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A B S T R A C T   

The use of body-worn wireless devices with different communication protocols and rapidly changing exposure 
scenarios is still multiplying and the need to identify possible health effects of radiofrequency electromagnetic 
field (RF-EMF) exposure with extremely low-frequency (ELF) modulation envelops. In this study, effects of ELF- 
modulated 935 MHz RF-EMF on apoptosis, autophagy, oxidative stress and electron exchange in N9 microglial 
and SH-SY5Y neuroblastoma cells were investigated. 

Cells were exposed at 4 W/kg or sham-exposed for 2 and 24 h. RF-EMF exposure of both cell types did not 
alter apoptosis, the number of living cells nor the apoptosis-inducing factor (AIF), irrespective of the exposure 
duration. RF-EMF exposure for 24, but not for 2 h, increased protein levels of the autophagy marker ATG5, 
whereas LC3B-I and II and pERK were not altered in both cell types and exposure times investigated. A transient 
increase in glutathione (GSH), but not hydrogen peroxide and cytochrome c oxidase was found only in SH-SY5Y 
cells, indicating that short-time RF-EMF at SAR levels accepted by today's safety guidelines might cause au
tophagy and oxidative stress with the effect being dependent on cell type and exposure duration. 

Further studies are needed to evaluate possible underlying mechanisms involved in pulse-modulated RF-EMF 
exposure.   

1. Introduction 

In recent years, exposure to radiofrequency electromagnetic fields 
(RF-EMF) has increased owing to new communication technologies, 
especially mobile phones (uplink) and base stations (downlink) 
(Neubauer et al., 2007). At the same time, increased exposure to RF- 
EMF has led to society's growing concern about the possible effects it 
may have on human health (Roosli et al., 2010). In 2012, the Inter
national Agency for Research on Cancer (IARC) classified non-ionizing 

radiofrequency radiation as possibly carcinogenic (Baan et al., 2011;  
IARC Working Group on the Evaluation of Carcinogenic Risks to 
Humans, 2013). 

Besides cancer, neurodegenerative disorders, including Alzheimer's 
and Parkinson's disease, were demonstrated to be accompanied by 
neuroinflammation (Mhatre et al., 2004), and oxidative stress has been 
related to the etiology of neurodegenerative diseases (Dias et al., 2013;  
Lugrin et al., 2014; Cacabelos, 2017; Islam, 2017). Neurodegenerative 
diseases have been linked to an imbalance between production of 
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reactive oxygen species (ROS) and antioxidant defenses (Radi et al., 
2014). 

There is evidence from several in vivo and in vitro studies that RF- 
EMF lead to an increase in oxidative stress (Friedman et al., 2007; Xu 
et al., 2010; Consales et al., 2012; Wang and Zhang, 2017). Impaired 
neurite outgrowth on neuronal cells has been demonstrated in em
bryonic neural stem cells exposed to RF-EMF (Chen et al., 2014). Evi
dence from in vitro studies demonstrated ROS generation in SH-SY5Y 
cells exposed to 1800 MHz even at a low specific absorption rate (SAR) 
of 0.21 W/kg (Stefi et al., 2019) and at 1–6 W/kg (Marjanovic Cermak 
et al., 2018), and pro-inflammatory responses were found in in micro
glial cell and astrocytes (Lu et al., 2014). In contrast, RF-EMF exposure 
alone or in combination with hydrogen peroxide (H2O2) did not alter 
intracellular ROS levels in three neuronal cell lines (Kang et al., 2014) 
exposed to 838 and 1950 MHz at 2 W/kg and 872 MHz at 5 W/kg 
(Luukkonen et al., 2009). 

In an Alzheimer model, male rats showed higher oxidative stress 
levels in the hippocampus after RF-EMF exposure (1.5–6 W/kg) with 
the effect being dose-dependent (Bouji et al., 2020). Similarly, in
creased oxidative stress was found in the hippocampus of male Wistar 
rats after RF-EMF exposure (1966.1 MHz, 4.0 mW/cm2) for 2 h a day 
for 16 weeks (Singh et al., 2020). RF-EMF exposure at 1.13 W/kg for 
60 days increased oxidative stress and apoptosis in rats, leading to 
neuronal damage but not DNA damage (Motawi et al., 2014). Even at 
low SAR levels (0.58–0.66 mW/kg), RF-EMF exposure for 60 days re
sulted in an increase in oxidative stress markers and a reduction in 
glutathione (GSH) and superoxide dismutase (SOD), inflammation and 
DNA damage in male Fischer 344 rats (Megha et al., 2015). Besides 
increased ROS levels, significant reductions of radical scavengers were 
found in brain samples of Sprague-Dawley rats exposed to 2.45 GHz for 
4 h a day for 45 days total, resulting in impaired learning and memory 
and expression of anxiety behaviour (Varghese et al., 2018). On the 
other hand, long-term RF-EMF exposure (1950 MHz, 5 W/kg) in 
C57BL/6 mice for 8 months did not induce oxidative stress and DNA 
damage, and no changes were found for apoptosis, astrocyte or mi
croglia neuroinflammation markers in aging brains (Jeong et al., 2018). 

Neuronal differentiation was decreased in neural stem cells exposed 
to 900 MHz RF-EMF at 2.29 W/kg, but viability and apoptosis of neu
ronal stem cells did not change (Eghlidospour et al., 2017). In SH-SY5Y 
neuroblastoma cells, menadione-induced caspase 3 activity was not 
altered in RF-EMF-exposed cells (872 MHz, 5 W/kg) compared to sham- 
exposure, whereas significantly higher caspase 3 levels were found in 
fibroblasts (Hoyto et al., 2008). Similar findings were obtained in pri
mary neurons obtained from cortices of embryonic Wistar rats. RF-EMF 
exposure at 900 MHz (0.25 W/kg) for 24 h did not affect apoptosis 
(Joubert et al., 2007). In contrast, gene expression of apoptosis markers 
were affected after Global System for Mobile Communications (GSM) 
RF-EMF radiation in SH-SY5Y cells (Buttiglione et al., 2007), mouse 
embryonic stem cells (Nikolova et al., 2005), primary neurons and as
trocytes (Zhao et al., 2007). 

Dysfunctional autophagy, an intracellular machinery for degrading 
damaged and aggregated proteins and organelles has been reported to 
be involved in the pathology of neurodegenerative disorders (Menzies 
et al., 2015; Guo et al., 2018; Kumar et al., 2018; Chu, 2019). Recent 
data showed increased levels of genes related to autophagy and au
tophagosomes in the hippocampus but not in the brain stem in C57BL/6 
mice after RF-EMF exposure at 835 MHz (4 W/kg) for 12 weeks (Kim 
et al., 2018). Extracellular signal regulated kinase (ERK), localized at 
autophagosomes, was demonstrated to regulate autophagy through 
interactions of its substrate binding domain with autophagy-related 
(ATG) proteins (Martinez-Lopez et al., 2013). Interestingly, the mi
togen-activated protein kinase (MAPK) ERK was found to be rapidly 
activated after RF-EMF exposure due to a cascade of cellular events 
triggered by ROS (Friedman et al., 2007). In contrast, MAPK phos
phorylation in astrocytes was not altered after RF-EMF exposure to 
1763 MHz (2 and 20 W/kg) for 30 and 60 min (Lee et al., 2006). 

In this study, we investigated the effect of RF-EMF exposure at 4 W/ 
kg (SAR) on oxidative stress, apoptosis, and autophagy and electron 
transport chain function in SH-SY5Y and microglial cells (N9). 

2. Material & methods 

2.1. Cell culture 

The human neuroblastoma cell line SH-SY5Y (ATCC, USA) was 
cultivated in Dulbecco's Modified Eagle Medium (DMEM) GlutaMax 
(Gibco, Thermo Fisher, USA) with 10% Fetal bovine serum (FBS) and 
penicillin (100 units/mL) – streptomycin (10 μg/mL) as well as 2 mM L- 
Glutamine (Gibco, Thermo Fisher, USA) and 1 mM sodium pyruvate 
(Gibco, Thermo Fisher, USA). Cells were incubated at 37 °C under 5% 
CO2. 

Murine microglial cells (N9, Department of Clinical Research, 
University of Bern, Switzerland) were cultured in DMEM (Gibco, 
Thermo Fisher Scientific, USA) supplemented with 10% FBS (Gibco, 
Thermo Fisher Scientific, USA) and penicillin (100 units/mL) – strep
tomycin (10 μg/mL) (Gibco, Thermo Fisher Scientific, USA) at 37 °C 
under 5% CO2. 

2.2. RF-EMF exposure 

The RF-EMF exposure had been selected to meet all criteria of  
Kuster and Schonborn (2000) with maximum induced fields below 
thermal threshold, large extremely low-frequency (ELF) modulation 
envelop with intermittent exposure while still synthesizing the ex
posure of a GSM wireless signal. The SH-SY5Y and N9 cells were ex
posed in the sXc900 exposure system (IT'IS Foundation, Zurich, Swit
zerland) that was fully characterized regarding electromagnetic and 
thermal dosimetry (Schuderer et al., 2004a) and validated prior to the 
experiment. The exposure signal consisted of an intermittent ‘“talk- 
mode’” GSM modulation envelope (935 MHz carrier frequency, 
216.7 Hz pulse-modulated rate, where each 26th GSM frame is blanked 
(adding an 8 Hz modulation), ON/OFF cycles of 120/120 s. Cells were 
exposed at an average SAR of 4 W/kg  ±  0.16 SD with a non-uni
formity of the SAR distribution of 25% (Schuderer et al., 2004b) during 
the on-cycle, under the culture conditions described above 
(37 °C  ±  0.1 °C, > 80% humidity, 5% CO2). The maximum thermal 
load of the cells in the monolayer was < 0.1 °C compared to sham 
(Schuderer et al., 2004b). All experiments were performed in a double- 
blinded fashion with two waveguide chambers for RF-EMF and sham 
exposure, respectively and eight cell culture dishes (35 mm) (Thermo 
Fisher Scientific, Massachusetts, USA) per chamber, containing 4 ml 
medium per dish. Cells were plated on day in vitro (DIV) 0, RF-EMF or 
sham exposure started 24 h after plating, and measurements were 
performed at the end of the exposure. 

2.3. Apoptosis 

SH-SY5Y and N9 cells were seeded to obtain 3.106 and 1.2.106 cells 
per 35 mm dish in 4 mL DMEM GlutaMax or DMEM, respectively after 
RF-EMF or sham exposure. Following RF-EMF at SAR of 4 W/kg or 
sham exposure, cells were trypsinized and washed once with 1× 
phosphate buffered saline (PBS, Gibco, Thermo Fisher, USA). At both 
time points (2 and 24 h), four sample groups were investigated, namely 
RF-EMF- and sham-exposed cells as well as cells treated with 1 μM 
staurosporine (Sigma, Switzerland), functioning as a positive control 
(PC) in combination with RF-EMF and sham exposure. Cells were 
counted and 1.105 cells of all sample groups were investigated with the 
Dead Cell Apoptosis Kit (Molecular Probes, Thermo Fisher Scientific, 
USA). The cell staining was processed in accordance to the manufac
turer's data sheet. Briefly, Alexa Fluor® 488 Annexin V (FITC, green) 
was detected by the laser Coherent® to identify apoptotic cells, whereas 
propidium iodide (PI, red) was detected by the laser Sapphire™ and 

J. Zielinski, et al.   Toxicology in Vitro 68 (2020) 104963

2



served as the live/dead discriminator. The gating was set for living cells 
FITC neg/PI neg, for early apoptotic cells FITC pos/PI neg and for dead 
and late apoptotic cells FITC pos/PI pos. All samples were incubated 
with the provided buffer system for 15 min at room temperature (RT) 
and subsequently kept on ice until further investigated using a BD LSR 
II flow cytometer (BD Biosciences, Belgium) and analysed by FlowJo 
7.6 software (FlowJo, LLC, USA). 

2.4. Apoptosis and autophagy 

2.4.1. Apoptosis inducing factor (AIF) 
SH-SY5Y and N9 cells were seeded to obtain 3.106 and 1.2.106 cells 

per 35 mm dish in 4 mL DMEM GlutaMax or DMEM, respectively after 
RF-EMF or sham exposure. A positive control was conducted by in
cubating N9 cells with 2.5 μM staurosporine and SH-SY5Y cells with 
0.1 μM staurosporine for 6 h at 37 °C with 5% CO2. Following RF-EMF 
at SAR of 4 W/kg or sham exposure or staurosporine exposure, cells 
were washed once with 1× PBS. Protein was extracted by scraping off 
the cells of all eight dishes per irradiation chamber or chemical ex
posure in 100 μL resuspension buffer (containing 2 mM HEPES and 
0.2 mM EGTA supplemented with 1× HALT protease inhibitor and 1× 
phosphatase inhibitor cocktails). Subsequently, the samples were so
nicated once with 10% power for 10 s and centrifuged at 200×g for 
7 min. The supernatant of each sample was transferred into a new vial 
and the pellet was washed with 100 μL resuspension buffer. Afterwards, 
the samples were sonicated again with 10% power for 10 s, incubated 
on ice for 30 min, rigorously vortexed for 15 s and centrifuged at 
800×g for 15 min. The resulting pellets of centrifugation one and two 
were pooled and the produced supernatant was centrifuged at 2′500×g 
for 10 min. The pellets were pooled and sonicated twice with 10% 
power for 10 s. The resulting supernatant was centrifuged at 13′200×g 
for 20 min. The supernatant fraction, containing the cellular proteins, 
was sonicated twice with 10% power for 10 s. The protein amount was 
obtained with Pierce™ 660 nm Protein Assay Reagent. 

Nuclei and cytosolic fractions were processed for Western Blotting. 
After the successful transfer, the nitrocellulose membrane was blocked 
for 2 h at RT in 5% milk powder diluted in 1× PBS (Thermo Fisher 
Scientific, Switzerland), containing 0.2% Tween (Sigma, Switzerland). 
Subsequently, the primary antibody AIF (Cell Signaling Technology, 
USA), was diluted in the blocking solution 1:500 and incubated over
night on a rocker at 4 °C. The membrane was rinsed twice and washed 
three times for 5 min in 1 x PBS, 0.2% Tween before anti-β-actin 
(Sigma, Switzerland) was diluted 1:4′000 in the blocking solution and 
incubated for another 2 h at RT. Secondary antibodies, donkey-anti- 
rabbit and goat-anti-mouse horseradish peroxidase (HRP) (Jackson 
Laboratories, USA), were diluted 1:10′000 in the blocking solution and 
applied at RT for 2 h. 

Detection of the respective protein was achieved by incubation with 
Immobilon Western Chemiluminescent HRP Substrate (Millipore 
Merck, Switzerland) and analysed by the LAS-3000 Imaging System 
(Fuji, Germany). 

Quantification of the protein amount was performed using Image J 
software (National Institutes of Health, Washington, USA) and nor
malizing the optical density (OD) of the investigated protein band with 
the OD of the β-actin band of the same sample on the same membrane. 

2.4.2. Autophagy-related protein 5 (ATG5), light chain 3B (LC3B) and 
extracellular signal–regulated kinases (ERK) 

SH-SY5Y and N9 cells were seeded to obtain 3.106 and 1.2.106 cells 
per 35 mm dish in 4 mL DMEM GlutaMax or DMEM, respectively after 
RF-EMF or sham exposure. Following RF-EMF at SAR of 4 W/kg or 
sham exposure, cells were washed once with 1× PBS. Protein was ex
tracted by scraping off the cells of all eight dishes per chamber in 
100 μL lysis buffer (Sigma, Switzerland) supplemented with 1× HALT 
protease inhibitor and 1× phosphatase inhibitor cocktails. 
Subsequently, the samples were sonicated twice (10% power) for 4 s 

and afterwards centrifuged for 10 min at 13′200×g. The supernatant 
was transferred into a new test tube and 10 μL were used for protein 
measurements with Pierce™ 660 nm Protein Assay Reagent (Thermo 
Fisher Scientific, Switzerland). 

Markers for autophagy (ATG5, LC3B, pERK) were analysed by 
Western blotting. The membranes, 0.45 μm Immobilion PVDF (Sigma, 
Switzerland) or nitrocellulose (Sigma, Switzerland) were washed in 1 x 
Tris buffered saline (TBS, pH 7.6, Sigma, Switzerland) with 0.5% Tween 
(Sigma, Switzerland) and blocked for 2 h at RT in 5% milk powder 
(Migros, Switzerland) in 25 mM Tris (Sigma, Switzerland), pH 7.4, 
0.15 M NaCl (Sigma, Switzerland), 0.1% Tween. Subsequently, the 
primary antibodies, shown in Table 1, were incubated on a rocker over 
night at 4 °C. The monoclonal mouse antibody anti-β-actin (Sigma, 
Switzerland) was diluted 1:500′000 in 1 x TBS and incubated for 2 h at 
RT. 

The secondary antibodies, donkey-anti-rabbit and goat-anti-mouse 
HRP (Jackson Laboratories, USA), were diluted 1:10′000 in 1 x TBS 
with 0.5% Tween and applied at RT for 2 h (β-actin 1 h). Detection and 
quantification were achieved as previously described (Zielinski et al., 
2016). 

2.5. Oxidative stress 

2.5.1. GSH 
Cellular GSH levels were measured to detect an induction of oxi

dative stress. The assay was based on the conversion of a luciferin de
rivative into luciferin in the presence of GSH. Luminescence is pro
portional to the amount of GSH present in the cells. 

SH-SY5Y and N9 cells were seeded to obtain 3.106 and 1.2.106 cells 
per 35 mm dish in 4 mL DMEM GlutaMax or DMEM, respectively, after 
RF-EMF or sham exposure. Following RF-EMF at SAR of 4 W/kg or 
sham exposure, cells were trypsinized and washed once with 1× PBS. 
Exposed and sham-exposed cells (50 μL) were added to a 96-well plate 
(density: 10′000 cells/well), 50 μL of GSH-Glo™ Glutathione Assay 
(Promega, Switzerland) were added, followed by an incubation of 
30 min at RT. Finally, 100 μL of reconstituted luciferase detection re
agent (Promega, Switzerland) were added and incubated for 15 min at 
RT before luminescence was measured on a microplate reader (Synergy 
HT, Bio-Tek, Switzerland). Menadione, at a concentration of 50 μM and 
75 μM for was used as PC for N9 cells and SH-SY5Y cells, respectively. 

2.5.2. Hydrogen peroxide production 
SH-SY5Y and N9 cells were seeded to obtain 3.106 and 1.2.106 cells 

per 35 mm dish in 4 mL DMEM GlutaMax or DMEM, respectively after 
RF-EMF or sham exposure. Following RF-EMF at SAR of 4 W/kg or 
sham exposure, cells were washed once with cold 1× PBS. 
Mitochondrial protein was extracted in the same way as described for 
AIF. Briefly, after scraping off the cells in 100 μL resuspension buffer, 
the samples were sonicated and processed through several centrifuga
tion steps. After centrifugation at 13′200×g, the pellets were re
suspended in 50 μL mitochondrial buffer, containing 5 μM MgCl2 and 

Table 1 
Antibodies.        

Antibody Host Company Dilution  

Primary p53 Mouse Santa Cruz 1:500 
ATG5 Mouse R&D systems 1:1000 
Bcl2 Mouse Abcam 1:1000 
Bax Rabbit Cell signaling 1:1000 (SH-SY5Y) 

1:2000 (N9) 
LC3B Rabbit Cell signaling 1:1000 
ERK 1/2 Mouse Cell signaling 1:2000 
β-actin Mouse Sigma Aldrich 1:40,000 

Secondary Anti-mouse IgG HRP Donkey Novex 1:5000/1:100,000 
Anti-rabbit IgG HRP Donkey Novex 1:5000 
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2.5 mM H2KPO4 (Merck, Germany) as well as protease and phosphatase 
inhibitor cocktails as described for the resuspension buffer. The mi
tochondrial fraction was incubated in an ultrasonic water bath (Sonorex 
Super, Brandelin, Switzerland) for 5 min and 10 μL were used for 
protein measurements with Pierce™ 660 nm Protein Assay Reagent. The 
remaining sample was used for measurements with the Amplex Assay 
(Thermo Fisher Scientific, Switzerland) or the cytochrome c oxidase 
activity assay (Sigma, Switzerland) for N9 cells only. 

Samples for H2O2 measurements were processed as stated in the 
manufacturer's data sheet. Briefly, a standard curve ranging from 0 to 
2 μM H2O2 was prepared. Standard samples and mitochondrial frac
tions, topped with 1× reaction buffer (provided by the assay) to reach 
set assay volume of 50 μL, were loaded onto a 96 well plate. Finally, 
freshly prepared working solution of 100 μM Amplex® Red reagent (N- 
acetyl-3,7- dihydroxyphenoxazine) and 0.2 U/mL HRP (both provided 
by the assay) was added to the wells and incubated in the dark for 
30 min at RT. The samples were measured with the emission at 530 nm 
and excitation at 590 nm with a Synergy H1 multi-mode reader 
(BioTek, Switzerland). The none-H2O2 control was subtracted as 
background of each sample and the values were quantified by the help 
of the standard curve equation. To follow the kinetics of the continuous 
reaction, additional measurements were done after 60 and 90 min. 

2.6. Cytochrome c oxidase activity 

Cytochrome c oxidase activity was measured in mitochondrial 
samples using the cytochrome c oxidase assay (Sigma-Aldrich, 
Switzerland). The enzyme is reduced with DTT and then reoxidized by 
the cytochrome c oxidase. The colorimetric assay is based on the de
crease in absorbance of ferrocytochrome c caused by its oxidation to 
ferricytochrome c. 

N9 cells were seeded to obtain 1.2.106 cells per 35 mm dish in 4 mL 

DMEM after RF-EMF or sham exposure, and the mitochondrial protein 
fraction was produced as described above. 

Samples were processed according to the manufacturer's instruc
tions. Briefly, 1× assay buffer (provided by the assay) was mixed with 
the mitochondrial fraction and adjusted to the final reaction volume 
with 1× enzyme dilution buffer. The reaction was started by adding 
ferrocytochrome c substrate solution (provided by the assay) to the mix 
and read immediately at 550 nm with a Synergy H1 multi-mode reader 
and the enzyme activity was calculated in units with one unit being 
defined to oxidize 1.0 mmol of ferrocytochrome c per minute at pH 7.0 
at 25 °C. 

2.7. Statistics 

Three independent experiments were performed for each group and 
all parameters investigated. Data were analysed with GraphPad Prism 
(version 6.0, La Jolla, California, USA) using a two-way ANOVA with 
Tukey's multiple comparisons test, one-way ANOVA with Sidak's mul
tiple comparison test or Kruskal Wallis with Dunn's multiple compar
ison test. P values ≤0.05 were considered significant. 

3. Results 

3.1. Apoptosis 

Apoptotic cells were quantified by annexin-V (FITC) and propidium 
iodide (PI) co-staining. Living cells (FITC neg/PI neg), early- (FITC pos/ 
PI neg), and late- apoptotic as well as necrotic cells (FITC pos/PI pos) 
were identified as the fluorophore labeled annexin binds specifically to 
phosphatidyl serine, which transfers from the inner to the outer leaflet 
in cells undergoing apoptosis, whereas PI binds to nucleic acid and is 
impermeable to living cells. 

Fig. 1. Fluorescence-activated cell sorting (FACS) data analysis of RF-EMF and sham-exposed SH-SY5Y cells at 4 W/kg for 2 h (A) and 24 h (B) and of N9 cells for 2 h 
(C) and 24 h (D). Staurosporine-treated cells were used as positive control (PC) with sham- (PC sham, black bars) and RF-EMF- (PC RF-EMF, black-striped bars) 
exposed cells and non-treated sham- (sham, white bars) and RF-EMF- (RF-EMF, grey bars) exposed cells are depicted in the histograms. Cell sorting was performed to 
obtain living cells, early apoptotic cells and late apoptotic/necrotic cells. Error bars represent the standard error of the mean (SEM). Significant differences are 
labeled with asterisks (A-B:* = p ≤ 0.001; ** = p ≤ 0.0001_ C-D: * = p ≤ 0.01; ** = p ≤ 0.001; *** = p ≤ 0.0001). 
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As expected, a significant decrease (p ≤ 0.001) in the fraction of 
living cells was found in staurosporine-treated PCs compared to RF- 
EMF- and sham-exposed SH-SY5Y cells as shown in Fig. 1A-B. Fur
thermore, a significant increase (p ≤ 0.01) in the percentage of late- 
apoptotic and necrotic cells was demonstrated when SH-SY5Y staur
osporine-treated cells were compared to their respective controls, 
namely sham and RF-EMF at both exposure times (Fig. 1A-B). No sig
nificant difference was found between any of the groups for early 
apoptosis for both times investigated. 

In N9 cells, no significant differences between staurosporine- 
treated cells were found for living cells, early apoptotic cells and late 
apoptotic cells after a 2-h exposure when sham- and RF-EMF-exposed 
cells were compared as illustrated in Fig. 1C. The percentage of living 
cells of RF-EMF-exposed N9 cells for 2 h was 80–90% were regardless of 
treatment with staurosporine. The percentage of early and late-apop
totic cells was 1–2% and 5–10%, respectively for all groups for a 2-h 
exposure. In contrast, RF-EMF- and sham-exposed N9 cells incubated 
with staurosporine for 24 h resulted in a significant decrease in living 
cells (p ≤ 0.0001), but no effect between RF-EMF and sham exposure 
was found (Fig. 1D). Staurosporine treatment led to a significant in
crease in early apoptotic cells (~60%; p ≤ 0.001) and late apoptotic N9 
cells (~30%, p ≤ 0.01), but no difference was found after a 24-h ex
posure of N9 cells when RF-EMF and sham exposure were compared 
(Fig. 1D). 

Apoptosis inducing factor (AIF) was measured in the nuclei fraction 
of RF-EMF- and sham-exposed cells for 2 and 24 h. Staurosporine- 
treated cells were used as PCs (Fig. 2). Measurements in the cytosolic 
fraction showed no AIF content. As expected, a significant increase in 
AIF expression (p ≤ 0.001) was observed after treatment with staur
osporine in SH-SY5Y cells when compared to the negative control 

(Fig. 2A) but not in N9 cells (Fig. 2B). No difference in AIF expression 
was observed between sham- and RF-EMF-exposed samples for both cell 
types at both exposure times (Fig. 2A-B). 

Investigations on the protein amount of the apoptosis markers B-cell 
lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and the tumor- 
suppressor gene p53 revealed no differences between RF-EMF- and 
sham-exposed cells regardless of cell type and exposure (data not 
shown). 

3.2. Autophagy 

Autophagy markers, including ATG5 and LC3B-I and II and pERK 
were analysed in RF-EMF and sham-exposed SH-SY5Y and microglial 
cells. In SH-SY5Y cells, an increase in ATG5 by trend was found in RF- 
EMF-exposed cells after 2 h when compared to sham-exposed cells as 
illustrated in Fig. 3A. However, the difference was not statistically 
significant. No difference in ATG5 protein levels was found in RF-EMF- 
exposed N9 cells compared to the respective sham control at any time 
investigated (Fig. 3B). ATG5 protein levels in SH-SY5Y cells were sig
nificantly increased (p ≤ 0.05) after RF-EMF exposure for 24 h com
pared to the respective sham control. Interestingly, ATG5 protein levels 
were significantly higher after 24 h of exposure, regardless of exposure 
and cell type (SH-SY5Y: sham p ≤ 0.05; RF-EMF p ≤ 0.01; N9: sham 
p ≤ 0.01; RF-EMF p ≤ 0.01) compared to 2 h (Fig. 3A and B). 

A slight increase in LC3B-I was found in SH-SY5Y RF-EMF-exposed 
cells after 2 h of RF-EMF exposure when compared to sham-exposed 
cells, but this trend was not statistically significant, and no difference 

Fig. 2. Protein expression of apoptosis inducing factor (AIF, 67 kDa) of SH- 
SY5Y cells (A) and N9 cells (B) that were RF-EMF (RF-EMF, grey bars) and 
sham-exposed at 4 W/kg for 2 and 24 h (sham, white bars). Representative 
Western blot images after 24 h of exposure are given on the right. Histograms 
depict the mean optical density (OD) of the signal normalized to the β-actin 
signal OD of the same sample. Non-treated control cells were used as negative 
control (NC, black-striped bar), and staurosporine-treated cells were used as 
positive control (PC, black bar) and both were sham-exposed. Error bars re
present the standard error of the mean (SEM). Significant differences are la
beled with asterisks (* = p ≤ 0.05). 

Fig. 3. Representative Western blot images of the autophagy protein 5 (ATG5) 
after 24-h RF-EMF and sham exposure are illustrated for SH-SY5Y (A) and N9 
(B) cells. Histograms depict the mean optical density (OD) of the ATG5 signal, 
normalized to the β-actin signal of the same sample under sham-exposure 
(white bars) and RF-EMF- (black bars) exposure at 4 W/kg for 2 and 24 h. Error 
bars represent the standard error of the mean (SEM). Significant differences are 
labeled with asterisks (* = p ≤ 0.05; ** = p ≤ 0.01). 
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between these two groups was found after 24 h of exposure (Fig. 4A). A 
strong tendency towards a downregulation of LC3B-II was found be
tween RF-EMF-exposed and sham-exposed SH-SY5Y cells as illustrated 
in Fig. 4B. However, the effect was not significant. No difference was 
observed after 24 h of exposure between RF-EMF- and sham-exposed 
cells. Protein levels of pERK I and II did not differ between sham- and 
RF-EMF-exposed SH-SY5Y cells, regardless of the exposure time as 
shown in Fig. 4C and D. 

3.3. Oxidative stress 

Oxidative stress was investigated by measurements of GSH and 
H2O2 levels in sham- and RF-EMF-exposed cells at 4 W/kg in both cell 
types. 

Menadione-treatment for 6 and 24 h resulted in a significant de
crease in GSH levels in SH-SY5Y (Fig. 5A) and microglial cells (Fig. 5B) 
when compared to the respective RF-EMF- and sham-exposed cells 
without menadione. A significant reduction of GSH levels was found 
after 6 h (p ≤ 0.05) when RF-EMF-exposed SH-SY5Y cells were com
pared to sham-exposed cells (Fig. 5A). This effect was not apparent 
anymore after 24 h of exposure as shown in Fig. 5A. In contrast, in N9 
cells, RF-EMF exposure did not change GSH levels when compared to 
sham-exposed cells at both exposure times (Fig. 5B). 

Hydrogen peroxide levels were measured in SH-SY5Y (Fig. 6A) and 
N9 cells (Fig. 6B). No significant differences were found after 2 h of 
sham-exposure in both cell types. A significant increase in H2O2 levels 
was found after 24 h, but no significant differences were obtained be
tween RF-EMF- and sham-exposed cells after exposure for 2 and 24 h 
(Fig. 6). Interestingly, H2O2 levels were higher in SH-SY5Y cells than in 
N9 cells, but undifferentiated and differentiated SH-SY5Y cells have 

been reported to have distinct responses to cellular stressors with dif
ferentiated cells being more stress-resistant (Schneider et al., 2011). 

3.4. Cytochrome c oxidase activity 

Cytochrome c oxidase was measured in the mitochondrial fraction 
of N9 cells. A significant decrease in cytochrome c levels was found 
after 2 h, but no difference was obtained after 24 h, in RF-EMF-exposed 
cells compared to sham-exposed cells as illustrated in Fig. 7. Cyto
chrome c remained low at 24 h of exposure and a significant difference 
was found between the sham control exposed for 2 h and the RF-EMF- 
(p ≤ 0.05) sham-exposed (p ≤ 0.001) and the cells for 24 h. 

4. Discussion 

In this study, we investigated the effect of intermittent and ELF- 
modulated RF-EMF exposure for 2 and 24 h at 4 W/kg (SAR) on oxi
dative stress, apoptosis, and autophagy and electron transport chain 
function in SH-SY5Y and microglial (N9) cells. 

RF-EMF exposure did not alter proportions of early and late apop
tosis and living cells when compared to sham exposure in both micro
glial and neuroblastoma cells. As expected, staurosporine induced 
apoptosis. Corroborating these data, the apoptosis markers AIF, Bcl-2 
and Bax were similar in RF-EMF and sham-exposed cells, indicating that 
RF-EMF does not induce apoptosis in both cell types under the condi
tions used in this study. Similar findings were obtained in primary 
neurons obtained from cortices of embryonic Wistar rats at a lower SAR 
level (0.25 W/kg). RF-EMF exposure at 900 MHz for 24 h did not affect 
apoptosis (Joubert et al., 2007). RF-EMF exposure (900 MHz RF-EMF at 
2.29 W/kg) has been shown to reduce neuronal differentiation but 

Fig. 4. Protein expression of (A) Long-Chain 3B-1 (LC3B-I, 16 kDa), (B) Long-Chain 3B-II (LC3B-II, 14 kDa) and phosphorylated extracellular signal–regulated kinases 
(C) I (pERK I, 44 kDa) and (D) II, (pERK II, 42 kDa) in SH-SY5Y cells. Representative Western blot images are given on the right for samples of cells that were sham- 
and RF-EMF-exposed for 24 h. The histograms show the mean optical density (OD) of the signal normalized to the β-actin signal OD of the same sample. SH-SY5Y 
cells were sham- (white bars) or RF-EMF- (grey bars) exposed at 4 W/kg for 2 and 24 h. The histograms represent sham- (sham, white bars) and RF-EMF- (RF-EMF, 
grey bars) exposed cells. 
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viability and apoptosis of neuronal stem cells remained unchanged 
(Eghlidospour et al., 2017). In SH-SY5Y neuroblastoma cells, mena
dione-induced caspase 3 activity was not altered in RF-EMF-exposed 
cells (872 MHz, 5 W/kg) compared to sham-exposure, supporting our 
findings. On the other hand, significant higher caspase 3 levels were 
found in fibroblasts (Hoyto et al., 2008), indicating the effect depending 
on the cell type. 

In contrast to our findings, in SH-SY5Y cells gene expression of the 
inhibitory apoptosis markers Bcl-2 and surviving were lowered after 
900 MHz-modulated RF-EMF radiation at a substantially lower SAR 
(0.35 W/kg) (Buttiglione et al., 2007). In mouse embryonic stem cells, 
RF-EMF exposure of 1.17 GHz and 1.5 W/kg transiently increased the 
transcript levels of genes related to apoptosis and DNA damage was 
seen after RF-EMF exposure for 6 but not for 24 h (Nikolova et al., 
2005). Gene expression does not necessarily account for protein ex
pression and might explain the different findings. In primary neurons, 
1900 MHz RF-EMF exposure for 2 h upregulated certain apoptosis 
markers with neurons being more sensitive than astrocytes (Zhao et al., 
2007). In contrast to our study, no dosimetry was performed and RF- 

Fig. 5. SH-SY5Y cells (A) and N9 cells (B) were sham- (white bars) and RF-EMF- 
exposed (grey bars) at 4 W/kg for 6 and 24 h. Glutathione levels (GSH) were 
measured at the end of the RF-EMF- or sham exposure. Menadione [75 μM] was 
used as a positive control (PC, black bars). Data are shown as extrapolated GSH 
levels [μM] for each group. Error bars represent the standard error of the mean 
(SEM) (n = 3 from 3 independent experiments). Significant differences are 
labeled with asterisks (* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001). 

Fig. 6. Peroxide (H2O2)/peroxidase production was measured in SH-SY5Y cells 
(A) and N9 cells (B) after sham (white symbols) and RF-EMF-(black symbols) 
exposure at 4 W/kg for 2 h (square symbols) and 24 h (round symbols). Graphs 
are showing H2O2 concentrations in [μM] for each group normalized to the 
total mitochondrial (mito.) protein content in milligram (mg). Error bars re
present the standard error of the mean (SEM). Significant differences regarding 
exposure time of either sham-irradiated cells and RF-EMF- exposed cells are 
labeled with circles (° = p ≤ 0.05; °° = p ≤ 0.01). Significant differences 
between RF-EMF-exposed cells exposed for 24 h to sham- or RF-EMF-exposed 
cells for 2 h are labeled with asterisks (* = p ≤ 0.05; ** = p ≤ 0.01; 
*** = p ≤ 0.001). 

Fig. 7. Cytochrome c oxidase activity was measured in sham-exposed N9 cells- 
(white bars) and RF-EMF- (grey bars) exposed cells at 4 W/kg for 2 and 24 h. 
Data for each group were normalized to the total mitochondrial (mito.) protein 
content in milligram (mg) and are shown as cytochrome c oxidase activity in 
units/μl/mg mito. Protein. Error bars represent the standard error of the mean 
(SEM) (n = 6). Significant differences are labeled with asterisks (* = p ≤ 0.05; 
** = p ≤ 0.001). 
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EMF exposure was done putting a cell phone in the ‘on’ mode or the 
‘stand by’ mode on top of the petri dish with the cells. Ertilav et al. 
proposed a mechanism including the dose-dependent activation of the 
TRPV1 channel resulting in oxidative stress, apoptosis and increased 
intracellular calcium levels in hippocampal and dorsal root ganglion 
neurons after exposure to 900 and 1800 MHz at 0.1 W/kg whole-body 
average SAR (Ertilav et al., 2018). Moreover, evidence from in vivo 
findings also did not demonstrate changes in apoptosis markers, as
trocyte or microglia neuroinflammation marker in aging brains of 
C57BL/6 mice exposed to RF-EMF exposure (1950 MHz, 5 W/kg) for 
14 months (Jeong et al., 2018). In contrast, RF-EMF exposure of rats at 
1.13 W/kg for 60 days increased oxidative stress and apoptosis in the 
brain, but did not lead to DNA damage but neuronal damage (Motawi 
et al., 2014). 

RF-EMF exposure might affect autophagy, namely degradation of 
damaged and aggregated proteins and may therefore trigger the de
velopment of neurodegenerative disorders. Autophagy markers ATG5 
and LC3B-I and II and pERK were studied in RF-EMF and sham-exposed 
cells. In this study, RF-EMF induced a slight increase in ATG5 by trend 
in SH-SY5Y cells after 2 h of exposure and ATG5 protein levels were 
significantly increased after 24 h when compared to the respective 
sham control. LC3B-I and II were only analysed in SH-SY5Y cells but not 
in N9 cells due to unspecific binding in the latter cells. In SH-SY5Y cells 
exposed to RF-EMF for 2 h, LC3B-I protein levels increased by trend and 
a tendency towards a downregulation of LC3B-II was found after 24 h of 
RF-EMF exposure, whereas pERK I and II remained unchanged. Not 
many studies on RF-EMF exposure and autophagy are available in the 
literature. Previously published data showed increased levels of genes 
related to autophagy and autophagosomes in the hippocampus but not 
in the brain stem in C57BL/6 mice after RF-EMF exposure at 835 MHz 
at 4 W/kg for 12 weeks (Kim et al., 2018). The more complex system, 
namely in vivo exposure of mice and analyses in two brain regions in
cluding neurons, microglia and other cell types cannot be directly 
compared to our findings in neuroblastoma and/or microglial cells. 

Oxidative stress was investigated in RF-EMF and sham-exposed cells 
by measurements of GSH and H2O2. As expected, menadione treatment 
resulted in an increase in GSH levels, whereas RF-EMF exposure did not 
affect GSH levels in microglial cells. In SH-SY5Y cells, but not in N9 
cells, RF-EMF exposure significantly decreased GSH after 6 h but no 
difference was found after 24 h of RF-EMF exposure, indicating a 
transient increase in oxidative stress. Similar findings have been re
ported in mice exposed to 2100 MHz RF-EMF. A 10 day RF-EMF ex
posure led to an increased oxidative stress and DNA damage but the 
effects was not apparent anymore after 40 days of exposure (Sahin 
et al., 2016). In addition, RF-EMF exposure for 60 days at 0.59 and 
0.66 mW/kg led to an increase in oxidative stress markers and dimin
ished GSH and SOD in male Fischer 344 rats (Megha et al., 2015). In 
contrast, oxidative stress and DNA damage was not altered in C57BL/6 
mice after GSM RF-EMF exposure at 5 W/kg for 8 months (Jeong et al., 
2018). In neurodegenerative diseases, formation of ROS and anti
oxidant defense have been reported to be unbalanced (Radi et al., 
2014). Therefore, results obtained in this study might indicate that RF- 
EMF exposure could lead to an imbalance, but given the antioxidant 
defense is not compromised due to other stressors, the cells can handle 
the ROS increase. Neuronal cells have been demonstrated to undergo 
various metabolic changes during neuronal differentiation that are ac
companied by ROS production (Agostini et al., 2016; Zheng et al., 2016;  
Almeida and Vieira, 2017), and there is evidence that RF-EMF impairs 
neuronal differentiation (Eghlidospour et al., 2017). Besides neuronal 
differentiation, oxidative stress has been related to the etiology and/or 
pathogenesis of neurodegenerative diseases and (Dias et al., 2013;  
Lugrin et al., 2014; Cacabelos, 2017; Islam, 2017; Sison et al., 2018). 
There is also evidence from in vivo studies that long-time RF-EMF ex
posure does not induce oxidative stress. Long-term RF-EMF exposure 
(1950 MHz, 5 W/kg) in C57BL/6 mice for 8 months for 2 h/day and 

5 days/week did not induce oxidative stress and DNA damage, and no 
changes were found for apoptosis markers, astrocyte or microglia 
neuroinflammation markers in aging brains (Jeong et al., 2018). In 
aging brains, persistent oxidative stress and deficient radical scavenging 
abilities were related to impair of cognitive functions (Huang et al., 
2015). On the other hand, preconditioning, namely a small increase in 
oxidative stress, was shown to stimulate the cell's adaptive response to 
oxidative stress, and could be considered neuroprotective (Akki et al., 
2018). 

In the present study, H2O2 levels were elevated after 24 h when 
compared to 2 h, but no differences between RF-EMF-exposed cells was 
found in both cell types. Furthermore, RF-EMF exposure for 2 h sig
nificantly reduced cytochrome c levels in N9 cells and this effect was 
not apparent anymore after RF-EMF exposure for 24 h. Increased NADH 
oxidation was found in HeLa cells after RF-EMF exposure at 0.24 mW/ 
cm2 for 5 and 10 min, indicating ROS production. ROS was reported to 
acvtivate MMPs to cleave and release Hb-EGF that binds to epidermal 
growth factor to activate the ERK cascade (Friedman et al., 2007). In 
addition to our findings, there is also evidence from in vitro studies 
demonstrating increased ROS levels in neuroblastoma cells after short- 
time exposure to GSM RF-EMF at SAR levels ranging from 0.21–6 W/kg 
(Marjanovic Cermak et al., 2018; Stefi et al., 2019). In contrast, ROS 
levels remained unchanged after RF-EMF exposure at SAR levels of 2 
(Kang et al., 2014) and 5 W/kg (Luukkonen et al., 2009) alone or in 
combination of H2O2 in neuronal cell lines and in rat primary cortical 
neurons exposed to 1800 MHz at 2 W/kg (Xu et al., 2010). Supporting 
our data, several in vivo studies showed increased ROS generation in the 
brain after GSM RF-EMF exposure (Megha et al., 2015; Stefi et al., 
2019) with oxidative stress increase, especially in the hippocampus of 
the animals at average SAR levels of 1.6–6 W/kg (Bouji et al., 2020;  
Singh et al., 2020). As a consequence of increased oxidative stress, 
2.45 GHz RF-EMF exposure was found to lead to impaired learning and 
memory and expression of anxiety behaviour in rats (Varghese et al., 
2018). 

The MAPK ERK has been shown to be related to autophagy 
(Martinez-Lopez et al., 2013) and neuronal differentiation and neuro
degeneration (Dagda et al., 2008; Qiao et al., 2012; Zheng et al., 2016). 
Activation of ERK, namely phosphorylation (pERK), was demonstrated 
after GSM RF-EMF exposure at very low SAR levels (0.07 mW/cm2), 
whereas stress-related MAPKs such as JNK and p38 were not altered 
(Friedman et al., 2007). In contrast, pERK was not altered in the present 
study regardless of the time or cell type used. Besides the difference in 
the SAR level used, the exposure time, fibroblasts (Rat1) and cervical 
cancer cells (HeLa) were used in the study by Friedman et al., whereas 
SH-SY5Y and microglial cells were used in the present study. Interest
ingly, the ERK activation was transient and was only apparent after 5 
and 15 min of RF-EMF exposure but returned to baseline levels after 
30 min of exposure (Friedman et al., 2007). Hence, possible ERK acti
vation might have been missed in the present study due to the longer 
exposure times used. RF-EMF exposure of SH-SY5Y cells for 24 h at 
900 MHz and 0.35 W/kg resulted in an increase in ERK1/2 (Buttiglione 
et al., 2007). However, the RF-EMF exposure system differs from the 
one used in the present study as described above, and the SAR was 
substantially smaller. Previously published data from our group showed 
that GSM RF-EMF exposure at 4 W/kg for 24 h did not alter ERK1 and 
pERK1/2 and mitochondrial respiration was only impaired in SH-SY5Y 
cells under glucose deprivation (von Niederhausern et al., 2019). Cor
roborating our findings, increased phosphorylation of MAPK was not 
found in astrocytes after RF-EMF exposure (1763 MHz) at SAR levels of 
2 and 20 W/kg for 30 and 60 min with and without addition of the 
tumor promotor 12-O-tetradecanoylphorbol 13-acetate (TPA) (Lee 
et al., 2006). Therefore, effects might have been missed in this study 
due to the times of exposure chosen. However, pERK was reported to 
peak in the sensory and supporting cells of the cochlea three to six 
hours after exposure to 120 dB noise for 2 h (Maeda et al., 2013). 
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5. Conclusions 

The data do not give evidence for RF-EMF (935 MHz, 4 W/kg) 
causing apoptosis in SH-SY5Y and microglial cells. The time-dependent 
increase in the autophagy marker, ATG5 and the antioxidant, GSH was 
dependent on the cell type and the time of RF-EMF exposure with 
neuroblastoma cells being more susceptible than microglial cells. The 
transient increase in GSH indicates that GSM RF-EMF at SAR values 
above the standards might cause oxidative stress. Studies on underlying 
mechanisms explaining the transient effects of short-time RF-EMF ex
posure need to be performed. 
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