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With the ever increasing application of
electronic technology, our exposure to artificial
electromagnetic energy is also rapidly increasing.
Electromagnetic radiation (EMR) is the fourth largest
source of pollution, after air, water, and noise[1]. All
populations are now exposed to varying degrees of
EMR, and this poses a serious public health threat.
The human level of exposure to EMR will continue to
increase as technology advances and becomes an
integral part of our day to day lives. EMR pollution
has attracted widespread concern. Ashford and
Porter (1962) discovered the phenomenon of
‘self-eating’ in the rat liver cells for the first time,
which de Duve (1963) christened as ‘autophagy.’
There is strong interest in the field of biomedicine
for pursuing research on cell autophagy. Autophagy
is widely involved in many physiological and
pathological processes, which is important for
regulating cell function and maintaining cell
homeostasis. It has been recognized that autophagy
functions in the cell damage caused by EMR.
EMR
Concept and Frequency of EMR
EMR is defined
as waves of oscillating electric and magnetic fields
that move at right angles to each other and outward
from both the electric (E) and magnetic (B)
oscillating field vectors, and is essentially
non-ionizing radiation, as it does not carry enough
energy to ionize atoms or molecules. The
‘Controlling limits for electromagnetic environment’
(GB 8702-2014) jointly issued by China's Ministry of
Environmental
Protection
and
the
State
Administration of Quality Supervision, Inspection
and Quarantine was implemented on January 1,
2015, and there are corresponding provisions on the
scope of exemption on the limit values, evaluation
methods and related facilities (equipment) of
electric, magnetic and electromagnetic fields (1 Hz to
300 GHz)[2]. The World Health Organization (WHO)

established the International Electromagnetic Fields
Project in 1996 to assess the scientific evidence of
possible health and environmental effects of
electromagnetic fields (EMF) in a frequency ranging
from 0 Hz to 300 GHz[3]. The EMR discussed in this
review has a frequency ranging from 0 Hz to 300 GHz,
to which everyone in the world is exposed daily and
has a great impact on our everyday life.
EMR of different frequency bands have different
physical characteristics with different applications in
various fields. This range (0 Hz to 300 GHz) is divided
into static (0 Hz) field, which comes primarily from
natural and man-made sources such as video
displays, clinical diagnostic equipments like MRI and
others, that are used in medical diagnostics and
treatment as well as magnetic levitation technology
or maglev that is being widely used in many
applications. Extremely low frequency (ELF > 0 Hz to
300 kHz) fields, which come mainly from the power
transmission and electrical equipments and
intermediate frequency (IF > 300 Hz to 10 MHz)
fields, which includes longwaves, medium waves,
and partial shortwaves that are mainly derived from
the radio system[3]; Radiofrequency (RF 100 kHz to
300 GHz) fields, which are applied in various facets
of daily life, such as telecommunications (eg., mobile
telephones), radio and TV transmission, diagnosis
and treatments of disease, and in industry for
heating and sealing materials[4]. Additionally, RF
fields with frequencies ranging from 10 MHz to 30
MHz are called shortwaves, that are mainly used in
radio broadcast and over-the-horizon (OTH) radar,
while fields with frequencies from 300 MHz to
300 GHz are called microwaves (MW), which are
mostly applied in radar and communications
technology. Extremely high frequencies (EHF) fields
from 100 GHz to 300 GHz are used in weapons
systems, security screening, and medicine. Very little
is known about the terahertz (THz) band (0.1 THz to
3 THz).
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Biological Effects of EMR
The biological effects
of EMR change with frequency, intensity,
modulation mode and duration of exposure and cell
microenvironment.
Generally,
the
possible
mechanisms of interactions of EMR with biological
systems are often discussed in bioelectromagnetics
in terms of thermal versus non-thermal mechanisms.
The reported effects of EMR on tissues and organs
are generally attributable to the thermal effects,
whereas the non-thermal effects of EMR are still
been actively researched. The thermal mechanisms
are thought to play an important role in acute, high
dose exposure causing toxicities. Meanwhile, there is
a whole series of biologically important
modifications appearing under weak static or
alternating EMF action that could be explained only
from the view point of non-thermal mechanisms.
The thermal and non-thermal characteristics of
interactions between EMR and living systems have
been discussed elsewhere[5-6].
Multiple systems of the organisms are subjected
to the impact of EMR, but the nervous, reproductive,
cardiovascular, immune, hematopoietic, and
endocrine systems are most commonly involved;
thereby, they are extensively studied. Taking the
central nervous system and stem cells as an example,
we discuss the biological effects of EMR at the
overall system and the cellular level, respectively. (1)
The central nervous system. The brain is one of the
target organs that are sensitive to EMR because the
mitochondrial injury occurs here earlier and is more
severe as compared to other tissues and organ
systems in body. The mitochondrial injury disrupts
the energy metabolism in brain and leads to brain
dysfunction and structural brain damage because of
depleted ATP stores. Epidemiological survey finds
that EMR causes fatigue, headache, excitement,
dreams, memory loss, and other symptoms of
[7]
neurasthenia . The studies conducted by us and
other researchers have indicated that EMR is likely
to cause brain dysfunction and synaptic plasticity
injury, as mainly seen in cognitive impairment and
[8-17]
structural damage
. Additionally, EMR has been
reported to contribute to neurodegenerative
diseases, such as Alzheimer’s disease (AD) because
of disruption of the signaling pathway[18-20]. In
contrast, there is increasing evidence that EMR may
help stimulate neuronal functions and protect
against cognitive impairment in diseases, such as
AD[21-23]. Although, the majority of data comes from
animal studies that cannot be yet extrapolated to
humans. (2) Stem cells reside in almost all tissues
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within the human body, and they exhibit various
potentials. These cells are very important because
they control homeostasis, regeneration, and healing.
On one side, accumulating dose of EMR is thought to
have devastating effects on stem cell proliferation[24],
and on the other side, studies have demonstrated
that EMR is able to regulate cellular processes
related to decisions about the fate of stem cell via
different ways, and properly adjusted values of EMR
frequencies, times of stimulation as well as the
microenvironmental niche may affect the impact of
EMR on stem cell proliferation, differentiation, and
migration to achieve the desired therapeutic
outcomes[25-27].
The potential health hazards induced by EMR
radiation are not negligible, and the public is not
completely aware of potential dangers for
human health deriving from EMR pollution and
exposure to low radiation. Looking at the other side
of the coin, EMR has found a wide range of potential
clinical applications, as demonstrated by studies
reporting the protective effects of EMR on AD and
the ability of EMR to decide stem cell fate. Therefore,
the underlying mechanisms that decide the
biological effects of EMR are important and a
controlled use of EMR may be useful for therapeutic
purposes.
Autophagy
Concept and Classification of Autophagy
Autophagy is an evolutionarily highly conserved,
lysosome-dependent cellular recycling pathway
existing in eukaryotic cells that transports
cytoplasmic components, such as misfolded proteins
and damaged organelles to lysosomes for
degradation and eventually recycling of the
degraded products. Autophagy plays a critical role in
cell adaptation, clearance of intra-cellular organisms,
antiaging, and tumor suppression. It is mediated
through unique cell organelle called autophagosome.
There are three main forms of autophagy:
macroautophagy,
microautophagy
and
chaperone-mediated autophagy (CMA), which differ
based on the pathways of the substrates into the
lysosomes[28]. During macroautophagy, cytoplasmic
proteins or organelles are wrapped in
double-membrane autophagosomes, which then
fuse with lysosomes to form autolysosomes. In
autolysosomes, the wrapped material is degraded by
lysosomal hydrolases and the degradation products
are recycled by cells[29]. Unlike macroautophagy, the
cytoplasmic components are directly absorbed
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through the invagination, protrusion, and septation
of the lysosomal membrane in microautophagy and
no intermediate vesicles are necessary. In contrast,
CMA targets the cytoplasmic proteins with special
sequence motifs recognized by heat shock cognate
protein 70 (Hsc70), which is a cytosolic chaperone
protein, and participates in many other cellular
functions. Through the recognition of Hsc70 by
lysosomal associated membrane protein 2A
(LAMP-2A), which is a receptor on the lysosome
surface, Hsc70-tagged proteins are captured by
lysosomes, where the protein substrate is unfolded
[30]
and translocated inside lysosomes for degradation .
Yeast and mammalian cells are commonly used as
models in the autophagy research, and in many
cases, the two are described together. In this paper,
the autophagy we discussed focuses on mammalian
macroautophagy, which is referred to as ‘autophagy’
herein.
Biological Process of Autophagy
Autophagy is a
dynamic process that changes over time and is
usually divided into the following four typical stages:
(1) First stage involves induction, nucleation, and the
formation of phagophores. After the process of
autophagy is induced, proteins and lipids are
recruited to form a bilayer membranous cup-like
structure around the substrates to be degraded in
the cytoplasm. This is called as pre-autophagosome
structure (PAS) that then develops to form a
phagophore, which is also known as an isolation
membrane (IM). (2) Second stage involves complete
elongation and sequestration of the expanding
phagophore to form double-membraned organelle
called as autophagosomes. (3) Third stage involves
transfer of autophagosome and their fusion with the
lysosomes compartment. Once autophagosome
formation is complete, autophagosomes move along
microtubules in a dynein motor-dependent manner
and cluster close to the microtubule-organizing
center near the nucleus, where they fuse with
lysosomes. It
has
been proposed that
autophagosomes first fuse with endosomes to form
amphisomes, before fusion with lysosome.
Subsequently, the inner vesicles are released into
lysosomes, which results in the formation of
monolayer autolysosomes. (4) Fourth stage involves
degradation, recycling and reuse of the degraded
material. After the formation of autolysosomes, the
hydrolytic enzymes in the lysosomes are activated to
degrade the contents of the vesicles and the amino
acids, nucleotides and metabolites produced are
reused by cells. In addition, the contents of the
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autophagic structure and lysosomes are also partially
retrieved.
Mechanisms of Autophagy
The genes involved
in autophagy regulation are named as
autophagy-related genes (ATG) and are a family of
genes that are evolutionarily conserved. More than
30 ATG genes have been identified, and these genes
are divided into different functional groups and play
different roles in different stages of autophagy[31].
ULK1 complex plays a central role in inducing
autophagy, by initiating the autophagosome
formation. Mammalian ULK1 (unc-51-like activating
kinase 1) complex contains the core proteins ULK1 or
ULK2 (hereafter we only refer to ULK1), ATG
(autophagy-related protein) 13, ATG101 and focal
adhesion kinase interacting protein of 200 kD
(FIP200), which is stable and required for the
induction of autophagosome formation[32]. After
activation of the ULK1 complex, it is transferred from
the cytoplasm to the endoplasmic reticulum or other
specific locations to form the autophagic prokaryotic
nucleus, which then raises the downstream
phosohatidylinositol-3-kinase catalytic subunit type
3 (PI3KC3) complex and microtubule-associated
protein light chain 3 (MAP/LC3 or LC3) molecules to
produce phagophores[33]. ULK1 activates the PI3KC3
complex and promotes autophagy, through
phosphorylation of Ser14 in Beclin1[34]. Polyubiquitinbinding protein (p62) also known as sequestosome 1
(SQSTM1), is required both for the formation and
the degradation of polyubiquitin-containing bodies
by autophagy[35]. ULK1 enhances the binding affinity
of p62 for ubiquitin through phosphorylating its
corresponding sites[36]. Inhibition of ULK1/2 by
knockout or drugs (such as MRT67307 etc.) blocks
the occurrence of autophagy[37-39].
The PI3KC3 complex is necessary in the
nucleation of the phagophore. The PI3KC3 complex
contains the core proteins PI3KC3, p150, Beclin1,
and ATG14. One of the key functions of the PI3K
complex
is
the
generation
of
phosphatidylinositol-3-phosphate (PI3P), which is a
phosphoinositide that serves as a landmark on the
membrane to recruit other factors, such as
WD-repeat
protein
interacting
with
phosphoinositidesI1-4 (WIPI1-4) and double FYVE
domain-containing protein 1 (DFCP1), which mark
sites of autophagosome formation and lead to
omegasome/cradle development[40-41]. The inhibition
of PI3KC3 complex, by the common specific inhibitor
of
autophagic/lysosomal
degradation
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3-methyladenine
(3-MA),
wortmannin,
and
LY294002, etc., suppresses the autophagic activity.
After nucleation, the phagophore expands by
membrane addition, which is accomplished by two
ubiquitylation-like conjugation systems: the
ATG12-ATG5-ATG16 and ATG8 (MAP1LC3, or briefly
[31,42-46]
LC3 in mammals) conjugation systems
, and
the
ATG8
conjugation
system.
The
ATG12-ATG5-ATG16 conjugation system contains the
core proteins ATG5, ATG12, ATG7, ATG10, ATG16,
and autophagy related-like 1 (ATG16L1). The ATG8
conjugation system contains the core proteins LC3,
ATG3, ATG4, and ATG7. The first of these systems
covalently conjugates ATG12 to ATG5 by ATG10
(E2-like), whereas the second system conjugates LC3
to phosphatidylethanolamine (PE) by ATG3 (E2-like)
after LC3 has been processed by the cysteine
protease ATG4. Both the ATG8 and ATG12 proteins
are activated by ATG7 (E1-like). The ATG12-ATG5
conjugate forms a complex with ATG16, which in
turn promotes LC3-PE conjugation in an E3-like
manner, although it is not essential for this process
to occur.

ATG9L1 contributes to vesicle retrieval. ATG9L1,
which is a multi-spanning transmembrane protein, is
localized to preautophagosomal structure (PAS),
[47]
endosomes and the trans-Golgi network . As a
carrier of lipids, or as a platform responsible for
raising other autophagy-related proteins to PAS,
ATG9L1 is necessary for the formation of autophagic
membranes and the recycling of some proteins[48].
Eeffects of EMR on Autophagy
Research on the effects of EMR on autophagy
belongs to a relatively new field, and a consensus
has yet not been reached. There have been
conflicting reports on the role of EMR in inducing
autophagy. Most studies are in support of EMR being
positively involved in activating autophagy[49-56],
while a few others suggest that there were no
observed effects of EMR on autophagy[54,57-58].
Different laboratories have reached different
conclusions, which may be explainable by the
different parameters of EMR and different objectives
of the experiments in the research methods.
(Table 1).

Table 1. Effects of EMR on Autophagy
Year

Parameters

Duration

Thermal Effect

Objects

Autophagy State

[49]

2 mT, 75 Hz

Not clear

Not clear

Human
glioblastoma cell
line (T98G)

Activated

2016

Jiang DP et
[50]
al.

Repetition
frequency 100
Hz, 50 kV/m, 100
to 100,000
pulses

Daily exposure for
8 months since
2-month-old

Not mentioned

SD rats,
hippocampus

Activated

2014

Marchesi N
[51]
et al.

75 Hz, 5 mV, 1.3
ms, 2 mT

1h

Not mentioned

SH-SY5Y

Activated

Liu K et al.
[52]

1800 MHz, 4
W/kg

24 h, 5 min on and
10 min off

Rise of approximately
0.08 °C

Mouse
spermatocyte-deri
ved GC-2 cells

Activated

2014

Koshkina NV
[53]
et al.

13.56 MHz, 600
to 900 W

2-5 min

Not mentioned

Panc-1 and AsPC-1

Activated

2014

Curley SA et
[54,55]
al.

13.56 MHz, 900
W

5 min

Elevation to
approximately 46 °C

Panc-1, AsPC-1,
MDA PATC-3

Activated

Cao HL et al.
[56]

12, 18, and 21
2
mV/cm

10 min

None

A549 cells

Activated

2015

Zuo WQ et
[57]
al.

1800 MHz, 4
W/kg

24 h, 5 min on and
10 min off

Rise by about 0.08 °C

Spiral ganglion
neurons (SGN)

Unchanged

2015

Golbach LA
[58]
et al.

320, 730, 880,
and 2600 Hz,
300 μT

4h

Not mentioned

Human neutrophils

Unchanged

2014

Curley SA et
[54]
al.

13.56 MHz, 900
W

5 min

Elevation to
approximately 46 °C

HPDE cells

Unchanged

2016

2014

2012

Author
Pasi F et al.
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The effects of EMR on autophagy are mainly
achieved through its non-thermal effects. Curley SA
[54]
et al. exposed three human pancreatic cancer cell
lines (Panc-1, MDA PATC-3, and AsPC-1) to the RF
field at 13.56 MHz for 5 min or to conventional
hyperthermia (HT) at 46 °C. RF treatment affected
mitochondrial function in cancer cells more than HT
treatment did, and unlike HT treatment, it was
followed by an increase in autophagosomes in the
cytoplasm of the cancer cells, and subsequent
growth arrest of the cancer cells. The obtained data
indicated that the effects of RF treatment were not
limited to its hyperthermic property. Cao HL et al.[56]
exposed human lung cancer A549 cells to the MW
source for 10 min under ice bath conditions at doses
2
of 12, 18, and 21 mV/cm , respectively. It was found
that the non-thermal effects of MW could induce
autophagy in human A549 cells, while no change in
temperature occurred before and after radiation, as
confirmed by a thermometer. Some researchers
have been supportive of the idea that the
non-thermal mechanisms contribute to the
biological effects of EMR, especially wide band EMR.
This conclusion is also supported by results of
studies that show that the temperature was
precisely controlled[54,59-60]. Therefore, we believe
that the enhanced autophagy induced by EMR is
likely
achieved
through
its
non-thermal
characteristics,
rather
than
the
thermal
characteristics.
The effects of EMR on autophagy are related to
cell types. In the study of Curley SA et al., malignant
and nonmalignant cells of pancreatic origin were
both exposed to the RF field with same radiation
intensity. RF treatment selectively inhibited the
proliferation of tumor cells by inducing autophagy,
while these effects were negligible in nonmalignant
cells. The results indicate RF can provide a
non-invasive treatment option to treat malignancies
due to its tumor-specific cytotoxic effect through
stimulation of autophagy in tumor cells. These
effects exceed the hyperthermic properties of the RF
field. All these outcomes require further
investigation of the biological effects of RF treatment
to stimulate the development of novel non-invasive
approaches
for
cancer
treatment
using
[54]
electromagnetic fields .
The effects of EMR on autophagy are also
affected by cellular microenvironment. Spiral
ganglion neurons (SGN), which were obtained from
neonatal (1- to 3-day-old) Sprague Dawley® (SD) rats,
were treated with lipopolysaccharide (LPS) and then
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exposed to radiofrequency EMR (RF-EMR) at a
specific absorption rate (SAR) of 4 W/kg. It seems
that the occurrence of autophagy caused by EMR
will increase in an LPS-induced inflammation in vitro
model, while it did not have any effect on normal
SGN not treated with LPS[57]. The sensitivity of cell
autophagy
to
EMR
changes
with
the
microenvironment of the cells possibly. LPS,
exemplified in this study, is also a known endotoxin
and is often released by gram-negative bacteria that
infect the body and increases the sensitivity of EMR
exposed cells to autophagy. Other factors that can
alter the cellular microenvironment may also cause
changes in the sensitivity of autophagy to EMR, but
further studies are still needed.
The effects of EMR on autophagy occur in a
[52]
dose-dependent manner. Liu K et al.
exposed
mouse spermatocyte-derived GC-2 cells to 1800 MHz
Global System for Mobile Communication (GSM)
signals in GSM-Talk mode at SAR values of 1 W/kg,
2 W/kg or 4 W/kg for 24 h intermittently. The results
indicated that the activity of autophagy increased in
a dose-dependent manner with RF exposure and
peaked at the SAR value of 4 W/kg. In the study of
Cao HL et al., within the dose ranging from 12 to 21
mV/cm2, the activation of autophagy in A549 cells
was also significantly enhanced in the exposed group
with the increase of the radiation dose[56]. The
results point to that the effects of EMR on cell
autophagy obey a dose-response relationship, and to
be specific, autophagy is more active with increasing
doses of EMR under certain conditions.
The effects of EMR on autophagy obey a
time-response relationship. In the study by Liu K et al.
to study the protective effect of autophagy on
mouse spermatocyte exposed to EMR, the LC3-II flux
increased within 48 h after exposure, which indicates
the increased activity of autophagy in this time
range[52]. The time-response manner in the rate of
autophagy induced by EMR may be affected by the
exposed objects and the radiation conditions. To find
out how autophagy alters after EMR is conducive in
explaining the physiological roles played by
autophagy in the effects of EMR.
In summary, the effects of EMR on autophagy
are mainly achieved through non-thermal
mechanisms, and these effects are affected by the
cell types, as well as the cellular microenvironment
and they follow dose-dependent and time-response
patterns. However, the research field is still in its
early stage, and there is a need for further studies
and discussion.
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Biological Effects of Autophagy in EMR-induced Cell
Damage

cell viability after radiation. Therefore, the numbers
were not conclusive.

The biological effects of autophagy function in
two ways. For decades, autophagy has been debated
as an active cell death pathway. Autophagy was
usually observed in dying and starving cells, and is
also known as autopathic cell death (ACD) or type II
programmed cell death that occurs without
chromatin condensation and is accompanied by
large-scale autophagic vacuolization of the
cytoplasm. In addition, there were studies that
uncontrolled autophagy was shown to lead to a
caspase-dependent and independent cell death
under some conditions. However, more recent data
support that autophagy exerts a cryoprotective
effect and promoted cell survival. One of the key
roles played by autophagy is to eliminate protein
aggregates and damaged organelles, which may
promote energy homeostasis or reduce the
generation of reactive oxygen species (ROS) in
different cases[61-62].
When cells were damaged by EMR and the
injury could be compensated, activated autophagy
functioned to protect cells and promote their
survival. As mentioned before, in the study of Liu K
et al., GC-2 cells were subjected to GSM signals at
SAR values of 4 W/kg for 24 h. To understand the
role of ROS-mediated autophagy on cell survival
after RF exposure, 3-MA was used to block
autophagy and then apoptosis was determined.
Compared to RF exposure alone, co-treatment with
3-MA increased the percentage of apoptotic cells.
These data indicated that autophagy may play an
important role in the adaptive response mechanism
to protect against EMR and ensure cell survival[52].
When the EMR-induced damage was beyond the
compensatory ability of cells, autophagy might be
excessively activated and mediate cell death. Curley
SA et al.[54] exposed cancer and nonmalignant cells of
pancreatic origin to the RF with the average power
of 900 W, for 5 min. Only RF treatment caused
declines in cancer cell viability and proliferation
alone with the elevation of autophagosomes in the
cytoplasm of cancer cells, whereas the effects of RF
treatment were negligible in nonmalignant cells. The
results indicated that autophagy activation played a
role in the decrease of the activity of pancreatic
cancer cells induced by EMR. However, this study did
not set up an autophagy intervention model and
further explored the relationship between the
activation of autophagy and the changes of tumor

Mechanisms of EMR Affecting Autophagy
ROS
ROS includes oxygen free radicals, such as
·−
·
superoxide anion radical (O2 ), hydroxyl radical ( OH),
and nonradical oxidants, such as hydrogen peroxide
(H2O2) and singlet oxygen (1O2). Under physiological
condition the balance between ROS production and
its scavenging is strictly controlled and plays a part in
cell homeostasis. EMR causes increased production
of ROS, which in turn damages the mitochondrial
respiratory chain resulting in electronic leakage (the
main source of ROS) that ultimately leads to a vicious
cycle[63-67]. Additionally, oxidative modification and
increased ROS bring about dysfunction of cellular
physiology, such as the activation or suppression of
multiple signal paths, which is believed mostly to
contribute to cell damage[68,69].
ROS contribute to the activation of autophagy
after EMR. In the experiment of Liu and others, as
described previously, pretreatment with antioxidant
N-acetyl-cysteine (NAC) reduced the conversion of
LC3-I to LC3-II and decreased the degradation of p62
in the RF-exposed group, which suggests that the
enhanced autophagy by RF was achieved by
increased ROS production[52]. There is strong
consensus that increased ROS promotes the
occurrence of autophagy, and Li Lulu et al.[70] have
discussed the interactions between ROS and
autophagy as well as the underlying mechanisms in
detail. Briefly, the internal regulatory mechanisms of
autophagy by ROS can be summarized as
transcriptional and post-transcriptional regulation,
which includes various molecular signal pathways
such as ROS-FOXO3-LC3/BNIP3-autophagy, ROSNRF2-P62-autophagy,
ROS-HIF1-BNIP3/NIXautophagy, and ROS-TIGAR-autophagy.
miRNAs
microRNAs (miRNAs) are a class of
endogenous, 22-24 nucleotide-long noncoding RNA
molecules, that affect protein synthesis by impairing
both the stability and translation of specific mRNAs,
and they are involved in many processes in cells,
including autophagy[71-72].
Down-regulated miR-30a activates autophagy
after EMR through modulating the expression
of autophagy-promoting gene beclin1. Among the
previously identified microRNAs (miRNAs) in rat
hippocampus that were sensitive to microwaves, we
found that miR-30a was significantly downregulated after exposure[73]. A study on the effects of
a pulsed low-frequency EMF (LF-EMF, 75 Hz, 2 mT,
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1.3 ms) exposure on miR-30a expression and
downstream on beclin1 mRNA and protein levels
was conducted in human neuroblastoma cells, and
the researchers found that LF-EMF induced a
significant reduction of miR-30a with a concomitant
increase in beclin1 transcripts and its corresponding
protein, which resulted in the activation of
autophagy[51]. Studies have suggested that miR-30a
negatively regulates the expression of beclin1 and
Atg12, which results in a decreased level of
autophagy[74-80]. Thus, down-regulated miR-30a may
be an important mechanism of autophagy activation
induced by EMR.
Prospects
Currently, the potential health
hazards caused by EMR have attracted great
attention from public as well as the scientific
community around the world. Studies have mainly
focused on mechanisms of EMR injuries at the
cellular and molecular levels. Autophagy, is a topic of
strong interest in the biomedical field, and it
contributes to basal cellular and tissue homeostasis
and is essential for physiological responses to
stresses. The research on the effects of EMR on
autophagy and the roles of autophagy in
EMR-induced injury is still in its infancy, and there
are many problems that have yet to be solved. Due
to the complicated parameters of EMR, the results
from different laboratories are not comparable,
which creates obstacles for the formulation of any
guidelines and development of this field.
Furthermore, the effects of EMR on autophagy are
not only related to the EMR itself but also affected
by cell types and cell microenvironments. However,
there has been little research in this area, and the
conclusions made by this study should be carefully
evaluated. The effects of EMR on autophagy, the
relevant regulatory mechanisms and the roles of
autophagy in the EMR-induced damage will be
investigated in future research.
Author Contributions
HAO Yan Hui participated
in the design, collected and analyzed the data. ZHAO
Li and PENG Rui Yun conceived the review and
helped to draft the manuscript. All authors read and
approved the final manuscript.
Conflict of Interest
No conflict of interest to
declare.
&

These authors contributed equally to this work.
Correspondence should be addressed to PENG Rui
Yun, PhD, Tel: 86-10-66931236, Fax: 86-10-66931336,
E-mail: ruiyunpeng18@126.com
Biographical notes of the first authors: HAO Yan Hui,
male, born in 1990, Doctoral degree, majoring in radiation
biology; ZHAO Li, female, born in 1981, Doctoral degree


63

and Associate research fellow, majoring in radiation
biology.
Received: June 21, 2017;
Accepted: December 27, 2017

REFERENCES
1. Roosli M, Rapp R, Braun-Fahrlander C. Radio and microwave
frequency radiation and health--an analysis of the literature.
Gesundheitswesen, 2003; 65, 378-92.
2. China’s Ministry of Environmental Protection and the State
Administration of Quality Supervision, Inspection and
Quarantine.
Controlling
limits
for
electromagnetic
environment (National standard of the People's Republic of
China, GB 8702-2014). http://www.cssn.net.cn [2017-01-08]
3. World Health Organization. What is the International EMF
Project? http://www.who.int/peh-emf/project/EMF_Project/
en/index.html [2017-01-08]
4. Institute of Electrical and Electronics Engineers. IEEE Standard
for Safety Levels with Respect to Human Exposure to Radio
Frequency Electromagnetic Fields, 3 kHz to 300 GHz.
http://standards.ieee.org [2017-01-08]
5. Ms M. Thermal versus nonthermal mechanisms of interactions
between electromagnetic fields and biological systems. In:
Ayrapetyan SN and Markov M (eds), Bioelectromagnetics:
Current Concepts. Springer, Dordrecht, the Netherlands, 2006;
1-16.
6. Ms M. Nonthermal mechanism of interactions between
electromagnetic fields and biological systems: a calmodulin
example. Environmentalist, 2011; 31, 114-20.
7. Jauchem JR. A literature review of medical side effects from
radio-frequency energy in the human environment: involving
cancer, tumors, and problems of the central nervous system. J
Microw Power Electromagn Energy, 2003; 38, 103-23.
8. Erdem Koc G, Kaplan S, Altun G, et al. Neuroprotective effects
of melatonin and omega-3 on hippocampal cells prenatally
exposed to 900 MHz electromagnetic fields. Int J Radiat Biol,
2016; 92, 590-5.
9. Sharma A, Kesari KK, Saxena VK, et al. Ten gigahertz microwave
radiation impairs spatial memory, enzymes activity, and
histopathology of developing mice brain. Mol Cell Biochem,
2017; 435, 1-13.
10.Wang H, Peng R, Zhao L, et al. The relationship between NMDA
receptors and microwave-induced learning and memory
impairment: a long-term observation on Wistar rats. Int J
Radiat Biol, 2015; 91, 262-9.
11.Wang H, Peng R, Zhou H, et al. Impairment of long-term
potentiation induction is essential for the disruption of spatial
memory after microwave exposure. Int J Radiat Biol, 2013; 89,
1100-7.
12.Wang LF, Wei L, Qiao SM, et al. Microwave-Induced Structural
and Functional Injury of Hippocampal and PC12 Cells Is
Accompanied
by
Abnormal
Changes
in
the
NMDAR-PSD95-CaMKII Pathway. Pathobiology, 2015; 82,
181-94.
13.Xiong L, Sun CF, Zhang J, et al. Microwave exposure impairs
synaptic plasticity in the rat hippocampus and PC12 cells
through over-activation of the NMDA receptor signaling
pathway. Biomed Environ Sci, 2015; 28, 13-24.

64
14.Zhao L, Peng RY, Wang SM, et al. Relationship between
cognition function and hippocampus structure after long-term
microwave exposure. Biomed Environ Sci, 2012; 25, 182-8.
15.Megha K, Deshmukh PS, Banerjee BD, et al. Low intensity
microwave radiation induced oxidative stress, inflammatory
response and DNA damage in rat brain. Neurotoxicology, 2015;
51, 158-65.
16.Zhao L, Peng RY, Wang SM, et al. Relationship between
cognition function and hippocampus structure after long-term
microwave exposure. Biomed Environ Sci, 2012; 25, 182-8.
17.Deshmukh PS, Banerjee BD, Abegaonkar MP, et al. Effect of
low level microwave radiation exposure on cognitive function
and oxidative stress in rats. Indian J Biochem Biophys, 2013; 50,
114-9.
18.Valbonesi P, Franzellitti S, Bersani F, et al. Activity and
expression of acetylcholinesterase in PC12 cells exposed to
intermittent 1.8 GHz 217-GSM mobile phone signal. Int J
Radiat Biol, 2016; 92, 1-10.
19.Kesari KK, Siddiqui MH, Meena R, et al. Cell phone radiation
exposure on brain and associated biological systems. Indian J
Exp Biol, 2013; 51, 187-200.
20.Del Vecchio G, Giuliani A, Fernandez M, et al. Effect of
radiofrequency electromagnetic field exposure on in vitro
models of neurodegenerative disease. Bioelectromagnetics,
2009; 30, 564-72.
21.Arendash GW, Sanchez-Ramos J, Mori T, et al. Electromagnetic
field treatment protects against and reverses cognitive
impairment in Alzheimer's disease mice. J Alzheimers Dis, 2010;
19, 191-210.
22.Banaceur S, Banasr S, Sakly M, et al. Whole body exposure to
2.4 GHz WIFI signals: effects on cognitive impairment in adult
triple transgenic mouse models of Alzheimer's disease
(3xTg-AD). Behav Brain Res, 2013; 240, 197-201.
23.Schuz J, Waldemar G, Olsen JH, et al. Risks for central nervous
system diseases among mobile phone subscribers: a Danish
retrospective cohort study. PLoS One, 2009; 4, e4389.
24.Eghlidospour M, Ghanbari A, Mortazavi SMJ, et al. Effects of
radiofrequency exposure emitted from a GSM mobile phone
on proliferation, differentiation, and apoptosis of neural stem
cells. Anat Cell Biol, 2017; 50, 115-23.
25.Tamrin SH, Majedi FS, Tondar M, et al. Electromagnetic Fields
and Stem Cell Fate: When Physics Meets Biology. Rev Physiol
Biochem Pharmacol, 2016; 171, 63-97.
26.Maziarz A, Kocan B, Bester M, et al. How electromagnetic fields
can influence adult stem cells: positive and negative impacts.
Stem Cell Res Ther, 2016; 7, 54.
27.Maioli M, Rinaldi S, Santaniello S, et al. Radio electric conveyed
fields directly reprogram human dermal skin fibroblasts toward
cardiac, neuronal, and skeletal muscle-like lineages. Cell
Transplant, 2013; 22, 1227-35.
28.Huber LA, Teis D. Lysosomal signaling in control of degradation
pathways. Curr Opin Cell Biol, 2016; 39, 8-14.
29.Ravikumar B, Sarkar S, Davies JE, et al. Regulation of
mammalian autophagy in physiology and pathophysiology.
Physiol Rev, 2010; 90, 1383-435.
30.Kaushik S, Bandyopadhyay U, Sridhar S, et al.
Chaperone-mediated autophagy at a glance. J Cell Sci, 2011;
124, 495-9.
31.Mizushima N, Yoshimori T, Ohsumi Y. The role of Atg proteins
in autophagosome formation. Annu Rev Cell Dev Biol, 2011; 27,
107-32.

Biomed Environ Sci, 2018; 31(1): 57-65
32.Lin MG, Hurley JH. Structure and function of the ULK1 complex
in autophagy. Curr Opin Cell Biol, 2016; 39, 61-8.
33.Itakura E, Mizushima N. Characterization of autophagosome
formation site by a hierarchical analysis of mammalian Atg
proteins. Autophagy, 2010; 6, 764-76.
34.Russell RC, Tian Y, Yuan H, et al. ULK1 induces autophagy by
phosphorylating Beclin-1 and activating VPS34 lipid kinase. Nat
Cell Biol, 2013; 15, 741-50.
35.Pankiv S, Clausen TH, Lamark T, et al. p62/SQSTM1 binds
directly to Atg8/LC3 to facilitate degradation of ubiquitinated
protein aggregates by autophagy. J Biol Chem, 2007; 282,
24131-45.
36.Lim J, Lachenmayer ML, Wu S, et al. Proteotoxic stress induces
phosphorylation of p62/SQSTM1 by ULK1 to regulate selective
autophagic clearance of protein aggregates. PLoS Genet, 2015;
11, e1004987.
37.Mcalpine F, Williamson LE, Tooze SA, et al. Regulation of
nutrient-sensitive autophagy by uncoordinated 51-like kinases
1 and 2. Autophagy, 2013; 9, 361-73.
38.Petherick KJ, Conway OJ, Mpamhanga C, et al. Pharmacological
inhibition of ULK1 kinase blocks mammalian target of
rapamycin (mTOR)-dependent autophagy. J Biol Chem, 2015;
290, 11376-83.
39.Lazarus MB, Shokat KM. Discovery and structure of a new
inhibitor scaffold of the autophagy initiating kinase ULK1.
Bioorg Med Chem, 2015; 23, 5483-8.
40.Burman C, Ktistakis NT. Regulation of autophagy by
phosphatidylinositol 3-phosphate. FEBS Lett, 2010; 584,
1302-12.
41.Kroemer G, Marino G, Levine B. Autophagy and the integrated
stress response. Mol Cell, 2010; 40, 280-93.
42.Mizushima N, Kuma A, Kobayashi Y, et al. Mouse Apg16L, a
novel WD-repeat protein, targets to the autophagic isolation
membrane with the Apg12-Apg5 conjugate. J Cell Sci, 2003;
116, 1679-88.
43.Mizushima N, Yamamoto A, Hatano M, et al. Dissection of
autophagosome formation using Apg5-deficient mouse
embryonic stem cells. J Cell Biol, 2001; 152, 657-68.
44.Sou YS, Waguri S, Iwata J, et al. The Atg8 conjugation system is
indispensable for proper development of autophagic isolation
membranes in mice. Mol Biol Cell, 2008; 19, 4762-75.
45.Geng J, Klionsky DJ. The Atg8 and Atg12 ubiquitin-like
conjugation
systems
in
macroautophagy.
'Protein
modifications: beyond the usual suspects' review series. EMBO
Rep, 2008; 9, 859-64.
46.Otomo C, Metlagel Z, Takaesu G, et al. Structure of the human
ATG12~ATG5 conjugate required for LC3 lipidation in
autophagy. Nat Struct Mol Biol, 2013; 20, 59-66.
47.Young AR, Chan EY, Hu XW, et al. Starvation and
ULK1-dependent cycling of mammalian Atg9 between the TGN
and endosomes. J Cell Sci, 2006; 119, 3888-900.
48.Orsi A, Razi M, Dooley HC, et al. Dynamic and transient
interactions of Atg9 with autophagosomes, but not membrane
integration, are required for autophagy. Mol Biol Cell, 2012; 23,
1860-73.
49.Pasi F, Fassina L, Mognaschi ME, et al. Pulsed Electromagnetic
Field with Temozolomide Can Elicit an Epigenetic Pro-apoptotic
Effect on Glioblastoma T98G Cells. Anticancer Res, 2016; 36,
5821-6.
50.Jiang DP, Li JH, Zhang J, et al. Long-term electromagnetic pulse
exposure induces Abeta deposition and cognitive dysfunction

Electromagnetic radiation activates autophagy through increased ROS and down-regulated miR-30a
through oxidative stress and overexpression of APP and BACE1.
Brain Res, 2016; 1642, 10-9.
51.Marchesi N, Osera C, Fassina L, et al. Autophagy is modulated
in human neuroblastoma cells through direct exposition to low
frequency electromagnetic fields. J Cell Physiol, 2014; 229,
1776-86.
52.Liu K, Zhang G, Wang Z, et al. The protective effect of
autophagy on mouse spermatocyte derived cells exposure to
1800MHz radiofrequency electromagnetic radiation. Toxicol
Lett, 2014; 228, 216-24.
53.Koshkina NV, Briggs K, Palalon F, et al. Autophagy and
enhanced chemosensitivity in experimental pancreatic cancers
induced by noninvasive radiofrequency field treatment. Cancer,
2014; 120, 480-91.
54.Curley SA, Palalon F, Sanders KE, et al. The effects of
non-invasive radiofrequency treatment and hyperthermia on
malignant and nonmalignant cells. Int J Environ Res Public
Health, 2014; 11, 9142-53.
55.Curley SA, Palalon F, Lu X, et al. Noninvasive radiofrequency
treatment effect on mitochondria in pancreatic cancer cells.
Cancer, 2014; 120, 3418-25.
56.Cao H, Xu Z, Liu X, et al. Effect of autophagy on lung cancer cell
line A549 by microwave radiation non-thermal effect. J Pract
Oncol, 2012; 27, 271-3.
57.Zuo WQ, Hu YJ, Yang Y, et al. Sensitivity of spiral ganglion
neurons to damage caused by mobile phone electromagnetic
radiation will increase in lipopolysaccharide-induced
inflammation in vitro model. J Neuroinflammation, 2015; 12,
105.
58.Golbach LA, Scheer MH, Cuppen JJ, et al. Low-Frequency
Electromagnetic Field Exposure Enhances Extracellular Trap
Formation by Human Neutrophils through the NADPH Pathway.
J Innate Immun, 2015; 7, 459-65.
59.Tan S, Wang H, Xu X, et al. Study on dose-dependent,
frequency-dependent, and accumulative effects of 1.5 GHz and
2.856 GHz microwave on cognitive functions in Wistar rats. Sci
Rep, 2017; 7, 10781.
60.Nguyen THP, Pham VTH, Baulin V, et al. The effect of a high
frequency electromagnetic field in the microwave range on red
blood cells. Sci Rep, 2017; 7, 10798.
61.Li L, Zhang Q, Tan J, et al. Autophagy and hippocampal
neuronal injury. Sleep Breath, 2014; 18, 243-9.
62.Gozuacik D, Akkoc Y, Ozturk DG, et al. Autophagy-Regulating
microRNAs and Cancer. Front Oncol, 2017; 7, 65.
63.Shahin S, Singh VP, Shukla RK, et al. 2.45 GHz microwave
irradiation-induced oxidative stress affects implantation or
pregnancy in mice, Mus musculus. Appl Biochem Biotechnol,
2013; 169, 1727-51.
64.Campisi A, Gulino M, Acquaviva R, et al. Reactive oxygen
species levels and DNA fragmentation on astrocytes in primary
culture after acute exposure to low intensity microwave
electromagnetic field. Neurosci Lett, 2010; 473, 52-5.

65

65.Sokolovic D, Djindjic B, Nikolic J, et al. Melatonin reduces
oxidative stress induced by chronic exposure of microwave
radiation from mobile phones in rat brain. J Radiat Res, 2008;
49, 579-86.
66.Ammari M, Lecomte A, Sakly M, et al. Exposure to GSM 900
MHz electromagnetic fields affects cerebral cytochrome c
oxidase activity. Toxicology, 2008; 250, 70-4.
67.Friedman J, Kraus S, Hauptman Y, et al. Mechanism of
short-term ERK activation by electromagnetic fields at mobile
phone frequencies. Biochem J, 2007; 405, 559-68.
68.Johnson GL, Lapadat R. Mitogen-activated protein kinase
pathways mediated by ERK, JNK, and p38 protein kinases.
Science, 2002; 298, 1911-2.
69.Maher P, Schubert D. Signaling by reactive oxygen species in
the nervous system. CMLS, 2000; 57, 1287-305.
70.Li L, Tan J, Miao Y, et al. ROS and Autophagy: Interactions and
Molecular Regulatory Mechanisms. Cell Mol Neurobiol, 2015;
35, 615-21.
71.Bader AG, Brown D, Stoudemire J, et al. Developing
therapeutic microRNAs for cancer. Gene Ther, 2011; 18,
1121-6.
72.Lanford RE, Hildebrandt-Eriksen ES, Petri A, et al. Therapeutic
silencing of microRNA-122 in primates with chronic hepatitis C
virus infection. Science, 2010; 327, 198-201.
73.Zhao L, Sun C, Xiong L, et al. MicroRNAs: Novel Mechanism
Involved in the Pathogenesis of Microwave Exposure on Rats'
Hippocampus. J Mol Neurosci, 2014; 53, 222-30.
74.Wang P, Liang J, Li Y, et al. Down-regulation of miRNA-30a
alleviates cerebral ischemic injury through enhancing beclin
1-mediated autophagy. Neurochem Res, 2014; 39, 1279-91.
75.Yang X, Bai F, Xu Y, et al. Intensified Beclin-1 Mediated by Low
Expression of Mir-30a-5p Promotes Chemoresistance in
Human Small Cell Lung Cancer. Cell Physiol Biochem, 2017; 43,
1126-39.
76.Guo D, Ma J, Yan L, et al. Down-Regulation of Lncrna MALAT1
Attenuates Neuronal Cell Death Through Suppressing
Beclin1-Dependent Autophagy by Regulating Mir-30a in
Cerebral Ischemic Stroke. Cell Physiol Biochem, 2017; 43,
182-94.
77.Chen J, Yu Y, Li S, et al. MicroRNA-30a ameliorates hepatic
fibrosis by inhibiting Beclin1-mediated autophagy. J Cell Mol
Med, 2017; 21, 3679-92.
78.Xu R, Liu S, Chen H, et al. MicroRNA-30a downregulation
contributes to chemoresistance of osteosarcoma cells through
activating Beclin-1-mediated autophagy. Oncol Rep, 2016; 35,
1757-63.
79.Yang Y, Li Y, Chen X, et al. Exosomal transfer of miR-30a
between cardiomyocytes regulates autophagy after hypoxia. J
Mol Med (Berl), 2016; 94, 711-24.
80.Zhu H, Wu H, Liu X, et al. Regulation of autophagy by a beclin
1-targeted microRNA, miR-30a, in cancer cells. Autophagy,
2009; 5, 816-23.

