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Fish oil provides protection against the oxidative stress
in pilocarpine model of epilepsy
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Abstract Temporal lobe epilepsy (TLE), the most common
form of epilepsy is often resistant to pharmacological treat-
ment. Neuronal loss observed in epileptic brain may be result
of an overproduction of free radicals (oxidative stress).
Oxidative stress is characterized by an imbalance between
antioxidant defenses and oxidizing agents (free radicals),
which can lead to tissue injury. The n-3 PUFAs are important
for the development and maintenance of central nervous sys-
tem functions. Research by our group has shown that chronic
treatment with fish oil, immediately after status epilepticus
(SE), exhibits both neuroprotective effects and effects on
neuroplasticity. The main purpose of this research was to eval-
uate if fish oil exhibits a protective effect against oxidative
stress. Animals were subjected to TLE model by pilocarpine
administration. After 3 h of SE they were randomly divided
into the following groups: control animals treated daily with
vehicle or with 85 mg/kg of fish oil and animals with epilepsy
treated daily with vehicle or with 85 mg/kg of fish oil. After
90 days, superoxide anion production, enzymatic activity of
superoxide dismutase (SOD) and catalase (CAT) and protein

expression of NAD(P)H oxidase subunits (p47PHOX and
gp91PHOX) were analyzed. Our results showed evidences that
reactive oxygen species are increased in animals with epilepsy
and that fish oil supplementation could counteract it. Fish oil
supplementation promoted protection against oxidative stress
bymultiple ways, which involved the reduction of activity and
expression of NAD(P)H oxidase subunits and increased the
activity and expression of antioxidants enzymes, contributing
to well-known neuroprotective effect in epilepsy.
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Introduction

Temporal lobe epilepsy (TLE), the most common form of
epilepsy in humans, is often resistant to pharmacological treat-
ment. The pilocarpine model of epilepsy, firstly described by
Turski et al. (1984) has been widely used due to its similarity
with human TLE and its multifaceted technical approaches
(Curia et al. 2008).

Excitotoxicity and selective neuronal loss are a common
finding in pilocarpine model of TLE and is related with ex-
cessive or prolonged activation of excitatory amino acid re-
ceptors, in particular glutamate receptors. It points reactive
oxygen species (ROS) production as an important conse-
quence involved with the glutamatergic excitotoxicity, usually
referred as oxidative stress (Bondy and Lee 1993; Bonfoco
et al. 1995; Shulz et al. 1995; Vincent and Mulle 2009).
Ischemia and hypoxia can exacerbate the brain damage.
However, experimental evidence shows that prolonged SE
cause neuronal death even when animals are kept well oxy-
genated (Nevander et al. 1985). The biological effects of free
radicals can be controlled in vivo by antioxidant enzymes that
include glutathione reductase (GR), glutathione peroxidase
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(GPx), superoxide dismutase (SOD) and catalase (CAT)
(Valko et al. 2006). Imbalance between free radical for-
mation and antioxidant defensive system can lead to
neuronal damage and cell death through cell membrane
lipid destruction and cleavage of DNA (Fujikawa 2005;
Vincent and Maiese 1999).

Free radicals such as ROS can also be generated during
normal cellular respiration and/or metabolic process by spe-
cific enzymes such as NAD(P)H oxidase. The NAD(P)H
oxidase is a multi-subunit enzyme that catalyzes the reduc-
tion of molecular oxygen to generate superoxide radicals. It
was discovered in neutrophils but the classical paradigm of
NADPH oxidase function only in immunological system
has become outdated (Babior 2004). Recently, Pestana
et al. (2010) demonstrated the participation of ROS gener-
ated by NADPH oxidase in neuronal death in the pilocar-
pine model of epilepsy.

The n-3 polyunsaturated fatty acids (n-3 PUFA) are
important for the development and maintenance of cen-
tral nervous system functions (McCann and Ames 2005;
Inni 2007). Clinical and experimental investigations
have demonstrated that the duration and frequency of
epileptic seizures can be reduced as a consequence of
long-term n-3 PUFA supplementation (Schlanger et al.
2002). Previous studies in our laboratory demonstrated
that chronic treatment with fish oil started immediately
after the onset of status epilepticus (SE) produced neu-
roprotective and neuroplastic effects by reduction of cell
death e enhanced the GABAergic transmission in hippo-
campus (Ferrari et al. 2008), but the mechanisms under-
lying those effects are still unknown. It has been de-
scribed that n-3 PUFA can suppress production of
ROS (superoxide and hydrogen peroxide) in stimulated
leukocytes (Fisher et al. 1990) and up-regulates gene
expression of antioxidant enzymes and down-regulates
genes associated with production of ROS (Takahashi
et al. 2002). Based on these facts, we tested the hypoth-
esis that fish oil could act against oxidative stress in the
pilocarpine model of TLE.

Material and methods

Animals

All animals were treated according to protocols for animal
care established by the Federal University of São Paulo, and
all efforts were made to minimize animal suffering (CEUA,
188439). Adult male Wistar rats with 220–280 g were housed
under standard controlled conditions (7:00 am/7:00 pm light/
dark cycle; 20–22 °C; 45–55% humidity) with food and water
ad libitum.

Induction of epilepsy

Epilepsy was induced according to the procedure described
previously. In brief, 30 min after methylscopolamine injection
(1 mg/kg, sc - Sigma, MO, USA), experimental animals re-
ceived pilocarpine (350 mg/kg, ip - Sigma, MO, USA) e con-
trol received salina 0.9 %. To terminate or limit behavioral
seizures induced by pilocarpine, diazepam (10 mg/kg –
Cristalia, Compaz) was administered subcutaneously 3 h after
the onset of status epilepticus, simultaneously with fish oil or
vehicle administration. After that, the animals were then
allowed to evolve through the silent period to the chronic
phase (Cavalheiro 1995).

Fish oil treatment

Animals were randomly divided into the following groups:

1) control vehicle (CV, n=9): animals treated daily with ve-
hicle (cremophor 0.009 %);

2) control fish oil (CFO, n=9): animals treated daily with
85 mg/kg fish oil;

3) epilepsy vehicle (EV, n=9): animals with epilepsy treated
daily with vehicle;

4) epilepsy fish oil (EFO, n=9): animals with epilepsy treat-
ed with 85 mg/kg fish oil.

For 90 days animals received vehicle (cremophor
0.009 %) or fish oil (PROEPA®, 85 mg/kg). The fish
oil capsule (1 g), containing the polyunsaturated fatty
acids DHA (120 mg/1 g) and EPA (180 mg/1 g), was
dissolved in Cremophor (Sigma ®) 0.009 % in distilled
water yielding a final concentration of 21.25 mg/mL of
fish oil, which corresponded to 3.82 mg/mL EPA and
2.55 mg/mL DHA. Vehicle solution (V) consisted of
the same amount of Cremophor and water. The animals
received 1 mL of the fish oil solution or vehicle solution
for 250 g of body weight. The solutions were adminis-
trated between 11:00 and 12:00 AM by oral gavage dai-
ly. The volume administered was adjusted according to
animal weight, which was verified three times a week
during the treatment period. For all the procedures, the
animals were killed by decapitation. The hippocampus of
all animals was processed for enzymatic activity assays
and western blot analysis. The trunk blood was collected
in tubes and centrifuged at 2500 rpm for 15 min. The
serum was collected and stored in freezer for enzymatic
activity assays.

For the anion superoxide production, five animals per
group were used and for antioxidants enzymatic activities
and protein expression analysis, four animals per group
were used.
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Superoxide production

The superoxide product ion was measured using
dihydroethidium (DHE) dye fluorescence method. Coronal
brain slices with 200 μm measured from bregma (AP: -
3.30 mm) (Paxinos and Watson 1998) were incubated for
6 min with artificial cerebrospinal fluid (ACSF) solution
(10 mM glucose, 1.25 mM MgSO4.7H2O, 1.25 mM
KH2PO4, 5 mM KCl, 125 mM NaCl, 24 mM NaHCO3,
2.5 mM CaCl2.2H2O) contained 100 μM/L of DHE fluores-
cence dye (Invitrogen Corporation, CA, USA). The fluores-
cence intensity of hippocampal regions (CA1 and CA3) was
visualized on Zeiss Axiovert 780 confocal microscope (exci-
tation: 480 nm and emission: 570 nm) and analyzed using
BZEN imaging software^. For fluorescence quantification
analysis, specific program BImage J^ (Wayne Rasband
National Institutes of Health, USA) was used. Data were
expressed considering the relationship between fluorescence
intensity / area.

Enzymatic activity assays

Hippocampus samples were homogenized in 50 mM phos-
phate buffer (50 mM KH2PO4 and 50 mM K2HPO4, 1:1.5
(v/v) pH 7.4 and the samples are centrifuged at 2500 rpm for
10 min at 4 °C to remove insoluble cell debris. As hippocam-
pus, serum samples protein amount was determined by the
method of Bradford (1976) using bovine albumin as standard.

SOD activity

The commercial test Kit RANSOD (RANDOX, Randox
Laboratories Ltd, United Kingdon) was used to determine
the activity of superoxide dismutase. The superoxide dismut-
ase activity was measured by the degree of inhibition of this
reaction. Firstly, it was determinate the absorbance of blank,
standard and samples. Subsequently, xanthine oxidase was
added and absorbance monitored for 3 min at 505 nm in a
spectrophotometer at 37 °C. One unit of SOD activity was
defined as the amount of enzyme that inhibited the reaction
rate by 50 %.

CATactivity

Catalase activity was assayed according to the method of Aebi
(1984). This method is based on monitoring the decomposi-
tion of H2O2 determined by spectrophotometer at 420 nm for
5 min and calculated by change of absorbance per unit time.

Western blot analysis

Hippocampus samples were homogenized in lysis buffer with
protease inhibitor cocktail (100 mM Tris-Base, pH 7.5,

10 mM EDTA, 10 % SDS, 10 mM sodium pyrophosphate,
100 mM sodium fluoride, 10 mM sodium orthovanadate).
After that, Laemmli buffer (bromophenol blue 0.1 %, 1 M
sodium phosphate pH 7.0, 50 % glycerol, 10 % SDS) contain-
ing dithiothreitol (DTT) was added to each sample and the
mixture was boiled for 5 min. After boiling, the mixture was
subjected to polyacrylamide gel 8 % electrophoresis (SDS-
PAGE) system MINI-BIO-RAD PROTEIN®. The separated
proteins were transferred electrophoretically (BIO-RAD ®
cube) using a transfer buffer (25 mM Tris-Base, 192 mM gly-
cine, 20 % methanol, 0.02 % SDS). The transfer efficiency
was evaluated using Ponceau dye. The polyvinylidene
difluoride membranes (PVDF, Millipore, Bedford, MA,
USA) were incubated for 2 h at room temperature in blocking
buffer (5 % nonfat dry milk, 1 M Tris base, 5 M NaCl, 0.05 %
Tween 20) to reduce non-specific binding. The primary anti-
bodies used were anti-p47PHOX, anti-gp91PHOX (Upstate-
Millipore, Bedford, MA, USA), anti-SOD, anti-catalase e
anti-tubulin (Santa Cruz Biotecnology Inc., Califórnia,
USA). The chemiluminescence kit ECL (GE Healthcare Life
Sciences, Buckingham Shire, UK) was used for autoradio-
graph detection with X-ray film (IBF Indústria Brasileira de
Filmes, São Paulo, Brasil).

Statistical analysis

Data were expressed as mean±standard error. Statistical anal-
ysis was performed using two-way ANOVA (groups: control
versus experimental and treatment: vehicle versus fish oil)
followed by Bonferroni post-hoc test. p values of 0.05 or less
were considered significant. The analyses were effectuated
using commercial program (Prism 5.03 for windows).

Results

Pilocarpine treatment sequentially induced the following be-
havioral changes: akinesia, facial automatisms, and limbic
seizures consisting of forelimb clonus with rearing, salivation,
masticatory jaw movements and falling. This type of behavior
built-up progressively into motor limbic seizures that recurred
repeatedly and rapidly developed into SE. After SE, animals
were comatose or unresponsive to their environment and
akinetic. Behavior returned to normal over a 3- to 5-day period
(Cavalheiro 1995). Spontaneous and recurrent seizures in rats
with epilepsy during the chronic period were characterized by:
facial automatisms, forelimb clonus, rearing, loss of postural
control and generalized clonic seizures lasting 40–60 s.

Superoxide production

The superoxide anion production was significantly higher in
CA1 and CA3 hippocampal regions in experimental group as
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compared to control (F(1;16)=12.8; p=0.0025 and F(1;16)=5.2,
p=0.039, respectively) Fig. 1a and b. The superoxide anion
production significantly decreased in CA1 and CA3 hippo-
campal regions in animals with epilepsy supplemented with
fish oil as compared with animals with epilepsy that received
vehicle (t=3.029, p<0.05 and t=2.95, p<0.05, respectively).

Enzymatic activity assays

In hippocampus, a significant difference between groups was
noted for SOD activity (F(1;12)=18.2; p=0.0013, Fig. 2a) and
catalase activity (F(1;12)=14.8; p=0.0027, Fig. 2b). The enzy-
matic activities for both enzymes were higher in experimental
group as compared to control. Effect of interaction between
groups versus treatment was no observed neither to SOD ac-
tivity (F(1,12)=1.3; NS, Fig. 2a) nor to catalase activity (F(1,
12)=0.1; NS, Fig. 2b). The treatment with fish oil did not affect
the SOD activity (F(1;12)=0.23; NS). However, for catalase
activity, a significant effect of treatment was noted (F(1;12)=
11.1; p=0.0008, Fig. 2b). Fish oil supplementation signifi-
cantly increased the catalase activity in both groups.

In hippocampus, the data indicates that the activity of anti-
oxidants enzymes are increased in animals with epilepsy and

that the fish oil supplementation enhanced that protection to
counteract the over production of free radicals.

In serum, effect of interaction between groups versus treat-
ment was noted for SOD (F(1,12)=16.9; p=0.0017, Fig. 2c)
and catalase activities (F(1,12)=5.2; p=0.04; Fig. 2d). Fish oil
treatment decreased enzymatic activities in control group and
increased it in animals with epilepsy. In addition, SOD activity
was significantly higher in experimental group as compared to
control (F(1,12)=5.2; p=0.001) with no difference for catalase
activities (F(1,12)=0.048; NS). The results obtained in serum
suggest that fish oil supplementation increased the activity of
antioxidant enzymes to improve the protection against the free
radical production.

Western blot analysis

The protein expression of NAD(P)H oxidase subunit p47PHOX

was significantly different between groups (F(1,12)=8.3; p=
0.013, Fig. 3a). The p47PHOX expression was higher in exper-
imental group as compared to control group but it was unaf-
fected by the treatment (F(1,12)=1.5; NS, Fig. 3a). No effect of
interaction between groups versus treatment was noted (F(1,
12)=0.1; NS).
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Fig. 1 Immunofluorescence of ethidium in Ca1 (a) and Ca3 (b) of
hippocampal formation of groups CV, CFO, EV and EFO. The reactive
oxygen species production was significantly higher in CA1 and CA3
hippocampal regions in animals with epilepsy as compared to control.

The reactive oxygen species production significantly decreased in CA1
and CA3 hippocampal regions in animals with epilepsy supplemented
with fish oil (EFO) as compared with animals with epilepsy that received
vehicle (EV). **p=0.0025, *p=0.039, #p<0.05
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For the gp91PHOX expression a significant effect of inter-
action between groups versus treatment was observed (F(1,
12)=6.6; p=0.024; Fig. 3b). The gp91PHOX expression in-
creased in the experimental group but decreased with the fish
oil treatment. In addition, the gp91PHOX expression was
higher in experimental group as compared to control (F(1,
12)=15.7; p<0.0003).

The results suggest that the expression of NAD(P)H oxi-
dase subunits are increased in the animals with epilepsy which
could be underlying the increased superoxide anion produc-
tion. Fish oil supplementation decreased gp91PHOX expres-
sion most probably to counteract the free radical production.
For SOD protein expression in hippocampus a significant ef-
fect of interaction between groups versus treatment was ob-
served (F(1,12)=5.2; p=0.04, Fig. 3c). Fish oil decreased SOD
protein expression in control and increased it in experimental
group.

For catalase protein expression no difference was noted for
groups, neither to the treatment nor to the effect of interaction
between factors (F(1,12)=1.6; NS, F(1,12)=2.8; NS, F(1,12)=
0.002; NS, respectively).

Discussion

In the pilocarpine model of temporal lobe epilepsy, it was
investigated the oxidative stress and the impact of fish oil

supplementation. The main results showed that reactive oxy-
gen species are increased in animals with epilepsy and that
fish oil supplementation could counteract it. In order to inves-
tigate the probable mechanisms underlying this effect, it was
investigate the enzymatic activities for antioxidants enzymes
in hippocampus and serum, and protein expression for
NAD(P)H oxidase subunits and antioxidants enzymes in
hippocampus.

Corroborating with the current literature, it was noted an
increase in superoxide production in the hippocampus of an-
imals with epilepsy, which could be partially explained by
increased expression of NAD(P)H oxidase subunit p47PHOX

and gp91PHOX. In this sense, Patel et al. (2005) showed in
kainic-induced SE a time-dependent translocation of
NAD(P)H oxidase subunits from hippocampal cytosol to
membrane that coincided with microglial activation, suggest-
ing that seizure activity activates the membrane NAD(P)H
oxidase complex resulting in an increase of superoxide forma-
tion. In addition, Pestana et al. (2010) showed that the NADP
H oxidase inhibitor (apocynin) effectively decreased both
ROS production and neurodegeneration in the pilocarpine
model of epilepsy.

Interestingly, our results showed an increased CATactivity,
most probably to counteract the increased free radicals pro-
duction, with no changes in their expression. Corroborating
with our results, Rumià et al. (2013) showed that the neocor-
tex of drug-resistant epilepsy patients displayed increased
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Fig. 2 Superoxide dismutase (SOD) and catalase (CAT) activities in
hippocampus and serum of control and experimental groups. In hippo-
campus, SOD and CATactivities were significantly higher in experimen-
tal group as compared to control (**p=0.0013, **p=0.0027, respective-
ly). Fish oil supplementation did not change the SOD activity but signif-
icantly increased the CAT activity in both groups (*p<0.05). In serum,

SOD activity was significantly higher in experimental group as compared
to control (***p=0.001) with no difference for CAT activities. Effect of
interaction between groups versus treatment was noted for both enzymes.
Fish oil treatment decreased enzymatic activity in control group and in-
creased it in animals with epilepsy
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level of superoxide anion and as well as increased enzymatic
activity for catalase. It was suggested catalase as the main
antioxidant enzyme in human epileptic neocortex. Freitas
et al. (2005) using the pilocarpine model of TLE observed
an increased lipid peroxidation and catalase activity in the
hippocampus during the phase of spontaneous recurrent
seizures.

In our study, SOD activity increased in the hippocampus
and serum of animals with epilepsy. However, controversial
results have been reported in the literature. Rumià et al. (2013)
reported that SOD activity remained unchanged in human
epileptic neocortex and Bellissimo et al. (2001) using pilocar-
pine model of temporal lobe epilepsy observed decreased
SOD activity in hippocampus during the chronic phase.

The effect of fish oil supplementation on oxidative stress
remains to be elucidated. The results showed that fish oil

supplementation decreased reactive oxygen species produc-
tion in CA1 and CA3 of hippocampal formation of animals
with epilepsy, which could be explained by reduction of the
gp91PHOX expression, increased SOD expression, increased
SOD and catalase activities in hippocampus and SOD
activity in serum. Corroborating with our results, Liu et al.
(2012) showed in pentylenetetrazole-induced seizures that
DHA reduced the levels of NO in the brain and liver, as well
as increased SOD and CAT activities in both tissues. Other
studies reported that fish oil supplementation provides protec-
tion against lipid peroxidation. Hypercholesterolemic rats sup-
plemented with DHA exhibited an increase in CAT and GPx
activities in the brain, which favored a protection against lipid
peroxidation (Hossain et al. 1999). Also, animals subjected to
traumatic brain injury and supplemented with fish oil diet
exhibited decrease on oxidative damage in hippocampus
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Fig. 3 Western blott in hippocampus of control and experimental groups.
Each bar represents mean±SEM from the ratio a p47PHOX/Tubulin, b
gp91PHOX/Tubulin, c SOD/Tubulin and d catalase/Tubulin. The
expression of NAD(P)H oxidase subunits p47PHOX (a) and gp91PHOX

(b) were significantly higher in experimental group as compared to
control (*p=0.013, ***P=0.003). In experimental group, the fish oil
supplementation did not change the expression of p47PHOX but

significantly decreased of the gp91PHOX. For SOD expression (c) a
significant effect of interaction between groups versus treatment was
observed. Fish oil supplementation decreased SOD expression in con-
trol and increased it in experimental group. For CAT expression (d)
no difference was noted between groups, neither to the treatment nor to
the effect of interaction between groups versus treatment
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(Wu et al. 2004). The molecular mechanism underlying those
effects remains to be elucidated and further investigation are
needed.

Taken as a whole, the results showed evidences that reac-
tive oxygen species are increased in animals with epilepsy and
that fish oil supplementation could counteract the oxidative
stress. Fish oil supplementation promoted protection against
oxidative stress by multiple ways, which involved the reduc-
tion of activity and expression of NAD(P)H oxidase subunits
and the increased the activity and expression of antioxidants
enzymes, contributing to well-known neuroprotective effect
in epilepsy.
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