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A B S T R A C T

Glucocorticoids increase appetite and body weight gain in rats and ovariectomy (OVX) induces obesity, while
estrogen (E) replacement attenuates OVX-induced changes. It is known that animals with obesity are more
responsive to glucocorticoids anabolic effects than lean ones. This study aimed to evaluate the effects of ovar-
iectomy and the protective role of estradiol on the responses induced by prolonged treatment with corticosterone
or dexamethasone on energy homeostasis. For this, female Wistar rats subjected to SHAM or OVX surgery,
composing the SHAM, OVX, and OVX+E groups, received water/ETOH or corticosterone (15mg/l) and water
or dexamethasone (0.5 μg/l) as drinking fluid for 28 days. The OVX+E group, since the first day, was daily
treated with estradiol (10 μg/0.2ml/rat SC). OVX induced enhancement of body weight gain, food intake, area
of the adipocytes and weight of retroperitoneal adipose tissue, plasma cholesterol and glucose intolerance, with
reduction on uterus weight. In OVX animals, treatment with glucocorticoids induced increases on body weight
gain, food intake, weight of retroperitoneal adipose tissue, area of adipocytes of retroperitoneal and perigo-
nadal+ perirenal fat depots, plasma triglycerides (corticosterone), and glycemic response after GTT (dex-
amethasone), with minor effects on SHAM group. Estradiol treatment to OVX rats prevented these effects in-
duced by glucocorticoids, in addition to decrease body weight gain, fat accumulation and glucose intolerance,
and to increase weight of uterus, triglycerides and free fatty acids plasma levels. These data demonstrate that
protection against glucocorticoids-induced anabolic responses in females is eliminated by ovariectomy and es-
tradiol can prevent these responses.

1. Introduction

Cortisol in humans and corticosterone in rodents are examples of
endogenous glucocorticoids and important regulators of energy intake
and expenditure through actions on hypothalamic peptides [1]. It is
known that there are differential affinities to corticosteroids receptors
to endogenous or exogenous glucocorticoids. Dexamethasone is an ex-
ample of exogenous glucocorticoid and it can bind to glucocorticoid
receptor, while corticosterone binds to mineralocorticoid (MR) and
glucocorticoid receptors (GR) [2]. Glucocorticoids are known to

increase appetite and body weight in humans and rodents [3,4], and
their excess may increase central adiposity, as seen in Cushing's syn-
drome, besides contributing to insulin and leptin resistance [5].

In addition, it is known that glucocorticoid plasma concentrations
are increased in different models of obesity and bilateral removal of
adrenal glands, named adrenalectomy, is able to reduce hyperphagia
and obesity in different experimental models [6–9]. Conversely, mice
and rats with obesity present higher sensitivity to the anabolic effects of
glucocorticoids than lean animals [10–12].

Other important factors that regulate energy homeostasis are
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ovarian steroids, particularly estrogens. It is known that estrogens may
lead to decreased food intake and body weight gain, and its absence, as
observed experimentally after ovariectomy or physiologically at me-
nopause, induces increase on food intake and body weight gain, leading
to obesity and a positive status in the energy balance [13]. Accordingly,
body changes, such as augment of adiposity in the body composition
mainly in the abdominal area can be observed in humans during me-
nopause [14]. Estrogen replacement therapy is able to attenuate and
even to reverse several metabolic parameters altered due to loss of
ovarian function, observed at menopause or induced by ovariectomy
[15–18]. In addition, estradiol prevents visceral fat accumulations, fa-
voring deposition of lipids in subcutaneous over visceral depots [19].

Thus, it is well established in the literature that glucocorticoids
trigger important anabolic responses and animals with obesity are more
responsive to these effects of glucocorticoid than lean animals, and fi-
nally that loss of ovarian function can lead to obesity and its co-
morbidities, and estrogens play a protective role in the development of
obesity. The hypothesis of the present study was that ovariectomy-in-
duced obesity becomes the animals more susceptible to side effects of
glucocorticoids than sham animals due to the lack of circulating es-
trogen in animals without the ovaries. Thus, estrogen replacement
would be able to reverse these effects of ovariectomy. Therefore, the
present study aimed to evaluate the effects of ovariectomy and the role
of estrogens on the anabolic effects of glucocorticoids, using for this the
treatment with dexamethasone and corticosterone for 28 days.

2. Material and methods

2.1. Animals

Adult female Wistar rats (230–250 g body weight), from the Central
Animal Care Facility of the State University of Londrina (UEL) were
used. Animals were kept in cages at controlled temperature
(22 ± 2 °C), with a fixed light–dark cycle (light from 6:00 AM to
6:00 PM) and with ad libitum access to pelleted rat chow and fluid,
unless otherwise specified. All experimental procedures were conducted
after 2:00 PM and were approved by the Ethics Commission on the Use
of Animals of UEL (Protocol Number 14638.2016.42). Animals were
subjected to SHAM or OVX surgery, as described below, composing the
groups SHAM, OVX and OVX+E. During the 28 days period of ex-
periment, SHAM and OVX groups, since of the first day, were daily
treated with corn oil (0.2 ml/rat, SC), while OVX+E group daily re-
ceived estradiol cypionate (Pfizer, New York-USA - 10 μg/0.2 ml/rat,
SC). Glucocorticoids treatment was performed in the drinking fluid for
28 days, and animals received tap water containing 0.5% ethanol
(water/ETOH) or corticosterone diluted in 0.5% ethanol (Sigma, Saint
Louis-USA - CORT: 15mg/l), as well as tap water (water) or dex-
amethasone (Ache, Sao Paulo-Brazil - DEXA: 0.5 μg/l). The dose of es-
tradiol cypionate was selected based on doses previously used in the
literature [20], and the concentrations of corticosterone and dex-
amethasone were chosen based on pilot studies of our laboratory (data
not shown). After surgery, animals were daily monitored for 28 days,
when body weight, food and fluid intakes, as well as estrus cycle phase
were evaluated.

The efficiency of the OVX and E treatment was supported by re-
ductions (P < 0.05) in the weights of the uterus of OVX groups and by
the increases (P < 0.05) in this parameter in OVX+E groups, re-
spectively, with no effects of glucocorticoids (Table 1). The statistical
analysis demonstrated an effect of group (SHAM or OVX:
F3;63= 94.580; P < 0.001; F3;29= 116.288; P < 0.001) and no effect
of treatment (Water/ETOH or CORT: F3;63= 0.133; P=0.717; Water
or DEXA: F3;29= 1.317; P= 0.259) on the weight of the uterus, with no
interactions between group and treatment (F3;63= 0.821; P=0.369;
F3;29= 2.285; P=0.140). We observed an effect of group (OVX or
OVX+E: F3;58= 548.552; P < 0.001; F3;38= 131.175; P < 0.001)
and no effect of treatment (Water/ETOH or CORT: F3;58= 0.343;

P= 0,560; Water or DEXA: F3;38= 0.239; P=0.627) on the weight of
the uterus, with no interactions between group and treatment
(F3;58= 0.107; P= 0.745; F3;38= 0.372; P=0.545).

As the glucocorticoids were given in the drinking water in a fixed
concentration along 28 days and considering the changes in the body
weight gain and in the volume of fluid intake among the groups, the
doses of corticosterone and dexamethasone received by each group
were calculated. Thus, based on the drugs concentrations and on daily
body weight and fluid intake, the doses of corticosterone and dex-
amethasone ingested by SHAM, OVX and OVX-E groups from the day 1
up to the day 28 were calculated and this whole response was in-
tegrated in the area under curve (AUC). It could be observed that all
OVX+E groups showed higher (P < 0.05) AUC of doses of corticos-
terone and dexamethasone compared to their respective OVX groups
(Fig. 1). In addition, the AUC of the dose of dexamethasone dose was
reduced in OVX animals compared with SHAM animals (Fig. 1).

2.2. Experimental design and animal model

2.2.1. Effects of ovariectomy and estrogen replacement on glucocorticoids
treatment-induced changes on food intake, body weight, plasma metabolic
parameters, glucose tolerance test, and white adipose tissue

On the 27th day, SHAM, OVX and OVX+E animals, receiving tap
water, Water/ETOH, CORT or DEXA, as described above, had their food
removed at 8:00 AM, and the animals were subjected to glucose toler-
ance test (GTT) at 2:00 PM, when a drop of blood from the tail was
collected for the determination of basal glycemia by the test tape of the
Accu-Check Advantage II device (Roche, Taquara, RJ, Brazil). Then,
intraperitoneal administration of 5% glucose at the dose of 1.0 g/kg of
body weight was carried out. Thereafter, blood glucose measurements
were performed by the test strip 15, 30, 60 and 120min after glucose
overload. Food was returned to the cages in the end of the GTT. On day
28th, these animals were food restricted at 8:00 AM, and they were
decapitated after 6 h. Trunk blood was collected, and plasma was stored
at −20 °C for plasma measurements. Perigonadal+ perirenal and ret-
roperitoneal white adipose tissues were collected at autopsy, when
ovariectomy was also confirmed.

2.3. Surgical procedures

Animals were intraperitoneally anesthetized with a cocktail of ke-
tamine (100mg/kg, 10%, Agener União, Apucarana, PR, Brazil) and
xylazine hydrochloride (20mg/kg, 2%, Anasedan®, Vetbrands, Jacareí,
SP, Brazil) and they were submitted to bilateral ovariectomy (OVX) or
SHAM surgery of OVX. Both OVX and SHAM surgeries were performed
via bilateral incisions in the skin and small bilateral sections through
the muscle layer at the angle between the last rib and vertebral column.
SHAM-operated animals underwent similar surgical procedures but
without removal of the ovaries, according to the method described by
Lasota and Danowska-Klonowskza [21]. After suturing, animals re-
ceived prophylactic antibiotic (penicillin G, Zoetis, Chapecó, SC, Brazil:
50,000 units of 0.1 ml per 100 g of body weight, intramuscularly) and
paracetamol (CIMED, Pouso Alegre, MG, Brazil, 200mg/kg, orally),
and they were placed in cages containing fluid and food, where they
remained until the day of the experiment.

2.4. Determination of the estrous cycle

Vaginal smears of the rats were daily collected at 8 AM to follow the
phase of the estrous cycle throughout the experiment. For this purpose,
vaginal smear was performed, and the collected material was placed on
histological glass slide, which was analyzed in optical microscope at
10× magnification for the analysis of proportions and types of the cells
(cornified epithelial cells, nucleated epithelial cells and leukocytes).
The phases of the estrous cycle were then determined by the following
criteria: in proestrus there was predominance of nucleated epithelial
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cells, the estrous phase was identified by the presence of greater pro-
portion of cornified epithelial cells, the metaestrus (diestrus I) was
characterized by cornified and other nucleated cells, already accom-
panied by large number of leukocytes, and the diestrus (diestrus II) was
identified by the presence of leukocytes cells. The phase of the estrous
cycle chosen for SHAM animals was diestrus I, since only SHAM ani-
mals in this phase were considered in the study.

2.5. Body weight, food and fluid intake

The body weight of all rats was daily measured throughout the
experimental period and expressed in grams. In each day, all the ani-
mals received pelleted rat chow (100 g/day, Nuvilab CR1, Nuvital®),
and the scraps were removed after 24 h. The difference between the
supply and the leftover food was calculated, and food intake was ex-
pressed as the AUC of daily amount of ingested food (g/100 g of body
weight) from day 1 to day 28. For the analysis of the dose of gluco-
corticoids ingested by each group throughout the experiment, fluid
intake was also daily evaluated by calculating the volume ingested by
each animal (ml/100 g of body weight).

2.6. Lee index

The Lee index, expressed as g1/3/cm, was evaluated at the end of
each experiment and calculated by considering body weight and naso-
anal distance, whereas the cubic root of body weight in grams was
divided by naso-anal length in centimeters [22].

2.7. Euthanasia

All animals used in the experiments were euthanized by decapita-
tion. Trunk blood was immediately collected in heparinized tubes and
centrifuged at 14,000×g for 20min at 4 °C to obtain the plasma, which

was stored at −20 °C for biochemical analysis.

2.8. Removal and histology of white adipose tissue

Immediately after decapitation, visceral white adipose tissues,
comprising the perigonadal, perirenal and retroperitoneal subdivisions
were carefully removed, weighted, and the values were expressed in
grams. Samples of adipose tissues were fixed in 4% formaldehyde in
phosphate buffered saline (PBS), pH 7.4, for 48 h at 4 °C. After fixation,
tissues were dehydrated in graded ethanol, cleared in xylol, and em-
bedded in paraffin at 62 °C. The sections of 12mm obtained on mi-
crotome were stained by hematoxylin and eosin, and then captured
with the aid of an image system attached to the microscope (Motic,
Xiamen, China), where 3 fields of each animal were analyzed, using
image J software, to determine the area of adipocytes (μm2) [23].

2.9. Measurement of cholesterol, triglycerides, free fatty acids and
corticosterone plasma levels

The spectrophotometric determination of cholesterol and triglycer-
ides plasma concentrations was performed using the BioLiquid
Cholesterol Commercial Kit (Laborclin, PR) and BioLiquid Tryglicérides
GPO-Trinder Commercial Kit (Laborclin, PR), respectively, according to
the manufacturer protocol and the values were expressed as mg/dl. By
means of the spectrophotometric method of Falholt et al. [24], using a
spectrophotometer at wavelength of 550 nm, the results obtained for
the determination of free fatty acids were expressed in μmoles/dl. For
this, 100 μl of the plasma samples were used to perform two extractions,
followed by shaking, aspiration of the upper phase and centrifugation.
For the standard, 50 μl of palmitic acid (2mmolar) was used in 1.0 ml of
phosphate buffer (pH 6.4) and 6.0 ml of extractive solution, and the
blank had only the extractive solution. Finally, by the fluorometric
method of Guillemin et al. [25], based on the fluorescence of

Table 1
Weight of the uterus (g) of SHAM, OVX and OVX+E groups, treated with Water/ETOH or corticosterone (CORT) and Water or dexamethasone (DEXA).

SHAM OVX OVX+E

Water/ETOH CORT Water/ETOH CORT Water/ETOH CORT

Weight of uterus (g) 0.5 ± 0.03 (21) 0.4 ± 0.02 (10) 0.2 ± 0.01# (17) 0.2 ± 0.02# (15) 1.3 ± 0.12Z## (12) 1.3 ± 0.11## (14)

SHAM OVX OVX+E

Water DEXA Water DEXA Water DEXA

Weight of uterus (g) 0.5 ± 0.06 (4) 0.4 ± 0.04 (7) 0.2 ± 0.01# (9) 0.2 ± 0.01# (9) 0.9 ± 0.12## (10) 0.9 ± 0.12## (10)

Data are expressed as mean ± SEM.
# P < 0.05 SHAM vs. OVX.
## P < 0.05 OVX vs. OVX+E.
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Fig. 1. Area under curve of the doses of corticosterone (mg/100 g) (A) and dexamethasone (μg/100 g) (B) received by SHAM, OVX and OVX-E groups, from day 1 to
day 28 of treatment with glucocorticoids. Data are expressed as mean ± SEM. *P < 0.05.
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corticosterone in sulfuric acid, the concentration of corticosterone ex-
pressed in μg/dl was obtained. The analysis was performed on a
fluorimeter (Victor3TM, PerkinElmer) with excitation at 477 nm,
emission 520 nm and sensitivity 11.

2.10. Statistical analysis

The normal distribution and homogeneity of the data were tested,
and results were analyzed by two-way Anova, followed by the
Newman–Keuls post hoc test. Data are expressed as mean ± standard
error of the mean (SEM). Differences were considered significant at
P < 0.05.

3. Results

3.1.1. Effects of ovariectomy and estradiol on glucocorticoids treatment-
induced changes on food intake, body weight gain, Lee index, plasma
metabolic parameters, visceral white adipose tissue and glucose tolerance test

All OVX groups showed higher (P < 0.05) body weight gain and
food intake compared to their respective SHAM groups (Fig. 2). Corti-
costerone induced increases (P < 0.05) in body weight gain and food
intake only in OVX animals, with no effects in SHAM groups (Fig. 2).
Treatment with exogenous glucocorticoid, dexamethasone, did not alter
body weight gain and food intake in SHAM or OVX groups (Fig. 2). We
observed an effect of group (SHAM or OVX: F3;62= 133.50;
P < 0.001) and treatment (Water/ETOH or CORT: F3;62= 12.94;
P < 0.001) on body weight gain, with no interactions between group
and treatment (F3;62= 1.49; P= 0.227). There was also an effect of
group (SHAM or OVX: F3;62= 27.80; P < 0.001) and treatment
(Water/ETOH or CORT: F3;62= 6.37; P=0.014) on food intake, with
no interactions between group and treatment (F3;62= 0.560;
P=0.457). We observed an effect of group (SHAM or OVX:
F3;40= 84.517; P < 0.001), but no effect of treatment (Water or DEXA:
F3;40= 1.018; P= 0.320) on body weight gain, with no interactions
between group and treatment (F3;40= 1.092; P= 0.303). There was an
effect of group (SHAM or OVX: F3;40= 10.848; P=0.002) and no ef-
fect of treatment (Water or DEXA: F3;40= 1.476; P= 0.233) on food

intake, with no interactions between group and treatment
(F3;40= 0.008; P= 0.930).

Estradiol treatment reduced body weight gain (P < 0.05), and
none of treatments, CORT and DEXA, changed body weight gain and
food intake in OVX treated with estradiol (Fig. 2). We observed an ef-
fect of group (OVX or OVX+E: F3;60= 181.64; P < 0.001) and
treatment (Water/ETOH or CORT: F3;60= 10.44; P=0.002) on body
weight gain, with no interactions between group and treatment
(F3;60= 3.84; P=0.055). There was an effect of group (OVX or
OVX+E: F3;54= 161.888; P < 0.001) but no effect of treatment
(Water or DEXA: F3;54= 0.0986; P= 0.755) on body weight gain, with
no interactions between group and treatment (F3;54= 0.130;
P= 0.720). For food intake, there was no effect of group (OVX or
OVX+E: F3;60= 3.13; P=0.082) and effect of treatment (Water/
ETOH or CORT: F3;60= 8.20; P= 0.006), with no interactions between
group and treatment (F3;60= 0.292; P= 0.591). We observed no effect
of group (OVX or OVX+E: F3;54= 0.212; P= 0.647) and no effect of
treatment (Water or DEXA: F3;54= 3.298; P= 0.075) on food intake,
with no interactions between group and treatment (F3;54= 0.030;
P= 0.863).

In corticosterone protocol, Lee index was not different among the
groups, but in dexamethasone experiment, OVX animals treated with
DEXA had higher (P < 0.05) Lee index compared to SHAM-DEXA
group, with no differences between SHAM-Water and OVX-Water
groups, as well as between Water and DEXA animals (Table 2). There
was decrease (P < 0.05) in the Lee index of OVX+E animals of both
protocols without effects of glucocorticoids in any group (Table 2). We
observed no effect of group (SHAM or OVX: F3;64= 2.143; P= 0.149)
and treatment (Water/ETOH or CORT: F3;64= 0.079; P= 0.780) on
Lee index with no interactions between group and treatment
(F3;64= 1.191; P=0.280). There was effect of group (SHAM or OVX:
F3;34= 9.247; P= 0.005) and no effect of treatment (Water or DEXA:
F3;34= 0.00225; P=0.962) on Lee index, with no interactions between
group and treatment (F3;34= 0.548; P=0.465). We observed an effect
of group (OVX or OVX+E: F3;63= 20.973; P < 0.001; F3;42= 51.764;
P < 0.001) and no effect of treatment (Water/ETOH or CORT:
F3;63= 2.201; P=0.143; Water or DEXA: F3;42= 0.406; P=0.528) on
Lee index, with no interactions between group and treatment
(F3;63= 1.664; P= 0.202; F3;42= 0.349; P=0.558).
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According with the Fig. 3A, in the corticosterone treatment pro-
tocol, there was no differences among the groups in the basal glycemia,
but after 15 and 30min of glucose overload, OVX-Water/ETOH animals
showed higher (P < 0.05) glycemia than SHAM-Water/ETOH group.
In addition, glycemia of SHAM animals treated with CORT was higher
at 30min of GTT than SHAM-Water/ETOH group. For dexamethasone
experiments (Fig. 3B), OVX-Water animals showed increased

(P < 0.05) glycemia at 15, 60, and 120min of GTT compared to
SHAM-Water group. At points 30 and 60min of GTT, OVX-DEXA group
had higher (P < 0.05) glycemia in comparison to SHAM-DEXA ani-
mals, dexamethasone enhancing (P < 0.05) glycemia at 30min of GTT
in OVX animals, compared to Water treatment in this group.

The GTT of the OVX and OVX+E groups in corticosterone studies
(Fig. 3A) showed that animals of OVX+E group showed smaller

Table 2
Lee Index (g1/3/cm) of SHAM, OVX and OVX+E groups, treated with Water/ETOH or CORT and Water or DEXA.

SHAM OVX OVX+E

Water/ETOH CORT Water/ETOH CORT Water/ETOH CORT

Lee Index (g1/3/cm) 0.291 ± 0.003 (21) 0.287 ± 0.004 (10) 0.291 ± 0.002 (17) 0.291 ± 0.002 (16) 0.280 ± 0.002## (14) 0.285 ± 0.002## (16)

SHAM OVX OVX+E

Water DEXA Water DEXA Water DEXA

Lee Index (g1/3/cm) 0.308 ± 0.003
(5)

0.306 ± 0.005
(7)

0.315 ± 0.002
(11)

0.318 ± 0.003#
(11)

0.301 ± 0.002##

(10)
0.301 ± 0.002##

(10)

Data are expressed as mean ± SEM.
# P < 0.05 SHAM vs. OVX.
## P < 0.05 OVX vs. OVX+E.
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(P < 0.05) values of basal glycemia and after glucose overload in re-
lation to OVX groups. These differences had statistical significance in
the basal time for CORT treatment, at times 30 and 60min for both
Water/ETOH and CORT treatments, and at 120min for Water/ETOH
treatment. In dexamethasone experiments (Fig. 3B), OVX+E animals
responded with lower (P < 0.05) values of glycemia than OVX groups.
OVX+E animals treated with Water or DEXA showed reduced gly-
cemia compared to the respective OVX groups at times 0, 30, and
120min. DEXA decreased (60min) glycemia in OVX+E group, and
finally, at times 15 and 60min, OVX+E-DEXA animals had lower
values of glycemia than OVX-DEXA groups.

The whole response of GTT was integrated in the AUC of GTT,
which showed that, in corticosterone experiments, OVX animals treated
with Water/ETOH presented higher values (P < 0.05) of AUC of GTT
than its respective SHAM group (Fig. 3C). In dexamethasone protocol,
AUC of GTT of OVX groups treated with Water or DEXA was increased
in comparison with their respective SHAM animals (Fig. 3D). There was
an effect of group (SHAM or OVX: F3;52= 5.058; P=0.029) and no
effect of treatment (Water or CORT: F3;52= 0.111; P= 0.740) on AUC
of GTT, with interactions between group and treatment (F3;52= 5.204;
P=0.027). We observed an effect of group (SHAM or OVX:
F3;32= 15.496; P < 0.001) and no effect of treatment (Water or DEXA:
F3;32= 2.947; P=0.095) on AUC of GTT, with no interactions between
group and treatment (F3;32= 0.102; P=0.752). In addition, OVX+E
animals presented reduced values of AUC of GTT than OVX groups in
both protocols (Fig. 3C and D). There was an effect of group (OVX or
OVX+E: F3;60= 20.96; P < 0.001; F3;46= 53.332; P < 0.001) and
no effect of treatment (Water/ETOH or CORT) (F3;60= 0.594;
P=0.444; Water or DEXA: F3;46= 0.152; P=0.699) on AUC of GTT,
with no interactions between group and treatment (F3;60= 0.862;
P=0.357; F3;46= 2.437; P= 0.126).

For the results of visceral white adipose tissues (Figs. 4, 5, 6), the
area of the adipocytes of both fat depots was enhanced (P < 0.05) by
OVX (Water/ETOH or Water) compared to their respective SHAM
group. Corticosterone and dexamethasone had no effects on the area of
adipocytes and weight of white retroperitoneal adipose tissue in the
SHAM groups compared to Water or Water/ETOH treatments. How-
ever, both treatments were effective in inducing increases (P < 0.05)
in the area of adipocytes and weight of retroperitoneal adipose tissue in
OVX animals, which presented significantly higher values (P < 0.05)
compared to their respective SHAM animals (Figs. 4, 5A, B, D, E, and
6A, B, D, E). Dexamethasone increased the size of adipocytes of peri-
gonadal+ perirenal adipose tissues in OVX group, being this parameter
higher in OVX animals treated with both glucocorticoids than SHAM
groups treated with Water/ETOH or Water (Figs. 4, 5G, H, K, J, and 6G,
H, K, J). Corticosterone and dexamethasone did not change the weight
of perigonadal+ perirenal adipose tissues in SHAM or OVX groups, but
it was observed a decrease (P < 0.05) of this parameter in OVX-Water/
ETOH animals in relation to SHAM-Water/ETOH of the corticosterone
protocol, without differences in dexamethasone. We observed an effect
of group (SHAM or OVX: F3;26= 26.243; P < 0.001; F3;24= 14.976;
P < 0.001) and treatment (Water/ETOH or CORT: F3;26= 5.896;
P=0.024; Water or DEXA: F3;24= 13,190; P=0.001) on the area of
adipocyte in the retroperitoneal adipose tissue, with no interactions
between group and treatment (F3;26= 2.127; P=0.159;
F3;24= 0.00166; P= 0.968). There was an effect of group (SHAM or
OVX: F3;26= 13.101; P=0.002; F3;22= 27.036; P < 0.001) and no
effect of treatment (Water/ETOH or CORT: F3;26= 0.278; P=0.603;
Water or DEXA: F3;22= 2.023; P= 0.172) on the area of adipocyte in
the perirenal and perigonadal adipose tissues, with no interactions
between group and treatment (F3;26= 1.015; P=0.325; F3;22= 3.127;
P=0.094). We observed an effect of group (SHAM or OVX:
F3;62= 9.244; P= 0.004; F3;38= 4.569; P=0.040) and no effect of
treatment (Water/ETOH or CORT: F3;62= 0.344; P= 0.560; Water or
DEXA: F3;38= 0.713; P=0.404) on the weight of retroperitoneal adi-
pose tissue, with interactions between group and treatment in

corticosterone protocol (F3;62= 6.654; P=0.012), but without inter-
actions between group and treatment in dexamethasone protocol
(F3;38= 2.723; P=0.108). There was no effect of group (SHAM or
OVX: F3;62= 2.143; P=0.149; F3;38= 2.515; P= 0.122) and treat-
ment (Water/ETOH or CORT: F3;62= 0.079; P=0.780; Water or
DEXA: F3;38= 0.00736; P=0.932) on the weight of perirenal and
perigonadal adipose tissues, with no interactions between group and
treatment (F3;62= 1.191; P=0.280; F3;38= 0.489; P=0.489).

Estradiol significantly decreased (P < 0.05) the size of the adipo-
cytes and weight of retroperitoneal and perigonadal+ perirenal adi-
pose tissues of the animals treated with corticosterone, as well as the
size of the adipocytes of both fat depots of dexamethasone treated an-
imals, compared to the respective OVX group. Figs. 4 and 5 show that
corticosterone and dexamethasone did not change the area of the adi-
pocytes and weight of retroperitoneal adipose tissue in OVX+E
groups. We observed an effect of group (OVX or OVX+E:
F3;60= 6.796; P= 0.012) and no effect of treatment (Water/ETOH or
CORT: F3;60= 0.817; P= 0.370) on the weight of retroperitoneal adi-
pose tissue, with interactions between group and treatment
(F3;60= 4.636; P=0.036). There was no effect of group (OVX or
OVX+E: F3;53= 1.249; P= 0.269) and treatment (Water or DEXA:
F3;53= 3.288; P= 0.076) on the weight of retroperitoneal adipose
tissue, with no interactions between group and treatment
(F3;53= 0.903; P= 0.347). We observed an effect of group (OVX or
OVX+E: F3;60= 4.364; P=0.041) and no effect of treatment (Water/
ETOH or CORT: F3;60= 0.062; P=0.804) on the weight of the peri-
renal and perigonadal adipose tissues, with no interactions between
group and treatment (F3;60= 1.338; P= 0.252). There was no effect of
group (OVX or OVX+E: F3;53= 1.365; P=0.248) and treatment
(Water or DEXA: F3;53= 1.547; P=0.219) on the weight of perirenal
and perigonadal adipose tissues, with no interactions between group
and treatment (F3;53= 0.0686; P=0.794). We observed an effect of
group (OVX or OVX+E: F3;26= 23.922; P < 0.001; F3;26= 8.835;
P < 0.007) and no effect of treatment (Water/ETOH or CORT:
F3;26= 3.011; P=0.097; Water or DEXA: F3;26= 1.348; P=0.258) on
the area of adipocyte in the retroperitoneal adipose tissue, with inter-
actions between group and treatment (F3;26= 6.760; P=0.016;
F3;26= 4.948; P= 0.037). There was an effect of group (OVX or
OVX+E: F3;23= 13.712; P=0.002) and no effect of treatment
(Water/ETOH or CORT: F3;23= 1.343; P=0.261) on the area of adi-
pocyte in the perirenal and perigonadal adipose tissues, with no inter-
actions between group and treatment (F3;23= 0.324; P= 0.576). We
observed an effect of group (OVX or OVX+E: F3;22= 7.772;
P=0.012) and treatment (Water or DEXA: F3;22= 4.958; P= 0.039)
on the area of adipocyte in the perirenal and perigonadal adipose tis-
sues, with no interactions between group and treatment (F3;22= 0.194;
P= 0.665) (Figs. 4, 5 B, C, E, F, H, I, K, L and 6 B, C, E, F, H, I, K, L).

It can be observed in Table 3 that corticosterone treatment in-
creased (P < 0.05) plasma levels of total cholesterol in SHAM group
and triglycerides in OVX animals. In addition, in corticosterone ex-
periments, OVX induced increase (P < 0.05) in cholesterol plasma
levels both in Water/ETOH and CORT treatments, with no differences
among the groups in cholesterol and triglycerides plasma levels in
dexamethasone protocol (Table 4). There were no differences among
the experimental groups in the plasma concentrations of free fatty acids
(Tables 3 and 4). Corticosterone treatment promoted decrease
(P < 0.05) in plasma levels of corticosterone in SHAM animals, with
no differences in OVX group, as well as without effects of DEXA in any
group. In both treatments, OVX-Water or OVX-Water/ETOH animals
showed decreased (P < 0.05) plasma concentrations of corticosterone,
when compared to their respective SHAM groups (Tables 3 and 4). We
observed an effect of group (SHAM or OVX: F3;58= 28.709;
P < 0.001) and no effect of treatment (Water/ETOH or CORT:
F3;58= 2.498; P= 0.120) on plasma levels of total cholesterol, with no
interactions between group and treatment (F3;58= 1.917; P=0.172).
There was no effect of group (SHAM or OVX: F3;40= 0.441; P= 0.511)
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and treatment (Water or DEXA: F3;40= 0.444; P= 0.509) on plasma
levels of total cholesterol, with no interactions between group and
treatment (F3;40= 0.171; P=0.681). We observed no effect of group
(SHAM or OVX: F3;60= 0.100; P= 0.753) and effect of treatment
(Water/ETOH or CORT: F3;60= 5.032; P=0.029) on plasma levels of
triglycerides, with no interactions between group and treatment
(F3;60= 0.761; P=0.387). There was no effect of group (SHAM or
OVX: F3;40= 0.139; P=0.712) and treatment (Water or DEXA:
F3;40= 0.219; P= 0.642) on plasma levels of triglycerides, with no
interactions between group and treatment (F3;40= 0.258; P= 0.615).
We observed no effect of group (SHAM or OVX: F3;59= 1.351;
P=0.250; F3;39= 1.967; P= 0.170) and treatment (Water/ETOH or
CORT: F3;59= 0.664; P=0.419; Water or DEXA: F3;39= 0.375;
P=0.545) on plasma levels of free fatty acids, with no interactions
between group and treatment (F3;59= 0.173; P=0.679; F3;39= 0.120;
P=0.731). We observed no effect of group (SHAM or OVX:
F3;60= 0.004; P=0.948) and no effect of treatment (Water/ETOH or

CORT: F3;60= 1.617; P=0.209) on plasma levels of corticosterone,
with no interactions between group and treatment (F3;60= 1.950;
P= 0.168). There was an effect of group (SHAM or OVX: F3;39= 4.904;
P= 0.033) and no effect of treatment (Water or DEXA: F3;39= 0.348;
P= 0.559) on plasma levels of corticosterone, with no interactions
between group and treatment (F3;39= 0.586; P= 0.449).

The results of the OVX and OVX+E groups (Tables 3 and 4)
showed that there was no significant difference in plasma total cho-
lesterol concentration among the groups in both protocols. Ad-
ditionally, corticosterone promoted no changes on plasma concentra-
tions of triglycerides in OVX+E animals, and estradiol induced
increase (P < 0.05) in plasma concentrations of triglycerides in ani-
mals treated with Water/ETOH and DEXA, in corticosterone and dex-
amethasone protocols, respectively. There was increase in plasma
concentrations of free fatty acids in OVX+E/Water-ETOH group
compared to the OVX/Water-ETOH animals in the corticosterone pro-
tocol. In dexamethasone experiments, DEXA increased free fatty acids
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Fig. 4. Weights (g) and area of adipocytes (μm2) of retroperitoneal (A–D) and perirenal+ perigonadal adipose tissues (E–H) of SHAM, OVX and OVX+E groups,
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as mean ± SEM. *P < 0.05.
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plasma concentrations in OVX+E animals, which showed higher va-
lues of this parameter compared to the respective OVX and OVX+E/
Water groups. Both treatments increased (P < 0.05) plasma levels of
corticosterone in OVX+E animals (CORT and DEXA) compared with
their respective OVX groups, and in dexamethasone protocol there was
enhancement (P < 0.05) of corticosterone plasma concentrations in
animals OVX+E-DEXA compared to OVX+E-Water (Tables 3 and 4).
We observed no effect of group (OVX or OVX+E: F3;58= 2.539;
P=0.117; F3;54= 1.051; P= 0.310) and treatment (Water/ETOH or
CORT: F3;58= 1.160; P= 0.286; Water or DEXA: F3;54= 0.0964;
P=0.757) on plasma levels of total cholesterol, with no interactions
between group and treatment (F3;58= 0.754; P=0.389;
F3;54= 0.00204; P= 0.964). There was an effect of group (OVX or
OVX+E: F3;55= 5.599; P= 0.022; F3;54= 7.165; P= 0.010) and no
effect of treatment (Water/ETOH or CORT: F3;55= 3.709; P=0.060;
Water or DEXA: F3;54= 0.00741; P=0.932) on plasma levels of tri-
glycerides, with no interactions between group and treatment
(F3;55= 0.850; P=0.361; F3;54= 3.508; P=0.067). We observed an
effect of group (OVX or OVX+E: F3;60= 18.552; P < 0.001;
F3;52= 16.003; P < 0.001) and no effect of treatment (Water/ETOH or
CORT: F3;60= 3.984; P=0.051; Water or DEXA: F3;52= 2.616;
P=0.112) on the plasma levels of free fatty acids, with no interactions

between group and treatment in corticosterone protocol (F3;60= 0.260;
P= 0.612), but with interactions between group and treatment in
dexamethasone protocol (F3;52= 8.275; P= 0.006). There was an ef-
fect of group (OVX or OVX+E: F3;59= 7.902; P=0.007;
F3;54= 16.300; P < 0.001) and no effect of treatment (Water/ETOH or
CORT: F3;59= 1.940; P= 0.169; Water or DEXA: F3;54= 2.439;
P= 0.125) on plasma levels of corticosterone, with no interactions
between group and treatment (F3;59= 1.052; P=0.310; F3;54= 1.685;
P= 0.200).

4. Discussion

The present study investigated whether ovariectomy becomes fe-
male rats more responsive to the anabolic effects of prolonged treat-
ment with glucocorticoids, and if estradiol can be protective against
these metabolic effects. Indeed, it was observed that the treatment for
twenty-eight days with corticosterone or dexamethasone was able to
induce, in OVX animals, anabolic effects including increases in body
weight gain, food intake, size of adipocytes, weight of retroperitoneal
adipose tissue and glycemia after GTT, and these responses were not
observed in estradiol treated animals.

Classic data of the literature that demonstrate that ovariectomy can

Water/
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SHAM OVX OVX+E
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Water
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SHAM OVX OVX+E
G H I
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Fig. 5. Representative photomicrographs (100× magnification) of retroperitoneal adipose tissue, stained with hematoxylin-eosin, of SHAM, OVX and OVX+E
groups, treated with Water/ETOH or corticosterone (CORT: 15mg/l) (A–F) and Water or dexamethasone (DEXA: 0.5 μg/l) (G–L).
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lead to increase of food intake, body weight gain, visceral adiposity and
plasma metabolic parameters [13,26] corroborate with the present
findings, which show that OVX induces enhancement of body weight
gain, food intake, weight of retroperitoneal adipose tissue, size of adi-
pocytes in both visceral adipose tissues, glycemia after GTT, and plasma
cholesterol. In this context, OVX-induced enhancement of food intake is

related with increase and decrease in the expression of orexigenic and
anorexigenic hypothalamic neuropeptides, respectively [18]. Accord-
ingly, the classical effect of OVX increasing body weight gain and
visceral fat pad may be due to the higher activity of the lipogenic en-
zyme lipoprotein lipase [27,28], while higher values of total cholesterol
plasma levels may be ascribed to augmented plasma levels of low-
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Fig. 6. Representative photomicrographs (100× magnification) of perirenal+ perigonadal adipose tissues, stained with hematoxylin-eosin, of SHAM, OVX and
OVX+E groups, treated with Water/ETOH or corticosterone (CORT: 15mg/l) (A–F) and Water or dexamethasone (DEXA: 0.5 μg/l) (G–L).

Table 3
Plasma levels of total cholesterol, triglycerides, free fatty acids and corticosterone of SHAM, OVX and OVX+E groups, treated with WATER/ETOH or corticosterone
(CORT).

SHAM OVX OVX+E

Water/ETOH CORT Water/ETOH CORT Water/ETOH CORT

Cholesterol (mg/dl) 67.6 ± 4.2 (18) 79.6 ± 2.9⁎ (9) 94.9 ± 4.8# (16) 95.7 ± 1.7# (15) 97.6 ± 3.3 (13) 105.0 ± 4.2 (16)
Triglycerides (mg/dl) 35.7 ± 2.4 (20) 37.7 ± 1.5 (8) 32.2 ± 1.8 (16) 39.8 ± 2.3⁎ (16) 40.9 ± 3.5## (12) 43.6 ± 3.3 (11)
Free fatty acids (μmoles/dl) 65.2 ± 3.5 (20) 66.5 ± 2.5 (8) 67.6 ± 2.6 (16) 71.6 ± 2.2 (15) 78.4 ± 3.9## (13) 80.4 ± 4.1 (16)
Corticosterone (μg/dl) 5.0 ± 0.7 (21) 2.9 ± 0.7⁎ (10) 3.0 ± 0.4# (15) 3.2 ± 0.4 (14) 3.9 ± 0.7 (15) 5.2 ± 0.6## (15)

Data are expressed as mean ± SEM.
⁎ P < 0.05 Water/ETOH vs. CORT.
# P < 0.05 SHAM vs. OVX.
## P < 0.05 OVX vs OVX+E.
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density lipoprotein cholesterol [29], and impaired glucose tolerance
observed in OVX animals has been associated with defect in insulin-
mediated glucose uptake in skeletal muscle [29]. In addition, OVX
successfully suppressed endogenous production of ovarian steroids,
which are known to have trophic roles in the uterus [30] and estradiol
treatment in OVX animals reversed this effect [31]. Treatment with
estradiol was able to attenuate several metabolic parameters that are
altered by the loss of ovarian function, observed at menopause or in-
duced by ovariectomy, decreasing body weight gain, fat accumulation
and glycemic response after GTT, in accordance with previous data of
literature [15–18,29,32]. Salpeter and colleagues [15] demonstrated
that, in postmenopausal women who were treated for at least 8 weeks
with oral estrogenic replacement, estradiol increased plasma trigly-
cerides. Accordingly, Nigro et al. [33] showed that estradiol replace-
ment-induced higher levels of serum triglycerides were due to increased
production or secretion of very low-density lipoprotein cholesterol
(VLDL). The lack of effects of estradiol on total cholesterol in the
plasma may be a result of the increase of high-density lipoprotein
cholesterol [29]. Though some studies have reported that estradiol
classically reduces circulating free fatty acids following OVX, both in
humans and rodents, [34,35], the current work demonstrated that es-
tradiol increased circulating free fatty acids in OVX rats. However,
other studies indicate that free fatty acids plasma levels are not changed
by estradiol [36] and that estradiol induces a dose dependent increase
in the activity of lipogenic enzymes in the liver, acetyl CoA carboxylase
and fatty acid synthetase, which are key enzymes in the production of
fatty acids [37], giving support to the present results. Thus, the dis-
crepancies of estradiol effects on circulating free fatty acids in the lit-
erature could be explained by the differences in the time and dose of the
treatment, animal strains and diet. Additionally, studies demonstrated
that the increase of corticosterone levels in animals OVX with estradiol
replacement occurs because the activity of the HPA axis is markedly
influenced by sex steroids [38]. Estrogen stimulates the synthesis and
release of ACTH, as reported by Kitay and colleagues [39], and estrogen
acts centrally, in neurons that express corticotrophin releasing hormone
(CRH) in the paraventricular nucleus of the hypothalamus (PVN), to
modulate hypothalamic-pituitary-adrenal axis and thus the neu-
roendocrine responses to stress [40]. Thus, the increase in corticos-
terone plasma concentrations in OVX+E animal and decrease in OVX
group in the present work are in accordance with the literature.

Studies have shown that there is an interaction between gluco-
corticoids and ovarian steroids, since adrenalectomy was able to reverse
obesity and some metabolic changes induced by chemical and physical
ovariectomy [41,42], suggesting that glucocorticoids are required for
the development of obesity induced by failure of ovarian function.
Glucocorticoids are important regulators of energy and energy ex-
penditure [1], increasing appetite and body weight gain in humans and
rodents, and consequently leading to the development of obesity and its
comorbidities [3,4]. In this context, glucocorticoids-induced enhance-
ment of food intake and body weight gain is related with increase of

orexigenic hypothalamic neuropeptides, neuropeptide Y and agouti-
related protein, and decrease in the expression of anorexigenic hy-
pothalamic neuropeptides, CRH and oxytocin [43–45], while estrogen
have opposite effects [18]. Indeed, Karatsoreos et al. [46] demonstrated
that chronic exposure to corticosterone (25 μg/ml) in the drinking
water increased body weight gain, food intake and accumulation of
adipose tissue in the mesenteric region. Asensio et al. [47] infused
normal rats with dexamethasone intracerebroventricularly for 3 days
and observed marked increase on food intake and body weight. How-
ever, these studies were conducted in male animals and studies evalu-
ating the roles of glucocorticoids on energy homeostasis in female an-
imals are rare. Thus, the current study is pioneer in evaluating
glucocorticoids effects on this field in female rats, showing that both
glucocorticoids basically had no effects on the parameters evaluated in
SHAM rats.

Additionally, mice and rats with obesity are more sensitive than
lean animals to effects of glucocorticoids on increased food intake, body
weight gain, deposition of adipose tissue, and reduced brown adipose
tissue activity [10,48]. However, this is the first report to demonstrate
that, as in other experimental models of obesity, OVX-induced obesity
also increases the susceptibility to the metabolic effects of glucocorti-
coids, and these responses are prevented by estradiol. In this context,
previous data of the literature showed that OVX animals are more re-
sponsive to the increases in food intake and body weight gain induced
by stress, which is known to induce marked release of glucocorticoids,
and estradiol prevented these responses [49], supporting the data of the
present study. Indeed, though the lack of direct evidences, these find-
ings suggest that post-menopausal women may be more susceptible to
stress-induced obesity. In addition, OVX animals also showed higher
susceptibility to high-fat diet to increase body weight and adipose tissue
than intact females [50], and estradiol abolished these effects [51].
Accordingly, the protective role of estrogens in the development of
obesity induced by hyperlipidic diet, as well as their comorbidities,
such as insulin resistance and dyslipidemias, were demonstrated not
only in OVX animals [52–54], but also in males [55] and intact females
[56].

The increase on the responsiveness to the anabolic effects of glu-
cocorticoids in OVX animals and the protective effect of estradiol on
these responses may be due to higher expression of GR and MR in the
hypothalamus after OVX, especially the PVN, and a reversion of this
effect by estradiol replacement [57,58]. However, local tissue con-
centrations of glucocorticoids depend not only on circulating levels of
the hormone but also on pre-receptor conversion of 11-dehy-
drocorticosterone to corticosterone in rodents, via the enzyme 11β-
hydroxysteroid dehydrogenase type 1 (11βHSD1) [59]. In view of this,
the stimulatory effect of OVX and inhibitory actions of estradiol on
glucocorticoids-induced hypertrophy of visceral fat pads is reinforced
by data that demonstrated that OVX upregulated 11βHSD1 expression
in visceral adipose tissue, while estradiol replacement to OVX rats re-
duced the expression and activity of 11βHSD1 [60,61].

Table 4
Plasma levels of total cholesterol, triglycerides, free fatty acids and corticosterone of SHAM, OVX and OVX+E groups, treated with WATER or dexamethasone
(DEXA).

SHAM OVX OVX+E

Water DEXA Water DEXA Water DEXA

Cholesterol (mg/dl) 77.7 ± 2.2 (5) 84.6 ± 3.6 (7) 90.5 ± 3.2# (14) 89.4 ± 3.6 (14) 95.1 ± 6.2 (13) 93.6 ± 3.6 (13)
Triglycerides (mg/dl) 38.9 ± 7.7 (5) 43.2 ± 4.3 (7) 39.5 ± 2.9 (14) 39.3 ± 3.5 (14) 43.3 ± 4.4 (13) 52.7 ± 5.9## (13)
Free fatty acids (μmoles/dl) 86.2 ± 14.7 (4) 84.4 ± 6.3 (7) 79.1 ± 4.6 (14) 72.7 ± 4.5 (14) 84.9 ± 5.2 (12) 107.8 ± 6.3##,⁎ (12)
Corticosterone (μg/dl) 6.1 ± 1.6 (21) 4.9 ± 1.3 (10) 3.4 ± 0.5# (15) 3.6 ± 0.7 (14) 4.2 ± 0.7 (15) 6.8 ± 0.6##,⁎ (15)

Data are expressed as mean ± SEM.
⁎ P < 0.05 Water vs. DEXA.
# P < 0.05 OVX vs. OVX+E.
## P < 0.05 OVX vs OVX+E.

C.F. de Souza et al. Life Sciences 218 (2019) 185–196

194



The effects of corticosterone and dexamethasone in OVX rats are in
accordance with data of the literature in male animals. In this context,
the enhancement of food intake induced by corticosterone in OVX rats
may be ascribed changes in the expression of hypothalamic neuropep-
tides involved in the regulation of food intake, as already described.
Accordingly, glucocorticoids-induced increase in body weight gain and
visceral adiposity after OVX is likely to result of the greater suscept-
ibility of visceral adipose tissues to the anabolic actions of glucocorti-
coids, due to higher amount and affinity of their receptors in these
adipose depots [62,63], in association to the increased expression of
LPL and other triglycerides-synthesis related genes induced by gluco-
corticoids, predominantly in the visceral adipose tissue [64–67]. Ad-
ditionally, dexamethasone-induced higher glycemia after GTT in OVX
animals may be explained by the known effect of glucocorticoids to
induce impairment in glucose tolerance by reducing peripheral uptake
of glucose uptake, especially in the skeletal muscle, because of a de-
crease of GLUT4 translocation to the cell surface [68–72]. Finally,
corticosterone-induced increase in triglyceridemia after OVX could be
consequence of the higher hepatic production of VLDL and impaired
VLDL removal due to low LPL activity, possibly in the other fat depots
than retroperitoneal, perigonadal+ perirenal adipose tissues [73]. The
difference in dexamethasone and corticosterone responses may be as-
cribed to the differential affinity of each glucocorticoid to corticoster-
oids receptor, GR and MR, since dexamethasone has more affinity to GR
and corticosterone can bind to and activate both receptors [2]. Ac-
cordingly, corticosterone has more affinity to MR than to GR, and this
higher affinity of glucocorticoids to MR is related to the ingestion and
deposition of lipids throughout the circadian cycle, while GR have
lower affinity for glucocorticoids, controlling carbohydrate intake in
the first hours of the feeding period [2,74]. Altogether, these data
suggest that both GR and MR need to be activated to mediate the effects
of glucocorticoids after OVX, not only GR, and that MR are likely in-
volved in the more prominent effects of corticosterone, since this glu-
cocorticoid was more effective than DEXA to induce anabolic responses
in OVX rats.

5. Conclusion

In summary, the present study is innovative in demonstrating that
OVX animals are more susceptible to glucocorticoids-induced metabolic
changes, and estradiol has a protective effect in these responses. Thus, it
can be suggested that that the protection against the anabolic effects of
glucocorticoids are like to be reduced in postmenopausal women, as in
OVX rats, and estradiol replacement may be important to reestablish
this protection.
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