Archives Italiennes de Biologie, 153: 37-45, 20156. DOI 10.12871/00039829201514

Effects of combined ferrous sulfate administration
and exposure to static magnetic field
on brain oxidative stress and emotional behavior
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ABSTRACT

The present study was done to investigate behavioral effects and oxidative stress in iron- treated and co-exposed
static magnetic field (SMF)—iron rats. Anxiety in the elevated plus- maze test, and motor skills were also assessed
in the stationary beam and suspended string tests. After behavioral tests, the rats were anesthetized and their
brains were removed for biochemical analysis. The co-exposure to iron and SMF induced a significant differ-
ence in elevated plus-maze test in rats. The frequency of entries and time spent in the open arms was significantly
reduced (p<0.05) in the iron- and SMF-exposed group compared with the group treated with iron alone and in the
control group. However, no significant difference was noticed for the motor skill test between the three groups. The
biochemical investigation showed that malondialdehyde level increased (p<0.001) and that glutathione level and
catalase enzyme activity decreased (p<0.001) in brain of iron- and SMF-exposed group. The dose of iron alone
used in present study, was unable to induce any effect. However, the 128 mT SMF in the presence of iron ions in
the body can induce disruption in the emotional behavior and can produce oxidative stress in brain tissue of rats.
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produce various biological effects (Repacholi and
Greenebaum, 1999). SMF can stimulate the biosyn-
thesis of plasma corticosterone and the activity of
metallothionein and can enhance apoptosis in female
rats; this apoptosis induced by SMF could be linked
to oxidative stress (Chater et al., 2005; 2006). SMF
influences the kinetics of reactions in living organ-
ism with radical-pair intermediate (Grissom, 1995).
Animal studies showed variable effects on behav-

Infroduction

Humans are continuously exposed to electric and/
or magnetic fields which raise the possibility of
adverse health effects. Humans are exposed to static
magnetic fields (SMF) resulting from the use of
DC current in battery powered appliances, electric
railway systems, etc. SMF are also found in occupa-
tional settings involving electrolytic processes (alu-

minium industry), arc-welding and more recently
magnetic resonance imaging (MRI) for medical
diagnosis and biomedical research.

Weak SMF may interact with biological sys-
tem. In 1997, the World Health Organization and
the International Commission on Non-Ionizing
Radiation Protection considered that the SMF can

ior. Indeed, SMF exposure can affect nervous
system and behavior of animal (Abdelmelek et al.,
2006; Kholodov and Lebedeva, 1992), increase
locomotor activity, suppress elaborated labyrinth
behavior (Kholodov, 1971), and alter the cogni-
tive functions in both human and animal. Low
intensity exposures produced no effect on retention
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of an avoidance task (1.5 T for 72h) (Davis et al.,
1984), locomotor activity (0.49 T for 2h/day for
20 days) (Trzeciak et al., 1993), but affected spa-
tial discrimination in a T-maze (2 T), (Levine et
al., 1995). Some studies have revealed deficits on
spatial memory due to the exposure to electromag-
netic field (Lai, 1996; Lai et al., 1998), whereas
other studies did not (Davis et al., 1984; Hong et
al., 1988). From a neurobiological point of view,
accumulation of iron in the brain may be cytotoxic,
leading to behavioral disruptions (Sobotka et al.,
1996). Indeed, iron overload increases the risk of
Alzheimer’s and Parkinson’s diseases (Dexter et
al., 1991) and other neurological disorders afflicting
the brain and central nervous system (Fellman et al.,
1998; Rosenzweig et al., 1999). In vivo exposure to
128 mT SMF was found to increase plasma trans-
ferrin and to decrease iron concentration in plasma
(Elferchichi et al., 2011). The SMF increased the
concentration of free radicals and some transitions
metals, e.g., iron or copper, because these metals
can produce oxygen-free radicals (ROS [reactive
oxygen species]) by Fenton reaction or by interac-
tion with cellular thiols (Meneghini, 1997). Some
studies reported that excessive iron deposit in brain
may generate cytotoxic free radical (Ben-Shachar
et al., 1991). Jajet et al. (2002) reported that SMF
in the presence of irons can increase the concentra-
tion of oxygen-free radical and thus can lead to cell
death. Thus, combination of SMF exposure and iron
treatment, possibly involving oxidative stress (Jajet
et al., 2002), may yield larger damage at cellular
level and perhaps at behavioral level. Biological
systems could be simultaneously exposed to many
various chemical and physical agents in the natural
and occupational environments.

Scassellati et al. (2004) reported that electromagnetic
field might interfere with the genotoxic activity of
xenobiotics. However, there has been a lack of data
regarding the progress of oxidative stress follow-
ing co-exposure to SMF and xenobiotics (especially
heavy metals) till date.

In the present study, an experimental approach to
determine the neurobehavioral effect of simultane-
ous exposure to iron ions and 128 mT SMF is per-
formed, which may result in disruption of emotional
behavior. The possible prooxidative proprieties of
these two agents may lead to an induction of oxida-
tive stress in brain.

Materials and methods

Animals

Adult Wistar male rats (SIPHAT, Tunis, Tunisia),
weighing 100-150 g, were randomly divided into
three groups: control rats (n=11), treatment for iron
rats (n=11), and consecutive exposure to iron and
SMF (n=11). Animals were housed in groups of 2
animals per cages at 25°C under a 12:12 light/dark
cycle, with free access to food and water. Animals
were cared for in compliance with the Tunisian
code of practice for the Care and Use of Animals
for Scientific Purposes. The experimental protocols
were approved by the Faculty Ethics Committee
(Faculty of Sciences of Bizerte, Tunisia).

Drug treatment

Drug: Iron sulfate hydrate (density 1.9) was pur-
chased from Sigma, France. Thirty-three Wistar
rats were assigned to one of the three groups con-
taining 11 rats each. One group was treated with 3
mg/kg ferrous sulfate per day (intraperitoneal [ip])
for 5 consecutive days (d1-d5). Rats were then
exposed to an SMF of 128 mT (m Tesla) 1 h/day
for 5 other consecutive days (d6- d10). The second
group was treated with 3 mg/kg ferrous sulfate per
day (ip) for 5 consecutive days and was then placed
under the same conditions as the first group without
the exposure to the SMF for 5 other consecutive
days. The 3 group received saline solution for 5
days and was placed under the same conditions as
the first group without exposure to the SMF dur-
ing 5 other consecutive days and was served as a
control

Static magnetic field exposure

The exposure system has been already described
in details elsewhere (Abdelmelek et al., 2006). The
intensity of SMF was measured and standardized
over the total floor area of the Plexiglas cage at 128
mT. The exposure cage was 20 cm long, 10 cm wide
and 20 cm high. The two bobbins of the Lake Shore
System were separated by 12 cm. Male rats were
exposed to SMF for 1 h/day during 5 consecutive
days. The cage in the Lake Shore System contained
two rats for each exposure. The control rats were
placed in the same conditions without the exposure
to the SMF.
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Behavioural testing

Emofional behaviour

Animals were tested in the elevated plus maze
according to the previously published method-
ologies (Roy and Chapillon, 2004). The maze was
made of clear painted wood. The arms were 50 cm
long and 10 cm wide, and the maze was elevated
at a height of 60 cm. The closed arms were sur-
rounded by a 50-cm wall, whereas the open arms
had 0.5-cm edges to maximize open arm entries
(Treit et al., 1993). The test was 5 min long and
began with the placement of a rat in the center of
the maze, with its head facing an open arm. Time
spent and numbers of entries in the different parts
of the maze were recorded. Increased percentage of
open arm time and open arm entries was used as a
measure of reduced anxiety-like behavior (Rodgers
and Johnson, 1995). In addition, closed arm entries
and total activity were used as measures of motor
behavior. Stretched attended postures (SAPs) were
also used as potential measures for anxiety-like
behavior (Rodgers and Dalvi, 1997). The maze was
cleaned with a 10% alcohol solution between the
placement of each animal.

Motor abilities

After the emotional behavior, motor skills were
examined using a battery of tow tests.

Stationary beam test

The dynamic equilibrium was tested on a beam
measuring 1 m in length, 2 cm in width, and 2 cm
in thickness, and was divided into ten segments of
10 cm each. Both ends of the beam were limited by
cardboards. At the beginning of the experiment, the
rat was placed on the middle of the beam, its body
axis being perpendicular to the long axis of the
beam. During the test, the distance covered and the
walking time were recorded to calculate the walk-
ing speed. The trial was stopped after 3 min or when
the animal fell (Jeljeli et al., 2000).

Suspended string test

At least 5 minutes after the stationary beam test, this
test was designed to evaluate the muscular strength
of the animals (Lalonde et al., 1996). The rats were
hung by their two forepaws in the middle of an

iron wire (50 cm in length and 1 mm in diameter);
their motion was limited by the cardboards placed
at both ends of the wire and in front of it. The
latency before falling was measured, the maximal
time being fixed to 60 s. Each animal was subjected
to three trials spaced by a 15-min interval, when it
was returned to its cage with its congeners (Jeljeli
et al., 2000)

Tissue biochemical analysis

After the behavioral test, the rats were anesthetized
before decapitation, their brains were dissected into
small pieces and weighed, it was divided into three
unequal parts randomly: one part for malondialde-
hyde (MDA) level, one part for glutathione (GSH)
level, and one part for catalase (CAT) activity. Each
parts of brain were prepared in buffer containing 10
mM Tris, 1 mM ethylenediaminetetraacetic acid,
and 1 mM phenylmethylsulfonyl fluoride and were
centrifuged at 4,000 g for 20 min.

The MDA level was determined by a method
based on the reaction with thiobarbituric acid
at 90-100°C (Esterbauer and Cheeseman, 1990).
Sample aliquots were incubated with 10% trichlo-
roacetic acid and 0.67% thiobarbituric acid. The
mixture was heated on a boiling water bath for 60
min, an equal volume of n-butanol was added, and
the final mixture was centrifuged. The absorbance
of samples was determined at 532 nm. The results
were expressed as nmol/g protein in brain tissues
according to a standard graphic, which was pre-
pared with serial dilutions of standard 1,1,3,3-tetra-
methoxypropane.

The CAT activity was determined according to
the method of Aebi (1984) and based on the deter-
mination of the rate constant (s, K) of the H202
decomposition rate at 240 nm. The GSH level was
determined by the method of Akerboom and Sies
(1981). The amount of protein in the tissues was
determined using Lowry’s method (Lowry et al.,
1951) referring to the albumin as standard.

Statistical analysis

All statistical analyses were performed with SPSS
software. All results are shown as means + S.E.M,
differences were tested using a one-way analysis
of variance followed by a Bonferroni’s post-hoc
test for multiple comparison between experimental
groups.
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Table I.- Behaviors of Sham (n=11), iron (n=11), and iron and SMF-exposed (n=11) rats in the elevated plus maze. Data are
given as mean = S.E.M, * p<0.05.
Elevated plus maze Control Iron Iron + SMF
Centre fime 35.95+7.87 30.14 +5.04 50.46 + 16.25
Closed arms’ fime 221.8+16.62 223.4 £ 21.22 228.8 + 20.68
Open arms’ time (%) 16.96 + 4.44 17.81+7.34 9.94 + 3.39
Number of entries in central part 7.54+£1.16 554 +0.85 645+ 1.3
Number of closed arms’ entries 4.9 +0.83 3.45+0.55 1.63 +0.49
Number of open arms’ entries (%) 33.35+5.36 32+ 6.53 2246 +6.82 *
Total activity 7.54£1.16 5.36 +0.85 6.36+1.3
Number of rears 218 £0.56 1.63+04 245+ 0.75
Number of head scan 3+0.51 3.45+0.72 4.18 +0.88
Number of SAPs 1.9+0.68 29+0.55 1.09 £ 0.41
Results Oxidative stress

Elevated plus maze

As shown in Fig. 1, consecutive exposure to iron and
SMF slightly reduced open arm entry ratios and the
time spent in the open arms; the differences were
significant ([F<z, 30)=6.40, p<0.05] and [F<z, 30)=5.28,
p<0.05], respectively). The post hoc analysis results
showed that the coexposed SMF and iron group
were significantly different from the iron group
and the sham group (p<0.05). The percentage of
open arm entries was significantly reduced in the
iron- and SMF-exposed group (p<0.05), but there
was no significant difference for the percentage of
time spent into the open arms in the elevated plus
maze between groups. Other data showed no differ-
ence between three groups rats for total activity in
the maze, vertical activity (rears), and ethological
parameters (head scan toward open arms and SAPs)
(Table I).

Stationary beam

As seen in Table II, no intergroup difference was
found in latencies before falling (as no rat ever
fell from the beam), distance covered (F(z’ 30):0.07,
p>0.05), and walking time (F, , =0.01, p>0.05) on
the stationary beam.

(2, 30)

Suspended string

As showed in Table II, the three groups have normal
latencies before falling from the suspended string
(F, ,,=0.51, p>0.05).

(2,30)

In this study, the consecutive exposure to iron and SMF
increased the MDA level (p<0.001) and decreased
the GSH level (p=0.001) and CAT enzyme activity
(p<0.001) in the brain tissue compared with the control
group (Table III). Our results showed that iron treat-
ment does not induce a reduction in brain CAT activity
and GSH level. In treated rats, we did not notice an
increase of MDA level compared with control rats.

Discussion

In the present study, we report that consecutive exposure
to iron (3 mg/kg/day for 5 consecutive days) and SMF
(128 mT, 1 h/day for 5 consecutive days) can alter the
emotional behaviors in the plus maze but cannot induce
alteration in motor performance in stationary beam and
suspended string test. Moreover, the prooxidative prop-
erties of these two agents have led to an induction of
oxidative stress in brain. The activities of CAT and GSH
levels were decreased, whereas the level of MDA was
increased in the brain of iron- and SMF-exposed rats.
During our investigation, the motor performance on
the stationary beam and the suspended string test was
unaffected in the iron- and SMF-exposed group, iron
group, and the sham group. The present results show
that rats exposed to SMF were not impaired in any of
these tests (see (Elferchichi et al., 2011), for a similar
result). This result shows that the impairment of the
emotional behavior in the elevated plus maze is due
to specific anxiety induced by consecutive iron and
SMF exposure as opposed to a generalized reduction
in cerebral activation or to a loss of muscle strength.
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Fig. 1. - (A) Time spent in the open arms. (B) Number of entries on open arms in the elevated plus maze test for
Sham (n =11), iron (n = 11) and iron- and SMF-exposed (n =11) groups. Data are given as mean +S.E.M. Follow-up
comparisons: * p < 0.05.
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Table II.- Motor coordination and muscle strength of sham (n=11), iron (n=11) and iron + SMF (n=11) rats (means + S.E.M. per trial).
Test Sham ‘ Iron Iron + SMF
Stationary beam

Latencies (s) 180 180 180

Walking time (s) 7.41 +2.62 7.26 +2.44 6.91 291

Distance (cm) 116.4 + 38.03 103.6 + 36.75 96.36 + 39.07
Suspended string

Latencies (s) 9.25+2.17 9.69+1.4 7.72+0.5

In conclusion, our results from the elevated plus
maze test raised significant difference between
sham, iron group, and iron- and SMF-exposed group.
Results showed a significant decrease in the number
of entries and time spent in the open arms in response
to exposure to iron and SMF compared with sham
and iron-exposed groups. This result shows that
the exposure of rats to iron and SMF could induce
anxiety in the elevated plus maze. However, SMF
alone (128 mT, 1 h/day for 5 consecutive days) does
not induce a clear effect in emotional behavior in
the elevated plus maze but lead to cognitive impair-
ments or at least to substantial attention disorders in
the Morris water maze (Ammari et al., 2008). Recent
study of Maaroufi et al. (2013) with similar protocol
show that, combination of the two treatments did not
produce any deficit in cognitive behavior. Studies on
electromagnetic fields (EMF) provide some hints on
the interaction between magnetic fields and iron even
if it is possible that EMF and SMF do not induce
similar effects. Consistent effects have been found
in a recent study comparing the behavior of rats with
iron treatment to rats with combined iron-150 kHZ
EMF treatments (Maaroufi et al., 2009).

Our investigations showed that the exposure to iron
alone (3 m/Kg/day for 5 consecutive days) does not
induce significant difference in emotional behavior of
rats in the elevated plus maze. In contrast, some studies
proved that iron overload can induce deficit in cognitive
functions and can affect behavior of rats. Maaroufi et
al. (2009) show that learning abilities of iron-3.0-treated
rats were affected in the Water maze. Archer and
Fredriksson (2007) proved that postnatal iron overload
of mice on day 10-12 postpartum at doses 7.5 mg/kg
altered behaviors, hypoactivity, and later hyperactivity
during the 60-min test session in adult life.

Similarly Fredriksson et al. (2000) reported that iron
overload in young rats induced deficit in memory.
It is known that the postnatal period is critical for

establishment of normal iron in adult brain and that
the excess of iron in brain during the critical neonatal
period can generate cytotoxic free radical in adult
life (Ben-Shachar et al., 1991) and can lead to cogni-
tive impairment (Fredriksson et al., 1999; de Lima
et al., 2005).

Some studies have shown that the association
between iron and SMF can produce ROS. Jajte et
al. (2002) reported that SMF in the presence of iron
can increase the concentration of ROS and can thus
lead to cell death. In our study, iron and SMF may
induce perturbations in the brain and may alter the
emotional behavior. A previous study suggested that
extremely low frequency (ELF) as electric fields can
affect the nervous system and may have a specific
effect on the risk of brain tumor (Kheifets et al.,
1995). Change in blood-brain barrier morphology,
electrophysiology, neurotransmitter functions, cel-
lular metabolism, calcium efflux, and genetic effects
have been reported in the brain of animals after expo-
sure to ELF (Guenel, 1997).

Previously, it has been demonstrated that exposure
to low electromagnetic field cause DNA damage in
the brain cells of rats with the involvement of ROS
(Singh and Lai, 1998). Also, Zmyslony et al. (2000)
showed that exposure to 7 mT SMF can induce
DNA damage in rat lymphocytes if the cells were
simultaneously treated with FeCl2. Similarly, expo-
sure to 7 mT SMF in the presence of iron ions can
increase the concentration of ROS and can thus lead
to apoptosis and necrosis of rat lymphocytes (Jajte et
al., 2002). In another study, exposure to 5 mT SMF
under iron ions stimulation increased lipid peroxida-
tion in isolated rat liver microsomes (Zmyslony and
Jajte, 1998).

In our study, the consecutive exposure to iron and
SMF can induce anxiety in rats. We consider that
SMF exposure increases the effect of iron overload
in the brain because SMF may affect the permeability
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Table lIl. - Brain tissue MDA, GSH, and CAT enzyme activity of sham, iron, and SMF- and Iron-exposed groups.

Parameters Sham Iron Iron + SMF
MDA (nmol/g prot) 102.82 + 2.26 107.95+1.94 126.156 £ 1.84 @b
GSH (umol/g prot) 1.52 + 0.06 1.33 +0.08 1.06 + 0.06 ®
CAT (K/g prot) 1.23 +0.05 1.15+0.03 0.89 + 0.04 @®

S.E.M calculated from n =11 in each group.

SMF (static magnetic field); MDA (malondialdehyde); GSH (glutathione); CAT (catalase). Values are expressed as mean +

a: Iron + SMF compared to Iron, P < 0.001.
b: Iron + SMF compared to Sham, P < 0.001.

of blood-brain barrier. The excess of iron might then
penetrate in the brain and generate free radicals. The
excess of iron in brain induced by SMF exposure might
produce alteration of dopamine, which is an essential
neurotransmitter, because dopaminergic neurons are
thought to be vulnerable to oxidative stress (Barkats
et al., 2002). The biochemical analysis in the brain of
our three groups showed that consecutive exposure to
iron and SMF induced numerous indicators of oxida-
tive stress. This includes decrease in the levels of
antioxidants such as CAT activity and GSH level and
increased levels of biomarkers of lipid peroxidation
such as MDA, but the iron alone at the concentration of
3 mg/Kg/day during 5 consecutive days did not induce
oxidative stress in brain. The oxidative stress induced
by iron and SMF in brain may be the result of increased
ROS. Moreover, the increase in the concentration
of ROS produced lipid peroxidation in membranes
(Aristarkhov et al., 1983; Meneghini, 1997). Therefore,
the level of ROS induced by iron could be additionally
enhanced by the exposure to SMF as a result of the
magnetic fields effect due to radical pair mechanisms.
Similarly, Jajte et al. (2002) reported that exposure of
lymphocytes to a 7 mT SMF and iron ions may simu-
late free radical reactions involving ROS and may thus
lead to cell death.

The present experiment showed that ip exposure of
rats to iron (3 mg/kg, b, wt) during 5 days and then
to SMF (128 mT) during 1 h/day for the next 5 con-
secutive days was able to alter emotional behavior of
rats in elevated plus maze, but only iron supplemen-
tation did not alter the behavior of rats. It was also
noticed that no significant difference was obtained
in the stationary beam and suspended string test in
each group. Therefore, it was suggested that 128 mT
SMF in the presence of iron ions can induce oxida-
tive stress via the increase of oxygen-free radicals
in brain.
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