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Abstract

Postconditioning (PostC) modifies early post-ischemic pH, redox-envaohind activity of
enzymes. We hypothesized that early acidosis in PostC may affperoxide-dismutase(SOD)
and catalase(CAT) activities, may reduce 3-nitrotyrosine(3-dmyl may increase S-nitrosylated
(SNO)-protein levels, thus deploying its protective effectsv@iify this hypothesis, we studied
early (" min) and late (120 min) phases of reperfusioa) endogenous-SOD and —CAT
activities, andb) 3-NT- and SNO-protein levels. Isolated rat hearts underwent 30-min
ischemia/120-min reperfusion(l/R) or PostC (5 cycles of 10-sat/fhe beginning of 120-min
reperfusion) either with or without exogenous-CAT or -SOD infusechduhe initial 3-min of
reperfusion. The effects of early reperfusion with acidic-buffBf(fH 6.8) on endogenous
antioxidant-enzymes were also tested. Pressure, infarckeitdactate-dehydrogenase release
were also measured. At th® fin, PostC induced a significant decrease in SOD-activity mdth
major change in both Mn- and Cu/Zn-SOD levels, and in CAT-#&gtamd level. PostC also
reduced 3-NT and increased SNO levels. Exogenous-SOD, but not -CAishadoPostC-
cardioprotection. In late reperfusion(120-min), I/R increased SOBHgctbut decreased CAT-
activity and Cu/Zn-SOD levels; these effects were revargdeostC; 3-NT was not affected, but
SNO was increased by PostC. AB reproduced PostC effects ooxidatit-enzymes.
Conclusions: PostC downregulates endogenous-SOD and preserves - ikity, athus
increasing SNO and reducing 3-NT levels. These effectdrigigered by early post-ischemic
acidosis. Yet acidosis-induced SOD-downregulation may limit adeyitation; thus contributing
to PostC-triggering. Hence, exogenous-SOD, but not -CAT, interigiths PostC-triggering.
Persistent SOD-downregulation and SNO-increase may contribute 6 Bod AB beneficial
effects.
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Introduction

Clearly the only way to limit ischemia damage is organ fapgem. However with reperfusion
injury amplification {.e., reperfusion injury) occurs. In fact, in early post-ischemic phase,
mitochondrial permeability transition pore (mPTP) formation maytHee event that leads to
irreversible changes in cellular function and cell deati,[4,9,26,27,34]. At the onset of a rapid
reperfusion when a large increase in reactive oxygen speds) (lRrmation occurs along with
pH recovery, and G4 overload, mPTP opening is facilitated. This, in turn, favors maso®
formation by inhibiting the respiratory chain [26,27,34]. Therefore awgicycle is likely to be
established in the so-called ROS-induced ROS release (RIRR) [26;2(h3gl]inducing ROS
stress andeperfusion injury [for reviews see 46,50]. Survival mechanisms in the heart can be
triggered by short, non-lethal periods of ischemia and reperfusipplied either before
(preconditioning) or immediately after postconditioning, PostC) the index ischemia
[3,10,20,25,33,44-46,62]. Bothn vivo and in vitro ischemic- and pharmacological-
preconditioning triggering require protective ROS signaling. In, feither ROS-generators or
ROS-scavengers, given before the index ischemia, trigger or slabgreconditioning
[2,7,10,16,23,43,47,48,61]. Therefore, ROS are double edge swords (ROS vstrB€3S
signaling). Also PostC-protection requires ROS signaling and/elleecovery of intracellular
pH during initial reperfusion. The mechanisms by which PostGsattee pathophysiology of
reperfusion injury involves molecular and physiological mechanismd) ascdelaying re-
alkalinization of tissue pH [8,9,17,29,30,55], triggering release of ROSwadoads [13,46,50-
52,54,61], and activation of kinases that impact cellular and subce#ulgmts or effectors, such
as mPTP ¢.g., 20,46,50,52]. Importantly acidic buffer (AB) given for the first fewnuates of
reperfusion is as protective as a PostC protocol [8,9,13,17,29,30,34,55]. This suppulits the

that the delayed recovery of intracellular pH during initeggarfusion, is mandatory to limit



infarct size in PostC mainlywia prevention of mPTP opening and prevention of RIRR
[8,9,17,29,30,34,55]. Botin vitro andin vivo studies demonstrated thiarge spectrum ROS
scavengers such as N-acetyl-L-cysteine (NAC) and/or N-(2-mercaptopropiatycine (MPG)
given either during the PostC maneuvers [8,51,54,63] or during AB infusion [8,9,10,13]
prevented their protective effects [13,51,54,63]. Moreover, additicalkafine buffer in early
reperfusion abolishes both AB- and PostC-protection [8,9,17,29,55]. Therefardikely that
interplays between redox and acid/base conditions in early uspmrfexist. Clearly the PostC
cycles {.e, intermittent re-oxygenation) and the early acidosis may dsponsible of
modifications of enzyme activities and chemical reactions, wie@th to produce a few ROS with
signaling role instead of ROS stress [13,51,53].

PostC protection is also influenced by the interplay between etidbtitved cardiac function,
with a flow of nitric-oxide (NO) from endothelium to myocardium [20,46,50,67]. Indeed,
persistence of acidosis is important for non-enzymati¢ pf@duction [59,69]. So that ROS in
concert with NO and reactive nitrogen species (RNS) may put the heart iptotacted state
[26,38,46,49-52,63].

Actually, in addition to activating cyclic guanosine monophosphate/prkiease G-dependent
signaling pathways, NOand RNS can modify sulfhydryl residues of protein through
nitrosylation (SNO), which has emerged as an important post-translational protein natidific
[11,24,40,56,57]. Nitrosylation has been proposed to be important in the preconditioning
cardioprotection, also modifying mitochondrial proteins and limitingidatwe stress
[6,36,56,57]. Although PostC requires N@8,29,33,49,52], nitrosylation has not been studied
under this condition [56]. Yet, the studies on nitration of proteins withr8tpiosine (3-NT)
concentration (a marker for ONO@rmation) achieved contradictory results: while Kupai

al.[32] reported that PostC increases cardiac 3-NT after 5-miregdrfusion, Iliodromitiset



al.[28] observed that PostC reduces myocardial and circulatirggslef 3-NT after 10-min of
reperfusion. Wanet al.[65] also observed a decrease in ON@®@mation after hypoxic PostC.
However, we have been unable to reproduce cardioprotection with R@&igergiven during
early reperfusion [51]. Since ROS-scavengers (NAC or MPG)sdimali AB- and PostC-induced
protection [8,9,51,54,63], it is likely that the type, the concentration, andier t
compartmentalization of ROS/RNS may play a pivotal role in triggeprotection at early
reperfusion time. To shed some light on this scenario, we studiedidatibenzymes, nitration
and S-nitrosylation of proteins.

Many endogenous enzymes regulate the homeostasis of ROS/RNSmiyoiteadium, three iso-
forms of superoxide dismutases (SOD), which convert superoxigle t@Ohydrogen peroxide
(H20,), have been described. Steady-state levels,0f Hy conversion to water are regulated by
enzymes such as catalase (CAT) and glutathione peroxidasg [&364]. Importantly, the
activity and levels of endogenous antioxidant iso-enzymes areretiffe affected by
ischemia/reperfusion (I/R) in the various tissues and compartrflEh&/]. Yet little is known
about the activity of antioxidant enzymes during PostC in the cardiac tissue.

While the optimal pH is 7.0 for CAT activity, it is 7.8 for SOD.rigtingly, SOD is also a de-
nitrosylating enzyme in different systems [21,42,56]. Therefore, wpothesized that
intracellular acidosis during PostC and AB in early reperfusion doavnregulate SOD activity
and may lead to modifications of 3-NT a®NO levels (Fig. 1). We also hypothesized that a
delicate balance between acidosis, ROS/RNS, the S-nitrosylatbmitration/oxidation may
occur in early reperfusion [52,56]. It is, thus, likely that the presesfcadditional specific
antioxidant (SOD or CAT) would alter differently the delicatdabae induced by PostC
maneuvers in early reperfusion. It is also likely that when posiemic pH is recovered in late

reperfusion, enzyme activity is also recovered.



Therefore in the present study we assesipdhe ability of two specific antioxidant enzymes
(exogenous-SOD or -CAT) given during early reperfusion to abolish Post§ining; 2) the
activity and thelevel of endogenous-SOD and -CAT in early and late reperfusion eithear aft
PostC or early AB infusion; arg) the effects of PostC with and without exogenous-SOD on the

levels of 3-NT and SNO proteins in early and late reperfusion.

Material and Methods

Animals

Male Wistar rats (5-6 months old) (Janvier S.A.S., St BerthevinxC&dance) received humane
care in compliance with Italian law (DL-116, Jan. 27, 1992) and in compliaith the Guide for
the Care and Use of Laboratory Animals published by the USMN4dtInstitutes of Health (NIH
Publication No. 85-23, revised 1996).

| solated heart perfusion

The methods were similar to those previously described [45,50-54]. I éaieh animal was
anesthetized. Then 10-min after heparin treatment, the hearrapally excised, weighed,
attached to the perfusion apparatus and retrogradely perfused wgbnexed Krebs-Henseleit
buffer (127 mM NacCl, 17.7 mM NaHCGO5.1 mM KCI, 1.5 mM CaG| 1.26 mM MgC}, 11 mM
D-glucose (Sigma-Aldrich Corp., St. Louis, MO, USA) and gassed &ith @, and 5% CQ). A
constant flow was adjusted with a pump to obtain a perfusion press8e8% mmHg during
stabilization. Thereafter the same flow level (91 ml/min/@swnaintained throughout the
experiment.

A balloon was placed into the left ventricle and connected to anatentometer to record left
ventricular pressure (LVP). The balloon was filled with salmec¢hieve an end-diastolic LVP

(EDLVP) of 5 mmHg. Coronary perfusion pressure, coronary flow, EDBN® developed LVP



(DevLVP) were monitored to assess the preparation conditions. The heart$ewiealy paced
at 280 bpm and kept in a temperature-controlled chamber (37°C).

Experimental protocols (Fig. 2)

After 30-min stabilization, hearts were subjected to a specific protocol, wiaishh& same for all
groups and included: 30-min of global, normothermic ischemia, 120-min of usymerffollowed
the 30-min ischemia (see below). Pacing was discontinued on antiatiischemia and restarted
after the & minute of reperfusion in all groups [44,50-54]. After stabilization, therthef the
Control group (I/R, Group 1, n=12) were exposed to 30-min ischemia andtah&20-min
reperfusion only. In Group 2 (PostC group; n=12) after the 30-min ischédmiahearts
immediately underwent a protocol of PostC (i.e. five cycles of t@perfusion and ischemia)
[50-54].

Antioxidants, either CAT or SOD (Sigma-Aldrich Corp, USA), wereen at the beginning of
reperfusion for 3-min, with and without PostC at doses previously usedlated rat hearts [1].
In particular, Group 3 (PostC+CAT, n=10) and Group 4 (PostC+SOD, n=10% heaktrwent
I/R plus PostC, in the presence of CAT (100 U/ml) or SOD (10 U/rejpectively; Group 5
(/R+CAT, n=9) and Group 6 (I/R+SOD, n=9) hearts underwent I/R ionillye presence of CAT
(200 U/ml) or SOD (10 U/ml), respectively [1].

For comparative purpose, hearts were also perfused in the preseRostGf maneuvers with
heat-inactivated CAT (100 U/ml; PostC+CATi, Group 7, n= 6) or hesttivated SOD (10
U/ml; PostC+SODi, Group 8, n= 6). The inactivated enzymes wereethfas beginning of
reperfusion for 3-min. The heat inactivation was obtained as previdastyibed and confirmed

by spectrophotometer analysis. Non-heated exogenous enzymes were nactiadl{14,58].



In other experiments (n= 4 for each group) hearts underwent eithar R&stC in the presence of
SOD (10 U/ml) plus CAT (100 U/ml) co-infused for initial 3-mirpegfusion (not shown in Fig.
2).

CAT and SOD activities and levels

Additional hearts (Fig. 2; n= 6 for each group) were subjected to 180-min perfusion(oaly
Sham), I/R only, PostC, or AB (pH 6.8) in early reperfusion. AB otbtwas identical to that
reported by Rodriguez-Sinoveisal. [55]. In these hearts tlagtivities andlevels of endogenous-
CAT and -SODwere tested at specific time-points (baseline, 7-min and 120-ften the
beginning of reperfusion; Sham hearts were tested at corresgotaie-points of perfusion
only). The 7-min reperfusion time-point was employed on the bagisegfous studies on PostC
triggering [4,39,62].

CAT and SOD activities by spectrophotometric analysis:

Activity was analyzed according to the manufacturer's doestiusing Cayman chemical kits
(Ann Arbor, MI, USA). Briefly, tissues from heart of rats vehomogenized, cell debris was
pelleted and the resulting supernatants were used for the enziwity assays. CAT and SOD
activities were measured at 540 and 450 nm wavelengths, reslyecdiuanit of CAT activity
was defined as the amount of enzyme that caused the formationrowhdl @f formaldehyde per
minute at 25°C. A unit of SOD activity was defined as the amou80O®) needed to exhibit 50%
dismutation of the produced superoxide radical at 25°C. The final ehizyawivities were
calculated by normalizing the results to the total protein concentration ohtile axtract.

CAT and SOD levels by Western blot analysis:

Homogenization protocol: in order to check protein levels, samplesarh S/R, PostC, and AB
hearts (n= 6 for each group) were homogenized on ice in RIPA lydfer (Santa Cruz

Biotechnology), using a polytron tissue grinder. The homogenate wa#uged at 4 °C for 30-



min at 13,000 g, and the supernatant was collected to quantify protémBnadford’s method
[5]. Western blot analyses were performed as previously described [53].

S-nitrosylated and 3-nitrotyrosine myocardial protein levels

Hearts (n= 6 for each group) subjected to I/R only, PostC, Po§tB-e6to perfusion onlyi(e.,
Sham) were used to assess lilels of S-nitrosylated and 3-N&t baseline, 7-min after the
beginning of reperfusion and at the end of reperfusion; Sham meardested at corresponding
time-points of perfusion only.

Biotin switch assay and Western blot for the detection of S-nitrosylated proteins:

All preparative procedures were performed in the dark to prevgmtihduced cleavage of
nitrosylations [31]. Heart samples, collected at specified poiets, were homogenized and
centrifuged on ice in appropriate buffers (20 mmol I-1 Tris pH 7.5, 6| 1-1 NaCl, 1%
Igepal CA 630, 0.5% Sodium Deoxycholate, 1 mmol I-1 EDTA, 0.1% SDS, 200 mrol |-
Sodium Orthovanadate, and Protease Inhibitor Cocktail (Sigma-Aldrigh)Casing a polytron
tissue grinder. Proteins were quantified with Bradford’s methodajid, the biotin switch assay
with or without ascorbate (1mM) was performed as previously destr31]. In particular,
blocking buffer (225 mmol I-1 Hepes, pH 7.7, 0.9 mmol I-1 EDTA, 0.09 maiohkocuproine,
2.5% SDS, and 20 mmol I-1 MMTS) and HENS buffer (250 mmol -1 Hepes, pH ol
|-1 EDTA, 0.1 mmol I-1 neocuproine, and 1% SDS) were used (Sigma-Aldrich Corp) [31].
To detect biotinylated proteins by Western blot, samples frombibin switch assay were
separated on 12% SDS-PAGE gels, transferred to PVDF memb@iaddealthcare Biosciences
Piscataway, NJ, USA), blocked with non-fat dried milk (Santa Créz,\CS.A.), and incubated
with streptavidin-peroxidase, diluted 1/10000 for 1 h. In order to ascehainvariations of
nitrosylation occurs within cells, S-nitrosylation of cardiac tetectransfer-flavoproteir,f

(ETFAa,B) and von Willebrand Factor (VWF) were tested in separatedsagdaamples, for 2



hearts for each group): after detection of biotin, the membraresirggped and reincubated with
polyclonal antibodies against ETES (Santa Cruz, CA, U.S.A.), and vVWF (Dako, Denmark)
[18,19]. The VWF was tested because of its localization within endatleelis and ETFA,
because mitochondrial proteins extracted from whole hearts originaely from
cardiomyocytes. To confirm equal protein loading, membranes weubated with an anfi-
Actin antibody (Sigma-Aldrich Corp). The S-Immunoblotted proteins wesealized by using
Immuno-Star HRP Substrate Kit (Bio-Rad Laboratories) and quahbffeKodak Image Station
440CF. Image analyses were performed by the Kodak 1D 3.5 software.

3-nitrotyrosine assay:

Protein concentrations of the samples were quantified with Biddfamethod [5].
Nitrotyrosine, as a marker of nitrosative stress, was measutbda competitive enzyme
immunoassay: the levels of 3-NT were measured according to tingfanturer's directions using
Cell Biolabs kit (Cell Biolabs, Inc., San Diego, CA). The detection serngit@nge was 20 nM to
8 UM of 3-nitrotyrosine-BSA equivalent.

Assessment of myocardial injury

Since in isolated hearts, pre and postconditioning are known to reueicel¢ase ofactate-
dehydrogenase (LDH) during reperfusion, the release of LDH was measured during the 2 hours of
reperfusion as previously described [45,49,51,68rct areas were also assessed at the end of
the experiment with the nitro-blu-tetrazolium technique (Sigmaié&iir as described
[45,49,51,53,54]. The necrotic mass was expressed as a percentageleft teéstricular mass

(i.e., risk area).

Statistical analysis



All data are expressed as meanstS.E.M. One-Way ANOVA andmdawKeuls multiple
comparison test (for post-ANOVA comparisons) were used to eedlnatstatistical significance

among groups. A p value <0.05 was considered statistically significant.

Results

PostC improvement of cardiac function was abolished by exogenous SOD

Table 1 showd/R (Group 1) having markedly increased CPP and EDLVP, and ditbstica
reduced DevLVPPostC (Group 2) limited CPP increase and improved the recov@®guhivVP
by attenuating the increase in EDLVP during reperfusion. WbA& (Group 3) did not affect
PostC-induced improvement of function, SOD (Group 4) abolished these poteffects of
PostC. The treatment with either CAT or SOD during the firstit3 of reperfusion in the
I/R+CAT or I/R+SOD hearts (Groups 5 and 6, respectively) did mtifeantly change the
deleterious effects of I/R on mechanical function. Moreover, theémsda with inactivated
enzymes (CATi or SODi) in the PostC+CATi or PostC+SODi tsedGroups 7 and 8,
respectively) did not significantly change the beneficial effeat PostC on post-ischemic
function.

PostC reduction in infarct-size and LDH release were reversed by exogenous SOD

Infarct-size (Fig. 3A), expressed as a percentage ofarisk, was 61+5% in Control (Group 1);
PostC (Group 2) significantly reduced the infarct-size to 34x5%60.01 vs. Control).
PostC+CAT (Group 3) induced a significant reduction of infarct-se&7+5% (p<0.01vs.
Control; NSvs. PostC; Fig. 3A). In PostC+SOD (Group 4), the infusion of exogen@3-S
abolished the cardioprotection by PostC (Infarct-size 73£8%, pwsNSontrol).

The treatment with either CAT or SOD in the I/R+CAT or I883D hearts (Groups 5 and 6,

respectively) did not significantly change infarct-size (71+806 77+5%, respectively) with



respect to the Control (Group 1). In hearts of Groups 7 and 8 withivedact enzymes
(PostC+CATi and PostC+SODi, respectively), PostC maneuvdrmdticed cardioprotection. In
particular, infarct-size was 36+11% in PostC+CATi and 22+8%s8f area in PostC+SODi (p =
NS vs each other andgs PostC, for both).

Infarct-size data are corroborated by LDH release dumepegrfusion (Fig. 3 B). In fact, LDH
release into the coronary venous effluent was 969+53 U/g wettiwe i@ontrol (Group 1). LDH
release was significantly reduced by PostC (Group 2; p<w8.05ontrol). Also in PostC+CAT
(Group 3) a marked reduction of LDH release (p<Ov81Control; p = NSvs. PostC) was
observed. However, in PostC+SOD (Group 4) LDH release was natediffeom that observed
in Control. In I/R+CAT (Group 5) or I/R+SOD (Group 6) LDH releages also similar to that of
Control. In hearts of Groups 7 and 8 (PostC+CATi and PostC+SODi, teghec PostC
maneuvers still reduced LDH release (P =\d®ach other andgs PostC, for both, Fig. 3 B).

In the experiments with the co-infusion of CAT+SOD for initeamin, either with or without
PostC maneuvers, both infarct-size (78+£5 and 69+4%, respectively) dAddl®ase (858+185
or 931+196 U/g, respectively) resulted similar to those of Control didatp not reported in Fig.
3). Notably, once again, the addition of exogenous-SOD in reperfusionstadabliPostC
protection.

Both PostC and AB reversed theincreasein SOD activity induced by I/R, in early reperfusion

In the additional experiments, basal activity of endogenous-CAT 8QD;-detected after 30-
min stabilization, was 106+2.4 mol/min/ml and 1.51+£0.1 U/ml, respectiwelizig. 4, data are
represented as percent variation with respect to baseline Mwealppreciable changes in CAT
and SOD activities with respect to baseline level are observesahmples of Sham hearts

collected after further 37- or 150-min of perfusion. These pwiats in Sham hearts correspond



to the 7" and 128 min of reperfusion in I/R and PostC heaits, the time-points at which in the
I/R, PostC and AB groups the analysis of enzyme activity was also measured.

As can be seen, in the I/R samples, at#Aeninute of reperfusion (Fig. 4 A and B) the CAT
activity was 98+2% (p= NSs. baseline and Sham) and SOD activity was 139+17% (p<\8.05
both baseline and Sham). Yet, in the PostC samples the CAT activity was 12GE20P5\6S. its
baseline and other Groups) and SOD activity was 78+4% of baselireQpvs. baseline, Sham
and I/R). Notably SOD activity resulted about 50% lower than thatred$en I/R group. A
similar trend in CAT and SOD activity variation was observed after AB infu&ign 4 A and B).
In summary, at early reperfusion PostC and AB were assoaeidtedignificant decreases in total
SOD activity with respect to I/R, and with no significant change in cataletsvity.

Both PostC and AB prevented the decrease of CAT activity and attenuated the increase in SOD
activity induced by I /R, in late reperfusion

At the 120" minute of reperfusion (Fig. 4 C and D), in the I/R samples the CAivigcwas
50+10% (p< 0.05/s. baseline, Sham and th& Tin) and SOD activity 176+6% (p< 0.04.
baseline, Sham and th& whin). That is, in I/R the variations of post-ischemic enzynities
observed at the™ min are intensified at the 1%0min. Yet, in the PostC samples the CAT
activity was 88+9% (p= NSs. baseline, Sham and th® #in; p< 0.05vs. I/R) and SOD activity
was 123+5% (p< 0.08s. baseline, Sham, I/R and th& tin); SOD and CAT activities were
similarly affected by AB infusion (Fig. 4 C and D). That is, b&bstC and AB prevent the
decrease of CAT activity and attenuate the increase in @0ty otherwise induced by I/R in

late reperfusion.



Levels of CAT, Cu/Zn-SOD and Mn-SOD were not affected by either I/R, PostC or AB, in early
reperfusion

An enzyme level analysis was performed before and afeer &t the ¥ and 128 min of
reperfusion) the index-ischemia in I/R, PostC and AB groups, asawéf corresponding time-
points in Sham group (Fig. S)lotably, Western blotting analysis of tissues revealed that after 7
min of reperfusion there were no significant changes in proteidslavall groups (Fig. 5 A,B
and C).

Levels of Cu/Zn-SOD only werereduced in I/R, but not in PostC or AB, in late reperfusion
However, after 120-min reperfusion a significant reduction (p< @s0B5ham) of Cu/Zn-SOD
was detected only in I/R; this was reversed by PostC and AB.(dws. I/R for both (Fig. 5 E).
That is, in PostC the levels of the two SODs were similathtse of Sham and AB hearts.
Catalase levels were stable in all the experimental conditisted. Data suggest that there is a
leakage of the cytoplasmatic Cu/Zn-SOD in late reperfusion, wirshprevented by PostC and
AB. Other enzymes are confined in the organelles and their ldget®t change in any relevant
way. Alternatively, initial variations in enzyme transcriptiontiated by stress may be
responsible of observed differences.

PostC reversed the reduction in S-nitrosylated protein levels induced by I/R in a SOD-
dependent manner, in early reperfusion

Nitrosylated protein levels were also studied before ischeatizhe ¥ and 128' min of
reperfusion in I/R, PostC and PostC+SOD groups and at correspondegpdints in Sham
group (Fig. 6).

At the 7" min post-ischemic levels of S-nitrosylated proteins were diffefrom baseline levels
in both I/R and PostC. As can be seen in Fig. 6A, in a broad rangek{aj0a lower amount of

S-nitrosylated proteins was present in I/R, whereas in Postigharhgrade of S-nitrosylated



proteins was observed. Their quantification is shown in Fig. 6 Bamheunt of S-nitrosylated
proteins was low in I/R, markedly increased in PostC, and reducedtebgddition of SOD
(PostC+SOD). Enhanced S-nitrosylation of the intracellular profeitschondrial ETFAB and
endothelial VWF) as a consequence of PostC and the reduction of their levels lag@dn are
shown in Fig 7.

PostC limited the reduction in S-nitrosylated protein levels induced by I/R in a SOD-dependent
manner, in late reperfusion

At the end of reperfusion (Fig. 6 C and D), the amount of protein S-nitrosylated was reduced
significantly (p< 0.01) in the I/R, PostC and PostC+SOD with résfme¢he Sham group.
Although the levels of S-nitrosylated proteins were significafpky 0.05) lower than those
observed at the "7 min, the grade of nitrosylation observed in the PostC group was still
significantly (p< 0.05) higher than those observed in I/R and PoQ0+@oups (p=NSys each
other).

PostC reversed the increase in 3-nitrotyrosine levels induced by I/R in a SOD-independent
manner, in early reperfusion only

In Fig. 8, 3-NT data are represented as percent variation wspleceto baseline level (1653+107
nM). In I/R group 3-NT levels showed a significant (p<0.05) incraasiee 7' min of reperfusion
with respect to corresponding time-point in Sham (Fig. 8A). A®mesl by Illiodromitiset al.
[28], intramyocardial 3-NT levels were significantly (p<0.05rm@sed by PostC, being similar
to Sham hearts in our experiments, regardless of the presence of exogenoEsgSEw).(

At the end of reperfusion (Fig. 8B) the levels of 3-NT in the PBstC and PostC+SOD Groups

were similar to those observed in Sham hearts.

Discussion



Here we show that postconditioning decreases protein nitration (3ahd)favors protein S-
nitrosylation (SNO) in theearly phase of reperfusion; this is associated with a significant
decrease in total SOD activity with respect to I/R. Intriglyncardioprotection was abrogated by
SOD addition during PostC supporting the idea that PostC-triggeaydminvolved in a redox-
mechanismyia an increase in © flux. This occurs in a moment in which PostC is prolonging
acidosis and favoring NO production [8,9,25,29,62,65]. We suggest that in acibesis t
simultaneous increase of the flux of NO and" @avors protein S-nitrosylation and reduces
nitration, via a secondary reaction between ONCdd NO [60,66] (see Fig. 1). Yet, since
acidosis downregulates SOD, we also suggest a pivotal role fdimited denitrosylation by
SOD-downregulation in PostC (Fig. 1) [41,42,56].

In the late reperfusion phase SOD activity is increased and catalase activity akamtein I/R;
effects that are reversed by PostC. Our results suggesnihanes were covalently modifieal
situ either by PostC maneuvers or AB; in fact the variation invictstarted during early
reperfusion and persisted in late reperfusion, and could be obsdEseeth tissue homogenate
when pH was recovered. Hence acidosis and reintroduction of €arly reperfusion permitted
ROS/RNS signaling (during PostC maneuvers or AB infusion) whichdcoovalently target
enzymes, which in turn modify redox environmene.{ nitration/nitrosylation at 7 and 126
min).

Our hypotheses and analyses were focused on the PostC-triggeriegap# min reperfusion
(early reperfusion) [4,39,62]. At this time-point, we studied, after I/R and PostC, batHeavels
and activities of CAT and SOD, and measured the levels of 3-NT H@ @oteins. We also
studied these parameters at 120-min reperfusiate (eperfusion) to have information on

persistence of effects and/or on variations of the compartrizattah of redox-environment in



late reperfusion, when post-ischemic pH variations should be reco\&getl7,29,30,55]. The
main effects observed in the early and late reperfusion are summarizddar2Ta

Early reperfusion

Importantly, in theearly reperfusion enzyme levels are similar in I/R and PostC. However, the
activity of SOD increases in I/R, but is reduced immediati#gr #0stC maneuvers or acidosis.
Hence, whenever we add in early reperfusion an active exogendu$eS@e perfusate PostC is
no longer protective. It is likely that the implementation of tAnzyme alters the scenario
induced by protective PostC, whiger se reduces SOD activity. On the contrary, 3-min of an
active exogenous-CAT does not limit the cardioprotective eftdd®ostC, which, in facher se
tends to increase the activity of endogenous-CAT with respecRtolllese data indicate that
specific antioxidant enzymes (SOD or CAT) can or cannot abrdyzgtC-triggering. However,
large spectrum antioxidants (NAC or MPG) abolish both preconditionindgPastC protection in
several settings [8-10,13,22,38,51,54,63]. Although the infused enzymes do note&silynto

the cells, enough SOD enters, at least into endothelial cellsrtiarlpé¢he redox-environment
created by Postd.€., SOD down-regulation), thus blocking protection. Indeed PostC attenuates
endothelial cell dysfunction by increasing eNOS activity af@ INoavailability in neighboring
cells [20,67]. The increased availability of NO may, in turn, conteildat SNO formation and
PostC protection. It is likely that exogenous SOD during PostC umare may also alter the
necessary crosstalk between endothelium and myocardium. The inc&as@dsylation of
endothelial (vWF) and mitochondrial (ETFeA3) proteins supports the idea that the mechanism is
due, at least in part, to a NO signaling from endothelium to caydioytes, which are the richest
cells in mitochondria.

A pivotal cardioprotective role for NGrom enzymatic and non-enzymatic origin has been shown

for both pre and postconditioning [13,15,25,26,46-50,60,66,69]. In factjd\N@cardiovascular



protective moleculevia multiple effects, both in normoxia and particularly during repesfusi
[15,50,66]. Accordingly, in preconditioning a central role is played by rddNO, which
provides protection preventing further cellular oxidative and nitrosatikess inreperfusion
[24,40,56]. Yet, the high reduction potential of N&@verely limits the formation of peroxynitrite
(ONOQ) in this context [46,60,66]. Actually, ONOOas also been proposed to be cardio-
protective at very low concentrations [15,32,65,69]. In particular, Post@eirpresence of a
peroxynitrite  decomposition catalyst (FeTPPS, 5,10,15,20-tetrakis-[4-swlfdrenyl]-
porphyrinato-iron [lll]) failed to reduce infarct size in ratahs [32]. This is an indirect
observation supporting the fact that an early increase in peroteamittiuced nitrosative stress is
involved in the triggering mechanism of cardioprotection by PostChd& dest of our knowledge
no studies have shown that peroxynitrite given at reperfusion maig tienbeneficial effects of
PostC. On the basis of our study, we suggest that in proteced hdequate levels of NGan
guench the transiently formed ONO@a a secondary reaction, thus forming NO3; and leading to
protein SNO [40,66] (Fig. 1). According to Wasgal. [65] and to Iliodromitiset al. [28], who
observed a marked decrease in 3-NT 10-min after the beginning ofuspe, but in contrast
with Kupai et al. [32], who observed an increase 5-min after the beginning of reperfuse
observed a decrease in 3-NT 7-min after the beginning of uspenfin PostC hearts. To
reconcile these apparent opposing results, we can speculate thatrmaifhitial formation of
ONOQ, as reaction product ofOand NGO, a further increase in NG via enzymatic and non-
enzymatic processes [54,60,69jmay allow asecondary reaction between NO and ONOO
[59,60,66]. This secondary reaction may be responsible of both OBI@ICB-NT level lowering,
and SNO augmentation (Fig. 1).

The mechanism of NO-conferred prevention of peroxynitrite-dependent damagedatyrbeen

reported and is based on formation of a nitrosating species in doissgr[11]. We can argue that



the simultaneous presence of elevated levels of &@ reduced activity of SOD may favor the
appropriate amount of protein SNO (Fig. 6A). Actually, our dataia accordance with the
reported denitrosylase activity of SOD [21,42,56]. In fact, beside awased nitrosylating
activity, an increased level of S-nitrosylated protein in Pds@rts may be due to a decreased
rate of denitrosylation by SOD-downregulation. Indeed, also precomdid delays the
denitrosylation that is favored by the high oxygen availability [56,%plcally of reperfusion.
Accordingly, preconditioning also delays the normalization of tissueapHl requires ROS
signaling in early reperfusion after the index ischemia [22,38].

Of note,persistence of acidosis is important for both non-enzymatic N@roduction [60,69] and
PostC cardioprotection [8,9,17,29,34,55]. In fact a common mechanism by whiamiséhestC
protects the heart is by delaying the normalization of tissueapH, in fact, early reperfusion
with an acidotic buffer reduces infarct-size to the samenexs PostC [8,9,17,29,34,55 and
unpublished observations of the authorg]. It is likely that low pH buffers act primarily on the
endothelial cells, supporting the importance of cross-talk between elgiotheand
cardiomyocytes. Full reperfusion quickly restores the intracellpldr and initiates several
adverse effects, which are collectively known as “pH paradox”. Pdsl&€ys re-alkalinization of
the heart during early reperfusiare. tissue pH remains acidic longer after PostC compared with
an abruptly reperfused heart [8,9,17,29,34,55]. For instance, intracellularieadadsg early
reperfusion inhibitscalpain activity and contributes to PostC-protection [29,30]. Since the
enzyme activities are strongly influenced by the intracallygH, we suggest that the acidic
intracellular environment maintained by PostC in the early fiegien play an important role in
the observed variation of SOD (optimal pH 7.8) and CAT (optimal pH attyities. In fact,
enzyme activities are similarly influenced by AB infusion &w$tC (Fig. 4). Notably, protection

by early reperfusion with an acidotic buffer is also redox-depenf@8i and unpublished



observations] and keeps lower post-ischemic SOD activity for at leasti2shpresent study, Fig.
4). However, it is not easy to study how the pH varies in diffeveginelles during I/R and/or
PostC. For this reason, in a perspective of future investigationseamle of pH, here we have
opted for a study of the total activity of SOD rather thatuay of individual isoforms confined
in organelles. Nevertheless, in the early reperfusion theren@rsignificant changes in iso-
enzyme levels in I/R and PostC (Fig. 5). We suggest that theveldsehanges imactivities of
antioxidant enzymes contribute to PostC-triggering.

Overall, in theearly reperfusion, the observed changes in enzyme activities, nitration and
nitrosylation may represent modification of the redox-environmentdaliaate moment for the
triggering of protection. This redox-mechanism includes an increasdQ and derivative
production [9,15,20,34,49,56] that increases the amount of protein SNO, which isaailtamimad
by reduced nitrosylation breakdown by SOD downregulation (as hypatdesimy. 1). The high
protein S-nitrosylation may provide “protection preventing furtheflutar oxidative and
nitrosative stress” as well as channel opening [56]. Since tha smrces of ROS are
mitochondria, we can argue that mitochondrial proteins can be amongiheangets for either
SNO or 3-NT. Actually, several mitochondrial SNO proteins have been to be protective in
preconditioning and reperfusion [11,36,56,57]. In fagDNhas an increased stability in the
hydrophobic milieu of the mitochondria, where the high levels oftikeacysteines would favor
SNO formation [56]. Whether these occur in PostC deserve future studies.

Late reperfusion

In the late reperfusion the activity of SOD is still reduced and that of CAT ineexh by both
PostC and AB, if compared with their activities in I/R grodiff¢rent covalent modifications (?),
see below). The increased activity of CAT by PostC or ABnia phase may be important to

prevent the further reduction of,8, to hydroxyl radical (OF, which represents a dangerous



step because an increase in toxicity can occur. Yet, protectibrPastC and AB prevents the
reduction of the levels of the cytosolic Cu/Zn-SOD, which are otiserveduced after I/R. The
dichotomy onactivities and levels between cytosolic and organelle confined enzymes [68],
supports a role for compartmentalization of redox-environment in leperfusion [52].
Importantly, SNO proteins are reduced by I/R, but this reductiimited by PostC and not by
PostC+SOD. Therefore, also in late reperfusion SNO proteinstitireigher in PostC hearts.
Whether the compartmentalization plays a role on both enzymetyaetnd protein nitrosylation
needs to be studied further.

Preliminary data obtained with two hearts for each group suggasboth the prolonged SOD-
upregulation by I/R and the -downregulation by PostC are likely wu different covalent
oxidations; in fact a large spectrum scavenger (MPG) prevbiese modifications in activity.
Preliminary data obtained with three hearts for each group also statwheactivity of the
cytoplasmatic enzyme GPx does not change either after I/RC RwsAB (activity ranging
between 90 and 110% of baseline level in all hearts). Yet, |&@bs tend to decrease (about —
20% vs baseline level) in late reperfusion after I/R, but not &tstC or AB (n=3 for each
group). Also the dichotomy of effect (activity/level) on GPx suppod role for
compartmentalization of redox-environment [52], which deserves futudeest In fact, we argue
that in different compartments, where pH, enzyme activities ameNetls may be differently
influenced, the redox-environment may be subtly/patchy varied. Nelesgheverall reduced
activity of SOD by PostC is evident.

Methodological problems

We did not measure radicals, but assessed SOD and CAT actitiethe levels of 3-NT and
SNO proteinsin vitro. These may give information about the results of changing RIS/R

production, and help to overcome the difficulties in measuring the lef/elsanging radicalgn



situ. In fact, the various radicals react reciprocally with unpratlietoutcome in their levels. For

example, we could measure; @nd NO, but cannot easily predict whether ONO@ N,Os
formation will prevail (Fig. 1). Thus studying 3-NT- and SN@®@f{pins, which are more stable
products, we could simultaneously have reliable indices of redox enwrdnamd of reaction
direction. However, enzyme activities were studied ai,\Mthus we cannot have information on
the efficacy of changed activities situ. Moreover, we have studied these redox effects in the
isolated hearts and could not predict whether the effects cegphbeatedin vivo. Nevertheless,
we have shown a redox signaling in PostC in isolated heart [54§hedbservation has been
confirmedin vivo in different laboratories [8,9,63]. Also these new results neeé tmbfirmed
in vivo. Moreover, due to variable amount of necrosis and protein leakage diftenent
compartments, the comprehensive interpretation of results requiinesdystems biology studies,
which should clarify the role of compartmentalization in enzymegprst their specific
nitration/nitrosylation, and the consequent effects on their structcireityaand/or response to
oxidative/nitrosative stress.

Finally, 3-min of CAT and/or SOD in our I/R setting are notisight to limit per se infarct-size
and the recovery of cardiac function, as more prolonged infusions ciansdme experimental
settings [41]. Here, we specifically tested the possibilitglter PostC-triggering with these two
different antioxidants and did not test longer infusions which have already bedy sangesd.

In summary: in early reperfusion PostC induces SOD downregulation, which together with the
persistence of acidosis [8,9,17,29,30,34] and the @ymentation (enzymatic and non-
enzymatic production [49,60,65,69]) may favor nitrosylation and/or may lipndtein
denitrosylation; these together with limited nitrosative stresd preserved CAT activity
accompany PostC-triggering. Intriguingly, exogenous-SOD preveos$C-triggering, whereas

exogenous-CAT does not interfere with PostC protection. That iagtfison of exogenous-SOD



does not allow the early reduction in SOD activity, normally induged®dstC or AB. Inlate
reperfusion, SOD activity is still reduced and that of CAT increasgdPmstC and AB, with
respect to I/R. However, levels of cytoplasmatic enzyrags Cu/Zn-SOD) are reduced by I/R
and preserved by PostC, whereas levels of enzymes confined angtoeelles € 9. CAT, Mn-
SOD) are not significantly effected by either I/R or Po3€t levels of nitrosylated proteins are
still higher in PostC.

In conclusion: variations in activity of redox-enzymes, reduced levels of 3axd increased

levels of SNO proteins may contribute to cardioprotection.
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Figure Legends
Fig. 1. Suggested schematic chemical relationship among diféett reactive oxygen species
and reactive nitrogen species in PostC and early acidotic reperfusion.
The scheme represents a summarylpfestablished facts?) well known flow of chemical
reactions an®) hypotheses; two dotted verticals lines divide the scheme in ttmeseelements.
The scheme is built starting from the evidences thearity reperfusion postconditioning (PostC)
iIs characterized by intermittent re-introduction of, Qeactive oxygen species signaling,
persistence of acidosis and nitric oxide (N@roduction by endothelial nitric oxide synthase
(eNOS) and non-enzymatic processes [8,9,17,20,28-30,46,50,55,56,65]. Based on superoxide
(SOD) optimal pH (7.8) and catalase (CAT) optimal pH (7.0), sclerggests the hypotheses of
SOD down-regulation (arrow down) and CAT up-regulation (arrow up)hbyetarly acidosis,
which may be a key event for PostC cardioprotection [8,9,17,29,30,55]. Inabssexf NQ the
secondary reaction between ONO&nhd NO may increase [60,66] and this might favor S-
nitrosylation; SOD down-regulation may limit de-nitrosylation. Thene, it is also suggested a
reduction in tyrosine nitration (arrow down) and an increase in S-yldtam (arrow up). In the
scheme, the processes, the enzyme activities and the reactimtetizally decreased/reduced
by PostC/acidosis are in dashed lines. GSNO: S-nitrosoglutathibee. text for further

explanation.

Fig. 2. Experimental design

The isolated, Langendorff-perfused hearts were stabilized for 30-m),(Stal then subjected to
30-min of normothermic, global ischemia (I) followed by 120-min operéusion (R).
Postconditioning (PostC) protocol (5 cycles 10-s ischemia/reperfuisianylicated by vertical

lines at the beginning of reperfusion period. Treatment with exogeactiige or inactivated



antioxidant enzymes: either catalase (CAT, CATI) or superodidmutase (SOD, SODi) has
been infused for 3-min during early reperfusion, as indicated by horizontal black lines

In additional experiments (Sham, I/R, PostC and Acid Buffer (AB)) the activity of CAid SOD
was tested at specific time-points (baselin®, iiin and 128 min after the beginning of
reperfusion; Sham hearts were tested at corresponding time-pbpesfusion only as indicated

by the arrows). For further explanation see text.

Fig. 3. Analysis of ischemia/reperfusion injury and cardioproteave effects on infarct size
and LDH release

A: Infarct size (percent of risk area). The amount of necrosodiss expressed as percent of the
left ventricle, which is considered the risk area.

B: LDH release. The amount of LDH released during reperfusi@xpsessed as international
unit for grams (wet weight) of hearts. Groups are as in Fig. 1. 0.5, **p< 0.01 vs. Control
groups. NS= non significant. Groups 1 and 2, n= 12 each; Groups 3 and 4, n= 1Breapl;5

and 6, n=9 each; Groups 7 and 8, n= 6 each.

Fig. 4. Antioxidant enzyme activity in Sham, ischemia/reperfusion (I/R, postconditioning
(PostC) and Acid Buffer (AB) hearts.

Panels A and B: catalase and superoxide dismutase (SOD), nedpedt the ¥ min of
reperfusion.

Panels C and D: catalase and superoxide dismutase (SOD), ikedpeat the 120 min of

reperfusion.



Data are presented as percent variation of baseline level. § p< 0%, @91vs. baseline level;
* p< 0.05, ** p < 0.01vs. Sham; # p< 0.08s. I/R; $ p< 0.05, $$ p < 0.0&. corresponding group

at the ¥ min of reperfusion. NS= non significant. n= 6 for each group.

Fig. 5. Antioxidant enzyme protein levels analyzed by Western blotin Sham,
ischemia/reperfusion (I/R), postconditioning (PostC) and Acid Bur (AB) heatrts.

Panels A, B and C are Mn/SOD, Cu-Zn/SOD and Catalase, respectivélymat @f reperfusion.
Panels D, E and F are Mn/SOD, Cu-Zn/SOD and Catalase, respectvel2d® min of
reperfusion. Data in bargraph are mean (x SE) and are presemtertast variation of baseline
level. ** p< 0.01vs. Sham; ## p<0.0%s. I/R. n= 6 for each group. For further explanation see

text.

Fig. 6. S-nitrosylated proteins in Sham, ischemia/reperfusion (I/R)postconditioning (PostC)
and PostC+SOD hearts.

Panels A and C: representative blots of S-nitrosylated proteias heart homogenates &t and
120" min of reperfusion, respectively. To control on specificity of thetitiswitch-assay,
ascorbate has been omitted in Sham samples (-Asc).

Panels B and D: bargraph are mean (x SE) of band concentratigifs aatd 128 min of
reperfusion, respectively. Data are presented as percentoranathaseline level. * p< 0.05, ** p
< 0.01lvs. Sham; # p< 0.05s. I/R; § p< 0.05vs. PostC; $ p< 0.05s. corresponding group at the

7" min of reperfusion. NS= non significant. n= 6 for each group.

Fig. 7. S-nitrosylation of ETFAa,p and vWF in Sham, ischemia/reperfusion (I/R),

postconditioning (PostC) and PostC+SOD hearts.



Protein bands show an increase in S-nitrosylation during PostC aretiuagtion during

PostC+SOD at"7min of reperfusion.

Fig. 8. Levels of 3-nitrotyrosine in Sham, ischemia/reperfusion (I/R) postconditioning
(PostC) and PostC+SOD hearts.

Panels A and B are mean (+ SE) of 3-NT levels in the ventritiglue after 7 and 120 min of
reperfusion, respectively. Data are percent variation of badeleé 88 p < 0.0lvs. baseline

level; ** p<0.01 vs Sham; # p< 0.05 vs. I/R. NS= non significant. n= 6 for each group.
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Experimental Design

IIR, Group 1

Stab | (30 min)

R (120 min)

PostC, Group 2

Stab | (30 min)

R (120 min)

PostC+CAT, Group 3; PostC+SOD, Group 4,

Stab | (30 min)

R (120 min)

I/R+CAT, Group 5; I/R+SOD, Group 6.

Stab | (30 min)

R (120 min)

PostC+ CATI, Group 7; PostC+ SODi, Group 8

Stab | (30 min) R (120 min)
3min
Additional experiments Sham
Buffer Perfusion
I’IR
Stab | (30 min) R (120 min)
PostC
Stab | (30 min) R (120 min)
AB
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baseline 7th 120" min
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Antioxidant Enzyme Levels
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S-nitrosylated Proteins
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