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Fig. 1 Prostacyclin has the
prostanoid structure including a
five-membered ring (indicated
as blue circle) and an allylic
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
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
(HUVECs) 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

Beraprost

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 aresult, 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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Fig. 2 Representative electron micrographic images of ONO-1301SR, which is a PLGA-polymerised form of ONO-1301, after production at
37 °C in vitro. Structure of the microspheres is gradually degraded over 28 days

Other prostaglandin agonists under development

Agonists of prostagrandins are theoretically therapeutic for
acute and chronic pathologies associated with tissue is-
chaemia, inflammation and/or interstitial fibrosis. Xiao
et al. [28] reported in 2004 that prostaglandin EP4 receptor
agonist, ONO-4819, was effective in attenuating myocar-
dial ischaemia-reperfusion injury via elevation of intra-
cellular cAMP concentration in noncardiomyocytes. In
addition, this product was shown to have a positive effect
on bone regeneration [29-39] or nerve root angiogenesis
[40], and have a protective effect against acute liver injury
[41], skin injury [42] or renal tubulointerstitial fibrosis [43].
Of note, ONO-4819 is under the clinical study for treating
medically refractory ulcerative colitis [44], though the re-
sult has not been reported. Another EP4 receptor agonist,
EP4RAG, has been shown to have a protective effect
against ischaemia-reperfusion myocardial injury [45],
cardiac allograft transplantation-related inflammation [46]
or experimental autoimmune myocarditis [47]. Despite
several similar products to ONO-1301, it appears that
sustained-release form of prostagrandin agonist has been
developed only in ONO-1301 to date.

Evidence of cardiac tissue salvage/regeneration
by ONO-1301SR

Therapeutic effects of ONO-1301SR have been tested on a
variety of cardiac pathologies, such as acute and chronic
myocardial infarction (MI), cardiomyopathy, cardiac allo-
graft disease post-transplantation or myocarditis. As a
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result, ONO-1301SR treatment showed positive effects on
these pathologies by different mechanisms from other ex-
isting treatments that are used in the clinical settings,
indicating that ONO-1301SR is a potential new drug for a
variety of cardiac diseases. This section summarises pre-
vious reports that document effects of ONO-1301 or ONO-
1301SR on each cardiac pathologies.

Effects of ONO-1301SR on acute MI

Ischaemic insult against the heart by limiting coronary
perfusion rapidly induces intracellular lactic acidosis in the
cardiac myocytes, which leads to reduction of cellular
contractility and subsequent necrotic cell death, conse-
quently generating a state of “acute MI” [48, 49]. An array
of debris from the dead cells or “danger signals” from cells
that confront with the ischaemia activate inflammatory
reactions, including accumulation of circulating cells or
activation of residential cells in the cardiac tissue that
consequently determines an area of “infarct region,” where
cardiac myocytes were lysed and replaced by fibrous
components [50, 51]. In addition, border area between the
infarct area and the area with sufficient blood supply
confronts with persistent ischaemia that progressively
widen the infarct region [51].

Treatment for the acute MI is therefore reperfusion of
the ischaemic area to supply sufficient blood flow into the
tissue [52]. It is, however, known that early reperfusion
induces intracellular calcium overload, overproduction of
superoxides and their derivatives and mitochondrial per-
meability transition pore opening in the cardiac myocytes,
which consequently yields rapid cell death that often
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causes lethal ventricular arrhythmia, and importantly ex-
acerbates inflammatory response in the reperfused area [53,
54]. Despite a number of attempts, additional treatments
that effectively reduce ischaemia—reperfusion cardiac in-
jury have not been developed [53]. Among the agents that
activate myocyte receptors, such as adenosine [55],
bradykinin [36], opioids [57], glucagon-like peptide 1 [58],
atrial natriuretic peptide (ANP) [59], erythropoietin [6¢] or
insulin [61], intravenous infusion of adenosine and ANP
showed positive, but not substantial, additional therapeutic
effects to direct percutaneous coronary intervention for
acute ML In addition, effects of the agents that act intra-
cellularly, such as volatile anaesthetics [62], nitrates [63],
atorvastatin [64], delcasertib [65], nicorandil [39] or cy-
closporine [66], have not been proven by large randomised
studies. There are a number of other potential agents that
were or were not tested by large-scale human studies, such
as phosphodiesterase-5 inhibitors [67], superoxide dismu-
tase [68] or neutralising antibodies against adhesion
molecules such as P-selectin, intercellular adhesion mole-
cule-1 [69]. Importantly, these treatments are targeted to
effect on a single cellular and/or molecular process among
a variety of complicated dynamic processes related to is-
chaemic-reperfusion cardiac injury, potentially limiting the
overall therapeutic effects. In addition, delivery method of
the agents needs to be optimised depending upon the un-
derlying therapeutic mechanisms [68, 69].

In contrast, it has been shown that administration of
ONO-1301SR directly activates endothelial cells and vas-
cular smooth muscle cells through the IP receptor, to in-
duce paracrinal release of protective factors, such as HGF,
VEGF or SDF-1, into the damaged cardiac tissue. Naka-
mura et al. [27] first reported therapeutic effects of ONO-
1301SR on acute MI in 2007. They directly injected ONO-
1301SR into the myocardium that was subjected to is-
chaemia by left coronary artery ligation in mice. As a re-
sult, LV enlargement post-MI was ameliorated and survival
was improved by ONO-1301SR treatment, in association
with intramyocardially up-regulated HGF and VEGF. They
concluded that angiogenesis by ONO-1301SR-induced up-
regulation of multiple cytokines is the key therapeutic
mechanisms of this treatment for acute MI [27]. In addi-
tion, the same team reported the angiogenesis-related
positive effects of ONO-1301SR on acute MI with reper-
fusion using a rat model in 2012 [70]. Furthermore, our
group reported that ONO-1301SR treatment enhances re-
cruitment of bone marrow-derived cells into the ischaemic
myocardium via enhanced SDF-1/C-X-C chemokine re-
ceptor type 4 interaction in a murine acute MI model [20].
It was thus concluded that accumulation of bone marrow-
derived cells by ONO-1301SR treatment is an alternative
therapeutic mechanisms of this treatment, though role of
the accumulated cells needs to be clarified. Noticeably, our

group delivered ONO-1301SR into the heart in an atelo-
collagen-based sheet form [20], since it was considered that
direct injection of ONO-1301SR into the myocardium may
induce myocardial injury.

All of these reports suggest mechanisms of cardiac
salvage and/or regeneration in the ONO-1301SR treatment
for acute MI, such as angiogenesis by up-regulation of
multiple pro-angiogenic cytokines or recruitment of bone
marrow-derived cells. However, further basic studies are
necessary to thoroughly clarify the therapeutic mechanisms
of this treatment for acute MI. Moreover, these reports
indicate the therapeutic potential of ONO-1301SR for
treating acute MI in clinical settings, whereas delivery
method and dose of ONO-1301SR need to be optimised in
basic studies by the good laboratory practice (GLP)
standard.

Effects of ONO-1301SR on chronically failing heart

Chronic cardiac failure is a result of previous or continuous
insult against the heart, such as ischaemia, valvular
pathologies or genetic abnormalities. In this state, pressure
and/or volume overload in the heart continuously activates
a variety of cellular and molecular processes to remodel
ventricular structure, by which pressure and/or volume
overload is further exacerbated, to generate the viscous
cycle, “left ventricular (LV) remodelling” [5]. In addition,
humoral, hormonal and/or sympathetic nerve activities
further exacerbates pressure and/or volume overload to
affect progression of the LV remodelling.

Existing surgical treatments directly target pressure and/
or volume overloading by intervening valvular pathologies
or dilated ventricle, while existing medical treatments tar-
get hormonal and/or sympathetic nerve activities. On the
other hand, treatments targeting responsible cellular and
molecular processes for LV remodelling are under devel-
opment as represented by cell transplantation therapy [9,
10, 12]. It has been shown that transplantation of somatic
tissue-derived stem/progenitor cells, such as bone marrow-
derived cells or skeletal muscle-derived cells, into the
chronically failing heart enhanced native regeneration ca-
pacity by inducing constitutive expression of pro-angio-
genic factors or anti-fibrotic factors, consequently to
reverse LV remodelling, as reported by an array of pre-
clinical studies [9, 10, 12]. Treatment by ONO-1301SR
was also reported to induce similar therapeutic mechanisms
to the cell transplantation therapy in chronic failing heart in
pre-clinical studies as follows.

Iwata et al. [71] generated a chronic MI model in swine
by placing the ameroid constrictor in the left circumflex
artery (LCX) to induce MI. Four weeks later, they per-
formed direct epicardial injection of ONO-1301SR into the
infarct border area under LV electromechanical mapping
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guidance using a transcatheter system. As a result, ONO-
1301SR treatment enhanced collateral growth in relation to
increased number of the capillaries, attenuated collagen
fraction in the myocardial interstitium and reduced LV
volume, indicating that this treatment reversed the LV re-
modelling. They discussed that intramyocardially delivered
ONO-1301SR directly acted on the residential fibroblasts
to induce up-regulation of cardiotherapeutic factors such as
VEGF or HGF, which in turn activated the regeneration
process in the chronic MI heart [71].

Our group generated a chronic MI model in canine by
permanently ligating left coronary artery [22]. Subse-
quently, ONO-1301SR-immersed atelocollagen sheet was
placed over the LV surface of this model. ONO-1301SR
treatment induced functional recovery compared to sham
treatment as assessed by standard and speckle-tracking
echocardiography and cardiac catheterisation studies, in
association with up-regulated HGF, VEGF or SDF-1. Im-
portantly, this study showed increased myocardial blood
flow by ONO-1301SR treatment as assessed by 3N-am-
monia positron emission tomography study [22], indicating
that pro-angiogenic effects of ONO-1301SR augment
myocardial blood flow to induce functional recovery in
ischaemic cardiomyopathy (Fig. 3).

Effects of ONO-1301SR on dilated cardiomyopathy were
tested by Hirata’s group and our group. Hirata et al. [72]
subcutaneously injected ONO-1301SR into the hamsters
having genetically determined dilated cardiomyopathy. As a
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Fig. 3 Schematic representation of proposed mechanisms underlying
ONO-1301SR-immersed sheet placement therapy for treating dam-
aged cardiac tissue. ONO-1301 is linearly released from the ONO-
1301SR by hydrolysis and infiltrated into the cardiac tissue. IP
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result, ONO-1301SR-treated hamsters showed a preserved
cardiac function in relation to reduced fibrous components
and increased capillary network in the myocardial intersti-
tium, suggesting a therapeutic potential of systemic delivery
of ONO-1301SR into the dilated cardiomyopathy-related
chronic cardiac failure [72].

In contrast, our group used the rapid-pacing-induced
canine model [23] and the delta-sarcoglycan-deficient
hamster model [21] that was a different model from that of
Hirata’s group. Our group directly delivered into the heart
in order to maximise the therapeutic effects of this reagent
and minimise systemic complications. Firstly, ONO-
1301SR was intramyocardially injected in rapid LV-paced
canines with their L'V ejection fraction being <40 % [23].
As a result, global and regional LV functions were recov-
ered in 4 weeks after the treatment, in association with
increased microvessel number, decreased myocyte di-
ameter and decreased fibrous component in the LV my-
ocardium [23]. However, the direct intramyocardial
injection of ONO-1301SR used in this report was con-
cerned by inconsistent delivery of the reagent and injec-
tion-related myocardial injury.

Therefore, in the subsequent study, ONO-1301SR im-
mersed into the atelocollagen sheet was simply placed on
the L'V surface of hamster model of dilated cardiomyopa-
thy [21]. This delivery method would achieve a consistent
delivery of the reagent into the heart and minimum injury
to the myocardium, whereas the myocardial territory that is
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receptor-expressing cardiac cells, such as vascular smooth muscle
cells, fibroblast and endothelial cells, are activated by ligation of
ONO-1301 to paracrinally release protective factors, such as VEGF,
HGF or SDF-1
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affected by ONO-1301SR might be theoretically limited.
As a result, myocardial vascular network was globally and
homogeneously better developed in the ONO-1301SR-
treated hamsters with a substantial survival benefit in as-
sociation with up-regulated cardiotherapeutic factors such
as VEGF, HGF or SDF-1 [21]. Importantly, this study
showed a consistently heart-dominant elevation of ONO-
1301 concentration until 4 weeks after the ONO-1301SR
administration [21]. It was thus indicated that placement of
ONO-1301SR-immersed collagen sheet over the LV sur-
face act on the entire L'V contributing to global functional
recovery. These two studies proved the concept that local
delivery of ONO-1301SR into the heart contributes to
functional recovery and survival benefit in dilated car-
diomyopathy-related chronic cardiac failure (Fig. 3).

Effects of ONO-1301SR on other cardiac pathologies

ONO-1301SR was thus shown to have anti-inflammatory,
pro-angiogenic and anti-fibrotic effects on acute and
chronic cardiac pathologies via up-regulation of a variety
of cardiotherapeutic cytokines and chemokines. Further-
more, positive effects of ONO-1301SR were shown in
other cardiac pathologies such as cardiac graft disease post-
transplantation [73] or autoimmune myocarditis.

Suzuki et al. [73] subcutaneously injected ONO-1301SR
into the mice that were subjected to heterotopic cardiac
allograft transplantation in the aim to test the effects of
ONO-1301SR on acute and chronic graft-host disease. This
treatment was effective in chronic rejection as shown in the
reduced myocardial fibrosis in a class II mismatch com-
bination, but not effective in acute rejection in a full al-
lomismatch combination, suggesting that ONO-1301SR
might be a potential new drug for chronic rejection post-
cardiac allograft transplantation. Hirata et al. [74] reported
that daily intake of ONO-1301 (not PLGA-polymerised SR
form, but bulk substance) suppressed a progression of LV
remodelling chiefly via up-regulation of HGF in a rat au-
toimmune myocarditis model. It was indicated that HGF
plays a critical role in LV remodelling in this model and
that ONO-1301 may be an ideal inducer of HGF in the
myocardium. Further studies are warranted to prove the
positive effects of ONO-1301 on other cardiac pathologies
related to acute/chronic inflammation, microvascular dys-
function or fibrous accumulation in the myocardium, such
as hypertensive cardiac disease.

Towards clinical studies of ONO-1301SR for treating
cardiac disease

Although positive effects of ONO-1301SR treatment were
proven on a variety of cardiac pathologies, such as acute

MI, idiopathic dilated cardiomyopathy, ischaemic car-
diomyopathy, cardiac allograft disease post-transplantation
or fulminant myocarditis, it is a key of success of this
treatment to optimise delivery method of ONO-1301 for
each target pathology in clinical study. This section dis-
cusses suitable target pathology and delivery method of
this reagent, and studies necessary for the first-in-human
study. In addition, potential methods to enhance the
therapeutic effects of ONO-1301 are discussed in the
prospect of clinical application.

Pathology-specific ONO-1301SR delivery
for the clinical study

It has been shown that both systemic and local delivery of
the ONO-1301SR potentially contributes to the therapeutic
benefits for acute and chronic cardiac disease. However,
optimal mode of the delivery in the clinical settings would
be dependent upon the pathology and, most importantly,
the standard treatment for the pathology in the routine
clinical practice.

Since the standard treatment for the acute MI is the
prompt reperfusion of the occluded coronary arteries by
percutaneous transcatheter approach, direct intramyocar-
dial injection of ONO-1301SR by transcatheter approach at
the time of reperfusion may be ideal, although further basic
studies using a large animal model are necessary. In ad-
dition, subcutaneous ONO-1301SR injection or oral intake
of ONO-1301 would be optional mode of the ONO-
1301SR delivery as an additional treatment for acute MI to
the standard reperfusion therapy.

The standard treatment for ischaemic and non-ischaemic
dilated cardiomyopathy is the intensive combination of
medical and interventional treatments. Addition of subcu-
taneous ONO-1301SR injection or oral ONO-1301 intake
to the optimal medical management would augment the
therapeutic effects of the standard medical treatment.
Placement of ONO-1301SR over the cardiac surface,
which has been intensively developed by our laboratory,
may be added at the time of coronary artery bypass grafting
and/or mitral valve surgery for ischaemic and non-is-
chaemic dilated cardiomyopathy. Addition of the ONO-
1301SR placement therapy at the time of ventricular assist
device implantation surgery might be effective in enhanc-
ing functional recovery to achieve “bridge-to-recovery”
for dilated cardiomyopathy or fulminant myocarditis.

Head-to-head comparison study for the therapeutic ef-
fects between placement over the heart and subcutaneous
injection of ONO-1301SR has not been reported. However,
it may be theorised that enhanced effects will be achieved
by the local placement which maximise ONO-1301 deliv-
ery into the targeted area with minimal systemic effects,
since paracrinal actions of the effector cells are augmented
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in positive relation to the magnitude of the ONO-1301
stimuli [20, 21, 23].

Studies necessary for the clinical study

Once the target pathology and the delivery mode of the
ONO-1301SR treatment were decided, dose-optimisation
study ideally using a large animal model is necessary to
launch the clinical study. Degree of therapeutic effects and
systemic complications such as hypotension, bleeding or
diarrhoea, in addition to plasma and cardiac ONO-1301
level, need to be investigated depending upon the dose of
ONO-1301SR. Moreover, toxicity test in the GLP standard
is necessary by using a large animal model over 3 months,
since it was shown that ONO-1301 is extinguished from the
body by 1 month [21].

Enhancing positive effects of ONO-1301SR treatment
on cardiac pathologies

Therapeutic mechanisms of ONO-1301SR were to induce
constitutive up-regulation of a variety of protective factors,
such as VEGF, HGF or SDF-1, which are shared by so-
matic tissue-derived stem/progenitor cell transplantation
therapy. One may be concerned by durability of the
therapeutic efficacy, since all administered ONO-1301 as a
SR form is inactivated by 4 weeks. Although newly formed
vasculatures by 4 weeks might remain to contribute to the
myocardial blood flow and thus the functional recovery
despite extinction of paracrinal stimuli, as seen in the tis-
sue-derived stem/progenitor cell-based therapy [75], addi-
tional concomitant treatments may augment the positive
effects and prolong its durability. One approach would be
combination with the treatments that contribute to cardiac
function by a different mechanism from ONO-1301SR,
while the other approach may be combination with treat-
ments whose mechanisms are similar to ONO-1301SR.
Our group developed hybrid therapy by combination of
ONO-1301SR delivery and cardiac support mesh net de-
vice placement [22]. It has been shown that placement of
cardiac support net over the ventricles mechanically re-
duces diastolic L'V wall stress to inhibit progression of the
LV remodelling, whereas clinical studies of cardiac support
net for treating chronically failing heart failed to show
survival benefits despite positive effects on the LV volume
[76]. This inconsistent result of cardiac support net device
would be explained by a lack of biological effects in this
treatment. In contrast, ONO-1301SR contributes to recov-
ery of cardiac function by the biological effects, not by
mechanical effects. It was therefore theorised that combi-
nation of ONO-1301SR and cardiac support net placement
would augment the therapeutic effects of either treatment.
To test this hypothesis, our laboratory developed a hybrid
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device consisting of biodegradable polyglycolic acid-based
cardiac support net and ONO-1301SR-immersed atelocol-
lagen sheet for treating a canine chronic MI model [22]. As
a result, the hybrid device elicited a greater reversal of the
Ml-inducing LV remodelling than either single treatment,
indicating the potential of this device for chronic cardiac
failure [22].

Transplantation of somatic tissue-derived stem/pro-
genitor cells has been shown to yield a functional recovery
of the failing heart via a similar mechanism to the ONO-
1301SR treatment, though therapeutic effects of the cell
transplantation therapy are reportedly limited by poor ini-
tial retention and long-term survival of the transplanted
cells [75, 77, 78]. One may claim that head-to-head com-
parison study in the therapeutic effects of the two treat-
ments would be clinically important. This pre-clinical
study may not be, however, justified by a large number of
model animals used to gain statistical significance, since
previous studies showed that both treatments improved
ejection fraction by 5-10 % [22, 79]. Rather, addition of
the ONO-1301SR placement therapy to the cell trans-
plantation therapy may prolong the regenerative effects for
the cardiac tissue, depending upon expression of IP re-
ceptor and subsequent intracellular signalling in the trans-
planted cells. Further studies are necessary to test this
hypothesis.

Omentum is an abdominal organ, mobilised to be at-
tached to the abdominal organ/tissue in response to the
tissue damage/injury. Multiple pro-angiogenic factors are
known to be abundantly expressed in the omentum, con-
tributing to regeneration and/or healing of the damaged/
injured tissue/organ. This unique character of the omentum
was applied to develop a treatment for cardiac ischaemic
disease by mobilising to the cardiac surface in a pedicle
fashion [75, 80]. As a result, angiogenesis was induced in
the ischaemic/infarct territory of the cardiac tissue. Of note,
it was reported that omentum covering over the chronic
MI-heart with local sustained-delivery of basic fibroblast
growth factor (bFGF), but not without bFGF, induced a
new vascular network formation between the pedicle
omentum and the heart [75]. It is thus theorised that the
omentum covering with local delivery of ONO-1301SR
might be effective in augmenting regional blood flow in the
ischaemic cardiac tissue via formation of new vascular
networks in the heart.

ONO-1301/ONO-1301SR treatment for extracardiac
pathologies

ONO-1301 is theoretically effective in treating any acute
and chronic pathologies for which dysfunction of mi-
crovasculature or accumulation of fibrous components in
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the tissue/organ is responsible, as shown in the studies for
cardiac pathologies. In fact, use of this reagent was re-
ported to be effective in pulmonary arterial hypertension
(PAH), pulmonary fibrosis or chronic kidney disease.
Moreover, the effects of ONO-1301SR as a potent pro-
tective cytokines-inducer might be applied to other
pathologies, such as cerebral, liver or pancreatic patholo-
gies. This section summarises previous reports and poten-
tial target of ONO-1301SR treatment for extracardiac
pathologies. In addition, this section discusses a potential
of ONO-1301SR in combination with medical devices, to
accumulate further knowledge and information regarding
this unique product, exploring further applications.

ONO-1301SR treatment for lung disease

Since several prostagrandin agonists are the standard
treatment of primary and secondary PAH in the clinical
practice [81, 82], an ideal target pathology of ONO-1301
and/or ONO-1301SR treatment might be PAH or associ-
ated lung diseases. In fact, Kataoka et al. reported in 2006
that repeated subcutaneous administration of ONO-1301
attenuated monocrotaline-induced PAH in rats via the
long-lasting cAMP stimulation and thromboxane synthase
inhibition [83, 84]. Subsequently, Obata et al. [85] reported
in 2007 that a single subcutaneous injection of ONO-
1301SR resulted in attenuated pulmonary arterial pressure,
at least in part, through inhibition of vascular smooth
muscle cell proliferation in a rat monocrotaline-induced
PAH model. The same group reported in 2013 that oral
administration of ONO-1301 was therapeutic in monocro-
taline-induced PAH rats [86]. Moreover, Murakami et al.
[87] reported in 2006 that repeated subcutaneous admin-
istration of ONO-1301 attenuated bleomycin-induced pul-
monary fibrosis in mice.

Hayashi et al. [88] reported in 2010 that administration
of ONO-1301 was more therapeutic for ovalbumin-induced
asthma model in mice than beraprost. In addition, Kimura
et al. [89] tested the hypothesis that ONO-1301SR treat-
ment is effective in suppressing hyperresponsiveness, al-
lergic inflammation and remodelling of the airway. As a
result, they proved the anti-inflammatory and the reverse
remodelling effects of ONO-1301SR on chronic house dust
mite-induced asthma model in mice.

These results might warrant a potential of ONO-1301SR
treatment for PAH or asthma, of which chronic inflam-
mation is involved in the development of the pathologies,
in clinical practice. Further basic studies should be focused
on optimisation of the dose of ONO-1301SR or the ad-
ministration mode of ONO-1301SR, such as a single sub-
cutaneous injection, intermittent injections, or oral intake.
It may be proposed that intravenous injection of ONO-
1301SR would induce entrapment of the product in the

pulmonary arterioles or capillaries to achieve sustained
release of the ONO-1301, although intravenous injection
may carry a substantial risk of pulmonary embolism that
further exacerbates PAH or associated lung pathologies.

ONO-1301SR treatment for kidney diseases

Progression of chronic kidney disease is known to be
regulated by chronic inflammatory and fibrotic process in
the tubulointerstitium of the kidney. Anti-inflammatory
effects of ONO-1301 on nephritis was first reported by
Hayashi et al. in 1997 [90]. Subsequently, Yamasaki et al.
[61] reported that repeated injections of ONO1301SR were
effective in reducing renal fibrosis in diabetic nephropathy
rat model. In addition, Nasu et al. [92] reported in 2012 that
a single subcutaneous injection of ONO-1301SR into the
mice that were subjected to unilateral ureteral obstruction
yielded a suppression of interstitial fibrous components of
the obstructed kidney partly via inhibition of transforming
growth factor (TGF)-B, suggesting a potential of ONO-
1301SR for the chronic kidney disease, though further
studies to prove the safety, efficacy and further mechan-
isms underlie this treatment.

ONO-1301SR treatment for other organ pathologies

Although standard treatment of cerebral ischaemia is early
reperfusion, additional medical treatments that ameliorate
ischaemia-reperfusion injury would further improve the
outcome of the intervention. Hazekawa et al. [93] reported
in 2012 that a single subcutaneous injection of ONO-
1301SR into the rats that were subjected to repeated in-
duction of cerebral ischaemia yielded a short-term func-
tional and histopathological recovery. The same groups
reported in 2012 that repeated ONO-1301SR administra-
tion reduced ischaemic damage of rats that were subjected
to middle cerebral artery occlusion [94].

Acute liver injury is a life-threatening disorder, initiated
by a burst inflammation, followed by a complex inflam-
matory process. Since prompt treatment is known to im-
prove the outcome of this pathology, new “shelf-stored
drug” has been long sought. Xu et al. [95] reported in 2011
that intermittent oral administration of ONO-1301, not SR
product, ameliorated CCl4-induced acute hepatic injury in
mice partly via up-regulation of HGF. The same group
reported in 2013 that ONO-1301SR was effective in
treating CCl4-induced inflammatory chronic liver fibrosis
in mice [96]. Inflammation plays a key role in clinical and
pathological progression of chronic pancreatitis. Niina
et al. [97] reported in 2014 that ONO-1301SR inhibited
monocyte activity to suppress pancreatic fibrosis. These
reports indicate that ONO-1301SR may be therapeutically
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effective for acute and chronic pathologies related to is-
chaemia, inflammation and/or fibrosis in multiple organs.

A potential of ONO-1301SR in combination
with medical devices

Of the implantable medical devices that have been recently
developed, vascular stent has been widely used as the
standard treatment for atherosclerotic arterial stenosis or
aortic aneurysm [98]. In particular, stent graft implantation
of aortic aneurysm has improved clinical outcomes of this
pathology, though complications related to a poor attach-
ment of the stent and the native aortic wall have not been
fully resolved [99]. Since ONO-1301 has effects on tissue
healing and/or regeneration, it is hypothesised that local
delivery of ONO-1301 might strengthen the attachment
between the stent graft and the native aortic wall. To test
this hypothesis, our laboratory developed an aortic stent
graft that was coated with ONO-1301S5R and implanted in
the thoracic aorta of canines [100]. As a result, the at-
tachment was physiologically and histopathologically
strengthened. This concept may be applicable to the tran-
scatheter aortic valve replacement, in which aortic valve
incompetence caused by suboptimal attachment of the
prosthesis and the native aortic annulus yields a negative
impact of this treatment [101].

Conclusions

Feasibility, safety and therapeutic efficacy of a synthetic
prostacyclin agonist, ONO-1301, and a sustained-release
form of ONO-1301, ONO-1301SR, have been tested in a
variety of acute and chronic pathologies related to is-
chaemia, inflammation and fibrosis of multiple organs in-
cluding the heart as pre-clinical studies. Major mechanisms
underlying the therapeutic effects were consistently to in-
duce release of multiple protective cytokines including
HGF, VEGF or SDF-1 from targeted fibroblasts, vascular
smooth muscle cells or endothelial cells, which enhance
salvage and/or regeneration of the damaged tissue, in-
cluding the heart.

Both acute and chronic cardiac failure related to is-
chaemic or non-ischaemic aetiologies would be a target of
this novel treatment. Since direct placement of ONO-
1301SR over the cardiac surface was suggested to be an
optimal treatment for chronic cardiac failure using this
product, launching the clinical study of this treatment is
warranted. In addition, oral administration of ONO-1301
would be a potential drug for chronic cardiac failure,
though further pre-clinical studies are needed in the GLP
standard.

@ Springer

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Felker GM, Shaw LK, O’Connor CM (2002) A standardized
definition of ischemic cardiomyopathy for use in clinical re-
search. J Am Coll Cardiol 39:210-218

2. Abraham WT, Smith SA (2013) Devices in the management of
advanced, chronic heart failure. Nat Rev Cardiol 10:98-110

3. Jiang F, Yang J, Zhang Y et al (2014) Angiotensin-converting
enzyme 2 and angiotensin 1-7: novel therapeutic targets. Nat
Rev Cardiol 11:413-426

4. Lang CC, Struthers AD (2013) Targeting the renin-angiotensin-
aldosterone system in heart failure. Nat Rev Cardiol 10:125-134

5. Koitabashi N, Kass DA. (2012) Reverse remodeling in heart
failure[mdash]mechanisms and therapeutic opportunities. Nat
Rev Cardiol 9:147-157

6. Zucker IH, Xiao L, Haack KK (2014) The central renin-an-
giotensin system and sympathetic nerve activity in chronic heart
failure. Clin Sci (Lond) 126:695-706

7. Cohn JN (2014) Heart failure in 2013: continue what we are
doing to treat HF, but do it better. Nat Rev Cardiol 11:69-70

8. Wolfram JA, Donahue JK (2013) Gene therapy to treat cardio-
vascular disease. J] Am Heart Assoc 2:¢000119

9. Menasche P (2011) Cardiac cell therapy: lessons from clinical
trials. J Mol Cell Cardiol 50:258-265

10. Fukushima S, Sawa Y, Suzuki K (2013) Choice of cell-delivery
route for successful cell transplantation therapy for the heart.
Future Cardiol 9:215-227

11. Behfar A, Crespo-Diaz R, Terzic A, Gersh BJ (2014) Cell
therapy for cardiac repair; lessons from clinical trials. Nat Rev
Cardiol 11:232-246

12. Sanganalmath SK, Bolli R (2013) Cell therapy for heart failure:
a comprehensive overview of experimental and clinical studies,
current challenges, and future directions. Circ Res 113:810-834

13. Tous E, Purcell B, Ifkovits J, Burdick J (2011) Injectable acel-
lular hydrogels for cardiac repair. J Cardiovasc Transl Res
4:528-542

14. Chawengsub Y, Gauthier KM, Campbell WB (2009) Role of
arachidonic acid lipoxygenase metabolites in the regulation of
vascular tone. Am J Physiol Heart Circ Physiol 297:H495-H507

15. Dorris SL, Peebles RS Jr (2012) PGI2 as a regulator of in-
flammatory diseases. Mediators Inflamm 2012:926968

16. Uchida T, Hazekawa M, Yoshida M, Matsumoto K, Sakai Y
(2013) A novel long-acting prostacyclin agonist (ONO-1301)
with an angiogenic effect: promoting synthesis of hepatocyte
growth factor and increasing cyclic AMP concentration via IP-
receptor signaling. J Pharmacol Sci 123:392-401

17. Takahashi HK, Iwagaki H, Tamura R et al (2003) Unique
regulation profile of prostaglandin E1 on adhesion molecule
expression and cytokine production in human peripheral blood
mononuclear cells. J Pharmacol Exp Ther 307:1188-1195

18. Takahashi HK, Iwagaki H, Tamura R et al (2005) Differential
effect of prostaglandins E1 and E2 on lipopolysaccharide-in-
duced adhesion molecule expression on human monocytes. Eur
J Pharmacol 512:223-230

19. Takahashi HK, Iwagaki H, Mori S, Yoshino T, Tanaka N,
Nishibori M (2005) Prostaglandins E1 and E2 inhibit
lipopolysaccharide-induced interleukin-18 production in mono-
cytes. Eur J Pharmacol 517:252-256



Heart Fail Rev

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Imanishi Y, Miyagawa S, Fukushima S et al (2013) Sustained-
release delivery of prostacyclin analogue enhances bone mar-
row-cell recruitment and yields functional benefits for acute
myocardial infarction in mice. PLoS One 8:¢69302

Ishimaru K, Miyagawa S, Fukushima S et al (2013) Synthetic
prostacyclin agonist, ONO1301, enhances endogenous myocar-
dial repair in a hamster model of dilated cardiomyopathy: a
promising regenerative therapy for the failing heart. J Thorac
Cardiovasc Surg 146:1516-1525

Kubota Y, Miyagawa S, Fukushima S et al (2014) Impact of
cardiac support device combined with slow-release prostacyclin
agonist in a canine ischemic cardiomyopathy model. J Thorac
Cardiovasc Surg 147:1081-1087

Shirasaka T, Miyagawa S, Fukushima S et al (2013) A slow-
releasing form of prostacyclin agonist (ONO1301SR) enhances
endogenous secretion of multiple cardiotherapeutic cytokines
and improves cardiac function in a rapid-pacing—induced model
of canine heart failure. J Thorac Cardiovasc Surg 146:413-421
Imawaka H, Sugiyama Y (1998) Kinetic study of the hepato-
biliary transport of a new prostaglandin receptor agonist.
J Pharmacol Exp Ther 284:949-957

Uchida T, Hazekawa M, Morisaki T, Yoshida M, Sakai Y
(2013) Effect of antioxidants on the stability of ONO-1301, a
novel long-acting prostacyclin agonist, loaded in PLGA micro-
spheres. J Microencapsul 30:245-256

Tsai MK, Hsieh CC, Kuo HF et al (2014) Effect of prostaglandin
12 analogs on macrophage inflammatory protein lo in human
monocytes via I prostanoid receptor and cyclic adenosine
monophosphate. J Invest Med 62:332-339

Nakamura K, Sata M, Iwata H et al (2007) A synthetic small
molecule, ONO-1301, enhances endogenous growth factor ex-
pression and augments angiogenesis in the ischaemic heart. Clin
Sci (Lond) 112:607-616

Xiao CY, Yuhki KI, Hara A et al (2004) Prostaglandin E2
protects the heart from ischemia-reperfusion injury via its re-
ceptor subtype EP4. Circulation 109:2462-2468

Tanaka M, Sakai A, Uchida S et al (2004) Prostaglandin E2
receptor (EP4) selective agonist (ONO-4819.CD) accelerates
bone repair of femoral cortex after drill-hole injury associated
with local upregulation of bone turnover in mature rats. Bone
34:940-948

Sasaoka R, Terai H, Toyoda H, Imai Y, Sugama R, Takaoka K
(2004) A prostanoid receptor EP4 agonist enhances ectopic bone
formation induced by recombinant human bone morphogenetic
protein-2. Biochem Biophys Res Commun 318:704-709
Pagkalos J, Leonidou A, As-Sultany M, Heliotis M, Mantalaris
A, Tsiridis E (2012) Prostaglandin E(2) receptors as potential
bone anabolic targets—selective EP4 receptor agonists. Curr
Mol Pharmacol 5:174-181

Ninomiya T, Hosoya A, Hiraga T et al (2011) Prostaglandin
E(2) receptor EP(4)-selective agonist (ONO-4819) increases
bone formation by modulating mesenchymal cell differentiation.
Eur J Pharmacol 650:396-402

Namikawa T, Terai H, Hoshino M et al (2007) Enhancing ef-
fects of a prostaglandin EP4 receptor agonist on recombinant
human bone morphogenetic protein-2 mediated spine fusion in a
rabbit model. Spine (Phila Pa 1976) 32:2294-2299

Nakagawa K, Imai Y, Ohta Y, Takaoka K (2007) Prostaglandin
E2 EP4 agonist (ONO-4819) accelerates BMP-induced os-
teoblastic differentiation. Bone 41:543-548 ’

Marui A, Hirose K, Maruyama T et al (2006) Prostaglandin E2
EP4 receptor-selective agonist facilitates sternal healing after
harvesting bilateral internal thoracic arteries in diabetic rats.
J Thorac Cardiovasc Surg 131:587-593

Ito M, Nakayama K, Konaka A, Sakata K, Ikeda K, Maruyama
T (2006) Effects of a prostaglandin EP4 agonist, ONO-4819,

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

and risedronate on trabecular microstructure and bone strength
in mature ovariectomized rats. Bone 39:453-459

Hayashi K, Fotovati A, Ali SA, Oda K, Oida H, Naito M (2005)
Prostaglandin EP4 receptor agonist augments fixation of hy-
droxyapatite-coated implants in a rat model of osteoporosis.
J Bone Joint Surg Br 87:1150-1156

Hagino H, Kuraoka M, Kameyama Y, Okano T, Teshima R
(2005) Effect of a selective agonist for prostaglandin E receptor
subtype EP4 (ONO-4819) on the cortical bone response to
mechanical loading. Bone 36:444-453

Chang F, Mishima H, Ishii T et al (2007) Stimulation of EP4
receptor enhanced bone consolidation during distraction osteo-
genesis. J Orthop Res 25:221-229

Sekiguchi M, Konno SI, Kikuchi SI (2006) Effects on im-
provement of blood flow in the chronically compressed cauda
equina: comparison between a selective prostaglandin E recep-
tor (EP4) agonist and a prostaglandin E1 derivate. Spine
31:869-872

Kasai K, Sato SI, Suzuki K (2001) A novel prostaglandin E
receptor subtype agonist, ONO-4819, attenuates acute ex-
perimental liver injury in rats. Hepatol Res 21:252-260
Honma Y, Arai I, Hashimoto Y et al (2005) Prostaglandin D2
and prostaglandin E2 accelerate the recovery of cutaneous bar-
rier disruption induced by mechanical scratching in mice. Eur J
Pharmacol 518:56-62

Nakagawa N, Yuhki KI, Kawabe JI et al (2012) The intrinsic
prostaglandin E2-EP4 system of the renal tubular epithelium
limits the development of tubulointerstitial fibrosis in mice.
Kidney Int 82:158-171

Nakase H, Fujiyama Y, Oshitani N et al (2010) Effect of EP4
agonist (ONO-4819CD) for patients with mild to moderate ul-
cerative colitis refractory to 5-aminosalicylates: a randomized
phaseII, placebo-controlled trial. Inflamm Bowel Dis 16:731-733
Hishikari K, Suzuki JI, Ogawa M et al (2009) Pharmacological
activation of the prostaglandin E2 receptor EP4 improves car-
diac function after myocardial ischaemia/reperfusion injury.
Cardiovasc Res 81:123-132

Ogawa M, Suzuki JI, Kosuge H, Takayama K, Nagai R, Isobe M
(2009) The mechanism of anti-inflammatory effects of
prostaglandin E2 receptor 4 activation in murine cardiac trans-
plantation. Transplantation 87:1645-1653

Ngoc PB, Suzuki J, Ogawa M et al (2011) The anti-inflamma-
tory mechanism of prostaglandin e2 receptor 4 activation in rat
experimental autoimmune myocarditis. J Cardiovasc Pharmacol
57:365-372

O’Farrell FM, Attwell D (2014) A role for pericytes in coronary
no-reflow. Nat Rev Cardiol 11:427-432

Dominguez-Rodriguez A, Abreu-Gonzalez P, Reiter RJ (2014)
Cardioprotection and pharmacological therapies in acute my-
ocardial infarction: challenges in the current era. World J Car-
diol 6:100-106

Frangogiannis NG (2014) The inflammatory response in my-
ocardial injury, repair, and remodelling. Nat Rev Cardiol
11:255-265

Camici PG, d’Amati G, Rimoldi O. (2015) Coronary micro-
vascular dysfunction: mechanisms and functional assessment.
Nat Rev Cardiol 12:48-62

Giblett JP, West NEJ, Hoole SP (2014) Cardioprotection for
percutaneous coronary intervention-Reperfusion quality as well
as quantity. Int J Cardiol 177:786~793

Sivaraman V, Yellon DM (2014) Pharmacologic therapy that
simulates conditioning for cardiac ischemic/reperfusion injury.
J Cardiovasc Pharmacol Ther 19:83-96

Moukarbel GV, Ayoub CM, Abchee AB (2004) Pharmaco-
logical therapy for myocardial reperfusion injury. Curr Opin
Pharmacol 4:147-153

@ Springer



Heart Fail Rev

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Kloner RA, Forman MB, Gibbons RJ, Ross AM, Alexander
RW, Stone GW (2006) Impact of time to therapy and reperfu-
sion modality on the efficacy of adenosine in acute myocardial
infarction: the AMISTAD-2 trial. Eur Heart J 27:2400-2405
Wang X, Wei M, Kuukasjidrvi P et al (2009) The anti-inflam-
matory effect of bradykinin preconditioning in coronary artery
bypass grafting (bradykinin and preconditioning). Scand Car-
diovasc J 43:72-79

Wong GTC, Huang Z, Ji S, Irwin MG (2010) Remifentanil re-
duces the release of biochemical markers of myocardial damage
after coronary artery bypass surgery: a randomized trial. J Car-
diothorac Vasc Anesth 24:790-796

Lgnborg J, Vejlstrup N, Kelbek H et al (2012) Exenatide re-
duces reperfusion injury in patients with ST-segment elevation
myocardial infarction. Eur Heart J 33:1491-1499

Kitakaze M, Asakura M, Kim J et al (2007) Human atrial na-
triuretic peptide and nicorandil as adjuncts to reperfusion
treatment for acute myocardial infarction (J-WIND): two ran-
domised trials. Lancet 370:1483-1493

Najjar SS, Rao SV, Melloni C et al (2011) Intravenous ery-
thropoietin in patients with ST-segment elevation myocardial
infarction: REVEAL: a randomized controlled trial. JAMA
305:1863-1872

Diaz R, Goyal A, Mehta SR et al (2007) Glucose-insulin-
potassium therapy in patients with ST-segment elevation my-
ocardial infarction. JAMA 298:2399-2405

Garcia C, Julier K, Bestmann L et al (2005) Preconditioning
with sevoflurane decreases PECAM-1 expression and improves
one-year cardiovascular outcome in coronary artery bypass graft
surgery. Br J Anaesth 94:159-165

Yusuf S, Macmahon S, Collins R, Peto R (1998) Effect of in-
travenous nitrates on mortality in acute myocardial infarction:
an overview of the randomised trials. Lancet 331:1088-1092
Kim JS, Kim J, Choi D et al (2010) Efficacy of high-dose
atorvastatin loading before primary percutaneous coronary in-
tervention in ST-segment elevation myocardial infarction. The
STATIN STEMI trial. JACC Cardiovasc Interv 3:332-339
Mochly-Rosen D, Das K, Grimes KV (2012) Protein kinase C,
an elusive therapeutic target? Nat Rev Drug Discov 11:937-957
Piot C, Croisille P, Staat P et al (2008) Effect of cyclosporine on
reperfusion injury in acute myocardial infarction. N Engl J Med
359:473-481

Schwartz BG, Levine LA, Comstock G, Stecher VJ, Kloner RA
(2012) Cardiac uses of phosphodiesterase-5 inhibitors. J Am
Coll Cardiol 59:9-15

Fukushima S, Coppen SR, Varela-Carver A et al (2006) En-
hanced efficiency of superoxide dismutase-induced cardiopro-
tection by retrograde intracoronary administration. Cardiovasc
Res 69:459-465

Fukushima S, Coppen SR, Varela-Carver A et al (2006) A novel
strategy for myocardial protection by combined antibody ther-
apy inhibiting both P-selectin and intercellular adhesion mole-
cule-1 via retrograde intracoronary route. Circulation 114:1251-
1256

Hirata Y, Shimabukuro M, Uematsu E et al (2012) A synthetic
prostacyclin agonist with thromboxane synthase inhibitory ac-
tivity, ONO-1301, protects myocardium from ischemia/reper-
fusion injury. Eur J Pharmacol 674:352-358

Iwata H, Nakamura K, Sumi M et al (2009) Local delivery of
synthetic prostacycline agonist augments collateral growth and
improves cardiac function in a swine chronic cardiac ischemia
model. Life Sci 85:255-261

Hirata Y, Soeki T, Akaike M, Sakai Y, Igarashi T, Sata M
(2009) Synthetic prostacycline agonist, ONO-1301, ameliorates
left ventricular dysfunction and cardiac fibrosis in car-
diomyopathic hamsters. Biomed Pharmacother 63:781-786

@ Springer

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Suzuki JI, Ogawa M, Sakai Y, Hirata Y, Isobe M, Nagai R
(2012) A prostacycline analog prevents chronic myocardial re-
modeling in murine cardiac allografts. Int Heart J 53:64-67
Hirata Y, Kurobe H, Uematsu E et al (2013) Beneficial effect of
a synthetic prostacyclin agonist, ONO-1301, in rat autoimmune
myocarditis model. Eur J Pharmacol 699:81-87

Kainuma S, Miyagawa S, Fukushima S et al (2015) Cell-sheet
therapy with omentopexy promotes arteriogenesis and improves
coronary circulation physiology in failing heart. Mol Ther
23:374-386

Mann DL, Kubo SH, Sabbah HN et al (2012) Beneficial effects
of the CorCap cardiac support device: five-year results from the
Acorn Trial. J Thorac Cardiovasc Surg 143:1036-1042
Fukushima S, Campbell NG, Coppen SR et al (2011) Quanti-
tative assessment of initial retention of bone marrow mononu-
clear cells injected into the coronary arteries. J Heart Lung
Transplant 30:227-233

Fukushima S, Varela-Carver A, Coppen SR et al (2007) Direct
intramyocardial but not intracoronary injection of bone marrow
cells induces ventricular arrhythmias in a rat chronic ischemic
heart failure model. Circulation 115:2254-2261

Miyagawa S, Saito A, Sakaguchi T et al (2010) Impaired my-
ocardium regeneration with skeletal cell sheets—a preclinical
trial for tissue-engineered regeneration therapy. Transplantation
90:364-372

Shudo Y, Miyagawa S, Fukushima S et al (2011) Novel re-
generative therapy using cell-sheet covered with omentum flap
delivers a huge number of cells in a porcine myocardial in-
farction model. J Thorac Cardiovasc Surg 142:1188-1196
Zamanian RT, Kudelko KT, Sung YK, de Jesus Perez V, Liu J,
Spiekerkoetter E (2014) Current clinical management of pul-
monary arterial hypertension. Circ Res 115:131-147

Ruan CH, Dixon RA, Willerson JT, Ruan KH (2010) Prosta-
cyclin therapy for pulmonary arterial hypertension. Tex Heart
Inst J 37:391-399

Kataoka M, Nagaya N, Satoh T et al (2005) A long-acting prosta-
cyclin agonist with thromboxane inhibitory activity for pulmonary
hypertension. Am J Respir Crit Care Med 172:1575-1580
Antoniu SA (2006) Non-prostanoid prostacyclin agonists for the
treatment of pulmonary arterial hypertension. Expert Opin In-
vestig Drugs 15:327-330

Obata H, Sakai Y, Ohnishi S et al (2008) Single injection of a
sustained-release prostacyclin analog improves pulmonary hy-
pertension in rats. Am J Respir Crit Care Med 177:195-201
Nakamura A, Nagaya N, Obata H et al (2013) Oral adminis-
tration of a novel long-acting prostacyclin agonist with throm-
boxane synthase inhibitory activity for pulmonary arterial
hypertension. Circ J 77:2127-2133

Murakami S, Nagaya N, Itoh T et al (2006) Prostacyclin agonist
with thromboxane synthase inhibitory activity (ONO-1301) at-
tenuates bleomycin-induced pulmonary fibrosis in mice. Am J
Physiol Lung Cell Mol Physiol 290:L59-1.65

Hayashi M, Koya T, Kawakami H et al (2010) A prostacyclin
agonist with thromboxane inhibitory activity for airway allergic
inflammation in mice. Clin Exp Allergy 40:317-326

Kimura Y, Koya T, Kagamu H et al (2013) A single injection of
a sustained-release prostacyclin analog (ONO-1301MS) sup-
presses airway inflammation and remodeling in a chronic house
dust mite-induced asthma model. Eur J Pharmacol 721:80-85
Hayashi K, Nagamatsu T, Oka T, Suzuki Y (1997) Modulation
of anti-glomerular basement membrane nephritis in rats by
ONO-1301, a non-prostanoid prostaglandin I2 mimetic com-
pound with inhibitory activity against thromboxane A2 syn-
thase. Jpn J Pharmacol 73:73-82

Yamasaki H, Maeshima Y, Nasu T et al (2011) Intermittent
administration of a sustained-release prostacyclin analog ONO-



Heart Fail Rev

92.

93.

94.

95.

96.

1301 ameliorates renal alterations in a rat type 1 diabetes model.
Prostaglandins Leukot Essent Fatty Acids 84:99-107

Nasu T, Kinomura M, Tanabe K et al (2012) Sustained-release
prostacyclin analog ONO-1301 ameliorates tubulointerstitial
alterations in a mouse obstructive nephropathy model. Am J
Physiol Renal Physiol 302:F1616-F1629

Hazekawa M, Sakai Y, Yoshida M, Haraguchi T, Uchida T
(2012) The effect of treatment with a sustained-release prosta-
cyclin analogue (ONO-1301-loaded PLGA microsphere) on
short-term memory impairment in rats with transient global
cerebral ischemia. J Microencapsul 29:211-218

Hazekawa M, Sakai Y, Yoshida M, Haraguchi T, Uchida T
(2012) Single injection of ONO-1301-loaded PLGA micro-
spheres directly after ischaemia reduces ischaemic damage in
rats subjected to middle cerebral artery occlusion. J Pharm
Pharmacol 64:353-359

Xu Q, Nakayama M, Suzuki Y et al (2012) Suppression of acute
hepatic injury by a synthetic prostacyclin agonist through
hepatocyte growth factor expression. Am J Physiol Gastrointest
Liver Physiol 302:G420-G429

Xu Q, Sakai K, Suzuki Y, Tambo C, Sakai Y, Matsumoto K
(2013) Suppression of fibrogenic gene expression and liver

97.

98.

99.

100.

101.

fibrosis using a synthetic prostacyclin agonist. Biomed Res
34:241-250

Niina Y, Ito T, Oono T et al (2014) A sustained prostacyclin
analog, ONO-1301, attenuates pancreatic fibrosis in ex-
perimental chronic pancreatitis induced by dibutyltin dichloride
in rats. Pancreatology 14:201-210

Lederle FA, Freischlag JA, Kyriakides TC et al (2012) Long-
term comparison of endovascular and open repair of abdominal
aortic aneurysm. N Engl J Med 367:1988-1997

Malina M, Brunkwall J, Ivancev K, Jonsson J, Malina J, Lind-
blad B (2000) Endovascular healing is inadequate for fixation of
dacron stent-grafts in human aortoiliac vessels. Eur J Vasc En-
dovasc Surg 19:5-11

Watanabe Y, Miyagawa S, Fukushima S et al (2014) Develop-
ment of a prostacyclin-agonist—eluting aortic stent graft en-
hancing biological attachment to the aortic wall. J Thorac
Cardiovasc Surg 148(2325-34):el

Agarwal S, Tuzcu EM, Krishnaswamy A et al (2015) Tran-
scatheter aortic valve replacement: current perspectives and
future implications. Heart 101:169-177

@ Springer



Kubota et al Evolving Technology/Basic Science

Impact of cardiac support device combined with slow-release
prostacyclin agonist in a canine ischemic cardiomyopathy model
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Background: The cardiac support device supports the heart and mechanically reduces left ventricular (LV) di-
astolic wall stress. Although it has been shown to halt LV remodeling in dilated cardiomyopathy, its therapeutic
efficacy is limited by its lack of biological effects. In contrast, the slow-release synthetic prostacyclin agonist
ONO-1301 enhances reversal of LV remodeling through biological mechanisms such as angiogenesis and atten-
uation of fibrosis. We therefore hypothesized that ONO-1301 plus a cardiac support device might be beneficial
for the treatment of ischemic cardiomyopathy.

Methods: Twenty-four dogs with induced anterior wall infarction were assigned randomly to 1 of 4 groups at
1 week postinfarction as follows: cardiac support device alone, cardiac support device plus ONO-1301 (hybrid
therapy), ONO-1301 alone, or sham control.

Results: At 8 weeks post-infarction, LV wall stress was reduced significantly in the hybrid therapy group com-
pared with the other groups. Myocardial blood flow, measured by positron emission tomography, and vascular
density were significantly higher in the hybrid therapy group compared with the cardiac support device alone and
sham groups. The hybrid therapy group also showed the least interstitial fibrosis, the greatest recovery of LV
systolic and diastolic functions, assessed by multidetector computed tomography and cardiac catheterization,
and the lowest plasma N-terminal pro-B-type natriuretic peptide levels (P <.05).

Conclusions: The combination of a cardiac support device and the prostacyclin agonist ONO-1301 elicited
a greater reversal of LV remodeling than either treatment alone, suggesting the potential of this hybrid therapy

for the clinical treatment of ischemia-induced heart failure. (J Thorac Cardiovasc Surg 2014;147:1081-7)

Left ventricular (LV) remodeling in ischemic and noni-
schemic dilated cardiomyopathy is characterized by pro-
gressive dilatation and dysfunction of the left ventricle,
leading to severe heart failure."” The cardiac support
device is a mesh net designed to reduce diastolic ventricular
wall stress by mechanical means and thus prevent LV
dilatation. It has been shown to halt LV remodeling in
dilated cardiomyopathy in preclinical studies.* Clinical
trials undertaken on the basis of these favorable results
showed beneficial effects on LV remodeling, including
significantly decreased LV end-systolic (LVESV) and end-
diastolic volumes (LVEDYV), and a significant improvement
in New York Heart Association functional class.®®
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However, despite these positive effects, the device has not
been associated with reductions in mortality and has not
been approved for clinical use.’

The synthetic prostacyclin agonist ONO-1301 acts as
amyocardial regenerative biological drug to enhance reversal
of LV remodeling.'®'? The beneficial effects of ONO-1301
on the heart are mediated by up-regulation of angiogenic
and antifibrotic molecules, such as hepatocyte growth factor
(HGF), vascular endothelial growth factor (VEGF), and stro-
mal cell-derived factor-1 (SDF-1).'? This mechanism has
been shown to result in the active suppression of ischemic and
fibrotic changes in the myocardium.'®1?

We hypothesized that the biological effects of the slow-
release form of the synthetic prostacyclin agonist ONO-
1301 might complement the mechanical effects of the cardiac
support device, thus enhancing its therapeutic effects in
ischemic cardiomyopathy.

MATERIALS AND METHODS

All animals used in this study received care in compliance with the
Guide for the Care and Use of Laboratory Animals (National Institutes
of Health publication no. 85-23, revised 1996).

Animal Treatment

A total of 28 beagles (Oriental Yeast, Co, Ltd, Tokyo, Japan) weighing 9 to
11 kg were used. General anesthesia was administered with intramuscular
ketamine (10 mg/kg) and intravenous propofol (5 mg/kg) for induction,
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Abbreviations and Acronyms
ANOVA = analysis of variance
dp/dt = delta pressure/delta time
Ees = end-systolic elastance
HGF = hepatocyte growth factor
LV = left ventricular
LVEDV = left ventricular end-diastolic volume
LVESV = left ventricular end-systolic volume
MDCT = multidetector computed tomography
M1 = myocardial infarction
NT-proBNP = amino-terminal pro-brain natriuretic
peptide
SDF-1 = stromal cell-derived factor-1
VEGF = vascular endothelial growth factor

and inhaled sevofturane (1%-2%) for subsequent maintenance, with endo-
tracheal intubation and mechanical ventilator support. After completion
of the experiments, the animals were killed under general anesthesia,
using an overdose of intravenous sodium pentobarbital (18 mg/kg) to achieve
complete sedation, followed by administration of an intravenous potassium-
based solution.

Myocardial Infarction Induction

With the animals under general anesthesia, a minimal left thoracotomy
was performed through the fifth intercostal space, and the heart was
exposed by pericardiotomy. The left descending artery and diagonal vessels
were ligated both proximally and distally using 5-0 polypropylene sutures
to produce an anterior myocardial infarction (MI). Akinesis of the anterior
wall was confirmed by epicardial echocardiography and the chest was
closed in layers. The animals were allowed to recover.

Cardiac Support Device

The cardiac support device (0.9-1.0 g), made from polyglycolic acid
(Nipro Corporation, Osaka, Japan), was designed on the basis of data
obtained from multidetector computed tomography (MDCT) and a heart
excised at 1 week postinfarction.

Treatments

The animals were assigned randomly to 1 of 4 groups at 1 week after
infarct induction as follows: cardiac support device alone, cardiac support
device plus ONO-1301 (hybrid therapy), ONO-1301 alone, or sham control
group. In the cardiac support device alone group, 2 sheets of atelocollagen
(50 X 50 mm) (Integran; Nippon Zoki Pharmaceutical Co, Ltd, Osaka,
Japan) immersed in suspended polylactic and glycolic acid (10 mg/kg)
were fixed on the whole surface of the ventricles and the cardiac support
device was placed as described previously.>> The same procedure was
used in the hybrid therapy group, with the addition of ONO-1301'%-1
(10 mg/kg) (ONO Pharmaceutical Co, Ltd, Osaka, Japan) instead of the
polylactic and glycolic acid. In the ONO-1301 alone group, 2 sheets of ate-
locollagen (50 X 50 mm) immersed in suspended ONO-1301 (10 mg/kg)
were fixed on the whole surface of the ventricles. The sham group was
subjected to the same procedures as the ONO-1301 alone group, except
for the use of polylactic and glycolic acid instead of ONO-1301.

Transthoracic Echocardiography
Transthoracic echocardiography was performed using a 5.0-MHz
transducer (Altida; Toshiba Medical Systems Corporation, Tochigi, Japan)
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for 2-dimensional speckle-tracking echocardiography under general
anesthesia. The data were analyzed using 2-dimensional Wall Motion
Tracking software (Toshiba Medical Systems Corporation) as previously
described."?

MDCT

Electrocardiography-gated MDCT was performed using a 16-row
MDCT scanner (SOMATOM Emotion 16-Slice Configuration; Siemens,
Munich, Germany) during an end-expiratory breath-hold under general
anesthesia. MDCT was performed after intravenous injection of 30 mL
of nonionic contrast medium (Iomeron; Bracco, Milan, Italy). All images
were analyzed on a workstation (AZE VirtualPlace Lexus64; AZE, Tokyo,
Japan). LVEDV and LVESYV, LV ejection fraction, LV end-diastolic and
end-systolic sphericity indices, and LV/right ventricular end-diastolic and
end-systolic diameter values were obtained from the workstation.

Cardiac Catheterization

Under general anesthesia, a 3F micromanometer-tipped catheter
(SPR-249; Millar Instruments, Houston, Tex) was inserted through the
ventricular apex via a left thoracotomy to measure hemodynamic
parameters and cardiac functions, including end-systolic pressure and
end-diastolic pressure, delta pressure/delta time (dp/dt) maximum, dp/dt
minimum, end-systolic elastance (Ees), and the time constant of relaxation
in the left and right ventricles. LV volume was altered by occluding the
inferior vena cava with tape via a left thoracotomy.

Wall Stress Calculation

LV wall stress was evaluated using specifically developed software
(YD, Ltd, Tokyo, Japan) on an off-line personal computer. Global end-
systolic and end-diastolic wall stresses were calculated on the basis of
the data obtained from MDCT and cardiac catheterization.**

Cardiac Positron Emission Tomography

13N-ammonia (200300 MBgq) positron emission tomography (PET) was
performed using a HeadtomeV/SET2400W (Shimadzu, Co, Kyoto, Japan) un-
der general anesthesia. Myocardial blood flow was quantitated using PMOD
software (version 3.2) (PMOD Technologies, Ltd, Zurich, Switzerland) and
divided into 17 segments as recommended by the American Heart Association.

Histologic Analysis

Paraffin-embedded transverse sections of the excised hearts were stained
with periodic acid-Schiff to measure the short-axis diameter of the myocytes,
and with Masson trichrome to assess the extent of fibrosis. The sections were
immunostained with anti-CD31 antibody in LSAB kits (DakoCytomation,
Glostrup, Denmark). Myocyte diameters and vascular density were mea-
sured in 10 different randomly selected fields using a Biorevo BZ-9000 fluo-
rescence microscope (Keyence, Osaka, Japan), and percentage fibrosis was
calculated using MetaMorph software (Molecular Devices, Tokyo, Japan).

Real-Time Polymerase Chain Reaction

Total RNA extracted from cardiac tissue was reverse-transcribed using
TagMan reverse transcription reagents (Applied Biosystems, Foster City,
Calif), and assayed using the ABI PRISM 7700 (Applied Biosystems).
The average copy number of gene transcripts was normalized to that of
glyceraldehyde 3-phosphate dehydrogenase for each sample.

Statistical Analysis

All statistical analyses were performed using JMP software (JMP9; SAS
institute, Inc, Cary, NC). Results are presented as the mean =+ standard
deviation. Cardiac catheterization and histologic data were compared by
1-way analysis of variance (ANOVA). MDCT, echocardiography, wall
stress, and amino-terminal pro-brain natriuretic peptide (NT-proBNP)
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FIGURE 1. MDCT analysis. A, Changes in LVEDV. B, Changes in LVESV. C, Changes in LV ejection fraction. D, Changes in left ventricular end-diastolic
and, (E) end-systolic sphericity indices. F, Changes in NT-proBNP. Hybrid therapy is shown by circles with a solid line, a cardiac support device alone is
shown by triangles with a dashed/dotted line, ONO-1301 alone is shown by squares with a dashed line, and sham is shown by crosses with a dotted line.
*P < .05 versus corresponding sham, 1P <.05 versus corresponding cardiac support device alone, {P < .05 versus corresponding ONO-1301 alone. LV
sphericity index, LV long-axis diameter/LV short-axis diameter. LVEDYV, Left ventricular end-diastolic volume; LVESY, left ventricular end-systolic volume;

NT-proBNP, amino-terminal pro-brain natriuretic peptide.

data were compared by repeated ANOVA, using values obtained by sub-
tracting the values at 1 week postinfarction from the values at each time
point. Significant differences shown by ANOVA were subjected to post
hoc analysis with Bonferroni correction. Sample size justification was
not performed. A P value less than .05 was considered statistically
significant.

RESULTS

Procedure-Related Morbidity and Mortality
Twenty-four animals completed the study. Three of the

animals that failed to complete the study died within

1 week postinfarction and the remaining animal, which

was a sham control, died at 7 weeks postinfarction. No

dogs developed infections or had insufficient MI.

Recovery of Global Cardiac Performance With
Hybrid Therapy

Global cardiac performance after the treatment was as-
sessed serially and comprehensively by MDCT and cardiac
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catheterization. Both LVEDV and LVESV tended to in-
crease after MI induction in the sham group (Figure 1, A
and B). LVEDV was significantly smaller in the hybrid ther-
apy group compared with the sham group at 3 and 5 weeks
postinfarction, and significantly smaller than in both the
ONO-1301 alone and sham groups at 8 weeks postinfarc-
tion. LVESV in the hybrid therapy group was significantly
smaller than that in the sham group at 3 and 5 weeks, and
was significantly smaller than that in the other groups at 8
weeks. As a result, LV ejection fraction was significantly
greater in the hybrid therapy group compared with the
sham group at 3 and 5 weeks, and significantly greater
than in the other groups at 8 weeks (Figure 1, C).

The LV end-diastolic sphericity index was significantly
greater in the hybrid therapy group compared with the
ONO-1301 alone and sham groups at 8 weeks postinfarc-
tion (Figure 1, D). The LV end-systolic sphericity index de-
creased in all groups at 1 week postinfarction, whereas at 8
weeks the LV end-systolic sphericity index had decreased
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TABLE 1. Cardiac catheterization data
Hybrid therapy Cardiac support device alone ONO-1301 alone Sham

dp/dt maximum (mm Hg/s)

LV 1822 + 83*7,1 1584 £ 114 1601 £ 91 1238 £ 127

RV 547 + 101 450 £+ 53 539 £ 79 443 + 86
Ees (mm Hg/mL)

|Y 10 £ 1%,1.1 7+1 8+ 1 4+1

RV 3+1 341 3+1 2+1
—dp/dt minimum (mm Hg/s)

LV 1553 + 61%,1.1 1303 £ 71 1387 £ 64 1061 4 107

RV 407 £ 59 378 £ 67 412 + 88 333 £ 78
Time constant of relaxation (s)

LV 33 £ 4% 42+3 36+3 47+ 5

RV 39+ 6 40+2 38+4 46 + 6

Data are mean + standard deviation. RV, Right ventricular; LV, left ventricular. *P <.05 versus sham. {P <.05 versus cardiac support device alone. {P <.05 versus ONO-1301

alone.

further in the sham group, remained the same in the cardiac
support device alone and ONO-1301 alone groups, and
recovered in the hybrid therapy group (Figure 1, E).

In addition, systolic function represented by LV dp/dt
max and Ees at 8 weeks was greater in the cardiac support
device alone and ONO-1301 alone groups compared with
the sham group, whereas the hybrid therapy showed signi-
ficantly greater dp/dt max and Ees than the other groups
(Table 1). LV -dp/dt min, which represents diastolic func-
tion, also was significantly greater in the hybrid therapy
group at 8 weeks than in the other groups. LV time constant
of relaxation, which is also an index of diastolic function,
was significantly smaller in the hybrid therapy group at 8
weeks postinfarction than in the cardiac support device
alone and sham groups. There were no significant
differences in any of these parameters in the right ventricle.

MI induction also resulted in an increase in plasma
NT-proBNP, assessed by an enzyme-linked immunosorbent
assay kit (Cardiopet proBNP; IDEXX Laboratories, Tokyo,
Japan), at 1 week postinfarction (Figure 1, F). NT-proBNP
continued to increase in the sham group, whereas the
increase was suppressed in each of the other groups after
treatment. NT-proBNP decreased gradually in the hybrid
therapy group and was significantly lower than in the
sham group at 5 weeks, and was significantly lower than
in the other 2 groups at 8 weeks.

Functional Recovery of Infarct Border Area With
Hybrid Therapy

Regional LV wall motion was evaluated using speckle-
tracking echocardiography to dissect region-specific func-
tional effects of the treatment. The infarct area showed
a significant and marked reduction in the radial strain after
induction of MI, with no significant differences among the
4 groups (Table 2). Radial strain levels in the border area
decreased similarly in all groups at 1 week postinfarction,
although at 8 weeks the hybrid therapy group showed the
greatest recovery in this area. There was a marked decrease

in radial strain in the remote area in the sham group at 8
weeks, but there was little change throughout the study in
the other groups.

Reduction in Global End-Systolic/Diastolic Wall
Stress With Hybrid Therapy

Changes in global end-systolic/end-diastolic wall
stresses after treatment were assessed from MDCT and
catheterization data (Table 2). Similar increases in global
end-systolic wall stress were observed in all groups at 1
week postinfarction. At 8 weeks postinfarction, however,
there was a further increase in the sham group, a slight re-
duction in the cardiac support device alone group, and
almost no change in the ONO-1301 alone group, whereas
global end-systolic wall stress was lowest in the hybrid ther-
apy group. Similar increases in global end-diastolic wall
stress were observed in all groups at 1 week postinfarction. .
The sham group showed a marked increase at 8 weeks post-
infarction, whereas the hybrid therapy and cardiac support
device alone groups showed notable reductions. Global
end-diastolic wall stress was significantly lower in the hy-
brid therapy group compared with the ONO-1301 alone
and sham groups at 8 weeks.

ONO-1301 Induced Angiogenic Myocardial Effects
in Chronic MI

The angiogenic effects of the treatment were evaluated
by assessing global myocardial blood flow at rest by
>N-ammonia PET at 8 weeks postinfarction. Myocardial
blood flow in the hybrid therapy group was similar to that
in the ONO-1301 group, and both were significantly higher
than in the cardiac support device alone and sham groups
(Figure 2). Capillary densities in the border and remote
areas at 8 weeks postinfarction, which was measured by
immunostaining for CD31, was significantly greater in the
hybrid therapy group than in the cardiac support device
alone and sham groups (Figure 3, A).
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TABLE 2. Regional left ventricular wall motion and global left ventricular wall stress

Hybrid therapy Cardiac support device alone ONO-1301 alone Sham

Radial strain in the MI area (%)

Pre-infarction 214423 209 4 1.0 217 424 224 £23

1 week post-infarction 714 1.0 6.7 4+ 0.7 7.5+£09 7.0+1.0

8 weeks postinfarction 87412 7.3 £ 04 75413 6.7+£1.0
Radial strain in the border area (%)

Pre-infarction 222 4+2.6 21.8425 2204+ 1.6 213+ 18

1 week postinfarction 1044 1.9 103419 1124 1.5 115+£19

8 weeks postinfarction 14.7 & 1174, 10.8 £0.2 13.1 1.7 81+ 1.1
Radial strain in the remote area (%)

Pre-infarction 20.7 23 21.6 £ 2.0 21.0+£28 2124+27

1 week postinfarction 192421 20512 209 422 19.6 £2.0

8 weeks postinfarction 20.2 £ 1.8% 19.7 £ 1.1 20.1 £ 1.5 148+ 14
Global end-systolic wall stress (kdyne/cm?®)

Pre-infarction 79.9 4+ 6.8 84 + 12.0 80.5 &4 8.1 87.6 +£9.5

1 week postinfarction 108.1 9.1 104.8 4 11.9 1027 £ 114 107.5 £ 9.6

8 weeks postinfarction 84 £ 5.7% 1.1 977+ 114 104.6 = 10.0 161.9 £ 9.3
Global end-systolic wall stress (kdyne/cmz)

Pre-infarction 13.0£15 115+ 1.1 120£13 120+ 16

1 week postinfarction 179 £ 15 171 £ 1.0 170+ 14 164 +£25

8 weeks postinfarction 14.0 £ 2.5} 1404+ 1.8 180£1.5 244 +36

Data are mean = standard deviation. M1, Myocardial infarction, *P < .05 versus sham. 1P < .05 versus cardiac support device alone. {P <.05 versus ONO-1301 alone.

Histologic Evidence of Reversal of LV Remodeling
With Hybrid Therapy

Pathologic cardiomyocyte hypertrophy and interstitial
fibrosis in the border and remote areas at 8§ weeks postin-
farction were assessed by periodic acid-Schiff and Masson
trichrome staining, respectively, to evaluate the degree of
reversal of LV remodeling induced by each treatment
(Figure 3, B and (). Cardiomyocyte diameters were
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significantly smaller in the border area in the hybrid therapy
group compared with the ONO-1301 alone and sham
groups, and were significantly smaller in the remote area
compared with the sham group. In addition, there was sig-
nificantly less interstitial fibrosis in the hybrid therapy
group compared with the cardiac support device alone,
ONO-1301 alone, and sham groups in the border area,
and less than in the sham group in the remote area.
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Up-Regulation of Cardiac Protective Factors

Real-time polymerase chain reaction was performed at
8 weeks postinfarction to determine the effects of the
treatment on gene expression of major cardiac protective
factors, such as HGF, VEGF and SDF-1 (Figure 3, D-F).
Expression of HGF, VEGF, and SDF-1 in both the border
and remote areas were similar in the hybrid therapy and
ONO-1301 groups, and significantly higher in these 2
groups than in the cardiac support device alone and sham
groups (P <.05).

DISCUSSION

This study examined the therapeutic efficacy of hybrid
therapy, comprising a cardiac support device and a synthetic
prostacyclin agonist (ONO-1301), in a canine model of
ischemic cardiomyopathy, compared with the efficacy of
either treatment alone. Hybrid therapy significantly im-
proved both systolic and diastolic functions and reduced
LV wall stress compared with the other treatments, and his-
tologic examination indicated significantly greater reversal
of LV remodeling in the hybrid therapy group. These results
were reflected by a significantly greater reduction of NT-
proBNP by hybrid therapy.

The cardiac support device used in this study comprised
a net made of polyglycolic acid, which is a hydrolytically
bioabsorbable polymer. This represents a major difference

from the net used in previous studies,”> and was designed
to remain around the heart for approximately 10 weeks by
adjusting the diameter of the thread. The cardiac support
device remained in place at 8§ weeks postinfarction, although
it had become hydrolyzed to some extent. Our net was
functionally equivalent to the nets used in previous studies;
it prevented dilatation of the left ventricle, improved the LV
sphericity index, and reduced diastolic LV wall stress, thus
avoiding the positive feedback loop of cardiac dilatation,
the change from an efficient ellipsoidal to a spherical LV
chamber, interstitial fibrosis, and, ultimately, heart failure
that occurs in ischemic dilated cardiomyopathy.” However,
one disadvantage of this bioabsorbable net is that it could al-
low LV remodeling to progress after absorption. The present
study did not investigate this aspect and further studies are
needed to assess the relative advantages and disadvantages
of bioabsorbable and nonabsorbable cardiac support devices.

ONO-1301 is a synthetic prostacyclin agonist that is not
yet used in clinical practice. However, several experimental
studies have shown its therapeutic efficacy in ischemic and
nonischemic cardiomyopathy.m'12 ONO-1301 was adminis-
tered to the heart differently in the current study compared
with previous studies,'®? but its plasma concentrations and
reversal of LV remodeling were similar to those seen in
previous studies, suggesting that this mode of administration
was appropriate. In addition, ONO-1301 administration by
incorporation in the cardiac support device could decrease
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adverse effects such as hypotension, which may occur with
systemic administration. Finally, LV remodeling generally
progresses slowly, and long-term drug efficacy therefore is
necessary. ONO-1301 has a slow-release time of approxi-
mately 4 weeks, and thus may be a suitable agent for the pre-
vention of remodeling.

The favorable results of the current study regarding use of
hybrid therapy may be attributed to the angiogenic and ac-
tive antifibrotic effects of ONO-1301, acting via HGF,
VEGF, and SDF-1, which complemented the mechanical
effects of the cardiac support device with a consequent en-
hancement of therapeutic efficacy. Up-regulation of these
cytokines and increased capillary density were observed
in the hybrid therapy group, whereas PET examination
showed significantly greater myocardial blood flow in the
hybrid therapy group compared with the cardiac support de-
vice alone and sham groups. The additional benefits of
ONO-1301 resulted in enhanced recovery of radial wall
strain and the suppression of interstitial fibrosis in the bor-
der area in the hybrid therapy group, with consequent recov-
ery of cardiac function.

This study was limited by the use of a canine model,
which may not completely reflect clinical ischemic cardio-
myopathy pathologies. In this experiment, there was no
atherosclerosis, and no use of drugs such as §-blockers
and angiotensin-converting enzyme inhibitors, which
might be used in the clinical arena. However, a similar ca-
nine ischemic cardiomyopathy model has been established
previously,>'? and it is possible to use this model to assess
cardiac function and evaluate the therapeutic effects of
interventions. Our model therefore was deemed adequate
to show the therapeutic effects of the hybrid therapy with
various modalities used in the clinical arena. However,
this model may not be suitable for further studies of the
mechanisms of hybrid therapy, and rodent models may
be better suited for such investigations. This study also
was limited in that it was not clear whether remodeling
would remain suppressed even after complete absorption
of the cardiac support net because the net remained at
the end of this study. Therefore, longer-term studies last-
ing after absorption of the biodegradable net will be
necessary.

The authors thank Shigeru Matsumi, Toshika Senba, Masako
Yokoyama, and Akima Harada for excellent technical assistance.
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Synthetic prostacyclin agonist, ONO1301, enhances endogenous
myocardial repair in a hamster model of dilated cardiomyopathy:
A promising regenerative therapy for the failing heart

Kazuhiko Ishimaru, MD, Shigeru Miyagawa, MD, PhD, Satsuki Fukushima, MD, PhD,
Atsuhiro Saito, PhD, Yoshiki Sakai, PhD, Takayoshi Ueno, MD, PhD, and Yoshiki Sawa, MD, PhD

Objectives: Remodeling of the left ventricle (LV) in idiopathic dilated cardiomyopathy (IDCM) is known to be
associated with multiple pathologic changes that endogenous factors, such as hepatocyte growth factor (HGF)
and vascular endothelial growth factor (VEGF), protect against. Although a clinically relevant delivery method
of these factors has not been established, ONO1301, a synthetic prostacyclin agonist, has been shown to upre-
gulate multiple cardioprotective factors, including HGF and VEGF, in vivo. We thus hypothesized that
ONO1301 may reverse LV remodeling in the DCM heart.

Methods: ONO1301 dose-dependently added to the normal human dermal fibroblasts and human coronary ar-
tery smooth muscle cells in vitro, to measure the expression of HGF, VEGF, stromal cell-derived factor (SDF)-1,
and granulocyte-colony stimulating factor (G-CSF), assessed by real-time polymerase chain reaction (PCR) and
enzyme-linked immunosorbent assay. -Sarcoglycan-deficient J2N-k hamsters, which is an established DCM
model, were treated by epicardial implantation of an atelocollagen sheet with or without ONO1301 immersion
or sham operation.

Results: ONO1301 dose-dependently upregulated expression of these 4 factors in vitro. ONO1301 treatment,
which induced dominant elevation of ONO1301 levels for 2 weeks, significantly preserved cardiac performance
and prolonged survival compared with the other groups. This treatment significantly upregulated expressions of
cardioprotective factors and was associated with increased capillaries, attenuated fibrosis, and upregulation of
a-sarcoglycan in the DCM heart.

Conclusions: ONO1301 atelocollagen-sheet implantation reorganized cytoskeletal proteins, such as «-sarco-
glycan, increased capillaries, reduced fibrosis, and was associated with upregulated expression of multiple
cardioprotective factors, leading to preservation of cardiac performance and prolongation of survival in the

Ishimaru et al

d-sarcoglycan-deficient DCM hamster. (J Thorac Cardiovasc Surg 2013;146:1516-25)

Idiopathic dilated cardiomyopathy (IDCM) is one of the
most critical intractable diseases. The etiology and pathol-
ogy of IDCM have therefore been intensively investigated
to explore other treatment options.' Clinical and functional
progression of IDCM has been shown to be closely corre-
lated with the histopathology, such as apoptosis of cardio-
myocytes, accumulation of fibrotic components, reduction
of vascular density, and remodeling of sarcolemmal/
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cytoskeletal proteins. It has been recently suggested that
cell transplantation into the IDCM heart positively modu-
lates cellular behavior of native cardiac fibroblasts and/or
coronary artery smooth muscle cells (CoASMCs), leading
to upregulation of multiple cardioprotective factors in the
heart.? Inasmuch as cell transplantation is clinically lim-
ited by the cell-culture procedure and the availability of
a cell processing center, cell-free therapy that enhances
cardiac regeneration has long been sought in the clinical
arena.’

Prostacyclin and its analogs have been shown to upregu-
late expressions of various factors, such as hepatic growth
factor (HGF) and vascular endothelial growth factor
(VEGF) in vitro and in vivo.* Although previously gener-
ated prostacyclin agonists are chemically unstable, being
limited by the delivery method, it has recently been shown
that ONO1301 is a selective prostacyclin receptor (IPR)
agonist having a unique, chemically stable structure, and
polymerization of ONO1301 with polylactic-co-glycolic
acid copolymer (PLGA) to form a microsphere
(ONO1301-MS) upregulates multiple protective factors,
represented by HGF, for 3 to 4 weeks in vivo.” We therefore
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Abbreviations and Acronyms

CoASMC = coronary artery smooth muscle cell

DCM = dilated cardiomyopathy

Dd/Ds = diastolic/systolic dimensions

EF = ejection fraction

ELISA = enzyme-linked immunosorbent
assay

GAPDH = glyceraldehyde-3-phosphate
dehydrogenase

G-CSF = granulocyte colony stimulating
factor

HCoASMC = human coronary artery smooth
muscle cell

HGF = hepatic growth factor

IPR = prostacyclin receptor

IDCM = idiopathic dilated cardiomyopathy

LV = left ventricular (ventricle)

N group = atelocollagen sheet without
ONO1301

NHDF = normal human dermal fibroblast

O group = atelocollagen sheet containing
ONO1301

PCR = polymerase chain reaction

PLGA = polylactic-co-glycolic acid
copolymer

S group = sham group

SDF-1 = stromal cell-derived factor-1

VEGF = vascular endothelial growth factor

vWF = von Willebrand factor

hypothesized that administration of ONO1301-MS into the
IDCM heart might upregulate cardiac protective factors,
leading to histologic and functional reverse left ventricular
(LV) remodeling.

MATERIALS AND METHODS

Experimental procedures related to animal studies were carried out un-
der the approval of the institutional ethics committee. The investigation
conformed to the “Principles of Laboratory Animal Care” formulated by
the National Society for Medical Research and the ““Guide for the Care
and Use of Laboratory Animals” (National Institutes of Health Publication
No. 85 to 23, revised 1996). All experimental procedures and evaluations
were performed in a blinded manner.

Cell Culture

Normal human dermal fibroblasts (NHDFs) and human CoASMCs
(HCoASMCs) were purchased from EIDIA Co, Ltd (Tokyo, Japan). The
cells were cultured on 6-well plates with Dulbecco’s modified Eagle’s me-
dium (Sigma-Aldrich, St Louis, Mo) supplemented with 10% fetal bovine
serum (EIDIA) under 5% carbon dioxide. Next, 1- to 1000-nmol/L
ONO1301 (Ono Pharmaceutical, Osaka, Japan), dimethyl sulphoxide
(Sigma-Aldrich) or dibutyryl cyclic adenosine monophosphate (Sigma-Al-
drich) was added to the culture medium for 72 hours, and then the culture
supernatants and cells (n = 6, respectively) were harvested and stored
at —80°C.

Procedure of ONO1301-MS Administration to the
Dilated Cardiomyopathy (DCM) Hamster

Male 20-week-old ¢-sarcoglycan-deficient J2N-k hamsters and J2N-n
normal hamsters were purchased from Japan SLC (Shizuoka, Japan). Inas-
much as human DCM-like histopathologic features and associated func-
tional deterioration develop in J2N-k hamsters, they have been used as
an established IDCM model.® Each hamster underwent left lateral thoracot-
omy under 1.5% isoflurane anesthesia (n = 66). Subsequently, ONO-1301
was delivered into the heart using a novel drug delivery system, in which an
atelocollagen sheet (Integran sheet; Koken Co, Ltd, Tokyo, Japan) shaped
“hand-drum” containing ONO1301-MS (10 mg/kg) was placed to cover
the entire ventricular free wall (O group, n = 22). Other hamsters under-
went either ONO1301-free atelocollagen sheet implantation in the same
manner (N group, n = 21) or sham operation (S group, n = 23). After
the layered closure, the hamsters were housed in a temperature-
controlled individual cage until spontaneous or scheduled death at 2 or 4
weeks after the operation (n == 5 each).

Measurement of ONO1301 Concentration in the
Plasma and the Ventricular Tissue

Under isoflurane inhalation (5%), venous blood (1 mL) was sampled
from the internal jugular vein, and the ventricle was then excised from the
hamster at day 1 and weeks 1, 2, 4, and 8 after ONO1301 treatment (n = 3
each). The plasma was stored at —80°C, and the ventricle was thoroughly
washed and stored at —80°C. The concentrations of ONO1301 in the plasma
and the ventricle were measured by high-performance liquid chromatogra-
phy with the tandem mass spectrometric (LC/MS/MS) detection.”

Transthoracic Echocardiography

Transthoracic echocardiography was performed using a system equip-
ped with a 12-MHz transducer and SONOS 5500 (Agilent Technologies,
Palo Alto, Calif) under isoflurane inhalation (1%). Diastolic/systolic di-
mensions (Dd/Ds) and ejection fraction (EF) of the LV were measured.®

Histopathology

The heart was excised under isoflurane anesthesia (5%) and immersion-
fixed with ice cold 4% paraformaldehyde. The fixed heart was embedded
with either paraffin or optimal cutting temperature compound (Funakoshi,
Tokyo, Japan) and transversely sliced to generate paraffin or frozen sec-
tions, respectively. The paraffin sections were stained using picrosirius
red or immunohistologically labeled using anti~von Willebrand factor
(VvWF) antibody (DAKO, Glostrup, Denmark). Frozen sections (7-um
thick) were immunohistologically labeled using anti—c-dystroglycan
(clone: VIA4-1; Upstate Biotechnology, Lake Placid, NY), anti—a-sarco-
glycan (clone: Ad1/20A6; Novocastra, Wetzlar, Germany), anti—3-sarco-
glycan (clone: bSarc/5B1; Novocastra), anti-IPR (Abcam, Cambridge,
United Kingdom), or anti-a-actin (Millipore, Billerica, Mass) antibodies.
The sections were then labeled by corresponding AlexaFluor488/594-
conjugated secondary antibodies counterstained with 6-diamidino-2-
phenylindole (DAPI; Life Technologies, Calif). 3,3'-Diaminobenzidine
(DAB) staining of IPR was performed using the LSAB2 kit (DAKO).
Fluorescent-labeled sections were viewed under an ECLIPSE TE 200-U
confocal microscope (Nikon, Tokyo, Japan). The percentage of the total
area that was fibrotic, as determined by picrosirius red staining, was calcu-
lated by using a planimetric method with MetaMorph software (Molecular
Device, Osaka, Japan). The number of capillaries per square millimeter
was calculated by the BZ Analyzer (Keyence, Osaka, Japan) and was
counted in 4 high-power fields per section (a total of 10-12 fields/heart).

Real-Time Polymerase Chain Reaction
Total RNA was isolated from the cultured cells and the free wall of the
LV using the RNeasy Kit and reverse-transcribed using Omniscript Reverse

The Journal of Thoracic and Cardiovascular Surgery * Volume 146, Number 6 1517

ET/BS




