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1 The e�ect of the nitro-derivative of aspirin, NCX4016, was assessed on ischaemic ventricular
arrhythmias and myocardial infarct size in anaesthetized pigs in comparison to native aspirin.

2 Pigs were given aspirin (10 mg kg71; n=6), low dose NCX4016 (18.4 mg kg71; n=6) or high
dose NCX4016 (60 mg kg71; n=7) orally for 5 days prior to coronary occlusion and reperfusion.
None of the interventions had any e�ect on baseline haemodynamics prior to coronary occlusion in
comparison to control pigs (n=9). Aspirin and high dose NCX4016 both prevented the generation
of thromboxane A2 from platelets activated ex vivo with A23187 (30 mM), whereas all three
interventions markedly attenuated platelet aggregation in response to collagen in whole blood in
comparison to controls.

3 None of the drug interventions had any e�ect on the incidence of ventricular ®brillation (VF)
during myocardial ischaemia (100% in all groups). However, 60 mg kg71 NCX4016 signi®cantly
attenuated the total number of premature ventricular beats (PVB's) (62+16 vs 273+40 in control
pigs; P50.05) during the ®rst 30 min of occlusion. The higher dose of NCX4016 also signi®cantly
reduced myocardial infarct size (22.6+3.7% of area at risk vs 53.0+2.8% of area at risk in control
pigs; P50.05).

4 These results suggest that the nitro-derivative of aspirin, NCX4016, is an e�ective antiplatelet
agent, which unlike aspirin also reduces the extent of myocardial injury following ischaemia and
reperfusion.
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Introduction

The clinical use of aspirin as a means of reducing mortality
from acute myocardial infarction (AMI) is well documented.
However, although platelet activation is known to occur in
response to ischaemia, and the platelet release products have

been implicated in the consequences of ischaemia and
reperfusion (Flores et al., 1994), the favourable e�ects of
aspirin on mortality are most likely due to prevention of re-

infarction, by preventing coronary thrombosis, rather than to
any decrease in either infarct size or the incidence of fatal
arrhythmias (Verheugt et al., 1990; Col et al., 1995). Indeed,

any bene®cial e�ect of aspirin observed on ventricular
arrhythmias in experimental models of myocardial ischaemia
appears to be critically dependent upon both the dose and the

time of administration (Coker et al., 1981a; Parratt et al.,
1987; Wainwright & Parratt, 1991). Furthermore, when given
in doses similar to those used clinically, aspirin fails to exert
any signi®cant protective e�ect on myocardial infarct size in

experimental models (Bonow et al., 1981; Alhaddad et al.,

1995). The removal of thromboxane A2 (by COX inhibition)
during ischaemia/reperfusion would be expected to be of
bene®t, since a thromboxane mimetic can exacerbate
ischaemia-induced arrhythmias (Parratt et al., 1987) and

inhibitors of thromboxane synthesis reduce both arrhythmias
(e.g. Wainwright & Parratt, 1988) and infarct size (Golino et
al., 1993). However, these protective e�ects can be overcome

by COX inhibition (Wainwright & Parratt, 1991; Golino et
al., 1993), presumably because of the simultaneous reduction
in the production of PGI2, which is both cardioprotective

(Hohlfeld et al., 1993) and antiarrhythmic (Coker & Parratt,
1983).

A further mechanism by which aspirin may fail to bene®t

the ischaemic myocardium is through the inhibition of NO
synthesis, since recent studies show that COX inhibition is
associated with a reduction in endogenous NO production
(through iNOS) in infarcted cardiac tissue (Kimura et al.,

1998; Yamamoto et al., 1999). Endogenous NO is likely to be
cardioprotective since L-NAME can exacerbate injury, while
NO donors have been shown to reduce myocardial infarct

size (Lefer et al., 1993a), suppress neutrophil accumulation
and preserve coronary arterial function (Lefer et al., 1993b)
following experimental ischaemia and reperfusion. Further-
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more, NO donors also exert moderate antiarrhythmic e�ects
during ischaemia in some (but not all) species (Wainwright &
Martorana, 1993; Sun & Wainwright, 1997). The major

problem with organic nitrates, however, is the frequent
development of clinical tolerance and unwanted haemody-
namic e�ects. However, a new series of non-steroidal anti-
in¯ammatory drugs with a nitrate moiety (NO-NSAID's) has

recently been described (Minuz et al., 1998). One of these
compounds, NCX4016 (nitro-aspirin), has been shown to
inhibit thrombus formation in vivo to the same degree as that

seen with equimolar doses of aspirin, through a mechanism
probably involving a combination of nitric oxide release and
suppression of thromboxane synthesis (Wallace et al., 1995),

without gastric toxicity. These drugs therefore provide the
opportunity to combine e�ective preventative therapy (i.e.
prevention of thrombosis through COX inhibition) with the

potential to a�ord protection against the consequences of
AMI (by repleting reduced endogenous NO levels). The aim
of this study, therefore, was to determine the e�ects of
NCX4016, in comparison with aspirin, on the consequences

of myocardial ischaemia and reperfusion in anaesthetized
pigs.

Methods

Animal preparation and surgical procedure

Large White/Welsh Landrace cross breed pigs (20 ± 25 kg)

were used in the study. Sedation prior to anaesthesia was
achieved with azaperone (Stresnil1; 7 mg kg71 i.m.) and
anaesthesia induced by halothane (4% in oxygen). The pigs
were intubated and arti®cially ventilated (16 strokes min71)

and maintained on halothane anaesthesia (1 ± 1.5%) until
intravenous administration of chloralose (100 mg kg71) was
possible following introduction of a venous line. The stroke

volume and oxygen content of the inspired air were adjusted
to maintain arterial CO2 and O2 tensions to 45 ± 50 mmHg
and 100 mmHg respectively. Catheters were placed in the

left femoral artery, for measurement of arterial blood
pressure, and vein, for administration of anaesthetic and
blood sampling. A mid-sternal thoracotomy was performed,
from the xyphoid cartilage to the clavicle, and the

pericardium opened to gain access to the coronary vessels.
The left anterior descending coronary artery (LAD) was
dissected free below the second major diagonal branch

(approximately half the distance from the origin to the apex
of the heart) and a silk ligature placed around it. The ends
of the ligature were threaded through a polyethylene tube to

produce a snare. To induce coronary occlusion the snare
was tightened, to reperfuse the snare was released. All
surgical procedures were carried out under a project licence

issued under the UK Animals (Scienti®c Procedures) Act
(1986).

In vivo parameters measured

Data acquisition Blood pressures were recorded with
Gould capacitance transducers linked to a Buxco haemo-

dynamics analyser for measurement of arterial blood
pressure (systolic, diastolic and mean). A Lead I ECG
was measured using subcutaneous limb leads and the

signal processed by a Buxco ECG analyser. The outputs
from the Buxco's were then analysed using a Power Lab
computer software package (AD Instruments). All data

were stored on computer for subsequent analysis at a later
date.

Arrhythmia analysis Arrhythmia analysis was performed

under the guidelines of the Lambeth Conventions (Walker
et al., 1988). The arrhythmias following coronary artery
occlusion were analysed over 1 min intervals for the ®rst

30 min of coronary occlusion to obtain a pro®le of
distribution and a total count of premature ventricular beats
(VPB's). The percentage incidence of ventricular ®brillation

(VF) and the time to onset of VF was noted. When VF
occurred, the hearts were de-®brillated (within 40 ± 60 s) by
direct cardioversion to allow the experiment to continue for

the full duration. Animals that developed persistent episodes
of VF (i.e. more than ®ve episodes within 10 ± 15 min) were
excluded from the subsequent parts of the study.

Experimental protocol

Following a 15 min period of stabilization following surgery

the snare around the LAD was tightened to induce ischaemia.
Visual con®rmation of ischaemia was achieved by observing
cyanosis of the cardiac tissue distal to the occlusion. The

coronary artery remained occluded for 1 h, after which the
heart was reperfused by loosening of the snare. Successful
reperfusion was con®rmed by blushing of the previously

ischaemic tissue and, in most cases, accompanied by
ventricular ectopic activity. Three hours after reperfusion
the pigs were euthanized by an intravenous injection of
saturated potassium chloride.

Experimental groups

A total of 28 pigs were entered into the study and split into
four experimental groups as follows: Controls (no drug
treatment; n=9), aspirin (10 mg kg71-1 p.o.; n=6), low dose

NCX4016 (18.4 mg kg71 p.o., n=6) and high dose NCX4016
(60 mg kg71 p.o.; n=7). The choice of aspirin dose was made
based on preliminary experiments in two pigs where this dose
was found to abolish platelet aggregation in response to

collagen and platelet TxA2 generation (data not shown). The
two doses of NCX4016 were chosen to provide a dose
equimolar with the dose of aspirin employed (18.4 mg kg71)

and a higher dose that achieved a similar degree of COX
inhibition (assessed by platelet generation of TxA2).
Commencing 7 days prior to experimentation, drugs were

administered in a small quantity of pig meal by hand feeding
once daily immediately before the morning feed. For all drug
groups the last dose of drug was given 1 h prior to sedation.

The duration of dosing was chosen based on published
evidence of a lack of acute antiplatelet e�ect of NCX4016
(Wallace et al., 1995).

Measurement of myocardial infarct size

At the end of the reperfusion period the ligature around the

coronary artery was re-tied and Evans Blue dye (5% w v71;
0.5 ml kg71) was injected slowly into the left atrium to
identify the area at risk. Once a clear demarcation between
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ischaemic and normally perfused tissue was apparent the
animal was killed rapidly by injection of a saturated solution
of KCl. The heart was excised, blotted free of blood and

frozen for subsequent measurement of infarct size. To
measure infarct size, the hearts were partially thawed and
sliced (0.5 cm slices) from apex to base. The slices were
incubated in triphenyltetrazolium (1% w v71) at 378C for

10 min to delineate viable from infarcted tissue. The normal,
ischaemic and infarcted tissue were then dissected out and
weighed. The area at risk was calculated as a percentage of

total left ventricular weight. The infarct size was calculated as
a percentage of area at risk.

Assessment of the effects of drug treatment on platelet
aggregation and TxA2 generation

Platelet aggregation, using whole blood impedance aggrego-
metry (Chronolog Aggrometer) in response to collagen (1 ±
10 mg ml71) was determined in blood samples withdrawn
from the venous catheter prior to thoracotomy. Baseline

circulating TxA2 levels and TxA2 generation from platelets
was determined by measuring TxB2 levels in plasma obtained
from blood samples stimulated with 30 mM A23187 for

30 min at 378C by radioimmunoassay.

Determination of leukocyte adhesion to coronary vascular
endothelium

In some control animals (n=5) and the high NCX4016 group

the adhesion of leukocytes to segments of coronary artery
dissected from the LAD after completion of the occlusion/
reperfusion protocol was assessed. Prior to thoracotomy,
40 ml venous blood samples were withdrawn into 3.8%

citrate (1 : 10) for isolation of leukocytes as described
previously (DemiryuÈ rek et al., 1994). The leukocytes were
then labelled with 51Cr (as described previously for rabbit

leukocytes; Kennedy et al., 2000). After removal of the heart
at the end of coronary reperfusion, rings (3 ± 4 mm in length)
of LAD coronary artery were removed from sites proximal

(normal) and distal (ischaemic/reperfused) to the site of the
ligature. Adhesion of the leukocytes to the endothelial surface
of the coronary blood vessels was measured by adding an
aliquot containing 56104 labelled leukocytes (5 ml) gently to

the luminal side of each artery. Adhesion was allowed to
proceed for 30 min in a humidi®ed chamber at 378C. The
tissues were then washed with HBSS to remove non-adherent

cells and adhesion quanti®ed by duplicate counts of the vessel
segments in a gamma counter. Leukocyte adhesion was
expressed as the percentage of cells added that remained

adherent after washing.

Statistics

All values shown are mean+s.e.m. of n observations, with
the exception of the incidence of ventricular ®brillation,
which is expressed as a percentage. All mean values between

groups were analysed by one-way analysis of variance
followed by Dunnett's multiple comparison test. Incidences
of events were compared using Fischer's exact test. Leukocyte

adhesion between ischaemic and non-ischaemic tissue was
analysed using Student's paired t-test. Di�erences between
groups were considered signi®cant when P50.05.

Results

Mortality and exclusions

Of the pigs originally entered into the study, none of the drug
treated animals showed any adverse e�ects to oral treatment
with either aspirin or NCX4016. All animals showed normal

feeding and drinking patterns and weight gain. There was no
evidence of adverse gastrointestinal e�ects (e.g. diarrhoea or
presence of blood in the faeces) with either of the drugs used.

Thus all 28 pigs underwent the surgical procedure. Of these,
one from each group developed repetitive episodes of VF in
the 30 ± 60 min period after occlusion, which precluded

reperfusion. These pigs were therefore excluded from
subsequent infarct size analysis.

The effects of aspirin and NCX4016 on haemodynamics
prior to and during coronary occlusion/reperfusion

Baseline haemodynamics (i.e. during stabilization prior to

coronary occlusion) did not di�er signi®cantly among groups
(Table 1) with the exception that the heart rates in the pigs
receiving high dose NCX4016 were signi®cantly lower than in

controls. However, by the end of coronary occlusion the
heart rate in this group had increased to values similar to
those seen in the other groups (85+10 b.p.m.). Coronary

occlusion and subsequent reperfusion had no signi®cant e�ect
on either mean arterial blood pressure (MABP) or heart rate
(HR) at any time point throughout the experimental period

in any group.

The effects of aspirin and NCX4016 on ventricular
arrhythmias during coronary occlusion

Coronary occlusion in control pigs caused the appearance of
a typical bimodal distribution of ventricular premature beats

within 2 ± 3 min of the induction of ischaemia (Figure 1a).
Ventricular ®brillation occurred in all pigs, with a mean time
to onset of VF of 24.8+2.8 min after occlusion. Treatment

with aspirin or low dose NCX4016 did not in¯uence either
the distribution of arrhythmias throughout the 30 min
observation period (Figure 1b,c) or the total VPB count
(Table 2). High dose NCX4016, however, signi®cantly

reduced total VPB count by reducing arrhythmic activity
throughout the observation time (Table 2, Figure 1d). None
of the drug interventions signi®cantly a�ected either the total

incidence of VF or the time to onset of VF (Table 2).

The effects of aspirin and NCX4016 on myocardial
infarct size

Infarct size and area at risk in all groups is shown in Figure

2. Area at risk did not di�er signi®cantly among the groups.
Neither aspirin nor low dose NCX4016 had any e�ect on
infarct size compared to controls. However, the high dose
NCX4016 group had signi®cantly smaller infarcts.

The influence of drug treatment on platelet aggregation
and TxB2 generation from platelets

Venous blood sampled before completion of surgery
exhibited a concentration-dependent aggregation in re-
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sponse to collagen, as determined by whole blood
impedance aggregometry (Figure 3). In blood withdrawn
from pigs that had received aspirin for a week prior to
sampling the response to collagen was almost abolished

(89% inhibition of the response to 10 mg ml71 collagen).
Both doses of NCX4016 also signi®cantly inhibited
platelet aggregation to collagen. In vitro platelet activation

with A23187 resulted in a signi®cant increase in TxB2

levels in samples taken from control animals. This was
almost completely inhibited in plasma from pigs given

aspirin and high dose NCX4016, whereas low dose
NCX4016 did not signi®cantly inhibit TxB2 generation
from activated platelets.

Changes in leukocyte adhesion to coronary endothelium
following ischaemic/reperfusion injury

Baseline leukocyte adhesion to a segment of normal coronary

artery (dissected from the portion of LAD distal to the site of
occlusion) in control pigs was 19.7+0.38% of leukocytes
added to the vessel segment. Adhesion of leukocytes to a

segment of vessel sampled from the coronary artery distal to
the site of occlusion (i.e. subjected to ischaemia/reperfusion)
was enhanced to 24.9+1.8% (P=0.07). Leukocyte adhesion

in pigs pre-treated with high dose NCX4016 to normal artery
(19.0+0.7%) was similar to controls and was also increased
in artery segments from the ischaemic reperfused area

Table 1 Baseline haemodynamics in control pigs and pigs given aspirin (10 mg kg71) or NCX4016 (18.4 or 60 mg kg71) for 5 days
prior to induction of myocardial ischaemia and reperfusion. *P50.05 compared to control group

HR SBP DBP MABP DP/dtmax

(beats min71) (mmHg) (mmHg) (mmHg) (mmHg sec71)

Control (n=9) 93+12 92+5 55+4 70+4 1736+114
Aspirin 75+4 84+4 49+4 63+5 1422+83
(10 mg kg71, n=6)

NCX4016 81+6 87+4 50+4 65+4 1422+166
(18.4 mg kg71, n=6)

NO aspirin 65+6* 94+3 53+4 72+3 1425+60
(60 mg kg71, n=7)

Figure 1 Distribution of premature ventricular beats (VPB's) during the ®rst 30 min following coronary occlusion in anaesthetized
pigs. Control pigs (n=9) are shown in the top left panel. Treated pigs were given 5 days oral dosing with either aspirin (10 mg kg71;
n=6, top right), low dose NCX4016 (18.4 mg kg71; n=6, bottom left) or high dose NCX4016 (60 mg kg71; n=7, bottom right).
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(25.6+0.8; P50.05). Thus NCX4016 had no e�ect on either
baseline leukocyte adhesion or on the ischaemia/reperfusion
induced increase in adhesion.

Discussion

The results of the present study demonstrate that the novel
nitrated non-steroidal anti-in¯ammatory drug, NCX4016,

signi®cantly reduces infarct size following combined ischaemia
and reperfusion and has a moderate antiarrhythmic e�ect
during ischaemia in an animal model with a similar cardiac
anatomy to humans. In contrast, native aspirin had no e�ect

on either infarct size or arrhythmias, a ®nding that is
consistent with the large literature in both experimental
models and patients. Low dose NCX4016 (18.4 mg kg71)

did not modify either the incidence of arrhythmias, infarct size
or TxA2 generation, despite having a signi®cant e�ect on
platelet aggregation measured ex vivo. The anti-platelet e�ect

at this dose, therefore, is most likely to result from a
combination of both COX inhibition and NO donation
(Wallace et al., 1995). It is not entirely clear why an equimolar
dose of NCX4016 did not inhibit TxA2 generation to the same

extent as that seen with aspirin, although it may be related to
the amount of free salicylate in the plasma, since we have
found in recent studies in rats that the plasma salicylate levels

are lower with equimolar doses of NCX4016 compared to
native aspirin (unpublished data). However, the higher dose of
NCX4016 (60 mg kg71) attenuated the consequences of

ischaemia/reperfusion in a dose that prevented agonist-
stimulated generation of TxA2 (measured as the stable
metabolite TxB2), as well as inhibiting platelet aggregation.

Thus it would appear that signi®cant inhibition of platelet
TxA2 generation by NCX4016 is required for the cardiopro-
tective e�ect. However, this is unlikely to be solely responsible
for the observed cardioprotective e�ect, since aspirin similarly

prevented TxA2 generation and inhibited platelet aggregation
but did not reduce arrhythmias or infarct size.

The most likely explanation for the cardioprotective e�ect of

NCX4016 is the presence of the nitrate moiety in addition to
COX inhibition. Nitric oxide donors have been shown
previously to possess both modest antiarrhythmic properties

(Wainwright & Martorana, 1993) and to reduce myocardial
infarct size (Lefer et al., 1993a). Indeed, the antiarrhythmic
pro®le of NCX4016 observed in the present study was identical

to that seen with the NO donor, pirsidomine, in a previous
study in pigs (Wainwright & Martorana, 1993), that is a
reduction in the less severe types of arrhythmias but no
anti®brillatory e�ect. Interestingly, a similar pro®le of

protection against arrhythmias was also observed with
NCX4016 in a very recent study in rats, where a clear dose-
dependent suppression of ischaemia- and reperfusion-induced

VPB's was observed, with no signi®cant reduction in
ventricular ®brillation (Rossoni et al., 2001). Furthermore, in
those studies the antiarrhythmic e�ect of NCX4016 correlated

with an increase in cardiac cyclic GMP levels, indicating an

Table 2 The e�ects of aspirin (10 mg kg71) and NCX4016
(18.4 or 60 mg kg71) on the incidence and severity of
ventricular arrhythmias arising during the ®rst 30 min after
coronary occlusion in open-chest anaesthetized pigs.
*P50.05 compared to control pigs

Time to
Total VPB's %VF VF onset (min)

Control (n=9) 273+40 100 24.8+2.8
Aspirin 349+130 100 27.7+1.1
(10 mg kg71, n=6)

NCX4016 281+68 100 22.2+2.9
(18.4 mg kg71, n=6)

NO aspirin 62+16* 100 28.0+1.5
(60 mg kg71, n=7)

Figure 2 The e�ects of aspirin (1 mg kg71; n=5), NCX4016
(18.4 mg kg71; n=5, or 60 mg kg71; n=6) on myocardial infarct
size following 1 h coronary occlusion and 3 h reperfusion in
anaesthetized pigs, compared to control untreated pigs (n=8).
*P50.05 compared to control group.

Figure 3 The e�ects of 5 days oral pretreatment with aspirin
(10 mg kg71; n=6), low dose NCX4016 (18.4 mg kg71; n=6) or
high dose NCX4016 (60 mg kg71; n=7) on platelet aggregation in
response to collagen measured ex vivo by whole blood impedence
aggregometry. *P50.05 compared to the response to the same
concentration of collagen in the untreated control group.

Table 3 The e�ects of aspirin and NCX4016 on platelet
TxA2 generation (measured as TXB2) stimulated by A23187
(30 mM) in vitro. *P50.05 compared to corresponding
unstimulated values. {P50.05 compared to stimulated
values in the control group

Unstimulated Stimulated

Control 191+22 402+97*
Aspirin (10 mg kg71) 168+11 178+9{
NCX4016 (18.4 mg kg71) 189+21 409+124*
No aspirin (60 mg kg71) 160+4* 187+13{
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activation of cardiac guanylate cyclase by NO. The mechanism
underlying the antiarrhythmic e�ect of NO is not immediately
obvious, since there was no evidence in the present study of any

haemodynamic e�ects that could contribute to a reduction in
the severity of ischaemia (such as a reduced afterload), and thus
the severity of arrhythmias. However, the decrease in heart rate
in this group, possibly mediated by an e�ect of increased cyclic

GMP levels on the SA node, may contribute to an
antiarrhythmic e�ect. Furthermore, in this model, an e�ect
on coronary ¯ow to the ischaemic region to reduce the severity

of ischaemia and thus arrhythmias by decreasing tissue injury is
unlikely, since the pig heart has very little coronary collateral
reserve. However, it is possible that coronary ¯ow reserve

during reperfusion is increased by NCX4016. This is clearly an
avenue that requires further investigation. It is also possible
that the modest antiarrhythmic e�ect of NCX4016 could be due

to its inhibitory e�ects on platelet activation during ischaemia/
reperfusion, mediated by a combination of COX inhibition and
NO donation. Local activation of platelets in the region of
ischaemia has been demonstrated to be an arrhythmogenic

stimulus (Flores et al., 1994) and the extent of local TxA2

generation has been directly correlated with arrhythmia
severity (Coker et al., 1981b). Aspirin similarly prevented the

rise in systemic levels of TxB2 without having an antiar-
rhythmic e�ect, lending support to a role for the NO moiety in
the antiarrhythmic e�ect of NCX4016. One other possibility is

a direct electrophysiological e�ect of NO generated from
NCX4016, although the evidence surrounding this property of
NO remains controversial (Pabla & Curtis, 1995; Barnes &

Coker, 1995). Furthermore, the observation that both phase 1a
and 1b arrhythmias were attenuated by NCX4016 would argue
against this, since there is some evidence that di�erent
electrophysiological mechanisms underlie these two phases of

arrhythmias in the porcine heart (Smith et al., 1995).
The infarct-size reducing e�ect of NCX4016 may also be

explained by one of a number of potential mechanisms. COX

inhibition alone is unlikely to account for the reduced infarct
size, since aspirin and other non-steroidal anti-in¯ammatory
drugs (NSAID's) fail to reduce infarct size (Bonow et al.,

1981; Such et al., 1981). However, selective inhibitors of
TxA2 synthesis have been shown to reduce infarct size by an
aspirin-sensitive mechanism (Mullane & Fornabaio, 1988;
Golino et al., 1993), suggesting that the failure of NSAID's

to reduce infarct size is due to the simultaneous inhibition of
TxA2 and PGI2 synthesis. Thus the e�ect of NCX4016 to
reduce TxA2 synthesis could play a part in the infarct

reducing e�ect, while the presence of the NO moiety, which
shares many physiological actions with PGI2, may compen-
sate for the detrimental loss of PGI2 production. Further-

more, although it is not clear whether the protective e�ect of
the NO moiety is dependent upon its presence during
ischaemia, the apparent failure of nitrates, given at the time

of clinical thrombolysis, to reduce mortality (reviewed in
Morris & Cowan, 1995) suggests that it is. Clearly additional
studies are required to determine fully the role of the NO

moiety in the cardioprotective e�ect, for example by
determining the e�ects of NCX4016 given either immediately
prior to the onset of ischaemia or at the time of reperfusion.

This would exclude any contribution from COX inhibition,
which requires several days to develop (Wallace et al., 1995).
The cardioprotective e�ect of nitric oxide donors has

previously been demonstrated to be associated with both a

reduction in in¯ammatory cell accumulation in the ischaemic/
reperfused myocardium (Lefer et al., 1993b) and to reduced
adherence of polymorphonuclear leukocytes to ischaemic/

reperfused vasculature (Lefer et al., 1993a). Here we also
studied the e�ects of NCX4016 on ischaemic/reperfusion
injury-induced leukocyte adherence to coronary endothelium

and found that there was no inhibition of this by NCX4016,
suggesting that the reduced infarct size is not due to a failure
of in¯ammatory cells to adhere to the microvascular

endothelium prior to transmigration. However, the situation
may be di�erent in patients where signi®cant atherosclerosis
is likely to be present in the coronary arteries. NCX4016 has
been shown to reduce cardiac myeloperoxidase activity

associated with a reduction in infarct size in rats (Rossoni
et al., 2001), suggesting that NCX4016 may interfere with the
in¯ammatory process at some other stage in the sequence of

events. Indeed, NO possesses a number of anti-in¯ammatory
actions, such as suppression of cytokine release (De Caterina
et al., 1995) and inhibition of NF-kB activation (Spiecker et

al., 1997), which would interfere with the cardiac in¯amma-
tory response. Finally, increased levels of NO may result in
the increased generation of peroxynitrite as a result of

interaction with superoxide. Although a free radical,
peroxynitrite has been shown to be cardioprotective against
both arrhythmias and infarct size (Nossuli et al., 1997; Altug
et al., 1999) when administered to isolated heart preparations.

In summary, NCX4016 appears to act as a stable carrier
for nitric oxide that is orally active and produces no
untoward haemodynamic e�ect. Under conditions of acute

myocardial ischaemia and reperfusion, NCX4016 exerts a
signi®cant protection against the development of myocardial
injury, with a concomitant modest suppression of ventricular

arrhythmias, although the exact mechanism underlying this
e�ect remains to be fully determined. Since NCX4016 is an
equally e�ective anti-thrombotic agent to aspirin (Wallace et
al., 1995), which is devoid of the gastric toxicity often

associated with prolonged aspirin use, it may serve as a viable
alternative to native aspirin in secondary prevention of
thrombotic occlusion since it would provide the added bene®t

that it could confer cardioprotection against tissue injury
should thrombosis occur. Its modest antiarrhythmic pro®le,
however, suggests that it would not protect against the

serious malignant arrhythmias (e.g. ventricular ®brillation)
that occur in the early stages of ischaemia.

We are grateful to Professor Tim Warner, William Harvey
Research Institute, London, for performing the TxB2 assays.
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