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Abstract——Kinins are proinflammatory peptides
that mediate numerous vascular and pain responses to
tissue injury. Two pharmacologically distinct kinin
receptor subtypes have been identified and character-
ized for these peptides, which are named B; and B,
and belong to the rhodopsin family of G protein-cou-
pled receptors. The B, receptor mediates the action of
bradykinin (BK) and lysyl-bradykinin (Lys-BK), the
first set of bioactive kinins formed in response to in-
jury from kininogen precursors through the actions of
plasma and tissue kallikreins, whereas the B, receptor
mediates the action of des-Arg®-BK and Lys-des-Arg®-
BK, the second set of bioactive kinins formed through
the actions of carboxypeptidases on BK and Lys-BK,
respectively. The B, receptor is ubiquitous and consti-
tutively expressed, whereas the B, receptor is ex-
pressed at a very low level in healthy tissues but in-

duced following injury by various proinflammatory
cytokines such as interleukin-18. Both receptors act
through Geg, to stimulate phospholipase Cg followed
by phosphoinositide hydrolysis and intracellular free
Ca®* mobilization and through Ge; to inhibit adenyl-
ate cyclase and stimulate the mitogen-activated pro-
tein kinase pathways. The use of mice lacking each
receptor gene and various specific peptidic and non-
peptidic antagonists have implicated both B, and B,
receptors as potential therapeutic targets in several
pathophysiological events related to inflammation
such as pain, sepsis, allergic asthma, rhinitis, and
edema, as well as diabetes and cancer. This review is a
comprehensive presentation of our current under-
standing of these receptors in terms of molecular and
cell biology, physiology, pharmacology, and involve-
ment in human disease and drug development.

I. A Short History of Kinins and Their Receptors

Kinin receptors have come a long way since Rocha e
Silva made some speculations about their dual nature in
his visionary book on “Kinin Hormones” (Rocha e Silva,
1970). He concluded in 1970 that “. .. it is perhaps a
little early to deduce any convincing configuration for
the bradykinin receptors from the data obtained by
studying the biological actions of bradykinin analogs
and derivatives” (Rocha e Silva, 1970). Indeed, it took
almost a quarter of a century before the first kinin
receptor cDNA was cloned (McEachern et al., 1991), and
more than a dozen years later the three-dimensional
structure of a kinin receptor is still elusive.

Tracing back the history of kinin receptors inevitably
leads to the early work of the 1930’s when Werle and
Frey described kallikrein, the kinin-producing enzyme
from pancreas (Kraut et al., 1930), and identified the
biological actions of lysyl-bradykinin (Lys-BK?) or kalli-

LAbbreviations: Lys-BK, kallidin; BK, bradykinin; GPCR, G protein-
coupled receptor; NO, nitric oxide; eNOS, endothelial nitric-oxide syn-
thase; LPS, lipopolysaccharide; ACE, angiotensin-converting enzyme;
CHO, Chinese hamster ovary; HEK, human embryonic kidney; TM,
transmembrane domain; PI, phosphoinositide; PKC, protein kinase C;
MAPK, mitogen-activated protein kinase; STAT, signal transducer and
activator of transcription; EGF, epidermal growth factor; Igl, a-2-inda-
nylglycine; Hyp, hydroxyproline; Oic, octahydroindole-2 acetic acid; Thi,
B-thienyl-alanine; Tic, 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid;
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din, then called substance DK (Werle and Grunz, 1939).
In the 1940’s, the kinins came into the limelight with the
identification of bradykinin (BK) by Rocha e Silva and
his colleagues (Rocha e Silva et al., 1949). At the end of
the 1950’s, BK had been isolated in significant quanti-
ties from plasma (Elliott et al., 1959), and finally its
primary structure was solved in a dramatic race be-
tween the groups of Boissonnas and Elliott (Boissonnas
et al., 1960; Elliott et al., 1960a,b). Interestingly, BK
was the first biologically active peptide to be assembled
by the then newly developed solid phase peptide synthe-
sis (Merrifield, 1964). By the end of the 1960’s, hundreds
of different kinin derivatives had been synthesized and
analyzed for their biological effects in vitro and in vivo
(Frey et al., 1967).

In the 1970’s, Regoli and coworkers set the early land-
marks in the molecular characterization of kinin recep-
tors by pointing to the existence of two types of kinin
receptors, B; and By, which differ in their pharmacolog-
ical profiles as well as in their expression patterns (Re-
goli et al., 1977, 1978; Drouin et al., 1979) (Table 1 and
Fig. 1). The development of specific agonists and antag-
onists to the B; receptor by the same group was instru-
mental in establishing the dualism of kinin receptors in
mammals (Regoli et al., 1977; Regoli and Barabé, 1980).
At the same time, the first steps toward the solubiliza-
tion and purification of the receptors were made by
Goodfriend and coworkers (Odya and Goodfriend, 1979).
In the 1980’s, a breakthrough came from the develop-
ment of the first bradykinin analogs with antagonist
activity at the B, receptor (Vavrek and Stewart, 1985).

Hoe 140, icatibant, D-Arg[Hyp®, Thi®, p-Tic’, Oic®]-BK; NPC17731, D-
Arg[Hyp®, D-HypE(transpropyl)’, Oic®]-BK; B9430, p-Arg-[Hyp?, Igl®,
p-Igl’, Oic® |BK; B9858, Lys-Lys-[Hyp®, Igl®, p-Igl’, Oic®|des-Arg®-BK;
CP-0127, deltibant; FR190997, 8-[2,6-dichloro-3-[N-[(E)-4-(N-methyl-
carbamoyl)cinnamidoacetyl]-N-methylamino]benzyloxyl|-2-methyl-4-(2-
pyridylmethoxy)quinoline; FR173657, (E)-3-(6-acetamido-3-pyridyl)-
N-[N-[2,4-dichloro-3-[(2-methyl-8-quinolininyl) oxymethyl|phenyl]-N-
methylaminocarbonylmethyl] acrylamide; WIN64338, [(S)-4[2-bis(cy-
clohexylamino)methyleneaminol-3-(2-napthalenyl)-1-oxopropyla mino]-
benzyl tributyl phosphonium chloride hydrochloride; LF 16-0687,
1-[[2,4-dichloro-3-[(2,4-dimethylquinolin-8-yl)oxy]methyl]phenyl]sulfo-
nyl]-N-[3-[[4-(aminoiminomethyl)phenyl]carbonylamino] propyl]-2(S)-
pyrrolidine carboxamide; SSR240612, (2R)-2-[((3R)-3-(1,3-benzo-
dioxol-5-y1)-3-{[(6-methoxy-2-naphthyl)sulfonyllamino}propanoyl)-
amino]-3-(4-{[2R,6S)-2,6-dimethylpiperidinyllmethyl}phenyl)-N-isopro-
pyl-N-methylpropanamide hydrochloride; NF-«B, nuclear factor of the
k-enhancer in B cells; IL, interleukin; AP-1, activator protein-1; ERK,
extracellular signal-regulated kinase; GRK, G protein-coupled receptor
kinase; GFP, green fluorescent protein; PD 98059, 2-(2-amino-3-me-
thoxyphenyl)-4H-1-benzopyran-4-one; SB 203580, 4-(4-fluorophenyl)-2-
(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole; TNF, tumor necro-
sis factor; bp, base pair(s); COX, cyclooxygenase; B9340, D-Arg-[Hyp?,
Thi®, p-Igl’, Oic®]BK; SNP, single nucleotide polymorphism; LV, left
ventricular; CNS, central nervous system; HAE, hereditary angio-
edema; FR184280, 8-[[2,6-dichloro-3-[N-methyl-N-[(E)-3-[6-(E)-
2-(4-pryridinyl)ethenyllpyridin-3-yl]acryloylglycyl]lamino|benzyl]-
oxy]-2-methylquinoline; LF 16-0335, 1-[[3-[(2,4-dimethylquinolin-
8-yDoxymethyl]-2,4-dichloro-phenyl]sulphonyl]-2(S)-[[4-[4-(amino-
iminomethyl)phenylcarbonyl]piperazin-1-yllcarbonyllpyrrolidine;
CP-0597, p-Arg®-[Hyp?, Thi®, p-Tic’-N-Chg®]-BK.

TABLE 1
Human B, and B, receptor nomenclature
International Union of B, B,
Pharmacology TUPHAR)
name
IUPHAR code 2.1:BK:1:B1: 2.1:BK:2:B2:
HUMAN:00 HUMAN:00
Alternate names Bradykinin B; Bradykinin B,
Amino acid composition 353 391«
Gene/chromosome BDKRB1/14q32.2 BDKRBZ2/14q32.2
Gene accession no. U12512 M88714
SwissProt accession no. P46663 P30411
Selective agonist Lys-des-Arg®-BK BK
Selective antagonist Lys-[Leu®]des- Icatibant
Arg®-BK
Primary G protein Ga,/Goy Ga/Ga;
coupling
Primary regulation
Expression Induction Constitutive
Signaling Limited Extensive
desensitization desensitization

“ Includes N-terminal sequence coded in exon 2 (27 residues; AbdAlla et al.,
1996a).

The identification of the B, receptor as a G protein-
coupled receptor (GPCR), which signals through the
phospholipase C pathway leading to inositol 3-phos-
phate (IP;) formation and intracellular Ca®* mobiliza-
tion and through the phospholipase A, pathway result-
ing in arachidonic acid release, was another landmark
discovery that paved the way for the identification of the
many intracellular signaling routes triggered by the ki-
nin receptors (Higashida et al., 1986; Burch and Axel-
rod, 1987). At the same time, the role of BK as a potent
stimulator of endothelial nitric-oxide synthase (eNOS)
via the B, receptor signaling pathway was recognized
(Palmer et al., 1987).

— human 3
— rabbit
—— guinea pig B,
_ [rat
mouse A
e chiicken T ,
non-mammalian
zebrafish receptors
_[ rat T
mouse
B1

rabbit l
human

Fic. 1. Phylogenetic tree for the kinin receptor family. The den-
dogram was constructed using PAUP and Clustalw1.7 software. Branch
lengths are proportional to distances between sequences. Human AT,

receptor (not shown) was used as an outgroup to root the tree (modified
after Schroeder et al., 1997 and Dunér et al., 2002).
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The search for kinin receptors culminated in the 1990s
with the cloning of the rat B, receptor cDNA by Jarnagin
and coworkers (McEachern et al., 1991). Soon after, Hess
and coworkers succeeded in cloning the first B, receptor
(Menke et al., 1994), and this was followed by the identi-
fication of the first nonmammalian kinin receptor, the
chick ornithokinin receptor (Schroeder et al., 1997). More
recently, the advent of the first nonpeptidic B, receptor
antagonists has opened new possibilities for the applica-
tion of kinin receptor blockers in various diseases (Asano et
al., 1997). Eventually the targeted ablation of the genes for
the B, (Borkowski et al., 1995) and B, receptor (Pesquero
et al., 2000) in mice has helped to define more precisely the
(patho)physiological roles of kinin receptors. This goal was
further accomplished with the most recent advent of dou-
ble knockout mice lacking both kinin receptor genes ren-
dering these animals resistant to LPS-induced septic shock
(Cayla et al., 2002b). Clearly, routine clinical applications
of kinin receptor antagonists in various disease states are
to be expected soon.

II. Pharmacological Classification of Kinin
Receptor Subtypes

A. Peptide Agonists

Thousands of peptide kinin analogs have been synthe-
sized and pharmacologically evaluated. Kininogens are
defined as circulating proteins that contain the BK se-
quence, but Lys-BK is also a cleavage product of human
kininogen (Fig. 2). These sequences and their metabo-
lites without the C-terminal arginine residue (des-Arg®)
assume particular importance as natural ligands of the
two human receptor (R) subtypes (B;, By; Table 2). The
B, receptor has a high affinity for “native” kinins (those
generated by either plasma or tissue kallikreins), BK
and kallidin, in all mammalian species. Kallidin has
itself a significant affinity at the human and rabbit B,
receptors, but not at the mouse B; receptor (Table 2).
The most discriminative structural determinant for high
affinity at all mammalian B, receptors is the removal of
the C-terminal arginine, which at the same time is det-
rimental for affinity toward the B, receptor. This holds
true for Lys-BK and Lys-des-Arg®-BK, which have
higher affinities for the human and rabbit B; receptors
compared with BK and des-Arg®-BK, respectively (Table
2, Fig. 2). The only natural kinin sequence with a sub-
nanomolar affinity for the human and rabbit B; recep-
tors is Lys-des-Arg®-BK, a fact of particular significance
that may suggest that the B; receptor belongs to the
“tissue” kallikrein-kinin system, jointly with tissue kal-
likrein that generates Lys-BK from low molecular
weight kininogen (L-kininogen). If one considers a more
distantly related mammalian species, the pig, functional
data (porcine renal vein contractility) show that the B,
receptor is also preferentially stimulated by Lys-des-
Arg®-BK, 16-fold more potent than des-Arg®-BK (Rizzi et
al., 1997). Thus, an order of agonist potency widely valid

for mammalian kinin receptors could be: B, Lys-des-
Arg®-BK > Lys-BK ~ des-Arg®-BK > BK; B,, BK ~
Lys-BK >> des-Arg®-BK and Lys-des-Arg®-BK.

However, the pharmacological profile varies signifi-
cantly for this set of four natural peptides in the Muridae
rodents (the laboratory rat and mouse; Ni et al., 1998a;
Table 2). Lys-des-Arg®-BK has no decisive advantage over
des-Arg®-BK in these species. Indeed, a form of coevolution
of the B; receptor with the kininogen genes may have
occurred to maintain the B, receptor function by conferring
a subnanomolar affinity to des-Arg®-BK since the kinino-
gen genes in rodents code for an arginine instead of a
lysine residue N-terminal to the BK sequence or Ile-Ser in
T-kininogen (Hess et al., 1996; Takano et al., 1997). The
high potency of des-Arg®-BK is specific to these rodents
(superior or equal to Lys-des-Arg®-BK in functional assays;
as reviewed by Marceau et al., 1998).

Thus, the B; receptor is obviously specialized across
species to respond to different kinin metabolites, either
des-Arg®-BK or Lys-des-Arg®-BK, generated by arginine
carboxypeptidases, such as carboxypeptidase N and M. No
other kinin fragment seems to retain pharmacological ac-
tivity. For instance, des-Arg'-BK (generated by aminopep-
tidase P) or des(Phe®, Arg®)-BK [the primary metabolite
generated by kininase II or angiotensin-converting enzyme
(ACE)] do not retain significant activity on either known
receptor type (Regoli and Barabé, 1980). The presence of
arginine carboxypeptidases in functional systems fre-
quently distorts the potency estimates for BK or Lys-BK on
the B, receptor, as these ligands are transformed into their
respective des-Arg® metabolites (discussed by Marceau et
al., 1998). Thus, intact BK may exhibit a very high selec-
tivity toward B,, and this makes [*HIBK an indisputably
selective B, receptor ligand.

Synthetic peptides incorporate modifications to im-
prove resistance to metabolism. In labradimil (RMP-7,
[Hyp?, Thi®, 4-Me-Tyr® ¥(CH,-NH)Arg®]-BK), the pep-
tide bond between the two C-terminal residues has been
replaced by a nonhydrolyzable bond, resulting in com-
plete resistance to kininases I (arginine carboxypepti-
dases) and II (ACE) (Table 2; Doctrow et al., 1994).
Labradimil is a selective B, receptor agonist developed
to transiently open the blood-brain barrier to optimize
the chemotherapy of intracranial tumors (Emerich et al.,
2001). This compound has been used in clinical trials. An
earlier version of a kininase-resistant BK analog with a
similar design, [Phe®y(CH,—~NH)Arg®|BK, has been de-
scribed (Drapeau et al., 1988). It permanently promotes
the endocytosis of a fluorescent form of the rabbit B,
receptor in live cells, whereas the effect of BK is tran-
sient due to its degradation in serum-containing me-
dium (Marceau et al., 2002). Sar-[D-Phe®]des-Arg®-BK is
a B; receptor agonist of high selectivity that is com-
pletely resistant to blood aminopeptidase, kininases I
and II (ACE), and kidney neutral endopeptidase (Table
2; Drapeau et al., 1991, 1993). It does not exhibit a very
high affinity (intermediate between des-Arg®-BK and
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Structures of Peptide B; and B; Receptor Modulators

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
BK (B agonist)

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe
des-Arg®-BK (B, agonist)

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Leu
[Lﬁug]des—Argg—BK (B, antagonist)

Structures of Nonpeptide B, and B, Receptor Modulators
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Fic. 2. Structures of peptidic and nonpeptidic B; and B, receptor modulators.

Lys-des-Arg®-BK) but its prolonged duration of action is
proven by its hypotensive effect in endotoxin-pretreated
rabbits (Drapeau et al., 1991) and its efficacy as an
angiogenesis-promoting agent in mice with an arterial
occlusion (Emanueli et al., 2002).

B. Peptide Antagonists

Efforts to develop receptor antagonists by modifying
the BK sequence date back to the 1970’s (see Stewart,
1995 for review). The first family of compounds capable

of antagonizing BK and des-Arg®-BK with specificity
was based on the prototype [Leu®]des-Arg®-BK (Fig. 2
and Table 2; Regoli et al., 1977). The same group of
investigators had previously developed angiotensin II
antagonists by replacing the aromatic and C-terminal
Phe residue with an aliphatic residue (Regoli et al.,
1974). The B, receptor nomenclature was later applied
to the rabbit aortic preparation in which the kinin re-
ceptors were defined for the first time. This was based on
both a typical order of agonist potency, with des-Arg®
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fragment more potent than the native sequence, and by
the affinity of antagonists modeled on [Leu®]des-Arg®-
BK, thus satisfying the two first Schild criteria for re-
ceptor classification (Schild, 1973). However, these an-
tagonists were not active in established bioassays for BK
such as contraction of the rat uterus and guinea pig
ileum in vitro or production of hypotension in vivo (Re-
goli and Barabé, 1980). Early compounds such as
[Leu®]des-Arg®-BK and Lys-[Leu®]des-Arg®-BK had a
complete selectivity, being devoid of affinity for the B,
receptor (Table 2). Structure-activity relationships for
peptide antagonists of the B; receptor are discussed
elsewhere (Regoli and Barabé, 1980; Marceau et al.,
1998; Gobeil et al., 1999). [Leu®]des-Arg®-BK, the proto-
type B, receptor antagonist, may exhibit fairly high
partial agonist behavior in some species, especially in
the rats and mice (reviewed elsewhere, Marceau et al.,
1998). This has practical implications because one of the
emerging therapeutic applications of B; receptor antag-
onists, analgesia, is commonly evaluated using behav-
ioral models involving these species.

The B, receptor was not well defined until 1985 when
the first generation of antagonists based on [D-Phe’]BK
were produced (Vavrek and Stewart, 1985). In these
early compounds (e.g., [Thi®® D-Phe’]BK), the transi-
tion to an antagonist/partial agonist was caused by a
structural constraint on the peptide backbone intro-
duced by the non-natural conformation in D-Phe’. The
added rigidity at this position in subsequent peptide
antagonists such as icatibant (Hoe 140, D-Arg-
[Hyp?,Thi® p-Tic’, Oic®]-BK; Fig. 2 and Table 2; Hock et
al., 1991) and NPC17731 (p-Arg[Hyp?, p-HypE(trans-
propyl)?, Oic®]-BK) (Trifilieff et al., 1993) showed that
the spatial orientation of the C-terminal region of the
peptide molecule is critical for antagonism. Icatibant
exhibits a high affinity, no residual agonist activity in
most mammalian species and an impressive resistance
to peptidases; the combinations of these properties con-
tribute to its prolonged duration of action (several hours)
in animal models. In practical terms, this peptide exhib-
its a high selectivity toward the B, receptor, although its
affinity for the human B, receptor is measurable (Table
2). Icatibant has been used extensively (about 700 pub-
lications indexed in Medline) to assess the role of kinins
in various models of physiological adaptation or experi-
mental pathology and occasionally in humans (Groves et
al., 1995; Akbary et al., 1996; Dear et al., 1996; Gainer et
al., 1998; Squire et al., 2000; Witherow et al., 2001;
Hornig et al., 2003).

Optimal peptide B, receptor antagonists retain both
Arg' and Arg® residues, and B, receptor agonists or
antagonists typically lack Arg®. However, more recent
antagonists with backbones constrained by non-natural
residues are somewhat more promiscuous in their selec-
tivity. The des-Arg fragment of icatibant (des-Arg'°-Hoe
140) has been promoted as a B, receptor antagonist by
some investigators, although it is a mixed antagonist

(Table 2). This peptide exhibits increased affinity toward
the B, receptor relative to icatibant in all species stud-
ied, but retains fairly high residual antagonistic effects
on the B, receptor in functional studies (Rhaleb et al.,
1992; Lagneux and Ribuot, 1997). Recently produced
antagonists retaining Arg®, such as B9430 (D-Arg-[Hyp?,
Igl®, p-Igl’?, Oic®]BK) represent combined B, and B, re-
ceptor antagonists, although the corresponding des-Arg®
fragment has substantial selectivity toward the B; re-
ceptor (Burkard et al., 1996). B9430 has been deliber-
ately exploited as a dual kinin receptor antagonist in the
blood pressure assay of the dog where it can abolish, at
certain doses, hypotensive responses to either BK or
des-Arg®-BK without affecting the responses to several
other unrelated agonists (Stewart et al., 1996). The de-
velopment of this compound not only demonstrates that
a “polypharmaceutic” approach covering both receptor
types is possible, but also that the structures of the B,
and B, receptor molecules are sufficiently compatible to
accommodate a universal antagonist “pharmacophore”.

An example of a peptidic B; receptor antagonist of a
modern design is B9858 (Lys-Lys-[Hyp?®, Igl®, p-Igl’,
Oic®ldes-Arg®-BK); it exhibits a fairly high selectivity for
the B, receptor (Table 2; Gera et al., 1996; Gobeil et al.,
1999). This peptide retains the Lys® residue, a favorable
feature for binding to the human B, receptor (Table 2).
In binding assays, B9858 is more potent at the human
B, receptor than at its murine ortholog; it is highly
active as a competitive antagonist against Lys-des-Arg®-
BK-induced contractility of the human umbilical vein
(pAs 9.2) and is potent, but insurmountable, at the rab-
bit B, receptor (Larrivée et al., 2000). In the anesthe-
tized dog representing a hemodynamic system with
mixed B; and B, receptor responses (see below), B9858
is reported to be 20 times more potent than Lys-
[Leu®]des-Arg®-BK in antagonizing des-Arg®-BK-in-
duced hypotension, and the antagonist effect lasts for
more than 4 h (versus about 15 min for Lys-[Leu®]des-
Arg®-BK; Stewart et al., 1996).

Numerous structural experiments have been con-
ducted with peptide kinin antagonists, such as produc-
ing pseudopeptides that retain limited structural ele-
ments of the parent peptide (Chakravarty et al., 1995;
Galoppini et al., 1999; Bedos et al., 2000), or the produc-
tion of dimers of antagonists. An early implementation
of the latter idea was deltibant (CP-0127), the ho-
modimer of D-Arg°[Hyp?, Thi® Cys®, D-Phe’, Leu®]BK
coupled through the side chains of Cys® by the linker
bis-succinimidohexane. This B, receptor antagonist of
rather low potency had nevertheless a good metabolic
stability and reached clinical trials for sepsis and head
trauma but with mixed results (Fein et al., 1997; Mar-
marou et al., 1999). The production of such antagonists
of molecular weight (~2.5 kDa) higher than that of the
antagonist peptide and of high solubility in water goes
against common drug design wisdom unless special ef-
fects are sought. A recent avatar of the dimer approach
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is B9870 (also called CU201, two molecules of D-Arg-
[Hyp?, Igl®, p-Igl”, Oic®]BK linked at their N terminus
by the suberimidyl moiety, Stewart et al., 1997). In
tumor-derived cell lines, B9870 antagonized BK-induced
calcium signaling but also directly blocked cell prolifer-
ation and activated c-Jun kinase and caspase-3 (Chan et
al., 2002a). The monomeric component of B9870 was
essentially devoid of the “biased agonist” properties of
the dimer. The B9870 dimer has been called a biased
agonist since it activates only a subset of the signal
transduction pathways activated by the reference ago-
nist. Whether all effects of B9870 are truly B, receptor-
mediated is currently unknown.

C. Nonpeptide Ligands

The peptide analogs of BK described above have been
extremely important in developing an understanding of
the roles of kinins and their receptors in physiology and
pathophysiology. Recently, that understanding has led
to the conjecture that B; or B, receptor modulators could
represent novel therapeutic agents across a wide range
of human conditions and diseases such as pain, inflam-
mation, stroke, asthma, rhinitis, endotoxic shock, and
cancer. Development of nonpeptide agonists and antag-
onists offers the greatest opportunity for new medicines
since peptides are generally poor for oral bioavailability
and brain penetration. Numerous laboratories are now
engaged in research activities to develop and clinically
test novel B, and B, receptor modulators (Altamura et
al., 1999; Heitsch, 2002; Sharma and Al-Dhalmawi,
2003). A key issue that has faced development of such
compounds for either B, or B, receptors has been species
selectivity of their pharmacology. In some cases, the
human specificity of certain structural classes has lim-
ited the preclinical evaluation of efficacy, and con-
versely, rodent specific compounds are not useful for
therapeutic development (Hess et al., 1994, 2002; Jones
et al., 1999; Burgess et al., 2000; Marceau et al., 2003).
Many of these efforts have yet to result in published
articles describing the compounds, but the patent liter-
ature bears ample evidence for these activities (Bock
and Longmore, 2000; Heitsch, 2002; Bock et al., 2003).
No doubt the therapeutic potential of these approaches
will become evident in the near future.

1. B, Receptor Agonists. FR190997 is a very interest-
ing example of a nonpeptidyl structure exhibiting ago-
nist activity at the B, receptor (Fig. 2; Aramori et al.,
1997a). FR190997 was derived chemically from, and
bears close structural similarity to, a series of nonpep-
tide B, receptor antagonists (see FR173657, Fig. 2).
Other examples of GPCR ligands exist where very slight
structural modifications, such as addition or deletion of
a simple methylene group, change antagonists to ago-
nists at cholecystokinin (Aquino et al., 1996) and AT,
receptors (Perlman et al., 1995), not withstanding the
well known close structural similarity of the opiate li-
gands morphine and naloxone. In the case of FR190997,

potent B, receptor agonist activity is demonstrated in
vitro with a level of efficacy approaching BK itself, and
in vivo FR190997 produces hypotension in rats (Aramori
et al., 1997a). Although compounds like FR190997 may
have therapeutic utility as antihypertensive or as car-
dioprotective agents, appropriate clinical testing re-
mains. Concerns over tachyphylaxis (Mathis et al., 1996;
Cuthbert, 1999) or potential adverse effects of a BK
mimic such as proinflammatory responses demon-
strated with FR190997 in animals (Hayashi et al., 2001)
may limit considerations for therapeutic development.

2. B, Receptor Antagonists. The earliest example of
the successful synthesis of a nonpeptide B, receptor
antagonist is WIN64338 (Fig. 2) (Salvino et al., 1993). As
a prototype, WIN64338 had somewhat limited affinity
for the human B, receptor (K;, 64 nM), and in vivo
studies have not been published (Sawutz et al., 1994).
WIN64338, however, was clearly an important advance
for the field and an early pharmacological tool.

Subsequently, researchers at Fujisawa described new
structurally distinct nonpeptide B, receptor antagonists
(Aramori et al., 1997b; Abe et al., 1998b), such as
FR173657 (Fig. 2) with substantially higher B, receptor
affinity and demonstrated selectivity versus the B, re-
ceptor. Moreover, these compounds including FR173657
and FR184280 (Abe et al., 1998a) were the first to dem-
onstrate oral activity in vivo, in a guinea pig model of
bronchoconstriction and various models of edema, in-
flammation, and pain (Asano et al., 1999). FR173657 in
particular has proven to be a valuable tool to investigate
the physiology and pathophysiology of BK and has been
studied by a number of laboratories.

Another series of selective nonpeptide B, receptor an-
tagonists have emerged from the Fournier laboratories
exemplified by LF 16-0687 (Fig. 2; Pruneau et al., 1999)
as a high affinity antagonist across species and a potent
antagonist against BK-induced hypotension and edema.
LF 16-0687 also was shown to reduce cerebral edema
and improve neurological outcome in a rodent model of
head trauma (Kaplanski et al., 2002) implicating BK in
this pathology.

A striking example of the species selectivity that can
emerge during the development of B, receptor antago-
nists is with bradyzide (Fig. 2; Burgess et al., 2000), a
potent antagonist that displays >500 times higher af-
finity for the rat versus human B, receptor. Bradyzide is
highly selective for the B, receptor over the B, receptor
and other receptors, is orally active, and shows antihy-
peralgesic effects in a rat model of inflammatory pain.
Interestingly, working from the thiosemicarbazide scaf-
fold of bradyzide, Dziadulewicz et al. (2002) succeeded in
obtaining subnanomolar affinity for the human receptor
while maintaining affinity for the rat receptor in Com-
pound 14e (Fig. 2) and other analogs. Like bradyzide,
Compound 14e exhibited oral activity to block inflam-
matory hyperalgesia in rats.
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Researchers from Johnson and Johnson have recently
published their early efforts in the development of B,
receptor antagonists (Lee et al., 2003) as exemplified by
Compound 38 (Fig. 2; Youngman et al., 2003). FR173657
served as a starting template for this chemical series.
Compound 38 is a high affinity antagonist (K;, 4 nM) at
the human B, receptor. These compounds are analgesic
after oral dosing in a rodent model of chemical-induced
irritation.

It is clear that the development of nonpeptide B,
and B, receptor modulators as potential new thera-
peutics, particularly antagonists, is currently an area
of considerable effort. At present, no articles have
been published that disclose clinical results with non-
peptide BK antagonists, but it is likely that com-
pounds will emerge soon that are suitable for human
clinical trials.

3. B; Receptor Antagonists. Recently, the results of
research into the development of B; receptor antago-
nists as novel therapeutic agents have begun to bear
fruit. In 1999, researchers from Pharmacopeia pub-
lished on a compound PS020990 as a potent and com-
petitive B; receptor antagonist (Horlick et al., 1999).
PS020990 was derived from compounds discovered from
the screening of a combinatorial chemistry library and is
the first nonpeptide B; receptor antagonist described
in the literature. Although the structure was not ini-
tially disclosed, subsequent publications have identi-
fied PS020990 as shown in Fig. 2 (Anonymous, 2001).
PS020990 exhibits high affinity for the human B,
receptor (K;, 6 nM) and is an appropriately potent B,
receptor antagonist in vitro. To date, no results have
been published on the in vivo properties of PS020990.

More recently, researchers from Merck Research Lab-
oratories have disclosed two additional nonpeptide an-
tagonists with divergent structures. Wood et al. (2003)
described the in vitro and in vivo properties of a series of
benzodiazepine-based compounds. The preferred struc-
ture from this series, Compound 12 (Fig. 2), exhibited
high affinity for the human B receptor (K;, 0.6 nM) and
appropriate functional antagonist potency in vitro. Spe-
cies differences are well known for both B; and B, re-
ceptors (Hess at al., 1994, 2002; Jones et al., 1999), so it
was of interest that Compound 12 showed equally high
affinity (K;, 0.9 nM) and antagonist potency at the rat B,
receptor in vitro. This affinity allowed for its testing in a
rat model of carrageenan-induced hyperalgesia where
Compound 12 exhibited significant analgesic activity. A
second series, the so-called dihydroquinoxalinone series,
is represented by Compound 11 (Fig. 2) (Su et al., 2003).
Compound 11 was derived from a micromolar affinity
lead detected in a high throughput screening effort, and
optimization efforts led to extraordinary affinity for the
human B receptor (K;, 34 pM) producing a highly potent
antagonist. Unlike the benzodiazepine-based Compound
12 described above, Compound 11 shows considerably
lower affinity for the rat B; receptor (K;, 62 nM), but

high affinity for the rabbit B, receptor (K, 50 pM) al-
lowing for demonstration of robust antihyperalgesic
activity in this species. Like the benzodiazepine Com-
pound 12, the dihydroquinoxalinone antagonist exhib-
ited high B, receptor selectivity versus the B, receptor
and limited to no activity at a host of other enzyme,
GPCR, and transporter targets. These representatives
of both structural series, however, had suboptimal phar-
macokinetic profiles that precluded further develop-
ment. However, both Compounds 11 and 12 serve as
structures for further optimization work, and their an-
algesic activity across rat and rabbit species further
substantiate the role of B, receptor mechanisms to me-
diate pain (see below).

Researchers from Sanofi-Synthelabo recently pub-
lished on a novel nonpeptidyl B; receptor antagonist,
SSR240612 (Fig. 2) (Gougat et al., 2004). SSR240612 is
a high affinity, competitive B, receptor antagonist with
considerable selectivity against the B, receptor and a
variety of other receptor and enzyme targets. Of inter-
est, SSR240612 is a potent B, receptor antagonist across
several species and exhibits oral antihyperalgesic and
anti-inflammatory activities in mice and rats and is
currently in preclinical development for inflammatory
and neurogenic pain. Other efforts to develop nonpep-
tide B; receptor antagonists are evident at Novartis,
Bayer, and Fournier based on their patent publications
(Bock et al., 2003), but the status of any clinical progress
is not known.

ITI. Structural Aspects of Kinin Receptors and
Their Genes

A. Organization and Structure of the Receptor Genes

A BK receptor was first cloned from rat uterus, using
a Xenopus oocyte expression assay and shown to have
the pharmacological profile of a B, receptor subtype
(McEachern et al., 1991). Subsequently, orthologs have
been isolated and sequenced in several mammalian spe-
cies, including the human (Table 3; Hess et al., 1992).
The B, receptor protein structure is typical of that of a
GPCR consisting of a single polypeptide chain that
spans the membrane seven times, with the amino ter-
minus (N-terminal domain) being extracellular and the
carboxy terminus (C-terminal domain) being intracellu-
lar, and with three extracellular loops (EL-1-3) and
three intracellular loops (IL-1-3) (Fig. 3). Three consen-
sus sites for N-linked glycosylation are found in extra-
cellular domains. Furthermore, the protein contains mo-
tifs such as DRY and NPXXY partially embedded in
cytosolic receptor domains that are common to most
rhodopsin family GPCR (Fredriksson et al., 2003), and
the C-terminal tail contains serines and threonines that
are putative phosphorylation sites and cysteines that
are putative sites for acylation.

The three-exon structure of the gene (BDKRB2) has
been determined, as well as its localization on the hu-
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TABLE 3
GenBank accession numbers for kinin receptor genes of various species
Zoological Group Species B, B,
Primates Human U12512 M88714
Macaca mulatta AY045568; AF540785
Two species of Cercopithecus AY045569, AF540784
Prosimians Tupaia AF540786
Lagomorphs Rabbit U20507 U33334
Rodents Mouse U47281 126047
Rat U66107 M59967
Guinea pig AJ003243
Other mammals Pig AF540788 AB051422
Dog AF0334947 AF33498

man chromosome 14 (Fig. 4; Powell et al., 1993; Kam-
merer et al., 1995). The coding sequence of the human B,
receptor was initially believed to be intronless in the
gene exon 3 where a plausible initiation codon was
found; the recombinant receptor based on this initiation
codon is fully functional. However, another methionine
codon in exon 2 is the likely initiation codon and extends
the amino terminal sequence (first extracellular do-
main) by 27 residues (proved notably by sequencing the
immunoprecipitated receptor from human HF15 cells;
AbdAlla et al., 1996a). However, the exon 3 methionine
has generally been used in the numbering of residues in
the B, receptor. In Fig. 3, upstream residues are labeled
with negative numbers.

The expression cloning of the human B, receptor was
achieved later (Menke et al., 1994), and its orthologs
have been sequenced in several mammalian species (Ta-

Human B, Receptor

N terminus

C terminus

ble 3). The B, receptor is homologous to the B, receptor
(36% identity at the amino acid sequence level) and also
possesses three consensus sites for N-linked glycosyla-
tion in extracellular domains, DRY and NPXXY motifs,
and putative sites for phosphorylation and acylation
(Fig. 3). The three-exon structure of the human B, re-
ceptor gene (BDKRBI) has been determined with the
protein sequence being encoded by exon 3 exclusively
(Fig. 4; Bachvarov et al., 1996; Yang and Polgar, 1996).

The two genes corresponding to the kinin receptors
are clustered in tandem in a compact locus, the B, re-
ceptor gene being located 5’ relative to the B; receptor
gene separated by only 12 kb (Cayla et al., 2002a; http://
www.ncbi.nlm.nih.gov/mapview/, Fig. 4). Species-spe-
cific alterations of this scheme, such as the deletion of B;
receptor exon 2 in the rat and mouse genome and the
possible existence of an alternatively spliced exon 2b in

Human B, Receptor

C terminus

Fic. 3. Schematic representations of the human B, and B, amino acid sequences. In B,, amino acids residues (single letter code) are numbered from
the most 3’ putative translational start site with negative numbers for the 27 residues N-terminal to that methionine. EL, extracellular loops; IL,
intracellular loops. Single amino acid residues or sequence segments discussed in the text are highlighted with potential residues facing specifically
the binding pockets filled with red or red line (agonist), blue (antagonist), and orange (agonist and antagonist). In the B, receptor, the boxed area
indicates the putative helix 8, and the stars indicate the cluster of serines and threonines phosphorylated by GRK or PKC and important for

desensitization.
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BRKRB2— BRKRB1—
E1 al E2 E2b E3 E1 E2 E3
1 O | = | L 1m
I T f
181 C/T -699 G/C 1098 A/G

-58C/T  2149/-9

FiG. 4. Schematic diagram of the human kinin receptor gene locus and polymorphisms associated with a clinical phenotype. The area shown
(chromosome 14932, positions 94.66 to 94.73 Mb, total of 70 kb) contains the two kinin receptor genes organized in tandem. The three major exons
(E) of each gene are shown. The open box in B, receptor exon 3 represents the large 3'-untranslated sequence. Single nucleotide polymorphisms are
indicated below the gene structure. The alternatively spliced exon 2b of the B, receptor is indicated (Cayla et al., 2002a). *, CKS1BP pseudogene.

the B, receptor, have been discussed (Cayla et al.,,
2002a). This locus is on chromosome 14 in the human
(14932). The mRNA coding for the B, receptor is large
compared with that of the B, receptor (approximately 4
and 1.4 kb, respectively, depending on the species). The
large 3'-untranslated region of the B, receptor accounts
for most of the difference (Fig. 4).

Boels and Schaller (2003) claimed that a human or-
phan GPCR, GPR100 (GenBank accession number
AY170828), is an additional receptor for BK, only dis-
tantly related to the known kinin receptors. The cloned
receptor was said to confer calcium transients to cells
stimulated with BK only if the promiscuous Ga;4 protein
is cotransfected. The pharmacological profile was that of
a B, receptor because the stimulation was common to
BK and Lys-BK, whereas the des-Arg® fragments of
these peptides were inactive. No antagonists were tested
in this study. These findings were provocative since the
B, receptor gene knockout mouse has lost all responses
to exogenous BK (Borkowski et al., 1995), failing to
support the concept of additional B, receptor subtypes.
GPR100 (also called GPCR142 or relaxin-3 receptor-2)
has also been shown to bind relaxin-3 and to inhibit
adenylate cyclase upon stimulation with this peptide
(Liu et al., 2003). In a subsequent study by Meini et al.
(2004a), human GPR100 was compared with human B,
receptor in CHO cells in the absence of Ga; 4 cotransfec-
tion. It was shown that GPR100 is a high affinity relax-
in-3 receptor, which is coupled to Ga;-mediated inhibi-
tion of adenylate cyclase but not to Gay,-mediated
stimulation of phospholipase C and intracellular cal-
cium mobilization. Interestingly, BK stimulates this re-
ceptor with relatively lower potency, whereas the non-
peptide B, receptor agonist FR190997 was completely
devoid of effect. The BK response is antagonized by
icatibant supporting an evolutionary relationship be-
tween GPR100 and B, receptor binding sites.

Two receptors cloned from the chicken and the ze-
brafish are more related to the mammalian B, receptor
than to the B, receptor and are stimulated by sequences
related to BK (ornithokinin = RPPGFSPLR, trout BK =
RRPPGWSPLR), but not by BK itself (Schroeder et al.,
1997; Dunér et al., 2002). The peptide icatibant, which
acts as an antagonist of BK at mammalian B, receptors,
acts as a full agonist at the ornithokinin receptor (Table

2). The fish receptor gene is located in a chromosomal
region syntenic to the human kinin receptor gene region
with implications for the evolution of the kallikrein-
kinin system.

The targeted disruption (“knockout”) of each kinin
receptor gene by homologous recombination has been
reported. The B, receptor knockout mice fail to respond
to BK using assays such as smooth muscle contraction
and afferent nerve stimulation (Borkowski et al., 1995).
These animals are fertile and apparently healthy, al-
though they may not develop and age in an entirely
normal manner (see below). The B; receptor knockout
mice have been produced more recently (Pesquero et al.,
2000). These animals develop normally, are normoten-
sive, but fail to respond to des-Arg®-BK (e.g., contractil-
ity of the mouse-isolated stomach). The creation of a
double B,/B, receptor knockout strain is not a trivial
crossing experiment since both genes lie in the same
chromosomal locus (see above), and the probability of
recombination is very low at such a small genetic dis-
tance. Numerous physiological and pathological analy-
ses based on either knockout strain will be reported
below.

B. Receptors and Their Post-Translational
Modifications

Kinin receptors undergo multiple post-translational
modifications including glycosylation and disulfide
bridge (cystine) formation in their extracellular domains
as well as acylation and phosphorylation of their intra-
cellular domains. Most of these modifications, including
phosphorylation, can occur in a ligand-independent
manner, although phosphorylation and possibly even
acylation (palmitoylation) appear to be primarily regu-
lated through receptor activation.

1. Glycosylation. All known mammalian and non-
mammalian kinin receptors expose several (two to four)
consensus sites of the Asn-Xaa-Ser/Thr type for N-gly-
cosylation on their predicted extracellular domains, and
most of them are clustered on their N-terminal domains
(Fig. 3). For mammalian B, receptors, conclusive evi-
dence has been presented that they are sialoglycopro-
teins, and it appears likely that nonmammalian B, re-
ceptors as well as mammalian B, receptors fall into the
same category. In general, glycosylation is thought to
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increase the hydrophilic nature of the extracellular por-
tions of the receptors, however, glycosylation may also
affect ligand affinity, receptor oligomerization, efficient
G protein coupling, receptor degradation, maturation
(folding, stabilization), and/or intracellular trafficking.

Human and rabbit B, receptors expose three consen-
sus sites for N-glycosylation in their extracellular do-
mains (Fig. 3; Menke et al., 1994; MacNeil et al., 1995).
The presence of multiple bands of the recombinantly
expressed human B, receptor that is strongly reminis-
cent of the patterns of the partially glycosylated B,
receptor has pointed to the possibility that the B; recep-
tor is also prone to N-glycosylation (Blaukat et al.,
1999a). Treatment of the HA-tagged human B, receptor
expressed in HEK293 cells with N-glycosidase F re-
sulted in the conversion of the receptor from a heteroge-
neous species migrating at 35 to 45 kDa to a relatively
homogeneous species migrating at 37 kDa. Further-
more, a receptor in which the N-terminal domain had
been truncated to remove putative N-glycosylation sites
also migrated as a homogeneous species (Kang et al.,
2005). In addition, studies using the N-glycosylation
inhibitor tunicamycin have revealed a profound influ-
ence on des-Arg®-BK-induced responses in the isolated
human umbilical vein (Sardi et al., 1999). Likewise tu-
nicamycin caused a significant, although incomplete,
reduction of des-Arg®-BK responses in the isolated rab-
bit aorta (Audet et al., 1994). The precise molecular
mechanisms underlying the observed effects remain to
be elucidated.

The protein sequences of the rat (McEachern et al.,
1991) and human B, receptors (Hess et al., 1992) predict
three potential N-glycosylation sites for each of these
orthologs. Two of the sites are present in the N-terminal
domain of the receptors, whereas a single site is present
in the second extracellular loop, EL-2 (Fig. 3). Nonmam-
malian B, receptors differ from most mammalian B,
receptors in that they lack a predicted N-glycosylation
site in EL-2 (zebrafish B, receptor) (Dunér et al., 2002)
or have two additional sites in their N-terminal domain
(ornithokinin receptor) (Schroeder et al., 1997).

A careful study of the rat B, receptor by Yaqoob et al.
(1995) provided conclusive evidence that all three pre-
dicted sites are indeed glycosylated, most likely through
complex-type oligosaccharide side chains containing ter-
minal sialic acid residues. The same authors were un-
able to find evidence for O-glycosylation of the rat B,
receptor. Removal of the N-linked carbohydrates from
the native receptor (81 kDa) by endo-B-N-acetylglu-
cosaminidase yielded a core protein of 42 to 44 kDa,
indicating that the difference in the apparent molecular
sizes is not due to dimerization of the unmodified recep-
tors but truly reflects receptor glycosylation (Yaqoob et
al., 1995). This notion is further corroborated by the
findings from overexpression systems where multiple
bands for the human B, receptor were observed that
were sensitive to N-glycosidase F treatment (Blaukat et

al., 1999a). The complex carbohydrate chains with their
terminal sialic acid residues may also contribute to the
apparent isoelectric point of 4.5 to 4.7 for the mature rat
B, receptor, which is significantly lower than the pre-
dicted pI of 7.0 calculated from its primary structure.
Importantly, glycosylation does not appear to affect li-
gand-receptor interactions, as deglycosylation failed to
change the affinity of the rat B, receptor for the agonist
BK as well as for the antagonist icatibant (Yaqoob et al.,
1995).

2. Disulfide Bridging. The predicted protein struc-
tures of mammalian kinin receptors identify four cys-
teine residues in the extracellular domains of both B,
and B, receptors, one each being located in the N-termi-
nal domain, EL-1, EL-2, and EL-3, respectively (Fig. 3).
Of the nonmammalian kinin receptors, the chick recep-
tor shows the same distribution pattern of cysteine res-
idues, whereas the zebrafish B, receptor has a single
cysteine each in EL-1 and EL-2 and lacks cysteines in
the N-terminal domain and EL-3, respectively. Notably,
cysteine in EL-2 and EL-3 are conserved in most mem-
bers of the GPCR superfamily, and the crystal structure
of rhodopsin has revealed that they form a disulfide loop
which most likely stabilizes the correctly folded confor-
mation of the receptor (Palczewski et al., 2000).

To date, no experimental data are available for the
kinin receptors that would prove the presence of disul-
fide bonds in their extracellular domains. However, a
careful study by Leeb-Lundberg and coworkers address-
ing the availability of free thiol residues in wild-type and
mutant B, receptors has provided indirect evidence for
the presence of a disulfide bond between Cys!%® (EL-1)
and Cys'®* (EL-2) (Herzig and Leeb-Lundberg, 1995;
Herzig et al., 1996). They showed that Cys?° (N-terminal
domain) and Cys®’” (EL-3) of the wild-type B, receptor
were accessible for heterobifunctional cross-linkers that
bind to free thiol groups and to the amino group of BK,
whereas Cys'®® (EL-1 domain) and Cys'®* (EL-2) were
not. The authors concluded that residues Cys!®® and
Cys'®* likely form a disulfide bridge, whereas the former
two residues, i.e., Cys?® and Cys2"", do not (Herzig et al.,
1996). Of note, application of dithiothreitol had little or
no effect on the binding of BK to the B, receptor in both
bovine myometrial membranes and intact rat myome-
trial cells suggesting that, even though disulfide bond
formation between extracellular cysteines in the B, re-
ceptor may be crucial during insertion of the receptor
into the membrane to form a proper binding site, reduc-
ing some of these bonds in receptors already expressed
in the membrane does not destroy their agonist binding
site (Herzig et al., 1996).

3. Acylation. As with many other GPCRs, the kinin
receptors may expose cysteine residue(s) in their C-ter-
minal portion facing the cytosol (Fig. 3). These cysteines
are often modified by palmitoylation, and due to the
insertion of the fatty acid chain into the membrane, an
extra loop is created which may modulate G protein
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coupling, internalization, resensitization, and/or intra-
cellular trafficking of the receptors. All the known mam-
malian B, receptors contain two cysteine residues in
their tail region, separated by four amino acid residues
(CxxxGC). The nonmammalian By-like receptors from
chick and zebrafish have a single cysteine residue in
their cytosolic tail region. Mammalian B; receptors fall
into two main groups regarding cysteines for putative
palmitoylation (Marceau et al., 1998); the rodent B;
receptor with an unusually short C-terminal tail of 11
residues is devoid of cysteines and the nonrodent recep-
tors contain one or two cysteines in their C-terminal tail.

Mass spectrometric analysis of the rat B, receptor has
revealed that the proximal Cys32° residue present in the
hexapeptide CRKGGC is indeed palmitoylated (Soskic
et al., 1999). Site-directed mutagenesis studies of the
human B, receptor demonstrated that both the proximal
(Cys®2%) and the distal (Cys®?°) cysteines present in the
linear sequence of CQKGGC are subject to palmitoyl-
ation based on serine mutants, indicating that the two
cysteines may be used alternatively by the correspond-
ing acyl transferase (Pizard et al., 2001). At present, the
acylation status of the B, receptor has not yet been
addressed experimentally; however, given the fact that
the rodent B, receptor lacks a cysteine residue in their
tail region, it is conceivable that palmitolyation is dis-
pensable for proper function of B; receptors in general.

4. Phosphorylation. On repeated or prolonged ago-
nist stimulation, GPCR signaling is attenuated by neg-
ative feedback loops. Agonist-induced reversible phos-
phorylation, typically of serine and threonine residues
located in the C-terminal domains, plays an important
role in the desensitization of GPCRs (Fig. 3). Phosphor-
ylation may also affect endocytosis, recycling, traffick-
ing, or even G protein coupling of the receptors. Both
mammalian and nonmammalian B, receptors expose
clusters of Ser/Thr residues in the tail region, and their
ligand-dependent phosphorylation has been extensively
studied for human and rat B, receptors (Blaukat, 2002).
Mammalian B, receptors fall into two categories regard-
ing putative serines and threonines for phosphorylation.
The rodent receptors with a truncated tail region con-
tain only two threonine residues but not a single serine
residue, and the nonrodent B; receptors contain a clus-
ter of at least six Ser/Thr residues in their C terminus
(Marceau et al., 1998; Hess et al., 2002).

The correlation between agonist-induced receptor
phosphorylation and desensitization has been firmly es-
tablished both for endogenous and recombinant B, re-
ceptors (Blaukat et al., 1996, 2001). The precise map-
ping of the relevant phosphorylation sites revealed three
major sites, i.e., Ser®3?, Ser®*¢, and Ser®*® and two minor
sites, i.e., Thr®*? and Thr3*5, forming a cluster in the
C-terminal region of the human B, receptor which spans
over 10 residues (S**MGTLRTSIS?**®) (Figs. 3 and 5;
see Section IV. for the functional consequences of mu-
tating these residues in the B, receptor and B,/B, re-

unknown
l kinase

Fic. 5. Invivo phosphorylation sites present in the human B, receptor
tail region. A schematic representation of the amino acid sequence (single
letter code) is shown starting from the distal palmitoylation site (Cys®2°)
and ending at the receptor C terminus. Identified phosphoacceptor sites
are numbered and highlighted, and candidate kinases are indicated
(GRK, PKC). The thickness of the arrows reflects the relative quantity of
phosphate incorporation (modified after Blaukat et al., 2001).

ceptor chimeras). These studies revealed that tandem
phosphorylation of two serine residues, i.e., Ser®*¢/
Ser4® or Ser®3?/Ser#6 in the human B, receptor is nec-
essary and sufficient for desensitization of BK-triggered
phospholipase C activation (Blaukat et al., 2001). Mass
spectrometry of the unstimulated rat B, receptor had
also demonstrated tandem phosphorylation, although
with varying combinations, e.g., Ser3*%/Ser348, Thr?*%/
Ser®*® and Ser®3/Ser®3° (numbering according to the
human B, receptor) (Soskic et al., 1999).

Tyrosine phosphorylation has also been reported for
human and rat B, receptors. Early studies claimed the
tyrosine phosphorylation of the human B, receptor
(Jong et al., 1993), and mass spectrometric analysis of
unstimulated rat B, receptors demonstrated phosphor-
ylation of Tyr'3! (human residue Tyr'?°) present in the
second intracellular loop (IL-2) and of Tyr®?? (human
residue Tyr®?°) in proximity to the identified palmitoyl-
ation site in the C-terminal domain (Soskic et al., 1999).
However, ligand-dependent tyrosine phosphorylation of
the B, receptor has not yet been shown. Therefore, it is
possible that the receptor becomes phosphorylated on
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TABLE 4
Summary of potential residues facing the B, and B; agonist and antagonist binding pockets as determined by mutagenesis, cross-linking, and
competition with domain-specific antibodies®

B, B,
Domain Agonists Antagonists Agonist Antagonist
BK FR190997 NPC/Icatib.”? LF16-0335 FR173657 LDBK? LDLBK? NPC18565 Compound 11
N Cys?®
TM-I
TM-II Trp®®
EL-II
TM-III  Ser'!! Ile'1® Ser!!! Tle'1® Tle'1© Lys''® (Lys''®)y Lys'® Asn!!*
TM-IV  Lys'™
EL-IIT  Yes? Yes?
TM-V
TM-VI  Phe?°,Thr?¢? Phe?5? Trp?°®
EC-IV  Cys?™ Asp?%6 Asp?8* Yes?
TMVII GIn?%8 GInZ88 Tyr?%5  Tyr?%®  Leu??* Phe®'? Phe®*? GIn2%%

“ Discussion of individual residues and references are in the main text.

® NPC, NPC17731; Icatib., Icatibant; LDBK, Lys-des-Arg®-BK; LDLBK, Lys-[Leu®]des-Arg®-BK.

¢ Inferred as an important residue by extrapolating data for NPC18565.
9 Domain is important but no specific residues have been identified.

tyrosine residues through homologous B, receptor-me-
diated or through nonreceptor-regulated heterologous
mechanisms (Blaukat et al., 2000). Accordingly, the ef-
fects seen for mutations of Tyr'3! and Tyr®?? of the rat
B, receptor on the signaling properties of the receptor
apparently do not correlate with phosphorylation of
these residues (Prado et al., 1997).

Unlike the phosphorylation of B, receptors, ligand-
induced phosphorylation of B; receptors was undetect-
able in the absence or presence of an agonist, even by the
most sensitive radiolabeling techniques (Blaukat et al.,
1999a). In line with these findings, the signaling pat-
terns of the two types of kinin receptors differ with
respect to their duration; B, receptor-mediated signal-
ing is transient, whereas B, receptor-induced signaling
is sustained (Mathis et al., 1996; Faussner et al., 1998)
(see Section IV.D.).

C. Agonist and Antagonist Binding Sites in the
Receptors

1. B, Receptor Agonists. Several methods have been
used to map the agonist and antagonist ligand binding
sites in B, and B; receptors including site-directed and
chimeric B, and B, receptor mutagenesis, ligand recep-
tor cross-linking, and probing with antipeptide antibod-
ies against extracellular receptor domains and anti-
idiotypic antibodies. These studies have led to the
identification of several residues that appear to face the
ligand binding sites of the B, and B, receptors (Table 4).
The binding energy for BK and related peptide agonists
in the B, receptor seems to be provided by nonionic
interactions contributed by residues located throughout
the peptide as well as by ionic interactions provided by
the side chain of Arg! or the N terminus (Regoli and
Barabé, 1980; Tancredi et al., 1997). An early model of
BK bound to the rat B, receptor based on structural
homology modeling with bacteriorhodopsin, molecular

modeling, and systematic conformational searching
methods led to the identification of two candidate resi-
dues, Asp?® and Asp?®® (human residues Asp?®® and
Asp?®*) in EL-3 near the extracellular ends of TM-6 and
TM-7, respectively, with which BK may interact (Fig. 3)
(Kyle et al., 1994). It was proposed that these aspartates
interact electrostatically with the N-terminal amino
group, the guanidinyl side chain, or both on Arg' in BK,
a residue absolutely critical for function (Regoli and
Barabé, 1980). Alanine mutation of these aspartate res-
idues in the rat receptor confirmed their critical role in
BK binding (Novotny et al., 1994, Jarnagin et al., 1996).
Conclusive evidence for this orientation of the receptor-
bound BK was gained from chemical cross-linking of the
N termini of bound [*H]BK and [**°I-Tyr®|BK to Cys2""
in EL-3 (Herzig and Leeb-Lundberg, 1995; Herzig et al.,
1996) and Lys'”® near TM-4 (AbdAlla et al., 1996b),
respectively, in the human B, receptor (Fig. 3). Indeed,
the close proximity of the BK N terminus (3 A) to both
Cys?"” in EL-3 and Cys®° in the receptor N terminus
provided direct support for the helical bundle GPCR
structure (Herzig et al., 1996). Inhibition of BK binding
by antipeptide antibodies specific for the N-terminal
halves of EL-3 and EL-2 provided further evidence for
this orientation (AbdAlla et al., 1996¢). The sensitivity of
the human B, receptor to the presence and absence of
L-Lys at the N-terminal end of the peptide ligand was
also used to orient the bound peptide agonists in the
human B, receptor (Fathy et al., 2000). To do so, a
chimeric construct was made in which B, receptor EL-3
was substituted in the B, receptor. This substitution
resulted in a drop in the affinity of BK to that for the B,
receptor. Addition of an L-Lys at the N terminus of the
peptide to make Lys-BK, which is critical for high affin-
ity binding to B, receptors, fully restored the affinity of
the peptide.
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Early mutagenesis studies in the rat B, receptor also
identified Thr?®® and Phe®®' (human residues Thr?%?
and Phe?%), located one and two helical turns proximal
to Asp?®® in TM-6, as critical BK binding residues (Fig.
3; Nardone and Hogan, 1994; Jarnagin et al., 1996).
Thr?%® — Ala and Phe?®! — Val mutations yielded ap-
proximately 2000- and 1000-fold drops, respectively, in
BK binding affinity to this receptor. Critical roles for
these residues in the human B, receptor were again
confirmed by a chimeric approach in which human B,
receptor TM-6 was substituted in the B, receptor. Sub-
stitution of B, receptor TM-6, which is only 36% identi-
cal to B, receptor TM-6, yielded alanine and tyrosine at
the corresponding positions and resulted in a 76-fold
drop in BK binding affinity (Leeb et al., 1997). Replace-
ment with the original B, receptor residues, threonine
and phenylalanine, at these respective positions com-
pletely restored BK binding affinity.

Successive substitution of individual human B; recep-
tor TM and extracellular domains in the human B,
receptor resulted in the identification of a residue,
Ser'!, two helical turns into TM-3, which is thought to
be adjacent to the C-terminal end of BK (Fig. 3) (Fathy
et al., 1998, 2000). Substitution of B; receptor TM-3,
which again is only 36% identical to B, receptor TM-3,
yielded lysine at the corresponding position and resulted
in a complete loss of BK binding (Fathy et al., 1998).
Replacement with the original B, receptor residue,
serine, at this position completely restored BK binding
affinity. The minimal effect of alanine mutation and the
inhibitory effect of lysine mutation of Ser'*! on BK bind-
ing in the wild-type B, receptor argues that it is the
presence of a positively charged residue rather than the
absence of serine at this position that inhibits binding,
possibly by repelling the positively charged C-terminal
arginine. Thus, the C terminus of bound BK seems to be
adjacent to but not interacting with Ser!!! in TM-3. In
summary, it is concluded that BK reaches from the
extracellular surface of the receptor adjacent to EL-3,
where the BK N terminus is located, down two helical
turns along the interior face of TM-VI and residues
Thr?¢® and Phe®°, and across into a pocket bordered by
the interior face of TM-3 and presumably TM-4, -5, and
-6, adjacent to Ser'!! in TM-III and where the C termi-
nus is located.

The binding of the nonpeptide B, receptor agonist
FR190997 only partially overlaps with that of BK (Bel-
lucci et al., 2003). Mutation of Trp®® — Ala in TM-2 and
Phe?*® — Ala in TM-6 of the human B, receptor caused
significant drops in the affinities of both FR190997 and
BK (Fig. 3). On the other hand, alanine mutation of
other residues including Ile''® and Tyr?%® interfered
only with FR190997. Phe®*® and Tyr?®® are interesting
since the former residue is, therefore, a common critical
agonist binding epitope, whereas the latter is also a
critical nonpeptide antagonist binding epitope (Marie et

al., 2001; Meini et al., 2004b) and, consequently, may be
specific for some nonpeptide ligands.

2. By Receptor Antagonists. B, receptor binding of
the peptide antagonists NPC17731 and icatibant is in-
sensitive to most mutations that perturb BK binding
(Jarnagin et al., 1996, Fathy et al., 2000; Marie et al.,
2001), indicating that the peptide agonist and antago-
nist binding sites in the B, receptor are not identical.
The only binding site overlap seems to be by Ser'!! (Fig.
3). Analogous to BK binding (see above), substitution of
B, receptor TM-3 in the B, receptor led to a loss of
NPC17731 binding, which was fully restored upon re-
placing the lysine at position 111 in the chimera with the
original B, receptor residue, serine (Fathy et al., 1998).
Furthermore, Ser'!! — Lys mutation in the B, receptor
yielded a small but significant drop in NPC17731 bind-
ing, which was not observed with Ser''! — Glu or Ala
(Fathy et al., 1998; Marie et al., 2001). That the C
termini of BK, NPC17731, and icatibant overlap may
not be surprising since they all depend on a B-turn in the
C-terminal end for high affinity binding. Using the B,
receptor Ser'!! — Lys mutant and a series of icatibant
analogs with either an amidated C terminus or Arg'®
replaced with alanine or glutamate, it was confirmed
that the peptide C-terminal arginine residue is adjacent
to Ser!!! and that high affinity binding is dependent on
the positive charge of the guanidinyl side chain being
compensated by the negative charge of the C terminus
(Cucchi et al., 2002).

Alanine scanning mutagenesis of a large number of
residues in the human B, receptor revealed that the
binding of the nonpeptide antagonist ligand LF 16-0335
involves contacts with 1'%, Trp?%%, Tyr??®, and GIn?®8,
with the ligand quinoline moiety positioned in a li-
pophilic environment between Trp?®® and Tyr??° (Fig. 3)
(Marie et al., 2001; Meini et al., 2004b). Although the
binding of FR173657, a structurally different nonpep-
tide antagonist ligand containing the same critical quin-
oline pharmacophore, overlapped with LF 16-0335 at
1'% and Tyr??®, it did not overlap at Trp?®¢ (Meini et al.,
2002). Thus, it was proposed that the quinoline moiety of
FR173657 is positioned between I''° and Tyr??°. Inter-
estingly, mutations affecting nonpeptide antagonist
binding affected peptide antagonist binding only mini-
mally, if at all. Thus, antagonism may be caused by
ligands interacting with widely different binding
epitopes, as described for other GPCRs.

3. B; Receptor Agonists. Relatively few binding site
mapping studies have been done in the B, receptor.
Considering that the endogenous ligands for the B, and
B, receptors are structurally very similar differing only
by the absence and presence of a C-terminal arginine
and that both peptide agonists (e.g., Lys-BK) and antag-
onists (e.g., B9430) with low selectivity exist, the peptide
binding sites in the two receptors are probably similar.
Unlike BK, the binding energy for Lys-des-Arg®-BK in
the B, receptor seems to be provided primarily by ionic
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interactions contributed by the positive charges of Lys!
and/or Arg? and the negatively charged C terminus,
whereas positions 3—6 serve primarily a structural role
(Regoli and Barabé, 1980; Tancredi et al., 1997). Fur-
thermore, the dependence on an N-terminal L-lysine for
binding to the B; receptor also varies with the species.
Whereas B, receptors in most species have a much lower
affinity for des-Arg®-BK compared with Lys-des-Arg®-
BK, rodent receptors bind the two peptides with almost
equal high affinity (nanomolar) (see Section II.A.). As
described above, this phenotype may be traced to the
fact that rodent kininogen contains an arginine rather
than a lysine N-terminal of the BK sequence (Hess et al.,
1996; Takano et al., 1997); arginine cannot replace ly-
sine for high affinity binding to the human B, receptor
(Fathy et al., 2000).

The B, receptor contains a conserved glutamate (hu-
man residue Glu®?’®) and aspartate (human residue
Asp?®?) at the positions corresponding to the two aspar-
tates in EL-3 in the human B, receptor, which are as-
sumed to interact with Arg! in des-Arg®-BK and Lys-
des-Arg®-BK, a residue critical for peptide B, receptor
binding (Regoli and Barabé, 1980), even though this
needs to be tested (Fig. 3). Likewise, Lys! in Lys-des-
Arg®-BK is thought to interact specifically with a resi-
due(s) in EL-3 (Fathy et al., 2000). For the C-terminal
end of the peptide, serine mutation of Lys'!® in TM-3 of
the human B, receptor (Ser'!! in the human B, recep-
tor) resulted in a complete loss of Lys-des-Arg®-BK bind-
ing showing that Lys''® provides a counterion for the C
terminus of peptide ligands lacking the C-terminal ar-
ginine. Indeed, the acceptance by the receptor of a C-
terminal arginine in the peptide ligand, the most impor-
tant peptide ligand determinant for receptor subtype
specificity, may be determined by the absence and pres-
ence of a lysine at this position.

The human B; receptor expressed in HEK293 cells
was reported to be activated directly by enalaprilat and
other ACE inhibitors (Ignjatovic et al., 2002). This acti-
vation was found to be dependent on the Zn?*-binding
consensus motif HEXXH at positions 195-199 at the top
of TM-5 in EL-2 in the receptor (Fig. 3). Indeed, His'%® —
Ala mutation or incubation with a peptide spanning
positions 192-202 blocked activation of the receptor by
these inhibitors. The direct effect of ACE inhibitors on
the B, receptor was subsequently re-evaluated by Fortin
et al. (2003b), who were completely unsuccessful in
showing any agonism by these inhibitors at the human
or rabbit receptor in either contractility assays or cell-
based functional assays. The conserved Zn?*-binding
consensus motif in the B; receptor, which is not present
in the B, receptor, may participate in diverse functions
such as the formation of heterodimers with other molec-
ular partners that remain to be identified, some enzy-
matic activity, or the direct binding of other kallikrein-
kinin system components.

4. B; Receptor Antagonists. Peptide antagonists are
also sensitive to the type of residue at position 118 in
the B; receptor (Fig. 3). The B, receptor affinity of
NPC18565, the des-Arg'® analog of NPC17731, in-
creased upon replacement of Ser!!! with lysine. On the
other hand, alanine had no effect and glutamate de-
creased binding further supporting the counter-ion role
of a basic residue at this position (Fathy et al., 1998).
Another discriminating region for peptide antagonists in
B, and B, receptors is located in the N-terminal half of
TM-7. Substitution of the B, receptor TM-VII into the B,
receptor yielded 7- and 20-fold decreases in the affinities
of Lys-des-Arg®-BK and Lys-[Leu®]des-Arg®-BK, respec-
tively. Interestingly, the affinity of icatibant was in-
creased 13-fold (Bastian et al., 2000). Replacement of
Thr?®*7 in this chimera with the corresponding B, recep-
tor residue, leucine, led to a complete recovery of Lys-
des-Arg®-BK affinity, and replacement of Tyr?®® with
the B, receptor residue phenylalanine restored both pep-
tide agonist and antagonist binding properties. Individ-
ual substitution of Leu?** and Phe®’? in the B, receptor
with the B, receptor counterparts increased icatibant
affinity 6- and 69-fold, respectively. Thus, these residues
may make up part of the binding pocket for peptide
antagonists in both the B; and B, receptors. Interest-
ingly, these residues are close to GIn®?° in the rat B,
receptor (human B, residue GIn?®®; human B, residue
GIn?%%), which upon alanine mutation caused an 11-fold
reduction in BK affinity (Jarnagin et al., 1996).

B, receptor binding of Compound 11, a recently devel-
oped selective B, receptor nonpeptide antagonist (Fig. 2;
Su et al., 2003), was insensitive to alanine mutation of
Lys''® in TM-III (Fig. 3). On the other hand, a 15-fold
drop in affinity was observed upon alanine mutation of
Asn'1* located one turn above Lys!!® in TM-3. Further-
more, GIn?°® — Ala mutation in TM-VII decreased the
affinity of Compound 11 by 26-fold without perturbing
peptide agonist binding. Whereas these mutations sug-
gest that the binding site for this nonpeptide antagonist
may be proximal to the peptide agonist binding site in
this receptor, the two sites are distinct.

D. Evolutionary Aspects of Kinin Receptors

To date, our knowledge on the evolution of kinin re-
ceptors is rather limited. For B; receptors, orthologs
have been identified in human (Menke et al., 1994), rat
(Ni et al., 1998a), mouse (Pesquero et al., 1996b), rabbit
(MacNeil et al., 1995), dog, African green monkey, rhe-
sus monkey (Hess et al., 2001), and Tupaia minor (lesser
treeshrew). For B, receptors, orthologs have been de-
scribed in human (Hess et al., 1992), rat (McEachern et
al., 1991), mouse (McIntyre et al., 1993; Hess et al.,
1994), guinea pig (Farmer et al., 1998), rabbit (Bach-
varov et al., 1995), dog (Hess et al., 2001), T. minor, and
pig. Only two nonmammalian Kkinin receptors are
known: the chick ornithokinin receptor (Schroeder et al.,
1997) which responds to ornithokinin, [Thr®, Leu®]-BK,
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and the zebrafish kinin receptor (Dunér et al., 2002)
triggered by piscine kinin, [Arg®,Trp® Leu®]-BK.

As described above, genomic sequencing of the human
chromosomal regions encoding the B; and B, receptors
(chromosome 14) revealed that the two genes are located
in tandem orientation on chromosome 14q32.1-q32.2
with the B, receptor gene being proximal to the B;
receptor gene, separated by an intergenic region of only
12 kb (Fig. 4; Cayla et al., 2002a). Likewise, the two
kinin receptor genes are juxtaposed in a single locus of
the mouse (7.8 kb apart on chromosome 12) and rat (9.5
kb apart in chromosome 6) genomes. The close proximity
of the two genes clearly suggests that they evolved from
a common ancestor by a gene duplication event. The
three exon organization of the B; and B, receptor genes
is similar in human, mouse, and rat, except that the
human and rat, but not the mouse, B, receptor genes
carry an alternatively spliced exon 2b interspersed be-
tween exons 2 and 3 (Cayla et al., 2002a). These findings
exemplify the principle that human evolution may have
progressed without a change in the total gene number
but by increasing the diversity of the gene products due
to the insertion of alternatively spliced exons (Cayla et
al., 2002a). Phylogenetic analyses comparing the amino
acid sequences of mammalian kinin receptors demon-
strated only 80% identity among human, mouse, rat,
and rabbit B, receptors suggesting that the underlying
gene has evolved fairly rapidly. In a neighbor-joining
tree, the nonmammalian kinin receptors from chicken
and zebrafish form a cluster with mammalian B, recep-
tors (Dunér et al., 2002) indicating that the latter may
indeed represent the primordial kinin receptor gene
(Fig. 1). This notion is reinforced by the fact that B,
receptor-like genes have not been found in chicken or
zebrafish to date.

Although sequence information on kinin receptors
from other vertebrate or nonvertebrate species, includ-
ing reptiles or insects, is still lacking, there is at least
circumstantial evidence that kinin receptors may exist
in many more species where kinins have been unequiv-
ocally identified. For instance, reptiles such as croco-
diles, turtles, and tortoises generate [Thr®]-BK, whereas
snakes produce [Ala!, Thr®]-BK (python) or [Val', Thr®]-
BK (colubrid snakes), whereas fish release [Trp°]-BK
(bowfish, gar), [Met!, Met®]-BK (sturgeon), or extended
versions of BK, i.e., [Arg®, Trp® Leu®]-BK (trout, cod, eel)
(Conlon, 1999). Amphibia, in particular frogs of the ge-
nus Rana, produce massive amounts of “authentic” BK
in their skin, and insects such as wasp perfectly “mimic”
the human kinin and produce high amounts of [Hyp®]-
BK in their venoms. At this time, it is unclear whether
these species produce kinins as components of their own
signaling cascades involving homologous kinin recep-
tors, or whether they have developed the capacity, due to
convergent evolution, to produce kinins in venoms or in
skin to target their kinin-sensitive prey. With a rapidly
growing number of genomes from diverse species in the

pipeline, we will likely learn more about nonmammalian
and nonvertebrate kinin receptors soon.

IV. Molecular and Cellular Aspects of Kinin
Receptor Signaling and Regulation

A. Agonist-Dependent and -Independent Mechanisms of
Receptor Activation

As GPCRs, the B; and B, receptors are thought to
spontaneously isomerize between inactive and active
conformational states. Evidence for agonist-indepen-
dent, spontaneous B, receptor activity was first discov-
ered with inverse agonists in primary cultures of late-
pregnant rat myometrial cells (Leeb-Lundberg et al.,
1994b). In this system, the BK antagonists NPC17731,
icatibant, and NPC567 inhibited basal cellular phospho-
inositide (PI) hydrolysis in a dose-dependent, saturable,
and BK-independent manner and with an order of po-
tency typical of a B, receptor. The presence of a limited
but significant amount of spontaneous human B, recep-
tor activity has subsequently been confirmed in HEK293
cells transfected with the receptor (Fathy et al., 1999;
Marie et al., 1999). The B, receptor can be constitutively
activated by mutating specific residues in the trans-
membrane helices that presumably participate in inter-
helical contacts that stabilize the inactive conforma-
tion(s) of the receptor. Asp’® — Asn mutation in TM-2 of
the rat receptor (human residue Asp’®) was the first
such mutation and led to a modest 3-fold increase in the
agonist-independent receptor activity (Quitterer et al.,
1996). In that study, agonist-independent activity was
also elevated by a reduction in the Na™ ion concentra-
tion, and the salt effect was lost upon Asp’® mutation.
Therefore, it was proposed that Na™ ions stabilize the
inactive states of the receptor by interacting with Asp”®.
Mutating the corresponding residue, Asp’®, in the hu-
man B, receptor did not confirm this role (Marie et al.,
1999). On the other hand, Asn!!® — Ala mutation in
TM-3 was found to increase the human B, receptor
activity by 40-fold (Fig. 3). A smaller but significant
increase was also observed by Trp?°® — Ala mutation in
TM-6. Both peptide antagonist icatibant and nonpeptide
antagonist LF 16-0335 behaved as inverse agonists on
this constitutive activity.

The above observations led to a model of B, receptor
activation in which the inactive state is stabilized by an
interaction between Asn''® and Trp?°® (Fig. 3) (Marie et
al., 2001). This interaction was directly confirmed by the
ability of Zn?" to coordinate histidine residues substi-
tuted at these receptor positions. It was further pro-
posed that the quinoline moiety of the nonpeptide in-
verse agonist LF 16-0335 is positioned between Tyr?°® in
TM-7 and Trp?°® TM-6, two critical binding epitopes for
this ligand, to favor the interaction of Trp?*® with
Asn'13. In the active receptor state, Trp?°® was instead
proposed to interact with Phe?*® (Marie et al., 2001).
This interaction may be preferred or favored by agonists

¥20Z '92 Joqueoag uo sjeulnor 134SY e 61o'seuino isdse: Asiwseyd Wo.j papeo jumod


http://pharmrev.aspetjournals.org

44 LEEB-LUNDBERG ET AL.

since Phe?®? is a specific critical epitope for high affinity

binding of both BK (Nardone and Hogan, 1994; Jarnagin
et al., 1996; Leeb et al., 1997) and nonpeptide agonist
FR190997 (Bellucci et al., 2003). However, the agonist-
receptor interaction is probably more complex, since B,
receptor activation seems to involve more than one ag-
onist-binding mode (Leeb-Lundberg and Mathis, 1990).

Critical receptor epitopes for G protein binding and
activation are often located on multiple intracellular
domains, which are thought to act in concert to form a
binding site. Some efforts have been made to identify
epitopes in the B, and B, receptors that are important
for G protein signaling to PI hydrolysis and arachidonic
acid release. Truncation of the human B, receptor C-
terminal tail up to and including Ser®'® attenuated but
did not inhibit receptor coupling (Fig. 3; Prado et al.,
1997; Pizard et al., 1999; Kang and Leeb-Lundberg,
2002). On the other hand, truncation beyond this resi-
due completely abolished activity (Kang and Leeb-Lund-
berg, 2002). This effect may be due to the disruption of
an amphipathic « helix, helix 8, that is presumed to span
positions 310 to 321 in the human receptor and which
may be required for effective receptor coupling to Ga,
(Kang and Leeb-Lundberg, 2002). Two residues in this
helix have been found to influence signal coupling. Ala-
nine mutation of Arg®!! yielded a dramatic increase in
the coupling to PI hydrolysis suggesting that this resi-
due has a structural role in this helix (Kang and Leeb-
Lundberg, 2002). Alanine mutation of Tyr??? in the rat
receptor (human residue Tyr32°) had no direct effect on
signal coupling. On the other hand, this mutation com-
pletely recovered the deleterious effect of mutating
Tyr'3! (human residue Tyr'?°) in IC-II and part of the
DRY motif. Several additional mutations led to the con-
clusion that these two tyrosines are involved in an in-
teraction, which is controlled by Thr'3” (human residue
Tyr!3%) and important for G protein activation and re-
ceptor internalization (Prado et al., 1998). Truncation of
the B, receptor C-terminal tail revealed that this do-
main is not necessary for efficient coupling to PI hydro-
lysis, even though residues in the membrane distal por-
tion of the tail greatly augment both constitutive and
agonist-promoted signaling (Kang and Leeb-Lundberg,
2002).

A potentially novel mode of B, receptor activation
involving proteases was recently proposed (Hecquet et
al., 2000). It was reported that tissue and plasma kal-
likrein, trypsin, and cathepsin G triggered receptor-
dependent intracellular Ca®" mobilization that was in-
hibited by the BK antagonist icatibant. That tissue
kallikrein activates the B, receptor directly has been
challenged since it was found that at low tissue kal-
likrein concentrations a local generation of kinins was
observed that could mediate the response, whereas at
high concentrations, tissue kallikrein cleaved and de-
graded the receptor and exerted nonreceptor-mediated
effects on Ca®" signaling (Houle et al., 2003). That the

B, receptor is a typical protease-activated receptor
seems unlikely since BK and Lys-BK are natural ligands
for this receptor, and BK-like sequences are conspicu-
ously absent from the known primary structures of kinin
receptors.

The B, receptor is constitutively active in transfected
HEK293 cells (Leeb-Lundberg et al., 2001). Indeed, this
activity is almost as high as that of the agonist-stimu-
lated B, receptor. Nevertheless, agonists further stimu-
late B, receptor activity. Constitutive B, receptor activ-
ity has not been confirmed in a native system since at
present time such activity can only be detected using
inverse agonists, and no such agents are currently avail-
able for this receptor. Interestingly, alanine mutation of
Asn'?! in the human B, receptor, which corresponds to
Asn''? in the human B, receptor, caused a further large
increase in constitutive B; receptor activity suggesting
that this activity has a molecular basis that is different
from the basal constitutive activity (Fig. 3) (Leeb-Lund-
berg et al., 2001; Ni et al., 2003).

B. Receptor Cellular Signaling Pathways

The B, receptor is generally described as signaling
through Ga, (Gutowski et al., 1991; LaMorte et al,,
1993; Liao and Homcy, 1993; Wilk-Blaszczak et al.,
1994; Jones et al., 1995), even though this receptor in-
teracts with several other G proteins as well including
Go; (Ewald et al., 1989; Linder et al., 1990), Ga, (Lieb-
mann et al., 1996), and Gayq/5 (Gohla et al., 1999).
BK-stimulated Ga,-sensitive phospholipase Cg yielding
PI hydrolysis and an increase in intracellular free Ca®*
has been observed in many cell types (e.g., Yano et al.,
1985; Tilly et al., 1987; Fasolato et al., 1988; Voyno-
Yasenetskaya et al., 1989; Byron et al., 1992; Derian and
Moskowitz, 1986). Furthermore, BK translocation of the
protein kinase C (PKC) isozymes «, €, and { has been
shown in both fibroblasts (Tippmer et al., 1994) and
endothelial cells (Ross and Joyner, 1997). BK stimula-
tion of phospholipase A, activity appears to occur via G
protein-mediated mechanisms (Burch and Axelrod,
1987; Yanaga et al., 1991) through Ca®*- and phospho-
rylation-dependent activation of the cytosolic isoform of
phospholipase A, (Xing et al., 1997; Lal et al., 1998),
whereas phospholipase D activation can be mediated
via Ca?* influx, PKC activation, and the monomeric
GTPase RhoA (Pyne and Pyne, 1995; Meacci et al., 1999;
Han et al., 2003).

BK is an efficacious stimulator of eNOS and NO pro-
duction through Ca®?"-mediated mechanisms in endo-
thelial cells (Busse and Fleming, 1995; see below). In
these cells, BK also transiently promotes tyrosine phos-
phorylation of MAPK (Fleming et al., 1995), phospho-
lipase Cvy (Fleming et al., 1996), Hsp90 (Harris et al.,
2000), and the B, receptor (Marrero et al., 1999) and
induces B, receptor association with phospholipase Cy
(Venema et al., 1998). Furthermore, BK activates a
caveolae-associated Janus-activated kinase/STAT path-
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way in these cells. This involves tyrosine phosphoryla-
tion of both the Janus-activated kinase family tyrosine
kinase Tyk2 and STATS3 followed by STATS3 nuclear
translocation. Following BK stimulation, the B, receptor
and STAT3 are translocated out of caveolae (Ju et al.,
2000).

Depending on the cell type, BK induces proliferative
(Owen and Villereal, 1983; Goldstein and Wall, 1984) or
antiproliferative (Patel and Schrey, 1992; Dixon and
Dennis, 1997; Alric et al., 2000) responses. The prolifer-
ative response involves many of the typical growth fac-
tor-promoted pathways. BK stimulation of MAPK,
which is independent of receptor endocytosis (Blaukat et
al., 1999b), appears to involve a synergistic coupling of
the receptor to both Ga, and Go; (Blaukat et al., 2000)
proceeding through PKC and calcium-dependent path-
ways involving transactivation of the epidermal growth
factor (EGF) receptor or the combined actions of the
protein tyrosine kinases Pyk2 and Src (Dikic et al., 1996;
Zwick et al., 1997; Adomeit et al., 1999; Velarde et al.,
1999). In fibroblasts, BK also stimulates transient ty-
rosine phosphorylation and activation of focal adhesion
kinase (Leeb-Lundberg et al., 1994a) as well as several
other focal adhesion-associated phosphotyrosine sub-
strates (Leeb-Lundberg and Song, 1991) including pax-
illin and p130°2® (Leeb-Lundberg et al., 1994a), events
that have been linked to regulation of proliferation, ad-
hesion, migration, and apoptosis. In these cells, BK also
stimulates peripheral actin microspikes and membrane
ruffling via activation of Cdc42 and Racl (Kozma et al.,
1995). The antiproliferative actions of BK may be pros-
taglandin-mediated (Patel and Schrey, 1992), involve
activation of a tyrosine phosphatase (Alric et al., 2000;
Duchene et al., 2002; see Section IV.C.), or occur via
further downstream mechanisms (Dixon and Dennis,
1997).

BK activates multiple transcription factors that regu-
late the induction of several cytokines involved in tissue
injury and inflammation as well as B; receptor induc-
tion. BK stimulates nuclear factor-kB (NF-«B) activa-
tion leading to interleukin (IL)-18 gene expression in
cultured fibroblasts (Pan et al., 1996). This activation
was inhibited by pertussis toxin indicating the partici-
pation of Goa; and/or GBy. Subsequent studies have
shown that BK stimulation of NF-«B activation proceeds
through both GBy and Ga, to PI-3K and Akt (Xie et al.,
2000) as well as RhoA (Pan et al., 1998). BK also stim-
ulates expression of IL-6 and IL-8 (Phagoo et al., 1999;
Hayashi et al., 2000). In cultured smooth muscle cells,
BK-stimulated expression of IL-8 was dependent on
both a prostanoid-independent and -dependent mecha-
nism (Zhu et al., 2003). The prostanoid-independent
mechanism involved activation of NF-«B, whereas the
prostanoid-dependent mechanism involved activation of
the transcription factors AP-1 and NF-IL-6. BK-stimu-
lated c-fos expression and AP-1 formation in smooth
muscle has been reported to occur through a pathway

involving ERK and Elk-1 (El-Dahr et al., 1998) and
reactive oxygen species (Greene et al., 2000).

The B, receptor also directly interacts with G, and G;
(Austin et al., 1997) through which it mediates agonist
stimulation of many of the same signaling pathways as
the B, receptor (reviewed by Marceau et al., 1998) in-
cluding PI hydrolysis (Tropea et al., 1993), elevation of
intracellular Ca?" (Bascands et al., 1993; Marsh and
Hill, 1994; Smith et al., 1995; Mathis et al., 1996), ara-
chidonic acid release (Tropea et al., 1993), eicosanoid
production (Levesque et al., 1995), and eNOS activation
and NO production (Tsutsui et al., 2000). Furthermore,
the B, receptor is also either proliferative (Marceau and
Tremblay, 1986) or antiproliferative (Dixon et al., 2002).
The proliferative response probably involves MAPK ac-
tivation (Christopher et al., 2001a), although prolonged
activation of MAPK leading to increased p27%P! activity
has been proposed to be responsible for the antiprolif-
erative effect of B; receptor stimulation in arterial
smooth muscle cells (Dixon et al., 2002).

Although the B; and B, receptors seem to couple to
similar cellular signal transduction pathways, the pat-
terns of signaling are different. In vascular smooth mus-
cle cells, B, receptor stimulation led to a transient in-
crease in PI hydrolysis that exhibited little dependence
on extracellular Ca®", whereas B, receptor stimulation
was more sustained and significantly dependent on ex-
tracellular Ca®". Furthermore, the B, receptor elicited a
transient increase in intracellular free Ca%*, whereas
the B; receptor elicited a sustained signal which was
characterized by a plateau of elevated Ca®" or baseline
oscillation that were dependent on extracellular Ca®"*
influx (Bascands et al., 1993; Tropea et al., 1993; Smith
et al., 1995; Mathis et al., 1996). The distinct patterns of
signaling are probably consequences of the rather differ-
ent degrees of short-term regulation that these receptors
are subject to, including both receptor desensitization
and internalization (see Section IV.D.).

C. Protein-Protein Interactions in Receptor Signaling

BK binding kinetics to the B, receptor expressed in
CHO cells at different levels of receptor occupancy fol-
lowed the model of negative cooperativity (Pizard et al.,
1998). This result is directly indicative of receptor-recep-
tor interactions in the membrane. Indeed, BK binding to
the B, receptor on PC-12 cells followed by cross-linking
of the agonist to the receptor led to the identification of
monomeric as well as dimeric and possibly higher order
homo-oligomeric receptor structures (AbdAlla et al.,
1999). No oligomeric structures were detected following
cross-linking of the B, receptor antagonist icatibant.
Incubation of the cells with a peptide corresponding to
the receptor N-terminal domain or deletion of this do-
main in receptors expressed in HEK293 cells disrupted
the BK-promoted structures. Neither peptide competi-
tion nor deletion mutagenesis affected receptor-medi-
ated stimulation of cellular PI hydrolysis and intracel-
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lular Ca®* mobilization. On the other hand, a decrease
in receptor desensitization and internalization was ob-
served. Although these results suggest that B, receptor
homo-oligomers exist and participate in receptor regu-
lation, our understanding of receptor oligomerization is
still in its infancy.

Recently, Kang et al. (2005) provided evidence consis-
tent with B; receptor homo-oligomerization by using
coimmunoprecipitation of differentially tagged receptors
and immunoelectron microscopy. Truncation of the re-
ceptor indicated that the epitope for oligomerization ap-
pears to be located between Leu?® and Val™® (Fig. 3).
Furthermore, receptor fragments acted as dominant-
negative mutants by competitively preventing formation
of intact receptor homo-oligomers and redistributing the
receptors from the cell surface to a common intracellular
compartment. It was concluded that receptor homo-oli-
gomerization is required for expression of receptors on
the cell surface and subsequent constitutive and ago-
nist-stimulated cell signaling.

Evidence for a heterologous B, and B, receptor com-
plex has also been presented (Kang et al., 2004). Human
B, and B, receptors were found to spontaneously het-
erodimerize when coexpressed in transfected HEK293,
as determined by both coimmunoprecipitation and iden-
tification of plasma membrane colocalization by immu-
noelectron microscopy. Heterodimerization was associ-
ated with a proteolytic degradation specifically of the
participating B, receptor and an increase in both ago-
nist-dependent and -independent signaling of the heter-
ologous receptor complex. This cell-specific regulatory
mechanism was suggested to participate in converting a
kinin signal from a B,-type to a B;-type during persis-
tent insult and B; receptor induction. Direct support for
an interaction between B, and B, receptors was pro-
vided by studying kinin-stimulated proliferative signal-
ing in PC3 prostate cancer cells, where the pharmaco-
logical profile of kinin signaling through each receptor
subtype suggested the coengagement of the other sub-
type in the response (Barki-Harrington et al., 2003).

A heterodimeric complex of the B, and AT, receptors
has also been observed in both A10 vascular smooth
muscle cells and in transfected HEK293 cells (AbdAlla
et al., 2000). The formation of this complex, as detected
using agonist cross-linked receptors and immunoaffinity
chromatography, was independent of agonist binding.
On the other hand, receptor coexpression increased the
potency and efficacy of angiotensin II, whereas it de-
creased the potency and efficacy of BK. Furthermore, B,
and AT, receptors expressed individually sequestered
through a dynamin I-independent mechanism, whereas
coexpression yielded dynamin I-dependent receptor se-
questration. The enhancement of angiotensin II signal-
ing was independent of BK B, receptor binding but
dependent on an intact B, receptor G protein coupling
mechanism. The existence of a B,/AT; heterodimeric
complex may have implications for blood pressure con-

trol since these two receptors are functional antagonists
in cardiovascular regulation with BK being a vasode-
pressor and angiotensin I being a vasoconstrictor. Fur-
thermore, the levels of these two agonists are oppositely
regulated by ACE, underlying part of the beneficial ef-
fects of ACE inhibitors. Pre-eclampsia involves a hyper-
sensitivity to angiotensin II. Interestingly, evaluation of
platelets and omental vessels from a group of pre-
eclamptic women revealed an increased level of Bo/AT,
heterodimers on these cellular structures (AbdAlla et
al., 2001). The increase was due to an elevated expres-
sion of the B, receptor. As predicted, this was associated
with an increased sensitivity to angiotensin II. Further-
more, the dimerization conferred an increased resis-
tance in the AT, signaling to reactive oxygen species.
Thus, Bo/AT, receptor heterodimers may in part under-
lie the increased sensitivity to angiotensin II observed in
pre-eclampsia.

In addition to physically interacting with effector G
proteins (Mathis and Leeb-Lundberg, 1991), the B, re-
ceptor has also been found to directly interact with other
effectors in a G protein-independent manner. BK stim-
ulation of endothelial NO production involves both a
Ca%*- and phosphorylation-dependent activation of
eNOS (Busse and Fleming, 1995; Venema, 2002). In
addition, By, receptors physically interact with eNOS via
an epitope in the membrane-proximal portion of the
receptor C-terminal domain, as shown by both coimmu-
noprecipitation in endothelial cells and enrichment of
eNOS using a glutathione S-transferase fusion protein
containing the C-terminal tail of the receptor (Ju et al.,
1998; Golser et al., 2000). Since a C-terminal peptide
containing the epitope inhibited purified eNOS activity,
and BK binding to the B, receptor caused a dissociation
of the receptor eNOS interaction in the endothelial cells;
a possible regulatory scenario is that this interaction
contributes to BK activation of the enzyme by disinhib-
iting it. A more detailed description was recently pub-
lished elsewhere (Venema, 2002).

The antiproliferative action of BK in rat mesangial
cells involves a direct physical interaction of the B,
receptor with the protein tyrosine phosphatase SHP-2
(Duchene et al., 2002). Interaction via an ITIM domain
located at the bottom of TM-7 was proven both by B,-
SHP-2 coimmunoprecipitation, receptor mutagenesis,
and by surface plasmon resonance with SHP-2 using
synthetic wild-type and mutated receptor peptides. The
involvement of this interaction in the antiproliferative
action of BK was shown in stable CHO cells expressing
receptor mutated in the ITIM sequence as well as in rat
mesangial cells transfected with a dominant-negative
SHP-2 mutant.

The By, receptor is also thought to interact with ACE.
Inhibitors of ACE exert many of their beneficial cardio-
vascular effects via the B, receptor (Linz et al., 1995). In
addition to preventing BK degradation, evidence has
accumulated pointing toward the fact that ACE inhibi-
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tors potentiate BK actions via a more direct effect on the
B,, receptor and its regulation and that the B, receptor
and ACE communicate directly in the membrane
(Hecker et al., 1994; Minshall et al., 1997a,b). For exam-
ple, ACE inhibitors enhance the effect of ACE-resistant
analogs of BK (Hecker et al., 1994). Furthermore, they
reactivate B, receptors following BK-promoted receptor
desensitization (Benzing et al., 1999; Marcic et al.,
1999), which is absolutely dependent on ACE and B,
coexpression (Marcic et al., 1999). ACE inhibitors also
prevent the sequestration of the B, receptor in caveolae
(Benzing et al., 1999). Indeed, the B, receptor and ACE
apparently coimmunoprecipitate in stable CHO cells co-
expressing the proteins (Marcic et al., 2000). Further-
more, following addition of a glycosylphosphatidylinosi-
tol moiety to ACE, which targets the enzyme to
cholesterol-rich plasma membrane lipid rafts, ACE in-
hibitors were unable to reactivate the desensitized B,
receptor (Marcic et al., 2000). On the other hand, treat-
ment with filipin to disrupt the microdomains recovered
the effect of the inhibitors. Furthermore, BK enhanced
the activity of ACE-associated casein kinase 2 and the
phosphorylation of ACE residue Ser'??° in human endo-
thelial cells, and this is linked to c-Jun NH,-terminal
kinase association of ACE and nuclear accumulation of
phosphorylated c-Jun (Kohlstedt et al., 2004).

D. Receptor Desensitization

At the cellular level, BK stimulation of the B,, receptor
leads to a rapid desensitization of the receptor response
as determined both by PI hydrolysis and the increase in
intracellular Ca®* in a number of native systems includ-
ing NG108-15 cells (Wolsing and Rosenbaum, 1991), rat
mesangial cells (Bascands et al., 1993), vascular endo-
thelial cells (Smith et al., 1995), vascular smooth muscle
cells (Mathis et al.,, 1996), and various cell systems
transfected with the B, receptor (Blaukat et al., 1996,
2001; Fathy and Leeb-Lundberg, 1999). The mechanism
of B, receptor desensitization involves phosphorylation
of specific serines and threonines in the receptor C-
terminal tail (see Section II1.B. and Fig. 5). Coexpression
of the B, receptor in HEK293 cells with individual G
protein-coupled receptor kinases (GRKs) revealed that
GRK2, GRK3, GRK5, or GRK6 did not significantly
change basal or BK-mediated B, receptor phosphoryla-
tion, whereas GRK4«a drastically increased the basal
level of 3*P-incorporation into the B, receptor (Blaukat
et al., 2001). Mapping studies showed quantitative
changes in the distribution pattern of phosphopeptides,
e.g., phosphorylation of Ser®*6/Ser3*® was enhanced 1.5-
to 3-fold over mock-transfected cells in the order
GRK3>GRK4a>GRK2>GRK5>GRK6. Most promi-
nently, GRK4«a elevated the basal phosphorylation of
Ser®3 and Ser®¥%/Ser®*® 15- and 24-fold, respectively.
Thus, various endogenous GRKs may phosphorylate the
B, receptor and induce distinct phosphorylation pat-
terns, even without apparent effect on total B, receptor

phosphorylation, with possible functional consequences
for receptor desensitization and internalization.

Among the non-GRKs, PKC induced a ligand-indepen-
dent phosphorylation of the B, receptor (Blaukat et al.,
1996). Pretreatment of cells with phorbol 12-myristate
13-acetate significantly reduced BK-triggered phospho-
lipase C stimulation indicating that heterologous recep-
tor phosphorylation may negatively affect the signaling
cascade of the B, receptor. 2-D phosphopeptide mapping
of 3P-labeled cells pretreated with phorbol 12-myristate
13-acetate identified Ser®*® as the major PKC phosphor-
ylation site. PKC-mediated phosphorylation of Ser3*¢
was also found in the absence of exogenous PKC activa-
tors. Of note, PKC stimulation did not produce tandem
phosphorylation of Ser®#%/Ser®*® indicating that basal
phosphorylation at Ser®*® and PKC-mediated phosphor-
ylation at Ser®*® is mutually exclusive (Blaukat et al.,
2001).

Reversible post-translational modifications such as
phosphorylation and palmitoylation of the B, receptor
may be dynamic and physiological processes that influ-
ence both receptor coupling efficacy and agonist behav-
ior. Alanine mutation of the cluster of serines and
threonines in the B, receptor C-terminal tail that are
targets for GRK phosphorylation elevated both agonist-
dependent and -independent receptor activity in trans-
fected HEK293 cells (Fathy et al., 1999). This observa-
tion suggests that the B, receptor is subject to not only
agonist-promoted desensitization but also a form of
basal desensitization, possibly caused in response to the
agonist-independent activity leading to a basal level of
phosphate in the receptor (Blaukat et al., 2001). Inter-
estingly, the increase in the basal receptor activity also
changed the behavior of the peptide antagonists
NPC17731 and icatibant from weak partial agonists to
inverse agonists, classifying them as protean agonists.
Alanine mutation of two cysteines (Cys®2* and Cys®2?) in
the C-terminal domain, which are targets for palmitoyl-
ation, had no direct effect on spontaneous or BK-stimu-
lated receptor activity (Fig. 3). On the other hand, these
mutations caused the peptide antagonist icatibant to go
from a weak partial agonist to an agonist with an effi-
cacy similar to that of BK (Pizard et al., 2001). Conse-
quently, one should keep in mind that the clinical use of
B, receptor antagonists may produce adverse effects,
depending on the status of receptor phosphorylation and
palmitoylation (Fathy et al., 1999; Blaukat, 2002).

Another mechanism that may participate in B, recep-
tor desensitization involves BK-promoted transient as-
sociation of G, and Ge; with caveolae, which occurred
with a time course more or less parallel to that of recep-
tor desensitization (de Weerd and Leeb-Lundberg,
1997). Additionally, BK affinity and stimulation of G
protein activity in endothelial cells was attenuated by
NO donors through a mechanism dependent on ¢cGMP
suggesting that B, receptor coupling is feed-back inhib-
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ited by ¢cGMP-dependent protein kinase (Miyamoto et
al., 1997).

The B, receptor differs from the B, receptor in that it
is desensitized only to a very limited degree (Bascands et
al., 1993; Smith et al., 1995; Mathis et al., 1996). This
receptor lacks any serines and threonines in the C-
terminal tails that are conserved across species. Indeed,
rodent B, receptors have a severely truncated C-termi-
nal tail, which lacks any consensus phosphorylation mo-
tifs. Furthermore, human B; receptors are not phos-
phorylated to any significant degree either in the
absence or presence of agonist (Blaukat et al., 1999a).
The difference in the extent of desensitization of B, and
B, receptors may contribute to the rather distinct pat-
terns of receptor signaling through common effector
pathways in different cells (Bascands et al., 1993; Tro-
pea et al., 1993; Marsh and Hill, 1994; Mathis et al.,
1996). Substitution of the human B, receptor tail in the
human B, receptor drastically reduced all B; receptor
activities including the basal and Asn'?! — Ala-induced
constitutive activities and the agonist-promoted activity
(Leeb-Lundberg et al., 2001). Furthermore, mutation to
alanine of the cluster of serines and threonines in the
C-terminal tail of this chimera, which are important for
phosphorylation and desensitization of the B, receptor,
partially restored the B,-like activity. Considering that
the wild-type B; receptor is neither phosphorylated
(Blaukat et al., 1999a) nor desensitized (Mathis et al.,
1996), these results suggest that it is the lack of this
regulation that contributes to the constitutive activity of
the receptor.

E. Cellular Distribution and Trafficking of Receptors

Direct identification of the B, receptor on the surface
of naive cells has been determined both immunocyto-
chemically in A431 cells (Haasemann et al., 1998) and in
tissues (Figueroa et al., 2001) and by fluorescence of
receptors fused with green fluorescent protein (GFP) in
transfected HEK293 cells (Bachvarov et al., 2001; Lamb
et al., 2001). Even though microscopy indicated a rela-
tively even distribution of the receptors in the plasma
membrane, specific enrichment of caveolae-like lipid
rafts indicated some constitutive targeting of the B,
receptor to these domains in some cells (Lamb et al.,
2002). Agonist-independent nuclear localization of a B,
receptor-GFP construct in HEK293 cells was recently
reported (Lee et al., 2004). The significance of this local-
ization is presently not known.

BK treatment leads to a rapid (minutes) loss of cell
surface B, receptors and BK internalization (Roscher et
al., 1984, 1990; Roberts and Gullick, 1989; Munoz et al.,
1993). BK and B, receptor internalization in HEK293
cells was largely arrestin- and dynamin-independent
(Lamb et al., 2001) suggesting a clathrin-independent
mechanism of endocytosis. Mutagenesis revealed that
BK-promoted internalization of the human B, receptor
is dependent on the cluster of serines and threonines

located in the receptor C-terminal tail (see Section II1.B.
and Fig. 5) and upon which receptor desensitization also
is dependent (Pizard et al., 1999). Detailed analysis of
the effect of different combinations of mutations on BK
internalization revealed that internalization could be
initiated with a relatively low level of phosphorylation
and without any residue specificity. Interestingly, a
small but significant fraction of BK internalization re-
mained insensitive to mutation of these residues sug-
gesting that alternative epitopes and mechanisms exist
for this regulatory process. Also, mutation of both Cys3?*
and Cys®?® to alanines to create a nonpalmitoylated
receptor causes only a minimal (20%) reduction in inter-
nalization (Pizard et al., 2001).

Subcellular fractionation of cultured smooth muscle
cells showed that the internalized BK was directed to both
microsomal and plasma membrane-associated compart-
ments (Munoz and Leeb-Lundberg, 1992). Further frac-
tionation combined with immunoelectron microscopy re-
vealed that BK binding triggers a rapid redistribution of
both BK and B, receptors to plasma membrane caveolae
(de Weerd and Leeb-Lundberg, 1997, Haasemann et al.,
1998). A B, receptor-GFP conjugate colocalized with trans-
ferrin following BK stimulation supporting endocytosis of
the receptor to a recycling compartment (Bachvarov et al.,
2001). Indeed, B, receptors rapidly recycles to the plasma
membrane as determined both by fluorescence microscopy
and by the reappearance of receptor binding sites following
removal of extracellular BK (Munoz et al., 1993; Bach-
varov et al., 2001). Indeed, careful stoichiometric analysis
suggests that the B, receptor rapidly recycles in the pro-
cess of internalizing BK (Lamb et al., 2002). Thus, BK-
promoted B, receptor trafficking appears to proceed at
least in part initially through a caveolae compartment,
which may merge with an endocytic compartment in the
cell and involves recycling of the receptor to the cell
surface.

The B, receptor down-regulates to a very limited ex-
tent even after prolonged agonist exposure (days) (Bach-
varov et al., 2001; Blaukat et al., 2003). B, receptor
down-regulation may be artificially induced by inhibit-
ing PI-3 kinase, which interferes with the recycling
pathway and results in the formation of giant endo-
somes (Houle and Marceau, 2003). Degradation of
plasma membrane B, receptors by extracellular pro-
teases released in various pathological states may be an
alternative mechanism of receptor down-regulation
(Bachvarov et al., 2001; Houle et al., 2003). A slow se-
questration of the rabbit B, receptor-GFP construct in
HEK293 cells in response to the peptide antagonists
NPC17731 and icatibant, but not the nonpeptide antag-
onist LF 16-0687 has been observed, and this effect has
been used as an explanation for the insurmountable
antagonism observed with the peptides on BK responses
in rabbit (Houle et al., 2000b).

Cell surface B; receptors have been identified using
heterologous cell systems expressing receptors fused to
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yellow fluorescent protein by confocal fluorescence mi-
croscopy (Sabourin et al., 2002a) and HA-tagged recep-
tors using immunoelectron microscopy (Kang et al.,
2005). The B, receptor differs from the B, receptor in its
distribution in that it is not enriched in caveolae-related
lipid rafts under naive conditions (Lamb et al., 2002).
Furthermore, the B; receptor is not internalized to any
appreciable extent in response to agonist exposure
(Faussner et al., 1998; Zhou et al., 2000; Lamb et al.,
2001). On the other hand, the B, receptor seems to be
subject to a considerably faster agonist-independent
clearance than the B, receptor (Fortin et al., 2003a). One
study reported that agonist promoted aggregation of a
rabbit B, receptor-yellow fluorescent protein conjugate
within the plasma membrane of HEK293 cells and colo-
calization with caveolin-1 as determined by confocal
fluorescence microscopy suggesting caveolae as the
targeted compartment (Sabourin et al., 2002a). A com-
parative immunological and biochemical analysis of the
wild-type B, and B, receptors in caveolae-enriched frac-
tions of the same type of cells reported a relatively low
association of the B; receptor in this compartment re-
gardless of whether the agonist Lys-des-Arg®-BK was
present or not (Lamb et al., 2002). Although some ago-
nist became associated with the caveolae-like rafts, acid
washing of cells prior to cell fractionation and raft en-
richment revealed that it was completely exposed to the
extracellular environment. This is in contrast to B, re-
ceptor-bound BK, which was completely sequestered in
the raft. Thus, the precise role of caveolae in B; receptor
trafficking remains to be fully clarified. As with agonist-
promoted B, receptor desensitization, the lower level of
agonist-promoted receptor internalization relative to the
B,, receptor is to a large extent due to different comple-
ments of regulatory epitopes, such as phosphorylation
sites in the C-terminal tails, since substituting the hu-
man B, receptor C-terminal tail in the B, receptor dra-
matically increased the internalization of the chimera in
transfected CHO cells (Faussner et al., 1998).

V. Long-Term Regulation of Kinin Receptors by
Proinflammatory Factors

A. Postisolation Induction of the B; Receptor

Smooth muscle preparations utilized in contractility
assays have played a particular historical role in the
discovery of the B, receptor, which was first pharmaco-
logically defined in the isolated rabbit aorta (Regoli et
al., 1977). In this preparation, exogenous kinins exert a
contractile effect that increases with in vitro incubation
time (Bouthillier et al., 1987). In such preparations, the
de novo synthesis of B; receptors is relatively specific;
responses mediated by other receptor types (including
B, receptors in some preparations) are much more sta-
ble as a function of time after harvesting the tissue.
Inhibition of RNA synthesis (with actinomycin D), pro-
tein synthesis (with cycloheximide), or protein matura-

tion along the secretory pathway (with brefeldin A) spe-
cifically prevent the development of a responsiveness to
exogenous B, receptor agonists without displaying toxic
effects on other types of responses. The isolated rabbit
aorta is a model for many other smooth muscle prepa-
rations (e.g., freshly isolated umbilical vein, coronary
arteries) and used to illustrate the phenomenon of post-
isolation B; receptor induction (Marceau et al., 1998;
Trevisani et al., 1999). Nonmuscle cellular elements can
also exhibit the postisolation induction of B, receptors:
vascular endothelial and colonic epithelial cells acquire
such a responsiveness in vitro from no response or small
initial response in the isolated bovine or porcine coro-
nary artery and rat colon, respectively (Drummond and
Cocks, 1995; Pruneau et al., 1996; Teater and Cuthbert,
1997).

In animal models, noxious treatments applied in vivo
render subsequently isolated smooth muscle prepara-
tions immediately responsive to B; receptor agonists
(e.g., the chemical inflammation of the rat urinary blad-
der, the injection of a sublethal dose of LPS in the rabbit;
Marceau et al., 1998). Stress signaling has been studied
following isolation and incubation of tissue preparations
in nutrient-poor media, such as the Krebs’ solution. The
sustained activation of mitogen-activated protein (MAP)
kinase activities (p38, ERK and stress-activated protein
kinase/c-Jun NH,-terminal kinase pathways) has been
observed in freshly isolated rabbit aortic tissue relative
to untreated cultured cells of various types (Larrivée et
al., 1998). Furthermore, pharmacological inhibitors of
some of these MAP kinases (PD 98059 for ERK-1, SB
203580 for p38a and -B) reduced with specificity the
time-dependent functional up-regulation of the B, recep-
tor, as assessed by contractility. Regulation of the B;
receptor expression by the p38 and ERK MAP kinases
has been subsequently observed in other experimental
systems (hyperalgesia in rats, Ganju et al., 2001; B,
receptor expression in cultured rat smooth muscle cells,
Lagneux et al., 2001). Pharmacological inhibition of NF-
kB, although relatively toxic for the preparation, also
prevents the postisolation development of responses me-
diated by B; receptors in the rabbit aorta (Sabourin et
al., 2002b). Indeed, the antiapoptotic action of this form
of signaling may be necessary for the preparation via-
bility over several hours.

B. Proinflammatory Cytokines and Growth Factors

The early connection between the cytokine network
and the induction of the B, receptor was again made
using the isolated rabbit aorta, in which several inflam-
matory cytokines and growth factors increase the rate of
sensitization to B; receptor agonists in rabbit aortic
rings. IL-1, IL-2, EGF, and oncostatin M have a similar
effect on the rabbit aorta (Bouthillier et al., 1987; Deb-
lois et al., 1988; Marceau et al., 1998) as interferon-vy
does on the bovine isolated mesenteric artery (de Kimpe
et al., 1994). Glucocorticoids and protein synthesis in-
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hibitors suppressed the up-regulation of the B, receptor-
mediated responses in the rabbit aorta, either under the
spontaneous or cytokine-stimulated conditions (Deblois
et al., 1988). Radioligand-based techniques applied to
cultured rabbit vascular smooth muscle cells essentially
showed that cytokines such as IL-1, EGF, and tumor
necrosis factor-a, but also fetal bovine serum and LPS,
up-regulate B; receptor abundance (B,,,) without
changing the affinity (Kp,) of the radioligand (Schneck et
al., 1994; Galizzi et al., 1994; Haddad et al., 2000; Sab-
ourin et al., 2002b) and confirmed the inhibitory effect of
glucocorticoids. These findings are suggestive for a gene
regulated by the cytokine network and immunopathol-
ogy. However, the cytokines, growth factors, and other
substances such as LPS (activator of toll-like receptor-4
signaling) that regulate the process are very diverse as
far as their receptor structure and signal transduction
system pathways are involved. NF-«B is a transcription
factor (or more precisely, a family of factors) controlling
the expression of numerous genes associated with im-
munity and inflammation under the effect of receptors
for inflammatory cytokines and LPS (Baldwin, 2001).
Furthermore, glucocorticoid antagonism of NF-«kB is
well documented and may involve induction of the in-
hibitory subunit IkBe, direct protein-protein interaction
between the activated glucocorticoid receptor and the
p65 subunit of NF-kB, or competition for coactivators
common to the glucocorticoid receptor and NF-«B
(Yamamoto and Gaynor, 2001). Surgical or chemical
adrenalectomy, with the resulting ablation of the endog-
enous glucocorticoids, produced both systemic NF-«B
activation and B, receptor up-regulation in rats (Cabrini
et al., 2001). There is now a strong agreement that B,
receptor induction in various systems is correlated to
NF-kB stimulation (i.e., nuclear translocation) and that
pharmacologic interventions that inhibit that process
prevent the receptor up-regulation (Ni et al., 1998b;
Schanstra et al., 1998; Cabrini et al., 2001; Sabourin et
al., 2002b). In cultured rabbit aortic smooth muscle cells,
NF-«kB also mediates induction of B, receptor expression
by fetal bovine serum and EGF, showing that these
stimuli are somehow distantly coupled to NF-«B and
providing a unified mechanism for receptor up-regula-
tion in this particular system.

The up-regulation of B, receptor mRNA and protein
by inflammatory cytokines is also documented: for in-
stance, interferon-y is active in T24 human urinary
bladder transitional carcinoma cells (Lung et al., 1998)
and IL-1B8 and TNF-« induce B, up-regulation in human
embryonic lung fibroblasts HEL299 (Haddad et al.,
2000). In the latter system, the induction of B, receptors
is parallel to that of B, receptors, but apparently mech-
anistically different (protein kinase A is claimed to have
a role). As the B, receptor population is preformed in
many tissues, it appears to be down-regulated in some
chronic inflammatory models (see below), but the func-
tional consequences of the up-regulation have not been

investigated as much as those of the B; receptor. Func-
tional and molecular approaches show that estrogens
are permissive for the expression of B, receptors in rats
(Madeddu et al., 1997). Culture medium with high glu-
cose or stimulation with angiotensin II also up-regulate
B, receptor expression in specific experimental systems
(Christopher et al., 2001b; Kintsurashvili et al., 2001) as
does stimulation with nerve growth factor (Lee et al.,
2002).

C. Agonists

The sustained activation of the B, receptor is expected
to lead to functional desensitization, which is associated
with receptor phosphorylation/dephosphorylation and
endocytosis/surface re-expression cycles (Blaukat et al.,
1996). In contrast, true B, receptor down-regulation is
observed in some forms of intense, chronic inflammation
(e.g., loss of B, receptor immunoreactivity in renal grafts
undergoing acute rejection in humans, Naidoo et al.,
1996; specific loss of BK functional effect in rat colonic
mucosa submitted to persistent inflammation, Kachur
et al., 1986). The mechanism of this hypothetical down-
regulation is unknown, as is the obligatory role of the
autologous agonist in this phenomenon. A 3-h stimula-
tion with BK does not lead to the detectable degradation
of a green fluorescent protein conjugate of the rabbit B,
receptor, although persistent endocytosis is observed
(Bachvarov et al., 2001). This and other observations
suggest that ligand-receptor complexes are not targeted
to the lysosomes to any measurable extent for this par-
ticular GPCR. Endogenously expressed B, receptors are
down-regulated by prolonged (=12 h) exposure to BK in
cultured human fibroblasts (Blaukat et al., 2003); a
mechanism involving the combined transcriptional re-
pression and accelerated receptor degradation has been
proposed to account for these observations. An addi-
tional agonist-independent mechanism for inflamma-
tory B, receptor down-regulation has been proposed,
several extracellular proteases, including tissue kal-
likrein and proteases secreted by activated neutrophils,
have been shown to cleave a B, receptor-GFP in minutes
in intact cells (Marceau et al., 2002; Houle et al., 2003).

The induction of B, receptor expression has been ob-
served in human IMR-90 cells following B, or B, recep-
tor stimulation (Schanstra et al., 1998; Phagoo et al.,
1999). Phagoo et al. (1999) proposed a model of kinin
receptor “autoregulation” based on this system. Addition
of the B, receptor agonist BK (100 nM) reduced by 89%
the amount of the surface B, receptors in a few minutes
and up-regulated B; receptors (2- to 3-fold) in a few
hours. Treatment with the B, receptor agonist Lys-des-
Arg®-BK did not influence the population of B, recep-
tors, but also up-regulated the B; receptors. Both ago-
nists increased the expression of IL-183 in the cells, and
the natural IL-1 receptor antagonist, IRA, decreased the
induction of B; receptors by BK (Phagoo et al., 1999).
Therefore, this autoregulation model integrates the au-
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tologous desensitization of the B, receptor and the in-
volvement of cytokines in B, receptor gene transcrip-
tional control. This model has been tested in the
cardiovascular system of the rabbit. Activation of the
contact system (also known as the kallikrein/kinin sys-
tem or the intrinsic pathway of coagulation) following
intravenous dextran sulfate injection consumed kinino-
gen and generated a prolonged hypotensive state medi-
ated by the B, receptor, but failed to induce the B,
receptor (vascular function, mRNA concentration in sev-
eral organs) 5 h after treatment. For comparison, bacte-
rial LPS treatment was active in this respect (Sabourin
et al., 2001). Furthermore, kinin receptor antagonists
did not modify LPS-induced B, receptor induction in the
live rabbit (Sabourin et al., 2001). Exogenous kinins
acting on either receptor types were unable to translo-
cate NF-kB to the nucleus of rabbit aortic smooth muscle
cells or to up-regulate the B; receptor expression (bind-
ing sites, mRNA; Sabourin et al., 2001; Marceau et al.,
2002); by contrast, IL-18 was active in both respect.
Therefore, the autoregulation model, a positive feedback
between the kinin receptor stimulation and delayed B,
receptor expression, is apparently not universally appli-
cable or may be species-specific. Furthermore, the model
was first developed in a cell type (IMR-90) in which
IL-18 expression is activated by various GPCR (includ-
ing the receptor for IL-8, Bastian et al., 1998). However,
chronic pathologies in animal models may support ki-
nin-induced kinin receptor up-regulation, perhaps be-
cause the chronic inflammatory tissue is composed of
several cell types including leukocytes that allow differ-
ent types of cross-talk involving local cytokine produc-
tion. Thus, B, receptor antagonism or B, receptor gene
deletion inhibit the enhanced B; receptor expression
induced by ischemia-reperfusion in the mouse intestine
(Souza et al., 2004).

D. Ras and B, Receptors

Ras GTPases have essential physiologic roles in reg-
ulating cell growth, differentiation, and apoptosis
(Bokoch and Der, 1993). Ras genes were initially discov-
ered, however, in the context of them being retroviral
oncogenes “stolen” from the host genome by the Kirsten
(Ki) and Harvey (Ha) rat sarcoma viruses. Tumor- or
retrovirus-derived forms of the ras genes were found to
encode proteins that were constitutively active because
of point mutations in their coding sequences (Barbacid,
1987). Approximately 20% of all human tumors were
found to express mutated Ras proteins (Bos, 1989).

In 1987, Ha-ras- or Ki-ras-transformed NIH 3T3 cells
were shown to exhibit significantly enhanced sensitivity
to BK, associated with an elevated level of high-affinity
[*HIBK binding (Parries et al., 1987). Bradykinin was
also found to act as a potent mitogen for the mutant
Ha-ras-transfected cell line, Rat 13, compared with the
parent nontransfected cell line, Rat 1 (Roberts and Gul-
lick, 1989). Further analysis showed that the ras-trans-

fected Rat 13 cells expressed more than 10-fold higher
numbers of B, receptors on their surface than did Rat 1
cells. Interestingly, dbl-transformed NIH 3T3 cells also
exhibited increased inositol lipid turnover in response to
BK as well as a significantly higher number of B, recep-
tors compared with control NIH 3T3 cells (Ruggiero et
al., 1989).

The effect of Ha-ras oncogene transformation in NIH
3T3 fibroblasts was subsequently studied in greater de-
tail (Hembree and Leeb-Lundberg, 1996). Expression of
Ha-ras was found to increase B, receptor mRNA and
protein levels as well as increased [*H]BK binding.
Transformed NIH 3T3 cells also showed an increased
mitogenic response to BK stimulation at high but not
low levels of Ha-ras expression. Thus, ras transforma-
tion appears to regulate the sensitivity of NTH 3T3 cells
to BK through at least two different mechanisms. Con-
sistent with these findings, coexpression of a ras onco-
gene also up-regulated B, receptor promoter activity in
transfected NG108-15 neuroglioma cells (Pesquero et
al., 1996a).

E. Regulatory Elements in the Gene Promoters

Pesquero et al. (1994) identified the genomic structure
of the B, receptor gene. They found no evidence of a
classical transcription initiation motif, but reported that
a 1143-bp region of the putative rat B, receptor pro-
moter was sufficient to drive expression of a fused lucif-
erase reporter gene in NG108-15 cells. This region was
found to contain a cAMP-response element which medi-
ated significant transcriptional activity when stimu-
lated with 8-bromo-cAMP (Pesquero et al., 1996a). BK
itself as well as phorbol esters also stimulated promoter
activity. More recently, the same group identified a se-
ries of regulatory elements in a 4.6-kb fragment of the
5'-flanking sequence of the rat B, receptor promoter
(Baptista et al., 2002). Computer analysis of potential
binding sites revealed multiple sites for a number of
factors including: GATA-1, CCAAT displacement pro-
tein, E2F, Egr-2, interleukin-6 activator protein, SP-1,
ras, NF-«kB, p53, SEF-1, cAMP-response element bind-
ing protein, sterol regulatory element binding protein,
serum, glucocorticoid, interferon, and estrogen. By
transfecting deletion mutants into either NG108-15
cells or rat aorta vascular smooth muscle cells, they
identified a series of positive and negative regulatory
elements in the B, receptor promoter. A classical silenc-
ing element was found at position —1086 to —1142,
whereas the core promoter activity was present within
the first 287 bp of the regulatory region.

Transcription of the rat B, receptor gene was shown to
be regulated by the tumor suppressor p53 (Saifudeen et
al., 2000, 2002), a sequence-specific DNA-binding pro-
tein. Both p53-activating and -repressing elements were
identified in the rat B, receptor promoter (Marks et al.,
2003). Specific deletion of the p53-activating element
abrogated p53-induced activation, whereas deletion of
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the p53-repressing element enhanced p53-mediated ac-
tivation.

The B, receptor gene structure also revealed three
exons with two intervening introns. Unlike the B, re-
ceptor gene, the human B; receptor gene contains a
consensus TATA box (Bachvarov et al., 1996). Multiple
potential transcription factor binding sites and putative
enhancer and silencer elements were identified within a
1369-bp sequence in the 5’'-flanking region. Of particu-
lar interest were the presence of NF-«xB, H-APF-1, and
multiple AP-1 binding motifs within the promoter re-
gion, consistent with the B; receptor gene being induc-
ible. Yang and Polgar identified two promoter regions in
the human B, receptor gene, one located in the 5'-flank-
ing region and the other located within intron IT (Yang
and Polgar, 1996). Both of these regions demonstrated
activity in driving expression of a fused luciferase gene
in transfected cells, although the 5'-flanking region was
by far the more potent promoter. A series of deletion
mutants, generated from a 1.8-kb fragment of the 5'-
flanking region of the human B, receptor gene, revealed
evidence for several positive and negative regulatory
regions and allowed definition of a minimal enhancer
element between —548 and —448 (Yang et al., 1998).
The activity of this minimal enhancer element was
shown to be dependent on intact AP-1- and NF-1-like
binding sites and to bind AP-1 but not NF-1. The B,
receptor promoter activity was also shown to be cell type
specific.

Although LPS and TNF-a« have been shown to
strongly up-regulate B, receptor expression in multiple
animal models, neither significantly increased the pro-
moter activity of the 1.8-kb human 5’-flanking region
fragment described above. An approximately 2.6-kb
fragment (—2582 to +34) of the 5’-flanking region of the
human B; receptor gene, however, displayed promoter
activity in vascular smooth muscle cells following stim-
ulation with LPS, TNF-«, or IL-18 (Ni et al., 1998b). The
first 111 bp of the 5'-flanking region were found to be
sufficient for transcriptional induction, and mutagenesis
of a kB site at —64 to —55 abolished most of the cytokine
effect. Mutagenesis of a cAMP response element at —50
to —43 markedly reduced basal promoter activity as well
as inducibility. Furthermore, Schanstra et al. (1998)
showed that IL-18 and Lys-des-Arg-BK both induced
up-regulation of the B; receptor in IMR 90 (lung fibro-
blast) cells through an NF-«B-mediated mechanism.
The kB site identified by Schanstra et al. lies approxi-
mately 1100 bp upstream of the site described by Ni et
al., suggesting that there is a negative regulatory site
between these B sites. The importance of the B site in
the regulation of B; receptor expression was demon-
strated by pharmacologic inhibition of NF-«B activation
which prevented postisolation and cytokine-induced B,
receptor up-regulation in fresh rabbit aortic and cul-
tured smooth muscle cells (Sabourin et al., 2002b), hu-
man umbilical vein (Sardi et al., 1999, 2002), as well as

cytokine and Lys-des-Arg®-BK-induced B, receptor up-
regulation in IMR 90 cells (Schanstra et al., 1998).

Other evidence suggests that a second genomic site
downstream from the 5 promoter may be involved in
LPS and Lys-des-Arg-BK inducible promoter activity.
Transfection of a B; receptor minigene (containing a
1.8-kb promoter, exon 1, 1.5 kb of intron 1, exon 2, intron
2, and the luciferase gene) into IMR 90 cells resulted in
promoter activity which was activated by LPS and Lys-
des-Arg-BK; however, transfection of the 1.8-kb pro-
moter fused to the luciferase gene did not show in-
creased promoter activity in response to LPS or Lys-des-
Arg-BK (Yang et al., 2001a). Activation of this minigene
was further shown to require c-Jun, suggesting a critical
role for AP-1 sites. p53 was also shown to strongly sup-
press luciferase reporter activity driven by the 1.8-kb B,
receptor promoter as well as its minigene, although mu-
tagenesis of a putative p53 binding site in the promoter
did not abrogate the ability of p53 to down-regulate the
promoter activity (Yang et al., 2001a).

F. mRNA Stability

Although not extensively studied, mRNA stability
may play a role in the regulation of kinin receptor ex-
pression. Up-regulation of B; receptor mRNA levels fol-
lowing IL-1B stimulation in IMR 90 cells was shown to
be mediated, in part, by stabilization of the mRNA (Zhou
et al., 1998), potentially through a destabilizing se-
quence in the 3'UTR region (Zhou et al., 1999). IL-13
has also been shown to induce a rapid but transient
increase in B, receptor expression in cultured human
bronchial smooth muscle cells (Schmidlin et al., 1998).
IL-1B increased both the number of B, receptors as well
as the level of B, receptor mRNA. The increase in B,
receptor expression correlated with enhancement of BK-
stimulated inositol phosphate formation and involved
both an enhancement of the transcriptional rate and a
lengthened mRNA half-life.

VI. Distribution and Pathophysiological
Function of Kinin Receptors

Both receptor subtypes for kinins can be expressed by
the same cell types: vascular cells (endothelial, smooth
muscle; Figueroa et al., 2001), nonvascular smooth mus-
cle (e.g., uterine), fibroblasts (Ricupero et al., 2000),
epithelial cells (Bhoola et al., 1997), nervous (afferent
sensory) cells, and various tumor cells (Wu et al., 2002;
Taub et al., 2003). There is an increasing interest in
central nervous system localization of the kinin recep-
tors and their regulation (Ongali et al., 2003). The ex-
pression and role of kinin receptors in leukocytes is a
relatively neglected research area of possible relevance
(Prat et al., 1999; Bockmann and Paegelow, 2000; Alib-
erti et al., 2003).
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A. Circulation and Renal Function

Kinins are very potent vasodilators. Thus, infused BK
more than doubled the flow of blood in the human fore-
arm, and the effect was abrogated by icatibant treat-
ment, supporting a role for preformed B, receptors
(Cockcroft et al., 1994a). Most circulatory effects of BK-
related peptides are determined by the stimulation of
endothelial cells from which secondary mediators are
released to affect the vascular smooth muscle (Fig. 6).
The discovery of endothelium-derived relaxing factor
was soon followed by the demonstration of its release by
a variety of agonists, including BK (Furchgott, 1983).
Endothelium-derived relaxing factor, now identified as
nitric oxide (NO), is metabolically derived from L-argi-
nine by eNOS (see above). NO-dependent relaxation is a
prominent mode for BK action in the human forearm
vasculature because an eNOS inhibitor reduces approx-
imately by half the effect of BK infusion on blood flow
(Cockceroft et al., 1994b). NO diffuses from the endothe-
lium to the smooth muscle where it activates guanylate
cyclase. Prostaglandin I, (prostacyclin) is another sec-
ondary mediator frequently released by kinins from the
endothelium. Prostacyclin stimulates cyclic AMP pro-
duction in the smooth muscle cells (Ignarro et al., 1987;
Fig. 6). Prostanoid formation probably occurs in many
cell types possessing receptors for kinins, probably via
the cytosolic Ca2"-sensitive isoforms of phospholipase
A, (such as cPLA,). Other mechanisms of endothelial-
dependent vasorelaxation are also suspected, such as
the activation of a number of NO-independent ion chan-
nels located in the smooth muscle cells that may account
for “endothelium-dependent hyperpolarization” (see ap-
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plication to the BK-induced relaxation of human isolated
coronary microarteries; Batenburg et al., 2004). The
physiological correlate of the vasodilator effect of kinins
is hypotension when BK is administered systemically or
when kinin formation is artificially promoted in a mas-
sive manner, as in hypertensive animals treated with a
vector for activated tissue kallikrein (Xiong et al., 1995)
or following activation of the contact system with intra-
venous dextran sulfate (Sabourin et al., 2001). Trans-
genic mice overexpressing the human B, receptor are
also hypotensive and hyper-responsive to exogenous BK
(Wang et al., 1997). BK-induced hypotension results
from a decreased peripheral resistance, not from a drop
of cardiac output; in fact, reflex tachycardia may com-
pensate in part the peripheral response during an acute
episode of BK-induced hypotension. Relevant to vasodi-
lation, icatibant abrogates flow-dependent vasodilation
(induced by papaverine) in the human myocardium
(Groves et al., 1995), showing that the endogenous kal-
likrein-kinin system can be rapidly recruited in the au-
toregulation of peripheral circulation in physiological
conditions. However, icatibant treatment, unlike eNOS
inhibition, has very modest to no hypertensive effect in
normal humans or animals, failing to support a tonic
vasodilator effect of the kallikrein-kinin system on the
peripheral vasculature.

Most laboratories report that mice lacking the B, re-
ceptor are normotensive, but a relatively large dietary
sodium intake provokes a malignant form of hyperten-
sion in these animals (Alfie et al., 1997; Cervenka et al.,
1999; Trabold et al., 2002), indicating a renal role of the
kallikrein-kinin system in handling such salt excesses.

__ |, Hyper-
polarization \

RELAXATION

A

Fic. 6. The vascular responses to kinins involve secondarily released mediators from the endothelial cells and their subsequent action on vascular
smooth muscle cells. The preformed B, receptor is illustrated, but the B, receptor has been documented to recruit the same pathways if expressed by

endothelial cells.
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These knockout mice have been extensively studied in
several laboratories and exhibit a number of physiolog-
ical alterations relevant for cardiovascular function: en-
hanced effects of endogenous and exogenous arginine-
vasopressin (Alfie et al., 1999) and exogenous
angiotensin II (Cervenka et al., 2001), distorted renal
development in the fetus with abnormal distal nephrons
(El-Dahr et al., 2000), reduced glomerular capillary sur-
face area (Schanstra et al., 2003), decreased renin and
cyclooxygenase (COX)-2 expression in the kidney (Imig
et al., 2003), a state of insulin resistance (Duka et al.,
2001b), and increased renal fibrosis in response to uni-
lateral ureteral obstruction (Schanstra et al., 2002).
Mild degenerative and fibrotic changes are observed in
the myocardium of aging B, receptor knockout mice
(Maestri et al., 2003). All these findings support a pro-
tective role of the endogenous kallikrein-kinin system on
various aspects of cardiovascular and renal function.
Extensive blockade of the B, receptor with icatibant for
48 h does not up-regulate B; receptor mRNA and func-
tion in the rabbit (Marceau et al., 1999), failing to sup-
port a physiological retroaction loop between B, receptor
stimulation and the repression of B; receptor expression
in adults. Mice with genetic deletion of the B, receptor
gene exhibit a consistent up-regulation and expression
of the B; receptor at the cardiovascular level (mRNA,
function), which mediate hypotension via endogenous
kinins or following exogenous administration of des-
Arg®-BK (Duka et al., 2001a, 2003). This suggests a form
of compensation opposite to the autoregulation hypoth-
esis (see above). Another unexplained humoral distur-
bance suggestive of an inflammatory phenotype in the
B, receptor knockout animals includes the tonic vaso-
constrictor effect of a thromboxane-like substance (Duka
et al., 2003).

Few cardiovascular drug classes have been more suc-
cessful than ACE inhibitors in the last two decades.
Drugs such as enalapril, ramipril, and several others
have been clinically shown to exert beneficial effects in
patients with high blood pressure, cardiac hypertrophy,
congestive heart failure, and diabetic nephropathy. Yet
the mode of action of ACE inhibitors is not totally clear.
ACE (kininase II) is a metallopeptidase, which can ac-
cept with high affinity a variety of substrates in addition
to angiotensin I, including BK and des-Arg®-BK, which
are inactivated by this enzyme (Blais al., 2000). There is
an enthusiastic and persistent suggestion in the litera-
ture that at least a part of the beneficial effects or side
effects of ACE inhibitors are derived from the potentia-
tion of endogenous BK (Linz et al., 1995). The rationale
is that increasing the tissue concentration of BK
through decreased degradation could stimulate endoge-
nous vasodilator and other beneficial mechanisms. The
approach for studying this problem has been mainly the
pharmacological inhibition of kinin receptors in animals
and humans because analytical biochemistry does not
show conclusively that kinins are elevated in the blood

or urine of patients under ACE blockade (Blais et al.,
2000). Among the vast amount of published material,
clinical studies based on acute treatments with the B,
receptor antagonist icatibant used to reverse at least in
part the therapeutic effect of ACE inhibitors are proba-
bly most revealing. Icatibant decreased by about a third
the acute hypotensive effect of captopril in human sub-
jects but not the renal hemodynamic response to the
ACE inhibitor (Gainer et al., 1998; Squire et al., 2000).
Also, treatment with ACE inhibitors reduces postinfarc-
tion myocardial fibrosis and improves hemodynamics in
animal models; the deletion of the B, receptor in mice
shows that kinins are necessary to achieve both types of
benefits (Yang et al., 2001b).

In intact humans or laboratory animals (with the ex-
ception of the dog), cardiovascular actions of kinins are
mediated by preformed B, receptors and the contribu-
tion of the B, receptor is not detectable (Marceau et al.,
1998). On the other hand, tissue injury changes the
situation as the B; receptor expression is induced,
whereas the B, receptor expression usually remains the
same. For instance, following a sublethal LPS dose, Lys-
des-Arg®-BK or des-Arg?-BK elicit hypotensive and va-
sodilator effects in the rabbit and the rat (Marceau et al.,
1998; McLean et al., 1999), hypotension or edema in a
nonhuman primate (deBlois and Horlick, 2001), and B,
receptors are up-regulated in the rat glomerular afferent
and efferent arterioles (where they mediate vasocon-
striction; Schanstra et al., 2000). Both B; and B, recep-
tor mRNA are up-regulated in the chronic stages of
cardiac remodeling induced by pressure-overload or by
experimental diabetes in the rat (Spillmann et al., 2002).
Complete blockade of ACE with enalaprilat during 48 h
did not up-regulate the B, receptor in the cardiovascular
system of the healthy rabbit (mRNA, function; Marceau
et al., 1999). However, a discrepant result has been
obtained in intact rats and mice treated for 6 weeks with
ramipril; the B, receptor was induced in the kidneys and
the vasculature and this induction was reduced by a B,
receptor antagonist, but not by icatibant or in B, recep-
tor knockout mice, showing that some kinin-induced B,
receptor induction may occur in this situation (Marin-
Castano et al., 2002). The hypotensive effect of ramipril
was mediated by both B; and B, receptors, as shown
with antagonist drugs. Whether the B; receptor induc-
tion is relevant to the therapeutic effect of ACE inhibi-
tors in humans or whether it is a side effect due to
chronic electrolyte imbalance remains to be established
(note that rabbits submitted to chronic ACE inhibition
exhibit a form of nephrotoxicity that can be entirely
prevented with saline cotreatment; Minsker et al.,
1990). Congestive heart failure represents another indi-
cation of ACE inhibitors; in human patients with this
condition, infusion of a kinin receptor antagonist de-
creases the forearm blood flow, an effect absent in pa-
tients without ACE inhibition or in normal volunteers
(Witherow et al., 2001). The identity of the antagonists
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utilized is of interest for investigating the kinin receptor
subtype involved; icatibant, a selective B, receptor an-
tagonist, was ineffective, whereas B9340 supported the
demonstration. The latter peptide (D-Arg-[Hyp?, Thi®,
D-Igl’, Oic®’|BK) is a promiscuous B; and B, receptor
antagonist chemically and pharmacologically similar to
B9430 (Table 2; Stewart et al., 1997). Thus, it was con-
cluded that the vasodilator effect of ACE inhibition was
probably mediated by the B, receptor in patients with
congestive heart failure (Witherow et al., 2001), al-
though this has been addressed only indirectly. Angio-
edema is a rare but potentially life-threatening side
effect of therapy with inhibitors of ACE inhibitors; a
decreased capacity to catabolize immunoreactive des-
Arg®-BK has been observed in the plasma of hyperten-
sive patients that have experienced this side effect (Mo-
linaro et al., 2002), suggesting that the accidental
expression of B, receptors in such patients could precip-
itate the reaction. Thus, the therapeutic effects and side
effects of ACE inhibition may be mediated by the B,
receptor under some circumstances, but the evidence is
presently limited.

Further suspected beneficial effects of ACE inhibitors
include an antiproliferative effect on smooth muscle (ar-
terial lesions) and a stimulation of the fibrinolytic sys-
tem through the release of tissue-type plasminogen ac-
tivator. Kinins exert antiproliferative effects on vascular
smooth muscle (notably via B; receptors, Dixon et al.,
2002) and reduce the reactive proliferative response of
the arterial intima following angioplasty if endogenous
kinins are allowed to act via ACE inhibition or kallikrein
gene delivery (Linz et al., 1995; Agata et al., 2000).
However, it is not clear that ACE inhibition can achieve
the inhibition of postangioplasty proliferation in human
coronary arteries (Hermans et al., 1994), and the cur-
rent approach to this problem is the clinical use of stents
eluting antimitotic drugs. The release of tissue-type
plasminogen activator has been observed in response to
either BK or ACE inhibition in the forearm circulation of
normal volunteers (Pretorius et al., 2003); the effect of
the ACE inhibitor enalaprilat was abrogated by the B,
receptor antagonist icatibant. The possible benefit of
this kinin-mediated effect is the improvement of the
fibrinolytic balance with decreased incidence of throm-
boembolic accidents.

The role of kinins in the side effects of ACE inhibitors
(nonproductive cough, rare but life-threatening angio-
edema, hypotension in patients subjected to extracorpo-
real circulation) may be significant and has been dis-
cussed elsewhere (Fox et al., 1996; Blais et al., 2000;
Mukae et al., 2000; Scholzen et al., 2003). The idea that
an increased local level of kinins is beneficial but that an
excessive level will trigger inflammatory reactions such
as increased vascular permeability and the irritation of
airway nerve terminals is implicit to this debate. More
recent antihypertensive drugs not yet in clinical use
combine ACE and neutral endopeptidase inhibition (e.g.,

omapatrilat). They raise a particular safety concern
about kinin-mediated angioedema, as neutral endopep-
tidase is also a kininase (Campbell, 2003). Omapatrilat
administration to healthy rats increases vascular per-
meability to a greater extent than do ACE inhibitors and
in a manner partly dependent on the B, receptor (Sulpi-
zio et al., 2004). Another recent debate related to kinins
and cardiovascular drugs is the role of bradykinin pep-
tides in the therapeutic and side effects of angiotensin
AT, receptor antagonists (Hornig et al., 2003; Tschope et
al., 2004). The mechanism of such a cross-talk has not
yet been fully elucidated. High angiotensin II concentra-
tions observed under AT, receptor blockade have been
proposed to stimulate angiotensin AT, receptors, the
latter being responsible for a hypothetical kallikrein
activation and kinin release (Katada and Majima, 2002).
Intact tissue kallikrein and AT, receptor genes are both
required in flow-dependent dilation of mice carotid ar-
teries, a physiological adaptative circulatory response
mediated in part by endogenous kinins (Bergaya et al.,
2004).

Ischemia is one of the basic pathological processes,
and there is ample evidence that it activates the kal-
likrein-kinin system. This has found two general appli-
cations: the generally protective role of kinins against
the tissue damage that follows ischemia and reperfusion
(this includes preconditioning) and ischemia-driven an-
giogenesis. Although analytical biochemistry has been
used to study the role of kinin in ischemia-reperfusion
systems (Blais et al., 2000), most of the reported exper-
iments were based on a pharmacological approach. The
endothelial B, receptor and its secondarily released me-
diators (Fig. 6) largely mediate the beneficial effects of
ACE in such systems (reviewed by Baxter and Ebrahim,
2002). B, receptor knockout mice or kininogen-deficient
rats (Brown-Norway Katholiek strain) are refractory to
ischemic preconditioning in vivo (Yang et al., 1997).
Kinins are not the only studied mediators of ischemic
preconditioning; adenosine and opioid peptides are other
mediators of interest in this field of investigation
(Mikhail et al., 2003). Ischemia induces endothelial B,
receptor expression (Mazenot et al., 2001), and there is
mounting evidence, partly based on B; receptor knock-
out mice, that the B; receptor may play a detrimental
role opposed to that of the B, receptor in ischemia-
reperfusion systems (heart: Lagneux et al., 2002; small
intestine: Souza et al., 2004). A prominent physiological
response to persistent ischemia is angiogenesis. Kinins
appear to be important in angiogenesis driven by chronic
vascular occlusion in rodents. ACE inhibition exerts a
certain proangiogenic effect in mice with femoral artery
occlusion; that effect is absent in B, receptor gene knock-
out animals (Silvestre et al., 2001). Another laboratory
has developed the idea that the B, receptor, but not the
B, receptor, accelerates spontaneous angiogenesis due
to arterial occlusion (based on agonist and antagonist
peptide drugs and genetic B; receptor deletion; Eman-
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ueli and Madeddu, 2001, Emanueli et al., 2002); how-
ever, both receptors participate in the increased angio-
genesis induced by delivery of human kallikrein
(Emanueli et al., 2001). The endothelial effect mediated
by the B; receptor relevant for angiogenesis has been
addressed; anti-FGF-2 antibodies abrogate the angio-
genic effect of Lys-des-Arg®-BK administered as an im-
plant in the rabbit cornea (a B, receptor agonist is inef-
fective in this system; Parenti et al., 2001).

Given the generally protective B, receptor-mediated
actions in the cardiovascular and renal systems and
because a large body of animal data suggests that such
drugs may precipitate cardiovascular accidents in the
predisposed individual, the development of B, receptor
antagonists as anti-inflammatory and analgesic drugs
may be a potential concern, even though clinical evi-
dence for this notion is lacking. There have been specu-
lations about the use of B, receptor agonists for clinical
cardiovascular applications, although it is recognized
that inflammatory side effect cannot be dissociated from
the vasodilator effects (Heitsch, 2003). The case for B,
receptor antagonist safety is both less documented and
more balanced, as several counterproductive circulatory
changes mediated by this receptor have been detected in
inflammatory or ischemic conditions (see above).

B. Inflammation

Synthetic BK injected in human or animal tissues
reproduces the four classical cardinal signs of inflamma-
tion: redness, local heat, swelling, and pain (Elliott et
al., 1960a). Exudation of protein-rich fluid from the cir-
culation is largely determined by vascular mechanisms
involving the physical separation of endothelial cells,
particularly at the level of postcapillary venules. Recent
investigations show that the small G proteins Rho and
Rac antagonistically regulate the endothelial barrier
function. Rho stimulation by BK or other inflammatory
agents facilitates the breakdown of intercellular junc-
tions, whereas Rac stabilizes them (Wojciak-Stothard
and Ridley, 2002). Local vasodilation produced by kinins
(inflammatory hyperemia) further facilitates exudation.

Consistent with the regulatory patterns of kinin re-
ceptor subtypes, kinins stimulate B, receptors when
injected in normal tissues. Thus, specific B, receptor
antagonists or inactivation of the B, receptor in knock-
out mice prevent specific aspects of the inflammatory
response in specific models, e.g., tissue swelling and
systemic signs of inflammation in peptidoglycan-in-
duced arthritis in the Lewis rat (Uknis et al., 2001) and
plasma extravasation in the Arthus reaction (Samadfam
et al., 2000). B, receptor antagonism may have a special
interest in some forms of vasogenic edema, the brain
edema that follows head trauma or stroke and heredi-
tary angioedema. This first clinical application is sup-
ported by encouraging results obtained with the nonpep-
tide antagonist LF 16-0687 in animal models (Kaplanski
et al., 2002; Zausinger et al., 2002) and may represent a

situation physiologically symmetrical to the deliberate
use of the B, receptor agonist labradimil to open the
blood-brain barrier (Table 2). Hereditary angioedema is
modeled by the C1 inhibitor gene deletion in mice; the
increased vascular permeability observed in these ani-
mals was reversed by treatment with the B, receptor
antagonist icatibant or by genetic ablation of the B,
receptor gene (Han et al., 2002).

Not surprisingly, models of persistent inflammation
in animals, especially those involving cytokine or micro-
bial product administration, involve the B; receptor.
Several such systems are reviewed elsewhere, including
the mediation of fever, of the systemic complications of
sepsis, and of changes in the hepatic expression of sys-
temic inflammatory markers (Marceau et al., 1998; Cou-
ture et al., 2001). The recent literature illustrates that
IL-1B injection in the rat paw sensitizes the rat paw to
the edema-forming effect of des-Arg®-BK (Campos et al.,
2002). The analysis of this system shows the sequential
mediation of platelet-activation factor, of local TNF-«
production, and of neutrophil extravasation in this re-
sponse and the obligatory role of the latter process in B,
receptor expression (mRNA). LPS-induced induction of
B, receptor expression in the rat paw follows the same
lines and provides evidence for a role of local NF-«B
activation and IL-18 formation in addition to that of
TNF-a (Passos et al., 2004). The role of infiltrating leu-
kocytes is interesting to note in these localized models,
as they may supply the cytokine levels required for B,
receptor induction; however, circulating neutrophils are
not required to induce cardiovascular responsiveness to
B, receptor agonists in rabbits treated with LPS
(Bouthillier et al., 1987). The cytokines may be supplied
by fixed macrophages, such as those in the reticuloen-
dothelial system, in this form of blood-borne endotoxin
stimulation. Clinical samples of chronic inflammatory
tissues (nasal tissue samples from subjects with allergic
rhinitis, psoriatic skin) show the up-regulation of the B,
receptor (mRNA in both systems, downstream MAP ki-
nase signaling in nasal samples) without the down-reg-
ulation of the preformed B, receptor (Schremmer-Dan-
ninger et al., 1999; Christiansen et al., 2002). Whether
each kinin receptor subtype mediates different aspects
of the inflammatory response is an issue of considerable
interest. B; receptor antagonists reduce the influx of
eosinophils but not the airway hyper-reactivity to car-
bachol in antigen-induced pulmonary inflammation in
mice (Eric et al., 2003b). The B, receptor antagonist
icatibant exerted a wider effect, inhibiting the influx of
both eosinophils and mononuclear cells while also pre-
venting the hypersensitivity of the airways. Although
allergen-induced bronchial hyper-responsiveness paral-
lels B, receptor mRNA up-regulation and a certain ther-
apeutic effect of des-Arg'°-Hoe 140 has been observed in
rats (Huang et al., 1999), clinical experiments demon-
strated that atopic patients exhibit airway hypersensi-
tivity to aerosolized BK, but not to Lys-des-Arg®-BK
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(Reynolds et al., 1999). Icatibant has shown a certain
anti-inflammatory potential in a clinical trial in asth-
matic patients (Akbary et al., 1996). However, the bron-
choalveolar lavage cells from ovalbumin-sensitized and
-challenged mice contained eosinophils that responded
strongly ([Ca®*],) to des-Arg®-BK in a B, receptor-depen-
dent manner (Eric et al., 2003a), supporting a role of B,
receptors in specific aspects of lung inflammation.

It was noted early on that the B, receptor gene knock-
out mouse is resistant to some forms of inflammatory
end points, such as neutrophil accumulation in tissues
(Pesquero et al., 2000). This deficit in leukocyte migra-
tion is intriguing and its mechanism has not been fully
elucidated. In the mouse mesentery examined using in-
travital microscopy, des-Arg®-BK has no effect on leuko-
cytes, but caused neutrophil rolling, adhesion, and em-
igration in IL-1B-treated mesenteries (McLean et al.,
2000a). The effect is inhibited by capsaicin, neurokinin
antagonists, histamine H; receptor antagonists, and
mast cell degranulation, suggesting that an axon reflex
elicited by the kinin recruits mast cells that ultimately
mediate the leukocyte emigration (perhaps by an action
of released mediators on vascular cells). Thus, a neuro-
humoral form of inflammation may be involved in this
system.

C. Pain and Neurology

BK is one of the few mediators of inflammation that
directly stimulates afferent nerves. This is caused by the
presence of preformed B, receptors on neural elements,
notably in the nonmyelinated nerve terminals, sensory
ganglions, and dorsal layers of the spinal cord (Dray et
al., 1988; Steranka et al., 1988). Thus, B, receptor an-
tagonists exhibit potential as analgesics in situations
where tissue injury promotes local activation of the kal-
likrein-kinin system (for recent use of nonpeptide B,
receptor antagonists in such situations, see Bélichard et
al., 2000; Burgess et al., 2000). Mediation by vanilloid
receptors and 12-lipoxygenase products of arachidonate
has been proposed for B, receptor-induced inflammatory
hyperalgesia (Shin et al., 2002). Perkins et al. (1993)
first described the antinociceptive effect of the B, recep-
tor antagonist [Leu®]des-Arg®-BK in rats submitted to
Freund’s adjuvant-induced hyperalgesia of the knee or
ultraviolet ray-induced hyperalgesia of the paw. The
time course of these experimental pathologies revealed
that the B, receptor antagonist icatibant was effective at
the beginning, but that the B; receptor ligand progres-
sively became the best analgesic in a few days after
lesion initiation. These kinetics are consistent with the
B, receptor up-regulation by tissue injury; in addition,
exogenous des-Arg®-BK exacerbated the pain. These ob-
servations were confirmed and extended in several other
laboratories (Bélichard et al., 2000; Couture et al., 2001)
and species (nociceptive spinal reflex mediated by induc-
ible B, receptors in the rabbit, Mason et al., 2002). The
early behavioral assessments based on water-soluble

peptide drugs showed that the kinin B; receptor antag-
onists possess a spectrum of tolerance-free analgesia
similar to that of COX inhibitors (nonsteroidal anti-
inflammatory drugs), raising the possibility of a periph-
eral mode of action involving the inhibition of the kinin-
controlled formation of hyperalgesic prostanoids.
However, the neural B; receptor expression is now well
documented. A chronic constriction lesion of the rat sci-
atic nerve up-regulated B, receptors and induced B,
receptor expression (mRNA) at a later stage in the ipsi-
lateral lumbar root ganglia (Levy and Zochodne, 2000);
these neuronal receptor variations were predictive of the
capacity of peptide antagonists specific for each receptor
type to reverse the thermal hypersensitivity in this
model of neuropathic pain (COX inhibitors are rather
ineffective for neuropathic pain providing an opportu-
nity of application for kinin receptor antagonists). Fur-
thermore, the B, receptor knockout mouse is resistant to
chemical and thermal nociception, functional B, recep-
tors are present in the normal spinal cord, and their
activation can facilitate a nociceptive reflex (Pesquero et
al., 2000). Indeed, activity-dependent facilitation (wind-
up) of nociceptive reflexes is absent in B; receptor-defi-
cient animals. These observations have stimulated in-
terest in the role of the central (spinal, cerebral)
expression of kinin receptors in pain perception.
Whereas des-Arg®-BK is dependent on the induction of
peripheral inflammation to produce hyperalgesia when
injected into rat paws, the intrathecal administration of
the B, receptor agonist induced some mechanical hyper-
algesia even in naive animals (Fox et al., 2003). In these
studies, B, receptors were localized in dorsal root gan-
glion primary afferent terminations (immunofluores-
cence) and somewhat up-regulated by peripheral inflam-
mation. Both human and rat spinal cords were shown to
express a basal level of B, receptor mRNA (specific lam-
ina of the dorsal horns; Ma and Heavens, 2001) or pro-
tein (Wotherspoon and Winter, 2000). Furthermore, in
situ hybridization showed that B; receptor mRNA is
expressed throughout the rostral-caudal extent of the
brain and spinal cord of the monkey (hippocampus, thal-
amus, hypothalamus, spinal cord, dorsal root ganglions,
etc.; Shughrue et al., 2003). In the rat brain, a radioli-
gand-based approach indicated a relatively low expres-
sion of the B; receptor, but a wide distribution of B,
receptor (Ongali et al., 2003). Kindling-induced epilepsy
was associated with B; receptor up-regulation in various
brain areas in these studies, consistent with functional
evidence of neuronal responsiveness to a B; receptor
agonist in hippocampal and cortical regions of animals
with experimental epilepsy (potentiation of electrically
evoked glutamate overflow; Bregola et al., 1999). Com-
parative radioligand binding of B; and B, receptor li-
gands applied to postmortem human medulla also dem-
onstrated the expression of the B, receptor in many of
the studied nuclei, but showed a more restricted expres-
sion of the B; receptor (de Sousa Buck et al., 2002).
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Thus, the possible differential therapeutic effects of ki-
nin receptor antagonists permeant to the blood-brain
barrier are intriguing in pain, epilepsia, and other dis-
eases.

Visceral innervation is responsive to the inflamma-
tory environment. The majority of ganglion cells express
B,, receptors (often coexpressed with neuropeptide Y and
substance P) in the submucosal plexus of the guinea pig
small intestine (Hu et al., 2004). Those peptides mediate
the excitatory action of BK on submucosal plexus neu-
rons. Chemical inflammation of the rat urinary bladder
is associated with a decrease of micturition threshold
when the bladder is progressively inflated; a viscero-
visceral hyper-reflexia is the cause of this phenomenon.
Kinin receptor antagonists were shown to inhibit this
hyper-reflexia; icatibant prevents or reverses it,
whereas [Leu®]des-Arg®-BK only reverses the hyper-re-
flexia when administered at least 5 h after the induction
of local inflammation (Jaggar et al., 1998). This suggests
that endogenous kinins are mediators of the afferent
part of the reflex with a temporal shift of mediation from
B, to B;.

The extravascular administration of BK, one of the most
potent hypotensive agents, paradoxically elicits hyperten-
sion (e.g., application to the peritoneal serosa, Beauchamp
et al., 1991). This is explained by the stimulation of sensory
afferents (response inhibited by capsaicin, lidocaine, or
spinalization) and the reflex activation of the sympathetic
nervous system with resulting vasoconstriction and tachy-
cardia. Corticosteroid release dependent on sympathetic
postganglionic nerves also occurs in BK-stimulated rats
(Green et al., 1997). The spinal administration of kinins
causes a similar reflex mediated by the B, receptor and
increased in the spontaneously hypertensive rats (Cloutier
et al., 2002). This type of hypertensive response is ex-
tended to the B; receptor agonist des-Arg®-BK under
pathological conditions that induce the expression of the
corresponding gene (e.g., streptozotocin-induced diabetes,
see below, Cloutier and Couture, 2000). Spontaneously
(genetically) hypertensive rats overexpress both kinin re-
ceptor subtypes in the hypothalamus, the B, receptor in a
delayed manner in the course of the pathology (Qadri et al.,
2002). Centrally injected B, receptor antagonists or anti-
sense oligonucleotides targeted to the rat B, receptor de-
creased the blood pressure in these rats, but not in control,
normotensive rats (Emanueli et al., 1999a). Transgenic
mice overexpressing the rat B, receptor in all tissues ex-
hibited a hypertensive response to des-Arg®-BK injected by
the intravenous route (Ni et al., 2003), a response that may
be linked to neurological mechanisms.

D. Diabetes

Streptozotocin-injected rodents eventually develop an
insulin-dependent form of diabetes mellitus; [Leu®]des-
Arg®-BK, but not icatibant, could reduce the insulitis,
thus preventing the diabetes in mice treated daily (Zuc-
collo et al., 1999). These observations are of great poten-

tial significance, as a peptide B; receptor antagonist,
presumably via an anti-inflammatory effect, prevented
the progression of the insulin-dependent diabetes. Es-
tablished streptozotocin-induced diabetes in rodents has
been repeatedly shown to be associated with strong B,
receptor expression in peripheral tissues with various
functional consequences when exogenous des-Arg®-BK
(Cloutier and Couture, 2000; Campos et al., 2001; Ab-
douh et al., 2003; Vianna et al., 2003) or an ACE inhib-
itor (Mage et al., 2002) are administered. Interestingly,
this type of diabetes in mice is associated with a state of
hyperalgesia that is reversed by peptide antagonists of
the B; receptor (Gabra and Sirois, 2002), suggesting
some activation of the endogenous kallikrein-kinin sys-
tem. The modeled pathology is insulin-dependent diabe-
tes without insulin treatment, a wasting disease with
high blood cytokine levels and a particularly low life
expectancy in humans in the preinsulin era. Insulin
treatment of diabetic rats reversed the up-regulation of
the B; receptor in streptozotocin-treated rats (radioli-
gand binding, function, Vianna et al., 2003). The forms
of diabetes that the physicians treat today are no longer
wasting diseases, and many observations based on the
streptozotocin models have an uncertain significance for
the complications of diabetes, but remain interesting as
models of systemic inflammatory responses. The 3-fold
up-regulation of the B, receptor by high glucose in vas-
cular smooth muscle cells (Christopher et al., 2001b) has
not been shown for the B; receptor.

VII. Kinin Receptors and Human Disease

Considerable progress has been made in understand-
ing the biology and function of kinin receptors. A large
body of animal studies suggests that kinin receptors
may influence pathophysiological responses. Little is di-
rectly known, however, about the clinically relevant con-
sequences of kinin receptor activation in humans. This
section will review the available information concerning
the potential role of kinin receptors in human diseases.
Inferences about the clinical relevance of kinin receptors
are derived from studies examining kinin receptor poly-
morphisms (Fig. 4 and Table 5), measurement of differ-
ences in kinin receptor expression level, and detection of
differences in receptor function.

Studies reporting associations between single nucleo-
tide polymorphisms (SNPs) in kinin receptor genes and
complex diseases require particular care in interpreta-
tion. The vast majority of these studies involve a case
control association design in which allele frequencies are
contrasted in cases versus controls. Although simple,
this design has frequently resulted in detection of spu-
rious associations due principally to confounding factors
(particularly population stratification) as well as a low a
priori probability that the SNP is related to the disease
being studied (Risch, 2000). In addition, most case-con-
trol studies have inadequate statistical power to detect
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TABLE 5
Kinin receptor polymorphisms associated with clinical phenotype®
Gene Location Position Polymorphism Comment Reference

B,

Promoter —58 —58C/T Braun et al., 1996

Exon 1 21 9 nt insertion/deletion ~ —9 allele linked to higher transcript levels Lung et al., 1997; Braun et al., 1995

Exon 2 181 181C/T R14C; T allele associated with increased potency Braun et al., 1995

of B2 agonist

B,

Promoter —-699 G/C Actl RFLP; C allele linked to higher transcription Bachvarov et al., 1998

Exon 3 1098 A/G Taql RFLP Bachvarov et al., 1998

RFLP, restriction fragment length polymorphism.

“ Eight additional polymorphisms in the BDKRB2 promoter region as well as one missense mutation (T21M) were found by Erdmann et al. (1998); however, these
polymorphisms appear to be present at too low a frequency to be of value for association studies. Eight additional polymorphisms in the BDKBRI1 coding region, including
two coding for substitution and one coding for premature truncation, were described by Hess et al. (2002). Three of these were found at a frequency >2%; however, none of
these polymorphisms have been reported yet to be associated with a clinical phenotype.

associations conferred by low-penetrance alleles or fail
to correct for multiple comparisons (Houlston and Peto,
2004). Even if a relationship is statistically valid, the
possibility exists that the association represents linkage
disequilibrium with a nearby gene rather than the gene
of interest. Alternatively, failure to detect an association
between a given SNP and the disease of interest does not
exclude the possibility of a true relationship since the
SNP may not be in linkage disequilibrium with the
disease allele. The likelihood that a reported association
represents a true causal relationship is difficult to as-
sess but will be increased to the extent that confounding
factors are controlled or if there is functional evidence
suggesting plausible involvement of the kinin receptor.
The robustness and power of association studies to de-
tect causal relationships can also be increased by using
appropriate family-based designs or by case-control de-
signs analyzing haplotypes rather than single SNPs
(Akey, 2001; Pe’er and Beckmann, 2004). Ultimately,
however, clear delineation of true causal relationships
between kinin receptors and a given human disease
must await future pharmacologic studies demonstrating
the predicted response.

A. Cardiovascular Disease

1. Left Ventricular Hypertrophy and Cardiomyopathy.
Substantial and consistent data has been generated that
links kinin receptors to left ventricular (LV) hypertrophy
and cardiomyopathy. Using a prospective cohort design,
Brull et al. (2001) studied LV mass in army recruits who
underwent a vigorous 10-week physical training program.
The increase in LV mass during this 10-week period was
found to be strongly associated with the B, receptor 21
+9/—9 Exon 1 genotype (Table 5), with increased LV
growth correlating with increased gene dosage of the +9
allele (Brull et al., 2001). Subjects with the greatest in-
crease in LV mass had the highest levels of ACE (DD
genotype) and the lowest levels of B, receptors (+9/+9
genotype). A subsequent study examined the relationship
between the B, receptor 21 +9/—9 polymorphism and
pathologic LV hypertrophy (Hallberg et al., 2003). Regres-
sion of LV mass was monitored during antihypertensive
therapy in patients with essential hypertension and echo-

cardiographically diagnosed LV hypertrophy. Subjects
with the By receptor 21 +9/+9 genotype showed signifi-
cantly less LV mass regression compared with other geno-
types. Interestingly, the B, receptor 21 +9/—9 polymor-
phism was also shown to be significantly associated with
the efficiency of muscular contraction (Williams et al.,
2004), an effect that showed evidence for interaction with
the ACE insertion/deletion polymorphism. End-stage car-
diac disease was found to be associated with decreased
expression of cardiac By receptors. Human heart tissue
samples from excised hearts of patients undergoing car-
diac transplantation for idiopathic dilated cardiomyopathy
or coronary heart disease expressed significantly lower
levels of By, receptor mRNA and B, receptor protein than
did heart tissue from normal hearts unsuitable for dona-
tion (Kuoppala et al., 2002). Consistent with these results,
disruption of the B, receptor leads to hypertension, LV
remodeling, and functional impairment (Emanueli et al.,
1999b), whereas overexpression of human tissue kallikrein
in transgenic rats reduced cardiac hypertrophy (Silva et
al., 2000).

2. Vascular Tone. ACE inhibitors have been shown
to mediate important therapeutic benefits in heart fail-
ure (Garg and Yusuf, 1995), and kinins have been pro-
posed to contribute to the vasodilatation associated with
ACE inhibitor therapy. Indeed, the cardioprotective ef-
fect of ACE inhibitors was lost in B, receptor knockout
mice (Yang et al., 2001b). Acting through the B, recep-
tor, BK was shown to directly cause vasodilation and
increased blood flow in the human forearm (Cockcroft et
al., 1994a). BK was also shown to contribute to the
short-term effects of ACE inhibition on blood pressure in
normotensive and hypertensive subjects (Gainer et al.,
1998; Squire et al., 2000). A recent report, however,
found that the combined B,/B, receptor antagonist
B9340 produced dose-dependent vasoconstriction in sub-
jects with heart failure taking ACE inhibitors, whereas
the closely related B, receptor antagonist icatibant did
not produce vasoconstriction, suggesting that the B;
receptor may mediate the kinin vasodilation effect
(Witherow et al., 2001).

BK is also known to regulate resting and flow-medi-
ated epicardial tone. Infusion of the B, receptor antag-
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onist icatibant into left main coronary arteries of pa-
tients with significant coronary stenosis resulted in
reduction in arterial luminal area, increased coronary
vascular resistance, and decreased coronary blood flow
(Groves et al., 1995). Patients with significant coronary
artery disease demonstrate reduced coronary artery va-
sodilation in response to BK (Kuga et al., 1995). In
patients with mild atherosclerosis or its risk factors,
BK-induced coronary artery vasomotion was near nor-
mal; however, BK-induced vasodilation was depressed
following epicardial stress induced with pacing (Prasad
et al., 2000). A study comparing expression of kinin
receptors on normal and atheromatous blood vessels
most strikingly revealed increased B; receptor expres-
sion on multiple cells within the atheromatous vessels
(Raidoo et al., 1997). The cells showing increased B,
receptor immunostaining included endothelial cells,
foamy macrophages, inflammatory cells, proliferating
fibroblasts, and smooth muscle cells.

Houle et al. (2000a) examined the association between
B, receptor polymorphisms and the contractile response of
human umbilical veins to stimulation with kinins. Pres-
ence of the nonsynonymous coding region B, receptor 181
T allele was associated with increased contractile potency
in response to stimulation with BK consistent with the
enhanced in vitro potency of BK at the Arg!* — Cys mu-
tant receptor. In contrast, the B, receptor 21 —9/—9 geno-
type was associated with increased contractile potency to a
B, receptor agonist, but not a B, receptor agonist, suggest-
ing that the B, receptor 21 locus may be in linkage dis-
equilibrium with the B; receptor gene. The B, receptor
—58 C/T polymorphism as well as the B, receptor 1098 A/G
and —699 G/C polymorphisms did not correlate with any
functional changes.

3. Hypertension. Several studies have detected a sig-
nificant association between the B, receptor —58 C/T poly-
morphism and hypertension. The C allele was associated
with hypertension in African-American (Gainer et al.,
2000), Japanese (Aoki et al., 2001), and Chinese subjects
(Wang et al., 2001). In addition, the B, receptor —58 C
allele was strongly associated with hypertension in a pop-
ulation of patients with primary aldosteronism (Mulatero
et al., 2002). In contrast, the risk of significant arterial
hypertension developing in a large cohort of previously
healthy men was significantly associated with both the B,
receptor —699 G/G genotype and the B, receptor 21 +9/+9
genotype (Dhamrait et al., 2003). This prospective study is
particularly important in that it utilized a cohort rather
than a case-control design. Postmortem human medulla
samples obtained from normotensive, hypertensive, and
diabetic subjects and studied by in vitro receptor autora-
diography revealed increased B, receptor expression in the
hypertensive patients, suggesting a possible role for kinin
receptors in central cardiovascular regulation (de Sousa
Buck et al., 2002).

B. Renal Disease

Genetic associations between B; receptor polymor-
phisms and end-stage renal failure have been reported.
Bachvarov et al. (1998b) looked for associations between
the B, receptor 1098 A/G, B, receptor —699 G/C, and B,
receptor 181 C/T polymorphisms and end-stage renal
failure. Although the B; receptor 1098 and B, receptor
181 polymorphisms were neutral, a significant under-
representation of the B; receptor —699 C allele was
found in end-stage renal patients compared with normal
controls, suggesting a protective role for the B; receptor
since the C allele leads to lower B, receptor expression.
Zychma et al. (1999) also described under-representa-
tion of the B, receptor —699 C allele in patients with
end-stage renal failure; however, they also found less
frequent transmission of the B, receptor 181 T allele. A
third study found no evidence of an association between
renal failure and the B, receptor —699 genotype (Knigge
et al., 2000).

In contrast, the B, receptor 21 +9/—9 polymorphism
(but not the B; receptor —699, B, receptor —58, or B,
receptor 181 polymorphisms) was significantly associ-
ated with diabetic nephropathy (Maltais et al., 2002). A
highly significant decrease in the albumin/creatinine
ratio was seen in diabetic patients who were homozy-
gous for the +9 allele. Another study involving diabetic
nephropathy failed to show any association with the B,
receptor —699 or B, receptor 181 polymorphisms al-
though the B, receptor 181 T allele was associated with
lower blood pressure (Zychma et al., 2003).

The expression of kallikrein-kinin components in kid-
ney tissue from patients with renal disease has also been
reported (Naicker et al., 1999). Tissue kallikrein excre-
tion was significantly decreased in patients with mild
renal disease compared with normal controls, and this
effect was more pronounced in patients with severe re-
nal disease. B, receptor immunoreactivity in nephrons
was also decreased in the renal disease patients (Na-
icker et al., 1999) as well as in patients undergoing acute
renal transplant rejection (Naidoo et al., 1996). Immu-
noreactive B; receptor was observed only in the distal
tubules and collecting ducts in patients with renal dis-
ease and not in normal controls.

Patients experiencing hypersensitivity to dialysis
membranes have been shown to have increased plasma
levels of BK (Schaefer et al., 1993; Verresen et al., 1994).
Lower serum aminopeptidase P activity differentiated
dialysis patients who had experienced a hypersensitivity
reaction to the negatively charged membrane from pa-
tients who had not experienced a reaction (Blais et al.,
1999). Interestingly, serum aminopeptidase P activity
was shown to correlate with the plasma half-life of the
B, receptor agonist des-Arg®-BK and not BK, suggest-
ing that the B; receptor may also play a role in these
reactions.
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C. Airway Disease

The B, receptor is thought to be the major kinin receptor
involved in airway responses to kinins, and radioligand
binding studies have provided independent confirmation of
the presence of B, receptors in healthy and carcinomatous
lung samples (Trifilieff et al., 1994). Inhalation of the B,
receptor agonists BK or Lys-BK caused bronchospasm in
asthmatic but not normal subjects (Polosa and Holgate,
1990; Polosa et al., 1992). Inhalation of the weak B, recep-
tor agonist des-Arg?-BK failed to cause bronchospasm in
either asthmatic or normal subjects. Nasal challenge with
BK but not des-Arg®-BK similarly caused rhinitis symp-
toms (Churchill et al., 1991). Nasal airflow resistance in
response to BK or house dust mite challenge could be
inhibited by B, receptor but not B; receptor antagonists
(Austin and Foreman, 1994; Austin et al., 1994). Intrana-
sal challenge with platelet-activating factor also caused
nasal hyper-responsiveness to histamine, and this was
abolished by pretreatment with icatibant (Turner et al.,
2000). BK itself failed to cause histamine hyper-respon-
siveness.

A potentially important role for the B, receptor in
asthma was demonstrated by a clinical trial of nebulized
icatibant in patients with persistent asthma (Akbary et al.,
1996). After 1 month of therapy, patients given the higher
dose of icatibant had a mean increase of 10% in forced
expiratory volume in 1 s. No effect on acute bronchodila-
tion was seen suggesting an anti-inflammatory effect of the
B, receptor antagonist although the B, receptor antagonist
NPC17731 was able to inhibit the early antigen-induced
airway response to aerosolized allergen challenge in a non-
human primate model of asthma (Hogan et al., 1997).
Intranasal insufflation of icatibant prior to nasal allergen
challenge had no effect on the immediate allergic nasal
response but blocked histamine hyper-responsiveness at
24 h as well as allergen-induced increases in eosinophils,
eosinophil cationic protein, kinin, and IL-8 in 6-h nasal
lavage fluid (Turner et al., 2001). An association study
examining B, receptor polymorphisms and pediatric
asthma failed to find a significant association between a
genotype and the presence or absence of asthma; however,
a significant association between the B, receptor 21 —9/—-9
genotype and onset of asthma prior to the age of 4 was
found (Kusser et al., 2001).

A potential role for the B; receptor in airway disease
has been difficult to establish. The challenge studies
described above used des-Arg®-BK as a B, receptor ag-
onist, however, des-Arg®-BK is a relatively weak ligand
for the human B; receptor. Reynolds et al. (1999) chal-
lenged perennial allergic rhinitis or asthma patients
with BK or the potent B, receptor agonist Lys-des-Arg®-
BK. BK challenges again resulted in acute symptoms,
and repeated challenges resulted in tachyphylaxis. Lys-
des-Arg®-BK had no acute effect on either the upper or
lower airway. In a rat model of asthma, however, a B,
receptor antagonist inhibited allergen-induced bron-

chial hyper-responsiveness suggesting that the B; re-
ceptor may be involved in allergic airway inflammation
(Huang et al., 1999). A recent human study lends fur-
ther support to this concept. Allergic rhinitis subjects,
but not normal subjects, were shown to express B, re-
ceptors in nasal tissue, and allergen challenge further
increased nasal expression of B; receptor mRNA (Chris-
tiansen et al., 2002). Nasal challenge with the B, recep-
tor agonist Lys-des-Arg®-BK activated the ERK MAPK
in nasal samples from subjects with allergic rhinitis but
not in normal subjects, suggesting that the B, receptor
expressed in nasal tissue is functional and may play a
role in human airway inflammation. Expression of im-
munoreactive B; receptor was found in transbronchial
biopsies from patients with interstitial lung disease as-
sociated with progressive systemic sclerosis but not in
normal lung tissue (Nadar et al., 1996).

ACE inhibitors are well known to cause cough in a
subset of individuals receiving them. BK, acting in part
through stimulation of prostaglandin generation, has
been suggested as a possible mediator of the ACE inhib-
itor-induced cough (Choudry et al., 1989; Semple, 1995).
The B, receptor promoter —58 T/C polymorphism was
shown to have a significant association with ACE inhib-
itor cough in a Japanese population (Mukae et al., 2000,
2002). Patients with cough were more likely to have the
T allele (Mukae et al., 2000), which is associated with a
higher B, receptor transcription rate than the C allele.
This study did not find an association between cough
and the B, receptor 21 +9/—9 polymorphism; however,
as previously reported (Lung et al., 1997), the +9 allele
is not represented within the Asian population. Zee et al.
(1998), however, failed to find an association between
either the ACE I/D polymorphism or the B, receptor 21
+9/—9 polymorphism in a European population. An-
other study involving Chinese females with noninsulin-
dependent diabetes mellitus who were being treated
with ACE inhibitors found an association between cough
and the ACE I/D polymorphism but not the B, receptor
—58 T/C polymorphism (Lee and Tsai, 2001).

D. Neurological Disease

A significant role for kinin receptors has been pro-
posed in a variety of central nervous system diseases.
The widespread expression of By, receptors within the
CNS vasculature has led to intense interest in using
kinin agonists to increase permeability and delivery of
chemotherapeutic agents across the blood-brain barrier
(Borlongan and Emerich, 2003). Early clinical trials of
this approach for gliomas have demonstrated some effi-
cacy (Emerich et al., 2001).

Kinin receptors may also play an important role in the
regulation of post-traumatic cerebral edema. BK has been
widely appreciated to increase blood-brain barrier perme-
ability (Wahl et al., 1996; Sarker et al., 2000). Several
trials have now reported the effects of using a B, receptor
antagonist in the treatment of human traumatic brain
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injury. In the first study, the B, receptor antagonist CP-
0127 was infused for 7 days in patients with severe focal
cerebral contusions presenting 24 to 96 h after injury
(Narotam et al., 1998). Mean peak increase in intracranial
pressure as well as the mean increase in severity scores
was significantly less in the treated group. In another
study, CP-0127 was infused continuously for 5 days in
severely brain-injured patients with a Glasgow Coma
Score of 3 to 8 (Marmarou et al., 1999). A trend toward
improvement in intracranial pressure was seen, and there
was a significant lowering of the time that the intracranial
pressure was above 15 mm Hg on days 4 and 5. A trend
toward fewer deaths and better outcomes was also seen at
3 and 6 months.

Functional differences in kinin receptors have been
linked to Alzheimer’s disease. Studying inositol phosphate
production in fibroblasts, Huang et al. (1995) showed that
skin fibroblasts derived from patients with familial Alzhei-
mer’s disease generated increased amounts of IP; in re-
sponse to stimulation with BK compared with fibroblasts
derived from normal subjects. They further showed that
Alzheimer disease fibroblasts expressed increased num-
bers of By, receptors on their surface. These findings could
not be reproduced in a subsequent study where fibroblasts
derived from sporadic Alzheimer patients or normal sub-
jects generated the same amounts of IP; and released the
same amount of soluble amyloid precursor protein follow-
ing stimulation with BK (Racchi et al., 1998). More re-
cently, however, Zhao et al. (2002) reported enhanced and
prolonged IP;-sensitive Erk1/2 phosphorylation in re-
sponse to BK stimulation in fibroblasts derived from both
familial and sporadic Alzheimer’s disease compared with
age-matched normal and Huntington’s disease controls.
Furthermore, B, receptor activation was shown to result in
selective serine phosphorylation of tau in skin fibroblasts
from persons who have or will develop Alzheimer’s disease
due to presenilin-1 mutations or Trisomy 21, but not in
skin fibroblasts from normal individuals at any age (Jong
et al., 2003).

E. Cancer

The potential role of kinin receptors in human cancer
has not been well studied, however, the ability of BK to
stimulate growth and increase vascular permeability
may contribute to the biological behavior of tumors.
Evidence for increased generation of kinins in several
types of cancer has been reported (Matsumura et al.,
1988, 1991), and the B, receptor has been detected in a
number of different cancer tissues (Wu et al., 2002).

Kinin receptor antagonists have been proposed for the
treatment of various cancers, particularly lung and pros-
tate cancers (Stewart, 2003). The novel BK antagonist
dimer, CU201, was shown to induce apoptosis and
growth inhibition in various lung cancer and other can-
cer cell lines (Chan et al., 2002a,b). BK antagonists also
inhibited the growth of prostate cancer in xenografts in
nude mice (Stewart et al., 2002a).

Tissue kallikrein and the B, receptor were expressed
in endometrial and prostate cancers (Clements and
Mukhtar, 1997). Compared with normal or inflamed
vulvar tissue, human vulvar cancer tissue showed de-
creased levels of B, receptor mRNA (Olejek et al., 2001).
In contrast, cervical cancer tissue as well as cervical
cancer metastatic lesions displayed higher expression of
both B; and B, receptors than did normal cervical tissue
and the levels normalized following brachytherapy (Ole-
jek et al., 2000). Prostate cancer tissue was found to
express increased levels of B; receptors compared with
normal prostate tissue (Taub et al., 2003). Potential
consequences of up-regulation of B, receptor expression
were suggested by the ability of B; receptor ligands to
promote cell growth and stimulate migration and inva-
sion in a prostate cell line (Stewart et al., 2002a; Barki-
Harrington et al., 2003; Taub et al., 2003). Normal brain
tissue expresses B, receptors on cortical neurons but not
on glial cells (Raidoo et al., 1996). Brain tissue obtained
from patients with astrocytoma, however, showed B,
receptors on the astrocytic cells as well as variable ex-
pression of B; receptors (Raidoo et al., 1999).

F. Other Disease States

Potential associations between kinin receptors and a
variety of other diseases have been reported, and several
of these are briefly reviewed here. Kinin receptors may
play a role in inflammatory arthritis. B, receptor expres-
sion was reported to be increased in rheumatoid arthri-
tis synovial tissue compared with osteoarthritis tissue
(Bathon et al., 1992). Increased expression of B, recep-
tors have also been reported on synovial neutrophils and
synovial lining cells from rheumatoid arthritis subjects,
however, no evidence for synovial B, receptor expression
was found (Cassim et al., 1996, 1997).

Expression of the B, receptor as well as tissue kal-
likrein in the human uterus varied during the phases of
gestation, possibly contributing to the local regulation
necessary to support the developing fetus (Valdes et al.,
2001). A remarkable increase in B, receptor expression
in platelets and omental vessels was found in pre-
eclamptic women compared with normotensive preg-
nant women (AbdAlla et al., 2001). There was also evi-
dence of increased heterodimerization between B, and
AT, receptors in the pre-eclamptic women associated
with increased responsiveness to angiotensin-II despite
no difference in the expression of AT, receptors.

Hereditary angioedema (HAE) is a disease known to
be associated with increased generation of BK. Recent
studies in mice genetically engineered to be deficient in
C1 inhibitor have shown that the B, receptor antagonist
icatibant can abrogate the permeability defect seen in
C1 inhibitor deficiency (Han et al., 2002). One study
reported that HAE patients with the B, receptor 21
+9/+9 genotype had less swelling symptoms than pa-
tients with the —9 allele (Lung et al., 1997); however,
the B, receptor 21 polymorphism had no association
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with HAE severity in a different Czech cohort
(Freiberger et al., 2002). Of note, the B, receptor antag-
onist icatibant is currently in trials for the treatment of
attacks of angioedema in HAE patients.

Several reports have implicated kinin receptors in gas-
trointestinal diseases. Comparing gastritis to normal gas-
tric tissue, Bhoola et al. (1997) found decreased B, recep-
tors and appearance of B, receptors in the gastritis tissue.
Inflammatory bowel disease was found to be significantly
associated with a decreased presence of the C allele at the
B, receptor —699 locus compared with normal controls
(Bachvarov et al., 1998a). Expression of B, receptor mRNA
as well as binding of [’H]BK was assessed in human gall-
bladders (Trevisani et al., 2003). Gallbladders removed for
acute cholecystitis expressed significantly increased levels
of B, receptors than control gallbladders removed for gall-
stones or during elective gastroenteropancreatic surgery.
The cholecystitis gallbladders also demonstrated increased
contractility to stimulation with exogenous BK.

G. Caveats

Evidence is slowly accumulating linking kinin recep-
tors to a variety of clinical diseases. Interpretation of the
data are hampered, however, by the paucity of human
studies directly testing the impact of kinin receptors on
disease. A significant amount of inference has been
drawn from examining kinin receptor SNPs or short
genetic deletions/insertions. It is important to bear in
mind that such variations are merely genetic markers
and may not always be of significance. Although some of
the polymorphisms of the kinin receptor locus have been
proposed to determine alterations of the expression of
one of the receptors, the evidence is limited and not
always reproducible (Lung et al., 1997; Bachvarov et al.,
1998b; Houle et al., 2000a). Very few known polymor-
phisms affect the kinin receptor amino acid sequences.
Three such mutations have been described for the coding
region of the B; receptor, one of which determines a
premature stop codon, but they are likely to be very
infrequent alleles (Hess et al., 2002). When larger or
more diverse populations are examined, predictions
based on SNPs do not always hold true. An avenue for
the future would be to define full haplotypes for the
kinin receptor locus (i.e., phased SNPs determined by
sequencing full DNA strands). This approach has pro-
duced more predictive data for the B,-adrenergic recep-
tor gene (Drysdale et al., 2000). However, this is compli-
cated by the fact that the two kinin receptor genes are so
close to each other. Thus, a genetic marker in one gene
could be in linkage disequilibrium with a functional
alteration of the other (see Houle et al., 2000a) because
there is little probability of recombination within zones
of 60 kb in the human genome (Reich et al., 2001).

VIII. Kinin Receptors and Drug Development

Over the past two decades it has become clear that the
various kinins and their receptors are involved in an in-

creasing list of physiological functions. Prominent among
these processes from the standpoint of therapeutic inter-
vention is the well known proinflammatory effects of BK
and its metabolites that are mediated through B; and B,
receptors (Table 6; Ahluwalia and Perretti, 1999; McLean
et al., 2000b; Couture et al., 2001; Marceau and Regoli,
2004). Important disease states such as chronic inflamma-
tory pain, sepsis, edema, head trauma, and asthma all
have their basis in the inflammatory response. As such,
the development of B; and B, receptor antagonists could
provide novel therapeutics according to the importance of
the specific roles of the receptors in the pathology. These
therapeutic targets have been the subject of conjecture for
some time now (Fujie et al., 1993; Perkins et al., 1993;
Sharma, 1993; Fink, 1998; Stewart et al., 1999; Heitsch,
2003; Howl and Payne, 2003; Zausinger, 2003), and a lim-
ited number of published human clinical studies have been
conducted in the area of pain, asthma/rhinitis, and septic
shock (see Whalley et al., 1987; Proud et al., 1995; Akbary
et al., 1996; Fein et al., 1997; Turner et al., 2001) showing
some level of efficacy with BK antagonists. However, being
peptide-based structures, the properties of these early
compounds were likely not ideal, perhaps limiting poten-
tial efficacy. A number of pharmaceutical efforts are cur-
rently ongoing to discover and optimize novel nonpetidyl
chemical structures acting through B; or B, receptor
mechanisms (see Section II.). A key question that must
await appropriate clinical trials is to what extent the re-
sults from animal studies translate to humans. The ther-
apeutic areas currently of most interest are driven by med-
ical need and include pain, cardiovascular function,
asthma, and cancer.

A. Pain

Perhaps the most promising area where kinin recep-
tor antagonists could prove useful is in the treatment of
pain. The role of kinins in mediating pain responses in
animals has been known for almost two decades and
exemplified by the observation that injection of BK into
the knee of rats elicited a hyperalgesic response (Davis
and Perkins, 1994a). B; and B, receptors share an over-
lapping distribution among tissue and cell types, albeit,
at different expression levels, and their activation can
elicit similar intracellular effector mechanisms and
physiological responses. The specific role of B, and B,
receptors to underlie pain, however, relates to the mag-
nitude and kinetics of their expression. B, receptors are
generally constitutively expressed on a number of cell
types including primary sensory neurons, and BK acti-
vates these nociceptors to contribute to the acute pain
response (Dray et al., 1992). Such a response is evident
when applying low concentrations of BK to a blister base
in humans (Whalley et al., 1987). It appears that the
acute blister base pain response to BK is mediated by
the B, receptor because the B, receptor-selective agonist
des-Arg®-BK was not as active at high concentrations.
However, a role of the B; receptor should not be ruled
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out because it is now known that des-Arg®-BK exhibits
low affinity for the human B, receptor and was thus not
an appropriate tool to test the hypothesis (see Marceau
et al., 1998). Consistent with these observations, intra-
dermal administration of BK is well known to produce
an acute, painful response accompanied by swelling and
redness (Kindgen-Milles and Klement, 1992; Fadel et
al., 2000). Of interest, the intranasal administration of
BK or its topical application to the back of the throat
produces an irritating sore throat (Proud et al., 1988;
Rees and Eccles, 1994), providing the mechanism behind
the so-called “bradykinin cough” that sometimes accom-
panies the reduced metabolism of BK after treatment of
high blood pressure with ACE inhibitors.

The constitutive expression of B, receptors on vascular
endothelial cells underlies the initial inflammatory re-
sponse leading to edema, plasma extravasation, and the
ensuing generalized inflammatory response, which in-
cludes local tissue generation of high levels of kinins (see
Ahluwalia and Perretti, 1999; McLean et al., 2000b). The
generalized inflammation including enhanced release of
local inflammatory cytokine mediators (e.g., TNF-«, IL-1,
prostaglandins, etc.) induces the local expression of B;
receptors on various cell types, thereby propagating the
inflammatory response, including the associated activa-
tion of nociceptors by a variety of mediators (Ni et al.,
1998b; Poole et al., 1999; Cabrini et al., 2001; Sardi et al.,
2002). Thus, this cascade of events has led to the view that
B, receptors are involved in the initial inflammatory re-
sponse followed by the appropriate induction of B, recep-
tors to potentiate and mediate longer term inflammation
and pain, as initially proposed by Perkins and colleagues
(Perkins and Kelly, 1993; Perkins et al., 1993; Davis and
Perkins, 1994a,b) to explain their findings in rats. Contrib-
uting to this sequence is the kinetics of receptor down-
regulation whereby B, receptors appear to be readily phos-
phorylated and internalized, whereas B, receptors have a
longer functional half-life on the surface of the cell (Austin
et al., 1997; Blaukat et al., 2001; Lamb et al., 2001; Prado
et al., 2002). It should be noted, however, that the conver-
sion of B, to B; receptor-dominant responses over the
course of an inflammatory insult can be species-dependent.
The i.v. administration of LPS to rats, rabbits, and mon-
keys (Regoli et al., 1981; Drapeau et al., 1991; Nicolau et
al., 1996; deBlois and Horlick, 2001) elicits a B; receptor-
dependent depressor response that was absent before the
LPS treatment, whereas in dogs such a depressor response
is constitutive (Nakhostine et al., 1993).

Based on these data then, the prevailing picture that
has emerged is that B, receptor antagonists would tar-
get the early phases of inflammatory pain, whereas B,
receptor antagonists would be most likely to treat
chronic inflammatory pain. This view, along with a pe-
ripheral site of action, is supported by pain studies in
animals whereby local injections of peptidyl B, and B,
receptor agonists produce time-dependent algesic re-
sponses that are in turn inhibited by receptor specific

kinin antagonists (Perkins et al., 1993; Davis and Per-
kins, 1994a; Tonussi and Ferreira, 1997; Poole et al.,
1999). However, over the past few years an expanded
view has developed particularly for the potential role of
B, receptor antagonists for the broad treatment of the
various types of pain. The phenotypic profile of the B,
receptor knockout mouse has contributed to this ex-
panded view (Pesquero et al., 2000; Ferreira et al.,
2001). Although appearing normal upon observation, as
expected, certain responses to inflammation are absent
or markedly reduced in the B, receptor knockout mouse
including thermal hyperalgesic responses to Freund’s
adjuvant and carrageenan, LPS-induced hypotension,
and carrageenan-induced pleurisy. In addition, re-
sponses to painful stimuli in the absence of inflamma-
tion are also reduced in the B, receptor knockout mouse,
suggesting a potential role of B, receptors in acute pain.
Significantly, a role for a CNS component in pain per-
ception is suggested by in vitro studies showing that the
ventral root potential evoked by electrical stimulation of
the dorsal root is enhanced by the application of des-
Arg®-BK to a spinal cord preparation from wild-type but
not B; receptor knockout mice. The phenomenon of
“wind-up” to repeated dorsal root stimulation in vitro is
also reduced by about 50% in the B, receptor knockout
mice (Pesquero et al., 2000). Wind-up is a response ob-
served after peripheral nerve damage whereby continu-
ous primary afferent nociceptive input causes neuronal
plasticity in the spinal cord leading to hyperalgesia and
allodynia. Many drugs that are effective in treating neu-
ropathic pain are also effective in reducing wind-up
(Boyce et al., 1999). A potential role for B, receptor
mechanisms to underlie neuropathic pain has recently
been demonstrated in animals after nerve damage (Levy
and Zochodne, 2000; Rashid et al., 2004) or induced by
diabetes (Gabra and Sirois, 2002), whereby B, receptor
antagonists are analgesic. In some cases, the analgesic
response of B, receptor antagonists was demonstrated to
parallel the induction of B; receptors in primary affer-
ents and spinal cord (Levy and Zochodne, 2000). Indeed,
it has also been shown that peripheral nerve injury
induces a switch from the expression of B, to B recep-
tors in large diameter peripheral neurons as well as a
switch from a B, to B; receptor-dependent functional
and nociceptive response (Rashid et al., 2004). A contri-
bution of a spinal cord B; receptor mechanism to
mediate inflammatory pain responses induced by in-
traplantar injection of complete Freund’s adjuvant is
demonstrated by the antihyperalgesic response of intra-
thecally delivered B; receptor antagonist (Fox et al.,
2003). In agreement with these findings, a hyperalgesic
response to intrathecal des-Arg®-BK is markedly re-
duced in the B, receptor knockout mouse (Ferreira et al.,
2002). For a CNS-based mechanism, B, receptor antag-
onists could be acting at B, receptors expressed on nerve
terminals in the dorsal horn or on intrinsic spinal cord
neurons to interrupt pain signals. Importantly, all of the
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components of the kinin system have been demonstrated
in CNS to subserve such a mechanism (Lopes and Cou-
ture, 1997; Raidoo and Bhoola, 1997; Couture and Lind-
sey, 2000; Ma et al., 2000; Shughrue et al., 2003).

Based on the results from animal studies generated
over the past decade, it would appear that antagonists of
both the B, and B, receptors are legitimate targets as
novel analgesic agents. To date, no clinical studies have
been published testing this hypothesis. Overall, the an-
algesic profile of a B, receptor antagonist may be differ-
ent from a B; receptor antagonist by being most effective
during acute phases of inflammation. B, receptor mech-
anisms both in the periphery and the CNS appear to be
involved in inflammatory and neuropathic pain re-
sponses and in certain circumstances, pain responses in
the absence of inflammation. The analgesic profile of B,
receptor antagonists differs from that of nonsteroidal
anti-inflammatory drugs by their activity in the models
of neuropathic pain and some instances in the absence of
inflammation and from opiates by the absence of seda-
tion and lack of disruption of sensorimotor function. The
development of a centrally active compound may provide
the greatest potential for maximal efficacy across differ-
ent clinical pain states. Of course, this conjecture must
await the results of appropriate clinical trials with the
novel antagonists currently being optimized and devel-
oped (see Section II., Fig. 2).

B. Cardiovascular Function

BK is well known for its multiple effects on the car-
diovascular system particularly vasodilation and
plasma extravasation (Ahluwalia and Perretti, 1999;
Heitsch, 2003; Howl and Payne, 2003), key activities
leading to the inflammatory response. In animals and
humans, the vasodilation under normal conditions is
mediated by the B, receptor (Cockcroft et al., 1994a,b;
Groves et al., 1995; Weldon et al., 1995), but it is known
that under inflammatory conditions, newly expressed B,
receptors can also mediate kinin-induced vasodilation
and hypotension (Regoli et al., 1981; Drapeau et al.,
1991, deBlois and Horlick, 2001). As such, B, receptor
agonists have been considered as potential antihyper-
tensive or cardioprotective agents (see Heitsch, 2003;
FR190997, Section II.). At least part of the beneficial
effects of ACE inhibitors, and possibly AT, antagonists,
to reduce blood pressure or impart cardioprotection have
been linked to the local generation of kinins and result-
ing B, receptor stimulation (Linz et al., 1997; Gainer et
al., 1998; Zhu et al., 1999; Witherow et al., 2001). Al-
though B, receptors have been primarily implicated in
the preconditioning and cardioprotective effects of BK
(Goto et al., 1995; Baxter and Ebrahim, 2002), it is
known that cardiac ischemia can induce B; receptors
locally (Tschope et al., 2000; Mazenot et al., 2001; La-
gneux et al., 2002) providing a basis that B; receptor
activity may also promote preconditioning and cardio-
protection (Chahine et al., 1993; Bouchard et al., 1998).

On the other hand, B; receptor activation has been
shown to exert protective effects after cardiac ischemia
in mice (Lagneux et al., 2002). Clearly, there is potential
for kinin agonists, particularly B, receptor agonists, as
novel cardioprotective agents; however, it is unclear
whether proinflammatory effects would preclude their
development (Aramori et al., 1997a; Heitsch, 2003).

BK has been implicated in the pathogenesis of septic
shock syndrome either directly or indirectly, along with
a number of other potential mediators, by virtue of its
increased production after infection and its well known
effects to produce hypotension and plasma extravasa-
tion (Fink, 1998). B, receptor antagonists, however,
have not proven particularly effective in animal models
(Otterbein et al., 1993; Feletou et al., 1996) or in an
initial clinical trial (Fein et al., 1997). It will be of inter-
est to study a potent and long-acting B, receptor antag-
onist, knowing that B; receptors are readily induced in
the vasculature under conditions of inflammation (Re-
goli et al., 1981; Drapeau et al., 1991; Nicolau et al.,
1996; deBlois and Horlick, 2001).

Angioedema is a condition characterized by swelling
of the extremities and abdomen leading to pain, nausea,
and vomiting (see Section VILF.). A hereditary form of
the disease is characterized by activation of the kal-
likrein-kinin system or decreased kinin metabolism
(Adam et al., 2002; Molinaro et al., 2002) resulting in
increased kinin levels in the circulation (Nussberger et
al., 1999), which presumably is the cause of angioedema
arising in a small portion of patients taking ACE inhib-
itors (Warner et al., 2000). Of interest, a recent commu-
nication from researchers at Jerini AG suggests efficacy
of icatibant or JE049 to treat the symptoms of angio-
edema in a Phase II clinical trial.

The vasodilatory, edema-inducing, and overall proin-
flammatory activity of BK in the brain after trauma
provides the basis for the current interest in the devel-
opment of B, receptor antagonists in the treatment of
stroke and ischemia-related neurological problems
(Sobey, 2003; Zausinger, 2003). Both CP-0597 and LF
16-0687 (see Section II.; Fig. 2) have shown activity to
reduce infarct size, brain edema, and improve neurolog-
ical outcome in rats (Relton et al., 1997; Kaplanski et al.,
2002; Zausinger et al., 2003). LF 16-0687 is currently in
clinical trials for the treatment of head trauma.

C. Airway Function

The role of BK in the inflammatory processes leading
to conditions such as asthma and rhinitis gathered the
earliest interest in B, receptor antagonists as potential
novel therapeutics. Increased kinin formation has been
demonstrated in pulmonary exudates during allergic re-
actions in humans (Proud et al., 1983; Naclerio et al.,
1988). In addition, BK administration to airways has
been shown to induce bronchoconstriction in asthmatics,
but not normals (Fuller et al., 1987; Polosa and Holgate,
1990), perhaps due to enhanced B, receptor expression
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in this sensitized patient population (Schmidlin et al.,
2000). BK challenge also produces sore throat and rhi-
nitis (Proud et al., 1988), and these symptoms are
blocked by the potent and selective B, receptor antago-
nist icatibant (Proud et al., 1995). In allergic individuals
exposed to grass pollen, prior intranasal administration
of icatibant suppressed some of the allergic responses
(increase in eosinophil number, IL-8 in lavage fluid, and
histamine reactivity), but not others (nasal obstruction
and albumin extravasation) (Turner et al., 2001). Icati-
bant, on the other hand, reduced nasal blockade in al-
lergic individuals exposed to house mite dust (Austin et
al., 1994). Icatibant has also been studied in patients
with moderately severe asthma in a double-blind, pla-
cebo controlled, 4-week clinical trial (Akbary et al.,
1996). Compared with placebo, icatibant produced a rel-
atively modest improvement in pulmonary performance
but did not cause bronchodilation or impact on global
symptom score or the frequency of rescue medication use
in this patient population. Although icatibant was even-
tually not developed for pulmonary disorders, there does
appear to be a significant contribution of B, receptor
mechanisms in human pulmonary disorders such as al-
lergic rhinitis. It may be that the therapeutic potential
of B, receptor antagonists will be revisited with newer
compounds under development.

B, receptor mechanisms as they relate to pulmonary
function have been less studied than B, receptor mech-
anisms. B; receptor activation has been shown to relax
mouse tracheal smooth muscle (Trevisani et al., 1999),
and the B; receptor has been shown to be functionally
up-regulated in tissue taken from allergic patients with
rhinitis (Christiansen et al., 2002), but not normal sub-
jects. A significant role for the B; receptor pathway,
however, is not supported by a study where nasal ad-
ministration of the B, receptor agonist, Lys-des-Arg®-
BK, did not elicit pulmonary responses in asthmatic or
allergic patients with rhinitis (Reynolds et al., 1999).

D. Cancer

Recently, some interest has emerged in the potential
chemotherapeutic effects of BK antagonists. Small-cell
lung carcinoma cells and other cancer cells are known to
express B; receptors, and activation of B, receptor stim-
ulates growth of these cells (Bunn et al., 1992). Synthe-
sis of dimeric peptide antagonists of BK such as CU201
(Chan et al., 2002a,b) has provided novel compounds
that have shown anticancer effects in different cell lines
(see Stewart et al., 1999; Worden and Kalemkerian,
2000; Howl and Payne, 2003) and in vivo (Stewart et al.,
2002b). Although the cytotoxic effects of these com-
pounds are clear, their mechanism of action is less clear
and appears to not necessarily be related to BK antag-
onist activity (Stewart et al., 1999, 2002b). More work to
elucidate the mechanism of action is needed.

Another strategy to approach a novel chemotherapeu-
tic agent via a BK-based mechanism could be derived

from recent findings that BK promotes angiogenesis and
neovascularization in response to conditions of ischemia
(Emanueli and Madeddu, 2001). Both B; and B, recep-
tors have been implicated in the BK-mediated angio-
genic response to ischemia (Emanueli and Madeddu,
2001; Silvestre et al., 2001). Therefore, the therapeutic
evaluation of novel B; or B, receptor antagonists to
impair vascularization-supported tumor growth may be
warranted.

IX. Epilogue

Much progress has been made in our understanding of
the molecular biology, cell biology, physiology, and phar-
macology of peptides belonging to the kinin family since
their initial discovery in the 1930’s. It is now well estab-
lished that these peptides act through two receptors, B,
and B,. These receptors are linked physiologically
through their natural stimuli and their common partic-
ipation in a variety of inflammatory responses. The func-
tional difference between these two receptors seems to
lie primarily in the mechanism by which they are regu-
lated; the B, receptor is more or less constitutively ex-
pressed and subject to rapid and pronounced desensiti-
zation in response to agonist stimulation, whereas the
B, receptor is induced by the insult and subject to con-
siderably less agonist desensitization. This differential
regulation is consistent with the thought that in general
the B, receptor is involved in the short-term inflamma-
tory and pain responses to insult, whereas the B, recep-
tor is involved in the long-term responses. The availabil-
ity of mice lacking each receptor gene has provided much
detailed insight into the specific roles of each receptor in
the inflammatory response. The development and use of
a number of peptidic and nonpeptidic antagonists in
various animal models has implicated both B; and B,
receptors as potential drug targets in several pathophys-
iological events related to inflammation such as inflam-
matory pain, sepsis, allergic asthma, rhinitis, inflamma-
tory edema, etc. Currently, the most promising area for
drug therapy targeting kinin receptors is in pain, where
B, receptor antagonism may target both inflammatory
as well as certain types of acute pain. The importance of
kinins in several of the beneficial effects of ACE inhibi-
tors is also now appreciated. However, this therapeutic
avenue also presents the potential “double-edged” na-
ture of kinins, since these peptides may also participate
in the angioedema that sometimes appears as a result of
ACE inhibitor treatment. Nevertheless, this unwanted
side effect is now also being targeted with certain kinin
antagonists. The future use of recently generated double
knockout mice lacking both receptor genes is bound to
offer even further insights into the roles of these recep-
tors, which undoubtedly will open up new therapeutic
opportunities.
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