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Cardiac effects of a prostagrandin EP4-receptor agonist ONO-AE1-329 were assessed in the halothaneanesthetized dogs under the monitoring of left ventricular pressure-volume relationship, which were
compared with those of clinically recommended doses of dopamine, dobutamine and milrinone (n¼ 4–5
for each treatment). ONO-AE1-329 was intravenously administered in doses of 0.3, 1 and 3 ng/kg/min for
10 min with a pause of 20 min. Dopamine in a dose of 3 mg/kg/min for 10 min, dobutamine in a dose of
1 mg/kg/min for 10 min and milrinone in a dose of 5 mg/kg/min for 10 min followed by 0.5 mg/kg/min for
10 min were intravenously administered. Low dose of ONO-AE1-329 increased the stroke volume. Middle
dose of ONO-AE1-329 increased the cardiac output, left ventricular end-diastolic volume, ejection
fraction, maximum upstroke/downstroke velocities of the left ventricular pressure and external work,
but decreased the end-systolic pressure and internal work besides the change by the low dose. High dose
of ONO-AE1-329 increased the heart rate and maximum elastance, but decreased the end-systolic volume besides the changes by the middle dose. Dopamine, dobutamine and milrinone exerted essentially
similar cardiac effects to ONO-AE1-329, but they did not signiﬁcantly change the end-diastolic volume,
end-systolic volume, stroke volume, ejection fraction, end-systolic pressure, maximum elastance, external work or internal work. Thus, EP4-receptor stimulation by ONO-AE1-329 may have potential to
better promote the passive ventricular ﬁlling than the conventional cardiotonic drugs, which could become a candidate of novel therapeutic strategy for the treatment of heart failure with preserved ejection
fraction.
& 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Symptomatic heart failure can occur in patients with normal or
near-normal left ventricular systolic function, which is called heart
failure with preserved ejection fraction (HFpEF) (Armstrong et al.,
2004; Borlaug and Paulus, 2011; Li et al., 2013). In such cases, the
symptoms of left heart failure are caused by diastolic dysfunction

Abbreviations: eNOS, endothelial nitric oxide synthase; Emax, maximum elastance; Emin, minimum elastance; EP1, 2 , 3 and 4, prostaglandin E2 type 1, 2, 3 and
4; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with
reduced ejection fraction; ONO-AE1-329, 16-(3-Methoxymethyl)phenyl-ω-tetranor-3,7-dithia PGE1; peak þ dP/dt, maximum upstroke velocity of the left ventricular pressure; peak  dP/dt, maximum downstroke velocity of the left ventricular pressure; Tau, isovolumic relaxation constant
n
Corresponding author.
E-mail address: atsushi.sugiyama@med.toho-u.ac.jp (A. Sugiyama).
http://dx.doi.org/10.1016/j.ejphar.2016.02.029
0014-2999/& 2016 Elsevier B.V. All rights reserved.

showing abnormalities of left ventricular active relaxation and/or
passive ﬁlling (Zile et al., 2004). HFpEF has been well recognized as
a major and growing public health problem, since the number of
patients with HFpEF is similar to or even higher than that of patients with heart failure with reduced ejection fraction (HFrEF)
primarily showing ventricular systolic dysfunction (Armstrong
et al., 2004; Borlaug and Paulus, 2011; Li et al., 2013). Despite
improvements of the understanding on pathophysiology of HFpEF,
there are no treatments of proven beneﬁt speciﬁcally improving
the pathophysiology of HFpEF, resulting in similar mortality between HFpEF and HFrEF (Borlaug and Paulus, 2011; Li et al., 2013;
Lund et al., 2014).
ONO-AE1-329 is a highly selective prostaglandin E2 type 4
(EP4)-receptor agonist, of which afﬁnity for EP4 receptor has been
shown to be 4100 times greater than those for the other prostaglandin E2 receptors like EP1, EP2 and EP3 (Maruyama et al.,
2002; Suzawa et al., 2000). In our recent study (Nomura et al.,
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2015), ONO-AE1-329 shortened the duration of ventricular systolic
period together with its modest abbreviation of the ventricular
diastolic period, which might partly reﬂect increased uptake rate
of intracellular Ca2 þ by sarco/endoplasmic reticulum Ca2 þ -ATPase, suggesting potential utility of ONO-AE1-329 for the treatment of HFpEF. However, information remains still lacking regarding the precise analysis of the effects of EP4-receptor stimulation on the left ventricular diastolic function.
In order to begin to examine the therapeutic efﬁcacy of pharmacological EP4-receptor stimulation particularly on the diastolic
function, we assessed the cardiac effects of ONO-AE1-329 in the
halothane-anesthetized dogs (Izumi-Nakaseko et al., 2014; Nomura et al., 2015; Sugiyama, 2008; Sugiyama et al., 2001) under
monitoring of left ventricular pressure-volume relationship. For
this purpose, we used the conductance catheter, which is known
as a reliable tool for simultaneously quantifying the left ventricular
pressure and volume (Baan et al., 1984; Burkhoff et al., 2005), by
which principle factors affecting stroke volume; namely, preload,
afterload and ventricular contractility, can be analysed. Then, the
results of ONO-AE1-329 were compared with those of clinically
recommended doses of conventional cardiotonic drugs including
catecholamines and a phosphodiesterase 3 inhibitor to characterize the cardiac effects of ONO-AE1-329 treatment. This is the ﬁrst
report describing that pharmacological EP4-receptor stimulation
can enhance the active relaxation as well as passive ﬁlling of the
left ventricle.

2. Materials and methods
2.1. Animals
All of the animal care and experimental procedures were reviewed and approved by the Animal Research Committee for Animal Experiments for Toho University (12-52-151) and performed
in accordance with the Guidelines for the Care and Use of Laboratory Animals of Toho University. All studies involving animals
are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals (Kilkenny et al., 2010;
McGrath et al., 2010). Experiments were performed in a parallel
study design by using 18 female beagle dogs weighing 8–9 kg,
which were obtained through Kitayama Labes (Nagano, Japan).
The dogs were divided into 4 treatment groups; namely, ONOAE1-329 group (n¼ 4), dopamine group (n ¼5), dobutamine group
(n ¼5) and milrinone group (n ¼4), and the order of the experiment was randomized. Since women are more likely to develop
HFpEF than men (Gori et al., 2014), we used female dogs in this
experiment. The dogs were kept in individual cages on a 12 h light
(6:00–18:00)-dark (18:00–6:00) cycle. The ventilation provided a
total air exchange rate of 10–15 times per hour. The room temperature was maintained at 237 2 °C, and relative humidity was
50 730%. Each dog was fed 200 g/day of standard diet (CD-5M,
CLEA Japan, Tokyo, Japan), and was allowed free access to tap
water.
2.2. Cardiovascular variables assessed
The dogs were initially anesthetized with thiopental sodium
(30 mg/kg, i.v.). After intubation with a cuffed endotracheal tube,
1.0% halothane vaporized with 100% oxygen was inhaled with a
volume-limited ventilator (SN-480-3; Shinano Manufacturing,
Tokyo, Japan). The tidal volume and respiratory rate were set at
20 ml/kg and 15 strokes/min, respectively.
A clinically available catheter-sheath set (FAST-CATH™,
406108; St. Jude Medical Daig Division, Inc., Minnetonka, MN, USA)
was inserted into the right femoral artery and vein. To prevent
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blood clotting, heparin calcium (100 IU/kg) was intravenously
administered through a ﬂush line of the catheter sheath placed at
the right femoral vein. A conductance catheter (FTS-7012B-7048;
SCISENCE, New York, USA) was positioned in the left ventricle
through the catheter sheath placed at the right femoral artery to
simultaneously measure the ventricular pressure and volume,
whereas blood pressure was measured at a space between inside
of the catheter sheath and outside of the conductance catheter
through a ﬂush line. The blood pressure and lead II electrocardiogram were continuously monitored with a polygraph system
(RM-6000; Nihon Kohden, Tokyo, Japan).
A thermodilution catheter (TC-504NH; Nihon Kohden) was
positioned at the right side of the heart through the catheter
sheath placed at the right femoral vein. The cardiac output was
measured by a standard thermodilution method with a cardiac
output computer (MFC-1100; Nihon Kohden). The total peripheral
resistance was calculated with the basic equation: total peripheral
resistance ¼ mean blood pressure/cardiac output.
The pressure-volume loop was continuously monitored, and its
variables; namely, the end-systolic volume, end-diastolic volume,
stroke volume (end-diastolic volume–end-systolic volume), ejection fraction (stroke volume/end-diastolic volume), end-systolic
pressure, end-diastolic pressure, maximum elastance (Emax: endsystolic pressure/end-systolic volume), minimum elastance (Emin:
end-diastolic pressure/end-diastolic volume), time constant of
isovolumic relaxation (Tau: time required for the cavity pressure to
decay to 1/2 of its value at peak maximum downstroke velocity
(peak –dP/dt)) (Mirsky, 1984), stroke work (¼external work:
pressure-volume area), potential energy (¼ internal work: [endsystolic pressure–end-isovolumic relaxation phase pressure] 
end-systolic
volume  0.5),
external/internal
work
ratio
(¼external work/internal work) and systolic pressure-volume area
(external workþinternal work), were obtained with a data analysis system (LS-20PVL, SCISENCE). Meanwhile, the heart rate;
systolic and diastolic blood pressure; and maximum upstroke velocity (peak þdP/dt) and peak –dP/dt of the left ventricular
pressure were calculated with a real-time full automatic data
analysis system (WinVAS 3 ver 1.1R24v; Physio-Tech, Tokyo,
Japan).
2.3. Experimental protocol
After the basal assessment, ONO-AE1-329 at a rate of 0.3 ng/kg/
min was intravenously infused for 10 min through the right cephalic vein, and each cardiovascular variable was assessed at 5, 10,
15, 20 and 30 min after the start of infusion. Then, ONO-AE1-329
at a rate of 1 ng/kg/min was intravenously infused for 10 min, and
each cardiovascular variable was assessed in the same manner.
Finally, ONO-AE1-329 at a rate of 3 ng/kg/min was intravenously
infused for 10 min, and each cardiovascular variable was assessed
in the same manner. On the other hand, dopamine at a rate of
3 μg/kg/min or dobutamine at a rate of 1 μg/kg/min was intravenously infused, and each cardiovascular variable was assessed
before and at 10 min after the start of infusion. In addition, milrinone at a rate of 5 μg/kg/min was intravenously infused for initial 10 min followed by 0.5 μg/kg/min for 10 min and each cardiovascular variable was assessed before and at the end of 0.5 μg/
kg/min infusion. The dose of ONO-AE1-329 was determined by our
previous study (Nomura et al., 2015), whereas clinically recommended, standard doses were used for dopamine, dobutamine
and milrinone.
2.4. Drugs
ONO-AE1-329 (16-(3-Methoxymethyl)phenyl-ω-tetranor-3,7dithia PGE1) was obtained from Ono Pharmaceutical Co., Ltd.
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(Osaka, Japan), which was dissolved with 1% lactic acid (SigmaAldrich Co., LLC., Tokyo, Japan) in concentrations of 3, 10 and
30 ng/ml. Dopamine (Kyowa Hakko Kirin Co., Ltd., Tokyo, Japan),
dobutamine (Shionogi & Co., Ltd., Osaka, Japan) and milrinone
(Astellas Pharma Inc., Tokyo, Japan) were dissolved with saline in
concentrations of 36, 12 and 60 mg/ml, respectively. The other
drugs used were heparin calcium (Sawai Pharmaceutical Co., Ltd.,
Osaka, Japan), thiopental sodium (Mitsubishi Tanabe Pharma Co.,
Osaka, Japan) and halothane (Takeda Pharmaceutical Co., Ltd.,
Osaka, Japan).
2.5. Data analysis
The effects of each drug were assessed in comparison with
their respective pre-drug control values, since the cardiovascular
variables in the halothane-anesthetized model have been shown
to be stable over Z 2.5 h in the absence of pharmacological intervention in our previous study (Sugiyama and Hashimoto, 1998).
Data are expressed as the mean 7S.E.M. The multiple comparisons
within a parameter were performed by one-way, repeated-measures analysis of variance (ANOVA) followed by Contrasts as a
post-hoc test for mean values comparison, whereas the comparison of paired data was done by paired t-test. On the other hand,
the statistical differences of unpaired data among the groups were
evaluated by one-way factorial ANOVA. A P value o 0.05 was
considered to be statistically signiﬁcant.

3. Results
3.1. Effects on the heart rate, systolic/diastolic blood pressure, cardiac output and total peripheral resistance
The time courses of changes in the heart rate, systolic/diastolic
blood pressure, cardiac output and total peripheral resistance are
summarized in Fig. 1. Their pre-drug control values for ONO-AE1329 were 1287 9 beats/min, 15474/97 73 mmHg, 1.79 70.14 l/
min and 65.7 75.2 mmHg min/l; those for dopamine were 1207 6
beats/min, 154 79/927 4 mmHg, 1.62 7 0.15 l/min and 70.9 7
4.2 mmHg min/l; those for dobutamine were 112 710 beats/min,
144 78/90 73 mmHg,
1.6770.14 l/min
and
66.0 7 3.4
mmHg min/l; and those for milrinone were 121 78 beats/min,
137 73/927 3 mmHg, 1.74 70.06 l/min and 62.0 72.3 mmHg
min/l, respectively. There was no signiﬁcant difference in these
respective pre-drug control values among the groups.
The low dose of 0.3 ng/kg/min of ONO-AE1-329 did not affect any
of these variables. The middle dose of 1 ng/kg/min of ONO-AE1-329
increased the cardiac output for 5–30 min, but decreased the total
peripheral resistance for 5–30 min, whereas no signiﬁcant change
was detected in the other variables. The high dose of 3 ng/kg/min of
ONO-AE1-329 increased the heart rate for 10–15 min and cardiac
output for 5–30 min, but decreased the systolic blood pressure for 5–
30 min, diastolic blood pressure for 5–20 min and total peripheral
resistance for 5–30 min. The infusion of 3 μg/kg/min of dopamine
increased the heart rate and cardiac output, but decreased the total
peripheral resistance at 10 min after the start of infusion, whereas no
signiﬁcant change was detected in the systolic or diastolic blood
pressure. The infusion of 1 μg/kg/min of dobutamine increased the
heart rate, systolic and diastolic blood pressure, and cardiac output at
10 min after the start of infusion, whereas no signiﬁcant change was
detected in the total peripheral resistance. The infusion of 5 mg/kg/
min of milrinone for 10 min followed by 0.5 μg/kg/min for 10 min
increased the heart rate and cardiac output, but decreased the diastolic blood pressure and total peripheral resistance at the end of
0.5 μg/kg/min infusion, whereas no signiﬁcant change was detected
in the systolic blood pressure.

Fig. 1. The time courses of changes in the heart rate (HR), systolic blood pressure
(SBP, circles), diastolic blood pressure (DBP, squares), cardiac output (CO) and total
peripheral resistance (TPR) before and after the infusion of ONO-AE1-329 (n ¼ 4),
dopamine (DOA, n ¼ 5), dobutamine (DOB, n ¼5) and milrinone (MIL, n ¼4). Data
are presented as mean 7S.E.M. Closed symbols represent signiﬁcant changes from
the respective pre-drug control values (C) by P o 0.05.

3.2. Effects on the ventricular end-systolic/end-diastolic volume,
stroke volume and ejection fraction
Typical tracings of pressure-volume loops before and after the infusion of ONO-AE1-329 are depicted in Fig. 2, and the time courses of
changes in the ventricular end-systolic/end-diastolic volume, stroke
volume and ejection fraction are summarized in Fig. 3. Their pre-drug
control values for ONO-AE1-329 were 7.470.8/21.470.9 ml,
13.970.3 ml and 65.572.4%; those for dopamine were 6.571.4/
20.071.5 ml, 13.571.0 ml and 68.475.0%; those for dobutamine
were 7.771.0/22.670.9 ml, 14.970.4 ml and 66.473.1%; and those
for milrinone were 8.772.0/23.271.8 ml, 14.570.5 ml and
63.775.7%, respectively. There was no signiﬁcant difference in these
respective pre-drug control values among the groups.
The low dose of ONO-AE1-329 increased the stroke volume for
20–30 min, whereas no signiﬁcant change was detected in the
other variables. The middle dose of ONO-AE1-329 increased the
end-diastolic volume and stroke volume for 5–30 min, and ejection fraction for 5–10 and at 20 min, whereas no signiﬁcant change
was detected in the end-systolic volume. The high dose of ONOAE1-329 increased the end-diastolic volume, stroke volume and
ejection fraction for 5–30 min, but decreased the end-systolic
volume for 5–15 min. The infusion of dopamine, dobutamine or
milrinone did not affect any of these variables.
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Fig. 2. Typical tracings of the left ventricular pressure-volume loop before and at 10 min after the start of 0.3, 1 and 3 ng/kg/min of ONO-AE1-329 infusion. Each trace
consists of 5 cardiac cycles. Note that ONO-AE1-329 increased the end-diastolic volume, but decreased the end-systolic volume, resulting in the increase of stroke volume.

3.3. Effects on the ventricular end-systolic/end-diastolic pressure,
peak þdP/dt and peak –dP/dt

Fig. 3. The time courses of changes in the end-systolic volume (ESV, circles), enddiastolic volume (EDV, squares), stroke volume (SV, triangles) and ejection fraction
(EF) before and after the infusion of ONO-AE1-329 (n ¼4), dopamine (DOA, n ¼ 5),
dobutamine (DOB, n ¼ 5) and milrinone (MIL, n¼ 4). Data are presented as
mean 7 S.E.M. Closed symbols represent signiﬁcant changes from the respective
pre-drug control values (C) by Po 0.05.

The time courses of changes in the ventricular end-systolic/enddiastolic pressure, peak þdP/dt and peak –dP/dt are summarized in
Fig. 4. Their pre-drug control values for ONO-AE1-329 were 13076/
771 mmHg, 2384798 mmHg/s and –35837375 mmHg/s; those
for dopamine were 13978/771 mmHg, 30507375 mmHg/s and –
37657477 mmHg/s; those for dobutamine were 13176/
871 mmHg, 28717359 mmHg/s and –33347438 mmHg/s; and
those for milrinone were 12474/771 mmHg, 2464782 mmHg/s
and –25957183 mmHg/s, respectively. There was no signiﬁcant
difference in these respective pre-drug control values among the
groups.
The low dose of ONO-AE1-329 did not affect any of these
variables. The middle dose of ONO-AE1-329 increased the peak
þdP/dt for 5–20 min and peak –dP/dt at 20 min, but decreased the
end-systolic pressure at 10 and 30 min, whereas no signiﬁcant
change was detected in the end-diastolic pressure. The high dose
of ONO-AE1-329 increased the peak þ dP/dt for 5–30 min and
peak –dP/dt at 5 min and for 15–30 min, but decreased the endsystolic pressure for 5–30 min, whereas no signiﬁcant change was
detected in the end-diastolic pressure. Dopamine and dobutamine
increased the peak þdP/dt and peak –dP/dt, and milrinone increased the peak –dP/dt, whereas no signiﬁcant change was detected in the other variables.
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34.1 72.4 ms; and those for milrinone were 17.07 4.0 mmHg/ml,
0.327 0.05 mmHg/ml and 35.2 71.0 ms, respectively. There was
no signiﬁcant difference in these respective pre-drug control values among the groups.
The low and middle doses of ONO-AE1-329 did not affect any of
these variables. The high dose of ONO-AE1-329 increased the Emax
at 5 min, whereas no signiﬁcant change was detected in the other
variables. Dopamine or dobutamine hardly affected any of these
variables. Milrinone decreased the Tau at the end of 0.5 μg/kg/min
infusion, whereas no signiﬁcant change was detected in the other
variables.
3.5. Effects on the stroke work, potential energy, external/internal
work ratio and systolic pressure-volume area

Fig. 4. The time courses of changes in the end-systolic pressure (ESP, circles), enddiastolic pressure (EDP, squares), maximum upstroke velocity of the left ventricular
pressure (peak þ dP/dt, circles) and maximum downstroke velocity of left ventricular pressure (peak –dP/dt, squares) before and after the infusion of ONO-AE1329 (n ¼ 4), dopamine (DOA, n ¼ 5), dobutamine (DOB, n ¼ 5) and milrinone (MIL,
n ¼4). Data are presented as mean 7 S.E.M. Closed symbols represent signiﬁcant
changes from the respective pre-drug control values (C) by Po 0.05.

The time courses of changes in the stroke work, potential energy, external/internal work ratio and systolic pressure-volume
area are summarized in Fig. 6. Their pre-drug control values for
ONO-AE1-329 were 920 7111 mmHg  ml, 320 743 mmHg ml,
3.17 70.75 and 1240769 mmHg ml; those for dopamine were
951 7186 mmHg ml,
298 758 mmHg  ml,
3.56 70.97
and
1250 7219 mmHg ml;
those
for
dobutamine
were
11557 169 mmHg  ml, 326 743 mmHg  ml, 3.56 7 0.39 and
14827202 mmHg ml;
and
those
for
milrinone
were
9067 178 mmHg ml,
354773 mmHg  ml,
2.90 70.88
and
1260 7194 mmHg ml, respectively. There was no signiﬁcant difference in these respective pre-drug control values among the
groups.
The low dose of ONO-AE1-329 did not affect any of these
variables. The middle dose of ONO-AE1-329 increased the stroke
work for 10–30 min, external/internal work ratio at 10 and 20 min
and systolic pressure-volume area for 10–30 min, but decreased

3.4. Effects on the Emax, Emin and Tau
The time courses of changes in the Emax, Emin and Tau are
summarized in Fig. 5. Their pre-drug control values for ONO-AE1329 were 17.572.4 mmHg/ml, 0.31 70.05 mmHg/ml and
32.2 73.3 ms; those for dopamine were 27.377.5 mmHg/ml,
0.39 70.06 mmHg/ml and 35.7 71.8 ms; those for dobutamine
were
18.17 2.4 mmHg/ml,
0.37 70.07 mmHg/ml
and

Fig. 5. The time courses of changes in the maximum elastance (Emax), minimum
elastance (Emin) and isovolumic relaxation constant (Tau) before and after the infusion of ONO-AE1-329 (n ¼4), dopamine (DOA, n¼ 5), dobutamine (DOB, n ¼ 5)
and milrinone (MIL, n ¼ 4). Data are presented as mean 7 S.E.M. Closed symbols
represent signiﬁcant changes from the respective pre-drug control values (C) by
Po 0.05.

Fig. 6. The time courses of changes in the stroke work (SW), potential energy (PE),
external/internal work ratio (SW/PE) and systolic pressure-volume area (PVA) before and after the infusion of ONO-AE1-329 (n¼ 4), dopamine (DOA, n ¼5), dobutamine (DOB, n ¼ 5) and milrinone (MIL, n ¼4). Data are presented as mean 7S.E.M.
Closed symbols represent signiﬁcant changes from the respective pre-drug control
values (C) by Po 0.05.
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the potential energy at 5 min. The high dose of ONO-AE1-329 increased the stroke work, external/internal work ratio and systolic
pressure-volume area for 5–30 min, but decreased the potential
energy for 5–30 min. Dopamine, dobutamine or milrinone hardly
affected any of these variables except that dopamine slightly but
signiﬁcantly increased the systolic pressure-volume area.

4. Discussion
Cardiovascular effects of prostaglandin EP4-receptor stimulation by ONO-AE1-329 in doses of 0.3, 1 and 3 ng/kg/min for 10 min
were assessed in the halothane-anesthetized dogs (Izumi-Nakaseko et al., 2014; Nomura et al., 2015; Sugiyama 2008; Sugiyama
et al., 2001) with continuously monitoring the left ventricular
pressure-volume relationship. In order to better characterize the
effects of ONO-AE1-329, its results were compared with those of
clinically recommended intravenous doses of dopamine, dobutamine and milrinone, of which responses reached plateau by 5 min
after the start of infusion. As clearly demonstrated in this study,
ONO-AE1-329 can enhance not only active relaxation but also
passive ﬁlling of the left ventricle, the latter of which was not
accomplished by any of the comparative drugs.
4.1. Cardiohemodynamic proﬁle
ONO-AE1-329 decreased the total peripheral resistance in a
dose-related manner, leading to reductions of the systolic and
diastolic blood pressure in spite of increases of the heart rate and
cardiac output. EP4-receptor agonists-induced vasodilator action
has been reported on the mice aortic rings, human middle cerebral
artery and rat mesenteric artery (Davis et al., 2004; Hristovska
et al., 2007; Kida et al., 2014). The EP4 receptor is known to be
expressed in a variety of arteries and veins, of which expression is
not restricted to smooth muscle cells but is also found in endothelial cells (Yokoyama et al., 2013). Since EP4 receptor has been
reported to be coupled to Gαs protein (Konya et al., 2013; Yokoyama et al., 2013), ONO-AE1-329 may increase cyclic AMP
concentration in vascular smooth muscle cells, which may increase the rate of inactivation of myosin light chain kinase, resulting in the vasodilation (Katzung, 2015a). Furthermore, EP4
receptor-dependent, cyclic AMP-mediated stimulation of endothelial nitric oxide synthase (eNOS) activity has been reported
in the endothelium, leading to guanylyl cyclase-dependent relaxation of vascular smooth muscle (Hristovska et al., 2007), which
might be also involved in the mechanism of ONO-AE1-329-induced vasodilation. On the other hand, positive chronotropic effect
of ONO-AE1-329 was recently reported by us in dogs (Nomura
et al., 2015). Since EP4 receptor has been shown to be expressed in
the cardiomyocytes (Yokoyama et al., 2013), EP4 receptor-dependent stimulation of adenylyl cyclase activity in the sinus nodal area
may increase inward Ca2 þ current via increase of cyclic AMP
production, which may explain the ONO-AE1-329-induced positive chronotropic action. In addition, the decrease of the mean
blood pressure may increase reﬂex-mediated sympathetic tone,
which would have enhanced the positive chronotropic effect of the
drug.
Dopamine decreased the total peripheral resistance, but increased the heart rate and cardiac output, resulting in no change in
the systolic or diastolic blood pressure, which can be understood
by its stimulatory actions on D1-receptors in several vascular beds
and on ß1-receptors in the heart (Katzung, 2015b). Dobutamine
increased the heart rate, cardiac output and systolic and diastolic
blood pressure, whereas it tended to increase the total peripheral
resistance although it did not achieve a statistical signiﬁcance.
These results can be explained by its stimulatory actions on ß1-
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receptors and α1-receptors (Armstrong et al., 2004). Milrinone
decreased the total peripheral resistance and diastolic blood
pressure, but increased the heart rate and cardiac output, resulting
in no change in the systolic blood pressure, which may reﬂect its
inhibitory effect on phosphodiesterase 3, a form found in cardiac
and smooth muscle (Armstrong et al., 2004). Thus, the cardiohemodynamic proﬁle of ONO-AE1-329 is considered to be more
close to that of the phosphodiesterase 3 inhibitor than those of the
catecholamines.
4.2. Effects on each phase of the ventricular cycle
4.2.1. Isovolumetric contraction
During the isovolumic phase of systolic contraction, the left
ventricle generates a high pressure, which eventually forces the
aortic valve open. The effects of drugs on the isovolumetric contraction phase were evaluated by the peak þdP/dt. ONO-AE1-329
increased the parameter, indicating that EP4 receptor-dependent
stimulation of adenylyl cyclase activity in the ventricular cardiomyocyte may increase the inward Ca2 þ current via increase of
cyclic AMP production (Konya et al., 2013; Yokoyama et al., 2013).
The similar trend was observed by dopamine, dobutamine and
milrinone, although milrinone did not achieve a statistical signiﬁcance. It is considered that dopamine and dobutamine induced
it via ß1-receptor stimulation in the heart, whereas milrinone
exerted it through an inhibition of phosphodiesterase 3 in the
cardiomyocytes.
4.2.2. Ventricular emptying
Ejection of the stroke volume ensues, and the aortic valve
closes when aortic pressure exceeds left ventricular pressure.
Ventricular emptying function was estimated by the stroke volume and ejection fraction. ONO-AE1-329 increased the end-diastolic volume after the middle and high doses infusion, but decreased the end-systolic volume after the high dose infusion, resulting in signiﬁcant increases of the stroke volume and ejection
fraction, which were not observed by dopamine, dobutamine or
milrinone. Thus, the increases of the stroke volume and ejection
fraction are considered to depend on the cardiac systolic and
diastolic function after the high dose of ONO-AE1-329, whereas
after the middle dose they may be induced by the diastolic function rather than the systolic function. However, it would be difﬁcult to evaluate these effects of dependency either on cardiac or
vascular. In addition, the contractile state of the left ventricle was
estimated by the end-systolic pressure-volume relationship;
namely, Emax (Armstrong et al., 2004). The high dose of ONO-AE1329 increased the Emax, indicating the increased contractility,
which was not observed by dopamine, dobutamine or milrinone.
These results suggest that ONO-AE1-329 can enhance the ventricular contractility during the ventricular emptying period more
efﬁciently than the other drugs.
4.2.3. Active relaxation
Isovolumetric relaxation returns the ventricle to its lowest
pressure state by consuming the energy for myocardial Ca2 þ
handling (Li et al., 2013). This phase was evaluated by the peak –
dP/dt as well as Tau. ONO-AE1-329 as well as dopamine, dobutamine and milrinone increased the peak –dP/dt. The phosphorylation of phospholamban via the EP4 receptor-dependent cyclic AMP
signaling can be a major pathway for explaining the enhanced
active relaxation of ONO-AE1-329. Dopamine and dobutamine
may have induced it via ß1-receptor stimulation dependent
pathway in the heart, whereas milrinone could exert it through
the inhibition of the degradation of cyclic AMP by phosphodiesterase 3 in cardiomyocytes (Armstrong et al., 2004). ONO-AE1-329,
dopamine or dobutamine hardly affected the Tau, whereas only

136

A. Honda et al. / European Journal of Pharmacology 775 (2016) 130–137

milrinone decreased it, indicating that milrinone can enhance the
active relaxation phase more effectively than the other drugs.
4.2.4. Passive ventricular ﬁlling
Mitral valve opening allows the left ventricle to increase the
volume as the chamber is ﬁlled with blood during diastole. When
left ventricular pressure exceeds the left atrial pressure, the mitral
valve closes. This phase was evaluated by the end-diastolic volume. ONO-AE1-329 increased the end-diastolic volume, reﬂecting
increased compliance of the left ventricular wall, which was not
observed by dopamine, dobutamine or milrinone. In addition, the
passive stiffness of the left ventricle was estimated by the enddiastolic pressure-volume relationship; namely Emin. However,
ONO-AE1-329 as well as dopamine, dobutamine or milrinone
hardly affected it, suggesting that Emin may not be an appropriate
marker in the normal canine heart for assessing the passive ﬁlling
period of the left ventricle.
The increase of availability of nitric oxide has been reported to
increase the diastolic function of the heart including earlier onset
of relaxation and increase of diastolic distensibility (Armstrong
et al., 2004; Boerrigter et al., 2003). Furthermore, the molecular
cell level of disorder in HFpEF is known to include impaired nitric
oxide-cyclic GMP-protein kinase G signaling (van Heerebeek et al.,
2012), which regulates diastolic tone and ventricular ﬁlling
through titin phosphorylation and troponin I phosphorylation
(Krüger et al., 2009). Since EP4 receptor-mediated, endotheliumdependent stimulation of eNOS activity has been conﬁrmed in
aortic rings of mice (Hristovska et al., 2007) and eNOS is also
constitutively expressed in cardiac myocytes (Balligand and Cannon, 1997), current observation suggests that such an EP4 receptor-dependent signal transduction system might be present in
the heart. Thus, eNOS activity-dependent signal transduction
pathway would become a target of study to better understand
how pharmacological EP4-receptor stimulation improves the
passive ventricular ﬁlling.
4.3. Effects on the external/internal works
The external and internal works were estimated by stroke work
and potential energy, respectively. ONO-AE1-329 signiﬁcantly increased the stroke work, which was not induced by dopamine,
dobutamine or milrinone. ONO-AE1-329 decreased the potential
energy and milrinone tended to decrease it, whereas dopamine
and dobutamine hardly affected it. Accordingly, the order of the
extent of change in the external/internal work ratio was ONO-AE1329 4 4milrinone Zdopamine ¼dobutamine. Meanwhile, ONOAE1-329 and dopamine increased the systolic pressure-volume
area: a sum of external and internal works, which reﬂects the
increase of left ventricular oxygen consumption (Suga et al., 1984),
whereas dobutamine or milrinone hardly affected it. Although
caution has to be paid for the use of ONO-AE1-329 for patients
with ischemic heart disease, these results suggest that ONO-AE1329 may be the best strategy among the 4 drugs in effectively
increasing the stroke work with decreasing potential energy.
4.4. Potential clinical application and limitation
One leading mechanism of HFpEF is left ventricular diastolic
dysfunction, consisting of abnormal active relaxation and increased passive stiffness (Zile et al., 2004). All of the 4 drugs improved the former, whereas only ONO-AE1-329 can reduce the
latter, of which increase limits cardiac output by elevating left
ventricular end-diastolic pressure and decreasing stroke volume
(Li et al., 2013). The halothane-anesthetized dogs can well mimic
the drug-induced cardiovascular responses in healthy human
subjects (Sugiyama, 2008); however, there may be some potential,

including that the true changes in human may be different from
those in the animals. Also, since the present study was conducted
with the normal canine heart, efﬁcacy of ONO-AE1-329 on the left
ventricle with diastolic dysfunction needs to be examined by using
the pathologically modiﬁed heart models.

5. Conclusions
EP4-receptor stimulation by ONO-AE1-329 is expected to better improve the passive ventricular ﬁlling than the conventional
cardiotonic drugs, which may become a candidate of a novel
therapeutic strategy for the treatment of patients with HFpEF.
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