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ABSTRACT 

Emerging technologies resulted in ubiquitous exposure to electromagnetic fields (EMFs). Humans are 
continuously exposed to radiofrequency (RF) radiation and extremely low frequency (ELF) magnetic fields 
(MFs). RF radiation is emitted from several wireless applications, while ELF MFs accompany electricity 
generation, transmission, and use. Over the years, the question has been raised about possible health effects 
of exposure to EMFs. In 2002, the International Agency for Research on Cancer (IARC) classified ELF 
MFs as possibly carcinogenic to humans based on the epidemiological findings suggesting an association 
between childhood leukemia and residential exposure to weak MFs from power lines. Further, in 2013, 
IARC classified RF radiation as possibly carcinogenic to humans based on epidemiological studies 
indicating an increased risk of glioma and acoustic neuroma among mobile phone users. However, in the 
context of IARC classification, the evidence for carcinogenic effects from animal and in vitro studies was 
inadequate. Therefore, establishing plausible biophysical mechanisms that explain the possible association 
between cancer and exposure to ELF MFs and RF radiation remains a high research priority. 

At an in vitro level, the present study aimed to explore possible effects of RF radiation and ELF MFs on 
specific cancer-related phenomena, namely: genotoxicity, genomic instability, oxidative stress, and 
circadian rhythm. RF experiments were conducted using rat primary astrocytes to test whether RF radiation 
has genotoxic or co-genotoxic effects and whether it could induce or enhance genomic instability. ELF MF 
experiments were conducted using mouse hematopoietic FDC-P1 cells and human SH-SY5Y 
neuroblastoma cells. In ELF MF experiments, possible genotoxic and co-genotoxic effects were 
investigated. In addition, it was investigated whether ELF MFs could modify the repair rate of chemically-
induced DNA damage or alter the transcription of DNA damage signaling-related genes. Furthermore, it 
was examined whether ELF MFs could affect the level of reactive oxygen species (ROS) or change the 
transcription of oxidative stress-related genes. To evaluate possible effects on the circadian rhythm, it was 
tested whether ELF MFs could alter the transcription of circadian rhythm-related genes, including CRY1 
and CRY2; the genes encoding the magnetosensitive flavoproteins, cryptochromes. 

No genotoxic effects were found from 872 MHz RF exposure at SAR 0.6 or 6 W/kg. The results did not 
consistently support co-genotoxic effects from RF exposure. RF radiation was not shown to induce or 
enhance genomic instability. 

Sole exposure to 50 or 60 Hz, ELF MFs at 100 or 200 µT, did not affect DNA damage level. The results 
showed contrasting responses to ELF MF exposure on chemically-induced DNA damage repair rate. While 
24-h exposure to 50 Hz MFs decreased bleomycin-induced DNA damage repair rate in FDC-P1 cells, no 
such effect was seen in SH-SY5Y neuroblastoma cells exposed to 50 or 60 Hz MFs at 100 µT for the same 
exposure duration. ELF MFs effects on the DNA damage-signaling gene transcription were sporadic and 
generally small. Exposing SH-SY5Y neuroblastoma cells to 50 or 60 Hz MFs at 100 µT resulted in a small 



 

 
 

increase in the transcription of ROS-inducible (antioxidant) genes, which was followed by a slight decrease 
in menadione-induced ROS levels at several time points after the exposure. No evidence was found that 
ELF MFs affected the transcription of core circadian rhythm-related genes, including CRY1 and CRY2. 
However, a noteworthy systematic change was observed in the expression of circadian rhythm-related 
genes in FDC-P1 cells after 12- and 24-h exposures to 200 µT, 50 Hz MFs. 

In conclusion, the present study provided new insights that help increase understanding of possible EMF 
carcinogenic effects. This present study results showed no evidence for genotoxic or co-genotoxic effects 
from RF exposure and reported that RF radiation did not induce or enhance genomic instability. The 
observed effects of ELF MF exposure on the assayed endpoints were generally small, suggesting that ELF 
MFs effects are on cellular signaling rather than inducing oxidative stress or DNA damage. 

 

National Library of Medicine Classification: QT 162.M3, QT 162.U4, QU 475, QU 510, QZ 202, QZ 210 

 

Medical Subject Heading: Radiation, Nonionizing/adverse effects; Electromagnetic Fields/adverse effects; 
Magnetic Fields/adverse effects; Neoplasms; DNA Damage; DNA Repair; Gene Expression; 
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Rhythm; Signal Transduction; Cryptochromes; Astrocytes; Hematopoiesis/radiation effects; Cell Line; 
Cells, Cultured; In Vitro Techniques 
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kasvaimet; geenit; DNA; vahingot ja vauriot; korjaus; geeniekspressio; transkriptio (biologia); 
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Chapter 1.

General introduction to electromagnetic fields and their related 
health effects

1 LITERATURE REVIEW

1.1 ELECTROMAGNETIC FIELDS

A stationary electric charge is surrounded by an electric field. When electric charges flow (in a current), a 
magnetic field is generated. In its simplest form, an electromagnetic field (EMF) is the combination of the 
electric field and the magnetic field that propagate in space perpendicular to each other at the speed of light. 
An EMF is primarily described by frequency and wavelength. Frequency is the number of waves that pass 
by a certain point in unit time. Wavelength is the distance between two successive identical points in the 
wave cycle. An equation determines the relationship between the frequency and wavelength: V = f λ; where 
V is the wave velocity, f is the frequency, and λ is the wavelength. The wave velocity is constant (as long 
as the EMF does not pass to a different medium). Thus, any increase in frequency implies a decrease in 
wavelength. Therefore, wavelength and frequency are inversely proportional. In near fields (approximately 
within one-wavelength distance from the emitting source), electric and magnetic fields are separate. 
However, in far fields, electric and magnetic fields are coupled and referred to as electromagnetic radiation.

Electromagnetic radiation has a dualistic nature. It behaves as a wave, and it consists of photons. The photon 
energy is directly proportional to the frequency of the field. Depending on the photon energy, the 
electromagnetic spectrum (Fig. 1) is classically divided into ionizing radiation and non-ionizing radiation. 
Ionizing radiations such as X-rays and gamma rays have sufficient energy to ionize the matter by removing 
the tightly bound electrons from the atoms. On the other hand, non-ionizing radiation does not have enough 
energy to ionize the matter. The non-ionizing electromagnetic spectrum contains static, extremely low 
frequency (ELF), intermediate frequency (IF) electric and magnetic fields, radiofrequency (RF) radiation, 
infrared (IR) radiation, visible light (V), and ultraviolet (UV) A and B radiation. UVC radiation locates at 
the borderline between ionizing and non-ionizing radiation. Unlike other EMFs, the static electric and 
magnetic fields do not vary over time and, hence, they do not oscillate; thus, they are sometimes said to 
have a frequency of 0 Hz.

Figure 1. The electromagnetic spectrum. ELF: extremely low-frequency magnetic fields, IF: intermediate frequency magnetic 
fields, RF: radiofrequency radiation, IR: infrared radiation, V: visible light, UV: ultraviolet radiation. The frequency ranges of ELF 
magnetic fields and RF radiation (used in the present study) are highlighted in grey.
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1.1.1 RF radiation 
The term “RF radiation” is typically given to the EMFs in the band between 100 kHz and 300 GHz, 
including the microwave radiation that spans between 1 GHz and 300 GHz. RF radiation is utilized in 
various applications such as wireless communications, TV and radio broadcasting, radar surveillance, and 
microwave heating. The intensity of the RF radiation is expressed as power density in units of Watts per 
square meter (W/m2). Specific absorption rate (SAR) describes how much energy is absorbed by the matter 
due to RF exposure. SAR is expressed in units of Watts per kilogram (W/kg). Human exposure to RF 
radiation has grown rapidly in the last few decades, mainly due to the high increase in mobile phone use. 
Besides, RF radiation is modulated to carry information. For example, frequency modulation (FM) and 
amplitude modulation (AM) are used in radio broadcasting. However, more complex modulations such as 
The Global System for Mobile Communications (GSM), Long-term Evolution (LTE), and The Universal 
Mobile Telecommunications System (UMTS) are utilized in mobile communications. Unmodulated RF 
radiation is referred to as continuous wave (CW). The basic restrictions for RF exposure issued by the 
European Council for whole-body exposure are 0.08 W/kg for the general public and 0.4 W/kg for 
occupational exposure, while the basic restrictions for local exposures (averaged over 10 g of tissue) are 2 
W/kg (head and trunk) and 4 W/kg (limbs) for the general public, and 10 W/kg and 20 W/kg for 
occupational exposure (EC, 1991, 2004), respectively. 

1.1.2 ELF magnetic fields 
ELF magnetic fields (ELF MFs) are alternating fields with a frequency below 300 Hz. Natural and artificial 
ELF MFs exist. However, human exposure to ELF MFs is primarily associated with electricity generation, 
distribution, and use (mainly at 50 Hz and 60 Hz, commonly referred to as power-frequency MFs). The 
intensity of ELF MFs is expressed as magnetic flux density in units of Tesla (T). Humans are typically 
exposed to ELF MFs in household settings at a worldwide average intensity of ∼0.21 µT from the domestic 
appliances and nearby power lines (SCENIHR, 2015). However, exposure to stronger intensities can occur 
in occupational settings, for example, working with welding machines or melting furnaces that use high 
currents. The reference levels recommended by the European Council for exposure to 50 Hz MFs are 100 
µT for the general public and 500 µT for occupational exposure (EC, 1991, 2004); these reference levels 
were obtained from the basic restrictions by mathematical modeling. 

1.2 GENOTOXICITY AND INDUCED GENOMIC INSTABILITY 

Genotoxicity is defined as the ability of a chemical, physical, or biological agent to cause damage to the 
genome (Klaassen et al., 2013). Preservation of the genome is fundamental for all species. Thus, damage 
to the genome results in immediate responses, such as DNA repair machinery initiation, cell cycle arrest, 
cell cycle checkpoint activation, or apoptosis if the damage is severe. The failure of these responses may 
lead to mutations. Accumulation and persistence of mutations may eventually lead to cancer. 

Induced genomic instability (IGI) refers to the de novo appearance of genomic abnormalities (e.g., 
chromosomal aberrations, micronuclei, or mutations) in the progeny of exposed cells several generations 
after exposure (Baverstock, 2000). IGI is a relatively new concept in cancer risk assessment, and its etiology 
remains poorly understood. However, it has been proposed that it originates from the accumulating 
mutations in DNA repair genes where various epigenetic mechanisms are involved (Negrini et al., 2010; 
Huumonen et al., 2014). 

Although they are originally different, genotoxicity and IGI can be assayed with the same methods. The 
decisive factor is the chronological point at which the assay is done. Genotoxicity is assayed directly after 
exposure, while IGI is assayed several cell generations after exposure (Herrala et al., 2019). There are 
several methods to assay genotoxicity (for a review, see Corvi and Madia, 2017). Comet assay and 
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micronucleus assay are among the most frequently used methods. Comet assay can measure immediate 
DNA damage and DNA damage repair (Singh et al., 1988), while micronucleus assay quantifies 
micronuclei formation indicating chromosomal damage after the repair process (Fenech, 2000). 

1.3 OXIDATIVE STRESS 

Oxidative stress is the imbalance between free radical formation and the antioxidant defense system. Free 
radicals (most notably, reactive oxygen species, ROS) are by-products of normal cell metabolism. At a 
physiological concentration, ROS play a central role in cellular signaling. However, exposure to 
environmental factors (including radiation) usually results in increased ROS production. When ROS 
production exceeds the capacity of the antioxidant defense system, the cell enters to an oxidative stress 
status (Pizzino et al., 2017). 

ROS are involved in different aspects of cancer. Excessive ROS production can cause direct damage to 
macromolecules, including DNA, which, if not repaired, could lead to mutations and, subsequently, cancer. 
Besides, ROS are vital in DNA damage signaling. ROS are found to regulate the transcription of DNA 
damage-recognition machinery and control the entry to different cell cycle phases where DNA damage is 
surveilled and repaired (Shackelford et al., 2000; Mori et al., 2017). In addition, abnormal ROS levels are 
thought to alter signaling and gene expression related to cell growth and thus cause continuous and 
uncontrolled proliferation (Valko et al., 2007). 

Measurement of ROS production is a direct indicator of oxidative stress status. The fluorometry-based 
approach is one of the most used methods to assay ROS production. This approach involves the use of non-
fluorescent probes that are oxidant-sensitive. In the presence of ROS, these probes are oxidized by a one-
electron free radical mechanism producing fluorescent products that can be quantified 
spectrofluorimetrically (Zhang et al., 2018). Examples of other oxidative stress markers and assays include 
oxidative DNA damage, lipid peroxidation, expression of ROS-related genes, total antioxidant status, levels 
of glutathione and oxidized glutathione, and the activity of oxidative stress-related enzymes (e.g., catalase, 
superoxide dismutase, peroxidase, or glutathione reductase) (Olowe et al., 2020). 

1.4 CIRCADIAN RHYTHM 

Circadian rhythm is the internal autonomous oscillator that regulates physiological activities and allows the 
organism to adapt to the fluctuating environment around the ~24-h sleep/wake cycles (Xie et al., 2019). In 
mammals, the circadian rhythm compromises a central clock and a peripheral clock. The central clock 
locates in the hypothalamic suprachiasmatic nucleus in the brain and is solely affected by light perceived 
by the retina. Light receptors in the retina transform signals into nerve impulses, which are then transmitted 
to the hypothalamus. The peripheral clock is present in various tissues, including the kidney, heart, lung, 
and liver. In addition, the peripheral clock can respond to light and several nonlight environmental factors 
(Brainard et al., 2015). 

At a molecular level, the circadian rhythm originates from the ~24-h oscillation in the products of eight 
core circadian clock genes: BMAL1 (also known as ARNTL), CLOCK, CRY1, CRY2, CSNK1ɛ, PER1, PER2, 
and PER3. These genes are organized in a composite and autoregulated network (Fu and Lee, 2003). 
Circadian rhythm significantly contributes to regulating the cell cycle, DNA damage responses, and ROS 
signaling (Masri et al., 2013). Thus, disruption of the circadian rhythm is believed to play a substantial role 
in the evolution and progression of cancer (Li, 2019). 

Different methods exist for assessing circadian rhythm (for a review, see Reid, 2019). Cortisol and 
melatonin are the traditional circadian markers. However, these are predominantly used in human and 
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animal studies. At in vitro level, assaying the expression of the core circadian clock genes is a widely used 
approach to assess the influence of exposures on the circadian system (Wittenbrink et al., 2018; Zhang et 
al., 2020). 

1.5 HEALTH EFFECTS OF RF RADIATION, ELF MFs, AND THEIR RELATED 
MECHANISMS 

Typical exposure to RF fields and ELF MFs occurs at low levels. Public health concerns primarily arise 
from the continuous and long-lasting exposure to these fields, in addition to the large fractions of the 
population that are exposed. 

RF radiation 

Tissue heating is the most well-established effect of strong RF fields. This effect arises from the ability of 
RF radiation to penetrate the body and deliver vibrational energy to biological molecules. A rise in body 
core temperature by more than approximately 1°C results in hyperthermia (excessive sweating, dyspnea, 
and heart arrhythmia), while body core temperature > 40 °C could lead to heatstroke (blood vessel 
dilatation, organ failure, and eventually death) (ICNIRP, 2020a). However, at exposure levels found in the 
everyday environment, much of the discussion is directed at the non-thermal effects of RF radiation. The 
non-thermal effects of weak RF fields are controversial, and to date, no mechanism has been proven to 
explain them (ICNIRP, 2020). Particularly, the RPM does not seem applicable with high-frequency MFs, 
including the frequency range where RF fields span (Sheppard et al., 2008; Hore and Mouritsen, 2016). It 
has been suggested that RF effects are dependent on signal modulation. However, in their review, 
Juutilainen et al. (2011b) did not find consistent evidence for such a suggestion. 

Despite the lack of a known mechanism, IARC, in 2011, classified RF fields as possibly carcinogenic to 
humans, class 2B (Baan et al., 2011; IARC 2013). This classification was mainly based on limited 
epidemiological evidence suggesting an increased risk of glioma and acoustic neuroma among mobile 
phone users, in addition to limited evidence of carcinogenicity from animal studies. However, there was a 
minority opinion within the IARC Working Group that epidemiological evidence was inadequate (Baan et 
al., 2011). Furthermore, the Scientific Committee on Emerging and Newly Identified Health Risk (2015) 
concluded that epidemiological studies do not indicate increased risks for brain or head/neck cancers from 
exposure to mobile phone radiation (SCENIHR, 2015). Moreover, in their review of animal studies, 
Juutilainen et al. (2011a) indicated no evidence for carcinogenic effects from exposure to mobile phone 
radiation at levels relevant to human exposure. 

Recently, two large and long-term animal carcinogenicity studies were performed within the United States 
National Toxicology Program (NTP, 2018a, b) and Italy’s Ramazzini Institute (Falcioni et al., 2018). In 
these two studies, animals were exposed over their whole lives at intensities similar to or slightly higher 
than human exposure to RF radiation from mobile phones or base stations, demonstrating RF fields are 
carcinogenic. The International Commission on Non-Ionizing Radiation Protection (ICNIRP, 2020b) has 
critically evaluated these studies. However, despite several strengths, the ICNIRP evaluation inferred that 
substantial weaknesses (primarily, lack of blinding and difficulties in interpreting statistical analyses) 
precluded these studies from concluding carcinogenic effects. 

Apart from cancer, investigating other adverse health effects from exposure to weak RF fields, such as 
effects on reproduction, development, immunity, and nervous system, has provided inadequate evidence 
(IARC, 2013; SCENIHR, 2015). 
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ELF MFs 

High fields (with an intensity of several mT) can induce currents inside the body. These currents, if strong 
enough, can cause stimulation of nerves and muscle cells, leading to health hazards such as hoarseness, 
pain, dyspnea, heart arrhythmia, cardiac arrest, or even death (WHO, 2007). However, the biological effects 
of low fields (< 1 mT) are controversial, and the mechanisms behind them are poorly understood (ICNIRP, 
2010). 

In the two decades between 1979 and 1999, epidemiological studies rather consistently indicated an 
association between exposure to weak MFs and an increased risk of childhood leukemia. These studies 
were combined in two pooled analyses (Ahlbom et al., 2000 and Greenland et al., 2000), demonstrating the 
increased risk is associated with the residential exposure to 0.3 – 0.4 µT MFs from power lines. These 
epidemiological findings were the main reason that prompted the International Agency for Research on 
Cancer to classify ELF MFs as possibly carcinogenic to humans, class 2B (IARC, 2002). However, animal 
and cell studies provided only limited evidence for carcinogenic effects. Besides, it should be noted that 
pooled analyses of more recent epidemiolocal studies showed a decrease in effect or no association between 
MF and childhood leukemia (Amoon et al., 2018, 2021). 

Several hypotheses have been suggested to explain the epidemiological findings of weak MFs (Zhadin and 
Barnes, 2005; Shaw et al., 2015; Binhi and Prato, 2017). Much of the discussion centers on the radical pair 
mechanism (RPM). The RPM is primarily based on the chemical reactions involving the formation of transit 
intermediates known as radical pairs. Radical reactions are found to be sensitive to MFs, as weak as those 
typically encountered in the environment (Steiner and Ulrich, 1989). According to the RPM, the effect of 
MFs on radical reactions increases the concentration of free radicals in low fields (fields with an intensity 
< 1 mT, low-field effect, LFE) and decreases it in high fields (Brocklehurst and McLauchlan, 1996; Timmel 
et al., 1998). Thus, within the framework of RPM, attention is directed to the LFE-increased levels of free 
radicals. That being so, this increase could result in radical-induced DNA damage, which, if not properly 
repaired, may eventually result in cancer. 

Although RPM is one of the most plausible mechanisms explaining the epidemiological findings of weak 
MFs, the framework of this hypothesis remains challenging, particularly in the presence of relatively 
stronger (static) geomagnetic fields (25 – 65 µT) (Hore, 2019). Moreover, the increased level of free 
radicals in low fields seems to be small, momentary, and non-observable after being regulated by the cell 
defense systems (Markkanen et al., 2010; Juutilainen et al., 2018). 

At a physiological concentration, free radicals are critical regulatory mediators in signaling processes within 
the cell. Thus, alteration in the level of these radicals, even if small and momentary, could result in 
significant consequences (Dröge, 2002), especially if this alteration occurred in organelles or molecules 
that are key components in the biological network, such as cryptochromes (CRYs) (Juutilainen et al., 2018). 
CRYs are a class of magnetosensitive flavoproteins found in different species. CRYs are shown, at least in 
birds, to be involved in orientation and navigation via sensing geomagnetic fields (Hore and Mouritsen, 
2016; Xu et al., 2021). In mammals, CRYs are a key component in controlling the circadian rhythm, which 
is closely coupled to regulating DNA damage responses and ROS signaling (Michael et al., 2017). 
Juutilainen et al. (2018) have proposed a hypothesis for environmental magnetocarcinogenesis. This 
hypothesis implies that the primary interaction between weak MFs and radical reactions in the CRYs could 
result in impaired DNA damage responses, compromised ROS signaling, genomic instability, and finally, 
cancer. 

Apart from cancer, other adverse health effects from exposure to weak ELF MFs have been investigated, 
such as neurological disorders and reproductive hazards. However, these investigations provided only 
limited evidence for such effects. (Juutilainen, 2003, 2005; Vergara et al., 2013; Lewis et al., 2016; Jalilian 
et al., 2018). 
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1.6 SUMMARY OF GENOTOXICITY FINDINGS LINKED TO RF RADIATION 

Studies exploring possible genotoxic effects of RF radiation have been extensively reviewed in several 
review articles and meta-analyses (see Lai, 2007; Vijayalaxmi and Prihoda, 2008, 2012, 2019; Ruediger, 
2009; Verschaeve et al., 2010; IARC, 2013). Endpoints used to assess RF genotoxicity typically included 
DNA damage, DNA damage repair, micronucleus formation, chromosomal aberration, sister chromatids 
exchange, aneuploidy, and mutation rate. Overall, RF genotoxicity findings are inconsistent and sometimes 
contradicting. For example, while some studies reported statistically significant increases in genotoxicity, 
other studies reported no effects, and others reported statistically significant decreases. This inconsistency 
could be explained by the differences in the used test models, exposure parameters, and analytical methods 
(Ruediger, 2009; Verschaeve et al., 2010). 

In their meta-analyses, Vijayalaxmi and Prihoda (2008, 2012, 2019) pointed out that the weighed 
genotoxicity outcome of RF exposure is very small. They indicated that the studies conducted within the 
generally recommended RF exposure guidelines mainly reported no effects. They also noticed that the 
statistically significant increases in some genotoxicity endpoints primarily occurred in experiments with 
small sample sizes and were largely influenced by publication bias. In their doctoral theses, Luukkonen 
(2011) and Herrala (2018) reviewed studies investigating possible genotoxic effects of RF radiation 
published between 2006 and 2018. They found that results were largely inconsistent and highlighted the 
possibility that many of the increased-genotoxicity findings may be due to possible thermal effects, 
primarily when high levels of SAR were used. 

For experimental genotoxicity studies published in 2018 or later, the literature was reviewed according to 
the methodology described in appendix 1. Thirty-seven studies were published assaying genotoxic 
endpoints in response to RF radiation (Table 1). The majority of the studies (19 out of 37) were performed 
at in vitro level. Most in vitro studies used mammalian cells; however, one study (Barbora et al., 2021) used 
Saccharomyces cerevisiae yeast. Mammalian in vivo studies were performed using mice, rats, or rabbits. 
Non-mammalian in vivo studies used quail embryos (Yakymenko et al., 2018) and Drosophila 
melanogaster larvae (Yanagawa et al., 2020). Allium cepa L. onion was used by Chandel et al. (2019a,b) 
and  Kumar et al. (2020). 

Most of the studies examined exposure to RF radiation at the frequency range 900 MHz – 2.45 GHz. 
However, three studies used higher frequencies: 40 GHz (Koyama et al., 2019), 90 GHz (Barbora et al., 
2021), and 150 GHz (Franchini et al., 2018). The modulation types used in the reviewed studies mainly 
included GSM, LTE, and UMTS. Experiments were performed at SAR levels between 0.004 and 10 W/kg. 
However, eight studies did not report SAR levels (Franchini et al., 2018; Yakymenko et al., 2018; Koyama 
et al., 2019; Panagopoulos 2019, 2020; Yanagawa et al., 2020; Barbora et al., 2021; Ioniţă et al. 2021); in 
these studies, the exposure intensity was expressed in power density (W/cm2). 

Twenty-seven studies (out of 37) reported effects. Interestingly, 34 of these studies indicated that RF 
exposure increased genotoxicity or potentiated genotoxicity caused by other agents. Conversely, only three 
studies showed that RF radiation was protective against genotoxicity (Falone et al., 2018; Jin et al., 2021; 
Zeni et al., 2021). In these studies, RF exposure was found to decrease DNA damage induced by known 
genotoxic agents such as menadione, bleomycin, or ionizing radiation. The effects of RF exposure did not 
seem to be associated with the applied level of SAR. RF effects have been observed at both low levels 
(0.0054 W/kg; Pandey and Giri 2018) and high levels of SAR (10 W/kg; Smith-Roe et al. 2020). Studies 
that reported no effects have also used low (0.004 W/kg; Durdik et al. 2019) and high (5 W/kg; Jeong et al. 
2018) SAR levels. 

Overall, the results of the reviewed studies are contrasting, but it seems that recent studies indicate more 
likeliness of increased genotoxicity than those in earlier reviews (Verschaeve et al., 2010; Luukkonen, 
2011; Herrala, 2018).
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1.7 SUMMARY OF GENOTOXICITY FINDINGS LINKED TO ELF MFs 

Studies that investigated possible genotoxic effects of ELF MFs have been extensively reviewed by, e.g., 
IARC (2002), Juutilainen et al. (2006), Lai (2007), World Health Organization (WHO, 2007), Vijayalaxmi 
and Prihoda (2009), Luukkonen (2011) and Herrala (2018). In the reviewed studies, the assayed genotoxic 
endpoints mainly included DNA damage, DNA damage repair, micronucleus formation, aneuploidy, 
chromosomal aberration, sister chromatid exchange, and microsatellite mutations. 

IARC (2002) and WHO (2007) indicated the lack of evidence for a direct genotoxic effect from sole 
exposure to ELF MFs, except for extremely strong fields. However, in their meta-analysis, Juutilainen et 
al. (2006) reviewed experimental studies where MF exposure was combined with known genotoxic agents 
and found that most of the studies reported MF effects in such a combined setting. Interestingly, the reported 
effects followed a non-linear dose-response, showing a minimum percentage of findings at fields between 
1 and 3 mT. Therefore, they postulated that the RPM could be an explanation for such a biphasic dose-
response relationship. 

In their doctoral theses, Luukkonen (2011) and Herrala (2018) reviewed the studies investigating possible 
genotoxic effects of MFs published between 2006 and 2018. They concluded that co-exposure increases 
the likelihood of finding MF effects, particularly in fields with an intensity of ≤ 1 mT. In addition, it was 
indicated that there is an increased likelihood of observing MF effects in stronger fields or after prolonged 
exposure durations (longer than a week in animal studies; Herrala, 2018). 

For experimental genotoxicity studies published in 2018 or later, the literature was reviewed according to 
the methodology described in appendix 1. Twelve studies were published assaying genotoxic endpoints in 
response to ELF MFs (Table 2). Most of these studies were performed using mammalian cells at in vitro 
level. However, in their experiments, Heredia-Rojas et al. (2018) used male BALB/c mice. Wang et al. 
(2019) used Sprague-Dawley rats (in vivo) in addition to human AC16 cardiomyocytes (in vitro). 
Stankevičiūtė et al. (2019) used different species of aquatic animals. Saccharomyces cerevisiae yeast was 
used in three studies (Mercado-Sáenz et al., 2019, 2021; Burgos-Molina et al., 2020). Most of the studies 
used a frequency of 50 Hz. Other frequencies were 60 Hz (Heredia-Rojas et al., 2018; Song et al., 2018), 5 
Hz (Ross et al., 2018), and 25 Hz (Mercado-Sáenz et al., 2019, 2021). Experiments were performed at flux 
density between 0.005 and 6 mT. All of the studies were performed without co-exposures. Four studies 
reported that MFs increased genotoxicity (Heredia-Rojas et al., 2018; Stankevičiūtė et al., 2019; Samiei et 
al., 2020; Mercado-Sáenz et al. 2021), whereas two studies reported that MF exposure decreased 
spontaneous mutations and enhanced the DNA repair activity in Saccharomyces cerevisiae yeast. The other 
six studies indicated that MFs had no effect (Ross et al., 2018; Song et al., 2018; Sun et al., 2018; 
Verschaeve et al., 2019; Wang et al., 2019; Lv et al., 2021). In conclusion, the results of the reviewed 
studies are discrepant, and no consistent evidence was found for ELF MF genotoxic effects. 
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1.7.1 Effects of ELF MFs on gene transcription related to DNA damage signaling 
This section pays particular attention to the previous studies investigating the effect of MFs on the 
transcription of genes involved in DNA damage signaling. For this purpose, the literature has been reviewed 
according to the methodology described in Appendix 2. Twenty-nine published studies (Table 3) explored 
the transcription pattern of 19 genes (Fig. 2). Most of these studies were performed using mammalian cells 
at in vitro level. However, there were also in vivo studies, such as Li et al., 2014 (Danio rerio Zebrafish), 
Urnukhsaikhan et al. 2017 (C57B6 mice), and Wang et al., 2019 (Sprague-Dawley rats). In addition, Lin et 
al. (2016) used Saccharomyces cerevisiae yeast as a non-mammalian in vitro model. 

Most of the studies used the frequency of 50 Hz (22 out of 29). The other frequencies used were 60 Hz 
(Loberg et al., 1991; Huang et al., 2014a,b; Lee et al., 2015; Urnukhsaikhan et al., 2016, 2017) and 10 Hz 
(Ashta et al., 2020). Experiments were performed at flux densities between 0.0012 and 10 mT. Combining 
MFs with other agents was used in 11 out of the 29 studies, whereas 18 studies were conducted without co-
exposure. Co-exposures mainly included DNA-damaging chemicals such as cisplatin, bleomycin, and 
temozolomide.  

Sixteen studies (out of the 29) reported effects on DNA damage signaling-related gene transcription (either 
up- or down-regulation), while 13 studies did not report any effects. Interestingly, all studies that used co-
exposures (except Cheng et al., 2017) reported one or more events of altered gene transcription. However, 
notably, all studies that did not report any effect (except Cheng et al., 2017) were performed without co-
exposures. Increasing the intensity of the applied MFs did not seem to be associated with an increased 
likelihood of effects on gene transcription. In fact, the majority of the studies that reported no effects (7 out 
of 13) used a flux density > 1 mT, and the majority of the effect-reporting studies (9 out of 16) were 
performed at a flux density ≤ 1 mT. 

Overall, the results of the reviewed studies are contrasting, and drawing a definite conclusion is not fully 
supported. However, there seems to be a tendency that combining ELF MFs with DNA-damaging 
chemicals increases the likelihood of finding MF effects on the transcription of DNA damage signaling 
genes, especially at intensities ≤ 1 mT. This is, to some extent, in line with previous reviews (IARC, 2002; 
Juutilainen et al., 2006; WHO, 2007; Luukkonen, 2011; Herrala, 2018). 
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1.8 SUMMARY OF OXIDATIVE STRESS FINDINGS LINKED TO ELF MFs 

Studies that explored the effects of ELF MFs on oxidative stress-related endpoints have been extensively 
reviewed by, e.g., WHO (2007), Luukkonen (2011), Wang and Zhang (2017), and most recently, 
Schuermann and Mevissen (2021). In the reviewed studies, the assayed oxidative stress-related endpoints 
typically included free radical production, lipid peroxidation, total antioxidant status, levels of glutathione 
and oxidized glutathione, and the activity of oxidative stress-related enzymes (e.g., catalase, superoxide 
dismutase, peroxidase, or glutathione reductase). ELF MFs have been reported to increase oxidative stress 
in most of the investigations. This increase has been shown in mammalian cells, tissues of rats and mice 
exposed to MFs, and various non-mammalian test systems. However, it should be noted that fewer 
investigations indicated that MFs reduced or had no effect on oxidative stress (Wang and Zhang, 2017; 
Schuermann and Mevissen, 2021). 

The present section focuses on the studies investigating the effect of ELF MFs on the transcription of genes 
involved in oxidative stress, i.e., genes involved in the formation and metabolism of free radicals and 
defense against oxidative stress. For this purpose, the literature has been reviewed according to the 
methodology described in Appendix 2. Forty-nine published studies (Table 4) explored the transcription 
pattern of 48 genes (Fig. 3). Most of these studies were performed in vitro using mammalian cells (33 out 
of 49 studies). Two in vitro studies used budding yeast and Irpex lacteus fungi as non-mammalian models 
(Lian et al., 2018; Sun et al., 2019; respectively). Mammalian in vivo studies were in Sprague-Dawley rats 
(Falone et al., 2008; George et al., 2008; Zhuo et al., 2019; Wang et al., 2019), Wistar rats (Saadat et al., 
2010), CD1 mice (Mariucci et al., 2010; Villarini et al., 2013), and amyotrophic lateral sclerosis mouse 
models (Liebl et al., 2015). Non-mammalian in vivo studies used Drosophila larvae and flies (Tipping et 
al., 1999; Li et al., 2013; Zhang et al., 2016), Caenorhabditis elegans worms (Miyakawa et al., 2001; Wang 
et al., 2020), and galloprovincialis mussels (Malagoli et al., 2006). 

50 Hz was the predominantly investigated frequency. It was used in 38 out of the 49 studies. The other 
investigated frequencies were 60 Hz (Lin et al., 1998; Balcer-Kubiczek et al., 2000; Miyakawa et al., 2001; 
George et al., 2008; Lee et al., 2015; Kim et al., 2017), 75 Hz (De Mattei et al., 2009), 100 Hz (Akbarnejad 
et al., 2017), 16 Hz (Ehnert et al., 2017), 5 Hz (Vinhas et al., 2020) and 16.7 Hz (Groiss et al. 2021). Most 
of the studies were performed at a flux density ≤ 1 mT. However, 12 studies used a flux density > 1 mT 
(Balcer-Kubiczek et al., 2000; Miyakawa et al., 2001; De Mattei et al., 2009; Li et al., 2013; Lee et al., 
2015; Zhang et al., 2016; Akbarnejad et al., 2017; Lian et al., 2018; Sun et al., 2019; Zhou et al., 2019; 
Wang et al., 2020; Vinhas et al., 2020), and three studies were performed with flux densities below and 
above 1 mT (Czyz et al., 2004; Villarini et al., 2013; Groiss et al., 2021). Twenty studies (out of 49) 
combined MFs with other factors, while 29 studies were performed without any co-exposure. Co-exposures 
were, in most cases, factors known to induce oxidative stress, such as aluminum chloride, thermal stress, 
or lipopolysaccharide. 

Most of the studies (36 out of 49) found that MFs change the transcription of oxidative stress-involved 
genes, whereas 13 studies reported no effects. Unlike DNA damage signaling-related genes, combining 
MFs with other agents did not seem to be a prerequisite for observing an effect on oxidative stress-related 
genes. Indeed, the majority of the effect-reporting studies (20 out of 36) did not combine MFs with any 
other factor. Interestingly, upregulation was the more frequent direction of gene transcription alteration. 
There were 21 studies where only upregulation was reported (Lin et al., 1998; Miyakawa et al., 2001; 
Tokalov et al., 2003; Tokalov and Gutzeit 2004; Alfieri et al., 2006; Falone et al., 2007; Bernardini et al., 
2007; Gottwald et al., 2007; George et al., 2008; Villarini et al., 2013; Wang et al., 2014; Fan et al., 2015; 
Zhang et al., 2016; Ehnert et al., 2017; Kim et al., 2017; Akbarnejad et al., 2017; Costantini et al., 2019; 
Sun et al., 2019; Zhou et al., 2019; Wang et al., 2020; Groiss et al., 2021).On the other hand, eight studies 
reported sole downregulation (Tipping et al., 1999; Reale et al., 2006; Falone et al., 2008; Vianale et al., 
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2008; De Mattei et al., 2009; Aikins et al., 2017; Vinhas et al., 2020; Consales et al., 2021), and seven 
studies reported both up-and-down-regulations (Patruno et al., 2012; Li et al., 2013; Mahmoudinasab and 
Saadat 2016; Mahmoudinasab et al., 2016; Mahmoudinasab and Saadat 2018a; Mahmoudinasab and Saadat 
2018b; Patruno et al., 2020). Of notice is that most of the affected genes are found to be antioxidant genes 
whose upregulation is involved in defense against increased oxidative stress, suggesting exposure to MFs 
increases oxidative stress. 

Overall, because of the inconsistent findings (upregulations, downregulations, and no effects), drawing a 
definite conclusion is not totally justified; however, the results of the reviewed studies point to the 
possibility of increased oxidative stress by exposure to ELF MFs, and thus, to some extent, these results 
are in line with conclusions of previous reviews (Wang and Zhang, 2017; Schuermann and Mevissen, 
2021). 
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1.9 SUMMARY OF CIRCADIAN RHYTHM FINDINGDS LINKED TO ELF MFs 

The melatonin hypothesis (Stevens, 1987) was one of the first hypotheses suggesting that circadian rhythm 
disruption could explain possible association between exposure to weak MFs and cancer, primarily breast 
cancer (the risk of breast cancer was thought to be possibly increased by ELF MFs at that time). The premise 
of the melatonin hypothesis is that MFs might have an inhibitory effect on melatonin production. Melatonin 
is a hormone released by the pineal gland and has long been associated with controlling the sleep-wake 
cycle. Melatonin is a possible oncostatic molecule, and its altered levels are found in many diseases, 
including cancer (Hill et al., 2011; Jin et al., 2021). In addition to melatonin, cortisol is another universal 
marker of the circadian rhythm. Cortisol is a hormone released by the adrenal gland and regulated by the 
central circadian pacemaker in the hypothalamus. Cortisol is believed to play a substantial liaison role 
between the central and peripheral circadian clocks (Chan and Debono, 2010). In addition, cortisol is 
suggested to be involved in cancer development via stress-mediated mechanisms (Antonova et al., 2011). 
The effects of exposure to ELF MFs on melatonin and cortisol levels have been extensively studied, and 
results were largely contradictory (increased levels, decreased levels, and no effects) (see comprehensive 
reviews: Touitou and Selmaoui, 2012; Lewczuk et al., 2014; Bouché and McConway, 2019). These 
contradictory findings were reported in all test systems, including animals and in vitro pineal and adrenal 
glands models. Possible sources of discrepancy in results include differences in exposure parameters and 
potential interference with confounding factors such as light and variance of circadian phases during the 
exposures (Lewczuk et al., 2014; Kolbabová et al., 2015). 

CRYs are another suggested target of a possible MF action on the circadian system (Lagroye et al., 2011; 
Vanderstraeten et al., 2015; Juutilainen et al., 2018, Guerra et al., 2019). This suggestion arises from the 
magnetosensitive properties of the CRYs and their critical involvement in the circadian system (see section 
1.5). The evidence for the effects of ELF MFs on cryptochromes is not clear, and studies investigating these 
effects are few. Fedele et al. (2014) reported that Drosophila melanogaster exposed to 3 – 50 Hz MFs 
exhibited a CRY-dependent increase in locomotor activity and alterations in the circadian period length. In 
addition, Sherrard et al. (2018) found that the modulation of intracellular levels of ROS after exposure to 
10 Hz pulsed MFs was dependent on the presence CRYs in either Drosophila melanogaster or immortalized 
mouse embryonic fibroblasts. 

With regards to possible effects on circadian rhythm gene transcription, only two studies investigated the 
effect of MFs on the transcription of core circadian clock genes (Manzella et al., 2015; Lundberg et al., 
2019), and the results were contrasting (Table 5, Fig. 4). Manzella et al. (2015) reported that 50 Hz exposure 
at 0.1 mT for 1 or 48 h resulted in an alteration in the transcriptional oscillation of ARNTL, CRY1, CRY2, 
PER2, and PER3 in human dermal fibroblasts. On the other hand, Lundberg et al. (2019) found that 50 Hz 
exposure at 0.58 mT for 30 min did not affect the transcription of Cry1, Cry2, and Per1 in C57BL/6J mice. 
Besides, few studies investigated the effects of MFs on circadian rhythm-related genes (such as PRKAR1A, 
EGR1, CAMK2G, NCOA3, NKX2-5, TGFB1, STAT6, RORA, and RORC). These genes are nycthemeral, 
and their expressions are outputs of the circadian oscillation. From up- and down-regulations to no effects, 
the impact of MF exposure on these genes was largely inconsistent (Ventura et al., 2005; Girgert et al., 
2008; Hong et al., 2012; Nie et al., 2013; Seong et al., 2014; Golbach et al., 2015; Ledda et al. 2018; 
Costantini et al., 2019; Mahaki et al., 2019; Groiss et al. 2021) (Table 5, Fig. 4). Overall, the evidence for 
MF effects on circadian rhythm gene transcription is weak, primarily due to the paucity of the conducted 
investigations. 
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2 AIMS OF THE STUDY 
 

The present study aimed to increase the understanding of the mechanisms of possible carcinogenic effects 
of RF radiation and ELF MFs. The present study used different types of primary and secondary cells 
relevant to brain tumors and blood cancer (the two types of cancers epidemiological studies indicated that 
RF radiation and ELF MFs, respectively, were possibly associated with). In addition to studying the effects 
of sole exposures to RF fields or ELF MFs, these fields were combined with chemicals known to be 
genotoxic or oxidative stress-inducing. 

More specifically, the present study aimed at answering the following questions: 

1. Can RF radiation cause genotoxicity or induce genomic instability? 

2. Can ELF MFs cause genotoxicity or modify responses to chemically-induced DNA damage? 

3. Can ELF MFs affect ROS production or alter the mRNA levels of oxidative stress-related genes? 

4. Can ELF MFs alter the mRNA levels of circadian rhythm-related genes? 
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A B S T R A C T   

We investigated the effects of 50 Hz extremely low-frequency magnetic fields (MFs) on gene expression related to 
the circadian rhythm or DNA damage signaling and whether these fields modify DNA damage repair rate after 
bleomycin treatment. Murine FDC-P1 hematopoietic cells were exposed for different durations (15 min, 2 h, 12 h, 
and 24 h) to either 200 μT MFs or sham-exposures. Cells were then collected for comet assay or real-time PCR to 
determine immediate DNA damage level and circadian rhythm gene expression, respectively. To assess DNA- 
damage signaling and DNA repair rate, the cells were subsequently treated with 20 μg/mL bleomycin for 1 h 
and then either assayed immediately or allowed to repair their DNA for 1 or 2 h. We found that circadian rhythm- 
related genes were upregulated after 12 h of MF exposure and downregulated after 24 h of MF exposure, but 
none of the affected genes were core genes controlling the circadian rhythm. In addition, we found that the repair 
rate for bleomycin-induced damage was only decreased after MF exposure for 24 h. In conclusion, our findings 
suggest that the effects of MFs are duration-dependent; they were observed predominantly after long exposures.   

1. Introduction 

Humans are constantly exposed to extremely low-frequency (ELF) 
magnetic fields (MFs); these fields accompany all forms of electricity use 
and transmission. The International Agency for Research on Cancer 
(IARC) has classified ELF MFs as possibly carcinogenic to humans, class 
2B [1]. This classification was mainly based on reasonably consistent 
epidemiological findings suggesting an association between childhood 
leukemia and residential exposure to weak MFs (above 0.3−0.4 μT). 
However, evidence for carcinogenic effects from in vivo and in vitro 
studies is still inadequate. For these reasons, establishing a generally 
accepted biophysical mechanism that can explain the possible associa-
tion between carcinogenicity and MFs remains a high-priority research 
need. 

Circadian rhythm plays a vital role in regulating major cellular ac-
tivities; anomalies in these activities are associated with cancer devel-
opment and progression. At the molecular level, circadian rhythm 
primarily originates from the ~24-h oscillation in the products of eight 
core circadian clock genes, Arntl (also known as BMAL1), Clock, Cry1, 
Cry2, Csnk1e, Per1, Per2, and Per3. These genes are organized as an 
autonomous network and connected by a complex web of feedback 

loops [2]. Circadian rhythm influences a vast number of genes involved 
in both cell cycle and DNA damage responses [3,4]. More specifically, 
the circadian clock gates cells’ entry into S-phase, where DNA replicates, 
and gates the transition between G2-phase and M-phase, in which the 
cell mitotically divides [3]. The proper function of this cell-cycle control 
is central for preventing carcinogenicity-related effects: cell-cycle arrest 
allows for both the repair of possible DNA damage and for apoptosis to 
remove the harmful cells [5]. 

Previously, we hypothesized a link between cancer and exposure to 
environmental MFs [6]. The hypothesis proposes that the interaction 
between MFs and radical reactions in cryptochromes, magneto-sensitive 
flavoproteins, could disrupt circadian rhythm and alter the cell cycle. In 
turn, these changes could result in abnormal responses to DNA damage, 
the accumulation and persistence of mutations, and, eventually, cancer. 
Here, in murine hematopoietic FDC-P1 cells, we explored the expression 
of the eight core circadian genes and other 76 genes that are associated 
with circadian rhythm and contribute to a wide range of biological 
processes. Potential effects were investigated in response to short (15 
min), moderate (2 h), and long (12 h and 24 h) exposures to clarify 
whether different durations of MF exposure affect divergently circadian 
rhythm or DNA damage responses. To assess these responses, we 
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explored whether exposure to MF alone could damage DNA and whether 
pre-exposure to MFs could affect the level of DNA damage induced by 
bleomycin, a DNA strand-breaking chemical. In addition, we examined 
the possibilities that MFs might modify the rate of DNA repair after 
bleomycin-induced DNA damage or the expression of genes involved in 
DNA damage signaling. The experiments were performed using 50 Hz 
ELF MFs at 200 μT magnetic flux density, which is the reference level for 
general public exposure recommended by the International Commission 
on Non-Ionizing Radiation Protection [7]. 

2. Materials and methods 

2.1. Reagents 

Bleomycin (Cayman chemical company, Ann Arbor, Michigan, USA); 
D-glucose (ICN Biomedicals, USA); Ethanol (Altia, Rajamäki, Finland); 
Ethidium bromide (Sigma, USA); Ethylenediaminetetraacetic acid 
(EDTA) (Merck, Netherlands); Fetal bovine serum (FBS) (Gibco, South 
America); Low melting point agarose (LMPA) (Sigma, USA); N-Laur-
oylsarcosine sodium salt (SDS) (Sigma, UK); Normal melting point 
agarose (NMPA) (Bio Whittaker Molecular Application, Rockland, 
Maine, USA); Penicillin/streptomycin antibiotic solution (Gibco, USA); 
Potassium chloride (KCl) (Merck, Germany); Potassium dihydrogen 
phosphate (KH2PO4) (Merck, Germany); Sodium bicarbonate (NaHCO3) 
(Riedel-de Haën, Seelze, Germany); Sodium chloride (NaCl) (Fisher 
Scientific, UK); Sodium hydrogen phosphate (Na2HPO4) (Merck, Ger-
many); Sodium hydroxide (NaOH) (VWR Chemicals Prolabo, Czech 
Republic); Tris(hydroxymethyl)aminomethane (TRIS) (Sigma, USA); 
Triton x-100 (DOW chemicals, Midland, Michigan, USA). 

2.2. Cell culture 

We conducted experiments using factor-dependent continuous - 
Paterson 1 cells (FDC-P1) (ATCC® CRL-12103™). These cells originate 
from the bone marrow of Mus musculus mice (DBA/2). FDC-P1 cells are 
interleukin 3-dependent myeloid progenitor cells that differentiate to 
monocytes, the largest type of leukocytes (therefore, these cells are 
relevant for studying a mechanism on how MFs could cause childhood 
leukemia) [8]. Cells were grown in Dulbecco’s modified Eagle medium 

(Gibco, Paisley, UK) containing 4.5 g/l glucose. The medium was sup-
plemented with 10 % (V/V) heat-inactivated FBS, 50 U/mL penicillin, 
50 μg/mL streptomycin, and 10 % (V/V) interleukin 3-containing 
conditioned medium. The conditioned medium was collected by 
filtering the culture media of WEHI-3 cells (ATCC® TIB-68™). FDC-P1 
cells’ doubling time, ~11 h, was analyzed by counting cells using 
Bürker chambers and the Moxi Z automated cell counter (Orflo Tech-
nologies, Ketchum, Idaho, USA). Cells were subcultured every other day 
and maintained at a density between 1 × 105 and 1 × 106 cells/mL. For 
experiments, we used cells from passage numbers 5−15. Cells were 
plated 24 h before exposure in 24-well plates (Nunclon™ Delta Surface, 
Thermo Fisher Scientific, Roskilde, Denmark). Each cultured well in a 
plate contained 1 × 105 cells in 1 mL of complete medium. 

2.3. Sham and MF exposure 

The setup of the exposure system is presented in Fig. 1A. MF and 
sham exposures were done in two identical temperature-controlled and 
atmosphere-regulated cell culture incubators (+37 ◦C, 5% CO2; Pana-
sonic MCO-170AICUV, Panasonic Healthcare Co., Japan). The in-
cubators housed two identical coil systems that produce a horizontal 
MF. Each coil system was made of a cuboid graphite rack with inner 
dimensions of 36 cm height ×36 cm width ×26 cm depth (Fig. 1B). Each 
rack contained three coils, 13 cm apart from each other. The outermost 
coils had twelve turns of copper wire (1.5 mm diameter) each, while the 
coil in the middle had five turns. The coils were connected in series with 
two 1 Ω (tolerance ± 5%) resistors (Sfernice RPS500 DH). 

A 50 Hz sinusoidal signal was generated using a B&K Precision 5 
MHz function/arbitrary 4052 waveform generator (B&K Precision, 
Yorba Linda, California, USA) and amplified using a Europower EP4000 
power amplifier (Behringer, Willich, Germany). During the experiments, 
the magnetic flux density was set to 200 μT. Magnetic flux density was 
monitored using a TM-192 triaxial magnetic field meter (Tenmars 
Electronics Co., Taipei, Taiwan). The 24-well plates were positioned in 
the center of the coil system to guarantee either a uniform magnetic flux 
density or identical sham exposure conditions. The heterogeneity of the 
field in the area that contained the plates during exposures was < 2 % 
(measured using a Hirst single-axis PA1889 axial probe connected to a 
Hirst GM08 Gaussmeter, Hirst Magnetic Instruments Ltd, Cornwall, UK). 

Fig. 1. (A) Presentation of the exposure system setup and (B) Sketch diagram of the coil system.  
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In the incubators, the background low-frequency magnetic flux 
density was < 2 μT. The static geomagnetic field had a magnetic flux 
density of ~30 μT (measured using a Hirst single-axis fluxgate AFG100 
axial probe connected to a Hirst GM08 Gaussmeter). Fluke 52 K/J 
Thermometer (Fluke Co., Everett, WA, USA) indicated no differences in 
the temperatures between the two incubators upon applying the current. 
No mechanical vibrations were detected using a B&K 4366 accelerom-
eter (Brüel & Kjær, Nærum, Denmark) connected to Wärtsilä 7178D 
sound level meter (Wärtsilä, Helsinki, Finland). 

The exposure system also had a computerized blinding system built 
at our university. With each new exposure, the blinding software 
randomly applied current to only one of the two coil systems, and the 
other one served as a coil system for sham exposure. These random 
applications were automatically recorded and revealed only after 
endpoint measurement and data acquisition. 

2.4. Experimental protocol 

Fig. 2 is a graphical presentation of the used schedules for sham and 
MF exposures and chemical treatments. Cells were exposed to either MFs 
or sham exposure for 15 min (short duration), 2 h (moderate duration), 
12 h (long duration, about one doubling time of FDC-P1 cells), or 24 h 
(long duration, about two doubling times). After exposure, cells were 
snap-frozen in liquid nitrogen and stored at −80 ◦C for the later real- 
time quantitative polymerase chain reaction (RT-qPCR) to assay the 
expression level of the eight core circadian clock genes and other 76 
circadian rhythm related genes (Supplementary Table 1). 

For studying MFs’ effects on the level of DNA damage and DNA 
damage repair rate, exposed cells were either cultivated in fresh medium 
and immediately assayed for DNA damage via comet assay or chemically 
treated by bleomycin at a concentration of 20 μg/mL for 1 h. We used 
this bleomycin concentration and this relatively short bleomycin treat-
ment duration guided by the previous studies that assayed the 
bleomycin-induced DNA damage via comet assay [9,10] and by our 
preliminary experiments. After this, the bleomycin-treated cells were 
either immediately assayed for DNA damage or allowed to repair their 
DNA for 1 h or 2 h before the assay. 

When analyzing the expression of 84 DNA damage-signaling 

involved genes (Supplementary Table 2), attention was given to the 
24-h exposure duration because MFs significantly impaired the 
bleomycin-induced DNA damage repair rate only after this exposure 
duration. Thus, in DNA damage-signaling gene expression experiments, 
no 2-h exposure duration was applied. Instead, additional timepoints of 
bleomycin treatment for 15 min and 30 min were introduced after the 
24-h exposure duration. Moreover, the repair of bleomycin-induced 
DNA damage was allowed for 2 h in 12-h exposed cells, but for 1 h or 
2 h in 24-h exposed cells. 

2.5. RT-qPCR 

RNA extraction from the coded frozen-cell samples was carried out 
using the RNeasy® Mini Kit (QIAGEN, Hilden, Germany). The extracted 
RNA was examined for quantity and purity using an ultraviolet-visible 
spectrophotometer (NanoDrop® ND-1000, Thermo Fisher Scientific, 
Waltham, USA). Complementary DNA (cDNA) synthesis was carried out 
according to RT2 First Strand Kit instructions (QIAGEN Sciences, 
Maryland, USA). For gene expression assay, cDNA was stained with 
RT2® SYBR Green qPCR Mastermix (QIAGEN Sciences, Maryland, USA). 
The cycling program of LightCycler® 480 II (Roche Diagnostics, Basel, 
Switzerland) was set according to the RT2 Profiler™ PCR Array Hand-
book (QIAGEN Sciences, Maryland, USA). 

The LightCycler® 480 Software (Version 1.5, Roche Diagnostics, 
Basel, Switzerland) defined a crossing point (Cp) for each gene. Cp values 
were normalized to the average expression level of 5 housekeeping 
genes: Actb, B2m, Gapdh, Gusb, and Hsp90ab1. For exploring MFs’ effect 
on gene expression, the 2–ΔΔCp method was used to calculate MF/sham 
fold changes. We have reported all the statistically significant fold 
changes since the size of the MFs’ effect is generally rather small [1,6]. 

2.6. Comet assay 

We used comet assay, also known as single-cell electrophoresis assay, 
to assess DNA damage level and DNA damage repair rate. Comet assay 
was performed under alkaline conditions (electrophoresis buffer pH >
13) to detect and quantify single- and double-strand breaks [11]. At the 
beginning of the assay, cells were diluted in Hank’s balanced salt 

Fig. 2. Schedules for sham and MF exposures and bleomycin treatments. Experiments to determine (A) Circadian rhythm gene expression, (B) Gene expression 
related to DNA damage signaling, and (C) DNA damage and DNA damage repair. Arrows (↓) represent the time points at which the samples were collected. 
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solution (5.6 mM D-glucose, 5.3 mM KCl, 0.4 mM KH2PO4, 4 mM 
NaHCO3, 137 mM NaCl, 0.3 mM Na2HPO4) and centrifuged (200 g, 5 
min, 4 ◦C). Cells were resuspended in phosphate-buffered saline (2.7 
mM KCl, 1.5 mM KH2PO4, 137 mM NaCl, 8.1 mM Na2HPO4) to a final 
concentration of 1 × 106 cells/mL. Approximately 1.5 × 105 cells (15 μL 
of the suspension) were embedded into 75 μL 0.5 % LMPA, spread on 
microscopic slides pre-coated with a thin layer of 1% NMPA, covered 
with a coverslip, and placed on ice until the agarose solidified (at least 5 

min), then coverslips were removed. Slides were immersed in the lysis 
buffer (100 mM EDTA, 1% SDS, 2.5 M NaCl, 10 mM TRIS, and 1% Triton 
x-100) to be kept in the dark at 4 ◦C for 1 h. Subsequently, slides were 
placed into a covered tank containing the electrophoresis buffer (1 mM 
EDTA and 300 mM NaOH) for 25 min at ambient temperature to unwind 
DNA. Electrophoresis was run for 45 min at 24 V (0.6 V/cm) and 380 
mA. Slides were then transferred in a dark box for neutralization (0.4 M 
TRIS buffer, pH 7.5, 3 × 5 min) and fixation (96 % ethanol, 1 min). 

Table 1 
Genes related to circadian rhythm that were dysregulated by exposure to MFs for different durations. Mean fold changes (MF/sham) ± SEM from three independent 
experiments are presented for each gene.  

MF Downregulated genes Upregulated genes 

15 min Arntl2 0.540 ± 0.012** 
Chrnb2 1.448 ± 0.034* 
Csnk2a2 1.116 ± 0.028* 

2 h – – 

12 h – Bhlhe40 1.229 ± 0.048*, Csnk1d 1.172 ± 0.03*   
Esrra 1.509 ± 0.057**, Fbxl3 1.240 ± 0.048*   
Mapk1 1.291 ± 0.034*, Mapk14 1.192 ± 0.045*   
Mapk3 1.286 ± 0.04*, Nfil3 1.194 ± 0.046*   
Prkaca 1.153 ± 0.01*, Prkacb 1.178 ± 0.039*   
Prkar2b 1.331 ± 0.042*, Slc9a3 2.875 ± 0.484*   
Smad4 1.090 ± 0.013*, Stat5a 1.095 ± 0.007**   
Timeless 1.103 ± 0.018*, Wee1 1.181 ± 0.043* 

24 h Camk2b 0.762 ± 0.019* –  
Csnk1d 0.914 ± 0.006**   
Ppargc1a 0.970 ± 0.004*   
Prkar2a 0.922 ± 0.002**   
Rora 0.841 ± 0.01*   
Slc9a3 0.792 ± 0.042*  

* = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 

Table 2 
Genes related to DNA damage signaling that were dysregulated after exposure to MFs upon different experimental conditions. Mean fold changes (MF/sham) ± SEM 
from three independent experiments are presented for each gene.  

Exposure parameters 
Downregulated genes Upregulated genes 

MF Bleomycin DNA repair 

15 min 
w/o n/a Msh2 0.865 ± 0.025* Prkdc 1.144 ± 0.029* 

60 min n/a Exo1 0.964 ± 0.008* – 

12 h 

w/o n/a Ercc1 0.967 ± 0.007* 
– 

Fancc 0.932 ± 0.014* 

60 min 
n/a Xrcc1 0.974 ± 0.04* 

Brca1 1.023 ± 0.003* 
Nthl1 1.052 ± 0.004** 
Topbp1 1.047 ± 0.009* 

2 h – Mif 1.073 ± 0.01* 

24 h 

w/o n/a 

Blm 0.965 ± 0.006* 

Nbn 1.114 ± 0.023* 
Cdc25a 0.930 ± 0.004** 
Rad9a 0.938 ± 0.007* 
Xrcc2 0.913 ± 0.012* 

15 min n/a 
Brip1 0.851 ± 0.018* Ercc1 1.117 ± 0.018* 

Pttg1 0.870 ± 0.007** 
Rad9a 1.128 ± 0.024* 
Ung 1.168 ± 0.034* 

30 min n/a – – 

60 min 

n/a – 

Atrx 1.074 ± 0.014* 
Bax 1.071 ± 0.009* 
Pole 1.074 ± 0.009* 
Rad50 1.112 ± 0.02* 

1 h 
Mbd4 0.878 ± 0.024* Atrx 1.053 ± 0.009* 

Pttg1 0.880 ± 0.017* 
Mcph1 1.063 ± 0.009* 
Mdc1 1.046 ± 0.007* 

2 h – 
Hus1 1.039 ± 0.009* 
Rad51c 1.051 ± 0.007* 
Smc3 1.066 ± 0.01* 

* = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 
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For the analysis, slides were coded and stained with 20 μg/mL 
ethidium bromide. Fluorescent visualization of the nuclei was done by 
Carl Zeiss AxioImager A1 microscope (Axio Imager A1, Carl Zeiss, 
Göttingen, Germany). One hundred nuclei were analyzed per sample. 
The analysis was performed using Comet assay IV image analysis soft-
ware (Perceptive Instruments, Haverhill, UK). Olive tail moment (OTM; 
a measure of tail length × a measure of DNA in the tail) was used as a 
DNA damage parameter. 

3. Statistical analyses 

We used two-way and three-way analyses of variance in the IBM® 
SPSS® Statistics package (version 25, SPSS Inc, Chicago, Illinois, USA) 
to statistically analyze gene expression level, DNA damage level, and the 
repair rate of DNA damage. In these analyses, the replicate effect was 
considered a random factor. MF exposure and DNA damage repair times 
were regarded as fixed factors, and ΔCp or the normalized OTM was set 
as the dependent variable. MF-exposed and sham-exposed cells were 
compared pairwise using Fisher’s Least Significant Difference (LSD) 
post-hoc analysis. All results are from three independent experiments. A 
p-value of less than 0.05 was considered statistically significant. 

4. Results 

4.1. Circadian rhythm-related genes 

Compared to sham exposure, MF exposure resulted in 25 statistically 
significant dysregulation events in 23 circadian rhythm-related genes 
(Table 1). However, none of these genes was a core gene for circadian 
rhythm. There were 7 downregulations and 18 upregulations. In 
response to 15-min MF exposure, 1 gene was downregulated, and 2 

genes were upregulated. MF exposure for 2 h did not affect gene 
expression levels. However, interestingly, a total of 16 genes were 
upregulated after 12 h of MF exposure. The effect of 24-h MF exposure 
was in the opposite direction; the 6 affected genes were all down-
regulated. Two of the dysregulated genes, Csnk1d and Slc9a3, showed 
altered expression levels after both 12 h and 24 h of MF exposure. 

4.2. DNA damage signaling-related genes 

Affected genes related to DNA damage signaling were scattered 
across all MF exposure durations and time points of bleomycin treatment 
and DNA damage repair (Table 2). Despite various experimental set-
tings, MF exposures resulted only in 32 statistically significant dysre-
gulation events in 28 genes compared to sham exposure. There were 13 
downregulations and 19 upregulations. Four of the dysregulated genes, 
Atrx, Ercc1, Pttg1, and Rad9a, showed altered expression levels after 
different experimental settings. 

4.3. DNA damage level and DNA damage repair rate 

Pre-exposure to MF did not affect the level of DNA damage imme-
diately after bleomycin treatment compared to bleomycin treatment 
alone (Fig. 3A: 15 min MF (p = 0.781), Fig. 3B: 2 h MF (p = 0.556), 
Fig. 3C: 12 h MF (p = 0.051), Fig. 3D: 24 h MF (p = 0.752)). However, 
pre-exposure to MF for 24 h significantly decreased the repair rate of 
bleomycin-induced DNA damage (Fig. 3D, p = 0.025). In addition, 24-h 
MF pre-exposure increased the level of bleomycin-induced DNA damage 
after 2 h of repair time (Fig. 3D, p < 0.001). Such an effect was not seen 
for other exposure durations. Importantly, exposure to MFs alone 
affected neither DNA damage levels nor DNA damage repair rate (Fig. 3 
A, B, C, and D). 

Fig. 3. Levels of DNA damage and repair rates in FDCP-1 cells after exposure to MFs or sham exposure for (A) 15 min, (B) 2 h, (C) 12 h, and (D) 24 h, with or without 
bleomycin (BLM) treatment. OTMs represent the mean of 300 nuclei; each error bars indicate SEM from three independent experiments. Thus, 100 nuclei were scored 
per sample in each experiment. The symbol] represents the overall effect of MF exposure. * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 
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5. Discussion 

Here, we investigated the effects of ELF MF exposure duration on the 
expressions of genes related to circadian rhythm and DNA damage 
signaling, in addition to evaluating whether DNA damage responses 
were modified in FDC-P1 cells. The results indicate that the duration of 
MF exposure was a decisive factor for the effects observed in the DNA 
repair rate and the expression of genes related to circadian rhythm (but 
not in core circadian rhythm genes). However, only sporadic MF effects 
were found in genes related to DNA damage signaling. 

An important finding of this study was that the expressions of 
circadian rhythm-related genes were affected differently by the applied 
MF exposure durations (15 min., 2 h, 12 h, and 24 h). While only three 
genes showed dysregulation after MF exposure for up to 2 h, most of the 
alterations in expressions occurred following 12 h and 24 h of exposure. 
The changes induced after the 12-h exposure were consistent; they were 
all upregulations. The effect of 12-h MF exposure did not seem to be 
persistent; the upregulations caused by 12-h MF exposure were not 
detected after 24-h MF exposure. On the other hand, the effect of 24-h 
MF exposure was in the opposite direction; the changes caused by 24- 
h MF exposure were all downregulations. This pattern of up- then 
downregulation responding to extending MF exposure duration in-
dicates a systematic shift in gene expression levels. Interestingly, 
although the expressions of these circadian-rhythm genes were affected 
in a patterned manner after 12 h and 24 h of MF exposures, none of the 
eight core genes were affected by any of the four exposure durations. 
This suggests that the observed changes after 12 h and 24 h of MF ex-
posures are not likely to have originated from the circadian rhythm itself 
(the core genes regulate it). Therefore, we investigated the affected 
circadian rhythm-related genes using the GenBank® (www.ncbi.nlm. 
nih.gov/genbank) and GeneCards® (www.genecards.org) online plat-
forms and noted that many of these genes are also involved in other 
cellular processes such as apoptosis, cell differentiation, and oxidative 
stress. In particular, we identified several genes involved in oxidative 
stress, e.g., Arntl2, Chrnb2, Mapk14, Smad4, Rora, and Slc9a3 (NHE3). 
The possible role of oxidative stress in our observed changes is also 
supported by the finding that Slc9a3, the most affected gene after both 
12 h and 24 h of MF exposure, has been shown to be involved in 
mitochondrial-mediated oxidative stress [12]. As Slc9a3 gene expression 
was upregulated after 12-h MF exposure and downregulated after 24-h 
exposure, this possibly indicates a shift in the mitochondrial oxidative 
status. Taken together, our results suggest the involvement of other 
events than circadian rhythm disruption in MF-induced effects. 

Interestingly, MF-exposure duration was also a key player in the 
repair rate of bleomycin-induced DNA damage. Our results demon-
strated that the longest MF-exposure duration (24 h) decreased the rate 
of DNA repair. We did not observe any effects on repair rates for shorter 
exposures (15 min., 2 h, and 12 h). Although the majority of the previous 
studies have not reported any effects of MFs on DNA repair (e.g., 
[13–15]), two studies [16,17] have shown that MFs can modify the rate 
of repair after chemically induced DNA damage in mammalian cells. In 
these two studies (similarly to the present one), the duration of MF 
exposure was 24 h, and it preceded the chemical treatment. Noticeably, 
the direction of the MF effect contradicts in these previous studies. 
Robison et al. [16] found MFs to decrease the repair rate of hydrogen 
peroxide-induced DNA damage in HL-60 cells and HL-60R cells, and 
Luukkonen et al. [17] reported an enhancement of menadione-induced 
DNA damage repair rate in human neuroblastoma SH-SY5Y cells. While 
the present results support the findings of Robison et al. [16], the dif-
ferences in used co-exposure agents, MF flux densities, and cells between 
the studies may account for the observed differences. 

The MF-induced changes in the expressions of genes related to DNA 
damage signaling were generally of small size and sporadic. At first 
glance, there is an apparent controversy in our findings: no systematic 
MF effects on DNA-damage signaling genes were observed, but a 
decreased DNA repair rate of bleomycin-induced damage by 24-h MF 

exposure was found. However, individual gene-expression changes may 
explain this controversy. Indeed, all three genes (Atrx, Pttg1, and Rad9a) 
that were affected more than once under the different experimental 
conditions of 24-h MF exposure are explicitly related to bleomycin- 
induced DNA damage [18–20]. Although we carefully selected the 
sample-collection times based on the literature (e.g. [21,22],), another 
possible explanation for this controversy is that these time points were 
inadequate for detecting maximal gene expression-level: several of the 
DNA-damage responses are relatively rapid, and their expression levels 
oscillate quickly [21]. In addition to the present findings, these oscil-
lations may also explain, in part, controversies in the current literature 
concerning gene- and protein-level responses to MFs [23–26]. It is also 
important to note that, in general, our gene expression-level findings 
(both for DNA damage signaling- and for circadian rhythm-related 
genes) were of small in magnitude. Thus, the biological significance of 
the current findings needs to be clarified by further studies. 

In the present study, we evaluated important steps of our previously 
suggested hypothesis for environmental magnetocarcinogenesis. This 
hypothesis [6] proposes that the MF-cryptochromes interaction could 
disrupt circadian rhythm, alter the cell cycle, and in turn, could impair 
DNA damage responses. Other research groups have also hypothesized 
cryptochromes to be target molecules for MF interactions [27,28]. 
However, here we found no impact of MFs on the 
cryptochrome-encoding genes, Cry1 and Cry2. Therefore, concerning 
experimental studies on mammalian models, our present findings sup-
port the previous in vivo results [29] but are inconsistent with earlier in 
vitro findings on altered Cry1 and Cry2 expression levels by MFs [30]. It 
should be noted that the above studies vary significantly in experimental 
protocols and the biological models used (compared to each other and 
the present study). Thus, definite conclusions are not yet possible. 
However, as we did not observe any MF effects on the expressions of 
Cry1 and Cry2 (or other core circadian-rhythm genes), our results point 
to a direction that other mechanisms than circadian rhythm disruption 
are involved in possible carcinogenic effects of MFs. 

6. Conclusion 

In the present study, exposure to MFs did not affect the expression 
levels of core circadian-rhythm genes, suggesting that cellular responses 
to MFs do not originate from the circadian rhythm itself. No systematic 
effects of MFs were observed at any of the analyzed endpoints after 15 
min and 2 h exposures. However, exposure to MFs for 12 h and 24 h 
caused patterned responses in circadian rhythm-related genes. In addi-
tion, the 24-h MF exposure decreased the repair rate of bleomycin- 
induced DNA damage. Taken together, the present results indicate 
that MF exposure duration is a crucial factor for eliciting biological re-
sponses in murine FDC-P1 hematopoietic cells. 
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[10] M. Milić, N. Kopjar, Evaluation of in vitro genotoxic activity of bleomycin and 
mitomycin C in human lymphocytes using the alkaline comet assay, Arh. Hig. Rada 
Toksikol. 55 (2004) 249–259. PMID: 15584551. 

[11] N.P. Singh, M.T. McCoy, R.R. Tice, E.L. Schneider, A simple technique for 
quantitation of low levels of DNA damage in individual cells, Exp. Cell Res. 175 
(1988) 184–191, https://doi.org/10.1016/0014-4827(88)90265-0. 

[12] Z. Jia, Y. Zhuang, C. Hu, X. Zhang, G. Ding, Y. Zhang, R. Rohatgi, H. Hua, S. Huang, 
J.C.J. He, A. Zhang, Albuminuria enhances NHE3 and NCC via stimulation of 
mitochondrial oxidative stress/angiotensin II axis, Oncotarget 7 (2016) 
47134–47144, https://doi.org/10.18632/oncotarget.9972. 

[13] G. Giorgi, M. Lecciso, M. Capri, S. Lukas Yani, A. Virelli, F. Bersani, B. Del Re, An 
evaluation of genotoxicity in human neuronal-type cells subjected to oxidative 
stress under an extremely low frequency pulsed magnetic field, Mutat. Res. - Genet. 
Toxicol. Environ. Mutagen. 775–776 (2014) 31–37, https://doi.org/10.1016/j. 
mrgentox.2014.10.003. 

[14] K. Mizuno, E. Narita, M. Yamada, N. Shinohara, J. Miyakoshi, ELF magnetic fields 
do not affect cell survival and DNA damage induced by ultraviolet B, 
Bioelectromagnetics 35 (2014) 108–115, https://doi.org/10.1002/bem.21821. 

[15] L. Woodbine, J. Haines, M. Coster, L. Barazzuol, E. Ainsbury, Z. Sienkiewicz, 
P. Jeggo, The rate of X-ray-induced DNA double-strand break repair in the 
embryonic mouse brain is unaffected by exposure to 50 Hz magnetic fields, Int. J. 
Radiat. Biol. 91 (2015) 495–499, https://doi.org/10.3109/ 
09553002.2015.1021963. 

[16] J.G. Robison, A.R. Pendleton, K.O. Monson, B.K. Murray, K.L. O’Neill, Decreased 
DNA repair rates and protection from heat induced apoptosis mediated by 
electromagnetic field exposure, Bioelectromagnetics 23 (2002) 106–112, https:// 
doi.org/10.1002/bem.103. 
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Do 50/60Hz magnetic fields influence oxidative or DNA damage responses in
human SH-SY5Y neuroblastoma cells?

Ehab Mustafaa , Leonardo Makinistianb , Jukka Luukkonena , Jukka Juutilainena , and
Jonne Naaralaa

aDepartment of Environmental and Biological Sciences, University of Eastern Finland, Kuopio, Finland; bDepartment of Physics, Institute of
Applied Physics (INFAP), Universidad Nacional de San Luis-CONICET, San Luis, Argentina

ABSTRACT
Purpose: We investigated the possible effects of 50 and 60Hz magnetic fields (MFs) on reactive
oxygen species (ROS) production, DNA damage, DNA damage repair rate, as well as gene expres-
sion related to oxidative stress and DNA damage signaling.
Materials and methods: Human SH-SY5Y neuroblastoma cells were sham-exposed or exposed to
100 mTRMS MFs for 24 h, then assayed or further treated with 100mM menadione for 1 h before the
assay. The levels of ROS and cytosolic superoxide anion (O2

�–) were assayed fluorometrically. DNA
damage and gene expression were assayed by comet assay and RT-qPCR, respectively. To examine
whether MFs affected DNA damage repair rate, cells were allowed to repair their DNA for 1 or 2 h
after menadione treatment and then assayed for DNA damage.
Results: There was suggestive evidence of a general low-magnitude increase in the expression of
ROS-related genes (primarily genes with antioxidant activity) when quantified immediately after
MF exposure, suggesting a response to a small increase in ROS level. The possible upregulation of
ROS-related genes is supported by the finding that the level of menadione-induced ROS was con-
sistently decreased by 50Hz MFs (not significantly by 60Hz MFs) in several measurements
30–60min after MF exposure. MF exposures did not affect cytosolic O2

�– levels, DNA damage, or
its repair rate. Changes in the expression of DNA damage-signaling genes in the MF-exposed cells
did not exceed the expected rate of false-positive findings. No firm evidence was found for differ-
ential effects from 50 vs. 60Hz MFs.
Conclusions: While only weak effects were found on the endpoints measured, the results are con-
sistent with MF effects on ROS signaling.
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Introduction

Humans are ubiquitously exposed to environmental
extremely low-frequency (ELF) magnetic fields (MFs) from
electricity use and transmission. Over the last decades, ques-
tions have been raised about the health consequences of
exposure to these fields. Epidemiological studies have rather
consistently reported an increased risk of childhood leuke-
mia associated with residential exposure to weak MFs with
magnetic flux density above 0.3–0.4 mT from power lines
(Ahlbom et al. 2000). These epidemiological findings were
the main reason that prompted the International Agency for
Research on Cancer (IARC) to classify ELF MFs as possibly
carcinogenic to humans (IARC 2002). However, in vitro and
animal studies provided inadequate evidence for carcino-
genic effects. In addition, after almost two decades since the
IARC classification, there is still no generally accepted
mechanism shown to underlie the possible association
between exposure to ELF MFs and cancer. Among the most

plausible primary mechanisms is the so-called radical pair
mechanism (Hore and Mouritsen 2016). This mechanism
provides a physicochemical link between MFs and radical
reactions, which have many essential roles in biology. Much
of the discussion on the role of radicals in ELF MF effects
focus on reactive oxygen species (ROS) and oxidative stress
(the imbalance between oxidants and antioxidants in favor
of the former).

As ROS can damage macromolecules, including DNA,
MF-induced oxidative stress offers a seemingly simple
explanation for the possible carcinogenic effects of ELF MFs.
There is, however, a major problem with this explanation:
the expected magnitude (as predicted by the radical pair
mechanism) of the effect of environmental ELF MFs on the
radical levels is small (Hore 2019), and it is hard to see how
weak environmental fields could cause biologically meaning-
ful changes in radical levels in the presence of the relatively
strong geomagnetic field (Juutilainen et al. 2018). Therefore,
if ELF MFs cause detectable effects on cellular ROS levels,
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such effects are likely to be secondary changes rather than a
direct consequence of altered radical yield through the rad-
ical pair mechanism. A plausible sequence of events might
include detecting the MF by biological molecules involving
radical pairs and consequent changes in cellular signaling
(Juutilainen et al. 2018). ROS have multiple roles in cell sig-
naling, including DNA damage signaling (Shackelford et al.
2000; Sancar et al. 2004; Wang et al. 2016; Mori et al. 2017).
The size of MF effect on ROS has generally been small in
our previous studies (Luukkonen et al. 2014; Kesari et al.
2015, 2016; H€oyt€o et al. 2017) and other studies reporting
ELF MF effects on ROS (Mattsson and Simk�o 2014;
Juutilainen et al. 2018), suggesting MF effects on ROS sig-
naling rather than induction of oxidative stress. However,
these studies have not directly addressed ELF MF effects on
the ROS signaling pathway.

In this study, we investigated whether ELF MFs could
affect the ROS signaling pathway by assaying the expression
of genes related to ROS formation, ROS metabolism, and
defense against oxidative stress. We also examined the pos-
sible effects of ELF MFs on the levels of ROS and cytosolic
superoxide anion radical (O2

�–) and explored whether ELF
MFs could induce DNA damage or influence DNA damage
repair or gene expression related to DNA damage signaling.
All our previous studies were conducted using 50Hz MFs.
As frequency-specific effects could potentially help to under-
stand different responses to ELF MFs and the (static) geo-
magnetic field, experiments in the present study included
both 50 or 60Hz, the two power-line frequencies used in
different countries around the world. In our experiments,
we used human SH-SY5Y neuroblastoma cells, a widely
used in vitro model in studies investigating the biological
effect of MFs (Calabr�o et al. 2013; Luukkonen et al. 2014;
Vergallo et al. 2014; Benassi et al. 2016; H€oyt€o et al. 2017).
The flux density of the applied MFs was 100 mTRMS, chosen
based on previous studies in which this flux density modi-
fied biological responses in SH-SY5Y cells (Markkanen et al.
2008; Luukkonen et al. 2011, 2014, 2017; Kesari et al. 2015;
H€oyt€o et al. 2017). In addition to exploring the effects of
exposure to sole MFs, we examined whether MFs can alter
cellular responses to menadione (a chemical known to
induce intracellular ROS production and cause
DNA damage).

Materials and methods

Cell culture

We conducted the experiments using human SH-SY5Y
neuroblastoma cells (obtained from Dr. Sven Påhlman,
University of Uppsala, Sweden). Cells were grown in
Dulbecco’s modified Eagle medium containing 4.5 g/l glu-
cose (Gibco, Paisley, UK) and supplemented with 10% v/v
heat-inactivated fetal bovine serum, 50U/ml penicillin, and
50 mg/ml streptomycin. Cell cultures were maintained at a
density between 1 and 2.5� 105 cells/cm2 in 75 cm2

EasYFlaskTM cell culture flasks (Nunclon, Roskilde,
Denmark) and kept in a humidified atmosphere containing
5% CO2 at 37 �C in a Panasonic MCO-170AICUV cell

culture incubator (Panasonic Healthcare Co., Japan). Cells
were subcultured every 3–4 days and harvested with 0.02%
w/v Ethylenediaminetetraacetic acid (EDTA) in phosphate
buffer saline (PBS; 2.7mM KCl, 1.5mM KH2PO4, 137mM
NaCl, 8.1mM Na2HPO4), w/o Caþ2 and Mgþ2. The count
and viability of the cells were determined with LUNA-IITM

automated cell counter (Logos Biosystems, Gyeonggi-do,
South Korea) after staining with 0.4% trypan blue.

For the experiments, cells were cultured 24h before the
exposure. In gene expression and comet assay experiments, a
count of 2� 106 cells was seeded in 5ml media per dish
(60� 15mm NunclonTM Delta cell culture dish, Nunclon,
Roskilde, Denmark). For assaying the levels of ROS and cyto-
solic O2

�–, a count of 1� 105 cells was seeded in 0.5ml medium
per well in CostarVR 48-well plates (Corning, NY, USA).

Exposure of the cells

A comprehensive description of the exposure system and its
integrated computerized blinding system was previously
reported in our earlier paper (Mustafa et al. 2021). Briefly,
an identical pair of three square copper coil systems in a
Merritt-like configuration generated horizontal MFs. These
two coils systems were housed in two identical Panasonic
MCO-170AICUV cell culture incubators where the tempera-
ture and atmosphere were monitored and autoregulated
(þ37 �C, 5% CO2).

Sinusoidal MF signal (at 50 or 60Hz) was generated and
amplified by BK4052 5MHz Waveform Generator (B&K
Precision, California, USA) and EP4000 Power Amplifier
(Behringer, Willich, Germany), respectively. For cell exposure,
the magnetic flux density was set to 100 mTRMS and moni-
tored with TM-192 triaxial MF meter (Tenmars, Taipei,
Taiwan). The flux density of the background low-frequency
MFs in the incubators was <2 mTRMS. The maximum static
geomagnetic field in the incubators was perpendicular to the
applied MFs, and its intensity (�30 mT) was measured with
GM08 Gaussmeter (Hirst, Cornwall, UK). The culture vessels
were placed in the center of the coil systems to ensure a uni-
form MF exposure and identical condition for sham expos-
ure. Field homogeneity in the position of culture vessels was
>98%. The temperature was monitored with a 52K/J digital
thermometer (Fluke, Washington, USA), and no difference
between the exposure incubators was observed during the
experiments. No mechanical vibration was detected by B&K
4366 accelerometer (Bruel & Kjaer, Naerum, Denmark). In
every new experiment, the computerized blinding system ran-
domly selected one of the two coil systems to apply the cur-
rent. The other coil system served as a sham exposure unit
with no current flowing in the coils. The blinding system ran-
dom selections were automatically recorded to be revealed
after sample analyses.

Experimental protocol

A flowchart of the experimental procedures is presented in
Figure 1. Cells were exposed to sham exposure or 50/60Hz
MFs for 24 h. For assaying the expression of 84 oxidative
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stress-related genes (QIAGEN PAHS-065YA RT2 Profiler
PCR Array; Supplementary Table 1) and 84 DNA damage-
signaling involved genes (QIAGEN PAHS-029ZA RT2

Profiler PCR Array; Supplementary Table 2), cells were col-
lected after exposure for reverse transcription-quantitative
real-time polymerase chain reaction (RT-qPCR) or further
treated with 100 mM menadione for 1 h, then collected.

The fluorometric probes 20,70-dichlorodihydrofluorescein
diacetate (DCFH-DA; Invitrogen, California, USA) and
Dihydroethidium (DHE; Sigma, Buchs, Switzerland) were
used to assay the production of ROS and cytosolic O2

��,
respectively. In these experiments, the exposed cells were
treated with menadione for 30, 40, 50min, or 1 h, then
assayed. According to the fluorescent probe manufacturers,
cells should be incubated with the probes for at least 30min
before the measurement. Thus, loading the cells with the
probes and the chemical treatment started simultaneously.

To explore the effect of MFs on DNA damage level, the
exposed cells were assayed immediately via comet assay or
further incubated in menadione-free or menadione-contain-
ing media for 30min or 1 h, then assayed. For investigating
whether MFs modify the repair rate of DNA damage
induced by menadione, cells were incubated in fresh media
for 1 or 2 h to allow for DNA repair after chemical treat-
ment, then assayed for DNA damage.

The menadione treatment parameters used in the present
study were selected based on preliminary experiments and
previous studies investigating co-exposure effects using
menadione as DNA damaging/ROS-inducing agent
(Luukkonen et al. 2011, 2017; Kesari et al. 2015, 2016).

RT-qPCR

Cells were collected by scraping in PBS w/o Caþ2 or Mgþ2,
centrifuged, snap-frozen in liquid nitrogen, and stored at
�80 �C for the later RNA extraction. As in our earlier study
(Mustafa et al. 2021), RNA was extracted using RNeasyVR

Mini Kit (QIAGEN, Hilden, Germany) and assayed for pur-
ity and quantity with NanoDropVR ND-1000 ultraviolet-vis-
ible spectrophotometer (ThermoFisher Scientific, Waltham,
USA). The extracted RNA was reverse transcripted into
Complementary DNA (cDNA) using RT2 First Strand Kit
(QIAGEN, Maryland, USA). The synthesized cDNA was

then used as a template for SYBR-Green I fluorescence-
based qPCR reactions. The reactions were run as instructed
by RT2 ProfilerTM PCR Array Handbook in LightCyclerVR

480 II (Roche, Basel, Switzerland). At the end of each run,
LightCyclerVR software determined a quantification cycle (Cq)
value for every assayed gene. These values were normalized
to the average expression of five reference genes: ACTB,
B2M, GAPDH, HPRT1, and RPLP0. The 2�DDCq method (as
originally described by Livak and Schmittgen 2001) was
used to calculate gene expression fold changes (MF/sham).

Fluorometric assay of ROS and cytosolic O2
�2

After sham or MF exposure, cells were washed and then
loaded with the fluorescent probes in the absence or the
presence of menadione. DCFH-DA (40mM) was used as a
fluorescent probe to measure ROS level at 485/535 nm exci-
tation/emission wavelengths. DHE (10mM) was used as a
fluorescent probe to measure the levels of cytosolic O2

�� at
492/595 nm. Of notice, DCFH-DA is poor at detecting O2

��

(LeBel et al. 1992); thus, DHE was used as a specific probe
for cytosolic O2

��. The fluorometric measurements were
done with InfiniteVR 200 PRO microplate reader (Tecan,
M€annedorf, Switzerland). The measured fluorescence inten-
sity was expressed in relative fluorescence units (RFUs) by
MagellanTM data analysis software (Tecan, M€annedorf,
Switzerland).

Comet assay

Comet assay or single cell gel electrophoresis was performed
to evaluate DNA damage and its repair rate. A detailed
description of the procedures and reagents used in the assay
was previously reported in our earlier paper (Mustafa et al.
2021). Briefly, cells were scrapped, centrifuged, and resus-
pended in PBS w/o Caþ2 and Mgþ2 at a final concentration
of 1� 106 cells/ml. From each sample suspension, 15 ml
(�1.5� 104 cells) were mixed with 75 ml 0.5% low melting
point agarose. These mixtures were spread using coverslips
on coded microscope slides precoated with a thin layer of
1% normal melting point agarose and left on ice for at least
5min to solidify. After that, coverslips were removed, and

Figure 1. Experimental procedures flowchart. The arrows (#) indicate the time points at which samples were collected to assay (A) gene expression, (B) ROS and
cytosolic O2

�� levels, and (C) levels of DNA damage and its repair rate; the end of incubation period with or without menadione (‘60min’) coincides with the ‘0 h’
of DNA damage repair.
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slides were immersed in Triton x-100 lysis buffer for 1 h at
4 �C in dark conditions. Thereafter, DNA was allowed to
unwind by placing the slides in the NaOH-based electro-
phoresis buffer at room temperature for 15min. The electro-
phoresis was run at 380mA and 24V (0.6V/cm) for another
15min using Horizon 20.25 Electrophoresis System (Life
Technologies, Baltimore, USA). The electrophoresis occurred
in an alkaline condition (pH > 13) to assay DNA single-
and double-strand breaks (Singh and Lai 1998).
Subsequently, slides were neutralized in trisaminomethane
buffer (pH 7.5, 3� 5min) and then fixed by immersion in
96% ethanol for 1min. For blinded analysis of the coded
slides, they were stained with 20mg/ml ethidium bromide
fluorescent dye. AxioImager A1 microscope (Carl Zeiss,
G€ottingen, Germany) was used. The microscope was con-
nected to Comet assay IV image analysis software
(Perceptive Instruments, Haverhill, UK). Olive tail moment
(OTM), a measure of tail length� a measure of DNA in the
tail, was used to indicate the extent of DNA damage.

Statistical analyses

As earlier (Mustafa et al. 2021), data were analyzed in IBMVR

SPSSVR data analysis software using two-way and three-way

ANOVA. The fixed factors were MF exposure, menadione
treatment duration, and DNA damage repair duration. The
dependent variables were normalized Cq values, RFUs, and
normalized OTMs. The replicate effect was considered a
random factor. Data were from 3 to 4 independent experi-
ments. p-Value <.05 was considered statistically significant.
In gene expression analyses, multiple testing correction of
the p-values was not used because the purpose of our study
was exploratory and hypothesis-generating (Streiner and
Norman 2011), aiming at identifying potential MF-respon-
sive genes for further studies.

Results

Oxidative stress-related genes

Clear responses to menadione were observed (Figure 2,
Supplementary Table 3). Four of the oxidative stress-related
genes studied showed either a statistically significant up-
regulation (DUSP1, HSPA1A, SQSTM1) or down-regulation
(FHL2) to menadione in all exposure conditions (with or
without MFs). Most of the genes that were statistically sig-
nificantly up- or down-regulated in only some of the condi-
tions showed small fold changes (<2.0), so the differences
in statistical significance are most likely due to chance (false

Figure 2. Oxidative stress-related genes showing statistically significant changes in response to menadione treatment with or without MF exposure. The asterisk (�)
indicates changes (up- or down-regulation) of >2-fold changes.
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positive or false negative findings in some of the condi-
tions). A suggestive modification of the menadione effect by
MF exposure was seen in two cases. The expression of
ALOX12 was increased in both sham exposures (fold
changes with SEM: 2.09 ± 0.16 and 3.98 ± 0.71), but not sig-
nificantly in the MF-exposed groups. HMOX1 was upregu-
lated after sham exposures (2.95 ± 0.28 and 3.606 ± 0.430)
and in the cells exposed to 60Hz MFs (3.849 ± 0.854), but
not significantly in the 50Hz MF group. However, examin-
ation of the data revealed that the fold changes were of simi-
lar direction and magnitude in all treatment groups, so the
lack of significance in the MF groups was apparently due
to chance.

Another way to evaluate possible MF effects on gene
expression is to compare the MF-exposed groups to corre-
sponding sham-exposed groups (Table 1). All statistically
significant differences observed immediately after MF expos-
ure (before menadione treatment) were upregulations, both
for the 50 and 60Hz MF exposures. This pattern may be
worth noting, as the expected number of false positives is
two upregulations and two downregulations in each experi-
mental condition (84 genes are measured, so there will be,
on the average, 4.1 ‘statistically significant’ findings just by
chance when p¼ .05 is used as the limit for significance; it
can be assumed that half of these false positives will be
upregulations and the other half downregulations). Only one
of these upregulations (i.e. GCLC) was seen in both the 50
and 60Hz MF groups. However, the fold changes were gen-
erally small; none of the increases showed a fold change >2,
so the chance is a plausible explanation for false positive or
false negative findings in one of the MF groups.

Two gene expression differences showed a fold change
>1.5 in the 50Hz MF group (HMOX1 1.667 ± 0.144, PRNP
1.974 ± 0.241) (Table 1). Although the expression of HMOX1
was not statistically significantly altered in the 60Hz MF
group, the direction of the fold change was similar
(1.212 ± 0.528). PRNP showed a potentially different
response to 50 vs. 60Hz MFs; it was significantly upregu-
lated in the 50Hz MF group but showed a fold change value
close to 1.0 in the 60Hz group (0.959 ± 0.308).

The statistically significant differences observed at 1 h
after MF exposure (with or without menadione exposure)
were generally small (fold changes <1.5), and the number of
statistically significant differences did not clearly differ from
the expected number of chance findings.

DNA damage signaling-related genes

Clear responses to menadione were observed (Figure 3,
Supplementary Table 4). Seven of the DNA damage signal-
ing-related genes studied showed either a statistically signifi-
cant up-regulation (DDIT3, GADD45G, H2AFX, PPM1D,
PPP1R15A, RNF8) or down-regulation (SMC1A) to mena-
dione in all exposure conditions (with or without MFs).
Most of the genes that were statistically significantly up-or
down-regulated in only some of the conditions showed
small fold changes (<2.0), so the differences in statistical
significance are most likely due to chance.

Comparison of the MF-exposed groups to the corre-
sponding sham-exposed groups (with or without mena-
dione) showed only small fold changes and no marked
deviations from the expected number of false-positive find-
ings (Table 2), indicating that the MFs used did not affect
DNA damage signaling or alter the responses to menadione.

ROS and cytosolic O2
�2

Compared to sham exposure, MFs reduced the levels of
menadione-induced ROS over all the assayed time points
(Figure 4(A,B)). This overall effect was statistically signifi-
cant in the case of 50Hz exposure (p¼ .037, Figure 4(A))
but not significant in the case of 60Hz exposure (p¼ .165,
Figure 4(B)). Concerning individual time points, 50Hz MFs
significantly reduced the levels of menadione-induced ROS
after menadione treatment durations of 40min (13% reduc-
tion, p¼ .036), 50min (12% reduction, p¼ .034), and 1 h
(11% reduction, p¼ .036). The reduction after the 30-min
menadione treatment (14%) was not statistically significant
(p¼ .052, Figure 4(A)).

No effects on menadione-induced cytosolic O2
�� levels

were observed; the differences between MF-exposed and
sham-exposed cells were not statistically significant, and the
direction of the differences was not consistent (Figure
4(C,D)). Moreover, exposure to sole 50 or 60Hz MFs did
not affect ROS or cytosolic O2

�� levels (Figure 4(A–D)).

Table 1. Oxidative stress-related genes showing statistically significant
changes in response to MFs. Human SH-SY5Y neuroblastoma cells were sham-
exposed or exposed to 100 mTRMS MFs at 50 or 60 Hz for 24 h. After exposure,
cells were either immediately assayed for gene expression (0min) or further
incubated in menadione-containing or menadione-free media for 1 h, then
assayed. Fold changes (MF exposure/sham exposure ± standard error of the
mean) are from three independent experiments, n¼ 3. �p< .05, ��p< .01.

MF Time Menadione Upregulated genes Downregulated genes

50 Hz 0min No FOXM1 1.059 ± 0.014�
GCLC 1.049 ± 0.010�
HMOX1 1.667 ± 0.144�
HSP90AA1 1.028 ± 0.006�
PRNP 1.974 ± 0.241�
RNF7 1.079 ± 0.015�

–

1 h No DUSP1 1.028 ± 0.005� GPX3 0.922 ± 0.014�
Yes APOE 1.501 ± 0.038�� CAT 0.943 ± 0.010�

DHCR24 0.941 ± 0.012��
NCOA7 0.937 ± 0.011�
SIRT2 0.945 ± 0.011�

60 Hz 0min No ALOX12 1.367 ± 0.089�
FHL2 1.220 ± 0.039�
GCLC 1.117 ± 0.017�
PRDX3 1.143 ± 0.032�
TXN 1.234 ± 0.044�
UCP2 1.166 ± 0.013��

–

1 h No – FOXM1 0.932 ± 0.012�
HMOX1 0.769 ± 0.034�

Yes – AOX1 0.646 ± 0.030�
BAG2 0.863 ± 0.022�
CCS 0.859 ± 0.030�
NCF1 0.743 ± 0.049�
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DNA damage and its repair rate

Compared to sham exposure, MFs alone (50 or 60Hz) did
not change DNA damage levels assayed immediately after
the exposure; neither did they significantly modify the DNA
damage induced by 30-min or 1-h menadione treatments
(Figure 5(A,B)). In cells exposed to 50Hz MFs, the OTM
value was slightly higher in the MFþMenadione group
than in the ShamþMenadione group after both 30-min and
1-h menadione treatments (Figure 5(A)); however, this dif-
ference was not statistically significant (p¼ .126). Moreover,
MF exposure did not affect the repair rate of the DNA dam-
age induced by 1-h menadione treatment assessed immedi-
ately after the treatment (‘0min’), or 1 or 2 h after it (Figure
5(C,D); also see Figure 1(C)).

Discussion

Clear responses to menadione were seen in all endpoints
measured, indicating that the assays worked as expected.

Figure 3. DNA damage signaling-related genes showing statistically significant changes in response to menadione treatment with or without MF exposure. The
asterisk (�) indicates changes (up- or down-regulation) of >2-fold changes.

Table 2. DNA damage signaling-related genes showing statistically significant
changes in response to MFs. Human SH-SY5Y neuroblastoma cells were sham-
exposed or exposed to 100 mTRMS MFs at 50 or 60 Hz for 24 h. After exposure,
cells were either immediately assayed for gene expression (0min) or further
incubated in menadione-containing or menadione-free media for 1 h, then
assayed. Fold changes (MF exposure/sham exposure ± standard error of the
mean) are from three independent experiments, n¼ 3. �p< .05, ��p< .01.

MF Time Menadione Upregulated genes Downregulated genes

50 Hz 0min No – –

1 h No BBC3 1.130 ± 0.024�
CDC25A 1.155 ± 0.036�

EXO1 0.966 ± 0.006�
OGG1 0.916 ± 0.017�
TP73 0.926 ± 0.013�

Yes GADD45A 1.158 ± 0.038�
TOPBP1 1.084 ± 0.013�

–

60 Hz 0min No FANCG 1.091 ± 0.019�
MRE11A 1.037 ± 0.008�

–

1 h No PNKP 1.077 ± 0.004��
PPP1R15A 1.077 ± 0.011�

SMC1A 0.904 ± 0.019�

Yes – CRY1 0.894 ± 0.022�
GADD45G 0.881 ± 0.003��

PMS1 0.876 ± 0.018�
TOPBP1 0.945 ± 0.007�
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The most obvious MF effect was the reduction of mena-
dione-induced ROS levels in cells exposed to 50Hz fields,
observed systematically with all menadione treat-
ment durations.

No obvious candidates for MF-responsive genes were
identified in the gene expression experiments. However, sev-
eral oxidative stress-related genes were found to be upregu-
lated when quantified immediately at the end of MF
exposure and before any menadione treatment. The upregu-
lated genes were not consistently the same in the 50 and
60Hz experiments—only GCLC was statistically significantly
increased by both 50 and 60Hz exposures, but its fold
changes (1.049, 1.117) were very close to 1.0. As the number
of statistically significant upregulations was higher than the
expected number of false-positive findings in both 50 and
60Hz experiments, these upregulations may nevertheless be
worth noting. All the upregulated genes are found to be
involved in responses to oxidative stress (Gelain et al. 2009;
Raghunath et al. 2018). A possible interpretation of this
upregulation is that the MF exposure caused a small increase
in ROS level, resulting in a general low-magnitude increase
in the expression of several oxidative stress-inducible genes.
In this interpretation, the differences between 50 and 60Hz
MFs may not be meaningful, as chance may determine

which low-magnitude upregulations become statistically sig-
nificant in each experiment. With respect to the change in
the expression of individual genes, our findings on HMOX1
and ALOX12 are in line with previous studies reporting that
MF exposure increased the expression of these genes
(Akbarnejad et al. 2017; Costantini et al. 2019; Zhou et al.
2019). It is also worth noting that our results show a lack of
effects on CRY1 (the gene that encodes cryptochrome circa-
dian regulator-1 protein). The single significant but small
deviation from 1.0 in CRY1 expression observed 1 h after
60Hz exposure (Table 2) is most likely a chance finding.
Cryptochromes are magnetosensitive flavoproteins, and are
of particular interest, as several research groups have sug-
gested that cryptochromes are key molecules in responses to
MFs (Lagroye et al. 2011; Vanderstraeten et al. 2012;
Juutilainen et al. 2018). The null findings of the present
study on CRY expression support the results from our previ-
ous study (Mustafa et al. 2021) and those from Lundberg
et al. (2019) but are inconsistent with the findings from
Manzella et al. (2015). This discrepancy may be related to
differences in the biological models and experimental proto-
cols used. Anyway, lack of effect on CRY expression in the
present study shows that altered CRY expression (measured
immediately after MF exposure) is not required to reduce

Figure 4. Levels of ROS (A,B) and cytosolic O2
�– (C,D) measured 30, 40, 50min, or 1 h after sham exposure or 100 mTRMS MF exposure at 50 or 60 Hz for 24 h, with

or without menadione treatment. Relative fluorescence units (RFU) are the means of fluorometric measurements. Error bars represent the standard errors of the
means. n¼ 3–4. �p< .05.
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the level of menadione-induced ROS, observed consistently
in measurements performed 30min to 1 h later. This sug-
gests the existence of MF responses independent of altered
CRY expression. It has been pointed out that studies report-
ing MF-induced changes in CRY expression cannot distin-
guish between cryptochromes as magnetic detectors vs.
downstream components in magnetic signal transduction
(Juutilainen et al. 2018).

The low-magnitude upregulation of oxidative stress-indu-
cible genes observed immediately at the end of MF exposure
might explain the small reduction in the level of mena-
dione-induced ROS seen 30–60min after MF exposure. The
upregulated genes were found to be antioxidant genes, and
the majority of them have been reported to be involved in
mitigating the levels of induced ROS production (Yoshida
et al. 2001; Cortes-Wanstreet et al. 2009; Mailloux and
Harper 2011; Bertuchi et al. 2012; Hou et al. 2015;
Park 2020).

In the present study, no statistically significant effect was
observed in 29 out of 32 of ROS/O2

�� measurements, while
a small but consistent decrease was observed in menadione-
induced ROS (statistically significant only for the 50Hz MF
exposure). These findings are in contrast to the majority of
previous studies, including those from our group, that
reported increased ROS/O2

�� levels in cells exposed to ELF
MFs (Luukkonen et al. 2014; Kesari et al. 2015, 2016; H€oyt€o
et al. 2017; also see comprehensive reviews of MF effects on
oxidative stress parameters: Wang and Zhang 2017;
Schuermann and Mevissen 2021). However, there are some
reports of ROS/O2

�� reduction in response to MF exposure

(Zmyslony et al. 2004; Patruno et al. 2010; Song et al. 2018).
The contrasting findings from different research groups may
be related to differences in biological models, experimental
protocols, MF exposure duration and intensity, and the time
points at which ROS/O2

�� levels were assayed. However, it
is more difficult to explain the differences between the pre-
sent study and our previous studies using similar (but not
identical) experimental designs and biological models. The
most influential difference between this and our earlier stud-
ies may be the different incubation times between MF
exposure and measurement. Measurements of ROS and
O2

�� were performed in the present study 30–60min after
MF exposure, but generally after a 3-h incubation (with or
without menadione) in our previous studies. In measure-
ments done without the 3-h incubation, no MF effects on
ROS, reduced glutathione, or lipid peroxidation were
observed (Luukkonen et al. 2014). Other possible explana-
tions may include different pre-experiment physiological
conditions of the cells and minor differences in the geomag-
netic field, which may be an essential variable in biological
responses to ELF MFs (Naarala et al. 2017).

Differences in DNA damage-signaling gene expression
were marginal and unpatterned, and the number of statistic-
ally significant differences between experimental conditions
did not show marked deviations from the expected number
of false-positive findings. This apparent lack of effects is
consistent with the finding that no significant effects were
found on DNA damage level or DNA damage repair rate. In
a previous study, we found that 24-h exposure to 50Hz, 200
mT MFs reduced the repair rate of DNA damage induced by

Figure 5. Effects of 50 and 60 Hz MFs on DNA damage (A,B, respectively) and DNA damage repair rate (C,D, respectively). (A,B) DNA damage levels were assayed
immediately after sham/MF exposure (‘0min’), or 30min or 1 h after the exposure with or without menadione treatment. (C,D) DNA damage repair rate assayed 1 h
after the exposure, with or without menadione treatment (i.e. 0 h of DNA repair duration), and then again 1 and 2 h later. OTMs are the mean of 300 nuclei, and
error bars represent the standard errors of the means from three independent experiments, n¼ 3. Sham/MF exposures were for 24 h, and the flux density was
100 lTRMS.
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1-h treatment of murine FDC-P1 cells with 20 m/ml bleo-
mycin, leading to an elevated DNA damage level in the MF-
exposed cells at the end of the time (2 h) allowed for repair
(Mustafa et al. 2021). In an earlier study from our group,
24-h exposure of human SH-SY5Y to 50Hz, 100 mT MFs
increased the level of DNA damage immediately after a 3-h
treatment with 20 mM menadione, but also increased repair
rate during early (measured at 7.5 and 15min) DNA repair,
and impaired the fidelity of repair, as indicated by increased
post-repair micronucleus level in the MF-exposed cells
(Luukkonen et al. 2011). Although the present study did not
confirm disruption of DNA repair, the findings of this and
the earlier studies are not necessarily contradictory; the
divergent results may be related to the different cell lines,
different flux densities, and different chemical agents used
by Mustafa et al. (2021) and the different experimental
protocol used by Luukkonen et al. (2011).

One of the main purposes of the present work was to
examine possible differences in cellular responses to 50 and
60Hz MFs. Identifying frequency-specific effects would help
to develop hypotheses of plausible mechanisms that could
explain the purported effects of weak ELF MFs in the pres-
ence of the geomagnetic field (Juutilainen et al. 2018). In
the present study, no firm evidence was found for distinct
frequency-dependent effects. Although the decrease in
menadione-induced ROS was statistically significant only in
cells exposed to the 50Hz MFs, a small but consistent differ-
ence in the same direction was also seen after exposure to
60Hz MFs. The possible non-specific, low-magnitude
increase in the expression of antioxidant genes immediately
after exposure was associated with both 50 and 60Hz expo-
sures. The genes showing statistically significant changes
were different for the 50 and 60Hz experiments, but chance,
as discussed above, is a plausible explanation for this obser-
vation. The only gene that showed a potential difference in
responses to 50 and 60Hz fields was PRNP, which showed a
nearly 2-fold increase after the 50Hz exposure but no
change after the 60Hz exposure.

The effect size of all statistically significant differences
observed in this study was small. This is consistent with
many previous studies that have reported effects on ROS-
related endpoints and supports the hypothesis that MF
exposure affects ROS signaling rather than causes oxidative
stress (Juutilainen et al. 2018). Real-time monitoring of ROS
levels would be valuable in future studies to increase under-
standing of what happens during MF exposure. It would
also be worth looking at frequencies other than 50 and
60Hz (but around them) to further evaluate possible fre-
quency-dependent effects. Although no good candidates for
magnetoresponsive genes were identified, it may be inform-
ative to carry out further testing of HMOX1 as a possible
MF-responsive gene and PRNP as a gene that might respond
in a frequency-specific manner.

Conclusion

Magnetic field exposure was found to cause at most small, if
any, changes in gene expression. The tendency toward

general low-magnitude upregulation of ROS-inducible genes
immediately after MF exposure, however, may indicate
adaptation to a small increase in ROS level. Such an upregu-
lation would fit with the observed reduction of menadione-
induced ROS assayed 30–60min after MF exposure. MF
exposures were not found to affect cytosolic O2

�� levels,
DNA damage or its repair rate, or gene expression related
to DNA damage signaling. No firm evidence was found for
differential effects from 50 and 60Hz MFs, but further stud-
ies on frequency-dependence of ELF MF effects are defin-
itely needed. Overall, the size of any MF effects was small,
suggesting effects on ROS signaling rather than induction of
oxidative stress.
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Supplementary Table 3. Oxidative stress-related genes showing statistically significant changes in response to 
menadione. Human SH-SY5Y neuroblastoma cells were sham-exposed or exposed for 24 h to 100 µTRMS MFs at 50 Hz 
or 60 Hz. After exposure, cells were incubated in menadione-containing or menadione-free media for 1 h, then assayed 
for gene expression. Fold changes (menadione treatment/no menadione treatment ± standard error of the mean) are 
from three independent experiments, n = 3. The values between the parentheses are the p-values. 

Gene Sham 50 Hz MF 50 Hz Sham 60 Hz MF 60 Hz 

AKR1C2 -- 1.310 ± 0.055 (0.023) -- -- 

ALOX12 2.089 ± 0.163 (0.012) -- 3.977 ± 0.710 (0.020) -- 

AOX1 0.766 ± 0.044 (0.041) 0.710 ± 0.056 (0.045) -- 0.645 ± 0.020 (0.005) 

APOE -- -- 2.612 ± 0.388 (0.023) -- 

ATOX1 1.055 ± 0.010 (0.031) -- -- -- 

BNIP3 1.236 ± 0.035 (0.017) -- 1.288 ± 0.062 (0.034) 1.301 ± 0.040 (0.014) 

CAT 1.243 ±   0.012 (0.002) 1.179 ± 0.029 (0.021) -- -- 

CCS -- -- 1.549 ± 0.128 (0.038) -- 

CYGB 1.208 ± 0.041 (0.030) -- -- -- 

DHCR24 1.045 ± 0.009 (0.039) -- -- -- 

DUOX2 1.500 ± 0.131 (0.047) -- -- -- 

DUSP1 5.090 ± 0.092 (0.000) 4.891 ± 0.057 (0.000) 3.871 ± 0.354 (0.004) 3.822 ± 0.422 (0.008) 

FHL2 0.285 ± 0.027 (0.006) 0.258 ± 0.019 (0.003) 0.254 ± 0.028 (0.006) 0.200 ± 0.014 (0.002) 

FOXM1 0.855 ± 0.020 (0.021) -- -- -- 

GCLC 1.033 ± 0.005 (0.018) -- -- -- 

GPX3 -- -- 1.346 ± 0.071 (0.032) -- 

GSR -- -- -- 0.845 ± 0.032 (0.046) 

GSTP1 -- -- -- 1.109 ± 0.019 (0.026) 

HMOX1 2.950 ± 0.275 (0.008) -- 3.606 ± 0.430 (0.010) 3.849 ± 0.854 (0.039) 

HSP90AA1 -- 1.273 ± 0.037 (0.015) -- -- 

HSPA1A 8.868 ± 1.029 (0.003) 8.452 ± 1.451 (0.008) 8.283 ± 2.461 (0.018) 6.877 ± 1.557 (0.013) 

NCOA7 -- 0.838 ± 0.032 (0.042) -- -- 

PRDX1 1.131 ± 0.018 (0.017) 1.181 ± 0.020 (0.011) 1.345 ± 0.086 (0.047) -- 

PRDX5 -- 1.120 ± 0.011 (0.008) -- 1.159 ± 0.025 (0.020) 

RNF7 1.215 ± 0.010 (0.002) -- 1.213 ± 0.019 (0.006) 1.233 ± 0.059 (0.049) 

SLC7A11 0.817 ± 0.016 (0.010) -- -- -- 

SQSTM1 1.290 ± 0.006 (0.000) 1.262 ± 0.053 (0.032) 1.354 ± 0.054 (0.018) 1.280 ± 0.068 (0.043) 

TPO -- 0.801 ± 0.040 (0.043) -- -- 

TXNRD1 0.827 ± 0.030 (0.036) -- -- -- 

VIMP 1.264 ± 0.063 (0.044) 1.240 ± 0.021 (0.006) -- -- 

 

  



Supplementary Table 4. DNA damage signaling-related genes showing statistically significant changes in response to 
menadione. Human SH-SY5Y neuroblastoma cells were sham-exposed or exposed for 24 h to 100 µTRMS MFs at 50 Hz 
or 60 Hz. After exposure, cells were incubated in menadione-containing or menadione-free media for 1 h, then assayed 
for gene expression. Fold changes (menadione treatment/no menadione treatment ± standard error of the mean) are 
from three independent experiments, n = 3. The values between the parentheses are the p-values. 

Gene Sham 50 Hz MF 50 Hz Sham 60 Hz MF 60 Hz 

APEX1 1.07 ± 0.009 (0.015) -- -- -- 

ATR 1.221 ± 0.021 (0.007) -- -- -- 

ATRIP 1.308 ± 0.055 (0.024) -- 1.435 ± 0.08 (0.025) 1.271± 0.044 (0.021) 

ATRX 0.779 ± 0.045 (0.046) 0.741 ± 0.046 (0.042) -- -- 

BARD1 0.801 ± 0.034 (0.035) -- -- -- 

BAX -- 1.096 ± 0.016 (0.025) -- -- 

BBC3 1.745 ± 0.131 (0.019) 1.758 ± 0.106 (0.012) -- -- 

BRCA1 0.850 ± 0.022 (0.024) -- -- -- 

CDC25A 1.344 ± 0.044 (0.012) -- -- -- 

CDC25C 1.370 ± 0.060 (0.018) -- 1.333 ± 0.076 (0.036) -- 

CDK7 1.258 ± 0.058 (0.037) 1.237 ± 0.034 (0.017) -- -- 

CHEK2 1.490 ± 0.036 (0.004) 1.427 ± 0.081 (0.025) 1.550 ± 0.141 (0.043) -- 

CIB1 -- 1.183 ± 0.022 (0.012) -- -- 

CSNK2A2 -- -- -- 1.438 ± 0.120 (0.047) 

DDB1 0.880 ± 0.018 (0.023) 0.816 ± 0.028 (0.027) -- -- 

DDB2 -- -- -- 1.205 ± 0.032 (0.020) 

DDIT3 4.696 ± 0.589 (0.007) 4.863 ± 0.563 (0.006) 4.311 ± 0.494 (0.006) 5.936 ± 1.111 (0.014) 

ERCC2 1.065 ± 0.009 (0.019) 1.114 ± 0.045 (0.044) -- -- 

EXO1 1.142 ± 0.025 (0.026) 1.157 ± 0.039 (0.049) -- -- 

FANCA 1.350 ± 0.071 (0.010) 1.355 ± 0.090 (0.044) -- -- 

FANCD2 0.936 ± 0.008 (0.012) -- -- -- 

FEN1 0.921 ± 0.010 (0.016) 0.832 ± 0.010 (0.001) -- 0.814 ± 0.028 (0.026) 

GADD45G 6.214 ± 1.257 (0.011) 6.281 ± 1.309 (0.013) 6.738 ± 1.358 (0.015) 5.613 ± 0.934 (0.011) 

H2AFX 1.560 ± 0.113 (0.025) 1.666 ± 0.120 (0.019) 1.632 ± 0.078 (0.010) 1.397 ± 0.103 (0.049) 

MAPK12 1.252 ± 0.052 (0.033) -- 1.358 ± 0.074 (0.032) 1.506 ± 0.116 (0.037) 

MCPH1 -- -- 1.133 ± 0.012 (0.007) -- 

MDC1 0.858 ± 0.015 (0.012) -- -- -- 

MSH2 -- 0.834 ± 0.034 (0.047) 0.860 ± 0.029 (0.045) -- 

NTHL1 1.126 ± 0.021 (0.023) -- -- -- 

OGG1 -- -- -- 1.514 ± 0.074 (0.013) 

PARP1 -- 0.738 ± 0.003 (0.021) -- -- 

PMS2 -- -- 1.230 ± 0.041 (0.026) -- 

PNKP 1.270 ± 0.063 (0.042) 1.282 ± 0.015 (0.002) -- -- 

PPM1D 1.524 ± 0.073 (0.013) 1.487 ± 0.122 (0.043) 1.360 ± 0.066 (0.025) 1.381 ± 0.046 (0.010) 

PPP1R15A 3.840 ± 0.185 (0.001) 3.514 ± 0.518 (0.014) 3.429 ± 0.376 (0.008) 2.894 ± 0.220 (0.005) 

PRKDC 0.721 ± 0.036 (0.024) 0.685 ± 0.055 (0.042) -- -- 

RAD17 0.844 ± 0 (<0.001) 0.763 ± 0.042 (0.039) -- -- 

RAD18 1.393 ± 0.004 (<0.001) 1.419 ± 0.064 (0.016) 1.462 ± 0.047 (0.007) -- 

RAD21 -- -- -- 0.890 ± 0.013 (0.016) 

RAD51 1.140 ± 0.023 (0.023) 1.183 ± 0.028 (0.019) -- -- 

RAD51B 1.723 ± 0.149 (0.024) 1.971 ± 0.168 (0.015) 1.925 ± 0.278 (0.043) -- 

RAD9A 1.492 ± 0.063 (0.011) -- 1.749 ± 0.197 (0.045) -- 

RBBP8 0.936 ± 0.010 (0.027) -- -- -- 

 



Supplementary Table 4. Continued 

Gene Sham 50 Hz MF 50 Hz Sham 60 Hz MF 60 Hz 

REV1 1.206 ± 0.042 (0.034) 1.184 ± 0.042 (0.043) -- -- 

RNF168 1.178 ± 0.005 (0.001) -- -- -- 

RNF8 1.228 ± 0.003 (<0.001) 1.253 ± 0.020 (0.005) 1.217 ± 0.011 (0.002) 1.368 ± 0.031 (0.005) 

RPA1 -- 0.868 ± 0.002 (0.030) -- -- 

SIRT1 1.158 ± 0.022 (0.017) -- -- -- 

SMC1A 0.734 ± 0.033 (0.021) 0.788 ± 0.048 (0.021) 0.780 ± 0.019 (0.010) 0.854 ± 0.022 (0.025) 

TP53 -- -- -- 0.863 ± 0.005 (0.002) 

TP53BP1 0.854 ± 0.015 (0.013) 0.819 ± 0.038 (0.049) -- -- 

XPC -- -- 1.213 ± 0.064 (0.021) -- 

XRCC2 1.533 ± 0.089 (0.017) 1.766 ± 0.166 (0.025) 1.686 ± 0.119 (0.017) -- 

XRCC3 1.307 ± 0.036 (0.007) 1.352 ± 0.067 (0.025) -- -- 

 



 

 
 

Chapter 5. 

General discussion 

1 METHODOLOGICAL CONSIDERATIONS 
 

Although bioelectromagnetics research has produced a large number of studies, results are inconsistent and 
sometimes contradictory, and no coherent picture of EMF bioeffects has been drawn. A source for the 
inconsistency could be the variation in the used experimental conditions (Regel and Achermann, 2011; 
Wood et al., 2016). However, it has been proposed that much of the inconsistency could be explained by 
the quality of the studies. Thus, five quality criteria have been named for producing reliable data on EMF 
bioeffects (Mattsson and Simkó, 2014; Simkó et al., 2016; Vijayalaxmi and Prihoda, 2019; Vijayalaxmi 
and Foster, 2021). These quality criteria are 1) sham exposure is present, 2) sample analysis is performed 
blindly, 3) dosimetry is adequately described, 4) the temperature is controlled, 5) positive control for the 
assayed endpoints is present. All of these quality criteria have been successfully met in the present study. 

The cell lines used in the present study are relevant to the types of cancers proposed to be associated with 
exposure to EMF. For example, in chapter 2, we used primary astrocytes. Astrocytes represent ~50% of the 
cells in the brain (Brandao et al., 2019), and therefore they are a suitable model for glioma, the type of brain 
tumor proposed to be associated with RF radiation. In addition, the fact that these cells are primary cells is 
advantageous; they represent the normal cell status in vivo. However, using primary astrocytes was 
challenging, mainly because these cells grew slowly. This slow-growing character was a significant 
disadvantage, especially when performing the IGI experiments where long incubation periods (36 days in 
our experiments) are needed to assay genomic abnormalities in the progeny of exposed cells several 
generations after exposure. In chapter 3, we used murine myeloid FDC-P1 cells. These cells are 
hematopoietic progenitor stem cells that differentiate into monocytes. Disturbed monocyte production is 
one of the most common signs of childhood leukemia (Creutzig et al., 1987). Therefore, these cells are 
relevant to studying possible carcinogenic effects of ELF MFs. However, the use of these cells came with 
the limitation that they are interleukin 3 (IL-3)-dependent; they cannot grow in the absence of this growth 
factor. Purified IL-3 is expensive, and we had to produce it ourselves by growing another cell line (WEHI-
3 cells). The culture media of WEHI-3 cells containing IL-3 was then collected and used to culture FDC-
P1 cells. 

Thermal effects are a possible source of artifact in bioelectromagnetic research (Vijayalaxmi and Prihoda, 
2009, 2019; Luukkonen, 2011; Herrala, 2018; Vijayalaxmi and Foster, 2021). Thermal effects might result 
from the increased temperature of the samples due to the applied field or heating of the exposure system 
coils. These effects could particularly be a potential confounder when investigating possible effects of RF 
radiation. Here, in our RF experiments, cell cultures were continuously kept in isothermal conditions 
(37.0 ± 0.3 °C) as the exposure system was equipped with a water-circulation system that allowed for heat 
exchange and compensating for any absorbed energy from the applied field. 

Unlike the exposure system we used in ELF MFs experiments, a drawback of our RF exposure system was 
the limited number of samples it could accommodate. Each of the exposure chambers allowed only two 
Petri dishes at a time; thus, it was not possible to have more samples to perform DNA damage repair study 
or test the effect of RF fields on more than one concentration of the co-exposure chemical. 
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2 GENOTOXICITY, OXIDATIVE STRESS, CIRCADIAN 
RHYTHM, AND EMFs 

 

2.1 SUMMARY OF THE FINDINGS 

The present study explored possible effects of RF radiation on genotoxicity and genomic instability. In 
addition, the present study examined whether ELF MFs could affect oxidative or DNA-damage responses 
(including gene transcription related to these phenomena) and whether these fields could influence the 
transcription of circadian rhythm-related genes. To assess possible weak effects, assays were performed in 
response to sole EMF exposure or a combination of EMFs and chemicals known to induce genotoxicity or 
oxidative stress. Experiments conducted in the present study and their results are summarized in Table 1. 
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2.2 GENOTOXICITY, INDUCED GENOMIC INSTABILITY, AND EMFs 

In the present study, sole exposure to EMFs consistently showed no effects on any of the assayed genotoxic 
endpoints. Mere RF exposure did not affect DNA damage or micronucleus frequency. This lack of impact 
was independent of SAR level or signal modulation. Likewise, sole exposure to ELF MFs did not affect 
DNA damage or its repair rate after any of the applied exposure durations. These findings might not be 
surprising. The experiments of the present study were designed to meet all of the pre-defined quality criteria 
of non-ionizing radiation biology research. It was previously suggested that when all of these quality criteria 
are met, the probability of reporting increased genetic damage from sole EMF exposure decreases, if not 
vanishes (Vijayalaxmi and Prihoda, 2009, 2019; Vijayalaxmi and Foster, 2021). 

The present study results showed no consistent evidence for RF co-genotoxic effects. As discussed in 
chapter 2, it seemed plausible to interpret the three statistically significant modifications of the menadione- 
and methyl methanesulfonate-induced genotoxicity as chance findings. These few positive findings were 
not consistently found to be occurring in a particular direction. GSM-modulated signal decreased the Comet 
assay-estimated menadione-induced DNA damage at 0.6 W/kg but increased at 6 W/kg, whereas 
continuous-wave signal increased the frequency of methyl methanesulfonate-induced micronuclei at 0.6 
W/kg and had no effect at 6 W/kg. Also, it is highly unlikely that the GSM-modulated signal would act 
only in combination with menadione and the continuous-wave signal only in combination with methyl 
methanesulfonate. The present study also examined possible induction of genomic instability by RF 
radiation. RF radiation was not found to cause induced genomic instability alone or combined with 
menadione. Overall, the present study findings are in line with previous reviews suggesting little evidence 
for RF radiation genotoxicity (Vijayalaxmi and Prihoda, 2008, 2012, 2019; Luukkonen, 2011; and Herrala 
2018). 

In the present study, the levels of chemically-induced DNA damage assayed immediately after chemical 
treatment were consistently unaffected by ELF MF exposure. ELF MF effects on DNA damage repair rate 
were inconsistent. Differences in the experimental protocols could explain such inconsistency. In chapter 
3, ELF MFs impaired the repair rate of bleomycin-induced DNA damage in murine FDC-P1 hematopoietic 
cells only after a 24-h exposure to 200 µT MFs, while shorter exposures for 15 min, 2 h, or 12 h had no 
effect. Whereas, in chapter 4, exposing human SH-SY5Y neuroblastoma cells to MF for 24 h at 100 µT did 
not affect the repair rate of menadione-induced DNA damage. These inconsistent results also reflected the 
contradictory findings of earlier studies on ELF MF effect on DNA damage repair rate, where the 
experimental conditions differ significantly (Robison et al., 2002; Luukkonen et al., 2011; Giorgi et al., 
2014; Mizuno et al., 2014; Woodbine et al., 2015). ELF MF effects on DNA damage-signaling genes were 
largely inconsistent and generally of small magnitude. Further studies are needed to clarify the biological 
significance of these changes, if any. However, a major challenge is that the kinetics of DNA damage 
responses at the molecular level are fast. The changes in the expression of DNA damage-involved genes 
could last only from seconds to minutes (Kochan et al., 2017). The rapidly evolving technology of live-
microscopy imaging would provide an excellent tool to track the changes in mRNA/protein levels in real-
time (Aymoz et al., 2016; Wu et al., 2019; Braselmann e al., 2020; Baladi et al., 2021). 

2.3 OXIDATIVE STRESS AND ELF MFs 

The present study results suggested an increase in the transcription of ROS-inducible genes when assayed 
immediately after MF exposure; this increase was seen after both 50 Hz and 60 Hz exposures. At first 
glance, this finding seems to contradict the reduction of menadione-induced reactive species levels 
consistently observed 30 min – 1 h after MF exposure. However, the upregulated genes were antioxidative 
and previously reported to mitigate chemically-induced ROS levels. This highlights the importance of using 
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different assays at several chronological time points to avoid misinterpretation of the results and draw a 
bigger picture of the sequence of changes caused by MF exposure. Variation in the timing of endpoint 
measurements could be one potential reason for the inconsistent results among studies investigating 
possible EMF biological effects. 

In the present study, the observed effects on oxidative stress-related endpoints were of small size. This is 
in line with many previous studies that assayed the same or similar endpoints (WHO, 2007; Luukkonen, 
2011; Wang and Zhang, 2017; Juutilanen et al., 2018; Schuermann and Mevissen, 2021) and suggests that 
MF effects are on ROS signaling rather than inducing oxidative stress. In future studies, it would be useful 
to live-image ROS to understand better what could be happening during the exposure. 

2.4 CIRCADIAN RHYTHM AND ELF MFs 

In the present study, ELF MFs showed no evidence for an effect on the transcription of core circadian 
rhythm genes, including CRY1 and CRY2 (the genes encoding for cryptochromes; the magnetosensitive 
components of the circadian system). However, the systematic change in the transcription of circadian 
rhythm-related genes observed after 12 h and 24 h of MF exposure is worth noting. In addition, the present 
findings on ROS level and DNA damage repair rate were independent of change in cryptochrome-gene 
transcription. These suggest that change in cryptochrome-gene transcription is not a prerequisite for MFs 
to influence downstream genes or cellular functions. It is also worth noting that a recent study investigating 
magnetosensitivity in HeLa cells has shown that MF effects on radical pair reactions in flavins are not 
bound to cryptochromes (Ikeya and Woodward, 2021). 

The circadian rhythm-related gene SLC9A3 is a good candidate gene for further research. This gene was 
the most affected by MF exposure in the present study. It showed the biggest fold change (2.875), and its 
rhythmic transcription was systematically modified by extending the exposure duration. SLC9A3 (also 
known as NHE3: sodium–hydrogen antiporter 3) is a member of a family of membrane transporters that 
play an essential role in maintaining pH and cellular homeostasis and were found to be involved in DNA 
damage responses (Zhao et al., 2007; Goldman et al., 2010; Aredia et al., 2016). 
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3 CONCLUSIONS 
 

The present study results consistently showed that sole exposure to EMFs caused no genotoxic effects. Co-
genotoxic effects of RF radiation were inconsistent. RF radiation did not induce or enhance genomic 
instability. ELF MF effects on the chemically-induced DNA damage repair rate differed with differences 
in exposure duration, magnetic flux density, co-exposure chemical, and the used cell line. 

There was suggestive evidence that ELF MFs resulted in a small increase in the transcription of ROS-
inducible (antioxidant) genes assayed immediately after exposure. This finding would fit with the slight 
decrease of ROS level seen at several time points after MF exposure. The effect on any oxidative stress-
related endpoint was small, suggesting ELF MF effects are on ROS signaling rather than inducing oxidative 
stress. 

The present study found no evidence that ELF MFs could affect the transcription of core circadian rhythm 
genes, including the cryptochrome-encoding genes CRY1 and CRY2. However, the systematic change in 
the transcription of circadian rhythm-related genes (up- then downregulation in response to prolonging the 
exposure duration) is worth noting and warrants further research. 
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Appendices 

Appendix 1. 
Methodology of reviewing the literature for genotoxic effects of RF radiation and ELF MFs 

The literature was reviewed on possible genotoxic effects of RF radiations and ELF MFs using the 
University of Eastern Finland search service: UEF Primo (https://primo.uef.fi). This search service provides 
access to the published studies indexed in several international databases, such as EMBASE, PubMed, 
Scopus, and Web of Science. The search was limited to peer-reviewed articles published in 2018 or later in 
English. The following search query was used: 

 Any field ‘magnetic field*’ OR ‘electromagnetic field*’ OR ‘magnetic radiation’ OR 
‘electromagnetic radiation*’ OR ‘magnetic irradiation*’ OR ‘electromagnetic 
irradiation*’ OR ‘nonionizing* radiation*’ OR ‘non-ionizing* radiation*’ OR ‘non 
ionizing* radiation*’ 

AND Any field ‘extremely low frequency’ OR ‘extremely low-frequency’ OR ‘low frequency’ OR 
‘low-frequency’ OR ‘power frequency’ OR ‘power-frequency’ OR 
‘radiofrequency’ OR ‘microwave*’ OR ‘millimeter*’ OR ‘mobile phon*’ OR ‘cell 
phon*’ OR ‘telephon*’ 

AND Any field ‘genotoxic*’ OR ‘DNA damage’ OR ‘DNA repair’ OR ‘micronucle*’ OR 
‘chromosom*’ OR ‘mutation*’ OR ‘aneuploid*’ OR ‘sister chromatid*’ 

 

The search query reported 2323 studies. These reported studies, in addition to the accessible genotoxicity 
studies reported on the EMF-Portal literature database (https://www.emf-portal.org), were considered for 
the review. The studies were firstly screened based on title and abstract, then the full-text of potentially 
relevant articles were comprehensively reviewed. 
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Appendix 2. 
Methodology of reviewing the literature for ELF MF effects on gene transcription 

The literature was reviewed on possible effects of ELF MFs on gene transcription related to DNA damage 
signaling, oxidative stress, and circadian rhythm using UEF Primo. The search was limited to peer-reviewed 
studies published in English. The following search query was used: 

 Any field ‘magnetic field*’ OR ‘electromagnetic field*’ OR ‘magnetic radiation’ OR 
‘electromagnetic radiation*’ OR ‘magnetic irradiation*’ OR ‘electromagnetic 
irradiation*’ OR ‘nonionizing* radiation*’ OR ‘non-ionizing* radiation*’ OR ‘non 
ionizing* radiation*’ 

AND Any field ‘extremely low frequency’ OR ‘extremely low-frequency’ OR ‘low frequency’ OR 
‘low-frequency’ OR ‘power frequency’ OR ‘power-frequency’ 

AND Any field ‘oxidative stress’ OR ‘oxidative’ OR ‘oxidant’ OR ‘oxidation’ OR ‘antioxidant’ OR 
‘antioxidative’ OR ‘peroxidation’ OR ‘peroxidative’ OR ‘DNA damage’ OR ‘DNA 
damage signal*’ OR ‘DNA repair’ OR ‘DNA damage repair’ OR ‘circadian 
rhythm*’ OR ‘circadian clock*’ OR ‘biological clock*’ 

AND Any field ‘expression’ OR ‘transcription’ OR ‘messenger RNA’ OR ‘mRNA’ OR 
‘complementary DNA’ OR ‘cDNA’ 

 

The search query reported 2819 studies. These reported studies, in addition to the accessible gene 
expression studies reported on the EMF-Portal literature database, were considered for the review. At first, 
the studies were screened based on title and abstract. Then, the full-text of potentially relevant articles were 
comprehensively reviewed and carefully looked up for the genes related to DNA damage signaling, 
oxidative stress, and circadian rhythm listed in tables 1, 2, and 3, respectively. The genes lists were 
primarily made based on the lists of genes of QIAGEN© RT2 Profiler PCR Arrays for pathway-specific 
gene expression of DNA damage signaling, oxidative stress, and circadian rhythm (cat. 330231). 

The primary purpose of the present literature review was to explore the effects of ELF MFs on the pathway-
specific gene transcription related to the above-mentioned pathways rather than investigating the effects on 
the global gene transcription. Thus, the reported microarray/transcriptomic studies were extensively 
reviewed. Results from these studies were included in the present literature review if they were confirmed 
by a gene-specific assay method such as quantitative/semi-quantitative polymerase chain reaction, 
fluorescence in situ hybridization, or northern blot. 
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