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ABSTRACT

Purpose The redox milieu, together with reactive oxygen species (ROS) accumulation, may play a role
in mediating some biological effects of extremely-low-frequency electromagnetic fields (ELF-EMF). Some
of us have recently reported that a pulsed EMF (PEMF) improves the antioxidant response of a drug-
sensitive human neuroblastoma SH-SY5Y cell line to pro-oxidants. Since drug resistance may affect cell
sensitivity to redox-based treatments, we wanted to verify whether drug-resistant human neuroblast-
oma SK-N-BE(2) cells respond to a PEMF in a similar fashion. Materials and methods SK-N-BE(2) cells
were exposed to repeated 2 mT, 75 Hz PEMF (15 min each, repeated 3 times over 5 days), and ROS pro-
duction, Mn-dependent superoxide dismutase (MnSOD)-based antioxidant protection and viability were
assessed after 10 min or 30 min 1 mM hydrogen peroxide. Sham controls were kept at the same time in
identical cell culture incubators. Results The PEMF increased the MnSOD-based antioxidant protection
and reduced the ROS production in response to a pro-oxidant challenge. Conclusions Our work might
lay foundation for the development of non-invasive PEMF-based approaches aimed at elevating
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endogenous antioxidant properties in cellular or tissue models.

Introduction

Scientific research is increasingly interested in clarifying the
details about the interaction between extremely-low-fre-
quency electromagnetic fields (ELF-EMF) and biological mod-
els. ELF-EMF have been proposed to alter major redox-based
biological pathways (Falone et al. 2007, 2008, Simké 2007,
Osera et al. 2015), partially through the expression of stress-
related proteins, such as the molecular chaperones involved
in protein folding (Mannerling et al. 2010, Osera et al. 2011).
Noteworthy, the antioxidant defense level is thought to be
strictly linked to cell fate (i.e. differentiation, proliferation, and
death) (Sharma et al. 2013, Chaudhari et al. 2014). The effort
of research groups worldwide is growing in the attempt to
discover novel non-invasive approaches to enhance antioxi-
dant protection designed for cell therapy. In this regard, ELF-
EMF-based deep brain stimulation has been proposed as a
treatment for neurodegenerative disorders (Laxton et al.
2010), and pulsed electromagnetic fields (PEMFs) have been
used in regenerative medicine and in the treatment of differ-
ent types of pain (Rohde et al. 2010, Ceccarelli et al. 2013).
Young rats showed a positive redox enzymatic response of
the mitochondrial Mn-dependent superoxide dismutase
(MnSOD), as well as an activation of neurotrophic signaling,

after 10 days exposure to ELF-EMF (Falone et al. 2008).
Based on these findings, we hypothesized that a PEMF stimu-
lation may evoke a cytoprotective response. In this context,
some of us have recently found that PEMF pre-conditioning
improves the antioxidant response of human neuroblastoma
SH-SY5Y cells to a pro-oxidant challenge (Osera et al. 2015).
Since drug resistance may alter cellular sensitivity to redox-
based treatments (Korner et al. 1994, Lindskog et al. 2004,
Veas-Perez de Tudela et al. 2010), this study was aimed at
verifying whether and how a drug-resistant human neuro-
blastoma SK-N-BE(2) cell line responds to PEMF exposure.

Materials and methods
Electromagnetic bioreactor

The electromagnetic bioreactor used in this study has been
previously described in terms of biological effects (Osera et al.
2011, 2015, Marchesi et al. 2014) and in terms of detailed dos-
imetry and physical parameters (induced electric field, induced
electric current, induced forces) (Mognaschi et al. 2014).

The set-up of the electromagnetic bioreactor was based
on two air-cored solenoids (Figure 1, panel A) connected in
series, placed inside a cell incubator and powered by a pulse
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Figure 1. In panel A, a photograph of the electromagnetic bioreactor used in our study is reported. In panel B, the experimental design followed. SK-N-BE(2) cells
were exposed to a 2mT, 75 Hz PEMF for 15 min (three treatments over 5 days); 24 h after the last treatment, cells were incubated with 1 mM H,0, for 10 or 30 min.
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Figure 2. Viable cell counts (cells/ml/10% of SK-N-BE(2) cells that were exposed
to a 2mT, 75 Hz pulsed electromagnetic field (PEMF) for 15 min, three times over
5 days (45 min overall), and then incubated with 1 mM H,0, for 10 or 30 min.
Results are expressed as means = SD, and were analyzed by two-way ANOVA
with Bonferroni post-hoc test. **p < 0.01, ***p < 0.001.

generator (Biostim SPT from Igea, Carpi, Italy). The solenoids
had a quasi-rectangular shape (length 17 cm, width 11.5cm)
and their planes were parallel with a distance of 10cm, so
that the cell cultures were placed 5cm away from each solen-
oid. In this configuration, the magnetic field (maximum mag-
netic flux density, 2.0+ 0.2mT; frequency, 75 *2Hz) was
perpendicular to the seeded cells.
In particular, in our experimental set-up:

(1) The pulse generator fed the two coils in series (each with
1000 copper turns) by a monophasic and nearly square
voltage (for details about the pulse shape, see Figure 2 in
Mognaschi et al. 2014) and each coil was approximately
characterized by an inductance L = 298 mH and a resist-
ance R = 272 Q; the temporal shape of the magnetic
induction was equal to that of the electric current (see
both Figures 2 and 7 in Mognaschi et al. 2014);

(2) The electric current in the coils’ wire ranged from 0 to
319mA in 1.36 ms (this current was equivalent to 0-319 A
in 1.36 ms flowing in each winding);

(3) In order to optimize the spatial homogeneity of the mag-
netic field, especially in the central region where the cells
were stimulated, the two coils were supplied by the same

electric current and their dimensions and distance were
comparable; the spatial homogeneity of the magnetic field
was both calculated in silico (Mognaschi et al. 2014) and
verified inside the cell incubator by means of Hall-effect
gaussmeter;

(4) The maximum electromagnetic energy density applied to
the cells was about 3.18 joule/m® and, using a thermo-
couple, we observed no PEMF-induced heating in the
measure of the temperature inside the culture wells
placed in the cell incubator;

(5) The electromagnetic apparatus was positioned in a Forma
Scientific Model 311 (Marietta, OH) cell incubator charac-
terized by metallic plates made by non-magnetic austen-
itic stainless steel; as a consequence, the incubator plates
did not affect the magnetic induction (for details, see the
Figures 8 and 9 in Mognaschi et al. 2014).

During the same time interval of the electromagnetic
stimulation, control cells (CTR) were placed into another but
identical incubator with no PEMF.

Cell culture

Human SK-N-BE(2) cells were provided by the American Type
Culture Collection (ATCC, Manassas, VA) and grown in Eagle’s
minimum essential medium, supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin, L-glutamine (2 mM),
non-essential amino acids (1mM), and sodium pyruvate
(1 mM) (all from Euroclone, Milan, Italy) at 37 °C, in an atmos-
phere of 5% CO, and 95% humidity. Cells underwent PEMF
exposure for 15 min (three treatments total, over 5 days); 24 h
after the last PEMF stimulation, cells were treated with 1 mM
H,0, (Sigma-Aldrich, Milan, Italy) for 10 or 30 min. The mito-
chondrial function was evaluated for the determination of the
optimal exposure condition. We used the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-
Aldrich). Briefly, control and treated cells (seeded into 96-well
plates at a density of 1.25 x 10%/well) were incubated with
MTT (final concentration of 1mg/ml) for 4h at 37°C. Then,
crystals were solubilized in 20% sodium dodecyl sulfate in
50% dimethylformamide overnight at 37°C. Absorbance val-
ues (595nm) were read in a microplate reader (model 550;
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Bio-Rad Laboratories, Milan, Italy), and results were expressed
as arbitrary units (A.U.).

Viable cell counting

After trypsinization, viable control and treated cells were
counted by an exclusion assay in a Burker hemocytometer
chamber, using a 1:1 dilution in 0.04% trypan blue (Sigma-
Aldrich). The results were expressed as cell number/ml/10°.

Reactive oxygen species (ROS) level measurement

Cells were seeded into 96-well plates (1.25 x 10%/well) and
processed for ROS measurement as follows. After H,O, treat-
ment, control and treated cells were washed with phosphate-
buffered saline (PBS), loaded with 10 uM dimethylsulfoxide-
resuspended fluorescent probe 2/,7’-dichlorofluorescein diace-
tate (DCFH-DA; VWR International PBI, Milan, Italy), and placed
in the incubator for 30 min. Cells were washed with PBS and
the fluorescent intensity was measured after 30 min with
SpectraMax Gemini microplate spectrofluorometer (Aexc
485nm; Aemi 530nm)  (model XS; Molecular Devices,
Wokingham, UK). ROS production was normalized on the cell
viability parameter.

MnSOD activity measurement

Control and treated cells were homogenized in 0.1 M phos-
phate buffer, pH 7, containing 0.1% (v/v) Triton X-100 (Sigma-
Aldrich), and centrifuged at 13,000 g for 30 min at 4°C. The
resulting supernatant was used for spectrophotometric meas-
urement of both enzymatic activity and protein content
(Bradford 1976). Total superoxide dismutase (tSOD) (oxidore-
ductases, EC 1.15.1.1) activity was assayed by following the
method of Sun and Zigman (1978). Briefly, an appropriate
amount of the supernatant was used to obtain about 50%
inhibition of the epinephrine auto-oxidation in a 50mM
NaHCOs (pH 10.2) buffer, in the presence of 0.1 mM ethylene-
diaminetetraacetate (EDTA) (all from Sigma-Aldrich). In order
to discriminate between the copper-zinc (Cu-ZnSOD) and the
manganese-containing  (MnSOD)  superoxide  dismutase
enzyme activities, the assay was repeated on the same sam-
ple after incubation with 0.4 vol of chloroform:ethanol (15:25)
to remove the MnSOD-related contribution (Paynter 1980,
Falone et al. 2008, Osera et al. 2015). MnSOD was calculated
by subtraction of the Cu-ZnSOD specific activity from that of
tSOD. All biochemical assays were performed as blind
experiments.

Statistics

All data were analyzed by using GraphPad InStat (GraphPad
software, Prism 6, La Jolla, CA). The experimental design
required two-way analysis of variance (ANOVA), with two
independent factors: exposure (CTR and PEMF) and H,0,
treatment (no, 10min and 30 min H,0, incubations). Results
were expressed as means * standard deviations (SD). When
significant statistical differences were found, Bonferroni
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post-hoc test was used. Differences were considered statistic-
ally significant with p < 0.05.

Results

In accordance with previous data (Osera et al. 2015), a prelim-
inary experiment indicated that a 72-h PEMF exposure
reduced the mitochondrial function of SK-N-BE(2) cells
(—17%, compared to control; p < 0.001 two-tailed unpaired t-
test), whereas experiments carried out with stimuli of 60, 30
or 15min, repeated three times over 5 days (3h, 90 min or
45min total, respectively), showed that the mitochondrial
function of cells was not changed only after the exposure to
the PEMF for 15min (45 min total) (data not shown). Hence,
all subsequent experiments were carried out by exposing the
cells to PEMF for 15min, three times over 5 days (45min
total).

In order to assess whether the PEMF pre-exposure was
able to modify the cellular response to the pro-oxidant H,O,,
24h after the last PEMF exposure SK-N-BE(2) cells were
treated with 1 mM H,0O, for 10 or 30 min (Figure 1, panel B).
We observed that the cell viability was reduced both after
10min (p <0.001) and 30 min (p < 0.001) H,0, incubations in
cells that were not pre-conditioned with the PEMF (Figure 2).
Interestingly, the cell number was not significantly reduced
by the H,0, challenge when cells were pre-conditioned in
presence of the PEMF (Figure 2), indeed significantly higher
cell counts were found after both the pro-oxidant challenges
(p < 0.01, PEMF vs. CTR). Accordingly, we found both a time-
dependent main effect (F(2, 53)=15.00; p<0.001) and a
PEMF-dependent main effect (F(1, 53)=13.55; p<0.001).
As well, a significant interaction effect was observed
(F(2, 53)=3.528; p<0.05). Count-related statistical analysis
was carried out with each experimental group formed by 10
replicates.

In cells not pre-conditioned with the PEMF, we observed a
strong increase of ROS level after the 10 min incubation with
H,0, (p<0.001), although ROS-dependent signal roughly
returned to the basal values (no H,0,) with the longer H,0,
incubation (Figure 3). In cells pre-conditioned with the PEMF,
we did not observe any increase of ROS level in response to
the H,0,; incubation (Figure 3). These results were confirmed
by the statistically significant difference (p<0.01) found
between PEMF-exposed SK-N-BE(2) cells after 10 min H,0,,
with respect to the corresponding not exposed samples
(Figure 3). Accordingly, we found a time-dependent main
effect (F(2, 96)=12.07; p<0.001), as well as a significant
interaction effect (F(2, 96) = 7.083; p < 0.01). ROS-related stat-
istical analysis was carried out with each experimental group
formed by 18 replicates.

As shown in Figure 4, cells not pre-conditioned with the
PEMF exhibited a strong decrease of the MnSOD specific
activity in response to the short-term H,0, incubation
(p <0.001), although the MnSOD specific activity roughly
returned to the basal values (no H,0,) with the long-term
pro-oxidant challenge (Figure 4). In PEMF-exposed cells the
MnSOD activity increased in a time-dependent fashion in
presence of H,0, (p<0.01, no H,O, vs. 10min H,0,;
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Figure 3. Reactive oxygen species levels (R.F.U.) of SK-N-BE(2) cells that were
exposed to a 2mT, 75Hz pulsed electromagnetic field (PEMF) for 15 min, three
times over 5 days (45 min overall), and then incubated with 1 mM H,0, for 10 or
30 min. Results are expressed as means = SD, and were analyzed by two-way
ANOVA with Bonferroni post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Specific activities of Mn-dependent superoxide dismutase of SK-N-
BE(2) cells that were exposed to a 2mT, 75Hz pulsed electromagnetic field
(PEMF) for 15 min, three times over 5 days (45 min overall), and then incubated
with TmM H,0, for 10 or 30 min. Results are expressed as means = SD, and
were analyzed by two-way ANOVA with Bonferroni post-hoc test. **p < 0.01,
***p < 0.001.

p <0.001, T0min H,0O, vs. 30min H,0,). The MnSOD-activat-
ing effect of the PEMF was confirmed by the significant differ-
ences found between control and exposed cells, at both 10
and 30min H,0, (p<0.001, CTR vs. PEMF) (Figure 4).
Consequently, we found a time-dependent main effect (F(2,
42)=489.1; p<0.001), as well as a significant PEMF-depend-
ent main effect (F(1, 42) =1222; p <0.001), along with a sig-
nificant interaction effect (F(2, 42)=237.1; p<0.001). The
ANOVA for MnSOD data was carried out with each experi-
mental group formed by 8 replicates.

Noteworthy, such a peculiar effect was strictly dependent
on the mitochondrial SOD, as the cytosolic SOD (Cu-ZnSOD)
contribution was not found to be activated by the pro-oxi-
dant compound (Supplementary Figure 1, panel A, available
online). As expected, in SK-N-BE(2) cells not pre-conditioned
with the PEMF the total superoxide dismutase specific activity

(tSOD) was found progressively decreased after H,O, incuba-
tions, whereas PEMF-exposed neuroblastoma cells exhibited
an increased tSOD specific activity as a result of the long-
term H,0, challenge (Supplementary Figure 1, panel B).

Discussion

Both our previous work on SH-SY5Y cells (Osera et al. 2015)
and this study on SK-N-BE(2) cells (Table 1) demonstrate the
involvement of MnSOD in the antioxidant response elicited
by the pulsed EMF in neuroblastoma cells. However, in SH-
SY5Y cells the PEMF caused the improvement of basal
MnSOD activity (Table 1), whereas SK-N-BE(2) showed a
strong PEMF-induced enhancement of mitochondrial super-
oxide dismutase activity in response to the pro-oxidant chal-
lenge. This may reflect the fact that drug-resistant SK-N-BE(2)
neuroblastoma cells exhibited higher basal MnSOD-depend-
ent antioxidant activity, with respect to drug-sensitive SH-
SY5Y cells (Osera et al. 2015), thus confirming the notion that
the higher antioxidant capacity seems to be associated with
more malignant phenotype and anticancer drug-resistance
(Chen et al. 2015). Coherently, the depletion of glutathione,
the major thiol-based antioxidant compound within cells, is a
common feature of many chemotherapeutic agents that are
currently used for highly malignant or multidrug resistant
cancers (Qin et al. 2013, Gao et al. 2014). A higher basal anti-
oxidant power may also explain why the PEMF pre-condition-
ing abolished the H,0,-induced boost in ROS levels in SK-N-
BE(2) cells only (Table 1). Indeed, the MYCN oncogene-ampli-
fied SK-N-BE(2) human neuroblastoma cell line was found to
be less affected by oxidative damage than MCYN-non-ampli-
fied SH-SY5Y cells (Veas-Perez de Tudela et al. 2010).
Moreover, the loss of function of p53, a major regulatory pro-
tein activated by cellular and environmental stressors (Maillet
& Pervaiz 2012), seems to be one of the main mechanisms
through which neuroblastoma develops multidrug resistance.
Accordingly, the drug-resistant SK-N-BE(2) neuroblastoma cell
line is known to harbor non-functional p53 (Keshelava et al.
2001), whereas drug-sensitive SH-SY5Y cells express the func-
tional (i.e., wild-type) form of p53 (Davidoff et al. 1992).
Coherently, p53 has been hypothesized as a critical factor
that may affect the cellular sensitivity to pulsed ELF field
(Czyz et al. 2004). The lack of functioning p53 may also
explain why p53-deficient SK-N-BE(2) cells displayed higher
basal mitochondrial antioxidant power, in comparison with
SH-SY5Y. In this regard, p53 is known to inhibit MnSOD
superoxide scavenging activity in nervous system model, thus
enhancing ROS production within the mitochondria (Zhao
et al. 2005, Nickel et al. 2014, Barone et al. 2015).

It is worthy of note that the SK-N-BE(2) is a cancer-derived
cell line, and an increase in antioxidant status of malignant
cells should be seen as a possible mechanism through which
PEMF may further endanger the health of oncologic patients,
particularly, when undergoing chemotherapy (Le Gal et al.
2015). However, we firmly believe that our work might con-
tribute to lay foundation for the development of non-invasive
approaches aimed at elevating endogenous antioxidant prop-
erties in cellular or tissue models.
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Table 1. Summary comparison of the results obtained on two neuroblastoma cell lines exposed to PEMF.

SH-SY5Y (drug-sensitive)®

SK-N-BE(2) (drug-resistant)

Experimental design
incubation with 1 mM H,0, for 10 or 30 min.

Cell viability PEMF prevented H,0,-induced cytotoxicity.
ROS levels
30 min.

MnSOD activity
challenge.

10 min (4 treatments over 7 days); 24 h after the last treatment,

PEMF reduced ROS levels in cells incubated with H,0, for

PEMF maximized MnSOD activity, regardless of the pro-oxidant

15min (3 treatments over 5 days); 24 h after the last treatment,
incubation with T mM H,0, for 10 or 30 min.

PEMF prevented H,0,-induced cytotoxicity.

PEMF abolished ROS increase upon incubation with H,0,.

PEMF boosted MnSOD-based response to H,0.

?Osera et al. (2015).
Conclusions

We here demonstrate that a 2mT, 75Hz PEMF exposure
(15min each, repeated three times over 5 days) was able to
improve cellular resistance against a pro-oxidant stimulus in a
SK-N-BE(2) human neuroblastoma cell line, and that such an
effect seems to be related to the increase of mitochondrial
antioxidant protection against the superoxide anion. Yet
showing specific response profiles, our findings extend to the
drug-resistant SK-N-BE(2) neuroblastoma cells our previous
conclusions drawn on the drug-sensitive SH-SY5Y cell line
(Osera et al. 2015). Despite the intrinsic limit of our study,
which was carried out using a tumor-derived cell line, yet
very commonly used in cell biology research, we here provide
a valid proof of concept showing that PEMF may be consid-
ered as means through which the cellular antioxidative cap-
acity may be improved.
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