Hypertension Research (2024) 47:1707-1718
https://doi.org/10.1038/541440-024-01651-5

ARTICLE

Prediction of endogenous mineralocorticoid receptor activity by
depressor effects of mineralocorticoid receptor antagonists in
patients with primary aldosteronism

Makiko Ikemoto’ - Satoshi Morimoto' - Atsuhiro Ichihara’

Received: 4 December 2023 / Revised: 17 February 2024 / Accepted: 1 March 2024 / Published online: 28 March 2024
© The Author(s), under exclusive licence to The Japanese Society of Hypertension 2024

Abstract

Patients with primary aldosteronism have an increased risk of developing cardiovascular disease. The response to
mineralocorticoid receptor antagonists varies among individuals, indicating diverse mineralocorticoid receptor activities in
these patients. This study explored the factors linked to the efficacy of blood pressure reduction through mineralocorticoid
receptor antagonists in patients with primary aldosteronism. We examined the relationship between the reduction in blood
pressure and patient characteristics in a group of 41 patients with primary aldosteronism (24 males, mean age 55 + 13 years,
including 34 patients diagnosed with bilateral primary aldosteronism) before and after undergoing treatment with
mineralocorticoid receptor antagonists. Significant reductions in office blood pressure were observed 3 and 6 months after
treatment initiation. Single correlation analyses showed that the urinary chloride-to-potassium ratio displayed the strongest
positive association with blood pressure reduction, surpassing plasma aldosterone concentration, plasma renin activity, and
urinary sodium-to-potassium ratio, at 3 and 6 months. Multiple correlation analyses revealed a consistent and independent
positive correlation between the urinary chloride-to-potassium ratio and blood pressure reduction at 3 and 6 months. The
optimal threshold for the urinary chloride-to-potassium ratio with respect to its ability to lower blood pressure, was
determined as 3.18. These results imply that the urinary chloride-to-potassium ratio may be independently associated with
the effectiveness of blood pressure reduction facilitated by mineralocorticoid receptor antagonists. Moreover, it could
potentially serve as a valuable predictor of the effectiveness of these agents and function as an indicator of endogenous
mineralocorticoid receptor activity in patients with primary aldosteronism.
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Introduction leads to arteriosclerosis, kidney injury, cardiac fibrosis

[4-6], diabetes mellitus, and metabolic syndrome [7-10]

Primary aldosteronism (PA) is a prevalent form of sec-
ondary hypertension, that results from the autonomous
overproduction of aldosterone due to adrenal gland lesions.
It accounts for 5-10% of all hypertension cases [1-3].
Excess aldosterone not only induces hypertension but also
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through the activation of mineralocorticoid receptors (MRs)
in both epithelial and non-epithelial tissues. Patients with
PA have a higher risk of developing cardiovascular disease
and cerebrovascular events than those with essential
hypertension [11-15].

Patients with unilateral PA are typically recommended
to undergo laparoscopic adrenalectomy. Conversely,
patients with bilateral adrenal hyperplasia or those
unsuitable for surgery are advised to undergo preservation
therapy, which includes treatment with MR antagonists
(MRAs) [2, 16]. Furthermore, pharmacological MR
blockade has been shown to have positive effects on both
cardiovascular disease [17-20] and chronic kidney dis-
ease [21, 22].
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Graphical Abstract
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MRAs have developed over time. They can be
classified into two categories: steroidal (spironolactone and
eplerenone) and non-steroidal  (esaxerenone  and
finerenone) MRAs.

The extent of blood pressure (BP) reduction and organ
protection achieved using MRAs varies among patients,
suggesting individual differences in MR activity in patients
with hypertension, including those with PA. Methods for
predicting endogenous MR activity and, consequently, the
degree of antihypertensive effects of MRAs have not yet
been established. Therefore, in this study, we investigated
the factors associated with the degree of BP reduction
achieved with MRAs in patients with PA.

Methods
Participants

This study enrolled patients who visited the Department of
Internal Medicine at the Tokyo Women’s Medical Uni-
versity Hospital between April 2014 and March 2023 for
the treatment of PA. PA was diagnosed based on the
diagnostic criteria outlined by the Japanese Society of
Hypertension [23, 24]. All the patients included in this
study were of Japanese descent. Informed consent was
obtained using an opt-out method, and the procedures were
approved by the Ethics Committee of Tokyo Women’s
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Medical University (Approval #: 2022-0081). Patients with
secondary hypertension conditions other than PA, those
with essential hypertension, or those who were administered
MRAs before April 2014 were excluded from the study.

Background factors

We collected information concerning the patients’ sex, age,
comorbidities, and use of antihypertensive agents. Body
mass index (BMI), BP, pulse rate, urinary parameters,
estimated daily salt intake, blood tests, and physiological
function tests were performed before and after 3- and
6-month of treatment with MRAs.

Blood pressure and pulse rate

The BP and pulse rate were measured at our outpatient
clinic, with the patient in a seated position after a resting
period of at least 5 min, using an Omron HEM-907 monitor
(Omron Healthcare, Kyoto, Japan). Only initial BP readings
acquired during each visit were used in this study.

Urinary testing

Spot urine samples were collected, and the concentrations
of creatinine (Cr), protein, sodium (Na), potassium (K),
chloride (Cl), calcium (Ca), and phosphorus (P) were
quantified at our clinical laboratory center using
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standardized laboratory evaluation methods. The excretion
of proteins, Na, K, Cl, Ca, and P was assessed by dividing
their concentrations by the Cr concentration. Furthermore,
urinary Na/K and CI/K ratios were calculated.

The estimated daily salt intake was calculated using the
formula developed by Tanaka et al. [25]: (1) predicted value
of 24-h urinary Cr excretion (mg/day) =body weight x
14.89 + height x 16.14 — age x2.04 — 2244.45; (2) esti-
mated 24-h urinary sodium excretion (mEq/day) =21.98 x
(spot urine Na/spot urine Cr/10 x predicted value of 24-h
urinary Cr excretion)’>%? ; (3) estimated daily salt intake (g/
day) = estimated 24-h urinary sodium excretion/17.

Blood testing

Albumin, Na, K, Cl, Cr, uric acid, aspartate amino-
transferase (AST), alanine aminotransferase (ALT), y-
glutamyl transpeptidase (y-GTP), lactate dehydrogenase
(LDH), fasting blood glucose, hemoglobin Alc,
high—density lipoprotein cholesterol (HDL), low—density
lipoprotein cholesterol (LDL), triglycerides, and brain
natriuretic peptide (BNP) were measured using standard
laboratory methods at our clinical laboratory center. The
estimated glomerular filtration rate (eGFR) was calculated
using the following formula: eGFR (mL/min/1.73
m?) = 194 x creatinine ™ "*%%* x age’o'287 (x0.739, if
female) [26]. Plasma aldosterone concentration (PAC) and
plasma renin activity (PRA) were measured using a
radioimmunoassay at an external laboratory (SRL, Inc.,
Tokyo, Japan), and the aldosterone-renin ratio was
calculated.

Body composition

Body fat mass and extracellular water-to-total body
water ratio were measured by bioelectrical impedance
analysis using an InBody 720 body composition analyzer
(Biospace, Seoul, South Korea). Body fat percentage
was evaluated by dividing body fat mass by body weight.

Statistical analysis

In this study, the MRAs used were exclusively spir-
onolactone and esaxerenone. The dose of esaxerenone
was converted to the equivalent spironolactone dose:
1.25 mg, 2.5 mg, 3.75 mg, and 5 mg of esaxerenone were
converted to 25 mg, 50 mg, 75 mg, and 100 mg of spir-
onolactone, respectively [27]. The BP-lowering effect of
MRAs was defined as the decrease in systolic BP(AsBP)
and diastolic BP(AdBP) divided by the spironolactone-
equivalent dose of MRA at 3 months (AsBP 3M and
AdBP 3 M) and 6 months (AsBP 6 M and AdBP 6 M),
respectively. Changes in parameters within the groups

were analyzed using the paired t-test or Wilcoxon signed-
rank test. Relationships between background factors and
AsBP 3M, AsBP 6 M, or urinary CI/K were examined
through single correlation analyses using Spearman’s rank
correlation. Relationships between background factors
and AsBP 3M or AsBP 6 M were investigated using
multiple correlation analyses. Backward and forward
stepwise analysis with a threshold of P <0.2 was applied
to streamline the regression model, testing variables
possibly associated with AsBP 3M and AsBP 6 M, such
as age, body fat percentage, urinary CI/K or Na/K ratio,
eGFR, HbAlc, PAC, and estimated daily salt intake. The
selected variables were then subjected to linear regression
analysis. To determine the cut-off value, receiver operat-
ing characteristic (ROC) curves and area under the curve
(AUC) were examined. All data are expressed as
the mean + standard deviation or as the median value
(interquartile range). The level of significance was set
at P<0.05. All statistical analyses were performed
using JMP Pro, version 16 (SAS Institute Inc., Cary,
NC, USA).

Results
Study disposition

This study enrolled 1357 patients diagnosed with PA and
treated with MRAs (Fig. 1). Among them, 1315 patients
were excluded due to loss to follow-up, change in MRA
type, or modification of antihypertensive medication during
the initial 3 months. Additionally, one patient was lost to
follow-up in the subsequent 3 months. Finally, data from 41
patients were analyzed. Among them, 34 were diagnosed
with bilateral PA using adrenal vein sampling.

Baseline characteristics

The baseline patient characteristics are shown in Table 1.
Among all patients, 24 (59%) were male, with an average
age of 55+ 13 years and an average BMI of 25.1 +3.7 kg/
m?. None of the patients were taking diuretics or steroids in
addition to the MRAs. There were no alterations in the
antihypertensive drug regimens except for MRAs.

The urinary Na/K ratio was 2.46 (1.34-3.76) and the
urinary Cl/K ratio was 2.89 (1.86-3.89). The eGFR was
70.6 +12.9 (mL/min/1.73 m?), and none of the patients
had an eGFR below 30 mL/min/1.73 m?. The hemoglobin
Alc level was 5.7 (5.4-6.0) %, and the BNP level
was 159 (9.5-30.3) pg/mL. PAC and PRA were
204 (156.5-233.5) pg/mL and 0.6 (0.3-0.9) ng/mL/h,
respectively. The estimated daily salt intake was
9.0 £2.6 g/day.
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Fig. 1 Study disposition. BP

blood pressure, MRAs with MRAs were included

1357 patients diagnosed with primary aldosteronism and treated

mineralocorticoid receptor
antagonists

Excluded (N = 1315)
* Lost to follow up (N = 1175)

* Type of MRAs changed (N = 35)
+ Other antihypertensive agents changed (N = 105)

42 patients were followed up at 3 months after MRA initiation and office BP, urinary
tests, blood tests, and body composition analysis were evaluated

Excluded (N=1)

* Lost to follow up (N=1)

41 patients were followed up at 6 months after MRA initiation and office BP, urinary
tests, blood tests, and body composition analysis were evaluated

Dose of MRAs

Of the 20 (49%) patients receiving spironolactone, 14
received 25 mg per day and 6 received 50 mg after the
3-month of treatment. After the 6-month of treatment, the
doses were adjusted, with 10 patients administered with
25 mg, eight with 50 mg, one with 75 mg, and one with
100 mg of spironolactone. For the 21 (51%) patients
receiving esaxerenone, 14 were administered with 1.25 mg,
6 with 2.5 mg, one with 3.75 mg, and two with 5 mg after
the 3-month treatment. Following the 6-month treatment,
the distribution was as follows: 11 patients received
1.25 mg, three received 2.5 mg, one received 3.75 mg, and
six received 5 mg of esaxerenone.

Changes in parameters by MRA treatment
Blood pressure

Systolic BP significantly decreased from 140+ 18 mmHg to
135+ 14mmHg (P<0.05) at 3 months and to
128 + 15 mmHg (P <0.0001) at 6 months after MRA treat-
ment initiation (Table 1). Diastolic BP also significantly
decreased from 85 + 12 mmHg to 80 = 11 mmHg (P < 0.005)
at 3 months and to 78 £ 11 mmHg (P <0.0001) at 6 months.
The AsBP at 6 months (12.7 + 17.3 mmHg) was significantly
greater than at 3 months (5.7+17.6 mmHg) (P <0.005).
Similarly, AdBP at 6 months (7.1 +9.9 mmHg) was sig-
nificantly higher than at 3 months (4.4+9.4 mmHg)
(P<0.05). AsBP 6 M (0.28 +0.46 mmHg/mg) was sig-
nificantly greater than AsBP 3M (0.12 +0.52 mmHg/mg)
(P <0.05). However, AdBP 3 M and AdBP 6 M did not show
significant differences.

Urinary electrolytes

The urinary excretion of protein, Na, K, Cl, and P did not
significantly change after the initiation of MRA treatment,
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whereas the urinary excretion of Ca significantly decreased
at both 3 and 6 months (Table 1). The urinary CI/K ratio,
urinary Na/K ratio, and estimated daily salt intake did not
change significantly during the study period.

Blood tests

Serum potassium levels increased at 3 and 6 months
(Table 1). eGFR and BNP levels significantly decreased,
whereas Cr and uric acid levels significantly increased at 3
and 6 months. Additionally, the PAC and PRA significantly
increased at both 3 and 6 months.

Body composition

Body fat percentage significantly increased at 6 months
but not at 3 months (Table 1). The extracellular water-to-
total body water ratio significantly decreased at 3 and
6 months.

Single correlation analyses with AsBP 3 M and AsBP 6 M

In single correlation analyses with ASBP/MRA dose
equivalent to spironolactone, urinary Na/K ratio and urinary
CI/K ratio before MRA treatment were significantly posi-
tively correlated with AsBP 3 M (P < 0.05). In addition, sex,
urinary Na/K ratio, urinary CI/K ratio, and HDL cholesterol
before MRA treatment were significantly positively corre-
lated with AsBP 6 M (P <0.05) (Table 2 and Supplemen-
tary Fig. 1). Neither PAC nor PRA before MRA treatment
showed significant correlations with AsBP 3 M and AsBP
6 M.

Multiple correlation analyses with AsBP 3 M and AsBP 6 M
Multiple regression analyses were conducted to assess the

independence of background factors and to identify which
factors were most significantly correlated with the BP-
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Table 1 Characteristics of the study patients before and after treatment with mineralocorticoid receptor antagonists

Baseline After 3 months After 6 months
Male sex (%) 24 (59.0%) - -
Age (y.o0.) 55+13 - -
Complication
Type 2 diabetes mellitus, n (%) 5 (12.2%) 5 (12.2%) 5 (12.2%)
Dyslipidemia, n (%) 22 (53.7%) 22 (53.7%) 22 (53.7%)
Hyperuricemia, n (%) 14 (34.1%) 14 (34.1%) 14 (34.1%)
Heart failure, n (%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Basal antihypertensive agents
Calcium channel blocker, n (%) 31 (75.6%) 31 (75.6%) 31 (75.6%)
amlodipine, average dose (mg/day) 5 5 5
nifedipine, average dose (mg/day) 70 (40-80) 70 (40-80) 70 (40-80)
Angiotensin II receptor blocker, n (%) 2 (4.9%) 2 (4.9%) 2 (4.9%)
candesartan, average dose (mg/day) 8 8 8
olmesartan, average dose (mg/day) 20 20 20
al blocker, n (%) 1 (2.4%) 1 2.4%) 1 (2.4%)
cardenalin, average dose (mg/day) 1 1 1
MRA added
spironolactone, n (%) 20 (49%) 20 (49%)
spironolactone, average dose (mg/day) 25 (25-50) 37.5 (25-50)
eplerenone, n (%) 0 0
eplerenone, average dose (mg/day) - -
esaxerenone, n (%) 21 (51%) 21 (51%)
esaxerenone, average dose (mg/day) 1.25 (1.25-2.5) 1.25 (1.25-2.5)
MRA dose equivalent to spironolactone, 25 (25-50) 52 25 (25-50)
average dose (mg)
Body mass index (kg/m?) 25.1+3.7 25.0+3.6 25.0+3.6
Blood pressure and pulse rate
Systolic blood pressure (mmHg) 140+ 18 135+ 14* 128 £ 15%**
Diastolic blood pressure (mmHg) 8512 80+ [1** 78+ 11%**
Pulse rate (bpm) 77+11 79+ 14 76+ 12
ASystolic blood pressure (mmHg) 57+17.6 12.7 £ 17.3%*
ADiastolic blood pressure (mmHg) 44+94 7.1+9.9%
ASystolic blood pressure/spironolactone- 0.12+0.52 0.28 £0.46*
equivalent dose of MRA (mmHg/mg)
ADiastolic blood pressure/spironolactone- 0.11+0.28 0.18+0.31
equivalent dose of MRA (mmHg/mg)
Urinary test
Cre (mg/dL) 111 (61-194) 133+£78.9 116 (63.5-203)

Protein excretion (g/gCr)
Na (mEq/gCr)
K (mEq/gCr)
Cl (mEq/gCr)
Ca (mg/mgCr)
P (mg/mgCr)
Na/K
CI/K
Estimated daily salt intake (g/day)

0.06 (0.04-0.09)
1.09 (0.55-1.86)
0.45 (0.27-0.62)
1.25 (0.61-2.0)
0.12 (0.06-0.20)
0.48 (0.35-0.64)
2.46 (1.34-3.76)
2.89 (1.86-3.89)
9.0+2.6

0.06 (0.05-0.09)
0.89 (0.51-1.64)
0.46 (0.27-0.62)
1.00 (0.69-1.95)
0.09 + 0.05*
0.51 (0.35-0.65)
2.14 (1.42-3.26)
2.65 (1.79-3.54)
8.5 (6.9-10.2)

0.05 (0.04-0.08)
0.92 (0.62-1.93)
0.47 (0.28-0.65)
0.96 (0.64-1.90)
0.08 (0.03-0.10)**
0.44 (0.33-0.59)
2.04 (1.38-3.22)
2.33 (1.75-3.36)
8.7+2.6
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Table 1 (continued)

Brain natriuretic peptide (pg/mL)

Renin-angiotensin-aldosterone-system components

Plasma aldosterone concentration

15.9 (9.5-30.3)

204 (156.5-233.5)

14.6 (7.6-24.3)**

266 (212.5-419.0)

Baseline After 3 months After 6 months
Blood tests
Albumin (g/dL) 4.4 4.3-4.7) 45+03 45+03
Na (mEq/L) 142+2 141 (140-142)** 141 £2%%*
K (mEq/L) 40+03 4.1 (3.9-4.4)** 4.3 (4.1-4.6)%**
Cl (mEg/L) 105+2 105+3 105+2
Creatinine (mg/dL) 0.82+0.19 0.87 (0.74-0.97) 0.89 £0.19%*%*
sk

eGFR (mL/min/1.73 m?) 70.6+12.9 66.5 + 13.7%* 65.4 £ 13.6%%*
Uric acid (mg/dL) 54+14 5.7+1.2% 5.9+ ].3%**
AST (U/L) 21 (17-24) 21 (17-23) 21 (18-26)*
ALT (U/L) 18 (13-27) 18 (13-31) 18 (13-35)*
y-GTP (U/L) 31 (16-48) 33 (17-44) 30 (16-45)
LDH ((U/L) 177 +30 176 £29 177£32
Fasting blood glucose (mg/dL) 97 (93-112) 100 (92-128) 98 (92-113)
Hemoglobin Alc (%) 5.7 (5.4-6) 58+04 5.8+0.5
High-density lipoprotein (mg/dL) 62+ 16 65+17 63+16
Low-density lipoprotein (mg/dL) 122 £26 114+20 11329
Triglyceride (mg/dL) 124 (83-167) 156 £ 85 159 + 86

10.7 (6.1-25.4)%*

275 (224—413.5)%%*

(pg/mL)

Plasma renin activity (ng/mL/h) 0.6 (0.3-0.9)
356 (184-575)

Aldosterone renin ratio

Body composition

Body fat percentage (%) 28.7+6.3
Extracellular water/total body water (%) 38.5+0.6

sk
1 (0.6-2.2)%**
239 (118-343.5)**

1.4 (0.7-3.05)%#%
173 (132.5-440)%*

29.0+6.0 29.3+6.0*%
38.4 £ 0.6%** 38.3£0.6%**

Data are presented as mean + SD, median (interquartile range), or n (%)

MRA mineralocorticoid receptor antagonist, Cre creatinine, eGFR estimated glomerular filtration rate, AST aspartate aminotransferase, ALT alanine
aminotransferase, y-GTP y-glutamyl transpeptidase, LDH lactate dehydrogenase

*P <0.05; **P <0.005; ***P <0.0001

lowering effect. To assess the independence of background
factors and to identify which factors are most significantly
correlated with the BP-lowering effect, multiple regression
analyses were conducted (Table 3a, b). In stepwise multiple
correlation analyses that included age, body fat percentage,
urinary CI/K ratio, eGFR, hemoglobin Alc, PAC, and
estimated daily salt intake before MRA treatment as inde-
pendent variables, urinary CI/K exhibited a significant
positive correlation with ASBP at 3 and 6 months
(Table 3a). In contrast, in the stepwise multiple correlation
analyses that included age, body fat percentage, urinary Na/
K ratio instead of urinary CI/K ratio, eGFR, hemoglobin
Alc, PAC, and estimated daily salt intake before MRA
treatment as independent variables, the urinary Na/K ratio
failed to show a significant correlation with sBP 3 M and
sBP 6 M (Table 3b).
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Cut-off values for predicting the ASBP 6 M based on the
urinary CI/K

To determine the cut-off value for predicting AsBP 6 M
based on the urinary CI/K ratio before MRA treatment,
ROC curve analysis was performed. The analysis revealed a
sensitivity of 0.72 and a specificity of 0.78. The AUC was
0.75, and the optimal cut-off value for the urinary CI/K ratio
was 3.18 (p =0.026) in the ROC curve (Fig. 2).

Single correlation analysis between background factors and
urinary CI/K

To identify background factors associated with the urinary
CI/K ratio, single correlation analyses were conducted. The
analyses revealed a significant and positive correlation



Prediction of endogenous mineralocorticoid receptor activity by depressor effects of mineralocorticoid. .. 1713

Table 2 Single correlation analyses with AsBP 3 M and AsBP 6 M

Variables 3 months 6 months
P p P p
Age 0.011 0.944 0.151 0.345
Sex 0.138  0.389 0.322 0.034
Body mass index 0.019 0905 —-0.163 0.307
Urinary test
Protein excretion —0.046 0.776 0.003  0.985
Na 0.141 0.380 0.295 0.061
K —0.163 0.308 0.003 0.987
Cl 0.150 0.350 0.265 0.094
Ca 0.178 0.266 0.222 0.164
P —0.005 0.975 0.257 0.105
Na/K 0326  0.038 0.392 0.011
CI/K 0.350 0.025 0.430 0.005
Estimated daily salt intake 0.151 0.346 0.164 0.306
Blood tests
Albumin 0.173 0.281 0.114 0479
Na 0.065 0.684 —0.089 0.579
K —0.128 0.425 —0.15 0.350
Cl 0.049 0.763 —0.174 0.276
Creatinine —0.142 0376 —0.164 0.304
eGFR 0.072  0.653 —0.121 0.450
Uric acid —0.162 0311 —-0.161 0.315
AST —0.044 0.783 0.093  0.564
ALT —0.023 0.885 —0.077 0.632
y-GTP 0.103  0.521 —0.037 0.820
LD 0.088 0.586 0.006 0.969
Fasting blood glucose —0.095 0.557 —-0.214 0.179
Hemoglobin Alc 0.172  0.282 0.016 0.921
High-density lipoprotein 0.031 0850 0.316 0.044
Low-density lipoprotein 0.132 0411 0.010 0.951
Triglyceride 0.088 0.586 0.006 0.971
Brain natriuretic peptide 0.013 0937 —0.049 0.765

RAAS components
—0.016 0.920 —0.153 0.341
—0.234 0.141 -0.289 0.067

Plasma aldosterone concentration

Plasma renin activity

Aldosterone renin ratio 0.132  0.409 0.158 0.325
Body composition

Body fat percentage —0.001 0.994 0.077 0.633

Extracellular water/total body —0.078 0.627 0.092 0.567

water

sBP systolic blood pressure, eGFR estimated glomerular filtration rate,
AST aspartate aminotransferase, ALT alanine aminotransferase, y-GTP
y-glutamyl transpeptidase, LDH lactate dehydrogenase, RAAS renin-
angiotensin-aldosterone system

between systolic BP and the urinary CI/K ratio before MRA
treatment (P = 0.010), while there were no significant cor-
relations observed with diastolic BP or pulse rate (Table 4).

Table 3 a. Multiple correlation analyses with AsBP 3M and AsBP
6 M. b. Multiple correlation analyses with AsBP 3M and AsBP 6M

a

3 months 6 months

B P B P

Age - - - -

Variables

Body fat percentage - - - _
Urinary CI/K 0352  0.027
eGFR - - —0.257 0.103
Hemoglobin Alc - - — _
Plasma aldosterone concentration — - - -
Estimated daily salt intake - - - -

b

Age - - — _
Body fat percentage - - - _
Urinary Na/K
eGFR - _ _ _
Hemoglobin Alc - - - _
Plasma aldosterone concentration — - - -

Estimated daily salt intake - - - -

R2=0.101, P =0.048 for the entire model for AsBP 3 M (Table 3a)
R2=10.015, P =0.046 for the entire model for AsBP 6 M (Table 3a)
R2=10.071, P =0.092 for the entire model for AsBP 3 M (Table 3b)

sBP systolic blood pressure, eGFR estimated glomerular filtration rate

Moreover, urinary excretions of Na, Cl, Ca, P, and the Na/K
ratio were significantly and positively correlated, whereas
serum Cr, PAC, and PRA were significantly and negatively
correlated with the urinary CI/K ratio before MRA treat-
ment (P <0.05) (Table 4). Furthermore, the estimated daily
salt intake (P <0.0001), body fat percentage (P <0.05), and
extracellular water/total body water ratio (P <0.05), were
significantly and positively correlated with the urinary CI/K
ratio.

Discussion

This study revealed five key aspects. First, the administra-
tion of MRAs resulted in BP reduction, with a more pro-
nounced reduction per MRA dose observed at 6 months
than at 3 months. Second, in single correlation analyses, the
urinary CI/K ratio exhibited the strongest positive correla-
tion with the degree of BP reduction compared with other
factors such as PAC, PRA, and urinary Na/K ratio at both 3
and 6 months. Third, in the multiple correlation analyses,
the urinary CI/K ratio showed a significant positive corre-
lation with BP reduction at both 3 and 6 months, inde-
pendent of other factors. Fourth, the optimal cut-off point of
the CI/K ratio for the BP-lowering effect was identified as
3.18. Additionally, the urinary CI/K ratio showed a

SPRINGER NATURE
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Fig. 2 Receiver operating
characteristic (ROC) curve for
predicting the AsBP 6 M based
on the urinary CI/K before MRA 0.8
treatment. sBP systolic blood

pressure, MRA

mineralocorticoid receptor ‘E 0.6
antagonist, AUC area under the £
w2
curve £
53

204

0.2

0

0 0.2

significant positive correlation with the baseline systolic BP
levels and estimated daily salt intake. These findings sug-
gest that the urinary CI/K ratio might be independently
related to the BP-lowering effect of MRAs and could serve
as a valuable predictor of MRA efficacy in lowering BP
(cut-off value of urinary CI/K ratio: 3.18) and, conse-
quently, as an indicator of endogenous MR activity in
patients with PA.

MR activation by salt load through the aldosterone-
independent Rac1 pathway

MRAs have proven effective in treating hypertension with
elevated PAC; however, they are also effective in treating
hypertension with normal PAC, known as MR-associated
hypertension, a form of salt-sensitive hypertension [28, 29].
PA, which is characterized by elevated PAC, is a typical
form of MR-associated hypertension. Additionally, it is
independently activated by the small guanosine tripho-
sphatase (GTPase) Ras-related C3 botulinum toxin substrate
1 (Racl) [30], which is triggered by various factors such as
high salt intake [31], cytokines [32], mechanical stress [33],
and oxidative stress [34]. The activation of Racl during salt
intake leads to enhanced nuclear translocation of MR
[35, 36], amplifying MR activity, thereby contributing to
the development of salt-sensitive hypertension and organ
damage [31, 35].

Double-blind clinical trials illustrated the renal pro-
tective effects of MR antagonists; however, the effec-
tiveness of these antagonists was found to be more
closely associated with dietary salt intake than with
aldosterone levels [37]. Notably, in this study, neither
PAC nor PRA correlated with the degree of MRA-
induced BP reduction (Table 2), indicating that they may
not serve as reliable indicators of the degree of MR
activation.
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Stronger correlation of BP reduction with urinary Cl/
K than urinary Na/K

The urinary Na/K ratio is commonly used as an indicator of
salt load and demonstrates a closer association with BP than
when urinary Na or K is analyzed alone [38, 39]. PA is a
form of salt-sensitive hypertension that is greatly influenced
by salt intake due to excessive aldosterone, which causes
increased Na reabsorption and K excretion. Given these
details, it was initially speculated that the urinary Na/K ratio
might serve as an excellent indicator of the BP-lowering
effects of MRA treatment. In this study, the urinary Na/K
ratio displayed significant and positive correlations with
AsBP 3M and AsBP 6 M (Table 2). Additionally, the
urinary CI/K ratio revealed a significant and positive cor-
relation with estimated salt intake (Table 4), along with
significant and positive correlations with AsBP 3 M and
AsBP 6 M (Table 2). Furthermore, it exhibited a stronger
association with the BP-lowering effect of MRA treatment
than with other indices such as the urinary Na/K ratio, PAC,
and PRA (Table 3).

The exact mechanism underlying the relationship
between urinary CI/K ratio and the BP-lowering effect of
MRA treatment remains unclear. However, reports have
suggested an association between Cl and BP, as
detailed below.

Activation of angiotensin-converting enzyme by Cl

In the renin-angiotensin-aldosterone system, angiotensino-
gen is processed by renin to form angiotensin I, which is
then converted to angiotensin II by angiotensin-converting
enzyme (ACE). Furthermore, angiotensin II is cleaved into
angiotensin-(1-7) by ACE2. Angiotensin II has a hyper-
tensive effect, whereas angiotensin-(1-7) has a hypotensive
effect. Additionally, angiotensin II stimulates aldosterone
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Table 4 Single correlation analyses with urinary CI/K

Variables P P
Age 0.154 0.338
Sex 0.280 0.076
Body mass index 0.121 0.451
Blood pressure and pulse rate
Systolic blood pressure 0.397 0.010
Diastolic blood pressure 0.209 0.190
Pulse rate —-0.078 0.629
Urinary test
Protein excretion 0.193 0.226
Na 0.754 <0.0001
K —0.010 0.953
Cl 0.702 <0.0001
Ca 0.674 <0.0001
P 0.367 0.018
Na/K 0.970 <0.0001
Estimated daily salt intake 0.749 <0.0001
Blood tests
Albumin —0.162 0.313
Na —0.150 0.349
K —0.086 0.595
Cl —0.143 0.371
Creatinine —0.323 0.028
eGFR —0.166 0.301
Uric acid —0.271 0.087
AST 0.001 0.996
ALT —0.126 0.432
y-GTP —0.072 0.657
LD 0.020 0.900
Fasting blood glucose —0.049 0.760
Hemoglobin Alc 0.106 0.510
High-density lipoprotein —0.091 0.570
Low-density lipoprotein 0.190 0.239
Triglyceride 0.058 0.721
Brain natriuretic peptide 0.130 0.420
RAAS components
Plasma aldosterone concentration —-0.416 0.007
Plasma renin activity —-0.339 0.030
Aldosterone renin ratio 0.066 0.681
Body composition
Body fat percentage 0.318 0.043
Extracellular water/total body water 0.377 0.015

eGFR estimated glomerular filtration rate, AST aspartate aminotransfer-
ase, ALT alanine aminotransferase, y-GTP y-glutamyl transpeptidase,
LDH lactate dehydrogenase, RAAS renin-angiotensin-aldosterone system

secretion. Both ACE and ACE2 possess Cl-sensitive cata-
lytic activities induced by the presence of chloride-binding
sites, namely CL1 and CL2 for ACE and CL1 for ACE2. C1
binding induces subtle changes in the conformation of the

active sites, thereby facilitating or hindering substrate
binding. Studies have shown that chloride activates ACE
[40-42]. Moreover, elevating CI levels beyond 100 mM in
human plasma inhibits ACE2 activity, increasing angio-
tensin II [41]. The serum CI level in our study participants
was 105 +2 mEqg/L (Table 1), a value within the normal
range. Nevertheless, it attains a level noteworthy for its
potential to impede ACE2 activity, consequently eliciting
an elevation in angiotensin II levels. Therefore, slightly
increased serum Cl might have elevated angiotensin II
levels, resulting in, a subtle increase in aldosterone con-
centration in our patients. These findings support our
hypothesis that urinary CI/K is associated with the anti-
hypertensive effects of MRA through the action of chloride
on ACE and ACE2. Further studies are required to validate
this hypothesis.

Stronger associations of chloride intake with high
BP than sodium intake

Dahl salt-sensitive rats developed hypertension when
exposed to high NaCl concentrations; however, not when
exposed to the same amount of Na in the form of sodium
bicarbonate or other non-Cl salts of Na [43, 44]. Similar
results were observed in a deoxycorticosterone acetate
(DOCA) salt-sensitive hypertension model, where the BP in
rats administered NaCl was significantly higher than that in
rats administred sodium bicarbonate and/or sodium ascor-
bate [45]. Additionally, in most human populations, Na is
almost always consumed as a Cl salt, and Na ions do not
impact BP when Cl is substituted with another anion, such
as sulfate or bicarbonate [46—48]. These observations sug-
gest that it is not the Na ion but the CI ion in the salt
composition that affects the increase in BP.

BP regulated by Cl at the macula densa

The macula densa, a region in the renal juxtaglomerular
apparatus, relies on Cl levels in the distal tubular fluid,
rather than Na levels, to sense salt and volume status [49].
High Cl levels activate the tubule-glomerular feedback
mechanism, leading to renal vasoconstriction and a decrease
in the GFR [50, 51]. Consequently, the delivery of Cl to the
macula densa in animals administered with Cl is believed to
result in an increase in renal afferent arteriolar resistance, a
decrease in renal blood flow and GFR, and an elevation in
BP [52]. Therefore, it is possible that urinary Cl, rather than
Na, increases BP via its action on the macula densa.

Association between MR and adipose tissue

It has been reported that excessive expression of MR in
adipocytes increases body weight and fat mass in mice [53].

SPRINGER NATURE
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Eplerenone treatment has been shown to reduce the number
of hypertrophic adipocytes in the adipose tissue of obese
mice [54]. In contrast to these experimental findings, our
data revealed a significant increase in body fat percentage at
6 months with MRA treatment, although BMI did not
change significantly in patients with PA. Treatment with
eplerenone did not result in changes in body weight, liver
fat, visceral fat, and subcutaneous fat in patients with type 2
diabetes [55]. Similarly, treatment with spironolactone did
not affect body weight and metabolic parameters in obese
subjects [56]. The differences observed in these research
outcomes may be reflective of variations in research design
and study participants. Currently, the impact of MRA on
obesity-related factors remains unclear. Further investiga-
tion is needed to explore the association between MR sti-
mulation and the development of obesity.

Limitations

The present study has several limitations. First, the sample
size was relatively small and this was a single-center study
with subjects from a single ethnic population (Japanese).
Second, this was a retrospective study, and meal quantities,
including salt intake, were not standardized. Third, the
MRAs used were limited to spironolactone and esaxer-
enone. Fourth, most subjects in this study were already on
antihypertensive agents before MRA treatment, and their
BP levels were not markedly elevated at baseline. Among
the 41 subjects, 34 had bilateral PA. Consequently, since
serum K levels were not low in these cases, there exists a
potential for bias in the participant selection process. These
findings may not be applicable to other MRAs, such as
eplerenone. Future prospective studies with larger-scale
clinical experiments are required to address these issues.

Conclusion

This study demonstrated that urinary CI/K levels were
significantly positively correlated with estimated daily salt
intake. Moreover, the urinary CI/K ratio, but not the PAC or
PRA, was associated with the degree of BP reduction
caused by MRA treatment. It is plausible that the associa-
tion between urinary CI/K ratios and BP reduction by MRA
treatment may, at least in part, involve the activation of
MRs mediated by salt-induced Racl, activation of ACE,
and inhibition of ACE2 by Cl, independent of Na. These
findings suggest that urinary CI/K levels could serve as
predictors of the BP-lowering effects of MRAs, and con-
sequently, as indicators of endogenous MR activity in
patients with PA. Future studies are required to determine
whether these findings apply to other types of hypertension,
including essential hypertension.
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