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Abstract

Recently, there has been attention and contro-
versial debate topic about the effect of
low-frequency electromagnetic fields (EMFs)
on human beings. The catalyst for public aware-
ness initiated from the first epidemiological
study in 1979 that reported an association
between residential EMFs exposure and the
incidence of childhood leukemia. For over
40 years, many epidemiological and laboratory
investigations were conducted to identify the
possible biological effects of low-frequency
EMF. Several studies conducted at frequencies
50/60 Hz, which related to generating of elec-
tricity from electrical appliances. Experimental
studies on low-frequency EMF have provided
conflicting data under specific “in vivo” and
“in vitro” environments. Some original papers
have reported the damaging effect on DNA
molecule in EMF-exposed cells. Other studies
have suggested no such damage in EMF-
exposed cells. Also, the conclusions from other
studies were inconclusive. These conflicting
findings may attribute to the differences in the
apparatus used to generate electromagnetic
fields, experimental design, exposure time,
genetic endpoints, and biological materials
such as cell lines and animal species, strain,

K. A. Diab (I<)

Genetics and Cytology Department, Genetic Engineering
and Biotechnology Division, National Research Centre
(NRC), Cairo, Egypt

e-mail: ka.diab@nrc.sci.eg; kawthar_diab@yahoo.com

®

Check for
updates

and age. As DNA damage is frequently a pre-
requisite for cancer disease, this review
provided an experimental body of evidence on
the effect of EMF on genetic material.
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Abbreviations

2dG

2-Deoxyguanosine

8-OHdG  8-Hydroxy-2'-deoxyguanosine
ALL Acute lymphoblastic leukemia
BNU n-butylnitrosourea

BP Benzo(a)pyrene

CAs Chromosomal aberrations

CHO Chinese hamster ovary

CREST Antikinetochore antibody staining
DMBA 7, 12-dimethylbenz[a]anthracene
EMFs Electromagnetic fields

ENU N-ethyl-N nitrosourea

G Gauss

Gd Gadolinium

GMF Gradient magnetic field

HF- Higher-frequency-electromagnetic
EMFs fields

HLECs Human lens epithelial cells
HMSC Human mesenchymal stromal cells
Hz Hertz

LM-EFs  Low- to mid-frequency EMFs
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MN Micronuclei

MO054 Human brain glioma

MRI Magnetic resonance imaging
SCE Sister chromatid exchange

SI units International System of Units
T Tesla

1 Introduction

Recently, much attention has increased in electro-
magnetic fields (EMFs) due to concerns about the
possible adverse effects of low-frequency EMF
on humans and animals (WHO 2007). All living
organisms surrounded by the Earth’s magnetic
field and electromagnetic pollution that resulted
from man-made EMF sources such as electrical
wiring, appliances, and power lines. The possible
damaging effect of EMF depends on the density
of the field, the wavelength or frequency, and the
exposure period (Phillips et al. 2009).
Low-frequency EMFs emit non-ionizing
radiations that produce long wavelengths and
small frequencies (Furse et al. 2009). Most exper-
imental studies performed at a frequency range
between 50 and 60 hertz to generate electricity
from electrical appliances at homes (WHO 2007).
Fifty Hertz matched to a wavelength of 3500 km,
which is near to the Earth’s radius (Furse et al.
2009; WHO 2007).

Mutation alteration of the genome is consid-
ered as the main key in the cancerous process.
The chromatin integrity under low-frequency
EMEF exposure conditions has been assessed in
different model systems with inconsistent
outcomes (Vijayalaxmi and Prihoda 2009).
These contradictory data may be due to the
differences in the animal model, type of cell
line, experimental design, biomarker assays and
equipment used for generation EMF (Jin et al.

Units of magnetic intensity

Tesla (T) = 1000 mT (milli tesla) = 106pT (micro tesla) =
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2014). Furthermore, many epidemiological stud-
ies pointed out the presence link between
low-frequency EMF exposure and increased inci-
dence of cancer in children and adults (Marcilio
et al. 2011; Sermage-Faure et al. 2013). Other
studies reported no such associations (Koeman
et al. 2014; Sorahan 2012). The present review
presented the following points: (1) The basic
background to EMF; (2) The potential effects of
EMF on the human health; (3) The published
literature and future research.

2 Basic Background of EMF

2.1 Definition of EMF

Both electric and magnetic fields are invisible
regions of energy that are formed by electricity,
which is the movement of electrons through the
electrical wiring. The electric field strength is
measured by the voltage that is the force used to
push the electrons through the electrical wires,
similar to pushing water through a pipe. While
the voltage increases, the electric field strength
increases. The magnetic field is generated during
the flow of electric current in wires or electrical
devices and increases in strength as the current
increases. The SI units of electrical potential
differences and electric current are measured in
volts per meter (V/m) and amperes (A), respec-
tively. The units of magnetic intensity (flux den-
sity) are measured in either Tesla (T) or Gauss
(G). The strength of a magnetic field decreases
rapidly with increasing distance from its source
(Furse et al. 2009).

The EMF, invisible energy, is generated from
the charged particles and is indefinitely expanded
throughout the space. Electromagnetic waves are
waves carrying an electric field, a magnetic field,
and quanta energy. These waves can travel at the

10° nT (nano tesla)

Gauss (G) = 1,000 mG (milli gauss) = 106pG (micro gauss) = 10°nG (nano guass)

Tesla (T) = 10,000 G = 1000 mT
Gauss (G) = 107 T = 100 pT
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speed of the light in space and can travel at a electromagnetic waves possess two major effects
slower speed through a medium. These waves on the human body namely, thermal effect (heat-
have a snake-like figure that makes them as trans- dependent damage) and non-thermal effect
verse waves. The highest peak of a wave is known (chemical) effect (WHO 2007).

as a crest, while the lowest peak of a wave is

known as a trough. Electromagnetic waves are 2.2.1 Higher-Frequency EMFs (HF-EMFs)
measured by their height (amplitude) or by their HFE-EMFs, which include gamma rays, X-rays,
wavelength, which is the distance between the and higher ultraviolet, are in the ionizing radia-
crest of one wave to the crest of the next wave. tjon part of the electromagnetic spectrum and
One complete wave, from trough to trough, cause DNA damage directly (Furse et al. 2009).
or from crest to crest is called a cycle. The The Jower ultraviolet part, invisible light and
number of complete cycles that occur per second  jnfrared are considered high frequency and are

is called the wave’s frequency. The hertz (Hz) is  in the non-ionizing radiation part of the electro-
the standard of wave’s frequency (Furse et al. magnetic spectrum.

2000).
2.2.2 Low- To Mid-Frequency EMFs
(LM-EMFs)
2.2 Types of Electromagnetic Field LM-EMFs include static fields (electric or mag-
(EMFs) netic fields that do not vary with time), magnetic

fields from power lines and electrical equipment,
Basically, EMFs can be classified into two main  visible light, infrared radiation, microwaves, and
types: Higher-frequency EMFs and low to radio waves. These LM-EMFs are in the
mid-frequency EMFs (Table 1, Fig. 1). The non-ionizing radiation part of the electromagnetic

Table 1 Types of EMFs and their frequencies

Types of EMFs Wavelength | Frequency Designation

I-Higher frequency EMFs

1-High frequency 100-10 m 3-30 MHz Radio waves

2-Very high 10-1 m 30-300 MHz | Infrared ray

frequency

3-Ultra high 1 m-10 cm 300 MHz Visible light

frequency —3 GHz

4-Super high 10-1 cm 3-30 GHz Ultraviolet ray

frequency

5-Extremely high 1 cm-1 mm | 30-300 GHz | X-ray

frequency

6-Tremendously 1 mm- 300 GHz—- Gamma ray

high frequency 0.1 mm 3THz

II-Low to mid frequency EMFs

1-Extremely low 10°-10*km | 3-30 Hz Lightning and natural disturbances in the geomagnetic field

frequency

2-Super low 10*-10° km | 30-300 Hz Power cables and electronic instruments

frequency

3-Ultra low 10°-100 km | 300-3,000 Hz | Military communication through the ground

frequency

4-Very low 100-10 km 3-30 kHz Radio navigation service; secure military with submarines;

frequency computer monitors and TV sets

5-Radiofrequency 10-1 km 30-300 kHz Radar signals

6-Medium frequency |1 km—100 m | 300 kHz— Radio broadcasting; navigation radio beacons; maritime
3 MHz ship-to-shore communication
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Fig. 1 Electromagnetic spectrum

spectrum and are not known to damage DNA or
cells directly (WHO 2007). LM-EMFs include
different frequencies of EMFs that ranged from
extremely low-frequency EMFs and
radiofrequency EMFs (Table 1). Radiofrequency
EMFs have frequencies from 30 kHz to 300 KHz
which corresponds to the frequency of electrical
singles used to produce and detect radio waves.

23 Sources of Non-ionizing EMFs
2.3.1 Natural Source of EMFs

Before the invention of electricity, human beings
were exposed only to the magnetic field of the
earth. The electric field is produced by charges in
the clouds or by the static electricity of two items
abrasion together, or the unexpected electric and
magnetic fields caused by lighting. Geomagnetic
field or earth’s magnetic field originates in earth’s
core, a region of iron alloys extending to about
3400 km (the earth’s radius is 6370 km). This
region consists of a solid inner core and liquid
outer core (Livermore et al. 2013). The magnetic
field of the earth generates from the motion of
liquid iron alloy in the outer core. This motion is
driven by heat flow from the solid inner core,
which its thermal conductivity is about 6000 K

(5730 °C; 10,340 °F), to the core-mantle bound-
ary, which is about 3800 K (3530 °C; 6380 °F).
The geomagnetic field is organized by the rota-
tion of the earth around the sun and the presence
of the solid inner core (Finlay et al. 2010).

Earth’s magnetic field that extends from the
Earth’s interior out into space meets the solar
wind, a stream of energetic particle emanating
from the sun. Its magnitude at the earth’s surface
ranges from 25 to 65 pT (0.25-0.65 G) (Finlay et al.
2010). Geomagnetic field deflects the solar wind,
whose charged particles would otherwise strip away
the ozone layer that protects the living organism
from harmful ultraviolet radiation (Randall et al.
2005). The earth’s magnetic field causes a compass
needle to orient in a North-South direction and is
used by birds and fish for navigation (Ng 2003).
The electric field is caused by charges in the clouds
or by the static electricity of two items abrasion
together, or the unexpected electric and magnetic
fields caused by lighting (Ng 2003).

2.3.2 Human-Made Source of Non-
ionizing EMFs

After invention of electricity, humans have been

increasingly surrounded by man-made EMFs

which included extremely low-frequency and

radiofrequency categories of non-ionizing part
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of the electromagnetic spectrum. These EMFs can
come from a number of sources (Ng 2003).

Low-frequency EMFs: The most common
sources of ELF-EMFs are included power lines,
electrical wiring in buildings, electricity emerged
from power socket, and electrical equipments
such as shavers, hair dryers, computer monitor,
and electric blankets (WHO 2007).

Radiofrequency EMF: The most common
sources of radiofrequency EMF are microwave
ovens, cell phones, tablets, and portable wireless
devices (IARC 2013). Other sources for
radiofrequency EMF are magnetic resonance
imaging (MRI), radio and television waves,
radar, satellite stations, cordless telephones,
wireless telecommunication devices televisions
and computer monitors, wireless local area
networks (Wi-Fi), antenna towers (radio and tele-
vision broadcasting), mobile phone networks and
smart meters such as digital electric and gas
meters (IARC 2013).

3 Effect of Low-Frequency EMFs
on Health

A static magnetic field is created during the direct
flow of electric current while a time-varying gradi-
ent magnetic field (GMF) is created by alternating
current supply. Household electronic devices pro-
duce a 4 pT EMF which extend from 0.01 to 1 pT
inside and outside of house respectively. The
strength of low frequency-EMF depends on the
electrical current and distance from the conductor.
Therefore, low frequency-EMFs are the highest
near the power cable and decrease rapidly by dis-
tance. Without doubt, our bodies are exposed daily
to a huge amount of EMFs in all over the place
(outdoors, indoors, and workplaces). EMFs are con-
sidered too-weak to influence on human biological
systems in the short-term, but in the long-term they
have accumulative effects which could lead to dif-
ferent damages in the human genome, causing dan-
gerous diseases such as cancers.
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3.1 Cancer Epidemiological
Researches
Most studies focused on the effects of

low-frequency EMFs on human health, mostly
focused on cancer (Hug et al. 2010; Pedersen
et al. 2014). Since, Wertheimer and Leeper
(1979) demonstrated the presence of a relation-
ship between the population who lived near
power-lines and risk of childhood leukemia. At
the time, several epidemiological studies have
been reported an association between residential
or occupational exposure to low-frequency EMF
and potentially human health. The probable asso-
ciation between exposure to low-frequency EMF
and human cancer risk has extensively studied in
the past decades. Leukemia, breast, and brain
cancers have received more attention than other
types of cancers (Calvente et al. 2010; Kaszuba-
Zwoinska et al. 2015).

Brain Cancer

Brain cancer has become a topic of interest after
Lin et al. (1985) reported a possible relationship
between workers in electrical factories and
increased brain cancer risk. According to infor-
mation available from IARC (2002) and WHO
(2007), the effect of low-frequency EMF on the
incidence of cancer was inadequate. Some stud-
ies reported a positive correlation between
occupational exposure to low-frequency EMF
and brain cancer. For example, a small increase
of 10-20% in the incidence of brain cancer was
recorded among broad workers of electrical
occupations (Ahlbom et al. 2001). Furthermore,
Kheifets et al. (2008) observed occupation
low-frequency EMF induced a small significant
increase of 10% in the brain tumor (gliomas).
On the other hand, other studies supported no
correlation between occupational exposure
low-frequency EMF and central nervous
tumors such as brain cancer, glioma, and
meningioma (Carlberg et al. 2018; Koeman
et al. 2014; Marcilio et al. 2011).
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Hemo-Lymphoproliferative Malignancies
Leukemia cancer is characterized by the abnormal
proliferation of lymphocytes. Human beings who
have dysfunction or deregulation of lymphocytes
are susceptible to grow a blood or bone marrow
cancer (Calvente et al. 2010). Leukemia has
gained great attention since childhood acute lym-
phoblastic leukemia has been found to be consis-
tently associated with low-frequency EMF
exposure (Schuz 2011). In England and Wales,
during the period 1962-1995, Draper et al. (2005)
studied the relationship between childhood leuke-
mia risk and distance of birth from the high-
voltage power lines. The authors found that leu-
kemia was increased within 600 m of the
powerlines compared to children residing away
from 600 m.

In large population-based-control study, chil-
dren whose fathers were occupationally exposed
to low-frequency EMF (50/60 Hz) either
preconceptionally or during pregnancy did induce
an increase in leukemia or non-Hodgkin’s lym-
phoma. Regarding maternal exposure, the num-
ber of causes was so small to conclude firm
findings (Hug et al. 2010). A study for the period
2002-2007 in France recorded elevated child-
hood leukemia within 50 m, confined to the
higher-voltage power lines and to younger chil-
dren but not extending outside 50 m (Sermage-
Faure et al. 2013). It is noteworthy, the positive
correlation between EMF and childhood leuke-
mia might be due to selection bias and exposure
misclassification. A study in Denmark found no
overall pattern of increased risk childhood leuke-
mia living 200-599 m of overhead powerline
(132-400 kV) (Pedersen et al. 2014).

These findings in children have raised question
about the existence of a similar relationship for
adult leukemia. For example, Kheifets et al.
(2006) found positive association between occu-
pational exposure to low-frequency EMF and
adult leukemia particularly chronic lymphocytic
leukemia and acute myeloid leukemia for the
people living around power lines. Furthermore,
Marcilio et al. (2011) pointed out the presence of
positive correlation between adult leukemia and
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exposure to low-frequency EMF. Negative corre-
lation between adult leukemia and EMF was
recorded in several reports (Koeman et al. 2014;
Willett et al. 2003). In United Kingdom, a study
found that no increased rate of leukemia among
electricity and transmission workers. However, it
was observed and increased trend for workers
(Sorahan 2012).

Breast Cancer
Interest in breast cancer based on a hypothesized
inhibition of nighttime melatonin level due to
nighttime low-frequency EMF exposure, which
in turn might increase breast cancer occurrence
(Ahlbom et al. 2001). It well known that
low-frequency EMF at night disrupts normal
sleep (Juutilainen and Kumlin 2006). Melatonin
is a hormone secreted by the pineal gland in
response to darkness. It is act as a powerful,
endogenously antioxidant which responsible for
scavenger of free radical species (Juutilainen and
Kumlin 2006). Low-frequency EMF decreased
the melatonin level during sleep leading to oxida-
tive damage through disturbance between the
pro-oxidants and antioxidants (Irmak et al. 2002)
The possible association between exposure to
low-frequency of EMFs (50-60 Hz) and breast
cancer risk has generated significant controversy.
Several studies have reported an increase breast
cancer risk in women and men working in electri-
cal occupational that involve presumed high level
of EMFs (Feychting and Forssen 2006; McElroy
et al. 2007; Zhu et al. 2016). Other studies did not
support the hypothesis of an association between
occupational exposures to EMFs in the electric
utility industry and the risk for breast cancer
(Johansen et al. 2007; Koeman et al. 2014).

Interpretation of Contradictory Epidemiologi-
cal Outcomes

Epidemiological studies have not able to prove a
clear relationship between cancer risk and the
effect of low-frequency EMF. Suppose a hypothet-
ical study exhibited an association between an
increased occurrence of cancer and occupational
exposure to EMF to workers in electronic
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factories. Presence of a significant positive correla-
tion between the occurrence of cancer and the
exposure to EMF does not necessarily mean that
EMF is the chief cause of cancer. As the factories
workers were not only exposed to EMF, but also
they were exposed to other factors such as chemi-
cal solvents, smoking, and alcohol. All these
factors have affected together on the incidence of
cancer. Therefore, the positive association may
result in statistical effects or may be due to some
problem in the study design (WHO 2007).

Discover the causes of the disease require that
the researchers take into account many factors
such as clear dose-response relationship, a credi-
ble biological justification, evidence provided by
experimental animal studies, and consistency
between results. These factors have been not pres-
ent in the epidemiological studies of the effect of
low- frequency EMF and cancer risk. Accord-
ingly, scientists have hesitated to conclude that
low-frequency EMF has induced the occurrence
of cancer (WHO 2007).

3.2 Animal Carcinogenicity Studies
Cancer epidemiological studies are contradictory;
thus, it difficult to conclude the effect of EMF on
the occurrence of cancer. Therefore, the scientists
turn toward laboratory animal to determine
whether EMF can initiate, promote or
co-promote cancer in experimental animals.
There is no evidence that EMF cause tumors
with the possible exception of lymphomas arising
after chronic exposure to very strong EMF
(60 Hz, 25 mT) exposing CFW mice for EMF at
high-strength fields (60 kHz, 25 mT) for
prolonged period induced the development of
malignant lymphoma (Fam and Mikhail 1996).
Overall, no persuasive findings of animal carci-
nogenesis have been supported the hypothesis
that exposure to low-frequency EMF affects the
development of cancer (Boorman et al. 2000;
Sommer and Lerchl 2004). The rodents especially
mice has been used broadly as animal model for
leukaemogenesis. Murine lymphoproliferative
disorders are closely similar to that found in
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human beings. Exposure of rodents to carcino-
genic agents was exhibited an association
between human carcinogens, and cancer risk
(Lagroye et al. 2011).

McCormick et al. (1999) observed a small
significant increase in mortality in B6C3F mice
that were continuously exposed to pure transient-
free 60 Hz low-frequency EMF at 10G (Gauss).
The authors found that low-frequency EMF did
not induce leukemia, breast cancer, and brain
cancer in B6C3F mice (both sexes).

Mandeville et al. (2000) examined the pro-
moter effect of low-frequency EMF using Fisher
344 rats. N-ethyl-N nitrosourea (ENU) was
injected prenatally for induction neurogenic
tumours in Fisher 344 rats. The offspring were
exposed to different EMF intensity ranged from
2 to 2000 mT, 20 h/day, 7 days/weeks for
60 weeks. The results pointed out that EMF did
not induce glioma, meningioma and schwannoma
indicated that EMF has no promoter effect.

Boorman et al. (2000) exposed a group of
F344/N rats to continuous low-frequency 60 Hz
EMF (pure, linearly polairized, transient -free) at
flux intensity of 2 mG, 2G, and 10G. The authors
also exposed another group to intermittent (1 h
on/l h off) EMF (60 Hz, 10 G). The findings
showed that no statistical change in mortality per-
centage, body weight, and rate of benign and
malignant tumors in all groups. The occurrence
of leukemia, breast cancer, and brain cancer did
not statistically increase in the two groups. How-
ever, chronic exposure to EMF (20 mG and 2G)
has a little effect on cancer development in the
male rat. EMF did not exert an effect on oncogenic
activity.

The AKR/J mouse model for thymic lympho-
blastic lymphoma was used in two following
investigations:low-frequency EMF (sinusoidal
50 Hz, 1 and 100 mT), 24 h/day, 7 days/week
for 38 weeks (Sommer and Lerchl 2004);
low-frequency EMF (sinusoidal 50 Hz, 1000
mT), 7 days/week (Sommer and Lerchl 2006).
The findings suggested no evidence that
low-frequency EMF induce survival time, hema-
tological parameters, and body weight and lym-
phoma development. The authors concluded that
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exposure to sinusoidal 50 Hz EMF did not induce
haematopoietic malignancy event at the high
intensity 1000 mT.

Bernard et al. (2008) used WKAH/Hkm male
rat for induction B acute lymphoblastic leukemia
(ALL) by n-butylnitrosourea (BNU). From the
onset of BNU treatment, the rats exposed to
low-frequency EMF (50 Hz, 100uT, sinusoidal)
for 53 weeks. The positive control was irradiated
with gamma ray (4.8G) prior to BUN treatment.
No remarkable difference was recorded in
parameters of induced leukemia between the pos-
itive control group and BUN-treated. However, a
considerable decrease in erythroleukaemia and
increase in immature leukemia and the most
immature ALL was found in rats treated by
gamma rays. Exposing the rats to EMF did not
induce a significant increase in the percentage of
leukemia and type of leukemia between the group
treated with BNU and groups treated with EMF
and BNU.

Some investigations supported the hypothesis
that chronic exposure low-frequency EMF is an
important risk factor for tumor development. For
example, Mevissen et al. (1993) used DMBA
(7, 12-dimethylbenz[a]anthracene) for induction
breast cancer in female rats. Female rats were
exposed to low-frequency EMF (50 Hz, 50 mT,
24/day) for three successive months with or with-
out DMBA. The results showed that EMF acts as
promoter and enhance the development of mam-
mary tumors in DMBA model.

Qi et al. (2015) exposed pregnant C57BL/
6NCrj mice to low-frequency EMF (50 Hz,
500mG, 12h/day) and exposed their offspring
B6C3Flmice to EMF for 15.5 months. The
results showed that significant reduction in the
body weight of the EMF-exposed groups com-
pared to the control group. Chronic myelogenous
leukemia (7%) was observed in bone marrow of
female exposed mice.

Soffritti et al. (2016) studied the carcinogenic
effect of synergistic exposure to low-frequency
EMF (50 Hz) and gamma radiation in Sprague-
Dawley rats. The rats were exposed to EMF
(20 and 1000pT) from prenatal life until natural
death and gamma radiation (0.1Gy) at single
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exposure at 6 weeks of age. The results showed
that EMF increased heart schwannoma malig-
nant, breast cancer, and lymphomas/leukemias.
These data supported the hypothesis that EMF
induced cancer in animal model.

It is rationally hypothesized that EMF acts as
initiator or co-initiator (promoter) of carcinogenic
tumors. Since EMF can alter the DNA configura-
tion which could stimulate the initiation of
carcinogenetic processes or can accelerate the
development or spreading of already present can-
cer (Mevissen et al. 1993).

33 Effect of EMF on Genetic Material
There is a bulk of data concerning the assessment
of low-frequency EMFs on the genetic material in
humans and animals. However, their genotoxicity
remains controversial in “in vivo” and “in vitro”
models (Phillips et al. 2009). The controversial
results are due to the different exposure conditions
such as field intensity and field’s regularity.
Genetic damage of EMF may occur through direct
or indirect mechanisms. Direct genetic toxicity
may occur by injury to chromosome or damage
to DNA repair mechanisms. Indirect genetic dam-
age may arise by various processes such as the
generation of free radicals or impairment of radi-
cal scavenging mechanisms. The conflicting data
have been used different genotoxic endpoints such
as sister chromatid exchange (SCE), micronuclei
(MN), chromosomal aberrations (CAs), comet
assay and DNA adducts at exposure EMF
intensities ranging from 1 pT to 10 mT (Ivancsits
et al. 2002; Phillips et al. 2009).

According to International Agency for
Research on Cancer (IARC), low-frequency
EMFs are classified as “possibly carcinogenic”
to human (IARC 2002). The main causes for the
increase of human cancers are still inadequately
understood. However, there are at least two
pathways to understand the causation of cancer
(Fig. 2). These pathways are not mutually and
included: (1) Genotoxic Pathway; (2) Epigenetic
Pathway (Vijayalaxmi and Obe 2005).
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Fig. 2 Genotoxic and
Epigenotoxic
(non-genotoxic) pathways

Exposure of mammalian cells to low frequency EMF
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A Genetic Pathway

The exogenous gents (physical, chemical) can
induce genetic damage in mammalian cells. The
damaged cells could go through death or undergo
to repair process. The unrepaired cells induced
single and double strand breaks in the DNA mol-
ecule causing the formation of mutation, micro-
nucleus, sister chromatid exchanges, and
chromosomal aberrations. Some of these genetic
endpoints can lead to the development of cancer
(Phillips et al. 2009; Vijayalaxmi and Obe 2005).

An Epigenetic Pathway

The exogenous agents cannot induce genotoxic
effect or cancer by themselves. However, they
can contribute to development of carcinogene-
sis/tumorigenicity by increasing the genotoxic
effect of other agents, interfering with the DNA
repair process, permitting a cell with DNA lesion
to survive and stimulating the cell division caus-
ing alteration in normal biological activities of the
cell (Phillips et al. 2009; Vijayalaxmi and Obe
2005).

3.3.1 Genotoxic Effect of EMF

Winker et al. (2005) used human diploid fibro-
blast (ES-1, male, 6 years ago) which initiated
from a skin biopsy of a healthy donor. The cells
were exposed to intermittent exposure
low-frequency EMF (50 Hz, sinusoidal, 1mT,
5 min field-on/10 min field off, for 2-24 h). Vari-
ation of exposure of human fibroblasts to EMF

from 2 to 24 h revealed a time-dependent increase
in the frequency of micronucleus and chromo-
somal aberrations. The occurrence of micronuclei
became significant after 10 h of intermittent expo-
sure and reached a constant level of micronuclei
(three times above the control value) after 15 h of
exposure. These findings supported the hypothe-
sis that EMF exerts clastogenic activity.

Udroiu et al. (2006) exposed newborn mice
and their parents to low-frequency EMF (50 Hz,
650pT) during the intrauterine life (21 days).
DNA damage was detected by using micronu-
cleus assay with antikinetochore antibody
staining (CREST staining). The data pointed out
that low-frequency EMF produced a significant
increase in CREST-negative micronuclei (chro-
mosome fragment) and a highly significant
increase in CREST-positive micronuclei (whole
chromosome) in newborn mice. However, no
remarkable increase in micronuclei incidence
was observed in their parents exposed to EMF.
These data suggested that EMF possess
aneugenic properties which may be related to
the possible carcinogenesis.

Rageh et al. (2012) exposed newborn rats
(10 days after delivery) to low-frequency EMF
(50 Hz, 0.5mT, 24 h/day) for successive 30 days.
The authors found that a remarkable increase in
Olive tail moment in rat brain cells, as well as
four-fold increase in the incidence of micronu-
cleus in rat bone marrow cells.
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Balamuralikrishnan et al. (2012) found that a
remarkable increase in the occurrence of chromo-
somal aberrations and micronucleus formation in
blood lymphocytes of workers occupationally
exposed to low-frequency EMF in electric trans-
former and distribution station. Exposing African
green monkey kidney epithelium cells (Vero) to
100 Hz EMF caused a blockage of the cells in
S-phase. Also, EMF induced DNA damage as
indicated by a remarkable increase of the tail
lengths, the quality of DNA in the tail and
Olive tail moments (Mihai et al. 2014). As well,
50 Hz EMF at high intensities (2, 3Tm) induced
DNA damage in mouse spermatocytes-derived
GC-2 cell line detected by alkaline comet assay
(Duan et al. 2015).

On the other hand, many studies are rejected
the hypothesis that low-frequency EMF may
cause genomic instability. For example, Erdal
et al. (2007) exposed Wistar male rats to acute
(4h for day) and chronic (4h/day for 45days) to
days horizontal low-frequency (50Hz, 1mT). The
results showed that acute and chronic exposure
EMF did not induce a significant increase in the
occurrence of chromosomal aberration in rat bone
marrow cells.

Furthermore,  occupational exposure to
low-frequency EMF did not induce chromosomal
aberrations, sister chromatid exchange, and micro-
nucleus formation among the workers (Scaringi
et al. 2007). For example, Burdak-Rothkamm
et al. (2009) exposed human skin fibroblast
(VH25) to intermittent low-frequency EMF
(50 Hz). The cells were exposed to switching fields
(5 min on, 10 min off) for 15 h, with field intensity
of 50, 100, 500 and 1000 pT. Neither the alkaline
comet DNA assay nor the YH2AX assay could
detect significant damage at the DNA-breakage
level in VH25 cells. No remarkable increases in
chromosome-type aberrations, sister chromatid
exchange, and cytokinesis-block assays were
observed in VH25 cells. No significant damage at
the DNA-breakage level in VH25 cells was
detected using alkaline comet DNA assay nor the
YH2AX assay.

Zhu et al. (2016) exposed human lens epithe-
lial cells (LECs) to low-frequency EMF (50 Hz,
0.4 mT) for short term (2 h, 6 h), and long term
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(12 h, 24 h, 48 h). The results demonstrated no
DNA damage in alkaline comet assay for short
and long term in human LECs. Recently, Ross
et al. (2018) found that exposed human mesen-
chymal stromal cells (HMSC) to extremely
low-frequency EMF (5 Hz, 0.4 mT for 20 min/
day, three-time/week, for 2 weeks) did not induce
cytotoxicity and chromosomal breakage.

It is rational to hypothesize that genotoxic
effects of EMF mediated through indirect
mechanisms such as producing of free radical
species or disruption of DNA repair pathway.
Free radical can interact to DNA molecule
(2-Deoxyguanosine, 2dG) forming primarily
8-hydroxy-2'-deoxyguanosine (8-OHdG) adduct
that caused single-strand breaks. These strand
breaks are usually removed by a specific repair
pathway. However, genomic instability could
become a site of mutation and the main step to
the carcinogenesis process if the DNA damage
were extensive sufficient to overcome the repair
capacity of the cells (Cavalcanti et al. 2012).

3.3.2 Epigenetic Effect of EMF

Exposing human brain glioma (M054) to
low-frequency EMF (100 Hz, 50 or 400 mT) did
not induce DNA damage in alkaline comet assay.
When the cells were exposed to X-ray (5 Gy)
followed by low-frequency EMF (50 or
400 mT), the positive findings were detected
using comet assay as indicated by a significant
increase in tail moment compared with that for
X-rays alone (Miyakoshi et al. 2000).

Nakahara et al. (2002) found that exposing
Chinese hamster ovary (CHO) to static EMF
alone (up to 10 T) has no genotoxic effect on
the cell viability, cell cycle distribution, and for-
mation of micronuclei. By contrast, the CHO
cells exposed to EMF followed by X—irradiation
(4 G) caused a significant increase in micronuclei
formation. Surprisingly, the cells exposed to
X-irradiation (1-2 Gy) and EMF did not induce
the frequency of micronucleus.

Low-frequency EMF (60 Hz, 0.8 mT) did not
cause genetic damage in human lymphocytes.
However, co-exposure to benzo(a)pyrene
(BP) and EMF provoked a remarkable increase
in the frequencies of micronucleus and sister
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chromatid exchanges compared to the cells
treated with BP alone (Cho and Chung 2003).

Cho et al. (2014) reported that low-frequency
EMF (60 Hz, 0.8 mT) boosted the cytotoxic and
genotoxic  activities of gadolinium (Gd).
Coincident exposure to EMF and Gd increased
micronucleus, single strand DNA breakage, Olive
tail moment, apoptotic cells, and formation of free
radical in human lymphocytes compared to gado-
linium alone.

Other studies have rejected the hypothesis that
co-exposure to EMF and other mutagenic agents
may increase genetic damage. For example,
Stronati et al. (2004) exposed human blood
lymphocytes of five donors for 2 h to 50 Hz
low-frequency EMF (1 mT) which generated by
the Helmholtz coil system. Negative results were
recorded in alkaline single cell electrophoresis
assay, micronucleus assay and, chromosomal
aberrations in human blood lymphocytes. As
well, the synergistic effect between X-ray and
EMF has no influence on DNA damage which is
one hallmark of malignant cell transformation.

Gadhia et al. (2010) examined genetic damage
in blood lymphocytes of electric train engine
drivers who occupationally exposed to relatively
high EMF intensity. The authors reported that no
significant increase in the occurrence of chromo-
somal aberration and sister chromatid exchange.
The co-mutagenic effect showed that exposing
blood lymphocytes of electric train engine drivers
to mitomycin C (6 ng/ml) have no genotoxic effect
on the incidence of chromosomal damage and
sister chromatid exchanges. It is rational to hypoth-
esize that, EMF in the presence of initiator (e.g
X-ray radiation) act as promoter to stimulate the
DNA damage of genetically altered cells, rather

8-OH-dG

than acting as initiator resulting in the proper lesion
in DNA molecule (Timmel et al. 1998).

Assessment of the Published
Literature and Further
Research

4

The majority of original reports that indicated an
absence of genotoxic or carcinogenic effect have
explained the EMF exposure conditions and
experimental protocols in detail. Therefore, the
findings could be confirmed by other indepen-
dent researchers. The findings are not in conflict
with the other recognized characteristics of EMF.
In other words, the interpretations for the pres-
ence of the genotoxic or carcinogenic effect of
EMF were not substantiated by experimental
data. Considering the “weight of scientific evi-
dence” for scientific studies as suggested by
IARC (2002), the preponderance of findings
available in the literature review exhibits that
EMEF exposure by itself is not genotoxic or carci-
nogenic in mammalian cells. However, research
must continue to resolve the controversial data
published in the literature.

Many studies have reviewed the occurrence of
non-reproducible positive results particularly
“in vitro” assays (Vijayalaxmi and Obe 2005;
Vijayalaxmi and Prihoda 2009). The following
potential causes for conflicting findings can be
reviewed according to Vijayalaxmi and Obe 2005:

1. The changes in environmental conditions in
“in vitro” studies resulted in oxidative stress
and false positive results. For example, high
osmotic conditions, and low pH of media may
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induce gene mutation, sister chromatid
exchange, chromosomal aberrations, and mor-
phological cell transformation.

2. There have been about 10% incidences of ran-
dom and non-reproducible positive results in
micronucleus assay in “in vivo” studies.

3. Data analysis obtained from many different
bioassays, without appropriate statistical anal-
ysis reflecting the various observations tested
could have misrecognized as a ‘“significant
effect” as a result of random chance occur-
rence (statistical deviations).

4. The findings from a well harmonized and mul-
ticenter collaborative investigation with ade-
quate statistical analysis can be required the
factors that cause these controversial data. The
studies of EMF exposure can be conducted in
a single laboratory with validated equipment
for generation EMF. Many bioassay endpoints
(e.g comet assay) and multiple cell lines from
different origin (e.g human, mouse) should be
examined. It may also be valuable to examine
cells with different genetic backgrounds (het-
erozygous and homozygous mutation).

5 Conclusion

According to above investigations that showed a
number of shortcomings and contradictions in
findings of these studies, no firm conclusion can
be drawn about the effect of EMF on genetic
material. However, we cannot simply ignore the
supported studies for the hypothesis that EMF
induced genetic damage and cancer. Therefore,
we need future better controlled investigations
using the right and accurate biomarker assays
and sufficient number of the individuals, adequate
statistical analysis of data.
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