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a b s t r a c t

Controversial, sensational and often contradictory scientific reports have triggered active debates over
the biological effects of electromagnetic fields (EMFs) in literature and mass media the last few decades.
This could lead to confusion and distraction, subsequently hampering the development of a univocal
conclusion on the real hazards caused by EMFs on humans. For example, there are lots of publications
indicating that EMF can induce apoptosis and DNA strand-breaks in cells. On the other hand, these effects
could rather be beneficial, in that they could be effectively harnessed for treatment of various disorders,
including cancer. This review discusses and analyzes the results of various in vitro, in vivo and epide-
miological studies on the effects of non-ionizing EMFs on cells and organs, including the consequences of
exposure to the low and high frequencies EM spectrum. Emphasis is laid on the analysis of recent data on
the role of EMF in the induction of oxidative stress and DNA damage. Additionally, the impact of EMF on
the reproductive system has been discussed, as well as the relationship between EM radiation and blood
cancer. Apart from adverse effects, the therapeutic potential of EMFs for clinical use in different pa-
thologies is also highlighted.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The intensive and rapid development of wireless communica-
tion devices has inevitably led to public concern about the possible
University named after S.D.
khstan.

r Ltd. This is an open access article
negative consequences of exposure to electromagnetic fields (EMF)
on health. Global organizations and national health institutions
have reacted to this public demand by organizing a number of
studies and setting up special commissions. For instance, the In-
ternational Agency for Research on Cancer (IARC), a WHO agency,
was assigned to define the link between use of mobile phones and
head/neck cancers. As a result, IARC has classified radio-frequency
EMF as possibly carcinogenic to humans (Group 2B).

Scientific knowledge concerning the bio-effects of EMF has been
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accumulating over the previous decades, including the impact of
low and high frequency EMFs on the human body and their asso-
ciated health hazards (Kocaman et al., 2018). The ambient ‘EMF’ in
the human environment covers a variety of frequencies ranging
from low frequencies (0e50Hz) up to high level at 5 GHz (wireless
LAN). In addition to natural EMF of the planet (magnetic field
0.02e0.07mT), new sources of EMF started emerging in the 20th
century as a result of building new electricity supply grids, which
have been considered as source of extremely low frequency EMF
(REFLEX, 2004). The middle of 20th century was characterized by
the growth of radio-broadcasting and the sprouting of thousands of
AM/FM radio and TV stations (Fig. 1). The situation became even
more complicated with the rapid development of new electronic
wireless devices designed for communication purposes, and spe-
cifically for mobile phones along with associated infrastructure. In
fact, the market for mobile telephony has demonstrated incredible
growth worldwide in the last couple of decades. The estimated
number of mobile phone users in 2019 is 5.07 billion (data of Sta-
tista, Inc., USA).

At present, there is a range of GSM (Global System for Mobile
communications) band frequencies used for telecommunication
applications. For example, GSM-900 and GSM-1800 modes are
intensively being utilized in most countries, except both Americas,
where 850MHz and 1900MHz bands are much more popular. The
GSM-900 system exploits the frequency of 890e915MHz range for
sending and 960MHz for receiving information packs. GSM 1800
utilizes 1785MHz and 1880MHz frequencies for receiving and
downlink, respectively. The fact is that a mobile phone user is
constantly exposed to radiations from the mobile phone even if the
person does not actually use the device for communication. Addi-
tionally, the human body is subjected to perpetual EM exposure
from mobile telephony infrastructure, particularly from the tower
base stations (Levitt and Lai, 2011). The growth of wireless
networking technology such as wireless local area network (WLAN)
hotspots, including Wi-Fi networks, can also result in the exposure
to excessive radiation at radiofrequency EM diapason (Fagua et al.,
2016; Jurcevic and Malaric, 2016; Woelders et al., 2017). In fact, the
level of multi-source EM radiation, including radiofrequency EM
spectrum, was found to be high in urban areas across different
countries (Sagar et al., 2018).

This review discusses the results of in vitro, in vivo and epide-
miological studies on the effects of non-ionizing electromagnetic
fields (EMFs) on cells and organs. Emphasis is laid on the analysis of
Fig. 1. Spectrum of electr
recent reports on the role of EMF in the induction of oxidative stress
and DNA damage. The impact of EMF on the reproductive system
and the relationship between the exposure to EM radiation and
blood cancer has been also highlighted. In addition to this, the
therapeutic potential of EMFs for bio-medical applications and
future perspectives are discussed too.
2. Literature analysis and methodology

The literature search was carried out using Scopus, Google
Scholar, PubMed,Web of Sciences (ISIWeb of Knowledge), Medline,
and Wiley Online Library databases. Available publications (in En-
glish) in peer-reviewed journals on biological effects of non-
ionizing EMF were selected for the analysis. The paper selection
was restricted to the period between 1990 e 2018 (date of publi-
cation). The main focus was on EMF-induced effects on DNA,
reproduction and blood cancer. The studies on the impact of EMF
on other organs and systems were excluded from the literature
search. The keywords used for literature search were: ‘electro-
magnetic field’, ‘bio-effect’, ‘DNA damage’, ‘blood cancer’, ‘leuke-
mia’, ‘reproduction’ and ‘therapy’ (as a combination with
‘electromagnetic field’).

An analysis of 421 published works for the period 1990e2018,
using ‘electromagnetic field’ and ‘DNA damage’ as keywords,
revealed a stable growth tendency with a peak of publications in
2016 (32 documents found) (database of Scopus, Elsevier). The top
10 countries by number of publications in this field (in descending
order) are: USA, Italy, China, Germany, Japan, France, UK, Canada,
India and Russia (Scopus data, Elsevier).

The trend in publications addressing biological effects of mobile
phones showed a similar growth pattern (based on ‘mobile phone’
and ‘DNA damage’ keywords search). The highest number of pub-
lications was in 2016: 20 documents found (Scopus data, Elsevier).
Most of the papers were original/research articles (63.7%), thus
reflecting the public and scientific demand for such information.
3. Induction of oxidative stress and DNA breaks by
electromagnetic fields

Oxidative stress occurs if the equilibrium between formation of
reactive oxygen species (ROS) and the capacity of antioxidant sys-
tem to neutralize them is disturbed. The main types of ROS in living
organism are hydroxyl radical and superoxide. They play a crucial
omagnetic radiation.
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role in various biological reactions, but their uncontrolled over-
production can lead to DNA damage such as single/double-strand
breaks and crosslinks (Menon et al., 2013; Uzunboy et al., 2016;
Wells et al., 2015; Xu et al., 2016). In general, oxidative stress might
be triggered by different internal or external factors, including
gamma or UV radiation, which are thought to be responsible for the
induction of free radicals formation and molecular oxidation (de
Oliveira et al., 2013; Kovacs and Keresztes, 2002; Mendling and
Haller, 1977).

Over the last few decades, it has been revealed that EMFs at
extremely low frequencies are capable of increasing the production
of free radicals, including hydroxyl free radicals, which can cause
DNA double-strand breaks (Anderson, 1993; Buldak et al., 2012;
Consales et al., 2012; Du et al., 2008; Esmaeili et al., 2017; Giorgi
et al., 2011; Jouni et al., 2012; Koyu et al., 2009; Tkalec et al.,
2007; Yokus et al., 2005). The results of in vivo and in vitro
studies on the role of EMFs in induction of DNA damage and
Table 1
Summary of in vivo and in vitro studies on the role of EMFs in induction of DNA damage

Type of
study

EMF parameters Duration of exposure Type of cells/animals Res

in vivo 50 Hz (0.97mT) 50/100 days rats lon

in vitro 935MHz 1min human lymphocytes no

in vitro 50 Hz (0.23, 0.47,
0.7mT)

1,2,3 h human lymphocytes no

in vivo 60 Hz (14.6mT) 5min on and 10min
off during 4 h

Salmonella enterica
subspecies

no

in vivo 834MHz 7.5 h� 6 days rats no

in vivo 400 and 900MHz 2 and 4 h duckweed Lemna minor L. EM

in vitro 50 Hz (1mT) 4 h (1 and 45 days) Wistar rat tibial bone
marrow cells

EM

in vitro 50 Hz (0.4mT) 2,6,12,24,48 h human lens epithelial cells EM

in vitro 900MHz 1 h� 30 days Sprague-Dawley rats EM

in vitro 1.8 GHz 4,6,24 h human trophoblast HTR-8/
SVneo cells

hig

in vitro 900MHz 5,10,20min� 14 days primary rat neocortical
astroglial cell culture

low

in vitro 20,50,75 Hz 15 and 90min Escherichia coli bacteria EM

in vivo 900MHz 6min insect Drosophila
melanogaster

EM

in vivo 1800MHz 15min/day x 7/14
days

rabbits RF-

in vitro 50 Hz (1mT) 16min AT478murine squamous cell
carcinoma cells

EM

in vitro 1800MHz 1 h and 24 h 6 types of different cell lines RF-

in vitro 100 Hz (5.6mT) 45min Vero cells EM

in vitro 50 Hz (1, 2,3mT)
and 1800MHz

24 h mouse spermatocyte-
derived GC-2 cells

ELF
cau

in vitro 1800MHz 1 h mouse embryonic
fibroblasts

RF-
bre

in vitro 50 Hz (18.5 mT) 30, 60,120min human amniotic (FL) cell line EM

in vitro 50 Hz (10 and 30 mT) 24 h neuroblastoma and glioma
cell lines

gen

in vitro 50 Hz (100 mT) 24 h human SH-SY5Y
neuroblastoma cells

EM

in vivo 900MHz 5e12 days chick embryo EM

in vitro 1950MHz 50,100,150,200 h human glioblastoma cell
lines

EM

in vitro 1951MHz 20 h Chinese hamster lung
fibroblast cells

EM
oxidative stress are summarized in Table 1.
Lai et al. reported that exposure of rats' brain cells to a 60-Hz

magnetic field induced DNA single and double bond breaks (Lai
and Singh, 1997). In this study the use of free radical scavengers
prevented DNA damage, thus supporting the hypothesis of an
active role of free radicals in EMF-induced processes. In a similar
study conducted by Gao et al., natural oxidants, catechin and epi-
catechin, showed an ability to protect animals brains from oxidative
stress induced by extremely low frequency EMF (50 Hz) (Gao et al.,
2017).

In another work, Mihai et al. demonstrated that extremely low-
frequency EMF are capable of inducing DNA strand breaks in
normal human cells (Mihai et al., 2014). Human normal Vero cells
were irradiated by extremely low-frequency EMF (100 Hz, 5.6mT).
Using comet assay and cell cycle analysis, a high number of cells
with damaged DNA (increased tail length) were identified
compared to unexposed cells from the control group. Cell cycle
and oxidative stress.

ults References

g-term exposure induced oxidative DNA damage Yokus, B. et al.
(2005)

effect on DNA strand breakage Stronati, L. et al.
(2006)

effect on chromatid damage Hone, P. et al.
(2006)

effect on DNA strand breakage Williams, P.
et al. (2006)

effect on induction of oxidative stress Ferreira, A. et al.
(2006)

F induced oxidative stress Tkalec, M. et al.
(2007)

F demonstrated genotoxic potential Erdal, N. et al.
(2007)

F is capable of inducing DNA double-strand breaks Du, X. et al.
(2008)

F induced oxidative stress Ursache, M. et al.
(2009)

h frequency EMF affects DNA integrity Franzellitti, S.
et al. (2010)

-intensity EMF induces ROS production and DNA damage Campisi, A. et al.
(2010)

F affects bacterial transposition Giorgi, G. et al.
(2011)

radiation retards ovarian development in insects Panagopoulos,
D. J. (2012)

EMF exposure led to an increase of lipid peroxidation Guler, G. et al.
(2012)

F induced oxidative stress and DNA damage Buldak, R. et al.
(2012)

EMF induces DNA damage in a cell type-dependent manner Xu, S. et al.
(2013)

F had a genotoxic effect on Vero cells Mihai, C. et al.
(2014)

-EMF (50 Hz) did not induce DNA damage. RF-EMF (1800MHz)
sed DNA strand breaks

Duan, W. et al.
(2015)

EMF induced significant DNA single-strand and double-strand
aks and activated repair mechanism

Sun et al. (2016)

F increased mitochondrial ROS Feng, B. et al.
(2016)

otoxic effect and induction of oxidative stress Kesari, K. et al.
(2016)

F exposure can alter the G1 checkpoint response (cell cycle) Luukkonen, J.
et al. (2017)

F caused structural changes in liver and DNA damage D'Silva, M. et al.
(2017)

F does not cause chromosomal damage Al-Serori, H.
et al. (2017)

F exhibited dose-dependent genotoxicity Sannino, A. et al.
(2017)
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analysis data demonstrated an increased frequency of cells in S
phase indicating DNA single strand breaks. Mihai et al. hypothe-
sized that the underlying mechanism of detected DNA damage
induction is the production of ROS induced by EMF.

Edal et al. investigated the genotoxic and cytotoxic potential of
extremely low frequency EMFs (50 Hz) (Erdal et al., 2007). The re-
sults of chromosomal aberration and micronucleus tests of Wistar
rat tibial bone marrow cells showed that EMF did not cause chro-
mosome aberration. However, mitotic index (percentage of cells
undergoing mitosis) was significantly higher in the group exposed
to long-term EM exposure (45 days) comparedwith short-term one
(4 h). Duan and colleagues studied a potential genotoxicity of 50 Hz
extremely low-frequency EMF and 1800MHz radiofrequency EMF
on mouse spermatocyte-derived GC-2 cell line (Duan et al., 2015).
The results showed a significant increase in DNA strand breaks in
the cells exposed to extremely low-frequency EMF. At the same
time, the researchers reported that the exposure to radiofrequency
EMF led to significant increase of oxidative DNA base damage (SAR
4W/kg). On the contrary, the extremely low-frequency EMF radi-
ation was not able to produce similar results. It indicates that both
types of EM frequencies are potentially genotoxic at relative high
intensities.

It must be noted that the 1800MHz radiofrequency is associated
withmobile telecommunication (GSM standard) and is widely used
worldwide. In the United States, the Federal Communications
Commission (FCC) set the specific absorption rate (SAR) level at a
maximum of 1.6Wof energy absorbed per kilogram of body weight
(W/kg). At the same time, European Committee for Electro-
technical Standardization (CENELEC, EU) followed standards
established by the International Electro-technical Commission
(IEC) for cell phones, where SAR is limited to 2W/kg (IEC 62209e1).

In contrast to the reports on damaging effects of low frequency
EMFs, Feng et al. demonstrated a beneficial ability of extremely low
frequency EMF (frequency 50 Hz) to protect cells from apoptosis
(“programmed cell death”) induced by staurosporine, natural
antibiotic (Feng et al., 2016). EMF was seen to trigger a release of
mitochondrial ROS, and consequent activation of Akt signaling
pathway, which is essential for anti-apoptotic action.

In a range of studies, it was also demonstrated that extremely
low frequency EMFs can alter vital cellular functions such as
regulation of proteins and cell cycle. Luukonen et al. showed that
exposure of human SH-SY5Y neuroblastoma cells to extremely low
frequency EMF led to a decrease in p21 protein level (after mena-
dione treatment) (Luukkonen et al., 2017). It is known that p21
expression is associated with poor survival rate and chemo-
resistance. Additionally, an increase in cell number in the G1
phase and lowering of cell number in S phase after menadione
treatment and EMF exposure was detected too (Luukkonen et al.,
2017). In another study, menadione was also employed as a DNA
damage co-factor in order to investigate the genotoxic effect of
extremely low frequency EMFs (Kesari et al., 2016). In the study,
human SH-SY5Y neuroblastoma cells and rat C6 glioma cells were
subjected to EMF with a frequency of 50 Hz and magnetic fields of
10 or 30 mT. The genotoxic effect was highest in the group consisting
SH-SY5Y cells treated by a combination of EMF and menadione.
However, statistically significant effects were neither observed in
the rat C6 cells in the EMF only group nor in the group consisting of
its combination with menadione. At the same time, no effects of
EMF on cytosolic superoxide production induced by menadione in
human SH-SY5Y neuroblastoma cells were observed. The level of
cytosolic superoxide was significantly higher in rat C6 cells exposed
to the combination of menadione and EMF.

Conversely, there are also reports indicating genotoxic effects
caused by exposure to high frequency EMF, including radio-
frequency EM spectrum (D'Silva et al., 2017; Ferreira et al., 2006;
Garaj-Vrhovac et al., 2011; Luukkonen et al., 2009; Ursache et al.,
2009). Ruediger H. analyzed 101 studies of genotoxic effect
induced by radiofrequency EMF (Ruediger, 2009). In 49 of the re-
ports genotoxic effects were established, none was established in
42 and 8 reports had evidence of synergistic effects of chemical or
physical agents along with radiofrequency EMF.

It must be noted that most of the studies on EMF induced DNA
effects were conducted on peripheral blood lymphocytes, which
may be explained by relative convenience, DNA content and
availability of these types of human cells for experiments. For
example, human peripheral blood lymphocytes were used to
evaluate the impact of radiofrequency EMF (900 and 1800MHz;
GSM standard) emitted from mobile phone base stations on DNA
and antioxidant status of volunteers (Zothansiama et al., 2017). The
data analysis of samples from the group exposed to EMF revealed a
higher frequency of micronuclei, suggesting EMF is able to induce
DNA damage. In another work, Lantow et al. studied the effect of
1800MHz radiofrequency EMF on the induction of reactive oxygen
species (ROS) and changes in expression of heat shock protein 70
(Hsp70) in primary human monocytes and lymphocytes (Lantow
et al., 2006). The researchers did not find a significant difference
between groups of positive control and cells exposed to radio-
frequency EMF.

Franzelletti and co-workers scrutinized the ability of high fre-
quency EMF to cause DNA breaks (Franzellitti et al., 2010). The
authors irradiated trophoblast cells (HTR-8/SVneo) with a 1.8 GHz
continuouswave EMF aswell as various GSM signals (mobile phone
standard). It was revealed that high frequency EMF caused tran-
sient increases of DNA fragmentation (separation of DNA strands
into pieces). At the same time, it was demonstrated that the cells
were able to recover after EM exposure. A similar frequency
(1.8 GHz) was utilized by Lasalvia et al. to demonstrate the feasi-
bility of biochemical modifications in human peripheral blood
lympho-monocytes exposed to radio frequency EMF, including the
reduction of the DNA backbone-linked vibrational modes (Lasalvia
et al., 2018).

Panagopulus et al. detected DNA fragmentation induced by EMF
emitted from mobile phone (Panagopoulos et al., 2007). The re-
searchers utilized Drosophila melanogaster as a biological model
for studying the effect of EMF from common mobile phone (GSM
900-MHz and DCS, 1800-MHz standards) signals on Drosophila
oogenesis. In this study, it was demonstrated that the radiation
from both types of mobile phones signals induced DNA fragmen-
tation and cell death.

An increase of 8-Oxo-20-deoxyguanosine was observed in the
liver of rabbits exposed to 1800MHZ GSM-like RF signals (Guler
et al., 2012). 8-Oxo-20-deoxyguanosine is the main product of
DNA oxidation, and it can be considered as an important contrib-
utor to carcinogenesis and aging. This indicates that intensive DNA
oxidation and formation of free radicals occurred upon EM
exposure.

Regarding mechanisms underlying the genetic effects of EMF
exposure, it was revealed that EMF can initiate the displacement of
electrons in DNA, which is accompanied by electron transfer (Blank
and Goodman, 2008). The displacement directly affects the
hydrogen bonds, which are responsible for DNA integrity and
spatial DNA geometry. As a result, DNA chain undergoes separation
and transcription.

All these works indicate the role of EMF in the induction and
enhancement of activity of free radicals and triggering oxidative
processes. However, the observed bio-effects are dependent on
various conditions such as cells oxidative status, level of anti-
oxidative enzymes, cell type and parameters of applied EMF (Lai
and Singh, 2004; Nylund and Leszczynski, 2006; Phillips et al.,
2009; Xu et al., 2013; Zhang et al., 2008).
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It must be noted that the type of cell line is a crucial factor
affecting the results of research on EMF induced biological effects. A
range of studies have demonstrated that various cell lines do
respond differently to EM exposure (Remondini et al., 2006;
Schwarz et al., 2008; Xu et al., 2013). It is also worth noting that
EMF parameters are important factors in EMF-elicited biological
effects, particularly, the EMF wave-shape and type. For instance,
Campisi et al. compared the genotoxic effect of two types of EMF
(900MHz): un-modulated continuous wave (CW) and amplitude
modulated (AM) characterized by a modulation frequency (Fm) of
50 Hz, and 100% modulation. The authors observed an increase of
production of reactive oxygen species (ROS) and DNA fragmenta-
tion, where the modulated wave was more effective in induction of
bio-effects (Campisi et al., 2010). A similar effect was reported by
Franzellitti et al. (2010). The authors demonstrated that exposure of
trophoblasts to modulated GSM signal caused DNA damage, whilst
the irradiation of cells by continuous-wave signal of the carrier
frequency did not affect DNA. Contrary to these results, studies
conducted by Luukkonen et al. (2009) and Zhang et al. (2008)
indicated the efficacy of continuous EM wave in the triggering of
DNA damage and gene expression. The discrepancy of above-
mentioned results might be linked to the difference in cell lines
and exposure protocols.

Apart from the biological aspect, the impact of shape of elec-
tromagnetic wave on the outcome of experiments must be also
taken into consideration. The bio-effects of square-waves and sine-
waves at extremely low frequency EMF (50 Hz; field strength from
1 microT up to 1mT) were experimentally compared by Wahab
et al., where human lymphocytes were utilized as a cell model
(Wahab et al., 2007). It was revealed that the square waves were
more effective than their sinusoidal counterparts in the induction
of sister chromatid exchange (signature of genotoxicity).

Chromatid damage mediated by EMF was a topic of a range of
studies over the last decades. Khalil and Qassem reported on the
cytogenetic effect of pulsing EMF (50 Hz, 1.05mT) on human
lymphocyte cultures. The results showed that long EM exposure of
lymphocytes (72 h) led to significant suppression of mitotic ac-
tivity, higher incidence of chromosomal aberrations, including an
increase in the frequency of sister-chromatid exchanges (Khalil
and Qassem, 1991). In contrast to this report, Heredia-Rojas
et al. did not detect any significant impact of 60 Hz sinusoidal
EMF (densities of 1.0, 1.5, and 2.0mT) on the frequency of sister-
chromatid exchanges in human lymphocytes (Heredia-Rojas
et al., 2001). The similar findings about the absence of effect of
50 Hz EMF on chromatids integrity were reported by Hone at el.
(Hone et al., 2006).

However, there is a plethora of publications indicating a po-
tential genotoxic effect of EMF operating at radiofrequency band, in
particular, an impact of radiation of mobile phones on human DNA.
Mazor et al. scrutinized the effects of exposure of human
lymphocyte to radiofrequency EMFs (800MHz, continuous wave)
on genomic instability (Mazor et al., 2008). The specific absorption
rates (SARs) were 2.9 and 4.1W/kg that is close to the current levels
established by ICNIRP guidelines for mobile phones. The exposure
resulted in an increase of the levels of aneuploidy. Aneuploidy is a
signature of chromosal abnormality, which has been strongly
associatedwithmiscarriage and birth defects in humans. At cellular
level, aneuploidy has been linked to cell malfunction and
carcinogenesis.

In another work, also dedicated to studies of impact of mobile
phones on the DNA, human peripheral blood lymphocytes were
exposed to continuous 830MHz EMF, which is in the range of GSM
standard telephony (Mashevich et al., 2003). A linear increase in
chromosome 17 aneuploidy as a function of the SAR value indi-
cating a genotoxic effect of radiofrequency EMF was detected.
On the other hand, there is also a big cohort of studies indicating
no harm effect of radiation emitted from mobile phones on human
DNA. For example, Danese et al. reported an absence of bio-effects
on DNA double strand breaks in human lymphocytes exposed to
EMF with a frequency 900MHZ (Danese et al., 2017). Such a fre-
quency has been commonly utilized as a carrier frequency for
telecommunication systems using Global System for Mobile Com-
munications standard protocol (GSM). In another study, Stronati
et al. did not observe any significant genotoxic effect of EMF with
frequency 935MHZ (GSM standard) and SAR 1e2W/kg on human
lymphocytes (Stronati et al., 2006).

Williams and co-workers exposed bacterial cultures of Salmo-
nella enterica to low-frequency EMF (Williams et al., 2006). The
results of the study demonstrated no signs of increase of DNA
damage. However, the morphological difference between bacterial
cells and normal mammalian must be taken into account. It con-
cerns the difference in DNA geometrical structure, transcription
and translation processes, organization of organelles, and cell shape
as well. In this context, results provided byWilliams et al. cannot be
directly extrapolated to the mammalian/human cell lines.

Radiation from mobile phones operating in another standard
protocol so-called ‘Universal Mobile Telecommunication System’

(UMTS)was also investigated in a range of studies. UMTS is awidely
used communication protocol covering about 37% UMTS of total
voice calls. It is the most common system for mobile telephony in
North America, France, Greece, Italy, and Holland (Langer et al.,
2017). Schwarz et al. studied the effect of radiation at UMTS fre-
quency standard in the context of potential genotoxic risks
(Schwarz et al., 2008). Human fibroblasts and human lymphocyte
cultures were exposed to EMFs with 1.950MHz frequency (UMTS
standard) below the specific absorption rate (SAR) safety limit of
2W/kg. The results demonstrated that UMTS radiation caused the
DNA damage in human fibroblasts unlike in lymphocytes. So, this
type of EMF was not genotoxic for lymphocytes.

In a recent study aimed at evaluating the potential genotoxic
effect of EM of radiofrequency UMTS standard, human glioblastoma
cells were subjected to EMF at different SAR doses (0.25, 0.50 and
1.00W/kg), in the presence of mitomycin C (chemotherapeutic
agent) (Al-Serori et al., 2017). No evidence of genotoxic effect was
found. Recently, Sannino et al. also reported on both adverse and
beneficial effects of exposure of Chinese hamster lung fibroblast
cells to radiofrequency EMF with frequency 1950MHz (UMTS
standard) (Sannino et al., 2017).

4. Non-ionizing electromagnetic fields and blood cancer

Approximately 350 000 people were diagnosed with leukemia,
a type of cancer of the blood/bonemarrow, across the globe in 2010.
In the United States, there were 43 050 new cases of leukemia and
21840 leukemia-related deaths in 2010 (Jemal et al., 2010). Blood
cancer (leukemia, lymphoma and myeloma) were a cause of the
deaths of approximately 53 010 people in the US in 2011. 6590 new
cases were diagnosed in 2016 in USA (Terwilliger and Abdul-Hay,
2017). The leukemia by itself causes almost one-third of all cancer
deaths amongst the population younger than 15 years (USA).

The association between EMF and leukemia has long been dis-
cussed over the last three decades. There are 51 reports on the link
between leukemia and EMF found on Medline database and 58
published papers in Web of Science system (data on the beginning
of 2018). These publications, first and foremost, are related to
epidemiological attempts to analyze the potential correlation of
rate between blood cancers and exposure to different types of EMF
(Greenland et al., 2000; Kheifets and Shimkhada, 2005; Reid et al.,
2011b; Tabrizi and Hosseini, 2015; Valera et al., 2014; Wartenberg,
2001). Pooled analysis demonstrated two-fold risk increase of
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childhood leukemia as a result of exposures to extremely low fre-
quency EMF, along with the consistency of studies across different
countries, types of study design, methods of exposure assessment,
and systems of power transmission and distribution (Schuz, 2011;
Schuz and Ahlbom, 2008).

Kirschenlohr and co-workers studied the effect of extremely
low-frequency EMF (ELF eEMF) on gene expression in the context
of possible association between EMF and childhood leukemia in
volunteers (males, aged 20e30 years) (Kirschenlohr et al., 2012). No
gene response correlated to repetitive exposure to ELF-EMF was
found. Although the results revealed the non-harmful character of
ELF-EMF, they could be considered as doubtful, because the study
was conducted in the adult population. Thus, it cannot correctly
reflect the correlation between childhood leukemia and EMF
radiation.

Another report on the risk of developing of childhood acute
lymphoblastic leukemia as a result of parental occupational expo-
sure to extremely low frequency EMFs was carried out on base of
case-control study among children aged <15 years in Australia
(Reid et al., 2011a,b). The authors did not find an association be-
tweenmaternal or paternal exposure to low frequency ELF any time
before the birth and risk of childhood acute lymphoblastic leuke-
mia. Teepen and van Dijck evaluated the evidence of relation be-
tween EMF and childhood leukemia based on the analysis of
available the epidemiological and biological data (Teepen and van
Dijck, 2012). The authors pointed out that the cause of childhood
leukemia is multi-factorial, and EMFs can be considered as one of
environmental exposures factors.

Yang et al. analyzed the cases of acute leukemia in relation to
electric transformers and power electric lines (Yang et al., 2008).
The acquired data indicate that there is an association between
electric lines and XRCC1 Ex9þ 16A allele in patients with childhood
acute leukemia. In another study no direct relationship was
established between the use of mobile phones and risk of leukemia
(Cooke et al., 2010). Rodriguez-Garcia and Ramos reported a cor-
relation between acute myeloblastic leukemia and residing close-
ness to thermoelectric power plant (TPP) and high-power lines
(HPL) (Rodriguez-Garcia and Ramos, 2012). The authors assumed
that living near TPP's and HPL's increased the risk of developing of
acute myeloblastic leukemia. Recently, a population-based case-
control study of the link between residential magnetic fields
exposure (from power lines) and childhood leukemia was con-
ducted by Kheifets et al. (2017). The authors reported on a slight
risk deficit in two intermediate exposure groups and a small excess
risk in the highest exposure group.

The association between prenatal and postnatal exposure to
high voltage power lines and childhood acute lymphoblastic leu-
kemia was also investigated by Tabrizi and Hosseini (2015). The
results of this cross-sectional case control study indicated that
prenatal and childhood exposure to high voltage power lines could
be considered as the most important environmental risk factor.

Despite the above-mentioned findings and available informa-
tion, carcinogenic potential of EMF, particularly its radiofrequency
spectrum, remains uncertain (Kocaman et al., 2018). The same sit-
uation can be extrapolated to the role of EMF in the induction of
blood cancers, including leukemia. The growing evidence of in vitro
and in vivo studies must be verified by comprehensive, indepen-
dent, multi-central and rigorous epidemiological research.

Among the reports on the possible harmful impact of EMF on
blood cells, there is also an interest in harnessing EMF as a thera-
peutic modality (Saliev et al., 2014b; Vadala et al., 2016). For
example, Kaszuba-Zwoi�nska et al. demonstrated a potential of
exploiting of low-frequency pulsed EMF (PEMF) for inducing
apoptosis in human cancer blood cells (Kaszuba-Zwoinska et al.,
2015).
5. Effect of non-ionizing electromagnetic fields on
reproduction and fertility

The last decades were marked by growing interest in under-
standing the effect of EMF on human reproduction (Bernabo et al.,
2010; Celik et al., 2012; Fejes et al., 2005; Ozguner et al., 2005;
Wdowiak et al., 2007). One of the reasons for concern was a pos-
sibility of risk of constant EMF exposure on reproductive organs,
particular the testes, frommobile phones, which are usually carried
at waist level. Many studies have demonstrated the effect of EMF at
high and low frequencies on human sperm (Agarwal et al., 2009;
Avendano et al., 2012; Chavdoula et al., 2010; De Iuliis et al., 2009;
Desai et al., 2009; Hong et al., 2005; Iorio et al., 2011; Panagopoulos,
2012; Tas et al., 2013). In most of these studies the focus has been
made on the examination of sperm motility after exposure to EMF.

Agarwal et al. conducted a study on bio-effects induced by
mobile phone radiation on ejaculated human semen (Agarwal et al.,
2009). The semen was subjected to the radiation from mobile
phone in ‘talking mode’. This study revealed that exposure of
semen to EMF led to decreased sperm motility and viability
accompanied by augmentation of level of ROS and decrease in total
antioxidant capacity. In the work of De Iuliis et al. human sper-
matozoa (male haploid gamete cell) were subjected to radio-
frequency EMF at a frequency of 1.8 GHz and specific absorption
rates (SAR) 0.4e27.5W/kg, which reflects characteristics of stan-
dard cellular phones (De Iuliis et al., 2009). Spermatozoa are highly
complex specialized cells designed to survive a long and perilous
journey from the site of insemination to the upper reaches of the
female reproductive tract where fertilization occurs. The results
indicated that such exposure led to formation of ROS that decreased
motility along with vitality but increased DNA adducts formation.

Nahla Al-Bayyari studied the effect of cell phone usage on semen
quality and men's fertility (Al-Bayyari, 2017). No statistically sig-
nificant difference between groups (active users vs. moderate users
of mobile phones) regarding sperm quality parameters related to
cell phone usage was found. However, statistical differences in the
frequencies of sperm concentration, volume, viscosity, liquefaction
time and means of immotile sperms and abnormal morphology
were detected. The study conducted by Hagras et al. (2016) showed
a decrease in motility ratio and the progressive motility percentage
in patients with prolonged cell phone daily usage.

As an alternative to human studies on the effects of EMF on
reproduction, various animal models have been also intensively
utilized last decades. Celik et al. usedWistar-Kyoto male rats for the
exposure to radiation from mobile phone followed by morpho-
logical and microscopic analysis (Celik et al., 2012). The researchers
did not find a significant difference between parameters in the
testes from exposed group vs. non-exposed one. But ultra-
structural analysis (SEM) showed a growth of the thickness of
membrane propria and amount of collagen fiber. An increased
number of electron-dense mitochondria and cellular structures
were observed as well. It indicates that the testes do react on the
EM exposure through morphological re-organization.

Nisbet and co-workers also utilized a male rat model for the
study of effects of whole-body exposure to EMF on reproduction
(Ozlem Nisbet et al., 2012). They reported on an increased testos-
terone level in rats exposed to 1800-MHz and 900-MHz radiation
compared to control animals. Spermatozoa motility and concen-
tration were significantly higher in the exposed groups. Such
findings can be considered as a positive bio-effect of EMF on
reproduction function.

Contrary to the findings of Nisbet et al., Al-Damegh showed that
EMF had a negative effect on testicular architecture and blood
enzymatic activity (Al-Damegh, 2012). Similarly, Odaci et al.
investigated the impact of prenatal exposure of pregnant rats to a
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900MHz frequency EMF (Odaci et al., 2016). The exposure led to an
increase in apoptotic index, DNA oxidation and lowering of sperm
motility and vitality. Immature germ cells in the seminiferous tu-
bule lumen, and altered seminiferous tubule epithelium and sem-
iniferous tubule structure also were detected in testes of newborn
rats as a result of prenatal exposure to 900MHz EMF.

The effect of long-term radiation of mobile phones (1800MHz)
on female reproduction and oxidative stress in mice was investi-
gated by Shain et al. (Shahin et al., 2017). The data of the study
indicated that mobile phone radiation is able to increase the levels
of reactive oxygen species (ROS), nitric oxide, lipid peroxidation,
total carbonyl content and serum corticosterone along with the
decrease in antioxidant enzymes, ovary and uterus. Reduced
number of developing and mature follicles, corpus lutea, low level
of pituitary gonadotrophins, sex steroids and decreased expression
of SF-1, StAR, P-450scc, 3b-HSD, 17b-HSD, cytochrome P-450 aro-
matase, ER-a and ER-bwere detected in the groups exposed to EMF
(1800MHz). These data attest to the harmful impact of mobile
phone's radiation on female fertility.

Turedi and co-workers reported on the disruption of the ovarian
follicle function, including follicle degeneration, vasocongestion, a
low level of increased stromal fibrotic tissue and cytoplasmic
vacuolization, as a result of prenatal exposure of pregnant rats to a
continuous 900MHz electromagnetic field (Turedi et al., 2016).
Safian and co-workers scrutinized the impact of radiation from
mobile phone (900MHz, GSM mode) on the survival of pre-
implanted embryos in mice (Safian et al., 2016). The results of the
study demonstrated that the rate of embryo survival was similar in
the groups exposed and non-exposed to EMF. But the percentage of
dead embryos was higher in EMF-exposed group compared to the
non-exposed. In another study, Suzuki et al. studied and influence
of radiofrequency EMF (1.95 GHz wideband) on fertilization and
embryo development in mice (Suzuki et al., 2017). The researchers
found out that the rates of fertilization, embryogenesis, and blas-
tocyst formation did not change significantly in exposed and non-
exposed to EMF groups indicating the potential safety of radio-
frequency EM exposure. However, these findings cannot truly
testify the safety of EMF for humans, because the study was con-
ducted on animal models only.

The difference of effects on reproductive capacity of insects from
modulated and non-modulated EMF was examined by Pan-
agopoulos. Experimental data showed that exposure to non-
modulated GSM 900MHz signal led to a decrease in the insect's
reproduction ability, while the modulated GSM 900-MHz signal
caused a decrease in reproduction. It was clearly demonstrated that
themodulated GSM signal (‘speaking’mode) had amore significant
impact on oogenesis of insects. In addition, the bio-effects from
GSM-900MHz and GSM-1800MHz signals were studied and
compared using the same biological model. A fall in reproductive
capacity was detected for both types of GSM radiation. The work of
Panagopulus concurs with other reports on the influence of radi-
ation from mobile phone on reproductive functions and embryo-
genesis (Forgacs et al., 2006; Ozguner et al., 2005; Tas et al., 2013;
Wdowiak et al., 2007). A recent study conducted by Manta et al.,
(2014) demonstrated an increase in reactive oxygen species in the
ovaries of Drosophila after exposure to radiofrequency fields. This
may account for the effects described above (Manta et al., 2014).

Tsybulin and co-workers investigated the effect of EMF (GSM
900MHz signal) on embryo development of Japanese quails
(Coturnix japonica) (Tsybulin et al., 2012). The computer-controlled
“connecting” mode was used for exposure of fertilized eggs to the
radiation (maximum intensity 0.2 mW/cm2). The exposed eggs
demonstrated a facilitating effect of EMF on embryogenesis, which
could be explained by activity of ROS. Despite the fact that these
findings are intriguing in the context of stimulation of embryo
development, there is no firm evidence provided about mutagenic
and teratogenic potential of EMF for humans yet.

6. Summary and perspectives

Currently, the applications and usage of wireless technology are
expanding rapidly due to constant public demand for an increase in
speed, availability and quality of transferred information. The
bandwidth of utilized EM frequencies for wireless devices (IEEE
standard 802.11) covers a wide diapason. For mobile phones, the
frequency range is 900e1800MHz for 3G standard, for 4G fre-
quency is 2e8 GHz, and up to 60 Hz carrier frequency for 5G.
Regarding frequencies corridors for Wi-Fi systems, each country
has developed and approved its own standards for Wi-Fi channels
bands. In general, it covers frequencies ranging from 2.4 GHz up to
60 GHz (ISM band).

Apart from the direct radiation from individual devices such as
mobile phones, humans are also exposed to the EMF from basic
radio, electric and telecommunication stations. It encompasses
radiation from Wi-Fi home and office routers, including situations
when Wi-Fi zones (from few sources) are being overlapped at one
particular spot. Thus, each person is potentially exposed to various
sources of EMFs at the same time.

Aside reports from International Agency for Research on Cancer
(IARC), dated by 2011, classifying the radiofrequency EMFs as Group
2B (possible human carcinogen), there is a solid number of reports
indicating more profound harmful non-thermal effects on the
health (Abramson et al., 2009; Akdag et al., 2016; Fragopoulou et al.,
2012; Hardell et al., 2010; Nittby et al., 2009; Sudan et al., 2016). The
rigid position of WHO and IARC triggered the formation of alter-
native international research groups and associations such as Bio-
Initiative Committee (Hardell, 2017). Both sides criticize each other
by pointing on bias, lack of balance and high selectivity of analyzing
data.

Though significant research effort and published reports
demonstrated the ability of EMF to trigger DNA damage, there is
still insufficient evidence to provide an irrevocable proof of its
carcinogenic and mutagenic potential for humans. At this current
stage, there is a range of in vitro and in vivo studies about induction
of oxidative stress and DNA fragmentation by various types of
EMFs. But it must be taken into account the fact that most of the
studies claiming a potential threat of EMF for the health were
conducted either using cell culture (in vitro conditions) or animal
models (in vivo). Therefore, it makes it problematic to make a direct
extrapolation of obtained data to humans.

Regarding human studies, due to evident technical and ethical
problems, most of the research work was based on epidemiological
research and observation. Such discrepancies hamper an unbiased
evaluation of consequences of exposure to EMF for health. This
issue requires a further unprejudiced and comprehensive approach,
which should include multi-disciplinary and multi-center experi-
mental research coupled with long-term population studies carried
by independent laboratories.

It should be also noted that in the real situation humans are
often being simultaneously subjected to EMF from different sour-
ces. So the biological effects of multi-source and multi-frequency
EMFs have yet to be explored and fully understood. Up to date,
there is no any available information on accumulative effect of such
combined exposure.

In contrast to the reported harmful effects, EMF can be also
harnessed for the treatment of different pathologies. In particular,
non-ionizing EMF could be employed for the targeted induction of
apoptosis (“programmed cell death”) and membrane permeability
(make it passable for drugs) in cancer management due to the non-
invasiveness and high penetration capability.
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The majority of published data on beneficial effects of EMF is
related to the applications of pulsed (PEMF) and low intensity
EMFs. These types of EMF have a long history of bio-medical use,
and they have been a topic of extensive research since the invention
of electricity. Recently, in a range of studies it was demonstrated
that PEMFs have a high therapeutic potential for joint and bone
problems treatment (Ceccarelli et al., 2013; Chen et al., 2010; De
Mattei et al., 2009; Fini et al., 2005; Johnson et al., 2001; Kapi
et al., 2015; Luo et al., 2012; Manjhi et al., 2013; Miyagi et al.,
2000; Ongaro et al., 2012; Park et al., 2013; Wang et al., 2014; Xie
et al., 2016; Zhong et al., 2012), tissue repair (Zou et al., 2017),
wound healing (Callaghan et al., 2008), cancer management
(Tatarov et al., 2011; Zimmerman et al., 2012) and modulation of
cytokine secretion (Gomez-Ochoa et al., 2011). Moreover, EMF
showed a huge potential for treatment various neurological pa-
thologies such as Alzheimer's, Parkinson, Multiple Sclerosis and
others (Arendash et al., 2012; Capelli et al., 2017; Jeong et al., 2015;
Morberg et al., 2017; Sandyk, 1996).
Table 2
The list of the studies indicating a potential therapeutic effect of EMF.

Type of study EMF parameters Duration of exposure Type of cells/animal

in vitro pulsed EMF; 10 Hz (0.4
e0.8mT)

72 h Dunn osteosarcoma

in vitro pulsed EMF; 60 Hz
(0.1mT) and 100 Hz
(0.2mT)

e human lymphocyte

in vitro pulsed EMF; 75 Hz (0.2
e3.5mT)

30, 45, 60, 90 and
120min

human neutrophils

in vivo pulsed EMF; 75 Hz
(1.6mT)

4 and 12 h/day for 3
months

Dunkin Hartley guin

in vivo pulsed EMF; 15 Hz 8 h� 24 days mice; murine endot

in vitro 75 Hz (1.5mT) 24 h bovine synovial fibr

in vitro 60 Hz (1.2± 0.1mT) 72 h HeLa (human cervic
and PC-12 (rat
pheochromocytoma

in vivo 1 Hz (100mT) 60, 180, or
360min� per day (4
weeks)

Swiss outbred fema
mice

in vivo 50 Hz (17.96 mT) 2 h� day for 8 weeks male Wistar rats

in vitro pulsed EMF; 50 Hz
(2.25mT)

15min� 7,8,9 days Fibroblast-like cells
obtained from hum
peripheral mononuc

in vitro 13.75 Hz (2.5e18 mT) 5 days c2c12 myoblast cell
in vitro 5, 25, 50, 75, 100, and

150 Hz
30min (2)� 7 days human bone marrow

mesenchymal stem
in vitro 75 Hz (1.5mT) 24 h human osteoarthriti

fibroblasts
in vitro/in vivo 50 Hz (0.5mT) 8 h� 12 days mouse bone marrow

cells/mice

in vitro 27.12MHz (modulation
freq. 100 Hz-21 kHz)

1 h, 3 h, 6 h� 7 days; or
3 h� 3 days

hepatocellular carcin
cells and breast can

in vitro 75 Hz (2mT) 5.10, 30min;
1,4,8 h� 21 days

humanmesenchym
(MSCs): bone marro
adipose-tissue MSCs

in vitro 50/100 Hz (1mT) 90min human bone marrow
mesenchymal stem

in vitro pulsed EMF; 15 Hz (9.6
gauses)

30,60,90min primary rat calvaria
osteoblasts

in vivo pulsed EMF; 50 Hz
(1.5mT)

8 h rats

in vitro pulsed EMF; 50 Hz
(0.6mT)

5e120min rat calvarial osteobl

in vitro pulsed EMF; 2 Hz (0.5
e3.0 A/m)

30min (2)� 7 days primary rat nucleus
cells
Bio-medical applications of EMF might be expanded to its
combined use with stimuli responsive nano-platforms of different
origin. Moreover, the nature of EM radiation allows its conjoint
application with various pharmacological, genetic, chemical, and
other physical modalities in order to achieve synergy and optimi-
zation of curative effect (Bajic et al., 2009; Rosado et al., 2018; Saliev
et al., 2014a, 2014b; Zimmerman et al., 2013). The list of the studies
indicating a potential therapeutic effect of EMF is provided in
Table 2.

There was a paradigm shift, from the situation when EMF was
unilaterally perceived as a negative ‘dark’ force, to a new under-
standing of EMF as a versatile platform for clinical applications in
the last few decades (Fig. 2). It is easy to predict the rise of such
portable EMF-based technologies in the near future. One can
particularly, expect the rapid growth of new systems for speed
diagnostics based on the latest achievements in programming and
machine learning that harness EMFs for non-invasive screening
and collecting the data on processes going-on in the organism. This
s Results References

cells PEMF controlled cell growth depending on
the degree of cell differentiation

Miyagi, N. et al. (2000)

s PEMF modulated T-cell proliferation Johnson, M. (2001)

PEMF increased of adenylyl cyclase activity
and a reduction of superoxide anion
production

Varani et al. (2002)

ea pigs PEMF demonstrated chondroprotective
effect

Fini, M. et al. (2005)

helial cells PEMF accelerated wound healing Callaghan, MJ et al.
(2008)

oblasts ELF-EMF exhibited anti-inflammatory
activity

De Mattei, M. et al.
(2009)

al cancer)

) cells

ELF-EMF exposure led to cell proliferation
rate reduction

Chen, YC et al. (2010)

le nude ELF-EMF reduced tumor growth and
progression

Tatarov, I. et al. (2011)

ELF-EMF attenuated spinal cord injury-
induced osteoporosis

Manjhi, J. et al. (2011)

growth was
an
lear cells

PEMF decreased proinflammatory cytokine
secretion

G�omez-Ochoa, I. et al.
(2011)

s ELF-EMF increased cell proliferation De Carlo et al. (2012)
-derived

cells
ELF/PEMF induced expression of alkaline
phosphatase and osteocalcin

Luo, F. et al. (2012)

c synovial EMFs display anti-inflammatory effects in
human osteoarthritic synovial fibroblasts

Ongaro, A. et al. (2012)

stromal EMFs promoted bone formation, incl. early
osseointegration and bone mineralization
and maturation.

Zhong, C. et al. (2012)

oma (HCC)
cer cells

RF-EMF selectively inhibited the growth of
cancer cells, while normal cells were not
affected

Zimmerman, J.W. et al.
(2012)

al stem cells
w and

PEMF stimulatied bone extracellular matrix
deposition

Ceccarelli, G. et al.
(2013)

cells
EMF induced neural differentiation Park, J. et al. (2013)

l PEMF enhanced the osteoblast
compatibility on titanium surfaces

Wang, J. et al. (2014)

PEMF exhibited osteogenic effect Kapi, E. et al. (2015)

asts PEMFs stimulated osteogenic
differentiation and maturation of
osteoblasts

Xie, Y.F. et al. (2016)

pulposus PEMF inhibits secretion of IL-1b and TNF-a
and promotes tissue repair

Zou, J. et al. (2017)



Fig. 2. Biological effects caused by electromagnetic fields, and their potential therapeutic applications.
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would contribute to the development of a new model of telemed-
icine that encompasses a remote ‘patient-doctor’ interaction and
the exchange of medical information between professionals. It
would as well facilitate collection and analysis of data on public
health by the authorized institutions. Up to date, this task has been
alleviated by a rapid spread of health-related apps installable on
portable mobile communication devices such as phones and tabs
(Zhao et al., 2016). However, the potential hazard fromEM radiation
emitted by telecommunication appliances remains an issue for
many customers and public institutions around theworld. Thus, the
development of EMF-based therapeutic systems should be
accompanied by intensive parallel studies on the impact of EMF on
the vital functions of biological systems and carcinogenicity.
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