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A Long-Acting Prostacyclin Agonist with Thromboxane
Inhibitory Activity for Pulmonary Hypertension

Masaharu Kataoka, Noritoshi Nagaya, Toru Satoh, Takefumi ltoh, Shinsuke Murakami, Takashi lwase,
Yoshinori Miyahara, Shingo Kyotani, Yoshiki Sakai, Kenji Kangawa, and Satoshi Ogawa

Department of Regenerative Medicine and Tissue Engineering and Department of Biochemistry, National Cardiovascular Center Research
Institute; Department of Internal Medicine, National Cardiovascular Center; Ono Pharmaceutical Co., Ltd., Research Headquarters, Osaka;
and Cardiopulmonary Division, Department of Medicine, Keio University School of Medicine, Tokyo, Japan

Rationale: The balance between prostacyclin and thromboxane
plays an important role in the regulation of pulmonary vascular
tone. Recently, we developed ONO-1301, anovel, long-acting prost-
acydin agonist with thromboxane synthase inhibitory activity.
Objectives: We investigated whether modulation of prostacyclin/
thromboxane balance by ONO-1301 ameliorates monocrotaline-
induced pulmonary hypertension in rats.

Methods: After subcutaneous injection of monocrotaline or vehicle,
rats were randomized to receive repeated subcutaneous administra-
tion of ONO-1301 or vehicle twice per day for 3 wk.
Measurements and Main Results: There was significant development
of pulmonary hypertension 3 wk after monocrotaline injection.
Treatment with ONO-1301 significantly attenuated the increases
in right ventricular systolic pressure and ratio of right ventricular
weight to body weight in monocrotaline rats, Furthermore, ONO-
1301 significantly attenuated the increase in medial wall thickness
of peripheral pulmonary arteries in monocrotaline rats. The half-
life of plasma ONO-1301 concentration after a single subcutaneous
administration was approximately 5.6 h. A single administration of
ONO-1301 increased plasma cyclic adenosine 3’, 5'-monophosphate
level, which lasted at least up to 8 h, Treatment with ONO-1301
significantly decreased plasma 11-dehydro-thromboxane B;, a me-
tabolite of thromboxane, in monocrotaline rats. Finally, Kaplan-
Meier survival curves demonstrated that repeated administration of
ONO-1301 improved survival rate in monocrotaline rats compared
with vehicle administration (80 vs. 30% in 6-wk survival).
Conclusions: Subcutaneous administration of a novel prostacyclin
agonist (ONO-1301) markedly attenuated monocrotaline-induced
pulmonary hypertension and improved survival in rats. The benefi-
cial effects of ONO-1301 may occur through its long-lasting stimula-
tion of cyclic adenosine 3', 5’-monophosphate and inhibition of
thromboxane synthase,

Keywords: cAMP; monocrotaline; hemodynamics; vascular remodeling

Pulmonary arterial hypertension is a rare but life-threatening
disease (1, 2). The pathogenesis includes pulmonary vasocon-
striction, endothelial cell proliferation, smooth muscle cell prolif-
eration, and in situ thrombosis (3, 4). Prostacyclin, a metabolite
of arachidonic acid, has vasoprotective effects, including vasodi-
lation, antiplatelet aggregation, and inhibition of smooth muscle
cell proliferation (5-8). Thus, continuous intravenous infusion
of prostacyclin (epoprostenol) has become recognized as a thera-
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peutic breakthrough for pulmonary arterial hypertension (9-16).
The dramatic success of long-term intravenous prostacyclin has
led to the development of prostacyclin analogs (oral beraprost,
aerosolized iloprost, and subcutaneous treprostinil; Figure 1)
(17-20). Nevertheless, treatment with prostacyclin or its analogs
has some problems in the clinical setting. Their duration of acting
is so short that they need to be continuously infused or frequently
administered (9-20). In addition, these compounds failed to in-
hibit thromboxane synthesis during treatment (21).

We developed a new type of prostacyclin agonist, ONO-1301,
which has long-lasting prostacyclin activity and thromboxane
synthase inhibitory activity. Prostacyclin and its analogs are un-
stable because 15-hydroxyprostaglandin dehydrogenase metab-
olizes their prostanoid structures, including a five-membered
ring and allylic alcohol. In contrast, ONO-1301 is chemically
and biologically stable because of the absence of prostanoid
structures. Interestingly, ONO-1301 has thromboxane synthase
inhibitory activity because of the presence of a 3-pyridine radical.
It has been reported that augmented release of thromboxane A,,
which is both a potent pulmonary vasoconstrictor and a procoag-
ulant (22), occurs in patients with pulmonary hypertension (23,
24), The imbalance of thromboxane and prostacyclin is consid-
ered to contribute to the development of pulmonary arterial
hypertension. These findings raise the possibility that administra-
tion of ONO-1301 may have beneficial effects on pulmonary
hemodynamics.

Thus, the purposes of this study were (/) to investigate
whether a single subcutaneous administration of ONO-1301 has
long-lasting prostacyclin activity in rats, (2) to investigate
whether subcutaneous administration of ONO-1301 inhibits
thromboxane synthesis in monocrotaline (MCT)-induced pul-
monary hypertension in rats, (3) to examine whether intermit-
tent subcutaneous ONO-1301 improves pulmonary hemody-
namics and survival in MCT rats, and (4) to elucidate the
underlying mechanisms responsible for the beneficial effects of
this compound.

METHODS

Animals

We used 95 male Wistar rats weighing 100 to 120 g. The rats were
randomly given a subcutaneous injection of either 60 mg/kg MCT (MCT
rats) or 0.9% saline (vehicle) and assigned to receive repeated subcuta-
neous injection of ONO-1301 (Ono Pharmaceutical Co., Ltd., Osaka,
Japan) or vehicle. This protocol resulted in the creation of three groups:
sham rats given vehicle (n = 10), MCT rats given vehicle (n = 10),
and MCT rats treated with ONO-1301 (n = 13). In addition, 20 rats
were studied to evaluate the effect of ONO-1301 on survival in MCT
rats. Furthermore, 42 rats were studied to evaluate the effect of ONO-
1301 on plasma cAMP level (n = 12) and 11-dehydro-thromboxane B,
(TXB,) level (n = 30).

in Vivo Experimental Protocol

After rats were anesthetized by intraperitoneal injection of pento-
barbital (30 mg/kg), they were given a subcutaneous injection of either
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60 mg/kg MCT or vehicle. Then, ONO-1301 (20 mg/kg/d) or vehicle
was injected subcutaneously twice per day for 3 wk after MCT injection.
Animals were maintained on standard rat chow. Hemodynamic studies
were performed on Day 22. A polyethylene catheter (PE-50) was inserted
into the right carotid artery to measure heart rate and mean arterial
pressure. A polyethylene catheter (PE-50) was inserted through the right
jugular vein into the right ventricle (RV) for measurement of RV pressure.
Finally, cardiac arrest was induced by injection of 2 mmol/L. potassium
chloride through the catheter. The ventricles and lungs were excised,
dissected free, and weighed. The ratio of RV weight to body weight
(RV/BW), the ratio of left ventricular plus septal weight to body weight
(LV + S/BW), and the ratio of RV weight to left ventricular plus
septal weight (RV/LV + 8) were calculated as indexes of ventricular
hypertrophy, as reported previously (25). All protocols were performed
in accordance with guidelines of the Animal Care Ethics Committee
of the National Cardiovascular Center Research Institute.

Morphometric Analysis of Pulmonary Arteries

Paraffin sections 4-pm thick were obtained from the middle region of
the right lung and stained with elastic van Gieson for examination by
light microscopy. The external diameter and medial wall thickness of
the pulmonary arteries were measured in 20 muscular arteries (ranging
in size from 25 to 100 pm in external diameter) by two investigators
who were blinded to treatment allocation. For each artery, the medial
wall thickness was expressed as follows: % wall thickness = ([medial
thickness X 2}/external diameter) X 100, as reported previously (26).

Assay for Plasma ONO-1301 Concentration

To estimate the half-life of ONO-1301, we measured plasma ONO-
1301 concentration in rats after a subcutaneous injection (n = 4). Blood
was drawn at 0.25, 0.5, 1, 2, 4, 8, and 24 h after a single subcutaneous
administration of ONO-1301 (10 mg/kg). Plasma ONO-1301 concentra-
tion was measured by liquid chromatography tandem mass spectrome-
try assay.

Assay for Plasma cAMP Level

To investigate whether a single subcutaneous administration of ONO-
1301 has long-lasting prostacyclin activity in rats, we measured plasma
cAMP levels after ONO-1301 injection. Twelve rats were assigned to
receive a single subcutaneous injection of ONO-1301 (10 mg/kg) or
vehicle (n = 6 each). Blood was drawn from the right carotid artery

Q : Five-membered ring
{7+ Aliylic alcohol

{ :‘  Allylic aleohol similar structure
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Figure 1. Molecular structures
of ONO-1301, epoprostenol,
and conventional prostacyclin
analogs (beraprost, iloprost,
and treprostinil). Epoprostenol
and  prostacyclin  analogs
share common characteristic
prostanoid structures, includ-
ing a five-membered ring and
allylic alcohol (blue and yellow
circles). In contrast, ONO-1301
has a carboxylic acid and a
lipid-soluble functional group
that activate the prostacyclin
receptor (green circles), but
does not have prostanoid struc-
tures, which allows long-lasting
prostacyclin  activity. Unlike
epoprostenol and conventional
prostacyclin analogs, ONO-
1301 has thromboxane syn-
thase inhibitory activity be-
cause of a 3-pyridine radical
and carboxylic acid within its
molecule (red circles).

i # Treprostinil

at baseline and 1, 2, 4, 6, and 8 h after ONO-1301 injection. Blood was
immediately transferred into a chilled glass tube containing disodium
ethylenediaminetetraacetic acid (1 mg/ml) and aprotinin (500 U/ml)
and centrifuged immediately. Plasma cAMP levels was measured with
a radioimmunoassay kit (cAMP assay kit; Yamasa Shoyu, Chiba,
Japan), as reported previously (27).

Assay for Plasma 11-dehydro-TXB, Level

To investigate the acute effect of ONO-1301 or prostacyclin (epopros-
tenol) on thromboxane synthesis in MCT rats, we measured plasma
11-dehydro-TXB,, a metabolite of thromboxane A,, after administra-
tion of ONO-1301 (10 mg/kg), epoprostenol, or vehicle (n = 5 each).
Epoprostenol was infused via a polyethylene catheter (PE-50) inserted
into the right jugular vein. Infusion of epoprostenol was begun at 10
ng/kg/min, increased gradually to 150 ng/kg/min over 30 min, escalated
to 300 ng/kg/min over the next 30 min, and held at this dose for 1 h,
as reported previously (21, 28, 29).

To investigate the chronic effect of ONO-1301 on thromboxane
synthesis in MCT rats, we measured plasma 11-dehydro-TXB, after
repeated subcutaneous injection of ONO-1301 (20 mg/kg/d) or vehicle
twice per day for 3 wk (n = 5 each). Blood was drawn from the right
carotid artery and plasma 11-dehydro-TXB, level was measured with
an enzyme immunoassay kit (11-dehydro-TXB, assay kit; Cayman
Chemical Co., Ann Arbor, Ml), as reported previously (30).

Survival Analysis

To evaluate the effect of intermittent subcutaneous administration of
ONO-1301 on survival in MCT rats, 20 rats received repeated injection
of ONO-1301 or vehicle twice per day (n = 10 each). Survival was esti-
mated from the date of MCT injection to the death of the rat or 6 wk
after injection.

Statistical Analysis

All data were expressed as mean * SEM. Comparisons of parameters
among the three groups were made by one-way analysis of variance,
followed by Newman-Keuls' test. Comparisons of the time course of
parameters between the two groups were made by two-way analysis
of variance for repeated measures, followed by Newman-Keuls’ test.
Survival curves were derived by the Kaplan-Meier method and
compared by log-rank test. A value of p < 0.05 was considered statistically
significant.
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RESULTS

Effects of ONO-1301 on Pulmonary Hemodynamics and
Vascular Remodeling

RV systolic pressure was significantly increased 3 wk afier
MCT injection (Figure 2A). However, the increase was signifi-
cantly attennated by subcutaneous administration of ONO-1301
(10 mglkg twice per day). Similarly, the increases in RV/BW
and RV/LV + 8§ in MCT rats were significantly attenuated by
treatment with ONO-1301 (Figures 2B and 2C). There were no
significant differences in heart rate or mean arterial pressure
among the three groups (Table 1).

Representative photomicrographs showed that hiypertrophy
of the puimonary vessel wall after MCT injection was attenuated
in MCT rats treated with ONO-1301 compared with those given
vehicle (Figure 3A). Quantitative analysis demounstrated a sig-
nificant increase in percent wall thickness after MCT injection,
but this change was ameliorated by ONQ-1301 (Figure 3B).

Long-Lasting Activity of GNO-1301

We measured plasma ONO-1301 concentrations afler a Pingle
subcutaneous administration of ONG-1301. The increase in
plastia ONO-1301 concentration reached a peak at 4 h, and the
half-life of plasma ONO-1301 concenlration was approximately
5.6k (Figure 4. 1n addition, a single subcutaneous adminisiration
of ONG-1301 significantly increased plasma cAMP level in rats
(Figure 53 The increase in plasma cAMP level reached a peak
at 6 h and lasted at least up to 8 h after ONO-1301 injection.

TABLE 1,

Sham + Vehicle

No. 10
BW, g 210z 3
Heart rate, bpm 410 + 7
MAP, mim Hg 1223
RV systolic pressure, mm Hg 362
RV/BW, g/kg BW 0 58 = 0.0
RV/LV + S .27 = 0. 01
LV + S/BW, g/kg BW 2,15 * 0.04

1577

Figure 2. Effects of ONO-1301 on
right ventricular (RV) systolic pres-
sure (A), RV weight to body weight
(RV/BW; B), and RV weight to left
ventricular plus septal weight (RV/
LV + §; C) in sham rats given vehi-
cle (sham + vehicle), monocrota-
line (MCT) rats given vehicle
(MCT + vehicle), and MCT rats
treated with ONO-1301 (MCT +
ONO-1301). Dataare mean = SEM.,
*p < 0.05 versus sham + vehicle;
p < 0.05 versus MCT + vehicle.
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These results suggest that subcutaneous administration of ONO-
1301 has long-lasting activity in rats.

inhibitory Effect of ONO-1301 on Thromboxane Synthase

Although administration of prostacyclin (epoprostenol) mark-
edly increased plasma 11-dehydro-TXB; level in MCT rats with
established pulmonary hypertension, ONQO-1301 did not signifi-
cantly increase plasma 11-dehydro-TXB, level, even after bolus
injection {Figure 6A). Plasma 11-dehydro-TXB, level was mark-
edly elevated 3 wk after MCT injection (Figure 6B). However,
3-wk treatment with ONO-1301 significantly attenuated the in-
crease in plasma l1-dehydro-TXB, level in MCT rats.

Survival Analysis

Kaplan-Meier survival curves demonstrated that MCT rats
treated with ONO-1301 had a significantly higher survival rate than
MCT rats given vehicle (80 vs. 30% in 6~wk survival; Figure 7).

DISCUSSION

In the preseni study, we demonstrated that (7) a novel prosta-
cyclin agonist (ONQO-1301) ameliorated the development of
MCT-induced pulmonary hypertension and improved survival
in MCT rats; (2) ONO-1301 had a long half-life of approximately
5.6 b, and a single administration of ONO-1301 caused a long-
lasting increase in plasma cAMP level; and (3) ONO-1301 atten-
uated the increase in plasma 11-dehydro-TXB, level in MCT
rats.

PHYSIOLOGIC PROFILES OF EXPERIMENTAL GROUPS

MCT + Vehicle MCT + ONO-1301

10 13

159 = 13* 176 = 2*
400 = 14 405 £ 16
45 1133

68 £ 4* 47 = 3%
0.0 = 0.05* 0.69 = 0.03%
0.36 = 0.02* 0.30 = 0.011
252 % 012> 2.26 * 0.041

Definition of abbreviations: bpm = beats/minute; BW = body weight; LV -+ S/BW = ratio of left ventricular plus septal weight
to body weight; MAP = mean arterial pressure; MCT = monocrotaling; MCT + ONO-1301, MCT rats treated with ONO-1301;

MCT + Vehicle, MCT rats given vehicle; RV = right ventricular; RV/BW =

ratio of RV weight to body weight; RV/LV + § = ratio

of RV weight to left ventricular plus septal weight; sham + vehicle, sham rats given vehicle.

Data are mean  SEM.
* p < 0.05 versus sham + vehicle,
*p < 0.05 versus MCT + vehidcle.
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Conventional prostacyclin and its analogs need continuous
infusion or frequent administration because of their short dura-
tion of acting. Epoprostenol has a very short half-life (< 6 min),
iloprost has a serum half-life of 20 to 25 min, and the elimination
half-life of beraprost is 35 to 40 min after oral administration
(31). Treprostinil sodium, a stable prostacyclin analog, has been
reported to have a halflife of 4.6 h after cessation of continuous
subcutaneous infusion (32). With regard to cAMP, a second
messenger of prostacyclin and its analogs, it has been reported
that plasma cAMP levels remained increased at 4 b and normal-
ized at 6 h after inhalation of iloprost (33), and that plasma
cAMP levels reached a peak at 30 min and subsequently returned
to baseline levels at Z h after administration of oral beraprost
(27). In our results, the half-life of plasma ONQ-1301 concentra-
tion was approximately 5.6 h, and a single subcutanecus adminis-
tration of ONO-1301 increased plasma cAMP level at least up
to 8 h. Because the method for administration was different
between ONO-1301 and conventional prostacyclin analogs
(compare a subcutaneous single shot of ONO-1301, continuous
intravenous infusion of epoprostenol, continuous subcutaneous
infusion of treprostinil, inhalation of iloprost, and oral adminis-

—

=
ES
:

103 of

Plasma OMO-1301 level (ng/mi)
=Y

10% = T T T T T T
0 4 8 12 16 20 24

Time (liours)

Figure 4. Plasma ONO-1301 concentration after a subcutaneous injec-
tion of this compound.

MCT + ONO-1301

Figure 3. (A)Representative photomicrographs of pe-
ripheral pulmonary arteries 3 wk after MCT injection.
Scale bars = 20 pm. (B) Quantitative analysis of per-
cent wall thickness in peripheral pulmonary arteries,
Data are mean * SEM. *p < 0.05 versus sham +
vehicle; p < 0.05 versus MCT + vehicle,

tration of beraprost), it is difficult to directly compare the lasting
effects of prostacyclin activity of GNO-1301 with that of conven-
tional prostacyclin analogs. Nevertheless, the long hall-life of
ONQO-1301 and long-lasting increases in plasma cAMP levels
indicate that OMNO-1301 exhibits chemical and biologic stability
comparable to that of conventional prostacyclin and its analogs,
ONO-1301 does not contain prostanoid structures such as a
five-membered ring and allylic alcohol, which are subject to
metabolism by 15-hydroxyprostaglandin dehydrogenase. These
may be the reason for the long-lasting activity of GNG-1201. The
present study also demonstrated that repeated administration of
ONQO-1301 twice per day markedly attenuated the development
of MCT-induced pulmonary hypertension, as indicated by sig-
nificant decreases in RV systolic pressure and RV weight, Thus,
intermittent subcutaneous administration of ONO-1301 may be
sufficient for the treatment of pulmonary hypertension.
Thrombozane, produced by endothelial cells and platelets,
has a potent vasoconstrictor effect, smooth muscle mitogenic
property, and platelet aggregation effect (22). Earlier studies

140 1 @~ ONO-1301
—(= Vehicle *

*
E3

Plasma cAMP level (pmol/ml)

40

0t 2 4 6 8
Time (hours)

Figure 5. Changes in plasma cAMP level after a single subcutaneous
administration of ONO-1301 (solid circles) or vehicle (open circles). Data
are mean * SEM. *p < 0.05 versus vehicle.
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have demonstrated impaired prostacyclin synthesis and in-
creased thromboxane production in patients with pulmonary
arterial hypertension, suggesting that imbalance of the release
of thromboxane and prostacyclin plays an important role in the
development of pulmonary hypertension (23, 24). Furthermore,
thromboxane-receptor density is increased in the RV of patients
with pulmonary hypertension (34). Rich and colleagues have
shown that inhibition of thromboxane synthase modestly im-
proves pulmonary hemodynamics in patients with pulmonary
arterial hypertension (35). ONO-1301 has a 3-pyridine radical,
which is known to inhibit thromboxane synthase through interac-
tion with carboxylic acid via a hydrogen bond. In the present
study, plasma 11-dehydro-TXB, level was markedly elevated in
MCT rats. However, treatment with ONO-1301 greatly diminished
its level. Furthermore, in the acute phase, plasma 11-dehydro-TXB,
level in MCT rats did not significantly increase after administra-
tion of ONO-1301, although the plasma level markedly increased
after epoprostenol infusion, which is consistent with the earlier
study of Cuiper and colleagues (21). Therefore, it is possible that
ONO-1301 attenuates MCT-induced pulmonary hypertension
partly via improvement of prostacyclin/thromboxane imbalance.

In the present study, ONO-1301 also attenuated the increase
in medial wall thickness of peripheral pulmonary arteries. Acti-
vation of prostacyclin receptors has been shown to suppress
the growth of vascular smooth muscle cells through a cAMP-
dependent pathway. Thus, ONO-1301 may attenuate the devel-
opment of pulmonary vascular remodeling at least in part via a
cAMP-dependent pathway. Importantly, repeated administra-

100 4

80 4

60 A
—(O~ MCT + Vehicle

401 —@— MCT + ONO-1301

Survival rate (%)

20

T T T T T

0 1 2 3 4 5 6
Time (weeks)

Figure 7. Kaplan-Meier survival curves showing significantly higher sur-
vival rate in MCT -+ ONO-1301 (solid circles) than in MCT + vehicle
(open circles; log-rank test, *p < 0.05).

Chronic cffect
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Figure 6. (A)Acute effects of ONO-1301 and epoprostenol
(PGl,) on plasma 11-dehydro-thromboxane B, (TXB,), a me-
tabolite of thromboxane A, in MCT rats. Data are mean *
SEM. *p < 0.05 versus MCT + vehicle. (B) Chronic effects
of 3-wk treatment with ONO-1301 on plasma 11-dehydro-
TXB, level. Data are mean = SEM. *p < 0.05 versus
sham + vehicle; p < 0.05 versus MCT + vehicle.

MCT

+
ONO-1301

tion of ONO-1301 improved survival in MCT rats compared
with vehicle administration. The increased survival rate in MCT
rats is considered to be associated with the amelioration of pul-
monary hypertension. Thus, intermittent subcutaneous adminis-
tration of ONO-1301 may be an alternative approach for severe
pulmonary hypertension refractory to conventional therapy.

In conclusion, subcutaneous administration of a novel prosta-
cyclin agonist (ONO-1301) markedly attenuated MCT-induced
pulmonary hypertension and improved survival in rats. The
beneficial effects of ONO-1301 may occur through its long-
lasting stimulation of cAMP and inhibition of thromboxane syn-
thase. Thus, administration of this compound may be a promising
therapeutic strategy for the treatment of pulmonary arterial
hypertension.
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Murakami, Shinsuke, Noritoshi Nagaya, Takefumi Itoh, Masa-
aru Kataoka, Takashi Iwase, Takeshi Horio, Yoshinori Miya-
ara, Yoshiki Sakai, Kenji Kangawa, and Hiroshi Kimura. Pros-
tacyclin agonist with thromboxane synthase inhibitory activity (ONO-
301) attenuates bleomycin-induced pulmonary fibrosis in mice. Am J
! Physiol Lung Cell Mol Physiol 290: 1.59-L65, 2006. First published
eptember 9, 2005; doi:10.1152/ajplung.00042.2005.—The balance
between prostacyclin and thromboxane Az (TXA:) plays an important
i role in pulmonary homeostasis. However, little information is avail-
ble regarding the therapeutic potency of these prostanoids for pul-
monary fibrosis. We have recently developed ONO-1301, a novel
ong-acting prostacyclin agonist with thromboxane synthase inhibi-
ory activity. Thus we investigated whether repeated administration of
| ONO-1301 atienuates bleomycin-induced pulmonary fibrosis in mice.
‘ter intratracheal injection of bleomycin or saline, mice were ran-
domized to receive repeated subcutaneous administration of ONO-
301 or vehicle. Bronchoalveolar lavage (BAL) and histological
analyses were performed at 3, 7, and 14 days after bleomycin
ection. In vitro studies vsing mouse lung fibmblasts were also
performed. OMNO-1301 significantly attenuated the development of
ed pulmonary fibrosis, as indicated by significant
! decreases in Ashcroft score and lung hydroxyproline content. ONO-
1301 significantly reduced total cell count, neutrophil count, and total

Z,

e

TXB,. A single administration of ONO-1301 significantly increased
plasma cAMP level for >2 h. In vitro, ONO-1301 and 2 cAMP analog
dose-dependently reduced cell proliferation in mouse lung fibroblasts,
zThe reduction in cell proliferation by ONG-1301 was attenuated by a
 protein kinase A (PKA) inhibitor. Furthermore, bleomycin mice
 treated with ONO-1301 had a significantly higher survival rate than
 those given vehicle. These results suggest that repeated administration
| of ONG-1301 attenuates the development of bleonycin-induced pui-
 monary fibrosis and improves survival in bleomycin mice, at least in
© part by inhibition of TXA, synthesis and aciivation of the cAMP/PKA
pathbway.

adenosine 3',5"-cyclic monophosphate; fibroblast; neutrophil; survival

IDIGPATHIC PULMONARY FIBROSIS (IPF) is a life-threatening dis-
ease characterized by progressive dyspnea and worsening of
pulmonary function (6, 22). The pathological features of IPF
are fibroblast proliferation with increased amounts of extracel-
lular matrix and varying degrees of persistent inflammation of
the alveolar septa (22). Thus a novel therapeutic strategy

Address for reprint requests and other correspondence: N, Nagaya, Dept. of
Regenerative Medicine and Tissue Engineering, National Cardiovascular Cen-
ter Research Inst., 5-7-1 Fujishirodai, Suita, Osaka 565-8565, Japan (e-mail:
unagaya@ri.ncve.go.jp).

http://www.ajplung.org

Prostacyclin agonist with thromboxane synthase inhibitory activity (ONO-
1301) attenuates bleomycin-induced pulmonary fibrosis in mice

Shinsuke Murakami,"> Noritoshi Nagaya,* Takefumi Itoh,> Masaharu Kataoka,! Takashi Iwase,!
Takeshi Horio,? Yoshinori Miyahara,* Yoshiki Sakai,’ Kenji Kangawa,® and Hiroshi Kimura®
"Department of Regenerative Medicine and Tissue Engineering, National Cardiovascular Center Research

Institute, Osaka; 2Second Department of Internal Medicine, Nara Medical University, Nara; *Department of
Internal Medicine, National Cardiovascular Center, Osaka; *Department of Cardiac Physiology, National
Cardiovascular Center Research Institute, Osaka; Ono Pharmaceutical Co., Lid. Research Headquarters,

Osaka; and ®Department of Biochemistry, National Cardiovascular Center Research Institute, Osaka, Japan

Submitted 20 January 2005; accepted in final form 1 September 2005

against these abnormalities may be effective for the treatment
of IPF.

Prostanoids, which are metabolites of arachidonic acid, are
important regulators of pulmonary homeostasis. Prostacyclin
inhibits migration, proliferation, and collagen synthesis in
fibroblasts (14, 29). Conversely, thromboxane A, (TXAy)
promotes fibroblast proliferation, increases pulmonary vascular
permeability, and induces lung inflammation (18, 21, 24).
Interestingly, a recent study has demonstrated that the de-
creased ratio of prostacyclin synthesis to thromboxane synthe-
sis is associated with the development of pulmonary fibrosis
(4). Thus we hypothesized that compounds that regulate the
balance between prostacyclin and TXA, may have beneficial
effects in IPF.

Recently, we have developed a novel nonprostanoid long-
acting prostacyclin agonist possessing a potent inhibitory ac-
tivity against thromboxane synthase, named ONO-1301. Un-
like prostacyclin, ONO-1301 does not possess a five-mem-
bered ring and allylic alcohol in its molecule, which
coniributes to the biological and chemical stability of this
compound. As a result, this compound can be given by sub-
cutaneous administration twice a day. Its inhibitory effect on
thromboxane synthesis is mediated by binding of thromboxane
synthase to 3-pyridine moiety and a carboxylic acid group in
ONO-1301 (30).

Thus the purpose of this study was to investigale whether
modulation of prostacyclin/TXA» balance by ONO-1301 at-
tenuates bleomycin-induced pulmonary fibrosis and improves
survival in bleomycin-injected mice.

METHODS

Animals. We used specific pathogen-free female C57BL/6 mice
weighing 18-20 g. The mice were randomly given intratracheal
injection of either bleomycin (Nippon Kayaku, Tokyo, Japan) or
saline, and assigned to receive repeated administration of ONO-1301
or vehicle. This protocol resulted in the creation of three groups: sham
mice given vehicle (Sham group, n = 34), bleomycin mice given
yehicle (Vehicle group, n = 34), and bleomycin mice treated with
ONO-1301 (ONO-1301 group, n = 34). Twenty-four additional mice
were studied to evaluate the effect of ONO-1301 administration on
survival in bleomycin mice. Twenty-five mice were studied to exam-
ine the effect of ONO-1301 on plasma cAMP. Finally, 15 mice were
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160
used to examine the effects of ONO-1301 on established pulmonary
fibrosis. All protocols were performed in accordance with the guide-
lines of the Animal Care Ethics Committee of the National Cardio-
vascular Center Research Institute.

ONQ-1301. We have recently developed a novel nonprostanoid
Jong-acting prostacyclin agonist possessing a potent inhibitory activ-
ity against thromboxane synthase, {7,8-dihydro-5-[(E)-2-[(c~(3-pyri-
dyhbenzylidene)amino-oxyjethyl]-1-naphtyl-oxy} acetic acid, named
ONO-1301 (Fig. 1). This compound has two interesting structural
features. First, as stated above, unlike prostacyclin, ONO-1301 does
not possess a five-membered ring and allylic alcohol in its molecule.
This structural feature contributes to the biological and chemical
stability of this compound. Second, this compound possesses a 3-pyri-
dine moiety at one end of the molecule and a carboxylic acid group at
the other. The inhibitory effect of ONO-1301 on thromboxane syn-
thesis is mediated by binding of thromboxane synthase to 3-pyridine
moiety and a carboxylic acid group in ONO-1301.

In vivo experimental protocol. After the mice were anesthetized by
intraperitoneal injection of pentobarbital sodium, they were given
intratracheal injection of either bleomyecin (0.02 or 0.03 units/mouse)
dissolved in 50 pl of saline or saline alone. Then, ONO-1301 (6
mg-kg~'+day ') dissolved in 100 1l of saline, or saline was admin-
istered by subcutaneous injection twice a day throughout the experi-
ment., This dose was determined to obtain maximum effects, based on
dose-response experiments. Systolic blood pressure in the conscious
- state was measured by the indirect tail-cuff method with a blood
pressure monitor (MK-2000; Muromachi Kikai, Tokyo, Japan) 0, 30,
60, 120, and 360 min after administration. ONO-130! at a dose of 6
mg-kg~!-day ™! did not influence blood pressure. The mice were
4 maintained under standard conditions with free access to {ood and
water.

The effects of ONC-1301 on pulmonary fibrosis were analyzed by
the following parameters: 1) the severity of pulimonary fibrosis such as
histological examination using the Ashcroft score and lang hy-
droxyproline content on day /4 (0.02 units/mouse), 2) the severity of
acute lung injury such as that reflected in total cell count, differential
2 cell count, and total protein level in bronchoalveolar lavage (BAL)
fluid on day 3 and day 7 (0.02 units/mouse}, 3) TXB, and active
transforming growth factor-B1 (TGF-81) levels in BAL fluid on day
3 and day 7 (0.02 units/mouse), 4) intracellular adhesion molecule-i
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) expres-
sion in whole fung tissue on days 3 and 7 (0.02 units/mouse), and 5)
the survival rate on day 2/ (0.03 units/mouse).

Finally, to investigate the effects of ONQO-1301 on established

Fig. 1. Molecular structures of ONO-1301 and prosta-
cyclin, Unlike prostacyclin, ONO-1301 does not possess
a 5-membered ring and allylic aicohol, which contrib-
utes to the biological and chemical stability of this
compound. ONO-1301 possesses a 3-pyridine moiety at
1 end of the molecule and a carboxylic acid group at the
other, which contribute to inhibition of thromboxane
synthesis. Green circle indicates prostacyclin activity;
red circle indicates thromboxane synthase inhibitory
activity; blue circle indicates S-membered ring; orange
circle indicates allylic alcohol.

O

ONQO-1301

(3 Prostacyclin activity

Thromboxane synthase
inhibitory activity

ROLE OF PROSTACYCLIN AND TXAz IN.PULMONARY FIBROSIS

injection of either bleomycin or saline. ONO-1301 or saline was
administered from day 14 to 28 (Sham, Vehicle, and ONO-1301
groups, 1 = 5 each). These mice were evaluated on day 28.

BAL analysis. Total and differential cell counts in BAL fluid were
determined as described previously (n = 5 each) (20). The supernatant
of BAL fluid was used for the measurement of total protein, TXB,
which is a stable metabolite of TX Ay, and active TGF-B1 levels. The
total protein level was measured by Bradford assay (Bio-Rad, Tokyo,
Japan). The TXB; level was measured with an enzyme immunoassay
kit (Cayman Chemical, Ann Arbor, MI). The active TGF-31 level was
measured with a mouse TGF-1 ELISA kit (R&D Systems, Minne-
apolis, MN).

Histological examination. The right lung was fixed by inflation
with 4% paraformaldehyde and embedded in paraffin (n = 5 each).
Sections 4 um thick were stained with hematoxylin-eosin. The Ash-
croft score was used for semiquantitative assessment of fibrotic
changes (1). The severity of fibrotic changes in each histological
section of the lung was assessed as the mean score of severity from
observed microscopic fields. Thirty fields in each section were ana-
lyzed. Grading was performed in a blinded fashion by three observers,
and the mean was taken as the fibrosis score.

Measurement of hydroxyproline content. To quantify lung collagen
content as an indicator of pulmonary fibrosis, the hydroxyproline
content in the lung was measured in each group according to the
previously described method (n = 5 each) (20), The left lung was
quick-frozen and kept at —80°C until the assay. After the lung was
homogenized, the suspension was hydrolyzed with 0.5 ml of 12 N
hydrochloric acid for 20 h at 100°C. After neatralization, a 0.1 mi
aliquot of supernatant was mixed in 1.5 ml of 0.3 N lithium hydroxide
solution, The hydroxyproline content was analyzed by high-perfor-
mance chromatography.

Quantification of ICAM-1 and VCAM-1 expression by ELISA. We
investigated the effect of ONO-1301 on ICAM-1 and VCAM-1,
which are key molecules in leukocyte migration info lung tissues,
expression in the bleomycin-treated lung. The treated lungs were
quick-frozen and kept at —~80°C until the assay. The lungs were
homogenized in [.5 m! of saline. The homogenates were centrifuged
at 2,000 g for 10 min at 4°C, and the supernatanis were assayed for
[CAM-1 and VCAM-1 concentrations by ELISA kits (R&D Systeins).

Measurement of cAMP level. To evaluate the effect of ONO-1301
on plasma cAMP, normal mice were assigned o receive a single
administration of ONO-1301 (3 mg/kg). Blood samples were obtained
0, 30, 60, 120, and 360 min after administration and were immediately
transferred into a chilled glass tube containing disodium EDTA (1
mg/ml) and aprotinin (500 U/ml) and centrifuged immediately at 4°C

Prestacyclin

C) Five-membered ring

() Aliylic alcohol
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Table 1. Physiological profiles of three experimental groups

Sham Vehicle ONO-1301
8 8 8
Body weight, g 22102 19.3+0.6% 21.8%0.47
Lung weight/body weight, mg/g 5.8+0.1 14.8*=1.7* 9.4x0.5%

Data are means * SE. These measurements were performed at 14 days after
leomycin injection. Sham, sham mice given vehicle; Vehicle, bleomycin mice
iven vehicle; ONO-1301, bleomycin mice treated with ONO-1301; *P <
.05 vs. Sham group; TP < 0.05 vs. Vehicle group.

n = 5 each), The plasma cAMP level was measured with a radio-
mmunoassay kit (Yamasa Shoyu, Chiba, Japan) as described previ-
ously (13).

Survival analysis. To evaluate the effect of ONO-1301 on survival
n bleomycin-injected mice, 24 mice received repeated administration
of ONO-1301 (n = 12) or vehicle (n = 12) for 21 days. Survival was
estimated from the date of bleomycin injection to the death of the
mouse or 21 days after injection,

In vitro study. Mouse lung fibroblasts were isolated from lung
issue by mincing and enzymatic digestion with collagenase type III
10 mg/lung; Worthington Biochemical, Lakewood, NJ) for 80 min at
7°C, as reported previously (11). Cell suspension was filtered
hrough 70-pm filters (BD Biosciences, Mountain View, CA). Then,
hese cells were centrifuged, washed, and cultured in complete me-
dium composed of DMEM (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal calf serum (FCS, Invitrogen) and 1% penicillin-
streptomycin (Invitrogen). Fibroblasts were used after the first cell
passage. To evaluate the effect of ONO-1301 on intracellular cAMP,
mouse lung fibroblasts grown in 24-well plates were incubated with
various concentrations of ONO-1301 in the presence of 5 X 1074 M
3-isobutyl-1-methylxanthine (Nacalai Tesque, Kyoto, Japan), a phos-
phodiesterase inhibitor (n = 8 each), for 10 min. The intracellular
cAMP level was measured with a radioimmunoassay kit as described
previously (10). The effects of ONO-1301 and 8-bromo cAMP
(Sigma, St. Louis, MO), a cAMP analog, on cell proliferation were
assessed using a CellTiter 96 aqueous one solution cell proliferation
assay kit (Promega, Madison, WI) according to the manufacturer’s
directions (n = 8 each). Cells were treated for 48 h with fresh medinm
containing 2.5% FCS along with various concentrations of ONO-1301

Asheroft score

Sham  Vehicle ONO-1301

Sham  Vehicle ONO-1301
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or 8-bromo cAMP. The effect of ONO-1301 (107¢ M) on cell
proliferation in the presence of a myristoylated protein kinase A
(PKA) inhibitor (107¢ M) (Protein Kinase A Inhibitor 14-22 Amide,
Cell-permeable, Myristoylated; Calbiochem, Cambridge, MA) was
also evaluated. Finally, to investigate the underlying mechanism
responsible for regulation of cell proliferation, mouse lung-derived
fibroblasts were treated with various concentrations of imidazole
(Wako Pure Chemical Industries, Osaka, Japan), a thromboxane
synthesis inhibitor, or beraprost sodium (Cayman Chemical), a stable
prostacyclin analog.

Statistical analysis. All data are expressed as means * SE unless
otherwise indicated. Comparisons were made by one-way ANOVA
followed by Newman-Keuls test. Survival curves were derived by the
Kaplan-Meier method and compared by log-rank test. A value of P <
0.05 was considered statistically significant.

RESULTS

Physiological profiles. The physiological profiles of the
three experimental groups are shown in Table 1. Body weight
was significantly lower in bleomycin mice given vehicle (Ve-
hicle group) than in normal mice given vehicle (Sham group).
However, a significant decrease in body weight was not ob-
served in bleomycin mice treated with ONO-1301 (ONO-1301
group). Bleomycin injection significantly increased wet lung
weight to body weight ratio. However, the increase was sig-
nificantly attenuated by treatment with ONO-1301.

Inhibition of pulmonary fibrosis. The normal alveolar struc-
ture was maintained in the Sham group (Fig. 24). Fourteen
days after bleomycin injection, the alveolar walls were thick-
ened and the air spaces were collapsed in the Vehicle group. In
contrast to the findings in mice treated with bleomycin alone,
pulmonary fibrosis was less severe in the ONO-1301 group.
Semiquantitative assessment by the Ashcroft score demon-
strated that the degree of pulmonary fibrosis in the ONO-1301
group was significantly lower than that in the Vehicle group
(Fig. 2B). The hydroxyproline content in the lung was signif-
icantly increased after bleomycin injection (Fig. 2C). However,

Fig. 2. A: representative photomicrographs of
lung tissue at 14 days after bleomycin injection.
Bleomycin-induced pulmonary fibrosis was at-
tenuated by treatment with ONO-1301. Hema-
toxylin-eosin stain; magnification X100, B:
semiquantitative analyses of lung tissue using
the Ashcroft score, a marker for pulmonary fi-
brosis. C: effect of ONO-1301 administration on
hydroxyproline content in left lung of bleomy-
cin-injected mice. Data are means £ SE. *P <
0.05 vs, Sham group; TP < 0.05 vs. Vehicle
group.
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Total cells (x 10%mouse)
b2

g. 3. Effects of ONO-1301 administration
on total and differential cell counts (macro-
phages, C; lymphocytes, D) in bronchoal-
veolar lavage (BAL) fluid at 3 and 7 days
after bleomycin injection. ONO-1301 signif-
icantly inhibited the increases in total cell
count at 7 days (A) and neutrophil count at 3

ROLE OF PROSTACYCLIN AND TXAz IN PULMONARY FIBROSIS

[C] Normal mice given vehicle
B Bleomycin mice given vehicle
Bleomycin mice given ONO-1301

#

Neutrophils (x 104mouse) &0
N

and 7 days (B) after bleomycin injection. E:
effect of ONO-1301 administration on total
protein level in BAL fluid at 3 and 7 days
after bleomycin injection. ONO-1301 signif-
icantly inhibited the increase in total protein
level in BAL fluid. Data are means = SE.
*P < 0.05 vs. Sham group, TP < 0.05 vs.
Vehicle group.

Da 3

Macrophages (x 105/mouse) )
ot

subcutaneous administration of ONO-1301 significantly de-
creased the hydroxyproline content in bleomycin-injected mice.
Attenuation of lung inflammation. The recovery rate of BAL
fluid was >85% in all groups. Total and differential cell counts
were increased at 3 and 7 days after bleomycin injection (Fig.
3, A-D). However, subcutaneous administration of ONO-1301
significantly attenuated the increases in total cell count at 7
days and neutrophil count at 3 and 7 days after bleomycin
injection. ONO-1301 administration tended to attenuate the
increases in macrophage and lymphocyte counts, although
these changes did not reach statistical significance. The total
protein level was significantly increased at 3 and 7 days after
bleomycin injection (Fig. 3E). However, the increase was
significantly inhibited by ONO-1301.

[l
=
I}

Fig. 4. A: effect of ONO-1301 administration on
thromboxane B, (TXB,) level in BAL fluid at 3 and 7
days after bleomycin injection. ONO-1301 markedly
inhibited the increase in TXB2 level in BAL fluid. Data
are means * SE. Effects of ONO-1301 administration
on ICAM-1 (B) and VCAM-1 (C) levels in lung tissue
at 3 and 7 days atter bleomycin injection. *P < 0.05 vs.
Sham group, tP < 0.05 vs. Vehicle group.

EN =N
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TXB, level in BAL fluid (pg/ml) »
=
I

<
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Day 7‘

[1 Normal mice given vehicle
Bl Bleomycin mice given vehicle
Bieomycin mice given ONO-1301
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Total protein (mg/ml) =

Inhibition of thromboxane synthesis. The TXB, level in
BAL fluid was significantly increased at 3 and 7 days after
bleomycin injection (Fig. 44), suggesting a pathological role of
thromboxane in bleomycin-injected mice. Subcutaneous ad-
ministration of ONO-1301 markedly inhibited the increase in
TXB; level. The active TGF-B1 level in BAL fluid was
significantly increased at 7 days after bleomycin injection
(Sham group, 148 * 6; Vehicle group, 251 * 8; ONO-1301
group, 238 = 9 pg/ml). ONO-1301 did not significantly alter
the active TGF-B1 level in BAL fluid.

Inhibitory effect of ONO-1301 on ICAM-1 and VCAM-I
expression. The lung ICAM-1 and VCAM-1 levels were
significantly increased at 3 and 7 days after bleomycin
injection (Fig. 4, B and C). ONO-1301 administration sig-

80600

6000 =

%

ICAM-1level &3
in lung tissue (ng/ml)

@)

VCAM-1level
in lung tissue (ng/ml)

” Day 7
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nificantly attenuated the increases in ICAM-1 and VCAM-1
levels.

Activation of the cAMP/PKA pathway. A single subcutane-
us administration of ONO-1301 significantly increased
plasma cAMP level (Fig. 5A). The increase lasted longer than
2 h. In vitro, GNO-1301 dose-dependently increased intracel-
ular cAMP level in mouse lung fibroblasts (Fig. 5B). ONO-
301 significantly reduced proliferation of mouse lung fibro-
 blasts at concentrations of 1077 M or greater, and this inhibi-
| tory effect was attenuated by a PKA inhibitor (Fig. 5C). The
eduction in cell proliferation by ONO-1301 was reproduced
by 8-bromo cAMP (Fig. 5D). Beraprost sodium (1077 M)
significantly reduced fibroblast proliferation (86% of control).
However, imidazole at different concentrations (107107 M)
fid not significantly regulate cell proliferation.

Survival analysis. Kaplan-Meier survival curves demon-
strated that bleomyecin mice treated with ONO-1301 had a
significantly higher survival rate than those given vehicle (75

's, 33% 21-day survival, log-rank test, P < 0.05, Fig. 6).

QONQO-1301 or vehicle admigistration

106 z g, ONO-1301 group

o (n=12)
§ g0 é%
] Yehicie group
® 60 =12
= e=12 P <0.05
&
B a0
ot
=
AR THIES

0 -

I 1 | 1 i I ! i
0 3 6 9 12 15 8 21
Time (days)
Fig. 6. Kaplan-Meier survival curves, Bleomycin mice treated with ONO-

1301 (@) had a significantly higher survival rate than those given vehicle (0)
(log-rank test, P < 0.05).
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0 10° 10 107 10°
ONO-1301 concentration (M)

s

Fig. 5. A: time course of plasma cAMP level after a
single subcutaneous administration of ONO-1301. B:
dose-dependent effects of ONO-1301 on intracellular
¢AMP level. C: effect of ONO-1301 on fibroblast pro-
liferation. ONO-1301 significantly reduced cell prolif-
eration at concentrations of 1077 M or greater, and this
inhibitory effect was attenuated by a protein kinase A
(PKA) inhibitor, D: effect of 8-bromo cAMP on fibro-
blast proliferation. Data are means * SE. *P < 0.05 vs,
Control.

0 106 10 10 1073
8-Bromo cAMP (M)

Delayed therapy. There were no significant differences in
Ashcroft score and lung hydroxyproline content between the
Vehicle group and ONO-1301 group at 28 days after bleomy-
cin injection (data not shown).

BISCUSSION

In the present study, we demonstrated that 1) repeated
subcutaneous administration of ONG-1301 attenuated the de-
velopment of bleomycin-induced pulmonary fibrosis, as indi-
cated by decreases in Ashcroft score and lung hydroxyproline
content, 2) ONO-1301 attenuated the increases in total cell
count, neutrophil count, and total protein level in BAL fluid,
and 3) ONO-1301 increased the survival rate in bleomycin-
injected mice. We also demonstrated that 4) ONO-1301 de-
creased the TXB, level in BAL fluid and inhibited ICAM-1
and VCAM-1 expression in the bleomycin-treated lung, and 5)
ONO-130! inhibited lung fibroblast proliferation through ac-
tivation of the cAMP/PKA pathway.

The balance between prostacyclin and TXA, plays an im-
portant role in pulmonary homeostasis. However, little infor-
mation is available regarding the therapeutic potency of these
prostanoids for pulmonary fibrosis. Recently, we have devel-
oped ONO-1301, a novel nonprostanoid long-acting prostacy-
clin agonist possessing a potent inhibitory activity against
thromboxane synthase. Thus this compound was administered
by subcutancous injection twice a day.

Bleomycin induces lung inflammation followed by fibrosis
when intratracheally injected in experimental animals (27). In
the present study, subcutaneous administration of ONO-1301
significantly attenuated bleomycin-induced increases in total
cell counts, neutrophil counts, and total protein level in BAL
fluid. Barlier studies have shown that TXA; acts as a proin-
flammatory mediator via enhancement of pulmonary vascular
permeability (18, 24) and neuatrophil adhesion (33). In the
present study, TXB, a stable metabolite of TXAz, was signif-
icantly increased after bleomycin injection, which is consistent
with previous studies (2, 8). However, ONO-1301 markedly
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inhibited the increase in TXB; level in BAL fluid. Thus one of
the possible mechanisms by which ONO-1301 attenuates lung
nflammation may be mediated by inhibition of TXA, synthe-
sis. A recent study has shown that a TXA, receptor agonist
enhances the expression of adhesion molecules by human
vascular endothelial cells (12). In the present study, ONO-1301
significantly inhibited ICAM-1 and VCAM-1 expression in
the bleomycin-treated lung. Adhesion molecules including
ICAM-1 and VCAM-1 have been shown to contribute to
bleomycin-induced pulmonary fibrosis by mediating the
accumulation of leukocytes (9, 16, 19, 23). These findings
suggest that ONO-1301 may attenuate lung inflammation at
east in part through inhibition of ICAM-1 and VCAM-1
expression.
. Lung fibroblasts play an important role in the development
of fibrosis in the lung (22, 25, 31). Prostaglandins are known to
have various functions on lung fibroblasts via an elevation of
ntracellular cAMP level (3, 14-17). In the present study, a
single subcutaneous administration of ONO-1301 significantly
ncreased plasma cAMP level in mice. In vitro studies demon-
strated that ONO-1301 dose-dependently increased intracellu-
ar cAMP level in mouse lung fibroblasts and that this com-
pound dose-dependently inhibited {ibroblast proliferation. The
nhibitory effect of ONO-1301 was reproduced by &-bromo
cAMP, a cAMP analog, and attenuated by a PKA inhibitor.
These results suggest that ONO-1301 directly inhibits fibro-
2 blast proliferation at least in part through activation of the
cAMP/PKA pathway. Dussaubat et al. (5) have demonstrated
hat imidazole, a thromboxane synthesis inhibitor, decreases
bleomycin-induced acute lung inflammation, but it dees not
affect pulmonary fibrosis af later points, In the present study, a
prostacyclin analog, but not a thromboxane synthesis inhibitor,
significantly reduced fibrohlast proliferation. These results sug-
gest that the inhibitory effect of ONO-13G1 on fibroblast
proliferation may be mediated mainly by its prostacyelin-like
activity. TGF-(3, especially TGF-1 plays an important role in
he pathogenesis of pulmenary fibrosis (7, 26, 32). In the
present study, ONO-1301 did not significantly alter the active
TGF-(31 level in BAL fluid. Previous studies have shown that

a prostacyclin agonist suppresses TGF-B-induced connective
issue growth factor, a potent profibrotic mediator, expression
n part through activation of the cAMP/PKA pathway (28, 29).
Thus it is interesting to speculate that OMO-1301 attenuated
he development of pulmenary fibrosis through suppression of
connective tissue growth factor.

In the present study, ONO-1301 significantly improved
urvival in bleomycin-injected mice. ONO-1301 inhibited lung
nflammation and lung fibroblast proliferation. As a result,
ONO-1301 may have beneficial effects on survival in bleomy-
cin-injected mice. Unfortunately, we could not observe signif-
cant differences in fibrotic changes between the Vehicle group
and ONO-1301 group when we administered ONQ-1301 after
fibrosis was established. These results imply that ONO-1301
may be insufficient to reverse established pulmonary fibrosis.
In conclusion, subcutaneous administration of ONO-1301, a
novel long-lasting prostacyclin agonist, attenuated the devel-
opment of bleomycin-induced pulmonary fibrosis and im-
proved survival in mice. The beneficial effects were mediated
at least in part by inhibition of TXA; synthesis and activation

of the cAMP/PKA pathway. Thus administration of this com-

64 ROLE OF PROSTACYCLIN AND TXA; IN-PULMONARY FIBROSIS

pound may be a new therapeutic strategy for the treatment of
pulmonary fibrosis.
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Transplantation of Mesenchymal Stem Cells
Improves Cardiac Function in a Rat Model of
Dilated Cardiomyopathy

Noritoshi Nagaya, MD; Kenji Kangawa, PhD; Takefumi Itoh, MD; Takashi Iwase, MD;
Shinsuke Murakami, MD; Yoshinori Miyahara, MD; Takafumi Fujii, MD; Masaaki Uematsu, MD;
Hajime Ohgushi, MD; Masakazu Yamagishi, MD; Takeshi Tokudome, MD; Hidezo Mori, MD;
Kunio Miyatake, MD; Soichiro Kitamura, MD

Background—Pluripotent mesenchymal stem cells (MSCs) differentiate into a variety of cells, including cardiomyocytes
and vascular endothelial cells. However, little information is available about the therapeutic potency of MSC
transplantation in cases of dilated cardiomyopathy (DCM), an important cause of heart failure.

Methods and Results—We investigated whether transplanted MSCs induce myogenesis and angiogenesis and improve
cardiac function in a rat model of DCM. MSCs were isolated from bone marrow aspirates of isogenic adult rats and
expanded ex vivo. Cultured MSCs secreted large amounts of the angiogenic, antiapoptotic, and mitogenic factors
vascular endothelial growth factor, hepatocyte growth factor, adrenomedullin, and insulin-like growth factor-1. Five
weeks after immunization, MSCs or vehicle was injected into the myocardium. Some engrafted MSCs were positive for
the cardiac markers desmin, cardiac troponin T, and connexin-43, whereas others formed vascular structures and were
positive for von Willebrand factor or smooth muscle actin. Compared with vehicle injection, MSC transplantation
significantly increased capillary density and decreased the collagen volume fraction in the myocardium, resulting in
decreased left ventricular end-diastolic pressure (111 versus 161 mm Hg, P<<0.05) and increased left veniricular
maximum dP/dt (6767+323 versus 5138280 mm Hg/s, P<0.05).

Conclusions—MSC transplantation improved cardiac function in a rat model of DCM, possibly through induction of
myogenesis and angiogenesis, as well as by inhibition of myocardial fibrosis. The beneficial effects of MSCs might be
mediated not only by their differentiation into cardiomyocytes and vascular cells but also by their ability to supply large
amounts of angiogenic, antiapoptotic, and mitogenic factors. {Circulation. 2005;112:1128-1135.)
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Despite advances in medical and surgical procedures,
congestive heart failure remains a leading cause of
cardiovascular morbidity and mortality.! Idiopathic dilated
cardiomyopathy (DCM), a primary myocardial disease of
unknown etiology characterized by a loss of cardiomyocytes
and an increase in fibroblasts, is an important cause of heart
failure.? Although myocyte mitosis and the presence of
cardiac precursor cells in adult hearts have recently been
reported,® the death of large numbers of cardiomyocytes
results in the development of heart failure. Thus, restoring
lost myocardium would be desirable for the treatment of
DCM.

Mesenchymal stem cells (MSCs) are pluripotent, adult
stem cells residing within the bone marrow microenviron-

ment.4 In contrast to their hematopoietic counterparts, MSCs
are adherent and can be expanded in culture. MSCs can
differentiate not only into osteoblasts, chondrocytes, neurons,
and skeletal muscle cells but also into vascular endothelial
cells’ and cardiomyocytes.®7 In vitro, MSCs can be induced
to differentiate into beating cardiomyocytes by 5-azacytidine
treatment.? In vivo, MSCs directly injected into an infarcted
heart have been shown to induce myocardial regeneration and
improve cardiac function.® In addition, MSC implantation
induces therapeutic angiogenesis in a rat model of hindlimb
ischemia through vascular endothelial growth factor (VEGF)
production by MSCs.101! Myocardial blood flow abnormali-
ties, even in the presence of angiographically normal coro-
nary arieries, have been documented in patients with DCM. 12
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