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Abstract Myocardial ischemia is the main cause of death
in the Western societies. Therapeutic strategies aimed to
protect the ischemic myocardium have been extensively
studied. Reperfusion is the definitive treatment for acute
coronary syndromes, especially acute myocardial infarc-
tion; however, reperfusion has the potential to exacerbate
tissue injury, a process termed reperfusion injury. Ische-
mia/reperfusion (I/R) injury may lead to cardiac arrhyth-
mias and contractile dysfunction that involve apoptosis and
necrosis in the heart. The present review describes the
mitochondrial role on cardiomyocyte death and some
potential pharmacological strategies aimed at preventing
the opening of the box, i.e., mitochondrial dysfunction and
membrane permeabilization that result into cell death. Data
in the literature suggest that mitochondrial disruption dur-
ing I/R can be avoided, although uncertainties still exist,
including the fact that the optimal windows of treatment
are still fairly unknown. Despite this, the protection of
cardiac mitochondrial function should be critical for the
patient survival, and new strategies to avoid mitochondrial
alterations should be designed to avoid cardiomyocyte loss.
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Ischemia/Reperfusion-Induced Cardiac Damage

Heart diseases are nowadays an important health problem
in our society, especially in developed countries where
such diseases constitute a leading cause of death. It is
known that heart diseases cause more incapacity and eco-
nomic losses in industrialized countries than any other
group of diseases. Myocardial ischemia is one of the most
notable in this kind of diseases. A shortage of oxygen and
nutrients supply to cardiac cells due to a coronary perfusion
insufficiency (ischemia) followed by its reposition (reper-
fusion) causes serious cardiac tissue damage and can
compromise survival.

Myocardial ischemia can occur under several forms and
persist for a few seconds or minutes (angioplasty or
angina), for hours (cardiac surgery or transplantation) or
for years (chronic ischemia) [1]. Independently of the way
it is manifested, myocardial ischemia is characterized by a
marked imbalance between the provision of oxygen and
nutrients to myocardial cells and their needs. The imbal-
ance may arise for any of the three following reasons: (a)
an increase in the myocardial demand for oxygen and
nutrients (demand ischemia), (b) a decrease in the supply
of oxygen and nutrients (supply ischemia) and (c) a mixed
situation in which the above two factors are simultaneously
present (cardiac surgery or transplantation). Whatever is
the underlying mechanism, when such an imbalance of
supply and demand occurs, biochemical and physiological
repercussions can even result in cell death [2].

The series of biochemical phenomena by which myo-
cardial ischemia can lead to functional depression of
myocardial contractility is not yet fully understood. One
possibility is that I/R is associated with increased oxidative
stress in the myocardium, especially occurring during the
reperfusion phase, when the affected tissue is suddenly
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confronted with a burst of oxygen [3, 4]. The role of cell  autophagy are considered forms of programed cell death
and in particular mitochondrial oxidative stress in I/R  that involve the activation of regulated pathways leading to

pathophysiology [5] is demonstrated by the use of trans-  cell death while necrosis is considered an irreversible and
genic mice, which overexpress several key antioxidant  non-regulated process of cell killing [17]. Cardiac apop-
enzymes, including mitochondrial glutaredoxin-2 [6],  tosis is a cellular death program extremely regulated and
mitochondrial manganese-dependent superoxide dismutase ~ with great efficiency, involving an interaction of innu-
[7], catalase [8] or glutathione peroxidase [9]. merous factors. Loss of cardiomyocytes via apoptosis is

The role of mitochondria in I/R damage, including the  believed to contribute to the continuous decline of ven-
role on the modulation of cardiomyocyte life and death has  tricular function during I/R. Cardiac myocytes are termi-
been widely explored, although several doubts still remain. nally differentiated and are not replaced after loss. With

In a metabolically hyperactive tissue such as the heart,  fewer myocytes, the ability of the myocardium to sustain
mitochondria play a very important role in the energy  contractile function may be compromised [18].
supply for the myocyte [10]. Cardiac cells have two dis- Autophagy plays a critical and seemingly double role in

tinct mitochondrial populations, one beneath the plasma  cardiomyocytes, being implicated as a mechanism for both
membrane and the other between the myofibrils, which  cellular survival during I/R injury and cell death when
present differences regarding calcium accumulation and  repaired of the injured myocardium is impossible [19].
respiratory activity [11-13]. Such spatial organization = Many studies have reported that autophagy is upregulated
warrants that different needs in terms of energy of distinct ~ during myocardial I/R [20], while other studies reported
cell spaces are met with proper delivery. Interestingly, it  that after cardiac I/R, many of the autophagosomes con-
has been reported that both cardiac mitochondrial sub-  tained mitochondria [21]. Although several doubts remain,
populations differ in their resistance to I/R. For example, it  the upregulation of autophagy in response to I/R stress may
has been described that sub-sarcolemmal mitochondria are ~ serve as a protective response by removing damaged
more susceptible to ischemia-induced loss of cardiolipin ~ mitochondria, thus preventing activation of apoptosis.
[14], which explains the reported inhibition of mitochon-
drial complex IV [15] and the mitochondrial adenine
nucleotide translocator [16] activity in that mitochondrial =~ Apoptosis and Ischemia/Reperfusion Cardiac Damage
subpopulation during I/R.

There is evidence that multiple pathways of cell ~ As described earlier, apoptosis is a highly regulated,
death participate simultaneously in promoting mitochon-  energy-requiring process that follows well-defined time-
dria-mediated cardiac damage (Fig. 1). Apoptosis and  dependent signaling pathways, resulting in cell shrinkage,
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changes in plasma membrane, proteolysis of intracellular
proteins, loss of mitochondrial function and DNA frag-
mentation (Fig. 2). The immediate objective of apoptotic
signaling pathway is the activation of pro-caspases and the
“safe” dismantling of intracellular components. Apoptosis
is mediated by two central pathways: one that occurs in
response to activated death receptors present in the cell
surface (extrinsic pathway) and another that occurs in
response to signals originated inside the cell and which
involve mitochondria as either an initiator or a magnifier of
apoptotic signals (intrinsic pathway) [22]. The extrinsic
pathway is triggered by the linkage of specific ligands to
one group of membrane receptors that belong to the tumor
necrosis factor receptor family («TNF) or Fas receptor
[23].

Mitochondria are deeply involved in the intrinsic
apoptotic signaling. As it will be discussed later on, protein
release from mitochondria, including cytochrome ¢, may
be associated with the opening of the mitochondrial per-
meability transition pore (MPTP) located at contact sites
between the inner and outer membranes [24]. The key step
in the intrinsic pathway is a disturbance in mitochondrial
membrane permeability (Fig. 3) that is regulated by a
variety of pro-apoptotic and anti-apoptotic Bcl-2 proteins
such as Bax, Bad and Bid, or Bcl-2, respectively. The
mitochondrial release of cytochrome ¢ leads to the apop-
tosome formation, a macromolecular complex that includes
cytochrome c itself, Apaf-1, dATP and pro-caspase-9 [25].

Fig. 2 Mitochondrial

It has been described that myocardial apoptosis is
dominant in the pathogenesis of cardiac I/R and in the
maintenance of persistent myocardial dysfunction after
reperfusion. Prolonged periods of myocardial ischemia are
related with an increase in necrosis rate, whereas reperfu-
sion leads to enhancement of apoptosis [26]. During
reperfusion, the energy required for sequential apoptosis
steps is supplied because oxygen and glucose supply are
restored. As metabolic processes are restored, ATP
becomes available and the apoptotic cascade may proceed
[27]. Genetic approaches and pharmacological studies
suggest that cardiomyocyte apoptosis plays a crucial role in
the pathogenesis of many cardiac syndromes and patholo-
gies. For instance, the inhibition of cardiac myocyte
apoptosis reduces infarct size up to 50-70% and decreases
cardiac dysfunction after I/R [28, 29].

There are very distinct published results concerning
ischemia and I/R-mediated apoptosis. In various animal
models of I/R, it was shown that apoptosis is not signifi-
cantly active during prolonged ischemia, but it is acceler-
ated by reperfusion [30-32]. In other studies, the first signs
of apoptosis were detected as early as after 10 min of
ischemia reaching maximal levels at 30—60 min of ische-
mia with further increase [33] or no change [34] at reper-
fusion. Caspase activation is detectable after 30 min
ischemia, while DNA fragmentation is detectable after
60 min, while both parameters increase during reperfusion
[35, 36]. Also important is the comparison between in vitro

mechanisms of cell dysfunction
and key events in cardiac I/R
injury. The fate of mitochondria
determines the fate of the cell.
Ischemia leads to ATP
dissipation, with consequent
rises in cell Ca®" and Pi. On
reperfusion, these three factors,
together with oxidative stress,
trigger MPTP opening. If
widespread, MPTP opening
results into ATP depletion and
cell necrosis. If MPTP opening
is more limited enabling the cell
to maintain sufficient ATP, then
outer membrane rupture leads to
apoptosis. The degree of MPTP
opening may determine the
balance between necrotic and
apoptotic cell death and whether
it might leads to contractile
dysfunction at reperfusion
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Fig. 3 Mitochondrial apoptotic signaling during cardiac I/R injury.
The Bcl-2 family of proteins function primarily to protect or disrupt
the integrity of the mitochondrial membrane and control the
mitochondrial release of pro-apoptotic proteins such as cytochrome
¢, AIF and Smac/DIABLO. Anti-apoptotic Bcl-2 members (Bcl-xL)
protect the mitochondrial membrane. In response to ischemia injury,
these anti-apoptotic proteins engage another set of pro-apoptotic
proteins of the Bax subfamily (which includes Bax, Bak), normally
loosely residing in the mitochondrial outer membranes or in the
cytosol. The interaction between Bak and Bax proteins results in
oligomerization and insertion into the mitochondrial membrane of the
complete complex. Bax is located in the cytosol of healthy
cardiomyocytes, although some Bax exist in mitochondria, where it
is believed to be heterodimerized (and inactivated) by binding to anti-
apoptotic Bel-xL. In response to death stimulation, Bax undergoes a
conformational change that triggers its translocation and insertion into
the outer mitochondrial membrane, leading to the permeabilization of
the outer mitochondrial membrane and release of pro-apoptotic

and in vivo studies. For instance, apoptosis was evident
after only 50 min ischemia in isolated perfused hearts
while in an in vivo preparation, apoptosis was first noted
6 h after ischemia [37].

Increased generation of free radicals without concomi-
tant increase in antioxidant protection has been shown to
induce apoptosis during I/R [38]. The resulting oxidative
stress leads to peroxidation of the phospholipid cardiolipin
in the inner mitochondrial membrane, which contributes to
induce cytochrome c release from the inner mitochondrial
membrane (IMM) to the extramitochondrial environment
and trigger apoptosis [39].

In sum, cardiomyocyte injury and death following I/R
injury, which can occur by apoptosis, is an important cause
of morbidity and mortality. The role and clinical impact of
apoptosis need to be further assessed to allow the
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proteins. Bcl-2 has been demonstrated to reduce the rate of ATP
consumption during ischemia by inhibiting the F1Fo-ATPase. A new
role for the Bcl-2 family proteins is emerging as regulators of
mitochondrial energetics. During ischemia, when mitochondrial
electron transport and mitochondrial ATP generation are inhibited
because of lack of oxygen, the F1Fo-ATPase runs in reverse and
pumps protons out of the matrix while glycolytic ATP is consumed in
an attempt to restore the mitochondrial membrane potential. The
functional interplay of the Bcl-2 protein family controls the induction
of the intrinsic pathway of apoptosis. Transcription-dependent and
transcription-independent p53 activities converge at the mitochondria.
While nuclear p53 via its transcriptional activity induces expression
of the BH3-only proteins PUMA, Noxa and Bid, cytosolic or
mitochondrial p53 via transcription-independent mechanisms directly
activates Bax/Bak and neutralizes the anti-apoptotic effect of Bcl-2/
Bcel-xL. ETC.—Electron transport chain. — Stimulatory/Activating
effect; - Translocation events and L Inhibitory effect

development of more effective therapies to prevent myo-
cardial damage during I/R. Such therapies must prevent
mitochondrial dysfunction in order to preserve myocardial

physiology.

The Mitochondrial Pathway in Ischemia/Reperfusion-
Induced Cardiac Cell Death

Mitochondrial Dysfunction During I/R

During ischemia, an overall deterioration of cardiac cell
function occurs, which is assessed by the loss of intracel-
lular components, including proteins such as troponins and
lactate dehydrogenase [40]. Intracellular levels of ATP are
also reduced, while ADP, AMP and phosphate levels
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increase as mitochondria hydrolyzes ATP during ischemia
in a futile attempt to preserve the mitochondrial membrane
potential [40]. Ischemia has already been shown to damage
several mitochondrial components, including proteins
involved in oxidative phosphorylation and membrane lip-
ids, which may predispose mitochondria for increased free
radical generation [41] during reperfusion. Although
mitochondria generate reactive oxygen species (ROS)
during normal physiological conditions [42], it is accepted
that during cardiac reperfusion, the production of ROS is
greatly increased as a sudden supply of oxygen becomes
available to the reduced components of the respiratory
chain [43]. Also, a decrease in internal antioxidant defenses
including superoxidase dismutase, glutathione peroxidase
and reduced glutathione occurs during reperfusion, which
further exacerbates oxidative stress [44]. Nevertheless, it is
considered that a small amount of oxygen free radical
production may also occur during ischemia, probably due
to the existence of “oxygen pockets” in the cardiac tissue
[45]. Several sources of free radicals during I/R include the
mitochondrial respiratory chain, the oxidation of cate-
cholamines, neutrophils or the enzyme xanthine oxidase
[38]. From increased ROS production and decreased effi-
cacy of antioxidant defenses, oxidative alterations to bio-
molecules occur. One consequence is protein oxidation,
particularly in the respiratory chain, leading to structural
alterations and consequent inhibition of mitochondrial
respiration, with consequent decreased ATP synthesis [46].
Besides oxidative damage per se, reperfusion has also a
negative impact on intracellular pH and Ca®" homeostasis.
Excessive influx of Ca®" into the mitochondrion during
reperfusion can also lead to inhibition of oxidative phos-
phorylation and increased permeability of the IMM by
means of increased mitochondrial permeability transition
[24].

Calcium, the Permeability Transition Pore and Cell
Death

Various studies have shown that apoptosis is preceded by
alterations in the mitochondrial membrane that result in the
loss of the normal electrochemical gradient and lead to the
phenomenon known as the mitochondrial permeability
transition (MPT) [47], production of ROS and release of
apoptotic factors, such as cytochrome ¢ and the apoptosis-
inducing factor (AIF), into the cytosol [48, 49]. Two
mechanisms have been proposed to explain the release of
cytochrome c¢ from the mitochondrial intermembrane
space. The first mechanism implies the MPT, with conse-
quent rupture of the outer mitochondrial membrane
(OMM) after mitochondrial swelling, together with loss of
transmembrane potential and loss of several molecules
[47]. The second mechanism is the passage of cytochrome

¢ and other pro-apoptotic proteins through specific pores
formed from complexes between pro-apoptotic proteins,
such as Bax, and the voltage-dependent anion channel
(VDACQ), at the OMM. It is thought that some pro-apoptotic
signals may induce the translocation of Bax to mitochondria
and/or the activation of Bax by another pro-apoptotic pro-
tein, Bid (Fig. 1). In either case, this mechanism does not
require any change in the properties of the IMM [50]. The
precise nature of the MPTP is still poorly understood, but a
classic model implies a complex between the VDAC, ade-
nine nucleotide translocator (ANT) and the matrix protein
cyclophilin D [51]. One important aspect of the MPT is that
it may play a central role in cell death by either necrosis or
apoptosis, depending on the extension of the phenomenon
in the cell population, which determines the availability or
unavailability of energy to activate the caspase pathway
[52, 53]. It has been demonstrated that the MPT can be
induced by conditions that may occur during I/R, such as
the accumulation of inorganic phosphate, oxidation of
pyridine nucleotides, oxidative stress, decrease/oxidation of
GSH and lower matrix pH [24]. Although MPTP opening is
strongly inhibited by acidosis during ischemia, it is favored
by ATP depletion, oxidative stress and high intramito-
chondrial Ca®* concentrations, conditions all concurrent
during myocardial reperfusion [24]. Another critical agent
in the induction of apoptosis is Ca®". In the heart tissue,
physiological Ca*" spikes increase intramitochondrial Ca®"
concentration that acts as a signal for increased ATP pro-
duction because of several inter-connected mechanisms
[54]. However, a concerted action of the Na™/H™ (due to
increase in acidosis during the ischemic period) and Ca**/
Na® antiporters will cause cytosolic calcium overload
during the reperfusion phase as acidic intracellular pH
recovers toward normal values, causing a defective con-
tractile function and mitochondrial dysfunction, though
several pathways, including activation of the MPTP and
calpain stimulation [55, 56]. Interestingly, a novel player
involved in I/R mitochondrial dysfunction is ceramide,
which emerging data pointed out to excessively accumulate
in cardiac mitochondria after I/R [57].

Interaction of p53 and Bcl-2 Family Proteins
with Mitochondria in the Ischemic and Reperfused
Myocardium

It is known that cellular death may be directly activated by
p53 translocation to mitochondria [58]. The p53 protein is
capable of inducing apoptosis by a death receptor-inde-
pendent pathway involving the release of mitochondrial
cytochrome c¢. Upon stimulation that may result from
nuclear damage, p53 mitochondrial translocation occurs
very rapidly and precedes cytochrome c release, the
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collapse of the mitochondrial membrane potential and
caspase-3 activation [59]. Upon mitochondrial transloca-
tion, p53 can localize to the outer membrane, which can
prime mitochondria to collaborate in the cell program, once
pS3 transcription-dependent mechanisms are triggered
[60]. Mitochondrial p53 physically interacts with the Bcl-2
family member proteins Bcl-xL and Bcl-2 and antagonizes
their anti-apoptotic stabilization of the OMM [61]. Mito-
chondrial p53 also directly promotes the pro-apoptotic
activity of Bak [60] and directly induces Bak oligomeri-
zation [62], creating a pathway through the OMM that
leads to release of cytochrome ¢ and consequently the
caspases signalization activation. Hence, mitochondrial
p53 has a dual action of neutralizing anti-apoptotic mem-
bers as well as promoting the expression of pro-apoptotic
members of Bcl-2 proteins, which results in OMM per-
meabilization. However, the role of p53 in heart ischemia
remains somewhat controversial. Earlier studies reported
that p53 is dispensable for hypoxia-induced cardiomyocyte
apoptosis [63], whereas more recent studies demonstrated
that p53 inhibitor pifithrin-o attenuated I/R-induced infarct
size similarly to ischemic pre-conditioning [64, 65].
Another work observed a slight improvement of functional
recovery upon I/R in PUMA (p53-upregulated modulator
of apoptosis)—negative mice suggesting that, to some
extent, p5S3 might contribute to I/R injury [66].

In contrast to Bak, which constitutively resides at the
OMM, Bax is largely present in the cytosol in non-stressed
cells [67]. p53, as a transcription factor, transactivates a
large series of pro-apoptotic proteins from the Bcl-2 fam-
ily, in particular Bax, Bid, Puma, Noxa, with the latter two
capable of inducing the activation of Bax (Fig. 3). Upon
activation, soluble Bax in the cytosol undergoes confor-
mational changes, homo-oligomerizes and inserts into the
OMM, thereby inducing membrane permeabilization,
cytochrome c release and caspase-3 activation [67]. Other
studies showed that cytosolic p53 can directly activate Bax
and thereby induce apoptosis [68], although the exact
mechanism by which p53 directly activates Bax is still
under debate.

It is becoming evident that Bcl-2 family proteins play a
central role in regulating apoptosis in the cardiovascular
system. Pro- and anti-apoptotic Bcl-2 family proteins are
both expressed in the myocardium during development and
during adulthood. In the human heart, the ratio of pro- to
anti-apoptotic Bcl-2 proteins has been shown to shift
toward pro-apoptotic in various pathological processes
such as in ischemic heart disease [67].

Pro-apoptotic Bcl-2 proteins have been implicated in the
pathogenesis of various cardiac conditions, including I/R.
Bax has been reported to be activated in cardiac cells in
response to oxidative stress [69]. In healthy cells, Bax is
localized in the cytosol and upon a cell death signal, Bax
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rapidly translocates to mitochondria, whereas Bak is
already present in the mitochondria as an integral mem-
brane protein (Fig. 1, 3) [70]. Interestingly, Bcl-2 is also
considered to regulate the MPTP. For instance, Bcl-2 has
been shown to prevent permeabilization of the OMM by
inhibiting activation of Bax/Bak [71] and increase the
calcium threshold for MPTP opening in heart mitochondria
by blocking opening of the pore [72]. Capano and
Crompton [73] showed that Bax translocation to the
mitochondria during ischemia was dependent on AMP
activated protein kinase and p38 MAPK in neonatal cardiac
myocytes.

Anti-apoptotic Bcl-2 proteins have therapeutic potential
for heart disease, since they have been shown to protect
myocardial cells from several stressful events that occur
during I/R [29]. Among other relevant effects, Bcl-2 has
been shown to block p53-mediated apoptosis in cardiac
myocytes [74] and to not only stimulate Na't/Ca®"
exchanger expression in the sarcolemma but also attenuate
Nat/Ca®t exchange in mitochondria [72].

Moreover, transgenic mice overexpressing Bcl-2 in the
heart had fewer apoptotic cells, reduced infarct size,
improved recovery of cardiac function after I/R [75] and
attenuated phenotype in an animal model of cardiomyop-
athy [76]. One possible consequence of ischemia is the
inhibition of electron transport and mitochondrial genera-
tion of ATP and the F1Fo-ATPase running in reverse to
hydrolyze ATP, which limits the amount of energy avail-
able during I/R [77, 78]. Interestingly, Imahashi et al. [79]
reported that transgenic mice overexpressing Bcl-2 in the
heart showed a decreased rate of ATP decline during
ischemia as well as decreased acidification, suggesting that
Bcl-2 might provide myocardial protection by inhibiting
mitochondrial ATP hydrolysis. In addition, Bcl-2 has been
reported to play an important role in pre-conditioning.
Exposure of hearts to short cycles of I/R led to significant
induction of Bcl-2 expression [80], whereas reduction of
Bcl-2 levels via antisense oligonucleotides eliminated
delayed ischemic pre-conditioning [81].

Pharmacological Protection of Mitochondria During
Ischemia/Reperfusion

Besides self-defense mechanisms, several pharmacological
approaches (Fig. 4) have been developed to directly pre-
vent myocardial injury during I/R at the mitochondrial
level. Diet, exercise and other prophylactic conducts that
result in stress-induced protection can also modulate I/R-
induced mitochondria alterations and bring benefits during
I/R, although those topics will not be discussed here.

The objective of the present section is to provide a few
examples of strategies that can provide myocardial
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Fig. 4 Diagram of apoptosis and changes in mitochondrial physiol-
ogy caused by cardiac I/R and reference to some drugs that can
prevent the alterations. In healthy cardiomyocytes, ROS are kept at
harmless levels by the activity of both non-enzymatic and enzymatic
antioxidant systems. Among the former, a prominent role is played by
reduced glutathione (GSH), thioredoxin (Trx) and NAD(P)H. On the
other hand, glutathione- S-transferase (GST), glutathione peroxidase
(GPx) and the manganese-dependent superoxide dismutase (Mn-
SOD) represent redox-active enzymes. This delicate balance is
disrupted when apoptosis is induced, following distinct but sometimes
overlapping mechanisms. Aym dissipation is promoted by pro-
apoptotic stimuli as diverse as members of the Bcl-2 family of
proteins (Bax, Bak, tBid). p53 protein can block the action of some
anti-apoptotic Bcl-2 family proteins (Bel-xL). Ca*" and cytosolic
metabolites promote the opening of the MPTP with entrance of water
(H,0) and solutes and exit of H' ions. The activation of caspases may

protection during I/R, through a mitochondrial-mediated
effect. Figure 4 depicts the proposed mitochondrial
mechanisms of action of the drugs here mentioned, among
others also included.

Hemodynamic Drugs

Beta (f) adrenoceptor blocking agents have been shown
to have cardioprotective effects on ischemic and hypoxic
hearts, including attenuation of arrhythmias, and an
overall decrease in mortality in patients with ischemic
heart disease [82]. f-adrenoceptor blockers have also been
used as an alternative to cardioplegic arrest during coro-
nary artery bypass surgery to reduce ischemic damage
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degrade OXPHOS subunits. The progressive loss of Aym is often
accompanied by an increased generation of ROS and a decreased
ATP production, inducing the functional impairment of mitochondria,
by arresting oxidative phosphorylation and inducing the MPTP. This
scenario of a bioenergetic crisis that progressively leads the cell to
death can be prevented or moderated by some pharmacological drugs
during I/R. BB—Beta-adrenergic blockers; ACE inhibitors—Angio-
tensin I-converting enzyme inhibitors (positive effects clearly dem-
onstrated in chronic models; some studies appear to indicate harmful
effects in acute ischemia); Cca’* Antagonists—calcium channel
antagonists; ROS—reactive oxygen species; ATP—adenosine tri-
phosphate; MPTP—mitochondrial permeability transition pore;
NO—nitric oxide; K-ATP channel—mitochondrial ATP-sensitive
potassium channels. — Stimulatory/Activating effect; - Transloca-
tion events and L Inhibitory effect

[83]. p-blockers are thought to exert beneficial effects on
the ischemic heart by lowering myocardial oxygen con-
sumption as a consequence of reduced contractility and
heart rate [84]. The beneficial effects are also thought to
be due to their antioxidant properties [85]. Early studies
demonstrated that in animal models of ischemia, the
addition of propranolol to hearts previously to ischemia
preserved oxidative phosphorylation and Ca** homeosta-
sis [86]. Later studies showed that nebivolol exerted a
protective effect on recovery of cardiac mechanical
activity and on mitochondrial function during reperfusion
[87]. The same study failed into finding the same pro-
tective activity for atenolol in the isolated working rabbit
heart [87].
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A fair amount of work has been performed by our group
in one particular f3-blocker, carvedilol and in its ability to
provide protection of cardiac mitochondrial function.

Carvedilol is clinically used for the treatment of con-
gestive heart failure, mild-to-moderate hypertension and
myocardial infarction [88]. Carvedilol competitively
blocks f5;, f» and aj-adrenoceptors, thereby showing a
marked vasodilating property. Carvedilol induces a marked
reduction in infarct size in animal models of myocardial
ischemia, especially those in which ROS are important in
the development and expansion of the infarction area [89].
Of uttermost importance are carvedilol antioxidant prop-
erties, which are responsible for the additional cardiopro-
tection not shared by other f-adrenoceptor antagonists [90,
91]. The potential role of the antioxidant properties of
carvedilol in the prevention of apoptotic cell death has
been also reported [92, 93]. The protective effects of car-
vedilol on ischemic heart disease may be predominantly
from the protection of mitochondrial function [89, 94, 95].
Several published works demonstrated the effectiveness of
carvedilol as an antioxidant agent [88, 96]. Various
mechanisms have been put forward to explain carvedilol
antioxidant properties, including (a) direct inhibition of the
cytotoxic activity of ROS, (b) blocking of ROS inhibitory
effect on NO-mediated vasodilation, (c) prevention of
ROS-mediated activation of transcription-regulating fac-
tors such as NFkB, of oxidative stress-activated protein
kinases and (d) by indirectly preventing exhaustion of
endogenous antioxidant networks [89]. However, not all
authors accept that carvedilol acts through a mechanism
that involves direct inactivation of ROS; some consider
that carvedilol antioxidant action is due to its ability to
scavenge iron ions, which can exacerbate oxidative phe-
nomena [97]. Oliveira et al. has shown that carvedilol can
prevent the MPT in rat heart by inhibiting the formation of
high-conductance pores. The underlying mechanism
appears to be the prevention of oxidation of membrane
thiol groups, which are important in the formation of the
MPTP [94, 98, 99]. Besides the cardioprotective properties
described, members of our research team have reported that
carvedilol inhibits the exogenous NADH dehydrogenase in
rat heart mitochondria [100], which is described to play a
key role in the cardiotoxicity of doxorubicin [101]. In
agreement, we have published that carvedilol is able to
prevent doxorubicin-induced in vivo cardiac mitochondrial
toxicity [95]. Interestingly, it has also been described that
carvedilol inhibits mitochondrial complex I [96], although
the relevance of this effect on myocardial protection during
I/R is still subject to discussion. We have also demon-
strated that carvedilol behaves as a weak protonophore,
which is useful to decrease the amount of ROS produced
by the respiratory chain [102].
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As described earlier, calcium overload contributes to I/R
injury as it may induce excessive myofilament activation at
the moment of reoxygenation and in addition, the rise in
intracellular calcium contributes to an increase in mito-
chondrial calcium, which can cause the MPT, decreasing
mitochondrial ability to generate ATP, limiting metabolic
recovery of the myocyte. Also, a number of calcium-acti-
vated proteases may destroy critical intracellular structures
and mitochondria phosphorylative capacity [103]. Verap-
amil, as a type L-calcium channel blocker, minimizes cal-
cium-induced alterations, which may explain its classic
cardioprotective effect [104]. HO-4038, a novel verapamil
derivative, was recently described as significantly protect-
ing against I/R-induced cardiac dysfunction and damage
through the combined beneficial actions of calcium channel
blocking, antioxidant and pro-survival signaling activities,
which may involve mitochondria [105]. Diltiazem, another
calcium antagonist, has also been shown to prevent Ca*t
uptake in mitochondria, mitochondrial swelling, as well as
to preserve ATP levels in in vivo and ex vivo animal I/R
models [106, 107].

Angiotensin converting enzyme (ACE) inhibitors reduce
reperfusion arrhythmias and infarct size and result in
improved functional recovery. One example is captopril,
which exerts a protective role against I/R injury related
with free radical scavenging [108]. In animal models of
ischemia, captopril improves the respiratory control ratio
(RCR), which may be related to protection of reduced
protein thiol groups [109] or reduced ROS generation
[108]. In animal models of ischemic heart failure, contin-
uous administration of ACE inhibitors led to reduction in
blood pressure and left ventricular end-diastolic pressure
and limited the fall in cardiac output and ejection fraction.
In these animals, ACE inhibitors (Captopril, Enalapril and
Trandolapril) reversed the decrease in mitochondrial ATP
levels, creatine phosphate and creatine [110]. Interestingly,
in an animal model of prolonged acute ischemia, enalapril
had a negative effect on the activity of complex I reducing
the available energy charge [111]. These results appear to
confirm clinical findings showing that in contrast to chronic
ischemia, enalapril therapy started within 24 h of the onset
of acute myocardial infarction does not improve survival
during the 180 days after infarction [112].

A study in an ex vivo animal model submitted to global
acute ischemia allowed to better understand the mechanisms
of valsartan cytoprotection on mitochondrial function. Val-
sartan, an angiotensin II-type I receptor blocker, acts pref-
erentially in the mitochondrial phosphorylation apparatus,
increasing ATP/ADP ratios and decreasing the phosphory-
lative lag phase, which enables for a higher energy produc-
tion in hearts submitted to acute ischemia, in which energy is
critical to preserve mitochondrial function [113].
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Amiodarone, which is usually used as an anti-arrhyth-
mic, has also been shown to have cardioprotective prop-
erties based on mitochondrial effects. It has also been
demonstrated that amiodarone inhibits the activity of car-
nitine palmitoyltransferase-1, an enzyme involved in the
metabolism of fatty acids, a potentially harmful energy
substrate in situations of ischemia [114]. Amiodarone was
shown to prevent induction of the MPTP on heart mito-
chondria, while being toxic to mitochondria from other
tissues [115]. The same study demonstrated protection
against cardiac I/R damage in Langendorff-perfused heart
[115]. The different sensitivities of the tissues toward
amiodarone can be involved in the beneficial cardiac and
the simultaneous non-cardiac toxic effects of the drug
[115].

Metabolic and Mitochondrial Drugs

Recent advances in our understanding of cellular and
molecular biology of ischemia have identified a series of
molecules whose beneficial effect in ischemia is not asso-
ciated with significant alterations of cardiac hemodynam-
ics, one particular example being trimetazidine.

During ischemia, the oxidation of lipid substrates is
suddenly blocked, while it sharply increases during reper-
fusion, leading to the accumulation of various potentially
toxic metabolites that may alter Ca®" kinetics, leading to
arrhythmias, a process that can be inhibited by trimetazi-
dine [116]. Part of trimetazidine anti-ischemic effect may
be due to “metabolic shift”, i.e., the induction of prefer-
ential consumption of glucose and its metabolites in det-
riment of fatty acid oxidation [117]. By reducing the
accumulation of acylcarnitine and lipid oxidation during
reperfusion, trimetazidine reduces the quantity of harmful
metabolites derived from fatty acids, which compromise
cardiac function [118].

Several studies suggest that trimetazidine may also act
directly on different mitochondrial targets to improve the
organelle function [119]. In studies on isolated cardiac
myocytes, Guarnieri et al. found an increase in Ca®" uptake
by mitochondria [120]. According to the authors, the
finding suggests that one of trimetazidine mechanisms is
the increase in mitochondrial Ca®" levels, thus promoting
increased ATP synthesis [120]. In other studies performed
in an ex vivo animal model of prolonged acute ischemia,
trimetazidine was shown to increase the activity of com-
plex I, leading to more efficient O, consumption in the
metabolism of glucose compounds. This action in itself
may lead to lower ROS production and improvement in
membrane integrity, preserving electrochemical gradients
[121] (Fig. 4).

Phosphodiesterase-5 (PDE-5) inhibitors, including
Levitra and Viagra, may have a new utility in cardiac

protection, in addition to their well-known use for the
management of erectile dysfunction in men. Kukreja and
his team demonstrated for the first time that pre-treatment
with a clinically relevant dose of levitra, generically known
as vardenafil, induces a protective effect against heart
attack injury by opening mitochondrial K*-ATP channel in
an animal model [122]. PDE-5 is an enzyme responsible
for removing cGMP, an intracellular messenger molecule
in heart cells. Sildenafil, like vardenafil, stabilizes mito-
chondria and protects against I/R damage of the heart by
opening mitochondrial K*-ATP channels in cardiac cells.
Additional studies show that sildenafil attenuates cell death
resulting from necrosis and apoptosis and increases Bcl-2/
Bax ratio through NO signaling in adult cardiomyocytes
submitted to I/R [123, 124]. Custddio et al. concluded that
sildenafil citrate concentrations of up to 50 uM do not
affect either rat heart mitochondrial bioenergetics or Ca®'-
induced MPT, but it depresses H,O, generation by acting
as a superoxide dismutase (SOD)-mimetic [125]. More
recently, the results obtained by Wang et al. suggest that
activation of mitoK (Ca) and mitoK (ATP) are both crucial
for maintaining mitochondrial homeostasis and reducing
cell death in sildenafil-induced pre-conditioning against I/R
injury [126]. An important question was concerned the
safety of PDE-5 inhibitors. Despite theoretical concerns of
a reduced myocardial tolerance to ischemia or promoting
cardiac arrhythmias, randomised trials and retrospective
analyses do not support an increased cardiac risk with oral
treatment [127].

Several studies have shown that K™-ATP channel
openers such as diazoxide in moderate doses can be useful
in ischemia and I/R [128-130], because it is able to
induce an effect similar to ischemic pre-conditioning,
attenuating intracellular acidification caused by ischemia
and facilitating heart recovery. Diazoxide-mediated car-
dioprotection is supported by a moderate ROS production
during the pre-conditioning phase that induces the open-
ing of KT-ATP channels, preserving mitochondrial vol-
ume and the structure of the intermembrane space, which
in turn leads to a reduction in ATP hydrolysis, also due to
decreased disturbance of mitochondrial Ca*" homeostasis.
So, a strong decrease in oxidant generation during the
subsequent ischemic and reperfusion phases is observed
[131]. The combination of all these factors also prevents
induction of the MPT, with release of cytochrome ¢, and
consequent cell death [132, 133] (Fig. 4). Studies on
animal models have clearly shown that nicorandil reduces
infarct size [134]. By reducing oxidative stress during
reperfusion [135], nicorandil preserves mitochondrial
function [136] and thereby prevents ischemia-induced cell
death [137].

As previously described, evidence has accumulated
indicating that a sudden change in the permeability of the
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mitochondrial membranes by opening of a high-conduc-
tance pore (MPTP) may be another important mechanism
for reperfusion-induced cell necrotic or apoptotic death
[24]. Inhibition of MPTP opening is a good candidate
mechanism to prevent severe heart injury from I/R. MPTP
inhibition can result in prevention of cardiac cell death,
limiting the loss of cardiac cells [138]. Cyclosporin-A
(CsA) binds to cyclophilin-D (CyP-D), a matrix peptidyl-
prolylcis-trans isomerase, [139] which is located in the
mitochondrial matrix and is thought to interact with the
ANT [140]. Definitive support to the role of MPTP opening
inhibition through modulation of its interaction with CyP-
D was recently provided by the reduced susceptibility to
ischemic injury observed in mice lacking CyP-D [141,
142]. Despite the problems associated, CsA can be a
mediator of protection against ischemia-triggered damage
in the heart [143]. The addition of CsA as a pharmaco-
logical strategy is not free of problems because CsA also
inhibits calcineurin and interfere with the maintenance of
ionic gradients [144]. The future will tell whether other
CyP-D ligands, preferentially not exerting immunosup-
pressive side effects through the inhibition of calcineurin,
may achieve therapeutic responses in the clinics.

L-Carnitine facilitates the transport of fatty acids into the
mitochondrial matrix in order to be used for energy pro-
duction. Recent studies have shown that L-carnitine and
analogous compounds are capable of protecting the heart
against I/R injury [145]. The mechanism of action, how-
ever, is not yet understood. The functions of carnitine in
both energy metabolism and phospholipid turnover indi-
cate a general role of this compound in the maintenance of
cardiomyocyte viability. The cytoprotective role is likely to
be contributed by the inhibitory effects on ceramide syn-
thesis [146] and caspase activities [147]. Carnitine has been
shown to inhibit the activity of caspases 3 and 8 [147],
which act as initiator and executioner of apoptosis,
respectively.

Antioxidants

As previously described, it is widely recognized that
mitochondrial oxidative stress is an important factor in I/R
injury [148]. The use of antioxidants to prevent cardiac I/R
injury appears to be a logic measure to improve myocyte
survival.

The cardioprotective effects of edaravone, a novel free
radical scavenger, were more remarkable than that of other
well-known antioxidants, such as ascorbate and SOD, and
were mediated by reducing intracellular generation of ROS
[149]. Edaravone also alleviated the cell injury induced by
exogenous oxidative stress (H,O,) [149], directly neutral-
izing peroxy radicals (LOO") but not O, [150]. Rajesh
et al. (2003) demonstrated that the MPT inhibiting property
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of edaravone was specific for the attenuation of cyto-
chrome c release, thereby pathological apoptosis was
decreased in rat hearts in vivo [151]. Recently, edaravone
has demonstrated to be equally useful as a cardioplegic
adjuvant for heart preservation [152].

Pyruvate is known for its antioxidant properties in the
myocardium due to its chemical structure and the pattern of
its cellular metabolism [153]. It has been shown that
pyruvate also increases contractile performance in the heart
and protects the organ during I/R [153, 154]. Besides being
a ROS scavenger, pyruvate is considered a good mito-
chondrial fuel, also contributing to increase ATP produc-
tion and inhibiting the induction of the MPTP [155].

Many different radical scavengers have been used both
in vivo and in vitro to target the critical moment of ROS
burst upon reperfusion [156]. However, the cardioprotec-
tive effects of antioxidants against I/R injury are not
consistent. One reason for this discrepancy may be the
differences among the drugs regarding the accessibility to
myocytes during the so called “window of protection”.
Furthermore, it has been reported that a small redox-
dependent signal, derived from ROS and preceding
ischemia, is cardioprotective, but that large bursts of
oxidants contribute to cell death during I/R [157]. This
paradoxical involvement of ROS may complicate the
elucidation of the roles of ROS and radical scavengers in
cardioprotection. It is also known that available antioxi-
dants have not proven to be especially effective against
I/R damage. It is possible that most antioxidants do not
reach the relevant sites of ROS generation, especially if
mitochondria are the primary source of ROS. The use of
mitochondrial-targeted antioxidants is now increasing,
which may be useful to prevent I/R damage to mito-
chondria [158-160]. One very relevant piece of work
suggests that mitochondria-targeted plastoquinone deriva-
tives maybe extremely effective in preventing reperfusion-
induced damage to cardiac mitochondria [159]. In theory,
by covalently attaching a tetraphenylphosphonium cation
(TPP) to a desired molecule, the complex is selectively
delivered to mitochondria and protects the organelle
from oxidative damage more effectively than vitamin E
(a-tocopherol) itself [161]. MitoQ, an analog of endoge-
nous ubiquinone, was shown to protect against I/R-induced
decrease in RCR, damage to complex I and decrease in
aconitase activity [158], whereas untargeted antioxidants
such as ubiquinone or TPP were ineffective.

These references point to the importance of the mito-
chondrial localization of the drug for its therapeutic
potential. These examples suggest that it might be possible
to design small molecule inhibitors of pathogenic cell death
with a selective action exerted at the mitochondrial level.
Melatonin, a pineal hormone, is well known as a potent
antioxidant in a variety of I/R models. Giacomo et al.
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(2007) reported that melatonin or 5-methoxy-carbonyla-
mino-N-acetyl-tryptamine (5-MCA-NAT), a structurally
related indole compound, protects against I/R injury to the
isolated rat heart [162]. Melatonin has been shown to
effectively protect against I/R myocardial damage [163,
164]. The mechanism by which melatonin exerts this car-
dioprotective effect is not well established. Petrosillo et al.
examined the effects of melatonin on various parameters
of mitochondrial bioenergetics in a Langerdoff isolated
perfused rat heart model and proposed that melatonin
prevented the alterations induced by reperfusion on mito-
chondrial oxygen consumption, complex I and complex III
activity, H,O, production as well as on the degree of
cardiolipin oxidation [165].

A variety of experimental models established estrogens
as critical mediators of cardioprotection, which explains
the evolutionary advantage of females [166]. Estrogens
have been demonstrated to reduce the extent of irreversible
myocardial injury, ventricular arrhythmias and infarct size
after I/R [167]. Non-transcriptional actions of estrogens in
myocardial I/R have been suggested to be due to stimula-
tion of NO production, inhibition of myocardial calcium
accumulation, preservation of mitochondrial structure and
function and antioxidant action [168—170]. Interestingly,
estrogens improve not only female but also male cardiac
function after I/R [167]. Estradiol hormone in mitochondria
can act on membranes directly or indirectly through
estrogen receptors that have been identified in mitochon-
dria [171]. In isolated mitochondria, exogenously added
estradiol has been shown to inhibit MPTP- related release
of cytochrome ¢ from mitochondria induced by high cal-
cium concentrations [172]. In addition, estradiol inhibits
oxidative stress [173]; therefore, the protective effect of
estradiol after I/R might be induced by its antioxidant
action on mitochondrial membrane integrity.

Concluding Remarks

The present review points out that mitochondria are critical
in the context of myocardial survival post-I/R. A wide
number of publications describe strategies aimed at mini-
mizing myocardial damage with the use of agents that
recover mitochondrial function not only to provide the
myocyte with increased ATP, but also to prevent mito-
chondrial membrane permeabilization that leads to cell
death. The present review highlights some pharmacological
strategies that target specific events that occur during I/R,
including oxidative stress and calcium overload.

It is important to say that most experimental studies on
cardioprotection have been undertaken in animal models,
in which I/R is imposed in the absence of other disease
processes. However, ischemic heart disease in humans is a

complex disorder caused by or associated with known
cardiovascular risk factors. Wanga et al. alerted to the
possible interaction of risk factors on the consequences and
role of I/R pharmacological protection [174], referring that
the large majority of data demonstrating protection against
I/R injury have been obtained in experiments on healthy
animals with normal vascular function. However, most
patients with an acute myocardial infarction for example
have several risk factors for coronary artery disease such as
hypercholesterolemia, diabetes, hypertension and athero-
sclerosis. It is not obvious that the pharmacological agents
here discussed will afford a similar degree of cardiopro-
tection under such conditions. It is obvious that much
research remains to be done in order to understand the
interactions between self-defense mechanisms, exogenous
or stress-induced mitochondrial alterations in cardiac
physiology, pathology and pharmacology.

Several aspects have to be taken into account when the
use of a new mitochondrial protective agent is proposed.
One of such aspects is the correct delivery to the heart,
which in vivo may be difficult to obtain. A second important
aspect is the buildup of effective concentrations in mito-
chondria. This is an important point in what concerns, for
example, with antioxidants. We have demonstrated that o-
tocopherol succinate, despite a recognized antioxidant
activity in the liver, could not be accumulated in effective
concentrations in cardiac mitochondria in order to prevent
doxorubicin oxidative damage [175]. Also a very critical
issue is the window of time in which the drug should be
applied in order to rescue the heart from I/R damage.

If we add to the above described the fact there are still
several unknowns in the pathophysiology of cardiac I/R,
there is still a blank book to be written. The future will tell
whether the protection/restoration of mitochondrial func-
tion in I/R will be the key to improve the quality of life of
many patients worldwide. It is clear now that the closure of
the box will protect the organ.
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