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Although  it  has  been  suggested  that  prostaglandin  (PG)  D2 is  involved  in  the  pathogenesis  of  allergic
rhinitis,  whether  the  inhibition  of  hematopoietic  PGD2 synthase  (H-PGDS)  shows  beneficial  effects  on
allergic  rhinitis  has  been  unclear.  We  evaluated  the  effects  of a selective  H-PGDS  inhibitor,  TFC-007,  on
nasal symptoms  on Japanese  cedar  pollen-induced  allergic  rhinitis  of guinea  pigs.  Sensitized  animals  were
challenged  with  the  pollen  once  a  week.  TFC-007  (30  mg/kg,  p.o.)  given  once  before  a challenge  almost
completely  suppressed  PGD2 production  in  the  nasal  tissue  early  and  late  after  the  challenge.  Although
llergic rhinitis
asal blockage
rostaglandin D2

-PGDS
uinea pig

pre-treatment  did  not  affect  the incidences  of  sneezing  and  early  phase  nasal  blockage,  late  phase  nasal
blockage  was  partially  but significantly  attenuated;  however,  nasal  eosinophilia  was  not  suppressed.  In
contrast,  when  TFC-007  was  given  once  1.5  h after  the  challenge,  the late  phase  response  was  not  affected.
Collectively,  PGD2 produced  by  H-PGDS  early  after  an  antigen  challenge  can  participate  in the induction
of  late  phase  nasal  blockage,  although  the  mechanism  may  be independent  of  eosinophil  infilatration.

inhib
The  strategy  for  H-PGDS  

. Introduction

Prostaglandin (PG) D2 is a major cyclooxygenase (COX) metabo-
ite produced mainly by mast cells after crosslinking of an allergen

ith the specific IgE antibody on the cell membrane [1].  PGD2
s formed from its precursor, PGH2, by PGD2 synthase (PGDS)
2], which has been classified into two distinct types: lipocalin-
ype PGDS and hemopoietic-type PGDS (H-PGDS) [3].  The former
s known to be expressed mainly in the brain, and H-PGDS has
een reported to be expressed on mast cells, Th2 cells, basophils
4], which are known to be major players in allergic responses.
iological functions of PGD2 are exerted by activation of two  dis-
inct G-protein-coupled receptors, DP1 and CRTH2 (also known as
P2) receptors [5–7]. Both receptors have been demonstrated to
e expressed in the nasal mucosa of patients with allergic rhinitis
8]. PGD2 has been suggested to be involved in the pathogenesis of
llergic rhinitis because intranasal treatment with PGD2 induced

ecrease in the nasal patency, nasal congestion and nasal secretion

n both atopic and non-atopic subjects although sneezing was not
voked by the treatment with PGD2 [9]. Furthermore, it has been

∗ Corresponding author. Tel.: +81 75 595 4668; fax: +81 75 595 4764.
E-mail address: nabe@mb.kyoto-phu.ac.jp (T. Nabe).

1 Department of Pharmacology, Kobe Pharmaceutical University, 4-19-1
otoyamakita, Higashinada, Kobe 658-8558, Japan.

098-8823/$ – see front matter ©  2011 Elsevier Inc. All rights reserved.
oi:10.1016/j.prostaglandins.2011.05.001
ition  may  be  beneficial  for allergic  rhinitis  therapy.
© 2011 Elsevier Inc. All rights reserved.

demonstrated that nasal antigen challenge produced PGD2 in the
local tissues of patients suffering from allergic rhinitis [10,11].

PGD2 receptor antagonists have been developed to relieve
allergic diseases such as allergic rhinitis. S-5751, a DP1 receptor
antagonist, has also been reported to prevent ovalbumin-induced
allergic rhinitis symptoms in sensitized guinea pigs [12,13].
Another DP1 receptor antagonist, laropiprant (MK-0524) has also
been developed. Laropiprant effectively suppressed nasal conges-
tion induced by intranasal instillation of PGD2 in healthy subjects
[14]. However, unexpectedly, the DP1 receptor antagonist did not
demonstrate efficacy in patients with allergic rhinitis [15]. On
the other hand, as an antagonist against another PGD2 receptor,
CRTH2, ramatroban has been shown to suppress allergic rhini-
tis symptoms in guinea pigs [16], mice [17] and humans [18].
Ramatroban is being marketed in Japan as a therapeutic drug for
allergic rhinitis. However, ramatroban showed antagonistic activ-
ity against not only CRTH2 but also TP receptors [19]. Regarding
selective CRTH2 receptor antagonist, TM30089 was developed,
and tested whether asthma pathology is affected by the com-
pound. Consequently, the CRTH2 antagonist effectively attenuated
antigen-induced eosinophilic airway inflammation in mice [20].
Additionally, it was  reported that another novel selective CRTH2

antagonist, AM156 inhibited nasal symptoms in allergic rhinitis in
mice [21]. Taken together, because PGD2 can play significant roles
in allergic rhinitis through CRTH2 receptors, attenuation of PGD2
production by inhibition of PGDS could alleviate symptoms of the

dx.doi.org/10.1016/j.prostaglandins.2011.05.001
http://www.sciencedirect.com/science/journal/10988823
mailto:nabe@mb.kyoto-phu.ac.jp
dx.doi.org/10.1016/j.prostaglandins.2011.05.001
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Fig. 1. Chemical structure of TFC-007.

isease. It was demonstrated that an H-PGDS inhibitor, HQL-79
nhibited antigen-induced nasal vascular permeability in guinea
igs [22], whereas the compound had potent anti-histamine and
nti-5-hydroxytryptamine activities [23]. Thus, whether inhibition
f H-PGDS improves allergic nasal symptoms has never been clear.

On the other hand, we have established a guinea pig model
f allergic rhinitis, in which sensitized animals were repetitively
xposed to Japanese cedar pollen once a week for more than

 months [24–26].  This model allows us to repetitively con-
uct pharmacological evaluations of compounds that may  possess
nti-allergic activities because almost reproducible nasal allergic
ymptoms, immediate sneezing, and immediate and late phase
asal blockage, are evoked after challenges with the pollen. We
ave reported that the induction of immediate sneezing was
otently suppressed by anti-histaminic drugs [27,28],  and that
he late phase nasal blockage was mediated by arachidonic acid

etabolites, cysteinyl leukotrienes (CysLTs) and thromboxane (TX)
2, because the nasal blockage was partially suppressed by either a
ysLT1 receptor antagonist, pranlukast [25,27,29],  or a TP receptor
ntagonist, seratrodast [25,27].

In this study, in order to identify the role of PGD2 produced by
-PGDS in the induction of allergic rhinitis symptoms, we  assessed
re-treatment effects of a selective H-PGDS inhibitor, TFC-007,
n the induction of nasal signs in Japanese cedar pollen-induced
xperimental allergic rhinitis. The post-treatment effect of TFC-007
n late phase nasal blockage was also assessed.

. Materials and methods

.1. H-PGDS inhibitor

An H-PGDS inhibitor, TFC-007 [N-(4-(4-(morpholine-4-
arbonyl)piperidine-1-yl)phenyl)-2-phenoxypyrimidine-5-
arboxamide], was synthesized at Taiho Pharmaceutical Co.
td. (Tokyo, Japan). Chemical structure of TFC-007 is represented
n Fig. 1.

.2. Inhibitory effect of TFC-007 on activities of H-PGDS and
-PGDS

Effects of TFC-007 on the activities of H-PGDS and L-PGDS
ere evaluated according to Urade et al. [30]. Briefly, TFC-007

final concentration of 0.1–100 �M)  or the vehicle (1% dimethyl-
ulfoxide) was pre-incubated with human recombinant H-PGDS
r L-PGDS at 25 ◦C for 5 min  in �-globulin (0.1 mg/ml)-containing
ris–HCl buffer (pH 8.0), which included 1 mM reduced form glu-
athione (for H-PGDS) or 1 mM dithiothreitol (for L-PGDS). For
-PGDS, the assay was conducted in the presence of 2 mM MgCl2
ecause H-PGDS is activated by Mg2+ [31]. As a substrate, [14C]
GH2 (final concentration of 10 �M)  was added followed by incu-
ation for 1 min. The enzyme reaction was stopped by addition of
 mixture of diethyl ether, methanol and 1 M citric acid (diethyl
ther:methanol:1 M citric acid = 30:4:1). The organic solvent layer
as applied to thin layer chromatography (TLC), followed by devel-

ping in a solvent containing diethyl ether, methanol and acetic
ipid Mediators 95 (2011) 27– 34

acid (diethyl ether:methanol:acetic acid = 90:2:1) at −20 ◦C for
45 min. The TLC plate was  exposed to an imaging plate, and the
radioactivity was analyzed by an imaging analyzer (BAS-2500; Fuji-
film, Tokyo, Japan).

2.3. Effect of TFC-007 on activities of other arachidonic
acid-related enzymes

Effect of TFC-007 on COX-1 activity was  examined as reported
by Chan et al. [32]. Briefly, TFC-007 (10 �M)  or the vehicle (1%
dimethylsulfoxide) was pre-incubated with COX-1 purified from
human platelets at 37 ◦C for 15 min  in Hanks’ balanced salt solu-
tion (HBSS) buffered with 15 mM HEPES (pH 7.4). Then, 100 �M
arachidonic acid was added as a substrate, followed by further incu-
bation at 37 ◦C for 15 min. Amount of produced PGE2 was measured
by enzyme immunoassay. IC50 value of indomethacin, a positive
control drug, in this assay was 0.0261 �M.

For assay of effect on COX-2 activity [33], TFC-007 (10 �M)  or
the vehicle was  pre-incubated with human recombinant COX-2
at 37 ◦C for 15 min  in 100 mM Tris–HCl (pH 7.7) supplemented
with 1 mM glutathione, 1 �M hematin and 500 �M phenol. Then,
0.3 �M arachidonic acid was  added, followed by incubation at 37 ◦C
for 5 min. PGE2 produced was assayed by enzyme immunoassay.
IC50 value of a positive control drug, rofecoxib in this assay was
0.125 �M.

Effect of TFC-007 on 5-lipoxygenase (LOX) activity was eval-
uated by a method reported by Carter et al. [34], which was
modified by us. Briefly, 5-LOX derived from human peripheral blood
mononuclear leukocytes was treated with TFC-007 (10 �M) or the
vehicle in HBSS at 37 ◦C for 15 min, followed by addition of a sub-
strate, arachidonic acid. Then, the mixture was incubated at 37 ◦C
for 15 min. Amount of produced LTB4 was  measured by enzyme
immunoassay. IC50 value of a positive control compound, nordihy-
droguaiaretic acid in this assay was  0.122 �M.

Effect on LTC4 synthase activity was assayed as follows: TFC-
007 (10 �M)  or the vehicle was  pre-incubated with LTC4 synthase
derived from guinea pig lung at 37 ◦C for 15 min in 15 mM
potassium phosphate buffer (pH 7.8) supplemented with 4.5 mM L-
serine, 1.5 mM glutathione and 0.06% bovine serum albumin. Then,
2.5 �g/ml LTA4 methyl ester was added, followed by incubation at
37 ◦C for 30 min. LTC4 produced was  assayed by enzyme immunoas-
say. IC50 value of a positive control compound, sulfasalazine in this
assay was 117 �M.

Effect of TFC-007 on TX synthase activity was evaluated by a
method reported elsewhere [35]. Briefly, TX synthase derived from
human platelets was incubated with TFC-007 or the vehicle in
10 mM Tris–HCl (pH 7.4) at 25 ◦C for 15 min. A substrate, PGH2 was
added at 10 �M,  followed by incubation at 25 ◦C for 3 min. Amount
of formed TXB2 was quantified by enzyme immunoassay. IC50 value
of a positive control compound, 1-(7-carboxyheptyl)-imidazole in
this assay was 0.0115 �M.

Effect on microsomal PGE synthase (mPGES) was also assessed
according to a method [36], which was modified by us. mPGES
was prepared from interleukin-1�-stimulated 1321N1 astrocy-
toma cells. TFC-007 (100 �M)  or the vehicle was  pre-incubated
with the mPGES at 25 ◦C for 5 min  in 100 mM potassium phos-
phate buffer (pH 7.0) supplemented with 2.5 mM glutathione.
Then, a substrate, [14C] PGH2 (10 �M)  was added. One min  after
the substrate addition, the reaction was  stopped by addition of
a mixture of diethyl ether, methanol and 1 M citric acid (diethyl
was developed by TLC, followed by measurement of radioactivity
at a band corresponding to PGE2. IC50 value of MK-886 used as a
positive control as reported by Mancini et al. [36] in this assay was
54.5 �M.
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Table 1
Effects of TFC-007 on activities of H-PGDS and L-PGDS.
T. Nabe et al. / Prostaglandins & o

.4. Effect of TFC-007 on the binding of each ligand to H1, CysLT1
nd TP receptors

For the study of H1 receptors, based on a literature reported by
e Backer [37], a membrane fraction prepared from human recom-
inant CHO cells, [3H] pyrilamine (1.2 nM), and TFC-007 (10 �M)
r the vehicle (1% dimethylsulfoxide) were incubated at 25 ◦C for

 h in 50 mM Tris–HCl (pH 7.4) supplemented with 2 mM MgCl2,
00 mM NaCl and 250 mM sucrose, and then filtrated over glass
icrofiber filters. Subsequently, radioactivity retained on the filters
as counted. For assessment of the non-specific binding, 1 �M of
nlabelled pyrilamine was used. KD and Bmax in this binding assay
ere 1.1 nM and 6.7 pmol/mg protein, respectively. IC50 value of
yrilamine in this assay was 1.92 nM.

Binding assay of CysLT1 receptors was conducted as reported
38]. A membrane fraction prepared from human recombinant
HO-K1 cells, [3H] LTD4 (0.3 nM), and TFC-007 (10 �M)  or the
ehicle were incubated at 25 ◦C for 30 min  in 50 mM Tris–HCl (pH
.4) supplemented with 5 mM CaCl2, 5 mM MgCl2, 100 �g/ml bac-

tracin, 1 mM benzamidine and 0.1 mM phenylmethanesulfonyl
uoride, and then filtrated over glass microfiber filters. Subse-
uently, radioactivity retained on the filters was counted. For
ssessment of the non-specific binding, 0.3 �M of unlabelled LTD4
as used. KD and Bmax in this binding assay were 0.21 nM and

 pmol/mg protein, respectively. IC50 value of LTD4 in this assay
as 1.48 nM.

Binding study for TP receptors using a TP receptor ligand, SQ-
9,548 was conducted as reported [39]. A membrane fraction
repared from human recombinant HEK-293 cells, [3H] SQ-29,548
5 nM), and TFC-007 (10 �M)  or the vehicle were incubated in
0 mM Tris–HCl (pH 7.4) supplemented with 154 mM NaCl at 25 ◦C
or 30 min, and then filtrated over glass microfiber filters. Sub-
equently, radioactivity retained on the filters was  counted. For
ssessment of the non-specific binding, 1 �M of unlabelled SQ-
9,548 was used. KD and Bmax in this binding assay were 9.4 nM
nd 5.1 pmol/mg protein, respectively. IC50 value of a TP receptor
ntagonist, ICI-192,605 in this assay was 2.3 nM.

.5. Sensitisation and challenge with cedar pollen

Japanese cedar pollen (Cryptomeria japonica) was  harvested in
ifu and Shiga Prefectures in Japan in 1998. The cedar pollen extract
nd Al(OH)3 gel were prepared as previously described [40,41].
wice each day for 7 days, male, 4-week-old, Hartley guinea pigs
Japan SLC, Hamamatsu, Japan) were sensitised by intranasal instil-
ation of the cedar pollen extracts adsorbed on Al(OH)3 gel (100 �g
rotein/100 mg  Al(OH)3 per mL)  into the bilateral cavities at a
olume of 3 �L/nostril [24]. Sensitized animals were intranasally
hallenged once every week by inhalation of 1.8 mg  cedar pollen
er nostril (3.6 mg/animal) under spontaneous breathing without
ny anaesthesia using a hand-made inhalation apparatus [40].

All animal procedures and experimental protocols complied
ith the NIH Guidelines and those of the Experimental Animal
esearch Committee at Kyoto Pharmaceutical University.

.6. Study design

In the first series of experiments, effects of a selective PGDS
nhibitor, TFC-007, on activities of H-PGDS and L-PGDS were eval-
ated in vitro.

We  next examined whether inhibition of H-PGDS improves
llergic rhinitis symptoms using the guinea pig model in vivo. We

ave previously reported that biphasic nasal blockage was almost
eproducibly induced during the 4th–30th challenges [24]. In this
tudy, subsequent experiments were conducted during those chal-
enges. In order to evaluate the single pre-treatment effect of
H-PGDS (IC50 value) L-PGDS (inhibitory rate at 100 �M)

TFC-007 0.083 �M 2.2%

TFC-007 (p.o.) on antigen-induced sneezing and biphasic nasal
blockage, the compound was administered before the 7th chal-
lenge. Effects of pre-treatment with TFC-007 (p.o.) on increases in
leukocyte numbers, and amounts of PGD2, CysLTs and TXB2 in nasal
cavity lavage fluid (NCLF) were assessed at the 10th, 13th, 15th or
20th challenge. Post-treatment effects of TFC-007 (p.o.) on antigen-
induced nasal blockage and the increase in PGD2 amount in NCLF
were also evaluated at the 7th and 8th challenges, respectively.

2.7. Treatment with TFC-007

Pre-treatment: TFC-007 (30 mg/kg) was orally administered 1 h
before the 7th, 10th, 13th, 15th or 20th challenge.

Post-treatment: TFC-007 (30 mg/kg) was orally administered
1.5 h after the 7th or 8th challenge.

Pharmacokinetic data after an oral administration of 30 mg/kg
of TFC-007 in guinea pigs were as follows: Cmax, 6.8 �M; Tmax,
2 h; T1/2, 6.6 h; AUC0–24 h, 68.6 �M h. Even at 10 h after the oral
administration, the plasma concentration of TFC-007 was 2.8 �M.
As demonstrated in this study, the IC50 value of TFC-007 for H-PGDS
was 0.083 �M (Table 1). In addition, the plasma protein bound rate
of TFC-007 was 80%. Taken together, it is clear that the free form
of TFC-007 exists in the circulation at sufficient concentrations for
blocking H-PGDS within 10 h after the oral administration.

2.8. Measurement of specific airway resistance (sRaw)

As an indicator of respiratory function (nasal blockage), the
sRaw in conscious guinea pigs was  measured using a two-
chambered, double-flow plethysmograph system (Pulmos-I, -II,
-III; M.I.P.S., Osaka, Japan), as has been previously described [42].

Elevation of sRaw after pollen inhalation in the sensitised guinea
pig appeared to reflect total (upper and lower) airway resistance,
as the guinea pig functionally respires through the nose and not
through the mouth. We  have previously demonstrated that our
inhalation procedure deposits 99.999% of the pollen in the upper
airway [40]. Furthermore, after the pollen inhalation challenge,
accumulation of eosinophils in the lung, which is a characteris-
tic feature of allergic bronchial asthma, was  not observed in this
model [43], even though nasal eosinophilia was markedly induced
[43]. Thus, the changes in sRaw induced by antigen challenge in
the present model exclusively reflect the nasal response and not
the lower airway response.

2.9. Counting of sneezing frequency

Sneezing frequency was determined 0–10 min and 10–60 min
after a pollen inhalation challenge.

2.10. Nasal cavity lavage (NCL)

The nasal cavity of the sensitized animal was  lavaged with phys-
iologic saline before, 20 min  after or 5 h after a pollen challenge. NCL
was performed once for each guinea pig, as previously described
[40]. In brief, warm saline (1 mL  at 37 ◦C) was  aspirated from the
left nostril under reduced light pressure produced by an air pump.

NCLF was  collected from the right nostril into a tube, followed by
centrifugation. The NCLF recovered from the left nostril was  cen-
trifuged at 120 × g for 5 min  at 4 ◦C. The resultant pellet was used
for counting the number of leukocytes. The supernatant was stored
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Table 2
Effects of TFC-007 on activities of various arachidonic acid-related enzymes.

% of inhibition at 10 or 100 �M

COX-1 COX-2 5-LOX LTC4 synthase TX synthase mPGES

TFC-007 −5 5 −3 15 12 −1

The final concentration of TFC-007 for assays of cyclooxygenase (COX)-1, COX-2,5-
lipoxygenase (LOX), leukotriene (LT) C4 synthase or thromboxane (TX) synthase was
10  �M.  The assay for microsomal prostaglandin E2 synthase (mPGES) was performed
using 100 �M TFC-007.

Table 3
Effects of TFC-007 on binding of each ligand to H1, CysLT1 and TP receptors.

% of inhibition at 10 �M

F
s
r
t

0 T. Nabe et al. / Prostaglandins & o

t −80 ◦C until assayed for the concentration of PGD2, CysLTs and
XB2.

.11. Counting of cells in NCLF

The total leukocyte number in the cell pellet was  determined
y staining with Turk’s solution (Nacalai Tesque, Kyoto, Japan). For
he numbers of differentiated leukocytes, the cell suspension was
entrifuged in a Cell Settling Chamber (Neuro Probe, Cabin John,
D)  at 50 × g for 30 s at 4 ◦C, and then the settled leukocytes were

tained with Diff-Quik® solution (Sysmex International Reagent,
obe, Japan), followed by microscopic counting of at least 500 cells.

.12. Measurement of concentrations of PGD2, CysLTs and TXA2
n the NCLF

The amount of PGD2 in the supernatant was measured using the
GD2-MOX Express kit (Cayman Chem.) after deproteinization with
0% acetone according to the manufacturer’s instructions. CysLTs
nd TXB2 were measured using the Cysteinyl Leukotriene express
IA kit and TXB2 EIA kit (both from Cayman Chem.) after depro-
einization with 80% ethanol, as previously reported by us [27].

Recoveries during the deproteinization procedures were more
han 80% as estimated by radiolabelled materials.

.13. Statistical analyses

Data were statistically evaluated by one-way analysis of vari-
nce. If a difference appeared to be significant, the individual group
ifference was determined using Bonferroni’s correction for multi-
le tests. P values less than 0.05 were considered significant.

. Results

.1. Effects of TFC-007 on activities of H-PGDS and L-PGDS, and
ther arachidonic acid-related enzymes

Table 1 shows the effects of TFC-007 on the activities of H-PGDS

nd L-PGDS in vitro. TFC-007 concentration-dependently inhibited
-PGDS activity, and the IC50 value of TFC-007 was  0.083 �M.  On

he other hand, L-PGDS activity was hardly affected by the com-
ound, even at 100 �M.
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H1 CysLT1 TP

TFC-007 17 −1 −2

In order to further evaluate the specificity of TFC-007 on H-
PGDS, effects of the compound on activities of various other
arachidonic acid-related enzymes were assessed. As shown in
Table 2, activities of COX-1, COX-2, 5-LOX, LTC4 synthase and
TX synthase were not affected by TFC-007 at 10 �M.  TFC-007 at
100 �M did not affect the activity of mPGES (Table 2).

Effects of TFC-007 on binding at several receptors that are
related to allergic inflammation were examined. Although TFC-007
tended to affect the binding to H1 receptors, the magnitude (17%
inhibition) was  small even at 10 �M (Table 3) in comparison with
the IC50 value (1.92 nM)  of a classical H1 receptor antagonist, pyril-
amine. The binding of each ligand to CysLT1 and TP receptors was
hardly affected by 10 �M TFC-007 (Table 3).

3.2. Effects of pre-treatment with TFC-007 on experimental
allergic rhinitis

When TFC-007 was administered 1 h before the pollen chal-
lenge, sneezing, which was  induced within 1 h after the challenge,
was not affected by the treatment (Fig. 2(A)). Although we  have
reported that the time-course change in sRaw after a pollen inhala-

tion challenge was  clearly biphasic [24], that of the control group
shown in Fig. 2(A) did not seem to be biphasic. However, the pre-
treatment with TFC-007 significantly inhibited late phase nasal
blockage but not early phase nasal blockage (Fig. 2(B) and (C)),
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Fig. 3. Effect of pre-treatment with TFC-007 on increases in prostaglandin (PG) D2 (A and B), cysteinyl leukotrienes (CysLTs, C and D) and thromboxane (TX) B2 (E and F)
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uggesting that the nasal blockage during the period consists of
 phases as has been reported in our previous literatures [27,29].

The significant increase in PGD2 in NCLF collected 20 min  after

he challenge was almost completely inhibited by pre-treatment
ith TFC-007 (Fig. 3(A)). In addition, a relatively small increase in

GD2 was observed 5 h after the challenge. The increase in PGD2
bserved in the late phase was also reduced by pre-treatment with
after an antigen challenge in sensitized guinea pigs. TFC-007 (30 mg/kg, p.o.) was
 the mean ± S.E. of 8–28 animals. Significantly different from the value before the

the H-PGDS inhibitor (Fig. 3(B)). In contrast, neither the CysLTs
nor TXB2 increase in the NCLF collected 20 min  and 5 h after the
challenge was  inhibited by pre-treatment (Fig. 3(C)–(F)).
As we have previously reported [43], eosinophils were markedly
increased in the NCLF 5 h after the challenge (Fig. 4). The increased
number of eosinophils in NCLF was highly variable. The pre-
treatment with TFC-007 did not affect the eosinophilia (Fig. 4).
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ononuclear cells and neutrophils also tended to increase (Fig. 4);
owever, pre-treatment with TFC-007 did not affect increases in
he leukocytes as well (Fig. 4).

.3. Effects of post-treatment with TFC-007 in experimental
llergic rhinitis

The post-treatment effect of the H-PGDS inhibitor was  assessed
y oral administration of the compound at 1.5 h after the antigen
hallenge. The treatment failed to affect the nasal blockage at 2–8 h
fter the challenge (Fig. 5(A)), whereas the increase in PGD2 in the
CLF was strongly suppressed, even by post-treatment (Fig. 5(B)).
. Discussion

A single pre-treatment with a specific H-PGDS inhibitor almost
ompletely prevented the increase in PGD2 both at 20 min  and
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he  mean ± S.E. of 37 (panel A) and 8–16 (panel B) animals.
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5 h after a pollen challenge. On the other hand, we  have reported
that both a CysLT1 receptor antagonist and a TP receptor antago-
nist partially but significantly attenuated late phase nasal blockage
[25,27,29], and that both CysLTs and TXB2 were increased in NCLF
at 20 min  and 5 h after a pollen challenge [27]. However, increases
in the amounts of CysLTs and TXB2 were not affected by H-PGDS
inhibition, confirming that TFC-007 is a specific inhibitor of PGD2
production. In addition, although it has been reported that CysLTs
can stimulate macrophages to secondarily generate TXA2 in guinea
pig lung tissue [44], the present finding indicates that PGD2 cannot
generate CysLTs and TXA2 in the nasal tissue of guinea pigs.

Under the condition in which allergen-induced PGD2 produc-
tion was markedly suppressed, the nasal blockage during 3–6 h
after a pollen challenge was effectively attenuated, whereas nei-
ther sneezing induced immediately nor early phase nasal blockage
during 0–2 h after the challenge was affected by the compound.
Pollen challenge-induced eosinophilia in the nasal tissue was  also
not prevented by the single pre-treatment. On the other hand, when
the H-PGDS inhibitor was  administered 1.5 h after the challenge,
the late phase nasal blockage was  not suppressed even though
PGD2 increase during the late phase was inhibited. Taken together,
the late phase nasal blockage could be induced by PGD2 produced
early after the pollen challenge within 1.5 h. It is possible that
PGD2 indirectly induced the nasal blockage, probably through the
recruitment of certain effector cells in the nasal mucosa. How-
ever, pre-treatment with the H-PGDS inhibitor did not affect the
increase in eosinophils that have been reported to express CRTH2
[7], indicating that eosinophils are not involved in PGD2-mediated
late phase nasal blockage. Consistent with this, we  have previ-
ously reported that even when eosinophilia was  almost completely
suppressed by an anti-IL-5 mAb  in the model of allergic rhinitis, nei-
ther early nor late phase nasal blockage was inhibited [45]. Thus,
eosinophil infiltration is not basically associated with the induction
of late phase nasal blockage. Besides eosinophils, Th2 lymphocytes
and basophils also express CRTH2 [7],  implying that these cells may
be responsible for PGD2-induced nasal blockage.

In agreement with the speculation that CRTH2 could be involved
in the induction of nasal blockage, it has been recently reported

that selective CRTH2 antagonists, TM30089 [20] and AM-156
[21] attenuated antigen-induced pulmonary inflammation in mice.
Furthermore, interestingly, Gyles et al. [46] reported that PGD2
anaphylactically produced from mast cells play a central role
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n the activation of CRTH2+ CD4+ Th2 lymphocytes through a
RTH2-dependent mechanism. This finding further strengthen the
peculation in this study that PGD2 produced within 1.5 h after
he challenge may  induce the late phase nasal blockage through
ecruitment of other leukocytes than eosinophils, such as Th2 lym-
hocytes, to the nasal tissue.

Although a relatively large amount of PGD2 was  produced dur-
ng early phase nasal blockage in comparison with the late phase,
arly phase nasal blockage was not inhibited by the inhibition of
GD2 generation. It is well known that PGD2 activates Gs protein-
oupled DP1 receptors on vascular smooth muscle cells of the nasal
ucosa leading to vasodilatation associated with nasal blockage
ainly through an increase in intracellular cyclic AMP  [47,48].
ur present finding suggests that PGD2-dependent nasal blockage
ay  not be a major mechanism of early phase nasal blockage. This

neffectiveness on early phase nasal blockage may  imply that antag-
nism against DP1 receptors produces no beneficial effect on nasal
lockage, as demonstrated by the recent clinical study that a DP1
ntagonist, laropiprant did not improve symptoms of allergic rhini-
is [15]. On the other hand, we have reported that a non-selective
itric oxide (NO) synthase inhibitor, Nw-nitro-L-arginine methyl
ster, completely inhibited early phase nasal blockage [49]. Since
O directly activates guanylyl cyclase, which increases intracellu-

ar cyclic GMP, cyclic GMP-dependent vasodilatation might be an
mportant event in late phase nasal blockage.

Among H-PGDS inhibitors developed to date, HQL-79 has been
emonstrated to exhibit anti-allergic effects, such as inhibition
n passive cutaneous anaphylaxis, antigen-induced bronchocon-
triction and nasal vascular permeability, and antigen-induced
ate asthmatic response in experimental animals [22]. However,
ecause HQL-79 has anti-histamine and anti-5-hydroxytryptamine
ffects that were comparable to activities of other anti-histamines,
pinastine and ketotifen [23], we have not used HQL-79 as a pos-
tive control H-PGDS inhibitor. In contrast, our radiobinding assay
evealed that TFC-007 exerted no binding to H1 receptors. We  have
eported that sneezing induced immediately after a pollen inhala-
ion challenge in this experimental allergic rhinitis was mainly

ediated by histamine [27,28], whereas TFC-007 did not inhibit
he sneezing, suggesting that TFC-007 has no anti-histamine effect
n vivo experiment as well. This finding further confirms a clinical
nding that intranasal instillation of PGD2 did not evoke sneezing

n both non-atopic and atopic subjects [9].
In contrast to the effectiveness of the PGDS inhibitor, Arimura et

l. [12] reported that a DP1 receptor antagonist, S-5751, suppressed
mmediate nasal blockage and sneezing, plasma extravasation into
he nasal mucosa during the late phase, and antigen-induced
ncrease in eosinophils in the nasal cavity lavage fluid in OVA-
nduced models of guinea pigs, by either pre- or post-treatment.
he reasons for the differences between our results and the liter-
ture [12] are not clear; however, we speculate that they might
e due to the antigen used and sensitization/challenge protocol. A
iphasic allergic rhinitis model was developed by Arimura et al. [12]
y four-times intranasal dripping of 1% OVA solution at 2- or 4-day

ntervals, followed by a final OVA challenge 5–7 days after the end
f the fourth OVA instillation, in guinea pigs that had been sensi-
ized by i.p. administrations of OVA + Al(OH)3. In our model, in order
o mimic  the pathogenesis in the clinical setting as much as possi-
le, guinea pigs were intransally sensitized and then challenged by

nhalation of the pollen once a week. Biphasic nasal blockage could
e observed in the 4th–6th challenges, followed by the induction
f almost reproducible nasal blockage in subsequent challenges
24]. Thus, susceptibility to pharmacologically active compounds

n allergic models may  be dependent on the antigen used and/or
uration and times of antigen challenge. In other words, our aller-
ic model was more resistant to therapeutic drugs than others, such
s in the model reported by Arimura et al. [12]; however, we  believe

[
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that the drug resistance in our model can reflect a chronic state of
allergic rhinitis. Indeed, we  have experienced that the effectiveness
of an anti-histaminic drug was markedly decreased by multiple
local challenges with pollen in a guinea pig model of allergic con-
junctivitis [50]. It will be necessary to directly compare the effects
of the H-PGDS inhibitor with those of a DP1 or CRTH2 receptor
antagonist.

In conclusion, PGD2 produced early after an antigen challenge
can participate in the induction of late phase nasal blockage, but
the mechanism may  not be dependent on either the production of
CysLTs/TXA2 or eosinophil infilatration. The strategy for H-PGDS
inhibition may  be beneficial for allergic rhinitis therapy.

References

[1] Lewis RA, Soter NA, Diamond PT, Austen KF, Oates JA, Roberts II LJ. Prostaglandin
D2 generation after activation of rat and human mast cells with anti-IgE. J
Immunol 1982;129:1627–31.

[2] Ito S, Narumiya S, Hayaishi O. Prostaglandin D2: a biochemical perspective.
Prostaglandins Leukot Essent Fatty Acids 1989;37:219–34.

[3] Urade Y, Hayaishi O. Prostaglandin D synthase: structure and function. Vitam
Horm 2000;58:89–120.

[4] Tanaka K, Ogawa K, Sugamura K, Nakamura M,  Takano S, Nagata K. Differential
production of prostaglandin D2 by human helper T cell subsets. J Immunol
2000;164:2277–80.

[5]  Narumiya S, Sugimoto Y, Ushikubi F. Prostanoid receptors: structures, proper-
ties,  and functions. Physiol Rev 1999;79:1193–226.

[6]  Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid biology. Sci-
ence 2001;294:1871–5.

[7] Nagata K, Hirai H, Tanaka K, et al. CRTH2, an orphan receptor of T-helper-2-cells,
is  expressed on basophils and eosinophils and responds to mast cell-derived
factor(s). FEBS Lett 1999;459:195–9.

[8] Okano M,  Fujiwara T, Sugata Y, et al. Presence and characterization of
prostaglandin D2-related molecules in nasal mucosa of patients with allergic
rhinitis. Am J Rhinol 2006;20:342–8.

[9] Doyle WJ,  Boehm S, Skoner DP. Physiologic responses to intranasal
dose-response challenges with histamine, methacholine, bradykinin, and
prostaglandin in adult volunteers with and without nasal allergy. J Allergy Clin
Immunol 1990;86:924–35.

10] Naclerio RM,  Meier HL, Kagey-Sobotka A, et al. Mediator release after nasal
airway challenge with allergen. Am Rev Respir Dis 1983;128:597–602.

11] Creticos PS, Adkinson Jr NF, Kagey-Sobotka A, et al. Nasal challenge with rag-
weed pollen in hay fever patients. Effect of immunotherapy. J Clin Invest
1985;76:2247–53.

12] Arimura A, Yasui K, Kishino J, et al. Prevention of allergic inflammation by
a  novel prostaglandin receptor antagonist, S-5751. J Pharmacol Exp Ther
2001;298:411–9.

13] Yasui K, Asanuma F, Hirano Y, Shichijo M,  Deguchi M,  Arimura A. Contribution
of  prostaglandin D2 via prostanoid DP receptor to nasal hyperresponsiveness in
guinea pigs repeatedly exposed to antigen. Eur J Pharmacol 2008;578:286–91.

14]  Van Hecken A, Depré M,  De Lepeleire I, et al. The effect of MK-0524,
a  prostaglandin D(2) receptor antagonist, on prostaglandin D(2)-induced
nasal airway obstruction in healthy volunteers. Eur J Clin Pharmacol
2007;63:135–41.

15] Philip G, van Adelsberg J, Loeys T, et al. Clinical studies of the DP1 antag-
onist laropiprant in asthma and allergic rhinitis. J Allergy Clin Immunol
2009;124:942–8.

16] Narita S, Asakura K, Kataura A. Effects of thromboxane A2 receptor antagonist
(Bay u 3405) on nasal symptoms after antigen challenge in sensitized guinea
pigs. Int Arch Allergy Immunol 1996;109:161–6.

17] Nomiya R, Okano M,  Fujiwara T, et al. CRTH2 plays an essential role in the patho-
physiology of Cry j 1-induced pollinosis in mice. J Immunol 2008;180:5680–8.

18] Terada N, Yamakoshi T, Hasegawa M,  et al. The effect of ramatroban (BAY u
3405), a thromboxane A2 receptor antagonist, on nasal cavity volume and
minimum cross-sectional area and nasal mucosal hemodynamics after nasal
mucosal allergen challenge in patients with perennial allergic rhinitis. Acta
Otolaryngol Suppl 1998;537:32–7.

19] Ishizuka T, Matsui T, Okamoto Y, Ohta A, Shichijo M.  Ramatroban (BAY u
3405): a novel dual antagonist of TXA2 receptor and CRTh2, a newly identified
prostaglandin D2 receptor. Cardiovasc Drug Rev 2004;22:71–90.

20] Uller L, Mathiesen JM,  Alenmyr L, et al. Antagonism of the prostaglandin D2
receptor CRTH2 attenuates asthma pathology in mouse eosinophilic airway
inflammation. Respir Res 2007;8:16–25.

21] Stebbins KJ, Broadhead AR, Correa LD, et al. Therapeutic efficacy of AM156, a
novel prostanoid DP(2) receptor antagonist, in murine models of allergic rhini-

tis  and house dust mite-induced pulmonary inflammation. Eur J Pharmacol
2010;638:142–9.

22] Matsushita N, Hizue M,  Aritake K, et al. Pharmacological studies on the novel
antiallergic drug HQL-79. I. Antiallergic and antiasthmatic effects in various
experimental models. Jpn J Pharmacol 1998;78:1–10.



3 ther L

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
nitric oxide in pollen-induced biphasic nasal blockage in sensitised guinea pigs.
4 T. Nabe et al. / Prostaglandins & o

23]  Matsushita N, Aritake K, Takada A, et al. Pharmacological studies on the novel
antiallergic drug HQL-79. II. Elucidation of mechanisms for antiallergic and
antiasthmatic effects. Jpn J Pharmacol 1998;78:11–22.

24] Nabe T, Mizutani N, Shimizu K, Takenaka H, Kohno S. Development of pollen-
induced allergic rhinitis with early and late phase nasal blockage in guinea pigs.
Inflamm Res 1998;47:369–74.

25] Nakanishi Y, Nabe T, Mizutani N, Takenaka H, Kohno S. Synergism between
cysteinyl leukotrienes and thromboxane A2 to induce allergic late phase nasal
blockage in guinea pigs. Prostaglandins Other Lipid Mediat 2004;74:125–37.

26] Nabe T, Tsuzuike N, Ohtani Y, et al. Important roles of tachykinins in the devel-
opment of allergic nasal hyperresponsiveness in guinea-pigs. Clin Exp Allergy
2009;39:138–46.

27] Yamasaki M,  Mizutani N, Sasaki K, et al. Involvement of thromboxane A2 and
peptide leukotrienes in early and late phase nasal blockage in a guinea pig
model of allergic rhinitis. Inflamm Res 2001;50:466–73.

28] Fukuda S, Midoro K, Gyoten M,  et al. Effects of TAK-427 on acute nasal symp-
toms and nasal obstruction in guinea pig model of experimental allergic
rhinitis. Eur J Pharmacol 2003;476:239–47.

29] Mizutani N, Nabe T, Imai A, Sakurai H, Takenaka H, Kohno S. Markedly increased
nasal blockage by intranasal leukotriene D4 in an experimental allergic rhini-
tis  model: contribution of dilated mucosal blood vessels. Jpn J Pharmacol
2001;86:170–82.

30] Urade Y, Tanaka T, Eguchi N, et al. Structural and functional significance of
cysteine residues of glutathione-independent prostaglandin D synthase. Iden-
tification of Cys65 as an essential thiol. J Biol Chem 1995;270:1422–8.

31] Inoue T, Irikura D, Okazaki N, et al. Mechanism of metal activation of human
hematopoietic prostaglandin D synthase. Nat Struct Biol 2003;10:291–6.

32] Chan CC, Boyce S, Brideau C, et al. Rofecoxib [Vioxx,MK-0966; 4-(4′-
methylsulfonylphenyl)-3-phenyl-2-(5H)-furanone]: a potent and orally active
cyclooxygenase-2 inhibitor. Pharmacological and biochemical profiles. J Phar-
macol Exp Ther 1999;290:551–60.

33] Riendeau D, Charleson S, Cromlish W,  Mancini JA, Wong E, Guay J.
Comparison of the cyclooxygenase-1 inhibitory properties of nonsteroidal anti-
inflammatory drugs (NSAIDs) and selective COX-2 inhibitors, using sensitive
microsomal and platelet assays. Can J Physiol Pharmacol 1997;75:1088–95.

34] Carter GW,  Young PR, Albert DH, et al. 5-Lipoxygenase inhibitory activity of
zileuton. J Pharmacol Exp Ther 1991;256:929–37.

35] Börsch-Haubold AG, Pasquet S, Watson SP. Direct inhibition of cyclooxygenase-

1  and -2 by the kinase inhibitors SB 203580 and PD 98059.SB 203580 also
inhibits thromboxane synthase. J Biol Chem 1998;273:28766–72.

36] Mancini JA, Blood K, Guay J, et al. Cloning, expression, and up-regulation
of  inducible rat prostaglandin e synthase during lipopolysaccharide-induced
pyresis and adjuvant-induced arthritis. J Biol Chem 2001;276:4469–75.

[

ipid Mediators 95 (2011) 27– 34

37] De Backer MD, Gommeren W,  Moereels H, et al. Genomic cloning, heterolo-
gous expression and pharmacological characterization of a human histamine
H1 receptor. Biochem Biophys Res Commun 1993;197:1601–8.

38] Martin V, Sawyer N, Stocco R, et al. Molecular cloning and functional char-
acterization of murine cysteinyl-leukotriene 1 (CysLT(1)) receptors. Biochem
Pharmacol 2001;62:1193–200.

39] Hedberg A, Hall SE, Ogletree ML, Harris DN, Liu EC. Characterization of
[5,6-3H]SQ 29,548 as a high affinity radioligand, binding to thromboxane
A2/prostaglandin H2-receptors in human platelets. J Pharmacol Exp Ther
1988;245:786–92.

40] Nabe T, Shimizu K, Mizutani N, et al. A new model of experimental allergic rhini-
tis  using Japanese cedar pollen in guinea pigs. Jpn J Pharmacol 1997;75:243–51.

41] Nabe T, Shinoda N, Yamashita K, Yamada M,  Yamamura H, Kohno S. Com-
parative studies on nebulizers for antigen inhalation in experimental asthma.
Allergol Int 1997;46:261–7.

42] Pennock BE, Cox CP, Rogers RM,  Cain WA,  Wells JH.  A noninvasive tech-
nique for measurement of changes in specific airway resistance. J Appl Physiol
1979;46:399–406.

43] Yamasaki M, Sasaki K, Mizutani N, et al. Pharmacological characterization of
the  leukocyte kinetics after intranasal antigen challenge in a guinea pig model
of allergic rhinitis. Inflamm Res 2001;50:474–82.

44] Pelé JP, Robidoux C, Sirois P. Secretion of thromboxane B2 and prostaglandin E2

by guinea-pig lung cells isolated by centrifugal elutriation and by macrophages
obtained by bronchoalveolar lavage. Pulm Pharmacol 1989;2:137–45.

45] Yamasaki M,  Mizutani N, Sasaki K, Nabe T, Kohno S. No involvement of
interleukin-5 or eosinophils in experimental allergic rhinitis in guinea pigs.
Eur J Pharmacol 2002;439:159–69.

46] Gyles SL, Xue L, Townsend ER, Wettey F, Pettipher R. A dominant role for
chemoattractant receptor-homologous molecule expressed on T helper type 2
(Th2) cells (CRTH2) in mediating chemotaxis of CRTH2+ CD4+ Th2 lymphocytes
in  response to mast cell supernatants. Immunology 2006;119:362–8.

47] Bedwani JR, Eccles R, Jones AS. Effects of prostaglandins E2,  I2 and D2 on pig
nasal vasculature. Clin Otolaryngol Allied Sci 1983;8:337–41.

48] Yokochi K, Sideris E, Hamilton F, Coceani F, Olley PM. Action of PGI2 analogs
on  the pulmonary and systemic circulations in the conscious newborn lamb.
Prostaglandins 1984;27:535–42.

49] Imai A, Nabe T, Mizutani N, Sakurai H, Takenaka H, Kohno S. Involvement of
Eur  J Pharmacol 2001;423:63–70.
50] Fukushima Y, Nabe T, Mizutani N, Nakata K, Kohno S. Multiple cedar pollen chal-

lenge diminishes involvement of histamine in allergic conjunctivitis of guinea
pigs. Biol Pharm Bull 2003;26:1696–700.


	Inhibition of hematopoietic prostaglandin D synthase improves allergic nasal blockage in guinea pigs
	1 Introduction
	2 Materials and methods
	2.1 H-PGDS inhibitor
	2.2 Inhibitory effect of TFC-007 on activities of H-PGDS and L-PGDS
	2.3 Effect of TFC-007 on activities of other arachidonic acid-related enzymes
	2.4 Effect of TFC-007 on the binding of each ligand to H1, CysLT1 and TP receptors
	2.5 Sensitisation and challenge with cedar pollen
	2.6 Study design
	2.7 Treatment with TFC-007
	2.8 Measurement of specific airway resistance (sRaw)
	2.9 Counting of sneezing frequency
	2.10 Nasal cavity lavage (NCL)
	2.11 Counting of cells in NCLF
	2.12 Measurement of concentrations of PGD2, CysLTs and TXA2 in the NCLF
	2.13 Statistical analyses

	3 Results
	3.1 Effects of TFC-007 on activities of H-PGDS and L-PGDS, and other arachidonic acid-related enzymes
	3.2 Effects of pre-treatment with TFC-007 on experimental allergic rhinitis
	3.3 Effects of post-treatment with TFC-007 in experimental allergic rhinitis

	4 Discussion
	References


