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Background and purpose: Both ischaemia preconditioning (PC) and the intracoronary infusion of peroxynitrite (PN) suppress
ischaemia and reperfusion (I/R)-induced arrhythmias and the generation of nitrotyrosine (NT, a marker of PN). However, it is
still unclear whether this latter effect is due to a reduction in nitric oxide (NO) or superoxide (O,") production.
Experimental approach: Dogs anaesthetized with chloralose and urethane were infused, twice for 5 min, with either saline
(control) or 100 nM PN, or subjected to similar periods of occlusion (PC), 5 min prior to a 25 min occlusion and reperfusion
of the left anterior descending coronary artery. Severities of ischaemia and ventricular arrhythmias, as well as changes in the
coronary sinus nitrate/nitrite (NOXx) levels were assessed throughout the experiment. The production of myocardial NOx, O,
and NT was determined following reperfusion.

Key results: Both PC and PN markedly suppressed the I/R-induced ventricular arrhythmias, compared to the controls, and
increased NOx levels during coronary artery occlusion. Reperfusion induced almost the same increases in NOx levels in all
groups, but superoxide production and, consequently, the generation of NT were significantly less in PC- and PN-treated dogs
than in controls.

Conclusions and implications: Since both PC and the administration of PN enhanced NOx levels during I/R, the attenuation
of endogenous PN formation in these dogs is primarily due to a reduction in the amount of O, produced. Thus, the
anti-arrhythmic effect of PC and PN can almost certainly be attributed to the preservation of NO availability during myocardial
ischaemia.
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Introduction

Although there is much evidence for the detrimental effects of
peroxynitrite (PN), a by-product of the highly reactive radicals
- nitric oxide (NO) and superoxide, during ischaemia and rep-
B ey b, Suson (/) (reviened recently by Pryor and Squadit
cinaer,mlgcétriw térp1y/2, PO Boi 427, g|;—|-6/720 Szeged, Hl)jngz);y. E-me)llils vegh@ 1995; Ferdinandy and SChl.llZ’ 2001’.2003; Lalu et al, Z.OO%;
phcol.szote.u-szeged.hu Uppu etal., 2007), there is also evidence that when it is
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(Nossuli et al., 1997; Altug et al., 2000) or formed as a result
of brief I/R insults (Altug etal., 2001), it may induce
cardioprotection.

In a recent study (Kiss et al., 2008) designed to examine the
effect of brief (5 min) periods of the intracoronary infusion of
PN on the consequences of coronary artery occlusion, and
especially the severity of arrhythmias in anaesthetized dogs,
we showed that PN markedly suppressed the I/R-induced ven-
tricular arrhythmias. This protection was similar to that
obtained previously with preconditioning (PC) occlusions of
the same duration (Végh et al.,, 1992a), and was associated
with a reduction in the formation of endogenous PN, as
assessed by changes in nitrotyrosine (NT) levels following a
prolonged (25 min) period of I/R (Kiss et al., 2007; 2008). It
was concluded that the anti-arrhythmic effects of PC and PN
administration may, at least in part, result from the attenua-
tion of endogenous PN production (Kiss et al., 2008).

Since PN is generated from equivalent concentrations of
NO and superoxide (Miles etal.,, 1996), theoretically, a
decrease in PN formation may result from either a reduced
production of NO or superoxide. Although both these radicals
are involved in I/R-induced injuries and there is also evidence
that they play a role in the cardioprotection induced by PC
(reviewed, e.g. in Ferdinandy and Schulz, 2001; 2003; Berges
et al., 2003), their exact role and importance in these situa-
tions are still not fully understood; indeed, results obtained
from various experimental setups are controversial and
largely depend on the model used. For example, studies per-
formed mainly under in vitro conditions suggest that in hearts
subjected to global ischaemia, NO production is substantially
increased (Zweier ef al., 1995a), and that PC, by attenuating
this harmful overproduction of NO and the subsequent gen-
eration of PN, results in cardioprotection (Csonka etal.,
1999). In contrast, in vivo studies in large animals, such as
dogs and pigs, indicate that NO production is significantly
reduced during sustained coronary artery occlusion (Engel-
man et al., 1995; Mori et al., 1998; Stevens et al., 2002; Prasan
etal., 2007). This loss of NO production may certainly con-
tribute to the severe consequences of I/R, such as the occur-
rence of fatal ventricular arrhythmias. Thus, it is not
surprising that manoeuvres which maintain NO synthesis, for
example, by enhancing the activation of nitric oxide synthase
(NOS) enzymes (Depré et al., 1997; Muscari et al., 2004) or the
donation of NO (Lefer, 1995; Rickover et al., 2008; Raat et al.,
2009) during ischaemia would result in cardioprotective
effects. Indeed, we were the first to show that the protective
effect of ischaemic PC involves the generation of NO (Végh
et al., 1992b). Although in these experiments, NO production
was not directly measured, the results clearly showed that the
inhibition of NO synthesis by L®-nitro-arginine-methyl-ester
markedly attenuated the anti-arrhythmic effect of PC (Végh
et al., 1992b). Furthermore, the intracoronary administration
of NO donors prior to and during ischaemia resulted in anti-
arrhythmic protection (Végh et al., 1996; Gyorgy et al., 2000;
Gonczi et al., 2009) which furthers supports the hypothesis
that NO is an endogenous cardioprotectant (Parratt, 1993).

More recently, it has been suggested that NO may exert its
cardioprotective effect through the attenuation of oxidative
stress, mainly by reducing superoxide production (Berges
et al., 2003; Jones and Bolli, 2006; Iwase et al., 2007) which is
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the other component of PN formation. Superoxide generated
during I/R (Vanden Hoek et al., 1997) may also contribute to
the appearance of fatal ventricular arrhythmias (Aon et al.,
2008; Xie et al., 2009).

In most of the studies mentioned above, NO, superoxide
and PN were measured separately; only a few attempts have
been made to assess the production of these radicals in par-
allel during I/R (Liu et al., 1997; Falk et al., 2007). Since in our
previous studies the anti-arrhythmic effect of PC and the
administration of PN was associated with a substantial reduc-
tion in endogenous PN generation (Kiss et al., 2007; 2008), we
have now examined whether this effect is due to a reduction
in the amount of NO produced or to reduced superoxide
production following a prolonged I/R. Therefore, the effects of
brief periods of coronary artery occlusion and of PN infusion
on plasma nitrate/nitrite levels, superoxide and NT produc-
tions, and on the severity of arrhythmias and ischaemic
changes during and following a 25 min occlusion of the left
anterior descending (LAD) coronary artery, were examined in
chloralose—urethane anaesthetized dogs, and compared to
those in a control group of dogs that were only subjected to
the prolonged I/R. We showed that both PC and the admin-
istration of PN enhanced NOx levels during occlusion and
attenuated superoxide, and subsequently, NT production fol-
lowing reperfusion. Thus, we conclude, that in anaesthetized
dogs, the marked anti-arrhythmic effects of PC and PN can be
associated with the preservation of NO availability during
myocardial I/R.

Methods

Mongrel dogs of either sex, and with a mean body weight of
20 * 4 kg were anaesthetized intravenously with a mixture of
chloralose and urethane (60 and 200 mg-kg™, respectively;
Sigma, St. Louis, MO, USA). They were ventilated with room
air using a Harvard respirator at a rate and volume sufficient
to maintain arterial blood gases within normal limits (Végh
et al., 1992a). Body temperature was measured from the mid-
oesophagus and maintained at 37 = 0.5°C. The origin and
upkeep of these dogs were in accord with Hungarian law
(XXVIII, chapter IV, paragraph 31) regarding large experimen-
tal animals, which conforms with the Guide for the Care and
Use of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication no. 85-23, revised 1996).

Polyethylene catheters were inserted into the right femoral
artery for monitoring arterial blood pressure (systolic, dias-
tolic, and mean), and into the left ventricle (LV) for the
measurement of LV systolic and end-diastolic pressures and
LvdP/dt (isovolumic contraction and relaxation). The right
femoral vein was also catheterized for further anaesthetic
administration. The arterial catheters were connected through
transducers (Statham P23XL, Hugo Sachs Elektronik, March-
Hugstetten, Germany) to a six-channel haemodynamic appa-
ratus (SYTEM6, Triton Technology, San Diego, CA, USA).

A thoracotomy was performed at the left fifth intercostal
space and the anterior descending branch of the left coronary
artery (LAD) prepared for occlusion just proximal to the first
main diagonal branch. A smaller side branch of this artery
distal to the proposed site of occlusion was catheterized for



the intracoronary administration of saline or PN. Another
catheter was positioned into the coronary sinus through the
right jugular vein to obtain blood samples for the measure-
ment of plasma nitrate/nitrite (NOx) levels.

Epicardial ST-segment changes and the degree of inhomo-
geneity of electrical activation were measured from the left
ventricular wall distal to the occlusion site using unipolar
electrodes and a composite electrode previously described
(Végh et al., 1992a; Kiss et al., 2008). The greatest delay in
activation occurring within the ischaemic area following
coronary artery occlusion was expressed in ms. All param-
eters, together with a chest lead electrocardiogram, were
recorded on an eight-channel Medicor R81 recorder (Eszter-
gom, Hungary).

Ventricular arrhythmias were analysed as outlined previ-
ously (Végh et al., 1992a; Kiss et al., 2008). This analysis is
based on the suggestions made at the ‘Lambeth Conventions’
(Walker et al., 1998). During occlusion, we estimated the total
number of ventricular premature beats (VPBs), the incidence
and the number of episodes of ventricular tachycardia (VT;
defined as a run of four or more VPBs at a rate faster than the
resting sinus rate), and the incidence of ventricular fibrillation
(VF). During reperfusion, only the incidence of VF was deter-
mined. Dogs that were alive 1-2 min after reperfusion were
considered to be survivors.

Synthesis of PN

This has been described in detail previously (Beckman et al.,
1994; Kiss et al., 2008). In brief, the prepared solution was
filtered and the final concentration of the PN sample was
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302 nm wavelength). The stock solutions (50-150 mM) were
aliquoted and stored at —80°C away from light. Before each
experiment, the absorbance of PN was again measured and
the concentration was adjusted to 100 nM with pH 8.4 saline
(Nossuli et al., 1997).

Assessment of superoxide production

Two or three myocardial tissue samples (size: 0.5 x 0.5 X
2.0 cm) were excised from the ischaemic area within 2 min of
the reperfusion, and superoxide production was determined
using dihydroethidium (DHE; Sigma) fluorescence staining
(Gu et al., 2003). The tissue blocks were embedded in optimal
cutting temperature compounds and cryosections (20 pm)
were produced, stained with DHE (1 uM) dissolved in phos-
phate buffer solution (pH 7.4) and incubated at 37°C for
30 min in a dark humidified chamber. A negative control was
obtained by blocking the reaction with N-acetyl-L-cysteine
(100 mM, Sigma). Both from the stained and negative control
samples, 10-15 serial images were captured by a confocal laser
scanning microscope (Olympus FV1000, Tokyo, Japan). The
intensity of the fluorescent signals was analysed by
ImageQuant software (Molecular Dynamics, Sunnyvale, CA,
USA) and expressed in arbitrary units.

Measurement of plasma and tissue nitrate/nitrite (NOx) levels

Plasma nitrate/nitrite (NOx) concentrations were determined
by means of the Griess reaction (modified by Moshage et al.,
1995). Blood samples taken from the coronary sinus at
various time intervals (Figure 1) were centrifuged at 10 000x g

measured spectrophotometrically (peak absorbance at  for 15 min at 4°C. The plasma was mixed with B-nicotinamide
saline saline
(pH 8.4) (pH 8.4) ‘
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Figure 1 Experimental protocol. After surgery, all animals were allowed to equilibrate for 20 min. Fourteen dogs (control group) were infused

with pH 8.4 saline (the solvent of peroxynitrite) at a rate of 0.5 mL-min~' by the intracoronary route, twice for 5 min, 5 min prior to the 25 min
occlusion of the LAD. This was followed by rapid reperfusion. In another two groups of dogs, the prolonged occlusion and reperfusion insult
was preceded by either two 5 min preconditioning occlusions (PC group, n = 9) or identical periods of intracoronary infusion of 100 nM
peroxynitrite (PN group, n = 9). During the experiment, blood samples (BS) were taken at various time intervals from the coronary sinus for
the assessment of plasma nitrate/nitrite (NOXx) levels. Following reperfusion, tissue samples (TS) were taken from the ischaemic area for the

determination of NO metabolites, superoxide and nitrotyrosine.
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Table T Haemodynamic changes following the infusions of saline (pH 8.4) and peroxynitrite
Saline (pH 8.4) (n = 14) PN (n=9)

Baseline Max. change Baseline Max. change
SABP (mmHg) 123 = 4 3+3 123 £5 -3x2
DABP (mmHg) 82=*7 4 £1 84 £ 3 -2*2
MABP (mmHg) 96 * 6 3+£3 97 = 4 -2*+2
LVSP (mmHg) 113 =11 2x2 112 x4 -3x2
LVEDP (mmHg) 3.8 0.6 —-0.4 =05 4.1 x£0.6 -0.4 = 0.6
+dP/dt (mmHg-s™) 2705 = 166 45 =100 2900 = 110 —48 * 96
—dP/dt (mmHg-s™) 2057 = 109 45 + 28 1967 = 106 -64 = 85
HR (beats-min") 151 =2 2+2 145+ 6 -1*2

Data are means + SEM calculated from n = 9-14 experiments. Data, presented as changes, were determined 5 min after starting the infusion of saline and PN.
SABP, systolic arterial blood pressure; DABP, diastolic arterial blood pressure; MABP, mean arterial blood pressure; LVSP, left ventricular systolic pressure; LVEDP, left

ventricular end-diastolic pressure; HR, heart rate.

adenine dinucleotide phosphate (NADPH), flavin adenine
dinucleotide, nitrate reductase (Sigma) and incubated for
30 min at 37°C. Following the enzymatic reduction of nitrate
to nitrite, the Griess reagent was added to the mixture and
incubated for an additional 10 min at room temperature. The
absorbance of the azo compound was measured spectropho-
tometrically at a wavelength of 540 nm and the total nitrate/
nitrite (NOx) concentration (umol-L™) was determined using
a standard calibration curve of NaNO, and NaNO; (Sigma).

Tissue NOx was measured in samples taken from the
ischaemic myocardium. Tissue blocks were homogenized in
phosphate buffer (pH 7.4) containing Tris—-HCl (50 mM),
EDTA (0.1 mM), dithiothreitol (0.5 mmol-L™), phenylmethyl-
sulphonyl fluoride (0.1 mmol-L™), soybean trypsin inhibitor
(10 ug-mL™) and leupeptin (10 pg-mL™"). The homogenates
were centrifuged (20 000x g, for 15 min at 4°C) and the super-
natants were collected. The total nitrate/nitrite was deter-
mined as outlined above. NOx levels are expressed in
nmol-mg' protein.

Determination of NT formation

Free NT, as the marker of PN generation, was measured by
enzyme-linked immunosorbent assay (Cayman Chemical,
Ann Arbor, M1, USA). Myocardial tissue samples were homog-
enized and centrifuged at 15 000x g. The supernatants were
collected and incubated overnight with anti-NT rabbit IgG
(Cayman Chemical) and NT acetylcholinesterase tracer in
pre-coated (mouse anti-rabbit IgG; Cayman Chemical) micro-
plates, followed by development with Ellman’s reagent. NT
content was normalized to protein content of cardiac homo-
genate and expressed in ng-mg™' protein.

Experimental protocol

This is illustrated in Figure 1. Three groups of dogs were used.
Each animal was subjected to a 25 min LAD occlusion fol-
lowed by rapid reperfusion. In a group of dogs, PC (n =9) was
induced by two 5 min periods of occlusion with a 5 min
reperfusion interval between, 5 min prior to the prolonged
occlusion/reperfusion insult. In another group of dogs, PN (n
=9), dissolved in pH 8.4 saline to a final concentration of
100 nM, was administered by the intracoronary route (infu-
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sion rate: 0.5 mL-min™") for identical periods to the PC occlu-
sions. This concentration of PN has been shown previously to
reduce arrhythmias (Kiss et al., 2008). Control dogs (C; n=14)
were infused with pH 8.4 saline by the same route and time as
PN. An additional four dogs served as sham-operated controls
(not included into the protocol). These dogs were instru-
mented, infused locally with saline without being subjected
to ischaemia. In the dogs that survived reperfusion, the hearts
were stopped within 2 min by administration of an overdose
of anaesthetic, and myocardial tissue samples were collected
from the ischaemic ventricular wall. In dogs that suddenly
fibrillated on reperfusion, these samples were taken when the
fibrillation was observed.

The drug and molecular target nomenclature, used in this
study, complies with proposals outlined in the British Journal
of Pharmacology (Alexander et al., 2008).

Statistical evaluation

All data are expressed as means = SEM and the differences
between means were compared by ANOVA for repeated mea-
sures and by the one-way ANOVA as appropriate, using the
Fisher post hoc test. VPBs and episodes of VT were compared
using the Kruskal-Wallis test. The incidences of arrhythmias
(such as VT and VF) and survival from the combined I/R
insult were compared by the Fisher’s exact test. Differences
between groups were considered significant when
*P < 0.05.

Results

Haemodynamic effects of saline, PN and subsequent coronary
artery occlusion

These are summarized in Tables 1 and 2. Local intracoronary
infusions of pH 8.4 saline and PN resulted in no significant
haemodynamic effects (Table 1). Occlusion-induced changes
were similar in all groups except that in preconditioned dogs
and in dogs infused with PN, the decreases in arterial blood
pressure, left ventricular systolic pressure and in negative
dP/dt as well as the increase in LVEDP were less pronounced
than in the controls (Table 2).
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Table 2 Haemodynamic changes during a 25 min occlusion of the LAD
Control (n = 14) PC(h=9) PN (n=9)

Baseline Max. Change Baseline Max. Change Baseline Max. Change
SABP (mmHg) 121 =6 -17 = 2% 121 =5 =10 = 1* 121 =6 =11 £ 1%
DABP (mmHg) 81 + 4 —15 + 2* 84 + 4 =11 + 1** 84 + 4 11 = 1%
MABP (mmHg) 95+ 5 -16 = 2* 101 £ 4 -10 = 2** 96 + 5 -10 = 1**
LVSP (mmHg) 112+5 =17 = 2*% 110 = 4 =11 = 2* 110+ 5 -13 + 2*
LVEDP (mmHg) 4.0 £ 0.6 7.9 = 0.4% 4.0+ 0.4 5.1 + 0.9* 3.6 04 5.8 = 0.6**
+dP/dt (mmHg-s™) 2638 = 142 -558 = 92% 2434 + 178 -394 + 60* 2753 = 203 -395 * 54*
—dP/dt (mmHg-s™) 2034 £ 92 -611 + 76" 1975 = 146 —282 + 44** 1847 + 46 —374 * 46**
HR (beats-min") 154 + 4 3+2 142 + 5 1+3 147 + 8 1+2

Data are means + SEM calculated from n = 9-14 experiments.
*P < 0.05 compared to control and #P < 0.05 compared to baseline value.

SABP, systolic arterial blood pressure; DABP, diastolic arterial blood pressure; MABP, mean arterial blood pressure; LVSP, left ventricular systolic pressure; LVEDP, left

ventricular end-diastolic pressure; HR, heart rate.

VPBs
350 161
300 141

c >

° J

£ 250] a 12

N o

boed 010.

& 200 i

o @

= 5 8

5 150/ 5

5 £

E 100] 2

=z 44

501
0 0

M control [ ] PC

VT episodes

% VT

r100

Incidence of VT (%)

Figure 2 The total number of ventricular premature beats (VPBs), the incidence and the number of episodes of ventricular tachycardia (VT)
during a 25 min occlusion of the LAD in control dogs and in dogs subjected to preconditioning (PC) and peroxynitrite (PN) infusion. Compared
to the controls, both PC and the administration of PN markedly reduced the ischaemia-induced ventricular arrhythmias. Values are means +

SEM; *P < 0.05 compared to the controls.

Ventricular arrhythmias during coronary artery occlusion

and reperfusion

These are shown in Figures 2 and 3. Both PC and the admin-
istration of PN resulted in marked anti-arrhythmic effects.
Thus, compared to the control group, in PC- and in
PN-treated dogs, there were only a few ectopic beats during
the 25 min occlusion (246 = 75 ¢cp. 24 = 9 and 53 £ 19; P<
0.05). Similarly, VT occurred in 33% of the PC and PN groups
with a mean episode of VT less than 1 (0.5 * 0.3), compared
to 92% incidence and 10.5 = 3.5 episodes of VT in the con-
trols (Figure 2). Furthermore, fatal VF occurred in 6 of the 14
control dogs (43%) during coronary artery occlusion and all
the remaining animals fibrillated on reperfusion; thus, no
dog in the control group survived the combined I/R insult
(Figure 3). In contrast, no preconditioned and PN-treated dog
fibrillated during the occlusion period. Furthermore, 67 and
55%, respectively, of these treated dogs survived reperfusion
(Figure 3).

Changes in the severity of ischaemia following coronary

artery occlusion

This was examined using both epicardial ST-segment
mapping and the degree of inhomogeneity of electrical acti-
vation (Figure 4). In control dogs, the ST-segment was mark-
edly elevated during the initial 5 min of the occlusion and
this was maintained over the entire occlusion period. Both PC
and the administration of PN significantly reduced this index
of ischaemia severity (Figure 4A). Similarly, the degree of
inhomogeneity of electrical activation was rapidly increased
(from around 50 ms to around 200 ms) following coronary
artery occlusion. These changes were significantly less pro-
nounced in PC dogs and in dogs infused with PN (Figure 4B).

Changes in NOx levels during coronary artery occlusion

and reperfusion

These are shown in Figure 5. The plasma level of NO metabo-
lites in the coronary sinus blood was 20.4 = 0.1 umol-L™, as

British Journal of Pharmacology (2010) 160 1263-1272
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Figure 3 The incidence of ventricular fibrillation (VF) during a
25 min occlusion and reperfusion as well as survival from this com-
bined ischaemia-reperfusion insult. In control dogs, a high incidence
of VF occurred during occlusion and all the remaining dogs fibrillated
on reperfusion. Thus, no control dog survived the combined occlu-
sion and reperfusion insult. Both PC and PN attenuated these severe
ventricular arrhythmias and increased the rate of survival. *P < 0.05
compared to the controls.
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Figure 4 Changes in the epicardial ST segment (A) and in the
degree of inhomogeneity of electrical activation (B) during a 25 min
occlusion of the LAD. These indices of ischaemia severity were mark-
edly reduced by PC and by the administration of PN. Values are
means = SEM; *P < 0.05 compared to the controls.
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determined from 32 dogs at baseline. In control dogs, occlu-
sion of the LAD resulted in significant increases in NOx levels
and these reached a maximum at around 7 min of the
ischaemia. After this, the concentration of NOx declined, and
by the end of the occlusion period, it was significantly lower
than values measured at baseline (18.8 * 0.2cp. 20.3 =
0.3 umol-L™, P < 0.05). Both the PC procedure and the infu-
sion of PN significantly increased the concentration of NO
metabolites; this was especially marked following the first
episode of PC occlusion and during PN administration. In
these dogs, the pre-occlusion concentrations of NOx were
significantly higher than either the baseline values or the
pre-occlusion NOx levels in the controls. After these PC and
PN dogs had been subjected to prolonged occlusion, the NOx
levels were markedly increased (the maximum occurred again
at around 7 min of the ischaemia), and they remained signifi-
cantly higher than in the controls throughout the entire
occlusion period. The rapid reperfusion of the ischaemic myo-
cardium resulted in almost similar increases in NOx levels in
all groups, although the absolute concentration values were
significantly different.

The myocardial NOx levels determined in the ischaemic
tissue samples within 2 min of reperfusion are illustrated in
Figure 6A. Compared to the sham-operated dogs, the total
NOx was significantly higher in the PC and PN groups than in
the controls (4.4 = 0.2 and 4.0 = 0.1 cp. 3.4 = 0.2 nmol-mg™’
protein; P < 0.05).

The effect of PC and the administration of PN on

superoxide production

Myocardial superoxide content was also measured during rep-
erfusion in all dogs no matter whether they had fibrillated or
were alive (Figure 6B). Compared to the sham-operated dogs,
the myocardial superoxide production was significantly
increased in dogs subjected to a 25 min occlusion and reper-
fusion (14.7 = 1.5 cp. 40.1 = 1.8 arbitrary units, P < 0.05).
Both PC and the administration of PN significantly reduced
this I/R-induced superoxide production (21.4 = 1.4 and 24.5
+ 2.2 arbitrary units respectively).

The effect of PC and the administration of PN on NT formation
This was also determined in myocardial tissue samples taken
from dogs just after (within 2 min) the release of the coronary
artery occlusion (Figure 6C). Although in normal hearts
(sham-operated dogs), a small amount of NT was detected (2.0
+ 0.14 ng-mg' protein), this was markedly increased in the
control dogs subjected to I/R (4.9 = 0.8 ng-mg™ protein).
However, this increase was significantly reduced in dogs
infused with PN (2.8 *= 0.4 ng-mg' protein) or subjected to
PC (2.5 = 0.5 ng-mg™' protein).

Discussion and conclusions

There is ongoing debate as to whether the generation of NO
increases or decreases during myocardial ischaemia. In in vitro
studies, it has been demonstrated, using electron paramag-
netic resonance (EPR) for NO spin trapping, that NO produc-
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value.

tion is increased in hearts subjected to 30 min of global
ischaemia (Zweier etal., 1995a; Csonka etal., 1999). This
enhanced generation of NO was attributed to the formation
of non-enzymatic NO during ischaemia when, in the absence
of oxygen and in the presence of low pH, nitrite is preferably
reduced to form NO (Zweier et al., 1995b). In contrast, results
from in vivo studies, using microdialysis and electrochemical
techniques to measure NO (EPR has not yet feasible for NO
detection in large animals), have shown that the release of NO
or NO metabolites rapidly declines during myocardial
ischaemia (Mori et al., 1998; Stevens et al., 2002; Prasan et al.,
2007). Our present results, showing that in anaesthetized
dogs NOx levels were markedly reduced by the end of the
prolonged (25 min) coronary artery occlusion, confirm these
findings. However, in contrast to these previous data (Stevens
et al., 2002; Prasan et al., 2007), we observed that a transient
increase in NO metabolites occurred soon after the com-
mencement of the coronary artery occlusion (at around 7 min
of the occlusion). We do not know whether this increase in
NOx levels results from the activation of NOS, since this was
not measured in the present study. There is some evidence
that NOS activity can rapidly (within 5 min) be stimulated by
ischaemia (Depré et al., 1997), but whether this is maintained
over a longer ischaemic period is still a matter of debate
(Depré etal., 1997, Wang et al., 1997; Prasan et al., 2007).
Nevertheless, the finding, in our experiments, that NOx levels
during coronary artery occlusion were, after an initial
increase, markedly reduced (Figure 5) supports the hypothesis
of a decrease in the overall myocardial NOS activity and NO
production (Wang et al., 1997). Another explanation for this
transient increase in NO production might be that we mea-
sured plasma NOx levels in blood samples taken from the
coronary sinus. Since this collects blood from both the
ischaemic and non-ischaemic areas, an elevation in NOx may
derive from a compensatory increase in NO production occur-

ring within the non-ischaemic myocardium. Such an eleva-
tion in NOx levels within the non-ischaemic area has been
found by Stevens et al. (2002) in anaesthetized pigs. In their
study, when the LAD was occluded either for 15 or 60 min,
NOx levels rapidly declined within the occluded area but
increased in samples taken from the adjacent circumflex coro-
nary bed. Furthermore, in rabbit isolated hearts, Prasan et al.
(2007) found that the concentration of NO metabolites in the
coronary sinus was significantly increased during low-flow
ischaemia. However, when they calculated the net release of
NO within the ischaemic area, this was found to be signifi-
cantly reduced. Hence, it is possible that this transient
increase in the coronary sinus NOx levels may represent an
important compensatory mechanism, that is, the enhanced
NO production within the normal region attempts to com-
pensate for the loss of NO production within the severely
injured myocardium.

In contrast to the controls in which NOx levels were
markedly reduced during ischaemia, the production of NO
was substantially increased in dogs that were subjected to
PC or infused with PN prior to the occlusion. Both inter-
ventions enhanced NOx levels, albeit differently. PC
increased NOx levels particularly during and after the first
episode of the PC occlusion, which might indicate a rapid
activation of NOS by ischaemia (Depré et al., 1997; Muscari
etal., 2004). In contrast, PN elevated NOx levels only during
the infusion periods, suggesting that PN possibly acts as an
NO donor (Kiss et al., 2008). Nevertheless, in both groups,
the pre-occlusion levels of NO metabolites were significantly
higher than in the controls. Occlusion of the LAD in these
dogs resulted in further increases in NOx and these levels
were maintained over the entire 25 min occlusion period.
Thus, in contrast to previous findings (Zweier ef al., 1995a;
Csonka etal., 1999), our present results suggest that in
anaesthetized dogs, the preservation of NO synthesis, and
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Figure 6 Tissue NOx (A), superoxide (B) and nitrotyrosine (C) pro-
duction following a 25 min occlusion and reperfusion insult. Com-
pared to the sham-operated (SO) controls, in dogs subjected to
ischaemia and reperfusion, tissue NOx levels remained unchanged
whereas the production of superoxide and nitrotyrosine was mark-
edly increased. Both PC and PN resulted in marked reductions in
superoxide, and consequently in nitrotyrosine production, whereas
the tissue NOx levels in these dogs were significantly higher than in
the controls. Values are means + SEM; *P < 0.05 compared to the
controls, #P < 0.05 compared to the sham-operated dogs.

subsequently, the maintenance of NO production during
myocardial ischaemia is cardioprotective. This accords with
previous experience in rat isolated hearts, that is, the pres-
ervation of structures responsible for NO release is impor-
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tant for the cardioprotective and anti-arrhythmic effect of
PC (Parikh and Singh, 1999). NO, as we have proposed
previously, attenuates the ischaemic burden (indicated by
less marked changes in epicardial ST-segment and in the
degree of inhomogeneity of electrical activation) and
reduces the severity of arrhythmias (Végh etal., 1992b;
1996; Végh and Parratt, 1996), possibly by acting directly on
gap junctions (Gonczi et al., 2009).

It is interesting to note that there was a slight decrease in
NOx levels during and after the second period of the PC
occlusion. This presumably indicates that some of the NO has
formed into PN with superoxide, which is, in this species,
generated only after the second period of the PC occlusion
(Hajnal et al., 2005). This accords with a more recent finding,
that a significant increase in NT formation occurs just after
two brief PC occlusions (Novalija et al., 2003; Kiss et al., 2007)
or PN infusions (Kiss et al., 2008). These results add further
support to the hypothesis that PN may play a trigger role in
the anti-arrhythmic effect of ischaemic PC (Altug et al., 2000;
2001). However, our results clearly demonstrated that the NT
production, resulting from a prolonged period of I/R, was
markedly suppressed in dogs that had been subjected to PC or
infused with PN previously (Novalija et al., 2003; Kiss et al.,
2007). Furthermore, we have now provided evidence that this
reduction in NT formation is primarily due to an attenuation
of superoxide production rather than to a decrease in the
harmful accumulation of NO, as has previously been sug-
gested (Csonka etal., 1999). The parallel measurement of
tissue NOx, superoxide and NT production, which is an
advantage of this study, clearly indicated that, in the presence
of increased NOx levels, both PC and PN suppressed the
generation of superoxide and, subsequently, the formation of
endogenous PN (Figure 6). This finding, and also the fact that
the infusion of nitrites just prior to reperfusion protected
against reperfusion injury (reviewed by Raat ef al., 2009), sup-
ports the involvement of an NO-mediated mechanism in the
generation of superoxide induced by I/R (Iwase ef al., 2007;
Burwell and Brookes, 2008; Korge et al., 2008). There are, of
course, a number of ways by which NO may regulate super-
oxide production. For example, NO inhibits xanthine oxidase
and xanthine dehydrogenase, the major sources of superoxide
production, by converting them into a desulpho-type inactive
form (Ichimori et al., 1999), NADPH oxidase (Clancy et al.,
1992; Fujii et al., 1997). There is also increasing evidence that
both NO and PN, by acting directly on the electron transport
chain or the uncoupling proteins, reduce mitochondrial
superoxide production (Burwell and Brookes, 2008). All these
mechanisms may account for the protective effect of NO
in vivo.

In summary, our results clearly demonstrate that under in
vivo conditions, myocardial ischaemia suppresses the genera-
tion of NO. This decrease in NO formation is prevented by PC
and by the prior administration of PN, suggesting that the
preservation of NO production during myocardial ischaemia
is an integral part of the anti-arrhythmic protection. Further-
more, we propose that this enhanced or, at least, maintained
NO availability following PC and PN administration plays an
important role in the suppression of superoxide production
during I/R. If true, this mechanism would explain the marked
reduction in endogenous PN production obtained in precon-



ditioned and in PN-treated dogs with enhanced NO produc-
tion. We think that our present results add further support to
the concept that NO plays an important trigger and mediator
role in the anti-arrhythmic protection (Végh etal., 1992b;
1996; Végh and Parratt, 1996).
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