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Pulmonary hypertension (PH) is a life-threatening disease in dogs characterized by

increased pulmonary arterial pressure (PAP) and/or pulmonary vascular resistance.

No study has evaluated the utility of Beraprost sodium (BPS) in dogs with PH. This

study aimed to evaluate the effect of BPS on cardiac function and hemodynamics

and examine the optimal dose of BPS in canine models of chronic embolic PH. In

this prospective crossover study, three doses of BPS (5, 15, and 25 µg/kg, twice a

day) were examined in eight canine models of chronic embolic PH. All model dogs

underwent invasive PAP measurement, echocardiography, and non-invasive systemic

blood pressure measurement before and after continuous administration of oral BPS for 1

week. No side effects of BPSwere observed in any dog during the study. All doses of BPS

significantly decreased systolic PAP and pulmonary vascular impedance. Additionally,

systemic vascular impedance significantly decreased with 15 and 25 µg/kg of BPS.

The right ventricular stroke volume and longitudinal strain significantly decreased with

all doses of BPS. The left ventricular stroke volume and circumferential strain decreased

with 15 µg/kg BPS. BPS was well-tolerated in this study. A dose-dependent vasodilating

effect on pulmonary vessels was observed in canine models of chronic PH. Additionally,

15 µg/kg BPS showed a balanced vasodilating effect on systemic and pulmonary

vessels. Furthermore, with a decrease in systemic and pulmonary vascular impedance,

the left and right ventricular functions were significantly improved. Our results suggest

that BPS may be useful in the treatment of canine PH.

Keywords: dog, myocardial function, pulmonary vascular resistance, pulmonary vasodilator, right ventricular

strain, speckle tracking echocardiography, systemic vascular resistance

INTRODUCTION

Pulmonary hypertension (PH), a life-threatening disease in dogs, is characterized by increased
pulmonary arterial pressure (PAP) and/or pulmonary vascular resistance (PVR) (1, 2). The disease
induces right ventricular (RV) hypertrophy, dysfunction, and/or dilatation, and finally, right heart
failure through increased RV afterload. In veterinary medicine, PH is commonly treated using
phosphodiesterase-5 inhibitors, such as sildenafil, which selectively dilate pulmonary vessels by
inactivating phosphodiesterase-5 and increasing cyclic guanosine monophosphate levels in the
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pulmonary vascular muscle. To date, various studies have
reported the beneficial effects of sildenafil in dogs with PH (3–6).
However, it might be clinically difficult to use sildenafil because
of its high cost, difficulty in obtaining the drug, and the risk of
excessive increase in pulmonary circulation due to its use, which
might increase left heart load (7).

Beraprost sodium (BPS) is a chemically stable prostacyclin
analog. BPS selectively activates adenylate cyclase, raises the
cyclic adenosine monophosphate level in cells and blood
platelets, and inhibits calcium ion influx and thromboxane-
A2 production, resulting in vasodilating effects on pulmonary
and systemic arterial smooth muscle cells, protective effects on
vascular endothelial cells, inhibition of inflammatory cytokine
production, and antiplatelet effects (8–11). In humans, BPS is
commonly used to treat PH, and various studies have reported
its efficacy in patients with PH (11–14). Additionally, BPS has
been used to treat chronic kidney disease in cats (15). However,
no study has reported the efficacy of BPS in dogs with PH.
Furthermore, because of the species differences in susceptibility
to prostacyclin, it is unclear whether the dose of BPS extrapolated
to humans or felines is also appropriate in dogs with PH.
Although there is only one study that has investigated the effect
of intravenous administration of BPS in animal models of PH
(11), no study has examined the optimal dose of oral BPS for the
treatment of dogs with PH.

Therefore, the purpose of this study was to evaluate the effect
of BPS on cardiac function and hemodynamics and to determine
the optimal dose of BPS in canine models of chronic PH. We
hypothesized that the vasodilating effect of BPS could increase
dose-dependently and that BPS would also be useful in the
treatment of canine PH.

MATERIALS AND METHODS

Our prospective, crossover study consisted of procedures that
were performed in accordance with the Guide for Institutional
Laboratory Animal Care and Use at Nippon Veterinary and Life
ScienceUniversity andwas approved by the ethical committee for

Abbreviations: 2D-STE, two-dimensional speckle tracking echocardiography;

3seg, only right ventricular free wall analysis; 6seg, right ventricular global analysis;

BPS, beraprost sodium; CO, cardiac output normalized by body surface area; EF,

ejection fraction; LA/Ao, left atrium-to-aortic diameter ratio; LV, left ventricle/left

ventricular; LVEDVI, end-diastolic LV volume normalized by body surface area;

LVESVI, end-systolic LV volume normalized by body surface area; LVIDDN, end-

diastolic LV internal dimension normalized by body weight; LVIDSN, end-systolic

LV internal dimension normalized by body weight; LV-SC, LV circumferential

strain; LV-SL, LV longitudinal strain; LV-SrC, LV circumferential strain rate; LV-

SrL, LV longitudinal strain rate; PA/Ao, pulmonary artery-to-aortic diameter ratio;

PAP, pulmonary arterial pressure; PH, pulmonary hypertension; PVI, pulmonary

vascular impedance; PVR, pulmonary vascular resistance; RV, right ventricle/right

ventricular; RV FACn, RV fractional area change normalized by body weight;

RV s
′

, tissue Doppler imaging-derived peak systolic myocardial velocity of lateral

tricuspid annulus; RVEDA index, end-diastolic RV area normalized by body

weight; RVESA index, end-systolic RV area normalized by body weight; RVIDd

index, end-diastolic RV internal dimension normalized by body weight; RV-SL,

RV longitudinal strain; RV-SrL, RV longitudinal strain rate; SV, stroke volume

normalized by body surface area; SVI, systemic vascular impedance; TAPSEn,

tricuspid annular plane systolic excursion normalized by body weight.

laboratory animal use of the Nippon Veterinary and Life Science
University, Japan (approval number: 2019S-56).

Animals
Eight laboratory-owned male beagles (body weight: 10.3 ±

0.5 kg, age: 2.2 ± 0.6 years) were used in this study. All dogs
were regarded as clinically healthy following complete physical
examination, blood tests, thoracic and abdominal radiography,
transthoracic and abdominal ultrasonography, and oscillometry-
derived blood pressure measurement.

Creation of Chronic Embolic PH Model
All dogs were administered butorphanol tartrate (0.2 mg/kg,
IV) (Meiji Seika Pharma Co. Ltd., Tokyo, Japan), midazolam
hydrochloride (0.2 mg/kg, IV) (Maruishi Pharmaceutical. Co.,
Ltd., Osaka, Japan), heparin sodium (100 IU/kg, IV) (AY
Pharmaceuticals Co. Ltd., Tokyo, Japan), and cefazolin sodium
hydrate (20mg/kg, IV) (LTL PharmaCo. Ltd., Tokyo, Japan). The
dogs were anesthetized intravenously with propofol (Nichi-Iko
Pharmaceutical Co., Ltd., Toyama, Japan) and maintained with
1.5–2.0% isoflurane (Mylan Seiyaku Ltd., Osaka, Japan) mixed
with 100% oxygen. An∼5.0-cm surgical cutdown was performed
over the right jugular furrow, and the right jugular vein was
exteriorized. An 8-Fr multipurpose catheter tip (Atom Medical
Corp., Tokyo, Japan) was placed in the main pulmonary artery
under fluoroscopic guidance. After inserting the catheter, the
catheter was fixed at the insertion site of the right jugular vein.
Additionally, the catheter hub connecter was passed through
the skin on the dorsal neck and was secured with a Chinese
finger trap. Then, the neck was sutured, and all dogs completely
recovered from anesthesia following conventional care (16).

Chronic PH was induced through continuous embolization of
the peripheral pulmonary artery using microspheres measuring
150–300µm in diameter (Sephadex G-25 Coarse; Cytiva, Tokyo,
Japan) (17, 18). Approximately 0.1–0.4 g microspheres, which
had been gas-sterilized in advance, were repeatedly injected
into the main pulmonary artery through an 8-Fr multipurpose
catheter twice a week. Embolic PH was defined as chronic if
systolic PAP > 45 mmHg was maintained for >4 weeks without
microsphere injection (17).

Study Protocol
Three doses of BPS (5, 15, and 25µg/kg, q12h) were tested using a
crossover method in canine models with chronic PH, referencing
previous toxicity studies using healthy dogs and studies using
cats (15, 19–21). BPS was orally administered twice a day at each
dose by dividing 55-µg tablets (Toray Industries, Inc., Tokyo,
Japan) into appropriate doses for 1 week. The washout period
for each dose was 1 week. Hemodynamic, echocardiography,
and oscillometric blood pressure measurements were performed
before and after continuous administration of BPS (pre and
post). Each examination after continuous BPS administration
was performed 2–3 h after BPS administration on day 7. The
dogs were sedated using butorphanol tartrate (0.1 mg/kg, IV)
and midazolam hydrochloride (0.1 mg/kg, IV) to perform
each examination when necessary. After completing the study
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protocol, all dogs were then transferred to another protocol
within our institution.

Hemodynamic Assessment
Hemodynamic assessment was performed using circulatory
function analysis software (SBP2000; Softron, Tokyo, Japan)
(17). The dogs were restrained in right lateral recumbency,
and PAP measurements (systolic, mean, and diastolic) and
echocardiography were performed concurrently. The invasive
PAP was measured following calibration with atmospheric
pressure. The average PAP value was automatically calculated
from nine consecutive cardiac cycles in the analysis software, and
the obtained value was included in the statistical analysis.

In addition, systolic and mean systemic arterial pressures
were obtained using an oscillometric method according to the
ACVIM consensus statement (22). A cuff of appropriate size was
wrapped around the ridge in all dogs to measure the systemic
arterial pressure. Blood pressure measurements were performed
repeatedly until three approximate values (<20% variability)
were recorded. The average of the three approximate values was
used for statistical analysis.

Echocardiographic Assessment
Echocardiography was performed in all dogs concurrently
with hemodynamic measurements before and after BPS
administration. Two-dimensional and Doppler examinations
were performed by a single investigator (RS) using a Vivid
7 or Vivid E95 echocardiographic system (GE Healthcare,
Tokyo, Japan) and a 3.5–6.9-MHz transducer. A lead II
electrocardiogram was recorded simultaneously, and the images
were displayed. The dogs were manually restrained in right and
left lateral recumbency, and data were obtained from at least
five consecutive cardiac cycles in sinus rhythm. Images were
analyzed using an offline workstation (EchoPAC PC, Version
204; GE Healthcare, Tokyo, Japan) by a single observer (YY).
The mean of three consecutive cardiac cycles were used for
statistical analyses.

In this study, end-diastolic and end-systolic left ventricular
(LV) internal dimensions (LVIDd and LVIDs, respectively),
end-diastolic and end-systolic LV volumes obtained using
the biplane modified Simpson’s method (LVEDV and LVESV,
respectively), and left atrial-to-aortic diameter ratio (LA/Ao)
were measured as indicators of left heart morphology using the
B-mode method, as described previously (23–26). LVIDd and
LVIDs were normalized by body weight (LVIDDN and LVIDSN,
respectively), and LVEDV and LVESV were normalized by body
surface area (LVEDVI and LVESVI, respectively). The body
surface area was calculated using the following formula (27).

Body surface area
(

m2
)

= 0.101× body weight2/3

Additionally, LV fractional shortening and ejection fraction
(EF) were calculated using LV internal dimension and volume,
respectively (26).

The end-diastolic and end-systolic RV areas normalized by
body weight (RVEDA index and RVESA index, respectively)
were measured as RV size indicators using the left apical

four-chamber view optimized for the right heart (RV focus
view), as described previously (28–30). Additionally, the ratio of
pulmonary artery-to-aortic diameter (PA/Ao) was obtained from
the right parasternal short-axis view at the level of the pulmonary
artery, as described previously (31).

For RV functional assessment, tricuspid annular plane systolic
excursion (TAPSE), RV fractional area change (RV FAC), and
tissue Doppler imaging-derived peak systolic myocardial velocity

of the lateral tricuspid annulus (RV s
′

) were measured (28–
30). All RV functional variables were obtained using the RV
focus view. TAPSE was measured using the B-mode method as
previously described (32–34). TAPSE and RV FAC were also
normalized by body weight, as described previously (TAPSEn

and RV FACn, respectively) (17, 28, 34). The RV s
′

was obtained
from the tissueDoppler imaging-derived lateral tricuspid annular
motion wave.

Systemic arterial impedance (SVI) and pulmonary arterial
impedance (PVI) were calculated as the indicator of systemic
vascular resistance and PVR, respectively. SVI was calculated
by dividing systolic systemic arterial pressure obtained from
the oscillometric method by LV stroke volume normalized by
the body surface area (LV SV). PVI was calculated by dividing
invasive systolic PAP by RV stroke volume normalized by
body surface area (RV SV) (35). LV SV and RV SV were
measured using the cross-sectional area method as described
previously (36). Additionally, cardiac output of left and right
ventricle normalized by body surface area (LV CO and RV CO,
respectively) were calculated using SV and heart rate calculated
by mean R-R intervals obtained from the same cardiac cycle used
for each SV measurement.

Two-Dimensional Speckle Tracking
Echocardiography
In this study, two-dimensional speckle tracking
echocardiography (2D-STE) was performed as a precise
myocardial function indicator of the left and right ventricles. All
2D-STE analyses were performed by a single investigator (YY)
using the same offline workstation as that used for standard
echocardiography. The strain was obtained from the right
parasternal short-axis view at the level of the papillary muscle for
the LV circumferential strain (LV-SC), left apical four-chamber
view for the LV longitudinal strain (LV-SL), and RV focus view
for the RV longitudinal strain (RV-SL). The region of interest
for 2D-STE was defined by manually tracing the endocardial
borders of the left and right ventricles. RV-SL was obtained using
two methods and the left ventricular four-chamber algorithm
(17, 32, 37, 38). Only RV free wall analysis (3seg) was performed
by tracing from the level of the lateral tricuspid annulus to the RV
apex, whereas RV global analysis (6seg) was also performed by
tracing from the lateral tricuspid annulus to the septal tricuspid
annulus (including the interventricular septum) via the RV apex.
Manual adjustments were made when necessary to include and
track the entire myocardial thickness over the cardiac cycle. All
strains were defined as the absolute value of the negative peak
obtained from each strain wave (32, 38, 39). The mean of three
consecutive cardiac cycles were used for statistical analyses.
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Statistical Analysis
All statistical analyses were performed using commercially
available EZR software, version 1.41 (Saitama Medical Center,
Jichi Medical University, Saitama, Japan) (40). All continuous
data are reported as mean ± standard deviation. Additionally,

TABLE 1 | Results of echocardiographic variables of eight canine models of

chronic pulmonary hypertension at study inclusion.

Variables for left heart Variables for right heart

LA/Ao 1.0 ± 0.1 PA/Ao 0.93 ± 0.1

LVIDDN (cm/kg0.297) 1.4 ± 0.2 RVEDA index (cm2/kg0.624) 1.3 ± 0.2

LVIDSN (cm/kg0.315) 0.9 ± 0.2 RVESA index (cm2/kg0.628) 0.9 ± 0.3

FS (%) 41.9 ± 6.6 RVIDd index (mm/kg0.327) 8.5 ± 1.5

LVEDVI (mL/m2 ) 33.3 ± 6.7 TAPSEn (mm/kg0.284) 5.6 ± 0.9

LVESVI (mL/m2 ) 16.9 ± 4.2 RV FACn (%/kg−0.097) 39.4 ± 11.3

EF (%) 49.4 ± 4.4 RV s’ (cm/s) 10.7 ± 2.6

LV SV (mL/m2 ) 37.7 ± 5.9 RV SV (mL/m2 ) 46.5 ± 11.1

LV CO (L/min/m2 ) 3.5 ± 0.8 RV CO (L/min/m2 ) 3.9 ± 1.1

LV-SL (%) 14.3 ± 1.9 RV-SL3seg (%) 20.5 ± 2.8

LV-SrL (%/s) 1.6 ± 0.3 RV-SL6seg (%) 17.7 ± 3.0

LV-SC (%) 19.8 ± 3.4 RV-SrL3seg (%/s) 2.5 ± 0.6

LV-SrC (%/s) 2.0 ± 0.4 RV-SrL6seg (%/s) 2.1 ± 0.6

3seg, only right ventricular free wall analysis; 6seg, right ventricular global analysis; CO,

cardiac output normalized by body surface area; EF, ejection fraction; LA/Ao, left atrium

to aortic diameter ratio; LV, left ventricular; LVEDVI, end-diastolic LV volume normalized

by body surface area; LVESVI, end-systolic LV volume normalized by body surface area;

LVIDDN, end-diastolic LV internal dimension normalized by body weight; LVIDSN, end-

systolic LV internal dimension normalized by body weight; LV-SC; LV circumferential strain;

LV-SL, LV longitudinal strain; LV-SrC, LV circumferential strain rate; LV-SrL, LV longitudinal

strain rate; PA/Ao, pulmonary artery to aortic diameter ratio; RV, right ventricular; RV FACn,

RV fractional area change normalized by body weight; RV s’, tissue Doppler imaging-

derived peak systolic myocardial velocity of lateral tricuspid annulus; RVEDA index,

end-diastolic RV area normalized by body weight; RVESA index, end-systolic RV area

normalized by body weight; RVIDd index, end-diastolic RV internal dimension normalized

by body weight; RV-SL, RV longitudinal strain; RV-SrL, RV longitudinal strain rate; RVWTd,

end-diastolic RV wall thickness; SV, stroke volume normalized by body surface area;

TAPSEn, tricuspid annular plane systolic excursion normalized by body weight.

Continuous variables were displayed as mean ± standard deviation.

the rate of change before and after BPS administration were
calculated for SVI and PVI.

The Shapiro–Wilk test was performed to evaluate the
normality of the data. Continuous variables were compared
between pre- and post-examination using the paired t-test for
normally distributed data or Wilcoxon signed rank-sum test for
non-normally distributed data. Additionally, to evaluate whether
1 week washout period was sufficient or not, PAP at baseline
of each BPS dose were compared using one-way analysis of
variance with subsequent pairwise comparisons using Tukey’s
multiple comparison test for normally distributed data or the
Kruskal–Wallis test with subsequent pairwise comparisons using
the Steel–Dwass test for non-normally distributed data. Statistical
significance was set at p < 0.050.

RESULTS

All dogs were repeatedly injected with the microsphere for 50.9
± 13.1 weeks to meet the definition of chronic PH. The median
total dose of microspheres was 1.24 g/kg (range: 0.93–1.37) (17).
All dogs completed the study protocol, and no side effects of BPS,
such as hypotension or abnormal hemostasis, were observed in
any dogs during the study protocol. Only one dog needs sedation
throughout the study protocol. At study inclusion, the mean ±

standard deviation of systolic, mean, and diastolic PAP of all dogs
were 52.5± 7.4, 31.4± 3.3, 17.5± 3.4, respectively. Additionally,
no abnormal values were measured in systolic andmean systemic
blood pressure in any dogs at study inclusion (mean ± standard
deviation: 129.1 ± 7.8 and 92.7 ± 10.1 mmHg, respectively).
The mean RVEDA index, RVESA index, and PA/Ao were over
and the mean RV FACn and 2D-STE derived RV-SL were under
the reference intervals reported previously (Table 1) (28, 34, 41).
There were no significant abnormalities in echocardiographic
indices of LV morphology or function at study inclusion. There
were no significant differences in systolic, mean, and diastolic
PAP at baseline of each BPS dose (p = 0.184, 0.254, and
0.554, respectively).

TABLE 2 | Changes in hemodynamic parameters before and after beraprost sodium administration.

Variables BPS 5 µg/kg BPS 15 µg/kg BPS 25 µg/kg

Pre Post Pre Post Pre Post

Pulmonary arterial pressure

Systole (mmHg) 53.2 ± 9.5 50.3 ± 8.9* 52.3 ± 7.0 47.1 ± 4.1* 50.8 ± 6.7 46.4 ± 6.7*

Mean (mmHg) 31.3 ± 3.8 31.1 ± 3.4 31.3 ± 3.2 28.2 ± 3.4* 30.9 ± 2.7 28.8 ± 3.7*

Diastole (mmHg) 16.3 ± 4.3 18.8 ± 5.2 16.9 ± 4.2 15.8 ± 3.3 18.5 ± 3.0 17.4 ± 5.1

PVI (mmHg/mL) 1.2 ± 0.3 1.0 ± 0.2* 1.2 ± 0.3 0.9 ± 0.1* 1.1 ± 0.2 0.8 ± 0.1*

Systemic arterial pressure

Systole (mmHg) 130 ± 9 128 ± 10 131 ± 11 126 ± 8 127 ± 9 121 ± 11

Mean (mmHg) 97 ± 10 98 ± 9 97 ± 9 90 ± 10 92 ± 9 85 ± 10

SVI (mmHg/mL) 3.4 ± 0.7 3.2 ± 0.6 3.5 ± 0.7 2.8 ± 0.5* 3.0 ± 0.5 2.6 ± 0.6*

Heart rate (bpm) 90 ± 11 94 ± 18 89 ± 14 90 ± 11 85 ± 16 93 ± 16

BPS, beraprost sodium; PVI, pulmonary vascular impedance; SVI, systemic vascular impedance.

Continuous variables were displayed as mean ± standard deviation.

*The value is significantly different from pre-examination of the corresponding dose of BPS (p < 0.050).
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Hemodynamic Measurements
Table 2 shows the changes in hemodynamic variables before
and after BPS administration. In this study, all doses of BPS
decreased systolic PAP (5 µg/kg, p = 0.034; 15 µg/kg, p = 0.035;
and 25 µg/kg, p = 0.047). The mean PAP decreased with the
administration of 15 and 25 µg/kg BPS (p = 0.016 and p =

0.018, respectively). Diastolic PAP showed no significant change
following BPS administration. Additionally, PVI significantly
decreased with all doses of BPS (5 µg/kg, p = 0.020; 15
µg/kg, p = 0.019; 25 µg/kg, p = 0.003). No significant changes
were observed in systemic blood pressure obtained using the
oscillometric method. However, SVI significantly decreased with

the administration of 15 and 25 µg/kg BPS (p = 0.005 and
p = 0.041, respectively). Based on the percentage change in
PVI and SVI represented in Figure 1, BPS decreased PVI in a
dose-dependent manner. Furthermore, only 15 µg/kg of BPS
decreased PVI and SVI equally. In contrast, 5 and 25 µg/kg BPS
had a vasodilating effect that was selective for pulmonary vessels.

Echocardiographic Measurements
Changes in echocardiographic variables for LV morphology and
function are summarized in Table 3. Regarding LV morphology,
there were no significant differences in LA/Ao, LV internal
dimension, LV volume, or 2D-STE-derived LV-SL and LV-SrL

FIGURE 1 | Changes in pulmonary and systemic vascular impedance by three doses of beraprost sodium administration (5, 15, and 25 µg/kg). Values are the means

± standard deviations.

Frontiers in Veterinary Science | www.frontiersin.org 5 April 2022 | Volume 9 | Article 876178

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Suzuki et al. Beraprost Sodium in Canine PH

TABLE 3 | Changes in echocardiographic parameters for left heart morphology and function before and after beraprost sodium administration.

Variables BPS 5 µg/kg BPS 15 µg/kg BPS 25 µg/kg

Pre Post Pre Post Pre Post

LA/Ao 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.0 1.0 ± 0.1 1.1 ± 0.1

LVIDDN (cm/kg0.297) 1.6 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 1.6 ± 0.2 1.6 ± 0.1 1.5 ± 0.1

LVIDSN (cm/kg0.315) 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.2 0.9 ± 0.2 0.9 ± 0.2

FS (%) 38.3 ± 4.6 37.5 ± 4.6 35.6 ± 6.3 37.6 ± 11.4 40.3 ± 7.5 40.9 ± 7.4

LVEDVI (mL/m2 ) 65.7 ± 7.4 64.1 ± 7.3 71.1 ± 11.8 71.7 ± 9.6 70.2 ± 12.4 70.5 ± 9.7

LVESVI (mL/m2 ) 35.0 ± 6.1 33.0 ± 6.3 37.2 ± 5.7 34.2 ± 5.3 36.3 ± 7.5 33.0 ± 6.6*

EF (%) 46.7 ± 6.8 48.8 ± 6.1 47.2 ± 2.4 52.6 ± 2.9* 48.1 ± 3.8 53.3 ± 4.2*

LV SV (mL/m2 ) 39.4 ± 7.6 40.9 ± 7.3 37.7 ± 4.9 46.4 ± 5.6* 43.1 ± 6.8 48.3 ± 11.1*

LV CO (L/min/m2 ) 3.8 ± 0.7 3.9 ± 0.7 3.3 ± 0.5 4.5 ± 0.7* 4.1 ± 0.6 4.7 ± 1.1

LV-SL (%) 13.8 ± 0.9 13.7 ± 1.2 13.5 ± 1.7 14.7 ± 2.0 14.4 ± 2.3 14.5 ± 1.8

LV-SrL (%/s) 1.6 ± 0.2 1.5 ± 0.2 1.4 ± 0.2 1.5 ± 0.2 1.6 ± 0.4 1.6 ± 0.2

LV-SC (%) 19.1 ± 1.7 19.0 ± 1.5 16.6 ± 2.4 18.8 ± 1.8* 19.2 ± 3.1 20.4 ± 1.3

LV-SrC (%/s) 1.9 ± 0.2 1.9 ± 0.2 1.7 ± 0.2 1.9 ± 0.2* 2.0 ± 0.4 2.0 ± 0.1

BPS, beraprost sodium; COI, cardiac output normalized by body surface area; EF, ejection fraction; LA/Ao, left atrium to aortic diameter ratio; LV, left ventricular; LVEDVI, end-diastolic left

ventricular volume normalized by body surface area; LVESVI, end-systolic left ventricular volume normalized by body surface area; LVIDDN, end-diastolic left ventricular internal dimension

normalized by body weight; LVIDSN, end-systolic left ventricular internal dimension normalized by body weight; LV-SC; left ventricular circumferential strain; LV-SL, LV longitudinal strain;

LV-SrC, LV circumferential strain rate; LV-SrL, LV longitudinal strain rate; SVI, stroke volume normalized by body surface area.

Continuous variables were displayed as mean ± standard deviation.

*The value is significantly different from pre-examination of the corresponding dose of BPS (p < 0.050).

before and after BPS administration (Figure 2A). EF and LV
SV significantly increased with administration of 15 and 25
µg/kg BPS (EF: both p < 0.001, LV SV: p = 0.004, and p =

0.012, respectively). Additionally, LV CO, 2D-STE-derived LV-
SC, and LV-SrC showed significant increases with 15 µg/kg BPS
administration (p= 0.007, p= 0.007, and p= 0.006, respectively)
(Figure 2B).

Table 4 shows the changes in echocardiographic variables
of RV morphology and function before and after BPS
administration. Although, there were no significant changes in

PA/Ao, RV area, RVIDd, or RV s
′

in this study, TAPSEn, RV
SV, 2D-STE-derived RV-SL3seg, and RV-SL6seg were significantly
increased by all doses of BPS (Figures 2C,D). Additionally,
RV FACn and RV CO were significantly increased with
administration of 15 and 25 µg/kg BPS (RV FACn: p = 0.003
and p = 0.007, respectively, RV CO: p = 0.012 and p =

0.025, respectively).

DISCUSSION

This is the first study to evaluate the optimal dose of oral BPS
in canine models of chronic PH. In this study, all doses of BPS
significantly decreased systolic PAP and PVI, and 15 and 25
µg/kg of BPS decreased SVI. Our results suggest that BPS had a
dose-dependent effect on pulmonic and systemic vasodilatation,
and 15 µg/kg BPS showed the most balanced vasodilatory effect.
Additionally, with the decrease in PVI and SVI, PAP, LV, and RV
function based on EF, 2D-STE-derived LV-SC and RV-SL were
significantly improved. These results suggest that high-dose oral
BPS may be an additional treatment option for dogs with PH.

In this study, the pulmonary vasodilating effect increased
with an increase in BPS dose. These results agree with those
of a previous study that reported the utility of intravenous
BPS injection in dogs with PH induced by a thromboxane-A2

agonist (11). Our results suggest that oral BPS may be useful
for the treatment of canine PH and that BPS might decrease
PAP in a dose-dependent manner. Additionally, although not
evaluated in this study, the antiplatelet effect of BPS might
also be effective in diseases that might increase PAP due
to pulmonary arterial thromboembolism, such as immune-
mediated hemolytic anemia, spontaneous hyperadrenocorticism,
protein-losing nephropathy, and disseminated intravascular
coagulation syndrome (1).

This study compared the effects of three doses of BPS (5,
15, and 25 µg/kg) on right heart function and hemodynamics.
Although BPS decreased PAP in a dose-dependent manner, the
selection of the maximal BPS dose was set at 25 µg/kg according
to the previous toxicity studies that have reported that the no-
observed-adverse-effect level was 25 µg/kg (19, 20). In humans,
the recommended dose of BPS for the treatment of PH is 60–
180 µg/day (i.e., 1–3 µg/kg/day for a 60 kg person) (11–14).
Although systolic PAP and PVI in our study were significantly
decreased with all doses of BPS administration, the mean PAP
results suggest that a higher dose of BPS may be needed for the
treatment of PH in dogs than that in humans, possibly due to
species differences in the effects of BPS. Additionally, our results
suggest that up to 25 µg/kg BPS could be safely used in dogs with
PH without any side effects.

A significant decrease in SVI without an excessive decrease in
systemic blood pressure was observed with administration of 15
and 25 µg/kg BPS. Additionally, 15 µg/kg BPS showed the most
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FIGURE 2 | Representative data of two-dimensional speckle tracking echocardiography-derived myocardial strain before and after 15 µg/kg beraprost sodium (BPS)

administration: left ventricular longitudinal strain [LV-SL (A)], left ventricular circumferential strain [LV-SC (B)], right ventricular longitudinal strain obtained from only right

ventricular free wall analysis and right ventricular global analysis [RV-SL3seg (C) and RV-SL6seg (D), respectively]. For each variable, the left figure represents the

myocardial strain before BPS administration, and the right represents that after BPS administration.

balanced decrease in PVI and SVI (Figure 1). A previous study
has reported that the vasodilating effect, which predominantly
affects pulmonary vessels over systemic vessels, might increase
left heart load (7). In veterinary medicine, the most common
cause of PH is mitral valve insufficiency (2, 42, 43). Sildenafil
and 5 µg/kg of BPS, which is highly selective for pulmonary
vessels, might worsen left heart disease, especially in dogs with
PH, due to increased left atrial pressure. Additionally, 25 µg/kg
BPS was also observed to have an imbalanced vasodilating effect.
This was possibly because the systemic vasodilating effect might
have peaked at a lower dose than the pulmonary vasodilating
effect. Therefore, 15 µg/kg BPS may be the optimal dose for

the treatment of canine PH. However, 25 µg/kg BPS might be
needed in cases with decreased left heart size due to excessively
decreased pulmonary circulation. Further studies involving dogs
with underfilled left heart volume due to severe PH are expected
to validate the clinical efficacy of 25 µg/kg BPS in dogs with PH.

No studies have investigated the effect of BPS on RV function
in dogs with PH. In this study, significant improvements were
observed in various echocardiographic indices of RV function,
including the TAPSEn, RV FACn, RV SV, RV CO, and 2D-
STE-derived RV-SL. Especially, 2D-STE variables enable precise
myocardial function assessment with angle independence and
minimal influence of loading conditions (44). Our results suggest
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TABLE 4 | Changes in echocardiographic parameters for right heart morphology and function before and after beraprost sodium administration.

Variables BPS 5 µg/kg BPS 15 µg/kg BPS 25 µg/kg

Pre Post Pre Post Pre Post

PA/Ao 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.0 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1

RVEDA index (cm2/kg0.624) 1.3 ± 0.2 1.4 ± 0.2 1.4 ± 0.3 1.4 ± 0.3 1.3 ± 0.3 1.4 ± 0.2

RVESA index (cm2/kg0.628) 0.9 ± 0.2 0.9 ± 0.2 1.0 ± 0.2 0.9 ± 0.2 0.9 ± 0.2 0.9 ± 0.2

RVIDd index (mm/kg0.327) 18.6 ± 3.0 19.5 ± 3.4 19.0 ± 4.0 18.4 ± 3.0 18.2 ± 2.6 18.7 ± 3.9

TAPSEn (mm/kg0.284) 5.6 ± 0.8 6.0 ± 0.9* 5.3 ± 0.8 6.1 ± 0.7* 5.7 ± 0.9 6.2 ± 1.1*

RV FACn (%/kg−0.097) 37.9 ± 8.8 41.1 ± 5.9 38.8 ± 8.4 45.9 ± 7.1* 40.3 ± 9.0 45.4 ± 7.3*

RV s’ (cm/s) 9.6 ± 2.5 10.9 ± 2.2 10.1 ± 2.5 10.9 ± 1.9 11.6 ± 2.3 10.4 ± 2

RV SV (mL/m2 ) 48.3 ± 12.7 53.0 ± 10.5* 45 ± 12.7 54.5 ± 13.8* 48.1 ± 8.9 56.8 ± 12.8*

RV CO (L/min/m2 ) 4.3 ± 1.3 5.0 ± 1.5 3.9 ± 0.8 4.9 ± 1.6* 4.1 ± 1.0 5.1 ± 2.1*

RV-SL3seg (%) 19.1 ± 3.3 22.4 ± 3.7* 21.1 ± 4.2 23.1 ± 4.0* 18.6 ± 3.8 20.7 ± 4.4*

RV-SL6seg (%) 15.4 ± 3.1 18.2 ± 2.4* 17.0 ± 3.5 18.8 ± 2.9* 15.8 ± 3.8 17.1 ± 3.0*

RV-SrL3seg (%/s) 2.4 ± 0.7 2.4 ± 0.6 2.2 ± 0.6 2.5 ± 0.7 2.3 ± 0.5 2.3 ± 0.5

RV-SrL6seg (%/s) 1.9 ± 0.5 1.9 ± 0.3 1.8 ± 0.4 2.1 ± 0.4* 1.9 ± 0.5 1.9 ± 0.4

3seg, only right ventricular free wall analysis; 6seg, right ventricular global analysis; BPS, beraprost sodium; CO, cardiac output normalized by body surface area; PA/Ao, pulmonary

artery to aortic diameter ratio; RV, right ventricular; RV FACn, RV fractional area change normalized by body weight; RV s’, tissue Doppler imaging-derived peak systolic myocardial

velocity of lateral tricuspid annulus; RVEDA index, end-diastolic RV area normalized by body weight; RVESA index, end-systolic RV area normalized by body weight; RVIDd index,

end-diastolic RV internal dimension normalized by body weight; RV-SL, RV longitudinal strain; RV-SrL, RV longitudinal strain rate; RVWTd, end-diastolic RV wall thickness; SV, stroke

volume normalized by body surface area; TAPSEn, tricuspid annular plane systolic excursion normalized by body weight.

Continuous variables were displayed as mean ± standard deviation.

*The value is significantly different from pre-examination of the corresponding dose of BPS (p < 0.050).

that a high dose of BPS could improve RV function and
pulmonary circulation, possibly through decreases in PVR and
PAP (i.e., RV afterload). Additionally, LV function based on EF,
2D-STE-derived LV-SC, LV SV, and LV CO also improved with
15 µg/kg of BPS administration. Our EF results were consistent
with those of a previous study on patients with PH secondary
to left heart disease (14). Although almost all dogs showed
no significant changes in LV morphology, the improvement in
pulmonary circulation and decrease in LV afterload might have
led to the results. Therefore, administration of a high dose of
BPS might improve LV function and systemic circulation, as
well as RV function and pulmonary circulation. Further studies
including dogs with PH secondary to left heart disease should
be conducted to ensure the safety and efficacy of BPS in dogs
with PH.

This study had several limitations. First, this study used
canine models of chronic embolic PH. Drug responsiveness
to BPS might differ in clinical cases of PH and PH with
different causes, such as left heart disease and respiratory
disease. Second, the dose frequency of BPS was limited to twice-
daily in this study. BPS administration three times per day
is common in human PH (11–14). Therefore, more frequent
administration of BPS might be effective in dogs with PH.
Finally, we did not perform a priori power calculations. The
relatively small sample size may have had insufficient power to
detect differences.

In conclusion, oral administration of BPS significantly
decreased PVI, systolic PAP, and SVI in a dose-dependent
manner. Along with the decrease in PVI and SVI, significant
improvements were observed in various echocardiographic

indices of LV and RV function, including EF and 2D-STE-
derived LV-SC and RV-SL. The 15 µg/kg of BPS showed
the most balanced decreases in SVI and PVI, whereas 5 and
25 µg/kg of BPS showed a vasodilating effect selective for
pulmonary vessels. Our results suggest that oral BPS might
be an additional treatment option for dogs with PH, and 15
µg/kg might be the optimal dose for canine PH treatment.
Further studies that include dogs with PH due to various
causes are needed to validate the clinical utility of BPS in dogs
with PH.
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