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Abstract
Aims/hypothesis Obesity is associated with aldosterone ex-
cess, hypertension and the metabolic syndrome, but the
relative contribution of aldosterone to obesity-related com-
plications is debated. We previously demonstrated that
aldosterone impairs insulin secretion, and that genetic aldo-
sterone deficiency increases glucose-stimulated insulin secre-
tion in vivo. We hypothesised that elimination of endogenous
aldosterone would prevent obesity-induced insulin resistance
and hyperglycaemia.
Methods Wild-type and aldosterone synthase-deficient (As−/−)
mice were fed a high-fat (HF) or normal chow diet for
12 weeks. We assessed insulin sensitivity and insulin secretion

using clamp methodology and circulating plasma adipokines,
and examined adipose tissue via histology.
Results HF diet induced weight gain similarly in the
two groups, but As−/− mice were protected from blood
glucose elevation. HF diet impaired insulin sensitivity
similarly in As−/− and wild-type mice, assessed by
hyperinsulinaemic–euglycaemic clamps. Fasting and
glucose-stimulated insulin were higher in HF-fed As−/−

mice than in wild-type controls. Although there was no
difference in insulin sensitivity during HF feeding in
As−/− mice compared with wild-type controls, fat mass,
adipocyte size and adiponectin increased, while adipose
macrophage infiltration decreased. HF feeding signifi-
cantly increased hepatic steatosis and triacylglycerol
content in wild-type mice, which was attenuated in
aldosterone-deficient mice.
Conclusions/interpretation These studies demonstrate that
obesity induces insulin resistance independently of aldo-
sterone and adipose tissue inflammation, and suggest a
novel role for aldosterone in promoting obesity-induced
beta cell dysfunction, hepatic steatosis and adipose tissue
inflammation.
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Introduction

Obesity is associated with aldosterone excess [1, 2], hyperten-
sion [1, 3] and the metabolic syndrome [4], but the relative
contribution of aldosterone to the development of obesity-
related complications is not known. The renin–angiotensin–
aldosterone system (RAAS) is classically activated under con-
ditions of low sodium intake, but also appears to be activated
inappropriately in patients with obesity and resistant hyperten-
sion [5, 6]. Pharmacological RAAS blockade improves glucose
homeostasis in some clinical studies, although the mechanism
of this beneficial effect is not well-delineated [7, 8].

Tissue insulin resistance and failure of pancreatic beta
cell compensation are the chief metabolic defects in type
2 diabetes progression [9, 10]. The effect of exogenous
aldosterone on insulin sensitivity has been demonstrated
extensively in vivo and in vitro. In this context, excess
aldosterone impairs peripheral insulin sensitivity via the
mineralocorticoid receptor (MR) in rodents by activating
oxidative stress and inflammatory pathways, impairing
insulin receptor signalling, and inhibiting glucose trans-
porter trafficking [5]. MR antagonism with spironolactone
or eplerenone prevents obesity- and aldosterone-induced
impairment in adipose tissue and skeletal muscle glucose
uptake in animal models [11, 12]. However, the glucocor-
ticoids, corticosterone and cortisol, can also bind to and
activate the MR, raising the possibility that steroids other
than aldosterone contribute to the adverse complications
of obesity.

Previous clinical studies have shown that, in addition to
insulin resistance, a beta cell defect is a critical component
of type 2 diabetes progression [9, 10, 13, 14]. Recent
genome-wide association studies also suggest an important
role for insulin secretory pathways as genetic risk factors for
type 2 diabetes [15]. The effect of aldosterone on insulin
secretion has not been investigated extensively, but there is
evidence that modest hyperaldosteronism is associated with
an impaired beta cell response in humans [16]. Aldoster-
one’s effect on insulin secretion may occur indirectly by
depleting potassium [17]. We recently investigated the effect
of genetic aldosterone deficiency on glucose metabolism in
aldosterone synthase-deficient (As−/−) mice [18]. Genetic
aldosterone deficiency resulted in increased insulin secre-
tion in vivo without altered insulin sensitivity, even when
potassium and renin activity were normalised with a high-
sodium diet. Studies in isolated murine islets and the MIN6
clonal beta cell line have shown that aldosterone directly
impairs insulin secretion in an MR-independent manner.

Because obesity is associated with inappropriately ele-
vated aldosterone concentrations [1, 2, 5], endogenous al-
dosterone may increase the risk of progression to type 2
diabetes by impairing insulin resistance, insulin secretion, or
both. In the present study, we used As−/− mice, which lack

aldosterone and have corticosterone concentrations compa-
rable to wild-type mice [18], to test the hypothesis that
endogenous aldosterone impairs glucose-stimulated insulin
secretion and promotes insulin resistance and adipose in-
flammation in a diet-induced obesity model.

Methods

Animals All experiments were approved by the Vanderbilt
Institutional Animal Care and Use Committee, and NIH
principle of laboratory animal care were followed. Male
As−/− and wild-type littermates on a C57BL/6J background
(Jackson Laboratories, Bar Harbor, ME, USA; backcrossed
≥12 generations) from heterozygous As+/− breeding pairs
were obtained as previously described [18]. At the age of
6 weeks, mice were randomised to either a normal chow diet
or a high-fat (HF) diet with 60% fat by calorie content
(BioServ, Frenchtown, NJ) for 12 weeks with free access
to water ad libitum and housed in a temperature-controlled
facility with a 12 h light/dark cycle.

Body composition measurements Lean body mass, free fluid
and fat mass were measured in conscious mice using nuclear
magnetic resonance (NMR) spectroscopy (MiniSpec LF50;
Bruker Optics, The Woodlands, TX, USA) before catheter
implantation. Gonadal fat was dissected and weighed after
study completion as an additional quantitative measure of
body fat. Systolic blood pressure was measured using auto-
mated tail-cuff impedance plethysmography (BP-2000
Blood Pressure Analysis System; Visitech Systems, Apex,
NC, USA) in unanaesthetised, trained mice, prewarmed for
5 min at 37°C.

Hyperglycaemic clamps Carotid arterial and jugular venous
catheters were implanted for euglycaemic or hyperglycae-
mic clamps ≥3 days before study, and clamps were
conducted in the Vanderbilt Mouse Metabolic Center as
previously described [18, 19]. Before clamps, mice were
fasted for 5 h starting at ∼08:00 h. During the clamps, the
glucose infusion rate (GIR) was varied to achieve whole-
blood glucose concentration of 250 mg/dl (13.9 mmol/l)
through the jugular venous catheter. Blood samples were
collected at 5–10 min intervals for 120 min. Heparinised and
saline-washed erythrocytes were infused to replace blood
loss. Mice were killed at the end of the study under pheno-
barbital anaesthesia, and tissue samples were collected in
liquid nitrogen and stored at −80°C. Blood was collected in
heparinised tubes and immediately processed and stored as
plasma at −80°C.

Hyperinsulinaemic–euglycaemic clamps with somatostatin
Because insulin levels varied widely among HF feeding
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groups, we infused somatostatin to suppress endogenous
insulin and administered exogenous insulin to achieve
hyperinsulinaemia [19]. Somatostatin (8 μgkg−1min−1 or
4.9 μmolkg−1min−1; Bachem, Bubendorf, Switzerland), in-
sulin (5 mUkg−1min−1; Novo-Nordisk, Princeton, NJ,
USA), glucagon (2.6 nmolkg−1min−1; Eli Lilly, Indianapo-
lis, IN, USA) and washed erythrocytes (5.5 μl/min) were
infused from t=0 to 165 min. In pilot studies in rodents,
these somatostatin, insulin and glucagon infusion rates were
determined to achieve plasma insulin levels equivalent to
those achieved with the standard insulin infusion rate of
4 mUkg−1min−1 in the absence of somatostatin. Blood
glucose was monitored every 10 min, and the GIR was
varied to maintain blood glucose at ∼6.9 mmol/l (125 mg/dl).
Blood was taken at −15, 0 min and 80–120 min to
determine insulin and C-peptide. To determine tissue-
specific glucose uptake, a bolus of 444 kBq of 2-
deoxy[14C]glucose (2-DG; Perkin Elmer, Waltham, MA,
USA) was administered intravenously at 120 min. Blood
was sampled at 122–145 min, and tissues were collected
at study completion for 2-DG measurements. After the
last sample, mice were killed under anaesthesia, and tis-
sues were collected and stored at −80°C.

Determination of adiponectin oligomers Adiponectin
oligomers were detected by western blot methods using a
modification of previously reported methods [20]. Briefly,
1 μl plasma without heat denaturation was diluted with a
non-reducing Laemmli sample buffer, separated by 4–20%
SDS-PAGE, transferred to polyvinylidene fluoride mem-
branes, and blocked in Odyssey blocking buffer (LI-COR,
Lincoln, NE, USA) at room temperature for 1 h. The mem-
brane was then incubated with an anti-rabbit antibody
against the globular domain of mouse adiponectin (1:1,000
dilution; Abcam, Cambridge, MA, USA) at 4°C overnight.
The membrane was incubated with an IRDye800-
conjugated goat anti-rabbit secondary antibody at room
temperature for 1 h, and fluorescence signals were detected
using the LI-COR Odyssey Infrared Imaging System.

Measurement of liver and muscle triacylglycerol content
Similar amounts of liver and muscle (vastus lateralis)
tissue were accurately weighed and digested in 100 μl
fresh KOH (3 mol/l, in 60% ethanol) at 70°C for 1 h and
then at room temperature overnight. Digested solutions
were brought up to 500 μl with 2 mol/l TRIS/HCl (pH
7.5). Diluted samples were incubated with a GPO tria-
cylglycerol reagent (Pointe Scientific, Canton, MI, USA),
and sample absorbance was read at a wavelength of
500 nm. Liver lipid was extracted using Folch method-
ology, and triacylglycerol and diacylglycerol were separated
by thin-layer chromatography. Results were normalised to
sample weight.

Histology and immunohistochemistry Frozen liver sections
(5 μm) were fixed with 10% ice-cold formalin for 10 min,
stained with prewarmed Oil Red O solution for 10 min at
60°C, and differentiated with 85% propylene glycol solution
for 3 min. Sections were stained with haematoxylin for
30 min and mounted with glycerine jelly medium. Adipose
tissues were fixed in 4% paraformaldehyde for 48 h and
then transferred to 70% ethanol for 24 h. Paraffin-embedded
5 μm sections were then deparaffinised in xylene and rehy-
drated in descending-graded ethanol. A monoclonal rat an-
tibody against F4/80 (1:2,000 dilution; Abcam) was used to
stain macrophages with diaminobenzidine detection accord-
ing to the manufacturer’s protocol (Vectastain kit; Vector
labs, Burlingame, CA, USA). F4/80-positive cells were
counted as described previously [21]. Briefly, ten different
high-power fields (×20) from each slide were analysed, and
the total number of nuclei and the number of nuclei of F4/
80-positive cells were counted and expressed as a percent-
age of positive cells. Crown-like structures in the gonadal
fat were counted in ten randomly selected high-power fields
(×20) per animal. Paraffin-embedded pancreas sections
(6 μm) were stained with Verhoeff van Gieson stain. Islets
(≥20/mouse) were imaged at high power (×20), and cross-
sectional area was quantified using Image J (NIH, Bethesda,
MD, USA).

Laboratory assays In all clamp protocols, glucose refers to
arterial whole blood glucose (ACCU-CHEK; Roche Diagnos-
tics, Basel, Switzerland). Plasma samples collected during
the clamp studies were used for insulin and C-peptide
assays. Plasma cytokines were measured using a Luminex
Mouse Metabolic Magnetic Bead Panel Kit (catalogue no
MMHMAG-44K; Millipore, Billerica, MA, USA) accord-
ing to the manufacturer’s instructions. Insulin and C-peptide
were analysed by RIA as previously reported [18].

Statistical analysis and calculations Data are presented as
mean±SEM in text and figures. Overall differences among
groups were tested using ANOVA, and then individual
between-group comparisons were tested using non-parametric
methods (Wilcoxon rank sum test). All statistical analyses were
performed using SPSS for Windows (version 19.0; SPSS,
Chicago, IL, USA), with a two-tailed p value <0.05 considered
significant.

Results

Aldosterone deficiency does not prevent HF-feeding-
induced obesity Body weight had increased during HF feed-
ing similarly in the two genotypes at study end (Fig. 1a).
Epididymal fat mass increased similarly on the HF diet in
the two genotypes (Fig. 1b). Total body fat mass, assessed
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by NMR, increased to a greater extent in As−/− than wild-
type mice on the HF diet (16.3±1.1 vs 13.0±1.3 g, p<0.01;
Fig. 1c); results remained significant when analysed as fat
percentage per body weight, with an absolute increase of
9.0% body fat in As−/− mice on the HF diet. Muscle mass,
assessed by NMR, was similar in the two genotypes on the
normal diet and increased on the HF diet in wild-type but
not As−/− mice (Fig. 1c).

Systolic blood pressure was unchanged on the HF diet in
wild-type mice, although it was significantly reduced inAs−/− +
HF mice compared with wild-type + HF (95.5±1.1 vs 100.5±
3.2 mmHg, p<0.01). Aldosterone was below detectable limits
in As−/− mice compared with 345.0±59.2 pg/ml in wild-type
mice on the normal diet and 356±126 pg/ml on the HF diet
(p<0.01 for each vs As−/−). Free fluid assessed by NMR was

similar in the two genotypes on the normal diet and increased in
both genotypes on the HF diet; the increase in free fluid was
significantly attenuated in As−/− mice (Fig. 1d).

Aldosterone deficiency prevents glucose elevation during
HF feeding Fasting glucose was reduced in As−/− mice,
and this was not affected by HF feeding (Fig. 2a; 7.5±
1.8 mmol/l in As−/− + HF vs 9.1±1.8 mmol/l in wild-type +
HF, p=0.01). HF feeding increased fasting insulin in both
genotypes, but to a significantly greater extent in As−/−

mice (Fig. 2b; 187.3±101.8 pmol/l in As−/− + HF vs 73.8±
50.8 pmol/l in wild-type + HF, p≤0.01). C-peptide also in-
creased to a greater extent in aldosterone-deficient mice on the
HF diet (Fig. 2c), consistent with an effect on insulin secretion.

Aldosterone deficiency augments obesity-induced glucose-
stimulated insulin secretion in vivo in mice We assessed
insulin secretion during hyperglycaemic clamps by infusing
glucose to achieve comparable levels of hyperglycaemia
(Fig. 3a). Glucose-stimulated insulin secretion was in-
creased in As−/− mice compared with wild-type mice during
normal chow feeding (Fig. 3b), and this effect was augment-
ed during HF feeding (insulin AUC, 4.99±0.88 nmol/l×min
in wild-type, 10.28±1.73 nmol/l×min in wild-type + HF,
16.02±2.95 nmol/l×min in As−/−, 30.38±5.34 nmol/l×min
in As−/− + HF). Changes in plasma C-peptide concentrations
paralleled those of insulin (Fig. 3c), suggesting that in-
creased insulin secretion rather than altered clearance was
responsible for differences in concentrations. Histological
analysis of pancreatic islet area revealed no significant
difference between wild-type and As−/− mice on regular
or HF diets.

Aldosterone deficiency does not prevent insulin resistance
induced by HF feeding We assessed insulin sensitivity using
the hyperinsulinaemic clamp. Because fasting plasma insu-
lin concentrations differed significantly among genotype
and diet groups and can confound assessment of insulin
sensitivity, we modified the hyperinsulinaemic clamp by in-
fusing somatostatin to suppress endogenous insulin secretion.

a

c d

b

Fig. 1 Aldosterone deficiency does not prevent diet-induced obesity.
Body weight increased significantly during HF feeding in both geno-
types (a). Epididymal fat weight increased similarly in both genotypes
(b). Fat mass and free fluid assessed by NMR increased in both
genotypes during HF feeding (c, d), although muscle mass increased
in wild-type mice but not in As−/− mice during HF feeding (c). White
bar, wild-type; grey bar, As−/−; hatched bars, HF diet. *p<0.05,
**p≤0.01, ***p≤0.001

a b c

Fig. 2 Effect of genetic aldosterone deficiency on fasting glucose and
insulin during HF feeding. HF feeding had significantly increased
blood glucose after a 5 h morning fast in wild-type, but not in As−/−,

mice (a). Fasting plasma insulin had significantly increased in both
genotypes but to a greater extent in As−/− (b). Fasting plasma C-peptide
data paralleled those of insulin (c). *p<0.05, **p≤0.01, ***p≤0.001
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A similar approach has been used in humans and rats to
achieve equal insulin concentrations during exogenous insulin
administration [22, 23]. At initiation of the clamp studies
(Fig. 4a, b, Basal), plasma C-peptide and insulin concentra-
tions varied significantly among groups. After somatostatin
infusion, plasma C-peptide decreased markedly (Fig. 4a,
End), indicating suppression of endogenous insulin secretion.
Plasma insulin at steady-state was equivalent in the two
genotype groups (Fig. 4b, End), and higher in HF mice
regardless of genotype. A similar level of euglycaemia was

maintained near 6.9 mmol/l (125 mg/dl) (Fig. 4c). HF feeding
reduced overall insulin sensitivity significantly and similarly
in both genotypes, as demonstrated by the reduction in GIR
needed to maintain normoglycaemia (Fig. 4d). Results were
unaffected after adjustment of GIR for lean body mass.
Tissue-specific glucose (2-DG) uptake was also significantly
reduced in wild-type adipose and heart tissues during HF
feeding and was not affected by genetic aldosterone deficien-
cy (Table 1). These data suggest that aldosterone deficiency
did not prevent obesity-induced insulin resistance, but pre-
served normoglycaemia because of increased beta cell
responsiveness.

Aldosterone deficiency attenuates HF-feeding-induced he-
patic steatosis HF feeding increased hepatic fat deposition
in wild-type mice, as assessed by Oil Red O positivity, and
this effect was attenuated in As−/− mice (Fig. 5a). Hepatic
triacylglycerol content was similar in the two genotype
groups during normal chow feeding and increased signifi-
cantly in both genotypes during HF feeding. The effect of
HF feeding on hepatic triacylglycerol content was attenuat-
ed in As−/− mice (Fig. 5b, 33.3±3.4 mg/g tissue in As−/− +
HF vs 44.9±2.2 mg/g tissue in wild-type + HF, p<0.05).
Muscle triacylglycerol content tended to increase in wild-
type mice on the HF diet (7.2±0.7 vs 9.7±1.1 mg/g tissue
on normal and HF diet, respectively) and was similar in As−/−

mice (9.2±0.8 vs 10.1±0.6 mg/g tissue). These data show that
aldosterone deficiency improved HF-feeding-induced hepatic
steatosis despite a similar degree of whole-animal insulin
resistance.

Aldosterone deficiency prevents adipokine dysfunction and
macrophage infiltration during HF feeding Plasma adipo-
nectin increased during HF feeding in wild-type and As−/−

mice, but to a greater extent in As−/−mice (17.3±1.8 vs 11.1±
1.2 μg/ml, p<0.001, Fig. 6a). Analysis by non-denaturing
electrophoresis demonstrated that the biologically active high
molecular weight (HMW) isoform was selectively increased
in HF-fed As−/− mice (Fig. 6b). Consistent with increased
adiposity, plasma leptin concentrations also increased during

a b c

Fig. 3 Glucose-stimulated insulin secretion is increased in aldosterone-
deficient mice during normal chow and HF feeding. During hyperglycae-
mic clamp conditions, glucose was infused to achieve equivalent hyper-
glycaemia in normal-chow-fed wild-type (white circles) and aldosterone-
deficient (white triangles) mice and HF-fed wild-type (black circles) and

As−/− mice (black triangles) (a). Plasma insulin (b) and C-peptide (c)
concentrations were significantly higher in As−/− mice during either
normal chow or HF feeding than in wild-type. *p≤0.05 vs wild-type;
†p≤0.05 vs wild-type + HF; ‡p≤0.05 vs As−/−

a b

c d

m
m

ol

Fig. 4 HF feeding produces insulin resistance independently of aldo-
sterone. Somatostatin-modified hyperinsulinaemic–euglycaemic
clamps were used to abolish baseline differences in insulin secretion
between wild-type and As−/− mice during HF feeding. Before the
clamp, plasma C-peptide (a, basal) and insulin (b, basal) varied among
groups at basal time points (white circle, normal chow wild-type; white
triangle, normal chow As−/−; black circle, HF-fed wild-type; black
triangle, HF-fed As−/−). Somatostatin suppressed endogenous insulin
secretion, demonstrated by C-peptide in all groups (a, end), and equiv-
alent plasma insulin was achieved between genotypes (b, End). Blood
glucose was maintained at 6.9 mmol/l (125 mg/dl) (c). HF feeding
significantly decreased insulin sensitivity in both wild-type and As−/−

mice, demonstrated by the GIR required to maintain euglycaemia (d).
***p≤0.001
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HF feeding and to a greater extent in As−/− mice (Fig. 6c).
Plasma TNF-α, which is typically suppressed by adiponectin,
also tended to decrease during HF feeding in As−/− mice
compared with wild-type (0.03±0.04 ng/ml in As−/− + HF vs
1.9±1.4 ng/ml in wild-type + HF; p=0.08), suggesting a
physiological effect of increased HMW adiponectin. Adipo-
cyte size increased during HF feeding to a similar extent in the
two genotypes (Fig. 7a, b), and there was no difference in
adipocyte size distribution between genotypes. Infiltration of
F4/80-positive macrophages increased markedly in HF-fed
wild-type mice, and this was attenuated in As−/− mice
(Fig. 7a, c). Likewise, crown-like structures were increased
during HF feeding in both wild-type (1.4±0.9 vs 12.7±3.9 per
ten high-power fields; p=0.03) and As−/− (0.3±0.17 vs 8.2±
1.9 per ten high-power fields; p<0.001) mice.

Discussion

Obesity is associated with inappropriately elevated plasma
aldosterone, and MR antagonism attenuates obesity-related
hypertension and adipose dysfunction [5]. Other steroids
can also bind to and activate the MR, and the effect of
decreasing aldosterone on insulin resistance, insulin secre-
tion and adipose tissue inflammation has not been previous-
ly explored. Although glucose-stimulated insulin secretion
is increased in As−/− mice [18], whether this response is

beneficial or maladaptive under conditions of metabolic
stress is uncertain. In the present study, genetic aldosterone
deficiency significantly attenuated or prevented obesity-
related beta cell dysfunction, hyperglycaemia, hepatic stea-
tosis and adipose inflammation. Surprisingly, these benefi-
cial effects were observed despite the development of diet-
induced weight gain and insulin resistance.

We previously demonstrated that endogenous aldoste-
rone impairs glucose-stimulated insulin secretion in vivo
and that exogenous aldosterone impairs insulin secretion in
isolated murine islets and MIN6 cells [18]. Clinical studies
have shown that modest or severe hyperaldosteronism, due
to either idiopathic or adrenal adenoma, is associated with
impaired insulin secretion, suggesting that these findings in
mice are directly relevant in humans [16, 17]. The present
study demonstrates that genetic aldosterone deficiency and
increased insulin secretion attenuates hyperglycaemia and
hepatic steatosis during HF-feeding-induced obesity. This
protection occurred despite a similar weight gain on the HF
diet, and even an apparent increase in relative fat accumu-
lation and no change in adipocyte size in As−/− mice.

In other genetic mouse models, insulin hypersecretion is
associated with improved glucose metabolism [24, 25]. The
majority of identified genes associated with susceptibility to
type 2 diabetes affect insulin processing or secretory path-
ways [15, 26]. Polymorphisms in the aldosterone synthase
gene (CYP11B2) are also associated with development of

Table 1 Tissue-specific glucose uptake (Rg) during hyperinsulinaemic–euglycaemic clamp

Group Tissue Rg (μgmin−1 [g tissue] −1)

Soleus Gastrocnemius Vastus lateralis Adipose Diaphragm Heart

Wild-type 135.6±55.9 16.8±3.3 15.3±2.3 9.7±1.3 84.3±8.8 432.7±55

As−/− 65.9±16 14.3±7.4 9.4±4 6.3±1.3** 122.4±56.7 176.9±54**

Wild-type + HF 59.4±10.2 9.3±1.6 9.7±2.5 3.9±0.6** 90.4±22.5 216.5±50.6**

As−/− + HF 68.2±48.1 12.8±5 13.6±6.1 4.4±0.8** 130.3±32.5 283.2±85.2*

Values are mean±SEM

*p≤0.05 vs wild-type; **p<0.01 vs wild-type

Fig. 5 Aldosterone deficiency
attenuates obesity-induced he-
patic steatosis. Fat deposition in-
creased during HF feeding in
wild-type liver, but appeared to
be less in As−/− mice (a, Oil Red
O staining; scale bar=100 μm).
Liver triacylglycerol (TG) con-
tent increased significantly dur-
ing HF feeding in wild-type
mice, but was attenuated in As−/−

mice (b). *p<0.05, ***p≤0.001
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the metabolic syndrome and type 2 diabetes [27–29], al-
though a link to insulin secretion has not been investigated.
Genetic or obesity-induced variation in adrenal aldosterone
production may affect insulin secretion in humans, and
further studies are warranted to investigate this relationship.

Adrenal aldosterone secretion is also associated with
obesity. Aldosterone concentration correlates strongly with

measures of fat mass in humans [1, 2], and decreases after
diet-induced weight loss [30, 31]. Aldosterone is similarly
raised in rodent models of obesity such as db/db mice and
SHR/NDmc corpulent rats [11, 32]. In other studies, as in
ours, aldosterone is not increased, but is not appropriately
suppressed by the sodium and fluid accumulation that
occurs on an HF diet [33]. Adipocyte-derived factors such
as oxidised fatty acids stimulate aldosterone secretion inde-
pendently of angiotensin II in vitro, possibly explaining this
association [34, 35], and recent studies suggest that adipo-
cytes may be capable of aldosterone production [36]. Aldo-
sterone may also promote adiposity by inducing terminal
adipocyte differentiation via the MR [37]. It has therefore
been proposed that aldosterone excess contributes to fat
expansion. Our data do not support an essential role of
aldosterone in diet-induced obesity. It may affect fat distri-
bution by increasing visceral fat relative to peripheral fat,
although we could not definitively address this in the pres-
ent study. Adipose tissue produces relatively little 11β-
hydroxysteroid dehydrogenase type 2 (11βHSD2), which
inactivates cortisol and prevents MR activation [37]. Be-
cause glucocorticoids promote visceral fat accumulation
[38, 39], an imbalance between aldosterone and glucocorti-
coids could alter fat partitioning. Furthermore, adipose
11βHSD1 may contribute to local cortisol metabolism and
affect insulin sensitivity [40]. Our data show that adipose
tissue expansion is clearly aldosterone-independent, al-
though we cannot exclude a contribution of the MR.

In obesity, adipose tissue appearance and function is
altered, characterised by macrophage infiltration, crown-
like structures and altered adipokine secretion [41]. Aldo-
sterone decreases adiponectin secretion and increases proin-
flammatory gene expression in 3T3 cells via MR activation
in vitro [11, 42]. MR activation also reduces adipose tissue
inflammatory gene expression in the adipose tissue of obese
rodents [11]. Glucocorticoids also impair adipokine gene
expression via the MR in 3T3 cells [43], and circulate at a
much higher concentration in vivo, raising the possibility
that endogenous glucocorticoids may alter adipokines even

Fig. 6 Obesity-induced adipokine dysfunction is prevented in
aldosterone-deficient mice. Plasma adiponectin increased during HF
feeding to a greater extent in As−/− than wild-type mice (a). Quantifi-
cation of adiponectin oligomers revealed a selective increase in HMW
adiponectin during HF feeding, which increased to a greater extent in

As−/− mice. A representative western blot of plasma HMWadiponectin
oligomers is shown (b). Plasma leptin increased significantly during
HF feeding, to a greater extent in As−/− than wild-type mice (c).
*p<0.05, **p≤0.01, ***p≤0.001

Fig. 7 Aldosterone deficiency attenuated HF-feeding-induced adipose
tissue macrophage infiltration but not adipocyte hypertrophy. HF feed-
ing increased F4/80 positivity in wild-type mouse epididymal fat
tissues but appeared to be less in As−/− mice (a, diaminobenzidine
staining; scale bar 100 μm). Adipocyte size increased significantly
and similarly in wild-type and As−/− mice during HF feeding (b). HF
feeding markedly increased the percentage of F4/80-positive macro-
phages within the adipose tissue in wild-type mice, but this effect was
attenuated in As−/− mice (c). **p≤0.01, ***p≤0.001
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in the absence of aldosterone. In the present study,
aldosterone-deficient mice fed an HF diet have increased
circulating adiponectin and less macrophage adipose infil-
tration and hepatic triacylglycerol accumulation. These find-
ings are consistent with the emerging hypothesis that certain
adipose tissues can serve as a fatty acid depot and prevent
ectopic fat accumulation in visceral tissues [44]. However, it
is of interest that improvement in these adipokines and adi-
pose tissue histological appearance was not associated with
preserved insulin sensitivity. Therefore, obesity-associated
insulin resistance may be independent of elevated TNF-α,
hypoadiponectinaemia and adipose tissue inflammation. Our
results demonstrate that endogenous aldosterone contributes
to obesity-induced adipokine dysfunction and adipose tissue
macrophage infiltration in vivo.

Exogenous aldosterone induces insulin resistance via the
MR [5, 11, 45]. Plasma aldosterone also predicts the devel-
opment of insulin resistance in humans [46]. Because obe-
sity is associated with inappropriately increased aldosterone
and MR activation, we hypothesised that aldosterone defi-
ciency would prevent HF-feeding-induced insulin resis-
tance. Surprisingly, As−/− mice were not protected against
obesity-induced insulin resistance, assessed by both whole-
organism and tissue-specific measurements. Ligands other
than aldosterone may contribute to insulin resistance via the
MR. Glucocorticoids bind the MR with similar affinity to
aldosterone and impair skeletal muscle insulin receptor sig-
nalling [47]. However, corticosterone concentrations were
similar in wild-type and As−/− mice [18]. Tissue-specific
overproduction of 11βHSD1 within adipose tissue or skel-
etal muscle increases local glucocorticoids and similarly
induces insulin resistance [39, 48]. The relatively low abun-
dance of 11βHSD2 in skeletal muscle allows glucocorticoids
to activate the MR, and may contribute to glucocorticoid-
induced insulin resistance.

The use of somatostatin to equalise insulin during clamp
studies in mice represents a technical advance that can be
used to investigate differences in insulin sensitivity despite
marked differences in basal insulin concentrations. The
HOMA has not been validated in rodents [49], so we used
the gold standard hyperinsulinaemic–euglycaemic clamp to
measure insulin resistance [19]. Differences in insulin levels
would violate a major assumption of the clamp, so we
equalised insulin concentrations by infusing somatostatin
and glucagon. Endogenous insulin secretion was entirely
suppressed, as documented by C-peptide, enabling matched
insulin concentrations between genotypes. The remaining
difference in insulin concentrations between diet groups is
probably due to weight-based insulin dosing. Although HF-
fed animals were exposed to a slightly higher insulin con-
centration, this would bias towards the null hypothesis in
comparisons of HF and regular chow groups. Therefore, our
results suggest that the HF diet induced a greater degree of

insulin resistance than the GIR alone suggests. Future re-
finement of the protocol by adjusting the insulin dose by
lean body mass may result in more comparable insulin
levels among animals with greatly differing weights.

Aldosterone synthase inhibitors are being developed for
clinical use and effectively reduce circulating aldosterone
and blood pressure in hypertensive patients [50]. Our find-
ings suggest that these agents may provide beneficial met-
abolic effects in humans beyond blood pressure reduction,
and further studies are needed in other prediabetes models
and in clinical trials.
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