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suggests that changes in the GSH-dependent defense sys-
tem, NF-κB activation and increased IL-6 protein expres-
sion may have a role in social isolation-induced changes in 
a rat model of depression and anxiety, and contributes to 
our understanding of the mechanisms that underlie the anti-
depressant and anti-inflammatory activity of Flx in socially 
isolated rats.
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Introduction

Exposure of an organism to various chronic stressors may 
result in oxidative stress that leads to the activation of intra-
cellular signaling pathways  involved in psychiatric disor-
ders [1]. Particularly interesting are those stressors with a 
psychosocial component, whereby chronic psychosocial 
stress in adulthood modulates brain structure and func-
tion, and may result in cognitive deficits and an increased 
risk of psychiatric disorders [2–4]. During chronic stress, 
overproduction of reactive oxygen/nitrogen species (ROS/
RNS) triggers redox dysregulation, leading to oxidative/
nitrosative damage to brain structures [5]. Hence, impaired 
glutathione (GSH) regulation, or compromised activity of 
enzymes involved in the GSH-dependent defense system, 
such as glutathione peroxidase (GPx), and glutathione 
reductase (GLR) as well as glutathione S-transferase 
(GST), may contribute to the pathophysiology of depres-
sion [6]. In addition, catalase (CAT) plays an important role 
in protection from oxidative stress [7]. Moreover, oxidative 
stress may be related to inflammation [8], as inflammatory, 
oxidative and nitrosative stress pathways are key features 
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of depression and anxious behavior [1]. Also, changes of 
these factors show strong overlaps between depression and 
related disorders, such as schizophrenia, which include 
depressive mood episodes [9]. Interleukin-6 (IL-6) and 
interleukin-1β (IL-1β) are inflammatory cytokines that 
have been reported to be elevated in the serum or plasma 
of depressed patients [10, 11]. An important mediator of 
the inflammatory response is nuclear factor-κB (NF-κB), 
which is activated by oxidative and nitrosative stress and 
in turn activates the production of cytokines involved in 
inflammatory responses [12]. NF-κB-dependent inflam-
mation has been demonstrated to contribute to anxiety-like 
behavior in rats following sub-chronic oxidative stress [13].

Fluoxetine (Flx) is an antidepressant that belongs to the 
class of selective serotonin reuptake inhibitors (SSRI) that 
are the first therapeutic choice for the treatment of depres-
sion [14]. In addition to an elevation in serotonin, second-
ary long-term downstream effects of Flx, such as neuro-
genesis [15], neuronal plasticity [16] and the attenuation of 
hypothalamic–pituitary–adrenocortical (HPA) axis reactiv-
ity [17], may also be involved in the alleviation of depres-
sive symptoms. Previous studies have shown that Flx has 
neuroprotective activity against depressive-like behavior 
in rats exposed to restraint stress, in which its antidepres-
sant properties have been attributed to its potent antioxidant 
[18] and anti-inflammatory effects [19]. However, the exact 
molecular mechanisms that underlie the antidepressive 
effect of Flx with regard to the suppression of oxidative 
stress and anti-inflammatory effect remain unclear.

The aim of this study was to examine the effects of 
3 weeks of Flx treatment (15 mg/kg/day) on behavioral 
changes of socially isolated rats and on the GSH-dependent 
defense system as well as CAT. We also explored the effects 
of Flx on the cytosolic/nuclear distribution of NF-κB and 
cytosolic IL-1β and IL-6 protein expression. These param-
eters were assessed in the hippocampus of rats exposed 
to 6 weeks of social isolation, which is an animal model 
for depression. We used chronic social isolation (CSIS), 
a mild psychosocial stress that has been shown to evoke 
a variety of neurochemical and neuroendocrine changes 
in rats similar to those observed in people with psychiat-
ric disorders, including depression [20] and schizophrenia 
[21]. Recently, we demonstrated that 3 weeks of CSIS was 
able to diminish interest in rewarding stimuli, evidenced 
by reduced preference for sucrose solution and compro-
mised superoxide dismutases (SODs) activity, resulting in 
ROS defense inefficiency [22, 23]. This is in line with the 
notion that repeated antidepressant treatments can antago-
nize stress-induced anhedonia [24, 25]. The question of 
how chronic antidepressant treatment induced reversal of 
psychosocial stress-induced oxidative stress may coincide 
with the normalization of behavioral changes has not yet 
been fully addressed. We postulated that CSIS-induced 

depressive- and anxiety-like behaviors may be associated 
with altered GSH-dependent antioxidative defense system 
and increased proinflammatory cytokines, which may be 
reversed by Flx. Understanding the role of proinflamma-
tory cytokines in the pathophysiology of depression may 
also help to identify characteristics of treatment-resistant 
depression. The hippocampus was chosen as it is a brain 
structure responsible for the regulation of the HPA stress 
response and undergoes structural and physiological altera-
tions following chronic stress exposure.

Experimental procedures

Animals

Adult male Wistar rats (2.5 months old) were housed under 
standard conditions in groups of four per cage in a temper-
ature 20 ± 2 °C, humidity 55 ± 10% with access to water 
and food (commercial rat pellets) ad libitum. All animals 
were maintained under a 12 h light/dark cycle (lights on 
0700–1900 h). All experimental procedures were carried 
out in accordance with the Ethical Committee for the Use 
of Laboratory Animals of the Institute of Nuclear Sciences 
“Vinča”, which follows the guidelines of the registered 
“Serbian Society for the Use of Animals in Research and 
Education”, license 323-07-01893/2015-05.

Preparation of fluoxetine‑hydrochloride solution

Flunisan tablets (containing 20 mg of fluoxetine-hydro-
chloride) were purchased from Hemofarm AD Vršac, with 
the reference standard obtained from the same company. 
To prepare the fluoxetine-hydrochloride (hereafter referred 
to as Flx) solution for treatment, Flunisan tablets were 
crushed and dissolved in distilled, sterile water with the aid 
of ultrasound, and filtered through Whatman No. 42 filter 
paper. Maximal fluoxetine solubility in water is reported to 
be 50 mg/ml (http://www.drugbank.ca/drugs/DB00472). 
The concentration of the Flx solution was determined using 
ultra performance liquid chromatography (UPLC) analysis 
[26]. The actual concentration of Flx in our solution was 
4.2 mg/ml, accompanied with an unknown concentration of 
the tablet’s excipients. This Flx concentration, together with 
rats’ weights, determined once a week, was used to calcu-
late volume of drug solution (1.0–1.5 ml) which should be 
administered to each animal to achieve the target dose. We 
treated the animals with 15 mg/kg/day of Flx solution intra-
peritoneally (i.p.) for a period of 3 weeks, which resulted 
in a mean (±SEM) serum concentration of 280 ± 29 ng/
ml in Flx-treated controls and 230 ± 6 ng/ml in Flx-treated 
CSIS animals, as measured 24 h after the last treatment 
[27]; these serum Flx levels are similar to those reported in 
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human patients treated with therapeutically effective doses 
of 20–80 mg/day Prozac (100–700 ng/ml) [28]. There was 
no significant difference between Flx-treated controls and 
Flx-treated CSIS animals which is in agreement with the 
findings of Czéh et al. [29].

Study design

At the onset of experiment, the animals were randomly 
divided into control rats, housed in groups of four ani-
mals per cage, and rats that underwent chronic social iso-
lation (CSIS) stress for 6 weeks. CSIS rats were housed 
individually and deprived of any visual or tactile contacts 
with other animals, but had normal auditory and olfac-
tory experiences, according to the model of Garzón and 
Del Río [30]. After 3 weeks, Flx was administered i.p. at 
a dose of 15 mg/kg/day. Flx treatment was administered to 
controls and the CSIS group (Cont + Flx and CSIS + Flx, 
n = 9 rats in each group) during the last 3 weeks of social 
isolation in CSIS animals. Both vehicle groups received 
daily i.p. injections of physiological saline (0.9% NaCl) 
(Cont + Veh and CSIS + Veh, n = 9 rats in each group) 
under conditions matching those of the Flx-treated groups 
(Fig. 1). Behavioral studies, such as sucrose preference and 
marble burying tests were carried out between 1200 and 
1600 h.

Behavioral testing

Sucrose preference test

The relative preference for a sucrose solution versus water 
provides a simple measure to assess anhedonia, a common 
characteristic of depression [31]. Animals were individu-
ally placed in separate plastic cages and presented simul-
taneously with two preweighed bottles (±0.1 g) contain-
ing 0% (tap water) or 2% sucrose solution for 3 days, with 
fluid intake monitored for 1 h. Rats were not deprived of 
food or water to avoid any stress related to these proce-
dures. To eliminate potential side preferences, the position 
of bottles was alternated across days. The sucrose prefer-
ence (SP) test was calculated using the formula SP = [con-
sumed sucrose solution/total liquid consumed (sucrose 
solution + water)] × 100. The SP test was conducted 
prior to the start (baseline) and at the end of the third and 
sixth week of the experiment. Attenuated sucrose intake in 
this test is hypothesized to model anhedonia by reflecting 
impaired sensitivity to rewards.

Marble burying test

The marble burying (MB) test was used to measure anxi-
ety-like behavior [32]. Each animal was individually placed 

in a separate plastic cage with a 2-cm-thick layer of bed-
ding (aspen shavings). Briefly, six glass marbles (2.5 cm 
in diameter) were placed along a side wall of each cage, 
and the behavior of rats was observed during a 30-min test 
period. After 30 min, the animals were removed from the 
cages and the number of buried marbles (with at least two-
thirds of the surface covered with bedding) was assessed. 
The MB test was performed prior to the start (baseline) and 
at the end of the third and sixth week of the experiment. 
MB behavior reflects an active effort in rodents to hide 
unfamiliar objects in bedding and may indicate anxiety-like 
behavior [32].

Preparation of nuclear/cytosolic fractions from the rat 
hippocampus

Animals were deeply anesthetized with ketamine/xylazine 
(100/5 mg/kg i.p.), transcardially perfused with physiologi-
cal saline and then killed by guillotine decapitation. The 
whole brain was immediately removed and the hippocam-
pus was dissected on ice. To obtain cellular fractions, hip-
pocampi were homogenized at 4 °C using 20 strokes of a 
Potter–Elvehjem glass homogenizer with a Teflon pestle 
in cold homogenization buffer containing 0.25 M sucrose, 
10 mM Tris/HCl (pH 7.4) containing a protease inhibi-
tor cocktail tablet (complete tablets, Mini, EASY pack, 
Roche). The samples were centrifuged at 1000×g at 4 °C 
for 10 min to obtain the pellet of nuclei [23]. The obtained 
supernatant (S1) was further centrifuged at 15,000×g at 
4 °C for 25 min and the resulting supernatant (S2) was fur-
ther centrifuged at 100.000×g at 4 °C for 60 min to obtain 
the cytosolic fraction which were stored at −70 °C until 

Fig. 1  Schematic representation of the study design. Veh vehicle (rats 
treated with 0.9% NaCl), Flx fluoxetine (rats treated with 15 mg/kg/
day of fluoxetine-hydrochloride), Cont controls, CSIS chronic social 
isolation. Refer to section “Study design” for detailed description
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experimental work. The protein concentration was meas-
ured by the method of Lowry et al. [33] using purified 
bovine serum albumin as a standard.

Biochemical assays

GSH was determined from freshly prepared cytosol frac-
tion according to Ellman’s method and modified by Hissin 
and Hilf [34]. The activity of cytosolic GPx was assayed at 
340 nm, using a Ransel kit (Randox Laboratories, Crumlin, 
UK). The activity of cytosolic GLR was assayed accord-
ing the method of Carlberg and Mannervik [35]. GPx and 
GLR activities were calculated using molar extinction coef-
ficients of nicotinamide adenine dinucleotide phosphate 
(NADPH) (6.2 mM−1cm−1) and were expressed as mU/mg 
of proteins, where 1 U is the amount of GPx or GLR neces-
sary for conversion of 1 µmol of NADPH into  NADP+ in 
one minute, per mg of proteins in sample. Cytosolic GST 
activity was assessed at 340 nm, using 1-chloro-2,4-dini-
trobenzene (CDNB) as a substrate, as described by Habig 
et al. [36]. GST activity was expressed as mU/mg of pro-
teins by measuring the rate of GSH-CDNB conjugate for-
mation using extinction coefficient of 9.6 mM−1cm−1 
for CDNB. Cytosolic CAT activity was measured using 
the method of [37], in which a decrease in absorbance at 
240 nm was measured, CAT activity was expressed as the 
amount of CAT that decomposes 1 µmol of  H2O2 per min-
ute per milligram of protein (U/mg), using an extinction 
coefficient of 43.6 M−1cm−1.

Western blot analysis of GPx, GLR, CAT, NF‑κB, IL‑6 
and IL‑1β

The hippocampal cytosolic and nuclear protein fractions 
were separated on an SDS–polyacrylamide gel and trans-
ferred to a polyvinylidene difluoride membrane using Mini 
Trans-blot apparatus (Bio-Rad). Immunodetection was per-
formed with specific primary antibodies against GLR (SC-
32886, Santa Cruz Biotechnology, Inc), GPx (SC-30147, 
Santa Cruz, Biotechnology, Inc), NF-κB (SC-372, Santa 
Cruz, CA, USA), CAT (PA5-29183, Thermoscientific), 
IL-6 (ab6672, Abcam) and IL-1β (AB1832P, Millipore) 
followed by 1 h for GPx, NF-κB, IL-6 and IL-1β, and 2 h 
for GLR and CAT incubation with anti-rabbit HRP-conju-
gated secondary antibodies (A-5316, Sigma) and goat anti-
rabbit HRP-conjugated secondary antibodies (SC-2004, 
Santa Cruz Biotechnology, Inc), respectively. To confirm 
a consistent protein loading, β-actin (SC-1616-R, Santa 
Cruz, CA, USA) was used, followed by anti-rabbit HRP-
labeled secondary antibody (SC-2004, Santa Cruz Bio-
technology, Inc). Antigen–antibody complexes were visu-
alized by chemiluminescence using Immobilon western 

chemiluminescent HRP substrate (Millipore Corporation, 
Billerica, MA 01821 USA), evaluated using a Chemidoc-
MP System (Bio-Rad) and analyzed with Image Lab 5.0 
software (BioRad). Western blot results are expressed as 
protein/β-actin ratio. We evaluated statistically significant 
percent difference between each band of treated samples 
compared to controls (relative quantification); thus they are 
consequently presented as percentages of their correspond-
ing controls, taken as 100%. We used Pierce Prestained 
protein Molecular Weight Marker (Thermo Scientific, 
USA) as a calibration standard for protein molecular mass.

Statistical analysis

Two-way repeated measures analysis of variance (ANOVA) 
[the factors were drug treatment (levels: vehicle and Flx), 
stress (levels: control and CSIS)] and the time as repeated 
measure [levels: baseline (week 0), and at week 3 and 6] 
followed by a Duncan’s post hoc test for sucrose preference 
and marble burying test were used (STATISTICA Release 
7) (n = 9 animals per each group). Biochemical parame-
ters were analyzed by a two-way ANOVA [the factors were 
drug treatment (levels: vehicle and Flx) and stress (lev-
els: controls and CSIS)]. Duncan’s post hoc test was used 
to evaluate differences between groups. For biochemical 
parameters, hippocampal samples from each group (n = 9) 
were pooled in 3 × 3. Statistical significance was set at 
p < 0.05. The data are presented as mean ± SEM derived 
from n = 5–7 independent measurements per each group.

Results

Flx reversed depressive‑ and anxiety‑like behaviors 
induced by CSIS in rats

The results of the sucrose preference test are shown 
in Fig. 2a. A two-way repeated measures ANOVA 
revealed significant main effects of CSIS (F1.32 = 16.78, 
p < 0.001) and time (F2.64 = 4.66, p < 0.05). Post hoc 
tests revealed a significant decrease in preference 
for sucrose in the CSIS + Veh group at the end of 3 
(*p < 0.05) and 6 weeks (**p < 0.01) compared to base-
line. The CSIS + Flx group, prior to treatment with Flx, 
also showed a significant decrease in sucrose preference 
at the end of 3 weeks compared to baseline (*p < 0.05). 
The CSIS + Flx group showed a significant increase in 
sucrose preference (^p < 0.05) at the end of 6 weeks, 
compared to the 3-week time point. A significant 
increase in sucrose preference in CSIS + Flx compared 
to CSIS + Veh rats at the end of 6 weeks (++p < 0.01) 
was noted while no significant change was seen in 
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Flx-treated controls or vehicle-treated rats. Results indi-
cate that CSIS resulted in a reduction of sucrose prefer-
ence that was time dependent, suggesting that 6 weeks 
of CSIS induced anhedonic-like behavior; furthermore, 
3 weeks of Flx treatment (15 mg/kg/day) reversed this 
reduction in socially isolated rats, as seen at the 6 weeks 
time point.

To examine CSIS-induced anxiety in rats, the mar-
ble burying test was used (Fig. 2b). A two-way repeated 
measures ANOVA revealed significant main effects of 
CSIS (F1.32 = 41.13, p < 0.001) and time (F2.64 = 15.94, 
p < 0.001), as well as a significant CSIS × time interac-
tion (F2.64 = 17.83, p < 0.001), drug treatment × time 
interaction (F2.64 = 6.34, p < 0.01), and CSIS × drug 
treatment × time interaction (F2.64 = 3.95, p < 0.05). 
Post hoc tests demonstrated no change in the num-
ber of buried marbles in vehicle-groups (Cont + Veh, 
Cont + Flx). An increased number of buried marbles 
in the vehicle-treated CSIS group after 3 and 6 weeks 
compared to baseline values (***p < 0.001 and *p < 0.05, 
respectively) was found. Prior to treatment, the CSIS–
Flx group showed an increase in marble burying test at 
the end of 3 weeks compared to baseline (***p < 0.01). 
Moreover, post hoc tests revealed a significant decrease 
in the number of buried marbles in the CSIS + Flx 
group (6 weeks), as compared to the 3-week time point 
(^^^p < 0.001) and to CSIS + Veh rats at the 6-week 
time point (+p < 0.05). Results suggest that 6 weeks of 
CSIS produced anxiety-like behaviors as assessed by an 
increased number of buried marbles, and chronic Flx 
treatment (15 mg/kg/day) reversed this effect in socially 
isolated rats.

Hippocampal GSH content and activity of GPx, GLR, 
GST and CAT

To determine whether CSIS-induced behavioral changes are 
associated with alterations in the GSH-dependent defense 
system, we measured GSH content and GPx, GLR, GST, 
and CAT activity in cytosolic fractions of rat hippocampus 
(Fig. 3a–e). A two-way ANOVA revealed a significant main 
effect of Flx treatment (F1.20 = 7.73, p < 0.05) on cytosolic 
GSH. Post hoc analyses showed a significant increase in 
GSH content in the CSIS + Flx group as compared to CSIS 
alone (^p < 0.05). In comparison to vehicle-treated controls, 
CSIS rats showed a trend toward a decrease in GSH that 
was not statistically significant (p > 0.05) (Fig. 3a).

The activity of GPx in cytosolic fractions of rat hip-
pocampus is shown in Fig. 3b. A two-way ANOVA revealed 
a significant main effect of Flx treatment (F1.20 = 47.81, 
p < 0.001) and a significant CSIS × Flx treatment inter-
action (F1.20 = 14.50, p < 0.01) on hippocampal cytosolic 
GPx activity. A significant increase was observed in the 
vehicle-treated CSIS (**p < 0.01) and Flx-treated (controls 
and CSIS) groups (***p < 0.001) as compared to vehicle-
treated control animals. Post hoc tests showed a signifi-
cant increase in GPx activity in the Flx-treated CSIS group 
compared to vehicle-treated CSIS rats (^p < 0.05), but 
decreased compared to Flx-treated controls (#p < 0.05).

The activity of GLR in cytosolic fractions of rat hip-
pocampus is shown in Fig. 3c. A two-way ANOVA revealed 
a significant main effect of Flx treatment (F1.20 = 12.20, 
p < 0.01) on hippocampal cytosolic GLR activity. Post 
hoc tests showed a significant increase in GLR activity in 
Flx-treated controls (*p < 0.05) and the Flx-treated CSIS 

Fig. 2  Sucrose preference (a) and number of buried marbles (b) 
in controls (Cont) and chronic social isolation (CSIS) rats at base-
line and after 3 and 6 weeks treated either with vehicle (Veh. 0.9% 
NaCl), or fluoxetine (Flx, 15 mg/kg/day). Results are expressed 
as mean ± SEM. n = 9 rats in each group. Significant differences 
between groups obtained from two-way repeated measures ANOVA 
followed by Duncan’s post hoc test are indicated as follows: a 
sucrose preference (*p < 0.05 CSIS + Veh (3 weeks) vs. CSIS + Veh 

(baseline): **p < 0.01 CSIS + Veh (6 weeks) vs. CSIS + Veh (base-
line); ^p < 0.05 CSIS + Flx (6 weeks) vs. CSIS + Veh (3 weeks); 
++p < 0.01 CSIS + Flx (6 weeks) vs. CSIS + Veh (6 weeks); b 
number of buried marbles (***p < 0.001 CSIS + Veh (3 weeks) 
vs. CSIS + Veh (baseline); *p < 0.05 CSIS + Veh (6 weeks) 
vs. CSIS + Veh (baseline); ^^^p < 0.05 CSIS + Flx (6 weeks) 
vs. CSIS + Flx (3 weeks); +p < 0.05 CSIS + Flx (6 weeks) vs. 
CSIS + Veh (6 weeks)
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(**p < 0.01) group, as compared to vehicle-treated controls. 
Flx-treated CSIS animals showed a significant increase in 
GLR activity compared to the vehicle-treated CSIS group 
(^p < 0.05).

The activity of GST in cytosolic fractions of rat hip-
pocampus is shown in Fig. 3d. A two-way ANOVA 
revealed significant main effects of CSIS (F1.20 = 9.07, 
p < 0.001) and Flx treatment (F1.20 = 10.11, p < 0.001), 
and a significant CSIS × Flx treatment interaction 
(F1.20 = 10.28, p < 0.001) on cytosolic GST activity. Post 
hoc tests showed a significant decrease in GST activity in 
vehicle-treated CSIS rats compared to vehicle-treated con-
trols (***p < 0.001). Also, a significant increase in GST 
activity in the Flx-treated CSIS group compared to vehicle-
treated CSIS animals was observed (^^^p < 0.001).

The activity of CAT in cytosolic fractions of rat hip-
pocampus is shown in Fig. 3e. A two-way ANOVA revealed 
significant main effects of CSIS (F1.20 = 28.41, p < 0.001) 
and Flx (F1.20 = 20.99, p < 0.001), and a significant CSIS 
× Flx treatment interaction (F1.20 = 4.66, p < 0.05) on 
cytosolic CAT activity. Post hoc tests showed significantly 

reduced CAT activity following CSIS relative to vehi-
cle controls (***p < 0.001), as well as in both Flx-treated 
groups (control or CSIS) in comparison to vehicle-treated 
controls (***p < 0.001). Moreover, a significant decrease 
in CAT activity in the Flx-treated CSIS group compared to 
Flx-treated controls (#p < 0.05) was found.

Western blot analysis of GPx, GLR, CAT, NF‑κBp65, 
IL‑1β and IL‑6

To examine the possible molecular mechanisms under-
lying the CSIS-induced behavioral changes, we evalu-
ated cytosolic protein levels of GPx, GLR and CAT, as 
well as the cytosolic/nuclear distribution of NF-κB p65 
in rat hippocampus (Figs. 4a–c, 5a). A two-way ANOVA 
revealed a significant main effect of CSIS (F1.23 = 16.65, 
p < 0.001), Flx (F1.23 = 10.10, p < 0.01) and a signifi-
cant Flx treatment × CSIS interaction (F1.23 = 15.45, 
p < 0.001) on cytosolic GPx protein expression. Post hoc 
analysis showed a significant increase in GPx protein 
levels in the vehicle-treated CSIS group as compared to 

Fig. 3  GSH level (nmol/mg protein) (a), GPx activity (mU/mg 
protein) (b), GLR activity (mU/mg protein) (c), GST activity (mU/
mg protein) (d) and CAT activity (U/mg protein) (e) in the cyto-
solic fraction of the hippocampus in control (Cont) and chronic 
social isolation (CSIS) rats treated either with vehicle (0.9% NaCl) 
or Flx (15 mg/kg/day). Results are expressed as mean ± SEM, 
n = 6 independent measurements in each group. Significant dif-
ferences between groups obtained from two-way ANOVA analy-
ses followed by post hoc Duncan test are indicated as follows: a 
GSH content (^p < 0.05 CSIS + Flx vs. CSIS + Veh); b GPx activ-

ity (**p < 0.01 and ***p < 0.001 all experimental treated groups vs. 
Cont + Veh; ^p < 0.05 CSIS + Flx vs. CSIS + Veh; #p < 0.05 Flx-
treated CSIS vs. Flx-treated controls); c GLR activity (**p < 0.01 and 
***p < 0.001 Flx-treated groups (Cont and CSIS) vs. Cont + Veh; 
^p < 0.05 CSIS + Flx vs. CSIS + Veh); d GST activity (***p < 0.001 
CSIS + Veh vs. Cont + Veh; ^^^p < 0.001 CSIS + Flx vs. 
CSIS + Veh); e CAT activity (***p < 0.001 Flx-treated groups (Cont 
and CSIS) vs. Cont + Veh; #p < 0.05 Flx-treated CSIS vs. Flx-treated 
controls
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vehicle-treated controls (***p < 0.001) (Fig. 4a). A signif-
icant decrease in cytosolic GPx protein level in the Flx-
treated CSIS group as compared to the vehicle-treated 
CSIS group was observed (^^^p < 0.001).

With regard to GLR protein levels, a two-way ANOVA 
revealed significant main effects of CSIS (F1.17 = 12.96, 
p < 0.05) and Flx treatment (F1.17 = 32.11, p < 0.001) on 
GLR protein expression. Post hoc tests showed significant 

Fig. 4  Protein levels of GPx (a), GLR (b) and CAT (c) in the hip-
pocampus of controls (Cont) and chronic social isolation (CSIS) 
rats treated either with vehicle (0.9% NaCl), or Flx (15 mg/kg/
day). Results are expressed as mean ± SEM, n = 5–7 independ-
ent measurements in each group. Significant differences between 
groups obtained from two-way ANOVA analyses followed by post 
hoc Duncan test are indicated as follows: a GPx protein expression 

(***p < 0.001 CSIS + Veh vs. Cont + Veh; ^^^p < 0.001 CSIS + Flx 
vs. CSIS + Veh); b GLR protein expression (*p < 0.01 and 
***p < 0.001 Cont + Flx or CSIS + Flx vs. Cont + Veh; ^^^p < 0.001 
CSIS + Flx vs. CSIS + Veh; ##p < 0.01 CSIS + Flx vs. Con + Flx); 
c CAT protein expression (***p < 0.001 CSIS +Veh vs. Cont + Veh; 
^^^p < 0.001 CSIS + Flx vs. CSIS + Veh; #p < 0.01 CSIS + Flx vs. 
Con + Flx)

Fig. 5  Protein levels of NF-κBp65 (a), IL-6 (b) and IL-1β (c) in the 
hippocampus of controls (Cont) and chronic social isolation (CSIS) 
rats treated either with vehicle (0.9% NaCl), or Flx (15 mg/kg/day). 
Results are expressed as mean ± SEM, n = 5–7 independent meas-
urements in each group. Significant differences between groups 
obtained from two-way ANOVA analyses followed by post hoc Dun-

can test are indicated as follows: a NF-κBp65 cytosolic/nuclear pro-
tein expression (**p < 0.001 CSIS + Veh vs. Cont + Veh; ^^p < 0.01, 
^p < 0.05 CSIS + Flx vs. CSIS + Veh); b IL-6 (**p < 0.001 
CSIS + Veh vs. Cont + Veh; ^^p < 0.01 CSIS + Flx vs. CSIS + Veh); 
c IL-1β (no significant effects were observed)
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increase of GLR levels in Flx-treated rats (vehicle or 
CSIS) in comparison to vehicle-treated controls (*p < 0.05, 
***p < 0.001) (Fig. 4b). However, no statistically significant 
difference between vehicle-treated CSIS rats and vehicle-
treated controls (p > 0.05) was observed. Moreover, a 
significant increase in GLR protein levels was observed 
in the CSIS + Flx group compared to Flx-treated con-
trols (##p < 0.01) and the vehicle-treated CSIS group 
(^^^p < 0.001).

A two-way ANOVA revealed a significant main effect of 
Flx treatment (F1.20 = 9.42, p < 0.01) and a significant Flx 
treatment × CSIS interaction (F1.20 = 23.90, p < 0.001) on 
CAT protein expression. A significant decrease in cytosolic 
CAT protein levels was found in vehicle-treated CSIS ani-
mals (***p < 0.001) as compared to vehicle-treated rats. The 
Flx-treated CSIS group showed a significant increase in 
CAT levels as compared to the vehicle-treated CSIS group 
(^^^p < 0.01) and Flx-treated controls (#p < 0.05) (Fig. 4c).

NF-κB activation and its nuclear translocation were 
examined by monitoring NF-κB p65 localization in 
cytosolic and nuclear fractions in the rat hippocampus 
(Fig. 5a). A two-way ANOVA showed significant main 
effects of CSIS (F1.23 = 7.31, p < 0.05) and Flx treatment 
(F1.23 = 5.07, p < 0.05) on NF-κB protein expression in 
the cytosolic fraction of the hippocampus. A significant 
decrease in the vehicle-treated CSIS group compared 
to vehicle-treated rats (**p < 0.01) and an increase in 
the Flx-treated CSIS group compared to vehicle-treated 
CSIS (^^p < 0.01) were observed. In the nuclear fraction, 
a two-way ANOVA revealed a significant main effect of 
CSIS (F1.21 = 5.578, p < 0.05) and a significant Flx treat-
ment × CSIS interaction (F1.21 = 6.209, p < 0.05) on 
NF-κB protein levels (Fig. 5a). Post hoc tests showed a sig-
nificant increase of NF-κB levels in vehicle-treated CSIS 
group as compared to vehicle-treated rats (**p < 0.01). Fur-
thermore, significant decrease in Flx-treated CSIS group 
as compared to vehicle-treated CSIS group (^p < 0.05) was 
revealed.

To determine whether CSIS stress may lead to an inflam-
matory response, the protein expression of proinflamma-
tory cytokines such as IL-1β and IL-6 was determined. 
A two-way ANOVA revealed a significant main effect 
of Flx (F1.20 = 6.56, p < 0.05) and a significant Flx treat-
ment × CSIS interaction (F1.20 = 7.60, p < 0.05) on cyto-
solic IL-6 protein levels. Post hoc tests showed a signifi-
cant increase in cytosolic IL-6 levels in the vehicle-treated 
CSIS group as compared to vehicle-treated rats (**p < 0.01) 
(Fig. 5b). Furthermore, significant decrease in the Flx-
treated CSIS group as compared to vehicle-treated CSIS 
group (^^p < 0.01) was revealed. With regard to cytosolic 
IL-1β protein levels, a two-way ANOVA did not reveal sig-
nificant main effects of CSIS stress (F1.19 = 0.72, p = 0.41) 

or Flx (F1.19 = 0.34, p = 0.57), or a Flx treatment × CSIS 
interaction (F1.19 = 1.66, p = 0.21) (Fig. 5c).

Discussion

The most common stressors reported as risk factors for psy-
chiatric disorders, such as depression, are of a social nature 
in humans [38] and social animals [39]. Our results sug-
gest that 6 weeks of CSIS during adulthood in male Wistar 
rats may be deleterious, as rats exposed to CSIS showed a 
reduced sucrose preference, indicative of an impaired sen-
sitivity to reward and anhedonia, one of the basic symp-
toms of depression [31, 40]. We recently reported that 
CSIS induced an increase in immobility and decrease in 
time spent swimming and climbing in the forced swim 
test [23], in which prolonged immobility time represents 
a “behavioral despair” and may reflect depressed mood 
and/or behavioral helplessness [41]. We also observed 
anxiety-like behaviors in socially isolated rats in the mar-
ble burying test. Moreover, CSIS rats showed enhanced 
anxiety-like behavior in open field [42] and elevated plus 
maze testing [25], characterized by an avoidance of the 
central zone in the open field test and a general decrease 
in locomotion (total number of arm entries) in the elevated 
plus maze, both indicative of anxiogenic behavior relevant 
for mood disorders and schizophrenia (psychiatric disor-
ders). Furthermore, socially isolated rats have been shown 
to spend less time in the light compartment of the light–
dark box, again indicative of anxiety-like behavior [43]. 
CSIS-induced anhedonia and anxiety have been identified 
as a correlate of depression [44], and previous studies have 
suggested that the reversal of depressive- and anxiety-like 
behaviors may be associated with the antioxidant activity 
of drugs. In our study, chronic treatment with Flx reversed 
depressive- and anxiety-like behaviors in CSIS rats, 
assessed by an increase in SP, indicative of an antidepres-
sant-like effect, and a decrease in the number of buried mar-
bles, indicative of an anxiolytic-like effect. These results 
are consistent with previous studies of the antidepressant 
effect of Flx and other SSRIs. For example, SSRIs, includ-
ing Flx, have been shown to reduce immobility and stimu-
late swimming in the forced swim test [41]. Nevertheless, 
the underlying molecular mechanisms of chronic CSIS-
induced depressive- and anxiety-like behaviors remain 
unclear. Given that the brain is particularly vulnerable to 
free radical damage, compromised brain GSH content 
may be associated with stress-induced behavioral depres-
sion [45]. GSH plays an important role in cellular defense 
against oxidative stress by scavenging ROS and serves as 
a cofactor for GPx and GST [46]. In our study, GSH con-
tent following CSIS showed a tendency toward a reduction 
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but without statistical significance. Given that GPx, GLR 
and GST provide protection from oxidative stress at the 
expense of GSH, alternation in these enzyme activities 
may also result in GSH content changes [46]. Hence, the 
(unchanged) GSH content following CSIS may be a result 
of synergistic effects of altered activities of GSH-depend-
ent enzymes (Fig. 6). Even though the activity of GPx was 
increased, suggesting depletion of GSH because of its ele-
vated consumption used for reduction of  H2O2 and yield-
ing glutathione disulfide (GSSG), it was accompanied by 
unchanged GLR activity, the main enzyme that recycles 
GSSG to GSH using the reduced NADPH [47]. Moreover, 
CSIS decreased GST activity, implying reduced consump-
tion of GSH as a substrate in its conjugation reactions. 
Increased GPx activity following CSIS suggests the induc-
tion of antioxidant defense mechanisms while unchanged 
GLR activity in CSIS rats may result from an NADPH 
deficiency [48] or increased  H2O2 concentration [49]. A 
decrease in GST activity following CSIS stress is in agree-
ment with the data obtained from clinical trials [6]. Also, 
chronic restraint stress decreases mRNA expression levels 
of the most prevalent GST form in hippocampus of mice 
[50]. Since GSTs are not only involved in the metabolism 
of xenobiotics, but also in the removal of oxidized prod-
ucts such as peroxidized lipids and oxidized proteins, they 
play an important role in cellular protection against oxi-
dative stress. Therefore, a reduction in GST activity may 
signify a diminished ability of cells to remove toxins and 
free radicals, implying an enhanced cellular susceptibility 
to CSIS-induced oxidative damage. This may result in the 
accumulation of undesirable oxidized products, causing the 
morphological changes observed in hippocampus in major 
depression [51]. Besides major depression, morphological 

changes (white matter changes, reduced volumes) in the 
hippocampus are also recognized in schizophrenia, since 
hippocampus has an important part in pathopsychology 
state of this psychiatric disorder [52, 53].

High concentrations of superoxide anions are able to 
decrease the activity of CAT, a hydrogen peroxide-metab-
olizing enzyme, by oxidizing the heme group in the active 
site. In this study, we found decreased CAT activity fol-
lowing CSIS stress. Furthermore, a reduction in activity 
of CAT may have been associated with a large amount of 
 H2O2 available to react with transition metals and generate 
hydroxyl radicals (the most harmful radical) [54], which 
could further promote NF-κB signaling. Our findings may 
also relate to previous data demonstrating changes in CAT 
levels during the course of depression in humans [55]. 
High levels of ROS, which can compromise redox balance, 
may arise from mitochondrial electron transport chain and 
increased superoxide production in the mitochondria [47], 
xanthine oxidase [56], microglial NADPH oxidase activa-
tion [57] or glutamate concentration increases [58]. Based 
on these results, we may assume that CSIS stress com-
promises redox homeostasis in the rat hippocampus. Our 
findings confirm a previous study that reported depres-
sive-like behavior was associated with decreased CAT 
and GLR activities in a mouse model of major depression, 
and repeated administration of Flx for 14 days at a dose of 
10 mg/kg/day significantly reversed stress-induced depres-
sive-like behavior and oxidative damage [59].

Chronic Flx treatment increased GPx and GLR activ-
ity in control rats, suggesting that it possesses antioxidant 
effects in the absence of oxidative stress. The simultane-
ous upregulation of GPx and GLR activity in Flx-treated 
CSIS rats compared to the CSIS group suggests an efficient 

Fig. 6  Glutathione (GSH)-
dependent enzyme changes 
in rat hippocampus following 
chronic social isolation (CSIS)
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defense against CSIS-induced oxidative stress. Moreover, 
the ability of Flx to provide neuroprotection against oxida-
tive stress is at least partially mediated by the suppression 
of microglial NADPH oxidase activation and nitric oxide 
synthase, causing a decrease in ROS and RNS production 
[60]. Recent studies have revealed that Flx modulates genes 
related to redox pathways, stimulating the expression of 
the transcriptional nuclear factor E2-related factor 2 (Nrf2) 
and Nrf2 antioxidant response elements in a mouse model 
of anxiety/depression [61]. Interestingly, Flx treatment 
did not reverse the CSIS-induced decrease of CAT activ-
ity. In fact, Flx treatment decreased CAT activity in con-
trols. A “cumulative” effect of CSIS and Flx may cause 
decreased CAT activity, likely via mitochondrial ROS gen-
eration. Furthermore, Curti et al. [62] reported that Flx per 
se interacts with the lipid bilayer of the inner membrane in 
isolated rat brain mitochondria, and affects electron trans-
port and F1F0-ATPase activity, thereby inhibiting oxidative 
phosphorylation in rat brain. Moreover, antidepressants are 
known to be highly membrane soluble and able to affect 
biological events associated with the membrane [63]. As 
the decreased CAT activity did not correspond to increased 
protein expression under CSIS, this may indicate the lack 
of an effective CAT response. The discrepancy between 
protein expression and activity of CAT may be indicative of 
the underlying oxidative stress.

Nonetheless, GSH levels in Flx-treated CSIS rats were 
increased as compared to CSIS alone, in parallel with an 
increase in GLR activity. Moreover, increased GST activ-
ity in Flx-treated CSIS animals compared to CSIS alone is 
likely a defensive response against the presence of the drug 
and its metabolites. In line with this, Zafir et al. [64] dem-
onstrated that 3 weeks of Flx treatment (20 mg/kg/day) in 
a restraint-induced depression-like rat model re-established 
the functionality of CAT, GST, GLR activities and GSH 
levels in the brain following disruption caused by restraint 
stress. Moreover, restoring the affected GSH pathways with 
Flx treatment may relate to neuroprotection, as the antiox-
idative effects of Flx [64] are thought to be mediated by 
increases in serotonin levels [65].

In the present study, we found increased levels of NF-κB 
in the nuclear fraction of the hippocampus of CSIS rats, 
accompanied by increased IL-6 protein levels, indicative 
of enhanced neuroinflammation. We focused on the proin-
flammatory cytokine IL-1β and IL-6 in our study because 
of previous studies indicating increased serum IL-1β and 
IL-6 concentrations in depressed patients [66, 67] and clini-
cally anxious individuals [68], as well as in animal mod-
els of depression [69]. Moreover, in the most recent study 
performed on humans, correlation was made between 
selective increase of IL-6 in cerebrospinal liquid during 
endotoxin-induced systemic inflammation and a severity of 
the accompanying mood impairment, indicating a potential 

key role of IL-6 in the onset of mood disorders and thereby 
depression [70]. In accordance with this study, we did not 
detect differences in IL-1β protein levels between experi-
mental groups, suggesting no specific chronic treatment 
or CSIS effects on this level. Therefore, we speculate that 
changes in GSH-dependent redox status enabled NF-κB 
translocation into the nucleus, possibly leading to transcrip-
tional activation of the IL-6 receptor, thus increasing IL-6 
expression. Moreover, oxidative stress facilitates the activa-
tion of NF-κB, reported to promote inflammation including 
IL-6 in anxiety disorder [68]. It is also possible that pro-
inflammatory cytokines in the periphery may provoke neu-
roinflammation [70, 71] to primarily affect the hippocam-
pus [72], but this mechanism remains to be determined. 
Hence, cytokines present in the brain following stress may 
come from the periphery, brain endothelial cells and epi-
thelial cells of the choroids plexus and ventricles, as well 
as glia and neurons of the hippocampus, hypothalamus and 
amygdala [73, 74]. Moreover, increased levels of IL-1β and 
IL-6 have been observed in the hippocampus and blood of 
rats exposed to chronic mild stress [75, 76], as well as in 
the plasma and cerebrospinal fluid of depressed patients, 
whereby IL-6 has been recently proposed to play a crucial 
role [70, 77]. Chourbaji et al. [78] demonstrated that IL-6 
knockout mice (IL-6(−/−) showed resistance to stress-
induced helplessness, suggesting that it plays a role in the 
molecular mechanisms mediating depressive-like behavior, 
as external stressors increase IL-6 in wild-type hippocampi 
and a lack of IL-6 confers resistance to depression-like 
behavior. Previous studies have demonstrated that depres-
sive-like behavior following CSIS is associated with acti-
vated NF-κB and peripheral and central inflammation [71]. 
Treatment with Flx significantly reduces the activity of the 
transcription factor NF-κB, decreasing its nuclear protein 
levels. NF-κB is shown to be functionally related to activity 
of NMDA receptors [79] which are known to be inhibited 
by antidepressants, including direct inhibition by Flx [80]. 
These NF-κB changes could also be accompanied with the 
controlled expression of IL-6. Moreover, fluvoxamine, an 
SSRI, has been shown to inhibit IL-6 secretion in stimu-
lated microglial cell culture [81]. Inhibition of IL-6 in the 
amygdala and hippocampus also significantly reduced 
immobility time in the forced swim test [82], and reduced 
circulating levels of IL-6 in response to SSRIs have been 
observed in in vivo studies [83]. Liu et al. [19] demon-
strated that Flx promotes a decrease in production of IL-6 
by reducing the transcription levels of mRNA for IL-6. In 
our study, a decrease in IL-6 protein levels in CSIS rats 
may be explained by a suppression of NF-κB activation fol-
lowing Flx treatment [84]. The immunomodulatory feature 
of antidepressants was also shown in the study with bupro-
pion, the antidepressant with different mechanism of action, 
where it showed its effectiveness in lowering the levels of 
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proinflammatory cytokines as well as in increasing the level 
of anti-inflammatory cytokine interleukin-10 [85, 86]. The 
same results regarding negative immunomodulatory effect 
were reported for Flx with hypothesis of molecular mech-
anism that is PKA pathway-activation mediated [87]. In 
addition, NF-κB is known to be regulated by mGlu5 recep-
tors [88] which have an important role in the regulation of 
emotionality [89].

In summary, our data reveal that 6 weeks of CSIS in adult 
male Wistar rats caused depressive- and anxiety-like behav-
iors, as indicated by a decrease in sucrose preference test and 
an increase in the number of buried marbles. Furthermore, 
we have identified a signaling cascade in which CSIS com-
promised redox homeostasis in the hippocampus, targeting 
enzymes such as GPx, CAT and GST, as well as provoking 
oxidative stress. The latter may promote NF-κB-dependent 
inflammation via increased IL-6. All of these changes may 
contribute to depressive and anxiety-like behaviors. Alto-
gether, our findings support a link between hippocampal oxi-
dative stress, an inflammatory response, and a social isola-
tion-induced depression- and anxiety-like rat model. In good 
agreement with this, 3 weeks of Flx treatment (15 mg/kg/
day) produced significant antidepressant- and anxiolytic-like 
effects, coinciding with the modulation of the GSH-depend-
ent defense system associated with suppression of NF-κB 
activation, the major upstream mechanism regulating oxi-
dative and nitrosative pathways, and cytosolic IL-6 protein 
expression in the hippocampus of socially isolated rats, caus-
ing a protective effect against oxidative stress and neuroin-
flammation. These results may be relevant to understanding 
the neurobiological effects of psychosocial stress in humans 
and may contribute to our understanding of the mechanisms 
that underlie the antidepressant and anti-inflammatory activ-
ity of Flx in socially isolated rats.
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