Chapter 7
Mitochondria in Ischemic Heart Disease

L. Maximilian Buja

Ischemic heart disease (IHD) is a leading cause of morbidity and mortality worldwide.
IHD generally results from pathological interaction between diseased coronary arter-
ies and the myocardium that requires abundant blood flow. Imbalance in coronary
blood flow and myocardial demand leads clinically to the development of an acute
coronary syndrome (ACS) [1]. At a fundamental level, IHD involves altered biology
of the cardiomyocyte (CMC). Increasing evidence has focused on the mitochondrion
as a key organelle in the response of the CMC to ischemic injury [2]. This evidence
is reviewed in this chapter in the context of the overall pathobiology of IHD.

Basic Concepts of Ischemic Heart Disease

Thrombotic occlusion of an atherosclerotic coronary artery leads to ischemia to the
subtended segment of myocardium due to marked reduction in oxygen and meta-
bolic substrate delivery [1]. The ischemic myocardium is subject to complex meta-
bolic and functional changes that lead to progressive injury to CMC and the
microvasculature. Contractile function is lost within seconds. Ischemic CMC can
become electrically unstable and become the source of an ectopic focus which can
lead to ventricular fibrillation and sudden death. With profound ischemia, CMC
become progressively impaired and transition from reversible to irreversible injury
by 15-20 min. Irreversible injury then progresses in a wavefront pattern extending
out from the ischemic subendocardium to the subepicardium leading to a complete
myocardial infarct after about 3 h [3-5].
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Some processes can profoundly alter the response of the myocardium during
evolving myocardial infarction [6-11]. If instituted in a timely manner, reper-
fusion significantly limits the magnitude of irreversible myocardial damage.
However, there may be some reperfusion injury in the form of impaired con-
tractile function of spared myocardium (stunning) and lethal reperfusion injury
to a population of severely impaired CMC at the time of reperfusion. Another
process with a major impact on myocardial ischemia is myocardial condition-
ing. Myocardial preconditioning refers to the retardation of the development
of irreversible myocardial injury when brief periods of coronary occlusion and
reperfusion precede a prolonged coronary occlusion. After a latent period, the
phenomenon returns 24 h later as a second window of protection (SWOP). Post-
conditioning also achieves some degree of protection when gradual or intermit-
tent reperfusion rather than immediate full reperfusion is provided after a bout of
coronary occlusion. Preconditioning and postconditioning at a distance refer to
the salutary effects on the evolution of myocardial ischemic injury produced by
episodes of transient ischemia in skeletal muscle.

Myocardium and Its Cardiomyocytes

The myocardium is organized around CMCs and supporting structures [9]. CMCs
are large cells (average diameter of 14 pm and length three to four times diameter)
which constitute 80% of the volume of the myocardium but 20% of the total number
of cells, most of which are non-CMC [9]. The myocardium contains a microvascu-
lature including arterioles, capillaries and venules, all lined by endothelium. The
capillaries are tightly aligned with the CMC in a one-to-one ratio. The CMC have
one or two (25%) central nuclei containing chromosomes with deoxyribonucleic
acid (DNA), abundant myofibrils arranged in sarcomeric contractile units and abun-
dant mitochondria for energy production (Fig. 7.1). The plasma membrane (sarco-
lemma) has invaginations, the T tubules, at the level of each sarcomere, the T tubules
with adjacent elements of smooth endoplasmic reticulum arranged in diads and tri-
ads to facilitate calcium flux and excitation-contraction coupling. Adjacent CMC
are connected end-to-end by specialized plasma membrane, the intercalated discs,
and side-to-side by desmosomes.

Because the CMC are specialized for continuous contraction and relaxation, the
CMC have a very high energy requirement. This energy requirement is met by the
large number of mitochondria which are organelles specialized to conduct oxidative
phosphorylation. The mitochondria of CMC have large numbers of tightly paced
cristae formed from invaginations of the inner mitochondrial membrane reflecting
their high energy output. Maintenance of the electrical potential difference (Ay,,)
across the inner mitochondrial membrane is essential for oxidative phosphorylation
and ATP generation [9].
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Fig. 7.1 Ultrastructure of the normal mammalian myocardium. The typical cardiomyocyte has a
central nucleus (N), compact cytoplasm, a sarcolemma (plasma membrane) with invaginations
called transverse tubules (77), myofibrils arranged into sarcomeres, a few lipid droplets (LD),
glycogen granules and numerous mitochondria (M) containing numerous densely packed invagina-
tions of the inner membranes, the cristae. In close proximity to the cardiomyocytes are capillaries
(C). Electron micrograph, x11,000 (This figure is reproduced from reference [2] with permission)

Modes of CMC Injury and Death

In the last several years, research has shown that CMC have the molecular mecha-
nisms to undergo all of the major modes of cell injury and death. These include
oncosis, apoptosis and autophagy [9, 10, 12, 13]. The two of major importance in
myocardial ischemic injury and infarction are oncosis and apoptosis [9, 10, 12—
15]. Oncosis is manifest by cellular and organellar swelling due to progressive
membrane dysfunction and damage due to ischemic or toxic injury coupled with
rapid energy depletion reflected by rapid loss of adenosine triphosphate (ATP).
Apoptosis is triggered by various physiologic and pathologic stimuli and is char-
acterized by cellular and organellar shrinkage with subsequent fragmentation.
Apoptosis is mediated by activation of a cascade of caspase enzymes (cysteine-
aspartate proteases) via extrinsic or intrinsic pathways; at least partial preservation
of ATP is required. Cell death due to apoptosis is characterized morphologically
by cell shrinkage with intact plasma membrane and biochemically by caspase
activation and discrete double-stranded DNA breaks. Although oncosis and apop-
tosis have been termed accidental and programmed cell death, respectively, onco-
sis can be a relatively uncontrolled process (oncotic necrosis) but often involves
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signaling pathways that mediate a more regulated process of necroptosis. Many
forms of oncosis as well as apoptosis follow programmed patterns mediated by the
activation of cell surface receptors, and both involve activation of distinctive gene
profiles [14, 15].

Autophagy involves segregation of cellular components, including proteins and
mitochondria, in autophagic vacuoles, merger of the autophagic vacuoles with lyso-
somes to form autophagolysosomes, and subsequent degradation of the constituents
in the vacuoles [9]. Depending on whether the autophagic process is regulated or
not, autophagy can serve as a mechanism of cell survival following stress or another
distinctive form of programmed cell death [9].

Basic Pathobiology of Myocardial Ischemic Injury

Basic information about modes of cell injury and death have been integrated with
our knowledge of CMC injury occurring in myocardial infarction. Ischemic cardio-
myocyte injury is characterized by progressive membrane damage with a compo-
nent of cell swelling [3—5]. Ischemic membrane damage has been shown to progress
from discrete alterations in specific membrane pumps and ion channels to an inter-
mediate stage of less selective and increasing membrane permeability with more
severe ionic disturbances including increased influx of calcium ions to a final stage
of membrane rupture [12]. The membrane damage is mediated by activation of
phospholipases and proteases and accumulation of toxic metabolites. Mitochondrial
swelling and calcium accumulation are prominent components of evolving CMC
injury (Figs. 7.2 and 7.3). This pattern of cell injury is typical of the oncotic pattern
of cell injury and death [12-15]. With the recognition of apoptosis as another impor-
tant mode of cell injury and death, the role of apoptosis in ischemic CMC injury
also must be considered [12-15].

CMC have been demonstrated to contain the molecular mechanisms to activate
apoptotic pathways as well as pathways leading to progressive membrane damage
even though CMC undergoing irreversible ischemic injury do not show the classic
morphological features of apoptosis [14-21]. This has led to the conclusion that
cardiomyocyte ischemic injury and death is a hybrid form of cell injury in which the
terminal events are dominated by oncotic ultrastructure [10, 14, 15]. Perturbation of
apoptosis with caspase inhibitors and genetic manipulation produces partial but not
complete reduction in infarct size [16]. Thus in evolving myocardial infarction,
multiple modes of cell death participate including oncotic necrosis, necroptosis, and
apoptosis.

Autophagy has been shown to be capable of modulating cardiomyocyte cell
injury and acute myocardial ischemic injury. Autophagy has also been found to have
arole in cardiomyocyte survival in the setting of hibernating myocardium, a state of
chronic ischemic myocardium associated with decreased myocardial function [22—
24]. In heart failure, increased loss of CMC occurs by multiple modes of injury,
namely, oncotic necrosis, necroptosis, apoptosis and autophagy, and this CMC loss
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Fig. 7.2 Ultrastructure of ischemic cardiomyocyte with features of contraction band formation
and calcium overload as seen in the peripheral zone of an evolving canine myocardial infarct. Note
the foci of myofibrils condensed into bands (CB), the lipid droplets (LD), and granular mitochon-
drial calcium phosphate deposits (MCaD). Electron micrograph, x6,500 (This figure is reproduced
from reference [8] Dialogues in Cardiovascular Medicine with the permission of the publisher Les
Laboratories Servier, Suresnes, France)

contributes importantly to the progression of heart failure [25-28]. Both in ischemic
injury and heart failure, the rate and magnitude of ATP depletion is a key determi-
nant of the pathway of CMC injury and death [14, 15, 28].

Key Role of Mitochondria in CMC Injury

A number of distinct and overlapping subcellular pathways involving cell mem-
brane death receptors, endoplasmic reticulum and mitochondria can be involved in
the development of oncotic and apoptotic cell death [14-21]. Nevertheless, recent
studies have implicated the mitochondria have a critical role in the pathogenesis of
cell injury (Figs. 7.4 and 7.5) [21-28]. The biochemical and ultrastructural changes
occurring in cardiac mitochondria during the evolution of myocardial ischemic
injury are well documented [3-5]. Mitochondria are dynamic organelles that con-
stantly undergo regulated processes of fusion, fission and substrate trafficking [29,
30]. In stressed cells, mitochondria can be subject to deleterious and beneficial
effects due to activation of death channels and salvage pathways, respectively [2,
16-21, 28, 31-33]. The mitochondrial death channels include the mitochondrial
permeability transition pore (mPTP) and a putative mitochondrial apoptosis channel
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Fig. 7.3 Ultrastructural detail of ischemic cardiomyocyte with lipid deposits (LD) and swollen
mitochondria containing very electron-dense, annular-granular calcium phosphate deposits
(MCaD) Electron micrograph, x26,000. As ATP is reduced, mitochondrial oxidative capacity is
decreased, leading to an accumulation of reesterified fatty acids as lipid droplets. As the sarcolem-
mal function becomes impaired, an increase in calcium influx occurs. With reperfusion, further
calcium influx is coupled with an oxidative burst generating toxic oxygen-based radicals. The
excess calcium triggers hypercontraction of the myofibrils manifest as contraction bands. The
overload of calcium ions and toxic oxygen-based radicals leads to opening of the mitochondrial
permeability transition pore (mPTP) , loss of membrane potential, swelling and collapse of ATP
generation (This figure is reproduced from reference [8] Dialogues in Cardiovascular Medicine
with the permission of the publisher Les Laboratories Servier, Suresnes, France)

(mAC). The mPTP is a voltage-dependent channel that is regulated by calcium and
oxidative stress. The function of the mPTP is influenced by several proteins, espe-
cially the voltage-dependent anion channel (VDAC), the adenine nucleotide trans-
locator (ANT) and cyclophilin D (CypD). The VDAC is located in the outer
membrane, the ANT in the inner membrane, and CypD on the matrix side of the
inner membrane. These proteins span the inner and outer mitochondrial membranes
and provide a path for transport between the mitochondrial matrix to the cytoplasm.
The opening of the mPTP results in the immediate loss of the electrical potential
difference across the inner membrane with resultant cessation of ATP synthesis,
influx of solute, and mitochondrial swelling [2, 28, 31-33]. Recent studies have
determined a key role for another molecule, the FyF,ATPase, in interacting with the
other component molecules and leading to the mPTP formation [28]. Modulation of
mitochondrial proteins, including a modest increase in expression of uncoupling
protein 2 (UCP-2), can cause a rapid decline in mitochondrial membrane potential
and ATP level resulting in oncosis [34].



7 Mitochondria in Ischemic Heart Disease 133

v 00000009000¢

s Y e e
deprivation Water, Grar2)
=g o solutes @
1t car Ceaoo D ar3 )
mPTP

MOMEO o O Disruption of ATP Synthesis

00O APAFL Swelling
54 M np
Caspase-3 ” Caspase-7 I J l Necroptosis
A — N .
Apoptosis ' ecrosis

Fig. 7.4 Cell death pathways. (a) Apoptosis. In the extrinsic death receptor pathway, binding of an
extracellular ligand such as TNF-«a to its death receptor TNFR recruits adaptor molecules to form
the death-inducing signaling complex (DISC). Caspase-8 cleaves and activates effector caspase-3
and -7. In the intrinsic mitochondrial pathway, intracellular stress signals such as DNA damage,
hypoxia, or glucose deprivation activate the pro-apoptotic Bax and Bak. During mitochondrial outer
membrane permeabilization, Bax and Bak form pores that allow the release of apoptogens such as
cytochrome c into the cytosol. Cytochrome ¢ and APAF1 form the apoptosome which recruits and
activates caspase-9 and leads to caspase-3 and -7 activation. Death-receptor mediated caspase-8
activation can also cleave Bid to form truncated Bid (tBid) and activate the intrinsic pathway. (b)
Necrosis/Necroptosis. Excessive influx of Ca®* into the mitochondria leads to opening of the mito-
chondrial permeability transition pore (mPTP) and disruption of the proton gradient and ATP syn-
thesis. The influx of water and solutes into mitochondria leads to swelling and membrane rupture.
Regulated necrosis, or necroptosis, occurs in the absence of caspase-3 where the RIP1-RIP3 com-
plex facilitates necroptosis (This figure is reproduced from reference [21] with permission)

Apoptosis can be initiated by an extrinsic pathway involving activation of cer-
tain membrane receptors with death domains and intrinsic pathways involving the
endoplasmic reticulum and the mitochondria. There are levels of interaction
between these pathways. A key event in many forms of apoptosis is mitochondrial
outer membrane permeabilization (MOMP) produced by activation of the mAC [2,
16-21, 28, 31-33]. Outer mitochondrial membrane integrity, including the putative
mAC, is regulated by multiple interactions between proteins of the Bcl-2 faimly,
including Bax, Bid, Bcl-2 and Bcl-X;. Opening of the MOMP leads to release of
cytochrome ¢ and other molecules which join with cytoplasmic components includ-
ing procaspase 9, apoptotic protease activating factor-1 (Apaf-1) and dATP to form
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Fig. 7.5 The mitochondrial death channels. The mPTP involved in oncotic necrosis and necropto-
sis has several component or associated proteins including the voltage-dependent anion channel
(VDAC), adenine nucleotide translocase (ANT), cyclophilin-D (CypD), the benzodiazepine recep-
tor (BDR) and hexokinase. The specific composition of a mitochondrial apoptosis channel (mAC)
has not been determined but it is clear that the interactions of the Bcl-2 family of proteins, includ-
ing Bax, Bak, and tBid with the outer mitochondrial membrane control the mitochondrial outer
membrane permeabilization (MOMP). The mPTP and mAC (or Bax channel) are both regulated by
Bcl-2 proteins and are opened by calcium ionophores and oxidative stress. When the mAC is
opened and cytochrome c is released, this triggers apoptosis. When ischemia-reperfusion leads to
an increase in matrix calcium levels above a certain threshold, the mPTP opening occurs. CypD
and reactive oxygen species (ROS) can lower this threshold. Once the mPTP is opened, the mito-
chondrial membrane potential is rapidly lost (Ay,,) (This figure is reproduced from reference [31]
with permission)

the apoptosome. The apoptosome then triggers the activation of caspase 3 and
other effector caspases in the cytoplasm leading to downstream effects on the
nucleus [2, 21, 28].

The mitochondrial pathway rather than the extrinsic pathway appears to be dom-
inant in the apoptosis component of myocardial ischemic injury. Confirmatory evi-
dence has been provided to show that the extent of myocardial ischemia and
reperfusion damage was reduced in transgenic mice overexpressing the anti-
apoptotic Bcl-2 but not in transgenenic mice overexpressing a truncated form of the
surface death receptor [35]. The interrelationships between apoptosis and oncosis
has been confirmed by models involving initial activation of apoptosis followed by
oncosis and, conversely, oncosis followed by apoptosis [16—19]. At the level of the
mitochondria, the oncotic trigger of loss of the mPTP can occur in close temporal
relationship to cytochrome c release via the mAC.

In ischemic CMC, when the electron transport system in mitochondria stops
functioning due to lack of oxygen, this state leaves various components of the elec-
tron transport chain primed to generate oxygen free radicals when oxygen returns.
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Indeed with reperfusion a massive diversion of electrons from the electron transport
system leads to the generation of oxygen radicals, the oxidative burst. Simultaneously,
a large influx of calcium occurs. When the mitochondria are exposed to excess oxy-
gen radicals and calcium, the result is opening of the mPTP and collapse of mito-
chondrial function [11]. This is a key event in ischemic reperfusion injury. A dual
role for autophagy also has been identified. Activation of autophagy during the early
phase of ischemia is cardioprotective, whereas delated or late activation of autoph-
agy during reperfusion is detrimental and promotes cell death [28].

Conditioning is a complex phenomenon initiated by activation of various
G-protein coupled receptors by various autocoids, including adenosine, bradykinin,
and opioids, that are released during the brief periods of ischemia and reperfusion
[36-38]. Activation of these receptors is followed by activation of a complex signal-
ing cascade, including multiple kinases, that leads to opening of potassium channels
in the mitochondrial membrane and maintenance of the mPTP and the electrical
potential of the inner mitochondrial membrane. Preservation of mitochondrial func-
tion and ATP production is an absolute requirement for the protective effect of
conditioning.

A component of the protective effect of conditioning involves the activation of a
reperfusion injury salvage kinase (RISK) pathway in the mitochondria [10, 11, 39,
40]. One component of the pathway involves phosphatidylinositol-3 kinase (PI-3 K)
acting on Akt (protein kinase B) and the mammalian target of rapamycin (mTOR).
The other component involves mitogen-associated protein kinase (MAPK) and p42/
p44 extracellular signal-related kinase (ERK). The two arms of the pathway con-
verge on p70s6 kinase to activate glycogen synthase kinase § which acts to prevent
opening of the mPTP. An isoform of the ATP-sensitive potassium channel (K*xrp)
also regulates mPTP opening. A component of autophagy, mitophagy, contributes to
the protective effect of ischemic preconditioning [28-30].

Therapeutic Considerations

Because of the clinical importance of preserving myocardium, extensive effort has
been aimed at developing pharmacological approaches to limiting myocardial isch-
emic damage. This area of research has been frustrated by initially promising exper-
imental work being followed by negative or equivocal clinical trials in patients.
Although myocardial ischemia — reperfusion injury is clearly mediated by calcium
overload, toxic oxygen-based molecules, inflammatory mediators and neutrophils,
clinical trials of agents aimed against these components of ischemic injury have not
been found to be convincingly effective [10, 11]. Deficiencies in the design of the
experimental work and complexities of confirming efficacy in clinical trials are
important factors for these results [10, 11, 41]. The major advances in salvage of
ischemic myocardium have come from the introduction of thrombolytic therapy
and percutaneous coronary interventions (PCI) rather than from pharmacological
treatments. Nevertheless, increased understanding of the pathobiology of
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Table 7.1. Targeting mitochondria in cardiomyocytes and the heart

Target

Inhibitors

Mechanism

Direct action via
mPTP

CsA an its analogues

Prevents opening of mPTP pores via
mPTP via cyclophilin D (CypD)
interaction; side toxicity due to
interaction with other cyclophilins

N-Me-4-Ile-CsA (NIM811)

Prevents mPTP opening via CypD
interaction; more specific than CsA

Sangliferhrin A Prevents opening of mPTP pores via
CypD interaction at different sites from
CsA

BKA and ADP Induces m conformation of ANT

H* and divalent cations Antagonize Ca* binding to ANT

(Mg2+,Mn2+,Sr2+,Ba2+)

Indirect action —

Reactive oxygen species

Prevent accumulation of ROS and

mPTP opening (ROS) scavengers (e.g., oxidation of critical thiol groups on ANT
propofol, pyruvate, MCI-186)
Pharmacological Prevent oxidative stress, normalize
preconditioning mitochondrial metabolism
Adenosine Induces desensitization of mPTP by
causing ischemic preconditioning (IPC)
Nicorandil Mimics IPC, induces desesitization by
opening mitoxATP
Diazoxide Similar mechanism
Bepridil Similar mechanism
Isoflurane Induces IPC-like condition, inhibits
complex I and glycogen synthase kinase
3p
Mitochondrial Coenzyme Q Cofactor in electron transfer; reduces
dysfunction mitochondrial ROS
L-carnitine Involved in fatty acid transport into
mitochondrial inner membrane
MITO Q (mitoquinone) Antioxidant
Other targets SS-31 (i.e.,MTP-131 and Binding to inner membrane cardiolipin,

Bendavia)

preserving oxidativePhosphorylation
reducing ROS

TMD#7538

Inhibits both MOMP and mPTP

Reproduced from Goldenthal [28]

myocardial ischemic injury and the key role of the mitochondria has led to renewed
interest and promise in novel therapeutic approaches, used alone or in combination
with PCI, for the treatment of patients with acute ischemic heart disease [9-11, 28,

31-33, 42-58].

The prototype for a pharmacological approach targeting the mitochondria is
cyclosporine A (CsA) (Table 7.1) [28]. CsA is known to inhibit the formation and
opening of the mPTP by binding to CypD. Positive results were obtained in a
proof-of-concept small clinical trial of patients with evolving myocardial infarction
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[48, 49]. Other pharmacological agents are being designed and tested for their
ability to activate the RISK pathway in the mitochondria and to enhance mitochon-
drial energy metabolism [11, 40, 54, 55]. Pharmacological agents under recent or
active investigation include adenosine, atrial naturetic peptide, beta adrenergic
blocking drugs, nitrates, phosphodiesterase-5 inhibitors, and supersaturated oxygen
therapy, and antioxidant peptides targeted at mitochondria [54-58].

In experimental models, caspase inhibitors and other supressors of apoptosis
have been shown to reduce myocardial infarct size [50]. However, approaches to
retard apoptosis during evolving myocardial ischemic injury in patients have not yet
been demonstrated. Other agents, designated as necrostatins, are being developed
for activity against receptors involved in the hybrid necroptosis form of injury [50,
51]. Other approaches directed to the non-myocytic components of the myocar-
dium, including endothelial cells, fibroblasts, and extracellular matrix are being
explored [52].

The resurgence of interest in reducing ischemic and reperfusion injury has led
to the formation of an NIH-sponsored consortium for preclinical assessment of
cardioprotective therapies (CAESAR) [59-61]. Recently, however, several larger
multicenter trials have reported lack of protective effect with CsA and remote isch-
emic pre-conditioning [62—66]. It has been pointed out that the effect of CsA is
indirect and mediated by binding of CsA to the matrix protein CyP-D with the net
effect being desensitization rather than true block of the pore. This has given rise to
strong interest in developing potentially more effective inhibitors of the mPTP
(Table 7.1) [28].

Conclusions

The cumulative effects of episodes of ACS and subsequent extent of myocardial
infarction have major significance for the prognosis of patients with ischemic heart
disease. Acutely, extensive myocardial infarction is associated with acute heart fail-
ure, cardiogenic shock and malignant arrhythmias [1]. Chronically, the cumulative
effect of ischemic damage leads to chronic heart failure [9]. Chronic heart failure is
mediated not only by the loss of myocardium but by progressive pathological
remodeling in the viable myocardium [6—10]. Coronary artery stenting and coro-
nary artery bypass grafting, unless introduced early, may not be effective in stabiliz-
ing or reversing the process which leads to fixed structural dilatation of the heart and
is manifest clinically as ischemic cardiomyopathy [9]. Contradictory or negative
results of interventional studies highlight the difficulties of translating basic knowl-
edge of pathobiology into effective clinical therapy and the need for continuing
effort in that regard [67, 68]. Nevertheless, continued effort at developing pharma-
cological and pathophysiological approaches to reducing ischemic damage is wor-
thy of pursuit. Further development of more effective approaches to preserving
mitochondrial integrity should continue to be pursued.
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