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The study deals with manganese superoxide dismutase, copper, zinc superoxide dismutase,
and catalase activities in brain cortex of Wistar rats exposed to acute stress (immobilization
or cold for 2 h), chronic stress (long-term isolation or long-term forced swimming for 21
days), or to combined chronic/acute stress. We observed that i) single episodes of acute stress
by immobilization increased activity of both superoxide dismutases; ii) both types of chronic
stresses significantly elevated activities of all examined enzymes; iii) chronic social isolation
was a much stronger stressor than physical stress by swimming; iv) in animals pre-exposed to
chronic isolation, additional stress by immobilization or cold significantly decreased
previously elevated activities of all enzymes, while after chronic swimming, acute
immobilization lowered only catalase activity. The obtained results indicate that stress
conditions most probably altered the cell redox equilibrium, thus influencing the antioxidant
response in brain cortex. Further investigation of neuronal prooxidant/antioxidant cellular
conditions is needed to improve the prevention and treatment of various stress induced
diseases.
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Stress exposure influences body homeostasis,
leading to different physiological responses but
may also cause development of various pathologi-
cal conditions. Physical and psychological stress is
already known to induce sympathetic activity and
the hypothalamic-pituitary-adrenal (HPA) axis,
which activates synthesis of neuropeptides and
catecholamine (SAITO et al. 2005). Catecholamine
metabolism leads to production of reactive oxygen
species (ROS) that may influence cellular redox
homeostasis and oxygen radical toxicity (MEISER
et al. 2013). Since ROS production underlies
stress mechanisms, understanding the cellular and
molecular basis of these processes is important to
improve therapeutic approaches to stress induced
diseases. This is particularly significant in CNS
tissues due to high oxygen consumption in oxida-

tive phosphorylation and deficiency of antioxidant
enzyme (AOE) in nerve cells (HALLIWELL 2006).

ROS, which can oxidize cellular macromole-
cules, are neutralized by the antioxidant (AO) de-
fense system. The first line of defense includes
antioxidant enzymes such as copper, zinc superox-
ide dismutase (CuZnSOD), manganese superox-
ide dismutase (MnSOD), catalase (CAT) and
glutathione peroxidase (GPx), which directly re-
move ROS. The second line of defense consists of
enzymes such as glutathione reductase (GR) and
glucose-6-phosphate dehydrogenase which main-
tain the intracellular pool of reduced glutathione
(GSH) and NADPH, respectively (RAHAL et al.
2014).

Studies have shown that different types of acute
and chronic stress exposure induce alterations in
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antioxidant status. For instance, exposure to im-
mobilization (restraint) stress decreased the brain
levels of glutathione (GSH), SOD, glutathione-S-
transferase (GST), and CAT, with an increase in
thiobarbituric acid reactive substance (TBARS)
levels (ZAIDI et al. 2014). Previously, ªAHIN and
GÜMÜªLÜ (2004) showed that immobilization
stress, cold stress exposure, and combined immo-
bilization–cold stress increased brain TBARS lev-
els and Cu,Zn-SOD and CAT activities, along with
decreased brain GSH concentrations. Chronic
stress by long term isolation was shown to induce
TBARS levels in rat brain cells. At the same time,
activity of SOD and CAT was also increased
(MENABDE et al. 2011). Besides muscle contrac-
tions (skeletal and heart), exercise stress induces
inflammatory processes associated with increased
ROS production and increased release of catecho-
lamine (GOMES et al. 2012).

Also, oxidative stress has been defined as a prin-
ciple pathological cause of neurodegeneration.
Neuronal proteins and structural components be-
come modified due to OS in different neurological
disorders leading to neuro-inflammation and loss
of cognitive function in Parkinson’s disease (PD),
Alzheimer’s disease (AD), multiple sclerosis
(MS) and amyolotrophic lateral sclerosis (ALS)
(UTTARA et al. 2009). Antioxidants seem to limit
neurodegeneration induced by ROS through inhi-
bition of early or late proinflammatory events or
by exerting neuroprotective properties (CHIUR-
CHIÙ et al. 2016).

In our earlier study, we showed that various
models of acute, chronic and combined stress ex-
erted different catecholamine levels and AO re-
sponse in rat hippocampus (PAJOVIC et al. 2006).
Since damage to the mitochondrial electron trans-
port chain is considered as an important factor in
the etiology of neurodegenerative disorders (HROU-
DOVÁ et al. 2014), in the present work we focused
on the AO enzyme activity in the brain cortex of
rats exposed to acute stress by immobilization or
cold, chronic stress by long term isolation or long
term physical stress, and combined chronic/acute
stress.

Material and Methods

Animals and stress models

Experiments were carried out on male Wistar
rats, aged three months and weighing 330-400 g.
They were housed in open colony cages (four per
cage) under controlled conditions of temperature
(21±2ºC) and illumination (lights on between
07:00 and 19:00 h), and had free access to labora-
tory chow and tap water. The Guiding Principles

for the Care and Use of Animals based upon the
Helsinki Declaration (1964) and Protocol of the
“Vinèa” Institute on Care and Treatment of Labo-
ratory Animals were strictly followed. Due to ethi-
cal issues associated with non-excessive sacrifice
of animals, the experiment was designed to use the
respective controls for different types of stress
(PEJIC et al. 2006).

The experiment consisted of two parts. Part I.
Rats were exposed to acute stress by immobiliza-
tion (IMMO) or cold (COLD) for 2 h, as well as to
chronic stress by individual housing (long-term
isolation, LTI) for 21 days or long-term forced
swimming (LTS) every day for 15 min in water
heated to 32°C during 21 days. The untreated ani-
mals served as controls (C). Part II. Rats exposed
to either type of chronic stress were subjected to
immobilization or cold for 2 h. Immobilization
stress was induced as described by KVETNANSKY
and MIKULAJ (1970). The animals exposed to cold
were initially kept at ambient temperature and then
transferred into a cold chamber at 4°C. Each ex-
perimental and control group had 6 animals, which
may be considered as a limitation of the study.
However, due to ethical reasons, it was not possi-
ble to sacrifice more animals.

Preparation of brain cortex homogenates
Animals were sacrificed by decapitation with

a guillotine (Harvard-Apparatus, USA), and brain
cortex of all animals were excised and kept frozen
(–70°C). After thawing (+4°C), they were weighed
and homogenized (1:6 w/v, Potter-Elvehjem
teflon-glass homogenizer) in 0.25 M sucrose
buffer containing 0.05 M Tris-HCl and 1 mM
EDTA, pH 7.4. The homogenates were vortexed
for 15 s three times, with intermittent cooling on
ice, and left frozen at –70ºC for 20 h in order to dis-
rupt the membranes and release MnSOD from mi-
tochondria into crude homogenates. They were
defrosted at room temperature, vortexed 1 min and
centrifuged (Eppendorf centrifuge 5417R, Eppen-
dorf-Netheler-Hinz GmbH, Hamburg, Germany)
at 7500 rcf for 15 min at 4°C, and the supernatants
were collected.

Measurement of enzyme activities

The SOD activity was measured by the method
of MISRA and FRIDOVICH (1972). The reaction of
auto-oxidation of adrenaline to adrenochrome was
performed in 3 ml of incubation mixture containing
0.05 M Na2CO3, 0.1 mM EDTA, pH=10.2, followed
by the addition of 100 µl of sample and 100 µl of
3×10-4 M adrenaline (Sigma Chemicals Co.). The
inhibition of auto-oxidation by SOD contained in
the samples was monitored spectrophotometri-
cally at 480 nm, 26ºC, 4 minutes (Cecil CE 2040
spectrophotometer, Cecil Instruments Ltd., Cam-
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bridge, UK). After assaying the total SOD activity,
the samples were treated with 8 mM KCN in order
to inhibit CuZnSOD (GELLER & WINGE 1983),
and subjected again to enzyme assay described
above. The obtained values and the differences be-
tween the two measurements were considered as
MnSOD and CuZnSOD activities, respectively.
The results were expressed as specific activity of
the enzyme in units per mg protein (U/mg protein).
One unit of SOD is defined as the amount of pro-
tein which causes 50% inhibition of the conversion
rate of adrenaline to adrenochrome between the
3rd and 4th minute under specified conditions.

Catalase activity was measured by the method of
BEUTLER (1984). The method is based on the rate
of H2O2 degradation by CAT contained in the ex-
amined samples. The reaction was performed by
adding 20 µl of the catalase sample in an incubation
mixture containing 50 µl of a buffer (1 M Tris-HCl,
5 mM EDTA, pH 8.0), 900 µl of a substrate (10 mM
H2O2) and 30 µl of distilled water. Degradation of
hydrogen peroxide was monitored spectropho-
tometrically for 3 minutes at 230 nm, 37ºC. One
unit of CAT is defined as the amount of protein
which degrades 1 ìmol H2O2/min under specified
conditions. The extinction coefficient for H2O2 at
230 nm was 0.071 mM-1cm-1.

Total protein concentration (mg/ml) was meas-
ured according to the method of LOWRY et al.
(1951).

Data analysis

Data were analyzed using GraphPad Prism soft-
ware. The Kolmogorov-Smirnov test was used for
testing the normality distribution of the small sam-
ple size. Since data were normally distributed, no
data transformation was employed and the results
are reported as means±SEM. The level of statisti-
cal significance was set to 5%. Differences of anti-
oxidant enzymes activity were analyzed by
one-way ANOVA, followed by the Dunnett post
hoc test Part I. The effects of acute stress (IMMO,
COLD) and chronic stress (LTI, LTS) were com-
pared to the untreated controls (C). Part II.A. The
effects of acute stress (IMMO, COLD) were com-
pared to the groups pre-treated with LTI or LTS
stress, which were used instead of controls. Part
II.B The effects of combined stress treatment were
analyzed by a two-way ANOVA to test for the two
main effects (chronic and acute stress) and for the
interaction between them.

Results

One way ANOVA analysis showed significant
variation of MnSOD (F4,25=116.4, P<0.001)

among the examined groups (Fig. 1). Compared
with control values, exposure to acute IMMO sig-
nificantly increased MnSOD activity (P<0.001)
while exposure to cold had no effect on this en-
zyme. Both chronic stresses, LTI and LTS, signifi-
cantly elevated MnSOD activity (P<0.001). When
additional acute stress by IMMO or COLD was ap-
plied after pretreatment with chronic stresses
which were used for comparison (Fig 4.), signifi-
cant variation of MnSOD activity was again re-
corded only in the LTI-pretreated group
(F2,15=28.24, P<0.001). Also, both types of acute
stress, IMMO and COLD, significantly lowered
the enzyme activity (P<0.01), (Fig 4.A).

A significant difference in CuZnSOD activity
was observed among the groups (one way
ANOVA, F4,25=167.5, P<0.001). In comparison to
the control values, the exposure to acute IMMO,
and to both types of long-term stress, LTI and LTS,
induced a significant increase of CuZnSOD activ-
ity ((P<0.01), P<0.001, respectively) (Fig. 2).
There was also significant variation of CuZnSOD
activity (F2,15=68.08, P<0.001) among the groups
pre-treated with LTI stress and additional acute
stress (Fig. 4A). Both types of acute stress signifi-
cantly lowered the CuZnSOD activity (P<0.01).
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Fig. 1. The activity of MnSOD (U/mg protein) in brain cortex
of untreated rats (C) and rats exposed to stress by
immobilization (IMMO), cold (COLD), long-term isolation
(LTI) and long-term forced swimming (LTS). The values are
mean±SEM of 6 animals per group. Symbol: ***P<0.001
compared to C (Dunnett test).

Fig. 2. The activity of CuZnSOD (U/mg protein) in brain
cortex of untreated rats (C) and rats exposed to stress by
immobilization (IMMO), cold (COLD), long-term isolation
(LTI) and long-term forced swimming (LTS). The values are
mean±SEM of 6 animals per group. Symbol: **P<0.01,
***P<0.001 compared to C (Dunnett test)



Similarly to both SOD enzymes, there was a sig-
nificant difference in CAT activity (Fig. 3) among
the groups (one way ANOVA, F4,25=108.4,
P<0.001), and the LTI and LTS chronic stress sig-
nificantly elevated enzyme activity (P.001) com-
pared to control values. Additional acute stress by
IMMO or COLD after pretreatment with either
type of chronic stress induced significant varia-
tions of CAT in both examined groups (LTI: one-
way ANOVA F2,15=84.31, P<0.001, Fig. 4A),
(LTS: one-way ANOVA F2,15=17,43, P<0.001,
Fig. 4B). Additional acute stress by IMMO in-
duced a significant decrease of CAT activity in
both LTI (Fig. 4A) and LTS (Fig. 4B) pre-treated
groups (P<0.01), while acute cold stress lowered
CAT activity only in the LTI pre-treated group
(P<0.01, Fig. 4A).

Two-way ANOVA analysis (Table 1) of com-
bined stress treatments (LTI/IMMO, COLD;

Fig. 3. The activity of CAT (U/mg protein) in brain cortex of
untreated rats (C) and rats exposed to stress by
immobilization (IMMO), cold (COLD), long-term isolation
(LTI) and long-term forced swimming (LTS). The values
are mean±SEM of 6 animals per group. Symbol:
***P<0.001 compared to C (Dunnett test).

Fig. 4. The activities of MnSOD, CuZnSOD and CAT activities in brain cortex of rats pretreated with long-term isolation (LTI)
or long-term forced swimming (LTS) ), taken as control values, and exposed to combined chronic/acute stress by
immobilization (IMMO) or cold (COLD). The values are mean±SEM of 6 animals per group. Symbol: **P<0.01 compared to
the LTI (panel A), or the LTS (panel B) group, (Dunnett test).

Table 1

Antioxidant enzyme activity of rats exposed to combined acute and chronic stress

MnSOD
(U/mg protein)

CuZnSOD
(U/mg protein)

CAT
(U/mg protein)

LTI LTS LTI LTS LTI LTS

40.0+1.0 17.8+2.0 121.5+4.3 41.1+3.3 19.2+1.4 5.6+0.2

IMMO 19.7+4.1*** 17.1+1.6*** 68.5+8.2*** 35.5+2.2 5.3+0.6*** 1.6+0.1***

COLD 14.74+0.7 18.2+1.8 31.0+2.2*** 34.51+4.2 2.7+0.5 4.1+0.7

Values are means+-SEM. Two-way ANOVA: a significant main effect of chronic stress, acute stress and interaction effect
(*** P<0.001)
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LTS/IMMO, COLD) showed a significant main
effect of chronic stress (F=15.13), acute stress
(F=18.16), and the interaction effect (F=18.36) on
MnSOD activity (P<0.001). Long-term stress par-
ticipated in ~13%, acute stress in ~31% and inter-
action of these two factors in ~32% of total
variation. For CuZnSOD activity, a significant
main effect of chronic stress (F=95.35), acute
stress (F=56.84), and interaction effect (F=41.99)
was also recorded (P<0.001). Chronic stress par-
ticipated in ~30%, acute stress in ~35% and inter-
action of these two factors in ~26% of total
variation. For CAT activity, there was again a sig-
nificant main effect of both types of stress; chronic
stress (F=69.40), acute stress (F=89.41), and sig-
nificant interaction effect (F=47.16), (P<0.001).
Long-term stress participated in ~19%, acute
stress in ~48% and interaction of these two factors
in ~26% of total variation of enzyme activity.

Discussion

The results show that acute stress by immobili-
zation elevated activities of both SOD enzymes in
brain cortex. This observation is in accordance
with the findings of ªAHIN and GÜMÜªLÜ (2004)
and it differs from our previous study of acute
stress effects in hippocampus. In that brain region,
we found that both acute stresses, IMMO and
COLD, decreased activities of CuZnSOD and
CAT (PAJOVIC et al. 2006). Elevation of SOD ac-
tivity, observed in this study, may indicate that this
type of stress shifted brain cell-redox state towards
a pro-oxidant direction. Immobilization was al-
ready shown to be a strong stressor that activates
the sympathoneural and adrenomedular system
thus increasing the plasma catecholamine level
(KVETNANSKY et al. 2009). Since under stress
conditions reaction of catecholamine hydroxyl
residue with highly reactive superoxide radicals
and quinones (HAQUE et al. 2003) have deleteri-
ous effects, swift elevation of SOD activity after
acute IMMO may also reflect a preventive re-
sponse against stress neurotoxicity.

Both chronic stresses, isolation and swimming,
elevated activities of all examined AO enzymes in
brain cortex, but regarding their effect, psychoso-
cial stress of isolation seemed to be a stressor of
higher intensity than physical stress of swimming.
In our earlier study on the hippocampus region, we
found a similar effect of both stress types on AOE
activity, including the observed difference in AO
response intensity (PAJOVIC et al. 2006). Social
isolation of rodents is compared with psychologi-
cal stressors in humans and different data regard-
ing the AO response in brain regions have been
obtained in studies to date. In rat cortico-striatum,

chronic social isolation for 8 weeks increased SOD
activity, along with increased lipid peroxidation
and decreased oxidized/reduced GSH ratio, caus-
ing redox disturbances (MÖLLER et al. 2011). The
recent study of SHAO et al. (2015) indicated oppo-
site effects of social isolation after 8 weeks, in
which SOD, CAT, GPx activities and total AO ca-
pacity decreased and H2O2 level increased, par-
ticularly in cortex and hippocampus. The increase
of enzyme activity as a response to isolation stress
found in our study may be a consequence of
shorter observational period in which AO defense
is still induced by increased radical production.
This finding is supported by the study of MEN-
ABDE et al. (2011) in which 20 days of prolonged
isolation increased SOD and CAT activity. How-
ever, after 40 days of social isolation, the activity
of these enzymes was drastically reduced. These
data also indicated that isolation stress served as
a factor for excessive generation of free radicals
that, to some degree, may be neutralized by the AO
enzymes. However, prolonged stress may result in
some irreversible processes that can result in dys-
function of the AO system in rat brain.

Physical exercise is classified as a type of stress
but it also protects against deleterious effects of in-
flammation and oxidative stress in the brain by
various molecular mechanisms. One of these
mechanisms includes exercise-induced modula-
tion of ROS levels and AO enzymes (GERECKE et al.
2013). Although exercise can induce ROS forma-
tion that may be detrimental to cellular functions,
it was suggested that regular exercise causes
strengthening of cellular antioxidant capabilities
by a significant increase of AO enzyme activities,
thus increasing resistance to oxidative stress and
reducing cellular oxidative damage (MOGHADDASI
et al. 2014). Increased activity of SOD and CAT
recorded in our study after long term swimming is
in accordance with some previous findings show-
ing that swimming induced an increase in SOD ac-
tivity after a 4-month swimming exercise (DEVI &
KIRAN 2004), as well as GPx activity and lipid per-
oxidation (HARA et al. 1997). However, studies
also show that AO status depends on many factors
such as brain region, the type of physical exercise,
its intensity and duration, and even the strain of
rats (RADAK et al. 2013).

In rats chronically pretreated with isolation, ad-
ditional stress by acute immobilization or cold
markedly decreased activities of all examined AO
enzymes in brain cortex but their activity still re-
mained elevated, compared with control. After
long term swimming, only additional stress by im-
mobilization reduced CAT activity while both
SOD activities also remained increased. The ob-
served changes in AOE activities indicate that any
stress type, acute, chronic or combined stress, may
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alter the redox equilibrium and induce an adaptive
response of the AO system in rat brain.

Adaptation to different stress stimuli can induce
beneficial effects (GERECKE et al. 2013).In the
brain, exercise has a preventive and therapeutic
role in stroke and neurodegenerative diseases
(RADAK et al. 2013) and it was shown to increase
antioxidant gene expression in a variety of tissues,
including brain (BRONIKOWSKI et al. 2002). Even
one swimming session after immobilization stress
attenuated oxidative stress markers in rat brain
(RADAK et al. 2001). However, changes in redox
equilibrium may also be a prerequisite for devel-
opment of pathological processes, especially in the
case of social isolation stress, flagged as a robust
stressor. In humans, social stress is viewed as
a major etiological factor for emotional disorders,
including anxiety and depression. In animal mod-
els, beside behavior changes, social stress pro-
duces many changes in brain neuronal structure
and in neurochemical transmission (BLANCHARD
et al. 2001).

For all examined enzymes, the effects of addi-
tional acute stress exposure depended on the type
of chronic stress, with social isolation being a more
powerful factor than swimming. Although both
types of acute stress significantly decreased AOE
activity in brain cortex of the LTI- pretreated ani-
mals, acute stress by immobilization had a more
profound effect on these enzymes. Taken together,
the resultsof this study show that in brain cortex
various types of stress affect AO enzymes to a dif-
ferent degree, most probably by generating an im-
balance in production/elimination of ROS. Further
investigation of different redox changes and their
functional implications could provide more in-
sight in stress-induced neuropsychological pro-
cesses and their treatment.
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