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Abstract
It has been hypothesized that deviations in glucocorticoid

secretion and/or action may contribute to somatic and

biochemical changes observed in patients with and animal

models of insulin resistance (IR). In this study, we analyzed

changes in rat adrenocortical function and morphology

associated with the development of IR, generated in male

adult rats by the addition of 30% sucrose to the drinking

water. Caloric intake, body and adipose tissue weights, and

biochemical parameters associated with IR were determined.

Expression levels of Star, Cyp11A1, Mc2r, Pparg (Pparg), and

Cd36 were evaluated by real-time PCR, histochemical

analysis of the adrenal cortex was performed using

Masson’s trichrome and Sudan III staining, and cortico-

sterone levels were measured by RIA. After 7 weeks of

sucrose administration, higher serum glucose, insulin, and

triglyceride levels and an altered glycemic response to an
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i.p. insulin test were detected. Adrenal glands showed a

neutral lipid infiltration. An increase in Star, Cyp11A1,

Mc2r, Pparg and Cd36 and a decrease in Mc2r levels were

also found. Furthermore, sucrose-treated animals exhibited

higher basal corticosterone levels and a blunted response

to ACTH injection. Noteworthy, the adrenocortical

(functional and histological) abnormalities were prevented

in sucrose-treated rats by the simultaneous administration

of an insulin-sensitizing PPARg agonist. In conclusion,

sucrose-induced IR affects adrenocortical morphology

and function possibly via the generation of adipokines or

lipid metabolites within the adrenal gland. These abnorm-

alities are prevented by the administration of a PPARg
agonist by mechanisms involving both extra- and intra-

adrenal effects.
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Introduction

It has been hypothesized that deviations in glucocorticoid

secretion and/or action may contribute to somatic and

biochemical changes observed in patients with insulin

resistance (IR)/metabolic syndrome (Bjorntorp & Rosmond

1999, Walker 2006). Patients with chronic hypercortisolism

(Cushing’s syndrome) display a very similar cluster of

abnormalities (Kaplan 1989, Reaven 1995) characterized by

marked central obesity and insulin insensitivity, and, in

rodents, a permissive role for glucocorticoids in the

development of obesity and metabolic syndrome has been

widely acknowledged (Shimomura et al. 1987, Dallman

et al. 2004), underscoring the functional relevance of

glucocorticoids in adipose pathophysiology.
Among other factors (e.g. genetic predisposition, endo-

crine disorders, intrauterine malnutrition, and sedentarism),

diet plays a key role in the genesis of IR in humans and in

laboratory animals as well. Compelling evidence indicates that

excess consumption of sweet foods, particularly sugar-

sweetened beverages, plays an important role in the epidemic

of obesity around the world (Bray et al. 2004). According to

this, the administration of a fructose-enriched diet or sucrose-

enriched diet (SED) to laboratory animals has been successful

in triggering alterations consistent with the establishment of

IR (Soria et al. 2001) such as hypertension, dyslipoproteinemia,

moderate hyperglycemia, and hyperinsulinemia.

In peripheral tissues, increased flux of energy fuel substrates

associated with high-fat or high-sucrose diets leads to ectopic

lipid accumulation, generation of reactive oxygen species
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(ROS), and cellular dysfunction, a phenomenon known as

glucolipotoxicity (Krebs & Roden 2004). Ectopic lipid

accumulation has been detected in nonadipose tissues as

pancreas, kidneys, blood vessels, skeletal muscle, and heart. In

this sense, Zago et al. (2010) demonstrated an increase in liver

weight and moderate hepatic micro- and macrovesicular

steatosis in sucrose-fed animals. Although these organs can

initially store some of this surplus as triglycerides, excess lipids

eventually give rise to toxic lipid species that alter cellular

signaling (Yang & Barouch 2007), promote mitochondrial

dysfunction (Bugger & Abel 2008), and increase apoptosis

(Unger & Orci 2002).

It is accepted that patients displaying features of IR

syndrome show a dysregulation of the hypothalamic–

pituitary–adrenal (HPA) axis (Bjorntorp & Rosmond 1999,

Walker 2006). Hyperactivation of the adrenal cortex could be

the result of a central stimulus with higher ACTH release

attributable to a state of chronic stress (Pasquali et al. 2006) or

to the direct effect of humoral/hormonal mediators origi-

nated in the adipose tissue and associated with the IR state

(Voutilainen 1998). In this study, we show the impact of IR,

induced by a high-sucrose diet on rat adrenal morphology

and function. Subsequently, we demonstrate that these

alterations are prevented by treating sucrose-fed animals

with an insulin-sensitizing peroxisome proliferator-activated

receptor g (PPARg (PPARG)) agonist (rosiglitazone).
Materials and Methods

Drugs and chemicals

ACTH was obtained from ELEA Laboratories (ACTHelea;

Buenos Aires, Argentina). Moloney murine leukemia virus

reverse transcriptase was from Promega. Corticosterone

antiserum was kindly provided by Dr A Belanger (Laval

University, QC, Canada). [1,2,6,7-3H(N)] corticosterone

(0.25 mCi, 76.5 Ci/mmol) was from PerkinElmer (Boston,

MA, USA). GoTaq polymerase was acquired from Promega.

The enzymatic colorimetric kits for the determination of

serum glucose and triglycerides levels were from Wiener

Laboratories (Rosario, Argentina). Rosiglitazone was kindly

provided by Dr Rosana Felice, GlaxoSmithKline. All other

chemicals were of the highest quality available.
Animals and experimental procedures

Adult male Wistar rats (200–250 g body weight) received

standard chow ad libitum and either tap water (control group)

or tap water with 30% of sucrose (w/v) (SED group). Animals

were kept in group cages (three animals per cage) under

controlled conditions (23G2 8C, lights on 0700–1900 h).

Caloric intake and body weight were monitored every other

day throughout the duration of the experiments.

Animals from both control and SED groups were killed 3,

5, 7, 9, and 12 weeks after the initiation of the dietary
Journal of Endocrinology (2012) 214, 267–276
intervention; animals were killed by decapitation 4 h after

food withdrawal (between 0900 and 1000 h) and blood and

tissues were collected and immediately frozen.

In another set of experiments, animals were randomly

assigned to four experimental groups: a) control group,

b) SED group, c) control group receiving the PPARg agonist

rosiglitazone (group R) 4 mg/kg p.o. daily, and d) SEDCR

group, receiving sucrose and rosiglitazone simultaneously.

Blood samples were taken during morning hours

between 0900 and 1000 h. Adrenocortical function and

morphology were evaluated in these animals during the

seventh week of treatment. All protocols for animal

treatments were evaluated and approved by the Animal

Care and Use Committee (CICUAL) from the University of

Buenos Aires Medical School.
Intraperitoneal insulin tolerance test

Insulin tolerance tests (ITTs) were performed after a 6-h fast

by i.p. administration of regular porcine insulin (Betalin R,

Laboratorios Beta, Buenos Aires, Argentina; 0.75 IU/kg).

Blood was obtained from the tail vein after 0, 15, 30, 45, and

60 min, and serum glucose levels were determined by a

GOD/POD colorimetric method (Wiener Laboratories).
Histological and lipid analysis of adrenal glands

Adrenal glands were rapidly immersed for 6 h in

4% formaldehyde diluted in 0.1 M phosphate buffer (pH 7.2),

dehydrated, and then embedded in paraffin. Adrenals were

sectioned (5 mm) and stained with Masson’s trichrome stain.

Alternatively, adrenals were fixated in 4% formaldehyde

diluted in 0.1 M phosphate buffer (pH 7.2), cryoprotected

with sucrose 30% in 0.1 M phosphate buffer (pH 7.2),

embedded in Tissue-Tek OCT (Sakura Finetek Inc.,

Torrance, CA, USA), and frozen at K20 8C. Cryostat

sections (10 mm) were cut and stained with Sudan III dye.

Microscopic images were digitally captured from an Eclipse

E400 microscope (Nikon, Tokyo, Japan) equipped with a

photographic camera (Coolpix s10; Nikon). All images were

assembled and processed in Adobe Photoshop SC (Adobe

Systems) to adjust for brightness and contrast. No other

adjustment was made. To measure Sudan III dye-positive

stain, images were captured with a 600! achromat objective

from the zona fasciculata of the adrenal gland. Images were

converted to 8-bit gray scale, and a manual threshold value,

first determined by visual examination, was constantly applied.

Finally, images were converted to a binary form. The analysis

was performed by observers masked to the protocol used in

each adrenal gland. For all image processing and analysis,

digitalized captured TIFF images were transferred to ImageJ

Software (http://imagej.nih.gov/ij/, NIH, USA).

For the determination of triglyceride content, adrenal

glands were homogenized in 50 mM phosphate buffer,

pH 7.4, with the addition of 100 mM KCl and phosphatase

and protease inhibitors. Homogenate samples were centrifuged
www.endocrinology-journals.org
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for 5 min at 2000 g and triglyceride levels were assayed in the

supernatants with commercial enzymatic colorimetric kits

(Wiener Laboratories).
ACTH stimulation test

Twenty-four hours before the experiments, animals were

fitted under ketamine–xylazine anesthesia, with indwelling

jugular cannulae (Harms & Ojeda 1974). On the day of the

experiment, the Silastic tubing was exposed and flushed

with heparin-containing saline (25 IU/ml) 2 h before the

beginning of the experiment. Blood samples were obtained 0,

15, 30, 45, and 60 min after ACTH injection (4 IU/kg i.v.).

The area under the concentration/time curve (AUC) was

calculated using the trapezoid rule.
RNA isolation and RT-PCR

After killing, adrenal glands were rapidly dissected and placed

on a chilled plate. After decapsulation, adrenocortical tissue

was homogenized in TRIzol reagent and total RNA was

obtained according to the manufacturer’s instructions. RNA

(1 mg) was pretreated with ribonuclease-free DNase I to

eliminate any possible DNA contamination and then

incubated in a mixture containing 0.5 mM dNTP mix,

25 ng/ml (8 mM) random primers, 1!first-strand buffer,

25 U ribonuclease inhibitor, and 200 U Moloney murine

leukemia virus reverse transcriptase in a final volume of

25 ml for 1 h at 42 8C. The reaction was stopped by heating at

90 8C for 5 min. The reaction mixture was then brought

to 100 ml with diethylpyrocarbonate-treated water and stored

at K70 8C. Reverse transcriptase was omitted in selected

tubes as a control of amplification from contaminating

genomic DNA.

Amplifications by real-time PCR were carried out in

a Rotor-Gene 6000 Corbett Life Science Real Time

Thermal Cycler (Corbett Research, Sidney, NSW, Australia)

and were performed using 0.5 ml cDNA in a final volume of

25 ml in the following reaction mixture: 1!PCR buffer,

1.5 mM MgCl2, 0.2 mM of each dNTP, 500 nM of each

specific oligonucleotide primer, 0.625 U GoTaq polymerase,

and 0.96!EvaGreen.

The sequences for the oligonucleotide primers were as

follows: b-actin, forward: 5 0-CCACACCCGCCACCAG-

TTC-3 0 and reverse: 5 0-GACCCATTCCCACCATCA

CACC-3 0; P450 side chain cleavage enzyme (CYP11A1),

forward: 5 0-GGGTGGCCTATC ACCAGTAT-3 0 and

reverse: 5 0-CTGAGCTACACCTTCCAGCA-3 0; steroido-

genesis acute regulatory protein (STAR), forward: 5 0-GTG-

GAACCCAAATGTCAAGG-3 0 and reverse: 5 0-CAGCAC

ACAGGTGGAACCTC-3 0; melanocortin 2 receptor

(MC2R), forward: 5 0-GATGCTGGTTTTTATCCTGT-

GTC-3 0 and reverse: 5 0-ATGC CATTGACCTGGAA-

GAG-3 0; PPARg, forward: 5 0-CATAAAGTCCTTCCC

GCTGA-3 0 and reverse: 5 0-GAAACTGGCACCCTT-

GAAAA-3 0; and fatty acid translocase (CD36), forward:
www.endocrinology-journals.org
5 0-CTCTGACATTTGCAGGTCCA-3 0 and reverse:

5 0-CACAGGCTTTCCTTCTTTGC-3 0. The cycling con-

ditions were as follows: denaturation at 95 8C for 3 min,

40 cycles of 20 s at 95 8C and 20 s at 52 8C, and finally 30 s at

72 8C. Real-time PCR results were quantified using Rotor

Gene 6000 Series Software (version 1.7 Build 40, Hilden,

Germany) with b-actin expression as internal control.
Hormone measurements

Corticosterone concentration in dichloromethane-extracted

serum samples was determined by RIA, as described

previously (Cymeryng et al. 1998). Serum insulin levels

were determined using a commercial ELISA kit (Alpco

Diagnostics Insulin (Rat) Ultrasensitive EIA, Salem,

NH, USA).
Statistical analysis

Data were tested for normality using the Kolmogorov–

Smirnoff test. Values are expressed as meanGS.E.M.

Differences between groups were analyzed by unpaired

t-test or by factorial one-way ANOVA followed by Tukey’s

test, as appropriate. All calculations were performed using

GraphPad InStat version 3.06 for Windows (GraphPad

Software, San Diego, CA, USA).
Results

Rats receiving sucrose in drinking water (SED group) and

control rats (control group) were killed 3, 5, 7, 9, and

12 weeks after the initiation of the treatments. As summarized

in Tables 1 and 2, caloric intake, body and adipose tissue

weights, and biochemical parameters related to IR were

significantly increased 7–9 weeks after the initiation of the

dietary modification (SED vs control groups).

The presence of a systemic insulin-resistant state was

confirmed during the seventh week of treatment by means of

an ITT (Fig. 1A). Simultaneous treatment with the PPARg
agonist rosiglitazone normalized the results of the ITT and

also prevented the increase in serum insulin, glucose, and

triglyceride concentrations (Fig. 1A, B, C and D). This

treatment had no effect on the increase in body and

adipose tissue weights observed in animals of the SED

group (Fig. 1E and F).

As an insulin-resistant state was established 7 weeks after

the initiation of the dietary intervention, we chose this time

point to further perform morphological and functional

evaluations of the adrenal cortex of the rat in SED and in

control animals, with and without rosiglitazone treatment.

Adrenal glands excised from SED-treated rats exhibited

significant lower relative weights than their control counter-

parts. Rosiglitazone treatment did not affect this parameter

(control, 72.24G2.74; R, 71.40G3.35; SED, 60.67G1.93;

SEDCR, 60.08G2.98 mg/kg body weight, SED vs control,
Journal of Endocrinology (2012) 214, 267–276
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P!0.01, nZ9/group). Qualitative morphological evaluation

(Masson’s trichrome stain) of sections obtained from control

and SED-treated rats showed, in the latter, disrupted

organization of the cords (Fig. 2A and C) and an increased

number of markedly vacuolated parenchymatous cells at the

zona fasciculata, an effect attributed to the presence of ‘lipid

ghosts’ (Fig. 2E and G, see black arrows). A normal tissue

morphology was observed in sections obtained from

rosiglitazone-treated control (R) or sucrose-fed animals

(SEDCR; Fig. 2B, D, F and H).

An evident intracellular infiltration with neutral lipids was

observed after staining cryostat adrenal sections, obtained

from animals from the SED group, with Sudan III dye

(Fig. 3A, C and E). Biochemical analysis indicated a

significant accumulation of triglycerides in the adrenocortical

tissue (Fig. 3F). Rosiglitazone treatment significantly

decreased the lipid infiltration of the adrenal cortex observed

in the SED group (SEDCR) as it induced a reduction in the

lipid droplets area (as reflected in the diminished Sudan III-

positive staining in the zona fasciculata layer) and in the

triglyceride content of the tissue (Fig. 3A, B, C, D, E and F).

A significant increase in the mRNA levels of Pparg and

its downstream target CD36 (FAT) were detected in the

adrenal cortex of SED-treated rats. Rats receiving rosiglita-

zone also showed an increase in the expression levels of Cd36

but not in Pparg (Fig. 4). The expression levels of cyclin E

and D were not affected by these treatments (data not shown).

Rats fed a SED displayed significantly higher basal

corticosterone levels (Fig. 5A). Nonetheless, a blunted

secretory response to i.v. ACTH was detected in these

animals (Fig. 5B and inset showing the AUC). Compared

with their control counterparts, increased expression

levels of Star and Cyp11A1, and a significant decrease

in the expression levels of the ACTH receptor Mc2r,

were observed in the adrenal cortex of animals in the SED

group (Fig. 5C).

Rosiglitazone treatment prevented the increase in basal

corticosterone levels and the reduction in the adrenal response

to an acute ACTH stimulation (Fig. 5A and B). The

expression levels of adrenocortical Star, Cyp11A1, and

Mc2r were normalized by rosiglitazone (Fig. 5C). Rosiglita-

zone, per se, induced a significant increase in basal and

ACTH-stimulated corticosterone production and in

the expression levels of Star, Cyp11A1, and Mc2r (Fig. 5A,

B, C and D).
Discussion

According to our results, morphological changes arise in the

adrenal cortex of male adult Wistar rats during the induction

of IR by means of a SED. Furthermore, sucrose-treated

animals display a concurrent dysregulation of basal and

ACTH-stimulated glucocorticoid release.

Several studies have demonstrated that SEDs have a

profound impact on fuel accumulation and distribution in rats.
www.endocrinology-journals.org
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Fructose generated by sucrose hydrolysis in the gut is mainly

metabolized in the liver. As it bypasses key regulatory steps in

glycolysis, most of the fructose ingested is promptly converted

to fatty acids that are esterified into triglycerides, which are

then packed into lipoproteins along with cholesterol for blood

transport. In agreement, increased fructose intake has been

demonstrated to augment serum triglyceride and non-HDL

cholesterol levels in humans and rodents (Parks & Hellerstein

2000, Ryu & Cha 2003). Similar results were obtained in

our experimental conditions when we fed rats 30% sucrose

in the drinking water.

In addition, it was previously shown that high sucrose

feeding results in an early development of IR (Bernal et al.

1995) and that this IR state is related to a dysregulation in the

production and/or metabolism of glucocorticoids (Bjorntorp

& Rosmond 1999, Walker 2006). Taking this into account,

we decided to study adrenal morphology and function during

the seventh week of treatment, as, according to our time

course studies, IR was frankly established in rats fed the

high-sucrose diet at this time point.

Rosiglitazone is a thiazolidinedione (TZD) that serves as

a high-affinity ligand of PPARg, a member of the nuclear

receptor superfamily of transcription factors (Lehmann et al.

1995). In humans, as well as in animal models, activation

of the PPARg pathway results in the attenuation of IR

associated with obesity, impaired glucose tolerance, type 2

diabetes, hypertension, and polycystic ovary syndrome

(Potenza et al. 2006, Radosh 2009). Present experiments

show that, in SED-treated rats, rosiglitazone administration

had no effect on body weight gain or on the adipose tissue

depot size. However, as described in other animal models

(Jiang et al. 2002, Sharabi et al. 2007), serum glucose, insulin,

and triglyceride levels were lowered by concurrent

rosiglitazone treatment, suggesting an amelioration of the

insulin-resistant state induced by high sucrose feeding. In fact,

a normal response to the ITT was achieved when rats were

simultaneously treated with rosiglitazone and SED.

Histological examination of adrenocortical sections

obtained from SED-treated animals showed a considerable

triglyceride infiltration and a disruption of the trabecular

organization of the zona fasciculata, without evident effects

on the thickness of this layer. Animals rendered insulin

resistant by means of SEDs show a considerable increase

in hepatic triglyceride synthesis and augmented body fat

storage, resulting in abdominal adipose tissue accumulation,

and in ectopic fat deposits such as those well described

in liver (nonalcoholic steatosis) and muscle (Chicco et al.

2003, Lara-Castro & Garvey 2008). As in other tissues, in

the adrenal cortex, triglyceride synthesis from blood-borne

fatty acids could entail the protection from the deleterious

effects exerted by free fatty acids or by other metabolites

such as diacylglycerol, ceramides, etc. (Listenberger et al.

2003, Consitt et al. 2009). To our knowledge, this is the

first report showing the ectopic accumulation of lipids

in the adrenal cortex of rats fed a high-sucrose diet. The

contribution of steroidogenic cells, macrophages, and/or
Journal of Endocrinology (2012) 214, 267–276



Figure 1 ITT, serum insulin, glucose, and triglyceride levels and body and fat tissue weights in
rats fed a SED simultaneously treated with or without rosiglitazone (R). Animals were fed a
control diet or a sucrose-enriched diet (C and SED groups) with or without co-treatment with
rosiglitazone (4 mg/kg p.o.; R and SEDCR groups) as described in the Materials and Methods
section for 7 weeks. (A) An ITT was performed after a 6-h fast by i.p. administration of regular
porcine insulin (0.75 IU/kg), (B) serum insulin levels were determined with a commercial
ELISA kit. Serum glucose (C) and triglyceride (D) levels were determined by an enzymatic
colorimetric commercial kit. Body and fat tissue weights are indicated in (E and F)
respectively. Data are expressed as meanGS.E.M., nZ6. Means with different letters are
significantly different (Tukey’s test, P!0.05).
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adipose cells to these ectopic lipid depots within the adrenal

cortex is still under investigation.

According to our results, rosiglitazone treatment of high-

sucrose-fed rats was accompanied by a significant reduction of

adrenocortical lipid infiltration. This could arise as a
Figure 2 Morphological changes in the adrenal zona fasciculata secti
(R). Animals were killed and adrenal glands from control (panels A and E
G), and SEDCR-treated (panels D and H) animals were excised. Paraffi
stain as described in the Materials and Methods section. Black arrow
staining procedures. Scale bar: A, B, C and DZ10 mm; E, F, G and H
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consequence of a well-known effect of TZDs, increasing

adipocyte replication and free fatty acid uptake into these

cells, and thereby reducing the amount of ectopically

deposited fat (Oakes et al. 2001, Yki-Jarvinen 2004). Beyond

the reversal of metabolic and low-grade inflammatory
ons from rats fed a SED with or without rosiglitazone co-treatment
), rosiglitazone-treated (panels B and F), SED-treated (panels C and
n sections of adrenal tissues were stained with Masson’s trichrome
s, in (G), show lipid ghosts left by the lipid droplet as a result of
Z5 mm.
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Figure 3 Lipid accumulation on adrenal cortex in rats fed a SED
co-treated with or without rosiglitazone (R). Cryostat sections of the
adrenal cortex were stained with Sudan III. Images from control (A),
R (B), SED (C), and SEDCR (D) animals are shown. Scale bar: A, B,
C and DZ10 mm. (E) Histological analysis is indicated as
percentage of Sudan III-positive staining per 1000 mm2.
(F) Triglyceride content of the adrenal tissue is expressed as
microgram triglycerides per milligram adrenal weight. Data are
expressed as meanGS.E.M. (nZ9). Means with different letters are
significantly different (Tukey’s test, P!0.05).

Figure 4 Pparg and Cd36 mRNA levels in rats fed a SED with or
without rosiglitazone treatment (R). Animals were treated as
described in the legend of Fig. 1. Adrenal glands from
C, R, SED, and SEDCR groups were excised and mRNA levels of
Pparg and Cd36 were determined as described in the Materials and
Methods section. Data are expressed as meanGS.E.M. (nZ9). Means
with different letters are significantly different (Tukey’s test,
P!0.05).
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parameters characteristic of the insulin-resistant state,

rosiglitazone could possibly exert direct effects at the adrenal

level. In this sense, our results showed that both control and

SED-treated rats expressed Pparg in the adrenal cortex.

In agreement, the expression of PPARg in the normal human

adrenal cortex (Uruno et al. 2011), in human adrenocortical

tumors, and in the adrenocortical cell line H295R was also

demonstrated (Betz et al. 2005). Noteworthy, significantly

higher levels of PPARg were determined in the adrenal

cortex of rats fed a SED diet. This receptor appears to be

functional as a downstream target, CD36 (or FAT), and is also

significantly increased in this tissue. Fatty acids and derivatives

or other metabolites could be acting as endogenous ligands

for PPARg in the adrenal cortex of SED-treated rats (Ruan

et al. 2008). It could then be hypothesized that activation

of PPARg within the adrenal cortex, in the context of the

IR state, could result in the upregulation of adipogenic

genes, contributing to the lipid deposition observed in the

adrenocortical tissue. On the other hand, a reduction in blood

triglyceride levels by systemic rosiglitazone treatment of

sucrose-fed animals could result in the lower lipid accumu-

lation observed within the adrenal cortex of SEDCR-treated

animals. Notwithstanding, in this condition, higher adrenal
www.endocrinology-journals.org
lipid depots were detected, compared with controls, possibly

by rosiglitazone-dependent activation of adrenal PPARg.

SED-treated rats showed a significant increase in basal

serum corticosterone levels (measured during the morning

hours). As stated before, this abnormality has been previously

observed both in genetic and in diet-induced animal models

of IR: in particular, high-fat diets correlate with higher

corticosterone levels in rats (Cano et al. 2008, Buchenauer

et al. 2009). This could result from an altered corticosterone

metabolism or uptake by peripheral tissues (Kotelevtsev et al.

1997, Masuzaki et al. 2001, Masuzaki & Flier 2003, Paterson

et al. 2004) or from the stimulation of the HPA axis resulting

in a higher ACTH output, as described in subjects with

IR/central obesity (Jessop et al. 2001, Grayson et al. 2010).

Increased expression of STAR and CYP11A1, two key

proteins involved in the early steps of steroidogenesis,

suggests that augmented glucocorticoid synthesis is respon-

sible, at least in part, for the higher basal corticosterone

levels (Miller 1995, Strauss et al. 1999, Manna et al. 2009).

The possible contribution of ACTH and/or other still

unidentified molecules in this increase is currently under

investigation. However, the fact that adrenal weights and the

expression levels of the ACTH receptor (MC2R) were

significantly lower in the SED-treated group prompt us to

propose the involvement of effectors, other than ACTH, in

the genesis of basal hypercorticosteronemia.

Among the possible effectors of adrenal steroidogenesis,

increased levels of fatty acids or other lipid metabolites, within

the adrenal cortex, could be involved in the dysregulation of

basal corticosterone production (Sarel & Widmaier 1995,

Rabano et al. 2003). In addition, the regulation of

steroidogenesis by adipocyte secretory products generated

by fat cells detected in close contact with steroidogenic

cells has also been shown (Ehrhart-Bornstein et al. 2003).
Journal of Endocrinology (2012) 214, 267–276



Figure 5 Steroidogenic function in rats fed a SED with or without
rosiglitazone treatment (R). Animals were randomly assigned to four
experimental groups as described in the legend of Fig. 1 (C, R, SED,
and SEDCR), and the following determinations were performed 7
weeks after the initiation of the dietary modification. (A) Basal
serum corticosterone levels were determined by RIA, (B) animals
were injected with ACTH (4 IU/kg i.v.) and blood was obtained after
0, 15, 30, 45, and 60 min. Serum corticosterone levels at each time
point were determined by RIA. The area under the curve is shown as
an inset (AUC, 0–60 min). (C) Adrenal glands from C, R, SED, and
SEDCR groups were excised and mRNA levels of Star and
Cyp11A1 were determined as described in the Materials and
Methods section. A real-time PCR analysis of the mRNA levels of
Star, Cyp11A1, and Mc2r was performed. Data are expressed as
meanGS.E.M. (nZ9). Means with different letters are significantly
different (Tukey’s test, P!0.05).
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The effect of circulating adipokines/cytokines (Michl et al.

2000, Bornstein et al. 2004, Mikhaylova et al. 2007) and even

of cytokines originated within the adrenal tissue must also be

taken into account (Engstrom et al. 2008). In particular,

preliminary results from our laboratory indicate a macrophage

infiltration of the adrenal cortex and increased expression
Journal of Endocrinology (2012) 214, 267–276
levels of tumor necrosis factor a (TNFa) and interleukin 1b
during the first weeks of treatment (data not shown).

On the other hand, lower adiponectin levels, as those

present in the insulin-resistant state (Kadowaki et al. 2006),

could contribute to the increased basal corticosterone

secretion and augmented Star and Cyp11A1 expression

observed in our animal model, as adiponectin inhibits basal

and ACTH-stimulated steroid secretion affecting the

expression of several steroidogenic genes in adrenal cells (Li

et al. 2009). Furthermore, Paschke et al. (2010) described an

inhibitory effect of adiponectin on basal corticosterone output

by freshly isolated rat adrenocortical cells.

As basal corticosterone levels are significantly increased in

SED-treated animals, the finding of a blunted response to

acute ACTH stimulation may be considered as somewhat

confusing. This apparent contradiction can be explained

by the fact that sucrose-treated animals display significantly

lower Mc2r expression levels in the adrenal cortex

(l’Allemand et al. 1996, Lichtenauer et al. 2007, Waddell

et al. 2010). The origin and significance of this finding deserve

further investigation.

As regards adrenal function, rosiglitazone treatment

restored basal corticosteronemia to normal and prevented

the increase in Star and Cyp11A1 mRNA levels observed in

the SED group, an effect that can be attributed to a decrease in

adrenocortical free fatty acid levels and/or lipid deposition.

TZDs, on the other hand, have been shown to modify

circulating levels of different adipocytokines (e.g. increasing

adiponectin and lowering TNFa concentrations) in insulin-

resistant subjects and experimental animals, exerting

beneficial effects on glycemic control, insulin sensitivity, and

insulin secretion (Miyazaki & DeFronzo 2008). Changes in

one or more of these cytokines could account for the

observed effects on corticosterone levels in SED-treated

animals receiving rosiglitazone.

As for the effects of rosiglitazone alone on adrenal

steroidogenesis, our results show an increase in basal and

ACTH-dependent steroid production with higher levels of

Star, Cyp11A1, and Mc2r mRNA levels. It could be

hypothesized that these results could be a consequence of a

direct effect of rosiglitazone at the adrenal level, as incubation

of human adrenal H295R cells with rosiglitazone resulted in

higher basal and ACTH-stimulated cortisol production with

an increase in Star and Mc2r (but not in Cyp11A1) mRNA

expression levels (Betz et al. 2005). It is clear that additional

regulatory pathways (besides PPARg activation) should be

taken into consideration to explain, for instance, the decrease

in adrenal Mc2r expression levels observed in SED-treated

animals. On the other side, rosiglitazone treatment does not

appear to affect normal adrenal cell proliferation rates as it

did not modify the levels of cyclin D and E, two regulators

of the cell cycle.

In summary, SED-associated IR might affect adreno-

cortical cells by inducing lipid infiltration. Without dis-

regarding possible effects exerted at higher levels of the HPA

axis and/or on steroid metabolism, the observed changes in
www.endocrinology-journals.org
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steroid production could be attributed to direct effects on

locally produced adipokines, immune system mediators,

and/or lipid metabolites. These changes were prevented by

the administration of a PPARg agonist, acting by means of

previously described effects (diminished IR and lipid

infiltration and reduced systemic inflammation), and/or

through other mechanisms exerted directly at the adrenal level.
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