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1 The e�ects on the responses to coronary artery occlusion of a combined ACE/NEP inhibitor
(Z13752A) were examined in anaesthetized dogs.

2 A 1 h infusion of Z13752A (128 mg kg71 min71 intravenously) decreased arterial blood pressure
(by 11+3%; P50.05) and increased coronary blood ¯ow (by 12+4%, P50.05). There were no
other signi®cant haemodynamic changes.

3 Z13752A inhibited both NEP and ACE enzymes both in dog plasma and in tissue (lung ACE;
kidney NEP). Pressor responses to angiotensin I in vivo were inhibited and systemic vasodilator
responses to bradykinin were potentiated.

4 When the left anterior descending coronary artery was occluded for 25 min, Z13752A markedly
reduced the severity of the resultant ventricular arrhythmias. No ventricular ®brillation (VF)
occurred (compared to 7/16 in the controls; P50.05), and ventricular tachycardia (VT) was reduced
(VT in 2/9 dogs treated with Z13752A cp. 16/16 of controls; episodes of VT 0.2+0.1 c.p. 10.7+3.3;
P50.05).

5 Reperfusion of the ischaemic myocardium led to VF in all control dogs but occurred less
frequently in dogs given Z13752A (survival from the combined ischaemia-reperfusion insult 67%
c.p. 0% in controls; P50.05).

6 Z13752A reduced two other indices of ischaemia severity; epicardial ST-segment elevation and
inhomogeneity of electrical activation.

7 These protective e�ects of Z13752A during ischaemia and reperfusion were abolished by the
administration of icatibant (0.3 mg kg71, i.v.) a selective antagonist of bradykinin at B2 receptors;
the ischaemic changes in dogs given both icatibant and Z13752A were similar to those in the
controls.

8 We conclude that this ACE/NEP inhibitor is e�ective at reducing the consequences of coronary
artery occlusion in this canine model and that this protection is primarily due to potentiation of
released bradykinin.
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Introduction

The cardioprotective e�ects of ACE inhibition in myocardial
ischaemia are well documented in both experimental animal
models (Parratt, 1994; Linz et al., 1995; Liu et al., 1996) and in

clinical situations (e.g. Lonn et al., 1994; Ikram, 1996), and a
clear role for bradykinin in mediating these protective e�ects
has been demonstrated based mainly on studies in which its

e�ects on bradykinin (B2) receptors were antagonized
(SchoÈ lkens et al., 1989; Linz et al., 1990; Martorana et al.,
1990; 1991; Ehring et al., 1994; Liu et al., 1996; Shimada &
Avkiran, 1996).

There have been relatively few studies with inhibitors of the
other major enzyme responsible for kinin degradation, neutral
endopeptidase 24.11 (NEP; ErdoÄ s & Skidgel, 1989). This is a

membrane bound metallopeptidase present in endothelial cells
(Graf et al., 1995) and in (rat) cardiomyocytes (Piedimonte et
al., 1994) which has a high a�nity for a variety of vasoactive

peptides including substance P, bradykinin, atrial natriuretic
peptide and endothelin (for references see Graf et al., 1995). In
the heart this is a particularly important enzyme responsible

for kinin degradation (Piedimonte et al., 1994; Yang et al.,
1997; Kokkonen et al., 1999) but there are few studies dealing
with the e�ects of inhibition of this enzyme, especially under
conditions of ischaemia. In rat hearts inhibition of neutral

endopeptidase increases myocardial blood ¯ow (Maxwell et
al., 1995), reduces infarct size (Yang et al., 1997) and prevents
isoprenaline-induced myocardial hypoperfusion (Piedimonte

et al., 1994), e�ects mediated primarily through inhibition of
kinin breakdown.*Author for correspondence; E-mail: vegh@phcol.szote.u-szeged.hu

British Journal of Pharmacology (2000) 129, 671 ± 680 ã 2000 Macmillan Publishers Ltd All rights reserved 0007 ± 1188/00 $15.00

www.nature.com/bjp



The paucity of studies involving NEP inhibition, especially
in large animal models, is surprising in view of the considerable
evidence for the cardioprotective e�ects of both administered

and endogenously produced kinins. Kinins reduce ischaemia-
induced cell necrosis (Daniell et al., 1984; Noda et al., 1993;
Richard et al., 1993), enhance recovery of contractile function
after a period of ischaemia and reperfusion (Grocott-Mason et

al., 1993; Ehring et al., 1994) and have a particularly
pronounced e�ect in reducing the severity of ischaemia and
reperfusion-induced ventricular arrhythmias (Tobe et al., 1991;

VeÂ gh et al., 1991a). Further there are studies suggesting a role
for bradykinin release in the protection of the heart a�orded
by ischaemic preconditioning (VeÂ gh et al., 1994; Wall et al.,

1994; Goto et al., 1995; Parratt et al., 1995; 1997; Bouchard et
al., 1998) and by cardiac pacing (Kaszala et al., 1997).

In the present study we have examined the e�ects of a

combined ACE/NEP inhibitor Z13752A (N-[(2S)-3-mercap-
to-2-phenylmethylpropionyl]-4-(2-thiazolyl)-L-phenylalanine;
Pradella et al., 1998; Morazzoni et al., 1998a) on the responses
of anaesthetized dogs to acute coronary artery occlusion, with

particular reference to ischaemia and reperfusion-induced
ventricular arrhythmias. Z13752A is a newly developed
ACE/NEP inhibitor with an IC50 of 3.2 nM on ACE and of

1.8 nM on NEP (Morazzoni et al., 1998a). Z13752A has been
found to potently inhibit plasma and tissue ACE, as well as
tissue NEP activity in various in vitro and in vivo experiments.

Z13752A resulted in a long lasting antihypertensive e�ect in
both SHR and DOCA-salt hypertensive rats after intravenous
or oral administration (Morazzoni et al., 1998b; Pradella et al.,

1998). A preliminary account of these results was presented at
the Fourth European Congress of Pharmaceutical Sciences in
Milan (Morazzoni et al., 1998a, b; Pradella et al., 1998) and at
the World Congress of the International Society for Heart

Research (Rastegar et al., 1998).

Methods

Evaluation of the e�ects of Z13752A on plasma and
tissue ACE and NEP activities

These experiments were performed at the Zambon Group in
Milan, Italy, using beagle dogs of either sex and weighing

between 8 ± 12 kg, anaesthetized with sodium pentobarbitone
(30 mg kg71 i.v.) Following experimental preparation for the
measurement of arterial blood pressure and heart rate and also

collecting blood, Z13752A was infused for 3 h at a ¯ow rate of
0.5 ml min71 in six dogs in a dose of 0.3 mol kg71 min71 (i.e.
128 mg kg71 min71) and in eight dogs in a dose of

1.0 mmol kg71 min71 (426 mg kg71 min71). In a further six
and eight dogs respectively, captopril 0.3 mmol kg71 min71

(65 mg kg71 min71) or vehicle (saline plus NaOH 0.1 N) was

infused for 3 h at a ¯ow rate of 0.5 ml min71. The
haemodynamic e�ects were measured at various times over
the 3 h observation period and blood samples (3 ml) for the
determination of plasma ACE were collected every 30 min. At

the end of the experiments, and before sacri®cing the animals,
the left kidney was removed for the measurement of tissue
NEP activity and an apical portion of the lung for the

determination of tissue ACE activity. These tissues were
immediately frozen in liquid nitrogen. ACE activity, both in
the plasma and in the lung homogenates in the presence of

300 mM NaCl and using [H3]-hippuryl-glycyl-glycine as the
substrate, was determined by a radiochemical method
according to Ryan and colleagues (1977). NEP activity was
determined in kidney homogenates at pH 7.6 containing 0.1%

Triton X-100 by using spectrophotometric kinetic determina-
tion in which glutaryl-ala-ala-phe-2naphtylamide was the
reaction substrate (Orlowsky & Wilk, 1981).

In vivo studies in anaesthetized dogs

Mongrel dogs with a body weight in excess of 17 kg (see VeÂ gh

et al., 1991a) were anaesthetized with a mixture of chloralose
and urethane (60 and 200 mg kg71, i.v. respectively), and
ventilated with room air using a Harvard Respirator at a rate

and volume su�cient to maintain arterial blood gases and pH
within normal limits (VeÂ gh et al., 1992). The animals were
thoracotomized at the ®fth intercostal space and the anterior

descending branch of the left coronary artery (LAD) prepared
for occlusion just proximal to the ®rst main diagonal branch.
This gives an area at risk, as assessed by infusing blue V dye

into the occluded artery at the end of the experiment, of
around 35 ± 42% (see Results).

Blood ¯ow was measured on both the anterior
descending (LAD) and circum¯ex (LCX) branches of the

left coronary artery (Doppler ¯ow probe; Triton, U.S.A.
and a 2.0 mm electromagnetic ¯ow probe attached to a
Statham SP 2202 ¯owmeter, respectively). Epicardial ST-

segment changes and the degree of inhomogeneity of
electrical activation were measured from the left ventricular
wall distal to the occlusion site using a `composite'

electrode described previously (Williams et al., 1974; VeÂ gh
et al., 1987; 1992). This gives a summarized recording of R-
waves from 30 epicardial measuring points. In the

adequately perfused and oxygenated myocardium all sites
are activated almost simultaneously, resulting in a single
large spike. However, following occlusion, widening and
fractionation of the summarized R-waves occurs indicating

that adjacent ®bres are not simultaneously activated
because of inhomogeneity of conduction. We expressed this
as the greatest delay in activation (ms) within the ischaemic

area. This re¯ects, in part, local changes in myocardial
blood ¯ow. The composite electrode also contains four
unipolar electrodes by which epicardial ST-segment changes

are measured and meaned within the ischaemic area.
All these parameters, together with a limb lead electro-

cardiogram, systemic arterial and left ventricular (LV) systolic
(S) and end-diastolic (ED) pressures (Statham P23XL

transducers) and LVdP/dt were recorded on an eight channel
Medicor R81 recorder.

Ventricular arrhythmias during a 25 min coronary artery

occlusion (i.e. ischaemia) were assessed and analysed as
outlined previously (VeÂ gh et al., 1992) i.e. total ventricular
premature beats (VPBs), the incidence and number of episodes

of ventricular tachycardia (VT) and the incidence of
ventricular ®brillation (VF). At the end of the period of
ischaemia the area supplied by the occluded vessel was rapidly

reperfused. The only reperfusion arrhythmia that was
determined was VF. Survival (from the combined ischaemia-
reperfusion insult) was de®ned in terms of those dogs which
were predominantly in sinus rhythm 10 min after the

commencement of reperfusion.
Although these experiments were carried out in Szeged

the protocol complied with U.K. Home O�ce regulations

(Project Licence No. 60/00307).

Experimental protocol

There were four groups of animals. Nine dogs were infused
with Z13752A, in a dose of 128 mg kg71 min71 intravenously
over a 1 h period. At the end of this infusion time the left
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anterior descending coronary artery was occluded for 25 min,
and the artery was then re-opened rapidly to allow reperfusion.
A second group of 11 animals was given icatibant, an

antagonist of bradykinin at B2 receptors, in a dose of
0.3 mg kg71 as an i.v. bolus, 10 min prior to coronary artery
occlusion. This dose of icatibant was su�cient to abolish the
protection against ventricular arrhythmias a�orded by

ischaemic preconditioning (VeÂ gh et al., 1994). A third group
of 12 additional dogs were also infused with Z13752A, in the
dose given above, and after 50 min (i.e. 10 min prior to

coronary artery occlusion) were also given icatibant. The
responses were compared with those of 16 control dogs which
were infused with a similar volume (60 ml) of the vehicle for

1 h and then subjected to coronary artery occlusion followed
by reperfusion. The protocol for these four groups is illustrated
in Figure 1.

In order to determine the e�ect of Z13752A on the
blood pressure responses to angiotensin I (A1), angiotensin
II (A2) and bradykinin, separate groups of dogs were given
either A1 and A2 (in doses of 5, 10, 15 and 20 ng kg71

intravenously, n=11) or bradykinin (in doses of 0.1, 0.25,

Figure 1 Experimental protocol for the studies involving Z13752A,
and its modi®cation by icatibant, an antagonist of bradykinin at B2
receptors. The duration of the Z13752A infusion was 1 h, the
occlusion time was 25 min and icatibant was given 10 min prior to
occlusion.

Figure 2 (a) Plasma ACE activity in anaesthetized dogs given intravenous infusion of vehicle (saline+NaOH 1N; n=6), Z13752A
in doses of 0.3 mmol kg71 ml71 (128 mg kg71 ml71; n=6) and 1.0 mmol kg71 ml71 (426 mg kg71 ml71; n=6) and of captopril in a
dose of 0.3 mmol kg71 ml71 (65 mg kg71 ml71; n=6) over a period of 3 h. Values are means+s.e.mean; *P50.05 compared to the
vehicle controls. (b) Ex vivo determination of tissue ACE and NEP activities, measured in the lung and in the kidney, respectively,
following intravenous infusion of vehicle (saline+NaOH 1N; n=8), Z13752A in doses of 0.3 mmol kg71 ml71 (128 mg kg71 ml71;
n=6) and 1.0 mmol kg71 ml71 (426 mg kg71 ml71; n=8) and of captopril in a dose of 0.3 mmol kg71 ml71 (65 mg kg71 ml71;
n=6) over a period of 3 h. Values are means+s.e.mean; *P50.05 compared to the vehicle controls.
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0.5 and 1 mg kg71; n=4) both before and at the end of the
1 h infusion period of Z13752A. These responses were
compared to those in control dogs given either A1 and A2

(n=6) or bradykinin (n=4), in the doses outlined above,
but in which Z13752A was replaced by infusion of the
vehicle.

Statistical evaluation

All the data were analysed statistically as previously described

(VeÂ gh et al., 1992) i.e. data were expressed as means
(+s.e.mean) and the di�erences between means were
compared by analysis of variance (ANOVA for repeated

measures) or the Student's t-test as appropriate. A one-way
ANOVA was undertaken to determine whether or not there
were signi®cant haemodynamic di�erences between the

groups. Ventricular premature beats were compared by using
the Mann-Whitney Rank Sum test, and the incidence of
arrhythmias was compared using the Fisher Exact test.
Di�erences between groups were considered signi®cant when

P50.05.

Results

The e�ect of Z13752A on plasma and lung ACE and on
kidney NEP activities

The e�ects of two doses of Z13752A, in comparison with

captopril and vehicle controls, were examined on plasma ACE
activity (Figure 2a) and on tissue ACE and NEP activities
(Figure 2b). Both doses of Z13752A completely inhibited
plasma ACE activity within the ®rst 30 min of the infusion and

this inhibition was maintained throughout the entire infusion
period (Figure 2a). Following a 3 h infusion of the 0.3 and
1.0 mmol kg71 min71 doses of Z13752A, both lung ACE and

kidney NEP activities were markedly reduced (Figure 2b)
whereas captopril (0.3 mmol kg71 min71) inhibited ACE
activity in the lung but was without e�ect on renal NEP

activity (Figure 2b). Infusion of the vehicle did not in¯uence
the activity of either of these enzymes (Figure 2b).

Haemodynamic e�ects of Z13752A

At the end of a 1 h infusion of Z13752A (total dose
7.68 mg kg71) the only signi®cant haemodynamic changes,

immediately prior to coronary artery occlusion, were reduc-
tions in arterial blood pressure (systolic 129+4 to
117+3 mmHg; diastolic 80+3 to 71+4 mmHg; mean 97+3

to 86+3 mmHg; P50.05) and in negative LVdP/dtmax

(3242+150 to 2879+252 mmHg s71; P50.05) and a slight
increase in coronary blood ¯ow (and a reduction in coronary

vascular resistance; Figure 3). There were no signi®cant
changes in LVEDP (5.6+0.6 to 5.3+0.3 mmHg), in heart
rate (142+6 to 138+8 beats min71) or in positive LVdP/dtmax

(3666+151 to 3533+225 mmHg s71). In control dogs a 1 h

infusion of the vehicle resulted in no signi®cant haemodynamic
changes.

Angiotensin and bradykinin responses before and after
Z13752A

In a separate group of dogs the e�ects of intravenous bolus
injections of angiotensin and bradykinin were examined prior
to, and at the end of, an infusion of Z13752A in the doses
outlined above. These responses were compared to those

obtained from control dogs in which the Z13752A was
replaced by the vehicle. The results are illustrated in Figures
4 and 5. The vasodepressor response to bradykinin was

signi®cantly augmented at all dose levels (Figure 4),

Figure 3 Changes in diastolic coronary blood ¯ow and resistance
induced at the end of a 1 h infusion of Z13752A in a dose of
128 mg kg71 min71. There is an increase in blood ¯ow in both the
circum¯ex (LCX) and anterior descending (LAD) branches of the left
coronary artery and a decrease in coronary vascular resistance.
Values are means+s.e.mean; *P50.05 compared to the identical
values before giving Z13752A.

Figure 4 Changes in blood pressure induced by bolus injections of
bradykinin in control, vehicle treated dogs (upper panels) and in dogs
before and after the administration of Z13752A (lower panels).
Values are means+s.e.mean; *P50.05 compared to the values before
giving Z13752A. #P50.05 compared to the values of the vehicle-
treated controls.
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particularly so with the lowest doses (100 and 250 ng kg71). In
contrast, angiotensin I responses were signi®cantly reduced
and those to angiotensin II slightly potentiated (Figure 5).

Modi®cation of the haemodynamic e�ects of Z13752A
by icatibant

Icatibant was given, in a dose of 0.3 mg kg71 i.v. in two series
of experiments (see protocol Figure 1). The only signi®cant
haemodynamic e�ects of icatibant were a slight (4+1 mmHg)

increase in mean arterial pressure (95+3 to 99+3 mmHg) and
a reduction in heart rate (of 4+1 beats min71 from 153+7
beats min71). When given to dogs infused for 1 h with

Z13752A there was a small, but signi®cant (P50.05), increase
in mean arterial blood pressure (of 5+1 mmHg) and a
decrease in LVdP/dtmax (positive of 336+130 mmHg s71;

negative of 80+150 mmHg s71) and in heart rate (of 5+2
beats min71). These icatibant-induced changes were somewhat
more pronounced in dogs given Z13752A than in dogs not
infused with this drug.

Haemodynamic changes induced by coronary artery
occlusion in control dogs, and in dogs given icatibant,
Z13752A or Z13752A together with icatibant

The results are shown in Table 1. In all dogs coronary artery

occlusion resulted in decreases in arterial blood pressure and
LVdP/dtmax. The marked increase in LVEDP was signi®cantly
(P50.05) less marked in dogs given Z13752A (from 5.3+0.3

to 13.7+1.5 mmHg) than in either the controls (increase from
6.0+0.3 to 18.4+0.6 mmHg) or in dogs given icatibant, either
alone (from 4.0+0.4 to 20.1+0.8 mmHg) or in the presence of
Z13752A (from 5.3+0.7 to 18.4+1.1 mmHg). The less

pronounced increase in LV ®lling pressure (and the less
marked reduction in negative LVdP/dtmax) following occlusion
in dogs given Z13752A was not apparent in dogs infused with

the drug and then given icatibant (Table 1).
Occlusion of the anterior descending coronary artery led to

an immediate and sustained increase in blood ¯ow (maximal at

2 min) in the other major (circum¯ex) branch of the left
coronary artery. This compensatory blood ¯ow increase was
una�ected by Z13752A, whether or not icatibant had been
administered (Table 1).

E�ects of Z13752A, of icatibant and of a combination of
Z13752A and icatibant on ventricular arrhythmias
following coronary artery occlusion and reperfusion

In this canine model occlusion of the left anterior descending
coronary artery leads to pronounced ventricular ectopic

Figure 5 Changes in blood pressure induced by bolus injections of
angiotensin I and angiotensin II in vehicle-treated control dogs
(upper panels) and in dogs before and after the administration of
Z13752A (lower panels). Values are means+s.e.mean; *P50.05
compared to the values before giving Z13752A. #P50.05 compared
to the values of the vehicle-treated controls.

Table 1 E�ects of occlusion of the LAD in dogs, pretreated with either saline (controls), the ACE/NEP inhibitor Z13752A (128 mg
kg71 min71 i.v.), the antagonist of bradykinin at B2 receptors (icatibant 0.3 mg kg71) or combination of both drugs. Values are
means+s.e.mean of the maximum change (3 ± 5 min) after occlusion

Control
(n=16)

Z13752a
(n=9)

Icatibant
(n=11)

Z13752A+Icatibant
(n=12)

Initial value Change Initial value Change Initial value Change Initial value Change

Arterial blood pressure
systolic (mmHg)
diastolic (mmHg)
mean (mmHg)

LVSP (mmHg)
LVEDP (mmHg)
LVdP/dtmax:
(+ve:mmHg s71)
(7ve:mmHg s71)

Heart rate (beats min71)
Coronary (LCX) diastolic
blood ¯ow (ml min71)

Coronary (LCX) diastolic
resistance (mmHg ml71

min71)

125+5
90+4
102+4
128+7
6.0+0.3

2622+216
2914+242
155+4

82+8

1.13+0.12

714+2*
713+1*
713+3*
716+3*
12.7+0.6*

7644+99*
7641+116*

1+1

14+3*

70.23+0.05*

117+3
71+3
86+3

123+5
5.3+0.3

3666+252
2879+252
138+8

123+18

0.70+0.12

713+3*
77+2*#
79+2*
713+4*
8.3+1.5*#

7635+264*
7165+131#

3+2

21+3*

70.21+0.01*

114+4
81+4
92+4
108+4
4.0+0.4

3315+274
2748+278
149+7

82+4

1.04+0.03

720+5*
719+4*
719+1*
720+4*
16.0+1.2*#

7624+139*
7551+106

5+2

35+8*#

0.30+0.66*

131+4
92+3
105+3
117+3
5.3+0.7

3275+213
3126+320
157+6

99+9

70.98+0.08

715+2*
713+2*
714+2*
715+2*
14.1+0.9*

71134+160*
7487+133*

10+3*

40+4*#

70.41+0.06*

*P50.05 vs initial (value pre-occlusion); #P50.05 vs controls.
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activity. In the 16 control dogs in this study all had ventricular
premature beats (with a mean of 353+79 over the 25 min

occlusion period) and all exhibited VT at some stages during
the period of ischaemia. Seven of the dogs ®brillated, usually
between 14 and 17 min of the commencement of the occlusion.

The distribution of these arrhythmias is illustrated in Figure 6
and the results are summarized in Figure 7.

These ischaemia-induced arrhythmias were much less
pronounced in dogs given Z13752A (Figures 6 and 7).

Although all but one of these dogs had some ventricular
ectopic activity (mean of 91+41 premature beats; P50.05 vs
control), VT occurred in only two of these nine dogs (P50.05

vs control) and in both these cases was extremely short-lived
(Figure 6). There was no VF during occlusion (P50.05 vs
control).

This marked protection was not seen in dogs infused with
Z13752A and then given icatibant (Figures 6 and 7). In these
dogs there was again marked ventricular ectopic activity

(number of VPBs: 541+256; P50.05 v Z13752A alone) and a
high incidence of (100%) and large number of episodes of VT
(32.2+26.8; P50.05 v Z13752A alone). Arrhythmia severity
in these dogs during ischaemia was thus no di�erent to that

seen in the controls. Furthermore, seven out of these 12 dogs
(58%; P50.05 v Z13752A alone) ®brillated during the
occlusion. Apart from an increase in the number of episodes

of VT (to 22.5+13.8), arrhythmia severity after icatibant

alone was not signi®cantly di�erent to that in the controls
(Figures 6 and 7).

VF occurred following reperfusion in all the control dogs

that survived the ischaemic period (Figures 6 and 7) but was
less in those dogs given Z13752A (3/9 vs 9/9, P50.05; Figure
5). This protective e�ect of Z13752A was abolished by
icatibant (reperfusion VF 5/5). Survival from the combined

ischaemia-reperfusion insult was thus markedly increased by
Z13752A compared to controls (67% vs 0%; P50.05) and this
increase in survival was abolished by icatibant (survival 0%,

P50.05 vs Z13752A alone).

E�ect of Z13752A, of icatibant and of a combination of
Z13752A and icatibant, on coronary artery occlusion-
induced changes in epicardial ST-segment elevation and
in the degree of inhomogeneity of electrical activation
within the ischaemic area

In control dogs subjected to coronary artery occlusion, the ST-
segment recorded from the epicardial electrocardiograms

increased within 1 min of the onset of the ischaemia, peaked
at 5 min (Figure 8a) and was sustained at this level throughout
the 25 min occlusion period. There were similar changes in

conduction delay as assessed by the degree of inhomogeneity
of electrical activation within the area of ischaemia (Figure
8b). These changes were signi®cantly less marked, and the

onset slower, in dogs given Z13752A (Figure 8a,b). Icatibant
reversed the protective e�ect of Z13752A on the degree of
inhomogeneity, at least over the initial 15 min (Figure 8b) and,

again initially, the ST-segment changes in this group of dogs
were similar to that in the controls (Figure 8a).

Area at risk in dogs subjected to coronary artery
occlusion

There was no signi®cant di�erence between the four groups in

the area at risk from necrosis (i.e. supplied by the occluded
artery). These were 38.5+2.0% in the controls, 41.4+2.6% in
the dogs infused with Z13752A, 40.8+2.5% in the icatibant

group and 45.7+0.8% in the dogs given both Z13752A and
icatibant. There were also no signi®cant di�erences between
groups in respect to the weight of the dogs, or in gender
distribution. The body weights were 27.2+1.4 kg in the

controls, 28.8+0.5 kg in the Z13752A group, 26+1.3 kg in
the icatibant alone group and 28.9+1.1 kg in the dogs given
both Z13752A and icatibant.

Discussion

The present studies demonstrate that the intravenous
administration of the combined ACE/NEP inhibitor

Z13752A markedly reduces the detrimental changes that result
from coronary artery occlusion and reperfusion in a well
documented canine model. Especially pronounced was the
marked suppression in the severity of both ischaemia and

reperfusion-induced arrhythmias; no dog given the drug
®brillated during the occlusion period and two-thirds of the
dogs survived the combined ischaemia-reperfusion insult. This

degree of protection against arrhythmias is similar to that
previously shown in this model with ischaemic preconditioning
(VeÂ gh et al., 1990 and reviewed by Parratt & VeÂ gh, 1994;

1998), by cardiac pacing (VeÂ gh et al., 1991b) and following the
local intracoronary infusion of bradykinin (VeÂ gh et al., 1991a).

There has been just one study, in Lewis inbred rats, that has
examined the e�ects of an inhibitor of neutral endopeptidase

Figure 6 The distribution of ventricular arrhythmias in control
dogs, and in dogs infused with Z13752A, with and without icatibant,
during a 25 min coronary artery occlusion followed, at the end of
this period, by reperfusion. The ACE/NEP inhibitor markedly
reduced the severity of these arrhythmias and 6/9 dogs survived the
combined ischaemia-reperfusion insult. This protective e�ect was
reversed by icatibant suggesting a role, in the protection, for
bradykinin.
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24.11 on myocardial reperfusion injury (Yang et al., 1997).
Using the Ciba-Geigy inhibitor CGS 24592 these authors

showed a reduction in infarct size which was similar to that
resulting from ramiprilat administration. This protection was
abolished by icatibant but una�ected by the ANF receptor

antagonist HS-142-1. Their conclusion was that the infarct size
reduction following NEP inhibition was mediated by kinins.
Yang and colleagues (1997) did not examine arrhythmia

severity during coronary occlusion although they did attempt
to examine whether reperfusion arrhythmias were modi®ed by
CGS 24592. However, the model used (30 min coronary artery
occlusion and then reperfusion) is inappropriate to examine

these arrhythmias since they are inconsequential after this
particular period of ischaemia (Kane et al., 1984). The fact that
the ventricular premature complexes which did arise following

reperfusion were reduced, albeit not signi®cantly, by this NEP
inhibitor is again suggestive of a role for kinins in
cardioprotection. In contrast to the ®ndings of Yang and

colleagues (1997) and to our previous (VeÂ gh et al., 1991a; 1994)
and also to our present work, bradykinin has been found to
facilitate, rather than alleviate reperfusion arrhythmias in

guinea-pig and human myocardial ischaemia models (Hatta et
al., 1999). According to this study bradykinin released during
myocardial ischaemia accumulates at sympathetic nerve
endings and facilitates exocytotic and carrier mediated

noradrenaline release which contribute to coronary vasocon-
striction and to the generation of ventricular arrhythmias
following reperfusion. This unfavourable e�ect of bradykinin

was abolished by the bradykinin B2 receptor antagonist,
icatibant (Hatta et al., 1999). However, icatibant was not able
to inhibit noradrenaline release unless enalaprilate or a

combined kininase I and kininase II inhibitor was present,
indicating that under these conditions endogenous bradykinin
levels at the nerve endings may not be high enough to facilitate
ischaemic noradrenaline release. Although the explanation for

this e�ect of bradykinin is still not known, most of the
available evidence supports the idea that the potential

bene®cial (protective) e�ect of bradykinin depends on the site
of the predominant bradykinin formation in the heart.

The cardioprotective e�ect of elevated levels of bradykinin

resulting from inhibition of cardiac NEP activity has been
recently demonstrated in isolated human cardiac membranes
(Kokkonen et al., 1999). In these preparations, in which there

is a low enzymatic activity of ACE, bradykinin metabolism is
mediated mostly by NEP. These results suggest that inhibition
of cardiac NEP activity could be cardioprotective by elevating
the local concentration of bradykinin in the heart.

As with the Yang and colleagues (1997) study, albeit in a
quite di�erent model of ischaemia-reperfusion injury, the
most likely explanation for the protective e�ects of Z13752A

in the present experiments is potentiation of the cardiopro-
tective e�ects of bradykinin by inhibition of its breakdown.
Although ACE inhibition presumably plays a role, since

Z13752A inhibits both enzymes (Figure 3b), the evidence
from the IC50 values (0.0032 mM against ACE; 0.0018 mM
against NEP; Morazzoni et al., 1998a) and from the present

experiments showing a more marked potentiation of
bradykinin vasodilator than of inhibition of angiotensin
vasopressor responses in the presence of Z13752A (Figure
5), suggests a predominant e�ect on neutral endopeptidase

24.11. Indeed, responses to angiotensin II itself were
potentiated by the drug (Figure 5), as in the human studies
of Richards et al. (1992), an e�ect attributed by them to

reduced angiotensin II clearance. The fact that the
protection against arrhythmias was completely abolished by
icatibant, a selective antagonist of bradykinin at B2

receptors, and that this drug also abrogated the changes
in ST-segment elevation and in the degree of inhomogeneity
of electrical activation within the ischaemic area, both
indices of ischaemia severity, again supports the view that

Figure 7 A summary of the e�ects of Z13752A, with or without icatibant, and of icatibant alone in comparison with control (saline
infused) dogs, on ventricular arrhythmias resulting from coronary artery occlusion and subsequent reperfusion. VPBs=ventricular
premature beats; VT=ventricular tachycardia; VF=ventricular ®brillation (during occlusion and reperfusion) and SUR=survival.
The marked antiarrhythmic e�ect of Z13752A is abolished by icatibant. Values are means+s.e.mean; *P50.05 c.p. controls.
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the cardioprotection observed is largely kinin-mediated. We
do not know if this protection, like that a�orded by
bradykinin itself (VeÂ gh et al., 1993), is ultimately due to

nitric oxide (NO) and prostacyclin generated and released as
a result of an e�ect of bradykinin on endothelial B2

receptors (Parratt et al., 1997). However, it is known that

NEP inhibition leads to an increase in NO production in
canine isolated coronary microvessels, and that this is
mediated by kinins (Zhang et al., 1998).

Besides kinin breakdown, NEP is also concerned with the
breakdown of other peptides such as endothelin (Sokolovsky
et al., 1990) and atrial natriuretic peptide (ANP). ANP
when infused intravenously in the model we have used in

the present study also reduces arrhythmia severity during

occlusion and reperfusion (VeÂ gh et al., 1998) and could
conceivably play a role in the cardioprotective e�ects of
Z13752A. Although selective ANP receptor antagonists are

available we have no means of examining such a role for
ANP in this particular large animal model. The ®nding that
icatibant abolishes the cardioprotection resulting from

Z13752A administration however would argue against this
possibility, as does the study of Yang and colleagues (1977)
showing that the protective e�ects of the NEP inhibitor

CGS 24592 are una�ected by ANP receptor blockade.
We believe that these results add weight to the

hypothesis (Parratt & VeÂ gh, 1996) that bradykinin acts as
an endogenous myocardial protective substance (Parratt,

1994) and that it plays a role in the protection of the

Figure 8 (a) Changes in epicardial ST segment during a 25 min occlusion of the left anterior descending coronary artery in
anaesthetized dogs given saline, Z13752A, icatibant and Z13752A in the presence of icatibant. The administration of the ACE/NEP
inhibitor leads to a reduction in the severity of the ischaemia, an e�ect reversed by icatibant. Values are means+s.e.mean; *P50.05
c.p. control group. (b) Changes in the degree of inhomogeneity of electrical activation during a 25 min occlusion of the left anterior
descending coronary artery in control dogs, in dogs given Z13752A, in dogs given icatibant and in dogs given Z13752A in the
presence of icatibant. The reduction in this index of the severity of ischaemia is reduced by Z13752A and, again, this is reversed by
icatibant. Values are means+s.e.mean; *P50.05 c.p. control group.
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myocardium a�orded by ischaemic preconditioning. This
hypothesis, the evidence for which has been recently
reviewed (Parratt et al., 1997), suggests that brief

(preconditioning) periods of ischaemia result, like clinical
coronary angioplasty, in the enhanced release of bradykinin
from the heart. This then acts on endothelial B2 receptors
and stimulates the generation and release of other

mediators which, like bradykinin itself, are able to protect
the heart against the consequences of prolonged ischaemia.
That NO is a particularly important mediator is borne out

by the marked attenuation of the cardioprotective e�ects of
bradykinin, given by intracoronary administration, by
inhibitors of the L-arginine-NO pathway (VeÂ gh et al.,

1993). It would be interesting to determine if NEP
inhibition potentiates and/or prolongs the antiarrhythmic
e�ects of ischaemic preconditioning. Like similar previous

studies involving adenosine potentiation this would require
using a sub-threshold preconditioning stimulus and an

analysis of how long the cardioprotective e�ects of
Z13752A are maintained. The present study does not
attempt to examine these possibilities.

In summary then, this particular ACE/NEP inhibitor
protects the heart from the consequences of ischaemia and
evidence is adduced to suggest that this protection is mediated
by bradykinin.
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