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Abstract. Static magnetic fields (SMFs) effect observed with radical pair recombination is one
of the well-known mechanisms by which SMFs interact with biological systems. Our aim was to
study whether SMF induces oxidative stress and apoptosis in rat tissues and to evaluate the pos-
sible protector effect of selenium (Se) and vitamin E (vit E) supplementations. Rats were randomly
divided into control, SMF-exposed, Se-treated, vit E-treated, SMF exposed rats and co-treated with
Se, and SMF exposed rats and co-treated with vit E. After animal sacrifice, catalase (CAT) activity
and malondialdehyde (MDA) concentration were measured and apoptosis inducing factor (AIF)
immunohistochemical labeling was performed in kidney and muscle. Exposure of rats to SMF (128
mT, 1 h/day for 5 days) increased the MDA concentrations (+25%) and CAT activities (+34%) in
kidney but not in muscle. By contrast, the same treatment failed to induce a caspase-independent
pathway apoptosis in both tissues. Interestingly, Se pre-treatment inhibited the increase of MDA
concentrations and CAT activities in kidney in SMF-exposed rats. However, vit E administration
corrected only MDA levels in rat kidney. In conclusion, exposure to SMF induced oxidative stress
in kidney that can be prevented by treatment with Se or vit E.

Keywords: Static magnetic field — Oxidative stress — Apoptosis-inducting factor — Selenium
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Introduction

The influence of static magnetic fields (SMFs) or modulated
magnetic fields (MFs) on biological systems has been a topic
of considerable interest for many years (Hong1995; Rosen
2003). One reason why it is extremely important to deeply
understand the true mode of action of MFs on living organ-
isms, is the need to protect human health in consideration
of the probable future introduction of new technologies
and the therapeutical use of SMFs. At the current state
of knowledge, the biological effects, both in vivo and in
vitro, of SMFs have yet to be unequivocally interpreted.
Accumulating evidences have shown that SMF treatments
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influence lipid peroxidation and antioxidant defence sys-
tem, induce apoptosis, genotoxicity, and cell differentiation
in various kinds of cells (Dini and Abbro 2005; Feychting
et al. 2005). Sub-acute exposure to SMF (128 mT, 1 h/day,
during 5 consecutive days) induced sympathetic neurons
system hyperactivity associated with hypoxia-like status
(Abdelmelek et al. 2006) and elevated plasma corticosterone
and metallothionein concentrations and enhanced apoptosis
(Chater et al. 2004, 2005). Hashish et al. (2008) indicated
that there is a relation between the exposure to SMF and
the oxidative stress through distressing redox balance lead-
ing to physiological disturbances. Previous data implicated
the SMF in free radical production, like superoxide anions
in different cells and organs (Zmyslony et al. 1998; Kula et
al. 2000; Okano 2008).

Sub-acute exposure to SMF (128 mT; 1 h/day from day
6 to day 19 of pregnancy) induced an increase of liver GSH
content (Chater et al. 2006). Similar results were reported
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by Ghodbane et al. (2011b) who showed that liver GSH
concentrations were significantly higher in SMF exposed
rats than in the controls, indicating an adaptive mechanism
to electromagnetic pollution.

Moreover, exposure of rats to SMF (128 mT, 1 h/day dur-
ing 30 consecutive days) increased the 8-oxo-7,8-dihydro-
2’-deoxyguanosine (8-oxodGuo) concentration in kidney,
while this biomarker of DNA oxidation remained unaffected
in liver and brain (Amara et al. 2007, 2009). Interestingly,
Chater et al. (2005) concluded that sub-acute exposure to
SMEF (128 mT) induced apoptosis in thymus in female rats,
using the TdT-mediated dUTP nick-end labeling (TUNEL)
assay.

Apoptosis, spontaneous and induced, has been reported
to be influenced by SMFs (Fanelli et al. 1999; Teodori et al.
2002; Chionna et al. 2003, 2005).

Up until now, few studies have investigated the effects
of SMF on expression of genes, especially those involved in
apoptosis. Previous research has shown that SMF exposure
alone extensively modulated the expression of bcl-2, bax,
P53, and hsp70 genes (Tenuzzo et al. 2009). SMF (6 mT)
can induce apoptosis and alter cell cycle in Jurkat cells via
a p53-independent pathway (Ahmadianpour et al. 2013).
It can be suggested that the magnetic fields may induce the
apoptosis and alter the cell population in different cell cycle
phases of Jurkat cells via changing the Ca>* fluxes through
cell membranes and play a role in free radical formation
(Ahmadianpour et al. 2013). Joubert et al. (2008) sup-
ported the hypothesis that microwaves (900 MHz), could be
capable of inducing neuronal apoptosis through the apop-
tosis-inducing factor (AIF) pathway. AIF, a mitochondrial
intermembrane flavoprotein that can induce caspase-inde-
pendent peripheral chromatin condensation and DNA frag-
mentation, has been widely implicated in neuronal apoptosis
(Cregan et al. 2002). Previously, we have demonstrated that
sub-acute exposure to SMF (128 mT) induced apoptosis in
hepatic cells through a caspase-independent death signal-
ing pathway induced by the death-promoting factor AIF
(Ghodbane 2011). Likewise, sub-acute exposure to SMF
(128 mT; 1 h/day for 5 days) induced a decrease of selenium
levels in kidney, muscle and brain with a decrease of GPx ac-
tivities in kidney and muscle. SMF-exposure also decreased
plasmatic vitamin E (vit E, a-tocopherol) and retinol in rats
(Ghodbane et al. 2011a). Indeed, the decrease of selenium
and vit E concentrations could play an important role in the
disruption of antioxidant response leading to disequilibria
in the oxidative balance.

In the present study, our aim was to investigate whether
sub-acute exposure to moderate-intensity SMFs could
induce oxidative stress and apoptosis through a caspase-
independent death signaling pathway (AIF) in rat kidney
and muscle. Also, we evaluated the possible protector effect
of selenium (Se) and vit E supplementations.

Materials and Methods

Animals

Adult Wistar male rats (SIPHAT, Tunisia), weighing at the
beginning of the experiment 130-150 g were randomly
divided into the following groups: control (n = 6), SMEF-
exposed (128 mT; 1 h/day for 5 days) (n = 6), Se-treated
(NaySeOs, 0.2 mg/l, in drinking water for 4 weeks) (n = 6),
Se-treated and SMF-exposed (Se for 4 weeks and SMF dur-
ing the last 5 consecutive days) (n = 6), vit E-treated (DL
a-tocopherol acetate, 150 mg/kg, per os for 5 days) (n = 6)
and vit E administered and co-exposed rats (vit E and SMF
during 5 consecutive days) (n = 6). Animals were housed
in group of six in cages at 25°C, under a 12:12 h light/dark
cycle, with free access to food and water. Animals were cared
for, under 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
(Faculté des Sciences de Bizerte, Tunisia).

Exposure system

Lake Shore electromagnets (Lake Shore Cryotronic, Inc.,
Westerville Ohio, USA) are compact electromagnets suited
for many applications such as magnetic resonance demon-
strations. Water-cooled coils provide excellent field stability
and uniformity when high power is required to achieve the
maximum field capability for the electromagnet (Fig. 1).

SMF exposure

SMF was measured and standardized in the total floor area
of the plexiglas cage (20 x 10 x 20 cm) at 128 mT. The two
bobbins of the Lake Shore system were separated by 12 cm.
Male rats were exposed to the SMEF, 1 h/day (between 9-12 h)
during 5 consecutive days. The cage in the Lake Shore sys-
tem contained two rats for each assay. The control rats were
placed under the same conditions without applying the SMF
(Abdelmelek et al. 2006).

Tissue samples

Rats were sacrificed by decapitation in postprandial state.
Kidney and muscle samples were immediately removed,
frozen and stored at —80°C until assays.

Malondialdehyde (MDA) assay

Lipid peroxidation (LPO) was measured in kidney and
muscle samples by the thiobarbituric acid reacting sub-
stance (TBARS) and was expressed in terms of MDA con-
tent (Placer et al. 1966). Sample aliquots were incubated
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Figure 1. Front view of the electromagnet, model EM4-HVA (a) and magnetic field propagation (b). c. Treatment and exposure protocols
for C (control), Se (Se-supplemented), Vit E (vitamin E-supplemented), SMF (SMF-exposured), SMF-Se (co-exposed rats to SMF and
Se), SMF-Vit E (co-exposed rats to SMF and Vit E) groups. Vit E, vitamin E; SMF, static magnetic field.

with 10% trichloroacetic acid and 0.67% thiobarbituric
acid. The mixture was heated on a boiling water bath for 30
min, an equal volume of n-butanol was added, and the final
mixture was centrifuged; the organic phase was collected
for fluorescence measurements. Samples assayed for MDA
contained 1 mM butylated hydroxytoluene (BHT) in order
to prevent artefactual LPO during the boiling step. The
absorbance of samples was determined at 532 nm. Results
were expressed as nmol MDA/mg protein.

Catalase (CAT) activity

CAT activity was measured in kidney and muscle samples
at 20°C according to Aebi (1984). The homogenate was
incubated with ethanol (10%) and Triton (10%). Activity
was assayed at 25°C by determining the rate of degradation
of H,O, at 240 nm in 10 mM of potassium phosphate buffer
(pH 7.0). The extinction coefficient of 43.6 mM/cm was
used for calculation. One unit is defined as 1 pmol of H,0O,
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consumed per minute and the specific activity is reported as
units per milligram of protein.

AIF immunohistochemical labeling in rat kidney and muscle

Kidney and muscle samples were fixed overnight at room
temperature in paraformaldehyde 10% in 0.1 M phosphate
buffer, pH 7.4. The samples were dehydrated with ethanol
and toluene series and embedded in paraffin. Sections were
deparafhinized in toluene and hydrated with ethanol. Anti-
genic determinants were masked by heat for 40 min. Then,
sections were incubated in peroxidase blocking solution and
Protein Block for 5 minutes at room temperature. To deter-
mine the presence of AIF-positive nuclei (red), sections were
incubated in Rabbit Anti-Human/Mouse/Rat AIF Antigen
Afhnity purified Polyclonal Antibody (Catalog # AF1457) at
10 pg/ml for 1 h at room temperature. Then, sections were
incubated in Secondary Antibody (Post Primary Block) for
30 min, in tertiary Antibody (NovoLink Polymer) for 30 min
and in amino-ethyl carbasol (AEC) for 20 min. Cells were
counterstained with hematoxylin (blue).
Three independent experiments were performed.

Data presentation and statistical analysis

Data are expressed as means of six animals per group *
S.E.M. The differences between groups were analyzed us-
ing the Mann-Whitney U test. A p value less than 0.05 were
considered significant.

Results

MDA concentrations increased (1.58 + 0.04 vs. 1.26 + 0.24
nmol/mg prot, p < 0.05) in kidney and remained unchanged
(0.67 £0.05 vs. 0.74 £ 0.09 nmol/mg prot, p > 0.05) in muscle
of SMF-exposed rats (128 mT, 1 h/day during 5 consecutive
days) compared to control group (Table 1). Moreover, in
treated rats CAT activity increased in kidney (178 + 5 vs. 133
£ 17 U/mg prot, p < 0.05) but not in muscle (2.84 £ 0.22 vs.
3.02 £ 0.62 U/mg prot, p > 0.05) (Table 2).

Using double staining with hematoxylin and AIF our
results indicated the absence of AIF-positive nuclei in
kidneys (Fig. 2) or muscle (Fig. 3) of SMF-exposed rats
suggesting that SMF failed to induce apoptosis through
a caspase-independent pathway in kidneys or muscle
cells. Besides, no AIF-positive nuclei were observed in
kidneys (Fig. 2) or muscle (Fig. 3) of supplemented rats
with Se or vit E.

Supplementation with Se (Na,SeO3 0.2 mg/l, during 30
consecutive days, per os) restored MDA concentrations (1.32
+0.15 vs. 1.26 £ 0.24 nmol/mg prot, p > 0.05) (Table 1) and
corrected the rise of the catalase activity in kidneysof SMF-
exposed rats (119 + 6 vs. 133 £ 17 U/mg prot, p > 0.05)
(Table 2). Besides, vit E administration (150mg/kg DLa-to-
copherolacetate during 5 days) restored (1.23 £ 0.05 vs. 1.26
+ 0.24 nmol/mg prot, p > 0.05) MDA concentrations (Table
1) but failed to correct (170 £ 15 vs. 133 + 17 U/mg prot,
P < 0.05) the catalase activity in kidneys of SMF-exposed
rats (Table 2).

Table 1. Effects of selenium and vitamin E administration on the MDA levels of SMF-exposed rats

Group
Tissue
C Se Vit E SMF SMF+Se SMF+Vit E
MDA Kidney 1.26 + 0.24 1.28 +0.13 1.19 £ 0.09 1.58 £ 0.04*  1.32+0.15 1.23 £ 0.05
(nmol/mg prot) Muscle 0.74 + 0.09 0.84 +0.18 0.73 +0.10 0.67 + 0.05 0.81+ 0.05 0.63 +0.11

Data represent the means + S.E.M. of six animals per group. * p < 0.05, compared to control (C). SMEF, static magnetic field; Se, selenium;

vit E, vitamin E.

Table 2. Effects of selenium and vitamin E administration on the catalase activities of SMF-exposed rats

Group
Tissue
C Se Vit E SMF SMF+Se SMEF+Vit E
Catalase Kidney 133.08 £ 17 120.11 £ 7 131.02 £ 29 178.14 + 5% 119.05+ 6 170.02 £ 15*
(U/mg prot) Muscle 3.02 +0.62 2.78 £0.26 2.92 +0.40 2.84 +£0.22 2.82 +0.42 2.52+0.44

Data represent the means + S.E.M. of six animals per group. * p < 0.05, compared to control (C). SME, static magnetic field; Se, selenium;

vit E, vitamin E.
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Figure 2. Photomicrographs of sections of kidney from control (A), Se-supplemented (B), vit E-supplemented (C), SMF-exposured (D),
co-exposed rats to SMF and Se (E), and co-exposed rats to SMF and vit E (F) (magnification x100, scale bar 20 um). Immunohistochemi-
cal labeling was performed (apoptosis-inducing factor (AIF) labeling). For more abbreviations see Fig. 1.
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Figure 3. Photomicrographs of sections of muscle from control (A), Se supplemented (B), vitamin E supplemented (C), SMF-exposure
(D), co-exposed rats to SMF and Se (E), and co-exposed rats to SMF and vit E (F) (magnification X100, scale bar 20 pm). Immunohis-
tochemical labeling was performed (apoptosis-inducing factor (AIF) labeling). For more abbreviations see Fig. 1.



SME, oxidative response and apoptosis

29

Discussion

In the present study, we found that exposure to SMF (128 mT;
1 h/day during 5 days) increased MDA concentrations and
catalase activities in kidney of rats indicating oxidative stress
status. However, these parameters remained unchanged in
muscle. In our laboratory, Abdelmelek et al. (2006) reported
that SMF (128 mT) induces hypoxia-like status associated
with sympathetic hyperactivity indicating a stress induced
by this treatment. The mechanism by which SMF induced
oxidative stress in rat tissues is not well understood. We hy-
pothesized that SMF exposure is associated with free radical
production via Fenton reaction, which is the iron-catalyzed
oxidation of hydrogen peroxide (H,0O;) (Connor and Men-
zies 1995; Markesbery 1997; Koppenol 2001; Ghodbane al.
2013). There are several reports showing that moderate SMF
could influence the ROS modulation (generation/reduction)
from enzymatic reactions in cell-free solutions. The SMF
increases the concentration and/or lifetime of free radicals
that escape from the radical pair so that the critical radical
concentration, needed to initiate membrane damage and
cause cell lysis, is reached sooner (Okano 2008; Ghodbane
etal. 2013).

The SMF effects play significant roles in the endogenous
and exogenous ROS modulation in biological systems, in
yitro and in vivo. Aristarkhov et al. (1983) demonstrated
an increase of lipid peroxidation level in liposomes (1,2-
dioleophosphatidylcholine) exposed to SMF (8 mT). SME
under in vitro chemical stimulation, can influence lipid
peroxidation kinetics in liposomes and enhance the pro-
duction of oxygen free radicals in human red blood cells
(Lalo et al. 1994; Chignell and Sik 1998). Previous studies
by Amara et al. (2006, 2007, 2009) showed an increase in
MDA level in male rat testis, hippocampus, liver and kidney
after exposure to SMF (128 mT, 1 h/day during 30 consecu-
tive days). However, Ghodbane et al. (2011a) showed that
SMEF exposure failed to alter plasma TBARs and total thiol
groups, indicating an adaptive mechanism to slight oxidative
stress caused by electromagnetic field as previously shown
by Chater et al. (2006). Our investigations showed that MDA
concentrations remained unchanged in muscle of rats. The
cellular and molecular modifications induced when SMFs
interact with biological materials are, however, dependent
on the duration of exposure, intensity, tissue penetration and
the type of cells (Walleczek and Liburdy1990).

Antioxidant enzymes are involved in the defense system
against free radical-mediated tissue or cellular damage
(Allen 1991). In our laboratory, Amara et al. (2006, 2007,
2009) showed that sub-chronic exposure to SMF (128 mT,
1 h/day during 30 consecutive days) decreased glutathione
peroxidase (GPx), CAT and superoxide dismutase (SOD)
activities in liver, kidneys, frontal cortex and the gonad.
Moreover, Ghodbane et al. (2011b) demonstrated that sub-

acute exposure to SMF decreased GPx activity in kidney and
muscle of SMF-exposed rats. The decrease of GPx activity is
associated to the increase of SOD activity in rat liver.

Our investigation reveals that the increase in MDA levels
is associated to the increase of CAT activity indicating oxi-
dative stress in kidneys of SMF-exposed rats; this effect was
related in part to ROS. It has been proposed that moderate
levels of ROS can induce an increase in antioxidant enzyme
levels, whereas very high level of these reactants was shown
to attenuate antioxidant enzyme activities (Brydon et al.
2000). Moreover, possible explanation of this phenomenon
is offered by hypothesis suggesting that magnetic fields
may increase expression of some proteins (Goodman and
Blank 2002).

Based on advanced studies of SMF effects on oxidative
stress reactions, the potentially hazardous effect of SMF on
living organisms is that exposure to SMF can increase the
activity, concentration, and life time of paramagnetic free
radicals, which might cause oxidative stress, genetic muta-
tion, and/or apoptosis (Mohtat et al. 1998; Zhang et al. 2003;
Okano 2008; Dini 2010).

SMEF induced a cell cycle arrest within the G2/M phase,
and the reduction in the survivin protein level was associ-
ated with the downregulated expression of Cdc2, a cyclin
B-dependent kinase that is necessary for the entry into the
M phase (Lin et al. 2014). Natural SMF upregulates caspase 9
and downregulates Bel-2 expression, which results in higher
level of active caspase 3 to trigger apoptosis in cells (Li et al.
2014). In our laboratory, exposure of rats to SMF (128 mT,
1 h/day during 30 consecutive days) elevated the 8-oxodGuo
in kidneys (Amara et al. 2007). Chater et al. (2005) concluded
that sub-acute exposure to SMF (128 mT)) induced apoptosis
in thymus but not in the liver and kidney in female rats.
Interestingly, sub-acute exposure to SMF (128 mT) induced
apoptosis in hepatic cells through a caspase-independent
death signaling pathway induced by the death-promoting
factor AIF (Ghodbane 2011).

In order to investigate whether SMF interferes with
the apoptotic program not only by modulating [Ca2+];
(Dini and Abbro 2005; Kim et al. 2005; Pagliara et al. 2005;
Saunders 2005), but alsoby altering the expression of pro-
or anti-apoptotic genes whose dis-regulation leads to an
altered rate of apoptosis, we studied the expression of AIF
in kidneys and muscle of exposed ratsto 128 mT SMF for 5
days. In the caspase-independent cell death pathway, DNA
fragmentation and chromatin condensation are triggered
by the AIF. This intramitochondrial flavoprotein is released
from the mitochondria in response to apoptosis-inducing
signals and is translocated to the nucleus (Susin et al. 1996;
Loeffler and Kroemer 2000).

Our investigations indicated that sub-acute exposure
to SMF (128 mT) failed to induce the translocation of AIF
from mitochondria to the nucleus indicating the absence
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of apoptotic effects of SMF in kidneys and muscle of exposed
rats. Both induced and spontaneous apoptosis have been
reported to be influenced by SMF exposure. However, some
reports have failed to detect any apoptotic effect for SMFs
(Teodori et al. 2002a, 2002b, 2006).

We have previously shown that SMF (128 mT; 1 h/day
for 5 consecutive days) decreased plasmatic a-tocopherol
and retinol in rats. This decrease could play an important
role in the disruption of antioxidant response leading to dis-
equilibria in the oxidative balance (Ghodbane et al. 2011a).
Sub-acute exposure to SMF (128 mT) caused also a depletion
of selenium levels in kidney, muscle and brain. Consequently,
the activity of selenium-dependent glutathione peroxidase
was found to be lower in kidney and muscle of SMF-exposed
rats. The decrease of GPx activity in SMF exposed-rats could
be related to the selenium depletion, indicating oxidative
stress in rat tissues (Ghodbane et al. 2011b).

Regarding the fate of Se and vit E administrations in
SMF-exposed rats, it may be assumed that these elements
minimize the oxidative stress induced by SMF in rat tissues.
Interestingly, our data showed that selenium supplementa-
tion restores the MDA concentrations and CAT activities in
rat kidney, while, vit E administration corrected only MDA
concentrations.

In conclusion, data from this study revealed that sub-acute
exposure to SMF induced oxidative stress in kidney of rats
but not in muscle. However, the same treatment failed to
induce apoptosis through a caspase-independent death sig-
nalling pathway in rat kidney and muscle. Interestingly, sele-
nium and vitamin E supplementations minimize the adverse
effect of oxidative stress induced by SMF in rat kidney.
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