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INTRODUCTION

The history of the kallikrein-kinin system can be traced back to the observa-
tion of Abelous & Bardier in 1909 that intravenous injection into the dog of an
alcohol-insoluble fraction of human urine caused a pronounced, but revers-
ible, fall in systolic blood pressure (1). It was not until almost 20 years later,
however, that this observation was pursued by Frey (2), who established that
the substance responsible for this hypotensive effect was nondialysable and
thermolabile. Further studies, in collaboration with Werle & Kraut, showed
that a similar activity was present in blood and in the pancreas (3, 4). On the
erroneous assumption that the active substance, in each case, was identical
and was probably derived from the pancreas, it was named kallikrein (from
the Greek “kallikreas”, meaning pancreas). In 1937, Werle demonstrated that
kallikrein could release, apparently enzymatically, a substance from plasma
that was capable of contracting smooth muscle (5). This generated material
was later named “kallidin”. It is now over 40 years since Rocha e Silva and
colleagues, working independently, coined the name “bradykinin” for a
similar smooth muscle spasmogen liberated from plasma by the action of
either trypsin or the venom of the snake, Bothrops Jararaca (6).

In the decades since these pioneering studies, our knowledge of the bioche-
mistry of the kallikrein-kinin system has increased dramatically. Moreover,
our appreciation of the pharmacologic actions of exogenously administered
kinins has expanded to encompass considerably more than their abilities to
contract smooth muscle and to lower blood pressure. Despite significant
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advances in these areas, however, our understanding of the role of endoge-
nously generated kinins in pathophysiology has developed painfully slowly.
This has been due, in part, to the technical difficulties that had to be overcome
to permit meaningful measurements of the components of the system in
biological fluids. Even more important, however, in terms of being unable to
establish the importance of kinins in pathophysiological conditions, has been
our inability to selectively antagonize their actions. Only in the last few years
have we seen the successful development of the first competitive kinin
antagonists and have attempts been made to begin to characterize kinin
receptors and to define receptor subtypes. In the present chapter, we review
this rapidly developing field. We begin by providing the necessary back-
ground on the biochemistry and potential pathophysiologic roles of kinins and
subsequently summarize our present knowledge of the distribution and prop-
erties of B and B, kinin receptor subtypes. Finally, we review what is known
about the currently available kinin antagonists, focusing on their structures,
their application in various in vitro and in vivo systems, and on the evidence
for the existence of new receptor subtypes.

BIOCHEMISTRY AND PATHOPHYSIOLOGY OF KININS

The substrates for kinin-generating enzymes are «,-globulins called kinin-
ogens. Two such substrates exist in man. High molecular weight (HMW) and
low molecular weight (LMW) kininogens are derived from a single gene as a
consequence of alternative RNA processing events (7). The two kininogen
molecules are single-chain glycoproteins, but release of the kinin moiety
produces heavy and light chains that are linked by a single disulfide bond.
Both kininogens display identical amino acid sequences for their amino
terminal heavy chains, the kinin moiety and the first 12 residues of their
carboxy terminal light chains (8). HMW kininogen, however, then displays a
considerably extended light chain that is responsible for conferring on this
molecule its unique properties in the intrinsic coagulation cascade (9). The
principal site of kininogen synthesis is the liver. In human plasma, HMW
kininogen is present at a concentration of approximately 90 mg/ml (10) and
represents approximately one third of the total level of plasma kininogens,
with LMW kininogen constituting the remainder. This means that there is the
potential to release as much as 3 ug of kinin from the kininogens present in 1
ml of plasma. These plasma kininogens also gain access to the lymph and
interstitial fluid (11).

Although, in general, enzymes that can liberate kinins are called kini-
nogenases, the historical name kallikrein is still ascribed to the most important
physiological kinin-generating enzymes from blood (plasma kallikrein) and
from the major exocrine glands (tissue, or glandular, kallikrein). This com-
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mon nomenclature is unfortunate, since the plasma and tissue enzymes are
physicochemically-and immunologically distinct from one another. Plasma
kallikrein is synthesized in the liver and circulates in the blood stream as an
inactive precursor, prekallikrein. Prekallikrein is converted to kallikrein via
the Factor XII-dependent pathway of contact activation (9). When active
plasma kallikrein is produced during contact activation, it generates bradyki-
nin (BK) from HMW kininogen, its preferred substrate (12). Indeed, in vivo,
plasma kallikrein does not produce kinin from LMW kininogen. In contrast,
tissue kallikreins are single-chain, acidic glycoproteins that readily release
kinin from both HMW and LMW kininogens (12). Originally believed to be
derived only from the major exocrine glands, these enzymes are now known
to enjoy a more widespread distribution that is not restricted to exocrine
tissues (9). Within a given species, the kallikreins from all organs are
immunologically identical (13). To date, tissue kallikreins are the only human
enzymes known to hydrolyze two dissimilar bonds within the kininogen
molecules to liberate lysylbradykinin (14). It is now known that lysylbradyki-
nin (Lys-BK) is the same entity described by Werle as “kallidin” and the two
names tend to be used interchangeably in the literature.

In humans, the nonapeptide BK (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg)
and Lys-BK are the principal kinins of physiological relevance, and these two
peptides display essentially identical pharmacologic properties (15). Although
older reports describe the generation of methionyl-Lys-BK (16), this latter
peptide is now known to be produced only under conditions of acidification
when it is generated from already cleaved kininogen by the actions of pepsin
(17, 18). In rats, the peptide Ile-Ser-BK (T-kinin) has been isolated (19) and
shown to have similar properties to those of BK and Lys-BK (20), but this
peptide is not detectable in humans and is apparently unique to the rat. More
recently, variants of BK and Lys-BK, in which the proline at position 3 is
hydroxylated, have been reported to exist (21-23). These variants are found
in human and primates but not in other species examined, such as rodents and
cattle (22). In humans, this variant represents between 25—40% of the kinin
contained in kininogens (21, 22) and is presumed to arise as a result of
posttranslational modification of the kininogen molecule. The pathophysio-
logical significance of this variation is unknown, however, since the hydroxy-
proline analogs show essentially the same properties and potencies as their
unmodified counterparts (24).

In addition to their abilities to contract many types of smooth muscle and to
induce hypotension by acting as peripheral vasodilators, BK and Lys-BK are
approximately 100-fold more potent than histamine in increasing vascular
permeability and, as a direct consequence of this, they are powerful inducers
of edema (25). Kinins can also stimulate sensory Aé and C-fibers to cause
pain and hyperalgesia (26-30) and are capable of stimulating epithelial ion



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org

by Central College on 12/09/11. For personal use only.

132 BATHON & PROUD

transport in the renal tubule, intestine, and airway (31-36). In addition, these
peptides have been reported to cause bone resorption (37, 38), to stimulate
mitosis in some cells (39-41), and they are clearly capable of causing the
release of biologically active lipids, such as platelet activating factor and
prostaglandins, from a variety of cell types (42-44). These properties,
together with a range of studies purporting to demonstrate activation of the
kallikrein-kinin system during various pathophysiological states, have led to
kinins being implicated in a plethora of clinical conditions (45, 46). Perhaps
the strongest evidence to date, however, supports a role for kinins in the
pathogenesis of various inflammatory disorders, including allergic reactions,
asthma, viral rhinitis, hereditary angioedema and inflammatory arthritides (9,
47), and in the regulation of circulatory homeostasis and blood pressure,
particularly during certain types of hypertension and during endotoxic shock
(46, 48-50). It is hardly surprising, therefore, that many of the first studies
performed using the recently developed kinin antagonists have focused on
further defining the proinflammatory and vascular effects of kinins.

KININ RECEPTORS

The classification of receptor subtypes and the development of antagonists
are, inevitably, intimately linked. As recently available kinin antagonists have
been used in an increasing number of tissues and cells, several investigators
have interpreted their data as supporting the existence of novel receptor
subtypes. Although we will critically evaluate this evidence (see below), we
begin by focusing on the properties of the two putative receptor subtypes that
have formed the basis of the kinin receptor literature since 1980, when Regoli
& Barabe (51) proposed the classification of B and B kinin receptors based
upon the relative bioassay potencies of a series of bradykinin analogs and
competitive antagonists in isolated vascular smooth muscle preparations.

B, Receptors

The principal characteristic attributed to the B, receptor is that the kinin
metabolites, des-Arg?-BK and des-Arg'°-Lys-BK, are more potent agonists
than the parent peptides or the analog, [Tyr(Me®)]BK. In addition, effects
mediated via B, receptors can be competitively inhibited by the antagonists,
{Leu®ldes-Arg®-BK and [Leu®]des-Arg'-Lys-BK (discussed below). Con-
versely, the B, receptor exhibits much higher affinity for BK and Lys-BK,
and their analog, [Tyr(Me®)]BK, than for the carboxypeptidase metabolites,
des-Arg®-BK and des-Arg'°-Lys-BK. In addition, B,-mediated effects cannot
be antagonized by [Leu®]des-Arg®-BK. Correlation of these pharmacologic
criteria for defining a B, receptor with binding properties has not, in general,
been rigorously pursued.
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PROPERTIES Determining the presence of a receptor in various tissues
usually depends on the application of a selective antagonist in the tissue in
question. As such, we focus on the topic of B, receptor distribution in more
detail when considering the application of B, antagonists. In general, howev-
er, the B, receptor appears to be fairly limited in distribution, with the
primary site being rabbit vascular (arterial and venous) smooth muscle (51—
57), although nonvascular localizations also exist. Not surprisingly, given the
location of B, receptors in multiple vascular preparations, the predominantly
reported physiological effect associated with their presence is contraction or
relaxation of smooth muscle. The type of response elicited—that is, contrac-
tion or relaxation—may depend upon the type of cell responding to the
peptide and/or on the receptor coupling mechanism specific to that tissue. For
example, while relaxation, in response to des-Argg-BK, of rabbit mesenteric
artery was observed to be dependent upon the presence of endothelium (58),
relaxation of rabbit celiac artery was not (57). Furthermore, while des-
Arg®-BK induced relaxation of rabbit mesenteric artery could be inhibited by
indomethacin (56, 58), arachidonic acid metabolites did not appear to play a
role in the contraction of several other vascular tissues (59).

An interesting body of evidence has now accumulated, indicating that B,
responsiveness can be induced under certain conditions. In 1978, Regoli et al
(60) described the spontaneous development, over a six hour period of in vitro
incubation, of contractile responsiveness of isolated rabbit mesenteric vein to
des-Arg®-BK, but not to substance P or noradrenaline. A similar phenomenon
has been confirmed in other isolated tissues, including rat duodenum (61),
human colon (62), rabbit aorta and mesenteric artery (52, 58, 63), although
the response in the last was less specific, as comparable time-dependent
responses to angiotensin Il and 5-hydroxytryptamine were also observed. The
mechanism by which this upregulation of response to des-Arg®-BK occurs has
not been entirely clarified but may be due, at least in part, to the de novo
synthesis of B, receptors during in vitro incubation. This hypothesis is
supported both by the prolonged time of incubation necessary to observe, and
the ability of protein synthesis inhibitors to ablate, the spontaneous generation
of peptide responsiveness (60). Furthertnore, Barabe et al (64) were able to
correlate an increase in specific binding of [*H]-des-Arg®-BK with its time-
dependent ability to induce contractility in rabbit mesenteric vein. Like the
biological response, specific ligand binding could be ablated by pretreatment
with cycloheximide.

The development of responsiveness to des-Arg®-BK during in vitro in-
cubations prompted investigators to propose that noxious stimuli from tissue
damage or inflammation may be responsible for the induction of B, receptor
synthesis and that the same process may occur in vivo (47). In support of this
hypothesis, Deblois et al (65, 66) have shown that, when applied to isolated
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rabbit aortic strips in vitro, a number of soluble products of bacteria, and of
monocytes and macrophages, are capable of amplifying and hastening the
development of the contractile response to des-Arg®-BK. These factors in-
clude lipopolysaccharide (LPS), interleukin-1 and -2, epidermal growth fac-
tor, phorbol esters and muramyl dipeptide (66). In contrast, dexamethasone
downregulates this response (65). While a series of other factors, such as
platelet-derived growth factor, interferon gamma, and fibroblast growth fac-
tor, have been reported to have no effect on B, responsiveness (66), it should
be noted that many of the factors studied were human recombinant proteins
whose effects may be species-specific.

In vivo studies, in both vascular and nonvascular smooth muscle, have lent
further credence to the concept that responsiveness to des-Arg®-BK is induced
during tissue damage. Marceau et al (67) showed that, following the induc-
tion, using Triton X-100, of chemical cystitis in rats, des-Argg-BK was
capable of inducing bladder smooth muscle contraction in treated, but not in
control, rats, In addition, in rabbits that were pretreated with intravenous
LPS, but not in control animals, des-Arg®-BK induced a hypotensive response
(68). In both situations, the in vivo response to des-Arg®-BK, similar to that
in vitro, required five or more hours of pretreatment with the noxious agent to
develop and was blocked by [Leu®]-des-Arg®-BK. Furthermore, mesenteric
veins and aortae removed from LPS treated rabbits and incubated in vitro
demonstrated an earlier and more pronounced contractile response to des-
Arg®-BK than did vessels from saline-injected animals (64, 66).

Unfortunately, data relating physiological activities of des-Arg®-bradykinin
to receptor occupancy are limited, to our knowledge, to only two reports. In
the study cited previously, Barabe et al (64) confirmed the presence of
specific binding of [*H]des-Arg®-BK to intact rabbit mesenteric vein. This
study was limited, however, in that the apparent binding affinity was low (104
nM) and full saturation curves were not presented. In addition, the authors
were unable to demonstrate similar specific binding for this peptide in rabbit
aortae (64), where its physiological potency is identical to that in rabbit
mesenteric vein. Sung et al (69) have demonstrated, in bovine endothelial cell
membranes, the existence of both a high-affinity and a low-affinity kinin
binding site. The latter site is present on untreated cells and appears to be of
the B, subtype but high concentrations of des-Arg’-BK are necessary to
saturate this receptor or to induce a physiological response.

B> Receptors

In light of the relatively limited distribution of the B, receptor, it must be
assumed that the majority of actions of kinins are mediated, according to the
classification of Regoli & Barabe, via occupancy of the B, receptor. Only
with the availability of B, antagonists has it proven possible to begin testing
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this assumption. Accordingly, we will address which functional responses to
kinins have been attributed to B, receptor occupancy when examining the
applications of currently available antagonists. In the present section, we
delineate our current knowledge regarding the properties of this putative
receptor subtype. We focus, in particular, on its binding characteristics,
including a consideration of the evidence for multiple types of binding sites,
on the regulation of B, receptor expression, and on how the functional
responses to this receptor may be expressed through different signal transduc-
tion pathways.

PROPERTIES In contrast to the B, receptor, a sizeable body of knowledge
has been accumulated regarding the properties and regulation of the B,
receptor. Specific binding of radiolabeled BK to a variety of tissues and
homogenous cell populations has now been demonstrated (70-84). While
precise comparisons of data among these studies are difficult because of
variations in methodologic approaches, the affinity constant (Kg) for bradyki-
nin binding has generally been reported to range from 1 to 12 nM, while
maximum binding (B,.,) has varied from 10 to 230 fmol per mg protein or
per 10° cells. More importantly, several groups of investigators have suc-
cessfully correlated ligand binding with physiological function in the tissues
employed. For example, the rank order potency of kinin analogs in displacing
radiolabeled BK from binding sites on homogenized membranes correlated
well with their potencies in stimulating contraction of guinea pig ileum and
uterine myometrium (71, 85), intestinal chloride secretion (78), release of
endothelium-derived relaxing factor from (and elevation of cytosolic calcium
in) endothelial cells (60), and of inositol phosphates from murine neuroblasto-
ma cells (84). In the limited number of studies using intact, rather than
homogenized, cells, good correlation of potency of radioligand displacement
with parameters such as cyclic GMP formation (71), stimulation of pro-
stacyclin release (73), and DNA synthesis (80) have been demonstrated.
Several of these studies have demonstrated the presence of more than one
class of binding site, raising the intriguing possibility that the so-called B,
receptor may, in fact, represent more than one subtype of kinin receptor.
Odya et al (85), utilizing ['>’I]Tyr-BK in radioligand-binding studies of
particulate bovine uterine membranes, identified both a high- (100 pM) and
low-affinity (20 nM) binding site. In a similar manner, but utilizing [*H]BK
as the radioligand, Manning et al (70) hypothesized the presence of two
high-affinity kinin binding sites (K4s of 13 and 910 pM) in guinea pig ileum,
based upon the biphasic nature of both the saturation curve and the
association/dissociation curves. Although the two binding sites could not be
distinguished by specific physiological functions, they did differ slightly in
their selectivities for kinin analogs. In a cloned neuroblastoma cell line,
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NI1E-115, Snider & Richelson (71) proposed the existence of three kinin
binding sites (K4s of 0.83 pM, 1.0 nM and 4.9 nM), based upon computer
analysis of saturation data with intact cells; however, true saturation of
binding was not adequately demonswated. Cyclic GMP production appeared
to correlate with the 1.0 nM binding site. Roberts & Gullick (80), also using
intact cells, demonstrated both a high (K4 4.9 nM, B, 52,000 per cell) and a
very high (K4 2.7 pM, B 1100 per cell) affinity binding site in ras-
transformed Rat 13 cells. The high-affinity site appeared to mediate BK’s
mitogenic effect but, because of the small numbers of the very high-affinity
site, no physiological function could be ascribed to it. In all of the above cited
reports, des-Arg’-BK was ineffective both in eliciting physiologic effects and
in displacing labeled BK from binding sites, thereby supporting the concept
that these receptors were not of the B, subtype. Whether the multiple binding
sites described in these various tissues represent different receptor subtypes
remains to be determined. While the identification of physiological functions,
and specific antagonists, for each binding site, may help to clarify this issue,
it is likely that a definitive answer will await purification and cloning of each
putative receptor subtype.

Preliminary evidence, both from binding and from functional studies,
suggests that the B,, like the B, receptor is regulated by a number of
physiological factors. There is good agreement among various tissues (70-72,
85) that cations, particularly manganese, zinc, and cobalt, significantly re-
duce BK binding. This effect may be due, however, to activation of pepti-
dases rather than to any direct effect on the receptor itself. BK itself is also a
potent regulator of kinin binding. In human dermal fibroblasts (86, 87),
exposure to 1 uM BK for 5 minutes at 37°C results in a marked reduction in
total number, but not affinity, of [*’H]BK binding sites as well as in bradyki-
nin-induced prostacyclin production. In contrast, prolonged exposure of Rat
13 fibroblasts to BK at 37°C results in reduction of receptor-ligand affinity but
not in total number of binding sites (81). Several cytokines and growth factors
have also recently been shown to influence putative B, receptors. Pretreat-
ment of human synovial cells with interleukin-1 (88) was shown to greatly
enhance subsequent release of PGE, in response to BK, but not to des-Arg’-
BK or other unrelated peptides. Preliminary data suggests that interleukin-1
upregulates the number of kinin binding sites on these cells (J. Bathon, D.
Proud, unpublished observations), although postreceptor induction of cyc-
looxygenase (89) may also be contributory. Simultaneous addition of BK (but
not des-Arg®-BK) and any one of several growth factors to fibroblasts or
PC12 cells results in synergistic enhancement of the resulting cytosolic
calcium response (90, 91); a similar synergistic responsc to BK and in-
terleukin-1 is also observed for proliferation of BALB/3T3 cells (92). In
studies of binding, nerve growth factor was demonstrated to alter the shape of
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the BK-binding isotherm (79), and to induce a fourfold increase in kinin
binding sites (82), on PCI2 cells, while also enhancing BK-induced
phenotypic changes (79) and uptake of inositol (82). In addition, transforma-
tion of cells by ras (80, 93, 94) or dbl (95) oncogenes was associated with
increased BK receptor number and, in the case of the ras oncogene, as noted
previously, the appearance of a very high-affinity kinin binding site (80).
These alterations in binding correlated with BK’s ability to induce DNA
synthesis (80) and to stimulate phosphatidylinositol turnover (95).

Our understanding of the coupling of the B, receptor to signal transduction
events is still evolving. BK has been reported to stimulate a variety of
intracellular events, including accumulation of cyclic AMP (96, 97) and GMP
(71, 98); activation of phospholipase C (99, 100), leading to enhanced levels
of inositol phosphates (101, 102), cytosolic calcium (69, 103) and di-
acylglycerol (103); and activation of phospholipase A, (104-107). BK-
induced phospholipase C activation appears to be coupled via a guanine
nucleotide-binding (G) protein in a variety of cells, but the sensitivity of this
protein(s) to pertussis toxin is variable (102, 103, 107—110). Phospholipase
A, activation by BK has also recently been linked to a G protein (107) in
murine 3T3 cells. While BK may activate a calmodulin-dependent protein
kinase in dermal and lung fibroblasts (111), its effect on protein kinase C
(PKC) is less clear and appears to depend upon the effector molecule being
measured. For example, in studies using pharmacological agents rather than
direct enzyme measurements, PKC activation appears to enhance kinin-
induced prostaglandin E, production (105, 106) while inhibiting its ability to
stimulate inositol phosphate production (102, 107). In a direct enzyme assay,
Dixon et al (103) found a fivefold increase in PKC activity in cortical
collecting tubular cells, in response to BK, that correlated with the ability of
BK to inhibit vasopressin-stimulated cAMP production. Whether BK routine-
ly activates PKC or, alternatively, PKC serves as a negative regulator of BK’s
actions remains unclear and additional, direct enzyme measurements are
needed to clarify this issue.

The confusing array of postreceptor events that have been reported to be
activated in various cells in response to kinin receptor occupancy could
potentially be explained on the basis of the same receptor being coupled to
different signal transduction pathways in each cell type examined (particularly
if species variations in coupling exist). Alternatively, one could hypothesize,
for example, that different receptor subtypes are each coupled to a specific
signal transduction pathway (e.g. phospholipase C vs phospholipase A-
dependent prostaglandin formation). Several recent studies, showing that
activation, within the same cell, of phospholipase C and phospholipase A, are
totally independent of each other (104-107), would argue against this latter
possibility unless it is assumed that two receptor subtypes coexist on each cell
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type in question. Certainly, the potential for interaction among intracellular
mediators, as well as for overlap between receptor subtypes and second
messenger molecules (such as that seen with muscarinic receptors), necessi-
tate caution in the classification of receptor subtypes on the basis of second
messenger production (112). Further clues regarding possible heterogeneity
of the B, receptor and its coupling to second messenger systems may be
obtained with the development of specific antagonists capable of discriminat-
ing between putative subtypes of the B, receptor or as we gain more informa-
tion on the structure of kinin receptors.

KININ ANTAGONISTS
B, Antagonists

STRUCTURE The derivation of competitive peptide antagonists for the B
receptor arose from the observation that the agonist effect of des-Arg®-BK
was dependent upon the presence of the phenylalanine residue at position 8.
The N-terminal heptapeptide of BK was completely ineffective, whereas
replacing Phe® with a tyrosine led to a 2 log reduction in potency. Replace-
ment of Phe® with aliphatic amino acids, however, was found to confer
selective competitive antagonist activity (52). Of the antagonists originally
produced, [Leu®]des-Arg®-BK was among the most potent and this com-
pound, and its related analog [Leu®]des-Arg'®-Lys-BK, have been by far the
most widely employed B, antagonists. They are selective antagonists in that
they do not antagonize the actions of BK on tissues, such as rat uterus (53),
dog carotid artery, or rabbit jugular vein (54), that contain only B, receptors,
nor do they antagonize the actions of structurally unrelated agonists, such as
angiotensin, noradrenaline, or histamine (52). Since the proline at position 7
of the kinin sequence renders these antagonists resistant to the actions of
carboxypeptidases, it is perhaps not surprising that the introduction of struc-
tural changes designed to render [Leu®]des-Arg®-BK even less susceptible to
metabolism by carboxypeptidases, such as amidification or esterification of
the C-terminal carboxyl group or the use of a DLeu, led to no significant
increase in the duration of antagonist action and generally resulted in an-
tagonists with a lower affinity (51). A modest increase in potency and a
marked increase in duration of action on the rabbit aorta was seen, however,
upon replacement of Phe® with a carboranylalanine residue, an amino acid
with a rigid ring containing 10 atoms of boron that occupies a volume similar
to that of phenylalanine (51). This increased duration of action presumably
reflects an increased resistance to metabolism by endothelial angiotensin
converting enzyme, which normally hydrolyzes analogs of des-Arg®-BK at
the Phe®-Ser® bond to release the C-terminal tripeptide (113, 114). The
importance of peptidase degradation must always be remembered when con-
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sidering the actions of kinins. Not only do tissue peptidases produce a
functional antagonism of kinin responses via their degradative action, but
carboxypeptidase metabolism of peptide B, agonists and antagonists can
convert them into peptides that are active on B; receptors (115). Thus,
blockade of a kinin response by a B, antagonist in intact tissues cannot be
assumed to imply the presence of a B, receptor unless itis demonstrated that
metabolism of the compound by carboxypeptidase does not occur, or that
specific B, agonists and antagonists have no effect. Alternatively, this prob-
lem could be overcome by using recently developed pseudopeptide analogs of
BK, in which the Phe®-Arg’ peptide bond is replaced by the isosteric CH,-NH
bond, that are resistant to hydrolysis by both carboxypeptidase N and an-
giotensin converting enzyme and have no effect on B, receptor-dependent
systems (116).

APPLICATIONS The application of B, receptor antagonists in vitro and in
vivo has revealed that this receptor subtype has a much more limited distribu-
tion than the B, receptor. The predominant use of [Leu®]des-Arg®-BK has
been in examining the actions of des-Arg®-BK on vascular smooth muscle of
certain animal species, particularly the rabbit. The presence of B, receptors
has been confirmed in isolated rabbit aorta, mesenteric vein, and in mesenter-
ic, celiac, and basilar arteries (51-57). These studies have revealed intriguing
differences, however, between different vascular beds within the same spe-
cies. Thus, while rabbit mesenteric vein contains exclusively B, receptors,
the jugular vein of this animal contains entirely B, receptors. [Leu®]des-Arg’-
BK has also been used to determine the specificity of kinin effects in
nonvascular tissues. The effects of des-Arg’-BK on thymidine incorporation
and mitosis in both human embryohic lung fibroblasts (40) and rabbit dermal
fibroblasts (41) were clearly inhibited by [Leu®]des-Arg’-BK, suggesting a B,
receptor-mediated event. Moreover, while bovine endothelial cells possess a
high-affinity B, receptor, they are also responsive to high concentrations of
des-Arg®-BK (69, 117). The ability of des-Arg®-BK to stimulate the release of
prostanoids (117) and endothelium-derived relaxing factor (69) was inhibited
by [Leu®]des-Arg®-BK, while this B, antagonist had no effect on responses to
BK mediated via the high-affinity B, receptor. The existence of B, receptors
on these cells was further confirmed by demonstrating that this antagonist was
effective in displacing low-affinity BK binding from these cells (69). In
contrast, while des-Arg®-BK displayed a similar potency to BK in causing
bone resorption, this property cannot be attributed to B, receptor occupancy,
since [Leu®]des-Arg’-BK was ineffective in blocking this effect (38). This
latter observation highlights the need for caution in using a response to
des-Arg®-BK as the sole criterion for defining the cxistence of B, receptors in
a tissue. Thus, while the contractile action of BK on the rat duodenum has
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been attributed by some (118) to effects via B, receptors because it can be
mimicked by des-Arg®-BK, others have suggested that the rank order of
potency of BK and des-Arg®-BK in causing duodenal contraction argues
against a role of B; receptors (61). The failure to use [Leu®]des-Arg®-BK to
antagonize these effects leaves the role of B, receptors in this tissue unclear.
Antagonists have been used, however, to confirm the presence of B, receptors
in isolated rat kidneys (119) and in some nonvascular preparations, including
rat bladder (67) and human circular colonic smooth muscle (62), although
data suggest the coexistence of both B, and B, receptors in these tissues.

In vivo studies using B; antagonists have been extremely limited. It has
been shown that [Leu®]des-Arg!®-Lys-BK can inhibit the hypotensive re-
sponse to exogenously administered des-Arg®-BK in rabbits pretreated with
lipopolysaccharide (120). A role for B, receptors has also been inferred in
capsaicin-induced ear inflammation in mice, based upon the observation that
[Leu®]des-Arg®-BK was more potent than a B, antagonist in inhibiting this
response (121). To our knowledge, no study in humans has demonstrated
blockade of a physiologic response by administration of a B, antagonist.

In summary, therefore, the B, receptor subtype has been described princi-
pally in animal tissues, where it exists primarily under pathological and/or
inflammatory conditions. Even when present, however, its putative physi-
ological effects often require high concentrations of peptide (100 nM or
greater). These features, together with its limited distribution in human
tissues, suggest that this receptor subtype is unlikely to play a major role in
the actions of kinins in human disease states.

B, Antagonists

Although the ability to inhibit actions of BK has been attributed to many
compounds over the years, most have failed to show selectivity and have
often proven to be inhibitors of signal transduction pathways that are common
to many agonists. Such compounds are not considered here. Similarly,
although it has recently been demonstrated that a series of compounds,
believed to be terpene glycosides (122—124), derived from the Brazilian plant
Mandevilla velutina, show competitive functional antagonism of the actions
of BK on some smooth muscle preparations, they are of low potency, have
not been shown to cause displacement of BK in binding studies, and their
structures have yet to be fully elucidated. In the present chapter, therefore, we
will not consider these compounds further but focus on our knowledge of
synthetic peptide antagonists of BK.

STRUCTURE It is now almost six years since the first effective B, an-
tagonists were discovered (125). After over two decades of frustrating at-
tempts to modify the structure of BK to yield an antagonist, Vavrek & Stewart
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found that the essential structural change for conferring antagonist properties
was the replacement of the proline residue at position 7 in the BK sequence
with a p-aromatic amino acid. The most widely used replacement, and the one
that has yielded the most successful antagonists, has been p-phenylalanine.
Although [DPhe’]BK itself was a weak antagonist of BK on the guinea pig
ileum, it was a weak agonist on rat uterus. Clearly, additional modifications
of the kinin molecule were necessary to generate useful antagonists. Replace-
ment of the phenylalanine residues at positions 5 and 8 of BK with isosteric
B-(2-thienyl)alanine (Thi) residues had previously been shown to increase the
specific binding affinity of agonist analogs to bovine uterine myometrium
(85), and incorporation of such residues into [DPhe’]BK led to the first
effective kinin antagonist (125). Since that time, literally hundreds of analogs
with additional or alternative structural modifications have been synthesized
(126-129). It is not possible to make many comprehensive statements about
the effects of specific types of sequence changes, but two additional types of
structural modifications have proven useful in producing some of the more
potent peptide antagonists. First, replacement of one, or both, of the proline
residues at positions 2 and 3 with trans-4-hydroxyproline has led to enhanced
potency, while at the same time producing compounds with differing degrees
of selectivity in antagonizing the effects of BK on rat uterus and guinea pig
ileum (127-129). The second change that has been incorporated into several
of the most potent antagonists is an extension of the amino terminus of the
kinin moiety, usually with Lys-Lys or with pArg. Although all [DPhe’]BK
analogs so far tested are resistant to hydrolysis by angiotensin converting
enzyme (130), the amino terminal extension of the kinin sequence may confer
better resistance to other peptidases as well as perhaps causing an increase in
affinity (128, 129). The issue of peptidase degradation remains an important
one in considering the utility of these compounds and the antagonists syn-
thesized to date have shown half-lives of only a few minutes in rats in vivo.
As mentioned above, the presence of a carboxyterminal arginine residue
renders these molecules susceptible to metabolism by carboxypeptidase N,
with the resultant des-Arg® metabolites displaying antagonist properties on B,
receptors (115). Interestingly, however, although replacement of Arg® with
phenylalanine would be expected to confer resistance to carboxypeptidase N,
Phe®-substituted antagonists have not shown significantly prolonged half-
lives in rats in vivo (129), suggesting that other peptidases play important
roles in degradation.

The most potent, broad-spectrum antagonists used to date have in-
corporated most or all of the structural modifications described above. Addi-
tional modifications have been incorporated in an attempt to confer specificity
of antagonists for selected smooth muscle preparations. One such change was
to replace Arg', usually with a B-2-naphthyl-alanine (Nal) residue. This
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modification converted several analogs that were antagonists on both rat
uterus and guinea pig ileum into antagonists that were selective, albeit with
low potency, for rat uterus (127). Studies by Farmer et al (131) demonstrated
that one such antagonist, [DNal'-Thi>8-pPhe’]BK, also inhibited vasopressin-
induced contraction of uterine smooth muscle, a property not observed for
the antagonist without this modification at Arg'. [DNal'-Thi’>#-pPhe’]BK
did not compete, however, with radiolabeled vasopressin in uterine bind-
ing studies, nor did a whole series of Arg' modified analogs, including
[DNal'-Thi>#-DPhe’]BK, show significant competition with BK for binding
on either uterus or ileum, suggesting that these modified analogs may not be
BK receptor antagonists (131). These observations underline the need for
combining binding studies with functional antagonism data before defining a
compound as a receptor antagonist and indicate that results obtained with
other analogs that are “tissue selective” must be viewed with caution until
their ability to compete in specific binding assays is evaluated.

APPLICATIONS  Although several hundred kinin analogs have already been
synthesized in the search for the ideal antagonist, by far the majority of the
studies performed to date have employed one or more of the analogs listed in
Table 1. Because many authors have chosen to use abbreviations for these
analogs that are based either on batch synthesis numbers of Stewart & Vavrek
(“B” numbers) or on numbers assigned by Nova Pharmaceutical Corporation
(“NPC” numbers), these have been included in Table 1 for reference pur-
poses. In general, the compounds listed show pA, values of approximately 6
for BK-induced contraction of guinea pig ileum and pA,s of 6 to 6.9 for rat
uterus (126-129). They show relative selectivity in that they do not an-
tagonize the ability of angiotensin II or substance P to contract guinea pig
ileum (125), nor do they inhibit the actions of vasopressin or PGF,, on
isolated rat uterus (131). It must be emphasized, however, that these first
generation antagonists have not been subjected to exhaustive specificity
testing.

Cardiovascular system It is well established that BK can alter the tone of
isolated vascular smooth muscle preparations, causing either contraction or
relaxation depending upon the species and anatomic location from which the
vessel is derived (132). Although the responses of vessels such as the rabbit
aorta (52) and rabbit mesenteric artery (56) have been attributed to B
receptor-mediated effects, the actions of BK in many other vessels are clearly
mediated via B, receptors. For example, BK-induced contraction of rat
jugular vein and relaxation of dog carotid artery can be blocked by
[Thi*-®,0Phe’]BK (133). This same B, antagonist also inhibits the dilation of
rabbit cerebral arterioles induced by BK and kallikrein but not by other
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Table 1 The most commonly used B, kinin receptor antagonists

Structure Pseudonyms

[Thi*>#, pPhe’1BK® NPC 431; B3592, B3880, B3926

[Hyp?, Thi**, pPhe’]BK NPC 394; B3820, B4146

[DArg®, Hyp®, Thi*>*®, pPhe’]BK NPC 349; B3824, B4162, B4881, B6572
[DArg® Hyp?®, oPhe’]BK NPC 567

Lys-Lys-[Thi*#, pPhe’]BK NPC 420; B3878

Lys-Lys-[Hyp®, Thi>*, pPhe’]BK NPC 415; B3814, B4310

*BK = bradykinin
Numbering system for residues is based on the bradykinin sequence (Arg'-Pro?-Pro*-Gly*-Phe*-
Scr®-Pro’-Phe®-Arg?)

agonists, such as adenosine, acetylcholine, or vasoactive intestinal
polypeptide (134). Finally, in the only study, to our knowledge, performed to
date on isolated human vessels, [Thi’>*®, pPhe’]BK inhibited BK-induced
relaxation of the human basilar artery. This observation, together with the
lack of effect of des-Arg’-BK as an agonist, led Whalley and colleagues to
conclude that the effects of BK in this tissue are mediated via B, receptors
(135). The ability of BK to relax several types of isolated vessels is dependent
on the presence of endothelium (133, 135). Although there is some evidence
for the presence of a low-affinity B, receptor on bovine endothelial cells (69),
increases in cytosolic calcium, and release of endothelium-derived relaxing
factor, in response to BK are inhibited by [Thi>*®,pPhe’]BK and [DArg’,
Hyp®, Thi>*, pPhe’]BK but not by the B, antagonist, [Leu®]des-Arg®-BK
(69). Similarly, BK-induced increases in cyclic GMP in porcine endothelial
cells are mediated via B, receptors and can be antagonized by [pArg®, Hyp?,
pPhe’]BK (98).

Despite the variable effects of BK on vascular smooth muscle preparations
in vitro, the overall effect of this peptide when administered in vivo is to cause
peripheral vasodilatation and hypotension. These properties have led many
investigators to suggest that BK may play a role in the maintenance of blood
pressure during normal and pathologic states (48—50). Several studies have
employed peptide B, antagonists to probe the role of kinins in regulating
blood pressure in normotensive rats. Because of the problems associated with
the short half-life of these compounds in vivo, they have been administered as
either high-dose bolus injections or as continuous infusions. Different studies
have produced conflicting results and it is difficult to determine how much
this reflects variations in dosage and method of administration. Intra-aortic
injection of 1 mg of [Hyp®, Thi’®*, pPhe’]BK into normotensive, un-
anesthetized rats produced a variable response, causing a rise in blood pres-
sure in some animals but a decrease in others (136). Another study using an
infusion of high concentrations of [Hyp®, bPhe’]BK resulted in a significant
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rise in blood pressure, but this was due to stimulation of the sympathoadrenal
system and was prevented by adrenergic blockade (137). Again, the results of
this latter study emphasize the need for caution in assuming that all effects
seen with these antagonists relate specifically to kinin receptor antagonism.
Administration of 1 mg of [DArg®, Hyp?, Thi*-%, pPhe’]BK into normal rats
led to a transient biphasic response characterized by a pressor response
followed by a depressor effect (138). The depressor response was not
observed in nephrectomized rats or in animals pretreated with indomethacin,
suggesting that it was due to a release of prostanoids from the kidney. In
contrast, the pressor effect was not affected by either of these treatments, by
adrenalectomy, or by the use of vasopressin antagonists or of ganglionic and
adrenergic receptor blockers and it was suggested, therefore, that kinins may
contribute to the regulation of blood pressure (138). However, if either [Hyp3,
Thi>*®, pPhe’]BK (139) or [pArg® Hyp>, Thi>8, pPhe’]BK (140) were
infused at doses sufficient to block the effects of exogenous BK, but lower
than those used for the above bolus injections, no effect on blood pressure was
seen in normotensive rats. Similarly, whereas a 400 ug bolus of [DArg’,
Hyp?, Thi’>®, pPhe’]BK was sufficient to block the effects of exogenously
administered BK, it also had no effect on normal blood pressure (141). An
interesting aspect of these latter two studies arose, however, when the same
doses of antagonists were administered to animals receiving nonpressor doses
of angiotensin II or methoxamine, or pressor doses of vasopressin or methox-
amine. In each case, the antagonist significantly increased blood pressure,
suggesting that endogenous kinins participate in the control of blood pressure
by attenuating the effects of pressor hormones (140, 141).

The development of kinin antagonists has also prompted several in-
vestigators to reexamine the controversy regarding the role of kinins in the
hypotensive and cardioprotective effects of angiotensin converting enzyme
(ACE) inhibitors. Since ACE will both inactivate BK and convert angiotensin
I to angiotensin I, inhibiting this enzyme could possibly lower blood pressure
not only by reducing the formation of angiotensin II but also by reducing
degradation of endogenously generated kinins. Attempts to confirm this
theory based on direct measurements of plasma kinins during therapy have led
to inconclusive results (142-145). In normotensive rats, acute administration
of an ACE inhibitor did not modify the rise in blood pressure associated with
administration of a 1 mg bolus of [Hyp?, Thi*>®, pPhe’]BK (136), nor did
converting enzyme inhibition modify the effects of [DArg®, Hyp?, Thi>8,
pPhe’]BK on blood pressure in normotensive rats pretreated with a nonpres-
sor dose of angiotensin II (140). In contrast, infusion of [Hyp3, Thi®8,
pPhe’]BK into renovascular hypertensive rats blocked by 30% the fall in
blood pressure induced by administration of enalapril but had no effect on
blood pressure changes induced by saralasin or by sodium nitroprusside
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(139). The relative specificity of the antagonist effect suggests that kinins play
a role in the hypotensive effects of converting enzyme inhibitors in ex-
perimental renovascular hypertension. Moreover, a similar effect of [DArg®,
Hyp®, Thi>*%, pPhe’]BK was seen in blunting the antihypertensive effects of
ACE inhibition in rats with severe hypertension induced by aortic ligation
between both renal arteries (146). There is also good evidence that [DArg®,
Hyp3, Thi>*®, pPhe’]BK inhibits, in a dose-dependent manner, vascular
prostacyclin synthesis induced by three different converting enzyme inhibitors
(147, 148). Finally, ACE inhibitors have been shown to display cardioprotec-
tive effects during congestive heart failure and cardiac ischemia (149, 150).
Evidence for a role of kinins in these cardioprotective effects has been
provided by recent studies showing that the ability of BK, or of ACE
inhibition, to increase coronary flow and to protect against perfusion ventricu-
lar fibrillation in isolated, ischemic working rat hearts, can be completely
blocked by perfusion with 107°M [DArgo, Hyp?, Thi’-8, pPhe’]BK. Increas-
ing the doses of ACE inhibitor or BK used resulted in competitive reversal of
the effects of the antagonist (151).

The ability of kinins to modulate blood pressure has also been related to
their actions on the kidney. Various studies have suggested that kinins can
cause natriuresis and diuresis, stimulate renin and prostaglandin release, and
affect the renal vasculature, both directly and by modulating the effects of
other hormones (152). The use of [DArg®, Hyp?, Thi>*®, pPhe’]BK, in an
attempt to better understand the effects of endogenously produced kinins on
renal function, has led to conflicting results. In one study, this antagonist had
no appreciable effects when given to normal rats (153), whereas other in-
vestigators reported that the same compound selectively lowers papillary
blood flow (154). In both studies, however, effects of the antagonist were
seen when rats were pretreated with captopril and phosphoramidon to reduce
the activity of renal kininases, implying that a regulatory role of kinins on
renal function is more easily demonstrable when renal kinin levels are in-
creased. In this situation, Nakagawa and colleagues (153) reported that the
antagonist lowered renal plasma flow, glomerular filtration rate and sodium
excretion, while Roman and coworkers (154) observed reduced papillary
blood flow and sodium excretion. In salt-restricted dogs, [DArg® Hyp3,
Thi*>-8, pPhe’]BK led to renal vasoconstriction and reduced renal blood flow
without affecting sodium excretion or glomerular filtration rate, but a caution-
ary note regarding the specificity of the kinin antagonist was introduced when
the effects of the compound were attributed to stimulation of renin secretion
(155).

Hypotensive shock Several studies have reported systemic activation or
consumption of kinin system components during shock associated with sep-
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ticemia (156, 157), anaphylaxis (158), or acute pancreatitis (159), and it has
been demonstrated that rapid activation of the kinin system associated with
infusion of a plasma fraction containing Hageman factor fragments led to
hypotensive crises (160). Several investigators have used kinin receptor
antagonists in an attempt to clarify the role of kinins in shock reactions.
Weipert and coworkers (161) used Lys-Lys-[Hyp?, Thi*®, pPhe’]BK at a
dose that effectively blocked the hypotensive response to exogenously admin-
istered BK, but not that to acetylcholine, to examine the involvement of
kinins in endotoxic shock. Infusion of drug or saline was carried outovera 25
minute period beginning 5 minutes prior to a bolus injection of lipopolysac-
charide (LPS). A biphasic alteration in blood pressure was seen upon LPS
administration. An acute fall in blood pressure immediately upon injection
that lasted less than 2 minutes was not affected by the kinin antagonist,
whereas a second, more chronic pressure drop, lasting approximately 20
minutes, was significantly attenuated by administration of the antagonist,
leading these authors to conclude that kinins play a role in endotoxic shock.
Another, more recent study (162) attempted to repeat this protocol and found
no effect of Lys-Lys-[Hyp?, Thi>®, pPhe’]BK on the hypotensive response to
LPS. Moreover, a variety of protocols using another antagonist, [DArg®,
Hyp?, Thi>'%, pPhe’)BK, also failed to display any protective action in shock
initiated in rats by endotoxin, anaphylaxis, or the development of acute
pancreatitis (162). The issue is further confused by a study reporting that
infusion of [pArg®, Hyp?, bPhe’]BK, initiated 30 minutes before administra-
tion of LPS and continued throughout the course of a 10 minute LPS infusion
and for an additional 90 minutes thereafter, not only blunted the acute
hypotensive response to LPS but reduced by half the 100% mortality rate seen
at 24 hours in the control group (163).

Gastrointestinal system Contraction of the guinea pig ileum has been used
as a bioassay for the measurement of kinins since the original discovery of BK
(6). Its use as a screen in the development of antagonists means that all
peptide analogs produced to date have been tested in this system (126-129).
The ileal smooth muscle is presumed to contain principally B, receptors and
all of the antagonists used in in vivo models are capable of inhibiting the
actions of BK in this regard. The more recent observations that some newer
analogs are “tissue selective” and inhibit rat uterine contractions caused by
BK without inhibiting its actions on guinea pig ileum has led to the suggestion
that receptor subtypes exist. This subject is discussed in more detail below.
BK-induced ion transport mechanisms in intestinal mucosal preparations are
also susceptible to inhibition by B, antagonists. In the guinea pig ileum,
[DPhe’]BK had no effect on basal electrolyte transport but inhibited that
induced by bradykinin, whereas the B, antagonist, [Leu®]des-Arg®-BK, was
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without effect (164). BK-induced chloride secretion from rat colonic mucosa
is inhibited by [DArg®, Hyp®, Thi’®, pPhe’]BK (165) and this same an-
tagonist also inhibits ion transport induced by BK, but not that induced by
forskolin or PGE,, in an epithelial cell line derived from a human colonic
adenocarcinoma (166). Finally, in a recent report on the ability of BK to
contract esophageal longitudinal smooth muscle in the opossum, all analogs
tested, including [DPhe’]BK, [Thi*>®, pPhe’]BK and [pArg®, Hyp?, Thi>8,
pPhe’]BK, were found to be agonists (167). The evidence suggesting that this
reflects the presence of novel subtypes of BK receptors is discussed below.

Inflammation and pain Several studies have focused on the use of an-
tagonists to further study the role of BK as a mediator of inflammation. This
peptide is extremely potent in causing increased vascular permeability and
edema. In the rabbit skin, several studies have demonstrated that vascular
permeability induced by BK is not affected by [Leu®]des-Arg”-BK (168,
169), but can be effectively inhibited by numerous B, antagonist analogs
(168-170). In contrast, Whalley and coworkers (168) have reported that such
compounds are ineffective in inhibiting BK-induced vascular permeability in
the rat skin. Indeed, both [DPhe’)BK and [pArg® Hyp? Thi’-*, pPhe’]BK
enhanced the effects of BK. Moreover, although the rank order of potency for
kinin agonists is the same in rabbit and guinea pig skin, it is different in the rat
skin (171). The effects of kinins in rat skin were assumed not to be due to
mast cell histamine release, since mepyramine at a concentration sufficient to
inhibit the effects of administered histamine had no effects on the response to
BK (171). In a subsequent report, however, Steranka and coworkers (172)
observed that use of cyproheptidine, a mixed serotonin and histamine an-
tagonist, abolished the agonist effects of kinin analogs and permitted the
demonstration that [DArg®, Hyp?, pPhe’]BK could block bradykinin-induced
vascular permeability.

The ability of BK to cause pain has been known since the pioneering
studies of Armstrong and colleagues (173, 174) who used the cantharadin-
induced blister base in human skin as a model system. It is fitting, therefore,
that one of the earliest studies using bradykinin antagonists to examine BK
receptors involved in pain responses should return to this original model. The
subjective assessment of pain was not affected by the B, antagonist,
[Leu®]des-Arg’-BK, but was significantly inhibited by doses of [DArg®,
Hyp?, Thi*>®, pPhe’|BK that had no effect against pain caused by serotonin or
potassium chloride (175). Several studies have also demonstrated that peptide
analogs can inhibit BK-induced pain responses in animal models. In thc
isolated, perfused rabbit ear, the reflex hypotensive response to injected BK is
used as an index of nociception. Lys-Lys-[Hyp?, Thi’>®, pPhe’]BK an-
tagonized the response to BK infusion and also inhibited BK-induced release
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of PGE; into the perfusate (170). This compound had no effect on acetylcho-
line-induced responses. Several B, receptor antagonists have also been shown
to block BK-induced vascular pain, and BK-induced paw hyperalgesia, in rats
(83). These same compounds were shown to be capable of competing with
BK for specific binding sites on sensory nerves and to display efficacy in
inhibiting urate induced paw hyperalgesia, an effect presumed to reflect
antagonism of endogenously generated kinins (83). Support for this assump-
tion is provided by a report that [DArg®, Hyp? pPhe’]BK suppresses the
hyperalgesia, hyperthermia, and edema associated with subcutaneous injec-
tion of carrageenan into the rat paw (176). Recent electrophysiologic studies
also support a role of B, kinin receptors in chemical nociception
[pArg®,Hyp?, Thi>® pPhe’]BK, but not [Leu®]des-Arg®-BK, has been shown
to inhibit BK-induced activation of neurones in the dorsal horn of the spinal
chord of anesthetized rats. The B, antagonist, or prior desensitization of the
receptive field with BK, also inhibited neuronal responses to subcutaneous
formalin, whereas the B antagonist was again ineffective (30). The ability of
BK to stimulate polymodal nociceptors in the dog testis spermatic nerve was
also inhibited by [Thi*>8, pPhe’]BK, but not by [Leu®]des-Arg®-BK (177).

Respiratory tract  Recently interest has been revived in the role of kinins in
inflammatory diseases of the airways (9). Kinin generation has been shown to
occur in humans, and to correlate with symptoms, during allergic reactions in
the upper and lower airways (178—180) and during experimental and natural
rhinovirus colds (181, 182). Moreover, administration of BK to the lower
airways causes profound bronchoconstriction in asthmatics (183-185), while,
in the upper airways, BK induces symptoms of rhinitis and a sore throat
regardless of atopic status (186). Definitive evidence that kinins are involved
in the pathogenesis of airway inflammation can obviously only be obtained by
specific blockade of their actions. It is not surprising, therefore, that several
studies have been performed in animals and in humans to determine if existing
B, peptide antagonists are suitable for this purpose. Attempts to block the
actions of exogenously administered BK have produced mixed results. In
guinea pigs, bronchoconstriction elicited by intravenous (i.v.) administration
of BK was inhibited by i.v. [pArg® Hyp?, Thi’>-®, pPhe’]BK. No inhibition
was seen using [Leu®]des-Arg®-BK, nor did the B, agonist, des-Arg®-BK,
elicit bronchoconstriction (187). Farmer and coworkers also demonstrated a
partial inhibition of the effects of i.v. BK on pulmonary inflation pressure
using i.v. [DArg® Hyp?, pPhe’]BK. In the same study, however, aerosolized
administration of either [DArg®, Hyp>, pPhe’]BK or [pArg® Hyp?, Thi’3,
pPhe’|BK produced only weak inhibition of the effects of i.v. BK, whereas
aerosolized [pArg® Hyp?, Thi®8, pPhe’]BK had no effect on the response
induced by aerosolized BK (188). To better understand these disparate find-
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ings, these investigators studied BK-induced contraction of isolated guinea
pig tracheal preparations from which the epithelium had been removed to
prevent the release of relaxant prostaglandins. Neither the B, antagonist,
[Leug]des-Argg-BK, nor any of a series of B, antagonists inhibited BK-
induced contractions. Moreover, none of these analogs was able to compete
successfully with labeled BK for specific binding sites in homogenized
tracheal smooth muscle, although competition was seen in preparations of
lung parenchyma (188). These observations led these authors to postulate the
existence of a novel B3 receptor subtype on guinea pig trachea (see below).

In vivo studies of allergic sheep (189) have shown that inhalation of
[DArg®, Hyp?, pPhe’]BK, thirty minutes before challenge with aerosolized
BK, significantly inhibited the BK-induced bronchoconstriction, a surprising
observation in light of the prevailing view that these antagonists have short
half-lives in vivo. In the same study, this antagonist was capable of inhibiting
both the influx of neutrophils and the hyperreactivity to methacholine that are
usually observed 2 hours after antigen challenge in this model. The antagonist
had no effect, however, on the immediate allergic response. Using the same
model, it has also been reported that this antagonist will inhibit the late
response to allergen challenge (190).

Unfortunately, results in the upper airways in humans have been less
encouraging. As a prelude to attempting to use [DArg®, Hyp?, pPhe’]BK to
delineate the role of kinins in various types of rhinitis, the ability of this
compound to inhibit the effects of nasal provocation with BK were examined
in the first placebo controlled, double-blind study of a kinin antagonist in
humans. A 500 g dose of [DArg®, Hyp®, pPhe’]BK was administered 5
minutes prior to challenge with 20 ug of BK, having previously shown that
doses of the antagonist up to 2 mg per nostril had no partial agonist activity.
These conditions were selected to favor a drug effect, both by using a 25-fold
excess of antagonist compared to BK and by preadministration of drug to
favor receptor occupancy. Under these conditions, the antagonist had no
effect on the symptomatic response to kinin challenge, nor did it inhibit
BK-induced increases in vascular permeability, as assessed by the levels of
albumin in recovered nasal lavages (191). To evaluate if the lack of antago-
nism was due to clearance or degradation of the compound in the 5 minutes
prior to kinin challenge, a second double-blind study was performed in which
the antagonist or placebo were coadministered with the BK. Again no effect
of the antagonist was seen on any parameter. In additional limited, single-
blind studies, increasing the dose of antagonist used to 2 mg, or varying the
time period between drug administration and kinin challenge also failed to
demonstrate any inhibitory effect (191). The failure of this antagonist to block
the actions of BK in this system may reflect an inability of the antagonist to
gain access to the appropriate receptor or it could be that BK is exerting its
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effects via a receptor for which the analog used is not an antagonist. It is also
possible that the antagonist is simply of insufficient potency to be effective.
Prior to this study, experiments of the effects of B, antagonists on human
tissues or cells had been extremely limited. In experiments using [DArg®,
Hyp?, pPhe’]BK on relevant target tissues, although 10°® M antagonist
blocked BK-induced prostanoid production from cultured human tracheal
epithelial cells, it also completely inhibited basal prostanoid release. When
used at concentrations that did not inhibit basal release it failed to inhibit the
increased production to BK. Moreover, at a concentration of 1075 M, [DArgO,
Hyp?, pPhe’]BK showed only a modest inhibition of prostanoid release
induced by 10°® M BK in interleukin 1-pretreated human synovial cells, a
finding that correlated well with its relative potency in displacing specific
[*H]BK binding from these cells (J. M. Bathon, L. Churchill & D. Proud,
unpublished observations). Thus, the efficacy of this analog seems limited in
at least two human cell preparations.

Nonreceptor-mediated effects The need for caution in interpreting results
obtained using high concentrations of these peptide analogs in vivo is empha-
sized by a number of studies, both in vitro and in vivo, in which these
compounds clearly function via nonreceptor-mediated mechanisms. As men-
tioned above, [Hyp?, pPhe’]BK increased blood pressure in rats by stimula-
tion of catecholamines from the adrenal gland, rather than by antagonizing
endogenous kinins (137), while the effects of [pArg®, Hyp®, Thi®>®,
pDPhe’]BK on renal blood flow in salt-restricted dogs was attributed to
stimulation of renin release (155). The antagonism of bradykinin-induced
uterine contractions by [DNal', Thi*>®, pPhe’]BK was also shown to be
unrelated to receptor antagonism (131). Although BK is not a secretagogue
for human mast cells or basophils, a whole series of kinin analogs, including
[DPhe’)BK, induces histamine release from human skin mast cells via a
mechanism that is unrelated to specific kinin receptors (192). A similar
conclusion was drawn regarding the mechanism by which these compounds
induce histamine release from rat peritoneal mast cells (193). In-
tracerebroventricular administration of pPhe’-substituted kinin analogs has
been reported to induce postural distortions and barrel rotation in rats, an
effect not seen with BK administration, nor could it be prevented by pread-
ministration with BK (194). Finally, some antagonists have been reported to
inhibit human tissue kallikrein (195).

Evidence for New Receptor Subtypes

The existence of subclasses of receptors is generally suggested in pharmaco-
logical studies by observed differences in physiological response to a series of
receptor agonists and antagonists (196). Ideally, the proposed subclassifica-
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tion is then confirmed in radioligand binding studies, by correlating the
binding affinities of ligands with their physiologic potencies (197). A strict
definition of a new kinin receptor subtype, therefore, would require a target
tissue or cell displaying specific binding properties for, and functional re-
sponses to, BK that are insensitive to selective B, and B, antagonists. In
addition, the binding, and actions, of BK should be able to be antagonized by
compounds selective for this receptor-mediated response. No study to date
has rigorously satisfied these criteria, but several investigators have presented
intriguing results that they have suggested may be indicative of the presence
of new receptor subtypes.

The first type of evidence to be put forward has been based upon
heterogeneity of responses of different tissues, as well as differing responses
within an individual tissue, to kinin agonists and antagonists. The description
of kinin analogs that selectively inhibit the actions of BK on guinea pig ileum
but not rat uterus (or vice versa) was clearly provocative (128, 129). The
specificity of such analogs with Arg' modifications has clearly been dis-
proven, however, since these analogs also inhibit vasopressin-induced con-
tractions of rat uterus and do not compete for specific kinin binding sites
(131). In light of this, the assumption that other classes of analogs that display
tissue-selective inhibition reflects the presence of novel receptor subtypes
must be viewed with skepticism until supported by binding studies. Attempt-
ing to define the presence of new receptor subtypes based entirely on func-
tional responses of intact tissues is always extremely difficult. While variabil-
ity of responses among different tissues to a given kinin analog may indeed
reflect multiple receptor subtypes, alternative explanations may include tissue
differences in the rate or method of kinin degradation, in access of ligand to
the receptor site, in binding to nonspecific membrane molecules, in transduc-
tion signaling mechanisms or in the capacity to generate a specific end
product responsible for the biological response. The different rank order of
potency for kinin agonists in inducing increased vascular permeability in rat,
as compared to rabbit, skin, and the reported ineffectiveness of B, antagonists
in the rat model (168, 171), could have many explanations. The suggestion
that release of histaminc and serotonin from mast cells may contribute to the
actions of BK (172) in the rat may help to explain different rank order
potencies for agonists without the need to invoke new receptor subtypes, since
the ability of peptides to act as mast cell secretagogues is unrelated to
activation of specific kinin receptors (192, 193). The effects of kinin an-
tagonists on the dual response of the rat vas deferens to BK has also led to
suggestions that multiple receptor subtypes exist (198, 199). The direct
musculotropic effect of BK was antagonized by [Thi>#, pPhe’]BK, while this
analog acted as an agonist in potentiating the muscular response to transmural
electrical stimulation. B, agonists and antagonists were inactive both pre- and
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postjunctionally (198). The differential effects of the B, analog were sug-
gested to reflect different receptor subtypes. No evidence was provided,
however, that the agonist effect of {Thi*>®, pPhe’ |BK was receptor mediated.
Moreover, this analog potentiated the direct musculotropic effect of norepi-
nephrine. Thus, prejunctional effects of the analog likely reflect a similar
potentiation, since neurogenic effects in this tissue depend upon the presence
of functional adrenergic nerve terminals. In a second study (199), two other
antagonists, [Hyp?, Thi>®, pPhe’]BK and [DArg®, Hyp?, Thi>®, pPhe’]BK,
both functioned as pure antagonists both pre- and postjunctionally, albeit with
somewhat differing potencies at the two sites. For the reasons documented
above, however, it is difficult to interpret the meaning of such a differential
potency effect when monitoring functional responses in intact tissues. Con-
cerns regarding specificity must also be raised when considering a report
suggesting that BK’s effects on contraction of opossum esophageal smooth
muscle are mediated via two novel subtypes of kinin receptor (167). In this
tissue, the contraction to BK failed to achieve a true maximum, even at an
administered dose of 5 X 107> M, and all of the bradykinin analogs examined
showed agonist activity. A putative B3 receptor subtype was characterized by
its activation by very high concentrations (pD, values ranges from 5.2 to 5.4)
of three putative “tissue-selective” antagonists, by rapid desensitization, and
by its ability to cause prostaglandin-mediated contraction. In view of the
problems mentioned above with other “tissue-selective” analogs, it is likely
that these analogs stimulated prostaglandin release via a nonreceptor-
mediated mechanism (particularly at the concentrations used) and that the
desensitization of the response to these analogs by BK occurs at a post
receptor level. The putative B, receptor in this tissue was activated by [Thi>-®,
pPhe’]BK and [pArg® Hyp?, Thi*>8, pPhe’]BK and did not utilize a prosta-
glandin-dependent pathway. In light of the unusual tissue-dose response to
BK and of the lack of binding data to support the functional studies, the
possibility of a nonreceptor-mediated mechanism must again be considered.

Although examining the responses of individual cell populations avoids
some of the problems associated with intact tissues, the question of receptor
specificity can again arise if functional responses are monitored in the absence
of binding studies. The differential responsiveness of prostanoid production
from 3T3 fibroblasts and an endothelial cell line to various kinin analogs led
to the suggestion that the kinin receptors on these cells types were different
(117). This is complicated, however, by the fact that prostanoid production by
the two cell types involves different signal transduction pathways. Thus, the
differential potency of [DArg® Hyp?, pPhe’]BK in inhibiting BK-induced
prostanoid generation in the two cell types may relate to differential signal
transduction coupling of the same receptor subtype on the two cells. The
analog [p-chloro-pPhe®, bPro’]BK was an agonist in the two cell types, but an
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unusual bell-shaped curve was seen in the endothelial cell line. Although this
may reflect a variation in receptor subtype, the decline in agonist activity at
high concentrations in the endothelial cell line could also be related to a
nonreceptor-mediated inhibition of a post receptor event in this cell.

To our knowledge, only two studies suggesting the existence of novel
receptor subtypes have employed specific binding studies in conjunction with
the measurement of functional responses. Braas and coworkers (84) studied
the ability of several analogs to compete with BK for specific binding sites on
guinea-pig ileal membranes and neuroblastoma cells with their ability to
inhibit BK-induced ileal contractions and inositol phosphate production in the
neuroblastoma cells. It was stated that differences in binding affinities and
agonist or antagonist properties were consistent with the presence of multiple
receptor subtypes. Although K; values for the analogs did differ quantitative-
ly, always being lower in ileal membranes than in neuroblastoma cells, the
rank order of potency was virtually identical. Thus, the variation in K; values
may reflect technical differences between the two preparations. It is intriguing
that pA; values reported for effects of analogs in inhibiting BK-induced ileal
contractions did not show the same rank order potency observed in membrane
binding studies, again emphasizing the complex nature of functional re-
sponses in intact tissues. Those analogs that behaved as antagonists in neuro-
blastoma cells showed a good correlation between rank order potencies in
functional and binding experiments. The fact that two analogs acted as
agonists for inositol phosphate turnover may reflect receptor heterogeneity,
but could also reflect an ability of these particular analogs to have additional,
nonreceptor-mediated effects on these cells. The final study combining bind-
ing studies and functional measurements was that of Farmer and colleagues in
guinea pig trachea (188). As mentioned above, a series of B, antagonists
produced only weak inhibition of BK-induced bronchoconstriction in vivo
and failed to antagonize the ability of BK to contract the epithelium-denuded
guinea pig trachea in vitro. Binding studies confirmed that these antagonists
could compete for specific bradykinin binding sites in lung parenchyma but
were unable to displace specific binding in tracheal homogenates. These
results seem consistent with the presence of a novel receptor subtype, but final
proof must await the development of an antagonist selective for this binding
site.

SUMMARY AND FUTURE DIRECTIONS

The provocative studies outlined above clearly indicate that the development
of kinin antagonists and the characterization of kinin receptors are still in their
early stages. The production, in particular, of the first B, kinin antagonists
has led to substantial advances in our understanding of the mechanisms of
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kinin action in several cells and tissues and has generated a resurgence of
interest in the role of kinins in pathophysiologic functions relating to in-
flammation and hypertension. It must be remembered, however, that these are
the first generation of such antagonists. As such, it is appropriate to adopt a
cautious approach to interpretation of data obtained using these analogs,
particularly if concomitant binding studies and selectivity controls cannot be
incorporated into a study design. The application of these first generation
compounds to clinical problems in which kinins may play a role is likely to be
restricted by their susceptibility to rapid degradation and by their relatively
low potencies. The results obtained with these analogs, however, have pro-
vided an impetus for several companies and individual laboratories to focus
on developing compounds that overcome these deficiencies. Recently, for
example, a compound (Hoe 140) has been produced with considerably in-
creased potency and a greatly prolonged in vivo efficacy. Preliminary studies
reveal that it displays comparable potency to BK for specific binding sites on
cultured human synovial cells and that it is an effective antagonist of BK-
induced prostanoid release from both synovial cells and respiratory epithelial
cells (J. M. Bathon, L. Churchill & D. Proud, unpublished observations).

With the continued development of potent and selective kinin antagonists,
the next few years seem certain to permit continued improvements in our
understanding both of kinin receptor subtypes and of the role of kinins in
pathophysiological events. In the longer term, such compounds may hold
promise as novel therapies for combating the pain and inflammation associ-
ated with several disease conditions.

ACKNOWLEDGMENTS

Dr. Bathon acknowledges support from the Maryland Chapter of the Arthritis
Foundation. Dr. Proud acknowledges support from grant number HL 32272
from the National Institutes of Health.

Literature cited

1. Abelous, J. E., Bardier, E. 1909. Les S. Werle, E., Gotze, W., Keppler, A.
substances hypotensives de I'urine 1937. Uber die Wirkung des Kallikreins
humaine normale. C. R. Soc. Biol. auf den Isolierten Darm and iiber eine
66:511-12 Neue Darmkontrahierende Substanz.

2. Frey, E. K. 1926. Zusammenhange Biochem. Z. 281:217-33

zwischen Herzarbeit und Nierenta- 6. Roche e Silva, M., Beraldo, W. T,,

tigheit. Arch. Klin. Chir. 142:663-69

. Frey, E. K., Kraut, H. 1928. Ein neues

Kreislaufhormon und Seine Wirkung.
Arch. Exp. Pathol. Pharmakol. 133:1-
56

. Kraut, H., Frey, E. K., Werle, E. 1930.

Der Nachweis eines Kreislaufhormons
in der Pankreasdriise. Hoppe-Seyler’s Z.
Physiol. Chem. 189:97-106

Rosenfeld, G. 1949. Bradykinin, a hy-

otensive and smooth muscle stimulat-
ing factor released from plasma globulin
by snake venoms and by trypsin. Am. J.
Physiol. 156:261-73

. Kitamura, N., Kitagawa, H., Fukushi-

ma, D., Takagaki, Y., Miyata, T.,
Nakanishi, S. 1985. Structural organiza-
tion of the kininogen gene and a model



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

12.

14.

15.

16.

18.

19.

for its evolution. J. Biol. Chem. 260:
8610-17

. Takagaki, Y., Kitamura, N., Nakanishi,

S. 1985. Cloning and sequence analysis
of cDNAs for human high molecular
weight and low molecular weight pre-
kininogens. Primary structures of two
human prekininogens. J. Biol. Chem.
260:8601-9

. Proud, D., Kaplan, A. P. 1988. Kinin

formation: mechanisms and role in in-
flammatory disorders. Annu. Rev. Im-
munol. 6:49-83

. Proud, D., Pierce, J. V., Pisano, J. J.

1980. Radioimmunoassay of human
high molecular weight kininogen in nor-
mal and deficient plasmas. J. Lab. Clin.
Med. 95:563-74

. Proud, D., Nakamura, S., Carone, F.

A., Herring, P. L., Kawamura, M., et
al. 1984. The kallikrein-kinin and renin-
angiotensin system in rat renal lymph.
Kidney Int. 25:880-85

Pierce, J. V., Guimaraes, J. A. 1976.
Further characterization of highly puri-
fied human plasma kininogens. In
Chemistry and Biology of the Kallikrein-
Kinin System in Health and Disease, ed.
J. 1. Pisano, K. F. Austen, pp. 121-27.
DHEW Publ. No. (NIH) 76-791. Wash-
ington, DC

. Proud, D., Bailey, G. S., Nustad, K.,

Gautvik, K. M. 1977. The im-
munological similarity of rat glandular
Kkallikreins. Biochem. J. 167:835-38
Webster, M. E., Pierce, J. V. 1963. The
nature of the kallidins released from hu-
man plasma by kallikreins and other en-
zymes. Ann. NY Acad. Sci. 104:91-107
Reis, M. L., Okino, L., Rocha e Silva,
M. 1971. Comparative pharmacological
actions of bradykinin and related kinins
of larger molecular weights. Biochem.
Pharmacol. 20:2935-46

Hial, V., Keiser, H. R., Pisano, J. J.
1976. Origin and content of methionyl-
lysyl-bradykinin, lysyl-bradykinin, and
bradykinin in human urine. Biochem.
Pharmacol. 25:2499-503

. Guimaraes, J. A., Pierce, J. V., Hial,

V., Pisano, J. J. 1976. Methionyl-lysyl-
bradykinin: the kinin released by pepsin
from human kininogens. Adv. Exp.
Med. Biol. 70:265-69

Pisano, J. J. 1979. Kinins in nature. In
Handbook of Experimental Pharmacol-
ogy: Bradykinin, Kallidin and Kallik-
rein, ed. E. G. Erdos, 25(Suppl.):273-
85. Berlin: Springer-Verlag

Okamoto, H., Greenbaum, L. M. 1983.
Isolation and structure of T-kinin.

Biochem. Biophys. Res. Commun.
112:701-8

BRADYKININ ANTAGONISTS

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

31.

155

Okamoto, H., Greenbaum, L. M. 1983.
Pharmacological properties of T-kinin
(isoleucyl-seryl-bradykinin) from rat
plasma. Biochem. Pharmacol. 32:2637-
38

Mindroiu, T., Carretero, O. A., Proud,
D., Walz, D., Scicli, A. G. 1988. A
new kinin moiety in human plasma kini-
nogens. Biochem. Biophys. Res. Com-
mun. 152:519-26

Enjyoji, K. 1., Kato, H. 1988.
Hydroxyprolyl>-bradykinin  in  high
molecular mass kininogen: presence in
human and monkey kininogens, but not
in kininogens from bovine, rat, rabbit,
guinea pig and mouse plasmas. FEBS
Lern. 238:1-4

Maeda, H., Matsumura, Y., Kato, H.
1988. Purification and identification of
[hydroxyprolyl*jbradykinin in ascitic
fluid from a patient with gastric cancer.
J. Biol. Chem. 263:16051-54

Stewart, J. M. 1979. Chemistry and
biologic activity of peptides related to
bradykinin. See Ref. 18, pp. 227-72
Garcia-Leme, J. 1978. Bradykinin sys-
tem. In Handbook of Experimental
Pharmacology: Inflammation, ed. J. R.
Vane, S. H. Ferreira, 50:464-522. Ber-
lin: Springer-Verlag

Clark, W. G. 1979. Kinins and the pe-
ripheral and central nervous system. See
Ref. 18, pp. 311-56

Longhurst, J. C., Kaufman, M. P., Ord-
way, G. A., Musch, T. I. 1984. Effects
of bradykinin and capsaicin on endings
of afferent fibers from abdominal viscer-
219 organs. Am. J. Physiol. 247:R552—-

Dray, A., Bettaney, J., Forster, P., Per-
kins, M. N. 1988. Bradykinin-induced
stimulation of afferent fibers is mediated
through protein kinase C. Neurosci.
Lerr. 91:301-7

Taiwo, Y. O., Levine, D. 1988.
Characterization of the arachidonic acid
metabolites mediating bradykinin and
noradrenaline hyperalgesia. Brain Res.
458:402-6

Haley, J. E., Dickenson, A. H., Schach-
ter, M. 1989. Electrophysiological evi-
dence for a role of bradykinin in chemi-
cal nociccption in the rat. Neurosci.
Lett. 97:198-202

Schuster, V. L., Kokko, J. P., Jacob-
son, H. R. 1984. Interactions of lysyl-
bradykinin and antidiuretic hormone in
the rabbit cortical collecting tubule. J.
Clin. Invest. 73:1659-67

. Tomita, K., Pisano, J. J., Knepper, M.

A. 1985. Control of sodium and potas-
sium transport in the cortical collecting
duct of the rat. Effects of bradykinin,



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

156

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

BATHON & PROUD

vasopressin, and deoxycorticosterone. J.
Clin. Invest. 76:132-36

Cuthbert, A. W., Margolius, H. S.
1982. Kinins stimulate net chloride
secretion by the rat colon. Br. J. Phar-
macol. 75:587-98

Musch, M. W., Kachur, J. F., Miller,
R. J., Field, M., Stoff, J. S. 1983.
Bradykinin-stimulated electrolyte secre-
tion in rabbit and guinea pig intestine.
Involvement of arachidonic acid
naetabolites. J. Clin. Invest. 71:1073—
8

Leikauf, G. D., Ueki, I. F., Nadel, J.
A., Widdicombe, J. H. 1985. Bradyki-
nin stimulates Cl secretion and prosta-
glandin E, release by canine tracheal
epithelium. Am. J. Physiol. 248:F48-
F55

Widdicombe, J. H., Coleman, D. L.,
Finkbeiner, W. E., Tuet, I. K. 1985.
Electrical properties of monolayers cul-
tured from cells of human tracheal mu-
cosa. J. Appl. Physiol. 58:1729-35
Gustafson, G. T., Ljunggren, O.,
Boonekamp, P., Lemer, U. 1986.
Stimulation of bone resorption in cul-
tured mouse calvaria by Lys-bradykinin
(kallidin), a potential mediator of bone
resorption linking anaphylaxis processes
to rarefying osteitis. Bone Mineral
1:267-77

Lemer, U. H., Jones, 1. L., Gustafson,
G. T. 1987. Bradykinin, a new potential
mediator of inflammation-induced bone
resorption. Studies of the effects on
mouse calvarial bones and articular car-
tilage in vitro. Arthritis Rheum. 30:530-
40

Whitfield, J. F., MacManus, J. P., Gil-
lan, D. J. 1970. Cyclic AMP mediation
of bradykinin-induced stimulation of
mitotic activity and DNA synthesis in
thymocytes. Proc. Soc. Exp. Biol. Med.
133:1270-74

Goldstein, R. H., Wall, M. 1984.
Activation of protein formation and cell
division by bradykinin and des-Arg®-
bradykinin. J. Biol. Chem. 259:9263-
68

Marceau, F., Tremblay, B. 1986.
Mitogenic effect of bradykinin and of
des-Arg®-bradykinin on cultured fibro-
blasts. Life Sci. 39:2351-58

Hong, S. L., Levine, L. 1976. Stimula-
tion of prostaglandin biosynthesis by
bradykinin and thrombin and their mech-
anisms of action on MCS-5 fibroblasts.
J. Biol. Chem. 251:5814-16
Mclntyre, T. M., Zimmerman, G. A.,
Satoh, K., Prescott, S. M. 1985. Cul-
tured endothelial cells synthesize both
platelet-activating factor and pros-

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54,

55.

56.

57.

58.

tacyclin in response to histamine, brady-
kinin and adenosine-triphosphate. J.
Clin. Invest. 76:271-80

Churchill, L., Chilton, F. H., Resau, J.
H., Bascom, R., Hubbard, W. C.,
Proud, D. 1989. Cyclooxygenase me-
tabolism of cndogenous arachidonic acid
by cultured human tracheal epithelial
cells. Am. Rev. Respir. Dis. 140:449-59
Kellermeyer, R. W., Graham, R. C. Jr.
1968. Kinins—possible physiologic and
pathologic roles in man. New Engl. J.
Med. 279:859-66

Colman, R. W. 1980. Patho-physiology
of kallikrein system. Ann. Clin. Lab.
Sci. 10:220-26

Marceau, F., Lussier, A., Regoli, D.,
Giroud, J. P. 1983. Pharmacology of
kinins: their relevance to tissue injury
and inflammation. Gen. Pharmacol.
14:209-29

Mills, 1. H. 1979. Kallikrein, kininogen
and kinins in control of blood pressure.
Nephron 23:61-71

Carretero, O. A., Scicli, A. G. 1981.
Possible role of kinins in circulatory
homegstasis. Hypertension 3(Suppl.):I-
4-1-1

Margolius, H. S. 1989. Tissue kallikre-
ins and kinins: regulation and roles in

hypertensive and diabetic diseases.
Annu. Rev. Pharmacol. Toxicol.
29:343-64

Regoli, D., Barabe, J. 1980. Pharmacol-
ogy of bradykinin and related kinins.
Pharmacol. Rev. 32:1-46

Regoli, D., Barabe, J., Park, W. K.
1977. Receptors for bradykinin in rabbit
aortae. Can. J. Physiol. Pharmacol.
55:855-67

Regoli, D. 1983. Pharmacology of
bradykinin and related kinins. Adv. Exp.
Med. Biol. 156A:569-84

Regoli, D. 1986. Kinins, receptors, an-
tagonists. Adv. Exp. Med. Biol.
198A:549-58

Whalley, E. T., Fritz, H., Geiger, R.
1983. Kinin receptors and angiotensin
converting enzyme in rabbit basilar
arteries. Naunyn Schmiedeberg’s Arch.
Pharmacol. 324:296-301

Churchill, L., Ward, P. E. 1986. Relax-
ation of isolated mesenteric arteries by
des-Arg®-bradykinin stimulation of B,
receptors. Eur. J. Pharmacol. 130:11-
18

Ritter, J. M., Doktor, H. S., Cragoe, E.
J. 1989. Actions of bradykinin and re-
lated peptides on rabbit coeliac artery
rings. Br. J. Pharmacol. 96:23-28
Deblois, D., Marceau, F. 1987. The
ability of des-Arg®-bradykinin to relax
rabbit isolated mesenteric arteries is ac-



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

quired during in vitro incubation. Eur. J.
Pharmacol. 142:141-44

Regoli, D., Mezrahi, J., D’Orleans-
Juste, P., Caranikas, S. 1982. Effects of
kinins on isolated blood vessels: role of
endothelium. Can. J. Physiol. Pharma-
col. 130:177-85

Regoli, D., Marceau, F., Barabe, J.
1978. De novo formation of vascular
receptors for bradykinin. Can. J. Physi-
ol. Pharmacol. 56:674-71

Boschcov, P., Paiva, A. C. M., Paiva,
T. B., Shimuta, S. 1. 1984. Further evi-
dence for the existence of two receptor
sites for bradykinin responsible for the
diphasic effect in the rat isolated duode-
num. Br. J. Pharmacol. 83:591-600
Couture, R., Mizrahi, J., Regoli, D.,
Devroede, G. 1981. Peptides and the
human colon: an in vitro pharmacologi-
cal study. Can. J. Physiol. Pharmacol.
59:957-64

Churchill, L., Ward, P. E. 1987. Con-
version of B, kinin receptor-mediated
vascular relaxation to contraction.
Hypertension 9(Suppl. III):111-1-11I-5
Barabe, J., Babiuk, C., Reg)oli, D.
1982. Binding of [*H)des-Arg®-BK to
rabbit anterior mesenteric vein. Can. J.
Physiol. Pharmacol. 60:1551-55
Deblois, D., Bouthillier, J., Marceau,
F. 1988. Effects of glucocorticoids,
monokines and growth factors on the
spontaneously developing responses of
the rabbit isolated aorta to des-Arg’-
bradykinin. Br. J. Pharmacol. 93:969—

77

Deblois, D., Bouthillier, J., Marceau,
F. 1989. Pharmacological modulation of
the up-regulated responses to des-Arg’-
bradykinin in vivo and in vitro. /m-
munopharmacology 17:187-98
Marceau, F., Barabe, J., St.-Pierre, S.,
Regoli, D. 1980. Kinin receptors in ex-
perimental inflammation. Can. J. Physi-
ol. Pharmacol. 58:536-42

Regoli, D., Marceau, F., Lavigne, J.
1981. Induction of B, receptors for
kinins in the rabbit by bacterial lipopoly-
saccharide. Eur. J. Pharmacol. 71:105-
15

Sung, C-P., Arleth, A. J., Shikano, K.,
Berkowitz, B. A. 1988. Characteriza-
tion and function of bradykinin receptors
in vascular endothelial cells. J. Pharma-
col. Exp. Ther. 247:8-13

Manning, D. C., Vavrek, R. J., Ste-
wart, J. M., Snyder, S. H. 1986. Two
bradykinin binding sites with picomolar
affinities. J. Pharmacol. Exp. Ther.
237:504-12

Snider, R. M., Richelson, E.
Bradykinin

1984.
receptor-mediated  cyclic

BRADYKININ ANTAGONISTS

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

157

GMP formation in a nerve cell popula-
tion (murine neuroblastoma clone N1E-
115). J. Neurochem. 43:1749-54
Innis, R. B., Manning, D. C., Stewart,
J. M., Snyder, S. H. 1981.
[*H]Bradykinin receptor binding in
mammalian tissue membranes. Proc.
Natl. Acad. Sci. USA 78:2630-34
Roscher, A. A., Manganiello, V. C.,
Jelsema, C. L., Moss, J. 1983. Recep-
tors for bradykinin in intact cultured hu-
man fibroblasts. J. Clin. Invest. 72:626~
35

Lee, R. T., Lolait, S. J., Muller, J-M.
1989. Molecular characteristics and pep-
tide specificity of bradykinin binding
sites in intact neuroblastoma-Glioma
cells in culture (NG108-15).
Neuropeptides 14:51-57

Tomita, K., Pisano, J. J. 1984. Binding
of [3H]bradykinin in isolated nephron
segments of the rabbit. Am. J. Physiol.
246:F732-37

Bascands, J. L., Pecher, C., Cabos, G.,
Girolami, J. P. 1989. B,-Kinin receptor
like binding in rat glomerular mem-
branes. Biochem. Biophys. Res. Com-
mun. 158:99-104

Manning, D. C., Snyder, S. H. 1986.
3H-Bradykinin binding site localization
in guinea pig urinary system. Adv. Exp.
Med. Biol. 198A:563-70

Manning, D. C., Snyder, S. H. 1982.
Bradykinin receptor-mediated chloride
secretion in intestinal function. Nature
299:256-59

Kozlowski, M. R., Rosser, M. P., Hall, .
E., Langdon, A. 1989. Effects of brady-
kinin in PC-12 cell differentiation. Pep-
tides 10:1121-26

Roberts, R. A., Gullick, W. J. 1989.
Bradykinin receptor number and
sensitivity to ligand stimulation of
mitogenesis is increased by expression
of a mutant ras oncogene. J. Cell Sci.
94:527-35

Roberts, R. A., Gullick, W. J. 1990.
Bradykinin receptors undergo ligand-
induced desensitization. Biochemistry
29:1975-79

Volonte, C., Parries, G. S., Racker, E.
1988. Stimulation of inositol incorpora-
tion into lipids of PC12 cells by nerve
growth factor and bradykinin. J.
Neurochem. 51:1156--62

Steranka, L. R., Manning, D. C., De-
Haas, C. J., Ferkany, J. W., Borosky,
S. A., et al. 1988. Bradykinin as a pain
mediator: Receptors are localized to sen-
sory neurons, and antagonists have an-
algesic actions. Proc. Natl. Acad. Sci.
USA 85:3245-49

Braas, K. M., Manning, D. C., Perry,



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

158

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

BATHON & PROUD

D. C., Snyder, S. H. 1988. Bradykinin
analogs: differential agonist and an-
tagonist activities suggesting multiple
receptors. Br. J. Pharmacol. 94:3-5
Odya, C. E., Goodfriend, T. L., Pena,
C. 1980. Bradykinin receptor-like bind-
ing studied with iodinated analogues.
Biochem. Pharmacol. 29:175-85
Roscher, A. A., Manganiello, V. C.,
Jelsema, C. L., Moss, J. 1984. Auto-
regulation of bradykinin receptors and
bradykinin-induced prostacyclin forma-
tion.in human fibroblasts. J. Clin. Inv-
est. 74:552-58

Roscher, A. A_, Klier, C., Dengler, R.,
Faubner, A., Muller-Esterl, W. 1990.
Regulation of bradykinin action at the
receptor level. J. Cardiovasc. Pharma-
col. 15(Suppl. 6):539-843

Bathon, J. M., Proud, D., Krackow, K.,
Wigley, F. M. 1989. Preincubation of
human synovial cells with IL-1 mod-
ulates prostaglandin E, release in re-
sponse to bradykinin. J. Immunol.
143:579-86

O'Neill, L. A., Lewis, G. P. 1989. In-
terlcukin-1 potentiates bradykinin- and
TNFa-induced PGE, release. Eur. J.
Pharmacol. 166:131-37

Pandiella, A., Meldolesi, J. 1989.
Reinforcement of signal generation at
B2 bradykinin receptors by insulin,
epidermal growth factors, and other
growth factors. J. Biol. Chem. 264:
3122-30

Marks, P. W., Kruskal, B. A., Max-
field, F. R. 1988. Simultaneous addition
of EGF prolongs the increase in cytosol-
ic free calcium seen in response to
bradykinin in NRK-49F cells. J. Cell
Physiol. 136:519-25

Kimball, E. S., Fisher, M. C. 1988.
Potentiation of IL-1 induced BALB/3T3
fibroblast proliferation by neuropep-
tides. J. Immunol. 141:4203-8
Parries, G., Hoebel, R., Racker, E.
1987. Opposing effects of a ras
oncogene on growth factor-stimulated
phosphoinositide hydrolysis: de-
sensitization to platelet derived growth
factor and sensitivity to bradykinin.
Proc. Natl. Acad. Sci. USA 84:2648-52
Downward, J., De Gunzberg, J., Riehl,
R., Weinberg, R. A. 1988. p21™-
induced responsiveness of phosphotidy-
linositol turnover to bradykinin is a re-
ceptor number effect. Proc. Natl. Acad.
Sci. USA 85:5774-78

Ruggiero, M., Srivastava, S. K., Flem-
ing, T. P., Ron, D., Eva, A. 1989.
NIH3T3 fibroblasts transformed by the
dbl oncogene show altered expression of

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

bradykinin receptors; effect on inositol
lipid turnover. Oncogene 4:767-71
Bareis, D. L., Manganiello, V. C.,,
Hirata, F., Vaughan, M., Axelrod, J.
1983. Bradykinin stimulates phospholip-
id methylation, calcium influx, prosta-
glandin formation, and cAMP accumu-
lation in human fibroblasts. Proc. Natl.
Acad. Sci. USA 80:2514-18

Fahey, J. V., Giosek, C. P. Jr., New-
combe, D. S. 1977. Human synovial
fibroblasts: the relationship between
cyclic AMP, bradykinin and pro-
staglandins. Agents Actions 7:255-64
Schini, W. B., Boulanger, C., Regoli,
D., Vanhoutte, P. M. 1990. Bradykinin
stimulates the production of cyclic GMP
via activation of B, kinin receptors in
cultured porcine aortic endothelial cells.
J. Pharmacol. Exp. Ther. 252:581-
85

Portilla, D., Morrissey, J., Morrison, A.
R. 1988. Bradykinin-activated mem-
branc-associatcd phospholipase C in
Madin-Darby canine kidney cells. J.
Clin. Invest. 81:1896-902

Speziale, N., Speziale, E. H., Pasquini,
J. M. 1985. Bradykinin stimulates phos-
pholipase C in rat renal medullary slices.
Biochim. Biophys. Acta 836:14—18
Fasolato, C., Pandiella, A., Meldolesi,
J., Pozzan, T. 1988. Generation of in-
ositol phosphates, cytosolic Ca**, and
ienic fluxes in PC12 cells treated with
bradykinin. J. Biol. Chem. 263:17350-
59

Fu, T., Okano, Y., Nozawa, Y. 1988.
Bradykinin-induced generation of inosi-
tol 1,4,5-trisphosphate in fibroblasts and
neuroblastoma cells: Effect of pertussis
toxin, extracellular calcium, and down-
regulation of protein kinase C. Biochem.
Biophys. Res. Commun. 157:1429-35
Dixon, B. S., Breckon, R., Fortune, J.,
Sutherland, E., Simon, F. R., An-
derson, R. J. 1989. Bradykinin activates
protein kinase C in cultured cortical col-
lecting tubular cells. Am. J. Physiol.
257:F808-17

Welsh, C., Dubyak, G., Douglas, J. G.
1988. Relationship between phospholi-
pase C activation and prostaglandin E,
and cyclic adenosine monophosphate
production in rabbit tubular epithelial
cells. J. Clin. Invest. 81:710-19
Slivka, S., Insel, P. A. 1988. Phorbol
ester and neomycin dissociate bradyki-
nin receptor mediated arachidonic acid
release and polyphosphoinositide hydro-
lysis in Madin-Darby canine kidney
cells. J. Biol. Chem. 263:14640-47
Kaya, H., Patton, G. M., Hong, S. L.



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

1989. Bradykinin-induced activation of
phospholipase A, is independent of the
activation of  polyphosphoinositide-
hydrolyzing phospholipase C. J. Biol.
Chem. 264:4972-77

Burch, R. M., Axelrod, J. 1987.
Dissociation  of  bradykinin-induced
prostaglandin formation from phospha-
tidylinositol turmnover in Swiss 3T3 fi-
broblasts: Evidence for G protein regu-
lation of phospholipase A,. Proc. Natl.
Acad. Sci. USA 84:6374-78
Voyno-Yasenetskaya, T. A., Tkachuk,
V. A., Cheknyova, E. G., Panchenko,
M. P., Grigorian, G. Y., et al. 1989.
Guanine nucleotide-dependent, pertussis
toxin-insensitive regulation of phos-
phoinositide turnover by bradykinin in
bovine pulmonary artery endothelial
cells. FASEB J. 3:44-51

Perney, T. M., Miller, R. J. 1989. Two
different G-proteins mediate neuropep-
tide Y and bradykinin-stimulated phos-
pholipid breakdown in cultured rat sen-
sory neurons. J. Biol. Chem. 264:7317-
27

Dettori, C,, Meldolesi, J. 1989. Regula-
tion of glucose transport by insulin,
bombesin, and bradykinin in Swiss 3T3
fibroblasts: Involvement of protein
kinase C-dependent and -independent
mechanisms. Exp. Cell Res. 182:267-78
Palfrey, H. C., Naim, A. C., Muldoon,
L. L., Villereal, M. L. 1987. Rapid
activation of calmodulin-dependent pro-
tein kinase III in mitogen stimulated hu-
man fibroblasts. J. Biol. Chem. 262:
9785-92

Goyal, R. K. 1989. Muscarinic receptor
s%btypes. New Engl. J. Med. 321:1022—
2

Inokuchi, J-I., Nagamatsu, A. 1981.
Tripeptidyl carboxypeptidase activity of
kininase II (angiotensin converting en-
zyme). Biochim.  Biophys. Acta
662:300-7

Oshima, G., Hiraga, Y., Shirono, K.,
Oh-ishi, S., Sakakibara, S., Kinoshita,
T. 1985. Cleavage of des-Arg’-
bradykinin by angiotensin I converting
enzyme from pig kidney cortex. Ex-
perientia 41:325-28

Regoli, D., Drapeau, G., Rovero, P.,
Dion, S., Rhaleb, N-E., et al. 1986.
Conversion of kinins and their an-
tagonists into B, receptor activators and
blockers in isolated vessels. Eur. J.
Pharmacol. 127:219-24

Drapeau, G., Rhaleb, N-E., Dion, S.,
Jukic, D., Regoli, D. 1988. [Phe®¥
(CH,-NH)Arg®lbradykinin, a B, re-
ceptor selective agonist which is not

BRADYKININ ANTAGONISTS

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

159

broken down by either kininase I or kini-
nase II. Eur. J. Pharmacol. 155:193-95
Conklin, B. R., Burch, R. M., Ster-
anka, L. R., Axelrod, J. 1988. Distinct
bradykinin receptors mediatc stimulation
of prostaglandin synthesis by endothelial
cells and fibroblasts. J. Pharmacol.
Exp. Ther. 244,646-49

Altinkurt, O., Oztiirk, Y. 1990. Brady-
kinin receptors in isolated rat duodenum.
Peptides 11:39-44

Guimaraes, J. A., Vieira, M. A. R.,
Camargo, M. J. F., Maack, T. 1986.
Renal vasoconstrictive effect of kinins
mediated by B;-kinin receptors. Eur. J.
Pharmacol. 130:177-85

Bouthillier, I., deBlois, D., Marceau, F.
1987. Studies on the induction of phar-
macological responses to des-Arg’-
bradykinin in vitro and in vivo. Br. J.
Pharmacol. 92:257-64

Mantione, C. R., Rodriguez, R. 1990.
A bradykinin (BK), receptor antagonist
blocks capsaicin-induced ear inflamma-
tion in mice. Br. J. Pharmacol. 99:516-
18

Calixto, J. B., Nicolau, M., Pizzolatti,
M. G.. Yunes, R. A. 1987. Kinin an-
tagonist activity of compounds from
Mandevilla velutina in the rat isolated
uterus. Br. J. Pharmacol. 91:199-204
Calixto, J. B., Nicolau, M., Yunes, R.
A. 1988. Antagonistic effect of Man-
devilla velutina extract on kinin-induced
contractions of guinea pig and cat ileum
longitudinal smooth muscle. Gen. Phar-
macol. 19:595-99

Calixto, J. B., Pizzolatti, M. G., Yunes,
R. A. 1988. The competitive antagonis-
tic effect of compounds from Mandevilla
velutina on Kkinin-induced contractions
of rat uterus and guinea-pig ileum in
vitro. Br. J. Pharmacol. 94:1133-42
Vavrek, R. J., Stewart, J. M. 1985.
Competitive antagonists of bradykinin.
Peptides 6:161-64

Stewart, J. M., Vavrek, R. J. 1986.
Bradykinin competitive antagonists for
classical kinin systems. Adv. Exp. Med.
Biol. 198A:537-47

Vavrek, R. J.; Stewart, J. M. 1989. De-
velopment of bradykinin antagonists:
structure activity relationships for new
catagories of antagonist sequences. Adv.
Exp. Med. Biol. 247B:395-400
Vavrek, R. J., Stewart, J. M. 1989.
New bradykinin antagonist peptides as
tools for the study of the kallikrein-kinin
system. In Renal Function, Hyperten-
sion and the Kallikrein-Kinin System,
ed. O. limura, H. S. Margolius, pp.
85-89. Tokyo: Hokusen-Sha Publ.



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

160

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

BATHON & PROUD

Stewart, J. M., Vavrek, R. J. 1990.
Kinin antagonists: Design and activities.
J. Cardiovasc. Pharmacol. 15(Suppl.
6):S69-S74

Togo, J., Burch, R. M., DeHaas, C. J.,
Connor, J. R., Steranka, L. R. 1989.
p-Phe’-substituted peptide bradykinin
antagonists are not substrates for kini-
nase II. Peptides 10:109-12

Farmer, S. G., Burch, R. M., DeHaas,
C1., Togo,7 J., Steranka, L. R. 1989.
[Arg'-D-Phe’]-substituted  bradykinin
analogs inhibit bradykinin- and vasop-
ressin-induced contractions of uterine
smooth muscle. J. Pharmacol. Exp.
Ther. 248:677-81

Toda, N. 1977. Actions of bradykinin
on isolated cerebral and peripheral arter-
ies. Am. J. Physiol. 232:H267-74
Regoli, D., Drapeau, G., Rovero, P.,
Dion, S., D’Orleans-Juste, P., Barabe,
J. 1986. The actions of kinin antagonists
on B, and B; receptor systems. Eur. J.
Pharmacol. 123:61-65

Ellis, E. F., Heizer, M. L., Hambrecht,
G. S., Holt, S. A., Stewart,]. M., Vav-
rek, R. J. 1987. Inhibition of bradyki-
nin- and kallikrein-induced cerebral
arteriolar dilation by a specific bradyki-
nin antagonist. Stroke 18:792-95
Whalley, E. T., Amure, Y. O., Lye, R.
H. 1987. Analysis of the mechanism of
action of bradykinin on human basilar
artery in vitro. Naunyn Schmiedeberg's
Arch. Pharmacol. 335:433-37
Benetos, A., Gavras, 1., Gavras, H.
1986. Hypertensive effect of a bradyki-
nin antagonist in normotensive rats.
Hypertension 8:1089-92

Mulinari, R., Benetos, A., Gavras, I.,
Gavras, H. 1988. Vascular and sym-
pathoadrenal responses to bradykinin
and a bradykinin analogue. Hyperten-
sion 11:754-57

Carbonell, L. F., Carretero, O. A,
Madeddu, P., Scicli, A. G. 1988.
Effects of a kinin antagonist on mcan
blood pressure. Hypertension 11(Suppl.
1):1-84-1-88

Benetos, A., Gavras, H., Stewart, J.
M., Vavrek, R. J., Hatinoglou, S., Gav-
ras, I. 1986. Vasodepressor role of
endogenous bradykinin assessed by a
bradykinin antagonist. Hypertension
8:971-74

Waeber, B., Niederberger, M., Gavras,
H., Nussberger, J., Brunner, H. R.
1990. Hemodynamic effects of a kinin
antagonist. J. Cardiovasc. Pharmacol.
15(Suppl. 6):S78-S82

Aubert, J. F., Waeber, B., Nussberger,
J., Vavrek, R, Stewart, J. M., Brunner,
H. R. 1988. Influence of endogenous

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152

bradykinin on acute blood pressure re-
sponse to vasopressors in normotensive
rats assessed with a bradykinin an-
tagonist. J. Cardiovasc. Pharmacol.
11:51-55

Williams, G. H., Hollenberg, N. K.
1977. Accentuated vascular and endo-
crine response to SQ 20,88! in hyper-
tension. New Engl. J. Med. 297:184—
88

Swartz, S. L., Williams, G. H., Hollen-
berg, N. K., Moore, T. J., Dluhyy, R.
G. 1979. Converting enzyme inhibition
in essential hypertension. The hypoten-
sive effect does not reflect only reduced
angiotensin Il formation. Hypertension
1:106-11

Johnston, C. 1., McGrath, B. P., Millar,
J. A., Mathews, P. G. 1979. Long term
effects of captopril (SQ 14225) on blood
pressure and hormone levels in essential
hypertension. Lancet 2:493~96
Rasmussen, S., Nielsen, F., Ibsen, H.,
Nielsen, M. D., Leth, A., Giese, J.
1982. Blood bradykinin concentration
remains unchanged during captopril
treatment. Agents Actions 9:592-97
(Suppl)

Carbonell, L. F., Carretero, O. A,
Stewart, Y. M., Scicli, A. G. 1988.
Effect of a kinin antagonist on the acute
antihypertensive activity of enalaprilat in
severe hypertension. Hypertension 11:
239-43

Beierwaltes, W. H., Carretero, O. A.
1989. Kinin antagonist reverses convert-
ing enzyme inhibitor-stimulated vascular
prostaglandin I, synthesis. Hypertension
13:754-58

Hoffmann, G., Pietsch, R., Gobel, B.
0., Weisser, B., Bonner, G., et al.
1990. Converting enzyme inhibition and
vascular prostacyclin synthesis: effect of
kinin receptor antagonism. Eur. J. Phar-
macol. 178:79-83

Sweet, C. S., Emmert, S. E., Stabilito,
J. J., Ribeiro, L. G. T. 1987. Increased
survival in rats with congestive heart
failure treated with cnalapril. J. Car-
diovasc. Pharmacol. 10:636-42
CONCENSUS Trial Study Group. 1987.
Effects of enalapril on mortality on se-
vere congestive heart failure. Results of
the Cooperative North Scandanavian
Enalapril Survival Study. New Engl. J.
Med. 316:1429-35

Scholkens, B. A., Linz, W., Konig, W.
1988. Effects of the angiotensin convert-
ing enzyme inhibitor, ramipril, in iso-
lated ischaemic rat heart are abolished
by a bradykinin antagonist. J. Hyper-
tens. 6(Suppl. 4).525-528

. Scicli, A. G., Carretero, O. A. 1986.



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Renal kallikrein-kinin system. Kidney
Int. 29:120-30

Nakagawa, M., Stewart, J. M., Vavrek,
R. J., Nasjletti, A. 1990. Effects of a
kinin antagonist on renal function in
rats. Am. J. Physiol. 258:F643-48
Roman, R. J., Kaldunski, M. L., Scicli,
A. G., Carretero, O. A. 1988. Influence
of kinin and angiotensin II on the regula-
tion of papillary blood flow. Am. J. Phy-
siol. 255:F690-98

Beierwaltes, W. H., Carretero, O. A.,
Scicli, A. G. 1988. Renal hemodyna-
mics in response to a kinin analogue
antagonist. Am. J. Physiol. 255:F408—
14

Aasen, A. O., Smith-Erichsen, N.,
Amundsen, E. 1983. Plasma kallikrein-
kinin system in septicemia. Arch. Surg.
118:343-45

Kalter, E. S., Timmerman, A., Bouma,
B. N. 1983. The kinin generating system
during sepsis and bacterial shock.
Agents Actions 9:638-44 (Suppl.)
Smith, P. L., Kagey-Sobotka, A.,
Bleecker, E. R., Traystman, R., Kap-
lan, A. P, et al. 1980. Physiologic man-
ifestations of anaphylaxis. J. Clin. Inv-
est. 66:1072-80

Ruud, T. E., Aasen, A. O., Kierulf, P.,
Stadaas, J., Aune, S. 1985. Studies on
the plasma Kkallikrein-kinin system in
peritoneal exudate and plasma during
experimental acute pancreatitis in pigs.
Scand. J. Gastroenterol. 20:877-82
Alving, B. M., Hojima, Y., Pisano, J.
J., Mason, B. L., Buckingham, R. E.,
etal. 1978. Hypotension associated with
prekallikrein activator (HF fragments) in
plasma protein fraction. New Engl. J.
Med. 299:66-70

Weipert, J., Hoffmann, H., Siebeck,
M., Whalley, E. T. 1988. Attenuatien
of arterial blood pressure fall in cndotox-
in shock in the rat using the competitive
bradykinin antagonist Lys-Lys-[Hyp?,
Thi%®%, pPhe’)-BK (B4i48). Br. J.
Pharmacol. 94:282-84

Berg, T., Schlichting, E., Ishida, H.,
Carretero, O. A. 1989. Kinin antagonist
does not protect against the hypotcnsive
response to endotoxin, anaphylaxis or
acute pancreatitis. J. Pharmacol. Exp.
Ther. 251:731-34

Wilson, D. D., de Garavilla, L., Kuhn,
W., Togo, J., Burch, R. M., Steranka,
L. R. 1989. p-Arg[Hyp’pPhe’]brady-
kinin, a bradykinin antagonist, decreases
mortality in a rat model of endotoxic
shock. Circ. Shock. 27:93-101
Kachur, J. F., Allbee, W., Danho, W,
Gaginella, T. S. 1987. Bradykinin re-
ceptors: functional similarities in guinea

BRADYKININ ANTAGONISTS

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

161

pig gut muscle and mucosa. Regul.
Pept. 17:63-70

Baron, D. A., Margolius, H. S., Miller,
D. H., Stewart, J. M., Vavrek, R. J.
1987. Antagonists o f bradykinin induced
chloride secretion and concomitant mor-
phological changes. Br. J. Pharmacol.
91:485P (Abstr.)

Miller, D. H., Baird, A., Biggerstaff,
A., Margolius, H. 1990. Kallikrein pro-
duction and kinin response in the T84
epithelial cell line. FASEB J. 4(4):A990
(Abstr.)

Saha, J. K., Sengupta, J. N., Goyal, R.
K. 1990. Effect of bradykinin on opos-
sum esophageal longitudinal smooth
muscle: Evidence for novel bradykinin
receptors. J. Pharmacol. Exp. Ther.
252:1012-20

Whalley, E. T., Nwator, I. A., Stewart,
J. M., Vavrek, R. J. 1987. Analysis of
the receptors mediating vascular actions
of bradykinin. Naunyn Schmiedeberg’s
Arch. Pharmacol. 336:430-33
Schachter, M., Uchida, Y., Longridge,
D. ], Labedz, T., Whalley, E. T., et al.
1987. New synthetic antagonists of
bradykinin. Br. J. Pharmacol. 92:851-
55

Griesbacher, T., Lembeck, F. 1987.
Effect of bradykinin antagonists on
bradykinin-induced plasma extravasa-
tion, venoconstriction, prostaglandin E,
release, nociceptor stimulation and con-
traction of the iris sphincter muscle in
the rabbit. Br. J. Pharmacol. 92:333—

40

Whalley, E. T. 1987. Receptors mediat-
ing the increase in vascular permeability
to kinins: comparative studies in rat,
guinea-pig and rabbit. Naunyn Schmie-
deberg’s Arch. Pharmacol. 336:99-
104

Steranka, L. R., Farmer, S. G., Burch,
R. M. 1989. Antagonists of B, bradyki-
nin receptors. FASEB J. 3:2019-25
Armstrong, D., Dry, R. M. L., Keele,
C. A., Markham, J. W. 1952. Pain-
producing substances in blister fluid and
in serum. J. Physiol. 117:4P-5P
Armstrong, D., Dry, R. M. L., Kecle,
C. A., Markham, J. W. 1953. Observa-
tion on chemical excitants of cutaneous
pain in man. J. Physiol. 120:326-51
Whalley, E. T., Clegg, S., Stewart, J.
M., Vavrek, R. J. 1987. The effect of
kinin agonists and antagonists on the
pain response of the human blister base.
Naunyn Schmiedeberg's Arch. Pharma-
col. 336:652-55

Costello, A. H., Hargreaves, K. M.
1989. Suppression of carrageenan-
induced hyperalgesia, hyperthermia and



Annu. Rev. Pharmacol. Toxicol. 1991.31:129-162. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

162

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

BATHON & PROUD

edema by a bradykinin antagonist. Eur.
J. Pharmacol. 171:259-63

Mizumura, K., Minagawa, M., Tsujii,
Y., Kumazawa, T. 1990. The effects of
bradykinin agonists and antagonists on
visceral polymodal receptor activities.
Pain 40:221-27

Proud, D., Togias, A., Naclerio, R. M.,
Crush, S. A., Norman, P. S., Lichten-
stein, L. M. 1983. Kinins are generated
in vivo following nasal airway challenge
of allergic individuals with allergen. J.
Clin, Invest. 72:1678-85

Naclerio, R. M., Proud, D., Togias, A.
G., Adkinson, N. F. Jr., Meyers, D. A,
et al. 1985. Inflammatory mediators in
late antigen-induced rhinitis. New Engl.
J. Med. 313:65-70

Christiansen, S. C., Proud, D.,
Cochrane, C. G. 1987. Detection of tis-
sue kallikrein in the bronchoalveolar la-
vage fluid of asthmatic subjects. J. Clin.
Invest. 79:188-97

Naclerio, R. M., Proud, D., Lichten-
stein, L. M., Kagey-Sobotka, A., Hend-
ley, J. O., et al. 1987. Kinins are gener-
ated during cxperimental rhinovirus
colds. J. Infect. Dis. 157:133-42
Proud, D., Naclerio, R. M., Gwaltney,
J. M. Ir., Hendley, J. O. 1990. Kinins
are generated in nasal secretions during
natural rhinovirus colds. J. Infect. Dis.
161:120-23

Fuller, R. W., Dixon, C. M. S., Cuss,
F. M. C., Barnes, P. J. 1987. Bradyki-
nin-induced bronchoconstriction in hu-
mans. Mode of action. Am. Rev. Respir.
Dis. 135:176-80

Herxheimer, H., Stresemann, E. 1961.
The effects of bradykinin aerosol in
guinea pigs and man. J. Physiol. 158:
38-39

Varonier, H. S., Panzani, R. 1968. The
effect of inhalation of bradykinin on
healthy and atopic (asthmatic) children.
Int. Arch. Allergy 34:293-96

Proud, D., Reynolds, C. J., LaCapra,
S., Kagey-Sobotka, A., Lichtenstein, L.
M., Naclerio, R. M. 1988. Nasal provo-
cation with bradykinin induces symp-
toms of rhinitis and a sore throat. Am.
Rev. Respir. Dis. 137:613-16

Jin, L. S., Seeds, E., Page, C. P.,
Schachter, M. 1989. Inhibition o f brady-
kinin-induced bronchoconstriction in the
guinea-pig by a synthetic B, receptor
gr(l)tzagonist. Br. J. Pharmacol. 97:598-

Farmer, S. G., Burch, R. M., Meeker,
S. A., Wilkins, D. E. 1989. Evidence
for a pulmonary B; bradykinin receptor.
Mol. Pharmacol. 36:1-8

189.

190.

191.

192,

193.

194.

195.

196.

197.

198.

199.

Soler, M., Sielczak, M., Abraham, W.
M. 1990. A bradykinin-antagonist
blocks antigen-induced airway hyperre-
sponsiveness and inflammation in sheep.
Pulmonary Pharmacol. 3:9-15
Abraham, W. M., Burch, R. M., Far-
mer, S. G., Sielczak, M. W., Ahmed,
A., Cortes, A. 1990. Effects of a brady-
kinin antagonist in allergen-induced pul-
monary late responses and inflamma-
tion. Am. Rev. Respir. Dis. 141:A116
(Abstr.)

Pongracic, J. A., Naclerio, R. M.,
Reynolds, C. J., Proud, D. 1990.
Evaluation of the effects of a competi-
tive kinin receptor antagonist on the re-
sponse to nasal provocation with brady-
kinin. J. Allergy Clin. Immunol. 85:164
(Abstr.)

Lawrence, I. D., Warner, J. A., Cohan,
V. L., Lichtenstein, L. M., Kagey-
Sobotka, A., et al. 1989. Induction of
histamine release from human skin mast
cells by bradykinin analogs. Biochem.
Pharmacol. 38:227-33

Devillier, P., Renoux, M., Drapeau, G.,
Regoli, D. 1988. Histamine release from
rat peritoneal mast cells by kinin an-
tagonists. Eur. J. Pharmacol. 149:137-
40

Perry, D. C. 1987. Barrel rotation in rats
induced by intracerebroventricular
bradykinin antagonists. Pharmacol.
Biochem. Behav. 28:15-20

Spragg, J., Vavrek, R. J., Stewart, J.
M. 1988. The inhibition of glandular
kallikrein by peptide analog antagonists
of bradykinin. Peptides 9:203-6
Kenakin, T. P. 1984. The classifica-
tion of drugs and drug receptors in iso-
lzaztgd tissues. Pharmacol. Rev. 36:165—

Weiland, G. A., Molinoff, P. B. 1981.
Quantitative analysis of drug-receptor
interactions: 1. Determination of kinetic
and equilibrium properties. Life Sci.
29:313-30

Llona, I., Vavrek, R., Stewart, J.,
Huidobro-Toro, J. P. 1987. Identifica-
tion of pre- and postsynaptic bradykinin
receptor sites in the vas deferens: Evi-
dence for different structural pre-
requisites. J. Pharmacol. Exp. Ther.
241:608-14

Rifo, J., Pourrat, M., Vavrek, R. J_,
Stewart, J. M., Huidobro-Toro, J. P.
1987. Bradykinin receptor antagonists
used to characterize the heterogeneity of
bradykinin-induced responses in rat vas
?gferens. Eur. J. Pharmacol. 142:302-



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



