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Abstract
Rationale Depression is highly prevalent in diabetes (DM).
Brain-derived neurotrophic factor (BDNF) which is mainly reg-
ulated by the endoplasmic reticulum chaperon sigma-1 receptor
(S1R) plays a relevant role in the development of depression.
Objectives We studied the dose-dependent efficacy of S1R
agonist fluvoxamine (FLU) in the prevention of DM-
induced depression and investigated the significance of the
S1R-BDNF pathway.
Methods We used streptozotocin to induce DM in adult male
rats that were treated for 2 weeks p.o. with either different
doses of FLU (2 or 20 mg/bwkg) or FLU+S1R antagonist
NE100 (1 mg/bwkg) or vehicle. Healthy controls were also
enrolled. Metabolic, behaviour, and neuroendocrine changes
were determined, and S1R and BDNF levels were measured
in the different brain regions.

Results In DM rats, immobility time was increased, adrenal
glands were enlarged, and thymuses were involuted. FLU in
20 mg/bwkg, but not in 2 mg/bwkg dosage, ameliorated
depression-like behaviour. S1R and BDNF protein levels were
decreased in DM, while FLU induced SIR-BDNF production.
NE100 suspended all effects of FLU.
Conclusions We suggest that disturbed S1R-BDNF signaling
in the brain plays a relevant role in DM-induced depression.
The activation of this cascade serves as an additional target in
the prevention of DM-associated depression.
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Introduction

Diabetes mellitus (DM) and depression are both highly prev-
alent chronic diseases of the modern era. The International
Diabetes Federation predicts that 382 million people suffer
from DM worldwide and the number of cases will exceed
592 million in less than 25 years (Federation 2013).
Similarly to DM, depression also affects more than 350
million people globally (WHO 2014).

The two diseases often occur together. The prevalence of
depression is three times higher in people with type 1 DM
(DM1) and two times higher in type 2 diabetic (DM2) patients
(Roy and Lloyd 2012). The co-occurrence is associated with
elevated risk of DM-induced complications and higher mor-
tality and treatment costs (Park et al. 2013; Shrestha et al.
2013).

Although the causal effect of DM seems to be obvious, the
link is rather bi-directional (Chen et al. 2013; Golden et al.
2008). In the pathogenesis of DM and depression, several
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common pathways have already been identified including
immune-inflammatory mediators as well as endocrinological
and neurobiological factors. Among them, the role of brain-
derived neurotrophic factor (BDNF) has already been
highlighted (Korczak et al. 2011).

BDNF belongs to the neurotrophin subfamily and is mainly
involved in neurogenesis, neuronal apoptosis, regeneration,
and synaptic plasticity (Noble et al. 2011). It also plays a
crucial role in the pathophysiology of various neurodegener-
ative (Durany et al. 2000) and psychiatric disorders including
depression (Autry and Monteggia 2012). In the brain of de-
pressive patients, BDNF level is lower and correlates with
reduced hippocampus and prefrontal cortex size (Pandey
et al. 2008; Thompson Ray et al. 2011). BDNF is decreased
not only in the brain but also in the serum of patients with
bipolar disorders and depression (Cunha et al. 2006; Palomino
et al. 2006). Long-term treatment with various antidepressants
could normalize serum BDNF levels (Duman and Monteggia
2006; Sen et al. 2008).

Selective serotonin reuptake inhibitors (SSRIs) are the first
choice antidepressive treatment option both in the diabetic and
non-diabetic population (Coplan et al. 2014). Besides their
antidepressant properties, SSRIs, especially fluvoxamine
(FLU), are potent Sigma-1 receptor (S1R) agonists. S1R is
an endoplasmic reticulum (ER)-resident chaperon, which is
mainly expressed in the central nervous system and to a lesser
extent in the peripheral organs. S1R regulates several cellular
functions including protein folding, neurotransmitter release,
cellular differentiation, and survival (Hayashi and Su 2007;
Hayashi et al. 2011). Decreased S1R activity has been ob-
served in the development of depression (Kourrich et al.
2012). SSRIs with S1R agonist properties can modulate hip-
pocampal BDNF levels resulting in an antidepressive effect
(Hayashi and Su 2004; Yagasaki et al. 2006).

Although all these data underline the importance of S1R
and BDNF in the pathomechanism of depression, this path-
way has not been investigated in DM yet. Since SSRIs are the
most common antidepressants, we tested the importance of the
S1R-BDNF pathway in FLU treated diabetic rats.

Materials and methods

Animals

Six-week-old male Wistar rats weighing 175∼200 g were ob-
tained from Toxi-Coop Ltd (Dunakeszi, Hungary). Rats were
housed in plastic cages in groups of three under a 12-h light-
dark cycle at room temperature (22±2 °C) with free access to
standard rodent diet and tap water. Animal handling and ex-
perimental procedures followed the National Institutes of
Health guidelines and were approved by the Committee on
the Care and Use of Laboratory Animals of the Council on

Animal Care at the Semmelweis University of Budapest,
Hungary (PEI/001/380-4/2013).

Experimental groups and treatment protocols

DM1was induced by a single intraperitoneal (i.p.) injection of
65 mg/bwkg streptozotocin (STZ, Sigma Aldrich, Budapest,
Hungary) in a freshly prepared 0.1 M citrate buffer (pH 4.5).
Rats were considered diabetic if the peripheral blood glucose
concentration in three random samples was higher than
15 mmol/L 72 h after the injection of STZ. The age-matched
control rats received an equivalent volume of citrate buffer
and were used along with diabetic animals.

After 5 weeks, DM1 rats were randomly divided into five
groups (n=6–8/group) and were treated for 2 weeks by oral
gavage daily at 10:00 am as follows: group 1—D: D1 rats
treated with isotonic saline as vehicle; group 2—FLU20:
20 mg/bwkg fluvoxamine-maleate dissolved in saline
(Sigma Aldrich, Budapest, Hungary); group 3—FLU2:
2 mg/bwkg FLU; group 4—FLU20+NE100: 20 mg/bwkg
FLU + 1 mg bwkg−1N,N-dipropyl-2-[4-methoxy-3-
(2-phenylethoxy)-phenyl]-ethylamine monohydrochloride
(NE100, Tocris Bioscience, Bristol, UK) a specific S1R
receptor antagonist; group 5—FLU2+NE100: 2 mg/bwkg
FLU+1 mg/bwkg NE100.

Age-matched, non-diabetic control rats (C) were treated
with saline by oral gavage daily for two 2 weeks at the same
time as the diabetic animals.

At the end of the experimental protocol, all rats were anaes-
thetized with a mixture of 60 mg/bwkg ketamine and 5 mg/
bwkg xylazine (rats did not receive drug treatment on this
day). Blood samples were taken from the abdominal aorta.
The brain and thymus and adrenal glands were collected; the
hippocampus and prefrontal area were separated and immedi-
ately snap-frozen for further investigation.

Behaviour tests

Treatment protocol is summarized in Suppl. Fig. 1. All behav-
ioural tests were performed after the oral gavage treatment and
were conducted in a weakly illuminated room (15 W). Three
days before the end of the 7-week experimental period, all
animals were tested for locomotor activity by open field test.

Depressive-like behaviour was evaluated by forced swim
test (FST); the pre-test was measured 24 h after the open field
test, and the test session was conducted 24 h after the pre-test.
Rats were sacrificed for tissue collection 24 h after the FST
(Online Resource 1).

Open field test

The open field test is a simple sensorimotor test to determine
the general and locomotor activity and exploratory behaviour
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of rodents (Bronikowski et al. 2001). The open field test was
performed in a square arena surrounded by a wall
(100×100×60 cm box). The floor was virtually divided into
squares (10×10 cm). Rats were individually placed into the
centre of the field and allowed to explore freely for 10 min.
The behaviour was recorded with a Sony DCR-SX21E video
camera recorder, and the horizontal locomotory parameter
(number of squares crossed) was evaluated manually later
by an observer blind to the treatment protocol. The open field
box was cleaned between assessments with water.

Forced swim test

FST is the most widely used model for assessing
antidepressant-like activity in rats due to its good face and
predictive validity (Willner 1984; Slattery and Cryan 2012).
This model was described by Porsolt et al. (Porsolt et al.
1978), and it is based on the observation that rodents follow-
ing initial escape-oriented movements rapidly adopt a charac-
teristic immobile posture in water. Rats were placed in the
cylinder (60-cm tall, 14 cm in diameter filled with tap water
(24±1 °C) at a height of 30 cm) to ensure that animals could
not touch the bottom of the container with their hind paws or
their tails. The animals were forced to swim for a 15 min
period (pre-test) and 24 h later were subjected to a 5-min test
session. After the sessions animals were removed from the
water, gently dried with towels, and placed back into their
home cages. Water in the tank was changed after each animal.
The behaviour of the animals was recorded and later analysed
by two observers blind to the treatment protocol using a
computer-based time analyser. During the test session, the
time spent in mobility (escape-directed behaviour) and immo-
bility was followed and analysed by two independent
observers in a blinded fashion.

Measurement of metabolic and neuroendocrine
parameters

The development of DM was followed by measurement of
serum glucose and fructosamine levels. Additional metabolic
serum parameters (triglycerides, total cholesterol, glutamate-
oxaloacetate transaminase (GOT) and glutamate-pyruvate
transaminase (GPT)) were also evaluated with commercially
available kits on a Hitachi 912 photometric chemistry
analyser.

Depression is a stress-related disorder and many changes
observable in depressive patients resemble a chronic stress
state (Duman andMonteggia 2006). In animals, chronic stress
is also characterized by lower body weight, adrenal hyperpla-
sia, and thymus involution (Varga et al. 2011). Therefore, we
measured these neuroendocrine parameters in the present
experiment.

BDNF ELISA

Blood samples of rats were collected in anticoagulant-free
tubes. After a centrifugation at 3600 rpm for 6 min centrifu-
gation, serum was separated and BDNF was measured using
commercially available sandwich enzyme-linked immunosor-
bent assay (ELISA) kit (R&D Systems, Minneapolis MN,
USA) following manufacturer’s directions. Samples were di-
luted to 1:10 and were loaded in duplicates. The absorbance
was measured at 450 nm with wavelength correction at
570 nm using a Plate Chameleon V Fluorometer-
Luminometer-Photom reader (Hidex, Turku, Finland).
Relative concentration was calculated using the absorbance
values of known concentrations of standard BDNF and was
expressed as pg/mL.

BDNF and S1RWestern blot analysis

Pro and mature BDNF levels were measured in the hippocam-
pus and most affected by depression (Korczak et al. 2011).
Brain samples were homogenized in a lysis buffer containing
50 mmol/L HEPES, 150 mmol/L NaCl, 1 % Triton X-100,
5 mmol/L EDTA, 5 mmol/L EGTA, 20 mmol/L sodium py-
r o p h o s p h a t e , 2 0 mm o l / L N a F, 0 . 2 m g / m L
phenylmethylsulfonyl fluoride, 0.01 mg/mL leupeptin, and
0.01 mg/mL aprotinin (pH 7.4). Protein concentration was
determined in triplicates by a detergent-compatible protein
assay with bovine serum albumin (Sigma Aldrich, Budapest,
Hungary) as standard. Samples loaded with 40-μg protein/
lane were separated on 12 % SDS polyacrylamide gel and
transferred to nitrocellulose membranes. All reagents were
purchased from Bio-Rad (Budapest, Hungary). Membranes
were stained with Ponceau S, then washed and blocked with
2 % BSA (for BDNF measurement) or 5 % non-fat milk
(for S1R measurement) in Tris-buffered saline (TBS) and
were incubated overnight at 4 °C with primary antibodies:
BDNF (1:1000, Santa Cruz Biotechnology, Heidelberg,
Germany) and S1R (1:500, Santa Cruz Biotechnology,
Heidelberg, Germany). The membranes were washed in
TBS buffer containing 0.05 % Tween-20 and incubated with
the corresponding horseradish peroxidase conjugated second-
ary antibodies (1:6000 anti-goat for BDNF and 1:2000 anti-
rabbit for S1R, Santa Cruz Biotechnology, Heidelberg,
Germany) for 1 h at room temperature. Bound antibodies were
visualized by enhanced chemiluminescence detectionWestern
Blotting Detection kit (GE Healthcare Life Sciences,
Budapest, Hungary). Positive immunoreactive bands were
quantified densitometrically (Versadoc, Quantity One
Analysis software; Bio-Rad, Hungary) as integrated optical
density (IOD) after subtraction of background. The IOD was
factored for Ponceau S staining to correct for any variations in
total protein loading. Protein abundance was represented as
IOD/Ponceau S compared to controls.
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RNA isolation and qRT-PCR

Total RNAwas isolated from the hippocampus and prefron-
tal area by Total RNAMini Kit (Geneaid Biotech Ltd., New
Taipei City, Taiwan). The quality and quantity of isolated
RNA were measured on NanoDrop ND-1000 spectropho-
tometer (BCM, Huston, TX, USA). To generate the first-
stranded cDNA, first Strand cDNA Synthesis Kit for
RT-qPCR (Thermo Fisher Scientific, Waltham, MA,
USA) was used. The messenger RNA (mRNA) expression
of S1R, BDNF, and 18S ribosomal RNA (RN18S) was
determined by real-time RT-PCR using LightCycler 480
system (Roche Diagnostics, Mannheim, Germany).
Primer pairs were designed by Lasergene PrimerSelect
software version 7.1.0 (DNASTAR, Madison, WI, USA)
based on nucleotide sequences from NCBI’s nucleotide
database (Table 1). The reaction mix contained 10 pmol/
μL of each PCR primers (IDT, Coralville, Iowa, USA),
10 μL of LightCycler 480 SYBR Green I Master enzyme
mix, and 1 μL of cDNA. Results were analysed by
LightCycler 480 software version 1.5.0.39 (Roche
Diagnostics, Mannheim, Germany). mRNA expression of
S1R and BDNF was determined by comparison with
RN18S as an internal control from the same samples.

Statistical analysis

All results are expressed as mean±SEM. Significances were
calculated using one-way ANOVA followed by Bonferroni
post hoc tests using Graphpad Prism 5.0 software. For
non-parametrical data, the Kruskal–Wallis ANOVA on ranks
was evaluated. p<0.05 was considered significant.

Results

Effect of FLU treatment on metabolic parameters

All investigations were performed after 7 weeks of DM.
Metabolic parameters are detailed in Table 2. DM was
characterized by lower final body weight (C, 331±6.66 vs.

D, 266±11.6; F(5, 37) =4.2, p<0.01), less total weight gain
(F(5, 41) = 5.4, p < 0.001), elevated serum glucose
(F(5, 38) = 21,9, p<0.001), fructosamine (F(5, 35) = 60.8;
p<0.0001), triglycerides (F(5, 41)=10.7; p<0.001), and total
cholesterol (F(5, 41)= 19.8; p<0.001) levels. Neither FLU
alone nor in combination with NE100 influenced blood
glucose and fructosamine. Both FLU doses decreased
hyperlipidaemia (serum triglycerides and total cholesterol) in
diabetic rats. NE100 did not suppress the effect of FLU
suggesting that the antilipidaemic effect is S1R independent.
Serum levels of liver enzymes (GOT, GPT) did not change
in any of the groups. FLU treatment in control animals
did not influence any of the investigated parameters (Online
Resource 2).

Neuroendocrine parameters and serum BDNF

In diabetic animals, relative adrenal weight was increased
(F ( 5 , 37 ) = 4 .5 , p < 0 .01 ) , wh i l e t hymus we igh t
(F(5,36) = 11.3, p < 0.001) was decreased compared to
controls. Serum BDNF levels were lower in diabetic rats vs.
controls (F(5,35)=13.7, p<0.0001).

Neither FLU alone nor in combination with NE100 had
any effect on organ weights or on serum BDNF levels in
diabetic rats vs. controls (Table 3).

FLU ameliorates the depression-like behaviour of diabetic
rats

While horizontal locomotor activity was lower in diabetic an-
imals than in controls, neither FLU nor NE100 treatment had
any effects confirming that the subsequent behavioural analy-
sis was not distorted by this parameter (Fig. 1).

Diabetic rats spent more time in immobility/floating
(F(5,31) = 10,7; p< 0.001) compared to controls indicating
the development of DM-induced depressive-like behav-
iour. A dose-dependent effect of FLU was observed during
the FST. Immobility was decreased in FLU20 rats, while
the FLU2 dose was ineffective. Specific S1R antagonist
NE100 suspended the beneficial effect of 20 mg/bwkg
FLU (Fig. 1).

Table 1 Sequence of forward
and reverse primers for qRT-PCR Gene NCBI reference Primer pairs Product

length (bp)

BDNF NM_001270630.1 Forward: 5′ CGGCCCAACGAAGAAAACCATAAG 3′ 157
Reverse: 5′ AGTGGCGCCGAACCCTCATAGA 3′

S1R NM_030996.1 Forward: 5′ GAGTATGGCCGGGGTGTTATTCC 3′ 104
Reverse: 5′ TAGGCGCGAAGGGTATAGAAGAGG 3′

RN18S NR_046237.1 Forward: 5′ GCGGTCGGCGTCCCCCAACTTCTT 3′ 105
Reverse: 5′ GCGCGTGCAGCCCCGGACATCTA 3′
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Protein levels of pro, mature BDNF, and S1R
in the hippocampus and prefrontal area

Since FLU2 had no effect on depressive-like behaviour, only
the 20 mg/bwkg FLU dose was further used. Protein levels
of pro (Fhippocampus (3, 28) = 6.88; p< 0.01; Fprefrontal area

(3, 28) = 7.78; p < 0.001) and mature (Fhippocampus

(3, 28) = 14; p< 0.001; Fprefrontal area (3, 28) = 6; p< 0.01)
BDNF and also S1R (Fhippocampus (3,32) =9.69, p<0.0001;
Fprefrontal area (3, 28) = 20.9; p< 0.001) were lower in the
hippocampus and prefrontal cortex of diabetic rats vs.
controls (Fig. 2a-h).

FLU treatment increased the level of all proteins (both
BDNF forms and S1R), while NE100 suspended the effect
of FLU (Fig. 2a-h) in both diabetic brain regions. FLU treat-
ment in control animals did not influence any of the investi-
gated protein levels (Online Resource 3).

RNA expression of BDNF and S1R in the hippocampus
and prefrontal area

Total RNA expression of BDNF and S1R did not change in
any of the groups in the hippocampus or in the prefrontal area
as demonstrated in Fig. 3.

Discussion

Chronic depression is frequent among diabetic patients
and negatively impacts disease progression, mortality,
and DM-induced complications (Katon et al. 2008;
Zhang et al. 2005). Even so, the pathophysiological con-
nections between DM and depression have not been wide-
ly studied yet. Here, we showed that DM induces the
development of depression-like neuroendocrine and be-
havioural changes, and we highlighted the importance of
the S1R-BDNF pathway in the comorbidity of these
diseases.

Previously, we reported (Zelena et al. 2005; Zelena et al.
2006; Zelena et al. 2007) that untreated DM-induced
chronic stress per se resulted in adrenal enlargement and
thymus involution in mice. In line with these findings and
also with other the literature (Reus et al. 2012), here, we
also showed that DM-induced chronic mild stress in rats
elicited the development of these neuroendocrine changes.
In parallel, here, we demonstrated that depression-like be-
haviour develops in STZ-diabetic rats as well. It is known
that during chronic stress induced by various factors in-
cluding metabolic changes and/or depression, the hypotha-
lamic–pituitary–adrenal (HPA) axis is activated (Chan

Table 2 Metabolic parameters were measured in control and diabetic animals(D) treated for 2 weeks per os with fluvoxamine (FLU) in a dose of
20 mg/bwkg (D+FLU20) or 2 mg/bwkg (D+ FLU2) or FLU+ 1 mg/bwkg S1R antagonist NE100

Parameters Control Diabetic (D) D+ FLU20 D+FLU20+NE100 D+FLU2 D+FLU2+NE100

Total weight gain (g) 136 ± 9.05 66.8 ± 9.49*** 91.2 ± 12.6* 67.1 ± 14.7*** 85± 12.5** 87.5 ± 5.90*

Se-blood Glucose (mmol/L) 12.3 ± 0.59 44.5 ± 3.22*** 34.5 ± 2.27*** 48.0 ± 2.08*** 30.2 ± 4.61*** 39.7 ± 2.67***

Se-fructosamine (μmol/L) 149 ± 2.17 254 ± 3.48*** 252 ± 7.58*** 267 ± 7.66*** 242 ± 4.86*** 264 ± 11.1***

Se-triglycerides (mmol/L) 0.75 ± 0.09 2.79± 0.43*** 1.26 ± 0.09§§§ 1.80 ± 0.20*** 1.26 ± 0.25§§§ 1.78 ± 0.43**

Se-total cholesterol (mmol/L) 1.87 ± 0.09 2.43± 0.08** 1.96 ± 0.06§ 2.09 ± 0.11 1.72 ± 0.12§§§ 1.84 ± 0.11

Se-GOT (U/L) 184 ± 14.6 188 ± 25.7 209 ± 26.4 179 ± 21.4 203 ± 20.5 189 ± 11.6

Se-GPT (U/L) 52.5 ± 1.89 68.4 ± 8.01 74.5 ± 3.18 72.6 ± 7.14 74.0 ± 6.70 72.6 ± 13.8

All data are represented as mean± SEM. n= 7–8/group

Se-GOT serum glutamate-oxaloacetate transaminase, Se-GPT serum glutamate-pyruvate transaminase
* p< 0.05; ** p< 0.01; *** p< 0.001 vs. C; § p < 0.05 vs. D; §§§ p < 0.001 vs. D

Table 3 Relative weight of the adrenal glands, thymus, and serum
BDNF level were measured in control and diabetic animals treated for
2 weeks per os with FLU in a dose of 20 mg/bwkg (D+ FLU20) or 2 mg/

bwkg (D+FLU2) or FLU+1 mg/bwkg S1R antagonist NE100. Adrenal
and thymus/body weight ratios are expressed as absolute weight (mg)/
body weight (g) × 1000

Parameters Control Diabetic (D) D+FLU20 D+FLU20+NE100 D+FLU2 D+FLU2+NE100

Relative weight of adrenal glands (g/bwkg) 0.11 ± 0.00 0.18 ± 0.01** 0.20 ± 0.01** 0.20 ± 0.02** 0.19 ± 0.01** 0.20 ± 0.02**

Relative weight of thymus (g/bwkg) 1.64 ± 0.14 0.82 ± 0.12*** 0.80 ± 0.07** 0.73 ± 0.08** 0.69 ± 0.06** 0.64 ± 0.16**

Serum BDNF level (μg/ml) 7.78 ± 0.78 3.78 ± 0.21*** 3.66 ± 0.43** 3.62 ± 0.30** 4.61 ± 0.45** 2.89 ± 0.38***

Results are expressed as mean ± SEM; n= 7–8/group
** p< 0.01 vs. C; *** p < 0.001 vs. C
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et al. 2003). Therefore, we postulate that the increased size
of adrenal glands and smaller thymus volume could also be
the consequence of hyperglycemia and/or chronic stress-
induced hyperactivation of the HPA axis further supporting
the putative link between DM and depression.

SSRIs are the routinely recommended treatment for de-
pressed patients even with DM due to their high efficacy
and tolerability (Markowitz et al. 2011). It is widely accepted
that SSRIs reduce depressive-like behaviour in animal models
of depression (Sanchez and Meier 1997). Accordingly, treat-
ment with FLU at the dose of 20 mg/bwkg, but not at the dose
of 2 mg/bwkg, ameliorated depression-like behaviour in the
present animal model of DM. Dose-dependency and chronic
administration of FLU in diabetic animals have not been stud-
ied as yet.

To our best knowledge, we are the first who used chron-
ic treatment with FLU to treat DM1-associated depressive-
like behaviour. We demonstrated that chronic administra-
tion of FLU successfully reduced depressive-like behav-
iour in a dose-dependent manner. While 2 mg/bwkg FLU
had no effect, chronic treatment with a higher dose (20 mg/
bwkg) reversed the DM-induced depression-like moving
pattern.

Our results also suggest that the antidepressant effect of
FLU is not only the result of serotonin reuptake inhibition,
but S1R activation also plays a significant role. Among
SSRIs, FLU is the most potent S1R agonist (Ki, 36 nM)
(Narita et al. 1996). S1R agonists promote S1R dissociation
from chaperone binding immunoglobulins, thereby stimulat-
ing S1R chaperone activity and resulting in neuroprotection
(Hashimoto 2015). S1R and its agonists have been implicated

in the pathophysiology of depression through the modulation
of various neurotransmitters and structural changes in the
brain (Fishback et al. 2010).

The relevance of S1R in diabetes was investigated only
in one study showing that S1R expression in the brain
decreased after 10 weeks of DM, but the effect of FLU
was not measured at all (Mardon et al. 1999). Here, we
found that the decreased level of S1R after 7 weeks of
DM was raised by FLU. Furthermore, we provide evidence
that the antidepressant effect of FLU is highly S1R-depen-
dent, since depressive-like behaviour was not reduced in
diabetic animals with the addition of NE100. Our observa-
tion confirms the result of a genetic model of depression,
where the dose-dependent antidepressant effect of FLU
was suspended by another S1R antagonist BD1047
(Sugimoto et al. 2012).

S1R regulates the secretion of BDNF, which is initially
synthesized as pre-proBDNF in the ER, then, it is
transported to the Golgi. ProBDNF is either directly secret-
ed from cells or cleaved intracellularly by furin. The con-
version process to mature BDNF may be completed extra-
cellularly by different metalloproteases (Mizoguchi et al.
2011). Both pro- and mature BDNF are biologically active
eliciting opposing effects. ProBDNF is pro-apoptotic,
while mature BDNF activates pro-survival signaling. The
transformation or the relation of the two forms is poorly
discussed; in most studies, only total BDNF level was mea-
sured (Etemad et al. 2015). Only in studies investigating
aging-associated cognitive function, learning, and neuro-
nal plasticity were the two isoforms of BDNF separately
measured (Perovic et al. 2013; Wetsel et al. 2013).

Fig. 1 Effects of fluvoxamine
(FLU) on depressive-like
behaviour in diabetic rats. Forced
swim test and open field test were
performed in control and diabetic
animals treated for 2 weeks per os
with FLU in a dose of 20 mg/
bwkg (D+FLU20) or 2 mg/bwkg
(D+ FLU2) or FLU+1 mg/bwkg
S1R antagonist NE100.
Swimming, struggling, and
diving represent active
parameters, while floating reflects
immobility. Each moving pattern
of mobility and immobility were
calculated in percentage of time.
Values are presented as mean
± SEM; n = 6–8/group. *p < 0.05
vs. C; **p< 0.01 vs. C;
***p< 0.001 vs. C; §p < 0.05 vs.
D; #p< 0.05 vs. D + FLU20
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Depression-related changes of the distinct forms were de-
termined only in the sera, but not in the brain (Niitsu et al.
2014; Yoshimura et al. 2014).

To our best knowledge, we are the first to show both
forms of BDNF in DM-associated depression. We also
demonstrated that both in the hippocampus and in the pre-
frontal cortex FLU increased total and isoform specific

BDNF protein levels without changing the mRNA expres-
sion, which suggests that the increased protein level of
BDNF after FLU treatment is not transcriptionally driven.
Our results confirm the findings of Fujimoto et al. showing
that cutamesine—another S1R agonist—also potentiates
the post-translational processing of BDNF instead of in-
creasing its mRNA transcription (Fujimoto et al. 2012).

Fig. 2 Protein level of pro,
mature BDNF, and S1R in the
hippocampus and prefrontal area.
Top panels (a, b) are
representative examples of
immunoblots of a 28-kDa
precursor BDNF (proBDNF), 14-
kDa mature BDNF (mBDNF),
and 25-kDa Sigma 1-receptor
(S1R) in non-diabetic controls (C)
or in diabetic animals (D) or in
diabetic rats treated with 20 mg/
bwkg fluvoxamine (D+FLU20)
and FLU20+ 1 mg/bwkg S1R
antagonist NE100 (D+ FLU20 +
NE100). Lower panels (c–h)
show the protein level of
proBDNF, mBDNF, and S1R. All
data are shown as mean ± SEM;
n= 7–8/group. *p< 0.05 vs. C;
**p< 0.01 vs. C; ***p< 0.001 vs.
C; §p< 0.05 vs. D; §§p< 0.01 vs.
D; §§§p < 0.001 vs. D; #p< 0.05
vs. D +FLU20; ###p< 0.01 vs.
D + FLU20, ###p< 0.001 vs. D +
FLU20. The protein abundance
was represented as IOD/Ponceau
S vs. controls
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All these data suggest that S1R agonists have a unique
post-translational action on BDNF, and we hypothesize
that the lower level of S1R in DM contributes to the dec-
rement of mature BDNF in the brains of diabetic rats. Since
mature BDNF activates pro-survival signals, we also pos-
tulate that increased secretion of BDNF via enhanced S1R
chaperon activity induced by FLU may prevent neuronal
cell death in DM.

One should note the possible disadvantages of chronic
SSRI treatment. Drug-induced liver injury is one of the most
frequently reported adverse effects of SSRIs. In the present
study, serum liver enzymes were unaltered supporting the
clinical observation that FLU is the least hepatotoxic among
SSRIs (Voican et al. 2014).

Antidepressants are also assumed to significantly alter
glucose homeostasis. However, there are only two studies
saying that FLU induces hyperglycemia; a transient in-
crease in blood glucose level was documented after acute
FLU treatment in non-diabetic mice (Yamada et al. 1999).
The other study is a case report of a DM2 woman with
depression, where FLU elevated the random blood glucose
level (Oswald et al. 2003). The effect of FLU in DM1 has
not been studied at all. In our study, blood glucose levels
tended to be lower in FLU-treated rats than in the untreated

ones at the end of the experiments; however, this decre-
ment was not significant. Furthermore, chronic FLU ad-
ministration did not influence serum fructosamine values
suggesting that FLU does not alter glucose homeostasis
significantly on the long run.

Abnormalities of lipoprotein metabolism contribute to the
development of atherosclerosis and are independent risk fac-
tors of cardiovascular mortality in diabetic patients (Reddy
et al. 2015). The effect of FLU on serum lipid panel has been
poorly investigated. There are only a few studies showing that
FLU reduces cholesterol levels and has beneficial effects on
the lipid panel (de Zwaan and Nutzinger 1996; Tse et al.
2014). Here, we confirm that FLU decreases DM-induced
hyperlipidaemia, which seems to be independent of the S1R
pathway.

In conclusion, we are the first to investigate the differ-
ent forms of BDNF in the type 1 diabetic rat brain. We
suggest that the S1R-BDNF pathway is also a possible
contributing factor of DM-associated depression which
can be effectively influenced by FLU. Altogether, FLU
is a promising and safe treatment option; however,
population-based larger studies are needed to prove the
clinical benefits of S1R agonists in patients suffering from
DM-associated depression.

Fig. 3 RNA expression of
BDNF and S1R in the
hippocampus and prefrontal area.
Total RNA of BDNF and Sigma
1-receptor (S1R) expression was
determined in non-diabetic
controls (C) or in diabetic animals
(D) or in diabetic rats treated with
20 mg/bwkg fluvoxamine (D+
FLU20) and FLU20+ 1 mg/
bwkgS1R antagonist NE100
(D+ FLU20+NE100). Total
RNAwas represented by
comparison with RN18S as
internal control from the same
samples. All data are shown as
mean ± SEM; n = 7–8/group. NS
non-significant
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