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Extremely low-frequency (ELF) magnetic fields (MF) have been associated
with adverse health effects in epidemiological studies. However, there is
no known mechanism for biological effects of weak environmental MFs. Pre-
vious studies indicate MF effects on DNA integrity and reactive oxygen
species, but such evidence is limited to MFs higher (greater than or equal
to 100 wT) than those generally found in the environment. Effects of 10
and 30 pT fields were studied in SH-SY5Y and C6 cells exposed to 50-Hz
MFs for 24 h. Based on earlier findings, menadione (MQ) was used as a
cofactor. Responses to MF were observed in both cell lines, but the effects
differed between the cell lines. Micronuclei were significantly increased in
SH-SY5Y cells at 30 wT. This effect was largest at the highest MQ dose
used. Increased cytosolic and mitochondrial superoxide levels were
observed in C6 cells. The effects on superoxide levels were independent of
MQ, enabling further mechanistic studies without co-exposure to MQ. The
micronucleus and mitochondrial superoxide data were consistent with a
conventional rising exposure—response relationship. For cytosolic superox-
ide, the effect size was unexpectedly large at 10 pT. The results indicate
that the threshold for biological effects of ELF MFs is 10 u.T or less.

1. Introduction

Human exposure to extremely low-frequency (ELF) magnetic fields (MF) occurs
wherever electricity is generated, transmitted or used, and possible health
impacts are being discussed [1]. ELF MFs were classified as a “possibly carcino-
genic to humans’ (group 2B) by the International Agency for Research on
Cancer [2]. This classification was mainly based on epidemiological studies
indicating increased risk of childhood leukaemia associated with living close
to power lines. Several epidemiological studies have also reported that the
risk of Alzheimer’s disease may be associated with exposure to ELF MFs
[3-5]. The epidemiological findings suggest increased risks above about
0.3-0.4 T, i.e. at MF levels that are considerably lower than the reference
levels of the International Commission on Non-Ionizing Radiation Protection
[6], for exposure of the general public (200 wT) and occupational exposure
(1000 uT). There are currently no generally accepted mechanisms that could
explain biological effects of weak ELF MFs at the levels suggested by epidemio-
logical studies, although hypothetical mechanisms have been suggested, and
there is wide interest in magneto-sensitive radical pair reactions as the basis
for biological effects of weak MFs [7—11]. Because of the very low interaction
energy, direct DNA damage by ELF MFs is not plausible, but there is evidence
that ELF MFs might enhance the effects of DNA damaging agents [12].

We have previously shown that exposure to ELF MFs (50 Hz, 100-300 (.T)
alter cellular responses to DNA damage induced by menadione (MQ), resulting
in decreased integrity of the genome [13,14]. A more recent study also indicated
that similar exposure may induce genomic instability (persistently elevated
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frequency of genetic changes in the progeny of exposed cells),
which is highly relevant for possible carcinogenic effects [15].
These findings may serve as a basis for understanding how
weak environmental MFs could enhance cancer-relevant bio-
logical processes. However, all these experiments were
conducted using MFs of 100 pT or higher, so they do not
allow the estimation of the likelihood of biologically meaning-
ful effects at very low MF levels (below 1 uT) that have been
associated with human health in epidemiological studies.

In this study, we assessed cellular changes induced by ELF
MFs at 10 and 30 w.T to explore the exposure—response relation-
ship below 100 wT. In addition to the human SH-SY5Y
neuroblastoma cells used in previous studies, rat C6 glioma
cells were used to shed light on the generalizability of the
results obtained with SH-SY5Y cells. Micronuclei were assessed
as a measure of genotoxicity, and cytosolic and mitochondrial
superoxide concentrations as indicators of changes in reactive
oxygen species (ROS). The rationales for measuring these end-
points were our own previous findings [15], as well as other
studies suggesting ELF MF effects on endpoints related to gen-
otoxicity and ROS [16—18]. The link between micronuclei and
adverse health effects is obvious, as genotoxicity is a well-
known mechanism of carcinogenesis, and it has also been impli-
cated in Alzheimer’s disease [19]. The link between ROS and
human health are partly related to their physiological role
[20], and they also contribute to a wide range of pathologies
and many of the implicated diseases (cancers, cardiovascular
and neurological diseases) are leading causes of death [21-23].

MQ was included as a cofactor in our previous studies, as
ELF MFs seemed to alter cellular responses to MQ-induced
DNA damage [13,14]. Although MF exposure was found to
induce cellular changes also without MQ in the latest study
[15], it was included as a cofactor in the present study to
enhance comparability with previous studies. MQ also
served as a known inducer of DNA damage and ROS, to
confirm that the assays responded as expected.

2. Material and methods
2.1. Cell cultures

The human neuroblastoma cell line, SH-SY5Y (acquired from
Dr Sven Pahlman, University of Uppsala, Sweden) was grown
in Dulbecco’s modified Eagle’s medium (DMEM) containing
45g17" glucose, 10% fetal bovine serum (FBS) and a mixture
of 50Uml™! penicillin/50 pg ml™? streptomycin (Carlsbad,
USA). The rat C6 glioma cell line (acquired from Prof. Nikolaus
Plesnila, Institute for Stroke and Dementia Research (ISD),
LMU Munich Medical School, Munich, Germany) was grown
in DMEM containing 1 g1~ ' glucose, 10% FBS and a mixture
of 50U ml™! penicillin/50 pg ml™! streptomycin. Both cell lines
were maintained at 37°C and 5% CO, in a humidified atmos-
phere. The cells were detached by 0.02% EDTA (prepared
in Ca®*- and Mg®"-free phosphate-buffered saline), with 0.1%
trypsin added for the C6 cells.

For the superoxide assays, 2 x 10° neuroblastoma SH-SY5Y
cells or 3 x 10* glioma C6 cells were seeded on 48-well plates
(Costar, Corning, NY, USA) 20h prior to the onset of MF
exposure. In the micronucleus assays, 1 x 10° SH-SY5Y cells
and 3.6 x 10° C6 cells were seeded on 48-well plates.

2.2. Experimental design
Twenty hours after seeding, cells were exposed to a 50 Hz MF for
24 h, using magnetic flux densities of 0 (sham exposure, power

supply of the MF exposure system turned off), 10 or 30 nT. n

After 24 h of MF exposure or incubation (control cells), the cells
were exposed to MQ (or incubated) for 3h. In the cytosolic
and mitochondrial superoxide assays, cells were taken into
assays immediately after the MF exposure. A series of MQ con-
centrations was selected so that only the highest concentration
slightly decreased viability of the cells. The MQ concentrations
were 1, 5, 10 and 20 for SH-SY5Y cells and 1, 5, 10, 15, 20 and
50 uM for C6 cells.

2.3. Magnetic field exposure

The exposure system with 50 Hz, 100 wT has been described pre-
viously by Markkanen et al. [13] and Luukkonen ef al. [15]. In
short, the 50 Hz signal was generated by a Wavetek Waveform
Generator model 75 (Wavetek, San Diego, CA, USA) and ampli-
fied by a Peavey M-3000 Power Amplifier (Peavey Electronics
corp., Meridian, MS, USA). Horizontal MF was generated by a
pair of coils (340 x 460 mm) in a Helmholtz-type configuration
(220 mm distance between the coils) inside a temperature-
controlled cell culture incubator (Heraeus HERACell) with 5%
COs,. The cell culture dishes were placed at the centre of the
MF coil system, where the MF is homogeneous. The control
cells were incubated in an identical incubator. The background
AC MF level inside the incubators varied with time due to the
on—off cycle of the heating system, and there were also minor
differences between the four locations used for cell cultures.
The maximum (short peak value when heating is switched on
by the thermostat, in the location with the highest field) was
2.35 uT in the control incubator and 1.83 pT in the incubator
used for MF exposure, and the minimum values (heater off)
were about 0.01 pT. The predominant direction of the back-
ground AC MF was horizontal, from front to back of the
incubator (perpendicular to the experimental 50 Hz field). The
static MF in the incubators was almost vertical, and it was
29.5 uT in the control incubator and 27.5 pT in the incubator
used for MF exposure. Magnetic flux density was monitored
with a Hirst GM08 Gaussmeter and Hirst Axial Fluxgate Probe
AFG100 (Hirst Magnetic Instruments Ltd, Cornwall, UK).

2.4. Micronucleus assay

The flow cytometric micronucleus analysis described by Bryce
et al. [24] was used. The cells were first washed twice after the
MQ treatment (or incubation). As micronucleus formation
requires at least one cell division after exposure, SH-SY5Ycells
were then incubated for 72 h and C6 cells for 24 h. The DMEM
medium was then removed from the 48-well plates and the
plates were incubated for 20 min on ice. Thereafter, 150 wl cold
EMA solution (8.5 pg ml ™! in 2% FBS in PBS) was added into
each well, followed by 30 min of light activation on ice under a
light bulb. After 30 min, EMA solution was removed and
washed once with 500 ul of 2% FBS in PBS (w/o Ca®*" and
Mg2+, +4°C). Thereafter, 250 pl cold Lysis 1 solution (0.3 pl
IGEPALml ', 0584 mgNaClml ', 0.5mg RNase Aml ',
1 mg sodium citrateml™" and 0.4 pM SYTOX Green in MilliQ-
water) was added to each well followed by 1 h of incubation at
37°C in a CO; incubator. Subsequently, 250 pl of Lysis 2 solution
(15 mg citric acid ml~!, 85.6 mg sucrose ml !, 0.4 pM SYTOX
Green and one drop of 6 pm fluorescent beads (Molecular
Probes, Eugene, USA), +-20°C) was added to each well followed
by 30 min of incubation at room temperature in the dark. All
samples from each well were then transferred to flow cytometer
tubes and analysed by a flow cytometer (Becton Dickinson
FACScalibur, Becton Dickinson, San Jose, CA, USA). Data were
acquired and analysed by CeLLQuest Pro software v. 5.2.1
(Becton Dickinson, San Jose, CA, USA). A total of 2 x 10°
gated events were scored per sample. A 3h treatment with
methyl methanesulfonate (Sigma-Aldrich, Germany) was used
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Table 1. Micronucleus frequency and cytosolic and mitochondrial superoxide concentrations in human neuroblastoma SH-SYSY cells after combined exposure to  [JJEJ}
sham MF treatment and menadione (MQ). p-Values are given for the effects of the two factors (sham, MQ) and their interaction. The values presented here are
mean + s.e.m.

MQ concentration (puM)

p-values from factorial ANOVA

3

g

&

==

sham MQ sham X MQ =S

micronudlei (%) 3
control 0.29 4+ 0.07 0.28 + 0.08 032 + 0.06 0.42 4+ 0.05 0.52 + 0.03 0.200 0.004 0.965 : 3
sham 0.35 4+ 0.04 0.35 + 0.07 0.32 + 0.07 0.51 4+ 0.09 0.57 + 0.0 D~
T Bt IR DSOS .
control 183+ 11 191 + 21 168 + 11 183 + 21 187 + 11 0.070 0.915 0.951 : :
sham 203 4+ 12 196 + 17 198 + 14 199 + 18 206 + 6 : §:
mitochondrial superoxide (RFU) : %
control 1759 + 43 1565 + 135 1691 + 88 1549 4 105 2083 + 304 0.585 0.024 0.977 LW
sham 1888 + 43 1693 + 57 1725 + 109 1481 + 176 : g
R

as a positive control in the micronucleus assay, 25 jg ml ' for
the SH-SY5Y cells and 40 pg ml ™! for the C6 cells.

2.5. Mitochondrial and cytosolic superoxide production
Mitochondrial and cytosolic superoxide productions were ana-
lysed as described previously [14]. Briefly, mitochondrial
superoxide production was measured by MitoSOX Red (3,8-phe-
nanthridinediamine, 5-(6'-triphenylphosphoniumhexyl)-5,6-
dihydro-6-phenyl) fluorescent probe using a final concentration
of 1 uM and 492 nm excitation/595 nm emission wavelengths.
Production of cytosolic superoxide was measured by the DHE
(dihydroethidium), probe using a final concentration of 10 uM
and 485 nm excitation/595 nm emission wavelengths.

Immediately after the exposures, the medium was removed
from the 48-well plates and the cell cultures were loaded
(30 min, +20°C, in dark) with the assay-specific probe in 0.5 ml
of buffer. Thereafter, fluorescence was measured by a multiwell
fluorometer (Perkin Elmer HTS 7000 Plus, Norwalk CT, USA).
A blank (no cells) was included in all measurements. Blank
values were subtracted from the absolute values.

Fluorometric detection using DHE and MitoSOX Red may
not be fully specific to superoxide [25]. Unspecificity of the
probes was not a problem in this study, as the aim was to explore
biological responses to MFs below 100 pT rather than to measure
superoxide levels with absolute specificity. The reader should be
aware of the limitations of the probes but, for simplicity, we use
the terms ‘cytosolic superoxide’” and ‘mitochondrial superoxide’
throughout the paper for the ROS levels measured by DHE
and MitoSOX Red, respectively.

2.6. Viability of cells

Viability of cells was assayed with propium iodide (PI) by adding
50 pM PI (Molecular Probes) into the samples before incubation
for 20 min in the dark (4+20°C). This was followed by measure-
ment of fluorescence (Perkin Elmer HTS 7000 Plus, Norwalk CT,
USA; excitation 540 nm/emission 610 nm). The samples were
then supplemented with 160 uM digitonin, incubated on a plate
shaker for 20 min (in the dark, +20°C), and fluorescence was
measured as describe above. Digitonin was used for demolishing
cell membrane integrity. This enables PI to enter all cells, allowing
calculation of viability from the relative PI value before and after
the addition of digitonin [26]. The maximum PI fluorescence value
(after digitonin treatment) reflects the number of cells, and also

2165 £ 352

enabled possible intergroup differences in cell count to be checked
(due to, e.g. differences in proliferation).

2.7. Statistical analysis

As a balanced factorial design was used in this study, factorial
ANOVA was performed with MF (or sham MF) and MQ as
fixed factors and replicate as a random factor. The interactions
MF x MQ (or sham MF x MQ) were included in the model.
The general linear model procedure of SPSS (SPSS Inc., Chicago,
IL, USA) was used for the analysis. Three independent exper-
iments with three (superoxide levels) or two (micronuclei)
samples per group were performed. The factorial ANOVA com-
bines evidence for MF effects over all MQ levels (five to seven
MQ concentrations), resulting in much higher statistical power
than would be reached in a simple experiment with two to
three replicates and three samples in each replicate. A p-value
of less than 0.05 was considered statistically significant.

3. Results
3.1. Sham exposure experiments

Sham exposure experiments were performed to check that the
MF exposure system itself (without current connected and
therefore without an MF) would not cause biological
responses by changing the culture conditions. None of the
biological endpoints measured was significantly affected by
sham exposure (tables 1 and 2). Cytosolic superoxide level
in SH-SY5Y cells was slightly higher in the sham-exposed
than in control cells, but the difference was not statistically
significant (p = 0.07), and no indication of an effect on cyto-
solic superoxide was seen in the C6 cells. This was the only
nearly significant p-value for the sham treatment. In contrast
to the sham MF exposure, MQ affected micronucleus fre-
quency and mitochondrial superoxide level statistically
significantly in both cell lines. Cytosolic superoxide level
was not affected by MQ in the sham exposure experiments.

3.2. Viability of cells and effects on proliferation
Viability of both cell lines was generally decreased at the high-
est MQ concentration used, and this effect was statistically



Table 2. Micronucleus frequency and cytosolic and mitochondrial superoxide concentrations in rat (6 glioma cells after combined exposure to sham MF treatment and menadione (MQ). p-Values are given for the effects of the two

factors (sham, MQ) and their interaction. The values presented here are mean + s.e.m.
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644 + 86.1
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816 + 36

479 + 56

571 + 16

501 + 97

692 + 98

735+ 97

sham

significant for SH-SY5Y cells in both the 10 and 30 T exper-
iments, and in the 10 pT experiment for C6 cells (figure 1).
No MF effects or MQ x MF interactions on viability were
observed. Similar effects were observed in the sham exposure
experiments: cell viability was statistically significantly
decreased by MQ in both cell lines (by about 5-10% in the
highest MQ dose groups), but was not affected by sham MF
exposure (data not shown). The maximum PI fluorescence
values after digitonin treatment (used as a measure of the
final number of cells) did not show any differences between
the MF-treated groups and corresponding control groups,
indicating that MF exposure did not affect proliferation.
Also, no MQ-related differences in this measure were observed
at most of the MQ doses used. Apparently, MQ effects on pro-
liferation were not observable immediately after the 3-h MQ
treatment. A slight decrease in cell number was seen in cells
exposed to the highest doses of MQ, which is explainable by
the reduced viability observed at these doses.

3.3. Formation of micronudlei

In SH-SY5Y cells, the frequency of micronuclei was higher in
almost all MF-exposed groups both at 10 and 30 pT than in
the corresponding control groups (figure 2a,b). However,
the MF effect was significant only at 30 wT. The frequency
of micronuclei increased consistently with increasing MQ
dose, and the effect of MQ was statistically significant in
both 10 and 30 pT experiments. The MQ x MF interaction
was significant in the 30 wT experiment, which reflects the
fact that the apparent MF effect was clearly larger than in
other groups in the group exposed to 20 uM MQ. The posi-
tive control increased the level of micronuclei (0.417 +
0.032) statistically significantly (p < 0.001) in SH-SY5Y cells
treated with methyl methane sulfonate in comparison to
control cells (0.109 + 0.017).

In C6 cells, no statistically significant MF effects
or MQ x MF interactions were observed, although the
micronucleus frequency was slightly higher in most MF-
exposed groups compared to the corresponding control or
MQ-only exposed groups (figure 2c¢,d). A rising trend with
increasing MQ was seen in both cases, but the MQ effect
was significant only in the 10 T experiment. Also in the
glioma C6 cells, the positive control (methyl methane
sulfonate for 3h) increased the level of micronuclei
(3.59 + 0.45) statistically significantly (p = 0.014) compared
with the control cells (2.25 + 0.21). The values presented
here are mean + s.e.m.

3.4. Cytosolic superoxide production
In SH-SY5Y cells, no MF effects on cytosolic superoxide level
were found (figure 3a,b), consistent with previous findings
[15]. An MQ-related increase of cytosolic superoxide was
seen at the dose of 20 pM, and the MQ effect was statistically
significant in both the 10 and 30 pwT experiments. This result
is in contrast with the sham exposure experiment, in which
MQ did not affect the cytosolic superoxide level even at
20 pM. This difference, together with the apparent lack of
effect at lower MQ doses (including 10 pM), may indicate
that the MQ effect on cytosolic superoxide levels is very sen-
sitive to changes in MQ concentration, and possibly to other
differences in experimental conditions.

In C6 cells, the cytosolic superoxide level was systemati-
cally higher in the MF-exposed groups than in the
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Figure 1. Viability of cell in human SH-SY5Y neuroblastoma (a,b) and rat (6 glioma (c,d) cells exposed to 50 Hz MFs at 10 T (a,c) or 30 wT (b,d). The MF
treatments were combined with different menadione (MQ) concentrations. The data shown are mean =+ s.e.m. values. Three experiments were performed with
three samples per group in each experiment. Factorial ANOVA was used for statistical testing; statistically significant effects for the two factors (MF and MQ)
and their interactions are reported below. SH-SY5Y, 10 T experiment: MQ p << 0.001. SH-SY5Y, 30 T experiment: MQ p = 0.006. (6 cells, 10 T experiment:

MQ p < 0.001. C6 cells, 30 T experiment: none.

corresponding control groups, and the MF effect was stat-
istically significant at both 10 and 30 wT (figure 3c,d).
Surprisingly, the MF effect was more pronounced at 10 pT
than at 30 T, suggesting a non-conventional exposure—
response relationship. No MQ effect was found in this cell
line, consistent with what was observed in the sham
exposure experiment. The unexpected ‘decrease’ (not statisti-
cally significant) at high MQ levels is at least partly
explained by an outlier, a single exceptionally low value
in the 50 puM group (the impact of the outlier is also visible
in the width of the error bar).

3.5. Mitochondrial superoxide production

In SH-SY5Y cells, the mitochondrial superoxide level was sys-
tematically higher in the MF-exposed than in the
corresponding control groups, particularly in the 30 uT
experiment (figure 4a,b). However, there was no statistically
significant MF effect. This result differs from the results of
our earlier study, in which a 100 wT MF (using an identical
exposure protocol) increased the mitochondrial superoxide
level significantly [15]. A statistically significant MQ effect
was observed in both the 10 and 30 puT experiments.

In C6 cells, the production of mitochondrial superoxide
was systematically higher in the MF-exposed groups than
in the corresponding control groups, and a statistically signifi-
cant MF effect was observed at both 10 and 30 w.T (figure 4c,d).
Statistically significant MQ effects on mitochondrial superoxide
were also found in both the 10 and 30 pnT experiments.

3.6. Superoxide measurements immediately after
magnetic field exposure

Measurements reported in figures 3 and 4 were done after the
MQ treatment, i.e. 3 h after the end of the 24-h MF exposure,

but cytosolic and mitochondrial superoxide levels were also
measured immediately after the MF exposure, without MQ
treatment. No significant MF effects on cytosolic or mitochon-
drial superoxide levels were observed in these measurements
(table 3).

3.7. Exposure—response relationships

For easier judgement of the exposure—response relationships,
the data on micronucleus frequencies and cytosolic and mito-
chondrial superoxide levels were plotted as a function of
magnetic flux density (figure 5). As the MF effect (when
such an effect was observed) was similarly observed at all
MQ levels (figures 2—4), the data of all MQ levels (including
zero MQ) were pooled for figure 5: for each MQ-MF combi-
nation, a relative value in the MF-treated group was
calculated by dividing the value observed in the MF group
by the value observed in the control group with same MQ
concentration. For comparison, also 100-u.T data are shown
for the SH-SY5Y cells, as such data obtained with an
identical study protocol were available from our earlier
studies [14,15]. Micronucleus frequency showed a rising
trend with increasing magnetic flux density in SH-SY5Y
cells (figure 5a). As described above, this effect was signifi-
cant at 30 pT (but not at 10 uT) in this study, and it was
also significant (p < 0.01) at 100 pT in the previous study
[14]. In C6 cells, relative micronucleus frequency was only
slightly above 1.0 at both field strengths (figure 54), and (as
described above) no statistically significant MF effect on
micronuclei was observed in this cell line. The cytosolic
superoxide level showed no consistent exposure response
pattern (figure 5b) and no statistically significant effects on
SH-SY5Y cells in this study at 10 and 30 uT or at 100 w.T in
the previous study [15]. In C6 cells, in contrast, the MF
effect on the cytosolic superoxide level was observed (and
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Figure 2. Frequency of micronuclei in human SH-SY5Y neuroblastoma (a,b) and rat (6 glioma (c,d) cells exposed to 50 Hz MFs at 10 T (a,¢) or 30 T (b,d). The
MF treatments were combined with different menadione (MQ) concentrations. The data shown are mean = s.e.m. values. Three experiments were performed with
two samples per group in each experiment. Factorial ANOVA was used for statistical testing; statistically significant effects for the two factors (MF and MQ) and their
interactions are reported below. SH-SY5Y, 10 T experiment: MQ p << 0.001. SH-SY5Y, 30 T experiment: MF p = 0.002; MQ p < 0.001; MF x MQ p = 0.024.
(6 cells, 10 T experiment: MQ p = 0.019. (6 cells, 30 .T experiment: none. The significances for the MF effects are given in the figure: **p < 0.01.
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Figure 3. Cytosolic superoxide level in human SH-SY5Y neuroblastoma (a,b) and rat (6 glioma (c,d) cells exposed to 50 Hz MFs at 10 T (a,c) or 30 W.T (b,d). The
MF treatments were combined with different menadione (MQ) concentrations. The data shown are mean =+ s.e.m. values. Three experiments were performed with
three samples per group in each experiment. Factorial ANOVA was used for statistical testing; statistically significant effects for the two factors (MF and MQ) and
their interactions are reported below. SH-SY5Y, 10 T experiment: MQ p << 0.001. SH-SY5Y, 30 T experiment: MQ p = 0.028. (6 cells, 10 T experiment: MF
p < 0.001. (6 cells, 30 T experiment: MF p = 0.028. The significances for the MF effects are given in the figure: *p << 0.05; ***p < 0.001.

statistically significant) at both magnetic flux densities, but the relative mitochondrial superoxide level observed in SH-
did not show an increasing trend from 10 to 30 uT SY5Y cells exposed to the 30 pT MF is not smaller than that
(figure 5d). The mitochondrial superoxide level was not stat- observed in cells exposed at 100 pT in the previous study.
istically significantly affected in SH-SY5Y cells in this study In C6 cells, a significant MF effect on the mitochondrial
(as described earlier), but the exposure—response pattern superoxide level was observed at both MF strengths, and a

suggests a rising trend from 10 to 30 wT (figure 5¢). However, rising trend from 10 to 30 wT can be seen (figure 5e).
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Figure 4. Mitochondrial superoxide level in human SH-SY5Y neuroblastoma (a,b) and rat (6 glioma (c,d) cells exposed to 50 Hz MFs at 10 T (a,c) or 30 T (b,d). The
MF treatments were combined with different menadione (MQ) concentrations. The data shown are mean + s.e.m. values. Three experiments were performed with three
samples per group in each experiment. Factorial ANOVA was used for statistical testing; statistically significant effects for the two factors (MF and MQ) and their inter-
actions are reported below. SH-SY5Y, 10 1T experiment: MQ p = 0.001. SH-SY5Y, 30 T experiment: MQ p = 0.001. (6 cells, 10 T experiment: MF p = 0.05; MQ
p = 0.002. (6 cells, 30 w.T experiment: MF p << 0.001; MQ p = 0.007. The significances for the MF effects are given in the figure: *p << 0.05; ***p << 0.001.

Table 3. Cytosolic and mitochondrial superoxide levels (in relative fluorescence units; mean + s.e.m.) in human SH-SY5Y and rat (6 glioma cells immediately

after a 24-h exposure to 50 Hz MFs at flux densities of 10 or 30 wT.

10 T

cytosolic superoxide SH-SY5Y
6 81+ 8

mitochondrial superoxide SH-SY5Y

4. Discussion

In this study, two cell lines (human SH-SY5Y neuroblastoma
and rat C6 glioma) were used to study their responses
to weak 50 Hz MFs. Micronuclei as well as cytosolic and mito-
chondrial superoxide levels were measured, as these endpoints
are relevant to the suspected adverse health effects of ELF MFs
(cancer, Alzheimer’s disease), and effects on these endpoints
were found in our previous studies. The results confirmed
our earlier finding of increased micronucleus frequency
in SH-SY5Y cells exposed to a 50 Hz MF at 100 pnT [14],
and showed that this effect can also be observed at a lower
magnetic flux density (30 nT). Although no statistically signifi-
cant increase was observed at 10 wT, the data do not exclude a
rising exposure—response relationship between 10 and 100 w.T
(figure 5). In contrast to the SH-SY5Y cells, no significant effect
on micronuclei was detected in C6 cells.

The cytosolic superoxide level was not affected in SH-SY5Y
cells, which is consistent with earlier findings showing no sig-
nificant effect on cytosolic superoxide in the same cell line
exposed at 100 pT [15]. However, cytosolic superoxide was
affected in C6 cells by MF exposure at both 10 and 30 pT.

236 + 10

6 2414+ 13

control 30 T control
215+ 18 244 + 35 272 + 47
74+ 6 74+7 63 +5
1007 + 46 995 + 34 949 + 2
250 + 26 319+ 33 268 + 26

The size of the effect was similar at both magnetic flux den-
sities and no clear rising exposure—response relationship was
observable (figure 5), but the data are inconclusive because
of the wide confidence interval (large experimental variability)
at 30 pwT. Also the mitochondrial superoxide level was statisti-
cally significantly affected only in C6 cells. In this case,
however, the SH-SY5Y data are consistent with a rising
exposure—response relationship from 10 to 100 nT, when the
statistically significant effect at 100 wT in our previous study
is taken into account (figure 5). A rising trend with increasing
magnetic flux density is also obvious in the C6 data.
Previous data on the exposure—response relationship
below 100 nT is scarce. Mannerling et al. [17] reported a
relationship between 25 and
100 pT: the cellular superoxide anion radical level (deter-
mined with the nitro blue tetrazolium assay) and HSP70
protein level were increased in human chronic myelogenic
leukemia cells exposed to 50 Hz MFs for 1h, and the
effect size was similar at 25, 50 and 100 pT. Flat exposure—
response relationships have been previously reported for
other biological responses to ELF MFs [27,28]. Mannerling
et al. [17] measured immediate responses after an 1-h MF

flat exposure—response
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Figure 5. Exposure—response relationship for micronucleus formation (a,d), cytosolic superoxide level (b,e) and mitochondrial superoxide level (¢f) in human
SH-SY5Y neuroblastoma (a—c) and rat (6 glioma (d—f) cells exposed to 50 Hz MFs. The data for 10 and 30 T were pooled over all menadione (MQ) levels
from the results of the present study and are given as relative values (value observed in the MF exposed sample divided by the value measured in the corresponding
non-exposed sample), with 95% Cls. The data for 100 T (SH-SY5Y cells) were similarly calculated from the data of the previous studies by Luukkonen et al.

[14,15]. N = 15-21 (five to seven MQ levels, three replicate experiments).

exposure, whereas we measured responses after a 24 h
exposure. The results are therefore not directly comparable,
but it is nevertheless of interest that our results on the cyto-
solic superoxide level in C6 are consistent with those of
Mannerling et al., showing no dependency on MF intensity
between 30 and 10 pT. In any case, we did not identify a
threshold for the biological effects of 50 Hz MFs. If a
threshold exists, it must be 10 T or less. The type of sloping
exposure—response relationship observed for micronuclei
and mitochondrial superoxide indicates that effects with
decreasing effect size might occur down to the level
(0.4 pT) associated with human health effects in epidemiolo-
gical studies. However, experimental demonstration of
effects at such low field strengths will be challenging, as
very large groups are required to show statistically
significant effects, when the effect size is small.

The differences in the responses of the two cell lines are of
interest. Micronucleus frequency was statistically signifi-
cantly affected only in SH-SY5Y, while cytosolic and

mitochondrial superoxide levels were significantly affected
only in C6 cells. This shows that, although MF effects on
both cell lines were observed, the responses may vary
between cell lines. It should be noted that the differences
between the cell lines may be only quantitative, reflecting
different effect sizes in different cell lines: a slight increase
in micronuclei (possibly just not statistically significant
with this sample size) was seen in the MF groups also in
C6 cells (figure 2d). Similarly, mitochondrial superoxide
was slightly increased in the MF-treated groups in SH-SY5Y
cells (figure 4a,b) and was statistically significantly increased
at 100 wT in our previous study with SH-SY5Y cells [15].

In this study, superoxide levels were increased 3 h after
the end of the 24 h MF exposure, while no significant effects
were observed immediately after the MF treatment. This is
consistent with our earlier findings [15]. It should be noted,
however, that the statistical power to detect MF effects was
lower immediately after exposure: only two exposure
groups (MF and control) were compared in this case, whereas
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all the different MQ exposure levels contributed to the MF-
control comparison in measurements done 3 h after MF
exposure (figures 3 and 4). Mannerling et al. [17] reported
effects on the cellular superoxide level straight after a 1-h
MF exposure, indicating that immediate responses to short-
term MF treatment can also be observed. We have focused
on 24 h exposures, because of our previous studies showing
effects with this protocol and earlier results indicating that
a relatively long-term exposure (12 or 24 h) is needed for
MF effects on apoptosis [29]. This type of effect may require
some time to develop; they probably represent slower (poss-
ibly adaptive) responses to long-term MF “stress’, and there is
evidence that such effects may persist for a long time after the
MF exposure [15,29]. The relationship between the immediate
responses and the more slowly developing cellular changes
are not known at present.

The administration of MQ as a cofactor was based on
previous findings indicating that MF alters cellular responses
to MQ [13,14]. Menadione is a semi-quinone that undergoes
one-electron reduction in the mitochondrial respiratory
chain, followed by one electron transfer to molecular
oxygen, producing superoxide anions, essential oxygen rad-
icals [30], which at physiologically relevant levels are rather
non-reactive with DNA. Menadione probably causes non-
oxidative DNA damage [31] via activation of Ca**-dependent
nucleases [32]. Importantly, the results of the current study did
not show any interactions between MF and MQ in their effects
on cytosolic and mitochondrial superoxide levels, indicating
that the effect of the MF on these variables is independent of
the presence and dose of MQ (figures 3 and 4). This is consist-
ent with the findings of Luukkonen ef al. [15] and indicates that
these endpoints reflect the biological responses to MF alone,
which must occur during the 24h MF treatment that
alters responses to subsequent MQ exposure. As endpoints
responding to MF alone have now been identified, further
studies on the mechanisms of MF effects can be conducted
without co-exposure with MQ.

The radical pair mechanism (RPM) is considered as a
plausible mechanism for explaining the biological effects of
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