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he endothelium plays a
fundamental and obligatory
role in the regulation of vas-
cular tone throughout the

circulation as a result of the release
of a variety of substances that
modulate the contractile behavior
of underlying vascular smooth
muscle cells.1 The phenomenon of
endothelium-dependent relaxation
has been demonstrated in human
arteries2 and has been attributed
to the actions of the endogenous
vasodilators such as endothelium-
derived nitric oxide (NO) and
prostacyclin.1,3 Recent evidence has
also emerged of an endothelium-
derived hyperpolarizing factor
(EDHF),4 which also causes vasodi-
lation and is distinct from NO and
prostacyclin.4,5 NO is released 
constantly in the basal state,6

but the release of endothelium-
derived vasodilators is also
influenced by dynamic factors. 
The change in vascular tone in
response to changes in flow,7

which has been documented in 
the human coronary and peripheral
arteries,8 is also mediated by
endothelium-dependent
mechanism(s).9 While the 
importance of the endothelium in
regulating the aggregate hemody-
namic properties of vascular net-
works is therefore beyond doubt,10

the specific role of the different
endogenous agents in mediating
vasodilator responses in the human
coronary circulation remain poorly
understood.

Recent experimental studies suggest
that bradykinin, which induces
endothelial release of nitric oxide
(NO), prostacyclin, and/or endothe-
lium-derived hyperpolarizing factor,
plays an important role in the reg-
ulation of vascular tone at rest and
during flow-stimulated conditions.
In humans, endothelium-dependent
vasodilation induced by bradykinin
can be blocked by specific B2-recep-
tor blockers, and, in part, by NO
synthase. Endogenous bradykinin
contributes in an important way to
the regulation of coronary vascular
tone under resting and flow-stimu-
lated conditions, in human periph-
eral and coronary arteries. 
The beneficial effects exerted by the
angiotensin-converting enzyme
(ACE) inhibitors in heart failure
and coronary artery disease could
in part be explained by an increased
availability of bradykinin, hence
improved endothelial function,
since ACE is identical to kininase II,
which degrades bradykinin. 
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Bradykinin is a vasoactive kinin that
is liberated from its substrate
kininogen by the action of kallikrein11

and that is known to be involved in
a wide range of biological processes.
Bradykinin is a potent vasodilator
which acts through endothelial
bradykinin B2 receptors to stimulate
the release of endothelium-derived
NO, prostacyclin,12 and EDHF.4

It was shown previously that
bradykinin is released from endothe-
lial cells13,14 and that cultured
human endothelial cells are able to
generate vasoactive kinins in basal
conditions.15 In addition, there is
evidence of basal bradykinin release
in the heart16 and of an endogenous
kininogen/kinin system within the
vascular wall.17 The local concentra-
tion of bradykinin is affected by
several enzymes, such as kininase II
(angiotensin-converting enzyme)
or the enzymes that degrade
bradykinin to inactive peptides.
Thus, there is evidence of an
endogenous kininogen/kinin system
within the vascular wall, raising the
possibility that bradykinin plays an
important role in mediating
vasomotor responses in vivo.
Numerous experimental studies
have addressed the vascular effects
of bradykinin and have reported
physiological vascular effects of
bradykinin in animal models.
However, the role of bradykinin in
modulating vascular tone in humans
remains controversial. There is
evidence that physiological doses
of bradykinin exert vasodilator
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effects in the human circulation,
both in the forearm vasculature and
the coronary circulation. This effect
can be blocked either by specific
bradykinin B2 receptor blockers18 or
by the inhibition of NO synthesis.19,20

Kuga et al showed that intracoro-
nary infusion of bradykinin dilated
human epicardial coronary arteries
in vivo, and that the vasodilator
effect of bradykinin was impaired
in stenotic coronary arteries.21

The degree of endothelium-depen-
dent relaxations to bradykinin
appears to be comparable between
large vessels and microvessels.
However, the contribtion of NO and
EDHF is markedly dependent on
vessel size: in large arteries, both NO
and EDHF were shown to contribute
equally to the vasorelaxation,
whereas in microvessels most of the
vasorelaxation was attributed to
EDHF.22 These in vitro observations
have been confirmed, in part, by in
vivo studies, which showed that the
intracoronary infusion of bradykinin
increased coronary diameter, 
but that the latter was significantly
attenuated by NG-monomethyl-L-
arginine (L-NMMA), an inhibitor of
NO synthesis.23,24 Systemic plasma
levels of bradykinin are very low,
but can now be measured by sensi-
tive techniques.25 Systemic admin-
istration of bradykinin lowers blood
pressure in a dose-related manner
through marked reduction in
peripheral vascular resistance.26

The release of NO by bradykinin has
been confirmed in vivo by direct
measurement of NO in the hand
circulation of healthy volunteers.27

These studies in humans in vivo or
in human vessels in vitro have clearly
confirmed a large body of experi-
mental data hat bradykinin is a
vasodilating agent by release both
prostaglandins, NO, and EDHF.
However, these studies did not
elucidate the role of endogenously
produced bradykinin (or kinins) in
the regulation of vascular tone in

humans. The determination of the
relative contribution of bradykinin to
the regulation of vascular tone in
humans in vivo has only recently
been possible since the develop-
ment of selective bradykinin antago-
nists, specifically those directed at
the B2 receptor through which
bradykinin mediates its endogenous
physiological actions. In this regard,
the development of D-Arg[Hyp3,
Thi5,D-Tic7,Oic8]bradykinin (HOE 140)
has represented a major advance
since it has been shown to be highly
specific, to be 500 times more
potent than the early bradykinin B2

receptor antagonists,28,29 and to
abolish bradykinin-mediated cardiac
effects in rats as well as inhibit the
vasodilatory actions of exogenous
bradykinin in man.18

A study carried out by us in 1995
represented the first time HOE 140
was used in the human coronary
circulation, and was the first demon-
stration of the endogenous role of
bradykinin in human coronary
vasomotor control.30 This study
evidenced a consistent reduction in
epicardial coronary area following
bradykinin B2 receptor blockade.
Since flow is largely determined by
changes in the caliber of resistance
vessels (those less than 400 µ in
diameter31), the reduction in coro-
nary blood flow implies that endoge-
nous bradykinin is also important
in the regulation of normal basal
vascular tone at the level of resis-
tance vessels. These findings are
consistent with the results of
experimental studies that have also
shown that bradykinin B2 receptor
blockade leads to a significant
reduction in coronary blood flow in
normotensive rats.32 Similarly,
Koller el al33 showed that HOE 140
decreased the basal diameter of
muscular arterioles, suggesting that
bradykinin actively participated in
the development of basal vascular
tone in skeletal muscle microcircu-

lation. In contrast, in isolated per-
fused human placenta, bradykinin
was found to induce a thromboxane-
mediated constriction,34 suggesting
that there were differences in the
effects and mechanisms of action
of bradykinin in different vascular
regions. Our aforementioned study30

also showed that, in addition to the
influence on basal coronary tone,
HOE 140 reduced the flow-depen-
dent dilator response to papaverine.
Flow-dependent dilation was thus
shown to be an important mecha-
nism in the regulation of the
aggregate hemodynamic properties
of vascular networks, and its
presence in resistance as well as
epicardial vessels was confirmed by
Kuo et al.35 The degree of flow-
dependent dilation observed by us30

(23.4±7.0%) was equivalent to that
reported in our previous studies in
patients with normal coronary
arteries,8 and the magnitude of the
effects of HOE 140 on basal epicar-
dial coronary area correlated signif-
icantly with those on flow-dependent
dilation at the same site in the
proximal vessel. These findings
imply that the vasoconstrictive
effects of the bradykinin B2 receptor
antagonist may be due to suppres-
sion of the effects of endogenous
bradykinin released in response to
increases in flow both at the level
of conduit and resistance vessels.
Indeed, Mombouli and Vanhoutte36

showed that a bradykinin antagonist
decreased the basal production 
(or release) of EDRF in perfused
canine carotid arteries, suggesting
the existence of local kinin-generat-
ing system(s) that would contribute
to basal flow-dependent release of
EDRF. 

In our aforementioned study,30

assessment of flow-dependent
dilation before and after HOE 140
showed that there was a tendency
for the papaverine-induced increase
in blood flow to be smaller in the
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presence than in the absence of the
bradykinin B2 receptor agonist. 
We had previously shown that
repeated measurements of papaver-
ine-induced flow-dependent dilation
were highly reproducible in the
same patient,8 and experimental
studies evidenced a linear relation-
ship between the extent of increase
in flow and the subsequent dilator
response.7 We  observed30 that the
maximal blood flow increase in
response to papaverine was similar
before and after HOE 140 in half the
patients studied and that in these,
the degree of reduction in flow-
dependent dilator response was
comparable to that in the group as
a whole. Therefore, the apparent
reduction in flow-dependent dilation
after HOE 140 was unlikely to merely
reflect the change in papaverine-
induced coronary flow reserve after
bradykinin B2 receptor blockade.
Although the underlying mecha-
nisms by which HOE 140 influences
coronary vasomotor tone cannot
be determined with certainty, 
the absence of any significant
changes in blood pressure or heart
rate during HOE 140 administra-
tion seems to indicate that the
vasomotor response to HOE 140 is
indeed attributable to the suppres-
sion of the local vasodilator actions
of bradykinin rather than to com-
pensatory hemodynamic mecha-
nisms. Similarly, the presence of a
normal dilator response to the
endothelium-independent vasodila-
tor nitroglycerin after HOE 140
suggests that its effects do not
result from a change in vascular
smooth muscle cell sensitivity. 
The vasodilator actions of bradykinin
are largely mediated by the stimu-
lated release of endothelium-
derived NO, prostacyclin, and EDHF,4

and it is therefore likely that HOE
140 acts by reducing the endogenous
bradykinin-stimulated release of
one or more of these endothelium-
derived vasodilators. Human vessels

obtained from the operating room
have extended these findings by
showing that the vasodilator effect
of bradykinin is related, in part, 
to EDHF: previous observations
have shown that the endothelium-
dependent hyperpolarization
response to bradykinin occurs in
human coronary arteries from
patients with different cardiac dis-
eases including dilated and ischemic
cardiomyopathy.4 These data suggest
that endogenous bradykinin has a
role in modulating coronary tone
in healthy human vessels as well
as diseased arteries. Interestingly,
while bradykinin appears to modu-
late both the basal and flow-medi-
ated vasomotor tone in the coronary
circulation, its role in the forearm
vasculature was restricted to flow-
mediated vascular response.37

Angiotensin-converting enzyme
(ACE) inhibitors have undoubtedly
become a cornerstone in the treat-
ment of heart failure and are known
to exert beneficial effects in patients
with coronary artery disease.38,39

So far, the beneficial effects of ACE
inhibitors have been attributed to
a reduction in angiotensin II and
norepinephrine levels.40 However,
since ACE is identical to kininase II
which inactivates bradykinin, 
ACE inhibition not only reduces
angiotensin II, but is also associated
with increased levels of bradykinin.25

The contribution of kinins to the
hypotensive effect of ACE inhibitors
has been postulated,41 but never
established in humans for want of
a bradykinin receptor antagonist
suitable for use in humans. In this
regard, the development of the
bradykinin B2–receptor antagonist
HOE 140, now known as icatibant,
has provided a valuable tool since it
has been shown to be highly spe-
cific.28 Furthermore, in humans,
icatibant has been shown to inhibit
bradykinin-induced vasodilation in
the forearm resistance vessels.18

Experimental studies have shown
that ACE inhibitors stimulate the
endothelial release of NO and
prostacyclin by a bradykinin-medi-
ated mechanism,42 thereby enhanc-
ing endothelial-dependent
vasodilation. These experimental
studies raised the question of
whether or not ACE inhibition may
improve endothelial function in
humans and whether the potential
beneficial effect of ACE inhibition
is bradykinin-mediated. To answer
these questions, we performed
experiments in healthy volunteers
and examined the effects of the ACE
inhibitor quinaprilat, the selective
bradykinin B2–receptor antagonist
icatibant, and their combination,
on resting tone and flow-dependent,
endothelium-mediated vasodilation
of the radial artery in healthy volun-
teers. The major result was that ACE
inhibition enhances flow-dependent,
endothelium-mediated dilation in
humans by a bradykinin-dependent
mechanism (Figure 1).37 Icatibant
attenuated flow-dependent,
endothelium-mediated dilation of
the radial artery consistent with our
previous observations in coronary
arteries.30 Similarly, experimental
studies have shown that a bradykinin
antagonist decreases the production
or release of endothelium-derived
relaxing factors in isolated perfused
arteries.36 Conversely, quinaprilat,
but not placebo, improved flow-
dependent, endothelium-mediated
dilation, an effect that was complete-
ly abolished during infusion of
icatibant. Thus, our data support the
concept that ACE inhibitors exert
endothelium-dependent vascular
effects related to increased local
concentrations of endogenous
kinins. In this respect, it is notewor-
thy that administration of ACE
inhibitors causes an increase in plas-
ma levels of bradykinin in humans.25

These observations may explain
some of the beneficial effects of
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ACE inhibition, including those
related to coronary artery disease.
Two megatrials have shown that ACE
inhibition reduces mortality and
recurrence of angina after myocardial
infarction.38,39 Risk reduction in
these trials was significant after 
1 to 1.5 years of treatment, raising
the question of whether or not ACE
inhibition improves vascular func-
tion rather than the degree of
coronary artery stenosis. In this
respect, it is interesting to note that
experimental43 and clinical data44

have shown that ACE inhibition
restores coronary flow reserve,
probably by a bradykinin-dependent
mechanism, as suggested by the
experimental study. It is conceivable
that an improved endothelial func-
tion, related to accumulation of
bradykinin, might provide vascular

protection during long-term 
treatment with ACE inhibitors. 
The results of the Trial on Reversing
ENdothelial Dysfunction (TREND)45

support this concept. In this study,
the effect of ACE inhibition on coro-
nary artery endothelial function was
determined in patients with
established coronary atheroscle-
rosis. In the quinapril-treated
group, the initial vasoconstrictor
response to intracoronary infusion
of acetylcholine was dramatically
reduced and, in part, normalized 
to a vasodilator response, 
whereas no change was observed
in the placebo-treated group.
These results suggest that quinapril,
an ACE inhibitor with high tissue-
binding affinity, attenuates
impaired endothelial function in
patients with coronary artery

disease. This beneficial effect of
long-term ACE inhibition could be
due to reduction of angiotensin-II
and/or an increase in bradykinin.
Inhibition of angiotensin II genera-
tion may attenuate smooth muscle
contraction and generation of
superoxide anions through stimu-
lation of NADH/NADPH oxidase
systems of smooth muscle cells.46

The latter would inactivate
endothelium-derived NO and
thereby cause endothelial dysfunc-
tion. In addition, bradykinin-
induced augmentation of NO
release by endothelial cells is
promoted by ACE inhibition. 

Supported in part by the Deutsche
Forschungsgemeinschaft (De148/7-2)
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Figure 1. Effect of bradykinin antagonism and ACE inhibition on flow-dependent dilation. Percentage change in radial artery diameter during reactive
hyperemia (flow-dependent dilation) at control measurements 1 and 2 (C1 and C2) and during infusion of icatibant (HOE 140), quinaprilat, and both
icatibant (HOE 140) and quinaprilat. Reproduced from ref 37: Hornig B, Kohler C, Drexler H. Role of bradykinin in mediating vascular effects of
angiotensin-converting enzyme inhibitors in humans. Circulation. 1997;95:1115-1118. Copyright © 1997, American Heart Association. With permission.
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