
INTRODUCTION

Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family, is a key protein in the regulation of the
maintenance, growth and survival of neurons (1). BDNF is
important for cell proliferation, cell differentiation, neuronal
protection, and the regulation of synaptic function in the central
nervous system (CNS) via stimulating key intracellular signaling
cascades (2). In addition, BDNF plays an important role in various
aspects of neural plasticity, such as neurogenesis, long-term
potentiation (LTP), learning and memory, and mood changes (3).
The mutation or deletion of the BDNF gene in mice results in
learning deficits and LTP impairment, whereas re-expression of
BDNF restores LTP (4). In patients with Alzheimer’s disease or
major depression, the brain or serum levels of BDNF are decreased
(5, 6). Accumulated evidence has demonstrated that stress or
corticosterone administration reduces BDNF mRNAexpression in
the brain (7). In addition, BDNF synthesis is centrally mediated by
an activity-dependent process (8), and exercise enhances BDNF
transcription in the brain (9). Therefore, in order to clarify the
changes in BDNF after different stresses, we studied the expression
of BDNF mRNA in the cerebral cortex of Sprague-Dawley rats

following chronic exercise in normal and hypoxic conditions by
real-time polymerase chain reaction (RT-PCR).

Under the hypoxic condition, the decreased partial pressure of
O2 causes a reduction in available cellular O2, which is the
ultimate electron acceptor in the electron transport chain (10). Due
to low levels of O2, the electron accumulation is higher, and more
electrons attack the ground state of available oxygen (O2) to form
superoxide anion (O2–), in turn, H2O2 and hydroxyl radicals (OH–)
are formed by chain reaction (11). In this way the reactive oxygen
species (ROS) level is increased in hypoxia, which causes
oxidative stress (12). In addition, under hypoxic stress, cellular
defence systems such as antioxidant enzymes (glutathione
peroxidase, glutathione reductase, superoxide dismutase) are
disturbed and their activity decreases (13). The hypoxia-induced
generation of ROS can cause protein oxidation, DNAand RNA
oxidation, lipid peroxidation and neuronal dysfunction or death
(14). Also, oxidative stress may be associated with various
neurodegenerative diseases including Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease and amyotrophic lateral
sclerosis (15). Therefore, it is crucial to identify how to secure the
neuronal system from oxidative stress. Moreover, the brain is
sensitive to oxidative stress due to (i) an abundant presence of
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polyunsaturated fatty acid, (ii) deficient antioxidant defence, (iii)
a high rate of O2 utilisation due to the high metabolic rate and (iv)
a high content of transition metals such as copper and iron in
several regions, which could lead to the formation of hydroxyl
radicals via the Fenton reaction (16). In addition, the cortex is
particularly sensitive to hypoxia (17); therefore, the present study
investigated the process of hypoxia-induced oxidative insult in the
rat cortex and its possible effect on cortical BDNF mRNA
expression in rats experiencing chronic exercise with or without
vitamin E.

Accumulating evidence suggests that physical exercise is
capable of beneficially affecting certain brain functions (18). It
has been shown that voluntary running enhances brain plasticity
and leads to an increase in the number of new hippocampal cells
(19). However, we still lack a comprehensive picture regarding
the relationships between exercise and oxidative stress in the
brain. There are few studies on the effects of exercise on
oxidative damage or the antioxidant brain state, and the available
findings are conflicting (20). Radak et al. (21) showed that
physical exercise, especially a single bout of exercise, could
generate increased levels of ROS and result in oxidative damage
to macromolecules. To date, the evidence for oxidative stress
and tissue damage due to exercise remains incomplete because
of the complexity of the chosen exercise models. Therefore, we
tested the hypothesis that exercise can cause oxidative damage to
the rat brain cortex in normal or hypoxic rats and its possible
effect on cortical BDNF mRNAexpression.

Vitamin E is a potent antioxidant that protects organisms
against reactive oxygen species (ROS)- and reactive nitrogen
species (RNS)-mediated damage. Epidemiological and clinical
studies have suggested that vitamin E supplementation provides
beneficial effects for neurodegenerative diseases such as
Alzheimer’s disease (22) and Parkinson’s disease (23). Previous
studies have indicated the susceptibility of cultured cortical
neurons to oxidative stress, such as glutamate (24) and NO (25),
which results in neuronal cell death. It has been reported that
treatment with α-tocotrienol 5 min before or after glutamate
stimulation protects cortical cells from glutamate-induced
neurotoxicity (26). In another system, cotreatment with vitamin
E analogs blocked NO or O2

• donor-induced cell death in rat
striatal cultures (27). These reports have suggested that vitamin
E analogs acutely protect neuronal cells from oxidative stress.

Since there are few reports in the literature investigating the
effects of sustained arterial hypoxia and exercise on cerebral
cortical BDNF expression, so, the aim of the present work is to
study the effects of chronic exercise, with or without vitamin E,
on sustained hypoxia-induced oxidative stress and BDNF
expression in rat cerebral cortex.

MATERIALS AND METHODS

Animals

Sixty four male Sprague-Dawley rats, 4 weeks old with a
mean weight of 76.5 ± 3.7 g, were purchased from the Vaccine
and Immunization Authority (Helwan, Cairo, Egypt) and housed
(Animal House, Medical Physiology Department, Faculty of
Medicine, Mansoura University, Egypt) under controlled
conditions (23 ± 1°C and a 12 h light: 12 h dark cycle). The
animals were allowed free access to food and tap water. The
experiments were performed according to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH publication No. 85-23, revised 1996).
All experimental procedures in this study were approved by the
Medical Research Ethics Committee of Mansoura University,
Egypt (Protocol number: R/98).

Experimental design

At the age of four weeks, the rats were randomly divided
into two groups of thirty two rats each. Group I rats were housed
in the usual cages and provided with normal air (21% O2); these
animals served as a normoxic (N) control. Group II rats were
placed in cages supplied with 12% O2 (28). These rats served as
the chronically hypoxic (CH) group. Animals from both groups
were further subdivided into four subgroups of 8 rats each:
sedentary, sedentary with vitamin E (100 mg/kg/day, i.p.
injection) (29), chronic exercise and chronic exercise with
vitamin E (100 mg/kg/day, i.p. injection) (29). Exercise program
was started at the age of 4 weeks. Rats in CH group performed
exercise at low PO2.

Exercise program

The animals in the chronic exercise subgroups were forced
to perform exhaustive swimming in 26°C water in a 100 × 40 ×
60 cm glass tank (35 cm depth of water) for 1 h/day at 8:30 am,
5 times/week, over a period of 8 weeks from the ages of 4 to 12
weeks old. The swimming duration increased by 30 min each
week up to a maximum 4.5 h in the last week. At the end of each
exercise session, animals were dried and kept in a warm
environment. Sedentary controls were restricted to cage activity.
However, on the days of exercise practice, the sedentary animals
were removed from their cages and kept for 1 hour in the
container (previously cleaned and dried) where the swimming
sessions had taken place in order to handle stress (30).

Sampling protocol

Blood samples

At the end of the experimental period, arterial blood samples
were taken from the rat tail artery cannula to analyse arterial
blood PO2 using a laboratory blood gas analyser (Instrumentation
Laboratory, MA, USA).

Brain samples

Each rat was anesthetised by ether, and the whole brain was
immediately removed, washed with chilled saline, and weighed.
The cortex was dissected on ice, frozen in liquid nitrogen, and
stored at –80°C until biochemical analysis of the lipid
peroxidation products (malondialdehyde, MDA), and antioxidants
(reduced glutathione, catalase, superoxide dismutase).

Assessment of lipid peroxide, enzymatic and non-enzymatic
antioxidants, and vitamin E in cerebral cortex

The cerebral cortex was removed and rinsed with phosphate-
buffered saline (pH 7.4) to remove any red blood cells or clots.
Next, the tissue was homogenised in 5–10 mLof cold 20
mmol/L HEPES buffer (pH 7.2) containing 1 mmol/LEGTA,
210 mmol/L mannitol, and 70 mmol/Lsucrose per gram of
tissue. The homogenates were centrifuged at 15,000 r/min
(18 000 g) for 15 min at 4°C, and the supernatant was removed
and stored at –80°C until further analysis of the glutathione
(GSH), catalase (CAT), superoxide dismutase (SOD), MDAand
vitamin E levels.

In the cerebral cortex tissue homogenate, the levels of GSH
(Cat. No. 703002; Cayman Chemical, Ann Arbor, Mich., USA),
SOD (Cat. No. 706002, Cayman Chemical, Ann Arbor, Mich.,
USA), CAT (Cat. No. NWK-CAT01, Northwest Life Science
Specialties, Vancouver, Wash., USA) and vitamin E (Cat. No.
C90922Ra, USCN Life Science Inc., USA) were measured
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according to the manufacturer’s instructions. In addition, MDA
was analysed in the brain homogenate by measuring the
production of thiobarbituric acid-reactive substances (TBARS)
with a TBARS assay kit (Cat. No. 10009055, Cayman Chemical,
Ann Arbor, Mich., USA).

Total RNA extraction from the brain tissue of rats

Total RNA extraction cerebral cortex with liquid nitrogen
was carried out immediately using the TriFast TM reagent
(PeqLab. Biotechnologie GmbH, Carl-Thiersch St. 2B 91052
Erlongen, Germany, Cat. No. 30-2010) according to the
manufacturer’s instructions. The remaining DNAwas removed
by digestion with DNase I (Sigma). The concentration of
isolated RNAwas determined using a spectrophotometer that
measures the optical density (OD) at 260 nm (Jenway, Genova
Model, UK). A 10 µl aliquot of each sample was added to 990 µl
of DEPC-treated water and by measuring the absorbance at 260
nm, the RNAyield (µg/ml) was quantified A260 X 40 X 100
(dilution factor). RNA purity was determined using
formaldehyde agarose gel electrophoresis and ethidium bromide
staining, which should produce 2 sharply purified bands
representing 28S and 18S ribosomal RNA.

RT-PCR for the extracted RNA

RT-PCR was performed using Ready-to-Go RT-PCR beads
(Amersham Biosciences England. Cat. No. 27-9266-01) for the
first strand cDNAsynthesis and PCR reaction according to the
method of Berchtold.

Ready-to-Go RT-PCR beads utilise Moloney Murine
Leukemia virus (M-MuLV) reverse transcriptase and Taq
polymerase to generate the PCR product from an RNAtemplate.
Each bead is optimised to allow the first strand cDNAsynthesis
and PCR reaction to proceed sequentially as a single tube, single
step reaction. The reaction proceeded as follows:

1. Synthesis of cDNA

The following materials were added to each tube along with
the beads: 2 µl of first strand primer provided by the kit, 3 µl

containing 30 pmol of PCR gene-specific primer (sense), 3 µl
containing 30 pmol of PCR gene-specific primer (anti-sense), 25
µl containing 1 µg of total template RNAand 17 µl of DEPC-
treated water to obtain a total volume of 50 µl. One tube was
prepared as a negative control reaction to test for DNA
contamination.

The dehydrated bead (without template and primers) was
incubated at 95°C for 10 min to inactivate the M-MuLV reverse
transcriptase. A 50-ul drop of mineral oil was added to overlay
the reaction. The reactions were transferred to a thermal cycler
and incubated at 40°C for 30 min for cDNAsynthesis, followed
by incubation at 95°C for 5 min to inactivate the reverse
transcriptase and completely denature the template.

Gene specific primers were purchased from Biolegio (BV, PO
Box 91, 5600 AB Nijmegen, Netherlands) as shown in Table 1.

2. Amplification of cDNA by PCR:

The thermal cycling reaction was performed using a thermal
cycler (TECHEN TC-312, Model FTC3102D, Barloworld
Scientific Ltd. Stone, Staffordshire, st 150 SA, UK) with the
program shown in Table 2.

3. Detection of amplified RT-PCR products

For semi-quantitative RT-PCR, the amplification products
were subjected to agarose gel electrophoresis using 2% agarose
stained with ethidium bromide, visualised with UVlight
(Transilluminator, Model TUV-20, OWI. Scientific, Inc. 800
242-5560) and photographed under fixed conditions (constant
distance, light and scale).

The resulting photos were analysed with Scion Image®
release Alpha 4.0.3.2. software for Windows®, which performs
band detection and peak conversion. The area under each peak
was calculated in square pixels and used for quantification. The
gene expression levels were determined by calculating the ratio
between the square pixel values of the target gene in relation to
the internal housekeeping control gene (β-actin).

The negative control tubes showed no PCR products,
indicating that all of the reagents were free from target sequence
contamination.
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Gene Primer Reference 

BDNF  Forward 5`-AGTGATGACCATCCTTTTCCTTAC3`.  

Reverse 5`- CCTCAAATGTGTCATCCAAGGA -3`. 

Shi et al., 2010, (39)

Internal housekeeping 

(control) gene ( -actin) 

Forward 5`- CACAGCTAGAGGGAAATCG -3`. 

Reverse 5`- 5’CACC AGAGTAGTTGCGCTC -3`. 

Shi et al., 2010, (39)

 

Table 1. Brain-derived neurotrophic factor (BDNF) and β-actin genes specific primers.

 

 BDNF -actin (internal control: 

housekeeping gene) 

Initial denaturation 94ºC for 5 min 94ºC for 5 minutes 

Cycles 

Number 30 25 

-Denaturation 94ºC for 1 min 94ºC for 1 min 

-Primer annealing  55ºC for 1 min 55ºC for 1 min 

-Extension 72ºC for 1 min 72ºC for 1 min 

-Final extension  68ºC for 7 min 72ºC for 7 min 

-Product size  196 bp 348 bp 

 

Table 2. Amplification of cDNAby PCR.



Quantitative real-time PCR

Reverse transcription (RT) of the extracted RNAwas
performed according to the manufacturer’s instructions using
Maxima First Strand cDNASynthesis Kit for RT-qPCR provided
by ThermoScientific , U.S.A, cat No. #K1641.Acontrol reaction
containing 2 µl of purified mRNAis run without reverse
transcription to confirm the DNAcontamination, if any, in the
purified mRNA samples. The synthesized cDNAis stored at
–20°C before use.

1- Gene-specific PCR primers: Oligonucleotide primers
designed to amplify rat BDNF were specific for the coding
region of exon 5.BDNF-specific primers were 5’-
CAGGGGCATAGACAAAAG-3’(forward); and 5’-
CTTCCCCTTTTAATGGTC-3’(reverse); (BDNF PCR product:
167 bp; (31), while for β-actin, used as internal control, 5’-
CCTGTATGCCTCTGGTCGTA-3’ (forward) and 5’-
CCATCTCTTGCTCGAAGTCT-3’ (reverse); β-actin PCR

product: 260 bp; (32). The gene specific primers were purchased
from Oligo™ Macrogen.

2- PCR reactions for optimization of primer annealing
temperature were performed using DreamTaq™ Green PCR
Master Mix (2X) provided by Thermo Scientific, USA, cat
No. 1081.

The primer concentration is optimized for use in real time PCR
to determine the minimum primer concentration giving the lowest
CT (threshold cycle) while minimizing nonspecific amplification.
Briefly, each amplification in duplicates of 25 µLreaction
containing 12.5 µL2X SYBR Green Master Mix, 2 µLcDNA and
a variable concentration of forward and reverse primers is run with
thermal cycling parameters as initial step of hold at 95°C for 10
min followed by 40 cycles of denaturation (hold at 95°C for 30 s)
and annealing (hold at 60°C for 1 min). PCR products were
subjected to agarose gel electrophoresis on 2% (w/v) agarose gels.

3- Quantitative real-time PCR analysis: the real time PCR
assays were performed on real time PCR set (Applied Biosystem
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Fig. 1. Pearson correlation between MDAand BDNF
gene expression. (r=0.7145) (P<0.0001) (n=64).

Fig. 2. Percent of expression RT-PCR
product BDNF gene expression in rats of the
control and hypoxic groups. The values are
expressed as the mean ± S.D. for 8 rats in
each group to the house keeping gene.
Sed, sedentary; AE, acute exercise; CE,
chronic exercise; VE, vitamin E.
a significant (P<0.05) as compared to control
sedentary group; b significant (P <0.05) as
compared to control sedentary + vitamin E
(VE) group; c significant (P<0.05) as compared
to control + chronic exercise (CE) group;
* significant (P<0.05) as compared to the
corresponding control group; † significant (P
<0.05) as compared to the hypoxic sedentary
group; ‡ significant (P<0.05) as compared to
hypoxia sedentary + vitamin E (VE) group; 
#: significant (P<0.05) as compared to hypoxia
+ chronic exercise (CE) group.



7500, USA) with 96-well plates, using SybrGreen reagent
(SYBR® Green PCR Master Mix (Applied Biosystem, USA,
cat.No. 4344463)).

Amplification were performed, in duplicates, in a total of 25
µL reaction containing forward and reverse primers (10 pmol of
each final concentration), 12.5 µLPower Sybr® Green PCR
Master Mix reaction buffer (Applied Biosystems) and 2 µL
cDNA. The cycling parameters are 95°C for 30 s, 60°C for 1 min,
40 cycles after one initial step of 95°C for 10 min, which is set to
activate AmpliTaq Gold polymerase. The PCR products are
monitored by measuring the increase in fluorescence caused by
binding of SYBR Green Dye to the double stranded DNAand CT

values (cycle threshold) are calculated. We performed melting
curve analysis and agarose gel electrophoresis 2% to confirm the
specificity of the PCR products obtained using each primer pair
(Figs. 3). Samples containing no template were used as negative
controls in each experiment.

The relative quantification of the BDNF gene in different
tissue samples is doneusing a comparative method. β-actin is
used as endogenous control to standardize the amount of DNA
added to the reaction. Each analysis requires 4 reactions (2 for
analysis of the target BDNF and 2 for analysis of the internal
standard, β actin). The ∆CT per each sample is calculated and
linearized using 2–∆CT. Finally ∆∆CT between experimental and
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Fig. 3. Brain-derived neurotrophic factor
(BDNF) gene expression in different
experimental groups (overall change relative
to sedentary control group 2-∆∆CT). The values
are expressed as the mean ± S.D. for 8 rats in
each group to the house keeping gene.
Sed, sedentary; CE, chronic exercise; VE,
vitamin E.
a significant (P<0.05) as compared to control
sedentary group; b significant (P <0.05) as
compared to control sedentary + vitamin E
(VE) group; c significant (P<0.05) as compared
to control + chronic exercise (CE) group;
* significant (P<0.05) as compared to the
corresponding control group; † significant (P
<0.05) as compared to the hypoxic sedentary
group; ‡ significant (P<0.05) as compared to
hypoxic sedentary + vitamin E (VE) group;
# significant (P<0.05) as compared to hypoxia
+ chronic exercise (CE) group.

Fig. 4. Agarose gel electrophoresis of semi-
quantitative RT-PCR product of brain-derived
neurotrophic factor (BDNF) gene expression
in rats of the control groups. Lane 1: RT-PCR
product of BDNF gene in the Sed group; Lane
2: RT-PCR product of BDNF gene expression
in the sed + VE group; Lane 3: RT-PCR
product of BDNF gene expression in the CE
group; Lane 4: RT-PCR product of BDNF
gene expression in the CE+ VE group.
Sed, sedentary; CE, chronic exercise; VE,
vitamin E.

Fig. 5. Agarose gel electrophoresis of semi-
quantitative RT-PCR product of brain-derived
neurotrophic factor (BDNF) gene expression
in rats from the hypoxic groups. Lane 1: RT-
PCR product of BDNF gene in the Sed group;
Lane 2: RT-PCR product of BDNF gene
expression in the Sed + VE group; Lane 3: RT-
PCR product of BDNF gene expression in the
CE group; Lane 4: RT-PCR product of BDNF
gene expression in the CE+ VE group.
Sed, sedentary; CE, chronic exercise; VE,
vitamin E.



control samples is calculated and linearized using 2-∆∆CT for
overall change. Thus, the amount of target BDNF gene in the
studied groups normalized to an endogenous reference (β actin)
and relative to control group is given by an arithmetic formula.

Statistical analysis

The data were expressed as the mean ± standard deviation
(S.D.). The data were processed and analysed using SPSS
version 10.0 (SPSS, Inc., Chicago, Ill., USA). One-way ANOVA
was done followed by Tukey’s post hoc test. Pearson correlation
statistical analysis was utilised for the detection of a probable
significance between two different parameters. The results were
considered significant for P≤0.05.

RESULTS

Exposure of rats to 12 % oxygen results in significant
reduction in arterial PO2 as compared with the control group
(61.2 ± 2.3 mmHg versus 91.8 ± 2.9 mmHg respectively). The
changes in the activity of CAT and SOD and the levels of GSH,
vitamin E and MDAin the cortex of control and hypoxic rats
having experienced chronic exercise, are shown in Table 3. CAT
and SOD activity and GSH, vitamin E and MDAlevels were
affected by hypoxia as well as chronic exercise. Hypoxia
significantly increased MDA, decreased SOD and CAT activity
and lowered the GSH and vitamin E levels (P<0.05) in the
cortex of sedentary rats compared with the control group. Also,
chronic exercise, in control or hypoxic rats, significantly
increased MDA, decreased SOD and CAT activity and lowered
the GSH and vitamin E levels in the cortex of control rats (P
<0.05) compared to the sedentary control group. Administration
of vitamin E significantly decreased the MDAlevel, increased
SOD and CAT activity and boosted the GSH and vitamin E
levels in the cortex of hypoxic sedentary group and control or
hypoxic rats that experienced chronic exercise (P<0.05), but no
changes were observed in control sedentary rats (P>0.05). A
significant positive correlation was found between MDAand
BDNF gene expression (r=0.7145) (P<0.00001) (Fig. 1).

Levels of mRNABDNF (exons 5) in the cortex of both
experimental and control animals were measured and analyzed
(Figs. 2-5). ∆∆CT between experimental and control samples
was calculated and linearized using 2–∆∆CT for overall change.
Chronic exercise significantly increased BDNF gene expression
in the cortex of the control animals compared with the control
sedentary group (P<0.05) (Figs. 2-4). Moreover, BDNF gene

expression in the cortex was significantly increased by hypoxia
(P<0.05) with further rise (P<0.05) during the chronic exercise
(Figs. 2, 3 and 5). Vitamin E administration significantly
decreased BDNF gene expression in the cortex of the control or
hypoxic rats subjected to chronic exercise as well as hypoxic
sedentary group compared with the corresponding untreated
group (P<0.05) (Figs. 2-5), but no changes were observed in
control sedentary rats given vitamin E (P>0.05).

DISCUSSION

In the current study, chronic hypoxia was induced in male
Sprague-Dawley rats by subjecting the animals to 12% O2 for 8
weeks. The state of hypoxia was confirmed by arterial PO2

analysis. Both the control and hypoxic rats were subjected chronic
exercise (swimming 1 hour/day, 5 times/week, for 8 weeks with
an increase in swimming duration by 30 min each week up to a
maximum of 4.5 h during the last week). Forced-swimming, a
relatively mild physiological stress that causes no damage to the
body, was used to shape the current animal model. In addition,
vitamin E was given to the control and hypoxic rats experiencing
chronic exercise. Thus, this study investigated the effects of
chronic exercise on hypoxia-induced oxidative stress in the brain
cortex of rats with and without vitamin E treatment. In addition,
the changes in cortical BDNF gene expression during exercise and
hypoxia, with and without vitamin E treatment, were also
evaluated. The present results demonstrated that hypoxia induced
oxidative stress and increased BDNF gene expression in the
cortex of rats as confirmed by biochemical assays and real time-
PCR, respectively. Moreover, oxidative stress and BDNF gene
expression were increased in the cortex of control or hypoxic rats
by chronic exercise. In addition, vitamin E treatment attenuated
the oxidative stress and decreased BDNF gene expression in the
cortex of hypoxic sedentary rats as well as control or hypoxic
animals subjected to chronic exercise, whereas it had no effects on
BDNF gene expression in control sedentary rats.

BDNF is a neurotrophic factor involved in critical CNS
functions, as well as synaptic transmission and plasticity, and it
plays an important role in the survival, maintenance, and
growth of neurons (1). The effect of exercise, either voluntary
or forced, on BDNF is poorly documented. Furthermore, most
studies on BDNF after exercise have focused on the
hippocampus, a region which is more involved in
learning/memory than in motor function (33). In addition, many
recent studies reported an increase in BDNF in the
hippocampus of rodents subjected to exercise (33). In contrast,
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 Control group Hypoxic group 

Sed Sed+VE CE CE+VE Sed Sed+VE CE CE+VE 

MDA (nmol/g tissue) 23.3±1.7 22.6±1.6 33.7±1.6
ab

 25.1±2.3
c
 41.4±1.5

*
 31.9±1.5

*†
 58.4±1.8

*†‡
 44.1±2.8

*‡#
 

GSH ( mol/g tissue) 1.73±0.04 1.75±0.05 1.53±0.02
ab

 1.65±0.05
c
 1.33±0.01

*
1.45±0.01

*†
1.02±0.01

*†‡
 1.29±0.03

*‡#
 

SOD ( g/g tissue) 38.7±2.3 41.1±2.5 28.5±1.7
ab

 36.8±1.8
c
 18.1±0.1

*
 28.1±0.2

*†
 9.1±0.05

*†‡
 17.7±0.4

*‡#
 

CAT(µmol H2O2  decomposed/g tissue) 195±8 199±7 153±6
ab

 183±7
c
 131±3

*
 149±5

*†
 91±3

*†‡
 126±4

*‡#
 

Vitamin E ( g/g tissue) 11.53±0.09 11.73±0.15 9.45±0.08
ab

 11.33±0.15
c
 8.85±0.07

*
9.35±0.06

*†
6.11±0.09

*†‡
 8.67±0.12

*‡#
 

 
Sed, sedentary; CE, chronic exercise; VE, vitamin E; MDA, malondialdehyde; GSH, reduced glutathione; SOD, superoxide dismutase;
CAT, catalase.
a significant (P<0.05) as compared to control sedentary group; b significant (P<0.05) as compared to vitamin E (VE) group;
c significant (P<0.05) as compared to control + chronic exercise (CE) group; *significant (P<0.05) as compared to the corresponding
control group; † significant (P<0.05) as compared to the hypoxic sedentary group; ‡ significant (P<0.05) as compared to hypoxia
sedentary + vitamin E (VE) group; # significant (P<0.05) as compared to hypoxia + chronic exercise (CE) group.

Table 3. Effects of vitamin E on oxidative parameters in the brain cortex of control and hypoxic rats with and without chronic exercise.



our present study focused on BDNF gene expression in the
brain cortex of normal and hypoxic rats with chronic swimming
exercise. The results of the current work showed that chronic
exercise significantly increased BDNF gene expression in the
cortex of control rats (Figs. 2-4). Moreover, hypoxia enhanced
BDNF gene expression in the rat cortex with further increase in
hypoxic rats subjected to chronic exercise (Figs 2, 3 and 5). In
agreement with our results, Rasmussen et al. (34) suggest that
the brain has significant BDNF production both at rest and
during prolonged exercise, and this may be a major source of
the increased plasma BDNF observed during exercise in healthy
subjects. An exercise-induced increase in BDNF mRNA
expression in the mouse hippocampus and cortex occurs in
response to a single exercise bout (34). Almost three quarters of
the BDNF present in the venous circulation originated from
brain structures, which indicate that brain tissue is the main
origin of the circulating BDNF (34). Under normal conditions,
BDNF is mainly synthesised and released by neurons and
astrocytes, and activated and proliferating astrocytes release
much more BDNF during cerebral ischemia or hypoxia (35).
Additionally, Liu and Dai 36 showed that a high level of BDNF
is released from hypoxic astrocytes. There are other possible
explanations for the release of BDNF. BDNF is released from
the cerebral vascular endothelium following hypoxic stress
(37). While such stress may not be present at rest, exercise
could result in cerebral hypoxic stress because cerebral oxygen
tension decreases during strenuous exercise (38). These results
were confirmed by our study which demonstrated a significant
increase in cerebral cortical BDNF expression in hypoxic
sedentary rats and following chronic exercise in control and
hypoxic rats. The transient up-regulation of BDNF mRNA
expression in the mouse hippocampus and cortex in response to
exercise emphasises the likely importance of specific parts of
the brain as a source of BDNF at rest and during exercise (34).

The synthesis of BDNF may be part of the adaptation to a
new stimulus such as exercising to exhaustion, or may be
involved in coping with a new or stressful environment, such as
the exercise laboratory (34). It may be that a threshold must be
surpassed before an increase in BDNF mRNAis exhibited (34),
and so cortical BDNF mRNAincreased in our study because the
animals were highly active during exercise. In a study by Shi et
al. (39), acute stress was observed to induce a rapid increase in
the expression of BDNF and BDNF mRNAin the hippocampus,
in both young and aged animals. Therefore, unexpected and
acute stress tends to provide an excited organism with a degree
of protection for a short time (39). This suggests that the
augmented expression of BDNF mRNAand protein might,
either directly or indirectly, contribute to stress protection. On
the other hand, in chronically stressed rats, the prevention of
neuronal death by exercise was suggested to be mediated
through increased BDNF levels (40). Therefore, exercising
protects neurons from many types of insults because BDNF
promotes neurogenesis in adults and increases synaptic
efficiency (41). In support of these studies, the results of the
current work showed a significant increase in cortical BDNF
expression in normal rats subjected to chronic exercise.
Furthermore, hypoxia enhanced cortical BDNF gene expression,
with further increase by chronic exercise (Figs. 2, 3 and 5). The
increase in cortical BDNF gene expression following physical
activity may result from increased neural activation or altered
activity patterns during exercise.

Exercise results in an increase in the level of BDNF in the
hippocampus, suggesting a role for BDNF in the beneficial
effects of exercise on brain function and plasticity (42). In
addition, BDNF had been shown to be driven by physical
activity (43) and suppressed by immobilization (44) in the rat
brain. Exercise also increases levels of BDNF and neurotrophin-

4, and high-affinity receptor trkB in neurons and
oligodendrocytes in the spinal cord (45). Furthermore, physical
activity can benefit the brain after injury (46). For example,
exercise improved outcome after traumatic brain injury in rats.
Furthermore, exercise has been shown to increase hippocampal
BDNF expression (47). Given the protective effects known of
BDNF, increasing its expression would potentially protect
against stress-induced damage (47). These observations were
confirmed by our results which demonstrated a significant
increase in cortical BDNF gene expression in the control or
hypoxic groups experiencing chronic exercise. Various
mechanisms explain increased BDNF expression during
exercise and the beneficial effects of exercise on neurons.
Exercise imposes a mild stress on neurons, which results from
increased activity in neuronal circuits and/or metabolic stress.
The cellular stress involves increased levels of intracellular
calcium and reactive oxygen species which, in turn, activate
kinases and transcription factors. The transcription factors
induce the expression of genes that encode neurotrophic factors
such as BDNF leading to neurogenesis, synaptic plasticity and
cell survival (46).

BDNF can protect neurons against oxidative damage
resulting from diverse neuropathologic insults (48). The
protective effects of BDNF against neuronal cell death is
mediated by activating intracellular signaling cascades via
tropomyosin-related kinase B (TrkB), a high affinity receptor for
BDNF (2). For example, treatment with exogenous BDNF can
markedly attenuate the loss of dopaminergic substantia nigra
neurons resulting from oxyradical damage following exposure to
6-hydroxydopamine (49). Furthermore, BDNF protects cultured
cortical neurons from NMDA- or H2O2-induced cell death via
suppressing the MAPK pathway (50). Consistent with this
hypothesis, BDNF expression increases in ischemic brain tissue
(51). In agreement with these studies, the results of the present
work showed increased cortical BDNF expression and oxidative
stress (increased MDAand decreased SOD and CAT activity and
levels of GSH and vitamin E) (Table 3) in hypoxic groups with
further enhancement following chronic exercise.

Brain-derived neurotrophic factor (BDNF), a member of
the neurotrophin family, is an important protein in the
regulation of the maintenance, growth and survival of neurons
(52). Numerous studies have demonstrated that BDNF
expression in the brain is increased in response to
hypoxic/ischemic damage (53) or intermittent hypoxia (54).
Kim et al. (55) found evidence of increased BDNF expression
in brain microvascular endothelial cells in rat pups reared
from birth in hypoxia. Therefore it seems likely that BDNF is
released from brain microvascular endothelial cells in
response to hypoxic stimuli in vivo. Also, Hubold et al. (56)
reported that human serum BDNF concentrations are
maintained at higher levels upon acute hypoxia as compared
to a normoxic control condition. This hypoxia-induced
difference in BDNF content results from preserved BDNF
concentrations during the hypoxic condition, whereas BDNF
levels conversely drop in a time-dependent manner during the
normoxic control condition (56). Interestingly, robust
production of new neocortical neurons after perinatal hypoxic-
ischemic damage occurs and this neuronogenesis has been
observed to be accompanied by an increase of BDNF (57).
Moreover, in order to prevent fetal brain damage after
maternal hypoxia, maternal treatment with MgSO4 is effective
which indeed leads to BDNF changes in the hippocampus
(58). These data are also compatible with the former
hypothesis that BDNF attenuates neurotoxicity associated
with hypoxic neurotoxicity (59). In addition, BDNF
concentrations in serum, platelets, and plasma were
significantly increased in human subjects with asthma as
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compared to age- and sex-matched control subjects (60). The
increased BDNF concentrations in this study were related to
potential hypoxic conditions, airflow limitation, and bronchial
hyperresponsiveness. In consistent with these observations,
our results demonstrated a significant increase in cortical
BDNF expression in control exercised rats as well as in
hypoxic sedentary group with more elevation following
chronic exercise. In addition, a significant positive correlation
was demonstrated between MDAlevel and BDNF gene
expression. These results suggest that BDNF gene expression
may be related to the oxidative stress induced in control group
subjected to chronic exercise as well as in hypoxic sedentary
rats with further amplification by chronic exercise (Table 3).
Also, the significant decrease in BDNF gene expression in
hypoxic and control rats experiencing chronic exercise with
vitamin E administration further confirm the oxidative stress-
induced stimulation of BDNF expression in those rats. Also
exercise increased serum BDNF level (61).

The observed hypoxia-induced rise in BDNF levels (Fig. 2)
may be mediated by various mechanisms. Hypoxia can activate
the sympathetic nervous system which can partially be
confirmed by increased heart rate and epinephrine levels (55).
Catecholamines in turn have been previously demonstrated to
increase BDNF production in different experimental settings
(62). Thus, it appears plausible that a certain stimulating effect
of epinephrine on BDNF may contribute to the higher BDNF
content upon hypoxia (55). In a study by Wang et al. (63), they
reported that BDNF secretion from neuronally differentiated
rat pheochromocytoma cells (PC12 cells) is markedly
increased by exposure to hypoxic stimuli. Thus, these data
support the hypothesis that oxidative stress can increase BDNF
availability by stimulating BDNF release (63). Mechanisms
underlying this release, including the requirement for (i)
sodium influx through tetrodotoxin (TTX) sensitive channels,
(ii) Ca2+ influx through voltage-gated channels and (iii) Ca2+

release from inositol triphosphate (IP3)- and ryanodine-
sensitive stores (64). The fact that regulated secretion of BDNF
from PC12 cells and hippocampal neurons requires activation
of both Ca2+ influx and Ca2+ mobilization from internal stores
suggests a role for Ca2+- induced Ca2+ release, a mechanism by
which cytoplasmic Ca2+ levels can be amplified and prolonged
by Ca2+ release from internal stores (65). Furthermore, the
effect of hypoxia on BDNF release is largely indirect and
requires autocrine or paracrine signaling by endogenous
dopamine (63).

In the literature, few studies have investigated the
parameters of the lipid peroxidation and antioxidant defence
systems of the rat brain during hypoxia. Rauchova et al. (66)
reported hypoxia-induced lipid peroxidation in the rat brain.
Maiti et al. (67) found a significant increase in lipid
peroxidation and a decrease in antioxidants (glutathione
peroxidase, glutathione reductase, glutathione) in the cortex,
hippocampus and striatum of rat brain exposed to hypoxia for
3 and 7 days. Consistent with these findings, the results of the
present study revealed that hypoxia significantly increased
MDA, decreased SOD and CAT activity and reduced the levels
of GSH and vitamin E (P<0.05) in the cortex of sedentary rats
compared with the control sedentary group (Table 3),
indicating the development of oxidative stress. There are many
events leading to hypoxia-induced oxidative stress. Due to low
levels of O2, free electrons in the cell increase, causing the
formation of superoxide anions. Through a chain reaction,
superoxide anions form free radicals, especially H2O2 and the
hydroxyl radical (OH•–), that directly attack the lipid membrane
and cause lipid peroxidation. Moreover, the brain is especially
susceptible to oxidative damage because it participates in a
high degree of oxygen-dependent mitochondrial activity,

which is associated with high levels of free iron and
polyunsaturated fatty acids and low levels of antioxidant
enzymes (SOD, catalase, GSH-peroxidase) and GSH (16).
These factors lead to lipid peroxidation of the brain, and this
lipid peroxidation increases with the duration of the hypoxic
exposure (16). In agreement with these studies, our results
demonstrate that the lipid peroxidation product (MDA)
increased in the cortex of hypoxic rats compared to the control
sedentary group (Table 3).

An elevated generation of lipid peroxidation products such
as MDAin the brain cortex of hypoxic rats (Table 3) may also
be related to changes in GSH levels and the activity of
enzymatic antioxidants. In our study, lower activity of the main
antioxidants (CAT, SOD) and decreased GSH levels were
detected in the cortex of hypoxic rats (Table 3). The reduced
glutathione (GSH) is the main antioxidant in the cell, which
directly scavenges free radical and protects biomolecules from
free radical attack. The significant decrease in GSHs level
following hypoxia in the present study (Table 3) may indicate
higher utilisation of GSH for detoxification of hypoxia-
induced free radicals. In another study, Maiti et al. (67)
observed a decrease in glutathione peroxidase and glutathione
reductase activity which led to lower GSH levels. This might
have been triggered by low levels of NADPH, which is needed
for glutathione reductase to convert oxidised glutathione
(GSSG) to GSH (67). Moreover, the first line of defence
against hypoxia-induced ROS in the cell is provided by SOD,
which catalyses superoxide anions to hydrogen peroxide, and a
high level of H2O2 inhibits SOD activity (68). As hypoxia-
induced free radical production increased, the formation of
H2O2 also increased. This may have caused the inhibition of
SOD activity (69) and may be one of the reasons why SOD
activity decreases in hypoxia when compared to the control
sedentary group in our results (Table 3). Moreover, in the
current work, vitamin E levels significantly decreased in the
cortex of the hypoxic rats relative to the control sedentary
group (Table 3).

The literature provides controversial data regarding
oxidative stress in various tissues during exercise. A number
of studies report an increase in free radicals during muscular
exercise, suggesting exercise-induced oxidative stress (70).
Direct evidence for increased rates of ROS production during
intensive physical exercise is still scarce, but this notion is
supported by other putative manifestations of oxidative stress,
such as changes in the thiol/disulphide redox state in the blood
plasma and erythrocytes in the context of intensive physical
exercise. A decrease in intracellular GSH/GSSG ratios was
found in the skeletal muscle of rats after intense muscular
exercise; a similar decrease in GSH/ GSSG ratios was
detected in the blood of human volunteers after strenuous
exercise (71). The thiol compound N-acetylcysteine was
found to ameliorate muscle fatigue in humans (72). On the
other hand, other studies reported no significant change in
TBARS (73) or anti-oxidants (GSH and glutathione
peroxidase) (74) in the brains of normal rats during exercise.
However, Liu et al. (75) observed a significant decrease in rat
brain MDA during chronic exercise but no change with acute
exercise in normal rats. Moreover, they detected no significant
change in anti-oxidants (GSH, vitamin E) in the brains of
normal rats with acute or chronic exercise. In the present
study, chronic exercise caused a significant increase in MDA
levels, a decrease in GSH and vitamin E levels and a reduction
in SOD and CAT enzyme activity in the cortex of control and
hypoxic rats compared to the corresponding sedentary group
(Table 3). The increase in free radical production with exercise
can be explained by various mechanisms. These mechanisms
may act synergistically (6). The rate of free radical or oxidant
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generation in biological tissue is closely related to oxygen
consumption. Thus, a substantial increase in ROS generation
is to be expected during exercise, as oxygen flux through
active muscle may increase by as much as ~100 times the
resting value to meet increased energy demands (76). Under
physiological conditions, the majority of oxidants are
produced in mitochondria. Moreover, the decrease in
mitochondrial PO2 rather than increased oxygen flux could be
the cause of the exercise-induced increase in ROS production
(77). It seems likely that mitochondria, in addition to being the
sources of oxidant production, should also be the targets of
oxidants. By increasing the oxygen consumption rate, exercise
may result in oxidative stress in mitochondria. This results in
an increased production of oxidants, which could be
detrimental to the tissue (78). Oxidants cause damage to
mitochondrial membranes and cytoplasmic structures through
the peroxidation of phospholipids, proteins, and nucleotides
(75). Previous animal experiments suggest that the
mitochondrial membrane-bound glycerol-3-phosphate
dehydrogenase is a more important source of free radicals than
the complexes of the electron transport chain (79). An
alternative mechanism for the increase in free radical
production with exercise is that intense exercise is associated
with transient tissue hypoxia in several organs, as blood flow
is redistributed to cover the increased blood supply in active
skeletal muscles and the skin. Exercise can result in
microvascular dysfunction, edema and cell damage through
mechanical shear forces or through a disturbance of normal
cellular metabolism (80). As a result, exercise triggers an
inflammatory response, characterized by infiltration of the
affected areas by neutrophils and other phagocytic cells,
followed by a respiratory burst involving production of
superoxide, hydrogen peroxide and other ROS (80). In
addition, xanthine oxidase may also contribute to the
production of superoxide in the context of intensive physical
exercise (81). Our results confirm these findings. In our study,
chronic exercise significantly increased MDAlevel, decreased
GSH and vitamin E levels and reduced SOD and CAT enzyme
activities in brain cortex of control or hypoxic rats in
comparison with corresponding sedentary group (Table 3).

Vitamin E, a nonenzymatic antioxidant, is an important
lipid-soluble antioxidant which plays an important role in
protecting polyunsaturated fatty acids in the membrane from
oxidation involving ROS by terminating free-radical chain
reactions (82, 83). Recent studies have suggested that vitamin
E analogs were effective on the neuronal cells (84). In
addition, vitamin E has been shown to exert beneficial effects
against neurodegenerative diseases (85). Also, positive effects
of the antioxidant vitamin E on oxidative stress-mediated
toxicity in vitro (27) and in vivo (86) have been reported. The
interaction between physical training and vitamin E
supplementation is neuroprotective against age-related
decreases in the antioxidant enzymes and also counteracts
increases in lipid peroxidation in the brain (87). Therefore,
vitamin E may be expected to play an important role in
protecting lipid-rich structures, such as the brain, from free-
radical damage. In a study by Khanna et al. (26), they have
shown that α-tocopherol (100 nM) blocks the glutamate-
induced cell death in cultured rat cortical neurons. Moreover,
α tocopherol (10 µM) inhibits the oxidative stress-mediated
cytotoxicity induced by (O2•) or NO donor in cultured rat
striatal neurons (87). These survival effects could be elicited
by scavenging oxygen radical species, as vitamin E analogs
were added to the cultured neurons simultaneously with (8) or
5 min before or after (26) the oxidants stimulation. Consistent
with these findings, the results of the current work showed
that vitamin E significantly decreased MDA, increased SOD

and CAT activity and raised the levels of GSH and vitamin E
in hypoxic sedentary rats and following chronic exercise in
control and hypoxic rats (Table 3), indicating a marked
improvement of oxidative stress. In addition, vitamin E
significantly decreased BDNF gene expression in the control
or hypoxic rats experiencing chronic exercise and in hypoxic
sedentary group (Figs. 2-4). These results suggest that cortical
BDNF gene expression may be caused by the oxidative stress
induced in control and hypoxic rats subjected to chronic
exercise and in hypoxic sedentary group.

In conclusion, hypoxia and/or exercise increased BDNF
gene expression in the brain cortex of rats as a result of
oxidative stress. Vitamin E decreased BDNF gene expression
in both the control and hypoxic rats experiencing chronic
exercise, as well as in hypoxic sedentary rats by attenuating
oxidative stress which confirms the oxidative stress-induced
stimulation of BDNF gene expression.
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