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1 Inhibitors of the angiotensin converting enzyme (ACE) have been shown to exert their
cardioprotective actions through a kinin-dependent mechanism. ACE is not the only kinin degrading
enzyme in the rat heart.

2 Since aminopeptidase P (APP) has been shown to participate in myocardial kinin metabolism to
the same extent as ACE, the aims of the present study were to investigate whether (a) inhibition of
APP leads to a reduction of myocardial infarct size in a rat model of acute ischaemia and
reperfusion, (b) reduction of infarct size is mediated by bradykinin, and (c) a combination of APP
and ACE inhibition leads to a more pronounced e�ect than APP inhibition alone.

3 Pentobarbital-anaesthetized rats were subjected to 30 min left coronary artery occlusion followed
by 3 h reperfusion. The APP inhibitor apstatin, the ACE-inhibitor ramiprilat, or their combination
were administered 5 min before ischaemia. Rats receiving HOE140, a speci®c B2 receptor antagonist,
were pretreated 5 min prior to enzyme inhibitors. Myocardial infarct size (IS) was determined by
tetrazolium staining and expressed as percentage of the area at risk (AAR).

4 IS/AAR% was signi®cantly reduced in rats that received apstatin (18+2%), ramiprilat
(18+3%), or apstatin plus ramiprilat (20+4%) as compared with those receiving saline
(40+2%), HOE (43+3%) or apstatin plus HOE140 (49+4%).

5 Apstatin reduces IS in an in vivo model of acute myocardial ischaemia and reperfusion to the
same extent than ramiprilat. Cardioprotection achieved by this selective inhibitor of APP is mediated
by bradykinin. Combined inhibition of APP and ACE did not result in a more pronounced
reduction of IS than APP-inhibition alone.
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Introduction

Bradykinin is a small vasoactive peptide which is involved in
a variety of biological processes. Kinins participate in the

regulation of blood pressure, renal and cardiac functions
which has been studied intensively by using speci®c kinin
receptor antagonists (Bhoola et al., 1992). Because of the very

short half-life of kinins their speci®c e�ciency depends on
local formation by tissue kallikrein-kinin systems and is
restricted by the spectrum and potency of local kinin

degrading enzymes. A number of peptidases have been
identi®ed to possess kininase activity the inhibition of which
increases the availability and e�ectiveness of kinins. There is

increasing evidence that part of the cardiovascular actions of
angiotensin converting enzyme (ACE) inhibitors, including
reduction of infarct size, improvement of performance and
energetic state of ischaemic myocardium, and prevention of

ventricular hypertrophy and remodelling are due to the
potentiation of the e�ects of kinins (reviewed by Dendorfer et

al., 1999). ACE is not the only kinin-degrading enzyme and
recent studies focus on the modulation of other peptidases. In

rats, aminopeptidase P (APP) has been shown to participate
in myocardial kinin metabolism to the same extent as ACE
whereas neutral endopeptidase 24.11 (NEP) only plays a

minor role (Dendorfer et al., 1997). Inhibition of APP may
therefore be a su�cient means to potentiate cardiovascular
e�ects of kinins. Indeed, the potentiation of kinin-induced

coronary vasodilation during APP-inhibition in the isolated
perfused rat heart was equivalent to that provoked by ACE
inhibition (Dendorfer et al., 2000). Likewise, infusion of the

selective APP-inhibitor apstatin in anaesthesized rats leads to
a marked potentiation of the bradykinin-induced decrease in
mean arterial blood pressure (Kitamura et al., 1999). In order
to investigate further whether inhibition of APP has similar

cardioprotective e�ects as inhibition of ACE, we now studied
the in¯uence of apstatin on the reduction of myocardial
infarct size in an in situ rat model of acute ischaemia and

reperfusion. Furthermore, the aims of the present study were
to investigate whether cardioprotection by apstatin is
mediated by bradykinin and whether a combination of APP
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and ACE inhibition leads to a more pronounced e�ect than
inhibition of either one enzyme alone.

Methods

Surgical preparations

The present study has been carried out in accordance with
the guide for the care and use of laboratory animals as

adopted by the `Ministerium fuÈ r Natur und Umwelt des
Landes Schleswig-Holstein, Germany'. Male Wistar rats
(270 ± 310 g body weight, Charles River, Sulzfeld, Germany)

were anaesthetized with pentobarbitone (100 mg kg71, i.p.),
tracheotomized, and ventilated with room air (tidal volume:
10 ml kg71, 50 strokes per minute) enriched with oxygen to

maintain arterial oxygen tension in the normal range. The left
jugular vein was cannulated in order to compensate for ¯uid
loss (NaCl 0.9%, 4 ml kg71 h71), to maintain anaesthesia
with pentobarbitone (150 mg kg71 min71) or to inject drugs.

Another catheter was placed in the left carotid artery to
measure mean arterial blood pressure (MAP). Core tempera-
ture was continuously monitored and maintained at 37.0 ±

37.78C. A lateral thoracotomy was performed, and a 6-0
suture was looped under the left descending coronary artery
for later induction of coronary artery occlusion (CAO).

Experimental protocols

After surgical preparation, rats were allowed 10 min for
stabilization before baseline haemodynamics were recorded.
Rats were randomized to one of six protocols. All protocols
included 30 min of CAO followed by 180 min of reperfu-

sion. This was preceded by application of drugs, 5 min prior
to CAO. The di�erent groups received either saline, the
ACE inhibitor ramiprilat (50 mg kg71), the aminopeptidase P

inhibitor apstatin (1 mg kg71), apstatin plus the B2-receptor
antagonist HOE140 (500 mg kg71), HOE140 alone, or
apstatin plus ramiprilat. When applied together with

apstatin, HOE140 was administered intravenously 5 min
prior to the enzyme inhibitor. One hundred i.u. heparin were
given 1 min before CAO. Doses used for apstatin (Kitamura
et al., 1999), ramiprilat (Hartman et al., 1993) and HOE140

(Gohlke et al., 1998) have been shown to be e�ective
previously.

Measurement of area at risk and infarct size

After 30 min of CAO and 180 min of reperfusion, hearts

were removed and the aorta was quickly cannulated. The
coronary artery ligature was retied, and hearts were perfused
with black Chinese ink at a constant pressure (80 mmHg) to

stain the perfused myocardium black, whereas the area at
risk (AAR) remained unstained. Atria and the right ventricle
were removed and the left ventricle (LV) including the
septum was cut into slices (1 mm thickness) from apex to

base. Slices were then incubated for 30 min at room
temperature in 2,3,5-triphenyltetrazolium chloride (1% in
0.1 M phosphate bu�er, pH 7.4), which stained viable tissue

red and so delineated the pale area of infarct size (IS). Areas
of LV, AAR, and IS were quanti®ed using computer
assisted planimetry.

Substances

Apstatin, ramiprilat, and HOE140 were generously supplied

by Aventis Pharma (Frankfurt, Germany). 2,3,5- triphenylte-
trazolium chloride was purchased from Sigma (Deisenhofen,
Germany), heparin as Liquemin1 N 25 000 from Roche
(Grenzach-Wyhlen, Germany) and salts from Merck (Darm-

stadt, Germany). Pentobarbitone was obtained from the
pharmacy of the Medical University of LuÈ beck.

Calculations and statistics

All quantitative data are given as means+s.e.mean of ®ve

independent experiments. Parameters of infarct sizes were
compared among the treatment groups using a one-way
ANOVA with Bonferroni's correction. Haemodynamics

were tested for di�erences between the groups by using a
two-way ANOVA for repeated measurements. Temporal
changes in haemodynamic parameters within one group
were tested with a one-way ANOVA for repeated

measurements followed by paired t-tests with Bonferroni's
correction when di�erences were signi®cant. Di�erences
were considered as being statistically signi®cant at an error

level of P50.05.

Results

Haemodynamics

Data for MAP and heart rate (HR) are listed in Table 1.
There were no di�erences in MAP or HR among all groups
at the di�erent time points of the experiment. Inhibition of

APP by apstatin, inhibition of ACE by ramiprilat or B2

receptor blockade by HOE140 did not alter MAP or HR,
while the combined enzyme inhibition with apstatin and

ramiprilat signi®cantly decreased MAP without a�ecting HR
if compared with the baseline haemodynamics. Occlusion of
the left coronary artery signi®cantly decreased MAP in all

groups except the one treated with apstatin and ramiprilat. In
all groups MAP decreased slightly throughout the experiment
which might be indicative for developing heart failure.

Area at risk

The ratio between AAR and LV did not signi®cantly di�er

between all groups (mean: 67%), indicating a constant
placement of the coronary ligature (Figure 1).

Infarct size

Figure 2 demonstrates the ratio between IS and AAR (IS/

AAR%). As described previously (Hartman et al., 1993), IS/
AAR% was signi®cantly reduced in rats that received
ramiprilat (18+3%) as compared with those receiving saline
(40+2%). Inhibition of APP by apstatin also led to a

signi®cant reduction in IS/AAR% (18+2%) which did not
di�er to that obtained by ramiprilat. Blockade of B2

receptors with HOE140 completely abolished the cardiopro-

tective e�ect of APP inhibition by apstatin (49+4%), while
HOE140 alone did not in¯uence IS/AAR% (43+3%).
Inhibition of ACE in addition to APP reduced IS/AAR%
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to the same extent (20+4%) as inhibition of either APP or
ACE alone.

Discussion

With the present study we could show that cardioprotection
due to potentiation of kinin actions can be accomplished by

selective inhibition of kininases other than ACE in a whole
animal model.
There is increasing evidence that kinins possess cardiopro-

tective actions in the ischaemic heart. In isolated rat hearts

with ischaemia-reperfusion injuries bradykinin (BK) reduces
the duration and incidence of ventricular ®brillations and
reduces release of cytosolic enzymes. In anaesthetized animals

intracoronary infusion of BK is followed by comparable

bene®cial changes and decreases infarct size (Linz et al.,

1997). ACE inhibitors besides inhibiting the formation of
angiotensin II out of angiotensin I increase the e�cacy of
endogenous kinins to the extent that bene®cial kinin

dependent cardiac e�ects arise. Treatment with ACE
inhibitors such as ramiprilat increases cardiac kinins and
reduces postischaemic reperfusion injuries in isolated rat

hearts as well as infarct size and remodelling in postinfarcted
animals. Infarct size reduction by ACE inhibitors and BK in
anaesthetized animals is reversed by HOE140 (Heusch et al.,
1997) and bene®cial e�ects of ACE inhibitors on cardiac

function were not observed in kininogen de®cient rats (Liu et
al., 2000). There are a number of enzymes that possess
kininase activity (Bhoola et al., 1992). Recently, we and

others could show that ACE is not the only important
kininase in the rat heart. Inhibition of both APP or ACE

Figure 1 Pretreatment with either apstatin, an inhibitor of
aminopeptidase P, ramiprilat, an inhibitor of angiotensin converting
enzyme, or their combination was followed by 30 min of coronary
artery occlusion and 3 h of reperfusion. HOE140, an antagonist of
B2-receptors, was used to investigate the in¯uence of kinins. The ratio
between area at risk (AAR) and left ventricle (LV) was used as an
indicator for a constant placement of the coronary ligature. There
were no signi®cant di�erences between the groups. Data are given as
means+s.e.mean (n=5).

Table 1 Systemic haemodynamics in rats

Apstatin+ Apstatin+
Saline Ramiprilat Apstatin HOE140 Hoe 140 Ramiprilat

After surgery MAP 85+7 96+8 100+4 98+11 88+2 93+5
HR 379+20 456+20 409+27 431+11 386+19 427+19

Drug application MAP 88+8 74+6* 102+5 91+11 90+4 73+6*
HR 374+12 430+16 411+31 407+21 388+20 408+16

Before CAO MAP 89+12 84+14 99+5 94+9 92+4 73+10
HR 384+15 422+25 404+30 392+15 387+18 407+14

After CAO MAP 75+8# 67+12# 85+5# 69+8# 78+5# 69+10
HR 373+12 421+28 414+27 385+22 389+15 413+16

Before reperfusion MAP 79+12 74+13 89+4 84+9 71+8 65+10
HR 371+15 415+28 404+21 395+18 398+16 393+17

After reperfusion MAP 77+6 68+6 90+4 84+8 73+7 70+8
HR 372+16 417+23 404+20 393+18 399+15 404+10

1 h of reperfusion MAP 75+6 76+8 87+4 77+8* 64+7* 72+9*
HR 385+22 407+26 406+21 408+18 398+13 397+14

2 h of reperfusion MAP 75+11 74+5* 86+4 75+9* 66+4* 74+11*
HR 374+15 404+26 401+16 400+18* 396+14 394+12

3 h of reperfusion MAP 66+6* 65+5* 73+5* 75+7* 63+6* 78+12*
HR 376+16 387+23* 400+14 389+15* 404+17 399+22

Mean arterial blood pressure (MAP) [mmHg] and heart rate (HR) [beats per minute] were continuously measured throughout the
experiments. There were no signi®cant di�erences between the treatment groups at any time points. Data are given as mean+s.e.mean
(n=5). *P50.05 vs the baseline levels after surgery; #P50.05 vs the levels before coronary artery occlusion (CAO).

Figure 2 Ischaemic injury is given as the ratio between infarct size
(IS) and area at risk (AAR). Rats were either treated with apstatin,
an inhibitor of aminopeptidase P, ramiprilat, an inhibitor of
angiotensin converting enzyme, or their combination. The left
coronary artery was occluded for 30 min followed by 3 h of
reperfusion. HOE140, an antagonist of B2 receptors, was used to
investigate the in¯uence of kinins. Data are given as means+s.e.mean
(n=5). *P50.05 vs saline.
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leads to a similar preservation of exogenous BK in rat
coronary circulation and therefore APP contributes to a
similar extent to myocardial kinin degradation as ACE

(Dendorfer et al., 1997; Ersahin & Simmons, 1997). Whether
the accumulation of kinins through kininase inhibition
correlates with a potentiation of their e�ects has been studied
in the isolated rat heart. Potentiation of BK-induced

vasodilation through inhibition of APP was equal to that
obtained by ACE inhibition (Dendorfer et al., 2000).
Apstatin has been shown to be a selective inhibitor of APP

without a�ecting ACE (Prechel et al., 1995). Inhibition of
APP by apstatin has been shown to reduce arrhythmia and
the release of cytosolic enzymes in an in vitro rat model of

ischaemia (Ersahin et al., 1999). In the present study we
examined the cardioprotective e�ects of APP-inhibition in an
in situ model of acute myocardial infarction with reperfusion

and compared it to the e�ects of ACE inhibition.
Furthermore, we tried to delineate whether cardioprotection
by APP inhibition is mediated by BK. For ACE inhibition
we used ramiprilat, a well studied substance, which has been

shown to reduce infarct size in di�erent animal models when
given as a single kininase inhibitor (Schriefer et al., 1996;
Weidenbach et al., 2000; Yang et al., 1997). The dosage of

apstatin used has been shown to potentate kinin-induced
vasodilation in rats for at least 240 min (Kitamura et al.,
1999) so that APP-inhibition in our model was maintained

throughout the whole period of ischaemia and reperfusion.
Application of apstatin led to a 45% reduction of myocardial
infarct size which was equal to that obtained by ramiprilat

and is in the range of those obtained with ACE inhibitors in
other studies (Hartman et al., 1993; Weidenbach et al., 2000).
Reduction of infarct size by apstatin was achieved in the
absence of any haemodynamic changes. Therefore we assume

that a local rather than a systemic kallikrein-kinin-system is
in¯uenced in our model. Cardioprotection by APP inhibition
was fully prevented by blockade of B2 receptors with

HOE140 indicating that apstatin leads to an accumulation
of cardiac kinins which develop their cardioprotective action
during ischaemia and reperfusion.

HOE140 did not in¯uence infarct size when given alone,
indicating that endogenous kinins without their potentiation
through kininase inhibitors do not have cardioprotective
e�ects in our model. This is in accordance with results

previously obtained in pigs (Jalowy et al., 1998). Another

aim of this study was to investigate whether a further
accumulation of myocardial kinins through combined
inhibition of ACE and APP would lead to a more

pronounced reduction of infarct size than inhibition of
either on enzyme alone. Additive potentiation of BK by
ACE and APP inhibition has been demonstrated in isolated
rat hearts, measuring coronary perfusion pressure (Dendor-

fer et al., 2000). There was no signi®cant di�erence between
reduction of myocardial infarct size by apstatin alone or its
combination with ramiprilat. Similar results have also been

obtained in vitro where a combination of apstatin with
ramiprilat was not signi®cantly better than either one alone
in reducing the release of creatine kinase after ischaemia in

the isolated rat heart (Ersahin et al., 1999). Therefore we
conclude that cardioprotection in ischaemia and reperfusion
achieved by inhibition of each of the major kininases in rat

myocardium is most e�ective and potentiation of kinins
through additional kininase inhibitors does not further
reduce the remaining injury. The equivalent protection by
inhibition of kinin degradation through either ACE or APP

also implies that reduced degradation is the major cause for
the enhanced e�ciency of endogenous BK. As such, there is
no evidence that degradation independent mechanisms of

kinin potentiation, which have been reported for ACE
inhibitors speci®cally (Minshall et al., 1997), would sig-
ni®cantly contribute to the observed e�ects.

However, there are some studies indicating that reduction
in infarct size by ACE inhibitors is a delay rather than a
prevention of necrosis (reviewed by Przyklenk & Kloner,

1993). So although apstatin led to an impressive reduction in
infarct size after 3 h of reperfusion in this study further
experiments are required to assess the bene®cial e�ects of
long term treatment with apstatin after acute myocardial

infarction.

Conclusion

Apstatin reduces infarct size in an in vivo model of acute
myocardial ischaemia and reperfusion. Cardioprotection

achieved by this selective inhibitor of APP is mediated by
bradykinin. A further accumulation of kinins by combined
inhibition of APP and ACE does not result in a more
pronounced reduction of infarct size than APP-inhibition

alone.
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