Higuti T (1991) ATP-sensitive K+ channel in the mitochon-
drial inner membrane. Nature 352:244–7

Jezek P, Jezek J (2003) Sequence anatomy of mitochondrial anion carriers. FEBS Lett
534:15–25

Juhaszova M, Zorov DB, Kim SH, Pepe S, Fu Q, Fishbein KW, Ziman DB, Wang S,
Ytrehus K, Antos CL, Olson EN, Sollott SJ (2004) Glycogen synthase kinase-3beta
mediates convergence of protection signaling to inhibit the mitochondrial permeability
transition pore. J Clin Invest 113:1535–49

Jung DW, Baysal K, Brierley GP (1995) The sodium-calcium antiport of heart
mitochondria is not electroneutral. J Biol Chem 270:672–8

Jung DW, Chavez E, Brierley GP (1977) Energy-dependent exchange of K+ in heart
mitochondria. K+ influx. Arch Biochem Biophys 183:452–9



236 B. O’Rourke

Jung DW, Farooqui T, Utz E, Brierley GP (1984) Effects of quinine on K+ transport in
heart mitochondria. J Bioenerg Biomembr 16:379–90

Kinnally KW, Zorov DB, Antonenko YN, Snyder SH, McEnery MW, Tedeschi H (1993)
Mitochondrial benzodiazepine receptor linked to inner membrane ion channels by
nanomolar actions of ligands. Proc Natl Acad Sci USA 90:1374–8

Kirichok Y, Krapivinsky G, Clapham DE (2004) The mitochondrial calcium uniporter is
a highly selective ion channel. Nature 427:360–4

Kokoszka JE, Waymire KG, Levy SE, Sligh JE, Cai J, Jones DP, MacGregor GR,
Wallace DC (2004) The ADP/ATP translocator is not essential for the mitochondrial
permeability transition pore. Nature 427:461–5

Kopustinskiene DM, Pollesello P, Saris NE (2001) Levosimendan is a mitochondrial
K(ATP) channel opener. Eur J Pharmacol 428:311–4

Lamping KA, Gross GJ (1985) Improved recovery of myocardial segment function
following a short coronary occlusion in dogs by nicorandil, a potential new antianginal
agent, and nifedipine. J Cardiovasc Pharmacol 7:158–66

Liu Y, Ren G, O’Rourke B, Marban E, Seharaseyon J (2001) Pharmacological comparison
of native mitochondrial K(ATP) channels with molecularly defined surface K(ATP)
channels. Mol Pharmacol 59:225–30

Liu Y, Sato T, O’Rourke B, Marban E (1998) Mitochondrial ATP-dependent potassium
channels: novel effectors of cardioprotection? Circulation 97:2463–9

Martinez-Caballero S, Dejean LM, Jonas EA, Kinnally KW (2005) The role of the
mitochondrial apoptosis induced channel MAC in cytochrome c release. J Bioenerg
Biomembr 37:155–64

Nakagawa T, Shimizu S, Watanabe T, Yamaguchi O, Otsu K, Yamagata H, Inohara H,
Kubo T, Tsujimoto Y (2005) Cyclophilin D-dependent mitochondrial permeability
transition regulates some necrotic but not apoptotic cell death. Nature 434:652–8

Nicholls DG, Ferguson SJ (2002) Bioenergetics3, Third ed., Academic Press, London
Noma A (1983) ATP-regulated K+ channels in cardiac muscle. Nature 305:147–8
Ockaili R, Emani VR, Okubo S, Brown M, Krottapalli K, Kukreja RC (1999) Opening of

mitochondrial KATP channel induces early and delayed cardioprotective effect: role
of nitric oxide. Am J Physiol 277:H2425–34

Ockaili R, Salloum F, Hawkins J, Kukreja RC (2002) Sildenafil (Viagra) induces powerful
cardioprotective effect via opening of mitochondrial K(ATP) channels in rabbits. Am
J Physiol Heart Circ Physiol 283:H1263–9

Ohya S, Kuwata Y, Sakamoto K, Muraki K, Imaizumi Y (2005) Cardioprotective effects
of estradiol include the activation of large-conductance Ca(2+)-activated K(+) channels
in cardiac mitochondria. Am J Physiol Heart Circ Physiol 289:H1635–42

Oldenburg O, Cohen MV, Downey JM (2003) Mitochondrial K(ATP) channels in precon-
ditioning. J Mol Cell Cardiol 35: 569–75

O’Rourke B (2000) Pathophysiological and protective roles of mitochondrial ion channels.
J Physiol 529 Pt 1:23–36

O’Rourke B (2004) Evidence for mitochondrial K+ channels and their role in cardiopro-
tection. Circ Res 94:420–32

O’Rourke B, B. Ramza BM, Marban E (1994) Oscillations of membrane current and
excitability driven by metabolic oscillations in heart cells. Science 265:962–6

Otani H (2004) Reactive oxygen species as mediators of signal transduction in ischemic
preconditioning. Antioxid Redox Signal 6:449–69

Pain T, X. Yang XM, Critz SD, Yue Y, Nakano A, Liu GS, Heusch G, Cohen MV,
Downey JM (2000) Opening of mitochondrial K(ATP) channels triggers the precon-
ditioned state by generating free radicals. Circ Res 87:460–6



10. Mitochondrial Ion Channels 237

Paucek P, Mironova G, Mahdi F, Beavis AD, Woldegiorgis G, Garlid KD (1992) Recon-
stitution and partial purification of the glibenclamide-sensitive, ATP-dependent K+
channel from rat liver and beef heart mitochondria. J Biol Chem 267:26062–9

Pavlov EV, Priault M, Pietkiewicz D, Cheng EH, Antonsson B, Manon S, Korsmeyer SJ,
Mannella CA, Kinnally KW (2001) A novel, high conductance channel of mitochondria
linked to apoptosis in mammalian cells and Bax expression in yeast. J Cell Biol
155:725–31

Rousset S, Alves-Guerra MC, Mozo Miroux B, Cassard-Doulcier AM, Bouillaud F,
Ricquier D (2004) The biology of mitochondrial uncoupling proteins. Diabetes 53
Suppl 1:S130–5

Sasaki N, Murata M, Guo Y, Jo SH, Ohler A, Akao M, O’Rourke B, Xiao RP, Bolli R,
Marban E (2003) MCC-134, a single pharmacophore, opens surface ATP-sensitive
potassium channels, blocks mitochondrial ATP-sensitive potassium channels, and
suppresses preconditioning. Circulation 107:1183–8

Sasaki N, Sato T, Ohler A, O’Rourke B, Marban E (2000) Activation of mitochondrial
ATP-dependent potassium channels by nitric oxide. Circulation 101:439–45

Sato T, Costa AD, Saito T, Ogura T, Ishida H, Garlid KD, Nakaya H (2006) Bepridil, an
antiarrhythmic drug, opens mitochondrial KATP channels, blocks sarcolemmal KATP
channels, and confers cardioprotection. J Pharmacol Exp Ther 316:182–8

Sato T, O’Rourke B, Marban E (1998) Modulation of mitochondrial ATP-dependent K+
channels by protein kinase C. Circ Res 83:110–4

Sato T, Saito T, Saegusa N, Nakaya H (2005) Mitochondrial Ca2+-activated K+ channels
in cardiac myocytes: a mechanism of the cardioprotective effect and modulation by
protein kinase A. Circulation 111:198–203

Sato T, Sasaki N, Seharaseyon J, O’Rourke B, Marban E (2000) Selective pharmacological
agents implicate mitochondrial but not sarcolemmal K(ATP) channels in ischemic
cardioprotection. Circulation 101:2418–23

Schinzel AC, Takeuchi O, Huang Z, Fisher JK, Zhou Z, Rubens J, Hetz C, Danial NN,
Moskowitz MA, Korsmeyer SJ (2005) Cyclophilin D is a component of mitochondrial
permeability transition and mediates neuronal cell death after focal cerebral ischemia.
Proc Natl Acad Sci USA 102:12005–10

Seino S, Miki T (2003) Physiological and pathophysiological roles of ATP-sensitive K+
channels. Prog Biophys Mol Biol 81:133–76

Shintani Y, Node K, Asanuma H, Sanada S, Takashima S, Asano Y, Liao Y, Fujita M,
A Hirata A, Shinozaki Y, Fukushima T, Nagamachi Y, Okuda H, Kim J, Tomoike H,
Hori M, Kitakaze M (2004) Opening of Ca2+-activated K+ channels is involved in
ischemic preconditioning in canine hearts. J Mol Cell Cardiol 37:1213–8

Sorgato MC, Keller BU, Stuhmer W (1987) Patch-clamping of the inner mitochondrial
membrane reveals a voltage-dependent ion channel. Nature 330:498–500

Stowe DF, Aldakkak M, Camara AK, Riess ML, Heinen A, Varadarajan SG, Jiang MT
(2006) Cardiac mitochondrial preconditioning by Big Ca2+-sensitive K+ channel
opening requires superoxide radical generation Am J Physiol Heart Circ Physiol
290:H434–40

Stucki JW (1980) The optimal efficiency and the economic degrees of coupling of
oxidative phosphorylation. Eur J Biochem 109:269–83

Suzuki M, Saito T, Sato T, Tamagawa M, Miki T, Seino S, Nakaya H (2003)
Cardioprotective effect of diazoxide is mediated by activation of sarcolemmal but not
mitochondrial ATP-sensitive potassium channels in mice. Circulation 107:682–5

Suzuki M, Sasaki N, Miki T, Sakamoto N, Ohmoto-Sekine Y, Tamagawa M, Seino S,
Marban E, Nakaya H (2002) Role of sarcolemmal K(ATP) channels in cardioprotection
against ischemia/reperfusion injury in mice. J Clin Invest 109:509–16



238 B. O’Rourke

Szabo I, Bernardi P, Zoratti M (1992) Modulation of the mitochondrial megachannel by
divalent cations and protons. J Biol Chem 267:2940–6

Szewczyk A, Mikolajek B, Pikula S, Nalecz MJ (1993) Potassium channel openers induce
mitochondrial matrix volume changes via activation of ATP-sensitive K+ channel. Pol
J Pharmacol 45:437–43

Tanno M, Miura T, Tsuchida A, Miki T, Nishino Y, Ohnuma Y, and Shimamoto K (2001)
Contribution of both the sarcolemmal K(ATP) and mitochondrial K(ATP) channels to
infarct size limitation by K(ATP) channel openers: differences from preconditioning
in the role of sarcolemmal K(ATP) channels. Naunyn Schmiedebergs Arch Pharmacol
364:226–32

Tanonaka K, Taguchi T, Koshimizu M, Ando T, Morinaka T, Yogo T, Konishi F, Takeo S
(1999) Role of an ATP-sensitive potassium channel opener, YM934, in mitochondrial
energy production in ischemic/reperfused heart. J Pharmacol Exp Ther 291:710–6

Territo PR, Mootha VK, French SA, Balaban RS (2000) Ca(2+) activation of heart
mitochondrial oxidative phosphorylation: role of the F(0)/F(1)-ATPase. Am J Physiol
Cell Physiol 278:C423–35

Uchiyama Y, Otani H, Wakeno M, Okada T, Uchiyama T, Sumida T, Kido M, Imamura H,
Nakao S, Shingu K (2003) Role of mitochondrial KATP channels and protein kinase
C in ischaemic preconditioning. Clin Exp Pharmacol Physiol 30:426–36

Wang X, Yin C, Xi L, Kukreja RC (2004) Opening of Ca2+-activated K+ channels
triggers early and delayed preconditioning against I/R injury independent of NOS in
mice. Am J Physiol Heart Circ Physiol 287:H2070–7

Xu W, Liu Y, Wang S, McDonald T, Van Eyk JE, Sidor A, O’Rourke B (2002)
Cytoprotective role of Ca2+- activated K+ channels in the cardiac inner mitochondrial
membrane. Science 298:1029–33

Xu Z, Ji X, and Boysen PG (2004) Exogenous nitric oxide generates ROS and induces
cardioprotection: involvement of PKG, mitochondrial KATP channels, and ERK. Am
J Physiol Heart Circ Physiol 286:H1433–40

Zingman LV, Hodgson DM, Bast PH, Kane GC, Perez-Terzic C, Gumina RJ, Pucar D,
Bienengraeber M, Dzeja PP, Miki T, Seino S, Alekseev AE, Terzic A (2002) Kir6.2
is required for adaptation to stress. Proc Natl Acad Sci USA 99:13278–83

Zorov DB, Filburn CR, Klotz LO, Zweier JL, Sollott SJ (2000) Reactive oxygen species
(ROS)-induced ROS release: a new phenomenon accompanying induction of the
mitochondrial permeability transition in cardiac myocytes. J Exp Med 192:1001–14



Part 4
Mitochondria as Initiators of Cell Death



11
The Mitochondrial Permeability
Transition Pore – from Molecular
Mechanism to Reperfusion Injury
and Cardioprotection

Andrew P. Halestrap, Samantha J. Clarke and Igor Khalilin

11.1. Introduction

In most cells, the primary role played by the mitochondria is the provision of ATP
through oxidative phosphorylation to support the numerous energy requiring
processes. This is especially so in tissues such as the beating heart where the
provision of ATP to meet the demands of muscle contraction and the maintenance
of ionic homeostasis are especially heavy. Indeed, even under resting conditions,
the heart cannot survive on glycolytic ATP alone and rapidly ceases to beat
when oxidative phosphorylation is impaired by anoxia or ischemia. It comes as
something of a surprise, therefore, to discover that within the mitochondria there
exists a latent mechanism that, once activated, converts them from organelles that
energise the cell to those that actively kill the cell via apoptosis or necrosis. This
transition, reminiscent of the fictional Dr Jeckyll who turns into the murderous Mr
Hyde, is mediated within the mitochondria by the opening of a non-specific pore
in the mitochondrial inner membrane, known as the mitochondrial permeability
transition pore (MPTP).

In this chapter we will first summarise what is known of the mechanism of the
MPTP and how it is controlled. We will then describe the techniques that have
been used to measure MPTP opening in isolated cells and intact tissues subject to
a variety of stresses. Particular attention will be paid to the ischemic/reperfused
heart where the extent of pore opening is a critical determinant of reperfusion
injury. Finally, we will explain how inhibiting opening of the MPTP is an
effective strategy for protecting the heart from ischemia/reperfusion and other
toxic insults.
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11.2. The Discovery of the MPTP

A critical property of the inner mitochondrial membrane is that it is imper-
meable to all but a few selected metabolites and ions. This is essential in
order to maintain the membrane potential and pH gradient across the inner
membrane that is essential for oxidative phosphorylation. However, it has been
known for more than fifty years that mitochondria become leaky, uncoupled
and massively swollen if they are exposed to high calcium concentrations,
especially in the presence of phosphate and when accompanied by oxidative
stress. The phenomenon became known as the permeability transition and was
originally thought to reflect activation of endogenous phospholipase A2 leading
to phospholipid breakdown within the inner membrane (Gunter and Pfeiffer
1990). However, seminal studies in the late seventies by Haworth and Hunter
(1979) convincingly demonstrated that this could not be the case. The increase
in permeability could be rapidly reversed by removal of calcium and exhibited a
defined molecular weight cut-off of about 1.5 kDa. These data were consistent
with the opening of a non-specific protein channel but little further progress
was made until the discovery, by Martin Crompton and colleagues, that the pore
could be specifically blocked by sub-micromolar concentrations of the immuno-
suppressant drug, cyclosporin A (CsA) (Crompton et al. 1988). This critical
observation led to pioneering work in this and other laboratories that identified
the key components of the MPTP (see below). Parallel studies characterised
the properties of the MPTP and the consequences of its opening. The overall
features of the MPTP and the consequences of its opening are summarised in
Figure 11.1.

Figure 11.1. An overview of the causes and consequences of MPTP opening.
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11.3. The Consequences of MPTP Opening (Reviewed
in Halestrap et al. 2004; Halestrap et al. 2002)

When the MPTP opens, the inner mitochondrial membrane no longer exerts a
permeability barrier to any small molecular weight solute. Consequently, such
molecules move freely across the membrane and solute osmotic gradients are lost.
However, proteins remain impermeable and as a result exert a colloidal osmotic
pressure that causes mitochondria to swell. Unfolding of the cristae allows
matrix expansion without compromising the integrity of the inner membrane,
but the outer membrane may rupture. This leads to the release of proteins in
the intermembrane space such as cytochrome c and other factors that play a
critical role in apoptotic cell death (see Chapter 12). Another consequence of
MPTP opening is that the inner membrane becomes freely permeable to protons
and so mitochondria cannot maintain their pH gradient or membrane potential
and become uncoupled. As a result, not only are they unable to synthesise ATP
by oxidative phosphorylation, but they actively hydrolyse ATP synthesised by
glycolysis as the proton-translocating ATPase reverses direction. If too many
mitochondria within a cell are in this condition, intracellular ATP concentrations
rapidly decline, leading to the disruption of ionic and metabolic homeostasis
and activation of degradative enzymes such as phospholipases, nucleases and
proteases. Unless pore closure occurs, these changes will cause irreversible
damage to the cell resulting in necrotic death. Even if closure does occur, the
mitochondrial swelling and outer membrane rupture may be sufficient to set
the apoptotic cascade in motion. Thus it is hardly surprising that the MPTP is
kept firmly closed under normal physiological conditions and only opens under
pathological conditions.

11.4. Factors that Regulate the MPTP (Reviewed
in Halestrap and Brenner 2003; Halestrap et al. 2004;
Halestrap et al. 2002)

A matrix facing calcium binding site appears to be essential to trigger MPTP
opening, and any factor that influences calcium loading (e.g. Na+ or Mg2+)
will have an effect on MPTP opening. The reader is referred to Chapter 9
by Elinor Griffiths for more information as to how mitochondrial calcium
loading is controlled. Interestingly, unlike most mitochondrial calcium-sensitive
processes such as the calcium-activated dehydrogenases, Sr2+ cannot substitute
for Ca2+ as a trigger for MPTP opening. Indeed, the calcium trigger site can
be inhibited by Sr2+ and other divalent cations such as Mg2+, and also by H+

which accounts for the potent inhibition of MPTP opening by low pH (Halestrap
1991; Szabo et al. 1992). There is an additional divalent cation regulatory site
on the MPTP that faces the cytosolic side of the inner membrane and inhibits
MPTP opening. This has a broader specificity than the Ca2+-trigger site, and
inhibition is observed with many divalent cations including Ca2+ and Mg2+
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(Bernardi et al. 1993). Although the key factor leading to the opening of the
MPTP is mitochondrial calcium overload (i.e. when mitochondrial matrix [Ca2+]
is greatly increased), an increase in matrix calcium alone is often inadequate to
elicit MPTP opening. Additional factors are required such as oxidative stress,
adenine nucleotide depletion, elevated phosphate concentrations and mitochon-
drial depolarisation (Crompton 1999; Halestrap et al. 2002). These conditions
are exactly those that the heart experiences in response to reperfusion after a
period of ischemia (reperfusion injury) as will be discussed below. The pore
is also sensitive to the ligand induced conformational changes of the adenine
nucleotide translocase (ANT), an integral inner membrane protein responsible
for ATP and ADP translocation across the membrane. It is also strongly inhibited
by a high mitochondrial membrane potential (��m) and when the matrix pH
falls below pH 7.0 (Halestrap 1991; Szabo et al. 1992; Bernardi et al. 1993;
Bernardi 1999; Crompton, 1999; Halestrap and Brenner, 2003; Halestrap et al.,
2002; Szabo et al. 1992). However, many other factors have been described that
modulate MPTP (see Table 11.1) and these have helped to define the molecular
mechanism of the MPTP as described in Section 11.5 below where their mode
of action will be described in more detail.

11.5. The Molecular Mechanism of the MPTP

11.5.1. The Role of Cyclophilin D (Reviewed
in Waldmeier et al. 2003)

The discovery in 1988 by Crompton and colleagues that MPTP opening could
be inhibited specifically by sub-micromolar concentrations of the immunosup-
pressive drug, cyclosporin A (CsA) (Crompton et al. 1988) provided a major
clue as to the molecular composition of the MPTP. Work in this laboratory
identified the matrix protein to which CsA binds as a peptidyl-prolyl cis-trans
isomerase (PPIase), now known as cyclophilin D (Cyp-D). PPIases catalyse
conformational changes of proteins around proline peptide bonds, and thus
suggest that such a conformational change is responsible for pore formation.
Indeed, we found that the PPIase activity of CyP-D was blocked by CsA with
the same affinity as the drug inhibits MPTP opening (Griffiths and Halestrap
1991; Griffiths and Halestrap 1995; Halestrap and Davidson 1990). CyP-D is a
nuclear encoded protein that is translocated into the matrix prior to cleavage of its
mitochondrial targeting presequence (Connern and Halestrap 1992; Woodfield
et al. 1997; Johnson et al. 1999; Tanveer et al. 1996). It is a distinct gene
product from the cytosolic cyclophylin A, whose complex with CsA mediates
the immuno-suppressant activity of CsA (Schreiber and Crabtree 1992) as well
as other intracellular functions (Crabtree 2001; Rusnak and Mertz 2000). Indeed,
CsA analogues such as 6-methyl-ala-CsA, 4-methyl-val-CsA and N-methyl-4-
isoleucine-CsA (NIM811) bind to CyP-D and inhibit MPTP opening, but their
complexes with CyP-A do not inhibit calcineurin (Griffiths and Halestrap 1995;
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DiLisa et al. 2001; Waldmeier et al. 2002). We have discovered another
extremely potent inhibitor of the MPTP, Sanglifehrin A (SfA), that is unrelated
to CsA. Although this drug binds to CyP-D and CyP-A and inhibits their PPIase
activity with a K0�5 of < 5 nM (Clarke et al. 2002), the SfA-CyP-A complex is
without effect on calcineurin activity (Zenke et al. 2001).

Very recently, the role of CyP-D in MPTP opening has been put beyond doubt
by studies in four laboratories on MPTP opening in mitochondria from CyP-D
knockout mice (Baines et al. 2005; Basso et al. 2005; Schinzel et al. 2003;
Nakagawa et al. 2005). MPTP-opening in these mitochondria requires much greater
calcium loading and is insensitive to CsA. Indeed, as predicted, the behaviour of
these mitochondria exactly mirrors that of normal mitochondria treated with CsA.
One important feature to emerge from these experiments is that it confirms that
MPTP opening can occur without the involvement of CyP-D, but it requires much
greater calcium concentrations (Halestrap 2005). Several groups had previously
concluded this because inhibition of MPTPopening by CsAor SfAcan be overcome
inbothheartmitochondriaandlivermitochondria if thestimulus(e.g.elevatedCa2+,
adenine nucleotide depletion or oxidative stress) was sufficiently great (Clarke
et al. 2002; Connern and Halestrap 1994; Connern and Halestrap 1996; Griffiths
and Halestrap 1995; Halestrap et al. 1997). Yet under the same conditions, CsA
is able to prevent almost totally the binding of CyP-D to the inner mitochondrial
membrane (Connern and Halestrap 1994; Halestrap et al. 1997). Thus it would
seem that opening of the MPTP involves a protein conformational change that is
facilitated by CyP-D rather than dependent upon it.

11.5.2. The Role of the Adenine Nucleotide Translocase
(Reviewed in Halestrap and Brenner 2003)

An involvement of the adenine nucleotide translocase (ANT) in the formation
or regulation of the MPTP was first suggested more than two decades ago when
it was shown that MPTP opening is inhibited by ATP and ADP, but not by
their complexes with Mg2+ or by other nucleotides such as AMP, GDP or GTP,
none of which are transported by the ANT (Hunter and Haworth 1979). It was
also demonstrated that carboxyatractyloside (CAT), an inhibitor of the ANT that
stabilises it in the “c” conformation (substrate binding site facing the cytosol),
greatly sensitises MPTP opening to [Ca2+] whereas bongkrekic acid (BKA) that
stabilises the ANT in the “m” conformation, has the opposite (protective) effect
(Haworth and Hunter 1979; Hunter and Haworth 1979; LeQuoc and LeQuoc
1988; Halestrap and Davidson 1990; Halestrap et al. 1997). These early observa-
tions led us to propose in 1990 that CyP-D might bind to the ANT and induce a
conformational change when triggered by Ca2+ (Halestrap and Davidson 1990).
The adenine nucleotide and BKA binding to the ANT would induce the “m”
conformation that is resistant to this change whereas the “c” conformation is
susceptible. In order to confirm this hypothesis, we initially demonstrated that
conditions such as oxidative stress, that enhanced pore opening, increase the
binding of CyP-D to the inner mitochondrial membrane in a CsA-sensitive
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manner (Connern and Halestrap 1994; Connern and Halestrap 1996). Subse-
quently, using an immobilised glutathione-S-transferase-CyP-D fusion protein,
we and others were able to demonstrate directly that the ANT binds to CyP-
D (Crompton et al. 1998; Woodfield et al. 1998). Binding was enhanced by
oxidative stress and inhibited by CsA but not SfA (Clarke et al. 2002; Woodfield
et al. 1998). The latter observation is intriguing and suggests that CyP-D binding
to the ANT occurs as a distinct step from the conformational change that induces
pore formation. CsA inhibits the binding whereas SfA still allows binding but
prevents the conformational change.

We have demonstrated that critical thiols on the ANT are responsible for the
effect of oxidative stress to sensitise the MPTP to [Ca2+]. A disulphide cross-link
is formed between two cysteine residues on the matrix facing loops, Cys 160
(in the loop between transmembrane helices (TMs) 3 and 4) and Cys 257 (in
the loop between TMs 5 and 6) (McStay et al. 2002). This oxidative cross-link
can be mimicked by phenylarsine oxide that is itself a very potent sensitiser of
MPTP opening (Halestrap et al. 1997). Very recently, similar cross-linking of
cysteines in the mitochondrial carnitine/acylcarnitine transporter has also been
demonstrated (Tonazzi et al. 2005). As well as enhancing CyP-D binding to
the ANT, this modification greatly reduces adenine nucleotide binding to the
ANT and thus prevents the potent inhibition of MPTP opening induced by
nucleotide binding. Chemically modifying Cys160 alone using eosine maleimide
exerts a similar effect (McStay et al. 2002). It is likely that decreased binding
of adenine nucleotides to this site is also the mechanism by which adenine
nucleotide depletion, depolarisation and CAT enhance MPTP opening (Halestrap
and Brenner 2003; Halestrap et al. 1997).

More direct evidence for a central role of the ANT in MPTP formation has
come from experiments with purified ANT from heart mitochondria reconstituted
into proteoliposomes (Brustovetsky and Klingenberg 1996; Ruck et al. 1998;
Vieira et al. 2000). High (millimolar) concentrations of calcium added to the
reconstituted ANT were found to induce the formation of non-specific pores with
similar conductance to the MPTP. Pore formation in these reconstituted systems
could be inhibited by ADP and BKA and activated by CAT and oxidative stress.
However, the sensitivity of the purified ANT to [Ca2+] was far lower than that of
the MPTP, although it could be increased by addition of CyP-D whose presence
also introduced CsA-sensitivity (Brustovetsky et al. 2002; Crompton et al. 1998;
Halestrap et al. 2000).

Although the reconstitution studies described above provide further evidence
that CyP-D and the ANT represent the central components of the MPTP, criti-
cisms have been directed against many of these experiments that need to be
addressed if further progress is to be made. Problems include the purity of
the reconstituted proteins, whether the ANT remains in its native state during
purification and reconstitution or represents a denatured form, and the extent
to which incomplete detergent removal may distort the results (Halestrap and
Brenner 2003). One approach to overcome these problems has been the use
of reconstituted recombinant ANT from Neurospora crassa which is both more
stable and easier to purify than mammalian ANT (Brustovetsky et al. 2002).
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When reconstituted into proteoliposomes this behaved much as the bovine
heart ANT and exhibited ADP-inhibitable pore opening at high (1mM) [Ca2+].
When Neurospora cyclophilin was added to the system, the ADP inhibition
was abolished in a CsA-sensitive manner. Promising though these data are, no
evidence was presented that intact Neurospora crassa mitochondria can undergo
a calcium-dependent CsA-inhibitable permeability transition and, if they behave
like Saccharomyces cerevisiae mitochondria; it is unlikely that they do (Jung
et al. 1997; Manon et al. 1998; Woodfield et al. 1998). Very recently, bovine
ANT1 has been crystallised as the CAT complex and a high-resolution structure
obtained (PebayPeyroula et al. 2003). It is hoped that this will provide new
avenues for the exploration of how the ANT might form a non-specific pore.
Indeed, inspection of the structure reveals that it has a large cavity reaching
deep into the membrane from the cytosolic side, with only a narrow “gate”
preventing the formation of a pore. Were this gate to be wedged open through
a conformational change facilitated by CyP-D, it might account for MPTP
formation. Consistent with this hypothesis, it is known that modification of
specific thiol groups on mitochondrial carrier proteins can convert them from
obligate antiporters, to substrate specific uniporters and non-specific channels
(Dierks et al. 1990a; Dierks et al. 1990b)

Despite the strong evidence for the ANT playing a critical role in MPTP
formation, doubt has been expressed as a result of experiments performed on
liver mitochondria from rats in which both ANT1 and ANT2 had been knocked
out. These mitochondria still demonstrated a CsA-sensitive MPTP but opening
required much higher calcium loading and was insensitive to ligands of the
ANT (Kokoszka et al. 2004). It was argued that these data do not support the
hypothesis that the ANT is essential for MPTP formation, although it may play
a regulatory role. However, this is an oversimplification since, although the data
show that a CsA-sensitive MPTP can be formed in the absence of the ANT, it
does not rule out the possibility that the ANT is the normal pore forming entity as
implied by the accumulating evidence from many laboratories discussed above.
The ANT is by far the most abundant member of a family of transporters with
a conserved structure (Palmieri 2004), and several members of this family have
been demonstrated to form channels under specific conditions (Brustovetsky
et al. 2002; Dierks et al. 1990b; Halestrap and Brenner 2003). We have proposed
(Halestrap 2004) that in the ANT-knockout mice, another less abundant member
of the carrier family becomes the target of CyP-D binding leading to MPTP
formation, but with less sensitivity to calcium and no sensitivity to ligands of the
ANT. Nevertheless, in the wild-type mitochondria, the dominance of the ANT
over the other members of the mitochondrial carrier family makes this the normal
target of CyP-D mediated MPTP formation. In passing, it should be noted that
the metabolic consequences of a liver in which the mitochondria have no ANT
would be expected to be severe and yet no major effects were observed (Halestrap
2004). There is now evidence for an additional ANT isoform in human liver with
an orthologue in mouse (Dolce et al. 2005) and it is possible that this enables
the liver to continue functioning near normally in the ANT1/ANT2 knockout
mice. Of course it would also mean that the MPTP observed in the knockout
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mice might still involve an ANT isoform! An alternative hypothesis proposed
by He & Lemasters (2002) is that the MPTP may be formed from aggregates
of denatured membrane proteins, and that these are normally stabilised by a
chaperone, but opening into a pore when acted upon by CyP-D in the presence
of calcium. However, such a hypothesis does not easily explain how ligands of
the ANT can be profound modulators of MPTP opening.

11.5.3. Other Possible Components of the MPTP

There are several other proteins that have been proposed to be components
of the MPTP, of which the strongest candidate is the voltage activated anion
channel (VDAC, also known as porin). This was originally proposed by Zoratti
& Szabo in their seminal review (Zoratti and Szabo 1994) and was based on
the observation that VDAC co-purifies as a complex with the ANT and the
peripheral benzodiazepine receptor under some conditions (Mcenery et al. 1992).
The same proteins are also thought to interact at contact sites, points of intimate
contact between the inner and outer mitochondrial membranes (Crompton, 2000).
Indeed, Crompton and colleagues demonstrated that a complex of ANT and
VDAC from detergent solubilised heart mitochondria bound to a GST-CyP-D
affinity column and following elution with glutathione, could be reconstituted
into proteoliposomes to form a calcium activated pore that was inhibited by
CsA (Crompton et al. 1998). However, our own data suggest that only the ANT
binds to CyP-D (Woodfield et al. 1998) and that the complex of ANT and
CyP-D in the absence of VDAC is sufficient for the formation of a CsA-sensitive
pore. This would imply a regulatory role for VDAC rather than it being an
essential structural component. Further evidence for VDAC playing such a role
comes from the observation that ubiquinone analogues that act as potent MPTP
inhibitors bind tightly to VDAC (Cesura et al. 2003).

In addition to a role for VDAC, the groups of Kroemer and Brdiczka have
suggested that several other proteins associated with the contact sites, such hexo-
kinase, creatine kinase, the peripheral benzodiazepine receptor and the anti- and
pro-apoptotic proteins Bcl-2 and Bax may also associate with the MPTP (Marzo
et al. 1998; Brenner et al. 2000). However, which if any of these components
plays an essential in pore formation (as opposed to a potential regulatory role) is
unclear. In conclusion, there remains uncertainty over the minimum configuration
of the MPTP and clarification will be important if the MPTP is to become a
future pharmaceutical target, for example in the protection of the heart from
reperfusion injury.

11.5.4. A Model of the MPTP that Explains the Mode
of Action of Different Modulators

In Figure 11.2 we summarise our current understanding of the mechanism of
the MPTP, which represents a development of the model originally presented in
1990 (Halestrap and Davidson 1990), and is becoming widely accepted. A fuller
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Figure 11.2. The proposed molecular mechanism of the mitochondrial permeability
transition pore. Supporting data are summarised in the text and extensively reviewed
elsewhere (Halestrap et. al. 2002; Halestrap and Brenner 2003). The probable sites of
action of known effectors of the MPTP are shown in Table 11.1.

description may be found elsewhere (Halestrap and Brenner 2003; Halestrap
et al. 2004; Halestrap et al. 2002). We propose that cyclophilin binds to the
ANT on Pro62 and that this binding is greatly enhanced when Cys 160 is cross-
linked (e.g. by oxidative stress) to Cys 257. Yeast mitochondria, that lack both
these residues, do not possess a CsA-sensitive MPTP (Halestrap et al. 1997;
Manon et al. 1998). We suggest that Ca2+ binds to a site on the ANT to trigger
the conformational change required to induce pore formation probably involving
a cis-trans isomerisation of the peptide bond adjacent to Pro62. Binding of
adenine nucleotides to the substrate binding site of the ANT greatly reduces the
sensitivity of the pore to [Ca2+] and molecular modelling studies suggest that
there may be a suitable arrangement of aspartate and glutamate residues in this
region that might function as the calcium binding site (Halestrap and Brenner
2003), although this is not immediately apparent in the crystal structure of the
ANT-CAT complex (PebayPeyroula et al. 2003). An alternative suggestion is
that calcium may bind to the cardiolipin that is tightly associated with the ANT
and essential for its activity (Brustovetsky and Klingenberg 1996). However,
this seems unlikely because the binding site is totally selective for Ca2+, since
not even Sr2+ is able to substitute, yet it is strongly inhibited by low pH and by
other divalent cations such as Sr2+, Mn2+, Ba2+ and Mg2+ (Bernardi et al. 1992;
Halestrap 1991; Haworth and Hunter 1979; Novgorodov et al. 1994). As noted
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in Section 11.5.1, the conformational change induced by calcium is facilitated
rather than totally dependent on CyP-D.

The model presented in Figure 11.2 is able to provide a plausible explanation
of the effects of most known regulators of the pore that may act to modulate
binding of adenine nucleotides, calcium or CyP-D to their respective sites as
summarised in Table 11.1. However, the modes of action of two other modulators
of the MPTP are not so clear. Ubiquinone analogues can act either as activators
or inhibitors of the MPTP (Fontaine and Bernardi 1999; Walter et al. 2000). In
the light of these data it has been suggested that components of Complex 1
may be involved in the formation and/or regulation of the MPTP (Fontaine and
Bernardi, 1999; Walter et al., 2000), but as noted in Section 11.5.3, ubiquinone
analogues may also target VDAC (Cesura et al. 2003). However, it is known
that uncoupling proteins UCP1, UCP2 and UCP3, may bind oxidised ubiquinone
(Echtay et al. 2001; Echtay et al. 2000) and since UCPs are close relatives
of ANT (Klingenberg et al. 1995) it would seem plausible that a ubiquinone
binding site may also exist on the ANT. Trifluoperazine is a potent inhibitor
of the MPTP under energised but not de-energised conditions (Halestrap et al.
1997) and may act through an effect on surface membrane charge that changes
the voltage sensitivity of the MPTP (Broekemeier and Pfeiffer 1995).

11.6. The Role of the Mitochondrial Permeability
Transition in Reperfusion Injury

In this chapter we will focus on the role of the MPTP in reperfusion injury of
the heart. The reader is directed elsewhere for reviews on the critical role of the
MPTP in necrotic cell death following chemical toxins or ischemia / reperfusion
on other tissues, such as the liver and brain (Friberg and Wieloch 2002; Kim
et al. 2003).

11.6.1. The Conditions During Ischemia and Reperfusion
Favour MPTP Opening

Ischemia is accompanied by a decrease in total adenine nucleotides, and an
increase in both intracellular [Ca2+] and phosphate (Halestrap et al. 2004;
Halestrap et al. 1998; Suleiman et al. 2001). There is also evidence for an
increase in ROS production (Zweier et al. 1987). All of these factors might be
expected to cause MPTP opening, but the low pH that accompanies ischemia
will prevent this. Upon reperfusion not only will the renewed supply of oxygen
lead to mitochondrial energisation and calcium uptake, but also a burst of oxygen
free radical formation as the oxygen reacts with accumulated ubisemiquinone
(Zweier et al. 1987). The threat of MPTP opening is therefore increased consid-
erably, but may still be restrained by the low pH. However, as reperfusion
continues the pH will return to normal which would be expected to lead to
MPTP opening (Halestrap et al. 2004; Halestrap et al. 1998) and this is exactly
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what is observed as is described below. It may be significant that the commonly
prescribed anti-cancer drug, doxorubicin (adriamycin), is a potent inducer of the
MPTP (AlNasser 1997; Sokolove 1990) and a major risk factor associated with
the use of this drug is the development of a cardiomyopathy (Singal et al. 1997).

11.6.2. Experimental Demonstration that the MPTP
Opens During Reperfusion

The most widely used technique for measuring MPTP opening in isolated
cells employs fluorescent dyes such as tetramethylrhodamine (red fluorescence)
to detect dissipation of the mitochondrial membrane potential as a surrogate
indicator of MPTP opening. Such experiments have been performed with
cardiac myocytes subject to simulated ischemia and reperfusion and confirm
MPTP opening occurs at reperfusion (Duchen et al. 1993). These measure-
ments may also be performed in conjunction with a green fluorescent dye,
calcein, that only enters the mitochondria upon MPTP opening. Depending
on the method of dye loading, it can either be entrapped within the matrix
and then released upon pore opening or be excluded from the mitochondria,
but enter when the pore opens (Bernardi et al. 1999; Lemasters et al. 1999).
Although this technique has been applied successfully to heart cells (Katoh et al.
2002) only limited data are available. In any case, isolated cardiac myocytes
are not an ideal model of the whole ischemic reperfused heart and in order
to measure MPTP opening in the perfused heart two alternative techniques
have been developed. One, devised by Di Lisa and colleagues (2001), is to
determine the loss of mitochondrial NAD+ that accompanies reperfusion as
a surrogate indicator of pore opening. Inhibition by CsA is taken as verifi-
cation that this loss is through the MPTP. A more direct approach, devised
in this laboratory, is to measure the mitochondrial entrapment of a radioactive
marker, [3H]-2-deoxyglucose (3H-DOG). In this technique Langendorff perfused
hearts are first loaded with 3H-DOG that accumulates within the cytosol as
3H-DOG-6-phosphate (3H-DOG-6P) but can only enter the mitochondria when
the MPTP opens (Griffiths and Halestrap 1995). The extent to which the 3H-
DOG enters the mitochondria can be determined by their rapid isolation in
the presence of EGTA to reseal the pores and so entrap the 3H-DOG within
them. Measurement of the 3H content of the mitochondria gives a quanti-
tative value for the extent of pore opening, provided that suitable controls and
corrections are performed to account for variations in mitochondrial recovery
and loading of the heart with 3H-DOG. Both techniques confirm that the
MPTP stays closed during ischemia but opens after about 2 minutes of reper-
fusion. This is the point at which the intracellular pH has returned from its
ischemic value of <6.5 (inhibitory to the MPTP (Halestrap 1991)) to pre-ischemic
values and the heart enters hypercontracture (Griffiths and Halestrap 1995;
Halestrap et al. 1997).

One limitation of the 3H-DOG entrapment technique is that it only determines
the extent of MPTP opening at the point of reperfusion and does not take into
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account the possibility that some mitochondria might “open” and then “close”
again and recover their bioenergetic integrity. Such mitochondria will not lose
the 3H-DOG that they have taken up and so will register as still “open”. To
circumvent this problem, we introduced a “post-loading” technique in which
the hearts were loaded with 3H-DOG after they had been through ischemia and
reperfusion, and then the extent of mitochondrial 3H-DOG entrapment deter-
mined. In this case, mitochondria that were open but are now closed will not take
up the 3H-DOG and by comparing data for pre-loaded and post-loaded hearts
we were able to show that about half of the mitochondria that initially opened
on reperfusion subsequently resealed (Javadov et al. 2003; Kerr et al. 1999).
If sufficient mitochondria reseal within a cardiac myocyte, it will not become
necrotic and will regain its function. However, there will remain the risk of the
cell entering apoptosis as will be described below (Section 11.8).

Another feature of the 3H-DOG entrapment technique poses a severe limitation
in its ability to determine the extent of necrosis when this is extensive. The
permeability barrier imposed by the plasma membrane of necrotic tissue is
compromised and the mitochondria are totally disrupted. Hence all the 3H-DOG
that might have been entrapped in the cytosol and mitochondria will be lost
and thus not detected. This will lead to a major underestimate of pore opening
(Javadov et al. 2003). Thus the 3H-DOG entrapment technique is most valuable
for the detection of cells that have not yet progressed to full necrosis but are
on their way there, and already exhibit compromised mitochondrial function
through opening of the MPTP. The extent to which myocytes within the heart
have already undergone necrosis with loss of plasma membrane integrity can be
detected by classical techniques such as enzyme release.

11.7. The MPTP as A Target for Protecting Hearts from
Reperfusion Injury.

It would be predicted that if opening of the MPTP is a critical factor in
the transition from reversible to irreversible reperfusion injury of the heart,
inhibitors of pore opening would offer protection (Suleiman et al. 2001). There
is now increasing evidence that this is the case, and the resistance of hearts and
brains from CyP-D knockout mice to ischemia/reperfusion provide the ultimate
validation of this conclusion (Baines et al. 2005; Halestrap 2005; Nakagawa
et al. 2005; Schinzel et al. 2005). Indeed, it now seems likely that almost any
procedure that reduces reperfusion injury, including ischemic preconditioning
(IPC), will be associated with a decrease in MPTP opening or an increase in
subsequent pore closure. However, this effect may be mediated either through
direct inhibition of the pore with agents such as CsA or SfA, or through an
indirect effect associated with a decrease in the factors responsible for MPTP
opening such as oxidative stress or mitochondrial calcium overload. Specific
examples are considered below.
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11.7.1. Targeting CyP-D with Cyclosporin A
and Sanglifehrin A

In view of their potency as inhibitors of the MPTP (Ki of about 5nM (Clarke
et al. 2002; Griffiths and Halestrap 1991; Halestrap and Davidson 1990)) CsA
and SfA would be predicted to be effective inhibitors of reperfusion injury and
this has been demonstrated in a variety of models. Protection by CsA of isolated
rat cardiac myocytes from cell death induced by anoxia and re-oxygenation
has been demonstrated in several studies (Nazareth et al. 1991; Griffiths et al.
2000; Xu et al. 2001), including in human atrial myocytes (Shanmuganathan
et al. 2005). Interestingly, in rat cardiomyocytes it has been shown that there is
a correlation between mitochondrial [Ca2+] content and subsequent cell death
(Griffiths et al. 1998; Miyata et al. 1992). Work from this laboratory and that
of Di Lisa has confirmed that CsA and its non-immunosuppressive analogues
protect the Langendorff perfused heart from reperfusion injury, and this is
associated with a decrease in MPTP opening (Clarke et al. 2002; DiLisa et al.
2001; Griffiths and Halestrap 1993; Griffiths and Halestrap 1995; Halestrap
et al. 1997; Stowe and Riess 2004). When CsA was present prior to ischemia
and then also in the reperfusion medium, hearts were better able to re-establish
a regular beat and left ventricular developed pressure (LVDP). This protective
effect was accompanied by a return of the tissue ATP/ADP ratios and AMP levels
to control values, greatly reduced release of intracellular lactate dehydrogenase
(an indicator of necrosis) and lower end diastolic pressure (EDP) (an indicator
of contracture whose elevation reflects elevated [Ca2+]). We have subsequently
observed similar protective effects with SfA (Clarke et al. 2002). Other labora-
tories have used measurement of infarct size relative to area at risk following
coronary occlusion and reflow to confirm protection by CsA and SfA (Argaud
et al. 2004; Hausenloy et al. 2003; Hausenloy et al. 2002). In this model of reper-
fusion injury CsA and SfA significantly reduce infarct size even when added
only at reperfusion (Hausenloy et al. 2003).

Taken together, these data strongly support direct inhibition of the MPTP
by CsA and SfA as being an effective means of inhibiting reperfusion injury.
However, two major drawbacks to the use of CsA should be noted. First, it can
potentially exert additional undesirable effects on the heart through inhibition
of calcineurin-mediated processes (Periasamy 2002; Rusnak and Mertz 2000).
This problem is not shared by SfA or by some CsA analogues such as 6-methyl-
ala-CsA, 4-methyl-val-CsA and N-methyl-4-isoleucine-CsA (NIM811) (Argaud
et al. 2005; Clarke et al. 2002; DiLisa et al. 2001; Griffiths and Halestrap 1995).
The second problem associated with the use of CsA is that it only protects
within a narrow concentration range (DiLisa et al. 2001; Griffiths and Halestrap
1993). In both isolated cardiac myocytes and Langendorff perfused hearts, the
optimal concentration of CsA for protection is about 0.2�M with the effect
being lost at higher concentrations (DiLisa et al. 2001; Griffiths and Halestrap
1993; Griffiths and Halestrap 1995). This may partly reflect inhibition of
calcineurin-dependent processes in the heart, but may also involve the emerging
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role of cyclophilins in the response of cells to oxidative stress (Doyle et al. 1999;
Halestrap et al. 2004).

11.7.2. Targeting the MPTP with Bongkrekic Acid
and Ubiquinone-Derivatives

BKA is a potent inhibitor of the MPTP in isolated mitochondria (see section
11.5.2) and it can inhibit apoptosis in cultured cells (Halestrap and Brenner
2003; Halestrap et al. 2002). However, it is inappropriate for use in the perfused
heart since its primary action is to inhibit export of ATP derived from oxidative
phosphorylation from the mitochondria to the cytosol where it is essential to
drive contraction. The same considerations apply when using atractyloside to
demonstrate a role for MPTP opening in reperfusion injury and studies where
this has been attempted should be treated with caution (Hausenloy et al. 2002).
The use of ubiquinone derivatives that inhibit the MPTP (see Sections 11.2 and
11.3) has also proved inappropriate since these too have detrimental effects on
the heart (Halestrap et al. 2004).

11.7.3. Indirect Mechanisms of Inhibiting the MPTP

In addition to inhibiting pore opening through the use of drugs that target compo-
nents of the MPTP directly, it would be predicted that inhibition of pore opening
could be induced indirectly. Thus reducing calcium overload, ROS production
and adenine nucleotide depletion, the provision of ROS scavengers or maintaining
a lower pH longer during reperfusion would all be expected to offer protection
through reducing MPTP opening. In many cases direct measurement of MPTP
opening has not been made, but data are consistent with this mode of action.
Ruthenium red, which blocks mitochondrial calcium uptake, or calcium antagonists
that block plasma membrane Ca channels, do offer protection from mitochondrial
Ca-overload and reperfusion injury in the perfused heart although they are unlikely
to prove clinically useful (Suleiman et al. 2001). Low pH on reperfusion has been
shown to protect a variety of cells and tissues to reperfusion injury (Lemasters
1999) and this may well be a major factor in the protective effects of Na+/H+

antiporter inhibitors such as cariporide as described below (Section 11.7.3.1).
There is also extensive evidence that free radical scavengers can protect hearts
from reperfusion injury (Dhalla et al. 2000; Halestrap et al. 1993) and for two of
these, pyruvate and the anesthetic propofol, direct evidence for inhibition of pore
opening has been obtained (see Sections 11.7.3.2 and 11.7.3.3). Magnesium is well
known to protect hearts from ischemia and reperfusion injury and it is generally
accepted that it exerts its protective effects on the heart by inhibiting L-type calcium
channels and the Na+/Ca2+ antiporter, thus decreasing calcium overload (Lareau
et al. 1995; Suleiman 1994). There are also data to suggest that the presence of
supra-physiological [Mg2+] prior to ischemia exerts an antioxidant effect during
reperfusion (Maulik et al., 1999), but this could be secondary to inhibition of MPTP
opening (Batandier et al. 2004).
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11.7.3.1. Na+/ H+ Antiporter Inhibitors

It has been well established that Na+/H+ antiporter inhibitors such as amiloride
and cariporide, which decrease the rate at which pH returns to normal during
reperfusion (Vandenberg et al. 1993), can offer protection against reperfusion
injury (Allen and Xiao 2003; Karmazyn et al. 2001). These drugs have the
added benefit of decreasing sodium loading and hence calcium loading during
ischemia, which may also play a role in their protective effects. Recent data
using the 3H-DOG entrapment technique has confirmed that this protection is
associated with inhibition of MPTP opening as predicted (Javadov et al. 2005).

11.7.3.2. Pyruvate

The ability of pyruvate to protect hearts and other tissues, including gut, liver,
kidney and brain, against ischemia-reperfusion (anoxia-reoxygenation) injury
has been known for many years and may partially reflect its ability to act as
a free radical scavenger and as an excellent respiratory substrate (Halestrap
et al. 2004; Kerr et al. 1999; Mallet 2000). In addition, it slows the return
of the intracellular pH to normal during reperfusion, perhaps by increasing
the accumulation of intracellular lactate (Cross et al. 1995; Kerr et al. 1999).
Our own data demonstrated that 10 mM pyruvate given before ischemia and
during reperfusion after 40 min global ischemia enabled 100% recovery of
hemodynamic function compared to 36% recovery in control hearts. Using the
3H-DOG entrapment technique, we demonstrated that this was associated with
a substantial decrease in MPTP opening on reperfusion. Furthermore, when the
post-loading 3H-DOG technique was employed, we were able to show that in the
presence of pyruvate, even those mitochondria that still opened upon reperfusion
subsequently closed again, consistent with the 100% recovery in hemodynamic
performance (Kerr et al. 1999).

11.7.3.3. Propofol

The anesthetic propofol is frequently used during cardiac surgery and in post-
operative sedation and has been demonstrated to act as a free radical scavenger
that protects the Langendorff perfused heart against reperfusion injury and
damage caused by hydrogen peroxide-induced oxidative stress (Javadov et al.
2000; Suleiman et al. 2001). It may also inhibit plasma membrane calcium
channels (Li et al. 1997) and, at concentrations higher than those used clinically,
it may inhibit the MPTP directly (Sztark et al. 1995). We have used the 3H-
DOG-entrapment technique to demonstrate directly that in addition to improving
hemodynamic recovery from ischemia, propofol, at clinically relevant concen-
trations, inhibits MPTP opening in situ. Furthermore, mitochondria isolated from
the propofol-treated hearts exhibited less pore opening than control mitochondria
exposed to the same [Ca2+] (Javadov et al. 2000). We have also demonstrated a
cardioprotective effect of propofol on the functional recovery of the working rat
heart following cold cardioplegic ischemic arrest, a model that is closer to the
situation experienced in open heart surgery (Javadov et al. 2000). Most recently
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we have extended these studies to an in vivo pig model of cardiopulmonary
bypass with warm blood cardioplegia that closely matches current clinical
practice. Normal clinical concentrations of propofol not only improved functional
recovery of the heart, but also reduced troponin-I release and maintained higher
tissue ATP levels and lower lactate output (Lim et al. 2005). These data suggest
that propofol and pyruvate, alone or together, may be a useful adjunct to the
cardioplegic solutions used in cardiac surgery.

11.7.3.4. Ischemic Preconditioning

One of the most effective ways to protect the heart (and indeed other tissues)
against reperfusion injury is to subject them to brief ischemic periods with inter-
vening recovery periods before the prolonged period of ischemia is initiated.
This phenomenon, known as “ischemic preconditioning” (IPC), is associated
with two phases of protection; an immediate effect that lasts for an hour or
two and a “second window” that occurs 24-48 hours later (Murphy 2004;
Yellon and Downey 2003). The exact mechanisms involved in preconditioning
are still debated but several processes have been implicated. The longer-term
effects are probably caused by stimulation of the transcription of specific genes,
perhaps through a mechanism activated by free radicals and stress-activated
protein kinases. The mechanisms responsible for the short-term effects are even
less clear, but activation of protein kinase C (PKC) has been strongly impli-
cated either by reactive oxygen species (ROS) released during the short inter-
vening reperfusion periods or by factors released during the brief ischemic
periods such as adenosine, bradykinin, noradrenaline and opioids. Other studies,
many dependent on pharmacological agents whose specificity is debatable, have
implicated sulphonylurea-sensitive KATP channels, either plasma membrane or
mitochondrial, and also other protein kinases including cyclic GMP dependent
protein kinase, protein kinase B (Akt) and glycogen synthase kinase 3 (Costa
et al. 2005; Juhaszova et al. 2004; Murphy 2004; Yellon and Downey 2003).

Whatever the exact mechanism of preconditioning, several studies have now
confirmed that, as might be predicted, it is associated with a decrease in MPTP
opening (Argaud et al. 2004; Hausenloy et al. 2004; Javadov et al. 2003;
Juhaszova et al. 2004). Our own studies have used the 3H-DOG entrapment
technique to demonstrate inhibition of the initial MPTP opening at reperfusion
and greater subsequent closure (Javadov et al. 2003). Others have shown that
IPC increases the time after laser induced ROS production at which MPTP
opening occurs, as assessed by mitochondrial depolarisation (Hausenloy et al.
2004; Juhaszova et al. 2004). This is taken to reflect a direct effect of the
preconditioning protocol on the MPTP, perhaps through a direct modification of
some component of the MPTP machinery as suggested by some workers (Baines
et al. 2003). However, data from us and others have shown that mitochondria
isolated after the preconditioning protocol, but before hearts went into ischemia,
showed no change in their sensitivity to MPTP opening (Javadov et al. 2003;
Khaliulin et al. 2004). In contrast, mitochondria isolated from preconditioned
hearts after ischemia and reperfusion have been reported to be less sensitive to
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MPTP opening (Argaud et al. 2004; Khaliulin et al. 2004). Our own studies
initially failed to show this difference after 30 min reperfusion (Javadov et al.
2003), but recently we have repeated these experiments at 5 min reperfusion
and confirmed inhibition of MPTP opening in the mitochondria from precon-
ditioned hearts. Data are illustrated in Figure 11.3. All these data would be
consistent with the protection against MPTP opening mediated by IPC being
secondary to the decreased calcium over-load and free radical production at
reperfusion that has been reported in response to preconditioning (Javadov
et al. 2003). Indeed, Khaliulin et al. (2004) have shown that mitochondria from
preconditioned hearts subject to ischemia and reperfusion exhibit less protein
carbonylation, an indicator of ROS-induced oxidation, and our own data confirm
this (Figure 11.3).

How preconditioning protocols exert their effects on the MPTP, be it a direct or
an indirect effect, remains unclear. Hausenloy et al. have suggested that transient
opening of the MPTP during the preconditioning stimulus may be important
(Hausenloy et al. 2004) but our own data do not support this (Javadov et al. 2003)
and it is hard to envisage an appropriate mechanism. There has been consid-
erable attention given to the potential role of mitochondrial potassium channels
and especially sulphonylurea-sensitive KATP channels in preconditioning (Garlid
et al. 2003; Oldenburg et al. 2003; O’Rourke 2004). This is discussed by Brian
O’Rourke in greater detail in Chapter 10. However, our own studies provide no
evidence for this (Das et al. 2003; Lim et al. 2002) and there is no consensus as
to how opening of such channels might lead to inhibition of the MPTP (Garlid
et al. 2003; O’Rourke 2004). Furthermore, there is increasing doubt over the
specificity of the pharmacological agents used to support the hypothesis and we
have even questioned the existence of mitochondrial KATP channels (Das et al.
2003; Hanley et al. 2005; Hanley et al. 2002). Data from the laboratories of
Downey and Yellon have suggested that there are kinase pathways, including PI-
3-kinase mediated Akt activation, that are activated by preconditioning, whether
by ischemia or pharmacological agents, and protect the mitochondria during
reperfusion (Hausenloy et al. 2005a; Hausenloy and Yellon 2004; Yellon and
Downey 2003). However, the ultimate target of these kinases is unknown and
the protection against MPTP opening may still be indirect involving reductions
in ROS and calcium overload.

11.7.3.5. Postconditioning

Vinter Johansen and colleagues have recently identified a novel way of protecting
hearts from reperfusion injury that they have called postconditioning (Kin et al.
2004; Zhao et al. 2003). This protocol involves interspersing the initial phase
of reperfusion with several very brief (10s) ischemic periods. Postconditioning,
like preconditioning, has been shown to be accompanied by activation of PI-3-
kinase and Akt (Tsang et al. 2004) and to involve decreased ROS production
and mitochondrial calcium overload (Sun et al. 2005) together with inhibition of
MPTP opening (Argaud et al. 2005). Thus there appear to be many similarities
between preconditioning and postconditioning (Tsang et al. 2005). However, it
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Figure 11.3. Mitochondria from preconditioned hearts subject to ischemia / reperfusion
show less protein carbonylation and are less sensitive to MPTP opening. The opening
of the MPTP was determined under de-energised conditions as described in Javadov
et al. (2003) and data are shown as the change in light scattering induced by addition
of 80�M buffered free [Ca2+]. Data are presented as means ± S.E.M. (error bars) of 6
separate experiments on different mitochondrial preparations. Protein carbonylation was
measured as described by Khaliulin et al. (2004). A typical Western blot is shown and
for each experiment these blots were scanned to give an average track density. Data are
presented as means ± S.E.M. (error bars) for the 6 mitochondrial preparations of each
condition (CP, control non-ischemic perfusion; C I/R, control ischemic reperfused; IP
I/R, preconditioned ischemic reperfused).
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would be predicted that another mechanism involved in post-conditioning would
be the maintenance of an acid pH longer during the reperfusion phase. This
would lead to inhibition of MPTP opening in its own right (Halestrap 1991).
Indeed, it is quite possible that the inhibition of ROS production is actually
a consequence rather than a cause of the decreased MPTP opening (Batandier
et al. 2004; Zorov et al. 2000).

11.8. The Mitochondrial Permeability Transition Pore
and Apoptosis

As noted under Section 11.6.2, by comparing the 3H-DOG entrapment obtained
using the pre- and post-loading techniques, we were able to show that some
transient MPTP opening occurs during reperfusion followed by closure. Even
hearts that showed 100% recovery following reperfusion gave some initial
opening of the MPTP, but these mitochondria subsequently sealed allowing total
functional recovery. Indeed, the extent of MPTP opening and mitochondrial
dysfunction. In contrast, at the periphery where the insult is less, transient MPTP
opening would cause apoptosis. This is illustrated in Figure 11.4.
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Figure 11.4. Scheme illustrating how the extent of MPTP opening and subsequent closure
may determine whether cell death is necrotic or apoptotic. Further details may be found
in the text.
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11.9. Conclusions

When the MPTP opens, mitochondria undergo a Jekyll to Hyde conversion
that turns them from the providers of ATP to sustain normal cell function into
executioners that initiate cell death. Even if the pores open only transiently,
allowing maintenance of tissue ATP levels, the swelling that accompanies pore
opening can lead to outer membrane rupture and the release of pro-apoptotic
proteins that commit the cell to apoptosis. Whatever the final pathway of cell
death, pharmacological interventions that can inhibit MPTP opening and enhance
pore closure, either directly (CsA and SfA) or indirectly (propofol, pyruvate and
pre- or post- conditioning protocols), provide protection from reperfusion injury.
In cardiac surgery, where it is possible to administer pharmacological agents
prior to ischemia, there is good reason to think that targeting the MPTP will be
an effective therapeutic strategy. It may also be possible to inhibit the MPTP
only upon reperfusion and give significant protection (Hausenloy et al. 2003;
Hausenloy et al. 2005b), suggesting that this strategy could be efficacious in the
treatment of a coronary thrombosis using angioplasty or clot busters. It appears
that there is about a 15 minute window into reperfusion within which the MPTP
inhibition must be initiated (Hausenloy et al. 2003; Hausenloy et al. 2005b). This
observation implies that after the initial MPTP opening there is ongoing and
progressive MPTP opening that occurs throughout the early phase of reperfusion
and that after 15 minutes this has reached the point of no return in sending the
heart towards necrosis. One explanation for this is that MPTP opening itself
produces ROS (Batandier et al. 2004; Zorov et al. 2000) that will in turn sensitise
more mitochondria to undergo the permeability transition. Inhibiting the MPTP
at any point in this early phase may thus prevent sufficient pore opening to
avoid the point of no return at which necrosis becomes inevitable. The narrow
therapeutic window of CsA makes this drug of limited use and a major goal is
the development of novel, specific and potent inhibitors of the MPTP that can
enter the heart rapidly and hopefully reach the ischemic area from the co-lateral
circulation. The development of a reconstituted form of the MPTP would be of
immense value in screening for such drugs.
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12
The Apoptotic Mitochondrial
Pathway – Modulators, Interventions
and Clinical Implications

M-Saadeh Suleiman and Stephen W. Schaffer

12.1. An Overall View of Cardiac Apoptotic Cell Death

The orderly, energy-dependent death by apoptosis is an essential process that
ensures the functional and structural integrity of a variety of adult tissues and
organs. This process is associated with morphological and biochemical changes,
culminating in nuclear DNA fragmentation and cell shrinkage but without the
dramatic disruption of the sarcolemma that is the main feature of death by
necrosis (Hetts 1998). However, to ensure the safe and effective physiological
role of apoptosis, a number of regulators and controllers are involved. Loss
of control over apoptosis can lead to pathological conditions (e.g. proliferative
disorders and degenerative conditions (reviewed in (Hetts 1998)). Although
there is evidence suggesting that apoptosis may also play an important role
in the physiology and pathophysiology of the cardiovascular system, this issue
remains controversial. Whereas a physiological role for apoptosis is expected
in the vascular tissue of this system (Namiki et al. 1995; Diez et al. 1998;

Abbreviations:
ACE: angiotensin converting enzyme; AIF: apoptosis-inducing factor; AP-1: activator
protein-1; Apaf: apoptosis-activating factor; ARC: apoptosis repressor with caspase
recruitment domain; BAD: Bcl-2 antagonist of cell death; BAX: Bcl-2 associated X
protein; BAK: Bcl-2 antagonist/killer protein; Bcl-2: B cell leukemia/lymphoma-2;
BNIP-3: Bcl-2/adenovirus E1B 19 kDa interacting protein-3; HtrA2/omi:high temperature
requirement A endoprotease; Caspase: cysteine-dependent aspartate-directed protease;
cIAP: cellular inhibitor of apoptosis protein; CrmA: cytokine response modifier protein;
dATP: deoxy adenosine triphosphate; DD: death domain; Diablo: direct inhibitor of
apoptosis protein-binding protein with low pI; DISC: death-inducing signaling complex;
DNase: Deoxyribonucleic acidase; EndoG: Endonuclease G; eNOS: endothelial nitric
oxide synthase; FADD: Fas-associated death domain protein; HSP60: heat shock protein;
IAP: inhibitor of apoptosis protein; IGF-1: insulin-like growth factor-1; iNOS: inducible
nitric oxide synthase; NO: nitric oxide; PARP: poly-ADP ribose polymerase; ROS:
reactive oxygen species; XIAP: X-chromosome-linked inhibitor of apoptosis protein;
VDAC: voltage-dependent anion channel; 2-VAD-fmk: benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone
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Rossig et al. 2001; Doonan and Cotter 2004; Li and Shah 2004), the potential
role of apoptotic death of cardiac myocytes is not clear. This is because adult
cardiomyocytes are terminally differentiated and the myocardium is known for
its poor ability to regenerate after an injury. Subsequently and in contrast to
other tissues that are capable of self-renewal, apoptosis-induced cardiomyocyte
loss is likely to dramatically alter cardiac structure and function. In support of
this are reports suggesting that apoptotic death is relevant in a number of cardiac
pathologies and aging (Kajstura et al. 1996; Narula et al. 1996; Sharov et al. 1997;
Heinrich and Holz 1998; Knowlton et al. 1998; Narula et al. 1999; Rayment
et al. 1999; Qin et al. 2003). In fact, apoptosis has been detected in myocardial
samples obtained from patients with end-stage congestive heart failure, diabetic
cardiomyopathy, cardiac allograft rejection, diseases of the conduction system,
arrhythmogenic right ventricular dysplasia, and myocardial infarction (Mallat
et al. 1996; Olivetti et al. 1997; Saraste et al. 1997a; Saraste et al. 1997b; Saraste
et al. 1997c). Furthermore, apoptosis has been detected in cardiac myocytes
in a number of experimental models including hypoxia/reoxygenation (Tanaka
et al. 1994; Webster et al. 1999; Wang et al. 2001; Tatsumi et al. 2003; Sun
et al. 2004), acidosis (Webster et al. 1999), mechanical stretch (Cheng et al.
1995; Leri et al. 1998; Liao et al. 2004), ischemia/reperfusion injury (Gottlieb
et al. 1994; Yue et al. 1998; Yaoita et al. 2000; Zuurbier et al. 2005), oxidative
stress (von Harsdorf et al. 1999), serum and glucose deprivation and metabolic
inhibition (Bialik et al. 1999; Malhotra and Brosius 1999), �-adrenergic agonists
(Communal, et al. 1998; Shizukuda et al. 1998) and angiotensin II (Kajstura
et al., 1997). Therefore, a better understanding of molecular events and of the
cellular factors and signaling pathways that regulate apoptotic cell death in the
heart is essential for formulating strategies to assist the heart following a cardiac
insult or during either remodeling or increased work conditions that may promote
apoptosis. In this chapter, we review aspects relating to cardiac apoptosis, with
particular emphasis on the mitochondrial apoptotic pathway in the heart and
suggest potential anti-apoptotic interventions in clinical settings.

12.2. The Mitochondrial Apoptotic Pathway

Two major pathways of apoptosis exist in mammalian cells, known as extrinsic
and intrinsic (Crow et al. 2004; Fischer and Schulze-Osthoff 2005). The extrinsic
cell death pathway is mediated by the death receptor and is initiated by the
recruitment of adapter proteins, like FADD, via the DD, which then bind
to the death effector domain-containing caspase-8 or -10. Formation of this
DISC results in the activation of caspase-8. Activated caspase-8 then cleaves
downstream procaspase-3, which breaks down intracellular substrates killing
the cell.

The intrinsic pathway of apoptosis is mitochondrial mediated (Richter et al.
1996; Li et al. 1997; Hu et al. 1999; Borutaite and Brown 2003). The
mitochondria are the source of ATP necessary for execution of apoptosis.
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However, they also contain cytochrome c and apoptogens, which enter the
cytoplasm and activate caspases, which in turn cause cellular damage and
induce nuclear fragmentation. Cells undergo apoptotic death when they are
stressed by one or more stimulators (extra or intracellular). These include
radiation, genotoxic and cytotoxic drugs, reactive oxygen species, metabolic
poisons, cytokines, growth/survival factor-deprivation, endoplasmic reticular
stress agents, toxins disrupting the actin cytoskeleton, detachment of cells from
the extracellular matrix, etc. (Fumarola and Guidotti 2004). The signalling
pathway elicited by these stimuli is likely to be caused by a perturbation of the
mitochondrial membrane integrity in response to physiological or pathogenic
stimuli.

The intracellular and extracellular stress signals are transmitted to the
mitochondria by pro-apoptotic Bcl-2 family members; Bax and Bak, which
translocate to the mitochondria (Figure 12.1). The BH3-only protein Bid activates
Bax and Bak to mediate the release of cytochrome c and other apoptogens that
results in the formation of an apoptosome, which in turn activates procaspase-
9. Bid, a direct substrate of caspase-8, connects the extrinsic and intrinsic
pathways. After cleavage, its C-terminus translocates to and inserts into the outer

Extracellular or intracellular stimulators including:
Hypoxia, ischemia/reperfusion, osmotic stress, stretch, ROS & Ca2+

Conformational change in Bax and Bad 

BH3-only proteins

Formation of Bak, Bax pores and /or Bax-induced pores

Cytochrome c Endonuclease GSmac/Diablo Procaspases
(Procaspase-9)

AIF

Nuclear DNA fragmentation

Neutralisation of 
XIAP,  c-IAPs, survivin

Apaf-1

Apoptosome

Activated caspase9

Apoptosis

Release of apoptotic mediators

dATP and/or ATP

Activated caspase3

Figure 12.1. Schematic representation of mitochondrial involvement in apoptosis.
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mitochondrial membrane, triggering activation of Bax and Bak and promoting
cytochrome c release.

12.2.1. Bax, Bad Translocation and Leaky Outer
Mitochondrial Membrane

The anti-apoptotic (Bcl-2, Bcl-xL) and pro-apoptotic (Bad, Bax) Bcl-2 family of
proteins play a central role in regulating the mitochondrial apoptotic pathway.
Many of the apoptotic stimulators alter the interaction, the expression and the
localization of these proteins. For example, oxidative stress-induced apoptosis is
associated with an increase in the protein content of Bad and the translocation
of Bax and Bad from the cytosol to the mitochondria, where these factors form
heterodimers with Bcl-2, which is followed by the release of cytochrome c (von
Harsdorf et al. 1999).

Stretch-induced apoptosis in myocytes also increases the expression of the
pro-apoptotic Bcl-2 family of proteins and causes the accumulation of Bax in
the mitochondria (Liao et al. 2004). Bax has also been shown to translocate
from the cytosol to the mitochondria in neonatal lambs following cardiopul-
monary bypass and cardioplegic arrest (Caldarone et al. 2004). It is worth noting
that the expression and localization of anti-apoptotic and pro-apoptotic proteins
changes during development (Cook et al. 1999). The anti-apoptotic proteins,
Bcl-2 and Bcl-xL, are expressed at high levels in neonatal cardiomyocytes, where
their expression is sustained during development. In contrast, the pro-apoptotic
proteins, Bad and Bax, are present at high levels in neonatal hearts yet barely
detectable in adult hearts. In neonatal cardiomyocytes, Bcl-2 and Bcl-xL are
associated with the mitochondria, but Bad and Bax are predominantly present in
the cytosol.

12.2.2. Release of Mitochondrial Apoptogens
and Apoptosome Formation

Mitochondrial outer-membrane permeabilization by pro-apoptotic Bcl-2 family
members is an essential step in the induction of apoptosis (van Loo et al. 2002).
This permeabilization step appears to facilitate apoptosis by directly causing the
release of different mitochondrial apoptogenic factors. Work in HeLa cells or
with isolated mitochondria has shown that pro-apoptotic Bcl-2 proteins cause the
release of cytochrome c, Smac/Diablo and HtrA2/Omi but not endonuclease G
(EndoG) and apoptosis-inducing factor (AIF) (Arnoult et al. 2003). The selective
mitochondrial efflux of cytochrome c, Smac/Diablo and HtrA2/Omi into the
cytosol causes caspase activation. This results in the opening of an EndoG-
and/or AIF-conducting pore. Once in the cytosol, both factors can precipitate
apoptotic death. Cardiomyocytes have also been shown to undergo mitochondria-
dependent apoptosis, in which cytochrome c and Smac/DIABLO are released
from the mitochondria into the cytosol (Liao et al. 2004).
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A major pathway of apoptosis involves the activation of caspase-9 through
apoptotic signals that induce the release of cytochrome c from the mitochon-
drial intermembrane space into the cytosol (Czerski and Nunez 2004). In
the presence of dATP/ATP, cytochrome c triggers the assembly of a protein
complex named the ‘apoptosome’. This complex contains the apoptotic protease-
activating factor 1 (Apaf-1) and caspase-9. Apaf-1 is a 130 kDa cytosolic protein
that was originally shown to play a role in cytochrome c-dependent caspase
activation (Zou et al. 1997). Evidence for the formation of the apoptosome
complex has come from studies with purified components, revealing that Apaf-1,
pro-caspase-9, cytochrome c, and dATP are necessary and sufficient for the
formation of an active apoptosome complex (Bratton et al. 2001). Using a cell-
free model, (Bratton et al. 2001) also showed that XIAP, as well as binding
active caspases-9 and -3, also associate with Apaf-1. Therefore, XIAP appears
not only to influence the activation of caspase-3 by caspase-9, but also to inhibit
the release of active caspase-3 from the complex.

Several of the apoptotic stimulators trigger the formation of an apoptosome.
For example, simulated ischemia facilitates the formation of the oligomeric
Apaf-1/caspase-9 apoptosome (Takatani et al. 2004). On the other hand, certain
regulators are capable of either delaying or altering apoptosome formation. Most
of these regulators prevent apoptosome formation by inhibiting cytochrome c
release from the mitochondria. However, apoptosome formation can also be
blocked by either disruption of Apaf-1 oligomerization or modulation of the
interaction between caspase 9 with Apaf-1 (Takatani et al. 2004).

12.2.3. Activation of Caspases and DNA Fragmentation

The morphological changes associated with apoptosis (e.g. membrane blebbing,
chromatin condensation, nuclear condensation and cell shrinkage) result from
the activation of caspases which in turn cleave substrates such as cytoskeletal
proteins, DNA repair enzymes and protein kinases (reviewed in Logue
et al. 2005).

Caspases, known as the executioners of apoptosis (Czerski and Nunez 2004),
are synthesized as inactive pro-enzymes and are identified as either initiators or
effectors of apoptosis (Riedl and Shi, 2004). Activation of the effector caspases
involves proteolytic cleavage by initiator caspases, whose activation is complex
but probably involves protein-protein interactions. For example, effector caspase
9 is activated by its interaction with the proteins of the apoptosome, although
a detailed mechanism of the activation process awaits further study. Following
the interaction of procaspase-9 within the apoptosome complex, the disassoci-
ation of active caspase 9 from the apoptosome complex, makes it available to
cleave and activate downstream caspases, such as effector caspase-3 (Zou et al.
1999). The effector caspases cleave a broad spectrum of proteins, causing the
distinct cellular features of apoptosis, including DNA fragmentation, nuclear
condensation, cell shrinkage, blebbing and phosphatidylserine externalization
(Thornberry and Lazebnik 1998).
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Mitochondrial apoptogens can trigger either caspase-dependent or caspase-
independent death pathways (Arnoult et al. 2003). A protein involved in a
caspase-dependent pathway is cytochrome c, which activates caspase-9 through
its association with apoptosis protease activating factor-1 (Apaf-1). Smac/Diablo
and HtrA2/Omi are also mitochondrial apoptogens that lead to the activation
of caspases, however, their actions depend upon their neutralization of inhibitor
of apoptosis proteins (IAPs). The caspase-independent death proteins include
apoptosis-inducing factor (AIF) and endonuclease G (EndoG). AIF induces
chromatin condensation and DNA fragmentation when released into the cytosol
(Susin et al. 1999). During apoptosis both EndoG and AIF translocate to the
nucleus where EndoG causes oligonucleosomal DNA fragmentation (Li et al.
2001). EndoG can catalyze both high molecular weight DNA cleavage and
oligonucleosomal DNA breakdown in a sequential fashion; it cooperates with
exonuclease and DNase I to facilitate DNA processing.

12.3. Stimulators of Apoptosis

Both external and internal stimulators have been shown to trigger mitochon-
drial apoptotic death of cardiomyocytes via activation of caspases. Examples of
such stimulators include hypoxia, ischemia/reperfusion, osmotic stress, stretch,
diabetes, reactive oxygen species (of mitochondrial or cytoplasmic origin),
Ca2+, excessive nitric oxide, cytotoxic drugs, angiotensin II and catecholamines
(reviewed in Chen et al., 2002; Chen and Tu, 2002).

12.3.1. Hypoxia/Ischemia

Work on neonatal cardiac myocytes has shown that hypoxia (in the absence
of substrates) induces apoptosis, as revealed by the presence of characteristic
features of apoptosis as well as by the translocation of cytochrome c from the
mitochondria to the cytosol (Malhotra and Brosius 1999). When such myocytes
are exposed to simulated ischaemia, they undergo the mitochondrial pathway of
apoptotic death (Takatani et al. 2004). A model of neonatal cardiac myocytes
in culture is important for understanding mechanisms underlying a variety of
effectors. However, these myocytes are neonatal, enzymatically dissociated and
incubated in culture media. It is likely that under these conditions, the response
of heart cells to a cardiac insult will be different than the response of freshly
isolated adult cells. Because adult cardiomyocytes are terminally differentiated,
apoptosis is of major importance. Furthermore, the expression of pro-apoptotic
and anti-apoptotic proteins appears to be age related (Cook et al. 1999). Therefore
studies investigating the role of the mitochondria-mediated pathway of apoptosis
during hypoxia and/or ischaemia should be confirmed using the intact adult
heart, preferably in situ. Apoptosis has been shown to occur in such an in vivo
model after only 30 min of occluding the left anterior descending coronary artery
(Lundberg and Szweda 2004). Furthermore, the authors have found that the
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cytosolic content of cytochrome c increases and pro-caspase-9 content disappears
only after reperfusion, a period in which Bax translocates to the mitochondria.
Apoptosis is also seen in failing, infarcted, and hibernating human hearts, and
during open heart surgery (Valen 2003). In all of these conditions, impaired
control over intracellular Ca2+ handling, as well as a rise in reactive oxygen
species (ROS), are major changes that result in necrotic and apoptotic death
(Suleiman et al. 2001).

12.3.2. Reactive Oxygen Species

The role of ROS as inducers of apoptotic death in isolated myocytes is well
established (Tanaka et al. 1994; Tanaka et al. 1998; Cook et al. 1999; von
Harsdorf et al. 1999). More importantly, the signaling pathways responsible for
ROS-induced apoptosis have also been extensively investigated. For example,
H2O2-induced apoptotic cell death in cardiomyocytes has been shown to involve
specific pathways (von Harsdorf et al. 1999). H2O2 was found to induce translo-
cation of Bax and Bad from the cytosol to the mitochondria, where they would
form heterodimers with Bcl-2. This was followed by the release of cytochrome c,
activation of CPP32/caspase 3, and cleavage of poly (ADP-ribose) polymerase.
The signaling cascade appears to occur over a relatively short period of H2O2

exposure (Cook et al. 1999), as exemplified by the translocation of cytochrome c
from the mitochondria to the cytosol within 15 to 30 minutes of H2O2 exposure.
There is also evidence that endogenous generation of ROS also triggers apoptosis.
For example, high glucose levels in diabetic animals generate ROS that are
involved in both death-receptor- and mitochondrion-dependent apoptosis in the
heart in vivo (Bojunga et al. 2004). Elevated lipid content is also a source of ROS
that can trigger apoptosis (Schaffer et al., 2005). This highlights the potential
therapeutic role for preventing cardiovascular damage in diabetes mellitus and
obesity.

In addition to experimental models, ROS have also been shown to play
an important role in the induction of apoptosis in clinical settings of cardiac
pathologies. This is partly due to the fact that heart cells have a large energy
demand and so contain a very high density of mitochondria. Additionally,
mitochondria provide the energy essential for the completion of apoptosis, a source
of ROS, release pro-apoptotic factors and are a site of action of the apoptosis
regulatory proteins of the Bcl-2 family, as well as being a source of ROS.

Chronic congestive heart failure carries a poor prognosis and remains a leading
cause of cardiovascular death. Reactive oxygen species are required for the
normal, physiologic activity of cardiac cells. However, accumulating evidence
suggests that ROS play an important role in the development and progression of
heart failure. ROS have been implicated in the development of agonist-induced
cardiac hypertrophy, cardiomyocyte apoptosis and remodeling of the failing
myocardium (reviewed in Sorescu and Griendling 2002; Byrne and Grieve 2003).
Indeed, heart remodeling itself is associated with the loss of cardiomyocytes and
an increase in fibrous tissue owing to the abnormal mechanical load in a number
of heart disease conditions (Liao et al. 2004).
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In vitro and in vivo studies suggest the importance of mitochondria and
the activation of caspases in cell death occurring in failing hearts. Oxidants,
excessive nitric oxide, angiotensin II and catecholamines have been shown to
trigger apoptotic death of cardiomyocytes. Eliminating these inducers reduces
apoptosis and reverses the loss of contractile function in many cases, indicating
the feasibility of interventions with pharmacological agents, such as antioxidants,
nitric oxide synthetase inhibitors, ACE inhibitors, angiotensin II receptor antag-
onists and adrenergic receptor antagonists (Chen and Tu 2002). Apoptosis also
plays a role in post-infarction left ventricular remodeling (Baldi et al. 2002).

ROS induced by high glucose (diabetes) are involved in both death-receptor-
and mitochondrion-dependent apoptosis in the heart in vivo. This suggests that
antioxidants may be a therapeutic option for preventing cardiovascular damage
in diabetes mellitus in humans (Bojunga et al. 2004).

12.3.3. Osmotic Stress

Another stimulus that has been shown to trigger apoptosis is severe osmotic
stress. Sorbitol-induced osmotic stress initiates apoptosis in cardiac fibroblasts
and in cardiac myocytes by impairment of mitochondrial function, activation of
caspase-3, elevation in poly-[ADP-ribose] polymerase (PARP) degradation and
DNA fragmentation (Mockridge et al. 2000; Morales et al. 2000). A link between
apoptosis and cellular osmotic balance is underscored by the requirement of
cell shrinkage in the apoptotic cascade. Blocking cell shrinkage terminates the
apoptotic cascade at the cell shrinkage step (Bortner and Cidlowski, 1998).

12.3.4. Stretch

Stretch also triggers apoptotic death of the cardiomyocytes (Liao et al. 2004). It
does so by increasing the expression of the pro-apoptotic Bcl-2 family of proteins
(e.g. Bax and Bad) and facilitating the association of Bax with the mitochondria.
Stretch also activates the angiotensin II receptor and stimulates ion channels
that elevate [Ca2+]i (Leri et al. 1998; Liao et al. 2004). Significantly, Bax also
accumulates in the mitochondria following stretch. These observations highlight
the importance of Bcl-2 family proteins, Ca2+ and angiotensin II in the coupling
of stretch signaling to the mitochondrial apoptotic pathway.

12.3.5. Nitric Oxide

Nitric oxide (NO) has various actions on the cardiovascular system, but its action
on cardiac myocytes remains controversial, as highlighted in recent reviews
(Andreka et al. 2004). NO has been shown to induce apoptosis (Kawaguchi
et al. 1997) and has been implicated in the pathophysiology of heart failure
(Andreka et al. 2004). The role of NO in cardiac apoptosis is somewhat puzzling
(Razavi et al. 2005), as high levels of NO produced by inducible nitric oxide
synthase (iNOS) promote apoptosis while basal levels of NO production from
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endothelial nitric oxide synthase (eNOS) protect cardiomyocytes from apoptosis.
A clear cut effect of NO on the heart in vivo is likely to be complicated by
the fact that NO targets both myocytes and the vasculature (Liu et al. 2002).
However, NO remains a strong candidate for potential therapeutic intervention
in cardiac pathologies.

12.3.6. Beta-Adrenergic Agonists

Beta-adrenergic activation has been shown to stimulate apoptosis in adult
cardiomyocytes, an effect that has been implicated in the progression of
myocardial failure (Communal et al. 1998). The underlying mechanism for this
action is a rise in intracellular Ca2+, the source of which appears to be extracell-
ular, as inhibitors of the L-type calcium channels antagonize apoptosis (Rabkin
and Kong 2000)

12.3.7. Calcium

Although Ca2+ signals play a major role in triggering the mitochondria-dependent
pathway of apoptosis, the link between apoptosis and other Ca2+ events within
the cell, such as the control of mitochondrial energy metabolism, is poorly under-
stood (Pacher et al. 2001). In addition to its direct effects on the mitochondria,
Ca2+ might promote apoptosis by activating DNase I, an effect that is independent
from the expression of Bax and Bcl-2 (Nitahara et al. 1998). This scenario has
been proposed to explain apoptotic death of aging myocytes, in which there is
an increase in diastolic calcium.

12.3.8. Angiotensin II

The renin-angiotensin system is activated in response to impaired renal function,
hypotension, hyperglycemia and increased sympathetic stimulation. Although
elevations in angiotensin II are usually compensatory, they also trigger apoptosis.
Unlike many cell types, angiotensin II-mediated apoptosis in the cardiomy-
ocyte is initiated by the AT1 receptor but not by the AT2 receptor (Kajstura
et al. 1997; Sugino et al. 2001). The AT1 receptor appears to act in part by
stimulating Ca2+-dependent DNase I activity (Kajstura et al. 1997). However,
angiotensin II-mediated apoptosis is also associated with an elevation in the
Bax/Bcl-2 ratio (Ravassa et al. 2000; Grishko et al. 2003). Recently, Ricci et al.
(2005) proposed that a key factor directing the angiotensin II treated cardiomy-
ocyte into apoptosis is oxidative damage to mitochondrial DNA, leading to
impaired electron transport. In the proposed scenario, electrons are diverted
from the electron transport chain to oxygen, producing excessive superoxide that
overwhelms the antioxidant defenses. The cells die of apoptosis after activating
the mitochondrial permeability transition.
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12.3.9. Doxorubicin

Doxorubicin initiates apoptosis in the cardiomyocyte through the activation of
several pathways. One of the pathways involves the generation of ROS by
the mitochondria, leading to the release of cytochrome c and the activation of
caspase 3 (Wang et al., 2001; Green and Leeuwenburg 2002). Besides promoting
the mitochondrial permeability transition, ROS also impacts other pro-apoptotic
events, such as the activation of caspase 12 (Jang et al. 2004), upregulation
of Bax (Lou et al. 2005), sensitization to Fas-induced apoptosis (Nitobe et al.
2003), stimulation of p53 (Liu et al. 2004) and stimulation of mitogen-activated
protein kinases (Lou et al. 2005).

The other mitochondrial-linked pathway stimulated by doxorubicin involves
the slow accumulation of ceramides (Delpy et al. 1999). Although ceramides
may contribute to cell shrinkage in the doxorubicin-treated cardiomyocyte
(d’Anglemont de Tussigny et al. 2004), the permeabilization of the mitochondrial
membrane is considered the dominant factor causing apoptosis (Novgorodov
et al. 2005).

12.4. Strategies for Preventing Cardiac Apoptotic
Cell Death

In view of the fact that adult cardiomyocytes are terminally differentiated, cardiac
insults (e.g. hypoxia, hemodynamic and oxidative stress, ischaemia) leading to
apoptosis pose an acute and long term disruption to cardiac pump function.
This is also the case for cardiac pathologies (e.g. heart failure, coronary disease)
that are associated with the loss of myocytes. The prognosis of heart failure is
worse than that of most cancers, but new therapeutic interventions using stem
and other cell-based therapies are succeeding in the fight against it, and old
drugs, with new twists, are making a comeback (Benjamin and Schneider 2005).
Therefore maneuvers that are aimed at opposing apoptosis will be of important
preventative and therapeutic value. Interventions can either strengthen an already
existing anti-apoptotic machinery within the myocyte or target the triggers and
executioners of apoptotic death. A number of agents have already been identified
which can be used to prevent apoptotic death. These include caspase inhibitors,
Bcl-2 family, IGF-1, heat shock proteins, calcium antagonists and antioxidants
(Gill et al. 2002). Antioxidants, nitric oxide synthetase inhibitors, ACE inhibitors,
angiotensin II receptor antagonists and adrenergic receptor antagonists have
been proposed as a means of preventing/reducing apoptosis and thus protect the
integrity of the myocardium (Chen and Tu 2002). The �-amino acid taurine has
also been shown to exhibit anti-apoptotic activity and may be used for therapeutic
intervention (Takatani et al. 2004).

The fact that cardiac myocytes do undergo apoptosis in disease states
(e.g. myocardial infarction, heart failure, myocarditis, arrhythmogenic right
ventricular dysplasia, and immune rejection after cardiac transplantation) renders
this process a suitable target for myocardial protection (Andreka et al. 2004).
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12.4.1. Caspase Inhibitors

ARC (apoptosis repressor with caspase recruitment domain), an apoptotic
inhibitor that is expressed predominantly in cardiac and skeletal muscle, can
protect heart myogenic H9c2 cells from hypoxia-induced apoptosis (Ekhterae
et al. 1999). ARC prevents cytochrome c release by acting upstream of caspase
activation, perhaps at the mitochondrial level. Another endogenous inhibitor with
potential use in the clinical setting is the caspase-9 inhibitor, caspase-9S. This
inhibitor is downregulated in terminally failing hearts (Scheubel et al. 2002). The
pan-caspase inhibitor z-VAD-fmk has been shown to suppress BNIP3-induced
apoptotic cell death of ventricular myocytes in a dose-dependent manner (Regula
et al. 2002)

Pretreatment of ventricular myocytes with the peptide-caspase inhibitors
suppress the cleavage of PARP and apoptosis, but have no effect on cytochrome
c release by the mitochondria (de Moissac et al. 2000). The synthetic serpin
caspase inhibitor protein CrmA exhibits anti-apoptotic activity in ventricular
myocytes during prolonged durations of hypoxia (Gurevich et al. 2001). Yet
caspase inhibitors, while preventing apoptosis, can leave the heart in a compro-
mised state, one in which mitochondrial function remains impaired.

12.4.2. Bcl-2 Family Proteins

Another therapeutic approach could involve the Bcl-2 family of proteins
where the anti-apoptotic proteins could be upregulated whilst pro-apoptotic
pathways are inhibited. Indeed, overexpression of Bcl-2 attenuates apoptosis
and mechanical dysfunction following an ischemia-reperfusion insult (Chen
et al. 2001).

12.4.3. Antioxidant and Reducing Oxidative Stress

An interesting way of preventing apoptotic cell death would be to strengthen the
cellular antioxidant ability of heart cells. For example, training has been shown
to improve cell defense systems and to reduce oxidative stress. Training seems
to protect by altering the content and activities of Bax, the Bax-to-Bcl-2 ratio,
and tissue caspase-3 activity (Ascensao et al. 2005). Antioxidants have been
shown to be anti-apoptotic in cardiac myocytes (Kumar et al. 1999). However,
a major drawback to the use of antioxidant therapy is the involvement of ROS
in cell signaling, which would be disrupted by the use of ROS scavengers to
prevent apoptosis.

12.4.4. Heat Shock Protein

Heat shock protein 60 has been shown to form complexes with Bax in the
cytosol that can be dissociated by hypoxia, resulting in the translocation of
cytosolic HSP60 to the plasma membrane and Bax to the mitochondria. Thus,
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hypoxia abolishes the ability of HSP60 to neutralize Bax and prevent apoptosis.
This is sufficient to trigger apoptosis. Others have also shown a key anti-
apoptotic role for cytosolic HSP60. To our knowledge, this is the first report
suggesting that interactions of HSP60 with Bax and/or Bak regulate apoptosis
(Gupta and Knowlton 2002; Kirchhoff et al. 2002). Interventions that can
alter the dissociation rate of the cytosolic complex are also invariably anti-
apoptotic. Additionally, overexpression of heat shock proteins should favor
complex formation and render the cell resistant to apoptosis. Overexpression
of phospholipid hydroperoxide glutathione peroxidase and heat shock proteins
exerts a significant anti-apoptotic protective effect in neonatal cardiomyocytes
(Hollander et al. 2003).

Results showing that the neonatal left ventricle is more vulnerable than the
right ventricle to apoptotic death indicates a relationship between increased
afterload and apoptosis-related mitochondrial dysfunction (Caldarone et al.
2004). Moreover, elevated afterload renders the adult heart more susceptible
to ischemic injury (Mozaffari and Schaffer, 2003). Therefore, manipulation of
afterload after neonatal cardiac operations might be an important cardioprotective
intervention.

12.4.5. ACE Inhibitors and Angiotensin II Antagonists

Based on the CONSENSUS trial study and the SOLVD investigation, the
angiotensin II antagonists are one of the few drugs that prevent the devel-
opment and progression of heart failure after infarction. They also significantly
reduce mortality, reinfarction or readmission for heart failure when adminis-
tered post-infarction (ACE Inhibitor Myocardial Infarction Collaborative Group
1998; Flather et al. 2000). While the effect of angiotensin II antagonists on
apoptosis has not been investigated in clinical trials, animal studies suggest that
angiotensin II-induced apoptosis is an important determinant of left ventricular
remodeling and survivability following either a myocardial infarction (Harada
et al. 1999; Leri et al. 2000) or experimental heart failure (Goussev et al.
1998; Weinberg et al. 1994). Angiotensin II antagonists have also been found
to reduce the incidence of apoptosis in endomyocardial biopsies of patients with
essential hypertension, an effect associated with an elevated Bcl-2/Bax ratio
(Gonzalez et al. 2002). These findings are not surprising because the transition
from compensated hypertrophy to overt heart failure depends upon cell loss,
including angiotensin II-mediated apoptosis.

12.4.6. DNA Repair

DNA damage has been shown to induce apoptosis through either the activation
of p53 or initiation of a cascade leading to enhanced superoxide generation by the
mitochondria. Because DNA damage is caused by cytotoxic drugs, toxic levels
of natural substrates and oxidative stress mediated by ischemia, heart failure,
diabetes etc, DNA damage has important pathological significance. If the damage
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is allowed to induce mutations, cardiomyopathies can develop (Marin-Garcia
et al. 2001). However, mitochondrial DNA damage, independent of any mutation,
can itself elevate oxidative stress by reducing mitochondrial protein expression
and diverting electrons from the electron transport chain to oxygen (Ide et al.
2001; Ricci et al. 2005). Therefore, it is not surprising that repairing menadione-
induced DNA damage prevents cytochrome c release from the mitochondria
and activation of caspase 9 (Druzhyna et al. 2003). Similarly, overexpression
of the DNA repair enzyme, 8-oxoguanine glycosylase, in the mitochondria
of neonatal cardiomyocytes prevents palmitate-mediated cytochrome c release
(Schaffer et al. 2005). Thus, repair of mitochondrial DNA damage can prevent
not only apoptosis, but also mitochondrial dysfunction. Clearly, further studies
are warranted to test the value of DNA repair as a therapeutic modality.

12.4.7. Antiapoptotic Clinical Interventions

Insufficient protection during open heart surgery may result in morbidity and long
term functional impairments. Although this is likely to be associated with necrotic
death, apoptosis also plays an important role (Suleiman et al. 2001). Several
methods and interventions can be utilized to prevent or attenuate apoptosis in
patients undergoing cardiac surgery (Khoynezhad et al. 2004). These include
using beta-blockers, phosphodiesterase inhibitors and afterload reduction with
medication or intraaortic balloon. Use of antiapoptotic agents, such as the caspase
inhibitors, antioxidants, calcium-channel blockers and IGF-1, add to the arsenal
of weapons capable of treating heart failure and preventing apoptosis in patients
undergoing cardiac surgery.

12.5. Conclusion

Despite extensive research work on apoptosis, the potential role of apoptotic
death of cardiac myocytes remains controversial. This is because adult cardiomy-
ocytes are terminally differentiated and the myocardium is known for its poor
ability to regenerate after an injury. Therefore apoptosis-induced cardiomy-
ocyte loss is likely to dramatically alter cardiac structure and function. A better
understanding of molecular events and of the cellular factors and signaling
pathways that regulate apoptotic cell death in the heart is essential for formu-
lating cardioprotective strategies. In this chapter, we have focused on the
mitochondrial apoptotic pathway in the heart highlighting the importance and
the role of different signaling pathways. External and internal stimulators of
mitochondrial apoptotic pathway are becoming more extensive and expanding,
thus supporting recent and mounting evidence that this pathway is indeed an
important determinant of cardiomyocyte life and death. Examples of mitochon-
drial apoptotic pathway stimulators include hypoxia, ischemia/reperfusion,
osmotic stress, stretch, diabetes, reactive oxygen species (of mitochondrial or
cytoplasmic origin), Ca2+, excessive nitric oxide, cytotoxic drugs, angiotensin II
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and catecholamines. The increasing number of apoptotic stimulators has triggered
work aimed at combating such triggers. A number of agents have already been
identified which can be used to prevent apoptotic death. These include caspase
inhibitors, Bcl-2 family, IGF-1, heat shock proteins, calcium, antioxidants, nitric
oxide synthetase inhibitors, ACE inhibitors, angiotensin II receptor antagonists
and adrenergic receptor antagonists. These antiapoptotic agents may be used
for therapeutic intervention. What is currently lacking is an improved under-
standing of cellular signaling in cardiomyocytes undergoing apoptosis in disease
states (e.g. myocardial infarction, heart failure, myocarditis, arrhythmogenic right
ventricular dysplasia, and immune rejection after cardiac transplantation). This
will further improve our existing strategies to protect the heart in clinical settings.
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13
The Role of Mitochondria in Necrosis
Following Myocardial
Ischemia-Reperfusion

Elizabeth Murphy and Charles Steenbergen

13.1. Introduction

Using the recently adopted nomenclature of cell death (Levin et al. 1999),
necrosis refers to cell death and disintegration, regardless of the pathway; the
modifiers apoptotic and oncotic are used to refer to the mechanism of death.
Traditionally cell death following ischemia has been thought to be primarily
oncotic necrosis. As detailed in numerous reviews, during ischemia when the
ATP falls to very low levels, the ion pumps cannot function resulting in a rise
in Ca2+ which further consumes ATP (Farber and Gerson 1984; Jennings et al.
1990; Jennings and Reimer 1981; Jennings and Steenbergen 1985). The rise
in Ca2+ during ischemia and reperfusion leads to mitochondrial Ca2+ accumu-
lation, particularly during reperfusion when oxygen is reintroduced. Reintro-
duction of oxygen provides a terminal electron acceptor (oxygen) allowing
electron transport to occur; however damage to electron transport chain can lead
to increased mitochondrial generation of reactive oxygen species (ROS). The
resulting Ca2+ overload of mitochondria, and increased ROS further exacerbates
mitochondrial dysfunction and can result in opening of the mitochondrial perme-
ability transition pore (mPTP), which further compromises cellular energetics
(Halestrap 2005; Kroemer et al. 1998; Schneider 2005). The resultant low ATP
and altered ion homeostasis result in rupture of the plasma membrane and
irreversible, oncotic (necrotic) cell death (Jennings and Reimer 1981; Jennings
and Steenbergen 1985). Mitochondria have long been proposed as central players
in oncotic (necrotic) cell death, since the mitochondria are central to synthesis
of both ATP and ROS and since mitochondrial and cytosolic Ca2+ overload
are key components of oncotic (necrotic) cell death. More recently it has been
demonstrated that apoptotic cell death can occur during I/R (Anversa et al. 1998;
Gottlieb et al. 1994), although the precise percentage of apoptosis versus oncosis
has been debated, and may depend on the precise conditions (Rodriguez and
Schaper 2005). In addition, it has recently been recognized that oncosis can be a
regulated process (Zong and Thompson 2006). For example there are some recent
data showing that anti-apoptotic proteins such as Bcl-2 may reduce apoptosis as
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well as necrosis. This review will cover three topics: 1) it will review the role
of mitochondria in oncotic necrosis, 2) it will discuss the relationship between
oncosis and apoptosis in ischemia-reperfusion mediated cell death, and 3) it will
evaluate the role of mitochondria in reducing oncotic necrosis.

13.2. Mitochondrial and Oncosis

13.2.1. Mitochondrial Changes During Ischemia

Ischemic injury has long been divided into reversible and irreversible phases.
In the well characterized in vivo canine model (Jennings and Reimer 1981) the
reversible phase (first 15 min of severe ischemia) is characterized by stimu-
lation of anaerobic glycolysis, an increase in lactate, a decrease in glycogen,
a decrease in ATP and pH, and an increase in inosine, adenosine and hypo-
xanthine. If flow is restored during this time period the myocytes will recover
and ATP and other metabolites will return to normal levels in a few days. If
the ischemia persists longer than 20 minutes, increasing number of myocytes
enter the irreversible phase in which glycolysis slows and then stops, ATP
falls to levels less than 2 �mol/g, there is clumping of nuclear chromatin, the
mitochondria are swollen and contain amorphous matrix densities, and there
are defects in the plasmalemmal membrane (Jennings and Reimer 1981). Many
of the changes occurring in irreversible, necrotic (or oncotic) cells can be
attributed to alteration in mitochondrial function. Cardiomyocytes depend almost
entirely on oxidative metabolism for the generation of ATP, and commensurate
with their importance, mitochondria comprise greater than 30% of the myocyte
volume. During ischemia, in the absence of oxygen, electron transport and
mitochondrial ATP generation is inhibited (Figure 13.1). Thus many of the well
characterized changes in ischemia, such as the fall in ATP and the increase
in anaerobic glycolysis with the resultant generation of lactate and fall in pH,
result from the inhibition of mitochondrial electron transport. In addition, as
described in the seminal paper by Jennings and coworkers, mitochondria in
oncotic cells are swollen and have characteristic amorphous densities (Jennings
and Ganote 1976). Furthermore, since ATP is used to fuel contraction and
ion pumps, the loss of ATP leads to loss of muscle contraction and dysreg-
ulation of ion gradients. There are considerable data showing that the fall in
pH during ischemia (increase in [H+]) stimulates Na-H exchange (NHE), and
due to the fall in ATP, the Na+ that enters via NHE cannot be extruded fully
by the Na-K-ATPase, resulting in an increase in cytosolic Na+ which stimu-
lates reverse mode Na-Ca exchange (NCX) leading to an increase in cytosolic
Ca2+ (Karmazyn 1988; Murphy et al. 1991). This increase in cytosolic Ca2+

is causally associated with irreversible ischemic injury; mechanisms, such as
NHE inhibitors, that reduce the rise in cytosolic Ca2+ during ischemia reduce
oncosis (Murphy et al. 1991; Steenbergen et al. 1987; Steenbergen et al. 1990).
During reperfusion, the mitochondria are reenergized and some of the excess
calcium in the cytosol can be imported into the mitochondria and cause altered
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Figure 13.1. During ischemia, due to lack of oxygen, electron transport is inhibited
thereby decreasing oxidatively generated ATP. ATP is produced by breakdown of
glycogen. However this glycolytically generated ATP is consumed by reverse mode of the
F1-F0-ATPase following entry of ATP into the mitochondria via VDAC and ANT. The
breakdown of ATP and generation of lactate results in a decrease in pH that stimulates
Na-H exchange leading to an increase in intracellular Na+ because the decrease in ATP
limits activity of the Na-K ATPase. The increase in Na+ stimulates Ca2+ entry via the
Na-Ca exchanger. When oxygen is re-introduced during reperfusion, the electron transport
resumes and can lead to generation of ROS. Furthermore at the start of reperfusion there is
additional Ca2+ entry via Na-Ca exchange and with a repolarized mitochondrial membrane
potential Ca2+ is accumulated by the mitochondria. If the level of Ca2+ overload and
ROS generation reach a critical threshold they can lead to sustained activation of the
mPTP which will depolarize the mitochondrial membrane resulting in further degradation
of ATP and irreversible injury.

mitochondrial function. Furthermore mitochondria are a primary site of ROS
generation and damage to the mitochondrial electron transport chain can lead
to inefficient electron transport and increased generation of ROS during reper-
fusion. There is considerable data showing defects in complex I during ischemia-
reperfusion (Paradies et al. 2004). It is also interesting that defects in complex
I have been suggested to play a role in cell death due to chronic diseases
such as Parkinson’s and some cardiomyopathies (Dawson and Dawson 2003;
Maloyan et al. 2005).
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13.2.2. Mitochondrial Energetics and Transporters

During ischemia the mitochondrial membrane potential has also been shown
to decline (Di Lisa and Bernardi 1998). ATP generated by glycolysis appears
to be consumed via reversal of the F1F0-ATPase in an attempt to maintain the
mitochondrial membrane potential. In slow heart rate animals, an inhibitor of the
F1F0-ATPase has been shown to translocate to the mitochondria during ischemia
which would inhibit ATP consumption by the mitochondria during ischemia
(Rouslin and Broge 1996). There is also an extensive literature (Griffiths and
Halestrap 1993; Halestrap et al. 2004; Halestrap et al. 1997; Zamzami et al.
2005) reporting that opening of the mPTP occurs during ischemia-reperfusion
and may play a major role in the process of cell death. The mPTP is a large
conductance mega-channel which is poorly defined, but has been suggested to be
composed of the adenine nucleotide translocator (ANT), the voltage dependent
anion channel (VDAC) and cyclophilin D. Prolonged opening of the mPTP
would collapse the mitochondrial membrane potential, release calcium stored
in the mitochondria, and deplete cell ATP. Opening of the mPTP has been
reported to play an important role in both oncotic (necrotic) and apoptotic cell
death (Kroemer et al. 1998; Schneider 2005). Somewhat surprisingly, transient
opening of the mPTP has been suggested to be required for preconditioning
(Hausenloy et al. 2004). Opening of mPTP is stimulated by many conditions
that occur during ischemia such as high Ca, oxidative stress and high inorganic
phosphate. Cyclosporin, which binds to cyclophilin, is a commonly used inhibitor
of the mPTP. Griffiths and Halestrap (1993) have shown that inhibition of the
mPTP with cyclosporin reduces ischemia-reperfusion injury. As discussed later,
there are some intriguing recent data suggesting that loss of cyclophilin protects
against oncotic ischemia-reperfusion mediated cell death (Baines et al. 2005;
Nakagawa et al. 2005). Interestingly, loss of cyclophilin did not block apoptosis
related to overexpression of BAX (Baines et al. 2005). Taken together, there
is considerable data to suggest that mitochondrial dysfunction directly leads to
oncosis.

Although loss of ATP plays a major role in the events leading to oncosis,
the level of ATP has been suggested also to be a key determinant of whether
a cell undergoes apoptosis or oncosis during ischemia-reperfusion (Shiraishi
et al. 2001). ATP is required for apoptosis. Thus if ATP falls below a critical
level necessary for apoptosis, the process may convert to a process which more
closely resembles oncosis. Differences in ATP levels may also be important
for some of the morphologic differences between cells undergoing oncosis and
apoptosis. A feature of oncosis is cell swelling, largely related to failure of
ion pumps and electrolyte imbalances, whereas cell shrinkage is a feature of
apoptosis, and requires active ion transport. Thus the ability to generate ATP may
be necessary for many of the characteristics of classic apoptosis, and although
there may be sufficient ATP in the early stages of ischemia to support classic
apoptosis, at the time when cell death is occurring during ischemia, there may
be insufficient ATP to complete the apoptotic process, and the dying cells may
come to resemble oncotic cells. Alternatively, there could be sufficient ATP



13. The Role of Mitochondria in Necrosis Following Ischemia-Reperfusion 295

synthesis during reperfusion to permit apoptosis if the duration of ischemia is
short enough that mitochondria are intact and can function to generate ATP in
the immediate reperfusion period.

13.3. Oncotic Versus Apoptotic Death During Ischemia
and Reperfusion

As mentioned, there are two primary forms of cell death, oncotic necrosis and
apoptotic necrosis, both of which seem to occur during myocardial ischemia-
reperfusion injury (Anversa et al. 1998; Bartling et al. 1998; Imahashi et al.
2004; Zong and Thompson 2006). The distinction between these pathways can
sometimes be blurred and mitochondria are key elements of both modes of
cell death. The primary reason for trying to understand the relative contribution
of these two forms of cell death is that different interventions may be more
beneficial for preventing or minimizing each form of cell death, and ultimately,
the goal of any intervention is to minimize the number of dead myocytes because
clinical outcome is most closely correlated with infarct size. It is commonly
stated that apoptosis is a programmed cell death, whereas oncotic necrosis is
accidental and unregulated. Clearly apoptosis that occurs during development is
a highly regulated process that appears to be genetically programmed, and in
some experimental models, can be prevented by selective mutation. However, the
response of a cell or organ to an accidental insult such as ischemia-reperfusion
does not appear to be genetically controlled. Cell death as a result of a sustained
severe accidental insult cannot be prevented by any known genetic manipulation
although it can be delayed by a variety of genetic alterations. Furthermore, there
are data suggesting that the response to accidental insults can be both apoptotic
and oncotic, and in fact many agents such as ischemia-reperfusion result in both
apoptotic and oncotic cell death. Many toxic agents at low doses kill primarily by
apoptosis whereas at higher doses they kill by oncosis. Interestingly these same
agents or manipulations at even lower doses can induce protection. Furthermore,
there are recent data suggesting that oncotic necrosis can be regulated (Zong and
Thompson 2006). Thus in the case of accidental insults, the response can be either
apoptotic or oncotic and both types of death involve mitochondrial pathways and
both can be inhibited by manipulating similar mitochondrial signaling pathways.

Recent studies have suggested that classic inhibitors of apoptosis, such as
Bcl-2, can reduce what appears to be oncotic cell death. Imahashi et al. (Imahashi
et al. 2004) have shown that cardiac specific overexpression of Bcl-2 significantly
reduces necrosis, measured by triphenyl tetrazolium chloride (TTC) staining after
two hours of reperfusion. Necrosis was 38 + 5% in wild type hearts and was
significantly lower at 18 + 3% in hearts with overexpression of Bcl-2. Apoptosis
as assessed by TUNEL staining was also reduced in hearts with Bcl-2 overex-
pression (1.2 + 0.9%) compared to wild type hearts (4.3 + 1.7%). However, the
percentage of apoptosis as measured by TUNEL was very small compared to
the total cell death. For example in wild type hearts 38% of the heart was dead
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as measured by TTC, yet only 4.3% of the death was apoptotic. With overex-
pression of Bcl-2, 18% of the heart was dead as measured by TTC, but this
reduction in cell death cannot be accounted for solely by a reduction in apoptosis,
since apoptosis was only 4% in wild type hearts. These data suggest that Bcl-2
also reduces what is commonly classified as necrotic or oncotic cell death. These
results are consistent with the findings of Chen et al. (2001); although in the
study of Chen et al., it is difficult to compare the percentage of total death (TTC
staining) to apoptotic death because apoptosis was measured after 30 minutes of
ischemia while TTC measurements were made after 50 minutes of ischemia. It
has been suggested that Bcl-2 can reduce necrosis because it blocks release of
cytochrome c, which will lead to depletion of ATP and necrosis (Kuznetsov et al.
2004). This would suggest that release of cytochrome c is part of the oncotic
pathway. It has also been suggested that Bcl-2 can directly alter mitochondrial
Ca2+ uptake, possibly by altering the activity of mitochondrial NCX (Zhu et al.
2001), which could play a role in reducing oncotic cell death as well as apoptotic
cell death. It has also been suggested that Bcl-2 might bind to other mitochon-
drial proteins such as VDAC and alter consumption of glycolytically generated
ATP during ischemia (Imahashi et al. 2004). During ischemia, the mitochon-
drial membrane potential falls and glycolytically generated ATP is consumed by
the mitochondria due to reversal of the mitochondrial F1F0-ATPase. DiLisa and
coworkers (Di Lisa and Bernardi 1998; Di Lisa et al. 1995) and others (Leyssens
et al. 1996) have shown that inhibition of the F1F0-ATPase with oligomycin
results in a larger and faster decline in the mitochondrial membrane potential,
but a slower decline in ATP and reduced generation of lactate. Imahashi et al.
(2004) have shown that overexpression of Bcl-2 has an effect that is similar
to oligomycin; overexpression of Bcl-2 reduces the rate of decline in ATP and
the fall in pH during ischemia. Furthermore the effects of Bcl-2 and oligomycin
were not additive. Bcl-2 and VDAC were also shown by immunoprecipitation to
have increased association during ischemia. Imahashi et al. (2004) also demon-
strated that addition of uncoupler to mitochondria with increased Bcl-2 slowed
the rate of uncoupler mediated consumption of ATP. Taken together, these
data suggest that during ischemia, there may be increased association of Bcl-2
and VDAC which results in a reduction in ATP entry into the mitochondria
via VDAC thereby conserving glycolytically generated ATP. The interaction
between VDAC and Bcl-2 may also inhibit cytochrome c release via VDAC or
the mPTP, since VDAC is thought to be a component of the mPTP. The role of
Bcl-2 in modulating oncotic cell death is an area for future study. It is possible
the amount of apoptosis in an in vivo model would be higher than in an isolated
perfused heart. However, it is clear that inhibitors of apoptosis can inhibit what
has commonly been considered necrosis.

Opening of the mPTP has been proposed to be an important component of
both apoptosis and oncosis (Halestrap 2005; Zamzami et al. 2005). However,
recent studies suggest that hearts null for cyclophilin are protected against oncotic
ischemia-reperfusion injury, but are not protected from apoptosis induced by
overexpression of BAX (Baines et al. 2005; Nakagawa et al. 2005). These data
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suggest an important role for cyclophilin mediated activation of mPTP in oncosis
associated with ischemia-reperfusion injury.

13.4. Mitochondria and Cardioprotection

A clear example of the important role of mitochondria in necrotic cell death
is illustrated by the important role of mitochondria in cardioprotection against
ischemia-reperfusion injury, since oncotic necrosis appears to be the predominant
form of death in ischemia-reperfusion. This topic is fully covered in another
chapter, but it is worthwhile to reiterate the key points of the role of mitochondria
in reducing necrotic cell death. Preconditioning, one of the best studied mecha-
nisms of cardioprotection has a number of mitochondrial targets (Figure 13.2).
A study of these targets provides insight into the role of mitochondria in necrosis.
Preconditioning is activated by release of agonists such as bradykinin, adenosine,
or opioids, resulting in activation of G-protein coupled receptor signaling and
activation of a signaling cascade involving PI3-kinase, protein kinase C, nitric
oxide synthase (NOS), ERK, and glycogen synthase kinase. There is increasing
data suggesting that these signals converge on the mitochondria to activate the
mitochondrial KATP channel (Garlid et al., 1997; O’Rourke, 2004), to modify the
mitochondrial voltage dependent anion channel (VDAC) (Baines et al., 2003;
Imahashi et al., 2004), to phosphorylate BAD (Baines et al., 2002), and to
inhibit the opening of the mPTP (Javadov et al., 2003). Downey, Cohen and
coworkers have shown that acetylcholine mediated cardioprotection involves
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Figure 13.2. Activation of mitochondrial signaling pathways reduces necrotic cell death.
See text for the details.
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activation of PI3-kinase, AKT, NOS and protein kinase G, which then transmits
the protective signal to the mitochondria, where it leads to activation of PKC-
epsilon and activation of the mitochondrial K-ATP channel (Costa et al. 2005).
Ping and coworkers (Baines et al., 2003) have reported that preconditioning leads
to mitochondrial localization of PKC-epsilon which results in phosphorylation
of VDAC. Baines et al. (2002) have also reported that PKC-epsilon mediated
protection involves activation of mitochondrial ERK leading to phosphorylation
of mitochondrial BAD. Boengler et al. (2005) have demonstrated that precon-
ditioning results in the translocation of connexin 43 to the mitochondria, and
that inhibition of this pathway blocks the protection. Sollott and coworkers
(Juhaszova et al. 2004) have demonstrated that a large number of cardioprotective
signaling pathways all result in an increase in mitochondrial phospho-GSK. They
further show that phosphorylation and the resultant inhibition of GSK mediates
protection, at least in part, by inhibition of the mPTP. Imahashi et al. (2004)
have also reported that overexpression of Bcl-2 reduces oncotic necrosis by
interaction with VDAC resulting in decreased entry of glycolytically generated
ATP into the mitochondria, thus limiting consumption of glycolytic ATP by the
reverse mode of the F1F0-ATPase. It is also possible that interaction of Bcl-2
with VDAC may reduce the probability of opening of the mPTP. Taken together,
these data suggest that mitochondria are key modulators of oncotic necrosis.
These data suggest an important role for mPTP opening in necrosis and agents
that inhibit mPTP opening reduce necrosis.

13.5. Summary

In summary, mitochondria are key regulators of cell survival and death. As
discussed mitochondria are key regulators of energetic, ROS and calcium
homeostasis and are therefore key regulators of cardioprotection and death.
There are interesting data suggesting that the length of opening a mitochondrial
channel the mPTP determines whether cells are protected or die by apoptosis or
oncosis. Transient opening of the mPTP has been shown to lead to cardiopro-
tection, whereas longer, but reversible opening of mPTP results in apoptosis and
prolonged opening results in oncosis. Thus a better understanding of mitochon-
drial regulation will provide new therapeutic approaches for reducing cell death.
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Mitochondria and Their Role
in Ischemia/Reperfusion Injury

Sebastian Phillip, James M. Downey and Michael V. Cohen

14.1. Myocardial Ischemia

Acute coronary occlusion is the leading cause of morbidity and mortality in the
western world and according to the World Health Organization will be the major
cause of death in the world as a whole by the year 2020 (Murray and Lopez
1997). The major complication of the sudden occlusion of a coronary artery is the
loss of contractile myocardium served by that artery. The contractile dysfunction
resulting from infarction of the ventricle is essentially permanent as the lost
heart muscle cannot regenerate. The size of the resultant infarct is the decisive
determinant of the extent and severity of remodeling (Pfeffer et al. 1991) and
of the prognosis of patients after myocardial infarction (St. John Sutton et al.
1997). Fast revascularization will result in less myocardial necrosis; nevertheless
congestive heart failure secondary to myocardial infarction is still common.

14.2. Preconditioning the Heart

In 1986, Murry et al. first described the phenomenon of ischemic precondi-
tioning (IPC). After dog hearts were pretreated with 4 episodes of 5 minutes
of ischemia, each followed by brief reperfusion, the resulting infarct s after 40
minutes of ischemia was about one-quarter of that in animals experiencing only
the 40-minute coronary occlusion. Thus, the short ischemic periods caused a
rapid adaptation of hearts against infarction. This process is the most powerful
protection known against myocardial infarction. Since the initial report there has
been intensive research to uncover the underlying mechanisms. The protective
effect of IPC is receptor-mediated. It was first discovered that activation of
the adenosine A1 receptor can elicit it (Liu et al. 1991; Tsuchida et al. 1993).
Subsequently other G protein-coupled receptors were found to trigger IPC like
bradykinin (Wall et al. 1994; Goto et al. 1995; Cohen et al. 2001), opioid (Schultz
et al. 1995; Miki et al. 1998; Cohen et al. 2001), angiotensin AT1 (Liu et al.
1995), endothelin ET1 (Wang et al. 1996), �1 adrenergic (Tsuchida et al. 1994)
and acetylcholine (Thornton et al. 1993; Qin et al. 2003; Krieg et al. 2004b)
receptors.
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Reactive oxygen species act as second messengers in the mechanism by which
bradykinin and opioid receptors trigger the preconditioned state. Gi-coupled
receptors cause the production of ROS by a complex pathway in which
phosphatidylinositol 3 (PI3)-kinase activates Akt through phosphoinositide-
dependent kinases 1 and 2 which in turn activate endothelial nitric oxide synthase
(NOS) (Krieg et al. 2002; Krieg et al. 2004b) (Figure 14.1).

The resulting NO stimulates guanylyl cyclase which then activates protein
kinase G (PKG). PKG opens mKATP by a process that involves an intra-
mitochondrial protein kinase C (PKC) isoform (Oldenburg et al. 2004; Costa et al.
2005a). mKATP channel opening then leads to the production of reactive oxygen
species (ROS) by the mitochondria. Those ROS are thought to then trigger kinase
cascades which ultimately lead to cardioprotection (Pain et al. 2000; Oldenburg
et al. 2004; Krieg et al. 2004b). In this scheme mitochondria play an important
role by being part of a signal transduction pathway and by generating ROS which
serve as critical second messengers.

Figure 14.1. Schematic of the mechanism involved in Gi-coupled receptors leading
to ROS generation. After ligand activation of the Gi-coupled receptor, the epidermal
growth factor receptor (EGFR) is transactivated at its tyrosine groups through metal-
loproteinase (MMP)-dependent cleavage of heparin-binding EGF-like growth factor
(HB-EGF) from proHB-EGF in the membrane. This in turn results in the formation of
a complex with Src tyrosine kinase and phosphatidylinositol 3-kinase (PI3K) which can
activate both 3’ phosphoinositide-dependent kinase-1 (PDK 1) and -2 (PDK 2). This
results in phosphorylation of Akt at Thr 308 and Ser 473, respectively. Akt activates
endothelial nitric oxide synthase (eNOS), which in turn activates guanylyl cyclase (GC)
to produce cGMP. The latter activates protein kinase G (PKG) which opens the mKATP

channel via PKC (not shown). Radical production by the electron transport chain is
increased and these radicals are released to activate downstream kinases and protect the
heart.
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14.3. Trigger, Ischemic, and Reperfusion Phases

When considering preconditioning it is useful to think in terms of triggers,
mediators, memory, end-effectors, and reperfusion (Figure 14.2). The precon-
ditioning ischemia triggers a change in the physiology of the heart, rendering
it very resistant to infarction. A sequential series of snal transduction steps
carry the signal for protection resulting in ROS production by mitochondria
during the brief reperfusion period (Figure 14.1). Even if events in this phase
are removed the heart remains protected hence the term trigger. The ROS then
activate a kinase cascade beginning with cytosolic PKC. The kinase activity of
PKC is not needed until the index ischemia begins and, therefore, it is classified
as a mediator. Because the heart stays in a preconditioned state for up to 2
hours after the trigger has been removed (Van Winkle et al. 1991), there must
be a memory somewhere. When PKC is activated, several isoforms, specifi-
cally PKC-� and -� in rabbit hearts, translocate from the cytosol to membranes
(Ping et al. 1997). This translocation may act as a memory step, perhaps by
keeping PKC bound near its substrate. In one study, however, Nozawa et al.
(2003) found that PKC isoforms remained translocated even after protection had
waned or been blocked with 5-hydroxydecanoate (5-HD), a specific antagonist of
mitochondrial ATP-sensitive potassium channels (mKATP), thus arguing against
them being the memory. Other mediator kinases possibly include p38MAPK

Trigger phase
adenosine
bradykinin
opioid

IIPP CC 33 00 ’’ ii ss cc hh ee mm iiaa

Reperfusion phase
ERK and PI3-kinase
prevent reperfusion 
injury

Mediator phase
Protein kinase C 
acts as a memory

Figure 14.2. Preconditioning can be divided into three phases: trigger, mediator, and reper-
fusion. The trigger phase occurs before the index ischemia, while the mediator phase encom-
passes the index ischemia. The reperfusion phase begins after the onset of reperfusion or
reoxygenation. The trigger phase is initiated by binding of released agonists from ischemic
myocardial cells to G protein-coupled receptors which initiates a signaling cascade involving
transactivation of growth factors, activation of Akt and nitric oxide synthase, production of
nitric oxide with ultimate activation of protein kinase G and opening of mitochondrial KATP

channels. The latter produce reactive oxygen species during the brief reperfusion interval
before the long ischemia and these act as second messengers to activate protein kinase C.
The mediator phase involves a kinase cascade including the activation of survival kinases,
Akt and ERK. These kinases are effective during early reperfusion to suppress opening of
the mitochondrial permeability transition pore.
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(Nakano et al. 2000; Mocanu et al. 2000). These kinases eventually activate one
or more end-effectors. The end-effector(s) actually cause the protection. For a
long time it was thought that the protection was exerted during the ischemic
period, but we now believe that it occurs during the subsequent reperfusion
period. Activation of Akt and ERK 1/2, termed survival kinases, during early
reperfusion was found to be critical (Hausenloy et al. 2005; Solenkova et al.
2005), and this activation appears to be in response to adenosine A1 and/or
A2B occupancy during reperfusion (Solenkova et al. 2005). The identity of the
end-effector(s) has not yet been proven, but there is compelling evidence that
the mitochondrial permeability transition pore (see below) may be the elusive
target. IPC may act to suppress its opening and thus prevent death of myocytes.
Hence, mitochondria appear to serve dual roles in preconditioning. They are
critical signaling elements and may also be end-effectors.

14.4. The Role of Mitochondria During Ischemia

14.4.1. Cell Death

The viability of the ischemic myocardium is dependent on ATP availability and
changes in intracellular Ca2+ which are related to derangements in mitochondrial
function. Mitochondria play a key function in cell survival not only because
of their bioenergetic role as a supplier of ATP for vital intracellular processes
but also because of their critical involvement in programmed cell death or
apoptosis. The organelle plays an integral part in the regulatory and signaling
events that occur in response to physiological stresses, including myocardial
ischemia and reperfusion, hypoxia, oxidative stress, and hormonal and cytokine
stimulation. It is known that cells die from necrosis when they can not maintain
adequate ATP levels. Necrotic cells swell because of a failure to maintain the
Donnan equilibrium causing rapid membrane failure. But they can also die from
apoptosis in which ATP is not depleted. Rather mitochondria actively participate
in molecular signaling events leading to apoptosis by releasing cytochrome c and
initiating activation of a caspase cascade that attacks nuclear DNA (Newmeyer
and Ferguson-Miller 2003; Borutaite and Brown 2003). Although apoptosis is
initiated during ischemia/reperfusion, the number of otherwise viable cells killed
by this process is unknown.

14.4.2. Ischemia/Reperfusion

Acute myocardial ischemia/reperfusion (I/R) injury involves a variable mix of
necrosis and apoptosis. The role of the mitochondria during I/R is particu-
larly critical since both apoptosis by the mitochondrial pathway and necrosis
by irreversible opening of the mitochondrial permeability transition pore are
involved. Due to leaks in the respiratory chain, mitochondria continuously
produce oxygen free radicals at a rate of 1–2% of consumed oxygen. Opening



14. Mitochondria in Ischemia/Reperfusion 309

mKATP leads to K+ entry, matrix alkalinization, a small degree of depolar-
ization of the mitochondrial membrane potential (��m), mitochondrial swelling,
and finally increased ROS formation. Free radicals can trigger cardiopro-
tection (Baines et al. 1997) and do so during pathophysiological processes such
as I/R (see below). Changes in the mitochondrial membrane potential affect
other mitochondrial membrane proteins, such as the mitochondrial permeability
transition pore (mPTP). Opening of the mPTP can be triggered by a collapse
of the mitochondrial membrane potential, increased formation of ROS, and
increased levels of intracellular Ca2+. All of these are present when the heart is
reperfused following a lethal ischemic insult.

Apoptosis is defined by a pivotal event – mitochondrial outer membrane
permeabilization. This occurs suddenly during apoptosis, leading to the release of
proteins normally found in the space between the inner and outer mitochondrial
membranes (Figure 14.3). Before, during or after membrane permeabilization,
there is frequently a dissipitation of the mitochondrial inner transmembrane
potential. The mechanisms responsible for this breakdown in the outer membrane
barrier during apoptosis remain controversial, although it is clear that many
proteins influence membrane permeabilization via local effects on mitochondrial
membranes.

Swelling and rupture of membranes of ischemic mitochondria signal loss of
the ability to maintain critical volume homeostasis. To avoid rupture of the
mitochondrial outer membrane due to swelling, as well as limit unnecessary
energy wastage, mitochondrial cation flux is typically tightly regulated. The

Figure 14.3. Proteins involved in the formation and/or regulation of mPTP in the inner
membrane (IM) and the permeabilization of the outer membrane (OM) to cytochrome C
and larger molecules. BdR = benzodiazepine receptor; CL = cardiolipin; CK = creatine
kinase; Cyto c = cytochrome c; CyP = cyclophilin D; HK = hexokinase; porin = VDAC
or voltage-dependent anion channel; ANT = adenine nucleotide translocator. CsA inhibits
mPTP opening by binding to CyP and preventing its interaction with ANT. BdR, HK and
CK are regulatory components of mPTP (reproduced with permission from Weiss et al.
2003).
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mitochondrial K+ cycle (Garlid and Paucek 2003) with K+/H+ exchange counter-
balances mitochondrial uniporter activity and is an important component of
mitochondrial volume homeostasis which is overwhelmed when the mitochon-
drial permeability transition pore opens. Opening of the mKATP channel also
leads to K+ influx accompanied by the movement of permeable anions and H2O.
This influx can transiently exceed the extrusion capacity of the K+/H+ exchanger
resulting in an increase in steady-state matrix volume. However, this is a highly
controlled process.

14.4.3. The Role of Mitochondrial ATP-Sensitive
Potassium Channels in Cardioprotection

In 1991 the mKATP channels were discovered in the liver mitochondrial inner
membrane (Inoue et al. 1991). This finding was bolstered by evidence that a
variety of K+ channel openers and inhibitors influenced mitochondrial function
(Paucek et al. 1992; Garlid 1996). A link between mKATP channels and cardiopro-
tection was first suggested by Gross and Auchampach (Gross and Auchampach
1992) who observed that cardioprotection caused by IPC was blocked by gliben-
clamide. Thus the opening of KATP channels exerted a powerful effect against
infarction, whereas channel blockers abrogated IPC’s protection (Gross and
Auchampach 1992; Auchampach and Gross 1993; Critz et al. 1997; Pain et al.
2000; Forbes et al. 2001). Originally it was thought that sarcolemmal KATP

channels were the end-effectors of PC’s protection, and this protection was origi-
nally ascribed to shortening of the action potential (Gross and Fryer, 1999).
At that time it was not appreciated that cardiomyocytes contained not only
sarcolemmal but also mKATP channels and each had a distinct pharmacological
profile. In subsequent investigations by Garlid et al. (1997), Liu et al. (1998)
and Sato et al. (2000) evidence was provided that indeed mKATP and not
sarcolemmal channels were the ones involved in cardioprotection. Garlid et al.
(1997) observed that diazoxide selectively opened mKATP (EC50 ∼30 �M) and
that 30 �M diazoxide improved post-ischemic ventricular function by an amount
similar to that of IPC. Furthermore, diazoxide mimicked IPC in an infarct model
and the mKATP closer 5-HD blocked IPC’s protection (Baines et al. 1999). These
critical observations led to the proposal that opening of mKATP rather than the
sarcolemmal channel evoked cardioprotection.

If the mKATP channel were the end-effector of IPC as proposed by some and
its opening the cause of cardioprotection, then it should behave as a mediator.
Pain et al. (2000) and also Wang et al. (2001) used the mKATP channel blocker
5-HD in isolated rabbit hearts and applied it either during the preconditioning
ischemia (trigger phase) or during the index ischemia (mediator phase). While
both groups could block protection with 5-HD when it was limited to the trigger
phase, Pain could not block the protective effect when 5-HD was applied during
only the mediator phase. On the other hand, Wang did document blockade of
protection with 5-HD added during the index ischemia, but only when the dose
of 5-HD was increased 4-fold. In a recent study by Schulz et al. (2003) the KATP
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blocker glibenclamide was infused in a porcine model of ischemia/reperfusion.
When the blocker was administered 5 minutes after the short preconditioning
phase until the end of the index ischemia (mediator phase) the protection could
not be blocked. Conversely, early application of glibenclamide during the trigger
phase abolished the infarct-sparing effect of IPC.

While a mediator role of mKATP is uncertain, all now agree the mKATP channel
acts as a trigger. Therefore these data suggest mKATP cannot be the end-effector
of IPC. But how does channel opening protect? Interestingly, antioxidants abolish
the anti-infarct effect of diazoxide (Forbes et al. 2001) as well as of IPC (Baines
et al. 1997; Tritto et al. 1997; Pain et al. 2000; Forbes et al. 2001). These observa-
tions led to the proposal that opening of mKATP led to the generation of reactive
oxygen species (ROS) which act as second messengers and activate kinases
further downstream (Pain et al., 2000). It is still not known exactly how opening
of the mKATP channel causes ROS generation. Most likely ROS are generated
within the mitochondrial electron transport chain due to the potassium influx. The
potassium ionophore valinomycin also induces ROS generation (Oldenburg et al.
2002), while myxothiazol, a mitochondrial electron transport blocker, abolishes
it (Yue et al. 2001; Krenz et al. 2002; Oldenburg et al. 2003). Costa et al. (2005b)
propose that ROS production is a direct result of matrix alkalinization which
follows potassium entry.

The triggering sequence depicted in Figure 14.1 has been established in
isolated rabbit cardiomyocytes in which mitochondrial production of ROS was
measured by the radical-induced oxidation of reduced MitoTracker red to its
fluorescing oxidized form (Krenz et al. 2002; Oldenburg et al. 2002; Oldenburg
et al. 2003; Oldenburg et al. 2004; Krieg et al. 2004a). Thus the end-point
for each of the steps was mitochondrial production of ROS. G-protein coupled
receptor agonists, epidermal growth factor, nitric oxide donors, mKATP openers
and activation of PKG all led to increased ROS generation. By using appropriate
blockers and activators we could establish upstream/downstream relationships
for each of these. For example the PI3-kinase inhibitor wortmannin did not
block ROS production from a nitric oxide donor; therefore it was assumed that
PI3-kinase was upstream of the nitric oxide step. At the same time 5-HD did
block ROS production, implying that mKATP must be located downstream of
nitric oxide involvement.

14.5. Function of mKATP

The structure of the mKATP channel is not known but it is assumed that it incor-
porates elements of the two known ATP-sensitive inward rectifier K+ channel
proteins, Kv6.1 (uKATP) and Kv6.2 (sKATP). These KATP channels contain 4 pore-
forming channel proteins and 4 sulfonylurea-binding receptor (SUR) proteins.
The latter have an ATP binding site and confer sensitivity to glibenclamide
(and related sulfonylurea drugs) (Inagaki et al. 1995a; Inagaki et al. 1995b;
Inagaki et al. 1996; Aguilar-Bryan et al. 1998; Lorenz and Terzic 1999; Grover
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and Garlid 2000). Mitochondria are negatively charged. Although the potassium
concentration in mitochondria is similar to that in the cell, the electrical gradient
favors potassium entry. That allows mitochondria to regulate their volume by
controlling their content of potassium which is osmotically active at the inner
membrane.

The mitochondria make ATP by causing positively charged hydrogen ions to
be extruded by the electron transport apparatus; they then reenter along a strong
electrochemical gradient through the F1 apparatus. Reentry causes phospho-
rylation of ADP to ATP. Potassium enters along the electrochemical gradient
through the mKATP channel resulting in swelling of the matrix. The potassium-
hydrogen exchanger on the inner mitochondrial membrane readily exchanges
intramitochondrial potassium for extra- mitochondrial H+ which causes the
matrix to shrink. The mKATP has a relatively low conductance and the change
in ��m caused by the influx of K+ when the channels are fully opened is rather
small (∼5mV). This meager change is most likely related to the low density of
these channels in the inner membrane (Garlid 2000).

14.5.1. Do mKATP Really Exist?

As mentioned above the actual construct of the mKATP channels is yet to be
identified. In fact some investigators even question whether they actually exist
(Das et al., 2003). The pharmacology of mKATP is distinctive. 5-HD is a selective
blocker of the mKATP channel, while diazoxide selectively opens it (Garlid et al.
1997). Some have proposed that these agents are producing effects by intracell-
ular actions other than the postulated effects on mKATP (Hanley et al. 2002;
Das et al. 2003). Electrophysiological recordings are perhaps the most concrete
proof of the existence of mKATP channels. Indeed direct detection of single-
channel activity in the mitochondrial inner membrane provided the foundation
for subsequent interpretations. Inoue et al. (Inoue et al. 1991) directly patch-
clamped mitoblasts (which are mitochondria stripped of the outer membrane)
prepared from fused liver mitochondria. Single potassium selective channels were
identified and inhibited by ATP applied to the mitochondrial matrix face of the
channel. They were blocked by the potassium channel inhibitor 4-aminopyridine.
Importantly, the channels were inhibited by glibenclamide, clear evidence that a
KATP-like channel was present.

A second line of evidence supporting a specific mKATP channel is the
measurement of potassium uptake into phospholiposomes reconstituted with
purified mitochondrial protein fractions. This method has been primarily used by
Garlid’s group (Paucek et al. 1992; Paucek et al. 1996; Garlid et al. 1997; Yarov-
Yarovoy et al. 1997; Bajgar et al. 2001) to characterize the channel’s regulation
by Mg2+, ATP, GTP, and acyl-CoA esters, and its sensitivity to pharmacological
openers and inhibitors.

Furthermore potassium influx into mitochondria is directly increased by
diazoxide and inhibited by ATP and 5-HD (Costa et al. 2005b). It is also
important to point out that the effects of diazoxide and 5-HD on mitochon-
drial volume changes are absent when tetraethyl ammonium is substituted for
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potassium in the medium (Garlid 2000). Finally, the effects of mKATP openers
and blockers were compared to those seen with the potassium ionophore valino-
mycin, and four independent assays of mKATP activity yielded quantitatively
identical results for mKATP-mediated potassium transport (Costa et al. 2005b).
These observations strongly support the existence of mKATP.

14.5.2. Mechanisms of Protection

While mKATP are known to have a trigger function, there is also evidence that they
may be involved as mediators of preconditioning as well. There is good evidence
that mKATP activation decreases ROS production at reperfusion (Vanden Hoek
et al. 2000; Ozcan et al. 2002), blunts mitochondrial Ca2+ accumulation during
ischemia (Holmuhamedov et al. 1998; Holmuhamedov et al. 1999; Murata et al.
2001), and improves mitochondrial energy production after ischemia. Swelling
of mitochondria occurs as a consequence of activation of the mitochondrial K+

cycle (Garlid and Paucek 2003). Expansion of the mitochondrial matrix improves
fatty acid oxidation, respiration, and ATP production (Halestrap 1994). It is
apparent that although mitochondrial swelling is a likely consequence of mKATP

channel opening and has been demonstrated in mitochondria, linking this effect
directly to mitochondrial preservation has proven to be a challenging task.

14.5.3. ROS Production

We have already discussed the role mKATP play in the production of ROS which
act as a trigger for the preconditioned state. In contrast, a flood of ROS is
produced on reperfusion after a long period of ischemia (Zweier et al. 1987), and
if enough are produced they can cause irreversible cell death by oxidizing critical
intracellular enzymes and proteins and by attacking membranes. Interestingly
this postischemic ROS burst can be suppressed by pretreatment with mKATP

channel openers (Vanden Hoek et al. 2000; Ozcan et al. 2002). Whether mKATP

are involved in this process directly or simply act to trigger signal transduction
pathways is not clear.

14.5.4. Ca2+ Homeostasis

Another hypothesis is that mitochondrial Ca2+ accumulation during ischemia and
reperfusion may be attenuated by mKATP channel opening (Liu et al. 1998). It
has been shown that the selective mKATP channel opener diazoxide decreases the
magnitude and rate of Ca2+ uptake into isolated mitochondria and that this effect
can be inhibited by the selective mKATP channel blocker 5-HD. This effect was
attributed to a partial depolarization of ��m which was potassium-dependent
and could be inhibited by a K+channel blocker (Holmuhamedov et al. 1998;
Holmuhamedov et al. 1999). Mitochondrial Ca2+ accumulation during simulated
ischemia is attenuated by mKATP channel opening, resulting in reduced mPTP
opening upon reperfusion (Murata et al., 2001).
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14.5.5. PKG Interaction

Recent evidence suggests that PKG is the final cytosolic component in a signaling
cascade that opens mKATP (Costa et al. 2005a). Activated PKG binds to the
outer mitochondrial membrane, and presumably phosphorylates some membrane
protein that ultimately causes mKATP opening on the inner membrane. It is
unclear how the signal gets across the inter-membrane space, but we know that
the activation is dependent on PKC resident within the mitochondria. Possibly
PKC shuttles between the outer and inner membranes and stimulates mKATP

to open. PKC is not a known substrate for PKG, so it is uncertain what lies
between them. Nor is it known whether mKATP have PKC phosphorylation
sites. These data amplify the interaction between PKC and mKATP required to
elicit cardioprotection. Recently it was shown that mitochondria were protected
from anoxic injury by opening mKATP which prevented opening of the mPTP
upon reoxygenation (Korge et al. 2002). This effect was mimicked by phorbol
12-myristate 13-acetate again showing that mKATP are under the control of PKC.

14.6. Mitochondrial Permeability Transition Pore
(mPTP)

When the mPTP opens, the permeability barrier of the inner membrane becomes
disrupted with two major consequences: release of proapototic cytochrome c and
the cessation of ATP production (Halestrap et al. 2004). Some investigators have
proposed that mPTP is the lethal event in reperfusion injury (Halestrap 1999;
Zorov et al. 2000). Halestrap et al. (2004) proposed that the mPTP opens during
reperfusion and that prevention of mPTP opening is the primary target of cardio-
protective interventions against reperfusion injury. Recent studies propose a
significant role for the mitochondrial permeability transition pore (mPTP) in IPC
(Javadov et al. 2000; Hausenloy et al. 2002). It is not known for certain whether
the mPTP is the end-effector of IPC and whether prevention of mPTP opening
is the final step in a long signaling cascade. There is evidence that opening of
mPTP during early reperfusion leads to apoptotic and necrotic cell death (see
above). The distinct relationship between ROS generation, PKC activation and
opening of the mKATP channel (Korge et al. 2002), and the mechanisms that
regulate mPTP opening are not fully understood.

mPTP are multiprotein complexes that are capable of forming large nonse-
lective pores in the inner membrane of the mitochondria (Figure 14.3). Current
evidence suggests there are key contributions from three key structural elements,
the voltage-dependent anion channel (VDAC) located in the outer mitochon-
drial membrane, the adenine nucleotide translocase (ANT-1) located in the
inner mitochondrial membrane, and cyclophilin D which seems to facilitate a
calcium-triggered conformational change in ANT, converting it into an open
pore (Baines et al. 2005). Under stress conditions VDAC and ANT-1 line up
across the mitochondrial intermembrane space and form a high conductance
pore, the mPTP, which, among other things, causes release of cytochrome c.
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This activates caspase 9 which, in turn, activates caspase 3 and triggers apoptosis
(Kluck et al. 1997; Green and Reed 1998; Haunstetter and Izumo 1998). In
addition, the mPTP allows extruded hydrogen ions to reenter the matrix freely,
thus uncoupling the mitochondria and halting ATP production. A critical issue
for further investigation is to identify which kinases are capable of regulating
mPTP. Reasonable candidates in the heart include PI3-kinase, Akt, p38 MAPK,
ERK 1/2, PKG, and PKC-� because each one contributes to IPC’s protection
and some have also been identified in mitochondria (Baines et al. 2002;
Baines et al. 2003).

It has been proposed that mPTP can open either in a low or high conductance
mode (Weiss et al. 2003). The existence of the reversible low-conductance
mode allowing permeation of small solutes that depolarize ��m transiently
is still under discussion. In the high conductance mode, which causes matrix
swelling and ion-driven water influx, mPTP opening is distinct and typically
irreversible. Extensive matrix swelling of the inner membrane (IM) unfolds the
cristae causing a rupture of the outer membrane (OM), which in turn leads to
release of proapoptotic molecules residing in the intermembrane space. These
molecules (cytochrome c and others) promote apoptotic cell death via caspase-
dependent and -independent mechanisms (Weiss et al. 2003). This is one possible
explanation for apoptotic cell death in I/R injury.

Typically ROS and high cellular Ca2+ are the most important inducers of
mPTP opening. Oxidation of critical thiol groups on ANT-1 leads to formation
of disulfide bonds which allows cyclophilin D normally present in the matrix to
bind to ANT-1 thus promoting mPTP to open. It is possible that ROS may act
at this site to oxidize thiol groups to promote mPTP opening.

14.6.1. The Role of the Mitochondrial Transition Pore
During Myocardial Ischemia

It is less clear how IPC actually protects. A number of hypotheses have been
proposed, including reduced free radical production at reperfusion, reduced
osmotic swelling, reduced apoptosis, and reduced Ca2+ overload (Yellon and
Downey 2003). There is increasing evidence that IPC’s protection is mediated,
at least in part, by preventing formation of mPTP. This high conductance pore
forms during reperfusion and acts to depolarize the matrix, thus stopping energy
production. The classic stimuli for mPTP opening during reperfusion are Ca2+

and ROS (Halestrap 1999), whereas during ischemia the fall in intracellular
pH and the increase in Mg2+ and ADP may instead reduce the likelihood of
mPTP opening. During ischemia latent susceptibility of mitochondria to mPTP
opening increases probably because of the accumulation of long-chain fatty
acids and ROS. This results in leakiness of the internal mitochondrial membrane
and probably some loss of cytochrome c. However, although the mPTP may
be primed, it is not necessarily destined to open at reperfusion. If it doesn’t,
the mitochondria and myocytes can recover. However, if the interplay between
mPTP inducers and inhibitors present during reperfusion is unfavorable and the
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ability to increase electron transport capacity and regenerate ��m is impaired,
mPTP will open leading to permanent mitochondrial dysfunction and cell death.
Because of the intracellular acidosis present at the onset of reperfusion, mPTP
is actually inhibited from opening for a short period of time until the resumed
coronary flow can wash out the accumulated H+. Apparently ischemic precon-
ditioning acts to prevent opening of the mPTP during the reperfusion period
(Hausenloy et al. 2002). Cyclosporin A (CSA) is an mPTP blocker which binds
to cyclophilin and interferes with the binding of the latter to ANT-1. Infusion
of CSA at reperfusion following 35 min of ischemia mimicked the protective
effect of IPC and diminished infarction in isolated rat hearts (Hausenloy et al.
2002). By contrast, infusion of atractyloside, an mPTP promoter, at reperfusion
in IPC-treated or pharmacologically preconditioned hearts blocked protection
(Hausenloy et al. 2002). Furthermore, blockade of mPTP with CSA or N-methyl-
4-valine-CSA increased the time to contracture in rat cardiomyocytes, an effect
that was mimicked by hypoxic and pharmacological preconditioning (Hausenloy
et al. 2004). Further support for this hypothesis was obtained when mitochondria
isolated from the ischemic zone of preconditioned hearts were found to be
much more resistant to calcium-triggered mPTP formation than those from non-
preconditioned hearts (Argaud et al. 2004). Together these data suggest that IPC
protects against infarction by keeping mPTP closed during reperfusion.

Recent observations have provided convincing evidence that preconditioning
prevents mPTP opening by activating the survival kinases ERK and Akt
(Juhaszova et al. 2004). A number of seemingly disparate cardioprotective inter-
ventions all seem to revolve around a mechanism involving activation of the
survival kinases which then act to suppress mPTP opening during reperfusion.

Interestingly, the newly described postconditioning, like preconditioning, acts
to prevent mPTP opening as well (Argaud et al. 2005). In postconditioning
several very brief ischemic periods are interposed within the first minutes of
reperfusion after a prolonged coronary occlusion (Zhao et al., 2003; Yang et al.
2004). Therefore, in contradistinction to IPC, the brief ischemia/reperfusion
cycles follow rather than precede the index ischemia. Postconditioning is also
dependent on activation of Akt and ERK (Yang et al., 2004). Its interference with
mPTP opening was demonstrated in a rather simple model in which calcium was
added to isolated mitochondria (Argaud et al. 2005). Mitochondria sequester this
calcium until the mPTP opens at which point they suddenly release the calcium
back into the medium. The amount of calcium added until mPTP opening was
measured. While the mPTP of mitochondria from the ischemic zone of untreated
hearts opened when the added calcium load reached 16 �M/mg mitochondrial
protein, mPTP in mitochondria from postconditioned hearts didn’t open until the
calcium load reached 41 �M/mg protein. And 47 �M/mg protein was required
to trigger mPTP opening in mitochondria from preconditioned hearts.

Thus there seems to be a pattern emerging here. Drugs and interventions that
activate survival kinase pathways during the reperfusion period protect the heart,
and they do so by preventing mPTP opening. Mitochondria are increasingly
involved in the pathways leading to cardioprotection. They are both signaling
elements and potentially critical end-effectors. Their dysfunction contributes to
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both apoptosis and necrosis. A rational goal, therefore, in the development of
cardioprotective strategies is to preserve mitochondrial function and integrity.
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15
Mitochondrial DNA Damage and
Repair

Inna N. Shokolenko, Susan P. Ledoux and Glenn L. Wilson

15.1. Mitochondrial Genome Overview

One of the unique features of mitochondria is that these organelles possess
their own DNA (mtDNA). The mitochondrial genome, like any DNA is subject
to continuous attack on its integrity from both endogenous and exogenous
sources. In order to understand the consequences of such an attack, one must
consider key aspects of mtDNA organization and maintenance. Mammalian
cells contain one to several thousand copies of mtDNA per cell, which are
characterized as being enclosed in multiple mitochondria at 1 to 11 copies
per organelle (Cavelier et al. 2000). Human mtDNA is a circular negatively
supercoiled double-stranded molecule that is 16,569 bp long (Figure 15.1). It
encodes 13 polypeptides, 22 tRNAs and 2 rRNAs. All the proteins encoded
by mtDNA and synthesized within this organelle on mitochondrial ribosomes
are key subunits of the electron transport chain (ETC) and ATP synthase.
These include 7 of the 46 subunits of complex I (NADH dehydrogenase), one
(cytochrome b) of the 11 subunits of complex III (cytochrome bc1n) , three
of the 13 subunits of complex IV (cytochrome c oxidase), and two of the 16
subunits of complex V (F0F1 ATPase) (Attardi and Schatz 1988). The rest of
the polypeptides of the ETC complexes, including all the subunits of complex
II (succinate dehydrogenase), as well as approximately 1500 other proteins
which function in mitochondria are encoded by nuclear genes, synthesized in
the cytosol and imported into mitochondria through various protein import
systems.

The organization of mammalian mtDNA is very different from the nuclear
genome in that mitochondrial genes have no 5’ or 3’ non-coding sequences, no
introns, and intergenic sequences are absent or limited to a few bases. mtDNA is
totally dependent on nuclear-encoded proteins for its maintenance. Furthermore,
this DNA replicates throughout the lifespan of an organism in both proliferating
and post-mitotic cells in order to maintain a constant supply of genetic material
so that the organelles can undergo continuous turnover. The mean lifetime of
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Figure 15.1. Map of human mtDNA. OH and OL, origins of heavy and light strand
replication respectively; NDi-ND6, NADH dehydrogenase (ETC complex I) subunits
1-6; CoxI-Cox3, cytochrome oxidase subunits 1-3 (ETC complex IV); ATP6 and
ATP8, subunits 6 and 8 of mitochondrial ATPase (complex V); Cyt b, cytochrome b
(complex III).

a mtDNA molecule has been estimated to be 2 and 4 weeks in rat liver and
brain cells respectively (Cross et al. 1969). According to the strand-asymmetric
model, mtDNA replication occurs bi-directionally, initiated at two spatially
and temporally distinct origins of replication OH and OL, for the heavy and
light strands, respectively [for review, see (Shadel and Clayton 1997; Taanman
1999)]. However, this paradigm recently has been challenged, and evidence
has been offered suggesting the presence of conventional duplex mtDNA repli-
cation intermediates, indicative of coupled leading and lagging-strand DNA
synthesis (Yang et al. 2002). The replication of mtDNA is conducted by DNA
polymerase gamma (DNA pol �). The minimal mitochondrial “replisome” has
been reconstituted in vitro and consists of several proteins which include DNA
pol �, a 5’-3‘DNA helicase Twinkle, and a mitochondrial single-strand DNA-
binding protein (mtSSB)(Korhonen et al. 2004). Initiation of mtDNA replication
is coupled to transcription. Transcription of each mtDNA strand in humans
starts from two promoters, the light- and heavy-strand promoters (LSP and HSP)
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and requires mitochondrial transcription factor TFAM and RNA polymerase.
Large, near-genomic length polycistronic transcripts are produced from each
strand and processed to generate mature mitochondrial tRNAs, rRNAs, and
mRNAs. The primer needed to initiate DNA replication at OH is generated
by the transcription from LSP and subsequent RNA processing [reviewed in
(Shadel and Clayton, 1997)]. This mechanism of transcription-primed replication
in mitochondria is conserved among vertebrates. Spatial organization of mtDNA
within organelles also is different from that of nuclear DNA. Mitochondria do
not have histones and mtDNA is not organized in nucleosomes, as is nuclear
DNA. However, it is by no means “naked” DNA as was originally believed. In
fact, mammalian mtDNA is organized in nucleoids, which can be seen under
the microscope as punctate structures containing mtDNA and proteins which
localize to the matrix surface of the mitochondrial inner membrane. These
large mtDNA-protein complexes are similar to the nucleoids described in lower
eukaryotes. Human mtDNA is organized into several hundred nucleoids which
contain a mean of 2-8 mtDNA molecules each and are distributed throughout
the mitochondrial compartment (Legros et al. 2004). Nucleoids are dynamic
structures able to divide and redistribute in the mitochondrial network and
are recognized as heritable units during mitochondrial division (Garrido et al.
2003). mtDNA binding proteins such as TFAM, mtSSB and Twinkle have
been shown to co-localize with mtDNA in intramitochondrial foci in live cells
(Garrido et al. 2003). Another study showed that nucleoids purified from Xenopus
oocytes, contained additional proteins persistently associated with mtDNA in
a relatively detergent-resistant complex, including adenine nucleotide translo-
cator 1 (ANT1), which may be responsible for the attachment of mtDNA to
the inner mitochondrial membrane, E2 subunits of pyruvate and �-ketoacid
dehydrogenases, and mitochondrial chaperone prohibitin2 (Bogenhagen et al.
2003). The molecular characterization of the protein component of nucleoids
remains a challenging task. Active research, currently underway in this area,
will undoubtedly produce a better understanding of these structures in the near
future.

15.2. Drugs, Toxins, Oxidative Stress and Other Hazards
in the Life of mtDNA

15.2.1. Vulnerability of mtDNA to Environmental Toxins
and Drugs

Mitochondrial DNA, just like its counterpart in the nucleus, is constantly exposed
to damaging agents from both environmental toxins, as well as many drugs used
for therapeutic purposes. Some of these chemicals may pose a greater danger to
mtDNA as a consequence of its unique location. A number of bulky carcinogens
have been shown to cause adducts to form in mtDNA at a higher frequency
than nuclear DNA. Because the mitochondrial membrane potential generates a
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negative charge on the matrix-side of the inner membrane, lipophilic cations
tend to accumulate in mitochondria, specifically in mitochondrial membranes.
Therefore, mitochondria can take up lipophilic cations from the cytosol and
concentrate them up to 1000-fold (Singer et al,. 1990). Unfortunately, many
chemical carcinogens as well as medically beneficial drugs have a lipophilic
hydrocarbon structure with positive charges or may require activation by mixed-
function oxidases in the mitochondria. Thus, activated carcinogens may have
easy access to mtDNA owing to its association with the mitochondrial inner
membrane. For example, polycyclic aromatic hydrocarbons and nitrosoamines
accumulate in mitochondria (Allen and Coombs 1980; Takayama and Muramatsu
1969). Also, the mutagenic and carcinogenic benzo[a]pyrene derivatives have
been shown to cause bulky covalent modifications in mtDNA to a much greater
extent than in nDNA (Backer and Weinstein 1980). These bulky adducts lead
to strong distortion of the DNA double helix and block transcription and DNA
replication.

Other compounds that preferentially damage mtDNA are: methyl methane-
sulphonate (MMS) (Pirsel and Bohr 1993), N-nitroso-N-nitrosoguanidine
(MNNG) (Miyaki et al. 1977), N-methyl-N-nitrosourea (MNU) (Wunderlich
et al. 1970), all causing alkylation of DNA; 4-nitroquinoline 1-oxide (4NQO)
which induces a wide range of DNA lesions including single-strand breaks,
pyrimidine-dimer formation, abasic sites, and oxidized bases (Mambo et al.,
2003); cyclophosphamide (CPA) (Neubert et al. 1981) – an alkylating and DNA
crosslinking agent; chromium (Rossi et al. 1988), carbon tetrachloride (Tomasi
et al. 1987), and aflatoxin B1 (Niranjan et al. 1982) – which can cause oxidative
damage, depurinations, and open ring structures.

Antitumor drugs such as Adriamycin and related compounds undergo redox
cycling within the electron transport chains in mitochondria and thereby generate
oxygen radicals (Doroshow and Davies 1986). Also mtDNA is as vulnerable
as nDNA to ionizing radiation and radiomimetic drugs such as bleomycin and
neocarzinostatin which are known to lead to strand breaks.

15.3. Endogenous Sources of ROS Pose a Risk
of Oxidative Damage to mtDNA

Many normal cellular metabolic processes are well established sources for
the endogenous production of reactive oxygen species (ROS) (for a compre-
hensive review see (Droge 2002) and references therein). ROS include the
oxygen free radicals superoxide anion (O−

2 ) and the very active hydroxyl radical
(.OH), as well as non-radical oxidants such as hydrogen peroxide (H2O2)
and singlet oxygen. Living organisms use ROS for a variety of physiological
functions including phagocytosis, reactions of microsomal P450 oxygenases
and peroxisomal oxidative metabolism, regulation of vascular tone, oxygen
tension control, prostaglandin metabolism. ROS are typically generated in
these cases by tightly regulated enzymes. Excessive amounts of ROS also
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may arise from less well-regulated sources such as the mitochondrial electron-
transport chain (ETC) during oxidative phosphorylation. Although the ETC
is a very efficient system, a small portion of electrons are passed not to
the next electron carrier in the chain but directly to oxygen, generating O−

2 .
Superoxide is converted to H2O2 by the mitochondrial matrix enzyme Mn super-
oxide dismutase (MnSOD) or by Cu/Zn superoxide dismutase (Cu/ZnSOD)
which is located in both the mitochondrial intermembrane space and in
the cytosol. H2O2 is more stable than superoxide and can readily diffuse
across membranes. It can be converted further to water by mitochondrial and
cytosolic glutathione peroxidase or to O2 and H2O by peroxisomal catalase
as part of the cellular antioxidant defense mechanism. However, H2O2 also
can be converted to hydroxyl radical in the presence of reduced transition
metals such as iron and copper, which are abundant in the inner mitochon-
drial membrane. Traditionally, it was considered that mitochondrial gener-
ation of ROS represents quantitatively the major intracellular source of oxygen
radicals under physiological conditions. In addition to the ETC toxic by-
products produced in the inner mitochondrial membrane, there is another
source of mitochondria-generated ROS that may have been underestimated.
The mitochondrial outer membrane enzyme monoamine oxidase catalyzes the
oxidative deamination of biogenic amines and is a quantitatively large source
of the H2O2 which contributes to an increase in the steady state concentra-
tions of ROS within both the mitochondrial matrix and cytosol (Cadenas and
Davies 2000).

Additionally, recent studies from two independent groups (Starkov et al. 2004;
Tretter and Adam-Vizi 2004) reveal that a key enzyme in the Krebs’ cycle
may rival the ETC complexes as the major site for ROS generation. Alpha-
ketoglutarate dehydrogenase is able to generate hydrogen peroxide (and probably
superoxide) at a high rate in normally functioning mitochondria. The rate of
H2O2 production is strongly dependent upon an elevated intramitochondrial
NADH/NAD+ ratio (e.g. condition occurring during ETC inhibition).

Because of the presence of such strong ROS producing systems in
mitochondria, these organelles also are one of the main intracellular targets
of the ROS - induced damage. Oxidized proteins, lipids, nucleic acids and
nucleotides can be detected under normal metabolic conditions in mitochondria
(Raha and Robinson 2000), although under normal circumstances, the levels
of ROS in mitochondria is rather low because it is efficiently removed
through anti-oxidant defense systems which include superoxide dismutases,
glutathione peroxidase and catalase. However, there are conditions when the
rate of ROS production by mitochondria may dramatically increase, such as
during exposure to toxic chemicals or chemotherapeutic drugs with redox-
cycling ability or when local tissue anoxia during ischemia is followed
by reperfusion with oxygen. Elevated ROS levels pose a greater threat of
oxidative damage to mtDNA, simply because mtDNA is located in close
proximity to mitochondrial sources of ROS production (Cadenas and Davies
2000).
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15.4. Oxidative Damage to mtDNA

Reactive oxygen radicals can cause a wide variety of lesions in DNA. Reactions
with purines and pyrimidines result in multiple products in DNA. Currently,
more than 50 oxidative DNA base lesions have been characterized [reviewed in
(Cooke et al. 2003; Bjelland and Seeberg 2003; Martinez et al. 2003)], and many
of these were identified in vitro or in vivo following exposure of mammalian
cells to ROS (Dizdaroglu 1998). Other lesions include DNA –protein cross-links,
sugar modifications, and single- and double-strand breaks [for more detailed
reviews see (Cooke et al. 2003; Dizdaroglu 1998; Wallace 1998)]. Additionally,
ROS generated during prolonged oxidative stress in a fibroblast cell line has
been shown to induce extensive fragmentation and deletions in mtDNA (Yoneda
et al. 1995). Of the four bases in DNA guanine is the most easily oxidized, as
it has the lowest redox potential (Steenken 1997). Presently, about 15 oxidized
forms of guanine have been identified in DNA (Bjelland and Seeberg 2003).
Of these the most studied lesion is 8-oxoguanine (8-oxoG), which is formed
by a variety of oxidative treatments. 8-oxoG has been found to be a mutagenic
lesion. It does not pose a significant block to DNA polymerases, instead, it is
recognized as a substrate, with polymerases inserting either C or A opposite
8-oxoG. Mispairing of 8-oxoG with adenine results in G-C to T-A transversions
during the subsequent round of replication. This has been well documented in
both bacterial systems (Cheng et al. 1992; Moriya et al. 1991; Wood et al. 1990)
and mammalian cells (Klein et al. 1992; Le Page et al. 1995; Moriya 1993). All
replicative and repair DNA polymerases studied demonstrate different degrees
of A and C incorporation opposite 8-oxoG. DNA polymerase gamma (Pol �),
which is both the repair and replicative polymerase in mitochondria, has been
shown in in vitro studies to insert A opposite 8-oxoG 27% of the time and thus
potentially lead to mutations during mtDNA replication (Pinz et al. 1995). Free
dGTP is also a target of oxygen radicals, which represents another potentially
mutagenic event. 8-oxodGTP can be used by viral, bacterial and mammalian
polymerases to incorporate 8-oxo-GMP into DNA- both opposite cytosine and
adenine and thereby induce A to C transversions (Cheng et al. 1992; Moriya
et al. 1991; Wood et al. 1990; Klein et al. 1992; Le Page et al. 1995; Moriya
1993; Pinz et al. 1995; Pavlov et al. 1994).

In the previous decade a significant amount of effort was put into the evalu-
ation of the in vivo levels of 8-oxoG in nuclear and mtDNA. Since the initial
report in 1988 by Richter et al. (1988) describing 16-fold higher levels of
8-oxoG in mtDNA than in nDNA, a number of groups have carried out compar-
ative studies which revealed greater oxidative damage in mtDNA (Hamilton
et al. 2001; Zastawny et al. 1998). However, others reported that damage in
mitochondria was overestimated, and it’s level is comparable with that of nuclear
DNA (Anson et al. 2000; Lim et al. 2005). A comparison of the reported
levels of oxidation in mtDNA revealed that the range of measurements spanned
over four orders of magnitude in different studies (Beckman and Ames 1999).
Variation also existed in the measurement of nuclear DNA oxidation (Beckman
and Ames 1999). More recently it has become apparent that such variations
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between published values for 8-oxoG in DNA are due to the methods employed,
rather than to endogenous levels (Helbock et al. 1998 and Senturker et al. 1999).
Thus, there has been an argument in the literature over the validity of the various
methods used. At issue here is whether spurious oxidation of DNA bases occurred
during sample preparation for analysis by chromatographic methods (GS-MS,
HPLC) with electrochemical detection (HPLC-ECD) or HPLC with tandem
mass spectrometry (HPLC-MS/MS) and, if so, ways to minimize it. Recently,
to address this issue, a consortium of 28 laboratories – the European Standards
Committee on Oxidative DNA damage (ESCODD) – was created. ESCODD
has been testing the ability of different laboratories, using a variety of methods,
to measure 8-oxoG in standard samples (ESCODD, 2002 and ESCODD, 2003).
In addition to chromatographic analysis, the testing was performed using an
alternative approach based on the use of the DNA repair enzyme formamidopy-
rimidine DNA N-glycosylase (FPG). This enzyme, in conjunction with alkali
treatment, makes breaks in DNA at sites of oxidized bases. The techniques used
were the Comet assay, alkaline elution and alkaline unwinding. The enzymatic
approach, which is less prone to artifactual oxidation, gave much lower values
than chromatography based methods, and demonstrated greater sensitivity. All
methods had their strengths and weaknesses and required a great amount of
experience on the part of the operator to be reliable. It was proposed that the
background level of DNA oxidation in normal human cells is likely to be around
0.3-4.2 8-oxoG per 106 guanines (Collins et al. 2004).

The findings discussed above are pertinent to total cellular DNA. Since
mtDNA comprises about only 1% of the DNA content in the cell, even if the
levels of oxidation in mtDNA were higher, the actual amount would be masked
by the relatively low values in nDNA and, as a result, underestimated. On the
other hand, the accurate measurement of oxidative damage in mtDNA is particu-
larly challenging because the process of organellar purification with subsequent
mtDNA isolation may induce an additional oxidative damage (Anson et al.,
2000).

Although, a consensus still has not been reached on whether the level of
endogenous oxidative damage is greater in mtDNA, some indirect evidence
supports this notion. The detection of DNA damage by the method of quantitative
extended length PCR (QXL-PCR) developed by Van Houten et al. (1997),
circumvents some of the problems associated with the analytical methods. This
gene-specific PCR assay does not need mtDNA isolation, and it only requires
nanogram quantities of total DNA. The method is based on the premise that
damage in DNA, such as single-strand breaks and some sugar and base lesions,
blocks thermostable polymerases and reduces the efficiency of amplification.
Therefore, the product yield is inversely correlated with the level of damage
in the starting template. It has been demonstrated that treatment of cells with
exogenous hydrogen peroxide induces more lesions in mtDNA than in nuclear
DNA in the cells studied, and they take a longer time to repair (Yakes and
Van Houten 1997). Thus, it seems likely that in addition to the well established
vulnerability to exogenous chemical mutagens, mtDNA also is vulnerable to
exogenous oxidative mutagens as well.
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15.5. Mitochondrial DNA Damage, Mutations
and Disease

The combination of two factors, a great vulnerability to chemical and oxidative
damage and the continuous turnover of the mitochondrial genome in post mitotic
tissues, can cause an accumulation of mutations. Therefore, higher mutation
rates in mtDNA than in nuclear would be expected. In actuality, mutation rates
of human mtDNA have been reported to be several hundredfold greater than
nuclear gene mutation rates (Khrapko et al. 1997). Consistent with this high
mutation rate is the fact that genes encoded by mtDNA evolve 10-fold faster
than nuclear genes (Brown et al. 1979).

In the 1980s it was discovered that mutations in mtDNA could be pathogenic.
Several groups reported that both mtDNA point mutations (Wallace et al. 1988)
and deletions (Holt et al., 1988; Lestienne et al. 1988) could be the underlying
cause of a variety of defined human pathologies. Subsequently there has been a
rapid growth in the number of mtDNA mutations implicated in human disease,
and new mutations are still being identified. Base substitution and rearrangement
mutations can occur throughout the mitochondrial genome and include both
maternally inherited and sporadic cases. The recently released Mitomap (Human
Mitochondrial Genome Database) lists almost 200 pathogenic point mutations,
single nucleotide deletions and insertions (http://mitomap.org). Mitochondrial
diseases reveal not only a causative link between mtDNA mutations and
pathology, but also an increased oxidative burden in patients suffering from
these disorders (Geromel et al. 2001; Kunishige et al. 2003; Lu et al. 2003).
As the number of mtDNA – associated diseases identified has increased, it has
become clear that many mitochondrial diseases typically have a delayed onset
and progressive course and that they result in the same clinical manifestations as
are observed in age-related diseases. Accumulation of mutations and deletions in
mtDNA with their associated defects in energy metabolism have been implicated
in ischemic heart disease, Parkinson’s disease, Alzheimer’s disease, amyotrophic
lateral sclerosis (ALS), diabetes mellitus and aging. Specific symptoms include
blindness, deafness, movement disorders, dementias, renal dysfunction, cardio-
vascular disease and endocrine disorders including hyperglycemia [reviewed in
(DiMaura and Schon 2003; Kang and Hamasaki 2005; Wallace 2005)].

Direct involvement of mtDNA mutations in aging has been recently demon-
strated in homozygous knock-in mice expressing a proof-reading deficient
version of DNA pol �, the mtDNA polymerase (Trifunovic et al. 2004). The
knock-in mice develop a mtDNA mutator phenotype with an increase in the
levels of point mutations and deletions in somatic mtDNA. This increase was
associated with reduced life span and the premature onset of aging (Trifunovic
et al. 2004). In other studies, transgenic mice expressing proof-reading deficient
mtDNA polymerase under a cardiac-specific promoter accumulate mutations
specifically in heart mtDNA and subsequently develop a severe dilated cardiomy-
opathy (Zhang et al. 2003). Interestingly, in both models, subsequent investiga-
tions failed to detect signs of increased oxidative stress, but found that tissue
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dysfunction could be attributed to the loss of a critical number of cells through
the induction of apoptosis (Zhang et al. 2003; Kujpoth et al. 2005).

Somatic mtDNA mutations also have been found in a variety of human
malignancies including breast, colorectal, liver, lung, prostate, skin, bladder,
head and neck cancers (Copeland et al. 2002; Durham et al. 2003; Petros
et al. 2005). mtDNA mutations often are found in primary tumors but not in
the surrounding tissue. The mutations are found over the entire region of the
mitochondrial genome, including point, deletion and insertion mutations which
are homoplasmic in nature. This indicates that the mutant mtDNA becomes
dominant in these cells (Fliss et al. 2000; Polyak et al. 1998). A demonstration of
the physiological significance of these mtDNA mutations was provided recently
by studies with transmitochondrial cybrids (“chimeric” cells in which their own
mtDNA is destroyed and replaced by the mtDNA from another cell). The known
pathogenic mtDNA mutation in ATP6 was introduced into the PC3 prostate
cancer cell line via cybrid transfer. Injection of the resulting ATP6 mutant cybrids
in nude mice resulted in the generation of tumors that were 7 times larger than
those generated from wild type cybrids (Petros et al. 2005). In addition, the ATP6
mutant cybrid tumors generated much more reactive oxygen species (ROS) than
the wild type cybrid tumors (Petros et al. 2005). These findings are a part of a
growing body of evidence which indicates that cancer cells are under increased
intrinsic oxidative stress [reviewed in (Pelicano et al. 2004)]. Since mitochondria
are the major source for ROS production in cells, the vulnerability of mtDNA to
ROS-mediated damage appears to be a mechanism for amplifying ROS stress in
cancer cells. Also, mitochondrial ROS may play a role in carcinogenesis, which
is supported by the finding that mice heterozygous for MnSOD (MnSOD +/-
mice) have a 100% increase in tumor incidence which is accompanied by an
increase in oxidative damage in nuclear and mitochondrial DNA (Van Remmen
et al. 2003).

15.6. Repair of DNA Damage in Mammalian
Mitochondria

The ability to maintain genomic integrity through DNA repair is a fundamental
feature of all living organisms. Unless repaired, DNA damage may cause detri-
mental biological consequences in living cells such as cell death or mutations,
which may increase genomic instability and thus enhance the risk for the devel-
opment of cancer and other diseases. Characterization of DNA repair mecha-
nisms has generally focused on these processes in nuclear DNA. Several major
repair pathways processing a wide variety of DNA lesions are operative in
the nucleus [reviewed in (Christmann et al. 2003; Sancar et al. 2004; Scharer
2003)]. They include nucleotide excision repair (NER), base excision repair
(BER), direct repair/reversal (DR), mismatch repair (MMR), homologous recom-
bination (HR), nonhomologous end joining (NHEJ) and translesion synthesis
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(TLS). These incredibly complex systems, involving dozens of proteins and
multi-protein complexes, continue to be actively investigated.

Until recently it was commonly believed that DNA repair mechanisms were
either non-existent or very inefficient in mitochondria and that damaged DNA
molecules were simply degraded, while multiple undamaged copies served as
templates for DNA re-synthesis. Such views were based on early experiments
showing that UV-induced pyrimidine dimers were not repaired in mtDNA
(Clayton et al. 1974). In later studies, it was observed that mitochondria also
did not repair complex alkyl damage caused by nitrogen mustard and intrastrand
cross-links induced by cisplatin (LeDoux et al. 1992). Psoralen - induced
cross-links also appeared to persist in mitochondria (Magana-Schwencke et al.
1982). However, evidence indicating that mitochondria do possess some repair
systems started accumulating at this time. The first reports revealed that simple
alkyl damage from streptozotocin (Pettepher et al. 1991), methylnitrosourea and
dimethylsulfoxide (LeDoux et al. 1992) was repaired in mtDNA. Subsequent
studies on repair of alloxan induced oxidative damage indicated that mitochondria
were able to efficiently repair injury to their DNA caused by ROS (Drigger et al.
1993). The consistent findings of numerous studies that the repair capacity in
mitochondria depends upon the type of lesion produced has led to the conclusion
that mechanisms for repair of complex strand distorting lesions (bulky adducts,
cross-links and double-strand breaks), namely nucleotide excision repair and
homologous recombination, are absent in mitochondria. However, mtDNA is
well protected against damage to DNA bases resulting from deamination, simple
alkylation and oxidation [reviewed in (Croteau et al. 1999; LeDoux et al. 1999;
Sawyer and Van Houten 1999)] by a robust base excision repair pathway.

15.7. Base Excision Repair (BER) Pathway
in Mitochondria

BER is highly conserved from bacteria to humans. It is a multiprotein pathway
which is different from NER in that the substrate specificity depends upon diverse
DNA glycosylases initiating the first step in the pathway, rather than a multi-
protein complex. The overall pathway for mitochondrial BER is similar to that
observed for the short-patch pathway of BER in the eukaryotic nucleus (Bohr
et al. 2002). This pathway consists of several enzymes working in succession
(Figure 15.2). The BER pathway is initiated by DNA glycosylases, a class of
enzymes that recognize a modified base, such as 8-oxoG or thymine glycol,
and remove it from DNA by hydrolyzing the N-glycosidic bond between the
modified base and the sugar. Simple glycosylases only cleave the N-glycosidic
bond leaving an abasic (AP) site, while glycosylases with an associated AP lyase
activity cleave both the N-glycosidic bond and the DNA phosphate backbone
3’ of the lesion. Generally, the lyase action is associated with DNA glyco-
sylases specific for oxidatively modified DNA bases, and not with those that
remove alkylated bases (Dizdaroglu 2005). Following the glycosylase step, an
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DNA glycosylase/APlyase
Monofunctional
DNA glycosylase

AP endonuclease AP endonuclease

DNA pol γ
+ dRP lyase

DNA pol γ

mtLigase

Figure 15.2. Base excision repair pathway in mitochondria. Refer to the text for details.

AP endonuclease is required to incise the DNA backbone 5’ of the AP site, if it
is following the action of a simple glycosylase. If it follows the action of a glyco-
sylase/AP lyase, an AP endonuclease must remove the 3’- deoxyribosephosphate
moiety. In either case, the role of AP endonuclease is to generate a 3’-hydroxyl
group, which can be extended by a polymerase �. The 5’- deoxyribosephos-
phate, left after AP endonuclease incision of an AP site, is removed either by
DNA polymerase � or DNA ligase III. After DNA polymerase � inserts a new
nucleotide into the lesion site, the process is completed by DNA ligase III, which
seals the nick. Although, each step in BER is mediated by an individual enzyme,
the process is highly coordinated in order to ensure un-interrupted repair of a
basic sites and strand-break intermediates, which are themselves highly toxic
lesions.

At the time when the evidence for mammalian mitochondrial DNA repair
started accumulating, little was known about the particular DNA repair enzymes
involved in those processes. Over the past several years an active investigation
into this area has started to clarify the nature of many of these proteins and
mechanisms of their actions.
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15.8. DNA-Glycosylases in Mitochondria

The first DNA glycosylase activity identified in mitochondria was uracil DNA
glycosylase (UNG) (Anderson and Friedberg 1980). This enzyme removes uracil
from DNA which occurs as a result of deamination of cytosine or through
misincorporation of dUMP. In eukaryotic cells there are two isoforms of UNG,
mitochondrial (UNG1) and nuclear (UNG2), which are encoded by the same
nuclear gene. UNG1 and UNG2 utilize different promoters and are processed
further by alternative splicing which gives them either a strong mitochondrial or
nuclear localization signal [reviewed in (Krokan et al. 2001)]. UNG1 is expressed
in most tissues with the highest expression being in heart, skeletal muscles and
testis. UNG1 is the only mitochondrial DNA glycosylase that can act on both
single-strand and double-strand DNA, whereas all others require double-strand
DNA for activity. UNG1 may have a slightly different mechanism of action in
mitochondria, because it must work through short-patch BER, which is the only
one known in mitochondria. In the nucleus uracils generally are repaired by
long-patch BER (Stierum et al. 1999). Recently, it has been shown that Ung−/−

mice develop normally and have no obvious phenotype after 18 months (Nilsen
et al. 2000). These Ung knockout mice are deficient in UNG activity, but display
low uracil-DNA-glycosylase activities in extracts from different organs. These
“backup” activities differ in biochemical properties from UNG and may indicate
a previously unrecognized uracil-DNA –glycosylase (Krokan et al. 2001).

8-oxo-guanine DNA glycosylase (OGG1) is the predominant enzyme
identified in mammalian cells for the repair of 8-oxoG [reviewed in (Boiteux and
Radicella 2000)]. This is a bi-functional DNA glycosylase with an associated AP
lyase activity. It preferentially removes 8-oxoG opposite C, as well as several
other substrates (Dizdaroglu 2005). Two major isoforms of OGG1, �OGG1 and
�OGG1 are generated by alternative splicing of the nuclear encoded transcript
(Nishioska et al. 1999). All isoforms have a mitochondrial targeting signal
(MTS) on their N-termini. �OGG1 has a nuclear localization signal (NLS)
which directs it to the nucleus, while �OGG1 has been found to localize exclu-
sively in mitochondria (Nishioka et al. 1999). Human Ogg1 gene is localized
to chromosome 3p26.2, which is a frequent site of loss of heterozygosity in
many types of human tumors (Lu et al. 1997). The importance of OGG1 for
mitochondrial repair was demonstrated in several studies. One study showed
that mitochondria isolated from Ogg1−/− mice (Klungland et al. 1999) were
completely deficient in incision at 8-oxoG, while other lesions were removed
(de Souza-Pinto et al. 2001). Additionally, it has been estimated that mtDNA
extracted from Ogg1−/− mice contained a 20-fold increase in 8-oxoG compared
to wt mice, while nuclear DNA from Ogg1 null mice showed only a 2 fold
increase. This indicates that OGG1 is much more important for removal of
8-oxoG from mtDNA than nuclear DNA (de Souza-Pinto et al. 2001). A
study conducted in our laboratory, revealed that overexpression of OGG1 in
mitochondria of HeLa cells, which are not proficient in mtDNA repair, improves
repair and enhances cell survival following oxidative stress (Dobsan et al. 2000).
The levels of 8-oxoG in mtDNA have been shown to increase in mammalian
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mitochondria in association with aging as well as during pathological condi-
tions contributing to development of neurodegenerative diseases (Kang and
Hamasaki 2005). This increase in 8-oxoG levels can be attributed to inadequate
or dysfunctional OGG1 activity in mitochondria. This hypothesis is strengthened
by studies on overexpression of mitochondrially targeted OGG1 in oligoden-
drocytes. Cells expressing OGG1 showed a significant enhancement in repair
of oxidative lesions in mtDNA and were better protected against apoptosis
following oxidative stress (Druzhyna et al. 2003). Other studies have proposed
that there is an age-dependent deficiency in the mitochondrial import of �OGG1
which is responsible for the age-dependent increase in 8-oxoG levels in mtDNA
(Szczesny et al. 2003).

8-oxoG within the mtDNA may not be repaired prior to replication. In this
case DNA polymerase � may insert adenine opposite 8-oxoG in the template
strand during replication (Pinz et al. 1995). When this occurs, adenine is removed
from A/8-oxoG as well as from A/G mispairs by a monofunctional adenine DNA
glycosylase MYH, which is a homologue of MutY in E.coli (Parker et al. 2000).
Human MYH (hMYH), in contrast to E. coli also can remove 2-OH-A opposite
any normal base in the template (Ohtsubo et al. 2000). Mammalian hMYH is
localized in both nuclei and mitochondria. A single human MYH gene produces
multiple transcripts through different transcription initiation sites and alternative
splicing, which results in the generation of an N-terminal mitochondrial targeting
signal in a number of products (Nakabeppu 2001). Electron microscopic immuno-
cytochemistry demonstrated that hMYH in mitochondria associates with the
inner mitochondrial membrane (Nakabeppu, 2001). However, the actual size
of the active mitochondrial form of hMYH requires further clarification. Mice
deficient in MYH activity are viable but show an increased occurrence of cancers
in various tissues 1.5 years after birth (Nakabeppu 2004). In humans, germline
defects in MYH cause a multiple colorectal adenoma and carcinoma phenotype
(Al-Tassan et al. 2002; Jones et al., 2002; Sieber et al. 2003).

NTH1 glycosylase is the main homologue of E.coli Endonuclease III (product
of nth gene) cloned and characterized in humans (Aspinwall et al. 1997; Hilbert
et al. 1997; Ikeda et al. 1998). It is a bifunctional glycosylase/AP lyase with broad
substrate specificity. NTH1 recognizes a wide range of oxidized pyrimidine
derivatives, including ring-saturated and ring-fragmented derivatives such as
thymine glycol (Tg), 5-hydroxycytosine,5, 6-dihydrouracil (DHU), and urea. It
also can remove formamidopyrimidines such as Fapy-G (Asagoshi et al. 2000 and
Luna et al. 2000). Several studies have reported that human NTH1 can localize
both to the nucleus and mitochondria (Ikeda et al. 1998; Asagoshi et al. 2000
Luna et al. 2000; Takao et al. 1998). The presence of NTH1 in mitochondria also
is supported by a study, which showed that any incision activity against Tg was
absent in liver mitochondrial extracts from mice deficient in NTH1 (Karahalil
et al. 2003). Also, this indicates that the mitochondrial form of NTH1 is a product
of a single nuclear gene. The importance of NTH1 activity in the protection
of mitochondria against oxidized pyrimidines is supported by a study where
HeLa cells expressing Endonuclease III from E.coli showed enhanced repair of
mtDNA as well as increased cell survival, after treatment with menadione, an
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oxidizing agent (Rachek et al. 2004). Several groups have generated nth1−/−

mice (Ocampo et al. 2002; Takao et al. 2002). Homozygous nth1 mutant mice
showed no phenotypical abnormalities. Tissue extracts from these mice contained
enzymatic activities against Tg, although biochemically different from NTH1,
which suggests that there are back-up mechanisms in mammalian cells which
compensate for the loss of NTH1.

In addition to the glycosylases mentioned above, mitochondria also are
equipped with mechanisms which protect its genome from misincorporation
of oxidized nucleotides. MTH1, an E.coli MutT homologue, is an oxidized
purine nucleoside triphosphatase. Mammalian MTH1 hydrolyzes 8-oxo-dGTP to
a monophosphate form thus removing it from the nucleotide pool. In contrast to
its E.coli homologue, MTH1 also has the ability to efficiently hydrolyze oxidized
dATP and ATP, such as 2-OH-dATP and 2-OH-ATP [reviewed in (Nakabeppu
et al. 2001)], which makes it an important defense mechanism, because it is
believed that most of the 2-hydroxyadenine in DNA is derived from misincorpo-
ration of 2-OH-dATP and not from a direct oxidation of adenine in DNA (Ames
et al. 1993). Multiple transcription products and polypeptides originate from a
single MTH1 gene by alternative splicing and translation initiation mechanisms
(Nakabeppu et al. 2004). It has been shown by electron microscopy that in HeLa
cells the MTH1 proteins mainly localize in the cytosol and in mitochondria
(Kang et al. 1995). In MTH1 deficient mice (Tsuzuki et al. 2001), the incidence
of spontaneous carcinogenesis in the liver, and to a lesser extent in the lung and
stomach, increased severalfold compared to that observed in wild-type mice.

The combination of three enzymes present in mitochondria – OGG1, MYH
and MTH1 – indicates that mitochondria contain all of the components of the
so-called GO system of E.coli, which responds to oxidative damage to guanosine
either as a free nucleotide, or within DNA (Grollman and Moriya 1993).

15.9. DNA Polymerase �

DNA pol �, the only DNA polymerase characterized in mitochondria, is involved
in replication of mtDNA as well as its repair. In higher eukaryotes DNA
pol � contains a 120-140 kDa catalytic subunit related to the family-A DNA
polymerases, such as E.coli DNA pol I, and a small subunit of 35-50 kDa
which serves as a processivity factor [reviewed in (Copeland and Longley
2003; Kaguni 2004)]. Recently it has been shown that human DNA pol �
is actually a heterotrimer consisting of a catalytic subunit and two identical
subunits serving as processivity factors (Yabubovskaya et al. 2005). In the BER
pathway operative in mitochondria, AP endonuclease incision at an AP site
is followed by the next repair step which requires both dRP lyase activity to
remove the 5’-terminal dRP sugar moiety and DNA polymerase activity to insert
new nucleotide, thus preparing the DNA for ligation. It has been shown that
DNA pol� possesses an intrinsic dRP lyase activity which resides in its catalytic
core (Longley et al. 1998; Pinz and Bogenhagen 2000), although this reaction is
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slow compared to that of DNA pol � the nuclear DNA repair polymerase. The
high affinity of DNA pol � for incised AP sites and the slow resolution of the
enzyme-dRP intermediate may indicate that DNA pol � is not capable of dealing
with high levels of base damage. Thus, although it is clear that DNA pol � is
capable of acting as a dRP lyase in BER in vitro, it is uncertain whether this
is the enzyme which performs this reaction in vivo (Bogenhagen et al. 2001).
DNA pol � itself is a target of oxidative damage and has been shown to be
one of the major oxidized mitochondrial matrix proteins. This damage can lead
to a detectable decline in polymerase activity, a condition which can cause a
reduction in mitochondrial DNA replication and repair capacities (Graziewicz
et al. 2002).

15.10. Mitochondrial DNA Ligase

DNA ligases perform the final step in BER, which is the resealing of the DNA
nick between the newly inserted nucleotide and the rest of the DNA strand. All
DNA ligases characterized in eukaryotes are ATP-dependent enzymes which
act through an enzyme-adenylate intermediate to reseal single-strand breaks.
mtDNA ligase was purified for the first time as ∼100 kDa protein from it
Xenopus oocyte mitochondria (Pinz and Bogenhagen 1998). Subsequent studies
revealed that the only DNA ligase in mitochondria is the product of DNA ligase
III gene. The mitochondrial localization signal is generated on the N-terminus
of mtDNA ligase during translation through an alternative upstream translation
initiation site (Lakshmipathy and Campbell 1999). The participation of DNA
ligase III in mtDNA maintenance and repair was confirmed using an antisense
strategy to decrease levels of ligase III. DNA ligase III antisense mRNA –
expressing cells had reduced mtDNA content, accumulated single-strand nicks
and did not repair mtDNA damaged by gamma-irradiation (Lakshmipathy and
Campbell 2001). Unlike nDNA ligase III, which requires an interaction with
an accessory nuclear protein XRCC1 for stability, mtDNA ligase III has been
shown to act independently of this protein (Lakshmipathy and Campbell 2000).

15.11. Modulation of mtDNA Repair In Vivo

It is now well accepted that there are mechanisms for repair of endogenous
damage in mtDNA. However, what is not as clear is how important mtDNA
repair is for the cellular defenses of normal cells. Considering the differential
sensitivities which exist among cell types and tissues to DNA damaging agents,
an important question that can be asked is whether there are cell-specific differ-
ences in mtDNA repair. In research performed in our laboratory, we used a
well-characterized culture system of pure primary cell cultures of oligodendro-
cytes, microglia, and astrocytes derived from the same region of rat brain, to
evaluate mtDNA repair following alkylation and oxidative damage. The results
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showed a consistent and strong correlation between high capacity to repair
mtDNA and resistance to apoptosis. Astrocytes which repair mtDNA proficiently
are resistant to apoptosis, while oligodendrocytes and microglia which are less
able to repair mtDNA damage are more vulnerable to programmed cell death
(Ledoux et al. 1998). An evaluation of the antioxidant defenses in these cell
types showed that there were no significant differences in catalase, glutathione
peroxidase, or CuZnSOD activity between any of the cell types. Moreover,
astrocytes had significantly lower levels of glutathione than oligodendrocytes or
microglia. The same also was true for MnSOD (Hollensworth et al. 2000). Thus,
while antioxidant and repair capacity are both involved in protecting cells from
oxidant insults, it appears that cells with an efficient DNA repair capacity may
be spared, even in the presence of very low antioxidant levels, and that cells with
less efficient repair are susceptible to apoptosis even in the presence of higher
levels of antioxidants. From these experiments, it can be concluded that mtDNA
repair plays a pivotal role in cellular defense mechanisms. This leads to the
notion that modulation of mtDNA repair could have a profound effect on general
cell survival under conditions of genotoxic stress. Subsequent work performed
by our laboratory and others supports this notion. In these studies, targeting
DNA repair enzymes to mitochondria modulated mitochondrial DNA repair and
cell survival. Targeting hOGG1 8-oxo-G glycosylase to mitochondria in HeLa
cells protects them against oxidative damage (Dobson et al. 2000; Rachek et al.
2002). A similar protection is afforded by targeting hOGG1 into mitochondria
of rat pulmonary artery endothelial cells (Dobson et al., 2002), and primary rat
oligodendrocytes (Druzhyna et al. 2003). On the other hand, targeting of specific
repair enzymes into mitochondria also can lead to an imbalance in base excision
repair thus making otherwise resistant cells more vulnerable to the effects of
cytotoxic drugs. Expressing the bacterial Exonuclease III in mitochondria of
breast cancer cells renders them more susceptible to oxidative stress (Shokolenko
et al. 2003). Also, expression of the mitochondrially targeted N-methylpurine
DNA glycosylase dramatically increases the sensitivity of breast cancer cells’ to
alkylation damage (Fishel et al. 2003). mtDNA repair plays an important role in
normal cell physiology, making it a potential target for therapeutic intervention.
Recent successes in application of a new delivery system through protein trans-
duction (Wadia and Dowdy 2005) have prompted us to adapt this methodology
for the purpose of mitochondrial targeting of repair enzymes (Shokolenko et al.
2005), thus circumventing the drawbacks associated with the approaches using
DNA delivery methods.

15.12. Conclusions

Interest in DNA damage and repair in mitochondria reflects an increasing
awareness of the central role that these organelles play in cellular physiology
in both normal and diseased states. Research in the past several years has
shown that mitochondrial DNA is more susceptible to various carcinogens
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and ROS than nDNA. Damage in mtDNA is implicated in a wide variety of
common pathological states, including metabolic and neurodegenerative diseases,
cancer and aging. Studies into the mechanisms involved in mtDNA repair have
only just begun and already it has become apparent how efficient and well-
coordinated these processes can be. However, many questions remain to be
answered. Undoubtedly, future research will address such topics as: a more
precise definition of the components involved in mtDNA repair, a better compre-
hension of how they are regulated, and a more thorough understanding of
how they can malfunction to precipitate disease states. This knowledge will be
essential for the development of future therapeutic strategies to combat a variety
of human diseases.
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335, 338
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permeabilization, 245, 274, 294, 296,
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Apoptosis inducing factor (AIF)
Induction of apoptosis by, 274
Involvement in chromatin condensation, 276
Release from mitochondria, 274

Apoptosis repressor with caspase recruitment
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Apoptosome
Activation of caspase 9 by, 275
Components of, 275
Formation during ischemia, 275

Apoptotic protease activating factor 1
(APAF-1), 275

Aquaporin, 76
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Distribution of, 152, 153
Exchange of aspartate and glutamate

by, 156
Involvement in adult type II

citrullinemia, 153
Involvement in urea cycle, 156

Arginase, 156
ATP
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transition, 243, 294, 295, 315

Regulation by F1F0 ATPase, 7, 9, 223, 296
Synthesis of (see oxidative phosphorylation)

Atractyloside and carboxyatractyloside,
246, 316

Bad, Bak and Bax
Activation by Bid, 273, 274
Cellular localization of, 274
Effect of cell stretching on, 274, 278
Effect of training on, 281
Elevated expression by pro-apoptotic

stimuli, 274
Formation of heterodimers with Bcl-2,

274, 277
Interaction with heat shock protein, 281
Interaction with mitochondrial permeability

transition pore, 249, 296
Mitochondrial effects of, 229, 274
Overexpression of, 294
Release of cytochrome c by, 273, 274, 277
Translocation to the mitochondria, 273, 277

Base excision repair
Involvement of AP endonuclease in, 332, 333
Involvement of AP lyase in, 332
Involvement of DNA ligase III in, 333, 337
Involvement of DNA polymerase � in, 333,

336, 337
Bcl-2 and Bcl-XL

Association with mitochondria, 274, 296
Attenuation of ischemic injury by, 281,

295, 296
Cellular localization of, 274
Changes during development, 274
Effect on mitochondrial calcium uptake, 296
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transition, 296
Interaction with Bax and Bak, 274
Interaction with voltage dependent anion

channel, 296, 298
Modulation of ATP consumption by, 296
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292, 296
Reduction of necrotic oncosis by, 295, 296
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Activated by caspase 8, 273
Activation of Bax and Bak by, 273, 274

Bongkrekic acid, 153, 229, 246, 247
Branched chain keto-acid dehydrogenase

complex
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138–141
Effect of acidosis on, 142, 143
Effect of dietary proteins on, 136
Effect of deficiency, 121
Effect of liver cirrhosis on, 141–143
Phosphorylation of, 136, 137
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Regulation of, 135–137
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As regulator of citric acid cycle flux, 12, 14,

197, 200, 224
As regulator of pyruvate dehydrogenase,

130, 209
Involvement in cell signaling, 204, 205
Mitochondrial uptake of, 198
Transients of, 207, 213

Cancer, 134, 135, 161, 162, 331, 335, 336, 338
Cariporide, 255
Carnitine, 35, 44–46
Carnitine palmitoyl transferases

Effect of diabetes on, 45
In hypertrophied heart, 44
Isoforms of, 35, 36
Localization of, 35
Reactions of, 37, 39
Regulation of, 35, 41, 44, 45, 71, 78

Caspase 9
Activation by apoptosome, 275, 276
Inhibitor of, 281
Involvement in caspase 3 activation, 275

Caspases
As initiators and effectors of apoptosis, 275
Inhibitors of, 281
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Effect on lifespan, 193
Localization of, 190, 327
Reaction of, 190

CD36/fatty acid translocase
Function of, 31, 33
Levels in hypertrophied heart, 44
Regulation of, 32, 43

Ceramide, 280
CG137157, 198, 206, 207, 210–214
Chylomicrons, 29, 68, 69
Citrate synthase, 78, 134
Citrate transport protein
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Role in lipid metabolism, 97
Substrate binding to, 101–110
Substrate translocation pathway of, 108–110
Three dimensional model of, 105–113
Transport kinetics of, 111
Water accessible regions of, 99–105

Citric acid cycle (tricarboxylic acid cycle)
Localization of, 3
Regulation of, 11–14

Clonazepam, 198, 206, 207, 210, 211, 213
Complex 1

Deficiency of, 213, 214

Formation of superoxide by, 186, 191
Phosphorylation of, 17
Reactions of, 4, 5, 9
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Role in mitochondrial permeability

transition, 251
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Structure of, 6, 323

Complex II, 8, 186
Complex III

Control coefficient of, 16
Formation of superoxide by, 158, 186
Reactions of, 5, 6, 186
Structure of, 5, 6, 323

Complex IV
Adenine nucleotide regulatory sites of, 17
Phosphorylation of, 18
Reactions of, 6, 186
Structure of, 6, 323
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Flux control coefficient of, 16
Reaction of, 7
Structure of, 7
Synthesis of ATP by, 7

Creatine phosphate cycle, 8
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Interaction with adenine nucleotide

translocase, 246, 247
Peptidyl prolyl cis trans isomerase activity

of, 244
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Involvement in caspase activation, 275
Reactions of, 186
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229, 273, 274, 277, 280, 283
Reoxidation by superoxide, 186
Role in electron transport, 5, 6, 186
Role in necrotic oncosis, 294

Cytochrome c oxidase, 6, 129, 185, 191, 192

Diabetes
Effect on gluconeogenesis, 28, 29
Effect on PPAR-� and PGC-1�, 45, 81
Formation of reactive oxygen species in,

191, 277
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Dichloroacetate, 48, 123, 129, 130–133
Dihydroorotate dehydrogenase, 187
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Involvement in aging, 330
Involvement in DNA repair, 328, 336
Oxidative damage of, 337
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324, 336
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Localization of, 3
Reactions of, 3, 5–9, 13
Regulation of, 9, 10, 13–18, 292
Role in Friedreich’s ataxia, 190
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DNA fragmentation by, 276
Induction of apoptosis by, 274
Release from mitochondria, 274

Energy charge, 15
Ethyl pyruvate, 133, 134
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153, 160

Fatty acid binding proteins, 32–34, 44
Fatty acid oxidation
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70, 71
ATP synthesis by, 81
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Effect of diabetes on, 44, 45
Effect of glucose metabolism on, 41, 48
Effect of ischemia-reperfusion on, 47, 71
Effect of sepsis on, 131
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Modulation of pyruvate dehydrogenase by,

126, 129
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Regulation of, 39–43

Fatty acid transport protein, 32, 33

Fatty acid uptake
By diffusion, 30
Regulation by PPAR-�, 45

Fatty acyl CoA synthetase (ACS)
Function of, 34
Isoforms of, 34
Localization of, 34
Regulation of, 42, 43

Fenton reaction, 188, 190
Fibrates

Effect on triglycerides, 74
Interaction with PPAR-�, 67–69

Flow adaptation
Cell signaling initiated by, 169, 170
Change in mitochondrial shape during, 176
Effect on adhesion, 170
Effect on microtubular structure, 173, 174
Hyperpolarization of endothelial cells during,

173, 178
Induction of connexin 43 and adhesion

proteins during, 170
Modulation of ATP during, 178
Reorganization of cell surface during, 170

Friedreich’s ataxia, 190
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Distribution of, 153
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by, 153
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226, 310, 311

Effect on KATP channel, 226, 310–312
Gluconeogenesis

Carbon sources for, 129
Effect of sepsis on, 131
Effect of starvation and diabetes on, 129

Glucose metabolism
ATP synthesis by, 81
Effect of PPARs on, 64, 65, 71, 72
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Glutamic dehydrogenase, 124, 161
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155, 156
Glutaminase
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Reaction of, 123, 124
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As source of ammonia shuttle, 122, 123
As substrate in cancer, 161, 162
Biosynthesis of, 122, 123, 135
Involvement in ammonia detoxification,

123, 124
Release by skeletal muscle, 123
Transport of, 122–124, 154

Glutamine synthetase
Effect of pyruvate dehydrogenase on, 123
Reaction of, 122
Regulation of, 122

Glutathione, 124, 190
Glutathione peroxidase, 124, 189, 327
Glutathione reductase, 189
Glycerol-3-phosphate dehydrogenase, 9, 186
Glycerophosphate shuttle, 9
Glycogen synthase kinase 3B
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Effect of afterload on, 282, 283
Effect of elevated work on, 10, 14, 200,

201, 204
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Effect of anti-apoptotic agents on, 281–283
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Failure of, 81, 272, 277, 280–283
Hypertrophy of, 44, 159, 160
Initiation of apoptosis during ischemia of,

280, 295–297, 308–310
Regulation of PGC-1� in, 79–81

Heat shock proteins, 281, 282
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Involvement in caspase activation, 274, 276
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by, 276
Release from permeabilized mitochondria,

274
3-Hydroxyacyl CoA dehydrogenase, 9
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Effect on mitochondrial KATP channel, 226,
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Hydrogen peroxide, 185, 189, 192, 277, 327
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Effect of antioxidants on, 278
Elevation of reactive oxygen species by,

191, 278
Initiation of apoptosis by, 191, 277

Inhibitors of apoptosis (IAPs), 276
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Effect of PPARs on, 75, 81–83
Effect of TNF-� on, 76
Obesity-induced resistance of, 79–83
Stimulation of triglyceride storage by, 67, 75
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during, 294
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Complex 1 damage during, 293
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208, 251, 292
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complex by, 281, 282
Effect of amino acids on, 158, 159
Effect of Bcl-2 on, 296
Effect of caspase inhibition on, 281
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Effect of magnesium on, 255
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47–49
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Elevation of reactive oxygen species during,

133, 191, 192, 251, 277, 294, 327
Fatty acid metabolism during, 41, 46–48
Initiation of apoptosis by, 295–298, 308
Initiation of the mitochondrial permeability

transition by, 252–257, 296, 308–310
Mitochondrial membrane potential collapse

during, 294, 309
Mitochondrial swelling during, 309, 310
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Effect of K+ channel openers on, 227
Effect on calcium overload, 213, 225,

258, 313
Effect on free radical production, 227,

258, 313–315
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Mimicked by diazoxide, 310–313
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Role of Akt and PI-3 kinase in, 257, 258,

297, 298, 308
Role of ERK in, 297, 298, 308
Role of glycogen synthase kinase 3B in, 257,
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Role of nitric oxide synthase in, 306
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Role of protein kinase G in, 257, 298,
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Role of reactive oxygen species in, 257, 306,
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Stimulation of guanylyl cyclase by, 306
Translocation of connexin 43 during, 298

Isocitrate dehydrogenase, 12

Kearns-Sayre syndrome, 4
Ketogenesis, 72, 73
�-ketoglutarate dehydrogenase

Formation of superoxide by, 187, 327
Regulation of, 187
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As site of gluconeogenesis, 117, 129
Effect of acidosis on, 123, 124
Maintenance of acid-base balance by, 123

Lactate
As source of gluconeogenesis, 132
Link with pyruvate dehydrogenase, 132
Production by skeletal muscle, 121, 132
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Leptin, 76
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Activation of mTOR by, 138–141
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Oxidation of, 140, 141
Regulation of protein synthesis by, 136,

138–141
Leukotriene D4, 67
Lipoic acid, 190
Lipoprotein lipase

Activity in cardiac muscle, 29, 82
Association with glycocalyx, 29
Link to PPAR� activation, 69, 74, 82
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Lipotoxicity
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Initiation of apoptosis, 277

Liver
Amino acid uptake by, 123, 124
As site of ammonia detoxification, 123
As site of gluconeogenesis, 117, 129, 131
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Effect of acidosis on, 124, 125
Effect of fibrate on, 74
Effect of PPAR-� on, 72–74, 80–83
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Regulation of cholesterol homeostasis by, 64
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Regulation of, 160
Transport of NADH by, 8, 9, 155, 156

Malate dehydrogenase, 12, 155
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by, 36
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Effect of diabetes on, 45
Localization of, 38
Regulation of, 37, 38
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Mechanotransduction hypothesis, 169–179
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Antioxidant defenses of, 188–190
As energy source for apoptosis, 294,

295, 308
As mechanotransducers, 171–178
cAMP content of, 17
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174–178
Effect of flow on, 173–179
Matrix volume of, 11, 221, 224, 310
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Pro-apoptotic factors of, 277–280
Regulation by Bcl-2 family, 281
Role in heart failure, 280
Shape changes of, 176
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Mitochondrial ATP-dependent potassium

channel (KATP�
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311–313
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Effect on K+ and H+, 311, 312
Inhibition of, 225–227, 311–313
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Role in apoptosis-linked heart failure, 280
Role in ischemic-reperfusion injury, 241,
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transition, 254
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Effect of hypoxia on, 209, 211–213, 223
Inhibition of, 198
Reaction of, 198, 199, 222–224
Role in contraction, 206, 207, 226
Role in reduction of [Ca2+]i

Mitochondrial DNA (mtDNA)
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Oxidative damage to, 279, 326–329
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Turnover of, 323, 324
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282, 332
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243, 315
Mitochondrial K+ channels, 224–228
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Reaction of, 336

mTOR
Regulation of, 138–141
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Oxidative stress
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Parkinson’s disease, 191, 213, 330
Peroxiredoxin, 189, 190
Peroxisome proliferators-activated receptors
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Reactive oxygen species (ROS)
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Sodium-calcium exchange
Effect of hypoxia on, 46, 210–213, 255, 292
Efflux of calcium from the mitochondria via,
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Inhibition of, 210, 211
Reaction of, 243, 255

Sodium-hydrogen exchange
Effect of ischemia on, 46, 255, 256, 292
Inhibition of, 255, 292
Reaction of, 256

Sulpho-N-succinimidyl oleate, 31, 33
Superoxide

As precursor of peroxynitrite, 188
Cytochrome c oxidation by, 189
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Reduction of ferric iron by, 188

Superoxide dismutase
Effect of aging on, 192
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Reduction of superoxide by, 188, 189, 327
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Interaction with PPAR-�, 43, 67, 68
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TNF-�

Effect of PPAR-� on, 76
Role in insulin resistance, 76
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Reduction of, 5, 190
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Effect on fatty acid oxidation, 40, 41

Regulation by PPARs, 41, 42, 78
Urea cycle, 123, 125, 154, 156, 157

Very low density lipoproteins (VLDL)
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