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Abstract: Chronic glucocorticoid exposure is known to cause depression and metabolic disorders.
It is critical to improve abnormal metabolic status as well as depressive-like behaviors in patients with
long-term glucocorticoid therapy. This study aimed to investigate the effects of resveratrol on the
depressive-like behaviors and metabolic abnormalities induced by chronic corticosterone injection.
Male ICR mice were administrated corticosterone (40 mg/kg) by subcutaneous injection for three
weeks. Resveratrol (50 and 100 mg/kg), fluoxetine (20 mg/kg) and pioglitazone (10 mg/kg) were
given by oral gavage 30 min prior to corticosterone administration. The behavioral tests showed that
resveratrol significantly reversed the depressive-like behaviors induced by corticosterone, including
the reduced sucrose preference and increased immobility time in the forced swimming test. Moreover,
resveratrol also increased the secretion of insulin, reduced serum level of glucose and improved blood
lipid profiles in corticosterone-treated mice without affecting normal mice. However, fluoxetine
only reverse depressive-like behaviors, and pioglitazone only prevent the dyslipidemia induced by
corticosterone. Furthermore, resveratrol and pioglitazone decreased serum level of glucagon and
corticosterone. The present results indicated that resveratrol can ameliorate depressive-like behaviors
and metabolic abnormalities induced by corticosterone, which suggested that the multiple effects of
resveratrol could be beneficial for patients with depression and/or metabolic syndrome associated
with long-term glucocorticoid therapy.
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1. Introduction

Glucocorticoid is an important hormone produced by adrenal cortex in response to the activation
of hypothalamic-pituitary-adrenal (HPA) axis. An appropriate glucocorticoid level is necessary to
maintain normal physiological functions. Elevated glucocorticoid levels can inhibit the activity
of HPA axis through a feedback regulation mechanism [1]. In addition, glucocorticoid is also an
important drug for treating severe infections, autoimmune diseases or Addison’s disease, etc. However,
numerous side effects caused by chronic usage of glucocorticoid are uncomfortable. The main side
effect of glucocorticoid is Cushing’s syndrome, which consists of a cluster of metabolic abnormalities,
osteoporosis, and hypertension and so on. Interestingly, it shares many characteristics with metabolic
syndrome, such as abdominal obesity, glucose intolerance and dyslipidemia [2,3]. These metabolic
abnormalities strongly raised the risk of cardiovascular diseases [4,5].

Chronic excess glucocorticoid can impair the neurogenesis and synaptic plasticity in the
hippocampus [6–8], which may contribute to the occurrence of depression. Previous studies
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have shown that an elevated blood glucocorticoid level is frequently found in patients with
depression [9] and animal models induced by chronic mild stress [10,11]. In our and others’ previous
studies, a mice model of depression had been successfully established by chronic corticosterone
(CORT) injection [12–14]. Another study reported that long-term corticosterone exposure induced
depressive-like behavior and insulin resistance [15]. In fact, depression is a common comorbidity of
metabolic syndrome [16,17] or Cushing syndrome [18,19]. Therefore, it is critical to improve abnormal
metabolic status as well as depressive-like behavior in patients with hypercortisolism or long-term
glucocorticoid exposure.

Resveratrol is a naturally occurring polyphenolic compound that widely exists in various plants
such as grapevines, peanuts and pomegranates (Figure 1). Resveratrol possesses numerous important
pharmacological activities, including anti-oxidant, anti-diabetic, anti-inflammatory, anti-tumor,
lipid-lowering properties and so on [20,21]. Recent studies have found antidepressant effects of
resveratrol in animal models [22–24]. Ali et al have shown that resveratrol improved the depressive-like
behavior induced by corticosterone [25]. However, whether resveratrol can improve the metabolic
abnormalities induced by corticosterone remains unknown. Therefore, the present study aimed to
investigate the effects of resveratrol on depressive-like behaviors and metabolic abnormalities induced
by chronic corticosterone exposure. Our results will be beneficial for expanding the applications
of resveratrol.
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Figure 1. The structure of resveratrol.

2. Results

2.1. Effects of Resveratrol on Body Weight

The effects of resveratrol on body weight were shown in Figure 2. In the control and CORT-vehicle
groups, the repeated ANOVA showed a significant week effect (p < 0.001) and group effect (p < 0.001),
but without an interaction effect. A post hoc test showed the body weight in CORT-vehicle group
was significantly decreased at week 2 (p < 0.05) and week 3 (p < 0.05). In all CORT-treated groups,
the repeated ANOVA showed a significant week effect (p < 0.001), but with non-significance of group
and interaction effect. Pioglitazone, fluoxetine and resveratrol had no significant effect on body weight
in the CORT-treated group.
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Figure 2. Effects of resveratrol on the body weight in mice. Data were expressed as the mean ± S.E.M.
(n = 10). * p < 0.05 vs. control group. Data was analyzed by two-way repeated-ANOVA with week as
the repeat factor. The difference between groups at the same time point was analyzed by Dunnett’s
post hoc test. CORT: corticosterone; Flu: fluoxetine; Res: resveratrol; Piog: pioglitazone.



Molecules 2016, 21, 1341 3 of 12

2.2. Effects of Resveratrol on Depressive-Like Behaviors Induced by CORT

As shown in Figure 3, chronic CORT exposure increased the immobility time in the forced
swimming test (FST) (p < 0.01) and decreased the sucrose preference in the sucrose preference test (SPT)
(p < 0.001). Resveratrol and fluoxetine significantly decreased the immobility time (Res: 50 mg/kg:
p < 0.01; 100 mg/kg: p < 0.001; Flu: p < 0.01) and elevated the sucrose preference (Res: 50 mg/kg:
p < 0.01; 100 mg/kg: p < 0.001; Flu: p < 0.001). However, pioglitazone had no significant effect on these
behaviors. In addition, resveratrol, fluoxetine and pioglitazone didn’t affect the locomotor activity in
open field test (OFT).
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Figure 3. Effects of resveratrol on the depressive-like behaviors induced by CORT. (A) The immobility
time in forced swimming test (FST); (B) The sucrose preference in sucrose preference test (SPT);
(C) The numbers of crossing in open field test (OFT); (D) The numbers of rearing in OFT. Data were
expressed as the mean ± S.E.M. (n = 10). ## p < 0.01 and ### p < 0.001 vs. control group. ** p < 0.01 and
*** p < 0.001 vs. CORT-vehicle group. Data was analyzed by one-way ANOVA followed by Dunnett’s
post hoc test.

2.3. Effects of Resveratrol on the Insulin Sensitivity in CORT-Treated Mice

Although the area under curve (AUC) during oral glucose tolerance test (OGTT) and the fasting
serum glucose differences between control and CORT-vehicle group were non-significant, the fasting
serum insulin levels were significantly increased following CORT exposure (p < 0.01). Resveratrol
and pioglitazone slightly decreased the AUC during OGTT with no statistical significance. However,
resveratrol significantly increased the fasting serum level of insulin (100 mg/kg: p < 0.01) and decreased
the fasting serum level of glucose (50 mg/kg: p < 0.05; 100 mg/kg: p < 0.01). Pioglitazone and fluoxetine
had no significant effect on these changes. These results are presented in Figure 4.
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Figure 4. Effects of resveratrol on the insulin sensitivity in CORT-treated mice. (A) The curve of
blood glucose level during OGTT; (B) The area under curve during OGTT; (C) The fasting serum
glucose level; (D) The fasting serum insulin level. Data were expressed as the mean ± S.E.M. (n = 10).
## p < 0.01 vs. control group. * p < 0.05, and ** p < 0.01 vs. CORT-vehicle group. Data of OGTT was
analyzed by two-way repeated-ANOVA with time as the repeat factor. The data of AUC, glucose and
insulin were analyzed by one-way ANOVA followed by Dunnett’s post hoc test.

2.4. Effects of Resveratrol on the Serum Level of Lipids and Hormones in CORT-Treated Mice

As displayed in Figure 5, chronic CORT exposure significantly increased serum levels of
triglycerides (TG) (p < 0.01), total cholesterol (TC) (p < 0.001), high density lipoprotein cholesterol
(HDL-C) (p < 0.05) and low density lipoprotein cholesterol (LDL-C) (p < 0.001). Resveratrol (50 and
100 mg/kg) reversed the alterations of TG (p < 0.01, p < 0.01), TC (p < 0.001, p < 0.001), HDL-C (p < 0.01,
p < 0.01) and LDL-C (p < 0.01, p < 0.001) induced by CORT. Pioglitazone remarkably decreased TG
(p < 0.01), TC (p < 0.01), HDL-C (p < 0.01) and LDL-C levels (p < 0.05) in CORT-treated mice. Fluoxetine
had no significant effect on the serum lipids levels.

In addition, CORT also caused a significant elevation of serum corticosterone and glucagon levels
(p < 0.001, p < 0.001). Both resveratrol and pioglitazone significantly reduced the serum corticosterone
(Res: 50 mg/kg: p < 0.01; 100 mg/kg: p < 0.01; Piog: p < 0.05) and glucagon levels (Res: 50 mg/kg:
p < 0.05; 100 mg/kg: p < 0.01; Piog: p < 0.01). Fluoxetine decreased the serum corticosterone level
(p < 0.001), but didn’t affect the serum glucagon level. The results are shown in Figure 6.
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of corticosterone; (B) Serum level of glucagon. Data were expressed as the mean ± S.E.M. (n = 10).
### p < 0.001 vs. control group. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. CORT-vehicle group. Data was
analyzed by one-way ANOVA followed by Dunnett’s post hoc test.
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2.5. Effects of Resveratrol on the Serum Biochemical Levels in Normal Mice

To evaluate the effects of resveratrol on the serum biochemical levels in normal mice, another batch
of mice were employed in an additional experiments without corticosterone treatment. Thirty mice
were divided into three groups. Except for the control group, groups were administrated 50 and
100 mg/kg resveratrol for 21 days. The OGTT was performed and serum biochemical levels were
examined. All of the experimental methods were in agreement with the description in the methods
section. The results are displayed in Figure 7. The results showed that resveratrol had no significant
effects on the insulin sensitivity, serum levels of glucose and insulin, or blood lipid profiles in
normal mice.
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ANOVA followed by Dunnett’s post hoc test were used for statistical analysis.

3. Discussion

The main finding of the present study is that resveratrol can reverse depressive-like behaviors,
as well as metabolic abnormalities induced by chronic corticosterone exposure. Fluoxetine can
only ameliorate depressive-like behaviors, while pioglitazone only improve metabolic abnormalities.
These results suggested that the multiple effects of resveratrol could be beneficial for patients with
combined disease.

Firstly, we found that corticosterone induced a significant reduction of sucrose preference and
increased immobility time in the FST. It is well known that the decreased sucrose consumption and
increased immobility time in FST are characterized as the core symptom of depression in rodents [26,27].
The present result showed that the mice model of depression had been successfully established by
chronic corticosterone injection. The compounds which can reverse these behavioral changes will
be further studied as the potent antidepressants. In the present study, resveratrol and fluoxetine
dramatically reversed depressive-like behaviors induced by corticosterone without affecting locomotor
activity. These results were agreement with the observations of Ali et al. [25]. Again, we verified the
antidepressant effect of resveratrol in corticosterone-induced mice model of depression. However,
it is different from the study of Ali et al. [25]. We chose resveratrol at dose of 50 and 100 mg/kg,
while Ali et al. investigated the antidepressant effect of resveratrol at single dose of 80 mg/kg [25].

Besides depression, previous studies had confirmed that long-term glucocorticoid exposure
caused metabolic abnormalities, including abdominal obesity, glucose intolerance, dyslipidemia and
hypertension, etc. [2,28,29]. However, it should be noted that not all patients or animals received
chronic glucocorticoids treatment represent all these metabolic abnormalities. Sometimes the results
may be contradictory. For example, numerous studies have sustained that chronic glucocorticoid
lead to an increased body weight [15,30], while others reported the opposite [14,31,32]. Notably,
glucocorticoid is a catabolic hormone and is able to promote the decomposition of muscle and adipose
tissue. Our study showed that chronic corticosterone injection significantly prevented the body weight
gain. It could be ascribed to the accelerated decomposition and wastage of protein. This phenomenon
had also been observed in rats undergo chronic dexamethasone treatment [33]. Another possible
reason might be explained as different route of administration. Zhao et al., Lee et al. and our present
study administrated corticosterone by subcutaneous injection [14,31], whereas Fransson et al. and
Karatsoreos et al. treated with corticosterone via the drinking water and thus avoided the repeated
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stress of injections [28,30]. Resveratrol, fluoxetine and pioglitazone failed to reverse the alteration of
body weight in the present study.

As we all known, insulin is an important hormone in maintaining metabolic homeostasis,
including lowering blood glucose, promoting protein synthesis and inhibiting lipolysis, etc.
It should, however, be noted that glucocorticoid can inhibit uptake and utilization of glucose
in liver and skeletal muscle by interfering with insulin signaling and thereby leading to insulin
resistance or glucose intolerance. In the study of Fransson et al, a 5-weeks corticosterone exposure
dose- and time-dependently increased fasting serum insulin and C-peptide levels, but didn’t alter
fasting blood glucose levels. Nevertheless, a clearly insulin resistance had been characterized by
intraperitoneal insulin tolerance test (IPinsTT) and intraperitoneal glucose tolerance test (IPGTT) in
corticosterone-treated mice [34]. Similarly, we also found a significant increase in fasting serum level of
insulin, but no alteration in fasting serum level of glucose. The present results suggested that the β-cell
had to compensate for the secretion of insulin to counteract high concentration of corticosterone and
maintain blood glucose level. Fransson et al. also observed that corticosterone induced a significant
increased β-cell proliferation and pancreatic islet volume, and thereby enhanced insulin secretion
capacity. In addition, our results showed that the AUC during OGTT was slightly increased followed
3-weeks corticosterone exposure [34]. It could be explained as the 3-weeks corticosterone exposure
was too transient to induce intensely insulin resistance. Or maybe, it could also be attributed to the
fact that the administration of glucose by intraperitoneal injection avoids the incretin secretion.

Although resveratrol had no significant effect on the AUC during OGTT in the present study,
it remarkably increased the fasting serum insulin and decreased fasting serum glucose level. This result
suggested resveratrol were able to promote the secretion of insulin from pancreatic β-cell and
strengthen the action of insulin. A great number of studies have illustrated that resveratrol could
enhance pancreatic β-cell function by inhibiting phosphodiesterase activity [35], and reverse insulin
resistance induced by lipopolysaccharides in mice [36] or endothelial cells induced by palmitate [37],
improve hepatic insulin signaling in streptozotocin-induced diabetes rats [38]. Neither fluoxetine
nor pioglitazone had effect on the fasting serum insulin and glucose level. Pioglitazone is one of the
thiazolidines insulin sensitizer, but its capacity to reduce blood glucose is extremely weak. Our present
study has also shown that repeated corticosterone injection induced a significant elevation of serum
corticosterone and glucagon, which further indicated that the actions of insulin were severely disrupted
in corticosterone treated mice. The levels of corticosterone and glucagon were significantly decreased
followed resveratrol treatment, which indicated that resveratrol could be beneficial for improving
insulin action and restoring metabolic homeostasis. In addition to promote gluconeogenesis and
glycogenolysis, corticosterone can accelerate lipolysis and produce a large amount of TG and free
fatty acids. The present results showed that corticosterone induced a significant increase in serum
levels of TG, TC, HDL-C and LDL-C. These results also confirmed that chronic corticosterone exposure
enhanced lipolysis activity and disarranged blood lipid profiles. These alterations were significantly
reversed by resveratrol and pioglitazone treatment, but not fluoxetine. Moreover, we also found that
resveratrol did not affect the serum levels of insulin, glucose and lipids in normal mice. These results
further confirmed that the excellent protective effect of resveratrol against metabolic abnormilties
induced by corticosterone, without affecting normal subjects.

4. Materials and Methods

4.1. Chemicals and Reagents

Resveratrol and corticosterone with purities of 98% were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fluoxetine hydrochloride was from Changzhou Siyao Pharmaceuticals Co.,
Ltd. (Changzhou, China). Pioglitazone hydrochloride was from Jiangsu Deyuan Pharmaceuticals Co.,
Ltd. (Lianyungang, China). The triglycerides (TG), total cholesterol (TC), high density lipoprotein
cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C) and glucose kits were purchased from
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Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Insulin, corticosterone and glucagon
ELISA kits were supplied by CUSABIO (Wuhan, China).

4.2. Animals

Male ICR mice weighing 18–22 g were procured from the Hunan Slac Animal Center, Changsha,
China. The mice were housed ten per cage except for the sucrose preference test. The environment
was maintained with a 12-h light/dark cycle (08:00–20:00). Ambient temperature and relative
humidity were maintained at 22 ± 2 ◦C and at 40%–60%. The mice had free access to drink and food.
The procedure was approved by the Committee of Animal care of Henan University of Traditional
Chinese Medicine.

4.3. The CORT-Treated Procedure

After one week of adaptation, the mice were randomly divided into six groups (n = 10): (1) Control
group: saline (p.o) + saline (s.c); (2) CORT-vehicle group: saline (p.o) + CORT (s.c); (3) Res group:
resveratrol (50 mg/kg, p.o) + CORT (s.c); (4) Res group: resveratrol (100 mg/kg, p.o) + CORT (s.c);
(5) Flu group: fluoxetine (20 mg/kg, p.o) + CORT (s.c); (6) Piog group: pioglitazone (10 mg/kg, p.o) +
CORT (s.c). The dose of CORT was 40 mg/kg. The preparation of CORT solution was in line with our
previous study [12]. In brief, the CORT was dissolved in a saline solution containing 0.1% dimethyl
sulfoxide and 0.1% Tween-80. Resveratrol, fluoxetine and pioglitazone were given by oral gavage
in a volume of 10 mL/kg 30 min prior to the CORT injection. The doses of resveratrol were chosen
according to the previous reports [39,40]. The treatment was last for 21 days. The body weight was
evaluated every week. The experimental schedule is displayed in Figure 8.
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4.4. The Depressive-Like Behavior Test

The sucrose preference test (SPT) was performed at day 20. As described in our previous study [12],
all mice were allowed to adapt to the individual cage and trained to consume sucrose solution (1% w/v)
for 24 h without any water or food. Followed the sucrose intake training, the mice were deprived of
food and water for 24 h, and then two bottles with 1% sucrose (100 mL) and tip water (100 mL) were
randomly placed for another 24 h. The liquids consumption volume were measured and the sucrose
preference was determined using the formula:

Sucrose preference (%) = [sucrose intake/(sucrose intake + water intake)] × 100% (1)

Twenty-four hours after SPT, the forced swimming test (FST) was performed as described
previously by Porsolt et al. with minor modifications [27]. In brief, the procedure was done by
placing each mouse in a vertical glass cylinder (diameter 15 cm, height 30 cm) filled with 10 cm of
water. The water temperature maintained at 23–25 ◦C. The mice were allowed to swim for 6 min,
and the immobility time of last 4 min was recorded. The immobility period was considered as the time
spent by mice floating in the water without struggling and making only those movements necessary to
keep their head above the water.

To rule out the false positive FST results, the open field test (OFT) was performed 1 h prior to
the FST. Without any interference, each mouse was individually placed in the center of a black box
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(40 cm in length, 40 cm in width, and 30 cm in height) with 25 equal squares (8 cm in length and width).
The numbers of crossing and rearing were counted in 3-min session.

4.5. Oral Glucose Tolerance Test (OGTT)

The OGTT was conducted 24 h after FST. Followed a 14-h fasting, mice were administrated 50%
glucose solution by oral gavage (1.5 g/kg), and then the blood glucose was determined at 0, 30, 60, 90,
120 min after administration by a Roche blood glucose meter.

4.6. Serum Biochemical Assay

After 24 h of OGTT, all mice were sacrificed by decapitation between 9:00–11:00 a.m. The serum
was obtained by centrifuged at 4 ◦C, 1000 g for 10 min. The serum levels of glucose, TG, TC, HDL-C
and LDL-C were detected using biochemical kits. The serum levels of insulin, corticosterone and
glucagon were detected using ELISA kits.

4.7. Statistical Analysis

All data were expressed as mean ± S.E.M. The SPSS ver. 18.0 software (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. The data of body weight at every week were analyzed by a
two-way repeated-ANOVA with week as the repeat factor. The behavior data and biochemical data
were analyzed by one-way ANOVA followed by Dunnett’s post hoc test. A value of p < 0.05 was
considered as statistically significance.

5. Conclusions

In summary, the present results demonstrate that resveratrol could reverse the depressive-like
behaviors and metabolic abnormalities induced by chronic corticosterone exposure. Based on these
findings, we speculate that resveratrol may be beneficial for patients with depression and/or metabolic
syndrome associated with long-term glucocorticoid therapy.
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