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Abstract
Herein, we studied the effects of the novel nonsteroidal selective mineralocorticoid receptor (MR) blocker, esaxerenone, on
blood pressure and renal injury in Dahl salt-sensitive (DSS) rats. We also monitored intact urinary and total angiotensinogen
(AGT). DSS rats were given a normal salt diet (NS: 0.4% NaCl, n= 10), a high-salt diet (HS: 8% NaCl, n= 10), HS+
esaxerenone (1 mg/kg/day, p.o., n= 10), or HS+ losartan (angiotensin II receptor blocker, 10 mg/kg/day, p.o., n= 10) for
6 weeks. Glomerular and tubulointerstitial tissues were obtained via a laser capture method. HS-treated DSS rats developed
hypertension, albuminuria, and glomerular injury, which were associated with increased glomerular desmin staining and
reduced mRNA levels of glomerular podocin and nephrin. HS-treated DSS rats also showed tubulointerstitial fibrosis with
an increase in renal oxidative stress (4-hydroxynonenal staining). The urinary ((total AGT−intact AGT)/intact AGT) ratio,
an indicator of intrarenal renin activity, was significantly suppressed in HS-treated DSS rats. Treatment with esaxerenone
significantly decreased blood pressure, while losartan did not. Furthermore, esaxerenone attenuated the development of
albuminuria, glomerular injury, and tubulointerstitial fibrosis more than losartan did, and this effect was associated with
reduced renal oxidative stress. These data indicate that esaxerenone has antihypertensive and renal protective effects in salt-
dependent hypertensive mice with suppressed intrarenal renin activity, as indicated by low levels of the urinary (total
AGT−intact AGT)/intact AGT ratio.
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Introduction

Inappropriate activation of the mineralocorticoid receptor
(MR) contributes to the development of salt-dependent
hypertension and renal injury [1–3]. Recent studies have
revealed that a high-salt (HS) diet induces salt-sensitive
hypertension in Dahl salt-sensitive (DSS) rats in a ligand-
independent manner through Rac-1-dependent MR activa-
tion [4]. Treatment with steroidal MR antagonists, such as
spironolactone and eplerenone, effectively decreased blood
pressure in DSS hypertensive rats [5–7], although their
plasma aldosterone levels were very low [5, 6]. A double-
blind crossover trial also revealed that in hypertensive
patients who showed low renin and normal plasma potas-
sium levels, spironolactone was a more effective natriuretic
antihypertensive agent than amiloride, losartan, and thiazide
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[8]. These data indicate that MR is a potential therapeutic
target for salt-dependent hypertension.

Because salt-dependent hypertension is a major risk
factor for renal injury and cardiovascular disease [1, 9], it is
important to clinically diagnose these patients. In this
regard, subjects with salt-dependent hypertension usually
show a suppressed renin–angiotensin system (RAS) due to
reduced renin release from juxtaglomerular cells [10].
Consistently, HS diets lead to markedly decreased plasma
angiotensin II levels, which are accompanied by reduced
plasma renin activity (PRA) [10]. Furthermore, blockade of
RAS with angiotensin-converting enzyme inhibitors
(ACEIs) or angiotensin receptor blockers (ARBs) was less
effective in decreasing blood pressure in low-renin DSS rats
[11, 12] and in hypertensive patients who showed blood
pressure with enhanced salt sensitivity [13–15]. However,
diagnosis of salt-sensitive and RAS inhibitor-resistant
hypertensive patients by testing the PRA is not common
because of its circadian variation, instability, and impres-
sionability [10]. Furthermore, a specific method for mon-
itoring renin activity in the kidney is not available to date.

Recently, we developed a new method for stably eval-
uating renin activity by measuring total and intact angio-
tensinogen (AGT) with sandwich enzyme-linked
immunosorbent assay (ELISA) [10, 16, 17]. In brief, the
amount of des (angiotensin I) AGT can be estimated by
(total AGT−intact AGT). Theoretically, the ratio of des
(angiotensin I) AGT to intact AGT reflects how much intact
AGT is cleaved to des (angiotensin I) AGT by renin [10]. In
the present study, we examined whether the urinary ratio of
(total AGT−intact AGT) to intact AGT, a potential stable
indicator of intrarenal renin activity [10], is actually sup-
pressed in low-renin DSS hypertensive rats. We also com-
pared the antihypertensive and renoprotective effects of MR
blockade with the newly developed nonsteroidal MR
blocker, esaxerenone [18, 19], with RAS blockade of the
ARB, losartan, in DSS rats.

Materials and methods

Materials

The selective nonsteroidal MR blocker, esaxerenone [(S)-1-
(2-hydroxyethyl)-4-methyl-N-[4-(methylsulfonyl) phenyl]-
5-[2-(trifluoromethyl) phenyl]-1H-pyrrole-3-carbox-amide],
was provided by Daiichi Sankyo Co., Ltd (Tokyo, Japan)
[18, 19].

Animals

All experimental procedures were performed according to
the guidelines of the Care and Use Committee of Kagawa

University. Four-week-old male DSS-Iwai rats (Japan SLC,
Inc., Japan) weighing 200–220 g at the beginning of the
experiments were fed a standard rat chow (0.5% NaCl) for
1 week. At 5 weeks of age, DSS rats were randomly
selected to receive a normal salt diet (NS: 0.5% NaCl, n=
30) or an HS diet (8% NaCl, n= 30) for 6 weeks. At this
age, the HS- and NS-fed DSS rats were also randomly
divided into three groups as follows (10 rats in each group):
(1) vehicle (0.5% carboxymethyl cellulose), (2) esaxer-
enone (1 mg/kg/day, p.o.), and (3) losartan (10 mg/kg/day,
p.o.). The dosages of esaxerenone and losartan were
determined based on previous studies on rats [19–21].

Blood pressure was measured by a noninvasive tail-cuff
technique [6]. After a 15-min rest, systolic blood pressure
(SBP) was measured at least five consecutive times on
conscious rats by tail-cuff plethysmography (model BP-
98A; Softron Co., Tokyo, Japan). The three lowest values
were averaged. Twenty-four-hour urine sampling was per-
formed using metabolic cages. Urine samples were stored
at −30 °C after centrifugation.

Sample collection

At the end of the experiment, animals were anesthetized by
isoflurane, and blood was quickly collected in EDTA-
containing tubes via the abdominal aorta and cooled on ice.
Then, animals were euthanized by an overdose of pento-
barbital (250 mg/kg, i.p.), and the kidneys were harvested.
Whole blood was centrifuged at 4 °C for 10 min to separate
the plasma. The kidney tissues were cut and fixed in 10%
buffered paraformaldehyde or embedded in Tissue-Tek
OCT compound (Sakura Finetech, Tokyo, Japan). The
remaining tissues were snap frozen in liquid nitrogen. Renal
cortical tissues were also collected in RNAlater and kept at
4 °C overnight.

Histopathological examination

Kidneys were fixed in 10% formalin (pH 7.4), embedded in
paraffin, cut into 3 μm sections, and mounted on slides. The
sections were then stained with periodic acid-Schiff (PAS)
or Azan reagent. Images were evaluated using light
microscopy (BX-51/ DP-72; Olympus, Tokyo, Japan).
PAS- and Azan-positive areas were determined using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA) [12, 17].

Immunohistochemistry

Immunohistochemical staining of desmin [6] and 4-
hydroxynonenal (4-HNE) [6] was performed with Histo-
fine Simple Stain MAX-PO MULTI (Nichirei Biosciences,
Tokyo, Japan). After deparaffinization with xylene, sections
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were incubated with 0.3% hydrogen peroxide for 15 min
(for desmin) or 30 min (for 4-HNE) to block endogenous
peroxidases. For desmin antigen retrieval, sections were
incubated for 30 min in 0.01 mol/L citrate buffer (pH 6.0) at
100 °C. Proteinase K (DAKO Cytomation, Glostrup, Den-
mark) was used for 4-HNE antigen retrieval by incubation
for 10 min. After blocking with 10% goat serum, sections
were incubated overnight at 4 °C with primary antibodies,
each at a 1:200 dilution (anti-human desmin rat monoclonal
antibody, D33, DAKO Cytomation; anti-4-HNE antibody,
ab46545, Abcam, Cambridge, UK). After washing sections
and incubating them with secondary antibodies for 1 h at
room temperature, DAB substrate (DAKO Cytomation) was
used to visualize immunohistochemical staining. Finally,
counterstaining was performed with hematoxylin (DAKO
Cytomation). Positively stained areas were analyzed using
ImageJ software.

Laser capture microdissection

Laser capture microdissection (LCM) was performed as
previously described [6]. Frozen tissues embedded in OCT
were cryosectioned into 10 μm sections and fast-stained
using an Arcturus histogene frozen section staining kit
(Ambion Inc., Austin, TX, USA). For each sample,
300–400 glomeruli were captured under direct visualization
with CapSure HS LCM tubes using a laser microdissector
pressure-catapulting device (Arcturus® LCM; Applied Bio-
systems, Waltham, MA, USA). From the remaining tissues,
we also collected tubulointerstitial tissues. mRNA was
extracted from glomerular and tubulointerstitial tissues
using an RNAqueous-Micro kit (Ambion Inc.).

Real time reverse transcriptase PCR

We obtained glomerular and renal interstitial tissues by the
LCM technique. The mRNA levels of β-actin, transforming
growth factor-β (TGF-β), type 1 collagen, gp47phox, p22pho,
podocin, and nephrin were analyzed by real-time PCR
using a 7300 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, USA) and a Light Cycler Fast Start
DNA Master SYBR Green I kit (Applied Biosystems). The
rat primer sequences (forward and reverse) used were β-
actin, 5′-CCCTGGCTCCTAGCACCAT-3′, 5′- CCTGCT
TGCTGATCCACATCT-3′; TGF-β, 5′-GCCTGAGTGGC
TGTCTTTTGA-3′, 5′-GAAGCGAAAGCCCTGTATTCC-
3′; type 1 collagen, 5′-TCACCTACAGCACGCTTG-3′, 5′-
GGTCTGTTTCCAGGGTTG-3′; gp47phox, 5′-GGATCAC
AGAAGGTCCCTAGC-3′, 5′-AGAAGTTCAGGGCGTT
CACC-3′; p22phox, 5′-TGGCCTGATCCTCATCACAG-3′,
5′-AGGCACGGACAGCAGTAAGT-3′; podocin, 5′-CCT
TTCCATGAGGTGGTAACCA-3′, 5′-GGATGGCTTTG

GA-3′; nephrin, 5′-GTTCAGCTGGGAGAGACTGG-3′,
and 5′-AATCGGACGACAAGACGAAC-3′. Relative
mRNA levels were determined using the 2−ΔΔCt method.
The ΔΔCt value was calculated using data from the NS+
vehicle group.

Urinary AGT

The intact and total urinary AGT concentrations were
determined using a rat AGT ELISA kit (IBL Co., Ltd,
Fujioka, Japan) as previously described [17].

Other parameters

Urinary albumin and protein levels were measured using
commercially available kits (Rat Albumin ELISA Kit,
Shibayagi, Gunma, Japan; MicroTP-test, Wako Co., Ltd,
Osaka, Japan, respectively). PRA and plasma aldosterone
concentrations were measured by radioimmunoassay as
previously described [5, 6, 22]. Blood urea nitrogen (BUN)
concentrations were measured using a BUN assay kit
(Wako Co., Ltd).

Statistical analysis

Data are presented as the means ± SEM. One-way or two-
way analysis of variance followed by Bonferroni post hoc
test was used. P < 0.05 was considered statistically
significant.

Results

Blood pressure, body weight, and renal function

The HS diet significantly increased the SBP (from 113 ± 2
to 236 ± 8 mmHg) of DSS rats, whereas the NS diet only
exhibited a slight SBP elevation (Fig. 1). Concomitant
treatment with esaxerenone significantly suppressed the HS-
induced SBP elevation (203 ± 4 mmHg), while losartan did
not significantly change the SBP (232 ± 4 mmHg).

At 11 weeks of age, HS-treated rats showed a marked
elevation in urinary volume compared with the NS-treated
rats (Supplementary Table 1). Treatment with losartan or
esaxerenone did not change urinary volume but sig-
nificantly decreased the plasma BUN levels in the HS-fed
DSS rats (Supplementary Table 1). The HS diet sig-
nificantly increased urinary protein and albumin excretions
in DSS rats. This effect was significantly suppressed by
treatment with losartan or esaxerenone. However, esaxer-
enone had a significantly stronger effect than losartan
(Supplementary Table 1).

Effects of the novel nonsteroidal mineralocorticoid receptor blocker, esaxerenone (CS-3150), on blood. . . 771



PRA and plasma aldosterone concentration

As shown in Supplementary Table 1, the HS diet sig-
nificantly decreased both the PRA and the plasma aldos-
terone concentration in DSS rats. Treatment with losartan or
esaxerenone significantly increased the PRA in both the
NS- and HS-fed DSS rats. However, the plasma aldosterone
levels were significantly decreased by losartan and
increased by esaxerenone in NS-fed DSS rats. In the HS-fed
DSS rats, the plasma aldosterone levels tended to be
decreased by losartan and increased by esaxerenone.
However, these changes were not statistically significant.

Urinary AGT excretion

In the NS-fed DSS rats, concomitant treatment with losartan
or esaxerenone did not significantly change the total urinary
AGT or intact urinary AGT excretion (Fig. 2a, b). We also
determined the amount of des (angiotensin I) AGT, which
was calculated as (total AGT−intact AGT). The ratio of
(total AGT−intact AGT) to intact AGT in the urine theo-
retically reflects how much intact AGT is cleaved by renin
to des (angiotensin I) AGT in the kidney [10]. The results
showed that neither losartan nor esaxerenone changed the
ratio of (total AGT−intact AGT) to intact AGT in the NS-
fed DSS rats (Fig. 2c). However, the HS-fed DSS rats
showed markedly greater total urinary AGT excretion
(16,968 ± 3,943 ng/day) compared with the NS-fed rats
(306 ± 35 ng/day). Similarly, the intact urinary AGT
excretion was significantly increased in the HS-fed DSS rats
(6479 ± 1283 vs. 36 ± 9 ng/day in the NS-fed DSS rats). In
the HS-fed DSS rats, treatment with esaxerenone sig-
nificantly decreased the total urinary AGT (from 16,968 ±
3943 to 4164 ± 1798 ng/day) and the intact AGT excretion
(from 6479 ± 1283 to 2209 ± 627 ng/day), whereas losartan

did not (Fig. 2a, b). Interestingly, the HS-fed DSS rats
showed a markedly reduced (total AGT−intact AGT) to
intact AGT ratio in urine (1.3 ± 0.1%) compared with the
NS-fed DSS rats (10.0 ± 1.8%; Fig. 2c), suggesting sup-
pression of renin activity in the kidney. The reduced urinary
ratio of des (angiotensin I) AGT to intact AGT was affected
by neither losartan nor esaxerenone.

Glomerular and tubulointerstitial histopathological
changes

In DSS rats, the HS diet induced severe glomerular injury,
as assessed by an increase in the PAS-positive areas in the
glomeruli (Fig. 3a). Treatment with losartan tended to
attenuate the HS-induced glomerular injury. However, these
changes were not statistically significant. In contrast, esax-
erenone treatment substantially reduced the glomerular
PAS-positive area in DSS rats (Fig. 3a, b).

Glomerular podocyte injury was determined by desmin
staining with immunohistochemistry [6]. The HS-fed DSS
rats showed an increased glomerular desmin-positive area
(Fig. 4a, b). In the HS-fed DSS rats, treatment with losartan
slightly but significantly decreased the glomerular desmin-
positive area. We also measured the gene expression of
podocin and nephrin, which are components of the slit
diaphragm between adjacent podocytes in glomeruli [6].
Losartan tended to increase the glomerular podocin and
nephrin mRNA levels, but these changes were not statisti-
cally significant (Fig. 4c, d). However, treatment with
esaxerenone significantly decreased the glomerular desmin-
positive area and increased the glomerular mRNA levels of
podocin and nephrin in HS-fed DSS rats (Fig. 4a–d).

In DSS rats, the HS diet caused significant tubulointer-
stitial fibrosis, as assessed by quantification of the Azan-
positive area in the renal interstitium (Fig. 5a, b). The HS-
induced tubulointerstitial fibrosis was attenuated by esax-
erenone but not by losartan in HS-fed DSS (Fig. 5a, b).
Similarly, a significant reduction in the tubulointerstitial
tissue TGF-β and type 1 collagen mRNA levels was
induced by treatment with esaxerenone but not with losartan
(Fig. 5c, d).

Oxidative stress

Tubulointerstitial oxidative stress was evaluated by 4-HNE
immunohistochemistry [6]. The HS-fed DSS rats showed a
significantly increased 4-HNE-positive area in the renal
interstitium (Fig. 6a, b) and increased mRNA levels of the
NADPH oxidase subunits, p22phox and gp47phox, in tubu-
lointerstitial tissues (Fig. 6c, d). The tubulointerstitial 4-
HNE-positive area was significantly decreased by losartan
and esaxerenone in HS-fed DSS rats (Fig. 6a, b). In these
animals, losartan significantly decreased the p22phox mRNA

Fig. 1 Changes in systolic blood pressure (SBP) in Dahl salt-sensitive
(DSS) rats. NS normal salt, HS high salt. Values are expressed as the
means ± SEM. *P < 0.05 vs. NS+ vehicle. #P < 0.05, HS+ vehicle vs.
HS+ esaxerenone. †P < 0.05, HS+ losartan vs. HS+ esaxerenone
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levels in tubulointerstitial tissues, whereas esaxerenone
treatment significantly decreased both p22phox and gp47phox

mRNA levels (Fig. 6c, d).

Discussion

There is substantial evidence that low-renin salt-dependent
hypertension is resistant to RAS blockade with ACEIs and
ARBs [11–15], whereas treatment with MR antagonists
effectively decreases blood pressure in these patients [1–7].
However, it is difficult to clinically diagnosis low-renin salt-
dependent hypertension. Furthermore, it is not yet possible
to monitor intrarenal renin activity. Here, we demonstrated
for the first time that HS-treated DSS rats showed a mark-
edly reduced urinary (total AGT−intact AGT)/intact AGT
ratio, suggesting suppressed intrarenal renin activity. In
agreement with previous studies [11], losartan, an ARB, did
not substantially decrease blood pressure in low-renin DSS
hypertensive rats. In contrast, we showed that treatment
with the nonsteroidal MR blocker, esaxerenone, resulted in
effective blood pressure reduction in these animals. These
data indicate that MR blockade with esaxerenone has

antihypertensive and renoprotective effects during the
development of low-renin salt-dependent hypertension, as
indicated by the urinary (total AGT−intact AGT)/intact
AGT ratio.

In subjects with low-renin salt-dependent hypertension,
not only plasma renin and angiotensin II but also plasma
aldosterone levels are usually reduced [5, 10]. However,
intrarenal MR was activated by HS in a ligand-independent
manner through Rac1-mediated pathways, thereby con-
tributing to the development of salt-dependent hypertension
[4, 23]. Consistently, treatment with steroidal MR antago-
nists significantly decreased blood pressure in DSS rats,
even though the plasma aldosterone levels were sig-
nificantly reduced [4–7]. Recently, we have established a
method for stably evaluating renin activity by measuring
intact AGT and des (angiotensin I) AGT (calculated as total
AGT−intact AGT) [16, 17]. Namely, the ratio of des
(angiotensin I) AGT to intact AGT theoretically reflects
how much intact AGT is cleaved by renin [10]. The present
study showed that the ratio of des (angiotensin I) AGT to
intact AGT in the urine was approximately 90% reduced by
HS in DSS rats. These data indicate that the ratio of des
(angiotensin I) AGT to intact AGT in the urine is a potential

Fig. 2 Urinary angiotensinogen
(AGT) in DSS rats. a Total
urinary AGT excretion. b Intact
urinary AGT excretion. c The
ratio of (total AGT−intact AGT)
to intact AGT in the urine. *P <
0.05 vs. NS+ vehicle. #P <
0.05, HS+ vehicle vs. HS+
esaxerenone. †P < 0.05, HS+
losartan vs. HS+ esaxerenone
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biomarker for identifying low-renin salt-sensitive hyper-
tension. We also observed that neither esaxerenone nor
losartan significantly changed the ratio of urinary des
(angiotensin I) AGT to intact AGT. These data suggest that
during the development of HS-induced hypertension, sup-
pressed intrarenal renin activity is not affected by treatment
with esaxerenone or losartan.

A growing body of evidence has indicated that inap-
propriate activation of the aldosterone/MR signaling path-
way induces glomerular injury [1, 3]. In vitro studies have
shown that activation of this pathway induces mesangial
cell proliferation [24, 25] and podocyte injury [6, 23]. In
agreement with earlier studies that used steroidal MR
antagonists, the present study showed that treatment with
the nonsteroidal MR blocker [6, 26, 27], esaxerenone,
reduced blood pressure and protected against glomerular
injury (glomerular PAS-positive area), particularly albumi-
nuria and podocyte injury (glomerular desmin-positive area)
in DSS hypertensive rats. We also confirmed that the
mRNA expression of essential podocyte components, such

as podocin and nephrin, in glomerular tissues was markedly
increased by treatment with esaxerenone. However, treat-
ment with losartan did not change blood pressure and glo-
merular injury, though it partially attenuated podocyte
injury. The glomerular podocin and nephrin mRNA
expression also tended to be increased by losartan, but these
results were not statistically significant. Similarly, in
agreement with a previous study [20], we demonstrated that
tubulointerstitial fibrosis was significantly attenuated by
treatment with esaxerenone in DSS rats. Our data also
showed that the esaxerenone-induced attenuation of renal
interstitial fibrosis was associated with downregulated
tubulointerstitial tissue TGF-β and type 1 collagen mRNA
expression. As blood pressure was significantly decreased
by esaxerenone treatment, part of the renoprotective effects
of esaxerenone against glomerular injury and tubulointer-
stitial fibrosis may be mediated by blood pressure reduction.

Both angiotensin II and aldosterone/MR stimulate oxi-
dative stress through activation of NADPH oxidase-
dependent superoxide anion production [28–30]. Several
studies have also indicated that NADPH oxidase and oxi-
dative stress play a critical role in the pathogenesis of
hypertension and renal injury in DSS rats [6, 31, 32]. The
present study showed that both losartan and esaxerenone
suppressed the renal interstitial oxidative stress marker, 4-
NHE, and the expression of the tubulointerstitial tissue
NADPH oxidase component, p22phox. However, tubu-
lointerstitial tissue gp47phox was significantly decreased by
esaxerenone, but not by losartan. These data suggest that
treatment with esaxerenone has strong renal antioxidative
effects during the development of salt-induced hyperten-
sion. Recently, Lattenist et al. [33] showed that treatment
with another nonsteroidal MR antagonist, finerenone, pre-
vented the transition from acute kidney injury to chronic
kidney disease, which was associated with reduced
expression of oxidative stress markers, such as mal-
ondialdehyde, in renal tissues and decreased plasma 8-
hydroxyguanosine concentrations. Similarly, in obese (fa/
fa) Zucker rats with metabolic syndrome, the beneficial
effects of finerenone against left ventricular dysfunction and
proteinuria were associated with decreased myocardial
oxidative stress [34]. As increased bioavailability of nitric
oxide was also observed, it can be speculated that super-
oxide anion production would be reduced by finerenone
treatment [34]. Taken together, these data combined with
the present results support the concept that nonsteroidal MR
blockers protect renal tissue by suppressing renal oxidative
stress.

In the present study, we did not evaluate the difference in
the beneficial effect observed between the nonsteroidal MR
antagonist, esaxerenone, and steroidal MR antagonists
(spironolactone or eplerenone) in DSS hypertensive rats.
However, previous pharmacokinetics studies have shown

Fig. 3 Glomerular injury in DSS rats. a Representative images of
periodic acid Schiff (PAS)-stained renal sections. Original magnifi-
cation, ×200. b Quantitative analysis of the PAS-positive area in the
glomerulus. **P < 0.05 vs. NS+ vehicle. #P < 0.05, HS+ vehicle vs.
HS+ esaxerenone
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that esaxerenone has higher selectivity and greater binding
affinity against MR than spironolactone and eplerenone,
respectively [18–20]. Interestingly, recent clinical studies
reported that nonsteroidal MR antagonists conferred a lower
risk of hyperkalemia [35–37]. Further clinical studies are
needed to confirm the beneficial effect of esaxerenone in
patients with salt-dependent hypertension. We also did not
examine the combined effect of losartan and esaxerenone on
renal injury in DSS hypertensive rats. Previous clinical
studies have shown that adding traditional steroidal MR
antagonists, such as spironolactone or eplerenone, to ACEIs
or ARBs yielded significant reductions in albuminuria in
patients with CKD [1, 2]. We previously showed that the
additive antiproteinuric effect of eplerenone with an ARB
was associated with glomerular podocyte protection in type

2 diabetic rats [38]. However, clinical studies have also
indicated a risk of hyperkalemia from treatment with tra-
ditional steroidal MR antagonists and ACEIs/ARBs in
patients with advanced nephropathy [1, 39]. In this regard, a
phase III clinical trial (ESAX-DN study) is ongoing to
examine the safety and effectiveness of esaxerenone in
patients with type 2 diabetic nephropathy who are treated
with an ACEI or ARB (https://www.daiichisankyo.com/
media_investors/media_relations/press_releases/detail/
006726.html).

In conclusion, the present study suggests that the novel
nonsteroidal MR blocker, esaxerenone, had anti-
hypertensive and renal protective effects in mice with low-
renin salt-dependent hypertension through its antioxidative
effects. These data support the hypothesis that nonsteroidal

Fig. 4 Glomerular podocyte
injury in DSS rats. a
Representative micrographs of
desmin-stained renal sections.
Original magnification, ×200.
b Quantitative analysis of the
desmin-positive area in the
glomerulus. c mRNA expression
of podocin. d mRNA expression
of nephrin. The ΔΔCt value was
calculated using data from the
NS+ vehicle group. *P < 0.05
vs. NS+ vehicle. #P < 0.05,
HS+ vehicle vs. HS+ losartan
or HS+ esaxerenone. †P < 0.05,
HS+ losartan vs. HS+
esaxerenone
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MR blockade is a novel therapeutic strategy for salt-
sensitive hypertension and associated renal disease.
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Fig. 6 Renal oxidative stress in DSS rats. a Representative micro-
graphs of 4-hydroxynonenal (4-HNE)-stained renal sections. Original
magnification, ×200. b Quantitative analysis of the 4-HNE-positive
area in the renal interstitium. c mRNA expression of p22phox. d mRNA
expression of gp47phox. The ΔΔCt value was calculated using data
from the NS+ vehicle group. *P < 0.05 vs. NS+ vehicle. #P < 0.05,
HS+ vehicle vs. HS+ losartan or HS+ esaxerenone. †P < 0.05,
HS+ losartan vs. HS+ esaxerenone
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