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Abstract

Excess generation of reactive oxygen species (ROS) and cytosolic calcium accumulation play

major roles in the initiation of programmed cell death during acute myocardial infarction. Cell

death may include necrosis, apoptosis and autophagy, and combinations thereof. During ischemia,

calcium handling between the sarcoplasmic reticulum and myofilament is disrupted and calcium is

diverted to the mitochondria causing swelling. Reperfusion, while essential for survival,

reactivates energy transduction and contractility and causes the release of ROS and additional

ionic imbalance. During acute ischemia–reperfusion, the principal death pathways are

programmed necrosis and apoptosis through the intrinsic pathway, initiated by the opening of the

mitochondrial permeability transition pore and outer mitochondrial membrane permeabilization,

respectively. Despite intense investigation, the mechanisms of action and modes of regulation of

mitochondrial membrane permeabilization are incompletely understood. Extrinsic apoptosis,

necroptosis and autophagy may also contribute to ischemia–reperfusion injury. In this review, the

roles of dysregulated calcium and ROS and the contributions of Bcl-2 proteins, as well as

mitochondrial morphology in promoting mitochondrial membrane permeability change and the

ensuing cell death during myocardial infarction are discussed.
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Overview of death pathways activated during acute myocardial infarction

Necrosis, apoptosis and autophagy are all implicated in myocardial cell loss during ischemic

heart disease (reviewed in [1–7]). Apoptosis and autophagy play essential roles in

eliminating unwanted cells during pre- and post-natal development and damaged or

senescent cells in adult tissues [1]. These roles are physiological. Classical necrosis occurs

during sustained, severe ischemia; it is an unregulated irreversible response to a fatal insult
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often involving energy failure. Reducing the magnitude of the insult may be the only way to

prevent such death. Loss of myocardial cells by programmed death and autophagy after

ischemia–reperfusion is at least partially pathological. In this case, the cells respond to

environmental signals that they cannot distinguish from normal physiological cues, many of

which have been conserved from fungi and worms over a billion years of evolution [8]. It

may be possible to salvage cells undergoing pathological apoptosis, programmed necrosis

and/or autophagy through interventions that block the signaling pathways (reviewed in [3]).

Although each death pathway has distinguishing features, they are not mutually exclusive

and tissue loss during ischemia of the heart and other organs may involve simultaneous or

alternate contributions of multiple death programs, reviewed in [2–7,9].

Passive necrosis

Necrosis typically involves swelling of the mitochondria, whole-cell swelling and loss of

plasma membrane integrity. Owing to the loss of membrane intergrity, toxic cellular

contents are released causing additional collateral damage, triggering an inflammatory

response that perpetuates the collateral injury. In the absence of reperfusion, necrosis

develops rapidly as a consequence of energy failure; without oxygen and glucose, oxidative

phosphorylation ceases and cells cannot generate the ATP needed to fuel the ionic pumps

that maintain ionic gradients across the plasma membrane. Consequently, sodium and

calcium accumulate in the cytoplasm and cause swelling, degeneration of organelles, loss of

membrane integrity and dissolution of the cell [10,11].

Programmed necrosis

Necrosis continues after reperfusion but it may be through a different process. Until

recently, reperfusion-induced necrosis was also considered to be passive, and was called

coagulation necrosis; however, it is now clear that signaling pathways not dissimilar to

apoptosis can also regulate necrotic cell death [2–5,12–17]. Such death termed ‘programmed

necrosis’ is initiated by large amplitude swelling of the mitochondrial matrix, dispersion of

the mitochondrial membrane potential, ATP loss and opening of the so-called mitochondrial

permeability transition pore (MPTP). Caspase activation is not a feature of programmed

necrosis per se, but it may occur in parallel if matrix swelling causes rupture of the outer

membrane (OM) before ATP is depleted in a significant number of mitochondria. In this

case, pro-apoptotic factors including cytochrome c are released and caspases may be

activated during programmed necrosis [2,12,13]. As discussed in detail in Section ‘Death

domains’, energy depletion, ROS, calcium, pH, inorganic phosphate, mitochondrial

morphology as well as Bcl-2 proteins may contribute to the regulation of the MPTP [18–24].

The adenine nucleotide translocator (ANT) and voltage dependent anion channel (VDAC)

may also contribute to the regulation of the MPTP although they do not appear to be

essential [15,25–34]. On the other hand, cyclophilin D (CypD), an inner membrane peptidyl-

prolyl cis-trans isomerase, regulates the sensitivity of the MPTP opening by calcium and

ROS and is a potential target for reducing injury during acute myocardial infarction (AMI)

[3,12,13,35]. Controversies over the structure and regulation of the MPTP are discussed in

more detail in Section ‘Death domains’.

Extrinsic apoptosis

Apoptosis is characterized by membrane blebbing, cell shrinkage, nuclear fragmentation and

chromatin condensation. Activation of a family of cysteine proteases called caspases is the

distinguishing biochemical feature of apoptotic death. Caspases are activated by one of two

major pathways (reviewed in [1–7]). The extrinsic pathway is a cellular response to

inflammation. In this pathway, plasma membrane receptors are activated by

proinflammatory ligands, including FAS, TNF-α and TRAIL. These ligands bind to death

domain-containing receptors at the plasma membrane that become activated and recruit the
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adapter proteins FADD and TRADD to form a death-inducing signaling complex (DISC).

DISC formation initiates the proteolytic cleavage of procaspases 8, 10 and 2, leading to the

activation of caspases 7, 6 and 3. Cell death by the extrinsic pathway may require

amplification by coactivation of the intrinsic pathway mediated by caspase-8-cleavage and

activation of the pro-apoptotic Bcl-2 family protein, Bid, that can induce mitochondrial

outer membrane permeability (MOMP) (reviewed in [36]). Activation of the extrinsic

pathway requires a primary inflammatory response to tissue injury and may lag behind the

intrinsic pathway that responds immediately to calcium and ROS. Evidence for the

contribution of the extrinsic pathway to AMI includes observations that mice lacking Fas

ligand are more resistant to infarction [37,38], and the presence of elevated Fas ligands in

the plasma of patients with AMI [39].

Intrinsic apoptosis

Caspase activation by the intrinsic pathway requires the release of mitochondrial death

factors including cytochrome c, inhibitor of apoptosis (IAP) binding proteins, second

mitochondria-derived activator of caspase (SMAC), Omi/HtrA2 apoptosis-inducing factor,

and endonuclease G [40–43]. Release of these factors usually follows calcium-dependent

swelling of mitochondria and OM permeabilization. The balance of pro- and anti-apoptotic

Bcl-2 proteins in mitochondrial and endoplasmic reticulum (ER) membranes regulates

MOMP in part by regulating calcium compartmentalization. Bcl-2, Bcl-XL and Mcl-1

prevent MOMP whereas pro-apoptotic members, Bax and Bak, activate MOMP (reviewed

in [1–7]). The intracellular localization and activities of these Bcl-2 proteins are under the

regulation of a third set of Bcl-2-related proteins, known as BH3-only proteins, that respond

directly to apoptotic stimuli. In addition to regulating MOMP by interacting with

mitochondrial membranes, Bcl-2 family proteins also differentially regulate ER calcium and

its release by death-inducing stimuli [44–47]. Anti-apoptotic Bcl-2 proteins within the ER

facilitate slow calcium leakage through an inositol trisphosphate receptor type 1 (IP3R-1),

allowing partial calcium unloading and lower resting ER stores. Bax and Bak counter this by

blocking calcium leakage by IP3R-1, increasing ER calcium stores, and magnifying the

release of calcium by the ER and subsequent uptake by the mitochondria during the

initiation of programmed death. The Bcl-2-regulated two-way cross-talk between the ER

and mitochondria may be especially relevant to death pathway signaling within the ER

junctional clefts that contain the so-called calcium ‘hot spots’ (see below). Both extrinsic

and intrinsic pathways culminate in the activation of the executor caspase-3 that digests

cellular proteins and macromolecules, and activates DNases (CAD) that together with

endonuclease G and other DNases degrade proteins and DNA [48]. After the initiation of

programmed death, phosphatidylserine is externalized on the plasma membrane and targets

dying cells for phagocytosis by macrophages and elimination from the tissue (reviewed in

[49]). The intrinsic pathway predominates over the extrinsic pathway during immediate

phase of cell death (2–24 h) following ischemia–reperfusion [1–7].

Autophagy & ER stress

During normal autophagy, damaged organelles and macromolecules are packaged into

double membrane structures called autophagosomes and are transferred to lysosomes for

elimination from the cell. Autophagy is activated by ER stress through the unfolded protein

response and provides a housekeeping function that favors cell survival in the face of

multiple stresses caused, for example, by nutrient deprivation, hypoxia and elevated

oxidative stress (reviewed in [50–53]). During persistent or extreme ER stress, such as

occurs during severe ischemia–reperfusion, the cytoprotective functions of the unfolded

protein response and autophagy can be switched to a cell-death response [51]. Neither the

pathways of autophagic death nor the circumstances that determine the switch from

cytoprotection to cell destruction during AMI are understood [52,53]. It is possible that
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hyperactive autophagy causes mitochondrial dysfunction and this provokes necrosis and/or

apoptosis. Bnip3 is a hypoxia-induced atypical BH3-only member of the Bcl-2 family that

has been linked with autophagy [52]. Controversy exists concerning the contributions of

Bnip3 to myocardial cell death during infarction and it has been assigned various key roles

in autophagy, apoptosis and programmed necrosis [5,7,54–56]. These will be discussed in

more detail in Section ‘Regulation of infarction by mitochondrial permeability channels’.

There is evidence for cross-talk between autophagy, apoptosis and ER stress, in the form of

binding and regulation of key intermediates, such as beclin and CHOP by Bcl-2 (please refer

to recent reviews for detailed discussion of autophagy, ER stress and mitochondrial

remodeling in relation to ischemic cardiovascular disease [52,53,57–59]).

Owing to the dynamic nature of calcium movements in cardiac myocytes and the presence

of high-affinity binding sites on multiple intracellular organelles, in particular the

sarcoplasmic reticulum (SR), myofilament and mitochondria, precise calcium handling and

compartmentalization are essential in order to maintain cardiac function. Calcium

homeostasis is progressively lost during ischemia, caused in part by declining energy levels

and partly by changes of other ions including decreased intracellular pH and increased

inorganic phosphate (Pi). When ischemia is extended, calcium build-up contributes to

classical necrosis and may also predispose cells to programmed death. Reperfusion causes

additional dysregulation of calcium flux and compartmentalization, and excess ROS

production that cause contractile arrhythmias (myocardial stunning) and predispose cells to

programmed death. To understand how this occurs, it is important to document the

movements of calcium during normal excitation–contraction coupling and the effect of

ischemia–reperfusion.

Normal calcium handling by the plasma membrane, SR & myofilament

Defective calcium handling causes reversible, as well as irreversible myocardial injury and

is a primary therapeutic target for cardioprotection during AMI and heart failure (reviewed

in [60,61]). Under normal conditions, the sarcoplasmic calcium concentration is low with a

gradient of several orders of magnitude between intra- and extracellular compartments.

During an action potential, voltage-gated Na+ channels are activated, and the inward Na+

current induces a rapid depolarization of the sarcolemma that opens L-type Ca2+-channels.

The Ca2+-influx triggers opening of ryanodine receptors (RyRs), through which large

amounts of Ca2+ are released from the SR, a process termed Ca2+-induced Ca2+-release [62–

64]. The wave of Ca2+ from the RyRs generates a rapid (ms) >500-fold increase in calcium

concentration in the space between the SR and the sarcolemma, called the junctional cleft

[65,66]. The junctional cleft calcium then rapidly diffuses into the cytosol [67,68]. The

dynamic changes of calcium in different regions of the sarcoplasm are referred to as ‘Ca2+

microdomains’ [69]. During systole, Ca2+ binds to troponin C of the myofilament and

induces contraction of the left ventricle. During diastole, the muscle relaxes, Ca2+ diffuses

from the myofilaments back to the cytosol and is pumped back into the SR by the SR-

calcium ATPase (SERCA channel), and out of the myocyte by a sarcolemmal calcium

ATPase (Figures 1 & 2).

Calcium handling during ischemia–reperfusion

Increased glycolytic activity during ischemia causes the intramyocyte pH to fall. The

elevated proton concentration activates a Na+/H+ antiporter that expels H+ in an

electroneutral exchange for Na+. This reduces acidosis but increases the intramyocyte

sodium concentration. When the sodium level reaches a threshold, it forces the Na+/ Ca2+

antiporter to reverse so that sodium is expelled in exchange for calcium. The effect is a

progressive increase of intracellular calcium that continues for the duration of ischemia.

Calcium overload in the cytoplasm causes increased uptake by mitochondria and as the
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calcium-selective electrogenic importer (mCU) is nonsaturable, mitochondria accumulate

calcium as long as an electrochemical potential exists across the inner membrane. During

ischemia, glycolytic ATP is used to maintain the potential so that calcium flows into the

mitochondria, as long as there is glycolytic ATP. The fall of intracellular pH during

ischemia is also accompanied by build up of Pi; H+ and Pi both reduce the myofilament

calcium sensitivity so that force generation is decreased despite increased calcium while

ATP is conserved [70]. These changes favor calcium accumulation and swelling of the

mitochondria, while the low pH suppresses mitochondrial permeability transition (MPT).

This condition continues until ATP is depleted and myofilaments undergo contracture due to

diastolic failure. Contracture is accompanied by progressive necrosis [70]. Paradoxically,

calcium uptake and swelling may continue in viable cells after reperfusion due to a transient

pH imbalance created by fresh extracellular blood. The imbalance occurs because the

extracellular acidosis, built up during ischemia is immediately neutralized, but the

intracellular compartment remains transiently acidotic. This causes a transient outside-to-

inside proton gradient across the sarcolemma that stimulates proton extrusion through the

Na+/H+ channel and an antiparallel uptake of calcium. This may contribute to increased

hypercontracture, as well as to further calcium overload of the mitochondria (see below).

Calcium overload contributes to the activation of protein kinases and opening of the death

channels. It is a key inducer of both the MPTP and MOMP and as such the initiating

stimulus for myocardial cell death and infarction during both phases of ischemia and

reperfusion. Inhibition of the Na+/Ca2+ antiporter during ischemia–reperfusion can reduce

mitochondrial Ca2+ overload, contracture and cell death, and improve bioenergetic profiles

(Figure 2).

Mitochondrial transients in the junctional cleft

Mitochondria are sinks for calcium, and recent work has confirmed that mitochondria within

the junctional cleft act as calcium buffers, rapidly taking up and extruding calcium in

synchrony with the sarcoplasmic calcium transient [69]. Mitochondria occupy up to 30% of

cardiac myocyte volume and are highly concentrated around the myofilament and SR, the

so-called calcium hot spots. During the contraction cycle these mitochondria are cyclically

exposed to high calcium levels and cycle calcium in parallel with the transient. The amount

of calcium exchanged is related to the proximity of the mitochondria to the SR and

myofilament, with the closest mitochondria cycling more calcium than those at a distance.

These regions are called ‘mitochondrial calcium microdomains’ and the calcium cycling

may modulate the filling state of the neighboring SR, as well as the dynamics of binding to

troponin C and initiation of contraction. Such calcium cycling regulates mitochondrial

respiration and ATP production, and is an integral component of energy coupling during

muscle contraction. The effect on mitochondrial respiration and oxidative phosphorylation

occurs through calcium-mediated activation of rate-limiting tricarboxylic acid cycle

enzymes and the F1/F0-ATPase [71–73]. Calcium takes <100 ms to activate mitochondrial

respiration, which is consistent with a synchronized contribution of microdomain

mitochondria to energy transduction during excitation–contraction coupling (reviewed in

[41]). As noted above, calcium enters the mitochondria down the inner membrane

electrochemical gradient through a mCU. Patch clamping measurements of mitoplast

membranes show that the mCU transports Ca2+ with a half-activation constant of

approximately 20 mM and a Ca2+ carrying capacity (Vmax) of 5106 Ca2+ s−1 per single

channel molecule [74,75]. These studies predict a channel density at the inner mitochondrial

membrane of 10–40 channels per μm2, similar to the density of voltage-gated Ca2+ channels

at the sarcolemmal membranes [74]. The current lacks Ca2+-dependent inactivation, is

highly selective for Ca2+, and allows Ca2+ to accumulate in the mitochondria with minimal

energy expenditure through a process that continues whenever there is a membrane potential

[74]. The mCU normally functions in synchrony with a Na+/Ca2+ anti-porter, and calcium
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homeostasis is maintained by quantitative antiparallel extrusion of calcium in exchange for

sodium. Some studies suggest that defective mitochondrial calcium domains associated with

dysregulated calcium handling cause metabolic stress that contributes to heart failure [74–

77]. It also seems likely that these microdomains are the primary sensors of dys-regulated

calcium handling during ischemia and reperfusion. During the early stages of ischemia,

before energy depletion, calcium transients can increase markedly, but force generation

declines because a low pH and elevated Pi desensitize the myofilament to calcium [70].

Under this condition respiration is inhibited but glycolytic ATP maintains the mitochondrial

membrane potential. Owing to the increased calcium transients, mitochondria within the

calcium microdomains cycle more calcium, that may progress to calcium overload and

swelling specifically in these regions as ischemia proceeds. This condition is predicted to

predispose these mitochondria to MPT and MOMP and the release of prodeath factors for

programmed necrosis and apoptosis during reperfusion. Responses of mitochondria in the

calcium microdomains may also be transmitted throughout cardiac myocytes by fission and

fusion as well as throughout the myofilament through gap junctions [78,79].

Oxidative stress of reperfusion

During ischemia, electron transport through the mitochondrial electron transport chain

(ETC) ceases due to the lack of oxygen as an electron acceptor, and the ETC is rapidly

reduced. An electron back-up primes the soluble ubiquinone components of the ETC to

generate oxygen free radicals when oxygen returns. Additional ROS can also be generated

from the NADPH oxidase pathways that are activated by ischemia–reperfusion. As

illustrated in Figure 3, electrons are donated from intermediates of the citric acid cycle,

through reduced nicotine adenine dinucleotide (NADH) and flavin adenine dinucleotide

(FAD) to acceptor complexes of the ETC, and energy is released as the electrons move

down the ETC, eventually reaching oxygen, the final and most electropositive electron

acceptor. The electrical energy is used to pump protons (H+) across the mitochondrial

membrane creating a proton motive force. The protons pass back through the proton-

translocating ATPase of the mitochondrial inner membrane reversing ATPase and

generating ATP. During normal function, it is estimated that 2–5% of the oxygen consumed

by the mitochondria during respiration is converted to superoxide [80,81]. This is mostly

neutralized by mitochondrial antioxidants, manganese superoxide dismutase, catalase,

glutathione peroxidase, thioredoxin, peroxiredoxin and glutaredoxin (reviewed in [82]).

Excess ROS activates second messenger pathways, including the protein kinases c-Jun N-

terminal kinase (JNK), extracellular regulated kinase (ERK), P38, protein kinase C and PI3-

kinase pathways[83–85]. ROS can also cause transitory loss of the mitochondrial membrane

potential even during normal myocardial functions. Zorov et al. first described a pathway of

ROS-induced ROS-release by mitochondria that could dissipate the membrane potential and

even mediate MPTP opening [86]. Aon et al. extended these studies to demonstrate

reversibility of the effects and proposed that ROS leakage from the ETC activates an inner

mitochondrial anion channel (IMAC), distinct from the MPTP that releases ROS into the

cytoplasm and simultaneously dissipates the membrane potential [87]. The signal is

propagated to neighboring mitochondria also through the ROS-induced ROS mechanism,

that sends a wave of oscillations across the cytoplasm. Under normal conditions the IMAC

closes and the mitochondria recover. Under conditions of excess ROS generation during

reperfusion and calcium overload, opening of the IMAC could induce MTP. Mitochondria

in the calcium hot spots of the junctional cleft may be particularly sensitive to MPTP

opening by this pathway. Reperfusion causes more than an order of magnitude increase in

electron leakage by the mitochondria over the levels of normal function. The major ROS

generators are the ubiquinone–ubiquinol mobile electron carriers, popularly known as

coenzymes Q10 (Figure 3). Ubiquinone (coenzyme Q) acts as a sink to absorb and neutralize

oxygen free radicals. Ubiquinone normally accepts electrons from complexes I and III of the
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ETC and transfers them to complex IV and cytochrome c. When oxygen is absent there is no

final electron acceptor for complex IV. Consequently, the ubiquinol pool is highly reduced,

increasing the level of ubisemiquinone, the reduced form of ubiquinone. Ubisemiquinone is

a reactive free radical, and when oxygen returns to the mitochondria during reperfusion,

ubisemiquinone donates electrons directly to oxygen generating superoxide. Superoxide is a

diffusible free radical and it reacts rapidly with neighboring molecules. Lipid and protein

components of the MPTP are present in the same membrane system as the ETC and may be

immediate targets of the excess ROS generated during reperfusion. The combination of

calcium accumulation in cytosolic and mitochondrial compartments, membrane swelling

and high ROS levels caused by reperfusion are the initiating events that cause cellular

injury, kinase activation, activation of autophagy and changes in BcL-2 protein

compartmentalization that result in increased mitochondrial permeability (MPTP and

MOMP) and cell death.

Hypercontracture & cell death during AMI

One of the earliest histological features of infarction is rupture of the sarcolemmal and

extensive areas of hypercontracted muscle, recognizable within minutes of reperfusion, and

referred to as contraction-band necrosis (reviewed in [88]). When cardiac myocytes are re-

energized during reperfusion the excess calcium available to the sarcomere causes

exaggerated contraction, called hypercontracture. Calcium overload and contracture

coincide with cell death and infarction, elegantly illustrated by studies that have

demonstrated protection against infarction by temporary inhibition of contraction during

reperfusion to allow recovery of calcium regulation [89–94]. The links between contracture

and cell death are not fully defined, but include oxidative stress and ATP depletion as well

as calcium overload (discussed in Sections ‘Normal calcium & ROS handling &

dysregulation by ischemia–reperfusion’ and ‘Regulation of infarction by mitochondrial

permeability channels’). Hypercontracture is propagated between myocytes within the

reperfusion zone by sodium exchange through gap junctions [93]. Such propagation may

explain the continuous distribution of dead cardiac myocytes within areas of contracture

[94]. The link between defective calcium handling, elevated ROS and contracture is

compelling, as is the link with defective mitochondrial function, membrane permeabilization

(MPTP and MOMP) and programmed death.

Death channels

MPT structure & mechanism

Electrophysiologically, the MPTP acts as a non-specific, voltage-independent megachannel

with a molecular cutoff of approximately 1.5 kDa and a diameter of approximately 2.3 nm

that traverses both mitochondrial membranes [14]. These characteristics have been

confirmed by diffusion kinetics, reconstitution and patch clamp studies of isolated

mitochondria (reviewed in [2–4,14]). Opening of the MPTP results in mitochondrial

swelling, dissipation of the mitochondrial membrane potential and loss of oxidative

phosphorylation. By abolishing mitochondrial energy production and causing energy

collapse, the MPTP initiates necrotic cell death during ischemia and reperfusion. No

structural component has been unequivocally identified as essential for activity of the

MPTP, thus the molecular mechanism of action of the MPTP is unknown. Mitochondrial

channels formerly linked to MPTP function include the OM VDAC, the inner membrane

ANT and the inner membrane phosphate ion channel (Figure 4) [14]. Gene ablation studies

revealed that neither ANT, nor VDAC, are essential for MPTP activity [15,95]. Hepatocytes

from mice with liver-specific ablation of both mouse ANT genes retained MPTP function,

although with decreased sensitivity to both calcium and oxidative stress. Similarly, cells

from mice with ablation or combined ablation and knockdown of each of the three VDAC
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isoforms retained normal MPTP function as well as responses to necrotic and apoptotic

stimuli. ANT and VDAC normally transport ATP and ADP across mitochondrial

membranes. In the gene ablation studies it was not reported whether these functions were

retained. If they were, then it seems possible that substitute transport systems for adenine

nucleotides could also substitute for ANT or VDAC in promoting MPTP function.

Furthermore, the effects of combined ablation or knockdown of VDAC and ANT on MPTP

have not been reported. Therefore, it is still possible that there is functional redundancy of

ANT and VDAC (and/or phosphate ion channel and IMAC) in the normal operation of the

MPTP. Interestingly, the IMAC may be regulated by the mitochondrial benzodiazepine

receptor (mBzR), formerly thought to be a component of the MPTP. Another possibility is

that denatured/ oxidized proteins play a role in forming the MPTP [96]. MPTP accessory

proteins include CypD, a prolyl isomerase present on the matrix surface of the inner

membrane [12,23], hexokinase-II (Hex-II), a glycolytic pathway enzyme that interacts with

VDAC2 and may suppress the MPTP under some conditions [97–99], and the peripheral-

type benzodiazepine receptor that has been reported to complex with VDAC and ANT and

induce or inhibit the MPTP depending on ligand binding. A regulator role for CypD in MPT

and programmed necrosis during AMI is unequivocal, confirmed biochemically and

genetically [12–14]. CypD determines the sensitivity of MPT to calcium and ROS in vitro

and in vivo. Preliminary clinical studies indicate a small but significant protection from

infarction when patients were infused with cyclosporine A (CsA), a selective CypD inhibitor

[100].

The role of the VDAC is perhaps the most controversial because VDAC has been linked

with both MPTP and cell death regulated by Bcl-2 family proteins [26–30]. VDACs are

related to bacterial porins, β-barrel proteins, that traverse cellular membranes and act as

pores for the exchange of small molecules by diffusion. Mammalian mitochondria contain

three VDAC isoforms of similar size (28–36 kDa) and are the most abundant proteins in the

outer mitochondrial membrane (OMM). VDACs allow the exchange of metabolic

substrates, NADH and ATP, between the intermembrane space and cytosol [101]. At first

glance, VDACs are unlikely candidates for the megachannel activity of MPTP owing to

their small molecule conductance and selectivity. However, porins in general and VDACs in

particular are unusually sticky, interacting with and possibly modulating the functions of

other proteins at both membrane surfaces. Interactions between VDACs and Hex-II, ANT,

and Bcl-2 proteins, tBid, Bcl-xL and Bak, have been described [14,31–34,102,103].

Mathupal et al. showed that Hex-II binds to and enhances the functions of VDAC in cancer

cells, possibly by inducing a conformational change of VDAC [78]. The Hex-II–VDAC

interaction protected cells against cytotoxic stimuli including oxidative stress, a property

that they attributed to blocking of the MPTP and/or preventing the binding of pro-apoptotic

Bcl-2 proteins. These effects were prevented when VDAC was phosphorylated by GSK3β
that disrupts the binding of Hex-II, and were reversed by Akt-mediated inhibition of

GSK3β[104,105]. These results suggest that VDAC/Hex-II controls an MPTP-dependent

death pathway, responsive to oxidative stress that is sensitive to GSK3β and Akt, both

known to regulate the MPTP [106].

Multiple studies have reported infarct protection by anti-apoptotic Bcl-2 proteins [107,108].

Perfusion of hearts with a cell-permeant (TAT)-peptide containing the protective BH4

domain of Bcl-xL reduces infarction up to 50% by blocking apoptosis and/or necrosis

[109,110]. In support of a role for the MPTP in this response, Juhaszova et al. demonstrated

that treatment of isolated cardiac myocytes with a TAT–BH4 peptide enhanced the threshold

ROS required to open the MPTP by approximately 40%, confirming that the BH4 peptide

blocked MPTP opening [110]. In further studies they used HA14-1, a small cell-permeable

selective inhibitor of Bcl-2. HA14-1 treatment blocked the protection afforded by TAT–

BH4, as well as that of several other protective pathways including an NHE-inhibitor, Akt,
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or direct inhibition of GSK-3β with lithium. The authors concluded that Bcl-2 is

downstream of GSK3β and regulates the MPTP. If this is true, then Bcl-2 family members

exert regulation of both mitochondrial death channels and may control the pathways of

necrosis and apoptosis during ischemia–reperfusion. VDAC is the only MPTP-associated

protein known to bind Bcl-2 family proteins. Therefore, it seems possible that VDAC is also

a component of this activity; one or more of the VDAC isoforms may confer regulation of

the MPTP by Bcl-2. In the VDAC deletion studies reported by Baines et al., the effects of

Bcl-2 on MPTP-dependent necrotic death was not investigated [15]. Therefore, these results

do not preclude a role for VDAC in the regulation of MPTP by Bcl-2.

MPTP opening by calcium & ROS

The combination of increased calcium and oxidative stress promotes opening of the MPTP

during ischemia–reperfusion, and the extent of MPTP opening correlates closely with the

extent of infarction. In isolated mitochondria, calcium alone causes MPTP opening and

calcium chelators close the pore (reviewed in [14]). Positive and negative modulators of

pore opening by calcium have been identified. Agents that cause oxidative stress, adenine

nucleotide depletion, elevated phosphate concentration and mitochondrial depolarization

sensitize the MPTP to calcium. MPTP is inhibited by Mg2+, protons (pH <7.0), ATP or

ADP, and ligands of the ANT. Carboxyatractyloside, an ANT inhibitor that locks the ANT

in a cytosol-directed conformation, increases the sensitivity of pore opening to Ca2+ while

another inhibitor, bongkrekic acid, locks the ANT in the opposite orientation, and blocks

opening [14]. Some studies suggest that oxidative stress caused by reperfusion alone, in the

presence of resting calcium, is sufficient to open the MPTP in vivo confirming equivalent

roles of calcium and ROS [111]. The physiological role of MPTP may include a rapid

reversible opening that releases excess calcium; this may be particularly important in the

mitochondrial calcium domains of the junctional cleft. Ichas et al. first reported a transitory

low conductance mode of MPTP opening that mediated a Ca2+-induced, CypA-sensitive

release of Ca2+ from mitochondria [112]. Invitro this activity was shown to propagate from

one mitochondrion to another, generating traveling depolarization and Ca2+ waves. By using

calcein fluorescence imaging of mitochondria, Petronilli et al. reported that MPTP opening

is reversible and flickers on and off within a millisecond range [113]. The authors also found

that as many as 50% of the mitochondria that undergo permeability transition during early

reperfusion subsequently close the pore. Hence the MPTP may be able to release apoptotic

inducers while the cell retains sufficient mitochondrial function to complete apoptosis.

Petronilli et al. also demonstrated CypA-sensitive transients and long-lasting openings of the

MPTP in intact cells [113]. These results suggested that the MPTP fluctuates rapidly

between open and closed states in intact cells mediating a fast Ca2+, and perhaps H+, release

process.

Mitochondrial OM permeabilization

Irreversible tissue injury during myocardial ischemia–reperfusion involves necrosis and

Bcl-2/caspase-dependent apoptosis. In mammalian cells, the latter is activated by release of

cytochrome c and other pro-apoptotic factors from the mitochondrial inter-membrane space

and cristae, and requires MOMP. Whereas matrix swelling due to MPT may cause OM

rupture and release of pro-apoptotic factors including cytochrome c [12], this is probably not

the major pathway as apoptosis requires energy for completion, and typically proceeds

without OM rupture or loss of the inner membrane potential, at least during the early stages

[114]. Translocation of pro-apoptotic proteins, Bax and Bid, from sites within the cytoplasm

to the mitochondrial OM, and conformational changes of Bak within the OM are classical

steps that lead to MOMP under most circumstances of intrinsic apoptosis [1–8,114]. Severe

impairment of MOMP and apoptosis by double but not single deletions of Bax/ Bak genes in
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mice confirmed essential but partially redundant roles for Bax and Bak [115,116].

Interestingly, neither Bax/Bak, MOMP nor cytoplasmic cytochrome c are required for

Bcl-2-dependent apoptosis in Caenorhabditis elegans or Drosophila melanogaster, perhaps

indicating a later acquisition of this step for apoptosis. The precise molecular mechanisms of

Bax/Bak/Bid-mediated MOMP are unclear and multiple alternatives have been proposed

that may operate simultaneously. Homo- or heterodimerization of Bax, Bak and possibly

Bid through BH3 domains may be a prerequisite for MOMP (reviewed in [2,3]).

Oligomerized Bax and/or Bak may induce MPOP by forming structural OM channels

[117,118] by causing lipid destabilization [3,118,119], or by associating with components of

the MPTP including ANT and VDAC. Alternatively or in parallel, activated Bax may cause

the dysregulation of mitochondrial fusion and fission, and ER stress (see below).

Mitochondrial fusion and fission occur continuously in eukaryotic cells and are required for

normal cell function and survival (reviewed in [120–122]). The process involves

morphological changes of the mitochondria, remodeling of the cristae and fusing together of

four lipid bilayers. Mitochondrial fusion in mammals requires GTPases, mitofusin1 and

mitofusin2 (Mfn1 and Mfn2), that are anchored to the OMM, and Optic Atrophy 1 (OPA1),

an inner membrane dynamin family GTPase. Mitochondria fission requires dynamin-like

protein 1 (DLP1/Drp1), a cytosolic GTPase, and fission protein 1 (Fis1) also anchored to the

OMM. Keys steps of fusion and fission are regulated by calcium-dependent kinases [120].

Irregularities of fusion and fission mediated by Bax, Bak and Bid may contribute to

apoptosis by promoting MOMP (reviewed in [121]). Fis1, Mfn1 and -2, and Drp1 are

recruited during Bax-induced apoptosis. Cells lacking Fis1 are defective in staurosporine-

induced translocation of Bax to the mitochondria, whereas cells lacking Drp1 translocate

Bax but are defective in cytochrome c release. Drp1 and Mfn2 colocalize with Bax and Bak

to the large foci on the surface of the OMM, and knockdown of Drp1 by siRNA or

overexpression of a dominant negative Drp1 inhibits mitochondrial release of cytochrome c

and apoptosis by Bax. BH3-proteins, tBid and Bik, also induce remodeling of mitochondria

that includes fusion of the cristae, opening of the intermembrane space and mobilization of

cytochrome c. tBid appears to work independently, whereas Bik localizes to the ER during

apoptosis where it promotes calcium release and activation of Drp1 to induce mitochondrial

remodeling. These proteins are also activated during ischemia–reperfusion and contribute to

mitochondrial dysfunction and autophagy. It was recently reported that Bax targeting of

OPA1 promoted cytochrome c release and apoptosis independently of MOMP [122].

Another important study demonstrated that fused mitochondria are more susceptible to

MPTP opening, suggesting that fission/fusion may regulate programmed necrosis, as well as

Bax-dependent apoptosis [123]. All of the components for mitochondrial fission and fusion

are present in cardiac myocytes [120] and while it has been demonstrated that these

processes are not essential for apoptosis to take place, it seems likely that they play roles in

modulating and in some cases amplifying the responses.

Purified Bax is able to form channels in artificial membranes [117,118]. This combined with

the description of a Bax-regulated, high-conductance, voltage-independent channel activity

in the OMM that exports cytochrome c lead some to suggest that Bax alone constituted a

MOMP channel [118,124]. While this is still a possibility, it is technically difficult to

confirm even in isolated mitochondria, and the concept remains speculative.

Regulation of infarction by mitochondrial permeability channels

Relative contributions of necrosis & apoptosis during AMI

An extensive body of evidence supports the contributions of apoptotic as well as necrotic

cell death to infarction, with the relative proportions reflecting at least in part the severity of

ischemia and degree of energy deprivation of the affected cells. Apoptosis is known to
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contribute to infarct expansion at the border zones of the infarct and in remote regions after

AMI, but it is unclear how much the apoptosis pathway contributes to acute infarction

[125,126]. Acute death during reperfusion is thought to be mainly by necrosis regulated by

the MPTP. Despite these distinctions, caspase inhibitors or reagents that interfere with

intermediates of apoptosis confer protection against infarction that is at least equivalent to

inhibitors of the MPTP. For example, reduction of acute infarction by 50% or more has been

demonstrated for pan-caspase inhibitors [127], inhibitors of PKC-δ [128,129],

overexpression of the apoptosis repressor with caspase recruitment domains [130,131],

inhibition of the pro-apoptotic mitochondrial serine protease Omi/HtrA2 [132,133], over

expression of IAPs [134], expression of a dominant negative form of death-associated

protein (Daxx) [135] and genetic deficiency of Bax or enhanced Bcl-2 [136,137]. There are

several possible interpretations: apoptosis contributes to 50% or more of acute infarction;

early apoptotic signals are required to initiate MPTP-mediated necrosis; and apoptosis and

programmed necrosis occur simultaneously in the same cells. Our group recently reported

that infarction of mouse hearts was significantly regulated by the activity of JNK-1 and

apoptosis correlated closely with infarct size [138]. It would be interesting to determine the

effects of combined apoptotic (MOMP) inhibitors and MPTP desensitizers (CsA) on acute

infarction.

Apoptosis requires energy, therefore energy-depleted cells in the center of an infarct become

necrotic, whereas less energy-compromised cells in the border zone are more likely to die by

apoptosis. Apoptosis may be initiated during ischemia, when the energy state is low, but

completed after reperfusion when the energy level is restored [139]. Conversely, early stress

signals may induce apoptosis that subsequently converts to necrosis if the energy level drops

[140]. Levels of apoptosis are quantified by staining and visualizing cells or tissues for

TUNEL, annexin-V, nuclear condensation and activated caspases. Nonapoptotic death is

most frequently identified by the loss of plasma membrane integrity, swelling and leakage of

enzymes. Using these techniques, Scarabelli et al. estimated maximal apoptosis rates for

endothelial cells and cardiac myocytes respectively of 40 and 8% after 35 min of ischemia

and 60–120-min reperfusion of rat hearts [141]. Using an in vivo annexin-V fluorescent

imaging technique, Dumont et al. reported that 20% of cardiac myocytes were undergoing

apoptosis after 30 min of ischemia and 90 min reperfusion of mouse hearts [142,143]. A

modification of this technique in which annexin-V was labeled with Tc99-m was consistent

with the presence of active apoptosis in the myocardial infarcts of patients after angioplasty

[144]. These studies support multiple previous reports that have described the simultaneous

presence of apoptotic and necrotic cell death during infarction in animal models and in

humans. It is clearly important to determine how necrotic and apoptotic death pathways are

activated and regulated during reperfusion. Bax/Bak-mediated apoptosis and MPTP-

mediated cell death respond to different levels of the same stress. For example, low doses of

arsenic trioxide promote apoptotic death that is dependent on Bax/Bak whereas higher doses

cause MPTP-dependent necrosis that is independent of Bax or Bak [145]. Arsenic stimulates

ROS production that can lower the threshold of the MPTP for calcium [146]. Low doses of

H2O2 or calcium ionophore stimulate Bax/Bak-dependent apoptosis, whereas high doses

induce MPTP opening and necrosis [12,147,148]. During myocardial ischemia–reperfusion

cardiac myocytes in the area at risk are subjected to a graded level of oxidative stress

determined in part by their distance from capillaries; myocytes closer to the capillaries

receiving the highest stress [141]. It seems possible that such a graded stress may contribute

to the independent initiation of necrotic and apoptotic pathways during reperfusion.

Regulation by Bcl-2 proteins

Bax/Bak have been labeled the ‘gateway to mitochondrial dysfunction and death’ [149]. The

tight relationship between Bcl-2 proteins and reperfusion injury is supported by many
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observations: Bax translocates to the mitochondria during ischemia and reperfusion

[150,151]; Bax−/− mice are resistant to ischemia–reperfusion injury displaying decreased

necrosis, apoptosis and reduced infarction [128]; Bcl-xL overexpression blocks Bax

translocation and reduces infarction [152]; defective MPTP opening in Bax−/− cells can be

rescued by reintroducing Bax, coincident with enhanced calcium mobilization [153,154];

and the MPT requires a higher calcium threshold in Bax/Bak double knockout cells [155]. In

addition to the possible role of Bax in directly regulating the MPTP, Bcl-2 proteins may

modulate pore opening indirectly through the mobilization of intracellular calcium and

loading of the SR [44–48]. Although Bax channels have not been described in the heart, a

recent study demonstrated a similar activity in ischemia-reperfused neurons by using Bax-

channel-specific inhibitors [156]. The inhibitors, named Bci1 and Bci2, were identified by

their property to block the activity of oligomeric Bax channels reconstituted into liposomes.

These inhibitors prevented cytochrome c release from neurons and protected the brain

against global ischemia when delivered by intraperitoneal injections during reperfusion.

The Bcl-2 family of programmed death regulators

At least 22 Bcl-2 family members that regulate programmed cell death pathways in response

to a wide variety of stimuli have been described. These proteins are usually associated with

cell membranes, particularly of the mitochondria, ER and nuclear envelope where they are

anchored by a COOH-terminal domain. Bcl-2 proteins contain regions of amino-acid

sequence similarity known as Bcl-2 homology (BH) domains; these domains promote

oligomerization between self and other Bcl-2 family members. Individual Bcl-2 family

members may remain in the cytosol or be loosely membrane-bound and translocate into the

membrane after a death signal is received (reviewed in [1–7]). The physical location and

activity of each Bcl-2 family protein is partly determined by its binding to other Bcl-2-

family proteins and scaffolds. This in turn is determined by the relative concentrations of

each protein and the balance of pro- and anti-apoptotic members is an important feature of

the regulation. The major function of the Bcl-2 family is to regulate the activity of

mitochondrial permeability (MOMP and MPTP) thereby determining programmed necrosis

and apoptosis. Bax and Bak are the principal effector pro-apoptotic Bcl-2 family members

and contain three BH domains (BH1–BH3). Bax is either loosely attached to the OMM or

sequestered in the cytosol through interactions with protein chaperones (reviewed in [1–7]).

Activation of Bax involves translocation into the mitochondrial membrane where it homo-

oligomerizes or interacts with other proteins to induce MOMP and release apoptogenic

proteins (Figure 5). The activation of Bax and Bak is regulated by the third class of Bcl-2

proteins that contain a single BH3 domain, known as BH3-only proteins. These proteins

sense and transmit the death stimulus, are regulated pre- and post-transcriptionally by

intermediate signaling molecules and transmit the signals of ischemia–reperfusion to the

death channels.

BH3-only proteins

Five BH3-only proteins including Bid, Bad, Bnip3, Bim and PUMA have been shown to

contribute to myocardial infarction caused by ischemia–reperfusion (reviewed in [2–7]).

Each of these proteins is a potential therapeutic target for reducing cell loss associated with

reperfusion injury, as well as the low level apoptosis that develops in the heart during failure

[157].

BID

Bcl-2 Interacting Domain (BID) is one of the most abundant and widespread mammalian

BH3-only proteins. It is strongly expressed during development and remains high in many

adult tissues including the heart. In healthy cells, Bid is cytosolic or loosely membrane-

associated and functionally inert (reviewed in [156,158]). It is cleaved at the N-terminus by
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caspase-8, granzyme B, or calpain creating an active form known as truncated Bid (tBid).

tBid translocates to the mitochondria where it mobilizes cytochrome c and other

apoptogenic proteins and facilitates their release through the OM, possibly by interacting

with Bax. Caspase-8 is part of the extrinsic death pathway and its cleavage of tBid allows

extrinsic pathway signals to cross-activate the intrinsic pathway thereby amplifying the

extrinsic death response. tBid-mediated apoptosis has been demonstrated to contribute

significantly to both neuronal and myocardial ischemic injury (reviewed in [158,159]).

Studies have shown that calpain (but not caspase) inhibitors prevented cleavage of Bid

during reperfusion of the heart, and significantly reduced infarct size [160]. Calpain

inhibitors have also been shown to slow heart failure progression in rats [156]. Owing to its

pleiotropic roles in both death pathways, Bid is an attractive therapeutic target. Inhibition of

Bid cleavage by selective calpain and caspase-8 inhibitors presents a strategy for acute and

possibly chronic protection against infarction and adverse remodeling. Calpain inhibitors are

under development for the treatment of other chronic conditions including Parkinson’s

disease and Duchenne muscular dystrophy [160,161].

BAD

Bcl-xL/Bcl-2 associated death protein (BAD) is another BH3-only protein that resides in the

cytoplasm in healthy cells and translocates to the mitochondria in response to death signals.

Like Bid, the BH3 domain of BAD mediates its death-promoting activities by binding and

neutralizing prosurvival Bcl-2 proteins and activating Bax and Bak (reviewed in [162]).

BAD is phosphorylated on Serines-112, -136 and -155 by growth factor and insulin-

dependent kinases including Akt, PKA and RSK1. Phosphorylated BAD is sequestered

away from the mitochondria through binding to the scaffold protein 14-3-3. Phosphorylation

of BAD by Akt is an important point of cross-talk between metabolic pathways and

programmed death. Akt is a central regulator of insulin signaling and protects the heart

against multiple stresses including oxidative stress and ischemia [163–166]. In addition to

BAD, the targets of Akt include FOXO transcription factors, caspases, glucose transport

proteins and the mTOR complex [165]. Akt phosphorylation is part of the IPC signaling

pathway and is probably an important component of the protection mediated by glucose,

potassium and insulin infusions [165,166]. A possible role for PKC-δ in the downregulation

of Akt and activation of BAD during ischemia–reperfusion was recently reported [167].

Using rodent and pig models, the authors demonstrated that infusion of a PKC-δ-selective

peptide at the onset of reperfusion activated Akt, blocked BAD translocation and reduced

infarct size, thereby identifying PKC-δ and BAD as possible clinical targets. Results of a

clinical trial, the DELTA-MI trial, were recently reported and indicated safety of the

procedure in patients but a nonsignificant reduction of infarction [168]. The disappointing

results may be related to dosing [169].

Bnip3

Bcl-xL or E1B 19K-binding protein (Bnip3) is expressed at low levels in most organs under

normal (nonischemic) conditions, but is induced by hypoxia and ischemia [7,55,170–173].

Bnip3 is an atypical BH3-only protein that drives an atypical death pathway. The BH3

domain only has a low homology with other BH3 domains and is not essential for the death

function. Deletion of the transmembrane domain eliminates the death function and converts

the remaining N-terminal portion into a dominant negative that is protective. The

components of the Bnip3-mediated death pathway are controversial with caspase-dependent

and independent pathways reported [54,174]. Bnip3 has the dubious distinction of

promoting cell death during both phases of ischemia–reperfusion injury. It is induced by

hypoxia and activated by acidosis [54] or reperfusion [175]. Our laboratory described the

dual roles of hypoxia and acidosis in activating Bnip3 and promoting a CsA-dependent

death pathway with apoptosis-like DNA fragmentation, but no caspase activation [54].
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Hypoxia and acidosis are integral features of ischemia and Bnip3 is strongly induced in

ischemic hearts. Hamacher-Brady et al. recently reported that Bnip3 was activated by

ischemia–reperfusion and mediated a classical intrinsic death pathway [175]. Bnip3 gene

ablation and overexpression studies were also reported by Diwan et al. [56]. Bnip3

overexpression in the heart mediates an age-dependent progressive dilated cardiomyopathy.

Infarct sizes after acute ischemia–reperfusion were similar in wild-type mice and mice with

heart-specific Bnip3 gene ablation; hovever, the Bnip3−/− hearts had less apoptosis in the

peri-infarct zone and preserved long-term cardiac functions post-MI. Other studies suggest

that Bnip3 may activate parallel pathways of apoptosis, necrosis, autophagy and mitophagy

that may protect or increase injury during ischemia–reperfusion [171,173]. Hamacher-Brady

et al. infused a cell permeant TAT-Bnip3-ΔTM (dominant negative) peptide at the time of

reperfusion and observed >50% reduction of infarct size with a parallel decrease of TUNEL-

positive cells [175]. Whether hypoxia alone is sufficient to induce and activate Bnip3 during

ischemia is not resolved. Diwan et al. reported that a second hit was not required in

transgenic mice that overexpressed Bnip3 selectively in the heart because they observed

significantly elevated apoptosis 2-month after birth without intervention, and the mice

eventually developed dilated cardiomyopathy and heart failure [56]. In unpublished results,

similar observations in the same transgenic mouse model created in our laboratory were

made [Thompson JW et al., Unpublished Data]. However our interpretation is different;

despite full activation of the Bnip3 transgene and >50-fold overexpression compared with

wild-type hearts at 2-weeks after birth, there was no evidence of cell death or deterioration

of function until 2–3 months. Even at this time TUNEL-positive cells were less than 0.5%,

only marginally higher than wild-types. Therefore, it seems possible that transgenic Bnip3 is

mostly quiescent, especially in the early stages (up to 2 months) and a second hit is required

for activation. Different microenvironments, perhaps related to the physical location of

myocytes within the heart and/or local microperfusion irregularities could provide a second

hit such as hypoxia, acidosis or increased oxidative stress that activates Bnip3 in selected

cells of these transgenic mice. A previous study suggested that skeletal muscle may be

protected from elevated Bnip3 by inactive sequestration [176]. Another recent study

reported that Bnip3 is induced during pressure-overload hypertrophy by JNK-1-mediated

activation of the transcription factor FOXO3a [177]. Apoptosis was implicated and the

hearts were protected by pharmacological or genetic suppression of Bnip3. Similar to

ischemia, pressure-overload hypertrophy is a complex condition whereby stress-related

signaling pathways are activated and heterogeneous microenvironments created that could

activate quiescent Bnip3. Regardless of the mechanisms of action that are still disputed, the

roles of Bnip3 in multiple death pathways and in multiple contexts of heart disease,

including ischemia, reperfusion, hypertrophy and failure, single it out as a potentially

important therapeutic target.

PUMA, NOXA & Bim

PUMA, NOXA and Bim are BH3-only proteins that are implicated in apoptotic pathways

involving the cell cycle, DNA damage and other cellular stresses associated with ischemia–

reperfusion [178]. PUMA and NOXA genes were identified as targets for the tumor

suppressor transcription factor p53 and were demonstrated to play roles in p53-mediated

apoptosis. PUMA can bind and sequester all of the prosurvival Bcl-2 proteins, whereas

NOXA binds only a subset and probably requires partners to induce death; both work by

activating Bax/Bak proteins [162,179]. PUMA and NOXA are transcriptionally activated by

all stimuli that activate p53, including DNA damage and oxidative stress [179,180]. Both

proteins also promote p53-independent death pathways; PUMA is activated by cytokine

deprivation, staurosporine, phorbol esters and conditions that induce ER stress [181]. NOXA

is activated by hypoxia through a 5′ promoter HIF-1-binding element [182]. PUMA is

implicated in the apoptotic death of neurons during stroke and cardiac myocytes during
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ischemia–reperfusion [183,184]. NOXA is induced by ischemia in the rat brain and

infusions of NOXA antisense oligonucleotides protect against infarction [182]. Changes in

the levels of NOXA expression in the heart have not been reported, however in unpublished

studies, work from this laboratory supported the possibility that the protein is present in the

mouse heart, and is induced by ischemia [Webster KA, Unpublished Data]. Pro-apoptotic

Bim is activated by ischemia–reperfusion and it was recently demonstrated that its

expression in the infarct border zone could be lowered by targeting micro-RNA-24

providing another possible cardioprotective strategy [185].

Conclusion

Myocardial infarction involves death by necrosis and apoptosis through pathways that are

substantially regulated by permeability changes of mitochondrial membranes. The CsA-

sensitive MPTP and Bax/Bak-regulated MOMP have emerged as central regulators of

preventable necrotic and apoptotic cell death and targets for reducing infarction. Classical

unregulated necrosis and hyperactive autophagy may also contribute to cell death during

infarction, and mitochondrial morphological changes including remodeling of the cristae,

fission and fusion are involved in modulating each pathway. Calcium and ROS are still

thought to play central roles in initiating all cell death pathways (Figure 6). Technically it

has become difficult to separate the two individual pathways because infarction following

ischemia–reperfusion is a complex and dynamic process and apoptosis, necrosis and

autophagy may be activated simultaneously, possibly in the same cells. Despite large gaps in

our knowledge of the cell death pathways, sufficient data are available to allow patient

testing of new cardioprotective approaches targeting MOMP and MPTP, delivered at or

prior to reperfusion (reviewed in [3]). While minimizing the time to reperfusion is still the

primary goal, recent trials have tested the MPTP blocker CsA [100], and mimics of ischemic

preconditioning or postconditioning (reviewed in [3]). Such trials may be expanded to

include interventions at the level of BH3-only proteins, of which Bnip3 may be an exciting

candidate. Many uncertainties exist regarding the mechanism, and early results, for example

from the CsA [100] and DELTA-MI trials [170,171], confirm the trends of multiple

previous AMI interventions (e.g., postconditioning, antioxidants anti-inflammatory agents)

that major cardioprotection observed in preclinical trials does not translate well into patient

treatments. Efficacy may be substantially influenced by the severity of the existing ischemia,

baseline medications and comorbid conditions. There are reports that apoptosis continues for

extended periods after a myocardial infarction, with loss of myocardium continuing for

several months. Chronically enhanced NO availability, orally active calpain inhibitors, other

CsA derivatives and/or Bax channel blockers may help prevent the chronic loss of myocytes

post myocardial infarction.

Future perspective

Ischemic cardiovascular disease continues to be a major global cause of morbidity and

mortality. Salvage of tissue by interventions delivered at or before reperfusion that target

programmed death is still the major objective of research in this area. We are likely to see

additional trials of compounds based on preclinical results of pre- and postconditioning, as

well as candidate molecules for blocking programmed death pathways. These may include

volatile anesthetics, other NOS regulators (sildenafil), calpain inhibitors and interventions at

the level of BH3-only proteins. Experience from clinical trials cautions that we can

anticipate the recurrence of disappointing outcomes in many cases [3]. Gene therapy and

stem cell therapy will be added to pharmacology. Bnip3 is an exciting target for gene

therapy owing to its reported activity in multiple death pathways and multiple forms of heart

disease including ischemia, postinfarct remodeling, pressure overload hypertrophy and heart

failure. A recent report that cardiac stem cell infusions markedly improved the function of
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post-infarcted myocardium, perhaps by promoting repair, may be the most promising

approach for the treatment of heart failure to date [186]. This combined with new

pharmacology and other biotechnological approaches; peptides, siRNA, micro-RNA and

gene therapy will be pursued aggressively, and will probably provide positive clinical results

within the next 10 years.
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Executive summary

Overview of death pathways activated during acute myocardial infarction

• Classical necrosis

– Caused by energy failure, irreversible.

• Programmed necrosis

– Associated with reperfusion, possibly preventable.

• Extrinsic apoptosis

– Inflammatory response, possibly preventable.

• Intrinsic apoptosis

– Major programmed death pathway, possibly preventable.

• Autophagy

– Initially protective but over-activation may initiate programmed cell

death.

Normal calcium and reactive oxygen species handling, and dysregulation by
ischemia–reperfusion

• Normal calcium handling by the plasma membrane, sarcoplasmic reticulum and

myofilament

– Calcium fluxes are tightly regulated during normal excitation–

contraction coupling by L-type Ca2+ channels, ryanodine receptors,

SR-calcium ATPase channels and the sarcolemmal calcium ATPase.

Regions of high calcium flux between the sarcolemma and the SR are

known as Ca2+ microdomains.

• Calcium handling during ischemia–reperfusion

– Defective calcium handling causes reversible and irreversible

myocardial injury and is a primary therapeutic target.

• Mitochondrial transients in the junctional cleft

– Mitochondria in the junctional cleft cycle calcium in synchrony with

contraction cycle and this contributes importantly to myocardial

bioenergetics.

• Oxidative stress of reperfusion

– Reperfusion causes more than an order of magnitude increase of

electron leakage by mitochondria and reactive oxygen species (ROS)

production. ROS generators include ubiquinone–ubiquinol mobile

electron carriers known as coenzymes Q10.

• Hypercontracture and cell death during acute myocardial infarction (AMI)

– The links between defective calcium handling, elevated ROS and

contracture are compelling, as are the links with defective

mitochondrial function, membrane permeabilization and programmed

cell death.

Death channels
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• Mitochondrial permeability transition pore (MPTP) structure and mechanism

– No structural component has been identified as essential for activity of

the MPTP. Modulatory roles have been described for the voltage-

dependent anion channel, adenine nucleotide translocase and phosphate

ion channel. Accessory proteins include cyclophilin D, hexokinase-II

and the peripheral-type benzodiazepine receptor.

• MPTP opening by calcium and ROS

– MPTP opening by elevated calcium and ROS correlates with the extent

of infarction. The MPTP may fluctuate rapidly between open and

closed states in intact cells.

• Mitochondrial outer membrane permeabilization (MOMP)

– Homo- or hetero-dimerization of Bax, Bak, and possibly Bid through

BH3 domains may be a prerequisite for MOMP. There are established

roles for mitochondrial fission and fusion. The molecular mechanism

of MOMP opening is still unclear.

Regulation of infarction by mitochondrial permeability channels

• Relative contributions of necrosis and apoptosis during AMI

– During AMI, cardiac myocytes are subjected to a graded level of

oxidative stress determined by their distance from capillaries. This may

cause independent initiation of necrotic and apoptotic pathways in

different regions during reperfusion.

• Regulation by Bcl-2 proteins

– Pro-apoptotic Bax and Bak are normally in equilibrium with Bcl-2 and

Bcl-XL that prevent MOMP. Cellular insults disturb the equilibrium

allowing Bax and Bid translocation, Bak conformational change and

activation of the intrinsic death pathway.

• Overall regulation by BH3-only proteins

– Five BH3-only proteins Bid, Bad, Bnip3, Bim and PUMA may

contribute to myocardial infarction during AMI. Bnip3 promotes cell

death during both phases of ischemia–reperfusion, as well as in

association with pathological hypertrophy and heart failure.

Conclusion and future perspective

• MPTP and MOMP have emerged as central regulators of ‘preventable’ necrotic

and apoptotic cell death and are major therapeutic targets for reducing

infarction.

• During the next decade, pharmacological preconditioning agents will be

combined with gene therapy, microRNA manipulation and stem cells.
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Figure 1. Calcium transients in sarcoplasmic reticulum and junctional cleft mitochondria
Calcium enters the cardiac myocyte at the beginning of the contraction cycle through LTC.

This calcium diffuses through the myocyte to interact with the RyRs on the SR. The SR is a

calcium storage organ and stimulation of the RyRs by calcium causes massive calcium

release from the SR, which is channeled to muscle fibers where it initiates contraction. At

the end of the contraction cycle, calcium is pumped back into the SR by a calcium pump

called SERCA. The calcium that originally entered through the LTC is transported back out

of the myocyte in exchange for sodium by the NCX exchanger in the sarcolemma. This

causes net entry of sodium that can be removed in exchange for protons through the NHE

exchanger. Calcium fluxes are highest in the JC between the SR and sarcolemmal

membranes, known as a calcium microdomain. Mitochondria are also at high density within

the JC and transport calcium in parallel with the calcium transient. Calcium is taken up by

mitochondria through an mCU that normally operates in unison with a Na+/Ca2+ antiporter

to maintain calcium homeostasis.

JC: Junctional cleft; LTC: L-type calcium channels; mCU: Electrogenic importer; NCX:

Sodium calcium exchanger; NHE: Sodium-proton exchanger; RyRs: Ryanodine receptor;

SERCA: Sarcoplasmic reticulum calcium ATPase; SR: Sarcoplasmic reticulum.
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Figure 2. Calcium imbalance during ischemia–reperfusion causes mitochondrial swelling
Glycolysis is activated by ischemia and produces excess intracellular acid. The protons are

pumped out of the cell in exchange for sodium by the NHE. Sodium in turn is pumped out

by reversal of the NCX causing net accumulation of calcium. Calcium is immediately taken

up by the mCU. mCU activity is normally balanced by the mitochondrial NCX, but this

balance fails during ischemia and calcium accumulates followed by phosphate and water

causing mitochondrial swelling.

LTC: L-type calcium channels; mCU: Mitochondrial uniporter; NCX: Sodium calcium

exchanger; NHE: Sodium-proton exchanger; SR: Sarcoplasmic reticulum.
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Figure 3. Generation of superoxide by the electron transport chain
Ubiquinone is a lipid-soluble electron carrier that can accept electrons from complexes I–III

generating QH2 that diffuses in the membrane and can donate electrons to cytochrome c or

oxygen. The ubiquinone–QH2 pool is the major source of oxygen free radicals generated by

the electron transport chain. Under ischemic or hypoxic conditions electrons cannot exit the

electron transport chain and there is an electron back-up that causes the pool of QH2 to

increase. When oxygen returns during reperfusion, electrons leak from QH2 to oxygen

causing massive production of superoxide. It has been proposed that superoxide activates an

IMAC through which superoxide radicals can exit the mitochondria. Reactive oxygen

species may also collapse the membrane potential and open the mitochondrial permeability

transition pore.

IMAC: Inner membrane anion channel.
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Figure 4. Mitochondrial death channels
Proteins associated with the MPTP include VDAC, ANT and CypD. The IMAC and

phosphate ion channels have also been implicated. Structural elements of MOMP has not

been defined structurally, but channel activity is regulated by interactions of Bax, Bak and

tBid; some studies implicate VDAC as a component of MOMP while others suggest that

Bax not only regulates MOMP, but may also be a structural component. Mitochondrial

permeability transition and MOMP are induced by calcium and oxidative stress and Bcl-2

proteins may regulate both. Some reports suggest that VDAC and ANT bridge the IM and

OM by interacting at contact points. Other reports suggest that neither ANT nor VDAC are

required for MPTP function but both ANT and CypD regulate MPTP opening. The MPTP

opens under conditions of ischemia–reperfusion when matrix calcium and reactive oxygen

levels increase. Cytochrome c release from the intermembrane space and ICS triggers

apoptosis by activating the apoptosome, followed by caspase and DNAse activation.

Approximately 15% of total cytochrome c is in the IMS and the rest is in the ICS; membrane

fission and fusion events regulated in part by Bax and tBid are required for efficient release

of cytochrome c. Low matrix pH inhibits the opening of the MPTP when ΔTM is dissipated

but a low pH induces MPTP opening in energized mitochondria.

ΔTM: Membrane potential; ANT: Adenine nucleotide translocase; BDR: Benzodiazepine

receptor; CypD: Cyclophilin D; ICS: Intercristal space; IM: Inner membrane; IMAC: Inner

membrane anion channel; IMS: Inter-membrane space; MAC: Membrane anion channel;

mCU: Mitochondrial uniporter; MOMP: Mitochondrial outer membrane permeability;

MPTP: Mitochondrial permeability transition pore; OM: Outer membrane; PiC: Phosphate

ion channel; ROS: Reactive oxygen species; VDAC: Voltage-dependent anion channel.
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Figure 5. Induction and activation of Bcl-2 proteins during ischemia and reperfusion
Ischemia causes hypoxia, inhibition of mitochondrial electron transport and transcriptional

induction of Bnip3, PUMA and Noxa. During ischemia, ATP levels and intracellular pH

decrease, cytosolic calcium increases and the MAPKs, ERK and p38 are activated. The

Bnip3 death pathway is activated by hypoxia-acidosis and can be blocked by neutralization

of pH or inhibition of the mitochondrial pore. Calcium accumulates in mitochondria during

ischemia. Reperfusion activates electron transport and stimulates ROS and further calcium

uptake. Post-ischemic stunning and cardiac myocyte death are both linked to elevated ROS

and calcium. Multiple kinases are stimulated further by reperfusion. BH3-only proteins

activated during ischemia–reperfusion include Bnip3, tBid, BAD and PUMP and NOXA.

Block bars indicate possible points for therapeutic intervention to inhibit programmed cell

death.

ER: Endoplasmic reticulum; OM: Outer membrane; ROS: Reactive oygen species; SR:

Sarcoplasmic reticulum.
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Figure 6. Summary of events leading up to myocardial infarction
Ischemia causes dysfunctional calcium handling such that calcium accumulates in the

sarcoplasm and is taken up by mitochondria, followed by phosphate and water causing

swelling. Reperfusion causes additional calcium and other ionic disturbances, and further

uptake and swelling of mitochondria and ROS release that favors opening of the CypD/

adenine nucleotide translocase-dependent MPTP. A series of parallel events including

protein damage, ER stress, kinase activation, remodeling of the cristae and changes in

mitochondrial fission and fusion may cause the release of sequestered BH3-only proteins,

activation of pro-apoptotic Bak and Bax with increased MOMP, release of cytochrome c and

other pro-apoptotic factors. Autophagy may be activated in parallel and excess autophagy

may promote cell death by necrosis and/or apoptosis or an undefined pathway. Bax feedback

may enhance remodeling of cristae and fission/fusion events and amplify death pathways.

Changes of Bcl-2 proteins may regulate MOMP as well as MPTP, and primary cell damage

can induce inflammation that activates extrinsic apoptosis. All of these evens may occur at

different stages or simultaneously in the same dying cells and all contribute to infarction.

CypD: Cyclophilin D; ER: Endoplasmic reticulum; MOMP: Mitochondrial outer membrane

permeability; MPTP: Mitochondrial permeability transition pore; ROS: Reactive oxygen

species.
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