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Abstract

We assessed the effects of idrapril, a novel angiotensin-converting enzyme inhibitor, and captopril in the isolated rat heart after
ischaemia and reperfusion and measured angiotensin-converting enzyme activity in myocardial tissue. Hearts were perfused and subjected
to global ischaemia and reperfusion. Idrapril (0.1, 1, 10, and 50 wg/ml), captopril (80 wg/ml) or vehicle were given before ischaemia
and throughout reperfusion. Post-ischaemic recovery of coronary flow was significantly decreased with 50 pg/ml of idrapril (43 + 9%
compared to 64 + 3% in controls) whereas heart rate was unaffected. Recovery of developed pressure and activity of cardiac
angiotensin-converting enzyme were significantly reduced by idrapril in a dose-dependent manner. This study suggests that protection or
lack of protection by idrapril on recovery of contractile function seems to depend on the degree of inhibition of tissue angiotensin-con-
verting enzyme activity in the setting of acute heart ischaemic insult. Our results suggest that while a certain degree of inhibition of
angiotensin-converting enzyme in the heart is beneficial, marked tissue inhibition may be deleterious.
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1. Introduction

The renin-angiotensin system is involved in the homeo-
stasis of the cardiovascular system. Its clinical relevance is
demonstrated by the use of angiotensin-converting enzyme
inhibitors in the setting of myocardial infarction and heart
failure. Each component of the renin-angiotensin system
(renin, angiotensinogen, angiotensin II receptors, an-
giotensin-converting enzyme mRNA) is present in the
heart (Baker et al., 1992; Yamada et al., 1991). Local
activation of angiotensinogen leading to intracardiac con-
version of angiotensin I and II also occurs in the isolated
perfused rat heart (Lindpaintner et al., 1990).

Several experimental studies have shown that an-
giotensin-converting enzyme inhibitors protect the is-
chaemic myocardium (Van Gilst et al., 1986; Grover et al.,
1991; Linz et al., 1986; Ferrari et al., 1992). Captopril has
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been reported to reduce metabolic injury (Van Gilst et al.,
1988; Ferrari et al., 1992; Cushman et al., 1989), the
occurrence or duration of ventricular arrhythmias (Rochette
et al., 1987; Fleetwood et al., 1991; Arad et al., 1992; Van
Gilst et al., 1986) and the post-ischaemic recovery of
contractility (Grover et al., 1991; Ferrari et al., 1992).
Idrapril is the prototype of a completely new chemical
class of angiotensin-converting enzyme inhibitors, the hy-
droxamic non-amino acid derivatives (Turbanti et al.,
1993). The novelty of this structure lies mainly in the first
application of the peptoid principle to a known group of
drugs, with the substitution of proline, typical of an-
giotensin-converting enzyme inhibitors, with a cyclohex-
ane dicarboxylic acid. Idrapril inhibits plasma and lung
angiotensin-converting enzyme activity and reduces blood
pressure in a dose-dependent manner (Subissi et al., 1992).
The aim of the present study was three-fold: (i) to
assess the dose-response effect of idrapril on the conse-
quences of ischaemia and reperfusion in the isolated per-
fused rat heart, (ii) to compare these effects with those of a
standard concentration of captopril, and (iii) to define the
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relationship between inhibition of tissue angiotensin-con-
verting enzyme and post-ischaemic recovery of function
and other indices of injury.

2. Materials and methods
2.1. Animals

Adult male Sprague Dawley rats were obtained from
Charles River (Calco, Italy). Rats and litters were housed
at room temperature of 21-24°C with 55 + 10% humidity.
Rats were fed standard animal chow and maintained on a
12:12 h light: dark schedule with the light on from 07:00
am.

Procedures involving animals and their care have been
conducted in conformity with the institutional guide-lines
in compliance with National and International Laws and
Policies (EEC Council Directive 86/609, OJ L. 358.1,
December 12, 1987; NIH Guide for the Care and Use of
Laboratory Animals, NIH Publication No. 86-23, revised
1986).

2.2. Surgical preparation and perfusion technique

Rats were anaesthetised with diethyl ether and 500 U
sodium heparin was administered into a peripheral vein.
Thirty seconds later, hearts were excised and placed in
cold (4°C) perfusion buffer until contraction had ceased
(approximately 15 s). Each heart was then cannulated
through the aorta.

2.2.1. Perfusion procedures

Perfusion was carried out in the Langendorff mode at a
constant pressure (Langendorff, 1895). The apparatus con-
sisted of a glass reservoir with a sintered glass filter at its
base, from which gassed perfusion fluid flowed to a bubble
trap through a glass extension unit. The heart was enclosed
in a glass chamber to maintain a controlled environment.
To facilitate this, the top of the heart chamber was closed
using plastic film (Parafilm M, Jencons). All components
of the perfusion apparatus were surrounded by a water
jacket system through which water was circulated from a
thermocirculator (Techne C-400). This kept the heart tem-
perature at 37°C, assessed by a thermoelectrode (Comark
type 2001) placed in the left ventricle in initial control
studies. Perfusion pressure was set at 80-90 cm H,O0.
These values were selected to correspond with the in vivo
mean arterial blood pressure in rats (Litchfield, 1958).

Hearts were perfused with a bicarbonate buffer solution
containing (in mM): NaCl 118.5, NaHCO, 25.0, KCI 4.8,
MgSO, 1.2, KH,PO, 1.2, CaCl, 1.4 and glucose 11.0.
The perfusion fluid was filtered (5 wm pore size) before
use and was continuously gassed with 95% oxygen plus
5% carbon dioxide (pH 7.4 at 37°C).

A compliant but non-elastic balloon, constructed from

plastic wrapping film (cling-film), to match the size of the
left ventricle, was introduced into the left ventricle through
the mitral valve. The balloon was filled with saline and
attached to a pressure transducer through a saline-filled
rigid cannula. Using a syringe attached to a side arm of the
transducer, the volume of the balloon was adjusted to give
a left ventricular end-diastolic pressure of 0~10 mm Hg.
After 30-min control perfusion with bicarbonate buffer,
values for cardiac function were recorded (see section 2.5).
Hearts which did not satisfy pre-defined inclusion criteria
(see paragraph 2.4.) were then excluded.

2.3. Experimental protocol

Hearts were randomly assigned to one of six groups and
at least one control heart was perfused every day in
parallel with those assigned to the drug groups.

After 30 min of control perfusion, hearts were perfused
with normal bicarbonate buffer and infused with either
distilled water (vehicle) or an aqueous solution of idrapril
or captopril by a Harvard pump (Mod 975) through a side
arm of the aortic cannula. The drugs were infused by a
pump since captopril is unstable in oxygenated bicarbonate
buffer (Grover et al., 1991). Infusion rate was set between
0.59 ml/min and 1.1 ml/min according to the coronary
flow and the effective concentrations of idrapril delivered
were 0.1 wg/ml (4 X 1077 M), 1 pg/ml (4 X 107¢ M),
10 pg/ml (4 X 107° M), and 50 pwg/ml (2 X 107* M)
whereas that of captopril was 80 pg/ml (4 X 107% M).
Coronary flow of 13 ml/min, which was the average value
during basal perfusion, required an infusion rate of 0.82
ml /min.

Values for cardiac function were recorded before and
after 2, 5 and 10 min of infusion to detect any cardiac
effect of drugs. Each heart was then subjected to 45 min of
normothermic global ischaemia. Reperfusion was carried
out with normal bicarbonate buffer and the heart was
infused with the same concentrations of idrapril or capto-
pril as before ischaemia. The duration of global ischaemia
was selected in order to achieve approximately 50% recov-
ery of contractile function. This was expected on the basis
of pilot studies. A recovery of 50% in controls allows
scope for the detection of deterioration or protection of
contractile function.

2.4. Exclusion criteria

Pre-defined exclusion criteria were applied before the
start of the study and after 30 min of control perfusion.
The minimum acceptable values for coronary flow, heart
rate and left ventricular developed pressure in the isolated
rat heart were 8 ml/min, 220 beats /min, and 90 mm Hg,
respectively. Any heart that was excluded was immediately
replaced.

The presence of a faulty aortic valve, as evidenced by a
high coronary flow (at least 50% higher than that of our
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Table 1

Basal values of cardiac function 10 min before and afier drug or vehicle infusion (means + S.E.)

Group Rat  Dose BW VWW HW/BW  CF (ml/min) HR (beats /min) LVDP (mm Hg)
) Cpg/mb) (@) (mg) (mg/g) Before After Before After Before After

Control 20 - 305+ 7 792125 26+0.1 133+£05 133+04 278+ 6 270+ 6 116 +£2 114+2

Idrapril 8 0.1 294+ 6 809+32 28401 128405 123+11 294413 274112 108+3 104+4

Idrapril 9 1 297+ 7 788+24  27+0.1 139+£05 145+05 290+ 5 2884 7 114+4  111+3

Idrapril 8 10 319+ 15 842427 27401 126+08 134+08 28611 272+ 9 108 +£3 11143

Idrapril 8 50 301+ 11 820+40 27+0.1 151£15 150+14 300+12 283+ 11 114+£5  123+4

Captopril 6 80 308+ 5 825+26 27+0.1 127+£05 143+09 294+ 7 2718+ 7 114+£3  110+2

BW = body weight, VWW = ventricular wet weight, CF = coronary flow, HR = heart rate, LVDP = left ventricular developed pressure.

historical controls) was an additional exclusion criterion
but no heart had to be excluded for this reason.

2.5. Variables measured

Left ventricular systolic and end-diastolic pressures were
obtained from high-speed recordings (25 mm/s) of the
pressure trace and left ventricular developed pressure was
calculated as the difference between these two (Battaglia
Rangoni, 8 channels, KO 380, Bologna, Italy). Heart rate
was also derived from the pressure trace and coronary flow
was measured by direct timed collection of coronary efflu-
ent. Incidence, magnitude, time-to-onset, and time-to-peak
of ischaemia-induced contracture were recorded. Coronary
flow, heart rate, and left ventricular developed pressure
were measured throughout the perfusion period. Left ven-
tricular end-diastolic pressures were measured throughout
reperfusion.

2.6. Myocardial angiotensin-converting enzyme activity

At the end of the reperfusion period, hearts were
weighed, frozen and stored at —20°C until analysis. The
enzyme was assayed on the homogenised heart according
to Neels et al. (1982). Angiotensin-converting enzyme
activity was measured on hearts given vehicle and 1, 10
and 50 pg/ml idrapril. Hearts given captopril were not
assayed because captopril interferes with the assay.

2.7. Expression of variables

Results are reported as means + S.E. Control pre-
ischaemic variables are expressed as absolute values.

Post-ischaemic recovery of function is expressed as a
percentage of the values recorded before ischaemia and
those after reperfusion. Indices of ischaemia- and reperfu-
sion-induced injury such as magnitudes of ischaemic con-
tracture, its time-to-onset and time-to-peak, and left ven-
tricular end-diastolic pressure, are expressed as absolute
values (mm Hg and min).

2.8. Statistical analysis and expression of results

One-way analysis of variance (ANOVA) was used for
multiple comparisons when a significant F value was
obtained; comparison of means was followed by Dunnett’s
test. Student’s r-test for paired data was used to compare
cardiac function before and after the drugs. The relation
between post-ischaemic recovery of cardiac function and
myocardial angiotensin-converting enzyme activity was
compared by linear regression analysis. Differences are
considered significant at P < 0.05.

3. Results
3.1. Basal characteristics and function

There were no significant differences in basal character-
istics and function of control hearts and any of the five
treated groups (Table 1). Mean body weight and ventricu-
lar wet weight in control hearts were 305+ 7 g and
792 + 25 mg, respectively. Pre-ischaemic values for coro-
nary flow, heart rate and left ventricular developed pres-
sure before and after infusion of vehicle were 13 + 0.5 and
13 + 0.4 ml/min, 278 + 6 and 270 + 6 beats /min, 116 +

Table 2

Post-ischaemic recovery of coronary flow and heart rate, and other indices of ischaemia-induced injury (means + S.E.)

Group (n) Dose CF HR LVEDP IC TTO TTP
(png/ml) (%) (%) (mm Hg) (mm Hg) (min) (min)

Control 20 - 64+ 3 90+ 3(n=19) 49+ 4 51+2 12+1 224+1

Idrapril 8 0.1 60+ 12 77+ 16 59+6 56+2 10+2 18+1

Idrapril 9 1 63+ 3 87+ 3 4 45 48 +3 1241 23+1

Idrapril 8 10 58+ 3 87+ 6(n="7 58+7 5743 9+1 224+2

Idrapril 8 50 43+ 9¢ 671+ 14(n="7) S8+5 61 +£6 8+1° 16+1°

Captopril 6 80 64+ 3 90+ 4(n=15) 48 +5 47+ 6 I1+1 22+£2

CF = coronary flow, HR = heart rate, LVEDP = left ventricular end-diastolic pressure, IC = ischaemic contracture, TTO and TTP = time-to-onset and
time-to-peak of ischaemic contracture, respectively. * P = 0.05 and ® P <0.01 vs. control (ANOVA + Dunnett’s test).
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« P<0.05 vs control
§P<0.05vs 1 pgym! idrapril
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RECOVERY OF LVDP (%)

—{3— Contro!
—O~— 0.1 pg/mi idrapril
—O— 1 pg/ml idraprii
—A— 10 pg/m idraprit
—N— 50 pg/ml idrapril
---{N--- 80 ug/mi captoprit

REPERFUSION TIME (min)

Fig. 1. Time course of left ventricular developed pressure (LVDP) recovery (percentage of pre-ischaemic values) during reperfusion in control hearts
(n=20) and in hearts receiving idrapril (n = 8-9) or captopril (n = 6). Means + S.E.

2 and 114 + 2 mm Hg, respectively. Cardiac function did
not change after 10 min infusion of idrapril and captopril.

3.2. Post-ischaemic recovery of function and other indices
of ischaemia-induced injury

Post-ischaemic recovery of coronary flow and heart rate
are shown in Table 2. The time course of left ventricular
developed pressure during reperfusion is shown in Fig. 1.

Recoveries of coronary flow and left ventricular devel-
oped pressure were significantly reduced by the highest
concentration of idrapril (50 wg/mil) while heart rate
recovered to the same extent in each group. Contractility
of hearts infused with 1 pg/ml idrapril increased through-
out the reperfusion period compared with other groups,
although the difference from controls was not significant
(Fig. 1).

During reperfusion left ventricular end-diastolic pres-
sure increased to a similar extent in controls and treated
hearts (Table 2). Ischaemia-induced contracture occurred
in all hearts.

Time-to-onset and time-to-peak of ischaemic contrac-
ture were significantly reduced in hearts given the highest
concentration of idrapril (50 pwg/ml) compared to other
groups (P = 0.05 and P < 0.01 versus controls) (Table 2).
The magnitude of ischaemia-induced contracture was simi-
lar in all groups (Table 2).

3.3. Myocardial angiotensin-converting enzyme activiry

Idrapril infused for 10 min prior to ischaemia and
during 45 min of reperfusion lowered myocardial an-
giotensin-converting enzyme activity in a dose-dependent
manner (Fig. 2A). The cardiac activity was significantly
inhibited by 10 pwg/m! (P <0.01) and 50 wg/ml (P <
0.01) idrapril. Left ventricular developed pressure (Fig.
2B) refers to hearts (n = 49) whose angiotensin-converting
enzyme activity was measured, as opposed to the left

ventricular developed pressure data reported in Fig. 1,
which are the average of all hearts in the study (n = 59).

3.4. Correlations between indices

We examined the relationship of recovery of coronary
flow and left ventricular developed pressure with myocar-

* P<0.01vs control

§ P<0.01 vs 1 ug/mi idraprit A
= 80
£
=1
h=3
&
= [ Control
&
s 0.1 pg/ml idrapril
E
é— 1 pg/ml idraprit
= S 10 ug/mlidrapri
Q
=< £l 50 ug/miidrapri
79
) * §
<
* P<0.05vs control B
§ P<0.01vs 1 pg/ml idrapril
&
a [ Control
3 B 0.1 pg/ml idrapril
L
; 1 pg/ml idrapril
g [ 10 pg/mlidrapri
o
& B3 50 ug/miidrapril

Fig. 2. Myocardial activity of angiotensin-converting enzyme (ACE) (A)
and left ventricular developed pressure (LVDP) recovery (percentage of
pre-ischaemic values) (B) in control hearts and in hearts receiving
idrapril. Means + S.E.
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Fig. 3. Myocardial activity of angiotensin-converting enzyme versus coronary flow (A) and left ventricular developed pressure recovery (B) (percentage of
pre-ischaemic values) in control hearts (filled dots) and in hearts receiving idrapril (empty dots).

dial angiotensin-converting enzyme activity. A linear cor-
relation was found between myocardial angiotensin-con-
verting enzyme activity and post-ischaemic recovery of
coronary flow (P <0.03) and left ventricular developed
pressure (P = 0.04) (Fig. 3).

No correlation was seen between ischaemia-induced
contracture or left ventricular end-diastolic pressure and
angiotensin-converting enzyme inhibition.

4. Discussion

Several clinical studies have shown that inhibition of
the renin-angiotensin system, which is activated in cardiac
diseases, is beneficial and improves a compromised car-
diac function (Dzau, 1990; Pfeffer et al., 1988, 1992).
Angiotensin-converting enzyme inhibitors are now part of
the standard therapy in patients with myocardial infarction

(ISIS-4 Collaborative Group, 1995; Gruppo Italiano per lo
studio della sopravvivenza nell’infarto miocardico GISSI-3,
1994) and heart failure (Pfeffer et al., 1992; The SOLVD
Investigators, 1992; AIRE and Study Investigators, 1993).

The present study illustrates the effects of idrapril, a
novel angiotensin-converting enzyme inhibitor, on the
post-ischaemic recovery of cardiac function in the isolated
rat heart. The concentrations of idrapril (ranging between
0.1 and 50 pg/ml) used in the present study, inhibit
angiotensin-converting enzyme activity in rat plasma by
95-100% (Criscuoli et al., 1993) and are quantitatively
equivalent to 80 pwg/ml of captopril used in this study.
This concentration inhibits rat plasma angiotensin-convert-
ing enzyme activity by 100% (Endoh et al., 1989) and was
used by other investigators in similar studies (Van Gilst et
al., 1986; Arad et al., 1992; Huizer et al., 1992).

The effects of idrapril on post-ischaemic recovery of
contractility depended on the concentrations infused: the
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dose-response curve was bell-shaped. Recovery of left
ventricular developed pressure was best with | pg/ml
idrapril, whereas higher concentrations did not afford pro-
tection compared with controls. The recovery of left ven-
tricular developed pressure was significantly reduced by
50 pg/ml of idrapril; this concentration led to almost
complete inhibition of the intracardiac angiotensin-convert-
ing enzyme activity.

Our results show that maximal angiotensin-converting
enzyme inhibition during global ischaemia and reperfusion
may impair the recovery of left ventricular developed
pressure, and in fact there is an inverse relationship be-
tween these two variables. Marked inhibition of myocar-
dial angiotensin-converting enzyme activity and the conse-
quent decrease of angiotensin II production during acute
ischaemia may not be advisable for the heart, for example,
in the setting of cardiac surgery. Angiotensin Il exerts a
positive inotropic effect which may be essential to main-
tain contractility which is impaired by the ischaemic- and
reperfusion-induced insult at the end of cardiopulmonary
by-pass.

The low post-ischaemic recovery of coronary flow in
hearts given the highest concentration of idrapril (50
wg/ml) is hard to explain since the drug at each concen-
tration did not alter coronary perfusion when infused dur-
ing the basal period. One possibility is that there is a
negative interaction between myocardial inhibition of the
angiotensin-converting enzyme activity and ischaemia /re-
perfusion-induced injury in the endothelium of the coro-
nary bed.

The time-to-onset of ischaemic contracture was signifi-
cantly reduced in the group of hearts receiving the highest
dose (50 pg/ml) of idrapril, suggesting that either greater
depletion of ATP or an increase in calcium overload
occurred earlier in this group of hearts than in controls or
any other trial group. Severe depletion of ATP and over-
load of calcium are believed to be involved in the injury
associated with ischaemia and reperfusion and govern the
onset and the magnitude of ischaemia-induced contracture.
respectively. However, since left ventricular end-diastolic
pressure (diastolic stiffness) in hearts receiving 50 pg/ml
idrapril was similar to that of controls and the other trial
groups, we can exclude that calcium influx increased in
these hearts.

Our objective was to examine whether idrapril is capa-
ble of protecting against a specific dysfunction (contractile
dysfunction) associated with ischaemia and reperfusion. To
achieve this we require two things. First, we need a model
where contractile function may be conveniently evaluated.
The isolated heart with global ischaemia is preferred be-
cause global contractile dysfunction is more easily measur-
able than regional. Second, we need a model in which
moderate (i.e., modulatable) contractile dysfunction oc-
curs. The duration of ischaemia we chose (45 min) achieves
this. With longer ischaemia, irreversible injury may arise.
With briefer ischaemia (stunning) no injury may occur. We

need a level of dysfunction that may be alleviated or
exacerbated by a drug and which can be detected statisti-
cally. The present model achieves this.

We used multiple functional indices to assess the extent
of tissue injury in the ischaemic heart, such as systolic
(contractility) and diastolic (relaxation) function, heart rate,
coronary flow, and ischaemia-associated contracture. We
preferred such indices to metabolic ones such as enzyme
leakage or depletion of high energy phosphates, for the
reason that they are, in our opinion, the ultimate arbiter of
cardiac injury. Cases have been reported where an-
giotensin-converting enzyme inhibitors did significantly
reduce the metabolic injury but did not improve cardiac
function (contractility) in the setting of acute myocardial
ischaemia (Cushman et al., 1989; Arad et al., 1992).

Many mechanisms that are affected by the renin-angio-
tensin system in the intact animal play no role in the
isolated rat heart, perfused with bicarbonate buffer. Global
rather than regional ischaemia is another reason for differ-
ences in results. Isolating the myocardial protective proper-
ties from the effect on collateral flow, by applying global
instead of regional ischaemia, may explain the lack of
protection in our experiments. Likewise, availability of
collateral vessels may account for differences in vivo
(Jeremic et al., 1996).

The fact that captopril and idrapril failed to improve the
recovery of cardiac contractile function in our study is in
contrast with a large majority of investigations with an-
giotensin-converting enzyme inhibitors. However other au-
thors too have found that angiotensin-converting enzyme
inhibitors such as captopril (Huizer et al., 1992; Cushman
et al., 1989; Arad et al., 1992), enalapril (Cushman et al.,
1989; Fleetwood et al., 1991) and lisinopril did not im-
prove myocardial function after ischaemia (Werrmann and
Cohen, 1994). Captopril exerted deleterious cardiac effects
during acute myocardial ischaemia in the dog, despite a
significant reduction of myocardial metabolic demand
(Alam et al.. 1992; Daniel et al., 1984): there was some
increase of ischaemia with captopril during the early phase
of coronary occlusion (Alam et al., 1992). In a model of
coronary occlusion and reperfusion angiotensin-converting
enzyme inhibitors may have different or even opposite
effects on the various stages of the evolving process of
myocardial injury. Westlin and Mullane (1988) showed
that captopril conferred myocardial protection by scaveng-
ing free radicals during reperfusion but did not modify
injury sustained during the period of ischaemia (Westlin
and Mullane, 1988). They postulated a temporal variability
of the influence of angiotensin-converting enzyme inhibi-
tion during the evolution of myocardial ischaemia and
injury. Considering that we examined the early stage of
ischaemia, our findings do not negate the beneficial effects
of angiotensin-converting enzyme inhibition after myocar-
dial necrosis or preclude potential benefits during is-
chaemia under different haemodynamic conditions.

In conclusion, our results suggest that protection or lack
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of protection by idrapril on recovery of contractile function
seems to depend on the degree of inhibition of tissue
angiotensin-converting enzyme activity in the setting of
acute heart ischaemic insult, and highlight the need for
dose-response studies in order to examine the entire spec-
trum of action of new angiotensin-converting enzyme in-
hibitors. It appears that while a certain degree of inhibition
of angiotensin-converting enzyme in the heart is beneficial,
marked tissue inhibition may be deleterious under certain
conditions.

Acknowledgements

This work was supported in part by the CNR (National
Research Council, Italy, No. 91.01277.PF70). We wish to
thank Michael J. Curtis for his useful comments and Judy
Baggott for English revision. Idrapril and captopril were
kindly supplied by Laboratori Guidotti, Pisa, Italy. Cristina
Traquandi is a ‘Nunzio ¢ Amabilia Ferraris Testa’ Fellow.

References

AIRE (Acute Infarct Ramipril Efficacy) Study Investigators, 1993, Ef-
fects of ramipril on mortality and morbidity of survivors of acute
myocardial infarction with clinical evidence of heart failure, Lancet
342, 821

Alam, S., S. Rezkalla, P. Farkas and Z.G. Turi, 1992, Deleterious cardiac
effects of captopril during acute myocardial ischaemia in the dog,
Cardiovasc. Res. 26, 232.

Arad, M., A. Shotan, L. Horowitz, R. Klein and B. Rabinowitz, 1992,
Effects of captopril on metabolic and hemodynamic alterations in
global ischemia and reperfusion in the isolated working rat heart, J.
Cardiovasc. Pharmacol. 19, 319.

Baker, KM., G.W. Booz and D.E. Dostal, 1992, Cardiac actions of
angiotensin II: role of an intracardiac renin-angiotensin system, Ann.
Rev. Physiol. 54, 227.

Criscuoli, M.. A. Lippi, G. Mengozzi, G. Sardelli, A. Subissi and A.
Giachetti, 1993, Pharmacokinetics and pharmacodynamics of idrapril
in rats, dogs, and humans, Drug Metab. Dispos. 21, 835.

Cushman, D.W., F.L. Wang, W.C. Fung, G.J. Grover, C.M. Harvey, R.J.
Scalese, S.L. Mitch and J.M. Deforrest, 1989, Comparison in vitro, ex
vivo, and in vivo of the actions of seven structurally diverse inhibitors
of angiotensin converting enzyme (ACE), Br. J. Clin. Pharmacol. 28,
115S.

Daniel, H.B., R.R. Carson, K.D. Ballard, G.R. Thomas, P.J. Privitera,
1984, Effects of captopril on limiting infarct size in conscious dogs, J.
Cardiovasc. Pharmacol. 6, 1043.

Dzau, V.J., 1990, Mechanism of action of angiotensin-converting-enzyme
(ACE) inhibitors in hypertension and heart failure. Role of plasma
versus tissue ACE, Drugs 39 (Suppl. 2), 11.

Endoh, M., M. Suzuki, K. Katayama, M. Kakemi, T. Koizumi, 1989,
Kinetic studies of the pharmacologic response to captopril in rats. II.
Hypotensive effects and plasma angiotensin converting enzyme activ-
ity, J. Pharmacobio-Dyn. 12, 10.

Ferrari, R., A. Cargnoni, S. Curello, C. Ceconi, A. Boraso and O. Visioli,
1992, Protection of the ischemic myocardium by the converting-en-
zyme inhibitor zofenopril: insight into its mechanism of action, J.
Cardiovasc. Pharmacol. 20, 694.

Fleetwood, G., S. Boutinet, M. Meyer and JM. Wood, 1991, Involve-

ment of the renin-angiotensin system in ischemic damage and reperfu-
sion arrhythmias in the isolated perfused rat heart, J. Cardiovasc.
Pharmacol. 17, 351.

Grover, G.J., P.G. Sleph, S. Dzwonczyk, P. Wang, W. Fung, D. Tobias
and D.W. Cushman, 1991, Effects of different angiotensin-converting
enzyme (ACE) inhibitors on ischemic isolated rat hearts; relationship
between cardiac ACE inhibition and cardioprotection, J. Pharmacol.
Exp. Ther. 257, 919.

Gruppo Italiano per lo studio della sopravvivenza nell’infarto miocardico
GISSI-3, 1994, Effects of lisinopril, of transdermal nitroglycerin and
nitrate singly or together on 6-week mortality and ventricular function
after acute myocardial infarction, Lancet 343, 1115.

Huizer, T., P. Van der Meer and J.W. De Jong, 1992, Captopril inhibits
angiotensin I-induced coronary flow reduction in isolated rat heart but
has no effect on contractility or energy metabolism, Eur. Heart J. 13,
109.

ISIS-4 Collaborative Group, 1995, A randomised factorial trial assessing
early oral captopril, oral mononitrate, and intravenous magnesium
sulphate in 58,050 patients with suspected acute myocardial infarc-
tion, Lancet 345, 669.

Jeremic G., S. Masson, G. Luvara, S. Porzio, C. Lagrasta, E. Riva, G.
Olivetti and R. Latini, 1996, Effects of a new angiotensin-converting
enzyme inhibitor (idrapril) in rats with left ventricular dysfunction
after myocardial infarction, J. Cardiovasc. Pharmacol. 27,347,

Langendorff, O., 1895, Untersuchungen am iiberlebenden Siugethierher-
zen, Pfliigers Arch. 61, 291.

Lindpaintner, K., M. Jin, N. Niedermaier, M.J. Wilhelm and D. Ganten,
1990, Cardiac angiotensinogen and its local activation in the isolated
perfused beating heart, Circ. Res, 67, 564.

Linz, W., B.A. Scholkens and Y.F. Han, 1986, Beneficial effects of the
converting enzyme inhibitor, ramipril, in ischemic rat hearts, J. Car-
diovasc. Pharmacol. 8 (Suppl. 10), S91.

Litchfield, J.B., 1958, Blood pressure in infant rats, Physiol. Zool. 31, 1.

Neels, HM., S.L. Sharpé, M.E. Van Sande, R.M. Verkverk and K.J. Van
Acker, 1982, Improved micromethod for assay of serum angiotensin
converting enzyme, Clin. Chem. 28, 1352.

Pfeffer, M.A., D.A. Lamas, D.E. Vaughan, A.F. Parisi and E. Braunwald,
1988, Effect of captopril on progressive ventricular dilatation after
anterior myocardial infarction, New Engl. J. Med. 319, 80.

Pfeffer, M.A., E. Braunwald, L.A. Moyé, L. Basta, EJ. Brown, Jr. and
T.E. Cuddy, 1992, Effect of captopril on mortality and morbidity in
patients with left ventricular dysfunction after myocardial infarction,
New Engl. J. Med. 327, 669.

Rochette, L., C. Ribuot, P. Belichard, A. Bril and M. Devissaguet, 1987,
Protective effect of angiotensin converting enzyme inhibitors (CEI):
captopril and perindopril on vulnerability to ventricular fibrillation
during myocardial ischemia and reperfusion in rat, Clin. Exp. Theory
Pract. A9 (2 and 3), 365.

Subissi, A., M. Criscuoli, G. Sardelli, M. Guelfi and A. Giachetti, 1992,
Pharmacology of idrapril: a new class of angiotensin converting
enzyme inhibitors, J. Cardiovasc. Pharmacol. 20, 139.

The SOLVD Investigators, 1992, Effect of enalapril on mortality and the
development of heart failure in asymptomatic patients with reduced
left ventricular ejection fractions, New Engl. J. Med. 327, 685.

Turbanti, L., G. Cerbai, C. Di Bugno, R. Giorgi, G. Garzelli, M.
Criscuoli, A.R. Renzetti, A. Subissi, G. Bramanti and S.A. DePriest,
1993, 1,2-Cyclomethylenecarboxylic monoamide hydroxamic deriva-
tives. A novel class of non-amino acid angiotensin converting enzyme
inhibitors, J. Med. Chem. 36, 699.

Van Gilst, W.H., P.A. De Graeff, H. Wesseling and C.D.J. De Langen,
1986, Reduction of reperfusion arrhythmias in the ischemic isolated
rat heart by angiotensin converting enzyme inhibitors: a comparison
of captopril, enalapril and HOE 498, J. Cardiovasc. Pharmacol. 8,
722.

Van Gilst, W.H., E. Scholtens, P.A. De Graeff, C.D.J. De Langen and H.



300 E. Riva, C. Traquandi / European Journal of Pharmacology 312 (1996) 293-300

Wesseling, 1988, Differential influences of angiotensin converting-en- Westlin, W. and K. Mullane, 1988, Does captopril attenuate reperfusion
zyme inhibitors on the coronary circulation. Circulation 77 (Suppl. ), induced myocardial dysfunction by scavenging free radicals?. Circula-
124. tion 77 (Suppl. 1. 130.

Werrmann, J.G. and S.M. Cohen, 1994, Comparison of effects of an- Yamada, H., B. Fabris, A.M. Allen, B. Jackson, C.I. Johnston and F.A.O.
giotensin-converting enzyme inhibition with those of angiotensin II Mendelsohn. 1991, Localization of angiotensin converting enzyme in
receptor antagonism on functional and metabolic recovery in postis- rat heart. Circ. Res. 68. 14].

chemic working rat heart as studied by [*'P] nuclear magnetic
resonance, J. Cardiovasc. Pharmacol. 24, 573.



