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Abstract: Objectives: In the era of globalization, a sedentary lifestyle is highly linked with obesity and neurobehavioral complications such as depression. While depression is associated with dopamine dysfunction in the ventral
tegmental area (VTA), ghrelin enhances the dopaminergic activity in the VTA. Therefore, the present study aimed
to assess the effect of ghrelin on depression-like behaviour in rats subjected to a high-fat diet (HFD) and disturbed
diurnal rhythm (DDR) for 45 days. Methods: The neurobehavioral deficits resulting from HFD and DDR in rats, and
the behaviour modulation by intra-VTA administration of ghrelin, alone or in combination with ghrelin receptor antagonist were confirmed by evaluation of behavioural parameters in the elevated plus-maze, forced swim test, open
field test, and rotarod assessment. Further, the levels of pro-inflammatory cytokines such as tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β) and IL-6, oxidative stress marker malondialdehyde (MDA), and antioxidants enzymes
like superoxide dismutase (SOD), reduced glutathione (GSH), and catalase (CAT) were measured. Results: The levels
of TNF-α, IL-1β, IL-6, and MDA were increased in the brain of HFD and DDR exposed rats, while that of SOD, GSH,
and CAT were reduced. Intra-VTA ghrelin administration from day 41-45 to the HFD and DDR exposed rats improved
cognitive behaviour and physical activity confirming the antidepressant effect. Moreover, ghrelin restored the levels
of SOD, GSH and CAT efficiently, and reduced that of MDA, TNF-α, IL-1β and IL-6, which signifies its protective effect.
Conclusion: Overall, this study confirmed the ameliorative effect of ghrelin in HFD- and DDR-induced depression-like
behaviour.
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Introduction
The rapid urbanization of the world in recent
decades has significant implications for human health. In 2018, the United Nations Department of Economic and Social Affairs estimated that 55% of the global population currently lives in urban areas, and the figure is predicted to reach about 68% by 2050 [1]. Due to
urbanization, the incidences of obesity, diabetes mellitus, and cardiovascular disorders have
been increasing at an alarming rate, which are
associated with irregular sleep habits and sedentary lifestyles. These factors also contribute

substantially to the development of depression
and other mental disorders. Depression is a
serious mental disorder characterized by several health problems including, but not limited
to anhedonia and changes in appetite [2-4]. It
carries immense psychological, functional,
social and other burdens, and represents the
leading cause of global disability. Chronic consumption of calorie-rich food can distinctly
lead to depression-like behaviour and modifications in brain reward circuity [5]. Moreover,
crippled or abnormal diurnal rhythms in multiple body functions are associated with depressive disorders [6].

Ghrelin in HFD & DDR induced depression
Ghrelin is an important gastrointestinal peptidergic hormone, which serves as an endogenous ligand for the growth hormone secretagogue receptor (GHSR) or ghrelin receptor [7].
GHSR is extensively distributed in the hypothalamus and pituitary gland. Ghrelin acts primarily at these sites to stimulate growth hormone release [8]. Interestingly, diurnal variations shown by ghrelin in the stomach and systemic circulation are reported to be influenced
by feeding rhythms, which suggest a role for
this peptide as a meal initiator [9]. While dopamine dysfunction in the ventral tegmental area
(VTA) is associated with obesity, addiction, and
depression [10, 11], ghrelin produces a direct
effect on VTA neuronal activity by stimulating
the dopaminergic cells [12]. The GHSR and
dopaminergic D1 receptors are co-expressed in the same neurons, and ghrelin has the
ability to amplify dopamine signalling by a
mechanism associated with a heterodimer formation of the two receptors [13]. Recent studies reported that the ghrelinergic system is
involved in the modulation of depression. Increased ghrelin levels by chronic stress might
serve as a counter-regulatory mechanism to
decrease anxiety- and depression-like behaviours [14]. Also, central administration of ghrelin caused alleviation of anxiety- and depression-like behaviours triggered by chronic unpredictable mild stress [15].

Materials and methods

Since high-fat diet (HFD) feeding and disturbed
diurnal rhythm (DDR) can help to mimic the
possible features of depression in the rodents
[16, 17], there is a need for more investigation
to establish the role of ghrelin in the framework
of the VTA in the underlying mechanisms responsible for the development of depression.
With this background, the present study aimed
to investigate the ameliorative potential of
intra-VTA ghrelin in depression-like behaviour
induced by concomitant exposure of rats to
HFD and DDR. Moreover, the effects of ghrelin
on the levels of pro-inflammatory cytokines
such as tumor necrosis factor-α (TNF-α),
interleukin-1β (IL-1β) and interleukin-6 (IL-6),
antioxidants enzymes like superoxide dismutase (SOD), reduced glutathione (GSH) and
catalase (CAT), and oxidative stress marker
malondialdehyde (MDA) were measured in the
brain of rats with depression-like behaviour. It
may be noted that the increased levels of proinflammatory cytokines and oxidative stress
contribute to the development of depression
[18, 19].

The experiment was performed to evaluate
whether an acute intra-VTA administration of
ghrelin modifies the performance of rats
exposed to concomitant HFD and DDR in the
open field test (OFT), forced swim test (FST),
elevated plus maze (EPM), and rotarod test in
relation to those infused with saline. The animals received ghrelin (1 µg/µl, intra-VTA) [20]
or saline (control) for the last 5 days of the
study (day 41-45) to evaluate its antidepressant-like action.
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Animals
Male Sprague-Dawley rats (180-200 g) were
kept at standard laboratory conditions under
natural light-dark cycle, humidity (50±5%), and
room temperature (25±2°C). The animals were
fed with chow pellet diet (Nutrivet Life Sciences,
Pune, India) with drinking water ad libitum.
The study was approved by the Institutional
Animal Ethics Committee, R. C. Patel Institute
of Pharmaceutical Education and Research,
Shirpur, Maharashtra, India (Approval No. IAEC/
CPCSEA/RCPIPER/2017-22).
Drugs and chemicals
Ghrelin and ghrelin antagonist (H-His-D-Trp-DLys-Trp-D-Phe-Lys-NH2) were purchased from
Peptide International (Kentucky, USA). The
drug solution was dissolved in saline and kept
at -20°C. Ketamine (Themis Medicare Ltd.),
xylazine (Brilliant Bio. Ltd.), 5-5-dithiobis-(2-nitrobenzoic acid), and thiobarbituric acid (Loba
Chemie Pvt. Ltd.) were purchased from the
local market. All chemicals used for the analytical studies were bought from Sigma Aldrich
(St. Louis, USA).
Experimental design

Stereotaxic surgery
Rats were anesthetized by intraperitoneal injection of ketamine (50 mg/kg) and xylazine
(10 mg/kg) and placed in a stereotaxic apparatus (Harvard Apparatus). Stainless steel
guide cannula prepared in-house [21, 22] was
implanted in the VTA (-5.6 mm anterio-posterior, 2.1 mm medio-lateral, and -8.5 mm dorsoventral at 10° angle to the vertical) [21, 23].
The cannula was fixed to the skull surface with
Am J Transl Res 2022;14(10):7098-7108
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Table 1. Experimental groups
Group No.
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7

Exposure/Treatment
Normal chow diet + normal diurnal rhythm
Sham + disturbed diurnal rhythm
Normal chow diet + disturbed diurnal rhythm
High-fat diet + normal diurnal rhythm
High-fat diet + disturbed diurnal rhythm
High-fat diet + disturbed diurnal rhythm + ghrelin
High-fat diet + disturbed diurnal rhythm + ghrelin + ghrelin antagonist

anchoring screws and dental acrylic cement.
Each animal was then kept in a separate cage.
After surgery, the rats were subjected to the
dietary and environmental manipulations as
described in the following section for 40 days.
Thereafter, the animals were injected with
ghrelin or saline (intra-VTA) using a Hamilton
microliter syringe connected by PE-10 polyethylene tubing to a 30-gauge needle extending
0.75 mm beyond the guide cannula. Each infusion of 1 µl was delivered over a 1 min period.
The methods of stereotaxic cannulation and
central drug administration are already standardized in our earlier studies [21, 23, 24].
Diurnal rhythm disturbance (DDR) and high-fat
diet (HFD) feeding
Throughout the study, the animals were placed
under a 10 h light:14 h dark cycle with alternate changes in light and dark for disturbance
in diurnal rhythm [25, 26]. In parallel, the rats
were fed with HFD (Research Diet Inc., NJ, USA)
for induction of depression [27].
Experimental groups
The animals were divided into 7 experimental
groups and subjected to dietary manipulations
and/or environmental changes for a period of
45 days as shown in Table 1. The ghrelinergic
agents were injected daily for the last 5 days of
the experiment in Groups 6 and 7. While treatment with ghrelin (1 µg/µl, intra-VTA) was given
to Group 6, ghrelin antagonist (1 µg/µl, intraVTA) was administered 15 min prior to ghrelin
(1 µg/µl, intra-VTA) in case of Group 7.
Body weight measurement
Body weight of all groups of animals was measured on days 1, 15, 30, 40, and 45 of the
study using the electronic weighing scale and
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Abbreviation
ND+NR
SHAM+DDR
ND+DDR
HFD+NR
HFD+DDR
HFD+DDR+GHR
HFD+DDR+GHR+ANTA

reported as changes in the body weight during
the experimental protocol.
Forced swim test (FST)
FST was performed according to the method
described earlier [28, 29]. A glass cylindrical
tank (45×28 cm) was filled with water (25±
0.1°C) to a depth of 30 cm, and the light was
dimmed during the test. Two swimming sessions were conducted: an initial 15 min
pre-test followed 24 h later by a 5 min test.
Video recordings were scored using Any-Maze
Software for time spent immobile, swimming,
climbing, and latency to immobility.
Elevated plus maze (EPM)
The EPM consisted of two open arms (50
cm×10 cm) and two closed arms (50 cm×10
cm, surrounded by 40 cm wooden walls) that
originated from a common central platform
(10 cm×10 cm). The apparatus was raised to a
height of 50 cm above the floor. The rat was
placed on the central platform with the head
facing towards an open arm and allowed to
explore for 5 min [30]. The time spent in the
open arms and closed arms were scored using
Any-Maze Software.
Open-field test (OFT)
The open field was carried out using a square
wooden box measuring 75×75×40 cm with red
walls and a white smooth polished floor divided by black lines into 16 equal squares 4×4.
Each rat was placed gently in the central area
of the open field and allowed to freely explore
the area for 5 min. The floor and walls were
cleaned after testing each rat to eliminate possible bias because of odours left by previous
rats. Any Maze Video Tracking System was fixed on the top of the box to record the move-
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ment and behaviour of rats for later off-line
analysis. Behavioural changes namely mobility
time and immobility time were recorded [31].

absorbance was measured using a spectrophotometer at 412 nm. The levels of GSH were
expressed as μg/mg of protein.

Rotarod

Evaluation of catalase (CAT)

Animals were monitored for motor coordination
and balance with the help of a rotarod apparatus (7 cm in diameter and rotating at a constant speed of 20 RPM). Initially, animals were
habituated to maintain posture on the rotarod
by giving two training sessions of 5 min each
with a gap of 10 min between the two sessions. After training, animals were allowed to
move over the rotarod and their latency of falling time was recorded using a cut-off limit of
300 s [32].

Catalase activity was measured using the
method described previously [35], 50 μl of tissue supernatant and mixture of 1.0 ml of 50
mM phosphate buffer (PH 7.4) and 0.1 ml of
30 mM hydrogen peroxide were added. The
absorbance was read as a reduction in optical
density on every 5 s for 30 s at 240 nm. The
activity of catalase was expressed as U/μg of
protein.
Estimation of superoxide dismutase (SOD)

At the end of the experiment, the brain of each
rat was isolated, weighed, and stored in liquid
nitrogen and 10% homogenate was prepared
in ice-chilled phosphate buffer (PH 7.4). The
homogenate was centrifuged at 5000 RPM for
20 min at 4°C, and the supernatant was used
for further analysis of thiobarbituric acid reactive substances like SOD, GSH, CAT, MDA, TNFα, IL-1β and IL-6.

The SOD activity was determined with slight
alteration and according to the protocol given
earlier [36]. Twenty-five microliters of tissue
supernatant and a mixture of 100 μl of 500
mM Na2CO3, 100 μl of 1 mM EDTA, 100 μl of
240 μM NBT, 640 μl of distilled water, 10 μl of
0.3% TritonX-100 and 25 μl of 10 mM hydroxylamine was added. The readings were recorded
using a spectrophotometer in kinetic mode at
an interval of 1 min up to 3 min at 560 nm.
The enzyme activity was expressed as U/μg of
protein.

Thiobarbituric acid reactive substances

Estimation of cytokines

Lipid peroxidation in the brain was determined
by measuring thiobarbituric acid reactive substances as MDA content according to the method described previously [33]. Briefly, 0.2 ml
of tissue homogenate was mixed with 0.2 ml of
8.1% sodium dodecyl sulfate, 1.5 ml of 30%
acetic acid, and 1.5 ml of 0.8% thiobarbituric
acid. The reaction mixture was heated for 60
min at 95°C and then cooled on an ice bath.
After cooling, 1.0 ml of distilled water and 5.0
ml of n-butanol:pyridine (15:1 v/v) were added
and centrifuged at 5000 RPM for 20 min. The
absorbance of the organic layer was measured
at 532 nm. The levels of malondialdehyde were
expressed as μg/mg of protein.

Standard, control, and tissue homogenate
were pipetted into a microplate well pre-coated with monoclonal antibodies specific for rat
TNF-α, IL-1β and IL-6. The remaining protocol
was followed as given in the manufacturer’s
instruction manual. The intensity of the color
was measured using an ELISA microplate reader (PowerWave XS). The activity of TNF-α, IL-1β
and IL-6 was expressed as pg/mg of protein.

Brain biochemistry

Estimation of reduced glutathione (GSH)
The GSH was estimated using a procedure
given earlier [34] with brief modification as 100
μl of tissue homogenate, mixed with 100 μl of
10% trichloroacetic acid and vortexed. The content was then centrifuged at 5000 RPM for 10
min then; the reaction mixture was mixed with
3.0 ml 0.3 M phosphate buffer (PH 7.4). The
7101

Histology
Brain tissue was fixed in buffered formalin solution and embedded in paraffin. The serial sections were cut using a microtome. Each section
was stained with hematoxylin and eosin and
examined under the light microscope and digital images were captured using motic image
software 2.0. The pathologist performing the
microscopy was unaware of the treatment and
experimental groups.
Statistical analysis
The data were expressed as mean ± standard
error mean (SEM). The statistical significance
Am J Transl Res 2022;14(10):7098-7108
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Results
Effect of ghrelin on changes
in body weight of rats subjected to HFD and DDR

Figure 1. Effect of ghrelin on changes in body weight of rats subjected to
HFD and DDR. The data were expressed as mean ± SEM, and analyzed by
one-way ANOVA followed by Bonferroni’s post hoc test. #P<0.001 vs. ND+NR;
*
P<0.001 vs. HFD+DDR. ANOVA, analysis of variance; ANTA, ghrelin antagonist; DDR, disturb diurnal rhythm; GHR, ghrelin; HFD, high-fat diet; ND, normal diet; NR, normal rhythm; SEM, standard error of the mean.

The HFD+DDR group showed
a significant (P<0.001) increase in weight on the 30th,
40th and 45th days when compared with the ND+NR control
group. After treatment with
ghrelin (HFD+DDR+GHR), a
significant reduction in body
weight was observed on the
40th and 45th day when compared with the HFD+DDR
group (Figure 1).
Effect of ghrelin on brain
weight of rats subjected to
HFD and DDR

The brain weight was significantly increased in
the HFD+DDR group (P<0.001) as compared
with the normal ND+NR group. A significant decrease (P<0.001) in brain weight was noticed
with ghrelin treatment (HFD+DDR+GHR) as
compared to the HFD+DDR group (Figure 2).
Effect of ghrelin on changes in behavioral parameters of rats subjected to HFD and DDR

Figure 2. Effect of ghrelin on brain weight of rats
subjected to HFD and DDR. The data were expressed
as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni’s post hoc test. #P<0.001 vs.
ND+NR; *P<0.001 vs. HFD+DDR. ANOVA, analysis
of variance; ANTA, ghrelin antagonist; DDR, disturb
diurnal rhythm; GHR, ghrelin; HFD, high-fat diet; ND,
normal diet; NR, normal rhythm; SEM, standard error
of the mean.

was analyzed by one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test
using a graph pad prism software, version 6.0,
USA. P<0.05 was considered statistically significant.

7102

The FST (Figure 3A) and OFT (Figure 3B) were
used to measure the immobility time in the experimental groups. The immobility time of the
HFD+DDR group was significantly (P<0.001)
increased when compared ND+NR group.
Treatment with ghrelin (HFD+DDR+GHR) significantly reduced (P<0.001) the immobility time
as compared to the HFD+DDR group. Also, the
EPM test showed a significant increase (P<
0.001) in closed arm time of the HFD+DDR
group when compared to the ND+NR group
(Figure 3C). A significant decrease (P<0.001)
in closed arm time was observed in the
HFD+DDR+GHR group when compared with
the HFD+DDR group. In the rotarod test, the
latency to fall was significantly decreased
(P<0.001) in the HFD+DDR group when compared with the the ND+NR group. A significant
increase (P<0.001) in latency was observed in
the HFD+DDR+GHR group when compared
with the HFD+DDR group (Figure 3D).
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Figure 3. Effect of ghrelin on changes in behavioral parameters (A: % immobility in FST, B: % immobility in OFT, C: %
closed arm time in EPM test, D: latency to fall in rotarod test) in HFD and DDR induced depression in rats. The data
were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni’s post hoc test. #P<0.001
vs. ND+NR; *P<0.001 vs. HFD+DDR. ANOVA, analysis of variance; ANTA, ghrelin antagonist; DDR, disturb diurnal
rhythm; GHR, ghrelin; HFD, high-fat diet; ND, normal diet; NR, normal rhythm; SEM, standard error of the mean.

Effect of ghrelin on oxidative stress in the
brain of rats subjected to HFD and DDR
A significant reduction (P<0.001) in SOD, GSH
and CAT was observed in the HFD+DDR group
as compared to the normal ND+NR group.
Treatment with ghrelin (HFD+DDR+GHR) showed a significant (P<0.001) increase in the
levels of these markers as compared to the
HFD+DDR group. Increased lipid peroxidation
was evidenced by elevated MDA levels in the
HFD+DDR group as compared to the normal
group. Treatment with ghrelin significantly
(P<0.001) inhibited lipid peroxidation as compared to rats in the HFD+DDR group (Table 2).
Effect of ghrelin on cytokine levels in the brain
of rats subjected to HFD and DDR
TNF-α, IL-1β and IL-6 levels were relatively high
(P<0.001) in the HFD+DDR group as compared
to the normal control group (ND+NR). Treat7103

ment with ghrelin (HFD+DDR+GHR) significantly lowers (P<0.001) the levels of the proinflammatory cytokines as compared with the
HFD+DDR animals (Table 3).
Effect of ghrelin treatment on histopathology
of the brain of rats subjected to HFD and DDR
The HFD+DDR group showed abnormal structure and architecture of the brain cells. It also
showed an increase in the infiltration of the
cells with edema. The rats treated with ghrelin
showed normal structure and architecture as
evidenced by a reduction in the spaces between neurons and infiltration of cells (Figure 4).
Discussion
Epidemiological data suggest that obesity is
linked with an increased risk of depression [37,
38]. Still, there is little understanding of the
neural mechanisms and brain reward pathways
Am J Transl Res 2022;14(10):7098-7108
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Table 2. Effect of ghrelin in treatment on oxidative stress in the brain of rats subjected to HFD and DDR
Treatment
ND+NR
SHAM+DDR
ND+DDR
HFD+NR
HFD+DDR
HFD+DDR+GHR
HFD+DDR+GHR+ANTA

MDA (μg/mg of
protein)
19.89±1.9
59.38±3.3
21.94±1.9
35.67±2.3
78.07±3.5#
24.39±1.4*
26.15±0.8

GSH (μg/mg of
protein)
37.06±2.11
30.72±2.14
32.70±1.59
29.63±1.81
18.12±1.09#
36.89±2.62*
34.50±2.13

CAT (U/mg of
protein)
32.96±2.07
20.89±0.5
27.64±1.3
24.24±0.9
16.28±0.6#
30.55±2.9*
33.09±2.9

SOD (U/mg of
protein)
35.27±1.75
25.46±1.35
28.56±1.11
24.33±1.42
21.12±0.96#
34.13±0.91*
30.53±1.51

The data were expressed as mean ± SEM and analyzed by using one-way ANOVA followed by Bonferroni’s post hoc test.
#
P<0.001 vs. ND+NR; *P<0.001 vs. HFD+DDR. ANOVA, analysis of variance; ANTA, ghrelin antagonist; CAT, catalase; DDR,
disturb diurnal rhythm; GHR, ghrelin; GSH, glutathione; HFD, high fat diet; MDA, malondialdehyde; ND, normal diet; NR, normal
rhythm; SEM, standard error of the mean; SOD, superoxide dismutase.

Table 3. Effect of ghrelin treatment on cytokines levels in the brain of rats subjected to HFD and DDR
Treatments
ND+NR
SHAM+DDR
ND+DDR
HFD+NR
HFD+DDR
HFD+DDR+GHR
HFD+DDR+GHR+ANTA

TNF-α (pg/mg of protein)
16.86±0.7
16.75±0.5
23.66±2.5
19.38±0.5
24.44±2.2#
15.30±0.7*
15.45±0.9

IL-1β (pg/mg of protein)
115.4±3.9
115.5±5.1
123.2±2.6
131.2±4.1
164.2±9.2#
114.6±2.3*
116.3±1.6

IL-6 (pg/mg of protein)
14.15±1.2
17.0±0.6
13.53±0.4
23.17±1.8
25.51±2.7#
12.91±0.9*
14.77±1.4

The data were expressed as mean ± SEM and analyzed by using one-way ANOVA followed by Bonferroni’s post hoc test.
#
P<0.001 vs. ND+NR; *P<0.001 vs. HFD+DDR. ANOVA, analysis of variance; ANTA, ghrelin antagonist; DDR, disturb diurnal
rhythm; GHR, ghrelin; HFD, high fat diet; IL, interleukin; ND, normal diet; NR, normal rhythm; SEM, standard error of the mean;
TNF, tumour necrosis factor.

Figure 4. Effect of ghrelin treatment on histopathology of brain of rats subjected to HFD and DDR. A. ND+NR; B.
SHAM+DDR; C. ND+DDR; D. HFD+NR; E. HFD+DDR; F. HFD+DDR+GHR; G. HFD+DDR+GHR+ANTA. ANTA, ghrelin
antagonist; DDR, disturb diurnal rhythm; GHR, ghrelin; HFD, high-fat diet; ND, normal diet; NR, normal rhythm. Scale
bar =100 μ.

that underlie the link between diet-induced
obesity and vulnerability to depression. In the
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present study, we found that chronic consumption of HFD significantly increased the body
Am J Transl Res 2022;14(10):7098-7108
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weight, and induced several biochemical modifications in brain reward circuitry which might
lead to depressive-like behavior. This is in line
with earlier study [16], which showed that HFD
consumption, besides inducing obesity, can
also alter the animal’s behavioral state by promoting depressive- and anxiety-like behaviors.
Another previous study demonstrated a link
between the phenomena of depressive disorders and diurnal rhythms [39]. In the present
study, we demonstrated that diurnal rhythm
disturbance for 45 days results in depressive
behavior [6].
In FST, the HFD+DDR group showed higher
immobility time as compared to the normal
group. Treatment with ghrelin showed a decrease in immobility time which indicates decrease
in their depressive behavior. FST is well known
to monitor depressive-like behavior and is
based on the assumption that immobility
reflects a measure of behavioral despair [40].
In OFT, the HFD+DDR animals showed higher
immobility time and a smaller number of line
crossings. Treatment with ghrelin showed a
decrease in immobility time in the FST with an
increase in mobility time in the OFT, which confirms ghrelin as a potential molecule to reduce
depression. A prominent reduction in closed
arm entries was demonstrated as anti-depressive behavior [41]. An identical study was performed previously mentioning a decrease in
closed arm entries as a marker of antidepressant behavior [42]. In EPM, before the treatment, the HFD+DDR group animals showed an
increase in the number of entries as well as
time spent in the closed arm. Treatment with
the ghrelin showed the maximum entries and
time spent in the open arm. This suggests that
ghrelin treatment in HFD+DDR exposed rats
showed a decrease in depression-related phenotype characters. Further, EPM results indicate the role of ghrelin in spatial learning and
memory. In the rotarod test, the animals
showed immediate latency to fall in the
HFD+DDR group as compared to the normal
group before treatment, results were reversed
after treatment with the ghrelin. It showed
improvement in motor activity of animals specifying the role of ghrelin against depression.
The SOD activity and MDA level, are changed in
major depression as reported previously [43].
Enhanced oxidative stress was observed in
the chronic stress-induced depression in rats,
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mainly expressed as the significant increase of
MDA level and the significant decrease of SOD
and CAT activity [44]. Extensive production of
reactive oxygen species is the sign of activation
of lipid peroxidation in biological membranes
and their overproduction causes loss of fluidity
in cell membranes [45]. In the present study,
we estimated the levels of antioxidants like
MDA, GSH, SOD and CAT in brain homogenates.
The antioxidative enzymes like CAT and SOD
regulate the redox status through counteracting free radicals [46]. The levels of GSH, SOD
and CAT were depleted, correlating to the compromised antioxidant mechanism of brain tissue resulting from exposure to HFD and DDR.
The major relevance of an increment in oxidative stress is lipid peroxidation (oxidation of lipids by free radicals catalyzed by peroxidases).
The end product of lipid peroxidation is MDA. It
reacts with cells and proteins or DNA to form
adducts and induces bimolecular damage. In
the current study, ghrelin promisingly depleted
the levels of thiobarbituric acid reactive substances, indicating a significant decrease in
lipid peroxidation.
The pro-inflammatory cytokines have been
stated to have a role in depression, such as
IL-1β and TNF-α [47]. In the central nervous system (CNS), IL-1β may stimulate the production
of other cytokines (such as IL-6 or TNF-α) by
astrocytes and microglia, hence promoting inflammatory processes in the brain [48]. Therefore, the effects of interactions among cytokines in the CNS on the etiology of depression
cannot be ignored. In addition, in view of the
HPA (hypothalamus-pituitary-adrenal) axis theory of depression, the cytokines also played
roles in mediating the activity of the HPA axis.
The previous studies showed that IL-1β or IL-6
is involved in the hyperactivity of the HPA axis
[48-50]. However, the IL-6 signalling pathway
involved in the etiology of depression has rarely
been demonstrated. In the present study, TNFα, IL-1β and IL-6 levels were relatively high in
the HFD+DDR as compared to the control
group. Ghrelin efficiently reduces the levels of
pro-inflammatory cytokines. Further, the histopathological study confirms the role of ghrelin
in alleviating the depressive behavior in the
rats as evidenced by a reduction in the cell infiltration and edema in the rats treated with the
ghrelin. While HFD+DDR showed a significant
increase in neutrophil infiltration, edema, and
severe necrosis suggesting neuronal damage.
Am J Transl Res 2022;14(10):7098-7108
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Conclusion
Ghrelin showed a significant change in behavioral paradigms as well as improving the endogenous antioxidant levels complying with
overall improved neuronal functions. Furthermore, the arrest in pro-inflammatory levels indicated enhanced neuronal protection. Future
studies are required to be carried out to understand the mechanism behind the neuroprotective ability of ghrelin.
Acknowledgements
The authors acknowledge the financial support
received under the Early Career Research
Award Scheme (File No. ECR/2016/001243) of
the Science and Engineering Research Board
(SERB), Department of Science and Technology, New Delhi, India. The authors also acknowledge the financial support awarded to Dr. Shreesh Ojha received from University Program
for Advanced Research (UPAR), United Arab
Emirates University, United Arab Emirates.

[6]

[7]

[8]
[9]

[10]

[11]

Disclosure of conflict of interest
None.
Address correspondence to: Dr. Sameer N Goyal,
Department of Pharmacology, Shri Vile Parle
Kelavani Mandal’s Institute of Pharmacy, Dhule
424001, Maharashtra, India. Tel: +91-9552916993;
E-mail: goyal.aiims@gmail.com

References
[1]

[2]

[3]

[4]

[5]

7106

Hoare E, Jacka F and Berk M. The impact of
urbanization on mood disorders: an update of
recent evidence. Curr Opin Psychiatry 2019;
32: 198-203.
Bekris S, Antoniou K, Daskas S and Papadopoulou-Daifoti Z. Behavioural and neurochemical effects induced by chronic mild stress applied to two different rat strains. Behav Brain
Res 2005; 161: 45-59.
Elizalde N, Gil-Bea FJ, Ramírez MJ, Aisa B,
Lasheras B, Del Rio J and Tordera RM. Longlasting behavioral effects and recognition
memory deficit induced by chronic mild stress
in mice: effect of antidepressant treatment.
Psychopharmacology (Berl) 2008; 199: 1-14.
Grippo AJ, Beltz TG and Johnson AK. Behavioral and cardiovascular changes in the chronic
mild stress model of depression. Physiol Behav 2003; 78: 703-710.
Morin JP, Rodríguez-Durán LF, Guzmán-Ramos
K, Perez-Cruz C, Ferreira G, Diaz-Cintra S and

[12]

[13]

[14]

[15]

[16]

[17]

Pacheco-López G. Palatable hyper-caloric
foods impact on neuronal plasticity. Front Behav Neurosci 2017; 11: 19.
Christiansen SL, Højgaard K, Wiborg O and
Bouzinova EV. Disturbed diurnal rhythm of
three classical phase markers in the chronic
mild stress rat model of depression. Neurosci
Res 2016; 110: 43-48.
Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H and Kangawa K. Ghrelin is a growth-hormone-releasing acylated peptide from stomach. Nature 1999; 402: 656-660.
Kojima M and Kangawa K. Ghrelin: structure
and function. Physiol Rev 2005; 85: 495-522.
Sánchez J, Oliver P, Picó C and Palou A. Diurnal
rhythms of leptin and ghrelin in the systemic
circulation and in the gastric mucosa are related to food intake in rats. Pflügers Arch 2004;
448: 500-506.
Douma EH and de Kloet ER. Stress-induced
plasticity and functioning of ventral tegmental
dopamine neurons. Neurosci Biobehav Rev
2020; 108: 48-77.
Upadhya MA, Nakhate KT, Kokare DM, Singh
U, Singru PS and Subhedar NK. CART peptide
in the nucleus accumbens shell acts downstream to dopamine and mediates the reward
and reinforcement actions of morphine. Neuropharmacology 2012; 62: 1823-1833.
Abizaid A, Liu ZW, Andrews ZB, Shanabrough
M, Borok E, Elsworth JD, Roth RH, Sleeman
MW, Picciotto MR, Tschöp MH, Gao XB and
Horvath TL. Ghrelin modulates the activity and
synaptic input organization of midbrain dopamine neurons while promoting appetite. J Clin
Invest 2006; 116: 3229-3239.
Jiang H, Betancourt L and Smith RG. Ghrelin
amplifies dopamine signaling by cross talk involving formation of growth hormone secretagogue receptor/dopamine receptor subtype 1
heterodimers. Mol Endocrinol 2006; 20: 17721785.
Zarouna S, Wozniak G and Papachristou AI.
Mood disorders: a potential link between ghrelin and leptin on human body? World J Exp
Med 2015; 5: 103-109.
Huang HJ, Zhu XC, Han QQ, Wang YL, Yue N,
Wang J, Yu R, Li B, Wu GC, Liu Q and Yu J. Ghrelin alleviates anxiety- and depression-like behaviors induced by chronic unpredictable mild
stress in rodents. Behav Brain Res 2017; 326:
33-43.
Aslani S, Vieira N, Marques F, Costa PS, Sousa
N and Palha JA. The effect of high-fat diet on
rat’s mood, feeding behavior and response to
stress. Transl Psychiatry 2015; 5: e684.
Landgraf D, Long JE and Welsh DK. Depression-like behaviour in mice is associated with
disrupted circadian rhythms in nucleus accum-

Am J Transl Res 2022;14(10):7098-7108

Ghrelin in HFD & DDR induced depression

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]
[29]

7107

bens and periaqueductal grey. Eur J Neurosci
2016; 43: 1309-1320.
Michel TM, Pulschen D and Thome J. The role
of oxidative stress in depressive disorders.
Curr Pharm Des 2012; 18: 5890-5899.
Felger JC and Lotrich FE. Inflammatory cytokines in depression: neurobiological mechanisms and therapeutic implications. Neuroscience 2013; 246: 199-229.
Schéle E, Bake T, Rabasa C and Dickson SL.
Centrally administered ghrelin acutely influences food choice in rodents. PLoS One 2016;
11: e0149456.
Kokare DM, Shelkar GP, Borkar CD, Nakhate
KT and Subhedar NK. A simple and inexpensive method to fabricate a cannula system for
intracranial injections in rats and mice. J Pharmacol Toxicol Methods 2011; 64: 246-250.
Nakhate KT, Bharne AP, Verma VS, Aru DN and
Kokare DM. Plumbagin ameliorates memory
dysfunction in streptozotocin induced Alzheimer’s disease via activation of Nrf2/ARE pathway and inhibition of β-secretase. Biomed
Pharmacother 2018; 101: 379-390.
Shelkar GP, Kumar S, Singru PS, Subhedar NK
and Kokare DM. Noradrenergic inputs from locus coeruleus to posterior ventral tegmental
area are essential to support ethanol reinforcement. Addict Biol 2017; 22: 291-302.
Nakhate KT, Subhedar NK and Kokare DM. Involvement of neuropeptide CART in the central
effects of insulin on feeding and body weight.
Pharmacol Biochem Behav 2019; 181: 101109.
Ramaley JA. The effect of an acute light cycle
change on adrenal rhythmicity in prepubertal
rats. Neuroendocrinology 1975; 19: 126-136.
Tchekalarova J, Stoynova T, Ilieva K, Mitreva R
and Atanasova M. Agomelatine treatment corrects symptoms of depression and anxiety by
restoring the disrupted melatonin circadian
rhythms of rats exposed to chronic constant
light. Pharmacol Biochem Behav 2018; 171:
1-9.
Hassan AM, Mancano G, Kashofer K, Fröhlich
EE, Matak A, Mayerhofer R, Reichmann F, Olivares M, Neyrinck AM, Delzenne NM, Claus SP
and Holzer P. High-fat diet induces depressionlike behaviour in mice associated with changes in microbiome, neuropeptide Y, and brain
metabolome. Nutr Neurosci 2019; 22: 877893.
Porsolt RD. Animal models of depression: utility for transgenic research. Rev Neurosci 2000;
11: 53-58.
Desai SJ, Borkar CD, Nakhate KT, Subhedar
NK and Kokare DM. Neuropeptide Y attenuates anxiety- and depression-like effects of
cholecystokinin-4 in mice. Neuroscience 2014;
277: 818-830.

[30] Słupski W, Trocha M and Rutkowska M. Pharmacodynamic and pharmacokinetic interactions between simvastatin and diazepam in
rats. Pharmacol Rep 2017; 69: 943-952.
[31] Dandekar MP, Singru PS, Kokare DM and Subhedar NK. Cocaine- and amphetamine-regulated transcript peptide plays a role in the manifestation of depression: social isolation and
olfactory bulbectomy models reveal unifying
principles. Neuropsychopharmacology 2009;
34: 1288-1300.
[32] Barnéoud P, Mazadier M, Miquet JM, Parmentier S, Dubédat P, Doble A and Boireau A.
Neuroprotective effects of riluzole on a model
of Parkinson’s disease in the rat. Neuroscience 1996; 74: 971-983.
[33] Sonawane VK, Mahajan UB, Shinde SD, Chatterjee S, Chaudhari SS, Bhangale HA, Ojha S,
Goyal SN, Kundu CN and Patil CR. A chemosensitizer drug: disulfiram prevents doxorubicin-induced cardiac dysfunction and oxidative
stress in rats. Cardiovasc Toxicol 2018; 18:
459-470.
[34] Mahajan UB, Patil PD, Chandrayan G, Patil CR,
Agrawal YO, Ojha S and Goyal SN. Eplerenone
pretreatment protects the myocardium against
ischaemia/reperfusion injury through the
phosphatidylinositol 3-kinase/Akt-dependent
pathway in diabetic rats. Mol Cell Biochem
2018; 446: 91-103.
[35] Reddy NM, Mahajan UB, Patil CR, Agrawal YO,
Ojha S and Goyal SN. Eplerenone attenuates
cardiac dysfunction and oxidative stress in
β-receptor stimulated myocardial infarcted
rats. Am J Transl Res 2015; 7: 1602-1611.
[36] Chanchal SK, Mahajan UB, Siddharth S, Reddy
N, Goyal SN, Patil PH, Bommanahalli BP, Kundu CN, Patil CR and Ojha S. In vivo and in vitro
protective effects of omeprazole against neuropathic pain. Sci Rep 2016; 6: 30007.
[37] Yang JL, Liu X, Jiang H, Pan F, Ho CS and Ho RC.
The effects of high-fat-diet combined with
chronic unpredictable mild stress on depression-like behavior and leptin/leprb in male
rats. Sci Rep 2016; 6: 35239.
[38] Nakhate KT, Kokare DM, Singru PS and Subhedar NK. Central regulation of feeding behavior
during social isolation of rat: evidence for the
role of endogenous CART system. Int J Obes
(Lond) 2011; 35: 773-784.
[39] Bechtel W. Circadian rhythms and mood disorders: are the phenomena and mechanisms
causally related? Front Psychiatry 2015; 6:
118.
[40] Cryan JF and Holmes A. The ascent of mouse:
advances in modelling human depression and
anxiety. Nat Rev Drug Discov 2005; 4: 775790.
[41] Hu CL, Luo Y, Wang H, Kuang SN, Liang GJ,
Yang Y, Mai SS and Yang JQ. Re-evaluation of

Am J Transl Res 2022;14(10):7098-7108

Ghrelin in HFD & DDR induced depression

[42]

[43]

[44]

[45]

7108

the interrelationships among the behavioral
tests in rats exposed to chronic unpredictable
mild stress. PLoS One 2017; 12: e0185129.
Taiwo AE, Leite FB, Lucena GM, Barros M, Silveira D, Silva MV and Ferreira VM. Anxiolytic
and antidepressant-like effects of Melissa officinalis (lemon balm) extract in rats: influence
of administration and gender. Indian J Pharmacol 2012; 44: 189-192.
Herken H, Gurel A, Selek S, Armutcu F, Ozen
ME, Bulut M, Kap O, Yumru M, Savas HA and
Akyol O. Adenosine deaminase, nitric oxide,
superoxide dismutase, and xanthine oxidase
in patients with major depression: impact of
antidepressant treatment. Arch Med Res
2007; 38: 247-252.
Wang GH, Dong HY, Dong WG, Wang XP, Luo
HS and Yu JP. Protective effect of Radix Acanthopanacis Senticosi capsule on colon of rat
depression model. World J Gastroenterol
2005; 11: 1373-1377.
Bilici M, Efe H, Köroğlu MA, Uydu HA, Bekaroğlu
M and Değer O. Antioxidative enzyme activities
and lipid peroxidation in major depression: alterations by antidepressant treatments. J Affect Disord 2001; 64: 43-51.

[46] Phaniendra A, Jestadi DB and Periyasamy L.
Free radicals: properties, sources, targets, and
their implication in various diseases. Indian J
Clin Biochem 2015; 30: 11-26.
[47] Schiepers OJ, Wichers MC and Maes M. Cytokines and major depression. Prog Neuropsychopharmacol Biol Psychiatry 2005; 29: 201217.
[48] Rickert U, Cossais F, Heimke M, Arnold P,
Preuße-Prange A, Wilms H and Lucius R. Antiinflammatory properties of Honokiol in activated primary microglia and astrocytes. J Neuroimmunol 2018; 323: 78-86.
[49] Lehtimäki KA, Peltola J, Koskikallio E, Keränen
T and Honkaniemi J. Expression of cytokines
and cytokine receptors in the rat brain after
kainic acid-induced seizures. Brain Res Mol
Brain Res 2003; 110: 253-260.
[50] Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ,
Gold SJ and Monteggia LM. Neurobiology of
depression. Neuron 2002; 34: 13-25.

Am J Transl Res 2022;14(10):7098-7108

