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Abstract

It is well known that the responses to vasoactive kinin peptides are
mediated through the activation of two receptors termed bradykinin
receptor B1 (B1R) and B2 (B2R). The physiologically prominent B2R
subtype has certainly been the subject of more intensive efforts in
structure-function studies and physiological investigations. However,
the B1R activated by a class of kinin metabolites has emerged as an
important subject of investigation within the study of the kallikrein-
kinin system (KKS). Its inducible character under stress and tissue
injury is therefore a field of major interest. Although the KKS has been
associated with cardiovascular regulation since its discovery at the
beginning of the last century, less is known about the B1R and B2R
regulation in cardiovascular diseases like hypertension, myocardial
infarction (MI) and their complications. This mini-review will sum-
marize our findings on B1R and B2R regulation after induction of MI
using a rat model. We will develop the hypothesis that differences in
the expression of these receptors may be associated with a dual
pathway of the KKS in the complex mechanisms of myocardial
remodeling.
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The kallikrein-kinin system

Kinins are biologically active peptides
which exert a broad spectrum of physiologi-
cal effects, including vasodilation, smooth
muscle contraction and pain induction. Sev-
eral kinin peptides have been identified in
mammalian species: the nonapeptide brady-
kinin (BK) and the decapeptide Lys-bradyki-
nin (kallidin) belong to the best investigated
members of the kinin family. Kinins are

formed by cleavage from precursor kinino-
gens by kallikreins (KLK). They are rapidly
degraded by several kininases, including
kininase II which is identical to angiotensin-
converting enzyme. Kinins exert their effect
after stimulation of their cell surface recep-
tors: BK B1 receptor (B1R) and B2 receptor
(B2R). Whereas the B2R is responsive to the
intact kinins, BK and kallidin, the B1R has a
higher affinity for the carboxypeptidase me-
tabolites of kinins, des-Arg9-BK and des-
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Arg10-kallidin (1).
Since circulating concentrations of ki-

nins are usually too low to cause systemic
effects and an independent cardiac kallikrein-
kinin system (KKS) has been discovered,
autocrine and paracrine actions of kinins
have received increasing scientific attention.
In rat cardiac atria and ventricles glandular
KLK, its mRNA (2) and low-molecular-
weight kininogens could be detected (3,4).
Coronaries also contain and release KLK
(2). Binding sites for BK have been de-
scribed in myocytes as well as in cardiac
fibroblasts (2,5). Thus, cardiac kinins may
be generated continuously by a local KKS.
The importance of kinins in the regulation of
cardiovascular physiology was recently docu-
mented in B2R-knockout mice, which de-
velop cardiac failure and hypertension
(6,7).

Under pathophysiological conditions, ki-
nins are synthesized de novo at sites of tissue
damage, where they participate in the acute
inflammation response in the microvascula-
ture and aid in tissue repair and healing (1).
These include acute pro-inflammatory ef-
fects like vasodilation, pain, and vascular
hyperpermeability. In addition, kinins have
also growth-promoting activities, although
their role in cellular proliferation in vivo
remains poorly understood. They can stimu-
late proliferation of a number of cell types,
including fibroblasts, particularly in the pres-
ence of other growth factors, like insulin or
transforming growth factor-ß. However, de-
pending on the study design, weak mitogen
or anti-mitogen effects of kinins have been
found. It appears that activated kinin recep-
tors may stimulate multiple proliferative path-
ways, like the protein kinase C pathway, as
well as the generation of arachidonate me-
tabolites such as prostaglandin E2 which
inhibit proliferation (8). Most of these ef-
fects can be abolished using a B2R antago-
nist (1,8).

Stimulation of the B1R can also produce
a range of pro-inflammatory effects includ-

ing edema, pain and promotion of blood-
borne leukocyte trafficking. Studies in B1R-
knockout mice with induced peritoneal in-
flammation suggest that the B1R may play
an important role in the pathogenesis of
chronic inflammation diseases (9). Similarly
to the B2R, also the B1R can mediate some
of the mitogen and anti-mitogen effects of
kinins. However, the involvement of the B1R
axis within the KKS in cardiovascular inju-
ries is still poorly investigated. Exogenous
intra-arterial injection of des-Arg9-BK me-
diates hypotension and a reduction in pe-
ripheral resistance with a consecutive in-
crease in cardiac output (10). Under septic
conditions it provokes cardiovascular shock
(11). Expression of B1R by cardiomyocytes
under ischemic conditions has been identi-
fied by using B1R agonists and antagonists
in in vitro and ex vivo models. Thus, ische-
mia-induced cardiac B1R stimulation was
only indirectly demonstrated by the capacity
to modulate positively or negatively nora-
drenaline release (12), by reduction of reper-
fusion arrhythmia (13) or by preservation of
endothelium-dependent vasodilation (14).
However, B1R induced by post-surgery stress
could not be excluded in these studies.

Classification of kinin receptors

Kinins mediate their biological effects
through the stimulation of two receptors,
classified as B1R and B2R according to the
relative potencies and affinities for their ago-
nists. BK and kallidin are the natural ago-
nists of B2R. They are, in contrast to their
metabolites des-Arg9-BK and des-Arg10-kal-
lidin, weak B1R ligands (15). B2R mediates
most, if not all, of the effects usually attrib-
uted to kinins. Whereas the B2R is ubiqui-
tously expressed in many tissues and cell
lines, B1R is usually not detectable under
physiological conditions and is synthesized
de novo under pathological conditions such
as sepsis, inflammation, or oxidative stress,
possibly indicating an additional mechanism
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in tissue injury and repair within the KKS (9).
In addition to these criteria, biochemical

and molecular differences have also been
demonstrated and used to classify the kinin
receptors into B1R and B2R subtypes: ac-
cording to hydrophobicity analysis, both re-
ceptors belong to the superfamily of G-pro-
tein-coupled cell-surface receptors (G-PCR),
also called seven transmembrane receptors
(16). The two receptors have an overall ho-
mology of 35%, and most of the homology is
located in the seven transmembrane regions.
The intracellular loops of both BK receptors
exhibit only minor homologies, despite the
fact that both types are predominantly
coupled to the same Ga subunit, Gq, leading
to a phospholipase C-dependent release of
inositol phosphate (IP) and a transient in-
crease in intracellular calcium [Ca2+] upon
ligand stimulation (17,18). In endothelial
cells the enhancement of cytosolic [Ca2+]
leads to an activation of arachidonic acid
metabolism via phospholipase A2 and an
increase in nitric oxide (NO) formation via
the calcium-calmodulin-dependent NO-syn-
thase. Endothelial prostaglandin and NO
exert several pharmacological effects of ki-
nins via adenosine monophosphate (cAMP)
and guanosine monophosphate (cGMP) for-
mation in vascular smooth muscle cells such
as relaxation, anti-proliferation and anti-
ischemic effects (19).

Characterization of the B2R subtype

Although both receptors induce the gen-
eration of IP, functional responses show clear
differences. Studies in Chinese hamster ovary
cells (CHOC) showed that B2R is a so-
called recycling receptor (18). B2R responds
to stimulation with a short, strong signal but
also immediately undergoes a rapid loss of
functional responses, receptor internaliza-
tion and sequestration, ligand dissociation
and, upon long-term stimulation, its own
mRNA and protein down-regulation (18,
20,21). The result of these processes is the

creation of a strong signal that is of short
duration and leads to fast signal termination.

Characterization of the B1R subtype

The B1R may be one of the most pro-
foundly regulated G-PCR, to the point of
being completely inducible by inflammatory
stimuli. It can be strongly up-regulated by
growth factors and cytokines like interleukin
1ß (Il-1ß), interleukin 2 (Il-2), interleukin 8
(Il-8) or bacterial lipopolysaccharides, ap-
parently via the nuclear factor kB-like bind-
ing site located proximal to the TATA box
and transcription initiation site (22,23). Al-
though the effects of B1R stimulation under
inflammatory conditions are often qualita-
tively similar to those of BK and B2R stim-
ulation, the way of B1R signal recognition
itself shows almost the opposite behavior
compared to the B2R after stimulation
(17,18). The B1R is suggested to be a non-
internalizing receptor. Its ligand stimulation
does not comprise receptor internalization
or sequestration and shows almost no desen-
sitization and only a very slow ligand disso-
ciation. Indeed, long-term stimulation of the
B1R actually leads to an increased expres-
sion in CHOC. Thus, all responses of the
B1R to agonist stimulation favor persistent
signaling, which could represent a mechan-
ism whereby the KKS contributes to the
change of an acute to a chronic phase of
inflammation and/or tissue repair.

Regulation of B1R and B2R after
induction of myocardial infarction

After myocardial infarction (MI), in-
creased plasma levels of KLK, kininogen
and BK were found (24-28), and the increase
in plasma KLK levels was positively corre-
lated with the early survival rate of post-MI
patients (29). It has been shown that kinins
are released directly from the myocardium
during MI (27,28) and contribute to the im-
pact of ischemic damage (29). Several car-
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dioprotective effects of BK have been found
by various authors after induction of myo-
cardial ischemia. In isolated working rat
hearts, BK improved cardiac performance
and metabolism during ischemia and reper-
fusion (17,30). Recent emerging concepts
propose also an �anti-trophic� role for kinins
in attenuating the process of cardiac and
vascular remodeling (31). But which kinin
receptor subtype is involved in effects under
these conditions is still under investigation.
B2R suffers rapid internalization and hence
apparent desensitization after chronic BK
stimulation as shown in in vitro and ex vivo
studies devoid of tissue damage (18,20,21).
Thus, the myocardial effects of kinins after
induction of MI could be limited by a down-
regulation of B2R. In addition, various ex-
perimental settings based on isolated rat car-
diac tissue have been used to document indi-
rectly ischemia-induced B1R up-regulation
(12,13). But, whether the post-isolation it-
self or the MI leads to the B1R up-regulation
in this approach has not been tested rigor-
ously.

To clarify this question we performed
studies in a rat model of MI in vivo. We
examined the regulation of the myocardial
B1R and B2R expression with a specific
RNase protection assays (RPA) at the exu-
dative (6 h post-MI), inflammatory (24 h
post-MI) or early fibrogenic phase (6 days
post-MI) of wound healing after ischemia-
induced tissue damage. These results were
compared to those obtained for time-matched
sham-operated rats.

Regulation of the B2R after induction
of MI

In agreement with others, we found a
basal B2R expression in the left ventricle
(LV) as well as in the right ventricle (RV) of
the heart in non-operated rats (32,33). No
regulation of B2R expression has been found
in time-matched sham-operated rats, indi-
cating that the operation itself did not induce
any B2R regulation (33).

Surprisingly, we found an up-regulation
of B2R expression starting as early as 6 h
after MI induction with a peak at 24 h which
was maintained in the LV for at least 6 days
(33,34) (Figure 1). This up-regulation also
correlated with an increase in the protein
level of the B2R in the scar of the LV at least
6 days after MI induction, further indicating
a role of the B2R during the early stages of
tissue repair after MI (33).

Furthermore, an increase in B2R up-regu-
lation was also found in the RV, as well as in
the interventricular septum, which are re-
mote from infarct site (33).

Regulation of the B1R after induction
of MI

In contrast to Marceau et al. (32), who
found a basal myocardial B1R mRNA ex-
pression in the rabbit using a non-quantita-
tive duplex reverse transcription PCR (RT-
PCR), we detected no B1R expression in the
hearts of non-operated or time-matched
sham-operated rats using 25 µg RNA for a
specific rat B1R RPA (Figure 1). Six hours
after coronary ligation, B1R expression was
first detected (35). Similar to the B2R, the
up-regulation of B1R expression reached its
maximum 24 h after induction of MI. How-
ever, 6 days after MI induction B1R expres-
sion was significantly reduced to a level
comparable to that measured 6 h after coro-
nary occlusion (Figure 1). In contrast to the
B2R expression in the RV no B1R expres-
sion could be detected after induction of MI

100
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25

0

MI

6 h 24 h 48 h 6 days

Figure 1 - Time curve for the
expression of the kinin receptors
B1 (B1R) and B2 (B2R) in the left
ventricle 6 h, 24 h, 48 h and 6
days after induction of myocar-
dial infarction (MI). In both cases,
the number for the highest ex-
pression was taken as 100%.

B2R

B1R
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at any time, whereas no data are available for
the septum.

Physiological relevance of B1R and
B2R up-regulation after MI induction

Myocardial ischemia is accompanied by
an enormous release of cardiac BK, which
can be maintained for several weeks (29).
Thus, according to its behavior described in
cell lines after chronic stimulation, we ex-
pected a down-regulation of the B2R in this
situation. In contrast, B1R expression should
be stimulated since the post-MI is also an
inflammatory process. However, we have
clearly shown that both BK receptor sub-
types are up-regulated after induction of MI.
Thus, the regulation of the B2R differs com-
pared to results of studies designed under
non-physiological or basal conditions,
whereas the finding of the up-regulation of
the B1R after myocardial ischemia expands
the knowledge of the stimuli involved in its
induction. However, the expression pattern
of the two BK receptors differs with respect
to their time curve (Figure 1) and their loca-
tion, which may indicate a dual mechanism
of the KKS after induction of MI.

Time-dependent differences in the
regulation of bradykinin receptors
after induction of myocardial
infarction

The up-regulation of both BK receptors 6
to 24 h after induction of MI indicates their
role in the early exudative phase of wound
healing. The mechanism for this up-regula-
tion still has to be investigated. However,
cytokines, like Il-1ß, are known to be also
released with a peak in the early exudative
and inflammatory phases of tissue repair
after MI (36). Il-1ß can induce B1R up-
regulation through an induction of transcrip-
tion as well as a post-transcriptional mRNA
stabilization (37). Thus, it is reasonable that
cytokines may force kinin-dependent vasodi-

lation and vascular hyperpermeability by BK-
receptor induction, both important for initi-
ating the subsequent repair phases.

The so-called inflammatory phase of
wound healing, beginning 24 h after MI
induction, is characterized by the migration
of macrophages and the formation of fibro-
blasts and myofibroblasts. These cell types
are known to express BK receptors (21,38),
whose activation can now promote the re-
lease of cytokines (39,40). Induction of ad-
ditional cytokines may extend the pro-in-
flammatory function of BK to contribute to
inflammation and wound healing. Thus, the
left ventricular increase of B1R and B2R
expression 24 h after MI induction could
result from an initiation of formation of granu-
lation tissue for subsequent tissue repair.
The B1R agonist des-Arg9-BK was found to
strongly contract myofibroblasts in granula-
tion tissue (41). Furthermore, des-Arg9-BK
is thought to be involved in coronary endo-
thelial cell proliferation (42). Both could be
relevant for retraction of scar tissue and
angiogenesis, respectively, and may impli-
cate also a role of the B1R in tissue repair
after induction of MI.

However, since B2R up-regulation is
maintained for at least 6 days after induction
of MI, an involvement of the B2R is also
indicated in the following phases of tissue
repair. In these late inflammatory and
fibrogenic phases fibroblasts/myofibroblasts
play a major role in synthesizing compo-
nents of the cardiac extracellular matrix. BK
has been hypothesized to be a reciprocal
regulator of collagen turnover by suppress-
ing fibroblast/myofibroblast-induced growth
in the heart (8,31,43,44). Studies with angio-
tensin-converting enzyme inhibitors and/or
B2R antagonists extended the knowledge of
the anti-proliferative B2R-regulated effect
(45-48).

In contrast, at day 6 after MI induction
the expression of the B1R had already re-
turned to values close to those found 6 h
post-MI. This time-dependent regulation
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curve of the B1R indicates its role in the
early period of tissue injury after MI induc-
tion, which may differ from the B2R axis of
the KKS. Further studies are necessary to
determine whether the reduction of B1R
expression up to the 6th day of MI induction
also indicates a termination of B1R-associ-
ated effects or whether it just belongs to a
controlled fine regulation of a stable ex-
pressed receptor system.

Differences in the local regulation
of bradykinin receptors after MI
induction

After induction of MI, we found B2R up-
regulation in the infarcted LV as well as in
the interventricular septum and RV, both
sites remote from infarction. It is known that
the RV also undergoes remodeling after in-
duction of MI and this can be worsened by
pre-treatment with the B2R antagonist,
icatibant, indicating that kinins also control
remodeling in non-infarcted heart areas via
B2R (48). However, up-regulation of the
B2R in the RV and interventricular septum
may be determined by mechanisms other
than those in the LV, where direct inflamma-

tory processes may be involved. Future in-
vestigations will show whether humoral fac-
tors such as circulating cytokines and/or he-
modynamic changes such as an increase in
diastolic wall stress serve as triggers for B2R
regulation at the infarction-remote sites of
the infarcted heart.

In contrast, we found an induction of
B1R only in the LV but not in the RV,
indicating a different role in cardiac remod-
eling compared to the B2R.

Conclusion

We conclude that the known increase in
BK levels after induction of MI is accompa-
nied by B1R and B2R up-regulation in the
early stages of cardiac wound healing, indi-
cating the role of kinins in tissue repair and
cardiac remodeling. Furthermore, we found
clear differences in the expression patterns
of both BK receptors in our model. Thus, the
known activation of the cardiac KKS after
MI differs in the profile of the B1R and B2R
up-regulation, indicating a dual pathway of
the KKS in the complex process of tissue
injury.
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