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Summary3.

The role of nitric oxide (NO) in the mechanism of preconditioning, i.e. an endogenous 

adaptive mechanism of the myocardium against ischemia, is not clearly understood. Therefore, 

we studied the effect of preconditioning and subsequent ischemia/reperfusion on myocardial NO 

content in the presence of a NO synthase (NOS) inhibitor, and examined if prolonged exposure to 

cholesterol-enriched diet led to the loss of preconditioning due to decreased cardiac NO 

formation.

Isolated working rat hearts were subjected to preconditioning protocols of three 

intermittent periods of rapid pacing or no-flow ischemia of 5 min duration each, followed by a 

test ischemia/reperfusion. Test ischemia/reperfusion resulted in a deterioration of myocardial 

function and a considerable increase in cardiac NO content as assessed by electron spin 

resonance. Preconditioning improved postischemic myocardial function and markedly decreased 

test ischemia/reperfusion-induced NO accumulation. In the presence of 4.6 pM LNA, basal 

cardiac NO content decreased significantly, although test ischemia/reperfusion-induced functional 

deterioration and NO accumulation were not affected in nonpreconditioned hearts. However, the 

protective effect of preconditioning on both test ischemia/reperfusion-induced functional 

depression and NO accumulation were abolished. When 4.6 pM LNA was administered after 

preconditioning, it failed to block the effect of preconditioning. In the presence of 46.0 pM LNA, 

ischemia/reperfusion-induced NO accumulation was significantly decreased and postischemic 

myocardial function was improved in nonpreconditioned hearts.

In separate studies, cholesterol-enriched diet markedly decreased basal cardiac NO 

content and abolished the protective effect of preconditioning.

Our results show that (i) although NO synthesis by the heart is required to trigger classic 

preconditioning, preconditioning in turn attenuates the accumulation of NO during 

ischemia/reperfusion, (ii) blockade of ischemia/reperfusion-induced accumulation of cardiac NO 

by preconditioning or by an appropriate concentration of NOS inhibitor alleviates 

ischemia/reperfusion injury, and (iii) sustained exposure to dietary cholesterol leads to the loss of 

preconditioning possibly by influencing cardiac NO metabolism.
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4. Introduction

Development of ischemic heart disease has a major role in mortality in civilized societies. 

Therefore, study of endogenous cardioprotective mechanisms and development of therapeutic 

interventions improving cardiac function during ischemia and reperfusion are of great 

importance.

4.1. Preconditioning

Ischemic preconditioning refers to the ability of short periods of ischemia to render the 

myocardium more resistant to a subsequent ischemic insult [see for review: Tornai et al, 1999]. 

Murry et al. [1986] first introduced the term ischemic preconditioning in 1986 when they 

described a reduction of infarct size in a dog model of 40 minutes of coronary artery occlusion by 

preceding the lengthy occlusion with four cycles of brief 5-min periods of ischemia. Since then 

this paradoxical phenomenon of cardioprotection caused by brief periods of ischemia gained 

widespread interest. After more than 10 years of research, ischemic preconditioning has been 

observed in a variety of animal models, such as dogs, rabbits, pigs, rats, and also in humans [see 

for reviews: Schwarz et al., 1997; Ferdinandy et al., 1998].

Preconditioning shows two phases. The early phase of preconditioning ("classic 

preconditioning") is manifested within minutes after the ischemic stress and has a duration of less 

than 3 h. The late phase (second window of protection) is characterized by a slower onset (20 h) 

and duration of up to 72 h. Both phases of preconditioning involve reduction of necrotic tissue 

mass, improvement of cardiac performance following ischemia and reperfusion, and reduction of 

arrhythmias [see for reviews: Baxter et al., 1994; 1996]. There is considerable debate regarding 

the biochemical mechanism of ischemic preconditioning. A variety of substances, i.e. adenosine, 

bradykinin, nitric oxide (NO), ATP-sensitive potassium channels, prostacyclin, protein-kinases, 

norepinephrine, opioid receptors etc., were proved to be and also refuted as potential mediators of 

preconditioning [Meldrum et al., 1997; see for reviews: Schwarz et al., 1997; Ferdinandy et al., 

1998]. The second window of protection is mediated by activation of genes encoding 

cytoprotective proteins such as heat shock proteins or antioxidant enzymes [see for review:
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Tornai et al., 1999]. The discrepancies in the biochemical mechanism of preconditioning are 

generally attributed to species differences, different preconditioning stimuli such as no-flow 

ischemia or rapid pacing models [Ferdinandy et al., 1995c], and different study end-points, i.e. 

myocardial function, arrhythmias, or infarct size [see for reviews: Baxter et al., 1996; Parratt 

1994].

We have reported that in rat hearts, the mechanism of preconditioning induced by rapid 

ventricular pacing resulting in high oxygen demand is different from that induced by no-flow 

ischemia leading to low oxygen supply [Ferdinandy et al., 1995c]. The effect of pacing-induced 

preconditioning may be equivalent to that of physical exercise; however, the 'traditional' no-flow 

ischemia-induced preconditioning may occur only in hearts with clinically developed coronary 

disease. Thus, for preventive purposes, pacing-induced preconditioning may warrant greater 

pharmacological and clinical interest.

4.2. NO in the heart

The role of endothelium as the source of a novel relaxing factor (endothelium-derived 

relaxing factor, EDRF) was first advanced by Furchgott and Zawadzki [1980] when they 

demonstrated that the vasorelaxant action of acetylcholine in isolated blood vessels was mediated 

by a diffusible factor released from the endothelium. However, it was not until 1987 that the 

biological properties of classical EDRF were shown to be a consequence of the release of NO 

from vascular endothelial cells [Palmer et al., 1987; Ignarro et al., 1987]. This lipophilic free 

radical gas which is synthetized from L-arginine and molecular oxygen, passes readily to the 

underlying smooth muscle and stimulates vasorelaxation by binding to the hem iron of soluble 

guanylate cyclase thereby activating the synthesis of cyclic guanosine-monophosphate (cGMP) 

[see for reviews: Hobbs, 1997; Schulz and Triggle, 1994].

NO has been proven to be an ubiquitous signal transduction molecule and also mediator 

of tissue injury. Its chemical properties include small molecular radius and hydrophobity allowing 

facile transmembrane diffusion, neutral charge, biological half-life in the range of seconds and 

selective reactivity with heme and iron-sulfur proteins [see for review: Rubbo et al., 1996]. The 

rapid diffusion of NO between cells is crucial for understanding its biological activity [see for 

review: Beckman and Koppenol, 1996].
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Figure 1. Scheme indicating the multitude effects of NO on the cardiovascular systems. VSMC: 

vascular smooth muscle cell; EC: endothelial cell; NO: nitric oxide; O: activation; O: inhibition.

In the normal heart, NO is synthesized by cardiac myocytes, vascular endothelium, and 

endocardial endothelial cells and plays an important physiological role as a coronary vasodilator, 

inhibitor of platelet aggregation, and modulator of cardiac muscle contractile function. However, 

it is evident that NO can also contribute to cardiac pathologies when formed in excess quantities 

or when synthetized in the presence of other oxidants [see for reviews: Christopherson and Bredt, 

1997; Fleming and Busse, 1999] (Fig.l).

In physiological conditions, NO is generated by isoforms of NO synthase (NOS) which 

catalyzes the conversion of L-arginine to NO and citrulline [see for review: Moncada et al.t 

1991]. NOS belongs to a family of P-450 cytochrome oxidoreductase enzymes [see for review: de
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Beider and Radomski, 1994]. In the heart, NO is generated by Ca2+-dependent NO synthases in 

cardiac myocytes, vascular and endocardial endothelium (NOS III, endothelial NOS [Moncada et 

al., 1997]) as well as in specific cardiac neurons (NOS I, neuronal NOS). NOS can be blocked by 

analogues of L-arginine such as A^-nitro-L-arginine (LNA). NO plays an important role in the 

regulation of coronary circulation and cardiac contractile function [Balligand and Cannon, 1997]. 

The regulation of basal NO release is not precisely known, pulsative flow and shear stress may 

provide the stimulus for NO synthase activation [de Beider and Radomski, 1994]. Myocardial 

ischemia leads to increased activity of Ca2+-dependent NOS [Depre et al., 1997] and 

accumulation of NO which might contribute to ischemia/reperfusion injury [Zweier et al., 1995a; 

Schulz and Wambolt, 1995; Yasmin et al., 1997].

NO has the potential to depress cardiac mechanical function by its direct interaction with 

iron-sulfur centered enzymes of the respiratory cycle. The toxic action of NO, however, are 

greatly enhanced after its rapid reaction with superoxide anion to form the powerful oxidant 

peroxynitrite (ONOO') [Huie and Padmaja, 1993; Yasmin et al., 1997; Wang and Zweier 1996; 

see for review: Beckman and Koppenol, 1996]. After its protonation at physiological pH, ONOO' 

rapidly decomposes to highly oxidant species, including hydroxyl radical as well as nitronium ion 

(N02+). ONOO' can exert cytotoxic actions by causing lipid peroxidation, nitration of free and 

protein-associated tyrosine, DNA strand breakage, oxidation of sulfhydryl moieties, and 

inhibition of mitochondrial respiration. Thus, it is possible that some cardiac pathologies to which 

the toxic actions of NO are attributed may be mediated through the generation of ONOO'. For 

example myocardial ischemia and reperfusion leads to enhanced release of superoxide anion 

(O2- ) and increased ONOO’ production. [Schulz et al., 1997; see for review: Christopherson and 

Bredt 1997].

The involvement of NO in the mechanism of preconditioning is controversial. By using 

inhibitors of NOS, NO has been proposed to be involved in both the early [Végh et al., 1992; 

Ferdinandy et al., 1997a; 1997b] and the late phases of preconditioning [Bolli et al., 1997a; 

1997b]. However the role of NO in the mechanism of preconditioning is not known. No studies 

have followed changes in myocardial NO content during preconditioning and subsequent 

ischemia/reperfusion, although this could possibly be key missing information necessary to 

elucidate the role of NO in the biochemical mechanism of preconditioning.
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4.3. NO and hypercholesterolemia

High-cholesterol diet is regarded as an important factor in the development of ischemic 

heart diseases, and the focus so far has been mainly on the coronary effects of cholesterol. 

Although few studies questioned the effect of cholesterol diet on the heart, several structural and 

functional alterations to the heart have been shown [Hexeberg et al, 1993; Haukur and Leeson, 

1975]. The heart of hyperlipidemic/atherosclerotic patients is hardly capable of adapting to 

physical exercise or other kinds of stress, suggesting that the endogenous adaptive mechanisms 

against myocardial stress are impaired [see for review: Roberts, 1995]. Accordingly, it was found 

that the preconditioning phenomenon was lost in conscious rabbits fed a cholesterol-enriched diet 

[Szilvássy et al, 1995]. Nevertheless, the underlying mechanism of the cholesterol-enriched diet- 

induced loss of preconditioning remains unclear. Increasing evidence accumulated in recent years 

shows that a high-cholesterol diet impairs NO-cGMP signaling in endothelial and non-endothelial 

cells [Simonét et al, 1993; Lefer and Ma, 1993a; Deliconstatinos et al, 1995], which raises the 

question whether the loss of preconditioning in a high-cholesterol diet is due to impaired NO 

metabolism in the heart.

5. Aims

Therefore, the aims of our present studies were

study 1.: to examine whether the inhibition of NO synthesis by LNA or by prolonged cholesterol- 

enriched diet leads to the loss of preconditioning due to a decrease in cardiac NO content 

study 2.: to determine the effects of classic preconditioning in the presence and absence of LNA 

on changes in cardiac NO content both during preconditioning and following subsequent 

test ischemia and reperfusion in isolated rat hearts.
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6. Methods

The investigation conforms to the Guide for the care and use of laboratory animals 

published by the US National Institutes of Health (NIH publication No. 85-23, revised 1985).

6.1. Animals, pretreatments

6.1.1. Study 1.
Male Wistar rats (18 weeks old), housed in a room maintained at 12 h light-dark cycles and 

a constant temperature of 22±2 °C, were fed laboratory chow enriched with 2% cholesterol (Sigma, 

St. Louis, MO) or standard chow for 24 weeks. At the end of the 24-week diet period, the body 

weight of the animals were 420-500 g, and there were no significant differences between the groups.

At the end of the 24-week diet, cholesterol-fed and control rats were injected 

intraperitoneally 1 mg/kg LNA (Sigma, St. Louis, MO) or its solvent (physiological saline), 

respectively. Twenty min after injections, rats from each group were used either for isolated heart 

preparations or for ESR studies in separate experiments. Hearts of male Wistar rats were chosen for 

the study, since this species shows moderate increase in serum cholesterol level due to a high- 

cholesterol diet and no substantial atherosclerosis develops; however, the increased tissue 

cholesterol leads to strong metabolic effects [Roach et al., 1993; Horton et al, 1995]. The 24-week 

cholesterol diet moderately increased serum cholesterol and triglyceride from 1.64±0.06 and 

0.49±0.04 mM/L to 1.92±0.09 (p<0.05) and 1.34±0.17 (p<0.05) mM/L, respectively, assayed by 

means of an automatic analyzer (Hitachi-911) using Boehringer-Mannheim (Mannheim, Germany) 

kits.

6.1.2. Study 2.
Male Wistar rats (300-350g), housed in a room maintained at 12 h light-dark cycles and a 

constant temperature of 22±2 °C were used without any pretreatment.

6.2. Isolated heart preparation, measurement of heart functions and arrhythmias

The preparation of isolated rat hearts were essentially the same in both series of studies.
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Male Wistar rats (300-350 g) housed in a room maintained at 12 h light-dark cycles and a 

constant temperature of 22±2 °C were anesthetized with diethyl ether. After intravenous 

administration of heparin (500 U/kg) the chest was opened, the heart was rapidly excised and 

perfused in Langendorff mode or in a “working” mode according to Neely et ál. [1967] modified 

by Tosaki and Hellegouarch [1994]. The perfusion was carried out with an oxygenated, 

normothermic Krebs-Henseleit buffer with the following concentrations (in mM): 118.4 NaCl, 

4.1 KC1, 2.5 CaCl2, 25 NaHC03, 1.17 KH2P04, 1.46 MgCl2, and 11.1 glucose. Preload (1.7 kPa) 

and afterload (9.8 kPa) were kept constant throughout the experiments. The perfusion buffer was 

continuously equilibrated with a mixture of 95% 02 and 5% C02, pH 7.4 at 37 °C. To prevent the 

myocardium from drying out, a thermostated glassware (in which the heart was suspended) was 

sealed. A suture was placed around the left main coronary artery close to its origin in the hearts 

where test ischemia was induced by coronary occlusion, allowing induction of regional ischemia 

[Ferdinandy et cil, 1995b],

Heart rate (HR), left ventricular developed pressure (LVDP), maximum and minimum

and -dP/dtmax) and left ventricular end-diastolicvalues of the first derivative of LVDP (+dP/dt 

pressure (LVEDP) were derived from the left intraventricular pressure curve. Left intraventricular 

pressure was measured by means of a pressure transducer (B. Braun, Melsungen, Germany) 

connected to a small polyethylene catheter inserted into the left ventricle through the left atrial 

cannula. Ventricular pressure was on-line digitized with a 200 Hz sampling frequency, recorded, 

and stored on an IBM computer. Coronary flow (CF) was measured by collecting effluent from 

the right atrium in a measuring cylinder for a timed period and aortic flow (AF) was measured by 

a calibrated rotameter (KDG Flowmeters, Sussex, England).

An epicardial electrocardiogram (ECG) was recorded throughout the experimental period 

by two silver electrodes attached directly to the heart. The ECGs were analyzed to determine the 

incidence of ventricular fibrillation (VF). The heart was considered to be in VF if an irregular 

undulating baseline was apparent on ECG. The heart was considered to be in sinus rhythm if 

normal sinus complexes occurring in a regular rhythm were apparent on the ECG. If VF occurred 

hearts were mechanically defibrillated to allow measurement of myocardial function (see 6.5.2).

To induce pacing-induced preconditioning, rapid pacing at 10 Hz (600 beats per min) with 

double threshold square impulses were performed by an electric stimulator (Experimenta,

max
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Budapest, Hungary) through silver electrodes attached directly to the surface of the right 

ventricle.

Lactate dehydrogenase (LDH) release was assayed from coronary effluents using an 

automatic analyzer (Hitachi-911) with Boehringer-Mannheim (Mannheim, Germany) kits.

6.3. Experimental groups

6.3.1. Study 1. (see Fig. 2)
A pacing-induced preconditioning protocol was applied in hearts obtained from (i) 

control, solvent-treated (1C-VOP, control-ventricular overdrive pacing); (ii) cholesterol-fed, 

solvent-treated (ICh-VOP, Cholesterol-fed-ventricular overdrive pacing); (iii) control, LNA- 

treated (1LNA-VOP, LNA-treated-ventricular overdrive pacing); (iv) control, treated with LNA 

after the preconditioning protocol (ILNA-Late-VOP, late LNA-treated-ventricular overdrive 

pacing); and (v) cholesterol-fed, LNA-treated (ICh-LNA-YOP, cholesterol-fed + LNA-treated + 

ventricular overdrive pacing) rats. A time-matched non-preconditioning protocol was also applied 

in hearts from (vi) control, solvent-treated (1C, Non-preconditioned, control); (vii) cholesterol- 

fed, solvent-treated (ICh-C, cholesterol-fed, non-preconditioned); (viii) control, LNA-treated 

(1LNA-C, LNA-treated, non-preconditioned); and (ix) cholesterol-fed, LNA-treated (lCh-LNA- 

C, cholesterol-fed + LNA-treated, non-preconditioned) rats (n=7 in each group). In ILNA-Late- 

VOP group, LNA (4.6 pM final concentration) was added to the perfusion fluid immediately after 

the 3 rd pacing period. In this group, unlike the other groups, test ischemia was applied 20 min 

after termination of the 3 rd pacing period in order to allow LNA to exert its inhibitory effect on 

NO synthesis in the heart [Bouma et al., 1992].



14

Groups: Preconditioning Coronary occlusion

1C

I I working 

~1 Langendorff 

НЦ pacing

Щ coronary occlusion

1C-VOP

1LNA-C !

I1LNA-VOP

Ш1 LNA-Late-VOP
T

1Ch-C

1Ch-VOP

1Ch-LNA-C

1 Ch-LNA-VOP

0 20 40 60 min

Figure 2. Study 1. Bar graph showing the perfusion protocol for isolated rat hearts subjected to pacing-induced 

preconditioning followed by test ischemia produced by coronary occlusion. Rapid pacing at 10 Hz (600 bpm) was 

carried out under Langendorff perfusion. Arrows indicate time points of measures of cardiac function. 1C, ICh-C, 

1 LNA-C, and ICh-LNA-C, non-preconditioned hearts isolated from control, high-cholesterol-fed, A^-nitro-L-arginine 

(LNA)-treated, and high-cholesterol-fed + LNA-treated rats, respectively; 1C-VOP, ICh-VOP, 1 LNA-VOP, 1LNA- 

Late-VOP, and ICh-LNA-VOP, preconditioned hearts isolated from control, high-cholesterol-fed, LNA-treated, late- 

LNA-treated, i.e. after the preconditioning protocol, and high-cholesterol-fed + LNA-treated rats, respectively. In 1 LNA- 

Late-VOP group, the small arrow shows administration of LNA, and the brake indicates that coronary occlusion is 

induced 20 min after the end of the 3rd pacing period.
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6.3.2. Study 2. (see Fig. 3)
A time-matched nonpreconditioning protocol (2C, control), pacing-induced 

preconditioning protocol (2C-VOP, control-ventricular overdrive pacing), and a no-flow 

ischemia-induced preconditioning protocol (2C-NF, control-no-flow ischemia) were applied 

before induction of test ischemia/reperfusion. The same protocols were applied in the presence of 

4.6 pM LNA to test if NO is required to trigger preconditioning (2LNA-C, 2LNA-VOP, and 

2LNA-NF groups). This concentration of LNA was selected for these groups, since according to 

our previous results [Ferdinandy et al., 1997b; Bouma et al., 1992]. It did not significantly affect 

coronary flow, or any of the myocardial functional parameters during preconditioning protocols 

and test ischemia/reperfusion, except for an 80% increase in preischemic LVEDP. However, it 

decreased basal cardiac NO content near to the detection limit, 0.05 nmol/g wet tissue weight NO 

[Mülsch et al., 1992], as assessed by ESR spectroscopy [Ferdinandy et al., 1997a; 1997b]. To test 

if NO is a mediator of preconditioning, in two separate groups, LNA was added to the perfusion 

medium immediately after the preconditioning protocols, i.e. late treatment (2LNA-Late-VOP, 

2LNA-Late-NF). In these groups, test ischemia was applied 20 min after termination of the 

pacing/no-flow periods in order to allow for LNA to exert its inhibitory effect on NO synthesis in 

the heart [Ferdinandy et al., 1997b; Bouma et al., 1992]. According to our preliminary 

experiments (data not shown) and our previous studies [Ferdinandy et al., 1997b] this 15 min 

extension of the perfusion protocol did not affect protection by preconditioning. A higher 

concentration of LNA (46.0 pM) which was able to decrease NO accumulation during ischemia 

and reperfusion (see Results) was also tested in nonpreconditioning (2LNA46-C), pacing-induced 

preconditioning (2LNA46-VOP), and no-flow ischemia-induced preconditioning (2LNA46-NF) 

protocols (n=7 in each group).
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ReperfusionTest ischemiaPreconditioningGroups:

2C

2C-VOP

2C-NF

2LNA-C

______2LNA-VOP

2LNA-NF

2LNA-Late-VOP

2LNA-Late-NF
t

2LNA46-C

■ 1__2LNA46-VOP
Г2LNA46-NF

80 min600 20 40

working 

pacing

Langendorff 

Щ no-flow ischemia

Figure 3. Study 2. Bar graph showing the perfusion protocol for isolated rat hearts subjected to pacing or no-flow 

ischemia-induced preconditioning followed by test ischemia/reperfusion. Pacing at 10 Hz was carried out under 

Langendorff perfusion. A time-matched nonpreconditioning protocol (2C, control), pacing-induced preconditioning 

protocol (2C-VOP, Control-Ventricular Overdrive Pacing), and a no-flow ischemia-induced preconditioning protocol 

(2C-NF, Control-No-Flow ischemia) were applied before induction of test ischemia. The same protocols were applied 

in the presence of 4.6 pM A^-nitro-L-arginine (2LNA-C, 2LNA-VOP, 2LNA-NF). LNA was given immediately after 

the preconditioning protocols (indicated by the arrow) in 2LNA-Late-VOP and 2LNA-Late-NF groups. In the late 

LNA-treated groups, test ischemia was applied 20 min after termination of the third pacing/no-flow period (indicated 

by the break). Nonpreconditioning (2LNA46-C), pacing-induced preconditioning (2LNA46-VOP), and no-flow 

ischemia-induced preconditioning (2LNA46-NF) protocols were also performed in the presence of 46.0 pM LNA.
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6.4. Preconditioning protocols

After 10 min of aerobic perfusion as working hearts they were subjected to either 3 

intermittent periods (4.75 min each) of Langendorff mode perfusion without pacing 

(nonpreconditioning protocol) or with rapid pacing at 10 Hz, or to no-ilow ischemia each 

separated by 0.5 min Langendorff perfusion followed by 4.75 min aerobic working perfusion as 

described [Ferdinandy et ai, 1995c; 1997b] (Fig. 2 and 3). Facing protocols included rapid 

ventricular pacing at 10 Hz (600 bpm) under Langendorff perfusion and no-flow ischemia was 

induced by clamping the Langendorff perfusion line, each followed by a 0.5 min aerobic 

Langendorff perfusion without pacing or no-flow. The 0.5 min Langendorff perfusion allowed for 

the spontaneous restoration of sinus rhythm before switching to working mode perfusion between 

pacing or no-flow periods. In non-pacing protocols, aerobic Langendorff perfusion was applied 

without pacing or no-flow ischemia. Langendorff perfusion was used during the periods of pacing 

and therefore during corresponding non-pacing periods as well, since in the working heart pacing at 

10 Hz dramatically decreased AF, which could have deteriorated the preparation [Ferdinandy et cd., 

1995b], Pacing and no-flow were performed as described [Ferdinandy et cd., 1995c; 1997b], 

According to our previous studies [Ferdinandy et cd., 1995c; 1997a; 1997b] as well as seen in this 

study, all cardiac functional parameters recovered within 3 min after the termination of pacing 

(Fig. 4) or no-flow ischemia, indicating that they induced a completely reversible ischemia (data 

not shown).

1 S

cd

&
§1

Figure 4. Rapid pacing at 10 Ilz produces a reversible depression of left ventricular function. Original tracing of left 

ventricular pressure in control, solvent-treated, preconditioned (1C-VOP) group before, during, 0.5, 1, 2, and 3 min after 

the first period of pacing.



18

6.5. Test ischemia

6.5.1. Study 1.
After preconditioning/non-preconditioning protocol test ischemia of 10-min duration was 

produced by the occlusion of the main coronary artery (Fig. 2). Our previous studies using the same 

model show that coronary occlusion results in a 37.4±1.3% ischemic zone of the left ventricle, 

which can not be changed significantly even by strong coronary dilator/constrictor agents 

[Ferdinandy et al., 1995b], since the rat is a coronary collateral deficient species. Before and at the 

10th min of the test ischemia, cardiac function was evaluated and ischemia-induced LDH release 

was measured. Ten-min coronary occlusion was chosen for assessing myocardial stunning, because 

this short-term regional ischemia induced considerable deterioration of myocardial function, but it 

did not result in ischemia-induced arrhythmias that might have disturbed measures of myocardial 

function [Ferdinandy et al., 1995b]. Since reperfusion after a 10-min coronary occlusion triggers 

100% incidence of ventricular fibrillation (VF) and pacing-induced preconditioning does not 

significantly protect against VF in this protocol [Ferdinandy et al., 1995c], reperfusion after test 

ischemia was not applied in this study.

6.5.2. Study 2.
After nonpreconditioning and preconditioning protocols, test ischemia/reperfusion was 

induced by 30 min of global no-flow ischemia followed by 15 min of reperfusion (Fig. 3). In the 

first 5 min of reperfusion, Langendorff perfusion was applied to allow spontaneous recovery of 

sinus rhythm before switching to the working perfusion for another 10 min. In the first min of 

reperfusion, the incidence of VF was determined by electrocardiogram [Ferdinandy et al., 1995c] 

and the hearts were mechanically defibrillated when necessary to avoid VF-induced free radical 

release which might interfere with the ischemia/reperfusion-induced depression of myocardial 

function [Ferdinandy et al., 1993]. Hearts with unsuccessful defibrillation were excluded from the 

measurement of cardiac function and LDH release. Functional parameters were recorded before 

and after preconditioning and after 15 min of reperfusion. LDH release was assayed from 

coronary effluents collected in the first 3 min of reperfusion as described [Ferdinandy et al., 

1995a],
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6.6. Design of electron-spin resonance (ESR) studies

6.6.1. Study 1.
At the end of the 24-week diet period, 20 min after LNA/solvent injections, 4 hearts 

obtained from control and cholesterol-fed rats were used for ESR studies. The spin-trap for NO 

diethyl-dithiocarbamate (DETC, 200 mg/kg), 50 mg/kg FeS04, and 200 mg/kg sodium-citrate were 

slowly administered intravenously into the femoral vein under ether anesthesia. DETC dissolved in 

distilled water was injected separately from FeS04 and sodium-citrate in a volume of 0.5 mL to 

avoid precipitation of Fe2+-(DETC)3. FeS04 and sodium-citrate were dissolved in distilled water 

(pH set to 7.4), and brought to 1 ml volume before injection. Five min after DETC, FeSC>4, and 

citrate treatment, hearts were isolated and perfused in Langendorff mode for 1 min to eliminate 

blood, and approximately 100 mg tissue samples of the left ventricles were placed into quartz tubes, 

and frozen in liquid nitrogen until assayed for ESR spectra of NO-Fe2+-(DETC)2. Fe2+-(DETC)3 has 

high affinity for NO while forming NO-Fe2+-(DETC)2 complex (Fig. 5) [Tsuchiya et ál., 1999]. The 

specific triplet signal of NO-Fe2+-(DETC)2 complex is superimposed on the dominant background 

spectra of Cu2+-(DETC)2 (Fig. 9). Background spectra of Cu2+-(DETC)2 was obtained with tissue 

samples of hearts isolated from rats treated with DETC only. The detection limit of NO by this ESR 

method is 0.05 nM [Mtilsch et al., 1992]. ESR spectra were recorded with Bruker ECS106 

(Rheinstetten, Germany) spectrometer operating at X band with 100 kHz modulation frequency at a 

temperature of 160 K, using 10 mW microwave power to avoid saturation. Scans were traced with 

2.85 G modulation amplitude, 150 G sweep width, and 3356 G central field as described [Mtilsch et 

al., 1992; Ferdinandy et al., 1996; Ferdinandy et al., 1997a]. After subtraction of the background 

signal of Cu2+-(DETC)2, a semiquantitative analysis of NO content was performed with double 

integration. In separate experiment, to test if a single intravenous dose of 1 mg/kg LNA is still 

effective in the heart after a 40-min ex vivo perfusion, NO content was determined after a non

preconditioning protocol in 3 hearts from control rats.
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6.6.2. Study 2.
The spin-trap for NO, 7V-methyl-D-glucamine-dithiocarbamate (MOD) was synthetized by 

Ferenc Fülöp, Szeged, Hungary, as described [Shinobu et al., 1984]. The complex of MGD with 

ferrous ion [Fe2+(MGD)3], was prepared freshly before each experiment. MGD (175 mg) and 50 

mg FeS04 dissolved in distilled water (pH 7.4, volume 6 ml) was infused into the aortic cannula 

under Langendorff perfusion for 5 min at a rate of 1 ml/min before commencing the 

preconditioning protocol in order to measure basal myocardial NO content. In separate 

experiments, the infusion of the spin trap commenced immediately after the preconditioning 

protocol and was maintained for 5 min to assess the effect of preconditioning on cardiac NO 

content. Tissue samples from the apex of the heart (approximately 150 mg) was collected at the 

end of the infusion of Fe2+(MGD)3 and placed into a quartz ESR tube and frozen in liquid 

nitrogen. To measure the accumulation of NO during test ischemia, in separate studies, 

Fe2+(MGD)3 infusion was started 5 min before the induction of test ischemia to load the heart 

with the spin-trap before clamping the perfusion line, and tissue samples were collected at the end 

of ischemia. To assess the generation of NO during early reperfusion, the spin trap was infused 

for 5 min starting at the onset of reperfusion, and tissue samples were collected at the end of the 

infusion. ESR spectra of the NO-Fe2+-(MGD)2 adduct (Fig. 5) [Tsuchiya et al., 1999] were 

recorded with a Bruker ECS 106 spectrometer as described in 6.6.1 and [Ferdinandy et al., 1997, 

Mtilsch et al., 1992, Csont et al., 1998].

MGD:

R, - CH3
R2 = CH2(CHOH),CH2OH

DETC:

R, = R2 = CH2CH3

Figure 5. Chemical structures of dithiocarbamate-Fe(II) complexes and their NO spin adducts.
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6.7. Statistics

Data were expressed as mean±standard error of the mean and analyzed with Fischer’s Exact 

test or one way analysis of variance (ANOVA). If a difference was established, each group was 

compared to the control, solvent-treated non-preconditioned (1C or 2C) group using a modified t 

test corrected for simultaneous multiple comparisons according to the Bonferroni method 

[Wallenstein et al., 1980]. A significant difference was concluded when p<0.05.
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7. Results

7.1. Study 1.

7.1.1. Preconditioning protocol with rapid ventricular pacing

The specified duration and frequency of pacing was selected to induce preconditioning, 

since a single 4-min and 45-s pacing at 10 Hz in 1C group significantly increased cardiac oxygen 

consumption, carbon dioxide production, and lactate efflux from their non-paced values of 

37.4±2.4, 26.4+3.4, and 1.42+0.20 M/min/gwet-weight to 59.4+5.9 (p<0.05), 49.6+5.4 (p<0.05), and 

2.28+0.14 (p<0.05) M/min/gwet-weight respectively. However, LDH release was not increased (data 

not shown). As compared to prepacing values, CF was decreased during rapid pacing in all groups 

(Table 1). Before, during, and after pacing, CF and O2 consumption was not significantly different 

between groups (Table 1). Cardiac functional parameters recovered within 3 min after termination 

of pacing, indicating the reversibility of the pacing-induced ischemic challenge (data not shown, see 

Fig. 4 for original tracing).

Table 1. Effect of ventricular overdrive pacing on coronary flow and myocardial oxygen 

consumption

coronary flow (mL/min) 02 Consumption (pM/min/gwetweight)
Group bedore VOP during VOP after VOP before VOP during VOP after VOP

Control 23.1 ± 1.7 
Cholesterol-fed 22.4 ± 0.5 

LNA treated 22.3 ± 0.6 
Chol+LNA 21.8 ± 0.5

15.7 ± 0.6* 23.3 ± 1.3
16.1 ± 0.8* 22.0 ± 0.7
15.2 ± 0.4* 22.6 ± 0.9 
15.4 ± 0.9* 21.7 ± 1.0

37.4 ± 2.4 59.4 ± 5.9* 39.3 ± 3.2
34.3 ± 3.2 60.1 ± 6.0* 36.1 ± 4.1
36.0 ± 2.6 57.3 ± 4.9* 37.6 ± 2.9
38.1 ± 1.9 56.9 ± 5.1* 41.1 ± 3.1

LNA: M'-nitro-L-arginine; Choi: high cholesterol-fed. Values are mean±SEM (n=7 in each group). *(p<0.05) shows 

significant difference as compared to the corresponding ‘before VOP’

Before preconditioning/non-preconditioning protocols, high-cholesterol-diet, LNA 

treatment, and their combination significantly increased LVEDP; however, other cardiac functional 

parameters were not changed when compared to 1C group. Preconditioning and non

preconditioning protocols slightly decreased cardiac performance in all groups, but there were no
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Table 3. Cardiac functional parameters obtained before and after 

preconditioning/nonpreconditioning protocol

HR CF AF CO LVDP +dP/dtmax -dP/dtmax LVEDPGroups
(beats/min) (mL/min) (mL/min) (mL/min) (kPa) (kPa/s) (kPa/s) (kPa)

Before preconditioning/nonpreconditioning protocol

275 ± 7 23.1 ± 1.7 45.4 ± 2.7 68.5 ± 3.61C 18.4 ± 0.6 913 ± 54 456 ± 26 0.53 ± 0.06

1C-VOP 272 ± 8 22.6 ± 0.5 42.4 ± 2.0 65.0 ±2.4 18.1 ± 0.4 842 ± 52 459 ± 40 0.53 ± 0.06

ICh-C 273 ± 10 22.4 ± 0.5 45.6 ± 1.3 68.0 ±1.7 18.9 ± 0.4 936 ± 45 499 ± 45 0.83 ± 0.05*

ICh-VOP 264 ± 11 23.0 ± 0.3 45.7 ± 2.9 68.7 ±2.8 19.0 ± 0.3 985 ± 75 501 ± 24 0.87 ± 0.04*

1LNA-C 273 ± 7 22.3 ± 0.6 44.3 ± 2.0 66.6 ±2.2 18.0 ± 0.4 859 ± 39 480 ± 14 0.80 ± 0.06*

1LNA-VOP 274 ± 8 21.8 ± 0.6 45.3 ± 2.2 67.0 ±2.5 17.9 ± 0.4 848 ± 38 497 ± 18 0.80 ± 0.03*

ILNA-Late-VOP 267 ± 6 22.3 ± 0.4 41.9 ± 1.8 64.1 ±2.2 18.0 ± 0.4 833 ± 55 451 ±40 0.50 ± 0.04

ICh-LNA-C 269 ± 7 21.8 ± 0.5 43.7 ± 2.5 65.5 ±2.4 17.9 ± 1.2 858 ± 30 480 ± 20 0.79 ± 0.07*

ICh-LNA-VOP 268 ±11 23.6 ± 0.4 46.3 ± 2.8 69.9 ±2.6 18.9 ± 0.3 960 ± 56 489 ± 18 0.87 ± 0.05*

After preconditioning/nonpreconditioning protocol

271 ± 7 23.3 ± 1.8 45.4 ± 2.4 68.7 ± 3.21C 17.9 ± 0.5 848 ± 48 439 ± 33 0.56 ±0.05

1C-VOP 264 ± 5 21.9 ± 1.1 41.7 ± 1.6 63.6 ±2.0 17.5 ± 0.4 829 ± 19 463 ± 37 0.55 ± 0.08

ICh-C 273 ± 8 22.6 ± 0.7 45.1 ± 1.2 67.7 ± 1.6 18.6 ± 0.4 886 ± 23 497 ± 32 0.80 ± 0.06*

ICh-VOP 272 ± 7 21.3 ± 0.6 44.0 ± 2.4 65.3 ± 2.6 17.6 ± 0.7 866 ± 57 460 ± 33 1.10 ± 0.08*

1LNA-C 269 ± 5 21.9 ± 0.7 43.3 ±2.0 65.1 ± 1.6 17.3 ± 0.5 808 ± 23 432 ± 13 0.98 ± 0.07*

1LNA-VOP 278 ± 5 21.0 ± 0.9 43.1 ± 2.1 64.4 ± 2.3 17.1 ± 0.5 781 ± 33 426 ± 12 1.01 ± 0.08*

ILNA-Late-VOP 261 ± 4 21.4 ± 1.0 41.0± 1.3 62.4 ± 1.7 17.4 ± 0.4 819 ± 23 457 ± 38 0.59 ± 0.06

ICh-LNA-C 268 ± 6 21.4 ± 0.8 43.9 ± 2.0 65.2 ± 2.1 17.3 ± 0.5 800 ± 27 429 ±11 0.95 ± 0.08*

ICh-LNA-VOP 270 ± 8 21.1 ± 0.7 43.7 ±2.1 64.9 ± 2.2 17.4 ± 0.6 830 ± 41 445 ± 23 1.11 ± 0.10*

HR: heart rate; CF: coronary flow; AF: aortic flow; CO: cardiac output; LVDP: left ventricular developed pressure; 

LVEDP: left ventricular end-diastolic pressure. 1C, ICh-C, 1LNA-C, and ICh-LNA-C, non-preconditioned hearts 

isolated from control, high-cholesterol-fed, /V°-nitro-L-arginine (LNA)-treated, and high-cholesterol-fed + LNA-treated 

rats, respectively; 1C-VOP, ICh-VOP, 1LNA-VOP, ILNA-Late-VOP, and ICh-LNA-VOP, preconditioned hearts 

isolated from control, high-cholesterol-fed, LNA-treated, late-LNA-treated i.e. after the preconditioning protocol, and 

high-cholesterol-fed + LNA-treated rats, respectively. Values are mean±SEM (n=7 in each group). * (p<0.05) shows 

significant increase vs. 1C group.
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significant difference between groups. In high-cholesterol-fed and/or LNA-treated groups, the 

increased LVEDP was still observed after preconditioning/non-preconditioning protocols. This 

shows that a single dose of LNA administered before the isolation of the heart was still effective 

after a 40-min heart perfusion (Table 3).

7.1.2. Effects of pacing-induced preconditioning on test ischemia

In the control, non-preconditioned (1C) group, test ischemia produced by coronary occlusion 

resulted in a marked decrease in AF, CF, LVDP, +/-dP/dt 

and LDF1 release (Table 3, Fig. 6-8). When test ischemia was preceded by preconditioning elicited 

by three consecutive periods of rapid ventricular pacing (1C-VOP group), AF, LVDP, LVEDP, and 

LDH release were significantly improved showing the beneficial effect of preconditioning (Fig. 6- 

8). During coronary occlusion, FIR (data not shown) and CF (Fig. 6B) were not influenced by 

preconditioning.

and a considerable increase in LVEDPmax?

A 35
Figure 6. Effects of pacing-induced 

preconditioning on aortic flow (AF, panel A) and 

coronary flow (CF, panel B) at the 10th min of 

test ischemia produced by coronary occlusion. 

1C, ICh-C, 1LNA-C, and ICh-LNA-C, non- 

preconditioned hearts isolated from control, high- 

cholesterol-fed, VTnitro-L-arginine (LNA)- 

treated, and high-cholesterol-fed + LNA-treated 

rats, respectively; 1C-VOP, ICh-VOP, 1LNA- 

VOP, ILNA-Late-VOP, and ICh-LNA-VOP, 

preconditioned hearts isolated from control, high- 

cholesterol-fed, LNA-treated, late-LNA-treated 

i.e. after the preconditioning protocol, and high- 

cholesterol-fed + LNA-treated rats, respectively. 

Values are mean±SEM (n=7 in each group). * 

(p<0.05) shows significant increase vs. 1C group.
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When hearts were isolated fonn rats fed cholesterol-enriched chow, the protective effect of 

pacing-induced preconditioning was not observed as during test coronary occlusion, AF, LVDP, +/- 

LVEDP, and LDH release (Fig. 6-8) were not improved by preconditioning when 

compared to the 1C group.

dP/dtmax?

A 15 x

•я!
ё 10 I>

5

Figure 7. Effects of pacing-induced 

preconditioning on left ventricular developed 

pressure (LVDP. panel A), +dP/dtmax (panel B), 

and -dP/dtmax (panel C) at the 10th min of test 

ischemia produced by coronary occlusion. 1C, 

ICh-C, 1LNA-C, and ICh-LNA-C, non- 

preconditioned hearts isolated from control,

/W-nitro-L-arginine 

(LNA)-treated, and high-cholesterol-fed + 

LNA-treated rats, respectively; 1C-VOP, lCh- 

VOP, 1LNA-VOP, ILNA-Late-VOP, and ICh- 

LNA-VOP, preconditioned hearts isolated from 

control, high-cholesterol-fed, LNA-treated, late- 

LNA-treated i.e. after the preconditioning 

protocol, and high-cholesterol-fed + LNA- 

treated rats, respectively. Values are 

mean±SEM (n=7 in each group). * (p<0.05) 

shows significant increase vs. 1C group.
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When hearts were isolated from control, LNA-treated rats, like in the high-cholesterol-fed 

groups, the protective effect of pacing-induced preconditioning was not seen. During test ischemia,

LVEDP, and LDH release (Fig. 6-8) were not improved by preconditioning 

when compared to the 1C group. The dose of 1 mg/kg LNA was selected for the present study, since 

according to our previous results [Bouma et al., 1992; Ferdinandy et al., 1996] it did not 

significantly affect CF, most of the myocardial functional parameters, or LDH release during 

preconditioning/non-preconditioning protocols; however, it considerably decreased basal cardiac 

NO content assessed by ESR spectroscopy. Interestingly, when LNA treatment was administered 

late, after the preconditioning protocol (ILNA-Late-VOP group), cardiac function and LDH release 

were improved, indicating the protective effect of preconditioning (Fig. 6-8).

When a high-cholesterol diet was combined with LNA treatment, the effect of 

preconditioning, i.e. ineffectiveness, was similar to that found with high-cholesterol diet or LNA 

treatment.

AF, LVDP, +/-dP/dtmax?

Figure 8. Effects of pacing-induced 

preconditioning on left ventricular end-diastolic 

pressure (LVEDP, panel A) and lactate 

dehydrogenase release (LDH, panel B) at the 

10th min of test ischemia produced by coronary 

occlusion. 1C, ICh-C, 1LNA-C, and lCh- 

LNA-C, non-preconditioned hearts isolated 

from control, high-cholesterol-fed, W-nitro-L- 

arginine (LNA)-treated, and high-cholesterol- 

fed + LNA-treated rats, respectively; 1C-VOP, 

ICh-VOP, 1LNA-VOP, ILNA-Late-VOP, and 

ICh-LNA-VOP, preconditioned hearts isolated 

from control, high-cholesterol-fed, LNA- 

treated, late-LNA-treated i.e. after the 

preconditioning protocol, and high-cholesterol- 

fed + LNA-treated rats, respectively. Values are 

mean±SEM (n=7 in each group). * (p<0.05) 

shows significant decrease vs. 1C group.
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7.1.3. Cardiac NO con/eiit

In control rats, basal cardiac NO content was detected by ESR spectroscopy. In the high- 

cholesterol-fed group, like in the LNA-treated group, the specific signal for NO-Fe2+-(DETC)2 

complex was significantly reduced. When a high-cholesterol diet was combined with LNA 

treatment, the reduction of the NO signal was not different from that found with high-cholesterol 

diet or LNA treatment, respectively (Fig. 9 A-E).

NO signal detected after a non-preconditioning protocol in hearts of control, LNA-treated 

rats (0.043±0.041 arbitrary units) was as low as it was just after the isolation of the heart 

(0.023±0.027 arbitrary units). This also shows that a single dose of LNA administered before the 

isolation of the heart was still effective after a 40-min heart perfusion.

Figure 9. №- 

nitro-L-arginine 

(LNA) treatment 

high- 

cholesterol diet 

decrease basal 

cardiac nitric 

oxide
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Curves

representative

electron spin resonance (RSR) spectra of the background Cu2'- 

(DETC)2 complex (A), and NO-Ee2'-(DETC)2 complex in left 

ventricular tissue samples obtained from control (B), LNA- 

treated (C), and high-cholesterol-fed rats (D). ESR parameters: 

X band, 100 kHz modulation frequency, 160 К temperature, 10 

mW microwave power, 2.85 G modulation amplitude, 150 G 

sweep width, 3356 G central field, shows (g=2.047) specific 

peak of NO-triplet (+1 0-1). Panel E: bar graph showing NO 

content of left ventricular tissue samples obtained from control, 

high-cholesterol-fed, LNA-treated, and high-cholesterol-fed + 

LNA-treated groups. * (p<0.05) shows significant decrease 

compared to controls.
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7.2. Study 2.

7.2.1. Preconditioning in the absence of LNA

In control (2C) hearts, test ischemia/reperfusion resulted in a marked decrease in coronary

flow (Fig. 10A), aortic flow (Fig. 10B), LVDP (Fig. 11 A), and both +dP/dtmax and -dP/dt

(Table 4), a considerable increase in LVEDP (Fig. 11B) and LDH release (Fig. 12A), and 100%

incidence of VF (Fig. 12B). When test ischemia was preceded by preconditioning elicited by

ventricular overdrive pacing (2C-VOP) or no-flow ischemia (2C-NF), coronary flow, aortic flow,

LVDP, +dP/dtmax, and -dP/dtmax improved and LVEDP, LDH release, and the incidence of VF

decreased, showing the protective effect of preconditioning against acute ischemia/reperfusion

injury (Table 4; Figs. 10-12). In the control (2C) hearts, NO content was not changed when

measured before or after preconditioning (Fig. 13A). However, test ischemia induced a marked

increase in cardiac NO signal

intensity (Fig. 13B). Upon

reperfusion, NO content was

significantly lower than that _
.?

measured at the end of ischemia, but '
it was still significantly higher than I

the basal cardiac NO content (Fig.

Both preconditioning 

protocols significantly attenuated the 

ischemia and reperfusion-induced 

increase in cardiac NO-signal (Fig.

13B).
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XFigure 10. Effects of preconditioning on 
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and after test ischemia/reperfusion. See Fig 

3 for abbreviations. Values are mean±SEM 

(n=7 in each group). * p<0.05 vs.
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7.2.2. Preconditioning in the presence of 4.6 juM LNA

When LNA-treatment (4.6 цМ) was commenced before preconditioning, cardiac 

functional parameters (Figs. 10 and 11; Table 2), LDH release (Fig. 12A), and VF (Fig. 12B) 

were not influenced before or after test ischemia, but LVEDP (Fig. 11B) increased before test 

ischemia in the 2LNA-C group. The protective effect of preconditioning induced either by pacing 

or no-flow ischemia was prevented by LNA as neither cardiac function, LDH release nor the 

incidence of VF was improved due to preconditioning. When LNA treatment was applied after 

preconditioning (in 2LNA-Late-VOP and 2LNA-Late-NF groups), the preconditioning 

phenomenon was not affected, as cardiac function improved and both LDH release and the 

occurrence of VF decreased following test ischemia/reperfusion.
Figure 11. Effects preconditioning on left 

ventricular developed pressure (LVDP, 

panel A) and left ventricular end-diastolic 

pressure (LVEDP, panel B) before and after 

test ischemia/reperfusion. Time-matched 

nonpreconditioning protocol (2C), pacing- 

induced preconditioning protocol (2C- 

VOP), and a no-flow ischemia-induced 

preconditioning protocol (2C-NF). The same 

protocols were applied in the presence of 4.6 

pM /V°-nitro-L-arginine (2LNA-C, 2LNA- 

VOP, 2LNA-NF). In 2LNA-Late-VOP and 

2LNA-Late-NF groups LNA was given 

immediately after the preconditioning 

protocols. Nonpreconditioning (2LNA46- 

pacing-induced preconditioning 

(2LNA46-VOP), and no-flow ischemia- 

induced preconditioning (2LNA46-NF) 

protocols were also performed in the 

presence of 46.0 pM LNA. Values are 

mean±SEM (n=7 in each group). * p<0.05 

vs. corresponding 2C group.
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Table 4. Effect of preconditioning on heart rate and + or - dP/dt 

ischemia followed by 15 min reperfusion

before ischemia

before and after 30 minmax

after ischemia and reperfusion
HR --dp/dt -dp/dt HR -dp/dtGroup t-dp/dtmax max max max

2C 273 ± 7 
264 ± 4 
264 ± 4 
271 ± 5 
275 ± 5 
268 ± 7 
261 ± 4 
264 ± 4 
290 ± 8 
286 ± 7 
289 ± 8

873 ± 32 
828 ± 17 
839 ± 20 
809 ± 20 
784 ± 29 
793 ± 31 
827 ± 22 
806 ± 24 
893 ± 34 
904 ± 31 
871 ± 29

488 ± 35 
458 ± 33 
461 ± 32 
473 ± 15 
430 ± 11 
434 ± 15 
458 ± 33 
463 ± 32 
478 ± 30 
460 ± 26 
471 ± 33
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Figure 12. Effects of preconditioning on lactate 

dehydrogenase release (LDH, panel A, n=7 in 

each group) and the incidence of ventricular 

fibrillation (VF, panel B, n=9-13) upon 

reperfusion following test ischemia. Time- 

matched nonpreconditioning protocol (2C), 

pacing-induced preconditioning protocol (2C- 

VOP), and a no-flow ischemia-induced 

preconditioning protocol (2C-NF). The same 

protocols were applied in the presence of 4.6 pM 

A°-nitro-L-arginine (2LNA-C, 2LNA-VOP, 

2LNA-NF). In 2LNA-Late-VOP and 2LNA- 

Late-NF groups LNA was given immediately 

after the preconditioning protocols. 

Nonpreconditioning (2LNA46-C), pacing- 

induced preconditioning (2LNA46-VOP), and 

no-flow ischemia-induced preconditioning 

(2LNA46-NF) protocols were also performed in 

the presence of 46.0 pM LNA. Values are 

mean±SEM. * p<0.05 vs. corresponding 2C 

group.
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LNA (4.6 цМ) decreased basal NO content to a nondetectable level, however, it did not 

decrease the NO signal during test ischemia or reperfusion in nonpreconditioned (2LNA-C) 

groups (Fig. 13). However, unlike the 2C-VOP and 2C-NF groups, the NO signal intensity during 

test ischemia and reperfusion was not decreased by either mode of preconditioning (in 2LNA- 

VOP and 2LNA-NF groups). When LNA was applied after preconditioning, the NO signal 

intensity during test ischemia and reperfusion was decreased by both preconditioning protocols.

Figure 13. Effects of preconditioning 

(PRE) on cardiac NO content before and 

after PRE (Panel A) as well as at the end 

of test ischemia and upon reperfusion
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immediately after the preconditioning 

protocols.
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7.2.3. Preconditioning in the presence of 46.0 pM LNA

LNA (46.0 pM) decreased coronary flow (Fig. 10A) and increased LVEDP (Fig. 1 IB) 

before test ischemia/reperfusion and significantly improved functional parameters (Fig. 10; 11, 

Table 4), decreased LDH release (Fig. 12A), and reduced the incidence of VF (Fig. 12B) 

following test ischemia/reperfusion (2LNA46-C group). In the presence of 46.0 pM LNA, 

preconditioning protocols did not significantly affect the protective effect of 46.0 pM LNA itself 

on test ischemia/reperfusion.

LNA (46.0 pM) significantly decreased basal NO content as well as the NO signal during 

test ischemia and reperfusion (2LNA46-C group) as compared to the control group (2C). Similar 

changes of NO content were seen in the 2LNA46-VOP or 2LNA46-NF groups (Fig. 13).
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8. Discussion

8.1. New findings

i. cholesterol-enriched diet for 24 weeks inhibits the cardioprotective effect of pacing-induced 

preconditioning in isolated working rat hearts possibly due to deterioration of NO metabolism

ii. classic preconditioning inhibits ischemia- and reperfusion-induced accumulation of cardiac 

NO resulting in an improvement of postischemic myocardial function and reduction of 

arrhythmias

iii. NO biosynthesis during preconditioning is necessary to trigger preconditioning

iv. NO itself does not mediate the protective effect of classic preconditioning

8.2. NO and ischemia/reperfusion

We have shown here using ESR that there is a marked increase in the cardiac NO signal 

after 30 min of ischemia in the working rat heart. This finding confirms the results of Zweier et 

al. [1995a; 1995b] who showed using the same technique that the myocardial NO signal 

increased substantially after 30 min of ischemia in Langendorff-perfused rat hearts. Depre et al. 

[1994; 1997] demonstrated that global ischemia in perfused rabbit hearts increased cardiac NOS 

activity and cGMP content. Based upon indirect pharmacological evidences, ischemia-induced 

increase in NO synthesis was previously suggested by others [Kitekaze et al., 1995; Node et al., 

1996]. Although LNA (4.6 pM) decreased basal NO content similar to that seen in our previous 

studies [Ferdinandy et al, 1997a; 1997b], it was not able to prevent the accumulation of NO by 

ischemia/reperfusion and did not improve postischemic myocardial function. In contrast, LNA at 

the 10-fold higher concentration (46.0 pM) was able to reduce the NO signal during ischemia and 

reperfusion significantly. This was accompanied by an improved postischemic cardiac 

performance, decreased LDH release, and reduced incidence of VF. These results show that 

accumulation of NO during ischemia and reperfusion contributes to ischemia/reperfusion injury.

Numerous earlier studies using different concentrations of NOS inhibitors or NO donors, 

without attempting to measure actual changes in myocardial NO content, led to contradictory
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conclusions about endogenous NO being either protective, neutral, or a destructive player in 

ischemia/reperfusion [Schulz and Wambolt, 1995; Ferdinandy et al, 1995a; Woolfson et al., 

1995; Hasebe et al., 1993; Lefer et al., 1993b; Curtis and Pabla, 1997; Weselcouch et al., 1995]. 

Recent studies suggest that the harmful effects of NO in the heart and in the vasculature are not 

due to NO itself but peroxynitrite, a reaction product of NO and superoxide [Yasmin et al., 1997; 

Wang and Zweier 1996; see for review: Beckman and Koppenol, 1996]. A seminal study 

addressing this controversy by Yasmin et al., [1997] demonstrated that the NO-dependent 

ischemia/reperfusion injury is mediated by peroxynitrite in the heart. №-mono-methyl-L-arginine 

(10 pM) abolished peroxynitrite generation and was cardioprotective at this concentration, 

whereas this beneficial effect was lost at 100 pM due to a marked decrease in coronary flow 

[Yasmin et al., 1997]. The NO donor SNAP (0.2 pM) was also cardioprotective in their model 

[Yasmin et al., 1997], as NO in itself is an antioxidant which interferes with peroxynitrite- 

mediated radical chain propagation reactions [Rubbo et al., 1994]. Wang and Zweier [1996] 

reported that NOS inhibitors at concentrations which decreased cardiac NO during 

ischemia/reperfusion alleviate peroxynitrite generation and ischemia/reperfusion injury. These 

results, including our present data suggest that in order to draw valid conclusions from studies 

using NOS inhibitors during ischemia/reperfusion, the selection of an appropriate concentration 

of a NOS inhibitor to reduce the excessive generation of NO during ischemia/reperfusion and 

protect the heart from subsequent injury requires the measurement of myocardial NO content.

8.3. NO and preconditioning

Our results show that while preconditioning with rapid pacing or no-flow ischemia did not 

significantly change basal cardiac NO content, it markedly decreased NO accumulation during 

test ischemia and reperfusion, improved postischemic myocardial function, and decreased the 

release of LDH and the incidence of VF. In the presence of 4.6 pM LNA, which reduced basal 

NO synthesis, preconditioning failed to protect against ischemia/reperfusion and failed to 

attenuate test ischemia/reperfusion-induced NO accumulation. When LNA was applied after the 

preconditioning protocol, the effect of preconditioning on myocardial function and NO content 

was not affected. When preconditioning was applied in the presence of the higher concentration 

of LNA (46.0 pM) which protected nonpreconditioned hearts, no further improvement of



35

postischemic myocardial function and LDH release was seen, nor did it further decrease the NO 

signal during ischemia and reperfusion. These results show that intact NO synthesis is required to 

elicit preconditioning but NO is not a mediator of the cardioprotective effect of classic 

preconditioning. On the contrary, it suggests that the cardioprotection provided by 

preconditioning induced either by pacing or no-flow ischemia involves a mechanism, which 

decreases the accumulation of NO in the myocardium during ischemia and reperfusion. The 

nature of this mechanism is not known. Preconditioning may decrease the rate of enzymatic 

[Balligand and Cannon, 1997] or nonenzymatic [Zweier et al, 1995b and Mülsch et al, 1992] 

NO production during ischemia/reperfusion by altering pH and the availability of cofactors and/or 

substrate for NO synthesis, or may possibly stimulate the formation of endogenous NOS 

inhibitors [Vallance et al., 1992].

Ош present results support those of Vegh et al [1992], who demonstrated that 10 mg/kg 

LNA methyl ester abolished the antiarrhythmic effect of preconditioning in a coronary occlusion 

model in anesthetized dogs. However, studies by Lu et al. [1995] using 10 mg/kg A^-mono- 

methyl-L-arginine or LNA methyl ester in anesthetized rats with coronary occlusion/reperfusion 

and Weselcouch et al., [1995] using 30 pM LNA methyl ester in isolated rat hearts showed, 

surprisingly, that the different NOS inhibitors did not interfere with the outcome of 

ischemia/reperfusion with or without preceding preconditioning as assessed by postischemic 

myocardial function, LDH release [Weselcouch et al., 1995], and arrhythmias [Lu et al., 1995]. 

Since NO generation was not determined and only a single dose of NOS inhibitor was used in 

these studies, it is difficult to interpret these negative results.

The importance of NO in the conventional no-flow ischemia-induced preconditioning is 

controversial [Vegh et al, 1992; Weselcouch et al., 1995; Lu et al., 1995]; however, our present 

results and recent results form our laboratory support the role of NO-cGMP system in pacing- 

induced preconditioning in rabbits and rats [Szilvássy et al., 1994a; 1994b; Ferdinandy et al., 

1996; 1997a]. This discrepancy may be explained by the different biochemical mechanisms 

involved in no-flow ischemia-induced preconditioning and in pacing-induced preconditioning 

[Ferdinandy et al., 1995c]. Rapid pacing represent a strong stimulus to the release of 

endothelial/myocardial/neural NO [Lamontagne et al, 1991; Kitakaze et al., 1995] and/or cGMP 

[Ohno et al, 1993] either through increased sheer-stress in the coronary vasculature, or through 

increased activation of KATp-channels [Koning et al., 1996]. Adenosine, the most extensively
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studied preconditioning trigger/mediator, may also act via NO, since it enhances NO production 

[Li et al., 1995]; therefore, our results fit to the "adenosine-theory".

8.4. Cholesterol-enriched diet and preconditioning

Hypercholesterolemia is a major risk factor for the development of ischemic heart disease. 

There is a linear relationship between elevation of serum total cholesterol concentration and the 

incidence of myocardial infarction, which is mostly attributed to the development of atherosclerosis 

[see for review: Roberts, 1995]. However, we have recently demonstrated that hypercholesterolemia 

blocks preconditioning probably irrespective of the development of atherosclerosis in conscious 

rabbits [Szilvássy et al, 1995]. In the present study, we further investigated the mechanism of high- 

cholesterol diet-induced loss of preconditioning in isolated crystalloid-perfused rat hearts. In this 

model, the direct effect of serum cholesterol, and the effect of atherosclerosis can be excluded, since 

Wistar rats show moderate increase in serum cholesterol level, and no substantial functional 

atherosclerosis develops due to cholesterol-enriched diet [Roach et al., 1993; Horton et al., 1995]. 

Accordingly, CF was not changed in the cholesterol fed group, and the severity of a 10-min 

coronary occlusion was not increased when compared to controls in this study. However, similarly 

to LNA-treated groups, nonischemic LVEDP was increased by cholesterol diet. As seen with LNA- 

treated groups, cholesterol-enriched diet decreased cardiac NO content and abolished 

preconditioning. The effect of the combination of a high-cholesterol diet and LNA treatment was 

not significantly different form that found with high-cholesterol diet or LNA treatment, respectively. 

These findings strongly suggest that a high-cholesterol diet inhibits preconditioning due to 

inhibition of NO synthesis. Since we observed this phenomenon in the crystalloid perfused rat heart, 

it is most likely that the accumulation of tissue/membrane cholesterol [Hexeberg et al., 1993] rather 

than the effect of high serum cholesterol is responsible for the inhibition of NO synthesis and the 

loss of preconditioning. In agreement, Lefer and Ma [1993a] observed reduced NO release from 

rabbit aorta in hypercholesterolemia, and Deliconstantinos et al. [1995] showed that incorporation 

of high concentrations of cholesterol into endothelial cell membranes caused down-regulation of 

NO synthase. Furthermore, Schmidt et al. [1990] demonstrated that oxidized low-density 

lipoprotein inhibited activation of guanylate cyclase.
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8.5. Preconditioning in the diseased heart

To date, preconditioning has been extensively studied in healthy animal models, however, 

very few studies focused on the effect of preconditioning in hearts of diseased animals. 

Nevertheless, clinical studies have shown that several risk factors, i.e. hypercholesterolemia, 

diabetes, and nitrate tolerance increase mortality rate due to myocardial infarction [see for reviews: 

Roberts, 1995; Kannel and McGee, 1979]. It is suggested that these metabolic disorders may 

interfere with the biochemical pathway(s) of the endogenous adaptive response to ischemia. This 

study, and recent studies from our laboratory demonstrate that the preconditioning phenomenon can 

not be elicited in experimental hypercholesterolemia, or in vascular tolerance to nitroglycerin 

[Szilvássy et ah, 1994b; 1995]. Tosaki et al. [1996] observed that in chronic experimental diabetes, 

preconditioning induced by four cycles of no-flow ischemia did not afford protection in isolated rat 

hearts. Speechly-Dick et al. [1994] showed that preconditioning conferred protection on 

hypertrophied myocardium induced by experimental hypertension in rats; however, hypertension- 

induced myocardial hypertrophy is not accompanied with significant metabolic disorder. It seems 

that classical preconditioning is a 'healthy-heart phenomenon' [see for review: Ferdinandy et al., 

1998]. Study of preconditioning in metabolic disorders will shed more light on the underlying 

biochemical mechanisms.

8.6. Limitations of the study

Although the present results clearly demonstrate marked changes in the ESR signal of NO 

during ischemia/reperfusion with or without a prior period of preconditioning, the cellular sources 

of cardiac NO are not demonstrated, since ESR analysis of total cardiac tissue was performed. 

Absolute quantification of NO concentration by ESR detection in tissue samples is not possible 

[Ferdinandy et al., 1997b; Mülsch et al., 1992; Csont et al., 1998], therefore, we expressed NO 

signal intensity in arbitrary units, which allowed us to demonstrate relative changes in cardiac NO 

[Ferdinandy et al., 1997a and 1997b; Csont et al., 1998]. The isolated rat heart with test global 

ischemia and reperfusion used in this study is a convenient model to follow changes in cardiac 

NO content by ESR, however, this model does not allow direct measurement of necrotic tissue 

mass, the traditional marker of preconditioning. Therefore, we assessed the cardioprotective 

effect of preconditioning by measuring postischemic myocardial function, arrhythmias, and LDH
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release as an indirect indicator of tissue damage. Nevertheless, this study is the first attempt to 

follow changes in cardiac NO content during preconditioning and subsequent test 

ischemia/reperfusion.

The present study does not provide direct evidence that the decrease in cardiac NO content 

due to cholesterol diet is the cause of the loss of preconditioning; although this study strongly 

suggests this, based on evidences derived from well documented parallelity with results obtained 

with pharmacological NO synthesis blockade and with a high-cholesterol diet.
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Conclusions9.

This is the first demonstration that preconditioning protocols do not change basal cardiac 

NO content but effectively reduce the accumulation of NO during subsequent ischemia and 

reperfusion resulting in an improvement of postischemic myocardial function. Furthermore, our 

results suggest that cardiac NO biosynthesis is required to trigger preconditioning but NO itself 

does not mediate the protective effect of classic preconditioning. In terms of the role of NO it 

appears that there is no difference between the mechanism of pacing or no-flow ischemia-induced 

classic preconditioning. Finally we suggest that pharmacological inhibition of cardiac NO 

biosynthesis, although it may confer protection to the ischemic heart, may also abolish the 

development of endogenous cardioprotective mechanisms.

The present results show that cholesterol-enriched diet for 24 weeks, like a single injection 

with 1 mg/kg LNA, markedly reduces the specific ESR signal of NO-Fe2+-(DETCh complex in 

tissue samples of the left ventricle, and inhibits the cardioprotective effect of pacing-induced 

preconditioning in isolated working rat hearts with coronary occlusion. The combination of high- 

cholesterol diet with LNA treatment shows similar effects. However, when LNA is administered 

after the preconditioning protocol, the protective effect of preconditioning is not blocked. These 

findings strongly suggest that an intact NO metabolism is required to the trigger mechanism of 

pacing-induced preconditioning in the rat, and that the loss of preconditioning in high-cholesterol 

diet-induced hyperlipidemia may be due to the deterioration of cardiac NO metabolism.

Further understanding of the biochemical mechanism of preconditioning may help to 

develop therapeutic agent which can mimic the remarkable cardioprotective effect of 

preconditioning.
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