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INTRODUCTION

The effects of angiotensin-converting enzyme (ACE) inhibitors on cardiac remodeling associated with congestive heart
failure (CHF) following myocardial infarction (M) have been the subject of considerableresearch. Pfeffer et al. showed that
chronic treatment with captopril reduced | eft ventricular enlargement [1] and also prolonged survival [2] after M1 in therat
model. Other ACE inhibitors(e.g. enalapril) a'soimproved survival of animalswith CHF after M1 [3, 4]. Besides, it hasbeen
foundthat spirapril and zofenopril equally attenuated both ventricular enlargement and cardiac hypertrophy inratswith CHF
after M| provided that treatment was started in (he acute phase of M1 [5]. Although thebeneficial effectsof ACE inhibitorsin
CHF after M1 arenow well recognized, the potential cardioprotective statusof these drugsin the settingsof acute myocardial
ischemiaremainsquestionable.

A number of studiesindicatethat ACE inhibitorsmay be effectivein reducing (he extent of ischemicinjury aloneaswell
asischemicinjury associated with reperfusion ones.
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For example, Ertl et al. [6] showed that intravenously administered captopril is potent in reducing infarct si/e in a canine
model. Onthe other hand, someinvestigations produced negative results regarding the salvageabl e effects of ACE inhibitors
on theischemically compromised tissue. Black et al. [7] failed to demonstrate any cardioprotective action of both captopril
and ramiprilal on myocardial infarct size under conditions of ischemia alone or ischemiawith reperfusion in the dog. The
controversies observed are probably dueto the differencesin animal species used, atechnique employed (in situ, invitro), a
method of drug administration (intravenous, intracoronary), its dose, and duration of action (single bolus or prolonged
infusion).

The)mechanisms of the putative salutary actions of ACE inhibitors on ischemic myocardium are also remain to be
elucidated. One possibility includes the improvement of collateral blood flow to the jeopardized tissue thus saving viable
edgesof the zone of necrosis. Another mode of action suggeststhat ACE inhibitorsare ableto decrease preload and afterload
conditions by virtue of reducing the systemic reflex vasoconstriction. The latter may result in optimizing the balance
betweenincreased myocardial oxygen demand and decreased myaocardial oxygen supply [6j. Inthelight of recent dataonthe
existence of local intracardiac renin-angiotensin-aldosteron system (RAAS), this pathway can be significantly modified by
ACE inhibitorsadministration. Further, ACE inhibitors might exert beneficial effect onischemial/reperfusioninducedinjury
by theaccumulation of bradykinininthecardiacinterstitium[8]. Intheischemic heart the enhanced generation and rel ease of
kinins seem to have cardioprotective actions. In isolated rat hearts with ischemia-reperfusion injuries, perfusion with
bradykinin reduces the duration and incid ence of ventricular fibrillation, improves cardiodynamics, reduces release of
cytosolic enzymes, and preserves energy -rich phosphates and glycogen stores[9]. In anesthetized animals, intracoronary
infusion of bradykininisfollowed by comparablebeneficial changesandlimitsinfarct size [10].

Bradykininisalso known asapotential trigger of ischemic preconditioning phenomenon. Along with early reperfusion,
ischemic preconditioning (IPC) isgenerally known to be amost effective means of ischemic heart damage prevention [11].
The IPC phenomenon wasintroduced in 1986 by Murry et a. f 12] who found that several brief bouts of ischemiaprior to a
prolonged ischemic insult resulted in a robust decrease in infarct size. Generally, IPC is considered to be a substantial
increase in resistance of an organ to prolonged ischemia after one or few brief ischemic challenges[13]. It should be noted
that avariety of endogenous substances including adenosine |15], bradykinin [16], acetylcholine [17], and norepinephrine
[18] are implicated in the mechanism of IPC. The evidence for bradykinin involvement in the mechanism of IPC was
presented by Pan et al. [ 19] who showed anincreased interstitial bradykininlevel inthefelinemyocardium stressed by abrief
bout of regional ischemiaThetrigger role of bradykinininthe PC wasfurther supported by the observation that the selective
B2 -receptorsblocker, ikatibant (HOE 140) isableto abolish infarct-limiting effect of |PCintherabbits[20].

Protective effects of ACE inhibitors in myocardial ischemic and reperfusion injury have been attributed to their non-
ACE-inhibitory actions. Sulfhydryl (SH) containing ACE inhibitors, particularly captopril, have been shown to have
antioxidanl activity [21]. Captopril hasalso beenimplicated in the scavenging of thehydrogen peroxideradicals[22].

The aim of this study was to examine the possible infarct-limiting action of ACE inhibitor spirapril in the rat model of
myocardial ischemia/reperfusion. Another goal wastoinvestigate how, if any, and towhat extent theinfarct-limiting potency
of the IPC can be modified by spirapril administration. It is possible that ACE inhibition by means of elevating the tissue
bradykininlevel can makethe preconditioning stimulus stronger and, thus, to confer an additional protectiontotheischemic
heart.

METHODS

Surgical Procedures
All experiments were performed in accordance with the "Guide for the Care and Use of Laboratory Animals"

(publication No. [NIH] 85-23) and were approved by the institutional ethical committee of the Pavlov State Medical
University of St. Petersburg. MaleWistar rats, 250-350 g body wt used throughout of the experimentswere anesthetized with
sodium pentobarbital (60 mg/kg ip). The trachea was intubated through a cervical incision. Mechanical ventilation was
achieved with apositive-pressure respirator using room air, with atidal volume of 4.5 ml, and arate of - 50 breaths/min. The
|eft carotid artery and femoral veinwere cannulal ed for bl ood pressure monitoring and anesthesi amai ntenance, respectively.
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ECGlead Il wasmonitored for registration of rrhythm disturbances. A rat model of coronary artery occlusion and reperfusion
wasused asdescribed previously [23]. Briefly, the chest was opened by | eft thoracotomy through thefourthintercostal space,
and the epicardium was exposed viathe pericardium incision. A 6-0 polypropylene thread was passed around a prominent
branch of theleft coronary artery (LCA). Thethread then was madeinto an overhand knot, an occluder, and two morethreads
were tied to the main knot (releasers). The tips of all of the threads were brought outside the thoracic cavity. Thus the
occlusion could beeither tightened or loosened by pulling the appropriatethreads.
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Figure. 1 Study design A . measurements of mean blood pressure and heart rate
Experimental Protocol

Theratswererandomized to oneof six groupsat the beginning of thestudy (Fig. 1):

1. Control (nonpreconditioned) group (10 animals). The L CA wasoccluded for 30 minfollowed by 1 hof reperfusion
without preconditioning

2. Preconditioning 1x5'group (6 animals). Test ischemiawas preceded by one cycleof 5 minischemia/reperfusion.

3. Preconditioning 3x5'group (9 animals). Thel PC protocol included three 5 min cyclesof ischemiaeach spaced by 5
min phasesof reperfusion. It wasfollowed by asustained 30 min occlusionand 1 h of reperfusion. To protect LCA
against theexcessive knot pressure over the repetitive preconditioning occlusions, athinlength of teflon tubing was
positioned between theknot and theartery wall.

4. Control + Spirapril ivgroup (6 animals). Onedose of spirapril (1 mg/kg) wasgivenintravenously 5 minbeforethe
sustained 30 min of coronary occlusionand 1 h of reperfusion.

5. Control + Spirapril ipgroup (6 animals). A doseof spirapril (1 mg/kg) wasadministeredintraperitorEally 1.5-2h
prior tothe sustained 30 min of coronary occlusion and 1 h of reperfusion.

6. Preconditioning 1x5'+ Spirapril ipgroup (6 animals). A dose of spirapril (1 mg/kg) was administered
intraperitoneally 1.52 h before preconditioning. The sameregimenwasused to preconditionthe heartsasinthe
Group 2. Thenthecoronary artery wasoccluded for 30 minand reperfused for 1 h.
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M easurements

Hemodynamics. Measurements of heart rate and mean arterial pressure were made in al groups at baseline (that is,
before opening the chest), immediately before the sustained occlusion, 15 min after occlusion, at the end of the 30-min
occlusion. 30 min after reperfusion, and at theend of the experiment.

Infarct Sze and Area at Risk. Assessment of myocardial infarct size was done by macroscopic staining with
triphenyltetrazolium chloride (TTC). Theregion of the heart that included necrotic aswell asischemic but still viabletissue
was designated as an anatomic area at risk (AR). At the end of the experiments, the LCA was reoccluded followed by the
administration of 0,5 ml of 5% Evans blue solution through the left femoral vein for identification of AR that resulted in
identification and easy delineation of the areaby the absence of bluedye. Therat wasthen sacrificed by KCl injection while
under deep anesthesia, and the heart was excised. The atriaand were removed, the ventricul ar cavitieswere carefully rinsed
with saline, and the heartswere cut into four slices (2-3 mmthick) parallel totheatrioventricular groove. The basal surface of
each dlice was photographed using digital camera Camedia Olimpus 2020. After that, the slices were immersed in 1%
solutionof TTC at 37° (pH 7.4) for 15 min. A lack of TTC staining within the AR was considered to be asign of necrosisin
agreement with the previous studies [25]. After immersion in TTC, the dlices were photographed again and weighted. The
images of the basal surface of the dlicesweredigitized using VideoTest 4.0 (ISTA Ltd.) Softwarefor determination of theAR
and AN size. The calculated areas of each slice of every heart were then normalized to slice weight valuesto be summarized
[26]. Therelativevolumeof tissueat risk wasexpressed asapercentage to thewhole heart volume (AR/HV), and therel ative
volume of the necrotic tissue wasfurther expressed as apercentage to the volume of thetissueat risk (AN/AR). Theanimals
withrelativeAR volumesbel ow 15% of the heart volumeswere excluded from the study.

Arrhythmia. The primary end point of this study wasinfarct size. However, we also analyzed the electrocardiogram for
the occurrence and duration of arrhythmais. Arrhythmiaduring either ischemiaor reperfusion was categorized asventricul ar
tachyarrhythmia (TA). TA was defined as tachycardia or fibrillation. The distinction between tachycardia and fibrillation
wasdifficultinthismodel because of numerousintermediate gradesin the morphology of TA and atendency to interconvert
from onetypeto another. Analyseswere carried out in accordancewith the Lambeth Conventions[24].

Chemicals
Spirapril hydrochloride was a gift from AWD, Germany. Evans blue and tripheniltetrazolium chloride were purchased
from ICN PharmaceuticalsCo.

Satistics

Differences between the groups were evaluated using Student's paired samples test and Wilcoxon-Mann-Whitney
approach with further PC analysisusing software STATISTICA 98, Inc. All dataare presented asmeans+ SD, andapvalue<
0.05wasaccepted asindicating asignificant differencein meanvalues.

RESULTS

Mortality and exclusions

Totally, 43 animalswere entered the study. Onerat in the control group died perioperatively dueto persistent VF which
occurred on the 7th min of ischemia. Two ratsinthe |PC 1x5' group and threemoreanimalsin the | PC 3k5' group died dueto
persistent VT induced by reperfusion after first 5-min LCA occlusion. Onerat (control group) was excluded from the study
because of too small AR size (< 15% of total heart volume) as measured by in vivo dye injection. Thus, 37 animals were
included in the final analysis: 8 in the control group, 6 in the IPC 1x5' group, 4 in the IPC 3x5' group, 6 in the spirapril iv
group, 6inthespirapril ip group, and 6inthe | PC Ix5'+spirapril ip group.



Tablel Summary- of lieiiiodynamic variablesin experimental a> onps * - p<0.05 in companion with controls.

Growp 1 2 3 4 5 6
Heart rate, beats/'nun
Baselme 378+12 38814 | 39625 | 413x15 402+9 398+13
Preocclusion 385£28 | 405£13 | 40618 | 382+£11 | 408+10 | 395+15
Ischemma
- 15 mm 382+15 37549 386428 | 390£23 | 39516 | 401+17
- 30 mm 35511 38319 37329 40718 | 388+15 37248
Reperfusion:
= 30 nun 358+13 412214 398127 422+]11 395+13 37116
- 60 mum 369422 | 410421 | 387+19 | 397+18 | 399418 | 37022
Mean blood pressire, mm Hg
Baseline 106412 10945 1159 125418 118413 115£10
Preocclusion 9616 9818 104£10 T8+6* 110£12 100+7
Ischenua
= 15 mm 8811 7246 8947 80+4 75£14 7819
- 30 mm 9648 8417 81158 8548 92+4 957
Reperfusion
= 30 mm 65+17 6618 7347 78417 7917 75£10
= 60 nun 68+]2 6545 69413 7249 6818 7111

Hemodynamicdata

Hemodynamic datafrom all of thegroupsaresummarizedin Table 1. Baseline heart ratesand mean blood pressureswere
not significantly different among groups with exception of group 4 were intravenous administration of spirapril caused a
significant decreasein mean arterial pressure (7816 mm Hg versus 9626 mm Hginthe contrals, p<0.05), and thiseffect was
evident withinafew minutesfollowing theinjection of drug.
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Figure 2 Frequency of isclieinic and reperfiision tacliyarrhytinntas diuitts preconditioning protocol The data on
anliythmiaincidence during first 5 nun ischemia and fast 5 uun reperfiisioii me summarized for group 2 and 3.

Arrhythmias

The first 5-min preconditioning ischemialreperfusion episode resulted in 100% occurrence of reperfiision
tachyarrhythmias, amongwhich 33.3%in group 3 and 33.3%in group 2 were persi stent and caused animal death. Thesecond
bout of 5minischemiafollowed by 5 min reperfusion caused transient runsof VT or VFin 33.3% casesonly, whist after third
brief ischemic challengetherewerenotachyarrhythmiasat all (Fig. 2)

Theincidence of ischemic arrhythmias during preconditioning was characterized by asimilar pattern. During thefirst 5
min occlusion arrhythmias occurred in 65% (this value has been obtained by summarizing the data from group 2 and 3),
during thesecond 5 min occlusion (group 3) - in 16%, and during thethird 5 min occlusion no arrhythmiasoccurred.

Table 2 summarizesthe dataon the occurrence and duration of ischemic arrhythmias. It should be noted that no rrhythm
disturbances (i. e. ventricular tachyarrhythmias) were registered within the reperfusion period. During the test ischemiain
the control group 50% of animals had one or more paroxysms of ventricular fibrillation (VF), and ventricular tachycardia
(VT) episodes occurred in 6 of 8 nonpreconditioned animals. In contrast, no VT or VF occurred in the | PC group during 30
min of ischemia.



Table 2. Anliythnua* duriu$ 30-nun coronary occlusion ui the groups 1-3

Controls IPC(1-5" IPC (3-57)
Number of ammals 8 4 6
Ventricular fibrillation
Frequency, %o 50 0 0
Number of episodes, per amumal 1,6£0,53
Total duration, nun 1.7£1.24
Ventricular tachyeardia
Frequency, %o 75 25 0
Number of episodes, per ammal 24+022 2
Total duration. mm 0.89+0,023 048

Table 3 Relative volume of the anatomical area at risk and nifarcted area* - p<0,05, ** - p<0,01 m conipniison with

controls.
Chronp Risk zone (°e of heart Necrotic zone (%o of area
volume) at nisk volume)
Controls (n=8) 40.416,32 56.0£11,32
IPC 15 (n=4) 43.548.21 48.9149.92
IPC 35 (0=6) 42.315,74 10,4412 35%+
Sparapral v (1 mg/ke) 10 nun =
prior MI (w=6) 39.147.67 52,0£10,17
Spirapril 1p (1 mg'ke) 1.5-2 h
prior MI (1=6) 4211548 45,518,70*
Spirapril 1p (1 mg’kg) 1,5-2 h :
prior MI+IPC 1 -5 (n1=6) HLERIS il
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Theanatomic AR was comparable among groupsand averaged in 41,816,32% (Table 3, Fig. 3). Myocardia infarct size,
expressed asAN/AR, averaged 56,0111,32% in the control group. There was no significant differencein myocardial infarct
size between control and IPC 1x5 group (56,0111,32% and 48,919,92%, respectively, p=NS), athough the latter group
displayed a tendency towards lesser infarct size. IPC 3<5' caused a dramatic decrease in infarct size as compared to the
controls (10,4412,35 vs. 56,0+11,32%, p=0,000071). Of interest is the necrosis pattern within the ischemic zone: in the
control group there was a single confluent necrotic area surrounded with the unaffected tissue whereas the group showed
patchesof necrosisintermingled with theareasof ischemicalbeit viablemyocardium.

Intravenous spirapril administration 10 min before sustained ischemiafailed to limit infarct size, but in the same dose
1,5-2 hours prior to M| caused statistically significant reduction of infarct area volume (45,5+8,70 vs. 56,0111,32% in
control, p=0,0491). When | PC 1x5' was preceded by intraperitoneal injection of spirapril (1 mg/kg) infarct sizewasreduced
upto 25,614,68% (p<0,01).

DISCUSSION

The present study has confirmed many other investigations showing the effectiveness of 1PC both against infarction and
ischemic and/or reperfusion arrhythmias. We employed a protocols included one or three brief ischemic episodes for the
estimation of infarct-limiting | PC potency. Liu and Downey, 1992 [14] found in the rat model that the threshold for infarct-
limiting IPC effect is somewhat higher than that for its antiarrhythmic potency in this particular species in contrast to the
rabbit and dog. These authors observed an attenuation of ischemic tachyarrhythmias as aconsequerce of single 5-min cycle
of preconditioning but this protocol was absolutely ineffective in terms of infarct-limitation. A sufficient protection against
infarction did occur only if three Smin cyclesof i schemia/reperfusion wereempl oyed prior to prolonged ischemia. However,
Schoemaker et al. [27] have demonstrated in the similar model that asingle 15 minischemiafollowed by 10 minreperfusion
causesasufficient decreasein myocardial infarct sizeinduced by 60 min coronary occlusion. Inour



experimentswe failed to see any statistically proved decrease in infarct size when the hearts were preconditioned by one 5
min cycle of ischemialreperfusion while three episodes of 5 min ischemialeaded to arobust mfarct-limitation. Hence, the
more strong ischemic challenge causes the more significant protection. There were no significant differences in
hemodynami cs between groups, which provides an additional evidencefor local (intracardiac) nature of the protective IPC
mechanism. The pattern of antiarrhythmic IPC action showed in the present study isin agreement with Liuand Downey data
about equally protective action of asingleand multiplecoronary artery occlusion(s) ontheischemic arrhythmias[14]. Three
5 min occlusions aswell as one were able to compl etely abolish the occurrence of ventricular fibrillation during prolonged
ischemia.

Analysis of the arrhythmia incidence during | PC protocol revealed that the most arrhythmogenic condition producing
high incidence of persistent (i. e. lethal) forms of ventricular fibrillation is reperfusion after the first 5 min occlusion. These
results are consistent with previous investigations. In particular, it is generally known that in therat just 5 minute coronary
occlusion followed by reperfusion producesthe most severe rrhythm disturbances[28]. In the study of Hagar et a. [29] rats
underwent 5 minutes of test ischemiafollowed by reperfusion which was preceded by aseriesof three2 min occlusions. The
authors observed marked protective effect of such a preconditioning regimen against reperfusion-induced arrythmias.
However, for the assessment of infarct-limiting effect of 1PC being major in our study the several 5 min occlusions are most
commonly used. Therefore, thefist 5 min episode of ischemia supported by the following two similar episodesaong with a
significant protection against infarction bringsagreat deal of jeopardy of lethal reperfusion arrhythmias occurrence. These
considerations encouraged usto suggest arationalefor using aprotocol including hefirst bout of 2 minischemiaservingasa
preconditioning against severe, life-threatening reperfusion arrhythmias following by two 5 min occlusions which afford
protectionagainstinfarction.

In the recent years, much more attention has been paid to the concept of pharmacological preconditioning, i. e. the
possibility to induceischemic preconditioning in human heart by pharmacol ogical means. |n particul ar, the strategies aimed
at lowering the threshold for preconditioning are considered as the effective approach to protecting human heart [30]. For
example, the myocardial adenosine level elevating agent acadesine contributed to the manifestation of infarct-limiting
action of a single 2 minutes episode of ischemia/reperfusion in the rabbit [31]. The same preconditioning regimen or
acadesine administration were ineffective when employed separately. Therefore, acadesine lowered the temporal threshold
for preconditioning in the rabbit to below 2 min of ischaemiawhile in the normal conditions only 5 min ischemiaconfersa
significant protection. In the similar model, Miki et al. [32] observed a significant bradykinin-dependent infarct-limiting
effect of asingle 2 minischemia/reperfusion on the background of captopril administration (1 mg/kg). Injection of captopril
aoneinthesameroutedid not alter myocardial infarct size.

In our studies spirapril at adose 1 mg/kg given intravenously 10 min before coronary occlusion had no influence on
myocardial infarct size. The absence of cardioprotective effect in this route of administration could be explained by a
significant hypotensive effect associated with the declinein coronary perfusion pressure. The aternative explanationisthat
there was not enough time for biotransformation of spirapril into its active metabolite -spiraprilat in the settings of its acute
injection. Infarct size was significantly lower when spirapril was administered intraperitoneally 1,5-2 hours prior to
infarction, although no hemodynamic shiftswere observed in this case. The most prominent infarct-limiting effect was seen
when one 5 min occlusion was employed together with intraperitoneal spirapril administration. Potentiation of
cardioprotective | PC action noticed inthegroup that received 1x5' ischemiaplus spirapril enablesusto suppose somedegree
of IPCthresholdloweringwithACE inhibitors.

In conclusion, the data presented generally confirm the existence of various aspects of cardioprotection afforded by I1PC
and provide a substantial piece of evidence that ACE inhibitors (particularly, spirapril) may lower the threshold for
preconditioning.
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