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ABSTRACT 

The effects of exposure to extremely low frequency electric fields (ELF EFs) on plasma 

lipid peroxide levels and antioxidant activity (AOA) in Sprague-Dawley rats were studied.  

The test was based on comparisons among rats treated with a combination of the oxidizing 

agent, 2,2'-azobis(2-aminopropane) dihydrochloride (AAPH), and 50 Hz EF of 17.5 kV/m 5 

intensity for 15 minutes per day for seven days, AAPH alone, EF alone or no treatment.  

EF significantly decreased the plasma peroxide level in rats treated with AAPH, similar to 

treatment by ascorbic acid or the superoxide dismutase.  Ascorbic acid increased AOA, 

however, EF and superoxide dismutase did not change AOA compared with sham exposure 

in stressed rat.  No influence on the lipid peroxide level and AOA in unstressed rats was 10 

observed with EF exposure alone.  Although the administration of AAPH decreased AOA, 

this decrease did not change when EF was added.  These data indicate that the ELF EF 

used in this study influenced the lipid peroxide level in an oxidatively stressed rat.   

 

antioxidant activity; 2,2'-azobis (2-aminopropane) dihydrochloride; ELF electric field; lipid 15 

peroxide; tert-butylhydroperoxide 
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INTRODUCTION 

The biological effects of an extremely low frequency electric field (ELF EF) have 

become a matter of interest and debate as worldwide distribution of electricity, which has 

markedly increased during the last half century, resulted in increased human exposure to 

electromagnetic fields (EMFs) [Repacholi et al., 1999].  Clinical techniques using EFs 5 

have been developed in disciplines such as complementary and integrative medical 

therapies [Ghoname et al., 1999; Goldman et al., 1996; Hara 1961; Harakawa et al., 2002; 

Ito 2000; Lee et al., 1993].  In Japan, EF therapy has been utilized since 1972, when Hara 

et al. [1961] developed EF exposure equipment (Healthtron, Hakuju Institute for Health 

Science, Tokyo, Japan), which was approved by the Ministry of Health, Labour and Welfare 10 

(Approval number 14700BZZ00904).  Recently, we reported the curative effects of EF 

therapy on several types of pain (headache, stiff shoulders and stomachache) in over a 

thousand cases [Harakawa et al., 2002].  Reports explaining the mechanism(s) of the 

response to an exposure to an EF have suggested that either the EF-induced electric current 

or the perception of the EF through the skin surface act as a trigger on cellular, humoral or 15 

behavioral responses [Harakawa et al., 2004a; Harakawa et al., 2004b; Jaffe et al., 1981; 

Jaffe et al., 1980; Kato et al., 1989; Weigel et al., 1987a; Weigel et al., 1987b].   

Some investigators have reported that reactive oxygen species might be active in 

the mechanisms of ELF EMF effects.  Plasma levels of melatonin secreted from the pineal 

gland and regulated by circadian rhythms may be suppressed by exposure to an EMF, but 20 

these results are considered controversial [Levallois et al., 2001; Reiter et al., 1988; Wilson 

et al., 1981; Wilson et al., 1986].  Additionally, the balance between the generation of 

reactive oxygen species and the re-uptake of melatonin at the cellular level may modulate 
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the mechanisms of EMF influences [Reiter et al., 1998].  The increase of phagocytosis 

activity in mouse bone marrow cells exposed to 50Hz EMF concomitantly upregulates the 

intracellular level of reactive oxygen species [Simko et al., 2001].  The effects of an EMF 

potentiate the cellular damage induced in vitro by oxidizing agents in rabbit red blood cells 

[Fiorani et al., 1997].  A direct current EF pulse induces the production of reactive oxygen 5 

species, which in turn mediate Ca+2 release from intracellular stores and activate cell cycle 

activity in multi-cellular spheroids [Wartenberg et al., 1997].  In the presence of catalase, 

superoxide dismutase or vitamin E, the enhancement of chick embryo fibroblast cell 

proliferation from 100 Hz sinusoidal magnetic fields (MF) was reduced and the addition of 

free radical scavengers during exposure to a MF significantly suppressed the enhancement 10 

in cell proliferation caused by the field [Katsir et al., 1998].   

However, these reports of the possible harmful effects caused by reactive oxygen 

species generated by exposure to EMF do not refer to the effects of EF.  If the biological 

effects of various electrical treatments or environments, including MF or EMF, involved 

free radical metabolism as a common target, it would be very important to confirm these 15 

results for EF exposure alone.   

The preliminary study presented here was conducted to determine whether the 

exposure to sine waveform 50 Hz EF, 17.5 kV/m intensity modifies plasma antioxidant 

activity (AOA) and lipid peroxide levels in oxidatively stressed and/or unstressed rats.   

 20 

MATERIALS AND METHODS 

Experimental procedures using animals in this study were carried out at the 

Environmental Biological Research Center, Shiga, Japan, and were conducted in 
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accordance with the guiding principles and requirements for the Environmental Biological 

Research Center and Obihiro University of Agriculture and Veterinary Medicine, Obihiro, 

Japan.   

Animals:  Male, eight-week-old Sprague-Dawley rats (n = 55), weighing 

252-274 grams, were purchased from Japan SLC Inc. (Tokyo, Japan), and were maintained 5 

in group housing (five rats per cage) in a conventional, air-conditioned animal room.   

EF exposure system:  The EF exposure system (Fig. 1) is composed of three 

major parts, namely, a high voltage transformer (Hakuju Institute for Health Science, Tokyo, 

Japan), a constant voltage unit (TOKYO SEIDEN, Tokyo, Japan), and EF exposure cages, 

which have been previously described [Harakawa et al., 2004b].  Briefly, the exposure 10 

cage, which is designed for a rat or a smaller animal, is composed of a cylindrical plastic 

cage (diameter:  400 mm, height:  400 mm) with two electrodes made of stainless steel 

(1,200 x 1,200 mm) placed over and under the cylindrical cage.  In order to form a 50 Hz 

sine waveform EF 17.5 kV/m RMS intensity in the cage, a stable alternating current (7 kV) 

was applied to the upper electrode.  Experiments were carried out at normal room 15 

temperature (25 ± 0.4ºC).  In this study, we used four device sets:  two sets for exposure 

to EF and another two for exposure to sham EF.  In two device sets for sham exposure, 

pair of electrodes was connected with wire to generate sham EF (0 V/m) and a switch was 

turned off during EF session.  To estimate an intensity of EF in each set for EF exposure, 

voltage between electrodes was measured used Fluke 83 (Fluke Co. Ltd., WA) and applied 20 

voltage was arranged to 7 kV.  Each exposure cage housed one rat during each 

experimental session in order to avoid an imbalance of EF induced by housing two or more 

rats at the same time.   
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Exposure of unstressed rats to EF:  To examine the effects of EF on unstressed 

rats, the animals were exposed to a sine wave 50 Hz, 17.5 kV/m intensity, 15 minutes per 

day for one week.  Rats were randomly divided into five groups.  Each rat in five groups 

(n = 5) was individually treated with an EF or a sham EF for one day or seven days, or was 

not treated for seven days.  Rats exposed to sham EF were equally maintained with EF 5 

exposed rats except exposure to sham EF.  Exposure sessions for the seven-day exposures 

always were done in the same sequence.  Under pentobarbital (45 mg/kg, i.p.) anesthesia, 

blood was collected from the abdominal cava vein after treatment on experimental day one 

or seven and plasma was separated by centrifugation at 1,670 x g for 10 minutes at 4ºC.  

The plasma samples were stored at -80ºC until tested.   10 

Exposure of EF treated rats to AAPH:  To examine the effects of EF during 

oxidative stress, rats were randomly divided into five groups (n = 8) as follows, Group 1) 

non treatment; Group 2) rats were treated with the oxidizing agent, AAPH (10 mg/kg, i.p.), 

on experimental day seven; Group 3) rats were exposed to a sine wave 50 Hz, 17.5 kV/m 

intensity, 15 minutes per day for one week and treated with AAPH (10 mg/kg, i.p.) at just 15 

before EF session on experimental day seven; Group 4) rats were treated with the 

anti-oxidant agent, ascorbic acid (500 mg/kg, p.o.) 60 minutes before the AAPH (10 mg/kg, 

i.p.) on experimental day seven; or Group 5) rats were treated with superoxide dismutase 

(50 mg/kg, s.c., Nacalai Tesque, Tokyo, Japan) just before the AAPH treatment (10 mg/kg, 

i.p.) on experimental day seven.  In addition, Groups 2, 4 and 5 were sham exposed, in 20 

which rats were maintained for an equal period of time inside the exposure cage with the 

system turned off.  Exposure sessions for the seven-day exposures always were done in 

the same sequence.  Under pentobarbital (45 mg/kg, i.p.) anesthesia, blood was collected 
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from the abdominal cava vein 90 minutes after AAPH administration, and the plasma was 

separated by centrifugation at 1,670 x g for 10 minutes at 4ºC.  The plasma samples were 

stored at -80ºC until tested.   

Antioxidant activity (AOA):  Plasma AOA was measured by a method using a 

derivative of methylene blue.  Briefly, 0.1 ml plasma or a solution of ascorbic acid (Wako 5 

Ltd., Osaka, Japan) and 0.65 ml distilled water was added to 1.5 ml of Good's buffer 

adjusted to pH 5.8 [Good et al., 1966], including 1 % triton X-100 supplemented with 

3,7-bis-demethylamino-10-methyl carbamoyl phenothiazine (MCDP, 40 µM, KYOWA 

MEDEX Co., Ltd., Tokyo, Japan) and hemoglobin (67.5 µg/ml).  After incubation for one 

minute at 37ºC, 0.25 ml of tert-butylhydroperoxide (84 µM, BHP, Aldrich) as an alkoxyl 10 

radical initiator was added and reacted for 10 minutes at 37ºC.  In addition, AOA 

measurements in a reaction using AAPH (50 mM) as a peroxy radical initiator were 

conducted in Good's buffer without hemoglobin for 20 minutes at 37ºC.  A radical initiator 

not trapped by an antioxidant in each plasma sample will oxidize MCDP.  The absorbance 

of the resultant blue color was subsequently measured at 675 nm using a spectrophotometer 15 

(150-20, Hitachi).  The equation to calculate AOA was the following:  AOA (%) = 

(1-Abs1/Abs2) x 100, where Abs1 is the absorbance of the plasma sample and Abs2 is a 

value of the blank.  All samples were tested in one day.   

Lipid peroxide:  Thiobarbituric acid reactive substance (TBARS), as an 

indicator of the plasma concentration of lipid peroxide, was measured as level of 20 

malondialdehyde using a commercial kit (Lipid peroxide-test Wako, Wako Ltd., Osaka, 

Japan).  All samples were tested in one day. 

Statistical analyses:  The results are expressed as the mean ± standard error of 
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the mean (SEM).  The statistical significance of the differences among all groups was 

calculated by a one-way ANOVA and that between two groups was calculated by Tukey's 

multiple comparison test.  The level of significance was defined as P<0.05.  All 

computations for the statistical analyses were carried out using Prism Version 4.0b 

(GraphPad Software Inc., San Diego, CA).   5 

 

RESULTS AND DISCUSSION 

There were no significant differences in the plasma lipid peroxide levels between 

EF and sham groups in unstressed rats (Table 1).  Table 2 summarizes the plasma lipid 

peroxide levels in rats administered AAPH just before exposure to EF on day seven.  10 

There were no significant differences between the non-treatment and sham group.  

However, the plasma levels of lipid peroxide in the group exposed to EF showed a 

remarkable decrease compared to those two groups (P<0.01).  AAPH is well known as a 

generator of peroxy radical, which induces lipid peroxide.  Ascorbic acid is able to trap 

free radical species.  The plasma levels of lipid peroxide in rats treated with ascorbic acid 15 

or superoxide dismutase were lower when compared to the sham group (P<0.01 and 

P<0.001, respectively).  Present finding might indicate the involvement of exposure to 

ELF EF in lipid peroxide metabolism.  The data provided by an earlier report [Kimura et 

al., 1988] were consistent in suggesting that exposure to ELF EF would suppress plasma 

levels of lipid peroxide.   20 

The AOA of plasma, which had been added to AAPH or BHP in a test tube, are 

summarized in Table 3.  The AOA of plasma against AAPH-induced peroxy radicals in 

rats exposed to EF days did not show any differences when compared to the sham group.  
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Similarly, the AOA against BHP-induced alkoxyl radicals did not show any differences 

among the three groups.  However, the addition of ascorbic acid to the plasma of the 

non-treatment group significantly elevated the AOA against both oxidizing agents 

(P<0.001).  In unstressed rats, plasma AOA was neither enhanced nor inhibited by 

exposure to EF.  These results indicate that exposure to the 50 Hz EF used in this study 5 

does not have a significant effect on the plasma AOA of an unstressed rat.   

The AOA against BHP or AAPH in the plasma from rats co-treated with AAPH 

and EF are listed in Table 4.  The plasma of the rats treated with AAPH did not show any 

changes in AOA against BHP, but did show a suppression in AOA against AAPH.  Plasma 

AOA in the sham group was significantly suppressed compared to those of the 10 

non-treatment group (P<0.05).  By contrast, plasma AOA in rats administrated ascorbic 

acid was significantly higher than that of the other four groups (P<0.01).  Plasma AOA in 

EF-exposed or superoxide dismutase-treated groups was not different from that of the sham 

exposed group.  The administration of ascorbic acid resulted in an increase of AOA 

against BHP (P<0.01) when compared to the other four groups.   15 

Studies focused on the safety of EMF exposure in humans have reported the 

involvement of oxidative stress, such as that induced by reactive oxygen species, in the 

mechanism(s) of EMF exposure to organisms [Fiorani et al., 1997; Katsir et al., 1998; 

Moustafa et al., 2001; Reiter et al., 1998; Simko et al., 2001; Wartenberg et al., 1997].  

However, this linkage is controversial and the discussion of a possible influence of 20 

exposure to a pure EF constructed without a MF has been largely ignored.  Whether 

exposure to ELF EF alone has any impact on the biological response to oxidative stress is 

not known.  This study specifically addressed whether exposure to ELF EF modifies 
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plasma AOA and lipid peroxide levels in unstressed and oxidatively stressed rats.  Lipid 

peroxidation products have been accepted as biomarkers for oxidative stress in biological 

systems [Laval 1996].  If cellular or plasma reactive oxygen species levels were 

influenced by exposure to ELF EF, plasma levels of lipid peroxide would be altered as well.  

Although these results indicates that exposure to 50 Hz EF used in this study, which were in 5 

the ELF range and were "pure" (i.e., not magnetized) EF, did not affect plasma AOA 

against AAPH-induced peroxy radical or BHP-induced alkoxyl radical in rats administered 

AAPH, concomitantly suggests that the EF used in this study might has some influence on 

lipid peroxide metabolism.  Because plasma AOA might not be influenced by presence of 

EF, EF would not significant effect in the mechanism against reactive oxygen species, 10 

which are already generated.  In future, we need to clarify whether EF has some effects in 

lipid peroxide metabolism including glutathione peroxidase.   
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LEGENDS 

FIGURE 1.  The electric field (EF) exposure system [Harakawa et al., 2004b] 

The EF exposure cage (A).  A cylindrical plastic cage (2) is placed between one upper and 

three lower stainless steel electrodes.  The cylindrical cage has slits (length: 100 mm; 

width: 5 mm) at 5 mm intervals.  The slits prevent contamination due to feces and saliva 5 

from disturbing the formation of a stable EF.  Overview of the system (B). 
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Figure 1

From Harakawa, S. et al. (2004b)
Effects of a 50 Hz electric field on plasma ACTH, glucose, lactate 

and pyruvate levels in stressed rats 

Upper 
electrode

Lower
electrode

EF exposure 
cage Constant voltage unit

High voltage
transformer unit

Voltage 
controller

(1)

(2)

(3)



Shinji Harakawa et al.,

Effects of a 50 Hz electric field on plasma lipid peroxide level and antioxidant activity in rats

TABLE 1. Effects of electric field (EF) exposure on plasma lipid peroxide levels without AAPH 
oxidative stress in rats.

Each value represents the mean±SEM (n = 5).   No significant differences between EF exposure 
and sham-exposures were found. 

Non-treatment 2.60 ± 0.06

Sham-exposure (1 day) 2.22 ± 0.12

EF exposure (1 day) 2.28 ± 0.11

Sham-exposure (7 days) 1.90 ± 0.05

EF exposure (7 days) 2.12 ± 0.09

Treatment
Malondialdehyde concentration

nmol/ml±SEM
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TABLE 2. 
Effects of electric field (EF) exposure on plasma lipid peroxide levels in AAPH-treated rats.

a) Water was used to prepare the ascorbic acid solution, 10 ml/kg; b) Saline was used to prepare 
the SOD solution, 2 ml/kg
AAPH: 2,2'-azobis(2-amidinopropane)dihydrochloride;  SOD: superoxide dismutase
Each value represents the mean±SEM (n = 8).  * and **: significant difference from non-
treatment at P<0.01 and 0.001.  # and ##: significant difference from sham-exposure at P<0.01 
and 0.001.  †: significant difference from EF exposure at P<0.05.  ‡: significant difference from 
ascorbic acid at P< 0.05.

Dose 
(mg/kg)

Malondialdehyde concentration
nmol/ml ±SEMTreatment Route AAPH on 

day 7
EF status days 

1-7

Sham-exposure - - 1.957 ± 0.0910 mg/kg, i.p. Sham EF

EF exposure - - 1.503 ± 0.03 * # 10 mg/kg, i.p. 50 Hz 17.5 kV

Ascorbic acid on day 7 a) 500 p.o. 1.509 ± 0.05 * # 10 mg/kg, i.p. Sham EF

SOD on day 7 b) 50 s.c. 1.139 ± 0.10 ** ## † ‡10 mg/kg, i.p. Sham EF

Non-treatment 2.014 ± 0.13- -- -
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TABLE 3. Effects of electric field (EF) exposure on the antioxidant activity (AOA) of plasma 
without AAPH oxidative stress in rats.  

AAPH: 2,2'-azobis(2-amidinopropane)dihydrochloride; BHP: tert-butylhydroperoxide
Each value represents the mean±SEM  (n = 5).  No significant difference between EF 
exposure and sham-exposure.  (a): the plasma in non-treatment group was partly separated to 
the other test tube to measure AOA in addition of ascorbic acid (440 ng/ml).  *, ** and ***: 
significant difference from non treatment at P<0.05, 0.01 and 0.001.  #, ## and ###: significant 
difference from sham-exposure (1 day) at P<0.05, 0.01 and 0.001.  †: significant difference 
from EF exposure (1 day) at P<0.001.  ‡: significant difference from sham-exposure (7 days) 
at P< 0.001.  æ: significant difference from EF exposure (7 days) at P< 0.001. 

Dose

(ng/ml)

Non-treatment - 36.7 ± 4.7 75.7 ± 0.9

Sham-exposure (1 day) - 41.5 ± 2.6 75.5 ± 0.7

EF exposure (1 day) - 31.4 ± 6.7 75.0 ± 0.7

Sham-exposure (7 days) - 25.0 ± 2.6 75.4 ± 2.1

EF exposure (7 days) - 18.0 ± 3.0 * ## 73.7 ± 0.7

Ascorbic acid (a) 440 62.0 ± 3.8 ** # † ‡ æ 87.7 ± 0.3 *** ### † ‡ æ

AOABHP

%±SEM %±SEM
Treatment

AOAAAPH
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TABLE 4. Effects of electric field (EF) exposure on the antioxidant activity (AOA) of plasma in 
AAPH-treated rats.  

AAPH: 2,2'-azobis(2-amidinopropane)dihydrochloride; BHP: tert-butylhydroperoxide;  SOD: 
superoxide dismutase
Each value represents the mean±SEM (n = 8).  No significant difference between EF exposure 
and sham-exposure.  * and **: significant difference from non-treatment at P<0.05 and 0.001.  # 
and ##: significant difference from sham-exposure at P<0.01 and 0.001.  †: significant difference 
from EF exposure at P<0.001.  ‡: significant difference from ascorbic acid at P< 0.001.

Dose 
(mg/kg)Treatment Route AOA(AAPH)

%±SEM
AOA(BHP)
%±SEM

AAPH on 
day 7

EF status days 
1-7

Sham-exposure - - 18.4 ± 0.8 * 76.2 ± 1.510 mg/kg, i.p. Sham EF

EF exposure - - 19.6 ± 4.4 72.8 ± 1.410 mg/kg, i.p. 50 Hz 17.5 kV

Ascorbic acid on day 7 500 p.o. 46.3 ± 3.2 * # † 87.5 ± 0.3 ** ## † 10 mg/kg, i.p. Sham EF

SOD on day 7 50 s.c. 22.1 ± 2.5 ‡ 78.0 ± 2.1 ‡10 mg/kg, i.p. Sham EF

Non-treatment - - 32.4 ± 4.0 76.8 ± 1.1- -
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