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Intestinal Mineralocorticoid Receptor Contributes to Epithelial
Sodium Channel-Mediated Intestinal Sodium Absorption and

Blood Pressure Regulation
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Background—Mineralocorticoid receptor (MR) has pathological roles in various cell types, including renal tubule cells, myocytes,
and smooth muscle cells; however, the role of MR in intestinal epithelial cells (IECs) has not been sufficiently evaluated. The
intestine is the sensing organ of ingested sodium; accordingly, intestinal MR is expected to have essential roles in blood pressure
(BP) regulation.

Methods and Results—We generated IEC-specific MR knockout (IEC-MR-KO) mice. With a standard diet, fecal sodium excretion
was 1.5-fold higher in IEC-MR-KO mice, with markedly decreased colonic expression of - and y-epithelial sodium channel, than in
control mice. Urinary sodium excretion in IEC-MR-KO mice decreased by 30%, maintaining sodium balance; however, a low-salt diet
caused significant reductions in body weight and BP in IEC-MR-KO mice, and plasma aldosterone exhibited a compensatory
increase. With a high-salt diet, intestinal sodium absorption markedly increased to similar levels in both genotypes, without an
elevation in BP. Deoxycorticosterone/salt treatment elevated BP and increased intestinal sodium absorption in both genotypes.
Notably, the increase in BP was significantly smaller in IEC-MR-KO mice than in control mice. The addition of the MR antagonist
spironolactone to deoxycorticosterone/salt treatment eliminated the differences in BP and intestinal sodium absorption between
genotypes.

Conclusions—Intestinal MR regulates intestinal sodium absorption in the colon and contributes to BP regulation. These regulatory
effects are associated with variation in epithelial sodium channel expression. These findings suggest that intestinal MR is a new
target for studying the molecular mechanism of hypertension and cardiovascular diseases. (/ Am Heart Assoc. 2018;7:¢008259.
DOI: 10.1161/JAHA.117.008259.)
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ypertension is a major cause of cardiovascular diseases
and is estimated to contribute to 9.4 million deaths
yearly worldwide." The global prevalence of uncontrolled
hypertension in adults remains as high as ~22%. Blood

pressure (BP) is defined as cardiac outputxsystemic vascular
resistance, and the sympathetic nervous system, the renin—
angiotensin—aldosterone system, and plasma volume are
primary determinants. Plasma volume is influenced by sodium
intake, and sodium restriction effectively lowers BP.? Multiple
factors regulate sodium balance; in this study, we focused on
mineralocorticoid receptor (MR). In recent studies, we iden-
tified novel coregulators of MR** and proposed a new
pathological condition associated with aberrant MR activation,
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designated MR-associated hypertension.’

MR is mainly expressed in epithelial cells of the renal
tubules, intestine, and skin. In particular, renal MR regulates
sodium balance by sodium reabsorption in the tubules. Renal
tubule—specific MR knockout mice show significant sodium
and body weight losses with a low-salt diet.>” In contrast,
overactivated MR in the kidneys induces salt-sensitive
hypertension, characterized by an increase in BP in response
to increased sodium intake.? The elevated BP associated with
overactivated MR is known as  mineralocorticoid
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Clinical Perspective

What Is New?

» We developed intestinal epithelial cell-specific mineralocor-
ticoid receptor (MR) knockout mice to evaluate the phys-
iological and pathological roles of intestinal MR.

* We elucidated the significance of intestinal MR in sodium
balance and blood pressure regulation by evaluating the
response of knockout and control mice to a low- or high-salt
diet, with or without MR agonist/antagonist treatments.

What Are the Clinical Implications?

This study revealed that not only renal but also intestinal MR
contributes to excessive sodium retention in mineralocor-
ticoid hypertension.

Our findings suggest that intestinal MR has potential as a
new target for studying MR-associated cardiovascular
diseases and will help further elucidate the underlying
molecular mechanisms of these diseases.

hypertension.” These studies have shown that renal MR is
essential to regulate the plasma sodium volume and BP and
suggest that the antihypertensive effect of MR antagonists is
mediated by renal MR inhibition.

Recent large clinical trials'®'? have demonstrated that the
addition of an MR antagonist to conventional antihypertensive
therapies reduces cardiovascular events and improves patient
prognoses. These results have prompted further studies of the
role of MR in cardiovascular tissues, including cardiomy-
ocytes, smooth muscle cells, endothelia, and macrophages, to
understand the cell-specific contribution of MR to BP and
cardiovascular diseases, using tissue-specific MR knockout
mouse models. The deletion of cardiomyocyte MR prevents
cardiac remodeling after myocardial infarction'® and cardiac
fibrosis with deoxycorticosterone acetate (DOCA)/salt
treatment.’* Endothelial MR is involved in inflammatory and
profibrotic responses'® and the regulation of vasomotor
function.® Although these studies showed that endothelial
MR does not contribute to BP regulation, overexpression of
MR in the endothelium was found to affect BP."” MR in
myeloid cells and macrophages has roles in cardiac fibrosis
and DOCA/salt-induced BP elevation.'®' Vascular smooth
muscle cell MR functions in the stiffening of carotid arteries in
hypertension induced by an aldosterone/salt challenge? and
in the age-related increase in BP in mice.?" Although these
previous studies have clarified MR functions in the kidneys
and cardiovascular tissues, the roles of MR in other epithelial
tissues, such as the intestinal epithelium, have not been
elucidated. MR is reportedly expressed throughout the
intestine,”” and aldosterone increases the expression of the
epithelial sodium channel (ENaC) in rats?®; however, there are

no studies focusing on the functions of MR in intestinal
epithelial cells (IECs) using MR deletion mutants, the imple-
mentation of which is required.?* Furthermore, it is not clear
how intestinal MR contributes to sodium dynamics and BP
regulation. Most studies of MR using hypertensive models
apply aldosterone/salt treatment to induce hypertension, and
either aldosterone or high salt loading alone is considered
insufficient for significant BP elevation.®?>2% These studies
suggest the significance of excessive sodium retention in
hypertension via MR activation. The kidneys regulate sodium
excretion, whereas the intestine regulates its absorption;
accordingly, intestinal MR is expected to be involved in
sodium dynamics and, consequently, in BP regulation.

In this study, to evaluate the contribution of intestinal MR
to sodium dynamics and BP regulation and to determine its
significance in the development of hypertension, we gener-
ated IEC-specific MR knockout (IEC-MR-KO) mice and inves-
tigated their response to a low-salt diet, which stimulates
aldosterone secretion; a high-salt diet, which suppresses
aldosterone secretion; and MR agonist (DOCA) treatment. MR
antagonist (spironolactone) treatment of DOCA-treated mice
was used to assess the reversibility of DOCA effects and to
confirm the relationship between intestinal sodium absorption
and BP regulation.

Materials and Methods

The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedure. The sources of study
materials can be specified in the following descriptions.

Generation of IEC-MR-KO Mice

IEC-MR-KO mice (MR"™/°*Villin-Cre) were generated by
crossing MR"*/M° mice?” with transgenic mice expressing
Cre recombinase under the control of the Villin gene promoter
(Villin Cre Tg: B6.SJL-Tg[Vil-Cre]997Gum/J; Jackson Labora-
tory, Bar Harbor, ME). The presence of the MR"*/™°* and Villin
Cre transgenes was determined by a polymerase chain
reaction (PCR) analysis of genomic DNA from tail tips using
primers listed in Table S1. MR"/M°% |ittermates were used as
controls. Mice were group-housed (4—5 mice/cage) in an air-
conditioned room under a 12-hour dark/light cycle and
allowed free access to water and a standard diet (including
0.5% NaCl). All animal procedures were approved by the Keio
University institutional animal care and use committee.

Animal Treatments

Male mice were grouped (n=6—8 per group) by standard diet,
low-salt, high-salt, DOCA/salt, and DOCA/salt plus
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spironolactone (DOC-SPL) treatment. For low- or high-salt
treatment, the standard diet (0.5% NaCl) was replaced with a
low-salt diet (0.025% NaCl) or a high-salt diet (8% NaCl) at
5 weeks of age. At 10 and 13 weeks of age, the mice were
placed in metabolic cages for 24 hours to collect urine and
feces, and BP was measured. For the DOCA/salt treatment,
10-week-old mice on a standard diet were anesthetized and
implanted subcutaneously with 21-day—release 50-mg DOCA
pellets. These mice were administered a standard diet and 1%
(wt/vol) NaCl solution to drink for 3 weeks. For DOC-SPL
treatment, DOCA /salt treatment was started at 10 weeks, as
described, and spironolactone (100 mg/kg per day) dissolved
in 0.5% (wt/vol) methylcellulose was orally administered daily
from 11 to 13 weeks. After the start of each treatment,
mice were placed in metabolic cages for 24 hours to collect
urine and feces weekly. BP was measured once a week.
At 13 weeks of age, blood samples and tissues were
collected.

Metabolic Cage Studies: Urine and Fecal
Analyses

Mice were fed in their home cage, and body weight was
measured weekly. Ten-week-old control and IEC-MR-KO mice
were individually placed in mouse metabolic cages for
24 hours to determine food consumption and to collect urine
and feces. Samples of urine and feces were also obtained
after the start of each treatment. Fecal samples were
prepared for measurements, as reported previously.?®%? In
brief, fecal samples were weighed after drying at 80°C for
3 hours, resuspended in 0.75 mol/L nitric acid and left
overnight at 4°C, and centrifuged. The supernatants were
used for measurements. Urinary and fecal concentrations of
sodium and potassium were measured using ion-selective
electrodes. Urinary creatinine and albumin concentrations
were determined by an enzyme method at SRL Inc and by
ELISA (AKRAL-121; Shibayagi), respectively.

Systolic BP Measurement

At 10 and 13 weeks of age, systolic BP was measured
noninvasively in the conscious state by tail-cuff plethysmog-
raphy (MK2000; Muromachi Kikai), according to the manu-
facturer’s manual. Mice were trained for 2 days before the
first measurement and gently handled to avoid stress. The
mean of 10 measurements for each mouse was determined.

Tissue Collection

At the end of the experiment (at 13 weeks of age), blood
samples were collected following euthanasia, and the intesti-
nes were dissected (duodenum, jejunum, ileum, proximal

colon, and distal colon). In addition, the kidneys, heart, aorta,
and liver were collected. Each organ was immediately divided
into 2 parts. One part was immersion-fixed in 4%
paraformaldehyde for paraffin embedding, and the other
was frozen in liquid nitrogen for DNA, RNA, and protein
extraction. Paraffin-embedded sections stained with hema-
toxylin and eosin were prepared for histologic examination.

Plasma Analyses

Plasma creatinine, sodium, and potassium concentrations
were measured at SRL Inc. Plasma aldosterone and corticos-
terone levels were determined by radioimmunoassay and
enzyme immunoassay, respectively.

RNA Extraction and Real-Time Quantitative PCR

Total RNA and DNA were prepared from tissue samples using
ISOGEN (Nippon Gene), according to the manufacturer’s
instructions. Total RNA was reverse transcribed into cDNA
using PrimeScript RT Master Mix (RRO36A; TaKaRa), and
quantitative PCR was carried out using SYBR Green Master
Mix (Applied Biosystems) on an Mx3000 PCR cycler (Agilent
Technologies). The target genes were as follows: MR, GR
(glucocorticoid receptor); SCNNTA (sodium channel epithelial
1 o subunit; o-ENaC), SCNN71B (B subunit; B-ENaC), and
SCNN1G (y subunit; y-ENaC); SGK7 (serum/glucocorticoid
regulated kinase 1); NHE3 (sodium—hydrogen exchanger 3);
NKCC2 (sodium—potassium—chloride cotransporter); NCC
(sodium—chloride cotransporter); and SGLT1 (sodium—glucose
cotransporter 1) and SGLT2. Target gene expression was
normalized to 18S rRNA expression. Primer sequences are
given in Table S1. PCR conditions are available upon request.

Immunoblotting

Tissue samples from the intestine were lysed in radioim-
munoprecipitation assay buffer with protease inhibitor cock-
tail. Protein concentrations were determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific), according to
the manufacturer’s instructions. Proteins were denatured with
Laemmli sample buffer, separated on a 7.5% TGX-gel (Bio-
Rad), and transferred to a nitrocellulose membrane. The
membranes were incubated with primary antibodies (a-ENaC:
1:1000 dilution; B-ENaC: 1:1000 dilution; y-ENaC: 1:1000
dilution; SGK1: 1:500 dilution; pB-actin: 1:400 dilution),
followed by incubation with a donkey antirabbit horseradish
peroxidase—conjugated secondary antibody (1:2000 dilution).
The blots were visualized by enhanced chemiluminescence
using ECL Prime (Amersham). Band intensities were measured
using Image) (National Institutes of Health). Protein amounts
were normalized against levels of B-actin.
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Statistical Analysis

Data are presented as the mean+SEM. All data were tested
for normality using the Shapiro—Wilk test. Differences in
baseline characteristics and mRNA expression between
genotypes were analyzed using unpaired Student t tests or
Mann—Whitney U tests, as appropriate. Plasma hormone and
mRNA and protein expression levels were compared between
treatments and genotypes using 2-way ANOVA followed by
Bonferroni multiple comparison tests. Changes in BP and
sodium excretion over time were assessed by 2-way ANOVA
with repeated measures. Statistical analysis was performed
using SPSS version 24.0 (IBM Corp). P<0.05 was considered
significant.

Results

IEC-MR-KO Mice Are Viable and Exhibit Normal
Intestinal Histology

IEC-MR-KO  (MR™/f°*Vj|lin-Cre) mice were born in the
expected Mendelian frequencies and showed no postnatal
mortality. IEC-MR-KO and control (MR"*/"°) mice were
indistinguishable in appearance, growth, and body weight
(Table 1). Macroscopically, the intestinal morphology from the
duodenum to the distal colon did not differ between genotypes.
A microscopic evaluation of intestinal epithelia from the
duodenum to the colon revealed no obvious differences
between genotypes, and colonic mucin-secreting goblet cells

Table 1. Baseline Characteristics of Control and IEC-MR-KO
Mice at 13 Weeks of Age

IEC-MR-KO

Control (n=7) (n=7) P Value
Body weight, g 28.9+1.0 28.7+1.1 0.858
Food intake, g/24 h 3.93+0.14 | 3.98+0.15 | 0.825
Feces output, /24 h 1.31+0.05 1.25+0.08 | 0.553
Urine output, nl/24 h 1490+143 | 1360+120 | 0.649
Serum Cr, mg/dL 0.10+£0.00 | 0.10+0.01 | 0.161
Serum sodium, mEg/L 145.3+2.2 146.04+1.3 0.803
Fecal sodium, pmol/24 h 127.5+7.7 183.6+9.2 0.001
Fecal potassium, umol/24 h 110.5+6.6 | 86.3+4.2 0.005

Urinary sodium 144.3+11.1 | 1042489 | 0.017

concentration, mmol/L

Urinary sodium, umol/24 h 197.5+14.9 | 138.24+9.5 0.006
Urinary potassium, pmol/24 h | 387.0+36.7 | 442.74+32.4 | 0.253
45.0+3.9 43.0+3.0 0.798
105.4+11 104.4+11 0.560

Urinary albumin, pg/mg Cr

Blood pressure, mm Hg

Data are presented as the mean+SEM. Cr indicates creatinine; IEC-MR-KO, intestinal
epithelial cell-specific mineralocorticoid receptor knockout.

appeared normal in IEC-MR-KO mice (Figure S1). DNA isolated
from the duodenum, jejunum, ileum, proximal colon, and distal
colon of IEC-MR-KO mice exhibited MR recombination (Fig-
ure S2A), which was not observed in control mice. DNA from the
kidneys did not show MR recombination in either genotype. In
IEC-MR-KO mice, the MR mRNA level in each portion of the
intestine was ~95% lower than that in control mice (Figure S2B).
The mRNA levels in the kidneys, heart, aorta, and liver were
similar in the 2 genotypes (Figure S2C). In addition, GR mRNA
expression did not differ between genotypes (Figure S2D).
These data confirmed that MR was effectively and specifically
knocked out in the IECs of IEC-MR-KO mice.

IEC-MR-KO Increases Fecal and Decreases
Urinary Sodium Excretion With a Standard Diet

IEC-MR-KO mice on a standard diet showed higher sodium
and lower potassium excretion in feces than control mice,
whereas no differences were observed in 24-hour food intake
or feces and urine volumes between genotypes (Table 1).
Urinary sodium excretion was significantly lower, whereas
potassium excretion tended to be higher in IEC-MR-KO than
control mice. Plasma aldosterone was higher, albeit not
significantly, in IEC-MR-KO than control mice (Table 2).
Consequently, sodium balance was maintained in IEC-MR-
KO mice, and systolic BP was similar in both genotypes. To
examine the cause of increased fecal sodium excretion in IEC-
MR-KO mice, we measured the mRNA expression of ENaC, an
MR target, in each portion of the intestine. Although the
transcript level of o-ENaC was similar in both genotypes
throughout the intestine, mRNA levels of - and y-ENaC were
markedly lower in I[EC-MR-KO than in control mice in the
proximal and distal colon (Figure 1A). Notably, these genes
were hardly expressed in the small intestine, even in control
mice. The mRNA expression of the other MR target, SGK1,
was also decreased in the proximal and distal colon of IEC-
MR-KO mice (Figure 1B). Furthermore, the transcript level of
NHE3, the other intestinal sodium channel, was significantly
lower in the colons of IEC-MR-KO mice than in those of
control mice (Figure 1C). In the kidneys, the mRNA levels of
these genes were similar in both genotypes (Figure 1D). In
addition, we measured mRNA expression of other sodium
channels, including NKCC2, NCCT, and SGLT, in the kidneys.
The results confirmed similar expression levels for each of
these in both genotypes (Figure S3).

Salt Restriction Reduces Body Weight and BP
and Markedly Increases Plasma Aldosterone in
IEC-MR-KO Mice

Unlike the standard diet, with the low-salt diet, body weight
and BP significantly decreased in IEC-MR-KO mice compared
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Table 2. Plasma Renin Activity and Aldosterone and Corticosterone Levels in Control and IEC-MR-KO Mice With Each Treatment

Standard Diet High-Salt Diet DOCA/Salt

Control (n=7) IEC-MR-KO (n=7) Control (n=7) IEC-MR-KO (n=6) Control (n=8) IEC-MR-KO (n=8)
Plasma renin activity, ng/mL/h 53.7+5.8 48.7+3.0 30.7+£3.7* 36.2+£5.2* 3.0+£0.7*" 2.8+1.1*F
Plasma aldosterone, pg/mL 485.6+50.0 537.4+48.3 91.04+20.3* 87.84+20.8* 285.4+56.9% 360.3+58.2
Plasma corticosterone, ng/mL 130.6+19.7 224.84+29.2 168.9+34.1 163.2+48.4 46.9+6.4* 47.3+4.8

Data are presented as the mean+SEM. DOCA indicates deoxycorticosterone acetate; IEC-MR-KO, intestinal epithelial cell-specific mineralocorticoid receptor knockout.

P<0.001 vs *standard diet, 7\highfsalt diet.
P<0.005 vs ¥standard diet.

with control mice (Table 3). Plasma aldosterone in IEC-MR-KO
mice significantly increased. Although fecal sodium in IEC-MR-
KO mice was higher than that in control mice, similar to the
observations with a standard diet, urinary output of IEC-MR-
KO mice was also higher owing to increased water intake.
Consequently, despite the lower sodium concentration in the
urine of IEC-MR-KO mice, urinary sodium excretion was higher
than that of control mice. Next, we evaluated the mRNA
expression of the ENaC family and SGK1 in the distal colon

and kidneys in this condition. Consistent with the higher
aldosterone level with a low-salt diet than with a standard
diet, the expression levels of - and y-ENaC and SGK1 in the
distal colon of control mice significantly increased with a low-
salt diet (Figure 2A). Although these increases were also
observed in IEC-MR-KO mice, the elevation was milder than in
control mice. As for the kidneys, significantly increased
aldosterone elevated the expression of a-ENaC and SGK1 in
IEC-MR-KO mice with a low-salt diet (Figure 2B).

O Control (n=7)
A a-ENaC B-ENaC y-ENaC  m IEC-MR-KO (n=7)
5§ 15 150 600
£ 10 100 . , 400
x
(]
2 5 50 200 * *
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Figure 1. The mRNA expression levels of the ENaC family, SGK1, and

NHE3 in the kidneys and various intestinal portions. The mRNA

expression of a-, -, and y-ENaC (A), SGK1 (B), and NHE3 (C) in various intestinal parts and in the kidneys (D), as measured by quantitative
polymerase chain reaction. Gene expression in each intestinal portion is normalized to that of control mouse duodenum. The number of animals

per group is indicated in parentheses. Data are presented as mean+SEM.

*P<0.05 vs control. ENaC indicates epithelial sodium channel; IEC-

MR-KO, intestinal epithelial cell-specific mineralocorticoid receptor knockout; NHE3, sodium-—hydrogen exchanger 3; SGK1, serum/

glucocorticoid regulated kinase 1.
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Table 3. Effects of Low-Salt Diet

Control (n=7) IEC-MR-KO (n=7) P Value

Body weight, g 27.440.8 17.440.3 0.002

Water intake, 2023+144 7215+148 <0.001
ul/24 h

Urine output, 920+114 5391+191 <0.001
ul/24 h

Urinary sodium 33.6+3.4 12.8+2.0 0.001
concentration,
mmol/L

Urinary sodium, 31.2+4.9 70.3+11.2 0.013
pumol/24 h

Fecal sodium, 8.54+0.6 30.84+2.3 <0.001
umol/24 h

Blood pressure, 98.44+3.5 82.6+2.4 0.014
mm Hg

Plasma aldosterone, | 982.0+157.7 | 17 587.5+3477.0 | <0.001
pg/mL

Data are presented as the mean+SEM. I[EC-MR-KO indicates intestinal epithelial cell-
specific mineralocorticoid receptor knockout.

High-Salt Diet Increases Fecal and Urinary
Sodium Excretion to Similar Levels in Control and
IEC-MR-KO Mice

With a standard diet, urinary and fecal sodium were consis-
tently decreased and increased, respectively, in IEC-MR-KO
mice aged 10 to 13 weeks (Figure 3A and 3D), resulting in
the maintenance of BP, which was similar in both genotypes
(Figure 3G). A high-salt diet slightly increased fecal sodium
and significantly (P<0.001) increased urinary sodium excre-
tion compared with the standard diet, with no difference
between genotypes (Figure 3B and 3E). Plasma aldosterone
was lower with a high-salt diet (Table 2). Consequently,
systolic BP was nearly equal to that with the standard diet
(Figure 3H).

IEC-MR-KO Suppresses BP Elevation in Response
to DOCA/Salt

DOCA/salt treatment from 10 to 13 weeks of age markedly
increased urinary volume and sodium excretion compared
with the standard diet (Figure 3C). Urinary sodium tended to
be higher in control than IEC-MR-KO mice at all time points,
with a significant difference at 2 weeks of treatment. In
contrast to a high-salt diet, DOCA/salt induced a significant
difference in fecal sodium between genotypes at each time
point (Figure 3F). Concomitant with the increase in urinary
sodium, systolic BP increased in both genotypes. Notably, 2
and 3 weeks after DOCA/salt treatment, the increase in BP

was significantly higher in control than in IEC-MR-KO mice
(Figure 3l; control: 25.0+2.5 mm Hg, IEC-MR-KO:
15.34+2.5 mm Hg, P<0.05). Plasma renin activity was
markedly suppressed by DOCA/salt in both genotypes and
was significantly lower than that with a high-salt diet
(Table 2). Plasma aldosterone was also decreased but was
higher than that with a high-salt diet because DOCA showed
cross-reactivity in the aldosterone assay.

Spironolactone Suppresses the Differential
Response of IEC-MR-KO Mice to DOCA/Salt

In the DOC-SPL group, DOCA/salt treatment was started at
10 weeks of age, and spironolactone was administered daily
between 11 and 13 weeks. At 11 weeks, markedly increased
urinary sodium excretion and slightly elevated BP were
observed in both genotypes, as with the DOCA/salt treatment
(Figure 4A, 4B, 4D, and 4E). The addition of spironolactone
prevented further elevations of BP in both genotypes and of
urinary sodium excretion at 12 and 13 weeks, mainly in
control mice. Thus, spironolactone suppressed the differences
in urinary sodium excretion and BP observed between control
and IEC-MR-KO mice in response to DOCA/salt treatment
(Figure 4C and 4F).

Gene Expression in Response to Treatments

Next, we evaluated mRNA expression of sodium channels in
the intestine and kidneys with standard diet, high-salt diet,
and DOCA/salt treatment. A high-salt diet decreased the
mRNA levels of B- and y-ENaC in the distal colon of control
mice by 57% and 72%, respectively, compared with a standard
diet (Figure 5B and 5C). In contrast, these mRNA levels were
increased by DOCA/salt in the distal colon of control mice by
3.5- and 3.9-fold compared with the levels observed on a
standard diet, although excessive sodium was noted in this
treatment group. In IEC-MR-KO mice, B- and y-ENaC expres-
sion remained at low levels even under DOCA/salt treatment.
SGK1 expression showed the same trend as - and y-ENaC
expression, but the reduction in SGK1 expression in IEC-MR-
KO mice was not as pronounced as the reductions in - and y-
ENaC expression (Figure 5D). We also measured the protein
expression of the ENaC family and SGK1 in the distal colon
under each treatment. As for y-ENaC, consistent with the
results of mMRNA expression, the density of the bands
centered around 70 kDa, representing the active y-ENaC
form, was significantly decreased under a high-salt diet and
increased under DOCA/salt treatment in control mice. In IEC-
MR-KO mice, the protein expression level of y-ENaC was low
under each treatment (Figure 6). Although the protein
expression of a- and B-ENaC also showed the same trends
as their mRNA expression, SGK1 protein expression did not
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Figure 2. The mRNA expression levels of ENaC family members and SGK1 in the distal colon and kidneys
with a low-salt diet. The mRNA expression of ENaC and SGK1 in the distal colon (A) and in the kidneys (B)
with a standard diet and a low-salt diet, as measured by quantitative polymerase chain reaction. Gene
expression is normalized to that of 18S rRNA and is expressed relative to that in control mice on a standard
diet. Data are presented as mean+SEM. n=7 per genotype and group. P<0.05 vs *control, fstandard diet.
ENaC indicates epithelial sodium channel; IEC-MR-KO, intestinal epithelial cell-specific mineralocorticoid
receptor knockout; SGK1, serum/glucocorticoid regulated kinase 1.

reveal significant differences between genotypes and treat-
ments. In the kidneys, the mRNA levels of o-ENaC were
slightly lower with a high-salt diet than a standard diet
(Figure 7A). As expected, DOCA/salt treatment increased
kidney o, B-, and y-ENaC expression ~2.0-, 2.1-, and 2.0-fold,
respectively (Figure 7A through 7C). Kidney ENaC expression
did not differ between control and IEC-MR-KO mice under any
treatment. In contrast, a high-salt diet significantly increased
NHE3 expression in the colon and kidneys, although the
difference in the colon between genotypes was maintained
(Figures 5E and 7D). However, with DOCA/salt treatment,
NHE3 expression did not differ from the control levels in both
tissues and genotypes. Thus, NHE3 might not contribute to BP
regulation, and B- and y-ENaC expression levels are critical
determinants of BP change in this context. Under DOC-SPL
treatment, spironolactone suppressed the expression of each
ENaC, especially y-ENaC, in the colon compared with
expression levels for DOCA/salt treatment (Figure 5A
through 5C). This decreased expression is consistent with
the BP decline under DOC-SPL treatment. These results
indicated that BP changes in mice lacking intestinal MR are

associated with parallel changes in colonic B- and y-ENaC
expression levels.

Discussion

With a standard diet, IEC-MR-KO mice showed higher fecal
sodium excretion and lower B- and y-ENaC and NHE3
expression levels in the colon than did control mice. In
particular, y-ENaC expression was markedly (=90%) lower.
ENaC is a heterotrimer of o, 3, and y subunits, all of which
are essential for channel functionality.?® The main target of
MR in the kidneys is o-ENaC, whereas in the intestine,
B- and y-ENaC are the main targets.>' > The reduction in
B- and y-ENaC but not o-ENaC expression in the colons of
IEC-MR-KO mice was consistent with these previous find-
ings. ENaC and NHE3 are thought to have major roles in
sodium absorption in the intestine.®** NHE3 expression was
~50% lower in IEC-MR-KO mice than in control mice.
Because NHE3 expression is regulated by several factors,
including aldosterone, glucocorticoid, acidosis, high salt, and
hyperosmolarity,®> %" the residual expression of NHE3 in
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Figure 3. Changes in fecal and urinary sodium excretion and systolic blood pressure under each
treatment. Urinary (A—C) and fecal (D—F) sodium excretion and systolic blood pressure (G-I) with a standard
diet, a high-salt diet, and DOCA/salt treatment. Data are presented as mean+SEM. *P<0.05 vs control.
DOCA indicates deoxycorticosterone acetate; IEC-MR-KO, intestinal epithelial cell-specific mineralocorti-

coid receptor knockout.

IEC-MR-KO mice might be related to regulatory factors other
than MR. These results revealed that intestinal MR regulates
intestinal sodium absorption mainly via the expression of its
target proteins B- and y-ENaC. Previous findings in colon-
specific a-ENaC KO mice?® support the interpretation that
increased fecal sodium excretion is caused by decreased
colonic ENaC expression. Conversely, urinary sodium excre-
tion was lower in IEC-MR-KO mice than in control mice. In
this condition, plasma aldosterone and ENaC expression in
the kidneys of IEC-MR-KO mice did not significantly increase.
In addition, there were no significant differences in the
expression of other sodium channels, including NHE3,
NKCC2, NCCT, and SGLT, in the kidneys between genotypes.
These findings suggest that IEC-MR-KO mice did not lack
sodium under a standard diet, and urinary sodium excretion

decreased merely because of decreased intestinal sodium
absorption. Consequently, sodium balance was maintained,
and reduced body weight and BP were not observed in IEC-
MR-KO mice.

Conversely, a low-salt diet induced significant differences
in not only fecal sodium excretion but also body weight, BP,
and plasma aldosterone levels between IEC-MR-KO and
control mice. These changes are consistent with previous
reports of colon-specific a-ENaC knockout mice?® and reveal
that a compensatory mechanism, via increased plasma
aldosterone, is active with a low-salt diet. Notably, urine
output and water intake were significantly increased in IEC-
MR-KO compared with control mice. This result suggests that
a drastic lack of sodium in IEC-MR-KO mice with a low-salt
diet caused remarkably increased water intake. The maximum
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Figure 4. Changes in urinary sodium excretion and blood pressure under DOC+SPL treatment. Gray lines indicate the changes under DOCA/
salt treatment, as shown in Figure 3C and 3I. Black lines indicate the changes under DOC+SPL treatment. Urinary sodium excretion (A and B)
and systolic blood pressure (D and E) in control and IEC-MR-KO mice. C, Urinary sodium excretion in all groups at 12 weeks of age. F, Blood
pressure in all groups at 13 weeks of age. Arrows indicate the start of spironolactone treatment. Data are presented as mean+SEM. P<0.05 vs
*control (Cont), "DOCA/salt. DOC+SPL indicates deoxycorticosterone acetate/salt treatment plus spironolactone; DOCA, deoxycorticosterone
acetate; IEC-MR-KO, intestinal epithelial cell-specific mineralocorticoid receptor knockout.

dilution ability of the kidneys in mice is known to be
~50 mOsmol/L, similar to that in humans.*® The urinary
sodium concentration in IEC-MR-KO mice was significantly
suppressed to be 12.8 mmol/L, which was significantly lower
than that of control mice. Therefore, the remarkably increased
water intake of IEC-MR-KO mice with salt deficiency was
thought to have caused the significant increase in urine
volume and the consequent increase in daily urinary sodium
excretion compared with control mice. Notably, however,
these drastic changes in water intake and urine output were
not observed in o-ENaC—deficient mice. MR is known to
regulate the expression of several genes other than ENaC,
including SGK1 and NHE3, as described in our study. The
expression of SGK1, which activates ENaC function, was
suppressed in the distal colon of IEC-MR-KO mice compared
with control mice with a low-salt diet, as with a standard diet.
This reduction would not have occurred in a-ENaC—deficient
mice because ENaC is not an upstream regulator of SGK1. In
addition, other unknown target genes of MR might have
affected urinary volume with a low-salt diet. This means that
the lack of MR upstream of ENaC can induce more drastic
phenotypes, such as massive diuresis and body weight loss,

than ENaC deficiency. Further evaluation is warranted to
elucidate the causes of this discrepancy.

A high-salt diet considerably increased urinary sodium
excretion in both control and IEC-MR-KO mice. Because the
amount of sodium excreted in the urine reflects the amount
absorbed in the intestine, intestinal sodium absorption
markedly increased under a high-salt diet. Of the 2 main
sodium channels in the intestine, NHE3 expression signifi-
cantly increased under a high-salt diet in both genotypes; as
mentioned, a high-salt diet and hyperosmolarity might
increase NHE3 expression. Alternatively, plasma aldosterone
was suppressed to about one-fifth, and colonic - and y-ENaC
expression levels were markedly decreased with a high-salt
diet. Together, these findings suggested that a high-salt diet
enhanced NHE3 expression but did not elevate BP because of
suppressed aldosterone and decreased intestinal ENaC
expression. Although the tail-cuff method that we used to
measure BP in this study might not be able to detect slight
differences, this lack of BP elevation under salt loading alone
is consistent with the results of previous studies that used
radiotelemetry to measure BP after a high-salt diet and
reported no increase in BP.2¢3? Although NHE3 expression in
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Figure 5. The mRNA expression levels of ENaC family members and NHE3 in the distal colon under each treatment. The mRNA expression in
the distal colon of a-ENaC (A), B-ENaC (B), y-ENaC (C), SGK1 (D), and NHE3 (E) with a standard diet, a high-salt diet, DOCA/salt treatment, and
DOC+SPL treatment, as measured by quantitative polymerase chain reaction. Gene expression is normalized to that of 18S rRNA and is
expressed relative to that in control mice on a standard diet. Data are presented as mean+SEM. n=6 to 8 per genotype and group. P<0.05 vs
*control, fstandard diet, §high—salt diet, #DOCA/saIt. DOC+SPL indicates deoxycorticosterone acetate/salt treatment plus spironolactone;
DOCA, deoxycorticosterone acetate; ENaC, epithelial sodium channel; IEC-MR-KO, intestinal epithelial cell-specific mineralocorticoid receptor
knockout; NHE3, sodium—hydrogen exchanger 3; SGK1, serum/glucocorticoid regulated kinase 1.

the distal colon was significantly lower in IEC-MR-KO than
control mice, intestinal sodium absorption was similar in the 2
genotypes. The physiological significance of the change in
NHE3 expression requires further study.

Whereas BP did not increase with a high-salt diet for either
genotype, treatment with DOCA in addition to high salt loading
elevated BP in both genotypes, indicating that MR agonist
activity is pivotal in BP elevation. Notably, this elevation was
significantly suppressed in IEC-MR-KO mice. Although MR in
vascular smooth muscle cells and myeloid cells is involved in BP
regulation, as mentioned earlier, MR in nonepithelial tissues does
not affect sodium balance in the body. These findings suggest
that intestinal and renal MR are more essential in DOCA/salt-
induced BP elevation than MR in nonepithelial tissues.

Comparing both genotypes, fecal and urinary sodium
excretion and intestinal B- and y-ENaC expression were
significantly different with this treatment, as with the standard
diet, but to a greater degree. The difference in sodium dynamics
between genotypes likely caused the difference in BP. Lower
urinary sodium excretion in IEC-MR-KO than in control mice
indicates lower intestinal sodium absorption in IEC-MR-KO
mice. Because the expression levels of the 2 main intestinal
sodium channels ENaC and NHE3 on the standard diet were
lower in IEC-MR-KO than in control mice, the lower intestinal
sodium absorption in IEC-MR-KO mice with DOCA/salt treat-
ment was expected to be related to the lower expression of

these channels; however, whereas ENaC expression differed
markedly between genotypes, NHE3 expression showed similar
levels in both genotypes with DOCA/salt treatment. Although
NHE3 expression was significantly lower in [EC-MR-KO mice on
a standard diet and MR regulates NHE3 expression, NHE3 is
also regulated by several factors other than MR, such as
acidosis, high salt, hyperosmolarity, and proinflammatory
Cytokines.35f37 With DOCA/salt treatment, several conditions,
such as salt loading, osmolarity, and perhaps proinflammatory
cytokines, would have been changed. These factors likely
affected NHE3 expression, thereby eliminating the difference
between genotypes. This finding suggests that the differences
in intestinal sodium absorption and urinary sodium excretion
could be entirely attributed to differential colonic ENaC
expression. Together, our findings suggest that this difference
in ENaC expression explains the difference in BP elevation
between genotypes with DOCA/salt treatment. Further studies
should focus on establishing the causal relationship among
ENaC expression, BP, and sodium excretion.

IEC-MR-KO mice showed elevated BP in response to DOCA/
salt, whereas colonic ENaC expression remained low with this
treatment. Myeloid MR might contribute to this residual effect
of DOCA/salt on BP in IEC-MR-KO mice because previous
studies have reported its involvement in aldosterone/salt-
induced hypertension. In addition, because DOCA/salt
increases the renal expression of all ENaC subunits, renal MR
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kinase 1.

may have essential roles in BP elevation in this state. The
activation of renal MR is considered to have accelerated
excessive sodium reabsorption and, consequently, to have
contributed to BP elevation in [EC-MR-KO mice.
Spironolactone suppressed intestinal MR activation and
prevented further increases in urinary sodium excretion and
BP induced by DOCA/salt in control mice; therefore, no
difference in BP between genotypes was observed under this
treatment. These results confirmed that BP elevation was
mediated by the activation of intestinal MR. Moreover,

because the reduction in BP with additional spironolactone
treatment was also observed in IEC-MR-KO mice, this
reduction is considered to be caused by the inhibition of
MR activation in other tissues, such as the kidneys, and
further supports the proposed mechanism. Taken together,
these findings suggest that intestinal MR contributes to
sodium dynamics and BP regulation, comparable to renal MR.

A limitation of this study was that we used only male mice to
evaluate intestinal MR function. The evaluation of sex-related
differences in the role of intestinal MR deserves further study.
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Figure 7. The mRNA expression levels of ENaC family members and NHE3 in the kidneys with each treatment. The mRNA expression in the
kidneys of a-ENaC (A), B-ENaC (B), y-ENaC (C), and NHE3 (D) with a standard diet, a high-salt diet, and DOCA/salt treatment, as measured by
quantitative polymerase chain reaction. Gene expression was normalized to that of 18S rRNA and is expressed relative to that in control mice on
a standard diet. Data are expressed as mean+SEM. n=6 to 8 per genotype and group. P<0.05 vs fstandard diet, §high-salt diet. DOCA indicates
deoxycorticosterone acetate; ENaC, epithelial sodium channel; IEC-MR-KO, intestinal epithelial cell-specific mineralocorticoid receptor
knockout; NHE3, sodium—hydrogen exchanger 3.
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From a clinical perspective, a direct association between
intestinal MR and BP has not been established to date;
however, several interesting studies have assessed the
efficiency and safety of MR antagonists in dialysis
patients.*>*! In some, but not all, of these studies, BP
improvement was observed using MR antagonists. The effects
of MR antagonists on BP in anuric dialysis patients are
controversial owing to the complexity of evaluating antihy-
pertensive effects in these patients. However, the only
randomized study with a primary outcome of reduced BP
demonstrated a significant BP reduction in dialysis patients
using MR antagonists.*? Although the mechanism underlying
the antihypertensive effect was not clarified, this clinical
finding is noteworthy because it suggests the potential
involvement of intestinal MR in BP regulation.

In summary, this study is the first to evaluate the physio-
logical and pathological roles of intestinal MR by generating
IEC-MR-KO mice. We clarified the significance of intestinal MR
in sodium balance and BP regulation. Our findings revealed that
not only renal but also intestinal MR contributes to excessive
sodium retention in mineralocorticoid hypertension and indi-
cates the significant role of intestinal MR in the pathophysi-
ology of hypertension. The model and data generated in this
study will help further elucidate the molecular mechanism
underlying MR-associated cardiovascular diseases.
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SUPPLEMENTAL MATERIAL



Table S1. Primers used for genotyping and gene expression analyses

MR genotyping primers

MR-7 5-CTGGAGATCTGAACTCCAGGCT-3'
MR-8 5-CCTAGAGTTCCTGAGCTGCTGA-3
MR-10 5-TAGAAACACTTCGTAAAGTAGAGCT-3'

Cre genotyping primers

Forward primer 5-CCGCAGAACCTGAAGATGTTCGC-3

Reverse primer 5-CAGATTACGTATATCCTGGCAGCG-3'

gPCR primers

Gene product name Forward primer

Reverse primer

18S rRNA 5-TTCTGGCCAACGGTCTAGACAAC-3'
MR 5-ATGGGTACCCGGTCCTAGAG-3'

GR 5-CTGGTGTGCTCCGATGAAGC-3'
a-ENaC 5'-GCACCCTTAATCCTTACAGATACACTG-3'
B-ENaC 5-GGGTGCTGGTGGACAAGC-3'
y-ENaC 5-AACCTTACAGCCAGTGCACAGA-3'
SGK1 5'-CCAAACCCTCCGACTTTCAC-3
NHE3 5'-CCACACACTGCAACAGTACC-3
NKCC2 5-CCTTTGACTTTGAGATTGGCGTG-3
NCC 5-CGTGGTGCCGGCCTACGAAC-3’
SGLT1 5-GGGTGGCTTTGAATGGAA-3
SGLT2 5-GCTGGATTTGAGTGGAATGC-3

5-CCAGTGGTCTTGGTGTGCTGA-3'
5-ACCAAGCAGATCTTGGAAGG-3'
5-GAGACTCCTGCAGTGGCTTG-3'
5'-CAAAAAGCGTCTGTTCCGTG-3'
5-ATGTGGTCTTGGAAACAGGAATG-3'
5-TTGGAAGCATGAGTAAAGGCAG-3'
5-CCTTGTGCCTAGCCAGAAGAA-3'
5-ATAGGCAGTTTCCCATTAGG-3'
5-GGGCTGGCTTGGTAATGTTCAG-3
5-AGGTGCCACCCGACTTGACCTT-3
5-CCTTGATGTAAATCGGGACAA-3’
5-CGGTCAGATACACTGGCACA-3

MR: mineralocorticoid receptor; GR: glucocorticoid receptor; ENaC: epithelial sodium channel;

SGK1: serum/glucocorticoid regulated kinase 1; NHE3: sodium-hydrogen exchanger 3;

NKCC2: sodium-potassium-chloride cotransporter; NCC: sodium-chloride cotransporter;

SGLT1: sodium-glucose cotransporter 1; SGLT2: sodium-glucose cotransporter 2
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Figure S1. Histological evaluation of intestinal mucosal morphology by hematoxylin-eosin staining.
Intestines, including the duodenum to the distal colon, of control (upper panels) and IEC-MR-KO mice (lower
panels) are shown. Magnification: 200X, Scale bar: 100 um. IEC-MR-KO: intestinal epithelial cell-mineralocorticoid

receptor-knockout.
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Figure S2. Specific deletion of MR from intestinal epithelial cells in IEC-MR-
KO mice.

A. Genomic DNA was amplified with primers specific for LoxP MR or recombined
MR. Recombination in MR occurs throughout the intestine of IEC-MR-KO mice (+),
including the duodenum, jejunum, ileum, proximal colon, and distal colon.
Recombination does not occur in the intestine of control mice (-) or the kidneys of
either mouse line. B,C. mRNA expression level of MR throughout the intestine (B)
and in the kidney, heart, aorta, or liver (C) of IEC-MR-KO and control mice. D.
MRNA expression of GR in each intestinal portion between genotypes. The
expression level in each intestinal portion was normalized to that in the duodenum
of control mice. Data are presented as means = SEMs. *P < 0.05 vs. Control. IEC-
MR-KO, intestinal epithelial cell-mineralocorticoid receptor-knockout.
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Figure S3. mRNA expression levels of NKCC2, NCC, SGLT1, and SGLT2 in
the kidneys.

MRNA expression in the kidneys of NKCC2, NCC, SGLT1, and SGLT2 under
standard diet as measured by qPCR. Gene expression was normalized to that
of 18S rRNA and is expressed relative to that in control mice. Data are
expressed as means = SEMs. n = 7 per genotype. IEC-MR-KO, intestinal
epithelial cell-mineralocorticoid receptor-knockout.





