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Abstract Parkinson’s disease (PD) is a neurodegenerative
disorder characterized by dopaminergic neuron loss, with an
etiopathogenesis involving both genetic and environmental
factors. The occupational/residential exposure to the electro-
magnetic fields has been recently associated with an increased
risk of neurodegenerative diseases; it has been thus proposed
that the extremely low frequency magnetic field (ELF-MF)
may contribute to neurodegenerative etiopathogenesis, as its
interaction with biological systems directly impairs redox ho-
meostasis in specific areas of the brain. The molecular mech-
anisms elicited by ELF-MF, and their potential involvement in
PD onset, still remain unclear. To this end, we set up a gener-
ator of ELF-MF able to stably and homogeneously reproduce
environmental prolonged exposure to ELF-MF (50 Hz, 1 mT).
Results obtained indicate that ELF-MF exposure alters cell
response of SH-SYS5Y cells to MPP". We demonstrate that
ELF-MF does not affect per se survival, shape, and morphol-
ogy of both proliferating and differentiated SH-SYS5Y cells
but significantly impairs redox homeostasis and thiol content,
triggering an increase in protein carbonylation. As a result,
toxicity of MPP", even at low doses, is highly enhanced in
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ELF-MF-exposed cells due to a significant increase in ROS
levels, potentiation of oxidative damage, and induction of a
caspase-dependent apoptosis. Pre-incubation with the thiol
antioxidants N-acetyl-L-cysteine and GSH ethyl-ester signifi-
cantly reduces the extent of oxidative damage and protects
cells from death induced by the combined treatment ELF-
MF/MPP*. Taken overall, our results demonstrate the redox-
based molecular interaction between ELF-MF and PD neuro-
toxins in vitro, and open a new scenario for defining the syn-
ergy of environmental factors in PD onset.
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Abbreviations

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

B field Induction magnetic field

BSO Buthionine-S,R-sulfoximine
CMFDA 5-chloromethylfluorescein diacetate
DAergic Dopaminergic

DHE Dihydroethidium

E field Electric field

ELF-MF Extremely low frequency magnetic fields
GSH Reduced glutathione

GSHest Reduced glutathione ethyl ester
H,-DCFDA 2',7'-Dichlorofluorescin diacetate

LBs Lewy bodies

MFI Mean fluorescence intensity

MPP" 1-methyl-4-phenylpyridinium

MPTP Methyl-4-phenyl-1,2,3,6-tetra-hydropyridine
NAC N-Acetyl-L-cysteine
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PD Parkinson’s disease

PI Propidium iodide

PMA Phorbol 12-myristate 13-acetate
RA Retinoic acid

RMS Root-mean-square

ROS Reactive oxygen species

SN Substrantia nigra
Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder char-
acterized by the progressive loss of dopaminergic (DAergic)
neurons in the substrantia nigra (SN) pars compacta with a
concomitant accumulation of intra-cytoplasmic neuronal in-
clusions (Lewy bodies, LBs) of x-synuclein [1].

The neurodegenerative mechanisms underlying PD have
not yet been exhaustively elucidated, albeit, among the main
responsible events for nigral neurons degeneration and death
[2], current hypotheses include the following: (i) oxidative
stress through mitochondrial dysfunction, (ii) accumulation
of transition metals, (iii) dysfunction of protein folding quality
control, (iv) inflammation and depletion of neurotrophic sup-
ports, and (v) deficits in antioxidant defense mechanisms. All
these molecular defects are likely to cooperate in irreversibly
damaging DAergic neurons in a complex molecular cross-talk
leading to death [3].

Although free radicals are essential for physiological pro-
cesses, especially in brain metabolism, the high metabolic rate
and the polyunsaturated fatty acids-rich composition make
this organ more sensitive to oxidative stress-driven degenera-
tion [4]. Specific types of oxidative damage are indeed report-
ed in the SN of PD patients, although they are not restricted to
this brain region [5]. As the sources of the majority of energy
production and endogenous ROS production, mitochondria
play a key role in the functioning and survival of neurons in
the brain, the most energy-intensive organ in the human body.
The involvement of mitochondrial dysfunction as a causal
factor of PD is well supported by observations in patients [2,
6]. Cysteine thiols and reduced glutathione (GSH) being the
master redox buffers and cofactor in signal transduction, anti-
oxidant and electrophile defense, dysregulation of their ho-
meostasis is believed to contribute to initiation and progres-
sion of neurodegenerative diseases, including PD [7].

PD is thought to have a multifactorial etiology, frequently
including both genetic and environmental factors [8, 9]. Epi-
demiologic and toxicological studies have shown that envi-
ronmental agents, mainly pesticides and heavy metals, repre-
sent primary classes of neurotoxic agents associated with PD
[10, 11]. More recently, several reports indicate that occupa-
tional exposure to electromagnetic fields might be associated
with an increased risk of neurodegenerative diseases, mainly
Alzheimer’s disease (AD) and amyotrophic lateral sclerosis
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(ALS) [12—15]; however, the epidemiological evidence
supporting an univocal association between PD and exposure
to electromagnetic fields remains poor and controversial [15,
16]. In this context, ELF-MF (between 1 Hz up to 100 kHz,
originating from power lines and household appliances, as
well as welding machines, induction heaters, and transport
systems) has been the factor generating most attention in neu-
rodegenerative etiopathogenesis, as the interaction between
ELF-MF and biological systems directly involves oxidative
stress, in particular through the radical-based mechanism
[17]. The molecular feature potentially associating ELF-MF
with neurodegeneration relies on the redox imbalance which
they trigger in brain [15, 18-21]. Despite this hypothesis,
in vitro and in vivo experimental findings, which aim specif-
ically at disclosing the potential PD/ELF-MF correlation, are
still sparse and inadequate [15].

Our purpose was to assess whether exposure to ELF-MF
might alter the response of the SH-SY5Y human neuroblasto-
ma cell line to MPP" (1-methyl-4-phenylpyridinium), a spe-
cific in vitro PD model. Several neurotoxic chemicals are used
to damage dopaminergic cells in vitro and in vivo and induce
PD-like symptoms, mainly the synthetic compounds methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [22, 23]. MPTP
induces Parkinsonism in humans and primates [24], via its
active metabolite MPP" accumulating within the mitochon-
dria, interferes with complex I of the electron transport chain,
promotes the generation of reactive oxygen species (ROS),
and eventually leads to neuronal cell death [23-25]. Here,
we demonstrate that ELF-MF alters cellular redox homeosta-
sis and thiol content in both proliferating and DA-
differentiated SH-SYSY cells, without affecting their growth
and survival. We provide evidence that if administered before
MPP" treatment, ELF-MF sensitize cells to MPP -induced
toxicity through the induction of a massive oxidative stress
and caspase-dependent apoptosis.

Taken as whole, our data attempt to provide a new perspec-
tive for interpreting the role of the environment in PD onset and
focus on concern over exposure to EMFs as a potential envi-
ronmental pollutant and novel risk factor in neurodegeneration.

Materials and Methods
Chemicals

Culture media, serum and supplements, trypsin-EDTA, phos-
phate buffer saline (PBS), and Hank’s balanced salt solution
(HBSS) were obtained from Euroclone (Milan, Italy). Hydro-
gen peroxide (H,0O,), 1-methyl-4-phenylpyridinium iodide
(MPP"), all-trans retinoic acid (RA), phorbol 12-myristate
13-acetate (PMA), L-buthionine-sulfoximine (BSO), N-
acetyl cysteine (NAC), ethylene-diamine-tetra-acetic acid
(EDTA), glutathione ethyl ester (GSHest), dimethyl sulfoxide
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(DMSO), RNAse A, Triton X-100, Trypan blue solution (0,
4 %), and Propidium Iodide (PI) were purchased from Sigma-
Aldrich (Milan, Italy).

The fluorescent probes dihydroethidium (hydroethidine,
DHE), 2',7'-dichlorofluorescin diacetate (H,-DCFDA), and
CellTracker™ Green CMFDA (5-Chloromethylfluorescein
Diacetate) were obtained from Molecular Probes (Life Tech-
nologies, Grand Island, NY, USA).

Cell Culture and Differentiation

Human SH-SY5Y neuroblastoma cells were purchased from the
European Collection of Cell Culture, cultured in complete
Dulbecco’s modified Eagle’s medium/Ham’s F12 (DMEM/F12
(50:50 mix, Euroclone), supplemented with 10 % heat-
inactivated fetal bovine serum, 2 mM L-glutamine, 100 pg/ml
penicillin-streptomycin, and kept in culture up to 15 passages.
The cells were maintained at 37 °C ina 5 % CO, atmosphere in
air and routinely trypsinized and plated at 4 x 10*/cm? on flasks.
Cell viability was assessed by Trypan blue dye exclusion.

At 60-70 % confluence, cells were sub-cultured and differ-
entiated into a dopaminergic phenotype with 5 uM RA for the
first 3 days, followed by 80 nM PMA for further 3 days in
reduced serum condition (5 %) [26]. The dose of 5 UM RA
was selected in the range between 1 and 10 uM as it allowed a
detectable expression of dopamine transporter and tyrosine
hydroxylase without severely affecting cell viability.

Exposure System

The ELF-MF exposure system consists of two couples of
square coils (two coils for each system) designed in Helmholtz
configuration (Fig. 1a) [27]. This provides higher B-field
levels with improved homogeneity. The coils have a side
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Fig. 1 Representation of the ELF-MF exposure device and B field geom-
etry. a The actual ELF exposure system placed inside the incubator is shown.
b The exposure setup geometry used for electromagnetic simulations. ¢ The

length (L) of 38 cm, and they are placed 12 cm apart (d)
component, as shown in Fig. 1b. The coil section is square
with a side of 2 cm (s) (Fig. 1b) and is composed of 25 cable
turns. Each cable is made of copper with two wires with a
diameter of 2.5 mm.

The coils are connected to a Variac (40NC) for voltage feed-
ing and current circulation within the cable turns. The two sys-
tems are used for B-field and sham exposure of the biological
samples at the same time, thus allowing blind experimental
conditions. The coil double wire configuration is used for sham
exposure implementation, which makes it possible to obtain a
null B-field, using currents flowing in opposite directions [28].
In particular, sham samples are placed in the exposure system in
the same position as the exposed ones. Each device is placed
inside a standard incubator to ensure suitable environmental
conditions for cell maintenance (Fig. 1a). In order to guarantee
the temperature stability (37 °C) inside the incubators, a refrig-
erating system, consisting of water from two separate thermo-
static baths and circulating in plastic tubes surrounding the
coils, was set-up to prevent heating due to ohmic losses, thus
maintaining the temperature of both B-field and sham-exposed
samples at 37.0+£0.2 °C. Temperature was monitored in the
exposure volume of each incubator by two T-thermocouple
probes (SENSORTEK Inc, Clifton, NJ, USA, placed in a dum-
my Petri dish and in air.

The B-field produced by these systems, at the operating
frequency of 50 Hz, was set at 1| mT (RMS) for a supplied
current of 3.4 A. The sham exposures were performed with a
small residual B-field amplitude of about 0.3 uT (RMS),
representing the background field emitted by the incubator
electronics. B-field measurements in the center volume of
the two coils arranged coaxially were performed with an iso-
tropic probe (ELT400; Narda, Pfullingen, Germany) in both
configurations. To define the B-field homogeneity within the
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B field distribution within the exposure setup is shown. The B field stream-
lines are visible in black, the computed mean B field values is 0.95 mT in
optimum agreement with the measured field level
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exposure setup and the induced E field values within the cul-
ture samples contained in Petri dishes, as recommended by
Kuster and colleagues for high quality control of EMF expo-
sure systems and protocols [29], numerical simulations were
carried out. The exposure system was analyzed using finite
element approach (Fig. 1b), and an equivalent current density
distribution was used to supply the coils at 50 Hz.

Different sets of simulations were carried out, considering
both the empty coils and with the biological samples
contained in Petri dishes inside. In the empty structure, the
B-field distribution and its homogeneity were evaluated, con-
sidering different exposure volumes. The variation coeffi-
cients (VC), defined as the ratio between the simulated stan-
dard deviation and the B field mean value, were computed
inside the empty structure for different exposure volumes to
arrange stacks of Petri dishes. Specifically, a good homogene-
ity level (VC=95 %) was observed for B-field in a large vol-
ume, 20x20x 10 cm® (Fig. 1¢), thus making the system espe-
cially suitable for controlled exposures of a wide number of
in vitro samples. Therefore, on the basis of simulation indica-
tions, the biological samples were placed within such an ex-
posure volume. Then, the Petri dishes (60 mm) were simulat-
ed inside the coils. Each dish was filled with 4 mL of sample
liquid comparable to the volume used during real cell cultur-
ing; a sample culture medium relative permittivity equal to 78
and an electric conductivity of 0.5 S/m at 50 Hz was used in
simulations. The Petri dishes were positioned in two stacks of
five containers each, and placed with their bottom layer par-
allel to the B-field direction (B-field streamlines visible in
Fig. 1c). The induced E-field distribution was evaluated to-
gether with the homogeneity level within each Petri dish and
in the whole culture medium volume. Results showed that the
biological samples were exposed to an induced E-field of low
intensity, nearly 0.5 mV/m (RMS) with a homogeneity of
about 95 % for adherent cells at the bottom layer of the dish.

Globally, our experimental and numerical data guaranteed
proper positioning of the biological samples throughout all the
experiments and under rigorously controlled and repeatable
exposure conditions.

ELF Exposure and Cell Treatments

For ELF-MF exposure (50 Hz, 1 mT), cells were seeded in 60-
mm Petri dishes and placed in either ELF-MF or sham incu-
bator (under blind condition) 24 h after plating. Cells
underwent a continuous exposure to ELF-MF/sham over a
time window of 6-72 h. MPP" stock (100 mM in DMSO)
was diluted to reach 0.1 to 5-mM concentrations in complete
medium before each single experiment. In both proliferating
and differentiated conditions, MPP" was administered after
24 h of sham/ELF-MF exposure and left in the medium for
further 624 h until analyses. Over treatment with MPP™, the
exposure system was kept switched-off. For the recovery
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experiments, MPP" was removed from the cell media, and
replaced with fresh complete medium.

BSO, NAC, and GSHest were dissolved in PBS to 100-mM
stock and filtered, then diluted with serum-free DMEM/F12
medium to final concentrations and maintained throughout
the experiment. Since GSH solution is highly acidic, pH was
adjusted with 7.5 % NaHCO;. BSO was added 24 h prior to
MPP" administration, whereas GSHest and NAC 6 h before.

Flow Cytometric Analysis

A FACScan flow cytometer (Becton Dickinson, Bedford,
MA, USA) equipped with a 488-nm argon laser was used
for the flow-cytometric analysis. Forward (FSC-H) and side
scatters (SSC-H) were used to establish size and granularity
parameters, respectively, and to exclude cellular debris from
the analysis, in order to delimitate the integer/healthy cells
gate (defined R;). Only cells contained in the R; region were
included in the fluorescence analysis.

The excitation wavelength was set at 488 nm. The obser-
vation wavelength of 530 nm was chosen for green fluores-
cence and 585 nm for red fluorescence, and the intensities of
emitted fluorescence were collected on FL1 and FL2/3 chan-
nels, respectively. In each measurement, a minimum of 10,000
cells were analyzed. Data were acquired and analyzed using
the Cell Quest software (Becton Dickinson). For fluorescence
data analysis, the mean fluorescence intensity (MFI) was cal-
culated for each sample as the ratio between the mean fluo-
rescence value in the channel of the probe-labeled cells versus
the unstained ones (negative).

Determination of ROS To quantify ROS generation, cells
were stained with DHE and H, DCFDA in order to detect
superoxide and H,O,, respectively. Cells were quickly
scraped on ice, washed twice in cold PBS, and re-suspended
in either 5 uM DHE (20’, 37 °C in the dark, in PBS) or 5 uM
H,DCFDA (30', 37 °C in the dark, in HBSS). After a final
wash in PBS, cells were immediately transferred into a tube on
ice for flow cytofluorometric analysis [30, 31].

Detection of the Cellular Thiol Content CellTracker™
Green CMFDA was dissolved in DMSO (1:100v/v), and
stored at 4 °C in the dark. Cells were stained in complete
medium with 1 ptM CMFDA at 37 °C, 10, in the dark, washed
in PBS and transferred into a tube on ice for flow
cytofluorometric analysis [32].

Apoptosis Assessment Apoptosis was evaluated by either
Annexin V/PI double staining (FITC Annexin V/Dead Cell
Apoptosis kit, Molecular Probes) or by propidium iodide (PI)
staining performed upon ethanol fixation [33].

For annexin labeling, cells were simultaneously incubated
with the Annexin-V-FITC and PI, according to the
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manufacturer’s instructions. Propidium iodide-negative cells,
displaying a positive fluorescence for the Annexin V-FITC
staining, were gated and considered as apoptotic (AnnV /PI).
Treatment with staurosporine (1 uM, 24 h) was used as positive
control for condition setup and gating. The Annexin V'/PI" cells
are recorded as very late apoptotic/necrotic and have been ex-
cluded from the analysis [34].

The determination of hypodiploid (Sub-G,, apoptotic) nu-
clei was carried out by staining fixed cells with PI (50 pg/ml)
in a mix containing RNAse A (50 pg/ml), Triton X-100
(0.1 %), and EDTA (0.1 mM) in PBS, in the dark, for
60 min at room temperature.

Caspase Cleavage Caspase activation was assessed by the
CellEvent™ Caspase-3/7 Green Detection kit (Molecular
Probes), according to manufacturer’s instruction. Briefly, 1 x
10° cells were labeled with 5 uM of the detection reagent
(freshly diluted) in complete medium, for 30 min, at room
temperature in the dark, counterstained with PI (10 pg/ml),
and immediately analyzed by flow cytometry. As the green
dye emits fluorescence only if cleaved by the active caspase-3/
7, the percentage of CellEvent™-"/PI™ cells were gated and
recorded as active caspase-3/7-containing cells [35]. Treat-
ment with staurosporine (I pM, 24 h) was used as positive
control for condition setup and gating.

Western Blotting

Cells were resuspended in lysis buffer containing 50 mM Tris-
HCI (pH 8.0), 150 mM NaCl, 1 % NP-40, and 12 mM Na-

deoxycholate (Sigma) supplemented with protease and phos-
phatase inhibitors cocktail (Merck, Germany). Lysates were
centrifuged at 13,000 rpm for 10 min at 4 °C to discard cellular
debris. Protein concentration was determined by the Lowry
protein assay (Bio-Rad Laboratories, Hercules, CA, USA).
Proteins were separated by SDS-PAGE and transferred to ni-
trocellulose membranes (GE Healthcare Life Science, Europe)
that were probed with the following antibodies: anti-PARP1,
anti-tubulin (SIGMA), and anti-actin (Santa Cruz). After
immuno-staining with appropriate secondary horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse antibod-
ies (SIGMA), bands were revealed by a Fluorchem Imaging
system (Alpha Innotech, San Leandro, CA, USA), using the
Amersham ECL detection system (GE Healthcare Life Sci-
ence) and quantified by densitometry.

Protein Carbonylation Carbonylated proteins were detected
using the Oxyblot Kit (Intergen, Purchase, NY) after reaction
with 2.4-dinitrophenylhydrazine (DNP) for 15 min at 25 °C.
Samples were then resolved by 10 % sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and DNP-
derivatized proteins were identified by immunoblot using an
anti-DNP antibody [31].

Statistical Analysis

All data are expressed as mean+SD calculated in N>3 repli-
cates. Statistical analyses were performed using the non-
parametric two-way ANOVA-Friedman test. P values <0.05
were considered statistically significant.
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Fig. 2 ELF-MF exposure does not affect proliferation, morphology, and
viability of proliferating SH-SY5Y cells. Evaluation of a cell growth, b size/
morphology performed by flow cytometry (FSC-H vs SSC-H), ¢ viability
(Trypan blue exclusion), and d apoptosis by PARP1 cleavage (molecular
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masses are given in kDa on the left), carried out in proliferating SH-SY5Y
cells following 6-72 h of continuous exposure to either ELF-MF or sham.
Values are means+SD (N=7). The immunoblot is a representative of differ-
ent experiments giving similar results
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Results

Exposure to ELF-MF Alters Redox Homeostasis and
Leads to Protein Carbonylation in SH-SY5Y Cells We first
characterized the biological response of proliferating SH-
SYS5Y dopaminergic cells to the ELF-MF (50 Hz continuous
wave frequency, 1| mT RMS amplitude), over a time window
of 6-72 h of continuous exposure. The characteristics of the
exposure setup and electromagnetic field geometry are de-
scribed in detail in Fig. 1. As reported in Fig. 2a—c, exposure
to ELF-MF did not induce any phenotypic change in terms of
growth, cell morphology/size, and viability. Moreover, no ap-
optosis activation was observed in cells upon ELF-MF or
sham exposure, as demonstrated by the absence of PARP1
cleavage (Fig. 2d).

ELF-MF has been reported to affect redox state in brain
[15, 18-21]. Therefore, to verify whether the presence of
ELF-MF might trigger ROS generation also in our
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Fig. 3 ELF-MF exposure alters the redox balance and induces protein
carbonylation in proliferating SH-SYSY cells. Flow cytometric analysis of
ROS generation carried out by a DHE (5 uM in PBS, 20/, 37 °C in the dark)
and b Hy-DCFDA (5 uM in HBSS, 30', 37 °C in the dark) viable labeling. ¢
Evaluation of intracellular content of thiols performed by CMFDA labeling
(1 uM in PBS, 37 °C, 10', in the dark). Data are expressed as the ratio of the
mean fluorescence intensity (MFI) calculated in the ELF vs Sham-exposed

@ Springer

Fig. 4 ELF-MF exposure increases the susceptibility to the MPP" toxin. P>
Analysis of the relative proliferation index and viability (Trypan blue
exclusion) carried out in proliferating SH-SYSY cells undergoing a ELF-
MF/sham exposure plus MPP" treatment (ranging from 0.1 to 2.5 mM for
24 h), and b same schedule as in a followed by 24 h of recovery in fresh
medium. Evaluation of apoptosis carried out by ¢ Annexin V/PI staining, d
immunoblot of PARPI cleavage, and e caspase 3/7 activation, in cells
undergoing ELF/sham plus MPP" treatment (indicated doses, 24 h). In
the representative FACS dot plots reported in the figure (out of three
other experiments leading to similar results), apoptotic cells are referred
as the Annexin V/PI" (highlighted in the box with percentage) also
displaying a positive labeling for casapse3/7 specific probe (shown in the
box with relative percentage). Values are means+SD (N=3). *P<0.05,
**P<(.01 calculated in ELF-MF vs sham-exposed cells

experimental model, we measured superoxide and hydrogen
peroxide by both DHE (dihydroethidium) and H,-DCFDA
(2',7"-dichlorofluorescein diacetate) staining, respectively. Re-
sults shown in Fig. 3a-b clearly indicate that, at each time
point analyzed, ELF-MF exposure induced a small but
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ELF-MF/sham treatment. Values are means+SD (N=4). *P<0.05,
**P<0.01 calculated in ELF-MF vs sham-exposed cells. Immunoblot and
FACS plots reported in the figure are each from a typical experiment repre-
sentative of four others giving similar results
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measurement has been carried out by the use of CMFDA (5-
chloromethylfluorescein diacetate), a probe reacting with free
sulfhydryls, such as GSH, which represents the main
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intracellular thiol acting as ROS scavenger [32]. Figure 3¢
shows that CMFDA fluorescence significantly and irreversibly
decreased in SH-SYSY dopaminergic after exposure to ELF-
MEF. Moreover, under these experimental conditions, SH-
SYS5Y cells displayed a clear and massive increase in total
protein carbonylation (Fig. 3d), a covalent irreversible post-
translational modification used as specific biomarker of oxida-
tive damage [36].

ELF-MF Exposure Sensitizes SH-SY5Y Cells to MPP"
Challenge SH-SYSY cells mimic many aspects of the
DAergic neuron death observed in PD when treated with neu-
rotoxins such as MPP" [37, 38]. In accordance with previous
reports, we verified that MPP" treatment was able to trigger
SH-SYSY cell death via the activation of caspase 3/7, the
induction of p53 and downstream gene expression (e.g.,
p21/puma/bax), and the generation of ROS in a dose-
dependent manner (0.1-5 mM range) (Online Resource 1).
On the basis of these results, we used MPP™ in combination
with ELF-MF in order to verify whether the ELF-MF-driven
redox imbalance might alter SH-SYSY cell response profile to
MPP". The administration schedule consisted in 24 h of con-
tinuous ELF-MF exposure, followed by 6-to-24 h treatment
with MPP". As reported in Fig. 4a, growth inhibitory and
cytotoxic effects elicited by MPP" were significantly potenti-
ated when cells were pre-exposed to ELF-MF. This phenom-
enon was particularly evident at low doses of MPP" (0.1 mM),
and even more sustained in the recovery experiments
(Fig. 4b), indicating that the ELF-MF-induced oxidative stress
irreversibly primed the cells to cell death induced by MPP".
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Fig. 5 ELF-MF-induced enhancement of MPP" toxicity is associated
with an increased oxidative stress. a Evaluation of ROS generation
carried out in cells, treated with the indicated doses of MPP", by H,-
DCFDA viable labeling and FACS analysis. The data are presented as
MFI ratio of ELF-MF vs sham. Values are means+SD (N=4, *P<0.05).
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Fig. 6 ELF-MF potentiates the MPP" toxicity in differentiated SH- P>
SYS5Y. a Proliferative response to different doses of RA/PMA
combination treatment in the SH-SYSY cells. b Schematic description
of the administration schedule applied to cells for RA/PMA
differentiation and combined ELF/MPP" treatment. Evaluation of ¢ cell
growth, d size/morphology by FACS analysis, e viability (trypan blue
exclusion), and f ROS generation/thiol content carried out by FACS
assessment in the differentiated SH-SYS5Y cells following 24-72 h of
continuous exposure to either ELF-MF or sham. Assessment of
apoptosis occurring in differentiated SH-SY5Y cells, following ELF/
sham exposure (24 h) plus MPP" treatment, by means of g Annexin
V/PI viable staining, caspase-3/7 activation, and h analysis of the sub-
G (pyknotic nuclei) percentage by flow cytometry. Values are means=+
SD (N=3). *P<0.05, **P<0.01 calculated in ELF-MF vs sham-exposed
cells. PI plots reported represent a typical experiment out of three leading
to similar results

At the molecular level, we observed that ELF-MF-
induced enhancement of MPP™" toxicity was due to an
increased rate of apoptosis. Indeed, at any dose of MPP"
employed, the percentage of annexin V'/PI_ (apoptotic)
cells was higher in SH-SYSY cells pre-exposed to ELF-
MF with respect to the sham control (Fig. 4c). These
results were consistent with those obtained upon Western
blot analyses of PARP1 cleavage (Fig. 4d), and coherent
with the percentage of caspase-3/7-activating cells, which
was higher if cells were pre-exposed to ELF-MF (Fig. 4e).
However, any differences was lost when higher MPP"
concentration (2.5 mM) was administered to the cells,
indicating that, in these conditions, there was no further
modulation of MPP" toxicity.
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——— s B Actin

The H,-DCFDA fluorescence figure is a representative mono-parametric
diagram out four different experiments with similar results. b Protein
carbonylation analysis performed in the ELF/sham exposed cells,
undergoing treatment with 1 mM of MPP" drug. The immunoblot is a
representative of different experiments giving similar results
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dox state. Therefore, in order to understand whether ELF-MF-
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mediated potentiation of MPP" toxicity was related to oxida-
tive conditions, we analyzed ROS production and protein car-
bonylation. Results shown in Fig. 5a indicate that ELF-MF
pre-exposure induced a significant increase of ROS levels

with respect to the sham-exposed control. In line with this
evidence, the combined treatment (ELF-MF plus MPP") re-
sulted in a further increase of protein carbonylation, when
compared to ELF or to MPP" alone (Fig. 5b).

—o—KH 0

a
ELF-MF-exposed SH-SY5Y
2 3 3 A
(ELF-MF+NAC) (ELF-MF+GSHest)
. vs Sham vs Sham
’ 3
w2 2 4
o (6]
a a *
5 NAC £ 1 *
® =
e \ 8
[ ® 1 M 1 ’M
GSHest I ; Control ™
E \ A / = 24h 48h 72h 24h 48h 72h
,’M
i - /ol ) o)  Exposure time 0 Exposure time
H,-DCFDA fluorescence
b
100 4
100 4 0 Sham o Sham
OELF-MF 0ELF-MF
80 ANAC+ELF-MF 80 1 ©GSHest+ELF-MF
5 % S
R <
Py 2 60 -
[2] * =
= 60 - %} 8
© L
a a
s 2 40
Z 40 - ** = o
C C
< <
20 1
ol 3 %
0 ———— ‘ 0 ‘ w ‘
0 0.5 1 0 0.5
MPP* (mM) MPP* (mM)
(o
Sham ELF-MF GSHest+ELF-MF NAC+ELF-MF
MPP+ MPP+ MPP+ MPP+
s %SubG,(M,) . . N
@ 8,9+1,9 53,3+6,2 22,8+5,9 28,5+6,4
g,
ot

@ Springer

DNA content (PI fluorescence)




Mol Neurobiol (2016) 53:4247-4260

4257

<« Fig. 7 Thiol redox state imbalance contributes to ELF-MF-induced
sensitivity to MPP*. Either NAC (I mM) or GSHest (1 mM) have been
added to culture media 6 h before ELF/sham switching-on. After 24 h of
continuous exposure, cells have been given MPP" for 624 h and
immediately analyzed by flow cytometry. a Evaluation of ROS generation
performed by H,-DCFDA viable labeling at 24, 48, and 72 h of continuous
ELF/sham exposure. The FACS plot (left) represents the H,-DCFDA
fluorescence after 24 h of ELF-MF exposure, and is a typical one out of
three experiments with similar results. The histograms (right) show the H,-
DCFDA MF1 ratio calculated in the NAC/GSHest-ELF vs sham. Values are
means=SD (N=3, *P<0.05). Assessment of the MPP"-induced apoptosis
carried out by b Annexin V/PI staining of viable cells, and ¢ evaluation of the
sub-G; population with pyknotic nuclei, carried out by flow cytometry in
cells treated with the indicated doses of MPP™ for 6 h (b) and 24 h (c). Values
are means+SD (N=3). *P<0.05, **P<0.01 calculated in the NAC/GSH-
ELF-MF cells vs ELF-MF counterpart. PI histograms reported are from one
typical experiment out of three leading to similar results

ELF-MF is Able to Potentiate MPP" Toxicity in Differentiated
SH-SYSY In order to extend our results and to better mimic
physiological conditions, we differentiated SH-SYSY cells by
sequential incubations with retinoic acid (RA) (5 uM, 3 days)
and phorbol 12-myristate 13-acetate (PMA) (80 nM, 3 days)
[26, 37, 38], and then subjected the cells to ELF-MF exposure
(Fig. 6a). This dose/time combination was chosen in order to
obtain a DAergic phenotype by stimulating the expression of
dopamine transporter and tyrosine hydroxylase [26, 38, 39],
without severely affecting cell viability (Fig. 6b).

Exposure of differentiated SH-SY5Y to ELF-MF displayed
no difference with respect to the sham-exposed control in
growth rate, size/morphology, and viability (Fig. 6¢c—). Con-
versely, we observed an increase in both DHE and H,-
DCFDA fluorescence, together with a decline in the thiol con-
tent (Fig. 6f). As previously observed, we verified that this
condition prepared the way for potentiating MPP" toxicity.
However, at variance with proliferating SH-SYS5Y, higher
range of doses should be used in differentiated cells to trigger
apoptosis via the activation of caspase3/7 (Fig. 6g). Matching
these lines of evidence, we also observed a significant increase
in the percentage of sub-G; (apoptotic) population after 24 h
treatment with 5 and 10 mM MPP" (Fig. 6h). In particular,
cytofluorometric analyses upon nuclear staining with
propidium iodide highlight the higher sensitivity of differen-
tiated SH-SYSY pre-exposed to ELF-MF with respect to the
sham-exposed control, confirming that ELF-MF sensitized
dopaminergic neuronal cells to MPP" toxicity.

Thiol Redox State Imbalance Contributes to ELF-MF-
Induced Sensitivity to MPP" In order to confirm the pivotal
role of oxidative stress as triggering event induced by ELF-
MF and underlying susceptibility of SH-SY5Y to MPP", we
modulated the intracellular thiol pool and analyzed any change
in cellular response. As expected, inhibition of GSH de novo
synthesis by 24-h incubation with 0.1-5 mM buthionine-
sulfoximine (BSO) enhanced MPP" toxic effects in SH-
SYS5Y pre-exposed to ELF-MF, with cell growth rate reduced

and the amount of non-viable cells increased in a dose-
dependent manner (Online Resource 2a). This evidence was
consistent with the positive shift in the H,-DCFDA fluores-
cence (Online Resource 2b) observed upon BSO incubation.

We next evaluated whether the addition of the permeable
thiol-based antioxidants NAC (N-acetyl-L-cysteine) or the eth-
yl ester form of GSH (GSHest) could counteract ELF-MF-
induced enhancement of MPP" toxicity. As shown in
Fig. 7a, both NAC and GSHest efficiently scavenged ROS,
restoring the levels measured in the sham-exposed cells
(Fig. 7a, right panels).

Consistently, NAC and GSHest were able to reduce the
extent of MPP"-induced apoptosis in ELF-MFs pre-exposed
SH-SYS5Y either if assessed by Annexin V'/PI” (Fig. 7b), or
propidium iodide staining (Fig. 7¢), confirming the primary
role of intracellular thiols in protecting neuronal cells to oxi-
dative stress.

Discussion

The last few years have seen increasing public concern about
the health effects of both residential and occupational expo-
sure to ELF-MF, such as those generated by high-tension
electrical distribution networks, and typically affecting specif-
ic categories of workers (electric power installers and re-
pairers, telephone line technicians and welders). Several stud-
ies have suggested a possible association of ELF-MF with
neoplastic malignancies in childhood, as well as with diseases
affecting the nervous system [40, 41]. In particular, ELF-MF
has been associated with neurodegenerative diseases such as
AD and ALS [12-15]. Epidemiological data have also
highlighted the potential impact of ELF-MF exposure in brain
and PD onset [15, 16], although evidence is still poor and
controversial. This scarcity of evidence could be due to vari-
ous reasons, such as limited statistical power found in most
studies and, most of all, the wide variability of ELF-MF ex-
posure levels between individuals enrolled in the studies, in
terms of both time and intensity [15]. A convincing mecha-
nism responsible for the pathological effects elicited by ELF-
MF in brain is also lacking, although cell cycle/death impair-
ment, protein modification, and, mainly, oxidative stress have
been proposed as playing a crucial role [15, 39]. Several
in vitro and in vivo findings have indeed demonstrated the
occurrence of oxidative damage in neuronal cells following
ELF-MF exposure [15, 18-21, 42]. All these lines of evidence
support the hypothesis based on the “radical pair system” ac-
cording to which ELF-MF contribute to prolonging the lifetime
of free radicals and increasing their concentration in living cells
[15, 17].

In this study, we aimed to provide clear-cut evidence for a
detrimental role of ELF-MF in PD etiology based on their capa-
bility of generating basal oxidative stress conditions. In order to
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understand the harmful effects of continuous exposure to ELF-
MEF, as well as their implication in contributing to PD onset and
severity, we used a well-characterized dopaminergic cellular
model (SH-SY5Y) [26, 3741, 43, 44], and developed reliable
and straightforward experimental conditions mainly in terms of
electromagnetic requirements. To this end, device setup was con-
ceived for three reasons: (i) to better reproduce an average envi-
ronmental prolonged exposure to ELF-MF, selecting values of
1 mT, 50 Hz. This exposure represents the reference levels for
occupational exposure set at 50 Hz by the ICNIRP (International
Commission on Non-lonizing Radiation Protection) [45], with
an induced E-field value approximately a hundred times lower
than the basic restriction for Central Nervous System occupation-
al exposure [45]; (ii) to provide a very high homogeneity of the
ELF-MF applied to the cells; and, in turn, (iii) to ensure a high
reproducibility and quality of the results.

Results obtained in this study argue for prolonged ELF-MF
exposure being unable per se to affect proliferation, viability,
size, and morphology of both proliferating and differentiated
SH-SYSY cells. These observations are in agreement with Reale
et al. who previously reported no impact in cell morphology and
viability after 6-24 h of ELF-MF challenge in the same exper-
imental model [46]. However, despite its inability to macroscop-
ically affect cell phenotype and survival, we demonstrated that
ELF-MF significantly affect redox homeostasis. This observa-
tion confirms evidence previously obtained in the same cell
system and in other neuronal models [18-21, 42, 46, 47] and
at the same time strengthens the hypothesis that oxidative stress
plays a causative role in dopaminergic neuron dysfunction.

There is an open and unsolved debate regarding the up-
stream chemical process responsible for converting the ELF-
MFs stimulus into an intracellular pro-oxidant event. This is
particularly relevant in a dopaminergic cell context where do-
pamine metabolism implies side oxygen free radical production
[48], and where deleterious activity of neurotoxins, inducing
loss of DAergic neuronal population (e.g., rotenone and
MPTP), mostly depends on their ability to target mitochondria
and produce oxidative stress [49].

Although we still do not know how oxidative stress takes
place, the observation that thiol pool decreases upon ELF-MF
exposure argues for an impairment of the antioxidant defense
being also crucial. We demonstrated that the modulation of GSH
levels deeply affects the response to MPP™, as the inhibition of
GSH de novo synthesis by BSO exacerbates cell viability. In
accordance, the replenishment of GSH intracellular content al-
lows cell viability recovery. These results are in line with data
from the literature reporting that GSH levels decrease both in
SHSYS5Y cells undergoing combined treatment ELF-MF/men-
adione [38], and in a number of PD models and human SN
lesions [7, 50]. For instance, in incidental LBs disease, which
may be considered a pre-symptomatic form of PD, GSH deple-
tion is already present in the SN, and precedes complex I dys-
functions, iron accumulation, and striatal DA loss [51, 52], thus
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suggesting that GSH decreased levels could be an early event in
PD etiology. Accordingly, NAC administration has been tested
in animal models and clinical trials of PD [53, 54], and BSO has
been already reported to significantly amplify in vivo (namely in
nigral neurons) the toxic effects induced by MPTP [55]. Alto-
gether, these pieces of evidence argue for thiol homeostasis be-
ing crucial for sustaining the antioxidant defense of DAergic
neuronal cells and, in turn, for protecting them against irrevers-
ible oxidative damage. In support of this, different in vitro and
in vivo studies demonstrated that GSH depletion triggers exten-
sive carbonylation of brain proteins and morphological changes
of DAergic neurons in the nigro-striatal pathway [52, 56, 57].
Here, we have provided evidence that ELF-MF exposure causes
per se an increase of protein carbonyl content along with a
decrement of the intracellular thiol pool. Overall, these observa-
tions suggest that ELF-MFs can induce PD-like conditions,
thereby predisposing dopaminergic-like cells to be more vulner-
able to MPP"-induced challenge [22, 23, 36]. As a direct con-
sequence, ELF-MF in combination with MPP" further pushes
up the amount of total protein carbonylation and induces
DAergic cell to death by a caspase-dependent apoptosis. Future
experiments are required to identify whether key PD proteins,
e.g., Parkin or a-synuclein, can undergo carbonylation upon
ELF-MF-induced oxidative stress and whether this modification
can induce a loss of function (e.g., by aggregation or degrada-
tion), which might be related to PD onset.

A number of reports suggest that calcium signaling and,
most of all, changes in the gene expression profiling are also
induced upon ELF-MF exposure [58, 59]. Based on these
assumptions, we are currently evaluating the role of DNA
methylation and microRNAs expression in response to ELF-
MF exposure, and how these epigenetic effectors might inter-
act with oxidative stress to affect/concur to MPP" toxicity.
This would hopefully provide novel insights into the complex
network of molecular processes finely tuned by life-long ELF-
MF exposure and possibly contributing to PD onset.
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