
www.elsevier.com/locate/ejphar
European Journal of Pharmaco
Role of nitric oxide during coronary endothelial

dysfunction after myocardial infarction

An Bergesa,b, Luc Van Nassauwb, Jean-Pierre Timmermansb, Christiaan Vrintsa,*

aLaboratory of Cardiology, University of Antwerp, Wilrijkstraat 10, Edegem 2650, Belgium
bLaboratory of Cell Biology and Histology, University of Antwerp, Belgium

Received 18 March 2005; accepted 15 April 2005
Abstract

This study aimed to investigate whether permanent ischaemia influences subacute vasodilatation responses of non-infarcted rat coronary

vasculature, and to characterise these coronary changes. Ischaemia led to a significant impairment of the endothelium-dependent vasodilator

response, while coronary vasodilatory capacity remained unaltered. In normal coronary circulation, nitric oxide (NO) and prostanoids

contributed to vasodilatation, while basal involvement of endothelium-derived hyperpolarising factor was limited. Vasodilatory impairment

following myocardial infarction did not originate from alterations in the prostanoid pathway, and only a slightly increased influence of K+

channels was observed. However, NO-mediated vasodilatation was significantly increased after ischaemia, as also confirmed by higher

mRNA and protein levels of iNOS and eNOS. Additionally, the amount of superoxide was enhanced following infarction. We conclude that

subacute postinfarction remodeling is accompanied by endothelial dysfunction in non-infarcted coronary arteries. Although the NO-mediated

response is increased after ischaemia, its final action is restricted due to the presence of superoxide.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A large transmural myocardial infarction initiates a

cascade of changes, including myocardial hypertrophy, to

deal with reduced contractility and increased workload

(Vannan and Taylor, 1992). In addition, clinical and

experimental reports (Gibson et al., 1999; Karam et al.,

1990; Uren et al., 1994) have described a reduced basal

coronary flow and an impaired flow reserve in the infarcted

and non-infarcted myocardium after myocardial infarction

and heart failure. While research interest has focussed

largely on coronary blood flow in the culprit artery after

ischaemia, the flow in the non-infarcted arteries has received

little attention and has been assumed to be normal.

However, it has been reported that the reactivity of

endothelium in remote vessels is impaired after an acute
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ischaemic insult (Gibson et al., 1999; Uren et al., 1994;

Vérroneau et al., 1997).

The initial clinical event of myocardial infarction is a

rupture of an atherosclerotic lesion in a coronary vessel.

Atherosclerosis is an inflammatory disease of the vessel

wall, strongly characterised by a diffuse endothelial

dysfunction (Ross, 1999). This endothelial dysfunction is

an early marker of atherosclerosis (Bonetti et al., 2003) and

contributes to enhanced plaque vulnerability, triggers plaque

rupture, and favours thrombus formation (Behrendt and

Ganz, 2002). However, it is not clear whether the reduced

endothelium-dependent vasodilatation response observed

after myocardial infarction is a result of atherosclerosis

and concomitant endothelial dysfunction in non-infarcted

arteries, or a supplementary negative influence of ischaemia

on coronary vessels.

The aim of this study was to elucidate whether

permanent ischaemia itself can influence endothelium-

dependent vasodilatation responses in non-infarcted coro-

nary vessels, and to characterise these coronary changes
logy 516 (2005) 60 – 70
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Fig. 1. Schematic representation of endothelial cells and vascular smooth

muscle cells, illustrating the possible pathways of endothelium-dependent

vasodilatation. In addition, the site of interaction of the antagonists used in

this study is shown (modified from Félétou and Vanhoutte, 1999) (TEA:

tetraethyl-ammonium sulphate).
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during subacute postinfarction remodeling. To this end, we

used an experimental model of myocardial infarction in

healthy, normocholesterolemic rats. Metabolically active

endothelium produces a number of factors maintaining an

adequate vascular tone and resistance. The major endothe-

lium-derived vasodilators include nitric oxide (NO), pros-

tanoids, and endothelium-derived hyperpolarising factor

(EDHF) (Fig. 1). First, we studied the contribution of these

endothelium-derived mediators to an endothelium-depend-

ent vasodilator, bradykinin, in the isolated perfused rat heart

after sham operation. Second, we examined whether

ischaemia leads to the impairment of coronary flow

responses during subacute postinfarction remodeling. To

define the nature of this endothelial dysfunction, the

contributions of the endothelium-derived mediators have

been estimated and compared after ischaemia. In addition,

the presence of inducible NO synthase (iNOS), endothelial

NO synthase (eNOS), and reactive oxygen species has been

investigated.
2. Materials and methods

2.1. Myocardial infarction model

The coronary artery ligation model in the rat was used as a

model for myocardial infarction (Selye et al., 1960). Adult male

Wistar rats were randomised to the coronary artery ligation (MI)

group or to the sham group. The MI group underwent permanent

ligation of the left anterior descending coronary artery, resulting in

a reproducible large anterior myocardial infarction. Sham-operated

rats underwent the same operation without ligation of the coronary

artery.

The animals were anaesthetised by intramuscular injection of

2.5 mg/kg body weight of diazepam (Valium; Roche, Basel,

Switzerland), 1.25 mg/kg body weight of droperidol, and 0.025

mg/kg body weight of fentanyl (Thalamonal; Janssen Pharmaceu-
tica, Beerse, Belgium). After intubation and ventilation (60

respirations/min, 1.0 l/min O2), a left thoracotomy was performed

via the fourth intercostal space. The pericardium was opened and

the left anterior descending coronary artery was ligated proximally

with a 6-0 polyester suture. The chest was closed in layers. After

surgery, animals were treated with 0.1 mg of piritramide, i.m.

(Dipidolor; Janssens Pharmaceutica), for analgesia and were put in

an O2-rich environment for several hours. One day after surgery,

the rats were placed in a normal cage with free access to water and

standard food. All experiments were approved by the local ethics

committee of the University of Antwerp.

2.2. Isolation of rat hearts and pharmacological experiments in a

Langendorff set-up

One week after surgery, the animals were killed with an

intraperitoneal overdose of sodium pentobarbital (Nembutal;

Sanofi-Synthelabo, Brussels, Belgium). Heparin (500 U, i.v.; Leo

Pharma, Ballerup, Denmark) was given to prevent blood coagu-

lation and intracoronary clot formation. The heart was rapidly

excised and transferred to a modified Krebs–Henseleit buffer

(118.5 mM NaCl, 1.25 mM CaCl2, 4.7 mM KCl, 1.2 mM MgSO4,

1.2 mM KH2PO4, 25 mM NaHCO3, and 10 mM glucose). The

aorta was cannulated to perfuse the heart with the modified Krebs–

Henseleit buffer (pH 7.4, 37 -C), equilibrated with 95% O2 and 5%

CO2. Perfusion pressure was kept constant at 75 mm Hg. Coronary

flow was measured with an ultrasonic flowmeter (T106; Transonic

Systems Inc., Maastricht, The Netherlands) located above the

aortic cannula. Isovolumetric left ventricular pressure was meas-

ured with a pressure transducer (EMKA, Paris, France), which was

connected to a fluid-filled balloon at the tip. The balloon was

placed into the cavity of the left ventricle via the left atrium.

Balloon volume was adjusted to a left ventricular end-diastolic

pressure of about 10 mm Hg. Hearts were paced at approximately

300 beats/min. All physiological parameters were recorded

simultaneously by IOX1565 software (EMKA).

Hearts were allowed to equilibrate for 30 min until constant

coronary flow and left ventricular pressure values were attained.

Vasoactive substances were administered by bolus injection (50 Al)
with stepwise increasing dosage, with the injection site located just

above the heart. Bradykinin (10�9–10�5 M) (Calbiochem,

Darmstadt, Germany) was used as an endothelium-dependent

vasodilator, while adenosine (10�8–10�4 M) (Adenocor, Sanofi-

Synthelabo) served to visualise the endothelium-independent

vasodilatory response. Antagonists were added to the perfusate

to investigate the separate and combined effects of NO, prosta-

noids, and EDHF on coronary flow response (Fig. 1).

First, the basal bradykinin and adenosine dose–response curves

were assessed in all sham and infarcted hearts. Second, the

involvement of NO, prostanoids, and EDHF metabolites in

vasodilatation responses to bradykinin in sham and infarcted hearts

was analysed. Inactivation of the NO and cyclo-oxygenase (COX)

pathways was achieved by adding NG-monomethyl-l-arginine

ester (l-NAME; 100 AM) (Sigma, St. Louis, MO) and indome-

thacin (Indom; 10 AM) (Sigma), respectively, to the perfusate. To

evaluate the impact of iNOS-derived NO on the coronary flow

response, 1400W (10 AM) (Alexis, Zandhoven, Belgium) was

applied. Although the exact nature of EDHF has not been

identified yet, most reports (Campbell et al., 1996; Fisslthaler et

al., 1999; Gauthier et al., 2002) suggest that EDHFs are short-

living metabolites of arachidonic acid, viz. epoxyeicosatrienoic
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acids, which are produced through the cytochrome P450

(CYP450) monooxygenase pathway. These EDHF metabolites

diffuse to the vascular smooth muscle cells where they induce an

increase in K+ conductance through activation of Ca2+-dependent

K+ (KCa) channels (Busse et al., 2002; Félétou and Vanhoutte,

1999). The CYP450 inhibitor used in our experiments was

proadifen (SKF-525A; 10 AM) (Sigma), a substance that irrever-

sibly blocks the production of epoxyeicosatrienoic acids. In

addition, we used a non-specific KCa channel inhibitor, tetra-

ethyl-ammonium sulphate (TEA, 1 mM) (Sigma), to block the

action of EDHF. We investigated the basal involvement of K+

channels in coronary vasodilatation and after co-application with

l-NAME and indomethacin.

2.3. Immunohistochemical detection of iNOS, eNOS, COX-2, and

NAD(P)H oxidase

Additional hearts were used for the immunohistochemical

visualisation of iNOS, eNOS, COX-2, and subunits of NAD(P)H

oxidase, p22phox, and p47phox. One week after surgery, hearts

were dissected, fixed for 3 h in a 4% phoshate-buffered (pH 7.4)

paraformaldehyde solution, and processed for embedding in

paraffin. Five-micron-thick sections were pretreated for 30 min in

3% H2O2 in methanol and for 1 h in 0.01 M PBS (pH 7.4) with 5%

normal donkey serum, 5% bovine serum albumin, and 0.01%NaN3.

Subsequently, sections were incubated overnight with a rabbit

polyclonal anti-iNOS (diluted 1/20; BD Transduction Laboratories,

Franklin Lakes, NY), rabbit polyclonal anti-eNOS (diluted 1/400;

BD Transduction Laboratories), rabbit polyclonal anti-COX-2

(diluted 1/400; Chemicon, Temicula, CA), goat polyclonal anti-

p47phox (diluted 1/100; Santa Cruz Biotechnology, Santa Cruz,

CA), or goat polyclonal anti-p22phox (diluted 1/20; Santa Cruz

Biotechnology) in 0.01 M PBS with 0.1% bovine serum albumin-c

and 0.01%NaN3. After rinsing with PBS, sections were subjected to

anti-rabbit EnVision peroxidase (DAKO, Glostrup, Denmark) for 1

h (Sabattini et al., 1998) or biotinylated donkey–anti-goat (diluted 1/

100; Amersham Biosciences, Roosendaal, The Netherlands) for 1 h

and subsequently extravidin-conjugated horseradish peroxidase

(diluted 1/1500; Sigma) for an additional hour. Next, 3,3V-
diaminobenzidine solution (DAB; Pierce Biotechnology, Rockford,

IL) was applied for 5 min. Finally, sections were counterstained with

methyl green and mounted in Entellan (Merck, Darmstadt,

Germany). Sections were quantified on an Olympus BX50 micro-

scope (Olympus, Tokyo, Japan) using CAST grid analysis (Olym-

pus, Albertslund, Denmark). With the computer-assisted

stereological toolbox, a point grid and counting field were super-

imposed on the image obtained with an objective magnification of

20�. Subsequently, the proportion of immunoreactivity of each

enzyme in relation to total ventricular surface was calculated.

2.4. RNA extraction and real-time PCR

Total RNA was isolated from the LV myocardium using a

commercially available kit (Qiagen, Venlo, The Netherlands). Cells

were lysed by guanidine thiocyanate and homogenised by QIA-

shredder homogenizer (Qiagen). Lysates were treated with protei-

nase K and DNase according to the manufacturer’s instructions.

Total RNA was quantified spectrophotometrically at k =260 nm.

The purity of samples was assessed by measuring OD 260:280 nm.

Reverse transcriptase was performed with 1 Ag of total RNA in a

reaction volume of 20 Al containing 4 Al of 25 mM MgCl2, 2 Al of
reaction buffer, 2 Al of deoxyribonucleoside triphosphates, 0.5 Al of
RNasis ribonuclease inhibitor, 0.7 Al of reverse transcriptase, and 0.5
Al of random primers (Promega, Madison, WI). cDNA templates

were stored at �20 -C.
Real-time PCR for eNOS and iNOS was performed on a

LightCycler 1.5 (Roche Molecular Biochemicals, Mannheim,

Germany) as previously described (Farhangkhoee et al., 2003;

Moritz et al., 2003). This technique allows amplification and kinetic

detection in a single microcapillary tube (Roche Molecular

Biochemicals) using a commercially available reaction mix con-

taining FastStart Taq DNA polymerase, SYBR Green I, 10 mM

MgCl2, and deoxyribonucleoside triphosphates (Roche Molecular

Biochemicals). For a final reaction volume of 20 Al, the following
reagents were added: 11.6 Al of H2O, 2 Al of reaction mix, 2.4 Al of
25 mMMgCl2, 1 Al of each forward and reverse 10 AMprimers, and

2 Al of cDNA template. The following primers were used: eNOS: 5V-
GCA AGA CCG ATTACA CGA CA-3V (sense) and 5V-GTC CTC

AGGAGGTCT TGCAC-3V (antisense), iNOS: 5V-ATGGAACAG

TATAAG GCA AAC ACC-3V (sense) and 5V-GTT TCT GGT CGA

TGT CAT GAG CAA AGG-3V (antisense), and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH): 5V-TCCATGACAACTTTG

GCATC-3V (sense) and 5V-CAT GTC AGATCC ACC ACG GA-3V
(antisense). Each sample was subjected to 50 cycles of denaturation

(95 -C for 0 s), annealing (57 -C for 5 s), elongation (72 -C for 10 s),

and single acquisition (85 -C for 1 s). To confirm amplification

specificity, the PCR products were subjected to a melting curve

analysis and 2% agarose gel electrophoresis followed by ethidium

bromide staining. Data were analysed with the RelQuant software

(Roche Molecular Biochemicals). The levels of mRNA were

quantified using the standard curve method, constructed with serial

dilutions of control mRNA or PCR amplicons. Data were

normalised to the housekeeping gene GAPDH.

2.5. Superoxide anion generation

Lucigenin-enhanced chemiluminescence was measured as an

estimate of superoxide anion production. It does not directly react

with superoxide, but must first be reduced to lucigenin radical,

which then reacts with superoxide to give the chemiluminescent

product (Li et al., 1998). Segments of hearts were placed in Krebs–

Henseleit solution for 30 min and in Krebs–HEPES for another 30

min. Thereafter, the tissue was placed in a dark-adapted scintillation

vial with 2 ml of Krebs–HEPES buffer (99 mMNaCl, 4.6 mMKCl,

1.0 mMMgSO4, 0.4 mMKH2PO4, 0.15 mMNa2HPO4, and 20 mM

HEPES) containing 5 AM lucigenin. Counts were acquired for 10

min at 1-min intervals in a Tri-carb 2300 TR liquid scintillation

counter (Packard Instrument Company,Meriden, CT). Values for the

first 2 min were discarded, and background and blanks (i.e., vials

which were opened without adding tissue) were subtracted. The

average value (counts per minute, cpm) was expressed per gram of

tissue (wet weight).

2.6. Spectrophotometric determination of serum nitrite

concentration

Nitrite (NO2
�) and nitrate (NO3

�) are the primary oxidation

products of NO; therefore, a concentration of NO2
� plus NO3

� in

serum was used as an indicator of total NO synthesis. Serum nitrate/

nitrite level was measured after enzymatic conversion of NO3
� to

NO2
� by nitrate reductase, using a commercial method (R&D

Systems, Minneapolis, MN). Briefly, serum samples were diluted



Table 2

Influence of antagonists on the basal coronary flow

Sham group MI group

% Change n % Change n

l-NAME �26.3T3.3 8 �40.8T3.9a 11

Indomethacine 10.1T4.4 8 5.1T5.8 8

l-NAME/Indom �18.7T6.4 8 �28.0T2.3 8

1400W �8.8T5.2 6 �0.4T4.7 8

TEA �23.8T10.1 8 �14.3T2.6 8

SKF-525A �18.5T6.1 9 �28.3T3.9 7

l-NAME/Indom/TEA �16.1T3.5 7 �32.2T3.1a 8

The relative change of antagonist-influenced coronary flow vs. basal

coronary flow is described. The last column represents the number of rats

used in that experiment.
a P <0.05 vs. sham group (Indom: indomethacine; TEA: tetraethyl-

ammonium sulphate).
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and ultrafiltered through a 10,000 MW cut-off filter to eliminate

proteins. After centrifugation (13,000�g for 40 min), each sample

was incubated with nitrate reductase and NADH for a 30-min

incubation at 37 -C. Subsequently, Griess reagents I and II were

added and the mixture was incubated at room temperature for 10

min. Optical density at 550 nm (OD550) was measured and total

nitrite concentration for each sample was calculated by comparison

with the OD550 of a standard nitrite calibration curve.

2.7. Morphometric analyses

The size of myocardial infarction was determined in all hearts as

the percentage of infarcted area vs. the total left ventricular

circumference, using conventional haematoxylin–eosin staining.

Hearts with an infarcted area <25% of the total left ventricle were

discarded.

Transverse cut cells were randomly selected in haematoxylin–

eosin sections of sham and infarcted hearts. The form factor (=4k
area/perimeter2) of these cells was calculated and only cells with

factors above 0.6 were accepted as true cross sections and were

used for further analyses (sham: 5 hearts, 185 cells; MI: 6 hearts,

155 cells). The cross-sectional area and minor axis length of these

cells were measured using SCION software (SCION Corporation,

Frederick, MD).

2.8. Statistics

Vasodilator responses were calculated as the absolute amplitude

of the increase in coronary flow for each concentration. Statistical

analysis was performed on the total data set by two-way analysis of

variance (ANOVA) followed by a Bonferroni t-test on each

concentration. ED50 and maximal dilatation values were obtained

from nonlinear regression of the dose–response curve (GraphPad

Prism, San Diego, CA). The relative change in area under the curve

was calculated to allow comparisons between and within the sham

and MI groups. Values were analysed using two-tailed non-paired t-

test. Results were expressed as meanT standard error of the mean,

with P <0.05 considered statistically significant.
3. Results

3.1. Basic parameters

Morphometric analysis of all infarcted hearts revealed that the

mean size of infarction was 41.1T0.2% of the total left ventricular

wall. Heart weights, cross-sectional area, and minor axis length of
Table 1

Basic parameters

Sham group MI group

Body weight (g) 320.9T3.1 326.8T4.2
Heart weight (g) 1.07T0.02 1.31T0.03a

Maximal pressure (mm Hg) 100.5T2.3 62.5T2.3a

dpmax/dt (mm Hg/s) 2626T81 1526T79a

Developed pressure (mm Hg) 86.1T2.7 49.8T2.6a

Cross-sectional area (Am2) 172.0T4.7 205.5T5.3a

Minor axis length (Am) 11.7T0.2 12.5T0.2a

Basic parameters of the sham and MI groups.
a P <0.05 vs. sham group.
infarcted hearts were significantly higher than those of sham hearts

(Table 1), suggesting postinfarction hypertrophy. In addition, left

ventricular function was impaired after infarction. There was a

significant reduction in maximal left ventricular pressure, contrac-

tility (dpmax/dt), and developed pressure following infarction. No

signs of atherosclerosic lesions were observed in the sham or MI

group.

3.2. Coronary flow and vasodilatory flow response

After the equilibration period, basal coronary flow was

unchanged with total mean values of 10.7T0.3 ml/min in the sham

group and 10.7T0.4 ml/min in the MI group (Table 2). Constant

perfusion with l-NAME led to a significant decrease in basal

coronary flow in both groups. However, this decrease was much

more pronounced following infarction (Table 2). The iNOS

antagonist 1400W had no effect on basal blood flow (Table 2). In

addition, although indomethacin induced a small increase in basal

coronary flow, combined perfusion with l-NAME and indometha-

cin significantly reduced basal coronary flow (Table 2). This

decrease was only significant in the MI group, while there was a

trend towards significance in the sham group. The K+ channel

inhibitor TEA reduced basal coronary flow in both groups, while

SKF-525A induced a transient increase in coronary flow followed

by a decreased flow (Table 2). Co-infusion of l-NAME, indome-

thacin, and TEA significantly reduced the basal flow in both groups.

This reduction was significantly more pronounced in the MI group

(Table 2).

Bolus injections of bradykinin or adenosine induced a sigmoidal

dose-dependent increase in coronary flow in both groups. Coronary

flow increases to bradykinin were significantly reduced in the MI

group, as compared to the sham group (% change sham vs. MI:

�25.5T5.7%), while the flow response after administration of

adenosine remained unaltered in both groups (Fig. 2). In both the

sham and MI groups, the bradykinin-induced vasodilatory response

after continuous perfusion with l-NAME was significantly reduced

(Fig. 3). This decrease, however, was much more pronounced after

infarction (Table 3). The iNOS antagonist 1400W had no effect on

vasoresponse in both groups (Table 3). In contrast, coronary

vasodilatation to bradykinin was significantly reduced by COX

inhibition (Fig. 4). This reduction was apparently not changed after

ischaemia (Table 3). Co-infusion of l-NAME and indomethacin

elicited a significant decrease in flow response after administration

of bradykinin in both groups (Fig. 5). However, this decrease did
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Fig. 2. Basal dose– response curves of bradykinin (10�9–10�5 M) (A) and

adenosine (10�8–10�4 M) (B) in the sham group (h) and after myocardial

infarction (MI, ?). Note the significantly impaired endothelium-dependent

vasoresponse after infarction, while the vasodilatory capacity after

adenosine remained unaltered. The number of rats used for these experi-

ments was shown between parentheses. *P <0.05 vs. sham.
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Fig. 3. Dose– response curves of bradykinin during Krebs–Henseleit (h)
and l-NAME (?) perfusion, in the sham (A) and MI groups (B).

Continuous addition of l-NAME led to a significant decrease in vaso-

response in both groups. However, this decrease was much more

pronounced after myocardial infarction. The number of rats used for these

experiments was shown between parentheses. *P <0.05 vs. basal.

Table 3

Changes in area under the curve

Sham group MI group

% Change n % Change n

l-NAME �14.1T3.9 8 �34.8T5.4a 11

Indom �16.3T2.8 8 �23.2T7.4 8

l-NAME/Indom �25.7T7.9 8 �17.1T4.7 9

1400W �1.6T4.7 6 0.3T6.4 8

TEA 8.8T13.3 8 �10.8T1.8 8

SKF-525A 1.6T9.2 9 �6.4T6.1 7

l-NAME/Indom/TEA �33.2T8.3 7 �30.1T5.7 8

The first column represents the relative difference in area under the curve

between basal and antagonist-influenced curves for each antagonist. The

last column represents the number of rats used in that experiment.
a P <0.05 vs. sham group (Indom: indomethacine; TEA: tetraethyl-

ammonium sulphate).
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not reflect the sum of the separate decreases after perfusion with

either l-NAME or indomethacin (Table 3). The EDHF antagonists

alone did not significantly influence the endothelium-dependent

coronary vasoreactivity in both groups, although there was a slight

decrease in vasodilatation response in the MI group (data not

shown). After additionally blocking the NO and the prostanoid

pathways, TEA induced a large and significant decrease in

vasoresponse in both groups (Table 3, Fig. 6). Compared to the

response after co-infusion of l-NAME and indomethacin in the

absence of TEA, the influence of antagonists on vasodilatation

response was increased. However, this was only a trend, which did

not reach statistical significance.

3.3. Immunohistochemical visualisation and quantification

iNOS immunoreactivity was sparse in the sham group, but the

number of iNOS-immunopositive cells was significantly increased

after myocardial infarction (sham: 0.28T0.05, n =4;MI: 1.27T0.25,
n =4, P <0.05). iNOS synthesis was found in endothelial cells,

cardiomyocytes, macrophages, and other connective tissue cells

(Fig. 7A). In addition, strong immunostaining for eNOS was

observed in endothelial cells and some cardiomyocytes of sham

and infarcted hearts (Fig. 7B). eNOS immunoreactivity was more

pronounced following ischaemia (sham: 1.6T0.3, n =4; MI:

3.4T0.6, n =5, P <0.05). In contrast, no difference was seen

between COX-2 immunoreactivity in both groups (sham: 1.8T0.5,
n =3; MI: 2.8T0.3, n =5). Mainly vascular smooth muscle cells and
inflammatory cells from the ischaemic area stained positive for

COX-2 antibodies (data not shown). In addition, p22phox and

p47phox, two subunits of NAD(P)H oxidase, were particularly

found in cardiomyocytes of the peri-infarcted area and, to a lesser

extent, in endothelial cells. No or sparse immunoreactivity was seen

after sham operation, while the presence of both NAD(P)H oxidase

subunits was clearly increased after infarction (p22phox: sham:

0.4T0.2, n =4; MI: 2.2T1.1, n =4; p47phox: sham: 0.5T0.2, n =4;
MI: 1.9T0.3, n =4, P <0.05).
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Fig. 4. Dose– response curves of bradykinin during Krebs–Henseleit (h)
and indomethacin (?) perfusion, in the sham (A) and MI groups (B).

Continuous addition of indomethacin led to a significant but similar

decrease in vasoresponse in both groups. The number of rats used for these

experiments was shown between parentheses. *P <0.05 vs. sham (Indom:

indomethacin).
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3.4. Determination of mRNA levels of eNOS and iNOS

Relative quantification of the mRNA levels of eNOS or iNOS

in relation to the housekeeping gene GAPDH was increased after

myocardial infarction (Fig. 8). The mRNA ratio of iNOS vs.

GAPDH was significantly enhanced from 0.9T0.2 in the sham

group to 2.4T0.2 following infarction, while the ratio of eNOS vs.

GAPDH increased from 9.0T0.8 in the sham group to 14.7T1.6 in

the MI group.

3.5. Determination of serum nitrites and superoxide production

Serum levels of nitrites, which are the sole stable metabolites of

NO, are shown in Fig. 9. There was a significant increase in serum

nitrite concentration after myocardial infarction (sham: 29.0T1.8,
n =6; MI: 40.1T1.5, n =8, P <0.05), representing a higher NO

production following ischaemia. In addition, a trend towards

significantly higher superoxide concentration was observed after

myocardial infarction (sham: 58,403T12,126 cpm/g, n =6; MI:

93,444T8990 cpm/g, n =20) (Fig. 10).
log conc (M)

Fig. 5. Dose–response curves of bradykinin during Krebs–Henseleit (h) and
l-NAME and indomethacin (?) perfusion, in the sham (A) and MI groups

(B). A significant decrease in vasoresponse was observed in both groups.

This decrease did not reflect the sum of the separate decreases of l-NAME

and indomethacin perfusion. The number of rats used for these experiments

was shown between parentheses. *P <0.05 vs. basal (Indom: indomethacin).
4. Discussion

The present study demonstrates that permanent ischae-

mia impairs endothelium-dependent subacute vasodilatation

responses in the coronary vasculature of the remote
myocardium, while endothelium-independent vasodilatation

remains unaltered. In the coronary circulation of the sham-

operated rat heart, NO and prostanoids were found to

contribute to the vasodilatory response to an endothelium-

dependent stimulus. The vasodilatory impairment following

myocardial infarction did not originate from alterations in

the prostanoid-mediated pathway and only a slightly

increased influence of KCa channels was observed. How-

ever, ischaemia significantly increased the impact of the

NO-mediated coronary vasoresponse during the subacute

remodeling phase.

Basal coronary flow was not changed 1 week after

experimental induction of myocardial infarction. These

findings are in accordance with a previous study

(Nelissen-Vrancken et al., 1996), which described that

basal coronary flow was acutely reduced after ischaemia,

but normalised within 1 week postinfarction. The

decrease in O2 supply immediately following ligation of

the coronary artery activates a remodeling process,

compensating for the loss of ventricular contractile tissue

and thereby maintaining left ventricular function (Vannan

and Taylor, 1992). This process initiates architectural

changes in the remote myocardium, such as eccentric and

concentric hypertrophy (Swynghedauw, 1999; Vannan and
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Fig. 6. Dose– response curves of bradykinin during Krebs–Henseleit

perfusion (h) and after combined perfusion with l-NAME, indomethacin,

and TEA (?), in the sham (A) and MI groups (B). There was a significant

and large effect in both groups. However, no difference was seen between

both groups. The number of rats used for these experiments was shown

between parentheses. *P <0.05 vs. basal (Indom: indomethacin; TEA:

tetraethyl-ammonium sulphate).
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Taylor, 1992). After infarction, the mean heart weight,

cross-sectional area, and minor axis of transverse myo-

cardial sections were indeed significantly increased in our

study, suggesting myocardial hypertrophy. Consequently,

although part of the coronary circuit was interrupted due

to ligation of the left anterior descending coronary artery,

no reduction in basal coronary flow was observed in the

subacute phase following ischaemia because of higher

metabolic demands.

Our experiments revealed that l-NAME had a significant

impact on coronary flow, suggesting that NO plays an

important role in the maintenance of coronary flow. Other

studies (Bauersachs et al., 1994; Graves et al., 2000) have

confirmed that NO is a major contributor of vascular tone.

The influence of NO on coronary tone was significantly

higher following myocardial infarction, possibly due to

higher baseline concentrations of NO after ischaemia. In

addition, we and others (Clark and Fuchs, 1997) observed

that KCa channels and/or CYP450 metabolites participate in

the modulation of basal tone of coronary arteries, while

some investigators found no tonic release of EDHF in

coronary circulation (Nishikawa et al., 1999). Consequently,

the role of EDHF metabolites in regulating coronary tone

remains elusive. The basal release of COX products was
reported to be too limited to significantly influence the tone

of coronary arteries (Bauersachs et al., 1994).

Apart from affecting coronary flow, NO also proved to

be an important mediator of vasorelaxation responses in the

coronary circulation of sham-operated rat hearts. Indome-

thacin administration, on the other hand, suggested that the

endothelium-dependent vasoresponse was partly mediated

by COX products, such as prostacyclin (PGI2). Moreover,

no basal involvement of KCa channels was observed in the

vasodilatation of rat coronary arteries. Additional blocking

of NO and prostanoid pathways revealed that KCa channels

might be functional in rat heart but only after deprivation of

NO and PGI2. It has been shown that NO and EDHF fulfill

complementary roles. Under physiological conditions,

EDHF-mediated dilatations are attenuated by NO (Bauer-

sachs et al., 1996; Oltman et al., 2001). This inhibitory

effect results from interference with the synthesis and/or

release of EDHF rather than from its mechanism of action

(Bauersachs et al., 1996). Therefore, when NO synthesis is

impaired, EDHF formation is no longer restricted and may

maintain endothelial vasodilator response. In addition,

prostanoids compete with EDHF for arachidonic acid,

thereby exerting an inhibitory action on the release of

EDHF (Yajima et al., 1999). Our results and these data

suggest that endothelium-dependent hyperpolarisation backs

up or enhances the relaxing action of NO, but that it is not

an important primary mediator of endothelium-dependent

relaxation. In addition, our findings are in agreement with

earlier studies (Edwards et al., 1998; Yamanaka et al.,

1998), showing that CYP450 metabolites, such as epoxy-

eicosatrienoic acids, are probably not involved in the

hyperpolarisation-mediated coronary vasoresponse. More-

over, a large portion of vasodilatation is resistant to l-

NAME, indomethacin, and TEA treatment, suggesting the

involvement of additional pathways, vasodilators, and/or K+

channels in coronary vasodilatation of rats. Additionally, the

close proximity of beating cardiomyocytes might contribute

to vasoreactivity when other mechanisms fail.

Occlusion of part of the coronary vasculature diminishes

coronary flow substantially (Nelissen-Vrancken et al.,

1996). In the acute and subacute phases after myocardial

infarction, blood supply to the ischaemic area can be

improved by the recruitment and dilatation of pre-existing

vessels, while neovascularisation occurs in the chronic

phase (Nelissen-Vrancken et al., 1996). As a consequence,

coronary flow reserve could be reduced early after infarction

due to basal dilatation of the remaining coronary arteries.

However, only bradykinin-induced vasodilatation was sig-

nificantly reduced 1 week after myocardial infarction, while

the endothelium-independent vasoresponse remained unal-

tered, indicating no change in vasodilatory capacity of the

vascular smooth muscle cells. Therefore, the reduction in

coronary vasodilatation during subacute postinfarction

remodeling is caused by an endothelial dysfunction in the

remote myocardium. These findings are in accordance with

the results of other investigators (Hasegawa et al., 2000;



Fig. 7. (A and B) Representative images of iNOS immunoreactivity in sham (A) and infarcted hearts (B). Shams showed only weak iNOS immunoreactivity,

while there was a clear upregulation of iNOS-positive cells after ischaemia. (C and D) Localisation of eNOS immunoreactivity in the sham group (C) and after

infarction (D). Note the strong immunostaining in endothelial cells in both groups. The number of eNOS-positive cells was increased after ischaemia. (E and F)

Expression of p22phox immunoreactivity in sham (E) and infarcted hearts (F). No or sparse immunoreactivity was seen after sham operation, while the

presence of NAD(P)H oxidase was clearly increased after infarction. Immunostaining for p22phox was particularly found in cardiomyocytes and, to a lesser

extent, in endothelial cells. Open arrowheads point at endothelial cells, while closed arrowheads indicate immunostaining in cardiomyocytes (scale bar 50 Am).
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Kubo et al., 1991). In addition, ischaemia itself is able to

induce endothelial dysfunction in non-infarcted, non-athero-

sclerotic arteries, without the presence of additional

inflammatory processes.

The influence of COX-2 was of similar magnitude in

sham and infarcted hearts, suggesting that this coronary

dysfunction does not originate from an altered activation of

the prostanoid pathway. Conversely, there was a slight

increase in involvement of KCa channels under basal

conditions and particularly after deprivation of NO and

PGI2. Combined blockade of NOS and COX pathways led to

a small activation of EDHF in the sham group, while the

effect was much more pronounced following infarction, even

largely neutralising the effect of l-NAME and indomethacin.

However, more importantly, the NO-mediated part of

coronary vasodilatation was significantly increased after

ischaemia, suggesting augmented production of eNOS and/
or induction of iNOS. After ischaemia, an acute and rapid

induction of iNOS, which remained elevated for a prolonged

period of time, was demonstrated (Dudek et al., 1994; Wang

et al., 1999; Wildhirt et al., 1995). Nevertheless, these high

levels of iNOS are associated with impaired endothelium-

dependent vasorelaxation (Kessler et al., 1997). Additionally,

although different cardiovascular syndromes, such as ischae-

mia, are characterised by an increase in eNOS activity and

NO release, endothelial dysfunction occurs (Bauersachs et

al., 1999; Bloch et al., 2001). Indeed, increased mRNA and

protein levels of iNOS and eNOS were observed after

myocardial infarction. However, we did not detect a

pharmacological impact of iNOS inhibition on vasoreactiv-

ity, indicating that the increased influence of l-NAME is

related to eNOS formation and activation.

NO plays an important role in the modulation of vaso-

dilatation, vascular tone, and myocardial function, while
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Fig. 8. Relative quantification of mRNA levels of eNOS (A) or iNOS (B) in

relation to mRNA concentrations of the housekeeping gene glyceraldehyde

3-phosphate dehydrogenase (GAPDH). *P <0.05 vs. sham.
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Fig. 10. Amount of reactive oxygen species in both groups, measured by

lucigenin-enhanced chemiluminescence. There was a trend towards a

higher amount of superoxide radicals after myocardial infarction.
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increased pathophysiological concentrations of NO within

the myocardium may have detrimental effects. However, the

final action of NO is not only influenced by the amount of

NO, but also strongly depends on the environmental state of

the heart, more precisely, on the level of oxidative stress in the

myocardium (Berges et al., 2003; Ferdinandy and Schulz,

2003). Under normal circumstances, the production of NO

predominates, scavenging small amounts of superoxide

radicals. In pathological states, large amounts of reactive

oxygen species are produced in the vasculature (Bauersachs

et al., 1999; Fukui et al., 2001). Superoxide is able to react

with most or all NO, leading to the formation of reactive

nitrogen intermediates, thereby decreasing the bioavailability

of NO and consequently impairing endothelium-dependent

vasodilatation (Arimura et al., 2001; Guzik et al., 2000;

Kojda and Harrison, 1999). Indeed, the presence of

NAD(P)H oxidase was found to be significantly increased
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Fig. 9. Serum concentrations of nitrite in the sham and MI groups. Nitrite

levels were significantly increased following infarction. *P <0.05 vs. sham.
after myocardial infarction and there was a trend towards

significantly higher superoxide production. As a conse-

quence, although the formation of NO is enhanced, the final

bio-availability and vasodilatory action of NO will be limited

due to increased scavenging of superoxide radicals.

In conclusion, we demonstrated that subacute postinfarc-

tion remodeling in rats impairs coronary endothelium-

dependent vasodilatation in the remote myocardium, without

affecting endothelium-independent vasodilatatory capacity.

In the normal rat circulation, NO and prostanoids contributed

to the coronary vasodilatation, while basal involvement of

EDHF was restricted. Endothelial dysfunction following

myocardial infarction was not mediated by alterations in the

prostanoid-mediated response and was only slightly affected

by increased involvement of KCa channels. In contrast, NO

concentration and NO-mediated coronary vasodilatation

response were significantly increased after infarction. This

apparent duality between increased NO levels and NO-

mediated response, on the one hand, and decreased coronary

vasodilatation, on the other hand, could be explained by

increased production of superoxide radicals. Increased

scavenging of superoxide radicals by NO molecules limits

the bio-availability and final action of NO.
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