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Abstract

Excessive dietary salt intake can counteract the renoprotective effects of renin—angiotensin system (RAS) blockade in
hypertensive patients with chronic kidney disease (CKD). In rodents, salt loading induces hypertension and renal damage by
activating the mineralocorticoid receptor (MR) independently of plasma aldosterone levels. Thus, high salt-induced
resistance to RAS blockade may be mediated by MR activation. To test this, a post hoc analysis of the Eplerenone
Combination Versus Conventional Agents to Lower Blood Pressure on Urinary Antialbuminuric Treatment Effect
(EVALUATE) trial was conducted. Thus, 304 non-diabetic hypertensive patients on RAS-blocking therapy were divided
into tertiles according to salt intake (estimated 24-h urinary sodium excretion at baseline) and compared in terms of percent
reduction in urinary albumin-to-creatinine ratio (UACR) at 52 weeks relative to baseline. The eplerenone-treated patients in
the highest sodium excretion tertile exhibited significantly greater reduction in UACR than the placebo subjects in the same
tertile (—22.5% vs. +21.8%, p =0.02). This disparity was not observed in the lowest (—10.2% vs. —0.84%, p = 0.65) or
middle (—19.5% vs. +9.5%, p = 0.22) tertiles. Similar systolic blood pressure changes were observed. In the whole cohort,
reduction in UACR correlated positively with reduction in systolic blood pressure (+*=0.04, p =0.02). These results
support the hypothesis that excessive salt intake can enhance resistance to RAS blockade by activating MR. They also
suggest that eplerenone plus RAS blockade may be effective for CKD in hypertensive patients, especially those with
excessive salt intake.
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Introduction

The guideline-recommended treatment for patients with
hypertension and chronic kidney disease (CKD) is blockade
of the renin-angiotensin system (RAS) by using an
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angiotensin-converting enzyme inhibitor (ACEi) or an
angiotensin-receptor blocker (ARB): this therapy is
recommended because it not only has antihypertensive
effects, it also has renoprotective effects [1-3]. However,
albuminuria often persists in hypertensive patients with
CKD despite RAS blockade. This is significant because
these patients have the same risk of end-stage renal disease
(ESRD) as hypertensive patients with CKD who are given
placebo [4]. Therefore, hypertensive patients with CKD
who exhibit residual albuminuria after RAS blockade
require more aggressive treatment.

When combined with RAS blockade, mineralocorticoid
receptor (MR) blockade provides additional renoprotective
effects [5-9]. The results of the randomized, double-blind,
placebo-controlled Eplerenone Combination Versus Con-
ventional Agents to Lower Blood Pressure on Urinary
Antialbuminuric Treatment Effect (EVALUATE) trial were
recently reported [10]. This trial showed that a relatively
low dose of the selective MR-blocker eplerenone sig-
nificantly and safely reduced urinary albuminuria in
non-diabetic hypertensive patients with albuminuria, inde-
pendent of aldosterone levels [10].

Excessive dietary salt intake is a risk factor for the pro-
gression of CKD [11-14] and is thought to induce resis-
tance to RAS blockade [11, 15, 16]. Several previous
reports, including post hoc analyses of randomized con-
trolled trials, showed that this effect of high dietary salt is
mediated by suppressing the RAS inhibitor-induced decline
in glomerular filtration ratio (GFR) [15, 16] and albumi-
nuria [11]. Significantly, in rodents, dietary salt loading was
found to potentiate MR signaling in the kidneys [17, 18].
These findings together suggest that excessive salt intake
contributes to resistance to RAS blockade therapy by acti-
vating the MR pathway in the kidneys and that MR
blockade will effectively suppress residual renal injury [18].
This hypothesis was tested by a post hoc analysis of patients
in the EVALUATE trial.

Methods
Study design

A detailed description of the EVALUATE trial
(UMINO000001803) has been published [10]. Briefly, this
trial enrolled patients, aged 20-79 years, from 59 clinics
and hospitals throughout Japan. All patients were
hypertensive: systolic blood pressure (SBP) was
130-179 mmHg and/or diastolic blood pressure (DBP)
was 80-99 mmHg. All patients had a pre-treatment
urinary albumin-to-creatinine ratio (UACR) in the first
morning void urine (a mean of three measurements on

three consecutive pre-treatment visits) of 30-599 mg/g
and an estimated GFR (eGFR) of =50 ml/min per
1.73 m?. In addition, all had received an ACEi and/or
ARB for at least 8 weeks. The main exclusion criteria
included hypertensive emergencies, hyperkalemia, dia-
betes, severe liver damage, severe heart failure, severe
arrhythmia, angina, and myocardial infarction or cere-
brovascular disease within 6 months before registration.
Patients were randomized to treatment with eplerenone
(50 mg/day) or placebo for 52 weeks, and continued to
take the antihypertensive treatments they received at
baseline. Antihypertensive agents (apart from an MR
antagonist, ACEi, or ARB) were added during the study
if the blood pressure was 2130/80 mmHg. Patient follow-
up visits occurred 4, 8, 16, 28, 40, and 52 weeks after
study-drug initiation. Cuff blood pressure was measured
and blood and first morning void urine samples were
obtained at every visit. Urinary albumin, sodium, and
creatinine concentrations were measured at the central
laboratory. All other measurements were obtained in the
clinic. Calculations of eGFR were based on the mod-
ification in diet in renal disease formula of the Japanese
Society of Nephrology [19]. Twenty-four hours urinary
sodium excretion (24-h UNa) was calculated from the
sodium concentration in the morning void urine by using
a previously reported formula [20]. UACR in the first
void urine samples was also determined.

The primary outcome of this post hoc study was percent
change in UACR at 52 weeks (or, in patients who dis-
continued, at the last visit) relative to baseline. The secondary
outcomes were change in blood pressure, serum potassium,
serum creatinine, eGFR, frequency of one or more episodes
of severe hyperkalemia (defined as >5.6 mEq/l) during the
52-week study period.

Statistical analyses

The patients were divided into tertiles based on estimated
24-h UNa at baseline. The eplerenone and placebo groups
in each tertile were compared in terms of baseline
demographic, clinical, and biochemical variables by
using t-test with Welch’s correction, Mann—Whitney test,
or Chi-squared test as appropriate. The exception related
to the comparison of the two groups in each UNa tertile in
terms of the frequency of hyperkalemia; for that, we used
the Cochran—-Mantel-Haenszel test. The correlation
between two variables in a specified patient group was
determined by using Pearson Product Moment Correla-
tion Analysis. All analyses were two-sided, and the sig-
nificance level was set at 0.05. All statistical analyses
were performed by using JMP software version 11.2.1
(SAS Institute).
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Results

Baseline demographic, clinical, and laboratory
variables of the placebo and eplerenone groups in
the tertiles

In total, 304 patients whose urinary albumin levels were
measured at both baseline and the end of the study were
enrolled in the study. These patients were grouped into
tertiles according to their baseline estimated 24-h UNa: the
cutoffs were at 189 and 235 mEq/day. Within each tertile,
the eplerenone and placebo groups had similar baseline
demographic, clinical, and biochemical characteristics,
including blood pressure, eGFR, plasma renin activity,
plasma aldosterone concentrations, and UACR. However,
in the lowest tertile, the placebo group had a significantly
higher baseline plasma aldosterone—renin ratio (ARR) than
the eplerenone group (p = 0.05 after rounding) (Table 1).

Change in UACR relative at 52 weeks to baseline

Although the placebo groups of the tertiles received stan-
dard RAS blockade treatment, their percent change in
UACR at the end of the trial relative to baseline tended to
rise as salt intake increased: the percent change in UACR in
the placebo groups of the lowest, middle, and highest ter-
tiles rose from —0.8% to 4+9.5% to +21.8%, respectively
(Fig. 1a, open bars). The opposite trend was observed for
the eplerenone groups (Fig. 1a, closed bars). Comparison of
eplerenone to placebo in each tertile showed that in the
highest tertile, eplerenone associated with a significantly
greater reduction in UACR at 52 weeks relative to baseline
(—22.5% vs. +21.8%, p=0.02). Smaller differences
between eplerenone and placebo were observed for
the middle (—19.5% vs. +9.5%) and lowest (—10.2%
vs. —0.84%) tertiles; these differences did not achieve sta-
tistical significance (p =0.22 and 0.65, respectively)
(Fig. 1a; Supplementary Figure 1). These data are consistent
with correlation analyses of all placebo- and eplerenone-
treated patients in the cohort. Thus, the placebo-treated
patients exhibited a positive correlation (+*=0.02, p =
0.09) between a change in UACR at 52 weeks relative to
baseline and baseline 24-h UNa excretion, whereas the
eplerenone-treated patients demonstrated a negative corre-
lation (= 0.00, p = 0.62) between these variables (Sup-
plementary Figure 2).

Change in blood pressure
Salt had a somewhat similar effect on blood pressure. Thus,
as dietary salt levels rose in the tertiles, the ability of RAS

blockade to control SBP tended to diminish from —11.0
to —8.9 to —5.3 mmHg. Adding eplerenone significantly
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augmented the SBP-controlling effect of the RAS blocker in
these tertiles from —10.3 to —12.6 to —14.9 mmHg. The
same effect was observed for DBP: in the placebo tertiles,
DBP dropped from —6.6 to —4.3 to —2.3 mmHg, whereas
in the eplerenone groups, DBP steadily improved from
—6.3 to —8.1 to —9.2mmHg. As a result, in the highest
UNa tertile, the eplerenone group exhibited significantly
greater improvements in SBP relative to baseline than the
placebo group (—14.9+3.2 vs. —53+33mmHg, p=
0.04). This was also observed for DBP (—9.2+2.2
vs. —2.3 +2.3 mmHg, p = 0.03). However, the eplerenone
and placebo groups in the middle tertile did not differ sig-
nificantly in terms of improvement in SBP (—12.6 £ 1.9 vs.
8.9+ 1.8 mmHg, p=0.15) or DBP (—8.1+1.4 vs. —4.3 +
1.4 mmHg, p = 0.05). Similarly, the eplerenone and placebo
groups in the lowest tertile did not differ significantly in
terms of improvement in SBP (—10.3 1.9 vs. —11.0x2.1
mmHg, p=0.78) or DBP (—-63+12 vs. —6.6+1.3
mmHg, p =0.87) (Fig. 1b; Supplementary Figure 3).

Correlation analyses showed that change in UACR and
change in SBP did not correlate significantly in either the
entire eplerenone group (2 =0.02, p=0.11) or the entire
placebo group (*=0.02, p=0.11). However, when the
whole cohort was analyzed, a positive correlation was
observed (*=0.04, p=0.02) (Supplementary Figure 4)
[10].

Change in serum potassium

In the lowest tertile, the eplerenone group exhibited sig-
nificantly greater increases in serum potassium at 52 weeks
relative to baseline than the placebo group (0.12 vs. —0.05
mEq/l, p=0.05). This significant difference was also
observed in the middle tertile (0.21 vs. 0.05mEq/l, p =
0.03). The eplerenone group in the highest tertile also ten-
ded to have greater increases in serum potassium (0.19 vs.
0.07 mEq/1) but this did not achieve statistical significance
(p =0.06) (Table 2).

The entire eplerenone group was significantly more
likely to develop hyperkalemia (>5 mEq/l) during the study
period than the entire placebo group (9.3% vs. 2.6%, p =
0.01). This tendency was also observed in the tertile groups:
in the lowest, middle, and highest tertiles, the eplerenone
group tended to be more likely to develop hyperkalemia
than the placebo group (7.1% vs. 2.0%, p = 0.20; 9.8% vs.
3.8%, p =0.21; and 10.9% vs. 2.0%, p = 0.05 [this was not
significant before rounding], respectively) (Table 3). There
were no cases of severe hyperkalemia (25.6 mEq/l).

Change in other renal variables

The eplerenone and placebo groups in each tertile did not
differ in terms of change in serum creatinine concentrations
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Fig. 1 Change in a albumin-to-creatinine ratio (UACR) and b systolic
and diastolic blood pressure at the end of the 52-week treatment period
relative to baseline in the tertiles of estimated 24-h urinary sodium
excretion. The eplerenone group is represented by closed bars and the
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SBP DBP
L M H L M H
OPlacebo * *

M Eplerenone

placebo group by open bars. Error bars represent SDs. L lowest tertile,
M middle tertile, H highest tertile, SBP systolic blood pressure, DBP
diastolic blood pressure *p < 0.05 vs. placebo group, as determined by
t-test with Welch’s correction

Table 2 Change in renal variables at 52 weeks relative to baseline in the tertiles

Lowest tertile

Middle tertile

Highest tertile

Eplerenone Placebo p-value® Eplerenone Placebo p-value® Eplerenone Placebo p-value?
Change in eGFR, —5.52+5.35 046+5.73 0.13 —3.75+£3.66 098352 0.06 —4.53+3.78 —037+x3.86 0.10
ml/min/1.73 m?
Change in serum 0.12+0.14 —0.05+£0.15 0.05* 0.21+0.13 0.05+0.13  0.03** 0.19+0.11 0.07+0.11  0.06

potassium, mEq/1

Change in serum  0.046+0.027 0.026+0.030 0.31

creatinine, umol/l

0.043£0.034 0.002+0.032 0.50

0.034+0.028 0.007+0.030 0.60

The data are presented as mean + SD. eGFR estimated glomerular filtration rate

*The eplerenone and placebo groups in each tertile were compared by using #-test with Welch’s correlation

*Significant p-value (p = 0.0498)
*#p <0.05

Table 3 Frequency of one or more episodes of hyperkalemia during the 52-week study period in each tertile

Lowest tertile

Middle tertile

Highest tertile

Eplerenone Placebo p-value® Eplerenone Placebo p-value* Eplerenone Placebo p-value®
(n=56) (n=49) (n=>51) (n=153) (n=155) (n=150)
Frequency (%) 4 (7.1) 1(2.0) 0.20 5(9.8) 2 (3.8) 0.21 6 (10.9) 12.0) 0.05%

The data are expressed as number (%) of patients who developed hyperkalemia (defined as serum potassium>5 mEq/1) at least once during the

study period

*The eplerenone and placebo groups were compared by using the Cochran-Mantel-Haenszel test

*Not a significant p-value (p = 0.054)

at week 52 relative to baseline (Table 2). Moreover, while
the eplerenone groups in the tertiles tended to have greater
eGFR changes than the placebo groups, these differences
did not achieve statistical significance (Table 2).

Discussion

This study showed that in non-diabetic hypertensive
patients receiving standard RAS blockade therapy only,

SPRINGER NATURE

excessive dietary salt tended to increase albuminuria. This is
consistent with previous reports [11, 15, 16]. The crucial
observation of this study is that MR blockade in patients
with CKD effectively suppressed this salt-induced albumi-
nuria; thus MR blockade overcame salt-induced resistance
to standard RAS blockade therapy. This in turn suggests
that MR signal activation contributes to high salt-induced
resistance to RAS blockade. It is generally thought that
dietary salt normally suppresses the plasma level of aldos-
terone, which is the physiological ligand for MR in the
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kidney; this maintains blood pressure and fluid homeostasis.
However, studies on rodent models show that in patholo-
gical conditions, while dietary salt continues to suppress
plasma aldosterone levels, it also potentiates MR signaling
in the kidneys by activating the small GTPase Racl. This
leads to hypertension and renal injury [17, 18, 21, 22]. This
possibility is supported by the finding that eplerenone-
associated reductions in UACR do not correlate with
baseline plasma or urinary aldosterone concentrations [10].

Hemodynamic changes, especially changes in blood
pressure, play major roles in reducing albuminuria [23]. In
agreement with previous findings, our study showed that the
reduction in UACR correlated positively with the reduction
in SBP (Supplementary Figure 4). Notably, the reduction in
UACR occurred during the early phase of the study (at 4 or
8 weeks). Thus, the early phase reduction in UACR may be
due to hemodynamic rather than histological changes. That
the beneficial effect of the MR blocker on albuminuria is
mediated by hemodynamic change is supported by a sub-
analysis of the TOPCAT study: this analysis showed that an
MR blocker is beneficial in American heart failure patients
and that this effect associated with a decrease in blood
pressure. By contrast, Russian/Georgian patients with heart
failure did not benefit from the MR-blocker treatment, nor
did they exhibit a decrease in blood pressure [24]. Taken
together, these findings suggest that the antihypertensive
efficacy of eplerenone is shaped by the amount of salt intake
and salt-induced MR activation contributes to the resistance
of blood pressure to RAS blockade and the resulting
albuminuria.

The results presented here also suggest that it is impor-
tant to restrict dietary salt when treating CKD patients with
RAS blockade therapy. While the study design did not
permit us to evaluate the effect of salt restriction on resis-
tance to RAS blockade [25], this notion is supported by the
fact that when non-diabetic Japanese individuals with a
higher baseline salt intake (2240 mEq/day) were asked to
restrict their salt intake for 1 year, their UACR dropped
significantly [26]. Thus, there may be a causal relationship
between dietary salt intake and albuminuria. Moreover, an
intensive low salt diet reduced the albuminuria in non-
diabetic hypertensive Korean patients who were treated
with olmesartan [27]. Because the incidence of resistant
hypertension in CKD patients with albuminuria is high [28],
these findings suggest that MR blocker [29] as well as a low
salt diet [30] may be effective treatments for resistant
hypertension.

The daily salt intake of the cohort (as calculated from
estimated 24-h UNa) was relatively high in this study. This
high salt intake may be largely due to the local dietary
habits in East Asia, where people are reported to have the
highest salt intake in the world [31]. A recent nationwide
study in Japan reported that the mean sodium excretion was

206.0 mEq/day in men and 173.9 mEq/day in women [32].
Moreover, a large-scale cohort study reported that the mean
estimated 24-h UNa of the participants, 42% of whom were
from China, was 214 mEq/day [33]. As a result, even the
lowest tertile of our study cohort, who had 24-h UNa levels
of <189 mEq/day, included subjects whose sodium excre-
tion levels were higher than the global average (about 160
mEq/day) [34]. Nevertheless, the UACR in the lowest tertile
did not worsen during the 52 weeks of treatment with
standard RAS blockade (the change in UACR at 52 weeks
relative to baseline was —0.8%). This suggests that con-
suming <189 mEq of salt per day will not influence the
antialbuminuric effects of RAS blockade in this high salt-
consuming population. However, it remains possible that
the relatively high salt intake of the study population may
have weakened the differences between the tertiles in terms
of baseline plasma renin activity (PRA): this may have
resulted in the loss of significant relationships between basal
PRA and eplerenone-induced reduction of blood pressure or
UACR.

Several other potential factors may affect the interpreta-
tion of our study results. First, the aforementioned TOP-
CAT sub-analysis showed that the beneficial effect of the
MR blocker in the American heart failure patients also
associated with increased serum potassium and creatinine
concentrations [24]. In our study, the MR blockade also
associated with increased serum potassium concentrations
(but not serum creatinine concentrations). However, this
association was only significant in the lowest and middle
tertiles; the difference between the eplerenone and placebo
groups in the highest tertile did not achieve statistical sig-
nificance (Table 2). Therefore, it seems that serum potas-
sium and creatinine concentrations played only limited roles
in the ability of eplerenone to significantly reduce the
UACR in the highest tertile. Second, in the lowest tertile,
the placebo group had a higher baseline ARR than the
eplerenone group. This suggests the possibility that this
placebo group had a higher prevalence of subclinical pri-
mary aldosteronism. However, that may not affect the result
because in that tertile, RAS blockade on its own did not
differ significantly from RAS blockade plus MR blockade
in terms of changing the UACR at 52 weeks. Third, the
highest tertile group had a higher body weight than
the lowest tertile (73.0 and 71.3 vs. 65.7 and 63.6 kg in the
eplerenone and the placebo group, respectively) (Table 1).
This is important because investigators have shown that the
amount of daily salt intake increases proportionally with the
incidence of obesity [35]. Moreover, obesity as well as
metabolic syndrome often associates with salt-sensitive
hypertension [36-38]. Thus, even though the tertiles did not
differ significantly in terms of baseline plasma aldosterone
levels, it remains possible that obesity-induced hyper-
aldosteronism may have elevated the plasma aldosterone

SPRINGER NATURE
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levels in the highest tertile to some degree. It is also possible
that the higher body weight of the highest tertile may also
have influenced its response to eplerenone, because it has
been reported that eplerenone more effectively reduces
blood pressure and albuminuria in patients with metabolic
syndrome [39]. In our study, however, body weight did not
correlate significantly with either plasma aldosterone levels
or the change in UACR at 52 weeks (data not shown).

This analysis also had several methodological limitations
that are due to its post hoc, exploratory, and predefined
design. First, change in UACR is a surrogate marker for
ESRD. Thus, trials examining the effect of eplerenone on
more representative endpoints of ESRD are warranted. In
addition, 24-h UNa at baseline was calculated from spot
urine. While this method is practical, its ability to precisely
measure salt intake is limited [40]. Specifically, while the
24-h UNa estimate is highly reliable when it is in the range
of 181.0-233.3 mEq/day, it is relatively less reliable in
the lower range, where the formula tends to underestimate
the 24-h UNa [20].

Finally, this study showed that combination therapy with
50 mg/day eplerenone and standard doses of RAS inhibitors
was efficacious and safe for non-diabetic patients with
CKD, albuminuria, an eGFR of 50 ml/min per 1.73 m’ or
more, and especially high salt intake. However, such
combination therapy in patients with diabetic nephropathy
and/or renal insufficiency increases the risk of serious
hyperkalemia. This is supported by the fact that the present
study showed that the combination therapy significantly
increased the plasma potassium levels, although it did not
elevate the frequency of severe hyperkalemia. Future stu-
dies that evaluate the ability of MR antagonists to retard the
progression of ESRD as well as reduce albuminuria and
blood pressure in patients with diabetic kidney diseases are
needed. Similar studies with patients with renal insuffi-
ciency (eGFR in the range of 30-60) and with Caucasian
patients with low daily salt intake (100-150 mEq/day) are
also warranted. Nevertheless, our study, together with the
fact that a meta-analysis of the placebo-adjusted drug effects
in 21 clinical trials showed that reducing residual albumi-
nuria correlates positively with retarded progression to
ESRD [41], suggests that MR blockade may help to
improve the CKD prognosis of hypertensive patients with
residual albuminuria who are being treated with standard
RAS therapy, especially when resistance to RAS inhibitors
associates with excessive salt intake.
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