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Towards understanding the
kallikrein-kinin system: insights
from measurement of kinin peptides

St. Vincent’s Institute of Medical Research, Fitzroy, Victoria, AustraliaD.J. Campbell

Abstract

The kallikrein-kinin system is complex, with several bioactive pep-
tides that are formed in many different compartments. Kinin peptides
are implicated in many physiological and pathological processes
including the regulation of blood pressure and sodium homeostasis,
inflammatory processes, and the cardioprotective effects of precondi-
tioning. We established a methodology for the measurement of indi-
vidual kinin peptides in order to study the function of the kallikrein-
kinin system. The levels of kinin peptides in tissues were higher than
in blood, confirming the primary tissue localization of the kallikrein-
kinin system. Moreover, the separate measurement of bradykinin and
kallidin peptides in man demonstrated the differential regulation of
the plasma and tissue kallikrein-kinin systems, respectively. Kinin
peptide levels were increased in the heart of rats with myocardial
infarction, in tissues of diabetic and spontaneously hypertensive rats,
and in urine of patients with interstitial cystitis, suggesting a role for
kinin peptides in the pathogenesis of these conditions. By contrast,
blood levels of kallidin, but not bradykinin, peptides were suppressed
in patients with severe cardiac failure, suggesting that the activity of
the tissue kallikrein-kinin system may be suppressed in this condition.
Both angiotensin converting enzyme (ACE) and neutral endopepti-
dase (NEP) inhibitors increased bradykinin peptide levels. ACE and
NEP inhibitors had different effects on kinin peptide levels in blood,
urine, and tissues, which may be accounted for by the differential
contributions of ACE and NEP to kinin peptide metabolism in the
multiple compartments in which kinin peptide generation occurs.
Measurement of the levels of individual kinin peptides has given
important information about the operation of the kallikrein-kinin
system and its role in physiology and disease states.
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Introduction

Kinins are potent vasodilator oligopep-
tides that contain the nonapeptide bradyki-
nin [BK-(1-9)] as part of their sequence.
Kinins have effects on many different as-
pects of physiology, including the regulation
of blood pressure and of renal and cardiac

function, and have been implicated in the
pathogenesis of hypertension and inflamma-
tion (for a review, see 1). Kinins may medi-
ate in part the effects of angiotensin convert-
ing enzyme (ACE) and neutral endopepti-
dase 24.11 (NEP) inhibitors.

Kinins act via two types of kinin receptor,
the type 1 (B1) and the type 2 (B2) receptors.
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The B2 receptor normally predominates,
whereas B1 receptors are induced by tissue
injury, such as that which occurs following
myocardial ischaemia (2) and inflammation
(3). A complex variety of kinin peptides acts
through these receptors. In man, plasma kal-
likrein forms bradykinin [BK-(1-9)] from
high molecular weight (HMW) kininogen,
whereas tissue kallikrein forms kallidin [Lys0-

BK-(1-9), KBK-(1-9)] from low molecular
weight (LMW) and HMW kininogens (1).
Moreover, bradykinin peptides may be gen-
erated by aminopeptidase-mediated cleav-
age of kallidin peptides (Figure 1). These
peptides are more potent at the B2 receptor
(4) (Figure 2). A proportion of kinins is
hydroxylated on proline3 of the BK-(1-9)
sequence (5), and hydroxylated kinins have
similar biological activity to non-hydroxy-
lated kinins (4). Enzymes collectively called
kininases metabolize these kinins (Figure 3).
The carboxypeptidase (kininase I) metabo-
lites of BK-(1-9) and KBK-(1-9) are brady-
kinin-(1-8) [BK-(1-8)] and Lys0-bradykinin-
(1-8) [KBK-(1-8)], respectively, which are
also bioactive, but more potent on B1 recep-
tors (4), whereas the ACE and NEP metabo-
lites bradykinin-(1-7) [BK-(1-7)] and Lys0-
bradykinin-(1-7) [KBK-(1-7)] are inactive
(Figure 2). Kinin peptides are less complex
in the rat than in man. In the rat both plasma
and tissue kallikrein generate BK-(1-9), and
kinin peptides are not hydroxylated in ro-
dents.

Despite its long history, many aspects of
the physiology of bradykinin peptides and
their role in disease states are yet to be
defined. The sole sources of kinin peptides
are the kininogens. Kininogen deficiency in
man is reported to be relatively asymptomat-
ic, suggesting that kinin peptides may have
little role in normal physiology. Although
the detection of these patients is due to their
severe abnormality in surface-activated in-
trinsic coagulation, fibrinolytic and kinin-
generating pathways, these patients have little
or no bleeding abnormality (6,7). However,
studies in experimental animals provide ev-
idence for an important role for kinin pep-
tides in the regulation of blood pressure and
sodium homeostasis, and in contributing to
inflammatory processes (8-11). The B2 re-
ceptor gene knockout mouse is hypertensive
with cardiac hypertrophy (8). Both the B2

receptor gene knockout mouse and the ki-
ninogen-deficient Brown-Norway Katholiek

Figure 1 - Generation of kinin peptides by tissue and plasma kallikrein. In man tissue
kallikrein generates kallidin whereas plasma kallikrein generates bradykinin (BK). However,
in the rat both tissue and plasma kallikrein generate bradykinin. LMWK, HMWK, Low and
high molecular weight kininogens, respectively; KBK, kallidin (Lys0-bradykinin); Hyp3, hy-
droxylated proline.
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Figure 2 - Kinin peptides and kinin receptors. Whereas bradykinin [BK-(1-9)] and kallidin [KBK-
(1-9)] are more potent agonists of the B2 receptor, BK-(1-8) and KBK-(1-8) are more potent
agonists of the B1 receptor. ACE, Angiotensin converting enzyme; NEP, neutral endopepti-
dase; BK, bradykinin; KBK, Lys0-bradykinin.
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rat strain show increased sensitivity to the
pressor effects of increased dietary salt, min-
eralocorticoid administration, and angio-
tensin II (Ang II) infusion, and an impair-
ment of the cardioprotective effects of pre-
conditioning (8-11). In addition, the Brown-
Norway Katholiek rat strain shows a re-
duced response to inflammatory stimuli (10).

There have been many different ap-
proaches to the study of the kallikrein-kinin
system. One approach has been the measure-
ment of kallikrein and kininogen levels in
blood, urine and tissues. However, there may
be difficulties in the interpretation of such
studies. For example, alternative pathways
of kinin formation involving enzymes other
than kallikreins may operate in disease states.
Although LMW kininogen is a poor sub-
strate for plasma kallikrein, it will form BK-
(1-9) in the presence of neutrophil elastase,
which, by cleaving a fragment from LMW
kininogen, renders LMW kininogen much
more susceptible to cleavage by plasma kal-
likrein (12). Moreover, the combination of
mast cell tryptase and neutrophil elastase
releases BK-(1-9) from oxidized kininogens
that are resistant to cleavage by kallikreins
(13). Furthermore, endogenous inhibitors of
kallikrein activity may modulate the activity
of kallikrein in vivo, and kallikrein and pre-
kallikrein may be activated during sample
processing. In addition, kininase activity is a

critical determinant of the activity of the
kallikrein-kinin system through the modula-
tion of kinin peptide levels in vivo.

My laboratory focussed on the measure-
ment of kinin peptides to better understand
the functioning of the kallikrein-kinin sys-
tem. Initially, we developed amino-termi-
nal-directed radioimmunoassays (RIA) for
BK-(1-9), its kininase I metabolite BK-(1-8),
and the biologically inactive ACE and NEP
metabolite BK-(1-7) (14,15). BK-(1-7), BK-
(1-8), and BK-(1-9) were separated by high
performance liquid chromatography (HPLC)
before RIA. Calculation of the BK-(1-7)/
BK-(1-9) and BK-(1-8)/BK-(1-9) ratios pro-
vided indices of the rate of BK-(1-9) me-
tabolism to BK-(1-7) and BK-(1-8), respec-
tively. We applied these assays to the meas-
urement of kinin peptides in blood, urine,
and tissues of rats and dogs (14-27). Subse-
quently, we developed amino-terminal-di-
rected RIA for the corresponding kallidin
peptides (28-30). These bradykinin and kal-
lidin peptide RIA were also able to measure
hydroxylated bradykinin and kallidin pep-
tides. We were able to separate non-hydroxy-
lated and hydroxylated bradykinin and kalli-
din peptides by HPLC, thus enabling meas-
urement of 6 bradykinin peptides [non-hy-
droxylated and hydroxylated BK-(1-7), BK-
(1-8), BK-(1-9)] and 6 kallidin peptides [non-
hydroxylated and hydroxylated KBK-(1-7),

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

Aminopeptidase P Kininase I (Carboxypeptidase N)

Prolyl endopeptidase

Endopeptidase 24.11

Carboxypeptidase M

Endothelin converting enzyme

1 2 3 4 5 6 7 8 9

Endopeptidase 24.15 Kininase II (ACE)

Figure 3 - Metabolism of kinin
peptides. Some of the en-
zymes that metabolize kinin
peptides are shown with their
sites of cleavage of the kinin
molecule. ACE, Angiotensin
converting enzyme.



668

Braz J Med Biol Res 33(6) 2000

D.J. Campbell

KBK-(1-8), KBK-(1-9)] in blood, urine, and
tissue of man.

The purpose of this brief review is to
summarize what we have learnt about the
kallikrein-kinin system from measurement
of kinin peptide levels, and to discuss these
findings in relation to data obtained from
alternative approaches to the study of the
kallikrein-kinin system.

Kinin peptide levels in blood and
tissues

Circulating levels of kinin peptides are
very low, usually less than 3 fmol/ml. We
attribute the higher levels reported in previ-
ous studies to a failure to adequately prevent
artefactual generation of kinin peptides dur-
ing sample collection and processing. Much
higher levels of kinin peptides are measured
during acute episodes of angio-oedema (31).
The maintenance of low levels of kinin pep-
tides is relevant to the success of ACE and
NEP inhibitor therapy. There is considerable
evidence for a role for kinin peptides in
mediating some of the effects of ACE and
NEP inhibition. However, these inhibitors
are generally free of the side effects one
might expect from increased kinin peptide
levels. For example, increased endothelial

permeability, such as that manifest in angio-
oedema, is an infrequent complication of
ACE inhibitor therapy. The low incidence of
side effects with ACE and NEP inhibitor
therapy indicates that kinin peptide levels
are low, even in the presence of ACE and/or
NEP inhibition, and thus any effect of ACE
and NEP inhibition on kinin peptide levels
must be subtle. This is to be expected, given
the many different kininases that metabolize
kinin peptides (Figure 3). The relative pro-
portions of these different kininases may
vary between different tissue compartments.
Any effect of ACE or NEP inhibition on
kinin peptide levels in a particular compart-
ment will depend on the relative contribu-
tion of ACE and NEP to kinin peptide me-
tabolism in that compartment.

In studies in normal rats, tissue levels of
kinin peptides were higher than circulating
levels, consistent with tissues being the main
site of formation of kinin peptides (Figure
4). We found increased levels of kinin pep-
tides in tissues of rats with myocardial in-
farction, in diabetic rats, and in spontane-
ously hypertensive rats (SHR) (21,26,32). In
rats with myocardial infarction, BK-(1-9)
levels were increased in heart on day 2 and 3
post-infarction, associated with a decrease
in the BK-(1-7)/BK-(1-9) ratio, suggesting
reduced metabolism of BK-(1-9) to BK-(1-7)
in this tissue. The increased cardiac BK-
(1-9) levels in the acute phase of myocardial
infarction were consistent with a role for this
peptide in cardioprotection and limitation of
infarct size (33,34). In diabetic rats, the lev-
els of BK-(1-9) and its metabolite BK-(1-7)
were increased in kidney, aorta, and heart.
The increased BK-(1-9) levels were consist-
ent with the participation of this peptide in
the vascular and metabolic abnormalities of
diabetes, in particular the glomerular hyper-
filtration, increased glomerular plasma flow,
and elevated glomerular capillary hydraulic
pressure of early insulin-dependent diabetes
(35). The increased levels of BK-(1-9) and
its metabolites in kidney, adrenal, lung, and
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Figure 4 - Levels of BK-(1-7) (gray columns), BK-(1-8) (open columns), and BK-(1-9) (black
columns) in blood, kidney, heart, aorta, brown adipose tissue (BAT), adrenal, lung, and brain
of normal male Sprague Dawley rats. Data are reported as mean ± SEM. (Reproduced from
Ref. 14).
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heart of young SHR suggested increased
kallikrein activity in these tissues. More-
over, the reduced BK-(1-7)/BK-(1-9) and
BK-(1-8)/BK-(1-9) ratios in kidney of SHR
indicated reduced endopeptidase and car-
boxypeptidase-mediated metabolism of BK-
(1-9), that may have contributed to the in-
creased BK-(1-9) levels in this tissue. When
taken together with the previously reported
hypotensive effect of B2 receptor antago-
nism in young SHR (36), and the cosegrega-
tion of the SHR kallikrein gene with blood
pressure (37), the increased BK-(1-9) levels
in tissues of young SHR were consistent
with a role for this peptide in the pathogen-
esis of hypertension in these rats.

In man, the generation of bradykinin and
kallidin peptides by plasma and tissue kal-
likrein, respectively, enabled differentiation
between the role of plasma and tissue kal-
likrein in kinin peptide formation. In blood
and atrial tissue we found bradykinin pep-
tides to be more abundant than kallidin pep-
tides, whereas kallidin peptides were more
abundant in urine (28-30). Bradykinin and
kallidin peptide levels were higher in venous
than arterial blood, consistent with the for-
mation of these peptides in tissues. Further
evidence for the formation of kinin peptides
in tissue was the higher level of bradykinin
and kallidin peptides in atrial tissue than in
blood.

We investigated whether the kallikrein-
kinin system is activated in interstitial cysti-
tis, a chronic inflammatory condition of the
bladder wall, by measuring urinary excre-
tion rates of kinin peptides. Catheter urine
was collected from subjects during a water
diuresis (~10 ml/min) before and after dis-
tension of the bladder with 100 ml water,
and the contribution of the bladder wall to
urinary kinin peptides was assessed by meas-
uring the change in kinin peptide levels after
2 min of bladder stasis before and after
distension. We found increased urinary ex-
cretion rates of bradykinin, but not kallidin,
peptides after 2-min bladder stasis after blad-

der distension (28). These findings provid-
ed evidence for increased bradykinin pep-
tide levels in the bladder wall of subjects
with interstitial cystitis, where these pep-
tides may participate in the pathogenesis
and symptomatology of this condition.

In comparison with normal subjects, pa-
tients with severe cardiac failure, who were
receiving ACE inhibitor therapy, had in-
creased blood levels of bradykinin peptides
but suppressed blood levels of kallidin pep-
tides (30). This suppression of blood kalli-
din peptide levels despite ACE inhibitor
therapy suggested that the activity of the
tissue kallikrein-kinin system may be sup-
pressed in severe cardiac failure.

Feedback regulation of the
kallikrein-kinin system

The role of endogenous kinin peptides
has been determined mainly by study of the
effects of kinin antagonists, most often the
B2 receptor antagonist icatibant (D-Arg-
[Hyp3, Thi5, D-Tic7, Oic8]-bradykinin).
However, interpretation of the effects of B2

receptor antagonists has been compromised
by lack of information concerning the ef-
fects of these antagonists on endogenous
kinin peptide levels. If kinin peptide levels
were subject to short loop feedback regula-
tion mediated through B2 receptors, then a
reactive increase in kinin peptide levels may
blunt the effects of B2 receptor antagonism
and stimulate B1 receptors. We investigated
whether endogenous kinin peptide levels
are subject to short loop feedback regula-
tion mediated through the B2 receptor by
administering icatibant (1 mg/kg) to rats by
intraperitoneal injection, and measuring cir-
culating and tissue levels of kinin peptides
after 4 h (25). Icatibant did not influence
circulating or tissue levels of bradykinin
peptides, thus demonstrating that kinin pep-
tide levels are not subject to short loop
feedback regulation mediated through B2

receptors.
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In contrast to these findings, Siragy et al.
(38) reported that icatibant increased immu-
noreactive kinin peptide levels in renal inter-
stitial fluid collected by microdialysis probe
from sodium-deficient dogs. The difference
between our findings and those of Siragy et
al. (38) may be due to differences between
species, or to differences in sodium status.
Moreover, the identity of the immunoreac-
tive material measured by Siragy et al. (38) is
uncertain, as is the effect of the chronically
indwelling microdialysis probe on kinin pep-
tide formation.

Effects of ACE inhibition on kinin
peptide levels

Many studies implicate kinin peptides in
the effects of ACE inhibitors, including their
effects on blood pressure and cardiac hyper-
trophy (39-41). We studied the effects of
ACE inhibition on kinin peptide levels in
both experimental animals and in man. The
dose-related effects of ACE inhibitors on
circulating and tissue levels of angiotensin

and bradykinin peptides were examined by
administration of the ACE inhibitor perindo-
pril or lisinopril to rats in the drinking water
for 7 days (17). Perindopril increased circu-
lating BK-(1-9) levels ~8-fold with a thresh-
old dose of 0.052 mg kg-1 day-1, and in-
creased BK-(1-9) levels in kidney, heart and
lung in parallel with the changes observed
for blood (Figure 5). By contrast, aortic and
brown adipose tissue BK-(1-9) and BK-(1-7)
levels increased several-fold for perindopril
doses as low as 0.006 mg kg-1 day-1. Lisinopril
also increased aortic BK-(1-9) and BK-(1-7)
levels at doses below the threshold for de-
crease in Ang II/Ang I ratio. These data
indicated that vascular BK-(1-9) levels re-
sponded to low doses of ACE inhibitor, and
may be important mediators of the effects of
these compounds. Moreover, the increase in
vascular kinin peptide levels at doses of
ACE inhibitor below the apparent threshold
for ACE inhibition led us to propose that
these compounds increase kinin peptide lev-
els by inhibition of a non-ACE kininase.
This concept is discussed later in this sec-
tion.

We investigated the effects of ACE inhi-
bition on kinin peptide levels in rats with
myocardial infarction. Perindopril increased
BK-(1-9) levels in heart by 45%, which did
not achieve statistical significance, although
there was a statistically significant reduction
in the BK-(1-7)/BK-(1-9) ratio in heart, indi-
cating inhibition of cardiac metabolism of
BK-(1-9) by perindopril. We also showed
that ACE inhibition with either perindoprilat
or enalaprilat increased blood levels of kinin
peptides in dogs with pacing-induced heart
failure (27).

In both rats and dogs we found that ACE
inhibition increased the levels of both BK-
(1-9) and its metabolite BK-(1-7), although
there was suppression of the BK-(1-7)/BK-
(1-9) ratio (17,27). As shown in Figure 2,
BK-(1-7) is both the product of BK-(1-9)
metabolism by ACE and the substrate for its
subsequent metabolism to BK-(1-5). The in-

Figure 5 - Dose-response effects
of perindopril on BK-(1-9) levels
(A) and BK-(1-7)/BK-(1-9) ratios
(B) in plasma (open circles), kid-
ney (filled circles), lung (tri-
angles), heart (filled squares),
and aorta (open squares) of nor-
mal male Sprague Dawley rats
administered perindopril in the
drinking water for 7 days. Data
are reported as the ratio to the
mean of the respective control
group. Error bars and signifi-
cance levels are not shown. (Re-
drawn from Ref. 17).
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crease in BK-(1-7) levels during ACE inhi-
bition suggests that ACE inhibition has
greater impact on BK-(1-7) metabolism than
BK-(1-7) formation. Thus, in comparison
with other kininases, ACE has a more domi-
nant role in BK-(1-7) metabolism than BK-
(1-9) metabolism.

Our studies in man demonstrated a dif-
ferential regulation of bradykinin and kalli-
din peptides in blood, and differential regu-
lation of kinin peptide levels in blood and
atrial tissue. ACE inhibition increased blood
levels of bradykinin but not kallidin peptides
in man (30). Moreover, ACE inhibition did
not modify bradykinin or kallidin peptide
levels or the BK-(1-7)/BK-(1-9) ratio in atrial
tissue of patients undergoing cardiac sur-
gery, although Ang II levels and Ang II/Ang
I ratio in atrial tissue were reduced (29). We
consider it unlikely that the increase in blood
levels of bradykinin, but not kallidin, pep-
tides was due to artefactual generation of
bradykinin peptides by plasma kallikrein
during sample collection because ACE inhi-
bition would be expected to protect bradyki-
nin and kallidin peptides to a similar degree.
A more likely explanation for the differen-
tial effects of ACE inhibition on blood levels
of bradykinin and kallidin peptides is the
formation of bradykinin and kallidin pep-
tides in different compartments, where ACE
may make a greater or lesser contribution to
kinin metabolism. Thus, if ACE were a ma-
jor kininase in the compartment where brady-
kinin peptides were formed, one would ex-
pect ACE inhibition to increase bradykinin
peptide levels. By contrast, if non-ACE
kininases were predominant in the compart-
ment where kallidin peptides were formed,
ACE inhibition may not affect kallidin pep-
tide levels.

Our finding that ACE inhibition did not
modify bradykinin or kallidin peptide levels
in atrial tissue is evidence against a role for
changes in cardiac kinin peptide levels in
mediating the therapeutic effects of ACE
inhibition. It is possible that other enzymes

such as NEP (42), neutral endopeptidase
24.15 (43), and aminopeptidase P (44) play a
greater role than ACE in kinin metabolism in
the interstitium of atrial tissue.

Since the discovery of ACE inhibitors
there has been debate as to whether some of
the effects of these compounds may be due
to mechanisms other than inhibition of ACE
enzymatic activity (45,46). Greene et al. (45)
noted that ACE inhibition potentiated the
effects of BK-(1-9) analogues that were re-
sistant to cleavage by ACE, and concluded
that the mechanism of potentiation may be
independent of kininase inhibition. These
authors suggested that this non-kininase
mechanism might involve the kinin receptor.
In our own studies of the dose-related effects
of ACE inhibition on vascular bradykinin
peptide levels, described earlier, we found
that ACE inhibition increased bradykinin
peptide levels at doses that appeared to be
below the threshold for ACE inhibition (17).
These findings led us to propose that ACE
inhibitors may also inhibit a non-ACE
kininase in vasculature (46). We also pro-
posed that this non-ACE kininase may cleave
the ACE-resistant BK-(1-9) analogues used
by Greene et al. (45). Thus, the inhibition of
such a non-ACE kininase may account for
the potentiation by ACE inhibition of the
effects of BK-(1-9) analogues resistant to
cleavage by ACE. This putative non-ACE
kininase has yet to be confirmed, although
ACE inhibitors have been shown to inhibit
aminopeptidase P (47) and other enzymes
(46). It is of note that there are difficulties in
comparing the potentiation of the effects of
kinin peptides and the inhibition of Ang I
conversion to Ang II by ACE inhibition. In
circumstances where ACE is the major mech-
anism of conversion of Ang I to Ang II, the
rate of conversion is a valid index of ACE
inhibition. However, if kinin peptide degra-
dation is very efficient, then minimal kininase
inhibition may produce a large potentiation
of kinin peptide levels and their effects. For
example, in normal rats 98% of circulating



672

Braz J Med Biol Res 33(6) 2000

D.J. Campbell

BK-(1-9) disappears in one passage through
the pulmonary vascular bed (48). If lung
kininase activity were reduced by 2% such
that 96% of circulating BK-(1-9) disappeared
in one passage through the pulmonary vas-
cular bed, then the biological effects of intra-
venously administered BK-(1-9) would be
increased 2-fold.

Recent studies support the proposal that
ACE inhibitors may interact with the kinin
receptor, although this interaction appears to
be indirect, and mediated by cross-talk be-
tween ACE and the B2 receptor (49,50).
There is evidence that this cross-talk may
involve more than one mechanism. Marcic
et al. (49) found that a variety of ACE inhibi-
tors and ACE substrates, including angio-
tensin-(1-7), were able to resensitise the B2

receptor. By contrast, Benzing et al. (50)
found that the ACE substrate hippuryl-L-
histidyl-L-leucine did not reproduce the ef-
fects of ramiprilat on B2 receptor transloca-
tion and reactivation of signaling events ini-
tiated by the B2 receptor. Thus, it would
appear that different aspects of B2 receptor
function show differential modulation by
ACE substrates.

Effects of combined ACE and NEP
inhibition

The combination of NEP and ACE inhi-
bition is a candidate therapy for hyperten-
sion and cardiac failure. Given that NEP and
ACE metabolize angiotensin and bradykinin
peptides, we investigated the effects of NEP
inhibition and combined NEP and ACE inhi-
bition on the levels of these peptides in both
normal Sprague Dawley rats and in rats with
myocardial infarction (23,24). For normal
rats we administered the NEP inhibitor
ecadotril (0, 0.1, 1, 10, 100 mg kg-1 day-1),
either alone or together with a submaximal
dose of perindopril (0.2 mg kg-1 day-1), to
rats by 12 hourly gavage for 7 days (23).
Ecadotril produced diuresis, natriuresis, and
increased urine cyclic GMP and BK-(1-9)
levels. Perindopril increased BK-(1-9) lev-
els in blood, kidney, and aorta. Combined
NEP/ACE inhibition produced the summa-
tion of these effects of separate NEP and
ACE inhibition. In addition, perindopril po-
tentiated the ecadotril-mediated diuresis,
natriuresis and decrease in urine BK-(1-7)/
BK-(1-9) ratio. This study demonstrated that
combined NEP/ACE inhibition produced
greater inhibition of kinin peptide metabo-
lism than either inhibitor alone, leading to
enhanced effects on diuresis and natriuresis.

In rats with myocardial infarction we
administered ecadotril (0, 0.1, 1, 10, 100 mg
kg-1 day-1), either alone or together with a
submaximal dose of perindopril (0.2 mg kg-1

day-1) by 12 hourly gavage from day 2 to 28
post-infarction (24). Neither perindopril nor
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Figure 6 - Effects of ecadotril ad-
ministration alone (open col-
umns) and together with 0.2 mg
kg-1 day-1 perindopril (closed col-
umns) on the heart weight/body
weight ratio (upper panel) and
heart BK-(1-9) levels (lower
panel) in rats with myocardial in-
farction. Each value represents
the mean ± SEM. *P<0.05,
**P<0.01 in comparison with ve-
hicle-treated control, N = 9-10
rats per group. (Redrawn from
Ref. 24).
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ecadotril reduced cardiac hypertrophy when
administered separately, whereas the combi-
nation of perindopril and 10 or 100 mg kg-1

day-1 ecadotril reduced heart weight/body
weight ratio by 10%. Moreover, administra-
tion of ecadotril to perindopril-treated rats
increased cardiac BK-(1-9) levels by more
than 2-fold (Figure 6). BK-(1-9) has cardio-
protective actions and many studies demon-
strate a role for kinin peptides in mediating
the cardiac effects of ACE inhibitors (39,41),
including the prevention of cardiac hyper-
trophy by these compounds (51,52). Thus,
the increased cardiac BK-(1-9) levels we
observed in rats with myocardial infarction
receiving combined NEP/ACE inhibition
may have contributed to the reduction of
cardiac hypertrophy in these rats.

Interaction between the renin-
angiotensin system and the
kallikrein-kinin system

Antagonists of the type 1 Ang II (AT1)
receptor increase plasma renin levels (19),
and the resultant increase in Ang II levels
would be expected to stimulate type 2 Ang II
(AT2) receptors. A number of studies sug-
gest that the AT2 receptor may interact with
the kallikrein-kinin system (53). Wiemer et
al. (54,55) reported that the Ang II-mediated
increase in cyclic GMP production by endo-
thelial cells was blocked by icatibant, by a
nitric oxide synthase inhibitor, and by an
AT2 receptor antagonist. Furthermore, these
authors found that the combined administra-
tion of Ang II and an AT1 receptor antagonist
reduced reperfusion arrhythmias of ischaemic
rat heart, effects that were blocked by
icatibant or nitric oxide synthase inhibition;
moreover, arrhythmias were aggravated by
AT2 receptor antagonism. These findings
led Wiemer et al. (54,55) to suggest that the
effect of AT1 receptor antagonists may in
part be mediated by increased endogenous
bradykinin peptide levels consequent to stim-
ulation of AT2 receptors by the increased

endogenous Ang II levels that accompany
AT1 receptor antagonism.

More recently, Liu et al. (41) reported
that the reduction of left ventricular volumes
by AT1 receptor antagonism in rats with
myocardial infarction-induced heart failure
was partially prevented by either AT2 recep-
tor or B2 receptor antagonism. Furthermore,
Tsutsumi et al. (56) reported that AT2 recep-
tor over-expression in vascular smooth mus-
cle cells of transgenic mice prevented the
pressor effects of Ang II, and the pressor
effect of Ang II was restored by either AT2 or
B2 receptor antagonism. Moreover, these
transgenic mice had increased kinin-form-
ing activity in their vasculature. Further evi-
dence for a role for the AT2 receptor in
regulation of kinin production was obtained
in studies by Siragy et al. (57,58). Siragy et
al. (57) reported that renin inhibition, but not
AT1 receptor antagonism, decreased immu-
noreactive kinin peptide levels in renal inter-
stitial fluid collected by microdialysis probe
from sodium-deficient dogs, suggesting that
Ang II tonically stimulates renal kinin pep-
tide production by a non-AT1 receptor mech-
anism. Moreover, both a low sodium diet
and Ang II infusion increased immunoreac-
tive kinin peptide levels in renal interstitial
fluid of control mice but not in AT2 receptor
gene knockout mice (58).

Our own studies do not support the hypo-
thesis that the AT2 receptor regulates kinin
peptide production. We studied the effects
of losartan administration (10 mg/kg, 12
hourly, by intraperitoneal injection for 8 days)
on circulating and tissue levels of angio-
tensin and bradykinin peptides in male
Sprague Dawley rats (19). Despite increased
Ang II levels in blood, heart, adrenal, lung,
and aorta, losartan did not increase kinin
peptide levels in blood or any tissue. By
contrast, losartan reduced kidney levels of
BK-(1-7) and BK-(1-9), and reduced blood
levels of BK-(1-8) to 43% of control. We
also measured kinin peptide levels in the
TGR(mRen-2)27 rat, a transgenic Sprague
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Dawley rat with widespread tissue expres-
sion of the mouse Ren-2 gene (18). The
TGR(mRen-2)27 rat has increased Ang II
levels in blood and tissues. In comparison
with normal Sprague Dawley rats,
TGR(mRen-2)27 rats had increased BK-(1-9)
levels in brown adipose tissue (1.9-fold) and
lung (1.6-fold). Together, these studies sug-
gest that Ang II may tonically stimulate kinin
peptide formation by an AT1 receptor mech-
anism.

In addressing the discrepancies between
our own studies and those suggesting inter-
action between AT2 receptor activation and
the kallikrein-kinin system, it should be noted
that, apart from the studies of Siragy et al.
(57,58), kinin peptide levels were not meas-
ured. Moreover, Siragy et al. measured im-
munoreactive kinin peptides in fluid col-
lected from an indwelling microdialysis
probe. As noted above, the identity of the
immunoreactive material is uncertain, as is
the effect of the chronically indwelling mi-
crodialysis probe on kinin peptide forma-
tion. Given that our studies do not support
the proposed stimulation of kinin peptide
formation by AT2 receptor activation, it is
appropriate to consider other mechanisms of
interaction between the AT2 receptor and the
B2 receptor. As discussed above, there is
evidence for cross-talk between the ACE
enzyme and the B2 receptor and a similar
cross-talk may exist between the AT2 recep-
tor and the B2 receptor.

Another potential interaction between the
renin-angiotensin system and the kallikrein-
kinin system may be the modulation of the
renin-angiotensin system by kinin peptide
levels. Kinin peptide administration increases
renin secretion (59,60), possibly mediated
by increased nitric oxide formation (61), and
icatibant is reported to decrease plasma re-
nin levels in anaesthetized rabbits (62), sug-
gesting that endogenous kinin peptides may
tonically stimulate renin secretion. More-
over, the location of B2 receptors in the
kidney is predominantly in the renal tubules,

vascular endothelium, and renomedullary in-
terstitial cells of the renal medulla (63), loca-
tions appropriate for the modification of re-
nin secretion, possibly by modifying sodium
delivery to the macula densa. We examined
whether endogenous kinin peptides modu-
late angiotensin peptide levels by adminis-
tering icatibant (1 mg/kg) to rats by intraper-
itoneal injection and measuring circulating
and tissue levels of angiotensin peptides af-
ter 4 h (25). Icatibant did not influence plasma
levels of renin, angiotensinogen, ACE, NEP,
or circulating or tissue levels of angiotensin
peptides. This study demonstrated that en-
dogenous kinin peptide levels acting through
the B2 receptor did not modulate the renin-
angiotensin system. Our findings are sup-
ported by the failure of icatibant administra-
tion for 7 days to modify renin mRNA levels
in kidney of adult rats (64), and the normal
plasma renin levels and normal renin and
AT1 receptor mRNA levels in kidney of the
B2 receptor gene knockout mouse (8).

Summary and conclusions

Measurement of individual kinin pep-
tides gives important information about the
functioning of the kallikrein-kinin system.
Peptide levels result from the interaction of a
variety of kinin-forming enzymes, kinino-
gens, kininases, and other factors that modu-
late the activity of kinin-forming enzymes
and kininases. Some of the complexities of
regulation of kinin peptides are revealed by
measurement of kinin peptides in blood and
tissues, in particular in man where the sepa-
rate measurement of bradykinin and kallidin
peptides gives information about the plasma
and tissue kallikrein-kinin systems, respec-
tively. The main site of formation of kinin
peptides is in tissue, and our studies indicate
differences between tissues and probable
differences between different compartments
within a tissue in the regulation of local kinin
peptide levels. Our findings of increased
cardiac BK-(1-9) levels in rats with myocar-
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dial infarction, and increased tissue BK-(1-9)
levels in diabetic rats and in SHR are con-
sistent with a role for BK-(1-9) in the patho-
genesis of these conditions. Our studies in
man suggest a role for bradykinin peptides in
the pathogenesis of interstitial cystitis,
whereas we found evidence for suppression
of the activity of the tissue kallikrein-kinin
system in patients with severe cardiac fail-
ure. The differential effects of ACE and NEP

inhibition on kinin peptide levels in different
tissues probably reflect the varying contri-
bution of ACE and NEP to kinin metabolism
in different tissues and tissue compartments.
New methodologies are required to further
elucidate the regulation of kinin peptide lev-
els in individual tissue compartments, and
the role of local tissue kinin peptides in
physiology and disease states.
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