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Abstract—Amyloid beta peptide (Aβ) is implicated in the development of pathological reactions associated with Alzheimer's

disease (AD), such as oxidative stress, neuro-inflammation and death of brain cells. Current pharmacological approaches to

treat AD are not able to control the deposition of Aβ and suppression of Aβ-induced cellular response. There is a growing

bodyof evidence that exposure to radiofrequency electromagneticfield (RF-EMF) causes a decrease of beta-amyloid deposi-

tion in the brains and provides cognitive benefits to Alzheimer's Tgmice. Herein, we investigated the effects ofmobile phone

radiofrequency EMF of 918 MHz on reactive oxygen species (ROS) formation, mitochondrial membrane potential (MMP),

activity of NADPH-oxidase, and phosphorylation of p38MAPK and ERK1/2 kinases in human and rat primary astrocytes

in the presence of Aβ42 and H2O2. Our data demonstrate that EMF is able to reduce Aβ42- and H2O2-induced cellular

ROS, abrogate Aβ-induced production of mitochondrial ROS and the co-localization between the cytosolic (p47-phox)

and membrane (gp91-phox) subunits of NADPH oxidase, while increasing MMP, and inhibiting H2O2–induced phosphor-

ylation of p38MAPK and ERK1/2 in primary astrocytes. Yet, EMF was not able to modulate alterations in the phosphoryla-

tion state of the MAPKs triggered by Aβ42. Our findings provide an insight into the mechanisms of cellular and molecular

responses of astrocytes on RF-EMF exposure and indicate the therapeutic potential of RF-EMF for the treatment of

Alzheimer's disease. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Alzheimer's disease (AD) is an incurable chronic neurodegen-
erative disorder characterized by dramatic loss of memory
and progressive cognitive decline. AD incidence increaseswith
age and is shown to affect approximately 10% of people aged
65–75 and 32% of the elderly aged 80 and above (Prince et
al., 2016; Anon, 2018). It is believed that the pathophysiology
of AD is driven by accumulation of amyloid plaques, consisting
of an insoluble form of amyloid beta peptide (Aβ) in the brain
leading to neuro-inflammation, oxidative stress, mitochondrial
dysfunction, dysregulation of enzyme systems (phosphatases,
kinases, and proteases) and neuronal death. However, current
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clinical trials directed at lowering Aβ levels and decreasing
levels of toxic Aβ aggregates in the brain have failed and a
number of novel approaches are still in consideration and
development (Lukiw, 2012). Moreover, in recent years it has
become clear that it is not the fibrillar β-amyloid but the solu-
ble oligomers of the peptide that are responsible for the neu-
ronal death and disruption of cognitive function. Although
precise mechanism of Aβ oligomers neurotoxic effects
remains unclear, numerous in vivo and in vitro studies have
demonstrated that Aβ oligomers initiate oxidative stress and
neuro inflammation, induce synapse deterioration and loss,
affect calcium homeostasis and long-term potentiation, cause
neurodegeneration by forming large, voltage independent,
and nonselective ion channels (Cline et al., 2018).
As an alternative to pharmacological approach towards

treatment of Alzheimer's disease, various biophysical meth-
ods such as ultrasound (Leinenga and Gotz, 2015), laser
(Hanczyc et al., 2013; Mohammad et al., 2015) and electro-
magnetic fields (Arendash et al., 2010) have been proposed
in the recent decades. Despite a high therapeutic potential
demonstrated in experimental studies, those methods bear
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some intrinsic limitations. For instance, application of ultra-
sound and laser requires a close contact with the skull and
affected brain tissues. Moreover, treatment by high intensity
focused ultrasound has been associatedwith serious problems
such as heating of surrounding tissues that can cause discom-
fort and pain (Kennedy, 2005; Li et al., 2009). In comparison
with other biophysical methods, application of non-ionizing
electromagnetic fields (EMFs) provides an exceptional depth
of tissue penetration and complete non-invasiveness.
All bio-medical applications of EMFs could be roughly sub-

divided into two categories: utilizing thermal and non-thermal
EMF-induced effects. Harnessing EMF thermal effect has
been proposed as an alternative to traditional surgical resec-
tion for tumor ablation (Manthe et al., 2010). This approach
predominantly relieson theuseof radiofrequency (RF) andmicro-
wave ablation. On the other hand, there is evidence that the non-
thermal aspect of RF-EMF can be employed for the treatment of
some neurological dysfunctions. Arendash et al. experimentally
demonstrated that prolonged exposure of brain to EMF caused
a decrease of β-amyloid deposition in brain (Arendash et al.,
2012). In a previous study, Arendash et al. exposed old AD
transgenicmice toRF-EMFwith characteristics similar tomobile
phone radiation (GSM, pulsed modulated signal, 918 MHz fre-
quency) (Arendash et al., 2010). The results indicated that
long-term EMF exposure led to the suppression of extracellular
and intracellular β-amyloid aggregation with the formation of
free monomeric forms of β-amyloid that facilitates its removal
from brain tissue. Furthermore, Arendash and colleagues
repeatedly showed that that long-term EMF treatment can pro-
vide general cognitive benefit to very old normal mice, as well
as prevent memory impairment (if given in adulthood) and
reverse memory impairment (if given in older age) in AD trans-
genic mice (Arendash et al., 2010; Arendash et al., 2012).
In the present study, we investigated some cellular

responses to mobile phone frequency EMF in the presence
of Aβ42 oligomers and H2O2. In particular, we exposed
human and rat primary astrocytes to EMF of 918 MHz fre-
quency to elucidate its ability to suppress ROS generation
via NADP-oxidase and mitochondria and phosphorylation of
p38MAPK and ERK1/2. Our choice of the cells was dictated
by the latest research data on the role of astrocytes in the
progression of AD (Iram and Frenkel, 2012; Kraft et al.,
2013; Phillips et al., 2014; Hol, 2015; González-Reyes et
al., 2017). A number of studies havedemonstrated that astrocyte
functions change in AD brains. In vitro and in vivo experiments
confirmed that Aβ42 induces oxidative stress, alters mitochon-
dria and calcium homeostasis, disrupts gliotransmission and
triggers cell signaling pathways leading to the production of
pro-inflammatory cytokines and chemokines in astrocytes.
Moreover, there is data indicating that changes in astrocytes
precede neuronal dysfunctions in AD, which points out an
important role of astroglia in the progression of the disease.
EXPERIMENTAL PROCEDURES

Cell culture

All procedures related to isolation of human and rat primary
astrocytes were performed according to the protocols
approved by the Ethics Committee of the Center for Life
Sciences of Nazarbayev University (Registration number
IORG 0006963). Fetal brains were obtained from the
National Scientific Medical Centre (Astana, Kazakhstan).
Written informed consent was signed by all patients prior to
the experiments.
Primary rat astrocytes were isolated from sixteen one-day-

old neonatal Wistar rats according to the protocol described
previously (Allen et al., 2000). Briefly, brains were isolated
from anesthetized pups, then cortices were dissected and tri-
turated. Cells were dissociated in a medium containing S-
MEM and 3 U/ml dispase. After 10 min of incubation cells
were rinsed, centrifuged and resuspended in complete astro-
cytes growth medium and plated at a concentration of 10,000
viable cells/ml. After 2.5 weeks the purity of culture was
assessed using immunofluorescence labeling of GFAP
marker.
Primary human astrocytes were isolated from three 17-

week old human fetal brains (cerebral cortex) according to
previously described protocol with minor modifications
(Sharif and Prevot, 2012). Briefly, the brains were dissected,
triturated and trypsinized in 0.25% trypsin at 37 °C for
15 min. Cell suspension was filtered through 100 μm mesh
(Falcon), centrifuged and resuspended in complete astrocyte
medium (DMEM supplemented with 10% FBS and 1% peni-
cillin/streptomycin). Cells were seeded into T75 cell culture
flask in concentrations 1 × 106 cells/ml and incubated at
37 °C with 5% CO2 to yield for viable and healthy cells.
Further, for purification purposes the flask was put on a
shaker for two hours at 240 rpm followed by removal of the
medium containing glial suspension. Attached cells were
cultivated to 90% confluence, stained for astrocyte marker
GFAP to confirm their astrocyte nature.

Preparation of Aβ42 oligomers

Protocol proposed by Dahlgren et al. was used for the prepara-
tion of oligomeric forms of Aβ with modifications (Dahlgren
et al., 2002). Briefly, 1 mg of the Aβ42 synthetic peptide
(AnaSpec) was suspended in 200 μl of 100% 1,1,1,3,3,3
hexafluoro-2-propanol (HFIP) and aliquoted into 1.5 ml cen-
trifuge tubes. HFIP was removed by evaporation in Eppen-
dorf Concentrator Plus with the integrated vacuum pump,
Aβ42 was diluted in 2 μl DMSO to phenol free 100 μM in
ice-cold culture Ham's medium, sonicated for 60 s, and incu-
bated at 37 °C for 2 h. The presence of the oligomeric form of
Aβ42 was verified by Western blot analysis (Fig. 1).

EMF exposure set-up and cell treatment

Astrocytes were serum starved for 4 h by replacing DMEM
containing 10% FBS with serum-free DMEM followed by
exposure to 5 μM of Aβ42 oligomers, 0.5 mM of H2O2 (Sigma
Aldrich) or 2.5 μM of staurosporine (Sigma Aldrich) for
60 min in EMF. Both cell morphology and MTT assay
showed that EMF of 918 MHz irradiation did not cause any
ill-effect to cell viability up to 24 h. of exposure (data not
shown). The unexposed cells were used as controls.
The experimental set-up consisted of signal generators,

antennas, an EMF spectrum analyzer, and a Faraday cage.



Fig. 1. Western blot: assessment of Aβ42 under oligomer-forming
conditions.

Fig. 2. Principle electric line scheme of exposure of cell culture to electromagne
Exposure Cage (A). 3D scheme of irradiation of cell culture to electromagnetic fie
sure Cage (Faraday Cage) (B).
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As a portable Faraday cage, RF Shielded Test Enclosure,
PTC-JRE 0814, Rainford EMC Systems Ltd. (UK), was
employed for the experiments (Fig. 2). This system provides
full protection from external EMFs, and it allows exposing
the cell culture to electromagnetic signals with frequencies
up to 6 GHz.
The Faraday cage with astrocytes culture was placed into

an incubator (37 °C; 5% CO2). The electromagnetic expo-
sure was carried out by using an internal radiating antenna
mounted above astrocytes culture plate on the distance of
6 cm from the plate (far-field region). This distance is the
place, where the far-field region begins and Fresnel zone
ends. It was calculated using the following formula (1):

Far Field Region ¼ 2 Dð Þ2
λ

ð1Þ

where D is the largest dimension of the antenna and λ is the
wavelength of 918 MHz frequency.
Such a distance allows avoiding disordered near-field

energy distribution, multiple interfering reflections and pro-
vides a homogeneous EMF field (Zhao, 2005). The radiating
antenna was connected to a portable source signal USB-
compatible generator (Lab Brick LMS series, USA). The cul-
ture was exposed to EMF with a frequency of 918 MHz at
10 W peak power pulsed amplitude modulation with a pulse
width of 0.580 ms and a repetition rate of 217 Hz.
The specific absorption rate (SAR) (W/kg) can be defined

as the ratio of the absorbed power per unit mass of cells / tis-
tic field inside RF Shield
ld inside RF Shield Expo-
sue, and it can be expressed as fol-
lows (2):

SAR ¼ σ Ej j2
ρ

ð2Þ

Here, E is the peak value of the
electric field, p is the given mass
density of cells (kg/m3) and σ is the
conductivity of cell culture (mono-
layer) (McIntosh et al., 2003). In our
experiments, the average SAR at
the bottom of the medium was
0.20 W/kg.
To determine the impact of ther-

mal effects caused by EMF, a spe-
cial calibrated fiber optic sensor
TS3 thermocouple (OPTOCON,
Germany) was utilized for tempera-
ture monitoring. TS3 thermocouple
provides a stable temperature mea-
surement at EMF/RF environment.
“FOTEMP-Assistant” software
(OPTOCON, Germany) running on
Microsoft Windows operating sys-
tem was used for temperature moni-
toring and analysis. The results of
thermal monitoring showed no sig-
nificant rise of temperature as a
result of the EM exposure (Fig. 3).



Fig. 3. The results of temperature measurements of cell culture exposed
to RF-EM radiation (inside Faraday Cage).
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Determination of general ROS

General ROS produced in astrocytes were measured using
cell permeable chloromethyl derivative of 2′,7′-dichlorodihy-
drofluorescein diacetate (CM-H2DCFDA) (Life Technolo-
gies). For ROS measurements, cells were seeded in 96
well plates, starved for 4 h and then treated with Aβ42 and
H2O2 in phenol-red free DMEM followed by exposure to
EMF. According to manufacturer protocol cells were incu-
bated with CM-H2DCFDA (2.5 μM) for 60 min. Fluorescent
intensity of CM-H2DCFDA were measured using microplate
reader Synergy H1 and normalized to control.

Determination of mitochondrial ROS

For fluorescent imaging of astrocytes labeled with MitoSox cells
were seeded on round (20 mm) coverslips. The next day after
starvation and treatment procedures mitochondrial superox-
ide indicator MitoSOX (5 μM) was added to the cells for
10 min at 37 °C according to the manufacturer's protocol.
Cells were then washed and counterstained with DAPI. After
washing in PBS cells were mounted in the buffer and observed
under fluorescent microscope Carl Zeiss Observer Z1.
For the quantitative assessment of superoxide production

in mitochondria, cells were seeded on 96 well plates and cul-
tured overnight. The next day after starvation and treatment
procedures MitoSOX reagent was applied to each well under
the same conditions as in the fluorescent microscopy experi-
ment described above, and then cells were washed in PBS.
Fluorescent intensity of MitoSOX was measured using micro-
plate reader Synergy H1 and normalized to control.

Mitochondrial membrane potential measurement

Mitochondria membrane potential assay kit (USA, Sigma
Aldrich) was used to measure mitochondria membrane
potential (MMP) in astrocytes. The kit protocol is based on
cells staining by lipophilic fluorescent dye JC-10. In mitochon-
dria with polarized membranes JC-10 is retained in the form
of aggregates with emission in red spectra, while in the cells
with disrupted MMP the dye reverses to the monomeric form
with emission in green spectra. The ratio of red/green
fluorescent intensity is used to determine MMP. According
to the manufacturer protocol cells were plated overnight in
96 well black plates with the clear flat bottom. Before treat-
ment cells were starved for 4 h. in serum-free medium. After
treatment 50 μl of the JC-10 dye loading solutions were
added to each sample well for 30 min., followed by 50 μl
assay buffer loading to the wells. Fluorescent intensity of
stained cells was measured at 490/525 nm and 540/
590 nm of excitation and emission wavelengths in a micro-
plate reader Synergy H1. The ratio between red and green
fluorescent signal was used to analyze MMP in the cells.

Studies of activation of NADP oxidase

The activation of NADPH-oxidase results in translocation of
its cytosolic subunit (e.g. p47phox) to the cell membrane
and membrane-associated subunits such as gp91phox
(DeLeo et al., 1999; Samuelson et al., 2001). We used confo-
cal microscopy to quantify co-localization of gp91phox and
p47phox on the surface of the astrocytes. The protocol was
previously described by Yang et al. (2010). Briefly, after the
treatments cells were fixed with 4% paraformaldehyde at
37 °C for 30 min., PBS containing 5% BSA was then applied
to cells for 1 h. to block nonspecific bindings. To label
gp91phox at the cell surface, goat polyclonal anti-gp91phox
(Santa Cruz Biotechnology, 1:200 dilution) was added and
incubated at 4 °C without permeabilization. To label
p47phox, cells were then permeabilized with 0.1% Triton X-
100 in PBS for 5 min. Rabbit polyclonal anti-p47phox (Santa
Cruz Biotechnology, 1:200 dilution) in PBS with 1% BSA was
then added and incubated at 4 °C overnight. This was fol-
lowed by fluorescent labeling with secondary antibodies
(1:500 dilution) at room temperature for 1 h. The secondary
antibodies for gp91phox and p47phox were Alexa 488 don-
key anti-goat antibody (Life Technologies), and Alexa 594
chicken anti-rabbit antibody (Life Technologies), respectively.
Secondary antibodies did not show immunostaining in the
absence of the primary antibody (data not shown). Confocal
immunofluorescence microscopy was performed with Carl
Zeiss LSM700 confocal microscope. Confocal images were
acquired with a 60X, numerical aperture 1.2 oil immersion
objective lens for co-localization studies between NADPH
oxidase subunits, gp91phox and p47phox. To determine
the spatial co-localization of labeled objects Z-stack series
at 1 μm spacing were captured. Background subtraction
was done for all images before analysis. The colocalization
indexes between two channels were calculated by normaliz-
ing the coincident intensity (yellow) to the total intensity of the
corresponding channel as described previously (Askarova
et al., 2011).

MAP kinases assay

The total concentration and the phospho-kinase/total kinase
ratio for the p38 MAPK and ERK1/2 were measured in a
whole cell lysate using MSD MAP Kinase Total and Phos-
phoprotein Assay Kits (Meso Scale Discovery). All proce-
dures were performed according to the manufacturer's
protocol. Briefly, whole cell lysate was prepared using buffer
provided with the kit. Cellular debris was cleared from the
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lysate by centrifugation at 10000 x g for 10 min. To make the
sandwich for electrochemiluminescence immunoassay, cell
lysates were added to the wells of plates pre-coated with cap-
ture antibodies and incubated for 3 h. Afterwards the plates
were washed 3 times followed by incubation with detection
antibody for 1 h. After a final wash, 150 μl of Read Buffer
was added to each well and the plates analyzed on MSD
QuickPlex SQ 120. Bicinchoninic Acid Assay was used as
loading control. Phospho-kinase/total kinase ratios in experi-
mental groups were normalized to untreated control.
Statistical analysis

All the presented data have passed the Shapiro–Wilk test for
normality and test for homogeneity of variances, and are
expressed as mean ± SEM. A one-way Analysis of Variance
(ANOVA) was used to investigate the effects of EMF on ROS
formation, MMP, activity of NADPH-oxidase and phosphory-
lation of p38MAPK and ERK 1/2 kinase in human and rat pri-
mary astrocytes in the presence of Aβ42 and H2O2. When the
one-way ANOVA was significant, a post hoc test using the
Tukey's pairwise comparison of means was used to reveal
differences between various groups. Values were considered
significantly different at the P ≤ .05 level. Statistical analyses
were performed on the Stata 13 and SigmaPlot 11.0 software
was used to graphically demonstrate the results.
Fig. 4. EMF exposure reduced ROS from Aβ42 and H2O2 in rat (A) and
human (B) primary astrocytes. Level of ROS is represented by relative
DCF intensity normalized to the control group. ***P ≤ .001, *P ≤ .05 com-
pared to the control; ●●●P ≤ .001, ●●P ≤ .01 compared to the group trea-
ted with Aβ42;

oooP ≤ .001 compared to the group treated with H2O2 (rat:
one-way ANOVA, F(5,42) = 926.46, P ≤ .001; human: one-way ANOVA,
F(5.41) = 895.25, P ≤ .001).
RESULTS

Effect of Aβ42, H2O2 and EMF on the formation of
cellular ROS in human and rat primary astrocytes

To quantify cellular ROS production in astrocytes we utilized
the cell permeable chloromethyl derivative of 2′,7′-dichlorodi-
hydrofluorescein diacetate (CM-H2DCFDA), a chemically
reduced form of fluorescein dye commonly used as an indi-
cator for ROS in cells. Post hoc comparisons using the
Tukey's test followed by ANOVA indicates that 5 μM of
Aβ42 increases CM-H2DCFDA fluorescence by 51% (M =
1.51, SEM = 0.032) as compared with untreated control
(M = 1, SEM = 0.01) in rat primary astrocytes and by 19%
(M = 1.19, SEM = 0.012) vs control (M = 1, SEM = 0.012)
in human cells, that conforms to data of previously published
reports (Cenini et al., 2010; Schilling and Eder, 2011). Since
H2O2 is a known source of ROS, results from the treatment
with H2O2 served as a positive control. Our data demonstrate
3 to 4 fold increase of ROS formation in both cell types upon
hydrogen peroxide exposure (M = 3.01, SEM = 0.046 for rat
astrocytes; M = 4.11, SEM = 0.089 for human astrocytes).
At the same time, Aβ42-stimulated ROS production was atte-
nuated by EMF exposure by 28% in rat astrocytes (M = 1.23,
SEM = 0.011) and by 10% in human astrocytes (M = 0.93,
SEM = 0.013). Similarly, EMF exposure reduced ROS from
H2O2 by 70% in rat astrocytes (M = 2.31, SEM = 0.033)
and by 140% in human astrocytes (M = 2.58, SEM =
0.053). Moreover, the EMF itself was capable of reducing
amount of ROS generated by 27% in human cells (M =
0.73, SEM = 0.012) and by 20% in rat cells (M = 0.8, SEM =
0.008) in comparison with the controls (Fig. 4).
Effect of Aβ42, H2O2 and EMF on the formation of
mitochondrial ROS in human and rat primary
astrocytes

We employed a highly specific mitochondrial superoxide indi-
cator MitoSox to quantify ROS production from mitochondria.
As shown on the fluorescent images (Fig. 5A), treatment with
Aβ42, resulted in increasing of MitoSox intensity in astrocytes.
On the contrary, the lower levels of fluorescence were
observed in the cells treated with Aβ42 in EMF compared to
the cells treated solely with Aβ42. To confirm visual observa-
tions quantitative analysis of fluorescent intensity was per-
formed (Fig. 5B, C). Post hoc comparisons using the
Tukey's test indicated that Aβ42 treatment resulted in 29%
increase of mitochondrial ROS in rat astrocytes (M = 1.29,
SEM = 0.06) and in 12% increase in human cells (M =
1.11, SEM = 0.016) compared to untreated controls (M = 1,
SEM = 0.054; and M = 1, SEM = 0.016; for rat and human
astrocytes respectively), whereas, H2O2 did not significantly
affect mitochondrial ROS in both cell types. In turn, Aβ42
mediated mitochondrial ROS was suppressed by the expo-
sure to EMF by 38% in rat astrocytes (M = 0.92, SEM =



Fig. 5. EMF decreased mitochondrial ROS formation induced by Aβ42 in rat and human primary astrocytes. Fluorescent images of rat primary astrocytes
labeled with MitoSox (A), quantitative analysis of mitochondrial ROS in rat (B) and human (C) primary astrocytes. Quantitative data represents fluorescent
intensity of MitoSox normalized to the control group (zero base line). ***P ≤ .001, **P ≤ .01, compared to the control; ●●●P ≤ .001 compared to the group trea-
ted with Aβ42 (rat: one-way ANOVA, F(5, 130) = 12.08, P ≤ .001; human: one-way ANOVA, F(4, 31) = 8.46, P ≤ .001).
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Fig. 6. EMF increases mitochondrial membrane potential in rat primary astrocytes. Quantitative data repre-
sents fluorescent intensity of cells labeled with JC10 and normalized to the control group (zero base line).
*P ≤ .05, compared to the control; ●●●P ≤ .001 compared to the group treated with Aβ42;

oP ≤ .05 compared
to the group treated with STS (one-way ANOVA, F(6, 76) = 6.47, P ≤ .001).
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0.04) and by 11% in human astrocytes (M = 1, SEM = 0.02).
Furthermore, in rat primary astrocytes the application of EMF
alone reduced the amount of superoxide anion generated in
mitochondria by 20% (M = 0.8, SEM = 0.046) as compared
to unexposed cells.
Effect of Aβ42, H2O2 and EMF on the mitochondrial
membrane potential in rat primary astrocytes

There is evidence supported by number of experimental
models that ROS production in mitochondria strongly corre-
lates with mitochondrial membrane potential (MMP) (Turrens,
2003; Esteras Gallego et al., 2015). Here we investigated the
effects of Aβ42, H2O2 and EMF on RF-MMP in rat primary
astrocytes. In agreement with previous reports (Sarkar
et al., 2014) Fig. 6 shows that 5 μM of Aβ42 lowers MMP by
20% (M = 0.79, SEM = 0.019) compared to untreated astro-
cytes (M = 1, SEM = 0.091). Similar results were seen upon
treatment with 2.5 μM of staurosporine (STS) (M = 0.8,
SEM = 0.023). STS is a well-known inhibitor of protein
kinases which induces mitochondria membrane depolariza-
tion (Scarlett et al., 2000). In our experiments STS treatment
served as a positive control. In contrast, H2O2 treatment did
not result in significant MMP change. At the same time,
Aβ42- and STS-stimulated mitochondrial membrane depolar-
ization was reversed by EMF exposure (40% increase com-
pared to Aβ42 alone, M = 1.2, SEM = 0.053; 10%
compared to STS alone, M = 0.9, SEM = 0.032). Moreover,
EMF itself was capable of increasing mitochondrial mem-
brane potential by 20% in rat primary astrocytes (M = 1.2,
SEM = 0.053) compared to untreated
cells, which is consistent with MitoSox
quantification results showing that
EMF decreased the amount of ROS
in mitochondria (Fig. 5).
Effect of Aβ42 and EMF on
NADPH-oxidase activation in
rat primary astrocytes

NADPH-oxidase is an enzyme com-
plex consisting of gp91-phox, p22-
phox membrane-bound subunits,
three cytosolic subunits (p67-phox,
p47-phox and p40-phox), and a low-
molecular-weight G protein (Babior,
1999). It has been shown that
NADPH-oxidase contributes actively
to the production of ROS in astro-
cytes (Qing et al., 2005; Zhu et al.,
2009; Sheng et al., 2013). Since acti-
vation of this kinase is associated
with the migration of the cytosolic
components to the cell membrane
and assembling with its membrane
subunits, we tested the effects of
Aβ42 and EMF on co-localization of
gp91phox and p47phox subunits by
analyzing confocal images of double immunofluorescent-
labeled gp91-phox and p47-phox in rat primary astrocytes
(Fig. 7A).
Post hoc comparisons using the Tukey's test indicated that

Aβ42 significantly increased assembling of cytosolic subunit
p47-phox of NADPH-oxidase with its membrane subunits
gp91-phox (by 28%) suggesting Aβ42 induced NADPH-
oxidase activation (M = 1, SEM = 0.09 for control group
and M = 1.28, SEM = 0.07 for Aβ42 group). In turn, exposure
of astrocytes to EMF of 918 MHz frequency suppressed the
co-localization of p47-phox with gp91-phox induced by Aβ42
(by 31%, M = 0.97, SEM = 0.06). Our data also showed that
EMF itself did not significantly reduce activity of the NADPH-
oxidase. To verify this method of measurement for NADPH-
oxidase activity, we demonstrated that NADPH-oxidase inhi-
bitor (gp91 ds-tat) suppressed Aβ-mediated increase in co-
localization of gp91phox and p47phox (Fig. 7B).
Effect of Aβ42, H2O2 and EMF on phosphorylation
of p38MAPK and ERK1/2

Mitogen-activated protein kinases (MAPKs) are serine/threo-
nine protein kinases that regulate the signaling of many extra-
cellular stimuli from the plasma membrane to the nucleus.
There is evidence suggesting the involvement of MAPK/
ERK downstream signaling pathways in cellular responses
induced by oxidative stress and Aβ42 (Askarova et al.,
2011; Emmanuelle et al., 1997; Xu et al., 2001; Yin et al.,
2002; Hsu et al., 2007; Shelat et al., 2008a). Here, we tested
whether irradiation of rat primary astrocytes with EMF of



Fig. 7. EMF suppresses induced by Aβ42 activation of NADPH-oxidase in rat primary astrocytes. NADPH-oxidase activity is represented by coefficient of
gp91phox and p47phox subunits co-localization (normalized to the control group). Confocal images (A), quantitative analysis (B). *P ≤ .05 compared to
the control; ●P ≤ .05 compared to the group treated with Aβ42 (one-way ANOVA, F(5,70) = 2.71, P ≤ .05).
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918 MHz frequency is capable of modulating the activity
p38MAPK and ERK1/2.
In agreement with the previous reports, results obtained

from Meso Scale Discovery immunoassay (Fig. 8) showed
that Aβ42 exposure lead to increase of phosphorylation of
p38MAPK by 103% (M = 2.03, SEM = 0.38) and ERK1/2
by 24% (M = 1.24, SEM = 0.065) as compared to untreated
controls (M = 1, SEM = 0.067 for p38MAPK and M = 0.99,
SEM = 0.031 for ERK1/2). Similarly, Post hoc comparisons
using the Tukey's test indicated that treatment with H2O2
resulted in a 54% increase in Phospho/Totalp38MAPK ratio
(M = 1.54, SEM = 0.054) and a 32% increase in Phospho/
TotalERK1/2 ratio (M = 1.32, SEM = 0.038). Our data also
demonstrated that pre-treatment of astrocytes with
EMF alone did not change phosphorylation of MAPKs and
did not suppress Aβ42-induced phosphorylation of the
kinases. However, EMF significantly decreased H2O2-
induced phosphorylation of p38MAPK (by 50%) and ERK1/
2 (by 12%) (M = 1.02, SEM = 0.06 and M = 1.2, SEM =
0.016 respectively). Since the activation of these kinases



Fig. 8. EMF suppresses H2O2 –induced phosphorylation of p38MAPK (A)
and ERK1/2 (B), but does not attenuate Aβ42-induced activation of the
MAPKs in rat primary astrocytes. ***P ≤ .001, **P ≤ .01, *P ≤ .05 com-
pared to the control; ooP ≤ .01, oP ≤ .05 compared to the group treated
with H2O2 ((A)one-way ANOVA, F(5, 12) = 7.3, P ≤ .01; (B) – one-way
ANOVA, F(5, 12) = 3.55, P ≤ .05).
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happens via phosphorylation, this implies changes in their
activity.
DISCUSSION

Amyloid beta peptide has been reported to mediate oxidative
damage in astrocytes and trigger the downstream mitogen-
activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) pathway (Askarova et al., 2011; Serrano
et al., 2009; Schilling and Eder, 2011; Gao et al., 2012;
Swomley and Butterfield, 2015). The present study demon-
strated that the exposure of astrocytes to EMF with a fre-
quency of 918 MHz increased mitochondrial membrane
potential, suppressed Aβ42-induced ROS production from
NADPH-oxidase and mitochondria, inhibited H2O2–induced
phosphorylation of p38MAPK and ERK1/2, and may poten-
tially be used for the protection of brain cells against β-
amyloid induced oxidative stress.
A frequency of 918 MHz corresponds to the electromag-

netic range that is widely used in conventional mobile
phones. Data of our experiments are consistent with the
results of the study of Arendash et al. (2010), Arendash
et al. (2012). In these studies, transgenic mice with AD were
exposed to EMF with the frequency of 918 MHz (GSM,
pulsed/modulated signal) during 6 months. The electromag-
netic irradiation resulted in the suppression of β-amyloid
deposition in brain cells and improved cognitive function of
mice affected by AD. In our study, we used the same EMF
parameters (918 MHz), but we employed human and rat pri-
mary astrocytes and shorter period of irradiation (60 min.) to
reveal cellular responses to mobile phone frequency EMF
in the presence of Aβ42 and H2O2.
In another work conducted by the same research group

a long-term exposure of animals to high frequency EMF
(918 MHz frequency) led to an increase of brain mitochon-
drial function in Alzheimer's transgenic mice, and the EMF-
induced enhancement of brain mitochondrial function was
accompanied by increases in soluble Aβ (Dragicevic et al.,
2011). The authors hypothesized that the observed increase
of mitochondrial soluble β-amyloid peptide was caused by
the ability of EMF to disaggregate Aβ-oligomers. It was also
demonstrated that EMF-induced mitochondrial enhancement
occurred through non-thermal effects because brain tem-
peratures were either stable or decreased during/after EMF
treatment.
Mitochondria are considered as the main site for ROS gen-

eration, and there is a number of reports on Aβ-induced mito-
chondrial dysfunction and oxidative stress in astrocytes
(Abramov et al., 2004; Abramov and Duchen, 2005; Zhu et
al., 2006). In turn, the ROS in mitochondria originate from
mitochondrial respiratory chain due to a leak of electrons
and their reactions with oxygen molecules, and amount of
generated ROS strongly correlates with MMP (Turrens,
2003; Esteras Gallego et al., 2015). It is generally believed
that more ROS is produced by mitochondria if MMP
increases (Esteras Gallego et al., 2015)(Miwa and Brand,
2003). However, there is data demonstrating that some
pathological conditions associated with the dysfunctions of
the respiratory chain components or presence of Aβ42 oligo-
mers cause a reduction in mitochondrial membrane potential
and a simultaneous increase in ROS production (Lebied-
zinska et al., 2010; Sarkar et al., 2014; Song et al., 2017).
In agreement with this concept, we observed that Aβ42
increased the amount of ROS in mitochondria and decreased
mitochondrial membrane potential. However, RF-EMF could
attenuate Aβ42-induced mitochondrial membrane depolariza-
tion and elevation of mitochondrial ROS. Moreover, RF-EMF
alone caused the reduction of the amount of superoxide
anion generated in mitochondria which was accompanied
by the significant increase in MMP.
MMP collapse coincides with the opening of the mitochon-

drial permeability transition pore (MPTP)(Ly et al., 2003). In
turn, Aβ has been shown to augment mitochondrial mem-
brane potential either indirectly by promoting the expression
of proteins associated with the MPTP or by directly binding
to the membranes and forming ion-permeable pores
(Kandel et al., 2017). The observed increase in the MMP
upon exposure to EMF may be explained by downregulation
of MPTP formation or inhibition of ATP synthase, while sup-
pression of ROS generation happens due to reduction of
electron transport. Thus, our finding suggests a direct effect
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of the electromagnetic field on membrane biophysical proper-
ties that may lead to restoration of mitochondrial functions
affected by β-amyloid. Since we did not detect any significant
temperature elevation during EM exposure, the observed
impact of EMF on molecular processes can be attributed to
non-thermal effects.
Plasma membrane-bound enzyme complex NADPH-

oxidase is another source of superoxide anions induced by
Aβ in astrocytes and neurons (Qing et al., 2005; Shelat et
al., 2008b; Brennan et al., 2009; Zhu et al., 2009). Moreover,
there are data indicating that β-amyloid induces mitochon-
drial dysfunction through activation of NADPH-oxidase
(Abramov et al., 2004), and it is considered as the primary
source of astrocytic superoxide induced by Aβ (Abramov
and Duchen, 2005). In agreement with this concept, our
results demonstrated that Aβ42 induced NADPH-oxidase
activation, while EMF exposure resulted in suppression of
Aβ42-mediated increase in co-localization of gp91phox and
p47phox. It has been reported that EMF exposure results in
changes in membrane potential, modification of membrane
proteins and modulation of activity of ion channels (Ross
et al., 2015; Krutáková et al., 2016). In our study RF-EMF
induced a significant increase in MMP. We suggest that
EMF is able to modulate the electrical potentials on the
plasma membranes as well, thus affecting cell membrane
proteins. This leads to translocation of active molecular com-
plexes including modulation of the activity of NADPH oxi-
dase. As a result, we observed the suppression of ROS
production (‘treated with β-amyloid’ and ‘not treated with β-
amyloid’ groups) in rats and humans astrocytes. Interestingly,
the inhibition of cellular ROS formation by means of EMF was
also detected in the groups treated solely with peroxide
hydrogen.
It is well known that Aβ oligomers and ROS can initiate the

downstream mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) pathway (Askarova et
al., 2011; Zhu et al., 2002; Son et al., 2013). Five groups of
MAPKs have been characterized in mammalian cells: extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun
amino-terminal kinases, p38 MAPKs, ERK3/4, and ERK5,
and the most extensively studied MAPKs are the ERK1/2
and p38 kinases (Roux and Blenis, 2004).In the present
study, we explored the effects of EMF on the phosphorylation
of p38MAPK and ERK1/2 kinases induced by β-amyloid and
hydrogen peroxide. We observed the ability of EMF to sup-
press phosphorylation of p38MAPK and ERK1/2 induced by
H2O2. Yet, EMF was not able to modulate alterations in the
phosphorylation state of the MAPKs triggered by Aβ42. Pre-
viously, we showed the feasibility of the existence of two
independent pathways for kinase phosphorylation activated
by Aβ42 (Askarova et al., 2011). One of them is associated
with activation of NADPH-oxidase and elevated ROS produc-
tion in the mouse brain endothelial cells (bEnd3). However, in
the primary rat astrocytes RAGE (receptor for advanced gly-
cation end-products) acts as a signal transducing cell surface
receptor for Aβ42 to trigger phosphorylation of ERK1/2 which
does not require activation of NADPH-oxidase and genera-
tion of ROS. In our study, the detected inability of EMF to pre-
vent phosphorylation of p38MAPK and ERK1/2 kinases
induced by Aβ42 can be explained by the second ROS-
independent downstream pathway, albeit this is speculation.
In summary, our data showed that EMF treatment of brain

cells with parameters similar to irradiation from the ordinary
mobile phone (918 MHz; GSM) was capable of suppressing
oxidative stress triggered by Aβ42 and H2O2, thus indicating
its possible therapeutic benefit. Our data conform to the pre-
vious reports on beneficial impact of EMF that can be
employed for the treatment of neurodegenerative disorders
such as Alzheimer's disease. However, further studies are
needed to validate the effectiveness and safety of EMF appli-
cation in AD patients.
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