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SUMMARY
We describe the receptor binding and antagonistic properties of
two novel nonpeptide antagonists, FR167344 (3-bromo-8-[2,6-
dichloro-3-[N-[(E)-4-(N,N-dimethylcarbamoyl)cinnamidoacetyl]-N-
methylamino]benzyloxy]-2-methylimidazo[1,2-a]pyridine hydro-
chloride) and FR173657 (8-[3-[N-[(E)-3-(6-acetamidopyridin-3-
yl)acryloylglycyl]-N-methylamino]-2,6-dichlorobenzyloxy]-2-
methylquinoline), for the human bradykinin receptor subtypes (B1
and B2). In competitive experiments using membranes prepared
from Chinese hamster ovary cells expressing the bradykinin re-
ceptor subtypes, FR167344 and FR173657 showed a high affinity
binding to the B2 receptor with IC50 values of 65 and 8.9 nM,

respectively, and no binding affinity for the B1 receptor. FR167344
and FR173657 inhibited the B2 receptor-mediated phosphatidyl-
inositol (PI) hydrolysis and produced a concentration-dependent
rightward shift in the dose-response curve to bradykinin. This shift
was accompanied by a progressive reduction of maximal re-
sponse. Estimated pA2 values for the antagonism of bradykinin-
induced PI hydrolysis by FR167344 and FR173657 were 8.0 and
9.0, respectively. FR167344 and FR173657 showed no stimula-
tory effects on PI hydrolysis. Therefore, FR167344 and FR173657
are potent, highly selective, and insurmountable antagonists for
the human bradykinin B2 receptor.

Kinins are members of a family of peptides that exhibit a
variety of biological activities, including vasodilation, in-
creased vascular permeability, contraction of smooth muscle
cells, and activation of sensory neurons (1–3). Bradykinin
and kallidin (Lys-bradykinin) are released from high- and
low-molecular-weight kininogens by the proteolytic action of
kallikreins. Removal of the carboxyl terminus of these pep-
tides by a carboxypeptidase generates des-Arg9-bradykinin
and des-Arg10-kallidin, respectively (1, 2). The biological ef-
fects elicited by kinins are mediated through the activation of
two bradykinin receptor subtypes, B1 and B2 (1, 3, 4). The
cDNA sequences encoding these receptors have been re-
ported (5–7). The two bradykinin receptors have seven hy-
drophobic segments and share a significant sequence simi-
larity with other G protein-coupled receptors. B1 receptor
exhibits a rank order of binding affinities as follows: des-
Arg10-kallidin . kallidin . des-Arg9-bradykinin .. bradyki-

nin (4, 7); a rank order of potency for the B2 receptor is
bradykinin 5 kallidin .. des-Arg9-bradykinin (4–6).
The involvement of kinins in the pathology of human dis-

eases, including pain, inflammation, trauma, burns, shock,
allergy, and some cardiovascular diseases, has been sug-
gested by studies of animal models and humans (1–3). Bra-
dykinin receptor antagonists thus have therapeutic potential
as novel analgesics and anti-inflammatory agents. To assess
the disparate roles of the multiple receptor subtypes in each
disease and to develop a clinically useful bradykinin antag-
onist, it is important to study the precise pharmacological
properties of the two individual bradykinin receptors. Previ-
ously, several peptide and nonpeptide bradykinin receptor
antagonists have been reported (4, 8, 9). However, the accu-
rate determination of the potencies of antagonists for indi-
vidual receptors has been hampered by the existence of mul-
tiple receptor subtypes in tissues or cell preparations
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studied. Furthermore, it has become apparent that the li-
gand-receptor interaction should not be extrapolated across
species without independent validation, because equivalent
receptors between species can exhibit distinct pharmacolog-
ical properties (4, 10). The functional expression of a human
cDNA clone for each bradykinin receptor subtype in the same
cell type can provide a useful system to study the pharmaco-
logical profiles of antagonists for a single receptor subtype
without any ambiguity resulting from the multiple receptor
subtypes and from species differences in these receptors.
FR167344 and FR173657 are novel nonpeptide bradykinin
receptor antagonists that are effective on bradykinin-induced
bronchoconstriction in guinea pigs and hypotensive response
in rats (11).1 In this investigation, we examined the poten-
cies, selectivities and antagonistic properties of FR167344
and FR173657 for the two human bradykinin receptor sub-
types in transfected CHO cells.

Experimental Procedures
Materials. Materials were obtained from the following sources:

human kidney and aorta cDNA from Clontech (Palo Alto, CA);
a-minimal essential medium lacking ribonucleosides and deoxyribo-
nucleosides from Flow Laboratories (Irving, UK); Dulbecco’s modi-
fied Eagle medium from Nissui (Tokyo, Japan); dialyzed fetal bovine
serum from Sigma Chemical (St. Louis, MO); kallidin, [des-Arg10],
[3,4-Prolyl-3,4-3H]-([3H]des-Arg10-kallidin) and bradykinin, [2,3-
Prolyl-3,4-3H]-([3H]bradykinin)from Dupont-New England Nuclear
(Boston, MA); myo-[2-3H]inositol (18.8 Ci/mmol) from Amersham
(Arlington Heights, IL); bradykinin, kallidin, des-Arg9-bradykinin
and des-Arg9-[Leu8]-bradykinin from Peptide Institute (Osaka, Ja-
pan); des-Arg10-kallidin from Peninsula Laboratories (Belmont, CA).
FR167344, FR173657, and Hoe140 (8) were prepared by Exploratory
Research Laboratories of Fujisawa Pharmaceutical (Osaka, Japan).
The chemical structures of FR167344 and FR173657 are shown in
Fig. 1.
Receptor cDNA. The cDNA clones coding for the human B1 and

B2 receptors were obtained by PCR performed on human aorta cDNA
and kidney cDNA, respectively. To amplify the full-length B1 and B2

receptor-coding region, sets of primers were designed according to
the published nucleotide sequences (6, 7) (B1: set 1, 59-GGACTGGT-
CTGTGCATGGCATCATCCTGGC-39; 59-GCGTCGACGGTTCAATG-
CTGTTTTAATTCCGCC-39; B2: set 1, 59-CGGAATTCATCAATGTT-
TCTGTCTGTTCGTGA-39; 59-AAGGGCAGCCAGCAGATGATG-39;
set 2, 59-TTTCCTGATGCTGGTGAGCAT-39; 59-CGGGATCCTTACA-
CAAATTCACAGCAGCCCT-39). PCR amplification was performed
by using the GeneAMP DNA amplification reagent kit according to
the following schedule: B1, 30 sec at 94° and 5 min at 65° for 30
cycles; B2, 1 min at 94°, 2 min at 55°, and 3 min at 72° for 25 cycles
followed by one cycle of 10 min at 72°. The resultant PCR products,
the 1.1 kb pair B1 receptor cDNA fragment and the 0.55 and 0.65 kb
pair B2 receptor cDNA fragments, were subcloned individually into
pBluescript SK(2) after digestion with a mixture of SpeI and SalI
(pBS-hB1) and of EcoRI, SstI, and BamHI (pBS-hB2), respectively.
The identities of the obtained clones were confirmed by nucleotide
sequence analyses (6, 7).
Transfection and stable expression of the cloned bradyki-

nin receptors. The CHO cell lines expressing the human bradyki-
nin receptors were established according to the procedures described
previously (12). B1 and B2 receptor cDNA were subcloned individu-
ally into a eukaryotic expression vector containing the simian virus
40 early promoter and the mouse dihydrofolate reductase cDNA as a

selective marker. The resultant plasmids were transfected into CHO
(dhfr2) cells by the calcium phosphate method (13). Cell lines ex-
pressing a bradykinin receptor together with dihydrofolate reductase
were selected in the a-minimal essential medium lacking ribonucleo-
sides and deoxyribonucleosides, supplemented with 10% dialyzed
fetal bovine serum. From selected cell populations, clonal cell lines
were isolated by single cell cloning.
Ligand binding of bradykinin receptors. For the determina-

tion of the receptor densities and ligand binding selectivities of the
bradykinin receptors expressed in clonal cells, the isolation of crude
membranes and subsequent ligand binding assays were performed
as described previously (14–16). Binding assays for the B1 and B2

receptor were carried out by using [3H]des-Arg10-kallidin and
[3H]bradykinin, respectively. Cell membranes (12.5–75 mg/ml) were
incubated with various concentrations (saturation experiments) or
500 pM (displacement experiments) of [3H]des-Arg10-kallidin or
[3H]bradykinin for 90 min in 0.25 ml of the binding solution contain-
ing 20 mM HEPES, pH 7.4, 125 mM N-methyl-D-glucamine, 5 mM

KCl, 0.1% BSA, 1 mM 1,10-phenanthrolin monohydrate, 1 mM dithio-
threitol, 1 mM captopril and 140 mg/ml bacitracin (for the B1 receptor)
or 25 mM trimethylaminoethanesulfonic acid, pH 6.8, 0.1% BSA, 1
mM 1,10-phenanthrolin monohydrate, 1 mM dithiothreitol, 1 mM cap-
topril, and 140 mg/ml bacitracin (for the B2 receptor). All experiments
were carried out at least three times in duplicate. The specific bind-
ing was calculated by subtracting the nonspecific binding, deter-
mined in the presence of 1 mM unlabeled des-Arg10-kallidin (for the
B1 receptor) or bradykinin (for the B2 receptor), from the total bind-
ing. The specific binding activity amounted to 90–92% of the total
binding activity.
Measurements of PI hydrolysis. PI hydrolysis was measured

essentially as described previously (12). CHO (dhfr2) cells express-
ing individual bradykinin receptors were seeded in 12-well plates at
a density of 1 3 105 cells per well and cultured for 1 day. The cells
were labeled with [3H]inositol (1 mCi/ml) for 24 hr. The cells were
washed twice with PBS containing 0.2% BSA and incubated with the
same solution for 30 min and then with PBS containing 0.2% BSA
and 10 mM LiCl for 30 min at 37°. Agonist stimulation was started by
replacing the medium with fresh PBS (1 3 5 137 mM NaCl, 2.7 mM

KCl, 8.1 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.4) containing 0.2%
BSA, 10 mM LiCl, and test reagents. The reaction was terminated by
5% (w/v) trichloroacetic acid after incubation for 30 min at 37°.
Separation of [3H]inositol phosphates was carried out by BioRad
(Richmond, CA) AG138 chromatography essentially as described
(17). IP1, IP2, and IP3 were eluted serially with 5 mM disodium
tetraborate and 180 mM sodium formate, 0.1 M formic acid and 0.4 M

ammonium formate and 0.1 M formic acid and 1.0 M ammonium
formate, respectively. The radioactivity in the eluates was deter-
mined by a liquid scintillation spectrometer.
Data analysis. In the radioligand binding experiments, displace-

ment data were fitted to the equation %B 5 100/{ 1 1 (x/IC50)nH},
where %B is percentage of a bound radioligand to the total specific
binding, x is the concentration of a competing ligand, IC50 values
represent the concentrations of ligands to inhibit the specific radio-
ligand binding of receptors by 50%, and nH is the pseudo-Hill coef-

1 N. Inamura, M. Asano, C. Hatori, H. Sawai, T. Fujiwara, A. Katayama, H.
Kayakiri, S. Satoh, Y. Abe, T. Inoue, Y. Sawada, K. Nakahara, T. Oku, and M.
Okuhara, unpublished observations.

Fig. 1. Structure of FR167344 (A) and FR173657 (B).
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ficient. In the functional assay, the dose-response curves for brady-
kinin obtained in the absence and presence of antagonists were fitted
to the equation R 5 [(Rmax 2 1)/{1 1 (EC50/x)nH}] 1 1, where R is the
inositol phosphates (fold increase), Rmax is the maximal response
(fold increase), EC50 values are the effective concentrations of half-
maximal response, x is the concentration of bradykinin, and nH is the
Hill coefficient. pA2 values were estimated from DRs calculated from
the horizontal distances between ascending regions of the dose-
response curves of bradykinin obtained in the absence and presence
of antagonists (18). DRs were determined from the effective concen-
trations of bradykinin in the absence and presence of antagonists
that cause 10% of the maximal response in the absence of antago-
nists. The slopes were determined by linear regression by the method
of least squares.

Results and Discussion
Stable expression of the bradykinin receptors. The

cDNA clones coding for the human B1 and B2 bradykinin
receptors were obtained by PCR, and their identities were
confirmed by nucleotide sequence analyses. There were some
nucleotide differences between our B1 bradykinin receptor
cDNA clone and those of GenBank U12512, resulting in
amino acid substitution. The amino acid sequence deduced
from our B1 receptor cDNA sequence showed substitutions of
R (CGG) at residue 146 and RCGGR (AGGTGCGGGGGC-
CGC) at residues 239–243, in place of the sequence predicted
from GenBank data, G (GGA) and RVRGP (AGAGT-
GCGGGGGCCG), respectively. The integrity of our nucleo-
tide sequence was confirmed by the comparison with the
sequence of B1 receptor gene cloned from the human genomic
DNA.2 CHO (dhfr2) cells were transfected with a vector-
directing expression of the cDNA for each of the human
bradykinin receptor subtypes. A mouse dihydrofolate reduc-

tase cDNA was used as a selective marker that allowed
receptor-expressing cell populations to grow in the medium
lacking ribonucleosides and deoxyribonucleosides. More than
20 clonal cell lines that stably expressed bradykinin recep-
tors at various levels were identified for each of the B1 and B2
receptor by ligand binding of [3H]des-Arg10-kallidin and
[3H]bradykinin, respectively. No binding of these radioli-
gands was observed in untransfected CHO cells (data not
shown). Clonal cells expressing maximal levels of the B1 and
B2 receptors were identified by saturation binding analyses,
and the receptor densities of the B1 receptor-expressing and
B2 receptor-expressing cell lines were estimated to be 0.2 and
1.2 pmol/mg of membrane proteins with a dissociation con-
stant (Kd) of 110 pM and 66 pM, respectively (data not shown).
The Kd values obtained for the B1 and B2 receptors agreed
with those reported previously (6, 7). These two cell lines
permanently expressing the B1 and B2 receptors were used
for subsequent competition binding experiments and analy-
ses of PI hydrolysis.
Receptor-binding studies of the bradykinin antago-

nists. The transfection and functional expression of cDNA
clones for single receptor subtypes in the same cell type are
useful for the accurate characterization of ligand-receptor
interaction because uncertainties arising from the presence
of multiple receptor subtypes and the species differences of
the equivalent receptors can be eliminated successfully. We
determined the potencies and selectivities of the nonpeptide
antagonists, FR167344 and FR173657, in inhibiting specific
radioligand binding to membranes prepared from CHO cells
expressing each bradykinin receptor subtype. Competition
curves of radioligand binding by the kinin peptides
FR167344, FR173657, and Hoe140, a peptide antagonist, are
presented in Fig. 2. IC50 values to inhibit specific radioligand
binding to both receptor subtypes are summarized in Table 1.
When the receptor binding properties of kinins were exam-

2 J. Zenkoh, I. Aramori, N. Morikawa, and Y. Notsu, unpublished observa-
tions.

Fig. 2. Displacements of specific
radioligand binding to membranes
of clonal cells expressing the hu-
man bradykinin receptor subtypes
by kinin peptides (A, B) and the
antagonists (C, D). Experimental
details are described in Experimen-
tal Procedures. The unlabeled li-
gands added to the binding assays
of the B1 receptor (A, C) and the B2
receptor (B, D) are as follows: bra-
dykinin (E), kallidin (3), des-Arg9-
bradykinin (N) and des-Arg9-[Leu8]-
bradykinin (Ç), des-Arg10-kallidin
(M), FR167344 (F), FR173657 (f),
and Hoe140 (å).

Nonpeptide Bradykinin Antagonists 173

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


ined, the two human bradykinin receptor subtypes expressed
in clonal cells showed distinguishable rank orders of binding
affinities to these peptides. The rank orders and the IC50
values of the peptides were consistent with the reported data
(4–7). Bradykinin receptor antagonists were then tested for
their potencies in displacing specific bindings of the recep-
tors. FR167344 and FR173657 were potent inhibitors of
[3H]bradykinin binding to the human B2 receptor. This was
in marked contrast to their inability to inhibit [3H]des-Arg10-
kallidin binding to the human B1 receptor. The IC50 values of
FR167344 and FR173657 for the human B2 receptor were
65 6 20 nM and 8.9 6 3.9 nM, respectively. In separate
binding experiments using membranes of animal tissues and
cultured cells, FR167344 and FR173657 did not inhibit spe-
cific radioligand binding to the other G protein-coupled re-
ceptors, including adenosine receptors, a1-adrenergic recep-
tors, muscarinic receptors, endothelin ETA receptor, and
tachykinin NK1 receptor at the concentration of 1 mM (11).1

Therefore, FR167344 and FR173657 are selective ligands for
the human bradykinin B2 receptor.
The present study reasonably predicts the pharmacological

action of FR167344 and FR173657 in humans. We also have
shown that FR167344 and FR173657 competed potently with
the specific binding of [3H]bradykinin to guinea pig ileum
membranes with IC50 values of 0.75 and 0.56 nM, respectively
(11),1 suggesting that the guinea pig receptor assay would be
a suitable animal model.
Effects of FR167344 and FR173657 on bradykinin-

induced PI hydrolysis in clonal cells expressing the
human B2 receptor. The bradykinin receptors have been
shown to mediate the stimulation of PI hydrolysis via a G
protein (19). We examined the effects of bradykinin applica-
tion on IP1, IP2, and IP3 formation in cells expressing the
human B2 receptor. The results of time course of PI hydro-
lysis are presented in Fig. 3. Exposure to 100 nM bradykinin
resulted in a substantial stimulation of inositol formation in
clonal cells expressing the human B2 receptor. IP2 and IP3
levels increased rapidly, whereas IP1 was elevated slowly
probably as a result of dephosphorylation of IP2 and IP3. No
bradykinin-induced response of PI hydrolysis was observed
in untransfected CHO cells (data not shown). Next, we de-
termined the dose-response curve of bradykinin for the stim-
ulation of inositol phosphate formation in B2 receptor-ex-
pressing cells (Fig. 4). In this experiment, PI hydrolysis was

measured by incubating cells with bradykinin for 30 min and
monitoring the maximal formation of a mixture of IP1, IP2,
and IP3. The EC50 value of bradykinin was 1.1 nM, consistent
with the binding affinity of bradykinin for the B2 receptor
(IC50 5 1.1 nM). This functional assay of B2 receptor activa-
tion allowed the quantitative measurement of the potencies
of antagonists for a single receptor subtype. Then, FR167344,
FR173657, and Hoe140 were tested by measuring the ability
to inhibit bradykinin-stimulated inositol phosphate forma-
tion in clonal cells stably expressing the human B2 receptor.
In this experiment, receptor-expressing cells were preincu-
bated with different concentrations of the antagonist for 30
min. The amount of total inositol phosphates (IP1 1 IP2 1
IP3) was determined after the activation of B2 receptor with
various concentrations of bradykinin for 30 min in the pres-
ence of the antagonist. In the presence of FR167344,
FR173657, and Hoe140, the dose-response curves of brady-
kinin were shifted to the right in a concentration-dependent
manner, and the maximal effect of bradykinin was signifi-
cantly decreased (Fig. 4). To estimate pA2 values, the DRs
were calculated from the horizontal distances between as-
cending parallel portions of the dose-response curves for bra-
dykinin in the absence and presence of the antagonists.
Schild analyses (18) of the antagonism of bradykinin-induced
PI hydrolysis by FR167344 and FR173657 yielded estimated
pA2 values of 8.0 and 9.0, respectively. The values were
comparable to that of Hoe140 (estimated pA2 5 8.6). The
slopes of the regression lines for the antagonism by
FR167344, FR173657, and Hoe140 were 1.2, 1.0, and 1.0,
respectively. These results indicate that FR167344 and
FR173657 selectively interact with the B2 receptor and pro-
duce insurmountable inhibitory effects on bradykinin-in-
duced PI hydrolysis. FR167344, FR173657, and Hoe140 itself
showed no significant stimulatory effects on PI hydrolysis in
B2 receptor-expressing cells at the concentration of 10 mM

(data not shown). Therefore, the results demonstrate that
FR167344 and FR173657 are potent, highly selective, and
insurmountable nonpeptide antagonists of the human brady-
kinin B2 receptor.

TABLE 1
Selectivities and affinities of kinin peptides and antagonists for
binding to the human bradykinin receptor subtypes.
IC50 values of kinin peptides and antagonists are given as the means 6 standard
error of the data obtained from three separate experiments.

Ligand

IC50 6 standard error
(n 5 3)

B1 B2

nM

Bradykinin .3,200 1.1 6 0.17
Kallidin 210 6 27 0.89 6 0.12
Des-Arg10-Kallidin 0.81 6 0.042 .3,200
Des-Arg9-Bradykinin 3,200 6 86 .3,200
Des-Arg9-[Leu8]-Bradykinin 1,500 6 30 .3,200
FR167344 .10,000 65 6 20
FR173657 .10,000 8.9 6 3.9
Hoe140 6,700 6 350 0.74 6 0.14

Fig. 3. Time courses of bradykinin-stimulated accumulation of inositol
phosphates in clonal cells expressing the human B2 receptor. Experi-
mental details are described in Experimental Procedures. A cell line
expressing the human B2 receptor was incubated with bradykinin (100
nM) for the times indicated and then determined for IP1 (f), IP2 (F), and
IP3 (E) formation. The inositol phosphate formation is expressed as the
fold increase in inositol phosphate levels, compared with cells not
treated with bradykinin at the corresponding times. The values are
means 6 standard deviation of triplicate determinations.
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The molecular mechanism underlying the interaction of
these insurmountable antagonists with the B2 receptor re-
mains to be elucidated. However, the B2 receptor antagonists
described here differ markedly from the competitive antago-
nists we have described previously for the endothelin ETA
receptor (20) and for the tachykinin NK1 receptor (21), which
induce a parallel shift in the dose-response curve of agonist-
induced PI hydrolysis with no depression of the maximal
response in CHO cells expressing ETA receptor and NK1

receptor, respectively. In previous studies, Hoe140 has been
shown to elicit a rightward shift in the dose-response curve of
the bradykinin-induced contraction and a progressive de-
crease of the maximal response in guinea pig ileum (22) and
trachea (23), rabbit jugular vein (24, 25), and rat uterus (26).
The noncompetitive behavior of Hoe140 has been suggested
to be caused by a long-lasting interaction or, alternatively, an
allosteric interaction with the receptor (22, 24). We also have
observed that FR167344 exhibits long-lasting inhibition of
bradykinin-induced hypotension in rats.1 The type of antag-
onism exhibited by FR167344 and FR173657 may be respon-
sible, at least in part, for the tight binding to the human B2
receptor.
FR167344 and FR173657 are highly selective antagonists

for the B2 receptor and lack agonist activity and, as such, will
facilitate the elucidation of the physiological properties of the
B2 receptor. We have shown that FR167344 and FR173657
inhibit the bradykinin-induced contraction of guinea pig il-
eum with pA2 values of 9.4 and 9.2, respectively (11).

1 These
pA2 values are comparable with those determined in this
paper for the antagonism of PI hydrolysis. We also demon-
strated that FR167344 and FR173657 inhibit bradykinin-
induced bronchoconstriction in guinea pigs and bradykinin-
induced hypotension and carrageenan-induced paw edema in
rats (11),1 the actions of which are all believed to be mediated
via B2 receptor. Therefore, highly potent bradykinin receptor
antagonists, such as FR167344 and FR173657, may have a
therapeutic potential as novel anti-inflammatory agents. The
use of cloned human receptors expressed in mammalian cells
described in this study should facilitate the development of

new bradykinin antagonists that will be valuable as human
therapeutic agents.
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