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Summary
Ischaemic heart disease is one of the major contributor to the morbidity and 

mortality in the modern civilized society. Organic nitrates have been widely used in 

the treatment of ischaemic heart disease for more than hundred years, however, the 

direct effect of organic nitrates on the heart is not known. Therefore, we investigated 

whether glyceryl trinitrate (GTN) exerts a direct myocardial anti-ischaemic effect in 

the rat heart and if this cardioprotective effect is preserved in vascular GTN- 
tolerance. We also examined if this effect is mediated by GTN-derived nitric oxide 

(NO) and involves guanosine 3'5' cyclic monophosphate (cGMP) and ATP-sensitive 

K+ channels (KATP).
Rats were treated with 100 mg kg"1 GTN or vehicle subcutaneously 3 times a 

day for 3 days to induce vascular GTN-tolerance or nontolerance. Isolated working 

hearts obtained from either GTN-tolerant or nontolerant rats were subjected to 10 min 

coronary occlusion in the presence of 10"7 M GTN or its solvent. GTN improved 

myocardial function and reduced lactate dehydrogenase (LDH) release during 

coronary occlusion in both GTN-tolerant and nontolerant hearts. Cardiac NO 

assessed by electron spin resonance after in vivo spin trapping increased 100-fold 

in the positive-control (sodium nitroprusside, 3 mg kg"1), 10-fold in the GTN-tolerant, 
and 4-fold in the single-GTN group, when compared to controls. In the negative- 
control group (NG-nitro-L-arginine, 20 mg kg"1), NO was reduced to near the detection 

limit (4-fold reduction). Cardiac cGMP measured by radioimmunoassay was 

increased significantly (2-fold) only in the positive-control group and there were no 

difference among the other groups. In ex v/Vo studies cardiac NO content significantly 

increased after GTN administration in both GTN-tolerant and nontolerant hearts, 
however, cardiac cGMP content was not changed by GTN administration. When 

hearts from both GTN-tolerant and nontolerant rats were subjected to coronary 

occlusion in the presence of the KATP-blocker glibenclamide (1 O'7 M) the drug itself did 

not affect myocardial function and LDH release, however, it abolished the anti- 
ischaemic effect of GTN.

We conclude that GTN opens KATP via a cGMP-independent mechanism, 
thereby leading to an anti-ischaemic effect in the heart in both GTN-tolerant and 

nontolerant rats. We also conclude that in vivo cardiac bioconversion of GTN to NO 

is not impaired in nitrate tolerance and changes in cardiac NO content is not reflected 

by changes in cGMP content in nitrate tolerant and non-tolerant rats.
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1. Introduction

1.1. The ischaemic myocardium
Ischaemic heart disease is one of the major contributor to the morbidity and 

mortality in the modern civilized society. Therefore, research and development of 

cardioprotective agents to improve cardiac function, decrease the incidence of life- 

threatening arrhythmias, and to delay the onset of necrosis during ischaemia are of 

great importance.
The myocardium becomes ischaemic locally or generally when the coronary 

blood supply is insufficient to cover myocardial demand for oxygen and essential 
nutrients. Since little is known about the latter, myocardial ischaemia tends to be 

considered in terms of its most striking immediate feature: local lack of oxygen. 

Within 30 seconds of coronary occlusion myocardial oxygen tension falls by about 

90%. At cellular level, the processes that supply the heart's considerable energy 

requirements are affected first. The small myocardial fuel reserves held in the form 

of creatine phosphate are soon utilized, closely followed by depletion of adenosine 

triphosphate (ATP) stores. Then the hypoxic myocardium reduces its reliance on free 

fatty acids and lactate as energy sources, and turns increasingly to glucose and 

glycogen. At the same time, aerobic glycolysis gives way to anaerobic glycolysis with 

less net energy yield. That means that the local myocardial pH tends to decrease, 
because the ischaemic myocardium produces lactate instead of oxidizing lactate. 

Since most of its power supply cut off, myocardial contractility declines rapidly. 

Electrical conductivity and contractility are also affected by changes in membrane 

permeability to electrolyte ions, e.g. calcium and potassium. The resulting Ca++ 

overload due to the insufficiency of Na+-Ca++ exchanger and the sarcoplasmic Ca++- 

ATPase, the generation of highly reactive oxygen-derived free radicals, and release 

of acidic hydrolases from the lysosomes are thought to be the major cause of 

ischaemic injury (see for reviews: Ferrari, 1995; Piper, 1989; Braunwald & Sobel, 

1984). Severity and duration of ischaemia determine the reversibility of the ischaemic 

injury.

Ischaemia, however, may trigger certain endogenous cardioprotective 

mechanisms, which include the phenomenon of "ischaemic preconditioning" (Walker
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& Yellon, 1992), release of nitric oxide (Vegh et al., 1992), bradykinin (Vegh et a!., 

1991), adenosine (Tsuchida etal., 1992), accumulation of intracellular guanosine 3'5' 

cyclic monophosphate (cGMP; Szilvassy etal., 1994a, b), and activation of the ATP- 

sensitive K+-channels (KATP) (Ferdinandy et al., 1995b; Grover et al., 1989).

1.2. Glyceryl trinitrate and nitrate tolerance
Glyceryl trinitrate (GTN) is the most typical representative of organic nitrates 

widely used in the treatment of ischaemic heart disease for more than hundred years. 

The anti-ischaemic effect of therapeutically used organic nitrates, including GTN is 

believed to be based on the drug-induced decrease in preload and afterload, 

improvement of coronary collateral flow, dilation of stenotic coronary arteries, and 

inhibition of platelet aggregation (see for review: Harrison & Bates, 1993; Chung & 

Fung, 1993). To exert these effects, GTN is considered to act as a prodrug, that 
requires enzymatic bioconversion to the pharmacologically active principle, i.e. nitric 

oxide (NO), which, in turn, activates soluble guanylate cyclase in vascular smooth 

muscle cells, thereby leading to an increase in cGMP (Figure 1) and subsequently an 

activation of cGMP-dependent protein kinase. This substance may influence vascular 

contractility in several ways, including limiting calcium entry through channels or a 

direct decrease in the sensitivity of contractile proteins to calcium (see for review: 
Moncada et al., 1991; Schulz & Triggle, 1994). An increase in vascular cGMP is 

associated with vascular smooth muscle relaxation, which is considered to be the 

major cause of the anti-ischaemic effect of GTN.

Continuous administration of organic nitrates including GTN results in the 

development of tolerance to their haemodynamic effects which limits their clinical 

application. The mechanisms leading to vascular nitrate tolerance may include 

neurohormonal counterregulatory mechanisms to maintain blood pressure (see for 

review: Mangione & Glasser, 1994), increased production of superoxide anions 

(Münzel et al., 1995), reduced biotransformation of GTN to NO, and alterations in 

cGMP metabolism (see for review: Axelsson & Ahlner, 1987).

Nevertheless, numerous studies examined the effect of GTN on vascular 

tissue, but very little is known about the direct effect of GTN on the heart (Figure 1).



9

Sodium-nitroprusside, a nonenzymatic releaser of NO has been shown to exert direct 

effects on myocardial function (Grocott-Mason et al., 1994). The protective effect of 

SIN-1 against reoxygenation injury in isolated cardiomyocytes (Schlutter et al., 1994) 

and the loss of ischaemic preconditioning in rabbits with vascular tolerance to GTN 

(Szilvássy et al., 1997) may suggest an unidentified direct cardioprotective effect of 

NO or NO donors.

MyocardiumVascular smooth muscle

H2C - ONO,
I

HC - 0N02

H2C - ono2
Glyceryl trinitrate

?
NONO

?

cGMPcGMP

KAXP activitation/ \

vasodilation cardioprotection

Figure 1 Mechanism of action of glyceryl trinitrate in vascular smooth muscle 

cells and in the myocardium

1.3. ATP-sensitive potassium channels and myocardial ischaemia
Noma et al. (1983) reported the presence of K+-channels in guinea pig 

ventricular myocytes that were regulated primarily by the intracellular concentration 

of ATP and to a lesser degree by adenosine diphosphate and he postulated that
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these channels may play a cardioprotective role during ischaemia or hypoxia. These 

channels were named KATP and have also been shown to exist in pancreatic beta 

cells, skeletal muscle, brain, and vascular smooth muscle (Gross & Auchampach, 

1992). The significance of KATP in the control of cardiac and smooth muscle cell 

function has been one of the major topics in pharmacology for the last few years 

(Nichols & Lederer, 1991; Sanguinetti, 1992; Padrini etal., 1992; Ferdinandy etal., 

1995b). Potassium channel opener agents developed as antihypertensive drugs relax 

smooth muscle cells. Opening of potassium channels results in hyperpolarization that 

inactivates voltage dependent Ca++-channels which leads to relaxation of smooth 

muscle (Siegel etal., 1991). The action site of the potassium channel opener drugs 

on the myocardium is the KATP channel, open probability of which is very low during 

normal conditions. A chemically diverse group of compounds (cromakalim, nicorandil, 

pinacidil, RP 49356 etc.) called potassium channel openers and the sulphanylurea 

agents like glibenclamide that antagonize the effect of potassium channel openers 

has made great contribution to this research field not only as promising drug 

candidates, but also as major research lancets (Antzelevitz & Di Diego, 1992). К 

has special role during ischaemia. Under hypoxic conditions ATP content decreases 

and KATP channels open. Opening of these channels hyperpolarizes myocytes, 

lengthens diastolic length of muscle fibres, and shortens duration of action potentials. 
KATP activation protects cardiac myocytes against Ca++-overload via early inactivation 

of voltage dependent Ca++-channels (Sanguinetti, 1992). Since the development of 

specific pharmacological modulators of this channel, substantial evidence has 

accumulated to assume that opening these channels in the heart may play an 

important cardioprotective role. (Grover etal., 1989; Ferdinandy etal., 1995b).

Cromakalim, a prototype of KATP openers, and cicletanine, which drug has 

been also shown to act at least in part via opening of KATP, relaxes vascular smooth 

muscle (Gross & Auchampach, 1992; Ferdinandy et al, 1995b), improves functional 

recovery and decreases cumulative LDH release of isolated Langendorff rat hearts 

subjected to global ischaemia and reperfusion (Grover etal., 1989). These effects are 

antagonized by glibenclamide, a blocker of KATP, and thus have been attributed to 

opening of KATP. Glibenclamide at higher doses was found to worsen 

ischaemic/reperfused myocardial function in isolated Langendorff rat heart (Grover

ATP
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et at, 1989) and in anaesthetized open chest dogs (Auchampach et al., 1992).

NO has been shown to open ATP-sensitive K+ channels (KATP) in isolated 

mesenteric arteries (Murphy & Brayden, 1995; Figure 1) and in isolated pancreatic 

islets (Antoine et at, 1997).

1.4. Aims
Although numerous studies looked at the effect of GTN on vascular tissue, 

very few studies examined the effect of GTN on the heart. Therefore, the present 

study was devoted to investigate as to whether the anti-ischaemic effect of GTN 

involves a direct myocardial action independent from any vascular action of the drug, 

and whether a direct myocardial anti-ischaemic effect of GTN exists in vascular 

tolerance to GTN.

To further study the biochemical background of the effect of GTN on the heart, 

we investigated if GTN is converted to NO with a resulting elevation of cGMP in the 

heart of nitrate-tolerant and non-tolerant rats in vivo, and if cardiac NO content is 

mirrored by cardiac cGMP content.

We also examined if activation of KATP by GTN-derived NO may play a role in 

the direct myocardial anti-ischaemic effect of GTN via a cGMP-independent pathway.

Therefore, in rat heart preparations isolated from experimental nitrate-tolerant 

and nontolerant animals, we investigated whether

GTN exerts a direct myocardial anti-ischaemic action,

GTN is converted to NO in the heart, 

this leads to changes in myocardial cGMP level, 

and if the KATP-blocker glibenclamide abolishes the direct myocardial 

cardioprotective effect of GTN.

(i)

(ii)
(iii)

(iv)
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2. Methods

2.1. Animals
Male Wistar rats (300-360 g) were used throughout the experiments. All the 

investigations conform with 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) and were approved by local ethics committees.

2.2. Chemicals
Glyceryl trinitrate (GTN, 10 % w w'1, EGIS Pharmaceuticals Co., Budapest, 

Hungary) and its vehicle lactose suspended in 100% propylene glycol were used for 

the induction of nitrate-tolerance/nontolerance. GTN (Pohl-Boskamp, 

Hochenlockstedt, Germany) and its solvent ethanol were used for the isolated heart 
perfusions. NG-nitro-L-arginine (Sigma-Aldrich Co, Budapest, Hungary) was dissolved 

in physiological saline at 60 °C and cooled to room temperature before 

administration. Sodium-nitroprusside (Sigma-Aldrich Co, Budapest, Hungary) was 

dissolved in physiological saline just before administration, and the solution was 

protected from light exposure. Glibenclamide (dissolved in ethanol) and 

norepinephrine were purchased from Sigma (St. Louis, MO, USA). N-methyl-D- 

glucoseamine-dithio-carbamate (MGD) was synthesized as described by Shinobu et 

al., (1984). Diethyl-dithio-carbamate (DETC), FeS04 and sodium citrate were 

dissolved in saline (Sigma-Aldrich Co, Budapest, Hungary). Radioimmunoassay kits 

for cGMP was purchased from Amersham, (Les Ulis, France).

2.3. Induction of vascular nitrate tolerance
Rats were given subcutaneously 100 mg kg'1 GTN and/or its vehicle lactose 

3 times a day for 3 days to induce vascular tolerance to GTN (Silver et al., 1991). 

Rats were used for isolated heart preparations on the fourth day.



13

2.4. Confirmation of vascular nitrate tolerance
Development of vascular tolerance to GTN was confirmed on the fourth day 

by testing endothelium-free thoracic aortic rings for isometric tension as described 

elsewhere(Ferdinandy etal., 1995a; Szilvássyefa/., 1994b). Ringsof4mm in length 

were precontracted with an EC50 concentration of norepinephrine in addition to a 

resting tension of 20 mN. The rings were then exposed to cumulative concentrations 

of GTN in half-log increments. GTN concentrations required to produce half-maximal 
relaxation were 0.082±0.013 pM in vehicle-treated, nontolerant rings versus 

1.61 ±0.21 pM in GTN-treated, tolerant ones (P<0.05, n=5 in both groups).

2.5. Isolated rat hearts
Rats were anaesthetized with diethylether and given 500 u kg'1 heparin. After 

30 seconds, hearts were excised and cannulated through the aorta, and perfused in 

the Langendorff mode at constant pressure (9.8 kPa) for 10 minutes. During this 

period, the left atrium was cannulated and a suture was placed around the left main 

coronary artery close to its origin, allowing regional ischaemia to be induced as 

described (Ferdinandy et al., 1995b). Hearts were then converted to a working 

preparation and perfused at 37°C with Krebs-Henseleit bicarbonate buffer containing 

(in mM) NaCI 118, KCI 4.3, CaCI2 2.4, NaHC03 25, KH2P04 1.2, MgS04 1.2 and 

glucose 11.1, gassed with 95% 02 and 5% C02 as described (Ferdinandy et 

al., 1995b). Preload (1.7 kPa) and afterload (9.8 kPa) were kept constant throughout 

the experiments. Heart rate, derived from the left ventricular pressure curve; coronary 

flow, measured by collecting effluent from the right atrium in a measuring cylinder for 

a timed period; aortic flow, measured by a calibrated rotameter (KDG Flowmeters, 

Sussex, England); left ventricular developed pressure, counted as peak systolic 

pressure minus left ventricular end-diastolic pressure; ±dP/dtmax; and left ventricular

end-diastolic pressure were recorded. Ventricular pressure was measured by a 

pressure transducer (B. Braun, Melsungen, Germany) connected to a small 

polyethylene catheter inserted into the left ventricle as described (Ferdinandy et al., 

1995b). Ventricular pressure was on-line digitized and recorded with 200-Hz sampling 

frequency with an IBM computer.
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2.6. Determination of lactate dehydrogenase release
Coronary effluents were assayed for lactate dehydrogenase (LDH) activity by 

means of an automatic analyser (Hitachi-911) which uses Boehringer-Mannheim kits.
) x CF/(wet heart weight.) 

and expressed as mu min'1 g'1 (wet tissue weight) (Ferdinandy et al., 1995a; 

Ferdinandy etai, 1999).

- LDHLDH release was calculated as (LDH preischaemicischaemic

2.7. Determination of the ischaemic area
Ischaemic area of the left ventricle was determined by a dye exclusion method 

invented by Curtis & Hearse (1989). Following ten minute coronary occlusion Evans 

blue (1% w V'1 in perfusion buffer) was applied to stain the nonischaemic regions of 
the hearts. Then the unstained ischaemic (occluded) part was separated from the 

blue nonischaemic part and weighed. The size of the ischaemic zone of the left 

ventricle was expressed as the percentage of the total left ventricular tissue mass.

Coronary ligation produced an ischaemic zone of 37.5±1.7% of the total left 

ventricular tissue in the vehicle-treated hearts, however, none of the treatments 

affected significantly the size of the ischaemic zone. These results are in accordance 

with the findings of Ferdinandy et al. (1995b) showing that even strong vasoactive 

compounds failed to change the size of the ischaemic zone in the isolated rat heart.

2.8. Experimental design
2.8.1. Ex vivo studies

To assess the anti-ischaemic effect of GTN, after 10 min of aerobic working 

perfusion, hearts of nitrate-tolerant and nontolerant rats were subjected to 10 min 

coronary occlusion in the presence of a nonvasodilatory concentration of GTN (10'7 

M) and its solvent ethanol (final concentration: 2.2x1 O'3 % v v'1). Measurement of 

cardiac function was performed before ischaemia and at the end of coronary 

occlusion. LDH release was determined at the end of coronary occlusion. According 

to our preliminary experiments, the concentration of 10'7 M GTN was selected for the 

present study, since this was the highest nonvasoactive concentration of the drug
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which did not affect preischaemic myocardial function and coronary flow in the 

isolated rat heart. GTN at concentrations >10'7 M concentration-dependently 

decreased left ventricular developed pressure, +dP/dt 

nonischaemic heart (data not shown).
In separate experiments, we examined if GTN influences myocardial NO and 

cGMP levels in hearts isolated from GTN-tolerant or nontolerant animals.

Finally, to study the involvement of KATP in the effect of GTN, the interaction 

of 10'7 M glibenclamide with GTN was examined in hearts isolated from GTN-tolerant 

or nontolerant rats and subjected to coronary occlusion. According to our preliminary 

experiments (data not shown) and previous studies of our research group 

(Ferdinandy et al., 1995b), this concentration of glibenclamide alone did not 

significantly affect myocardial function, however, it abolished the cardioprotective 

effect of the most effective concentration of the KATP activator cromakalim in this 

model.

and -dP/dtmax in themax*

2.8.2. In vivo studies

To study the GTN-NO-cGMP pathway in vivo, rats were assigned to 5 groups 

(n=10 in each group, Figure 2). Five animals were used for cGMP measurements, 
and 5 for NO determination in each group. Animals were treated subcutaneously with 

100 mg kg'1 GTN and/or its vehicle 3 times a day for 2 and a half days (8 injections) 

to induce vascular tolerance/non-tolerance to GTN (Silver et al., 1991). At the end of 

the 3rd day, the first non-tolerant group (negative control group) was given a 9th 

subcutaneous vehicle injection, and at the 4th day, 40 min before the isolation of the 

heart, 20 mg kg'1 NG-nitro-L-arginine was given intravenously to block endogenous 

NO synthesis. Our previous studies showed, that NG-nitro-L-arginine exerts its 

maximal effect in the rat coronary vasculature approximately 40 min after 

administration (Bouma et al., 1992; Ferdinandy et al., 1997b). The second non-

tolerant group (positive control) treated with a 9th vehicle injection was given a single 

3 mg kg intravenous bolus injection of a nonenzymatic releaser of NO, 

sodium-nitroprusside, 5-min before isolation of the heart to achieve extremely high 

cardiac NO concentration. The third non-tolerant group treated with a 9th vehicle 

injection at the end of the 3rd day, served as control. The fourth non-tolerant group
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Figure 2

tolerance/non-tolerance to GTN, rats were treated subcutaneously with 100 mg kg 

glyceryl trinitrate (GTN) and/or its vehicle (VEH) 3 times a day for 2.5 days (8 

injections, indicated by thin arrows). At the end of the 3rd day, the first non-tolerant 

group (negative control group) и/as given a 9th subcutaneous vehicle injection, and 

at the 4th day, 40 min before the isolation of the heart, 20 mg kg'1 hP-nitro-L-arginine 

(LNNA) was given intravenously. The second non-tolerant group (positive control) 

treated with a 9th vehicle injection was given a single 3 mg kg'1 intravenous injection 

of sodium-nitroprusside, 5-min before isolation of the heart. The third non-tolerant 

group treated with a 9th vehicle injection at the end of the 3rd day served as control. 

The fourth non-tolerant group was given a single 100 mg kg'1 GTN subcutaneously 

as the 9th injection at the 3rd day (1xGTN group). The tolerant group was given a 9th 

GTN injection (100 mg kg'1) at the end of the 3rd day (9xGTN group). Twelve hours 

after the last G TN/vehicle injections, hearts were isolated and cardiac NO and cGMP 

were analysed.

Experimental protocol for in vivo studies. To induce vascular
r1
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was given a single 100 mg kg'1 GTN subcutaneously as the 9th injection at the 3rd 

day to test the effect of GTN in non-tolerant state (1xGTN group). The tolerant group 

was given a 9th GTN injection (100 mg kg'1) to test the effect of GTN in nitrate- 

tolerance (9xGTN group). At the fourth day (12 hours after the last GTN/vehicle 

injections), rats were anaesthetized with diethylether, hearts were isolated and 

cardiac NO and cGMP contents were analysed from all groups as described below.

2.9. Measurement of cardiac NO
2.9.1. In vivo spin trapping

NO was assayed by an in vivo spin-trapping method followed by electron spin 

resonance analysis of left ventricular tissue samples as described previously (Zweier 

etal., 1995; Ferdinandy etal., 1997b). Briefly, the spin-trap DETC (200 mg kg'1), 50 

mg kg'1 FeS04, and 200 mg kg'1 sodium-citrate were slowly administered 

intravenously into the femoral vein under ether anaesthesia to all groups (n=5 in each 

group). Five minutes after DETC, FeS04, and citrate treatment, hearts were isolated 

and perfused in Langendorff mode for 30 s to remove coronary blood, then 100 mg 

tissue samples of the left ventricles were placed into quartz tubes, and frozen in liquid 

nitrogen until assayed for electron spin resonance spectra of NO-Fe2+(DETC)2 

complex. To obtain the background spectra of Cu2+(DETC)2 complex, animals were 

given 200 mg kg'1 DETC only.

2.9.2. Ex vivo spin trapping

To study if GTN is converted to NO in the myocardium, cardiac NO content 

was measured with electron spin resonance spectroscopy in the GTN-treated and in 

the solvent-treated hearts isolated from either GTN-tolerant or nontolerant rats. An 

aqueous solution of the spin-trap for NO, Fe2+(MGD)2, was prepared freshly before 

each experiment as described (Csonka etal., 1999; Csont etal., 1999). MGD (175 

mg) and FeS04 • 7H20 (33.4 mg) were dissolved in distilled water (pH=7.4, final 

volume: 6 ml). After 10 minutes of aerobic perfusion, Fe2+(MGD)2 solution was 

infused into the heart through the aortic cannula under Langendorff perfusion for 5 

min at a rate of 1 ml min'1. Tissue samples from the apex of the heart (approximately
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150 mg) were then placed into quartz electron spin resonance tubes and frozen 

immediately in liquid nitrogen.

2.9.3. Electron spin resonance measurements

Samples were assayed for electron spin resonance spectra of the relatively 

stabile NO-Fe2+(MGD)2 and NO-Fe2+(DETC)2 adducts. The detection limit of NO by 

this electron spin resonance method is approximately 0.05 nmol g'1 (wet tissue 

weight) (Mülsch et at, 1992). Electron spin resonance spectra were recorded with a 

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, 340 G 

sweep width, and 3356 G central field as described (Ferdinandy et at, 1997a, b; 

Mülsch et at, 1992). After subtraction of background signals, analysis of NO content 

was performed with double integration of the NO signal as described (Csont etat, 

1998).

2.10. Determination of cardiac cGMP
To determine cardiac cGMP content in vivo (Figure 2), hearts from all groups 

(n=5 in each group) were excised under ether anaesthesia and perfused in 

Langendorff mode for 30 s to remove blood. Left ventricular tissue mass was then 

frozen immediately by means of a Wollenberger clamp precooled in liquid nitrogen.

To examine if GTN increases myocardial cGMP content ex vivo, in separate 

studies, cardiac cGMP concentration was measured in solvent and GTN-perfused 

hearts in both the nitrate-tolerant and the nontolerant groups. After 10 min aerobic 

perfusion, left ventricular tissue mass was frozen by means of a Wollenberger clamp 

precooled in liquid nitrogen.

Frozen myocardial samples were then homogenized, centrifuged and the 

supernatants were extracted six times in water-saturated diethylether. Then the 

organic solvent phase was evaporated, and assayed for cGMP by radioimmunoassay 

using Amersham kits, as described elsewhere (Szilvássy et at, 1994a, b).
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2.11. Statistics
Data were expressed as means±s.e.mean and analysed with one way analysis 

of variance (ANOVA). If a statistically significant difference was established (P< 0.05), 

a modified t test corrected for simultaneous multiple comparisons according to the 

Bonferroni method was applied using SigmaStat 2.0 software (Wallenstein et a/., 

1980).
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3. Results

3.1. Effect of GTN on myocardial function and LDH release
In the nontolerant, solvent-treated group, 10 min coronary occlusion resulted

in a marked decrease in coronary flow (Table 1), aortic flow (Figure ЗА), left
(Figure 5A), and -dP/dtventricular developed pressure (Figure 4A), +dP/dt 

(Table 2), an increase in left ventricular end-diastolic pressure (Figure 6A), and a
maxmax

significant release of LDH (Figure 7A).

Coronary flow (ml min'1) in isolated working hearts from rats with or 

without vascular tolerance to glyceryl trinitrate (GTN).

Table 1

GTN-TOLERANTNONTOLERANT

Before Coronary Before Coronary

ischaemia occlusion ischaemia occlusion

Cone.groups n

SOL 7 23.2Ю.9 15.6±0.9 23.9H.1 16.6±1.3
IO7 M 

IO'7 M 

GL+GTN 10-7M

GTN 7 24.1 ±0.8 16.0±0.3 25.211.4 16.9Ю.6
GL 7 22.1 ±1.4 14.8Ю.4 22.9H.2 15.8Ю.4

7 23.011.2 15.3Ю.5 24.5H.0 16.4Ю.7
Data are meants.e.mean. SOL: solvent, GL: glibenclamide.

GTN at 10'7 M significantly improved ischaemic aortic flow (Figure ЗА), left 

ventricular developed pressure (Figure 4A), +dP/dtmax (Figure 5A), and -dP/dt 

(Table 2), and decreased left ventricular end-diastolic pressure (Figure 6A) and LDH 

release (Figure 7A), however, it did not affect preischaemic myocardial function 

(Figures 3A-7A, Table 2) and preischaemic or ischaemic coronary flow (Table 1).

In hearts isolated from GTN-tolerant rats, 10'7 M GTN showed a similar anti- 

ischaemic effect as seen in the nontolerant group (Figures 3B-7B, Table 2). GTN did 

not affect heart rate, ischaemic area (data not shown), and coronary flow (Table 1).

max
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Aortic flow before ischaemia and at the end of coronary occlusion inFigure 3

working hearts isolated from rats with (B) or without (A) vascular tolerance to glyceryl 

trinitrate (GTN). Hearts were perfused in the presence ofGTN(1(X7 M), glibenclamide 

(GL, 1CT7 M), the combination of GL and GTN, and their solvent (SOL), respectively. 

Data are means±s.e.mean. * P<0.05 vs. solvent-treated group (n-7 in each group).
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Figure 4 Left ventricular developed pressure (LVDP) before ischaemia and at the 

end of coronary occlusion in working hearts isolated from rats with (B) or without (A) 

vascular tolerance to glyceryl trinitrate (GTN). Hearts were perfused in the presence 

of GTN (1 Of7 M), glibenclamide (GL, 1Cr7 M), the combination of GL and GTN, and 

their solvent (SOL), respectively. Data are meansts.e.mean. * P<0.05 vs. solvent-

treated group (n=7 in each group).
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before ischaemia and at the end of coronary occlusion in 

working hearts isolated from rats with (B) or without (A) vascular tolerance to glyceryl 

trinitrate (GTN). Hearts were perfused in the presence of GTN (1 O'7 M), glibenclamide 

(GL, 10r7 M), the combination of GL and GTN, and their solvent (SOL), respectively. 

Data are meansts.e.mean. * P<0.05 vs. solvent-treated group (n=7 in each group).

Figure 5 +dP/dtmax
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Left ventricular end-diastolic pressure (LVEDP) before ischaemia and 

at the end of coronary occlusion in working hearts isolated from rats with (B) or 

without (A) vascular tolerance to glyceryl trinitrate (GTN). Hearts were perfused in the 

presence of GTN (10r7 M), glibenclamide (GL, 1(X7 M), the combination of GL and 

GTN, and their solvent (SOL), respectively. Data are means±s.e.mean. *P<0.05vs. 

solvent-treated group (n=7 in each group).

Figure 6



25

-dP/dtmax (kPa s'1) in isolated working hearts from rats with or withoutTable 2
vascular tolerance to glyceryl trinitrate (GTN).

GTN-T OLERANTNONTOLERANT

Before Coronary Before Coronary
ischaemia occlusion ischaemia occlusion

Cone. ngroups

345±167 398±28 293±18 450±35SOL

10'7 M 

10'7 M 

GL+GTN 107M

*379±227 445±18 *375±13 409±29GTN
340±247 416±26 296±16 437±31GL

317±17 466±337 454±28 347±15
Data are mean±s.e.mean. * P<0.05 vs. solvent-treated group. SOL: solvent, GL: glibenclamide.

Figure 7 Lactate 

dehydrogenase (LDH) 

release at the end of 

coronary occlusion in 

working hearts isolated 

from rats with (B) or without 

(A) vascular tolerance to 

glyceryl trinitrate (GTN). 

Hearts were perfused in the 

presence of GTN (Ш7 M), 

glibenclamide (GL, 1Cr7 M), 

the combination of GL and 

GTN, and their solvent 

(SOL), respectively. Data 

are meansts.e.mean. * 

P<0.05 vs. solvent-treated 

group (n-7 in each group).
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Representative electron spin resonance spectra of NO-Fe2+(DETC)2 

complex in left ventricular tissue samples of rat hearts from the 5 different 

experimental groups, and demonstration of the background signal. Curve A: solid 

line, positive control (3 mg kg'1 Na-nitroprusside); dotted line, fitted curve; xO. 1, 

reduced gain compared to curves В-F. Curve B: background spectrum ofCu(DETC)2. 

Curve C: negative control (№-nitro-L-arginine treatment). Curve D: control (non- 

tolerant). Curve E: single-GTN. Curve F: GTN-tolerant. +10-1: hyperfine splitting of 

NO-Fe2+(DETC)ztriplet; +3/2 +1/2-1/2-3/2: hyperfine splitting of Cu(DETC)2. Electron 

spin resonance parameters: X band, 100 kHz modulation frequency, 160K, 10 mW 

microwave power, 2.85 G modulation amplitude, 340 G sweep width, and 3356 G 

central field.

Figure 8
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3.2. Effect of GTN on myocardial NO and cGMP contents in vivo
In the positive-control group, an intravenous bolus dose (3 mg kg'1) of the 

spontaneous NO releaser, sodium-nitroprusside, resulted in a 100-fold increase in 

cardiac NO content, and induced relatively minor (2-fold), but statistically significant 

elevation of cardiac cGMP concentration as compared to the control group (Figure 

8-9). In the GTN-tolerant group, a 10-fold increase in cardiac NO content was 

observed, without a statistically significant elevation of cardiac cGMP concentration 

(0.4-fold increase). In the non-tolerant single-GTN group, cardiac NO was 

significantly elevated (4-fold), however, cardiac cGMP concentration was not 

changed. The NO signal was significantly higher in the tolerant (9xGTN) group than 

in the single GTN-group (Figure 8-9). In the negative-control group, NG-nitro-L- 

arginine significantly reduced cardiac NO signal intensity to near its detection limit, 

however, cardiac cGMP content was not affected.

Figure 9 Bar graphs showing 

cardiac nitric oxide (NO, panel A) 

and cGMP (panel B) contents in 

negative control (non-tolerant with 

NG-nitro-L-arginine (LNNA) 

treatment), positive control (non- 

tolerant with sodium-nitroprusside 

(SNP) treatment), control (non- 

tolerant), 1xGTN (non-tolerant 

treated with a single dose of glyceryl 

trinitrate), and in GTN-tolerant group 

treated with GTN 3 times a day for 3 

days (9xGTN group). */# (P<0.05) 

show significant increase/decrease 

compared to control, + (P<0.05) 

show significant increase compared 

to 1xGTN.
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3.3. Effect of GTN on myocardial NO and cGMP contents ex vivo
Basal level of NO in the myocardium was near the detection limit in the 

nontolerant group, however, it was significantly higher in the GTN-tolerant group as 

assessed by electron spin resonance (Figure 10A). GTN-treatment significantly 

increased cardiac NO content in both the GTN-tolerant and the nontolerant groups 

(Figure 10A). In contrast to NO, cardiac cGMP content measured by 

radioimmunoassay was not changed either by the development of GTN-tolerance or 

by acute GTN treatment (Figure 10B).

Figure 10 Cardiac N0- 

signal intensity (A) and 

cGMP content (B) in hearts 

isolated from rats with or 

without vascular tolerance 

to glyceryl trinitrate (GTN). 

Hearts were perfused in 

the presence of GTN (Ш7 

M) or its solvent (SOL), 

respectively. Data are 

meansts.e.mean. *P<0.05 

vs. solvent-treated, 

nontolerant group. # 

P<0.05 vs. solvent-treated, 

GTN-tolerant group (n=4-5 

in each group).
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3.4. Effect of glibenclamide on the anti-ischaemic effect of GTN
Glibenclamide (10'7 M) alone did not affect preischaemic and ischaemic 

coronary flow (Table 1), aortic flow (Figure 3), left ventricular developed pressure 

(Figure 4), +dP/dtmax (Figure 5), -dP/dtmax (Table 2), left ventricular end-diastolic

pressure (Figure 6), and ischaemic LDH release (Figure 7) in the GTN-tolerant and 

the nontolerant groups. Glibenclamide, however, abolished the anti-ischaemic effect 
of GTN, as ischaemic myocardial function was not improved (Figures 3-6, Table 2) 

and LDH release was not reduced (Figure 7) when hearts were perfused in the 

presence of both glibenclamide and GTN either in the GTN-tolerant or the nontolerant 

groups.
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4. Discussion

4.1. New findings
GTN exerts a direct cardioprotective effect on the ischaemic myocardium, 

independent from any vascular effects of the drug. This effect of GTN is not 

diminished by the development of vascular tolerance to GTN.

I.

II. Cardiac bioconversion of GTN to NO is not impaired in nitrate-tolerance both 

in vivo and ex vivo.

III. Myocardial cGMP content is not significantly affected by GTN and changes in 

cardiac cGMP do not reflect changes in cardiac NO content in the rat heart either in 

vivo or ex vivo.

Finally, we have provided evidence that blockade of KATP with glibenclamide 

abolishes the direct anti-ischaemic effect of GTN.

IV.

These findings show that GTN activates KATP via a cGMP-independent 

mechanism and thereby confers protection on the ischaemic myocardium. This effect 

of GTN may be mediated by GTN-derived NO (Figure 11).

Cardiac myocytes

GTN NO

✓ i
FigureH Mechanism of the direct 

myocardial cardioprotective effect of 

GTN. GTN derived NO opens KATP via a 

cGMP-independent mechanism, thereby 

leading to cardioprotection.

KATP activitation cGMP

v I
cardioprotection
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4.2. Direct myocardial anti-ischaemic effect of GTN
Our results suggest that the anti-ischaemic action of GTN involves a direct 

protective effect on the ischaemic myocardium, independent from any vascular 

effects. The results also show that the anti-ischaemic effect of GTN is preserved 

when a marked tolerance to the vasodilator effect of GTN develops. To exclude the 

effects of GTN on the peripheral circulation, platelets, and the coronary collaterals in 

this study, isolated, crystalloid-perfused hearts of the coronary collateral deficient 

species rat were used. GTN selectively dilates coronary vessels >100 pM, therefore 

has minimal effect on coronary resistance (Harrison & Bates, 1993). Accordingly, 

GTN did not change area of ischemic zone, and failed to affect coronary flow, thus 

showing that GTN did not affect coronary circulation in our study. Consequently, the 

anti-ischaemic effect of GTN seems to involve a direct action on the myocardium in 

the isolated working rat heart. Sodium-nitroprusside has been recently shown to exert 

a direct myocardial relaxant effect in isolated rat hearts (Grocott-Mason etai, 1994). 

In our present study, GTN significantly attenuated ischaemic increase in left 
ventricular end-diastolic pressure even in the state of severe impairment of GTN- 

induced vascular relaxation due to tolerance development. This may either suggest 

the different behaviour of the GTN-NO-cGMP-relaxation pathway in vascular and 

cardiac muscle, or might imply an NO-independent protection on the ischaemic heart. 

The latter is supported by the results of Laustiola et al. (1983) showing that GTN 

directly alters anaerobic metabolism in the ischaemic myocardium, and by those of 

Schlutter etai (1994) who showed that the NO donor SIN-1 protects myocardial cells 

from reoxygenation injury by involving an NO-independent mechanism. Our results 

also indicate, that the anti-ischaemic effect of GTN is not influenced significantly 

when GTN tolerance develops. This finding further confirms that GTN exerts a direct 

myocardial action independent from its vascular effects. This also suggests that the 

myocardial effect of GTN may not depend on the vascular metabolism of GTN and/or 

does not involve vascular cGMP signalling, since the mechanism of GTN tolerance 

comprises diminished conversion of GTN to NO and alteration of cGMP metabolism 

(Bassenge & Zanzinger, 1992). The myocardial effect of GTN, however, may be 

underlain by myocardial metabolism of GTN to NO.

Development of tolerance to the vasodilator effect of GTN results in an
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impairment of the drug-induced preload/afterload reduction and coronary dilation 

experienced as a diminished antianginal effect at relatively low therapeutic doses of 

GTN (Harrison & Bates, 1993). Nevertheless, because of the preserved beneficial 

effects on the myocardium, the overall protective effect of organic nitrates on the 

ischaemic heart may be substantial.

4.3. Effect of GTN on myocardial NO and cGMP contents in vivo
In our in vivo study we investigated the effect of GTN on cardiac NO and 

cGMP contents in GTN-tolerant and nontolerant rats and examined if changes in 

cardiac NO content is reflected by cardiac cGMP content. This is the first 

demonstration that even extreme changes in cardiac NO content has minor influence 

on cardiac cGMP level both in GTN-tolerant or in nontolerant rats (Figure 9). Another 

important finding which supports that of Laursen et al. (1996) is that cardiac 

bioconversion of GTN to NO is not impaired in vascular tolerance to GTN in vivo. Our 

study also suggests that cardiac cGMP is not a good indicator of changes in cardiac 

NO content, therefore, a direct measurement of cardiac NO can not be avoided.

Earlier studies proposed that the development of vascular tolerance to GTN 

was based on reduced conversion of GTN to NO, however, direct measurement of 

NO was not attempted in these studies (Chung & Fung, 1993; Bassenge & 

Zanzinger, 1992; Salvemini et al., 1993). A recent study of Laursen et al. (1996) 

using in vivo spin trapping method followed by electron spin resonance analysis 

showed that nitrate tolerance was not associated with reduced conversion of GTN to 

NO. In accordance, our present study demonstrates that cardiac NO content is 

significantly higher in the tolerant group as compared to the nontolerant control or 

single-GTN group which excludes the possibility of reduced formation of NO from 

GTN in GTN-tolerance. Moreover, the finding that NO-signal is significantly higher in 

the tolerant group than in the single GTN-group may show an enhanced cardiac 

bioconversion of GTN to NO or a cardiac accumulation of GTN in nitrate-tolerance. 

Accordingly, an accumulation of tissue GTN during tolerance development was 

shown by Torfgard et al. (1991).

It is widely accepted that in smooth muscle cells, endogenous or exogenous
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NO activates soluble guanylate cyclase resulting in the production of cGMP 

(Moncada et al., 1991). Since the cost and availability of direct measurement of NO 

limit its widespread use, cGMP concentration is used in many studies as an indirect 

indicator of NO production (Lamontagne etal., 1991; Kojda etal., 1995). However, 

several studies have shown that GTN has minor effect on cardiac cGMP synthesis 

and this was mainly explained by a reduced conversion of GTN to NO (Kojda et al., 

1996; Torfgard etal., 1989; Hay-Yehia & Benet, 1995). Our study revealed however, 

that in the heart, GTN is metabolized to NO both in GTN-tolerant and non-tolerant 

animals. A 10-fold increase in cardiac NO content resulted in a slight elevation in 

cardiac cGMP level. A 100-fold increase in NO induced by a bolus injection of a high 

pharmacological dose of sodium-nitroprusside, which releases NO spontaneously in 

aquas solution, resulted in a minor, 2-fold increase in cardiac cGMP in this study. 

Forty minutes after treatment with the non-selective nitric-oxide synthase inhibitor, 20 

mg kg'1 NG-nitro-L-arginine, cardiac NO was reduced to the detection limit while 

cardiac cGMP level was not decreased. These findings suggest that in the rat heart - 
irrespective to the development of nitrate tolerance - NO has minor contribution to the 

regulation of cGMP metabolism and that the NO-cGMP coupling is far less clear than 

in vascular tissue. Therefore, cardiac cGMP is not a good indicator of physiological 

changes in cardiac NO.

A limitation of our study is that due to technical considerations, in vivo 

determination of NO and cGMP could be performed only in whole cardiac tissue 

mass, therefore, endothelial, myocardial, and neural conversion of GTN to NO all 

contributed to the total cardiac NO and cGMP content. Nevertheless, since left 

ventricular tissue mass consists of myocardial cells for more than 90%, total cardiac 

NO and cGMP refer to myocardial NO and cGMP content with a good approximation, 

unless the contribution of the different tissues were profoundly different.

4.4. Effect of GTN on myocardial NO and cGMP contents ex vivo

We also assessed the changes of myocardial NO and cGMP content due to 

GTN administration in isolated heart preparations from both nitrate tolerant and 

nontolerant rats. Our results, in correlation with our results in vivo, showed that GTN
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is metabolized to NO, however, GTN did not change myocardial cGMP level.
The physiological effects of NO are believed to be mediated by cGMP, 

however, recent studies suggest that NO has cGMP-independent actions (see for 

review: Balligand & Cannon, 1997). Other NO donor compounds, such as S-nitroso- 

N-acetyl-DL-penicillamine, 3-morpholino-sydnonimine, and sodium-nitroprusside, 

have been shown to exert cardioprotective action on the normal myocardium (Yasmin 

et al., 1997; Bilinska et al., 1996; Draper & Shah, 1997). We have shown that 

changes in cardiac NO content were not reflected by changes in cGMP level in the 

rat heart in vivo. Accordingly, we have found here that while cardiac NO content 

significantly increased by GTN administration in both GTN-tolerant and nontolerant 

hearts, myocardial cGMP content was not changed in ex vivo isolated hearts. 

Similarly to our results, Torfgárd et al. (1991) have shown that administration of GTN 

does not affect cardiac cGMP content in the rat heart in vivo. This shows that the 

cardioprotective effect of GTN can not be mediated by cGMP in the heart and 

confirms that the conversion of GTN to NO is not diminished in GTN-tolerance 

(Laursen etal., 1996).

4.5. KATP and the direct myocardial anti-ischaemic action of GTN
A specific blocker of KATP, glibenclamide, abolished the direct anti-ischaemic 

effect of GTN. Consequently, this effect of GTN may involve activation of KATP. This 

is a plausible mechanism for the direct myocardial anti-ischaemic effect of GTN, 

since pharmacological activation of KATP has been shown by several laboratories to 

mediate cardioprotection in the rat (Ferdinandy etal., 1995b; Gross & Auchampach, 

1992; Grover et al., 1989). Although glibenclamide is widely used and accepted as 

the most specific blocker of KATP, it should be noted that the effects of the drug are 

likely not solely related to its action on KATP (Yan et al., 1993; Quast, 1993). The 

involvement of KATP-independent mechanisms in the direct myocardial 

cardioprotective effect of GTN can not be excluded in the present study. The NO 

donor S-nitroso-N-acetyl-DL-penicillamine at 2x1 O'7 M has been shown to reduce 

ischaemia/reperfusion injury via decreasing the endogenous formation of peroxynitrite 

in isolated rat hearts (Yasmin et al., 1997). The direct antioxidant properties of NO
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or NO-generating drugs and their ability to reduce the detrimental actions of authentic 

peroxynitrite have also been observed by others in a variety of biological systems 

(Rubbo etal., 1996; Villa etal., 1994; Wink etal., 1993).

NO has been shown to open KATP in isolated mesenteric arteries (Murphy & 

Brayden, 1995) and in isolated pancreatic islets (Antoine et al., 1997). The 

mechanism by which NO may open KATP in the myocardium is not known. Similarly 

to our in vivo studies, our ex vivo results show that basal level of NO in the 

myocardium was significantly increased in the GTN-tolerant hearts as compared to 

the nontolerant ones. These hearts, however, were not protected against ischaemia. 

Nevertheless, the severity of ischaemic damage diminished when NO level was 

increased by acute GTN-treatment either in the GTN-tolerant or the nontolerant 

hearts. This shows that the rapid increase in cardiac NO due to acute GTN 

administration may be responsible for activation of KATP rather than the increased 

basal level of cardiac NO.

Our present study, however, does not provide direct evidence that GTN- 

derived NO mediates the cardioprotective effect of GTN. Use of a non-toxic, cell- 

permeable NO scavenger might clarify this, since GTN is mostly metabolized 

i ntrace 11 u la rly, beyond the coronary vascular endothelium in the intact heart (Schror 
et al., 1991). Such a NO scavenger has not been developed yet. Although some 

investigators speculated that GTN might exert NO-independent actions (Ljusegren 

& Axelsson, 1993) it is well accepted that the effects of GTN and other organic 

nitrates are mediated by NO (see for review: Abrams, 1992). Therefore, we conclude 

that the direct anti-ischaemic effect of GTN is most probably mediated by GTN- 
derived NO.

The limitations of our study include that absolute quantification of NO 

concentration by electron spin resonance in tissue samples is not possible 

(Ferdinandy et al., 1997a, b; Miilsch et al., 1992). Therefore, according to our 

previous studies, we expressed NO signal intensity in arbitrary units, which allows us 

to demonstrate relative changes in cardiac NO content (Ferdinandy et al., 1997b; 

Ferdinandy et al., 1996). Due to technical considerations, NO content in the 

ischaemic region of the heart can not be measured precisely by this method. 

Consequently, the effect of GTN-tolerance and acute GTN treatment on cardiac NO
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content during ischaemia is not known (Wang & Zweier, 1996; Csonka et al, 1999).

In summary, this is the first demonstration that the GTN-induced direct 

cardioprotective effect involves a cGMP-independent activation of KATP in the isolated 

rat heart. This effect of GTN is preserved in vascular GTN-tolerance and may be 

mediated by GTN-derived NO. We also showed here that changes of cGMP content 

does not correlate with changes of NO content in the rat heart. We suggest that 

further investigation of the direct cardioprotective effect of GTN may lead to the 

development of new therapeutic strategies to protect the ischaemic heart in patients 

with nitrate-tolerance.
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1 Wc have recently demonstrated that glyceryl Irinitrale (GTN) exerts a direct myocardial anti- 
ischaeinic cfTect in both GTN-tolerant and nontolerant rats. Here we examined if this effect is 
mediated by GTN-dcrived nitric oxide (NO) and involves guanosine У5' cyclic monophosphate 
(cyclic GMP) and ATP-scnsitivc K+ channels (KATf)-
2 Ruts wcic healed willi 1(H) mg kg 1 G I N or vehicle s.e. lime limes a day lor .1 days to induce 
vasadat G I N loleiaiiir oi mmlnlnamr. Isolated winking lu aits ohlainnl Imin eitlici GTN 
Inlciaii! in nntilolc.iaiil nils iveie .snlijcc.lcil lo III min romuaiy occlusion in llie |n esc nee ol 1(1 ' M 
G I N in its solvent.
:i GTN impioved tnyncaidinl Imidion anil iciluecil Filiale ile.liyilmgcnasc (1.1 >11) icleasc (luring 
coronary occlusion in both GTN-loleranl ami nonlolciaiit hearts.
4 Cardiac NO content significantly increased alter GTN administration in both GTN-tolerant and 
nontolerant hearts as assessed by electron spin resonance. However, cardiac cyclic GMP content 
measured by radioimmunoassay was not changed by GTN administration.
5 When hearts from both GTN-tolerant and nontolerant rats were subjected to coronary occlusion 
in the presence of the KAn.-blockcr glibciiclamide (10 "7 m), the drug itself did not affect myocardial 
function and l.DH release, however, it abolished the anti-ischaemic effect of GTN.
6 We conclude that GTN opens KATI. via a cyclic GMP-indepcndent mechanism, thereby leading 
to an anti-ischacmic effect in the heart in both GTN-tolerant and nontolerunl rats.

Keywords: Glyceryl trinitrate; tolerance; nitric oxide; electron spin resonance; cyclic GMP; glibcnclamide

Abbreviations: cyclic GMP, guanosine 3'5' cyclic monophosphate; GTN, glyceryl trinitrate; К
LDH, lactate dehydrogenase; LVDP, left ventricular developed pressure; LVEDP, left ventricular end-diastolic 
pressure; MGD, N-methyl-D-glucoseainine-dithio-carbamate; NO, nitric oxide

ATP-scnsitivc К 7 channel;ли*,

introduction

allcialions in cyclic. GMP mclaliolisiu (see lor icview: 
Axelsson & Ahlnct, l‘>H/).

Wc have picvinnsly ilcmoushalcil thai a nonvasmliliilory 
concentration of GTN excels a direct myocardial iinti- 
ischaeniic effect independent of its vascular actions in isolated 
rat hearts (Ferdinandy el at., 1995a) and in conscious rabbits 
(Szilvássy et al., 1997). This effect of GTN was not diminished 
in vascular nitrate tolerance (ferdinandy el a!., 1995a; 
Szilvássy et a!., 1997). The mechanism of the direct myocardial 
action of GTN has not been resolved yet. NO has been shown 
lo open ATP-sensitive К 1 channels (КАц.) in isolated 
mesenteric arteries (Murphy & Brayden, 1995) and in isolated 
pancreatic islets (Antoine el al., 1997). Activation of these 
channels has been found lo exert protection on the ischaemic/ 
reperfused heart (Ferdinandy el at., 1995b; Grover el a/., 
1989). Although the effects of GTN on vascular smooth muscle 
are thought to be mediated by cyclic GMP, we have recently 
shown that the level of NO in the heart does not correlate with 
myocardial cyclic GMP content in the rat in vivo (Csont el al., 
1998).

('nnsi‘.(|ticnlly, wc hypothesized thai activation of KAn* by 
GTN-ilctivcd NO may play a tőle in I lie direct myocardial 
auli-ischacniic died of GTN via a cyclic GMP-independent 
pathway. Therefore, in hearts isolated front experimental

Glyeetyl Itiniltale (GIN) has been widely used in Ihr. 
ticulmcnl of ischaemic brail disease lor more llnin 100 
yeats. The anti ischaemic, died of GTN is believed lo be 
based on llie drug-induced dceiease in preload and allcrload, 
improvement of coronary collateral (low, dilation of stenotic 
coronary arteries, and inhibition of platelet aggregation (see 
for review: Harrison & Bates, 1993). It is well accepted that 
the enzymatic bioconversion of GTN to nitric oxide (NO) 
and the consequent increase in guanosine 3'5' cyclic 
monophosphate (cyclic GMP) is responsible for the vascular 
effects of GTN (see for review*. Moncada el ol., 1991). 
Continuous administration of organic nitrates including GTN 
results in the development of tolerance to their haemody
namic effects which limits their clinical application. The 
mechanisms leading to vascular nitrate tolerance may include 
ncurohormonal countcrrcgulatory mechanisms lo maintain 
blood pressure (see for review: Mangione & Glasser, 1994), 
increased production of Superoxide anions (Miinzel el al., 
1995), reduced biotransforniation of GTN lo NO, and

*Aullmr lor coricspnnilcncc;
L*-mail: I’clcr/djWocliem.szotc.ii-szeged. Iiii
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tissue weight). Ischaemic atea of (lie lelt ventricle, who 
determined by a dye «elusion method aller each experiment 
(Cuilis A Hearse, 1989).

uitialc-tnlcinnt and aonloli'.iaid rats, we invesli|',ated whellier 
(i) GTN is converted to NO, (ii) this leads In changes in 
myocardial cyclic (IMP level, (iii) and il' the К 
glihcucluniidc abolishes die direct niyoeaidial caidinpmleclive 
elicet of G I N.

blockerA 11‘"

Exper inten lal dcsig it

To assess the anti-iscliacniie effect of GTN, after 10 min of 
aerobic working perfusion, hearts of nitrate-tolerant and 
nontolcrant rats were subjected to 10 min coronary occlusion 
in the presence of a nonvasodilatory concentration of GTN 
(10~7 M) and its solvent ethanol (final concentration: 
2.2xl0~3% v v~'). Measurement оГ cardiac function was 
performed before ischaemia and at the end of coronary 
occlusion. LDH release was determined at the end of coronary 
occlusion. According to our preliminary experiments and our 
previous studies (Ferdinandy el al., 1995a), the concentration 
of I0~7 M GTN was selected for the present study, since this 
was the highest nonvasoactive concentration of the drug which 
did not affect pre-ischaemic myocardial function and coronary 
llow in the isolated rat licail. GIN al concentrations > 10-7 M

Methods

The investigation conforms with the Guide for the Care and 
Use of Laboratory Animals published by the U.S. National 
Institutes of Health (NIH publication no. 85-23, revised 1985).

Drugs

Glyceryl trinitrate (GTN, 10% w w~', EGIS Co., Budapest, 
Hungary) and its vehicle lactose suspended in propylene glycol 
were used for the induction of nitrate-lolerancc/nonlolerance. 
GTN (Polil-Uoskump, Hochcnlockstcdt, Germany) and its 
solvent ethanol were used lor the isolated heart pci fusions. 
(ilihcuduiuidc (dissolved in ethanol) and norcpmcphiinc wcic 
puichascd Гний Sigma (Si. I.ouis, МО, II.S.A.). N methyl l>- 
glilcoseamiiic dilbio caibainalc (MOD) was synthesized as 
described by Shiimbu el al. (1984).

comcntialion-dependcutly decreased I.VDP, Idl’/dl,,,,,, and 
dl'/ilt,,,., in the nniuscliaetuie lieuit (data not shown). In 

sepal ate experiments, we examined if GTN inllucnccs 
myocardial NO and cyclic GMI’ levels in hearts isolated Itnin 
GTN-loleranl or nontolcrant animals. Finally, to study (lie 
involvement of K.Arl. in the effect of GTN, the interaction ofInduction and verification of nitrate tolerance
It)-7 M glibcnclainide with GTN was examined in hearts 
isolated from GTN-tolcrant or nontolcrant rats and subjected 
to coronary occlusion. According to our preliminary experi
ments (data not shown) and our previous studies, this 
concentration of glibenclamidc alone did not significantly 
affect myocardial function, however, it abolished the 
cardioprotective effect of the most effective concentration of 
the К

-1Male Wistar rats (300 -360 g) were given s.c. 100 mg kg 
GTN and/or its vehicle lactose three times a day for 3 days 
to induce vascular tolerance to GTN (Silver el al., 1991). 
Rats were used for isolated heart preparations on the fourth 
day. Development of vascular tolerance to GTN was 
confirmed on the fourth day by testing endothelium-free 
thoracic aortic rings for isometric tension as described 
previously (Ferdinandy et al., 1995a; Szilvássy et al., 
1994b). Rings of 4 mm in length were precontracted with 
an ECS0 concentration of norepinephrine in addition to a 
resting tension of 20 niN. The rings were then exposed to 
cumulative concentrations of GTN in half-log increments.

" GTN concentrations required to produce half-maximal 
relaxation were 0.082 10.013 pM in vehicle treated, uoto- 
Icraiit lings vet sits l.fil I 0.2.1 pM in GTNtiealcd, tolerant 
ones (/’ ■" 0.115, it 5 in both gioups).

activator cromakalim in this model (Ferdinandy etATT

at., 1995b).

Measurement of cardiac NO

To study if GTN is converted to NO in the myocardium, 
cardiac NO content was measured with • electron spin 
resonance spectroscopy in the GTN-treated and ill the 
solvent-treated lieuits isolated from either GTN-loleranl or 
nontolcianl rats. An aqueous solution of (he spin-imp for 
NO, Fe*' (M< il)),, was piepareil freshly befotc each 
experiment. MGD (175 mg) and FeSO-r/IGO (33.‘I mg) were 
dissolved in distilled water (pl I--7.4, final volume: 6 ml). 
After 10 min of aerobic perfusion, Fe2+(MGD)2 solution was 
infused into the heart through the aortic cannula under 
Langcndorff perfusion for 5 min at a rate of 1 ml min-1. 
Tissue samples from the apex of the heart (approximately 
150 mg) were then placed into quartz electron spin resonance 
tubes and frozen immediately in liquid nitrogen. Samples 
were assayed for electron spin resonance spectra of the 
relatively stabile NO-Fc2+(MGD)2 adduct. The detection 
limit of NO by this electron spin resonance method is 
approximately 0.05 nmol g~' (wet tissue weight) (Miilsch et 
al., 1992). Electron spin resonance spectra were recorded with 
a Brukcr ECS 106 (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, 340 G sweep width, and 3356 G central field as 
described (Ferdinandy et al., 1997a,b; Miilsch et al., 1992). 
After subtraction of background signals, analysis of NO 
eonletil wits performed with double integration of Ihc NO 
signal as described (C.'sonl et al., 1998).

Isolated nil hearts

Rats were anaesthetized with diethylelhcr and given 
500 u kg-1 heparin. After 30 s, hearts were excised and 
cannulated through the aorta, and perfused in the 
Langendorff mode at constant pressure (73.5 mmHg) for 
10 min. During this period, the left atrium was cannulated 
and a suture was placed around the left main coronary 
artery close to its origin, allowing regional ischaemia to be 
induced as described (Ferdinandy et al., 1995b). Hearts were 
then converted to a working preparation and perfused at 
37°C with oxygenated Krcbs-llcnsclcit bicarbonate buffer 
(Ferdinandy el al., 1995b). Preload (12.75 mmHg) and 
afterload (73.5 mmHg) were kept constant throughout the 
experiments. Heart rate, coronary flow, aortic flow, left 
ventricular developed pressure (LVDP), +dP/dt,„„, — dP/ 
dt„,„, and left ventricular end-diastolic pressure (LVEDP) 
were monitored as described earlier (Ferdinandy et al., 
1995b). Coronary diluents were assayed for laclalc 
dehydrogenase (f.l)ll) activity by means of an automatic 
analyser (Miluchi 9ll) which uses Ihichringcr Mitniihdiii 
kifs. 1,1)11 release was expressed as inutiun'g'1 (weti
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Measurement of cardiac cyclic (IMP cyclic OMP content measured by radioimmunoassay was not 
clian|',cd either by (lie development of (Tl'N-loleranec or by 
acute GTN tieatincnl (Figuie (ill).I n examine il'( »'I N innenső inyoeanlial cyclic (»Ml' eontenl, 

in separate studies, cardiac cyclic GMP conccntiatioii was 
nica.surcd in solvent and GTN-trcatcd hearts in both the 
nitrate-tolerant and the nontolerant groups. Alter 10 min 
aerobic perfusion, left ventricular tissue mass was frozen by 
means of a Wollenbcrger clamp precluded in liquid nitrogen. 
Samples were then homogenized and centrifuged and the 
supernatants were extracted six. times in water-saturated 
diethylether, evaporated, and assayed for cyclic GMP by 
radioimmunoassay using Ainersham kits (Szilvássy et at., 
1994a,b).

Effect of yjibenclamitle on the anti-ischaemic effect of 
GTN

Glibenclamide (10 7 M) alone did not affect prc-isehacmic and 
ischaemic coronary Mow (Table 1), aortic How (Figure I),

A Nontolerant

Statistics Before ischaemia Coronary occlusion

Data were expressed as means+s.e.mean and analysed with 
one way analysis of variance. If a difference was established, 
each group was compared to the solvent-treated group using a 
niodilied Mcst corrected for simultaneous multiple compar
isons accoidiuf, to (he Honlc.iroiii met In x I (Wallenstein el til., 
l')K(l).

so X.

É•| 40 -

I 30 I
Í iо

117 20 I iи m ><€ i i ><Results S 10. XжI i x
Xits.><Effect of GTN on myocardial function and LÜII release о

SOL GTN GL GL* SOL GTN GL GL*
GTN GTN

In the nontolerant, solvent-treated group, 10 min coronary 
occlusion resulted in a marked decrease in coronary How 
(Table I), aortic flow (Figure I A), LVDP (Figure 2Л), +dP/ 
dim.» (Figure ЗА), and — dP/dt™, (Table 2), an increase in 
LVEDP (Figure 4A), and a significant release of LDII 
(Figure 5Л). GTN at IO-7 M significantly improved 
ischaemic aortic flow (Figure I A), LVDP (Figure 2A), 
+ dP/dtm,„ (Figure ЗЛ), and — dP/dl,„„, (Table 2), and 
decreased LVEDP (Figure 4A) and LDH release (Figure 
5A), however, it did not affect pre-ischaemic myocardial 
function (Figures 1A-5A, Table 2) and pre-ischaemic or 
ischaemic coronary flow (Table I). In hearts isolated from 
GTN-lolerant rats, 10 7 M GTN showed a similar anli- 
ischacinic cllccl as seen in the iioiitoleranl pinup (Figilirs 
III .511, Table (i'I'N .li.l unt alléit IhmiI tale., ischnrniic 
aica (dala mil shown), and eoioiiiuy How (Table. I).

В GTN-tolerant

Before ischaemia Coronary occlusion

X
SO .

I 40. 
1,0-
*о mC 20
О
V. iо< 10 1Effect of GTN on myocardial NO and cyclic GMP 

contents
о

SOL GTN GL GL*SOL GIN GL GL*
GTNGTN

Basal level of NO in the myocardium was near the detection 
limit in the nontolcrant group, however, it was significantly 
higher in the GTN-tolerant group as assessed by electron spin 
resonance (Figure 6A). GTN-trealment significantly increased 
cardiac NO content in both the GTN-tolerant and the 
nontolerant groups (Figure 6A). In contrast to NO, cardiac

Aortic flow before ischaemia and at tile end of coronaryFigure
occlusion in working hearts isolated from rats with (B) or without 
(A) vascular tolerance to glyceryl trinitrate (GTN). Hearts were 
perfused in the presence of GTN {10—7 m), glibcnclamide (GL, 
I0-7 m), the combination of GL and GTN, and their solvent (SOL), 
respectively. Data are mean ±s.c.mean. *P<0.05 vs solvent-treated 
group (n = 7 in each group).

Tabic I Coronary flow (ml min ’) in isolated working hearts from rats with or without vascular tolerance to glyceryl trinitrate (GTN)

GTN-tolerant
Before ischaemia Coronary occlusion

Non-tolerant
Before ischaemia Coronary occlusionCone.Groups

16.6+1.3 
16.910.6 
I5.K.I0.4 
16.4 1.0.7

23.9 ±1.1 
25.2 i: 1.4
22.9 I 1.2 
24 .S 1.1.0

15.6+0.9 
16.0 ±0.3 
14.К I 0.4 
15..I I 0..5

23.2 ±0.9
24.1 ± OR
22.1 I I 4 
23.0 I 1.2

SOL 7
10 ''7 M 
10 7 M
10 1 M

GIN 7
(il. 7
(il. I (i'I'N /

Dala ate mean I s.c.nican. SOL: solvent, (il,: glilieiiclamidc
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DiscussionLVDI> (Figure 2), I- ilF/dl.... (Figure 3), -dP/dlma. (Table 2),
LVF.DP (Figure 4), ami iscliaciuic LDII release (Figure 5) iu 
lliefiTN lolcianl and the iioulolriaiil gtniips. (ilihr.nrlamirir, 
however, abolished the anti isehaeinie elfeel ol <«I N, as 
ischaeinie uiyoeaidial In ml ion was mil inipioveri (Figuics 
I 'I, Table 2) and 1.1)11 release was not leduccd (Figure 5) 
when hearts were perfused iu the presence of both glib- 
cnclamidc and GTN cither in the GTN-lolcranl or the 
nontolerant groups.

Out lesulls show Ihat G I N at III ' M, a iionvasodilatory 
rooeculialiou iu the eoionniy eitiulatiou, e.xetls a dired 
uiyoeaidial aidi isehaeinie elleti. This elfeet of GTN is not 
diminished by the development of vascular tolerance to GTN. 
We have also shown that GTN is converted to NO in the 
hearts isolated from either GTN-tolerant or nonlolcrant rats, 
however, myocardial cyclic GMP content is not affected by

A Nontolerant
A Nontolerant

Before ischaemia Coronary occlusion
Before ischaemia Coronary occlusionISO

*

i Л JLIi 6000 -ói i1 IX «о- O)i iE xШ EE. ii E 4000 - w
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*1*1*.

ia лIIa i i
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%I-J i i5; moo

%I -u iI+

0
0SOL OTN CL CL* SOL GIN GL GL«

GIN GTN SOL GTN GL GL* SOL GTN GL GL*
GTN OTN

В GTN-tolorant В GTN-tolerant

Boforo Ischaemia Coronary occlusion Boforo ischaemia Coronary occlusion

150 ■ mШ
m

Г* 6000 - %та та Ix «о - lX
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i i1иa.a J> 60 p %-J »V«

zM
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X»
I I жV❖
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90L GTN OL CL*SOL OTN CL GL*SOL OTN OL GL* SOL OTN

OTNOrNCIN GTN

Figure 3 I- cll’/ill,,,»« bcbirc ischaemia and at the end of coronary 
occlusion in working hearts isolated fron: rats with (U) or without 
(Л) vascular tolerance to glyceryl trinitrate (GTN). Hearts were 
perfused in the presence оГ GTN (10“7 M), glibcnclamide (GL, 
10"7 m), the combination of GL and GTN, and their solvent (SOL), 
respectively. Data are mean + s.e.mean. '/'<0.05 vs solvent-treated 
group (n -7 in each group).

Figure 2 Left ventricular developed pressure (LVDP) before 
ischaemia and at the end of coronary occlusion in working hearts 
isolated from rats with (II) or without (Л) vascular tolerance to 
glyceryl trinitrate (GTN). Hearts were perfused in the presence of 
GTN (10 — 7 M), glibcnclamide (GL, IO"7 M), the combination of GL 
and GTN, and their solvent (SOL), respectively. Data arc mcun± 
s.c.mean. *P<0.05 vs solvent-treated group (;i = 7 in each group).

table 2 —dP/dtm,x (mmHg s ') in isolated working hearts from rats with or without vascular tolerance to glyceryl trinitrate (GTN)

GTN-tolerant
before ischaemia Coronary occlusion

Non-tolerani
Before ischaemia Coronary occlusionGroups Cone. n

2588 ±120 
♦2842±165 

2550-1 180 
2603 f 113

3375 + 263 
3067 + 218 
32КО I. 235 
3105 I 218

2198 i 135 
♦2813 + 98 
2223 ! 120 

• 2377 I 128

SOL 2985 ± 210 
3338 I; 135 
3125.1 195 
I'll) 5 I 210

7
IO"7 M 
It) 7 M 
It) 7 M

GTN 7
Gl. 7
Gl. I G I N 7

Itala aie mean | a.e.uieaii. ♦ /’• 0.05 vs solvciil Imilrtl gioup. .SOI.: solvenl, Gl.: glihcnrlaniiilc
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Figure 5 Laclatc dehydrogenase (LDII) release at the end of 
coronary occlusion in working hearts isolated from rats with (B) or 
without (A) vascular tolerance to glyceryl trinitrate (GTN). Hearts 
were perfused in the presence of GTN (It)”7 m), glibenclaniidc (GL, 
I0"7 m), the combination of GL and GTN, and their solvent (SOL), 
respectively. Data are mean ±s.e.mean. */’<0.05 vs solvent-treated 
group (n -7 in each group).

GTN GL-K5TNGL

0
SOL GTN GL GL»

GTN

Figure 4 Left ventricular end-diastolic pressure (LVIiDP) before 
ischaemia and at the end of coronary occlusion in working hearts 
isolated from rats with (B) or without (A) vascular tolerance to 
glyceryl trinitrate (GTN). Hearts were perfused in the presence of 
GTN (I0-7 m), glibenclamidc (GL, I0-7 M), lltc combination of GL 
and GTN, and their solvent (SOL), lespeclivcly. Dala are menti :t 
s.c.meau. */' c0.05 vs solvenl-lrcaled group («- 7 in each group). Acute treatment with I0 7 M GTN did not alléét 

noniscliaetitic cardiac mechanical function parameters. GTN 
at > IO ' M, however, coiiLenltalion-ilependenlly decreased 
hot It systolic and diastolic contractile function of the isolated 
rat heart. In conltasl, Grocoll-Masoii rl nl. (I99'l.'t,b) reported 
dial cither exogenous (sodium nilioprusside) or endogenous 
NO reduces peak systolic pressure and lends (o an earlier onset 
and increased rale of myocardial relaxation in llie isolated 
guinea-pig heart, however, this was not confirmed by Pabla & 
Curtis (1996) in the rat isolated heart. These discrepancies 
might be attributed to species differences and different 
techniques for measurement of intraventricular pressure.

The physiological ejects of NO arc believed to be mediated 
by cyclic GMF, however, recent studies suggest that NO has 
cyclic GMP-independcnt actions (see for review: Balligand & 
Cannon, 1997). We have previously shown that changes in 
cardiac NO content were not reflected by changes in cyclic 
GMP level in the rat heart in vivo (Csont et ai., I998). 
Accordingly, we have found here that while cardiac NO 
content significantly increased by GTN administration in both 
GTN-tolerant and nontolerant hearts, myocardial cyclic GMP 
content whs not changed in ex vivo isolated hearts. Similarly to 
onr results. Torfgárd rl ol. (1991) have shown llutl 
administration of GTN docs not ailed cardiac cyclic GMP 
coulcnl in die rat heat I in vivo. T his shows dial (he

GT N. Finally, we have ptovulctl evidence dial blockade of 
willi glibenelamide abolishes the diicc.l auli ischaemic 

clfccl of GTN. This shows dial GTN aclivalcs К 
cyclic GMP-indcpcndcnl mechanism and thereby confers 
protection on die ischaemic myocardium. This clfccl of GTN 
may be mediated by GTN-dcrivcd NO.

Our present results confirmed our previous studies showing 
that GTN exerts an anti-ischaemic elTcct on the heart, which is 
independent from the vascular effects of GTN (Fcrdinandy et 
a!., 1995a). GTN selectively dilates coronary vessels > 100 pin, 
therefore it has minimal elTcct on coronary resistance 
(Harrison & Bates, 1993). Accordingly, IO-7 м GTN did not 
change area of ischaemic zone and failed to affect CF, thus 
showing that GTN did not aJTect coronary circulation in our 
study, GTN was also found cardioprotective in hearts isolated 
from GTN-tolerant rats. Consequently, the anti-ischacmic 
effect of GTN involves a direct action on the myocardium in 
the isolated rat heart. Other NO donor compounds, such as S- 
nitroso-N-acelyl-DL-pcnicillaniinc, 
mine, and sodium nilroprusside, have been shown to exert 
cardioprotective action on I lie mimed myocardium (Yasmin rl 
nl., 1997; Milinsku rl nl., 1996; Diaper A Shah, 1997).

К A „■
vm aAll'

3-utorplioliuo-sydnoiii-
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fmiuntinn of pcioxynitr ite in isolated rut hearts (Yasmin el nl., 
1947). The direct antioxidant properties of NO or NO- 
generating drugs and their ability to reduce the detrimental 
actions of authentic peroxynitrile have also been observed by 
others in a variety of biological systems (Rubbo el at., 1996; 
Villa et at., 199-1; Wink et at., 1993).

NO has been shown lo open KAn. in isolated mesenteric 
arteries (Murphy & Hrayden, 1995) and in isolated pancreatic 
islets (Antoine el at., 1997). The mechanism by which NO may 
open KAlr in the myocardium is not known. Similarly to our 
previous studies (Csont el at., 1998), the present results show 
that basal level of NO in the myoeardium was significantly 
increased in the GTN-loleranl hearts as compared to the 
non tolerant ones. These hearts, however, were not protected 
against ischaemia. Nevertheless, the severity of ischaemic 
damage diminished when NO level was increased by acute 
GTN-treatment either in the GTN-tolcrant or the nontolerant 
hearts. This shows that the rapid increase in cardiac NO due to 
acute GTN administration may be responsible for activation 
of K.Air rather than the increased basal level of cardiac NO. 
Out present study, however, docs not provide direct evidence 
that GTN derived NO mediates Ihc caidioproteclivc elled of 
GTN. Use of a non-toxic, cell-permeable NO scavenger might 
clarify this, since GTN is mostly melaboli/.ed intracellularly, 
beyond the coronary vascular endothelium in the intact heart 
(Schror el at., 1991). Such a NO scavenger has not been 
developed yet. Although some investigators speculated that 
GTN might excil NO independent actions (l.juscgien & 
Axclsson, 1993) it is well accepted that the clients of GTN 
and other organic nitrates are mediated by NO (see for review: 
Abrams, 1992). Therefore, we conclude that the direct anti- 
ischaemic ell'ect of GTN is most probably mediated by GTN- 
derived NO.

The limitations of our study include that absolute 
quantification of NO concentration by electron spin resonance 
in tissue samples is not possible (Ferdinandy el at., 1997a,b; 
Miilsch et at., 1992). Therefore, according to our previous 
studies, we expressed NO signal intensity in arbitrary units, 
which allows us to demonstrate relative changes in cardiac NO 
content (Ferdinandy el at., 1997a,h; Csont et at., 1998). Due to 
technical considerations, NO content in the ischaemic region 
of the heart cannot be mcasiiicd precisely by this method. 
Consequently, the cll'ccl of GTN-lolcrnnce and acute GTN 
treatment on cardiac NO content during ischaemia is not 
known. Wc and otlieis have previously shown that ischaemia 
increases myocardial NO production (I’abla & Curtis, 1995; 
Wang & Zweier, 1996; Csonka el til., 1999).

In siiiutnary, this is the first demonstration ihat I be GTN- 
induccd direct caidioproteclivc cllcct involves a cyclic GMP- 
indcpcndcut activation of K.A|V in the isolated rat heart. This 
cRcct оГGTN is preserved in vascular GTN-tolcrancc and may 
he mediated by GTN-derived NO. We suggest that further 
investigation of the direct cardioprotective effect of GTN may 
lead to the development of new therapeutic strategies to 
protect the ischaemic heart in patients with nitrate-tolerance.

A Nontolorant GTN-tolerant
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Figure 6 Cardiac NO-signal intensity (Л) and cyclic GMP content 
(H) in hearts isolated from rals with or without vascular tolerance to 
glyceryl trinitrate (GTN). Hearts were perfused in the presence of 
GTN (10
s.c.mean. */’<0.05 vs solvent-treated, nontolcrant group. I/P<0.05 
vs solvent-treated, GTN-tolcrant group (n = 4-5 in each group).

GTN

m) or its solvent (SOL), respectively. Data arc mean±

caidioptnlcclivc cllccl of G I N can mil lie mediated by cyclic 
GMP in the heart and confirms that the conversion of GTN lo 
NO is not diminished in OTN-loletancc (Laurscn cl at., 1996; 
(’sent el til., 1998).

A specific blocker of К glibenclaniiile, abolished the 
direct anli-ischacniic cllcct of GTN. Consequently, this cllcct 
of GTN may involve activation of К 
mechanism for Ihc direct niyocaidinl anti-ischaemic cllcct of

All',

T his is a plausibleA IT-

GTN, since pharmacological activation of К 
shown by several laboratories to mediate cardioproleclion in 
the rat (Ferdinandy et at., 1995b; Gross & Auchampach, 1992; 
Grover et at., 1989). Although glibenclamidc is widely used 
and accepted as the most specific blocker of К 
noted that the effects of the drug are likely not solely related to 
its action on К

has beenAli

it should beATT,

(Yan el at., 1993; Quast, 1993). The 
involvement of KA^.-independent mechanisms in the direct 
myocardial cardioprotective effect of GTN cannot be excluded 
in the present study. The NO donor S-nitroso-N-acetyl-DL- 
penicillamine at 2xI0-7m has been shown to reduce

ATP
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In the present study, interaction of the ATP-sensitive K+-channel blocker glibenclamide 
with enantiomers of the antihypertensive drug, cicletanine, was studied on ischaemic 
myocardial function, lactate-dchydrogcnasc (LDH) release, and early reperfusion-induced 
ventricular fibrillation (VF). Isolated working rat hearts subjected to l()-min coronary artery 
occlusion followed by 2-min reperfusion were perfused with 1.5 X 10_5—6.0 X IO-5 M 
D-cicletaninc[ + ] (BN50417) and L-ciclctanine[-] (BN504I8), respectively. Their interaction 
with КГ7 M glibenclamide was also studied. The most effective concentration of BN50418 
(3 X 10-5 m) increased ischaemic aortic flow (AF) from its non-treated control value of 
20.3 + 1.16 to 30.3 ± 2.6 ml min 
pressure (LVEDP) from 1.81 ± 0.05 to 0.97 ± 0.08 kPa (P < 0.001), attenuated ischaemia-

wet wt.

-l (P < 0.01), decreased left ventricular end-diastolic

-l _-iinduced increase in LDH leakage from 164 ± 41 to 14.8 ± 20 mU min 
(P < 0.01) at the 10th-min of coronary occlusion, and reduced VF upon reperfusion. 
Glibenclamide did not considerably affect cardiac performance, however, it inhibited the 
anti-ischaemic but not the antiarrhythmic effect of BN50418. BN50417 (3 X 10-5 m) tended 
to improve ischaemic AF to 24.2+ 1.1 ml min-1, and significantly attenuated ischaemia- 
induced increase in LVEDP to 1.3 ± 0.08 kPa (P < 0.01), relative increase in LDH release

(P < 0.05), and alleviated reperfusion-induced VF. Gliben-

g

-l -lto 29.4 ± 44 mU min
clamide abolished the anti-ischaemic and antiarrhythmic effect of BN50417. The cardiopro
tective effect of both enantiomers of cicletanine involves a glibenclamide-sensitive mecha
nism, however, the antiarrhythmic effect of BN50418 is not glibenclamide sensitive. 
BN50418 is the more potent enantiomer of cicletanine in terms of its cardioprotective 
effect.

g
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Key words: cicletanine, enantiomers, glibenclamide, myocardial function, ventricular fibrillation, coronary 
occlusion.

rophenyl)-7-hydroxy-6-methylfuro (3,4-C) pyridine] 
an antihypertensive agent was shown to possess 
anti-ischaemic, antiarrhythmic and tissue protective 
properties in the ischaemic/reperfused myocardium 
in animal models [1-4]. The drug is known to have 
several pharmacological actions. It has been shown 
to inhibit low Km Ca2+-calmodulin-dependent cGMP 
phosphodiesterase (PDE) and cGMP-selective PDE 
[5, 6], to increase myocardial cGMP-content [7], and 
to stimulate prostacyclin release [8]. Cyclic GMP was 
shown to modulate several potassium channels [9, 
10]. We have recently shown that the anti-ischaemic 
bn! not (lie iiiilian hylhmic died of cicletanine rucc-

INTRODUCTION

Consequences of sustained arterial hypertension (e.g. 
ischaemic heart disease, etc.) are among the major 
causes of mortality in the civilised society. There
fore, development of antihypertensive agents with 
potential cardioprotective effect is of particular in
terest. Cicletanine racemate [l,3-dihydro-3-(4-chlo-
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mate involves activation of ATP-sensitive potassium 
channels (KATP), and that the combination of cicle- 
tanine with cromakalim, a potassium channel opener, 
produces a marked anti-ischaemic and antiar- 
rhythmic effect in the isolated working rat heart [11]. 
Opening of KATP-channels leads to a significant 
hypotensive effect via relaxation of the vascular 
smooth muscle [12, 13], and improves functional 
recovery of ischacmic/rcperftiscd myocardium 
[14-16]. These effects arc antagonised by glibcn- 
clamide, a blocker of К 

Nevertheless, the therapeutic potential and the 
mechanism of action of enantiomers of cicletanine 
have not been studied previously. Therefore, the 
goals of the present study were (i) to assess the 
potential cardioprotective effect of enantiomers of 
cicletanine; and (ii) to examine the role of a gliben- 
clamide sensitive mechanism in the anti-ischaemic 
and antiarrhythmic effects of cicletanine enan
tiomers.

and 5% C02 (Po2: 63.3 ± 6.0 kPa; Pco2: 4.0 + 0.19 
kPa), where the buffer first enters the cannulated 
left atrium at a pressure equivalent to 17 cm water 
(1.7 kPa), then passes to the left ventricle, from 
which it is spontaneously ejected through the aortic 
cannula against a pressure equivalent to 100 cm 
water (9.8 kPa).

Measurements
Heart rate (HR) derived from the left ventricular 

pressure curve, coronary flow (CF) measured by 
collecting effluent from the right atrium in a mea
suring cylinder for a timed period, aortic flow (AF) 
measured by a calibrated rotameter (KDG Flowme
ters, Sussex, England), left ventricular developed 
pressure (LVDP) counted as peak systolic pressure 
minus left ventricular end-diastolic pressure 
(LVEDP), +dP/dt 
Ventricular pressure was measured by a pressure 
transducer (B. Braun, Melsungen, Germany) con
nected to a small polyethylene catheter inserted into 
the left ventricle through the left atrial cannula as 
described [11]. Epicardial electrogram was obtained 
by using two silver electrodes attached directly to 
the heart. Ventricular fibrillation (VF) was de
termined from the epicardial electrogram and the 
left ventricular pressure curve according to the re
commendations of Lambeth Conventions [19]. Data 
were on line digitalised, recorded, and stored within 
an IBM PC. Coronary effluents were assayed for 
lactate dehydrogenase (LDH) activity by means of 
an automatic analyser (Hitachi-911) using 
Boehringer-Mannheim kits. LDH release was calcu
lated as (LDH
wet wt. and expressed as mU min 
scribed earlier [20].

ATP-

and LVEDP were recorded.max’

MATERIALS AND METHODS

The investigation conforms with the Guide for the 
care and use of laboratory animals published by the 
US National Institutes of Health (Nil-1 publication 
No 85-23, revised 1985).

Chemicals
Enantiomers of cicletanine (D-Cicletanine[ + ] 

(BN50417) and L-Cicletanine[ - ] (BN50418), Insti
tute Henri Beaufour, Paris, France), and gliben- 
clamide (Sigma, St Louis, MO) were dissolved in 
dimethyl-sulfoxide (DMSO) and added to the perfu
sion fluid throughout the experiments. The final 
concentration of DMSO was 2 X 10_2% (v/v) in 
each group. Other chemicals used were of analytical 
grade.

) x CF/heart 
g_1 as de-

- LDHischaemic preischaemic-1

Experimental design
Hearts were divided into ten groups and perfused 

(1) with the appropriate dilution of the solvent 
DMSO (control, n = 12); (2) 10“7 м (и = 9) gliben- 
clamide; (3) 1.5 X 10-5 м (n = 9); (4) 3 X 10-5 м 
(n = 8); (5) 6 X КГ5 M (n = 10) BN50417; (6) 1.5 X 
ИГ5 M (n = 9); (7) 3 X КГ5 м (n = 9); (8) 6 X 10“5 
M (n = 10) BN50418; the combination of (9) 10-7 M 
glibenclamide with 6 X 10”5 M BN50417 (n = 10); 
and (10) with 6X 10"5 м BN50418 (n = 10). The 
concentration range of enantiomers of cicletanine 
was determined according to our previous studies [1, 
2, 4, 7, 11]. To study the involvement of К 
channels in the action of enantiomers of cicletanine, 
10“7 M glibenclamide was used, since this concen
tration of the drug alone did not significantly affect 
myocardial function, however, it abolished the car
dioprotective effect of the most effective concentra
tion of the KATP opener cromakalim in this model 
as shown in our previous studies [11].

After 10 min of aerobic working perfusion hearts 
of all groups were subjected to 10-min coronary

Isolated heart preparation 
Male Wistar rats (300-360-g) fed standard labora

tory chow and tap water ad libitum were anaes
thetised with diethylether and injected intravenously 
with 500 U kg-1 heparin. After 30 s, hearts were 
excised and cannulated through the aorta, and per
fused in the Langcndorff mode at a constant perfu
sion pressure of 100 cm water (9.8 kPa) for 10 min. 
During this period, the left atrium was cannulated, 
and a suture was placed around the left main coro
nary artery close to its origin, allowing regional 
ischaemia and reperfusion to be induced as de
scribed earlier [1]. The heart was then converted to a 
working preparation [17, 18] for 10 min. The prepa
ration was perfused at 37°C with Krebs-Henseleit 
bicarbonate buffer containing (in тм) NaCl 118, 
KC1 4.3, CaCl2 2.4, NaHCOj 25, KH2P04 1.2, 
MgS04 1.2 and glucose 11.1, gassed with 95% 02

ATP
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Table 1
Effects of enantiomers of cicletanine (BN50417, BN50418), glibenclamide, and their combination on heart rate (HR), 
coronary flow (CF), and — dP/dtmtx before ischaemia and at the 10th-min of coronary occlusion in isolated working rat

hearts

Coronary occlusionBefore ischaemiaConcentration nTreatment
HRCF 

(ml min ~ ’)
-dP/dtmax

((b.p.m.) (ml min ') (kPa s ') (b.p.m.)
~dP/dtmax
(kPas~‘)

HR CF

22.5 ± 1.2
22.3 ± 1.0 
22.0 ± 1.0
24.6 ± 1.4
24.4 ± 1.5 
22.2 ± 1.6
22.7 ± 1.9 
24.3 ± 0.9 
22.7 ± 0.8

15.4 ± 1.7
13.5 ± 0.5
14.6 ± 1.5 
18.8 ±2.6
14.7 ±0.8
17.7 ±2.2 
18.4 ± 2.9
16.8 ± 0.5 
16.2 ± 0.5

274 ± 10 
325 ± 18 
320 ± 17 
328 ± 20 
288 ± 13 
411 ±27* 
424 ± 26* 
320 ± 13 
302 ±9

12 273 ± 5 
9 283 ±3
9 281 ±6
8 290 ± 7

10 282 ± 4
9 276 ±10
9 274 ±11

10 290 ±6
10 278 ± 6

422 ± 25 
458 ± 20 
424 ± 26 
408 ± 17 
376 ± 22 
403 ± 30 
424 ± 33 
450 ± 27 
478 ± 24

265 ±4 
273 ±7
270 ±4 
262 ± 6
266 ± 3 
264 ± 7 
264 ± 8 
275 ± 6
271 ±4

Solvent
Glibenclamide
BN50417

10~7 M
1.5- 10"5 M 
3.0- 10“5 M 
6.0 X I0 5 M 
1.5 X 10 5 M 
3.0 X 11Г15 M 
6.0 X 1()~5 M 
3.0 X 10-5 M 

10'7m
3.0 X 10~5 M 10 283 ±5 

10-7 M

I3N50418

BN50417 + 
glibenclamide 
BN50418 + 
glibenclamide

17.3 ± 1.024.2 ± 0.8 455 ± 22 268 ±5 312 ±6

Data are means ± sem; *(P < 0.05) show significant difference compared to solvent-treated hearts.

occlusion followed by 2-min reperfusion. Ten-minute 
coronary occlusion was chosen for assessing myocar
dial function, because this short-term regional is
chaemia induced considerable deterioration of my
ocardial function, but it did not result in ischaemia- 
induced arrhythmias that would have disturbed mea
sures of myocardial function [1]. However, reperfu
sion after a l()-min regional ischaemia triggered high 
incidence of rcpcrfusion-induccd VF, thus allowing 
us lo examine any antiarrhytlimic effect of the drugs 
against early reperfusion-induced VF.

the highest dose of BN50417, which moderately de
creased non-ischaemic AF. AF was markedly deteri
orated by coronary occlusion in the solvent-treated 
control hearts. BN50417 and glibenclamide did not 
change ischaemic AF. BN50418 (1.5 X 10-5 and 3.0 
X 10 ~5 m) significantly improved the parameter, 
however, the combination of the most effective con
centration of BN50418 with glibenclamide did not 
show any beneficial effect (Fig. 1).

Similarly to that found with AF, enantiomers of 
cicletanine or glibenclamide did not affect LVDP 
significantly before ischaemia, except the highest 
dose of BN50417, which moderately decreased non- 
ischaemic LVDP. Ischaemic LVDP deteriorated by 
coronary occlusion was markedly improved by 3.0 X 
10-5 M BN50417 and by 1.5 X 10-5 м and 3.0 X 10 
M BN50418. Glibenclamide, however, abolished the 
protective effect of the most effective concentration 
of both enantiomers of cicletanine (Fig. 1).

Before ischaemia, index of cardiac contractility, 
+ dP/d/maj, was moderately decreased by 6 X 10 
M BN50417. During coronary occlusion, 3 X 10-5 м 
BN50417, and all concentrations of BN50418 im
proved + dP/d/max. Glibenclamide inhibited the 
effect of 3 X 10-5 м BN50417 and BN50418, respec
tively (Fig. 2). A similar pattern was seen with 
-dP/dimax (Table I).

LVEDP was not influenced by the drugs before 
ischaemia, however, 3 X 10-5 M BN50417 and all 
concentrations of BN50418 significantly attenuated 
elevation of LVEDP due to coronary occlusion. 
Glibenclamide abolished the beneficial effect of the 
drugs (Fig. 2).

Statistical analysis
Data were expressed as means ± SE of the mean 

(sem). A one-way analysis of variance (ANOVA) was 
initially carried out to test any difference between 
the mean values of all groups. If a difference was 
established, all groups were compared to the control 
solvent-treated group using a modified /-test accord
ing to the Bonferroni method for simultaneous mul
tiple comparisons [21]. An analogue procedure was 
followed for distribution of binomially distributed 
variables, such as VF. An overall ^2-test for a 2 Xn 
table was constructed followed by a sequence of 
2x2 ;y2-tests to compare individual groups.

-5

-5

RESULTS

Cardiac function
As compared with normoxic values, 10-min regio

nal ischaemia slightly reduced HR, and markedly 
decreased CF (Table I) in the solvent treated group. 
Neither concentration of enantiomers of cicletanine, 
glibenclamide, or their combination influenced HR 
and CF.

Enantiomers of cicletanine or glibenclamide did 
not affect AF significantly before ischaemia, except

LDH release
LDH release, a marker of tissue damage during 

ischaemic stress, was studied with the most effective 
concentrations of enantiomers of cicletanine. Both
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Coronary occlusionBefore ischemia
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Fír. 1. Effects of different concentrations of enantiomers of cicletanine, i.e. BN50417 (DC, /гм), BN50418 (LC, /гм), and 
К)-7 M glibcnclaniidc (G), as well as their combination on aortic flow(AF) and left ventricular developed pressure (LVDP) 
before ischaemia and at the 10th-min of coronary occlusion in isolated working rat hearts. *(P < 0.05) designates 
significant changes of the parameters when compared to solvent-treated control (Cont) hearts.

3 X 10“5 M BN50417 and 3 X 10“5 м BN50418 sig
nificantly decreased LDH leakage during coronary 
occlusion, however, in the presence of 10“7 м 
glibenclamide, this effect was not seen (Fig. 3).

Reperfusion-induced VF 
Reperfusion after a 10-min coronary artery occlu

sion resulted in 100% incidence of VF, which oc
curred immediately upon reflow in the solvent- 
treated hearts (Fig. 4). BN50417, in concentrations 
of 3 X 10~5 and 6 X 10-5 M, significantly decreased 
the incidence of VF, and glibenclamide abolished its 
antiarrhythmic effect. All concentrations of BN50418 
markedly attenuated occurrence of VF, however, 
glibenclamide did not significantly influence the an
tiarrhythmic effect of 3 X 10-5 M BN50418.

occlusion, markedly decrease ischaemic LDH re
lease, and reduce the incidence of VF upon early 
reperfusion. The concentration of 3 X 10”5 м is the 
most effective in the case of both enantiomers, how
ever, BN50418 shows more potent anti-ischaemic 
and antiarrhythmic effect. The anti-ischaemic effect 
of both enantiomers is blocked by glibenclamide, 
however, in contrast to the slight antiarrhythmic 
effect of BN50417, the potent antiarrhythmic effect 
of BN50418 is not sensitive to glibenclamide treat
ment.

The present study is in accordance with our previ
ous observations in isolated working rat heart [1] 
and in conscious rabbits [7] demonstrating that cicle
tanine racemate attenuates functional consequences 
of coronary occlusion and pacing-induced global 
myocardial ischaemia, and confirms our earlier study 
showing the involvement of a glibenclamide-sensi- 
tive mechanism in the action of cicletanine racemate 
[11]. This_ study revealed, however, that BN50418 is 
the more potent enantiomer of cicletanine. We have 
^elected the concentration of 10-7 M of gliben- 
cj^imide for studying the interaction

DISCUSSION

Our results show that both enantiomers of the anti
hypertensive drug, cicletanine, significantly improve 
myocardial function deteriorated by 10-min coronary of KAXP block-

4; i У
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Fig. 2. Effects of different concentrations of enantiomers of cicletanine, i.e. BN50417 (DC, /am), BN50418 (LC, /am), and 
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Fig. 3. Effects of enantiomers of cicletanine, i.e. 3 X 10 5 
M BN50417 (DC30), 3 X 10“5 м BN50418 (LC30), and 
10-7 M glibenclamidc (G), as well as their combination on 
lactate dehydrogenase (LDH) release at the 10th-min of 
coronary occlusion in isolated working rat hearts. *(P< 
0.05) designates significant change of the parameter when 
compared to solvent-treated control (Cont) group.

Fig. 4. Effects of different concentrations of enantiomers 
of cicletanine, i.e. BN50417 (DC, /am), BN50418 (LC, /am), 
and 10-7 M glibenclamidc (G), as well as their combina
tion on the incidence of reperfusion-induced ventricular 
fibrillation (VF) in isolated working rat hearts. *(P < 0.05) 
designates significant change of (he parameter when com
pared to solvent-treated control (Cont) group.
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whole-cell K+ currents were observed in guinea pig 
portal vein smooth muscle cell, and glibenclamide 
did not significantly block the cicletanine-induced 
relaxation in rat, guinea-pig, and rabbit portal vein 
preparations. Enantiomers of cicletanine may open 
glibenclamide-sensitive К 
through modulation of myocardial cyclic nucleotide 
metabolism. Cicletanine racemate has been shown 
to inhibit low Km Ca-calmodulin-dependent PDE 
(PDE I) and cGMP specific PDE (PDE V) 15, 6], 
thereby leading to an increase in cardiac cGMP 
level [7]. Increased cGMP concentration may di
rectly stimulate potassium channels [9, 10], or in a 
certain cell compartment it may give rise to cAMP- 
dcpciulcnl phosphorylation'of К 
inhibition of cGMP-inhibilcd cAMP-spccific PDE 
(PDE III), an enzyme of high activity in myocardial 
cells [30]. Nevertheless, the cardioprotective effect 
of myocardial cGMP is well established [31-33].

In summary, this is the first study on enantiomers 
of the antihypertensive drug cicletanine. Our 
present results suggest that both enantiomers of the 
drug show anti-ischaemic and antiarrhythmic effect 
in the rat heart, and that L-cicletanine (BN50418) is 
the more active enantiomer. The anti-ischaemic but 
not the antiarrhythmic effect of BN50418 may in
volve a glibenclamide-sensitive mechanism, probably 
opening of KATP. BN50418, the active enantiomer of 
cicletanine, may confer beneficial effects on patients 
suffering from hypertension and consequent is
chaemic heart disease.

ade with enantiomers of cicletanine, since we have 
previously showed, that this concentration did not 
considerably influence cardiac performance, but 
abolished the antiischaemic effect of the optimal 
concentration (10~6 m) of the KATP opener cro- 
makalim, thereby suggesting a blockade of KATP in 
the myocardium produced by 10“7 м glibenclamide 
in the isolated working rat heart [11]. Although 
glibenclamide is widely used and accepted as the 
most specific blocker of KATP, it should be noted 
that the effects of the drug are likely not solely 
related to its actions on KATP [22, 23], therefore, the 
results with glibenclamide should be interpreted very 
cautiously. Our present study shows that 10-7 м 
glibenclamide abolishes the beneficial effects of both 
enantiomers of cicletanine during ischaemia, but 
does not affect the marked antiarrhythmic effect of 
BN5U4I8, however, inhibits the slight antiarrhythmic 
effect of BN50417. This finding indicates that open
ing of KATP may be involved in the anti-ischaemic, 
but not in the antiarrhythmic effect of the BN50418. 
Cidetanine racemate was shown to possess intracel
lular Ca2+ antagonistic property and prostacyclin 
releasing effect [8, 24, 25], therefore, the antiar
rhythmic effect of BN50418 may be attributed to 
these actions. Both the anti-ischaemic and antiar
rhythmic effect of the less active cicletanine enan
tiomer, BN50417, seems to be based at least in part 
on glibenclamide-sensitive KATP channel activation. 
Potassium channel opener agents have been shown 
to possess dual effect on cardiac arrhythmias. Short
ening of action potential due to KATP-opening may 
lead to an increased susceptibility to re-entry ar- 

. rhylhmias, and may decrease the probability of oc
currence of early after-depolarisation. Thus, К 
openers may exert either arrhythmogenic or antiar
rhythmic action depending on the experimental 
model used [26-28]. Our present results indicate 
that in contrast to the marked anti-ischaemic effect 
of enantiomers of cicletanine, the KATP activator 
effect of the compounds may have minor contribu
tion to the potent antiarrhythmic effect of cicleta
nine racemate.

The mechanism by which enantiomers of cicleta
nine may lead to opening of the glibenclamide-sensi
tive KATP channel is not known. The effects of 
enantiomers of cicletanine in the isolated heart, 
especially that of BN50418, on AF, LVDP, 
+ dP/dimax, and LVEDP is similar to that of cro- 
makalim [11,13,14] in the same experimental model, 
and glibenclamide blocks the effect of both drugs, 
however, in contrast to cromakalim, enantiomers of 
cicletanine docs not increase CF. This might indi
cate, that the possible KATP-opener effect of enan
tiomers of cicletanine may be more specific on my
ocardial cells than on smooth muscle cells. Accord
ingly, opening of KAXP produced by cicletanine race- 
mate on smooth muscle cells is not supported by 
Noak and Deitmer [24], since no cicletanine-induced

channels indirectlyATP

[29] throughAll1
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Lack of Correlation Between Myocardial Nitric Oxide 

and Cyclic Guanosine Monophosphate Content in 

Both Nitrate-Tolerant and -Nontolerant Rats
Tamás Csont/ Tibor Páli,* Zoltán Szilvássy* and Péter Ferdinandytt

Departments of *Biophysics, Biolcc:cal Research Centre; and ^Biochemistry, 1st ’Department of 
Medicine; Albert Szent-Györgyi Medical University', H-6701 Szeged, P.O. Box 415, Hungary

ABSTRACT. We studied the effect of nitroglycerin (NTG) on cardiac nitric oxide (NO) and cyclic guanosine 
monophosphate (cGMP) content in nitrate-tolerant/nontolerant rats in vivo. The effect of the pharmacological 
blockade of endogenous NO synthesis and the effect of exogenous NO on cardiac cGMP were also examined. 
Rats were rrcared wirh 100 mg/kg of NTG ind corresponding vehicle s.c. three rimes a day lor 2.5 davs to induce 
NTG-tolerance/nontolerance. Rats were then administered a single dose of s.c, 100 mg/kg of NTG to test the 
effect of NTG in tolerant/nontolcrant states, respectively. Nontolerant rats treated with vehicle were controls, 
and nontolerant rats treated with the NO synthesis inhibitor NG-nitro-L-arginine (LNNA, 20 mg/kg) were 
negative controls. Another group of nontoierant rats treated i.v. with the direct NO donor sodium nicroptusside 
(SNP, 3 mg/kg) were positive controls. Cardiac NO assessed by electron spin resonance after in vivo spin-trapping 
increased 100-fold (P < 0.05) in the positive control, 10-fold (P < 0.05) in the NTG-tolerant group, and 4-foid 
(P < 0.05) in the single NTG group, when compared to controls. In the negative control group, NO was reduced 
to near the detection limit (four-fold reduction, P < 0.05). Cardiac cGMP measured by radioimmunoassay was 
increased significantly (two-fold, P < 0.25) only in the positive control group, and there were no differences 
among the other groups. This shows that: 1) in vivo cardiac bioconversion of NTG to NO is not impaired in 
nitrate tolerance; and 2) changes in cardiac NO content are not reflected by changes in cGMP content in 

■ nitrate-tolerant and -nontolerant rats. ElCCHEM PHARMACOL 56:9:1139-1144, 199S. S 1998 Elsevier Science 
Inc.

KEY WORDS, nitroglycerin; tolerance: NG-nitro-L-arginine; nitric oxide; cGMP: electron spin resonance

Although numerous studies have looked at the effect of 
NTG on vascular tissue, very few have examined the effect 
of NTG on the heart. We have recently demonstrated that 
NTG exerts a direct myocardial antl-ischemic effect that Is 
independent of any vascular effects of the drug. However, 
the underlying mechanism, which is also present in nitrate 
tolerance, has not yet been elucidated [6]. Cardiac conver
sion of NTG to NO and the possible elevation of cGMP 

both account for the direct effect of NTG on the

The anti-anginal effect of NTG9Í is believed to be based on 
the drug-induced decrease in preload and afterioad, im
provement of coronary collateral flow, dilation of stenotic 
coronary arteries, and inhibition of platelet aggregation 
[1, 2]. To exert these effects, NTG is considered a prodrug: 
it requires enzymatic bioconversion to NO, which, in turn, 
activates soluble guanvlate cyclase, thereby increasing vas
cular cGMP content [3, 4]. Continuous administration of 
NTG or ocher organic nitrates leads to tolerance to their 
hemodynamic and clinical effects. The biochemical mech
anism of the development of nitrate tolerance is rather 
controversial [2, 5]. Several mechanisms, such as neurohor- 
monal activation counteracting NTG-mediated vasodila
tion, reduced conversion of NTG to NO, and attenuated 
increase in cGMP concentration, may be involved[2, 5].

may
myocardium because both NO and cGMP were shown to 
protect the ischemic myocardium [7-9].

Therefore, the aim of the present study was to investigate 
whether NTG is converted to NO with a resulting eleva
tion of cGMP in the heart of nitrate-tolerant and nontol
erant rats in vivo, and whether cardiac NO content is 
mirrored by cardiac cGMP content.

t Corresponding author: Peter Ferdinandy, MD, PhD, Cardiovascular 
Disease Research Group, 4-62 Heritage Medical Research Center, Uni
versity of Alberta, Edmonton. Alberta T6G 2S2 Canada.

1 Abbreviations: cGMP, cyclic guanosine monophosphate: DETC, di- 
ethyl-dlthiocarbamarc; ESR. eleerron spin resonance; LNNA. NG-nitro- 
L-arginine; NO, nitric oxiJc; NTG, nitroglycerin; and SNT, sodium 
nitropnisside.
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MATERIALS AND METHODS

This investigation was approved by the local ethics com
mittee, and conforms with the Guide for the Care and Use 
of Laboratory Animals published by the US National 
Institutes of Health (NIH No 85-23, revised 19S5).
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FIG. 1. Experimental protocol. To Induce vascular tolerance/nontolerance to NTG, rats were treated s.c. with 100 mg/kg of NTG 
and/or its vehicle (VEH) three times a day for 2.5 davs (eight injections, indicated by thin arrows). At the end of the third day, the 
first nontolerant group (negative control group) was given a ninth s.c. vehicle injection, and at the 4th day, 40 min before the isolation 
of the heart, 20 mg/kg of LNNA was given i.v. The second nontolerant group (positive control) treated with a ninth vehicle injection 
was given a single 3 mg/kg i.v. injection of SNP, 5 min before isolation of the heart. The third nontolerant group treated with a ninth 
vehicle injection at the end of the third day served as control. The fourth nontolerant group (lx NTG group) was given a single 100 
mg/kg injection of NTG s.c. as the ninth injection at the end of the third day to test the effect of NTG in the nontolerant state. The 
tolerant group (9x NTG group) was given a ninth NTG injection (100 mg/kg) to test the effect of NTG in nitrate tolerance. Twelve 
hours after the last NTG/vehicle injections, hearts were isolated and cardiac NO and cGMP were analyzed.

1ГГП VEH treatment

Chemicals

NTG (EG1S Pharmaceuticals Co.) and/or its vehicle, 
lactose, were suspended in 100% propylene glycci. LNNA 
(Sigma-Aldrich Co.) was dissolved in physiological saline 
at 60° and cooled to room temperature before administra
tion. SNP (Sigma-Aldrich Co.) was dissolved in physiolog
ical saline just before administration, and the solution was 
protected from light exposure. DETC, FeS04, and sodium 
citrate were dissolved in saline (Sigma-Aldrich Co.). Ra
dioimmunoassay kits tor cGMP were purchased from Am- 
ersham.

To achieve an extremely high cardiac NO concentra
tion, the second nontolerant group (positive control) 
treated with a ninth vehicle injection was given a single 3 
mg/kg i.v. bolus injection of a nonentymatic releaser of NO, 
SNP, 5 min before the isolation of the heart. The third 
nontolerant group treated with a ninth vehicle injection at 
the end of the third day served as controls. To test the effect 
of NTG in the nontolerant state (lx NTG group), the 
fourth nontolerant group was given a single 100 mg/kg 
injection of NTG s.c. as the ninth injection at the end of 
the third day. To test the effect of NTG in nitrate tolerance 
(9 X NTG group), the tolerant group was given a ninth 
NTG injection (ICO mg/kg). At the fourth day (12 h after 
the last NTG/vehicle injections), rats were anesthetized 
with diethylether, their hearts were isolated and, cardiac 
NO and cGMP content were analyzed from all groups as 
described below.

Animals and Treatments

Male Wistar rats (300-360 g) were assigned to 5 groups 
(N = 10 in each group, Fig. 1.). Five animals were used for 
cGMP measurements and five for NO determination in 
each group. To induce vascular tolerance/nontolerance со 
NTG [10] animals were treated s.c. with 100 mg/kg of NTG 
and/or its vehicle three times a day for 2.5 days (eight 
injections). At the end of the third day, the first nontol- 
erant group (negative control group) was given a ninth s.c. 
vehicle injection, and to block endogenous NO svnthesis, 
at the fourth day, 40 min before the isolation of the heart, 
20 mg/kg of LNNA were given i.v. Our previous studies 
showed that LNNA exerted its maximal effect in the rat 
coronary vasculature approximately 40 min after adminis
tration [11].

Confirmation of Vascular Nitrate Tolerance

Development of vascular tolerance to NTG was confirmed 
by testing endothelium-free, thoracic, aortic rings for iso
metric tension as described previously [6,12]. Rings of 4 mm 
in length were precontracted with an EC30 concentration of 
norepinephrine in addition to a resting tension of 20 mN. 
The rings were then exposed to cumulative NTG concen
trations in half-log- increments. NTG concentrations re
quired to produce half-maximal relaxation were 0.078 ±
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to rho Brnferroni method was applied using SigmaStat 2.0 
software [17|.

Ű.OI I |J.M in nonroleranr rings versus 1.58 ± 0.25 p.M (P < 
0.05, N = 5 in both groups) in tolerant ones.

RESULTSMeasurement of Cardiac NO

NO was assayed by an in vivo spin-trapping method fol
lowed by ESR analvfis ot lelt ventricular tissue samples as 
described previouslv ;3,13,14].-Briefly, the spin-trap DETC 
(200 mg/kg), 50 mg, kg of FeS04, and 200 mg/kg of sodium 
citrate were slowly administered i.v. into the femoral vein 
under ether anesthesia to all groups (N = 5 in each group). 
Five minutes after :he DETC, FeS04, and citrate treat
ment, the hearts were isolated and perfused in Langendorff 
mode for 30 sec to remove coronary blood, then 100 mg of 
tissue samples trorr. the left ventricles were placed into 
quart: tubes and freien in liquid nitrogen until assayed for 
ESR spectra of NC-re^-fDETC). complex. To obtain the 
background spectra of Cu'TDETC); complex, animals 
were given 200 mg kg of DETC only. ESR spectra were 
recorded with a Brisker ECS106 (Rheinstetten, Germany) 
spectrometer operating at X band with 100 kH: modulation 
frequency at a temperature of 160 K, using 10 mW of 
microwave power to avoid saturation. Scans were traced 
with 2.85 G modulation amplitude, 340 G sweep width, 
and 3356 G central held. Alter subtracting the background 
signal ot Cu'~(DETC):, analysis of NO content was 
performed with double integration of all spectra. The 
detection limit of NO by this ESR method, which is 
absolutely specific :_-r NO free radical, is 0.05 nM/g [15]. 
However, precise quantification of ESR detection ot NO in 
biologic samples is r.ot reliable because the spin-trap Fe'+- 
(DETC)5 complex is lipophile, and introducing a known 
quantin' of NO/NC donor into the lipid phase of biologic 
samples is problematic [16]. Therefore, NO content was 
expressed in arbitrary units showing the ratio of trapped 
NO in the different groups.

In the positive control group, an i.v. bolus dose (3 mg/kg) 
of the spontaneous NO releaser, SNP, resulted in a 100-fold 
increase m cardiac NO content and induced a relatively 
minor Irvo-fold), but statistically significant, elevation of 
cardiac cGMP concentration as compared to the control 
group (Figs. 2 and 3). In the NTG-tolerant group, a 10-fold 
increase In cardiac NO content was observed without a 
statistically significant elevation of cardiac cGMP concen
tration (0.4-fold increase). In the nontolerant single NTG 
group, cardiac NO was significantly elevated (4-fold); 
however, the cardiac cGMP concentration was not 
changed. The NO signal was significantly higher in the 
tolerant 9 X NTG) group than in the single NTG group 
(Figs. 2 3nd 3). In the negative control group, LNNA 
significantly reduced cardiac NO signal intensiev to near Its 
detection limit, whereas cardiac cGMP content was not 
affected.

DISCUSSION
In this study, we investigated the effect of NTG on cardiac 
NO and cGMP content in NTG-tolerant and nontolerant 
rats and examined if changes in cardiac NO content are 
reflected by cardiac cGMP content. This is the first 
demonstration that even extreme changes in cardiac NO 
content have a minor influence on cardiac cGMP levels in 
NTG-tcieranr or nontolerant rats (Fig. 3). Another impor
tant finding, which supports that ot Laursen er til. [18], is 
that cardiac bioconversion of NTG to NO is not impaired 
in vascular tolerance to NTG in vivo. Our study also 
suggests that cardiac cGMP is not a good indicator of 
changes in cardiac NO content; therefore, a direct mea
surement of cardiac NO cannot be avoided.

Earlier studies proposed that the development ot vascular 
tolerance to NTG was based on reduced conversion of 
NTG to NO; however, direct measurement of NO was not. 
attempted in these studies [2, 5, 19]. The recent study by 
Laursen at al. [18] using the in vivo spin-trapping method 
followed by ESR analysis showed that nitrate tolerance was 
not associated with reduced conversion ot NTG to NO. In 
accordance, our present study demonstrates that cardiac 
NO concent is significantly higher in the tolerant group as 
compared to the nontolerant control or single NTG group, 
which excludes the possibility of reduced formation of NO 
from NTG in NTG tolerance. Moreover, the finding that 
the NO signal is significantly higher in the tolerant group 
than in the single NTG group may show an enhanced 
cardiac bioconversion of NTG to NO or a cardiac accumu
lation of NTG in nitrate tolerance. Accordingly, an accu
mulation of tissue NTG during tolerance development was 
shown by Torfgard et al. [2Ű]

It is widely accepted that, in smooth muscle cells,

Determination of Cardiac cQMP

To determine cardiac cGMP content in separate experi
ments, hearts from all groups (N = 5 in each group) were 
excised under ether anesthesia and perfused in Langendorff 
mode lor 30 sec tc remove blood. Left ventricular tissue 
mass was then froren by means of a Wollenberger clamp 
prechilled in liquid nitrogen. Samples were homogenized 
and centrifuged and the supernatants were extracted three 
times in water-saturated diethylether, evaporated, and as
sayed tor cGMP by radioimmunoassay, as described previ
ously [7,12].

Statistics
Data were expressed as means ± SEM and analyzed with 
one-way ANOVA. It a .statistically significant difference 
was established (P < 0.05), a modified t-test that was 
corrected for simultaneous multiple comparisons according
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FIG. 2. Representative ESR spectra of NO-Fe2+- 
(DETC)2 complex in left ventricular tissue 
samples of rat hearts from the five different 
experimental groups and demonstration of the 
background signal. (Curve A): solid line, positive 
control (3 mg/kg of SNP); dotted line, fitted 
curve; XO. 1, reduced gain compared to curves 
В-F. (Curve B): background spectrum of 
Cu(DETC)2. (Curve C): negative control 
(LNNA treatment). (Curve D): control (nontol* 
erant). (Curve E): single NTG. (Curve F)i NTG* 
tolerant. +1 0-1: hyperflne splitting of NO* 
Fe2+-(DETC) triplet; +3/2 +1/2-1/2-3/2; hy* 
perfine splitting of Cu(DETC)2- ESR parameters: 
X band, 100 к Hi modulation frequency, 160 K, 
10 mW microwave power, 2.S5 G modulation 
amplitude, 340 G sweep width, and 3356 G 
central field.

endogenous or exogenous NO activates soluble guanylate 
cyclase resulting In the production of cGMP [3]. Because 
the cost and availability of a direct measurement cf NO 
limit its widespread use, cGMP concentration is used in 
many studies as an indirect indicator of NO production 
[21, 22]. However, several studies have shown that NTG 
has a minor effect on cardiac cGMP synthesis, which was 
mainly explained by a reduced conversion of NTG to NO 
[23-251- Our present study revealed, however, that in the 
heart, NTG is metabolized to NO in both NTG-tclerant 
and nontolerant animals. And in our study, a 13-fold 
increase in cardiac NO content resulted in a slight eleva
tion in the cardiac cGMP level, and a 100-fold increase in 
NO induced by a bolus injection of a high pharmacological 
dose of SNP, which releases NO spontaneously in aqueous 
solution, resulted in a minor, two-fold increase in cardiac 
cGMP. Forty minutes after treatment with the nonselective 
NO synthase inhibitor LNNA (20 mg/kg), cardiac NO 
reduced to the detection limit, while the cardiac cGMP level 
was not decreased. These findings suggest that in the rat

heart—irrespective of the development of nitrate toler
ance—NO makes a minor contribution to the regulation of 
cGMP metabolism and that the NO-cGMP coupling is far less 
clear than in vascular tissue. Therefore, cardiac cGMP is not 
a good indicator of physiological changes in cardiac NO.

A limitation of our study is that, due to technical 
considerations, in vivo determination of NO and cGMP 
could be performed only in whole cardiac tissue mass; 
therefore, endothelial, myocardial, and neural conversion 
of NTG to NO all contributed to the total cardiac NO 
and cGMP content. Nevertheless, because left ventric
ular tissue mass consists of more than 90% myocardial 
cells, total cardiac NO and cGMP refer to myocardial 
NO and cGMP content with a good approximation, 
unless the contributions of the different tissues were 
profoundly different.

In summary, our present results revealed that changes in 
cardiac cGMP do not reflect changes in cardiac NO 
content in the rat and that the cardiac bioconversion of 
NTG to NO is not impaired in nitrate tolerance.

was
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FIG. 3. Cardiac NO (A) and cGMP (B) 
content in negative control (nontolerant 
with LNNA treatment), positive control 
(nontolerant with SNP treatment), control 
(nontolerant), lx NTG (nontolerant 
treated with a single dose of NTG), and 
NTG-tolerant group treated with NTG 
three times a day for 3 days (9X NTG 
group). */#(P < 0.05) show significant in- 
crease/decrease compared to control, "^(P < 
0.05) show significant increase compared to 
lx NTG.
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Capsaicin-sensitive local sensory innervation
is involved in pacing-induced preconditioning in rat hearts:
role of nitric oxide and CGRP?
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Abstract Among several mediators, nitric oxide (NO) 
and calcitonin gene-related peptide (CGRP) were suggested 
to be involved in the mechanism of preconditioning. We 
examined the possible role of the cardiac capsaicin-sensi
tive sensory innervation in pacing-induced precondition
ing, as well as in the cardiac NO and CGRP content. Wis- 
tar rats were treated subcutaneously with capsaicin or its 
solvent in the sequence of 10, 30, and 50 mg/kg increas
ing single daily doses for 3 days to deplete neurotransmit
ters of the sensory inncrvalion. Isolated hearts from both 
groups were then subjected lo either preconditioning in
duced by three consecutive periods of pacing at 600 beats 
per minute for 5 min with 5 min intcrpacing periods, or 
time-matched non-preconditioning perfusion, followed by 
a 10-min coronary occlusion. NO content of left ventricular 
tissue samples was assayed by electron-spin resonance, 
and CGRP release was determined by radioimmunoassay. 
CGRP immunohistochemistry was also performed. In the 
non-preconditioned, solvent-treated group, coronary oc
clusion decreased cardiac output (CO) from 68.1 to 32.1 
mL/min, increased left ventricular end-diastolic pressure 
(LVEDP) from 0.58 to 1.90 kPa, and resulted in 200 
mU/min/g LDH release. Preconditioning significantly in
creased ischaemic CO to 42.9 mL/min (P < 0.05), de
creased ischaemic LVEDP to 1.26 kPa (P < 0.05) and de

creased LDH release to 47 mU/min/g (P < 0.05) in the 
solvent-treated group. Preconditioning did not confer pro
tection in the capsaicin-pretreated group (ischaemic CO: 
35.6 mL/min; LVEDP: 1.76 kPa; LDH 156 mU/min/g). 
Capsaicin-treatment markedly decreased cardiac NO con
tent, CGRP release, and CGRP-immunoreactivity. Conclu
sions: (i) The presence of an intact local sensory innerva
tion is a prerequisite to elicit pacing-induced precondi
tioning in the rat heart, (ii) A significant portion of cardiac 
basal NO content may be of neural origin, (iii) Release of 
NO and CGRP from capsaicin-sensitive nerves may be in
volved in llic mechanism of pacing-induced precondition
ing.

Key words Preconditioning • Rapid pacing • Capsaicin • 
Nitric oxide • Electron-spin resonance • Calcitonin 
gene-related peptide • Immunohistochemistry • Rat heart

Introduction

Since the original observation by Murry et al. (1986) more 
than a decade ago, the ability of the heart to adapt to isch
aemic stress has been well established and termed isch
aemic preconditioning. The cardioprotective effect of pre
conditioning shows two phases, an acute phase (classical 
preconditioning) and a ‘second window’ phase, and in
volves reduction of necrotic tissue mass, improvement of 
ischiK'inic/rcpcrluscd cardiac performance, and reduction 
of incidcnce/scverily of arrhythmias (see lor reviews: Par
ian 1995; Baxter and Yellon 1994). In spite of intensive 
research in the past 10 years, there is considerable contro
versy in the literature regarding the mechanism of isch
aemic preconditioning. A variety of substances and ion 
channels, i.e. adenosine, bradykinin, nitric oxide (NO), 
cyclic guanosine monophosphate (cGMP), prostacyclin, 
protein-kinases, noradrenaline, adenosine-triphosphate-sen- 
sitive K+-channels (КЛТР) etc. were suggested and also re
futed to be potential mediators of preconditioning. These 
discrepancies are generally attributed not only to species 
differences (see for reviews: Parratt 1995; Baxter et al.
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1996; Walker and Yellon 1992), but also to the different 
triggers of preconditioning, like rapid pacing and no-flow 
ischaemia (Ferdinandy et al. 1995b). Moreover, the possi
ble ischaemia sensor, if any exists, and the formation site 
of the potential mediators of preconditioning are still not 
known.

Concentrating on the well known adrenergic and cho
linergic effector innervation of the heart, cardiovascular 
researchers generally leave out of consideration the rich 
sensory innervation of the myocardium and the coronary 
vascular system, which may have strong influence on car
diac function due to its calcitonin gene-related peptide 
(CGRP), NO, and substance P content (Franco-Cereceda 
1988; Sosunov et al. 1995, 1996). The thin sensory nerve 
endings may act as potential sensor for ischaemia, since 
ischaemia, hypoxia, lactate, K+, and low pH were shown 
to stimulate cardiac sensory nerves in association with the 
release of their transmitters (see for review: Franco-Cere
ceda 1988). The involvement of cardiac CGRP in precon
ditioning was recently assumed by Li et al. (1996). The 
role of NO in the mechanism of preconditioning is con
troversial. Vegh et al. (1992) found that the antiarrhythmic 
effect of preconditioning induced by short periods of cor
onary occlusion was abolished by administration of NG- 
nitro-L-arginine methyl ester in anaesthetized dogs; Lu et 
al. (1995) and Weselcouch and associates (1995) could 
not confirm these results in anaesthetized rats and in iso
lated rat hearts. However, these studies focused on the an- 
liarrhylhmic cffccl of preconditioning induced hy ‘no-flow’ 
ischaemia, and no direct measurement of myocardial NO 
was attempted. We have recently reported that a signifi
cant decrease in cardiac NO content assessed by electron 
spin resonance (ESR) abolished pacing-induced precondi
tioning in rat heart (Ferdinandy et al. 1996). We have also 
shown that the cardioprotective effect of pacing-induced 
preconditioning was proportional to the elevation of my
ocardial cGMP content (Szilvassy et al. 1994a), and that 
the reduced cardiac cGMP content due to experimental ni
troglycerin tolerance led to the loss of preconditioning in 
rabbits (Szilvassy et al. 1994b). These data suggest that 
the NO-cGMP pathway may be involved in the mecha
nism of pacing-induced preconditioning in rabbits and 
rats, however, the major source of NO in the heart has not 
been identified.

Here we examine the hypothesis that cardiac sensory 
innervation is involved in the mechanism of pacing-in
duced preconditioning possibly via neural NO and CGRP 
release. Capsaicin is a highly sclcclivc sensory ncuroloxin 
which, upon syslemic administration, results in a selective 
depletion of ncurotransmiltcrs from a morphologically well 
defined population of primary sensory neurons (Jancso 
1968; Jancso et al. 1977). Since these original observa
tions, capsaicin has become the most important probe for 
sensory neural mechanisms (see for reviews: Franco- 
Cereceda 1988; Holzer 1991; Jancso 1992).

Therefore, the present study was devoted to examine 
whether capsaicin-pretreatment-induced abolition of local 
sensory neural control leads a decrease in cardiac NO and 
CGRP content and results in the loss of the precondition

ing in the rat heart. The results presented here show that 
capsaicin-pretreatment significantly reduces cardiac NO 
and CGRP content and abolishes the cardioprotective ef
fect of pacing-induced preconditioning.

Methods
The investigation conforms with the Ciliidé lor the care and use of 
laboratory animals published hy Ihe US National Institutes of 
Health (N111 publication No 85-23, revised 1985).

Animals and treatments

Male Wistar rats (300-360 g) housed in a room maintained at 12 h 
light-dark cycles and a constant temperature of 22 ± 2°C were 
treated with capsaicin/solvent subcutaneously in the sequence of 
10, 30, and 50 mg/kg single daily doses for 3 days. Capsaicin (1% 
w/v) (Fluka, Buchs, Switzerland) was dissolved in physiological 
saline containing 3% v/v ethanol and 4% v/v Tween 80. Cap- 
saicin/solvent-pretreated animals, 3 days after the last injections, 
were used for isolated heart studies (including measurements of 
cardiac performance, CGRP and lactate dehydrogenase [LDH] re
lease), for NO measurements by means of ESR, and CGRP im- 
munohistochemistry in separate experiments, respectively.

Isolated heart preparation

Hearts were excised after anaesthesia with diethylether, and per
fused rclrogradcly according to Langcndorff at 37°C with Krcbs- 
llenseleil bicarbonate buffer containing (in mM) NaCI 118. KCI 
4.3. CaCI, 2.4. NnllC, 25. Kl 1,14)., 1.2. MgSO., 1.2 ami glucose 
11.1. gassed with 95% ()j and 5% C02. The left allium was then 
cannulnlcd and the preparál ion was converted to a working prepa
ration as dcscrilx'd (Ferdinandy el al. 1993, 1995«), Briefly, the 
perfusion fluid enters the left atrium. Illen passes lo (he left ventri
cle from which it is spontaneously ejected through the cnnnulated 
aorta. Preload (1.7 kPa) and afterload (9.8 kPa) were kept constant 
throughout the experiments. A suture was placed around the left 
main coronary artery close to its origin, allowing induction of re
gional ischaemia (Ferdinandy et al. 1995a). The coronary occlu
sion results in a 37.4 ± 1.3% ischaemic zone of the left ventricle, 
which cannot be changed significantly even by strong coronary 
dilator/constrictor agents, as described previously in this model 
(Ferdinandy et al. 1995a), since the rat is a coronary collateral de
ficient species. Pacing at 10 Hz (600 beats per minute) with double 
threshold square impulses (impulse duration: 5 ms) was performed 
by an electric stimulator (Experimetria. Budapest, Hungary) through 
silver electrodes attached directly to the surface of the right ventri
cle. Heart rate [HR] derived from the left ventricular pressure 
curve, coronary flow [CF] measured by collecting effluent from 
the right atrium in a measuring cylinder for a timed period, aortic 
flow [AF] measured by a calibrated rotameter (KDG Flowmeters, 
Sussex, England), cardiac output [CO] calculated as Ihe sum of AF 
and CF, left ventricular developed pressure |LVDP| counted as 
peak systolic pressure minus left ventricular end-diastolic pressure 
ILVIiDI’l, positive and negative first derivatives of left ventricular 
pressure |± dP/tlt,nM|, anil LVEDP were recorded. Ventricular 
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 can
nula (Ferdinandy et al. 1995b). Ventricular pressure was on-line 
digitized with 200 Hz sampling frequency, recorded, and stored on 
an IBM computer.

Experimental groups. A pacing-induced preconditioning protocol 
was applied in hearts obtained from (i) solvent-treated [PS, Pre
conditioned Solvent], and (ii) capsaicin-treated [PC, Precondi
tioned Capsaicin] rats. A time-matched non-preconditioning proto-
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sures of myocardial function (Ferdinandy et al. 1995a). Reperfu
sion after coronary occlusion was not applied, since reperfusion af
ter 10 min coronary occlusion results in a high incidence of ven
tricular fibrillation (VF) disabling measures of cardiac function, 
and pacing-induced preconditioning does not reduce VF due to ac
tivation of К
release was measured at the 10th min of coronary occlusion.

***

NPS

(Ferdinandy et al. 1995b). Ischemia-induced LDHATPPS

NPC
Design of electron-spin resonance studies

Solvent-treated and capsaicin-treated rats were used for ESR stud
ies, respectively (n = 4 in each group). The spin-trap diethyl-dithio- 
carbamate (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 
0.5 ml volume to avoid precipitation of Fc2+(DETC),. FeS04 and 
sodium-ciirnle were dissolved in dislillcd water, the pll being set 
to 7.4 with NaOII. taul brought Io I ml volume 1кТоге lujeelion. 
Five minutes alter DETC, FeS04, and citrate treatment, hearts 
were isolated and perfused in the Langendorff mode for I min to 
eliminate blood, and 100 mg tissue samples of the left ventricles 
were placed into quartz lubes, and frozen in liquid nitrogen until 
assayed for ESR spectra of the NO-Fe2+-(DETC)2 complex. Fe2+- 
(DETC), has high affinity for NO while forming NO-Fe2+- 
(DETC)2. The specific triplet signal of the NO-Fe2+-(DETC)2 com
plex is superimposed on the dominant background spectra of Cu2+- 
(DETC)2. The detection limit of NO by this ESR method is 0.05 
nM (Miilsch et al. 1992). ESR spectra were recorded with a Bruker 
ECS 106 (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, 340 G sweep width, and 
3356 G central field as described (Miilsch et al. 1992; Ferdinandy 
et al. 1996). After subtraction of the background signal of Cu2+- 
(DETC)2, analysis of NO content was performed with double inte
gration.

PC

so4020 3010
(min)

llllilllll rapid pacing
coronary occlusion

I___J aerobic working perfusion

I I aerobic Langendorff perfusion

Hg. I Pci fusion protocol of isolated rat hearts subjected lo pac
ing-induced preconditioning followed by lest ischaemia produced 
hy coronary occlusion. Rapitl ventricular pacing al К) II/. (600 
heals per minute) was carried out under Langendorff perfusion. 
Arrows indicate time points of measures of cardiac function. NPS 
and NPC, non-preconditioned hearts isolated from solvent-treated 
and capsaicin-pretreatcd rats, respectively; PS and PC, precondi
tioned hearts isolated from solvent and capsaicin-pretreated rats, 
respectively

col was also applied in hearts from (iii) solvent-treated [NPS, Non- 
Preconditioned Solvent], and (iv) capsaicin-treated [NPC, Non- 
Preconditioned Capsaicin] (n = 7 in each group, Fig. 1) animals.

Preconditioning with rapid ventricular pacing. After a 10-min aer
obic working perfusion, hearts were subjected to 3 intermittent pe
riods of pacing/non-pacing protocols for 5 min and 15 s separated 
by a 4-min and 45-s aerobic working perfusion performed after 
each period of preconditioning/non-preconditioning protocols as 
described (Ferdinandy et al. 1995b) (Fig. I). In the non-precondi- 
tioned groups |NPS, NPC] 3 periods of aerobic Langendorff per
fusion, 5 min and 15 s each, were applied without pacing. In groups 
preconditioned with pacing al К) II/. under Langendorff perfusion 
jl’S, PC|, 3 periods of 4-min and 45-s pacing followed by a 30-s 
aerobic Langendorff perfusion was performed. The last 30 s al
lowed spontaneous restoration of sinus rhythm before switching to 
working perfusion. Langendorff perfusion was used during Ihe pe
riods of pacing and therefore during corresponding control periods 
as well, since in the working heart pacing at 10 Hz dramatically 
decreased AF, which could have deteriorated the preparation (Fer
dinandy et al. 1995b). Cardiac functional parameters were re
corded before and after preconditioning and at the 10th min of test 
ischaemia (Fig. 1). The specified duration and frequency of pacing 
was selected to induce preconditioning, since a single 4-min and 
45-s pacing at 10 Hz increased significantly cardiac oxygen con
sumption, carbon dioxide production, and lactate efflux, however, 
LDH release was not increased. Cardiac functional parameters re
covered within 3 min after termination of pacing, which indicates 
that a single pacing induced a completely reversible ischaemia, as 
described previously (Ferdinandy et al. 1995b). LDH was assayed 
from coronary effluents using an automatic analyzer (Hitachi-911) 
with Boehringcr-Mannheim (Mannheim, Germany) kits. CGRP re
lease was determined before preconditioning by means of a ra
dioimmunoassay method as described (Varró et al. 1988).

Test ischaemia with coronary occlusion. After the prccondition- 
ing/non-prccondilioning protocol, lest ischaemia of l()-min dura
tion was produced hy occlusion of Ihe left main coronary artery. 
Ten-minutes lest ischaemia was chosen for assessing myocardial 
function, because this short-term regional ischaemia induced con
siderable deterioration of myocardial function, but did not result in 
ischacmia-induccd arrhythmias (hal might have disturbed mca-

Immunohistochemistry

Control (/I = 3) and capsaicin-trcatcd animals (n = 3) were deeply 
anaesthetized with ether and perfused Inmscardinlly through the 
left ventricle with saline (50 ml) followed by Zamboni's fixative 
(400 ml). The heart was then cut out and stored in the same fixa
tive for 4 It. Tissue samples were stored in 0.1 M phosphate buffer 
until frozen seel ions were prepared on a cryoslal. An indirect im
munofluorescence microscopic technique was used to demonstrate 
CGRP immunoreactivity. Briefly, sections were incubated with a 
rabbit polyclonal antibody raised against synthetic rat CGRP 
(1:500, Paesel + Lorei, Germany) for 12 h at room temperature. 
This was followed by an incubation with goat anti rabbit IgG la
belled with carboxymethylindocyanine (Jackson, purchased from 
Dianova, Germany, 1:200) for 2 h at room temperature. Prepara
tions were coverslipped with Citifluor AF1 (Citifluor, UK) and 
viewed under a Leitz DMLB fluorescence microscope. Omission 
of the first antibody resulted in an abolition of the specific im
munofluorescence.

Statistics

Data were expressed as means ± SEM. All groups were analysed 
with one way analysis of variance (ANOVA). If a difference was 
established, each group was compared to the solvent-treated non- 
prccondilionctl group using a modified Mcst corrected for simulta
neous multiple comparisons according lo the Bunlcrroni method 
(Wallenstein et al. 1980).
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Results

Effects of capsaicin-pretreatment on cardiac NO and CGRP

In the solvent-treated group, basal cardiac NO content was 
detected by ESR spectroscopy. In the capsaicin-treated 
group, the specific signal for NO-Fe2+-(DETC)2 complex 
was markedly reduced to near the detection limit (Fig. 2).

In hearts obtained from solvent-treated animals, nu
merous CGRP-immunoreactive fibres were observed both 
in the nlrin ami Ilit* vcnlriclcs. In Ihe vcnlricles. immu- 
noreactivc nerve fibres were more numerous in the sub
epicardial myocardium as compared to subendocardial 
and septal regions. In samples obtained from eapsaicin- 
treated rats, immunorcactive fibres were scarce in the 
atria. In the ventricles, capsaicin-treatment resulted in a 
complete depletion of CGRP-immunoreactivity (Fig. 3). 
Similarly, CGRP release detected from coronary effluents 
of solvent-treated rats (11.27 ± 2.87 fmol/min/g 
was completely eliminated by capsaicin-pretreatment.

ILwt

eight)wet w

c
Effects of capsaicin-pretreatment on preconditioning

In the non-preconditioned solvent-treated [NPS group] 
group, test ischaemia produced by coronary occlusion re
sulted in a marked decrease in AF, CF, CO, LVDP, ± 
dP/dtmax, and a considerable increase in LVEDP and LDH 
release (Figs. 4 and 5, Table 1). When test ischaemia was 
preceded by preconditioning [PS group] elicited by three 
inlcrmillcnl periods of rapid ventricular pacing, Ihe AF, 
CO, LVDP, LVEDP, and LDI-1 release responses were sig- 
nificanlly attenuated showing the beneficial effect of pre
conditioning (Figs. 4 and 5, Table I). HR and CF (Table 1) 
were not influenced by preconditioning. Preconditioning 
and non-preconditioning protocols did not significantly 
alter cardiac functional parameters before test ischaemia 
(Table 1, and Figs. 4 and 5).

When hearts were isolated from capsaicin-treated rats, 
the protective effect of pacing-induced preconditioning 
was not seen [PC group]. During test ischaemia, AF, CO, 
LVDP, ± dP/dt,nax, LVEDP, and LDH release (Figs. 4 and 
5, Table 1) were not improved by preconditioning [PC 
group] when compared to the non-preconditioned solvent- 
treated [NPS] group. LVEDP before coronary occlusion, 
was significantly increased, while other functional param
eters were not affected in the capsaicin-treated groups 
(Figs. 4 and 5, Table 1).

NO Triplet
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Fig. 2 Decrease of the basal cardiac nitric oxide (NO) content of 
the heart by capsaicin pretreatment. Curves A-C: representative 
electron spin resonance (ESR) spectra of the background Cu2+- 
(DETC)2 complex (A), and the NO-Fe2+-(DETC)2 complex in left 
ventricular tissue samples obtained from solvent-treated (B) and 
capsaicin-treated (C) rats. ESR parameters: X band, 100 kHz mod
ulation 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 -I). 
Panel I): NO content of left ventricular tissue samples in arbitrary 
units obtained from solvent and capsaicin treated groups. Values 
are means ± SEM (/t = 4 in each group),11 (/’ < 0.05) shows signif
icant decrease Discussion

The present results show that pretreatment with capsaicin 
depletes the cardiac CGRP content, markedly reduces the 
cardiac NO content, and inhibits the cardioprotective ef
fect of pacing-induced preconditioning in isolated work
ing rat hearts with coronary occlusion. These findings in
dicate that an intact sensory innervation is required to
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Fig.3 Calcitonin gene-related 
peptide (CGRP) immunoreac- 
tivity in the myocardium of the 
left ventricle of solvent (A) 
and capsaicin-pretreated (B) 
rats. Note the complete ab
sence of immunoreactive 
fibres in the preparation ob
tained from the capsaicin-pre
treated rat. Scale bar repre
sents 10 pm. x 400
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elicit pacing-induced preconditioning in the rat heart. 
Capsaicin-treatment decreased the NO signal in left ven
tricular tissue samples to approximately the detection limit 
of ESR, which suggests that a significant portion of total 
cardiac basal NO content derives from capsaicin-sensitive 
fibres. This is supported by recent observations showing 
lhal capsaicin-scnsitivc sensory ganglion cells express ni
tric oxide synlhasc (Ren and Rmln 1995). A very recent 
study of I’abla and Curtis (10%) suggesting a neural ori
gin of cardiac NO release also strongly supports this as
sumption. Cardiac CGRP release and the rich CGRP in
nervation found in the ventricles were completely elimi
nated by capsaicin treatment in our present study. It shows 
the excellent effectiveness of the pretreatment with cap
saicin to deplete sensory fibres, since it is well known that 
CGRP is located only in afferent axons in the heart 
(Franco-Cereceda 1988; Holzer 1991).

elicit pacing-induced preconditioning in the rat, and may 
suggest that the loss of preconditioning after capsaicin- 
pretreatment is due to the lack of neural NO and CGRP. 
The study also shows that a significant amount of the 
basal NO content of the heart may be derived from the 
capsaicin-sensitive sensory innervation.

Possible role of sensory innervation in the mechanism 
of endogenous cardiac stress adaptation

Available experimental evidence shows that most cardiac 
sensory neurons associated with vagal and sympathetic 
afferents display polymodal behavior responding to me
chanical and chemical stimuli (Franco-Cereceda 1988; 
Hunag et al. 1996), especially the capsaicin-sensitive sub
population of the thin afferent fibres (see for review: 
Franco-Cereceda 1988; Bevan and Geppetti 1994). These 
afferent C-fibres show local efferent functions which are 
attributed to their CGRP, NO, and SP content (Holzer 
1991; Jancso 1992). NO (Vegh et al. 1992; Ferdinandy et 
al. 1996) and CGRP (Li et al. 1996) were found as impor
tant mediators of preconditioning. Therefore, capsaicin- 
sensitive nerve endings are obvious candidates for the in
volvement in the mechanism of cardiac stress adaptation 
as sensors for metabolic (e.g. ischaemia) and mechanical 
stressors. In our present study, treatment with the sensory 
ncuroloxin capsaicin was utilized to achieve a selective 
depiction of afferent fibres as described (Holzer 1991; 
Franco-Cereceda 1988). In hearts isolated from these rats, 
the protective effect of preceding rapid ventricular pacing 
against the deterioration of myocardial function and LDH 
release due to coronary occlusion was not observed, show
ing that an intact sensory innervation is a prerequisite to

NO and preconditioning

The importance of NO in the conventional no-flow ischae
mia-induced preconditioning is controversial (Vegh et al. 
1992; Weselcouch et al. 1995; Lu et al. 1995), however, 
our previous studies support a role of the NO-cGMP sys
tem in pacing-induced preconditioning in rabbits and rats 
(Ferdinandy et al. 1996; Szilvassy cl al. 1994a, b). The dis
crepancy may be explained by the different biochemical 
mechanisms in no-flow ischaemia-induced precondition
ing and that induced by rapid pacing (Ferdinandy et al. 
1995b). Rapid pacing may represent a stronger stimulus than 
no-flow ischaemia to the release of cardiac NO (Cooke et 
al. 1991; Kitakaze et al. 1995) and/or cGMP (Ohno et al. 
1993) either through increased shear-stress in the coro-
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Table 1 Cardiac functional parameters obtained during precondi
tioning/non-preconditioning protocols and after test ischemia

А «о Ш NPS 
_□ PS

ES3 NPC
50 +dP/dtlnox -dP/dtmax 

(mL/min) (kPa/s) (kPa/s)
COHR CF

c (bpm) (mL/min)
E 40 Before preconditioning!corresponding control period 

NPS 276+ 5 23.4 ±1.7 69.3 ± 3.9 884 ± 57 462 ± 23
270 ± 7 22.910.5 66.7 1 2.3 840150 4591 39

NPC 2711 9 22.7 10.6 69.11 1.4 907 149 481 1 35
2711 8 22.7 11.2 71.412.0 854192 481 1 38

1 60
PS

Li_
< 20 PC

After preconditioninglcorresponding Control period 
NPS 2691 6 23.111.8 68.11 2.8 820151 446129

2641 4 22.110.9 65.611.4 814 1 23 4621 37
NPC 273 1 8 23.110.9 68.9 11.4 8861 23 497 1 32

261 1 10 21.4 1 1.0 70.01 2.1 781162 497 126

to
test Ischemiaoffer PREbefore PRE

PSв 20 I I NPS
M es
I . 'A NPC PC_L 2 ,1,18 2 lOlli min of test coronary occlusion

NPS 265 1 5 15.110.7 32.112.1 467 1 36 304123
262 1 7 14.9 1 0.9 42.91 2.2* 575 1 25 381 1 22*

NPC 2611 8 13.410.6 31.3 12.2 5211 38 313 114
2711 7 16.010.9 35.612.5 4461 28 352120

2 22 2О 2 2a. я яie я PS22 22 22 2Q_ 2 214 PCa у> 2% У, HR, heart rate; bpm, beats per minute; CF, coronary flow; CO, car
diac output; NPS and NPC, non-preconditioned hearts isolated from 
solvent-treated and capsaicin-treated rats; PS and PC, precondi
tioned hearts isolated from solvent-treated and capsaicin-treated 
rats; respectively. Values are means 1 SEM {n = 7 in each group), 
* (P < 0.05) shows significant difference as compared to NPS group

2У Vs12 2Я %УУ10
fosf Ischemicoffer PREbefore PRE

C 20 JLLD NPS
IZI PS
V7A npc1.8 250УУ/у

1.6 У, чУу#о У > 200О- 21.4 :УУ УУ О»

21.2 £ 1502Q_
2 ЕО У \1.0Ш 20 100> 20.8 2 :2 о20.6 % Í 50

0.4 5_|test Ischemiaafter PREbefore PRE

0
Fig.4A-C Abolition by capsaicin-pretreatment of the pacing-in
duced preconditioning (PRE) phenomenon in isolated working rat 
hearts: functional parameters. Aortic flow (AF, panel A), left ven- Fig.5 Abolition by capsaicin-pretreatment of the pacing-induced
tricular developed pressure (LVDP, panel B), and left ventricular preconditioning (PRE) phenomenon in isolated working rat hearts:
end-diastolic pressure (LVEDP, panel C) were measured before cardiac lactate dehydrogenase (LDH) release. Ischemia-induced
and after PRE and the corresponding control periods, and at the LDH release determined at the 10th min of test ischemia produced
10th min of test ischaemia produced by coronary occlusion. NPS by coronary occlusion. NPS and NPC, non-preconditioned hearts
and NPC, non-preconditioned hearts isolated from solvent and isolated from solvent and capsaicin-pretreated rats, respectively;
capsaicin-pretreated rats, respectively; PS and PC, preconditioned PS and PC, preconditioned hearts isolated from solvent-treated and
hearts isolated from solvent and capsaicin-pretreated rats, respec- capsaicin-treated rats, respectively. Values are means 1 SEM (n =
lively. Values are means 1 SEM (n = 7 in each group). * (P < 0.05) 7 in each group). * (P < 0.05) shows significant decrease compared
shows significant increase, * (P < 0.05) shows significant decrease to NPS group
compared to NPS group

NPC PCNPS PS

nary vasculature, or through increased mechanical acliva- of pacing-induced preconditioning on ischaemic myocar- 
tion of mcchanoscnsilivc nerve fibres and mechanosensi- dial function and LDH release in ral hearts. In our present 
live gating of KATI.-chnnncls in cardiac myocylcs (Ten study, capsaicin-prclrcalmcnl similarly decreased cardiac 
Eick et al. 1992; Van Wagoner 1993; Koning et al. 1996). NO content, slightly increased nonischaemic LVEDP, and 
In our earlier study (Ferdinandy et al. 1996), pretreatmenl affected similarly ischaemic myocardial function and 
with a blocker of NO synthesis (1 mg/kg NG-nitro-L-argi- LDH release. Conclusively, our present finding not only 
nine, LNNA) considerably decreased cardiac NO content, suggests the sensory neural localization of a significant 
increased nonischaemic LVEDP, and abolished the effect portion of cardiac NO, but also proposes that the loss of
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bically perfused rat heart. J Mol Cell Cardiol 25:683-692 

Ferdinandy P, Szilvassy Z, Droy-Lefaix MT, Tarrade T, Koltai M 
(1995a) KATp channel modulation in working rat hearts with 
coronary occlusion: effects of cromakalim, cicletanine, and 
glibenclamide. Cardiovasc Res 30:781-787 

Ferdinandy P, Szilvassy Z, Koltai M, Dux L (1995b) Ventricular 
overdrive pacing-induccd preconditioning and no-flow isch- 
acmin-indiiccd preconditioning in isolated working rat hearts. 
.1 Cardiovasc Pharmacol 25:97-104 

Ferdinandy P. Szilvassy Z. Balogh N, Csonka C, Csont T, Koltai 
M. Dux L (1996) Nitric oxide is involved in active precondi
tioning in isolated working rat hearts. Ann NY Acad Sei 793: 
489-493

Franco-Cereceda A (1988) Calcitonin gene-related peptide and 
tachykinins in relation to local sensory control of cardiac con
tractility and coronary vascular tone. Acta Physiol Scand 133: 
1-63

Gross GJ, Auchampach JA (1992) Blocade of ATP-sensitive po
tassium channels prevents myocardial preconditioning. Circ 
Res 70:223-233

Holzer P (1991) Capsaicin: Cellular targets, mechanisms of action, 
and selectivity for thin sensory neurons. Pharmacol Rev 43: 
143-201

Hunag MH, Horackova M, Negoescu RM, Wolf S, Armour JA 
(1996) Polysensory response characteristics of dorsal root gan
glion neurones that may serve sensory functions during myo
cardial ischaemia. Cardiovasc Res 32:503-515 

Jancso N (1968) Desensitization with capsaicin as a tool for study
ing the function of pain receptors. In: Lim RKS (ed) Pharma
cology of pain. Pergamon Press, Oxford, pp 33-55 

Jancso G (1992) Palhobiological reactions of C-fibre primary sen
sory neurones to peripheral nerve injury. Exp Physiol 77:405- 
431

Jancso G, Király li, Jancso-Gabor A (1977) Pharmacologically in
duced selective degeneration of chcmoscnsitivc primary sen
sory neurones. Nature 270:741-743 

Kitakazc M, Node K, Komamura K, Minamino T, Inouc M, Hori 
M, Kamada T (1995) Evidence for nitric oxide generation in 
cardiomyocytes: its augmentation by hypoxia. J Mol Cell Car
diol 27:2149-2154

Kitazono T, Heistad DD, Faraci FM (1993) Role of ATP-sensitive 
K+ channels in CGRP-induced dilatation of basilar artery in 
vivo. Am J Physiol Heart Circ Physiol 265: H581-H585 

Koning MMG, Gho BCG, Van Klaarwater E, Opstal RLJ, Dun- 
cker DJ, Verdouw PD (1996) Rapid ventricular pacing pro
duces myocardial protection by nonischemic activation of KATP 
channels. Circulation 93:178-186 

Li JM, Fenton RA, Cutler BS, Dobson Jr JG (1995) Adenosine en
hances nitric oxide production by vascular endothelial cells. 
Am J Physiol 269:C519-C523

Li YJ, Xiao ZS, Peng CF, Deng HW (1996) Calcitonin gene-re
lated peptide-induced preconditioning protects against isch
emia-reperfusion injury in isolated rat hearts. Eur J Pharmacol 
311:163-167

Lu HR, Remeysen P, De Clerck F (1995) Does the antiarrhythmic 
effect of ischemic preconditioning in rats involve the L-argi- 
ninc nitric oxide pathway. J Cardiovasc Pharmacol 25:524-530 

Millsch A, Mordvinlccv P. Vanin A (1992) Quanlificalion of nitric 
oxide in biological samples by electron spin resonance spec
troscopy. Neuroprot I : 165-173

Murphy ME, Brayden JE (1995) Nitric oxide hyperpolarizes rab
bit mesenteric arteries via ATP-sensitive potassium channels. 
J Physiol (Lond) 486:47-58

the preconditioning effect in capsaicin-pretreated rats may 
be - at least in part - attributed to a decreased level of 
neural NO.

Mechanism of pacing-induced preconditioning: 
a hypothesis

In contrast to the effect of the traditional no-flow ischae
mia-induced preconditioning, the effect of pacing-induced 
preconditioning was found to be sensitive to the KATP 
blocker glibenclamide (Ferdinandy et al. 1995b; Koning 
ct al. 1996). Our previous studies demonstrated a role of 
I he NO-cGMP system in pacing-induccd preconditioning 
(Ferdinandy cl al. 1996; Szilvassy cl al. 1994a, b). Adeno
sine, I he mosl extensively studied preconditioning media
tor (see for review: Downey et al. 1993) may also act via 
NO, since it enhances NO production (Li et al. 1995). NO 
is known to activate К 
(Murphy and Brayden 1995; Yao et al. 1995; Cooke et al. 
1991). Our present results show the importance of sensory 
neurons containing NO and CGRP in the mechanism of 
preconditioning. CGRP was also shown to activate KATP 
(Kitazono et al. 1993). Conclusively, the following bio
chemical mechanism of pacing-induced preconditioning 
can be suggested as a working hypothesis for further ex
periments. Rapid pacing-induced slight ischaemia and 
mechanical stress result in a release of several ischaemic 
metabolites from the myocytes and/or coronary endothe
lium, -which in turn activate the capsaicin-sensitive sen
sory nerve endings. The concomitant neural release of NO 
and/or CGRP leads to an activation of К 
crease in cGMP concentration, which may significantly 
conlrihulc lo Ihc cardioprolcclive effect of precondition
ing (Szilvassy ct al. 1993, 1994a; I’abla ct al. 1995; Gross 
and Auchampach 1992).

We conclude that the presence of an intact local sen
sory innervation is a prerequisite to elicit pacing-induced 
preconditioning; that a significant portion of basal cardiac 
NO content may be derived form capsaicin-sensitive 
neural sources; and that NO and CGRP released from 
these nerve fibres may be involved in the mechanism of 
pacing-induced preconditioning in the rat heart.
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SPECIAL REPORT
Nitroglycerin-induced direct protection of the ischaemic 

myocardium in isolated working hearts of rats with vascular 

tolerance to nitroglycerin
'P. Ferdinandy, *Z. Szilvássy, T. Csont, C. Csonka, **E. Nagy, #the late M. Koltai & L. Dux

Dept of Biochemistry, * 1st Dept Medicine, **Central Laboratory, Szent-Györgyi University, Szeged, Hungary and "IPSEN- 
Beaufour, Paris, France

We investigated whether nitroglycerin (NTG) was able to produce an anti-ischaemic effect in isolated 
working hearts of rats with vascular tolerance to NTG. Hearts isolated from tolerant and non-tolerant 
rats were subjected to 10 min coronary occlusion in the presence of 10~7 м NTG and/or its solvent. NTG 
alleviated ischaemia-induced deterioration of cardiac function and decreased lactate dehydrogenase 
release whilst having no effect on coronary flow nor the area of the ischaemic zone both in hearts 
isolated from NTG-tolerant and non-tolerant rats. The magnitude of the effect was similar in the two 
groups. These results suggest that the anti-ischaemic effect of NTG involves direct myocardial 
mechanisms independent of its vascular action and that vascular tolerance to NTG does not affect this 
direct protective action.

Keywords: Coronary occlusion; nitroglycerin; nitroglycerin tolerance; cardioprotection; rat heart

coronary flow (CF), aortic flow (AF), and left ventricular end- 
diastolic pressure (LVEDP) were monitored as described by 
Ferdinandy et al. (1995). Coronary effluents were assayed 
for lactate dehydrogenase (LDH) activity by means of an 
automatic analyzer (Hitachi-911) by using Boehringer-Man- 
nheim kits. Relative LDH release was calculated as 
(LDH ischacmic-LDHprejscharanúOxCF/heart wet weight and ex
pressed as mu min-1 g“'. The ischaemic area of the left 
ventricle was determined by a dye exclusion method (Curtis 
& Hearse, 1989). Development of vascular tolerance to NTG 
was tested in endothelium-free, thoracic aortic rings ar
ranged for isometric tension. Rings of 4 mm length set at a 
resting tension of 20 mN were precontracted with an EC50 
concentration of noradrenaline. The rings were then exposed 
to cumulative NTG concentrations in half-log increments. 
NTG concentration to produce half-maximum relaxation 
was 0.075 + 0.010 цм in rings taken from rats that had been 
given vehicle (non-tolerant) vs. 1.5 + 0.2 pM (P< 0.001) in 
those given NTG (tolerant rings).

Hearts isolated from NTG-tolerant and non-tolerant rats 
were each divided into 2 groups and perfused with buffer 
solution containing the solvent for NTG (ethyl alcohol, 
2.2 x 10 ’% v/v), or 10 1 M NTG in solvent (Polil-Boskmnp, 
Hochcnlockstcdt, Germany), (« = 7 in each group) throughout 
the experiment. After 10 min of aerobic working the hearts 
were subjected to 10 min coronary occlusion. Measurements 
were made before ischaemia and at the 10th min of coronary 
occlusion.

Data are expressed as means+ s.e. They were statistically 
analyzed by ANOVA. All groups were then compared to the 
non-tolerant, solvent-perfused group by a t test with a Bon- 
ferroni correction for multiple comparisons.

Introduction The anli-ischacmic clfcct of nitroglycerin 
(NTG) is believed to be due to its ability to decrease preload 
and afterload, improve coronary collateral flow, dilate stenotic 
coronary arteries and inhibit platelet aggregation (Harrison & 
Bates, 1993). To exert these effects, NTG is considered to act as 
a prodrug, that requires enzymatic bioconversion to a phar
macologically active principle, i.e. nitric oxide (NO). However, 
sodium nitroprusside, a non-enzymatic releaser of NO, has 
been shown to exert direct effects on myocardial function 
(Grocott-Mason et al., 1994). Moreover, the protective effect 
of the NO donor, 3-morpholinosydnonimine-N-ethylcarba- 
mide (SIN-1), against reoxygenation injury in isolated cardi- 
omyocytes (Schlutter et al., 1994), and the loss of ischaemic 
preconditioning in rabbits with vascular tolerance to NTG 
(Szilvassy et al., 1994) suggests an unidentified direct cardio
protective effect of NO or NO donors. Therefore, the present 
study was performed to investigate whether the anti-ischaemic 
effect of NTG involves a direct myocardial action independent 
of any vascular action, and whether any direct anti-ischaemic 
effect of NTG exists in the presence of vascular tolerance to 
NTG.

Methods Male Wistar rats (300-360 g) were given sub
cutaneously 100 mg kg ' nitroglycerin (EGIS, Budapest, 
Hungary) and/or its vehicle (lactose suspended in propyle- 
neglycol) 3 times a day for 3 days to induce vascular tolerance 
to NTG (Silver et al., 1991). On the fourth day, rats were 
anaesthetized with diethylether, and injected intravenously 
with 500 u kg"' heparin. After 30 s, hearts were excised and 
cannulated through the aorta, and perfused by the Langen- 
dorff method at a constant perfusion pressure of 100 cmH20 
(9.8 kPa) for 10 min. During this period, the left atrium was 
cannulated, and a suture was placed around the left main 
coronary artery close to its origin, allowing regional ischaemia 
to be induced as described earlier (Ferdinandy et al., 1995). 
The heart was then converted to a working preparation per
fused at 37°C with oxygenated Krebs-Henseleit bicarbonate 
buffer for 10 min (Ferdinandy et al., 1993). Preload (17 
cmH20, 1.7 kPa), and afterload (100 cmH20, 9.8 kPa) were 
kept constant throughout the experiments. Heart rate (HR),

Results In the non-tolerant, solvent-treated group, coronary 
occlusion markedly decreased AF, increased LVEDP, and 
caused a high LDH release (Figure 1). NTG at 10-7 м did not 
affect preischaemic myocardial function, preischaemic or 
ischaemic CF, nor the area of the ischaemic zone. However, 
during ischaemia it improved AF and decreased LVEDP and 
LDH release. Similar anti-ischaemic effects were produced by 
10'7 M NTG in hearts isolated from NTG-tolerant rats; the 
solvent for NTG was without effect (Figure 1 a-c). None of the 
trcalmcnts changed HR or CF.Author for correspondence.
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periments were performed on crystalloid-perfused hearts of 
the rat, a species deficient in coronary collaterals, excludes 
effects of NTG on the peripheral circulation, platelets, and 
on coronary collaterals. NTG selectively dilates coronary 
vessels of >100 pm, and therefore has minimal effect on 
coronary resistance (Harrison & Bates, 1993). Accordingly, 
NTG did not change the area of the ischaemic zone and 
failed to ailed Cl\ Thus, in the rat isolated, working henrt, 
the anti-ischaemic cll'cct of NTG scents to involve a direct 
action on the myocardium. Recently, sodium nitroprusside 
has been shown to exert a direct* myocardial relaxant effect 
in rat isolated hearts (Grocott-Mason et al., 1994). In our 
study, NTG significantly attenuated the ischaemia-induced 
increase in LVEDP even in the presence of profound im
pairment of NTG-induced vascular relaxation due to toler
ance development. This suggests either that the NTG-NO- 
cyclic GMP-relaxation pathway is different in vascular and 
cardiac muscle, or that NTG exerts an NO-independent 
protective effect on the ischaemic heart. The latter is sup
ported by the results of Laustiola et al. (1983) who showed 
that NTG directly alters anaerobic metabolism in the 
ischaemic myocardium, and by those of Schlutter et al. 
(1994) who showed that the NO donor, SIN-1, protects 
myocardial cells from reoxygenation injury by an NO-in
dependent mechanism. The fact that the anti-ischaemic effect 
of NTG was similar in isolated hearts taken from NTG- 
tolerant and non-tolerant animals not only confirms that 
NTG exerts a direct myocardial action independent of its 
vascular effects, but also suggests that the myocardial effect 
of NTG docs not depend on the vascular motabolism of 
NTG, or vascular cyclic GMP signalling, since the me
chanism of NTG tolerance comprises diminished conversion 
of NTG to NO and/or alteration of cyclic GMP metabolism 
(Bassenge & Zanzinger, 1992). The myocardial effect of 
NTG may however, be underlain by myocardial metabolism 
of NTG to NO.

Development of vascular tolerance to NTG results in an 
impairment of the drug induced preload/afterload reduction 
and coronary dilatation which is manifest as a diminished 
antianginal effect at therapeutic doses of NTG (Harrison & 
Bates, 1993). Nevertheless, the present observation that 
NTG exerts a direct, cardioprotective effect even in the 
presence of vascular tolerance to NTG suggests that the 
overall protective effect of organic nitrates on the ischaemic 
heart may still be substantial even in the presence of vas
cular tolerance to NTG.
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Figure 1 (a) Aortic flow (AF) and (b) left ventricular end-diastolic 
pressure (LVEDP) before ischaemia and at the 10th min of coronary 
occlusion and (c) relative lactate dehydrogenase (LDH) release at the 
10th min of coronary occlusion in hearts perfused with 10~7 м 
nitroglycerin (NTG) (hatched columns) or solvent (open columns) 
from rats non-tolerant to NTG and 10"7 M NTG (cross hatched 
columns) or^ solvent (solid columns) from rats tolerant to NTG. 
*P<0.05, P < 0.001 shows significant difference, relative to the 
non-tolerant, solvent-treated group.

Discussion These results suggest that the anti-ischaemic 
action of NTG involves a direct protective effect on the 
ischaemic myocardium, independent of any vusculnr effects. 
The results ulso show, thai the unti-ischacmic cll'cct of NTG 
is preserved when a marked tolerance to the vasodilator 
effect of NTG has developed. The fact that the present ex-

Tliis work was supported by grants from OTKA F6396 and E6277, 
MHB 709/94, EGIS Pharmaceutical, Budapest, Hungary; and 
IPSEN-Beaufour, Paris, France.
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Brief Communication

MUSCLE SORENESS-INDUCED REDUCTION IN FORCE GENERATION IS 
ACCOMPANIED BY INCREASED NITRIC OXIDE CONTENT AND DNA 

DAMAGE IN HUMAN SKELETAL MUSCLE

Zsolt Radák,* József Pucsok/ Sándor Mecseki/ Tamas Csont/ and Peter Ferdinandy*
♦Laboratory of Exercise Physiology, Hungarian University of Physical Education, Budapest, Hungary; fDepartment of Research, 
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Abstract—We examined the effect of exercise-induced muscle soreness on maximal force generation, tissue nitric 
oxide (NO) and 8-hydroxydeoxyguanosine (8-OHdG) content in human skeletal muscle. Female volunteers were 
assigned to control (C) and muscle soreness (MS) groups (n = 6 in each). MS group performed 200 eccentric muscle 
actions of the rectus femoris to induce muscle soreness. Maximal force generation was measured 24 h before and after 
exercise in both groups. Needle biopsy samples were assayed for NO content with electron spin resonance spectroscopy 
after ex vivo spin trapping, and 8-OHdG content were measured with an enzyme-linked immuno assay. Maximal force 
decreased by 11 ± 5.4% (p < .05) 24 h after exercise in MS group. Muscle soreness increased NO and 8-OHdG 
contents from their control values of 0.39 ± 0.08 arbitrary units and 0.035 ± 0.004 pmol/p,mol DNA to 0.96 ± 0.05 
(p C .05) arbitrary units and 0.044 ± 0.005 (p < .05) pmol/p,mol DNA, respectively. This is the first demonstration 
thnt muscle sorcncss-induccd decrease in maximal force generation is a result of an increase in muscular NO content 
and associated with enhanced formation of 8-OHdG in human skeletal muscle. © 1999 Elsevier Science Inc.

Keywords—Human muscle, Muscle soreness, Nitric oxide, 8-Hydroxydeoxyguanosine, Maximal force, Exercise, Free 
radicals

activates macrophages and neutrophils, thereby increas
ing the production of nitric oxide (NO) [5,6]. Mamma
lian skeletal muscle is equipped with both neural and 
endothelial types of NO synthases (NOS), which en
zymes play a physiological role in controlling muscle 
contractions [7-9]. NO was shown to reduce contractile 
force of diaphragm [9] and ventricular myocytes [10]. 
Therefore, we hypothesized that the reduction of maxi
mal peak force observed during muscle soreness might 
be a result of increased NO production. The first objec
tive of the current investigation was to test this hypoth
esis.

INTRODUCTION

The beneficial effects of regular physical exercise are 
well known, it improves cardiovascular function, mus
cular strength, endurance, and it increases the activity of 
antioxidant systems. Many of us experienced the discom
fort of muscle soreness one or two days following unac
customed exercise. Unaccustomed exercise might cause 
mechanical, ischemic, and oxidative stress leading to 
muscle damage [1]. It was proposed that eccentric mus
cle action which produces high muscle tension leads to a 
significant increase in extracellular fluid pressure, in
flammation and mechanical damage in muscle cells 
[2-4]. In addition, muscle soreness is associated with a 
marked decrease in maximal muscle force [2-4]. The 
biochemical background of these phenomena are poorly 
understood. Exercise enhances cytokine production and

It was shown by Maughan and associates [11] that 
downhill running, which was used to evoke muscle sore
ness, results in an accumulation of lipid peroxidation 
products in the blood. Thus, it is highly plausible that the 
muscle damage associated with muscle soreness causes 
oxidative damage by enhancement of free radical gener
ation. The cytotoxic effects of free radicals include the 
oxidative damage of cellular DNA. Alessio [12] reported
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Biocliemichal assaysthat marathon running increased the 8-hydroxydeox- 
yguanosine (8-OHdG)/creatinine ratio in urine samples 
of runners after the race suggesting exercised-induced 
damage and repair of DNA. On the other hand, there was 
no increase in 8-OHdG level in tissue samples of dogs, 
excluding colon, after a single bout of exercise [13]. It is 
not known whether muscle soreness induced by exercise 
causes oxidative damage to DNA in human skeletal 
muscle. Hence, the second objective of this study was to 
apprise the level of DNA damage by the measurement of 
8-OHdG content by immunoreactive antibodies in skel
etal muscle of human subjects.

Electron spin resonance spectroscopy (ESR) was 
used to measure NO content of the biopsies after ex 
vivo spin trapping as follows. After sampling, tissue 
samples were immediately cut into small species and 
immersed into spin-trapping solution and incubated 
for 5 min at 20°C degree. Then, the samples were 
placed into quartz tubes and frozen in liquid nitrogen 
until assayed for ESR spectra of NO-Fe2+-(MGD)2 
complex. The spin trapping solution contained 55 mM 
concentration of the spin-trap /V-methyl-glucosamine- 
dithiocarbamate (MGD) and 12 mM FeS04 dissolved 
in distilled water (pH set to 7.4). To avoid oxidation of 
NO and Fe21, all stock solutions were bubbled with 
Argon lor 30 min. Spéciin of l;c21-(MGI))2 complex 
is superimposed on the dominant background spectra 
оГ Cu2H-(MGD)2. Background spectra of Cu2+- 
(MGD)2 was obtained using a spin-trapping solution 
which did not contain FeS04. The detection limit of 
NO by this ESR method is 0.05 nM/g tissue [20]. ESR 
spectra were recorded with Bruker ECS 106 (Rhein
stetten, Germ; íy) 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, 340 G sweep width, and 3356 G central 
field as described [21]. After subtraction of the back
ground signal Cu2+-(MGD)2, analysis of NO content 
was performed with double integration of all spectra.

For the measurement of 8-OHdG the obtained biopsy 
samples were immediately immersed in liquid nitrogen 
and then stored at -80°C until the analysis. At the first 
step the DNA was isolated according to the method of 
Gubta [22]. In brief, the cytosolic fraction of muscle 
homogenate was removed by centrifugation. Protein was 
digested by incubation for 1 h at 37°C with proteinase К 
(Merck, Germany) and SDS in 1 mM EDTA at pH 8.0. 
From mixture, nuclear DNA was extracted with phenol 
under nitrogen atmosphere. The isolated DNA was 
treated with ribonucleases T1 and A (Boehringer Mann
heim, USA) to remove RNA. The purity of the DNA 
isolated was confirmed spectrophotometrically. The 
measurement of 8-OHdG was done by ELISA immuno 
kit as described by the supplier (Genox Corp. Baltimore, 
USA). The downside of this measurement is that the 
result is given in pmol/pmol DNA which is not as 
reliable as giving the 8-OHdG content in guanosine base 
(8-OHdG/105dG).

The Wilcoxon Mann-Whitney U-test was applied to 
determine the differences in variables between C and MS 
groups. Significance was set at p < .05.

MliTIIODS

Twelve female physical education students (age: 20- 
23) volunteered for the study after being informed of the 
purpose, methods and possible complications of the pro
cedures. Verbal and written informed consent were ob
tained for the study that was reviewed and approved by 
the local ethics committee. In order to minimize the 
number of biopsy sampling the subjects were randomly 
separated into control (C) and exercised (MS) groups. 
Both groups went through medical examinations and the 
subjects Were found healthy before the test.

Exercise and muscle soreness

After warming up, both the C and MS groups were 
asked to perform maximal isometric contraction in a 
sitting position with 90° of knee angle, and the maximal 

' force values were recorded. Then the MS group was 
asked to perform 200 eccentric muscle action to induce 
muscle soreness. The intensity of the exercise was set at 
60% of maximum isometric contraction. Ten repetitions 
were done in one set, and 20 sets were performed by all 
subjects. The time to complete the requested 200 muscle 
actions was between 60-90 min. Eccentric exercise was 
used, because it causes greater muscle tension than con
centric contraction [14] and this high tension was pro
posed to cause mechanical damage, swelling and muscle 
soreness [15]. Our pilot study demonstrated that the 
given exercise induces muscle soreness 24 h later. The 
degree of muscle soreness was evaluated by a perceptive 
scale numbered from 0 (lack of muscle soreness) to 10 
(extremely strong muscle soreness) as described earlier 
[16-18]. Twenty four h after the exercise, maximal force 
generation was measured again, and muscle biopsies 
were taken from the quadriceps femoris muscles by 
needle biopsy technique described by Evans cl al. ] 19] in 
both C and MS groups.
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Fig. 1. The maximal isometric force was measured before and 24 h 
after 200 eccentric muscle actions which resulted in significant muscle 
soreness. The subjects were not able to reproduce the same maximal 
isometric force during muscle soreness, the drop was 11 ± 5.4% 
compared with pre-exercise value. The data are expressed as mean 
±SD of 6 subjects, tp < .05.

RESULTS

The discomfort of muscle soreness ranged between 
6-9 on a 10 grade scale in MS group and muscle sore
ness was not reported by C group. Maximal force was 
significantly decreased by 11 ± 5.4% (p < .05) during 
muscle soreness compared with pre-exercised data (Fig.
1) in MS group. No significant change was recorded in C 
group. Exercise induced approximately a three-fold in
crease in NO content from the control value of 0.39 ± 
0.08 arbitrary units to 0.96 ± 0.05 arbitrary units (Fig.
2) . In the MS group, muscular 8-OHdG content was 
significantly increased to 0.044 ± 0.005 pmol/p,mol 
DNA {p < .05), as compared to its baseline level of 
0.035 ± 0.004 pmol/pmol DNA in C group (Fig. 3).

Fig. 2. Original electron spin resonance spectra of NO-FeJ+-[/V-meth- 
yl-glucoseamine-dithiocarbamate (MGD)]2 complex in human biopsies 
obtained from rectus femoris muscles show nearly a three-fold increase 
in NO content in the muscle soreness group. Curve A: background 
spectrum of Cu(MGD)2. Curve B: solid line, positive control obtained 
with incubation with 10“ 5 M Na-nitroprusside; dotted line, fitted curve; 
X0.1, reduced gain compared to curve A. Curve C: control biopsy. 
Curve D: biopsy taken 24 h after exercise (muscle soreness); X2, 
increased gain compared to curve A. +1 0 -1: hyperfine splitting of 
NO-Fe2+-(DETC)2 triplet; +3/2 +1/2 -1/2 -3/2: hyperfine splitting 
of Cu(DETC)2 ESR parameters: X band, 100 kHz modulation fre
quency, 160 K, 10 mW microwave power, 2.85 G modulation ampli
tude, 340 G sweep width, and 3356 G central field.

DISCUSSION

This is the first demonstration that muscle soreness- 
induced decrease in maximal force generation is associ
ated with an increase in muscular NO content and for
mation of 8-OHdG, a product of DNA oxidation, in 
human skeletal muscle. It is well known lliitl the working 
muscle produces increased amount of NO [5,6]. How
ever, the facts that the muscle biopsies were taken 24 h 
after the exercise protocol and that NO has a short 
half-life [23] exclude the possibility that the increase in 
muscular NO content was a result of the acute NO 
production of the muscle during exercise. Our present 
results suggest that the enhanced NO production 24 h 
after exercise may be due to a late effect of exercise, 
possibly mediated by “secondary free radical sources” 
that are active after eccentric exercise [1,24], therefore 
related to the development of muscle soreness. The in
volvement of NO in the regulation of the force genera

tion of skeletal muscle might include a variety of mech
anisms. NO was reported to decrease contractile force by 
inhibition of Ca2+-ATPase activity in the sarcoplasmic 
reticulum [25] and via a cyclic guanosine 3', 5'-cyclic- 
monophospate [7] dependent pathway. NO might evoke 
hyperpolarization of membrane potential, thereby lead
ing to reduced force generation, as observed in smooth 
muscle cells [26]. NO may directly inhibit the force
generating proteins in skeletal muscle [8]. In addition, 
formation of NO-derived oxidant species such as per- 
oxynitrite may result in nitration of proteins thereby 
leading to enhanced degradation of nitrated proteins [27]. 
It cannot be excluded that NO-induced decrease in max
imal force generation is a part of a protective mechanism
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We conclude that muscle soreness-induced reduction 
in force generation, after unaccustomed exercise in hu
man skeletal muscle, is a result of increased NO content 
and is accompanied by DNA damage.
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Fig. 3. Muscle soreness is associated with an increase of 8-OHdG 
content measured by EUSA as described in the Methods section. The 
data are expressed as mean ±SD of 6 subjects, tp < 05.

by which skeletal muscle protects itself from further 
peak force-generated damage. The source of NO in hu
man skeletal muscle may be due to activation of iNOS in 
the muscle cells or in activated macrophages due to the 
damage of cells by muscle soreness. These hypotheses 
need further verification.

Our present finding shows that muscle soreness is 
accompanied with an increase in tissue 8-OHdG content 
which indicates oxidative damage of DNA. The mecha
nism of this oxidative damage cannot be answered by our 
present study in humans. Increased 8-OHdG content 
might be cither a result of acute increase in free radical 
generation during exercise |28|, or it may be due to a late 
effect of exercise associated with muscle soreness [П. 
8-OHdG is repaired rapidly and efficiently due to its 
mutagenetic potential [29]. However, we observed the 
increased 8-OHdG level 24 h after the exercise in our 
study. This suggests that the DNA damage occured at the 
time of the development of muscle soreness. Our finding 
is in accordance with a recent report of Asami et al. [30], 
who demonstrated that forced exercise increased 
8-OHdG content in different organs of the rat compared 
with a group that performed spontaneous exercise. The 
increased production of NO during muscle soreness may 
favour the formation of peroxynitrite, which, among a 
variety of other free radicals, may lead to increased 
8-OHdG formation [31].

The limitation of our results is that the causative 
relation between muscle soreness and maximal force 
generation, NO, and 8-OHdG contents can not be proven 
in this human study, where the use of specific NOS 
inhibitors or antioxidants are excluded. Because the dis
comfort of muscle soreness, reduction of maximal force 
and the increases in NO and 8-OHdG content were 
registered only in the MS group, it seems to be reliable to 
suggest that these changes are due to muscle soreness.
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Abstract

We have previously shown that hypercholesterolemia leads to the loss of pacing-induced preconditioning (PC), possibly due 
to the impairment of cardiac nitric oxide (NO) synthesis. It has been shown that excess exogenous cholesterol inhibits formation 
of several polyprcnyl derivatives involved in signal transduction. In the present study, we examined whether PC and cardiac 
NO synthesis are restored by treatment with the key polyprenyl product, farnesol, in cholesterol-fed rats. Rats fed 2% cholesterol- 
enriched/control diet for 24 weeks were given i.p. 5 pM/kg farnesol/vehicle, respectively. An hour later, hearts were isolated 
and prepared for ‘working’ perfusion, then subjected to PC/non-PC protocols of 3 intermittent periods of pacing of 5 min duration 
at 10 Hz, followed by a 10 min coronary occlusion to test the effect of PC. PC increased ischemic aortic flow (AF) from its 
control value of 15.6 ± 1.5 to 27.3 ± 1.7 mL/min (p < 0.05). PC was not observed in hearts obtained from hypercholcsterolemic 
rats (AF: 15.7 ± 1.2 mL/min), however, it reappeared in the farnesol-treated hypercholcsterolemic group (AF: 31.8 ± 3.4 mL/ 
min, p < 0.05). In tissue samples from the left ventricle, cholcslcrol-dict markedly decreased the intensity of the electron spin 
resonance spectra of NO obtained after in vivo spin trapping with Fe2'-diclhyl-dilhio-earbamale complex. Farncsol-trealmcnt 
did not influence cardiac NO content in the cholcstcrol-fcd or in the control group. These results show that the lost PC can be 
recaptured by farncsol-trcatmcnt in hypercholesterolemia, however, farncsol-trcatmcnt docs not restore cardiac NO synthesis. 
(Mol Cell Biochcm 186:27-34,1998)

Key words: pacing, preconditioning, farnesol, high-cholesterol diet, nitric oxide, electron spin resonance, rat heart

Introduction to be potential mediators of preconditioning (see for reviews
[2, 4-6]).

Since the original observation by Murry et al. [ 1 ] more than a 
decade ago, the phenomenon of ischemic preconditioning has 
been well characterized, however, there is a considerable 
controversy in the literature regarding the mechanism of 
ischemic preconditioning (see for reviews [2, 3]). A variety 
of substances, i.e. adenosine, bradykinin, nitric oxide (NO), 
prostacyclin, norepinephrine etc. acting via G-protein and 
prolcin-kinasc dependent mechanisms have been proposed

We have recently demonstrated that the early cardio
protective effect of preconditioning induced by rapid pacing 
is lost in rabbits and rats fed a high-cholesterol diet; and that 
reduced cardiac NO synthesis may be involved in the 
impairment of preconditioning in hypercholesterolemia [7— 
10]. High-cholesterol diet is regarded as an important factor 
in the development of ischemic heart disease. The heart of 
hyperlipidcmic/alherosclcrotic patients adapts poorly to
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recaptured by treatment with the key polyprenyl derivative, 
famesol, in high-cholesterol-fed rats; and if famesol treatment 
alleviates reduction of basal cardiac NO content due to high- 
cholesterol feeding. The results presented here suggest that 
famesol treatment does recapture preconditioning, however, 
(arnesol docs nol resloro hnsnl cnriliac NO synthesis in 
hypercholesterolemia.

physical exercise or other kinds of stress, showing that the 
endogenous adaptive mechanisms against myocardial stress 
are impaired (see for review [11]). Therefore, restoration of 
the effect of preconditioning in hyperlipidemia would be of 
great importance.

It has been shown that excess exogenous cholesterol 
inhibits formation of several polyprenyl derivatives through 
inhibition of hydroxy-mclhyl-glutaryl-cocnzymc-A (HMG- 
CoA) reductase enzyme (Fig. I") [12, 13]. Recent evidences 
suggest that prcnylation ofscvcral proteins including nuclear 
protein lamin В and a number of GTP-binding regulatory 
proteins (G proteins) responsible for controlling a wide 
spectrum of signal transduction pathways, is a prerequisite for 
their physiological function [13, 14]. Ubiquinone (coenzyme 
Q10) is a key polyprenyl derivative molecule in the mito
chondrial electron-transport system and as an endogenous 
antioxidant, and it was shown to protect the ischemic/ 
reperfused myocardium [15]. Consequently, high-cholcstcrol 
diet-induced inhibition of polyprenyl biosynthesis may 
impair signal-transduction processes and the endogenous 
antioxidant defense systems, thereby leading to the loss of 
preconditioning.

Therefore, the present study was devoted to examine 
whether the cardioprotective effect of preconditioning is

Materials and methods
Animals and treatments

Male Wistar rats (8 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) or standard chow for 24 weeks. At the end of the diet 
period, body weight of the animals were 420-500 g, and there 
were no significant difference between groups. Cholesterol- 
fed and control rats were injected intraperitoneally 5 pM/kg 
famesol (Sigma, St. Louis, MO, USA) or physiological saline 
at the end of the 24 weeks, respectively. An hour later, 14 rats 
from each group were used for isolated heart preparations, and 
4 animals from each group wore used for NO measurement in 
separate experiments. When the thoraxes were opened for 
excision of the hearts, blood samples were taken from the 
thoracic aorta, and scrum cholesterol and triglycerides were 
assayed by means of an automatic analyzer (Hitachi-911) 
using Boehringcr-Mannheim (Mannheim, Germany) kits. 
Hearts of Male Wistar rats were chosen for the study, since 
this species shows a moderate increase in serum cholesterol 
when on a cholesterol diet. While no substantial atherosclerosis 
develops, the increased tissue cholesterol leads to strong 
metabolic effects [16, 17]. The 24-week cholesterol diet 
moderately increased serum cholesterol and triglyceride from 
1.64 ± 0.06 and 0.49 ± 0.04 to 1.92 ± 0.09 (p < 0.05) and 1.34 
± 0.17 (p < 0.05) mM/L, respectively.

HMG-CoA

HMG-CoA reductase[M
Mevalonate

V
- Isopentenyl-PP

V
Geranyl-PP Isolated heart preparation

Dolichol At the end of the 24 week diet period, I h after farnesol/ 
vehicle treatment, hearts were excised after light anesthesia 
with diethylelher, and mounted on a working heart apparatus. 
Hearts were perfused through the left atrium with 37°C Krebs- 
Henselcit bicarbonate buffer containing (in mM)NaCl 118, K.C1 
4.3, CaCI2 2.4, NaHCO, 25, K.H2P041.2, MgS041.2 and glucose 
11.1, gassed with 95% 02 and 5% C02 as described [18,19]. 
The perfusion system allowed switching the perfusion line 
between retrograde Langendorff and left atrial ‘working’ 
perfusion. A suture was placed around the left main coronary 
artery close to its origin, allowing induction of regional ischemia

V
Farnesyl-PP ■5»- Ubiquinone

Protein prenylationV
Cholesterol-biosynthesis

Fig. I. Schematic diagram of isoprenoid biosynthesis. HMG-CoA: 
hydroxy-methyl-glutary l-cocnzyme-A.
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Cholcslcml-fcd|, inul (iv) elu>lcslcrol-fed, lamcsol-lrcnletl 
I l’Cli +1', Preconditioned Choleslerol-led + Fnmcsol] groups. 
A (ime-mnlchcd non-preconditioning protocol was also 
applied to hearts from (v) control [NPC, Non-prccondilioncd 
Control], (vi) control, farnesol-treated [NPC + F, Non- 
preconditioned Control + Farnesol] (vii) cholesterol-fed 
[NPCh, Non-preconditioned Cholesterol-fed], and (viii) 
cholesterol-fed, farnesol-treated [NPCh + F, Preconditioned 
Cholestcrol-fcd + Farnesol] groups (n =7 in each group).

1201. The coronary occlusion results in an ischemic /.one 
comprising 37.4 ± 1.3 % of the leli ventricle, which can not be 
altered even by strong coronary dilalor/conslrictor agents 119| 
since the rat is a coronary collateral-deficient species. Pacing 
at 10 Hz (600 bpm) with double threshold square impulses 
(impulse duration: 5 ms) was performed by an electric 
stimulator (Experimetria, Budapest, Hungary) through silver 
electrodes attached directly to the surface of the right 
ventricle. Heart rate (HR) derived from the left ventricular 
pressure curve, coronary flow (CF) measured by collecting 
effluent from the right atrium in a measuring cylinder for a timed 
period, aortic flow (AF) measured by a calibrated rotameter 
(KDG Flowmeters, Sussex, England), and left ventricular end- 
diastolic pressure(LVEDP) were measured. Preload (1.7 kPa) 
and afterload (9.8 kPa) were kept constant throughout the 
experiments. Intraventricular pressure was measured by means 
of a pressure transducer (B. Braun, Melsungen, Germany) 
connected to a small polyethylene catheter inserted into the 
lelt ventricle through the lelt atrial cannula |20|. Ventricular 
pressure was on-line digitized with a 200 II/. sampling 
frequency, recorded, and stored on an IBM computer.

Preconditioning with rapid ventricular pacing 
After a 10 min aerobic working perfusion, all hearts were 
subjected to 3 intermittent periods of either a high-demand 
preconditioning or a non-preconditioning protocol for 5 min 
and 15 sec each followed by 4 min and 45 sec of aerobic 
working perfusion as described previously [10,20] (Fig. 2). 
In the non-preconditioned groups, periods of aerobic 
LangcndorlT perfusion were applied without pacing. In 
preconditioned groups hearts were paced at 101 Iz (600 bpm) 
under LangcndorlT perfusion for 4 min and 45 see followed 
by 30 sec of non-paeed aerobic LangcndorlT perfusion. The 
last 30 see allowed spontaneous restoration of sinus rhythm 
before switching to working conditions. Langcndorff perfusion 
was used during the periods of pacing, and therefore during 
corresponding control periods as well, since the heart paced 
at 10 Hz cannot maintain enough aortic flow to perfuse the 
coronary circulation [20]. Cardiac functional parameters were 
recorded at the end of each period of working perfusion and 
at the 10th min of test ischemia.

Design of isolated heart experiments

Experimental groups
A pacing-induced preconditioning protocol was applied to 
hearts obtained from (i) control [PC, Preconditioned Control], 
(ii) control, farnesol-treated [PC + F, Preconditioned Control 
+ Farnesol] (iii) cholesterol-fed [PCh, Preconditioned

NP

P

504010 20 300
(min)

I I aerobic working perfusion
aerobic Langendorff perfusion

lllllll rapid pacing
coronary occlusion

Fig. 2. Bar graph showing the perfusion protocol of isolated rat hearts subjected to pacing-induced preconditioning (P) or non-preconditioning (NP) protocols 
followed by test ischemia produced by coronary occlusion. Rapid pacing at 10 Hz (600 bpm) was carried out under Langendorff perfusion.
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corrected for simultaneous multiple comparisons according 
to the Bonferroni method [25].

Test ischemia with coronary occlusion 
After preconditioning/non-preconditioning protocol test 
ischemia of 10 min duration was produced by occlusion of 
the main coronary artery. A 10 min period of regional 
ischemia was chosen for assessing myocardial function, 
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 [21]. Reperfusion was not 
applied after coronary occlusion in this study, since after a 
10 min coronary occlusion, a high incidence of ventricular 
fibrillation (VF) occurs, and pacing-induced preconditioning 
does not protect against VF in this experimental protocol as 
wc described [10, 19, 20]. Ischemic laelnle dehydrogenase 
(Ll)ll) release was measured from coronary diluents by an 
automatic analyzer (I litachi 911) using Boehringcr-Mannheim 
(Mannheim, Germany) kits as deserihed [22J.

Results

Preconditioning

When test ischemia was preceded by preconditioning with 
rapid ventricular pacing in hearts obtained from control 
animals (PC group, Fig. 3),AF, LVEDP, and LDH release were 
significantly improved as compared to non-preconditioned 
controls (NPC group. Fig. 3). HR and CF were not influenced 
by preconditioning; and preconditioning and non-pre- 
conditioning protocols did not significantly alter the parameters 
before test ischemia (data not shown). Farncsol treatment did 
not signilicanlly influence the response to a test ischemia after 
a non-prccondilioning protocol in control hearts (NPC + F 
group, Fig. 3), nor did it alter the protective effect of 
preconditioning (PC + F group, Fig. 3) in control hearts.

When hearts were isolated from cholesterol-fed, untreated 
rats, the protective effect of pacing-induced preconditioning 
was not seen (PCh group, Fig. 3), i.e. during test ischemia, 
AF, LVEDP, and LDH release were not improved by pre
conditioning. The protective effect of preconditioning 
reappeared when a preconditioning protocol was applied in 
hearts obtained from cholesterol-fed, famesol-treated group 
(PCh + F group, Fig. 3); however, famesol treatment did not 
significantly affect the severity of ischemia after a non
preconditioning protocol in hearts of cholesterol-fed rats 
(NPCh + F group, Fig. 3).

Measurement of cardiac NO

NO was assayed by an in vivo spin-trapping method followed 
by electron spin resonance analysis of left ventricular tissue 
samples as described [10, 23, 24]. Briefly, the spin-trap 
diethyl-dithio-carbamate (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 to 
all groups (n - 4 in each groups). Five minutes after DETC, 
FeS04, and citrate treatment, hearts were isolated and 
perfused in Langendorff mode for 30 sec to eliminate blood, 
then 100 mg tissue samples of the left ventricles were placed 
into quartz tubes, and frozen in liquid nitrogen until assayed 
for electron spin resonance spectra of NO-Fc2+-(DETC), 
complex. To obtain the background spectra of Cu2l(DETC), 
complex, animals were given 200 mg/kg DETC only. As a 
positive control, 3 mg/kg Na-nitroprussidc was given 
intravenously followed by the spin-trapping procedure. 
Electron spin resonance spectra were recorded with Bruker 
ECS 106 (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, 340 
G sweep width, and 3356 G central field. After subtraction 
of the background signal of Cu2+-(DETC)2, analysis of NO 
content was performed with double integration of all spectra.

Cardiac NO conical

In tissue samples of the left ventricle, high-cholesterol diet 
markedly decreased the intensity of the specific spectra of 
NO-Fe2+-diethyl-dithio-carbamate complex assessed by 
electron spin resonance as compared to the control group. 
Famesol-treatment did not affect cardiac NO content in either 
control or cholesterol-fed groups (Figs 4 and 5).

Discussion

The present results show that cholesterol-enriched diet for 24 
weeks inhibits the cardioprotective effect of pacing-induced 
preconditioning in isolated working rat hearts with coronary 
occlusion, and eliminates the specific electron spin resonance 
spectra of NO-Fe2+-(DETC)2 in tissue samples of the left 
ventricle. Treatment with a key polyprcnyl derivative, 
farncsol, docs not mimic preconditioning but recaptures the

Statistics

Data were expressed as means ± S.E. of the mean [S.E.M.] 
and analyzed with one way analysis of variance (ANOVA). 
If a difference was established, each group was compared to 
the control non-prceondilioncd group using a modified /-lest
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Fig. 4. Measurement оГnitric oxide (NO) by clcelron spin resonance (F.SR) 
aller in vivo spin-lrapping with Fc2'-dicthyl-dithio-carbamalc (DETC) 
complex, representative spectra from all groups. ESR parameters: X band, 
100 kHz modulation frequency, 160 K, 10 mW microwave power, 2.85 G 
modulation amplitude, 340 G sweep width, and 3356 G central field. Curve 
A: background spectrum of Cu(DETC)2 complex; +1 0—1: hyperfine 
splitting of NO-Fe2*-(DETC)2 triplet; +3/2 + 1/2—1 /2—3/2: hyperfine splitting 
of Cu(DETC)2 complex. Curve B: solid line shows positive control 
(intravenous bolus dose of 3 mg/kg Na-nilroprussidc); dotted line shows a 
fitted curve; xO. 1 shows reduced gain compared to other spectra; +1 О -I: 
hyperfine splitting of NO-Fe2*-(E>ETC)2 triplet. Curve C: control. Curve 
D: famesol-treated control. Curve E: cholesterol-fed. Curve E: famesol- 
treated cholesterol-fed.

Fig. J. Effects of pacing-induced preconditioning on coronary 
occlusion-induced changes in aortic flow (AF, panel A), left ventricular 
end-diastolic pressure (LVEDP, panel B), and lactate dehydrogenase 
release (LDH, panel C) in isolated working rat hearts. Measurements 
were made in the I Oth min of regional ischemia. NPC, NPC + F, 
NPCh, NPCh + F, non-preconditioned hearts isolated from control, 
farnesol-treated control, cholesterol-fed, and farnesol-trcated 
cholcsterol-fcd rats, respectively; PC, PC + F, PCh, PCh + F, 
preconditioned hearts isolated from control, farnesol-treated control, 
cholesterol-fed, and farnesol-treated cholesterol-fed rats, respectively. 
Data are means + S.E.M., n = 7 in each groups, *(p < 0.05) shows 
significant difference from NPC group. (I mmHg = 13.3 Pa).
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effect of preconditioning in cholesterol-fed rats, however, it 
does not restore cardiac NO synthesis. These findings 
strongly suggest that hypercholesterolemia may inhibit 
preconditioning through inhibition of synthesis of polyprenyl 
derivatives. The role of NO in the preconditioning signal 
cascade in hypercholesterolemia remains controversial.

to a diminished endogenous synthesis of several polyprenyl 
products like farnesylated proteins (G-proteins, ras-family, 
(amin B, etc.), ubiquinone, dolichol, and cholesterol- 
derivatives (see for review [13], Fig. 1). The family of 
trimeric G proteins (Gs, G^ and Gt) are membrane associated. 
The membrane association requires polyisoprenylation of 
their y-subunit [14]. Therefore, inhibition of protein- 
polyisoprenylation may affect several signal transduction 
pathways [29] (see for reviews: [12, 30]). Although the 
biochemical mechanisms of preconditioning is not completely 
known, several G protcin-dependenl pathways were shown 
to be involved in preconditioning [31-33]. Our present 
study showing that larnesol treatment does not mimic but, 
rather, restores preconditioning in hypercholcstcrolcmic rats 
suggests that hypercholesterolemia may inhibit pre
conditioning via an inhibition of polyprenyl biosynthesis, 
thereby leading to a disruption of signal-transduction 
pathways.

Cholesterol-diet, polyprenyl derivatives, and 
preconditioning

I lyperlipidemia, especially hypercholesterolemia is a major 
risk factor for the development of ischemic heart disease. 
There is a linear relationship between elevation of scrum 
total cholesterol concentration and the incidence of myocardial 
infarction, which is mostly attributed to the development of 
atherosclerosis (see for review [11]). However, we have 
recently demonstrated that hypercholesterolemia blocks the 
early phase of protection from preconditioning probably 
irrespective of the development of atherosclerosis in 
conscious rabbits [7, 8], which shows that hypercholestero
lemia may exert a direct effect on the myocardium. In 
accordance, a few studies demonstrated structural and 
functional alterations in the myocardium due to hyper
cholesterolemia [26—28].

The rate limiting enzyme of cholesterol biosynthesis, 
HMG-CoA reductase, is regulated by a feed-back inhibition 
by cholesterol. Thus, the presence of excess cholesterol leads 
to a blockade of the formation of farncsyl-PP, thereby leading

NO and preconditioning

The role of NO in the conventional no-flow ischemia-induced 
preconditioning is controversial [34—36], however, our 
previous studies support the role of NO-cGMP system in 
pacing-induced preconditioning in rabbits and rats [10, 24, 
37,38]. Several studies demonstrate that hypercholesterolemia 
leads to an NO-deficient state [39-41]. We have recently 
shown that NO is involved in the trigger mechanism of pacing-
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induced preconditioning, und that (lie lack ol'prccondilioning 
in hypercholesterolemia may be due to an inhibition of basal 
cardiac NO synthesis [9]. Our present study confirms that a 
high-cholesterol diet decreases cardiac NO content and 
blocks the effect of preconditioning; however, it shows that 
while farnesol treatment recaptures preconditioning, it does 
not restore cardiac NO level in cholesterol-fed rats. These 
findings suggest that polyprenyl biosynthesis does not affect 
cardiac NO metabolism, and tha't NO may be involved in a 
less important, ‘replaceable’ triggering step of the signal 
transduction cascade of preconditioning. To elucidate the 
controversial role of NO in preconditioning further studies 
are needed which should look at NO synthesis during the 
evolution of the preconditioning effect.

X. Szekeres I.. Szilvassy /., Fcrdinandy I*. Nagy I, Karcsii S, Csali S: 
Delayed cardiac protection against harmful consequences of stress can 
he induced in experimental atherosclerosis in rabbits. J Mol Cell 
Cardiol 29: 1977-1983, 1997

9. Fcrdinandy P, Szilvassy Z, Horvath LI, etal.: Loss of pacing-induced 
preconditioning in rat hearts: role of nitric oxide and cholesterol- 
enriched diet. J Mol Cell Cardiol 29: 3321-3333, 1997

10. Ferdinandy P, Csont T, Csonka C, el ah: Capsaicin-sensitive local 
sensory innervation is involved in pacing-induced preconditioning in 
rat hearts: Role of nitric oxide and CGRP? Naunyn Schmiedebergs 
Arch Pharmacol 356: 356-363, -1997

11. Roberts WC: Preventing and arresting coronary atherosclerosis. Am 
Heart J 130: 580-600, 1995

12. Goldstein JL, Brown MS: Regulation of the mevalonate pathway. 
Nature 343: 425-430, 1990

13. Casey PJ: Biochemistry of protein prenylation. J Lipid Res 33: 1731— 
1740,1992

14. FinegoldAA, SchaferWR, Rine J, Whiteway M.Tamanoi F: Common 
modifications of trimeric G proteins and ras protein: involvement of 
polyisoprenylalion. Science 249: 165—169, 1990

15. llano O, I'lmmpson-Ciorman SL, Zweier .11., Lakalla EG: Coenzyme 
t.)|n enhances cnnlinc funrlinnnl and melahnlie recovery and reduces 
(V overload dining poslisehemie reperfusion. Am .1 Physiol 266:
112174 II2I8I, 1994

16. Roach PI), llalasuhramaniam S. Ilirala F. vt ol.'. The low-density 
lipoprotein receptor and cholesterol synthesis are affected differently 
by dietary cholesterol in the rat. Biochcm Biophys Acta 1170: 165— 
172, 1993
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leading to oxygen free radical formation in aerobically perfused rat 
heart. J Mol Cell Cardiol 25: 683-692, 1993
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Effects of cromakalim, cicletanine, and glibenclamide. Cardiovasc Res 
30: 781-787, 1995

20. Ferdinandy P, Szilvassy Z, Koltai M, Dux L: Ventricular overdrive 
pacing-induced preconditioning and no-flow ischemia-induced 
preconditioning in isolated working rat hearts. J Cardiovasc Pharmacol 
25: 97-104. 1995

21. Ferdinandy P, Koltai M. Tosaki A, cl til.: Ciclclaninc improves 
myocardial function tlclcrioralctl by ischemia/rcpcrfusion in isolated 
working rat hearts. .1 Cardiovasc Pharmacol 19: 181 189, 1992

22. Fcrdinandy P. Szilviissy /„ Csont T. cl til.: Nitroglycerin-induced direct 
protection of the ischaemic myocardium in isolated working henrts of 
rats with vascular tolerance to nitroglycerin. Mr.I Pharmacol 115: 1129- 
1131, 1995

23. Zweier JL, Wang P, Kuppusamy P: Direct measurement of nitric oxide 
generation in the ischemic heart using electron paramagnetic resonance 
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in circulation research. Circ Res 47: 1-9, 1980
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Conclusions

Itt summitry, the results prcscnlctl here show lh;il fiímcsol 
treatment recaptures preconditioning, but il does not restore 
basal cardiac NO synthesis in experimental hyperchol
esterolemia. This suggests that cholesterol diet blocks 
preconditioning via a polyprenyl-dependent mechanism.
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Loss of Pacing-induced Preconditioning 

in Rat Hearts: Role of Nitric Oxide and 

Cholesterol-enriched Diet
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I’. I'LIUIINANDY, S/II.VASSY, I., I. HoitVATII, T. CSONT. CSONKA, H. NACY, H. Sz.HNTOYÖROYI. I. NACY, M. KlIl.TAI 
and I,. Dux. Loss of Pacing-induced Preconditioning in Hal Hearts: Hole of Nitric Oxide and Cholesterol-enriched 
Diet,, lomnál of Molecular and Cellular ('tudlolo/pi (1997) 29, И 2 I -11 i 1, We examined whet her the inhibition of 
nitric oxide (NO) synthesis by N‘;-nitro-i,-arginine (i.NNA) abolished pacing-induced preconditioning, and if 
prolonged exposure to cholesterol-enriched diet led to the loss of preconditioning due to decreased cardiac NO 
formation. Therefore, Wistar rats fed 2% cholesterol-enriched diet or standard diet for 24 weeks were treated
with a single dose of I mg/kg i.NNA or its solvent at the end of the week 24, respectively. Isolated hearts from 
all groups were subjected to either preconditioning induced by three consecutive periods of pacing at 600 beats/ 
min for 5 min, with 5-min intcrpacing periods, or lime-matched non-preconditioning perfusion, followed by a 
10-min coronary occlusion, respectively. In the control group, coronary occlusion after a non-preconditioning 
protocol decreased aortic How (AF) from 45.4 ± 2.4 to 1 5.6 + 1.5 ml/min, and resulted in a lactate dehydrogenase 
(LDH) release of 219 ±55 mU/min/g, however, preconditioning attenuated the consequences of coronary occlusion 
I AF: 27.3 + 1.7 ml/min (P<0.05): 1,1)11: 44+14 mlJ/min/g (P<0.05)]. Preconditioning did not confer protection 
in the cNNA-treated (AF: 1 7.4 + 1.5 ml/min; LDH: 151 +21 mll/min/g), and/or in the high-cholesterol-fed groups 
(AF: 15.7 +1.2 ml/min; LDH: 1 68 + 22 mlJ/min/g). Preconditioning was preserved however, when hearts were 
treated with i.NNA after the preconditioning protocol |AF: 29.6 + 2.2 ml/min (í><().()5): LDH: 48+17 mll/min/ 
g (7;’<().()5)|. Both i.NNA treatment and cholesterol-enriched diet markedly decreased cardiac NO content assayed 
by electron spin resonance spectroscopy. We conclude that NO may be involved in the triggering mechanism of 
pacing-induced preconditioning, the protective effect of which is blocked by sustained exposure to dietary

© 1997 Academic Press Limitedcholesterol, possibly by influencing cardiac metabolism of NO.

Ki:y Words: Cardioprol.cclion; Cardiac function; Coronary occlusion: Kapid pacing; N<!-nilro-i,-arginine: 
Hypercholesterolemia; Nitric oxide; Hied roil spin resonance.

Introduction preconditioning. The protective died of pre
conditioning shows two phases, an acute response 
(classical preconditioning) and a “second window” 
of protection, and is associated with reduction of 
infarct size, improvement of ischemic/reperfused

Since the original observation by Murry el al. 
(1986), the ability of the heart to adapt to ischemic 
stress has been well established and termed ischemic
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factor in the development of ischemic heart disease, 
and the Incus so far has been mainly on the cor
onary effects of cholesterol. Although few studies 
questioned I lie effect of cholesterol diet, on the heart, 
several structural and functional alterations to the 
heart have been shown (Ilaukur and Imeson, 1975;
I lexeberg et al., 1993). The heart of hypcrlipidcmic/ 
atherosclerotic patients is hardly capable of ad
apting to physical exercfsc or other kinds of stress, 
suggesting that the endogenous adaptive mech
anisms against myocardial stress are impaired (see 
for review: Roberts, 1995). Accordingly, we recently 
have found that the preconditioning phenomenon 
was lost in conscious rabbits fed a cholesterol- 
enriched diet (Szilvassy et al., 1995). Nevertheless, 
the underlying mechanism of the cholesterol-en
riched diet-induced loss of preconditioning remains 
unclear. Increasing evidence accumulated in recent 
years shows that a high-cholesterol diet impairs N0- 
cCiMP signalling in endothelial and non-cndolhelial 
cells (le.fer and Ma, 1991; Simonéi el al., 199.3; 
Deliconslalinos el al., 1995), which raises the ques
tion whether the loss of preconditioning In a high- 
cholesterol diet is due to impaired NO metabolism 
in the heart.

Therefore, the present study was devoted to ex
amining (i) whether the inhibition of NO synthesis 
by N‘:-nilro-i,-arginine (i.NNA) abolishes pacing- 
induced preconditioning in relation to the decrease 
of cardiac NO content assessed by electron spin 
resonance (HSR) spectroscopy, and (ii) whether pro
longed cholesterol-enriched diet leads to the loss 
of preconditioning and a decrease in cardiac NO 
content. The results presented here show that a 
prolonged high-cholesterol diet, like acute in
hibition of NO synthesis, considerably reduces car
diac NO content and abolishes the protective effect 
of pacing-induced preconditioning against ischemic 
myocardial stunning and laclale dehydrogenase 
(1,011) release. It is concluded Ihat cardiac NO may 
he involved In pacing-induced preconditioning and 
Ihat the loss of the preconditioning phenomenon 
due to a cholesterol-enriched diet is possibly related 
to the impairment of cardiac NO synthesis in rat 
hearts. Л part of this study was presented at the 
Annual Meeting of European Section of Inter
national Society for Heart Research in 1996.

myocardial function, and reduction of incidence of 
arrhythmias (see for reviews: Haxlcr and Yellou, 
1994; I’arrall, 1995). Nevertheless, there are con
siderable controversies in the literature regarding 
the mechanism of ischemic preconditioning. A vari
ety of substances, i.c. adenosine, brndykinin, nitric, 
oxide (NO), prostacyclin, protein-kinases, nor
epinephrine, etc., were proved to be and also refuted 
as potential mediators of preconditioning. These 
diserepancies arc generally attributed to species 
differences (sec for reviews: Walker and Yellon, 
1992; Parratt, 1995). However, wc have recently 
reported that in rat hearts, the mechanism of pre
conditioning induced by rapid ventricular pacing 
resulting in high oxygen demand is different from 
that induced by no-llow ischemia leading to low 
oxygen supply (Ecrdinandy e.tal., 1995b). The effect 
of pacing-induced preconditioning may be equi
valent to that of physical exercise; however, 
the “traditional” no-llow ischemia-induced pre
conditioning may occur only in hearts with 
clinically developed coronary disease!. Thus, for pre
ventive purposes, pacing-induced precondition
ing may warrant greater pharmacological and clin
ical interest.

The involvement of NO in the mechanism of 
•preconditioning is controversial. Vegh et al. (1992) 
found that the antiarrhythmic effect of pre
conditioning induced by two 5-min periods of cor
onary occlusion was abolished by administration 
of Ni;-nilro-i,-arginine methyl ester in anesthetized 
dogs; however, Lu et al. (1995) and Weseleoueh 
et al. (1995) could not confirm these results in 
anesthetized rats or in isolated rat hearts. Never
theless, these studies focused only on the anti
arrhythmic effect of preconditioning induced by 
“no-llow" ischemia, and no direct measurement of 
myocardial NO was attempted. Wc have recently 
reported that, the cardioprotective effect of pacing- 
induced preconditioning was proportional to the 
elevation of myocardial cyclic guanosine-mono- 
phosphate (ct’.MR) content (Szilvassy et al., 1994a), 
and that, the reduced cardiac cGMP content due to 
experimental nitroglycerin lolerance led to the loss 
of preconditioning in rabbits (Szilvassy et al., 
1994b). The possible cardioprotective effect of myo
cardial NO (Pinsky et al., 1994; Bcrcscwicz et al., 
1995; Pabla and Curtis, 1996) and cGMP (Pabla 
et al., 1995) was supported by recent observations 
in rats and rabbits; however, it was refuted by 
Schulz and Wambolt (1995) and by Wang and 
Zweier (1996). Nevertheless, these data suggest 
that the NO-cGMP pathway may be involved in the 
mechanism of pacing-induced preconditioning.

High-cholesterol diet is regarded as an important

Materials and Methods
Animals and treatments

Male Wistar rats (18 weeks old), housed in a room 
maintained at 12 h light-dark cycles and a constant
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temperature of 22 + 2°C, were fed laboratory chow 
enriched with 2% cholesterol (Sigma, St Louis, MO, 
USA) or standard chow lor 24 weeks. At the end 
of the 24-weck diet period, body weight of the 
animals were 420-500 g, and there were no sig
nificant difference between groups. At the end of 
the 24-week diet, cholesterol-fed and control rats 
were injected intrapcritoncally 1 mg/kg i.NNA 
(Sigma) or its solvent (physiological saline), re
spectively. Twc.nly min aller injections, rats Imm 
each group were used for isolated heart pre
parations, or for US К studies in separate ex
periments. Hearts of Male Wislar rats were chosen 
for the study, since this species shows moderate 
inerease in scrum cholesterol level due to a high- 
cholesterol diet, and no substantial atherosclerosis 
develops; however, the increased tissue cholesterol 
leads to strong metabolic effects (Roach etal, 1993; 
Horton et al., 1995). The 24-week cholesterol diet 
moderately increased serum cholesterol and tri
glyceride from 1.64 + 0.06 and 0.49+0.04 тм/1 
to 1.92 + 0.09 (P<0.05) and I.34±0.17 тм/1 
(/’<0.05) respectively, assayed by means of an auto
matic analyser (Hitachi-911) using Bochringer- 
Mannheim (Mannheim, Germany) kits.

an IBM computer. Heart rate (HR), derived from 
the left ventricular pressure curve; coronary (low 
(Cl'), measured by collecting diluent from the right 
atrium in a measuring cylinder for a timed period; 
aortic (low (AF), measured by a calibrated rotameter 
(KDG Flowmeters, Sussex, England); left ventricular 
developed pressure (LVDP), counted as peak systolic 
pressure minus left ventricular cnd.-diastolic pres
sure (LVEI)F); + dP/d<IIIII4; and LVEDP were recorded.

Design of isolated heart experiments

Experimental gmups (Fig. 1)

A pacing-induced preconditioning protocol was ap
plied in hearts obtained from: (i) control, solvent- 
treated (PC: preconditioned control); (ii) cholesterol- 
fed, solvent-treated (PCh: preconditioned cho- 
Iesterol-fcd); (iii) control, i,NNA-treated (PNA: Pre
conditioned, i.NNA-trcatcd); (iv) control, treated 
with i.NNA after the preconditioning protocol (PNA- 
I,: Preconditioned, late i.NNA-trcatcd); and (v) 
cholesterol-fed, i.NNA-trcatcd (PChNA: precondi
tioned, cholesterol-fed + LNNA-lreated) rats. A time- 
matched non-preconditioning protocol was also ap
plied in hearts from: (vi) control, solvent-treated 
(NI’G: non-preenndilioned, control): (vii) cholcstcrol- 
I'cd, solvcnl-trented (NPt'li: non-prcconditioiied, cho
lesterol-fed); (viii) control, i.NNA-trcatcd (NPNA: 
non-prccondilioncd, i.NNA-lreatcd); and (ix) cho- 
leslcrol-fcd, i.NNA-trcatcd (NPChNA: non-prc
condilioncd, cholesterol-fed + i.NNA-trcatcd) rats 
(n = 7 in each group). In PNA-i, group, i.NNA (1 mg/ 
L final concentration) was added to the perfusion 
fluid immediately after the third pacing period. In 
this group, unlike the other groups, test ischemia 
was applied 20 min after termination of the third 
pacing period in order to allow I.NNA to exert its 
inhibitory effect on NO synthesis in the heart (Bouma 
et al., 1992) (Fig. 1).

Isolated heart preparation

At the end of the 24-wcek diet period, 20 min alter 
i.NNA or solvent treatment, hearts of control or 
cholesterol-fed rats were excised after anesthesia 
with diclhylclhcr, and prepared for working heart 
perfused at 3 7°C with Krebs-Henseleit bicarbonate 
buffer containing (in тм) NaGl 118, KC1 4.3, CaGl2 
2.4, NallGO, 25, KH2P()4 1.2, MgS04 1.2 and 
glucose 11.1, gassed with 95% 02 and 5% C()2 
as described previously (Ferdinandy et al., 1993, 
1995a). A suture was placed around the left main 
coronary artery close to its origin, allowing in
duction of regional ischemia (Ferdinandy et я/., 
1995b). Pacing at 10Hz (600 beals/min) with 
double threshold square impulses (impulse dura
tion: 5 ms) was performed by an electric stimulator 
(Expcrimclria, Budapest, Hungary) through silver 
eleel miles iiHnchcd directly to the surface of I he 
rigid ventricle. Preload (1.7 kPa) and nl'lcrlond 
(9.8 kPa) were kept constant throughout the ex
periments. Ventricular pressure was measured by 
means of a pressure transducer (B. Braun, Mel
sungen, Germany) connected to a small poly
ethylene catheter inserted into the left ventricle 
through the left atrial cannula (Ferdinandy et al., 
1995b). Ventricular pressure was on-line digitized 
and recorded with 200-Hz sampling frequency with

Preconditioning with rapid ventricular pacing

After a 10-min aerobic working perfusion, 
liearls were subjected lo prcconditioning/iion-pro- 
conililloiiiiig protocols, l.e. Ilirce consecutive |ierlods 
of pacing/non-pacing protocols lor 5 min and 15 s 
separated by a 4-min and 45-s aerobic working 
perfusion performed after each period of pacing/ 
non-pacing protocols as described (Ferdinandy 
et al., 1995b) (Fig. 1). Pacing protocols included 
rapid ventricular pacing at 10 Hz (600 beats/min) 
under Langcndorff perfusion followed by a 30-s 
aerobic Langcndorff perfusion without pacing. The
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Figure I liar 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 beats/min) was carried out 
under hangendorlT perfusion. Arrows indicate time points of measures of cardiac function. NPC, NPCh, NPNA, and 
NPChNA, non-preconditioned hearts isolated from control, high-cholesterol-fed, Nfi-nitro-L-arginine (i.NNA)-treated, 
and high-cholesterol-fed + bNNA-treated rats, respectively; PC, PCh, PNA, PNA-i„ and PChNA, preconditioned hearts 
isolated from control, high-cholesterol-fed, i.NNA-trcated, latc-i.NNA-treated i.e. after the preconditioning protocol, and 
high-cholesl.erol-fed + i.NNA-treated rats, respectively. In PNA-i, group, the small arrow shows administration of I.NNA, 
and Ihe break indicates that coronary occlusion is induced 20 min after the end of Ihe third pacing period. (□) Aerobic 
working perfusion; (Щ rapid pacing,; (183) aerobic I.angendorff perfusion; (■) coronary occlusion.

Iasi. 30 s allowed spontaneous restoration of sinus 
rhythm before switching to working perfusion. In 
non-pacing protocols, aerobic Langendorff per
fusion were applied without pacing. 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 al„ 1995b). Cardiac functional parameters were 
recorded just before pacing/non-pacing protocols. 
(Fig. 1). LDH, lactate, p02, and pC02 were assayed 
before, during, and after the first period of pacing 
from coronary effluents, using an automatic ana
lyser (ITitachi-9 П) with Bochringer-Mannhcim 
kils, and an automatic blood gas analyser (Л111, 
Laboratory, Copenhagen, Denmark).

Test ischemia with coronary occlusion
After preconditioning/non-preconditioning pro
tocol test ischemia of 10-min duration was pro
duced by the occlusion of the main coronary artery. 
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 cannot 
be changed significantly, even by strong coronary 
dilator/constrictor agents (Ferdinandy et (il, 
1995a), since the rat is a coronary collateral de
ficient species (Maxwell et ah, 1987). Before and at 
the tenth min of the test ischemia, cardiac function 
was evaluated and ischemia-induced LDH release 
was measured. Tcn-min coronary occlusion was 
chosen for assessing myocardial stunning, because 
fills slmrt-lorm regional ischemia induced con
siderable deterioration of myocardial function, but
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Table 1 Effects of rapid pacing on coronary How and myocardial oxygen consumption

02 consumption (/(м/min/g wet-weight)Coronary Mow (mb/min)

during IU’ idler HI*during III’ idler К Г before КГbefore КГ

.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

23.1 ±1.7 I 5.7±0.6* 23.3 ±1.3
22.4±0.5 16.3 ±0.8* 22.0±0.7
22.3±0.6 I 5.2±0.4* 22.6±0.9
21.8±0.5 15.4 ±0.9* 21.7±1.0

Control
Choi
i.NNA
Chol + iNNA

KP. rapid pacing: Choi, high-cliolcslcrol-fcd. Values arc means+ s.i:.m. (n=7 in each group). */’<0.05 shows signilicant dilfcrcncc 
as compared to the corresponding "before HP" values.

with 100 kHz modulation frequency at a tem
perature 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 previously (Miilsch 
et al, 1992; Ferdinandy et al, 1996, 1997). 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 lest if a single intravenous dose of 
I mg/kg i.NNA Is still elfedive In the heart aller a 
40-min ex vivo perfusion, NO content was de
termined after a non-preconditioning protocol in 
three hearts from control rats.

it did not result in ischemia-induced arrhythmias 
that might have disturbed measures of myocardial 
function (Ferdinandy et al., 1995a). Since re- 
perfusion after a .1 О-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, 1995b), reperfusion after test 
ischemia was not applied in this study.

Design of electron-spin resonance studies

At the end of the 24-wcek diet period, 20 min after 
i,NNA/soIvent injections, four hearts obtained from 
control and cholesterol-fed rats were used for ESR 
studies. The spin-trap diethyl-dithio-carbamatc 
(DETC, 200 mg/kg), 50 mg/kg FeS04, and 200mg/ 
kg sodium-citrate were slowly administered intra
venously into the femoral vein under ether an
esthesia. DETC dissolved in distilled water was 
injected separately from FeS04 and sodium-citrate 
in a volume of 0.5 ml to avoid precipitation of Fc2+- 
(DETC)j. FcS04 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, 
FcS04, and citrate treatment, hearts were isolated 
and perfused in EangendorIT mode lor I min to 
eliminate blood, and 100 mg tissue samples of the 
left ventricles were placed Into quarlz tubes, and 
frozen in liquid nitrogen until assayed for ESR 
spectra of NO-Fc2+-(DETC)2. Fe2+-(DETC), has high 
affinity for NO while forming N0-Fc2+-(DETC)2 com
plex. The specific triplet signal of NO-Fe2+-(DETC)2 
complex is superimposed on the dominant back
ground spectra of Cu2+-(DETC)2 (Fig. 6). Back
ground 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 пм (Miilsch et al, 1992). ESR 
spectra were recorded with Brukcr ECS106 (Rhein
stetten, Germany) spectrometer operating at X band

Statistics

Data were expressed as means ± s.ii.M. and analysed 
with one way analysis of variance. If a difference 
was established, each group was compared to the 
control, solvent-treated non-prcconditioned (NPC) 
group using Dunnclt’s lest (Wallenstein et al, 
1980). A significant difference was concluded when 
P<0.05.

Results
Preconditioning protocol with rapid ventricular pacing

The specified duration and frequency of pacing was 
selected to induee preconditioning, since a single 
4-min and 45-s pacing at 10 Hz in NPC group 
significantly increased cardiac oxygen con
sumption, 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 рм/min/g wet weight 
to 59.4±5.9 (P<0.05), 49.6±5.4 (P<0.05), and 
2.28 ±0.14 (P<0.05) рм/min/g wet weight, re
spectively. However, lactate dehydrogenase (LDH) 
release was not increased (data not shown). As
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Table 2 Cardiac functional parameters obtained before and alter preconditioning/non-preconditioning protocol

HR I.VDP -t- dP/di,,,,,, — dP/dimil<
(kPa) (kPa/s) (kPa/s)

CF AF CO lvf;dp
(kPa)(bcats/min) (mi,/min) (ml/min) (ml/min)

before preconditioning/non-preconditioning protocol
23.1 ±1.7 45.4 + 2.7 68.5 ±3.6 
22.6±0.5 42.4 ±2.0 65.0±2.4

NPC 275 ±7 
272±8
2734; 10 22.4 ±0.5 45.6±1.3 68.0±1.7
264 ±11 
273 ±7 
274±8
267 + 6 
260 i 7
268 ± I I

J 8.4 ±0.6 
18.1 ±0.4 
18.9 ±0.4 
19.0 ±0.3 
I 8.0±0.4 
I 7.9 ±0.4 
I 8.0±0.4 
I 7.9 + 1.2 
I 8.9 ±0.1

913 ± 54 456±26
842±52 459 ±40
936±45 499±45
985±75 * 501 ±24 
859 ±39 480 ± 14
848 ± 38 497 ± 18
8 11 ± 55 451 ±40
858+10 480 + 20
960 ±56 489 ± 18

0.53 ±0.06 
0.53 ±0.06 
0.83 ±0.05* 
0.87 ±0.04* 
0.80 ±0.06* 
0.80±0.03* 
0.50±0.04 
0.79 ±0.07* 
0.87-1-0.05*

PC
NPCh
PCh 23.0±0.3 45.7±2.9 68.7±2.8

22.3 ±0.6 44.1 ±2.0 66.6±2.2 
2 1.8±0.6 45.3±2.2 67.0 + 2.5 
22.1-1-0.4 41.9+1.8 64.1+2.2
21.8 10.5 4 1.7 J;2.5 65.5 + 2.4
2 1.6 + 0.4 46.1 + 2.8 69.9 + 2.6

After prccunditinuiiig/nnn-precnnditiuning protocol
21.1+1.8 45.4 + 2.4 68.7+ 1.2 
21.9+1.1 41.7+1.6 63.6 + 2.0
22.6 + 0.7 45.1 + 1.2 67.7+1.6 
21.3+0.6 44.0 + 2.4 65.3 + 2.6
21.9 + 0.7 43.3 + 2.0 65.1 + 1.6 
21.0 + 0.9 43.1+2.1 64.4 + 2.3
21.4 + 1.0 41.0 + 1.3 62.4 + 1.7 
21.4 + 0.8 43.9 + 2.0 65.2 + 2.1 
21.1 + 0.7 43.7 + 2.1 64.9 + 2.2

NI’NA
PNA
I'NA-i.
NPCIiNA
PChNA

NPC 271 ±7 
264 + 5 
273 + 8
272 + 7
269 + 5 
278 + 5 
261+4 
268 + 6
270 + 8

848 + 48
829 ± 19 
886 + 23 
866 + 57 
808 + 23 
781+33 
819 + 23 
800 + 27
830 + 41

4 19 ± 3 1 
463 + 37 
497 + 32 
460 + 33 
432 + 13 
426 + 12 
457 + 38 
429 + 11 
445 + 23

17.9 + 0.5 
17.5+0.4
18.6 + 0.4
17.6 + 0.7
17.3 + 0.5 
17.1+0.5
17.4 + 0.4
17.3 + 0.5
17.4 + 0.6

0.56 + 0.05 
0.55+0.08 
0.80 + 0.06* 
1.10 + 0.08* 
0.98+0.07* 
1.01 + 0.08* 
0.59 + 0.06 
0.95+0.08* 
1.11+0.10*

PC
NPCh
PCh
NPNA
PNA
PNA-l
NPChNA
PChNA

MR. heart rale: CF. coronary How; AF, aortic How; CO. cardiac output: I.VDP. left, ventricular developed pressure: I.VF.OP, tell 
ventricular end-diastolic pressure. NPC. Nl’Ch. NPNA. NPNA-i., and NPChNA. non-prceonditioncd hearts isolated from control, higlt- 
eholestcrol-fcd i.NNA-Ircated, lalc-i.NNA-treated. and higli-cholcstcrol-fed + i.NNA-lrcalcd rats, respectively: PC. PCh. PNA, PNA-l,, 
and PChNA, preconditioned hearts isolated front control, high-cholcslerol-fcd, r.NNA-lrcated. lalc-i.NNA-treated. and high-cholcsterol- 
fed -H.NNA-treated rats, respectively. Values arc means + s.i:.m. (n = 7). *P<0.()5 shows significant difference compared to NPC group.

1 я

US

и
Before pacing Pacing 30 s after pacing 1 min after pacing 2 min after pacing 3 min after pacing

Figure 2 Rapid pacing at 10 Hz produces a reversible depression of left ventricular function. Original tracing of left 
ventricular pressure in control, solvent-treated, preconditioned (PC) group before, during, 0.5, 1, 2, and 3 min after 
the first period of pacing.

compared to prepacing values, CF was decreased 
during rapid pacing in all groups (Table 1). Before, 
during, and after pacing, CF and 02 consumption 
were not significantly different between groups 
(Table I). Cardiac functional parameters (Table 2; 
see original tracing: Fig. 2) recovered within 5 
min after termination of pacing, indicating the 
reversibility of the pacing-induced ischemic chal
lenge.

Before prcconditioning/non-preconditioning pro
tocols, high-cholcsterol-diet, lNNA treatment, and 
their combination significantly increased LVEDP;

however, other cardiac functional parameters were 
not changed when compared to NPC group. Pre
conditioning and non-preconditioning protocols 
slightly decreased cardiac performance in all 
groups, hut there were no significant difference 
between groups. In hlgh-cholesterol-fed and/or 
i.NNA-lrcatcd groups, the increased LVIiDP was still 
observed after preconditioning/non-precondition
ing protocols. This shows that a single dose of lNNA 
administered before the isolation of the heart was 
still effective after a 40-min heart perfusion (Table
2).
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Effects of pacing-induced preconditioning on test 
ischemia

:»5
Sfr(n)

.1*30

25In the control, non-prcconditioned (NPC) group, 
lest ischemia produced by coronary occlusion res
ulted in a marked decrease in AF, CF, CO, LVDP, 
+ dP/dfmilx, and a considerable increase in LVEDP 
and LDH release (Table 2, "Figs 3-5). When test 
ischemia was preceded by preconditioning elicited 
by three consecutive periods of rapid ventricular 
pacing (PC group), AF, CO, LVDP, + dP/dtn)i,K, LVEDP, 
and LDH release were significantly improved, show
ing the beneficial effect of preconditioning (Figs 
3-5) during coronary occlusion, HR (data not 
shown) and CF (Fig 3b) were not influenced by 
preconditioning.

When hearts were isolated from rats fed cho
lesterol-enriched chow, the protective effect of 
pacing-induced preconditioning was not observed. 
During test coronary occlusion, AF, CO, LVDP, +dl7 
di„„„, LVliDP, and LDII release (Figs 3-5) were not 
improved by preconditioning when compared to 
the NPC group.

When hearts were isolated from control, r.NNA- 
treated rats, like in the high-cholesterol-fed groups, 
the protective effect of pacing-induced pre
conditioning was not seen. During test ischemia, 
AF, CO, LVDP. ±dP/di,„„, LVEDP, and LDH release 
(Figs 3-5) were not improved by preconditioning 
when compared to the NPC group. The dose of 
1 mg/kg r,NNA 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 
precondil.ioning/non-precondil.ioning 
however, II considerably decreased basal cardiac NO 
content assessed by liSR spectroscopy. Interestingly, 
when i.NNA treatment was administered late, after 
the preconditioning protocol (PNA-i, group), cardiac 
function and LDH release were improved, indicating 
the protective effect of preconditioning (Figs 3-5).

When a high-cholesterol diet was combined with 
lNNA treatment, the effect of preconditioning, i.e. 
ineffectiveness, was similar to that found with high- 
cholesterol diet or I.NNA treatment.
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Figure 3 Effects of pacing-induced preconditioning on 
aortic flow |AF, (a)], coronary flow |CF, (b)], and cardiac 
output I CO, (c) | at the tenth min of test ischemia produced 
by coronary occlusion. NFC, NPCh, NPNA, and NPChNA, 
non-preconditioned hearts isolated from control, high- 
cholesterol-fed, Ni:-nitro-L-arginine (LNNA)-trcatcd, and 
high-cholesterol-fed 4- i.NNA-trcated rats, respectively; 
PC, PCh, PNA, PNA-i., and PChNA, preconditioned hearts 
isolated from control, high-cholesterol-fed, LNNA-treated, 
latc-i.NNA-treated, i.e. after the preconditioning protocol, 
and high-cholesterol-fed + rNNA-treated rats, respect
ively. Values are means+ S.K.M. (n = 7 in each group). 
*(/’<0.05) shows significant increase compared to NPC 
group.

Cardiac N0 content

In control rats, basal cardiac NO content was de
tected by ESR spectroscopy. In the high-cholesterol- 
fed group, as in the i.NNA-treated group, the specific 
signal for N()-Fc2+-(DETC)2 complex was sig
nificantly reduced. When a high-choleslerol diet
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Figure 5 Effects of pacing-induced preconditioning on 
left ventricular end-diastolic pressure [LVEDP, (a)] and 
lactate dehydrogenase release |LDH, (b)] at the tenth min 
of lest ischemia produced by coronary occlusion. NPC, 
NPCh, NPNA, and NPChNA, non-preconditioned hearts 
isolated from control, high-cholesterol-fed, N(;-nitro-L- 
arginine (LNNA)-lreated, and high-cholesterol-fed 4- 
LNNA-treated rats, respectively; PC, PCh, PNA, PNA-l, 
and PChNA, preconditioned hearts isolated from control, 
high-choleslcrol-fed. i.NNA-lrealed, late-i.NNA-lreatcd, 
i.e. affér the preconditioning protocol, and high-cho- 
leslcrol-fed + i.NNA-trcated rats, respectively. Values are 
means+ S.E.M. (n = 7 in each group). *(P<0.05) shows 
significant difference compared to NPC group.
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was combined with i.NNA treatment, the reduction 
of the NO signal was not different from that found 
with high-cholesterol diet or i.NNA treatment, re
spectively (Fig. 6 a-e).

NO signal delected aitcr a non-preconditioning 
protocol in hearts of control, i,NNA-lrealed 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 i.NNA administered before the isolation of the 
heart was still effective after a 40-min heart per
fusion.

Figure 4 Effects of pacing-induced preconditioning on
left ventricular developed pressure |I,VI)P, (n)|, +dl’/d/....
(b), and — dl’/dl,,,,,, (e) at the tenth min of test ischemia 
produced by coronary occlusion. NPC, NPCh, NPNA, 
and NPChNA, non-preconditioned hearts isolated 
from control, high-cholesterol-fed, N<;-nitro-t.-argininc 
(i.NNA)-treated, and high-cholcslerol-fcd + i.NNA-trealcd 
rats, respectively; PC, PCh. PNA, PNA-i„ and PChNA, 
preconditioned hearts isolated from control, high-cho- 
lcslcrol-fed, i.NNA-trcalcd, latc-i.NNA-trcated, i.e. after 
the preconditioning protocol, and high-cholcstcrol-icd + 
i.NNA-trcated rats, respectively. Values are means ±s.i;.m. 
(n = 7 in each group). *(P<0.()5) shows significant in
crease compared to NPC group.
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Figure 6 Nl'-nitro-i-arginine (l.NNA) treatment and high-cholesterol diet decrease basal cardiac nitric oxide (NO) 
content. Curves (a)-(d): representative electron spin resonance (ESR) spectra of the background Cu2+-(DHTC)2 complex 
(a), and NO-Ee2+-(DETC)2 complex in left ventricular tissue samples obtained from control (b). eNNA-treated (c), and 
high-cholesterol-fed rats (d). ESR parameters: X band. 100 kHz modulation frequency, 1.60 К temperature, 10 mW 
microwave power, 2.85 C modulation amplitude, .1 50 G sweep width, 3356 G central Held, j" shows (g = 2.047) specific 
peak of NO-triplet (+ I 0 -1). (e) bar graph showing NO content of left ventricular tissue samples obtained from control, 
i.NNA-treated, high-cholesterol-fed, and high-choIesterol-fed + LNNA-treated groups. *(P<0.05) shows significant de
crease compared to controls.

Discussion effect of pacing-induced preconditioning in isolated 
working ral hearts with coronary occlusion. The 
combination of high-cholesterol diet with i.NNA 
treatment shows similar effects. However, when 
LNNA is administered after the preconditioning 
protocol, the protective effect of preconditioning is 
not blocked. These findings strongly suggest that

The present results show that cholesterol-enriched 
diet for 24 weeks, like a single injection with 1. mg/ 
kg i.NNA, markedly reduces the specific F,SR signal 
of NO-Fc21-(l)HTC)2 complex in tissue samples of 
the left ventricle, and inhibits the cardioprotective
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rapid pacing, thereby lending lo ii non-specille In- 
hibil ion of preconditioning. This can be excluded 
in our present, study, since neither i.NNA treatment, 
nor high-cholesterol diet changed CF or myocardial 
oxygen consumption before, during, or after rapid 
pacing.

The importance of NO in the conventional no- 
llow ischemia-induced preconditioning is con
troversial (Vcgh et al, 1992; Lu et al, 1995; 
Weselcouch ct a!., 1995); however, our present 
results and recent results from our laboratory sup
port the role of NO-cGMP system in pacing-induced 
preconditioning in rabbits and rats (Szilvassy et al, 
1994a, 1994b; Ferdinandy et al. 1996, 1997). 
This discrepancy may be explained by the different 
biochemical mechanisms involved in no-llow isch
emia-induced preconditioning and in pacing-in
duced preconditioning (Ferdinandy el ill., 1995b). 
Rapid pacing represent a strong stimulus to the 
release of endothelial/myocardial/neural NO 
(Lamonlagne el al., 1991; Kitnknzc 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 ct al, 1996). Adenosine, the most ex
tensively studied preconditioning trigger/mediator, 
may also act via NO, since it enhances nitric oxide 
production (Li et al, 1995); therefore, our results 
lit to the “adenosine-theory".

an intact NO nictaholism is required lo 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.

NO and preconditioning

Our present Finding that, i.NNA abolishes the pro
tective effect of preconditioning on lest coronary 
occlusion only when it is applied before the pre
conditioning protocol suggests that NO may be 
involved in the triggering mechanism of pacing- 
induced preconditioning, and may not act as a 
mediator of preconditioning.

In the present study, prel real ment with I mg/kg 
i.NNA increased non-ischemic LVHDI’, which shows 
that the relaxation function of the myocardium Is 
affected by the blockade of NO synthesis. This 
strongly supports previous studies showing that 
the endogenous NO-cGMF system is involved in 
á paracrine coronary endothelial control of left 
ventricular relaxation in guinea-pig hearts and in 
humans (Grocolt-Mason et al, 1994; Paulus et al, 
1995). Consequently, the direct effect of NO on 

. cardiac relaxation may interfere with the effect of 
preconditioning on LVEDP and -dP/dimilx. The dose 
of [,NNA (1 mg/kg) used in the present study did 
not significantly affect severity of coronary oc
clusion after a non-preconditioning protocol. In 
contrast, Matheis et al. (1992), Schulz and Wambolt 
(1995), Naseem ct al. (1995), Wang et al (1996), 
and Yasmin et al (1997) reported that i,-arginine 
analogues improved, and exogenous NO de
teriorated myocardial function following ischemia/ 
rcpc.rfusion in)ury; however, they used much higher 
doses of i.-iirglnliic iitinlngiicx com pared lo our 
study. Other studies showed deterioration of iscli- 
einic/reperfused cardiac function due to blockade 
of NO synthesis and concluded endogenous/exo
genous NO as a cardioprotective substance (Linz et 
al, 1992; Hascbe et al, 1993; Lcfer et al, 1993; 
Pinsky et al, 1994; Bercscwicz et al, 1995; Pabla 
and Curtis, 1996). Consequently, the role of NO 
in myocardial ischemia/reperfusion is extremely 
controversial in the literature. The discrepancy of 
the results may be attributed lo differences in spe
cies, experimental protocols, and the concentration 
of the different NO synthesis blockers used.

According to Quyymi et al (1995) reporting the 
involvement NO in metabolic induced coronary 
vasodilation in the human heart, one may speculate 
that an inhibition of NO synthesis may alter cor
onary hemodynamics and metabolic activity during

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 concent ml Ion and the lnc.ldc.ncc of myo
cardial Infiirellon, which Is mostly atlribulcd lo 
the development of atherosclerosis (see for review; 
Roberts, 1995). However, we have recently dem
onstrated that hypercholesterolemia blocks pre
conditioning, probably irrespective of the 
development of atherosclerosis in conscious rabbits 
(Szilvassy et al, 1995). In the present study, we 
further investigated the mechanism of high-cho- 
lesterol diet-induced loss of preconditioning in isol
ated 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 de
velops 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 l()-min coronary occlusion was
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not increased when compared to controls in this 
study. However, similarly to i.NNA-trcated groups, 
non-ischemic LVED.P was increased by cholesterol 
diet. As seen with i.NNA-treated groups, cholesterol- 
enriched diet decreased cardiac NO content and 
abolished preconditioning. The effect of the com
bination of a high-cholesterol diet and i.NNA treat
ment was not significantly different from that found 
with high-cholesterol diet or i.NNA treatment, re
spectively. 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 ral 
heart, II. Is most likely that the accumulation of 
tissue/membrane cholesterol (I lexeberg elal., 199 3) 
rather than the effect of high serum cholesterol, is 
responsible lor the inhibition of NO synthesis and 
the loss of preconditioning. In agreement, Lefer 
and Ma (1993) observed reduced NO release 
from rabbit aorta in hypercholesterolemia, and 
Deliconstantinos et al. (1995) showed that in
corporation of high concentrations of cholesterol 
into endothelial cell membranes caused down- 
regulation of NO synthase. Furthermore, Schmidt 
el al., (.1990) demonstrated that oxidized low- 
density lipoprotein inhibited activation of guanylate 
cyclase. '

quantity of NO/NO donor into the lipid phase of 
biological samples. Development of water soluble, 
non-toxic spin-traps for NO may solve this problem 
in the future (Zweier et al., 1995). On-line detection 
of NO content in one biological sample is not possible 
by the HSR method, since the specific signal for NO 
can only be detected at a temperature below 180°K 
(Miilsch et al„ 1992). Further studies will elucidate 
another significant question, if hyperlipidemia 
blocks the effect of exogenous NO, and if NO sup
plementation could recapture the preconditioning 
phenomenon lost due to a cholesterol-enriched diet.

Preconditioning in the diseased heart

To dale, 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 tol
erance, increase mortality rate due to myocardial 
infarction (sec for reviews: Kannel et al., 1979; 
Roberts, 1995). ft is suggested that these metabolic 
disorders may interfere with the biochemical path
way^) of the endogenous adaptive response to 
ischemia. Our present study, and recent studies 
from our laboratory demonstrate that the pre
conditioning phenomenon cannot be elicited in 
experimental hypercholesterolemia, or in vascular 
tolerance to nitroglycerin (Szilvassy et al„ 1994b, 
1995). Tosaki et al. (1996) observed that, in chronic 
experimental diabetes, preconditioning induced by 
four cycles оГ no-llow ischemia did not afford pro
tection in isolated rat hearts. Spccchly-Dick et al. 
(1994) showed that preconditioning conferred pro
tection on hypertrophied myocardium induced by 
experimental hypertension in rats; however, hyper
tension-induced myocardial hypertrophy is not ac
companied with significant metabolic disorder. It 
seems that classical preconditioning is a "healthy- 
heart phenomenon”. Study of preconditioning in 
metabolic disorders will shed more light on the 
underlying biochemical mechanisms.

Limitations of the study

Although the present, results clearly demonstrate a 
marked decrease of cardiac NO content due to 
i.NNA treatment and/or high-cholesterol diet, the 

-source of cardiac NO is not known, since HSR 
analysis of total cardiac tissue was performed. Hndo- 
thclial, myocardial, and neural NO synthesis may 
all contribute to the NO content of the heart. The 
present study does not provide direct evidence that 
the decrease in cardiac NO content due to cho
lesterol diet is the cause of the loss of pre
conditioning; although this study strongly suggests 
this, based on evidences derived from well docu
mented parallel results obtained with phar
macological NO synthesis blockade and with a high- 
cholesterol diet. Nevertheless, this is the first study 
where direct detection оГ cardiac NO content was 
attempted in relation with preconditioning and/or 
cholesterol diet. HSR is the most reliable method for 
the direct defection of NO in biological samples; 
nevertheless, the cost and availability of this method 
limits its wide spread use. Precise quantification of 
HSR detection of NO in biological samples is not 
possible, since the spin-trap Fe2+-(DHTC)2 complex 
is lipophil, and it is doubtful to introduce known

Conclusions

The results presented here suggest that cardiac NO 
is involved in the trigger mechanism of pacing- 
induced preconditioning and that the loss of the 
preconditioning phenomenon due to a cholesterol- 
enriched diet is possibly related to the high-cho- 
leslcrol diet-induced impairment of cardiac NO syn
thesis in rat hearts. We conclude that classical
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is involved in pacing-induced preconditioning in rat 
hearts: role of nitric oxide and CGRP? Naunyn- 
Smidehcrg’s Arch Pharmacol 356: 356-363.

Grocott-Mason R, Anning P, Evans H, Lewis MJ, Shah 
AM. 1994. Modulation of left ventricular relaxation 
in isolated ejecting heart by endogenous nitric oxide. 
Am I Physiol 267: II1804-111813.

IIaseiie N. Shun YT, Vatneii SF, 199). Inhibition of 
endothelium-derived relaxing factor enhances myo
cardial shinning in conscious dogs. Circulation 88: 
2862-2871.

Панкин M, Lhkson TS, 1975. Comparative electron 
microscope studies of the myocardium in adult rats 
fed normal and cholesterol diets. J Mol Cell Cardiol 7: 
J 95-202.

Hexeberg S, Wii.uimsen N, Rotevatn S, Hexeberg E, 
Berge RK, 1993. Cholesterol induced lipid ac
cumulation in myocardial cells of rats. Cardiovasc Res 
27: 442-446.

Horton Jl), Cutmrert JA, Spady DK, 1995. Regulation 
of hepatic 7a-hydroxylasc expression and response to 
dietary cholesterol in the rat hamster. / liiol Chcm 270: 
5381-5387.

Kannel WB, McGee DL. 1979. Diabetes and cardio
vascular disease: the Farmingham study. J Am Med 
Assoc 241: 2035-2038.

Kitakaze M. Node K, Komamura K, Minamino T. Inoue 
M, Hoki M, Kamaoa T, 1995. Evidence for nitric, oxide 
generálion In cardiomyocyles: ils augmentation by 
hypoxia. / Mol Cell Cardiol 27: 2149-2154.

Koning MM, (Ino BC, Van Ki.aarwatrr E, Opstai. Rl,|, 
Diincker l)|, Vrrdoiiw I’D, 1996. Rapid ventricular 
pacing produces myocardial protection by nonischemic 
activation of КЛ11. channels. Circulation 93: I 78-186.

Lamontagne D, Poiii, IJ, Busse R, 1991. The mechanical 
activity of the heart stimulates endothelium-derived 
relaxing factor release in the coronary vascular bed. ] 
Cardiovasc Pharmacol 17: S98-S94.

Leper AM, Мл X. .1993. Decreased basal nitric oxide 
release in hypercholesterolemia increases neutrophil 
adherence to rabbit coronary artery endothelium. Ar
teriöse Thromb 13: 771-776.

Leper DJ, Nakanisiii K, Johnston WE, Vinten-Johansen 
J, 1993. Anlineutrophil and myocardial protecting 
actions of a novel nitric oxide donor after acute myo
cardial ischemia and reperfusion in dogs. Circulation 
88: 2337-2350.

Li JM, Fenton RA, Cutler BS, Dobson Jr JG, 1995. 
Adenosine enhances nitric oxide production by vas
cular endothelial cells. Am / Physiol 269: C519-C523.

Linz W. Wiemer G, Schöi.kens В. 1992. ACE-inhibition 
Induces N()-formallon In cultured bovine endothelial 
cells and prolccts Isolated Ischemic nil. hearts. / Mol 
Cell Cardiol 24: 909-919.

1 .it HR, Remeysen P, De Ci.erck F, 1995. Docs the unli- 
arrhylhmic elTcct of ischemic preconditioning in rats 
involve the i,-arginine nitric oxide pathway. / Cardiovasc 
Pharmacol 25: 524-530.

Matheis G, Sherman MP, Buckberg GD, Haybron DM, 
Young HH, Ignarro LJ, 1992. Role of L-arginine-nitric 
oxide pathway in myocardial reoxygenation injury. 
Am I Physiol 262: 616-620.

Maxwell MP, Hearse: DJ. Yellon DM, 1987. Species 
variation in the coronary collateral circulation during 
regional extent of myocardial infarction. Cardiovasc Res 
21: 737-746.

preconditioning may be a “hcallhy-hcart phe
nomenon”, since metabolic disorders may abolish/ 
attenuate its protective effect, and elTorts should be 
made to develop pharmacological tools to regain 
the endogenous cardioprotective effect, of pre- 
coiidllloniiig in hyperlipidemia.
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INTRODUCTION

There are considerable controversies in the literature about the mechanism of 
ischemic preconditioning (PC). The discrepancies are generally attributed to spe
cies differences.1 However, we recently reported that the mechanism of PC in
duced by ventricular overdrive pacing (VOP) resulting in high oxygen demand is 
different from the mechanism of PC induced by no-flow ischemia leading to low 
oxygen supply in rat hearts.2 Therefore, PC may be classified as active PC induced 
by high oxygen demand, and passive PC induced by low oxygen supply.2 The 
involvement of nitric oxide (NO) in the mechanism of PC is controversial.3 4 The 
objective of the present study was to investigate the involvement of NO in the 
mechanism of active PC induced by VOP.

METHODS

Hearts were isolated from male Wistar rats (300-350 g) anesthetized with 
diethyl-ether, and perfused in a working mode.5 Hearts (n = 8 in each group) 
were then subjected to an active PC protocol, i.e., 3 intermittent periods of VOP 
(600 beats/min) of 5-min duration with 5-min interpacing periods, or time-matched 
non-PC protocol, followed by 10 min of coronary artery occlusion (test ischemia), 
respectively, as described.2 PC and non-PC protocols were repeated in the pres-
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FIGURE 1. Effects of preconditioning on (A) aortic flow (AF) and (B) left ventricular end- 
diastolic pressure (LVEDP) measured after the 3rd period of ventricular overdrive pacing 
(VOP) and at the 10th min of the subsequent coronary artery occlusion (test ischemia). 
Control: non-preconditioned group: LNNA: 1 mg/L №-nitro-L-arginine: ARG: 200 mg/L 
L-arginine.**p <0.01 and ***p <0.001 show significant difference compared to the non- 
preconditioned control group.s

ence of 1 mg/L /Vc-nitro-L-arginine (LNNA), 200 mg/L L-arginine (Arg), and 
their combination. The dose of I mg/L LNNA was selected, since it did not affect 
coronary flow (CF) or ischemic myocardial function during non-PC protocol. 
However, it considerably decreased myocardial NO content assessed by electron 
spin resonance (ESR) spectroscopy. Aortic flow (AF). CF. and left ventricular 
end-diastolic pressure (LVEDP) were recorded as described.2 Data expressed as 
means ± SE were statistically analyzed by ANOVA. All groups were then com-

»
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FIGURE 2. Representative spectra of electron spin resonance (ESR) signal of the nitric 
oxide-Fe3+-diethyl-dithiocarbamate complex in left ventricular tissue. LNNA: 1 mg/kg №• 
nitro-L-arginine; L-Arg: 200 mg/kg L-arginine. ESR conditions: 10 mW microwave power, 
2.85 G modulation, 9.2 GHz microwave frequency, and 100 kHz modulation frequency. 
Arrow shows g = 2.047. +10 -1 show hyperfine coupling of nitroxyl triplet.
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pared to the non-PC control group by a / test with Bonferroni correction for 
multiple comparisons. To test if 1 mg/kg LNNA decreases NO content of the 
hearts and 200 mg/kg Arg inhibits the effect of LNNA, in separate experiments 
the spin-trap diethyl-dithio-carbamate (DETC, 200 mg/kg) and 50 mg/kg FeS04 
were administered intravenously. After isolation of hearts, tissue samples of the 
left ventricles were assayed for ESR spectra of the NO-Fe2+-DETC complex6 
recorded with a Bruker ECS 106 (Rheinstetten, Germany) spectrometer operating 
at X band with 100 kHz modulation frequency at temperature of 160 K, using 
10 mW microwave power. Scans were traced with 2.85 G modulation amplitude, 
340 G sweep width, and 3356 G central field.

.

I
'.4

RESULTS

In the non-PC group, test ischemia markedly decreased cardiac performance. 
Preceding periods of VOP significantly improved ischemic cardiac function 
(Fig. 1). LNNA (1 mg/L) inhibited the effect of VOP-induced PC. The combination 
of 1 mg/L LNNA with 200 mg/L Arg did not significantly affect VOP-induced 
protection. LNNA and/or Arg did not significantly alter myocardial function before 
and during test ischemia when non-PC protocol was applied (data not shown). 
However, after the 3rd period of VOP during PC protocol. LNNA decreased 
cardiac performance. In tissue samples of hearts treated with LNNA, the specific 
ESR spectra of the NO-Fe-^-DETC complex were eliminated. However, the 
complex reappeared when combined treatment of LNNA and 200 mg/L Arg was 
applied (Fig. 2).

DISCUSSION

The present results show that LNNA eliminates the ESR spectra of NO in the 
myocardium, and inhibits the cardioprotective effect of active PC elicited by VOP 
in the rat. If Arg is combined with LNNA, VOP-induced protection and ESR 
spectra of NO reappear. These findings strongly suggest that an intact NO metabo
lism is required to elicit active PC in the rat. In agreement, we previously showed 
that elevation of myocardial cGMP content was associated with active PC in 
rabbits.7-8 Similarly to the present results, Vegh et al? observed that the anti- 
arrhythmic effect of PC induced by coronary occlusion was abolished by adminis
tration of №-nitro-L-arginine methyl ester in anesthetized dogs. However, Lu 
et al.4 could not confirm these results in anesthetized rats. Nevertheless, in the 
latter studies, no attempts were made to detect the changes of NO content of the 
myocardium when NO synthesis was pharmacologically modulated. We conclude 
that the present study provides strong evidence that a NO-mediated mechanism 
is involved in active PC.
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