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Simple Summary: Beraprost is a stable prostacyclin analogue that has been shown to be effective and safe for
the treatment of chronic kidney disease (CKD) in cats. However, the pharmacological effects of beraprost on renin-
aldosterone axis and hemodynamics in cats were largely unknown, and the prescription of beraprost has been often
limited in feline patients with related disorders. This study in healthy cats demonstrated that the clinical dose of
beraprost for feline CKD reduces plasma aldosterone, which is reversed by nitric oxide synthase (NOS) inhibition,
without changes in plasma renin and hemodynamics. These findings may help understand pharmacological
mechanism, and also clinical safety of beraprost in the treatment of feline CKD.

Abstract: Objectives: The aim of the study was to evaluate the effects of oral administration of clinical dose of
beraprost for feline CKD in healthy cats, and also to examine whether NOS inhibition reversed them. Methods:
A placebo-controlled pharmacological sequential design study was carried out to assess plasma aldosterone
and renin concentrations, mean blood pressure, heart rate, renal plasma flow, and renal vascular resistance.
Results: Beraprost reduced plasma aldosterone when compared to the placebo (P < 0.05); this was reversed
when NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME) was added to beraprost treatment (P < 0.01).
No differences in the plasma renin concentration or hemodynamic parameters were detected between
beraprost and placebo. The correlation ratios (2 showed opposite relationships between beraprost and added
L-NAME effects on aldosterone concentration, mean blood pressure, heart rate, renal plasma flow, and renal
vascular resistance (P < 0.001). Conclusions: In healthy cats, the clinical dose of beraprost suppresses plasma
concentration of aldosterone, which can be reversed by inhibition of NOS.
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1. Introduction

Aldosterone and the mineralocorticoid receptor play an essential role in hemodynamics[1-3] and
pathomechanisms of feline kidney disease [4]. From substantial and ever-increasing evidence in
laboratory animals and humans, chronic kidney disease (CKD) can be considered as a state of relative
hyperaldosteronism [2,3]. In cats with hypertensive CKD, increased plasma aldosterone levels have
been reported [5-7].

Beraprost is a chemically and metabolically stable prostacyclin analogue with high and long-
lasting oral activity [8]. Beraprost induces endothelial NO synthase (eNOS), increases levels of
intracellular NO [9], and also mediates endothelium-independent vasodilation [10,11]. In rats,
beraprost has been shown to protect kidney endothelium and microvasculature, to slow down loss
of kidney function [12], and to prolong survival in rodent models of CKD [13]. In a randomized,
double-blind, placebo-controlled trial with feline CKD patients, beraprost suppressed the
deterioration of kidney function, assessed by change in serum creatinine, without any adverse effects
[14]. A retrospective cohort study also showed beraprost is associated with better overall survival of
cats with CKD [15]; however, the pharmacological mode of action of beraprost on feline renin-
aldosterone axis and hemodynamics are not known.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The purpose of this placebo-controlled sequential design study in the target species was to
describe the pharmacological effects of beraprost when orally administered to healthy adult male and
female cats at dose levels used in clinical practice for treatment of feline CKD, and to examine whether
NOS inhibition with NG-nitro-L-arginine methyl ester (L-NAME) could reverse these effects.

2. Materials and Methods

2.1. Subjects

Seven Domestic Shorthair cats were obtained from a commercial laboratory animal breeder.
their baseline characteristics are shown in Table 1. The cats were kept under specified pathogen- free
conditions and single housed during the conduct of study. Room temperatures was maintained at 21
+ 2 °C with 50 * 20% humidity and 12 hours light and dark cycle. Cats were allowed to exercise
outside the cages for 30 minutes once daily, and fed with a standard pellet diet Prostage Le Chat
(Yeaster, Co., Ltd., Hyogo, Japan) twice daily.

Table 1. Baseline characteristics of all cats.

No. Age Weight Sex Breeds
(years) (kg)
1 3.4 2.7
2 3.7 2.6
Intact Female
3 3.4 3.1
4 3.4 3.0 Domestic Shorthair
5 2.0 3.8
6 34 2.8 Intact Male
7 2.0 3.6

2.2. Study design

This was a prospective placebo-controlled laboratory study conducted in Tokyo University of
Agriculture and Technology, Tokyo, Japan. The time schedule in Table 2 describes all study
interventions and assessments. All seven cats underwent identical sequential treatments in each of
the three study phases, 1) placebo, 2) beraprost, and 3) beraprost + L-NAME. Study animals were
evaluated for body weight, hematology, blood pressure, heart rate, para-aminohippuric acid (PAH)
plasma clearance, and plasma renin and aldosterone levels. The same data were collected for each cat
twice in each study phase — once in the first and once in the second week of each phase.

Table 2. Time schedule of study procedures.

Phase 1 Phase 2 Phase 3
Placebo Beraprost Beraprost + L-NAME
“|ele|zlalelalglale|8|s|ge
I I - - - N - I I I B A
ARl ARlalalalalalalalalalala
Treatments
Placebo administration! D1-15 inclusive | | | | | | | |
Beraprost administration' D16-43 inclusive
L-NAME administration? | | | | | X | X | X | X
Assessments
Plasma PAH clearance? X X X X X X
Blood pressure and heart rate* X X X X X X
Plasma aldosterone and renin® X X X X X X

2.3. Materials
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Tablets containing 55 ug beraprost (RAPROS®) or placebo were provided in blister packages by
Toray Industries, Inc. Placebo tablets had the same appearance and composition as the beraprost
tablets, except that beraprost was replaced by lactose. The tablets were stored according to the
manufacturer’s instruction. L-NAME (NG-Nitro-L-arginine methyl ester hydrochloride) was from
Fujifilm Wako Pure Chemical Co., Ltd., Tokyo, Japan. It was dissolved in aqua ad injectabilia for
intravenous infusion. PAH (10% sodium para-aminohippurate injection) was obtained from Daiichi-
Sankyo Co., Ltd., Tokyo, Japan and was diluted in saline for intravenous injection.

2.4. Treatments

Depending on study phase (Table 2), one tablet per cat of either placebo or beraprost was
administered twice daily at feeding. The dosage of beraprost (55 g per cat, twice daily) corresponds
to the dose level which is clinically prescribed for cats with CKD.

Administration of L-NAME followed previous description for NOS inhibition in cats [16]: each
cat received intravenous infusion of L-NAME at a dose rate of 100 pg/kg/min, starting with the
beraprost tablet administration and lasting for 360 min once daily on days 36, 37, 42 and 43.

2.5. Methods

For determination of aldosterone and renin plasma concentrations, blood was taken from a
peripheral vein at 350 min after tablet administration into vials containing anti-coagulant EDTA-2K.
Vials were immediately centrifuged at 1510g for 10 min. Plasma samples were kept at -80 °C until
determination of aldosterone and renin levels with standard chemiluminescent enzyme
immunoassay at Showa Medical Science Co., Ltd., Tokyo, Japan. The limit of detection for
aldosterone and renin were 25 pg/ml and 0.15 ng/ml.

Blood pressure and heart rate were measured at 340 min after tablet administration using the
oscillometric device petMAP graphic II, Ramsey Medical, Inc., Tampa, FL, USA following the
manufacturers instruction. All procedures of blood pressure measurements were in accordance with
the ACVIM consensus statement on management of systemic hypertension in dogs and cats [17].

PAH was intravenously injected at a dose of 40 mg/kg at baseline and at 260 min after placebo
or beraprost tablet administration on days 7, 14, 22, 29, 36, and 42. Blood samples for determination
of PAH clearance were collected via a peripheral vein at 300 and 320 min after tablet administration.
Plasma PAH clearance was examined as previously described [18,19]: PAH concentration was
determined by standard colorimetric method, and the initial concentration (Co) and half-value period
(T12) of PAH using the 1-compartment model built from measured data. Renal plasma flow (RPF)
and renal vascular resistance (RVR) were calculated by the following formulas: RPF = 40(mg/kg) x
Body weight (kg) x loge2 + [Co(mg/ml) x Ti2(min)], and RVR = Mean blood pressure (MBP)/RPF.

2.6. Data management

Data were collected after treatment from a total of seven cats, each providing two sets of data
for each study phase. This allowed reduction of the number of cats used in this study, while a data
set of n=14 per study phase covered a broader spectrum of variance.

Aldosterone and renin concentration [pg/ml and ng/ml], mean blood pressure (mmHg), heart
rate (bpm), renal plasma flow (ml/kg/min), and renal vascular resistance (mmHg-min/ml) were
presented as dot plots and mean + standard error (SE). Aldosterone and renin values below the limit
of detection were set to the half of the limit value.

The differences among three groups: placebo, beraprost, and beraprost combined with L-NAME
(NOS inhibitor), were tested by Friedman's test or one-way ANOVA followed by Holm-Bonferroni-
corrected t test. Effects were calculated by differences between the placebo and beraprost groups for
beraprost, and between the beraprost and beraprost + L-NAME for added L-NAME, respectively.
Correlation ratios (1)?) were obtained and tested by one-way ANOVA. A commercial statistical
software program was used for all analyses (BellCurve for Excel; Social Survey Research Information
Co., Ltd., Tokyo, Japan). Statistical significance was set at 2-sided level * p <0.05, ** p < 0.01.
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3. Results

3.1. Aldosterone and renin plasma concentrations

Mean aldosterone plasma concentrations [pg/ml] + SE were 79.2 + 9.5 in the placebo group, 48.1
+ 6.8 in the beraprost group and 110.4 + 10.0 in the beraprost + L-NAME group. Thus, aldosterone
levels were lowered to statistically significantly (p < 0.05) amounts by treatment with beraprost,
which was fully reversible (p < 0.01) when adding L-NAME to the beraprost treatment.

Mean renin plasma concentrations [ng/ml] + SE were 1.6 + 0.2 in the placebo group, 1.9 £ 0.2 in
the beraprost group and 1.5 + 0.3 in the beraprost + L-NAME group. Renin concentrations were
similar between all three groups with no significant difference (Figure 1).

Aldosterone concentration Renin concentration
(pg/ml) (ng/ml)
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Figure 1. Comparison of plasma aldosterone and renin concentration in cats administered placebo,
beraprost, and beraprost combined with L-NAME (NOS inhibitor). Data represent dot plots and mean
+ SE of n=14 data sets from two experiments with seven cats per study phase. * p <0.05, ** p < 0.01 by
Friedman's test.

3.2. Measurements of hemodynamics

Mean blood pressure [mm Hg] + SE was 120.7 + 2.7 in the placebo group, 117.8 + 3.1 in the
beraprost group and 159.0 + 5.2 in the beraprost + L-NAME group. Mean blood pressure was similar
between the placebo and beraprost groups, while it was higher in the beraprost + L-NAME group
than other groups (p < 0.01).

Mean heart rate [bpm] + SE was 177.1 + 4.3 in the placebo group, 178.0 * 4.6 in the beraprost
group and 138.1 + 5.6 in the beraprost + L-NAME group. Heart rate was similar between the placebo
and beraprost groups, while it was lower in the beraprost + L-NAME group (p < 0.01) (Figure 2).
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Figure 2. Comparison of mean blood pressure and heart rate in cats administered placebo, beraprost,
and beraprost combined with L-NAME (NOS inhibitor). Data represent dot plots and mean + SE of
n=14 data sets from two experiments with seven cats per study phase. ** p <0.01 by one-way ANOVA
followed by Holm-Bonferroni-corrected t test for mean blood pressure, ** p <0.01 by Friedman’s test
for heart rate.

Mean renal plasma flow [ml/kg/min] + SE was 11.3 + 0.6 in the placebo group, 12.4 + 0.6 in the
beraprost group and 9.3 + 0.6 in the beraprost + L-NAME group. Renal plasma flow did not differ
significantly between the placebo and beraprost groups, while it was lower in the beraprost + L-
NAME group (p < 0.01 vs beraprost, p < 0.05 vs placebo).

Mean renal vascular resistance [mmHg-min/ml] + SE was 2.2 + 0.2 in the placebo group, 2.0 £ 0.1
in the beraprost group and 3.8 + 0.5 in the beraprost + L-NAME group. Renal vascular resistance did
not differ significantly between the placebo and beraprost groups, while it was higher in the beraprost
+ L-NAME group (p <0.01) (Figure 3).
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Figure 3. Comparison of renal plasma flow and renal vascular resistance in cats administered placebo,
beraprost, and beraprost combined with L-NAME (NOS inhibitor). Data represent dot plots and mean
+ SE of n=14 data sets from two experiments with seven cats per study phase * p <0.05, ** p < 0.01 by
Friedman'’s test.

3.3. Assessments of the effects of beraprost and added L-NAME (NOS inhibitor)
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In order to compare the effects of beraprost and added L-NAME on aldosterone and renin
concentration, and hemodynamics, effects were calculated by differences between the placebo and
beraprost groups for beraprost, and between the beraprost and beraprost + L-NAME for added L-
NAME, respectively. The effects, correlation ratios, and p-values are presented in Table 3. The effects
of beraprost on aldosterone concentration and hemodynamic parameters were counteracted by
added L-NAME (p < 0.001), while neither drug had a substantial effect on renin concentration.

Table 3. Effects of beraprost and added L-NAME (NOS inhibitor) and their correlation ratios.

. Mean blood Renal plasma Renal vascular

Aldosterone Renin pressure Heart rate flow resistance

(pg/ml) (ng/ml) (mmHg) (bpm) (ml/kg/min) (mmHg-min/ml)
Beraprost -31.1+9.1 +03+0.2 -28+27 +09+33 +12+0.5 -02+0.2
Added L-NAME +62.3+9.6 -04+03 +41.1+51 -39.9+6.0 -32+06 +1.8+0.4

Correlation ratio ()?) 0.657 0.138 0.693 0.579 0.527 0.478

p-value *p < 0.001 0.0517 *p<0.001 *p<0.001 *p<0.001 **p <0.001

Data represent mean + SE of n=7 data sets of seven cats in week 1 and week 2 with seven cats. ** p <0.01 by one-

way ANOVA.

4. Discussion

Results of this study in healthy cats show that oral administration of the clinical dose of beraprost
used for feline CKD reduces plasma concentration of aldosterone and this effect is reversed by NOS
inhibition with L-NAME. These findings indicate that beraprost may pharmacologically enhance
NOS activity in cats. CKD has been associated with impaired bioavailability of NO and endothelial
dysfunction. In feline CKD, endogenous eNOS inhibitor asymmetric dimethylarginine (ADMA) is
increased in plasma [20]. Kidney endothelial cell loss detected by endothelial marker CD34 is present
and is positively correlated with kidney dysfunction [21]. Beraprost has a protective effect on injured
endothelial cells [22], restores impaired endothelial dysfunction in diabetes mellitus rats [10], and
induces eNOS and elevated NO production in various animal endothelial cells to improve
endothelial function [9]. Our present findings support the assumption that the pharmacological
mechanism of beraprost on feline CKD may be endothelial protection through its activation of eNOS
and NO production.

Previous studies have described the role of NO in the regulation of aldosterone synthesis. NO
donors including nitroprusside inhibit angiotensin II, potassium, and ACTH-induced aldosterone
synthesis in adrenal cells [23,24]. On the contrary, NOS inhibitors cause aldosterone synthesis in
adrenal cells [25,26], and increase serum aldosterone in humans [27]. Therefore, the results of the
present study in cats with the observed effects of beraprost decreasing plasma aldosterone levels, it
can be hypothesized that beraprost modulates aldosterone synthesis in cats via increased NO
production. At the same time, clinical dosages of beraprost did not affect plasma renin levels in
healthy cats. This was unexpected as beraprost is a synthetic analog of the prostaglandin prostacyclin,
and there are previous reports about effects of prostaglandins on renin secretion. In vitro experiments
in isolated rat kidneys and glomeruli indicate that prostaglandins stimulate renin secretion [28,29].

In human pulmonary hypertension, beraprost above a certain dose exerted short-term
hemodynamic effect [30], and the human maximal tolerated dose of beraprost, four times a day, is
reported to improve exercise capacity and symptoms [31]. In feline patients with CKD there were no
reports of hemodynamic-related adverse events in two studies [14,15]. The present finding that
clinical dose of beraprost for feline CKD did not show change in hemodynamic parameters may be
helpful for clinical practice regarding expected hemodynamic effects.

The effects of L-NAME on hemodynamics were previously examined in two studies with
anesthetized cats with inconsistent findings; in the earlier study, L-NAME did not modify systemic
hemodynamic variables [32], while L-NAME increased systemic arterial pressure and renal vascular
resistance in a later study [16]. The authors suspected that the inconsistency might have resulted from
the different types of anesthetics used: ketamine vs pentobarbitone [16]. In this study the
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pharmacology of L-NAME alone in healthy cats remained unexplored, while it was shown that L-
NAME reversed the effects of beraprost on plasma aldosterone and hemodynamics. Another
limitation in this study is that all collected data were from a single time point during an interval of
300 to 360 min after oral administration of beraprost. There are two reasons for this: first, the clinical
dosing frequency of beraprost for feline CKD twice daily and the 300 to 360 min post-dose interval is
approximately midway between two doses, so was thought to be appropriate for measuring the
average effects of beraprost; second, this study design involved several measurements in parallel and
repetition of measurements had to be limited for reasons of practicality.

Cats with CKD often have various complications and co-morbidities [33-35], which includes
disorders can affect renin-aldosterone axis and hemodynamics. Thus, it would be necessary to
examine the current effects of beraprost on aldosterone and hemodynamics also in feline CKD
patients to affirm the clinical relevance.

5. Conclusions

In healthy cats, the dose of beraprost used clinically for feline CKD reduced plasma aldosterone
concentration, and this was reversed by NOS inhibition. Beraprost did not affect plasma renin
concentration or hemodynamic parameters. These findings may be beneficial for understanding
pharmacological mechanism, and also clinical safety of beraprost in feline CKD with renin-
aldosterone axis and hemodynamics related disorders.
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