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Magnetic fields (MFs) can affect biological systems by increasing the release of free radicals that are able to alter cell 
defense systems and breakdown tissue homeostasis. In the present study, the effects of extremely low frequency (ELF) 
electromagnetic fields (EMF) were investigated on free radical levels, natural antioxidant systems and respiratory burst 
system activities in heart and liver tissues of guinea pigs exposed to 50 Hz MFs of 1, 2 and 3 mT for 4 h/day and 8 h/day for 
5 days by measuring malondialdehyde (MDA), nitric oxide (NO), glutathione (GSH) levels and myeloperoxidase (MPO) 
activity. A total of sixty-two male guinea pigs, 10-12 weeks old were studied in seven groups as control and exposure 
groups: Group I (control), II (1 mT, 4 h/day), III (1 mT, 8 h/day), IV (2 mT, 4 h/day), V (2 mT, 8 h/day), VI (3 mT, 4 
h/day), and VII (3 mT, 8 h/day). Controls were kept under the same conditions without any exposure to MF. MDA levels 
increased in liver in groups II and IV, but decreased in group VII for both liver and heart tissues. NOx levels declined in 
heart in groups II and III and in liver in groups III, V, and VI, but increased in liver in group VII. GSH levels increased in 
heart in groups II, IV, V, and in liver in groups V and VI and VI, but decreased in groups II and IV in liver. MPO activity 
decreased in liver in groups III, IV, VI and VII with respect to controls and in heart tissues in groups II, III and IV; however, 
there was a significant increase MPO activity in heart in group VII. From the results, it can be concluded that the intensity 
and exposure duration of MFs are among the effective conditions on the formation of free radicals and behaviour of 
antioxidant enzymes. 
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Extremely low frequency (ELF) electromagnetic 
fields (EMF) originated from many sources such as 
high voltage transmission lines, household electric 
wiring and appliances etc have increased due to the 
high demand for electrical energy. With increase of 
EMF producing equipments and environmental 
exposure, public concern about the side effects of 
EMF on biological systems and risk to human health 
has been also increased. Studies have shown that 
exposure to ELF magnetic fields (MF) may induce 
and increase the incidence of certain types of cancer, 
such as leukemia and brain tumor1-8. Thus, ELF EMF 
has been classified as a possibly carcinogenic to 
humans (2B) by International Agency for Research on 
Cancer (IARC)9. 

Several mechanisms have been suggested for 
biological effects of ELF EMF. One of the important 
mechanisms is the effect on radical pair 
recombination kinetics and free radicals10-12. This 
mechanism suggests that static or time-varying MF 
may cause an alteration in the equilibrium of the 
elementary reaction by producing a pair of radical13. It 
has been suggested that 50/60 Hz MF may prolong 
the lifetime of free radicals11,12 and increase their 
concentration in living cells14. Increased concentration 
of free radicals, reactive oxygen species (ROS) or 
reactive nitrogen species (RNS) may induce oxidative 
and nitrosative stress, leading to reversible or 
irreversible tissue injuries. Structural molecules such 
as lipids, proteins, carbohydrates and nucleic acids 
etc. may be damaged by reactions with ROS/RNS15. 
Changes in enzyme status and activities, gene 
expression, alteration of membrane structure and 
DNA damage are the main consequences of 
ROS/RNS actions at cellular levels15-17. 

 

One of the indexes of oxidative stress is lipid 
peroxidation (LPO) which can be described as the 
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degeneration of polyunsaturated fatty acids (PUFA) in 
cell membranes through ROS attacks. The end 
products of LPO include 4-hydroxynonenal (4-HNE) 
and malondialdehyde (MDA), which have been 
investigated by using various analysis techniques18-20. 
Nitric oxide (NO) is the another reactive molecule 
used in determination of oxidative and nitrosative 
stress. It is produced from L-arginine by nitric oxide 
synthase (NOS) and acts as a biological messenger in 
many physiological processes and has role in 
pathogenesis of many disorders21. NO is generated 
from endothelial cells, neurons, and activated 
macrophages. In the activated neutrophils, myeloper-
oxidase (MPO) utilizes hydrogen peroxide (H2O2) to 
oxidize a wide variety of substrates, including many 
pharmacological agents and xenobiotics to radical 
intermediates. The best known and unique property of 
MPO is the conversion of chloride to hypochlorous 
acid22. 

Living cells have numerous defense systems to 
counteract the deleterious effects of ROS/RNS. In 
defense systems, superoxide dismutase (SOD), catalase 
(CAT) and glutathione peroxidase (GSHpx) remove 
H2O2 by converting to water and oxygen. However, the 
major H2O2-removing enzyme in mammalian cells is 
GSHpx. In addition, GSHpx acts as regulator enzyme 
in the metabolism of lipid peroxides. The substrate of 
GSHpx, reduced glutathione (GSH) may additionally 
exert direct antioxidant effects. Its reactions with 
superoxide anion (O2˙

-) and H2O2 are slow, but it reacts 
fairly fast with peroxyl radicals (ROO) and is a 
powerful scavenger of certain RNS, such as 
peroxynitrite (ONOO-)23. 

The heart has one of the highest oxygen 
consumption rates in the body. The exposure to ELF 
for longer duration may lead to some adverse effects 
on the cardiac function24,25. Also, liver is an important 
site of detoxification as well as metabolic activation 
of substances originated from environmental 
exposure, ie. ELF MF. Thus, in the present study, the 
effects of ELF MF have been investigated on free 
radical processes, natural antioxidant system and 
respiratory burst system activities by measuring the 
MDA, NO, GSH levels and MPO activity in liver and 
heart tissues of guinea pigs exposed to 50 Hz MFs of  
1, 2 and 3 mT for 4 h/day and 8 h/day for 5 days. 
 

Materials and Methods 
The experimental protocol was reviewed and 

approved by the ‘Laboratory Animal Care 
Committee’ of Gazi University (Report no. 36-7838). 

Exposure systems 
The MF exposure setup was chosen as circular 

Helmholtz coils, which were developed at the 
Bioelectromagnetic Laboratory, Gazi University. 
Coils pairs of Helmholtz configuration were used in 
vertical manner. Animals were housed pairly in 
polycarbonate cages (26 × 22 × 10 cm3), positioned at 
the center of the energized Helmholtz coils during 
experiments to avoid any distortion of the generated 
magnetic fields. The MF at the center of exposure 
system was measured by the Hall-Effect 
Gaussmeter26,27. 
 

Animals and treatment 
Animals were adapted for 2 weeks to the laboratory 

conditions before the experiments. They were placed 
in polycarbonate cages (26 × 22 × 10 cm3), free of 
metallic material and maintained at a room 
temperature of 23 ± 1°C, a day and night cycle of 12 h 
and ambient geomagnetic field of 30 µT. 

A total of 62 male guinea pigs were studied in seven 
groups: Group I (control): Animals (n = 10) were 
handled in an identical manner without any exposure to 
MF; Animals (group II to VII) were housed in the 
centre of the Helmholtz coils, 2 per cage and exposed 
to MF: Group II exposed to 50 Hz, 1 mT for 4 h/day 
for 5 days; Group III exposed 50 Hz, 1 mT for 8 h/day 
for 5 days; Group IV exposed to 50 Hz, 2 mT for  
4 h/day for 5 days; Group V exposed to 50 Hz, 2 mT 
for 8 h/day for 5 days; Group VI exposed to 50 Hz,  
3 mT for 4 h/day for 5 days; and Group VII exposed to 
50 Hz, 3 mT for 8 h/day for 5 days. 

To eliminate possible variations due to circadian 
rhythm, exposure periods of MF were chosen as  
8.00-12.00 a.m for 4 h and 8.00 a.m – 4.00 p.m for  
8 h of exposure periods. The animals were sacrificed 
20 h after exposure by ether inhalation in a closed box 
and their heart and livers were dissected out 
immediately. Tissues were kept in liquid nitrogen 
after dissection and stored in deep freezer at -85°C 
until tested. All experiments were run in a blind 
manner. 
 
Biochemical analysis 
MDA levels 

MDA levels were quantified by measuring the 
formation of thiobarbituric acid-reactive substances 
(TBARS). TBARS levels of liver and heart were 
determined by the spectrophotometric method28. 
Tissues were homogenized in 9 volumes of cold 10% 
trichloracetic acid (TCA) solution and homogenates 
were centrifuged for 15 min at 3000 × g at 4°C. The 
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supernatants were transferred to glass test tubes 
containing 0.375% (w/v) thiobarbituric acid (TBA) 
and 0.02% (w/v) butylated hydroxytoluene (BHT) to 
prevent further peroxidation of lipids during 
subsequent steps. The samples were then heated for 
15 min at 100°C in a boiling water bath, cooled and 
centrifuged to remove precipitant. The absorbance of 
each sample was determined at 532 nm. 
 
NOx levels 

NO levels in liver and heart tissues were 
determined by the Griess reaction29. Tissue samples 
were homogenized in 5 volumes of phosphate buffer 
(PBS, pH 7.5) and centrifuged at 2000 × g for 5 min. 
To supernatants (0.5 ml), 0.25 ml of 0.3 M NaOH was 
added. After incubation for 5 min at room 
temperature, 0.25 ml of 10% (w/v) ZnSO4 was added 
for deproteinization, the mixture was centrifuged at 
14000 × g for 5 min and supernatants were used for 
the Griess assay. 

Nitrate levels in tissue homogenates were determined 
as described30 and nitrite levels were measured by the 
Griess reaction. Sodium nitrite and nitrate solutions  
(1, 10, 50, 100 µM) were used as standards. 
 
GSH levels 

The GSH levels were determined by modified 
method of Aykaç et al.31. Tissues were homogenized 
in 9 volumes cold 10% TCA solution and 
homogenates were centrifuged for 15 min at 3,000 × g 
at 4°C and the supernatants were transferred to glass 
test tubes. The 0.5 ml of supernatant was added to the 
2 ml of 0.3 M disodium hydrogen orthophosphate 
dihydrate (Na2HPO4.2H2O) solution, 0.2 ml solution 
of dithiobisnitrobenzoate (DTNB) (0.4 mg/ml 1% 
sodium citrate) was added and absorbance was 
measured at 412 nm immediately after mixing. The 
GSH levels were calculated using an extinction 
coefficient of 13.600 mol-1 cm-1. 
 
MPO activity 
 Tissues were homogenized in 20 mM PBS (pH 7.4) 
and homogenates were centrifuged for 5 min at 10000 × 
g at 4°C. The supernatants were was discarded, and the 
pellets were resuspended in 50 mM PBS (pH 6.0) 
containing 0.5% hexadecyltrimethyl-ammonium 
bromide (HETAB) and 0.146% EDTA. The 
homogenates were frozen, thawed once, sonicated for  
10 s, incubated for 2 h in a water bath (60°C) and 
centrifuged at 12500 × g at 4°C for 30 min. The 
supernatants were used for MPO assay. MPO activity  

was  assessed by  measuring the H2O2-dependent 
oxidation of o-dianisidine. One unit (U) of the enzyme 
activity was defined as the amount of MPO that caused a 
change in absorbance of 1.0/min at 410 nm and 37°C32. 
 

Statistical analysis 
Statistical analyses were carried out using SPSS 

software (SPSS 11.5 for windows, SPSS Inc., 
Chicago, USA). The p value was considered signi-
ficant at p<0.05. Comparisons between exposed and 
controls groups were made by using Mann Whitney-U 
test, while MF of 1, 2 and 3 mT were compared with 
Kruskal-Wallis test with respect to exposure periods 
of 4 h and 8 h. 
 
Results 

Table 1 summarizes the MDA, NOx, GSH levels 
and MPO activity and in liver and heart tissues of 
guinea pigs exposed to 50 Hz MF of 1, 2 and 3 mT 
for of 4 h and 8 h/day for 5 days. All of the values are 
given as mean ± standard error of mean (SEM). 
 

MDA levels 
In liver, MDA levels increased for 1 mT (p = 0.023) 

and 2 mT (p = 0.002) in 4 h groups (groups II and IV), 
but decreased in the heart (p = 0.000) and liver  
(p = 0.027) in group VII for 5 days exposure. Alterations 
in liver MDA levels were independent of the MF 
intensities for the exposure periods (p = 0.002 and 
0.021) for 4 and 8 h exposure, respectively. 
 
NOx levels 

In heart tissue, statistically significant decrease was 
observed in NOx level of groups II (p = 0.001) and III 
(p = 0.042). In liver tissue, NOx levels decreased in 
groups III and V and VI, but increased in group VII. 
 
GSH levels 

In heart tissue, statistically significant increase was 
observed in GSH levels for the groups II (p = 0.000), 
IV (p = 0.001), V (p = 0.000) and VI (p = 0.000) with 
respect to controls. Alterations GSH levels were 
independent of the MF intensities for the exposure 
period of 4 h in heart tissues. In liver tissue, GSH 
levels decreased for 1 mT (group II) (p = 0.001) and  
2 mT (group IV) (p = 0.000) for exposure periods of  
4 h/day, but increased for 3 mT for both exposure 
periods (groups VI and VII) (p = 0.003 and 0.028 for 
4 and for 8 h, respectively). 
 
MPO activity 

In heart tissues, MPO activity decreased for 1 mT 
for  both  of  the  exposure periods  (groups II  and III) 
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(p = 0.001 and 0.033 for 4 and 8 h respectively) and  
2 mT for exposure period of 4 h/day (group IV)  
(p = 0.003) despite statistically significant increase for 
group VII (p = 0.010). In MPO activity of liver 
tissues, statistically significant decrease was observed 
for groups III (p = 0.000), IV (p = 0.008), and VI and 
VII (p = 0.000 and 0.045, respectively). 
 
Discussion 

EMFs may cause an increased activity in free 
radicals in living organisms and can affect the 
biological systems10-12,14,25,26b-d,33-40. MFs penetrate the 
cells and can alter cell membrane potential and the 
concentration of ions8,15,16,41,42, which may affect free 
radical processes within the cell. Effects of MF in 
biological systems depend on the radical pair 
mechanism. External MF perturbs spin evolution 
processes in radical pairs, ultimately causing an 
increase in radical concentration and life time43. 
Increased concentration of ROS/RNS within cells on 
exposure to ELF MF may induce oxidative stress, 
leading to tissue injuries, which may be 
reversible/irreversible. ROS can react easily with all 
of the biomolecules in cell by initiating chain 
reactions to form new free radicals13. 

In the present study, we investigated whether  
50 Hz MFs of 1, 2 and 3 mT applied for different 
exposure periods could affect the levels of MDA, 
NOx, GSH and MPO activity of liver and heart 
tissues in guinea pigs. MDA levels in the liver tissue 
increased for exposure of 4 h and decreased by the  

8 h, without depending on the intensity of MF. 
However, MDA levels in heart tissue decreased when 
exposed to 3 mT for 8 h/day (Table 1). In the previous 
study in our laboratory, increased MDA levels were 
found in the liver tissue of guinea pigs, exposed to 
continuously and intermittently (2 h on/2 h off/2 h on) 
applied 50 Hz, 1,5 mT MF40a. Increased liver MDA 
levels were also observed in rats exposed to 50 Hz,  
18 mT MF for 2 h/day during 20 days44. The 50 Hz, 
0.5 mT MF for 7 days could enhance LPO in mice 
brain21. However, in another study, no such increase 
in LPO was observed in mice, exposed to ELF-MF 
for 40 min45. 

Antioxidant activity of living cells may be affected 
by exposure of MF of various frequencies and 
intensities11,12,14,18,25,26b-d,36-40. Also, it is well 
established that changes in intracellular ROS 
concentration play an essential role in the modulation 
of antioxidant defenses. Increment in the production 
of GSH is an indicator of the activation of cell 
defense mechanism against oxidative damage and free 
radical generation. In the cell defense mechanism, the 
role of GSH can be described as a scavenger and 
cofactor in in metabolic detoxification of ROS46. GSH 
is the major cytosolic low molecular weight 
sulfhydryl compound that acts as a cellular reducing 
reagent and a protective reagent against numerous 
toxic substances, including most inorganic pollutants 
through the -SH group. GSH levels can increase due 
to an adaptive mechanism to slight oxidative stress 
through an increase in its synthesis; however, severe 

Table 1—MDA, NOx, GSH levels and MPO activity and of liver and heart tissues in exposed and control animals 
[Values represent mean ± SEM] 

Tissue 
 

Groups 
 

n 
 

MDA Level ♣ 
(nmol/g tissue) 

n 
 

NOx Level 
(mmol/g tissue) 

n 
 

GSH Level ♠ 
(µmol/g tissue) 

n 
 

MPO activity 
(U/g tissue) 

Heart Group I (Control) 
Group II (1 mT; 4 h) 
Group III (1 mT; 8 h) 
Group IV (2 mT; 4 h) 
Group V (2 mT; 8 h) 
Group VI (3 mT; 4 h) 
Group VII (3 mT; 8 h) 

10 
8 
8 
7 
6 
7 
7 

143.82 ± 13.48 
132.48 ± 11.29 
162.59 ± 14.55 
157.81 ± 6.49 

126.93 ± 12.78 
184.50 ± 19.81 
89.05 ± 4.28* 

7 
8 
4 
7 
3 
3 
5 

151.85 ± 4.65 
123.05 ± 2.62* 
134.15 ± 5.51* 
141.78 ± 3.86 
137.50 ± 3.00 
162.83 ± 4.70 
145.14 ± 1.26 

9 
7 
7 
5 
7 
9 
8 

2.01 ± 0.15 
3.86 ± 0.29* 
1.47 ± 0.13 

3.43 ± 0.37* 
3.14 ± 0.15* 
3.49 ± 0.27* 
2.44 ± 0.25 

8 
8 
4 
7 
3 
3 
5 

0.42 ± 0.01 
0.29 ± 0.01* 
0.35 ± 0.04* 
0.31 ± 0.04* 
0.50 ± 0.04 
0.43 ± 0.01 

0.49 ± 0.02* 
Liver Group I (Control) 

Group II (1 mT; 4 h) 
Group III (1 mT; 8 h) 
Group IV (2 mT; 4 h) 
Group V (2 mT; 8 h) 
Group VI (3 mT; 4 h) 
Group VII (3 mT; 8 h) 

9 
7 
8 
9 
7 
8 
8 

79.36 ± 5.67 
126.35 ± 15.94* 

67.36 ± 4.76 
115.77 ± 7.65* 

86.79 ± 3.79 
92.33 ± 11.84 
63.20 ± 4.49* 

10 
7 
9 
10 
8 
9 
9 

476.47 ± 17.23 
495.35 ± 3.02 

296.26 ± 8.12* 
421.83 ± 29.95 

432. 68 ± 12.23* 
358.96 ± 7.55* 
635.02 ± 13.87* 

8 
6 
7 
9 
7 
8 
8 

10.88 ± 1.05 
5.45 ± 0.64* 
10.20 ± 1.33 
4.74 ± 0.58* 
12.31 ± 1.22 
16.98 ± 1.16* 
15.59 ± 1.07* 

10 
7 
9 
10 
8 
9 
9 

0.42 ± 0.01 
0.42 ± 0.01 

0.27 ± 0.02* 
0.37 ±0.02* 
0.39 ± 0.01 

0.33 ± 0.01* 
0.39 ± 0.01* 

*p<0.05 with respect to controls for both of tissues; ♠p, 0.05 inter-group comparison for 4 h and 8 h in liver tissue 
♠p<0.05 inter-group comparison for 4 h in heart tissue 
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oxidative stress may suppress GSH levels due to the 
loss of adaptive mechanism and oxidation of GSH to 
GSSG47. Increase in heart tissue GSH levels was 
independent of the MF intensity for exposure of  
4 h, while for liver tissue was independent of 
exposure period for the 50 Hz, 3 mT MF. Decreased 
liver GSH levels were found for 1 and 2 mT for 
exposure period of 4 h/day26c. 

MFs may affect the activation of respiratory 
burst26d,34,35. An increased phorbol 12-myristate  
13-acetate (PMA)-induced oxidative burst was 
reported in rat peritoneal neutrophils in the presence 
of MF34. EMF may activate macrophages and 
production of superoxide radicals in activated 
macrophages is known to be related with 
phagocytosis. It was investigated whether 50 Hz EMF 
could modulate phagocytosis and free radical 
production of mouse bone marrow-derived 
macrophages. Increased superoxide radical production 
was reported by EMF (1 mT) in absence of 
phagocytosis. These findings were taken for evidence 
of direct activation of macrophages by EMF35. In the 
present study, 50 Hz MF of 1 and 2 mT decreased 
MPO activity in liver and heart tissues for both 
application periods. However, increased MPO activity 
was found in heart tissues by 3 mT MF with exposure 
period of 8 h for 5 days (Table 1). 

NO levels were used as an indicator of increased 
RNS production during the exposure period and might 
reflect the pathological process of the EMF 
exposure33,48. EMF could affect the NOS activity in 
the rat brain and cerebellum was influenced by  
0.1 mT pulsed MF21. NO and MDA levels were 
suggested to have a prognostic value and might show 
the degree of EMF-induced renal tissue damage33. In 
the present study, NOx levels were found decreased in 
heart and liver tissues on exposure to 50 Hz MF of 
various intensities, except for the liver tissues exposed 
to 3 mT for 8 h (Table 1). 

Earlier study49 suggested that ELF MF could 
cause oxidative challenge. This study investigated 
the effect of 50 Hz MF with the intensities of 0.5, 
2.5, 10 and 50 µT on snails exposed for 10 days by 
determining oxidant and antioxidant parameters.  
A reduction in CAT activity was found at the 
highest exposure intensity, whereas glutathione 
reductase activity was inhibited in all the 
experimental conditions. The highest MF intensity 
(3 mT) also caused different effects than other MF 
intensities; it increased GSH and NO levels in the 

liver tissue, while MPO activity was increased in 
the heart tissue. 

In conclusion, the present study demonstrated that 
EMF induced oxidative stress by enhancing LPO and 
reducing GSH level which acts as a free radical 
scavenger only for MF of 1 and 2 mT with exposure 
period of 4 h. NO levels and MPO activity decreased 
in all exposure groups, except for 3 mT, 8 h. 
However, further studies are needed to better 
elucidate the effect of ELF-MF on different tissues 
LPO and conclusions about the risks of exposure to 
ELF-EMF. 
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