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Extremely Low Frequency Magnetic Field is an Environmental Stress
Factor by Exerting Oxidative Stress
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Abstract — The previous study reported the biological effect of magnetic field exerted by acting on endocrine and
anti-oxidant system. The present study aims to study whether ELF-MF (extremely low frequency magnetic field)
affects the physiological endocrine systems such as thyroid and whether ELF-MF affects the defense system
against oxidative stress when it alters the function of thyroid. Finally, we correlate the effects of MF on oxidative
stress, and adrenal and thyroid with an environmental stress factor. We exposed sham or MF to rats for Sor 25
days. After the exposure, we determined pain sensitivity, level of TSH, T, and free T, in plasma. We also assayed
in whole brain, lipid peroxidation, the activity of enzymatic anti-oxidant defense including superoxide dismutase
(SOD) and glutathione peroxidase (GPx), and non enzymatic defense such as reduced or oxidized glutathione
contents. MF induced the hypersensitivity to thermal stimuli with the reduction of latency. T; and T, levels were
also increased by the exposure of ME. In addition, we observed the rise of MDA level in rat brain by MF although
the MF did not change superoxide dismutase and glutathione peroxidase activity. The effect of MF on both
reduced and oxidized glutathione results in decrease in reduced or oxidized glutathione in whole brain. In every
experiment, there was no significant difference in MF influence between short term (5 days) and long term (25
days) exposure. Taken together, MF exposure affects the thyroid hormonal control in brain. The elevated thyroid
hormone acts on brain, leading to hyper-utilization of oxygen. This phenomenon may be correlated with oxidative
stress resulting from MF exposure. In conclusion, we suggest that MF exposure may be an environmental stress

by exerting oxidative stress.
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INTRODUCTION

Electric and magnetic fields produced by electric power sys-
tems have recently been added to the list of environmental
agents that are a potential threat to public health. A common
concern about extremely low frequency magnetic field (ELF-
MF) is that whole body exposure to the. ELF-MF may have
long-term health effects. Even if there is an argument about the
biological effect of ELF-MF, ELF-MF have been reported to
produce a variety of biological effects (Binhi and Savin, 2002),
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interfere with the activity of the brain (Bruner and Harvey, 1998,
Ossenkopp and Cain, 1988; Lai et al., 1998) and may generate
behavioral and cognitive disturbances (Keck et al., 2001, Trim-
mel and Schweiger, 1998). In addition, the previous study sug-
gested that ELF-MF could activate stress-activated protein
kinase (Sun et al., 2002) and other investigation observed that
magnetotherapy affects the cortisol secretion in the circadian pro-
file by decreasing its level at 16:00 a day after 15 applications,
whereas magnetostimulation by increasing its level at 12:00 a
month after 15 applications, which may suggest its long-term
effect on hypothalamic-pituitary axis (Woldanska-Okonska and
Czernicki, 2003). These results indicate that ELF-MF may be an
environmental stressor in highly exposed environment.

In experimental animals, exposure to uncontrollable stress
induces a number of behavioral and biochemical changes that
resemble symptoms seen in human depression and other psy-
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chiatric conditions. Some of the physiologic reactions to stress
are: muscle tension, rapid heartbeat, sweaty palms, diarrhea or
constipation, increased gastric acid, high blood pressure,
increased adrenal hormones, exaggerated mental alertness,
increased blood sugar, increased blood lipids, dry mouth,
increased insulin, increased thyroid hormone and immune
changes (Duntas, 2005; Hart ef al., 2005; Levick et al., 2005;
Bruno et al., 2006; Huffman et al., 2006; Pantos et al., 2006).
There is the demonstration that T levels change rapidly in
response to acute stress (Langer et al., 1983a; Langer et al.,
1983b; Langer et al., 1983c). Moreover, hypermetabolic state
in hyperthyroidism is associated with tissue oxidative injury
(Huffman et al., 2006). Available data indicate that hyperthy-
roid tissues exhibit an increased ROS and RNS production
(Venditti and Di Meo, 2006). Acceleration of O, uptake by T,
leads to an increased generation of reactive O, and nitrogen
species in the liver, with a higher consumption of cellular anti-
oxidants and inactivation of antioxidant enzymes, thus induc-
ing oxidative stress. This redox imbalance is further contributed
by an enhanced respiratory burst activity, which may activate
redox-sensitive transcription factors (Fernandez ez al., 2006).
The increased mitochondrial ROS generation is a side effect of
the enhanced level of electron carriers, by which hyperthyroid
tissues increase their metabolic capacity. Other thyroid hor-
mone-linked biochemical changes increase tissue susceptibility
to oxidative challenge, which exacerbates the injury and dys-
function they suffer under stressful conditions.

It is important to note here that with human beings, health
problems are created by psychological needs to identify outside
causes of diseases and suffering. This often results in idiopathic
environmental intolerance, e.g. multiple sensitivities and symp-
toms relative to air, water, food and living space factors.
Among them, MF may be a crucial factor to lead to stress and
result in diseases.

The present study aims to investigate whether ELF-MF
affects the physiological endocrine systems such as thyroid and
adrenal function and whether ELF-MF affects the defense sys-
tem against oxidative stress when it alters the function of thy-
roid and adrenal gland. Finally, we correlate the effects of MF
on oxidative stress, and adrenal and thyroid with an environ-
mental stress factor.

MATERIALS AND METHODS

Animals
Male SD rats (Hanlim, Seoul, Korea) 4-5 weeks of age and

weighing 200 g were used in all experiments. Animals were
maintained in a temperature-controlled room (25+2°C) and
kept on a 12:12 light dark cycle (lights on at 08:00 h and off at
20:00). Food and water were available ad libitum and the rats
were adapted for 2 weeks to these conditions before the exper-
iment. The experiments were carried out from 14:00 h to 16:00 h.

Magnetic fields Exposure system

The 60 Hz magnetic field was produced by 1 m-square
Helmholtz coil with winding embedded in an open wooden
rectangular frame. Each coil has 200 turns and was connected
in a series connection to 220V AC power supply via variable
transformer. Each winding was split allowing the current to
flow in the same sense through each half of the winding (field
aiding). We can modulate the intensity of magnetic field by the
transformer. The magnetic field at the center of exposure sys-
tem was measured by Gaussmeter [Lake shore Model 410],
and we choose 10 G for exposing intensity. The set of coils
stood on the platform. We put the animal cage without mag-
netic material at the center.

Measurement of Pain Thresholds

Pain thresholds were evaluated with the hot plate (UGO
basile model DS-37, Italy) as described by Lakin et al. (1981).
Rats were placed individually on the hot plate (50+0.5°C) after
being allowed to adapt to the experimental environment for a
minimum of 90 min (Pang et al., 2001).

Determination of thyroid hormones

T; and free T, levels in plasma were measured by radio
immunoassay. Plasma (0.2-0.4 ml) was kept frozen until onset
of homogenization. This plasma was homogenated in a volume
methanol at least three times the weight of the tissue. One thou-
sand five hundred to two thousand cpm of outer ring labeled
[SU]T, and ['PI]T, were added as internal recovery tracers.
After adding chloroform in a double amount of methanol and
centrifugation (15 min, 2000 rpm), the pellet was re-extracted
in a mixture chloroform-methanol (2:1). Back-extraction into
an aqueous phase (0.05% CaCl,) was followed by a re-extrac-
tion with a mixture of chloroform-methanol-0.05% CaCl,
(3:49:48) and this phase was further purified on Bio-Rad AG 1-
X2 resin columns. THs were eluted with 70% acetic acid, evap-
orated to dryness, and resuspended in RIA buffer. Recoveries
of extracted THs usually ranged from 50 to 75% for [*!I]T,
and 40-60% for ['*I]T,. Serum TSH hormone levels were
measured using TSH IRMA kit.
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TBARS assay

Lipid peroxidation, which is a marker of oxidative stress,
was determined by measuring spectrophotometrically the for-
mation of thiobarbituric acid-reactive substances (TBARS)
(Austin et al., 1995). Each brain area was harvested, sonicated
in 1 ml of Tris-HCl buffer (pH 7.0). After centrifugation at
600xg for 10 min at 4°C (Microl7TR, Hanil, Korea), 0.9 ml of
trichloroacetic acid (8%) was added to 0.3 ml of supernatant.
After centrifugation at 10,000xg for 5 min at 4°C, 0.25 ml of
TBA (1%) was added to 1 ml of supernatant and the resulting
solution was heated at 100°C for 20 min. The tubes were
cooled, 2 ml of n-butanol was added and each tubes was vor-
texed for 90 s. After centrifugation at 3,000xg for 5 min at 4°C,
1 ml of butanol phase was utilized for TBARS assay at 532 nm
(UV-160A, Shimadzu, Japan) against malondialdehyde (MDA)
standards. Results were expressed as nmol/mg protein. Protein
assay was determined according to the Bradford method.

Superoxide dismutase activity assay

A spectrophotometric assay was used to quantify both total
(Cu, Zn and Mn) SOD activity and Mn SOD activity alone.
This assay was also described previously (Oberley and Spitz,
1984). Each protein extract (10 g) was assayed and compared
with 1 Unit of bovine Cu, Zn SOD (Sigma) activity. The assay
was carried out for 2 min after addition of the radical producer,
xanthine oxidase. The SOD activity was expressed as percent-
age inhibition of the formazan produced in control reaction
without SOD or protein extracts. 100% formazan product for-
mation is the amount of Nitro Blue Tetrazolium reduced by
radicals formed by xanthine oxidase in 2 min. Assays were per-
formed in triplicate or duplicate.

Glutathione Peroxidase activity assay

The GPx activity was measured according to the method
described by Sinet (1975) using #butyl-HPx as substrate. The
hippocampi were homogenized in PBS 0.05 M (pH 7.4) in
buffer solution (1 mg/5 I). After homogenization, 30 g of hip-
pocampal protein was added to 500 1 of PBS pH 7.0 containing
10 M reduced glutathione, 2 units of yeast glutathione reduc-
tase (Sigma type III) and 2x10"* NADPH. After 10 min at 37
°C, the reaction was initiated by the addition of #-butyl-HPx to a
final concentration of 10 M, under constant agitation. The
oxidation of NADPH was calculated using extinction coeffi-
cient for NADPH of 6.22x10? at 340 nm and the reaction was
made for 5 tin. One enzyme unit was defined as 1 M NADPH/

mU per mg of protein.

Reduced and oxidized glutathione

The following solutions were required to perform the OPA
assay: Redox quenching buffer (RQB) (20 mM HCI, 5 mM
DTPA, 10 mM ascorbic acid); 5% TCA in RQB (TCA-RQB);
7.5 mM N-ethylmaleimide (NEM) in RQB; 1.0 M KP, buffer
(pH 7.0); 0.1 M KP, buffer (pH 6.9); 100 mM dithionite (DT;
sodium hydrosulfite) in RQB; 5.0 mg/ml OPA in methanol. DT
and OPA solutions were prepared immediately before use.
Standards were prepared as follows: 0.1 mM GSSG in TCA-
RQB; 0.1 mM GSH in TCA-RQB. (Note: for method develop-
ment, it was necessary to remove the trace levels of GSSG that
were present in freshly prepared GSH solutions. This was
accomplished by treating 1.0 ml of a 1.0 mM solution of GSH
in TCA-RQB with 25 mg of zinc dust. The solution was mixed,
centrifuged, and filtered through a 0.20-um cellulose acetate
syringe filter, and diluted to 0.1 mM with TCA-RQB.) The
procedures to determine GSH (Protocol R) and GSSG (Proto-
col O) using OPA are described by Senft et al. (2000). OPA-
derived fluorescence was measured at 365-nm excitation (slit
width 5 nm) and 430 nm emission (slit width 20 nm).

Statistical analysis

Analysis of variance was used to establish the statistical sig-
nificance of differences among group. If significant differences
among groups were obtained using the analysis of variance,
Duncan’s multiple range test was used to differentiate differ-
ences between groups. Differences were considered significant
when P value is less than 0.05.

RESULTS

Thermal response by MF

MF significantly reduced latency in hot plate test when
exposed to rat for 5 days or 25 days. There was no significant dif-
ference between 5 day and 25 day MF exposure group (Figure 1).

Effect of MF on thyroid stimulating hormone and thyroid
hormones

We evaluated the levels of thyroid stimulating hormone and
thyroid hormones in plasma after the rats were exposed to MF
for 5 or 25 days. The exposure of MF did not change the con-
centration of TSH (Figure 2). In contrast, the levels of T, and
free T, were significantly elevated by MF exposure at 5 days,
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Fig. 1. Animals were exposed to normal condition for 5 or 25
days and tested on the hot plate. Shown are the meanstS.E.M.
of the ratio of latency recorded as described in Material and
methods. *(P<0.05) designates significant differences compared
to ratio of latency versus control.

but not at 25 days (Figure 3).

Lipid peroxidation by MF exposure

The influence of MF exposure on free radical production
was investigated by measuring the final product of reaction
between free radicals and lipids. We used thiobarbituric acid
reactive substance assay to confirm the alteration of lipid per-
oxidation in whole brain (Fig. 4). We observed the significant
rise of MDA level in rat brain, suggesting that lipid- peroxida-
tion occurred after MF exposure.

Enzymatic defense systems

Superoxide dismutase and glutathione peroxidase activity
was assayed to evaluate the effect of MF exposure on enzy-
matic defense systems against oxidative stress. The enzyme
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Fig. 2. Animals were exposed to normal condition for 5 or 25
days and the plasma levels of TSH were determined in
immunoradioassay. Shown are the meanstS.E.M. of the ratio of
latency recorded as described in Material and methods.

{ng/aL)

80

& A

40

20 M
i}

Control MF 5 days MF 25 days
FT,

{na/oL} *

37 v
. 7

2 %/’
g _

Control MF 5 days MF 25 days

Fig. 3. Animals were exposed to normal condition for 5 or 25
days and the plasma levels of T; and free T, were determined
in immunoradioassay. Shown are the means+S.E.M. of the ratio
of latency recorded as described in Material and methods.
*(P<0.05) designates significant differences versus control.

activity assays were conducted with whole brain exposed to
MF for 5 or 25 days. The 5 or 25 day MF exposure to rat did
not change both of the enzyme activity (Figure 5, 6).

Reduced and oxidized glutathione
We observed the alteration of reduced and oxidized glu-
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Fig. 4. Animals were exposed to normal condition for 5 or 25
days and the MDA levels were determined in the whole brain.
Shown are the meanstS.E.M. of the ratio of latency recorded as
described in Material and methods. *(P<0.05) designates
significant differences versus control.
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Fig. 5. Animals were exposed to normal condition for 5 or 25
days and the superoxide dismutase activity were determined in
the whole brain. Shown are the meanstS.E.M. of the ratio of
latency recorded as described in Material and methods.

tathione acting as non-enzymatic defense components against
free radicals in biology. Assays on reduced glutathione resulted
in decrease in reduced glutathione in whole brain exposed to
MEF for 5 days or 25 (Figure 7). In particular, the reduction in
whole brain was significantly different from sham controls.
Oxidized glutathione was also affected by MF exposure and
reduced significantly in whole brain (Figure 8).

DISCUSSION

In the present study, MF exposure to rats induced hyper-ther-
mal response and increased thyroid hormones. Although corti-
sol levels responding to MF exposure were not accurately
measured (data not shown), we observed that the cortisol levels
were affected by MF exposure, indicating a possible response
to stress. The elevation of thyroid hormones and the alteration
of cortisol are a marker of biological anti-stress response
against stressful environmental stimuli (Walpita ez al., 2006).

The present results suggests that the environment of the MF
in this study has an influence in the biological response against
stressors and that MF exposure might act as a environmental
stressor, which are evidenced by the increase in thyroid hor-
mone and the alteration of cortisol. While cortisol is an impor-
tant and helpful part of the body’s response to stress, it’s
important that the body’s relaxation response to be activated so
the body’s functions can return to normal. Unfortunately, in our
current high-stress culture, the body’s stress response is acti-
vated so often that functioning often doesn’t have a chance to
return to normal, producing chronic stress. Psychosocial and
somatic stressors induce a complex but uniform neuroendo-
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Fig. 6. Animals were exposed to normal condition for 5 or 25
days and the glutathione peroxidase activity were determined in
the whole brain. Shown are the meanstS.E.M. of the ratio of
latency recorded as described in Material and methods.

crine activation in rats which is characterized by heavy adreno-
corticat secretion aud the cessation of the secretion of
somatropic hormone (Mazure ef al., 1997; Walker et al., 2001).
The increase in secretion of the thyroid hormones with this type
of effect on: the organism of rats may be produced by acute or
chronic stress (Langer et al., 1983b; Langer ef al., 1983c).

The rise of T, and T, by MF exposure significantly increased
the lipid perozidation in the whole brain. Moreover, the expo-
sure of MF decreased the level of GSH and GSSG resulting in
higher levels of GSSG and GSSG/GSH ratio. An investigation
demonstrated that thyroid hormone-induced oxidative stress
led to higher levels of GSSG and GSSG/GSH ratio (Varghese
et al., 2001; Ishii and Tanizawa, 2006). In contrast, the expo-
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Fig. 7. Animals were exposed to normal condition for 5 or 25
days and the reduced glutathione were determined in the whole
brain. Shown are the meanstS.E.M. of the ratio of latency
recorded as described in Material and methods. *(P<0.05)
designates significant differences versus control.
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Fig. 8. Animals were exposed to normal condition for 5 or 25
days and the oxydized glutathione were determined in the
whole brain. Shown are the meanstS.E.M. of the ratio of
latency recorded as described in Material and methods. *(P<
0.05) designates significant differences versus control.

sure of MF did not change the activity of anti-oxidant enzymes
including SOD and GPx. It is very interesting that MF expo-
sure to rats induced lipid peroxidation with the raised MDA
levels in every region we assayed. Lipid peroxidation is one of
the major outcomes of free radical-mediated injury that directly
damages membranes and generates a number of secondary
products, both from fission and endocyclization of oxygenated
fatty acids that possess neurotoxic activity. The unchanged anti-
oxidant enzyme activity by MF exposure was found in this
experiment. Considering the roles of anti-oxidation as enzymes
in oxidative stress, this result leads us to hypothesis that where
MF may act on may the non-enzymatic defense system such as
glutathione. Under oxidative stress conditions, ROS are
reduced by GSH with concomitant formation of the oxidized
disulphide, GSSG. Although relatively resistant to ‘spontane-
ous oxidation’, GSH reacts rapidly and non-enzymatically with
hydroxyl radical, and with N,O; and peroxynitrite (Griffith,
1999). In addition to its action as a chemical antioxidant GSH
also acts in the enzymatic first line antioxidant defense as a co-
factor in GPx mediated reduction of peroxides, also resulting in
GSSG formation. The overall reduction of reduced and oxi-
dized glutathione by MF exposure has indicated that the chem-
ical reaction requiring the electron transfer between ROS and
glutathione or its derivatives may be influenced by MF stimuli.

In conclusion, the present study demonstrate that the expo-
sure to MF for short or long term increase the thyroid hormone
and alter the secretion of adrenal hormone in plasma. This
effect leads to lipid peroxidation of whole brain mediated by

oxidative stress with a decrease in the reduced and oxydized
glutathione. From the results, we suggest that MF exposure
may be an environmental stress via an effect on thyroid and
adrenal hormone, and the consecutive oxidative stress.
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