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1 Studies in isolated cells overexpressing ACE and bradykinin type 2 (B2) receptors suggest that
ACE inhibitors potentiate bradykinin by inhibiting B2 receptor desensitization, via a mechanism
involving protein kinase C (PKC) and phosphatases. Here we investigated, in intact porcine
coronary arteries, endothelial ACE/B2 receptor `crosstalk' as well as bradykinin potentiation
through neutral endopeptidase (NEP) inhibition.

2 NEP inhibition with phosphoramidon did not a�ect the bradykinin concentration-response curve
(CRC), nor did combined NEP/ACE inhibition with omapatrilat exert a further leftward shift on
top of the &10 fold leftward shift of the bradykinin CRC observed with ACE inhibition alone.

3 In arteries that, following repeated exposure to 0.1 mM bradykinin, no longer responded to
bradykinin (`desensitized' arteries), the ACE inhibitors quinaprilat and angiotensin-(1-7) both
induced complete relaxation, without a�ecting the organ bath ¯uid levels of bradykinin. This
phenomenon was una�ected by inhibition of PKC or phosphatases (with calphostin C and okadaic
acid, respectively).

4 When using bradykinin analogues that were either completely or largely ACE-resistant
([Phe8C(CH2-NH)Arg9]-bradykinin and [DPhe5]-bradykinin, respectively), the ACE inhibitor-induced
shift of the bradykinin CRC was absent, and its ability to reverse desensitization was absent or
signi®cantly reduced, respectively. Caveolar disruption with ®lipin did not a�ect the quinaprilat-
induced e�ects. Filipin did however reduce the bradykinin-induced relaxation by &25 ± 30%,
thereby con®rming that B2 receptor-endothelial NO synthase (eNOS) interaction occurs in caveolae.

5 In conclusion, in porcine arteries, in contrast to transfected cells, bradykinin potentiation by
ACE inhibitors is a metabolic process, that can only be explained on the basis of ACE-B2 receptor
co-localization on the endothelial cell membrane. NEP does not appear to a�ect the bradykinin
levels in close proximity to B2 receptors, and the ACE inhibitor-induced bradykinin potentiation
precedes B2 receptor coupling to eNOS in caveolae.
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Introduction

Bradykinin accumulation is believed to contribute to the

bene®cial e�ects of angiotensin-converting enzyme (ACE)
inhibitors in hypertension and heart failure, although
elevated bradykinin levels have not always been found during

ACE inhibitor treatment (Campbell et al., 1999). Recent
studies in isolated cells propose that ACE inhibitors
potentiate bradykinin beyond blocking its hydrolysis, by

inhibiting desensitization of its receptor (Minshall et al., 1997;
Benzing et al., 1999). The mechanism behind this phenom-
enon is currently unclear, but may involve `crosstalk' between

ACE and bradykinin type 2 (B2) receptors (Minshall et al.,
1997; Benzing et al., 1999; Marcic et al., 1999; 2000; Marcic
& ErdoÈ s, 2000). Although these ®ndings were subsequently
con®rmed in intact coronary arteries (Danser et al., 2000;

Tom et al., 2001; Mombouli et al., 2002), it has recently been
proposed, on the basis of experiments performed in isolated

perfused rat Langendor� hearts (Dendorfer et al., 2000) and

rabbit jugular veins (Dendorfer et al., 2001) that inhibition of
ACE in the immediate vicinity of B2 receptors (e.g., in
caveolae) is a more likely explanation for the potentiation of

bradykinin by ACE inhibitors than a direct interaction
between ACE and B2 receptors. In support of this concept,
aminopeptidase P inhibition resulted in a similar leftward

shift of the bradykinin concentration-response curve as ACE
inhibition (Dendorfer et al., 2000), and no ACE inhibitor-
induced leftward shift was observed when studying B2

receptor-mediated vasoconstriction in response to ACE-
resistant bradykinin analogues (Dendorfer et al., 2001;
Gobeil et al., 2002). However, the latter data were obtained
in endothelium-denuded vessels, i.e. a preparation that lacks

the B2 receptor- and ACE-expressing endothelial cells that
are responsible for the ACE inhibitor-induced potentiation of
B2 receptor-mediated coronary vasorelaxation (Danser et al.,

2000; Tom et al., 2001; Mombouli et al., 2002).
Neutral endopeptidase 24.11 (NEP) is a membrane-

bound metalloprotease with a catalytic unit similar to that
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of ACE. It is widely distributed in endothelial and
vascular smooth muscle cells (Llorens-Cortes et al., 1992;
Soleilhac et al., 1992; Graf et al., 1993; Wang et al., 1994;

Gonzalez et al., 1998). NEP catalyzes the degradation of a
number of endogenous vasoactive peptides, including
bradykinin and angiotensin (Graf et al., 1993; Kokkonen
et al., 1999; Raut et al., 1999; Blais et al., 2000). Recent

studies have shown that combined inhibition of ACE and
NEP with so-called vasopeptidase inhibitors is more
cardioprotective than ACE inhibition alone (Rouleau et

al., 2000; d'Uscio et al., 2001).
It was the aim of the present study to further investigate

the possibility that the ACE inhibitor-induced potentiation of

bradykinin in intact (i.e., endothelium-containing) porcine
coronary arteries has a non-metabolic origin. First, we
studied whether bradykinin potentiation also occurs with

NEP inhibitors, and whether dual ACE/NEP inhibition
results in even further potentiation of bradykinin. Second,
we studied the e�ect of protein kinase C (PKC) and
phosphatase inhibition (with calphostin C and okadaic acid,

respectively) on the ACE inhibitor-induced bradykinin
potentiation, since such inhibition was found to fully
eliminate the ACE/B2 receptor crosstalk in Chinese hamster

ovary (CHO) cells (Marcic & ErdoÈ s, 2000). Third, we studied
whether potentiation occurs when using truly ACE-resistant
bradykinin analogues. This is particularly important, since

most studies that investigated ACE-B2 receptor crosstalk so
far made use of a bradykinin analogue (Hyp3-Tyr(Me)8-
bradykinin) that was recently shown not to be ACE-resistant

at all (Dendorfer et al., 2001; Gobeil et al., 2002). Finally, in
view of the possibility that ACE and B2 receptors co-localize
in caveolae, we studied the e�ect of caveolar disruption (with
®lipin, cyclodextrin or nystatin) on the ACE inhibitor-

induced bradykinin potentiation.

Methods

Chemicals

Angiotensin-(1-7) (Ang-(1-7)), bradykinin, calphostin C,
captopril, cyclodextrin, 9,11-dideoxy-11a, 9a-epoxymethano-
prostaglandin F2a (U46619), ®lipin, S-nitroso-N-acetylpeni-

cillamine (SNAP), nystatin, okadaic acid, phosphoramidon,
and substance P were purchased from Sigma (Zwijndrecht,
The Netherlands). Quinaprilat was a kind gift of Dr H. van

Ingen, Parke-Davis, Hoofddorp, The Netherlands. Omapa-
trilat was a kind gift of Dr N.C. Trippodo, Bristol-Myers
Squibb, Princeton, NJ, U.S.A. [Phe8C(CH2-NH)Arg9]-brady-

kinin (PA-bradykinin) was bought from Calbiochem (Breda,
The Netherlands). [DPhe5]-bradykinin (DP-bradykinin) was
synthesized by a solid-phase method by means of the Boc-

strategy (Reissmann et al., 1996). All chemicals were
dissolved in water, with the exception of calphostin C and
phosphoramidon, which were dissolved in dimethylsulph-
oxide, and of ®lipin, which was dissolved in ethanol.

Tissue collection

Porcine coronary arteries were obtained from ®ve 2 ± 3
month-old pigs (Yorkshire x Landrace, weight 10 ± 15 kg)
that had been used in in vivo experiments studying the e�ects

of a-adrenoceptor and calcitonin-gene related peptide
receptor (ant)agonists or capsaicin under pentobarbital
(600 mg, i.v.) anaesthesia (Willems et al., 2001), and from

38 pigs at the local slaughterhouse. The Ethics Committee of
the Erasmus MC dealing with the use of animals for scienti®c
experiments approved the protocol for this investigation.
Arteries were either removed at the end of the experiment, or

after the heart from the slaughterhouse had been brought to
the laboratory in cold Krebs bicarbonate solution of the
following composition (mM): NaCl 118, KCl 4.7, CaCl2 2.5,

MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, and glucose 8.3;
pH 7.4. Vessels were stored overnight in cold, oxygenated
Krebs bicarbonate solution. They were then cut into

segments of approximately 4 mm length, suspended on
stainless steel hooks in 15 ml-organ baths containing Krebs
bicarbonate solution, aerated with 95% O2/5% CO2, and

maintained at 378C.

Organ bath studies

All vessel segments were allowed to equilibrate for at least
30 min and the organ bath ¯uid was refreshed every 15 min
during this period. Changes in tissue contractile force were

recorded with a Harvard isometric transducer (South Natick,
MA, U.S.A.). The vessel segments, stretched to a stable force
of about 15 mN, were exposed to 30 mM K+ twice. The

functional integrity of the endothelium was veri®ed by
observing relaxation to 1 nM substance P after preconstric-
tion with 1 mM U46619. Subsequently, the tissue was exposed

to 100 mM K+ to determine the maximal contractile response
to K+. The segments were then allowed to equilibrate in fresh
organ bath ¯uid for 30 min. Thereafter, the following
experiments were performed.

First, vessels were preincubated for 30 min in the presence
or absence of 10 mM quinaprilat (ACE inhibitor) and/or
10 mM captopril (ACE inhibitor), 10 mM omapatrilat (vaso-

peptidase inhibitor), 1 mM phosphoramidon (NEP inhibitor),
10 mM Ang-(1 ± 7) (inhibitor of ACE C-domain) (Tom et al.,
2001), 4 mg ml71 ®lipin, 2% cyclodextrin, or 20 mg ml71

nystatin. Next, vessels were preconstricted with 1 mM
U46619, and concentration-response curves were constructed
to bradykinin, PA-bradykinin, or DP-bradykinin.
Second, vessels were pre-incubated for 30 min with or

without 1 mM calphostin C, 0.5 mM okadaic acid, 4 mg ml71

®lipin, 2% cyclodextrin, or 20 mg ml71 nystatin. Vessels were
then preconstricted with 1 mM U46619 and exposed multiple

times (to induce desensitization) to 0.1 mM bradykinin,
0.1 mM PA-bradykinin or 0.03 mM DP-bradykinin. Each next
exposure was started as soon as the e�ect of the previous

exposure had disappeared. When bradykinin no longer
exerted a vasodilatory e�ect, 10 mM quinaprilat, 10 mM
omapatrilat, or 1 mM phosphoramidon was added to the

organ bath.
Finally, to study the metabolism of bradykinin under our

experimental conditions, 1-ml ¯uid samples were taken from
the organ bath at 0, 30, 60 and 120 min after the addition of

the highest bradykinin concentration (1 mM) in the absence or
presence of 10 mM quinaprilat. The samples were immediately
supplemented with 1% tri¯uoroacetic acid, and stored until

analysis at 7708C. Bradykinin was determined by high
performance liquid chromatography and photometric detec-
tion at 210 nm (Dendorfer et al., 1997).

British Journal of Pharmacology vol 137 (2)

Bradykinin potentiation by ACE inhibitorsB. Tom et al 277



Statistical analysis

Data are given as mean+s.e.mean and expressed as a

percentage of the contraction in response to U46619.
Di�erences between arteries obtained from experimental pigs
and from slaugterhouse pigs were not observed (data not
shown), and data for the two groups were therefore

combined. Concentration-response curves were analysed
using the logistic function described by de Lean et al.
(1978) to obtain pEC50 (710log EC50) values, EC50

representing the concentration at which 50% of the maximal
relaxant e�ect has been reached. Statistical analysis was
performed by Analysis of Variance (ANOVA), followed by

post hoc evaluation according to Dunnett. P values 50.05
were considered signi®cant.

Results

Potentiation of bradykinin by inhibitors of ACE and/or
NEP

Bradykinin relaxed preconstricted porcine coronary arteries

in a concentration-dependent manner (pEC50=7.95+0.03,
n=5; Figure 1). Quinaprilat and omapatrilat, but not
phosphoramidon, shifted the bradykinin concentration-re-

sponse curve approximately 10 fold to the left (pEC50's
respectively 9.22+0.05 (P50.05 vs control), 9.28+0.08
(P50.05 vs control) and 8.06+0.13, n=5 for each condi-

tion). These drugs were without e�ect in the absence of
bradykinin, indicating that porcine coronary arteries do not
contain endogenous bradykinin.
Repeated exposure of preconstricted porcine coronary

arteries to bradykinin produced progressively smaller re-
sponses (Figure 2, n=5). Its e�ects lasted less than 10 min,
and contractility returned to preconstriction level within 15 ±

20 min. The response to the third bradykinin dose was
550% of the response to the ®rst bradykinin dose.
Quinaprilat or omapatrilat, added to the organ bath after

the e�ect of the third bradykinin dose had disappeared,

completely restored the relaxant e�ect of bradykinin, whereas
phosphoramidon was without e�ect (n=5 for each inhibitor).
Bradykinin added to the organ bath after the e�ect of the

enzyme inhibitors had disappeared exerted no e�ect (data not
shown).

Does inhibition of phosphatases or PKC block the effect
of quinaprilat in desensitized vessels?

The relaxant e�ect of quinaprilat in desensitized porcine

coronary arteries was not altered in the presence of
calphostin C or okadaic acid (Figure 3).

Do ACE inhibitors potentiate ACE-resistant bradykinin
analogues?

In preconstricted porcine coronary arteries, Ang-(1 ± 7),
like quinaprilat, shifted the bradykinin concentration-
response curve to the left (Figure 4), although its e�ect
was smaller than that of quinaprilat (pEC50's 8.40+0.09

(n=7) and 8.85+0.06 (n=23) vs 7.94+0.05 for control
(n=28); P50.05). This relates to the fact that Ang-
(1 ± 7) inhibits the ACE C-domain only, whereas

quinaprilat inhibits both the C- and N-domain of ACE
(Tom et al., 2001). PA-bradykinin (pEC50 8.05+0.05;
n=23) and DP-bradykinin (pEC50 8.64+0.19; n=6)

relaxed preconstricted porcine coronary arteries to a
similar degree as bradykinin (Figure 4). Their relaxant
e�ects were not a�ected by either Ang-(1 ± 7), quinaprilat,

or captopril (Figure 4). Moreover, in the repeated
exposure experiments, in contrast with bradykinin, PA-
bradykinin induced relaxation only once, and the
application of subsequent doses of PA-bradykinin (Figure

5), quinaprilat (Figure 5) or Ang-(1 ± 7) (data not shown)
exerted no e�ect. DP-bradykinin, like bradykinin, was
capable of exerting multiple relaxations. However, the

e�ect of quinaprilat in DP-bradykinin-desensitized vessels
was signi®cantly smaller than in bradykinin-desensitized
preparations (Figure 5). Finally, adding 10 mM bradykinin

to vessels that no longer responded to 0.1 mM bradykinin
induced a vasorelaxation (74+10%, n=5) that was as
large as that induced by quinaprilat.

Bradykinin metabolism during incubation with porcine
coronary arteries

Bradykinin disappeared mono-exponentially from the organ
bath ¯uid (Figure 6), with a half life of 96+8 min (n=5).
Quinaprilat marginally (P=NS) increased the half life to

126+12 min.

Effect of caveolar disruption on bradykinin potentiation
by quinaprilat

Pretreatment with ®lipin reduced the maximal relaxant e�ect
of bradykinin and PA-bradykinin by approximately 25 ±

30% (Figure 7; P50.05), but did not alter their potencies
(7.63+0.19 (n=6) and 7.91+0.20 (n=7); P40.05 vs
without ®lipin). Filipin did not a�ect the response to the

endothelium-independent relaxant SNAP (Figure 8). Neither
cyclodextrin, nor nystatin (20 mg ml71), a�ected the brady-
kinin, PA-bradykinin or SNAP concentration-response

Figure 1 Relaxations of porcine coronary arteries, preconstricted
with 1 mM U46619, to bradykinin in the absence (control) or presence
of 10 mM quinaprilat, 10 mM omapatrilat or 1 mM phosphoramidon.
Data (mean+s.e.mean of ®ve experiments) are expressed as a
percentage of the contraction induced by U46619.
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curves, although there was a tendency for nystatin at this
concentration to reduce (P=NS) the maximal relaxant e�ect

of SNAP. At a concentration of 50 mg ml71, nystatin did
signi®cantly reduce the SNAP-induced relaxation (data not
shown).
Quinaprilat caused a leftward shift of the bradykinin

concentration-response curve in the presence of all caveolae-
disrupting agents, and the shift was fully comparable to that
observed in the absence of these agents (Figures 4 and 7).

Quinaprilat did not a�ect the PA-bradykinin concentration-
response curve in the presence of ®lipin, cyclodextrin and
nystatin.

Finally, none of the caveolar disrupting agents prevented
the relaxant e�ect of quinaprilat in desensitized preparations
(Figure 9).

Discussion

The present study shows that the ACE inhibitor-induced
potentiation of bradykinin in intact porcine coronary arteries
has a metabolic origin. The explanation for this potentiation

is therefore not that ACE and B2 receptors physically
interact, as proposed on the basis of studies in isolated cells
overexpressing ACE and B2 receptors (Minshall et al., 1997;

Figure 2 Relaxations of porcine coronary arteries, following preconstriction with 1 mM U46619, to three consecutive bradykinin doses (0.1 mM;
BK1, BK2, BK3), followed by 10 mM quinaprilat, 10 mM omapatrilat, or 1 mM phosphoramidon. Top, original tracing; bottom, mean+s.e.mean
of ®ve experiments (data are expressed as a percentage of the contraction induced by U46619).

Figure 3 Relaxations of porcine coronary arteries, following
preconstriction with 1 mM U46619, to three consecutive bradykinin
doses (0.1 mM; BK1, BK2, BK3), followed by 10 mM quinaprilat, in
the absence (control) or presence of 1 mM calphostin C or 0.5 mM
okadaic acid. Data (mean+s.e.mean of ®ve experiments) are
expressed as a percentage of the contraction induced by U46619.
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Figure 4 Relaxations of porcine coronary arteries, preconstricted
with 1 mM U46619, to bradykinin, PA-bradykinin or DP-bradykinin
in the absence (control) or presence of 10 mM quinaprilat, 10 mM
captopril or 10 mM angiotensin-(1 ± 7). Data (mean+s.e.mean of 5 ±
28 experiments) are expressed as a percentage of the contraction
induced by U46619.

Figure 5 Relaxations of porcine coronary arteries, following preconstriction with 1 mM U46619, to three consecutive bradykinin, PA-
bradykinin or DP-bradykinin doses (0.1, 0.1 and 0.03 mM, respectively; BK1, BK2, BK3), followed by 10 mM quinaprilat. Top, original tracings
of experiments with PA-bradykinin and DP-bradykinin; bottom, mean+s.e.mean of 5 ± 12 experiments (data are expressed as a percentage of
the contraction induced by U46619). *P50.01 vs bradykinin.

Figure 6 Metabolism of bradykinin by porcine coronary artery
rings during incubation of 15 ml organ bath ¯uid at 378C with 1 mM
bradykinin in the absence (control) or presence of 10 mM quinaprilat.
Data are mean+s.e.mean of ®ve experiments and have been
expressed as a percentage of the level at t=0 (0.70+0.04 and
0.82+0.04 mM without and with quinaprilat).
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Benzing et al., 1999; Marcic et al., 2000; Marcic & ErdoÈ s,
2000), but rather that ACE is located in close proximity of B2

receptors, thereby directly determining the bradykinin
concentration in the micro-environment of the B2 receptor.
As a consequence, the bradykinin concentrations seen by the

receptor will only approach those in the organ bath when
ACE is inhibited, a phenomenon that can be achieved
instantaneously by adding an ACE inhibitor to the organ
bath.

An extensive series of experiments, both in transfected cells
(Minshall et al., 1997; Benzing et al., 1999; Marcic et al.,
2000; Marcic & ErdoÈ s, 2000) and in intact vessel preparations

(Danser et al., 2000; Tom et al., 2001; Mombouli et al.,
2002), supports the idea that bradykinin potentiation by ACE
inhibitors is an e�ect beyond hydrolysis. The data suggest

that ACE inhibitors, in an PKC- and phosphatase-dependent
manner (Marcic & ErdoÈ s, 2000), increase the number of cell
surface B2 receptors, thereby preventing/reversing the rapid

B2 receptor desensitization that normally occurs upon
exposure to bradykinin (Minshall et al., 1997; Marcic et al.,
1999, 2000; Marcic & ErdoÈ s, 2000; Bachvarov et al., 2001). In
order to draw this conclusion, the studies depended on the

use of `ACE-resistant' bradykinin analogues, in particular
Hyp3-Tyr(Me)8-bradykinin. However, in a recent investiga-
tion Dendorfer et al. (2001) showed that rabbit ACE cleaves

Hyp3-Tyr(Me)8-bradykinin at 71% of bradykinin degradation
activity, and this ®nding was con®rmed by Gobeil et al.
(2002).

Potentiation of ACE-resistant bradykinin analogues by
ACE inhibitors?

In the present study we therefore re-investigated the ACE
inhibitor-induced bradykinin potentiation in porcine coronary
arteries, using two bradykinin analogues, one (PA-bradyki-

nin) of which was truly ACE-resistant, whereas the other (DP-
bradykinin) was cleaved at 9% of bradykinin degradation
activity (Dendorfer et al., 2001; Gobeil et al., 2002). We

followed two approaches: (1) comparison of the bradykinin
concentration-response curves in the absence and presence of
an ACE inhibitor, and (2) the application of an ACE inhibitor

to desensitized coronary arteries (i.e., arteries that no longer
relaxed in response to 0.1 mM bradykinin, a concentration that
normally causes complete relaxation). In the latter experi-

mental setup, the addition of the ACE inhibitor immediately
results in full relaxation, an e�ect that depends on the prior
addition of bradykinin, since it does not occur in the absence
of bradykinin (Danser et al., 2000). Apparently, at the time

the ACE inhibitor is added (i.e., approximately 10 min after
the last bradykinin dose), the organ bath still contains
su�cient bradykinin to allow full relaxation. Our measure-

ment of the bradykinin half life (490 min) in the current
study con®rms this assumption. The quinaprilat-induced
relaxation of desensitized preparations is not due to unspeci®c

Figure 7 Relaxations of porcine coronary arteries, preconstricted
with 1 mM U46619, to bradykinin (top panels) or PA-bradykinin
(bottom panels) in the absence (control) or presence of 10 mM
quinaprilat, following pretreatment with 4 mg ml71 ®lipin, 2%
cyclodextrin or 20 mg ml71 nystatin. Data (mean+s.e.mean of 4 ±
10 experiments) are expressed as a percentage of the contraction
induced by U46619.

Figure 8 Relaxations of porcine coronary arteries, preconstricted
with 1 mM U46619, to SNAP in the absence (control) or presence of
4 mg ml71 ®lipin, 2% cyclodextrin or 20 mg ml71 nystatin. Data
(mean+s.e.mean of 5 ± 21 experiments) are expressed as a percentage
of the contraction induced by U46619.

Figure 9 Relaxations of porcine coronary arteries, following
preconstriction with 1 mM U46619, to three consecutive bradykinin
doses (0.1 mM; BK1, BK2, BK3), followed by 10 mM quinaprilat, in
the absence (control) or presence of 4 mg ml71 ®lipin, 2%
cyclodextrin or 20 mg ml71 nystatin. Data are mean+s.e.mean of
5 ± 12 experiments and have been expressed as a percentage of the
contraction induced by U46619.
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properties of this drug, since similar data have been obtained
with a whole range of ACE inhibitors (Danser et al., 2000;
Marcic et al., 2000; Gobeil et al., 2002).

The results of both experimental approaches indicate that
the e�ect of ACE inhibition is absent or greatly reduced
when using ACE-resistant bradykinin analogues. First, the 10
fold leftward shift of the bradykinin concentration-response

curve that normally occurs in the presence of the ACE
inhibitors quinaprilat (Danser et al., 2000), captopril (Tom et
al., 2001) or perindoprilat (Mombouli et al., 2002) was absent

when using PA-bradykinin or DP-bradykinin. Moreover, the
leftward shift that we (Tom et al., 2001) and others (Gobeil et
al., 2002) observed earlier in the presence of Ang-(1 ± 7), also

did not occur in combination with these agonists, indicating
that this shift, too, has a metabolic origin. The Ang-(1 ± 7)-
induced shift is smaller than the shift induced by quinaprilat

and captopril, because Ang-(1 ± 7), at the high concentration
that was applied in this study (10 mM), blocks the active
centre of only one (the C-terminal domain) of the two
homologous domains of the ACE molecule, whereas

quinaprilat and captopril at this same concentration block
both domains (Tom et al., 2001). These data therefore
strongly argue against the idea that a non-ACE related e�ect

of Ang-(1 ± 7) (e.g., an e�ect mediated via the putative Ang-
(1 ± 7) receptor) underlies its bradykinin-potentiating capabil-
ities (Fernandes et al., 2001).

Second, the above described quinaprilat-induced relaxation
of desensitized coronary arteries did not occur following PA-
bradykinin-induced desensitization, and was signi®cantly

reduced after DP-bradykinin-induced desensitization. Com-
plete desensitization was already obtained after the applica-
tion of 0.1 mM PA-BK, since the addition of subsequent PA-
BK doses (increasing the PA-BK concentrations 2 and 3 fold)

did not exert further e�ects. In contrast, desensitization
induced by 0.1 mM bradykinin or 0.03 mM DP-bradykinin was
less complete, as the application of a second and third dose

of these agonists still induced modest relaxations. Desensiti-
zation is due to a reduction in the number of B2 receptors on
the endothelial cell surface, and/or to exhaustion of post-

receptor mechanisms (e.g., NO depletion). In support of the
latter, desensitization occurred much more rapidly in the
presence of an NO synthase inhibitor (Danser et al., 2000).
The lack of e�ect of quinaprilat after PA-BK suggests that

the B2 receptor resensitization that has been detected upon
ACE inhibitor administration in isolated cells (Minshall et
al., 1997; Marcic et al., 1999; 2000; Marcic & ErdoÈ s, 2000),

either does not occur or is insu�cient in intact coronary
arteries.
How then should the ACE inhibitor-induced relaxation

following bradykinin desensitization be explained? Quinapri-
lat does not increase the organ bath ¯uid levels of
bradykinin. In the absence of signi®cant B2 receptor

resensitization, this leaves the possibility that quinaprilat
a�ects the bradykinin levels that are seen by the receptor.
This explanation implies that ACE is located in close
proximity of B2 receptors, and thus, that normally the

bradykinin levels in the vicinity of the receptor are below
those in the organ bath. In view of the &10 fold leftward
shift of the bradykinin concentration-response curve in the

presence of quinaprilat, it seems reasonable to assume that
the bradykinin levels in the micro-environment of the B2

receptor are also &10 fold lower than the levels in the organ

bath. For a fully ACE resistant bradykinin analogue (PA-
bradykinin) such a di�erence will not exist, whereas for an
analogue that is degraded by ACE at 510% of its

bradykinin degrading activity (DP-bradykinin) the di�erence
will be much smaller than 10 fold. This explains why we did
not observe a signi®cant leftward shift of the DP-bradykinin
concentration-response curve, and only a modest relaxation

following the addition of quinaprilat to DP-bradykinin
desensitized vessels. It also explains why desensitization was
already complete after one PA-BK dose (resulting in a

concentration of 0.1 mM in the organ bath as well as in the
micro-environment of B2 receptors), whereas desensitization
remained incomplete after the addition of three subsequent

bradykinin doses (resulting in a ®nal concentration of 0.3 mM
in the organ bath, and of &0.03 mM in the micro-
environment of B2 receptors). In fact, incomplete desensitiza-

tion is a prerequisite for the quinaprilat-induced relaxation,
since in completely desensitized preparations a 10 fold (or
more) rise of the bradykinin levels in the micro-environment
of the receptor will of course have no e�ect. In agreement

with this concept, exposure of bradykinin-desensitized
arteries to a 100 fold higher bradykinin concentration
(10 mM) resulted in a similar relaxation as the addition of

quinaprilat.
Blockade of phosphatases and PKC did not interfere with

the quinaprilat-induced relaxation, whereas these agents did

prevent the ACE inhibitor-induced bradykinin potentiation in
transfected CHO cells that overexpress ACE and B2 receptors
(Marcic & ErdoÈ s, 2000). One reason for this discrepancy

might be that overexpression itself leads to interactions which
do not occur at low expression levels.

ACE inhibitor-induced potentiation of B2

receptor-mediated vasoconstriction

Our study is the ®rst to demonstrate a metabolic background

for the ACE inhibitor-induced potentiation of bradykinin-
mediated vasodilation in intact arteries, i.e, for an interaction
at the level of the endothelial cells, the same cells that were

used to demonstrate ACE-B2 receptor crosstalk in cell culture
studies (Marcic et al., 1999; Marcic & ErdoÈ s, 2000). The
present data are in full agreement with two previous studies,
using similar experimental protocols, on the lack of

potentiation of PA-bradykinin-mediated vasoconstriction in
endothelium-denuded rabbit jugular veins by either ramiprilat
(Dendorfer et al., 2001) or captopril (Gobeil et al., 2002).

Thus, the concept of B2 receptor-ACE co-localization may
also apply to vascular smooth muscle cells.

Bradykinin potentiation by NEP inhibitors?

NEP inhibition, in contrast with ACE inhibition, did not

potentiate bradykinin in isolated porcine arteries, neither
alone, nor on top of ACE inhibition. These ®ndings contrast
with reports on the wide presence of NEP in the vascular wall
(Llorens-Cortes et al., 1992; Soleilhac et al., 1992; Dussaule et

al., 1993; Graf et al., 1993; Wang et al., 1994; Gonzalez et al.,
1998) and its important contribution to bradykinin metabo-
lism in vivo (Kentsch & Otter, 1999; McClean et al., 2000;

Rouleau et al., 2000). Thus, either NEP is not present in
porcine coronary arteries and/or its contribution to brady-
kinin metabolism in this in vitro model is of limited
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importance. Earlier studies in porcine vessels oppose the
former explanation (Krassoi et al., 2000; Miyamoto et al.,
2002). The most likely explanation is therefore that NEP in

intact porcine coronary arteries, unlike ACE, does not co-
localize with B2 receptors, and thus that NEP inhibition does
not increase the bradykinin levels in the micro-environment
of B2 receptors. In support of this concept, bradykinin

potentiation did occur following NEP inhibition when co-
localization had been arti®cially induced by transfecting CHO
cells with both NEP and B2 receptors (Deddish et al., 2002).

Co-localization of ACE and B2 receptors in caveolae?

Both ACE and B2 receptors have been demonstrated in
caveolae (Haasemann et al., 1998; Benzing et al., 1999).
Caveolae are small micro-invaginations of the plasma

membrane enriched with caveolin that are involved in the
compartmentalization of signalling molecules. For instance,
B2 receptors interact with endothelial NO synthase in this
compartment (Ju et al., 1998). The structural integrity of

caveolae depends on cholesterol, and sterol-binding agents
such as ®lipin, cyclodextrin and nystatin are therefore capable
of disrupting caveolae (Rothberg et al., 1992; Schnitzer et al.,

1994; Neufeld et al., 1996). Interestingly, a recent study
demonstrated that caveolar disruption mimics endothelial
dysfunction in atheromatous vessels (Darblade et al., 2001).

To address the possibility of ACE-B2 receptor co-
localization in caveolae, we studied the bradykinin-potentiat-
ing e�ects of quinaprilat in coronary arteries that had been

exposed to the above sterol-binding agents. Our data con®rm
that caveolar disruption results in endothelial dysfunction,
since ®lipin reduced the maximal relaxant e�ect of both
bradykinin and PA-bradykinin by &25 ± 30%, without

a�ecting the relaxations induced by the endothelium-
independent agent SNAP. Cyclodextrin and nystatin did
not a�ect the concentration-response curves of bradykinin

and PA-bradykinin. Possibly therefore, the 40 ± 50% reduc-
tion in caveolar abundance that has been reported to occur in
rabbit aortic rings following exposure to 2% cyclodextrin (the

same concentration that was used in the present study, and
that resulted in a reduction of the e�ect of acetylcholine in
rabbit aorta rings) (Darblade et al., 2001) is insu�cient to

a�ect B2 receptor-mediated relaxations, or the reduction in
porcine coronary arteries is less than 40%. Furthermore,
nystatin at a concentration of 20 mg ml71 tended to reduce
the SNAP-induced relaxations (Figure 9), and a signi®cant

reduction occurred at a concentration of 50 mg ml71, thus not
allowing us to investigate the e�ect of higher nystatin
concentrations on the bradykinin concentration-response

curves.
Importantly however, although caveolar disruption ap-

peared to reduce the relaxant e�ect mediated by B2 receptors

(for instance because of interference with their interaction
with endothelial NO synthase in this compartment), it did not
a�ect the leftward shift induced by quinaprilat (or the

absence thereof in the case of PA-bradykinin), nor did it
prevent the quinaprilat-induced relaxation in desensitized
preparations. Based on these data, it therefore seems unlikely
that ACE inhibition within caveolae underlies its bradykinin-

potentiating e�ects. Apparently therefore, the ACE-B2

receptor co-localization occurs elsewhere, for instance in
coated pits or non-caveolar lipid rafts.

Conclusion and perspective

Bradykinin potentiation by ACE inhibitors in porcine
coronary arteries is a metabolic process based on the co-
localization of ACE and B2 receptors on the endothelial cell

membrane. NEP does not appear to be present in the micro-
environment of coronary B2 receptors, and the ACE
inhibitor-induced e�ect on bradykinin metabolism most likely
does not occur in caveolae, i.e. it precedes the coupling of B2

receptors to endothelial NO synthase in this compartment.
The co-localization of ACE and B2 receptors mimics the co-
localization of ACE and AT1 receptors (Saris et al., 2002;

Schuijt et al., 2002). Thus, ACE is located in a strategic
position to allow maximal e�ciency of B2 receptor and AT1

receptor stimulation.
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