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1 CHAPTER | : INTRODUCTION

1.1 General introduction

Asthma is a chronic inflammatory disease characterized by reversible airway
constriction, airway inflammation, and airway hyperresponsiveness. Currently, inhaled
corticosteroids are the first-line therapy for control of airway inflammation in patients
with asthma (Martin, 2003). On the other hand, despite of inhaled corticosteroids
treatment, some of the patients still remain asthmatic symptoms (FitzGerald and Shahidi,
2010). Those patients were prescribed with cysteinyl leukotriene 1 receptor antagonists
(LTRA) or long-acting f2-agonists in addition to inhaled corticosteroids.

Cysteinyl leukotrienes (CysLTs: i.e.; LTC4, LTD,4 and LTE4) are known to induce
airway smooth muscle constriction, enhance vascular permeability, promote mucus
secretion, and recruit eosinophils, all of which contribute to asthma symptoms
(Samuelsson, 1983; Nakagawa et al., 1992; Marom et al., 1982; Hemelaers et al., 2006).
Over the past 3 decades, a number of new drugs known to modulate leukotriene pathway
have been developed. Among them LTRAs are now commonly used in combination with
inhaled corticosteroids to manage asthma symptoms (Montuschi and Peters-Golden,
2010). However, 35 to 78 % of patients receiving LTRAs therapy remain classified as
non-responders (Lima et al., 2006).

Two human CysLTs receptors, i.e. cysteinyl leukotriene 1 (CysLT;) and cysteinyl
leukotriene 2 (CysLT,) receptors, have been identified and cloned (Lynch et al., 1999;
Heise et al., 2000). Like CysLT; receptor, CysLT, receptor is expressed on airway smooth
muscle cells (Heise et al., 2000), inflammatory cells (Figueroa et al., 2003; Mita et al.,
2001; Mellor et al., 2003; Gauvreau et al., 2005) and vascular endothelial cells (Sjostrom

et al., 2003, Duah et al., 2013). In addition, it has been shown that the CysLT; receptor



antagonist ICI 198,615 does not completely inhibit high LTD, concentrations-induced
contractions of guinea pig tracheal spiral preparations and that such contractions are
inhibited by the CysLT1/LT, receptor antagonist BAY u9773 in vitro (Béck et al., 2001).
These findings raise the possibility that CysLTs-induced asthmatic responses are
mediated via both CysLT; and CysLT, receptors, and that a dual antagonist for
CysLT4/LT, receptors would be more useful for the treatment of asthma than current
CysLT; specific LTRAs. Therefore, we undertook a drug discovery research of novel
CysLT,/LT, receptor antagonist for the new treatment of asthma.

Using CHO-K1 cells expressing human and guinea pig CysLT; and CysLT, receptors,
we have found a series of indole derivatives with potent dual CysLT,/LT, receptors
antagonistic activity and selected ONO-6950 as a candidate compound. However, in vivo
evaluation of the compounds for their antagonistic activities against CysLT, receptors
was not an easy task in guinea pigs, frequently used animals for development of asthma
therapeutic agent. Because guinea pig CysLT, receptors are preferentially stimulated by
LTC,4, but LTC, is rapidly metabolized to LTD, by metabolizing enzymes, such as
gamma-glutamyl transpeptidase (y-GTP) and gamma-glutamyl leukotrienase in the body
(Orning and Hammarstrom, 1980; Ito et al., 2008; Snyder et al., 1984; Lieberman et al.,
1999; Han et al., 2002). In contrast, the human CysLT, receptors are stimulated by both
LTC,4 and LTD,4 (Lynch et al., 1999; Heise et al., 2000). Thus lack of appropriate animal
models has hampered so far the study on implication of CysLT, receptors in asthma. By
using S-hexyl GSH, a GSH derivative (Bé&ck et al., 2001) to suppress LTC4 metabolism,
we addressed establishment of a guinea pig asthma model in which bronchoconstriction
and airway vascular hyperpermeability are mediated not only via CysLT; receptors but
also via CysLT, receptors. Under such conditions we confirmed that exogenously

administered LTC, induces CysLT,-mediated airway responses in guinea pigs.



In the above guinea pig model of asthma with or without S-hexyl GSH, we evaluated
the effects of ONO-6950 on either of CysLT; and CysLT, receptor-mediated airway
responses and compared them with those of montelukast, a CysLT; selective receptor
antagonist. Additionally, we evaluated the effects of ONO-6950 on antigen-induced
bronchoconstriction in S-hexyl GSH-treated guinea pigs, and compared these effects to
that of montelukast. Furthermore, in chronic asthma model we examined the effects of
ONO-6950 and montelukast on late phase airway resistance characterized by .-

stimulant-resistant persistent airway inflammation in S-hexyl GSH-treated guinea pigs.

Through these studies we investigated the involvement of CysLT, receptor in asthma

and possibility of CysLT1/LT, dual receptor antagonists as a new treatment for asthma.
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2 CHAPTER 11 : Leukotriene C, induces bronchoconstriction and

airway vascular hyperpermeability via the Cysteinyl leukotriene

receptor 2 in S-hexyl glutathione-treated guinea pigs

2.1 Introduction

Cysteinyl leukotrienes (CysLTs, including LTC,4, LTD, and LTE,) play an important
role in both the bronchoconstriction and airway inflammation associated with asthma.
Recent advances in molecular biology have shown that CysLTs act via two G protein-
coupled receptors known as cysteinyl leukotriene 1 (CysLT;) (Lynch et al., 1999; Sarau et
al., 1999) and cysteinyl leukotriene 2 (CysLT,) receptors (Heise et al., 2000; Takasaki et
al., 2000; Nothacker et al., 2000) and that both LTD,4 and LTC, equally bind to the human
CysLT, receptor (Heise et al., 2000). Like the CysLT; receptor, the CysLT, receptor is
expressed on airway smooth muscle cells (Heise et al., 2000), inflammatory cells
(Figueroa et al., 2003; Mita et al., 2001; Mellor et al., 2003; Gauvreau et al., 2000) and
vascular endothelial cells (Sjostrom et al., 2003), suggesting that this receptor may also
be involved in asthma. However, studies showing that a CysLT; receptor antagonist
almost completely inhibits LTD4- or LTC4-induced bronchoconstriction in guinea pig
(Nakagawa et al., 1992; Muraki et al., 2009) undermine the physiological importance of
CysLT, receptors in asthma.

On the other hand, cDNA encoding the guinea pig CysLT, receptor has been cloned
(Ito et al., 2008), and agonist-stimulated signal transduction has clearly shown species
difference in the reactivity of CysLT, receptor natural ligands between human and guinea
pig. Whereas LTD, is a potent ligand not only for the CysLT; receptor, but also for the
CysLT, receptor in humans, it is much less potent than LTC, for the guinea pig-CysLT,

receptor (Ito et al., 2008). Since LTC, is rapidly transformed to LTD, by metabolizing
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enzymes, such as gamma-glutamyl transpeptidase (y-GTP) (Orning et al., 1980; Snyder et
al., 1984) and gamma-glutamyl leukotrienase (Lieberman et al., 1999; Han et al., 2002)
in the body, it would be very difficult to induce CysLT, receptor-mediated biological
responses in guinea pigs. Such species difference may hamper studies on the role of
CysLT, receptors in asthma and other diseases.

To induce CysLT, receptor-mediated biological response in guinea pigs, we
hypothesized that it is necessary to block LTC,4 metabolism to LTD,, thereby maintaining
enough LTC, at the target organ. In our experiment, we focused on S-hexyl glutathione
(S-hexyl GSH), a known synthetic substrate of y-GTP (Béck et al., 2001) and assumed
that this substrate can be metabolized in place of LTC, since, like LTC,, it has an L-y-
glutamyl-L-cysteinyl-glycine moiety (Back, 2002). Using S-hexyl GSH, we investigated
in this study conditions under which CysLT, receptor-mediated bronchial response might
be brought about in guinea pigs. Through the experiments conducted in this study, we
succeeded in developing a guinea pig model of asthma mediated by CysLT, receptors
alone or by both CysLT, and CysLT; receptors, depending on the dose of S-hexyl GSH.
Our results clearly elucidate the contribution of CysLT, receptors in asthma-associated

bronchoconstriction and airway vascular hyperpermeability in vivo.

2.2 Materials and methods
2.2.1 Animals

Male Hartley guinea pigs (Japan SLC, Shizuoka, Japan) aged 6-7 weeks were used in
this study. They were housed in an air-conditioned room maintained at 24 + 2 °C and 55
+ 15 % relative humidity with alternating 12 h light/dark cycles and provided with food
(LRC4, Oriental Yeast Co., Ltd., Japan) and tap water ad libitum. All animal experiments

were approved by the Animal Ethical Committee of Ono pharmaceutical Co, Ltd. and
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performed in accordance with the institutional animal care guidelines.

2.2.2 Drugs and materials

Montelukast was obtained from Sequoia Research Products, Ltd. (Pangbourne, United
Kingdom).  Compound  A; 1-(5-carboxy-2-{3-[4-(3-cyclohexylpropoxy)phenyl]
propoxy}benzoyl)-4-piperidinecarboxylic acid was synthesized in our laboratories and
used as CysLT, receptor antagonist. Others materials used in this study were purchased
commercially: LTC4, LTDy4, LTE4, LTC4-d5, LTD4-d5, and LTE4-d5 (Cayman Chemical
Company, MI, USA), S-hexylglutathione and fluorescein isothiocyanate-conjugated
bovine serum albumin (FITC-BSA) (Sigma-Aldrich, MO, USA). Montelukast was
suspended in 0.5 w/v% methylcellulose solution and orally administered 24 h before
LTC, challenge. Compound A was dissolved in physiological saline containing 1 vol%
WellSolve (Celeste Corporation, Tokyo, Japan) and intravenously administered

approximately 1 min before, or immediately before, LTC, challenge.

2.2.3 Preparation of cells stably expressing guinea pig CysLT; and CysLT, receptors
Full-length DNA encoding guinea pig CysLT; receptor was chemically synthesized.
Kozak consensus sequence and N-terminal hemagglutinin epitope tag sequence were
artificially introduced to the vector. These fragments were subcloned into mammalian
expression vector, pEF1 (Life Technologies). Full-length DNA encoding guinea pig
CysLT, receptor was amplified from guinea pig heart mMRNA by RT-PCR. Kozak
sequence and N-terminal myc epitope tag sequence were artificially introduced to the
vector. These fragments were subcloned into mammalian expression vector, pIRES
(Clontech Laboratories). The receptor sequences were verified by sequencing and

confirmed identity with GenBank accession number AY236968 or AY236969. Both
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constructs were transfected with lipofectamine (Life Technologies) into CHO-K1 cells.
After selection with geneticin, positive clones obtained by the limited dilution technique

were identified by stimulation with LTD,4 or LTC,.

2.2.4 Calcium response assay

Intracellular calcium response was measured using Fura 2-AM (Dojindo) according to
the manufacture's protocol. Briefly, the CHO-K1 cells stably expressing guinea pig
CysLT; and CysLT, receptors were cultured in 96 well plates (Corning Incorporated) for
at least 24 h (3x10* cells/well). The culture medium (Ham’s F-12 supplemented with
10% fetal bovine serum and 500 ug/ml geneticin) was removed, and the loading medium
containing 5 uM Fura 2-AM was added to each well. After 1 h incubation, the loading
medium was removed, and the cells were rinsed with the assay buffer (Hanks’ Balanced
Salt Solution containing 20 mM HEPES). The assay buffer was then added to each well,
and the cells were further incubated at room temperature for 1 h. The cells were next
alternately irradiated at two excitation wavelengths (340 and 380 nm) using FDSS-3000
(Hamamatsu Photonics Co., Ltd., Shizuoka, Japan) to measure the ratio of fluorescence
intensity (f340/f380) at 500 nm. Receptors natural ligands, i.e. LTC,4, LTD4 and LTE,4
(0.001 nM to 1 uM), were each added 30 s after commencement of the measurement of
fluorescence intensity. In an experiment to evaluate Compound A antagonistic activity for
CysLT; and CysLT,, montelukast or Compound A was added 30 min before addition of

the ligand (10 nM LTDy, for the CysLT; receptor or 3 nM LTC, for the CysLT, receptor).
2.2.5 Preparation of lung tissue samples and quantification of CysLTs
Guinea pigs were anesthetized with pentobarbital sodium (75 mg/kg, i.p.,

Somnopentyl®), and a polyethylene cannula was inserted into the trachea. The other end
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of the cannula was connected to a volume-limited ventilator (Model SN-480-7, Shinano
Manufacturing Co., Ltd., Tokyo, Japan) providing artificial ventilation at a supply rate of
4 ml/stroke and 70 strokes/min. Another catheter was inserted into the jugular vein to
secure the route for drug administration. After confirming a stable ventilation pressure, 1
vol% WellSolve (0.5 ml/kg) was injected into each animal via the catheter inserted into
the jugular vein. Approximately 1 min and 50 s later, bolus doses of physiological saline
or S-hexyl GSH (15 mg/kg) and LTC,4 (15 pg/kg) were intravenously injected to each
guinea pig. Five min after administration of LTC,, the chest was opened, and a sonde was
inserted into the pulmonary artery from the right ventricle. The lung was then perfused
with 50 ml of ice-cold perfusate (physiological saline containing 0.01 w/v% sodium
citrate, 45 mM L-serine, 45 mM boric acid, 5 mM L-cysteine, 10 uM indomethacin, and
10 uM zileuton) and simultaneously a small incision was made on the left atrium. The
lung subjected to perfusion was isolated together with the trachea and the bronchial
cannula, and the lung lobes were separated to measure their wet weights. The isolated
lung lobes were next homogenized in 4 ml of ice-cold 99.5 vol% ethanol using a polytron
homogenizer (lung homogenate) and stored at -80°C until quantification of CysLTs.

To create calibration curves for quantification of CysLTs, an aliquot (0.18 ml) of the
lung homogenate was allowed to stand overnight at 60°C in the presence of 1 M sodium
hydroxide. Protein concentration in the lung homogenate was spectrophotometrically
(Spectromax190, Molecular Devices, Tokyo, Japan) determined using the BCA™ Protein
Assay Kit (Thermo Fisher Scientific Inc, MA, USA) in accordance with the
manufacturer’s instructions. Bovine serum albumin was used as standard for the

calibration curve.

2.2.6 Measurement of CysLTs concentrations in lung tissue
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The lung homogenates were centrifuged at 1870g for 10 min at 4°C (Hitachi Himac
centrifuge, Rotor RT3S3, Tokyo, Japan), and the supernatants were collected (lung
samples). A 50 ul portion of a standard solution (mixture of LTC,4, LTD4, and LTE,) for
the calibration curve (0.6 to 600 ng/ml) was then added to 1 ml of each lung sample. A
50 pl portion of an internal standard (IS mixture; a mixture of LTC,4-d5, LTD4-d5, and
LTE,-d5) was added to 1 ml of each lung sample for measurement and for the calibration
curve. The lung samples were next evaporated to dryness by vacuum centrifuge (non-
heated). The resultant residues were dissolved in 2 ml of distilled water and loaded on a
solid phase extraction column (Oasis MAX cartridge 3 cc/60 mg 30 pum: Waters
Corporation, MA, USA) pre-conditioned with 2 ml of methanol and 2 ml of distilled
water. After washing the column with 2 ml of distilled water followed by 2 ml of 1 vol%
aqueous ammonia and 2 ml of methanol, CysLTs were eluted with 2 ml of methanol
containing 2 vol% formic acid. The eluate was evaporated to dryness by vacuum
centrifuge and the residues were re-dissolved in 150 ul of a mixture of mobile phase A
(0.2 vol% formic acid) and B (acetonitrile containing 0.2 vol% formic acid) (75/25).
Individual levels of CysLTs in the samples were determined by LC/MS/MS (HPLC
system: Prominence UFLC, Shimadzu, Kyoto, Japan; MS/MS: API 5000, AB Sciex, MA,

USA). Concentrations of CysLTs in lung tissues were expressed in ng/g protein.

2.2.7 Measurement of bronchoconstriction

Bronchoconstriction was measured in accordance with the method described by
Konzett & Rossler using ventilation pressure as an indicator (Konzett et al., 1940).
Briefly, guinea pigs were anesthetized with pentobarbital sodium (75 mg/kg, i.p.), and the
trachea was cannulated with a polyethylene cannula that provided artificial ventilation as

described in section 2.5. Ventilation pressure was measured via a pneumotachometer
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(M:-I-P-S Co., Ltd., Osaka, Japan) connected to a side port of the tracheal cannula, using a
Win-PULMOS-III system (Version 3.6, M:-1-P-S Co., Ltd., Osaka, Japan). Compound A
(12 mg/kg) and S-hexyl GSH (0, 15, 30, 60 mg/kg) were injected 1 min and 10 s prior to
LTC, (15 ng/kg) injection, respectively, via a catheter secured in the jugular vein.
Ventilation pressure was measured for at least 30 min after LTC, injection. The trachea
was then completely blocked to obtain maximum ventilation pressure. After measurement
of maximum ventilation pressure, the mechanical ventilation was stopped, and the animal
was euthanized. The area under the percentage bronchoconstriction curve from 0 to 30
min after LTC, injection (AUC) was calculated by the trapezoidal method, and the mean
percentage bronchoconstriction (%) was calculated by dividing AUC by measurement

time.

2.2.8 Measurement of airway vascular permeability

Immediately after intravenous injection of FITC-BSA (2 mg/kg), the guinea pigs
intravenously received S-hexyl GSH (60 mg/kg) and LTC,4 (2 ug/kg). Fifteen min after
administration of LTC,, pentobarbital sodium (Somnopentyl®: 19.4 mg/animal) was
intravenously administered, and the animals were exsanguinated by cutting the femoral
artery and vein followed by the abdominal aorta and vena cava. Thoracotomy was then
performed, and the trachea was cannulated. The whole lung was gently lavaged 5 times
with 10 ml of ice-cold physiological saline containing 3.8 mg/ml sodium citrate acid via
the tracheal cannula to collect the bronchoalveolar lavage fluid (BALF), which was
centrifuged at 1870g for 5 min at 4°C (Hitachi Himac Centrifuge, Rotor RPRS3, Tokyo,
Japan). Two-hundred micro-liter of the resultant supernatant was then transferred to a 96-
well microplate (Corning Incorporated) under protection from light. Fluorescence

intensity (Ex: 485 nm/Em: 538 nm) was measured for each supernatant using a
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microplate reader (Fmax, Nihon Molecular Devices Corporation, Tokyo, Japan) and its

bundled software (SOFTmax PRO version 1.3.1f, Nihon Molecular Devices Corporation).

2.2.9 Statistical analysis

Results are expressed as the mean £ S.E.M., except for ECs and 1Cs values, and the
maximum response in calcium signal. ECsp and ICs, values, and the maximum response
for CysLT-stimulated intracellular calcium responses were estimated by a 4-parameter
logistic model using GraphPad Prism 5.01 (GraphPad Software. Inc, CA, USA). Data
were statistically analyzed using t-test for comparison between 2 groups with SAS 9.1.3
Service Pack 4 (SAS Institute Japan, Tokyo, Japan) and the linked system EXSAS
Version 7.5.2 (CAC EXICARE Corporation, Tokyo, Japan). Significance level was set at

0.05.

2.3 Results
2.3.1 Calcium response assay

LTC,4, LTD4 and LTE,4 did not induce significant intracellular calcium response in
CHO-K1 cells (data not shown). The order of potency at the CysLT; receptor was
LTDs>>LTE,=LTC,4 with ECsp values of 2.27, 260 and 355 nM, respectively. On the
other hand, the order of potency at the CysLT, receptor was LTC,>>LTD,>LTE, with
ECso values of 0.649, 25.0 and 384 nM, respectively. Unlike at the CysLT; receptor,
maximum calcium signal in response to LTC, was significantly higher than that in
response to LTD, or LTE,4 suggesting that LTC, preferentially transduce receptor-
associated signal at the CysLT, receptor (Fig.1 and Table 1).

Montelukast concentration-dependently inhibited LTD,-stimulated calcium response in

CysLT; receptor-expressing cells with an ICsy value of 1.6 nM. This inhibition was 3
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orders of magnitude more potent than that of the CysLT, receptor (ICso value of 1800
nM). In sharp contrast to montelukast, Compound A preferentially inhibited CysLT,
receptor-stimulated calcium signal with an 1Csy value of 0.64 nM compared to 2600 nM

at the CysLT; receptor (Table 2).

CysLT, receptor CysLT, receptor
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Fig.1 Intracellular calcium response stimulated by LTC,4, LTD4 and LTE4 in CHO-K1
cells stably expressing guinea pig CysLT; and CysLT, receptors.

Fura-2-AM-loaded CHO-K1 cells stably expressing guinea pig CysLT; or CysLT,
receptor were stimulated with LTC4, LTD4 or LTE4 and subsequently irradiated at 2
excitation wavelengths (340 and 380 nm) to monitor changes in fluorescence intensity at
500 nm. Maximum change in the ratio of fluorescence intensity (f340/f380) following the
addition of each CysLT was determined. Each plot shows the mean + S.E.M. for 3
independent experiments.

Table 1 Potency and efficacy of LTC,4, LTD4 and LTE4 for CysLT-induced intracellular
calcium response in CHO-K1 cells stably expressing guinea pig CysLT; receptors and
CysLT, receptors.

Guinea pig ECs, (nM) Maximal response (f340/f380)
receptor
P LTC, LTD, LTE, LTC, LTD, LTE,
CysLT, 355 2.27 260 6.31 8.10 5.41
receptor (216-582) (1.72-2.98) (179-375) (4.87-7.75) (7.68-8.51) (4.52-6.29)
CysLT, 0.649 25.0 384 8.46 411 3.03
receptor (0.541-0.779) (14.2-44.2)  (56.8-2600) (8.21-8.71) (3.55-4.66) (0.727-5.34)

CHO-K1 cells expressing guinea pig CysLT; or CysLT, receptor were stimulated with
LTC,4, LTD,4 or LTE, to evaluate each receptor response using increase in intracellular
calcium as an indicator. ECsy (nM) value and maximum calcium response, and their 95%
confidence intervals (in parentheses) were estimated by the 4-parameter logistic model
using data from 3 separate experiments.
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Table 2 1Cs values of montelukast and Compound A for inhibition of CysLT-induced
intracellular calcium response.

_ ) ICs0 (M)
Guinea pig receptor Montelukast Compound A
1.6 2600
CysLT; receptor (1.1-2.2) (2100-3100)
1800 0.64
CysLT, receptor (1600-2000) (0.53-0.76)

Fura 2-AM-loaded CHO-K1 cells expressing guinea pig CysLT; or CysLT, receptor
were stimulated with 10 nM LTD,, for the CysLT; receptor, or 3 nM LTC,, for the
CysLT, receptor. 1Cso values were estimated by the 4-parameter logistic model using data
obtained from 5 separate experiments. Parameters top and bottom were constrained by
100 and O, respectively. Values indicated in parentheses represent 95% confidence
intervals of the 1Csq value.

2.3.2 Concentrations of CysLTs in lung tissues following LTC,4 administration

The amounts of CysLTs in lung tissues 5 min after intravenous injection of LTC, were
determined in guinea pigs treated or non-treated with S-hexyl GSH. In the absence of S-
hexyl GSH, the predominant CysLT was LTD, (724 ng/g protein) compared to LTE, (73
ng/g protein) and LTC, (9 ng/g protein), suggesting rapid metabolism of LTC, in in vivo.
In contrast, LTC,4 (669 ng/g protein) was the most abundant CysLT in the lung tissues of
S-hexyl GSH-treated animals, with LTD, (285 ng/g protein) being approximately at a
concentration half that of LTC,4. Absolute concentrations of LTC, in the lungs of S-hexyl
GSH-treated animals were significantly higher than those in the non-treated animals.
Contrary to LTC,, the concentrations of LTD, and LTE, in the S-hexyl GSH-treated
animals were significantly lower than those in the non-treated animals (Fig.2).
LTC4/(LTD4+LTE,) ratio, an indicator of LTC, metabolism to LTDy, in the lungs of S-

hexyl GSH-treated animals was much higher than that in the non-treated animals (1.64 vs.

0.01).
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Fig.2 Concentrations of LTC,4, LTD,4 and LTE, in guinea pigs lung tissues treated or non-
treated with S-hexyl GSH.

Animals were intravenously injected with LTC, (15 pg/kg), and lung tissues were
isolated 5 min later. S-hexyl GSH (15 mg/kg) or physiological saline was intravenously
administered approximately 10 s before LTC, injection. Each column represents the
mean + S.E.M. for 6 animals.

* P <0.05, **; P <0.01, ***; P < 0.001: t-test vs. corresponding CysLT in S-hexyl GSH(-) group.

2.3.3 LTCy-induced bronchoconstriction

In the absence of S-hexyl GSH, LTC, (15 ug/kg) elicited bronchoconstriction that was
abrogated by montelukast, but not by Compound A. However, LTC, at the same dose
caused a more pronounced bronchoconstriction when the animals were treated with S-
hexyl GSH at 15 mg/kg or more. This LTCs-induced bronchoconstriction was partially
inhibited by either montelukast or Compound A. At the highest dose of S-hexyl GSH (60
mg/kg), the inhibitory effect of montelukast on LTCs-induced bronchoconstriction was
completely abolished (Fig.3). On the other hand, Compound A inhibition of LTCy-
induced bronchoconstriction increased with increasing dose of S-hexyl GSH.

Combination of montelukast and Compound A completely blocked this response at every
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evaluation point in S-hexyl GSH (15 mg/kg)-treated animals (Fig.4).
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Fig.3 Effects of montelukast and Compound A on LTC;-induced bronchoconstriction in
guinea pigs treated with varying doses of S-hexyl GSH.

Animals treated with S-hexyl GSH (0, 15, 30, 60 mg/kg) were challenged with LTC,
(15 pg/kg) under anesthesia. Montelukast was orally administered 24 h before LTC,.
Compound A was intravenously administered approximately 1 min before LTC,4. Each
column represents the mean + S.E.M. for 6-11 animals.
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Fig.4 Effects of montelukast, Compound A, and combination of montelukast and
Compound A on LTC,-induced bronchoconstriction in S-hexyl GSH-treated guinea pigs.

Animals treated with S-hexyl GSH (15 mg/kg) were challenged intravenously with
LTC, (15 pg/kg) under anesthesia. Montelukast was orally administered 24 h before
LTC,4. Compound A was intravenously administered approximately 1 min before LTC,.
Each column represents the mean + S.E.M. for 10 animals.

$$; P <0.01: $$3$; P < 0.001: t-test vs. control group. ###; P < 0.001: t-test vs.
montelukast group.
2.3.4 LTC4-induced airway vascular hyperpermeability

Intravenous injection of LTC,4 induced airway vascular hyperpermeability in both S-
hexyl GSH-treated and non-treated guinea pigs. Montelukast completely inhibited this
hyperpermeability in the non-treated animals (data not shown), but failed to do so in S-
hexyl GSH-treated animals. On the other hand, Compound A inhibited LTC,-induced
hyperpermeability to a level comparable to that of normal or S-hexyl GSH (60 mg/kg)-

treated guinea pigs that received a combination of montelukast and Compound A (Fig.5).
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Fig.5 Effect of montelukast, Compound A and combination of montelukast and
Compound A on LTC,-induced airway vascular hyperpermeability in S-hexyl GSH-
treated guinea pigs.

Immediately after FITC-BSA injection, S-hexyl GSH (60 mg/kg) and LTC,4 (2 ug/kg)
were intravenously administered. Fifteen min later, BALF was collected, and FITC-BSA
level in the BALF supernatant was determined. Montelukast was orally administered 24 h
before LTC,4. Compound A was intravenously administered just before LTC,. Each
column represents the mean + S.E.M. for 18 animals.

t: P <0.05, t-test vs. normal group, $: P < 0.05, t-test vs. control group.
2.4 Discussion

Due to species difference in the affinity of LTD, for CysLT, receptors between human
and the guinea pig, studying the functional role of CysLT, receptors in asthma using
guinea pig models has been very difficult. By inhibiting LTC, metabolism using S-hexyl
GSH, we succeeded in developing a guinea pig model of asthma where
bronchoconstriction and airway vascular permeability are mediated not only via CysLT;

receptors, but also via CysLT, receptors. Inhibition of LTC, metabolism resulted in an

increase of this ligand concentration in guinea pig lung tissue, leading to a CysLT,
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receptor-dependent biological response as evidenced by Compound A (a specific CysLT,
receptor antagonist) inhibition of LTCs-induced bronchoconstriction. The developed
model may therefore be useful to elucidate the functional role of CysLT, receptors in
various diseases including asthma.

It has been shown that LTC, is more than a hundred times more potent than LTD, in
activating calcium mobilization through CysLT, receptors in guinea pigs (Ito et al., 2008).
This finding indicates that the guinea pig CysLT, receptor is preferentially activated by
LTC,. In the present study, we confirmed that LTC, selectively stimulates guinea pig
CysLT,, while LTD, readily binds to CysLT; receptors (Table 1). On the other hand, in
humans, CysLTs affinity for CysLT; receptors is reported to be in the order of

LTD,>LTC, = LTE4 while that for CysLT, receptors is in the order of

LTC4,=LTD4>>LTE, (Lynch et al., 1999; Heise et al., 2000). Therefore, in humans, LTD,
is the most potent natural agonist for both CysLT; and CysLT, receptors. In guinea pigs,
on the other hand, LTC, is quickly metabolized to LTD,4, making it difficult to induce
CysLT, receptor-mediated biological responses.

Considering that LTC, is rapidly transformed to LTD,4 by metabolizing enzymes, such
as y-GTP (Orning et al., 1980; Snyder et al., 1984) and gamma-glutamyl leukotrienase
(Lieberman et al., 1999; Han et al., 2002), we measured CysLTs levels in guinea pigs
plasma and lung tissue after LTC, administration. As expected, LTC, was hardly detected
in the plasma and lung tissue, instead high levels of LTD, were measured (Fig.2). In fact,
we confirmed that intravenous administration of LTC, induces bronchoconstriction in
normal guinea pigs and that this bronchoconstriction is fully abrogated by the CysLT;
selective antagonist, montelukast, but not by the CysLT, receptor antagonist Compound

A (Fig.3). These results indicate that exogenously administered LTC, is rapidly
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metabolized to LTD,4 and the LTD, induces bronchoconstriction via a CysLT; receptor-
dependent pathway in normal guinea pigs.

To suppress LTC, metabolism in guinea pig plasma and lung tissue, we focused on
GSH derivatives, which are synthetic substrates of y-GTP known as y-GTP inhibitors
(Back et al., 2001). As anticipated, the concentration of LTC, and the ratio of
LTC4/(LTD4+LTE,) in the lung tissue dramatically increased in S-hexyl GSH-treated
animals. In the presence of S-hexyl GSH, intravenous administration of LTC, induced
bronchoconstriction to a degree much higher than that the untreated animals. The
inhibitory effect of montelukast on LTCs-induced bronchoconstriction subsided with
increasing doses of S-hexyl GSH, although that of Compound A became more potent,
suggesting that the contribution of CysLT; and CysLT, receptors to bronchoconstriction
changed depending on LTC, concentration in the body (Fig.3). In animals treated with 15
mg of S-hexyl GSH, dual blockage of CysLT; and CysLT, by combination treatment with
montelukast and Compound A abolished LTC,-induced bronchoconstriction, indicating
involvement of both receptors in this condition. Thus, inhibition of LTC, metabolism
allowed the involvement of both CysLT; and CysLT, receptors in LTCy-induced
biological response in guinea pigs. As LTD, is known to activate both human CysLT;
and CysLT, receptors, it would be interesting to see if both CysLT; and CysLT, receptors
are involved in human bronchoconstriction. It has been shown that a CysLT; receptor
antagonist does not completely inhibit tracheal contraction induced by high
concentrations of LTD, and that residual contraction to LTD, is inhibited by the
CysLT4/LT, receptor antagonist BAY u9773 (Bé&ck et al., 2001; Tudhope et al., 1994).

In addition to bronchoconstriction, CysLTs also induce potent airway vascular
hyperpermeability (Nakagawa et al., 1992). As is the case with bronchoconstriction,

intravenous administration of LTC, to guinea pigs induced airway vascular
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hyperpermeability, which was fully abrogated by the CysLT; receptor antagonist
montelukast. However, our study shows that in the presence of 60 mg/kg S-hexyl GSH,
LTCy-induced airway vascular hyperpermeability was not inhibited by montelukast, but
was almost completely abolished by Compound A. These results clearly demonstrate that
LTC, induced airway vascular hyperpermeability via both CysLT; and CysLT, receptors.
Interestingly, LTC,-induced bronchoconstriction was rather aggravated by S-hexyl
GSH. We have previously found in an in vitro study that LTC, in the presence of a y-
GTP inhibitor elicits more potent contraction of guinea pig trachea than LTD4 or LTC4 in
the absence of the y-GTP inhibitor (Obata et al., 1992). Additionally, in the S-hexyl GSH
(15 mg/kg)-treated guinea pigs, montelukast seemed to suppress the early phase of LTC,-
induced bronchoconstriction, while Compound A inhibited the later phase. It is therefore
suggested that CysLT, receptor-mediated bronchoconstriction is more severe and
sustained than that mediated by the CysLT; receptor. In fact, we have already confirmed
that inhaled LTC, causes more severe and sustained bronchospasm in conscious guinea
pigs treated with S-hexyl GSH than inhaled LTD, (data not shown). However, the
difference between the effect of LTC, and that of LTD,4 cannot be explained by receptor
density and calcium signal response due to the following reasons. First, both CysLT, and
CysLT; receptors are expressed in the lung of guinea pigs. Second, the expression level of
MRNA for the guinea pig CysLT, receptor is even lower than that of the CysLT; receptor
in the lung tissue (data not shown). Finally, there appeared to be no significant difference
in the maximum response of calcium signal between the two receptors. Further studies
are needed to address the functional difference between guinea pig CysLT; and CysLT,
receptors. In addition, the physiological function of the CysLT; receptor is not fully clear,
although CysLT, receptors are expressed on many cell types including eosinophil (Mita

et al., 2001), monocyte/macrophage (Figueroa et al., 2003), mast cell (Mellor et al., 2003),
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airway smooth muscle cell (Heise et al., 2000), platelet (Hasegawa et al., 2010), cardiac
Purkinje cell (Heise et al., 2000) and endothelial cell (Sjostrom et al., 2003). The animal
model constructed in this study using S-hexyl GSH may be useful for studying the role of
the CysLT, receptor not only in bronchoconstriction and airway vascular
hyperpermeability, but also in other conditions.

Currently, selective CysLT; receptor antagonists as well as inhaled corticosteroids are
widely used in the treatment asthma (Montuschi et al., 2010). However, a sizable
proportion of patients do not respond fully to these therapies. As demonstrated in this
study, CysLT, receptors, like CysLT; receptors, can mediate asthmatic response,
suggesting that dual antagonist for CysLT,/LT, receptors antagonists can be more useful
for the treatment of asthma than specific CysLT; receptor antagonists. The developed
model may therefore become a powerful tool for screening and characterization of such
new anti-asthmatic agents.

In conclusion, we have established a novel guinea pig model of asthma mediated via
the CysLT, receptor using S-hexyl GSH. This model may be useful to study the

functional role of CysLT, receptors in various diseases, including asthma.
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3 CHAPTER 111 : Effects of ONO-6950, a novel dual cysteinyl

leukotriene 1 and 2 receptors antagonist, in a guinea pig model of

asthma.

3.1 Introduction

Asthma is a chronic inflammatory disease characterized by reversible airway
constriction, airway inflammation, and airway hyperresponsiveness. Currently, inhaled
corticosteroids are the first-line therapy for control of airway inflammation in patients
with asthma (Martin, 2003). On the other hand, despite of inhaled corticosteroids
treatment, some of the patients still remain asthmatic symptoms (FitzGerald and Shahidi,
2010). Those patients were prescribed with cysteinyl leukotriene 1 receptor antagonists
(LTRA) or long-acting f2-agonists in addition to inhaled corticosteroids.

Cysteinyl leukotrienes (CysLTs: i.e.; LTC4, LTD4 and LTE4) are known to induce
airway smooth muscle constriction, enhance vascular permeability, promote mucus
secretion, and recruit eosinophils, all of which contribute to asthma symptoms
(Samuelsson, 1983; Nakagawa et al., 1992; Marom et al., 1982; Hemelaers et al., 2006).
Over the past 3 decades, a number of new drugs known to modulate leukotriene pathway
have been developed. Among them leukotriene receptor antagonists (LTRAS) are now
commonly used in combination with inhaled corticosteroids to manage asthma symptoms
(Montuschi and Peters-Golden, 2010). However, 35 to 78 % of patients receiving LTRAS
therapy remain classified as non-responders (Lima et al., 2006). Two human CysLTs
receptors, i.e. cysteinyl leukotriene 1 (CysLT;) and cysteinyl leukotriene 2 (CysLTy)
receptors, have been identified and cloned (Lynch et al., 1999; Heise et al., 2000). Like
CysLT; receptor, CysLT, receptor is expressed on airway smooth muscle cells (Heise et

al., 2000), inflammatory cells (Figueroa et al., 2003; Mita et al., 2001; Mellor et al., 2003;
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Gauvreau et al., 2005) and vascular endothelial cells (Sjostrom et al., 2003, Duah et al.,
2013). In addition, it has been shown that the CysLT; receptor antagonist ICI 198,615
does not completely inhibit high LTD, concentrations-induced contractions of guinea pig
tracheal spiral preparations and that such contractions are inhibited by the CysLT,/LT,
receptor antagonist BAY u9773 in vitro (Back et al., 2001). These findings raise the
possibility that CysLTs-induced asthmatic responses are mediated via both CysLT; and
CysLT, receptors, and that a dual antagonist for CysLT,/LT, receptors would be more
useful for the treatment of asthma than current CysLT; specific LTRAs. Using CHO-K1
cells expressing human and guinea pig CysLT, and CysLT; receptors, we have found a

series of indole derivatives with potent dual CysLT,/LT, receptors antagonistic activity.

However, in vivo evaluation of antagonists targeting the CysLT, receptors is not an
easy task, since guinea pig CysLT, receptors, unlike human CysLT, receptors, are
preferentially stimulated by LTC4 (not LTD,), which is rapidly metabolized to LTD, in
the body. It is therefore difficult to detect CysLT, receptor-mediated biological responses
in guinea pigs (Orning and Hammarstrom, 1980; Ito et al., 2008). By inhibiting LTC4
metabolism using S-hexyl glutathione (S-hexyl GSH), a GSH derivative (Béack et al.,
2001), we succeeded in establishing a guinea pig model of asthma in which
bronchoconstriction and airway vascular hyperpermeability are mediated not only via
CysLT; receptors but also via CysLT, receptors. Inhibition of LTC, metabolism increases
tissue LTC,4 concentration in guinea pigs, which in turn results in a CysLT, receptor
dependent biological response as evidenced by inhibition of LTCy-induced

bronchoconstriction by a specific antagonist for CysLT, receptors (Yonetomi et al., 2015).

Using the above established guinea pig model of asthma, we first show in this study

that ONO-6950, an indole derivative, inhibits CysLT; and CysLT, receptor-mediated
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airway responses in vivo and then evaluate the effects of this compound on antigen-
induced bronchoconstriction in sensitized guinea pigs, and compared these effects to

those of montelukast, CysLT; selective receptor antagonist.

3.2 Materials and methods
3.2.1 Animals

Male Hartley guinea pigs (Japan SLC, Shizuoka, Japan) aged 6-7 weeks were used in
this study. They were housed in an air-conditioned room maintained at 24 + 2 °C and 55
+ 15 % relative humidity with alternating 12 h light/dark cycles and provided with food
(LRC4, Oriental Yeast Co., Ltd., Japan) and tap water ad libitum. All animal experiments
were approved by the Animal Ethical Committee of Ono pharmaceutical Co, Ltd., and

performed in accordance with the institutional animal care guidelines.

3.2.2 Drugs and materials

ONO-6950 (Fig. 1), 4,4’-[4-Fluoro-7-(2-{4-[4-(3-fluoro-2-
methylphenyl)butoxy]phenyl}ethynyl)-2-methyl-1H-indole-1,3-diyl]dibutanoic acid was
synthesized in our laboratories. Montelukast was purchased from Sequoia Research
Product Inc. (Pangbourne, United Kingdom). BayCysLT,RA [1-(5-carboxy-2-{3-[4-(3-
cyclohexylpropoxy)phenyl]propoxy}benzoyl)-4-piperidinecarboxylic acid] (Harter et al.,
2006) was synthesized in our laboratories. Other materials used in this study were
purchased commercially: LTC, and LTD4 (Cayman Chemical Company, MI, USA),
ovalbumin (OVA, grade V), S-hexylglutathione (S-hexyl GSH), indomethacin,
pyrilamine maleate and fluorescein isothiocyanate-conjugated bovine serum albumin

(FITC-BSA, Sigma-Aldrich, MO, USA), Formalin treated Pseudomonas pertucinogena
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Suspension (LSL Co., Ltd., Japan).

ONO-6950 (0.03 to 10 mg/kg) and montelukast (0.1 or 0.3 mg/kg), both suspended in
0.5 w/v% methylcellulose solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan),
were orally administered to guinea pigs 24 h before challenge. BayCysLT,RA (1 mg/kg)
dissolved in physiological saline containing 1 vol% WellSolve (Celeste Corporation,
Tokyo, Japan) was intravenously administered to guinea pigs approximately 1 min or

immediately before challenge.

COH

Fig.1 Chemical structure of ONO-6950

3.2.3 Preparation of cells stably expressing human and guinea pig CysLT; and CysLT;
receptors

Full-length cDNAs encoding human CysLT; or CysLT, receptor were amplified from
human spleen poly (A) + RNA by RT-PCR. A Kozak consensus sequence was
artificially introduced, and PCR fragments encoding CysLT; receptor were subcloned
into the mammalian expression vector pCl-neo (Promega Corporation). PCR fragments
encoding CysLT, receptor were cloned into the mammalian expression vector pIRES-
neo (Clontech Laboratories) with a Kozak consensus sequence and myc epitope tag
sequence at the N-terminal end. Receptor sequences in the expression vectors were

verified by sequencing and confirmed to be identical to GenBank accession number
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AF119711 for CysLT; receptor or AB038269 for CysLT, receptor. Both constructs were
transfected by lipofection into CHO-K1 cells. After selection with geneticin, positive
clones were identified by LTDj-stimulated intracellular calcium response. Cell-lines
expressing guinea pig CysLT; and CysLT, receptors were prepared as described

previously (Yonetomi et al., 2015).

3.2.4 Calcium response assay

Intracellular calcium response was measured using Fura 2-AM (Dojindo) according to
the manufacture's protocol. Briefly, CHO-K1 cells stably expressing human or guinea pig
CysLT; and CysLT, receptors were cultured for at least 24 h (3x10” cells/well). After
removal of the culture medium (Ham’s F-12 supplemented with 10% fetal bovine serum
and 500 pg/ml geneticin), a loading medium containing 5 uM Fura 2-AM was added to
each well. After 1 h incubation at 37°C, the loading medium was removed, and the cells
were further incubated at room temperature for 1 h in the assay buffer (Hanks’ Balanced
Salt Solution containing 20 mM HEPES). The cells were then alternately irradiated at
two excitation wavelengths (340 and 380 nm) using FDSS-3000 (Hamamatsu Photonics
Co., Ltd., Shizuoka, Japan) to measure the ratio of fluorescence intensity (f340/f380) at
500 nm. To evaluate test-compounds antagonism of CysLT:/CysLT, receptors, ONO-
6950 or montelukast was added 30 min before addition of the ligand, i.e. 100 nM LTD,
for human CysLT; receptor, 0.3 nM LTD,4 for human CysLT, receptor, 10 nM LTD, for

guinea pig CysLT; receptor and 3 nM LTC, for guinea pig CysLT, receptor.
3.2.5 Measurement of LTD,4 and LTC4-induced bronchoconstriction
Ventilation pressure was measured using the method of Konzett & Rd&ssler (1940).

Briefly, guinea pigs were anesthetized with intraperitoneal injection of pentobarbital

36



sodium (75 mg/kg). One end of a polyethylene cannula was inserted into the trachea, and
the other end was connected to a volume-limited ventilator (Model SN-480-7, Shinano
Manufacturing Co., Ltd., Tokyo, Japan). Artificial ventilation was provided at a rate of 4
ml/stroke with 70 strokes/min. Another catheter was inserted into the jugular vein,
securing the route for administration. Ventilation pressure was measured via a
pneumotachometer (M-1-P-S Co., Ltd., Osaka, Japan) connected to a lateral port of the
tracheal cannula, using a Win-PULMOS-III system (Version 3.6, M-I-P-S Co., Ltd.,
Osaka, Japan). After stabilization of basal ventilation pressure, LTD4 (0.3 pg/kg) or LTC,4
(15 pg/kg) was intravenously administered via the catheter secured in the jugular vein.
For assessment of LTCy-induced bronchoconstriction, S-hexyl GSH (15 mg/kg) was
intravenously administered 10 s prior to LTC, injection. Ventilation pressure was
measured for at least 10 min after LTD, or LTC, injection with the trachea completely
blocked thereafter to obtain maximum ventilation pressure. After measurement of
maximum ventilation pressure, artificial ventilation was stopped, and the animal was
euthanized. The area under the percentage bronchoconstriction curve (AUC) from 0 to 10
min after LTD,4 or LTC, injection was calculated by the trapezoidal method, and mean
percentage bronchoconstriction (%) was calculated by dividing AUC by measurement

time.

3.2.6 Measurement of airway vascular hyperpermeability

Immediately after intravenous injection of FITC-BSA (2 mg/kg), the guinea pigs were
intravenously given LTD,4 (1 pg/kg) or S-hexyl GSH (60 mg/kg) followed by LTC, (2
ng/kg). Fifteen minutes later, pentobarbital sodium (Somnopentyl®: 19.4 mg/animal) was
intravenously administered, and the animals were exsanguinated by cutting first the

femoral artery and vein and then the abdominal aorta and vena cava. The animals were
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then thoracotomized, and the trachea was cannulated. The whole lung was gently lavaged
5 times with 10 ml of ice-cold physiological saline containing 3.8 mg/ml sodium citrate
acid via the tracheal cannula to collect bronchoalveolar lavage fluid (BALF). The BALF
was centrifuged at 1870g for 5 min at 4°C (Hitachi Himac Centrifuge, Rotor RPRS3,
Tokyo, Japan), and 200 micro liter of the resultant supernatant was transferred into a 96-
well plate (Corning Incorporated) under protection from light. Fluorescence intensity
(Ex: 485 nm/Em: 538 nm) was measured for each supernatant and calibration sample,
using a microplate reader (Fmax, Nihon Molecular Devices Corporation, Tokyo, Japan)
and its bundled software (SOFTmax PRO version 1.3.1f, Nihon Molecular Devices

Corporation).

3.2.7 Measurement of OVA-induced bronchoconstriction mediated by endogenous
cysteinyl leukotrienes

On Day 0, guinea pigs were actively sensitized by intraperitoneal injection of saline
containing 1 mg OVA and approximately 5x10° dead Bordetella pertussis. On Day 12, 20
ul of a 30 mg/ml OVA solution was instilled in both eyes, and ocular symptoms were
monitored for approximately 30 min to confirm sensitization. Animals with unilateral or
bilateral hyperemia or eyelid swelling or both were considered to have been sensitized
and used for measurement of bronchoconstriction.

On Days 15, 20 and 21, the sensitized animals were anesthetized, and ventilation
pressure was measured according to the procedure described in Section 2.5. After
confirmation of a stable basal ventilation pressure, a mixture of pyrilamine and
indomethacin (1 and 5 mg/kg, respectively) was administered via the venous catheter to
eliminate any contribution of endogenous histamine, prostaglandins or thromboxane A,

Approximately 3 min later, the animals were intravenously treated with S-hexyl GSH (15
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mg /kg), and then challenged by intravenous administration of OVA (0.2 mg/kg).
Ventilation pressure was measured for at least 30 min after OVA injection with the
trachea completely blocked thereafter to obtain maximum ventilation pressure. After
measurement of maximum ventilation pressure, artificial ventilation was stopped and the
animal was euthanized. The AUC from 0 to 30 min after OVA injection was calculated

by the method described in Section 2.5.

3.2.8 Statistical analysis

Mean percentages of bronchoconstriction and FITC-BSA levels in the BALF are
expressed as mean + S.E.M. Differences in mean values between 2 groups (normal vs.
control, control vs. montelukast, control vs. BayCysLT,RA and montelukast vs.
montelukast + BayCysLT,RA) were evaluated by t-test. Dunnett’s test was used for
evaluation of differences between ONO-6950 groups and the control group. To confirm
the dose-dependency of ONO-6950 effect, test for slope of regression line was performed.
For assessment of differences between montelukast and ONO-6950 groups, t-test was
performed with a step-down closed testing procedure, starting from the high-dose ONO-
6950 group. Data were statistically analyzed using SAS 9.1.3 Service Pack 4 (SAS
Institute Japan, Tokyo, Japan) and the linked system EXSAS Version 7.5.2 (CAC
EXICARE Corporation, Tokyo, Japan). Significance level was set at 0.05. ICs, values are
shown as estimated values with the corresponding 95% confidence intervals. Nonlinear
regression analysis for estimation of the ICsy values was performed by a 4-parameter

logistic model using GraphPad Prism Ver. 5.01 (GraphPad Software. Inc., CA, USA).

3.3 Results

3.3.1 Calcium response assay
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LTC4, LTD4 and LTE,4 elicited a concentration-dependent increase in intracellular
calcium in CHO-K1 cells expressing CysLT; or CysLT, receptors with different potency.
In addition, LTD4-induced activation of CysLT, receptors was species-dependent. LTD,
was rather more potent than other CysLTs in stimulating both human and guinea pig
CysLT, receptors. On the other hands, LTD, stimulation of human CysLT; receptors was
equivalent to that of LTC4. LTC,4 was the only potent stimulant of guinea pig CysLT,
receptors. Based on these results, a sub-maximum concentration of LTD, was selected to
stimulate human CysLT3, human CysLT,, and guinea pig CysLT; receptors for evaluation
of test-compounds antagonistic activity. LTC4, on the other hand, was used to activate
guinea pig CysLT, receptors (data not shown).

Both ONO-6950 and montelukast inhibited human CysLT; receptor-mediated calcium
response with 1Csy values of 1.7 and 0.46 nM, respectively (Table 1). ONO-6950 also
inhibited human CysLT, receptor-mediated calcium response with an 1Csq value of 25
nM, whereas montelukast inhibition of this receptor was 3 orders less potent than that of
human CysLT; receptors with an 1Csy value of 1800 nM. As observed with human
CysLT; and CysLT, receptors, ONO-6950 potently inhibited both guinea pig CysLT; and
CysLT; receptors with 1Cs values of 6.3 and 8.2 nM, respectively. Montelukast, on the
other hand, preferentially inhibited guinea pig CysLT; receptors with an 1Cs value of 1.6
nM compared to 1800 nM for inhibition of guinea pig CysLT receptors. The ICs values
of ONO-6950 and montelukast for inhibition of human CysLT; and CysLT, receptor-
mediated intracellular calcium response shown in Table 1 are already published by

Sekioka et.al. (2015).
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Table 1 ICs values of ONO-6950 and montelukast for inhibition of CysLT; and CysLT,
receptor-mediated intracellular calcium response

1Csg (nM)
Receptor
ONO-6950 Montelukast
1.7 0.46
Human CysLT; receptor
(1.2-2.4) (0.37-0.58)
25 1800
Human CysLT, receptor
(19-32) (1500-2100)
Gui i CvsLT . 6.3 1.6
uinea pi S receptor
PIg -y Ta Tecep (5.3-7.5) (1.1-2.2)
Gui i CvsLT . 8.2 1800
uinea pi S receptor
PIg ~-yS-T2 Tecep (6.8-9.9) (1600-2000)

Fura 2-AM-loaded CHO-K1 cells expressing human CysLT; or CysLT, receptor were
stimulated with 100 nM LTDy,, for the CysLT; receptor, or 0.3 nM LTDy, for the CysLT,
receptor. Fura 2-AM-loaded CHO-K1 cells expressing guinea pig CysLT; or CysLT,
receptor were stimulated with 10 nM LTDy,, for the CysLT; receptor, or 3 nM LTC, for
the CysLT, receptor. ICs values were estimated by the 4-parameter logistic model using
data from 5 separate experiments. Parameters at the top and bottom were constrained by
100 and 0O, respectively. Values indicated in parentheses represent 95% confidence
intervals of the 1Csg values.

3.3.2 CysLT-induced bronchoconstriction

In the absence of S-hexyl GSH, LTD, (0.3 ng/kg) elicited bronchoconstriction in
anesthetized guinea pigs. Montelukast (0.01-1 mg/kg, p.0.) dose-dependently attenuated
LTD4-induced bronchoconstriction with almost complete inhibition at 0.3 mg/kg or more.
In contrast, the selective CysLT, receptor antagonist BayCysLT,RA at 1 mg/kg, i.v. did
not inhibit LTD4-induced bronchoconstriction (data not shown), indicating that LTD,-
induced bronchoconstriction in normal guinea pigs depends on a CysLT;-mediated
pathway. ONO-6950 (0.03-3 mg/kg, p.o.) dose-dependently inhibited LTDy-induced

bronchoconstriction with maximum effect at 1 mg/kg (Fig. 2).

In the presence of S-hexyl GSH (15 mg/kg), LTC,; (15 pg/kg) elicited
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bronchoconstriction in anesthetized guinea pigs. Treatment with montelukast or
BayCysLT,RA partially inhibited this bronchoconstriction, while combination of
montelukast and BayCysLT,RA fully abrogated animals’ spasmogenic response (Fig.3).
These findings indicate that LTCy-induced bronchoconstriction in S-hexyl GSH-treated
guinea pigs involves both CysLT; and CysLT, pathways. ONO-6950 at 0.03-10 mg/kg,
p.o. dose-dependently attenuated LTCy-induced bronchoconstriction with almost
complete inhibition at 3 mg/kg. The inhibitory effect of ONO-6950 on LTC;-induced
bronchoconstriction was significantly stronger than that of montelukast at the dose of 1
mg/kg or more (Fig. 3).
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Fig.2 Effects of ONO-6950 and montelukast on LTD4-induced bronchoconstriction
Anesthetized guinea pigs were challenged intravenously with LTD, (0.3 pg/kg). ONO-
6950 or montelukast were orally administered to the guinea pigs 24 h before LTD,
challenge. Vertical axis represents mean percentage bronchoconstriction for 10 min
following LTD, injection. Each column represents the mean + S.E.M. for 8 animals.

**: P < 0.01, ***; P < 0.001: Dunnett’s test vs. control group, $$$; P < 0.001: t-test vs.
control group.
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Fig.3 Effects of ONO-6950, montelukast, BayCysLT,RA and combination of montelukast
and BayCysLT,RA on LTC4-induced bronchoconstriction

Anesthetized guinea pigs treated with S-hexyl GSH (15 mg/kg) were challenged
intravenously with LTC,4 (15 pg/kg). ONO-6950 or montelukast were orally administered
to the guinea pigs 24 h before LTC, challenge. BayCysLT,RA, a cysLT, receptor
antagonist, was intravenously administered 1 min before LTC, challenge. Vertical axis
represents mean percentage bronchoconstriction for 10 min following LTC, injection.
Each column represents the mean + S.E.M. for 10 animals.

$$3; P < 0.001: t-test vs. control group, #; P < 0.05, ##; P < 0.01, ###; P < 0.001: t-test
vs. montelukast group, **; P < 0.01, ***; P < 0.001: Dunnett’s test vs. control group.
3.3.3 CysLT-induced airway vascular hyperpermeability

In the absence of S-hexyl GSH, LTD, (1 ng/kg) induced airway vascular
hyperpermeability in conscious guinea pigs. Montelukast (0.1 mg/kg, p.o.) completely
inhibited this hyperpermeability. ONO-6950 (0.03-1 mg/kg, p.o.) dose-dependently
attenuated LTDy4-induced airway vascular hyperpermeability with complete inhibition at

0.3 mg/kg (Fig. 4).
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In conscious guinea pigs treated with S-hexyl GSH (60 mg/kg), LTC4 (2 ng/kg)
induced airway vascular hyperpermeability. Montelukast at 0.1 mg/kg did not inhibit this
hyperpermeability, although at the same dose this drug fully abrogated LTD,-induced
airway vascular hyperpermeability in S-hexyl GSH untreated guinea pigs. BayCysLT,RA
at 1 mg/kg, i.v. inhibited LTC4-induced hyperpermeability to a level comparable to that
of normal guinea pigs (no LTC4treatment) (Fig.5). ONO-6950 at 0.1-3 mg/kg, p.o. dose-
dependently inhibited LTC,4-induced airway vascular hyperpermeability with statistical

significance at 3 mg/kg.
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Fig.4 Effects of ONO-6950 and montelukast on LTDg-induced airway vascular
hyperpermeability

LTD, (1 pg/kg) was intravenously administered to conscious guinea pigs treated with
FITC-BSA, except for the Normal group. Fifteen minutes later, BALF was collected to
determine FITC-BSA level. ONO-6950 or montelukast were orally administered to the
guinea pigs 24 h before LTD,4 challenge. Each column represents the mean + S.E.M. for
17-18 animals.
t1; P < 0.01: t-test vs. normal group, $3$; P < 0.01: t-test vs. control group, **; P < 0.01,
***: P <0.001: Dunnett’s test vs. control group.
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Fig.5 Effects of ONO-6950, montelukast, BayCysLT,RA and combination of montelukast
and BayCysLT,RA on LTCy-induced airway vascular hyperpermeability

LTC, (2 ng/kg) was intravenously administered to conscious guinea pigs treated with
FITC-BSA and S-hexyl GSH (60 mg/kg), except for the Normal group. Fifteen minutes
later, BALF was collected to determine FITC-BSA level. ONO-6950 or montelukast
were orally administered to the guinea pigs 24 h before LTC, injection. BayCysLT,RA
was intravenously administered just before LTC,4 challenge. Each column represents the
mean £ S.E.M. for 18 animals.
t; P < 0.05: t-test vs. normal group, $; P < 0.05: t-test vs. control group, *; P < 0.05:
Dunnett’s test vs. control group.

3.3.4 OVA-induced bronchoconstriction involving endogenous cysteinyl leukotrienes

All experiments were conducted under anesthesia. OVA-sensitized guinea pigs were
treated with pyrilamine and indomethacin to elicit endogenous cysLTs-mediated
bronchoconstriction and with S-hexyl GSH (15 mg/kg) to suppress metabolism of LTC,

to LTD, before intravenous administration of OVA as antigen challenge. Antigen

challenge induced strong bronchoconstriction, as indicated by increased airway resistance.
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Compared with antigen-induced bronchoconstriction in normal guinea pigs, a slow
gradual bronchoconstriction was observed in S-hexyl GSH-treated guinea pigs (data not
shown). Montelukast at 0.3 mg/kg, p.o. or BayCysLT,RA at 1 mg/kg, i.v antigen-induced
bronchoconstriction was partially, but significantly, inhibited antigen-induced
bronchoconstriction. Combination therapy with both compounds additively inhibited this
bronchoconstriction. ONO-6950 at 0.1-3 mg/kg, p.o. dose-dependently inhibited OVA-
induced bronchoconstriction. The inhibitory effect of ONO-6950 at 3 mg/kg was
significantly greater than that of montelukast alone and comparable to that of

combination therapy with montelukast and BayCysLT,RA (Fig. 6).
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Fig.6 Effects of ONO-6950, montelukast, BayCysLT,RA and combination of montelukast
and BayCysLT,RA on OVA-induced bronchoconstriction

Sensitized guinea pigs were treated with S-hexyl GSH (15 mg/kg) and challenged
intravenously with OVA (0.2 mg/kg). ONO-6950 or montelukast were orally
administered to the guinea pigs 24 h before OVA challenge. BayCysLT,RA, a cysLT,
receptor antagonist, was intravenously administered 1 min before OVA challenge.
Vertical axis represents mean percentage bronchoconstriction for 30 min following OVA
injection. Each column represents the mean + S.E.M. for 20 animals.

$; P < 0.05, $$; P < 0.01: t-test vs. control group. #; P < 0.05, ##; P < 0.01: t-test vs.
montelukast group. *; P < 0.05, **; P < 0.01, ***; P < 0.001: Dunnett’s test vs. control

group.

3.4 Discussion

In the present study, we demonstrated that ONO-6950 fully suppresses not only LTD,-
induced bronchoconstriction (through the CysLT; receptor) in normal guinea pigs, but
also LTCy-induced bronchoconstriction and airway vascular hyperpermeability (mainly
through the CysLT, receptor) in S-hexyl GSH-treated guinea pigs. In addition, we

showed that ONO-6950 has stronger effect on antigen-induced asthmatic response than
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the selective CysLT; receptor antagonist montelukast in S-hexyl GSH-treated guinea pigs.
These findings suggest that ONO-6950 is an orally active CysLT; and CysLT, dual
antagonist that may provide a novel therapeutic option for patients with asthma.

Cysteinyl leukotrienes contribute to multiple aspects of asthma pathophysiology
(Peters-Golden and Henderson, 2007; Singh et al., 2013). CysLT; receptor antagonists are
now widely prescribed for the treatment of asthma (Montuschi and Peters-Golden, 2010;
Matsuse and Kohno, 2014). However, implication of CysLT, receptor in the
pathophysiology of asthma is still unclear despite the fact that CysLT, receptors, like
CysLT; receptors, are expressed on airway smooth muscle cells (Heise et al., 2000),
inflammatory cells (Figueroa et al, 2003; Mita et al., 2001; Mellor et al., 2003; Gauvreau
et al., 2005), and vascular endothelial cells (Sjostrom et al., 2003; Duah et al., 2013).
Studies on the involvement of CysLT, receptors in the pathophysiology of asthma have
been hampered by lack of appropriate animal models. However, we have recently
reported that exogenously administered LTC, can elicit CysLT,-mediated
bronchoconstriction and airway vascular hyperpermeability in S-hexyl GSH-treated
guinea pigs (Yonetomi et al., 2015). In this study, antigen challenge induced CysLT,
receptor-mediated bronchoconstriction in sensitized guinea pigs when S-hexyl GSH was
administered before the challenge. These results suggest that S-hexyl GSH may be used
to control the metabolism of endogenous leukotrienes and keep LTC, concentration high
in target organs, allowing investigation of CysLT, receptors involvement in asthma
pathophysiology.

ONO-6950 antagonized intracellular calcium signaling via human and guinea pig
CysLT; and CysLT, receptors with 1Csy values of 1.7 and 25 nM, respectively (human
receptors) and 6.3 and 8.2 nM, respectively (guinea pig receptors). ONO-6950 at 1 or 0.3

mg/kg, p.o. fully attenuated LTDs-induced bronchoconstriction and airway vascular
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hyperpermeability, respectively. These LTD,-induced airway responses were mediated
via CysLT; receptors, because montelukast fully attenuated both responses. ONO-6950 at
3 mg/kg, p.o. or more almost completely inhibited LTC4-induced bronchoconstriction and
airway vascular hyperpermeability in S-hexyl GSH-treated guinea pigs. These LTCy-
induced airway responses were largely mediated via CysLT, receptors, because
montelukast showed only partial or negligible inhibition of these responses, while the
CysLT, receptor antagonist BayCysLT,RA strongly inhibited both events. Although
higher doses were needed to inhibit CysLT,-mediated response compared to CysLT;-
mediated response, ONO-6950 inhibited both CysLT; and CysLT, receptor-mediated
airway responses at a similar dose range. These results clearly demonstrate that ONO-
6950 antagonizes CysLT; and CysLT, receptors both in vitro and in vivo.

ONO-6950 inhibited OVA-induced bronchoconstriction involving endogenous
cysteinyl leukotrienes in sensitized guinea pig treated with S-hexyl GSH. The effect of
ONO-6950 was significantly greater than that of montelukast alone and comparable to
that of combination therapy with montelukast and BayCysLT,RA. These results indicate
that ONO-6950 inhibits asthmatic responses mediated via both CysLT; and CysLT,
receptors. As previously reported, we found a species difference between human and
guinea pig in the reactivity of CysLT, receptor to natural ligands. LTC, is the only potent
stimulator of CysLT, receptors in guinea pigs, whereas LTC, and LTD, are equally
potent stimulators of CysLT, receptors in human (Ito et al., 2008; Heise et al., 2000).
Therefore, it would be reasonable to speculate that both CysLT; and CysLT, receptors
are activated by endogenous CysLTs in the lung of asthmatic patients. If so, ONO-6950
would provide a new therapeutic approach for asthmatic patients.

As mentioned above, CysLT, receptors, like the CysLT; receptors, can mediate

bronchoconstriction and airway vascular hyperpermeability in guinea pigs. However,

49



CysLT,-mediated airway vascular hyperpermeability seems to be minor compared to the
CysLT:-mediated one, because the maximal response induced by LTC, in the presence of
S-hexyl GSH was smaller than that induced by LTD,4 or LTC, in the absence of S-hexyl
GSH (data not shown). On the contrary, CysLT,-mediated bronchoconstriction seems to
be major compared to the CysLT; receptor-induced one, because bronchoconstriction
induced by LTC, in the presence of S-hexyl GSH was more severe and sustained than
that induced by LTC, in the absence of S-hexyl GSH (Yonetomi et al., 2015). The results
of bronchoconstriction and airway vascular hyperpermeability in S-hexyl GSH-treated
animals seem to be controversial. Although the reason for this controversy remains
unclear, our observations suggest that CysLT; and CysLT, receptors contribution to
asthmatic responses is triggered via different pathways. With regards to
bronchoconstriction, we are currently investigating the possibility that CysLT, receptors
contribute to peripheral airway obstruction, because activation of CysLT, pathway
induces more prominent lung collapse in anesthetized guinea pigs (unpublished data).
Further studies are needed to elucidate the different action of CysLT; and CysLT,
receptors in various airway responses.

In conclusion, ONO-6950 is a novel orally active dual CysLT1/LT, receptor antagonist
that reduces asthmatic responses mediated by both CysLT; receptor and CysLT;
receptors. More importantly, ONO-6950 suppressed asthmatic responses that were not
sufficiently attenuated by treatment with montelukast. These results indicate that ONO-

6950 may provide a novel therapeutic option for patients with asthma.
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4 CHAPTER IV : B{EENVE Y FOHURBREBRUSKEERIICKIT S

CysLT Z&EDEE S : Involvement of CysLT, receptor in antigen-induced

late phase airway resistance in actively sensitized guinea pigs.

1Lz

W R R T 3 (AL B RRERT AREMART LAX—MRBTHL Y. i ERENHUR

R SN D &, LIXUIET WL =SSR O ZAPED RIS iETE S D . Huliieh F8 E
(ZFRD B2 BRI B AUS (JAR) 1X—1PEToh 5 DIkt LT, HuFHREIRFRI#% ISR
ﬁﬁ?éﬂ%%&ﬁ%%o%ﬁﬂ%%ﬁm(um)ﬁ%m%%%%””.hﬁi#%ﬁf%
% B, FITHEEIT IAR ZEE T 2528 LAR I[ZIE AR R AR E R0 DICK LT, JIRIEKT
BHBHAT A NI IAR I+ 2E %2R ET LAR 2WET 528 Y9000, IAR (T50H
WAEZS E7- DK TH & Z SN D KEMEL, LAR [FXGERIEIZL D 726 S HEGEX
JETHDHEZEZ LN TS, BEKNZEE L TS AT 4 ==X — I E TIZE <L O#H
ENRRENTHDEN, ZNHO0HRTYE, VAT A =/aAa kx> (CysLTs: LTC,,
LTD,, LTE,) (XABGAIECAFFRER 72 & DFE A4 ORIEMNE L 0 WFBE X 4, B IHE < 50HE I
B FRIETUHE R USRI I DI 72 E 47 ERZ A LT 5 9% BIZ, CyslTs 13U
PR ORI B W TRBE 7 ERZBD 52 00D, 1AR KDY LAR ~DOREREZ 2 5
hTng 99,

CysLTs DZZRIL, CysLT; & CysLT, ZRMKDIFAENHE S TS OW —hET,
CysLTs |2 & 2 KB INAECROE & i e 7 & OERIE CyslTy /K E2 N5 L5256
NTEEDN, Fxr ORITOHFIEND, LTC4 12X CysLT, ZFM A L 7= K08 IUHE S A0E L
EEMMETUEZF R TE L2 LI LMNITARY, CyslT, ZHK S CysLT, A & [FERICH
BERISICEE L TW D AREMEA RIS - D, 2 2 TR A IEIEELVE v MCHUR 28
AL THERINDMELUSZEBT D CysLT, ZFEDO B G2 >\ TG A BT E 7.

EEy MIWEDOET LEWE L THHASNTWA DD, CysLT 43 7fld CysLT; &
CysLT, ZRKICKT 28D ARE —iFe FEEALEY FTRR-TEY, B FTIX
LTCy KUY LTDy W N b MZAMWITIEMNT 5D LT, EAE Y MIEBWTIEL LTC, 28
CysLT, SZAAKIZ, LTD, 2% CysLT, ZAMERISERIIER T2 W1, =721, RIcBNT
LTCy 10T LTDg iR S 415 2 Wimw, EE Y MIEBWT CysLT, S/ K E I L=
EHZ 3 Z LIZREECH o 72, Box 1Thalr, LTC, {AHiRE ﬁ@&é&«%uwemm
ZALES D Z & T, LTC, #F%IT & 2 S0 IHERCAGE M8 25 i P T N HURREF 1T
SOBWUNEDS CysLT, &/ EENT 5 Z k%ﬁmbt”)bﬂbﬁﬁE,:hifﬁﬁLT%
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T HURREHE T & 2 KB IE RN O B EOS Th 0, B O BISIC BT 5 c:ysl_T2
ZRIROBEGIIRERHATH H. AW CIIBRUSERIUICKEIT S CysLT, ZRED%E
ZHONZT DD, S~F b GSH ZAE L&/ T THRFBEELE Y MgEET L
28T D CysLT, ZREIEFHK THDE LTV H A M E CysLT/LT, ZEERIEETH 5
ONO-6950 D ZHFIZ DWW T il L7z,

42 FEBRMEIR OGS
421
EEBRITIE 6 BIOBEE NN— N L—RENLT Y b LIRS 2R L. @i, B
FIMR G A 12 MR, JEEE PP ; 20~26°C, WS FFAEIDE ; 35~75% D 2L iRk &
BT TERICT, BHEESK TICTHREE L., KRB, [EWERICET 558 420
SFLCHEM L.

422 RPRUAR

ONO-6950 (4,4 -[4-Fluoro-7-(2-{4-[4-(3-fluoro-2-methylphenyl)butoxy]phenyl }ethynyl)-2-
methyl-1H-indole-1,3-diyl]dibutanoic acid) & RIF/NEFEE G TEMRASAIT THHT o 72, £ T
JV71 A N, Sequoia Research Product Inc. K WA L7=. JFA T /L7 I (OVA, grade V,
Sigma-Aldrich) (Z/EBRAHHRIC TR L7=. S-~F /L GSH (Sigma-Aldrich) ([Z%E/10 1
mol/L /KEefb T b U U AR ZWIN L, RS o £ TlRE B 20 L7z, B ek n
Z, BEICHEBEERAIEEIE L CEfA iR Lo, AP RARE, JRIREAR LY Vg
REMEAR (WEE 1/150 mol/L) THJ 20 fisA R L T L72. ONO-6950 K& ONVE > 7 /L A MiE
0.5% A F/btbm —ARRICIEE L, #N&EG L.

423 BEBRBIERUFHESR

TAEY FERY 7 E L U8 BOX (W 300XH 390 XD 570 mm) (ZUXAEL7Z. 1 wiv%
OVA &HAEFRERZBENR AT 74 % — (NE-UL7, F2m st 2H0TEbL
(R 10, FEb&E10) , I 1 BITHK 10 40f, H#%E 8 AWM A SHEAE L 72, HofiidE
LM%, B8O BEICh T —%%E35 L, Pulmos 7+ > 73— (W 115X H 140 XD 410 mm)
WIZINE, RIE L7z, JEFRAHCITAERRERZ, TS OREITIE 2 wiv%OVA & A3
B ZBER X7 74 % — (NE-ULT) AW CHEkL (R&2, FEk&E2) , Pulmos ¥
VNN, [RIREIZR SR 7 (SPP-3EBS, #7277 /@) 127C 3 Lmin Otk
TWBIT DM T T, AEER XL 2 wv%OVA &R AR A 5 /MBI A SH,
PURPURROS 27538 Uiz, WAL 1 IET 2170, WABIAA 24 KOY 1 BFRIRTIC A F T R
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(10 mg/kg) A ZIEARMEARNIZ, WABIAS 30 /7ATICE Y 7 I v~ LA Vg (10 mg/kg)
EIEPENICENENE G Lo, HIZ, S~F L GSH 27 53546, WABRMERT (147
AT KO ARG 4 BeE#E OKGEEFUIIE 1 20 S-~3F 2/ GSH IRk & 1 R M EARY
(G- LT, RO 2 11 L.

Day 1 Day2 Day3 Day4 Day5 Dawé Day7?7 Dayé

(I N A

OVA 1057818 A
Day 15
-24h -1h -30 min -Tmin 0 min 4h 22-24h

FOBIETCBGE(RA{# 1min, 2h, 4h, 5h,6h,7h,8h, 22-23h)

|
1 ! i i i

ONO-6950 . s Shexyl GSH  OVA of FRRIEHE S-hexyl GSH BALFi%
ETUNAF AT EVI= el 55 RIRA el W
+
AFR,

1 RO

424 WEEETIV
1) REEHONE

YO EIH T —EHEFKE%, Pulmos F ¥ U N—PWICINE, RE L. RAFEREEREMT
A7 A (Pulmos- 1, BRAStE=L - 7 A - E— = 2) ZHW, FRADOAFT TR UK
Gal, AEEHHR T OVA AR T 1531, WA THKI 2, 4, 5, 6, 7, 8 KUF22~23
M 10, Zh2n5IEHT (specific airway resistance, sRaw) % 1 JE9"SHIE L7-. %
HERFRIC R T D sRaw OfEiE, 100 PRIy DOFRIE L LTz, 7238, AF TR EEGHIO
sRaw JIERTIZ, BMWIOEICH T —&%EE%, Pulmos 7% VS —NIDINE, RET HEAEL
1 BTV, F o= 9 2 BIMb % FEhi L=, S HERRO sRaw ORPEME LY, BAEME
WRESRERRNT > A7 A OfiRHT Y 7 K (WinPUL16 ver. 1.23, A &tbo s - 7 A - B— = X)
BT, ROFHFERE AW T sRaw HEIIRZFH L7z,

FHERERFE O sRaw BINR (%) =

AR ERERE O sRaw—% 26 Hif D sRaw

X100
FHIATD sRaw

BB E OFHImFEERIE, ASHERFFIC IS T 2 sRaw BN, AZBLAHRI T OVA AR T 1
531% 0> sRaw AN« RIRFRYSGE G M O AGRS T 4~8 e[l #% D sRaw =R R H LTz
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iR Fifs (AUCA-8h : IERIUSGELHT) & L7z, AUCA-8h IZLL T OFHRAIZTEVBIEIC
THRHLE.
AUC4-8h= %inc.4h/2+ %inc.5h+ %inc.6h+ %inc.7h+ %inc.8h/2
%inc.*h : *FEf % D sRaw HE M=

2)  SIEANRIRE

ABRAIREIR ST OVA ARE T 22~23 IRt 0> sRaw Il E 14 |2 58 SR E B OWEEHIR
PRI O AT 72, B E X hoNLE X — ) R U 7 A (50 mglkg, ip.) FEETTC
REER R 2 B0l L T BOE S, B L7-. K& AU L TRENIC =2 — L&A
BITHAREE L, ZhzaMh L THARRS AR S mL 2 PICEABRS Lz, 20
TEN - W5 HfEE 2 AR 0E L (4 10 mL) , ZOEIUE % Milasesii (BALF) & Li-.
U L7 BALF (K CHUY > 72, 7¢3, BALF OEREUL, AEHAHIE T OVA WA
T 22~24 eI F e L7z,

BALF % 230g, 4°C, 10 /rfi 0L, b (L b)) 272, XL v MZ05 mL
D 0.2 WN%IHE LT B Y B A EINZD 2 EIC L VIR SE, 08 14512 1.6 Wv%IHE(L
F MU D LAEE 05 mL Nz 52 & THE(LLE. BE ERAFETELIBEL, EEZBRY
Ly NEBARE; ABEANHRE 1 mL BB L, To— 20uL) & HEAEIERE

(AD-270, ¥ A A v 7 ZREREHE) 2Vt Ry 7T 500 AR L. 24 v 7 T4 Y
0% 3{MA, B<IRVIEE TR SE2%, BEMERGHECEE (Sysmex F-820, A A v
7 AR 1T, AR LT 1u L M7 oMl A F R Lz, Bl
feE, F% 0 ORRETK A PR FRUSRIE T LB LT,

HBonNvy MCARKRY AMAREE ML, 2x10° cells/mL LI Ol ikE T &
B EIHN L. B MY 7 F v 3— (DC8/DCBAP, FHHEGMASF) 2k K
L7 AT A NI T AZHR SN igEiR 2~ A 7 Xy hT 20uL 320D+, 48.69,
4°CTH 30 MmL Lz, HR%, A7 VUK - FAFREOEITo . BEAMEE

(OLYMPUS CX31 10X40, # U »/32fkaliazth) (27TH) 500 il oo F Bk (452 B i ERE)
EEZL, HRER, HEEER, ~7n 7y YR Vo8ER (DEi% O ERHE L.
B A MERBUC KT 2 5 Ei O MR OLEEZ R L, ZOl#EIC BALF Foffinik

(LpL M7= 0 OMfaE <1000 (pL) ) %% U T BALF FO&MIREZFH Lz, FHliE,
BALF m D#SARIEE M Ol W™ TIT o 7z,

425 FHhs
ONO-6950 L INE T /L A ML, OVA IO 24 IFfpmck o5 1 7-.
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426 KERHEAT

i RN HAEMERRZE TROR LT, MBI t BES L <X Dunnett fiE417-7-. ONO-
6950 O M EAKAFMENE, ERREYR T O E OMEIZ L V1T o7, HEEFENRD b i
Srerld, ONO-6950 D&M SO FREAFIAICEL S t MEICEVE TV A MEL D
Wl A21T 72, t E, Dunnett fE & ONERRIEN /04T OB & OBE TV b Wil E & L,
HEAKMETS% E LZ. FEAMREICIE, SAS 9.1.3 Service Pack 4 [EXSUS Version 7.7.1,
SAS Institute Japan fiXtt (RSt —=—v—) ] Wz,

43 fEFR

F/VE v MBI 2 HURRE S RNRA K QR R SGE AT B 51T CysLT, SR MRITIRAE LTz
FISTHDHZ RGN TS, RIFFEICBNTHHIOIZ, S-~F /L GSH FELE T T
O BN K OGRS B RPT B 12% 9% ONO-6950 & & o 7 /L1 A b D5h R4 bl U7z,
SAEWMNEANE LTy MCHURERAT D L, MAKT 1 o#kE v —7 &3 HRAIRRA
EHHOE NCFER 7 R A B — 2 &3 2 BRIAUEIREIS MR EA L7z, K2 10RT
21z, BT A MIAR K OB OKGERYT EA- A GBS L, Zo2hRiE 1
mg/kg TEAFTH L7, F72, ONO-6950 | LRI}z ORI SGE T 52 V3770 d 3 mglkg
THREIZIHIL, ZOMFIE CysLT, ZAEHETIETHLEL T A I AN (1 mglkg) & [FIFE
EThot.

LTCy 225 LTDy ~DOfH 2 Ml 2% S-~F /L GSH #ALET 5 Z & T CysLT, &K%
I L7Z BRI B RS 275 5 T& 5 2 L 2Bl LT, @A EISORRICE
WTCHRBORIGEFH R T D Met Lz, S-~F /L GSH (0, 5, 10 &£ 15 mg/kg, i.v.)

ZPURRTEELRT L O 4 BRI ICALE T 5 & S-~3F 2L GSH FEALE T & [RIEEIC 2 MMk &GE
B EFIFEROLNDIHLDOD, S-~F )L GSH fFIEFTOE LT AA AL (3 mgkg) O
IHFIT RN SGE IRPTIC 38 T 67.9% 705 9.1% £ C, ERAZERIUICIB VT 67.7%05
278% F CHFI L1z, F7-, ERMSKERIUCEIT D S-~F /b GSH O%h 1T 10 mg/kg T
FEFTH L7 (X3) .

Z T, S~F L GSH 10 mglkg ALE T2 1T % BIRERL K O3 R B R T B 5 1o
% ONO-6950 & E 7 /b A b DR % [RIRFEL#E L 7. AR T LT, AR O SGER
P EH1E 3 mg/kg LLED ONO-6950 & T h A kb (3mglkg) OWTHIZEBWTHAEID
Il &4, FNENOREKIEIFEIL 554 K 45.9% CTholz. —JF, ERBOZER
F-1% 1 mg/kg LA > ONO-6950 |2 L 0 A EIcHfil Sav7ehs, 7 4B A (3mglkg) Tl
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ARSI S NRnoTo. BRI OKGERI LA 125635 ONO-6950 o fie KN =RI% 85.4%
THY, T NAAAFOMHRIT33.9% ThH o7z,

BT, PURRAKE T 22~24 BRH%ICERER L2 BALF HO#HIREC L Oy itk O #ifntk %
S, MR OMRAE R Lz (& 1) . PURERA U7 REECIT A B Sk 2 WA L7z
EFREE LR L C, fla, ~o7/ e 7y —, HBERE O ERNAEIZ EA L7z, ONO-
6950 1% 0.3 mg/kg LA CRAAMARNE N iR ER 2, 10 mglkg T~ 27 B 7 7 — Y & A EIHHI L
oo Fiz, BUTUHANE, B, HRBEREKN~ a7y —UEHERICHHIL, TR
FUX ONO-6950 & [FAIFRE Th - 7-.
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A: 3 S-AFLILGSH 0 mglkg
B:EVTIVAXE S AFLIJLGSH 0 mg/kg
C:%H S-AFLILGSH 5mglkg
D:EVTIVARE S-AFLJLGSH 5 mg/kg
E: %M S-A¥LJLGSH 10 mg/kg
F:EVTIVARE S-AFDJLGSH 10 mg/kg
- G: %8 S-AF<JLGSH 15 mg/k
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IEH B EUTFILAXLS 03 1 3 10
3 mg/kg ONO-6950(mg/kg)

X 4 S~FI )L GSH ZALE LIZEEBRIETVE v MR 2 IR R OERER SRR
ERITHKF % ONO-6950 RUNE T/ I A S DOFHER

JEAEE/LE Y MZ OVA ZRAL, HURWAKT 1 5% O5GERIUEITE IR AL T 4
~8 WEMG OXERPTREO MR FHfE4 8 L7z, ONO-6950 K OVE L T /LA A MIFUFHES
24 FERIRNICRE 045 L7z, S-~F 2L GSH I HURE R ELRT M OSWURFESE 4 BRI O & H
AN ERIRINE 5 Lo, 5 RIEAHE 10 T @) O ) S HERZE 4~ 77. Tt p< 0.001; 1E%
BEL B L CHEZEA D HRE). $8$: p< 0.001; *TPRHEE L ol L THEZEA Y (tHRE). * p<
0.05, **: p< 0.01, ***:p< 0.001; xfHEARE & L L CHEZA Y (Dunnett £ 7). ONO-6950 D H[I
IR SE AR O o FH BT AT 0 .
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#z 1 S~FIYN GSH ZAE LTZREEIRIET LT v MBI 2 RE X LR+ O RIE
HK IRz X35 ONO-6950 R INE VT A F DR

BRERE #pa%K (x 10°)
B4
(mgrkg) ) v ruzr—y R #3 e ER Yo saR
EH 0 287 £ 41 126 + 23 72 + 15 84 + 30 05 + 0.1
IR 0 1053 + 16.0 tt 277 + 52t 39.2 £ 6.1 fit 37.7 + 108 t 08 * 0.2
ELF AR 3 485 * 6.0 $$ 142 = 27 % 129 + 25 $$8 211 £ 45 03 * 0.1
ONO-6950 0.3 594 + 131 * 16.2 + 3.0 191 + 22 ** 235 + 87 06 + 0.1
ONO-6950 1 65.0 + 13.0 179 + 38 187 + 38 ** 282 + 84 03 + 01
ONO-6950 3 496 + 118 * 155 = 31 132 + 27 ** 204 £ 69 05 * 0.2
ONO-6950 10 427 * 8.0 ** 139 + 29 * 135 + 30 ** 149 + 33 04 + 01

JEAEENLE Y MT OVA ZRAL, HURRAR T 22~24 KRt o 58 S e Pt 1 o 2%
JEARIZ A A 7R L2, ONO-6950 K ONE LT /L A MIPUFGER 24 BfniickE S L
7. S=~F IV GSH ITHURFEFE BRI K OHURTESE 4 et oWE ERIRAN G- LTz,
FE RIS 10 PCO @) O HAEHERR =4 7R3, 11 p< 0.05, T11: p< 0.001; 1EHH#E & g L
THEZAY (ME). $ p<0.05 $$: p<0.01, $$$: p< 0.001; xHERE L LR L CHEZA Y (tHk
TE). *:p<0.05, **: p< 0.01, ***:p< 0.001; *}HRHEE L Lt U CTH EZA U (Dunnett F:7E).

4.4 BE

AWFFEL Y, BTy MHEETATIL, ERBSGEERI LA CysLT, AR S-3
5HZ &, WNZ CysLTy LT CysLT, Msz AR A BHE T2 2 & 1T K 0 b 3m 7 B O il )
MNABETH D Z LR STz,

LTC, fRHIBLEAITH D S-~F /b GSH ALE T OEEE /LT » MIHURZHEHRAT S 2
LIZEY, S~F b GSH FEALE T & RIERIC AR O B S GETE Sz, S-~F b
GSH FEALE T TORRMOXERS EFITK L TEY T B A b KT ONO-6950 1HIEIE
LRI EZ R U, ZHUCx LT, SaF L GSH ALE T OB A o KE kT -
F-1ZxE LT ONO-6950 (3 mg/kg) 13AERMGIZIRZ R LIz DD, CysLT, &A% 57
(AT D HEDE T A A MIAERIHENRZ RS oo, Fexid, ONO-6950 73
3 mg/kg O T CysLT; KU CysLT, WD R AT L 7Kl SUR b IZE H R0l
D LEMELTEY Y, SEOMEIE, ELEY MIBWT S~F L GSH 2L ET %

ZEIZEY CysLT, ZFEZN L CEBAOXERI EARFEHRIND Z EARBLTND.
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Fex BEDIRY , AEIOMFFEDER G ESONZI T 5 CysLT, KD G2 ~e L 7= 4]
DTOHRETHS.

BEFAHOKGEESL L FITRE SRR TH 2 B, RIMFKIC L v Mifl S ez, ERA
Wi BB D AT ZGENE T < RERIETH D LB LN TS, 2F 0, FHFMRPIR
WA X 0 SGE A~ A TEIRIE M AIE M Dl SN D AT ¢ =—F —Z X B 5GE
ARV IR S R O KGEHRST B A2 S 72 7. KGERBEVEIE ORI & 72 2 K0E O 8 %
T CysLTs ICL D FRINDIZ ERMBENTEY, FAlINERMEICHEE Lz LTC, 28
CysLT; KO} CysLT, KO W E N L TCHRUBEDME BEMETHEEZFHE TE D L&l
HBLTEE Y LERST, SO S-~F /L GSH ALE FizdiF 5 CysLT, Z&EEE L
TR OKGEIRYT E SIS KOE O ME FEMETTENR B 5 L T\ D 2 E R Iz,

SOBRIEITAR D RIEMN D 7 C b Re AP BRI B O R BT B B A & 7= LT
% . ZhETIC CysLTs O AEGEICHFREER 2B S5 2 & ), &7 CysLT, LA
PRI BB ORI AR TS5 2 & Rt shTnd. Zhb0HE)N
5, MHFRRERREICIE CysLTy ZAKRAEE L TnEEEZ LN TWAD. —JF, MFBEERFEREIC
BT D CysLT, ZRAROEENTE L TITHE S TRV, AFERERIE CysLT, Z 2RI 2
CysLT, ZRE BRI LTS Z L 2918, CysLT, SZAMIE CysLT, LA & FAEIC ffikER
RICE G L TWD AN B 2 iz, Al ERAOKGERS AT 7 V&2 W Charig
ERIZTHEIZ %25 ONO-6950 & T /L A b DOFRA L LR, o7/ 8 A ME S~
F L GSH ZLE L TV DICH B b F Az %4 80% LA L L7=. %7-, ONO-
6950 © 0.3 mg/kg CHFREERIZIE A2 A ZICHHI L7z, ZAVE CTOMFT, CysLTy A EEEHUE
M543 %5 ONO-6950 D &I 0.3 mglkg THHZ EBRHALMNE/RSTNDLZ &b, K
FT /T T ONO-6950 13 CysLTy A MFEHUIEM &1 U CAFRRBRIZE 4 4l L 72 & HEZZ
IND. ZNOHORERND, ARIORBREI: CIIAFBEIZMIC CysLT, SAEKIFEE L TH
59, EIT CysLT, ZBKRE N LIS THD Z EAURBENT-. L Lans, KEBRO
S-~F L GSH IIPUFIRRE 4 R LIRRICIZR G- STV, BALF &AL L7
22~24 Wifil#% £ TOMNUT CysLT, ZHRZ I LI RAEMIRE AN E I L2 /et b S EIL T
T, LR T, HRRERIZIEICEBIT D CysLT, ZHREOEEIZSWTIE, S%DELRD
REtn g Ebns.

Fex IXLLATIZ, S-~F b GSH ALE T CTORIFR OGE ST EA- 2%k LT ONO-6950 73
TUTABA NI GBMIMHEITH L Or@i Lz, LaL, AREORBRIZI TR
SOBHHT BRI L TR O RITERO b o T, xS 2 E TICEM L2k
< ORBRIZEBNT S-~F /L GSH ALE R CTRIRFR O SGEHPL EH-2Y CysLT, 2 &K 2 L
TERIGTHADZ EafER L CE Tz, SRIZOFENE CREE L COIKGERIUIE D
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A A hOEWREZ HID. CysLTy ZBKRE N T 5 USTFHREZ D IR B S
DD, CysLT, ZHMWEIT 2 XUENMITFHESE 10 %LU BDO BN D . AEOER

PR 6 DRICKERPLE M L7272, S-~F b GSH ALE FIZB W T TiEd D
0, AR OFERIT IV TIIE & CysLTy BALZRIGHESOG 2 B2 2. CysLT, S22 K % 1 L 721 B
INERRZ DN bDEEBEZBND.

EF/LE Y MZBWTIE LTC, 285 CysLT, ZAMRISERIRMICIEM T2 Pimw, ARk T
CysLT, TR EN LI G E W Z D T2 01T LTC, At 2 Mfil 2 L8R H 523, & Mk
WTIE LTC, U8 LTD4 i3V T CysLT, ZAMIIER % Wiz, WESE0 CysLTs pEL
DATCHE L7 RIUZ BN T CyslT, B R E N LTSRN FHERIND B2 D, RiBRIC
BT, S-~F /L GSH ALE F T ONO-6950 23E T /L A kX1 &3 < BERAOKEHR
PrERZ M L2 F5RE, m R A I8V TH CysLTy KON CysLT, AR Z M35 2 L1
KV, DRICKERIEI IS < KOEROG &I 2 WREME A RE LTV D, KB RAEIC
SLREREE LT, #ERAOZGERYL EFITIN 2 ZOEBEEOTTHERCKGE Y €7 ) V7R
Hir VAN TEY, KERECBTS CysLTzi”%‘rﬁW)Eé’év%:EﬂﬁE ST BEDITE, Zh

LIZBT 2MF b BETRETHS.

4.5 K&

FLE Y M EET /RN T LTCy REPFALEH] S-~F /L GSH Z#AET 5 Z L2k
PURRE % DR XGERGT LA CysLT, XA/ KRNEHELEHZHE LD L AR LT,
CysLTy/LT, Z & KIEHIIE TH D ONO-6950 |E CysLT, ZERIEHIHK THLEL T LI A b K
Vb iR < KUBERIEICEES S QUBRUGSZ #4222 L 8IS s.
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3) CHAPTER YV : SUMMARY AND CONCLUSION

Two CysLTs receptors, i.e. CysLT; and CysLT, receptors have identified and cloned.
Although CysLT; receptor antagonists are currently available for asthma treatment, little
is known about the pathophysiological role of CysLT, receptors in asthma. In this study,
to elucidate the possible involvement of CysLT, receptors in bronchoconstriction and
airway vascular hyperpermeability, we have established a novel guinea pig model of
asthma. In vitro study confirmed that CHO-K1 cells, expressing guinea pig CysLT, and
CysLT; receptors are selectively stimulated by LTC, and LTD,, respectively. However,
when LTC,4 was intravenously injected to guinea pigs, it caused CysLT;-mediated airway
responses as evidenced by the fact that the bronchoconstriction was fully abrogated by
montelukast, indicating the possibility of rapid metabolism of LTC, to LTD, in the body.
We found that treatment with S-hexyl GSH, an inhibitor of y-GTP, significantly increased
LTC,4 content and LTC4/(LTD4 plus LTE,) ratio in the lung. Under these circumstances,
LTC,-induced bronchoconstriction became resistant to montelukast, but sensitive to a
CysLT, receptor antagonist, depending on the dose of S-hexyl GSH. Combination with
montelukast and CysLT, receptor antagonist completely abrogated this spasmogenic
response. Additionally, we confirmed that LTC, elicits airway vascular hyperpermeability
via CysLT, receptors in the presence of high dose of S-hexyl GSH as evidenced by
complete inhibition of LTCy-induced hyperpermeability by CysLT, receptor antagonist,
but not montelukast. These results suggest that CysLT, receptors, like CysLT; receptors,
mediate bronchoconstriction and airway vascular hyperpermeability in guinea pigs.
Therefore, the developed model became a powerful tool for screening and

characterization of CysLT, receptor antagonist.
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After screening of many compounds, we have successfully produced a novel and
potent CysLT4/LT, receptor antagonist. In second research, we showed that ONO-6950
antagonized CysLT; and CysLT, receptor-mediated intracellular calcium responses with
ICs0 values of 1.7 and 25 nM in human, and 1Csq values of 6.3 and 8.2 nM in guinea pigs,
respectively. Also, we investigated effects of ONO-6950 on airway responses mediated
by both CysLT; and CysLT, receptors in S-hexyl GSH-untreated or -treated guinea pigs,
and compared them to those of montelukast. In S-hexyl GSH-untreated guinea pigs, both
ONO-6950 and montelukast fully attenuated CysLT;-mediated bronchoconstriction and
airway vascular hyperpermeability induced by LTD,. On the other hand, in S-hexyl GSH-
treated guinea pigs ONO-6950 almost completely inhibited bronchoconstriction and
airway vascular hyperpermeability elicited by LTC,, while montelukast showed only
partial or negligible inhibition of these airway responses. More importantly, ONO-6950
suppressed antigen-induced bronchoconstriction in sensitized guinea pigs although
montelukast did not suppress it sufficiently. These findings suggest that ONO-6950 is an
orally active CysLT; and CysLT, dual antagonist that may alleviate asthmatic response
more potently than montelukast.

Asthma is a chronic inflammatory disorder. Therefore, it is important to evaluate the
effect of chronic asthma model, characterized by late asthmatic response. In final
research, we examined the effect of ONO-6950 and montelukast on CysLT; and CysLT,
receptor mediated late phase airway resistance. In non-S-hexyl GSH treated guinea pigs,
ONO-6950 and montelukast equally attenuated antigen-induced increase in late phase
airway resistance. On the other hand, in S-hexyl GSH-treated guinea pigs only ONO-
6950, but not montelukast, significantly inhibited antigen-induced increase in late phase
airway resistance. This result suggests that CysLT, receptors play an important role in the

development of late phase airway resistance.
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In conclusion, we clearly demonstrate that (a) CysLT, receptors mediate
bronchoconstriction and airway vascular hyperpermeability in guinea pigs, and (b)
CysLT, receptor as well as CysLT; receptor is involved in both immediate and late
asthmatic response in sensitized guinea pigs. From these results, development of
CysLT1/LT, receptor antagonist may provide a novel therapeutic option for patients with

asthma than current CysLT; specific LTRAS.
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