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In this study, the effects of low-level, GSM emitted ElectroMagnetic Field (EMF) on Amyloid Precursor
Protein (APP) and alpha-synuclein (a-syn) in human neuroblastoma cells was investigated. Our data
indicated alterations on APP processing and cellular topology, following EMF exposure (&=10.51V/m,
SAR=0.23 W/kg, exposure time: 3 times, for 10 min, for 2 days). Furthermore, changes in monomeric
a-syn accumulation and multimerization, as well as induction of oxidative stress and cell death, were
documented. The results presented here require further investigation to determine potential links of EMF
with the molecular pathogenic mechanisms in Alzheimer’s and Parkinson’s Diseases.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Radiation emitted from cellular phones has been suggested to
potentially affect several health issues [1]. Several studies reported
evidence for headaches and sleep perturbations [2], blood brain
barrier’s disturbances [3], and even genetic and proteomic alter-
ations in humans [4,5]. In vitro studies have demonstrated that
Extra Low Frequency - ElectroMagnetic Field (ELF-EMF) exposure
might affect modulation of heat shock proteins, apoptosis and DNA
damage [6-9]. A recent survey by IARC (International Agency for
Research on Cancer, an agency within the World Health Orga-
nization) has classified radiation emitted by mobile phones and
related devices, as a probable human carcinogen (2B category)
[10,11]. Effects of non-ionizing radiation have also been described
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in other organisms. These include alterations on reproduction and
development [12,13,14], cognitive and memory dysfunctions [15],
oxidative stress induction [16-18] and apoptosis [19,20]. Recently,
EMF exposure has been shown to cause developmental effects in
plants [21-25].

Neurodegenerative disorders such as Alzheimer’s Disease (AD)
and Parkinson’s Disease (PD), are characterized by the progressive
degeneration of the Central Nervous System (CNS). AD is known
to lead to progressive mental, behavioral and functional decline
[26]. It is estimated that approximately 10% of the global popu-
lation over the age of 60 and 50% over the age of 85 is affected
by AD [27], a fact having an enormous global and social economic
impact [28]. Extracellular brain depositions of Amyloid 8 (AR) pep-
tide are considered to be the histopathological hallmark of AD. This
process leads to neuritic plaque formation in the Central Nervous
System (CNS). AR peptide is generated by the proteolytic processing
of Amyloid Precursor Protein (APP). APP is a type I transmembrane
glycoprotein [29-32]. The APP AR sequence includes the 28 ter-
minal amino acids of the extracytoplasmic region of the precursor
and 12-15 residues of the transmembrane sequence of APP. The
generation of AR peptide is the result of APP proteolysis by 8 -and
y-secretases [33].

PD is caused by the degeneration of dopaminergic neurons in
the substantia nigra [34]. The main histopathological characteristic
of PD is the formation of Lewy bodies (LB) in pigmented brainstem
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nuclei [35]. Alpha synuclein (a-syn) is a 140-amino acid, natively
unfolded, presynaptic neuronal protein composed of three distinct
domains [36]. It has been suggested that in normal brain tissue,
a-syn controls dopamine levels by decreasing dopamine trans-
porter activity [37]. Alpha synuclein aggregates are considered to
represent the major component of LBs, although the precice LB bio-
chemical composition remains unclear. Free radicals generated by
dopamine metabolism are proposed to enhance a-syn neurotoxi-
city in dopaminergic neurons [38]. Oligomeric toxic protofibrils of
a-syn have been implicated in the disruption of cellular homeosta-
sis leading eventually to neuronal death followed by a total failure
of synaptic function [39].

Studies on the effects of electromagnetic radiation (EMR) in AD
pathogenesis, have produced conflicting evidence. Epidemiological
studies suggested that frequent EMF exposure may lead to a signif-
icant higher risk for the development of AD [40,41]. It has been
suggested that exposure to non-ionizing EMF could affect periph-
eral or neuronal processing of APP in humans [42]. In vivo studies on
rats exposed to EM pulsed field (field strength 50 kV/m, repetition
rate 100 Hz), demonstrated long-term impairment in cognition and
memory [43].

On the contrary, it has been reported that exposure of advanced
AD mouse models to EMF, for 8 months (1950 MHz, Specific
Absorbance Rate - SAR- 5W/kg, 2 h/day, 5 days/week) attenuates
the development of further AD-like pathology. Jeong and his col-
lagues [44] concluded that radio frequency - RF-EMF exposure can
have a beneficial influence on pre-existing AD in mice. Arendash
etal., [45] suggested that EMF could have beneficial effects on cog-
nitive impairment in AD transgenic mice, mainly via mitochondrial
function enhancement due to EMF exposure [46]. As far as the effect
of non-ionizing EMF on PD pathogenesis is concerned, only a few
pieces of evidence are available [47,48].

Since very little is known about the effects of the non-ionizing
radiation-emitting devices on the biochemical processes leading
to the pathogenesis of AD and PD, the current investigation focuses
on APP and a-syn metabolism, following EMF irradiation in human
cells of neuronal origin.

2. Experimental procedure
2.1. Cell culture

The SH-SY5Y human neuroblastoma cell line, obtained from
ATCC®, was cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, PAA Laboratories™ E15-009). These cells have been used
as a model for the study of neurodegenerative diseases [49].
Cell medium was supplemented with 10% heat-inactivated Fetal
Bovine Serum Fetal Bovine Serum (FBS Gibco™, 10500064) and
100 U/ml penicillin/streptomycin (Gibco™, 15140122). Cell cul-
tures were maintained in a humidified atmosphere of 5% CO, at
37°C (SANYO™ (0, Incubator, model MCO-15AC-Sanyo Electric
Co Ltd) and medium was replenished three times per week.

2.2. Experimental setup

Same passage SH-SY5Y cells (P8-P15) were irradiated using a
GSM (Global System for Mobile communications) 1800 MHz mobile
phone (Motorola C123, Motorola, Inc. Chicago, Illinois) in talking
mode. The entire experimental setup is depicted in Fig. 1a. The
emitting cellular device was placed between two culture flasks
(Sarstedt Inc, T75 TC FLASK, 50-809-260), which were designated
asdown (D) and up (U) cultures accordingly (Fig. 1). Cells were irra-
diated for 10 min within the laminar flow hood in the presence of a
cellular phone. The experimental setup included a portable AM/FM

radio apparatus (Panasonic, RF-H 830) in order to simulate talking
mode.

To investigate any possible thermal effects of the emitted radi-
ation, a two channel industrial Data Logging (Model AZ9882)
printing thermometer (Probe sensitivity: approximately 43 wV/°C)
was employed to measure temperature changes. Ten minutes
before exposure, one sterilized Type T (copper-constantan) nee-
dle shaped, thermocouple was submerged in the culture medium
of each of the two experimental cell cultures. Before, during and ten
minutes after irradiation, the temperature of the culture medium
was measured, for each of the experimental cultures. The two chan-
nel records were printed, every 30 s, through a built-in printer.

After the 10-minute exposure, D and U configuration cell cul-
tures were placed in the incubator. The sham-exposed cultures
were treated for 10 min in the same laminar flow hood, under
identical conditions, while turning the cell phone off. The exposure
procedure was repeated twice; for a total of three times within24 h
separated by 2 h intervals. The exposure procedure was performed
for a total of 2 days. Twenty-four hours following the last irradi-
ation protocol, cells were collected for cell death measurements,
Reactive Oxygen Species (ROS) estimation or storage at —18 °C for
further SDS-PAGE and Western blotting analyses.

The average electrical field intensity was measured for 6 min
according to ICNIRP guidelines [50]. Two spectrum analyzers
NARDA SRM3000 (NARDA Safety Test Solutions, Inc., Ménchenglad-
bach, Germany) and ROHDE & SCHWARZ FSL/6 (with near field
probes, by Langer, EMV-Technik GmbH, Germany) were used. Cell
culture electrical field intensity, specifically measured within the
culture medium, was significantly different for each of the two cul-
ture flasks; i.e. 10V/meter for the culture medium at the upper
flask, adjacent to the keyboard side of the phone (U orienta-
tion during exposure) and 3.5V/meter for the culture medium
of the lower flask, (D orientation during exposure). The SAR for
DMEM, calculated according to Schuderer et al., [51] (0=2.1 S/m,
p=1000kg/m3), was equal to 0.21 W/kg for the U orientation and
0.026 W/kg for the D orientation. This difference is due to the cul-
ture flask configuration. The culture in the U configuration, was in
contact with the flask wall adjacent to the cellular phone, while the
culture of the D configuration sustained lower EMF radiation inten-
sity since not only the upper flask wall but also an approximately
30 mm-thickair layer intervened, between the culture medium and
the emitting cellular phone. Continuous monitoring of the E-field
intensity was recorded via suitable software (Smartfield meter-
EMC test design LLC, Mass., USA).

2.3. Antibodies

Anti-APP antibodies were raised in the laboratory of Dr. D. Vas-
silacopoulou against the AR peptide of human APP, as well as, the
C-terminal region of the protein. All reagents used were of ana-
lytical grade. The antibody against human a-syn (MFCD02095740
- S3062) and the secondary antibody (MFCD00162782) were pur-
chased from Sigma-Aldrich™, Milan, Italy.

2.4. Temperature-induced phase separation in Triton X-114

Phase partition was performed according to the method of Bor-
dier, [56]. The non-ionic detergent Triton X-114 (Sigma-Aldrich™,
Milan, Italy, 9036-19-5) was pre-condensed in order to remove
possible hydrophilic contaminants. Proteins extracted from cell
cultures from both sham-exposed and exposed samples, were
resuspended in ice cold TBS (10 mM Tris—-HCl, 150 mM NaCl, pH
7.2). Triton X-114 was added to a final concentration of 2%. The
mixture was incubated for 15 min in an ice bath with occasional
mixing and then centrifuged in a microcentrifuge for 10 min at 4°C
and 13.000 x g. The pellet (Triton X-114 insoluble/phospholipid rich
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Fig. 1. Experimental set-up.

a) The mobile hand set was placed between the two test cell cultures. The instrumentation used to monitor and record the emitted radiation surrounding the upper culture
flask (1u, 2u, 3u test points), as well as the lower culture flask (1d, 2d, 3d test points) are depicted. b) The digital thermometer readings were obtained by means of the
needle-shaped probe which was submerged in the culture medium of the lower culture flask. The arrow indicates the position of the handset antenna. c¢) Values of EMR
intensity and SAR were recorded in different positions surrounding the upper and the lower culture flasks. Background values are given on the right side of the table.

phase), the upper phase (detergent-depleted) and the lower phase
(detergent-enriched) were subjected to western blotting analyses.

2.5. Protein extraction and western blot analysis

Protein extraction was performed using RIPA lysis buffer
(Thermo Fisher Scientific Inc. - NYSE: TMO, 89900). Samples were
centrifuged (12.000 x g, 10 min, 4°C, for 3 times) and the super-
natants were stored at —20°C.Total protein concentration was
determined according to the method of Bradford [52], using bovine
serum albumin as standard. SDS-polyacrylamide gel electrophore-
sis and immunoblotting SDS-PAGE was performed on a “Biorad
Mini Protean” electrophoresis apparatus as described by Laemmli
[53], using both 8% and 15% polyacrylamide slab gels. Electrophore-
sis was performed at 70V for 5h at room temperature. Following
electrophoresis, samples were transferred onto nitrocellulose [54].
Immunological detection was performed according to the method
of Batteiger [55] and subsequent immunological detection was
performed using the polyclonal antibodies described above. Quan-
tification of bands of immunodetections was performed using the
software “Image Pro Plus” v.10.0 and the derived data were illus-
trated in bar graphs using “OriginLab Pro” v.9.0.

2.6. ROS measurements

ROS levels were measured using 10mM of the oxidant
sensitive fluorescent acetyl ester CM-H,DCFDA (5 -(and-6)-
chloromethyl-2’,7'-dichloro-dihydro-fluorescein diacetate - Ther-
mofischer Scientific™, C6827) dissolved in DMSO (Sigma-Aldrich,
Milan, Italy, 67-68-5). CM-H,DCFDA is an oxidative stress indica-
tor that moves through the cell membrane by passive diffusion.
Inside the cell the ester’s acetate groups are cleaved by intracel-

lular esterases and oxidation by ROS leads to the formation of
the fluorescent DCF product, which can be detected via fluorom-
etry. The procedure used was as follows: Cells were collected via
trypsinization and centrifugation at 1450rpm for 5min. Subse-
quently, samples were incubated continuously for 30 min in the
presence of CM-H;DCFDA diluted in serum free medium at 37 °C.
The ester was subsequently removed, prior to further incubation,
for 20 min in serum free medium. Cells were washed three times
with PBS buffered solution and centrifuged for 5 min. The obtained
supernatant was used for fluorescent measurements in a Versa
Fluor Fluorometer System (Bio-Rad™, 170- 2402, Hercules, CA).
The excitation filter was set at 490 nm and emission at 520 nm.
Each set of experiments was performed in duplicates. Total ROS
was expressed as fluorescent units/pug of protein extracts.

2.7. Cell death measurements

Trypan blue exclusion method was employed for cell death mea-
surements following exposure sessions. Results were expressed
as the mean of three independent experiments. Cytotoxicity was
calculated according to the following [57].

Number of colorless cells

Total number of cells 100

% Dead =

2.8. Statistical analysis

Results were analyzed using the SPSS v.21.0 software (SPSS
Inc., Chicago, IL). Differences in mean scores were analyzed using
one-way analysis of variance (ANOVA). Statistical analysis was
performed by employing separate t-tests comparing the sham-
exposed group to each one of the exposed groups. Data were
expressed as mean=+S.D. and evaluated by Student’s t-test. The
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Fig. 2. Effect of non-ionizing exposure on APP metabolism.

Panel (a), Panel (b): Immunodetection was carried out using the anti-AR specific antibody. Panel (c): Inmunodetection using the APP anti-C-terminal specific antibody. (M:
MW marker; Ly: sham exposed cells; L,: exposed cells in D configuration; Ls: exposed cells in U configuration). Inmunodetection quantification is illustrated in bar graphs below
each panel.
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Fig. 3. Triton X-114-Temperature-induced phase separation.

Panel (a): Inmunodetection of APP amyloidogenic fragments; Triton X-114 detergent-enriched phase, Panel (b): Inmunodetection of APP amyloidogenic fragments; Triton
X-114 insoluble (phospholipid-enriched) phase, and Panel (c): Inmunodetection of APP amyloidogenic fragments; Triton X- 114 detergent-depleted (aqueous) phase. (M:
MW marker; L;: sham-exposed cells; L,: exposed cells in D configuration; L3: exposed cells in U configuration). Immunodetection quantification is illustrated in bar graphs below
each panel.
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Fig. 4. Effect of non-ionizing radiation on a-synuclein metabolism.

Immunodetection was carried out using the anti-a-synuclein specific antibody. (M: MW marker; L;: sham-exposed cells; L,: exposed cells in D configuration; L3: exposed cells in
U configuration). Immunodetection quantification is illustrated in bar graphs below each panel.

differences were considered to be statistically significant when
p<0.05.

3. Results

3.1. Effect of non-ionizing electromagnetic radiation on APP
metabolism

In an effort to study possible effect of non-ionizing electro-
magnetic radiation on APP metabolism, APP fragments containing
the AR and C-terminal epitopes on both sham-exposed and
experimental cell cultures were detected by immunostaining
using the anti-AR and anti-C-terminal APP polyclonal antibod-
ies (Fig. 2), as described in the Methods section. Exposure of
SH-SY5Y cells to mobile phone EMF (GSM 1800 MHz), causes
altered APP metabolism in Western blot analyses, as compared to

the sham-exposed samples. AR immunostaining of SH-SY5Y cell
homogenates revealed that the high molecular weight AfS reactive
APP species (120kDa), is significantly decreased in exposed sam-
ples. D configuration and sham-exposed samples demonstrated
comparable levels of 80 kDa AB epitope-containing APP fragments.
On the other hand, in U configuration exposed samples the corre-
sponding fragment was not detectable (Fig. 2a). In both irradiated
cultures, a prominent amyloidogenic fragment of approximately
35kDa was detected (Ly, L3 in Fig. 2b). Our data indicated a 3-
fold increase in the 35kDa AP immunoreactive fragment in the
U configuration sample, as compared to the D configuration sam-
ples. It is noted that this 35 kDa fragment, is barely detectable in
sham-exposed samples (L; in Fig. 2b). The data support the concept
that mobile phone EMF exposure alters the proteolytic process-
ing of APP in exposed samples leading to the generation of new
APP amyloidogenic fragments. Consequently, our results support
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the modification of APP metabolism, following exposure to EMF.
Furthermore, experimental data presented in Fig. 2c indicated a
marked accumulation of 35kDa C-terminal reactive fragments in
the irradiated samples (D and U configuration), as compared to
sham-exposed samples. It is noted that the C-terminal staining
fragment profile (L; in Fig. 2c) was similar to the one observed for
AR staining (L; in Fig. 2b). It is therefore possible that the new EMF-
induced APP fragments, contain both the AR and C-terminal APP
epitopes.

3.2. Effect of EMF exposure on APP cellular topology

In order to investigate possible alterations in the cellular topol-
ogy of APP amyloidogenic fragments generated by EMF, the Triton
X-114 phase separation protocol was employed. Samples were
subjected to Western Blot analysis using the anti-Af3 specific
antibody (Fig. 3). Cell homogenates were treated with Triton
X-114 to separate proteins according to their relative hydropho-
bicity [79]. Fig. 3, panel (a), depicts AR reactive APP fragments
recovered in the detergent-enriched phase. Panel (b) shows AR
reactive APP fragments recovered in the highly-hydrophobic phase,
while panel (c¢) demonstrates the detection of AR containing
APP fragments in the hydrophilic phase. These data demon-
strate the partition of the U configuration exposed samples in
the highly-hydrophobic/phoshpolipid-enriched phase, indicating
changes in cellular topology. APP amyloidogenic fragments gen-
erated following irradiation with mobile phone EMF, possess an
alternative cellular topology as compared to D configuration and
sham-exposed samples. It is noted that U-exposed samples were
subjected to higher field intensity (Fig. 3c). This new alternative
topology could create a new subcellular environment that pos-
sibly imposes novel molecular interactions to the generated APP
amyloidogenic fragments.

3.3. Effect of EMF exposure on a-synuclein metabolism

Our investigation revealed a marked alteration on the pro-
files of a-syn monomers, as well as a-syn multimers (Fig. 4).
Specifically, a-syn immunostaining revealed that in sham-exposed
samples, a-syn is abundant in its tetrameric (68 kDa) form (Fig. 4a).
Alpha-synuclein multimeric form immunostaining decreases, fol-
lowing irradiation in both D and U- exposed samples with the
loss of a-syn tetramer detection being more prominent in the U
configuration samples. Furthermore, reduction in a-syn immun-
odetection was observed in the octameric form of a-syn (100 kDa),
which remains detectable in the D configuration experimental sam-
ples and sham-exposed samples (Fig. 4a). These data indicate an
impressive increase of a-syn monomeric forms (16 kDa) in the U
configuration homogenates (Fig. 4b). Although monomeric a-syn
is barely detectable in sham-exposed samples, there is an observed
increase of the monomeric form in the D configuration cells and
a further, 20 fold increase of a-syn immunodetection in U config-
uration samples (Fig. 4b). This data indicate that exposure to EMF
results in a transition of a-syn multimeric form into the monomeric
form. These results suggest that EMF exposure can shift the equi-
librium between a-syn monomers and multimers towards the
monomeric form. Interestingly, the 100 kDa a-syn multimers seem
to have an equal distribution in the D configuration and sham-
exposed samples, while there was an observed marked decrease
in a-syn multimeric immunodetection in U configuration exposed
samples.

3.4. ROS measurements and cell death

Our results revealed evidence for the induction of oxidative
stress, following exposure to EMF as evaluated by ROS measure-
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Fig. 5. The effect of mobile phone radiation on oxidative conditions.

Bar graph showing ROS levels, normalized in percentage compared to the sham-
exposed values. Results were expressed as the mean & SD from three independent
experiments. Comparisons were made between sham-exposed and irradiated cul-
tures using Student’s paired t-test where significance was recorded as p<0.05 (*).
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Fig. 6. Effects of mobile phone radiation on cell death.

Bar graph showing the % cell death of exposed samples compared to the sham-
exposed values. Results expressed as the mean+SD from three independent
experiments. Comparisons were made between sham-exposed and irradiated cul-
tures using Student’s paired t-test where significance was recorded as p<0.05 (*).

ments. D configuration-exposed samples demonstrated a 1,5-fold
increase (1,5x) in ROS content, while in U configuration-exposed
samples the increase was estimated to about 2-fold (Fig. 5). These
findings appear to confirm the positive correlation between EMF
exposure and the induction of oxidative stress. Furthermore, EMF
exposure seems to significantly increase cell toxicity. Our data indi-
cated a marked increase in cell death for D configuration irradiated
cells and U configuration irradiated cells, as compared to sham-
exposed samples (Fig. 6).

4. Discussion

4.1. Effect of EMF exposure on APP proteolytic processing and
a-synuclein metabolism in SH-SY5Y cells

The data presented here suggest that non-ionizing electromag-
netic radiation generated by a mobile phone, alters APP processing.
Moreover, SH-SY5Y cells demonstrated differentiated human o-
syn metabolism pattern following exposure. SDS - PAGE and
western blot analyses revealed both the generation of new amy-
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loidogenic APP fragments (Fig. 2b) and the corresponding reduction
in full length APP immunostaining in the exposed samples from
the U irradiated cultures (Fig. 2a). In the implemented experi-
mental set-up, the thermal effects were directly and absolutely
excluded since temperature was recorded to range between 22,2 °C
and 22,3°C, ten minutes before, during exposure and ten min-
utes following exposure (Temperature of the mobile phone was
also measured during irradiation and was found to range to
range between 22,5°C and 22,6 °C.) [58,59]. The amount of energy
received by the two cultures types (U and D configuration) was not
identical. Exposed cells, in the U configuration, received increased
electric field intensity as compared to the D configuration culture
(see Table in Fig. 1c). This difference was attributed to the exper-
imental set-up. The cell culture in the U flask was in contact to
the flask wall adjacent to cellular phone. The culture of the D con-
figuration flask sustained lower EMF radiation intensity due to
the following layer interventions: 1) the flask’s upper wall; 2) the
30 mm thick air layer and 3) the approximately 6 mm layer of the
culture medium thickness. These layers intervened between the
cells under exposure and the emitting cellular phone.

The difference in the amount of EMF energy received by the two
types of cultures, might explain the observed differences in APP
immunostaining pattern and proteolytic processing between the
U and D irradiated cultures. Furthermore, this observation could
imply a correlation between the intensity of the field and the
alterations in amyloidogenic APP processing. Immunodetection of
proteolytic fragments, using the specific antibody raised against
the C-terminal APP region (Fig. 2c), revealed similar results. Our
findings indicated that the profile of C-terminal immunoreactive
APP proteolytic processing in irradiated samples (U and D cul-
tures) was modified, demonstrating an apparent accumulation of
APP C-terminal fragments. It is possible that among the accumu-
lated A immunoreactive fragments the APP C-terminal domain is
included (Fig. 2b; c). Carboxy-terminal APP fragments have been
shown to have a possible role in AD neuropathology due to their
toxicity to neurons [60,61]. In addition, it has been reported that
the APP C-terminal domain has a catalytic role in cell cycle regula-
tion and cell differentiation processes [62]. Fragments generated by
APP physiological proteolytic processing have been implicated in
several different cellular functions. For example, SAPPa stimulates
neuronal proliferation and protects neurons against excitotoxic-
ity. SAPP@ has been found to be neurotrophic stimulating axonal
outgrowth [62]. The C-terminal APP C99 fragment, interacts with
signaling molecules that are involved in cellular differentiation
pathways, such as Shca and Dab-1 [63,64]. The soluble intracel-
lular domain of APP (AICD) has been shown to affect transcription
regulation [62,65]. Our results showed that 35 kDa amyloidogenic
fragments are generated following irradiation. These fragments,
according to above data, could represent APP proteolytic products
which are generated in response to EMF irradiation. This may rep-
resent one of the cellular responses that can be induced by EMF
exposure, and include ROS formation and cell stress/death.

The results from the phase separation experiments using the
Triton -X 114 method, indicated the recovery of APP amyloido-
genic proteolytic products in the phospholipid-enriched separation
phase (Fig. 3, panel b; L3). This observation implies an alteration
of APP amyloidogenic fragment cellular topology following irra-
diation. Subcellular localization is critical for the development of
the APP interaction network [66-69]. Therefore, it is possible that
EMF exposure might alter APP functions associated with cellular
topology.

The hallmark of PD is the accumulation of a-syn insoluble
aggregates within Lewy bodies [35]. Our results indicated that, in
sham-exposed samples a-syn was detected mainly in its multi-
meric form (Fig. 4a). This observation is in agreement with recent
reports suggesting that a-syn is physiologically detected mainly

as a multimer. [70-73]. Bartels et al, in 2011 [70] as well as
Dettmer et al., 2013 [73], proposed that multimers and monomers
of a-syn co-exist in a dynamic equilibrium in healthy cellular pop-
ulations. The obtained results of the current investigation agree
to the findings indicating that exposure to non-ionizing EMF and
the subsequent induction of oxidative stress can shift the equilib-
rium from multimers to the impressively increased monomers of
a-syn. The observed increase of monomeric a-synin addition to the
simultaneous decrease of the 64 kDa multimer also agrees to recent
reports [70,72,73]. The current results indicate that the appearance
of monomers of a-syn co-exist with increased ROS levels and cellu-
lar death. It has been reported that multimeric destabilization could
be triggering mechanism leading to PD [74]. A disturbance in the
tetramer to monomer a-syn ratio has also been reported in familial
PD cases [72]. Our data provide evidence that exposure of SH-SY5Y
cells to EMF, shifts the balance towards the monomeric a-syn form.
This a-syn configuration has been related to the neurotoxic events
connected with PD pathogenetic mechanisms [75,76].

4.2. Effect of EMF on ROS and cell death

EMF exposure resulted in increased ROS levels (Fig. 5). ROS
are normally produced throughout cell, via normal physiologi-
cal metabolic processes. Yet, various environmental or chemical
stressing conditions may lead to increased production of ROS
[17,25]. Many studies have demonstrated that oxidative stress, is
mainly caused by mitochondrial dysfunction [75-77], and has a
crucial role in the pathophysiology of neurodegeneration [78-82].
Increased ROS production results in oxidative damage which causes
awide range of cellular responses ranging from proliferation induc-
tion to cell death. Experimental data from different biological
systems, such as human spermatozoa [83], earthworms [84], rats
[16] even in plant systems and young pines [24] have shown that
exposure to EMF resulted in increased ROS levels. Human astro-
cytes have been demonstrated to exhibit increased ROS levels
and DNA fragmentation following exposure to pulsed 900 MHz
EMF [85], while exposure of SH-SY5Y cells to EMF 1800 MHz also
resulted in increased ROS levels and mitochondrial DNA damage to
[86]. SH-SY5Y cells present high metabolic rate and lack efficient
defense mechanisms and are, therefore, considered to be vulnera-
ble to oxidative damages [87].

Our investigation indicates that non-ionizing electromagnetic
radiation may function as a stress factor leading to altered APP
and a-syn metabolism. We provide new evidence supporting the
concept that, EMF exposure may trigger the generation of novel
APP amyloidogenic fragments, as well as, an increase of toxic a-
syn monomers [70,73], and therefore argue that EMFs could be
implicated in the underlying biochemical events leading to neu-
rodegeneration.

5. Conclusions

To the best of our knowledge, the work presented here, seems
to be the first report linking exposure to EMF emitted by a trans-
mitting mobile phone, to altered metabolism of APP and a-syn in
SH-SY5Y cells. The observed increase in monomeric a-syn along
with the generation of novel amyloidogenic fragments possessing
alternative cellular topology, in addition to the induction of cellular
toxicity and oxidative stress, should be taken into consideration in
future research aiming towards the understanding of the molecu-
lar mechanisms linking EMR to human health. It is possible that
wireless communications, may represent a new factor affecting
human health while exposure to these devices could be involved
in pathogenic mechanisms leading to neurodegeneration.
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