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Evaluation of mutagenicity and cytotoxicity of
intermediate frequency magnetic field using
DNA repair deficient mammalian cells
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There are still a few studies on biological effects of
intermediate frequency magnetic fields (IF-MF) which are
generated by several devices such as inverter on electric
train, [H cooker. In this study, the mutagenicity and the
effect on cell growth of IF-MF (21 kHz) were evaluated.
Continuous IF-MF exposure up to 3.9 mT was carried out
by a newly developed IF-MF exposure system. As the
results, there was no significant difference in mutation
frequency in HPRT gene between sham and IF-MF
exposure (2mT; 24hr) in CHO-KI1. Furthermore, no
significant difference in growth rate in CHO-K1 and its
DNA repair deficient derivatives, x1s5 (Ku86), irs1SF
(XRC(3) and EM-9 (XRCCI) was observed between sham
and IF-MF exposure during growth period (up to 72hr).
These results indicated that IF-MF did not affect mutation
frequency and cell growth under the conditions in this study.

This work was supported in part by Research on Health
Security Control, Health and Labour Sciences Research
Grants.
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Development of colon tumers by
benzo[a]pyrene in a mouse colitis model using
dextran sulfate sodium
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Akiyoshi Suganuma!l

Vsukuba, 2Kawashima, Global Drug Safety, Eisai Co., Ltd,

We previously reported that the potency of mutagenesis
does not necessarily correlate with carcinogenicity because
the colon, a non-target organ for carcinogenesis, showed the
highest mutation following treatment of a transgenic mouse
(MutaMouse) with benzo[alpyrene (BP). In the present
study, we applied BP to a colon-colitis mouse model using
dextran sulfate sodium (DSS) to examine whether or not
colon tumors developed.

CD2F, male mice were administered BP at 125 mg/kg/
day for 5 days, and then given 4% DSS twice in drinking
water for I week over an interval of 2 weeks. These mice
were sacrificed for pathological examination of the colon 14
and 17 weeks after the first administration.

Following treatment with BP and DSS, a large number of
tumors were found in all the mice from 14 wecks onward
after the first administration. In contrast, a limited number
of tumors were observed in mice exposed to DSS, and
neither a proliferative lesion nor a tumor was observed in
mice exposed to BP alone, with the vehicle.

These findings suggest that gene mutations in stem cells
or progenitor cells of the colon crypt as well as other
factors, including inflammation, are involved in colon
carcinogenesis.
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For an even safer and more secure railway { Adverse health effects of electric and
magnetic fields (EMFs) are still concerned in society. Railway systems are no
exception. Our study aims fo provide evidences by experimental results to explain
safety of EMFs in railway environment to reduce anxiety among public. Therefore, we
think that our study related to the challenge for an even safer railway. )

Electromagnetic compatibility

Health risk of electric and magnetic fields, human dosimetry, biological experiments

EMFS IN RAILWAY SYSTEM -EVALUATION OF BIOLOGICAL EFFECTS AND
CURRENT TRENDS OF ITS HEALTH RISK ASSESSMENT-

Last three decades, possible health effects of electric and magnetic fields (EMFs) have
been discussed. As an outcome, the World Health Organization (WHO) recently
published a health risk assessment of EMFs below 100 kMz (Environmental Health
Criteria 238). In this document, they recommend to implement adequate guidelines such
as ICNIRP and [EEE for prevention of acute effects. To deal with this, an IEC standard for
EMFs measurement in rallway is under discussion. On the other hand, WHQ also
recommends further research in several themes to elucidate scientific uncertainty about
chronic effects that is suggested with only weak evidences to date. However, there are
few reports on biological effects of combined EMFs that exist in railway systems.
Therefore, we are invesligating mutagenic effects of combined MFs as the series of
evaluation of biological effects of EMFs because mutation is a key role for carcinogenicity
that is the most concerned effect by chronic exposure in public. In this study,
mutagenicity was evaluated in mouse lymphoma assay (MLA) that is a part of the
standard test battery for Genotoxicity in OECD. Mouse lymphoma derived L5178Y tk+/-
3.7.2C cells were exposed to combined MFs {up to static 5T and 50Hz, 1mT) for 48hr.
Then the cells were incubated two weeks for assay of survival rate and mutation
frequency in thymidine kinase (tk) gene (tk+/- to tk~/- ). As the result, the survival rate that
is one of representative indices of acute toxicity was not affected by exposure to all MFs
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conditions. In addition, no significant difference was observed in the mutation frequency
in tk gene between MF exposed and unexposed cells in all experimental conditions.
These resulls suggest that exposure to combined MFs did not induced gene mulations,
larger scale chromosomal changes, aneuploidy and others that could be detected by
MLA. Based on this and our previous resulls, we've starfed experiments of combined
magnetic field with three components (siafic, 50 Hz and 2 kHz as a realistic MFs
condition in rolling stock) as further research. In conclusion with taking into account our
results and practical situation that will be much weaker MFs than experimental conditions
exist where person can be in railway environment, it would suggest that complicated MFs
in railway have no or extremely small mutagenic potential that is not able to be detected
in general assays for carcinogenicity, thus, it should not be considered as adverse health
risk.

What's new

There is few biological studies about health risk of electric and magnetic fields (EMFs)
generated in railway field. In response, we've already published several reports about i,
In this conference, we will provide first evaluation data of mutagenicity in mammalian
cells of complicated MFs that are iypically generated in rolling stock. In addition,
numerical evaluation of dosimetry in human whole body model, current trends of
guidelines ({revised ICNIRP guideline, elc), health risk assessment (WHO) and
measurement standard (IEC) will be also presented.
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Biological effects of intermediate frequency magnetic fields
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Abstract

To evaluate biological effects of intermediate frequency magnetic fields (IF-MFs), we developed an
exposure system for in vitro study. This system is able to generate up to 3.9mT, 21kHz IF-MF under controlled
culture condition. Toxicity and effect on frequency of micronucleus in CHL/IU cells by exposure to IF-MFs
were investigated. As the results, we have not observed any significant effects by exposure to 21 kHz, up to 3.9
mT IF-MF in both experiment. This suggests that IF-MF is unlikely to cause adverse biological effects..

1. Introduction

Health effects of magnetic fields and electromagnetic fields (EMF) are still concerning in the society.
Therefore, WHO is conducting the International EMF Project to evaluate health risk by exposure to EMF. WHO
already published two environmental health criteria monographs for static fields (No. 232, in 2006) [1] and time-
varying (below 100 kHz) extremely low frequency fields (No. 238, in 2007) [2].

On the other hand, various IF-MFs are generated in various situations such as cooking with IH hob, taking
electric train, using RF-ID tags or IC cards. Especially, several kHz to 100kHz, However, health risk of IF-MF is
inconclusive because there are few researches to date, thus further research in frequencies between 300 Hz to
100 kHz are recommended by WHO. In order to deal with this situation, we have launched new research project
to estimate biological effects and health risks of exposure to IF-MF. In this study, we developed newly designed
IF-MFs exposure system for in vitro test systems and started to evaluate biological effects.

2. Materials and Methods

Recently, it is becoming popular to use IH cooking apparatus in Japan. A time-varying magnetic field with
frequency range 20 kHz to 100 kHz is used as the fundamental heating frequency and among those, a 20 kHz IE-
MF is mainly used. Besides, industrial inverters (e.g. inverter used for VVVF electric train) are also used in these
frequencies. From these devices, IF-MFs are possibly strayed in environment. Thus, around 20 kHz is primary
target frequency in this study.

Existing guideline by the International Commission on Non-lonizing Radiation Protection (ICNIRP) that
published in 2010 provided a reference level of exposure (27 uT in these frequencies range for public) [3]. Thus,
we decided 3mT (about 100 times higher than reference level of ICNIRP guideline) was set as maximum field
strength of IF-MFs. In order to achieve this strength and sufficient exposure space, Merritt coil was chosen as the
coil configuration. Temperature, humidity and concentration of CO, was controlled using an incubator that made
by resin that was located inside of the coil. We developed two identical units of the coil and also the incubator.
We arbitrarily combined each unit and used one for exposure and the other for sham-exposed control.

For biological experiments, CHL/IU was used for micronucleus assay. To investigate the growth rates, 100
ul aliquot (10* cells/ml) of these cell lines poured into each well of 96-well plates and incubated for 24 hr prior
to the exposure period, then the plates were exposed to IF-MF. After 0, 24, 48 and 72 hr, 10 pl of WST-1 premix
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solution (TaKaRa Bio Inc., Japan) was added to 16 well each and then put back to the device, respectively.
Absorbance at 450 and 630 nm was measured using microplate reader (Bio-Rad laboratories, Inc., USA) after
incubation for 3 hr.

In in vitro micronucleus assay, CHL/IU cells are incubated in exposure apparatus with or without MFs for
24h in 90mm Petri dishes. After the exposure, cells are fixed and stained for counting micronucleus. The ratios
of micronucleus formation are estimated by counting micronucleus in approximately 1,000 cells.

3. Results and Discussion

Newly developed exposure system is capable of generating 21 kHz, up to 3.9mT IF-MF (624 times higher
than reference level (6.25uT) for public in existing ICNIRP guideline) within exposure space
(150mmX150mmX150mm) within +/- 5% deviation.

Six 90mm Petri dishes or six 96 well test plates are able to be putted in the resin CO, incubator that located
inside the Merrit coil. This water-circulated incubator was able to maintain temperature in exposure space at 37
+/- 1 °C with IF-MF exposure up to 3.9mT or without IF-MF. It was confirmed that the culture condition of this
resin incubator was appropriate since CHL/IU cells revealed normal growth in the incubator without IF-MF.
Thus, strong IF-MF exposure for cell culture was established for in vitro experiments, such as cell culture system
using this exposure system (Fig. 1).

Fig. 1 Photographs of the exposure system. (a) the Merritt coil and the incubator, (b): the
rack used for the incubator.

In the biological experiments, growth rate under IF-MF exposure (up to 3.9mT) was examined in CHL/IU.
We observed no significant effect on the growth rate up to 72 hr in all of the cells and there is no difference
between exposed and sham exposed group. This result suggests IF-MF exposure does not affect cell growth.
Result of CHL/IU cells were shown in Fig. 2.
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Fig. 2 Cell growth under IF-MFs (a; 2mT, b; 3mT, ¢; 3.9mT)

In in vitro micronucleus assay, micronucleus frequency in CHL/IU cells was not affected and remained
almost same as sham control by exposure to 2mT, 21kHz IF-MF for 24 hr. On the other hand, treatment with
MMC (0.04 ng/ml) caused significant increase in micronucleus frequency. These results are shown in Fig. 4.
Accordingly, it indicated up to 3.9mT, 21kHz IF-MF did not induce micronucleus in CHL/IU, cultured
mammalian cell line.
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Dosimtry of each sample was estimated by 40
analytical solution method. As the result, average 35
induced currents were estimated 6.33 A/m? in 90 mm

0
dish, 4.22 A/m’ in 60 mm dish and 0.05 A/’ in 96 8
well microtiter plate under 21 kHz, 2mT IF-MFs s
exposure. This estimation suggests that induced 2 2
current did not affect cell growth and micronucleus E 5
frequency in culture condition even in the level was =10
exceeding the basic restriction of ICNIRP guideline in 5
1998. 0
Previously, lack of genotoxicity of IF-MFs (20 Control ~ Exposure  Sham MMC
kHz, up to 1.1 mT for long term exposure [4], and 23 Treatment

kHz, 6.05 mT for short term exposure [5]) have
already been reported. Our results confirm these
results in part and also indicate long term exposure to
strong IF-MF did not induce mutation and also toxic
effect in mammalian cells.

Fig. 4 Micronucleus formation per 1000 cells in
CHL/IU cells by exposure to 2mT, 21kHz, IF-MF.
(Control; conventional CO, incubator, Exposure;
2mT, 21kHz IF-MF, Sham; sham exposure, MMC;
0.04 pg/ml of mitomycin C, *; p<0.05 by Student’s
t-test)

- 4, Conclusion

We developed an exposure system for in vitro test systems, such as cell culture, to expose to strong IF-MF
(21kHz, up to 3.9 mT) continuously. Using this system, we demonstrated that at least 3.9mT, 21kHz IF-MF (that
is 144 times higher than current ICNIRP reference level for public) did not have toxic effects in mammalian cell
lines and also did not induce micronucleus. This suggests IF-MFs in environment is unlikely to have adverse
health effects.
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Abstract

Since the opportunities that people are exposed to intermediate frequency (IF) magnetic fields (MF) are
increasing, the health risk assessment of IF-MF has now become important. Because there have been few studies about
long-term exposure to IF-MF with high magnetic flux density, we have developed a new apparatus capable of IF-MF
exposure up to 3.9 mT for in vitro study. In this study, we found out that IF-MF did not affect both cell growth and
mutagenicity using the mammalian cell line CHO-K1 and its DNA repair deficient derivatives.

1. Introduction

In recent years, the opportunities that people are exposed to intermediate frequency (IF) magnetic fields (MF)
have been increasing through staying close to such devices as IH cooker, inverter installed on electric train and so on,
bringing about the public concerns for IF-MF. However, only a few studies on biological effects of IF-MF have been
reported to date, even though there have been a lot of studies related to extremely low frequency (ELF)-MF and
radiofrequency (RF)-electromagnetic fields (EMF), reflecting social anxiety about explosive spread of mobile telephony
and so on. In such a situation, the health risk assessment of IF-MF has now become important. The World Health
Organization (WHO) also recommended that more research to reveal scientific evidence for health risk of IF-MF should
be conducted [1]. Since there have been few reports about exposure to IF-MF with high magnetic flux density,
especially long term exposure, it is important to evaluate biological effect of long-term IF-MF exposure. Therefore, we
have newly developed an exposure apparatus of IF-MF, which is designed for long-term exposure for in vitro study [2].

In this study, we investigated the effect of IF-MF on growth rate of various cell lines which were deficient in
DNA repair using newly developed IF-MF exposure apparatus. Additionally, mutagenicity of IF-MF was assessed by
HPRT mutation assay using the CHO-K1 cells, because mutagenicity, which is a part of initiation step of cancer
development, is one of the important indices to evaluate the health risk of IF-MF.

2. Materials and Methods

2.1 Exposure Devices

Figure 1 shows the exposure apparatus of IF-MF. This exposure apparatus employed a meritt type coil as a basic
structure [2], which can generate up to 3.9 mT homogeneous IF-MF (£5%), at the frequency of around 20 kHz in the
cubic space of 150 mm on a side. A CO, incubator was installed in that homogeneous IF-MF space to be able to expose
MF to cultured cells at 37+1°C under 5% CO, conditions. We made two identical apparatus combined a CO, incubator
and a merit coil were made and used with eneregizing (exposure) or without energizing (sham exposure: no-magnetic
field) simultaneously. In this study, IF-MF exposure condition was set to be 21 kHz, 2, 3 and 3.9 mT for from 24 to 72
hrs.
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Fig. 1 The exposure apparatus for IF-MF exposure.

2.2 Cell Growth

Chinese hamster ovary cells, the CHO-K1 and its DNA repair deficient derivatives, xrs5 (Ku86), V3 (DNA-PK),
irs1SF (XRCC3) and EM9 (XRCCI) were used in this study. The CHO-K1 was incubated in the Ham’s F12 medium
and other cell lines were the alpha minimum essential medium. To investigate the growth rates, 100 pl aliquot of pre-
cultured these cell lines (10* cells/ml) was poured into each well of 96-well plates and incubated for 24 hrs prior to the
exposure period, then the plates were exposed to sham or IF-MF (2 or 3.9 mT). After 0, 24, 48 and 72 hrs, 10 i of the
WST-1 premix solution (TaKaRa Bio Inc.) was added to 4 well each and then put back to the apparatus. The WST-1
method is colorimetric assay based on cleavage of the tetrazolium salt WST-1 by mitochondrial dehydrogenases in
viable cells. Absorbance at 450 and 630 (for reference) nm was measured using microplate reader (Bio-Rad
laboratories, Inc.) after incubation for 3 hrs.

2.3 Mutation Assay

In this study, HPRT mutation assay was done using the CHO-K1 cell line. The CHO-K1 cells (1.25x10’ cells) in
60 mm culture plate were pre-cultured for 24hrs prior to the exposure period, and then exposed to sham or IF-MF (2, 3
or 3.9 mT) for 24hrs. As a positive control, cells were added to culture medium including 5 pg/ml of methyl
methanesulfonate (MMS) and incubated for 24 hrs. After exposure, medium was changed to new medium and cells
were incubated another 24 hrs. Exposed cells were subcultured once a several days for 5 days to fix mutation. After 5
days, these cells were subcultured in the Ham’s F12 medium for cloning efficiency and the medium containing 6-
thioguanine (TG) for 6-TG resistant mutant detection. Colonies were counted after 6 and 10 days for survival cells and
6-TG resistant cells, respectively. Based on these data, mutation frequency was calculated as 6-TG resistant cells per
10° survival cells.

3. Results and Discussion

’ 3.1 Cell Growth

Figure 2 shows the results of cell growth using the WST-1 method in the CHO-K1 cell lines and its DNA repair
deficient derivatives exposed to 2 mT IF-MF. Comparing growth rate between sham and IF-MF exposures, there was no
statistically significant difference in cell growth of any of the cell lines used in this study for up to 72 hrs-exposure. For
3.9 mT IF-MF, no significant differences. were also observed (Data not shown). These results suggested IF-MF
exposure does not affect cell growth regardless of lack of the ability of DNA repair, although some studies relating
static magnetic field or ELF-MF suggested some effects on DNA repair deficient organisms or cells {3, 4]. The cell
lines used in this study were deficient in genes related to repair of single strand break or double strand break such as
non-homologous end-joining and homologous recombination. Therefore, these results suggested that IF-MF did not
affect the repair pathway that was involved these genes at least.
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3.2 Mutation Assay

Figure 3 shows the ratio of HPRT mutation frequencies in the CHO-K1 cell line exposed to 2 mT IF-MF to sham
exposure. As the result of mutation assay, there were no significant differences between sham and 2 mT IF-MF
exposures. In contrast, MMS (5 pg/ml) as a positive control significantly induced 6-TG resistant mutant. For 3 or 3.9
mT of IF-MF, no statistically significant differences were observed between sham and IF-MF exposures. Previous
studies about IF-MF exposures under both short-term/high magnetic flux density (23kHz, 2 hrs, 6.05 mT for
mammalian cells) [5] and long-term/low magnetic flux density (2, 20 or 60 kHz, 48hrs, 1.1 mT for bacterial cells) [6]
conditions showed that IF-MF did not have mutagenicity. The results in this study indicated that IF-MF exposure under
long-term/high magnetic flux density condition did not cause mutation also.
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Fig. 3 The result of mutation assay in the CHO-K1 exposed to 2 mT IF-MF;
(a) cloning efficiency, (b) mutation frequency.

—190—



The magnetic flux density of IF-MF in this study was more than 100 times reference level of international
commission of non-ionizing radiation protection (ICNIRP) [7]. Since the magnetic flux density, which was exposed in
the general environment, is lower than that exposed in this study, it is indicated that IF-MF generated in the general
environment did not have the effect on cell growth and mutagenicity.

4. Conclusion

In this study, long-term IF-MF exposure with high magnetic flux density was conducted using a newly
developed exposure apparatus for in vitro to investigate biological effects of the IF-MF. The effect on cell growth and
mutagenicity of the IF-MF (21 kHz, up to 3.9 mT) was evaluated using the mammalian cell lines CHO-K1 and its DNA
repair deficient derivatives. The results indicated that there were no significant differences in cell growth of any cell
lines (CHO-K1, xrs5, EM9, V3 and irs1SF) between sham and IF-MF (2 or 3.9 mT) exposures for 72 hrs, suggesting
that IF-MF did not affect cell growth regardless of lack of DNA repair ability. Moreover, HPRT mutation assay using
the CHO-K1 cell line indicated that 2, 3 and 3.9 mT IF-MF exposure for 24 hrs did not have mutagenicity. These results
suggested that the IF-MF to which general public was exposed through IH cooktop, electric railway environment and so
on would not have mutagenicity and cytotoxicity.
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Abstract

To evaluate biological effects of intermediate frequency magnetic fields (IF-MF), estrogen-regulated gene
expression under magnetic fields were studied. Genetically modified MCF-7 cells that transformed with ERE-luc
fusion gene was used. Cells which endogenous estrogen depleted by estrogen free media are exposed to 21 kHz
IF-MF for 24 hr. Then, luciferase activity was measured as estrogen-regulated gene expression.

In this study, we have observed no significant difference in luciferase activity between exposed and sham-
exposed cells by exposure to up to 3.9mT, 21 kHz IF-MF for 24hr. These results suggest that IF-MF is unlikely
to affect directly on estrogen-regulated gene expression.

1. Introduction

Recently, IH hobs are becoming popular and production of IH hobs is over a million units per year in Japan.
The IH hobs are very effective and safe to cook because of using IF-MF, not flame. On the other hand, the fact
remains that people concern about health risk of IF-MF because assessment of health risk is not enough to date.

To respond this, the World Health Organization (WHO) is conducting the International EMF Project to
evaluate possible health risk by exposure to electromagnetic fields (EMF). WHO already published two
Environmental Health Criteria monographs for static fields (No. 232, in 2006) [1] and time-varying (<100 kHz)
extremely low frequency fields (No. 238, in 2007)[2]. However, health risk of IF-MF is inconclusive because
there is few researches to date, thus further research in frequencies between 300 Hz to 100 kHz are
recommended by WHO.

To evaluate a possible health risk of IF-MF, it is important to investigate various biological effects of
exposure to IF-MFs. In case of using IH cooking hob, effect on the pregnant woman and the fetus should be
carefully investigated in addition to evaluate its carcinogenic and toxic effect. In this study, estrogen-regulated
gene expression under IF-MFS was studied in order to evaluate the effect on women who are considered as a
main user of the IH hobs.

2. Materials and Methods

Genetically modified MCF-7 cells (human breast adenocarcinoma cell line) that were transfected with the
ERE-Trans Lucent Reporter Vector (Panomics) using Lipofectamine were used in this study. As the result of
transfection, EREs-luc fusion gene (Estrogen Response Elements with luciferase gene) was translocated on
genome of the cells. Thus, estrogen induces expression of the luciferase in these cells.

For IF-MFs exposure, an original exposure system that is capable of generating 21 kHz, IF-MF up to 3.9mT
(144 times higher than reference level for public in the ICNIRP guideline published 2010) within exposure space
(150mmx150mmx150mm) within + 5% deviation was used [3].

Pre-cultured cells are re-inoculated in estradiol free media (phenol red free MEM media with insulin and
activated charcoal treated FBS) for three days to deprive cellular estradiol. After this treatment, cells were
harvested and re-suspend in estradiol free media. Then, cell aliquot was divided three 6-well plates. One is for
IF-MF exposure, second group is for sham exposure and third group for control. In each plate, three wells
contained 10" M estradiol. For exposure period, exposure group incubated in exposure device at 0, 2, 3 and
3.9mT with 21 kHz [F-MF, respectively, while sham exposure group incubated in identical exposure device
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without power unit. Control group incubated in a conventional CO, incubator.

After exposure to IF-MF for 24 hrs, cells were harvested and rough total protein solution was collected using
cell culture lysis reagent (Promega Co., U.S.A.) on ice. The extract was directly used for chemiluminescence
assay using Luciferase assay kit (Promega Co., U.S.A) and for quantification of total protein concentration by
Lowry method using Bio-Rad DC protein Assay Kit (Bio-Rad, U.S.A.). Measurement of chemiluminescence
was performed by manufacturer’s protocol using chemiluminescence meter (Lumat LB 9507, Berthold
Technologies, U.S.A).

3. Results and Discussion

Because of its high sensitivity and uncertainty, there is large deviation of measurement data in
chemiluminescence over experiments. Therefore, analysis of the data was performed in each experiment with
three wells per treatment, not inter experiments. Fig. 1 shows a typical result of an experiment of OmT IF
exposure (sham exposure), sham exposure and an incubator control. There is no significant difference between
sham and sham with/without 107"'M

estradiol. This indicates both identical 3.0
exposure device provides almost same

cultivate environment for MCF-7 cells. We 2.5
performed two to four independent tests in 2.0

& Control
@ 8han
BrnoniF

sham-sham, 2mT-sham, 3mT-sham and
3.9mT-sham condition. Fig. 2 shows a
typical result of an experiment of 2mT-sham
and an incubator control. It is almost similar
to sham-sham experiment and there is no
significant difference among an incubator
control, sham and 2mT with/without 10"'M
estradiol. In 3mT-sham and 3.9mT-sham

RLU
(X107 relative light units/mg protein)

DMSO Estradiol

experimgntS, no signiﬁcant differences were Flg 1 Result of luciferase assay by ]_F (OmT:sham) and sham

also observed (Data not shown). These exposure.
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to 3.9mT IF-MF for 24 hrs did not have
potential to induce estrogen regulated gene
expression on the estimation of our reporter
gene assay.
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4. Conclusion
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To evaluate biological effects of
intermediate frequency magnetic fields (IF-
MF), estrogen-regulated gene expression
under magnetic fields were studied. From the DMSO Estradiol
results presented here, we have not found
any significant difference in luciferase
activity between exposed and sham-exposed
cells by exposure from 2.0 to 3.9 mT, 21
kHz IF-MF at least for 24hr. To evaluate the effect of [F-MF on the pregnant woman and the fetus in detail, we
will investigate the effect of longer period of exposure to IF-MF on the expression of estrogen-regulated gene in
MCF-7 cells in further study.
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Fig. 2 Result of luciferase assay by IF (2mT) and sham
exposure.
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Abstract

Mutagenic potential of various magnetic fields were investigated. Slight mutagenic and co-
mutagenic potential were observed in strong static magnetic field above 2T while lack of effect
found in other exposure conditions. This finding was slight effective on anti-tumor treatment in
L1210 bearing BDF1 mice as a possible application in medicine.

Keywords : magnetic fields, biological effects, mutagenicity, medical application

1. Introduction

Progress of technology is capable to use electric, magnetic and electromagnetic field (EMF)
in various purposes. For example, static magnetic field (SMF) are used for levitation and propulsion
of MagLev train car, SMF and intermediate frequency (IF) magnetic fields are used for magnetic
resonance imaging(MRI), several tens kHz intermediate frequency (IF) magnetic fields are used for
induction heating of cooking pan, etc. Also, many electrical devices generate various magnetic
fields in results of using electric current as their power source, such as high-power inverter for
electric train. These technologies bring us large benefits, however it is also necessary to evaluate its
health risk to avoid confusion in society because of lack of possible health effect of EMF. Recently,

- WHO published two environmental health criteria monographs for static fields (No. 232, in 2006)
[1] and time-varying (below 100 kHz) extremely low frequency fields (No. 238, in 2007) [2]. In
these monograph, lack of basic knowledge was still pointed out. On the other hand, if biological
effects of MFs exist, study of application in medicine should be promoted.

2. Materials and Methods

2.1 Magnetic field exposure

Superconducting magnet was used to expose up to 5 T (tesla) static magnetic field [3].
Helmholtz’s coil was used to expose 50 Hz, up to 40 mT magnetic field [4]. These exposure
apparatuses were located in constant temperature room and maintain exposure space at 24, 30 or 37
+/- 1 °C, respectively. Meritt coil was used to expose 21 kHz, up to 3.9 mT magnetic field [5].
Temperature, humidity and concentration of CO, was controlled using an incubator that made by
resin that was located inside of the coil at 37 +/- 1 °C.

2.2 Miutation assays

For Ames test, Salmonella typhimurium TA98 and TA100 were used. Cultured bacterial
cells were poured on minimal glucose agar plates with a trace of histidine and biotin. These test
plates divided into two groups and one group was incubated under magnetic field while the other
group was incubated without magnetic field as control. After 48 hours, revertant colonies were
scored.

For yeast mutation assay, 0.1 ml of cell suspension was mixed with molten soft agar (0.6 %
Bacto-agar, 0.5 % NaCl) and poured on to low lysine synthetic complete plate for detecting point
mutation frequency on fys /-1. 0.1 ml of 1/100 diluted cell suspension was mixed with molten soft
agar and poured on to low arginine synthetic complete plate for detecting gene conversion
frequency on ARG4 allele (between arg 4-4 and arg 4-17).
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For mouse lymphoma assay (MLA), L5178Y ™ 3.7.2C cell was used. Cells were
inoculated in a T-25 flask filled with 5 ml of RPMI1640 medium with 10% horse serum (2.5x10°
cells/ml) and were exposed to magnetic field for 48 hr in 5% CO, at 37°C with single dilution after
24 hr. Unexposed control cells were incubated in a conventional incubator. After exposure period,
plate efficiency and frequency of 5-trifluoro thymidine (5-TFT) resistant cells as & mutant was
determined.

For in vivo micronucleus test, BALB/c mice were treated with ascorbic acid at a dose of
200 mg/kg body weight for 20 minutes before injection of doxorubicin (DOX: 6 mg/kg), mitomycin
C (MMC: 0.5 mg/kg) or X-ray (0.5-6 Gy). Mice were then immediately exposed to a 5 T SMF for
24 hours. After exposure to the SMF, bone marrow smears were stained with May-Griinwald
Giemsa. The number of micronucleated polychromatic erythrocytes in 1000 polychromatic
erythrocytes was counted in each animal under a light microscope. Extracted DNA from bone
marrow cells was hydrolyzed by nuclease P1 and alkaline phosphatase, and then did ultrafiltration
of the hydrolyzate with Microcon YM-10 filter. 8-OHdG concentration was measured by an ELISA
Kit.

2.3 SMF Treatment for tumor bearing mice

A passage of the L1210 mouse leukemia cells used a DBA2 mouse strain. Super-
conducting magnet was used as a SMFs exposure system. BDF1 mice, transplanted 5x10° of L1210
leukemia cells, were co-exposed to bleomycin (Smg/kg/day for 5 days) and 5 T SMFs until they
died. An anti tumour effect of co-exposure to both SMF and bleomycin was estimated by the
increase of life span (ILS).

ILS = {(average of life span in exposure group+ average of life span in control group)-1} x 100 (%)

ILS is an index of beneficial effect of the anti tumour drug (written in the Drug Research
and Development, National Cancer Institute (USA)). It is said that ISL is significant in the case of
= 25%.

3. Results

3.1 Mutagenicity of magnetic fields

In Ames test, no statistically significant difference in mutation frequency was observed
between exposed and control groups in both TA98 and TA100 strain in every experimental
condition.

In yeast mutation assay, exposure to a 5 T static magnetic field resulted in a slight but
significant increase in gene conversion frequency in ARG4 locus while reverse mutation in lys/-]
was not altered in mutagenicity assay (Table 1). On the other hand, no mutagenic effect was
observed other experimental condition, such as 50 Hz, 40 mT. This mutagenic effect disappeared on
exposure to a 2 T static magnetic field and was even lower than the control on exposure toa 1 T
static magnetic  field.

When cells were exposed Table 1 Mutation frequency by exposure to static or 50 Hz MF in yeast

mutation assay.

toa 0.5 T static magnetlc Treatment Iys+ mutants/10” survivor ARG+ mutants/10 survivor
ﬁeld, there was no (point mutation) (gene conversion/recombination)
difference in the

Control 9.7 + 2.5° 24+ 0.7
frequency of reverse _ b

tation in both ARG4 Static, 0.5 T N.D. 2.1 £ 0.3

muta Static, 1 T 10.1 + 3.0 19 + 0.7
and Jysl. These results  sutic,2T N.D. 29 + 0.1
suggest that exposure to  Static,5T 9.8 = 35 33 + 0.8
a strong static magnetic ~ 0Hz30mT I‘g? 20 ;g + ‘112

50Hz, 40 mT * T+ 1.

ak s . .

field .S}.IOWS dWe. UVB 18 J/m* 146.1 £ 208 * 184 + 3.9 *
mutagenicity — and - 1ts Umd 3113 + 1103 * 274 + 49

threshold  would  be

: : *Significantly higher than the control group at 1 % level
aboye 2 T in this tester a) Standard division from at least three independent experiments
strain. b) Not Determined
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In the MLA, the plate efficiency that is representative index of acute toxicity was not
affected by exposure to all experimental conditions. In addition, the mutation frequency at tk allele
(k™" to k) is almost same between an MF exposed and unexposed cells in all experimental
conditions.

In in vivo micronucleus test, only exposure to SMF was investigated. The frequency of
micronuclei induced by DOX, MMC or X-ray was increased by co-exposure to 5 T SMF, but these
increases were inhibited by pretreatment with ascorbic acid. Moreover, 8-OHdG of bone marrow
cells was increased significantly after 24 hours exposure to 5 T SMF. 8-OHdG concentration in
DNA by irradiation to X-ray (0.5 and 1 Gy) increased significantly after 24 hours co-exposure to 5
T SMEF. These increases of 8-OHdG concentration were suppressed by pretreatment of ascorbic acid
(data not shown).

3.2 Effect of co-exposure with bleomycin in L1210 bearing BDF1 mice

Mice died within a month since L1210 cells were injected. The ISL was observed 18.5%
and 12.3% by exposure to SMF (5 T) and bleomycin (Smg/kg), respectively.

Anti tumour effect of co-exposure to
SMF or gradient SMF and bleomycin to the
L1210 cells was shown in Fig. 1.The ISL
increased to 34.6% by co-exposure to gradient
SMFs and bleomycin compared with
bleomycin (12.3%) alone groups. Similarly,
ISL increased to 27.9% by co-exposure to
SMFs and bleomycin. ILS is more than 25%,
and an anti tumour effect is expected.

]

©
&

8

25

Increase of life span (ILS) (%)

4. Discussion ST SMF + Gradient MF (2-5T)  Bleomycin (Smg/k

bleomycin (5Smg/kg)  + bleomycin (Smg/kg)
In overview of our study, slight Fig. 1 Antitumor effect of co-exposure to 5T SMF and
mutagenic and co-mutagenic potential were bleomycin

observed in strong static magnetic field above
2 T while lack of mutagenic effect was observed in 50 Hz up to 40 mT, 2 kHz up to 1 mT, 10 kHz
up to 1.6 mT and 20 kHz up to 3.9 mT in various mutation assays [3-9]. In static magnetic field,
mutation frequency in Drosophila melanogaster bearing mei-41 (human ATM homologue) [3],
Saccharomyces cerevisiae and E. coli bearing uvrA with several mutagens [6] and Bulb/c mice [7],
was significantly increased by exposure to SMF for 24 to 72 hrs while lack of effect found in SOD
deficient E. coli [10] up to 13 T. In case of these assays, tester strains have various sensitivity to
mutagens and also have different DNA repair abilities. In fact, we found dose response relationship
between magnetic field density and mutagenic effect was different among test systems. These
different responses, may be depend on DNA repair ability, would be reasonable if the exposure to
strong static magnetic field caused an increase of DNA lesion. Although a strong magnetic field
even at 5 T obviously does not have enough energy to modify the covalent bond of DNA directly,
indirect effects such as increase of oxidative damage by exposure to a strong SMF that reported by
Watanabe et al [11]. It is possible this hypothetic effect relate to increase in the mutation frequency
that found in our studies. In our study, we found treatment of vitamin E suppressed mutagenic effect
by SMF in Drosophila melanogaster [3] and this result also supports the hypothesis of indirect
oxidative damage by exposure to SMF. On the other hand, the extent of mutagenicity of strong
static magnetic field was estimated to be extremely small by comparison of other mutagens. For
example, weak UV exposure (18 J/m?) is approximately 20 times more effective than strong static
magnetic field which are at least 10,000 times stronger than those in the environment and long
exposure duration (48 hours) in yeast mutation assay, thus this suggests that the effect of static
magnetic field even in a 5 T (100,000 times higher than geo-magnetic field) is sufficiently small.

In study of possible application, 5 T SMF or gradient SMF slightly enhanced the anti
tumour effect of bleomycin in preliminary experiment. This result suggests that simultaneous
treatment of bleomycin and SMF exposure would be effective to leukemia cells such as L1210.
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However, it is necessary to evaluate the SMFs exposure condition to improve this possible cancer
therapy because ISL of the co-exposure to gradient SMF and bleomycin group was higher than that
of the co-exposure to homogeneous SMF (5 T) and bleomycin. To develop this method, it is
necessary to apply not only leukemia cell line but also other tumour cell lines such as melanoma,
lung cancer, hepatic cancer and so on. In addition, it is important to examine other anti tumour
agents, especially free radical producing agent such as adriamycin, X-ray, etc. to screen more
effective combination with exposure to SMF because it is known that mode of action of bleomycin
is to produce free radicals. In further study, application of antioxidant reagents for this experiment
should be investigated to prove a mechanism of anti tumour effect in this test system. Since SMF
have already used for clinical diagnosis such as MRI (magnetic resonance imaging), it will not be
difficult to introduce this treatment for cancer in future.

In our experience, slight mutagenic effects of MF were found in several test systems but
extent of the effects is small even at 5T. It suggests effects of MFs in practical environment such as
railway systems, home appliances, etc is extremely small as health risk. However, such small effect
would be effective in case of medicine. Therefore, it will be important to investigate both possible
biological effect of EMF in the frequency range that have lack of previous knowledge to assess its
health risk, and possible application such as treatment of EMF in medicine impartially.
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Yuki Ogasawara®*, Ryo Sakaguchi, Shiho Awakura, Kazuyuki Ishii, (Meiji Pharmaceutical University)
Masateru Ikehata, Sachiko Yoshie, (Railway Tech. Res. Inst.)
Chiyoji Ohkubo, (Japan EMF center)

Abstract

To evaluate biological effects of intermediate frequency magnetic fields (IF-MF), estrogen-regulated gene

expression under magnetic fields were studied using genetically modified MCF-7 cells that transformed with
ERE-luc fusion gene. As the results, we observed no significant difference between exposed and sham-exposed

cells by exposure to up to 3.9mT, 21 kHz I[F-MF.
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(Keywords: intermediate frequency magnetic field, hormonal reaction, biological effect, gene expression,

luciferase, MCF-7 cell)
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