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General Introduction

Aldosterone is a steroid hormone synthesized in the adrenal cortex and is part of the renin-
angiotensin-aldosterone system (RAAS). It accelerates renal sodium retention and elimination of
potassium through its action on the mineralocorticoid receptor (MR), and has a major role in
regulating body fluid volume and blood pressure (Ponda and Hostetter, 2006). Excessive
secretion of aldosterone and activation of the MR cause cardiovascular inflammation, fibrosis
and remodeling, and tubulointerstitial fibrosis and glomerular injury in the kidney (Brown,
2013). There are several reports on plasma aldosterone concentration (PAC) in healthy, chronic
kidney disease (CKD), systemic hypertension, and chronic heart failure in cats (Jensen et al.,
1997; Yu and Morris, 1998; Jepson et al., 2014) and dogs (Knowlen ef al., 1983; Grandt et al.,
2022). Measurement of urinary aldosterone: creatinine ratio (UACR) has also been reported in
cats (Syme et al., 2007) and dogs (Lantis et al., 2015; Galizzi et al., 2021). However, it has been
suggested that measuring aldosterone in feline urine using the available methodology has limited
or no utility in investigating feline hypertension associated with kidney disease (Syme et al.,
2007). PAC in cats does not change significantly with age, sex, pregnancy, lactation, or circadian
rhythm (Yu and Morris, 1998; Javadi et al., 2004). UACR is not significantly different between
healthy individuals and those with differing stages of myxomatous mitral valve disease in dogs,
and is influenced by individual factors such as breed, sex and age (Galizzi et al., 2021).

It may be important to evaluate PAC in dogs with CKD associated with the activation of
RAAS. Plasma renin activity (PRA) is also important as a biochemical marker of RAAS
activation. Although 1 study found that PRA did not significantly differ between normotensive

and hypertensive cats (Jensen et al., 1997), another study did show that PRA was lower in



hypertensive (both azotemic and nonazotemic) compared with control cats (Jepson et al., 2014).
Azotemic hypertensive cats have shown significantly increased PAC and aldosterone-to-renin
ratio independent of PRA (Jepson et al., 2014). Furthermore, PRA in cats with reduced renal
functions is reportedly less sensitive to salt intake than PAC (Buranakarl et al., 2004). This event
may be advantage on measurement of PAC over PRA. PRA also differs with age and sex/neuter
status in cats (Javadi ef al., 2004). These findings propose the significance of measuring PAC in
hypertensive CKD cats.

Angiotensin-converting enzyme inhibitors (ACEls) and angiotensin receptor blockers
(ARBs) suppress the RAAS during hypertensive, renal, and cardiac diseases in cats (Jensen et
al., 1997; Glaus et al., 2019; Ames et al., 2019; Coleman et al., 2019; Steele et al., 2002). The
Randomized Aldactone Evaluation Study (RALES) conducted in humans showed that the
aldosterone antagonist, spironolactone, reduced the mortality of patients with chronic heart
failure who received ACEI and loop diuretics by 30% (Pitt et al., 1999). Spironolactone also
reportedly reduced the mortality rate in cats with congestive heart failure secondary to
cardiomyopathy (James ef al., 2018), but the authors were cautious in concluding this as the cats
in the treatment group appeared to have less severe disease than the placebo group. Another
selective aldosterone antagonist, eplerenone, not only antagonizes MR (Delyani ef al., 2001) but
also blocks the nongenomic effects of aldosterone in vascular tissues not susceptible to
spironolactone (Losel ef al., 2003; Michea et al., 2005). These effects of eplerenone might be
more effective than spironolactone in treating hypertension due to vasoconstriction. However,
the clinical significance of this effect is still unclear in dogs and cats. Furthermore, although
eplerenone reduces mortality and hospitalization in human patients with chronic heart failure

(Zannad et al., 2011; Ferreira et al., 2019), there are no available reports on eplerenone’s use in



feline practice. Hence, spironolactone is the only MR antagonist currently reported for its effect
in cat-based clinical trials (MacDonald et al., 2008; James et al., 2018; Spencer et al., 2020).

The author hypothesized that if an elevated PAC is detectable in the early stages of the
disease in cats, the use of mineralocorticoid antagonists may prolong lifespan. Elevated PAC is a
risk factor for kidney injury in humans, and MR antagonists are beneficial in rodent models of
CKD and human patients (Spencer et al., 2020). However, the relationship between PAC and the
survival time in cats and dogs with CKD has not been investigated. Therefore, this study was
conducted to investigate PAC in cats and dogs with CKD, and evaluate the influence of high
PAC on the survival time of CKD animals and the effect of treatment with eplerenone in CKD
cats with high PAC.

In chapter 1, the study aimed to investigate PAC in cats with CKD, and evaluate the survival
of cats with high PAC. Furthermore, the effect of treatment with eplerenone on the survival time
in CKD cats with high PAC was examined. The eplerenone study was conducted including both
cats with CKD only and CKD cats complicated cardiac disease or systemic hypertension. In
chapter 2, the study aimed to investigate PAC in dogs with CKD, and evaluate the survival of

CKD dogs with high PAC.



Chapter 1

Effects of plasma aldosterone concentration and treatment with

eplerenone on the survival of cats with chronic kidney disease



Introduction

Aldosterone is a steroid hormone synthesized in the adrenal cortex and is part of the renin-
angiotensin-aldosterone system (RAAS). It accelerates renal sodium retention and elimination of
potassium through its action on the mineralocorticoid receptor (MR), and has a major role in
regulating body fluid volume and blood pressure (Ponda and Hostetter, 2006). The MR is also
present in other tissues besides the kidney, including cardiomyocytes and vascular endothelial
cells. Aldosterone is locally produced in the vasculature, kidney, and heart in addition to the
adrenal gland (Weber et al., 2003), and its actions may induce classical genomic, as well as rapid
nongenomic effects (Brown, 2013). Nongenomic effects of aldosterone are proposed to
potentiate angiotensin [I-induced vasoconstriction and facilitate classical MR-mediated effects
(Weber et al., 2003; Brown, 2013). In rodents, excessive secretion of aldosterone and activation
of the MR cause cardiovascular inflammation, fibrosis and remodeling, and tubulointerstitial
fibrosis and glomerular injury in the kidney (Brown, 2013).

There are several reports on plasma aldosterone concentration (PAC) in cats that are healthy
and in those with chronic kidney disease (CKD) and systemic hypertension (Jensen ef al., 1997,
Yu and Morris, 1998; Jepson et al., 2014). Measurement of urinary aldosterone:creatinine ratio
has also been reported in cats (Syme et al., 2007). However, it has been suggested that measuring
aldosterone in feline urine using the available methodology has limited or no utility in
investigating feline hypertension associated with kidney disease (Syme et al., 2007). The PAC in
cats does not change significantly with age, sex, pregnancy, lactation, or circadian rhythm (Yu
and Morris, 1998; Javadi et al., 2004). Plasma renin activity (PRA) is also important as a

biochemical marker of RAAS activation. Although 1 study reported PRA did not significantly



differ between normotensive and hypertensive cats (Jensen et al., 1997), another study reported
that PRA was lower in hypertensive (both azotemic and nonazotemic) compared to control cats
(Jepson et al., 2014). Azotemic hypertensive cats have a significantly increased PAC and
aldosterone-to-renin ratio independent of plasma renin activity (Jepson et al., 2014).
Furthermore, PRA in cats with reduced renal functions is reportedly less sensitive to salt intake
than PAC (Buranakarl et al., 2004). The PRA also differs with age and sex/neuter status (Javadi
et al., 2004). These findings propose the significance of measuring PAC in hypertensive CKD
cats. However, PAC varies with dietary sodium and potassium intake (Dow et al., 1990; Yu et
al., 1997; Yu and Morris, 1997; Reynolds ez al., 2013; Buranakarl ef al., 2004) and a renal diet
(sodium restriction) may be expected to elevate the PAC in cats. The RAAS is activated in cats
with reduced renal function at the lowest salt intake and is associated with hypokalemia and a
high excretion of potassium (Buranakarl et al., 2004).

Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers
(ARBs) suppress the RAAS during hypertensive, renal, and cardiac diseases in cats (Jensen et
al., 1997; Steel et al., 2002; Ames ef al., 2019; Coleman et al., 2019; Glaus et al., 2019). In the
Randomized Aldactone Evaluation Study (RALES) conducted in humans, the MR antagonist,
spironolactone, reduced mortality (by 30%) of patients with chronic heart failure that received
ACEI and loop diuretics (Pitt et al.,1999). Spironolactone also reportedly reduced the mortality
rate in cats with congestive heart failure secondary to cardiomyopathy (James et al., 2018), but
the authors were cautious in concluding this, as cats in the treatment group appeared to have less
severe disease than the placebo group. Another selective MR antagonist, eplerenone, not only
antagonizes MR (Delyani ef al., 2001) but also blocks the nongenomic effects of aldosterone in

vascular tissues not susceptible to spironolactone (Losel ef al., 2003; Michea et al., 2005). These



effects of eplerenone might be more useful than spironolactone in treating hypertension due to
vasoconstriction. However, the clinical relevance of this effect is still unclear in dogs and cats.
Furthermore, although eplerenone reduces mortality and hospitalization in human patients with
chronic heart failure (Zannad et al., 2011; Ferraira et al., 2019), there are no available reports on
eplerenone’s use in feline practice. Hence, spironolactone is the only MR antagonist currently
reported for its effect in cat-based clinical trials (MacDonald ez al., 2008; James et al., 2018;
Spencer et al., 2020).

We hypothesized that if an elevated PAC is detectable in the early stages of CKD in cats, the
use of MR antagonists may prolong lifespan. Although elevated PAC is a risk factor for kidney
injury in humans, MR antagonists are beneficial in rodent models of CKD and human patients
(Spencer et al., 2020). However, the relationship between PAC and survival rate in CKD has not
been investigated in cats. Therefore, this study investigated PAC in cats with CKD and evaluated
survival of cats with high PAC. Furthermore, we examined the effect of eplerenone on survival

time in CKD cats with high PAC.



Materials and methods

Animals

Records from client-owned cats that visited the Yasaka Animal Care Center, Japan, between
October 2016 and December 2021 and that had stored blood samples available, were reviewed
retrospectively. This hospital provided general practice for local clients and referral services for
veterinarians throughout the local area. Cats (N = 156) were identified with the diseases of
interest including CKD, cardiac disease and systemic hypertension, and categorized into the
following groups: clinically healthy (n = 101) and CKD (n = 55). Cats diagnosed with other

concurrent disease were excluded.

Grouping

Blood samples were collected from healthy cats and cats diagnosed with CKD by routine
diagnostic procedures. Clinically healthy cats visited the hospital for routine health
examinations, had no signs of illness, and received no medication. Subsequently, physical
examination, hematological and biochemical examinations including blood urea nitrogen (BUN),
creatinine, aspartate aminotransferase, alanine aminotransferase, glucose, and total protein and
systemic blood pressure measurement were conducted for the health check. Informed consent
was obtained for the use of the blood samples.

Hematological and biochemical examinations, urinalysis, blood pressure measurement,
radiography, and abdominal ultrasonography were used to diagnose CKD. Urine
protein/creatinine ratio was examined when urinary protein was detected on dipstick. When
bacteria were detected in the urine sediment, urine culture was performed for antibiotic

susceptibility test with disk diffusion method. Cats with CKD were subsequently classified using
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the International Renal Interest Society (IRIS) staging of CKD (modified 2019). Cats with a
temporary and rapid increase in plasma creatinine exceeding the reference value, as occurs in
acute kidney injury, were excluded from the study. Cats with hyperthyroidism were also
excluded. Cats with kidney diseases including polycystic kidney disease, chronic urinary tract
obstruction, chronic urinary tract infection, urolithiasis, feline urological syndrome, and renal
lymphoma, were included in the group. None of the cats was suspected of having toxic
nephropathy. In cases such as chronic urinary tract obstruction and urinary tract infection, when
the disease was treated and remitted, cats having chronic renal dysfunction on subsequent
follow-up were included in the CKD group. The number of cats in IRIS Stages 1, 2, 3, and 4
were 0, 32, 18, and 5, respectively. Clinical signs in IRIS Stage 2 or higher included polyuria,
oliguria, anuria, weight loss, dehydration, anemia, respiration abnormality, diarrhea, emesis,
lethargy, or depression. Since this study mainly investigated the significance of PAC
measurements associated with CKD, cats with primary hyperaldosteronism were excluded. Cats
with primary hyperaldosteronism due to an adrenocortical tumor were excluded by abdominal
ultrasonography.

Physical examination, hematological and biochemical examinations, electrocardiogram,
blood pressure measurements, radiography, and echocardiography were used to diagnose cats
with cardiac disease. A veterinary cardiologist certified by the Japanese Society of Veterinary
Cardiology or a veterinarian with considerable experience and further training in cardiology
conducted echocardiography.

Hypertension was diagnosed through non-invasive measurements using a Doppler or
oscillometric device. Doppler was routinely used unless the cats were poorly tolerant, in which

case oscillometric measurement was employed. After each cat was rested in a separate room,
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their blood pressure was measured multiple times until it became stable, and the average value
was calculated from 5 to 10 stable measurements. Systolic blood pressure (SBP) of > 160 mmHg
was defined as “hypertensive” based on the American College of Veterinary Internal Medicine
(ACVIM) consensus statement on hypertension (Acierno et al., 2018). Blood pressure was
measured routinely in all cats with CKD and cardiac disease. It was also routinely measured in
healthy cats for health examination, and if their SBP was < 160 mmHg, it was recorded as non-
hypertension.

Most cats were receiving no medication at the time of hospital admission, but some cats had
received treatment by the time blood sampling was performed. Eight cats in the CKD group
received benazepril or amlodipine. Some cats had > 1 blood sample available to measure PAC.
Therefore, PAC values during health examination in the healthy group and at diagnosis in the

diseased group were used to compare PACs between the groups.

Sample processing and analysis of PAC

Blood was mixed with EDTA and immediately centrifuged at room temperature, with
plasma separated and frozen at —35°C until PAC analysis. Concentrations of PAC were
measured by solid-phase radioimmunoassay (RIA), using a kit (SPAC-S Aldosterone Kit,
Fujirebio, Tokyo, Japan). The RIA method in the kit used was the same principle as previously
validated for use with feline plasma in a commercially available human kit (Jepson ef al., 2014).
Intra- and inter-assay coefficients of variation were 1.8 to 8.3% and 2.4 to 3.2%, respectively.
The kit was validated for use in cats by adding 2 ranges of aldosterone control (53 to 88 pg/mL
and 252 to 420 pg/mL) extracted from the human matrix to feline plasma. Lower and upper

detection limits were 10 and 1600 pg/mL, respectively.
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Determination of PAC reference range

The reference range for PAC was determined at a 95% confidence interval (CI) by a
nonparametric statistic method using values from 101 healthy cats. With a median PAC of
89 pg/mL, the lower limit was 10 pg/mL at 5% percentile, and the upper limit was 243 pg/mL at
95% percentile. Therefore, the reference range for normal PAC was defined as 10 to 243 pg/mL,

with PAC exceeding the upper limit defined as “high” PAC.

Survival rates of animals with high plasma aldosterone concentration (PAC) and effect of
eplerenone

Survival days were calculated from the blood sampling date to compare long-term outcomes
between high and normal PAC levels in the CKD group.

The eplerenone study was conducted prospectively on cats with higher PAC than the
reference value. Eight cats were used to examine the effect of eplerenone on the survival time of
cats with CKD and a high PAC. Seven of these 8 cats had concurrent disease, including heart
disease and/or arterial hypertension. Eighteen CKD cats with a high PAC were used as the non-
eplerenone control group. Eight of these 18 had concurrent disease, including heart disease
and/or arterial hypertension. Cats in the non-eplerenone group had similar clinical characteristics
and biochemical variables to those in the eplerenone-treated group. Since no previous studies
using eplerenone in cats were identified, informed consent was obtained from each cat owner
regarding eplerenone administration. Owners and clinicians were not blinded to the eplerenone
treatment (or not) group. The cats were alternately assigned to either the control group or

eplerenone treatment group, in the order they visited the hospital. Informed consent was sought
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to owners regarding eplerenone administration, but some owners did not accept it. The reason for
non-acceptance was that there was no report on eplerenone medication in cats. Therefore, the
number of cats was greater in the non-eplerenone group than the eplerenone group. Eplerenone
was orally administered at 2.5 to 5 mg/kg body weight (BW) once daily, based on previous
dosages reported to have been effectively and safely used in dogs (Arita et al., 2020). Ethical
approval was not required for the eplerenone study; however, informed consent was essential for
inclusion. Veterinarians were responsible for any adverse reactions that may occur as a result of
this unlicensed use for cats. They were also required to retain medical records including the

name of the formulation, dosage, and manufacturer for at least 3 y.

Statistical analysis

Data were analyzed using statistical software (Prism 7.0, GraphPad, California, USA).
Difference in sex frequencies between groups was compared using Fisher’s Exact test. Data
including PAC, age, SBP, and biochemical variables, were tested for normality using the
Shapiro—Wilk test. When the data were abnormally distributed, these nonparametric data were
subjected to the Kruskal-Wallis test. When significant P values were encountered, the post-hoc
Dunn’s multiple comparison test was used to determine significant differences between the
groups. One-way analysis of variance (ANOVA) and post-hoc Tukey’s multiple comparison test
were used for intergroup comparisons when the data were normally distributed. The Mann—
Whitney test or unpaired Student’s 7-test was used to compare data between 2 groups to
determine the difference. Kaplan—Meier curves were constructed to compare survival rates, and

log-rank (Mantel-Cox) tests were used to compare survival curves because the curves were right-
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skewed and censored. The hazard ratio was expressed as 95% Cls. The significance level for

each analysis was at P <0.05.

15



Results

Age, sex, breed, blood biochemistry, SBP, and diagnosis of cats in the healthy and CKD
groups are summarized in Table 1. Age [median (minimum—maximum)] in the healthy and CKD
groups were 0.8 (0.3—16.2) and 15.3 (1.7-23.1) years, respectively. Cats in the healthy group

were younger (P < 0.01, by Mann—Whitney test) than those in the CKD group.

Comparison of PAC between healthy and CKD groups

The PAC in the healthy and CKD groups was median (minimum—maximum); 89 (10—416)
and 126 (10-981) pg/mL, respectively (Table 1; Figure 1). Linear regression analysis observed
no significant correlation (R squared = 0.00148; P = (.70) between PAC and age in the healthy
group (Figure 2). PAC in the CKD group was higher (P < 0.01, by Mann—Whitney test) than the
healthy group (Figure 1). Since cats in the clinically healthy group were significantly younger
than those in the CKD group, age-matched control data for PAC analysis were pulled from the
healthy group. The PAC, plasma creatinine, and BUN values in the age-matched control (= 10 y
old; age 12.6 £ 1.9 (mean + SD), n = 12) and younger healthy cats (< 10 y old; age 2.1 £ 2.8, n =
89) were 85 + 53 and 98 + 68 pg/mL, 1.3 £ 0.2 and 1.2 = 0.2 mg/dL, and 24.5 + 5.0 and 23.9 +
3.3 mg/dL, respectively. There were no significant differences (P =0.72, 0.15, and 0.56,
respectively; by Mann—Whitney test or unpaired #-test) in those values between young-healthy
cats and old-healthy cats age-matched to CKD cats. The PAC was greater (P = 0.03, by Mann—
Whitney test) in CKD cats than in age-matched healthy cats.

Blood biochemistry and SBP in cats in the CKD group as classified by IRIS stage are

summarized in Table 2. The PACs were higher (P = 0.03, Kruskal-Wallis test followed by
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Dunn’s multiple comparison test) in IRIS stage 2 than in the healthy group (Figure 3). Similarly,
PACs in IRIS stage 3 and 4 cats were higher (P = 0.01) than in the healthy group. At IRIS Stages
3 and 4, individual differences in PACs were great. In particular, IRIS Stage 4 cats (n =5) had a

large variation in PAC (median = 98 pg/mL; minimum—maximum = 10-981 pg/mL).

Survival analysis in cats with high vs. normal PAC

Blood biochemistry, SBP and treatments of cats with normal and high PAC used for
evaluating the survival time in CKD group are shown in Table 3. In the CKD group, cats with
high PAC had shorter (P = 0.019, by log-rank test) survival periods than those with normal PAC
(Figure 4). Median (minimum—maximum) survival of cats with high PAC and normal PAC was
446 days (29-1586 days) and 1233 days (11-1850 days), respectively. Hazard ratio (high/normal
PAC) for risk of death was 2.21. On day 0, normal and high PACs [median (minimum—
maximum)] were 94 pg/mL (10-222 pg/mL) and 307 pg/mL (250-981 pg/mL), respectively.
There were no significant differences in age, plasma creatinine, BUN, and SBP values between
normal and high PAC groups (Table 3). Treatments and IRIS stages between normal and high

PAC groups were similar (Table 4).

Effects of eplerenone on survival in cats with high PAC

Age, sex, diagnosis, blood biochemistry, SBP, and medications of the eplerenone and non-
eplerenone treatment groups in high PAC cats are shown in Table 5. In cats with high PAC and
CKD, eplerenone administration prolonged (P = 0.005, by log-rank test) survival compared to
cats not receiving eplerenone (Figure 5). Median (minimum—maximum) survival of cats with

eplerenone and non-eplerenone was 1109 days (333—1391 days) and 243 days (17—1312 days),
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respectively. Hazard ratio (eplerenone/non-eplerenone) was 0.35. The PACs [median (minimum-
maximum)] on day 0 in cats receiving and not receiving eplerenone were 356 pg/mL (269-540
pg/mL) and 338 pg/mL (252-548 pg/mL), respectively. There was no significant difference
between the groups in age, PAC, plasma creatinine, BUN, or SBP. Treatments, IRIS stages, and
complications were similar between groups. There was no significant difference in median BUN
values between the groups, but the non-eplerenone group included 3 cats with extremely high
BUN values (range: 88 to 127 mg/dL), whereas the eplerenone group included no cats with such
high BUN values (maximum 46 mg/dL). When the cause of death was judged clinically, deaths
in the non-eplerenone group were due to natural or sudden cause in 13 cats, heart failure in 5
cats, and renal failure in 2 cats. Deaths in the eplerenone group were due to natural cause in 1

cat, heart failure in 3 cats, and renal failure in 4 cats.

18



61

“dno13 Ayjreay oy} Wwoj JUIFIP ‘10°0 > d «
"UOIJBIADP PIEPUE)S F UBIIA g

“(WNWIXeW—WNWIUIW) UBIPIIA

«(186—01) 9T1 1701 68 (Tw/3d) (JVJ) UONENUIOUOI SUOINSOPTE BUWISE[]
01 F 01 091> o(3Hw) amssad poojq o1]0IsAS
«(96-L'1)9C (S 1-90)T1 o('TP/SW) QUIUIEAID BUISE[]
#(071-81) 9¢ (Te—+1) v +(Tp/3wr) ueSonTu €2IN poo[g
(S) ¥-Sd1
(81) €-SHdI
(z€) TSI (101) duoN (u) stsougel(
(1) sIreyuoys uedLIUY
(1) sonyg ueissny (1) sonyg uerssny
(1) sp1od ysmoog (2) s1eD uekefewry
(1) s18D 15010, UBISOMION (€) sp1oq ysmoos
(7) sueruissAqy () s18D 15910,] UBISOMION
(6%) sireyiroys onsawo (Z6) sareypIoys onsawo(] (u) poag
(ze/10) (61/91) (Paz1w01221)sAYOLIEAQ /PAJEIISE))
Te/eT 15/0S (u) oreTd /21BN
#(I'€T-LT) €61 (T91-€0) 80 oK) 98y
SS 101 $180 JO JaquInN
a1 Apresy SI[qRLIBA
'sdno13 (D)

9SBISIP ASUPDY JIUOIYD pue AY)[eaY Sy} Ul S1ed JO sisouderp pue ainssaid poojq orwolsAs ‘Ansiuayoolq poojq ‘padiq ‘xas 93y [ d[qeL



0¢C

"dnou3 Z-SY[ woly JUSIPIP10°0 > d |, ‘SO0 >d |
"dnoI3 Ayireay WoIy JUIIJIP “10°0 > d #x ‘SO0 > d *
"UOIJRIASD PIBPUR)S F UBIIA]

“(WNWIXBW—WNWIUIL) UBIPIIA

"A19100§ 1S9I)U] [RUY [RUOLIBRUINU] — ST

(Twy/3d)

«(196-01) 81 «(EPP—P1) €T1 O17-01) 68 (DVd) uonenuasuod duoId)Sop[e Bwse|d

01 F ¢l 01 F6€1 091 > o(BHww) amssaxd poojq d1j03sAg

(96760 L€ «=(8T-L1)TT (190 T1 ('TP/Sw) SUILTEAIO BWSE[]

1 xx(0P1-62) LS «+(8Y—81) 6T (TevD 12 «('Tp/Sw) udSonIu eaIn pooyg

91/9) O1/51) (61/91) (PazZIw030213)SAYOLIBAO/PIYRIISE))

91/L 91/91 15/0S () srewdy/oreN

#x(80-LDVYLL  s(1'€T-0) 6°€1 (T91-€0) 80 «(£) 98y

€T 43 101 SJBd JO JoquInN

¥ pue ¢-SNAl -SIdl Ayyesy So[qeLIB A
23e)s

STHI Aq pagrsse[o se dnoisd (D) 2SeasIp ASUPIY JTUOIYD A UT SJed Ul 2Inssard poo[q orualsAs pue AnSIuardo1q poorq "z [qel



Ic

*£19100§ 1SQI)U] [BUY [RUONBUINU] — STY] ‘UOIIBIIUIIUOD JUOI)SOP[e BWSE[d — DV d

+(98S1-67) 9tt

(1) 3opuiq areydsoy 10

(7) 91eU0ON[3 WNISSBIOJ

‘(¢) aid 1o @IS ‘3y/8w (-7 duidipojury
‘() AIS “3%/3w 9°0-¢"( T1adozeudg

‘() worsnyur pm| g

*2(6) 191p 10ddns Aoupry

STFI¥I
(08-120°¢
(op1-81) Tv

+x(186—0S2) LOE

(%Z1) v-SHdl
(%8¢) €-SII
(260S) T-SII

(0S81-1T) €€T1

(1) sonorquuy 10

‘(7) 1opuiq 9eydsoyq

‘() 9reuoon]3 wnIsseog

‘(1) ard 1o @Is 38w 4°0-z0 durdipojury
‘(%) IS ‘338w 9°0-g 0 T1adozeusg

(8) woisnyut pingg

‘(1) 301p 10ddns Koupry|

8 F OVl
96-L1)97C
(611-81) €

(2Tz01) v6

(%8) +-SHdl
(%1¢€) €-SII
(%19) Z-SII

+(P) dwm [eAIAING

(u) yuoumear],
o(8Hu) amssaxd pooq o1j03sAg
(Tp/Swr) ourunea1d ewse[d

(Tp/Sw) uogoniu voIn poorg

Tw/3d) (Ovd)
UoNeNUIOU0I SUOIASOP[e ewise[d

(9ouaprout 9%,) a3e1s ST

(€1/¢) (61/81)  (PozIwo}oa10)sAYOLIEAO/PIENSE))

«€1/€ 61/0C (u) oreway/oleIN
(8'07—¢°L) 191 (Ie€z-L DTl oK) 93y
91 6¢€ S180 JO JoquUINN

OVd YSIH DVd [euoN Sd|qeLIeA

“dno18 ([D) 2SeasIp ASUPIY OTUOIYD

Ul SISA[RUE [BAIAINS 10J Pasn DV Y31 PUB [BUWLIOU 1M SJEd JO SUOIBOIPAW puk 2Inssaid poo[q JIWAISAS ‘ANSIUAYO0Iq Poo[d "€ d[qeL



C

"DV d [BWIOU WOL JUSIRPIP ‘100 > d #x SO0 > d

"SIOU)O pue

“%L00°0 — g SUIWEYIA 1%/(("0 — O UIWBIA 1046100 — J UIWEIA 0/44°() — QUIUISIE 1044["() — QULINE) 194G () — VHA PU® VdH ‘%£00°0
—ouIZ $94,6000°0 — Joddoo fo,€c00° (0 — UOII ‘04610 — WnIsauJew ‘o[ 1°( — WNIPOS o470 — wnisseiod 0480 0 — snioydsoyd fo461°0 —
WINIdeD {04/ / — SINISIOW 048°() — JOQLJ IPTLID S04 € T — [[SB IPNID 048 — JUAIUOD JBJ (04] — UI101d :SMO[[0] SB Ik SJUSIISUOD [BINA[RUY
“(USYoIYO PIM [eudy ‘urue)) [eAoy) urejoxd a[qusa3Ip ATYSIy JO [2A9] jeIopowt & pue snosoydsoyd MO] (s pajenuIog 3a1p oyroads
"UOBIASP PIBPUE)S F UBSIA g

“(WnWrxew—wnwiui) UeIpa .



19

() ais 8y/8uw 9°( [1adozeuog

() 301p 1oddns Loupryy (9) ¢-Sna1
(1) worsnjur pinyg
(1) @1eUO0ON[S WINISSBIO]
(1) aIs “3/8w ¢ surdipojury
() ais 3y/8uw 9°( [1idozeuog
(¢) 101p 1oddns Asupry

(S) auoN (8) Z-snd1 OVd YStH

(1) sonorquuy
() uoisnyur prnjq

(2) yo1p 3roddns Loupryf (€) v-STdI
(1) aig 1o dis ‘3y/8w (-0 durdipojury
() 10puq areydsoyq
(7) 91eU0ON[S WInISseIOd
() IS 83/8w 9°0-¢°0 [dozeudyg
(S) uorsnjur prnyg
(01) 191p 110ddns Aoupry|

(7) suoN (T1) €-snd1
(1) uotsnjur pijq
() ais ‘83/8w 9°0-¢°( [Hdozeusg
(7) 101p 1oddns Asupry

(07) duoN (¥2) T-SHdI DVd [euloN

(u) yusunear] (1) 93e1s ST dnoin

*dnoi3 (@3[D) aseasIp Aoupry

OIUOIYD UT SISA[BUR [BAIAINS 10 PIsn (DVJ) UONBNUIIUOD dU0I)sope ewse[d Y31y pue [eWLIOU Y)Im SJed JO SUOIBIIPIIN ‘+ Q[ L



14

*A19100§ 1S2I9)U] [BUY [BUOIIBUIAIU] — ST

(1) uorsnyur prny{
(1) 301p 310ddns Kauprsy (0 v-sna1
(7) uorsnyur pry{
(1) 1opuiq aeydsoyq
(1) 9reuoon|3 wnsseoq
() AIS /8w 4°0-7" durdipojury



TTF LI]
90F8T
(9%92) v¢

001 ¥ I8¢

(1) vorsuayadAy pue (JHD) WOH ‘@D
(1) uorsuanadAy pue [N ‘a0

¢

EF 91
60F6C
(Lz1-61) Tv

$6 T 09¢

(1) uorsuartadAy pue (JHD) INOH ‘AND

[(BHwuw) oinssard pooiq o1]0ISAS
(Tp/Swr) ourunearo ewise[d
o(Tp/Swr) udSoniu ean poorg

Tw3d) (OVd)
QOEM.EQQOQOQ OQOHQHmOU_& @Emﬁm

(1) (AHD) WO pue @31 (1) uorsuairadAy pue wsiproidyrodAy ‘@D
(1) (AHD) INDH pue a0 (¢) uorsuapadAy pue 3D
() uorsuaiadAy pue @D (2) (4HD) IWOH Pue 3D
(1) IIN pue 31D (1) wsiproiAyudAy pue @D

(D @D (oD a1 (u) s1souelq

(€) €-STdI “($) T-SIl (6) €-S1dI “(6) T-SIAI (u) 98e1s SIII

(¥/€) (6/8)  (pozrwoyaIsAyoLieAQ/pajense))

/€ 01/8 (1) orewd /21N

STFOSI v'EF 991 oK) 93y

8 81 S0 JO IoquINN

ououaso(dyg suouaio[de-uoN So[qeLIB A

's180 DV Y31y ur sdnoi3 juounyeany

ououaIa[de-uou pue suouI[ds JO SUONBIIPAW Puk AINSSAId POO[q JTWAISAS “ANSTWAYIOIQ POO[(] ‘SISOUSBIP ‘Xas A8y "G J[qeL



9C

*dnoi3 suouao[do-uou woxy JUIYIP ‘10°0 > d *

“(UOIYO YIm [eUSY ‘UtuR)) [eAoy]) urajoxd o[qusa3ip A[YSIY JO [2A9] Sjeropowt B pue snoioydsoyd Mol s pajenuiIog 3a1p ogroads
"(WNUWIXEW—WNWIUIW) UBIPIA]

"UOIJBIASD PIEPUR)S F UBSJA ,,

‘y3rom Apog

— Mg ‘ApedoAworpIed 9ATIOMISIY — INDY SASUSIOINSUL [eRIA — [N 9In[IeJ 11edy 9Ansasuo) — JHD ‘AyredoAworpies orgqdoniodAy

— JNDH $9seasIp Aoupry o1uoy) — (D A19100S 1S0I)U] [BUSY [BUONBUINU] — STY] SUOIIBIIUIOU0D JU0INSOP[. BWSE[J — DV d

+(16€1-€€€) 6011 (TI€1-L1) €T q(A®p) Swny [eAIAING
Jopuiq areydsoy Jo ‘ejeuodn|3 wnissejod

(upgb  “(yzib ‘0d ‘Mg 3y/Bw [-6'() opruesony

10 4z1b ‘0d ‘M€ S¥/Sw g-1) oprwosoin | ‘(Upgb 1o yzb
1o ‘(yzib ‘Od ‘M4 3/8W $$°0-7¢°0) A[0ZeWI PN

‘0d ‘M4 38w ¢'0-97°0) uepuaqowd  “(YZIb ‘0d ‘Md /8w ¢'0-2'0) uepusqowg
‘(Ypzb ‘mg 33/3w 7z 0) durdrporury ‘(Ypgb 10

‘(upgb 10 yz1b ‘0d ‘ME 38w ¢°0-7'0) surdipoury
4zIb ‘0d ‘md /8w 9'0-6°0) [udezeudg  “(Upgb ‘0Od ‘Md /5w 9'0-6°0) [Hdezeuog
‘uorsnjut pimjq ‘uorsnjut pinq

¢ 101p 130ddns Aoupry| ¢ Jo1p 110ddns Koupry U BAL],



—
o o
o o
S 9

600-

400+ T

200

Plasma aldosterone (pg/mL)

Healthy CKD
(n=101) (n=55)

o

Figure 1. Plasma aldosterone concentration in healthy (z = 101) and chronic kidney disease
(CKD) (n =55) groups. The boxes represent the 25th and 75th quartiles, with the horizontal line
representing the median. The whiskers represent the data range. * P < 0.01, showed significant

difference from the healthy group by the Mann—Whitney test.
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Figure 2. Correlation between plasma aldosterone concentration and age in 101 healthy cats.

Data were analysed using linear regression analysis.
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Figure 3. Plasma aldosterone concentrations in healthy (n = 101), IRIS stage 2 (» = 32), and IRIS
stage 3 (n=18) and 4 (n = 5) cat groups. The bars and whiskers indicate the median, 25th, and
75th quartiles. * P < 0.05, showed significant difference from the healthy group by the Kruskal—

Wallis test, followed by Dunn’s multiple comparison test.
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Figure 4. Kaplan—Meier survival curves comparing survival time of cats with normal (solid line)
and high (dashed line) plasma aldosterone concentration (PAC) in the chronic kidney disease
(CKD) group. While high PAC was set at > 243 pg/mL, normal PAC was 10-243 pg/mL.

P-value, showing statistically significant differences, is presented above the graph.
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Figure 5. Kaplan—Meier survival curves comparing the survival time of cats treated with
eplerenone (solid line) and those that did not receive eplerenone (dashed line) within cats having
high plasma aldosterone concentration (PAC) and chronic kidney disease (CKD). P-value,

showing the statistically significant difference, is presented above the graph.
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Discussion

The PAC from 101 healthy, unmedicated cats was investigated in this study to establish
normal PAC values. Median PAC was 89 pg/mL, and the upper limit as defined by the 95%
percentile was 243 pg/mL. These PACs were very similar to those reported previously (Yu and
Morris, 1998; Javadi et al., 2004), indicating that the upper limit is appropriate as a reference
value in clinically healthy cats. Plasma samples for PAC used in this study were measured
collectively from stored plasma within 6 mo. Although it cannot be ruled out that long-term
storage would have affected PAC measurements, previous studies in humans have demonstrated
the stability of steroid hormones in plasma samples frozen at -25°C for 1 to 10 y (Kley et al.,
1985).

In the present study, the age in the healthy group was significantly lower than that in the
CKD group. This difference is mainly because many blood samples in healthy cats were
collected before neutering. There was no significant correlation between age and PAC in this
study in healthy cats, consistent with a previous report (Yu and Morris, 1998). Additionally,
there was no significant difference in PAC between young, healthy cats and age-matched old
healthy cats in this study.

The present study revealed that cats with CKD had significantly higher PACs than healthy
cats. Likewise, it has been reported that cats with hypertension and concurrent CKD had
increases in PACs and plasma aldosterone:renin ratio (Jensen et al., 1997; Jepson et al., 2014),
suggesting RAAS activation. Additionally, a previous study detected no difference in PAC
between normotensive cats with CKD and age-matched controls (Jepson et al., 2014). However,

in our investigation, PAC was significantly higher in cats with IRIS stage 2 of CKD than healthy
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cats. Cats with IRIS Stages 3 and 4 had also significantly higher PAC than healthy cats. In IRIS
Stage 4, however, PACs varied greatly among individuals, and some individuals had a low PAC.
It is unclear why some cats at the terminal stage of CKD had low PAC. It is reported that cats
excrete very small concentrations of free aldosterone and its metabolite, 18-glucuronidated
aldosterone, in urine (Syme et al., 2007). Polar metabolites of aldosterone interfere with PAC
quantification, associated with deteriorating renal function in humans (Jones et al., 1981;
Koshida et al., 1989). Although the influence of polar metabolites on PAC in cats is unknown, it
could be important to examine further on aldosterone metabolism and accumulation of polar
aldosterone metabolites in feline blood associated with deteriorating renal function. Therefore,
when treating with anti-aldosterone drugs based on PAC levels, attention should be given for
evaluation of PAC at the terminal stage of CKD in cats.

In cats with CKD, this study revealed that the survival time of cats with high PAC was
significantly shorter than that of those with normal PAC. Previously, multiple pathophysiological
mechanisms have been proposed to cause shortened survival of cats with high PAC in CKD via
MR activation, including aldosterone-induced vasculopathy, tubulointerstitial fibrosis, and
glomerular injury (Brown, 2013; Spencer et al., 2020). Conversely, hypovolemia directly can
activate the RAAS and elevates PAC (Papagiannopoulos-Vatopaidinos et al., 2020). It is
possible that hypovolemia associated with the terminal stages of CKD may be responsible for the
short survival in cats with a high PAC.

The MR antagonist, spironolactone, reduces the mortality rate in cats with cardiomyopathy
(James et al., 2018), but the authors were cautious in concluding this as the cats in the treatment
group appeared to have less severe disease than the placebo group. However, the effect of MR

antagonist on the mortality rate in cats with CKD has not been fully investigated. Also, the
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selective MR antagonist, eplerenone, has not yet been applied to felines. The present study
suggests that eplerenone administration significantly prolonged survival of cats with high PAC in
CKD. Several of the cats in the prospective study had concurrent cardiac disease and/or arterial
hypertension. Positive effects of eplerenone may, at least partially, be due to effects of
eplerenone on blood pressure and the heart. Eplerenone reduces hospitalization and mortality in
human patients with chronic heart failure, including myocardial infarction (Zannad et al., 2011;
Ferreira et al., 2019). Using MR antagonists to treat end-stage renal disease reduces the 3-y
mortality rate and is associated with lower blood pressure, reduced left ventricular mass, and
improved left ventricular ejection fraction in human patients (Bomback, 2016). In addition,
eplerenone effectively reduced blood pressure compared with other agents, such as
spironolactone, enalapril, losartan, and amlodipine in humans (Sierra and Ruilope, 2004). Our
results in cats also indicated that although the pathophysiological mechanisms require future
studies, eplerenone may reduce mortality rate in cats with high PAC in CKD with cardiovascular
disease. Therefore, it is suggested that measuring PAC may be useful, particularly given that
eplerenone could be an effective treatment for hyperaldosteronism in cats.

There are some limitations in this study. In the present study, using abdominal
ultrasonography, primary hyperaldosteronism caused by adrenal tumors is deemed unlikely in
the CKD group. However, as PRA was not measured in most cases of CKD cats, idiopathic
hyperplasia of zona glomerulosa tissue might not have been completely excluded. In addition,
since the echocardiography was not routinely performed in cats with CKD in this study,
asymptomatic heart abnormalities such as HCM may have been overlooked in cats with CKD.
Since many cats in this study were receiving medications such as benazepril, furosemide and

amlodipine that could potentially affect PAC or stimulate aspects of the RAAS, further analyses
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of PAC and survival time in CKD cats under certain conditions with and without medications
may be needed. In the eplerenone study, there was no safety data on eplerenone in healthy cats or
those with the conditions studied. Although cats were alternately assigned to either the control or
eplerenone treatment, they were not randomly assigned eplerenone treatment, and the control
group did not receive a placebo treatment. As cats whose owners refused eplerenone treatment
were included in the control group, arguably these owners were more cautious or less willing to
try treatments, which could have influenced survival. Owners and clinicians were not blinded to
the eplerenone treatment. In addition, more than half of the cats in the non-eplerenone treated
group had CKD only, compared to only 1/8 in eplerenone-treated group. The higher BUN in
some cats of non-eplerenone group may be an indicator that cats were more severely affected in
this group, e.g., more dehydrated and/or worse CHF. These findings might have contributed to a
difference in survival times between the eplerenone and non-eplerenone groups. Further studies
with double-blind, placebo-controlled trials would be required.

In conclusion, cats with CKD had significantly higher PAC than clinically healthy cats. In
CKD, the survival of cats with high PAC was significantly shorter than those with normal PAC.
The use of eplerenone also significantly prolonged the survival of cats with high PAC in CKD
complicated with cardiac disease or hypertension. Although this study proposes PAC as a
prognostic marker of CKD cats, eplerenone may be useful in prolonging cats’ survival with high
PAC in CKD complicated with cardiac disease or hypertension. Our results warrant further

studies with double-blind, placebo-controlled trials.
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Chapter 2

Plasma aldosterone concentration and the survival of dogs with

chronic kidney disease
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Introduction

Aldosterone is a steroid hormone synthesized in the adrenal cortex and is part of the renin-
angiotensin-aldosterone system (RAAS). It accelerates renal sodium retention and elimination of
potassium through its action on the mineralocorticoid receptor (MR) and plays a major role in
regulating body fluid volume and blood pressure (Ponda and Hostetter, 2006). The MR is also
present in other tissues besides the kidney, including cardiomyocytes and vascular endothelial
cells. Aldosterone is locally produced in the vasculature, kidney, and heart in addition to the
adrenal gland (Weber et al., 2003), and its actions may induce classical genomic, as well as rapid
nongenomic, effects (Brown, 2013). Excessive secretion of aldosterone and activation of the MR
cause cardiovascular inflammation, fibrosis and remodeling, and tubulointerstitial fibrosis and
glomerular injury in the kidney (Brown, 2013). There are several reports on plasma aldosterone
concentration (PAC) in healthy animals, chronic kidney disease (CKD), and chronic heart failure
in dogs (Knowlen et al., 1983; Grandt et al., 2022). Measurements of urinary
aldosterone/creatinine ratio are also reported in dogs (Lantis ef al., 2015; Galizzi et al., 2021).
Urinary aldosterone/creatinine ratio is not significantly different between healthy individuals and
those with differing stages of myxomatous mitral valve disease in dogs, and is influenced by
individual factors such as breed, sex and age (Galizzi et al., 2021). It may be important to
evaluate PAC in dogs with CKD associated with the activation of RAAS. Although angiotensin-
converting enzyme inhibitors and angiotensin receptor blockers are used to suppress the RAAS
during renal diseases in dogs (Ames et al., 2019), the relationship between PAC and survival
time in dogs with CKD has not been investigated. The purpose of this study was to investigate

PAC in dogs with CKD and evaluate the survival time of CKD dogs with high PAC.
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Materials and methods

Animals

Records from client-owned dogs that visited the Yasaka Animal Care Center, Japan,
between October 2016 and December 2021 that had stored blood samples available were
reviewed retrospectively. One hundred and forty-five dogs were identified with the diseases of
interest including CKD and systemic hypertension, and categorized into the following groups:
healthy (n = 106) and CKD (n = 39). Dogs diagnosed with other concurrent disease were

excluded. Informed consent was obtained for the use of the blood samples.

Grouping

The healthy control dogs were animals that visited the hospital for routine health
examinations or neutering, had no signs of illness, and received no medication. The dogs were
fed a standard commercial diet chosen by each owner and the diet was not specified. Many blood
samples in healthy dogs were collected before castration or ovariohysterectomy. Prior to
neutering, the dogs were fasted for 8 to 12 hours and allowed to drink water freely. Physical
examination, hematological and biochemical examinations including blood urea nitrogen (BUN)
and creatinine, and systemic blood pressure measurement were conducted for the health check.
Hematological and biochemical examinations, urinalysis, blood pressure measurement,
radiography, and abdominal ultrasonography were used to diagnose CKD. Blood chemistries
were analyzed using the IDEXX Catalyst One (IDEXX laboratories, Inc., ME). Electrolytes
(sodium, potassium and chloride) were measured by ion-selective electrode potentiometry (i-
STAT 1 analyzer; Abbott Point of Care, Inc., NJ). Urine protein/creatinine ratio (UPC) or

symmetric dimethylarginine (SDMA) level was examined when urinary protein was detected on
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dipstick. Dogs with CKD were subsequently classified using the International Renal Interest
Society (IRIS) staging of CKD (modified 2019). IRIS stage 1 in this study was defined as: (1)
persistent normal plasma creatinine level (<1.4 mg/dL) or normal to mild increase (<18 ug/dL)
in SDMA; (2) the presence of any renal abnormality including proteinuria of renal origin, UPC
>(.5 persisting for a certain period of time and abnormal renal imaging findings. The study
excluded dogs with a temporary and rapid increase in plasma creatinine exceeding the reference
value as seen in acute kidney injury. Dogs with kidney diseases including polycystic kidney
disease, chronic urinary tract obstruction, chronic urinary tract infection, urolithiasis, Fanconi
syndrome were included in the group. In cases such as chronic urinary tract obstruction and
urinary tract infection, when the disease was treated and remitted, dogs having chronic renal
dysfunction on subsequent follow-up were included in the CKD group. In such diseases,
individuals whose CKD-related laboratory values were stable for a certain period of time,
approximately one month, were included in the CKD group. Primary hyperaldosteronism, which
was diagnosed by abdominal ultrasonography of the adrenal glands, higher PAC and lower renin
activity, was not included in this study. Primary hyperaldosteronism due to an adrenocortical
tumor was excluded by abdominal ultrasonography. Hypertension was diagnosed through non-
invasive measurements using a Doppler (Vet-Dop, Vmed Technology, WA) or oscillometric
(Pettrust, Aster Electric Co., Japan) device. Systolic blood pressure (SBP) of >160 mmHg was
defined as “hypertensive” based on the ACVIM consensus statement (Acierno ef al., 2018).
Blood pressure was measured routinely in all dogs with CKD. It was also routinely measured in
healthy dogs for health examination, and if their SBP was non-hypertensive, it was recorded as

<160 mmHg in almost of healthy dogs.
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Most dogs were receiving no medication at the time of hospital admission, but some dogs
had received treatment by the time blood sampling was performed. Seven dogs in the CKD
group had received alacepril (1.2-2.4 mg/kg, q12 h or q24 h) or telmisartan (1 mg/kg, q24 h) for

14 days to 3 years.

Sample processing and analysis of PAC

Blood was mixed with ethylenediaminetetraacetic acid and centrifuged. The plasma was
then separated and frozen at —35°C until PAC analysis. Plasma samples for PAC measurement
were measured collectively for stored plasma within 6 months. The PAC was measured at once
in two or more times a year. PAC levels were measured by solid-phase radioimmunoassay, using
a kit (SPAC-S Aldosterone Kit, Fujirebio, Tokyo, Japan). The RIA method in the kit used was
the same principle as previously validated for use with canine plasma in a commercially
available human kit (Hori et al., 2008). In this PAC kit, the cross-reactivity with cortisol,
corticosterone and progesterone were 0.0002%, 0.03% and 0.008%, respectively, with excellent
specificity. Intra- and inter-assay coefficients of variation were 1.8 to 8.3% and 2.4 to 3.2%,
respectively. The kit was validated for use in dogs by adding two ranges of aldosterone control
extracted from the human matrix to canine plasma. Lower and upper detection limits were
determined to be 10 and 1600 pg/mL, respectively, by the standard curve of this kit with

excellent sensitivity.

Determination of PAC reference range and survival rates of animals

The reference range for PAC was determined at a 95% confidence interval (CI) by a

nonparametric statistic method using values from 106 healthy dogs. With a median PAC of
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56 pg/mL, the lower limit was 10 pg/mL at 5% percentile, and the upper limit was 182 pg/mL at
95% percentile. The reference range for normal PAC was defined as 10—182 pg/mL. PAC
exceeding the upper limit was defined as “high” PAC. Survival days were calculated from the
blood sampling date to compare long-term outcomes between high and normal PAC levels in the
CKD group. Five of the 39 CKD dogs were excluded from the survival analysis, because they
could not be followed up due to transfer to a different hospital or to another region and their

outcome was unknown.

Statistical analysis

Data were analyzed using statistical software (Prism 7.0, GraphPad, CA). Numerical data
were tested for normality using the Shapiro—Wilk test. The Mann—Whitney test or unpaired t-test
was used to determine the difference between two groups. For multiple group comparison, the
nonparametric data were analysed by the Kruskal-Wallis test followed by the post-hoc Dunn’s
multiple comparison test, and parametric data by one-way analysis of variance and post hoc
Tukey’s multiple comparison test. Kaplan—Meier curves were constructed to compare survival
rates, and log-rank (Mantel-Cox) tests were used to compare survival curves. The significance
level for each analysis was at P < 0.05. When the numerical data in all groups were abnormally
distributed, the data were presented as median and range, whereas normally distributed data were

presented as mean + standard deviation (SD).
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Results

Table 6 summarizes the age, sex, breed, blood biochemistry, SBP, and diagnosis of dogs in
the healthy and CKD groups as classified by IRIS stage. Age in the healthy group (median 5.9
years) was significantly (P < 0.01) younger than that in the CKD group (median 13.8 years). A
linear regression analysis showed no significant correlation (» = 0.008; P = 0.94) between PAC
and age in the healthy group (Figure 6). When data in healthy dogs age-matched to CKD group
were pulled from the healthy group, there were no significant differences (P > 0.05) in PAC,
plasma creatinine, and BUN values between young-healthy dogs (< 12 years old; age 5.3 + 4.1
(mean + SD), n = 92) and old-healthy dogs age-matched to CKD dogs (> 12 years old; age 13.7
+ 1.4, n = 14). The reason that old-healthy dogs age-matched to CKD dogs were chosen as > 12
years old was because their mean age was most similar to that of the CKD dogs (mean 13.5 years
old), with the highest P (= 0.89) value. Five dogs of 106 healthy dogs had a high PAC over the
upper limit (>182 pg/mL). The breeds of 5 dogs were 1 Labrador Retriever, 1 Miniature

Dachshund, 2 Toy Poodles, and 1 Pug, ranging in age from 6 to 12 years.

Comparison of PAC between healthy and CKD groups

The number of CKD dogs in IRIS stages 1, 2, 3, and 4 were 18, 18, 3, and 0, respectively.
Clinical signs in IRIS stage 2 or 3 included emesis, anorexia, anemia, lethargy, polydipsia and
polyuria, weight loss, dehydration, or depression. Seven dogs with CKD had hypertension. PAC
(median 69 pg/mL; range 10-553 pg/mL) in the CKD group was significantly (P = 0.03) higher
than that (median 56 pg/mL; range 10-250 pg/mL) in the healthy group (Table 6; Figure 7). The

mean £ SD values of PAC in healthy and CKD groups were 73 + 59 pg/mL and 131 + 139
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pg/mL, respectively. In the CKD group as classified by IRIS stage, PAC (median 97 pg/mL) in
IRIS stage 2 and 3 was significantly (P = 0.03) higher than in the healthy group (Figure 7).
Furthermore, PAC in CKD dogs was also significantly (P = 0.03) greater than that (median 43
pg/mL; range 10177 pg/mL) in age-matched healthy dogs. In the CKD group (n = 39), a linear
regression analysis showed a significant positive correlation (= 0.360; P = 0.02) between PAC
and IRIS stage, but no significant correlation (» = 0.235; P = 0.15) between age and IRIS stage
(Figure 8). In the CKD dogs (n = 34) used for the survival analysis, a linear regression analysis
also showed a significant correlation (» = 0.351; P =0.03) between PAC and IRIS stage, but no

significant correlation (» = 0.179; P = 0.31) between age and IRIS stage (Figure 9).

Survival analysis in CKD dogs with high versus normal PAC

Table 7 shows the blood biochemistry, SBP and treatments of dogs with normal and high
PAC used for evaluating the survival time in CKD group. Two dogs in the high PAC group had
apparent dehydration. Three dogs in the normal PAC group and two dogs in the high PAC group
had mild anemia (PCV < 35%). Six dogs in the normal PAC group and five dogs in the high
PAC group had mild increase in ALT (> 125 TU/L). Treatments and IRIS stages between normal
and high PAC groups were similar (Table 7). On day 0, normal and high PACs (mean £ SD)
were 57 + 36 and 330 = 121 pg/mL, respectively. In the CKD group, dogs with high PAC had
significantly (P = 0.013) shorter survival periods than those with normal PAC (Figure 10).
Survival time (mean + SD) of dogs with high PAC and normal PAC was 387 + 270 days and 742
+ 509 days, respectively. Hazard ratio (high/normal PAC) expressed as 95% Cls for risk of death
was 2.35. There were no significant differences in age, body condition score (BCS), plasma

creatinine, BUN, plasma potassium, sodium, chloride, inorganic phosphorus, alanine
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aminotransferase (ALT), packed cell volume (PCV), total protein, albumin and SBP values
between normal and high PAC groups (Table 7). When the cause of death was judged clinically,
deaths in the normal PAC group were due to natural or sudden cause in 14 dogs and renal failure
in 10 dogs. Deaths in the high PAC group were due to natural or sudden cause in 4 dogs and

renal failure in 6 dogs.
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Figure 6. Correlation between plasma aldosterone concentration and age in 106 healthy dogs.
Data were analysed using linear regression analysis. A correlation coefficient () and P-value are

presented above the graph.
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Figure 7. Plasma aldosterone concentration in healthy (#z = 106) and chronic kidney disease
(CKD) (n = 39) groups, and groups as classified by IRIS stage 1 (z = 18), and IRIS stage 2 and 3
(n=21). The bars and whiskers indicate the median, 25th, and 75th quartiles. * P < (.05, showed

significant difference from the healthy group.
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Figure 8. Correlations between IRIS stage and plasma aldosterone concentration (A) and
between IRIS stage and age (B) in the CKD group (n = 39). A linear regression analysis showed
a significant positive correlation (» = 0.360; P = 0.02) between PAC and IRIS stage, but no

significant correlation (» = 0.235; P = 0.15) between age and IRIS stage.
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Figure 9. Correlations between IRIS stage and plasma aldosterone concentration (A) and
between IRIS stage and age (B) in the CKD dogs (n = 34) used for the survival analysis. A linear
regression analysis showed a significant correlation (» = 0.351; P = 0.03) between plasma
aldosterone concentration and IRIS stage, but no significant correlation (» = 0.179; P =0.31)

between age and IRIS stage.
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Figure 10. Kaplan—Meier survival curves comparing survival time of dogs with normal (solid
line) and high (dashed line) plasma aldosterone concentration (PAC) in the chronic kidney
disease (CKD) group. While high PAC was set at > 182 pg/mL, normal PAC was 10—

182 pg/mL. P-value, showing statistically significant differences, is presented above the graph.
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Discussion

The PAC from 106 healthy, unmedicated dogs was investigated in this study to establish
normal PAC values. Results showed that the median PAC was 56 pg/mL, and the upper limit as
defined by the 95% percentile was 182 pg/mL. To the best of our knowledge, there are no
published reports on the reference value of PAC using more than 100 healthy dogs. However,
median PAC in this study was similar to those (mean 43—76 pg/mL, n = 12—24) on healthy dogs
reported previously (Knowlen et al., 1983; Javadi et al., 2003). Furthermore, the upper limit of
PAC in the present study was similar to the maximum value (143—190 pg/mL) in small
populations of healthy dogs (n = 10-24) in previous studies (Knowlen et al., 1983; Baumstark et
al., 2014; Gojska-Zygner and Zygner, 2015), suggesting that the upper limit is appropriate as a
reference value in healthy dogs. The upper limit of PAC in healthy dogs of this study was also
similar to that (195 pg/mL) in a large population of healthy cats (n = 130) reported previously
(Javadi et al., 2004). On the other hand, five dogs of 106 healthy dogs had a high PAC over the
upper limit in this study. The PAC in dogs is influenced by individual factors such as breed, sex
and age (Pedersen et al., 1995; Galizzi et al., 2021). Although breed differences in PAC levels of
healthy dogs have been reported (Pedersen et al., 1995), the five dogs are not always included in
the breed having a high PAC in that report. Furthermore, from history taking and physical
examination, these dogs showed no evidence of dietary management or hydration status
problems. However, four out of these five dogs were over 10 years of age, thus subclinical
adrenal or renal abnormalities that could not be diagnosed by physical examination, renal panel,
and imaging should not be completely ignore. The PACs in the present study were measured

collectively from stored plasma within 6 months. Although it cannot be ruled out that long-term
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storage would have affected PAC measurements, previous studies in humans have demonstrated
the stability of steroid hormones in plasma samples frozen at -25°C for 1 to 10 years (Kley et al.,
1985). Therefore, the effect of different storage time might be minimal in the present study.

In the present study, age in the healthy group was significantly younger than that in the CKD
group. This difference is mainly because many blood samples of the healthy dogs were from
young healthy dogs referred for health screening before neutering. However, linear regression
analysis showed no significant correlation between PAC and age in the healthy group. This result
in healthy dogs was consistent with a previous report in cats (Yu and Morris, 1998).
Additionally, when data in healthy dogs age-matched to CKD group were pulled from the
healthy group, there was no significant difference in PAC between young, healthy dogs and age-
matched old, healthy dogs in this study.

The present study revealed that dogs with CKD, especially classified by IRIS stage 2 and 3,
had significantly higher PACs than healthy dogs. PACs in dogs with IRIS stage 2 and 3 of this
study were similar to those (median 83 pg/mL, n = 10) in canine CKD reported recently (Grandt
et al., 2022). Likewise, it has been reported that cats with hypertension and concurrent CKD had
increases in PACs and plasma aldosterone/renin ratio (Jensen et al., 1997; Jepson et al., 2014),
suggesting RAAS activation.

In dogs with CKD, this study revealed that the survival time of dogs with high PAC was
significantly shorter than that of those with normal PAC. Previously, multiple pathophysiological
mechanisms have been proposed to cause shortened survival of cats with high PAC in CKD via
MR activation, including aldosterone-induced vasculopathy, tubulointerstitial fibrosis, and
glomerular injury (Brown, 2013; Spencer ef al., 2020). On the other hand, hypovolemia directly

can activate the RAAS and elevates PAC (Papagiannopoulos-Vatopaidinos et al., 2020). It is
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possible that hypovolemia associated with the higher stages of CKD may be responsible for the
short survival in dogs with a high PAC. Therefore, it is suggested that measuring PAC may be
useful for a prognostic marker of dogs with CKD. The MR antagonists may prolong the survival
of CKD dogs with high PAC, although future investigations are required. Additionally, in the
present study, a significant positive correlation between PAC and IRIS stage was observed in
CKD dogs used for survival analysis, suggesting that the lower survival rate in high PAC group
may be related to severity of CKD as well as effect of aldosterone.

Diet effect on the PAC level was also reported in previous dog studies. For example,
potassium-depleted diet and high sodium intake decreased PAC (Hulter et al., 1980; Kjolby et
al., 2005), while sodium-depletion diet elevated PAC in dogs (Lovern et al., 2001; Bie et al.,
2009). In the present study, feeding for the dogs was not a sodium or potassium restricted diet. In
addition, there were no significant differences in breed, sex, age and plasma sodium, potassium
and chloride levels between the high PAC and normal PAC groups, suggesting that these factors
may not largely influence the PAC level in CKD dogs of this study. On the other hand, PAC is
reported to be increased by anemia (Anand et al., 1993), obesity (Dinh Cat ef al., 2016),
azotemic hypertention (Jepson et al., 2014) and chronic liver disease (El-Raziky et al., 2005).
Chronic liver dysfunction may reflect the inability of the diseased liver to metabolize and clear
plasma aldosterone from the circulation (El-Raziky ef al., 2005). In the present study, some of
CKD dogs in both high PAC and normal PAC groups had azotemia, mild anemia, mild increase
in hepatic enzyme (ALT) and increase in BCS, which may have influenced the PAC value.
However, there were no significant differences in blood biochemistry and BCS between the high
and normal PAC groups in CKD dogs of this study. Additionally, age of dog and duration of

CKD as well as other complications may affect the survival time in CKD dogs. In the present
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study, the age of dog and duration of CKD at the time of blood sampling for PAC measurement
did not significantly differ between the high and normal PAC groups, suggesting that these
factors may not have had a significant effect on the difference in survival time between the two
groups.

There are some limitations in this study. In the present study, using abdominal
ultrasonography, primary hyperaldosteronism caused by adrenal tumors is deemed unlikely in
the CKD group. However, as plasma renin activity was not measured in most cases of CKD
dogs, idiopathic hyperplasia of zona glomerulosa might not have been completely excluded. It
has been mentioned that PAC value should be measured after the discontinuation of medications
affecting this value; the duration of discontinuation is recommended >2 weeks for angiotensin
converting enzyme inhibitors and angiotensin Il receptor antagonists (Tamura et al., 2021). In
the present study, some dogs in the CKD group had received these medications at the time of
blood sampling for PAC evaluation. In addition, since many dogs used for survival analysis in
this study were receiving medications such as alacepril and telmisartan that could potentially
affect PAC or stimulate aspects of the RAAS, further analyses of PAC and survival time in a
large population of CKD dogs under certain conditions with and without medications should be
performed. Small sample size and uneven number of dogs between groups in this study might
also be included a problem for statistical power.

In conclusion, dogs with CKD had significantly higher PAC than healthy dogs. In CKD, the
survival of dogs with high PAC was significantly shorter than those with normal PAC. A
significant positive correlation between PAC and IRIS stage was observed in CKD dogs,
suggesting that the lower survival rate in high PAC group may be related to severity of CKD.

Therefore, high PAC might indicate shorter survival time in dogs with CKD. However, further
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study on PAC level in CKD progression and treatment response in a larger population should be

performed.
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General Conclusion

In chapter 1, the study aimed to investigate the plasma aldosterone concentration (PAC) in
cats with chronic kidney disease (CKD), and retrospectively evaluate the survival of cats with
high PAC. Furthermore, this study prospectively examined eplerenone’s effect on survival time
in CKD cats with high PAC. The eplerenone study was conducted including both cats with CKD
only and CKD cats complicated cardiac disease or systemic hypertension. The PAC was
measured retrospectively in blood samples obtained from 156 client-owned cats that visited a
veterinary hospital. The cats were designated into 2 groups: clinically healthy (n = 101) and
CKD (1 = 55). The PAC was measured by solid-phase radioimmunoassay; median (minimum—
maximum) PAC in healthy cats was 97 (10-416) pg/mL and the upper limit (95th percentile)
was 243 pg/mL. In the CKD group, PAC [126 (10-981) pg/mL] was higher (P < 0.01) than in
the clinically healthy group. In the CKD group as classified by IRIS stage, the PACs were higher
(P =0.03) in IRIS stage 2 than in the healthy group. Similarly, PACs in IRIS stage 3 and 4 cats
were higher (P = 0.01) than in the healthy group. In cats with CKD, the survival time of those
with high PAC (n = 16) (> 243 pg/mL) was shorter (P = 0.019) than that of those (» = 39) with
normal PAC. In cats with high PAC and CKD, administering an aldosterone antagonist,
eplerenone, at 2.5 to 5 mg/kg body weight (n = 8) prolonged the survival (P = 0.005), compared
to cats not receiving eplerenone (n = 18). In conclusion, the present study revealed that cats with
CKD had a high PAC. The PAC could be a prognostic marker of CKD in cats. Eplerenone may
prolong the survival in cats with CKD and a high PAC complicated with cardiac disease or

hypertension.

59



In chapter 2, the study aimed to investigate PAC in dogs with CKD and evaluated the
survival of CKD dogs with high PAC, retrospectively. PAC was measured in blood samples
obtained from 145 client-owned dogs. The dogs were divided into two groups: healthy (n = 106)
and CKD (n = 39). In healthy group, median (minimum-maximum) PAC was 56 (10-250)
pg/mL, and the upper limit (95 percentile) was 182 pg/mL. PAC (median 69 pg/mL; range 10—
553 pg/mL) in CKD group was significantly (P < 0.05) higher than in the healthy group. In the
CKD group as classified by IRIS stage, PAC (median 97 pg/mL) in IRIS stage 2 and 3 was
significantly higher than in the healthy group. A significant positive correlation between PAC
and IRIS stage was observed in CKD dogs, suggesting that the lower survival rate in high PAC
group may be related to severity of CKD. In dogs with CKD, the survival time (mean + SD; 387
+ 270 days) of those with high PAC (n = 10) (> 182 pg/mL) was significantly (P < 0.05) shorter
than that (742 + 509 days) of those (n = 24) with normal PAC. In conclusion, the present study
revealed that dogs with CKD had a high PAC. The high PAC might indicate shorter survival
time in dogs with CKD. However, further study on PAC level in CKD progression and treatment

response in a larger population may be needed.
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Abstract

Aldosterone is a steroid hormone synthesized in the adrenal cortex and is part of the renin-
angiotensin-aldosterone system (RAAS). It accelerates renal sodium retention and elimination of
potassium through its action on the mineralocorticoid receptor (MR), and has a major role in
regulating body fluid volume and blood pressure. Excessive secretion of aldosterone and
activation of the MR cause cardiovascular inflammation, fibrosis and remodeling, and
tubulointerstitial fibrosis and glomerular injury in the kidney. There are several reports on
plasma aldosterone concentration (PAC) in healthy, chronic kidney disease (CKD), systemic
hypertension, and chronic heart failure in cats and dogs. Measurement of urinary
aldosterone/creatinine ratio has also been reported in cats and dogs. However, it has been
suggested that measuring aldosterone in feline urine using the available methodology has limited
or no utility in investigating feline hypertension associated with CKD. It may be important to
evaluate PAC in cats and dogs with CKD associated with the activation of RAAS.

On the other hand, angiotensin-converting enzyme inhibitors (ACEls) and angiotensin
receptor blockers suppress the RAAS during hypertensive, renal, and cardiac diseases in cats.
The Randomized Aldactone Evaluation Study in humans showed that the aldosterone antagonist,
spironolactone, reduced the mortality of patients with chronic heart failure who received ACEI
and loop diuretics. Spironolactone also reportedly reduced the mortality rate in cats with
congestive heart failure secondary to cardiomyopathy. Another selective aldosterone antagonist,
eplerenone, not only antagonizes MR but also blocks the nongenomic effects of aldosterone in
vascular tissues not susceptible to spironolactone. These effects of eplerenone may be more

effective than spironolactone in treating hypertension due to vasoconstriction. Although
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eplerenone reduces mortality and hospitalization in human patients with chronic heart failure,
there are no available reports on eplerenone’s use in feline practice.

Since elevated PAC is a risk factor for kidney injury in humans, and MR antagonists are
beneficial in rodent models of CKD and human patients, it was hypothesized that if an elevated
PAC is detectable in the early stages of the disease in cats, the use of eplerenone may prolong
lifespan. However, the relationship between PAC and the survival time in cats and dogs with
CKD has not been investigated. Therefore, this study aimed to investigate PAC in cats and dogs
with CKD, and evaluate the influence of high PAC on the survival time of CKD animals and the
effect of treatment with eplerenone in CKD cats with high PAC.

In chapter 1, PAC in cats with CKD was investigated retrospectively, and the survival time
of cats with high PAC was evaluated. Furthermore, the effect of treatment with eplerenone on
survival time in CKD cats with high PAC was examined prospectively. The eplerenone study
was conducted including both cats with CKD only and CKD cats complicated cardiac disease or
systemic hypertension. The PAC was measured retrospectively in blood samples obtained from
156 client-owned cats that visited a veterinary hospital. The cats were designated into 2 groups:
clinically healthy (» = 101) and CKD (n = 55). The PAC was measured by solid-phase
radioimmunoassay. Median (minimum—maximum) PAC in healthy cats was 97 (10-416) pg/mL
and the upper limit (95th percentile) was 243 pg/mL. In the CKD group, PAC [126 (10—

981) pg/mL] was significantly higher than in the clinically healthy group. In the CKD group as
classified by the International Renal Interest Society (IRIS) stage, the PACs were higher in IRIS
stage 2 than in the healthy group. Similarly, PACs in IRIS stage 3 and 4 cats were higher than in
the healthy group. In cats with CKD, the survival time of those with high PAC (n = 16) (>

243 pg/mL) was significantly shorter than that of those (n = 39) with normal PAC. In cats with
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high PAC and CKD, eplerenone administration (2.5 to 5 mg/kg body weight; n = 8) prolonged
significantly the survival compared to cats not receiving eplerenone (n = 18). These results
indicated that PAC could be a prognostic marker of CKD in cats and that eplerenone may
prolong the survival in cats with CKD and high PAC complicated with cardiac disease or
hypertension.

In chapter 2, PAC in dogs with CKD was investigated retrospectively, and the survival time
of CKD dogs with high PAC was evaluated. PAC was measured in blood samples obtained from
145 client-owned dogs. The dogs were divided into two groups: clinically healthy (» = 106) and
CKD (n = 39). In clinically healthy group, median (minimum—maximum) PAC was 56 (10-250)
pg/mL, and the upper limit (95th percentile) was 182 pg/mL. PAC (median 69 pg/mL; range 10—
553 pg/mL) in CKD group was significantly higher than in the healthy group. In the CKD group
as classified by IRIS stage, PAC (median 97 pg/mL) in IRIS stage 2 and 3 was significantly
higher than in the healthy group. A significant positive correlation between PAC and IRIS stage
was observed in CKD dogs, suggesting that the lower survival rate in high PAC group may be
related to severity of CKD. In dogs with CKD, the survival time of those with high PAC (n = 10)
(> 182 pg/mL) was significantly shorter than that of those with normal PAC (n = 24). These
results suggested that high PAC might indicate shorter survival time in dogs with CKD.

In conclusion, this study revealed that both cats and dogs with CKD had significantly higher
PAC than clinically healthy animals. In CKD, the survival time of cats and dogs with high PAC
was significantly shorter than those with normal PAC. The use of eplerenone also significantly
prolonged the survival of cats with high PAC in CKD complicated with cardiac disease or
hypertension. This study proposes PAC as a prognostic marker of cats or dogs with CKD.

Eplerenone may be useful in prolonging cats’ survival with high PAC in CKD complicated with
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cardiac disease or hypertension. However, further study on PAC level in CKD progression and
treatment response in a larger population may be required. This study provided new information
on the relationship between PAC and the survival of cats or dogs with CKD, and the effect of

eplerenone treatment for the survival time of cats with high PAC and CKD.
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