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ABSTRACT

Objective: Depression and diabetes are closely associated in a reciprocal manner, leading to significant morbidity and mortality with an evidence of a 
pro-inflammatory state underlying pathophysiology of both diseases. Unfortunately, little information is available about the effects of antidepressant 
drugs on hippocampal brain-derived neurotrophic factor (BDNF) and toll-like receptor-4 (TLR-4) expression in diabetes.

Methods: We investigated the effect of chronic administration of fluoxetine (FLU) and imipramine (IMIP) on behavioral, metabolic, and inflammatory 
abnormalities in diabetic and non-diabetic rats exposed to chronic restraint stress (CRS).

Results: Both diabetes and CRS induced depressive-like behavior which was more prominent in diabetic/depressed rats; this was reversed by chronic 
treatment with FLU and IMIP. Diabetic and non-diabetic rats exposed to CRS showed a significant increase in hippocampal expression of TLR-4 and 
pro-inflammatory cytokines alongside a decrease in BDNF expression. FLU and IMIP ameliorated these inflammatory abnormalities.

Conclusion: Diabetes mellitus (DM) and chronic stress induced a depressive-like behavior associated with an increase in hippocampal expression of 
TLR-4, tumor necrosis factor-α, and interleukin-1ß with a significant correlation to decreased BDNF expression. FLU and IMIP showed comparable 
effects regards the improvement of depressive and inflammatory abnormalities associated with DM.
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INTRODUCTION

Depression and diabetes are closely related in a reciprocal manner 
constituting a major public-health problems and causing a significant 
morbidity and mortality [1,2]. The incidence of depression is increased 
among people with type 2 diabetes mellitus (DM) [3]. Depression 
is associated with poor glycemic control, decreased compliance to 
treatment, and increased diabetic vascular complications [4]. On the 
other hand, there are many reports about the altered response to 
antidepressants in diabetics [5]. Antidepressants, in turn, have an 
impact on DM with several studies reporting increased DM risk with 
paroxetine and fluvoxamine [6] in contrast to a hypoglycemic effect 
with fluoxetine (FLU), while other studies failed to confirm this finding 
and others reported a worsening of glycemic control [7]. Indeed, the 
effect of different antidepressant drugs on glycemic control in DM is 
quite controversial.

Brain-derived neurotrophic factor (BDNF), an important neurotrophic 
factor exerting neuroprotective effects [8], has drawn attention as a 
pivotal player in the pathogenesis of depression [9] showed decreased 
levels in serum of diabetic patients and animals, and this was associated 
with a higher rate of complications [10]. Collectively, the decreased BDNF 
may be involved in the pathogenesis of both depression and DM [11].

The expression of toll-like receptor (TLR) has been detected in 
various types of cells including brain cells [12]. They mediate innate 
immune response in part through nuclear factor-κB and subsequent 
cytokine production [13], and this has been reported to participate 

in inflammatory and autoimmune disease in the central nervous 
system  [14]. In addition, high glucose and saturated fatty acids 
noticed with DM have been reported to induce TLR-4 activation [15]. 
Our previous work has reported increased aortic TLR-4 expression 
in diabetic rats exposed to chronic restraint stress (CRS) with 
significant correlation to the development of vascular dysfunction and 
atherosclerotic changes [16].

In general, stress is thought to modulate the immune system through 
a TLR4-dependent mechanism, and this reinforces the importance 
of inhibiting TLR-4 activation pathway as an effective approach for 
prevention and treatment of stress-induced immune dysregulation [17]. 
Unfortunately, there is little available data on the hippocampal expression 
of TLR-4 in depressed diabetic subjects and its relation to BDNF.
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In  the  present  work,  we  investigated  the  effects  of  chronic 
treatment with FLU and imipramine (IMIP) on depressive-like 
behavior  and  hippocampal  expression  of  BDNF,  TLR4,  tumor 
necrosis factor-α (TNF-α), and interleukin (IL-1β) in diabetic and 
non-diabetic  rats  exposed  to  CRS.  This  is  to  study  the  effect  of  two 
different  antidepressant  drugs  on  hippocampal  neuroinflammation 
that  has  been  proposed  by  many  studies  as  a  corner  stone  in  the 
pathogenesis of depression. This is also to justify the preference of 
one antidepressant over the other in the management of comorbid 
depression with diabetes. To the best of our knowledge, this is the
 first  work  to  assess  TLR-4  and  BDNF  expression  in  the 
hippocampus  of  rats  exposed  to  a  combined  model  of  DM  and 
depression.
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METHODS

Animals
A total of 92 male Wistar rats weighing 170–200 g purchased from 
the National Research Centre (Dokki, Giza, Egypt) with 1 week 
acclimatization period before the experiment. Constant environmental 
conditions were established for all rats as regards: Temperature ≈25°C, 
relative humidity 50–60%, and 12 h light/dark cycle (lights at 6 am - off 
6 pm). All experimental procedures were performed in accordance 
with the European Community guidelines for the use of experimental 
animals (1986) and approved by the Research Ethics Committee of 
Faculty of Medicine, Ain Shams University (FMASU-REC). The Number 
of approval is FWA 00006445.

Experimental models
Model of type 2 diabetes
Rats were fed with high-fat diet for 2 weeks, followed by a single 
intraperitoneal (IP) injection of 35 mg/kg streptozotocin “STZ” (Sigma-
Aldrich Chemicals Co., Germany) dissolved in 0.1 M sodium citrate 
buffer (pH = 4.4). Rats received 5% sucrose solution orally for 48 h after 
STZ injection to prevent hypoglycemia. After that, tail blood samples 
were obtained and blood glucose concentrations were determined 
using gluco-check (Accu-Chek Active, Germany). Rats having blood 
glucose levels above 200 mg/dl were considered diabetic [18].

CRS model
CRS was conducted using Plexiglas restrainers (25 cm × 8 cm) which are not 
only wide enough to allow comfortable breathing with air vents at the nasal 
end but also narrow enough to restrict rat’s movement. Rats were placed 
in the restrainers for 4 h (9:00 am to 1:00 pm) per day for 6 weeks [19,20].

Treatments and experimental groups
The 92 rats were divided into 2 main groups. The first group was 
non-diabetic rats, which were further subdivided into 4 subgroups: 
The naïve group (n=10); not exposed to CRS, CRS vehicle-treated 
group (n=11); exposed to CRS for 6 weeks and received IP injection 
of saline, CRS/FLU-treated group (n=14); received FLU hydrochloride 
(Sigma-Aldrich Chemicals Co., Germany) dissolved in saline in a dose 
of 10 mg/kg/d IP [21], and CRS/IMIP-treated group (n=14); received 
IMIP hydrochloride (Sigma-Aldrich Chemicals Co., Germany) dissolved 
in saline in a dose of 10 mg/kg/d IP [22]. The second group was the 
diabetic group which was also subdivided into 4 subgroups: The 
control/DM group (n=10); not exposed to CRS, DM/CRS vehicle-treated 
group (n=9); exposed to CRS for 6 weeks and received IP injection of 
saline, DM/CRS/FLU-treated group (n=12); received FLU, and DM/
CRS/IMIP-treated group (n=12); received IMIP. All treatments were 
given during the past 3 weeks of CRS protocol. All treatments were 
introduced during the light phase of the light/dark cycle.

Behavioral tests
Forced swimming test (FST) [23]
During FST, rats were allowed to swim in a vertical-Plexiglas cylinder 
(diameter 22.5 cm, height 50 cm) filled with fresh water to the level of 
35 cm at ≈25°C for 2 successive days. On the 1st day, rats were allowed 
to swim for 15 min. On the 2nd day, rats were reexposed to the forced 
swimming for 5 min, and their behavior was recorded. Passive behavior 
(immobility time during which the animal floated on the surface, 
making only movements necessary to keep it afloat) and active behavior 
(struggling and swimming times) were analyzed. Depressive behavior 
was indicated by the ratio of passive to active behavior.

Social interaction test (SIT)
Two weights-matched rats from the same subgroup were placed into a 
chamber (30 × 30 × 60 cm; width, length, and height, respectively) with 
the floor covered with wood shavings for 10 min. We recorded the time 
spent in active social behavior for each rat separately. This test is used 
to test the generalized anxiety behavior which is indicated by decreased 
active social behavior, including allogrooming, sniffing, following, and 
crawling under and over the partner [24].

Biochemical measurements of TNF-α, IL-1ß, TLR-4, and BDNF 
proteins in hippocampal homogenate
TNF-α, IL-1β, TLR-4, and BDNF proteins were determined in hippocampal 
homogenate using rat TNF-α enzyme-linked immunosorbent assay 
(ELISA) kit (Quantikine, USA), rat IL-1β ELISA kit (Kamiya Biomedical, 
USA), rat TLR-4 ELISA kit (MyBioSource, USA), and rat BDNF ELISA 
kit (MyBioSource, USA) according to the manufacturer’s instructions. 
Absorbance was measured at 450 nm and the lower limit of detection 
was 12.5 pg/ml, 15.6 pg/ml, 0.625 ng/ml, and 31.2 pg/ml, respectively. 
The protein content of hippocampal homogenate was determined using 
the Bradford method [25].

Estimation of BDNF and TLR-4 gene expression by semi-
quantitative reverse transcriptase polymerase chain reaction (RT-
PCR) technique in the hippocampal tissue
Extraction of total RNA from the hippocampal tissue of the study 
groups was performed using TriFast TM in the presence of the 
inhibitor of RNase activity (PEQLAB Biotechnologie, GmbH, Germany) 
according to the manufacturer’s protocol. cDNA was synthesized 
using reaction mix: GoTaq® Green Master Mix (Promega, USA). 
Specific PCR primers (Metabion international AG, Germany) were 
used in RT-PCR; BDNF sense primer 5′-CATAACCCCGCACACTCTGT-3′ 
and antisense5′-TCGTCAGACCTCTCGAACCT-3′ TLR-4 sense 
primer 5′-  AGTTGGCTCTG-  CCAAGTCTCAGAT-3′ and antisense 
3-′TGGCACTCATCAGGATGACACCAT-5′. β-actin sense primer 
5´-ACCACAGCTGAGAGGGAAATCG–3´ and antisense Primer 
3´-AGAGGTC-TTTACGGATGTCAACG-5´. The synthesized cDNA was 
amplified by PCR with both upstream and downstream primers. The 
thermal cycle profile used for the amplification of BDNF was 28 cycles 
at 94°C for 1 min (denaturation), 55°C for 1 min (annealing), and 72°C 
for 1 min (extension). TLR4 was recycled for 35 cycles at 95°C for 10 s, 
58–61°C for 15 s, and 72°C for 20 s. ß-actin was recycled for 22 cycles at 
94°C for 1 min, 62°C for 30 s, and 72°C for 2 min.

PCR product sizes for ß actin was found at 180 bp, BDNF product 
size was found at 135 bp while TLR-4 was found at 250 bp. The PCR 
products were resolved on a 2% agarose gel and visualized by ethidium 
bromide staining. The staining intensity was evaluated using the 
molecular analyst software (Gel-pro 3.1, USA). The gel was visualized 
using ultraviolet trans-illuminator and subsequently visualized and 
photographed by the Gel Documentation System (Gel Doc EQ, BioRad 
Laboratories, USA). Results were expressed as relative densitometric 
units of BDNF and TLR-4 gene expression in percentage (%), 
normalized to the values of β-actin MRNA used as an internal control. 
Semi-quantitation was done using “Quantity One”, computer program 
software version 4.6.3, (BioRad Laboratories, USA).

Statistical analysis
The results were expressed as mean ± SEM, and statistical analysis 
was performed using computer program SPSS, version 17.0 (SPSS, 
Chicago, IL, USA). Data were analyzed by two-way analysis of variance 
(ANOVA) followed by Bonferroni’s test post-hoc for intergroup 
comparisons. Pearson’s correlation coefficient was used to assess 
the correlation between the expression of BDNF and TLR-4 with the 
level of inflammatory markers (TNF-α and IL-1ß) in the hippocampus. 
Differences were considered statistically significant at p<0.05.

RESULTS

Effect of tested drugs on FST and SIT
Table 1 shows that the induction of type 2 diabetes produced 
depressive-like symptoms in Wistar rats, indicated by the significant 
increase in passive/active behavior in FST and active interaction time 
in SIT (F(1,84) =11.36, p=0.0011; F(1,84) =21.94, p<0.0001, respectively). 
Exposure to CRS significantly increased passive/active behavior in 
FST and decreased the active interaction time in SIT (p<0.001) in both 
diabetic and non-diabetic rats compared to control groups. Two-way 
ANOVA reveals that chronic treatment with antidepressants, FLU, and 
IMIP, significantly reversed CRS-induced behavioral changes in FST 
and SIT (F(3,84) =28.26, p<0.0001; F(3,84) =23.55, p<0.0001, respectively) 
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in both diabetic and non-diabetic rats compared to vehicle-treated 
groups.

Effect of tested drugs on hippocampal TNF-α and IL-1ß protein
As shown in Fig. 1a and b, diabetic rats showed a significant increase 
in the hippocampal level of the pro-inflammatory cytokine, TNF-α 
(p<0.05) compared to the control non-diabetic group. Exposure to 
CRS induced a significant increase in hippocampal TNF-α and IL-1ß 
in both non-diabetic (p<0.001 and p<0.001) and diabetic rats (p<0.01 
and p<0.001, respectively) in contrast to control groups. Chronic 
treatment with FLU significantly decreased hippocampal TNF-α and 
IL-1ß in both non-diabetic (p<0.01 and p<0.001) and diabetic rats 
(p<0.001 and p<0.01, respectively); chronic treatment with IMIP was 
able to significantly decrease IL-1ß in both non-diabetic (p<0.001) and 
diabetic rats (p<0.01). IMIP also produced a significant decrease in 
hippocampal TNF-α level although this was only significant in diabetic 
rats (p<0.001) compared to vehicle-treated group (F(3,56) =19.49, 
p<0.0001; F(3,56) =21.60, p<0.0001) for TNF-α and IL-1ß, respectively.

Effect of tested drugs on hippocampal BDNF and TLR-4 gene 
expression
As shown in Figs. 2a and b, 3a and b, diabetic rats showed a 
significant decrease in hippocampal BDNF with an increase in 
TLR-4 gene expression (F(1,40) =84.57, p<0.0001; F(1,40) =41.29, p<0.0001, 
respectively). CRS induced a significant decrease in BDNF (p<0.001, 
p<0.05) and increase in TLR-4 (p<0.05, p<0.001) gene expression 
in both non-diabetic and diabetic rats, respectively, in contrast to 
control groups. Chronic FLU treatment significantly increased BDNF 
and decreased TLR-4 gene expression in both non-diabetic (p<0.001, 
p<0.05) and diabetic rats (p<0.01, p<0.001), respectively. The chronic 
IMIP treatment produced a significant increase in BDNF in both 
non-diabetic (p<0.001) and diabetic rats (p<0.01). IMIP produced a 
significant decline in TLR-4 gene expression only in diabetic rats as 
compared to vehicle-treated group (p<0.001) (F(3,40) =47.57, p<0.0001; 
F(3,40) =9.49, p<0.0001).

Effect of tested drugs on hippocampal BDNF and TLR-4 protein 
expression
As shown in Fig. 4a and b, diabetic rats showed a significant decrease 
in hippocampal BDNF with an increase in TLR-4 protein (F(1,40) =6.47, 
p<0.05; F(1,40) =31.95, p<0.0001). Exposure to CRS in non-diabetic and 
diabetic rats induced a significant decrease in BDNF protein (p<0.01, 
p<0.05) and increase in TLR-4 protein (p<0.001, p<0.001) in contrast 
to control groups. Chronic treatment with FLU significantly (p<0.001) 
increased BDNF protein and decreased TLR-4 protein. In addition, 
chronic IMIP treatment increased BDNF protein (p<0.05, p<0.001) 
and decreased TLR-4 protein (p<0.001, p<0.001) in both non-diabetic 

Table 1: Effects of FLU and IMIP on forced swimming and SIT 
behavioral changes in diabetic and non-diabetic rats exposed 

to CRS

Passive/active 
behavior in FSTs

Active interaction 
time in SIT (s)

Non-diabetic rats
Control (n=10) 0.2297±0.0107 129.6±8.68
CRS (n=11) 0.3642±0.0169*** 65.55±7.06***
CRS+FLU (n=14) 0.2460±0.0114### 100.4±10.57#

CRS+IMI (n=14) 0.2800±0.0137### 113.7±6.65###

Diabetic rats
Control (n=10) 0.2795±0.0115$$$ 75.00±14.20$$$

CRS (n=9) 0.3802±0.0150*** 14.33±2.34***
CRS+FLU (n=12) 0.2867±0.0079### 92.42±9.36###

CRS+IMI (n=12) 0.3021±0.01646### 107.8±6.93###

Data are mean ± SEM of 9–14 animals per group. ***p<0.001 versus control 
group, #p<0.05, ###p<0.001 versus CRS group by two-way ANOVA with 
Bonferroni’s post hoc test. $$$p<0.001 diabetic versus non-diabetic control rats, 
ANOVA: Analysis of variance, FLU: Fluoxetine, IMIP: Imipramine, CRS: Chronic 
restraint stress, FST: Forced swimming test, SIT: Social interaction test

Fig. 1: (a and b) Effects of fluoxetine and imipramine on 
hippocampal tumor necrosis factor-α, and interleukin-1β protein 

levels by enzyme-linked immunosorbent assay technique in 
non-diabetic and diabetic rats exposed to chronic restraint stress 

(CRS). Data are mean ± SEM (n=8). **p<0.01, ***p<0.001 versus 
control group, ##p<0.01, ###p<0.001 versus CRS group by two-way 

analysis of variance with Bonferroni’s post hoc test. $p<0.05, 
diabetic versus non-diabetic control rats

b

a

Fig. 2: (a and b) Ethidium bromide-stained agarose 
gel electrophoresis showing the amplified reverse 

transcriptasepolymerase chain reaction products of brain-
derived neurotrophic factor (135 bp) and toll-like receptor-4 
(250 bp) with β-actin (180 bp) as an internal standard from 
hippocampal tissue homogenates of Wistar rats. First lane: 

Molecular weight ladder standard. Lane 1 - control non-diabetic 
group, Lane 2 - non-diabetic/CRS/vehicle-treated group, Lane 

3 - non-diabetic/CRS/FLU-treated group, Lane 4 - non-diabetic/
CRS/IMIP-treated group, Lane 5 - control diabetic group, Lane 6 

- diabetic/CRS/vehicle-treated group, Lane 7 - diabetic/CRS/FLU-
treated group, Lane 8 - diabetic/CRS/IMIP-treated group

b

a
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As depicted in Figs. 5a-c and 6a and b, statistical analysis by Pearson’s 
correlation coefficient reveals that hippocampal BDNF protein 
expression significantly correlates with hippocampal expression of 
inflammatory markers, TLR-4 protein (r2=−0.693, p˂0.01), TNF-α 
protein (r2=−0.538, p˂0.01), and IL-1ß protein (r2=−0.447, p˂0.01). 
In addition, there was a significant correlation between hippocampal 
TLR-4 protein with TNF-α protein (r2=0.581, p˂0.01) and IL-1ß protein 
(r2=0.649, p˂0.01).

DISCUSSION

The concurrence of depression with diabetes resembles, adding fuel 
to the fire. Both diseases are closely associated in a reciprocal manner, 
leading to significant morbidity and mortality with an evidence of a 
pro-inflammatory state underlying pathophysiology of both diseases. 
This study was designed to evaluate the effects of two different 
antidepressant drugs on hippocampal neuroinflammation that has 
been proposed by many studies as a corner stone in the pathogenesis of 
depression and to justify the preference of one antidepressant over the 
other in the management of comorbid depression with diabetes. To the 
best of our knowledge, this is the first work to assess TLR-4 and BDNF 
expression in the hippocampus of rats exposed to a combined model of 
DM and depression.

The results of this work alongside our previously published work [16] 
showed that the metabolic abnormalities induced by type 2 DM were 
more prominent with CRS accompanied by decreased body weight gain 
and increased serum corticosterone levels which indicate the absence 
of adaptive response to stress. Chronic treatment with FLU and IMIP 
reversed these changes in a comparable manner.

The increased immobility time with decreased struggling and swimming 
times is typically used to infer increased “depression” in rats [26], while 
reduced active interaction time in SIT suggests impaired exploratory 
activity with CRS-induced freezing, which is an index of generalized 
anxiety associated with depression in rats and this is consistent with the 
previous studies which detected CRS-induced anxiety and depressive-
like behavior [27].

The previous studies have shown that diabetic animals presented 
higher depressive-like behavior in FST [28]. STZ diabetic rats showed 
decreased exploratory activity in OFT with a significant increase in 
immobility time in FST [29]. In this regard, the diabetes-induced 
reduction of hippocampal neurogenesis (reduced BDNF) implies a 
potential mechanism for diabetes-related depression and cognitive 
dysfunction.

FLU and IMIP are well known for their antidepressant activity through 
increasing the bioavailability of biogenic amines and hippocampal BDNF 
and correcting the hypothalamo-pituitary adrenal axis dysfunction as 
indicated by the decline of serum corticosterone level [30]. Literature 
data show that the chronic IMIP treatment improved chronic stress/
high fat diet-related behavioral changes [31].

The present work showed a significant increase in hippocampal 
expression of TLR-4, TNF-α, and IL1-β alongside a decrease in BDNF 
expression in diabetic and stressed rats with a significant correlation 
between increased expression of pro-inflammatory cytokines; TLR-4, 
TNF-α, and IL1-β with decreased BDNF expression.

Chronic inflammation underlies insulin resistance and type 2 DM. In this 
context, monocytes isolated from diabetic patients showed increased 
TLR-4 expression and TLR-mediated inflammation, this was significantly 
correlated with HbA1c levels [32]. TLR-4 expression was increased in 
diabetic nephropathy patients [33]. Levels of TNF- α were significantly 
elevated in the blood of patients with type 2 DM in association with 
increased blood sugar indices and insulin resistance [34].

Consistently; signs of hippocampal inflammation were noticed 
in diabetic rats with an elevation of inflammatory markers in the 

and diabetic rats as compared to vehicle-treated group. (F(3,40) =16.02, 
p<0.0001; F(3,40) =34.15, p<0.0001) for BDNF and TLR-4, respectively.

Fig. 4: (a and b) Effects of fluoxetine and imipramine on 
hippocampal brain-derived neurotrophic factor and toll-like 

receptor-4 protein expression by enzyme-linked immunosorbent 
assay in diabetic and non-diabetic rats exposed to chronic 

restraint stress (CRS).  Data are mean ± SEM (n=6). *p<0.05, 
**p<0.01, ***p<0.001 versus control group, #p<0.05, ###p<0.001 
versus CRS groupby two-way ANOVA with Bonferroni’s post hoc 

test. $p<0.05, $$$p<0.001 diabetic versus non-diabetic control rats

b

a

Fig. 3: (a and b) Effects of fluoxetine and imipramine on 
hippocampal brain-derived neurotrophic factor and toll-

like receptor-4 gene expression (mRNA) as % normalized by 
β-actin quantity using semi-quantitative reverse transcriptase 

polymerase chain reaction in diabetic and non-diabetic rats 
exposed to chronic restraint stress (CRS).  Data are mean ± SEM 

(n=6). *p<0.05, ***p<0.001 versus control group, #p<0.05, 
##p<0.01, ###p<0.001 versus CRS group by two-way analysis of 
variance with Bonferroni’s post hoc test. $$$p<0.001, diabetic 

versus non-diabetic control rats

b

a
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hippocampus [35]. Previous studies reported that chronic mild stress 
could stimulate TLR-4 signaling pathway in the prefrontal cortex 
with increased levels of TNF-α, IL-1ß and COX-2 [36]. In addition, 
corticosteroids, TNF-α, and IL-1 ß serum levels were significantly 
higher in individuals with psychological symptoms [37] and animals 
treated with chronic stress models [38].

In a previous work, we have concluded that TLR-4 and subsequent 
cytokine production may underlie diabetes and psychological stress 
associated vascular complications [16]. The results of this work 
emphasize that TLR-4 activation not only underlies complications but 
it may be also involved in the pathogenesis of both depression and DM.

Higher levels of cytokines could result in disruption of hippocampal 
function and hippocampal neurodegeneration [39]. Studies of TLR4-

deficient mice suggest that TLR4 signaling has a negative impact on 
hippocampus-dependent cognitive function [40]. In addition, it has been 
shown that systemic administration of TNF-α reduces hippocampal cell 
proliferation [41].

It is documented that an alteration in BDNF contributes to the 
pathophysiology of depression and DM. Decreased mRNA levels 
of BDNF in both hippocampus and prefrontal cortex (PFC) were 
confirmed by postmortem tissue from suicide subjects [42]. In addition, 
a decrease in BDNF concentration has been strongly linked to type 2 
DM. BDNF was reported to improve glucose metabolism and insulin 
sensitivity  [43]. Pro-inflammatory cytokines negatively regulate 
hippocampal BDNF expression and signal transduction [44]. There 
is a bidirectional relationship between BDNF and cytokines with a 
plausible role for this interaction in the etiology of major depressive 
disorders [45]. Accordingly, administration of lipopolysaccharide (LPS), 
a major bacterial TLR-4 ligand, caused cognitive impairment in animal 
models through increased expression of pro-inflammatory cytokines 
alongside a reduction in BDNF levels in the hippocampus [40].

The activation of TLR-4 and the transcription factor NF-κB in microglia 
and macrophages, which induces the expression of pro-inflammatory 
cytokines and the production of nitric oxide (NO), may have a 
detrimental effect on the hippocampal level of BDNF, and this may play 
critical roles in the pathogenesis of depression.

Chronic treatment with FLU and IMIP induced a significant reduction 
in hippocampal TLR-4 expression with a reduction in TNF-α and IL-1ß 
level in diabetic rats. FLU has been shown to reduce the stimulated 
proliferation of T-lymphocytes [48], it decreases NO synthesis and 
iNOS mRNA expression in microglial cells [49] and exerts modulatory 
effects on macrophages directing these cells toward anti-inflammatory 

Fig. 5: (a-c) Pearson’s correlation between hippocampal brain-derived neurotrophic factor protein with toll-like receptor-4, tumor 
necrosis factor-α, and interleukin-1ß proteins in the present study

c

ba

Fig. 6: (a and b) Pearson’s correlation between hippocampal 
toll-like receptor-4 protein with tumor necrosis factor-α and 

interleukin-1ß proteins in the present study

b

a

Factors  such  as  lipids  and  cytokines  provide  crosstalk 
between inflammatory and metabolic  signaling pathways that 
contribute  to  the  risk  of  developing  DM  and  depression.  Chronic 
inflammation  is  a  common  factor  in  the  pathogenesis  of  insulin 
resistance and type 2 DM, the activation of TLR-4 by free fatty acids, 
observed in type 2 DM, and subsequent upregulation of intracellular 
inflammatory  pathways  establish  a  link  between  the  innate 
immunity,  insulin  resistance,  type 2 DM,  and depression.  Mature 
human adipocytes express the LPS receptor, TLR-4, with activation
 leading to the secretion of TNF-α [46]. Indeed, numerous studies 
consistently  demonstrate  that  TLR-4  deficiency  protects 
against  the  development  of  diet-induced  obesity  and  insulin 
resistance [47].
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activity [50]. FLU reduced TLR expression with subsequent reduction 
in cytokine levels in a murine model of rheumatoid arthritis [51].

CONCLUSION

The results of this work alongside our previous work elucidate that 
chronic treatment with FLU and IMIP are comparable as regards their 
antidepressant and anti-inflammatory actions. FLU has a favorable 
effect over IMIP on metabolic and vascular aberrations associated with 
DM and CRS in Wistar rats, and this may suggest a preferable role of 
FLU over IMIP in the management of comorbid depression in diabetic 
subjects.
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