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Abstract: Living beings permanently receive electromagnetic radiation, particularly from extremely
low-frequency electromagnetic fields (ELF-EMFs), which may cause adverse health effects. In this
work, we studied the in vivo cytotoxic effects of exposing BALB/c mice to 60 Hz and 8.8 uT EMFs
during 72 h and 240 h in a switchyard area, using animals exposed to 60 Hz and 2.0 mT EMFs or
treated with 5 mg/kg mitomycin C (MMC) as positive controls. Micronucleus (MN) frequency and
male germ cell analyses were used as cytological endpoints. ELF-EMF exposure was observed to
significantly (p < 0.05) increase MN frequency at all conditions tested, with the 2 mT /72 h treatment
causing the highest response, as compared with untreated control. In addition, increased sperm
counts were observed after switchyard area ELF-EMF exposure, as compared with untreated control.
In contrast, low sperm counts were obtained for 72 h/2.0 mT-exposed animals and for MMC-treated
mice (p < 0.05), without altering male germ cell morphological characteristics.
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1. Introduction

Electric, magnetic, and electromagnetic fields derive from nature. However, modern electrical
devices and power lines have increased the levels of non-ionizing electromagnetic radiation, including
extremely-low frequency electromagnetic fields (ELF-EMFs). In fact, it has been demonstrated that
living in a major metropolitan region increases three times exposure to environmental EMFs at least
three-fold compared with the exposure of organisms living in suburban or rural areas [1], although the
degree depends on the proximity and time of exposure to a radiation source. Knowledge of ELF-EMFs’
interaction with life is progressing in many areas [2]. Today, the increasing amount of research related
to the evaluation of magnetic fields” cytotoxic and genotoxic effects led researchers to consider the
potential risk associated with this exposure. ELF-EMFs are designated as “likely carcinogenic” by
the International Agency for Research on Cancer (IARC) [3] and some have reported relationships
between ELF-EMFs and DNA damage [4-7], but others have conflicting results [8-11].

Most reports on the cytotoxic and genotoxic effects of EMFs have been performed on somatic cells;
however, the use of meiotic cells is increasingly accepted as a proper model to determine an association
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between ELF-EMFs and cytotoxicity [12-14]. In this regard, we previously used a male germ cell model
to evaluate the in vivo effect of 60 Hz at 2.0 mT magnetic fields, in which genotoxicity in murine bone
marrow (as measured by increased micronuclei (MN) frequency), but absence of meiotic chromosomes
and sperm effects were reported [9,15]. However, the issue of the genotoxic potential of magnetic
fields remains controversial. The lack of independent reproduction and definite outcomes has been
a common characteristic of experimental studies searching for the biological effects of weak magnetic
fields [16,17].

This study is relevant in view of the continuous conflicting results and disagreement among
researchers regarding genotoxic and cytotoxic effects due to EMFs using diverse biological models.
For this reason, an in vivo study was developed to evaluate the effects of 60 Hz and 8.8 uT magnetic
field exposure for short (72 h) and extended (240 h) periods in a switchyard area in a murine model,
determining micronuclei frequency and male germ cell alterations.

2. Materials and Methods

2.1. Animals

Three-month-old, 25-30 g male BALB/c mice raised in our laboratory were used in this study.
After 15 days of quarantine, six mice were randomly placed into treatment and control groups.
Water and food were given ad libitum. Animal handling and procedures were performed in accordance
with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of
Health (Bethesda, MD, USA) and approved by the University Ethics and Animal Care Committee.

2.2. Experimental Design

The following treatment regimens were considered: (1) 72 h continuous 8.8 uT ELF-EMF exposure
in the switchyard area, (2) 240 h continuous 8.8 pT ELF-EMF exposure in the switchyard area,
(3) animals treated with 2.0 mT for 72 h continuous exposure in a standardized solenoid (positive
control), (4) animals injected i.p. with 5 mg/kg mitomycin C (MMC) (positive control), and (5) untreated
animals (negative control).

2.3. ELF-EMF Exposure

2.3.1. Switchyard Area

Plastic cages containing experimental animals were allocated in a high-voltage switchyard area
(13,200 V substation), including three transformers (150 kVA, 225 kVA, and 500 kVA). Magnetic flux
density (rms) was measured in the zone where the cages were placed by using an axial Hall-effect
probe (Bell FW 6010 Gaussmeter, Orlando, FL, USA), with a value of 8.8 uT. The background magnetic
field level was 0.3 uT and the local geomagnetic field had an average value of 20 uT, as determined by
setting the Gaussmeter in DC mode and using an axial high-sensitivity Hall probe (Integrity Design
IDR-321 geomagnetometer, Essex Junction, VT, USA).

2.3.2. Magnetic Field Exposure Facility (Standardized Solenoid)

A standardized home-made magnetic field exposure device was used, as previously reported [9,15,18].
Briefly, a coil was prepared by winding 552 turns of enamel-insulated copper wire (1.3 mm diameter),
which produced a cylindrical solenoid with 13.5 cm radius and 71 cm length. It was connected to
step-down and variable transformers and plugged to a 110 V AC source. Animals were then placed
in the middle of this structure in a homogeneous magnetic field, and kept at 25 £ 0.2 °C and 45%
humidity. Sham-treated animals were used as negative controls, which were placed in the same room,
but with the magnetic field device turned off.

The magnetic flux density was determined using a Gaussmeter and an attached oscilloscope
(BK Precision 20 MHz Oscilloscope, 2120 Model, Dynascan Corp., Chicago, IL, USA), which
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was required to monitor the resulting field. A 60 Hz alternating sinusoidal magnetic field was
then generated. The frequency content was almost pure 60 Hz (<2% total harmonic distortion),
and 0.3 uT and 20 uT values were observed for the respective background magnetic field and local
geomagnetic field.

To maintain the exposure geometry, a plastic separator was inserted in the solenoid to allow the
placement of mice in predetermined zones where the oscillating magnetic field rms value was 2.0 mT.
Food and water were provided.

2.3.3. Micronucleus Test

At the end of the exposure time, the mice were sacrificed by cervical dislocation and the
bone marrow micronucleated erythrocytes frequency was evaluated, as reported by Schmidt [19].
Briefly, femur bone marrow was flushed into a microfuge tube with 2.0 mL fetal calf serum (FCS,
Sigma-Aldrich, St. Louis, MO, USA), using a 22 G needle and a 1 mL syringe. Cells were then obtained
by centrifugation at 500 g for 10 min and the supernatant fluid was discarded. Next, the pellet was
suspended in 100 uL FCS and spread on microscope coded slides. Air-dried smears were then stained
with 5% May—-Griinwald-Giemsa (Sigma-Aldrich) for 12-15 min and evaluated using a Leica DM2500
microscope (Leica Microsystems, Milton Keynes, UK) at a magnification of x1000. To determine
the MN frequency, 2000 consecutive polychromatic erythrocytes (PCEs) were scored for each animal,
after which slides were decoded.

2.4. Male Germ Cell Analysis

An orchidectomy was performed by the open castration method [20] for sperm counting. Briefly,
a midline or pre-scrotal incision was made and the testes were milked out at the incision site.
The testicles were then exposed by incising the tunica vaginalis exposing the spermatic cord, which was
ligated and incised. Next, semen samples were collected from the cauda epididymis and immediately
analyzed. Spermatozoa were counted in a Neubauer hemocytometer (Deep 1/10 mm, LABART,
Munich, Germany) [21].

Smears were prepared from the epididymis for sperm morphology analysis [22]. Spermatozoa
were then stained using 1% Eosin Y for 1 h (Fisher Scientific Co., Fair Lawn, NJ, USA). Next, 100 cells
per slide and 10 smears per animal, yielding a total of 5000 cells per group, were blindly evaluated
at a magnification of x1000 for morphological characteristics, including bicephalic or biflagellate
forms, and shape abnormalities such as enlarged and amorphous heads. Results were expressed as
a percentage of sperm morphology abnormalities.

2.5. Statistical Analysis

An analysis of variance was used to determine differences among groups. For morphology
abnormality percentages, data were first transformed by the arcsin function, then an analysis of
variance for normal distributions and a Tukey test were applied for establishing individual differences
using the SPSS package version 22.0 (International Business Machines Corporation (IBM), Armonk,
NY, USA); data normality was determined by the Kolmogorov-Smirnov test.

3. Results

The aim of this study was to evaluate the relationship between the exposure of mice to ELF-EMFs
and bone marrow and male germ cell toxicity under switchyard area conditions. Figure 1 shows MN
frequencies of mice exposed for 72 h and 240 h, and in a standardized solenoid. A significant (p < 0.05)
increase in MN frequency was observed for all ELF-EMF exposure conditions (a 2 mT/72 h treatment
induced the highest frequency of MN) and the MMC treatment, as compared with untreated animals
(Figure 1).

In regard to the germ cell analysis, increased sperm counts were observed for 72 h/8.8 uT
and 240 h ELF-EMF exposure in animals allocated in the switchyard area, compared with those of
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unexposed mice (Figure 2). In contrast, low sperm counts were obtained for 72 h/2.0 mT exposed
animals and for MMC-treated mice (p < 0.05). Furthermore, no alterations in sperm morphology
abnormality (SMA) percentages were found among groups (p > 0.05), except for the MMC-treated
group, in which SMA alterations were observed (Figure 3).
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Figure 1. Effect of extremely low-frequency electromagnetic fields (ELF-EMFs) on micronuclei (MN)
frequency /2000 polychromatic erythrocytes (PCEs). BALB/c mice were exposed in a switchyard area
(8.8 uT/72 h and 240 h continuous exposure), and to 2.0 mT/72 h continuous exposure in a standardized
solenoid (positive controls). Animals injected with 5 mg/kg of mitomycin C (MMC) were also used as
positive controls. Negative controls included animals not exposed to any detectable magnetic field.
Bars represent grouped means + standard deviations. * p < 0.05, as compared with untreated control.
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Figure 2. Effect of magnetic field exposure on sperm counts of BALB/c mice that were exposed in
a switchyard area (8.8 uT/72 h and 240 h continuous exposure), and to 2.0 mT/72 h continuous exposure
in a standardized solenoid (positive controls). Animals injected with 5 mg/kg of MMC were also used
as positive controls. Negative controls included animals not exposed to any detectable magnetic field.
Bars represent grouped means + standard deviations. * p < 0.05, as compared with untreated control.
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Figure 3. Percentage of sperm morphology abnormalities (SMAs) from male germ cells of BALB/c
mice that were exposed in a switchyard area (8.8 uT/72 h and 240 h continuous exposure), and to
2.0 mT/72 h continuous exposure in a standardized solenoid (positive controls). Animals injected with
5 mg/kg of MMC were also used as positive controls. Negative controls included animals not exposed
to any detectable magnetic field. Bars represent grouped means =+ standard deviations. * p <0.05,
as compared with untreated control.

4. Discussion

The electromagnetic spectrum of the non-ionizing band is becoming of great relevance in
modern human life. An increasing use of overhead, high-voltage transmission lines and electrical
substations has been noted in many countries. In this regard, speculations and serious research
have raised concerns of possible health risks due to ELF-EMFs associated with power lines and
substations. There is a general agreement that living organisms might be negatively affected by
ELF-EMFs [1,2,11,14,15,23,24].

In this study, increased MN frequency in mice under 72 h and 240 h ELF-EMF exposure compared
with those under negative controls was shown. These results concur with those of others [25,26],
and with our recent study [15], suggesting a genotoxic effect related to magnetic fields. In this
respect, Winker et al. [27] reported significant chromosomal damage in dividing human diploid
fibroblasts, induced by low-frequency EMFs. Furthermore, Erdal et al. [28] showed that long-term
(more than 24 h exposure time) ELF-EMFs caused an increased MN frequency in Wistar rat bone
marrow cells. In contrast, there have been several reports showing no cell alterations after magnetic
field exposure [29-31]. Furthermore, Chakraborty et al. [32] found no cytogenetic alterations in
electricity substation attendants evaluated under occupational ELF-EMF exposures.

Conflicting reports on ELF-EMF cytotoxic effects derive in part from studies indicating that
low-energy weak fields do not cause genotoxic effect or DNA damage, because the energy produced is
not sufficient to affect chemical bonds [33]. However, others have shown the indirect effect of EMFs
on DNA structure. In this respect, EMFs may cause secondary currents and electron movement in
DNA [34], which in turn may generate guanine radicals that react with water to induce oxidative DNA
damage [35]. Recently, Focke et al. [6] reported that human primary fibroblasts exposed to ELF-EMFs
increased DNA fragmentation, which depended on cell proliferation, suggesting involvement in DNA
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replication. Another possibility is that EMFs might alter the rate or type of DNA repair mechanisms in
the exposed cells. However, it has been proven that the DNA repair system is not affected [36].

Our results also showed that 72 h and 240 h magnetic field exposure increased sperm counts,
suggesting an effect in cell cycle progression (Figure 2). An epidemiological survey reported that the
offspring of high-voltage switchyard workers had a higher frequency of congenital malformations
and fertility issues, as compared with other occupations [37]. In contrast, Lundsberg et al. [38]
showed no association of occupational magnetic fields on sperm, and Aitken et al. [12] observed no
alterations of sperm number, morphology, and vitality in mice treated with 900 MHz radio frequency
electromagnetic radiation. However, Furuya et al. [39] observed that ELF-EMFs at 50 Hz, ranging from
1.0 mT up to 100 mT, altered murine spermatogonia proliferation and differentiation. Furthermore,
Narra et al. [40] reported harmful effects on mice spermatogenesis under 1.5 T static magnetic fields.
Similarly, Ramadan et al. [41] showed a significant decrease in murine sperm counts after a 20 mT
treatment and after exposure of Sprague Dawley rats to 50 Hz and 25 puT for 18 continuous weeks [13],
which is in agreement with our results depicted in Figure 2.

In this study, it was observed that 60 Hz and 2.0 mT magnetic field treatment did not alter
the mouse male germ cell morphological characteristics, as previously reported [9]. In contrast,
Roychoudhury et al. [42] showed that 50 Hz magnetic fields affected rabbit spermatozoa and
fertilization rates; in humans, adverse effects on sperm quality have been demonstrated [14].

In addition, it has been demonstrated that static magnetic field exposure does not affect sperm
morphology. For instance, Withers et al. [43] reported that 0.3 T static magnetic fields from a magnetic
resonance device did not cause alterations in murine sperm heads, similar to the observations of
Tablado et al. [44], who reported that a 0.7 T commercial permanent magnet did not alter sperm head
size and the percentage of sperm with coiled tails or abnormal midpiece or tail.

In conclusion, this study demonstrated that continuous exposure to ELF-EMFs for 72 h or 240 h
induced a clastogenic effect in murine bone marrow cells in a switchyard area. Moreover, it was found
that magnetic fields may modify cell cycle progression by increasing sperm counts in exposed mice,
although no alterations in sperm morphology were observed.

Although the mechanism of action for cytotoxicity and disease induced by ELF-EMFs has not yet
been elucidated, reports have shown inherent electrical aspects related to biostructures and biological
functions, including development, growth, and repair. Furthermore, living organisms appear to
be sensitive to external electromagnetic fields of very weak intensity. The absence of mechanisms
associating EMF exposure and biological events has resulted in a number of dubious investigations
and conflicting results. More studies are needed to fully comprehend this phenomenon.
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