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1. ABSTRACT

Background Reperfusion is the mainstay treatment for patigmesenting with ST-
elevation myocardial infarction (STEMI). Neverthede reperfusion itself may
exacerbate myocardial injury, a process termedefhfegion injury”. Post-conditioning
(PostC) has been suggested to reduce myocardiagiaduring primary percutaneous
coronary intervention (PPCI), nevertheless clinegderience is limited.

Objectives We aimed to review all the known strategies tatlittne reperfusion injury;
moreover we explored the cardioprotective effect neéchanical postconditioning
conducting a randomized trial aimed to evalutatarat size (IS) at cardiac magnetic
resonance (CMR) in STEMI patients treated by PPCI.

Methods A total of 78 patients with first STEMI (aged 59+¢2ars) referred for PPCI,
were stratified for STEMI location and randomly igagd to conventional PPCI or
PPCI with PostC. All patients, with occluded imfarelated artery and no collateral
circulation, received abciximab intravenously befdPPCI. After reperfusion by
effective direct stenting, control subjects underiveo further intervention, while in
treated patients PostC was performed within 1 reimditreflow by 4 cycles of 1-minute
inflation and 1-minute deflation of the angioplasgloon. Primary end-point wd$
reduction, expresseds percentage of left ventricle mass assessed digyedl
enhancement on CMR at800 days after index PPCI.

Results All baseline characteristics but diabetes (p=0.0&re balanced between
groups.Postconditioningpatients trended towards a larger IS comparetdset treated
by standard PPCI (202% vs 1410%, p=0.054). After exclusion of diabetics, PostC
group still showed a trend to larger IS (p=0.1M&jor adverse events seem to be more
frequent in PostC group irrespective to diabetestust (p=0.053 and p=0.080,

respectively).



Conclusions This prospective, randomized trial suggests that®alid not have the
expected cardioprotective effect and, on the coptrid might harm STEMI patients
treated by PPCI plus abciximabClinical Trial Registration-unique identifier:

NCT01004289).



RIASSUNTO

Razionale dello studio La terapia riperfusiva e la via principale perréttamento di
pazienti che si presentino con infarto miocardioo sopraslivellamento del tratto ST
(ST-elevation myocardial infarction, STEMI). Tutiayla riperfusione di per sé puo
esacerbare il danno miocardico, un processo demdmirfdanno da riperfusione”. Il
post-conditioning (PostC) é un processo che semdsaa ridurre il danno miocardico
da riperfusione durante angioplastica primaria nfpry percutaneous coronary
intervention, PPCI), ci0o nonostante I'esperieniaicdl € limitata.

Scopo dello studio Presentare e discutere tutte le strategie noggado di limitare il
danno riperfusivo; inoltre, valutare gli effetti rdeoprotettivi del postconditioning
ischemico meccanico mediante un trial clinico colfdto randomizzato arruolante
pazienti con STEMI e inviati a PPCI, con endpointnario le dimensioni dell'infarto
(infarct size, 1S) finale alla risonanza magnetieadiaca (cardiac magnetic resonance,
CMR).

Metodi Un totale di 78 pazienti con primo STEMI (eta 591drni) inviati per PPCI,
sono stati stratificati per sede dello STEMI e ssstvamente randomizzati a PPCI
convenzionale o PPCI con PostC. Tutti i pazierdn arteria responsabile dell'infarto
occlusa e assenza di circolo collaterale, hanmyuit abciximab endovena prima della
PPCI. Successivamente alla riperfusione, avverutaeacnica direct stenting, i soggetti
di controllo non sono stati sottoposti ad ulteriaterventi, mentre i soggetti nel gruppo
PostC hanno rivevuto, entro un minuto dalla ripgidoe, 4 cicli di 1 minuto di
rigonfiaggio e 1 minuto di sgonfiaggio del pallamgato per I'angioplastica. L’endpoint
primario oggetto dello studio, la riduzione dell'lfthale, veniva espresso come

percentuale della massa ventricolare sinistrataffebome possibile riconoscere ad una



CMR con mezzo di contrasto eseguit8@10 giorni di distanza dalla procedura di
PPCI indice.

Risultati Tutte le caratteristiche di base, ad eccezionaiddlete (p=0.06), risultavano
ben bilanciate tra i gruppi di trattamento. | patienel gruppo postconditioning
tendevano ad avere un IS maggiore quando paragangtielli sottoposti a PPCI
convenzionale (2812% vs 1410%, p=0.054). Dopo esclusione dei pazienti diabeti
gruppo di pazienti PostC sembrava ancora assaoaiht8 finali di maggiori dimensioni
(p=0.116). Gli eventi avversi cardiovascolari maggsono risultati essere piu frequenti
nel gruppo PostC, indipendentemente dal loro stdiaketico (p=0.053 e p=0.080,
rispettivamente).

Conclusioni Questo trial clinico randomizzato prospettico suggge che il PostC non
ha I'effetto cardioprotettivo atteso e, invece,rpbbe pure nuocere a pazienti affetti da
STEMI e sottoposti a PPCI ed infuzione di abcixim@bumero identificativo unico di

registrazione del trial al sitinicaltrial.gov: NCT01004289).



2. INTRODUCTION

2.1. Ischemic heart disease and the concept of

myocardial reperfusion injury

Ischemic heart disease is one of the leading cafs@erbidity and mortality in
developed countries and its epidemiology is stihanding worldwid€. After an ST-
Elevation Acute Myocardial Infarction (STEMI), tilyeand succesful myocardial
reperfusion, by Primary Percutaneous Coronary \etgron (PPCI) or thrombolytic
therapy, is the definitive therapy for reducingdetf Size (IS) and improve clinical
outcome. Indeed, IS is a major determinant of posgnafter STEMI, and strategies
that reduce IS are of utmost relevafddiowever, the process of restoring blood flow
to the ischemic myocardium may itself induce injuiyhis phenomenon, termed
myocardial reperfusion injury, counteracts the Whienaf early reperfusion and can
paradoxically limit the beneficial effects of myedel reperfusion strategies.

The lethal reperfusion injury is defined as the oaydial injury due to the
restoration of coronary blood flow after an ischerspisode; this injury eventually
culminates in the death of cardiac myocytes, byases or apoptosis, that were viable
before myocardial reperfusidihis type of myocardial injury can increase infasizte
(Figures 1 and 2), as suggested by studies cortlucttmnimal models. In these studies,
authors founded that lethal repefusion injury megoant for up to 50% of the final IS;
moreover, in these models a lot of strategies h&en founded relating with less lethal

reperfusion injury.
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Figure 1. Infarct size and its determinants. Hypotletical scheme illustrating the final infarct size m
absence of reperfusion (upper part), with early amdsuccesful muocardial reperfusion (mid), and
after reperfusion with cardioprotection tecniques (ower). From Yellon et al*®

Notwithstanding, unlike animal models, clinicaldites on the prognostic impact
of these strategies had sometimes disappointingtsés® Yet, recent clinical studies
suggested a possible beneficial effect of somehe$d strategies, and especially of
ischemic Post-Conditioning (Post€),in which repetitive brief ischemic episodes
applied immediately at the onset of reperfusiomraft prolonged ischemic insult can
exert cardioprotection, reduce IS and preserve taetial function similarly to

213 Unlike preconditioning, the experimental design of

conventional preconditioning:
PostC allows direct application to clinical setBngspecially during primary PPCIs.
Inflation and deflation of the balloon after reopwnthe coronary artery can mimic
repetitive coronary artery clamping in postcondiéd animal modef§**

In this thesis we analyzed, in the first part, ffeenomenons underlying the

myocardial reperfusion injury and the publishedcpnécal and clinical studies on this

issue and, in the second part, we report and disthes results of a randomized trial,



designed and conducted in our Cardiac, Thoracic ®adcular Department, to

investigate the effect of PostC on IS, as assdsgedrdiac magnetic resonance (CMR).
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Figure 2. Mediators of lethal myocardium reperfusia injury. During reperfusion, the myocardium
is subjected to intracellular C&" overload (green), mitochondrial reoxigenation (ptple), the
generation of reactive oxigen species (ROS) (orangeestoration of physiologic pH (azure), and
inflammation (red), all of which may interact with each other to determine cardiomyocyte death
through the opening of the mitochondrial peremeabity transition pore (m-PTP) and the induction
of cardiomyocite ipercontracture. ROS are generatedduring reperfusion by xanthine oxidase
(mostly from endothelial cells) and the re-energyzk mitochondrial electron transport chain. A
further source of ROS, several hours later, is NADHA oxidase (mainly from neutrophils). ROS
mediate myocardial injury by inducing m-PTP opening acting as neutrophils chemoactractants,
mediating dysfunction of the sarcoplasmic reticulumand contributing to intracellular Ca?*
overload, damaging the cell membrane by lipid peradation, inducing enzyme denaturation, and
causing direct oxidative damage to DNA. During repdusion, cell is subjected to an important
further influx of Ca?" through the damaged cell membrane, the ROS-mediadedisfunctionig
sarcoplasmic reticulum and the reverse function othe Na'-Ca®* exchanger. The ATP generation by
the reenergized electron transport chain in the séing of intracellular Ca?* overload induces cell
death by hypercontracture, a process that is factiated by the fast and sudden restoration of
physiologic pH during myocardial reperfusion. Moreover, the fast restoration of the mitochondrial
membrane potential mediates the C# entry into mitochondria; this process, in conjunctbn with
the loss of the inhibitory effect of the acidic pHon the m-PTP and the generation of ROS,
determines the opening of the m-PTP that, eventugl] induces cardiomyocite death by uncoupling
of the mitochondrial oxidative phosphorilation and inducing mitochondrial swelling. During
reperfusion, the sudden washout of lactid acid andhe function of the Na-H™ and Na-HCO,
transporters mediates the rapid restoration of phy®logic pH, facilitating m-PTP opening and
cardiomyocite contracture. Several hours after reopning of the infarct related artery, neutrophils
accumulates in the infarcted tisse in response tohemoactrants (i.e. ROS, cytokines, and the
activated complement). Finally, the upregulation ofcell-adhesion molecules as P-selectin, CD18,
CD11, ICAM-1 facilitate the migration of neutrophils into the tissue, where they can further
enhance cardiac cell death by vascular plugging, deadative enzymes release and ROS generation.
From Yellon et al'®



2.2. Introduction to endpoints of reperfusion injury

and experimental cardioprotection approaches

Myocardial ischemia occurs when coronary blood fleov myocardium is
reduced, either in terms of absolute flow ratev{flow or no-flow ischemia) or relative
to increased tissue demand (demand ischemia). @is@hhemic conditions, at a cellular
level, the oxigen supply to mytocondrya for the dative phosphorilation is
inadequaté’® The process of reperfusion, namely the re-admissiboxigen and
metabolic substrates to the ischemic tissue, has Bhown associated with complex
and multiple biochemical, anatomical, and functianadifications in myocardium that

could, eventually, determinate cell survival orttledue to necrosis or apoptosis.

2.2.1. Clinical and experimental endpoints of injuy

The myocite injury leading to myocardial infarctjothe occurrence of
arrhythmias, and the loss of myocardial contrdagtilare all clinically relevant
consequences of obstructive coronary artery diseasthey are frequently considered
as endpoints in experimental and clinical studlée following synoptic description of
the major endpoints provides an introductory contér the studies reviewed

subsequently

2.2.1.1. Irreversible myocite injury

After the onset of ischemia, myocardial ultasouhdnges occur rapidly. During
the first minutes the alterations are reversibla frompt and effective reperfusion of
the ischemic tissue is provided; neverthelesssemeimic severe condition lasting more

than 20-30 minutes (without significant collatefla to the ischemic area) results in



irreversible changes, that are characterized agutative necrosis (see fig. 3 and'a¥?
The extent of area at risk, the duration of iscleentihe presence and extension of
collateral blood flow or residual flow through thdarct-related artery, heart rate, and

myocardial tissue temperature are all factors tieate been shown in experimental

models affecting the onset and extent of finalrictfgize?®?*>°

Figure 3. Gross features of AMI in the pre- and padsecanalization era: (A) white, anemic
tranmural AMI with wall thinning and expansion; (B) hemorrhagic, red transmural AMI.

Adapted from C. Basso et af?
» N 'w,” - .,
{ . } A J? )
e s

Figure 4. Histological features of AMI: (A) wavines of cardiomyocytes; (B) coagulative
cardiomyocyte necrosis and neutrophil infiltrates;(C) macrophage infiltrates; (D) contraction band
necrosis (reperfused AMI); (E) interstitial haemorrhage (reperfused AMI); (F) small vessel damage
and massive interstizial haemorrhage (reperfused AN). Hematoxylin and eosin stain. Adapted
from C. Basso et af?
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In the absence of reperfusion, all the myocardrahaat risk (extent of myocardial
territory distal to the culprit coronary plaque)llwindergo to necrosis, extending from
the subendocardium towards the subepicardium, asvtdve the full thickness of the
ventricular wall, in a process termed “wavefronepbmenon of myocardial death” as
first shown in 1970 by Reimer and Jennings etrala idog model of acute coronary
artery occlusiorf®®® All the strategies (PPCI, thrombolysis) aimed éperfuse the
acutely ischemic myocardium have the main goal aVagjing viable myocardium
within the area at risk limiting the extension dacrosis; the concept of the absolute
needing of a prompt and effective reperfusion theia patients affected by STEMI is
commonly summarized with the axiom “time is musatel muscle is life?’ There is
some uncertainty on the relevance, the precisengjmof apoptosis process in the
reperfusion injury®>° The totality of the mechanisms underlying the apsis process
is still unknown, but is seems likely that a pivatale is ruled out by the opening of
mitochondrial Permeability Transition Pore (mPTRIyidg reperfusion phase, after a

period of ischemia of sufficient duratiéfi®*

2.2.1.2. Contractyle dysfunction

It is well known that an early consequence of mydied ischemia is a prompt
reduction in term of myocardial contractilfy,and this process can appear as an acute
cardiac failure syndrome. Sudden occlusion of amary artery is followed by relevant
physiological and metabolic changes that appeahinviseconds of the cessation of
coronary flow and energy metabolism shifts fromolér or mitochondrial metabolism
to anaerobic glycolysis after only 8 seconds ofuced arterial flow®®” This shift
occurs as soon as the @apped in the tissue as oxyhemoglobin and oxynoyog is
consumed. Simultaneously with the metabolism skifective contractions diminish

and then cease, and the myocardium stretches tadreshortens with each systdte.



11

Usually, after complete early reperfusion and insesite of significant
myocardial cell death, contractility recovers coetely and myocardial global function
come back to normality. However, this full recovemay take from minutes to several
days to be complete. Braunwald and Kloner termegbtardial stunning” the condition
characterized by a “prolonged, postischemic dygfancof viable tissue salvaged by
reperfusion.®® The length of time for function to fully recover dependent on a plenty
of parameters, including the duration of the indsghemic insult, the severity of
ischemia during the original insult, and the cortgrless of the restore of the coronary
arterial flow?°

The multifactorial pathway that conduces to myorstunning is complex and
not fully elucidated, nevertheless a lot of hypsikehas been formulated. The
oxiradical hypothesis is based on the results sérées of brilliant experiments of R.
Bolli et al. that showing that 50% to 70% of tharsting effect is due to a burst 0§-O
derived free radicals liberated during the firstv feminutes of reperfusion with arterial
blood. These free radicals are short-lived anduthelsuperoxide anion and hydroxyl
radical formed from superoxide via heavy metal-Hgat reactions. This means that
much of the stunning effect is a complication gedusion and therefore is a form of
reperfusion injury. The evidence that free radiaasise stunning is very strong and
began with the demonstration that much of the shgneffect could be prevented by
pretreatment of the animals with intravenous irdnsof 2 enzymes that scavenge O2-
derived free radicals, SOD and catalds&.

Another pivotal role in myocardial stunning devetmmt is played by the
altered calcium homeostasis, “Cavailability and the contractile apparatus sevisjti
to C&™. It is noteworthy that the oxyradical theory aralcium homeostasis alteration
theory are not mutually exclusive: i.e. oxygen fradicals could damage membranes,

allowing easier calcium overload during reperfustbat could then alter troponin,
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contributing to reduced myofilament sensitivity talcium; alternatively, oxygen
radicals might contribute directly to disruption tponin. Note that contractile
recovery in experimental studies is a mixed endpaoeaflecting both possible loss of
contractility due to irreversible injury as well delayed recovery of viable “stunned”
myocardium.

A further pattern of reduced contractility is myadial “hibernation”, a concept
introduced by Diamorid and divulgated by Rahimtodfato explain how myocardium
subjected to reduced perfusion can remain alive gedsistently acontractile.
Rahimtoola defined hibernation as “a state of g&estly impaired myocardial and Left
Ventricular (LV) function at rest due to reducedrarmary blood flow that can be
partially or completely restored to normal if theyguardial oxygen supply/demand
relationship is favorably altered, either by impray blood flow and/or by reducing
demand.*” The hibernation hypothesis proposes that thedi$ms downregulated its
metabolism in response to the reduced arterial fbowl that this process allow the
myocyte to survive in a situation in which flow wiasufficient to maintain contraction.
A fundamental aspect of hibernating myocardiumhest reperfusion can restore fully
contractile functior’® The complex pathways underlying hibernating mydican
involve alteration of cellular metabolism, myocaldperfusion and subendocardial

coronary flow reservé®*?

2.2.1.3. Arrhythmias

Ischemia is a strong pro-arrhytmogenic triggersfalst during ischemic insults,
myocardial arrhythmias may occur, presenting aktied ventricular premature beats,
supraventricular or ventricular tachycardia, ortvienlar fibrillation 3% Arrhythmias
in the early phase, after coronary artery occlus{phase | arrhythmias), may

determinate sudden dedth.n some ischemia/reperfusion studies, the incidenc
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severity and duration of arrhythmias has been wsedendpoint; nevertheless it is
noteworthy that arrhythmias may develop before tmset of irreversible injury.
Reperfusion itself after periods of ischemia magoaprecipitate arrhythmias: the
observation that ventricular fibrillation may ocawithin few seconds after restoration
of blood flow to ischemic myocardium was originaligade in the experimental
laboratory in the 19 century by Cohnheim and Von Schulthess-ReclBengd later
confirmed in the early 2Dcentury by Tennant and Wiggérsin fact, it was found in
subsequent experimental studies that ventricutailléition may occur more frequently
after reperfusion than after coronary artery odolg® In the clinical scenario,
reperfusion arrhythmias may occur during thromhisiysand during, or soon after,

PPCIs>®

2.2.2. Infarct size limitation: experimental approahes

2.2.2.1. Historical background

The experimental studies in the field of cardiopctibn dates from the early
1970s, when E. Braunwald et al. first promoteddtwecept of therapeutic infarct siZe.
This research resulted in a huge and complex bbtitemature. The research during the
1970s and 1980s for agents and/or approaches dhét tmit the development of or
prevent myocardial necrosis was largely unsucckesBfe following is a brief summary
of the major historical developments as well athefconceptual and technical obstacles
to the successful development of infarct-limitingatments.

Firstly, the experimental models of coronary art@gclusion provided an
accurate description of the morphological changs®@ated with the development of
necrosis;’*®®*put they provided few insights into the pathopbiajy and underlying

cell death molecular mechanisms. Thus, the eadigstoaches to infarct size limitation
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in the 1970s were focused on drugs aimed to redwpacardial oxygen demand or
vasodilators to increase oxygen and metabolic salestielivery’”® Therefore, drugs
as B-adrenoceptor antagoni€fs®® calcium-channel blockef$;”* and glyceryl
trinitrate’> "*were extensively investigated with no evidencecafdioprotection.

Secondly, the concept that reperfusion was negessdimit the wave front of
necrosis and salvage ischemic myocardium -a corszeptear to us now— was largely
unknowledged until the late 1970s. In a plenty nfdges, therapeutic agents were
administered in animal models of AMI with permaneatonary occlusion, relying on
the concept that myocardial tissue could be satvagéin a small but not unrelevant
“border zone” between normal and ischemic tissnehé early 1980s reperfusion with
fibrinolytic agents spread out quickly and becameeatablished primary approach in
the therapy of patients affected by AMI; nevertBslesome experimental studies in the
1980s continued to use animal models with permaoerdnary artery occlusion. The
concept of the existence of an infarct border zarevolving myocardial infarction was
probably uncorrect or of negligible significane.

Thirdly, the recognition that reperfusion of thdairct-related coronary artery
was associated with specific patterns of injurymied reperfusion injury, identified
myocardial contractyle disfuncion in the form ofirsting and reperfusion arrhythmias
as possible therapeutic targets. However, the qgarafeirreversible reperfusion injury
resulted very controversial: several mechanismsceested with the pathophysiology of
reperfusion, including the generation of reactixggen species, intracellular calcium
overload, the rapid restoration of pH and inflamorat became the basis of
experimental studies in which drugs were adminesteas adjuncts to reperfusion. In
this setting studies seeked for a benefit, as atljtm reperfusion, of superoxide
dismutasé®’® adenosine and adenosine receptor agoftfistspnsteroidal anti-

59,81—84

inflammatory drug and antineutrophil antisefa.The resulting literature was
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characterized by poor experimental reproducibiityconsistency of interpretation with
regard to pharmacological infarct limitation.

To recapitulate briefly, during the 1970s and 1980 relatively late
recognition of reperfusion as an essential requarégnand the limited understanding of
appropriate molecular targets limited the developna effective experimental and
clinical studies. From the late 1980s, the recagmibf ischemic preconditioning (PreC)
was the most significant development in the sedh rational approaches to
cardioprotection. Finally, nowadays a burst of aeslke effort has identified a number of
molecular pathways associated to cell death armpoytection that constitutes the basis

of all the contemporary experimental and clinidabges.

2.2.2.2. Thereperfusion injury paradigm of irreversible injury

It is well knowns that a permanent ischemic insldtermines cell death by
coagulative necrosis (section 2.2.1.1.). On thdraty) until recently, a lot of discordant
opinions existed about the role of reperfusion (BigA and B). In fact the previous
predominant concept was that cell death occurredtlgnduring the ischemic phase,
basically as a consequence of the depletion of-@rghrgy phosphates and its numerous
effects. The authors supporting this older hypathesnsidered any cells dying during
reperfusion as already irreversibly injured by dehemic phase.

In the last 15 years, researchers have better stameled the previous
evidentiated alterations in mitochondrial strucfuaed especially the pivotal role of
mytochondria in determining cell survival during darafter cellular stresséS.
Mitochondrial dysfunction affects cell viability ibugh many possible mechanisms:
loss of ATP synthesis and increase of ATP hydrslyisnpairment in ionic homeostasis
(especially of calcium), formation of reactive oryg species and release of

proapoptotic protein® %t
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A. During ischemia B. At reperfusion
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Figure 5. Major cellular effects of ischemia and rperfusion leading to irreversible injury. A, during
ischemia, reduced availability of molecular oxygerand metabolic substrates results in a deficit of
high energy phosphates. Sarcoplasmic reticulum (SR}a** uptake mechanisms are altered leading
to intracellular Ca®" accumulation. Anaerobic metabolism is associated ith intracellular
accumulation of inorganic phosphate, lactate, and H Activation of the sodium-hydrogen
exchanger (NHE) by intracellular acidosis leads t@ccumulation of intracellular Na®, exacerbated
by inhibition of the sodium pump due to ATP depleton. Increasing intracellular concentrations of
solutes results in osmotic swelling that may be didient to cause sarcolemmal fragility or
disruption, further exacerbated by the activation d Ca?*-dependent proteases and phospholipases.
The process of irreversible injury is time-dependenand, in permanent ischemia, will result in the
pathological features of necrosis. B, at reperfusig cell death occurs predominantly by necrosis
although some apoptosis may occur. The sudden remtuction of molecular oxygen causes re-
energization of mitochondria and reactivation of tke electron transport chain with massive
production of ROS, which may stimulate further ROSproduction (ROS-induced ROS release) and
generation of RNS in the presence of NO. ROS/RNS use oxidative and nitrosative damage to
cellular structures, including the SR leading to C&' release. Moreover, under conditions of restored
ATP production, the activity of the Na'/Ca®* exchanger is restored, leading to the extrusion dfa’
in exchange for C&*, and SR C&" release is further accentuated by restoration of AP leading to
cytosolic C&* overload. The combined effects of GA accumulation in the mitochondrial matrix,
ROS/RNS, and increasing intracellular pH due to H washout favor the opening of the mPTP.
Opening of the mPTP is associated predominantly witnecrotic cell death, most likely in those cells
that have already sustained injury during ischemiaSome cells display hallmarks of apoptosis after
reperfusion. The mechanisms leading to activationfdhe apoptotic program are unclear and could
be related to either mitochondrial or extracellular death signals. The precise rate of injury or mode
of cell death during reperfusion will be determinedby the severity of changes during ischemia as
well as by the extent of sarcolemmal fragility anddisruption, which may be further exarcebated
during reperfusion by osmotic swelling and proteasacitivity. Adapted from Ferdinandy et al.**®

This series of mechanisms explains why mitochondra involved in both
necrosis and apoptosis processes following pokems@ reperfusion. Recently a
pivotal role in the cell response to stresses sdenig played by the mitochondrial
permeability transition pore (mMPTP). The mPTP isvaltage-dependent, high-
conductance multimeric channel located in the irm@ochondrial membrane. In the

fully open state, the apparent pore diameter allpassive nonspecific diffusion of
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solutes with molecular masses up to about 1.5%D3A relevant characteristic of the
mPTP is that it can be partially inhibited by cysporin A that binds cyclophillin-D, a
key-component of mPTP. Since the effect of cyclosp® can be relieved by
increasing the calcium lodd,the effect of cyclosporin A is preferably descdbas
“desensitization” of the mPTP to calcium. mPTPimsa closed state during normal
physiological conditions, when the membrane is imm@&able to most solute. Under
stressing conditions, the mPTP opening (by fornrmatibthe an open pore in the inner
membrane) results in major modifications of mitaathgal function and structure that
eventually jeopardize the maintenance of cell VilgbiThe immediate consequence of
MPTP opening is the collapse of mitochondrial memerpotential; as a consequence
oxygen consumption is initially increased and ATRoduced by glycolysis is
hydrolyzed by the reverse operation of ATPase fepdd ATP depletioi*®’ These
events may be followed by subsequent changes makengutcome of the cell quite
unpredictable. The mPTP opening allows the efflnet then the hydrolysis of pyridine
nucleotides resulting in a reduction of oxidativetabolism and oxygen consumpti¥n.
Moreover, oxidative stress might be exacerbatetbesNAD(P)H is essential for the
maintenance of both mitochondrial and cytosoliccant defenses.

These functional alteration in mPTP reflects onaphologic point of view as a
wide range of structural changes of mitochondrigstae remodeling, matrix swelling
and outer membrane alterations. Eventually theseasibns can result in the rupture of
the outer mitochondrial membrane and release ofem® from the intermembrane
space. An important member of this group of protmincytochrome c (normally
sequestered within internal mitochondrial membrenstae), which after binding Apaf-
1 in the cytosol causes the activation of caspasetri§gering the apoptotic

cascade>®**Moreover, it has been proposed that structurahges caused by PTP
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opening might prompt the removal of damaged mitadhia by means of autophagy, a
process termed “mitoptosis®1%*

Currently, the consensus of experts is that camuhtiduring the early phase of
reperfusion, but not during ischemia, may favor ty@ening of mPTP and that
inhibition (or desensitization) of pore opening idgrthe early phases of reperfusion
might protect cardiomyocites. In the current cqice reperfusion injury the opening
of mMPTP at reperfusion is the fundamental deterntinécell fate. mMPTP opening can
cause cell death either by necrosis or apopt8s?,depending on the extent and
duration of mPTP openiny.As a direct consequences of this new conceps, dldar
that manipulation of the conditions that inhibit f#Popening during the early phase of
reperfusion may offer the potential to limit celeath: ischemic preconditioning,
pharmacological treatments mimicking preconditigpiischemic postconditioning, and
selected drugs administered at reperfusion mightept through a common pathway of
attenuating mPTP opening.

In summary, the present view of reperfusion prodssthat it is absolutely
necessary to salvage the ischemic myocardium; tieless, reperfusion itself has the
potential to cause further irreversible myocytauigjin a way closely related to the
extent of mPTP opening in the early reperfusionsphd&kecent knowledge do not
detracts the fundamental proven therapeutic valueperfusion, but it has highlighted
and revisited the reperfusion phase, better evalydahe mechanisms of reperfusion
injury and suggesting potential therapeutic targetsrealize the full benefits of

reperfusion in patients affected by acute myocardfarction.

2.2.2.3. Cardioprotection through preconditioning
Although transient episodes of myocardial ischeo@a induce the reversible

injury of stunned myocardium (see 2.2.1.2.), thay also protect significantly the heart
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from extensive necrosis. In 1986 Murry et al. fastscribed, in one of the most quoted
and influential articles in cardiac literature, tbencept of ischemic preconditioning
(PreC)!® In a study involving anesthetized dogs subjeatedict minutes of circumflex
coronary artery occlusion and reperfusion they destrated a profound limitation of
myocardial IS when the dogs received 4 brief emsodf 5 minutes of ischemia
separated by 5 minutes of reperfusion just befoeedD-minute occlusion. Notably, this
cardioprotective effects of ischemic PreC were jpahelent of changes in transmural
myocardial blood flow. Within the control animalsogp analysis of the extent of
necrosis within the risk zone as a function of camy collateral flow showed an inverse
relationship: the lower the coronary collateraliflthe greater the percentage of the risk
zone that went on to develop necrosis. In the mmohePreC animals group this
relationship was altered: even in dogs with lowooary collateral flow, the extent of
necrosis was reduced markedly with the PreC stimaulMoreover, the PreC
phenomenon can be seen in models of extremely tanary collateral blood flow,
such as the rabbit, and therefore is not due abakcruitment of coronary collateral
flow.*® In fact, ischemic PreC subsequently was showretaiolely reproducibly and
consistent in a variety of species (rat, rabbigy @nd mouse hearts) and in different
PreC protocols and experimental preparatf@ndschemic PreC have been shown
cardioprotective in all mammalian hearts tested ttaw, with maximal effects in large-
animal hearts, in which heart rates (and so metahphare lower.

Preconditioning protection can be obtained by msriof ischemia as short as 3
to 5 minutes followed by 5 minutes of reperfusi@n;single episode of transient
ischemia is sufficient to induce Prét:;’°” although laboratories often use multiple
repetitive episodes of brief ischemia to induceghenomenon®

The cardioprotective effect of PreC is transiehtthe duration between PreC

and the more prolonged ischemic episode to indwmrosis is extended beyond 60
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minutes, the benefit of ischemic PreC is f3sf® However, if the duration between
PreC stimulis and the more prolonged ischemic eleiso induce necrosis is further
extended to 24 to 96 hours, however, then the gtigeeeffect partially returns and IS is
somewhat reduced, although not to as markedly anwie long-standing occlusion
episodes occurs shortly after PreC stimdffis® To distinguish this late-onset, long-
lasting phenomenon from the the “classic” or “€aRyeC, it was called originally “the

Second Window Of Protection (SWOP)” but now it ssbtermed “delayed” or “late

preconditioning”. A schematic representation of tiwaporal nature of the windows of

PreC is shown in Fig. 6.
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Fig. 6. Schematic representation of the temporal riare of the two windows of preconditioning.
Modified from Sumeray MS and Yellon DM **°

Currently, the biology of classic PreC is thougkt @ phenomenon that can
delay but does not prevent myocardial cell deattinduthe long-lasting episode of
ischemia: if the duration of the ischemic PreC ixessive or reperfusion is not
eventually restored, PreC will not wol® Noteworthy, there are two phenomenon that
could limit the beneficial effects of PreC: the mjyedemand in the preconditioned
tissues must be diminished and too frequent and ¢ttmse PreC induce

tachyphylaxis-®**'*2 Originally the definition of ischemic PreC was nmeésl to
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limitation of 1S, but subsequently some researckgtended it to describe all the effects
of brief ischemia also on cardiac function and wirmias, although these latter effects
have not been as consistent as effects dn’*f$? The mechanism(s) that underlies the
potent but short-lasting protective effect seerlassic PreC is undoubtedly complex

and not fully understood, involving second messepgéhways (Fig. 7A**7
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Fig. 7. Schematic representation of the major pathays of classic ischemic preconditioning. Classic
PreC promotes the accumulation of various cardioprtective ligands for G-protein-coupled
receptors, especially adenosine, bradykinin and opid peptides. Evidence exists for the
participation of receptor tyrosine kinase activity, possibly through transactivation, although
adenosine may couple directly to PKC. The activatio of numerous other protein kinases has been
implicated, including the PI3K/Akt cassette, whichis thought to be proximal in the signaling
pathway. Akt phosphorylates a number of substratesncluding proapototic members of the Bcl-2
protein family and GSK-3p (causing inactivation) and eNOS (causing activatiy. NO generated
from eNOS leads to activation of PKG via elevatiorof intracellular cGMP. Substrates for PKG
may include the SR regulatory protein phospholambanwhich promotes SR C&" uptake, thereby
reducing cytosolic C&" overload. Recent evidence suggests that PKG isetfiinal cytosolic signal
transduction component and leads to activation of ftochondrial pools of PKCe. Downstream
consequences of PKE activation include activation of mitochondrial Karp, opening of which
promotes ROS formation and further PKCeg activation. Inhibition of mPTP opening can occur & a
result of PKCg activation. Sarcolemmal K.yp and mitochondrial connexin-43 have also been
implicated in the mechanism of classical PreC. Thhatter is an essential component of the classical
PreC mechanism. The generation of ROS and RNS appsato be a consequence of mitochondrial
Katp Opening and an obligatory part of the signaling cecade. It is likely that ROS/RNS signal the
activation of distal kinases which may include p38VIAPK, PKC, and JAK/STAT. Although
inhibition of MPTP opening in early reperfusion appears to be an important mechanistic feature of
PreCl,lgt is possible that other distal proteins mayserve as effector mechanisms. From Ferdinandy
et al.

Definition of the role of an endogenous mediatoPieC, late PreC or PostC

processes ideally requires satisfaction of allha following criteria: abolition of the
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protective/beneficial effect by specific receptolodkade or by inhibition of the
mediator’s production; absence of the effect inras, tissues, or cells with genetic
disruption of the mediator's production or its newe(s); induction of a
pharmacological effect by exogenous administrabérthe mediator at the time of
reperfusion. Increased production or maintenancexticellular concentrations of the
mediator(s) as a direct effect of the studied pgeaaight be added to this list although
in practice this is the most difficult criterion satisfy experimentally.

The fully preconditioned myocardium shows a smadi@enine nucleotide pool,
an excess in intracellular glucose, a creatine e overshoot, and stunnitfg>®
Moreover, during a second episode of ischemia é#cte differently than not-
preconditioned myocardium: it trends to utilize lhgnergy phosphates and accumulate
lactate and M much more slowly?®!19120This scenario of slowed anaerobic
glycolysis (principal pathway of ATP synthesis dhgyiischemia) despite slowed
depletion of high energy phosphate (HEP) has betnpretated by hypothesizing a
reduced energy demand induced by ischemic predonéit tissue®®**112112Notably,
since it is known that low level of intracellulaE® and high tissue level of lactate and
H* are associated with ischemic cell death, it haanltbeorized that preconditioned
tissue, via an energy demand reduction, dies moveys*°®**

The alterations occurring during the PreC ischeepisodes as well as the
changes that persist within the preconditionediéssediating the PreC response have
not been thoroughly estabilished and are a fieldtehse researcf>*#*

In classic PreC a pivotal role is thought to beygethby protein kinases. It is
probable that multiple signal transduction pathwegaverge on mitochondria, either
preserving ATP synthesis or preventing the onsehBTP formation after reperfusion
or both. The most important protein kinases idedito play essential roles in classic
5;127

PreC are protein kinase C (PKE p38 mitogenactivated protein kinase
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(MAPK), 16128130 hgsphatidylinositol 3-kinase (PI13K) and its sudist kinase Akt

133 p42/pad MAPK/ERK:*1% the JAK/STAT pathway>°**” and receptor tyrosine
kinases of the Src famify’®**°Recently interest has focused on glycogen syniB@se
(GSK-33), a distal kinase inactivated by phosphorylatigrother kinases including Akt
and p42/p44 MAPK/ERK* 2 Evidence supporting involvement of these protein
kinases has relied mostly on the demonstration ttiety are translocated,
phosphorylated, or display increased activity ireganditioned myocardium when
compared to virgin myocardium and/or that pharmagichl agents inhibiting their
activation abolish or blunt the PreC induced cgydtection.

The upstream agents triggering the activation es¢hkinases and the multistep
cascade sequence of their activation are not glligidated. However, regarding the
protection offered by PreC against cell death,egénss highly likely that adenosine,
opioid peptides, prostaglandins, and bradykinineaséd or accumulating in the
preconditioned ischemic myocardium, bind to G-pretmupled receptors, namely
adenosine Aand A, kinin B, opioid 8, and ER, respectively** Among species, and
according to the PreC protocol applied, the reéaimportance of these triggers may
vary widely*** However, the pharmacological blockade of indiviceegeptors abrogate
or blunts the cardioprotective effect of PreC whsrea “pharmacological
preconditioning”, by transient preischemic actigatiof any of the receptors with
exogenous triggers or synthetic agents inducesfioeteeffects usually quantitatively
similar to that seen with ischemic PreC.

An another pivotal mediator of PreC phenomenoheaskxrp channel. The Krp
channel, expressed in high concentration in theotamma, opens during hypoxia
and/or whenever intracellular ATP declines subslint (hence during ischemic
episodes of sufficient duration). This effect ofchemia can be abolished by

pretreatment of the myocardium before the PreCoepiof ischemia with inhibitors
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(glibenclamide and 5-hydroxydecanoate) of thed<channel, whereas pharmacological
openers of Krp confer protection similar to that obtained with hemic PreC, all
findings supporting the concept that thgrik channel is an essential mediator of the
PreC protection. The sarcolemmahK channel opening mediates an increaséd K
influx (increasing osmotic load) and a shorteninfy axtion potential duration
(potentially arrhythmogenic). Moreover, aatkc channel is present also in the
mitochondria:*®> This mitochondrial channel is opened quite speaify by diazoxide
and is blocked with low concentrations of 5-hydrde&ganoate compared with the
quantities required to block the sarcolemmatdchannel:*® At mitochondria level, K
flux across the inner mitochondrial membrane affeatitochondrial membrane
potential, volume regulation, €ahomeostasis, and energy production. In dog model,
pretreatment with diazoxide pharmacologically prettons the heart and limit IS as
well as ischemic Pre&’ All these findings support the concept of a pivotde of
mitochondrial Kyt channel in the protection conferred by PreC, wiijgers exerting
their effect by opening the mitochondriak# channef-*642

The current view of signal transduction in clasBreC is characterized by a
multistep pathway. Adenosine, acting ond Az receptor, couples directly to PKC via
phospholipase C and diacylglycerol formatféh*>! Bradykinin and opioids trigger a
complex signal transduction pathway involving tctszation of receptor tyrosine
kinase and subsequent phosphorylation (activabbR)3K/Akt. Akt phosphorylates, in
its turn, eNOS resulting in NO production, actieatiof soluble guanylyl cyclase,
cGMP accumulation, and activation of cGMP-dependprdtein kinase (PKG).
ROS/RNS play a critical role in the signal tranddrcpathway, leading to activation of
PKC!™? PKG appears to be the terminal cytosolic stephie signal transduction
cascade, phosphorylating an unknown target at fteehondrial outer membrarté®*>*

The opening of mitochondrial & channel is both PKG- and PiK@ependent® It is
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highly likely that PKG is the terminal cytosolic mponent of the trigger pathway; it
transmits the cardioprotective signal from cytasolnner mitochondrial membrane by
a pathway that includes PKC PKG phosphorylates an unknown target at the
mitochondrial outer membrane that induces a sulesgqgactivation of a PKE pool
within the intermembrane spat&**Moreover, PKG seems to inhibit mPTP opening
through a mechanism involving activation of two @ohiondrial pools of PKE™
PKCel promotes the opening of mitochondriahtK channel, leading to modest
increase in matrix bD,. H,O, promotes further PK£L activation and activates PKZ,
which inhibits mPTP formation.

Connexin-43 is another protein implicated in cladreC. Connexin-43 forms
the multimeric hemichannel structure of gap juntdian myocardium and appears to be
obligatory for classic PreC, as experiments coretligh connexin-43 heterozygous
knockout mice display no PreC respoi$e>® Moreover, Connexin-43, is also
expressed in the mitochondrial inner membrane aficayocyte (and mitochondrial
content of Connexin-43 during ischemic PreC is éased)>® its transport being
mediated by heat shock protein 90 and the transloas the outer mitochondrial
membrané® Loss of connexin-43 reduces ROS formation secgnttardiazoxide,

leading to a loss of pharmacological PreC-induaedegtion®*

2.2.2.4. Cardioprotection through late preconditioning

Late precondioning involves multiple signaling pa#lys that are related with
the intensity, duration and characteristics of theex stimulus®? The mechansims
underlying late PreC have been less elucidated thainfor early PreC. It is highly
probable that the phenomenon share some commowaggatwith classic PreC with the
adjunct of some multiple mechanisms of protein Isgsis/modification and genetic

adaptation responsible for the long lasting effelctdhe pioneristic study of Marber et
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al!® the ischemia/reperfusion stress have been foundabbit hearts, causing a de

novo synthesis of a series of protein as the 72+4k&a shock protein (HSP72), with a
clear association between HSP72 level and infaret ieduction after ischemic PreC.
Subsequently, Hoshida et al. focused their attentia the precise time course of
induction of the intracellular inducible antioxidaBOD®* It is weel recognized that
exist a conserved stress response in eukariotetsing the induction of cytoprotective
factors such as SOD and HSPs, although the regulatithways of these factors in
mammalians is less clear.

An important autacoid factor also in late PreCdereosine. In a study on rabbit
hearts, the pharmacological blockade of adenos&meptors during ischemic PreC
abolished the development of late protection 24rhidater®* On the other hand the
administration of selective Al receptor agonist maive rabbits resulted in
cardioprotection 24 to 72 hours later, mimicking #ffect of late Pre¢°*1°®

Also NO, bradikinin, cytokine, selective opioidreceptor agonists, and ROS
have been recognosized as relevant triggers irPlaé®>*’

The downstream pathways that link triggers to wapsonal regulation of
protein involved in the late PreC beneficial effecd complex and poorly elucidated.
The available literature have shown the involvetnena wide time window ranging
between minutes to hours after the index stimulfsithe JAK/STAT signaling
pathway'®® PKC, especially PKE™*™* Src and Lck tyrosine kinases, probably
downsteam of PKE’% p38 MAPK17317p|3K and p70s6 kinase/mammalian target
of rapamycin’ and p42/p44 MAPK/ERK?®

The synoptic scheme of late PreC involves the a&ttesn of NO and superoxide
to form peroxynitrite anion, which activates P&@hich in turn activates Src and Lck
tyrosine kinases. The phosphorylation (activatiohjhe transcription factor NkB is

made by both both PKC and tyrosine kinasesidHRkAduces the expression of myocyte
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protective genes as inducible NOS (iINOS) and cyglgenase-2 (COX-2). The NO
production derived by INOS in turn regulates thdivation of COX-2 in the
preconditioned myocardium, resulting in a improgesheration of prostanoid, essential
for the cardioprotective effetf® A schematic representation of these processes is

shown in Fig. 8.
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Fig. 8. Schematic representation of our current undrstanding of the cellular mechanisms whereby
COX-2 is upregulated by ischemic preconditioning ad participates in cardioprotection. A
sublethal ischemic stress (ischemic preconditionilgactivates a complex signal transduction
cascade that includes PKC (specifically, theisoform), PTKs (specifically, Src and/ or Lck kinases),
and probably other as yet unknown kinases, leadintp phosphorylation of IkBa and mobilization of
the transcription factor NF-kB. In addition, ischemic preconditioning activates the non-receptor
tyrosine kinases JAK1 and JAK2 with subsequent tyreine phosphorylation and activation of the
transcription factors STAT1 and STAT3. Other, as yé unknown, transcription factors are most
likely involved as well. The promoter of both the NOS and the COX-2 genes contains cognate
sequences for NF-kB and STAT1/STAT3. Binding of NkB and STAT1/STATS3 to these promoters
results in a coordinated transcriptional activation of the INOS and COX-2 genes with synthesis of
new iNOS and COX-2 proteins. The activity of newlysynthetized COX-2 protein requires iNOS-
dependent NO generation whereas the activity of iIN® does not require COX-2-dependent
prostanoid generation. Thus, COX-2 is downstream ofNOS in the pathophysiological cascade of
late preconditioning. INOS-derived NO can protect he myocardium from recurrent ischemia both
via direct actions and via activation of COX-2-depedent synthesis of cardioprotective prostanoids.
Among the products of COX-2, PGE and/ or PGI appearto be the most likely effectors of
cytoprotection. A similar upregulation of COX-2 can be elicited pharmacologically byé-opioid
receptor agonists but not by adenosine A or A recépr agonists. Adapted from Bolli et al*’®
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2.2.2.5. Cardioprotection through postconditioning

The term “postcondioning” was first introduced bya Mt al.regarding the
prevention of arrhythmia¥? Zhao et al. were the first to demonstrate, in rthei
pioneristic study in 2003, the application of PogtGeduce lethal reperfusion injury in
dog heartg?! In this landmark study 3 cycles of 30-s reperfosiad 30-s reocclusion of
the left anterior descending artery were appliedhat onset of reperfusion after a

sustained 1-hour occlusion, resulting in markedtéton (48%) of infarct size (see also

Fig. 9).
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Fig. 9. A. Experimental protocol used to determinethe effect of ischemic PostC (Post-con) on
myocardium after ischemia (I) and reperfusion (R).B. Bar graph showing determination of infarct
size by triphenyltetrazolium chloride (TTC) staining. Post-con significantly reduced

area of necrosis (AN)-to-area at risk (AR) ratio by48% compared with the control group, showing
equivalent cardioprotection to that of Pre-con, *P<0.05 vs. control. Values are group means * SE.
Adapted from Zhao et al™*

In their study they found also that tissue edemtnénarea at risk was similarly
reduced in PreC and PostC group compared with asntras well as
polymorphonuclear neutrophil (PMN) accumulation, hednce of PMN to
postischemic endothelium, plasma malondialdehydprauct of lipid peroxidation)
levels. Moreover, endothelial function, expressex naaximal vasodilatation after
acetylcholine was significant greater in PostC BrelC when compared with controls.

The current mechanisms thought to be involved ist®anvokes the activation
of signal transduction cascades by autacoid trgygecumulating in the extracellular

space (during PostC process) and acting on ceffhaaireceptors or other molecular
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targets. A schematic representation of signallirggimanisms in PostC is shown in Fig.

10.
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Fig. 10. Signalling mechanisms in postconditioningPostC). Several extracellular factors produced
endogenously are known to play an essential role ischaemic PostC (adenosine, bradykinin, and
opioid peptides). However, other additional autacals could play a role, since their exogenous
administration at reperfusion mimics the effect ofischaemic PostC. These include natriuretic
peptides (ANP and BNP), peptide growth factors (IGFL and FGF-2), and TNFe. After binding to
cell surface receptors, these autacoids promote thectivation of kinase signalling pathways. The
precise sequence of elements in these pathways ath@ extent of interaction between different
pathways are unclear. However, evidence from someadels implicates the activation of PI3K/Akt
and p42/p44 ERKSs. This pathway, known as the RISK gthway, is proposed to result in inhibition
of mPTP opening at reperfusion, via distal componds of the cascade which include NO and
inhibition of GSK3R3. The extent to which cGMP accuralation and PKG activation contribute to
ischaemic PostC is not clearly defined at presentut several pieces of evidence support the
hypothesis that the activation of cGMP/PKG, eitherby NO or by other factors such as natriuretic
peptides, is protective during reperfusion by attenating Ca?* cycling which may be a stimulus for
mPTP opening. Furthermore, it has been proposed thathe activation of an intramitochondrial
pool of PKC1 might cause opening of the mitochondal K rp channel (mitoKarp), resulting in a
slight increase in reactive oxygen species (ROS)rfieation which eventually causes mPTP
inhibition. An alternative pathway, the so-called &\FE pathway, has been proposed to play a role
in ischaemic PostC. The major components of the SAFpathway are TNF- a, the kinase JAK
which phosphorylates the transcription factor STAT3 It is proposed that after translocation to the
nucleus, STAT3 controls the transcription of factos that confer cardioprotection. Also a
mitochondrial localization of STAT3 has been suggésd; however, both actions of STAT3 need to
be finally proven. eNOS stand for endothelial nitic oxide synthase; GPCR, G-protein coupled
receptor; GSK3p, glycogen synthase kinasep3 MPTP, mitochondrial permeability transition pore;
ERK, p42/p44 extracellular regulated kinase; NPR, atriuretic peptide receptor; pGC, particulate
guanylyl cyclase; PKG, cGMP-dependent protein kinas;, RTK, receptor tyrosine kinase; SR,
sarcloplasmic reticulum; TNF-R, TNF receptor; ?, urclear at present. From Ovize et al’®
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2.2.2.5.1. Autacoids factors and receptor-mediated mechanisms

A variety of autacoid factors, acting in an autoeriparacrine fashion, have
been shown playing a role in the PostC processsd hreludes 3 groups of substances
thought to be involved in triggering the PostC pais: autacoid factors (i.e.
adenosine, bradykinin, opioids) activating via pgoe-mediated mechanisms the PostC
effects; locally produced substances (i.e. ROS, f¢@ctive nitrogen species, hidrogen
sulphide (HS), calcitonin gene-related peptide, epoxyeicoesaiic acids); finally,
some naturally occurring substances (i.e. natiwmrgbeptides, erythropoietin,
adrenomedullin, urocortins, adipocytokines as apeliisfatin, and leptin, insulin,
peptide growth factors as transforming growth fagtcand insulin-like growth factors)
with proven pharmacological PostC effect but witlid experimental evidence of an
effective role in native ischemic PostC.

Analyzing the first group of substances, probahbymost important in inducing
the PostC cardioprotection, adenosine has beendfqlaying a pivotal role, as
highlighted by studies in which pharmacological esél’e adenosine receptor
antagonism during reperfusion abrogated the effafdtschemic Post¢’® 18

Adenosine levels augment during ischemia, wheré&y tdecrease during
reperfusion:®? Postconditioning, delays the adenosine washotinglearly phases of
reperfusion and enhances its myocardial interstitaumulatior?.”® In the myocardium
tissue and coronary vasculatory bed have beenifiégentmultiple adenosine receptor
subtypes (A Axa, As and Ay Studies with selective adenosine receptor ligands
suggested that -Areceptor activation seems not involved in rabbit rmouse
myocardiunt.’ 28184 Activation of A, receptor subtypes ¢Ain mouse)’® or Agg in
rabbit® as well as A3 receptor in mod&& may play a role. These observations, likely
to be associated with a resurgence of interesthén application of adenosine and

adenosine receptor agonist as adjunct to reperfusioggest that a general role of



31

adenosine receptor activation is fundamental, betrelative contribution of different
adenosine receptor subtype may be species- and-cheglendant.

Ischaemic PostC, as for adenosine, maintained mgiataopioid peptide
concentrations during early reperfusiGn.Opioid receptor activation seems to be
involved in the effect of ischaemic PostC in rodeas evidentiated by a variety of
study®>*® Normally, opioids peptides as met-enkephalins, -dekephalins,
dynorphins, and three major opioid receptors {4-,andk- subtypes) are present in
myocardium. In rat models, non-selective opioidepor antagonist naloxone or
selective of u-,6-, or x-opioid receptors antagonists abrogated PostC edluc
effects!®*80On the other hand, morphine (non-selective agptist®’*®8selectives-
opioid 2718919 or «-opioid receptor agonist® induced effective pharmacological
PostC, suggesting that opioid receptor activat®nmportant in morphine-induced
PostC.

Bradykinin, a peptidic substance of the kinin famik naturally produced by
vascular and cardiac endothelium from precursoinkigens. Two bradykinin receptor
subtypes are usually expressed in the cardiovasdidaues: B constitutively
expressed, and;Bup-regulated under ischemic/hypoxic and inflammatstresses®
The admistration of Bselective receptor antagonists abolished PostGtsff& and
PostC cardioprotection was not evokable prdeeptors knockout mice; iniBeceptor
knockout mice a partial attenuation of PostC effees evident as welf? Finally,
thiese observations were corroborated by the fgwihat bradikinin administration at
reperfusion redeuced IS in mouse, rat, and rabbitets' %%

Summing up these findings, during early reperfusszhaemic PostC enhances,
delaying their washout, the concentration of a mame endogenous autacoid factors
that, by activation of their specific receptorsnicdute to the reduction in lethal

reperfusion injury. The blockage of the effect afyaf the endogenous autacoids with
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specific antagonist abolish ischaemic PostC inducacddioprotection, whereas an

exogenous administration of each autacoid is capafihducing PostC-like protection.

2.2.2.5.2. lonic homeostasis

During ischaemia a progressive decrease in intrd-extra-cellular pH usually
occurs within few minutes via an accumulation (@&ged production/reduced washout)
of H" (see Fig. 11A). Reperfusion suddenly removes eetdar H and corrects
intracellular acidosis (see Fig. 11B), mainly thghuthe the sarcolemmal Na
bicarbonate co-transporte and "M# exchanger (NHE1) activity, resulting in
intracellular N& accumulation. The latter determines, via the a«node activity of
the sarcolemmal N&C&* exchanger (NCE), an overload of cytosolicCa’**® The
rapid correction of intracellular acidosis is thbtigo be a fundamental determinant of
reperfusion injury, permitting intracellular Naand C&" overload®™ and activating
systems as the opening of the mPTP and the catpadfiated proteolysiSC The time
course of correction of the tissue pH and of tlieaellular C&" concentration seems to
determine between cell death (recovery of pH océusy) and survival (recovery of

cd”* occurs first)®

i
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b \\A ‘=
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Fig. 11. lon exchanges during ischemia (A) and repiaision (B). During ischemia (A): 1) excretion
of H* due to pH lowering, 2) deactivation due to loss &&TP, and 3) reduction of N&d/Ca®* exchange
due to lowered extracellular pH and intracellular accumulation of Na'. During reperfusion (B): 1)
robust excretion of H" due to prompt recovery of extracellular pH, 2) “reverse mode” excretion of
accumulated N& and C&" influx in turn, and 3) reexcretion of C&* followed by recovery of ATP
synthesis. Modified from Sanada et af**
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Thus, acidosis during early phases of reperfusgprotective, through vary
mechanisms: low pH inhibits contractile activitydahypercontracture, reduces gap-
junction communication (limiting the spreading elladeath)’ prevents opening of the
mPTP?*® and the calpain activation with the subsequemaiatmediated proteolysis.

Heusch first postulated that the maintenance afosts is essential for obtaining
the effect of Post€® The group of Cohen et al. found, in isolated ralisiart, that
reperfusion with acidic solution were capable ofegivalent protection as PostC, and
that protection was strictly related to the inhioit of mPTP opening”>?** The pH
recovery delay duration is important: acidic infrsifor less than 2 minutes was found
ineffective, whereas infusion prolongation beyonati8utes resulted in progressive loss
of benefit?®* Subsequent studies corroborated this finding, mbEga close correlation
between delay in pH recovery and the magnitudeyafaardial salvagé®®2°®

There are only rare studies about®*Céomeostasis and handling during
postonconditioning process, although its well-knamportance in mediating the lethal
reperfusion injury. Authors found in isolated camdiyocytes that hypoxic PostC was
able to reduce the cytosolic and mitochondriat*Gacumulatiorf’’ On the contrary,
mitochondria isolated from postconditioned rableiattis contained more total (free plus
bound) C&"'when compared with nonpostconditioned countergaitshis discrepancy
might be partially explained by ioAf€ vs. totaf®® mitochondrial calcium
measurements.

Nevertheless, PostC may interfere with subsequefit-d@pendent calpain-
mediated proteolysis. Calpains, ubiquitous cytas6i-dependent proteases, act on a
large variety of substrates including structurabfityrillar and sarcolemmal proteilr®
Activation of calpains enhances the processes atimguto sarcolemmal fragility and

209

cell rupture during reperfusidf’ to detachment of the Nigpump?®° to activation of the

pro-apoptotic Bad/Bax pathway and to cleavage ef ahti-apoptotic protein Bitf®



34

Recently,the group of Inserte et?3l.demonstrated that calpain system is an important

effector of PostC’s cardioprotection (see also ER).

[ Reperfusion ' Pre-conditioning Post-conditioning
: l
pHi recovery:
NHE, NBS tcAMP
Na* overioad l
Revers£ NCX Translent PKA Delayed pHi
Na* pump | activation recovery

failure Ca? overload /
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siructural proteins of Bid
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\\_ v /
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Fig. 12. Schematic diagram showing the proposed nteanisms by which calpain participates in
reperfusion induced cell death and in the cardioprtective effects of pre-conditioning and post-
conditioning. From Inserte et al?**

Calpain activity is strictly dependant on intraa&r pH, being maximal at pH
close to 7.2 and almost absent at pH of624During reperfusion, the abrupt correction
of intracellular acidosis activates the calpain-ratstl proteolysis, as demonstrated by
the close correlation in the rat model betweenmtyecardial calpain acitivity during
early reperfusion and IS. The finding that transiaenidosis at the early phases of
reperfusion effectively limit calpain-mediated molysis and reperfusion injury
suggests that calpain, despite the increased digt@3&* concentration, is not activated
during ischaemia, and that low pH during the isamaephase is responsible for this

effect. Thus, authors proposed the calpain traailme and activation processes as
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possible pharmacological targets, as recently showat hearts submitted to transient

coronary occlusioA*

2.2.2.5.3. Protein kinase signal transduction

Multiple protein kinase cascades have been idedtifas involved in the
transduction of the PostC signal. One of the mogtortant is the Reperfusion Injury
Salvage Kinase (RISK) pathway, first introduced2@02 by Yellon et af'* They
demonstrated that the p42/p44 (ERK 1/2) mitogeivatetd protein kinase (MAPK)-
dependent signalling pathway represented a relegantival mechanism against
reperfusion injury, and suggested that the heassggsed prosurvival ‘Reperfusion
Injury Salvage Kinase’ (RISK) pathways. Yellon etsaubsequently demonstrated an IS
reduction up to 40-50% through the pharmacologacéivation (using a wide range of
agents, including G-protein coupled receptor agerasd natriuretic peptides, but also
pharmacological agents such as statins) of prohslrikinases, such as PI3 kinase-Akt
and ERK1/2, at the immediate onset of myocardigierision’’®> Subsequent
experiments confirmed the role for Akt and ERK1f2 the setting of simulated
ischaemia/reperfusion injury in non-diseased aninearts, in post-infarct remodelling
models and in ex-vivo studies using human atriasctef***°The Glycogen Synthase
Kinase-3 (GSK-33) is a protein kinase linked to the regulation adltiple cellular
functions (i.e. glycogen metabolism, gene expressamd cellular survival) and it is
considered by some authors as a component of tB& Rhthway or as a specific
downstream target of the RISK pathway. GSKu3hibition by phosphorylation confers
cardioprotection through its potential mitochontlgéfects (involving the inhibition of
mPTP openingf® and the control of mitochondrial adenine nuclestidnsport through
the outer mitochondrial membraffé. However, there is conflicting information

regarding the role of GSKB3 as well as the role of other member of MAPK fantike
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JNK and p38MAPK, as important mediators of PGStG? Taken together, these
findings suggest that the RISK pathway is fundamletd obtain the PostC induced
myocardial protection, even if it is highly probabithat additional and independent
cardioprotective pathways exist, each one solidtaind available in the adequate
setting®?®

An alternative cardioprotective pathway, termed ri8wr Activating Factor
Enhancement” (SAFE), is the JAK-STAT. The SAFE path usually conveys
different extracellular stress signals from cellul@embrane cytokine receptors to the
nucleus, where they regulate the transcription ofadety of proteins involved in
multiple cellular processes, including those ineohin cardioprotectiof?’??° Agents
inhibiting the SAFE pathway at the onset of myo&rdeperfusion, or its genetic
ablation, can abolish the cardioprotective effeétBostC>*2%

Both the RISK and the SAFE pathways seem to comevergthe mitochondria
which seems to be the target for the protectioaretf by PostG>

Other studies have suggested also a role for spsimg kinase (SPhK), a
protein that formes sphingosine-1-phosphate (Sdj,regulate multiple cell function
like mitosis, apoptosis, survival and cytoskele®édrrangemerft> SPhK1 knockout
mice had larger myocardial infarcts and were rasisto PostC cardioprotectiGrf.
Moreover, the S1P generated by SPhK in early rapem may enhance other
components of the RISK pathways via the S1P-recepto

Currently, the mechanisms involving protein kinasgsand G in ischaemic
PostC cardioprotection are unclear and limited. Mgenon-specific PKC inhibiting
were found to abolish the effects of PostC in ptlurat hearts, suggesting a precise
role of PKC?*® Another mediator of cardioprotection seems to baein kinase G

(PKG)?® but its role in ischaemic PostC induced IS lingtiis unclear. Finally,
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protection by PostC have been found sensitive tmemaus pharmacological agents,
including inhibitors of the NO-sGC-cGMP-PKG pathw&y?%’

In summary, during the early phase of reperfusemhaemic PostC seems to
activate multiple signalling pathways, includingofgin kinase and/or phosphatase
involved in different cell functions. The relatieentribute of each signalling pathway
for the final cardioprotective effect is still uealr and might be species-, model- and/or

PostC protocol-related.

2.2.2.5.4. Role of mitochondria

Mitochondria have assumed a central role in rebesitce they act as both a
main target of processes triggered by ischaeméa ifitracellular C& overload and
ROS formation) and as central site for determirtimg preservation of cell viability.
Strategies aimed at protecting mitochondria agasestaemia/reperfusion lethal injury
have focused their attention especially on the m&{#°

The mPTP is a voltage- and Calependent, high conductance channel
expressed in the inner mitochondrial membrane. WUndermal physiological
conditions, the mitochondrial inner membrane isempeable to almost all metabolites
and ions, and the mPTP is in a closed conformatiorler some stress conditions, the
mMPTP opens and allows the equilibration of molecwéh molecular mass up to 1500
Da 3192241244 gsmotic force of matrix proteins results in matswelling, leading to
further rupture of the outer mitochondrial membraarel release in the cytosol of
pyridine nucleotides and proapoptotic factors kigochrome c (see also figure 13). In
addition, collapse of the mitochondrial membran¢eptial Ayy) results in the ATP
synthase to behave as an ATPase and acceleratgy ethepletion secondary to the
ischemic insult. The mPTP opening is facilitatgdbinding of Cyclophilin D (Cyp-D),

a mitochondrial matrix protein, to the inner mitoddrial membrane in a process
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modulated by both Gaand inorganic phosphat®. It's noteworthy that Cyp-D binding
to the inner mitochondrial membrane is a proces$gbited by CsA and also other

molecules interacting with Cyp-D that are usuakgctibed as mPTP inhibitors.

Fig. 13. Isolated mitochondria before and after C&-induced mPTP opening. Electron microscopy
confirmed the integrity and purity of isolated mitochondria before C&*-induced mPTP opening
(A). Following Ca**-induced mPTP opening, mitochondria appeared swoltewith disappearance of
membrane integrity (B). Adapted from Argaud et al?*

The mPTP opening induce inhibition of electronwfl@and increased ROS
generation, a process that estabilish a viciouteaykinjury at the onset of reperfusion
since that ROS itself favours the opening of mP¥PB* Opening of the mPTP is
favoured by decreased inner membrane potential aldenine nucleotides, matrix €a
accumulation, inorganic phosphate, oxidative steegbsalkalinization, and inhibited by
elevated values aofyn,, adenine nucleotides and matrix cations like Mg®*, Mn*,
Sl2+.245

During ischaemia, intracellular acidosis, togethith high levels of M§" and
ADP, overrides the mPTP-opening promoting condgi@xy, decrease, high levels of
Cc&" and of inorganic phosphate). Viceversa, duringersion, the abrupt
normalization of pH, along with a burst in ROS gatien and the presence of high
mitochondrial concentrations of €aand of inorganic phosphate determinates optimal

conditions for mPTP opening despite the antagogieffect ofAym,,
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Protein kinase and phosphatase signalling pathwaatisated by PostC have
been assumed to regulate the probability of mPTéhiog. Nevertheless, information
regarding the processes occurring between cytoatthways and mPTP opening
modulation in the inner mitochondrial membranetit l§mited, but it is thought to be
involved the translocation of cytosolic proteins toin mitochondria or by
phosphorylation/dephosphorylation of critical proge in the outer mitochondrial
membrané?®

Moreover, additional processes seems to be involwvedmPTP opening
modulation. Oxidative stress might be an importaatdulator of mPTP opening as
evidentiated by studies in which the administratibiN-acetyl-cystein during the initial
3-minute of reperfusion abolished the PostC prairét® This early ROS formation
would then stimulate protective mechanisms inclgdine mKytp channel activation
and PKC, as evidentiated by experiments with sekednhibitors!®?* In particular,
mKatp channel activation might reduce the susceptibibtynPTP opening, mediating
PostC cardioprotective effett??16:235:2%0

Taken together, these finding suggest a pivota afl mitochondria as end
effectors of multiple protective pathways. It isghiy likely that disparities exist
between the processes through which the variouditbamng stimuli (PreC, late PreC,
PostC) modulate mitochondrial function. Nowaday® only characterized finding of
these possible differences is mitochondrial cormed3, that is causally involved in

ischaemic Pre@%\whereas is not essential for ischaemic PGC.
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2.3. Animal models and human studies of

cardioprotective strategies

In this paragrraph we discuss the main findings hawv PreC and PostC
strategies may impact the subsequent developmempeffusion injury. Nevertheless,
it is noteworthy that the experimental charactéie of the cardioprotective effects
have been mainly observed in healthy juvenile alimoa myocardial tissue from such

animals.

2.3.1. Classic preconditioning

There are multiple PreC stimuli that can elicitee tRreC cardioprotection:
ischemia® hypoxia®® rapid cardiac pacin@*®>® thermal stress, and various
pharmacological receptor-dependent and independagéents (pharmacological
PreC)**!" Apart from the original endpoint of IS limitatidfi* in which PreC have
been proved as protective in all species testefdrs@including humansy”*®a lot of
other effects of PreC have been investigated. ©rdgard, ischemic PreC have been
found reducing the apoptosis proc&¥sameliorating the LV remodelling and
improving functional recovery in rabbft§ and human&® and protecting against
arrhythmias in several species (mice, rats, raphitd dogs) but not in pigs°

To note, the PreC protocol (combinations, numberdurations of ischemic and
reperfusion episodes) used is really importaningtucing the cardioprotective effects,
with a critical low threshold of ischemia (only £  min of ischemia with subsequent

reperfusion before the index ischemia has no ptieteeffect)*+2%°

required to trigger
the adaptive mechanism and a rapid saturationdgs d, 6, or 12 5-min PreC cycles

offered similar protectiord® Withing this “therapeutic” window, ischemic PreC



41

cardioprotection seems to be a graded phenomermsogiated with the intensity of the
PreC stimulus: in anesthetized rabbits two cycfelOominutes of occlusion of a major
epicardial branch of the left coronary artery elowed by 30 minutes of reperfusion
before a 45-minute coronary occlusion and 2 ho@ineperfusion result in greater IS
limitation reduction than a single cycle of Pré€.The duration of intermittent
reperfusion also is relevant for the ischemic Pre&dioprotective effect, as
evidentiated in experimental studies with rats ol protection was still evident when
the reperfusion period was shortened to 1 minuté,nlb protection was evident with
reperfusion period of 30 secorfds.

Preconditioning of the heart may even be elicitgtbbef episodes of ischemia
and reperfusion in other organs, a phenomenon temaeote ischemic Pret®? In
anesthetized dogs Przyklenk et al. demonstrated thar cycles of 5-minute
occlusion/reperfusion of the left circumflex coropartery reduced infarct size after 1
hour of sustained left anterior descending cororaatgry occlusion and 4.5 hours of
reperfusiorf>® In contrast, Nakano et al. found that preconditignone myocardial
zone does not precondition the whole rabbit heathé Langerdorff model ex vivi3®
An IS reduction have been evokable by prior ocolusind reperfusion of a mesenteric
or renal artery in rats, renal artery occlusiorérfyssion in rabbits, or stenosis of the
femoral artery plus electrical stimulation of tresgocnemius muscle in rabbfts.

The mediator(s) of remote PreC effect have stit bheen elucidated, with
evidences involving an unknown humoral subst&ficas well as the incolvement of
neuronal pathway<’

Cheung et al. have evidentiated in children ungiegycongenital heart defects
reparation that remote ischemic PreC induced by fsmin cycles of lower limb
ischemia/reperfusion using a blood pressure cuffdcdetermine low levels of troponin

| (and inotropic stimulation was less required) tppsratively compared with non
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precontioned patient group, suggesting a possrigiaprotective effect of remote PreC
also in human&®®Finally, Loukogeorgakis et al. found that limb ischia/reperfusion

induced remote ischemic PreC influenced flow-mtedisarm dilatation. To note, it
seems that remote ischemic PreC in humans has hasep of protection against
endothelial rerfusion injury: an early (short) daté (prolonged) phasé’ Recently, the

same group evidentiated that remote ischemic pcimomng protects the brain against
hypothermic cyrculatory arrest-induced injury, Hésg in accelerated recovery of
neurological function and suggested that remotéeisic precondtioning might be
neuroprotective in patients undergoing surgery \Withothermic cyrculatory arrest and

improve long-term outcomes’

2.3.2. Late preconditioning

The late-onset, long-lasting phenomenon of lateCPise less powerful than
classic PreC® It have been found protective not only againshésaic injury, but also
against other endpoints as myocardial sturfiirfd® and reperfusion-induced
arrhythmias’’® The late PreC protective effects have been eisthed in isolated rat
cardiomyocyte¥* and human myocardial atrial tisstfe.

A lot of substance (adenosine receptor agonists, dd@or compounds, and
prostacyclin derivatives) have been found capalblénwking pharmacological late
PreC protection against many reperfusion injurypemas, including reduction of early
morphological changes, infarct size, post-ischemigocardial dysfunction and
arrhythmiag?1727%2"1g note, the induced protection is time- and ddegendent,
with optimal effects 24 to 48 h after treatméfitNevertheless, the findings of late PreC

as a naturally occurring phenomenon in humanslisastking.
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2.3.3. Postconditioning

Postconditioning have been found effective in réuydinfarct size in a variety
of animal isolated and in vivo models (rat, rabhbmice, dogs, pigs) and in
humang,1113.180.181.216.217.252.279-2Neysertheless, the only studies that used gadatiniu
delayed enhancement-CMR to assess PostC cardicjiveteffects showed a modst
or lack*® of IS reduction in humans. In preclinical studiee cardioprotective effect

m2873%40 or slightly smalléf*

on IS reduction achievable by ischemic PostC islar
than that obtained by ischemic PreC. The PostC cedlucardioprotection is not
influenced by ischemic Pret®’ Regarding the other reperfusion injury endpoiRtsstC
in isolated rat hearts reduces cardiomyocyte apopt@nd reperfusion-induced
arrhythmias, whereas it does not protect againstcarylial stunning in mouse isolated
hearts or rabbit and dog hearts in viva?'*286:303

Similar to classical PreC and late PreC, the paitosed to induce ischemic
PostC is important, with the brief cycles of ischainreperfusion that must be applied
immediately after the long-lasting ischemic inst#t2**>**"However, recently Roubille
et al. found in an in vivo mouse model of myocar@ahemia/reperfusion injury, that
delaying the intervention of postconditioning to Bfinutes does not abrogate the
cardioprotective effect of PostC, providing evidesthat the time window of protection
afforded by postconditioning may be larger thartiafly reported. Nevertheless, they
found a linear correlation between IS and delathefPostC manouvres, indicating that
the cardioprotective effect of delayed PostC wasgmassively smoothed when the
delay interval time increasétf**® The cardioprotection evoked is related with the
number and duration of PostC ischemia/reperfusiepsodes, as evidentiated in
experiments with pig&3'°However, as PreC, the effect quickly saturateshasvn by
experiments in wich increasing the number of iscaéneperfusion episodes does not

further decrease IS in multiple speci€s?'’**A more detailed description of clinical
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studies regarding the PostC effect in patientctdteby STEMI, including a discussion
with the results presented in this thesis, is lediin the section 3.3. and in Table 11.
Noteworthy, a “remote postconditioning” phenomeiadso exists. Experiments
in rat evidentiated that the occlusion and releafsthe renal artery 1 minute before
coronary artery reperfusion provided reduction in&ff myocardial IS Similarly, in
pig model, Andreka et al. found a 26% reductiofSrby four 5-minute cycles of blood
pressure cuff inflation applied to the lower limimmediately after reperfusioh?
Finally, Loukogeorgakis et al. demonstrated in hosnahat remote PostC can be
induced by transient limb ischemia and is as dffecas remote PreC in preventing
endothelial ischemia/reperfusion injury as assebyeatm flow-mediated dilatioft:
Various pharmacological agents can substitues msch&xigger during the first
minutes of reperfusion to limit IS such as somealational anesthetics (i.e. isoflurane)
applied only during the initial minutes of repeiius®>3'%3%n a recent small study of
58 patients Piot et al. demonstrated that admatistr of an intravenous bolus of 2.5
mg of cyclosporine per kilogram of body weight indragely after PPCI was associated

with smaller IS, as assessed by CMR 5 days aftardiion 3
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2.4. Effects of comorbidities and co-treatments on

postconditioning strategies

Most experimental studies on cardioprotection hlagen undertaken in young
and healthy animals. However, ischaemic heart desseahumans is a complex disorder
caused by or associated with known cardiovascidkrfactors including age, smoking,
obesity, hyperlipidaemia, diabetes and hypertensiopre-existing diseases (e.g. heart
failure). In addition, patients with coronary aytedisease (CAD) vulnerable to
myocardial infarction may be on various pharmaclaigtreatments. All these factors
may be responsible of the different results obthimeanimals and patients (see also
Table 2). Many of the signalling pathways descrilvethe previous paragraphs may be
influenced by confounders, co-morbidities, and reatments. In fact it is known that
age reduces the expression of protein kinases add'§ atherosclerosis may alter
NO/ROS balance, and bradykinin is increased byrireat with ACE inhibitors. Thus,
it is relevant to discuss the effects of thesetieston PostC cardioprotection.

Hypercholesterolaemia, well known independent fagitor for the development
of CAD, is associated with increased severity oboardial reperfusion injury and it
interferes, independently of the development ofowpary atherosclerosis, with
cardioprotection cellular mechanisi&3’ However, informations are still
controversial about the effect (and mechanisms) PostC in hyperlipidaemia.
lliodromitis et al. showed that PostC-induced capdbtection was abrogated in rabbits
with experimental hyperlipidemia and/or atherosmes®'® Similarly, also in isolated
hearts of cholesterol-fed rats there was no evielefi®ostC-induced IS reductidf!.A

lot of hypothetical mechanisms have been proposedarding the mechanisms by

which hyperlipidemia alters reperfusion injury setye and PostC cardioprotection:



46

accumulation/redistribution of tissue/membrane ek@rof?°3?? alterated gene
expression (i.e. heat shock proteiffé)decrease in cardiac NO bioavailability due to
increased nitrosative stre8$:***3?" inactivation of matrix metalloproteinas&s,
enhanced apoptotic cell death via the caspase-tadeX® Moreover, the most
frequently used antihyperlipidemic drugs, the 3+oyg-3-methylglutaryl coenzyme A
reductase inhibitors (statins), although showinglicgrotective effects and decreasing
cardiovascular mortality in large patient populagp®™ may influence the PostC
cellular mechanisms, as evidentiated by studiegvhich statins attenuate PostC IS
limiting effects in rat hearts”

Diabetes mellitus is a wordwide expanding condiffSrBoth type 1 and type 2
diabetic patients are more susceptible to CAD intalforms, including ST-elevation
acute myocardial infarction, and postinfarct comgtions>>33% Little is known
regarding the interaction of diabetes with repediisnjury and PostC cardioprotection.
Experiments in both diabetic and obese mice hase/sta resistance to PostC induced
cardioprotection, probably because of an insufficieactivation of the RISK
pathway'**¥or by other mechanisms, including hyperglycemiaset! alterations of
oxidative/nitrosative stre¥¥ or impaired Akt phosphorylatioif? Consistently with
these findings, in pre-diabetic rats with metabokgndrome, pharmacological
posconditioning (with sevoflurane or cyclosporing failed to be cardioprotectivé’
Moreover, many antidiabetic drugs may influenceer@sion injury and PostC
cardioprotective mechanisni8:**? For example, sulfonylureas and glinides enhance
insulin secretion through the inhibition of the peeaticp-cell membrane Krp channel.
This channel is also important in coronary smootiscie cells (control of coronary
blood flow at rest and in hypoxia), in myocardiells (stress response pathway), and in

cardioprotective mechanisms (as evidentiated ird#uicated section 2.2.2.8%:.
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Hypertension may be another diffuse CAD risk fagt@ble to alterate
reperfusion jury and PostC protection mechaniSthddypertension promotes the
development of atherosclerosis in the coronarynatree** and LV hypertrophy may
alter coronary vasculature structure (reduced esestonal density of endomyocardial
capillaries) and function (reduced vasodilatatioepardless the presence of detectable
coronary atherosclerosi& Pressure overload LV hypertrophy, even in theyeainase,
have been associated with structural, metaboliodl l@ochemical changes that may
enhance reperfusion injuf§® Experimental studies on PostC effect in systenterial
hypertension had conflicting results: in a studyrehna et al. ischemic PostC failed to
reduce IS with spontaneously hypertensive ¥dtdut in other studies with rats
characterized by pressure overload-induced LV hymeny, PostC still reduced IS.

Finally, aging may determines some further alterai in cardiomyocite
metabolic and biochemical pathways. Ageing, per aiects cardiomyocytes at
different levels: at DNA level it may be observeditations and telomere shortening
(associated with limited regenerative capacity amtteased mortality); at protein
expression level the aged myocardium is associaiid a shift from fatty acid to
carbohydrate metabolism, changes in intracellulatrin and signal transduction
component, changes in handling of cellular wastelly the aged cardiomyocytes
have increased oxidative stress and decreased hoitddal oxidative defense that
contribute to greater susceptibility to apoptosid aecrosis*® Increased apoptosis and
necrosis reduce the number of cardiomyocytes asdltren the development of
hypertrophy in the remaining cardiomyocytes. Alltbése changes decrease contractile
function, resulting in decreased left ventriculasstslic and diastolic function and
decreased peak cardiac outplit.The overall increased oxidative stress in aged

cardiomyocites determines protein, lipid, and DNMdation, potentially contributing
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to contractile impairment® reduced tolerance to ischemic injdfy,and loss or
reduction of PostC cardioprotective properties.
A summary of the study attempting to reduce leteperfusion injury in patients

with ST-elevation acute myocardial infarction isyided in Table 1.
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Table 1. Previous Attempts (other than postconditining) to Reduce Reperfusion Injury in Patients withAcute Myocardial Infarction.

Cardioprotective Strategy and No. of Period of Timing of Notes and details of study Results
Trial Patients Ischemia Intervention
Hr
Antioxidants
Flaherty et af> 120 <4 Before PCI IV bolus of superoxide dismutase (10 | No difference in recovery of LVEF 4-6 wks
(92% of pts) mg/kg of body weight) followed by a 601 after PCI
min inufsion of 0.2 mg/kh/min
Downey (EMIP-FR¥* 19725 <6 (83% of | <15 min after IV infusion of trimetazidine No difference in 35ydeortality
pts) thrombolysis
Guan et af>* 38 4.5 Before PCI Oral allopurinol Improved LVERdaless oxidative stress
Tsuijita af> 101 35 Before PCI IV edaravone Reduced IS, Iz&tative stress and
reperfusion arrhythmias, improved short-term
clinical outcomes
Reduction of intracelllar Ca**
overload and N&-H" exchange
inhibitors
Boden et af> 874 <6 (85% of | After thrombolysis | Oral diltiazem 36-96 hr aftersen of No effect on death, nonfatal myocardial
pts) infarct symptoms infarction, or recurrent ischemia but reduction|in
nonfatal cardiac events, including myocardial
revascularization
Théroux et af>* 3439 3 Before PCI NaH" exchange inhibitors cariporide No effect on IS lmical outcomes
Zeymer et af’ 1389 3 During Na'-H" exchange inhibitors eniporide No effect on IS larical outcomes
thrombolysis,
before PCI
Bar et al™ 387 35 Before PCI IV MCC-135 No effect on IS ofEF measured at SPECT at
either 7 days or 30 days
Jang et a2 (EVOLVE) 500 3.3 Before PCI IV MCC-135 No effect on IS or clinicaltcomes
Antiinflammatory agent
Baran et af™* 394 35 Before or during | Anti-CD18 antibody No effect on IS, coronary blofbaiv, or ST-
thrombolysis segment resolution
Faxon et af’ 420 3.8 Before PCI Anti-CD11 and anti-CD18 antipod No effect on IS measured on SPECT at 5-9 days

and no effect on TIMI flow or clinical events
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Tanguay et & 598 <6 During P-selectin antagonist No effect on IS measuredREECT or LVEF at
thrombolysis 30 days or on ST-segment resolution or clinical
outcomes
Mertens et al*® 88 <6 During P-selectin antagonist Prematurely discontinuechbugffect on
thrombolysis myocardial blood flow, LVEF, or ST-segment
resolution
Mabhaffey et af’ 943 2.7 During Pexelizumab (Alexion) (an anti-C5 No difference in CK-MB-measured IS or 90-day
thrombolysis complement antibody) composite end point of death, cardiac failure, [or
stroke
Granger et af>- 960 3.2 Before PCI Pexelizumab No difference inkaR-measured IS or 90-day
composite end point of death, cardiac failure, [or
stroke
Armstrong et af®® 5745 3.2 Before PCI Pexelizumab No differencedrday mortality or 90-day
composite end point of death or cardiac failure
Adenosine
Ross et al°’ and Kloner et af™* 2118 3.3 15 min after PCI IV adenosine An 11% aotida in IS but no effect on clinica
outcomes; however, subgroup analysis revealed
improved clinical outcomes in patients receivipg
adenosine3.3 hr after onset of chest pain
Metabolic modulation (glucose,
insuline, and potassium)
Mehta et af®™ 20201 3.9 Both before and | IV glucose, insulin, and potassiun given No effect on mortality, cardiac arrest,
after reperfusion | during thrombolysis or PCI cardiogenic shock, or reinfarction at 30-days
Beshanky and Selker et’4l. 15450 Before reperfusion| 1V glucose, insulin, and potasgiiven | No results available
in ambulance
Magnesium
Woods et af!” 2316 During IV magnesium Reduced mortality and cardiac failuiti
thrombolysis magnesium treatment
ISIS-437 4319 During IV magnesium No effect on mortality
thrombolysis
Santoro et al”* 150 3.3 Before PCI IV magnesium No effect oniicfaone wall-motion score or
LVEF
Antman et af’ 6213 3.8 Before PCI or IV magnesium No effect 30-day mortality

before or during
thrombolysis
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int

Nicorandil
Ono et af™ 58 5.6 Before PCI IV nicorandil Improved micramitation and clinical
outcomes in short term
Ishii et a"® 360 4.8 Before PCI IV nicorandil Improved myodatdeperfusion and fewer
deaths and less cardiac failure after 2.4-yr
follow-up
Kitakaze et af!’ 545 Before PCI IV nicorandil No effect on moitwl 1S, LVEF, or myocardial
reperfusion
Therapeutic hypothermia
Dixon et af™ 42 3.5 Before PCI Endovascular cooling to 34.#6Cfist 3 | Non significant reduxtion in adverse cardiac
hr of reperfusion events and IS
O'Neill.*™ 400 <6 Before PCI Endovascular cooling to 34.7 °C fet & | No difference in adverse cardiac events and |
hr of reperfusion although patients with anterior acute Ml
sufficiently cooled before PCI may benefit
Ly et al®™ 12 3 During Noninvasive surface cooling to 345 ° | Safe and feasible
Atrial natriuretic peptide
Kitakaze et af!’ 569 Before PCI IV infusion Reduced IS by 15%pioved LVEF by 15%,
and improved myocardial reperfusion, but no
effect on mortality; reduced composite end pg
of cardiac death and cardiac failure
Protein Kinase C-delta inhibitor
(KAI-9803)
Roe et af™’ 150 Before PCI Intracoronary bolus of KAI-9803 edriced IS and improved ST-segment
resolution
Glucagon-like peptide 1
Nikolaidis et af* 21 6.3 3 hr after PCI IV glucagon-like peptidgiten to Improved LVEF from 29% to 39%
patients with poor LVEF
Darbepoetin alfa (a long acting
erythropoietin analogue)
Lipsic et af* 22 3.3 Before PCI IV bolus of darbepoietin alfa obilized endothelial progenitor cells but no
effect on left ventricular function
Atorvastatin
Patti et af™* 171 Before PCI High-dose atorvastatin admingster2 hr| Reduced myocardial injury during PCI

before PCI
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Mitochondrial PTP inhibition

Piot et af™ 58 5 €12) Before PCI IV bolus of cyclosporine (2.5 mg ggr | Reduced IS by 40% (CK-AUC)
of body weight)

PCI stands for Percutaneous Coronary Intervention,LVEF, Left Ventricular Ejection Fraction; 1S, infa rct size; SPECT, Single-Photon Emission TomographytIMlI,
Thrombolysis In Myocardial Infarction; CK-AUC, Crea tinine Kinase-Area Under the Curve. Modified from Yellon et al'®
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Table 2. Major Differences between Animal Models adh Clinical Studies of Patients with STEMI.

Characteristics

Animal models

Clinical studies Comrants

Subjects

Medications

Period of acute
myocardial
ischemia

Reperfusion
time

Infarction model

Intervention

Timing of
intervention

Infarct size

End-points for
cardioprotection

Most studies use a
homogenous group of
healthy, realtively young
animals, free of coexisting
illness.

In most studies, the animalesPatients may be taking different

are receiving no other
medication.

Beneficial effects with
cardioprotection are
observed after relatively
short periods of ishcemia,
ranging from 30 to 60 min.

The animals are subjected tothese factors may influence

the same duration and
severity of ischemia.

Most studies assess
cardioprotection after
relatively short periods of
reperfusion, ranging from
120 min to 3 days.

In most studies acute
coronary occlusion is
mechanically indecued in
healthy coronary arteries.

Many of the intervention
administered at the time of
myocardial reperfusion have
not shown conclusive
cardioprotection.

The timing of intervention
relatively to the period of
ischemia and the onset of
myocardial reperfusion is
similar in all animals.

Varies from 30% to 60% of
the total volume of
myocardium at risk,

providing a greater scope forappear to be the normal range,

cardioprotection.

Most studies use recovery of The clinically relevant end points

left ventricular function or

Studies use heterogenous, middle- Encourage the use of older

aged patient populations with animals with coexisting illness
coexisting illness such as diabetes,such as diabetes, hyperlipidemia,
hypertensione, and dyslipidemia, alatherosclerosis, and hypertension
of which may influence to ensure cardioprotection.
cardioprotection

Ensure that patients are not
medications that may influence receiving medication that could
cardioprotection. interfere with cardioprotection.
Most patients present with longer Consider selecting certain patient
periods of ischemia, ranging from 3groups such as those presenting
to 12 hr. Both the duration and early (<3 hr) after symptoms
severity of ischemia vary between onset or those with an anterior
patients whithin the same study; myocardial infarction.
Alternatively, use more clinically
relevant animal moders such as
human-sized pig subjected to a
long period of ischemia.

Much longer periods of reperfusion Encourage the use of a longer
occur in patients, permitting time  period of reperfusion in studies in
for the effects of infarct healing andanimals.

left ventricular remodelling

cardioprotection.

An acute myocardial infarction is  Consider using more clinically
an acute inflammatory condition. Inrelevant animal models such as
most patients with this condition, animals with atherosclerotic
acute coronary occlusion is due to hearts.

thrombus formation at a site of a

ruptured coronary atherosclerotic

plaque.

If interventions have not shown In the clinical setting, use only
conclusive cardioprotection in interventions rigorously shown in
experimental studies, they are also experimental studies to be
unlikely to be cardioprotective in  conclusively cardioprotective.

the clinical setting.

The timing of the intervention Consider selecting certain patient
relatively to the period of ischemia groups, such as those presenting
and the onset of myocardial after a specific time. In clinical
reperfusion varies between patientsstudies, ensure that the

The timing of the intervention intervention is administered
should be guided by the studies in before myocardial reperfusion.
animals.

Infarct size of 13% to 16% Encourage the use of more
expressed as a percentage of left accurate measurement of infarct
ventricular colume (using SPECT) size using delayed-enhancement
cardiac magnetic resonance
imaging, which can express
infarct size as a apercentage of the
ischemic risk area.

Consider more robust end points
in studies in animals, such as

which may limit the scope for
cardioprotection.

are outcomes such as short-term

myocardial infarct size as theand long-term effects on iliness andong-term effects on left

measured end points.

death. ventricular function and death.

From Yellon et a

|16
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3. THE POSTCONDITIONING
DURING CORONARY
ANGIOPLASTY IN ACUTE
MYOCARDIAL INFARCTION

(POST-AMI) POST-AMI TRIAL

3.1. Design and Methodologies of the POST-AMI

Trial

The prognosis of STEMI has significantly improvedt bt still represents a
major cause of mortality and morbidity in indudidad countries. Although
reperfusion remains the definitive treatment fahesmic myocardium, restoring blood
flow to myocardium carries the potential to exaedelthe ischemia-related injury (i.e.
reperfusion injury). Experimental studies have destiated that the extent and amount
of the reperfusion injury is related to both iscletime and duration of reperfusidfy.
Despite major therapeutic advances in STEMI treatjmadjunctive therapy to reduce
reperfusion injury and, ultimately, IS are lackinchumans.

Early strategies to attenuate reperfusion injurgliad concepts derived from

cardiac surgery and from the observation that fapem damage could be modified by
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slowing the initiation of reflow/®® This “gentle” or “ramped” reperfusion reduced the
IS, restored the post-ischemic contractile functi@aduced the edema in the risk area,
and avoided the blood flow defects characterizethaseflow” responsé®®

Postconditioning (PostC) strategy could modify réjson-induced adverse
events. It derived from the simple application cégonditioning (PreC), by moving the
“preconditioning stimulus” at the beginning of refpsion. Whereas PreC is triggered
by brief episodes of ischemia-reperfusion occurbefpre a prolonged coronary artery
occlusion, PostC is a comparable sequence of iiblelischemia-reperfusion that is
applied after the prolonged ischemic insult. Acaogdto experimental data, the
protection of myocardium by PostC is as potenhasprovided by Pre€.

Unlike PreC, the experimental design of PostC aladirect application to
clinical settings, especially during Primary Pearngous Coronary Intervention
(PPCI)! Inflation and deflation of the balloon after reajey the coronary artery can
mimic repetitive coronary artery clamping in postditioned animal models. As
reported by Staat et dl.a simple procedure that any interventional cacdjist can
apply, could reduce the enzymatic IS by 36%, ae/alosed to that reported in the
preconditioned human models by Ottani et al. armh&t and af®’38®

In this trial, we intended to evaluate the usefsfnef PostC in limiting IS and

microvascular damage during the early and lategshaier STEMI.

3.1.1. Study objectives

The primary objective was to evaluate whether Pastidced by brief episodes
of ischemia—reperfusion performed during the firshutes of reperfusion obtained by
PPCI, compared to PPCI without additional interi@mtreduces IS estimated by CMR
at 30+10 days after the index STEMI. The initialpbthesis was that PostC would

reduce the IS by at least 25 %.
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Secondary objectives included investigating whetheostC improves
microvascular obstruction observed at CMR, ST-segmelevation resolution,
persistent ST-segment elevation, angiographic nmrgamlablush grade <2 and non
sustained/sustained ventricular tachycardia in 48ehours following PPCI. Further
secondary end-points were enzymatic IS reductefhyéentricular (LV) remodeling and
LV function at CMR performed at 61 months, and tleduction of major adverse

cardiac events at 30 days and 6 months.

3.1.2. Study design
This was a single center, prospective, randominpén label, controlled trial.

Patient recruitment continued until 78 patientshwiTEMI were randomized. Patients
were randomly assigned, after having been strdtliye STEMI location, to PostC arm
(PPCI and stenting followed by brief episodes afh&mia—-reperfusion performed
during the first minutes of reperfusion) or non-#barm (PPCI and stenting without
additional intervention). The study was been appdolby the local institutional review
board. The study took place at the Department afdi@e, Thoracic and Vascular
Sciences, University of Padua, a tertiary carereentth high experience in PPCI and

with 24-hour access to emergency cardiac surgery.

3.1.3. Patient selection and randomization

Patients with STEMI admitted or referred to the @@ry Care Unit (CCU) of
the Division of Cardiology of Padua, after succesBfPCI and eligible for CMR were
enrolled prospectively. Informed consent was ole@irfrom each patient before

enrollment in the study, according to the approwexiocol.
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3.1.3.1. Inclusion and exclusion criteria

Inclusion criteria for the study were: a) clinicavidence of myocardial
infarction defined by the presence of ischemic tham lasting more than 30 minutes,
with a time interval from the onset of symptomssléean 6 hours before hospital
admission, associated with typical ST-segment é@va=0.1 mV in two or more
contiguous leads) on the 12-lead ECG; b) angiogcagtected culprit lesion with

stenosis diameter70% and TIMI flow gradec 1.

Exclusion criteria were: previous STEMI, or prewsoumyocardial
revascularization, previous heart valve replacempregvious heart transplant. Other
exclusion criteria were: cardiogenic shock or stesit hypotension (systolic blood
pressure <100 mmHg), rescue angioplasty after thotytic therapy, evidence of
coronary collaterals (Rentrop grade>0) in the &ska, advanced atrioventricular block,
significant bradycardia, absence of sinus rhythmapility to lay flat (due to severe
cardiac heart failure/respiratory insufficiency),stbry or clinical evidence of
bronchospastic lung disease, pregnancy, knownegxistof a life-threatening disease
with a life expectancy <6 months and inability tweginformed consent. In addition,
exclusion criteria were any contraindication to emgp CMR, such as implanted
metallic objects (cardiac pacemakers and/or implaet cardioverter defibrillator,
implanted insulin pumps or any other type of elmuic devices, cerebral clips,
aneurysm clips) or any other contraindication to”Cfguch as claustrophobia). Patients

with newly placed intracoronary stents were inctide
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3.1.3.2. Randomization

After informed consent, eligible patients were mamized 1:1, after being
stratified by STEMI location, to a strategy of Rosifter stenting of the infarct-related
artery or to standard PPCI with stenting of theuiat-related artery without additional
procedure. Randomization was performed in the btatization laboratory before
coronary angiography by a computer-generated randegquence. Randomization

outcome was recorded in a dedicated Case Repart. For

3.1.4. Treatment

3.1.4.1. Medication

Before PPCI, the patient was treated by the folhganedical therapy:

aspirin (300 mg bolus if not already taken, follalh®y 160 mg/die);

* intravenous heparin 70 mg/Kg (maximum 4000 U)

» clopidogrel (300 or 600 mg loading dose, followgd7B mg/die)

» glycoprotein lIb/llla inhibitor (abciximab was adnistered intravenously before

PPCI in all patients).

Additional standard treatment consisted in nitraghn intravenouslyfor
correct evaluation of vessel size before stentigndard therapies after PPCI included
B-blockers, lipid-lowering agents, and angiotensaime@rting enzyme inhibitors or

angiotensin Il receptor blockers, according to entinternational guideline’s?
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3.1.4.2. Postconditioning protocol

In the control group no additional intervention weesformed during the first 8
minutes. In the PostCvgroup, the angioplasty ballgmositioned into the implanted
stent, was re-inflated 4 times for 1 minute witkvlpressure (6 atm) inflations, each
separated by 1 minute of reflow, within 1 minutenfr the reflow after direct stenting.
This sequence of 4 short episodes of ischemiaftegpen resembles the experience of
Staat P. et dl.At minute 8, coronary angiography was performedath groups to
assess coronary patency and to estimate the myalcpedfusion by Myocardial Blush
Grade (MBG). The PPCI procedure was then complatmbrding to the physician

judgment with respect to patient clinical status.

3.1.5. Clinical data and definitions

3.1.5.1. Baseline demographic and clinical characteristics

Baseline characteristics included age, sex, timm fithe symptom onset, time of
admission, history of coronary artery bypass gngftiprevious percutaneous coronary
intervention, stroke and myocardial infarction, ifi@e family history for cardiovascular
diseases, existence of diabetes mellitus, hypedaensmoking status, heart rate,
systolic and diastolic blood pressure, weight, heignd the findings of cardiac and
pulmonary auscultation. Major Adverse Cardiac EsgMACE) were defined as the
combination of death, re-infarction, re-hospitdilaga for heart failure or repeat
revascularization and were recorded at 30 daysaaBdnonths. Follow-up information

were obtained from hospital records as well aselgphone interviews. An independent
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clinical events committeewhose membersvere unaware of treatment assignments

adjudicated all the events.

3.1.5.2. Coronary angiography

Coronary angiograms were obtained before and &BCI procedure. TIMI
flow grades were estimated, as previously describEde evaluation of MBG was
performed as described by van' t Hof et al.. O=ngocardial blush; 1=minimal
myocardial blush or contrast density; 2=moderat®caydial blush or contrast density,
but less than that obtained during angiography obunter lateral or ipsilateral non—
infarct-related coronary artery; and 3=normal myd@d blush or contrast density,
comparable with that obtained during angiographyaofounter lateral or ipsilateral
non—infarct-related coronary artel. Persisting myocardial blush (“staining”)
suggesting leakage of contrast medium into theaeascular spacevas graded O.
Distal embolization was defined as new circumsctibing defects and/or abrupt cut-
off of the vessel distally to the target lesionMTIflow grade, the MBG and distal
embolization was evaluated before and after thel PRiCedure. Coronary angiograms
were analyzed by two interventional cardiologistsspliced films, blinded to the type
of procedure. Angioplasty of the target lesion waeeformed and intraprocedural drugs

and devices were used as clinically indicated.

3.1.5.3. Electrocardiography

Standard 12-lead ECGs were acquired at the timpredentation, at 30-60

minutes, and after 3-6-9-12 hours from the endhef grocedure. Mean time interval
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between pre- and post-intervention were registefdte magnitude of ST-segment
elevation were measured 60 milliseconds from thgoiht. ST-segment score was
calculated as the sum of ST-segment elevation p¥/lin leads \-Ve and I, aVL in
anterior infarction and in leads I, I, lll, aVFsVand \6 in non-anterior infarctionST-
segments elevation of the first post-interventidd@&was compared to those of the
ECG at presentation. The percentage ST-segmerdtiglewesolution was categorized
as complete (>70%), partial (30%-70%), or abseB0%)3°° Furthermore, analysis of
persistent ST-segment elevation at 24 and 48 rajtegsthe procedure were performed.
Two observers blinded to study randomization angiagmaphic findings analyzed all

the ECG recordings.

3.1.5.4. Cardiac Magnetic Resonance
After successful PPCI, patients were be schedde€MR including contrast-

enhancement scanning at 30£10 days after the SHENB+1 months later.

3.1.5.4.1. CMR acquisition protocol.

Cardiac magnetic resonance was performed on a tlbi€al scanner Achieva
(Philips Medical System, Best, the Netherlandshai®s phased-array cardiac receiver
coil. Baseline scan was scheduled at 30+10 dags #ifé AMI, period in which IS has
been demonstrated to be more stdblend 61 months later. Electrocardiogram-gated
breath-hold cine imaging was performed to deternfteventricular function, using a
segmented steady-state free-precession pulse smEg€rueFISP) in multiple short-
axis views every 8 mm by encompassing the leftndatfrom base to apex; vertical
and horizontal long-axis views were also acquigical in-plane resolution was 1.6

x 1.9 mm2, with slice thickness 8 mm; TE=1.75 ifR,=3.5 ms, flip angle 60°, matrix



62

= 256 x 256, slice thickness 8 mm, gap 2 mm. Weduatad also the risk area
(identified with myocardial edema) applying a lhehold, black-blood, T2-weighted
triple inversion recovery sequence (TR 2 x R-taferival; TE= 65 ms; Tl = 140 ms) in
3 (basal, midventricular, and apical) short-axises (slice thickness 15 mm; gap 5 mm;
field of view 34 to 38 cm; matrix 256x256; 1 = nuentof excitations} > Rest first-pass
myocardial perfusion was performed during admiaigtn of a gadolinium-based
contrast agent (Multihance, 0.05 mmol/kg, Braccdahb, Italia) at a rate of 4.0 mi/s,
using a single-shot saturation recovery gradiehtquulse sequence. Three short-axis
slices were obtained per heartbeat, every 10 mmwerow the infarct area as seen
during cine imaging (90° pre-pulse, TR/TE/FA 2,5Mm3ms/20°, slice thickness 10
mm, matrix 128x256, NEX 1). Immediately after figass perfusion, an additional 0.1
mmol/kg gadolinium-based contrast agent was adtemdd (cumulative dose 0.2
mmol/kg). Late Gadolinium Enhancement (LGE) imag&se acquired 10 to 15 min
after the second contrast administrafihysing a 2-dimensional segmented inversion
recovery gradient-echo pulse sequence, with sksitipn identical to the cine images,
including long axis views. Sequence parameters wasriollows: TR = 450 ms, TE =
1.31 ms, flip angle = 15°, slice thickness 8 mnp @anm. The inversion time was set

to null the signal of viable myocardium and typigahnged from 250 to 300 ms.

3.1.5.4.2. CMR analysis.

All CMR data were analyzed on a off-line dedicatastkstation using dedicated
software (Philips Medical System, Best, the Netnatk). Cine, first-pass perfusion,
and LGE images acquired during the same imagingj@esvere matched by using slice
position. Registration of follow-up to baseline €iand LGE images were achieved by
consensus of 2 observers using anatomic landmsuikh, as papillary muscles and right

ventricular insertion sites. On all short-axis csiees, the endocardial and epicardial
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borders were outlined manually on end-diastolic ah-systolic images. Left
ventricular ejection fraction, end-diastolic andleaystolic volumes, and left ventricle
mass were calculated from the short axis viewshEdwrt axis were divided in 12
equiangular segments, starting at the postericiab@sertion of the right ventricf&?
First-pass perfusion was evaluated qualitativelycr®ascular Obstruction (MO) was
identified and quantified by the presence of andeyhancement region, with decreased
signal intensity, both from first pass and delapedt-contrast imagég>*®°Infarct size
was evaluated as region of hyperintensity on LG&useces. Finally, both MO and IS
were quantified by manually drawing short-axis edicThe MO was included in the
infarcted area. Both MO and IS were expressed amgr(assuming 1.05 g/ml as the
specific gravity of the myocardium) and as percgetaf left ventricle mass. The same
drawing and expression were used for myocardiamedéisk area) on T2-weighted
images. For analysis of segmental function andstramal extent of infarction, the 2
most basal and 2 most distal slices were excludedause segmental evaluation at
these levels is not considered to be reliable dude left ventricular outflow tract and
partial volume effect respectively. All CMR studmere supervised by 1 operator, and

all images were analyzed by 2 experienced obseblieded to the patient data.

3.1.5.5. Laboratory data

After angioplasty procedure and opening of the carg artery, blood samples
were taken at baseline (in the catheterization ritboy, after diagnostic coronary
angiogram), every 6 hours during day 1 and dayeryel2 hours during day 3, once a
day from day 4 to day 8. Three different tubes wéled in at each blood sample: a
tube with lithium heparine, a tube with EDTA antube without additives.

Cardiac Troponin | (cTnl) was measured by meanshefmost recent third-

generation cTnl assay (Dimension RxL, Siemens atic) which shows no cross



64

reactivity with skeletal Tnl. This assay is a “sath” immunometric assays, being
99" percentile of the cTnl level in a reference popata0.07 pg/L and the 10% CV
cut-off 0.15 pg/L. Peak as well as 72 or 96 howst mliagnosis values of cTnl were
used as surrogated markers of I1S. Moreover, additimmarkers (such as C-Reactive
Protein or CD40 Ligand, in order to evaluate thatgbution of inflammation; and
TNF-alfa or E-selectins or Asymetric DiMethyl Argme, in order to evaluate the
microvascular damage) or others were measureddier ¢o clarify pathophysiology of

PostC.

3.1.6. End point assessment

3.1.6.1. Primary end point

The primary end point was the reduction of IS,reated by CMR, at 30+10
days after the STEMI. The IS in the control grougsvexpected to be 15% + 5%. We
hypothesized at least a 25% reduction of the Iiénexperimental group compared to

controls.

3.1.6.2. Secondary end points

The secondary end points were the impact of PostClpincidence of severe
MO at CMR; 2) extent of ST-segment elevation resoihy 3) incidence of persistent
ST-segment elevation; 4) incidence of MBG <2 atiagu@gphy; 5) incidence of non
sustained/sustained ventricular tachycardia indi®édours following PPCI at 24-hour
ECG monitoring; 6) enzymatic IS as measured byiaardnzymatic markers (cTnl)
considering the Area Under the Curve (AUC); 7) iefhtricular remodelirj’ and left
ventricular function at CMR performed at 61 montB¥ reduction of MACE at 30

days and 6 months.
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3.1.7. Statistical analysis

3.1.7.1. Statistical methods

Primary analyses were performed according to ttemtion-to-treat principle for
the whole population. An analysis per protocol a0 performedThe results were
summarized by treatment group reporting the meah standard deviation or the
median, range and interquartile range for the qisive variables, the count and the
percentage in each category for the categoricélvias.

Differences between groups were assessed by thged-Wilcoxon rank sum
test in case of quantitative variables, by fher Fisher exact test for proportions. A
conventional general linear model procedure, nararmpatric ANCOVA, was used to
assess the difference between groups in relatid®,t@ssessed at contrast enhanced
CMR. The Cox regression was used to evaluate diffes in MACE between the two
treatment groups. Statistical significance was cmred as a 2-tailed < 0.05. All the

analysis were conducted with SAS 9.1.3, SAS Intitac., Cary, NC, USA.

3.1.7.2. Calculation of sample size

Sample size for the primary end point was basedroexpected IS of 15% in
the control group and assuming a 25% reductiorhé éxperimental group with an
equal standard deviation of 5%. Assuming that IS wat normally distributed and
using the Wilcoxon rank sum test, 33 patients peug were required to detect the 5%
absolute reduction with 2-sided 5% alpha level 8d% power (nQuery Advisor 6.01).
Assuming a drop-out rate of 15%, the total calmdasample size consisted of 78

patients randomized equally in the two groups.
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3.1.8. Study records

Clinical data were prospectively collected by reskaurses or by the physician
involved in the study. Independent study monitargpleyed by University of Padua
verified 100% of the data in the Case Report FQi@RF) provided for data recording.
Case report forms were numbered and were usec¢émdisig numerical order. All data
were recorded in a dedicated database. The inaéstsggensured that patient anonymity
was maintened. On CRFs or other documents, patiesrs not be identifiable by their
names but by the CRF code. Log of patient codesiesaand addresses were kept
separately. The data for all patients with primamng-point events were reviewed by an
independent adjudication committee blinded to teatment assignments. Events were
adjudicated separately by 2 members, and in cagsagreement, the opinion of a third
member was obtained in order to take a final deciby consensus. The committee was
also responsible for the adjudication of all clalievents according to the Academic

Research Consortiufit



3.2. Results

3.2.1. Study group and treatment

From April 2007 to July 2009, 453 patients with $MBEwvere admitted to our
centre and screened for eligibility. As shown ig.FL4, 78 patients were randomized
and stratified by STEMI location (42% anterior).vBety-five subjects completed the
study protocol for primary analysis. Baseline daliand angiographic characteristics

with the exception of diabetes (p=0.056), were Wwalhnced between groups, as shown

in Table 3 and 4.

453 Patients Screened for Eligibility

375 Excluded
340 Not Eligible

35 Elgible but not randomized

78 Randomized

39 Assigned to Recetve Standard
PPCI
(Control Group)

39 Received Intervention as Assigned

39 Assigned to Recerve PPCI with
Post-conditioning protocol
(PC Group)

39 Recerved Intervention as Assigned

I

l

1 Did not Undergo CMR
1 Refused CMR

2 Did not Undergo CMR
2 Died Before CMR

l

l

38 Included m Primary Analysis

37 Included m Primary Analysis

Fig. 14. Patient flow chart. PPCI indicates PrimaryPercutaneous Coronary Intervention; PC,
PostConditioning; CMR, Cardiac Magnetic Resonance.
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Table 3. Baseline Clinical Characteristics. Risk faetors and former comorbidities.

Characteristics Post-C (n=39) Control (n=39) P

Age, years 59.6+12.7 59.55+12.0 0.992
Male 33 (84.6) 33 (84.6) 1.000
Caucasian race 38 (97.4) 38 (97.4) 1.000
Family history of CAD 19 (48.7) 15 (38.5) 0.361
Hypercholesterolemia 20 (51.3) 19 (48.7) 1.000
Diabetes mellitus 7 (17.9) 1(2.6) 0.056

Insulin treated 2 (5.1) 0 (0)

Non-insulin treated 5(12.8) 1(2.6)

Smoker 26 (66.7) 30 (76.9) 0.314

Former smoker 3(7.7) 9(23.1)

Current smoker 23 (59.0) 21 (53.8)
Hypertension 23 (59.0) 19 (48.7) 0.364
Body Mass Index, kg/f 26.8£3.3 27.5£3.1 0.263
Height, meters 1.72+0.10 1.73+0.09 0.699
Weight, kg 79.5+13.7 82.7+12.3 0.329
Former unstable angina 16 (41.0) 12 (30.8) 0.345
Former stable angina 0 (0) 1(2.6) 1.000
Former CVA 3(7.7) 2 (5.1) 1.000
Former PCI 1 (2.6) 0 (0) 1.000
Former CABG 0 (0) 0 (0) -
History of CHF 1 (2.6) 1 (2.6) 1.000
History of peripheral vascular disease 1(2.6) )0 (O 1.000

Data are presented as n (%) or meanzSD unless otheise indicated. CAD indicates Coronary
Artery Disease; CVA, Cerebro-Vascular Accident; PC] Percutaneous Coronary Interventions;
CHF, Congestive Heart Failure.
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Characteristics PostC (n=39)  Control (n=39) P
Interval Times, minutes

Symptoms’onset-Hospital admission 116.82+81.44 09.31+74.04 0.791

Arrival in Cath Lab 61.85+32.46 58.87+43.46 @26

Sheat positioning 15.72+12.82 12.44+9.26 0.403

1* angiography 7.49+9.33 5.49+5.51 0.474

Balloon 9.95+6.68 8.13+3.53 0.345
Total ischemic time 211.82+84.67 194.23+79.87 0.274
AMI location

Anterior 16 (41.0) 17 (43.6) 0.819

Lateral 9 (23.1) 11 (28.2) 0.604

Inferior 22 (56.4) 21 (53.9) 0.820
Systolic Blood Pressure, mmHg 139.9+23.1 138.0+27.6 0.637
Diastolic Blood Pressure, mmHg 89.0+14.2 86.4+15.0 0.378
Heart Rate, bpm 76.49+15.03 76.64+18.87 0.920
Killip class 0.329

1 35 (89.7) 32 (82.1)

2 4 (10.3) 7 (17.9)
TIMI Risk Score 2.7+1.6 2.7+¥1.7 0.945
TIMI Risk Index 20.6+9.5 20.4+8.5 0.996
IRA 0.389

Left Descending Artery 16 (41.0) 17 (43.6)

Left Circumflex Artery 7 (17.9) 3(7.7)

Right Coronary Artery 16 (41.0) 19 (48.7)

Data are presented as n (%) or meantSD unless otheise indicated. AMI indicates Acute
Myocardial Infarction; TIMI, Thrombolysis In Myocar dial Infarction; IRA, Infarct Related

Artery.
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Table 5. Therapy at home, at admission and at diselnge.

Characteristics PostC (n=39) Control (n=39) P

Treatment at home, before admission

Aspirin 3(7.7) 6 (15.4) 0.481
Clopidogrel 0 (0) 0 (0) -
Beta-blockers 4 (10.3) 3(7.7) 1.000
Calcium-channel-blockers 3(7.7) 3(7.7) 1.000
ACE-inhibitors 4 (10.3) 3(7.7) 1.000
AT Il Receptor Antagonists 2(5.1) 4 (10.3) ®67
Vasodilators 1(2.6) 1(2.6) 1.000
Long-acting nitrates 0 (0) 1(2.6) 1.000
Short-acting nitrates 0 (0) 0 (0) -
Diuretics 3(7.7) 3(7.7) 1.000
Lipid-lowering agents 3(7.7) 1(2.6) 0.615
Digitalis or derivates 0 (0) 0 (0) -
Anti-arrhythmic agent 1(2.6) 0 (0) 1.000

Treatment at admission

Aspirin 38 (97.4) 38 (97.4) 1.000
Clopidogrel 38 (97.4) 39 (100) 1.000
Beta-blockers 13 (33.3) 8 (20.5) 0.202
Calcium-channel-blockers 3(7.7) 4 (10.3) 1.000
ACE-inhibitors 9 (23.1) 3(7.7) 0.597
AT Il Receptor Antagonists 2(5.1) 4 (10.3) ®67
Vasodilators 1(2.6) 1(2.6) 1.000
Long-acting nitrates 0 (0) 1(2.6) 1.000

Short-acting nitrates 15 (38.5) 16 (41.0) 0.817
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Diuretics 4 (10.3) 5 (12.8) 1.000
Lipid-lowering agents 6 (15.4) 3(7.7) 0.481
Digitalis or derivates 0 (0) 0 (0) -
Anti-arrhythmic agents 1(2.6) 6 (15.4) 0.108
Inotropic agents 0 (0) 4 (10.3) 0.115
lIb/llla Rec Blockers 38 (97.4) 39 (100) 1.000
Treatment at discharg€
Aspirin 37 (97.4) 39 (100) 0.494
Clopidogrel 38 (100) 39 (100) -
Beta-blockers 34 (89.5) 34 (87.2) 1.000
Calcium-channel-blockers 0 (0) 1(2.6) 1.000
ACE-inhibitors 33 (86.8) 29 (74.4) 0.167
AT Il Receptor Antagonists 0 (0) 1(2.6) 1.000
Vasodilators 0 (0) 0 (0) -
Long-acting nitrates 1(2.6) 0 (0) 0.494
Short-acting nitrates 0 (0) 0 (0) -
Diuretics 6 (15.8) 8 (20.5) 0.591
Lipid-lowering agents 38 (100) 39 (100) -
Digitalis or derivates 0 (0) 0 (0) -
Anti-arrhythmic agents 1(2.6) 4 (10.3) 0.358

Data are presented as n (%). ACE indicates Angiotesin-Converting Enzyme; AT Il, Angiotensin
II. a In the postconditioning group one patient diel before discharge, therefore percentages in this
group refer to 38 patients.
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Table 6. Procedural Characteristics.

Characteristics PostC (n=39) Control (n=39) P
Nb. of treated vessel during index 0.615
PPCI
1 36 (92.3) 38 (97.4)
2 3(7.7) 1 (2.6)
Stent type 1.000
Bare-Metal Stent 38 (97.4) 38 (97.4)
Bare-Metal and Drug-Eluting Stents 1(2.6) 0 (0)
Drug-Eluting Stent 0 (0) 1(2.6)
IRA - Total nb. stent 1.72+0.94 1.44+0.55 0.113
Post-procedural TIMI 3 flow 38 (97.4) 38 (97.4) aoo
Post-procedural MBG 0.352
0/1 17 (43.6) 13 (33.3)
2/3 22 (56.4) 26 (66.7)
LVEF, % 58.74+11.82 58.82+9.41 0.992
LVEDP, mmHg 20.53+7.38 21.57+6.75 0.427

Data are presented as n (%) or meanzSD unless otheise indicated. PPCI indicates Primary
Percutaneous Coronary Intervention; IRA, Infarct Related Artery; TIMI, Thrombolysis In
Myocardial Infarction; MBG, Myocardial Blush Grade; LVEF, Left Ventricle Ejection Fraction;
LVEDP, Left Ventricle End-Diastolic Pressure.
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Table 7. Quantitative Coronary Analysis.

Characteristics PostC (n=39) Control (n=39) P

Pre-Procedural
Proximal RVD, mm 3.11+0.52 3.09+0.45 0.810
Distal RVD, mm 2.95+0.51 2.96+0.39 0.963
MLD, mm 0.94+0.24 0.91+0.44 0.614
Lesion Length, mm 24.72+13.33 23.03£10.00 0.745
Diameter Stenosis, % 66.90+£10.49 70.57+£15.27 49.1
Area Stenosis, % 82.13+14.41 81.40+19.95 0.215

Post-Procedural
RVD, mm 3.15+0.37 3.25+0.30 0.347
MLD, mm 2.71+0.48 2.77+0.31 0.450
Lesion Length, mm 9.95+10.95 9.17+8.03 0.910
Diameter Stenosis, % 14.46+7.35 14.36+5.72 0.940
Area Stenosis, % 18.17+11.83 19.83+12.71 0.822

Data are presented as mean+SD. RVD indicates Refaee Vessel Diameter; MLD, Minimal Lumen

Diameter.
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Table 8. Blood analysis.

Characteristics

PostC (n=39)

Control (n=39) P

Haemoglobin, g/L

Haematocrit, %

White Blood Cells, x 10L

140.14+11.58

41.59+3.28

11.11+£3.19

136.72+13.30 0.355

40.82+3.45 0.387

11.05+3.52 0.909

Platelet, n 214.94+43.06 197.46+45.00 0.219
K*, mEg/L 3.89+0.39 3.97+0.37 0.401

Na’, mEq, L 138.97+2.65 139.05+2.74 0.952
BUN, mg/dL 5.85+2.01 7.20+4.73 0.091

Creatinine, pmol/L 76.67+16.52 99.69+108.74 0.096
Glucose, mmol/L 6.83+2.10 6.83+£1.82 0.960
Total bilirubin, mmol/L 13.86+8.08 15.58+13.23 0785

ALP, U/L 71.95+23.56 68.89+22.16 0.899

ALT, U/L 55.77+32.51 52.87+28.95 0.916

AST, U/L 294.87+272.747 227.54+193.92  0.337
ESV, mm/h 20.79+£14.77 20.30+13.05 0.962
CRP, 13.34+21.03 11.77+11.17 0.259
Total-cholesterol, mmol/L 5.22+0.88 4.94+0.96 0.269
LDL-cholesterol, mmol/L 3.55+0.92 3.36+0.88 0.387
HDL-cholesterol, mmol/L 1.22+0.41 1.13+0.26 0.436
Triglycerides, mmol/L 1.47+0.86 1.54+£1.03 0.920
Lp (a) 390.61+420.40 296.56+424.82  0.255

Data are presented as mean+SD. BUN indicates Bloaftea Nitrogen; ALP, Alkaline Phosphatase;
ALT, Alanine Transaminase; AST, Aspartate Transamirase; ESR, Erithrosedimentation Rate;
CRP, C-Reactive Protein; LDL, Low-Density Lipoprotein; HDL, High-Density Lipoprotein; Lp(a),
lipoprotein(a).
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75

Characteristics

PostC (n=39)

Control (n=39) P

LV Ejection Fraction, %

49.4+7.4

LV End-Diastolic Volume Index, ml/Mm 60.33+9.66

LV End-Systolic Volume Index, ml/m

LV End-Diastolic Diameter, mm
LV End-Systolic Diameter, mm
LV Inferior Wall Thickness, mm
LV Interventricular septum, mm
LV Mass Index, g/
E velocity, cm/s
A velocity, cm/s
E/A ratio
TEl index
Deceleration Time, ms
WMSI
IVRT, ms
Mitral Regurgitation

0+/4

1+/4

1-2+/4

2+/4

Admission-TTE interval time, hours

30.45+8.65
50.54+5.26
34.58+6.48
11.95+1.29
12.16%1.44
88.56+29.93
62.79+11.26
70.88+16.45
0.90+0.21
0.51+0.35
176.91+32.09
1.73+0.31

83.44+20.87

23 (59.0)
12 (30.8)
1(2.6)
3(7.7)

32.24+34.15

49.97.0 0.869
60.69+12.07 0.830
31.05+9.90 0.869
51.69+4.80 0.273
34.08+5.57 0.985
12.00¢8.9  0.963
12.145.0  0.987
81.82+22.40 0.490
64.82+14.56 0.668
70.36+20.84 0.947
0.95+0.41 0.945
0.47+0.13 0.956
207.50+54.64 5D.0
1.70£0.33 0.622
71.56+17.86 0.108
0.156
22 (56.4)
17 (43.6)
0 (0)
0 (0)

2498.20 0.529

Data are presented as n (%) or meanSD. LV indicageLeft Ventricle; WMSI, Wall Motion Score
Index; IVRT, Iso-Volumetric Relaxation time; TEE, T ransthoracic Echocardiography.
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There were no differences between groups with ce¢garmedical therapy, at
home, administered in emergency room and at digehé&ee Table 5). Procedural
characteristics are reported in Table 6. TIMI flgvade was comparable between the
two treatment groups. Quantitative coronary analysireported in Table 7. The AUC
(arbitrary units) and peak value of serum Tnl regeauring the first 8 days of
reperfusion was similar between groups, averags@y/31+2968.3 in PostC group vs
3183.8+2182.4 in control group (p=0.734). Peakpdron | in PostC group was
112.40+£97.78 pg/dL, compared to 89.18+66.02 pghlcontrol group (p=0.469).
Detailed blood analysis are reported in Table &n$thoracic echocardiogram was
performed at 28.6+27.4 hours after hospital admissAll examined variables were not
different between the two groups and with a mearEE\Wf 49.4+7.4 in PostC and

49.9+7.0 in controls (see Table 9).

3.2.2. Infarct size and other secondary end-points

Infarct size assessed at first CMR (28.0+16.4 dafger index PPCI) and
calculated as % of LV mass (20.2+11.9 vs 14.3x@B)grams (19.19+11.30 vs.
13.57+9.46) trended to be higher in PostC grouppared to controlspE0.056, for
both, see Table 10 and Fig. 15). There was no eealef benefit of PostC in different
subgroups of STEMI patients (Fig. 16). Also the Nf&nded to be more frequent in
PostC group (13.5% vs 2.6%©=0.200). Electrocardiographic (i.e. ST-segment
resolution) and angiographic (i.e. MBG<2) indexdsperfusion were comparable
between groups (Table 10). No differences were rebderegarding the incidence of
non sustained/sustained ventricular tachycardignén48 hours following PPCI at 24-
hour ECG monitoringp=0.314). At CMR performed at 61 months, LV remdidel

and LV function were not statistically differentgfile 10).
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The event-free survival curves are shown in Fig. Ih the PostC group there
was 1 sudden cardiac death after 16 days from ir@EXMI, 2 patients underwent
repeat revascularization (at 1 and 3 months), @ipatwere re-hospitalized because of
acute heart failure (at 2 and 4.2 months). In t&rol group 1 patient died because of
cerebrovascular event. After exclusion of diabgttients, MACE rate trended to be
higher in PostC group when compared to controls/@6vs 2.6%, p=0.080).

50 - P=0.056

»
40
35
30;
25 -

20

Infarct Size (% of LVmass)

15 -
10

5 3
0 :
Control (n=38) Post-conditioning (n=37)

Figure 15. Box-plot of infarct size, expressed as %f left ventricle mass at LGE CMR. Infarct size
did not differ significantly between patients in the two groups but trended to be higher in PostC
group vs. control group.
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Table 10. Primary and Secondary End Points
Endpoint PostC (n=39) Control (n=39) P

Primary endpoint

Infarct size on LGE CMR, % of LV mass 20.2+11.9 14.349.9 0.056
Infarct size on LGE CMR, grams 19.2+11.3 13.649. 0.056
Time to CMR, days 29.1+17.1 27.1+16.1 0.659

Secondary endpoints

ST-segment resolution 1.000

Completex70%) 22 (56.4) 21 (53.8)

Partial (30%x<70%) 13 (33.3) 13 (33.3)

Absent (<30%) 4 (10.3) 5 (12.8)
NSVT/SVT 26 (66.7) 30 (76.9) 0.314
Angiographic MBG<2 17 (43.6) 13 (33.3) 0.352
MO, on CMR 5 (13.5) 1 (2.6} 0.200
LV remodelling (Delta ED¥20%) 10 (31.3) 8 (23.5Y 0.482
F.Up-Delta EDV, ml/rh 11.6+23.3 8.8+20.2 0.672
F.Up-Delta LVEF, % 2.8+7%0 3.4+6.8 0.537
Troponin I, AUC 3697.4+2968.3 3183.8+2182.4 0.734
Peak Troponin I, pg/dL 112.4+97.8 89.2+66.0 0.46
MACE at 30 days 3(8.2) 0 (0.0) 0.111
MACE at 6 months 6 (16.2) 1(2.6) 0.053
MACE at 6 months (without diabetics) 5 (16.7) (216) 0.080

Data are presented as n (%) or mean=SD unless otheise indicated. LV indicates Left Ventricle; CMR,
Cardiac Magnetic Resonance; LGE, Late Gadolinium Ehancement; NSVT/SVT, Non-Sustained
Ventricular Tachicardia/Sustained Ventricular Tachicardia in the 48 hours following PA; MBG,
Myocardial Blush Grade; MVO, Microvascular Obstruction; EDV, End-Diastolic Volume; LVEF, Left
Ventricle Ejection Fraction; AUC, Area Under Curve; MACE, Major Adverse Cardiac Events. a In the
postconditioning group 2 patients died before 1st MR, therefore data refer to 37 patients. b In the
control group 1 patient refused 1st CMR, thus dataefer to 38 patients.
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Infarct Size (% of LV)

Difference of Median and 95% confidence

Favouring Post-conditioning

Favouring Control

¢

OVERALL
p=0.056

LAD
p=0.200

. NO LAD
p=0.100

<3 HOURS
p=0.3380

>3 HOURS
p=0.143

MULTIVESSEL

p=0.072

SINGLE VESSEL
p=0.523
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Figure 16. Infarct size, expressed as % of left vémcle mass at DE-CMR, analyzed in different
subgroup; see text for description. LV indicates I& ventricle; LAD, left descending artery; MVD,
multivessel disease; SVD, single vessel disease.
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Figure 17. Kaplan-Meier MACE free survival curves.Post-conditioning group patients had a
higher incidence of events at follow-up.
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3.3. Discussion

This prospective randomized study evaluating thecefof PostC on IS in
STEMI patients treated by PPCI with direct stentiagd intravenous abciximab
administration showed that IS assessed by CMR diigignificantly differ but trended
to be larger in PostC group compared to controlth bo overall population and
subgroups analyses. Although not statistically edéht, also the MO rate at CMR
trended to be more frequent in PostC group compsretbntrols. Moreover, other
indices exploring the effect of PostC on myocardiad microvascular injury, left
ventricular function and outcome (secondary endavgdifailed to show any benefit and
were consistent with the primary end-point restiltese observations are somehow in
contrast with earlier clinical experiences looketgthe impact of PostC on IS (See also
Table 11 and Section 2.33)!21529297.30y smg|| studies of less than 30 patients
PostC during PPCI seem to protect the human heangSTEMI/* showing a 36%
IS reduction as determined by cardiac biomarkedsiaproved coronary flow reserve
and ST resolution. Similarly, Yang et al. reporee@7% reduction in IS in 41 STEMI
patients treated by PPCI plus PostC as assess8®BET>’ Finally, Thibault et al.
confirmed and extended these preliminary resultsvélg a stable favorable effect of
PostC on the final IS assessed by SPECT at 6 maités the initial treatmerft>
However, ECT is a relatively gross measurement of IS coethty CMR, which has
proven to be superior to SPECT with regard to dietecand quantification of M{%°
Moreover, all the previous studies did not stratifg randomization for STEMI location

nor related IS to the myocardial area at risk. Ehadjustments, although not definitive,

might be important to reduce bias in particular weidying small populatioff®
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Table 11. Postconditioning randomized control trias.

RCT N. of Inclusion Coll.Circ. Abciximab PostC IS Assessment Other EP evaluated A (PC-C) IS RRR Other EPs
patients criteria to IRA protocol Method ischemic time
(PCIC) (min)
Laskey 10/7 STEMI; - - 90sx2 CK (peak) ST segment shift; +55 CK (peak): -4% Improved ST segment resolutioRC T
et al*? <12 h Distal coronary velocity
Staat 14/16 STEMI; - NA 60sx4 CK-AUC (72 h) CK (peak); MBG -13 CKUE (72 h): Better MBG *
etal’ <6h 36%t;
CK (peak): 35%*

Ma 47147 P STEMI, + NA 30sx3 CK, CK-MB CTFC; -31 CK (peak): 27%; Faster CFTC;
etal®® <12 h (peak) MDA endothelial CK-MB (peak): 32% BetterAWMSI *;

function; Lower MDA-reactive products *;

WMSI before and 8 wks Improved endothelial-dependant vasodilation *

after PPCI
Yang 23/18 ' STEMI; - - 30sx3 SPECT at 1 ST shiftat 2 h ECG; TTE -48 1w-SPECT: 27%%; Similar ST-segment resolution, TIMI 3, MBG,
et al 2%’ <12 h week; atday 1 and 7 CK-AUC (72 h): LVEF, cardiac events in both groups

CK-AUC (72 h) 27%*
Thibault 17/21 P STEMI, - NA 60sx4 CK-AUC and LV-EDV, -14 6m-SPECT: 39%%*; Improved LVEF A 7%) *;
et al.?®® <6h Tnl-AUC (72 h);  LVEF, CK-AUC: 40%; WMSI (A -0.2) %;
SPECT at 6 mos WMSI, Tnl-AUC: 47%* Strain rate in AARA 0.6, T).

LV strain rate at 1-year

TTE
Laskey 12/12 ' STEMI; - + 90sx2 CK (peak) ST-segment elevation +6 CK (peak): 18%* Improved ST segment resolution in PC *;
et al?*® <6 h resolution; CFVR better CFVR in PC t ;

similar MBG 2/3 $=0.6) and in-H LVEF.

Leamborg 43/43 P STEMI; + + 30sx4 DE-CMR at 3 LVEF; TnT,; -14 3m-CMR-IS: Similar LVEF (=0.60);better NYHA class *;
etal’® <12 h mos clinical events (NYHA % of LV mass: similar CCS clasgpE0.36) and rates of Ml

class; angina pectoris CCS
class; MI, TVR or Non-
TVR; D) at 3 mos.

18%*,
% of total AAR:
19%T

(p=0.31), TVR p=0.32), CABG (=0.32), D
(p=0.15)
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Soérensson

etal®

Garcia

et al®®

Freixa et
al 300

38/38

22/21

39/40

P STEMI;

<6 h

P STEMI;

<12h

P STEMI;

<12h

- (UFH or
bivalirudin)

60sx4

30sx4

60sx4

DE-CMR at 6-9
days

CK and CK-MB
(peak)

DE-CMR within
1% week

LVEF, -20
TnT-AUC and CK-MB-

AUC (48 h); TIMI flow

after PPCI

MPG; LVEF; +6
Long-term clinical event

(Dl/re-H d/t HF)

IS at 6m-DE-CMR; LVEF -4
at 1 week and 6 mos;

MBG; biomarkers (peak);
ST-segment resolution at

90 min; MO.

6-9d-CMR-IS:
% of AAR: -7%.
CK-AUC: -7%;
TnT-AUC: -12%
CK (peak): 11%

1w-CMR-IS:

IS (% of LV mass): -
24%

Myocardial salvage
index (% of AAR): -
38.8%

Similar LVEF (=NS) and TIMI 3 flow after PPCI
(p=1.0)

Better LVEF in P@ @%) * amd
MBG (PC 2.5+0.5 vs C 2.1+0.6) *;
similar re-H d/t HP (PC 2/22 vs C 4/33%0.2) and
D rates (PC 1/22 vs C 0/2(50.9)
Similar IS (% of LV mass) (PC 21.8 vs C 18.7,
p=NS) and LVEF (47.5% vs 50.3%, p=NS) at 6m-
DE-CMR;
Similar MBG (PC 58% vs C 53%, p=NS)
Higher peak of Tnl (PC 299+72 vs C 148424,
p=0.05); similar CK and CK-MB peak;
Similar ECG resolution

PC indicates postconditioning; C, control; IRA, infarct related artery; IS, infarct size; EP, Endpoint, RRR, relative risk reduction; STEMI, ST-elevation myocardial
infarction; CK, creatinine phosphokinase; NA, not available; AUC, area under the curve; MBG, myocardid blush grade; MDA, malondialdehyde; WMSI, wall motion
score index; PPCI, primary percutaneous coronary itervention; CFTF, corrected TIMI frame count; SPECT, single photon emission tomography; TTE, Trans-
thoracic Echocardiogram; LV-EDV, left ventricle ejection fraction; LVEF, left ventricle ejection fraction; AAR, area at risk; CFVR, coronary flow velocity reserve;
DE-CMR, delayed-enhancement cardiac magnetic resonae; TnT, Troponin T; NYHA, New York Heart Association; CCS, Canadian Cardiovascular Society, MI,
myocardial infarction; TVR, target vessel revasculaization; D, death; IS, infarct size; CABG, coronalry artery bypass graft; UFH, unfractionated heparin re-H d/t
HF, rehospitalization due to heart failure; MO, microvascular obstruction. * p <0.05; 1 p <0.01.
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Our data seem also to difffom the apparently more positive results of PostC
on IS assessed by CMR, reported by Lenborg Ettédwever, the absolute IS by CMR
(3 months post STEMI, manual delineation) in trstirdy (the primary end point) did
not differ significantly between groups and thegmial benefit in IS reduction was
inferred only after use of the infarct endocargiaiface area to estimate the myocardial
area at risk, in order to estimate myocardial sggvalthough the authors found a good
correlation between this parameter and CMR edemagimg, these data remain
unpublished. Moreover, even T2-weighted CMR foreasment of post STEMI

9% sych as the variable

myocardial edema is subject to a number of techhiro#ation
temporal course of resolution of myocardial edem@/@ the possible effect of PostC
on edema. In a third randomized trial on PostCSBEMI, Sorensson et &ldid not
find significant differences between control andgt@ogroups in IS by CMR performed
6-9 days post STEMI. In this case the IS was gtiadtby automatic CMR algorithm
and related to the myocardial area at risk detezthioy left ventriculography. Finally,
more recently Freixa et &° found that PostC during PPCI not only did not @S at
both early and late follow-up but also might haveaential harmful effect. Thus,
collectively, the infarct data from the randomizeils of PostC for STEMI do not
appear to differ greatly. Moreover, although clalibenefit associated with PostC was
suggested by NYHA class status after 3 monthdjérLiznborg et ar study, there was
no significant difference in CCS anginal statusefall MACE rates in the Lagnborg et
al’® study did not differ, but the only two deaths ated in the PostC group. This
clinical data are also somewhat consistent withtihe deaths occurred in the PostC
group in our study.

It should be acknowledged, however, that in all séhe studies,

inclusion/exclusion criteria differed substantiallime from symptom onset >6

hours!?1315:297:3% rasence of collateral flow to infarct zoht:*thrombolytic therapy
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was not always an exclusion crit@rfd®>29%293%3nq apciximab was used at
discretion of the operator or was an exclusioregaf:’1%131%:295:297.299.300\15reqyer,
PostC protocol was different across the studieB)gh80 s x 2 (duration of balloon
inflation x number of inflations)??%°30 s x 3'*%°730 s x 4***°and 60 s x 4"*%°3%%
other studies. On this regard, original observatisuiggested that brief cycles of
reperfusion/reocclusion are recommended in smatha@mmodels, while longer periods
(60 s) may be more effective in larger speéi&ghus, also in agreement with the first
human experience showing a significant effect obySPostC we preferred a PostC
protocol of 60 s x 4. Infarct size evaluation algas different among studies, both in
term of method of assessment and of timing adofmtecheasurements: during the first
72 hours,12132%29t 1 weel;?*"3% gt 3 monthS or at 6 month$®™ To reduce
possible confounders, we enrolled STEMI patienth wymptoms onset of less than 6
hours, with occluded infarct related artery, andesize of collaterals. Moreover, we
stratified the randomization by STEMI location aradculated absolute final IS on LGE
images at 3010 days and also at 6x1 months, iaerdadavoid confounding relations
with myocardium at risk (edema) on T2 weighted isg@agrhe 1 month interval has
been proven to be more reliable in terms of acquoearclS assessment than during the
acute phas&? By doing so, we avoided not only the major conttitn of edema to
final IS quantification but also minimized dropowk patients and kept the ability to
detect small MI, considering, as already pointed, dbhat the quantification of
myocardial edema is not yet as robust as IS queattin?****® For this reason we
evaluated the area at risk on T2 weighted imagdsnia) at 30+10 days only to identify
any potential episodes of myocardial ischemia dfterindex STEMI.

To note, all the baseline characteristics resuitelll balanced between our study
groups except for the diabetic status that trertdeloe more frequent in PostC group.

Nevertheless, after exclusion of diabetics, |9 s#inded to be larger in PostC group
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compared to controls. Different to previous studisere abciximab use was not
specified or utilized at discretion of the operafoanging from 0 to 79%) all our
patients received intravenous abciximab during PRCis possible that abciximab
administration has influenced our results and emplpartially some dissimilarities with
previous studies. No differences in peak and AUGIctUised as surrogate of IS, were
observed between the two groups. The 30-day a®dnawnth MACE rates were not
significantly different with a trend towards a weroutcome in PostC patients,

irrespective to the presence of diabetes.

3.3.1. Study limitations

The observed standard deviation for the primagpemt assessment was higher
than expected, thus the power of our study resulied@3% instead of 80%. The
unfavorable trend of PostC towards worse outcomegpared to controls might result
significant in a larger cohort.

Although the interventionalist cardiologists wamet blinded to the treatment
protocol assigned, the investigators evaluatingphmary and secondary end points
were unaware of the assigned study grothrombectomy was not performed in our
study, due to the fact that the importance of throsnaspiration during PPCI in STEMI
patients was acknowledged after both the trialgieapproval and the beginning of the
study. However, since a potential concern with €qgsitocol might lie in the absence
of thrombectomy as well as in the potential foripegs of stasis to increase platelet
activation, aggregation, and/or microembolizatioa wsed abciximab in all patients.
Thus, although we cannot theoretically exclude agombolization during PostC, the
PPCI efficacy was high in both groups (97.4% pastedural TIMI 3 flow). Finally,
although thrombectomy could be performed prioraste, the few minutes required for

its performance during early reperfusion might kuits potential efficacy.
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The CMR at 30£10 days may have underestimated dSMD rate; however, at
this time point IS have been demonstrated to beerstable and the protocol included a
second CMR at 61 months, in order to confirm i MR results. Area at risk was
not evaluated because we preferred to stratifyrainedomization for STEMI location.
On the other hand, the emerging role of CMR quaatibn of myocardial salvage
remains to be established, moreoveris unknown if cardioprotective strategies
specifically targeting edema would improve outcomes

An important limitation, however, is the extrememplexity of the numerous

physiological and biochemical mechanisms respoasibi the beneficial effects of
PostC in experimental modéf¥. Extrapolation of experimental studies to theichh
setting is further complicated by the fact that dipgimal window for coupling of PostC
to beneficial responses may be substantially shtrés the mean duration of ischemia
in typical STEMI patients. In addition, underlyingicrovascular disease, which is
common in STEMI patients (e.g., those with diabeaiedeft ventricle hypertrophy),
may blunt PostC respons&s.Microvascular injury associated with prolongedipes
of ischemia might also be included in this categdtye results of our trial call attention
to the need to better understand the mechanisrRosifC and the potential conditions
under which it may benefit STEMI patients, as veallito potential adverse effects of the

treatment.
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4. Conclusion and perspectives

This prospective randomized study evaluating tHecefof PostC in STEMI
patients showed that PostC did not have any camfiegtive effect and might even
harm patients treated by PPCI with direct stentagyd intravenous abciximab
administration.

The precise multifaceted signaling pathways invdha PostC, including
autacoids triggers, protein kinases, end-effectuesd to be further clarified especially
evaluating older, clinical relevant (i.e. pigs)mal models with coexisting illness (such
as diabetes mellitus, hyperlipidemia, hypertensiatherosclerosis) to confirm that
cardioprotection is still possible in these sesinghe relevance of confounding factors,
such as CAD risk factors and drug treatment, oenfapion injury and PostC-induced
pathways need to be better defined.

From a clinical point of view, it would be relevat define the optimal
protective protocol (delay after which the firstaeclusion should be estabilished,
duration and number of each reocclusion, duratigheinterspersed reperfusion) for a
given duration of the index ischemia. Moreovergauld be necessary to consider the
enrolling of only some specific patients groups,ctsuas those with short
symptoms’onset-hospital admission time. Taken togetthese findings suggest that
future larger, multicenter, controlled randomizedl$ and patient level metanalysis will
be necessary to better clarify the effect of isdeeRostC on IS and on clinical end

points.
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