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RAPID COMMUNICATION

Aldosterone Stimulates Gene Expression of Hepatic
Gluconeogenic Enzymes through the Glucocorticoid Receptor
in a Manner Independent of the Protein Kinase B Cascade
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Abstract. Primary aldosteronism is associated with glucose intolerance and diabetes, which is due in part to impaired
insulin release caused by reduction of potassium, although other possibilities remain to be elucidated. To evaluate the in
vivo effects of aldosterone on glucose metabolism, a single dose of aldosterone was administered to mice, which resulted
in elevation of the blood glucose level. In primary cultured mouse hepatocytes, the gene expression of gluconeogenic
enzymes such as glucose-6-phosphatase (G6Pase), fructose-1,6-bisphosphatase and phosphoenolpyruvate carboxykinase
increased in response to aldosterone in a dose-dependent manner even at a concentration similar to a physiological
condition (102 M). The inhibitory effect of insulin on G6Pase gene expression was partially suppressed by aldosterone.
Furthermore, aldosterone enhanced G6Pase promoter activity in human hepatoma cell line HepG2, which was prevented
by co-treatment with a glucocorticoid antagonist RU-486, but not a mineralocorticoid antagonist spironolactone. In
contrast, aldosterone had no effects on major insulin signaling pathways including insulin receptor substrate-1, protein
kinase B, and forkhead transcription factor. These results suggest that aldosterone may affect the inhibitory effect of
insulin on hepatic gluconeogenesis through the glucocorticoid receptor, which may be one of the causes of impaired

glucose metabolism in primary aldosteronism.

Key words: Aldosterone, Gluconeogenesis, Glucocorticoid, Mineralocorticoid, Primary aldosteronism

(Endocrine Journal 51: 243-251, 2004)

ALDOSTERONE, the major mineralocorticoid hor-
mone, plays a central role in the control of water and
electrolyte balance in sodium-transporting epithelia in
the distal renal tubules, distal colon, and sweat salivary
glands [1]. Primary aldosteronism is characterized by
autonomous production of aldosterone causing exces-
sive sodium retention, excessive potassium excretion,
suppressed renin activity, hypokalemia and hyperten-
sion. Furthermore, it has been known that the patients
with primary aldosteronism frequently exhibit glucose
intolerance and diabetes mellitus [2]. Many studies
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have reported the impairment of glucose metabolism
and insulin action induced by excess aldosterone, al-
though its mechanism remains unresolved [reviewed in
3]. Potassium reduction in serum and whole body has
been considered to be one of the causes of glucose in-
tolerance and decreased insulin release in patients with
primary aldosteronism, because clinical studies have
indicated that impairment of glucose tolerance could
be corrected by potassium repletion [4, 5]. Animal and
in vitro experiments demonstrated that insulin release
from the beta cells of the islets of Langerhans is de-
creased by low extracellular potassium concentrations
[6]. On the other hand, the analysis of cultured rat islets
of Langerhans showed that aldosterone has a direct in-
hibitory effect on glucose-induced insulin release inde-
pendent of potassium depletion [7]. Several groups also
reported that excess aldosterone causes abnormality of
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insulin action [reviewed in 3]. In addition, the analysis
using the hyperinsulinemic euglycemic clamp method
demonstrated that glucose disposal rates (M), insulin
sensitivity (M/I), and metabolic clearance rate of glu-
cose were significantly lower in primary aldosteronism
patients as compared with healthy control [8]. How-
ever, the effect of aldosterone on insulin action remains
controversial because homeostasis model assessment
(HOMA) showed that insulin sensitivity is increased in
primary aldosteronism [9]. Cushing’s syndrome causes
insulin resistance and glucose intolerance through stim-
ulation of gluconeogenesis by cortisol. Metabolic de-
fects in primary aldosteronism are similar to Cushing’s
syndrome, although molecular mechanisms of impaired
glucose tolerance in primary aldosteronism, as well as
the direct effect of aldosterone on glucose metabolism,
have not been clarified in detail. In this study, to deter-
mine the role of aldosterone in glucose metabolism, we
examined the effects of aldosterone on gene expression
of hepatic gluconeogenic enzymes using mouse primary
cultured hepatocytes and human hepatoma cell line
HepG2 cell.

Materials and methods
Animals and injection

Two-month-old ICR female mice (Charles River,
Yokohama, Japan) were placed under a 12-h light/dark
cycle. Food and water were given ad libitum for at
least 1 wk before experiments were performed. Mice
were fasted overnight and aldosterone (Sigma, St. Louis,
MO, USA) was administered to mice as a single sub-
cutaneous (s.c.) injection of 2 mg in 100 ul of DMSO.
After the injection, tail blood was collected at 0 (be-
fore s.c. injection), 30 and 60 min. Blood glucose was
measured immediately using Glutest Sensor (Sanwa
Kagaku, Nagoya, Japan). All animal procedures were
approved by the local committee of Yokohama City
University School of Medicine.

Cell culture

Primary hepatocytes were isolated from ad libitum
fed male ICR mice (Charles River) at 3—4 weeks of
age. Hepatocytes were obtained using the collagenase
method as previously described [10]. The cells were
suspended in Dulbecco’s modified eagle medium/

Nutrient mixture F-12 (DMEM/F12) medium con-
taining 5% fetal bovine serum (FBS) and were plated
onto a collagen-coated 10-cm dish (Iwaki, Tokyo,
Japan) at a density of 5 x 10° cells per dish. After 4
hours, hepatocytes were washed and cultured in serum-
free DMEM/F12 medium containing 5 kIU/ml apro-
tinin (Sigma), 1 nM dexamethasone (Wako Chemicals,
Tokyo, Japan) and 1 nM insulin (Wako) for 16 h.
Then, the cells were incubated in serum-free DMEM/
F12 medium containing the indicated concentrations
of aldosterone for 24 h.

HepG2 cells were obtained from Cell Resource
Center for Biomedical Research, Tohoku University,
and were maintained in DMEM medium containing
10% FBS. Before experiments, 80—90% confluent
HepG2 cells were starved in serum-free DMEM
medium containing 0.1% bovine serum albumin (BSA)
overnight. Aldosterone, insulin, spironolactone, or
RU-38486 (Sigma) was added to serum-free DMEM
medium containing 0.1% BSA at the indicated con-
centrations. All the cells examined in this study were
cultured in a humidified atmosphere of 5% CO, at
37°C.

Northern blot analysis

cDNA fragments of glucose-6-phosphatase (G6Pase),
fructose-1,6-bisphosphatase (FBPase) and phospho-
enolpyruvate carboxykinase (PEPCK) were synthesized
from total RNA of hepatocytes and amplified by use
of the RNA PCR kit (Takara, Tokyo, Japan). cDNA
fragments were subcloned into pPGEM®-T Easy Vector
(Promega, Madison, WI, USA) and the sequence of
these cDNAs were confirmed by ABI PRISM® 310
Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA). cDNAs were labeled with 32P by the ran-
dom primer method using Ready-To-Go DNA labeling
beads (Amersham Pharmacia Biotech, Piscataway,
NJ, USA), and were purified with MicroSpin™G-50
columns (Amersham Pharmacia Biotech) before being
used as probes. Total RNA was isolated from the cells
with Trizol (Invitrogen, Carlsbad, CA, USA) following
the protocol of the manufacturer. About 20 pg of total
RNA was electrophoresed on a 1% formaldehyde-
denatured-agarose gel using 1 x MOPS running buffer.
RNA was transferred to a nylon membrane (Millipore)
by capillary action and UV-cross-linked in a Funa-
UV-Linker (Funakoshi, Tokyo, Japan). The membrane
was then hybridized with 3?P-labeled probes at 68°C
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for 1h in ExpressHyb™ Hybridization solution
(Clontech, Palo Alto, CA, USA). After hybridization,
membranes were washed several times with SSC/SDS
buffer. Radioactivity of each hybridization band was
quantitated by a Bas 2000 imaging analyzer (Fujifilm,
Tokyo, Japan). The signal intensity for each target en-
zyme mRNA was normalized using that for ribosomal
protein S9 cDNA (Clontech) as an internal control.

Immunoprecipitation and immunoblot analysis

HepG2 cells were washed twice with ice-cold
phosphate-buffer saline (PBS), and then solubilized
for 10 min with ice-cold lysis buffer (1% Triton X-
100, 50 mM NacCl, 25 mM HEPES; pH 7.4, 10 mM
NaF, I mM Na;VO,, 0.2 mM Na,MoO,, 1 mM PMSF,
10 mg/ml leupeptin). Insoluble materials were removed
by centrifugation at 13,000 x g for 10 min, and lysates
were incubated with specific antibodies against insulin
receptor B chain (IR-B) (Biotechnology, Santa Cruz,
CA, USA) or insulin receptor substrate (IRS)-1
(Upstate Biotechnology, Lake Placid, NY, USA) and
Protein G beads (Amersham Pharmacia Biotech) for
16 h at 4°C. Immunoprecipitated proteins were washed,
and solubilized in SDS sample buffer. Solubilized
proteins were separated by electrophoresis on SDS-
polyacrylamide gels and electrophoretically transferred
onto polyvinylidene difluoride membranes (Millipore,
Bedford, MA USA). The membranes were probed
with antibodies against phospho-PKB (Ser473) (Cell
Signaling Technology, Beverly, MA, USA), phospho-
FKHRLI (Thr32) or phosphotyrosine (4G10) (Upstate
Biotechnology). Detection was performed using the
ECL system (Amersham Biosciences) according to the
manufacture’s protocol.

Luciferase assays

G6Pase luciferase reporter plasmid designated pGL-
hG6P was generated by subcloning a human G6Pase
promoter fragment corresponding to bases —1184 to
+112 relative to the transcription start site into the
polylinker of plasmid pGL3-Basic (Promega). HepG2
cells on 6-well plates were transfected using Lipo-
fectamine (Invitrogen) with total 1 ng DNA containing
250 ng of pGL3-hG6P and 100 ng pAct-B-gal per
well, which was adjusted to 1 pg by adding an empty
vector. Luciferase activity was determined using
Luciferase Assay Reagent (Promega), and [3-gal activ-

ity was measured by Luminescent beta-galactosidase
Detection Kit II (Clontech). The data were normalized
to the co-expressed beta-galactosidase activities.

Statistical analysis

Results are expressed as means + SEM. The mean
values were analyzed by ANOVA followed by Fisher
PLSD test for multiple comparisons using StatView 5
(SAS Institute, Cary, NC, USA). A P value of less
than 0.05 was considered statistically significant.

Results

In vivo effect of aldosterone on the blood glucose level
in adult mice

We first examined the in vivo effect of aldosterone
administration in adult mice. Mice were treated with
aldosterone at a single dose of 2 mg after fasting and
the blood glucose was measured. As shown in Fig. 1,
the blood glucose levels of aldosterone-treated mice
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Fig. 1. Blood glucose level after administration of aldosterone.

Mice were fasted overnight and aldosterone was
administered as a single subcutaneous (s.c.) injection of
2 mg in 100 pl of DMSO. After the injection, tail blood
was collected at 0 min (before s.c. injection), 30 and
60 min. O, vehicle (DMSO) (n=75); @, aldosterone
(n=15). Values are means + SEM. *, P<0.05 vs. vehicle.
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were significantly (P<0.05) higher than those of
vehicle-treated mice at 30 and 60 min after injection.

Regulation of G6Pase, FBPase and PEPCK gene
expressions by aldosterone in primary cultured mouse
hepatocytes

To test the direct effects of aldosterone on glucose
metabolism, we investigated whether aldosterone can
directly affect gene expression of enzymes involved in
gluconeogenesis. We cultured mouse primary hepato-
cytes for 24 h with increasing concentrations of aldo-
sterone (10°—105 M), and isolated RNA for Northern
blot analysis to measure G6Pase, FBPase, PEPCK
and ribosomal protein S9 (as a control) mRNA levels
(Fig. 2). Aldosterone significantly increased gene ex-
pression of G6Pase at 10° M, a concentration similar

to a physiological condition, and dose-dependently
stimulated G6Pase mRNA accumulation, which were
maximized at 10° uM of aldosterone (320 +25%,
P<0.001). Aldosterone also significantly elevated the
mRNA levels of FBPase and PEPCK. Similar to
G6Pase, FBPase mRNA induction was maximally
stimulated at 10° M (162 + 4.6%, P<0.001), whereas
maximal response of PEPCK gene expression was
observed at 10> M (625 + 10%, P<0.001). Thus, the
gene expression of PEPCK was maximally stimulated
at a concentration of aldosterone higher than that of
G6Pase and FBPase, although the molecular basis of
the different response to maximal aldosterone stimu-
lation remains to be elucidated.
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Fig. 2. Effects of aldosterone on G6Pase, FBPase and PEPCK gene expression in primary cultured mouse hepatocytes. Hepatocytes

were cultured for 24 h in serum-free DMEM/F-12 containing the indicated concentrations of aldosterone or vehicle (ethanol,

0 M).

RNA was extracted and analyzed for expression of G6Pase, FBPase, PEPCK and ribosomal protein SO mRNA by

Northern blot. Results were normalized to S9 signal and expressed relative to vehicle. Values are expressed as means + SEM
(n = 3 separate experiments for each condition). One representative Northern blot is shown. *, P<0.05; **, P<0.01; **, P<0.001

(vs. vehicle).
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Regulation of G6Pase gene expressions by aldosterone
in HepG?2 cells

Next, we examined the effect of aldosterone on
G6Pase mRNA gene expression using human hepato-
ma cell line HepG2 cell (Fig. 3). Aldosterone treat-
ment promoted a dose-dependent increase in G6Pase
gene expression in HepG2 cells, although a significant
effect was detected at 107 M, and a maximal effect
(250 = 15% (P<0.001)) was observed at 10> M of
aldosterone. Thus, HepG2 cells exhibited an increase
in aldosterone-induced G6Pase gene expression at
concentrations higher than those in primary mouse
hepatocytes, although the causes of these differences
remain unresolved.
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Fig. 3. Effects of aldosterone on G6Pase mRNA in HepG2

cells. HepG2 cells were initially serum-starved for 12 h
in serum-free DMEM containing 0.1% BSA and treated
with the indicated concentrations of aldosterone for
24 h, or vehicle (ethanol, 0 M). RNA was extracted and
analyzed for expression of G6Pase and ribosomal
protein S9 mRNA by Northern blot. Results are
expressed as described in Fig. 2. Values are expressed
as means £ SEM (n =3 separate experiments for each
condition). One representative Northern blot is shown.
*, P<0.05; **, P<0.01; ***, P<0.001 (vs. vehicle).

Effect of aldosterone on insulin-induced suppression
of G6Pase gene expression in mouse primary hepato-
cytes

It has already been reported that gene expression of
gluconeogenic enzymes is decreased by insulin in
hepatocytes [11]. To investigate whether aldosterone
affects this insulin action in hepatocytes, mouse pri-
mary hepatocytes were treated with insulin in the
presence or absence of aldosterone for 24 h, and RNA
was isolated for Northern blot analysis to measure
G6Pase mRNA levels. As shown in Fig. 4, G6Pase
gene expression was suppressed to approximately 50%
of the control by insulin, whereas it was significantly
restored by aldosterone at a concentration similar to a
physiological condition (Ins vs. Ins+ Ald, P<0.05).
However, insulin significantly suppressed the G6Pase
mRNA level even in the presence of aldosterone

(Fig. 4).
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Aldosterone prevents the suppression of G6Pase gene
expression induced by insulin in primary cultured
mouse hepatocytes. Hepatocytes were incubated for
24h with 10®M aldosterone and 10nM insulin,
individually or in combination. RNA was extracted and
analyzed for expression of Go6Pase and ribosomal
protein S9 mRNA. Results are expressed as described in
Fig. 2. Values are expressed as means + SEM (n=3
separate experiments for each condition). One
representative Northern blot is shown. +, P<0.05 vs.
Ald; ***, P<0.001 vs. vehicle.

Fig. 4.
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Effect of aldosterone on major insulin-signaling path-
ways

The phosphatidylinositol 3-kinase (PI3K)-Akt/protein
kinase B (PKB) cascade, which is activated through
tyrosine-phosphorylated IRS proteins in response to
insulin, is reportedly required for inhibition of G6Pase
and PEPCK gene expression [12, 13]. To test whether
this major insulin-signaling pathway plays a role in
aldosterone-induced gene expression of gluconeogenet-
ic enzymes, we examined the effects of aldosterone on
the tyrosine phosphorylation of the B-subunit of the
insulin receptor (IR-P) and insulin receptor substrate-1
(IRS-1) in HepG2 cells. We also evaluated insulin-
induced phosphorylation of PKB and the transcription
factor FKHRL]1, one of the PKB substrates. As shown
in Fig. 5, the insulin-induced tyrosine phosphorylation
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Fig. 5. Aldosterone does not affect major insulin-signaling path-

way. After treatment with or without 10 M aldosterone
for 24 h followed by an additional 1 h incubation with
10 nM insulin, cell lysates from HepG2 cells were sep-
arated by SDS-PAGE and analyzed by immunoblot anal-
ysis with anti-phospho-PKB or anti-phospho-FKHRL1
antibodies. Cell lysates were also immunoprecipitated
with anti-IR or anti-IRS-1 and the immunoprecipitated
protein were analyzed by immunoblotting with an anti-
phosphotyrosine antibody. The figure shows the result of a
typical experiment, repeated between two and four times.

of neither IR-B nor IRS-1 was impaired by 10°M
aldosterone, a concentration at which G6Pase mRNA
was maximally accumulated (Fig. 3). Moreover, 10°M
aldosterone did not affect the phosphorylation of either
PKB or FKHRLI.

Effects of mineralocorticoid and glucocorticoid receptor
antagonists on aldosterone-induced G6Pase promoter
activity

To study the molecular mechanism whereby aldoste-
rone induces G6Pase gene expression, we constructed
a reporter gene plasmid (pGL3-Basic) containing the
portion of the G6Pase 5' region (—1184 to +112) and
transiently transfected it into HepG2 cells. The pro-
moter activity of G6Pase was significantly enhanced
by aldosterone (107 M, P<0.01; 10°M, P<0.001),
which confirmed the stimulation of G6Pase gene tran-
scription to be attributable to a genomic effect of
aldosterone. We next studied the effects of mineralo-
corticoid and glucocorticoid antagonists on aldosterone-
induced G6Pase promoter activation. The effect of
aldosterone was not altered by the addition of 1 uM
spironolactone, a mineralocorticoid antagonist, but was
suppressed by 10 uM RU-38486, an anti-glucocorticoid
compound (100 nM A vs. A +R, P<0.01; 1 pM A vs.
A + R, P<0.001). These results suggest that the effect
of aldosterone on G6Pase gene expression is mediated
through its interaction with the glucocorticoid receptor
(GR), but not with the mineralocorticoid receptor
(MR).

Discussion

The renin-angiotensin-aldosterone (RAA) system
mainly plays a role in the regulation of blood pressure
and extracellular fluid volume. However, the RAA
system has been found to correlate not only with
hypertension, but also with insulin resistance. One ex-
planation for the relationship between RAA and insu-
lin resistance is that angiotensin II inhibits insulin-
stimulated IRS-1- and IRS-2-associated PI3K activity
and negatively modulates insulin signaling [14].
Moreover, several studies have reported that elevated
plasma aldosterone might be associated with insulin
resistance [15], suppression in plasma leptin level [16]
and obesity [17]. In addition, single-nucleotide poly-
morphisms in the aldosterone synthase were shown to
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be correlated with plasma glucose levels and diabetic
states [18]. But the molecular mechanisms of insulin
resistance caused by activated RAA systems have yet
to be clarified in detail.

The present study showed that the administration
of aldosterone to mice elevated blood glucose level
(Fig. 1) at a superphysiological concentration of aldo-
sterone, suggesting that aldosterone exerted gluconeo-
genesis-promoting effects rather than impairing insulin
secretion, because mice were fasted in this experimen-
tal condition. However, there remains the possibility
that aldosterone may also play a role in impairing
insulin actions through other mechanisms in various
tissues. Next, we analyzed whether aldosterone
directly affects hepatic gluconeogenesis in vitro. It is
well known that hepatic gluconeogenic enzymes are
very important for glucose metabolism. Hepatic
gluconeogenic key enzymes, such as G6Pase, FBPase
and PEPCK have been implicated in the control of
blood glucose levels. In fact, both the activities and
mRNA levels of these hepatic gluconeogenic enzymes
are elevated in the livers of diabetic mice as compared
with non-diabetic mice [19-21]. The gene expression
of these enzymes is regulated by hormones such as
insulin, glucocorticoid and glucagons, because the
promoter regions of these genes have the elements
involved in the responsiveness to these hormones
[22]. In the present study, we observed that aldo-
sterone up-regulated gene expression of these enzymes
in hepatocytes (Fig. 2, 3). G6Pase gene was increased
by physiologic doses of aldosterone (Fig. 2). The
genes of gluconeogenic enzymes are also reportedly
controlled by the PI3K/PKB pathway in a fashion
independent of the activation of mitogen-activated
protein kinase and p70 S6 kinase [23, 24]. In rat
hepatoma cell line H4IIE cell, it was also shown that
insulin increased tyrosine phosphorylation of IR-f and
IRS-1, while G6Pase and PEPCK gene expression
was reduced in a PI3K-dependent manner [12]. In
addition, several recent reports have shown that
Go6Pase gene expression was inhibited by insulin
through PKB-mediated inactivation of forkhead tran-
scription factor FKHR [25-27]. In contrast, angio-
tensin II treatment reportedly decreased IRS-1 tyrosine
phosphorylation and IRS-1-associated PI3K activity
[28]. In the present study, we observed that aldoste-
rone partially restored insulin-induced inhibition of
G6Pase gene expression (Fig. 4), although aldosterone
did not affect the insulin-regulated IRS/PI3K/PKB/

forkhead cascade (Fig. 5). These findings suggest that
a pathway independent of this major insulin-signaling
pathway regulated the effect of aldosterone on gluco-
neogenesis. In addition, we also observed that G6Pase
mRNA level and promoter activity were not elevated
by angiotensin II treatment (data not shown).
Aldosterone signals are mediated not only through
the MR, but also through the GR [29, 30]. The GR is
ubiquitously expressed, and has considerable structural
and functional homology with the MR [31]. On the
other hand, recent reports have shown the MR to be
expressed in several tissues, including non-epithelial
cells of the brain, heart, and skin, as well as leukocytes
and brown adipocytes [32, 33]. In fact, we also detect-
ed MR expression in hepatocytes by RT-PCR (data not
shown), raising the possibility that MR may play a role
in the regulation of gluconeogenic gene expression. A
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Fig. 6. Effects of mineralocorticoid and glucocorticoid receptor
antagonists on aldosterone-induced G6Pase promoter
activity in HepG2 cells. Cells were transiently trans-
fected with a G6Pase reporter construct (G6Pase —1184
/+112-pGL3) or a control plasmid (pAct-B-gal). Twenty-
four h later, the cells were serum-starved for 8 h and
incubated for 16 h in serum-free DMEM medium con-
taining 0.1% BSA in the presence of 107 M or 10 M
aldosterone (Aldo), and together with 10 uM RU-38486
(RU-486), or 10 uM spironolactone (Spiro) for 20 h,
and the relative luciferase activity was determined. The
basal G6Pase promoter activity from cells treated with
vehicle (ethanol) was set as 100%. Values are expressed
as means = SEM (n =5 separate experiments for each
condition). ** P<0.01; *** P<0.001 vs. vehicle; ++,
P<0.01 vs. 107 M Aldo; +++, P<0.001 vs. 10°M Aldo.
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recent study reported that the inhibitory effect of 0.1—
10 uM aldosterone on steroidogenic acute regulatory
protein (StAR) mRNA induction was completely pre-
vented by both the anti-mineralocorticoid compound
spironolactone and the anti-glucocorticoid compound
RU-486, suggesting the presence of cross-reaction
between MR and GR [34]. In contrast, we showed
that the aldosterone-induced G6Pase promoter activity
was elevated at concentrations similar to that study
[34], while it was prevented by RU-486 but not by
spironolactone even in the presence of MR, indicating
that this action was GR-specific (Fig. 5). These results
suggest that MR and GR may mediate aldosterone
signals in distinct fashions in various tissues. 11B-
hydroxysteroid dehydrogenase type 1 (11p-HSD1) is
highly expressed in liver and effectively amplifies glu-
cocorticoid action, which may affect the aldosterone-
induced action through GR [35]. In fact, we observed
that the aldosterone-induced G6Pase promoter activity
was not suppressed to less than control level (Fig. 6)
by RU-486 inhibitor, indicating that endogenously-
produced glucocorticoid plays a minor role in this
model.

In patients with primary aldosteronism, impaired in-
sulin action improved after excision of an aldosterone-
producing adenoma, whereas spironolactone treatment
did not significantly influence insulin action [8]. Inter-

estingly, our results are consistent with this clinical
study because the effect of aldosterone was suppressed
by RU-486 but not by spironolactone (Fig. 6). Thus,
we speculate that impaired insulin action in patients
with primary aldosteronism may have been caused at
least in part by the effect of aldosterone through GR
but not MR in liver.

In conclusion, we have shown that aldosterone itself
can influence the hepatic gluconeogenesis through GR
at least in hepatocytes. Although it is known that ele-
vating aldosterone level is correlated with many dis-
eases such as hypertension, nephrosis and heart failure,
little is known about its role in glucose metabolism.
The findings presented in this study raise the possi-
bility that aldosterone excess may also play a role in
impaired glucose metabolism in these diseases, al-
though the contributions of MR- and GR-mediated
signals remain to be investigated.
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