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The effect of aldosterone 
and aldosterone blockade 
on the progression of chronic 
kidney disease: a randomized 
placebo‑controlled clinical trial
Hitoshi Minakuchi, Shu Wakino*, Hidenori Urai, Arata Kurokochi, Kazuhiro Hasegawa, 
Takeshi Kanda, Hirobumi Tokuyama & Hiroshi Itoh

The progression of chronic kidney disease (CKD) cannot be completely inhibited. We first explored 
factors contributing to CKD progression in patients with CKD in a prospective observational study. 
In the next phase, we focused on the effects of aldosterone, conducting a single‑blinded placebo‑
controlled study using the selective mineralocorticoid receptor antagonist (MRA), eplerenone (25 mg/
day). We recruited patients with CKD stage 2 and 3 whose plasma aldosterone concentration was 
above 15 ng/dL based on the prior data of a prospective observational study. In the CKD cohort study 
(n = 141), baseline plasma aldosterone concentration was identified as an independent contributory 
factor for the future rate of change in estimated glomerular filtration rate (eGFR). When the cut‑
off value for aldosterone was set at 14.5 ng/dL, the decline rate was significantly higher in patients 
with higher plasma aldosterone concentration (− 1.22 ± 0.39 ml/min/1.73  m2/year vs. 0.39 ± 0.40 ml/
min/1.73  m2/year, p = 0.0047). In the final intervention study, in the eplerenone group, eGFR dropped 
at 6 months after the initiation of the study, and thereafter eGFR was maintained until the end of the 
study. At 24 months and 36 months, eGFR was significantly higher in the eplerenone group than in 
the placebo group. In conclusion, MRA can be an effective strategy in preventing CKD progression, 
especially in patients with high plasma aldosterone.

The prevalence of chronic kidney disease (CKD) is increasing mainly as a result of an ongoing epidemic of obe-
sity, metabolic syndrome, and diabetes  mellitus1. Numerous clinical studies have established a pivotal role for 
the renin–angiotensin–aldosterone system (RAAS) in the progression of  CKD2–4, and inhibition of the RAAS 
with angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin type 1 receptor blockers (ARBs) has 
become a mainstay in the management of  CKD5. Despite treatment with ACEIs and ARBs, many patients with 
CKD have persistent proteinuria, a risk factor for progressive renal  failure6,7.

Aldosterone and its antagonists have some roles in the progression of renal failure independently of effects 
on blood pressure. In a rat model, aldosterone contributes to the progression of kidney disease through hemody-
namic and direct cellular  actions8. Blockade of aldosterone receptors by mineralocorticoid receptor antagonists 
(MRAs), such as spironolactone and eplerenone, results in a significant reduction of proteinuria in patients with 
many types of kidney  diseases9–12. Two meta-analyses demonstrated that MRAs effectively reduce proteinuria 
combined with ACEIs and  ARBs13,14. However, recently a large-scale clinical trial testing the effects of a selective 
non-steroidal MRA, finerenone has been finished. The duration of the trial was approximately 5.5  years15 and the 
only diabetic patients were included in the trial. The long-term effects on renal function—that is, on estimated 
glomerular filtration rate (eGFR)—were examined and the favorable effects by MRA has been announced in 
press  release16. However, the studies until this trial were not designed to demonstrate the beneficial impact of 
MRAs on long-term renal outcome. Most of the studies evaluated the reduction of proteinuria with MRAs for 
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the short  duration17. Therefore, the data on the long-term effects of MRA on the eGFR decline in CKD, especially 
non-diabetic CKD patients are still scarce.

We aimed to: (1) explore factors that contribute to CKD progression, (2) elucidate the long-term effects of 
excessive aldosterone (plasma level above 15 ng/dL) on renal function by prospective observation of patients 
with CKD, and (3) conduct a placebo-controlled single-blinded intervention trial using an MRA, eplerenone 
(EPL) to demonstrate renoprotective effects by MRA.

Results
Baseline patient characteristics of the prospective observation study. For the first phase of the 
study, we consecutively recruited 151 patients with CKD; their baseline characteristics are described in Table 1. 
The mean age was 66.8 years and 51.7% were male. The prevalence of hypertension was 89%, and the cause of 
CKD was: nephrosclerosis (56%), chronic glomerulonephritis (29%), and diabetic nephropathy (14%). Most of 
the patients took antihypertensive medication; angiotensin II receptor blockade (ARBs) or an ACEI was admin-
istered to 59% of the patients. The clinical parameters of the cohort are also shown in Table 2. The systolic and 
diastolic blood pressures were 133 ± 1.20 mmHg and 75.8 ± 0.8 mmHg as mean ± standard error (SE), respec-
tively. The values of eGFR was 57.2 ± 1.64 ml/min/1.73  m2 as mean ± SE. The plasma concentration of active renin 
was 15.2 ± 1.73 ng/dL, aldosterone 14.8 ± 0.65 ng/dL, and cortisol 12.1 ± 0.29 μg/dL. The association between 
various parameters and eGFR was examined by linear regression analysis. Plasma aldosterone concentration 
(PAC) and glycated albumin concentration were associated with eGFR (Fig. 1, aldosterone, R = 0.164, p = 0.0317; 
glycated albumin, R = 0.207, p = 0.0139). Urinary excretion of albumin, protein, NAG, β2-microglobulin, and 
α1-microglobulin were associated with eGFR (Fig. 1, albumin, R = 0.367, p < 0.001; protein, R = 0.494, p < 0.001; 
NAG, R = 0.285, p = 0.0011; β2-microglobulin, R = 0.396, p < 0.0001; α1-microglobulin, R = 0.529, p < 0.0001). 
However, systolic blood pressure (SBP) nor diastolic blood pressure (DBP) was not associated with eGFR (Sup-
plementary Fig. 1A, SBP, p = 0.9074; DBP, p = 0.2740). Nor was the association detected between PAC and SBP or 
between PAC and DBP (Supplementary Fig. 1B, p = 0.5821 and p = 0.8012, respectively).

Prospective 3‑year observation of patients with CKD. We prospectively observed these patients (151 
patients) from 2007 through 2011 for 3 years. During this period, 10 patients were dropped from observation: 
five patients terminated clinic visits, two patients died, and three patients began hemodialysis. The remaining 
patients (141 patients) were subject to the analysis. Of 141 patients, 18 patients were diabetic. The average follow-
up period was 3.04 ± 0.8 years. The mean eGFR changes were from 57.2 ± 1.64 ml/min/1.73  m2 to 58.0 ± 1.84 ml/
min/1.73  m2 for the observation period, and the annual eGFR change in this CKD cohort was − 0.235 ± 0.294 ml/
min/1.73  m2/year. The maximum annual increase was 8.71 ml/min/1.73  m2/year and maximal annual decline 

Table 1.  Baseline characteristics of the CKD cohort in the cross-sectional study-1. Age is expressed as 
mean ± SEM. ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CKD, 
chronic kidney disease; SEM, standard error of the mean.

Number 141

Age, years (oldest, youngest) 66.8 ± 1.6 (88, 16)

Gender, male/female 73/68

Cause of CKD (%)

Nephrosclerosis 79 (56.0%)

Chronic glomerulonephritis 41 (29.1%)

Diabetic nephropathy 20 (14.2%)

Other 1 (0.7%)

CKD stage (%)

G1 3 (2.1%)

G2 68 (48.2%)

G3a 34 (24.1%)

G3b 27 (19.1%)

G4 2  (1.4%)

G5 7  (5.0%)

Antihypertensive medication (%)

ARB/ACEI 84 (59.6%)

Calcium channel blocker 92 (65.2%)

Diuretic 19 (13.5%)

β-blockade 35 (24.8%)

α-blockade 10 (7.1%)

Other medication (%)

Statin 40 (28.4%)

Antiplatelet 32 (22.7%)
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was − 9.32  ml/min/1.73  m2/year. Linear regression analysis revealed that the rate of change in eGFR of each 
patient was significantly correlated with his or her PAC, plasma HDL-cholesterol concentration, and urinary 
protein excretion at the baseline (Fig. 2, aldosterone, R = 0.195, p = 0.0329, HDL, R = 0.192, p = 0.00334,urinary 
protein, R = 0.247, p = 0.0094). We did not observe the significant relationship between the rate of change in 
eGFR of each patient and baseline SBP nor DBP (Fig. 2, SBP, p = 0.676; DBP, p = 0.7140). Multiple regression 
analysis using several clinical parameters at the baseline including age, eGFR, aldosterone, HDL-cholesterol, uri-
nary NAG, urinary β2-microglobulin, α1-microglobulin, urinary albumin, and urinary protein levels demon-
strated that PAC was independently associated with the rate of change in eGFR (Table 3, β = − 0.257, p = 0.0118). 
When we added SBP and DBP to the above nine factors in multiple regression analysis, no factors turned out to 
be independently associated with the rate of change in eGFR (Supplementary Table 1).

We further analyzed the relationship between baseline PAC and eGFR change. We classified patients into 
five quintile groups according to baseline PAC. The lowest PAC group (Q1) comprised 28 patients whose PAC 
was between 3.2 and 8.5 ng/dL. The second-lowest group (Q2) of 29 patients ranged between 8.6 and 11.9 ng/
dL. The middle-range group (Q3) of 27 had aldosterone levels between 12.0 and 14.5 ng/dL. The second-highest 
group (Q4) of 28 patients ranged between 14.5 and 19.9 ng/dL. The highest group (Q5) of 29 patients ranged 
between 20.5 and 44.8 ng/dL (Table 4). Except for in gender, no significant differences were observed among 
the five groups in age, baseline eGFR, urinary protein excretion, and urinary albumin excretion (Table 4). The 
rate of change in eGFR of each group was 0.25 ± 0.79 ml/min/1.73  m2/year in the Q1 group, 0.63 ± 0.55 in Q2, 
0.26 ± 0.76 in Q3, − 1.53 ± 0.69 in Q4, and − 0.97 ± 0.43 in Q5 (Fig. 3A). We compared these values and found that 
the rate of change in eGFR was significantly greater in the Q4 group than in the Q2 (p = 0.022) and Q3 (p = 0.048) 
groups. The Q4 group exhibited the fastest annual rate of change in eGFR among the five groups (Fig. 3A). The 
Q5 also showed the greater rate of change in eGFR as compared to the Q2 (p = 0.061) and Q3 (p = 0.076) groups, 
although the difference did not reach statistically significance (Fig. 3A). It appeared as a U-shape trend of the 
GFR change in relation to baseline PAC. Therefore, we set the cut-off value at 14.5 ng/dL and divided the patients 
into two groups. The annual rate of change in eGFR of the high aldosterone group (aldosterone ≥ 14.5 ng/dL) 
was − 1.22 ± 0.39 ml/min/1.73  m2 on average, which was greater than that of the low aldosterone group (aldos-
terone < 14.5 ng/dL), 0.39 ± 0.40 ml/min/1.73  m2/year on average (p = 0.0047, Fig. 3B).

Long‑term intervention study of EPL, the selective MRA. To conduct the intervention study, we 
first made a list of CKD patients who had visited the renal division of Keio university hospital and fulfilled 
the diagnostic criteria of CKD as of June 2011. Among 186 patients with CKD, 133 candidates were excluded 
because their serum aldosterone concentration were less than 15.0 ng/dl or their serum potassium concentration 
were above 5.5 mEq/L. Finally, we recruited 48 patients who were eligible for this study during one-year recruit-
ment period and allocated them to the EPL group (n = 22) or to the PBO control group (n = 26) using simple 
randomization by envelope method. During the study period, two patients in the EPL group and seven patients 
in the PBO group were dropped from the study (see Fig. 4). Ultimately, 20 patients in the EPL group and 19 
patients in the PBO group completed the 3-year intervention.

Table 2.  Baseline characteristics of the CKD cohort in the cross-sectional study-2. Values are expressed 
as mean ± SEM. eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; PAC, plasma 
aldosterone concentration; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NAG, N-acetyl-β-D-
glucosaminidase. Urinary markers are normalized by urinary creatinine concentration.

Parameter Value (max, min)

SBP, mmHg 133 ± 1.20 (171, 105)

DBP, mmHg 75.8 ± 0.8 (91, 48)

eGFR, ml/min/1.73  m2 57.2 ± 1.64 (110, 6.78)

Serum potassium, mEq/l 3.76 ± 0.67 (5.32, 2.84)

Plasma active renin, pg/mL 15.2 ± 1.73 (163, 2.10)

PAC, ng/dL 14.8 ± 0.65 (44.8, 3.2)

Plasma cortisol, μg/dL 12.1 ± 0.29 (21.6, 4.40)

Plasma fasting blood sugar, mg/dL 109 ± 1.33 (197, 72)

Plasma fasting insulin concentration, μU/mL 11.0 ± 0.84 (72, 1.0)

Glycated albumin (%) 15.1 ± 0.18 (24.3, 8.0)

Serum triglyceride, mg/dL 133 ± 7.4 (648, 31)

Serum LDL-cholesterol, mg/dL 118 ± 2.8 (215, 32)

Serum HDL-cholesterol, mg/dL 57.6 ± 1.32 (92, 24)

Urinary protein, g/g creatinine 0.351 ± 0.08 (4.91, 0)

Urinary albumin, mg/g creatinine 81.7 ± 17.9 (950, 0)

Urinary NAG, IU/g creatinine 7.87 ± 0.57 (50.8, 0)

Urinary β2-microglobulin, mg/g creatinine 20.3 ± 9.1 (794, 0.17)

Urinary α1-microglobulin, mg/g creatinine 0.098 ± 0.018 (1.78, 0)
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Figure 1.  Linear regression analysis between eGFR and parameters in the cross-sectional CKD cohort study. 
Significant associations were observed between eGFR and the levels of (A) plasma aldosterone concentration, 
(B) glycosylated albumin, (C) urinary excretion of albumin, (D) urinary excretion of protein, (E) urinary 
excretion of N-acetyl-β-D-glucosaminidase, (F) urinary excretion of β2-microglobulin, and (G) urinary 
excretion of α-microglobulin. CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; GA, 
glycosylated albumin; NAG, N-acetyl-β-D-glucosaminidase.
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Figure 2.  Linear regression analysis between annual eGFR change and baseline biochemical parameters 
in the observational study. After the 3-year observation of the cohort patients with CKD (n = 141), linear 
regression analysis showed a significant association between the annual eGFR change and plasma aldosterone 
concentration (A), plasma high-density lipoprotein concentration (B), urinary protein excretion (C), systolic 
blood pressure (D), and diastolic blood pressure (E). CKD, chronic kidney disease; eGFR, estimated glomerular 
filtration rate.
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The baseline demographic and clinical characteristics of the EPL group and of the PBO group are shown 
in Table 5. The average of eGFR of two group are 63.9 ± 3.73 ml/min/1.73  m2 (PBO group) and 65.2 ± 3.59 ml/
min/1.73  m2 (EPL group), respectively. Any of the parameters examined was not different between the two 
groups. The etiology of CKD was similar. The major cause of CKD in each group was nephrosclerosis and almost 
90% of patients in each group were non-diabetic. The antihypertensive medications were not different between 
the two groups. Mean serum potassium concentration of around 4.2 mEq/L in each group is much higher 
than the mean value of 3.7 mEq/L in the observational study. It may be because the intervention study had a 
greater percentage of patients on ACEI/ARB compared to the observational study. We continued this protocol 
for 3 years and compared the various clinical parameters between the groups every 6 months (Fig. 4). There 
were no patients whose ARBs or ACE inhibitors were discontinued during the study period. EPL treatment 
at the dose of 25 mg had no effect on SBP levels throughout the study period (Fig. 5A, PBO group: 0 month, 
132.1 ± 2.04 mmHg; 6 month,129.6 ± 1.68 mmHg; 12 month, 132.1 ± 3.01 mmHg; 24 month, 127.5 ± 2.35 mmHg; 
36 month,130.9 ± 2.15 mmHg; EPL group: 0 month, 131.9 ± 2.31 mmHg; 6 month, 129.1 ± 2.54 mmHg; 12 month, 
129.1 ± 2.30 mmHg; 24 month, 130.5 ± 1.95 mmHg; 36 month, 130.7 ± 1.86 mmHg). Plasma potassium concentra-
tion in EPL group increased significantly as compared with that in PBO group (EPL group, 4.32 ± 0.07 mEq/L; 
PBO group, 4.14 ± 0.08 mEq/L) as early as 6 months after the initiation of the study and was sustained through 
the study period. However, the maximum concentration reached 4.9 mEq/L in one participant in the EPL 
group at 36 months, and we did not observe a serious hyperkalemic episode during the course of the study 
(Fig. 5B, PBO group: 0 month, 4.19 ± 0.08 mEq/L; 6 month, 4.14 ± 0.08 mEq/L; 12 month, 4.11 ± 0.05 mEq/L; 
24 month, 4.04 ± 0.06 mEq/L; 36 month, 4.12 ± 0.07 mEq/L; EPL group: 0 month, 4.17 ± 0.078 mEq/L; 6 month, 
4.30 ± 0.07 mEq/L; 12 month, 4.23 ± 0.07 mEq/L; 24 month, 4.22 ± 0.07 mEq/L; 36 month, 4.29 ± 0.09 mEq/L). 
PAC significantly increased as early as month 12 in the EPL group as compared with that in the PBO group. 
The increase observed in the EPL was sustained through the study period (Fig. 5C, PBO group: 0 month, 
18.9 ± 1.86 ng/dL; 6 month, 18.9 ± 1.11 ng/dL; 12 month, 16.7 ± 1.08 ng/dL; 24 month, 1.76 ± 1.51 ng/dL; 
36 month, 19.3 ± 1.91 ng/dL; EPL group: 0 month, 21.6 ± 2.16 ng/dL; 6 month, 22.6 ± 3.32 ng/dL; 12 month, 
25.7 ± 2.74 ng/dL; 24 month, 22.8 ± 2.55 ng/dL; 36 month, 25.7 ± 3.50 ng/dL). Plasma active renin concentra-
tion increased by EPL treatment and the concentrations at month 6 and 18 in EPL was greater than those 
in PBO (p < 0.05) (Fig. 5D, PBO group: 0 month, 9.86 ± 1.97 pg/mL; 6 month, 10.0 ± 2.62 pg/mL; 12 month, 
12.3 ± 3.32 pg/mL; 18 month, 13.8 ± 3.75 pg/mL; 24 month, 14.5 ± 4.20 pg/mL; 36 month, 11.8 ± 3.96 pg/mL; 
EPL group: 0 month, 10.7 ± 2.67 pg/mL; 6 month, 27.6 ± 9.57 pg/mL; 12 month, 21.9 ± 8.49 pg/mL; 18 month, 
29.3 ± 10.7 pg/mL; 24 month, 17.2 ± 4.79 pg/mL; 36 month, 17.4 ± 5.7 pg/mL). Urine protein to creatinine ratio 

Table 3.  Multiple regression analysis for the risk of the rate of change in eGFR in the observational 
study. Urinary markers are normalized by urinary creatinine concentration. eGFR, estimated glomerular 
filtration rate; PAC, plasma aldosterone concentration; HDL, high-density lipoprotein; NAG, N-acetyl-β-D-
glucosaminidase.

Parameter β P value

Age 0.002 0.9821

eGFR, ml/min/1.73  m2  − 0.125 0.2755

PAC, ng/dL  − 0.257 0.0118

Serum HDL-cholesterol, mg/dL  − 0.147 0.1302

Urinary NAG, IU/g creatinine  − 0.336 0.0497

Urinary β2-microglobulin, mg/g creatinine  − 0.122 0.2325

Urinary α1-microglobulin, mg/g creatinine 0.227 0.0878

Urinary albumin, mg/g creatinine  − 0.378 0.4714

Urinary protein, g/g creatinine 0.183 0.4122

Table 4.  Patients with CKD grouped according to plasma aldosterone concentration in the observational 
study. Urinary markers are normalized by urinary creatinine concentration. Values are expressed as 
mean ± SEM CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; PAC, plasma 
aldosterone concentration; Q, quartile; SEM, standard error of the mean.

Q1 n = 28 Q2 n = 29 Q3 n = 27 Q4 n = 28 Q5 n = 29 P

PAC, ng/dL 3.2–8.5 8.6–11.9 12.0–14.4 14.5–19.9 20.5–44.8 P < 0.0001

6.20 ± 0.29 10.5 ± 0.20 13.0 ± 0.16 17.1 ± 0.32 26.7 ± 1.22

Age 66.3 ± 2.6 64.8 ± 2.2 62.4 ± 2.8 59.8 ± 2.5 61.9 ± 3.1 P = 0.453

Gender, male/female 12/16 10/19 17/10 16/12 18/11 P = 0.0376

Baseline eGFR, ml/min/1.73  m2 62.2 ± 3.7 60.7 ± 3.2 59.3 ± 4.6 49.9 ± 3.1 54.0 ± 3.3 P = 0.098

Urinary protein, g/g creatinine 0.136 ± 0.065 0.192 ± 0.098 0.509 ± 0.281 0.526 ± 0.199 0.406 ± 0.163 P = 0.385

Urinary albumin, mg/g creatinine 83.1 ± 43.5 30.5 ± 10.4 34.3 ± 17.3 141.7 ± 57.1 126.8 ± 52.0 P = 0.168
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Figure 3.  Annual eGFR change of CKD groups classified by baseline plasma aldosterone concentration in 
the observational study. (A) The CKD cohort was classified into five quintile groups according to the baseline 
plasma aldosterone concentration. The annual change of each group was compared among the groups by one-
way analysis of variance. The lower table shows the plasma aldosterone range and annual change in eGFR of 
each group. (B) The CKD cohort was classified into the high aldosterone group (aldosterone ≥ 145 ng/dL) and 
low aldosterone group (aldosterone < 145 ng/dL). The annual change in each group was compared between the 
groups by unpaired t-test. Data are expressed as mean ± SEM. CKD, chronic kidney disease; eGFR, estimated 
glomerular filtration rate; SEM, standard error of the mean. *p < 0.05.
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(g/g creatinine) dropped as early as 6 month in the EPL group, and its levels remained lower in the EPL group 
than in the PBO group, although the differences were not statistically significant (Fig. 5E, PBO group: 0 month, 
0.42 ± 0.12; 6 month, 0.44 ± 0.12; 12 month, 0.49 ± 0.15; 24 month, 0.47 ± 0.14; 36 month, 0.48 ± 0.15; EPL group: 
0 month, 0.47 ± 0.16; 6 month, 0.32 ± 0.17; 12 month, 0.28 ± 0.11; 24 month, 0.38 ± 0.26; 36 month, 0.29 ± 0.15). 
Urine α1-microglobulin to creatinine ratio (g/g creatinine), a urinary marker for tubular damage, signifi-
cantly decreased as early as month 6 in the EPL group as compared with that in the PBO group. The decrease 
observed in the EPL was sustained through the study period (Fig. 5F, PBO group: 0 month, 7.41 ± 1.57; 6 month, 
8.96 ± 1.64; 12 month, 8.67 ± 1.51; 24 month, 8.17 ± 1.61; 36 month, 9.18 ± 1.49; EPL group: 0 month, 8.72 ± 1.48; 
6 month, 6.94 ± 1.09; 12 month, 5.22 ± 1.10; 24 month, 4.63 ± 1.22; 36 month, 6.10 ± 1.03). After first 6 months 

Figure 4.  Protocols for patients allocated to EPL or PBO groups in the intervention study. Patients with CKD 
were randomly allocated to be treated with EPL (n = 22) or with PBO as the control group (n = 26).
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of EPL treatment, the eGFR decreased from 65.21 ± 3.59 ml/min/1.73  m2 to 59.11 ± 3.00 ml/min/1.73  m2, and 
the levels were lower in the EPL group than in the PBO group (Fig. 5G, from 63.95 ± 3.73 ml/min/1.73  m2 to 
60.98 ± 3.65 ml/min/1.73  m2). Thereafter, the eGFR remained stable, and at the end of 36 months of treatment, 
the eGFR was 61.86 ± 3.50 ml/min/1.73  m2. The annual decline rate was -1.117 ml/min/1.73m2/year. In contrast, 
the eGFR declined slowly but progressively for 3 years in the PBO group at the rate of − 3.108 ml/min/1.73  m2/
year (baseline 63.95 ± 3.73 ml/min/1.73  m2, 36 months, 54.62 ± 3.67 ml/min/1.73  m2). The eGFR levels were 
significantly higher in the EPL group than in the PBO group at month 24 and month 36 in the study period. 
The eGFR levels at month 24 in EPL was 64.67 ± 3.76 ml/min/1.73  m2, which was greater than those in PBO, 
55.99 ± 3.74 ml/min/1.73  m2 (p < 0.05, Fig. 5G). The eGFR levels at month 36 in EPL was 61.86 ± 3.50 ml/min/1.73 
 m2, which was also greater than those in PBO, 54.62 ± 3.67 ml/min/1.73  m2 (p < 0.05, Fig. 5F). EPL inhibited 
the decline in eGFR and maintained renal function without any changes in blood pressure or urinary protein 
excretion, indicating renoprotective effects by EPL independent of its effects on proteinuria or blood pressure.

Discussion
In the cross-sectional observational study of the present study, we found that in patients with CKD, the baseline 
eGFR levels were associated with plasma aldosterone levels, and the annual change in eGFR was also indepen-
dently associated with plasma aldosterone levels. When we divided the patients into the five quintile groups 
according to baseline PAC, the fourth quintile (PAC, 14.5–19.9 ng/dL) exhibited the fastest annual eGFR change. 
In the intervention trial of the present study, we examined the effect of treatment with MRA on the progression of 
renal damage. We used data obtained in the prior cross-sectional observational study to treat patients with CKD 
who had high aldosterone levels (PAC > 15.0 ng/dL) with an MRA (EPL at 25 mg) or with a PBO as a control and 
examined its effects on CKD progression as well as various urinary markers for renal damage. Although blood 
pressure and urinary protein excretion were not altered significantly, EPL significantly sustained eGFR levels 
for as long as 3 years as compared with the PBO. EPL had no significant effects on blood pressure levels. Our 
observation is consistent with the recent meta-analysis which shows EPL at a dose of 25 mg/day did not produce 
a statistically significant reduction in systolic or diastolic blood  pressure18. Our data indicated that MRA main-
tain eGFR independently of its effects on blood pressure. Moreover, EPL reduced the α1-microglobulin levels 
through the entire intervention period. Plasma potassium levels were significantly increased by EPL treatment up 

Table 5.  Baseline characteristics of the EPL and PBO groups in the intervention study. Urinary markers 
are normalized by urinary creatinine concentration. Values are expressed as mean ± SEM. ACE; angiotensin 
converting enzyme. SBP, systolic blood pressure; ACEI, angiotensin converting enzyme inhibitor; ARB, 
angiotensin II receptor blocker; eGFR, estimated glomerular filtration rate; EPL, eplerenone; PAC, plasma 
aldosterone concentration; NAG, N-acetyl-β-D-glucosaminidase; PBO, placebo; SEM, standard error of the 
mean.

Parameter Placebo (n = 19) Eplerenone (n = 20) P

SBP, mmHg 132.1 ± 2.04 131.9 ± 2.31 0.886

DBP, mmHg 76.3 ± 1.07 76.6 ± 1.46 0.509

eGFR, ml/min/1.73  m2 63.9 ± 3.73 65.2 ± 3.59 0.598

Serum creatinine, mg/dL 0.91 ± 0.07 0.88 ± 0.06 0.610

Fasting blood sugar, mg/dL 109.2 ± 3.1 111.7 ± 3.50 0.409

IRI, μU/mL 12.1 ± 0.4 12.6 ± 3.0 0.642

Glycated albumin, % 14.4 ± 0.36 15.0 ± 0.30 0.243

PAC, ng/dL 18.9 ± 1.86 21.6 ± 2.16 0.315

Plasma active renin, pg/mL 9.86 ± 1.97 10.7 ± 2.67 0.798

Serum potassium, mEq/L 4.19 ± 0.08 4.17 ± 0.08 0.826

Urine α1-microglobulin/creatinine, mg/g 7.41 ± 1.57 8.72 ± 1.48 0.354

Urine NAG/creatinine, IU/g 7.25 ± 0.77 6.68 ± 0.88 0.373

Urine β2-microglobulin/creatinine, mg/g 144.2 ± 22.8 262.0 ± 86.3 0.227

Urine protein/creatinine, g/g 0.42 ± 0.12 0.47 ± 0.16 0.813

Cause of CKD

Nephrosclerosis (%) 11/19 (57.9%) 14/20 (70.0%) 0.515

Chronic glomerulonephritis (%) 5/19 (26.3%) 5/20 (25.0%) 0.925

Diabetic nephropathy (%) 2/19 (10.5%) 1/20 (5.0%) 0.605

Others (%) 1/19 (5.3%) 0/20 (0%) 0.482

Antihypertensive medication

ARB or ACEI (%) 15/19 (78.9%) 14/20 (70.0%) 0.716

Calcium channel blocker (%) 12/19 (63.2%) 9/20 (45.0%) 0.341

Diuretic (%) 5/19 (26.3%) 3/20 (15.0%) 0.451

β-blocker (%) 2/19 (10.5%) 4/20 (20.0%) 0.661
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Figure 5.  Line plot showing temporal changes in parameters of the EPL and PBO groups in the intervention 
study. (A) Systolic blood pressure, (B) serum potassium concentration, (C) plasma aldosterone concentration, 
(D) plasma active renin concentration, (E) urinary protein excretion, (F) urinary α1-microglobulin excretion, 
and (G) eGFR in each experimental group. The dotted line represents the data of the PBO group and the dashed 
line the data of the EPL group. Data are expressed as mean ± SEM. eGFR, estimated glomerular filtration rate; 
EPL, eplerenone; PBO, placebo; SEM, standard error of the mean. *p < 0.05 vs. the PBO group.
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to 4.9 mEq/L at the maximum in one patient, although serious adverse events were not documented. We suggest 
that high plasma aldosterone might be a risk factor for the progression of renal impairment. For patients with 
CKD who had a high aldosterone level above 15.0 ng/dL we demonstrated that MRA exerted the renal protective 
effects independent of its effect on blood pressure.

Aldosterone is a reported risk factor for cardiovascular disease, although its role in kidney damage has not 
been well established. As we observed in CKD cohort, CKD is characterized by elevated levels of aldosterone, 
and this fact has been demonstrated both in  animals19 and  humans20,21. A causal role of aldosterone in renal 
impairment was demonstrated by an animal study. In 5/6th nephrectomized rats, renal impairment was less 
pronounced when rats were adrenalectomized at the same  time22. The unfavorable effects by aldosterone were 
also reported in human study previously where serum aldosterone levels were associated with renal dysfunction 
and renal tissue scarring proven by renal  biopsy23. These effects were reported to be through the activation of MR 
leading to tubulointerstitial inflammation and  fibrosis24. Aldosterone is also reported to elevate renal vascular 
resistance and glomerular capillary pressure, which also contributes to proteinuria and renal tissue  damages25. 
Our CKD cohort data also supported this effect in that PAC was positively correlated with proteinuria, albumi-
nuria, and urinary excretion of renal tubular damage markers. By multiple regression analysis, we further found 
that plasma aldosterone level was an independent risk factor for future eGFR decline in addition to basal urinary 
protein excretion. Our patients were already treated with various renoprotective reagents including ARBs or 
ACEIs. In this situation, MR activation can be a persistent and untreated risk factor that affects renal function.

Several small short-term clinical studies have examined the effects of adding MR blockers to ACEIs and/
or ARBs in proteinuric kidney  disease26. Most patients in these studies had diabetes, hence, the best evidence 
for using aldosterone blockade in proteinuric CKD was in the treatment of diabetic  nephropathy27–29. Recently, 
FIDELIO-DKD, a randomized, double-blind, placebo-controlled, parallel-group, event-driven trial using finer-
enone, a novel, non-steroidal, selective mineralocorticoid-receptor antagonist was reported and the participants 
of the study was composed of diabetic 5,734  patients15. In contrast, the data supporting the use of MRA in non-
diabetic kidney disease are not as robust as those in diabetic  nephropathy30,31. These studies demonstrated mainly 
antiproteinuric effects by MRAs, and the effects on eGFR were still inconsistent. This effect of maintenance of 
eGFR levels was documented in a previous report in which spironolactone was administered to patients with 
CKD already treated with ACEIs or  ARBs21. However, there are also reports in which MRAs had no effect on 
renal function during the study  period27,32. Recent meta-analyses on the renal effects by MRAs have also revealed 
that MRA therapy added to ACEIs or ARBs significantly reduced daily urinary protein excretion compared 
with ACEIs or ARBs alone, while it did not significantly affect eGFR  levels14,33. The results of FIDELIO-DKD 
supports the renoprotective effects by  MRA16 which was consistent with our results of the intervention study. 
This inconsistent outcome implied that MRA therapy may offer the most favorable effects on renal function 
in selected patients with CKD. We hypothesized that increased plasma aldosterone levels above 14.5 ng/dL or 
15.0 ng/dL is one of the candidates to successful treatment with MRAs in patients with CKD. Another charac-
teristic of our intervention study was that the participants were a heterogeneous group that comprised patients 
with CKD patients mainly having renal atherosclerosis. Almost 90% of the patients in each group were non-
diabetic (Table 5). The present intervention study showed that even in patients with CKD who are not diabetic, 
irrespective of the pretreatment with ACEIs or ARBs, some of the patients were responsive to MRA treatment. We 
assume that these patients have high plasma aldosterone levels and proposed a cut-off value of 14.5–15.0 ng/dL.

The mechanisms for the maintenance of eGFR by the MRA in this study are not fully elucidated. The previous 
study also documented this effect with the initial drop in  eGFR21. This phenomenon is reminiscent of the initial 
fall in eGFR seen in patients with CKD treated with ACEIs, whereby an initial rapid decrease in GFR is usually 
followed by stabilization of kidney  function34. Although it was a nonsignificant decline, we also observed the 
initial fall in eGFR levels and following maintenance of eGFR. It was reported that aldosterone exerts rapid non-
genomic effects on renal vasculature resulting in increased renal vascular resistance and reduced GFR in normal 
healthy  volunteers35. The effects of aldosterone on renal vasculature occurred only when endothelial nitric oxide 
(NO) synthase was inhibited by simultaneous administration of the NO inhibitor, NG monomethyl-L-arginine, 
indicating that this vasoconstriction action might result in reduced renal blood  flow36. Another report demon-
strated that endothelial denudation and pharmacological blockade of endothelial nitric oxide synthase (eNOS) 
increased the sensitivity of afferent arterioles to aldosterone, suggesting that NO modulates the vasoconstrictor 
action of  aldosterone36. Aldosterone downregulates eNOS expression  levels37, which inferred endothelial dysfunc-
tion of the renal vasculature. Therefore, MRAs might ameliorate aldosterone-induced endothelial dysfunction 
by the restoration of eNOS  activity38. Taken together, under the situation of endothelial dysfunction, including 
CKD, the vasoconstrictor action by aldosterone is more prominent in the efferent arterioles and maintains the 
 GFR25,35,36. MRAs may increase NO availability and ameliorated endothelial dysfunction by aldosterone, which 
inactivated the vasoconstrictor effects of aldosterone on the efferent arteriole, which decreased the GFR. This, in 
turn, reduced the glomerular damage and exhibited long-standing eGFR maintenance effects. Although we did 
not measure endothelium-dependent vasodilation, in the present study, we recruited patients with CKD who 
had high levels of aldosterone that were suspected to have endothelial dysfunction. For these specific patient 
group, a clear renoprotective effect by the MRA could be observed.

The present intervention study also revealed that the MRA reduced the urinary excretion of α1-microglobulin, 
which implied that the MRA attenuated the proximal tubular cell damage in patients with CKD. The expres-
sion of the MR in the thick ascending limb, distal tubules, and cortical collecting duct (but not in the proxi-
mal tubules) of Wistar rats and mice has been demonstrated both by the polymerase chain reaction and by 
 immunohistochemistry39. In contrast, other studies demonstrated the expression of MR mRNA in the S3 seg-
ments of the proximal tubules in  rats40,41. The immunohistochemical demonstration of MR expression in human, 
rat, and mouse kidney proximal tubules has also been  reported42. Aldosterone induces proximal tubular damage 
through increased oxidative  stress43. Therefore, the reduction of α1-microglobulin implied that MRA might 



12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16626  | https://doi.org/10.1038/s41598-020-73638-4

www.nature.com/scientificreports/

protect against the tubular damage by aldosterone. It is also assumed that the amelioration of renal vascular 
resistance and the vasodilator action on the efferent arterioles might improve the blood supply to the post-
glomerular and peritubular capillaries around the proximal tubular cells that contributed to the reduction in 
urinary α1-microglobulin excretion. It has been shown that MRA blocks the profibrotic effects by aldosterone 
and ameliorates tubulointerstitial fibrosis through its effects on peritubular arterioles or interstitial  fibroblasts44. 
These hemodynamic action, protective role in proximal tubular cell damages and anti-fibrotic effects might in 
combination contributed to stabilization of the renal function. Our data reinforced the previous clinical trials 
demonstrating the renoprotective effects by  MRA45,46.

Despite relevant information obtained, our intervention study has several limitations. First, the sample size 
was so small that the study lacked the power to detect the difference in the primary outcome of cardiovascular 
events. We experienced only one event of cerebral infarction in the placebo group. Secondly, the study was con-
ducted in one clinical center. Finally, the intervention study was single-blinded and the doctor who prescribed 
the medicine was aware whether the patient was allocated to PBO or EPL.

In conclusion, the cross-sectional observational study of the present study demonstrated that plasma aldos-
terone level was an independent risk factor for the progression of renal dysfunction and that MRA could reduce 
the rate of decline in eGFR in patients with CKD who had high PAC. Of note, we provided this evidence by the 
long-term clinical PBO-controlled clinical trial of EPL for 3 years. We found the maintenance of eGFR by EPL 
independent of its effects on proteinuria or blood pressure. We hypothesize that the patients with CKD with high 
plasma aldosterone levels are good candidates for treatment with an MRA such as EPL.

Methods
Patients. From April 2007 through July 2007, we recruited consecutive patients with CKD from the patients 
referred to the renal division of our department. Enrollees were diagnosed with CKD according to either one of 
the following criteria: (1) eGFR below 60 ml/min/1.73  m2, or (2) kidney damage evident from dipstick-detected 
urinary protein excretion for more than 3  months. Patients undergoing hemo- or peritoneal dialysis were 
excluded from this study. We prospectively observed the enrolled patients for 3 years during the 2007 to 2011 
period. The main objective of this observation was to evaluate the long-term effects of various biochemical or 
physiological parameters on the progression of renal dysfunction. Patients who began dialysis during the obser-
vation period were excluded in the analysis. Biochemical data were collected when the patients were recruited, 
3 months after the recruitment, and when the observation period was finished. Each patient visited our clinic 
every 3 months and was treated for renal dysfunction with optimal medical intervention. All the studies were 
conducted after obtaining informed consent from each patient by opt-out fashion. To conduct the clinical study, 
the authors adhered to Declaration of Helsinki. This study protocol was approved by the Ethical Committee 
of Keio University. Three months after the first visit, each patient provided informed consent, and the 3-year 
observation period began.

Placebo‑control intervention parallel study with EPL. From our prior observations, we hypothe-
sized that high PAC plays a pivotal role in the forward decline in renal function through its deteriorative effects 
on the kidney. We supposed that those patients would acquire clinical benefit from the treatment with MRA. To 
demonstrate this hypothesis, we conducted a placebo-control, randomized, parallel-grouped study using EPL. 
We recruited the patients with CKD who had high aldosterone levels (above 15.0 ng/dL) and treated them with 
selective MRA, eplerenone (EPL) or placebo (PBO). After the one-month observation period, we conducted 
the intervention study to eligible patients from our cohort using aldosterone blockade with EPL. The inclusion 
criteria were: (1) CKD, stage 2 or stage 3, (2) PAC was above 15.0 ng/dL (the cut-off value determined from our 
first-phase observation that patients with CKD and PAC was above 14.5 ng/dL had the worst prognosis in terms 
of renal deterioration), (3) serum potassium level was below 5.5 mEq/L. This is an exploratory intervention study 
and at first, we determined the sample size as forty CKD patients in each group. The inclusion period was first 
set at one year and the follow-up period at three years. These plans in the protocol were defined on January 11, 
2011. The protocol was fixed and approved by the Ethical Committee of Keio University in July 2011. The recruit 
started in August 2011 and had planned to end in June 2012. However, since the participants number turned out 
too small to reach the expected number, we extended the deadline until December 2012. We first made a list of 
186 CKD patients who fulfilled the diagnostic criteria of CKD as described above as of June 2011. After this reg-
istration, we enrolled the eligible patients who met the inclusion criteria one by one in order of his or her hospital 
visit. The patient inclusion and the data collection were performed at the department of medicine, Keio Univer-
sity Hospital. After obtaining the patients’ consent, we randomly allocated patients eligible for this study to the 
EPL group or the PBO control group by envelop method. The PBO was created similarly in size and shape as 
eplerenone tablet. One month after the registration, each patient took EPL or PBO. The dosage of EPL was fixed 
at 25 mg/day throughout the study period. The date of the first registration was on August 2, 2011 and the date 
of the last registration was on December 20, 2012. The date of study registration 48 registrations composed of 26 
PBO-treated and 22 EPL-treated participants were recruited in the study. Due to this randomization, the num-
ber of each group had become unequal. The allocation was announced to the clinicians although the patients 
were blinded to which group they were allocated. One investigator (HM) had the responsibility of preparing 
the envelopes and random allocation. For the safety of the study, the patients visited the clinic of department of 
medicine in Keio University hospital every 3 months for regular check-ups when the clinical data were obtained. 
The blood and urine samples were obtained every 6 months. If the patients’ serum potassium levels were over 
5.5  mEq/L at any time during the study period, it was determined that the participants should be excluded 
from the study. The both groups received EPL or PBO in addition to the ongoing conventional treatment. Dur-
ing the intervention period, baseline doses of ACEI, ARB, or both were not changed at the beginning of study. 
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Subsequently, we planned to modify these medications according to blood pressure and serum potassium levels 
although no patients had their ACEI/ARB discontinued. For adequate control of serum potassium, we advised 
a low potassium diet to all patients. The parallel two groups were followed for 3 years and follow-up ended in 
January 2016 as defined in the original study design. As described in Fig. 4, among 26 PBO-treated participants, 
7 were dropped out from the study during the 3-year study period. The reasons for the withdrawal were prostate 
carcinoma, poor health status, tendency to fall, colon carcinoma, cerebral infarction, self-interruption, and pitui-
tary hypofunction. Among 22 EPL-treated participants, 2 participants were dropped out because of poor health 
status and development of type 1 diabetes. Finally, 19 PBO-treated participants and 20 EPL-treated participants 
were subject to the analysis. The primary outcome of this intervention was HOMA-IR, rate of change in eGFR, 
incidence of CVD, mortality rate and secondary outcomes were the changes in various renal parameters includ-
ing the change in urinary protein excretion, urinary α1-microglobulin. As described, we first set the incidence 
of cardiovascular event and mortality as primary outcomes, although the power of the sample size is too small 
(placebo group, n = 26, eplerenone group, n = 22) to evaluate the results because of the short inclusion period. 
However, we obtained some effects on the progression of CKD evaluated as eGFR decline and urinary protein 
excretion as one of the primary endpoint and secondary outcome, which can be described as the changes in renal 
parameters by the intervention. This study protocol was approved by the Ethical Committee of Keio University 
on July 1, 2011 and registered to UMIN000008521 on July 24, 2012. All the studies were conducted after obtain-
ing the written informed consent from each patient.

Blood and urine samples. All samples were taken for the measurement of routine chemistry after over-
night fasting, which includes serum concentrations of potassium, creatinine, glucose, glycated albumin, total 
cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, and tri-
glyceride. We also measured urinary concentrations of α1-microglobulin, β2-microglobulin, protein, albumin, 
and creatinine in addition to urinary activity of N-acetyl-β-D-glucosaminidase (NAG). GFR was estimated by 
modified the Modification of Diet in Renal Disease (MDRD) Study equation adapted for the Japanese popula-
tion: eGFR = 194 ×  (serum creatinine in mg/dL) −1.094 × age−0.287 ×  (0.739 for women)47. Plasma aldosterone and 
cortisol were measured by radioimmunoassay kit (Mitsubishi Chemical Medicine, Tokyo, Japan).

Statistical analysis. Continuous variables were expressed as mean ± standard error and categorical vari-
ables as proportions or ratios. We used the Student’s t-test or non- Student’s t-test and the Mann–Whitney U-test 
for the comparison of non-parametric parameters. We used univariate analyses to assess correlations between 
various baseline parameters in our prospective observational study. In the multiple linear regression analyses 
for the identification of risk factors for a change in eGFR, we selected any covariates that were significant in 
univariate analysis as well as baseline age, eGFR, and urinary albumin excretion. In the comparison among the 
five quintile groups classified by baseline PAC, we used one-way analysis of variance as appropriate, followed by 
Bonferroni’s post hoc test. In the intervention study, the comparison between the EPL group and placebo group 
was performed by Wilcoxon signed-ranks test. The statistical analyses were performed using StatView J-4.5 sta-
tistical software (Abacus Concepts, Berkeley, CA, USA). A P value < 0.05 was considered significant.

Received: 5 June 2020; Accepted: 10 September 2020

References
 1. Saran, R. et al. Epidemiology of kidney disease in the United States. Am. J. Kidney Dis. 71, 501 (2018).
 2. Rocha, R. et al. Aldosterone: a mediator of myocardial necrosis and renal arteriopathy. Endocrinology 141, 3871–3878 (2000).
 3. Hostetter, T. H., Rosenberg, M. E., Ibrahim, H. N. & Juknevicius, I. Aldosterone in progressive renal disease. Semin. Nephrol. 21, 

573–579 (2001).
 4. Hostetter, T. H. & Ibrahim, H. N. Aldosterone in chronic kidney and cardiac disease. J. Am. Soc. Nephrol. 14, 2395–2401 (2003).
 5. Hirsch, J. S., Drexler, Y. & Bomback, A. S. Aldosterone blockade in chronic kidney disease. Semin. Nephrol. 34, 307–322 (2014).
 6. The GISEN Group (Gruppo Italiano di Studi Epidemiologici in Nefrologia). Randomised placebo-controlled trial of effect of rami-

pril on decline in glomerular filtration rate and risk of terminal renal failure in proteinuric, non-diabetic nephropathy. Lancet349, 
1857–1863 (1997).

 7. Brenner, B. M. et al. Effects of losartan on renal and cardiovascular outcomes in patients with type 2 diabetes and nephropathy. 
N. Engl. J. Med. 345, 861–869 (2001).

 8. Greene, E., Kren, S. & Hostetter, T. H. Role of aldosterone in the remnant kidney model in the rat. J. Clin. Invest. 98, 1063–1068 
(1996).

 9. Hene, R. J., Boer, P., Koomans, H. A. & Dorhout Mees, E. J. Plasma aldosterone concentration in chronic renal failure. Kidney Int. 
21, 98–101 (1982).

 10. Berl, T., Katz, F. H., Henrich, W. L., de Torrente, A. & Schrier, R. W. Role of aldosterone in the control of sodium excretion in 
patients with advanced chronic renal failure. Kidney Int. 14, 228–235 (1978).

 11. Rachmani, R. et al. The effects of spironolactone, cilazapril and their combination on albuminuria in patients with hypertension 
and diabetic nephropathy is independent of blood pressure reduction: a randomized controlled study. Diabetes Med. 21, 471–475 
(2004).

 12. Sato, A., Hayashi, K. & Saruta, T. Effectiveness of aldosterone blockade in patients with diabetic nephropathy. Hypertension 41, 
64–68 (2003).

 13. Bolignano, D., Palmer, S. C., Navaneethan, S. D. & Strippoli, G. F. Aldosterone antagonists for preventing the progression of chronic 
kidney disease. Cochrane Database Syst. Rev. 4, CD007004 (2014).

 14. Currie, G. et al. Effect of mineralocorticoid receptor antagonists on proteinuria and progression of chronic kidney disease: a 
systematic review and meta-analysis. BMC Nephrol. 17, 127 (2016).



14

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16626  | https://doi.org/10.1038/s41598-020-73638-4

www.nature.com/scientificreports/

 15. Bakris, B. L. et al. Design and baseline characteristics of the finerenone in reducing kidney failure and disease progression in 
diabetic kidney disease trial. Am J Nephrol. 50, 333–344 (2019).

 16. Schaffer R. Finerenone delays diabetic kidney disease progression: FIDELIO-DKD. Healio and Endocrine Today2019, July 10, 2020.
 17. Heerspink, H. J., Kröpelin, T. F., Hoekman, J. & de Zeeuw, D. Reducing Albuminuria as Surrogate Endpoint (REASSURE) Consor-

tium. Drug-induced reduction in albuminuria is associated with subsequent renoprotection: a meta-analysis. J. Am. Soc. Nephrol.26, 
2055-2064 (2015).

 18. Tam, T. S. et al. Eplerenone for hypertension. Cochrane Database Syst Rev. 2, CD008996 (2017).
 19. Greene, E. L., Kren, S. & Hostetter, T. H. Role of aldosterone in the remnant kidney model in the rat. J. Clin. Invest. 98, 1063–1068 

(1996).
 20. Hené, R. J., Boer, P., Koomans, H. A. & Mees, E. J. Plasma aldosterone concentrations in chronic renal disease. Kidney Int. 21, 

98–101 (1982).
 21. Bianchi, S., Bigazzi, R. & Campese, V. M. Long-term effects of spironolactone on proteinuria and kidney function in patients with 

chronic kidney disease. Kidney Int. 70, 2116–2123 (2006).
 22. Quan, Z. Y., Walser, M. & Hill, G. S. Adrenalectomy ameliorates ablative nephropathy in the rat independently of corticosterone 

maintenance level. Kidney Int. 41, 326–333 (1992).
 23. Quinkler, M. et al. Increased expression of mineralocorticoid effector mechanisms in kidney biopsies of patients with heavy 

proteinuria. Circulation 112, 1435–1443 (2005).
 24. Bianchi, S., Batini, V. & Bigazzi, R. The renal effects of mineralocorticoid receptor antagonists. Int. J. Cardiol. 200, 20–24 (2015).
 25. Arima, S. et al. Nongenomic vascular action of aldosterone in the glomerular microcirculation. J. Am. Soc. Nephrol. 14, 2255–2263 

(2003).
 26. Barrera-Chimal, J., Girerd, S. & Jaisser, F. Mineralocorticoid receptor antagonists and kidney diseases: pathophysiological basis. 

Kidney Int. 96, 302–319 (2019).
 27. Chrysostomou, A., Pedagogos, E., MacGregor, L. & Becker, G. J. Double-blind, placebo-controlled study on the effect of the aldos-

terone receptor antagonist spironolactone in patients who have persistent proteinuria and are on long-term angiotensin-converting 
enzyme inhibitor therapy, with or without an angiotensin II receptor blocker. Clin. J. Am. Soc. Nephrol. 1, 256–262 (2006).

 28. van den Meiracker, A. H. et al. Spironolactone in type 2 diabetic nephropathy: Effects on proteinuria, blood pressure and renal 
function. J. Hypertens. 24, 2285–2292 (2006).

 29. Epstein, M. et al. Selective aldosterone blockade with eplerenone reduces albuminuria in patients with type 2 diabetes. Clin. J. Am. 
Soc. Nephrol. 1, 940–951 (2006).

 30. Chrysostomou, A. & Becker, G. Spironolactone in addition to ACE inhibition to reduce proteinuria in patients with chronic renal 
disease. N. Engl. J. Med. 345, 925–926 (2001).

 31. Bianchi, S., Bigazzi, R. & Campese, V. M. Antagonists of aldosterone and proteinuria in patients with CKD: an uncontrolled pilot 
study. Am. J. Kidney. Dis. 46, 45–51 (2005).

 32. Edwards, N. C. et al. The safety and tolerability of spironolactone in patients with mild to moderate chronic kidney disease. Br. J. 
Clin. Pharmacol. 73, 447–454 (2012).

 33. Schwenk, M. H., Hirsch, J. S. & Bomback, A. S. Aldosterone blockade in CKD: emphasis on pharmacology. Adv. Chronic Kidney 
Dis. 22, 123–132 (2015).

 34. Lewis, E. J., Hunsicker, L. G., Bain, R. P. & Rohde, R. D. The effect of angiotensin-converting-enzyme inhibition on diabetic 
nephropathy The Collaborative Study Group. N. Engl. J. Med. 329, 1456–1462 (1993).

 35. Schmidt, B. M. et al. Rapid nongenomic effects of aldosterone on the renal vasculature in humans. Hypertension 47, 650–655 
(2006).

 36. Arima, S. et al. Endothelium-derived nitric oxide modulates vascular action of aldosterone in renal arteriole. Hypertension 43, 
352–357 (2004).

 37. Hashikabe, Y., Suzuki, K., Jojima, T., Uchida, K. & Hattori, Y. Aldosterone impairs vascular endothelial cell function. J. Cardiovasc. 
Pharmacol. 47, 609–613 (2006).

 38. Silva, M. A. et al. Spironolactone treatment attenuates vascular dysfunction in type 2 diabetic mice by decreasing oxidative stress 
and restoring NO/GC signaling. Front. Physiol. 6, 269 (2015).

 39. Ackermann, D. et al. In vivo nuclear translocation of mineralocorticoid and glucocorticoid receptors in rat kidney: differential 
effect of corticosteroids along the distal tubule. Am. J. Physiol. Renal Physiol. 299, F1473-1485 (2010).

 40. El Mernissi, G. & Doucet, A. Short-term effects of aldosterone and dexamethasone on Na-K-ATPase along the rabbit nephron. 
Pflugers Arch. 399, 147–151 (1983).

 41. Pinto, V., Pinho, M. J., Hopfer, U., Jose, P. A. & Soares-da-Silva, P. Oxidative stress and the genomic regulation of aldosterone-
stimulated NHE1 activity in SHR renal proximal tubular cells. Mol. Cell. Biochem. 310, 191–201 (2008).

 42. Salyer, S. A. et al. Aldosterone regulates Na(+), K(+) ATPase activity in human renal proximal tubule cells through mineralocor-
ticoid receptor. Biochim. Biophys. Acta. 1833, 2143–2152 (2013).

 43. Wang, B. et al. Overexpressed cyclophilin B suppresses aldosterone-induced proximal tubular cell injury both in vitro and in vivo. 
Oncotarget 7, 69309–69320 (2016).

 44. Blasi, E. R. et al. Aldosterone/salt induces renal inflammation and fibrosis in hypertensive rats. Kidney Int. 63, 1791–1800 (2003).
 45. Boesby, L., Elung-Jensen, T., Klausen, T. W., Strandgaard, S. & Kamper, A. L. Moderate antiproteinuric effect of add-on aldosterone 

blockade with eplerenone in non-diabetic chronic kidney disease A randomized cross-over study. PLoS ONE 6, e26904 (2011).
 46. Yang, C. T., Kor, C. T. & Hsieh, Y. P. Long-term effects of spironolactone on kidney function and hyperkalemia-associated hospi-

talization in patients with chronic kidney disease. J Clin Med. 7, 459 (2018).
 47. Imai, E. et al. Estimation of glomerular filtration rate by the MDRD study equation modified for Japanese patients with chronic 

kidney disease. Clin. Exp. Nephrol. 11, 41–50 (2007).

Acknowledgements
We thank Andrea Baird, MD, from Edanz Group (https ://en-autho r-servi ces.edanz group .com/) for editing a draft 
of this manuscript. This study was supported by the Ministry of Health, Labor and Welfare Science Research 
Grants 09926152, 09834475, 10802430, 10804607, 11947633, and 12945333. This organization has no conflicts 
of interest regarding this study.

Author contributions
H.M. performed the study and drafted the manuscript. S.W. and H.I. designed the research, analysed data and 
drafted the manuscript. H.U., A.K., K.H, T.K. and H.T. worked on the general coordination of the study.

Competing interests 
The authors declare no competing interests.

https://en-author-services.edanzgroup.com/


15

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16626  | https://doi.org/10.1038/s41598-020-73638-4

www.nature.com/scientificreports/

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-73638 -4.

Correspondence and requests for materials should be addressed to S.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-73638-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effect of aldosterone and aldosterone blockade on the progression of chronic kidney disease: a randomized placebo-controlled clinical trial
	Results
	Baseline patient characteristics of the prospective observation study. 
	Prospective 3-year observation of patients with CKD. 
	Long-term intervention study of EPL, the selective MRA. 

	Discussion
	Methods
	Patients. 
	Placebo-control intervention parallel study with EPL. 
	Blood and urine samples. 
	Statistical analysis. 

	References
	Acknowledgements


