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ABSTRACT

Introduction: Diabetes is associated with anxiety and depression.
Resveratrol, one of the most potent natural polyphenols with antioxidant
properties, has been demonstrated to have benefits against diabetes. In
the current study, we investigated the effects of resveratrol on depression
and anxiety-like behaviors in diabetic rats.

Methods: Adult male Wistar albino rats were assigned for control and
diabetic groups, and these groups were divided into four subgroups
as follows: Saline-treated, DMSO-treated, resveratrol-treated and
imipramine-treated animals (n=10). Diabetes was induced by a single
intraperitoneal injection of streptozotocin (STZ) (50 mg/kg), and 2
days after the STZ injection the rats having hyperglycemia (>300 mg/
dl) were assigned to be diabetic. Rats in treatment groups were injected
intraperitoneally with resveratrol (20 mg/kg) and imipramine (10 mg/
kg) for 4 weeks. After 4-week-treatment period, tail suspension test
(TST), forced swimming test (FST), elevated plus maze test (EPM) and

locomotor activity test were performed. Blood samples were collected to
estimate serum superoxide dismutase (SOD) and NADPH oxidase (Nox)
levels.

Results: Diabetic rats displayed depressive-like behaviors in the FST and
TST, and anxiety-like behaviors in the EPM. Resveratrol and imipramine
decreased anxiety-like and depressive-like behaviors without affecting
locomotor activity in diabetic rats. A significant reduction in SOD levels
and a marked increase in Nox levels were observed in diabetic rats.
Resveratrol treatment normalized these levels, while imipramine did not
affect neither SOD nor Nox levels.

Conclusion: This study indicates that chronic resveratrol treatment may
able to treat comorbid anxiety-and depressive-like behaviors in diabetes
through inhibition of oxidative stress.

Keywords: Diabetes, depression, anxiety, resveratrol

Cite this article as: Demirtas Sahin T, Go¢cmez SS, Eraldemir FC, Utkan T. Anxiolytic-Like and Antidepressant-Like Effects of Resveratrol in Streptozotocin-Induced Diabetic

Rats. Arch Neuropsychiatry 2019;56:144-149. https://doi.org/10.29399/npa.23176

INTRODUCTION

Diabetes mellitus is a chronic and life-threatening global health problem
with its growing prevalence in the modern era. Patients with diabetes
frequently suffer about twice from depression and anxiety compared
with nondiabetic populations (1). Multiple studies have reported that
psychosomatic processes contribute to several consequences of diabetes,
and depression has been shown to negatively influence the prognosis
and management of diabetes through its effects on factors such as
metabolic control (2) and body mass index (3). Accordingly, the presence
of comorbid depression in patients with diabetes generally leads to
poor quality of life, reduced treatment adherence, excess morbidity and
mortality rates (4).

Diabetes-induced depression may emerge due to reduced quality of life
depending on the treatment, or may be an outcome of the biochemical
alterations accompanying the disease (4). Many studies have aimed to
uncover the pathophysiological relationship between diabetes and
depression. It has been proposed that decreased brain monoamine
levels, the alterations in the function of HPA axis, neuronal loss, impaired
synaptic plasticity, enhanced oxidative stress and immune system plays a
crucial role in the development of diabetes associated depression (5-7).
Among them, elevated oxidative stress due to persistent hyperglycemia,

which impairs the antioxidant defense system and thereby induces
denovo free radical formation, is one of the main features of diabetes and
has been established to be involved in the pathogenesis of some types
of diabetes (8). Moreover, there is growing evidence showing increased
oxidative stress in patients with major depression (9). On the other
hand, inflammatory alterations due to chronic hyperglycemia have been
reported to affect psychoneuroimmune process. Several studies revealed
that depression is related with the upregulation of the immune system,
including enhanced generation of proinflammatory cytokines (10). Thus,
it is logical to investigate the effects of a compound with antioxidant,
anti-inflammatory properties on diabetes-induced depression.

Resveratrol is one of the most potent natural polyphenols enriched in the
skin of red wine and grapes. It is able to cross the blood-brain barrier and
elicits several biological and pharmacological effects such as antioxidant,
anti-inflammatory and neuroprotective (11). Moreover, resveratrol has
been reported to have benefits against diabetes and its complications
(12). There is also increasing evidence indicating that resveratrol exhibits
antidepressant-like effects in animal experimental models through the
regulation of oxidative stress and mTOR pathway (13), modulation of
inflammatory cytokines (14), regulation of central serotonin/noradrenalin
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levels (15) and activation of BDNF levels in brain (16). Besides, the
antidepressant effects of resveratrol have been demonstrated in humans
(17). However, to date, no studies assessed the effects of resveratrol on
diabetes-induced anxiety and depression. Therefore, the goal of our
research was to explore the effects of resveratrol on depression-and
anxiety-like behaviors in streptozotocin (STZ)-induced diabetic rats.
We hypothesized that resveratrol may attenuate oxidative stress levels,
improving depressive and anxious behavior in STZ-induced diabetes. So
we evaluated superoxide dismutase (SOD) and NADPH oxidase (Nox)
levels of the rats.

METHODS

Animals and Experimental Design

Adult male Wistar albino rats provided from the Experimental Medical
Research and Application Center of our institution. The rats were
maintained under standard laboratory conditions of controlled humidity
(45%), temperature (22+20C) and lighting (from 07:00 to 19:00). The
animals were housed in an animal colony (~5 to 6 per cage) starting at
least one week before the experiments. Behavioral tests were performed
between 09:00 and 12:00. Food and water were provided without
restrictions. The experimental protocol in the current study was performed
in accordance with the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (NIH publication No. 8023) and
Regulation of Animal Research Ethics Committee in our country (July 6,
2006, Number 26220), and approved by Animal Experiments Local Ethics
Committee of our institution (Decision No: KOU HADYEK 2/1-2017;
decision date: 09/02/2017).

Wistar rats were randomly assigned into two main groups (n=10):
control and diabetic (STZ) groups. Control groups were divided into four
subgroups as follow: Saline-control, DMSO-control, imipramine-control
and resveratrol-control. Diabetic groups were also separated into four
subgroups: Saline-STZ, DMSO-STZ, imipramine-STZ and resveratrol-STZ.
Diabetes was induced by a single intraperitoneal injection of STZ (50 mg/
kg). Blood samples were taken from the tail vein 2 days (48 h) after the
STZ injection and the animals having hyperglycemia (>300 mg/dl) were
assigned to be diabetic. Saline-control and saline-STZ groups received
physiological saline. DMSO-control and DMSO-STZ groups received
5% DMSO. Animals in treatment groups were injected intraperitoneally
with resveratrol (20 mg/kg) and imipramine (10 mg/kg) for 4 weeks.
Resveratrol was dissolved in 5% DMSO and imipramine was dissolved
in physiological saline. All injections were administered in a volume
of 2 ml/kg body weight of the rats. After 4-week-treatment period, to
evaluate the antidepressant-and anxiolytic-like effects of resveratrol in
STZ-induced diabetic rats; tail suspension test (TST), forced swimming
test (FST), elevated plus maze test (EPM) and locomotor activity test were
performed. 24 h after the last test, rats were decapitated under ketamine/
xylazine anaesthesia (90 mg/kg/10 mg/kg) and blood samples were
collected for the biochemical analyses.

Tail Suspension Test

The TST was conducted as previously reported (18). Briefly, animals were
separated from each other and suspended by the tail to a horizontal
bar (50 cm above the floor) using a hook that was both acoustically
and visually isolated. The test was videotaped and the immobility time
was recorded over 6 min. Absence of any limb or body movement was
considered as immobility.

Forced Swimming Test

The test was performed as previously reported by Porsolt et al (19). The
experimental procedure in the FST comprised two trials (the pretest and
the test) with identical apparatus and conditions (38 cm diameter, 47 cm
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height, containing of water maintained at 22+1°C). During the pretest
trial, animals were placed into the cylinder and forced to swim for 15 min.
After the pretest trial, animals were placed into a warm cage before being
returned to their home cages. 24 h after the pretest trial, the test trial was
performed. Animals were placed in the same apparatus again and left for
a 5-min test trial. During the test trial, the duration of immobility and the
onset of immobility (latency) were recorded by an observer blind to the
treatment conditions.

Elevated Plus Maze Test

The test was performed as previously reported (20). The EPM apparatus
consists of 2 opposing closed arms (10 x 50 cm) and 2 opposing open
arms (50 x 10 x 50 cm) connected by a central square (10 x 10 cm). During
test session animals were gently placed on the central square, facing an
open arm and allowed to freely explore the maze for 5 min. The animal
was assessed to have entered an arm when all 4 limbs were inside the
arm. After each trial, the EPM apparatus was wiped clean. The parameters
such as time spent in and the percentage of entries into the open arms
were evaluated.

Locomotor Activity

Locomotor activity was measured in a Plexiglas chamber (Commat Ltd.,
Ankara, Turkey) equipped with a 15-beam array of infrared horizontal
(mounted every 2.5 cm, bottom) and vertical (mounted every 4.5 cm,
upper) movement detectors. We evaluated the total locomotor activity
as the sum of vertical, ambulatory and stereotypic activities. The activity
was monitored continuously for 10 min following acclimation to the test
room for a period of an hour.

Biochemical Analysis of Superoxide Dismutase and NADPH
Oxidase

Blood samples were collected from terminally anaesthetized rats. The
serum was prepared by centrifugation at 1000 g for 15 min at 4°C and
stored at -40°C for biochemical analysis. The circulating levels of SOD
and Nox were analyzed with ELISA kits by Alisei Quality System Seac
Radin Company analyzer. Assays were performed strictly according to
the manufacturer’s protocol (Elabscience, Bethesda, USA).

Statistical Analysis

Data in this study were expressed as mean * standard error of the mean
(SEM). The program Graph Pad Prism 5.0 (GraphPad Software Inc., San
Diego, CA, USA) was used for statistical analysis. Statistical comparisons
between the groups were performed by one-way ANOVA plus Tukey’s
post hoc test. P<0.05 was assumed to be statistically significant.

Drugs
Resveratrol, imipramine, STZ and DMSO were obtained (purchased) from
Sigma-Aldrich Chemical Co. (St. Louis, USA).

RESULTS

Resveratrol Alleviated Blood Glucose Levels and Body Weight
Loss in STZ-Induced Diabetic Rats

We observed markedly increased blood glucose levels in all diabetic
groups 48 h after the STZ injection (p<0.0007; Fig. 1). These levels remained
markedly high in the diabetic groups compared to control groups at day
30 (p<0.0001; Fig. 1), but resveratrol treatment significantly decreased
the blood glucose levels in diabetic rats compared to the STZ-alone-
treated diabetic rats (p<0.05; Fig. 1). Imipramine did not alter these levels
in diabetic rats and no significant differences were observed between all
control groups in terms of blood glucose levels (p>0.05; Fig. 1).

The initial body weights at the beginning of the experiments were similar
in all experimental groups (p>0.05; Fig. 2). The final body weights of
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Figure 1. Effects of resveratrol and imipramine on blood glucose levels. After STZ (50
mg/kg) injection, blood glucose levels at day 2 and day 30 were determined. Each value
represents the the mean + SEM. ***P<0.0001 versus control groups and #P<0.05 versus
saline-STZ and DMSO-STZ groups.

four diabetic groups displayed a significant decrease compared with
the control groups (p<0.0001; Fig. 2). Weight loss in resveratrol-treated-
diabetic rats was significantly less compared with the STZ-alone-treated
diabetic group (p<0.05; Fig. 2). No significant difference was observed in
final body weights between all control groups (p>0.05; Fig. 2).
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Figure 2. Effects of resveratrol and imipramine on body weight. Initial (day 0) and
final (day 30) body weights were measured. Each value represents the mean * SEM.
**¥%P<0.0001 versus control groups and #P<0.05 versus saline-STZ and DMSO-STZ
groups.
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Figure 3. Effects of resveratrol and imipramine in diabetic rats on the immobility time
evaluated during the tail suspension test (TST). Each value represents the mean + SEM.
##P<0.01 and ###P<0.001 versus saline-STZ and DMSO-STZ groups.

Resveratrol Decreased Depressive-Like Behaviors in the TST in
STZ-Induced Diabetic Rats

In the TST, the immobility time were similar in all control groups. DMSO,
chronic treatment with resveratrol and imipramine showed no effects on
immobility time in non-diabetic rats (p>0.05; Fig. 3). However, resveratrol
and imipramine significantly decreased the immobility time in diabetic
animals (p<0.001 and p<0.01, respectively; Fig. 3). Moreover, DMSO had
no effects on immobility time in diabetic rats (p>0.05; Fig. 3).

Resveratrol Decreased Depressive-Like Behaviors in the FST in
STZ-Induced Diabetic Rats

As shown in Fig. 4A, FST results showed that DMSO, chronic treatment
with resveratrol and imipramine did not affect the duration of immobility
in the control rats (p>0.05; Fig. 4A). However, treatment with resveratrol
markedly decreased the duration of immobility in diabetic rats
(p<0.000T; Fig. 4A). Similar results were obtained with the imipramine
administration (p<0.0001; Fig. 4A). DMSO had no effects on the duration
of immobility in diabetic rats (p>0.05; Fig. 4A). As indicated in Fig. 4B, in
the experiment performed with non-diabetic rats, DMSO, resveratrol and
imipramine treatment showed no effects on the latency to be immobile
(p>0.05; Fig. 4B). However, a significant increase was observed in latency
to immobility in resveratrol-treated and imipramine-treated diabetic rats
(p<0.0T; Fig. 4B), while DMSO showed no effects on latency to immobility
in diabetic rats (p>0.05; Fig. 4B).
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Figure 4. Effects of resveratrol and imipramine in diabetic rats on the duration of immobility (A) and latency to immobility (B) evaluated during the forced swimming test (FST). Each
value represents the mean + SEM. ##P<0.01 and ####P<0.0001 versus saline-STZ and DMSO-STZ groups.
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Figure 5. Effects of resveratrol and imipramine in diabetic rats on the time spent in (A) and the percentage of entries into (B) the open arms evaluated during the elevated plus maze
test (EPM). Each value represents the mean + SEM. #P<0.05, ###P<0.001 and ####P<0.0001 versus saline-STZ and DMSO-STZ groups.

Resveratrol Diminished Anxiety-Like Behaviors in the EPM in
STZ-Induced Diabetic Rats

In the EPM, DMSO, treatment with resveratrol and imipramine in non-
diabetic rats had no influence on the the time spent in (p>0.05; Fig. 5A)
as well as the percentage of entries into the open arms (p>0.05; Fig. 5B).
However, chronic resveratrol and imipramine treatment significantly
enhanced the time spent in (p<0.0001 and p<0.001, respectively; Fig.
5A) and the percentage of entries into (p<0.05; Fig. 5B) the open arms
in the STZ-induced diabetic animals, while DMSO did not affect these
parameters in these animals (p>0.05; Fig 5A and Fig. 5B).

Resveratrol Did Not Affect on Locomotor Activity in STZ-
Induced Diabetic Rats

There was no significant difference between animals treated with DMSO,
resveratrol and imipramine in terms of the total locomotor activity
(p>0.05; Fig. 6), showing that alterations in behavioral tests did not
observe due to the changes in locomotor activity.

Resveratrol Increased Superoxide Dismutase and Decreased
NADPH Oxidase Levels in STZ-Induced Diabetic Rats

STZ-alone-treated animals exerted a significant reduction in circulating
levels of SOD (p<0.01; Fig. 7A). These levels in diabetic rats were
significantly increased by resveratrol treatment (p<0.0001; Fig. 7A).
However, DMSO and imipramine did not alter SOD levels in diabetic

1500

Locomotor Activity

STz

Control

Figure 6. Effects of resveratrol and imipramine in diabetic rats on the locomotor activity
test. Each value represents the mean = SEM.

rats (p>0.05; Fig. 7A). Additionally, DMSO, treatment with resveratrol
and imipramine in control animals did not affect the basal levels of SOD
(p>0.05; Fig. 7A).

There was a significant rise in systemic Nox levels in STZ-alone-treated
diabetic rats compared to the control rats (p<0.05; Fig. 7B), while
resveratrol treatment significantly diminished the elevation of Nox in
STZ-induced diabetic rats (p<0.01; Fig. 7B). However, increased Nox levels
in diabetic rats were not influenced by imipramine treatment and DMSO
(p>0.05; Fig. 7B). DMSO, treatment with resveratrol and imipramine in
control animals did not change the basal levels of Nox in control animals
(p>0.05; Fig. 7B).

DISCUSSION

Because resveratrol has a variety of biological activities, its therapeutic
properties were investigated. Here, we demonstrated that resveratrol has
antidepressant-and anxiolytic-like effect in STZ-induced diabetic animals,
as demonstrated by the decline in immobility behaviors in the FST and TST
and, the reduction in anxious behaviors in the EPM. These effects were not
observed in the normal control rats, indicating diabetes-specific effect of
resveratrol. We have also used imipramine as a standard drug to compare
the activity of resveratrol, and we observed similar antidepressant and
anxiolytic-like effects displayed by imipramine in these rats.

Experimental STZ-induced diabetes is a widely used diabetic model that
involved in elucidating the underlying mechanisms of diabetes and the
associated central nervous system dysfunctions. In the current study,
we induced diabetes by a single injection of STZ (i. p., 50 mg/kg) and
we observed a marked increase in blood glucose levels of animals after
2 days. Induction of Type-| diabetes was associated with diminished
body weight as reported earlier (21). Accordingly, we observed a
significant decrease of body weight in all diabetic groups. Weight loss
and enhanced plasma glucose levels that occurred in diabetic rats
were attenuated by resveratrol treatment. These effects of resveratrol
might be attributable either to increase in glucose uptake, utilization
and storage or to restoration of abnormal insulin signaling pathways
and increase in insulin secretion and/or sensitivity (12). However,
imipramine treatment did not decrease weight gain or improve the
high blood glucose levels observed in diabetic animals. This finding is
consistent with other studies (6, 22).

Depressive-like behaviors have been demonstrated in STZ-induced
diabetic animals (23). The TST and FST are well known rodent behavioral
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Figure 7. Effects of resveratrol and imipramine in diabetic rats on the levels of superoxide dismutase (SOD) (A) and NADPH Oxidase (B). Each value represents the mean + SEM. *P<0.05,
**P<0.01 versus saline-control group and ##P<0.01, ####P<0.0001 versus saline-STZ and DMSO-STZ groups.

tests used routinely to evaluate antidepressant activity (24). This study
indicated that STZ resulted in a significant increase in the immobility
behavior of rats in the TST and FST. The immobility observed in the FST
reflects the state of hopelessness or lowered mood (19). Our findings are
parallel to previous reports which showed the development of behavioral
despair in STZ-induced diabetes (25). Clinically useful antidepressant
drugs are known to decrease the duration of immobility in the FST and
TST (26). In the current study, FST results demonstrated that treatment
with resveratrol reduced the duration of immobility in STZ-induced
diabetic rats. Besides, latency to immobility, which is the duration elapsed
from the first entry of the animal into the water until the first moment of
immobility, is also an important parameter in the FST (27). Resveratrol
also increased the latency to immobility in diabetic rats. This behavior,
together with the immobility time indicates the antidepressant-like effect
of resveratrol. Moreover, we confirmed the antidepressant activity of
resveratrol in STZ-induced diabetes as showed by a marked decline in
the immobility time in the TST.

Imipramine treatment also decreased the duration of immobility in
diabeticratsinthe TST and FST. These results of our study are in accordance
with previous reports, which revealed the antidepressant properties
of imipramine in STZ-induced diabetes (22). Additionally, neither
resveratrol nor imipramine produced any significant alterations in the
locomotor activity of animals. The ability of resveratrol and imipramine
to diminish the duration of immobility in diabetic rats therefore suggests
the possession of their antidepressant-like effects in animals. On the
other hand, in control animals, resveratrol and imipramine had no effect
in the FST and TST, showing that these drugs display antidepressant-like
effect in only diabetic condition.

Anxiety-like behaviors have been reported in STZ-induced diabetic
rats (28). The EPM is a well-known assay in which anxious behaviors
are reflected in decreases in both the time spent in and the number of
entries into the open arms (29). The anxiolytic-like effects of resveratrol
in diabetic rats were assessed using EPM. We found that diabetic rats
displayed anxiety-like behaviors as shown by areduction in the percentage
of entries into and the time spent in the open arms. In addition to its
antidepressant-like effect, resveratrol also exerted anxiolytic-like effect in
diabetic animals. Our findings are corroborated a previous report which
demonstrated anxiolytic role shown by resveratrol in prediabetic rats
(30). Moreover, imipramine enhanced the percentage of entries into and
the time spent in the open arms in the EPM. This evidence demonstrated
its anxiolytic-like effects in STZ-induced diabetic rats. However, in the

EPM, neither resveratrol nor imipramine affected the percentage of
entries into and the time spent in the open arms in control rats. These
findings suggest that anxiolytic-like effects of these drugs occur when the
animals were diabetic.

It has been well established that persistent hyperglycemia increases
oxidative stress, which results from enhancing of reactive oxygen
species generation and/or impairment of antioxidant defenses (8).
Elevated oxidative stress has been suggested to play a crucial role on the
pathophysiology of depression and anxiety (9). Resveratrol possesses
antioxidant activities in the central nervous system, demonstrated by the
ability to up-regulate antioxidant enzymes and scavenge free radicals
(11). In the current report, STZ-induced diabetes displayed a marked
decrease in SOD and a significant increment in Nox levels. However, all
of these effects were reversed by resveratrol in diabetic rats. Thus, this
evidence suggested that the anxiolytic-and antidepressant-like properties
of resveratrol in STZ-induced diabetes might be due to its inhibitory effects
on oxidative stress. On the other hand, when considering the weight loss
and blood glucose levels were lower in resveratrol-treated diabetic rats,
it can be speculated that these anxiolytic-and antidepressant-like effects
may depend on these properties of resveratrol. However, clinically used
antidepressant drug imipramine decreased neither weight loss nor blood
glucose levels in diabetic rats. Thus, the mechanisms under the behavioral
beneficial effects of resveratrol on diabetes need to be further investigated.
Moreover, imipramine did not change SOD and Nox levels in diabetic rats.

In summary, the results of the present study revealed that resveratrol
exhibited anxiolytic-and antidepressant-like effect in diabetic animals
that may be due to its ability to suppress oxidative stress. However, our
limitation of the study is not to show the antioxidant effect of resveratrol
on brain. Further researches are needed to elucidate the mechanisms
underlying diabetes-induced depression and anxiety.
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