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Abstract
Environmental exposure to extremely low-frequency electromagnetic fields (ELF-EMFs) has been implicated in the development of cancer in humans. An important basis for assessing a potential cancer risk due to ELF-EMF exposure is knowledge
of biological effects on human cells at the chromosomal level. Therefore, we investigated in the present study the effect of
intermittent ELF electromagnetic fields (50 Hz, sinusoidal, 5 field-on/10 field-off, 2–24 h, 1 mT) on the induction of micronuclei
(MN) and chromosomal aberrations in cultured human fibroblasts.
ELF-EMF radiation resulted in a time-dependent increase of micronuclei, which became significant after 10 h of intermittent
exposure at a flux density of 1 mT. After approximately 15 h a constant level of micronuclei of about three times the basal level
was reached. In addition, chromosomal aberrations were increased up to 10-fold above basal levels. Our data strongly indicate a
clastogenic potential of intermittent low-frequency electromagnetic fields, which may lead to considerable chromosomal damage
in dividing cells.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
While some epidemiological studies have related
exposure to environmental exposure to extremely
∗ Corresponding author. Tel.: +43 1 40400 4701;
fax: +43 1 4088011.
E-mail address: robert.winker@meduniwien.ac.at (R. Winker).
1 Both authors contributed equally to this study.

1383-5718/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.mrgentox.2005.04.013

low-frequency electromagnetic field (ELF-EMF) to an
increased risk for certain types of adult and childhood
cancer including leukemia, cancer of central nervous
system and lymphoma [1–4], others [5–7] have failed
to find such an association. If the relationship between
ELF-EMF exposure and cancer is causal, the risk of
developing cancer must follow an exposure-response
pattern and should be evident in occupations with
high exposure levels. However, studies on cancer
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incidences among occupationally exposed subjects
like welders have also revealed inconsistent results
[8–10].
Cytogenetic studies on ELF-EMF-exposed workers (power linesmen [11], train-engine drivers [12]
or employees in transformer or generator production [13]) have revealed an increase in chromosomal
aberrations. Interpretation of these studies is complicated, due to different and unreliable methods of exposure assessment and additional exposures to airborne
fumes or confounders like smoking. In vitro studies with defined exposure conditions and with genotoxic effect markers as endpoints provide reliable tools
for estimating the possible carcinogenic potential of
ELF-EMF.
Several comprehensive reviews regarding in vivo
and in vitro laboratory studies on ELF-EMF have
been published to date [14–17]. Contradicting results
have been reported for cells of different species and
tissues using the genotoxic endpoints sister chromatid exchange (SCE), micronuclei (MN), chromosome aberrations (CA) and DNA strand breaks at
exposure levels ranging from 1 T to 10 mT. The
majority of these studies did not show any ELFEMF-related genotoxic effects. Some recent studies on human cells, however, revealed significant
increases in micronuclei [18,19] and chromosomal
aberrations [20] in exposed cells as well as differences in the response of different tissues to ELFEMF.
As previously reported [21] we were able to demonstrate an increase in DNA strand breaks in cultured
human diploid fibroblasts upon intermittent exposure
to a 50-Hz magnetic field. The extent of EMF-induced
DNA damage varied in relation to the on- and of
off-times, and was found to be highest at an intermittence of 5 min ‘on’/10 min ‘off’. No effects were
detected during continuous exposure. The observed
effects were dose- and time-dependent and occurred
at a magnetic flux density as low as 35 T. After
termination of exposure the DNA strand-break levels returned to normal within 9 h [22]. In addition, significant differences in response to ELF-EMF
between donors of different age could be demonstrated
[23].
In the present study, we complement our previous
findings by adding the data on chromosomal aberrations and micronucleus formation, which we obtained

with cultured human fibroblasts exposed to intermittent
ELF-EMF.

2. Materials and methods
2.1. Cell culture and ELF-EMF exposure
conditions
Human diploid fibroblasts (ES-1 male, 6 years
of age) initiated from a skin biopsy from a healthy
donor, were maintained in culture in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen Corporation, Paisely, Scotland) supplemented with 10% fetal
calf serum (FCS), 20 mM Hepes buffer, 40 g/ml
neomycin, 2 mM l-glutamine, 100 IU/ml penicillin
and 100 g/ml streptomycin (Invitrogen Corporation,
Paisely, Scotland). The cell doubling time of the fibroblasts is about 31 h as determined by counting cell
numbers. Cells were grown in 175-cm2 culture flasks
(Nunc, Roskilde, Denmark) at 37 ◦ C in a humidified
atmosphere in the presence of 5% CO2 and were supplied with fresh culture medium every 48 h.
The exposure system was built and provided
by the IT’IS-foundation (Foundation for Information Technologies in Society, Zurich, Switzerland,
www.itis.ethz.ch). The set-up generating a vertical
EMF consisted of two four-coil systems (2 coils with
56 windings, 2 coils with 50 windings), each of which
was placed inside a mu-metal box. The currents in the
bifilar coils could be switched parallel for field exposure or non-parallel for the control (sham-exposure).
The chambers were insulated from the earth’s magnetic field. Both systems were placed inside a commercial incubator (BBD 6220, Kendro, Vienna, Austria)
to ensure constant environmental conditions (37 ◦ C,
5% CO2 , 95% humidity). Temperature and magnetic
flux-density were continuously monitored. The temperature difference between the chambers did not exceed
0.3 ◦ C. To enable blind exposures, the computer randomly determined which of the two chambers was
exposed. This information was stored in an encoded
file and uncovered by the IT’IS foundation in Zurich
via e-mail in exchange with the transmission of results.
All experiments were performed at a field frequency of
50 Hz sinusoidal at intermittent exposure (5 min field
on/10 min field off). Time-dependent effects were studied at a magnetic flux density of 1 mT.
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2.2. Micronucleus assay
The MN assay was performed according to Fenech
and Morley [24,25]. Fifty thousand cells were seeded in
slide flasks (Nunc, Roskilde, Denmark) and allowed to
attach to the bottom of the flask for 4 h. Subsequently,
the cultures were exposed to ELF-EMF (50 Hz, 1 mT,
5 field-on/10 field-off) for 2–24 h. For each condition
of exposure one experiment was performed. In order
to block cytokinesis, cytochalasin B (3 g/ml, Sigma,
St. Louis, USA) was added 4 h before the first round of
replication according to the protocol by Fenech [25].
Termination of the cell culture was done 62 h after
seeding. Subsequently, the fibroblasts were treated
with hypotonic KCl solution (0.075 M, 30 min) and
fixed with a mixture of methanol/aqua bidest. (7:3)
for 10 min. Slides were air-dried and stained with 4,6diamidino-2-phenylindole (Sigma, St. Louis, USA) for
3 min. MN were visualized under a fluorescence microscope and 2000 binucleated cells were scored according to criteria published by Lasne et al. [26]. The results
are expressed as MN per 500 bi-nucleated cells.
2.3. Chromosomal aberrations
For evaluation of chromosomal aberrations 2 × 105
cells were seeded into 35-mm petri dishes (Nunc,
Roskilde, Denmark), allowed to attach to the bottom of
the dish for 4 h and exposed to ELF-EMF under conditions that produced the strongest effects in the micronucleus test and the comet assay [22,23]. After ELFEMF exposure (50 Hz, 15 h, 5 field-on/10 field-off,
1 mT) fibroblasts were trapped at metaphase by incubation with colcemid (0.2 g/ml, Invitrogen Corporation,
Paisely, Scotland) for the last 4 h prior to harvesting.
Subsequently, the cells were detached with 2 ml 0.05%

45

trypsin (Invitrogen Corporation, Paisely, Scotland) and
subjected to hypotonic treatment (0.075 M KCl, 37 ◦ C,
30 min). Thereafter, cold fixative (methanol/acetic
acid, 3:1) was slowly added and cells were collected
by centrifugation. The fixation procedure was repeated
twice. Finally, the cells were resuspended in 0.5 ml
of fixative, dropped on clean slides, air-dried, stained
for 12 min with 4% GIEMSA prepared in Sorensen’s
buffer (38 mM KH2 PO4 , 60 mM Na2 HPO4 ·12H2 O,
pH = 7) and rinsed with aqua bidest. Chromosomal
aberrations were evaluated in 10,000 well-spread and
complete (46 chromosomes) metaphases (5000 ELFexposed, 5000 sham-exposed). The identification of
chromosome aberrations was carried out following
the criteria recommended by WHO [27]. Different
types of aberrations (chromosome gaps, chromosome
breaks, ring chromosomes, dicentric chromosomes
and acentric fragments) were scored separately. Five
independent experiments were performed. Results are
expressed as percent chromosomal aberrations per cell.
2.4. Statistical analysis
Statistical analysis was performed with STATISTICA V. 5.0 package (Statsoft, Inc., Tulsa, USA) and
SPSS 10.0 package (SPSS Inc., IL, USA). The differences between exposed and sham-treated cells were
tested using χ2 -test or independent Student’s t-test.
A difference at p < 0.05 was considered statistically
significant.

3. Results
Variation of exposure of human fibroblasts to ELFEMF from 2 to 24 h revealed a time-dependent increase

Table 1
Percentage of chromosomal aberrations induced by ELF-EMF exposure (50 Hz, 5 field-on/10 field-off, 1 mT, 15 h) in cultured human fibroblastsa
Types of aberrations

ELF-exposed (% ±S.D.)

Chromosome gaps
Chromosome breaks
Ring chromosomes
Dicentric chromosomes
Acentric fragments

23.4
2.2
0.1
0.4
0.3

±
±
±
±
±

1
0.3
0.07
0.1
0.07

Sham-exposed (% ±S.D.)
5.5 ± 0.7
1.3 ± 0.3
–
0.06 ± 0.05
0.02 ± 0.04

p-valueb
<0.001
0.0015
0.0133
<0.001
<0.001

a A number of 1000 metaphases were scored in each of five independent experiments. Results are expressed as percentage chromosomal
aberrations per cell.
b Significant differences (p < 0.05) as compared to sham-exposed controls using Student’s t-test for independent samples.
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Fig. 1. Cultured human fibroblasts were exposed to ELF-EMF (50 Hz sinusoidal, 5 min-on/10 min-off, 1 mT) from 2 to 24 h. Two thousand
binucleated cells were scored for MN events in ELF-EMF-exposed and sham-exposed cells for each time point. Results are expressed as
micronuclei events per 500 binucleated cells. Differences between exposed and sham-exposed cells (p < 0.05, using χ2 -test) became significant
after 10 h of ELF-EMF exposure.

in micronucleus frequency, which became significant
(p < 0.05) after 10 h (Table 1, Fig. 1). After approximately 15 h, the micronucleus frequency reached a
constant level of about three times the control value.
Chromosomal aberrations were evaluated at exposure conditions that produced the strongest effects
in the comet assay [22,23] and in the micronucleus
test (15 h, 1 mT, 5 field-on/10 field-off). Five different types of aberrations were separately scored: gaps,
breaks, rings, dicentric chromosomes and acentric
fragments. Significant differences (p < 0.05) between
exposed and sham-exposed cells could be demonstrated for each type of aberration (Table 1). Gaps
were four-fold increased, breaks nearly two-fold and
dicentric chromosomes and acentric fragments approximately 10-fold.

4. Discussion
Our results show that intermittent exposure to a 50Hz magnetic field causes a time-dependent increase in
micronuclei in cultured human fibroblasts. These findings are in line with those of Simko et al. [18,19],
who demonstrated an ELF-EMF-induced formation
of micronuclei in human amnion cells and in human
squamous cell carcinoma cells. In contrast, the majority of studies performed so far using different cell
types did not point to direct clastogenic effects of

ELF-EMF [28–31], but propose epigenetic or coclastogenic mechanisms in combination with other
genotoxic exposures [32–34].
With the exception of Nordenson et al. [20], who
demonstrated an increase in chromosomal aberrations
in human amniotic cells after intermittent exposure
to ELF-EMF, all the other investigators who studied
genotoxic effects of ELF-EMF used a continuousexposure protocol. In our previous experiments ELFEMF-induced DNA strand breaks [21] could only be
detected after intermittent, but not after continuous
exposure. Thus, the applied exposure protocol seems
to be crucial for the outcome of the investigation. However, since we did not perform the micronucleus assay
at continuous exposure, it remains an open question
whether or not continuous exposure is also able to generate micronuclei.
In a previous paper, we have speculated that the
different results from studies on continuous and intermittent exposure may be due to a slow induction of
DNA-repair processes when cells are exposed intermittently [21]. In contrast, if the induction of DNA-repair
processes by ELF EMF occurs much faster and more
efficient at continuous exposure, this could possibly
compensate even for a stronger genotoxic attack of the
continuous EMF field. Another hypothesis would be
that intermittent ELF-EMF exposure may initiate transcription by interacting with moving electrons in DNA
[35] based on repulsive (Lorentz) forces, which may
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then cause chain separation at specific DNA sequences
(nCTCTn) [36].
Micronucleus formation can either result from chromosomal non-disjunction due to damage to kinetochore proteins or from acentric fragments secondary
to DNA double strand breaks. Since we did not use
kinetochore antibodies to differentiate between these
two possible mechanisms, the cause for the micronuclei induction remains an open question.
Structural chromosome aberrations result from
breakage and abnormal rearrangements of chromosomes. They can be classified either as stable or unstable aberrations, depending upon their ability to persist
in dividing cell populations. Unstable aberrations are
ring chromosomes, dicentric chromosomes or acentric fragments, whereas stable aberrations, which result
from repair processes, consist of balanced translocations or other symmetrical rearrangements. At exposure conditions that produced the strongest effects in
the micronucleus test and the comet assay [22,23] we
observed significant increases in gaps, breaks, ring
chromosomes, dicentric chromosomes and acentric
fragments. These results are in accordance with studies performed by Nordenson et al. [20] and Khalil and
Qassem [37], who investigated the effects after intermittent or pulsed ELF-EMF exposure. An increase in
chromosomal damage was, however, also detected in
several other studies in which continuous ELF-EMF
exposure was applied [31,38,39].
The fate of a cell carrying a chromosomal aberration
is crucial for the assessment of a possible cancer risk.
Cells with unstable aberrations like rings, dicentrics or
acentric fragments not associated with a chromosome
will be committed to apoptosis or cell death, whereas
cells with repairable DNA damage such as chromosomal gaps or breaks may survive. The repair process
itself can lead to translocations, thereby creating a stable mutation.
Since experimental analyses have shown that DNA
double strand breaks are the principal lesions to produce chromosomal aberrations [40–42], the induction
of micronuclei and chromosomal aberrations is in good
agreement with the previous demonstration of DNA
strand breaks [22,23].
The mechanisms by which magnetic fields produce
genotoxic effects, are not yet known. It seems impossible that the weak forces produced by ELF-EMF at a
flux density of 35 T are capable directly to break up
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a chemical bond in DNA. Therefore, an indirect mechanism may be responsible for this. Several hypotheses
such as induction of electric currents [43], increased
free-radical activity [44] or acceleration of electron
transfer in different enzymes and proteins [45] have
been proposed, but have not been proven as yet.
In conclusion, our results indicate a genotoxic and
clastogenic potential of intermittent ELF-EMF exposure via indirect mechanisms.
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