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Abstract

Background/Aims: The effects of exposure to radiofrequency electromagnetic fields (RF-
EMFs) on the male reproductive system have raised public concern and studies have shown
that exposure to RF-EMFs can induce DNA damage and autophagy. However, there are no
related reports on the role of autophagy in DNA damage in spermatocytes, especially after
exposure to RF-EMFs. The aim of the present study was to determine the mechanism and role of
autophagy induced by RF-EMFs in spermatozoa cells. Methods: Mouse spermatocyte-derived
cells (GC-2) were exposed to RF-EMFs 4 W/kg for 24 h. The level of reactive oxygen species
(ROS) was determined by ROS assay kit. Comet assay was utilized to detect DNA damage.
Autophagy was detected by three indicators: LC3II/LC3], autophagic vacuoles, and GFP-LC3
dots, which were measured by western blot, transmission electron microscopy, and transfection
with GFP-LC3, respectively. The expression of the molecular signaling pathway AMP-activated
protein kinase (AMPK)/mTOR was determined by western blot. Results: The results showed
that RF-EMFs induced autophagy and DNA damage in GC-2 cells via ROS generation, and the
autophagy signaling pathway AMPK/mTOR was activated by ROS generation. Furthermore,
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following inhibition of autophagy by knockdown of AMPKe, increased DNA damage was
observed in GC-2 cells following RF-EMFs exposure, and overexpression of AMPKa promoted
autophagy and attenuated DNA damage. Conclusions: These findings demonstrated that
the autophagy which was induced by RF-EMFs via the AMPK/mTOR signaling pathway could
prevent DNA damage in spermatozoa cells.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Wireless mobile phone communication has become ubiquitous worldwide. The radiation
frequency emitted from mobile phones and their base station antennae ranges from 900-
1800 MHz for the Global System for Mobile Communications [1], which belongs to hyper-
frequency electromagnetic fields (EMFs) [2]. The extensive use of mobile phones has been
accompanied by possible adverse effects on human health, especially the male reproductive
system. A number of recent studies have revealed a possible association between mobile
phone use and impaired male reproduction [3-6]. However, the mechanisms of mobile phone
use-induced male reproductive disorders remain obscure.

A previous study showed that the energy level associated with EMFs exposure is not
sufficient to cause direct DNA damage, and it has been suggested that oxidative stress could
be a key factor [7]. Spermatozoa are uniquely sensitive to oxidative stress and have a limited
capacity for DNA repair [8]. Several reports have indicated that EMFs enhance free radical
activity in spermatozoa and induce DNA damage [9, 10]. Recently, it was reported that one
of the contributory factors involved in male reproductive disorders is spermatozoa DNA
damage, which has been found to be associated with reduced rates of fertilization, poor
embryonic development, high rates of miscarriage and an increased incidence of morbidity
in the offspring, including childhood cancer [11, 12]. Therefore, it is essential to prevent
sperm DNA damage due to RF-EMFs exposure.

Autophagy is a catabolic process that facilitates nutrient recycling via degradation of
damaged organelles and proteins mediated by lysosomes [13], which contributes directly to
cell metabolism and energy regulation [14], and is essential for the maintenance of cellular
homeostasis [15]. RF-EMFs-induced autophagy can balance cellular homeostasis to protect
cells from severe adverse biological consequences [16]. C57BL/6 mice were exposed to 835
MHz RF-EMFs at a specific absorption rate (SAR) of 4.0 W/kg for 5 h/day over 12 weeks,
and the data suggested that autophagy may act as a protective pathway for neuronal cells
during radiofrequency exposure [17]. A previous study on the male reproductive system
also indicated that autophagy may play an important role in preventing apoptotic cell death
in spermatozoa following exposure to 1800 MHz Global System for Mobile Communication
(GSM) signals in GSM-Talk mode at a SAR value of 4 W/kg for 24 h [18]. However, the role of
autophagy in DNA damage induced by 1800 MHz RF-EMFs has not been established.

The purpose of the present study was to determine the exact mechanism by which RF-
EMFs trigger autophagy and the role of autophagy plays in the DNA damage response to
RF-EMFs-induced ROS production. For this purpose, DNA damage and autophagy induced
by RF-EMFs and the role of ROS in this process were investigated in mouse spermatocyte-
derived cells. We also examined the role of AMPK/mTOR signaling pathway-mediated
autophagy following RF-EMFs exposure. The findings provided evidence of which signaling
pathway triggers autophagy and the role of autophagy in DNA damage induced by RF-EMFs
in spermatozoa cells.

Materials and Methods

Cell culture and treatment
The mouse spermatocyte-derived cell line, GC-2spd (ts) (GC-2), was obtained from the American
Type Culture Collection (ATCC; Rockville, MD, USA). The GC-2 cells were cultured in a 5% CO, humidified
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atmosphere at 37°C and maintained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM;
SH30022.01, HyClone, Logan, UT, USA) containing 10% fetal bovine serum (P40-47500, PAN-Biotech,
Aidenbach, Germany) and 1% penicillin-streptomycin (SV30010, Hyclone, Logan, UT, USA).

RE-EMFs exposure system

The RF-EMFs exposure system was kindly built and provided by the Foundation for Information
Technologies in Society (IT'IS Foundation, Zurich, Switzerland), as described in a previously published
comparative study on this topic [10]. The RF exposure system primarily consisted of the following four
parts: a RF generator, an arbitrary function generator, a narrow band amplifier and two rectangular
waveguides. One waveguide was used for exposure, and the other waveguide was used for sham exposure;
both waveguides were placed inside a CO, incubator. The sensors and fans in the exposure system were
connected to a computer that monitored the SAR value during exposure and maintained a constant
temperature and environment for the waveguides (37°C, 5% CO,/95% atmospheric air). Petri dishes were
placed in the H-field maxima and exposed to a polarized E-field (an electric field perpendicular to the
H-field); in total, 6 dishes were simultaneously exposed in this manner. The system was operated at a steady
frequency of 1800 MHz. It is well established that the SAR variability of this system is below 6%, with a
temperature rise of 0.03°C /(W/kg) in the average SAR value following exposure of mono-layer cells and an
excellent SAR efficiency of above 50 (W/kg)/W; for mono-layer cells, the temperature change is uniformly
distributed with no localized temperature “hot spots” [19], and the temperature difference between the
RF-exposed and sham-exposed chambers does not exceed 0.1°C. To perform double-blind experiments, the
computer randomly determines which of the two waveguides was exposed in each trial. All the exposure
conditions and monitor data were encrypted in a file, which was transmitted to the IT’IS Foundation via
e-mail and decoded by the Foundation following data analysis.

Cell exposure procedure

Cells were seeded into 35 mm Petri dishes (153066, Thermo Fisher Scientific, NY, USA) at a density
of 1 x 10°/ml before exposure. Twenty-four hours after cell seeding, the culture medium was renewed, and
the cells were exposed to 1800 MHz GSM-Talk signals for 24 h with an intermittent cycle of 5 min on and
10 min off for the indicated time intervals. To determine the SAR-related effects of RF exposure, the cells
were randomly divided into the following groups: (1) Sham exposure; (2) 1 W/kg; (3) 2 W/kg and (4) 4
W/kg. High-intensity RF-EMFs exposure at SAR = 4 W/kg causes thermal effects [20]. Each cell culture
experiment was repeated at least three times.

Alkaline and neutral comet assay

The alkaline comet assay was performed to detect the DNA single- and double-strand breaks as well as
alkali labile sites, and the neutral comet assay was carried out to detect DNA double-strand breaks [21]. The
alkaline comet assay was performed using a Comet Assay Reagent Kit (4250-050-K, Trevigen, USA) after
exposure to RF-EMFs at 1, 2, or 4 W/kg for 24 h as described previously [10]. Following exposure to RF-
EMFs, the cells were detached by trypsin digestion. The cell suspension from each dish, with a density of 3-5
x 10° cells/ml, was embedded in pre-warmed (37 C) low melting point agarose (¥4250-050-02) at a ratio of
1:10 (v/v) on Trevigen CometSlides (¥4250-050-03). After the slides had been prechilled at 4°C for 30 min,
they were immersed in lysis solution (¥4250-050-01) for 1 h at 4°C. In the alkaline comet assay, unwinding
in an alkaline unwinding solution (200 mM NaOH, 1 mM EDTA pH 10 (¥4250-050-04), pH >13) for 20 min
was undertaken at room temperature, and the slides were then subjected to 4°C alkaline electrophoresis
solution (200 mM NaOH, 1 mM EDTA pH 8, pH > 13) at 1 V/cm for 40 min. In the neutral comet assay,
following lysis of the cells, they were subjected to 4°C neutral electrophoresis solution (1 M Tris Base, 3 M
Sodium Acetate, pH 9) at 1 V/cm for 40 min. After electrophoresis, the slides were then immersed twice in
dH,0 for 5 min each and in 75% ethanol for 5 min. The resulting comets were visualized with diluted SYBR’
Green I (Invitrogen) and examined using a fluorescence microscope (Eclipse Ti-SR, Nikon, Japan) at 2000]
magnification. The levels of DNA damage were calculated as follows: (a) Tail DNA (%), which is a measure
of the pixel intensity was expressed as a percentage, and indicated the ratio of DNA present in the tail to
the total DNA content. (b) Tail length (um), which is the distance from the end of DNA migration to the
nuclear core; images from at least 100 nucleoli in each sample were scored in at least three independent
experiments. All comet parameters were assessed using a computer-based image analysis system (Comet
Assay Software Project, CASP Lab, Poland).
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ROS generation assay

ROS were measured with the non-fluorescent probe 2’, 7’-dichlorofluorescein diacetate (DCFH-DA)
(Beyotime Company, China) according to a previous study [22, 23]. Briefly, after the cells were treated with
RF-EMFs (1, 2, or 4 W/kg) for 24 h, the culture medium was removed and the cells were washed three times
with PBS. The cells were then exposed to 10 uM DCFH-DA for 20 min, washed, and then scraped into 1 ml of
PBS. The fluorescence was read at 495 nm for excitation and 535 nm for emission with a microplate reader
(Enspire, PerkinElmer, USA).

Cell viability determination

The cytotoxicity of RF-EMFs in GC-2 cells was assessed using a Cell Counting Kit-8 (Beyotime Company,
China) assay. Cells were exposed to RF-EMFs (1, 2, or 4 W/kg) for 24 h, the culture medium was removed
and the cells were washed three times with PBS. The cells were then seeded in 96-well flat-bottomed
plates at a density of 5, 000 cells/well and incubated with CCK-8 solution for another 2 h according to the
instructions in the technical manual. Cell viability was expressed as the optical density detected at 450 nm
using a microplate reader (Enspire, PerkinElmer, USA).

Determination of autophagic cells

Cells were seeded on 35 mm Petri dishes (153066, Thermo Fisher Scientific, NY, USA) at a density
of 5 x 10*/ml. To assess autophagy, the cells were transfected with Premo™ Autophagy Sensor LC3B-GFP
(BacMam 2.0) (P36235, Thermo Fisher Scientific, NY, USA) for 24 h before exposure to RF-EMFs. Following
RF-EMFs exposure, the cells were observed using a fluorescent microscope (Eclipse Ti-SR, Nikon, Japan).
Cells with more than twenty GFP-LC3 dots were considered to be autophagic, and were quantified [18].

Transmission electron microscopy (TEM)

For the transmission electron microscopy studies, cells were exposed to RF-EMFs (1, 2, or 4 W/kg)
for 24 h, then harvested and washed twice with PBS (pH 7.4) at room temperature, and fixed with 2.5%
glutaraldehyde. The cells were then washed three times with PBS and fixed with 1% osmic acid for 2-3 h,
washed three times with PBS, dehydrated, embedded in paraffin, cut into sections 70 nm thick using an
Ultra-thin slicing machine (Leica EM UC6, Leica Microsystems, Wetzlar and Mannheim, Germany), and then
stained with Uranyl acetate-lead citric. The cells were then observed using TEM (JEM1230, JEOL Ltd., Tokyo,
Japan) to detect autophagic vacuoles.

RNA interference of AMPKa1/2

AMPKa1/2 siRNA (m) (sc-45313) and a control nonspecific siRNA (sc37007) were purchased from
Santa Cruz Biotechnology as described previously [24]. Transfection of siRNAs using Attractene Transfection
reagent (301005, Qiagen, Germany) was performed according to the manufacturer’s instructions. Forty-
eight hours after transfection, the cells were treated with RF-EMFs (4 W/kg) for 24 h, and then collected and
processed for immunoblotting.

Plasmid transfection of AMPKa1/ 2

GC-2 cells were transfected with AMPK plasmids (AMPKal (MR227383), AMPKa2 (MR226994);
Origene, USA) using HiPerFect Transfection reagent (301705, Qiagen, Germany) according to the
manufacturer’s instructions and a previous study [25], and cultured for 24 h. Empty vector (PS100001,
Origene, USA) transfected cells were generated in parallel. The cells were treated with RF-EMFs 4 W /kg for
24 h, and then collected for immunoblotting.

Western blot

After treatment, the GC-2 cells were harvested and lysed in cell lysis buffer (P0013B, Beyotime
Company, Shanghai, China) on ice, and centrifuged for 15 min at 12, 000 g and 4°C. The supernatant was
collected and heated at 100° C for 10 min, and the protein concentrations were determined using a BCA
Protein Assay Kit (P0010, Beyotime Company, Shanghai, China). The procedure was described as previously
[26, 27]. Identical amounts of protein (60 ng) from each sample were loaded and run on 12% SDS-PAGE
gels and transferred to PVDF membranes (Merck Millipore, Billerica, MA, USA) by Semi-Dry Electrophoretic
Transfer (Bio-Rad, USA). The membranes were blocked with 5% non-fat milk in Tris-buffered saline with
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0.1% Tween 20 (TBST) at room temperature for 1 h, and then incubated overnight at 4°C with antibodies
against LC3 (1:1000; Sigma, L7543), y-H2AX (Ser139) (1:1000; CST, 9718p), P62 (1:1000; CST, 5114T),
Phospho-AMPKa (Thr172) (1:1000; CST, 2535T), AMPKa (1:1000; CST, 5832T), mTOR (1:1000; CST,
2972), p-mTOR (ser2448) (1:1000; CST, 5536), and GAPDH (1:1000; CST, 5174S). The membranes were
subsequently washed with TBST, and incubated with HRP-conjugated secondary antibodies for 1 h at room
temperature. After washing with TBST, the immunoblots were visualized by chemiluminescence using HRP
substrate (WBKLS0500, Merck Millipore, Billerica, MA, USA). GAPDH was used to ensure equal protein

loading.

Statistical analysis

All calculations and statistical analyses
were generated using SPSS version 16.0.
Significant differences between the groups
for each experimental test condition were
evaluated by one-way analysis of variance
(ANOVA). The data, from at least three
independent experiments, were expressed
as the mean and standard deviation (SD). P
< 0.05 was considered significant.

Results

DNA damage was induced by RF-

EMFs exposure

To investigate whether
DNA damage is involved in the
cytotoxicity of RF-EMFs, the gold
marker of DNA double-strand
damage, y-H2AX, was determined
by the alkaline comet assay (DNA
single- and double-strand breaks as
well as alkali labile sites) and neutral
comet assay (DNA double-strand
breaks) after exposure to RF-EMFs.
The alkaline comet assay showed
that DNA damage was significantly
induced by RF-EMFs 4 W/kg for 24
h, but DNA damage was not detected
by the neutral comet assay or the
expression level of y-H2AX (Fig. 1A
and B). In addition, cell viability was
significantly reduced in the RF-EMFs
4 W/kg group compared with the
sham exposure group (Fig. 1C).

DNA damage was induced by

RF-EMFs exposure via ROS

generation

The level of intracellular ROS,
which was examined using the ROS
specific fluorescent dye DCFH-DA,
was significantly increased following
exposure to RF-EMFs compared
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Fig. 1. DNA damage was induced by RF-EMFs exposure in
GC-2 cells. (A) DNA damage was detected by alkaline and
neutral comet assay after exposure to RF-EMFs 1, 2, 4W/
kg for 24h, the tail DNA and tail length were calculated (the
magnification was 100x). (B) A representative immunoblot
and quantification analysis of y-H2AX after GC-2 cells
exposure to RF-EMFs 1, 2, 4W /kg for 24h, GAPDH used as an
internal standard for protein loading. (C) The cell viability
was detected by cck8 kit after exposure to RF-EMFs 1, 2,4W/
kg for 24h. The results were expressed as a percentage of the
control, which was set at 100 %. The values were presented
as the means * SD, **P<0.01 versus the control group. ACA:
alkaline comet assay; NCA: neutral comet assay. *#*P<0.01
ACA vs NCA group.
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with the sham exposure group (Fig.
2A), and pretreatment with the
antioxidant melatonin 2 h prior to
RF-EMFs treatment significantly
reduced ROS levels compared with
RF-EMFs treatment alone (Fig.
2A). Pretreatment with melatonin e i DML AN s M RE MBER
significantly decreased RF-EMFs-
induced DNA damage, and both tail
DNA and tail length were significantly N "

decreased in the RF-EMFs group 1 ) b
compared with the sham exposure
group (Fig. 2B).
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To investigate whether
autophagy is induced by RF-EMFs,
we examined the processing of LC3-1
to LC3-II by western blot assay,
a hallmark of autophagy, in RF-
EMFs-treated GC-2 cells. RF-EMFs
treatment increased the protein
levels of LC3-II in a dose-dependent
manner (Fig. 3A). P62 serves as a
link between LC3 and ubiquitinated
substrates and a reduction in the
amount of p62 reflects an increase
in autophagic degradation [28].
Immunoblot analysis showed that
RF-EMFs treatment decreased the level of p62 (Fig. 3A). Evidence of RF-EMFs-induced
autophagy was provided by direct observation of the formation of autophagosomes using
electron microscopy (Fig. 3B). To further confirm that RF-EMFs induce autophagy in GC-2
cells, these cells were transiently transfected with GFP-LC3 and then treated with RF-EMFs
4 W /kg for 24 h. Fluorescence microscopic examination showed the characteristic punctate
fluorescent pattern of GFP-LC3, indicating autophagosome formation and the occurrence of
autophagy (Fig. 3C). The percentage of GFP-LC3 transfected cells with punctate fluorescence
in RF-EMFs-treated cells was significantly higher than that in the control (Fig. 3C).

Fig. 2. DNA damage was induced by RF-EMFs exposure via
ROS generation. (A) DCF fluorescence was detected after
GC-2 cells were exposed to RF-EMFs 1, 2, 4W /kg for 24h, and
pretreated with or without melatonin. (B) DNA damage was
detected after GC-2 Cells were pretreated with or without
melatonin (10 uM) for 2 h then exposed to RF-EMFs 4W/
kg for 24 h, the tail DNA and tail length were calculated. The
results were expressed as a percentage of the control, which
was set at 100 %. The values were presented as the means +
SD, **P<0.01 versus the control group, ** P<0.01 vs. the RF-
EMFs 4W/kg group.

Autophagy was induced by RF-EMFs exposure via ROS generation and activated by AMPK/

mTOR

Cells were treated with melatonin 2 h prior to RF-EMFs exposure to investigate whether
autophagy was induced by RF-EMFs via ROS generation and the autophagy signaling
pathway was also determined (Fig. 4). The results showed that the phosphorylation levels of
AMPK significantly increased and p-mTOR significantly decreased after RF-EMFs exposure
(Fig. 4A), and pretreatment with melatonin decreased the expression of LC3II/LC3I, and
prevented activation of the AMPK/mTOR signaling pathway (Fig. 4B).

Inhibition of autophagy by knockdown AMPKa was involved in increased DNA damage by

RF-EMFs

Autophagy was induced by RF-EMFs treatment. However, whether autophagy plays a
role in DNA damage induced by RF-EMFs has not been reported. To determine the role of
AMPK in RF-EMFs-induced DNA damage and autophagy, AMPK was silenced by siRNA (Fig.
5). Silencing of AMPK significantly reversed RF-EMFs-induced expression of p-mTOR and
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Fig. 3. Autophagy was induced by RF-EMFs exposure. (A) A representative immunoblot and quantification
analysis of LC3 and P62 as assayed after GC-2 cells were exposed to RF-EMFs 1, 2, 4W/kg for 24h. GAPDH
used as an internal standard for protein loading. (B) Transmission electron microscopy revealed an
increased number of autophagic vacuoles with or without exposure to RF-EMFs 4W/kg for 24h. (C) The
formation of GFP-LC3 puncta was examined by fluorescence microscope and was quantified after GC-2
cells were exposed to RF-EMFs 4W/kg for 24 hours (scale bar = 10 um). The results were expressed as a
percentage of the control, which was set at 100 %. The values were presented as the means * SD, **P<0.01
versus the control group, #* P<0.01 vs. the RF-EMFs 4W /kg group.

Fig. 4. Autophagy was induced by RF-
EMFs exposure via ROS generation
and activated by AMPK/mTOR. (A)
AMPK activation and mTOR repression
by RF-EMFs exposure to 4W/kg
for 24h. (B) AMPK activation and
mTOR repression were recovered by
pretreated with melatonin (10 uM)
for 2h. A representative immunoblot
and quantification analysis of p-ATM,
ATM, p-AMPK, AMPK, p-mTOR, mTOR,
LC3 and P62 as assayed after GC-2
cells were pretreated with or without
melatonin (10 uM) for 2h then exposure
to RF-EMFs 4W/kg for 24h. GAPDH
used as an internal standard for protein
loading. The results were expressed as
a percentage of the control, which was
setat 100 %. The values were presented
as the means + SD, **P<0.01 versus the
control group, #** P<0.01 vs. the RF-EMFs
4W /kg group.
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LC3II (Fig. 5A), and increased DNA damage (Fig. 5B). These results indicated that autophagy
may protect cells from continuous DNA damage, and inhibition of autophagy could result in
accumulation of DNA damage in GC-2 cells.

Promotion of autophagy following overexpression of AMPKa was involved in decreased

DNA damage

To further confirm the role of AMPK in RF-EMFs-induced DNA damage and autophagy,
AMPK was overexpressed using the AMPKa1/2 plasmid (Fig. 6). The results indicated that
overexpression of AMPKa 2 significantly decreased RF-EMFs-induced expression of p-mTOR
and increased LC3II (Fig. 6A), and DNA damage was significantly attenuated following
overexpression of AMPKa2 induced by RF-EMFs exposure (Fig. 6B). However, there was no
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significant difference between
the group with AMPKal
overexpression and the control
group in terms of the expression
of LC3II and DNA damage (data
not shown). These results
suggest that AMPK played a key
role in promoting autophagy and
DNA damage in response to RF-
EMFs in GC-2 cells. A summary
of these findings is shown in Fig.
7.

Discussion

The results of the present
study indicated that exposure
to 1800 MHz RF-EMFs induced
autophagy via the AMPK/mTOR
signaling pathway and DNA
damage in mouse spermatocyte

LGV
; “UJJ-’;
:“H ' P
2 1 (T e ",
)i) » JJ“'—-‘
3 \ Y
1’)) N Fr
) F—Melatonin {{
4 )
%
‘L ok
'’
4

DNA damage
(N — Bar

Autophagy

Fig. 7. Schematic showed signaling pathway AMPK/mTOR
induction autophagy after RF-EMFs via ROS generation, and the

cells at a SAR value of 4 W/ autophagy could prevent DNA damage from RF-EMFs exposure.

kg for 24 h and this process

was mediated by ROS. The antioxidant melatonin inhibited autophagy by suppressing RF-
EMFs-induced ROS generation. In addition, autophagy induced by RF-EMFs exposure played
a protective role in DNA damage. The SAR values selected in the present study was based
on the 1.6 W/kg limit established by the US and the 2.0 W/kg standard that is specified
by the International Commission on Nonionizing Radiation Protection (ICNIRP) [29]. In
addition, the accepted SAR threshold for non-thermal and thermal effects is 4 W /kg. Thus,
the exposure doses of 1 W/kg, 2 W/kg and 4 W /kg were selected to avoid thermal effects.
The present study suggested that 4 W/kg was a dangerous value for health.

The increased use of mobile communications results in humans being exposed to higher
levels of RF-EMFs. Mobile phones are commonly carried in pockets very close to reproductive
organs. In addition, the use of bluetooth may increase exposure to male reproductive organs
and change proteomic levels in the male reproductive system [30]. Previous investigations
suggested that RF-EMFs exposure may increase DNA damage in human spermatozoa, and
decrease semen quality, particularly motility [31]. Similar results have shown that RF-EMFs
exposure significantly impacted the integrity of nuclear genomes in male mice [32]. However,
the mechanisms underlying mobile phone use-induced male reproductive disorders are
unclear. Previous studies have suggested that RF-EMFs may stimulate ROS generation both
in vivo [33] and in vitro [34], and the present study confirmed these results. The RF-EMFs
used for communications do not have enough energy to directly damage DNA, and it has
been suggested that oxidative stress could be a key factor [7]. The results were confirmed
in the present study that melatonin could prevent DNA damage through inhibition of ROS
production, and the other reports also suggested that melatonin protect DNA damage may
be via improving lipid metabolism, except for inhibition of ROS production [35]. Sperm DNA
integrity is essential for the accurate transmission of genetic information and production of
normal motile spermatozoa, and any form of DNA damage may result in male infertility [36].
Therefore, in terms of male infertility, it is very important to prevent sperm DNA damage due
to RF-EMFs exposure.

Autophagy acts as a survival process under environmental stress, maintaining cellular
homeostasis by regenerating metabolic precursors and clearing subcellular debris [37].
Previous studies demonstrated that RF-EMFs increased the formation of ROS in spermatozoa
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[9]. ROS are considered to be one of the primary mechanisms involved in the bio-effects
mediated by RF-EMFs [38], especially those resulting from acute exposure to the RF-EMFs
from mobile phones [39]. It is well-known that the overproduction of ROS can cause severe
damage to cellular macromolecules, and ROS production is an important intracellular
inducer of autophagy [40]. A previous study indicated that ROS regulate autophagy involved
in cell survival in endothelial cells [41]. Previous investigations have shown that ROS can
stimulate autophagy via the AMPK signaling pathway which is necessary for controlling
cellular autophagy under oxidative stress, and subsequently prevent oxidative injury
and dysfunction [42]. Numerous studies have demonstrated that AMPK has the ability to
stimulate autophagy by inhibiting mTOR signaling [43]. In accordance with previous studies,
when AMPK interference by siRNA was used in the present study, autophagy was suppressed
after RF-EMFs exposure. In addition, overexpression of AMPK promoted autophagy.

In response to DNA damage, cells will trigger a series of signaling cascades, and cellular
fate is determined by the degree of DNA damage. When DNA damage is reparable and mild,
the signaling pathways involved in promoting cell survival will be activated. However, when
severe damage is beyond repair, cell death occurs. Thus, autophagy can play a dual role in
determining cell fate by two process, not only can it play a protective role, but autophagy
can also lead to cell death [44]. Autophagy can induce an adaptive response to protect
against chemical mutagens and ionizing radiation [45-48]. This protective role is generally
described as an adaptive response and has been well documented in human and animal cells
[49]. Blockage of autophagy can result in the accumulation of dysfunctional mitochondria,
damaged mitochondrial DNA and an increased rate of apoptotic cell death induced by UV
radiation, 900 MHz RF-EMFs exposure or smoking, respectively [50-52]. A previous study
suggested that autophagy may play an important role in preventing mouse spermatocyte-
derived cells from apoptotic cell death following exposure to 1, 800-MHz GSM 4 W /kg [18].
However, previous studies did not determine the role of autophagy in DNA damage induced
by RF-EMFs in mouse spermatocyte-derived cells. In the present study, following inhibition
or promotion of autophagy, the results indicated that DNA damage induced by RF-EMFs
could be prevented by autophagy in mouse spermatocyte-derived cells.

In conclusion, the present study indicated that autophagy and DNA damage may be
activated by RF-EMFs-induced ROS generation. The AMPK/mTOR signaling pathway was
involved in RF-EMFs-induced autophagy, and autophagy had a protective role in DNA
damage induced by RF-EMFs exposure. These findings provide evidence of the mechanism
by which RF-EMFs trigger autophagy and the positive role autophagy plays in the DNA
damage response to RF-EMFs treatment.
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