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Abstract

Objective Long-term exposure study was conducted to
investigate the effects of extremely low-frequency elec-
tromagnetic field on the tumor promotion process and
fertility.

Methods Ten pregnant C57BL/6NCrj mice were exposed
to 50 Hz field 500 mG for 1 week (12 h per day), and 24
male and 42 female B6C3F1mice born from them were
further exposed up to 15.5 months. As a control group, 10
pregnant mice were bred without exposure, and 30 pro-
duced male and 32 female mice were observed without
exposure for the same period.

Results Mean body weights of exposed groups of male
and female mice were decreased significantly than those of
the control groups. In exposed mice, there was no increased
incidence of liver and lung tumor. In female mice, the
incidence of chronic myeloid leukemia [3/42 (7 %)] in the
exposed group was significantly greater than in the control
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group. The size of seminiferous tubules in the EMF ex-
posed groups were significantly less than the control group.
Conclusions These data support the hypothesis that long-
term exposure of 50 Hz magnetic fields is a significant risk
factor for neoplastic development and fertility in mice.
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Introduction

EMF is a major environmental concern, and may constitute
a risk to human health even at current pollution levels [1].
Each electrical home appliance from kitchen stove to
television is an EMF source which may affect human
health. An association between residential extremely low-
frequency electric and magnetic fields and childhood leu-
kemia was first reported in 1979 by Wertheimer and Leeper
[2]. Recent studies showed that magnetic fields had asso-
ciation with risk of childhood leukemia [3, 4]. Although
many epidemiological studies examined the relationship of
childhood cancer to occupational exposure of parents to
magnetic/electromagnetic field [5, 6], the basis for such
associations remains unexplained. Studies of carcino-
genicity in animals almost do not support the risk for
childhood leukemia [7]. However, a study showed that
incidence of lymphoma significantly increased in mice
chronically exposed to very strong low-frequency electro-
magnetic field [8]. On the other hand, some studies have
shown the effects of EMF on fertility. Cell phone use
negatively affects sperm quality in men [9] and ELF-EMF
(extremely low-frequency electromagnetic fields) has
detrimental effects on female reproductive system in mice
by decreasing the number of flushed blastocysts and
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increasing the height of fallopian tube epithelial cells [10].
In contrast, some studies showed that exposure to ELF-
EMF did not induce any adverse effects on spermatoge-
nesis and reproductive capacity in experimental animals
and human [11]. This chronic exposure study was con-
ducted to investigate the effects of extremely low-fre-
quency electromagnetic fields on the tumor promotion
process and fertility in mice.

Materials and methods
Animals and Experimental protocol

Twenty late pregnant C57BL/6NJ female mice which
mated with C3H/HeNJ male mice were purchased from
Charles River Japan. Mice were housed in wire cages in a
standard conditioned room with a 12 h light and dark
cycle and at 23 £ 2 °C and 50 + 10 % humidity, with
free access to diet and drinking water. The animals were
cared for in compliance with the principles and guidelines
of Ethical Committee for Animal Care, in accordance
with the Japan National Law on Animal Care and Use.
Ethical Committee for Animal Care of the Prefectural
University of Hiroshima has approved the experiments
undertaken. Body weights were recorded every 4 weeks.
10 mice were exposed to 50 Hz field 500 mG for 1 week
(12 h per day) and produced 24 males and 42 female
B6C3F1 mice. Then, 66 mice were continuously exposed
to the same condition until 15.5 months after birth. In
control group, 10 pregnant mice were bred without ex-
posure, and then 30 male and 32 female offspring mice
were equally observed without exposure for the same
period. In the exposed and control group, weights of mice
were measured monthly, respectively. All the offspring
mice were sacrificed 15.5 months after birth. And the
below tissue were examined macroscopically: all skin,
eye, mammary gland, pituitary gland, brain, trachea, lung,
thymus, heart, aorta, esophagus, stomach, intestine, liver,
pancreas, gallbladder, salivary gland, kidney, ureter, uri-
nary bladder, thyroid gland, adrenal gland, spleen, kidney,
urinary bladder, ovary, testis, epididymides, uterus, vagi-
na, mesenteric lymph nodes, paraaortic lymph nodes, and
bone marrow (Fig. 1).

Histological analysis

For pathology analysis, 4-pum thick sections of formalin
fixed, paraffin-embedded tissues were prepared. After he-
matoxylin and eosin staining, the sections of each slide
were examined under a light microscope (Olympus, Japan).
The incidence of tumors was studied.
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Morphometrical analysis of testis

We randomly selected 30 seminiferous tubules for each testis of
control and 500 mG exposed mice. The diameters of the
seminiferous tubules were measured by using light microscopy.

Statistical analysis

The Statcel software package (KaleidaGraph Version 4.1)
was used for analysis. The o? test, Fisher’s exact test and
t test (Statcel, The useful Addin Forms on Excel, 2nd ed.)
were used to compare data between the two groups. Sta-
tistical analysis was performed between the exposed group
and the control group, using the ¢ test, Chi square, and
Fisher’s exact method. The significant level was set at 5 %
for each analysis.

Results

The change of the weights of body and various
organs in B6C3F1 mice

Significant difference was detected in the body weight of
the mice between the exposed and the control group. The
male body weights of the exposed group were significantly
decreased than those of control group from 6 to
15.5 months (P < 0.01, Fig. 2). The female body weights
of the exposed group were significantly decreased than
those of the control group from 4 to 14 months (P < 0.01,
Fig. 2). Table 1 shows the weight of various organs in the
mice from the exposed group and the control group. The
hepatic weights of the exposed group were significantly
decreased than those in the control group (Table I).
Table 1 showed that the testicular weights of the EMF
exposed group mice (0.11 £ 0.021 g) were significantly
decreased than the control group mice (0.12 = 0.030 g),
(P < 0.01). However, the testicular weights were not sig-
nificantly different between the exposed group and the
control group mice when two groups of mice were stan-
dardized with the average body weight (50 g) (Table 2).

Incidence of tumors in various organs of B6C3F1
mice

Table 3 shows the results of incidence of tumors in various
organs of B6C3F1 mice between the control and exposed
group. The tumors of liver and lung were mainly found in
male mice (Table 3; Fig. 3A) but there is no significant
difference in incidence of tumors between control and
exposed group of male mice. On the other hand, chronic
myelogenous leukemia was found in bone marrow of 3
female exposed mice (7 %) (Table 3; Fig. 3B). In the
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Fig. 1 Flow chart of the
experiment
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Fig. 2 Change of body weights in the control and EMF exposed
B6C3F1 mice. Body weights in the control and EMF exposed
B6C3F1 male and female mice. **Significantly different from two
groups at P < 0.01

control group, leukemia was not found (Table 3). In inci-
dence of other tumor types, there was no significant dif-
ference between control and exposed group.

The size of seminiferous tubules of B6C3F1 male
mice

Table 4 shows the results of sizes of seminiferous tubules
in B6C3F1 mice between control and exposed group.
When male B6C3F1 mice were exposed with 500 mG
EMF, the sizes of seminiferous tubules were significantly
smaller than the control groups (197.4 £ 18.8 pm vs.
205.7 £ 23.9 um) (P < 0.01).

Discussion

Our present findings indicate that the offspring mice
coming from late pregnancy mice exposed to a 500 mG
50 Hz developed myelogenic leukemia with chronic ex-
posure. A major focus of EMF research during the past
20 years has been to determine whether EMFs might in-
crease the risk of cancer, particularly childhood leukemia.
In human study, Wertheimer and Leeper first reported that
exposure to ELF-EMF could increase the risk of childhood
leukemia in 1979 [2]. Other reports showed an increased
risk of acute and chronic myelogenous leukemia and acute
lymphoblastic leukemia in children [12, 13]. Moreover,
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Table 1 Various organs weights (g) in B6C3F1 male and female mice between control group and 500 mG exposed group

Sex Group No. of mice  Heart Lung Liver Spleen Kidney Testis or ovary
Male Control 30 022 £0.01 029+001 246+ 0.09 0.14 £ 0.01 0.36 + 0.05 0.12 £ 0.03

Male 500 mG exposed 24 022 +£0.01 029+002 1.89+0.07* 0.13+0.01 0.32=£0.09 0.11 £ 0.01*
Female  Control 30 0.17 £ 0.01 025+0.01 1.93+0.07 0.16 £ 0.01 022+ 0.03 0.006 &+ 0.001
Female 500 mG exposed 24 0.17 £ 0.01 024 £0.01 175+ 0.07** 0.19+£0.01 0.22 £0.03 0.008 & 0.001

* P <0.05 ** P <0.01]

Table 2 Various organs weights (g) in B6C3F1 male and female mice [standardized with the average body weight (50 g)] between control

group and 500 mG exposed group

Sex Group No. of mice  Heart Lung Liver Spleen Kidney Testis or ovary
Male Control 30 0.23 £0.01 030+ 0.01 2.52 £ 0.09 0.14 £ 0.01 0.37 £ 0.05 0.12 £ 0.03
Male 500 mG exposed 24 0.25 +£0.01 034 +£0.02 2.26+£0.08** 0.15+£0.01 0.37 &+ 0.09 0.12 £ 0.01
Female  Control 30 0.16 £ 0.01 024 £0.01 1.86 £ 0.07 0.16 £ 0.01 021 £0.03 0.006 £+ 0.001
Female 500 mG exposed 24 0.17 £ 0.01 024 £0.01 1.77 £ 0.07* 0.19 £ 0.01 022 £0.03 0.008 £+ 0.001
* P < 0.05, ** P <0.0]
Table 3 Incidence of tumors in B6C3F1 mice between control group and 500 mG exposed group
Location Tumor Male Female
500 mG Control 500 mG Control
Total number of B6C3F1 mice 24 30 42 32
Haematopoietic organ Chronic myelogenous leukemia 0 0 3 (7 %) 0
Malignant lymphoma 0 0 0 0
Liver Hepatocellular carcinoma 2 (8 %) 4 (13 %) 0 0
Adenomatous hyperplasia 6 (25 %) 7 (23 %) 0 0
Haemangioma 3 (13 %) 0 0 0
Gastrointestinal tract Gastric or intestinal tumor 0 0 0 0
Lung Adenocarcinoma 2 (8 %) 2 (7 %) 0 1 (3 %)
Adenoma 0 13 %) 0 0
Eye Harderian gland adenoma 0 133 %) 0 0
Skin Eccrine adenocarcinoma 0 0 1 (2 %) 0
Ovary Cystic adenoma 0 0 1 (2 %) 1 (3 %)
Uterus Stromal sarcoma 0 0 12 %) 0
Testis Adenoma 0 1 (3 %) 0 0

results of dozens of increasingly sophisticated studies and
the 2 pooled analyses have reported a doubling of risk for
children exposed to magnetic fields >0.3-0.4 puT compared
with children exposed to fields <0.1 uT [14, 15]. The
Danish case control study concluded that there was no
significant association of calculated exposures >0.2 uT
with childhood cancers, but the fields >0.4 uT showed an
association with major childhood cancers [16]. Epi-
demiologic studies have repeatedly shown small asso-
ciations between measures of residential power-line
magnetic fields and childhood leukemia. The possibility
that these associations are caused by confounders,
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however, cannot be ruled out [17]. However, few animal
tests showed the association between chronic myelogenous
leukemia and electromagnetic fields. The natural incidence
of chronic myelogenous leukemia is low in B6C3F1 mice.
In our results, chronic myelogenous leukemia was not
found in control group, but was found in bone marrow of 3
female exposed mice. Here we showed a slight increase in
risk for chronic myelogenous leukemia. Several studies
have been reported that people who worked in electrical
occupations had higher than expected rates of some types
of cancer, such as leukemia, brain tumors, prostate cancer,
testicular cancer, and male breast cancer [18-20]. Recent
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Fig. 3 Tumors in organ of
B6C3F1 mice in the control and
exposed group.

A Representative images of the
liver tumor (gross appearance
and histology) in control and
EMF exposed mice. Arrows
indicate the tumor node.
Histology (H&E staining)
shows hepatocellular carcinoma
(HCC). B Chronic myelogenous
leukemia in EMF exposed mice.
a Bone marrow, b Liver

>

gross appearance

histology

Table 4 Histological examination of seminiferous tubules diameter
in B6C3F1 mice between control group and 500 mG exposed group

Group No of mice Size of the seminiferous
tubules diameter

500 mG exposed 24 197.4 &+ 18.8%*

Control 30 205.7 £ 23.9

*#* P <0.01

studies have also associated RF-EMF emissions from
wireless phones with risk of brain tumors [21]. However,
there is no correlation between the risk for other types of
cancer and EMF exposure in our studies. In the other
studies of carcinogenicity in B6C3F1 mice, no significant
difference was detected in the incidence of tumors between
50 Hz sham and 0.5 mT groups, or 50 Hz sham and 5 mT

Control

Exposed (500 mG)

s ;;."?g:g\é*’ »‘i‘?&‘“
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&
groups [7]. If the electromagnetic field acts as promoter of
carcinogenesis, it is critical to know whether the agent
directly injures the cells of fetal or child/adult mice. Here
we could not show the relationship between tumor pro-
motion and electromagnetic field. In fact, early develop-
ment of tumors was not detected, and spontaneous
developing tumor of B6C3F1 mice was seen during this
test. The agent might act on child or adult mice rather than
fetus.

Tumor initiators such as chemical carcinogens, radiation,
UV light, or free radicals cause direct damage to DNA. The
concepts of initiation, promotion, and sequential accumu-
lation of mutations prompt the consideration of two major
pathways whereby an environmental agent such as EMF
might cause cancer [22]. Many researches showed the
molecular mechanism of effects of magnetic field on the
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biological matter. EMF induces oxidative stress and prolif-
eration through cytosolic Ca*" influx in human leukemia
cells and induces mutation by high-density at DNA synthesis
phase in human melanoma cell line [23, 24]. Magnetic field
also induces DNA strand breaks in rat brain cells [25]. Other
reports showed that ELF fields alone do not damage chro-
mosomal DNA, and direct leukaemogenic activity therefore,
seems, unlikely [26]. Although the energy associated with
environmental EMFs is too low to cause direct changes to the
structure of DNA, EMFs might affect the production of
agents such as free radicals, which themselves can react with
DNA, or other agents that cause chromosomal damage, in-
stigating translocation by inducing DNA breaks or formation
of unnatural DNA structures [22]. Chicken embryos exposed
to a continuous-wave 1.25 GHz radiofrequency electro-
magnetic field shows the increased temperature changes
[27]. Moreover, increased expression of heat shock protein
(HSP) in magnetic field has been shown [28]. HSPs function
as molecular chaperones which facilitate the synthesis and
folding of proteins and participate in protein assembly, ex-
port, turn-over and regulation. Under stressful conditions
such as heat shock, pH shift or hypoxia, increased expression
of HSPs protect the cell by stabilizing unfolded proteins,
giving the cell time to repair or re-synthesize damaged pro-
teins. Recently, the relation to HSP and many human tumors
have been reported [29]. Altered proliferation of cells after
EMF exposure has been observed in a number of studies
in vitro. An increase in cell cycle progression of human
lymphocytes exposed to 5 mT (50 Hz) was shown [30].
Animal study has shown a possible copromoter capacity of
EMF on tumor growth [31].

Our results also showed that the sizes of seminiferous
tubules of the (Table 4 and Fig. 4) EMF exposed group
mice were significantly smaller than the control group
mice. Some studies have shown that the effect of EMF on
fertility by cell phone use negatively affects sperm quality
in men [9]. In contrast, exposure of Sprague-Dawley rats
to a 60 Hz EMF at field strengths of up to 500 puT from day
6 of gestation to day 21 of lactation did not produce any
detectable alterations in offspring spermatogenesis and
fertility [11]. The different results may use different ani-
mals and choose different exposure time.

Some reports also showed the mechanism of the magnetic
field on the biological matter. EMF inhibited MnSOD ex-
pression in the rat testis and induced oxidative stress on heart,
lung, testis and liver tissues and testicular apoptosis [32-34].
Related animal study has also shown that exposure to ELF
induced males mice spermatagonial cells apoptosis [35]. In
hormone level studies, exposure of animals to 50 Hz,0.5 mT
ELF-EMF for 30 days had no appreciable effect on testos-
terone level as compared to sham exposed animals [36].
However, we observed that serum testosterone level of ex-
posed rats to 50 Hz, 25 uT ELF-EMF for 18 weeks was

@ Springer

Control

Exp_osed (300 mG)

Fig. 4 Seminiferous tubules of the controls groups and the EMF
exposed groups B6C3F1 male mice. The diameters (double-headed
arrow) of the seminiferous tubules were measured using light
microscopy

associated with a significant decrease after 6 and 12 weeks of
exposure [37]. Our result showed that EMF exposure can
weaken reproduction ability. We also need to further ex-
amine the alternation at the molecular level in carcino-
genicity of leukemia and to identify the cause of effect of
fertility by EMF exposed. In conclusions, this study shows
the effects of extremely low-frequency electromagnetic field
on the tumor promotion process and fertility in mice.
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