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ABSTRACT: Idiopathic pulmonary fibrosis (IPF) is a devastating disease with poor prognosis.

Leukotrienes play an important role in IPF, and leukotriene (LT)B4 is one of the key eicosanoids in

IPF. In this study, we investigated whether ONO-4057, a LTB4 receptor (BLTR) antagonist is

capable of preventing bleomycin-induced pulmonary fibrosis.

On day 1, C57BL/6 male mice were given a single intratracheal injection of bleomycin

(2.5 mg?kg-1), and ONO-4057 (1.0 mg?kg-1) or vehicle alone, administered by intraperitoneal

injection on days 1–5 each week for 3 weeks after the bleomycin injection.

ONO-4057 reduced the total cell count in bronchoalveolar lavage fluid (BALF) on days 7, 14 and

21 and the Ashcroft score and the lung hydroxyproline content on days 14 and 21. The LTB4,

interleukin (IL)-6, IL-13, transforming growth factor (TGF)-b levels in BALF and the TGF-b

expression in lung tissue, assessed by immunohistochemistry were decreased on day 7, whereas

interferon (IFN)-c level in BALF was increased on day 14.

The results of this study indicated that the BLTR antagonist inhibited the development of

bleomycin-induced pulmonary fibrosis in mice by decreasing inflammation and altering TGF-b,

IL-6, IL-13 and IFN-c.

KEYWORDS: Bleomycin, interferon-c, interleukin-6, leukotriene B4, pulmonary fibrosis, transform-

ing growth factor b

I
diopathic pulmonary fibrosis (IPF) is a dele-
terious disease with very poor prognosis
despite all known methods of treatment [1].

The pathological features of IPF are fibroblast
proliferation, increased amounts of extracellular
matrix and varying degrees of persistent inflam-
mation of the alveolar septa [2]. Recent reports
have suggested that leukotrienes (LTs), which are
arachidonic acid metabolites, are important reg-
ulators of pulmonary fibrosis [3, 4]. The synthesis
of LTB4 and cysteinyl LT (cysLT) is catalysed by 5-
lipoxygenase. LTB4 plays an important role in the
host defence system against infection and invasion
by foreign bodies [5]. LTB4 is thought to be a cause
of various inflammatory disorders, and it is
produced by alveolar cells in patients with
idiopathic pulmonary fibrosis (IPF) [6]. In fact,
LTB4 level is elevated in bronchoalveolar lavage
fluid (BALF) and lung tissues in patients with IPF
[7, 8]. There are two LTB4 receptor (BLTR)
subtypes, BLT1 and BLT2; both subtypes are G-
protein-coupled receptors and are present on the
cell surface [9]. BLT1 is primarily expressed in
leukocytes whereas BLT2 is expressed more
ubiquitously. There have been several reports

concerning the role of BLTR in airway disease.
According to one report, BLT1 mediates LTB4-
induced T helper (Th) type 1 and Th2 cell
chemotaxis and firm adhesion to endothelial cells
exposed to flow, and mediates CD4+ and CD8+ T
cell recruitment into the airway in an asthma
model [10]. BLT1-mediated T cell trafficking is
critical to the development of rejection and
obliterative bronchiolitis after lung transplanta-
tion by mediating airway fibroproliferation [11].
However, the role of BLTR in pulmonary fibrosis
has remained unclear. We recently reported that
montelukast, one of the cysLT1 receptor antago-
nists that have been widely used in the treatment
of bronchial asthma, inhibits the development of
bleomycin-induced pulmonary fibrosis [12].

In the present study, we attempted to determine
whether ONO-4057, a BLTR antagonist, has any
preventive effect on bleomycin-induced pulmonary
fibrosis in mice. ONO-4057 (5-(2-(2-carboxyethyl)-
(6-(4-methoxyphenyl)-5E-hexenyl) oxyphenoxy)
valeric acid) (ONO Pharmaceutical, Osaka, Japan)
is a nonselective BLTR antagonist that predomi-
nantly antagonises BLT1 and has been reported to
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inhibit human neutrophil aggregation, chemotaxis and degranu-
lation induced by LTB4 [9, 13]. We also focused on the effects of
ONO-4057 on prostaglandin (PG)E2, active transforming growth
factor (TGF)-b1, interleukin (IL)-4, IL-6, IL-13 and interferon
(IFN)-c levels in BALF and on TGF-b expression in lung tissue in
pulmonary fibrosis, because these mediators have been found to
be strongly associated with the pathogenesis of pulmonary
fibrosis [14–16].

MATERIALS AND METHODS

Animals and bleomycin-induced pulmonary fibrosis model
The animal protocol was approved by the Animal Care and
Use Committee of Tokyo Women’s Medical University (Tokyo,
Japan). We performed the study in 6-week-old C57BL/6 male
mice. On day 1, the mice were given a single intratracheal
injection of 50 mL of saline containing bleomycin (2.5 mg?kg-1)
(Nippon Kayaku, Tokyo, Japan) or 50 mL of saline alone. ONO-
4057 (1.0 mg?kg-1) was supplied by Ono Pharmaceutical Co.,
and the animals were intraperitoneally injected with ONO-
4057 or with vehicle (0.14% sodium bicarbonate) alone on days
1–5 of each week for 3 weeks starting 2 h after the bleomycin
injection, or on days 15–19 after bleomycin injection. Thus,
there were four groups of mice in this study: a saline-injected
group treated with the vehicle (vehicle-treated group, n510), a
bleomycin-injected group treated with the vehicle (bleomycin
group, n510), a bleomycin-injected group treated with ONO-
4057 starting 2 h after the intratracheal injection of bleomycin
(ONO-4057 group, n510), and a bleomycin-injected group
treated with ONO-4057 starting 15 days after the intratracheal
injection of bleomycin (ONO-4057 delayed initiation group,
n510). We evaluated the severity of the lung inflammation by
performing a BALF analysis on days 7, 14 and 21, and we
evaluated the effect of ONO-4057 on pulmonary fibrosis by
histological evaluation by means of the Ashcroft score [17] and
based on the hydroxyproline content of the right lung on days
14 and 21 [18].

BALF analysis
After intraperitoneally anaesthetising mice with pentobarbital
(50 mg?kg-1), a tracheotomy was performed and a custom-
made cannula was inserted. The lungs were lavaged with
1.0 mL of PBS and then with 0.8 mL of PBS. The BALF was
centrifuged at 3606g for 10 min, and the supernatant was
stored at -80uC for the subsequent measurements. A total cell
count was performed manually with a haemocytometer. Slides
of BALF cells were prepared with cytospin, stained with May-
Grünwald–Giemza stain, and a differential count of 1,000 cells
per sample was made. Eicosanoid and cytokine levels in BALF
were measured on days 7 and 14 by using ELISA. The LTB4

level in BALF was measured using ELISA (Amersham
Biosciences, Piscataway, NJ, USA), and the detection limit of
the assay was 6 pg?mL-1. The PGE2 level in BALF was
measured with a mouse PGE2 ELISA kit (GE Healthcare,
Amersham, UK) and the detection limit was 50 pg?mL-1. The
IL-4, IL-6, IL-13, IFN-c, and active TGF-b1 levels in BALF were
measured with a mouse IL-4 ELISA kit, a mouse IL-6 ELISA kit,
a mouse IL-13 ELISA kit, a mouse IFN-c ELISA kit, and a mouse
TGF-b1 ELISA kit (R&D system, Minneapolis, MN, USA), and
the detection limits were 2.0 pg?mL-1, 1.6 pg?mL-1, 1.5 pg?mL-1,
2.0 pg?mL-1 and 4.2 pg?mL-1, respectively.

Histological analysis
The left lung was fixed by inflation with 4% paraformaldehyde
and embedded in paraffin (n510). Sections were cut 5 mm
thick and stained with haematoxylin and eosin. The Ashcroft
score was used for semiquantitative analysis of fibrotic change
on day 14 and on day 21 as reported previously [17].

Immunostaining for TGF-b
For immunostaining of TGF-b, after deparaffinising sections in
xylene and dehydrating them in ethanol, they were washed
three times with PBS, reacted with peroxidase-blocking solution
(DakoCytomation, A/S, Glostrup, Denmark) for 10 min at room
temperature to block endogenous peroxidase activity, and then
washed three times with PBS. Next, they were reacted with
Protein Block Serum-Free (DakoCytomation) for 10 min at room
temperature. Some sections were incubated at 4uC overnight
with anti-mouse TGF-b antibody (diluted 1:50; Santa Cruz
Biotechnology, Inc. San Diego, CA, USA) and control sections
were incubated at 4uC overnight with a rabbit immunoglobulin
fraction as a negative control (diluted 1:1000; DakoCytomation).
The following day, all sections were washed three times with
PBS. Antibody that had bound to TGF-b was detected by
incubation for 30 min at room temperature with dextran
polymer reagent conjugated with peroxidase and secondary
antibody (DAKO EnVision+; DakoCytomation). The sections
were then washed three times with PBS, and colour develop-
ment was achieved by exposure to 3,39-diaminobenzidine
(DAKO DAB+ Liquid System; DakoCytomation) for 2 min.
The tissues were counterstained with Mayer’s hematoxylin.

Hydroxyproline assays
Lung homogenates were prepared and assayed for hydroxy-
proline content as previously described [18]. In brief, lung
tissues were hydrolysed with 12 N hydrochloric acid at 110uC
for 24 h. After neutralisation with sodium hydroxide, the
hydrolysates were diluted with distilled water. The absorbance
at 560 nm was measured.

Statistical analysis
Data are reported as means¡SEM. Statistical analysis was
performed with ANOVA followed by Sheffe’s F test as a post
hoc analysis test. A p-value of ,0.05 was considered
statistically significant.

RESULTS

Cell analysis of BALF
The total cell count in BALF was markedly higher in the
bleomycin group than in the vehicle-treated group, and the
count on days 7, 14 and 21 showed that the increase was
significantly inhibited by ONO-4057 (n510, p,0.01, fig. 1a).
The increase in neutrophil count on day 7 was attenuated
significantly in the ONO-4057 group (n510, p,0.01, fig. 1b).
The increase in macrophage count on day 14 was attenuated in
the ONO-4057 group (n510, p,0.01, fig. 1c). The increase in
lymphocyte count was attenuated in the ONO-4057 group on
day 14 and day 21 and in the ONO-4057 delayed initiation
group on day 21 (n510, p,0.05, p,0.01 and p,0.01,
respectively, fig. 1d).
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Histological analysis
Histological evaluation of haematoxylin and eosin-stained
sections in the bleomycin group revealed extensive accumula-
tion of numerous inflammatory cells, thickening of alveolar
walls, and fibrotic lesions on day 21 after the bleomycin
injection (fig. 2a). By contrast, less severe inflammatory and
fibrotic changes in the subpleural areas of the lung were
observed in the ONO-4057 group (fig. 2b). Histological
analysis by the Ashcroft score showed a lower degree of
pulmonary fibrosis in the ONO-4057 group than in the
bleomycin group on days 14 and 21 after the bleomycin
injection (n510, p,0.01 and p,0.01, respectively, fig. 3a). But
the ONO-4057 delayed initiation group failed to attenuate the
lung fibrosis by the Ashcroft score on day 21 (figs 2c and 3a).

Hydroxyproline
The hydroxyproline content of the right lung on day 14 and on
day 21 was lower in the ONO-4057 group than in the bleomycin
group (day 14; bleomycin group versus ONO-4057 group;
522.5¡31.9 mg?right lung-1 versus 383.4¡32.5 mg?right lung-1,
n510, p,0.05, day 21; bleomycin group versus ONO-4057
group; 601.3¡31.8 mg?right lung-1 versus 430.5¡40.9 mg?right

lung-1, n510, p,0.01) (fig. 3b). However, the ONO-4057
delayed initiation group on day 21 did not result in a significant
reduction in the hydroxyproline (584.1¡34.8 mg?right lung-1,
n510, fig. 3b).

Eicosanoid levels in BALF
On day 7, the LTB4 level in the BALF was significantly higher in
the bleomycin group than the vehicle-treated group (vehicle-
treated group versus bleomycin group; 35.9¡10.2 pg?mL-1 versus
192.1¡56.4 pg?mL-1, n510, p,0.05) (fig. 4a), and was lower in
the ONO-4057 group than in the bleomycin group (bleomycin
group versus ONO-4057 group; 192.1¡56.4 pg?mL-1 versus
59.7¡26.3 pg?mL-1, n510, p,0.05) (fig. 4a). Although the LTB4

level tended to be higher in the bleomycin group than that in the
vehicle-treated group on day 14 (n510, p50.053, fig. 4a), there
were no significant differences between the bleomycin group and
the ONO-4057 group on day 14 (bleomycin group versus ONO-
4057 group; 160.2¡61.1 pg?mL-1 versus 97.1¡38.0 pg?mL-1,
n510, p50.21) (fig. 4a). PGE2 levels were increased after
bleomycin injection but there were no significant differences in
PGE2 level between the bleomycin group and the ONO-4057
group on day 7 and on day 14 (day 7; bleomycin group versus
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FIGURE 1. Effects of ONO-4057 on cell counts of bronchoalveolar fluid on day 7, 14 and 21 after the bleomycin injection. a) Total cell count. The increase in total cell

count in bronchoalveolar lavage fluid on day 7, 14 and 21 was attenuated in the ONO-4057 group (&), and was also attenuated on day 21 in the ONO-4057 delayed initiation

group (&). b) Differential neutrophil cell count. The increase in neutrophil count in bronchoalveolar lavage fluid on day 7 was attenuated in the ONO-4057 group. c) Differential

macrophage cell count. The increase in macrophage count in bronchoalveolar lavage fluid on day 14 was attenuated in the ONO-4057 group. d) Differential lymphocyte cell

count. The increase in lymphocyte count in bronchoalveolar lavage fluid on day 14 and day 21 was attenuated in the ONO-4057 group, and was also attenuated on day 21 in

the ONO-4057 delayed initiation group. Data are presented as mean¡SEM (n510 in each group). h: vehicle-treated group; &: bleomycin group. *: p,0.05 versus vehicle-

treated group; **: p,0.01 versus vehicle-treated group; #: p,0.05 versus bleomycin group; ##: p,0.01 versus bleomycin group.

CELL AND ANIMAL STUDIES T. IZUMO ET AL.

1446 VOLUME 34 NUMBER 6 EUROPEAN RESPIRATORY JOURNAL



ONO-4057 group; 3506.8¡873.9 pg?mL-1 versus 3713.0¡
824.0 pg?mL-1, n510, p50.999, day 14; bleomycin group versus
ONO-4057 group; 4431.8¡729.7 pg?mL-1 versus 3780.9¡
912.0 pg?mL-1, n510, p50.985) (fig. 4b).

Cytokine levels in BALF
There were no significant differences between the IL-4 level in
BALF in each group (bleomycin group versus ONO-4057 group,
day 7: 14.6¡1.2 pg?mL-1 versus 11.5¡1.3 pg?mL-1, day 14:
11.3¡0.9 pg?mL-1 versus 13.6¡0.8 pg?mL-1 n510) (fig. 5a). On
day 7, the IL-6 level in BALF was lower in the ONO-4057 group
than in the bleomycin group (bleomycin group versus ONO-4057
group, 1003.9¡151.3 pg?mL-1 versus 508.2¡135.0 pg?mL-1, n510,
p,0.01) (fig. 5b). On day 7, the IL-13 level in BALF was lower in
the ONO-4057 group than in the bleomycin group (bleomycin
group versus ONO-4057 group, 24.0¡2.3 pg?mL-1 versus
17.4¡1.1 pg?mL-1, n510, p,0.05) (fig. 5c), but there were no
significant differences in the IL-13 level between the bleomycin
group and the ONO-4057 group on day 14 (bleomycin group
versus ONO-4057 group, 20.2¡1.2 pg?mL-1 versus 22.6¡

1.2 pg?mL-1, n510) (fig. 5c). On day 14, the IFN-c level in BALF

was higher in the ONO-4057 group than in the bleomycin group
(bleomycin group versus ONO-4057 group, 11.8¡5.2 pg?mL-1

versus 53.8¡17.3 pg?mL-1, n510, p,0.05) (fig. 5d), but the IFN-c
level in BALF on day 7 tended to be higher, but not significantly
different (bleomycin group versus ONO-4057 group, 27.6¡

11.5 pg?mL-1 versus 51.2¡16.1 pg?mL-1, n510, p50.14) (fig. 5d).

Assessment of TGF-b
TGF-b was evaluated by immunohistochemical staining of
lung sections on day 7 after the bleomycin injection. Stronger
TGF-b expression was detected in the neutrophils and
pulmonary epithelial cells of the lung sections in the bleomycin
group than in the ONO-4057 group (fig. 6a and b), and active
TGF-b1 level in BALF was increased on day 7 and on day 14 in
the bleomycin group, and ONO-4057 inhibited active TGF-b1
level on day 7 (bleomycin group versus ONO-4057 group:
204.5¡24.3 pg?mL-1 versus 98.1¡11.4 pg?mL-1, p,0.01, n510)
(fig. 6c). However, there were no significant differences in
active TGF-b1 level between the bleomycin group and the
ONO-4057 group on day 14 (n510, fig. 6c).

a) b) c)

FIGURE 2. Effects of ONO-4057 on histopathological changes of the lung on day 21 after the bleomycin injection. Representative lung sections stained with haematoxylin

and eosin. a) A lung section from the bleomycin group showing widespread accumulation of numerous inflammatory cells, thickening of the alveolar walls, and fibrotic lesions on

day 21 after the bleomycin injection. b) By contrast, less severe inflammatory and fibrotic changes in the subpleural areas of the lung were observed in the ONO-4057 group.

c) The histological changes in the ONO-4057 delayed initiation group were the middle grade of the bleomycin group and the ONO-4057 group. Scale bars5200 mm.
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FIGURE 3. Effects of ONO-4057 on the Ashcroft score and the lung hydroxyproline content of the right lung on day 14 and day 21 after the bleomycin injection. a) The

Ashcroft score after the bleomycin injection showed a lower degree of pulmonary fibrosis in the ONO-4057 group (&) than in the bleomycin group (&) on day 14 and day 21.

b) The hydroxyproline content of the right lung was lower in the ONO-4057 group than in the bleomycin group on day 14 and day 21. Data are presented as mean¡SEM (n510

in each group). h: vehicle-treated group; &: ONO-4057 delayed initiation group. *: p,0.05 versus vehicle-treated group; **: p,0.01 versus vehicle-treated group; #: p,0.05

versus bleomycin group; ##: p,0.01 versus bleomycin group.
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FIGURE 4. Effects of ONO-4057 on the leukotriene (LT)B4 and prostaglandin (PG)E2 levels in bronchoalveolar fluid on day 7 and day 14 after the bleomycin injection.

a) The LTB4 levels were significantly higher in the bleomycin group (&) than in the vehicle-treated group (h) on day 7 (p,0.05, n510), but not on day 14 (p50.053, n510).

LTB4 level was lower in the ONO-4057 group (&) than in the bleomycin group on day 7 (p,0.05, n510), but not on day 14 (p50.21, n510). b) There were no significant

differences in PGE2 level between the ONO-4057 group and the bleomycin group on day 7 and day 14. Data are presented as mean¡SEM (n510). *: p,0.05 versus vehicle-

treated group; #: p,0.05 versus bleomycin group.
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FIGURE 5. Effects of ONO-4057 on interleukin (IL)-4, IL-6, IL-13 and interferon (IFN)-c levels in bronchoalveolar fluid on day 7 and day 14 after the bleomycin injection.

a) There were no significant differences in the IL-4 level between each group on day 7 and day 14. b) The IL-6 level on day 7 was significantly reduced by ONO-4057. c) The

IL-13 level on day 7 was significantly reduced by ONO-4057. d) The IFN-c level on day 14 was significantly increased by ONO-4057. Data are reported as mean¡SEM (n510

in each group). h: vehicle-treated group; &: bleomycin group; &: ONO-4057 group. *: p,0.05 versus vehicle-treated group; #: p,0.05 versus bleomycin group; ##: p,0.01

versus bleomycin group.
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DISCUSSION
The results of our study show that ONO-4057 attenuated
pulmonary inflammation and fibrosis, reduced IL-6, IL-13,
active TGF-b1 level, increased IFN-c level in BALF and
attenuated TGF-b expression in the lung tissue of bleomycin-
treated mice.

LTs are important regulators of pulmonary fibrosis [3, 4]. LTB4

and cysLT were increased in BALF and lung homogenates of
patients with IPF and the levels of these mediators were found to
correlate with the extent of fibrosis in histological sections [7, 8].
In the human IPF lung tissue, the content of LTB4 is greater than
that of cysLT. By contrast, PETERS-GOLDEN et al. [19] reported that
the cysLT level greatly exceeded the LTB4 level in the BALF in a
bleomycin-induced mouse model. Furthermore, FAILLA et al. [20]
reported the efficacy of pharmacological inhibition of LT activity
in the development of bleomycin-induced lung injury with mice
treated with zileuton, a 5-lipoxygenase inhibitor and MK-571, a
cysLT1 receptor antagonist. As the potency of zileuton for the
inhibition of bleomycin-induced injury was similar to that of
MK-571, they speculated that LTB4 does not have a predominant
role in mediating inflammation and fibrosis in their bleomycin-
treated mice [20]. However, our results showed that the LTB4

level was significantly higher on day 7 and tended to be higher
on day 14 in the bleomycin-treated mice than in the vehicle-
treated mice, and the level was comparable to the cysLT level as

shown in our previous report [12]. Furthermore, ONO-4057, a
BLT inhibitor, decreased the LTB4 level in BALF on day 7 and
ameliorated bleomycin-induced pulmonary inflammation and
fibrosis. These results suggest that LTB4, as well as cysLT, plays
an important role in bleomycin-induced pulmonary fibrosis in
our mouse model. The reason for the discrepancy between
others and ours is uncertain but the difference in mouse strain,
bleomycin dose, and the pharmacological mechanism of action
(a synthetic enzyme inhibitor or a receptor antagonist) may have
been influences.

Alternatively, the PGE2 level between the bleomycin group
and the ONO-4057 group was not different, suggesting that the
effects of ONO-4057 are unrelated to prostaglandin produc-
tion. Thus, ONO-4057 did not affect the cycloxygenase path-
way. This result was similar to a previous report that
nordihydroquiaretic acid, 5-lipoxygenase inhibitor did not
affect macrophage-derived PGE2 production in bleomycin-
induced pulmonary fibrosis [21].

ONO-4057 is a specific LTB4 receptor antagonist that inhibits
the human neutrophil aggregation, chemotaxis and degranula-
tion induced by LTB4 [13]. In our study, the neutrophil number
and the LTB4 level in BALF on day 7 was decreased by ONO-
4057, indicating that neutrophil chemotaxis, aggregation and
degranulation were suppressed. Alternatively, LTB4 plays an
important role in antimicrobial lung defence through its
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FIGURE 6. Effects of ONO-4057 on immunohistochemically staining for

transforming growth factor (TGF)-b and on the active TGF-b1 level of

bronchoalveolar fluid. Lung sections immunohistochemically stained for TGF-b

on day 7 after the bleomycin injection. a) A lung section from the bleomycin

group shows stronger TGF-b expression in the neutrophils and pulmonary

epithelial cells. b) TGF-b expression was weaker in the ONO-4057 group. Scale

bars5100 mm. c) The active TGF-b1 level on day 7 was significantly lower in the

ONO-4057 group (&) than in the bleomycin group (&). Data are presented as

mean¡SEM (n510 in each group). h: vehicle-treated group. *: p,0.05 versus

vehicle-treated group; **: p,0.01 versus vehicle-treated group; ##: p,0.01

versus bleomycin group.

T. IZUMO ET AL. CELL AND ANIMAL STUDIES

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 34 NUMBER 6 1449



production by alveolar macrophages and neutrophils, and the
use of a BLT1 antagonist may compromise host immune
response to pulmonary infection [3], although ONO-4057
(1 mg?kg-1) did not decrease the neutrophil number and the
LTB4 level below the levels in the vehicle-treated group on day
7. Further examination may be necessary for clinical applica-
tion of a BLT1 antagonist.

In the present study, LTB4 and active TGF-b1 levels in BALF
were increased on day 7 and on day 14 in the bleomycin group,
but were inhibited by ONO-4057 only on day 7. As neutrophils
were accumulated on day 7, the source of TGF-b on day 7 may
have been derived from neutrophils [22]. In fact, neutrophils
and epithelial cells on day 7 immunostained positive for TGF-b
in our study, suggesting that these cells are the main source of
TGF-b production. By contrast, the source of LTB4 and TGF-b
on day 14 may have been derived from macrophages that were
predominant cells on day 14. Although ONO-4057 failed to
inhibit LTB4 and active TGF-b1 levels on day 14 in BALF,
ONO-4057 inhibited macrophage number on day 14. In view of
the fact that BLTRs are expressed in the spleen and on
leukocytes [23], ONO-4057 probably inhibits neutrophil- and
macrophage-mediated inflammation by suppressing BLTRs on
neutrophils and macrophages and, as a result, inhibits TGF-b
production especially by neutrophils. TGF-b is well known to
be a critical growth factor in the fibrotic stage of pulmonary
fibrosis and to play an important role in its pathogenesis,
including the pathogenesis of bleomycin-induced fibrosis. As
neutralisation of TGF-b with antibodies mitigates bleomycin-
induced pulmonary fibrosis, and exogenous over-expression of
Smad7, an inhibitor of the TGF-b signalling pathway, also
mitigates bleomycin-induced pulmonary fibrosis, inhibition of
the effects of TGF-b may provide an effective means of treating
pulmonary fibrosis [24].

IFN-c level in BALF was increased by ONO-4057 on day 14.
IFN-c has several effects that may play an important role at the
interface between inflammation and fibrosis in bleomycin-
induced pulmonary fibrosis. It has been found to inhibit
collagen synthesis when cultures of fibroblasts have been
exposed to them [25], and it eliminates the upregulation of
collagen synthesis induced by TGF-b [26]. Thus, this suggests
that the increase in IFN-c, as well as the decrease in TGF-b, by
ONO-4057 may induce the inhibition of collagen synthesis.

Several recent papers have suggested that LTB4 functions not
only as a local inflammatory mediator but also as an important
chemoattractant for T cells as well as neutrophils [10]. In an
asthma model, BLT1 mediates LTB4-induced Th1 and Th2 cell
chemotaxis and firm adhesion to endothelial cells exposed to
flow, and mediates CD4+ and CD8+ T cell recruitment into the
airway. In the present study, the number of lymphocytes was
inhibited by ONO-4057 on day 14 and on day 21. Although the
role of lymphocytes in the pathogenesis of the pulmonary
fibrotic response has not been fully clarified, several studies
have emphasised the importance and diverse roles of these
cells in the fibrotic process [10]. There are two major subsets of
T-helper lymphocytes. One subset, Th1 cells, produces IL-2
and IFN-c, and mediates cellular immune responses. The other
subset, Th2 cells, produces IL-4, IL-5, IL-6 and IL-13, etc., and
augments humoral immune responses. Th1/Th2 imbalance is
proposed to be one of the hypotheses related to developing

pulmonary fibrosis. ONO-4057 reduced IL-13 level but not IL-4
on day 7, and increased IFN-c on day 14 (fig. 5). These results
suggest that ONO-4057 may improve Th1/Th2 balance.
However, compared with these cytokines, the IL-6 level in
BALF was extremely elevated on day 7 in our bleomycin-
induced mouse model, and ONO-4057 clearly reduced IL-6.
Several studies have demonstrated that IL-6 has both pro-
inflammatory and anti-inflammatory properties [27]. IL-6 also
exhibits a negative feedback on the process of fibrosis. In fact,
the IL-6 level of BALF is greatly increased in patients with IPF
and in the bleomycin-induced model of pulmonary fibrosis
[27]. High IL-6 levels are correlated with alveolar hypercellu-
larity and neutrophil counts in IPF [28]. Recently, IL-6-deficient
mice demonstrated attenuation in bleomycin-induced lung
injury and fibrosis [29]. Therefore, one of the mechanisms for
the inhibition of inflammation and fibrosis by ONO-4057 may
be associated with the decrease in IL-6.

In the present study, ONO-4057 delayed initiation group
decreased the lymphocyte inflammation on day 21, but failed
to decrease the hydroxyproline and the Ashcroft score on day
21. These results suggest that the prevention of developing
fibrosis by ONO-4057 may be associated with inhibiting the
subsequent fibrosis after inflammation rather than fibrotic
process per se. However, as a period of ONO-4057 administra-
tion in ONO-4057 delayed initiation group was short (on days
15–19), the possibility cannot be denied that longer adminis-
tration of ONO-4057 may attenuate the development of fibrosis
thereafter; further examination is needed.

In conclusion, ONO-4057 inhibited inflammation by the decrease
in the inflammatory cells including neutrophils, macrophages
and lymphocytes. More importantly, the decrease in Ashcroft
score and lung hydroxyproline content, the decrease in active
TGF-b1 level in BALF and the reduced TGF-b expression
detected immunohistochemically in the lung sections indicated
that ONO-4057 mitigated the development of fibrosis. Current
therapy for pulmonary fibrosis is ineffective and the disease has a
poor outcome and is associated with severe morbidity [30].
The BLTR antagonist shows promise of becoming a new means of
treating IPF.

SUPPORT STATEMENT
This research was supported, in part, by The Katano Grant given by the
Alumni Association of Kansai Medical University.

STATEMENT OF INTEREST
None declared.

ACKNOWLEDGEMENTS
The authors would like to thank M. Shino and Y. Sugimura (both First
Dept of Medicine, Tokyo Women’s Medical University, School of
Medicine, Tokyo, Japan) for their technical assistance.

REFERENCES
1 American Thoracic Society. Idiopathic pulmonary fibrosis: diag-

nosis and treatment. International consensus statement. American
Thoracic Society (ATS), and the European Respiratory Society
(ERS). Am J Respir Crit Care Med 2000; 161: 646–664.

2 Murakami S, Nagaya N, Itoh T, et al. Prostacyclin agonist with
thromboxane synthase inhibitory activity (ONO-1301) attenuates

CELL AND ANIMAL STUDIES T. IZUMO ET AL.

1450 VOLUME 34 NUMBER 6 EUROPEAN RESPIRATORY JOURNAL



bleomycin-induced pulmonary fibrosis in mice. Am J Physiol Lung

Cell Mol Physiol 2006; 290: L59–L65.

3 Peters-Golden M, Henderson WR Jr. Leukotrienes. N Engl J Med

2007; 357: 1841–1854.

4 Huang SK, Peters-Golden M. Eicosanoid lipid mediators in fibrotic

lung diseases: ready for prime time? Chest 2008; 133: 1442–1450.

5 Yokomizo T, Izumi T, Shimizu T. Leukotriene B4: metabolism and

signal transduction. Arch Biochem Biophys 2001; 385: 231–241.

6 Brock TG, Lee YJ, Maydanski E, et al. Nuclear localization of

leukotriene A4 hydrolase in type II alveolar epithelial cells in

normal and fibrotic lung. Am J Physiol Lung Cell Mol Physiol 2005;

289: L224–L232.

7 Wardlaw AJ, Hay H, Cromwell O, et al. Leukotrienes, LTC4 and

LTB4, in bronchoalveolar lavage in bronchial asthma and other

respiratory diseases. J Allergy Clin Immunol 1989; 84: 19–26.

8 Wilborn J, Bailie M, Coffey M, et al. Constitutive activation of 5-

lipoxygenase in the lungs of patients with idiopathic pulmonary

fibrosis. J Clin Invest 1996; 97: 1827–1836.

9 Yokomizo T, Kato K, Terawaki K, et al. A second leukotriene B(4)

receptor, BLT2. A new therapeutic target in inflammation and

immunological disorders. J Exp Med 2000; 192: 421–432.

10 Tager AM, Bromley SK, Medoff BD, et al. Leukotriene B4 receptor

BLT1 mediates early effector T cell recruitment. Nat Immunol 2003;

4: 982–990.

11 Medoff BD, Seung E, Wain JC, et al. BLT1-mediated T cell

trafficking is critical for rejection and obliterative bronchiolitis

after lung transplantation. J Exp Med 2005; 202: 97–110.

12 Izumo T, Kondo M, Nagai A. Cysteinyl-leukotriene 1 receptor

antagonist attenuates bleomycin-induced pulmonary fibrosis in

mice. Life Sci 2007; 80: 1882–1886.

13 Kishikawa K, Nakao S, Matsumoto S, et al. Estimation of antagonistic

activity of ONO-4057 against leukotriene B4 in humans. Adv

Prostaglandin Thromboxane Leukot Res 1995; 23: 279–281.

14 Sato E, Koyama S, Masubuchi T, et al. Bleomycin stimulates lung

epithelial cells to release neutrophil and monocyte chemotactic

activities. Am J Physiol 1999; 276: L941–L950.

15 Jakubzick C, Choi ES, Joshi BH, et al. Therapeutic attenuation of

pulmonary fibrosis via targeting of IL-4- and IL-13-responsive

cells. J Immunol 2003; 171: 2684–2693.

16 Furonaka M, Hattori N, Tanimoto T, et al. Suplatast tosilate

prevents bleomycin-induced pulmonary fibrosis in mice.

J Pharmacol Exp Ther 2009; 328: 55–61.

17 Suzuki H, Aoshiba K, Yokohori N, et al. Epidermal growth factor

receptor tyrosine kinase inhibition augments a murine model of

pulmonary fibrosis. Cancer Res 2003; 63: 5054–5059.

18 Woessner JF Jr. The determination of hydroxyproline in tissue and
protein samples containing small proportions of this imino acid.
Arch Biochem Biophys 1961; 93: 440–447.

19 Peters-Golden M, Bailie M, Marshall T, et al. Protection from
pulmonary fibrosis in leukotriene-deficient mice. Am J Respir Crit
Care Med 2002; 165: 229–235.

20 Failla M, Genovese T, Mazzon E, et al. Pharmacological inhibition
of leukotrienes in an animal model of bleomycin-induced acute
lung injury. Respir Res 2006; 7: 137.

21 Phan SH, Kunkel SL. Inhibition of bleomycin-induced pulmonary
fibrosis by nordihydroguaiaretic acid. The role of alveolar
macrophage activation and mediator production. Am J Pathol
1986; 124: 343–352.

22 Chu HW, Trudeau JB, Balzar S, et al. Peripheral blood and airway
tissue expression of transforming growth factor beta by neutro-
phils in asthmatic subjects and normal control subjects. J Allergy
Clin Immunol 2000; 106: 1115–1123.

23 Haribabu B, Verghese MW, Steeber DA, et al. Targeted disruption
of the leukotriene B(4) receptor in mice reveals its role in
inflammation and platelet-activating factor-induced anaphylaxis.
J Exp Med 2000; 192: 433–438.

24 Nakao A, Fujii M, Matsumura R, et al. Transient gene transfer and
expression of Smad7 prevents bleomycin-induced lung fibrosis in
mice. J Clin Invest 1999; 104: 5–11.

25 Clark JG, Dedon TF, Wayner EA, et al. Effects of interferon-gamma
on expression of cell surface receptors for collagen and deposition
of newly synthesized collagen by cultured human lung fibroblasts.
J Clin Invest 1989; 83: 1505–1511.

26 Varga J, Olsen A, Herhal J, et al. Interferon-gamma reverses the
stimulation of collagen but not fibronectin gene expression by
transforming growth factor-beta in normal human fibroblasts. Eur
J Clin Invest 1990; 20: 487–493.

27 Jones KP, Reynolds SP, Capper SJ, et al. Measurement of
interleukin-6 in bronchoalveolar lavage fluid by radioimmuno-
assay: differences between patients with interstitial lung disease
and control subjects. Clin Exp Immunol 1991; 83: 30–34.

28 Gosset P, Lassalle P, Vanhee D, et al. Production of tumor necrosis
factor-a and interleukin-6 by human alveolar macrophages
exposed in vitro to coal mine dust. Am J Respir Cell Mol Biol

1991; 5: 431–436.
29 Saito F, Tasaka S, Inoue K, et al. Role of interleukin-6 in bleomycin-

induced lung inflammatory changes in mice. Am J Respir Cell Mol
Biol 2008; 38: 566–571.

30 Luppi F, Cerri S, Beghe B, et al. Corticosteroid and immunomodu-
latory agents in idiopathic pulmonary fibrosis. Respir Med 2004; 98:
1035–1044.

T. IZUMO ET AL. CELL AND ANIMAL STUDIES

EUROPEAN RESPIRATORY JOURNAL VOLUME 34 NUMBER 6 1451


