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Local aldosterone synthesis in
the large intestine of mouse:
An ex vivo incubation study

Zan Pang1 , Hanna Launonen1,
Riitta Korpela1,2 and Heikki Vapaatalo1

Abstract

Objective: To investigate the regulation of local aldosterone synthesis by physiological stimu-

lants in the murine gut.

Methods: Male mice were fed for 14 days with normal, high (1.6%) or low (0.01%) sodium diets.

Tissue liver receptor homolog-1 and aldosterone in the colon and caecum were detected using

an enzyme-linked immunosorbent assay (ELISA). Released corticosterone and aldosterone in

tissue incubation experiments after stimulation with angiotensin II (Ang II) and dibutyryl-cAMP

(DBA; the second messenger of adrenocorticotropic hormone) were assayed using an ELISA.

Tissue aldosterone synthase (CYP11B2) protein levels were measured using an ELISA and

Western blots.

Results: In incubated colon tissues, aldosterone synthase levels were increased by a low-sodium

diet; and by Ang II and DBA in the normal diet group. Release of aldosterone into the incubation

buffer was increased from the colon by a low-sodium diet and decreased by a high-sodium diet in

parallel with changes in aldosterone synthase levels. In mice fed a normal diet, colon incubation

with both Ang II and DBA increased the release of aldosterone as well as its precursor

corticosterone.

Conclusion: Local aldosterone synthesis in the large intestine is stimulated by a low-sodium

diet, dibutyryl-cAMP and Ang II similar to the adrenal glands.
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Introduction

Aldosterone is the most important mineral-
ocorticoid that is produced in the zona
glomerulosa layer of the adrenal gland
cortex.1 It has been shown that many
extra-adrenal tissues, including aortic
smooth muscle cells in rat blood vessels,2,3

neonatal cardiomyocytes in rat heart,4 the
nucleus of the solitary tract in rat brain,5

human skin cells6 and the glomeruli and
proximal tubules in rat kidney,7 are able
to synthesize aldosterone locally. Another
factor in favour of local synthesis is that
the regulation of salt and water balance
has been demonstrated to occur not only
in the main target, i.e. the distal convoluted
tubule of the kidney, but also in different
tissues capable of aldosterone synthesis.8

The large intestine is also an important reg-
ulator of water and electrolyte balance,
whilemineralocorticoid receptors are also
expressed in this organ.9 In our previous
study, local synthesis of aldosterone was
demonstrated in the caecum as well as in
the proximal and midsection parts of the
colon.10 Aldosterone exerts important
effects in the intestine, such as promoting
potassium excretion and sodium absorp-
tion.11 The large intestine is able to locally
synthetize corticosterone, a precursor of
aldosterone, especially in an experimental
model of colitis.12–14 Thus, there are several
lines of evidence to support our previous
finding that the intestine is able to produce
aldosterone in a parallel way as occurs for
corticosterone.

Previous research has demonstrated
that components of the renin–angiotensin
system are present in the intestine.15–17

Angiotensin II (Ang II) is known to be
one of the most important factors capable
of stimulating the synthesis of aldosterone
in the adrenal cortex similarly to the
situation when animals are fed a diet with
a low sodium content.1,18 Moreover, the
second messenger of adrenocorticotropic

hormone (ACTH), cyclic adenosine
30,50-monophosphate (cAMP) is also a
physiological stimulant of aldosterone
synthesis.18,19

The aim of this study was to investigate
how local aldosterone synthesis in the large
intestine is regulated by examining mice
consuming diets with different sodium con-
centrations for 14 days. An ex vivo tissue
incubation experiment was then undertaken
with physiological stimulants in order to
determine the mechanism behind this
phenomenon.

Materials and methods

Animals and ethical approval

The study was conducted at the
Department of Pharmacology, Faculty of
Medicine, University of Helsinki, Helsinki,
Finland. The animal experiments had ethi-
cal approval by the Project Authorization
Board of the Regional State Administrative
Agency for Southern Finland (no. ESAVI/
9377/2019) in accordance with the Finnish
Act on Animal Experimentation (no. 62/
2006).

Seven-week-old Balb/c male mice (20.7–
25.7 g; Envigo, Horst, The Netherlands)
were acclimatized for 4 days to a 12 h
light/dark cycle at 22�C� 2�C and relative
humidity of 55%� 15% in individually
ventilated cages. The animals were random-
ly taken from cages after the accommoda-
tion period to divide into three feeding
groups. Mice in the normal diet group
were provided with Teklad Global 18%
protein rodent diet with 0.2% of sodium
(Harlan, Indianapolis, IN, USA) for
14 days. The low-sodium diet group received
a sodium-deficient diet (0.01–0.02% sodium)
(Envigo) and the high-sodium diet group
was fed with a 4% NaCl diet (Envigo),
which contains a 1.6% sodium content.
Tap water was given for ad libitum drinking.
Consumption of food and water as well as
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the body weight development of the animals

were recorded every 7 days. The behaviour

and condition of each animal were moni-

tored every 2 days.

Sample collection and tissue incubation

After 14 days of feeding, the mice were sac-

rificed by cervical dislocation under isoflur-

ane anaesthesia (Virbac, Carros, France).

The animals were bled. The whole caecum

along with the proximal and midsection

parts of the colon were excised immediately

after euthanization. The intestinal sections

were opened longitudinally and rinsed with

preoxygenated ice-cold Krebs buffer

(118.4mM NaCl, 25mM NaHCO3, 11mM

glucose, 1.6mM CaCl2 � 2H2O, 4.7mM KCl,

1.2mM KH2PO4, 1.2mM MgSO4, pH 7.4).

Proximal duodenum, the middle section of

jejunum and distal ileum as well as the adre-

nal glands were collected and snap-frozen in

liquid nitrogen followed by storage at –80�C
before analysis.

Krebs buffer was preoxygenated using

carbogen (95% O2 and 5% CO2) for

30min and kept on ice before the start of

the incubation. After washing, similar sized

samples of caecum and colon were incubat-

ed in capped Eppendorf Protein Lobind

tubes with gentle agitation at 37�C for

75min in a volume of 1.0ml of preoxygen-

ated Krebs buffer without (control group,

n¼ 10) or with either 1 lM Ang II (Ang II

group, n¼ 6) or 0.1mM dibutyryl-cAMP

(a synthetic derivative of cAMP; DBA

group, n¼ 6). The pH of the buffer

remained in the range 7.0–7.2 throughout

the incubation. The concentrations of Ang

II and dibutyryl-cAMP were chosen based

on our previous research on the synthesis of

corticosterone in tissue incubation stud-

ies.20,21 The incubation fluid and incubated

tissue samples were separately snap-frozen

in liquid nitrogen and stored at –80�C prior

to the immunological assays.

Protein extraction from incubated tissue

samples

The caecum, proximal and midsection parts

of the colon and the pooled adrenal glands

were homogenized separately in a volume

of 500 ll of enzyme-linked immunosorbent

assay (ELISA) buffer (136mM NaCl,

8mM Na2HPO4, 2.7mM KCl, 1.46mM,

KH2PO4, 0.001% Tween 20, pH 7.4) with

Pierce Protease Inhibitor Mini Tablet
(Thermo Fisher Scientific, Waltham, MA,

USA) followed by sonication (17 kHz,

10 s). The total protein amount in the

tissue was calculated from the results mea-

sured by the Pierce BCA Protein assay kit

(Thermo Fisher Scientific) as an indication

of the amount of tissue that had produced

the aldosterone.

Immunochemical assays

Corticosterone, the precursor of aldoste-

rone, was measured from the incubation

fluid of the colon and caecum sections

using a Corticosterone Parameter Assay

kit (KGE009; R&D Systems, Minneapolis,

MN USA). The corticosterone level was

normalized against total protein in the

respective incubated tissue sample.
Aldosterone was measured from the

incubation fluid of intestinal sections

using an Aldosterone ELISA Kit (501090;

Cayman Chemical, Ann Arbor, MI, USA).

The aldosterone released into the incuba-

tion fluid was normalized according to the

total protein amount of the corresponding

incubated tissue sample.
Aldosterone synthase (Cytochrome

P450 Family 11 Subfamily B Member 2

[CYP11B2]) concentration was measured

from the homogenate supernatants of

incubated caecum, colon sections and

adrenal glands using an ELISA Kit

for Aldosterone Synthase (SEA987Mu;

Cloud-Clone Corp., Katy, TX, USA).
The tissue aldosterone synthase CYP11B2

Pang et al. 3



was normalized against the amount of
protein.

Liver receptor homolog-1 (LRH-1), the
transcription factor that regulates the
expression of steroidogenic enzymes of
local corticosterone synthesis, was mea-
sured from the nonincubated colon and
caecum homogenates using a Mouse
Nuclear Receptor Subfamily 5 Group A
Member 2 ELISA kit (MBS9717987;
MyBioSource, San Diego, CA, USA). The
LRH-1 level was normalized according to
the protein amount.

In the ELISA assays, theminimum
detectable concentrations were 0.028 ng/ml
for corticosterone, 0.0156 ng/ml for aldo-
sterone, 0.057 ng/ml for aldosterone syn-
thase and 0.312 ng/ml for LRH-1. Intra-
and interassay coefficients of variation
were 6.3% and 7.1% for corticosterone,
8.4% and 17.4% for aldosterone, <10%
and <12% for aldosterone synthase and
<10% and <12% for LRH-1, respectively.

Western blot analysis

After protein extraction from the incubated
intestinal samples, the total protein concen-
trations of homogenate supernatants were
diluted to the same protein concentration
using ELISA buffer and Laemmli sample
buffer (Bio-Rad, Hercules, CA, USA).
Samples containing 35 mg protein were
pipetted into the wells of Mini-Protean
TGX Precast Protein Gels (Bio-Rad) in a
random order followed by transfer to nitro-
cellulose membranes (Bio-Rad). The block-
ade was performed for 2 h at room
temperature using a commercially available
buffer (InterceptVR [TBS] Blocking Buffer;
LI-COR Biosciences, Lincoln, NE, USA).
After blockade, the membranes were
incubated at 4�C overnight with primary
rabbit monoclonal antibody against mouse
CYP11B2 (recombinant anti-C11B2/
CYP11B2 antibody; Abcam, Cambridge,
UK) at a 1:1000 dilution, followed by

washing four times with 1�TBS (20mM
Trizma base and 137mM NaCl, pH 7.6)
and incubation for 1 h at room temperature
in the presence of IRDye 800CW goat anti-
rabbit IgG secondary antibody (1:10000
dilution; LI-COR Biosciences). After incu-
bation, the membranes were washed twice
with 1�TBS-T (20mM Trizma base and
137mM NaCl and 0.05% Tween 20, pH
7.6) and twice with 1�TBS (pH 7.6). The
target bands were scanned using an
OdysseyVR CLx Imaging System (LI-COR).
The membranes were then stripped and the
following antibodies were used to determine
the loading control: mouse anti-
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:1000 dilution; Cell Signaling
Technology, Danvers, MA, USA) and
IRDye 800CW goat anti-mouse IgG second-
ary antibody (1:20000 dilution; LI-COR).
The target bands were normalized against
GAPDH after detection using an OdysseyVR

CLx Imaging System.

Statistical analyses

All statistical analyses were performed
using IBM SPSS Statistics for Windows,
Version 26.0 (IBM Corp., Armonk, NY,
USA) using one-way analysis of variance
followed by the Least Significant
Difference test. The graphs were made
using GraphPad Prism 8 (Graphpad
Software Inc., San Diego, CA, USA). The
data are presented as mean with standard
error of the mean (SEM). A P-value <0.05
was considered statistically significant.

Results

In order to examine how aldosterone syn-
thesis in the gut is regulated, this study pro-
ceeded in a step-by-step manner. After
weighing and monitoring the food and
drink intake of the study mice, the tests
began by examining which sections of the
intestine contained more aldosterone and
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thus would be used as the study targets. The

next step was to conduct a series of assays

to follow the aldosterone synthesis pathway

from the levels of a transcriptional regula-

tor of steroidogenic enzymes, LRH-1, then

to the precursor of aldosterone, corticoste-

rone, followed by the presence of the

enzyme, aldosterone synthase, and finally

the product, aldosterone.
In order to follow the body weight

changes and the consumption of food and

water, the mice were monitored every

second day to ensure their health and

normal behaviour during the 14-day feed-

ing period. The body weight increase of the

mice consuming the normal diet was signif-

icantly lower compared with the mice fed

either the low- or high-sodium diets

(P< 0.05 for both comparisons) (Table 1).

Food intake was significantly higher in the

low-sodium diet group compared with the

other two groups (P< 0.05 for both com-

parisons); while water consumption was

significantly higher in the high-sodium diet

group compared with the other two groups

(P< 0.05 for both comparisons).
Aldosterone was detected in naı̈ve, non-

incubated small intestine samples, including

the proximal duodenum, the midsection of

the jejunum and the distal ileum from mice

in the normal diet group (Figure 1) at a
lower level (approximately one-tenth) that
measured in the large intestine in our pre-
vious study using the same assay method.10

Therefore, colon and caecum were chosen
for further assays. The highest aldosterone

Table 1. Total water, food, sodium intake and body weight change in three groups of mice fed diets with
different concentrations of sodium during a 14-day study.

Characteristic

Normal

diet group

n¼ 10

Low-sodium

diet group

n¼ 10

High-sodium

diet group

n¼ 10 Statistical analysisa

Consumption

Water, ml 54.4� 1.4 50.5� 2.0 99.4� 1.9 H versus N and L: P< 0.05

Food, g 44.7� 0.9 63.1� 1.9 48.4� 1.3 L versus N and H: P< 0.05

Sodium, mg 67.0� 1.7 6.3� 0.2 761.2� 21.1 H versus N and L: P< 0.05

Body weight

Change, g 0.6� 0.3 1.8� 0.2 1.7� 0.2 N versus L and H: P< 0.05

Data presented a mean� SEM.
aBetween-group comparisons were undertaken using one-way analysis of variance followed by the Least Significant

Difference test.

N, normal diet; L, low-sodium diet; H, high-sodium diet.

Figure 1. Aldosterone (Aldo) concentration
relative to the total protein amount in non-
incubated intestinal samples of duodenum, jejunum
and ileum of mice fed with a normal diet. Data
presented as mean� SEM; duodenum and jejunum,
n¼ 6; ileum, n¼ 5, ***P< 0.005; between-group
comparisons were undertaken using one-way
analysis of variance followed by the Least Significant
Difference test.
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levels in the small intestine were measured
in the jejunum, which were significantly
higher than those in the duodenum and
ileum (P< 0.001 and P¼ 0.02, respectively).

Liver receptor homolog-1, a transcription
factor that regulates the steroidogenic
enzymes of local steroid synthesis, was
detected by immunoassay in non-incubated
colon and caecum (Figure 2). In the colon,
the LRH-1 protein level was significantly
lower in the high-sodium diet group com-
pared with the other two groups (P¼ 0.005
compared with normal diet group; P¼ 0.004
compared with low-sodium diet group). The
LRH-1 protein levels in the caecum were
lower than those in the colon. Although
the mean LRH-1 level in the caecum of the
high-sodium diet group was approximately
20% lower than that of the normal diet
group, the difference was not significant.

In the incubation experiments, cortico-
sterone, the precursor of aldosterone, was
found to be released into the incubation
fluid from the colon sections (Figure 3).
After the corticosterone levels were

normalized relative to the respective tissue
total protein amounts, it was evident that
the non-stimulated (control) values
(0.27 pg/lg protein) in the incubations of
the animals consuming the normal diet
were over twice as high as those measured
from animals on the low- (0.11 pg/lg pro-
tein) or high-sodium (0.12 pg/lg protein)
diets. Both Ang II and dibutyryl-cAMP, a
synthetic derivative of cAMP, the second
messenger of ACTH, increased the mean
levels of corticosterone released from the
colon in the normal diet group. In the
caecum incubation experiments, Ang II as
well as dibutyryl-cAMP increased the
release of corticosterone during the incuba-
tion in samples dissected from mice being
fed the normal diet as previously demon-
strated (data not shown).

Aldosterone synthase (CYP11B2) pro-
tein was detected in the incubated colon
tissue using ELISA. Incubation with Ang
II or dibutyryl-cAMP significantly upregu-
lated aldosterone synthase CYP11B2 levels
compared with the control group in mice

Figure 2. Liver receptor homolog-1 (LRH-1) concentration relative to the total protein amount in non-
incubated intestinal tissue samples from three groups of mice fed diets with different concentrations of
sodium (Na) during a 14-day study. Data presented as mean� SEM; colon and caecum, n¼ 6; **P< 0.01,
***P< 0.005; between-group comparisons were undertaken using one-way analysis of variance followed by
the Least Significant Difference test.
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fed a normal diet (P¼ 0.002 and P< 0.001,

respectively), but this was not observed in

the other two groups of mice (Figure 4).

When the colon samples were subjected to

Western blot analysis, the results were sim-

ilar to those of the ELISA except that in the

high-sodium diet group, dibutyryl-cAMP

significantly increased the levels of aldoste-

rone synthase CYP11B2 protein compared

with the control group (P¼ 0.007 in the

normal diet group; P¼ 0.028 in the high-

sodium diet group) (Figure 5).
In the incubated caecums from the three

groups of mice, the control levels of aldo-

sterone synthase CYP11B2 protein were at

least twice as high as the levels in the colon

(Figure 4). Neither Ang II nor dibutyryl-

cAMP increased the levels of aldosterone

synthase CYP11B2 protein in any of the

three groups of mice. Consistent with the

ELISA results, the Western blot analysis

confirmed that incubation with Ang II or

dibutyryl-cAMP did not increase the levels

of aldosterone synthase CYP11B2 protein

in the caecums from the three groups of

mice (Figure 6).
The levels of aldosterone synthase

CYP11B2 protein in the non-incubated

adrenal glands from the three groups of

mice were measured using Western blot

analysis (Figure 7). The low-sodium diet

decreased the amount of aldosterone syn-

thase CYP11B2, which was similar to our

previous study with the same experimental

setup.10

In the non-stimulated colon, the low-

sodium diet significantly increased the

levels of aldosterone synthase CYP11B2

protein compared with the normal diet

(P< 0.001) (Figure 8). The high-sodium

diet did not decrease the levels aldosterone

synthase CYP11B2 protein as predicted,

but increased the levels significantly com-

pared with the normal diet (P¼ 0.004). In

the non-stimulated caecum, the levels of

aldosterone synthase CYP11B2 protein

were approximately double those detected

in the colon, which was consistent with

Figure 3. Corticosterone release into the incubation fluid from the colons of three groups of mice fed
diets with different concentrations of sodium (Na) during a 14-day study: tissues incubated without
(Control) or with either angiotensin II (Ang II; 1lM) or dibutyryl-cAMP (DBA; 0.1mM). The corticosterone
concentrations in the incubation fluid were normalized relative to the total protein amount in incubated
tissue samples. Data presented as mean� SEM; n¼ 5–6/group; *P< 0.05; between-group comparisons were
undertaken using one-way analysis of variance followed by the Least Significant Difference test.
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the amounts of aldosterone released into
the incubate. Neither a low-sodium nor a
high-sodium diet exerted any significant
effect on the levels aldosterone synthase
CYP11B2 protein.

In the colon incubation experiments
(Figure 9), the control level of aldosterone
in the incubate was elevated in the

low-sodium group compared with the con-
trol levels in the other two groups of mice.
Both Ang II and dibutyryl-cAMP increased
the release of aldosterone when the animals
were fed with a normal diet, but not signif-
icantly in the low-sodium diet group.
Treatment with dibutyryl-cAMP, but not
Ang II, stimulated the release of

Figure 4. Aldosterone synthase (CYP11B2) protein levels were measured using enzyme-linked immuno-
sorbent assay and normalized relative to the total protein amount in the incubated colon and caecum tissue
from three groups of mice fed diets with different concentrations of sodium (Na) during a 14-day study:
tissues incubated without (Control) or with either angiotensin II (Ang II; 1 lM) or dibutyryl-cAMP (DBA; 0.1
mM). Data presented as mean� SEM; n¼ 5–6/group; ***P< 0.005; between-group comparisons were
undertaken using one-way analysis of variance followed by the Least Significant Difference test.

8 Journal of International Medical Research



aldosterone in the high-sodium diet group.
In the caecum incubation experiments
(Figure 9), the control levels of aldosterone
were higher than those measured in the cor-
responding colon incubates. The lowest
control level of aldosterone was measured
in the caecum incubation in the high-
sodium diet group, being approximately
50% of that detected in the normal diet
group. Dibutyryl-cAMP significantly
increased the release of aldosterone in

both the low- (P¼ 0.021 compared with
the control group) and high-sodium
groups (P< 0.001 compared with the Ang
II group), but not in the normal diet group.

In the colon incubation experiments,
consistent with its precursor corticosterone,
aldosterone release was detected in all three
groups of mice (Figure 10). The highest
level of aldosterone released into the incu-
bation fluid was observed in the low-
sodium diet group, which was significantly

Figure 5. Aldosterone synthase (CYP11B2) protein levels were measured using Western blot analysis in
the incubated colon tissue from three groups of mice fed diets with different concentrations of sodium (Na)
during a 14-day study: tissues incubated without (Control) or with either angiotensin II (Ang II; 1 lM) or
dibutyryl-cAMP (DBA; 0.1mM). (a) Bands of CYP11B2 (green) and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (red) from the colon. GAPDH was utilized as a loading control. (b) Effects of Ang II and
DBA in colon when the control group columns without stimulants were set as 1. Data presented as mean�
SEM; n¼ 5–6/group; *P< 0.05, **P< 0.01; between-group comparisons were undertaken using one-way
analysis of variance followed by the Least Significant Difference test. The colour version of this figure is
available at: http://imr.sagepub.com.
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higher than in the normal and high-sodium
diet groups (P¼ 0.028 and P¼ 0.040,
respectively). In the caecum incubation
experiments, the release of aldosterone
into the incubation fluid was nearly three-
fold higher than that detected in the colon
incubation experiments in the normal diet
group; and the levels were also higher in the
groups fed either with the low- or high-
sodium diets. When these findings for the
levels of aldosterone released into the incu-
bation fluid were compared with the results
of the aldosterone synthase CYP11B2 pro-
tein levels (Figure 8), low- and high-sodium
diets displayed a similar pattern in the
colon.

Discussion

The aim of the present study was to inves-

tigate how the local synthesis of aldosterone

in intestinal tissues detected in our previous

studies is regulated.10,22 Mice were fed

two different diets (low-sodium and high-

sodium) or a normal control diet for

14 days to elucidate whether the sodium

intake would influence the production of

intestinal aldosterone similar to that

known to occur in the adrenal glands.

Based on a pilot experiment on the entire

small intestine from the duodenum to the

ileum and our previous work on the large

intestine (colon and caecum) using the same

Figure 6. Aldosterone synthase (CYP11B2) protein levels were measured using Western blot analysis in
the incubated caecum tissue from three groups of mice fed diets with different concentrations of sodium
(Na) during a 14-day study: tissues incubated without (Control) or with either angiotensin II (Ang II; 1lM)
or dibutyryl-cAMP (DBA; 0.1mM). (a) Bands of CYP11B2 (green) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (red) from the caecum. GAPDH was utilized as a loading control. (b) Effects
of Ang II and DBA in caecum when the control group columns without stimulants were set as 1. Data
presented as mean� SEM; n¼ 5–6/group; no significant between-group differences. The colour version
of this figure is available at: http://imr.sagepub.com.
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murine model,10 the colon and caecum were

chosen for further incubation experiments

since they contained higher tissue aldoste-

rone concentrations than the small intes-

tine. An ex vivo incubation of the colon

and caecum was undertaken to test whether
two physiological activators, Ang II and
dibutyryl-cAMP, the second messenger of
ACTH, would be able to induce aldoste-
rone release. The levels of the aldosterone
synthase (CYP11B2) protein, which is the
enzyme responsible for the formation of
aldosterone from its precursor corticoste-
rone, was verified using two different
methods, ELISA and Western blot analysis.
Furthermore, a putative transcription
factor, LRH-1, which regulates the
steroidogenic enzymes, was found to be
expressed in the intestinal tissues.
Corticosterone, the precursor of aldoste-
rone synthesis, was also shown to be
released in incubation experiments. This
current study has detected most of the com-
ponents of the pathway leading to the
synthesis of aldosterone locally. When com-
bined with our recent findings on the
expression of the CYP11B2 gene,10 these
new results provide supportive evidence
that there is local synthesis of aldosterone
in intestinal tissues.

Liver receptor homolog-1, the putative
transcription factor that regulates the ste-
roidogenic enzymes of local steroid synthe-
sis,23 was detected in the large intestine in
the current study. LRH-1 is a factor that is
involved in the regulation of several meta-
bolic pathways. For example, in mice,
LRH-1 cooperates with liver X receptor
(LXR) to regulate cholesterol metabo-
lism.24 LXR controls the levels of steroido-
genic acute regulatory protein leading to
the accumulation of free cholesterol in
mouse adrenal glands.25 Furthermore,
LRH-1 is known to regulate the intestinal
levels of steroidogenic enzymes and gluco-
corticoid synthesis in response to immuno-
logical stress.23 In the current colon
experiments, a high-sodium diet significant-
ly decreased the levels of LRH-1 and also
reduced corticosterone release into the incu-
bation fluid. These current findings suggest
that the synthesis of steroids in the colon

Figure 7. Aldosterone synthase (CYP11B2)
protein levels were measured using Western blot
analysis in the non-incubated adrenal glands from
three groups of mice fed diets with different
concentrations of sodium (Na) during a 14-day
study. Bands of CYP11B2 (green) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) (red)
from the adrenal glands. GAPDH was utilized as
a loading control. The normal diet control group
column was set as 1. The adrenal glands from six
mice from each group were pooled as one single
sample (n¼ 1). The colour version of this figure
is available at: http://imr.sagepub.com.
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might be a consequence of the downregu-

lated LRH-1.
Corticosterone, the precursor of aldoste-

rone, was released into the incubation fluid

of the large intestine samples in the current

study, suggesting the local synthesis of this

steroid. This finding is in agreement with

those from other extra-adrenal tissues,

such as skin,26 salivary glands27 and the

intestines.20,28 As cAMP, the second mes-

senger of ACTH, is one of the most crucial

regulatory signals in steroidogenesis,29 the

current study demonstrated that dibutyryl-

cAMP (a synthetic cAMP analogue)

increased corticosterone release in the incu-

bation of colon samples from mice fed a

normal diet. In addition, Ang II stimulated

corticosterone synthesis in the colon of mice

consuming a normal diet, in accordance

with our previous report.20 Feeding a

high-sodium diet reduced the control non-

stimulated corticosterone levels, which was

consistent with the LRH-1 result.

Furthermore, both low- and high sodium-

diets abrogated the stimulatory effect of

Ang II and dibutyryl-cAMP on corticoste-

rone levels in the colon in the current study.

These findings are evidence of a central

role for LRH-1 in glucocorticoid synthesis

in the gut.12,23,30

Concerning the effects of the addition of

the stimulants Ang II and dibutyryl-cAMP

to the incubations of the caecum and colon

in the current study, both agents stimulated

aldosterone production and release in a

similar manner to that observed in the adre-

nal glands.31 The changes in the aldosterone

synthesis pathway from levels of the aldo-

sterone synthase (CYP11B2) protein to the

final product paralleled the changes

observed for corticosterone. Previously, it

has been reported that ACTH and Ang II

could induce the conversion of corticoste-

rone to aldosterone in rat adrenal cells

Figure 8. Aldosterone synthase (CYP11B2) protein levels were measured using enzyme-linked
immunosorbent assay and normalized relative to the total protein amount in the incubated non-stimulated
colon and caecum tissue from three groups of mice fed diets with different concentrations of sodium
(Na) during a 14-day study. Data presented as mean� SEM; n¼ 5–6/group; ***P< 0.005; between-group
comparisons were undertaken using one-way analysis of variance followed by the Least Significant Difference
test.
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in vitro.32 The effect of Ang II on aldoste-

rone release in the colon of the animals on a

normal diet in the current study suggested

that Ang II is not only an important stim-

ulus of aldosterone in the adrenal

gland,33,34 blood vessels35 and kidney,7 but

it also acts to promote the synthesis of aldo-

sterone in the colon. In the colon, dibutyryl-

cAMP stimulated aldosterone synthesis in

the current study, which resembles the

close correlation between the levels of

cAMP and the steroid hormone production

rate in adrenal cortical cells.36 However, in

the caecum of mice fed a normal diet, the

levels of aldosterone synthase (CYP11B2)

protein and aldosterone release were not

upregulated by Ang II or dibutyryl-

cAMP, indicating that these two large

Figure 9. Aldosterone levels released into the incubation fluid were measured using enzyme-linked
immunosorbent assay and normalized relative to the total protein amount in the incubated colon and
caecum tissue from three groups of mice fed diets with different concentrations of sodium (Na) during
a 14-day study: tissues incubated without (Control) or with either angiotensin II (Ang II; 1 lM) or
dibutyryl-cAMP (DBA; 0.1 mM). Data presented as mean� SEM; n¼ 8–10/control group, n¼ 4–6/Ang II and
DBA groups; *P< 0.05; *** P< 0.005; between-group comparisons were undertaken using one-way analysis
of variance followed by the Least Significant Difference test.
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intestinal tissues respond differently to

these stimulants. It remains to be clarified

whether this is due to different physiologi-

cal functions of these two parts of the large

intestine. In the mouse, the caecum acts as a

microbial fermentation organ. However, in

addition to water absorption, the proximal

colon also transports a mixture of bacteria

and mucus back to the caecum.37 It can be

speculated that the difference between these

two parts of the large intestine is also relat-

ed to the different gut physiology in

rodents. The caecum can be considered to

act as a type of ‘sac’ to retain the mass of

digested food but with slower peristaltic

movements than the colon, therefore it has

less and thinner smooth muscle as reflected

in the lower protein amount of its smooth

muscle.38 This fact should, but could not,

be taken into consideration, because the

current measurements were normalized to

the tissue protein content. The difference

in tissue protein content might partly

explain the higher CYP11B2 level and ele-

vated aldosterone release from the caecum

compared with the colon in the current

experiments. In the caecum specimens

from the low-sodium diet group, although

the levels of aldosterone synthase

(CYP11B2) protein did not change, the

aldosterone level was increased by

dibutyryl-cAMP stimulation. This might

be due to the induction of aldosterone syn-

thase (CYP11B2) activity as this is known

to be the case for many CYP enzymes

instead of the upregulation of the enzyme

protein level.39

In order to study the effects of different

diets on aldosterone synthase (CYP11B2)

protein levels and aldosterone release, a

prolonged reduction in the sodium intake

was used to stimulate intestinal aldosterone

production as this is known to occur in the

adrenal glands.40 In the colon, a low-

sodium intake increased aldosterone syn-

thase (CYP11B2) protein levels followed

Figure 10. Aldosterone levels released into the incubation fluid were measured using enzyme-linked
immunosorbent assay and normalized relative to the total protein amount in the incubated non-stimulated
colon and caecum tissues from three groups of mice fed diets with different concentrations of sodium (Na)
during a 14-day study. Data presented as mean� SEM; n¼ 8–10/group; *P< 0.05; **P< 0.01; ***P< 0.005;
between-group comparisons were undertaken using one-way analysis of variance followed by the Least
Significant Difference test.
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by increased aldosterone release into the
incubation fluid, which was similar to the
effects of the two stimulants, Ang II and
dibutyryl-cAMP. In the rat adrenal gland,
a low sodium intake has been reported to
enhance the expression of the CYP11B2
gene41 and even small changes in the
sodium content of the perfusate exerted a
powerful effect on Ang II- or potassium-
stimulated aldosterone secretion in adrenal
glands.40 It is recognized that Ang II is the
most important physiological stimulus of
aldosterone release in the adrenal
gland.33,34 Thus, it is not unreasonable to
speculate that the induction of this pathway
in response to the sodium content in the
diet would also affect the aldosterone level
in colonic tissue as reflected by the current
finding that Ang II was able to control the
levels of aldosterone, similar to the situa-
tion in the adrenal glands.

Some methodological issues in this cur-
rent study should be taken into consider-
ation. Corticosterone and aldosterone
were measured using ELISA kits so both
specificity and cross-reactivity are of impor-
tance. The manufacturers provided infor-
mation that the aldosterone ELISA kit
displays around 0.1% cross-reactivity with
the non-target compound, corticosterone;
and the corticosterone kit had 0.5% cross-
reactivity with other related molecules.
However, due to the extent of the hormone
levels measured, the impact of these cross-
reactions was considered to be negligible.
Contamination from blood in the capillar-
ies of the tissues was theoretically possible
during the measurements of the hormone
levels, so the animals were bled before
sample preparation and the samples were
rinsed carefully. Thus, only very small
amounts (a few microliters) of blood and
a few picograms of aldosterone could have
remained in the colon. In our previous
study, plasma aldosterone concentrations
were between 100–200 pg/ml depending on
the sodium concentration in the diet.10

Furthermore, only a section of the whole
tissue was incubated and the measurements
were made from the incubation fluid. Thus,
the possibility that the measured aldoste-
rone could have originated from the periph-
eral circulation was very unlikely. The
antibody used for detecting the aldosterone
synthase CYP11B2 protein in the Western
blot analysis was that reported to possess
the highest specificity according to the man-
ufacturer’s literature.

This current study demonstrated that
aldosterone can be detected in the murine
small intestine (i.e. duodenum, jejunum and
ileum) but at lower levels than those
reported previously in the large intestine.22

In the colon and caecum, the steroidogenic
enzyme regulator LRH-1 and the key
enzyme aldosterone synthase CYP11B2
were detected and corticosterone, the pre-
cursor of aldosterone, was released in the
ex vivo experiment along with the release
of aldosterone itself. These observations
indicate that the whole chain of crucial
events needed for local aldosterone synthe-
sis exists in the murine large intestine. In the
colon of mice consuming a normal diet, two
physiological stimulants, Ang II and cAMP
(dibutyryl-cAMP), were able to upregulate
upstream components in the pathway lead-
ing to aldosterone synthesis, including cor-
ticosterone and the key enzyme aldosterone
synthase CYP11B2. In the caecum, addi-
tion of cAMP to the incubation medium
as well as feeding the mice with a low-
sodium diet for 14 days increased the syn-
thesis of aldosterone. These findings with
the stimulants were further supported by
parallel increased aldosterone synthase pro-
tein and elevated release of aldosterone in
the colon incubation experiments of the
normal diet group.

In conclusion, this current study demon-
strated that Ang II, cAMP and sodium-
deficient feeding were able to stimulate
aldosterone release and increase aldoste-
rone synthase protein levels in a mouse
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colon ex vivo preparation. In the caecum,

high-sodium intake decreased aldosterone

release. These current findings suggest that

aldosterone synthesis in the colon could be

regulated by the same stimulatory factors

that are known to be present in the adrenal

cortex.
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