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Effect of Metabolic Syndrome on Depression in Mice
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ABSTRACT

Metabolic syndrome (MetS) is associated with high blood glucose, insulin resistance,
dyslipidemia, central obesity, and hypertension. There is clinical evidence of the
coexistence of depression and MetS, however, pathways associating these diseases
are far from clear. In the present study, we evaluate and determine the pathogenesis
of depression in MetS animals. Methods: Diet induced (High-fat diet long with 20%
fructose water; HFHC diet for 4 weeks) MetS was developed in swiss albino mice. Fasting
blood glucose levels, Lipids and blood pressure (BP) was measured in these animals.
Development of depression in these animals was determined using forced swim and tail
suspension tests. This was followed by measurement of GABA, dopamine, serotonin
and norepinephrine levels in these animals. We also evaluated the effect of various anti-
depressants, on MetS associated depression. Results: MetS was induced using high
fat and high carbohydrate (HFHC) diet in Swiss albino mice with high fasting blood
glucose levels (>250 mg/dl), significantly increased LDL (p<0.001) and triglyceride
(p<0.01) and reduced HDL levels (p<0.05) and significant increase in systolic BP;
p<0.001) compared to normal controls. MetS animals showed signs of depression with
significantly higher (p <0.001) immobility time in forced swim and tail suspension tests.
These animals showed significantly lower corticohippocampal norepinephrine (NE) levels
(p<0.01) compared to controls. Nortryptaline, showed a dose dependent decrease in
immobility time in MetS animals (p<0.001) in both forced swim and tail suspension
tests thus reversing MetS induced depression. Conclusion: The above results suggest
that MetS may lead to depression in mice which is primarily mediated by NE system.

Key words: Depression, Dopamine, Metabolic syndrome, Norepinephrine, Obesity,
Serotonin, Type 2 Diabetes.

INTRODUCTION

Major depressive disorder (MDD), a debili-
tating disorder has a high prevalence of
16.2%." Cutrent anti-depressants treverse
depression only in one-third of the affected
patients.? Another major disease, metabolic
syndrome may increase the risk of cardio-
vascular complications, obesity, and diabetes.
Metabolic syndrome (MetS) is a conglomer-
ate of interconnected disorders that includes
insulin resistance in association with obesity,
dyslipidemia and hypertension.” Almost
25% of the adults worldwide suffers from
metabolic syndrome, with a five times
increased risk of type 2 diabetes and three
times likelihood of having a heart attack
and stroke.* There is a growing interest to

understand common mechanisms associated
with metabolic and mental health disorders
due to their rising prevalence in both
developed  and nations.
Diabetes  has

while

developing
been associated with
their
may negatively affect both diabetes associated

depression combination
secondary complications and depressive
conditions thus aggravating both the disorders.
It has been reported that diabetic individuals
especially with poor glycemic control are ata
2-3 times higher risk of developing depres-
sion than their nondiabetic counterparts
with about 30% diabetic patients experienc-
ing depressive episodes.”” Again depression
and obesity seem to have a circular relation-
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ship, both flaming each other.*” While depression may
increase the risk of obesity by 58%; obese individuals
are 55% more likely to suffer from one or other form of
depression.” Many of these studies blame central obesity
as the cornerstone for developing depression'’ while
inflammation, advanced glycation end products (AGEs)
and reduced brain derived neurotrophic factor (BDNF)
levels during obesity has been the primary suspects in
inducing obesity induced depression. Obesity may elicit
an inflammatory response,' elevating key inflammatory
cytokines like tumor necrosis factor-a (TNF-o), inter-
ferons and certain intetleukins like I1.-6 and 8, all
have been believed to be involved in mood disorders.
Increased levels of IL-6 have been directly associated
with MDD."*”® On the other hand BDNF has been
shown to play an important role in schizophrenia,'*"
depression, anxiety,' along with obesity.” BDNF
deficient animals which are phenotypically obese'® may
also display increased aggression and hyperactivity."”
Elevated advanced glycation end products may also lead
to depression in type 1 diabetic animals due to impaired
hippocampal neurogenesis.!

Usually, MetS individuals suffer from both obesity and
type 2 diabetes. Various clinical studies have co-related
MetS with depression and depressive symptoms, irre-
spective of gender, obesity status and type 2 diabetes.”**
MetS has been linked with depression through functions
of HPA axis. Loss of Glucocorticoid receptors may
alter hypothalamus-pituitary-adrenal (HPA)-axis regula-
tion.” HPA axis may play a major role in the pathogen-
esis of MetS.” Obese individuals may exhibit elevated
plasma cortisol.”® On the other hand, higher evening
cortisol level has been observed in patients suffering
from a major depressive disorder. However further studies
are needed to characterize other pathways leading to
depression in MetS individuals. There is also a lack of
suitable antidepressants for the treatment of depression
in MetS individuals.”” Understanding the neuropath
genesis of MetS-associated depression as well as the
screening of novel antidepressants warrants an urgent
need to develop a suitable animal model. Models of MetS
which may spontaneously develop signs of depression,
mimicking the human form of the disease. Here we use
high fat and 20% fructose diet to develop MetS in swiss
albino mice which after 4 weeks developed the typical
characteristics of MetS including fasting blood glucose,
insulin resistance, hypertriglyceridemia, hyperlipidemia,
central obesity, and hypertension. We then characterized
the development of depressive disorder these animals.
We further evaluated the role of various neurotrans-
mitters which may be responsible for MetS associated
depression in these animals.
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MATERIALS AND METHODS

Normal pallet, Maize starch, Lard, cassien, vitamin
and mineral mixture and sodium chloride were pur-
chased from VRK nutritional solutions, Pune, India.
Casein (Charotar casein company, Baroda, India) fruc-
tose (Loba chemie Pvt. Ltd, Mumbai India), diazepam
and gabapentin (Sun Pharma Industries Ltd, Mumbai
India) phenobarbitone (Piramal Health Care, Mumbai
India) hydroxyzine (Uni-med India, Mumbai, India) and
fluoxetine, bupropione (Cipla Ltd, Mumbai, India). Tti-
glyceride, total cholesterol and high-density lipid were
measured using respective kits (Coral Clinical system, Goa,
India).

Experimental Groups

Swiss Albino male outbred mice (18-22 g) were used for

the study. Initially, the animals were housed in colony

cages and maintained under standard environmental

conditions at 25°C, 12:12 h light: dark cycle, and 50-55%

relative humidity, with free access to food and water

ad libitum. The institutional animal ethical committee

approved the protocol (GCTS/TAEC/2013-SEPT/08)

for the study.

Groups (10 animals/ group)

i. Control group animals were fed with standard diet
kept in normal condition.

ii Depression group animals were subjected to inescap-
able stress by foot shock

iii Metabolic syndrome group was on High fat diet
supplemented with 20%

Fructose solution for 4 weeks. High fat diet constituted

Maize statch 367 g/kg, Lard 316 g/kg, Casein 255 g/kg,

Vitamin mineral mix 61 g/kg and Sodium chloride 1 g/kg.

Drinking water was supplemented with 20% fructose

solution

Assessment of Metabolic Syndrome

Changes in food intake, the weight of the animal, waist
circumference, systolic blood pressure, fasting blood
glucose and lipid profile were assessed for the animals.

Fasting blood glucose

Animals fasted overnight. Fasting blood glucose was
measured by tail prick method using one touch glucose
strips (Bayer India Ltd).

Lipid profile

After four weeks of HFHC diet, the mice were fasted
overnight and anesthetized using ketamine, and cardiac

puncture collected blood samples were used to measure
total cholesterol (TC), HDL, triglyceride (TG) in plasma.
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Low-density lipid (LDL) were calculated using the formula
LDL =TC - HDL - TG/5.0 (mg/dL).*®

Blood pressure

Non-invasive blood pressure system (IITC Life Sciences.
USA) was used to measure systolic and diastolic blood
pressure.

Behavioral Evaluation
Inescapable foot shock induced Depression

The foot-shock chamber consists of a wooden box
with a metallic grid floor. The grids are connected to
the shock generator. The depression group of mice
were placed in the box and received 60 inescapable foot
shocks daily (0.8 mA for 15 sec at 45 sec intervals) with
randomized starting time any time of the day during 30
to 60 min session to add to the unpredictability of the
procedure. A light flash of 15 sec preceded each shock
as a psychological stressor. Each animal in this group
received 60 foot-shocks daily for first 20 days while in
the next 20 days they received foot-shocks on alternate
days. On the last day, the shock exposed rats were
subjected to only light stimulus without the shock.*"

Forced swim test

Mice were forced to swim in a vertical glass cylinder
(height: 40 cm; diameter: 18 cm, containing 15 cm
of water at 20-25 °C). Time taken by each animal to
become immobile was measured. Animals showing
comparable immobility time were used for further
experiments. The total duration of immobility was
measured during a 5-min test. An animal was judged to
be immobile whenever it remained floating passively in
the water in a slightly hunched but upright position, its
nose just above the surface.”

Tail Suspension Test

The mice were suspended by their tail using the test
apparatus and immobility was recorded for 5 min. Animals
were considered immobile when they hang passively
and motionless for at least 1 min. The animals in different
groups were suspended and observed for the time taken

to become immobile.?>*

Biochemical Estimation

Estimation of gamma amino butyric acid

Brain tissue was homogenized in 5 mL of 0.01 M HCL.
In this homogenate, 8 mL of ice cold ethanol was added
and kept for 1 h at 0°C. The contents wete centrifuged
for 10 min at 16,000 rpm and the supernatant was
collected in a petri dish. The precipitate was washed
three times with 5 mL of 75% ethanol. The washes
were combined with supernatant and evaporated to
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dryness. To the dry mass, 1 mL water and 2 mL chloro-
form were added and centrifuged at 2000 rpm. Upper
phase containing GABA was separated, and 10 pL. of
it was applied as spot on Whatman filter paper. The
mobile phase consisted of #-butanol, acetic acid, and
water in 4:1:5 ratios. The chamber was saturated for
half an hour with mobile phase. The paper chromatogram
was developed with ascending technique. The paper was
dried in a hot air oven and then sprayed with 0.5% ninhy-
drin solution in 95% ethanol. The paper was dried. Blue
spot developed on paper, which was cut and heated with
2 mL ninhydrin solution on a water bath at 60—-65°C.
Water was added to the solution and kept for 1h and
supernatant was used. Absorbance was measured at
570 nm on a UV-visible spectrophotometer.*

Estimation of Serotonin, Norepinephrine, and Dopamine

The tissue (cortico-hippocampus) was homogenized in
0.1 ml HCl-butanol for 1 min in a glass homogenizer
made from a small centrifuge tube. The sample was
then centrifuged for 10 min at 2000 g. An aliquot of
the supernatant phase was removed and added to an
Eppendotf tube (1.5 ml) containing 0.2 ml heptanes
(for spectroscopy) and 0.025 ml HC1 0.1 M. After 10 min
of vigorous shaking, the tube was centrifuged under the
same conditions as above in order to separate the two
phases, and the overlying organic phase was discarded.
The aqueous phase was then taken for 5-HT. For the
preparation of standard 5-HT was mixed to dilution
of 1000 pg/ml as the free base, with 0.1N hydrochloric
acid. To the samples 0.5 ml 6N HCI was added and its
fluorescence was read at 295/535nm. For Notepinephrine
(NE) and dopamine estimation 0.02 ml of the HCI,
0.005 ml 0.4 M HCl and 0.01 ml EDTA sodium acetate
buffer (pH 6.9) were added, followed by 0.01 ml iodine
solution (0.1 M in ethanol). The reaction was stopped
after 2 min by addition of 0.01 ml Na, SO, in 5 M
NaOH (0.5g Na S0, in 2 ml water + 18 ml 5 M NaOH).
Acetic acid (0.01 ml, 10 M) was added 15 min later. The
solution was then heated to 100° for 6 min. When the
sample again reached room temperature, excitation and
emission spectra were read at 395/485 nm for NE and
330/375 for dopamine. Standards were prepared by
adding 10 ng NE and 20 ng dopamine in 0.005 ml
distilled water to 0.1 ml HCl-butanol.”

Statistical analysis

The data were represented as mean + SEM. The difference
between groups was calculated by one way ANOVA
followed by Tukey’s multiple comparison test. Probability
values less than 0.05 (P<0.05) were considered statis-
tically significant. All statistical tests were conducted
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Table 1: Characterization of HFHC diet induced

metabolic syndrome

Control Metabolic

syndrome

Body weight (gm) 21+1.1 32.2+0.9**

Waist circumference (cm) 7.2£0.9 8.9+£0.88**
Fasting blood glucose (mg/dl) 112+2.5 268+2.8***
Systolic blood pressure (mm Hg) 112.2+2.2 135+1.2*
LDL (mg/dl) 30+0.6 86.5+2.1***
Triglyceride (mg/dl) 107+2.6 152.3+1.8**

HDL (mg/dl) 52.7+1.5 42.7£2.1*

All values are expressed as Mean + SEM. (n=10) *p<0.05 **p<0.01 ***p<0.001

using Graph Pad Prism 4.0 software (GraphPad Software,
Inc, San Diego CA).

RESULTS

High fat high carbohydrate diet (HFHC diet) led to
significant increase in body weight (p<<0.01) and waist
circumference (p<<0.01) compared to normal pallet diet.
Other diagnostic characteristics of MetS* including
fasting blood glucose levels (p<0.01), systolic blood
pressures (p<0.01), lipid profile (increase in LDL
(»<0.001) and triglyceride (p<<0.01) and reduction in
HDL levels (p<0.05) were all significantly altered after 4
weeks in HFHC fed animals compared to their control
counterparts. Thus suggesting that mice on HFHC diet
developed signs of MetS. (Table 1).

Next, we measured depression levels in these animals.
To access depression levels in HFHC diet fed animals
forced swim and tail suspension tests were performed.
Inescapable chronic foot shock was administered to
induce depression, to a group of animals serving as
depression control. For forced swim and tail suspension
tests the total immobility time was measured. Chronic
foot shock stress induced (depression) and MetS animals
showed comparable immobility time suggesting the
development of depression in both the groups. Both
stress induced animals and MetS animals showed signi-
ficant (p<<0.001) increase in immobility time over normal
controls in forced swim test. A similar observation was
recorded in tail suspension test where depression group
showed maximum immobility followed by MetS group.
Both the groups showing a significant increase in immo-
bility (»p<0.001 and p<0.01 respectively) over normal
controls (Figure 1A and B). The above results suggest
the development of depression in HFHC diet induced
MetS animals.

Most of the antidepressants are monoamine reuptake
inhibitors thus showing their antidepressant action by
increasing the concentration of respective monoamines
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in the synapse,” hence we measured levels of certain
monoamines like 5-HT and NE in cortico-hippocampal
lysates. MetS animals showed a significant decrease in
NE (»<0.01) levels compared to animals on a normal
diet. The levels of NE in MetS animals was compa-
rable to foot shock mediated depression group which
showed a cortico-hippocampal decrease in both NE
and 5-HT levels. However, corticohippocampal GABA
and Dopamine levels remained unaltered in all the
groups (data not shown). The above results show the role
of NE in MetS associated depression. (Figure 1C and D)
We also investigated the role of antidepressants, primat-
ily acting on serotonergic, dopaminergic or adrenergic
neurotransmitters in the reversal of MetS associated
depression using forced swim and tail suspension tests.
Nortryptaline, a NE reuptake inhibitor showed a dose
dependent decrease in immobility time in MetS animals
(p<0.001) in both forced swim and tail suspension tests
thus successfully reversing MetS induced depression.
However, amitriptyline a serotonin and NE reuptake
inhibitor with a higher preference towards serotonin
re-uptake was unable to reverse signs of depression
(»>0.05) in MetS animals. Fluoxetine an established
and serotonin reuptake inhibitor (SSRI) and bupropion
which may prevent both dopamine and norepinephrine
reuptake with a higher efficacy towards blocking dopamine
reuptake were also unable to improve depression like
symptoms (»>0.05) in MetS animals. (Figure 2A and B)

2807 «++p=0.001 **p=0.01 200

Time (sec)
2
o

= o~ = .
< = &5 = o~ =
= =€ <5 P o

=3 <
= <%

Tail suspension

Despair swim

o.e

o.a

0.z

RERER]
SHT (ugimg of protein)

NE (ugimg of protein)
© 0 0 0 0 O

0.0
> =
= 55 F T 5
«

<
<== <=

Figure 1: Effect of metabolic syndrome on depression

A)  MetS and depression induced animals showed significant
increase in immobility time (p<0.01 and p<0.001 respectively)
over control animals using tail suspension test.

B)  MetS and depression induced animals showed significant
increase in immobility time (p<0.001) over control animals using
forced swim test.

C) MetS and depression induced animals showed significant
decrease in cortico-hippocampal NE levels (p<0.01) compared
to controls.

D) Depression induced animals showed significant decrease in
cortico-hippocampal 5-HT levels over control and MetS animals.
All values are expressed as Mean + SEM. (n=10) *p<0.05
**p<0.01 ***p<0.001
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Figure 2: Effect of monoamine uptake inhibitors in MetS
associated depression

A) Nortriptyline showed a dose dependent decrease in immo-
bility time in MetS animals (p<<0.001) while bupropione,
amitryptaline and fluoxitine failed to reverse MetS associ-
ated depression using tail suspension test.

B) Nortriptyline showed a dose dependent decrease in immo-
bility time in MetS animals (p<<0.001) while bupropione,
amitryptaline and fluoxitine failed to reverse MetS asso-
ciated depression using forced swim test.All values are
expressed as Mean = SEM. (n=10) *p<0.05 **p<0.01
R p<0.001
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The above results suggest that MetS associated depres-
sion may be primarily mediated by NE, independent of
serotonergic or dopaminergic systems.

DISCUSSION

In the present study, we successfully induced metabolic
syndrome using a high-fat diet with 20% fructose water
in swiss albino mice. The animals developed the diagnostic
characteristics of metabolic syndrome including high
fasting blood glucose and glucose tolerance, hypertri-
glyceridemia and hypercholesteremia, central obesity, as
well as increased body weight, food intake, and hyper-
tension. Both epidemiological and animal studies have
shown obesity to be a risk factor for mood disorders
including depression.*** Diabetic rats have also been
shown to develop signs of depression.”**! However,
how obesity or diabetes may lead to depression is not
very well characterized. Here we used HFHC diet to
induce MetS in mice. These animals spontaneously
developed clear signs of depression comparable to
animals subjected to electric foot shock induced
depression which is based on the principle of learned
helplessness.* The Learned Helplessness paradigm uses
a stress-exposure period in which animals are subjected
to inescapable stress (electrical foot shock) in one or
more sessions. Animals previously exposed to inescap-
able stress show reduced abilities to escape in this model.
The reduced ability to escape is restored by different
forms of antidepressant treatment.”” These helpless
animals may exhibit behavioral similarly with human
subjects suffeting from depression.* Two classical features
are a lack of pleasure or anhedonia and lack of energy
or anergia, both of which can be reversed by antidepres-
sants.” MetS animals showed clear signs of depression
with increased immobility time in both forced swim and
tail suspension test comparable with inescapable foot
shock induced depressed animals. Functional deficiency
in 5-HT has been shown to be the primary biochemical
change in depression in both human and animals.**"
Animal models of type 2 diabetes associated depression
also shows similar characteristics.” The effect of NE
on diabetes associated depression is far from being cleat.
Some studies, have reported a change in NE concen-
tration in both depressed and diabetic animals.**
Paschos e al. reported up-regulated of NE in the
peripheral nervous system, and downregulation in the
hippocampal region at times of depression.” Ferraro
¢t al. reported an increase in plasma NE in patients
with type 1 diabetes.”>” While others have reported a
decrease in thalamic NE in diabetic animals subjected
to stress. In MetS associated depressed animals we saw
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a significant reduction in cortico-hippocampal NE levels
with little change in the 5-HT and dopamine levels.
However, foot shock induced depressed animals
showed decrease in both cortico-hippocampal NE and
5-HT levels. Others have reported insulin combined
with clonazepam, or taurine may reverse type 1 diabetes
associated depression suggesting the role GABA.*
However, MetS animals showed little change in cor-
tico-hippocampal GABA levels when compared to
normal controls (data not shown). Next, we tried
reversing MetS induced depression using anti-depres-
sants, primarily acting on serotonergic, dopaminer-
gic or adrenergic systems. Nortryptaline, a potent NE
reuptake inhibitor could successfully reverse the MetS
associated depression by reducing the tail suspension
and forced swim latency. While amitriptyline which
is serotonin and NE reuptake inhibitor with a higher
potency towards serotonin were unable to reverse signs
of depression in these animals. Serotonin reuptake
inhibitor fluoxetine and dopamine reuptake inhibitor
bupropion were also unable to improve the mental
conditions of MetS animals. The above results cleatly
show the role of NE in diet induced MetS associated
mice model of depression. Some of the popular anti-
depressants like citalopram and fluoxetine have been
reported to be ineffective in cases of obesity related
depression® adding to the challenges of antidepressant
therapy for obese and MetS individuals. Thus, the anti-
depressant potential of compounds which primarily targets
the adrenergic systems may be tested on depressed indi-
viduals suffering from metabolic disorders.

CONCLUSION

In the current study we successfully developed a cost-
effective non-transgenic MetS associated depression model
using Swiss albino mice. We further show decreased
cortico-hippocampal NE levels in these animals with
little change in the levels of 5-HT, dopamine, and GABA.
The MetS associated depression was successtully
reversed by nortryptaline an established NE reuptake
inhibitor, thus confirming the role of NE in MetS
associated depression in these animals.
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ABBREVIATION USED

MetS: Metabolic syndrome; HFHC: High fat high
carbohydrate; MDD: Major depressive disorder; LDL:
Low density lipoprotein; HDL: High density lipopro-
tein; GABA: Gama-Aminobutyric acid; NE: Norepi-
nephrine 5-HT-5 hyroxytryptamine; AGEs: Advanced
glycation end products; BDNF: Brain derived neuro-
trophic factor.
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PICTORIAL ABSTRACT SUMMARY

A non-transgenic diet induced animal model of metabolic
syndrome was developed and characterised. The model closely

HEHC DIET reflects the characteristics of human form of metabolic
> Metabolic syndrome Depresive Disorder syndrome disorder. These metabolic syndrome animals
- ” High Fasting Blood Glucose Increased Immobility time using forced swim . . .
« High LDL and Trghyceride and tail suspension tests spontaneously developed signs of depressive disorder.
STABOMI L owHDL || [Wetabolic syndrome animals showed significant Norepinephrine was found to be the primary neurotransmitter
- High Systolic Blood Pressure decrease in corticohippocampal NE and 5-HT i ) ' _Y :
+ High Body Weight and Waist levels responsible for MetS associated depression in these animals.
Circumference .| Nortriptyline a NE reuptake inhibitor reversed

the metabolic syndrome associated depressive
disorder
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