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Abstract

Several lines of evidence suggest that the reactive oxygen species (ROS)
generatated by mitochondria have a pivotal role in determining activation of
cardioprotective pathways and cell survival or, alternatively, in damaging cellular
components and initiating cell death. In this article, we report the role of some
important components of mitochondria in determining protective ROS signaling or
deleterious ROS stress. We discuss studies showing the mechanisms whereby ROS
generation occurs in pre (PreC) and postconditioning (PostC) and myocardial ischemia/
reperfusion (I/R) injury. In particular, we consider mitochondrial ROS production that

target respiratory complexes, mitochondrial ATP-sensitive potassium (mK, ) channels or

connexin 43 (Cx43) to activate cell survival programs, in conditioning bAyTPischemic and
pharmacologic agents. ROS signaling renders cells more resistant to the detrimental
effects of I/R, via activation of enzymes and limitation of mitochondrial permeability
transition pore (mPTP) opening. Importantly, this pore plays a crucial role in determining
ROS production and cell death. Moreover, we consider the role of other mitochondrial
components which mainly contribute to deleterious ROS generation, namely monoamine
oxidase (MAO) and growth factor adaptor Shc (p66*), which may interact with other
components to generate ROS and may be the putative target(s) of therapeutic agents.
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INTRODUCTION

Ischemic preconditioning (PreC) of myocardium is an
adaptive response in which brief (a few minutes) episodes of
ischemia/reperfusion (I/R), prior to sustained ischemia, lead
to cardioprotection. Postconditioning (PostC) is obtained with
brief (a few seconds) cycles of I/R at the immediate onset of
reperfusion after sustained ischemia. Myocardial protection
can also be obtained with brief (a few minutes) episodes of I/R
applied to an organ remote to the heart, before (remote PreC),
after (remote PostC), or even during (remote Per-conditioning,
Per(C) the sustained episode of myocardial ischemia. Intriguingly,
ischemic and remote PreC are characterized by a biphasic period
of protection: a first window of protection (early PreC), which
starts immediately after the PreC stimulus and last for a couple of
hours, as well as a second window of protection (delayed PreC),
which starts 12 hours after the PreC stimulus and last for a 48-72
hours.

Protection by PreC, PostCand remote conditionings comprises
a reduction of infarct size, cardiac dysfunction and arrhythmias
incidence. This cardioprotective effect have been proven in
different species including patients; however it seems that the
presence of cardiovascular risk factors, comorbidities, and

their medications may interfere with cardioprotective signaling
pathways (see for extensive reviews: [1-3]). The mechanisms
involved in the cardioprotective effect have not been fully
elucidated; however several signal transduction cascades have
been proposed [1-4]. Better comprehension of the intracellular
mechanisms underlying the ischemic conditioning strategies
may offer an important protocol for cardioprotection and their
translation to clinical use for therapeutic interventions [2,4].

Potentially cooperative intracellular signaling cascades are
recruited by phosphorylation/ dephosphorylation processes
in mechanisms of cardioprotection. Several biofactors bind to
specific receptors present on the cellular surface leading to an
activation of intracellular signal transduction which includes
redox signaling by reactive oxygen species (ROS), S-nitrosylation
by NO and its derivatives, S-sulfhydration by hydrogen sulfide,
and O-Linked glycosylation by beta-N-acetylglucosamine. All
these modalities interact and control an entire pathway, thus
influencing each other. For instance, enzymes can be nitrosylated
and/or phosphorylated in specific and/or multiple site(s) with
consequent increase or decrease of their specific activity. The
signaling pathways that lead to cardioprotection are thought to
converge on mitochondria, and various mitochondrial proteins
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have been identified as targets of these post-transductional
modifications (see for an extensive review: [5, 6]).

Mitochondria represent about 40% of cardiomyocytes mass;
they are rich in enzymes responsible of ROS production and
in anti-oxidants and play a role of paramount importance in
determining both cardiac protection and injury [6]. Mitochondria
have at least eleven potential sources of superoxide radical and
hydrogen peroxide. In the present review we will analyze the
role of some mitochondrial components in determining ROS
production, bearing in mind that small amounts of mitochondrial
ROS are necessary for normal life. For example they are necessary
to mediate metabolic vasodilatation. Moreover ROS may induce
cardioprotection or alternatively they may contribute to
determine the damage by ischemia/reperfusion. This dual role
is not only due to different amount or type of ROS (a ROS is not
always good or bad), but it depends on a plethora of conditions,
including the site of production and the timing co-presence of
appropriate/inappropriate targets and the co-presence of pro-
or anti-oxidants.

RESPIRATORY CHAIN

In cardiomyocytes mitochondria are considered the principal
source of ROS and the electron transport chain (ETC) represents
the main site of ROS formation [7-9]. Mitochondria also contain
the anti-oxidative defense systems, that include enzymatic
systems, as superoxide dismutases (SODs), catalase (CAT) and
peroxidases, and non-enzymatic mechanisms, as glutathione,
thioredoxin-2, vitamins (A, E, and C), ubiquinone, urate, lipoic
acid, making them a central player in cellular redox homeostasis
[6,10].

During mitochondrial respiration, superoxide radical (0,™) is
the first ROS produced at the ETC by incomplete reduction of O,.
The classical concept of 0, production at the ETC is that in the
presence of substrates and in the absence of ADP (i.e., respiratory
state 4), the ETCis highly reduced, which increases the probability
that electrons “slipping” from the ETC to O,, reducing O, with
one electron to 0, In other words 0, is generated by singlet
electron reduction of di-oxygen. Instead, when ADP accelerates
electron flux and 0, consumption (state 3), the ETC becomes
more oxidized, which decreases its redox potential and thus 0,
formation [11,12].

Under physiological conditions, during electrons flow from
NADH and FADH, to O,, the O, production is converted to
hydrogen peroxide (H,0,) by SODs, either in the matrix by Mn*'-
dependent SOD (Mn-SOD) or intermembrane space (Cu/Zn-
SOD) (Figure 1). The SODs immediately converts 0, to H,0,
that diffuses freely across organelle and cellular membranes.

H,0, may, thus, influence the cell function by reacting
with thiol residues of the redox-sensitive proteins in both
the cytoplasms, nucleus and/or other organelles, including
mitochondria [6]. Moreover, H,0, can diffuse and affect other
cell function in a paracrine fashion. Yet, the presence of metal
cofactors and iron-sulfur clusters in ETC proteins can lead to an
increase in oxidative stress through the Fe?-dependent Fenton
reaction or the Fe*-dependent Haber-Weiss reaction in which
H,0, is converted in a highly reactive radical species (hydroxyl
radical, * OH) [13].

Among the proteins that form the ETC, complex I (NADH:
ubiquinone oxidoreductase) and III (ubiquinol: cytocrome c
oxidoreductase; cytocrome bc complex) are considered the main
ROS producers because directly involved in 0, formation [7-
9,14,15] (Figure 1). ROS production from complex I can occur in
two different ways: 1) in a forward mode when the downstream
passage of electrons from NADH is blocked by the binding of
inhibitors, such as rotenone, to Q-site or by inhibitors of complex
[l or1V,and 2) in areverse electron transfer, when electrons from
succinate of complex Il are transferred to complex I via ubiquinol.
Recently succinate accumulation during ischemia and subsequent
succinate oxidation after reperfusion has been proposed as
principal mechanisms to explain the burst of mitochondrial ROS
production [16]. In fact, recent studies revealed that another
relevant source of ROS is represented by complex II (succinate:
ubiquinone oxidoreductase; succinate dehydrogenase). It is well
known that ROS formation by complex I and III can be modulated
by activity of complex II. High concentration of succinate and
high membrane potential are associated with a massive 0,
production by complex I, while complex II inhibitors slow ROS
formation; an inhibition of complex II also can lead to the 0,~
formation at the ubiquinol oxidation site of complex III. Recently
Quinlan et al. found that complex II of mitochondria derived by
rat skeletal muscle cells can produce high levels of 0"~ or H,0,,
in the presence of an inhibition of complex I and complex III
and a low concentration of succinate [17-19]. Ubisemiquinone
represents the electron donor for O, formation by complex III of
heart mitochondria during Q-cycle mechanism excluding a role
for ubiquinol and cytochrome b [20]. However experiments in
vitro show that, if inhibitors as antimycycin A block ubiquinone
reduction site, ROS production by complex III can occur at the
ubiquinol oxidation site [21]. Under physiological conditions, it
seems that the complex IV does not produce ROS, however Prabu
etal, reportthatinischemic conditions O, formation is mediated
by hyperphosphorylated complex IV [22] demonstrating an
involvement in pathological conditions. For extensive review
about ROS formation in ETC see [11].

An imbalance between an increase of ROS formation and
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Figure 1 Respiratory chain and main sites of ROS production. Anion
superoxide is mainly formed along the ETC on complex I and III. It is transformed
by Mn-SOD or Cu-SOD to peroxide, which diffuses freely out of mitochondria. For
acronyms and further explanation see the text.
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reduced anti-oxidant defenses can lead to various deleterious
processes. Oxidative stress related to the excessive ROS
generation plays a crucial role in I/R injury [23] in which an
impairment of ETC complexes was described in different model
system (isolated cardiomyocytes, Langhendorff-perfused heart)
and in animal disease models [17].

Chen et al. have evaluated whether increased ROS formation
could be induced by ischemic damage of ETC alone and whether
the production site following ischemia coincided with the sites
of ischemic damage. These authors report that cardiac ischemia
leads to an impairment of ETC and increases the net production
of H,0, from complex I and III; thus contributing to myocardial
injury during reperfusion. Complex [ activity is reduced by
ischemia withoutalteration of NADH ferricyanide oxidoreductase,
supporting that impairment happens to the proximal as well as
the distal ETC [24]. Importantly, this lowered activity has been
observed in the two populations of mitochondria existing in
cardiomyocytes, namely subsarcolemmal (SSM) and interfibrillar
mitochondria (IFM). In isolated rat heart it was demonstrated
that 25min of ischemia decrease complex III activity, cytochrome
¢ (Cyt c) content, and oxidation through Cyt c oxidase in both
SSM and IFM [25]. It is proposed that rat hearts subjected to I/R
protocol present defects in complex I, [Il and IV activity that could
be attributed to a ROS-induced damage of cardiolipin, which is
required for optimal activity of complex I [26].

Nevertheless, the pharmacological administration of a
reversible inhibitor of complex I, e.g. amobarbital, immediately
prior to ischemia protects distal ETC function and attenuates
cardiac injury in a dose-dependent manner [27]. Moreover, in
vivo, the administration of different complex I activity inhibitors,
such as volatile anesthetics, HMR098, nitrosyl-modifiers of
cysteine and cell permeable nitric oxide (NO) donors. Attenuate
I/R injury [28].

Mitochondrial permeability transition pore (mPTP), whose
composition is still controversial (see below) interacts with
respiratory complexes to produce massive quantity of ROS.
Recently Gharib group demonstrated that the pharmacological
association of cyclosporine-A, an inhibitor of the putative
component of mPTP Cyclophillin D (CypD), with rotenone, an
inhibitor of complex I, in presence of protective maneuvers (PreC
and PostC) reduces cell death in adult mice cardiomyocytes
and HL- cardiac cell-line after hypoxia/reoxygenation (H/R).
These observations led to the conclusion that this protection
is dependent by CypD and are associated with mPTP opening
prevention and with an enhanced mitochondrial resistance
to Ca* overload [29]. Moreover, in isolated mouse heart the
maintenance of an intracellular low pH in the early minutes of
reperfusion reduces myocardial injury preventing mPTP opening
through lowered ROS generation via a reversible and partial
blockade of electron transport at complex I [28].

Szczepanek et al, using transgenic mice with cardiomyocyte-
specific over expression of mitochondria-targeted STAT3 with
a mutation in the DNA-binding domain, demonstrated that
genomic modulation of complex I activity limits mitochondrial
injury during ischemia and subsequent myocardial injury during
reperfusion [30]. Using genetic in vivo and in vitro models, other
authors demonstrated that mice deficient for the second isoform

of sphingosine kinase, due to a pre-existing defect in complex
IV assembly depending by sphingosine--phosphate, cannot be
protected by PreC [26]. Thus, it is tempting to speculate that ROS
from complex I are deleterious, whereas those from complex IV
are protective. Whether this is due to the amount of ROS and/or
to co-localization of anti-oxidants is not clear at moment. It has
been reported that specific complex Il inhibitors, such as atpenin
A5 or malonate, have been used to mimic PreC and PostC-like
cardioprotective effects through activation of mitochondrial
ATP-sensitive potassium channels [31,32] in different model
systems (see also below). This cardioprotective effect is due to
the decrease of the membrane potential that is necessary for the
formation of deleterious ROS at complex I via reverse electron
transfer during reperfusion and to the promotion of production
of signaling ROS at the Q, site of complex III by shifting the
redox state of the Q-pool to an intermediate state [17]. Thus,
attenuation of electron flux through complex during ischemia
and early reperfusion reduces myocardial injury and enhances
functional recovery.

POST-TRANSLATIONAL MODIFICATIONS OF
MITOCHONDRIAL COMPLEXES IN PREC AND
POSTC

Many authors report that posttranslational modifications,
such as an increase of protein tyrosine nitration of complex
I and complex II, a decrease of protein S-glutathionylation of
complex 1], and an increase of hyperphosphorylation of complex
IV are involved in I/R injury mechanism [11,21,22,33]. Liu and
colleagues demonstrated that in mouse heart after I/R there
is an important increment in protein tyrosine nitration. In
particular nitrated mitochondrial proteins include 4 subunits
from the oxidative phosphorylation system (the 24 and the 30
kDa subunits of complex I, the Rieske ISP of complex III, and the a
subunit of ATP synthase), five enzymes in the matrix, and voltage-
dependent anion channel (VDAC), another putative component
of mPTP [34] (see also below the paragraph on Mitochondrial
permeability transition pore). Reversible S-nitrosylation of Cys39
on the ND3 subunit of complex I moderates ROS production,
oxidative injury and tissue necrosis slowing the reactivation of
mitochondria at the beginning of reperfusion of ischemic tissue
[16]. Furthermore in the myocardium subjected to I/R oxidative
impairment, decreased protein S-glutathionylation, and increased
protein tyrosin nitration at the 70 kDa subunit was described in
the complex II [33,35]. Overall, data suggest that S-nitrosylation
prevails in protection, whereas nitration prevails in injury.

Recently, Sun et al., have shown that, pretreating rat neonatal
cardiomyocytes with a H,S donor, the amount of ROS in the
course of a simulated I/R results reduced through inhibition of
mitochondrial complex [V activity and increase of the activities of
SODs, via their S-sulfhydration [13]. Moreover, Ran et al. report
that delayed PreC induced by leaf extract of Gingkgo biloba
reduces cardiac I/R injury through an up-regulation of Cyt c
oxidase expression in rats [36]. Delayed PreC, which occurs 2-24
hours after PreC stimuli, requires modulation of gene expression.
In fact, Chen group, evaluating bioenergetics in isolated rat hearts
subject to I/R, demonstrated a biphasic modulation of electron
transfer activity and ETC protein expression during I/R, which
appears to be correlated to dynamic biosynthesis of peroxisome
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proliferator-activated receptor-y coactivator- a (PGC- a), a
coactivator of the PPARy, and regulated by gene transcription
and translational control [37].

Besides PreC, mitochondrial ETC is also involved in PostC
protection. In fact, in a pig model of regional myocardial I/R
Heusch et al demonstrated the activation of mitochondrial
STAT3 with better conservation of mitochondrial complex
I, calcium retention capacity and reduction of infarct size by
ischemic PostC [38]. Very recently Lou demonstrated that PostC
cardioprotection can be obtained using Intralipid®, a clinically
available fat emulsion, and involves the fatty acid intermediate
palmitoylcarnitine, an inhibition of complex IV, an increase in
signaling ROS production and an activation of the so-called RISK
(reperfusion injury salvage kinases) pathway, highlighting a new
mechanism of PostC cardioprotection. [39].

In summary, in the heart the mitochondrial respiratory
chain may be the main source of ROS and the beneficial role
of mitochondrial ROS has been demonstrated by several lines
of evidence, ranging from their role as signaling molecules in
heart rest conditions to their modulator role during increased
metabolic demand. The various mitochondrial complexes
intervene in different conditions of oxygenation to determine an
increase of ROS production.

Thus, high mitochondrial ROS production may be responsible
of redox stress and damage, especially in ischemia and
reperfusion. However, the bland activation of complexes III and
IV has been implicated in protective pathways, and the lower
ROS production may trigger protective redox sensible signaling,
whereas the reversible inhibition of ETC complexes, particularly
complex [, has been involved in cardioprotection.

MITOCHONDRIAL ATP-SENSITIVE K* CHANNEL

The exact composition of mitochondrial ATP-sensitive K*
(mK, ) channels is unknown. However channel complexes seem
formed by KCNJ-encoded Kir6. 2 pore subunits co-assembled
with the regulatory ATP-binding cassette sulfonylurea receptor.
These channels are located in the inner mitochondrial membrane
(IMM), and they may be considered like checkpoints that perform
a rheostat-like operation adjusting mitochondrial membrane
potential dependent functions to match energetic demands of the
working heart [40-42]. Itis also likely that these channels operate
as biosensors that enable high-fidelity read-out of metabolic
distress signals [43-45].

Specifically, mK,, channels may directly contribute in
regulating mitochondrial function via effects on membrane
potential and on mitochondrial matrix volume regulation.
It seems that mK,,, channel opening allows K* entry within
mitochondrial matrix which, together K*/H* exchange, leads to
matrix swelling, thus enhancing the rate of oxidative metabolism
and the formation of ROS [46-49]. Actually, the activity of the
mK, ., channel may be linked to the cellular energetic state via its
inhibition by ATP/ADP [48,49]. Changes in mitochondrial matrix
volume, mitochondrial potential, oxygen consumption and ROS
production have been described by study that used mK,, channel
inhibitors and openers [46-49]. Only when molecular approaches
will be available for studying these channels more information on

their physiological function may be acquired.

Channel deficit impairs tolerance to endurance challenge,
hemodynamic load, or sympathetic discharge [6,50,51].
mK, . channels are considered targets of protective signaling
pathways and controller of the ROS signaling that are essential
for cardioprotection [6,49]. In fact mK,, channels opening has
been found to augment ROS levels in the mitochondrial
matrix of perfused heart [52] and in cardiomyocytes [53]. mK,,
channel activation comprises the PreC and PostC protective effect
[10,54,55], whereas disruption of the mK , channels blunts this

protective response [56,57].

Channel opening allows K* to enter the matrix along its
electrochemical gradient that then is counter balanced by
electrogenic efflux of H* directed by respiratory chain. mK, ,
dependent matrix alkalinization affects complex I and/or II], thus
leading to an increased generation of O, and its byproducts H,0,
and * OH [47] (Figure 2). Yet, the K* uptake and the activity of the
K*/H* exchanger may improve matrix volume regulation, which,
as said above, isimportantin the regulation of the rate of oxidative
phosphorylation and associated ROS production [47,49]. In this
ROS production a role may be also played by Cx43 (see below).
Nevertheless, the mechanism of mkK, -dependent elevated
synthesis of ATP and ROS has been proven in mitochondria
isolated from preconditioned hearts [47,49], but remains to be
ascertained in vivo. The redox coupling of mK,,, channel opening
and PKC activation may represent an important link in the
cardioprotective signaling. Forbes and colleagues were the first
to recognize this association, observing that anti-oxidants, such as
N-acetylcysteine (NAC) or N-2-mercaptopropionylglycine (MPG),
could interfere with the protection induced by diazoxide (DZ0),
a putative mK, , channels opener [58]. In fact, pharmacological
opening of mK, ., channels by DZO contributes to the generation
of small quantity of ROS [59]. Studies performed by Garlid
and collaborators showed that the ionophore valinomycin, at
a concentration yielding the same K* flux as DZO, produced
the same ROS augment as DZ0O demonstrating that the mK,,,
-dependent ROS increase is due specifically to K* influx into the

Outer Membrane

Matrix

H*
Figure 2 Cx43 and mK, 6 channel interaction. Cx43 and mK,
channels may cooperatein enhancing ROS production by mitochondria.
mK, . channels are regulated by Cx43 and by other factors (see
text) to open and allow K* entry. This entry regulates mitochondrial
volume and favors ROS formation by ETC. For acronyms and further

explanation see the text.
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matrix [46]. We evidenced that ROS signalling is downstream
of mK, ., channel opening in isolated rat hearts after a I/R
protocol with an intermittent infusion of DZO or DZO+MPG at
the beginning of reperfusion, since MPG attenuated DZO-induced

protection [60].

In the context of cardioprotection, it was demonstrated
that PKG and/or Akt-dependent phosphorylation leads the
mK, , channels opening, promoting K* entry into mitochondria
with consequent alkalinisation of the mitochondrial matrix and
production of ROS with a protective signalling role. Indeed,
activated PKG induces the phosphorylation of a protein on the
outer mitochondrial membranes (OMM), which then causes the
mK, ., channels on the IMM to open, suggesting that the signal
of protection is transfered from the OMM to the IMM. This is
completed by a series of intermembrane signalling steps that
includes PKCe activation. The resulting small ROS burst activates
a second PKC pool which, through another signal transduction
pathway, causes mPTP inhibition (the putative end effector) and
cell death reduction [61]. The production of this small burst of
ROS occurs at the re-introduction of oxygen in the myocardium
during the phase of reflow of the PreC and PostC cycles. Then ROS
can directly activate PKC by triggering release of Zn* from the
regulatory domain [62]. Schemes and diagrams describing these
protective pathways converging on mitochondria have been
previously published by us, e.g. [61], and other groups, e.g. [63].

Many authors have proposed H,0, as the messenger of
ROS-dependent mK,,, channels opening [46,64]. Conversely,
recent studies demonstrated that the signaling ROS responsible
for activating mitochondrial PKCe is a downstream oxidation
product of *OH and that superoxide and H,0, are not the direct
signaling ROS. These studies also showed that the main action
of submillimolar MPG on mitochondria and perfused heart was
the inactivation of PKCe by thiol reduction, rather than ROS
scavenging [48]. These studies strongly support the concept that
a reactive species is not always bad or always good, but that the
final result always depends on many variables in play.

Also NO* donors can activate mK,, channels in ventricular
myocytes of rabbit and can promove the protective effect of
mK,_, channels opener DZO[65]. Besides cGMP/PKG-dependent
phosphorylation, mK,_, could be opened by direct reaction of NO*
and derivatives via S-nitrosylation, as well as by the action of H,S
via S-sulfhydration [5,61]. However, controversy exists on the
nature, existence and opening of mK,, channels, which may also
be a toxic process [66,67]. PKC activation leading to the opening
of mK, , channels has been challenged by Halestrap group: they
demonstrated that PreC inhibits mPTP opening in situ, through
an indirect mechanism that probably involves a decreased ROS

production and Ca* overload at reperfusion [41,67].

In summary, mK,, , channels opening could be triggered
by a variety of stimuli and it seems a fundamental step of

mitochondrial ROS signalling in PreC and PostC cardioprotection.

MITOCHONDRIAL CONNEXIN 43

Although the mechanism by which Connexin 43 (Cx43) is
necessary for cardioprotection in myocardium or mitochondria
has not been elucidated, we briefly discuss this prominent
and intriguing feature of cardioprotection. Connexin 43 is a

transmembrane protein, fundamental for the formation of gap
junctions in the ventricular myocardium and essential for cell-
cell communication. Electrical coupling of cardiomyocytes in the
health heart or the spread of death signals among neighboring
cells in post-ischemic myocardium is determined by the number
of gap junctions and by the conductance of each gap junction.
One of the mechanism that regulates the permeability of these
junctions is the phosphorylation at Ser or Tyr residues by protein
kinases of Cx43 [68,69]. Cx43 is formed by four transmembrane
domains, one intracellular and two extracellular loops, as well as
by cytosolic amino- and carboxy-termini.

However Cx43, depending on circumstances and cell type,
can play important role in different mechanisms as survival and
death [68,70]. A series of studies demonstrated the significant
role of Cx43 in ROS production in mitochondria for redox
signaling [54,59,71-73].

In cardiomyocytes, Cx43 is also present at the mitochondrial
membranes and in particular at IMM of SSM subpopulation
(Figure 2). Cx43 presence has not been detected at IMM of
cardiomyocytes of IFM subpopulation [71,72]. The pathway by
which Cx43 is imported into SSM with cardioprotection seems to
involve Hsp90 and Tom20 [74].

It has been reported that the decrease in mitochondrial Cx43
quantity is sufficient to inhibit the cardioprotection induced by
DZO PreC, reducing ROS formation [59]. Moreover, mitochondrial
Cx43 has been described to be fundamental for PreC protection,
but not for PostC protection in mice heterozygous for Cx43
(Cx43+/-) [74-76]. Actually, Cx43, as said before, is a target
of different protein kinases, and mitochondrial Cx43 is highly
phosphorylated under physiological conditions [61,77]; it seems
that the phosphorylated portion of Cx43 is increased with
ischemia and reduced with PostC, but the role of Cx43 in PostC
has not yet been clarified [71,78]. We proposed that the lower
level of Cx43 phosphorylation in PostC may contribute to have
low levels of ROS in early reperfusion with a protective role [79].

Cx43 has been linked with the structure and function of the
mK,,, channels and with their opening; thus contributing to
cardioprotection through the production of a modest amount
of ROS, which acts as trigger biofactors of PreC and PostC.
Mitochondrial PKCe, which is a mediator of the activation of mK
channels, phosphorylates also Cx43 and the activation of mK,
channels is closely associated with Cx43 presence [6,47]. It was
demonstrated that if Cx43 is absent or inhibited mitochondrial K*
influx is reduced, which might affect mitochondrial respiration
[72,73]. In fact, in murine mitochondria in which Cx43 was
replaced by Cx32, a connexin which forms channels with
lower K* conductance than Cx43 [80], mitochondrial K* influx
is reduced [72]. It has been proposed by Ishikawa et al. that in
cardiomyocytes Cx43 is necessary for the activation of class I,
PI3K by GPCRs, leading to a protection against necrosis mediated
by Akt-GSK3f pathway. The authors suggested that PI3K-Akt
signaling is essential to promote the ROS formation by the
opening of the mK, , channels.

In fact, this function of the mK,_, channels requires a certain
level of Cx43 and its putative cofactor, 3-subunit of G protein, in
mitochondria [81]. It has also been observed that mitochondrial
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Cx43 forms a co-immunoprecipitate with GSK3p. Interestingly;
GSK3B phosphorylation at Ser9 is considered the point of
convergence of several cardioprotective pathways, leading to
mPTP inhibition [71].

Recently, an analysis of the influence of Cx43 on
mitochondrial function has underlined the importance of
Cx43 for O, consumption and ATP production. Inhibition or
reduction of mitochondrial Cx43, by 8aGA or Cx43 mimetic-
peptides, specifically decreases complex I respiration [82].
Moreover, Boengler and collaborators showed that both the
genetic ablation of Cx43 in conditional knockout mice and
the acute inhibition of mitochondrial Cx43 by Gap 9, a specific
Cx43 inhibitor, reduce velocities of mitochondrial K* uptake,
underlining the substantial impact of Cx43 on mitochondrial
K* fluxes [83]. Yet, Ruiz-Meana and colleagues have shown that
the protective effect of PreC against mitochondrial respiratory
failure in reperfused myocardium is independent of the most
widely accepted mechanisms of PreC protection, including mK,,
channels and mPTP, but requires the presence of mitochondrial
Cx43. In fact, this study shows that this protective effect of PreC
is unaffected by inhibition of mK,, channels and mPTP, but is
lost in mitochondria from genetically-modified animals in which
Cx43 is replaced by the low conductance connexin Cx32 [84].

In summary, it seems that mitochondrial Cx43 in SSM has a
role of essential importance for the correct functioning of mK,,
channels and mitochondrial respiration and may influence the
formation of protective ROS.

MITOCHONDRIAL PERMEABILITY TRANSITION
PORE

Although the molecular structure of mPTP is controversial,
there are no doubts that it is a mitochondrial feature that may
play a crucial role in life and death of cells dissipating the
transmembrane proton/electrochemical gradient. This pore is a
high-conductance mega channel

which may play an important role in regulating the Ca*
homeostasis in physiological, pathological and pathophysiological
conditions [85]. The opening of mitochondrial Ca* uniporter
(MCU) [86], located in the inner membrane, is responsible for
Ca?* entry in the mitochondrial matrix, because of to the driving
force of the negative mitochondrial membrane potential. Calcium
exit may occur via the mitochondrial Na*/Ca?" exchanger [87],
the H*/ Ca* exchanger [88] and/or the mPTP opening [85].
This Ca®* handling is a key mechanism for the transduction of
life or death signals to mitochondria. It is clear that prolonged
mPTP opening requires matrix Ca** overload and is modulated
by ROS, inorganic phosphate, cyclophilin D and pH. It seems that
mPTP oscillate rapidly between open and closed states in normal
cells, where this transient mPTP opening may be a physiological
mechanism responsible of “Ca?* spitting out” that can prevent
dangerous Ca** overload in the matrix. It has been also proposed
that the transient opening is involved in ROS-dependent signaling
responsible of preconditioning cardioprotection [89]. Actually,
in the I/R and cardioprotection scenarios the modulation of
mPTP is crucial in determining the life or death of cells. When
matrix Ca®* overload occurs, together the other above mentioned
modulators, a prolonged mPTP opening may result in the release

of pro-apoptotic factors (i.e. cytochrome c), collapse of oxidative
phosphorylation and cell death for apoptosis or necrosis (see
also below).

Studies on cardiomyocytes performed by Paillard and
collaborators [90] have reported that the mitochondrial CypD,
a putative component of mPTP, modulates the Ca?* crosstalk
between endoplasmatic reticulum and mitochondria via the
VDAC/Grp75/IP3R complex. This regulation has a significant
function in reperfusion injury. Genetic or pharmacological
inhibition of every partner of the complex modifies the Ca?* fluxes
and blunts lethal reoxygenation injury.

The formation of mPTP plays a pivotal role in the so-called
ROS-induced ROS release (RIRR) [91], where an excess of ROS
induces the opening of mPTP, which in turn facilitates the
formation of ROS through inhibition of the respiratory chain
because of the loss of Cyt ¢ and pyridine nucleotide induced by
mPTP. [10,92]. Many studies have indeed revealed a relevant
participation of mPTP opening and have associated cellular death
with the release of Cyt c after pro-apoptotic Bax and enhanced
ROS levels. This vicious cycle begins with the rapid reperfusion
when a great increment in ROS production could be observed
due to the recovery of pH and Ca?* overload, thus inducing the
amplification of the damage [61].

The pore was described for the first time by Hunter et al.
in 976 and it is positioned between IMM and OMM [93]. Its
opening consents a communication between the cytoplasm and
the mitochondrial matrix. The molecular identity of the proteins
that constitute this pore has not yet been clarified, however, it
has been suggested that it is formed by the VDAC in the OMM,
the adenine nucleotide transporter (ANT) in the IMM, and CypD
in the matrix of the mitochondria (Figure 3). In the closed state,
CypD is separated from the IMM, whereas hexokinase II (HK II) is
connected to OMM components of the pore. Instead, the opened
state seems to be promoted by the binding of CypD to the IMM
in a process controlled by both Ca** and inorganic phosphate
(Pi) [6,10,61].

Figure 3 Putative components of mPTP and other mitochondrial
enzymes. mPTP and enzymes are involved in the production of ROS
and in triggering the mechanisms leading to RIRR phenomenon
and to the release of pro-apoptotic factors. Also MAO and p66°* are
located between the two membranes and contribute to form H,0,. For
acronyms and further explanation see the text.
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Importantly, after an oxidative stress, mPTP opening
induced by Cyp D translocation from the matrix to the IMM and
consequent interaction with target protein can occur through
direct and indirect mechanisms.

Oxidative stress can trigger a direct binding of CypD to a
target protein in the IMM inducing a conformational modification
of the target protein through chemical changes and/or variation
in the inner membrane topography due to elevated swelling of
the matrix.

Most, if not all, studies in the late 990s and early 2000s years
have put the focus on ANT as a target protein that cooperating
with CypD triggers the pore opening.

First studies have offered large evidences that a key role in
mPTP opening is played by the Ca®" triggered conformational
modification of the ANT which is promoted by CypD binding [94-
96].

The interaction of CypD with other proteins present in the
matrix can lead to an indirect binding with the target protein in
the IMM. In fact, recent studies demonstrated a Ca?*-dependent
mPTP opening by p53. In fact, after a brain IR injury the oxidative
stress can lead to an increase in the mitochondrial matrix of p53,
a tumor suppressor protein that triggers mPTP opening and
necrosis through physical interaction with CypD. Conversely,
diminuition of p53 levels or mice treatment with CsA prevented
p53-CypD complex opening which was correlated with effective
stroke protection [97]. It is likely that p53 triggers translocation
of CypD to the IMM and therefore favors the pore opening
through association interaction with a pore protein. However,
no regulation of Ca?*-dependent mPTP opening by p53 has been
observed and it is not clear how p53-CypD interaction senses and
promotes mPTP opening in a Ca**-independent mode [95,98].

Genetic studies conducted in knockout mice revealed that
mitochondria containing neither VDAC nor ANT were still
sensible to Ca*-dependent mPTP opening by p53-induced
mPTP formation, therefore excluding the role of these proteins
as the central structural elements of the mPTP. Furthermore,
these investigation have also clearly proved that CypD is a key
modulator of mPTP [56,95,99,100]. However, mitochondria
isolated from CypD-/- mice were more resistant to mPTP
opening with respect to wild-type mice and showed mPTP
induction at highe Ca®* concentration, and lower cell death in
response to oxidative stress [57,95,101]. Moreover, mPTP-
mediated cell death preferably happened through necrosis rather
than apoptosis as CypD~- cells were resistant to necrotic stimuli
but showed analogous sensitivity to apoptotic factors as wild-
type cells [57,95]. Yet, current results indicate that the mPTP is
composed by a unique Ca*-dependent arrangement of dimers of
the ATP synthase [102,103].

Furthermore, several studies clearly demonstrated that
mitochondrially-bound HK II is indeed a significant determinant
of infarct size and may represent one of the end-effectors of PreC.
In fact, HK Il seems a necessary component of mPTP multiprotein
complex. Mitochondrial HK I, besides to regulate mPTP, affects
mitochondrial membrane potential and ROS production, and
may also define the direction of cardiac metabolic flux [104].
Mitochondrial translocator protein (TSPO), previously called

peripheral benzodiazepine receptor, is an 8-kDa protein located
in the OMM and is considered another putative component
of the mPTP complex [105,106]. It has been reported that
ligands of TSPO, 4'-chlorodiazepam and TRO40303, prevent the
doxorubicin-induced alterations in contractility and improve
cardiomyocytes viability. These cardioprotective effects were
correlated with both a potent decrease in ROS formation and
inhibition of mPTP opening. Thus, administration of TSPO ligands
has been proposed as a novel pharmacological strategy to protect
the heart. However, recent evidences have shown that TSPO
has no role in the modulation or structure of the mPTP. These
experiments, conducted in mice in which the Tspo gene has been
conditionally eliminated or employing natural and synthetic
ligands of TSPO, suggest that TSPO ligands do not regulate
mPTP activity. Further, hearts lacking TSPO are as sensitive to
I/R injury as hearts from control mice, underlining that TSPO is
not involved in heart /R injury, a condition where the mPTP is
causally involved [103]. Future studies may ascertain the real
role of TSPO on mPTP function.

Phosphorylation of putative mPTP components by Akt,
PKC, GSK or STAT3 has been proposed as mechanism(s)
involved in modifying pore opening. Also the post-transcriptional
modification induced by NO and derivative, namely
S-nitrosylation, may involve direct protein modifications or
indirect effects through protein kinases. Indeed, a mitochondria-
selective S-nitrosylating agent has been shown to reduce infarct
size in mice [16]. Moreover, pharmacological PostC with DZO
induced a redox sensible phosphorylation/translocation of
Akt, ERK/2 and GSK3{ into the mitochondria and increased
mitochondrial S-nitrosylated-protein components of mPTP (e.g.,
VDAC) in rat hearts [6, 32].

Recently, studies confirmed that also classical NO-cGMP
modulates the pore opening by inactivating GSK3f, in fact
the protective effect of cGMP on the mPTP opening is lost in
cells transfected with the constitutively active GSK3p mutant
plasmid [107]. Importantly, inactivation of GSK3f is considered
the final step of cardioprotective pathways. Accordingly, GSK3(3
inhibitors given at reperfusion mimic conditioning protection
[108].

Opening of mPTP is regulated by ions (PiH*Ca®,Mg*),
ROS, adenine nucleotides, ubiquinones [50, 109,110], and
many other biofactors. During a prolonged ischemia, when pH
decreases below 7.4 value, the probability of opening of mPTP
of the de-energized mitochondria is greatly reduced. Low pH
also diminishes mitochondrial Ca* uptake and promotes Ca?*
expulsion from mitochondrial matrix, due to mitochondrial NHE
and NCE activation [79]. Yet, low pH may activate uncoupling
proteins (UCPs), carriers of H* that uncouple ATP synthesis from
0, consumption [111]. Low pH may also repress glycolysis and
pyruvate formation, leading to a slower feeding of the respiratory
complex chain. Therefore, low pH mainly limits the opening of
the mPTP during the ischemia. At the onset of reperfusion,
quite various conditions are produced depending on whether
mitochondrial membrane potential quickly recovers. In case of
energized respiring mitochondria, a low pH can encourage Pi
uptake growing its intra-mitochondrial quantity, thus acting as
an opener of the mPTP. On the contrary, when the mitochondrial
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membrane is depolarizated, long-lasting opening of the mPTP
occurs when quick normalization of tissue pH occurs in the
presence of Ca?* overload, Pi, ROS formation, and/or lower levels
of NOe [61]. The pr oapoptotic signals Bax and p53 also promote
mPTPopening. It allows entry of water and solutes (<.5 kDa)
favouring mitochondrial swelling, which lead to rupture of the
MOM and to Cyt c release. Thus, mPTP opening is included in
a vicious cycle as it is increased in conditions associated with
mitochondrial dysfunction, leading to increased ROS production
and depletion of ATP, which in turn favour mPTP opening.

The long lasting mPTP opening is a critical determinant of
myocardial I/R injury [112] and inhibition of the pore opening
serves as an important mechanism by which PreC [113] and PostC
[114] confer cardioprotection. Opening of the mPTP is associated
with the loss of the membrane potential of mitochondria and
proton gradient across the IMM. Depending on the complicated
equilibrium between cellular antagonists and inducers, mPTP can
be subjected to a transient or intermediate/long-lasting opening
[115]. The mPTP opening for brief period is likely to produce
reversible cellular changes, so that this transient opening has
been indicated to be implicated in physiological processes and
cardioprotection, such as intracellular NAD* traffic, and transient
production of ROS. Actually, the transient increase in mPTP
opening probability is involved in ROS-dependent triggering
of cardioprotection by PreC [61,89, 116]. However as said
mitochondria are important determinants and regulator of cell
death. Besides mPTP formation, apoptotic stimuli converging
on Bax and Bak may oligomerize to form pores mediating OMM
permeabilization. Cyt c is then released and can bind to the
adapter protein Apaf- to activate caspase-9, leading to apoptosis.
Cyt c release and apoptosis can be amplified by the opening of
mPTPs; however, prolonged mPTP opening results in collapse of
oxidative phosphorylation and cell death for necrosis.

In summary, although the molecular structure of mPTP is
controversial, when formed it is a high conductance pore that
may dissipate the transmembrane proton/electrochemical
gradient. The long lasting opening of the pore leads to ATP
depletion, failure of membrane ion pumps, enhanced ROS
production, solute exit/entry, organelle swelling and ultimate
mitochondrial rupture leading to death of cardiomyocytes for
necrosis and/or apoptosis. Importantly, acidosis inhibits mPTP
formation while calcium and ROS promote its formation. During
ischemia the low pH inhibits the formation of the pore, but at the
beginning of reperfusion its quick restoration, associated with
the rapid increase in mitochondrial calcium concentration and
ROS formation causes the pore formation. The low pH in early
reperfusion allows redox signaling to activate protective kinases,
including PKC, while mPTP formation is still inhibited. Then the
cardioprotective signaling pathways converging on GSK3f to
keep mPTP closed, even after pH is normalized, and hence cell
death is reduced. This seems a common mechanism for both PreC
and PostC protection.

p66SHC

Different reports highlight the relevance of the growth factor
adaptor Shc (p66°*) as a further mitochondrial component which
contribute to ROS generation (see for an extensive review: [7, 8]).
This protein is a p52% /p46°¢ splice variant, two cytoplasmic

adaptor proteins containing a C-terminal SH2 domain nearby
to a collagen homology (CH) region [8] and implicated in the
transmission of intracellular signals from activated tyrosine
kinases to Ras [9]. p66°" shows the equivalent p52%¢ /p46Ste
(SH2-CH-PTB) modular conformation and includes a unique
N-terminal region (CH2). A fraction of p66%¢, located within the
mitochondrial inter-membrane space, oxidizes reduced Cyt c
leading to the reduction of molecular oxygen and consequently
to the formation of hydrogen peroxide, thus contributing to the
opening of mPTP and to the triggering of apoptosis (Figure 4)
[120,121].

Several studies pointed out that the genetic ablation of p66%
has as effect a substantial decrease of oxidative stress. In fact, cells
derived from p66% knockout (p66°"~/~) mice showed no changes
inreduced ROSlevels [122,123]. Moreover, in in vivo experiments,
p665"/~ tissues showed less intracellular and systemic oxidative
damage [123,124]. In addition, in vitro studies demonstrated
that p665* /= cells were resistant to apoptosis caused by a
variety of diverse signals, including H,0, [125]. Similarly, in vivo
experiments on p665</~ mice indicated that these mice were
resistant to apoptosis induced by hypercholesterolemia and
ischemia [123,124].

Severalstudiesrelate p66°"to cardiovascularpathophysiology
(see for an extensive review: [10, 126]). In particular, it has
been shown that p665™ has an important role in a wide range of
pathological alterations related to oxidative stress [127]. Some
works have suggested that PKCB phosphorylation of p665c
on Ser36 could induce its translocation to mitochondria
[128] increasing mitochondrial ROS formation and amplifying
deleterious PKCf signaling triggered by an initial oxidative
stress [0] (Figure 4). Studies conducted in p66°" knockout mice
underlined an association of the lack of p66°" with myocardial
hyperplasia [129]. Moreover, oxidative stress and ROS formation
appeared to be relevant also for cells other than differentiated
cardiomyocytes. In fact, it has been shown that the lack of
p66°™ protects against diabetic cardiomyopathy by preventing
the senescence of cardiac progenitor cells that interfered with
cardiac and vascular cell turnover [130].

Currently, few information on the possible involvement

Oxidative stress

‘ a APOPTOSIS

mPTP opening

Figure 4 Action of p66 to form peroxide and its effects on
mPTP. p66%¢ in the mitochondrial inter-membrane space through
Cyt c induces ROS formation, contributing to the opening of mPTP and
to the triggering of apoptosis. For acronyms and further explanation
see the text.
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of p66°™ in myocardial I/R are available. Recently Carpi and
collaborators showed that hearts lacking of p665™ are more
resistant to I/R injury preventing the oxidative damage of
structural components of cardiomyocytes as lipids and proteins
[120]. Interestingly, this cardioprotective efficacy due to p665
ablation was similar to that associated with monoamine oxidase
(MAO) inhibition; these effects were not additive, but are not
clear whether MAO and p66°* interact to generate ROS or their
final ROS products cumulate (for MAO role in ROS production see
below).

In summary, p66% is a mitochondrial ROS generator,
specifically peroxide, which may play a role in determining
susceptibility to cardiac I/R injury. Whether it may play a in some
circumstance a physiological ROS-signaling role is unknown.

MONOAMINE OXIDASES

MAOs are flavoenzymes and are present in two isoforms,
MAO-A and -B, with different substrate specificity and inhibitors
sensitivity. They show in their primary sequence 70% homology
[131, 132], and contain the FAD cofactor covalently linked by
a thioether bond to Cys406 in MAO-A and to Cys397 in MAO-B
[133,134]. Both isoforms present a helix within the carboxy-
terminal domain that serves to anchor them to the OMM with a
different orientation for the two isoforms [135,136]. However
fractions of enzymes are also been observed in the nuclear
membrane, endoplasmic reticulum and also in the plasma
membrane.

MAOs are necessary for the oxidative deamination of
neurotransmitters and dietary amines with the formation
of H,0, as byproduct. Oxidative deamination substrates are
preferentially norepinephrine and serotonin (5-HT) for MAO-A
and phenylethylamine and benzylamine for MAO-B. Both
isoforms catalyze the deamination of tyramine, dopamine,
octopamine, 3-iodothyronamine and tryptamine. The aldehyde
intermediate, produced by the reaction of oxidative deamination,
is immediately converted to the corresponding acid by the action
of aldehyde dehydrogenases. A failure of this latter enzyme may
favor the production of toxic aldehyde intermediate compounds,
and may exacerbate the injury determined by MAO-induced H,0,
formation. This is the case of either acute cardiac damage due
to I/R injury or the passage from compensated hypertrophy to
ventricular dilation/pump failure, on chronic conditions (see for
an extensive review: [137,138]).Ithas been described that MAO-A
is the prevalent isoform in the human and rat hearts, which do
not display appreciable MAO-B activity. However, exactly the
opposite is true in mice [139]. Parini and collaborators, which
were among the firsts to described MAO-A as an important
source of ROS in myocardium, reported that ROS generated by
MAO-A are able to trigger different signaling pathways leading
either to cell proliferation, hypertrophy or apoptosis depending
on the concentrations of substrate available [140].

While low concentrations of 5-HT were able to induce
cardiomyocytes hypertrophy in MAO-A dependent manner,
including also the activation of ERK/2 [141], the lack of MAO-A
activity showed higher cardiac levels of 5-HT, norepinephrine
and epinephrine in mice [142,143]. Studies performed in mice
knockout for MAO-A showed hypertrophy of cardiomyocytes

and LV dilation at baseline, though LV dysfunction was not
present and no hemodynamic changes were observed. These
results observed in MAO-A~/~ mice could be associated to raised
cardiac 5-HT levels and hyperactivation of 5-HT,, receptors
[143]. Accordingly, experiments performed in dogs with
congestive heart failure (CHF) induced by tachypacing showed
an elevated MAO-B expression within myocardium [144].
This elevated MAO-B expression may contribute to cardiac
decompensation. Moreover, in hearts of mice in which transverse
aortic constriction (TAC) induced CHF subsequently to pressure
overload, norepinephrine degradation by MAO-A was increased
and associated with raised oxidative stress, LV remodeling and
apoptosis. Thus, genetic ablation of either MAO-A or -B enzyme
alleviated ROS burden and LV maladaptive remodeling, as well
as mitochondrial dysfunction and cardiomyocytes apoptosis in
hearts of mice subjected to TAC [138].

ROS produced by MAOs, in the presence of high 5-HT
concentrations, induce the release of Cyt c, upregulation of
pro-apoptotic Bax and downregulation of anti-apoptotic Bcl-
2 proteins. Indeed, it was demostrated in an in vivo rat model
that infarct size was lower in animals treated with pargyline or
clorgyline prior to I/R with respect to untreated rats [145].

However, another study on isolated Langendorff perfused
mouse hearts reported that MAO inhibition after treatment with
pargyline is equally efficacious in limiting I/R injury despite 5-HT
was absent in that model [120].

Recently, the important role of MAOs in vasculature has
been demonstrated, showing that MAOs expression in mouse
aorta was induced through PI3K and NFkB pathway subsequent
a treatment with angiotensin II and lipopolysaccharide. MAOs
greatly participated to vascular generation of H,O, after these
treatments and the pharmacological inhibition of both MAO-A
and MAO-B completely prevented this increase in oxidative stress
[146]. More recently, a clinical study in human atrial myocardium
underlined, for the first time, the contribution of MAOs as source
of ROS in this tissue and suggested that atrial MAOs activity
serves as an independent predictor of post-operative atrial
fibrillation [147].

Some recent studies pointed out that cardiac-specific
overexpression of MAO-A was accompanied by ultrastructural
defects of cardiac mitochondria, ATP depletion and ultimately
led to cardiomyocytes necrosis and heart failure [138,148].
In particular, Di Lisa’s group observed that H,0, formation
occurs much earlier at the mitochondrial level rather than in
the cytosol, supporting the idea that mitochondria are “early
targets” of endogenously produced oxidative stress that leads to
mitochondrial dysfunction. Yet, MAOs activation was associated
with the loss of mitochondrial membrane potential. These
researchers also demonstrated the basic role of aldehydes
generated by amine catabolism via MAO, in the MAO-mediated
mitochondrial dysfunction in cardiomyocytes [138].

In summary, MAOs activity affects cardiac biology and
mitochondrial function and is important sources of mitochondrial
ROS. It is likely that MAOs inhibition has therapeutic value for
treating cardiac ROS-dependent injury of ischemic and non-
ischemic origin.

Ann Cardiovasc Dis 1(2): 1006 (2016)

9/15



@SCil\/ledCentrai

Pagliaro et al. (2016)
Email: pasquale.pagliaro@unito.it

MITOCHONDRIAL NO SYNTHASE

Nitric oxide (NO) is a free radical with important regulatory
functions, which in some circumstance may behave as an anti-
oxidant. It can exert a complex influence on cardiovascular
system not only by regulating vascular smooth muscle tone,
but also by adapting several cell function to the different
conditions cells afford during their life. In particular, NO may
regulate energy metabolism and response to I/R insult. Specific
NO synthase (NOS) isoforms are confined to distinct locations
in cardiomyocytes. For instance, endothelia NOS (eNOS) is
located in the caveolae of the sarcoplasmic membrane, whereas
neuronal NOS (nNOS) seems mainly confined onto sarcoplasmic
reticulum membrane, where they play specific role [149,150].
Whether a specific mitochondrial NOS (mtNOS) exists is a matter
of controversy. Recent data seem to suggest the presence of a
NOS isoform within mitochondria, which regulates both chronic
hypoxia and I/R. Its function seems affected by metabolic states
and mitochondrial environment, including concentrations of
Ca%, 0,, L-arginine, NADPH, and mitochondrial membrane
potential (AW) [151-153]. Nitric oxide alone or in concert with
ROS, forming reactive nitrogen species (RNS), may act through
several mechanisms, including guanylyl cyclase activation and/
or other protein activity regulation via processes of nitration
and/or S-nitrosylation [154]. Therefore, NO and RNS within
mitochondria act as pathophysiological regulator of function
of Cyt c oxidase and regulates the affinity of components of
respiration for oxygen [151-153,155].

In summary, NO and RNS regulates the mitochondrial capacity
to act as sensors of oxygen over a large pathophysiological
range and it seems that these organelles have their own enzyme
(mtNOS) to produce NO.

CONCLUSIONS

ROSareproducedby cellsduringnormallife toregulate several
physiological functions and to protect themselves by injury, but
the production can escape control and may be deleterious. In fact
several components of mitochondria contribute with respiratory
chain complexes to produce ROS. It appears that they can produce
either anion superoxide or peroxide. However the mitochondria
comprise several anti-oxidant enzymes (not considered in this
minireview) transforming superoxide to peroxide. In fact, the
production of the diffusible H,0, by these organelles serves
as an significant signaling component that associates cellular
metabolism to cell function and needs, as well as to blood flow
control. Mitochondrial ROS generation may also play a pivotal
role in triggering cardioprotective pathways and evoking the
expression of cell survival programs that reduce post-ischemic
myocardial injury and cell death by PreC and PostC stimuli. The
cardioprotective mechanisms induced by conditioning involve
activation of mK, , channels, and perhaps Cx43, which lead to
ROS generation by respiratory chain complexes. ROS may activate
downstream components of signaling pathways to drive the
expression/activation of cardioprotective enzymes that restrict
I/R injury and cell death. Moreover, the different composition
of subpopulations of mitochondria suggests that mitochondrial
ROS production at signaling levels may be localized at specific
intracellular compartments and within subpopulation of

mitochondria to activate cell survival programs and to enhance
tolerance to I/R. Nevertheless, overproduction of mitochondrial
oxidants, to which may contribute MAO and p66°%¢ sand other
enzymes (here not considered), leads to RIRR to exacerbate
oxidative stress via mPTP long-lasting opening. This, in turn,
can progress to death by necrosis and/or apoptosis during I/R.
Therefore, we must focus our attention on these mitochondrial
elements to learn increasingly more on the myocardial tissue
redox balance in physiology and pathophysiology, and in order
to understand more on altered ROS production in the various
components of the cardiovascular systems in acute and chronic
pathologies. These are prerequisites for an enrichment of
our therapeutic armamentarium against many invalidating
cardiovascular conditions, such as ischemia/reperfusion injury
and chronic heart failure.
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