UHWERSITA
| DEGLI STUDI

[T1S AperTO

DI TORINO
AperTO - Archivio Istituzionale Open Access dell'Universita di Torino
Redox signaling and cardioprotection - translatability and mechanism.
This is the author's manuscript
Original Citation:
Availability:
This version is available http://hdl.handle.net/2318/1507711 since 2016-06-23T12:44:14Z7

Published version:
DOI:10.1111/bph.12975
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

19 April 2024



REVIEW

Redox signalling and cardioprotection: translaigbdnd mechanism

P Pagliaro and C Penna

Department of Clinical and Biological Sciences Umsity of Torino, 10043 Orbassano, Turin, Italy

Correspondence

Pasquale Pagliaro, Department of
Clinical and Biological Sciences,
University of Torino, Regione
Gonzole 10, 10043 Orbassano,
Turin, Italy. E-mail:
pasquale.pagliaro@unito.it

Abstract

The morbidity and mortality from coronary artergefise (CAD) remain significant worldwide.
The treatment for acute myocardial infarction hmaproved over the past decades, including early
reperfusion of culprit coronary arteries. Althougls mandatory to reperfuse the ischaemic
territory as soon as possible, paradoxically tbéglb to additional myocardial injury, namely
ischaemia/reperfusion (I/R) injury, in which redstxess plays a pivotal role and for which no
effective therapy is currently available. In thesiew, we report evidence that the redox
environment plays a pivotal role not only in I/Ruiry but also in cardioprotection. In fact,
cardioprotective strategies, such as pre- and gmstitioning, result in a robust reduction in ircfar
size in animals and the role of redox signallingfiparamount importance in these conditioning
strategies. Nitrosative signalling and cysteinexeghodifications, such as S-nitrosation/S-
nitrosylation, are also emerging as very importaathanisms in conditioning cardioprotection.
The reasons for the switch from protective oxidaintrosative signalling to deleterious
oxidative/nitrosative/nitrative stress are notyulhderstood. The complex regulation of this switch
is, at least in part, responsible for the dimintsbelack of cardioprotection induced by
conditioning protocols observed in ageing animals with co-morbidities as well as in humans.
Therefore, it is important to understand at a mestia level the reasons for these differences
before proposing a safe and useful transitionafasmic or pharmacological conditioning. Indeed,
more mechanistic novel therapeutic strategiesexqeired to protect the heart from I/R injury and
to improve clinical outcomes in patients with CAD.
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AMI, acute myocardial infarction; CVD, cardiovasautlisease; I/R, ischaemia/reperfusion; I-
PostC, ischaemic post-conditioning; I-PreC, ischagreconditioning; mitoKATP, mitochondrial
ATP-activated K+ channel; MPG, mercaptopropionyicgie; mPTP, mitochondrial permeability
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RIRR, ROS-induced ROS release; RISK, reperfusigmyrsalvage kinase; RNS, reactive nitrogen
species; ROS, reactive oxygen species; SAFE, suraistivating factor enhancement; SERCA,
sarco/endoplasmatic reticulum calcium ATPase; S€peroxide dismutase; STEMI, ST-segment
elevation myocardial infarction; XOR, xanthine ovetuctase.

I ntroduction

The prevalence of chronic and degenerative diseasssding cardiovascular disease (CVD), is
increasing worldwide. Acute coronary syndromesluding myocardial infarction, are the most
typical examples of pathologies with a strong redersitive component and remain the leading
cause of death in Western countries despite sagmifiprogress in primary and secondary
prevention and treatment strategies. The only wagett acute myocardial infarction (AMI) is to



promptly restore blood flow to the ischaemic tisddewever, reperfusion is associated with further
injury and the duration of the precedent ischaaman important determinant of the extent of
reperfusion damage (Ferdinandy and Schulz, 2008nt4o et al., 2004). Reactive oxygen
species/reactive nitrogen species (ROS/RNS) pramiyahich may continue for hours after the
beginning of reperfusion, plays an important roléhe genesis of reperfusion injury (Bolli et al.,
1989) and recruitment of inflammatory cells (Simsat al., 1986). This is known as
ischaemia/reperfusion (I/R) injury (Penna et 8002, Pagliaro et al., 2011; Perrelli et al., 2011,
Tullio et al., 2013). Oxidative and nitrosativerative stress contribute to the cascade of events
leading to cell death in acute coronary syndromd,iacreased production of ROS/RNS can
modify the expression of several inflammatory memmduring heart injury. Here, we use the word
‘stress’ with a negative connotation, as it wikdeto tissue damage. This is somewhat different
from the chemical terminology (see Heinrich et2013). When ROS/RNS are protective or
involved in physiological mechanisms, we speakedfox signalling’ (see below). In coronary
disease, inflammatory processes are involved iciaus cycle of deleterious events that lead to
cardiac damage, including further oxidative strespairing both diastolic and systolic function
(Toyokuni, 1999). Thus, not only ischaemic damdge: also reperfusion, can produce cardiac
injury and dysfunction. Moreover, I/R injury altezsll excitability and their conduction system,
leading to arrhythmias via several mechanisms @laji al., 2009; Lopes et al., 2012). Reperfusion
also damages the vascular endothelium, leadingaoges in the endothelial structure (e.g.
expression of molecules of adhesion) and alignnweiti, capillary leakage and alterations in blood
cells and microembolization, as well as vasculanm@ssion due to myocyte swelling. There is no
doubt that acute coronary syndrome and redox byodmg entangled and concomitant diseases
(comorbidities), making the condition more comptézh Ageing is a powerful predictor of adverse
events following coronary syndrome and reperfusinategies (Eagle et al., 2004; Schroder et al.,
2013). Moreover, it is not clear why older patiecdsitinue to have poor outcomes in this syndrome
despite improved access to contemporary treatn@ale (et al., 2012). One of the reasons may be
the exacerbation of redox-dependent reperfusiamynp these conditions and in the presence of
co-morbidities, such as metabolic syndrome, diabatel cardiac hypertrophy (Giricz et al., 2006;
2009; Ferdinandy et al., 2007; Gorbe et al., 2&dLsis et al., 2012; Csonka et al., 2014). Besides
increasing ROS/RNS production, ischaemia and rapien have also been found to reduce the
levels of antioxidant enzymes such as glutathie@rexdase, and superoxide dismutase (SOD) and
non-enzymatic antioxidant such as ascorbate and @8&ge et al., 1997). Moreover, I/R alters the
function of several enzymes, some of which playngportant role in the redox balance of the cell
(Penna et al., 2011b; Tullio et al., 2013). Therefoeduced scavenging and altered enzymatic
function further contribute to the development pidative stress. Many hopes were pinned on the
use of antioxidants, but results have been disafipgi so far (see the Bench to bedside section).
Therefore, there is an urgent need to better utatetghe biology and the damage caused by I/R
and redox stress before considering an approgredément. Clearly, the same level of
radical/reactive species may be protective or datais, depending on a variety of conditions,
including co-morbidities, the protective antioxid@mzyme defence system and reparative process.
I/R damage can be reduced by ischaemic preconuigqirPreC) (Hoffman et al., 2004;

Hausenloy and Yellon, 2007; Hausenloy et al., 2@02;3; Murphy and Steenbergen, 2008; Di Lisa
et al., 2011) and by ischaemic postconditioninB¢ktC) (Hausenloy and Yellon, 2007; 2008;
Hausenloy et al., 2007; 2013; Ivanes et al., 2@Hgliaro et al., 2011). The mechanisms underlying
protection by I-PreC and I-PostC are incompletaigiarstood (Penna et al., 2008a; 2009; Di Lisa et
al., 2011; Pagliaro et al., 2011; Perrelli et2011; Tullio et al., 2013). However, there are no
doubts that ROS/RNS signalling plays a role ingeigng and mediating these protective
phenomena. It is likely that mitochondria haverapartant role in these processes. For instance,
autacoids, formed during conditioning manoeuvras, tcgger protection by inducing activation of
the mitochondrial K+ ATP channel (mitoKATP), whitthen induces the generation of ROS and
RNS, both required for conditioning-induced proi@eci{O’Rourke, 2000; Cohen et al., 2001,



Forbes et al., 2001; Oldenburg et al., 2002; 2@4ek and Murphy, 2010; Di Lisa et al., 2011;
Murphy et al., 2012; 2014; Penna et al., 2013a)uf& 1). Notably, I-PreC can be mimicked by
pharmacological interventions, including the adsiration of free radical donors/generators, NO
donors, and even nitroxyl anion (HNO/NO-) and ONGd@nors (Wink et al., 1993; Pagliaro,
2003; Pagliaro et al., 2003; du Toit et al., 20D8chetti et al., 2011), whereas pre- and post-
conditioning can be blocked by radical scavengeenfa et al., 2006b; Cohen et al., 2008).
Although the cardioprotective effect of conditiogistrategies have been proven in several species
including humans, it seems that the presence dimascular risk factors, ageing, co-morbidities
and other concomitant medications may interferé wérdioprotective signalling pathways (for
extensive reviews, see Ferdinandy et al., 2007z&e1 al., 2013; Hausenloy et al., 2013).
Therefore, there is a complex framework in whichSRRNS can be deleterious (redox stress) or
beneficial (redox signalling); a picture that isther complicated by the presence of co-morbidities
In this review, we will first consider the moleculzasis of ROS/RNS generation and the
mechanisms of oxidative and nitrosative/nitratitress. Then, we will consider how ROS/ RNS
may have a physiological/beneficial role (ROS/RMfdalling) and how ROS/RNS are involved in
the process of cardioprotection, namely pre- argl-ponditioning. Finally, the possibilities of
clinical transition of the conditioning protocolsealiscussed.

Molecular basis of the biologicalfunction of ROS/RNS

The cellular redox status may be considered amamt that ranges from reductive to oxidative
conditions. Reactive species overflow can occeitaer extreme (i.e. oxidized or reduced) of the
redox potential. Therefore, the biological extreraethe redox spectrum play pivotal roles in
disease pathogenesis. Here, we consider oxiddtegssand signalling; for reductive stress (i.e.
increased ratios of NADPH/ NADP and GSH/GSSG),tkegeview of Brewer et al. (2013). We
propose to revise our approach towards the redianba and to consider the production of ROS
and RNS as a physiological phenomenon that is weebin the regulation of various cellular
functions. Only under certain conditions this bakhproduction can ‘escape’ from the usual
control and consequently induce damage via oxidatitrosative/ nitrative stress. As such,
oxidative stress and nitrosative/ nitrative sti@®sdisturbances in the oxidation/reduction state o
the cell, in which inappropriate ROS/RNS productixeeeds antioxidant defences. As a rule,
ROS/RNS activity determines toxicity while decregssignalling ability. However, exceptions
exist.

ROS/RNS and oxidative/nitrosative signalling or stress

The reactive species

Before considering the sources of ROS/RNS, herbriedly review the biochemistry and biology
of the reactive species. Although reactions to RiWEbe considered in more detail, the reader is
kindly redirected to more focused reviews on thj@d (Espey et al., 2002; Becker, 2004; Martinez
and Andriantsitohaina, 2009; Heinrich et al., 20R8nna et al., 2014).

ROS

A reduction in molecular oxygen (O2) leads to thenfation of chemically reactive species (known
as ROS). These are the superoxide anion (O2 —jobgd peroxide (H202) and the hydroxyl
radical (HOe). Because of their intrinsic chemipedperties, each ROS reacts with specific
biological targets (amino acid and cysteine resdafeproteins, lipids, DNA bases, etc.).
Superoxide anion is a by-product of mitochondrespiration and is produced mainly by NADPH
oxidases. In living cells, the steady-state corregion of O2 — is very low[(10-11 M), which
reflects its instability; this is due to not ontg reaction with the [Fe—S] cluster but also to
spontaneous and SOD-mediated O2 - dismutation @2HZhe instability of O2 — and its inability
to diffuse through membranes because of its negiaharge make this ROS a poor signalling
molecule. However, since O2 — can cross membraiaesmon channels, it has often been
suggested that it is responsible for the cardi@uatain triggered in the pre- and postconditioning



scenario (see below). Hydrogen peroxide is fornged khy-product of aerobic metabolism,
superoxide formation and dismutation, and as aywioof oxidase activity. Both excessive H202
and its decomposition product, HOe, formed in aaheatalysed Fenton-type reaction, are harmful
for most cell components. In biological systemstaixicity is essentially due to its reduction to
HOe by Fenton chemistry (Imlay, 2003). In fact, H2{3 a poor oxidant and reacts mildly with
[Fe—S], loosely binds to metals and very slowlglistathione, Met and free Cys residues
(Winterbourn and Metodiewa, 1999). As a consequd2@©? is relatively stable (intracellular t1/2
1 1 ms and steady-state level$0-7 M). Since the H202 reactivity towards Cysdass can
increase significantly depending upon the protevmirenment, the diffusion of H202 might be
modulated by changes in membrane permeability dramsport through aquaporins (Bienert et al.,
2006). Its selective reactivity and diffusibilityakes H202 the ideal candidate for redox signalling,
as it reacts selectively throughout the cell. it aat as a second messenger in several signal
transduction pathways, including immune cell ad¢torg inflammation processes and cell
proliferation. It has been suggested that H2O2dsranary metabolic dilator and couples
myocardial oxygen consumption to coronary blooavfltt produces vasodilatation by the oxidation
of intracellular thiols and activation of the p38\M kinase. Therefore, physiological coronary
metabolic dilatation appears to be mediated byxatdpendent signals (Saitoh et al., 2007). The
reactivity of the hydroxyl radical is mainly nongjifec (t1/2 [1 10-9 s), which makes it highly toxic
and limits its diffusion to sites of production;spée this, HO» may operate in H202 sensing
(Halliwell and Gutteridge, 1997). Thus, it is pdsithat HOe has cardioprotective properties, &s it
effects may be carried downstream by a produchogpholipid oxidation (Garlid et al., 2013).
RNS: nitration, glutathionylation and nitrosylation

RNS are a family of molecules mainly derived fro® Nxygen and superoxide (Figure 2). Nitric
oxide (nitrogen monoxide, *NO) is synthesized byaies NOS enzymes or can be produced by
other reactions in the biological systems, whiahaollectively called ‘non- NOS’ processes
(Zweier et al., 2010). Besides endothelial NOS (8N©® NOS3), many cells constitutively express
neuronal NOS (nNOS or NOS1). These two NOSs are-f€anodulincontrolled isoenzymes, and
within the organ and cells, they are localizedittecent microdomains and are linked to selective
signalling (Lim et al., 2008; Zhang and Casadel,2)0The localization of enzymes and/or
antioxidants within the intracellular organelleglve various microdomains has a critical role ia th
redox biology, determining the final outcome ofitasative process. Cells can also express an
inducible NOS (iNOS or NOS2), which can producargé amount of +NO in immune and
pathological processes independently of the lev€la2+ in the cell. Nevertheless, the so-called
second window of protection of I-PreC is mediatgdrizreased iNOS activity and the role of INOS
in I/R injury and, specifically, whether this enzgns protective or detrimental is still a matter of
debate. It is likely that INOS is protective in neytes but detrimental in inflammatory cells (Guo et
al., 2005; 2012). Although the three isoforms of SN€atalyse the same reactions, they differ in
their expression, regulation and physiological/patiysiological roles (Nathan and Xie, 1994). The
non-NOS process of *NO formation includes nonenziygmaactions that are favoured by acidic
conditions, such as the reduction of nitrite to sN@d reactions catalysed by non-NOS enzymes,
such as cytochrome c, Hb and xanthine oxidorededc@seier et al., 2010). Molecular targets of
*NO include metalloenzymes (especially sGC, Hb &tdchromes) and thiols yielding S-
nitrosothiols (see also below) (Ferdinandy and &;003; Pacher et al., 2007; Penna et al.,
2014). The major biological reaction of NO inclsdexidation to nitrite and nitrate. Notably, *NO
can react with O2 -, yielding peroxynitrite (ONOQRonson et al., 1999). This reaction leading to
peroxynitrite formation depletes the bioactivitysbfO (Guzik et al., 2002). This is important
because *NO is a key mediator in many importansiathygical and cardiovascular functions,
including regulation of smooth muscle tone and @Rtelet activation and vascular cell signalling.
Therefore, although ONOO- itself is a highly reaetspecies that can react with various biological
targets of the cell including amino acids, DNA|dig, thiols and low-molecular-weight antioxidants
(Pehar et al., 2006), the toxicity of this reactinay be derived from «NO removal. Moreover, this



reaction occurs at a relatively slow rate and adl@WNOO- to act as a signalling molecule. In fact,
ONOO-, similar to O2 —, is also able to traverse¢hll membranes to some extent through anion
channels (Pacher et al., 2007). Yet, peroxynitéte react with other molecules to form additional
types of RNS including nitrogen dioxide (s\NO2) atiditrogen trioxide (N203), a nitrosating
agent. In fact, important reactions involving RN8c¢ch as nitrosonium (NO+), eNO2 and N203, are
those leading to S-nitrosothiol production (seewg!

Nitration and nitrosation or nitrosylation

Although nitrosylation can be defined as the additf *NO without a change in the formal charge
of the substrate (metal centre or radical speaied)nitrosation as the formation of a covalent bond
between an NO+ equivalent and a nucleophilic cdjatrgne or thiol) (Heinrich et al., 2013),
nitrosation and nitrosylation are often used irtargeably to refer to the same substrate
modification, in biological literature (Murphy ek a2012; Penna et al., 2014). Actually, nitrosatio
or nitrosylation of proteins (i.e. the incorporatiof NO moieties by covalent bonding to protein
groups) is chemically possible in the case of agstthiols, leading to the formation of S-
nitrosothiol (thionitrite) (Wink et al., 1993; Heinh et al., 2013). In fact, S-nitrosothiol may be
obtained either by the reaction of RNS with a tlimafrosation of a thiol) or by *NO with an
oxidized thiol (nitrosylation of a thiyl radicaljd can be clearly individuated because of the yrefi
‘S’, referring to the incorporation of the NO maest to a sulfur atom to form the S—NO bond. Of
note, cysteine residues of proteins may be eitemtive (pKa 4-5) or nonreactive (pKa 8.5)
(Knock and Ward, 2011; Burgoyne et al., 2012). €fae, this post-translational modification (S-
nitrosothiol formation) can be due to either a 8asiation or S-nitrosylation process, which has
become popular as protein S-nitrosylation souri@gsgrotein phosphorylation. Indeed, moderate
and selective S-nitrosothiol production is emergsa prototype of redox signalling, which, in
biology, is often referred to as S-nitrosylatiom(Set al., 2006a; 2012; 2013; Sun and Murphy,
2010; Kohr et al., 2011; Angelone et al., 2012; phyret al., 2012; 2014; Penna et al., 2014) and
S-nitrosation (Galkin and Moncada, 2007; Nadtodtigl., 2007; Chouchani et al., 2010; 2013;
Methner et al., 2013), without any clear evideriwd the process leading to S-nitrosothiol
production is the former or the latter. Therefahge the consolidate use of these terms (S-
nitrosation/S-nitrosylation), from here on, we wile both terms to refer to the process leading to
the formation of S-nitrosothiols within proteinshieh are often, although inappropriately, referred
to as S-nitrosylated proteins (for the appropraitemical terminology in this field, see Heinrich et
al., 2013). In contrast, nitration involves an &lephilic addition of a nitro triatomic group, suak
an NO2 + equivalent (nitronium, an electron accgpto an aromatic ring (the site of electron
density) (Espey et al., 2002). In the biologicatsyn, the term nitration refers mainly to the
incorporation of the NO2 + equivalent at positioaf3he phenolic ring of tyrosine residues (3-
nitration of tyrosine or 3-NT). This protein modiition is often associated with oxidative/nitrative
stress, due to the formation of ONOO-, in the platinp of the CVS (Turko and Murad, 2002;
Ischiropoulos, 2003). However, it must be stregbat] although nitration, nitrosation and
nitrosylation, are different types of reactiongylare not mutually exclusive events but are rdlate
in a continuum or Yin-Yang process and in manywitstances can result in identical final
products (Wink et al., 1993; Penna et al., 201dj.ikstance, even ONOO- can lead to facilitation
of the nitrosylation pathway; indeed, it has beeggested that only when the ratio between +NO
and O2 - is close to 1:1 the formation of ONOO- les to nitration, whereas a small excess of
*NO will predominantly lead to nitrosylation via ®3 formation (Espey et al., 2002). Actually, S-
nitrosothiol-mediated protection, through both astition- and nitrosylation-dependent
mechanisms, is influenced by the relative ratedN@ and O2 - formation. Nevertheless, it has
been suggested that 3-NT formation is one of thpssin protective pathways (Kupai et al., 2009;
Li et al., 2013). Glutathionylation is the enzynmelépendent addition of GSH, or other low-
molecular-weight thiols, to cysteine sulfhydrylickges of proteins. This is a reaction in dynamic
equilibrium with S-nitrosation/S-nitrosylation ofSBl to form S-nitrosoglutathione and is
considered a cellular response to protect essgmb&ins from permanent loss of function as a



consequence of oxidative stress by other ROS/ RiiEgt(@nd Lamas, 2000; Heinrich et al., 2013).
Therefore, RNS have multiple effects on their poé&rellular targets, which include not only
proteins but also lipids and DNA and it is likehat RNS have important effects on the shift from a
healthy to a disease state (Martinez and Andriafizina, 2009). Indeed, RNS may induce either
nitrosative stress via the uncontrolled nitrosatboysteine residues or nitrative stress throingh t
irreversible nitration of biological molecules, suas tyrosine. Yet, the most important downstream
signalling pathway for RNS for conditioning cardiofection probably involves discrete S-
nitrosation/ S-nitrosylation of proteins and maypaetially independent of NO-mediated cGMP
signalling (Penna et al., 2006a; 2011b; Insertd.e2013; Murphy et al., 2014). Actually, in sealer
conditions, the main NO signalling is cGMP-depernderd stems from the activation of sGC due
to the binding of *NO to the haem group of the eneywith consequent production of cGMP. The
subsequent activation of PKG amplifies the signglevents through protein phosphorylation,
including inositol-1,4,5-triphosphate receptor-asat@d cGMP kinase substrate, the regulator of G
protein signalling and the myosin light-chain phoegase. This ‘classical’ signalling cascade is
responsible for the NO-dependent vasodilatationisunegulated at several steps, for example, *NO
production, reversible binding to sGC, degradatibaGMP by PDE and dephosphorylation of
downstream targets by phosphatases. A plethoraudies can be found on this classical pathway.
Here, we focus more on the so-called cGMP-indepad® signalling described earlier. As we
will see, this signalling is very important in pnebpost-conditioning.

Sources of ROS and RNS

Besides chemical reactions, several enzymes, pgtharad/or mechanisms are associated with the
production of reactive species within cells undeygiological and pathological conditions. Among
these, there are sources of ROS/ RNS, includingreeg of mitochondrial respiration, xanthine
oxo-reductase (XOR), NADPH oxidases [catalytic subof NADPH oxidases (Nox)], and

coupled and uncoupled NOSs (Figure 3). Other ingmbroxidase pathways include autoxidation of
catecholamines in I/R injury, and the activationhad lipoxygenase and the cytochrome P450 class
of enzymes, some of which are present in corondeyias and myocardium and are known to
produce superoxide in response to several stimglyding bradykinin (Buttery et al., 1996). The
majority of these enzymes only produce ROS aftey ttave been damaged by ROS/RNS, as, for
example, is the case for uncoupled eNOS and XOBomtrast, NADPH oxidases produce ROS as
their primary function. Here, we describe briefigtrole of some of these sources. The reader is
redirected to more focused reviews on this topec{r, 2004; Zhang and Gutterman, 2007; Costa
et al., 2011, Sato et al., 2011; Nickel et al.,£0Mitochondrial production of ROS is mainly the
net result of O2 — production at the electron tpamschain and their elimination by antioxidative
enzymes, such as manganese SOD in the mitochonthtealk or copper/zinc SOD in the
intermembrane space. The production of O2 — bytreledransport chain is profoundly influenced
by ischaemia and reperfusion and seems exalteldebgai-called process of ROS-induced ROS
release (RIRR) (Tullio et al., 2013; Nickel et 2014). Another mitochondrial source of oxidative
signalling and/or stress is monoamine oxidases (B)A@hich are located in the outer
mitochondrial membrane. MAO mediates the breakdofikey neurotransmitters, such as
noradrenaline, adrenaline and dopamine, and, ipriheess, generates H202. The activity of MAO
is altered in I/R and chronic myocardial diseasaliercic et al., 2014). Another mitochondrial
component that contributes to ROS generation ip@tShc (for extensive review, see Giorgio et
al., 2007; Di Lisa et al., 2009a,b). Few studiessidered p66Shc in the context of I/R injury. In a
recent study, the susceptibility to I/R injury wgreatly decreased in mice hearts devoid of p66Shc
along with a marked reduction of oxidative altevasi of proteins and lipids (Carpi et al., 2009).
This study suggested that myocardial injury causepost-ischaemic reperfusion was greatly
dependent upon the activity of p66Shc. The rol¥©R in I/R injury has been demonstrated in
several heart models of I/R (Berry and Hare, 2004jhe setting of ischaemia, ATP degradation
leads to the accumulation of XOR substrates. Ma@goXOR activity is increased after I/R injury.
Actually, oxidative stress after reperfusion injisymost likely to be attributable to a combination



of local XOR activity and the effects of neutrogtaittracted to the region (Harzand et al., 2012).
NOS uncoupling induced by oxidative stress resaltarther oxidative/nitrosative/nitrative stress.
NOS catalytic activity becomes uncoupled when thgting between the reductase domain and L-
arginine oxidation at the active site is lost atet&on transfer from NADPH through the flavins to
02 is not inhibited, resulting, in fact, in the fmation of O2 —« and OHs. NOS uncoupling occurs
under certain conditions, such as scarcity or alesehone or more co-factors (calmodulin, FAD,
FMN and/or tetrahydrobiopterin), or oxidation oétBn2+—thiolate centre of the NOS homodimer.
It seems that supplementation with tetrahydrobiapt@ay reverse NOS uncoupling in some
cardiovascular conditions (Carnicer et al., 20Ng)S activity is also profoundly altered in the
myocardium after an ischaemic insult (Gonzaled.e2809). For instance, after AMI, nNOS
expression in the heart is increased (Damy e2@03). However, more importantly, it seems that
the subcellular localization of NNOS changes frbm garcoplasmic reticulum to the sarcolemma
concomitantly with the occurrence of uncoupled N&@8vity (Zucchi et al., 2001; Simon et al.,
2014). These changes (translocation and uncoupdixyggin the different effects of RNS in the
post- AMI and failing heart as well as in diabetssociated myocardial dysfunction (Zhang et al.,
2006). Seven NADPH oxidase family members, whickehdistinct catalytic subunit (i.e. Nox-1-5
and Duox1 and 2) and different additional proteibunits, have been described (Bedard and
Krause, 2007; Santos et al., 2011). The two Noforgsas that have functional effects in
cardiomyocytes are Nox2 and Nox4. It seems thadNwas a mitochondrial and endoplasmic
reticulum-related perinuclear location and is awanducible isoform. In fact, Nox4 has a low-
level of constitutive activity that seems to beulated largely by changes in its expression level.
Nox2 is located predominantly on the plasma meneard is normally quiescent, but it is acutely
activated by various stimuli, including angiotenBinNhile Nox2 generates predominantly O2 -,
Nox4 may generate predominantly H202 (Ushio-Fuka@9; Ago et al., 2010; Brandes et al.,
2010; Nisimoto et al., 2010). It has been repotied NADPH oxidase subunit expression and
activity are increased in both cardiomyocytes amtbéhelial cells in an animal model of pressure-
overload left ventricular hypertrophy (Li et alQ@2). It seems that NADPH oxidase activity is
increased in many cardiac disease states. For égathe expression of NADPH subunits,
including Nox2, is increased after AMI in both amihmodels and humans (Krijnen et al., 2003).
Using mouse models with selective gain and logsmdtion for these two Nox isoforms, it has
been proposed that a very different role is playgéach isoform, roles that themselves vary
depending upon the disease condition. Overalldtvenstream effects of Nox2 and Nox4 appear to
differ, with the former mediating detrimental effe¢redox stress), whereas the latter may faalitat
beneficial processes (redox signalling) such asogegesis and adaptive hypertrophy. For
example, deletion of Nox2 was protective againgi@ensin Il-induced cardiac fibrosis and
hypertrophy, whereas deletion of Nox4 was detrirmleitowever, recent studies suggest that high
levels of Nox4 may have detrimental effects vidtstg from H202 to O2 —e production (Bedard
and Krause, 2007; Nisimoto et al., 2010; Sant@d.e2011; Zhang et al., 2013). The reasons for
this discrepancy remain to be elucidated and tbiei@ may be more complicated than apparent
from previous studies. Before considering the cdlROS/RNS in cardioprotection, let us further
define the concepts of redox signalling and stie$ise context of cardioprotection.

Redox signals (ROS/RNS signalling)

The redox signalling comprises oxidoreductive cloainieactions that alter proteins post-
translationally, thereby creating a coupling betvesdox balance and cell function. Under normal
circumstances, ROS/RNS concentrations are tiglthyrolled by endogenous antioxidants, keeping
them in the picomolar range (Drége, 2002). Howenest cells have been shown to generate a
burst of ROS/RNS when stimulated by a plethoraheingicals (e.g. cytokines, angiotensin Il,
diazoxide, endothelin-1, PDGF, PAF) and physidahsli (i.e. intermittent shear stress, thermic
variations) (Penna et al., 2011a). Then, the ROS/RiXmed play an important role in cellular
homeostasis and communication. These transiergigaised ROS/RNS act as second messengers



in signal transduction for cell signalling and daxéscular homeostasis. As said, S-nitrosation/S-
nitrosylation leading to S-nitrosothiol productisna selective post-translational protein
modification due to targeting of redox-sensitivateyne residues within proteins. When ROS/RNS
are modified, proteins alter their activity, stalpilconformation and/or ability to interact witther
molecules, resulting in modulations of cellulardtian. In the heart, redoxmodified proteins
include proteins involved in calcium handling amhizactile function [e.g. calcium calmodulin
kinase Il, calcium channels, ryanodine receptoca@aendoplasmatic reticulum calcium ATPase
(SERCA) and phospholamban] (for review, see Burgastnal., 2012; Steinberg, 2013; Tullio et al.,
2013), as well as proteins involved in various alling pathways and/or transcriptional activities.
Among these are oxidative/nitrosative modificatiohg&nzymes, such as metalloproteinase (MMP)
and kinases (i.e. PI3K, AMPK, PKA, PKC and PKG),ethmay lead to the activation or

inhibition of the enzyme depending upon the typesafction and the site of oxidative/nitrosative
modification (see also Knock andWard, 2011; Burgoghal., 2012; Steinberg, 2013; Tullio et al.,
2013). The signal may also be indirect; for insearnthe H202-mediated activation of AMPK is
likely mediated via the ROS-induced decrease irAffié levels. It has also been suggested that
hypoxic activation of AMPK is dependent upon mitoorial ROS but independent of an increase
in the AMP/ATP ratio (Emerling et al., 2009). RO® also important regulators of PKC by
reacting with thiol groups associated with the Zinger region of the molecule (Korichneva,
2006). Moreover, an RNS-dependent activation of PH&a redox-sensitive S-
nitrosation/Snitrosylation process, occurs witliia mitochondria (Sun et al., 2006b; Prime et al.,
2009). The small monomeric G proteins (ras, racd RhoA), transcription factors (e.g. MB-

and HIF-1) and histone deacetylases are also &ativyy ROS/RNS (Bonello et al., 2007; Morgan
and Liu, 2011; Satoh et al., 2011; Surma et all120Finally, a group of kinases that may be
directly or indirectly redox-sensitive, but veryportant in cardiovascular cell signalling, are
MAPKSs (see also below) (Johnson and Lapadat, 20@2tindale and Holbrook, 2002). Also,
vasodilatation is, in part, due to a cGMP-indepemgeocess of glutathionylation, which protects
the cells from further oxidative/nitrosative moddtions (Sun et al., 2006b). In fact, the inhibdbr
sGC, ODQ (1H-[1,2,4]oxadiazole[4,d]quinoxaline-1-one), does not prevent several NO-
dependent effects in many tissues (Busse and Hgr2@06; Sun et al., 2013). Moreover, even
protein nitration has been suggested to be invalveignalling processes during normal
physiological mechanisms (Koeck et al., 2005) aet ftyrosine nitration by ONOO- may affect
tyrosine phosphorylation and MAPK activity in sealerell types, thus affecting essential cellular
functions (Jope et al., 2000). Therefore, ROS/RNS a very important role in cell signalling and
are thus essential for survival of the organisno@er, 2002; Fisher, 2009). Of course, we must not
forget that under pathological conditions and m pinesence of co-morbidities, ROS/RNS
production is unbalanced by cell defences, indudelgterious effects in a large number of
pathways involved in cell life. The dual role of B&NS in ‘fine-tuning’ the balance between cell
death and survival is well illustrated by obsemas that, during I/R injury, ROS/RNS trigger cell
death (apoptosis/necrosis), whereas ROS/RNS gedetating preconditioning as well as during
post-conditioning manoeuvres prevent cell deatltkBe 2004; Penna et al., 2009; Pagliaro et al.,
2011; Tullio et al., 2013). ROS/RNS generated dudanditioning can up-regulate pathways able
to prevent cell death (see the ROS/RNS and camliegiion section).

Oxidative and nitrosative/nitrative stressin CVD

As said, redox balance may shift from health (digrg) to disease (stress) in acute events,
especially if events occur during ageing and deggive conditions. Here, we consider in brief the
role of redox stress in CVD and in particular ie /R injury of the myocardium. The reader is
kindly redirected to other extensive reviews o3 thpic (Tocchetti et al., 2011; Zhang et al., 2012
Morales et al., 2014). Normal cardiovascular penfmnce requires balancing of many complex
physiological and biochemical processes, includetpx balance. Disturbances of this balance
may lead to myocardial dysfunction or, alternatyy@l disrupted balance may be a secondary result
of structural heart disease such as AMI or cardigpaghic processes. Altered signalling systems, in



turn, contribute to the progression of myocardiafdnction. Therefore, redox imbalance may be
the cause of cardiac disease, which, in turn, magerbate redox imbalance. In fact, when
excessively produced, or when endogenous antiotddar depleted, ROS/RNS can inflict damage
onto lipids, proteins and DNA. This intracellul&duction— oxidation imbalance, namely
oxidative/nitrosative/nitrative stress, can subsedly contribute to the development and/or
progression of CVD, such as atherosclerosis, chrigsohaemic heart disease, cardiomyopathy,
congestive heart failure, arrhythmias as well agisd other degenerative conditions rendering the
CVS more susceptible to stress by I/R challengirogpés et al., 2012; Tullio et al., 2013).
Importantly, ROS/RNS up-regulation leading to ckdath is a wanted effect in cancer prevention.
I/R injury is the prototypical pathological exammita situation in which ROS/RNS are produced
in amounts far exceeding those that cells anddssan handle without damage. Redox stress may
occur both during ischaemia and reperfusion (Bec@0d4). At the cellular level, ischaemia is
characterized by a virtual lack of O2 and substraded ischaemic cells accumulate metabolites
such as lactate. Via alterations in pH, Na+ and AéMels, ischaemia and mainly reperfusion then
trigger a cascade of events including massive RAS/Beneration, loss of nucleotide homeostasis
and disruption of Ca2+ homeostasis. Therefore, RQS/are produced during ischaemia, but
especially at reperfusion (Becker, 2004). Oxiddhiteosative/nitrative stress plays an important
role and contributes to the onset and maintenahpest-ischaemic inflammation.
Oxidative/nitrosative/nitrative stress after repsrbn injury is most likely attributable to a
combination of local enzyme activity and the ef$eat recruited neutrophils (Hoffman et al., 2004;
Zhao, 2004). Increased formation of ROS/RNS isafrte main factors of reperfusion-induced
injury. During reperfusion, the O2 — productionneases, which, along with other ROS/RNS,
strongly oxidizes the myocardial fibres, thus fawog cell death (Zhao, 2004). As said, O2 -
production can be theoretically generated by diffitienzymatic systems, namely NOX, uncoupled
NOS, XOR and complexes of the respiratory chaithémitochondria. Indeed, mitochondria are
key players in I/R injury: basically, disruption 682+ homeostasis results in mitochondrial Ca2+
overload and culminates in the formation of theoctiondrial permeability transition pore (MPTP)
and the activation of cell death signalling pathsv@Murphy and Steenbergen, 2008; Lemasters et
al., 2009; Tullio et al., 2013). Importantly, mP®Pening at reperfusion is a fundamental step of
the so-called RIRR that self-sustain ROS and cars#ty RNS production that inflicts irreversible
damage to the cells (Tullio et al., 2013). In fatchas been reported that mPTP is maintained in a
closed state during ischaemia and that in non-prede(naive) hearts typically opens at reperfusion
(Obame et al., 2007; Hausenloy et al., 2009). Atidbginning of reperfusion, Ca2+ overload, ROS/
RNS stress and pH recovery all occur. These thexhamisms are recognized as potent triggers
that increase the open probability of the mPTP. dening of mPTP will lead to RIRR and cell
death by different mechanisms, including mitochaldtisruption from mitochondrial swelling,
membrane rupture and/or cytochrome c release, whdtltes programmed cell death pathways
(Hausenloy et al., 2009; Martin et al., 2011; Pesinal., 2013a). This is one of the main reasons
why the restoration of blood flow in the infarctptit artery may paradoxically result in further
damage to the myocardium. This reperfusion injay significantly reduce the beneficial effects of
reperfusion therapy. Therefore, mPTP inhibitiothattime of reperfusion appears fundamental to
all strategies of cardioprotection thus far enveshdrullio et al., 2013). As we will see, S-
nitrosation/SRedox signalling in cardioprotectiaitrosylation of some putative components of
mMPTP reduces the probability of pore formation.

ROS/RNS and cardioprotection

Different cardioprotective strategies such as isatia and pharmacological preconditioning have
been shown to attenuate mitochondrial dysfunctioavadenced by less mitochondrial Ca2+
overload, a better NADH balance and reduced ROS/®KN®&ation during ischaemia as well as on
reperfusion (Riess et al., 2002b; 2003; Kevin £t24103). Although excessive ROS/RNS formation
during I/R may contribute to reperfusion injury vidrative stress by peroxynitrite, ROS/RNS are



important elements in the triggering signal of €@rduring preconditioning manoeuvres. The role
of redox balance in I/R injury and in the cardideation induced by preconditioning has been
extensively reviewed earlier (Cohen et al., 20G8dmandy, 2006; Jones and Bolli, 2006; Tullio et
al., 2013; Penna et al., 2014). Therefore, herdigamuss redox signalling in preconditioning and
focus on more recent studies and especially th@vewment of redox signalling in post-
conditioning, that has not yet been reviewed inliteeature.

Preconditioning

Cardioprotection by I-PreC is obtained by shoriqus of ischaemia with intervening short periods
of reperfusion (a few minutes) prior to an infamgtischaemia. It requires a complex signalling
cascade to be triggered, which includes the operfimgtoKATP (O’Rourke, 2000; Cohen et al.,
2001; Oldenburg et al., 2002; 2004; Yue et al.,20htriguingly, preconditioning can be
completely blocked by free radical scavengers, siscN-acetylcysteine (NAC) or
mercaptopropionyl glycine (MPG) given during prediioning manoeuvres (Cohen et al., 2001;
Forbes et al., 2001). These results confirmeddki@tative/nitrosative signalling is involved in
triggering the cardioprotection induced by prectinding. In fact, *NO production by activation of
different types of NOS and/or by non-NOS proce$sesbeen shown to be involved in
cardioprotection procedures (Bell and Yellon, 200Idenburg et al., 2004; Cohen et al., 2006;
Shiva et al., 2007; Guo et al., 2008; Zweier et20)10; Simon et al., 2014). Even donors of HNO
(one electron reduction product of e\NO) may indageeconditioning-like effect, which is reversed
by NAC (Pagliaro et al., 2003). The ‘classical’ fgction induced by *NO in I-PreC is dependent,
in part, upon the activation of SGC/cGMP/PKG, whichturn, leads to the opening of the
mitoKATP channel (Jones and Bolli, 2006). RecerfBiyn et al. (2013) reported that the I-PreC-
induced cardioprotection is not related primardythe activation of the sGC/cGMP/PKG signalling
pathway by *NO, but rather through S-nitrosationft®esylation signalling. In fact, the infusion of
the sGC inhibitor, ODQ, did not completely aboltble cardioprotection induced by I-PreC. Hearts
treated with ODQ were protected with a concomitagher S-nitrosothiol level. These results
suggest, at least in some models of cardioprotectiat e\NO-mediated cardioprotection is
regulated by protein S-nitrosation/S-nitrosylatajrcysteine residues rather than through activation
of the sGC/ cGMP/PKG signalling (Sun et al., 2003)e ease of reversibility and the affirmation
of regulated S-nitrosylating and denitrosylatingymnatic and non-enzymatic reactions support the
hypothesis that S-nitrosylation regulates the talland mitochondrial function through redox
mechanisms (Penna et al., 2014). Although the ntyjoir authors demonstrate that *NO is
involved in cardioprotection via cGMPdependent@MP-independent mechanisms, others have
obtained controversial results using inhibitor?N@S (Jones and Bolli, 2006). A great part of
preconditioning protection is due to the limitatioiveperfusion injury with a limitation of
ROS/RNS stress, mainly due to the prevention of lBpening in the early phase of reperfusion
(Hausenloy et al., 2007; 2009; Hausenloy and Yel@®9). The prevention of mPTP opening
avoids RIRR and redox stress, whereas oxidativegsative signalling may occur and protect the
heart. The readers can find several reviews desgrthe protective role of the reperfusion injury
salvage kinase (RISK), the survivor activating éaenhancement (SAFE) and the cGMP/PKG
pathways (e.g. Penna et al., 2008a; 2013a; Boeaghdr, 2011; Hausenloy et al., 2011; 2013),
which comprise phosphorylation of several targetgins. In brief, enzymes that have been shown
to be involved in these pathways include phospibitidsitol-3-phosphate kinase, extracellular
signal-regulated protein kinases, PKB or Akt, PKROS and JAK-STAT3, a series of kinases that
have been termed RISK and SAFE pathways. Oncergfa das been preconditioned, these
pathways are re-activated at reperfusion, leadoggther with other factors, to the prevention of
the mPTP formation. The mitochondria in the cealisticontinue to be functional and do not release
pro-apoptotic factors, preventing cell death inerfgsion. However, it is unclear how the heart
‘remembers’ that it is preconditioned. Similar maaisms have been observed with regard to I-
PostC, mainly implicating the RISK and SAFE pathsvand the prevention of mPTP formation
(see below). Pharmacological therapy can thus mooncitioning by targeting the cells at one of



these points at the level of the receptors, theasigansduction pathways or the mitochondria.
Here, we focus on recent studies reporting S-ratfos/ S-nitrosylation of critical proteins as a
pivotal mechanism of cardioprotection by precomdithg (Murphy and Steenbergen, 2007; Sun et
al., 2007; 2012). Recently, Kohr et al. (2011)ngdiwo different methods to measure protein
oxidation, showed that preconditioning leads tat&saylation of several proteins and that most of
these proteins are protected from further oxidat®mnitrosation/S-nitrosylation of proteins
involved in calcium handling, such as Ca2+ chanm#sspholamban and SERCA2, has been
demonstrated (Sun et al., 2006a; Sun and MurpHyQ;28ngelone et al., 2012; Murphy et al.,
2014). Moreover, multiple S-nitrosothiol proteiresvie been shown by proteomic studies in the
presence of PreC (Arrell et al., 2006; Shi et2008; Foster et al., 2009). In particular, many of
these proteins have been found within the mitochanohcluding proteins responsible for
mitochondrial metabolism (e.gKGDH, glycogen phosphorylase, aconitase). Otheonant
mitochondrial components that are subjected tati®sation/S-nitrosylation during the PreC are the
respiratory complexes, including complex I, whistreversibly inhibited when S-nitrosylated
(Nadtochiy et al., 2007) or irreversibly inhibitedhen it is subjected to nitration by ONOO-
(Galkin and Moncada, 2007; Sun and Murphy, 2010@ptAer effect usually observed in
conditioning protection is the inhibition of FO-AIFPase. This can occur by S-nitrosation/S-
nitrosylation, with consequent reduction of ATP somption by the reverse mode of the FO-F1-
ATPase, which typically occurs in I/R of the myadiam (Penna et al., 2004). The inhibition of FO-
F1-ATPase preserves ATP levels and reduces themoitarial potential, thereby reducing the
driving force for Ca2+ uptake into the mitochondtlaus increasing tolerance to I/R (Shiva et al.,
2007). Notably, the inhibition of mPTP openingegulated by ROS, Ca2+ and mitochondrial
membrane potential (Heusch et al., 2010; Boenglal.,e2011; Penna et al., 2013a), which are also
regulated by S-nitrosation/Snitrosylation of caliproteins (Piantadosi, 2012). Not only the
decrease in Ca2+ loading by increased re-uptal& miyrosylated SERCAZ2, but also the S-
nitrosylation of FO-F1- ATPase, reduces indiretlly opening of mPTP, which reduces the
breakdown of glycolytic ATP and the acceleratiorita fall in the mitochondrial membrane
potential. Moreover, S-nitrosylation of cyclophilih(Nguyen et al., 2011) and/or of voltage-
dependent anion channel (Penna et al., 2013a)piative components of mPTP rich in thiol
groups, may occur in cardioprotection. All togettibese data support the view that S-
nitrosation/S-nitrosylation of mitochondrial andaam-handling proteins serves as an important
mechanism in preconditioning cardioprotection.

Post-conditioning

Cardioprotection by I-PostC is obtained by shortqus of reperfusion intervened by short periods
of ischaemia (a few seconds) at the beginningreparfusion, which follows an infarcting
ischaemia. Because I-PostC has the advantagd tizat be applied after the ischaemic insult has
occurred, this is therapeutically a more favouramproach than preconditioning. It requires a
complex signalling cascade to be triggered, whidhuides the opening of mitoKATP and the
activation/inhibition of several enzymes of cardmpctive pathways. With regard to signalling
pathways, also for PostC, as for PreC, the greattsition has focused on the role of the RISK-,
the SAFE- and the cGMP/PKG-dependent pathwaysglntigly, however, I-PostC can be
completely blocked by free radical large-spectraavengers, such as NAC or MPG given during
I-PostC manoeuvres. However, PostC protectiontsbolished if the scavenger is given in
reperfusion after the PostC manoeuvres have beapleted (Downey and Cohen, 2006). More
intricate is the relationship with more selectivéi@xidant enzymes, such as SOD and catalase,
whose activity may be influenced by pH (Penna e&all1b; 2013c; Tullio et al., 2013) (see also
below). Actually, the gradual normalization of extellular pH in the initial phase of reperfusion
plays a critical role in conditioning strategiegtBin pre- and in post-conditioning, acidosis
favours redox signalling and the activation of enptex cascade of signal molecules and prevents
the opening of mPTP in the early post-ischaemiseha phase in which redox signalling plays a
critical role in triggering cardioprotection (Cohenal., 2007; 2008; Cohen and Downey, 2011;



Inserte et al., 2011b; Penna et al., 2011b; 2018ag et al., 2014). In particular, acidosis favours
the transient formation of S-nitrosylated protaémpost-conditioned hearts (Penna et al., 2011b;
Tong et al., 2014). NO, nitration and nitrosylatimay play a finely interconnected role in post-
conditioning. It is well known that post-conditiowgj attenuates endothelial cell dysfunction by
increasing eNOS activity and *NO bioavailabilitynaighbouring cells (Zhao et al., 2003; Ma et al.,
2006; Granfeldt et al., 2009). This can be respmador improved vasodilatation in post-
conditioned hearts. Moreover, both pre- and poatitmning protection can be triggered by
pharmacological interventions, including the inbumsbf exogenous *NO donors, that is,
pharmacological PreC or pharmacological PostC (vValed Vaage, 2005; Gross and Gross, 2006;
Jones and Bolli, 2006; Penna et al., 2007; 200&sidr et al., 2007). Indeed, similar to ischaemic
and pharmacological preconditioning, S-nitrosaenitrosylation is also involved in ischaemic
and pharmacological post-conditioning. Severalisgithat used NO donors in reperfusion to
induce pharmacological PostC revealed an importdatfor the S-nitrosation/S-nitrosylation of
proteins in the mechanisms of protection (Nadtoehigl., 2007; Prime et al., 2009; Methner et al.,
2013). We and Murphy’s group have shown that |-2astalso mediated by S-nitrosation/S-
nitrosylation of several proteins (Penna et al1,129) Tong et al., 2014). Due to the abundance of S-
nitrosylated proteins, it is also likely that deogylation processes are down-regulated. In fagt, w
have shown that PostC discretely changes the gotivantioxidant enzymes in early reperfusion,
slightly decreasing SOD and increasing catalaseigcfPenna et al., 2011b; 2013c). Since SOD
may be a denitrosylating enzyme (Sun and Murph¥p2Ghese effects may favour the prevalence
of S-nitrosothiol proteins, thus reducing injuryedio oxidative stress. In fact, it has been propose
that the increase in S-nitrosylation could shieltaal cysteine residue(s) from further oxidative
damage upon reperfusion (Tullio et al., 2013; Tenhgl., 2014). Importantly, pro-survival enzyme
activation may depend upon redox-sensitive reastibor instance, PKC activation can occur via
S-nitrosative processes (Sun et al., 2006b) anddtieation of PKC plays a central role in
sustaining the cardioprotection induced by pos@dmning (Penna et al., 2006b; Zatta et al., 2006;
Cohen and Downey, 2011). The S-nitrosation/S-nyted®n of the mitochondrial FO-F1- ATPase
described for PreC has also been found in Post@g€bal., 2014). This is in line with interesting
findings reported in a recent study, in which Cys29the mitochondrial FO-F1- ATPase was
found to form a disulfide bond with another cyseerasidue in heart failure, whereas the protective
cardiac resynchronization therapy led to S-nitiosaBnitrosylation of Cys294 and prevented
disulfide formation (Wang et al., 2011). It has béeund that about 50% of those proteins that
were S-nitrosylated by PreC were also S-nitrosglétePostC (Sun et al., 2012; 2013), suggesting
that there might be a common set of proteins tacgby nitrosative signalling with both PreC and
PostC. In fact, the S-nitrosation/Snitrosylationgasses are not a random reaction but depend upon
a number of conditions. In fact, the instantanaedsx state and ultrastructural accessibility of
cysteine residue( s) under low oxygen tension, sisdhypoxia, ischaemia and post-conditioning
intermittent I/R, may determine whether a partictiaol/thiyl radical in a given protein is
subjected to S-nitrosation/S-nitrosylation (Sairale 2004; Foster et al., 2012). During the first
minutes of reperfusion, usually a typical largedbaf ROS occurs in unprotected (naive) hearts.
The ROS/RNS burst results in the irreversible oxashenitration of a number of important proteins.
These proteins are damaged and need to be degraded-synthesized to regain normal cell
function; otherwise, irreversible tissue injury ace The shielding effect of S-nitrosothiol coulel b
necessary to trigger protection in early reperfusiod to allow sufficient time for the activatioh o
protective signalling. Since S-nitrosation/S-nifdasion is a transient readily reversed protein
modification, timing seems of essence. This coa@abextreme importance during I-PostC
manoeuvres. In fact, the ROS/RNS burst is atteduaiat abolished) by I-PostC manoeuvres, and
S-nitrosation/S-nitrosylation occurring during pesnditioning may shield modified cysteines
from more irreversible states of oxidation unti thurst of ROS/RNS vanishes. This point of view
is in line with the experimental evidence that Eagén performing PostC manoeuvres results in a
loss of protection (Penna et al., 2008a; 2009; Sikaidy et al., 2009; Hausenloy, 2013). Actually, it



has been found that protein nitration may be detets in the PostC scenario (Fan et al., 2010;
lliodromitis et al., 2010; Inserte et al., 2013pwtEver, other authors have observed a beneficial
effect for this reaction induced by peroxynitrikaupai et al., 2009; Li et al., 2013). We have
proposed that tyrosine nitration may be a transienal effect of I-PostC, which is suddenly
followed by the prevalence of protein S-nitrosydatipossibly via the so-called secondary reaction
described earlier (Penna et al., 2011b). We haweslin rat hearts that after 7 min of reperfusion,
I-PostC induces a reduction in the levels of 3etytrosine formed and a subsequent increase in S-
nitrosylated proteins, which persist for at lea&d inin of reperfusion (Penna et al., 2011b). Iny,fac
a low level of 3-nitrotyrosine in PostC has ofteseb observed (Kupai et al., 2009; Penna et al.,
2011b; Inserte et al., 2013), but a predominamhédion of S-nitrosylated proteins has been
described (Penna et al., 2011b; Tong et al., 204ery recently, we and other authors have shown
that protein S-nitrosation/Snitrosylation occursmhain the mitochondria after I-PostC (Penna et
al., 2013b; Tong et al., 2014). We have also shinahpharmacological PostC induced by
diazoxide [a drug supposed to promote ROS sigmpihinough actions on mitoKATP channels and
connexins (Boengler et al., 2007; 2011; Sanchet 2013)] may induce marked S-nitrosothiol
formation in the mitochondrial proteins. In anotsardy, the addition of a mitochondria-targeted
NO donor at the start of reperfusion (i.e. pharnhagioal PostC) has also been found to be
cardioprotective (Chouchani et al., 2013). The Nf@ait used in this study was the so-called
MitoSNO, which comprises the NO donor S-nitroso-¢etglpenicillamine conjugated to a
triphenylphosphonium moiety. This lipophilic moiedifows MitoSNO to pass rapidly through
membranes driven by the membrane potential anéftirerto accumulate several hundred-fold
within the mitochondria, where it generates *NO aitbsothiol in proteins (Chouchani et al.,
2013). The S-nitrosation/S-nitrosylation of progebyy MitoSNO and other donors has been
confirmed by other authors both in basal conditiand in the context of post-conditioning
cardioprotection (James et al., 2007; Tullio et2013 and references therein). Importantly, S-
nitrosothiol production is a transitory modificatiovhich is reversed by the so-called
denitrosylation processes (Murphy et al., 2012420enna et al., 2014). It is important to
emphasize that phosphorylative pathways may beatet in parallel or in sequence to the
nitrosative/nitrosylative processes. For instaitdeas been recently reported that the most abundan
isoform of PKG (PKGI) within cardiomyocytes is inved in cardioprotection against I/R injury.
However, after cardiomyocytespecific ablation @& BKGI gene in the mouse heart, it was still
possible to protect the hearts with several inteieas, including I-PostC or pharmacological
PostC with the NO donor MitoSNO, via S-nitrosylatiof mitochondrial proteins (Methner et al.,
2013). Therefore, the authors concluded that Post¢ afford protection either by bypassing PKGI
or by acting independently or downstream of it. Béhors also suggested differences between
cGMP/PKGI pathway in myocytes and other cardiattgpks during I-PostC protection in this in
vivo study. In fact, they cannot rule out that &€x®genous and endogenous «NO may act to protect
the heart from I/R injury in a manner that depemgsn PKG in other cardiac cell types (Methner et
al., 2013). In fact, the PKG pathway has been shtovioe involved in PostC protection in different
models by several authors (Penna et al., 2006esttnst al., 2011a; 2013; Methner et al., 2013).
In summary, *NO appears to be an important mediator of cardiection. In particular, besides its
well-known vasodilator effects, in pre- and posiiditioning, *NO may be involved in both
cGMP/PKG-dependent signalling and mitochondriatgiroS-nitrosation/S-nitrosylation, thus
playing a pivotal role in conditioning cardiopratiea. Intriguingly, our recent finding that
diazoxide enhances protein S-nitrosylation bottheabsence of ischaemia and in the early post-
ischaemic phase (Penna et al., 2013b) further stgpiie idea that an appropriate redox
environment is necessary for NO-mediated cardiegtn induced by both pre- and post-
conditioning.

Therefore, we can conclude that the oxidative/aétive signalling and the increase in S-
nitrosation/S-nitrosylation play pivotal roles iardioprotection against I/R injury, both

in pre- and post-conditioning.



Bench to bedside

Of course, oxidative stress is an attractive taigenbovel therapies, as it represents the common
pathway through which different risk factors exbsir deleterious effect on the CVS. Included in
this spectrum of CVD is AMI. However, we have séegait oxidative steps are necessary for
cardioprotection. With no doubt, we need more expental studies to better understand the
mechanisms of stress-related injury and of redgeddent protection before having a safe and
successful transition to clinical scenario of coieding conceptsThe difficulty in obtaining

positive results with conditioning protocolsin humans

Although the discovery of I-PreC is of paramounpartance from a conceptual viewpoint, the
practical significance of preconditioning is lindtey the fact that it is a pretreatment. There is a
wealth of evidence supporting the notion that thean heart is amenable to preconditioning-
induced protection. Protection can also be obtamétdremote conditioning, initiated by ischaemia
in a remote organ or tissue and transmitted tdvdaet. However, as AMI is unpredictable,
preconditioning, whether it is applied to the heairto a remote organ, is limited to scheduled
ischaemic events, such as those in patients unidgrgardiac surgery involving cardiac arrest. In
contrast, post-conditioning, applied either tolileart or to a remote organ, may hold greater
promise for clinical application. This may be pautarly true for ST-segment elevation myocardial
infarction (STEMI) patients in whom coronary flog/tiestored via percutaneous coronary
intervention or thrombolysis. In fact, a few yeafter the first description of I-PostC protection i
the canine model by Zhao et al. (2003), Staat.¢2A0D5) as well as several subsequent phase Il
studies (Yellon and Hausenloy, 2005; Yang et 8072 Thibault et al., 2008; Xue et al., 2010;
Heusch, 2013; Ovize et al., 2013) reported a sigant reduction in enzyme release in STEMI
patients. In these studies, patients were postitondd with brief angioplasty balloon
inflation/deflation immediately after the reopenioigthe culprit coronary artery and compared with
controls who underwent standard angioplasty orctdstenting of the coronary artery. More
recently, however, neutral effects of I-PostC irE®MN patients have been described (Sérensson et
al., 2010; Freixa et al., 2012; Tarantini et ab12; Limalanathan et al., 2014). Thus, data on the
effects of I-PostC in STEMI treated by primary pgeneous coronary intervention are
controversial (Laskey, 2005; Laskey et al., 2008ntkhorg et al., 2010; Garcia et al., 2011; Hahn et
al., 2013). See Table 1 for a summary of resulth RostC in humans. In our opinion, it is not
surprising that a variation (ranging from highlyfgctive to neutral and even negative results) in
the magnitude of myocardial salvage can be obsewethg clinical studies. In fact, similar to I/R
injury, the 1-PostC protection may also be influetdy a number of conditions that are not easy to
keep under the control of the physicians in thimfchl arena’. Here, particularly relevant are the
variables correlated to the duration of ischaethi@area at risk and the degree/quality of artery
reopening in controls and I-PostC-treated patiésgs Pagliaro et al., 2011; Heusch, 2013;
Przyklenk, 2013).

The possibility of triggering post-conditioning by drugs

Pharmacological PostC would limit the unfavouratdasequences linked with the complexity of |-
PostC and provides a simple method of myocardi@keption, which can be subsequent to all
cardiac procedures of artery reopening, includimgary reopening by thrombolysis. Several
drugs can act as conditioning agents, which retheeénal myocardial infarct size following
ischaemia—reperfusion (Sivaraman and Yellon, 20Adr) some of these, there is some evidence
supporting the importance of the redox environmehich is the main topic of the present review.
For instance, much attention has focused on trdtagaotective effects of volatile anaesthetics,
which are largely shown to be protective in mangcsgs, including humans (Huhn et al., 2008;
Lemoine et al., 2010; Schwiebert et al., 2010Y)idningly, it has been shown that some of the
anaesthetic protective effects can be redox-seagitiemoine et al., 2010). Moreover, NO donors
and molecules that activate protective NO-depensignalling pathways are promising tools for
cardioprotection. In particular, organic nitratesl aitrites are effective redox-sensitive
cardioprotective agents. However, when nitraterémiee develops, not only do they lose their



protective effects but they may also interfere veittdogenous protective mechanisms by increasing
nitrative/nitrosative/oxidative stress (Ferdinang906; Ferdinandy et al., 2007; Zweier et al.,
2010). In this context, a couple of questions ai3es oxidative/ nitrosative signalling in
cardioprotection a laboratory curiosity, or do thesncepts extend to the human heart and clinical
scenario? (ii) is it better to trigger signallingto avoid stress? We should consider the compliexit
of these questions and recall to attention thetfeattit is not trivial to consider the redox statn

the context of co-morbidities, mutagenesis, CVD @ngarticular in I/R injury. Moreover,
experimental studies that demonstrated the impecetahprotein S-nitrosation/S-nitrosylation in
cardioprotective signalling have not yet demonsttat direct link between the protein
modifications and cardioprotection. Clearly, howetle approaches aimed simply at avoiding
stress are not effective.

The failure of antioxidants

First of all, let us consider the putative roleaatioxidants. The term antioxidant refers to any
molecule capable of stabilizing or deactivatingfradicals and oxidants before they attack cell
components. It is now clear that large-spectrunoaiatants can abolish conditioning protection.
Moreover, and more importantly, large clinical isihave failed to demonstrate a benefit of large-
spectrum antioxidants on cardiovascular outcomss Tsble 2). Studies exploring the possibility
that antioxidants such as vitamin A, C, vitamirs&lgnium or folic acid may improve the prognosis
of patients with CVD have substantially reportedtr& and even negative results (Omenn et al.,
1996; Sesso et al., 2008; 2012). In the contergérfusion, i.v. bolus of either trimetazidine
(Downey, 1990) or SOD (Flaherty et al., 1994) shdowe beneficial effects on the outcome of
patients. Moreover, p.o. administration of vitar@irfChen et al., 2013) or the effects of combined
vitamins C and E, through infusion and capsulesg@hamiec et al., 2005; Lee et al., 2005; Cook
et al., 2007), did not demonstrate a major efféthese antioxidant treatments on the clinical
outcome of patients. Nevertheless, in diabeticepési a reduction in 30 day cardiac mortality has
been reported (Jaxa-Chamiec et al., 2009). Alsielatively old experimental studies,
contradictory results were obtained. For exammgmeshave shown that SOD reduces myocardial
infarct size (Werns et al., 1985), whereas othbserved no functional or histological protection
(Naslund et al., 1992). These contradictory reslitsuld suggest a more cautious approach.
Intriguingly, there are pieces of evidence thatdhgoxidants may also limit the benefit due to
exercise. For instance, Ristow et al. (2009) fotlvad the subjects who exercised and did not take
antioxidant supplements had significant improverméminsulin sensitivity, adiponectin and
PPAR-coactivator 1, whereas antioxidants inhibitezte metabolic benefits of exercise. Exercise
may be a archetypical example of the benefit frrangient oxidative signalling (Copp et al., 2009;
Ristow and Zarse, 2010; Ristow and Schmeisser,)20&1ich also induces an up-regulation of
eNOS (Lauer et al., 2005). Clearly, indiscriminagmoval of oxidative stress by an antioxidant is
not an effective means to prevent the detrimentadgsses due to I/R. In fact, oxidative signalling
is necessary for several physiological functionsluding cell survival against I/R and an array of
noxious stimuli. Therefore, aspecific removal of RENS with large-spectrum antioxidants cannot
be considered to achieve clinically meaningful iiknk seems necessary to consider a site— time-
specific and well-timed inhibition of the sourceiofurious ROS/RNS without affecting redox-
sensitive survival signal transduction pathwayds Tilay represent a promising approach to elicit
the beneficial effect of drugs affecting (promotimgnhibiting) ROS/RNS formation. Drugs with
these characteristics need to be envisaged an@dtlitbwever, we can learn something from some
medications already in use.

The redox aspects of some effective drugs

Intriguingly, medications such as ACE inhibitoragatensin Il receptor blockers or statins, which
indirectly limit ROS production while favouring eNf@roduction, have been more consistently
associated with beneficial effects in both prechhistudies and large clinical trials. The redox-
dependent reasons for the success of the therdpyheise drugs are not specifically studied. It is
tempting to speculate that low levels of ROS togethith sufficient amount of eNO may favour



protective processes. As said, site specificityafaiioxidant therapy may play a role of paramount
importance. In fact, ACE inhibitors and angiotensireceptor blockers may limit (not avoid) ROS
production by NADPH oxidases. Moreover, ACE inlolo# have the advantage of promoting the
bioavailability of bradykinin, which, via B2 receps, induces the release of vasodilator and
antioxidant substances such as *NO and prostacyelfact, bradykinin has been suggested as a
conditioning agent in several studies (Penna g2@07; 2008b). The data in humans regarding
bradykinin are more controversial (Wang et al.,2@edersen et al., 2011). Although some
experimental studies using ACE inhibitors aloneéhsivown cardioprotective effects (Jin and Chen,
2000; Weidenbach et al., 2000; Penna et al., 2@t6¢rs have suggested that ACE inhibitors
potentiate preconditioning through bradykinin B2agtor activation, and a further stimulus is
needed to enhance ACE inhibitors’ protective effi¢borris and Yellon, 1997; Jaberansari et al.,
2001). In the context of PostC, the ACE inhibiemalaprilat, has been administered directly into
the coronary arteries during reperfusion in smali@al trials, with improvement in inflammation,
arrhythmias, ST-segment elevation and ventric@polarization (Bonnemeier et al., 2007,
Schaefer et al., 2007; Ungi et al., 2008). Of ntitere are several large clinical trials showingajo
outcomes with the administration of ACE inhibitafser AMI (Kirkpatrick and St John Sutton,
2012). Also, statins have been consistently sh@wmprove the prognosis in patients with
coronary artery disease, heart failure, hyperchelelaemia and several other cardiovascular
conditions. Similar to ACE inhibitors, statins irasse *NO bioavailability by means of several
mechanisms (Lu et al., 2004). Further, statinsrss/exidative stress by decreasing the expression
and the activity of NADPH oxidase, an effect tha¢idaps with that described previously for ACE
inhibitors (Wassmann et al., 2002; Zhou and Li@®9.With regard to I/R injury, it has been
shown that statins reduce infarct size in animafi@®via RISK- and NO-dependent pathways
(Bell and Yellon, 2003; Ikeda et al., 2003; Vilatatral., 2009). Translation to clinical studies has
been positive in elective or programmed situatiwhsre statins may precondition the heart and
may be beneficial in reducing myocardial injury l@fiur et al., 2009; Nusca et al., 2010). However,
the evidence supporting the use of acute high-dtm®astatin in emergency situations as a post-
conditioning agent is somewhat controversial (Kinalg 2010; Ludman et al., 2011). To the best of
our knowledge, there are no large randomized tusilsg acute high dose of statins in the I/R
context. Although it is impossible to clearly detéme which of the properties
(antioxidant/pronitrosative, antiproliferative, iliislowering effects, haemodynamic, etc.) of these
drugs is responsible for their therapeutic impics, likely that their tenuous antioxidant and *NO
promoter actions may play a pivotal role. In faet, have seen how protein redox modifications
induced by ROS/RNS can regulate and expand prhtegtion under a variety of conditions. While
irreversible oxidation usually leads to protein @ggtion and degradation, reversible nitrosative
signalling that usually occurs on protein cystaesidues can often serve as a sort of switch that
regulates protein function and redox signallindhpatys upon stress challenges. In the context of
tolerance against I/R, including pre- and post-aioning, a wealth of evidence has revealed that
reversible cysteine redox modifications such asti®sation/S-nitrosylation and S-

glutathionylation formation can serve as a celldieience mechanism against tissue I/R injury (see
previous discussion). This is in agreement withahservation that the cardioprotective diazoxide
induces S-nitrosylation of several proteins eithefiore or after ischaemia (Penna et al., 2013b). In
the present review, we have highlighted evidencgetdctive cysteine redox modifications as a
protective measure in I/R injury, demonstrating fratein redox modifications can serve as a
therapeutic target for attenuating tissue ischaenjucy. More oxidatively/nitrosatively modified
proteins and consequent modulation of their fumcgilaying protective roles in tissue I/R injury
need to be identified. In particular, we need teasin when and how the oxidatively/ nitrosatively
modifications of such identified proteins can béamced/inhibited by pharmacological agents.
Based upon the above considerations, therapy wilstcantioxidant drugs might have been a naive
attempt in a complex pathophysiology. Definitelye meed more mechanistic studies to characterize
better the sequences of events leading from ROSARNS&rdiovascular damage or alternatively to



cardiovascular protection, and whether there argcpéar components of these sequences that can
be specifically targeted pharmacologically by agehat are available or need to be developed. It is
likely that research efforts need to be redirettedards a redox-oriented approach.We know that
the redox environment may be profoundly influenbgadoncomitant diseases and it is likely that
each patient may have a different metabolic backgtan which I/R may trigger a different redox
response. Therefore, it is likely that a persoralitherapy is necessary to obtain beneficial effect
and to redirect the redox response to beneficthkerahan deleterious effects.

Summary and conclusions

A plethora of evidence collected throughout the ga®e decades has shown that ischaemic
conditioning, including preconditioning, post-cotiaining and remote conditioning, elicits
endogenous cardiac protection. There is no doabtiie heart may be redirected to be less
vulnerable to I/R injury and that, in this ‘rediten’, a role of paramount importance is played by
redox signalling. However, translation of pre- grudt-conditioning into clinical protocols is siifl

its infancy. In our opinion, such translation s part, impaired by the complex and intricate wdle
redox stress and redox signalling in cardiac inpmy protection respectively. Here, too, a pictsre
emerging that induces us to rethink our beliefs:réfactive species are not always good or always
bad and also in reperfusion they may play a beia¢ficle. Clinical application of ischaemic or
pharmacological conditioning will depend, at leaspart, upon enhancing our understanding of
mechanistic and physiological components of redpgddent myocardial injury and protection. Of
course, technical complications in the reperfusimategies and confounding effects of co-
morbidities on the cardiovascular phenotype cabeagnored and must be taken into consideration
to maximize the beneficial effects of reperfusion.
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Outcome of clinical studies that used I-PostC

Study Protocola Patients No. Results

Staat et al. (2005) 4 x 60 s 30 Positive

Laskey (2005) 2 x 90 s 17 Positive

Ma et al. (2006) 3 x 30 s 94 Positive

Yang et al. (2007) 3 x 30 s 41 Positive

Thibault et al. (2008) 4 x 60 s 38 Positive

Laskey et al. (2008) 2 x 90 s 24 Positive

Lgnborg et al. (2010) 4 x 30 s 118 Positive
Sorensson et al. (2010) 4 x 60 s 76 Positive

Xue et al. (2010) 4 x 60 s 43 Positive

Lin et al. (2010) 3 x 60 s 75 Positive

Garcia et al. (2011) 4 x 30 s 43 Positive

Hahn et al. (2013) 4 x 60 s 700 No differences
Limalanathan et al.(2014) 4 x 60 s 272 No diffeesnc
aCycles x Duration of each cycle of ischaemia aperfusion.

Table?2

Clinical trials investigating the effect of antiokeints on CVD
Treatment Patients No. Result Ref.

B-Carotene 39 876 No benefit Hennekens et al. (1996)

Vitamin A+ B-carotene 14 641 No benefit Omenn et al. (1996)
Vitamin E 22 071 No benefit Lee et al. (2005)

Vitamin C + E +B-carotene 73 135 No benefit Cook et al. (2007)
Vitamin C + E 8171 No benefit Sesso et al. (2008)

Vitamin B6 + B12 + folic acid 6837 No benefit Ebgiet al. (2010)
Multivitamin 14 641 No benefit Sesso et al. (2012)

Vitamin C Meta-analysis Adverse effects Chen e(2013)
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Figurel

Reactive oxygen and nitrogen species (ROS/RNS) haee identified as a part of cardioprotective
signalling molecules, which are essential in pred post-conditioning processes. S-
nitrosation/Snitrosylation of enzymes is a spegfisttranslational modification that plays an
important role in cardioprotection. Mitochondria af paramount importance in either promoting
or limiting ROS/RNS generation and reperfusionmpjand in triggering kinase activation by
ROS/RNS signalling in cardioprotection. Ade, ademesBK, bradykinin. For other acronyms, see
the abbreviation list.
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Figure2

Chemical relationship among reactive oxygen spd&€xS) and different reactive nitrogen species
(RNS), which can lead to nitrosylation or to niiwat Nitrosylation/Nitrosation refers to the
incorporation of the NO moiety (nitroso/nitrosybgip) to a metal and, in protein chemistry, to a
sulfur atom to form the S—NO bond (SNO): S-nitrbsalt Nitration is a term that describes
incorporation of a nitro triatomic group (—NO2) antich, in protein chemistry, is used to describe
the incorporation of that group at position 3 @ ffhenolic ring of tyrosine residues (3-NT). ROS
chemistry is simplified in the scheme by O2- forimiat For other acronyms, see the abbreviation
list.
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Figure3

Several interlinked reactions that involve mitoctioa respiration, xanthine oxidase, NADPH
oxidases, and coupled and uncoupled NOS, whichsseciated with the production of reactive
oxygen and nitrogen species (ROS/RNS) within aelider pathophysiological conditions. The rate
of mitochondrial respiration and ROS formationaggkly influenced by the internal and external
Ca2+ levels and antioxidant activity within mitoctuia [i.e. superoxide dismutase (SOD)], and, in
turn, by factors such as RIRR. Also, the shift frooupled to uncoupled NOS and the production of
ROS by XO are influenced by the levels of ROS/RIN& dotted arrows indicate this possibility to
influence the activity of these enzymes and toanghe so-called ROS-induced ROS production.




