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Bradykinin, an Important Mediator
of the Cardiovascular Effects of Metallopeptidase Inhibitors:

Experimental and Clinical Evidences

M. Perez, G. Molinaro, A. Adam

Bradykinin (BK), a nanopeptide (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg), is the prototype of a family of powerful
vasodilatory peptides, the kinins. Although known for a long time only as a pro-inflammatory peptide, BK is now considered an
important mediator of the benefits of angiotensin I-converting enzyme inhibitors (ACEi). In fact, over the years, numerous
papers have been dedicated to BK, and a number of them dealt with its cardiovascular effects.

Different experimental and clinical arguments plead for a role of BK in the cardiovascular effects of ACEi. BK may also be an
important mediator of a new class of drugs, vasopeptidase inhibitors. These single molecules simultaneously inhibit the activity
of neutral endopeptidase 24.11 and angiotensin-converting enzyme, two kininases, with similar nanomolar inhibitory con-
stants. The protective effect of omapatrilat, the first of this new class of drugs, on BK degradation at the cardiomyocyte and
endothelial level, two target sites for metallopeptidase inhibitors, has also been documented and compared to that of ACEi.

The purpose of this paper is to review the different experimental and clinical arguments that support a cardioprotective role
of this vasodilatory peptide, BK. J Clin Basic Cardiol 2001; 4: 39–46.
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Bradykinin (BK), a nanopeptide (Arg-Pro-Pro-Gly-Phe-
Ser-Pro-Phe-Arg), is the prototype of a family of power-

ful vasodilatory peptides, the kinins. It originates from
kininogens when hydrolyzed by kininogenases. BK exerts its
pharmacological activity by stimulating specific receptors be-
fore being metabolized by different peptidases. Although
known for a long time only as a pro-inflammatory peptide,
BK is now considered an important mediator of the benefits
of angiotensin I-converting enzyme inhibitors (ACEi).
Nearly one century after the first description by Abelous and
Bardier [1] of the hypotensive action of a fraction of the hu-
man urine, later attributed to the kallikrein-kininogen-kinin
system (KKKS), this cascade, and mostly BK still raises much
scientific interest. In fact, in the past five years, numerous
papers have been dedicated to BK, and a number of them
dealt with its cardiovascular effects.

The purpose of this paper is to review the different experi-
mental and clinical arguments that suggest a cardioprotective
role of this class of vasodilatory peptides, the kinins.

Bradykinin: Definition and Origin
Like the renin-angiotensin system, the kallikrein-kininogen-
kinin system (KKKS) is a cascade system. Although present
in plasma, local kallikrein-kininogen systems have been
found to be present in different cells such as cardiomyocytes
[2] and tubular cells of the kidney [3], for example.

The kininogens: the precursors of kinins
The kininogens are single-chain glycoproteins synthesized
mainly by the liver. Their molecular mass allows for differ-
entiation of two human forms of kininogens: high-molecular
weight kininogen (HK, 115 kD) and low-molecular weight
kininogen (LK, 6.8  kD) which derive from a single hepatic

gene (K gene) that yields two mRNAs by alternative splicing
[4, 5]. Both kininogens possess a common multidomain
COOH-terminal heavy chain, a different NH2-terminal
light chain and a kinin-forming moiety bridging the two. HK
circulates in plasma at a concentration of approximately 90
µg/ml [6]. Through its amino-terminal light chain, HK is a
coagulation cofactor [7]. In fact, it is complexed to
prekallikrein (PK) and factor XI and by a histidine rich do-
main, it binds to negative surfaces [8, 9]. The function of the
light chain of LK is still unknown [4].

The kininogenases: the kinin releasing enzymes
Kininogens release their kinin moiety when hydrolyzed by
specific and non specific kininogenases. Plasma and tissue
kallikreins are specific kininogenases. In man, the tissue kal-
likrein gene family has three members, the hRKALL, hGK-1
and PSA genes, clustered on chromosome 19. The protein
coded by hRKALL, the true tissue kallikrein or hK1, is the
only one known to hydrolyze kininogens to any significant
physiological extent [10, 11]. It is synthesized as a inactive
proenzyme in different tissues, like the kidney. Tissue kal-
likrein releases Lys-BK from both kininogens; LK however is
its preferential substrate.

Plasma kallikrein is synthesised and secreted by hepato-
cytes as a precursor known as plasma prekallikrein. The sin-
gle gene coding for this proenzyme is found on chromosome
4 [12]. Prekallikrein is a single chain glycoprotein that circu-
lates in plasma bound to the light chain of HK. Catalytic hy-
drolysis of the Arg371-Ile372 bond leads to the formation of
the active plasma kallikrein which consists in a two-chain ser-
ine proteinase molecule held together by a disulfide bridge
[13]. Plasma kallikrein releases BK from HK by hydrolysis of
Lys-Arg and Arg-Ser bonds. LK is a poor substrate for plasma
kallikrein [14].
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The contact system of plasma
The contact system of plasma consists in 3 proenzymes (fac-
tor XII and XI of the coagulation and plasma PK) and one
cofactor, HK. The presence of a negatively charged surface
allows for binding to factor XII and HK (which circulates
complexed with PK and factor XI) leading to the auto-activa-
tion of factor XII into XIIa which in turn transforms PK into
the active serine protease which releases BK from HK. The
nature of the negatively charged surfaces susceptible to acti-
vate this system in vitro has been reviewed recently [7]; how-
ever, none of these compounds has been shown to be of a
significant physiological relevance.

Another mechanism has been proposed to explain the lo-
cal release of BK in vivo: it involves the endothelial cells. Two
different groups have recently reported that endothelium
cells are susceptible to bind HK and factor XII in a specific
way [15, 16]. This binding involves the same receptor and is
zinc-dependent, it has been identified as the COOH-termi-
nal domain of the receptor for the C1q complement factor
(gC1qR) [17]. Besides endothelial cells, interaction between
the contact system and neutrophils and platelets has also been
shown, it involves different potential binding sites [7].

BK: the prototype of kinins
In 1949, Rocha e Silva et al. reported that the incubation of
dog plasma globulins with the venom extract of Bothrops
jararaca or trypsin leads to the production of an active mol-
ecule capable of the slow and delayed contraction of guinea
pig ileum. This group was to call this biologically active mol-
ecule BK [18]. BK and its analogs with a carboxy-terminal
Arg stimulate B2 receptors. Kininase I, a generic name for
different carboxypeptidases, transform B2 agonists into their
desArg metabolites that also belong to the family of kinins
but stimulate B1 receptors [19].

Kinin receptors
In mammals, the biological activities of kinins are mediated
by two distinct receptors, termed B1 and B2. The B1/B2 clas-
sification relies on rank order of potency of kinin analogs
[20]. Both B1 and B2 receptors have been cloned [21]; they
are cell-surfaced, G-protein coupled receptors of the seven-
transmembrane domained family. These two receptors show
a 35 % homology, mostly located in the seventh trans-
membrane region. They are primarily linked to phospholipase
C-β activation, with hydrolysis of phosphatidylinositol and
consequent intracellular Ca2+ mobilization by inositol 1,4,5-
triphosphate (IP3). In endothelial cells, the enhancement of
cytosolic Ca2+ leads to an activation of arachidonic acid me-
tabolism through phospholipase A2 and an increase in nitric
oxide formation via the calcium-calmodulin-dependent NO-
synthase. Endothelial prostaglandin and NO exert many of the
pharmacological effects of kinins via adenosine mono-
phosphate (cAMP) and guanosine monophosphate (cGMP)
formation such as vascular smooth muscle cell relaxation, anti-
proliferative and anti-ischaemic effects [22, 23].

The B2 receptor is constitutive in a number of different
cell types, it responds to stimulation with a strong, but short
signal and immediately undergoes a rapid loss of functional
responses, receptor internalization and sequestration, ligand
dissociation and, upon long-term stimulation, its own
mRNA and protein down-regulation [22, 24, 25].

In contrast to B2 receptors, B1 receptors are inducible:
growth factors and cytokines like IL-1β, IL-2, IL-8 or bacte-
rial lipopolysaccharides strongly up-regulate B1 receptor ex-
pression [19], via the inflammatory transcription factor, nu-
clear factor κB (NF-κB) binding site [26, 27]. The B1
receptor is a non-internalizing receptor.

The metallopeptidases: key enzymes in the metabo-
lism of BK (Figure 1)
Several peptidases collectively termed kininases are suscepti-
ble to rapidly degrade kinins. Their nature and properties
have been extensively reviewed. From our results [28–31]
and those of other laboratories [32], 5 metallopeptidases
seem to be particularly important in the metabolism of BK:
angiotensin-converting enzyme (ACE, kininase II), neutral
endopeptidase 24.11 (NEP), aminopeptidase P (APP), car-
boxypeptidase N and carboxypeptidase M (kininase I). These
five enzymes all require zinc at their catalytic site; four are
membrane-bound single-chain glycoproteins, carboxypepti-
dase N being a soluble tetrameric complex.

Angiotensin-converting enzyme
Angiotensin-converting enzyme (ACE) is the me-
tallopeptidase which has the highest affinity for BK
(Km = 0.18 µM) [33]. ACE hydrolyses BK by cleaving
carboxyterminal dipeptides to sequentially yield BK1-7 and
BK1-5 [33, 34]. Knowing that the affinity of ACE for BK is
about 100 times higher than for angiotensin I, ACE could be
considered a kininase rather than an angiotensinase [32].
Moreover, ACE also inactivates desArg9BK, cleaving the
carboxyterminal Ser6-Pro7-Phe8 tripeptide [35]. ACE has
been shown to play an important metabolic role not only at
endothelium [29] but also at the cardiomyocyte [30] and
plasma level [28].

The molecular cloning and sequencing of cDNA for hu-
man ACE has been reported by the group of Soubrier et al.
[36].

Interestingly, ACE is characterized by a I/D polymorphism
associated with serum ACE activity [37]. Subjects ho-
mozigous for the D allele have a mean serum ACE level nearly
twice as high for the I allele, while heterozygous have in-
termediate activities. The DD-ACE genotype has been im-
plicated in the pathogenesis of cardiovascular disorders. Some
authors have hypothesized that this association between DD-
ACE genotype and cardiovascular diseases could be attributed
to an increased formation of angiotensin II (reviewed in [38]).
We have reported that the DD genotype influences the plasma
metabolism of BK, in fact BK half-life was significantly de-

Figure 1.Figure 1.Figure 1.Figure 1.Figure 1. Bradykinin metabolism and its relationship with two other
vasoactive mediators: angiotensin and natriuretic peptides. ACE,
angiotensin-converting enzyme; AI, angiotensin I; AII, angiotensin II;
ANP, atrial natriuretic peptide; APP, aminopeptidase P; AT1, angi-
otensin II type I receptor; AT2, angiotensin II type II receptor; BK,
bradykinin; BNP, brain natriuretic peptide; CNP, C-natruretic peptide;
NEP, neutral endopeptidase 24.11; NPR-A, natriuretic peptide
receptor type A; NPR-B, natriuretic peptide receptor type B.
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creased in the plasma of DD genotype subjects when com-
pared to the plasma of II genotype subjects [39].

Neutral endopeptidase 24.11
Neutral endopeptidase 24.11 (NEP) inactivates BK by cleaving
the COOH-terminal Phe8-Arg9 dipeptide [40] and Phe5-Ser6-
Pro7 tripeptide, yielding the inactive BK1-4 metabolite [41].
This latter metabolite can also be obtained by the catalytic ac-
tion of NEP on desArg9BK [41]. The affinity of NEP for BK is
lower than that of ACE [40]. NEP is encoded by the 3q21-27
locus of human chromosome 3 [42, 43] and has a large tissue
distribution [44]. A high NEP activity has been detected on
the membranes of endothelium and of cardiomyocytes, but
also and mostly in the brush border membrane in the kidney
[45]. In plasma, unlike ACE, NEP does not play a significant
role in the metabolism of kinins [28].

The kininase I
Kininase I is a generic name for carboxypeptidases, mainly
carboxypeptidases N (CPN) and M (CPM), which trans-
form BK into its active metabolite: desArg9BK [46].

Aminopeptidase P
Aminopeptidase P (APP) specifically cleaves peptides with a
penultimate proline at the aminoterminal end and can
thereby remove the N-terminal Arg from BK and des
Arg9BK [47]. In human plasma, APP is the main degrading
pathway of des Arg9BK [48].

Different experiments in our laboratory showed that the
relative importance of these metallopeptidases in the metabo-
lism of BK and desArg9BK depends not only in the biological
milieu (plasma, endothelium, cardiomyocytes) but also on the
pathophysiological background (diabetes, myocardial infarc-
tion or left ventricular hypertrophy for example). From the dif-
ferent experimental data reported in the literature and summa-
rized here, it appears that BK is generated locally at the tissue
level where it exerts its pharmacological activity before being
rapidly inactivated by different peptidases which limit the B1
or B2 activity at the site of formation. Kinins must then be con-
sidered as autocrine or paracrine mediators rather than hor-
mones.

Cardiovascular Effects of BK
Besides the fact that BK is the preferential substrate for ACE,
different experimental arguments plead for a role of BK in
the cardiovascular effects of ACEi. These arguments, mainly
of pharmacological nature, are based on the fact that exog-
enous BK reproduces the in vitro and in vivo experimental
models the pharmacological effects of ACEi, these effects be-
ing suppressed by icatibant (HOE 140), a B2 receptor antago-
nist.

Experimental evidence for a role of BK in the effects
of ACEi
Cell models
Endothelial cells, as cardiomyocytes, release BK in vitro and
the nM concentration of the B2 agonist measured in the
supernatant is potentiated by a preincubation of the cells with
an ACEi [49]. The formation of NO and PGI2 in cultured
bovine endothelial cells is increased by exogenous BK and/or
an ACEi, this effect being suppressed by the B2 antagonist,
icatibant [50]. Also, exogenous BK as well as an ACEi reduces
CK release and the sarcolemnal damage induced by
hypoxemia in neonatal myocytes; this effect is inhibited by
NG-monomethyl-L-arginine monoacetate (L-NMMA) or
an inhibitor of the guanylate cyclase [51]. An angiotensin II

(ANGII) antagonist had no protective effect in this in vitro
model. Knowing that ACEi inhibit BK degradation, these re-
sults consequently suggest that these drugs act through the
local kallikrein-kinin system in endothelial and cardio-
myocytic cells by enhancing the autocrine/paracrine cardio-
protective effects of the B2 agonist.

BK and the heart
In vitro models of ischaemia reperfusion
ACEi and exogenous BK have, in experimental models of total
or partial ischaemia-reperfusion in isolated working rat hearts,
the same cardioprotective effect mediated by B2 receptors.
They improve cardiodynamic and metabolic parameters de-
creasing the severe ventricular arrhythmias and increasing the
left ventricular pressure, the dp/dtmax and the coronary flow.
They also increase the myocardial concentrations of glycogen,
ATP and creatine phosphate [52]. ACEi have also been shown
to increase BK [53] and desArg9BK [54] in the cardiac effluent
during the reperfusion period. Moreover, comparative studies
with BK and ramiprilat in isolated working rat hearts with
postischaemic reperfusion arrythmias show an almost identical
pattern of changes in cardiodynamics and metabolism, even in
low concentrations (reviewed in [23]).

Like adenosine or acetylcholine [55], exogenous BK has
also been shown to have a preconditioning effect in a model
of isolated rat heart [23, 56], these specific effects of the exog-
enous B2 agonist have also been confirmed in vivo in the hu-
man heart [57].

In vivo animal models
A study on dogs in the late 1960s was the first to show that
kinins administered locally and systemically increased the
coronary blood flow and improved myocardial metabolism
[58]. In 1970, an activation of the plasma kallikrein-kinin sys-
tem during myocardial ischaemia was shown [59]. These dif-
ferent data raised the hypothesis that kinins released during
an ischaemic episode might constitute a compensatory
cardioprotective effect [23].

ACEi and BK separately were also shown to significantly
reduce infarct size in dogs [23] and in rabbits [56]; this effect
was abolished by the coadministration of icatibant. Further-
more, myocardial tissue injury evoked by neutrophil medi-
ated release of free radicals through platelet-activating factor
is reduced by BK as well as by ACEi [60].

Studies on bovine or porcine coronary artery rings showed
that ACEi induced endothelium-dependent relaxation could
not be observed in non-flow conditions [61] indicating that a
shear-stress is needed for the ACEi to exert their effects on
the coronary flow.

BK and hypertension
BK clearly contributes to the acute antihypertensive action of
ACEi in animals suffering from a renin-dependent hyperten-
sion [62, 63]. However, the coadministration of icatibant to
spontaneous hypertensive rats (SHR) receiving ACEi did not
affect the antihypertensive action of the ACEi, indicating that
endogeneous kinins do not seem to participate in the antihy-
pertensive actions of ACEi in a non-renin-dependent hyper-
tension model [64]. The reasons for the absence of contribu-
tion of kinins in this model of hypertension is related to the
pathophysiology of this hypertension model, where only nor-
mal to low plasma renin are found [23].

ACEi and atherosclerosis
The results of studies on the role of ACEi in atherosclerosis
are conflicting and depend on the experimental model. For
example, ACEi have been shown to prevent a loss of en-
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dothelial function due to a long term atherogenic diet in rab-
bits [23, 65] whereas only losartan, an ANGII receptor an-
tagonist, and not ramipril (via a putative BK mediated mecha-
nism) attenuated atherosclerosis in an apoE deficient mouse
model [66, 67].

BK and left ventricular hypertrophy (LVH)
The beneficial effects of ACEi on LVH during the post-MI
period have been studied mainly in rats [68] with a normal
KKKS. In kininogen-deficient Brown-Norway rats however,
ramipril did not reduce infarct size [69], showing that an in-
tact KKKS is needed in order for the ACEi to exert their ben-
eficial cardioprotective effects, and that these effects are me-
diated by the potentiation of BK rather than by inhibition of
ANGII formation [69, 70]. Moreover, studies on knockout
mice that show a partial or a total deficiency of the
B2 receptor are prone to develop LV hypertrophy or de-
compensated hypertrophy and failure respectively, clearly es-
tablishing the important role of kinins in the preservation in
myocardial structure and function [71].

A one year prevention study in rats showed that both the
antihypertensive dose of an ACEi and the dose which had no
effect on blood pressure had prevented LVH [72]. This pro-
tective effect was still present after 6 months of treatment
cessation.

Metabolic Effects of BK
Glucose metabolism
ACEi are known to improve whole-body insulin-mediated
glucose disposal. In animal models of insulin resistance, both
acute and chronic administration of ACEi with a sulfhydryl or
non-sulfhydryl group improve insulin sensitivity in vivo by a
mechanism that could involve BK [73, 74]. BK has been
shown to have insulinomimetic properties [75, 76] and could
modulate glucose metabolism in peripheral tissues. In experi-
mental models of insulin and non-insulin dependent diabetes,
ACEi and exogenously perfused BK enhance insulin sensitiv-
ity, potentiating the insulin-dependent glucose uptake by a B2
receptor dependent mechanism. Bradykinin also enhances
GLUT4 translocation through the increase of insulin receptor
tyrosine kinase in primary adipocytes [77], further evidence
for the role of bradykinin in glucose homeostasis.

Renal function
Tissue kallikrein and kininogens are present at the tubular
level in the kidney. The local kinin production is of functional
importance in the control of renal blood flow and of natriure-
sis and diuresis. Moreover, acting on the pre and post glo-
merular arterioles, BK increases the renal blood flow (review-
ed in [13]).

NEP and ACE are the main brush border peptidases re-
sponsible for the local degradation of BK, NEP being the
major kininase in human urine [78]. ACEi treatment signifi-
cantly attenuates the development of renal disease, like pro-
gressive glomerulosclerosis and proteinuria in experimental
models of reduced renal mass and diabetes mellitus. Clinical
studies have confirmed that the use of ACEi allows renal pro-
tection in insulin and non-insulin dependant diabetes, and in
progressive chronic renal disease due to other causes. The
combined risks of death, dialysis and transplantation are, in
fact, decreased significantly in diabetics treated with ACEi.
These beneficial effects are generally attributed to a decreases
synthesis of ANGII; however, knowing that ACE is more a
kininase than an angiotensinase, it can be assumed that a least
part of the beneficial effects of these widely used agents can
be linked to kinins.

Clinical Evidence for a Role of BK in the
Pharmacological Effects of ACEi

It is well-known that ACEi have been successfully used in the
treatment of cardiovascular diseases such as left ventricular
dysfunction. In patients who have experienced an acute myo-
cardial infarction, inhibition of ACE significantly reduces the
risk of further myocardial infarction, and unstable angina
pectoris [79, 80]. Captopril, compared with placebo, was
shown to decrease the incidence of ventricular extrasystoles
and ventricular fibrillation in patients with acute MI [81].
Furthermore, a study on patients with congestive heart fail-
ure showed that 3 months therapy with perindopril improved
endothelial function of peripheral resistance vessels [82].
ACEi also proved to attenuate myocardial stunning [83] and
the effect of sympathetic stimulation on overall coronary va-
somotor tone [84], to have anti-ischaemic properties [79], to
have antithrombotic properties, to diminish cardiac hyper-
trophy and to decrease cardiac enlargement [85]. Human
data are however lacking to clearly establish a positive effect
of ACE inhibition on atherosclerosis [85]. The HOPE study
showed that ramipril was beneficial in a broad range of pa-
tients without evidence of left ventricular systolic dysfunc-
tion or heart failure who are at high risk for cardiovascular
events [86]. The authors also observed a marked reduction in
the incidence of complications related to diabetes and new
cases of  diabetes.

Several evidences plead for a role of BK in the cardiovas-
cular effects of ACEi in humans [87]; in fact, the edema/
hyperemia reaction observed when BK is injected into the
human dermis as well as the hypotensive effect of intrave-
nously or intra-arterially injected BK in humans are
potentiated by oral ACEi [88–91].

BK and the endothelium function
The Trial on Reversing Endothelial Dysfunction (TREND)
[92] showed that in the quinapril-treated group, the initial
vasoconstrictor response to intracoronary infusion of acetyl-
choline ( an endothelium-dependent vasodilator) was dra-
matically reduced and partly normalized towards a vasodila-
tor response, whereas no change was observed in the pla-
cebo-treated group. This beneficial response to ACE inhibi-
tion would be explained by the reduction in ANGII but also
by an increase in BK [91]. These data confirm that BK par-
ticipates in the vascular effects of ACEi by exerting a continu-
ous vasodilating effect on coronary resistance artery tone
[85].

Alterations in endothelial function occur in many condi-
tions such as coronary artery disease [93] or congestive heart
failure [91, 94] and NO plays an important role in this re-
spect. Also, isolated human coronary resistance microvessels
actively generate kinins to stimulate the production of NO
and local administration of BK receptor antagonists in the
human coronary circulation in vivo causes vasoconstriction
and impairs flow-dependent vasodilation which is mediated
by NO [95]. Increased catabolism of NO is considered a pri-
mary factor in promoting endothelial dysfunction and is de-
pendent on the redox state of the endothelium. ACEi may
then influence the endothelial dysfunction by reducing the
levels of ANGII, which enhances the formation of free radi-
cal superoxide anions, affecting the redox state and the
bioavailability of NO [85]. This is particularly true in disor-
ders like diabetes which are associated with an increase in cir-
culating oxygen derived free radicals causing an endothelial
dysfunction [96]. Moreover, alterations in the rate of produc-
tion of kinins within the vascular wall, as well as impairment
of endothelial reactivity to these peptides, are associated with
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risk factors for coronary heart disease such as hypertension,
diabetes and hypercholesterolaemia [97]. Kinins then seem,
through the direct or indirect activation of endothelial cells,
to be important regulators of both vasomotion and vascular
wall/blood cell interactions [98].

The antithrombotic properties of ACEi can be explained
via 2 mechanisms: on one hand, a reduction in ANGII which
enhances risks for thrombosis by induction of the plasmino-
gen activator inhibitor-1 (PAI-1) [99] and on the other hand
potentiation of BK which is an important stimulus for en-
dothelial tissue-type plasminogen activator (tPA) secretion
[100].

BK and the hypotensive effects of ACEi
A 1998 study on 20 normotensive and 7 hypertensive subjects
measured the contribution of BK to the haemodynamic, en-
docrine and renal responses to short-term ACE inhibition by
comparing the effects of captopril, captopril plus icatibant,
losartan and placebo [101]: this study showed that BK con-
tributes substantially to the hypotensive effects of ACE inhi-
bition given that coadministration of icatibant decreased the
average response to blood pressure to captopril by 53 %. The
decrease in blood pressure after the administration of an
ACEi and icatibant combined was similar to that after the ad-
ministration of losartan. These authors and others have at-
tributed this difference between the ACEi and the AT1
blocker to BK.

BK and the anti-ischaemic effects of ACEi
Kinins are also probably involved in the short-term anti-is-
chaemic effects of ACEi in stable, exercise-induced angina by
increasing coronary flow with a reduction in circulating
ANGII [85]. A 1999 study on 30 patients with coronary ar-
tery disease undergoing an angioplasty (PTCA) demon-
strated that pretreatment with BK preconditions human
myocardium against ischaemia, just as effectively as ischae-
mic preconditioning [58]. Pretreatment with BK may then
be a useful prophylactic measure in patients undergoing
PTCA who are at risk for complications.

BK and the anti-hypertrophic effects of ACEi
Two large clinical trials have failed to show an effect of long-
term ACE inhibition on coronary artery restenosis after coro-
nary angioplasty [102, 103]: in these studies, cilazapril did not
prevent long-term (6 months) narrowing of the coronary
segment undergoing angioplasty. Several explanations have
been proposed, including the dose of the ACEi, the timing of
administration and also the fact that angioplasty may damage
the vascular endothelial lining so severely that no pharmaco-
logical agent can be expected to solve the problem [85].

Vasopeptidase Inhibitors
Definition
Vasopeptidase inhibitors (VPIs) are single molecules that si-
multaneously inhibit the activity of NEP and ACE with simi-
lar nanomolar inhibitory constants. These molecules not
only affect BK and ANGII metabolism but also the natriu-
retic peptides [104]. Simultaneous inhibition of ACE and
NEP therefore constitutes an interesting approach, allowing
the vasodilation induced by the ANP to last through inhibi-
tion of ANGII generation.

Omapatrilat is the first of this new class of drugs. In our
laboratory, we have shown a protective effect of omapatrilat
on BK degradation not only at endothelium, but also at the
cardiomyocyte level (Dumoulin, unpublished data, 2000).
This effect however depends on the pathophysiological back-

ground such as myocardial infarction, left ventricular hyper-
trophy and diabetes [30].

Clinical results
The first question raised by the VPIs was the comparison of
the in vivo inhibition over 24 hours of ACE by a single oral
dose of VPI with that of a single dose of a selective ACEi. A
1999 study [105] on 9 normotensive, mild sodium-depleted
healthy male volunteers showed a similar 24 hour in vivo ACE
inhibition. This point is important because in order to com-
pare the hemodynamic, hormonal and tissue effects of a dual
VPI with those of an ACEi, a similar degree of ACE inhibi-
tion must be achieved. This study also showed an increase in
the urinary ANP after the VPI administration, as well as a
blockade of the plasma ANP decrease usually induced by
ACEi. Moreover, the ACEi and the VPI demonstrated the
same pattern of changes in plasma ANGII levels over time
showing that neutral-endopeptidase had no detectable influ-
ence on endogenous plasma ANGII clearance when ACE was
also inhibited. The VPI significantly increased urinary so-
dium excretion compared with placebo and ACEi in those
experimental conditions of sodium depletion. Another study
on 573 patients suffering from different stages of congestive
heart failure, compared the effects of omapatrilat, the first
VPI agent, with those of lisinopril on exercise tolerance in
patients with congestive heart failure. This study also exam-
ined side effects of the treatments, effects on death rate, and
worsening events for worsening heart failure [106].
Omapatrilat did not improve exercise tolerance compared
with the ACEi lisinopril. However, an improvement in the
exercise tolerance is not necessarily associated with improved
survival. On the other hand, clinical endpoints related to sur-
vival or any comorbid event for worsening heart failure were
improved with omapatrilat, this improvement being consist-
ent with studies on cardiomyopathic hamsters [107] and
studies in the dog [108, 109]. These changes associated with
omapatrilat seem to be the result of differences in the circu-
lating neurohormones such as natriuretic peptides, nitric ox-
ide and prostaglandins rather than a change in the ventricle
function. Finally, there were fewer patients given oma-
patrilat with more renal deterioration than those given
lisinopril, suggesting a protective effect of the natriuretic
peptides [110]. A large-scale phase III study (4420 patients) is
now being conducted to compare the effects of omapatrilat and
enalapril in patients with heart failure (OVERTURE trial).

Concerning the antihypertensive actions of omapatrilat,
clinical trials comparing this agent with placebo showed a re-
markable decrease in diastolic as well as in systolic blood
pressure [111]. A 1999 study on afro-american subjects and
in subjects over 65 years of age was conducted in order to
compare omapatrilat and lisinopril: a dose of 40 mg of
omapatrilat was shown to be more effective in decreasing
systolic and diastolic pressure compared to a 20 mg dose, in
the afro-american group [112]. In the group of patients over
65 years old, lisinopril and omapatrilat decreased the diastolic
pressure to the same extent, whereas omapatrilat provoked a
more important reduction of the systolic blood pressure.
Omapatrilat was also compared to amlodipine and lisinopril
together in a study in which the patients suffered from differ-
ent stages of hypertension: once again, omapatrilat was
shown to be superior to the 2 other agents in reducing blood
pressure [113].

Conclusions and Perspectives
From this brief review of the literature, it appears that much
experimental evidence, mainly of pharmacological nature,
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indicate a role for BK in the beneficial cardiovascular effects
of ACEi. The main goals for future studies are to determine
the role of endogenous kinins (BK and/or desArg9BK) in the
cardiovascular effects of ACEi in experimental models. This
will be possible with the development of highly sensitive and
specific methods for the quantification of the endogenous
mediators in relation with their specific B1 or B2 activities.
We must also show the role of endogenous kinins in relation
with clinical parameters. Only then could we reconcile the
known proinflammatory activities of endogenous kinins with
their putative cardioprotective effects, these latter effects be-
ing dependent on the concentration of peptides [114, 115], as
well as on a polymorphism of the metallopeptidases responsi-
ble for their metabolism.

References
1. Abelous JE, Bardier E. Les substances hypotensives de l’urine humaine

normale. C R Soc Biol (Paris) 1909; 66: 511–2.
2. Nolly H, Carbini LA, Scicli G, Carretero OA, Scicli AG. A local kallikrein-

kinin system is present in rat hearts. Hypertension 1994; 23(6 Pt 2): 919–23.
3. Figueroa CD, MacIver AG, Mackenzie JC, Bhoola KD. Localisation of im-

munoreactive kininogen and tissue kallikrein in the human nephron. Histo-
chemistry 1988; 89: 437–42.

4. Muller-Esterl W, Rauth G, Lottspeich F, Kellermann J, Henschen A. Limited
proteolysis of human low-molecular-mass kininogen by tissue kallikrein.
Isolation and characterization of the heavy and the light chains. Eur
J Biochem 1985; 149: 15–22.

5. Kitamura N, Kitagawa H, Fukushima D, Takagaki Y, Miyata T, Nakanishi S.
Structural organization of the human kininogen gene and a model for its evo-
lution. J Biol Chem 1985; 260: 8610–7.

6. Adam A, Albert A, Calay G, Closset J, Damas J, Franchimont P. Human
kininogens of low and high molecular mass: quantification by radioimmu-
noassay and determination of reference values. Clin Chem 1985; 31: 423–6.

7. Kaplan AP, Joseph K, Shibayama Y, Nakazawa Y, Ghebrehiwet B, Reddigari S,
Silberberg M. Bradykinin formation. Plasma and tissue pathways and cellular
interactions. Clin Rev Allergy Immunol 1998; 16: 403–29.

8. Ikari N, Sugo T, Fujii S, Kato H, Iwanaga S. The role of bovine high-molecu-
lar-weight (HMW) kininogen in contact-mediated activation of bovine fac-
tor XII: interaction of HMW kininogen with kaolin and plasma prekallikrein.
J Biochem (Tokyo) 1981; 89: 1699–709.

9. Thompson RE, Mandle R Jr., Kaplan AP. Characterization of human high
molecular weight kininogen. Procoagulant activity associated with the light
chain of kinin-free high molecular weight kininogen. J Exp Med 1978; 147:
488–99.

10. Carbini LA, Scicli AG, Carretero OA. The molecular biology of the kal-
likrein-kinin system:  III. The human kallikrein gene family and kallikrein
substrate. J Hypertens 1993; 11: 893–8.

11. Clements JA. The human kallikrein gene family: a diversity of expression and
function. Mol Cell Endocrinol 1994; 99: C1–6.

12. Beaubien G, Rosinski-Chupin I, Mattei MG, Mbikay M, Chretien M, Seidah
NG. Gene structure and chromosomal localization of plasma kallikrein. Bio-
chemistry 1991; 30: 1628–35.

13. Bhoola KD, Figueroa CD, Worthy K. Bioregulation of kinins: kallikreins,
kininogens, and kininases. Pharmacol Rev 1992; 44: 1–80.

14. Sato F, Nagasawa S. Mechanism of kinin release from human low-molecu-
lar-mass-kininogen by the synergistic action of human plasma kallikrein and
leukocyte elastase. Biol Chem Hoppe Seyler 1988; 369: 1009–17.

15  Schmaier AH, Kuo A, Lundberg D, Murray S, Cines DB. The expression of
high molecular weight kininogen on human umbilical vein endothelial cells.
J Biol Chem 1988; 263: 16327–33.

16. van Iwaarden F, de Groot PG, Bouma BN. The binding of high molecular
weight kininogen to cultured human endothelial cells. J Biol Chem 1988;
263: 4698–703.

17. Joseph K, Ghebrehiwet B, Peerschke EI, Reid KB, Kaplan AP. Identification
of the zinc-dependent endothelial cell binding protein for high molecular
weight kininogen and factor XII: identity with the receptor that binds to the
globular “heads” of C1q (gC1q-R). Proc Natl Acad Sci USA 1996; 93:
8552–7.

18. Rocha e Silva M, Beraldo WT, G. R. Bradykinin hypotensive and smooth
muscle stimulating factor released from plasma globulins by snake venoms
and by trypsin. Am J Physiol 1949; 156: 261–73.

19. Marceau F, Hess JF, Bachvarov DR. The B1 receptors for kinins. Pharmacol
Rev 1998; 50: 357–86.

20. Regoli D, Barabe J. Pharmacology of bradykinin and related kinins.
Pharmacol Rev 1980; 32: 1–46.

21. Hess JF, Borkowski JA, Young GS, Strader CD, Ransom RW. Cloning and
pharmacological characterization of a human bradykinin (BK-2) receptor.
Biochem Biophys Res Commun 1992; 184: 260–8.

22. Faussner A, Bathon JM, Proud D. Comparison of the responses of B1 and B2
kinin receptors to agonist stimulation. Immunopharmacology 1999; 45: 13–20.

23. Linz W, Wiemer G, Gohlke P, Unger T, Scholkens BA. Contribution of
kinins to the cardiovascular actions of angiotensin-converting enzyme in-
hibitors. Pharmacol Rev 1995; 47: 25–49.

24. Blaukat A, Alla SA, Lohse MJ, Muller–Esterl W. Ligand-induced phosphor-
ylation/dephosphorylation of the endogenous bradykinin B2 receptor from
human fibroblasts. J Biol Chem 1996; 271: 32366–74.

25. Praddaude F, Tack I, Emond C, Bascands JL, Girolami JP, Tran-Van T, Regoli
D, Ader JL. In vivo and in vitro homologous desensitization of rat glomerular
bradykinin B2 receptors. Eur J Pharmacol 1995; 294: 173–82.

26. Schanstra JP, Bataille E, Marin Castano ME, Barascud Y, Hirtz C, Pesquero
JB, Pecher C, Gauthier F, Girolami JP, Bascands JL. The B1-agonist [des-
Arg10]-kallidin activates transcription factor NF-kappaB and induces ho-
mologous upregulation of the bradykinin B1-receptor in cultured human
lung fibroblasts. J Clin Invest 1998; 101: 2080–91.

27. Ni A, Chao L, Chao J. Transcription factor nuclear factor kappaB regulates
the inducible expression of the human B1 receptor gene in inflammation.
J Biol Chem 1998; 273: 2784–91.

28. Decarie A, Raymond P, Gervais N, Couture R, Adam A. Serum interspecies
differences in metabolic pathways of bradykinin and [des–Arg9]BK: influ-
ence of enalaprilat. Am J Physiol 1996; 271: H1340–7.

29. Dumoulin MJ, Adam A, Blais C Jr., Lamontagne D. Metabolism of
bradykinin by the rat coronary vascular bed. Cardiovasc Res 1998; 38:
229–36.

30. Raut R, Rouleau JL, Blais C Jr., Gosselin H, Molinaro G, Sirois MG, Lepage
Y, Crine P, Adam A. Bradykinin metabolism in the postinfarcted rat heart:
role of ACE and neutral endopeptidase 24.11. Am J Physiol 1999; 276:
H1769–79.

31. Blais C Jr., Drapeau G, Raymond P, Lamontagne D, Gervais N, Venneman I,
Adam A. Contribution of angiotensin-converting enzyme to the cardiac me-
tabolism of bradykinin: an interspecies study. Am J Physiol 1997; 273:
H2263–71.

32. Erdös E, Skidgel R. Metabolism of bradykinin by peptidases in health and
disease. In: Farmer S (ed). The kinin system. Academic Press, San Diego,
1997; 111–41.

33. Jaspard E, Wei L, Alhenc-Gelas F. Differences in the properties and
enzymatic specificities of the two active sites of angiotensin I-converting en-
zyme (kininase II). Studies with bradykinin and other natural peptides. J Biol
Chem 1993; 268: 9496–503.

34. Yang HY, Erdos EG, Levin Y. A dipeptidyl carboxypeptidase that converts
angiotensin I and inactivates bradykinin. Biochim Biophys Acta 1970; 214:
374–6.

35. Oshima G, Hiraga Y, Shirono K, Oh-ishi S, Sakakibara S, Kinoshita T. Cleav-
age of des-Arg9-bradykinin by angiotensin I-converting enzyme from pig
kidney cortex. Experientia 1985; 41: 325–8.

36. Soubrier F, Alhenc-Gelas F, Hubert C, Allegrini J, John M, Tregear G, Corvol
P. Two putative active centers in human angiotensin I-converting enzyme re-
vealed by molecular cloning. Proc Natl Acad Sci USA 1988; 85: 9386–90.

37. Rigat B, Hubert C, Alhenc-Gelas F, Cambien F, Corvol P, Soubrier F. An
insertion/deletion polymorphism in the angiotensin I-converting enzyme
gene accounting for half the variance of serum enzyme levels. J Clin Invest
1990; 86: 1343–6.

38. Blais C, Marceau F, Rouleau JL, Adam A. The kallikrein-kininogen-system:
lessons from the quantification of endogenous kinins. Invited Review.
Peptides 2000; 21: 1903–4.

39. Brown NJ, Blais C Jr., Gandhi SK, Adam A. ACE insertion/deletion genotype
affects bradykinin metabolism. J Cardiovasc Pharmacol 1998; 32: 373–7.

40. Gafford JT, Skidgel RA, Erdos EG, Hersh LB. Human kidney
“enkephalinase”, a neutral metalloendopeptidase that cleaves active peptides.
Biochemistry 1983; 22: 3265–71.

41. Erdos EG. Some old and some new ideas on kinin metabolism. J Cardiovasc
Pharmacol 1990; 15 (Suppl 6): S20–4.

42. Barker PE, Shipp MA, D’Adamio L, Masteller EL, Reinherz EL. The com-
mon acute lymphoblastic leukemia antigen gene maps to chromosomal re-
gion 3 (q21-q27). J Immunol 1989; 142: 283–7.

43. Tran-Paterson R, Willard HF, Letarte M. The common acute lymphoblastic
leukemia antigen (neutral endopeptidase-3.4.24.11) gene is located on hu-
man chromosome 3. Cancer Genet Cytogenet 1989; 42: 129–34.

44. Johnson AR, Ashton J, Schulz WW, Erdos EG. Neutral metalloendopeptidase
in human lung tissue and cultured cells. Am Rev Respir Dis 1985; 132:
564–8.

45. Adam A, Blais C, Jr., Loute G. [In Process Citation]. Nephrologie 2000;
21: 163–72.

46. Skidgel RA. Basic carboxypeptidases: regulators of peptide hormone activity.
Trends Pharmacol Sci 1988; 9: 299–304.

47. Skidgel RA. Bradykinin-degrading enzymes: structure, function, distribu-
tion, and potential roles in cardiovascular pharmacology. J Cardiovasc
Pharmacol 1992; 20(Suppl 9): S4–9.

48. Blais C Jr., Marc–Aurele J, Simmons WH, Loute G, Thibault P, Skidgel RA,
Adam A. Des-Arg9-bradykinin metabolism in patients who presented hyper-
sensitivity reactions during hemodialysis: role of serum ACE and ami-
nopeptidase P [In Process Citation]. Peptides 1999; 20: 421–30.

49. Wiemer G, Scholkens BA, Becker RH, Busse R. Ramiprilat enhances en-
dothelial autacoid formation by inhibiting breakdown of endothelium-de-
rived bradykinin. Hypertension 1991; 18: 558–63.

50. Linz W, Wiemer G, Scholkens BA. ACE-inhibition induces NO-formation
in cultured bovine endothelial cells and protects isolated ischemic rat hearts.
J Mol Cell Cardiol 1992; 24: 909–19.

51. Matoba S, Tatsumi T, Keira N, Kawahara A, Akashi K, Kobara M, Asayama J,
Nakagawa M. Cardioprotective effect of angiotensin–converting enzyme in-
hibition against hypoxia/reoxygenation injury in cultured rat cardiac
myocytes. Circulation 1999; 99: 817–22.



J Clin Basic Cardiol 2001; 4: 45Metallopeptidase Inhibition and Cardioprotective Effects of BK

REVIEWS

52. Scholkens BA, Linz W, Konig W. Effects of the angiotensin converting en-
zyme inhibitor, ramipril, in isolated ischaemic rat heart are abolished by a
bradykinin antagonist. J Hypertens Suppl 1988; 6: S25–8.

53. Baumgarten CR, Linz W, Kunkel G, Scholkens BA, Wiemer G. Ramiprilat
increases bradykinin outflow from isolated hearts of rat. Br J Pharmacol
1993; 108: 293–5.

54. Lamontagne D, Nadeau R, Adam A. Effect of enalaprilat on bradykinin and
des-Arg9-bradykinin release following reperfusion of the ischaemic rat heart.
Br J Pharmacol 1995; 115: 476–8.

55. Parratt JR. Protection of the heart by ischaemic preconditioning: mecha-
nisms and possibilities for pharmacological exploitation [published erratum
appears in Trends Pharmacol Sci 1994 Feb; 15: 39]. Trends Pharmacol Sci
1994; 15: 19–25.

56. Wirth KJ, Linz W, Wiemer G, Scholkens BA. Kinins and cardioprotection.
Pharmacol Res 1997; 35: 527–30.

57. Leesar MA, Stoddard MF, Manchikalapudi S, Bolli R. Bradykinin-induced
preconditioning in patients undergoing coronary angioplasty. J Am Coll
Cardiol 1999; 34: 639–50.

58. Lochner W, Parratt JR. A comparison of the effects of locally and systemically
administered kinins on coronary blood flow and myocardial metabolism.
Br J Pharmacol 1966; 26: 17–26.

59. Pitt B, Mason J, Conti C, Colman RW. Activation of the plasma kallikrein
system during myocardial ischemia. Adv Exp Med Biol 1970; 8: 403–10.

60. Felsch A, Schror K. Platelet Activating Factor-induced tissue injury in a neu-
trophil-perfused heart preparation is antagonized by bradykinin and
ramiprilat. In: G B, Scholkens BA, Scicli AG (eds). The Role of Bradykinin in
the Cardiovascular Action of Ramipril. Media Medica, Sussex, 1992; 69–77.

61. Auch-Schwelk W, Bossaller C, Claus M, Graf K, Grafe M, Fleck E. ACE in-
hibitors are endothelium dependent vasodilators of coronary arteries during
submaximal stimulation with bradykinin. Cardiovasc Res 1993; 27: 312–7.

62. Benetos A, Gavras H, Stewart JM, Vavrek RJ, Hatinoglou S, Gavras I. Vasode-
pressor role of endogenous bradykinin assessed by a bradykinin antagonist.
Hypertension 1986; 8: 971–4.

63. Carbonell LF, Carretero OA, Stewart JM, Scicli AG. Effect of a kinin antago-
nist on the acute antihypertensive activity of enalaprilat in severe hyperten-
sion. Hypertension 1988; 11: 239–43.

64. Gohlke P, Kuwer I, Bartenbach S, Schnell A, Unger T. Effect of low-dose
treatment with perindopril on cardiac function in stroke-prone spontane-
ously hypertensive rats: role of bradykinin. J Cardiovasc Pharmacol 1994; 24:
462–9.

65. Yamamoto S, Takemori E, Hasegawa Y, Kuroda K, Nakao K, Inukai T,
Sakonjyo H, Nishimura T, Nishimori T. General pharmacology of the novel
angiotensin converting enzyme inhibitor benazepril hydrochloride. Effects
in cardiovascular, visceral andrenal functions and on hemodynamics. Arznei-
mittelforschung 1991; 41: 913–23.

66. Keidar S, Attias J, Smith J, Breslow JL, Hayek T. The angiotensin-II receptor
antagonist, losartan, inhibits LDL lipid peroxidation and atherosclerosis in
apolipoprotein E-deficient mice. Biochem Biophys Res Commun 1997; 236:
622–5.

67. Keidar S, Attias J, Coleman R, Wirth K, Scholkens B, Hayek T. Attenuation of
atherosclerosis in apolipoprotein E-deficient mice by ramipril is dissociated
from its antihypertensive effect and from potentiation of bradykinin.
J Cardiovasc Pharmacol 2000; 35: 64–72.

68. Research CoHBP (ed9. ACE inhibition following myocardial infarction (MI)
in kinin-deficient Brown-Norway Katholiek rats (BNK). 48th Annual Fall
Conference and Scientific Sessions; 1994; Chicago.

69. Liu YH, Yang XP, Mehta D, Bulagannawar M, Scicli GM, Carretero OA. Role
of kinins in chronic heart failure and in the therapeutic effect of ACE inhibi-
tors in kininogen-deficient rats. Am J Physiol Heart Circ Physiol 2000; 278:
H507–14.

70. Stauss HM, Zhu YC, Redlich T, Adamiak D, Mott A, Kregel KC, Ûnger T.
Angiotensin-converting enzyme inhibition in infarct-induced heart failure in
rats: bradykinin versus angiotensin II. J Cardiovasc Risk 1994; 1: 255–62.

71. Emanueli C, Maestri R, Corradi D, Marchione R, Minasi A, Tozzi MG, Salis
MB Straino S, Capogrossi MC, Olivetti G, Madeddu P. Dilated and failing
cardiomyopathy in bradykinin B(2) receptor knockout mice [see comments].
Circulation 1999; 100: 2359–65.

72. Linz W, Schaper J, Wiemer G, Albus U, Scholkens BA. Ramipril prevents left
ventricular hypertrophy with myocardial fibrosis without blood pressure re-
duction: a one year study in rats. Br J Pharmacol 1992; 107: 970–5.

73. Uehara M, Kishikawa H, Isami S, Kisanuki K, Ohkubo Y, Miyamura N, Miyata
T, Yano T, Shichiri M. Effect on insulin sensitivity of angiotensin converting
enzyme inhibitors with or without a sulphydryl group: bradykinin may im-
prove insulin resistance in dogs and humans. Diabetologia 1994; 37: 300–7.

74. Henriksen EJ, Jacob S. Effects of captopril on glucose transport activity in
skeletal muscle of obese Zucker rats. Metabolism 1995; 44: 267–72.

75. Henriksen EJ, Jacob S, Fogt DL, Dietze GJ. Effect of chronic bradykinin ad-
ministration on insulin action in an animal model of insulin resistance. Am J
Physiol 1998; 275: R40–5.

76. Miyata T, Taguchi T, Uehara M, Isami S, Kishikawa H, Kaneko K, Araki E,
Shichiri M. Bradykinin potentiates insulin-stimulated glucose uptake and
enhances insulin signal through the bradykinin B2 receptor in dog skeletal
muscle and rat L6 myoblasts. Eur J Endocrinol 1998; 138: 344–52.

77. Isami S, Kishikawa H, Araki E, Uehara M, Kaneko K, Shirotani T, et al.
Bradykinin enhances GLUT4 translocation through the increase of insulin
receptor tyrosine kinase in primary adipocytes: evidence that bradykinin
stimulates the insulin signalling pathway. Diabetologia 1996; 39: 412–20.

78. Ura N, Carretero OA, Erdos EG. Role of renal endopeptidase 24.11 in kinin
metabolism in vitro and in vivo. Kidney Int 1987; 32: 507–13.

79. Pfeffer MA, Braunwald E, Moye LA, Basta L, Brown EJ Jr., Cuddy TE, Davis
BR, Geltman EM, Goldman S, Flaker GC. Effect of captopril on mortality
and morbidity in patients with left ventricular dysfunction after myocardial
infarction. Results of the survival and ventricular enlargement trial. The
SAVE Investigators [see comments]. N Engl J Med 1992; 327: 669–77.

80. Effect of ramipril on mortality and morbidity of survivors of acute myocar-
dial infarction with clinical evidence of heart failure. The Acute Infarction
Ramipril Efficacy (AIRE) Study Investigators [see comments]. Lancet 1993;
342: 821–8.

81. Bussmann WD, Micke G, Hildenbrand R, Klepzig H Jr. [Captopril in acute
myocardial infarct: its effect on infarct size and arrhythmias]. Dtsch Med
Wochenschr 1992; 117: 651–7.

82. Jeserich M, Pape L, Just H, Hornig B, Kupfer M, Munzel T, Lohmann A,
Olschewski M, Drexler H. Effect of long-term angiotensin-converting en-
zyme inhibition on vascular function in patients with chronic congestive
heart failure. Am J Cardiol 1995; 76: 1079–82.

83. Heusch G, Rose J, Ehring T. Cardioprotection by ACE inhibitors in myocar-
dial ischaemia/reperfusion. The importance of bradykinin. Drugs 1997; 54
(Suppl 5): 31–41.

84. Perondi R, Saino A, Tio RA, Pomidossi G, Gregorini L, Alessio P, Morganti
A, Zanchetti A, Mancia G. ACE inhibition attenuates sympathetic coronary
vasoconstriction in patients with coronary artery disease. Circulation 1992;
85: 2004–13.

85. Remme WJ. Bradykinin-mediated cardiovascular protective actions of ACE
inhibitors. A new dimension in anti-ischaemic therapy? Drugs 1997;
54 (Suppl 5): 59–70.

86. Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G. Effects of an angi-
otensin–converting-enzyme inhibitor, ramipril, on cardiovascular events in
high-risk patients. The Heart Outcomes Prevention Evaluation Study Inves-
tigators [see comments] [published errata appear in N Engl J Med 2000 Mar
9; 342: 748 and 2000 May 4; 342: 1376]. N Engl J Med 2000; 342: 145–53.

87. Adam A, Blais C, Marceau F. The contribution of angiotensin–converting
enzyme (ACE) to the metabolism of kinins (bradykinin and des-Arg9-brady-
kinin) and the effect of ACE inhibitors on their in vitro and in vitro metabo-
lism. In: Birkhausen-Verlag (ed). Current concepts in pharmacotherapy.
2001: In Press.

88. Cockcroft JR, Sciberras DG, Goldberg MR, Ritter JM. Comparison of angi-
otensin-converting enzyme inhibition with angiotensin II receptor antago-
nism in the human forearm. J Cardiovasc Pharmacol 1993; 22: 579–84.

89. Kiowski W, van Brummelen P, Hulthen L, Amann FW, Buhler FR. Antihyper-
tensive and renal effects of captopril in relation to renin activity and bradyki-
nin-induced vasodilation. Clin Pharmacol Ther 1982; 31: 677–84.

90. Hornig B, Kohler C, Drexler H. Role of bradykinin in mediating vascular
effects of angiotensin-converting enzyme inhibitors in humans. Circulation
1997; 95: 1115–8.

91. Hornig B, Drexler H. Endothelial function and bradykinin in humans. Drugs
1997; 54 (Suppl 5): 42–7.

92. Mancini GB, Henry GC, Macaya C, O’Neill BJ, Pucillo AL, Carere RG,
Wargovich TJ, Mudra H, Luscher TF, Klibaner MI, Haber HE, Uprichard
AC, Pepine CJ, Pitt B. Angiotensin-converting enzyme inhibition with
quinapril improves endothelial vasomotor dysfunction in patients with coro-
nary artery disease. The TREND (Trial on Reversing ENdothelial Dysfunc-
tion) Study [see comments] [published erratum appears in Circulation 1996
Sep 15; 94: 1490]. Circulation 1996; 94: 258–65.

93. Zeiher AM, Drexler H, Wollschlager H, Just H. Modulation of coronary va-
somotor tone in humans. Progressive endothelial dysfunction with different
early stages of coronary atherosclerosis. Circulation 1991; 83: 391–401.

94. Kubo SH, Rector TS, Bank AJ, Williams RE, Heifetz SM. Endothelium-de-
pendent vasodilation is attenuated in patients with heart failure. Circulation
1991; 84: 1589–96.

95. Groves P, Kurz S, Just H, Drexler H. Role of endogenous bradykinin in hu-
man coronary vasomotor control. Circulation 1995; 92: 3424–30.

96. Tesfamariam B, Cohen RA. Free radicals mediate endothelial cell dysfunc-
tion caused by elevated glucose. Am J Physiol 1992; 263: H321–6.

97. Mombouli JV, Vanhoutte PM. Kinins and endothelial control of vascular
smooth muscle. Annu Rev Pharmacol Toxicol 1995; 35: 679–705.

98. Mombouli JV. ACE inhibition, endothelial function and coronary artery le-
sions. Role of kinins and nitric oxide. Drugs 1997; 54 (Suppl 5): 12–22.

99. Ridker PM, Gaboury CL, Conlin PR, Seely EW, Williams GH, Vaughan DE.
Stimulation of plasminogen activator inhibitor in vivo by infusion of angi-
otensin II. Evidence of a potential interaction between the renin-angiotensin
system and fibrinolytic function. Circulation 1993; 87: 1969–73.

100. Smith D, Gilbert M, Owen WG. Tissue plasminogen activator release in vivo
in response to vasoactive agents. Blood 1985; 66: 835–9.

101. Gainer JV, Morrow JD, Loveland A, King DJ, Brown NJ. Effect of bradyki-
nin-receptor blockade on the response to angiotensin-converting-enzyme
inhibitor in normotensive and hypertensive subjects [see comments]. N Engl
J Med 1998; 339: 1285–92.

102. Faxon DP. Effect of high dose angiotensin-converting enzyme inhibition on
restenosis:  final results of the MARCATOR Study, a multicenter, double-
blind, placebo-controlled trial of cilazapril. The Multicenter American Re-
search Trial With Cilazapril After Angioplasty to Prevent Transluminal Coro-
nary Obstruction and Restenosis (MARCATOR) Study Group. J Am Coll
Cardiol 1995; 25: 362–9.



J Clin Basic Cardiol 2001; 4: 46 Metallopeptidase Inhibition and Cardioprotective Effects of BK

REVIEWS

103. Does the new angiotensin converting enzyme inhibitor cilazapril prevent
restenosis after percutaneous transluminal coronary angioplasty? Results of
the MERCATOR study: a multicenter, randomized, double-blind placebo-
controlled trial. Multicenter European Research Trial with Cilazapril after
Angioplasty to Prevent Transluminal Coronary Obstruction and Restenosis
(MERCATOR) Study Group [comment]. Circulation 1992; 86: 100–10.

104. Burnett JC Jr. Vasopeptidase inhibition: a new concept in blood pressure
management. J Hypertens Suppl 1999; 17: S37–43.

105. Massien C, Azizi M, Guyene TT, Vesterqvist O, Mangold B, Menard J. Phar-
macodynamic effects of dual neutral endopeptidase-angiotensin-converting
enzyme inhibition versus angiotensin-converting enzyme inhibition in hu-
mans. Clin Pharmacol Ther 1999; 65: 448–59.

106. Rouleau JL, Pfeffer MA, Stewart DJ, Isaac D, Kerut EK, Porter CB, Proulx G,
Qian C, Block AJ. Comparison of vasopeptidase inhibitor, omapatrilat, and
lisinopril on exercise tolerance and morbidity in patients with heart failure:
IMPRESS randomised trial. The Lancet 2000; 356: 615–620.

107. Trippodo NC, Fox M, Monticello TM, Panchal BC, Asaad MM.
Vasopeptidase inhibition with omapatrilat improves cardiac geometry and
survival in cardiomyopathic hamsters more than does ACE inhibition with
captopril. J Cardiovasc Pharmacol 1999; 34: 782–90.

108. Rouleau JL. The neurohumoral hypothesis and the treatment of heart fail-
ure. Can J Cardiol 1996; 12 (Suppl F): 3–8.

109. Cavero PG, Margulies KB, Winaver J, Seymour AA, Delaney NG, Burnett JC
Jr. Cardiorenal actions of neutral endopeptidase inhibition in experimental
congestive heart failure [see comments]. Circulation 1990; 82: 196–201.

110. Levin ER, Gardner DG, Samson WK. Natriuretic peptides. N Engl J Med
1998; 339: 321–8.

111. Weber MA, Chang PI, Reeves RA, Moulton K, Pouleur H. Antihypertensive
dose response of omapatrilat, a vasopeptidase inhibitor, in mild to moderate
hypertension. Am J Hypertension 1999; 12 (No. 4, Part 2).

112. Neutel J, Shepherd A, Pool J, Levy E, Saini R, Chang PI. Antihypertensive
efficacy of omapatrilat, a vasopeptidase inhibitor, compared with lisinopril.
Am J Hypertension 1999; 12 (No 4, part 2).

113. Black HR, Chang PI, Reeves RA, Cooper W, Pouleur H. Monotherapy treat-
ment success rate of omapatrilat, a vasopeptidase inhibitor, compared with
lisinopril. Am J Hypertension 1999; 12: 26A.

114. Shigematsu S, Ishida S, Gute DC, Korthuis RJ. Bradykinin prevents
postischemic leukocyte adhesion and emigration and attenuates microvascu-
lar barrier disruption. Am J Physiol 1999; 277: H161–71.

115. Shigematsu S, Ishida S, Gute DC, Korthuis RJ. Concentration-dependent
effects of bradykinin on leukocyte recruitment and venular hemodynamics
in rat mesentery. Am J Physiol 1999; 277: H152–60.

The research of Dr. Albert ADAM is currently supported by grants
from the Pharmaceutical Manufacturers Association of Canada-
Medical Research Council of Canada, from the Canadian Institutes of
Health Research and from the Fonds de la recherche en santé du
Québec.

Dr. Albert ADAM



Mitteilungen aus der Redaktion

Haftungsausschluss

Die in unseren Webseiten publizierten Informationen richten sich ausschließlich an geprüfte 
und autorisierte medizinische Berufsgruppen und entbinden nicht von der ärztlichen Sorg-
faltspflicht sowie von einer ausführlichen Patientenaufklärung über therapeutische Optionen 
und deren Wirkungen bzw. Nebenwirkungen. Die entsprechenden Angaben werden von den 
Autoren mit der größten Sorgfalt recherchiert und zusammengestellt. Die angegebenen Do-
sierungen sind im Einzelfall anhand der Fachinformationen zu überprüfen. Weder die Autoren, 
noch die tragenden Gesellschaften noch der Verlag übernehmen irgendwelche Haftungsan-
sprüche.

Bitte beachten Sie auch diese Seiten:

Impressum Disclaimers & Copyright Datenschutzerklärung

e-Journal-Abo
Beziehen Sie die elektronischen Ausgaben dieser Zeitschrift hier.

Die Lieferung umfasst 4–5 Ausgaben pro Jahr zzgl. allfälliger Sonderhefte.

Unsere e-Journale stehen als PDF-Datei zur Verfügung und sind auf den meisten der markt-
üblichen e-Book-Readern, Tablets sowie auf iPad funktionsfähig.

 Bestellung e-Journal-Abo

Besuchen Sie unsere
zeitschriftenübergreifende Datenbank

 Bilddatenbank  Artikeldatenbank  Fallberichte

http://www.kup.at/impressum/index.html
http://www.kup.at/impressum/disclaimer.html
http://www.kup.at/impressum/datenschutz.html
http://www.kup.at/cgi-bin/gratis-abo.pl
http://www.kup.at/db/abbildungen.html
http://www.kup.at/db/index.html
http://www.kup.at/db/index.html
http://www.kup.at/abo/index.html

