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Abstract

Diabetes mellitus and depression are comorbid diseases affecting many patients all over the world. The current study was
designed to compare the antidepressant effect of some antidiabetic drugs such as vildagliptin, pioglitazone, glyburide, and
metformin on depression-related or unrelated to type 2 diabetes mellitus (T2DM). T2DM was induced by high-fat diet and
streptozotocin, while diabetes-unrelated depression was induced by reserpine. Antidiabetic agents reduced diabetes-associated
depression as indicated by the reduction in the immobility time in the forced swim test, elevation of cortical and hippocampal
serotonin and brain-derived neurotrophic factor (BDNF), and the increase in serum 3-Amyloid 1-42 (A 1-42) levels.
Antidiabetic agents also reduced serum corticosterone levels suggesting their inhibitory effect on hypothalamus-pituitary-
adrenal axis activity. The antidepressant activity of the tested compounds was associated with reduction of oxidative stress
and inflammation in brain. Vildagliptin showed the highest, while glyburide showed the least antidiabetic and antidepressant
activity. Antidepressant activities of pioglitazone and metformin were comparable. The difference in antioxidant and anti-
inflammatory activities between groups showed the same pattern of the antidepressant effect suggesting that these two pathways
may play role in ameliorating depression in diabetic rats. On the other hand, the administration of reserpine in small doses
(0.2 mg/kg) induced depression associated with hyperglycemia in non-diabetic rats. Although all treatments improved glycemic
parameters to similar levels, vildagliptin showed the greatest effect on A[31-42, serotonin, norepinephrine, and BDNF levels. In
conclusion, vildagliptin seems to be the leading drug among the tested antidiabetics and may be the most appropriate antidiabetic
for managing diabetes-associated depression.
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IDO Indoleamine 2,3-dioxygenase

M Metformin

MDA Malondialdehyde

NF-kB Nuclear factor-kappa B

P Pioglitazone

PBS Phosphate-buffered saline

PKC Protein kinase C

p.NF-KB  Phospho-nuclear factor-kappa B

PPAR-y Peroxisome proliferator activated receptor-
gamma

ROS Reactive oxygen species

SEM Standard error of the mean

SOD Superoxide dismutase

SSRIs Selective serotonin reuptake inhibitors

STZ Streptozotocin

T2DM Type 2 diabetes mellitus

TNF-« Tumor necrosis factor-alpha

v Vildagliptin

Introduction

The global prevalence of diabetes mellitus (DM) has been
increasing over the last two decades (Sarwar et al. 2010).
Long-term diabetes is associated with microvascular and
macrovascular complications, as well as psychological com-
plications. Previous studies demonstrated that patients with
diabetes have higher incidence of depression than the general
population (Ali et al. 2006). Diabetic patients who are de-
pressed have increased rates of mortality, hospitalizations, di-
abetic complications, and a decreased quality of life compared
with non-depressed diabetic patients (Markowitz et al. 2011).

One of the mechanisms that link diabetes to depression is
hyperglycemia. The later results in excessive generation of
reactive oxygen species (ROS), which activate nuclear
factor-kappa B (NF-kB) (Flohé et al. 1997), a transcription
factor for different inflammatory mediators. It has been pro-
posed that the proinflammatory cytokines are implicated in the
pathogenesis of depression by various mechanisms including
the activation of the hypothalamic—pituitary—adrenal (HPA)
axis, the increase of oxidative stress in the brain, and the re-
duction of serotonin production (Hoyo-Becerra et al. 2014).
Inflammation may also induce depression via the reduction of
brain-derived neurotrophic factor (BDNF), an essential medi-
ator in the neurogenesis, differentiation, and survival of neu-
rons, which are involved in the pathophysiology of depressive
disorder (Hritcu and Gorgan 2014). The “neurotrophic theo-
ry” hypothesizes that depression is associated with reduced
BDNEF levels in the brain and that the treatment with antide-
pressants alleviates depressive behavior and elevates BDNF
levels. In addition, increased level of glucocorticoids, due to
HPA axis dysfunction in diabetic patients, can reduce BDNF
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expression in the hippocampus and prefrontal cortex and lead
to a depressive state (Autry and Monteggia 2012).
Hyperactivity of HPA axis may also provoke a change in [3-
amyloid peptide 1-42 (A 1-42) metabolism, which is asso-
ciated with the pathophysiology of early-onset depression
(Ishijima et al. 2018).

Selective serotonin reuptake inhibitors (SSRIs) are the first-
line antidepressants based on their safety profile and efficacy
(MacGillivray et al. 2003). Some members such as fluoxetine
were found to improve glycemic control besides its antide-
pressant effect (Goodnick 2001). However, SSRIs are not de-
void of side effects such as sexual dysfunction (Gelenberg
et al. 2000), withdrawal symptoms upon abrupt discontinua-
tion (Coupland et al. 1996), and increased risk of suicide
(Fergusson et al. 2005). Some antidiabetic drugs have been
demonstrated to exert antidepressant effects such as metfor-
min (Guo et al. 2014) and pioglitazone (Colle et al. 2017).
Nonetheless, the use of antidiabetic drugs as substitutes for
conventional antidepressants in treating diabetes-associated
depression is ambiguous and needs to be further tackled.

Taken together, the present study was performed to evalu-
ate and compare the antidepressant activity of different anti-
diabetic drugs against depression escorting diabetes induced
by high-fat diet/streptozotocin (STZ) and against reserpine-
induced depression in non-diabetic rats.

Materials and methods
Experimental animals

In the present study, adult male Wistar rats (100115 g) were
used. Animals were purchased from the Egyptian
Organization for Biological Products and Vaccines (Cairo,
Egypt). Rats were acclimatized for 1 week prior to experi-
ments. The animals were kept at controlled temperature (23
+2 °C), humidity (60 = 10%), light/dark cycle (12/12 h), and
allowed free access to food and water. All procedures were
conducted in accordance with the accepted principles for care
and use of laboratory animals and were approved by the ani-
mal ethics committee of Faculty of Pharmacy, Zagazig
University, Egypt (Approval number: P1-12-2017).

Drugs and chemicals

STZ, metformin hydrochloride, pioglitazone hydrochloride,
and glyburide were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Vildagliptin was purchased from
Novartis (Pharma AG, Basil, Switzerland), and reserpine
was purchased from Cayman Chemical (Ann Arbor, MI,
USA). On the other hand, fluoxetine hydrochloride was pro-
vided as a gift from EIPICO (10™ of Ramadan City, Egypt).
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All drugs were suspended in 10% dimethyl sulfoxide
(DMSO) + 10% Tween 80 + 80% distilled water as a vehicle.

Experimental design
Part 1

This part was intended to identify the link between T2DM and
the development of depression, as well as evaluating the effect
of the studied antidiabetic agents in alleviating diabetes-
associated depression. T2DM was induced by feeding rats a
high-fat diet (HFD) composed of 25% fat, 48% carbohydrates,
and 20% protein for 9 weeks, plus a single intraperitoneal
injection of STZ (35 mg/kg) at the beginning of week 5.
After 72 h of STZ injection, fasting blood glucose levels of
all rats were above 200 mg/dL indicating the induction of
diabetes (Wang et al. 2013).

Rats were divided into seven groups (n = 6 each). Group 1
(control, CT): normal rats fed standard chow diet and received
the vehicle once daily for 4 weeks starting from week 6, group
2 (reserpine, R): normal rats fed standard chow diet and re-
ceived reserpine (8 mg/kg, IP) once at the end of week 9
serving as positive control group for depression (Huang
etal. 2004), group 3 (DM): diabetic rats, group 4 (vildagliptin,
V): diabetic rats that received vildagliptin (10 mg/kg, PO)
(Refaat et al. 2016), group 5 (pioglitazone, P): diabetic rats
that received pioglitazone (10 mg/kg, PO) (Refaat et al. 2016),
group 6 (glyburide, G): diabetic rats that received glyburide
(5 mg/kg, PO) (Nazaroglu et al. 2009), and group 7 (metfor-
min, M): diabetic rats that received metformin (100 mg/kg,
PO) (Arafa et al. 2016). Drugs in groups 4-7 were adminis-
tered daily starting from week 6 and continued for 4 weeks till
the end of the experimental period.

Part 2

This part was intended to evaluate the antidepressant ef-
fect of the studied antidiabetic agents in non-diabetic rats.
Rats were divided into seven groups (n =8, each). Group
1 (control, CT): normal rats fed standard chow diet and
received the vehicle once daily starting from week 1,
group 2 (reserpine, R): chronic depression group in which
normal rats received reserpine (0.2 mg/kg, IP) once daily
for 14 days (Antkiewicz-Michaluk et al. 2014) followed
by an IP injection every 48 h to maintain depression till
the end of the experiment (Shyong et al. 2017), group 3
(vildagliptin, V): rats treated as group 2 and received
vildagliptin (10 mg/kg, PO), group 4 (pioglitazone, P):
rats treated as group 2 and received pioglitazone
(10 mg/kg, PO), group 5 (glyburide, G): rats treated as
group 2 and received glyburide (5 mg/kg, PO), group 6
(metformin, M): rats treated as group 2 and received

metformin (100 mg/kg, PO), and group 7 (fluoxetine,
F): rats treated as group 2 and received fluoxetine
(20 mg/kg, PO) (Dong et al. 2017). Drug administration
in groups 3—7 started from week 3 and continued daily for
4 weeks till the end of the experimental period.

Forced swim test

Forced swim test (FST) was performed according to the
original protocol described by Porsolt et al. (1977).
Briefly, a pretest session was carried out 24 h prior to
the test, where animals were individually placed for
15 min for conditioning in a glass cylinder (45 cm %
35 cm x 60 cm) filled with water to 30 cm and its tem-
perature was adjusted at 24+0.5 °C. Test session was
performed 1 day later for 6 min, where the immobility
time was recorded (hind legs were no longer moving,
and the rat was hunched forward). The last 4 min of the
test period was only analyzed because most animals are
very active at the beginning of the test, which may ob-
scure the potential effects of the treatment. Manual calcu-
lation of the immobility time was carried out by a blind
investigator.

Blood and tissue sampling

At the end of experiments, blood was drawn from the retro-
orbital sinus of rats using heparinized microcapillary tubes
and centrifuged for separation of serum, which was then
stored at — 80 °C. Rats were euthanized by cervical dislocation
and brain was dissected. One half of the brain was immedi-
ately fixed in 10% formalin for histopathology, and the other
half was snap-frozen in liquid nitrogen and stored at — 80 °C.

Tissue preparation for neurotransmitter level
measurements

The prefrontal cortex (PFC) and the hippocampus were care-
fully excised as described by Spijker (2011). Brain tissue ho-
mogenate was prepared by mixing 1 g of brain tissue in 1 mL
phosphate-buffered saline (PBS), which was then homoge-
nized (Con-Torque Tissue Homogenizer, Eberbach Corp.,
Belleville, MI, USA). The homogenate was centrifuged
(10,000 rpm at 5 °C) for 10 min, and the supernatant was
separated for the biochemical analyses.

Measurement of glycemic parameters
Fasting serum glucose level was measured colorimetrically
using a commercial kit supplied by the Egyptian Company

for Biotechnology (Cairo, Egypt). Fasting serum insulin level
was measured by sandwich enzyme-linked immunosorbent
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assay (ELISA) using a rat insulin kit supplied by CUSABIO
(Hubei, China). Insulin resistance was calculated using the
homeostatic model assessment of insulin resistance
(HOMA-IR) as described by Matthews et al. (1985) using
the following equation: HOMA-IR = fasting glucose (mg/
dL) x fasting insulin (uIU/mL)/405.

Measurement of brain serotonin, norepinephrine,
and BDNF levels and serum corticosterone and Ap
1-42 levels

Brain serotonin, norepinephrine, and BDNF, as well as serum
corticosterone and A3 1-42 levels were measured by ELISA
technique using kits supplied by MyBioSource (San Diego,
CA, USA), Eagle Biosciences (Amherst, NH, USA), Boster
Biological Technology (Pleasanton, CA, USA), Elabscience
(Houston, Texas, USA), and Lifespan Biosciences (Seattle,
WA, USA), respectively.

Measurement of brain oxidative stress markers

The activities of brain catalase (CAT) and superoxide dismut-
ase (SOD) were measured by ELISA using kits supplied by
CUSABIO (Hubei, China). Brain malondialdehyde (MDA)
level and reduced glutathione (GSH) level were measured
colorimetrically using kits supplied by Eagle Biosciences
(Boston, MA, USA).

Measurement of brain inflammatory markers

Brain TNF-a, NF-kB, and phospho-NF-«B (pNF-«B) levels
were measured by ELISA technique using kits provided by
Sigma Aldrich (St. Louis, MO, USA), Novus Biologicals
(Centennial, CO, USA), and Ray Biotech (Peachtree
Corners, GA, USA), respectively.

Histopathological examination

Brain tissue samples were collected into PBS and fixed over-
night in 10% formalin at 4 °C. Following proper fixation,
dehydration of the specimens was done in ascending grades
of ethyl alcohol (70%, 90%, and then 100%). The specimens
were cleared in xylol, impregnated, and then embedded in
paraffin wax. Five-micron sections were cut using a rotatory
microtome. Brain sections were stained with hematoxylin and
eosin (H&E) for studying the general histological structure of
brain tissue giving the cytoplasm a red color and the nucleus a
blue color. A semi-quantitative morphometric analysis for the
percentage of damaged area was performed using Leica Qwin
500 image analyzer (Leica Microsystems GmbH, Wetzlar,
Germany) (Gan et al. 2005). The percentage of damaged brain
area was determined based on the dilation and congestion in
blood vessels, presence of apoptotic cells (having small darkly
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stained nuclei surrounded by empty space), shrinkage of py-
ramidal cells, presence of hemorrhage, and vacuolization.

Statistical analysis

Data are expressed as mean + standard error of the mean
(SEM) unless otherwise stated. Statistical analysis was per-
formed using GraphPad Prism software v.8 (GraphPad
Software Inc., La Jolla, CA, USA). The statistical significance
of difference between group means was tested using two-way
repeated measures analysis of variance (ANOVA) for body
weight data or ordinary one-way ANOVA for other data
followed by Tukey’s post hoc test. A significant difference
was assumed for values of P <0.05.

Results
Part 1

Diabetes provokes a depressive-like behavior
and biochemical alterations that resemble reserpine-induced
depression

As depicted in Table 1, diabetic rats had significantly elevated
fasting serum glucose level and significantly reduced fasting
serum insulin, while reserpine-treated rats showed only sig-
nificant reduction in fasting serum insulin compared to control
rats. The glycemic parameters were significantly higher in
diabetic rats compared with reserpine-treated rats.

Diabetic rats and reserpine-treated rats showed a compara-
ble significant increase in the immobility time, which reflects
a depressive behavior, compared with control rats. In addition,
diabetic rats and reserpine-treated rats exhibited significant
reduction in brain serotonin (both cortical and hippocampal),
brain BDNF (both cortical and hippocampal), and serum
AP 1-42 levels compared with control rats. The levels of cor-
tical serotonin, cortical BDNF, and hippocampal BDNF were
lower in reserpine-treated rats compared with diabetic rats.
Moreover, serum corticosterone level was significantly elevat-
ed in diabetic rats indicating the activation of HPA.

It is worth mentioning that there was non-significant dif-
ference in body weight between control, DM, and reserpine
groups. A significant reduction in the activities of the antiox-
idant enzymes CAT and SOD, as well as total GSH levels, was
observed in brain tissue from DM and reserpine groups com-
pared with the control group. On the other hand, both diabetic
rats and reserpine-treated rats showed significantly increased
brain MDA level, whereas only diabetic rats showed signifi-
cant increases in TNF-«, total NF-kB, and pNF-kB compared
with control group.
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Table 1 Effect of high-fat diet/

streptozotocin-induced diabetes Parameters CT DM R

and reserpine on glycemic pa-

rameters, brain oxidative stress Body weight (g) 239 £13.5 203 £ 6.5 241 £ 11.8

markers, brain inflammatory Glycemic parameters

markers, and depression markers Fasting serum glucose (mg/dL) 81.6 £2.7 296 + 22% 82.8 +3.1°
Fasting serum insulin (uI[U/mL) 39.5+£2.1 144 £ 1.2% 31.8 + 1.3%4
Depression markers
Immobility time (s) 174+ 1.3 33.7 £ 1.9% 27.7 £ 0.7%
Brain serotonin (ng/mL) Cortical 323+13 23.7 = 1.7* 15.8 = 0.2+4

Hippocampal 262 £2.1 154 £ 1.2% 12.3 £0.7*

Brain BDNF Cortical 110.5 +4.2 76.3 + 7.6* 462 +2.9%4
(pg/mL) Hippocampal 1302 £2.3 107.5 + 5.3%* 60.4 + 422
Serum corticosterone (ng/mL) 206 £ 1.1 88 £ 9.2% 23 £ 1.6°
Serum Af31-42 (pg/mL) 2583 + 143 63.9 + 5.5% 51.2 + 4.6*
Brain oxidative stress and inflammatory markers
CAT (uIU/mL) 219 + 20.1 249 £ 2.7% 92.3 + 12.9%2
SOD (pg/mL) 2624 +13.5 67.3 + 8.7* 147.4 + 13.9%4
MDA (uM) 0.36 + 0.03 2.72 £ 0.3% 1.65 + 0.09%4
GSH (mM) 479 £ 17.7 118.8 + 12% 141 £ 17.7%
TNF-« (pg/mL) 94.14 £ 9.8 1305 £ 136* 88 + 162
NF-kB (pg/mL) 198 + 39 752 + 40% 200 + 432
PNF-kB (pg/mL) 54 +0.7 51.6 + 6.6% 52+072

Data are expressed as mean +£ SEM (n = 3-5). Statistical analysis was performed using one-way ANOVA follow-

ed by Tukey’s post hoc test

CT control, DM diabetic group, R reserpine group, CAT catalase, SOD superoxide dismutase, MDA
malondialdehyde, GSH glutathione, TNF-a: tumor necrosis factor-o, NF-xB nuclear factor-kappa B, pNF-xB
phopsho-nuclear factor-kappa B, BDNF brain-derived neurotrophic factor, A3/—42 amyloid beta 1-42

#P <0.05 vs. CT; ® P<0.05 vs. DM

Antidiabetic drugs improve glycemic parameters
and diabetes-associated depression

As depicted in Fig. 1a, b, the treatment of diabetic rats with
vildagliptin, pioglitazone, glyburide, or metformin significant-
ly reduced fasting serum glucose level, whereas they signifi-
cantly elevated fasting serum insulin level compared with DM
group. Among the treatment groups, vildagliptin induced the
largest reduction in serum glucose level compared with pio-
glitazone, glyburide, or metformin. Similarly, vildagliptin in-
duced the largest increase in serum insulin level compared
with other drugs.

The antidiabetic drugs improved diabetes-associated de-
pression. The administration of vildagliptin, pioglitazone,
glyburide, or metformin comparably and significantly reduced
the immobility time compared with diabetic rats (Fig. 1c). In
addition, all drugs significantly reduced serum corticosterone
level compared with diabetic rats (Fig. 1d). Furthermore, only
vildagliptin, pioglitazone, and metformin significantly elevat-
ed serum AP 1-42 level compared with diabetic rats. The ef-
fects of vildagliptin and metformin were comparable and sig-
nificantly higher compared with pioglitazone (Fig. le).
Moreover, the body weight of rats increased significantly over

time (P <0.0001); however, there was no significant change
in weight among groups at different time point (P = 0.46).

To confirm the antidepressant activity of antidiabetics, de-
pression biomarkers such as serotonin and BDNF have been
measured. Drug treatment abolished diabetes-associated re-
duction in cortical and hippocampal levels of serotonin and
BDNF. The administration of vildagliptin, pioglitazone,
glyburide, or metformin significantly increased both cortical
and hippocampal serotonin level compared with DM group.
The effects of the drugs were comparable (Fig. 2a). In addi-
tion, all drugs significantly increased cortical BDNF level,
while only vildagliptin, glyburide, and metformin significant-
ly increased hippocampal BDNF level compared with diabetic
rats (Fig. 2b). The effects of glyburide and metformin were the
highest among drugs regarding cortical BDNF, while the ef-
fects of vildagliptin and glyburide were the highest among
drugs regarding hippocampal BDNF.

Antidiabetic drugs improve oxidative stress
and inflammatory markers in the brains of diabetic rats

The administration of vildagliptin, pioglitazone, glyburide,
and metformin significantly increased brain CAT and SOD
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activity compared with diabetic rats. The effects of
vildagliptin were the highest among the treatment groups
(Fig. 3a, b). On the other hand, drug treatment resulted in

Fig. 2 The effect of vildagliptin
(V), pioglitazone (P), glyburide
(G), and metformin (M) on corti-
cal (left axis) and hippocampal
(right axis) serotonin level (a) and
BDNF level (b) in diabetic rats.
Data are expressed as mean =+
SEM (n =3-5). Statistical analy-
sis was done using one-way
ANOVA followed by Tukey’s
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(SOD) activity (b), malondialdehyde (MDA) level (c), reduced glutathi-
one (GSH) level (d), total and phospho-nuclear factor-kappa B (tNF-kB,
pNF-kB) level (e), and tumor necrosis factor-alpha (TNF-«) level (f) in

highest, while the effect of glyburide seems to be the low-
est (Fig. 3¢, d).

On the other hand, drug treatment significantly reduced
total and phosphorylated NF-kB levels; whereas only
vildagliptin, pioglitazone, and metformin significantly re-
duced TNF-a level in the brain of diabetic rats. Like other
effects, vildagliptin evoked the best effect, while glyburide
evoked the minimal effect (Fig. 3e, f).

Effect on the histopathology of the cerebral cortex

As depicted in Fig. 4, cerebral cortex of control rats dem-
onstrated normal pyramidal cells and granular cells with
rounded open face nuclei. On the other hand, cerebral cor-
tex of diabetic rats and reserpine-treated rats comparably
showed shrunken pyramidal cells surrounded by empty
spaces. In addition, dilated congested blood vessels were
observed. On the other hand, cerebral cortex of diabetic
rats treated with vildagliptin, pioglitazone, glyburide, or
metformin showed marked improvement with a histologic
picture very close to the control rats. A morphometric anal-
ysis for the damaged brain area showed a significant in-
crease in the damaged area in diabetic and rreserpine-
treated rats compared with control rats. Treatment of rats
with vildagliptin, pioglitazone, glyburide, or metformin
significantly abrogated the damage induced by diabetes.
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diabetic rats. Data are expressed as mean + SEM (n =3-5). Statistical
analysis was done using one-way ANOVA followed by Tukey’s post
hoc test. *P < 0.05 vs. diabetic group (DM); $P<0.05 between designat-
ed pairs; AP<0.05vs. G

Part 2

Antidiabetic drugs and fluoxetine improve glycemic
parameters comparably in reserpine depression model

As depicted in Fig. 5, the administration of reserpine over
6 weeks impaired glycemic parameters in normal rats. It sig-
nificantly increased serum glucose level, reduced serum insu-
lin level, and increased HOMA-IR compared with control
rats. On the other hand, antidiabetic drugs and fluoxetine sig-
nificantly decreased serum glucose level and HOMA-IR to a
similar degree compared with reserpine-treated rats. However,
only metformin significantly increased serum insulin level
compared with reserpine-treated rats. Although vildagliptin,
pioglitazone, and fluoxetine increased serum insulin com-
pared with reserpine group, albeit such increases were not
significant.

Antidiabetic drugs and fluoxetine improve reserpine-induced
depression comparably

As depicted in Fig. 6, there was a significant increase in im-
mobility time and a significant reduction in serum A3 1-42
level in reserpinized rats compared with control group.
Vildagliptin, pioglitazone, glyburide, metformin, and fluoxe-
tine administration caused comparable, significant decreases
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Fig. 4 Histopathological examination (H&E) of cerebral cortex of dia-
betic rats (x 400). Representative photomicrographs are depicted from (a)
control rats showing normal pyramidal cells (P), granular cells (G) with
rounded open face nuclei, and pink-stained neuropil (N); (b, ¢) diabetic
rats showing shrunken pyramidal cells surrounded by empty space (single
arrow) and dilated, congested blood vessels (double arrows); (d)
reserpine-treated rats showing shrunken pyramidal cells surrounded with

in immobility time compared with reserpine group. Similarly,
these drugs significantly improved serum AR1-42 level ex-
cept for glyburide. In this regard, the effects of both
vildagliptin and fluoxetine were comparable and were the
highest among treatment groups.

There were significant reductions in the levels of serotonin,
norepinephrine, and BDNF in the cortex and the hippocampus
of reserpinized rat compared with control group. The antidia-
betic drugs and fluoxetine significantly elevated serotonin lev-
el in the cortex and hippocampus compared with reserpine
group except for glyburide (Fig. 7a). In a similar way, the
treatment of reserpinized rats with vildagliptin, pioglitazone,
glyburide, and fluoxetine significantly increased cortical nor-
epinephrine compared with reserpine group. However, all
drug treatment significantly increased hippocampal norepi-
nephrine (Fig. 7b). In this regard, the effects of vildagliptin
and pioglitazone are the highest and are comparable to that of
fluoxetine. Moreover, the treatment of reserpinized rats with
vildagliptin, pioglitazone, glyburide, metformin, and fluoxe-
tine significantly increased cortical and hippocampal BDNF
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empty space (single arrow) and dilated, congested blood vessel (double
arrows); (e-h) vildagliptin-, pioglitazone-, glyburide-, and metformin-
treated rats, respectively, showing normal pyramidal cells (P), granular
cells (G) with rounded open face nuclei, and pink-stained neuropil (N);
and (i) quantitative morphometric analysis showing the percentage of the
damaged brain area. *P < 0.05 vs. control (CT); AP <0.05 vs. diabetic
group (DM), VP <0.05 vs. R

R

compared with reserpine group (Fig. 7c). The effects of
vildagliptin and pioglitazone are the highest and are compara-
ble to that of fluoxetine.

Effect on histopathology of the cerebral cortex
of reserpine-treated rats

The cerebral cortex of control rats showed normal pyramidal
cells and granular cells having rounded open face nuclei.
Reserpinized rats exhibited shrunken pyramidal cells
surrounded by empty spaces. The administration of
vildagliptin, pioglitazone, glyburide, metformin, or fluoxetine
markedly improved the histologic cytoarchitecture with nearly
normal pyramidal and granular cells. A morphometric analy-
sis for the damaged brain area showed a significant increase in
the damaged area in reserpine-treated rats compared with con-
trol rats. Treatment of rats with vildagliptin, pioglitazone,
glyburide, metformin, or fluoxetine significantly abrogated
the damage induced by reserpine (Fig. 8).
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b infarction (Radholm et al. 2016). Therefore, identifying
@b antidiabetic agents, which have antidepressant effects, will
300 *A$ @l potentially benefit patients with T2DM. The present study
’TET —1 *A$ is the first, to the best of our knowledge, to compare the
S ) antidepressant activities of commonly used antidiabetic
~ 00 A$ A$ agents, vildagliptin, pioglitazone, glyburide, and metfor-
g min in the presence or absence of T2DM.
E 100 * In the current study, a well-established T2DM animal mod-
] * el using HFD and STZ was used to induce DM-associated
[ . . . .
n ’_Y_‘ depression in rats (Nankar and Doble 2017). Diabetic rats
0 showed a depressive state similar to that developed in
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Fig. 6 The effect of vildagliptin (V), pioglitazone (P), glyburide (G),
metformin (M), and fluoxetine (F) on immobility time (a) and serum f3-
amyloid 1-42 (b) in rats treated with reserpine (R). Data are expressed as
mean = SEM (n=3). Statistical analysis was done using one-way
ANOVA followed by Tukey’s post hoc test. *P <0.05 vs. control group
(CT), AP<0.05vs. R; $P<0.05 vs. G; ®P<0.05vs. M; 9P<0.05 vs. P

reserpine-treated rats. Increased immobility in FST, reduced
brain levels of serotonin and BDNF, and reduced serum level
of A31-42 were observed in diabetic and in reserpine-treated
rats. In support of our findings, Ye et al. (2017) reported that
high-fat diet and a small dose of STZ administration showed
typical signs of T2DM and exhibited depressive-like
bahaviors, which are manifested by a reduction in the
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spontaneous activity and the number of crossings in the open
field test as well as an increase in immobility in FST.
Dysregulation of serotonin system is a hallmark in
diabetes-associated depression. Reduction in central serotonin
availability can be mediated by diabetes-induced oxidative
stress and inflammation in the brain. Oxidative stress causes
impaired glucocorticoid receptor function, loss of negative
feedback, and alteration of HPA axis function. Hyperactivity
of HPA axis increases glucocorticoids release, which in turn
reduces serotonin synhesis (Prabhakar et al. 2015). On the
other hand, cytokines released due to brain inflammation in
DM reduce the synthesis and increase the reuptake of seroto-
nin and eventually decrease its availability (Felger and Lotrich
2013). Moreover, glucocorticoids and inflammatory cytokines
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reduce the activity and the exprssion of BDNF, a neurotropic
factor that promotes the differentiation and survival of
serotonergic neurons (Autry and Monteggia 2012). Herein,
we found that diabetic rats showed reduced cortical and hip-
pocampal serotonin and BDNF levels, as well as elevated
serum corticosterone indicating hyperactivity of HPA axis.
Diabetes was also associated with increased oxidative stress
and inflammation in the brain, which may be responsible for
serotonin dysregulation and induction of depression.

In the present study, reserpine was used to induce chronic
depression in non-diabetic animals. However, we observed
that reserpine not only provoked a depressive-like behavior
but also increased serum glucose and HOMA-IR and reduced
serum insulin. Moreover, improvement of these glycemic
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Fig. 8 Histopathological examination (H&E) of cerebral cortex of
rats treated with reserpine (x 400). Representative photomicrographs are
depicted from (a) control rats showing normal pyramidal cells (P), gran-
ular cells (G) with rounded open face nuclei, and pink-stained neuropil
(N); (b) reserpine-treated rats showing shrunken pyramidal cells
surrounded by empty space (single arrow); and (c—g) vildagliptin-,

parameters by the antidepressant drug, fluoxetine, suggests
that diabetes might be produced as a result of depression.
These observations concur with previous studies, which dem-
onstrated that chronic, mild stress-induced depression is ac-
companied by impaired glucose metabolism and insulin sen-
sitivity (Shen et al. 2017). This is not surprising because the
association between depression and subsequent development
of T2DM has been reported by several meta-analysis studies
(Cosgrove et al. 2007).

As pointed out in the results, vildagliptin, pioglitazone,
glyburide, and metformin improved glycemic parameters in
HFD/STZ-treated animals with different effectiveness.
Hereof, vildagliptin showed the best, while glyburide showed
the least, ameliorative effect on blood glucose and insulin
levels. However, the antidiabetic efficiency of all tested com-
pounds was comparable in reserpine-treated animals, which
are considered pre-diabetics according to their fasting blood
glucose levels and HOMA-IR. A plausible explanation for
this is that these drugs have different mechanisms of action,
and their activities may vary according to the stage of DM
(Meneses et al. 2015).

Relative to depression, antidiabetic drugs used in the cur-
rent study ameliorated both diabetes- and reserpine-mediated
depression. Planned comparisons revealed that all the tested
compounds reduced immobility time in FST, improved histo-
pathological damage, and increased cortical and hippocampal
serotonin to comparable levels in DM rats. However, they had
variable activities on Af31-42, corticosterone, and BDNF
levels. In addition, there was no significant change in weight
among groups at different time points indicating the indepen-
dency of the antidepressant effect on body weight change.

Damaged area of brain tissue (%)

+R

pioglitazone-, glyburide-, metformin-, and fluoxetine-treated rats, respec-
tively, showing normal pyramidal cells (P), granular cells (G) with round-
ed open face nuclei, pink-stained neuropil (N), and (h) quantitative mor-
phometric analysis showing the percentage of the damaged brain area.
*#P<0.05 vs. control (CT); AP<0.05vs. R

Compared to other treatments, vildagliptin showed the
greatest effect on A{31-42, corticosterone, and hippocampal
BDNF levels. We speculate that this might be due to its emi-
nent activity on regulating glucose and its profound antioxi-
dant and anti-inflammatory effect. Vildagliptin showed the
highest ameliorative effect on oxidative stress and inflamma-
tory markers in the brain. These observations are in line with
previous reports indicating that vildagliptin reduced brain
MDA level and NF-kB expression in diabetic rats, and this
effect was associated with increase in the BDNF (El Batsh
etal. 2015). Although vildagliptin cannot pass the blood brain
barrier (BBB), its central activity may be mediated by
glucagon-like peptide-1 (GLP-1). Vildagliptin inhibits periph-
eral dipeptidyl peptidase (DPP)-4 enzyme activity resulting in
an increase in the GLP-1 level, which can diffuse into the
brain (Pintana et al. 2013). GLP-1 acts on GLP-1 receptors
located in different areas of the brain such as the hippocampus,
frontal cortex, and other areas known to be important for
the control of energy homeostasis (Cork et al. 2015).
Although non-significant, the effect of vildagliptin on immo-
bility time is stronger than fluoxetine. This finding seems in-
teresting and can be explained somehow by the stronger anti-
oxidant activity of vildagliptin in brain as indicated by the
increase in GSH level, as well as the larger elevation of hip-
pocampal BDNF in vildagliptin group when compared to flu-
oxetine group. However, such an effect needs further studies
to be confirmed.

On the other hand, glyburide reduced immobility time in
FST and increased serotonin levels in DM-associated depres-
sion to extents comparable to other treatment groups. Even
though glyburide elevated BDNF to a level similar to
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vildagliptin in hippocampus and even higher in cortex, it
showed minimal change in corticosterone and Af31-42 in
DM-associated depression and the least effect on serotonin
and A31-42 in reserpine-induced depression. There are three
possible explanations for these observations: (1) glyburide
elicited the least effect on serum glucose and insulin levels,
(2) glyburide showed less antioxidant and minimal anti-
inflammatory activity in the brain compared with other treat-
ment groups, and (3) the inability of glyburide to pass the
blood brain barrier as a result of its high plasma protein bind-
ing (Lahmann et al. 2015). Overall, our observations are in
accordance with the findings reported by Su et al. (2017) and
Esmaeili et al. (2018) indicating that glyburide reduced
depression-related symptoms in animal model of
Alzheimer’s disease and chronic unpredictable mild stress-
induced depression, respectively.

Pioglitazone is an agonist to peroxisome proliferator-
activated receptor-gamma (PPAR-vy), which regulates the
transcription of genes involved in lipid and carbohydrate me-
tabolism. Previous studies have reported that pioglitazone has
the tendency to cross the blood brain barrier and exhibits an-
tidepressant effect through its action on PPAR-y receptor
(Liao et al. 2017). Furthermore, the neuroprotective activity
of pioglitazone and other PPAR-y agonists is mediated by
their central antioxidant and anti-inflammatory effect
(Kaundal and Sharma 2010). In line with previous reports,
the current study showed that pioglitazone elicited an antide-
pressant effect, which was accompanied by amelioration of
serotonin, BDNF, corticosterone, and A[31-42 levels in DM-
associated depression and restoration of A31-42, serotonin,
NE, and BDNF levels in reserpine-induced depression.

We also observed that metformin reduced the depression
in DM and reserpine-treated rats. In DM rats, the antide-
pressant activity of metformin was associated with im-
provement of serum corticosterone levels and reduction
of oxidative stress and inflammation in the brain. In
agreement with our observations, Shivavedi et al. (2017)
reported that metformin increased brain levels of serotonin
and norepinephrine and reduced the activity of HPA axis in
depressive animals with DM. Their data also suggested
that the effect of metformin on HPA axis is mediated by
its antioxidant and anti-inflammatory activity in the brain.
In addition, previous studies reported that the antioxidant
and anti-inflammatory activity of metformin may be medi-
ated by AMP-activated protein kinase (AMPK)-dependent
or independent pathways (Park et al. 2012; Calixto et al.
2013; Saisho 2015). Besides, having the ability to cross
the blood brain barrier provides an explanation for the cen-
tral activity of metformin (Labuzek et al. 2010). It is im-
portant to note that both pioglitazone and metformin elic-
ited comparable antioxidant and anti-inflammatory activity
in the brain of diabetic rats but to a lesser extent than
vildagliptin and higher than glyburide. This may explain
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why the antidepressant effects of pioglitazone and metfor-
min are less than vildagliptin and higher than glyburide.

The study still has a few limitations. Reserpine was used as
a documented model for depression to test the hypothesis that
the studied antidiabetic drugs can also elicit antidepressant
effect in non-diabetic rats. However, reserpine caused an ele-
vation of blood glucose level. Thus, it was difficult to demon-
strate whether the antidepressant activities of these com-
pounds are independent of their antidiabetic effects or not.
To address this issue, prospective studies should be conducted
using other models of depression such as stress-induced de-
pression. Yet, the results of this study still provide insights into
the differences between antidiabetic drugs of different classes
regarding their antidepressant effects.

In conclusion, the four tested antidiabetic agents,
vildagliptin, glyburide, pioglitazone, and metformin, showed
antidepressant effects in DM- and reserpine-induced depres-
sion. The difference in their effectiveness in DM rats might be
due to their tendency to reach the central nervous system, the
extent of their antioxidant and anti-inflammatory effects, and
their ability to reduce the activation of HPA axis. In addition,
the results seem promising for further evaluating the applica-
tion of antidiabetic drugs alone as potential alternatives of
antidepressant drugs in diabetes-associated depression.
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