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REIRF- (HGF) | 1fn. & P9 Rz f e B 5 (R -7 (VEGF-A)
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1. FSCHEE
1) A sustained-release drug-delivery
system of synthetic prostacyclin agonist,
ONO-1301SR: a new reagent to enhance
cardiac tissue salvage and/or regeneration
in the damaged heart.Satsuki Fukushima -
Shigeru Miyagawa -Yoshiki Sakai - Yoshiki
Sawa. Heart Fail Rev DOI
10. 1007/s10741-015-9477-8 (2015)
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Abstract Cardiac failure is a major cause of mortality and
morbidity worldwide, since the standard treatment for car-
diac failure in the clinical practice is chiefly to focus on
removal of insults against the heart or minimisation of ad-
ditional factors to exacerbate cardiac failure, but not on re-
generation of the damaged cardiac tissue. A synthetic
prostacyclin agonist, ONO-1301, has been developed as a
long-acting drug for acute and chronic pathologies related to
regional ischaemia, inflammation and/or interstitial fibrosis
by pre-clinical studies. In addition, poly-lactic co-glycolic
acid-polymerised form of ONO-1301, ONO-1301SR, was
generated to achieve a further sustained release of this drug
into the targeted region. This unique reagent has been shown
to act on fibroblasts, vascular smooth muscle cells and en-
dothelial cells in the tissue via the prostaglandin IP receptor
to exert paracrinal release of multiple protective factors,
such as hepatocyte growth factor, vascular endothelial
growth factor or stromal cell-derived factor-1, into the ad-
jacent damaged tissue, which is salvaged and/or regenerated
as a result. Our laboratory developed a new surgical ap-
proach to treat acute and chronic cardiac failure using a
variety of animal models, in which ONO-1301SR is directly
placed over the cardiac surface to maximise the therapeutic
effects and minimise the systemic complications. This re-
view summarises basic and pre-clinical information of
ONO-1301 and ONO-1301SR as a new reagent to enhance
tissue salvage and/or regeneration, with a particular focus on
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the therapeutic effects on acute and chronic cardiac failure
and underlying mechanisms, to explore a potential in
launching the clinical study.

Keywords Prostacyclin agonist - Surgical regeneration
therapy - Drug delivery system - Translational research -
Preclinical studies

Abbreviations

ANP Atrial natriuretic peptide
bFGF Basic fibroblast growth factor
BM Bone marrow

cAMP Cyclic adenosine monophostate
GLP Good laboratory practice

HGF Hepatocyte growth factor
HUVEC Human umbilical vein endothelial cell
LV Left ventricle

MI Myocardial infarction

NHDF Normal human dermal fibroblast
PAH Pulmonary arterial hypertension
PLGA Poly-lactic co-glycolic acid

SDF Stromal cell-derived factor

TGF Transforming growth factor
VEGF Vascular endothelial growth factor
Introduction

Cardiac failure is the major cause of mortality and mor-
bidity worldwide [1]. Since cardiac tissue has a limited
regenerative capacity, any insults against the heart cause an
irreversible myocardial damage dependent upon nature and
magnitude of the insult, consequently inducing acute and/
or chronic cardiac failure. Current standard to treat cardiac
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failure is therefore to focus on removal of the insult itself,
such as reperfusion of the ischaemic tissue or struc-
tural/physiological correction by catheter and/or surgical
interventions [2], or minimisation of the additional factors
to exacerbate the myocardial damage, such as inhibition of
renin—angiotensin-aldosterone system [3, 4] or sympa-
thetic nerve activities [5, 6]. Nonetheless, treatment of
cardiac failure is not fully established [7], indicating that it
may be therapeutically effective to target on different
mechanisms underlying development of cardiac failure,
such as enhancement of cardiac tissue salvage and/or re-
generation [5].

It has been shown that cardiac-targeted gene transduc-
tion of pro-angiogenic/anti-inflammatory factors, such as
hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGF) or stromal cell-derived factor
(SDF)-1, enhances up-regulation of these factors in the
myocardium to contribute to tissue salvage and/or regen-
eration, consequently inducing functional recovery in an
array of the animal models of cardiac failure [8]. Moreover,
transplantation of somatic tissue-derived stem/progenitor
cells into the heart, such as bone marrow or skeletal
muscle-derived cells, persistently induces up-regulation of
the pro-angiogenic/anti-inflammatory factors in the my-
ocardium, contributing to functional recovery [9, 10]. It
was thus warranted that any treatments targeting intramy-
ocardial up-regulation of pro-angiogenic/anti-inflammatory
factors would be promising to enhance myocardial salvage
and/or regeneration. In clinical studies, feasibility, safety
and therapeutic efficacy of the somatic tissue-derived cell
transplantation therapy was established for cardiac failure;
however, this treatment has failed to gain a status as the
standard in the clinical practice to date for a variety of
potential reasons [9, 11]. Firstly, reported magnitude of
therapeutic effects is modest, potentially related to limited
retention/survival of the transplanted cells and/or limited
regeneration capacity of the targeted cardiac tissue [10,
12]. Secondly, additional processes to prepare the cells are
required in the routine clinical practice, which would not
overweigh the therapeutic benefits expected by the cell
transplantation therapy. It is therefore theorised that “the
shelf-stored drug” which has similar therapeutic effects to
the cell transplantation therapy would be more widely used,
potentially accepted as the standard, regeneration-based
therapy for cardiac disease in the clinical practice [13].

Prostaglandins and their derivatives are endogenous au-
tacoids produced by cyclooxygenase-related arachidonic
acid cascade, contributing to vasodilatation [14], inhibition of
platelet aggregation or anti-inflammation [15] in response
against local tissue damage. Of a variety of synthetic agonists
or antagonists of this cascade that were developed as a
drug, ONO-1301 (7,8-dihydro-5-[(E)-[[a-(3-pyridyl)-benzyli-
dene]aminooxy]ethyl]-1-naphthyloxyJacetic acid) was
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synthesised as a small molecular weight compound having
prostacyclin IP receptor agonistic and thromboxane A2
synthase inhibitory activities (Fig. 1) [16-19]. ONO-1301
was initially developed as an anti-platelet drug; however, a
number of the basic studies including those from our
laboratory documented that a very small dose of ONO-1301
activates endothelial cells, vascular smooth muscle cells and
fibroblasts to release multiple pro-angiogenic/anti-inflam-
matory factors from their cytoplasm [16, 20-23]. In addition,
ONO-1301 has several theoretical advantages as a drug over
other synthetic prostaglandin agonists, such as beraprost,
epoprostenol, iloprost or treprostinil, since ONO-1301 has
been shown to exert long-lasting prostacyclin activities [16,
24, 25]. Moreover, poly-lactic co-glycolic acid (PLGA)-
polymerised form of ONO-1301, ONO-1301SR, was de-
veloped to achieve a sustained-release ONO-1301-delivery-
system [16, 25]. This review summarises information and
knowledge regarding to ONO-1301 and ONO-1301SR as a
tissue regeneration-based drug for cardiac disease and pro-
poses prospect of ONO-1301 for new drug in chronic
pathologies.

Pharmacological activity of ONO-1301
and development of ONO-1301SR

ONO-1301 is prostacyclin IP receptor agonist with a
thromboxane A2 synthase inhibitory activity. ONO-
1301SR is a PLGA-polymerised ONO-1301 to achieve a
sustained-release system [23]. These products have been
shown to have therapeutic effects on a variety of cardiac
pathologies via cytokines-induced salvage and/or regen-
eration of damaged cardiac tissue. This section documents
characteristics and pharmacological activity of ONO-1301
and ONO-1301SR in vitro. In addition, other prostaglandin
agonists under development are discussed in comparison
with ONO-1301.

Characteristics of ONO-1301

ONO-1301 is a synthetic prostacyclin IP receptor agonist
lacking the typical prostanoid structures, including a five-
membered ring and allylic alcohol, which are rapidly
metabolised by 15-hydroxyprostaglandin dehydrogenase
in vivo (Fig. 1) [16]. It is thus indicated that ONO-1301 is a
chemically stable structured prostacyclin agonist. In addi-
tion, ONO-1301 has a 3-pyridine radical to exert a throm-
boxane A2 synthase inhibitory activity, which induces an
intrinsic prostaglandin 12 synthesis-promoting effect to
augment the IP receptor agonistic activity [16]. Therefore,
this unique structure of ONO-1301 has been shown to pro-
duce a long-lasting prostacyclin activity with little drug re-
sistance compared to other prostacyclin agonists used in the
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Fig. 1 Prostacyclin has the
prostanoid structure including a
five-membered ring (indicated

as blue circle) and an allylic OH

alcohol (indicated as orange
circle), which are rapidly
metabolised in vivo. In contrast,
a synthetic selective agonist of
prostacyclin, ONO-1301, lacks
the prostanoid structure, while
this reagent has the structure
having a thromboxane A2
inhibitory activity (indicated as
purple circle). Other selective .
prostacyclin agonists, such as i
iloprost or beraprost, have the
prostanoid structure (indicated
as blue and orange circles)
without thromboxane A2
inhibitory activity

clinical settings [24], proposing the advantage of this new
drug for acute and chronic pathologies that are related to
ischaemia, inflammation and/or fibrosis. In addition, it was
reported that ONO-1301 is inactivated by oxidation in the
liver within 3-4 h [24], indicating a wide utility of this
product as a drug in the clinical settings.

Pharmacological activity of ONO-1301

It has been shown that ONO-1301 agonises the IP receptor
expressed in a variety of the cells, such as fibroblast, vas-
cular smooth muscle cell or endothelial cell, to up-regulate
expression of multiple factors, such as VEGF, HGF or
SDF-1, in vitro [16]. The effects of ONO-1301 as a cy-
tokine inducer were shown to be mediated at least in part
by elevation of intracellular cyclic adenosine monophos-
phate (cAMP) [16, 26]. In addition, extracellularly released
factors by ONO-1301 have been shown to enhance a tube-
like formation of human umbilical vein endothelial cells
(HUVECSs) co-cultured with normal human dermal fi-
broblasts (NHDF) in vitro [27], indicating a pro-angiogenic
property of ONO-1301. In addition, it was reported that
NHDF stimulated by ONO-1301 enhanced migration of
bone marrow (BM)-derived cells mediated by extracellu-
larly released SDF-1, in vitro [20], suggesting that ONO-

Prostacyclin

ONO-1301

Beraprost

OHs OH

1301 may have an effect to enhance migration of circu-
lating BM cells into the targeted territory contributing to
BM cell-mediated tissue salvage and/or regeneration.

Development of ONO-1301SR to establish a sustained-
release drug-delivery system

While ONO-1301 has been shown to have a long-lasting
prostacyclin agonistic effect compared to the other
prostacyclin agonists, it would be further useful and
beneficial to develop a sustained-release drug-delivery
system of ONO-1301 to achieve a further prolonged
prostacyclin agonistic effects on the targeted territory of
acute and chronic pathologies. For this purpose, ONO-1301
was polymerised with PLGA microspheres that are proven
to be biocompatible and biodegradable, used as controlled
delivery system for proteins or drugs in clinical settings
[16, 25]. As a result, this ONO-1301SR product was shown
to be hydrolysed at the site of administration to linearly
release ONO-1301 into the adjacent tissue with a modest
initial burst (Fig. 2). In addition, duration of ONO-1301
release can be adjusted by modifying the molecular weight
of PLGA, the lactic/glycolic acids ratio or the particle size
to achieve optimum effects, depending upon the targeted
pathology or drug delivery mode [25].
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