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Adrenomedullin acts via nitric oxide and peroxynitrite
to protect against myocardial ischaemia-induced arrhythmias
in anaesthetized rats
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1 The overall aim of this study was to determine if adrenomedullin (AM) protects against
myocardial ischaemia (MI)-induced arrhythmias via nitric oxide (NO) and peroxynitrite.

2 In sham-operated rats, the effects of in vivo administration of a bolus dose of AM (1 nmolkg™")
was assessed on arterial blood pressure (BP), ex vivo leukocyte reactive oxygen species generation and
nitrotyrosine deposition (a marker for peroxynitrite formation) in the coronary endothelium.

3 In pentobarbitone-anaesthetized rats subjected to ligation of the left main coronary artery for
30 min, the effects of a bolus dose of AM (1 nmolkg™", i.v.; n=19) or saline (7= 18) given 5min pre-
occlusion were assessed on the number and incidence of cardiac arrhythmias. In a further series of
experiments, some animals received infusions of the NO synthase inhibitor N(G)-nitro-L-arginine
(LNNA) (0.5mgkg 'min~") or the peroxynitrite scavenger N-mercaptopropionyl-glycine (MPG)
(20mgkg~'h™") before AM.

4 AM treatment significantly reduced mean arterial blood pressure (MABP) and increased ex vivo
chemiluminescence (CL) generation from leukocytes in sham-operated animals. AM also enhanced
the staining for nitrotyrosine in the endothelium of coronary arteries.

5 AM significantly reduced the number of total ventricular ectopic beats that occurred during
ischaemia (from 1185+101 to 520 +74; P<0.05) and the incidences of ventricular fibrillation (from 61
to 26%; P<0.05). AM also induced a significant fall in MABP prior to occlusion. AM-induced
cardioprotection was abrogated in animals treated with the NO synthase inhibitor LNNA and the
peroxynitrite scavenger MPG.

6 This study has shown that AM exhibits an antiarrhythmic effect through a mechanism that may
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involve generation of NO and peroxynitrite.
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Introduction

Adrenomedullin (AM) is a recently described peptide that has
pronounced effects on the cardiovascular and renal systems
(Kitamura et al., 1993a). In a wide variety of vascular beds,
AM causes vasodilation (He et al., 1995) that leads to a fall in
arterial blood pressure (BP) in vivo (Feng et al., 1994). This
vasodilator effect is largely (but not exclusively) due to the
generation of nitric oxide (NO) in the vasculature since it is
reduced by a nitric oxide synthase (NOS) inhibitor or by
de-endothelialization (Yang et al., 1996). In addition, AM has
been shown to inhibit vascular smooth muscle cell prolifera-
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tion (Chini et al., 1995) and apoptosis in endothelial cells
(Kato et al., 1997). It has also been reported that AM has
cytoprotective properties in a model of glomerular cell injury
(Chini et al., 1997). Within the cardiovascular system, AM is
produced by both the blood vessels and the heart (Kitamura
et al., 1993b), and following myocardial infarction there is an
increase in plasma (Kato et al., 1996) and ventricular AM
levels (Nagaya et al., 2000). An increasing amount of evidence
suggests that AM could be a cardioprotective agent. For
example, endogenous AM has been demonstrated to be
protective against myocardial injury in mice (Shimosawa
et al., 2002; Niu et al., 2004) and in rats (Hamid & Baxter,
2005). In addition, Nakamura et al. (2002) demonstrated that
continuous administration of AM had beneficial effects on left
ventricular remodelling after myocardial infarction in rats.
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Furthermore, AM gene delivery attenuated myocardial infarc-
tion and apoptosis after myocardial ischaemia (MI) and
reperfusion in rats (Kato et al., 2003). However, the possible
mechanism(s) by which AM exerts cardioprotection is not fully
understood. Moreover, the concept that AM may also protect
against the electrophysiological consequences of ischaemia has
not been explored.

A large body of evidence supports a cardioprotective
and antiarrhythmic role for NO and peroxynitrite, a product
of NO and superoxide, in the setting of MI and reperfusion.
NO donors or the precursor for NO synthesis, L-arginine,
can ameliorate reperfusion-induced arrhythmias in rats (Pabla
et al., 1995; Bilinska et al., 1996) and reduce ischaemic/
reperfusion injury in rabbits (Aitchison & Coker, 1999).
Reactive oxygen species (ROS) have also been shown to be
one of the triggers that can mimic the cardioprotective effects
of preconditioning (Bilinska et al., 1996; Baines et al., 1997).
Peroxynitrite, an ROS produced from an interaction between
superoxide and NO, has been shown to contribute to the
cardioprotective effects of ischaemic preconditioning in rats
(Altug et al., 2000) as well as acting as a ‘pharmacological’
preconditioning agent in rats (Lefer et al., 1997; Altug et al.,
2001) and cats (Nossuli et al., 1997; 1998). Thus it is feasible
that AM may induce cardioprotection through release of NO,
with subsequent accumulation of peroxynitrite produced
through interaction with superoxide.

The first aim of the present study was therefore to determine
the effects of AM on haemodynamics, ROS generation from
peripheral blood leukocytes and coronary endothelial perox-
ynitrite production in normal anaesthetized rats. Once these
responses had been established, we examined the effect of
exogenously administered AM on the cardiac arrhythmias
produced by coronary artery occlusion in anaesthetized rats.
Finally, in order to investigate the potential roles of NO and
peroxynitrite in AM-induced cardioprotection, further cor-
onary occlusion experiments with AM were performed in the
presence of the NO synthase inhibitor N(G)-nitro-L-arginine
(LNNA) and the peroxynitrite scavenger N-mercaptopropio-
nyl-glycine (MPG).

Methods
Surgical procedure

All procedures were carried out in accordance with the United
Kingdom Home Office Guide on the Operation of animals
(Scientific Procedures) Act 1986. Animals were allowed free
access to food and water and maintained on a 12-h light/dark
cycle. Male Sprague—Dawley rats (250—400 g) were anaesthe-
tized with sodium pentobarbitone (60mgkg~' ip.) and
maintained under anaesthesia by additional injections (6 mg
i.v.) as required. The trachea was cannulated for artificial
respiration using a rodent respirator (Scientific & Research
Instruments, U.K., tidal volume 1.5ml 100 g™, rate 54 strokes
min~"). Blood was withdrawn for blood gas analysis (Synthesis
10, Instrumentation Laboratory, U.S.A.) to ensure adequate
ventilation throughout the experiment (pCO, 18-24mmHg,
pO, 100-130mmHg, pH 7.4). Systemic arterial BP was
recorded via a catheter inserted into the left carotid artery
and attached to a BP transducer (Gould, U.S.A.). The right
jugular vein was cannulated for administration of drugs or

additional anaesthetic as appropriate. Rectal temperature was
recorded via a precalibrated steel thermistor probe and core
temperature maintained at 37-38°C with the aid of a heating
lamp. A standard limb lead I electrocardiogram (ECG) was
recorded from subcutaneous limb leads. Both the ECG and BP
were continuously recorded on a Gould polygraph recorder
(Gould, U.S.A.). Mean arterial blood pressure (MABP) was
calculated from the BP trace, whereas the heart rate (HR; beats
per minute; b.p.m.) was calculated from the ECG. A left
thoracotomy was performed and the heart prepared for
coronary artery ligation using the method previously described
by Clark et al. (1980). A 6/0 braided silk suture attached to a
10mm micropoint reverse cutting needle (Mersilk, Ethicon,
Belgium) was inserted (approximately 0.5mm) into the myo-
cardium 2-3 mm away from the origin of the left main coronary
artery. In sham-operated animals, the ligature was left untied;
however, in studies looking at the effect of AM on coronary
occlusion-induced arrhythmias, coronary occlusion was achieved
by tightening the ends of the suture by a pair of clamps.

Assessment of arrhythmias

Ventricular arrhythmias were assessed according to the
guidelines of the Lambeth Conventions for the analysis of
experimental arrhythmias (Walker et al., 1988). Arrhythmias
were counted as single ventricular ectopic beats, couplets and
triplets (salvos) and ventricular tachycardia (VT). In animals
that survived the 30min of ischaemia, the total number of
ventricular ectopic beats (VEBs) was summed. The incidences
of ventricular fibrillation (VF), VT and mortality within each
experimental group were also recorded. Animals were excluded
from the study if spontaneous arrhythmias were observed
prior to coronary artery occlusion or if the initial MABP
was less than 70 mmHg. Animals that failed to survive the
ischaemic period were also excluded from the statistical
analysis of haemodynamic parameters and VEBs.

Ex vivo chemiluminescence measurement

ROS generated from peripheral leukocytes was measured
using a modification of the luminol-enhanced chemilumines-
cence (CL) method previously described by us (Demiryiirek
et al., 1997). Briefly, immediately after withdrawal from the
animal, 90 ul of whole blood containing citrate (0.038%, final
concentration) was added to a cuvette containing 810 ul of
Hank’s balanced salt solution that was preheated to 37°C for
Smin. The cuvette was then placed into the chamber and the
baseline was set. Then, 100 ul of luminol (2mM) was added
into the cuvette, followed by the addition of 10 ul of zymosan
A (from Saccharomyces cerevisiae). A minute of incubation
time was then allowed for the stimulation of respiratory burst
from leukocytes by zymosan A before starting the integration
of the emitted signal for 15min. CL emitted was expressed
as the total count recorded in the digital display panel.
For blood samples withdrawn throughout the experimental
protocol, the total CL count was expressed as a percentage of
the basal CL reading.

Nitrotyrosine immunostaining

Immunocytochemical staining for nitrotyrosine was performed
in heart sections from sham-operated and MI animals that
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were administered bolus AM (1 nmolkg™") or saline and the
hearts were removed 35min later (i.e. equivalent to the 30 min
post-occlusion time point) using a method previously de-
scribed by us (Demiryiirek et al., 2000). Cross-sectional slices
of the hearts were fixed in 4% formaldehyde in phosphate-
buffered saline, wax embedded and 3 um thick transverse
sections cut and mounted on polysilane-coated slides. Follow-
ing deparaffinization, endogenous peroxidases activity was
quenched by incubating the sections in 3% hydrogen peroxide
for 10min, followed by washing in Tris-buffered saline for
Smin. The sections were then incubated in freshly prepared
0.1% trypsin dissolved in 0.1% calcium chloride solution
in Tris Buffer at 37°C for 25min. Nonspecific binding was
prevented by incubating the sections in 20% normal goat
serum, 5% normal rat serum and 3% bovine serum albumin
solution in Tris-buffered saline. Endogenous avidin and biotin
were then suppressed by the sequential 15 min application of
avidin and biotin blocking kit. Subsequently, the primary
antibody (rabbit anti-nitrotyrosine) was applied for a period
of 1h at a dilution of 1:250. Specific labelling was detected by
the Labelled Streptavidin-Biotin® 2 System (LSAB® 2 System,
DAKO, U.K.). Peroxidase activity was detected using
diamino-benzidine, which yielded a dark-brown reaction
product at the sites of nitrotyrosine immunoreactivity. The
sections were then counterstained with haematoxylin and then
incubated in 0.5% copper sulphate solution for 10min to
intensify the brown end product. Each staining run contained
a negative and a positive control slide (chronic hypoxic rat
lung; Demirytirek et al., 2000).

Experimental protocols

Preliminary studies in closed-chest rats to determine an
appropriate dose of AM revealed that 0.3nmolkg~' had no
effect on MABP, whereas 1 and 3nmolkg~! reduced MABP
by approximately 10 and 50%, respectively. Thus for the
remaining studies, the dose of 1 nmolkg~' was chosen owing to
its minimal effects on BP. Figure 1 illustrates the experimental
protocols employed.

Protocol 1 — studies on the effects of AM in sham-
operated rats Animals were allowed a 20 min-stabilization
period after the surgical procedure. A bolus dose of AM
(Inmolkg™; i.v.; n=38) or an equal volume of 0.9% saline
(n=6) was given 5 min before ‘sham’ MI and the ECG and BP
were monitored continuously. Blood was withdrawn at 15 min
intervals for the determination of ROS production from
leukocytes. At the end of the experiment, the hearts were
removed for immunocytochemical staining of heart sections
for nitrotyrosine.

Protocol 2 — studies to determine the effects of AM on
coronary occlusion-induced arrhythmias Following stabi-
lization, a bolus dose of AM (1 nmolkg™'; i.v.; n=19) or an
equal volume of 0.9% saline (n=18) was given 5Smin before
coronary artery occlusion. The consequent arrhythmias and
haemodynamics were monitored for 30 min. Blood was with-
drawn at 15min intervals for the determination of ROS
production from leukocytes. At the end of the experiment,
the hearts were removed for immunocytochemical staining of
heart sections for nitrotyrosine.

Protocol 1
Blood withdrawal
‘ Stabilization ‘ Sham Ischaemia ’
20 -15 TS -10 15 30
Bolus AM/saline
Protocol 2
‘ Stabilization ’ Ischaemia
20 -15 -5 -10 15 30
Bolus AM/saline
Protocol 3
‘ Stabilization Ischaemia
35 -30 -15 S5 -10 15 30
LNNA ——
(0.5 mg kg''min'!)
MPG >
(20mg kg! hr'l) T
Bolus AM/saline

Figure 1 Experimental protocols.

Protocol 3 To determine the contribution of NO and
peroxynitrite to the antiarrhythmic effect of AM, rats
were given either a 10min intravenous infusion of the
NOS inhibitor LNNA (0.5mgkg 'min~") or a continuous
intravenous infusion of the peroxynitrite scavenger MPG
(20mgkg~'h"), each started 30 min prior to coronary artery
occlusion. In both experiments, either AM (1nmolkg™") or
saline was then given 5min prior to occlusion (n =10 for each
experimental group). Blood was withdrawn at 15 min intervals
for determination of ROS production from leukocytes. At the
end of the experiment, the hearts were removed for immuno-
cytochemical staining of heart sections for nitrotyrosine.

Materials

Drugs and chemicals used were human AM, LNNA, MPG,
zymosan A, luminol, Hank’s balanced salt solution, diamino-
benzidine (all from Sigma, Poole, U.K.); pentobarbitone
sodium (Sagatal, Rhone Mérieux, Essex, U.K.); avidin and
biotin blocking kit (Vector Lab, Burlinghame, U.S.A.);
LSAB® 2 System kit (DAKO, Ely, U.K.); anti-nitrotyrosine
antibody (Upstate, Lake Placid, U.S.A.). AM stock solution
(of 1073 M) was prepared by dissolving AM desiccate in 0.9%
NaCl. Zymosan A was prepared by boiling 10mg in 10ml
of 0.9% NaCl for 10min. Following this, the solution
was centrifuged for Smin at 1200r.p.m. and resuspended in
10ml of 0.9% NaCl.

British Journal of Pharmacology vol 148 (5)
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Data analysis

Values are expressed as the mean and the standard error of the
mean. Statistical comparisons within groups were performed
using repeated measures ANOVA and Dunnett’s multiple
comparison post hoc tests. Comparisons between groups were
performed by one-way ANOVA followed by Dunnett’s multi-
ple comparison post hoc tests where applicable. Differences in
the incidence of VT, mortality and VF were determined
by Fisher’s exact test. The degree of staining for nitrotyrosine
was scored as followed: 0 = negative or the same level as back-
ground staining, 1 =mild positivity, 2 =moderate positivity,
3 =intense positivity. Staining grades were converted to a
percentage where 100% =3 on the grading scale and 0% =0
on the grading scale. Dr A.R. McPhaden (consultant
pathologist, Department of Pathology, Glasgow Royal In-
firmary) carried out the histological quantification in a blinded
fashion. Differences were considered significant when P <0.05.

Results
The effects of AM in sham-operated rats

AM caused a significant and sustained reduction in MABP
(Table 1) without inducing any changes in either HR or QT
interval (data not shown). CL generated in whole blood after
administration of AM in sham-operated animals was signi-
ficantly increased 4 min following administration compared to
the same time point in saline controls. This increased leukocyte
ROS generation was maintained throughout the remainder of
the experimental protocol (Figure 2a). In the heart sections of
sham-operated animals treated with saline, only faint nitrotyr-
osine immunoreactivity within the endothelium was observed
(Figure 3a), whereas in animals treated with AM significantly
more intense staining for nitrotyrosine was evident within the
endothelium (Figure 3b and c). Faint positivity was also
observed in the media and myocytes from both AM-treated
and saline-treated heart sections.

Effects of AM on the consequences of coronary artery
occlusion

Coronary artery occlusion resulted in an immediate fall in
arterial BP (Table 2), an increase in the amplitude of the

Table 1 MABP and HR in sham-operated anaesthe-
tized rats following administration of saline or AM

MABP (mmHg) HR (b.p.m.)

Time Saline AM (n=38) Saline AM
(min) (n=6) (n=6) (n=3§8)
-15 11143 11345 460+ 13 473+12
-5 112+7 115+8 455+9 469 + 14
-1 108 +7 106 +10* 440+13 461+15
1 109+7 984+9* 440+13 458 +16
15 11349 85+ 8* 450+11 458 +14
30 110+8 824 8* 455+6 450+10

Times correspond to time 0 being the point at which coronary
ligation would be performed in coronary occlusion experi-
ments. AM or saline was given at time —5min. *P<0.05
indicates significantly different from —5min value; *P<0.05
indicates significantly different from —1 min value.

R-wave of the electrocardiogram and subsequently the
development of arrhythmias. Administration of AM prior to
ischaemia resulted in a small but significant reduction in
MABP prior to coronary occlusion. Following occlusion, the
magnitude of the fall in MABP was significantly greater in
AM-treated rats (59+3% reduction) than in saline-treated
controls (45+6%). Figures 4 and 5 summarize the effects
of AM on arrhythmias. AM significantly reduced the
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Figure 2 Ex vivo luminol chemiluminescence, expressed as a
percentage of baseline (with the control value equal to 100%),
generated by activated leukocytes in whole blood withdrawn from
saline (n=6)- and AM (n=8)-treated sham-operated animals (a);
saline (n=13)- and AM (n = 13)-treated animals subjected to MI (b);
and saline4+LNNA (n=7), AM+LNNA (n=38), saline + MPG
(n=8) and AM+MPG (n=9) animals subjected to MI (c).
*P<0.05 indicates significantly different from control.
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Figure 3 Representative immunocytochemical staining of nitrotyrosine in the heart sections of sham-operated animals that were
treated with either saline (a) or AM (b), and in animals subjected to MI that were treated with either saline (d) or AM (e).
Photomicrographs reveal enhanced brown nitrotyrosine immunoreactivity in the endothelium of coronary blood vessels of AM-
treated animals compared to saline-treated animals. Magnification x 400. (c) Illustrates semiquantification of the expression of
nitrotyrosine in the endothelium and media of coronary blood vessel and in the myocyte of sham-operated rat hearts (n=4). (f)
Illustrates semiquantification of the expression of nitrotyrosine in the endothelium and media of coronary blood vessel and in the
myocyte of MI hearts (n = 5-6). (g) Illustrates semiquantification of the expression of nitrotyrosine in the endothelium and media of
coronary blood vessels and in the myocytes of MI hearts pretreated with LNNA. (n=06). *P <0.05 indicates significantly different

from the saline group.

total number of VEBs over the 30min of MI compared to
saline-treated rats, predominantly through a reduction in the
number of beats occurring as VT (Figure 4) during the
6—15min post-occlusion period (Figure 5). Similarly, the total

incidence of VF was markedly reduced by AM (Figure 4),
although there was no effect on mortality owing to VT or VF
between the groups (28 and 32% in the saline and AM
treatment groups, respectively). CL generated in whole blood
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after administration of AM was significantly increased 4 min
following administration (Figure 2b) and the increased
leukocyte ROS generation was maintained throughout the
remainder of the experimental protocol (Figure 2b). In the
heart sections of animals treated with saline, only faint nitro-
tyrosine immunoreactivity within the endothelium was
observed (Figure 3d), whereas in animals treated with
AM significantly more intense staining for nitrotyrosine
was evident within the endothelium (Figure 3e and f). Faint
positivity was also observed in the media and myocytes from
both AM-treated and saline-treated heart sections.

Effects of LNNA and M PG on AM-induced reduction
in arrhythmias

Table 3 shows the MABP values in all animal groups. LNNA
infusion caused a significant and sustained rise in MABP
compared to saline control and prevented the AM-induced fall
in MABP. MPG infusion itself did not modify MABP, nor did
it block the depressor response to AM. However, MABP in the
saline + MPG group was significantly lower than in the saline
controls at the 30 min time point. HR was not significantly
altered in response to any of the drug treatments or to
coronary artery occlusion (data not shown). Neither LNNA

Table 2 MABP in rats subjected to coronary artery
occlusion following administration of saline or AM
(I nmolkg™)

Time (min) Saline (n=13) AM+MI (n=13)
—15 109+4 11143
-5 11343 115+4
-1 11343 106 + 5%
1 58+ 7% 47+ 3%
15 80+ 5% 784 5%
30 64+ 5% 61+3#

Saline or AM were administered at time —5 min and coronary
occlusion was performed at time 0. *P<0.05 compared to
—5min value. #P<0.05 compared to —1min pre-occlusion
value.
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nor MPG alone influenced either the total number of VEBs or
the incidence of VF. In animals receiving LNNA infusion and
subsequent administration of AM, the total number of VEBs
was not significantly different from either the saline or LNNA
alone groups (Figure 6). Similarly, in animals receiving MPG
infusion before AM treatment, there was no significant
difference in the total number of VEBs compared to either
the saline or MPG alone groups. Furthermore, the incidences
of VF were not significantly different among any of the
groups (Figure 6). Mortality from irreversible VF or VT
was similar among the groups (10, 30, 20, 10 and 20% in
the saline, saline+LNNA, AM +LNNA, saline+MPG
and AM+MPG treatment groups, respectively; NS).
These data demonstrate that the antiarrhythmic effect
of AM was not evident in the presence of either LNNA or
MPG. CL generated in whole blood after administration
of AM in all groups was not significantly different
compared to the same time point in saline controls throughout
the experimental protocol (Figure 2c). In addition, the
intensity of nitrotyrosine staining in heart sections from
rats pretreated with LNNA prior to administration of
AM was not significantly different from staining intensity
in the heart sections from animals administered only
LNNA (Figure 3g). We were unable to stain sufficient
heart sections from the MPG-treated groups to allow
statistical analysis, however from the sections we did
analyse, there was no apparent difference in staining inten-
sity between MPG-treated rats with or without additional
AM administration.

Discussion

AM has previously been reported to induce a reduction in
arterial BP (Ishiyama et al., 1993) which is thought to be
mediated through the release of endothelium-derived NO
(Feng et al., 1994; Nossaman et al., 1996; Hayakawa et al.,
1999). Furthermore, AM has also previously been shown to
induce protection against myocardial injury (Shimosawa et al.,
2002; Niu et al., 2004; Hamid & Baxter, 2005). Here, we
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Figure 4 Numbers of ventricular ectopic beats (VEBs) and the percentage incidences of ventricular fibrillation (VF) in animals
treated with saline (n = 13 for VEB quantification, n = 18 for VF percentage quantification) and AM (n = 13 for VEB quantification,
n=19 for VF percentage quantification). *P<0.05 indicates significantly different from the saline group.
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Figure 5 Minute by minute distribution of VEBs over the 30 min period of coronary artery occlusion in animals treated with saline
(top panel, n=13) and AM (bottom panel, n=13).

Table 3 MABP (mmHg) in rats given either LNNA or MPG prior to administration of saline or AM with subsequent
coronary artery occlusion

Time (min) Saline (n=9) Sal+LNNA (n=7) AM+ LNNA (n=8) Sal+ MPG (n=38) AM+ MPG (n=9)

-35 10745 11345 118+4 10745 11744
—15 99+5 163+ 597 163+ 6" 118+8 119+7
-5 111+6 162+ 5«1 163 +4@ 109+7 11447
—1 108+5 160+ 5@-* 161+4«F 105+7 101+ 7%
1 60+ 2% 93 +9%% 87+ 7% 56+ 6" 61+ 5%
15 100+ 6* 106+ 11# 101+ 10* 724+ 10# 80+ 8"
30 81+5* 88+ 97 76+ 10% 53471 62+ 7%

LNNA was infused for 10 min from —30min, while MPG was infused continuously from —30min for the duration of the experiment.
Saline or AM was then administered at time —5min and coronary occlusion was performed at time 0. “P<0.05 indicates significantly
different from —35 min value; *P <0.05 indicates significantly different from —5 min value; *P <0.05 indicates significantly different from
—1min value; "P<0.05 indicates significantly different from corresponding saline values.

provide the first evidence that, in addition to causing the cytes and the coronary vascular endothelium, and that both
release of NO, AM also increases the production of ROS NO and peroxynitrite are involved in the newly demonstrated
(including peroxynitrite) by activated peripheral blood leuko- antiarrhythmic effect of AM.
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Figure 6 Numbers of ventricular ectopic beats (VEBs) in surviving
animals pretreated with saline (n=09), saline4+LNNA (n=7),
AM+LNNA (n=38), saline+MPG (rn=8) and AM+MPG
(n=9). The bottom panel shows the percentage incidences of VF
(n=10 for all groups).

In sham-operated rats, AM, given as a single bolus dose of
Inmolkg™!, caused a significant reduction in arterial BP
without inducing a reflex tachycardia. This is in agreement
with previous studies conducted in anaesthetized rats
(Ishiyama et al., 1993; He et al., 1995). Furthermore, and
again in line with the literature, we demonstrated that this
reduction in MABP was mediated by NO release since, in rats
subsequently subjected to coronary occlusion, this effect was
abrogated by the NO synthase inhibitor LNNA. Using ex vivo
luminol-enhanced CL, we have also demonstrated that in
sham-operated and MI animals, AM-enhanced ROS genera-
tion from activated peripheral blood leukocytes occurs over a
similar time course to the depressor response to AM. Although
this study was not designed to address the question of which
ROS species are generated under the present experimental
conditions, one possibility is that leukocyte-derived NO or a
NO-derived species such as peroxynitrite could be responsible
for the detected increase in the CL as the enhanced ROS
generation was inhibited by LNNA and MPG. Indeed,
we have shown previously that leukocyte-derived NO can
increase the chemiluminescent signal in isolated porcine
leukocytes by reacting with superoxide to produce peroxyni-
trite (Demirytirek et al., 1997). Thus we hypothesize that AM,
in addition to causing NO release from the endothelium,
induces NO production by leukocytes, which subsequently
interacts with leukocyte-derived superoxide to contribute to
the chemiluminescent signal. We have also provided evidence
that AM administration results in production of peroxynitrite
in the vicinity of the coronary endothelium, as immuno-
cytochemical staining for nitrotyrosine, a stable product of
peroxynitrite nitration, was enhanced within the endothelium
of coronary arteries. This presumably occurs through the

interaction of increased levels of NO with superoxide which is
known to be released continuously from endothelial cells
(reviewed in Wolin et al., 2002).

Cardiac AM gene expression and protein synthesis is rapidly
induced following MI (Nagaya et al., 2000) and it has been
proposed that endogenously produced AM may play a
compensatory role to protect against further deterioration of
pathophysiological conditions (Eto ez al., 1999). In the present
study in rats subjected to acute MI, a single bolus dose of AM
given Smin prior to coronary artery occlusion protected
against the resultant arrhythmias by reducing the total number
of VEBs (predominantly VT) and the incidence of VF. These
findings provide the first evidence for an antiarrhythmic effect
of AM when given exogenously prior to ischaemia and
compliments previous findings that both exogenous delivery
of AM (Nakamura et al., 2002; Shimosawa et al., 2002; Niu
et al., 2004) and AM gene delivery (Kato er al., 2003) can
reduce the injury and long-term ventricular remodelling
following myocardial infarction. The finding that while
the total incidence of VF was reduced by AM, mortality from
this arrhythmia was not modified, provides some insight into
the antiarrhythmic action of AM. In the rat, VF can
spontaneously revert to sinus rhythm and drugs that are
defibrillatory can reduce the incidence of terminal VF in this
model (Curtis, 1994). This implies that, whatever the mechan-
ism underlying the antiarrhythmic effect of AM, it does not
include a defibrillatory effect.

We have also shown that the antiarrhythmic effects of AM
were abolished by NOS inhibition, suggesting that stimulation
of the NO pathway is a prerequisite factor for AM-induced
cardioprotection. This is consistent with a recent study by
Hamid & Baxter (2005) which demonstrated that AM-induced
cardioprotection in isolated rat hearts was mediated by an
NO-dependent mechanism. Although NO donors (Aitchison &
Coker, 1999) or nitrovasodilators (du Toit et al., 1988) have
been reported to reduce ischaemia/reperfusion-induced cellular
damage in rats, they fail to protect against ischaemia-induced
arrhythmias in rats (Sun & Wainwright, 1997). Furthermore,
inhibition of basal production of endogenous NO with LNNA
in the present studies did not modify arrhythmia severity,
despite increasing arterial pressure, which is consistent with
our previous studies with N(G)-nitro-L-arginine-methylester
(L-NAME) (Sun & Wainwright, 1997). The ability of LNNA
to block the antiarrhythmic effect of AM may point to
differences between the ability of basally produced endogenous
NO generated during ischaemia, and endogenous NO gener-
ated in response to pharmacological stimulation prior to
ischaemia, to influence the severity of ischaemia-induced
arrhythmias. In contrast, Pabla & Curtis (1995) have demon-
strated that blocking NOS activity increases the incidence of
reperfusion-induced VF in rat isolated hearts, implying that
endogenous NO may play different roles in arrhythmia
modulation depending upon the setting.

One proposed mechanism by which endogenous NO exerts
cardioprotection is through the generation of ROS by
interaction with superoxide, as ROS have been shown to
mimic the injury-limiting effects of ischaemic preconditioning
(Tritto et al., 1997) as well as to trigger anaesthetic
preconditioning (Novalija et al., 2002). Similarly, low con-
centrations (2-5uM) of peroxynitrite have been shown to
protect against both ischaemia/reperfusion-induced arrhyth-
mias (Altug et al., 2001) and injury (Lefer ez al., 1997). In the
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present study, the abolition of the antiarrhythmic effect of
AM by MPG supports this concept, providing the first
evidence for an involvement of peroxynitrite in the anti-
arrhythmic effect of AM. Based on our observations in sham-
operated and MI rats that nitrotyrosine was detected within
the coronary endothelium following AM administration,
and that this was decreased by NOS inhibition, we propose
that the coronary endothelium could be a source of
NO-dependent peroxynitrite formation following exogenous
AM administration, which then acts as a mediator of the
observed antiarrhythmic effects. The lack of nitrotyrosine
in the endothelium of saline-treated rats subjected to ischaemia
is most likely due to the fact that reperfusion subsequent
to ischaemia is required for peroxynitrite to be generated
(Liu et al., 1997).

Although we have demonstrated that ex vivo activation of
peripheral blood leukocytes exposed to AM in vivo generate
increased ROS, it is unlikely that this can account for the
observed antiarrhythmic effect of AM. This is primarily
because in vivo leukocyte activation occurs after a longer
period of ischaemia than that employed in the present
study and also requires reperfusion of the ischaemic
tissue (Kaminski ez al., 2002). This also explains why we did
not see an increase in ROS production from leukocytes
sampled during the ischaemic period. While enhanced ROS
(possibly including peroxynitrite) production by inflamma-
tory cells may explain the cardioprotective effects of AM
observed in some studies designed to examine its effects on
infarct size, the study by Hamid & Baxter (2005) was
performed in the absence of circulating inflammatory cells.
Thus, the role of leukocytes in the cardioprotective effect
of AM as yet remains unresolved. In order to demon-
strate more directly the role of ROS produced by the cardiac
tissue in the antiarrhythmic action of AM, it would be
necessary to perform measurement of ROS generation directly
from the cardiac tissue, which we were unable to do in the
present study.

Peroxynitrite has been implicated as a physiologically active
toxic metabolite of NO that causes vascular and myocardial
dysfunction and, as such, the ability of peroxynitrite to induce
cardioprotection may seem paradoxical. Exogenous adminis-
tration of peroxynitrite to crystalloid perfused hearts clearly
induces detrimental effects on cardiac performance (reviewed
in Ferdinandy & Schulz, 2003), whereas in vivo administration
of peroxynitrite prior to ischaemia has been shown to reduce
myocardial injury and adherence of leukocytes to coronary
endothelium (Lefer et al., 1997; Nossuli et al., 1997). Some
light has been shed on this inconsistency by studies by Ronson
et al. (1999) and Ma et al. (2000), which have highlighted the
difference in response to peroxynitrite-generating systems in
crystalloid-perfused and blood-perfused hearts. These obser-
vations have led to the notion that the physiological effects of
peroxynitrite on the myocardium are exquisitely dependent
upon the physiological environment and that there is some
component within the blood that reduces the toxicity of
peroxynitrite. It has been proposed that peroxynitrite is
cardioprotective through the ability of certain thiol-containing
compounds, such as glutathione, in the blood and tissues, to
convert peroxynitrite to S-nitrosothiols (Vinten-Johansen,
2000). Indeed, the detrimental effects of peroxynitrite in
crystalloid-perfused hearts can be attenuated by the addition
of glutathione to the perfusion solution (Nakamura et al.,

2000). Thus, thiol-derived compounds formed through reac-
tion with peroxynitrite may protect the heart by preventing the
toxic accumulation of peroxynitrite. Furthermore, the genera-
tion of protective NO over a sustained period of time (Moro
et al., 1995) or the stimulation of coronary vasodilatation by
triggering intracellular second messenger pathways to increase
cGMP (Mayer et al., 1995) may also play a role in
peroxynitrite-induced cardioprotection. With respect to en-
dogenously produced peroxynitrite, although the induction of
MI and reperfusion has been associated with increased
peroxynitrite formation (as demonstrated by increase nitro-
tyrosine staining; Liu et al., 1997), no direct causal relation-
ship between this and cardiomyocyte damage was
demonstrated. In studies to determine the importance of
peroxynitrite in ischaemic preconditioning, Csonka et al.
(2001) have shown that peroxynitrite levels in cardiac tissue
are increased after the first cycle of ischaemic preconditioning,
but after a third cycle of ischaemia, peroxynitrite levels were
reduced, which led to the conclusion that peroxynitrite
generated during ischaemia/reperfusion might act as a trigger
for preconditioning. To our knowledge, this is the first
observation that endogenously generated peroxynitrite in
response to a pharmacological preconditioning stimulus may
be involved in cardioprotection.

Although we have shown that AM has a NO- and
peroxynitrite-dependent antiarrhythmic effect when given
exogenously prior to coronary occlusion, we have not fully
established the mechanism(s) underlying this action and there
are some limitations to the study. First, our argument that the
effect of MPG on arrhythmias is linked to an inhibition of
peroxynitrite production could be strengthened by the
demonstration that MPG inhibited nitrotyrosine deposition
in a similar way to LNNA. However, the lack of sufficient
tissue from the MPG-treated rats precluded this analysis
and it would therefore be important to revisit this point in
future studies. Second, there were slight differences in the
incidences of VF in the controls used in the separate studies to
determine the effect of AM alone (incidence 60%) and the
effect of AM in the presence of LNNA and MPG (incidence
40%) on arrhythmias. This variability in VF incidence is due
to the fact that these studies were performed at different
times of the year, which is a frequent finding in our laboratory
and is supported by evidence from both animal and
human studies that there is seasonal variation in the severity
of arrhythmias resulting from an ischaemic episode (Janse
et al., 1998; Muller et al., 2003). However, as it is inappro-
priate to pool the data from the two contemporaneous
control groups, this makes a direct comparison between the
two studies difficult. Finally, many of the studies to deter-
mine the mechanism of the cardioprotective effect of AM
have implicated a role for Akt activation, which could
induce an antiapoptotic mechanism (Okumura et al., 2004)
or induce phosphorylation of eNOS. This latter mechanism
could be an event upstream of the NOS activation identified
in the present study and further studies are therefore
clearly needed to fully elucidate the receptor and the sequence
of signal transduction mechanisms through which AM is
cardioprotective.
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