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1 An orally active, nonpeptide bradykinin (BK) B2 receptor antagonist, FR173657 (E)-3-(6-acetamido-
3 - pyridyl) -N - [N - [2 - 4 -dichloro-3-[(2-methyl-8-quinolinyl) oxymethyl]phenyl]-N-methylaminocarbonyl-
methyl]acrylamide) has been identi®ed.

2 This compound displaced [3H]-BK binding to B2 receptors present in guinea-pig ileum membranes
with an IC50 of 5.6610710

M and in rat uterus with an IC50 of 1.561079
M. It did not inhibit di�erent

speci®c radio-ligand binding to other receptor sites.

3 In human lung ®broblast IMR-90 cells, FR173657 displaced [3H]-BK binding to B2 receptors with an
IC50 of 2.961079

M and a Ki of 3.6610
710

M, but did not reduce [3H]-des-Arg10-kallidin binding to B1

receptors.

4 In guinea-pig isolated preparations, FR173657 antagonized BK-induced contractions with an IC50 of
7.961079

M, but did not antagonize acetylcholine or histamine-induced contractions even at a
concentration of 1076

M. FR173657 caused parallel rightward shifts of the concentration-response curves
to BK at concentrations of 1079

M and 3.261079
M, and a little depression of the maximal response in

addition to the parallel rightward shift of the concentration-response curve at a concentration of 1078
M.

Analysis of the data yield a pA2 of 9.2+0.2 (n=5) and a slope of 1.5+0.2 (n=5).

5 In vivo, the oral administration of FR173657 inhibited BK-induced bronchoconstriction dose-
dependently in guinea-pigs with an ED50 of 0.075 mg kg71, but did not inhibit histamine-induced
bronchoconstriction even at 1 mg kg71. FR173657 also inhibited carrageenin-induced paw oedema with
an ED50 of 6.8 mg kg

71 2 h after the carrageenin injection in rats.

6 These results show that FR173657 is a potent, selective, and orally active bradykinin B2 receptor
antagonist.
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Introduction

Bradykinin (BK), an endogenous nonapeptide produced by
kallikrein, has various biological actions such as broncho-
constriction, plasma extravasation, release of prostaglandins/
leukotrienes, smooth muscle contraction/relaxation and noci-
ception (Burch et al., 1990; Bhoola et al., 1992). Therefore, BK
has potentially important roles in in¯ammatory diseases such
as asthma, rhinitis, arthritis and pancreatitis. The e�ects of BK
are mediated through speci®c G-protein-coupled cell surface
receptors (Burch & Axelrod, 1987). At least, two subtypes of
BK receptor designated as B1 and B2 have been identi®ed by
molecular cloning and pharmacological means (Regoli &
BarabeÂ , 1980; Hess et al., 1992; Menke et al., 1994). Most
biological actions of BK are thought to be mediated by the B2

receptors.
To investigate the pathophysiological role of BK and to

develop a drug for in¯ammatory diseases, many BK antago-
nists have been synthesized (Burch et al., 1990; Stewart, 1995).
[D-Phe7]-BK was shown to be one of the ®rst BK antagonists
(Vavrek & Stewart, 1985). Incorporation of b-(2-thienyl)-ala-
nine residues at position 5 and 8 of [D-Phe7]-BK converted a
weak antagonist to a much more potent antagonist (Stewart,
1995). But these `®rst-generation' BK antagonists had rela-
tively low a�nity for B2 receptors compared to BK itself, and
had a limited lifetime in vivo. Although the ®rst-generation BK
antagonists were useful for studying the involvement of BK in
many pathophysiological processes, they did not have a good
therapeutic potential in vivo.

Recently the `second-generation' BK antagonists such as
Hoe 140, CP-0127 and S 16118 have been described (Hock et
al., 1991; Wirth et al., 1991; Cheronis et al., 1992; FeÂ leÂ tou et
al., 1995b). The second-generation BK antagonists have unu-
sual amino acid residues or dimeric peptides in the structure.
Therefore, they have much higher a�nity for B2 receptors and
longer lifetimes in vivo than the ®rst-generation BK antago-
nists. However, these antagonists are all peptide analogues and
their therapeutic use is limited because of their poor oral
bioavailability. Several nonpeptide B2 antagonists have already
been described (Salvino et al., 1993; Sawutz et al., 1994), but
an orally active nonpeptide B2 antagonist has not yet been
identi®ed.

The present study describes the identi®cation of an orally
active, nonpeptide B2 receptor antagonist, FR173657, (E)-3-(6-
acetamido-3-pyridyl)-N-[N-[2,4-dichloro-3-[(2-methyl-8-qui-
nolinyl)oxymethyl]phenyl]-N-methylaminocarbonylmethyl]a-
crylamide (Figure 1), which was obtained by optimization of a
lead compound discovered by random screening of Fujisawa's
chemical library. To our knowledge, this is the ®rst account of
an orally active, nonpeptide B2 receptor antagonist.

Methods

Receptor binding

Guinea-pig ileum The speci®c binding of [3H]-BK (a high
a�nity B2 ligand) was assayed according to a method pre-
viously described (Manning et al., 1986) with minor mod-
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i®cations. Male Hartley guinea-pigs (from Charles River Ja-
pan, Inc.) were killed by exsanguination under anaesthesia.
The ilea were removed and homogenized in ice-cold bu�er
(50 mM sodium trimethylamino-ethanesulphonate (TES) and
1 mM 1,10-phenanthroline, pH 6.8) with Polytron. The
homogenate was centrifuged to remove cellular debris
(10006g, 20 min, 48C) and the supernatant was centrifuged
(100,0006g, 60 min, 48C). Then, the pellet was resuspended in
ice-cold assay bu�er (50 mM TES, 1 mM 1,10-phenanthroline,
140 mg ml71 bacitracin, 1 mM dithiothreitol, 1 mM captopril
and 0.1% bovine serum albumin (BSA), pH 6.8), and was
stored at 7808C until use.

In the binding assay, membranes (0.2 mg protein ml71)
were incubated with [3H]-BK (®nal concentration 0.06 nM) and
varying concentrations of test compounds (FR173657:
1610710 to 3.261078

M, 6 concentrations; Hoe 140:
3.2610712 to 161079

M, 6 concentrations: NPC 567:
3.261079 to 161076

M, 6 concentrations; des-Arg9-[Leu8]BK:
161076 to 161075

M, 2 concentrations) or unlabelled BK at
room temperature for 60 min. Receptor-bound [3H]-BK was
harvested by ®ltration through Whatman GF/B glass ®bre
®lters under reduced pressure and the ®lter was washed 5 times
with 300 ml of ice-cold bu�er (50 mM Tris-HCl). The radio-
activity retained on the washed ®lter was measured with a
liquid scintillation counter. Speci®c binding was calculated by
subtracting the nonspeci®c binding (determined in the presence
of 1 mM unlabelled BK) from total binding. The experiments
were performed four times in duplicate.

Rat uterus Uteri from female Sprague-Dawley rats (from
Japan SLC, Inc.) were removed immediately after the animals
had been killed by exsanguination under anaesthesia. The uteri
were homogenized and centrifuged by the same method as
described above for guinea-pig ileum. Membrane preparations
of rat uteri were used for binding assay with the same methods
as those described above for guinea-pig ileum (FR173657:
1610711 to 161077

M, 5 concentrations; Hoe 140: 1610712

to 161078
M, 5 concentrations). The experiments were per-

formed four times in duplicate.

Human ®broblast cells IMR-90, human foetal lung ®bro-
blasts (obtained from the American Type Culture Collection)
were grown in Dulbecco's modi®ed Eagle's minimum essential
medium (DMEM) containing penicillin (100 mg ml71), strep-
tomycin (100 mg ml71) and 10% foetal bovine serum. The cells
were cultured into 24-well tissue culture plates at the con-
centration of 105 cells per well before the assay. In B1 assay,
IMR-90 cells were treated with interleukin-1b (IL-1b)
(1 ng ml71) for 6 h before assay to enhance B1 receptor ex-
pression. The cells were washed twice with phosphate-bu�ered
saline containing 0.1% BSA, then incubated with [3H]-BK
(®nal concentration 1 nM) for B2 assay or [3H]-des-Arg10-kal-
lidin (a high a�nity B1 ligand, ®nal concentration, 1 nM) for B1

assay and test compounds (for B2 assay FR173657: 1610710

to 3.261078
M, 6 concentrations; Hoe 140: 3.2610711 to

161078
M, 6 concentrations; des-Arg9-[Leu8]BK: 161076 to

161075
M, 2 concentrations; for B1 assay FR173657: 161076

to 161075
M, 2 concentrations; Hoe 140: 161076 to

161075
M 2 concentrations; des-Arg9-[Leu8]BK: 3.261078 to

161075
M, 6 concentrations) for 90 min at room temperature

in 0.5 ml of assay bu�er (20 mM HEPES, 125 mM N-methyl-
D-glucamine, 5 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4,
1 mM 1,10-phenanthroline, 1 mM dithiothreitol, 1 mM capto-
pril and 0.1% BSA, pH 7.4). Non-speci®c binding was de-

Figure 1 Structure of FR173657 ((E)-3-(6-acetamido-3-pyridyl)-N-
[N - [2,4 - dichloro - 3 - [(2 -methyl - 8-quinolinyl) oxymethyl]phenyl]-N-
methylaminocarbonylmethyl]acrylamide).
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Figure 2 E�ect of F173657 on [3H]-BK binding to B2 receptors in
guinea-pig ileum membranes or rat uterus membrane. (a) Guinea-pig
ileum membranes were incubated with [3H]-BK and increasing
concentrations of FR173657 (*), Hoe 140 (~), NPC 567 (&) or
des-Arg9-[Leu8]BK (*). (b) Rat uterus membranes were incubated
with [3H]-BK and increasing concentrations of FR173657 (*) or Hoe
140 (~). Data are expressed as mean and vertical lines show s.e.mean
(n=4).
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termined in the presence of 1 mM unlabelled BK or des-Arg10-
kallidin. At the end of the incubation, the bu�er was aspirated
and the cells were washed three times with phosphate-bu�ered
saline containing 0.1% BSA. Bound radioactivity was de-
termined by solubilizing with 1% sodium dodecyl sulphate
containing 0.05 M NaOH and quantitating in a liquid scintil-
lation counter. In Scatchard analysis, the concentration of the
[3H]-BK was varied from 0.03 to 1 nM. The experiments were
performed four times in triplicate.

Other ligand binding assays The speci®c binding of [3H]-5'-N-
ethylcarboxamidoadenosine (adenosine, non-selective), [3H]-
prazosin (a1-adrenoceptors, non-selective), [3H]-quinuclidi-
nylbenzilate (muscarinic, non-selective), [3H]-pyrilamine (his-
tamine, H1), [125I]-endothelin-1 (endothelin-1 ETA), [3H]-
substance P (neurokinin, NK1), [

3H]-leukotriene D4 (leuko-
triene, cysLT1) were assayed according to the methods of
Bruns et al. (1986), Reader et al. (1987), Luthin & Wolfe
(1984), Haaksma et al. (1990), Ambar et al. (1989), McLean et
al. (1993) and Norman et al. (1990), respectively. The receptor
sources of these binding assays are bovine striatal membranes,
rat forebrain membranes, guinea-pig bladder membranes, bo-
vine cerebellar membranes, A10 cells, rat submaxillary gland
membranes and guinea-pig lung membranes, respectively. The
®nal ligand concentrations were 4, 0.5, 0.2, 2, 0.06, 1.4 and
0.2 nM, respectively. Incubations were carried out at 258C, in
50 mM Tris-HCl (pH 7.7) for 60 min, in 50 mM Tris-HCl (pH
7.7) for 60 min, in 50 mM Tris-HCl (pH 7.4) for 60 min, in
50 mM Na-KPO4 (pH 7.5) for 30 min, in 50 mM Tris-HCl (pH
7.5) containing 1 mM CaCl2 for 90 min, in 20 mM HEPES (pH
7.4), 5 mM MgCl2, 30 mM KCl, 0.02% BSA, 0.1 mM thior-
phan for 30 min and in 50 mM Tris-HCl (pH 7.7) for 60 min,
respectively. Nonspeci®c binding was determined in the pre-
sence of 10 mM [3H]-5'-N-ethylcarboxamidoadenosine, 1 mM
prazosin, 1 mM atropine, 10 mM triprolidine, 100 nM en-
dothelin-1, 1 mM substance P and 1 mM leukotriene D4, re-
spectively. The reactions were terminated by rapid vacuum
®ltration on glass ®bre ®lters. Radioactivity trapped on the
®lters was determined and compared to control values. The
experiments were performed twice.

Smooth muscle contraction in guinea-pig ileum

Guinea-pig ileum contraction by BK, acetylcholine (ACh) or
histamine was measured by the method of Hock et al. (1991).
Segments of ileum (1.5 cm) were isolated from male Hartley
guinea-pigs (from Japan SLC, Inc.) and suspended in 25 ml
organ baths containing Tyrode solution (composition in g 171.
NaCl 8.0, KCl 0.2, MgCl2 0.1, CaCl2 0.2, NaHCO3 1.0,
NaHPO4 0.05 and glucose 1.0), maintained at 378C (for BK-
induced contraction) or 278C (for ACh- or histamine-induced
contraction) and bubbled with 95% O2, 5% CO2. Tension was
measured isometrically with force transducers and responses
were recorded on a multi-channel polygraph recorder. Initial
tension was set at 1.0 g (for BK-induced contraction) or 0.5 g
(for ACh or histamine-induced) and after an equilibration
period of about 30 min, a stable baseline tone was reached and
two or three contractions were obtained to BK (661078

M),
ACh (161076

M) or histamine (561077
M). After the con-

traction, the isolated tissue was washed three times. Following
a period of 10 min the segments had relaxed to original
baseline levels and only segments exhibiting reproducible re-
sponses (100+15%) were used. The last control response was
taken as 100% and subsequent responses to BK, ACh or his-
tamine obtained in the presence of BK antagonists were ex-
pressed as a percentage of this. The segments were incubated
with the BK antagonists for 10 min before BK, ACh or his-
tamine was added.

A full Schild plot was performed in di�erent strips from
the same animal. The strips were contracted with BK in a
cumulative manner, 9 concentrations between 1079

M and
1075

M being used. Responses to BK either in absence or
presence of FR173657 were normalized towards the maximal

e�ect of BK reached with the ®rst curve. Di�erent con-
centrations of FR173657 were applied 10 min before the
BK-induced contraction was measured in its presence. A
dose-ratio (DR) was calculated from the ED50 of the con-
centration-response curve in the presence of FR173657 di-
vided by the ED50 for the individual concentration-response
curve of bradykinin alone. The pA2 and slope were calcu-
lated by Schild plot (Schild, 1947) and the mean values are
quoted.

BK-induced bronchoconstriction in guinea-pigs

Male Hartley guinea-pigs weighing 470 ± 750 g (from Charles
River Japan, Inc.) were anaesthetized by intraperitoneal in-
jection of sodium pentobarbitone (30 mg kg71), and the tra-
chea, jugular vein, and oesophagus were cannulated. The
animals were ventilated at a tidal volume of 10 ml kg71 and at
a frequency of 60 breaths min71 through the tracheal cannula.
To suppress spontaneous respiration, alcuronium chloride
(0.5 mg kg71) was administered intravenously through the
jugular vein cannula. Then, propranolol (10 mg kg71) was also
administered subcutaneously and after 10 min, BK (5 mg kg71,
dissolved in saline with 0.1% BSA) was administered in-
travenously through the cannula. Bronchoconstriction was
measured by the modi®ed Konzett and Rossler method as the
peak increase of pulmonary insu�ation pressure (PIP) (Asano
et al., 1992). FR173657 suspended in 0.5% methylcellulose
solution or vehicle was administered through the oesophageal
cannula after the ®rst BK-induced bronchoconstriction. After
30 min, BK was administered again and the bronchocon-
striction was measured in the same manner. Zero % response
was determined as PIP before the administration of BK and
the 100% response was determined as the ®rst BK-induced
bronchoconstriction before drug administration. % response
was calculated from following the formula: % response=
(DPIP after drug/DPIP before drug)6100.

The measurement of histamine-induced bronchoconstric-
tion was performed according to the method described above
for BK-induced bronchoconstriction with minor modi®cations
described below. Propranolol was not administered; histamine
(5 mg kg71, dissolved in saline) was administered in-
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Figure 3 E�ect of FR173657 on [3H]-BK binding to B2 receptors or
[3H]-des-Arg10-kallidin binding to B1 receptors in human IMR-90
cells. B2: IMR-90 cells were incubated with [3H]-BK and increasing
concentrations of FR173657 (*), Hoe 140 (~) or des-Arg9-[Leu8]BK
(&): B1: IL-1b-treated IMR-90 cells were incubated with [3H]-des-
Arg10-kallidin and increasing concentrations of FR173657 (*), Hoe
140 (~) or des-Arg9-[Leu8]BK (&). Data are expressed as mean and
vertical lines show s.e.mean (n=4).
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travenously, and the administration of histamine was repeated
several times of 30 min until reproducible bronchoconstriction
(100+10%) was obtained. After the last histamine-induced
bronchoconstriction, FR173657 was administered orally.

Carrageenin-induced paw oedema in rats

The carrageenin-induced paw oedema model was performed
by the method previously described (Winter et al., 1962). Male
Sprague-Dawley rats (8 weeks old, from Clea Japan, Inc.)
deprived of food overnight were treated orally with FR173657,
15 min before carrageeninin was injected into the right hind
paw. Paw volume was measured by water plethysmometer

before and 1, 2, 3 and 4 h after injection of carrageenin.
FR173657 was suspended in 0.5% methylcellulose solution
and administered at a volume of 5 ml kg71. Carrageenin was
made up 1% in saline. Each rat received 0.1 ml of the irritant.
Plasma concentrations of FR173657 were measured by high
performance liquid chromatography with uv spectroscopic
detection after the extraction with ethyl acetate.

Materials

FR173657 and Hoe 140 were chemically synthesized in Fuji-
sawa Pharmaceutical Co., Ltd. (Osaka, Japan). BK, NPC 567,
des-Arg9-[Leu8]BK, BSA, DMEM, penicillin, streptomycin, N-
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Figure 4 E�ect of FR173657 on Scatchard analysis of speci®c [3H]-BK binding to human B2 receptors in IMR-90 cells. IMR-90
cells were incubated with varying concentrations of [3H]-BK in the absence (*) or presence of 0.25 nM (*) or 0.5 nM (~)
FR173657. Each graph shows the data from each experiment.

Table 1 Effect of FR173657 on specific radio-ligand binding to B1 receptors in man and B2 receptors in guinea-pigs, rats and man

IC50 (nM)

Receptor binding FR173657 Hoe 140 NPC 567 Des-Arg
9
-[Leu

8
]BK

Guinea-pig ileum (B2)

Rat uterus (B2)

Human (B2)

Human (B1)

0.56+0.06

1.5+0.3

2.9+0.6

410000

0.09+0.01

0.16+0.03

2.7+0.9

410000

34+5

NT

NT

NT

410000

NT

410000

1300+70

Data are expressed as mean+s.e.mean (n=4). NT: not tested.
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methyl-D-glucamine, captopril, ACh, histamine, propranolol
and carrageenin were purchased from Sigma Chemical Co. (St.
Louis, U.S.A.). [3H]-BK and [3H]-des-Arg10-kallidin were
purchased from Dupont/NEN Research Products (Wilming-
ton, U.S.A.). Des-Arg10-kallidin was purchased from Pe-
ninsula Laboratories, Inc. (Belmont, U.S.A.). Alcuronium
chloride was purchased from Roche Japan, Inc. (Tokyo, Ja-
pan). All other compounds were purchased from Nacalai Te-
que, Inc. (Kyoto, Japan). In vitro, FR173657 was dissolved in
dimethylsuphoxide and diluted with appropriate bu�er.

Statistical analysis

The results are expressed as the mean+s.e.mean, and statis-
tical signi®cance between groups was analysed by means of one
way analysis of variance (ANOVA) followed by Dunnett's
multiple comparisons test. IC50 value was obtained by using
the non-linear curve ®tting methods with a speci®c computer
programme made by our company's engineer. Ki was calcu-
lated by the method of Cheng and Pruso�.

Results

Receptor binding

FR173657, Hoe 140 (D-Arg-[Hyp3, Thi5, D-Tic7, Oic8]BK, a
potent second-generation B2 antagonist) (Hock et al., 1991)
and NPC 567 (D-Arg-[Hyp3, D-Phe7]BK, a ®rst-generation B2

antagonist) (Stewart, 1995) displaced [3H]-BK binding to B2

receptors in guinea-pig ileum membrane preparation, but des-
Arg9-[Leu8]BK (a B1 antagonist) (Regoli & BarabeÂ , 1980) did
not (Figure 2a). IC50, Ki and Hill coe�cient of FR173657 were

5.6610710
M, 1.1610710

M and 0.8, respectively. In rat
uterus, FR173657 displaced [3H]-BK binding to B2 receptors
with an IC50 of 1.561079

M. Hoe 140 was also e�ective in this
assay (Figure 2b).

FR173657 potently inhibited [3H]-BK binding to B2 re-
ceptors expressed in IMR-90 cells (Figure 3), but not [3H]-des-
Arg10-kallidin binding to IL-1b induced B1 receptors (Figure 3)
in IMR-90 cells. IC50, Ki and Hill coe�cient of FR17367 were
2.961079

M, 3.6610710
M and 0.9, respectively, in untreated

IMR-90 cells (B2 receptor binding). Hoe 140 inhibited B2

binding, but not B1 receptor binding (Figure 3). Des-Arg9-
[Leu8]BK inhibited B1 binding with an IC50 of 1.361076

M,
but not B2 receptor binding (Figure 3). In our assay system,
untreated IMR-90, human ®broblast cells expressed about
70,000 B2 receptors per cell (Figure 4), and IMR-90 cells
treated by IL-1b expressed about 40,000 B1 receptors per cell
(from Scatchard analysis). These results are consistent with
data previously described (Menke et al., 1994). Scatchard
analysis in the absence and presence of FR173657 showed a
reduction of the slope, but no change in the intercept (Figure
4). FR173657 (0, 0.25, 0.5 nM) increased the Kd (140+40,
190+40, 240+50 pM) without changing the Bmax value

Table 2 Effect of FR173657 (10
±6

and 10
±5

M) on different

specific radio-ligand binding assays

% inhibition
Receptor binding 10

±6

M 10
±5

M

Adenosine (non-selective)

Adenoceptor (a
1
, non-selective)

Muscarinic (non-selective)

Histamine (H
1
)

Endothelin (ET
A
)

Neurokinin (NK
1
)

Leukotriene D
4
(CysLT

1
)

71.3

71.8

73.5

10.4

1.5

72.8

2.4

5.0

1.8

17.7

7.9

70.6

25.0

5.6

Data are expressed as mean (n=2).

ACh
ACh

His
His

173657
1×10–6M

173657
1×10–6M

a

b

Figure 5 The typical traces of (a) acetylcholine (ACh, 1 mM) and (b)
histamine (His, 0.5 mM) -induced contractions in the absence and
presence of FR173657. Final concentration of FR173657 was 1076

M.
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Figure 6 E�ect of FR173657 (1079, 3.261079 and 1078
M) on

concentration-contractile response curves to BK in guinea-pig
isolated ileum and Schild analysis. (a) Dose-response curves; (*)
control, (*) FR173657 1 nM, (~) FR173657 3.2 nM, (&) FR173657
10 nM. (b) Schild analysis. Data are expressed as mean and vertical
lines show s.e.mean (n=5). The data yielded a pA2 value of 9.2+0.2
(n=5) and a slope of 1.5+0.2 (n=5).
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(12.0+1.5 fmol per 105 cells) (Figure 4). The IC50 values for all
ligands from the B1 and B2 receptor binding experiments are
shown in Table 1.

As shown in Table 2, FR173657 has almost no e�ect on
di�erent speci®c radio-ligand binding to other receptor sites.

Smooth muscle contraction in guinea-pig ileum

The in vitro functional activity of FR173657 was examined.
In guinea-pig isolated ileum-preparations, it antagonized
BK-induced contractions concentration-dependently with an

IC50 of 7.961079
M and had no agonistic e�ect (n=4). Hoe

140 also antagonized BK-induced contractions with an IC50

of 6.761079
M (n=4). FR173657 did not inhibit ACh or

histamine-induced guinea-pig ileum contractions even at a
concentration of 1076

M (% inhibition was 71.2+3.4 or
3.0+3.4, respectively, n=3); typical traces are shown in
Figure 5.

FR173657 caused parallel rightward shifts of the con-
centration-response curves to BK at concentrations of 1079

M

and 3.261079
M, but little depression of the maximal response

in addition to the parallel rightward shift of the concentration-
response curve at a concentration of 1078

M (Figure 6a). There
was no signi®cant di�erence between control contractions to
1075

M BK and those in the presence of 1078
M FR173657.

Analysis of the data gave a pA2 value of 9.2+0.2 (n=5) and a
slope of 1.5+0.2 (n=5) (Figure 6b). The slope was not sig-
ni®cantly di�erent from unity.

BK-induced bronchoconstriction

The e�ect of oral administration of FR173657 on BK-induced
bronchoconstriction was examined in vivo. Exogenously
administered BK (5 mg kg71, i.v.) induced an increase
in PIP, indicating bronchoconstriction in guinea-pigs
(29.7+2.1 cmH2O, n=6). At 30 min after the oral adminis-
tration of vehicle, BK induced the same increase in PIP as the
®rst BK-induced increase in PIP before the oral administration
of vehicle. Oral administration of FR173657 inhibited the BK-
induced increase in PIP dose-dependently with an ED50 of
0.075 mg kg71 (n=6) (Figure 7), but did not inhibit histamine-
induced increases in PIP even at 1 mg kg71 (% inhibition was
6.2+2.6, n=5). At 30 min after the oral administration of
FR173657 (1 mg kg71), the plasma concentration was 0.6 mg
ml71 (1076

M) and the oral bioavailability of FR173657 was
44%.

Carrageenin-induced paw oedema in rats

In the carrageenin-induced paw oedema in rats, the oral ad-
ministration of FR173657 inhibited the paw swelling dose-
dependently at 1, 2 and 3 h but did not at 4 h after the car-
rageenin injection (Figure 8). The ED50 of FR173657 was
6.8 mg kg71 at the 2 h time point. In rats, the maximal plasma
concentrations and the oral bioavailability of FR173657 were
0.12 mg ml71 (261077

M) and 7%, respectively, with a dose of
3.2 mg kg71.

Discussion

We have obtained an orally active nonpeptide B2 antagonist
FR173657 (a quinoline derivative) by optimization of a lead
compound discovered by random screening. The present study
demonstrates that FR173657 inhibits BK binding to B2 re-
ceptors in guinea-pigs, rats and man, and that its oral
administration inhibits not only the BK-induced broncho-
constrictive response in guinea-pigs, but also carrageenin-in-
duced in¯ammatory responses in rats. Although FR173657 is
less potent than Hoe 140 in inhibiting BK binding to B2 re-
ceptors, it is potent enough to inhibit BK-induced response in
vitro and in vivo. To our knowledge, this compound is the most
potent B2 antagonist of the nonpeptide compounds.

Human B2 receptors are expressed in IMR-90, human ®-
broblast cells (Baenzinger et al., 1992; Sawutz et al., 1992), and
B1 receptors can be induced by IL-1b in these cells (Menke et
al., 1994). We obtained similar data to those found in previous
studies. FR173657 antagonized BK binding to B2 receptors in
IMR-90 cells. This compound showed similar antagonistic
activity in WI-38 (human ®broblasts) and A431 (human epi-
dermoid carcinoma) (data not shown) which express B2 re-
ceptors (Roberts & Gullick, 1989; Jong et al., 1993). These
results suggest that this compound may be clinically e�ective.
In the B1 receptor assay, FR173657 had little e�ect on the
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Figure 7 Inhibition of BK-induced bronchoconstriction by oral
administration of FR173657 (0.032, 0.1, 0.32 and 1 mg kg71) in
guinea-pigs. Data are expressed as mean and vertical lines show
s.e.mean (n=6). Open column shows value in control animals. Solid
columns show values in FR173657 treated animals. **P50.01 vs
control (Dunnett's test).
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Figure 8 Inhibition of carrageenin-induced paw oedema by oral
administration of FR173657 (1, 3.2 and 10 mg kg71) in rats. (*)
Control, (*) FR173657 1 mg kg71, (~) FR173657 3.2 mg kg71,
(&) FR173657 10 mg kg71. Data are expressed as mean and vertical
lines shown s.e.mean (n=6). *P50.05, **P50.01 vs control
(Dunnett's test).
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binding of the B1 radioactive ligand to human B1 receptors
even at a concentration of 1075

M, suggesting FR173657 is B2

selective. Furthermore, the data in Table 2 indicate that
FR173657 has considerable selectivity. In Scatchard analysis,
it increased the Kd value without changing the Bmax value. This
suggests that FR173657 may competitively inhibit [3H]-BK
binding B2 receptors in human cells. Hoe 140 was much more
potent than FR173657 in the guinea-pig and rat binding assay,
but it had almost the same potency as FR173657 in the human
binding assay. This may be due to species speci®city or the
di�erent experimental methods used.

In guinea-pig isolated ileum, FR173657 inhibited BK-in-
duced contractions at low concentrations, and showed no
agonistic activity. It did not inhibit ACh or histamine-induced
guinea-pig ileum contractions even at a concentration of
1076

M. These results con®rm that FR173657 is a potent and
selective B2 antagonist. Although FR173657 was less potent
than Hoe 140 in inhibiting BK binding to B2 receptors in
guinea-pig ileum, it had the same potency as Hoe 140 in in-
hibiting BK-induced contractions of guinea-pig ileum. The
reason for this discrepancy could be that FR173657 is more
resistant to peptidases and more penetrative of the tissue than
Hoe 140, because FR173657 is a nonpeptide and smaller mo-
lecular compound.

As shown in Figure 6, there are apparently parallel right-
ward shifts of concentration-response curves with no depres-
sion of the maximal response in the presence of FR173657.
Our data indicate that this compound may be a competitive
antagonist in guinea-pig ileum, albeit the slope of the Schild
plot is larger than 1. Negative values were obtained for some
BK concentrations (1 ± 32 nM) in the presence of FR173657
(3.2 ± 10 nM). This phenomenon suggests that there may be
another subtype of BK receptor in guinea-pig ileum. BK may
have caused a little relaxation of the ileum through this second
subtype, but FR173657 may not have antagonized this re-
sponse.

In anaesthetized guinea-pigs, FR173657 showed potent in-
hibitory activity against BK-induced bronchoconstriction
when administered orally. This demonstrates that FR173657 is
orally active and the plasma concentration of FR173657
(1076

M) was su�cient to inhibit BK-induced response in vitro.
BK elicits contraction of tracheal smooth muscle in guinea-

pigs in vitro (Bramley et al., 1990) as well as in vivo (Ichinose et
al., 1990). BK induces the release of tachykinins (Saria et al.,
1988) and histamine (Ishizaka et al., 1985) which cause
bronchoconstriction and microvascular leakage (Barnes et al.,
1988). In asthmatic patients, BK inhalation causes broncho-

constriction (Fuller et al., 1987) and kininogenase activity and
immunoreactive kinins are increased in bronchoalveolar lavage
¯uid of asthmatic patients (Christiansen et al., 1987). From
these ®ndings, it has been proposed that BK is a pivotal
mediator in asthma (Proud & Kaplan, 1988; Farmer, 1991).
Therefore, it is speculated that BK antagonists may have
therapeutic potential against asthma.

The oral administration of FR173657 signi®cantly inhibited
carrageenin-induced paw oedema in rats. It has already been
shown that several BK antagonists reduce this in¯ammatory
reaction (Costello & Hargreaves, 1989; Wirth et al., 1991;
FeÂ leÂ tou et al., 1995a). Our results con®rm that BK plays an
important role in this model. Inhibition of carrageenin-in-
duced in¯ammation has been shown to be highly predictive of
anti-in¯ammatory drug activity in human in¯ammatory dis-
eases (Wirth et al., 1991). Furthermore, BK levels are in-
creased in plasma of patients with rheumatoid arthritis
(Hargreaves et al., 1988). These ®ndings suggest that BK an-
tagonists may also have therapeutic potential against rheu-
matoid arthritis and other in¯ammatory diseases. In the case
of a chronic disease such as rheumatoid arthritis or asthma,
oral activity is a prerequisite for FR173657 for patient's
compliance with therapy.

Injection of BK or its application to a blister base causes
pain in human volunteers (Armstrong et al., 1957; Whalley et
al., 1987). BK also induces hyperalgesia to heat stimuli in
human skin (Manning et al., 1991). Exogenous BK produces
activation and sensitization of nociceptive neurones (Dray et
al., 1988; Mizumura et al., 1990; Rang et al., 1991). In animal
models, BK antagonists inhibit the pain and hyperalgesia in-
duced by various irritant substances such as BK, carrageenin,
kaolin, acetic acid and Freund's adjuvant (Steranka et al.,
1988; Costello & Hargreaves, 1989; Heapy et al., 1993; Perkins
et al., 1993). These ®ndings suggest that BK antagonists (B2

receptor antagonists) including FR173657 may be useful for
the relief of pain. Compared with B2 receptors, B1 receptors do
not seem to be involved in pain and hyperalgesia (Whalley et
al., 1987; Mizumura et al., 1990), but it has recently been
shown that the B1 receptor is involved in chronic in¯ammatory
hyperalgesia (Perkins et al., 1993; Perkins & Kelly, 1993).
Potent B1 receptor antagonists may therefore be useful for the
relief of chronic pain.

In conclusion, this study shows that the nonpeptide B2 re-
ceptor antagonist, FR173657, is potent, selective, and orally
active. It seems that this compound may not only be a good
tool for studying the pathophysiological role of BK but also a
useful drug for in¯ammatory diseases.
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