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Chronic environmental stress is associated with reactive oxygen species (ROS) overproduction and the pathogenesis of depression.
The purpose of this study was to evaluate biochemical and molecular changes associated with ROS generation in the brains of rats
submitted to chronic variable stress. Male Wistar rats (50–55 days old, weighing 200–250 g) were divided in two groups (n = 10):
control and stressed. Rats in the stressed group were exposed to stress conditions for 40 days. The animals were decapitated and the
brain samples were collected. In prefrontal cortex, we measured the following biochemical parameters: lipid peroxidation and
concentration of glutathione—GSH, GSSG, GSH/GSSG ratio, glutathione peroxidase, and glutathione reductase activities. In the
hippocampus marker of DNA, oxidative damage and expression of DNA-repairing genes (Ogg1, MsrA) and gene-encoding
antioxidative transcriptional factor (Nrf2) were determined. The results demonstrate indirect evidence of ROS overproduction
and presence of oxidative stress. They also reveal disruption of oxidative defense systems (decreased GR activity, diminished
GSH/GSSG ratio, and decreased Nrf2 expression) and activation of the oxidative DNA repair system (increased Ogg1 and MsrA
expression). Together, the presented data suggest that independent activation of oxidative stress response genes occurs in
chronic variable stress conditions.

1. Introduction

Depression is currently the most common affective disorder.
It is estimated to affect over 120 million people worldwide
and the number of cases is steadily increasing [1]. Fore-
casts indicate that by 2020, it will rank second in lifestyle
diseases that reduce the capacity to work [2]. Known causes
of depression do not provide sufficient explanation of patho-
physiology, despite extensive research in this area. It is
believed that the process is multifactorial and has many
subtypes with more than one etiology. Studies have shown
that chronic stress is directly implicated in the pathogenesis

of depression [3, 4]. Stressful events may induce multiple
behavioral, neurochemical, and biological alterations, pre-
sumably as an adaptive response to meet environmental
demands. It has been described that a prolonged and
sustained stimulation, caused by stress exceeding the body’s
capacity to maintain homeostasis, can result in psychopatho-
logical events [5].

It is postulated that chronic environmental stressors may
have a significant impact on reactive oxygen species (ROS)
generation in the brain [6, 7]. Studies have consistently
reported an increase of ROS in the blood of patients with
major depression [8]. The mechanism underlying the ROS
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increase remains unclear and is likely mediated in part by
stress-related hormones such as cortisol [9]. A stress-
induced increase in cortisol levels has been reported to accel-
erate glucose metabolism and the production of ROS [10].
ROS, such as superoxide anion (O2

−), hydrogen peroxide
(H2O2), and hydroxyl radicals (HO•), are extremely reactive,
due to unpaired electrons. Hydrogen peroxide is particularly
damaging the DNA as it is less reactive than other radicals
and able to travel into the cell nucleus, subsequently reacting
with macromolecules such as DNA. In well-functioning cen-
tral nervous system (CNS) cells, there is a balance between
the formation of free radicals and their scavenging. The shift
in this equilibrium toward the formation of ROS generates
oxidative stress, which is defined as an increase in oxidation
potential to the level leading to macromolecular oxidation
(e.g., lipids, DNA, and protein), despite adaptive activation
of antioxidative defense system [11, 12]. Oxidative stress
leads to the formation of lipid peroxidation products, result-
ing in the loss of cell membrane fluidity, reduced membrane
potential and possible rupture. Upon rupture, cell and organ-
elle contents are released into the extracellular space, includ-
ing neurotransmitters (serotonin and noradrenaline) related
to major depression [13]. Subjecting cells to oxidative stress
can result in cell membrane modifications and leads to
disruption of receptor functions and enzyme and gene
activity [14]. Oxidation-modified compounds and molecules
that disturb cellular homeostasis can lead to apoptosis or
necrosis [15, 16]. These events are related to various neuro-
degenerative diseases [3, 14, 17]. Neuronal cells in the brain
are highly sensitive to oxidative stress due to a large depen-
dence on oxidative phosphorylation for energy compared to
other cell types. Normal brain function is dependent on a
continuous and efficient use of oxygen. Although the brain
represents only 2% of human body weight, it consumes
20% of the total body oxygen with 1-2% of the oxygen being
converted into superoxide anion radicals and hydrogen per-
oxide. Increased O2

∗− production in the mitochondria
inhibits the Krebs cycle through temporary aconitase inacti-
vation. The Krebs cycle is inhibited by lipid peroxidation
products—MDA and 4HNE [18, 19]. Moreover, MDA and
4HNE can cause DNA damage [20]. It is worth mentioning
that the brain as an organ is a major metabolizer of oxygen
(20% of the body consumption) and yet has relatively feeble
protective antioxidant mechanisms [21].

One of the most important consequences of ROS over-
production and chronic oxidative damage is DNA modifica-
tion, which can become permanent via the formation of
mutations and other types of genomic instabilities [22–25].
Studies have shown that modulation of gene expression
under oxidative stress conditions is an important mechanism
in depression [24–27]. Among various types of DNA base
modification induced by ROS, 7, 8-dihydro-8-oxoguanine
(8-oxoG) is the most widely studied and is considered to be
a key biomarker of oxidative DNA damage [14, 27, 28]. Stud-
ies have revealed significantly elevated levels of 8-OxoG in
urine of depressed patients in comparison to healthy controls
[29]. The 8-oxoguanine glycosylase1 (OGG1) gene is a key
component of the base excision repair pathway, because
OGG1 encodes the enzyme responsible for the excision

of 8-oxoguanine, a mutagenic base byproduct that occurs
as a result of exposure to reactive oxygen [22]. Methionine
sulfoxide reductase A (MSRA) also plays an important
role in the repair of oxidatively damaged proteins toward
restoration of biological activity [23]. MSRA reduces
methionine sulfoxide (MetO) to methionine. Because
methionine residues are particularly susceptible to oxida-
tion by ROS, MSRA has important functions in cellular
metabolism: as an antioxidant enzyme that scavenges
ROS by facilitating the cyclic interconversion of methio-
nine between oxidized and reduced forms and as a repair
enzyme by keeping critical methionine residues in their
reduced form [30, 31]. Several studies have demonstrated
high levels of MsrA expression in brain neurons and con-
firmed that MsrA overexpression results in an extension of
lifespan in mice and in human T cells under conditions of
oxidative stress [23, 31]. An emerging regulator of cellular
resistance to oxidants is nuclear factor erythroid 2-related
factor 2 (NRF2). NRF2, beyond its regulatory role in anti-
oxidant enzyme expression, has been recognized as a key
factor in the regulation of an array of genes that defend
cells against the deleterious effects of environmental insults
[32]. An important mechanism of cellular defense against
oxidative or electrophilic stress is achieved through activa-
tion of the Nrf2-antioxidant response element signaling
pathway. The pathway controls the expression of genes
whose protein products are involved in the detoxification
and elimination of reactive oxidants through enhancing
cellular antioxidant capacity [33–35]. By regulating oxidant
levels and oxidant signaling, NRF2 participates in the con-
trol of mitochondrial biogenesis [36]. Moreover, NRF2
likely also affects mitochondrial ROS production [37].
Increased expression of Nrf2 is an important preventative
component in neurodegenerative diseases [38]. Lowering
NRF2 activation may reduce antioxidative responses [39].

The role of oxidative stress in depression appears to be
associated with neurogenesis and cell survival, but whether
oxidative stress is a cause or merely a downstream conse-
quence of the neurodegenerative process still remains
unexplained [23]. It has been hypothesized that chronic envi-
ronmental stress-induced oxidative stress may contribute to
changes at the molecular level. The molecular studies seem
to be crucial in this regard. Chronic oxidative damage can
be indirectly assessed by measuring changes in the expression
of genes involved in protection and repair systems.

In consideration of these findings, the main objective of
our study was the assessment of oxidative DNA damage in
the brain of rats submitted to chronic variable stress. The
extent of AP sites (one of the major types of damage gener-
ated by ROS) andOgg1,MsrA, andNrf2 genes was measured.
In the present study, we also investigated the effect of chronic
environmental stress on lipid peroxidation, glutathione
redox status, and antioxidant enzyme activities (glutathione
peroxidase and reductase). We used the prefrontal cortex to
determine biochemical parameters and hippocampus for
molecular tests because depressed patients present alter-
ations in these cerebral structures and relevant research most
often relates to these regions of the brain [40–42]. The
chronic variable stress (CVS) paradigm is a well-validated
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animal model of depression, as recent publications have
confirmed that CVS can induce behavioral and neuro-
chemical changes in animals that are similar to the symp-
toms and presumed neurochemical changes accompanying
depression in humans [43–45]. Similarly, clinical evidence
describes that stressful life events, which significantly
increase the risk of depressive episodes, are generally of a
chronic nature [46, 47].

2. Materials and Methods

2.1. Animals. Male Wistar rats, weighing 200–250 g, approx-
imately 50–55 days old at the time of arrival, purchased from
a licensed breeder (Brwinów, Poland) were used as test
subjects. The animals were housed in standard rectangular
polypropylene cages with standard diet and water available
ad libitum. The colony room was maintained at a constant
temperature (20± 2°C) under a 12 h day/12 h night cycle in
constant environmental conditions (humidity, noise). All
experimental procedures were approved by the Local Ethics
Committee on Animal Experimentation of the Medical
University of Lublin (number 12/2015) and were performed
in accordance with obligatory European standards related
to the experimental studies on animal models.

2.2. Chronic Variable Stress Procedure. A chronic variable
stress protocol was carried out as described by Gamaro
et al. with slight modifications [5, 43]. The animals were
divided in two groups: control (CTL) and stressed (CVS);
each group consisted of 10 animals. Rats in the control group
were kept undisturbed in their home cages (5 rats in each
cage of dimensions 65× 25 cm, 18 cm high), while rats in
the stressed group were exposed to various stress conditions
for 40 days. In the experiment, the following stressors
were used: 24 h of food deprivation, 24 h of water depriva-
tion, 1–3h of restraint, 1.5–2h of restraint at 4°C, forced
swimming for 10 or 15min, flashing light for 120–210min,
and isolation (2-3 days). Specific stressors and length of
time applied each day are listed in Table 1. To avoid pre-
dictability, rats were exposed to these stressors at different
times each day.

The rat was placed inside a 26× 6 cm plastic tube in order
to restrain it, followed by plaster tape adjustments on the out-
side to prevent it from moving. Breathing was enabled
through a 1 cm hole at the far end of the tube. Forced swim-
ming was performed by placing the rat in a round glass tank
(50 cm radius) filled with 23°C water. In order to expose the
animal to the flashing light, we put the rat inside a 50 cm-
high open-field container (40× 60 cm) made of brown ply-
wood with a frontal glass wall. A flashing light was delivered
from a 40W lamp, set at 60 flashes/min.

After 40 days of stress procedures and 24 h after the last
stressor, the animals were decapitated and individual brain
samples were washed with 20mL of saline and stored at
−75°C until the time of analysis.

2.3. Determination of Biochemical Parameters. Homogenates
of the prefrontal cortex were prepared from frozen brain
samples, using extraction buffer. All biochemical

measurements were conducted from these homogenates.
The experimental procedures were performed according to
the instructions supplied with each respective kit. In this
experiment, the following analysis was performed: lipid
peroxidation (LPO), which was based on malondialdehyde
and 4-hydroxyalkenals concentration (MDA+4HAE) (Oxi-
sResearch, USA) and concentration of glutathione—GSH,
GSSG, GSH/GSSG ratio (Calbiochem, Germany), glutathi-
one peroxidase (GPX), and glutathione reductase (GR)

Table 1: Stressor agents used during the chronic variable stress.

Day of treatment Stressor Duration Start time

1 Water deprivation 24 h 8:00 a.m.

2 Food deprivation 24 h 9:00 a.m.

3 Isolation 24 h 10:00 a.m.

4 Isolation 24 h 10:00 a.m.

5 Isolation 24 h 10:00 a.m.

6 Flashing light 3 h 12:00 a.m.

7 Food deprivation 24 h 8:00 a.m.

8 Forced swimming 10min 9:00 a.m.

9 Restraint 1 h 11:00 a.m.

10 Water deprivation 24 h 9:00 a.m.

11 No stressor — —

12 No stressor — —

13 Restraint and cold 2 h 10:00 a.m.

14 Flashing light 2.5 h 9:00 a.m.

15 Food deprivation 24 h 8:00 a.m.

16 Forced swimming 15min 12:00 a.m.

17 Isolation 24 h 8:00 a.m.

18 Isolation 24 h 8:00 a.m.

19 Isolation 24 h 8:00 a.m.

20 Water deprivation 24 h 10:00 a.m.

21 Food deprivation 24 h 9:00 a.m.

22 Flashing light 3 h 13:00 a.m.

23 Restraint 2 h 12:00 a.m.

24 Isolation 24 h 8:00 a.m.

25 Isolation 24 h 8:00 a.m.

26 Restraint and cold 1.5 h 12:00 a.m.

27 Forced swimming 10min 10:00 a.m.

28 Flashing light 3.5 h 12:00 a.m.

29 No stressor — —

30 Food deprivation 24 h 8:00 a.m.

31 Restraint 3 h 9:00 a.m.

32 Flashing light 2 h 10:00 a.m.

33 Water deprivation 24 h 8:00 a.m.

34 Restraint and cold 2 h 10:00 a.m.

35 Forced swimming 15min 11:00 a.m.

36 Isolation 24 h 8:00 a.m.

37 Isolation 24 h 8:00 a.m.

38 No stressor — —

39 Flashing light 3 h 13:00 a.m.

40 Forced swimming 10min 8:00 a.m.
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activities (Cayman Chemical, USA). In short, the princi-
ple underlying lipid peroxidation assessment was based
on the reaction of a chromogenic reagent R1 (N-methyl-
2-phenylindole) with malondialdehyde (MDA) and 4-
hydroxyalkenals (4HAE) at 45°C. Two molecules of R1 react
with one molecule of MDA or 4-hydroxyalkenals to form a
chromophore with an absorbance maximum at 586nm.
Measuring the concentration of MDA in combination with
4-hydroxyalkenals in methane sulfonic acid was used as an
indicatorof lipidperoxidation.GSHandGSSGconcentrations
were determined by an enzymatic reaction using Ellman’s
reagent (5,5′-dithiobis-2-nitrobenzoic acid) and reagent
M2VP (1-methyl-2-vinyl-pyridine-trifluoro-methanesulfo-
namide sulfonate). In this method, GSH reacts with Ellman’s
reagent to form a product identified spectrophotometrically
at a wavelength of λ = 412 nm. Oxidized glutathione (GSSG),
produced upon reduction of an organic hydroperoxide by
GPX, is recycled to its reduced state by GR and NADPH. The
oxidation ofNADPH toNADP+ is accompanied by a decrease
in absorbance at 340nm. GPX activity was measured by the
kinetic method, using the aforementioned kit. In this method,
GPX catalyzes the oxidation of glutathione by cumene hydro-
peroxide, and in the presence ofGRandNADPH, the oxidized
glutathione (GSSG) is immediately converted to a reduced
form with a concomitant oxidation of NADPH to NADP+.
The GR activity assay is based on the reduction of GSSG
catalyzed by GR in the presence of NADPH, which is oxi-
dized to NADP+. The reduction in absorbance was measured
at 340nm.

2.4. Determination of DNA Oxidative Damage.DNAwas iso-
lated with a Syngen DNA Mini Kit (Syngen, Poland) accord-
ing to the manufacturer’s protocol. The concentration and
purity of the genomic DNA were measured using a
NanoDrop MaestroNano Micro-Volume Spectrophotometer
(Maestrogen Inc., Taiwan) and adjusted to 100μg/mL in TE
buffer. Oxidative DNA damage was evaluated by measuring
the amount of basic sites (the so-called AP) with a DNA
Damage Quantification Kit (Dojindo, Japan). Oxidative
attacks by ROS on the deoxyribose moiety lead to the release
of free bases from DNA, generating strand breaks with vari-
ous sugar modifications and simple abasic sites (AP sites).
Aldehyde-reactive probe (ARP; N′-aminooxymethylcarbo-
nylhydrazin-D-biotin) reacts specifically with an aldehyde
group present on the open ring form of AP sites, making it
possible to detect DNA modifications that result in the for-
mation of an aldehyde group. Biotin-avidin-specific connec-
tion and horseradish peroxidase were used for colorimetric
detection at 650 nm. AP sites were measured in DNA isolated
from the hippocampus of the rats.

2.5. mRNA Expression Analysis. The isolated hippocampus
was rinsed with 20μL of the solution used for injections
and stored at −75°C until isolation of RNA was carried out.
A quantitative real-time PCR (qPCR) method was used to
evaluate expression of selected genes (Ogg1, MsrA, and
Nrf2). RNA was isolated from 30mg of tissue according to
the manufacturer’s instructions using Syngen Tissue RNA
Mini Kit (Syngen Biotech, Poland). Reverse transcription

was performed using NG dART RT-PCR kit (EURx, Poland)
according to the manufacturer’s instructions. The relative
expression of genes was measured with the ΔΔCt method,
using Hprt (Mn00446968_m1) as an endogenous control.
The reaction was carried out in octuplicate by qPCR using
the SmartChip Real-Time PCR System (WaferGen Bio-
systems) and TaqMan Fast Universal PCR Master Mix (2x)
(Applied BioSystems, USA) according to manufacturer’s
instructions. Sample quality screening based on amplifica-
tion, Tm, and Ct values was performed to remove any outlier
data points before ΔΔCt calculation and to determine fold
change in mRNA levels. The data were presented as RQ value
(RQ=2−ΔΔCt).

2.6. Statistical Analysis. The results were analysed statistically
in the STATISTICA versus 10 application (StaftSoft, Cracow,
Poland). Data was calculated as mean± SEM and expressed
as percentage of control group. The statistical significance
among the groups was determined by a Student’s t-test. All
parameters were considered statistically significantly differ-
ent if p values were less than 0.05.

3. Results

3.1. Lipid Peroxidation. In this experiment, we evaluated lipid
peroxidation by measuring malondialdehyde (MDA) and 4-
hydroxyalkenals (4HAE) concentration in the prefrontal cor-
tex of rats. MDA+4HAE levels were significantly higher in
the group of rats exposed to stress in comparison to the con-
trol group (Figure 1).

3.2. GSH and GSSG Levels.We noticed that the levels of GSH
and GSSG in rats exposed to CVS did not change substan-
tially. However, we also evaluated the GSH/GSSG ratio, since
it is considered to be a sensitive indicator of the cellular redox
state. Data obtained from the prefrontal cortex of rats sub-
mitted to chronic stress did show a statistically significant
decrease in the GSH/GSSG ratio (Figures 2 and 3).

3.3. Glutathione Peroxidase and Glutathione Reductase
Activity. No statistically significant changes were observed
in glutathione peroxidase activity in rats subjected to CVS
in comparison to the control group (Figure 4). However,
the results indicate that stressors caused a decrease in gluta-
thione reductase activity in the brain of rats exposed to
CVS compared to the brain of control rats (Figure 5).

3.4. Oxidative DNA Damage. Assessment of oxidative DNA
damage showed a threefold increase of AP site accumulation
in DNA isolated from the hippocampus of rats subjected to
CVS in comparison to the control group. This result demon-
strates that the amount of oxidative damage in stressed rats
rose significantly compared to controls (Figure 6).

3.5. The Level of mRNA Expression for Ogg1, MsrA, and Nrf2.
The expression levels of genes involved in oxidative stress
were examined. Sample variation was accounted for by com-
parison to the expression levels of Hprt, which is a house-
keeping gene responsible for nucleotide metabolism.
Expression of mRNA was measured in reference to the
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Figure 3: The effect of chronic variable stress on the GSH/GSSH
ratio in the prefrontal cortex of rats. Data is displayed as mean
± SEM and expressed as percentage of control group. Significance:
∗p < 0 05 by Student’s t-test; p = 0 0489; t = 2 320 with 8 degrees
of freedom.
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Figure 4: The effect of chronic variable stress on GPX activity in the
prefrontal cortex of rats. The GPX activity was measured by a
kinetic method based on the oxidation of NADPH to NADP+

which is accompanied by a decrease in absorbance at 340 nm.
Data is displayed as mean± SEM and expressed as percentage of
control group.

⁎

200

LP
O

 (M
D

A
+

3H
A

E)
(%

 o
f c

on
tr

ol
)

180

160

140

120

100

80

60

40

20

0
CTL CVS

Figure 1: The effect of chronic variable stress on LPO (MDA+ 4
HAE concentration) in the prefrontal cortex of rats. The method
is based on the measurement of the following products of lipid
peroxidation: malondialdehyde (MDA) and 4-hydroxyalkenals
(4HAE), which react with a chromogenic reagent N-methyl-2-
phenylindole. Data is displayed as mean± SEM and expressed as
percentage of control group. Significance: ∗p < 0 05 by Student’s
t-test; p = 0 0222; t = 2 503 with 18 degrees of freedom.
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Figure 2: The effect of chronic variable stress on GSH and
GSSG concentrations in the prefrontal cortex of rats. The
concentrations were determined spectrophotometrically in an
enzymatic reaction using the following reagents: 5,5′-dithiobis-
2-nitrobenzoic acid and 1-methyl-2-vinyl-pyridine-trifluoro-
methanesulfonamide sulfonate. Data is displayed as mean± SEM
and expressed as percentage of control group.
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control group, where the expression level is estimated as
RQ=1. In the hippocampus of rats submitted to CVS, the
mRNA levels of Ogg1 andMsrA were significantly increased,
while a decrease in the expression of the Nrf2 gene was
noticed in comparison to the control. The results of qRT-
PCR experiments are shown in Figure 7.

4. Discussion

It is postulated that environmental stress, at least partially, is
related to oxidative stress. The main source of ROS formation
is mitochondrial failure, that is, associated with neurodegen-
eration [48]. In stressogenic-related depressive disorders, the
rate of conversion of the oxygen to ROS may increase and
can result in severe metabolic dysfunction and oxidative
damages to subcellular and cellular membrane lipids and
enzymes [8, 12–14]. However, one of the most important
consequences of ROS overproduction is modification of
DNA. For these reasons, the objective of our study was to
evaluate oxidative DNA damage in the brain of rats submit-
ted to chronic variable stress. We also measured the bio-
chemical changes associated with ROS generation, which
can confirm the occurrence of oxidative stress.

The current study revealed an increase in lipid peroxida-
tion in the prefrontal cortex of rats exposed to stress, which
indicates oxidative stress. It is coherent with the results of
the clinical tests, which indicate that the pathological stress
causing a huge depression is accompanied by an increase of
lipid peroxidation in the brain [8, 11, 17]. Highly reactive
oxygen metabolites act on unsaturated fatty acids of phos-
pholipid components of membranes to produce malondial-
dehyde, a lipid peroxidation product. Reactivity of MDA
and 4-HNE may cause damage to DNA [20]. In the brain,
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Figure 5: The effect of chronic variable stress on GR activity in the
prefrontal cortex of rats. The GR activity was measured by kinetic
method based on the oxidation of NADPH to NADP+ which is
accompanied by a decrease in absorbance at 340 nm. Data is
displayed as mean± SEM and expressed as percentage of control
group. Significance: ∗p < 0 05 by Student’s t-test; p = 0 0189;
t = 2 932 with 8 degrees of freedom.
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Figure 6: The effect of chronic variable stress on oxidative
damages of DNA in the hippocampus of rats. The method is
based on the measurement of simple abasic sites (AP sites) in
DNA. Data is displayed as mean± SEM and expressed as
percentage of control group. Significance: ∗p < 0 05 by Student’s
t-test; p = 0 0391; t = 2 194 with 22 degrees of freedom.
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Figure 7: The effect of chronic variable stress on the level of mRNA
expression for OGG1, MsrA, and Nrf2 genes in the hippocampus of
rats. The mRNA’s expression was assayed in regard to the control
group, where the expression level is estimated at 1. Data is
displayed as mean± SEM. Significance: ∗p < 0 05; ∗∗∗p < 0 001 by
Student’s t-test; OGG1: p < 0 0001 and t = 8 408 with 18 degrees
of freedom; MsrA: p < 0 0001 and t = 7 155 with 18 degrees of
freedom; Nrf2: p = 0 0422 and t = 2 091 with 45 degrees of freedom.
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there is a significant amount of unsaturated fatty acids, which
are susceptible to peroxidation. Moreover, in the brain, there
is a relatively poor antioxidant defense system. This creates a
risk of DNA damage and disturbances in secondary electron
transport and cellular damage [49]. Lipid peroxidation
decreases the life span of neurons, affects neurotransmitter
release, and was reported as a major contributor to the loss
of cell function under oxidative stress conditions in depres-
sion [26, 50].

In our study, exposure to stress caused a decrease of the
GSH/GSSG ratio in the prefrontal cortex of rats in compari-
son to control. Glutathione plays an important role in a mul-
titude of cellular processes, including cell differentiation,
proliferation, and apoptosis. GSH is critical for protecting
the brain from oxidative stress, acting as a free radical scaven-
ger and inhibitor of lipid peroxidation. The GSH/GSSG ratio
is reduced in neurodegenerative diseases [51]. The brain is
particularly susceptible to alterations in GSH homeostasis,
probably due to the fact that GSH may be a neuromodulator
or neurotransmitter and may thus be essential for central
nervous system activities [48]. The oxidation of glutathione
is considered to be one of the first and most important events
leading to a change in the overall cellular redox state. The
resulting damage is thought to be involved in neurodegener-
ative diseases [48, 52]. Thus, the GSH/GSSG ratio is consid-
ered to be a sensitive indicator of the cellular redox state
[53, 54]. Taking this into account, the increase in LPO
accompanied by the decrease in the GSH/GSSG ratio may
suggest that the antioxidative adaptation is not sufficient. A
decrease in the GSH/GSSG ratio manifests itself largely
through an increased susceptibility to oxidative stress, and
the resulting damage is thought to be involved in neurode-
generative diseases [48].

In addition to the GSH/GSSG ratio, the relative activities
of the enzymes responsible for glutathione metabolism are an
important factor for assessing the redox potential of tissues
and cells. For this reason, glutathione peroxidase and gluta-
thione reductase activities were measured. They are enzy-
matic antioxidant system chains and provide protection
against the damaging effects of free radicals [52, 55]. In this
system, glutathione peroxidase provides detoxification of
organic and inorganic peroxides by using reduced glutathi-
one. Glutathione reductase regenerates GSH and protects cell
from death caused by oxidative stress, probably through
maintaining a high GSH/GSSG ratio [54, 56]. This exper-
iment showed that GR activity is decreased in the prefron-
tal cortex of stressed rats. The decrease in GR activity,
observed in our work, may result in impairment of GSH
regeneration. This statement is confirmed by the decrease
in the GSH/GSSG ratio. Perhaps, regulation of GR is associ-
ated with cortisol, which is secreted in response to stress.
Becerril-Chavez et al. recently showed that the activity levels
of glutathione-related enzymes (GPX, GST) are disrupted in
the prefrontal cortex of rats subjected to chronic stress.
Their research proved that downregulation of glutathione
S-transferase (GST) occurred [57]. This enzyme catalyzes
deactivation of many harmful substances and requires
reduced glutathione as a cofactor. In turn, glutathione
reductase is responsible for the restoration of GSH. The

decrease in GR activity may result in insufficient GSH
regeneration and can adversely affect GST activity. The
GST dysfunction was accompanied by a high cortisol level,
which increases in response to an acutely stressful event
[57]. Hence, chronic stress mounts a stronger corresponding
cortisol response [9]. Importantly, the elevated cortisol level
was decreased by application of an antioxidant, which also
attenuated the GST activity level. However, further studies
are required to confirm these correlations. So far, the above
results are indirect evidence of ROS overproduction and
presence of disrupted oxidative defense systems.

In stress-induced depressive disorders affecting the brain,
DNA damage induced by oxidative stress is a major factor
leading to neuronal dysfunction and cell death. Studies have
shown a relationship between DNA damage and cortisol,
especially during prolonged exposure to high levels of corti-
sol, in brain structures such as the hippocampus and frontal
cortex [10]. Oxidant-induced DNA damage may be a useful
biomarker for chronic oxidative stress determination [58].
Oxidative damage of DNA results from an interaction of
DNA with reactive oxygen species, in particular the hydroxyl
radical. Oxidative damage is believed to contribute
substantially to the decline in cellular functions that are asso-
ciated with nervous system diseases [59]. Moreover, studies
have shown that oxidative DNA damage is linked to the onset
of specific human diseases such as neuronal degeneration
[58–60]. One of the major types of damage generated by
ROS is the AP site, the most common DNA damage resulting
from loss of a DNA base [61]. The current study revealed a
statistically significant increase of AP site accumulation in
DNA isolated from the hippocampus of rats subjected to
CVS compared to that of the control group, an indicator of
considerable oxidative DNA damage. An important role in
the repair of oxidatively damaged proteins is to restore bio-
logical activity through specific gene activation. The Ogg1
gene is induced by oxidative stress and its mRNA levels are
correlated with base excision capacity. OGG1 is ubiquitously
expressed in the brain and is considered a cellular marker for
both oxidative stress and oxidative DNA damage [23].
Protein-bound methionine residues are the most susceptible
to oxidation by ROS. However, this modification can be
repaired by MsrA, which catalyzes the thioredoxin-
dependent reduction of free and protein-bound MetO to
methionine [31].

The current study revealed that, in the hippocampus of
rats subjected to CVS, the mRNA levels of Ogg1 and MsrA
were significantly increased. Taking into consideration the
results of related biochemical research, we can assume that
overexpression of DNA repair enzymes, important for main-
tenance of mitochondrial functions, may result out of neces-
sity to rescue cells from ROS. Disruption of antioxidant and
DNA repair mechanisms in the cell by ROSmay result in oxi-
dative stress and oxidative damage to the cell. Moskovitz
et al. showed that loss of antioxidant capacity is associated
with a decrease in total OGG1 and MSRA activities [31];
thus, the significant increase in expression of these genes
shown in our study suggests that they play an important role
in the protection against ROS-related oxidative DNA dam-
age. The results presented above confirm that chronic
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environmental stress-induced oxidative stress causes DNA
oxidative damage. At the same time, upregulation of Ogg1
and MsrA increases efficiency of DNA repair.

Studies have determined that NRF2 is a regulator of anti-
oxidant response and is a factor that regulates the transcrip-
tion of oxidative DNA damage repair genes [62]. Oxidative
stress can lead to NRF2 activation, which in turn acts as an
autoregulatory feed-forward loop to dampen the increased
ROS levels, thereby maintaining homeostasis following tissue
or cellular injury. NRF2 activation would be expected in the
presence of an increase in ROS. However, in our study, a
decrease in Nrf2 gene expression was observed in the brain
of rats submitted to chronic stress in comparison to the
control group. One explanation for these findings may be
that NRF2 is not properly responding to oxidative stress
under conditions of chronic stress. Disturbed NRF2 signaling
in the brain may contribute to neurodegeneration via
decreased antioxidative defense as documented in depressed
patients [32, 63]. This phenomenon has also been confirmed
by studies that reported decreasedNrf2 expression in the hip-
pocampus of rats submitted to chronic stressors [64, 65]. The
increase in Ogg1 and MsrA expression observed in our work
seems to be independent from Nrf2 expression levels. The
obtained data suggest that oxidative stress directly activates
the oxidative stress response genes but not the NRF2 path-
way. These results support the theory that oxidative stress
responses do not always involve a coordinated regulation of
genes and their activities are regulated by different factors.
The second explanation for the decrease in activity of Nrf2
gene is its exceptional sensitivity for oxidative products
(ROS) and byproducts (MDA and 4-HNE), but this assump-
tion should be supported by future studies.

The redox-sensitive transcription factor NRF2 also regu-
lates the rate of GSH synthesis [66]. GSH-metabolizing
enzymes are induced at the transcriptional level by mild oxi-
dative stress, which involves binding of the NRF2 transcrip-
tion factor to the antioxidant response element [67]. Taking
into account the above results, downregulation of Nrf2 may
be correlated with decreased GR activity and, consequently,
could lead to a decrease in the GSH/GSSG ratio, as recorded
in our study. The decrease of Nrf2 is corresponding with the
data from biochemical studies and points on disorders in
defense of oxidative system.

5. Conclusions

The current study confirmed that chronic variable stress
causes oxidative stress in part of the brain involved in depres-
sion development, that is, the prefrontal cortex and hippo-
campus. In the hippocampus, an increase in oxidative
damages of DNA was noticed. Our finding ofOgg1 andMsrA
upregulation indicates that the oxidative DNA repair system
has been activated. The decrease ofNrf2may suggest an inde-
pendent activation of oxidative stress response genes. Future
studies are required to explain if oxidative damage of DNA
originates from mitochondria or nucleus and if the decrease
in important antioxidativeNrf2 gene activity is related to spe-
cial susceptibility for oxidative stress byproducts. This may

help in clarifying whether oxidative stress is the cause or a
downstream consequence of depression.
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