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A B S T R A C T

Obesity is associated with several endocrine disorders, including hypersensitivity of the

hypothalamic-pituitary-adrenal axis. The aim of this study was to investigate the effects of

a high carbohydrate diet on structural and ultrastructural features of steroidogenic tissue,

as well to evaluate adrenocorticotropic hormone (ACTH), cortisol, and insulin levels in the

blood and steroidogenic acute regulatory protein (StAR) expression in the adrenals of

gerbils. In electron microscopy, the most pronounced effect of the hypercaloric diet was

observed in the zona fasciculata. Plasma levels of ACTH, cortisol, and insulin also showed

significant increases. However, no significant change was noted in StAR protein levels.

There is evidence that high carbohydrate intake brings about remarkable morphological

and functional modifications. This could ultimately lead to mitochondrial alteration and

accumulation of lipid droplets, which may lead to inflammation and degeneration of

adrenal cells.
�C 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

L’obésité est associée à plusieurs perturbations endocriniennes, y compris l’hypersensi-

bilité de l’axe hypothalamo-hypophysaire surrénalien. Le but de la présente étude consiste

à mettre en exergue les effets d’une alimentation riche en glucides sur les aspects

structuraux et ultrastructuraux du tissu stéroı̈dien et d’évaluer les taux plasmatiques de

l’ACTH, du cortisol et de l’insuline ainsi que les concentrations tissulaires surrénaliennes

de la protéine StAR chez la gerbille. En microscopie électronique, les effets les plus

prononcés du régime hypercalorique ont été observés dans la zone fasciculée. Des

augmentations significatives des taux plasmatiques de l’ACTH, du cortisol et de l’insuline

ont été enregistrées ; cependant, aucun changement significatif n’a été noté concernant les

concentrations en protéines StAR. Le régime hypercalorique induit dans le tissu stéroı̈dien
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1. Introduction

Obesity in humans has become a major public health
concern and has reached epidemic proportions worldwide
[1]. In basic terms, it results from the perturbation of
energy equilibrium by consuming more energy than is
spent, resulting in fat production and storage [2]. It is
widely accepted that dietary and lifestyle factors are the
primary causes of obesity and its related problems [2]. The
pathogenesis of obesity is frequently associated with
several metabolic and endocrine disorders, leading to
serious complications, such as type-2 diabetes mellitus
and cardiovascular diseases [1]. It is also strongly
associated with hyperactivity of the hypothalamus-
pituitary-adrenal (HPA) axis [3,4].

Hyperactivity of the HPA axis has an effect on the body’s
stress response in the sense that an excess of glucocorti-
coids is secreted by the adrenal gland [5,6]. Because of the
crucial role of adrenal function in the body’s homeostasis,
adrenal dysfunction is an important factor in the
development of obesity related abnormalities [7]. Adrenal
dysfunction is an important factor in the pathogenesis of
obesity due in part to the similarities between metabolic
abnormalities in central obesity and glucocorticoids excess
secretion.

Steroid hormone synthesis is controlled by the activity
of several highly substrate-selective cytochrome p450
enzymes (CYPs) and a number of steroid dehydrogenases
(HSDs) and reductases. The biosynthesis of adrenal
steroids is primarily activated through stimulation by
trophic hormones and involves the activation of adenylate-
cyclase activity, which results in increased cAMP levels and
protein kinase A (PKA) activation [8]. Signals that stem
from trophic hormone stimulation increase cholesterol
transport to the cytochrome P450 side-chain cleavage
(P450scc) enzyme, which resides on the inner mitochon-
drial membrane. Cholesterol transport is mediated by
transport proteins, primarily steroidogenic acute regula-
tory protein (StAR) [9]. StAR protein is a component of a
protein complex that functions in the rate-limiting step of
steroidogenesis [10,11]. The crucial role of StAR in the
regulation of steroidogenesis was discovered by treating
patients suffering from lipoid congenital adrenal hyper-
plasia (lipoid CAH), an autosomal recessive disorder in
which both adrenal and gonadal steroid biosynthesis is
severely impaired owing to mutations in the StAR gene
[12]. The targeted disruption of the StAR gene in mice
resulted in a phenotype essentially identical to that found
in lipoid CAH in humans [13].

Mitochondria are central in steroidogenesis since the
physical protein–protein interactions between key factors
during the transport of cholesterol take place in the contact

sites between the two mitochondrial membranes, thus
suggesting that mitochondrial integrity might potentially
limit this process.

This study aims to define the relationship between the
functional status and ultrastructural features of the
adrenal gland in a new model of obesity, Gerbillus gerbillus.

2. Materials and methods

2.1. Animal and experimental design

G. gerbillus individuals were collected from the semi-
desert region of Beni-Abbes (900 km southwest of Algiers).
The authorization to capture the animals in desert region
was given by the Ministry of Higher Education (Algeria).
The average weight of adult male and female gerbils used
was between twenty-two and twenty-four grams. They
were housed in individual cages under controlled light/
dark cycle (12 h/12 h) and maintained under controlled
temperature (23 � 2 8C) conditions. All animals received a
low carbohydrate diet composed of lettuce, carrots, and other
succulent parts of plants (Zygophyllum album) ad libitum.

After two weeks of adaptation, gerbils of both sexes
were divided into two groups and weighed (Table 1 gives
data for the average initial values of the body weight taken
after two weeks of adaptation). The first group (n = 12)
served as controls, maintained on the same low carbohy-
drate diet, corresponding to a daily calorific intake of
10 kCal/animal. The second group (n = 12) was the
experimental one, which received a high carbohydrate
diet, consisting exclusively of barley and dry dates ad

libitum, corresponding to a daily calorific intake of
22.5 kCal/animal.

Blood samples from individual gerbils were collected
after two weeks of adaptation by puncture from the retro-
orbital venous plexus in separate tubes containing the
anticoagulant EDTA. Plasma was separated though centri-
fugation at 3000 g for 10 min, for later ACTH, cortisol, and
insulin estimations, corresponding to the initial concen-
trations (Table 2). In order to avoid the influence of
nycthemere, blood punctures were practiced in the
morning consistently fasted for between 08:00 and
10:00 on all animals.

After six months on the diet, gerbils of both groups were
weighed (Table 1 gives data for the average final values of
the body weight) and then sacrificed by decapitation in the
morning (between 09:00 and 12:00). The blood was
collected into 0.1 mM EDTA-treated plastic tubes on ice,
centrifuged at 3000 g for 10 min and plasma stored at –
20 8C for later ACTH, cortisol, and insulin determinations,
corresponding to the final concentrations (Table 2). All
adrenal glands were removed, rinsed with cold 0.9% NaCl

des modifications morphologiques et fonctionnelles remarquables, qui peuvent

résulter d’une forte accumulation lipidique et d’une altération mitochondriale

pouvant conduire à un état inflammatoire et à une dégénérescence cellulaire.
�C 2019 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits

réservés.
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 weighed. Six adrenals right and left, of each group,
re frozen at –80 8C for StAR protein analysis until use,
ers six right adrenals cutting in half, were fixed into 10%

alin solution for light microscopy examination,
ereas the corresponding left adrenals were immersed

 mixture of 2.5% glutaraldehyde-4% paraformaldehyde
ted in 0.1 M phosphate buffer for electron microscopy.

 Hormone assays

ACTH levels in 200-mL samples of plasma were
asured by immunoradiometric assay (ELSA-ACTH Kit;
bio Bio Assays, France), using two monoclonal anti-
H antibodies. The first antibody specific for the N-
inal part of ACTH was coated onto the ELSA solid

se, and the second antibody specific for the C-terminal
t of ACTH was radiolabelled with 125I. The radioactivity
nd to the ELSA is proportional to the concentration of
H present in the sample. The detection limit for ACTH

s determined to be 2 pg/mL (7.3�10�12 mol/L).
Cortisol and insulin levels in 20-mL and 100-mL aliquots
plasma were measured using a competitive binding
thod according to the protocol supplied with the kits
bio Bio Assays, France).

The detection limit for insulin was 4.6 mIU/mL
9�10�11 mol/L), and 6.6 nmol/L (6.6�10�9 mol/L) for corti-

 The cortisol antiserum showed a 2.5% cross-reactivity
h corticosterone.

2.3. Light and electron microscopy

2.3.1. Sample preparation

The adrenal glands of each group of gerbils were
stripped of surrounding fat tissue, without injuring the
capsule, cut in halves and immersed both in 10% formalin
during 48 h for histological examination. After routine
processing, dehydration in graded ethanol, and soaking in
paraffin, each paraffin block was cut into 5-mm-thick slices
using a microtome (Leica, Germany), stained with Masson’s
trichrome, and observed with a Zeiss photonic microscope.

For ultrastructural studies, small pieces of the adrenal
glands were fixed in a mixture of 2.5% glutaraldehyde-4%
paraformaldehyde diluted in 0.1 M phosphate buffer at pH
7.4 for 2 h at 4 8C, the pieces were then rinsed in 0.2 M
phosphate buffer, then post-fixed in 1% solution of osmium
tetroxide (1% OsO4) during 1 h at 4 8C, dehydrated in
ethanol, cleared in propylene oxide, embedded in Epon
812 resin and polymerized. Ultrathin sections were cut
with an ultra-microtome, stained with solutions of uranyl
acetate and lead citrate, and examined with a Hitachi

HT7700 transmission electron microscope (Delta Micro-
scopies, France).

2.4. Western blot

Whole-cell protein extracts were obtained from adrenal
samples by homogenizing in Laemmli buffer [14] using an

le 1

y and adrenal gland weights.

eatment group Body weight (g) Relative adrenal gland weight (mg)

Initial weight Final weight Left adrenal Right adrenal

ntrol (n = 12)

w carbohydrate diet

10 kCal/day

22.82 � 0.52 22.71 � 1.25a 22.59 � 2.55 20.52 � 1.79

perimental (n = 12)

gh carbohydrate diet

22,5kCal/day

22.70 � 0.49 33.25 � 0.75b,e 32.06 � 2.05d 25.98 � 1.54c

Increases 46.41 41.92 26.6

 are expressed as means � SEM.

Initial body weight vs final body weight, P > 0.05.

Initial body weight vs final body weight, P < 0.0001.

Experimental vs control., P < 0.05.

Experimental vs control., P < 0.01.

Experimental vs control., P < 0.0001.

le 2

ma levels of ACTH, cortisol and insulin in the control and experimental groups.

asma levels Initial values (n = 6) Control (n = 6) Experimental (n = 6) % Increase

(experimental vs control)

TH (pg/mL) 1541.48 � 234.16 1704.60 � 380.42a 2890.68 � 413.45b,d 69.58

rtisol (nmol/L) 215.73 � 34.89 224.04 � 39.58a 404.02 � 60.43b,e 80.33

suline (mUI/mL) 37.28 � 10.80 37.62 � 8.63a 113.32 � 11.12c,f 201.22

 are expressed as means � SEM.

Initial values vs control, P > 0.05.

Experimental vs initial values, P < 0.01.

Experimental vs initial values, P < 0.001.

Experimental vs control, P < 0.05.

Experimental vs control, P < 0.01.

Experimental vs control, P < 0.001.



M. Medjerab et al. / C. R. Biologies 342 (2019) 35–4438
ultrasound homogenizer and centrifuging for 25 min at
14,000 g at 4 8C. The proteins were quantified by the
Bradford method [15]. Denatured protein extracts (15 mg)
were resolved on 10% sodium dodecyl sulfate-polyacryl-
amide gel (SDS–PAGE) and electrophoresis according to
the method of Laemmli [14]. The proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes
(0.45 mm) using a transfer buffer (25 mM Tris, 192 mM
glycine, and 20% methanol) at 100 V for 1.5 h at 4 8C. After
that, the membranes were blocked with tris-buffered
saline (TBS-T: 50 mM Tris–HCl, pH 8, 150 mM NaCl and
0.3% (v/v) Tween 20) containing 5% (w:v) non-fat dry milk
for 1 h at room temperature to reduce non-specific
protein-binding, and then they were probed with an
appropriate dilution of primary antibody overnight at 4 8C.
The antibody used was a rabbit polyclonal anti-StAR
(1:1000, a kind gift from Dr D.M Stocco, Tech University
Health Sciences Center, TX, USA). After extensive washing
(TBS 0.3% Tween 20), membranes were incubated with
secondary antibody (1:1000, a kind gift from Dr E. Lalli,
‘‘Institut de pharmacologie moléculaire et cellulaire’’, Nice)
for 1 h at room temperature.

The normalization of the bands was performed by
reprobing the membranes with beta-actin antibody after
washing with a tris-buffered saline solution (TBS 0.3% (v/v)
Tween 20) and by blocking with TBS-T 0.3% (v/v) Tween
20 containing 5% (w:v) of non-fat dry milk. Immunoreac-
tive proteins were visualized using the enhanced chemi-
luminescence kit, and the images were captured using a
chemiluminescence imaging system (IPMC, CNRS, Nice).
The acquired protein bands appeared white against a dark
background due to the light emitted by the oxidation of
luminol. The immunoreactive bands were evaluated by
measuring the area and its density with Image J software
(IPMC, CNRS, Nice).

2.5. Statistical analysis

Data are expressed as means � SEM (standard error of
the mean). Differences in means between two groups of
gerbils were determined with Student’s t test. The differences
are considered significant at P < 0.05.

3. Results

3.1. Changes in body, adrenal weights and hormonal levels

As shown in Table 1, the high carbohydrate diet
resulted in significant increases in the final body and
adrenals relative weights compared to the control group.
The increase was about 46.41% (P < 0.0001) for body
weight, 26.6% (P < 0.05) for right adrenals, and 41.92%
(P < 0.01) for left adrenals. Elevated ACTH (by 69.58%),
cortisol (by 80.33%), and insulin (by 210.22%) levels in
plasma were observed in the experimental group as
compared to the control group (Table 2); these changes
were statistically significant and corresponded to P < 0.05,
P < 0.01, and P < 0.001, respectively.

In contrast, the control animals exhibited no significant

plasma levels (P > 0.05) compared to the initial values and
were recovered at a similar rate.

3.2. Expression of StAR protein in adrenal extracts

An immunoreactive signal corresponding to StAR
protein (30 kDa) was detected in adrenal extracts from
both groups. The high carbohydrate diet tended to
decrease the protein level of StAR as compared to control
diet-fed gerbils, but the decrease was not significant
(P > 0.05) (Fig. 1).

3.3. Histological and ultrastructural examination

3.3.1. Control animals

Representative photomicrographs of the control adrenal
sections are presented in Fig. 2.

Adrenal sections of control animals showed a normal
adrenal architecture. The parenchymal cells of the cortex
between the capsule and medulla revealed three different
types of arrangements. In the zona glomerulosa (Fig. 2, A.a,
B.a,b,c), the cells were grouped into small, irregular clusters
(Fig. 2, A.a), surrounded by a network of fenestrated
capillaries (Fig. 2, B.a). Their nuclei were somewhat smaller
and darker than those of the next zone (Fig. 2, A.a) and
showed a nucleolus. Likewise, their cytoplasm was of a more
even texture, but contained some lipid droplets varying
greatly in size (Fig. 2, B.a,b). Some of these lipid droplets
appeared to be confluent (Fig. 2, B.b). Beneath this was a
thick layer, the zona fasciculata (Fig. 2, A.b, B.d,e,f), in which
the cells were roughly polyhedral, and had distinct cell
membranes with reduced intercellular spaces (Fig. 2, B.d,e).
They were arranged in cords (Fig. 2, A.b, B.d) perpendicular to
the capsule, with straight capillaries between them. Their
nuclei were larger and less dense than those of the zona

glomerulosa. The cytoplasm appeared to be extensively
vacuolated. These are referred to as spongiocytes (Fig. 2, A.b,
B.d,e) because they contain large numbers of lipid

Fig. 1. StAR relative density normalized to b-actin in adrenal glands of

Gerbillus gerbillus under low and high carbohydrate diets. (Experimental

vs control, P > 0.05).
droplets (cholesterol esters, which are precursors of steroid
change in body weight and ACTH, cortisol and insulin
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mones). The cells were rich in mitochondria, located very
e to the lipid droplets, and marked by a dark
ochondrial matrix and tubular cristae (Fig. 2, B.f).

The cells of both the zona glomerulosa and zona

fasciculata contained large amounts of smooth endoplasmic
reticulum. They also contained a few lysosomes.

2. Adrenal cortex of control gerbils. A. Histological findings (stained with Masson’s trichrome). ZG: zona glomerulosa (a); ZF: zona fasciculata (b); ZR:

 reticularis (c); Cc: conjunctive capsule; N: nucleus; Cs: blood capillaries. B. Ultrastructural aspects of a portion of the zona glomerulosa (a–c), zona

iculata (d–f), and zona reticularis (g–i). Cc: capsular; N: nucleus; Cs: blood capillaries; L: lipid droplet; (arrow): gap junction; G: Golgi apparatus; m:

chondria; cv: coated vesicles; D: intercellular space; ly: lysosomes; lp: lipofuscins.
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In the zona reticularis (Fig. 2, A.c, B.g,h,i), cells were
positioned in cords that run in various directions and
anastomosed with one another (Fig. 2, A.c, B.g). Some cells
have a small dark nucleus and acidophilic cytoplasm, and
relatively low lipid content. Others had a lighter nucleus
and cytoplasm (Fig. 2, A.c). Some cells contained consider-
able quantities of lipofuscin pigment. Like the cells in the
two other zones, they contained abundant amounts of
smooth endoplasmic reticulum.

3.3.2. Animals fed a high carbohydrate diet

These adrenal glands showed striking differences in
structural and ultrastructural features compared to the
control adrenal glands. These findings are depicted in
Fig. 3.

The adrenal cortex showed a cellular hypertrophy,
which was more marked in the zona fasciculate (Fig. 3.
2A.b,c). In this zone, the cellular arrangement of the few
cell cords was irregular (Fig. 3, 2A.b,d,e) and the
extracellular spaces between these cell cords were large
(Fig. 3. 2A.d, 2B.d,e). Sometimes the venous sinuses were
dilated (Fig. 3, 2A.d, 2B.d,e), and the endothelial cells were
dissociated from the basal lamina. The presence of adipose
tissue in some areas was also noted, most of all in the zona

fasciculata (Fig. 3, 2A.e). We have also noted a loss of zona

glomerulosa in some areas in the experimental glands
(Fig. 3, 2A.a).

Moreover, the cells in the three zones (glomerulosa,
fasciculata, and reticularis) were surrounded by a blurred
plasmatic membrane (Fig. 3, 2B.a,i,k,q) and they were in
particular characterized by a largely developed smooth
endoplasmic reticulum and a Golgi apparatus. Numerous
lysosomes with high electron density were also observed
(Fig. 3, 2B.e,f,g,h,i,l,o,p).

An increase in the number of mitochondria and lipid
droplets was also noted (Fig. 3, 2B.c,i,j,k,l,q). This was most
evident in the zona fasciculata.

Mitochondria were abundant, scattered throughout the
cytoplasm, their crests were dilated, and their matrices
were finely granular and less dense to electrons (Fig. 3,
2B.i,l,r).

The lipid droplets were variable in size and shape
and more numerous than those observed in the cells of
the control adrenal glands, especially in the zona

fasciculata. Sometimes, they were scant and appeared in
connection with mitochondria and smooth endoplasmic
reticulum. Their close association suggests the active
biosynthesis of steroid hormones. Sometimes they appea-
red to be surrounded by membrane, fusing with autophagic
vesicles (Fig. 3, 2B.c,i,l).

Large focal areas of mature fibrous connective tissue in
the zona fasciculata (Fig. 3, 2B.f,j) and the zona reticularis

(Fig. 3, 2A.f, 2B.n,o) were observed, and there were
scattered fibroblasts and blood vessels within the fibrotic
areas.

The cells were sometimes connected by tight junctions
(Fig. 3, 2B.b,r). In the cytoplasm, one could also observe
lamellar formations, dense bodies, multivesicular bodies
and coated vesicles, some of which were associated with
the lamellae of the Golgi apparatus. Tubular profiles of

Fig. 3. Adrenal cortex of gerbils fed a high carbohydrate diet. 2A. Histological

findings (stained with Masson’s trichrome). ZG: zona glomerulosa (a and b);

ZF: zona fasciculata (c–e); ZR: zona reticularis (f); Cc: conjunctive capsule; cy:

cytoplasm; N: nucleus; PN: pyknotic nuclei; Cs: Blood Capillaries; V:

vacuolizations; AT: adipose tissue; F: fibrosis. 2B. Ultrastructural aspects of a

portion of the zona glomerulosa (a–c), zona fasciculata (d–l), and zona reticularis

(m–r). Cc: capsular; N: nucleus; Cs: dilated blood capillaries; L: lipid droplet;

(arrow): gap junction; G: Golgi apparatus; m: spherical mitochondria with

atypical crests and a less dense matrix; *: dilated intercellular space; ly:

lysosomes; lp: lipofuscins; SE: sinusoid endothelium; F: fibrosis; PN: pycnotic
nucleus; CT: conjunctive tissue; fb: fibroblast; Mc: macrophage.
smooth endoplasmic reticulum were observed scattered in
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 cytoplasm. Some cells degenerated, their residues
ld be seen in intercellular spaces (Fig. 3, 2B.b,r). They

re phagocytized by macrophages, which create a
ening in the intercellular spaces. The number of

crophages was markedly increased in the zone fascicu-

 (Fig. 3, 2B.d,e,f) and reticularis (Fig. 3, 2B.m,p).
erous lipid droplets and lysosomes were observed

each macrophage and those with heterogeneous
trixes were larger and their content more complex.
se results show that a high carbohydrate diet
ulates the adrenal macrophage system, which causes

inflammatory state.

iscussion

Gerbils (G. gerbillus) as an animal model display several
relations with human obesity. In this study, it was shown
t high carbohydrate feeding for six months induced
sity as well as endocrine perturbations and elicited
arkable morphological changes in the adrenal cortex.

Hyper-calorific diets have been linked to a positive
rgy balance, weight gain, obesity, and metabolic
drome [16]. In G. gerbillus, the increase in energy
ke by the overconsumption of simple sugars contained

dry dates, mainly glucose and fructose, resulted in a
itive energy balance with cumulative effects over the
month study period. This resulted in marked increases
ody weight (about 46.41%), with an accumulation in
eral adipose tissue and ectopic fat deposits. This latter

ult fits well with data showing an increased de novo
genesis in humans after long-term fructose feeding
], as well as in high carbohydrate diet in gerbils
]. This is the first report showing an ectopic accumula-

 of lipids in the adrenal cortex of gerbils fed a high
bohydrate diet. In humans, in peripheral tissue,
reased flux of energy fuel substrates associated with
h-fat or high-sucrose diets leads to ectopic lipid
umulation, generation of reactive oxygen species
S), and cellular dysfunction, a phenomenon known
lucolipotoxicity [19].

This high carbohydrate diet also caused a significant
rement in the plasma insulin level (by 210.22%). In
ordance, increased fructose intake has demonstrated to
uce hyperinsulinemia and insulin resistance in humans
], rats [21], and gerbils [18]. The experimental gerbils

 displayed a hyperactive hypothalamic–pituitary–
enal (HPA) axis, as stated before, with elevated plasma
H (+69.58%) and cortisol (+80.33%). A major neuroen-
rine mechanism in a stress reaction is the activation of

 hypothalamic–pituitary–adrenal (HPA) axis, resulting
 rapid increase in circulating corticotrophin (ACTH) and
sequent rise in glucocorticoids, which are critical for
cessful adaptation [22]. Thus, plasma levels of ACTH

 glucocorticoids are a good indicator of stress response
nsity, particularly in its acute phase [23]. All these
cesses are adaptive, designed to re-establish homeo-
is, but it is also apparent that prolonged activation of
ss systems can disturb normal physiological and
avioral function. Our results fit well with data showing
ysregulation of the hypothalamic–pituitary–adrenal
A) axis, resulting in a higher ACTH output leading to

elevations in glucocorticoids in diet-induced obesity [24]
and in obese humans displaying features of insulin
resistance [25]. It is interesting to note that, after six
months of dietary treatment, the experimental group
exhibited no significant changes in StAR protein levels in
adrenal extracts, a key protein involved in the early steps of
steroidogenesis. StAR activity is a major determinant of the
levels of circulating glucocorticoids, which the body uses
to respond to both diet and stress [26]. Our results prompt
us to propose the involvement of effectors other than StAR
protein in the genesis of basal hypercorticosteronemia.
Increased levels of fatty acids or other lipid metabolites,
within the adrenal cortex, could be involved in the
dysregulation of basal corticosterone production
[27]. The regulation of steroidogenesis by adipocyte
secretory products, generated by fat cells, present in close
contact with steroidogenic cells, has also been shown [28],
and evidence of cytokines originated within the adrenal
tissue must also be considered [29]. Importantly, our
electron microscopic examination showed a macrophage
infiltration in the adrenal cortex.

Our findings indicate that adrenal cortical function is
directly affected by high-carbohydrate diet in gerbils. We
proposed that, through dysregulation of glucocorticoid
signaling, a high carbohydrate diet may better predict the
promotion and maintenance of obesity and hyperinsuli-
nemia in gerbils. The fact that there are very few reports on
a morphological analysis of adrenal glands after high
carbohydrate diet feeding, we decided to determine the
effect of the diet on gerbils’ adrenal gland morphology.

In the current study, the histological and cytological
observations correlate perfectly with the endocrine per-
turbations. The morphology of the adrenal glands of the
experimentally studied gerbils changes in response to the
high-carbohydrate diet. All three cortical zones are
affected, the zona fasciculata is typically the most severely
affected, although eventually the lesions involve the zona

glomerulosa and the zona reticularis. The changes are
caused by the increased circulating levels of ACTH, which
caused an increase in the width of the zona fasciculata, with
an increase in cell size, resulting in a significant increase in
adrenal relative weight (+26.6% for right adrenals and
+41.92% for left adrenals). The adrenocortical hypertrophy,
a common finding in toxicology studies, may readily be
induced in the rat by ACTH treatment [30]. This is also
reported in mice fed a high-fat diet [31] and connected to
several types of stress [32]. In accordance with Nussdorfer
[33], the trophic effect of ACTH evokes an increase in
adrenal mass and in the steroidogenic capacity of
adrenocortical cells [33]. The increased circulating levels
of ACTH also have a profound effect on the adrenal
vasculature of experimental gerbils, causing a marked
vasodilation in the zona fasciculate, which led to the gross
distortion of the organization and disruption of the cord-
like arrangement of this zone. This is described in rat
adrenal glands under chronic ACTH treatment [34]. Sri-
charoenvej et al. [35] reported that the luminal diameters
of capillaries were dilated in all zones in adrenal glands in
diabetic rats. Kanczkowski et al. [36] proposed that
endothelial dysfunction might participate in inflamma-
tion-related adrenal insufficiency.



M. Medjerab et al. / C. R. Biologies 342 (2019) 35–4442
We have also noted a loss of zona glomerulosa in some
areas in the experimental glands, with the transformation
of the glomerulosa cells into fasciculate-type cells. This is
also observed in the adrenal cortex of the rat under ACTH
treatment and, at the same time, a loss of aldosterone
synthetic capacity is observed [34]. There are some reports
suggesting that the zona glomerulosa could be the source of
new cortical cells [37].

In gerbils fed a high carbohydrate diet, the adrenal cells
become constantly stimulated and are hyperactivated up
to alteration. This is believed to reflect a difference in the
degree of stress in cells and in the release of ACTH and
glucocorticoids. Adrenal cells of experimental gerbils, most
of all, in zona fasciculata and in zona reticularis, appeared
altered and exhibited other ultrastructural changes
compared to the control group.

The most striking structural change consists of a
marked accumulation of lipid droplets in focal cytoplasmic
areas and of a notable decrease in the electron density of
the mitochondrial matrix. Pycnosis, vacuolisation, fibrosis,
and macrophage infiltration were also observed. Our
present report corroborates the finding in the sand rats
(Psammomys obesus) when submitted to nutritional stress
[38]. The vacuolisation and pycnosis, are common
abnormalities due to acute injury, fibrosis, and hyperplasia
seem to be chronic repair processes [39].

The finding of dilated pericapillary spaces and blurred
plasma membranes in glands of experimental gerbils
suggests a compensatory change to increase HDL (high
density lipoprotein) and/or LDL (low density lipoprotein)
uptake, as observed under ACTH stimulation [40]. In the
experimental group, the cells of zona fasciculata showed a
dilated smooth endoplasmic reticulum. According to some
investigators, smooth endoplasmic reticulum is also
involved in the endogenous synthesis of cholesterol from
acetate [41]. Since cholesterol esters are the most
important components of the lipid droplets [42], it is
conceivable that the hypertrophy of the smooth endoplas-
mic reticulum would enable zona fasciculata cells to store
as lipid droplets increased amounts of corticosterone
precursors (cholesterol esters).

Sometimes, the lipid droplets in adrenal glands of
experimental gerbils appeared sequestered in autophago-
somes, which fused with lysosomes. A bidirectional
interrelationship exists between autophagy and lipid
stores, as increased cellular lipid content decreases auto-
phagic function [43]. Autophagy therefore represents a
new cellular target for abnormalities in lipid metabolism
and accumulation [44]. By measuring autophagic vacuole
fractional volume in adrenocortical zona fasciculata cells in
rats exposed to adrenocorticotropic hormone (ACTH),
Müller et al. [45], showed that autophagy was strongly
inhibited during ACTH-induced hyperplasia.

Most importantly, adrenal glands of experimental
gerbils displayed mitochondrial abnormalities. Mitochon-
drial cristae were dilated and impaired. A similar finding
was observed in adrenal mitochondria of sand rats when
submitted to nutritional stress [38]. Mitochondria modify
their distribution, structure, and function in response to
changing circumstances such as stress [46]. Adrenal
mitochondria of experimental gerbils also showed a loss

of matrix density compared to the control group. Several
authors have described possible diet-induced changes in
mitochondrial respiratory chain activity and respiration.

In hepatic mitochondria of rats, the cytochrome oxidase
activity has been found increased [47], reduced [49] in
response to a high fat feeding and unchanged in obese
Zucker rats [48]. Similar findings on the loss of matrix
density were observed in hepatic mitochondria of mice fed
a high-fat diet [50], in oxidative stress conditions [51] and
in response to ageing [52] in human cells. Excess in energy
intake and/or a high degree of mitochondrial coupling
cause(s) an increase in proton motive force to a maximum,
with respiratory complexes that become highly reduced
and may release electrons directly to oxygen, resulting in a
higher ROS production. The mitochondrial dysfunction
could be an important determinant of the cellular fate of
circulating lipids that accumulate in the cytoplasm if
they are not oxidized. Excessive energy substrates
lead to mitochondrial dysfunction and abnormal lipid
metabolism, which may be related to chronic low-grade-
inflammation.

An additional finding of interest was the presence of an
inflammatory process in adrenal glands of experimental
gerbils. Both macrophages infiltration and fibrosis were
present in the zona fasciculata and the zona reticularis in
adrenals of experimentally studied gerbils. Similar, Omari
et al. [38] reported that a high carbohydrate diet induces
fibrotic programs, with infiltrating macrophages in adrenal
glands of obese sand rats [38]. Experimental data support
causative roles for hyperglycemia in alterations in colla-
gen-rich extracellular matrix (ECM) turn-over [53]. One
class of molecules that are thought to be important in the
maintenance of the ECM and processes of tissue repair are
matrix metalloproteinases (MMPs). The MMPs are primar-
ily responsible for the turnover and degradation of ECM.
In our experiment, this balance was upset, resulting in
increased synthesis, decreased degradation, or a combina-
tion of perturbations to both processes, resulting in
progressive deposition of ECM in adrenal glands. In
agreement, Reichenstein et al. [54] suggest that ACTH
may modulate the activities of MMPs, and hence cell
matrix remodelling [54]. Many of the studies on the effects
of glucocorticoids on the expression of MMPs have
addressed pathological conditions. Some studies support
that glucocorticoids can down-regulate the expression of
several MMPs [55]. Further studies are necessary to
conclude in favor of a causal association between the
activity of the HPA and the levels of MMPs.

Degenerative signs were also observed in the adrenal
cells of experimentally studied gerbils. Our examination
showed a pycnosis (nuclear condensation), vacuolization,
and the presence of a substantial amount of edema in the
intercellular spaces. These findings correspond with the
initial post-mortem autolytic changes reported in previous
studies, in kidney, pancreas, liver, heart and skeletal
muscle of rats [56]. The mechanisms inducing cell death in
the adrenal glands are present, and they serve to control
cell proliferation and perhaps functional cell hyperactivity.

Taken together, the finding of degenerative cellular and
prominent infiltration of macrophages, with cytoplasmic
lipid droplets observed in the stromal macrophages,
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 J.J. Haddad, N.E. Saadé, B. Safieh-Garabedian, Cytokines and neuro-
immune-endocrine interactions: a role for the hypothalamic-pitui-
tary-adrenal revolving axis, J. Neuroimmunol. 133 (2002) 1–19.

 H.C. Atkinson, S.A. Wood, Y.M. Kershaw, E. Bate, S.L. Lightman, Diurnal
variation in the responsiveness of the hypothalamic-pituitary-adrenal
axis of the male rat to noise stress, J. Neuroendocrinol. 18 (2006) 526–
533.

 V. Lamounier-Zepter, M. Ehrhart-Bornstein, Fat tissue metabolism and
adrenal steroid secretion, Curr. Hypertens. Rep. 8 (2006) 30–34.

 D.M. Stocco, X. Wang, Y. Jo, P.R. Manna, Multiple signaling pathways
regulating steroidogenesis and steroidogenic acute regulatory protein
expression: more complicated than we thought, Mol. Endocrinol. 19
(2005) 2647–2659.

 D.M. Stocco, B.J. Clark, Regulation of the acute production of steroids in
steroidogenic cells, Endocr. Rev. 17 (1996) 221–244.

 D.M. Stocco, The role of StAR protein in steroidogenesis: challenges for

[11] W.L. Miller, Molecular biology of steroid hormone synthesis, Endocr.
Rev. 9 (1988) 295–318.

[12] H.S. Bose, T.J.F. Sugawara 3rd., W.L. Strauss Miller, The pathophysiology
and genetics of congenital lipoid adrenal hyperplasia, N. Engl. J. Med.
335 (1996) 1870–1878.

[13] K.M. Caron, S.C. Soo, W.C. Wetsel, D.M. Stocco, B.J. Clark, K.L. Parker,
Targeted disruption of the mouse gene encoding steroidogenic acute
regulatory protein provides insights into congenital lipoid adrenal
hyperplasia, Proc. Natl. Acad. Sci. USA 94 (1997) 11540–11545.

[14] U.K. Laemmli, Cleavage of structural proteins during the assembly of
the head of bacteriophage T4, Nature 227 (1970) 680–685.

[15] M.M. Bradford, A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principal of protein–dye
binding, Anat. Biochem. 72 (1976) 248–254.

[16] P.J. Havel, Dietary fructose: implications for dysregulation of energy
homeostasis and lipid/carbohydrate metabolism, Nutr. Rev. 63 (2005)
133–157.

[17] K.L. Stanhope, J.M. Schwarz, N.L. Keim, S.C. Griffen, A.A. Bremer, J.L.
Graham, B. Hatcher, C.L. Cox, A. Dyachenko, W. Zhang, J.P. McGahan, A.
Seibert, R.M. Krauss, S. Chiu, E.J. Schaefer, M. Ai, S. Otokozawa, k.
Nakajima, T. Nakano, C. Beysen, M.K. Hellerstein, L. Berglund, P.J. Havel,
Consuming fructose-sweetened, not glucose-sweetened, beverages
increases visceral adiposity and lipids and decreases insulin sensitivity
in overweight/obese humans, J. Clin. Invest. 119 (2009) 1322–1334.
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Ducluzeau, Fatty liver and insulin resistance in obese Zucker rats: no
role for mitochondrial dysfunction, Biochimie 90 (2008) 1407–1413.

[49] A. Nadal-Casellas, E. Amengual-Cladera, A.M. Proenza, I. Lladó, M.
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