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REVIEW

Genetic effects of non-ionizing electromagnetic fields
Henry Lai

Department of Bioengineering, University of Washington, Seattle, WA, USA

ABSTRACT
This is a review of the research on the genetic effects of non-ionizing electromagnetic field (EMF), 
mainly on radiofrequency radiation (RFR) and static and extremely low frequency EMF (ELF-EMF). 
The majority of the studies are on genotoxicity (e.g., DNA damage, chromatin conformation 
changes, etc.) and gene expression. Genetic effects of EMF depend on various factors, including 
field parameters and characteristics (frequency, intensity, wave-shape), cell type, and exposure 
duration. The types of gene expression affected (e.g., genes involved in cell cycle arrest, apoptosis 
and stress responses, heat-shock proteins) are consistent with the findings that EMF causes genetic 
damages. Many studies reported effects in cells and animals after exposure to EMF at intensities 
similar to those in the public and occupational environments. The mechanisms by which effects are 
induced by EMF are basically unknown. Involvement of free radicals is a likely possibility. EMF also 
interacts synergistically with different entities on genetic functions. Interactions, particularly with 
chemotherapeutic compounds, raise the possibility of using EMF as an adjuvant for cancer treat
ment to increase the efficacy and decrease side effects of traditional chemotherapeutic drugs. 
Other data, such as adaptive effects and mitotic spindle aberrations after EMF exposure, further 
support the notion that EMF causes genetic effects in living organisms.
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Introduction

This is a review on studies on the genetic effects of non- 
ionizing electromagnetic fields (EMF). We will concen
trate on two parts of the EMF spectrum which are 
common in our environment: static and extremely low- 
frequency electromagnetic fields (ELF-EMF) and radio
frequency radiation (RFR).

Studies are summarized in Supplements 1 (RFR) and 
2 (static/ELF-EMF). Basically, there are two types of 
studies: genetic damages and gene expression. The 
research covers a wide area of biological systems: both 
in vitro and in vivo involving many animal and cell 
models, and various exposure conditions. First, a few 
words have to be said on the exposure set-ups used in 
these studies. It is relatively easy to set up a reliable 
exposure system for static and ELF-EMF. Most exposure 
systems used these studies are generally satisfactory. 
However, it is difficult to set up good exposure systems 
for RFR studies. In my opinion, most set-ups are rela
tively satisfactory, considering that there is no perfect 
guideline on what is a good system. However, preferably, 
incident power density and specific absorption rate 
should be provided in each study. These are generally 
lacking when telecommunication devices, such as cellu
lar phones, are used in a study. It becomes difficult to 

compare the results of these studies with other studies 
using exposure systems. It is not totally without merit to 
use these devices for studies. If properly set up, these 
devices provide more realistic exposure parameters. 
A general problem is that some researchers generally 
showed ignorance on the independent variable, i.e., 
EMF, that they worked on.

Regarding biological measurements, with few excep
tions, the researcher are generally knowledgeable in the 
methodology used. However, there are studies that 
showed that the researchers are not familiar with the 
methodology that they used in their studies. An example 
is the use of the “Comet assay” to determine DNA strand 
breaks. 31% of the studies listed in Supplements 1 and 2 
used the “Comet assay”. A few words have to be said on 
it. Different versions of the assay have been developed. 
These versions have different detection sensitivities and 
can be used to measure different aspects of DNA strand 
breaks. A comparison of data from experiments using 
different versions of the assay may be misleading. 
Another concern is that most of the ‘comet assay’ studies 
were carried out by experimenters who had no prior 
experience on the assay. My experience with the 
‘Comet assay’ is that it is a very sensitive assay and 
requires great care in performing. Thus, different detec
tion sensitivities could result from different 
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experimenters, even following the same procedures. One 
way to solve this experimental variation problem is for 
each researcher or laboratory to report their sensitivity 
of the ‘Comet assay’, e.g., threshold of detecting strand 
breaks in human lymphocytes exposed to x-rays. This 
information is generally not available from the EMF- 
genotoxicity studies. However, in one incidence, an 
incredibly high sensitivity was even reported (Malyapa 
et al., 1998), suggesting the inexperience of the research
ers on the assay.

Supplements 1 and 2 show that the majority of studies 
reported genetic effects of EMF (66% for RFR and 79% 
for static/ELF-EMF). Thus, it is safe to conclude that 
genotoxic effects of EMF have been reported. The most 
common effects found are: DNA strand breaks, micro
nucleus formation, and chromosomal structural 
changes. There are not many studies on mutation. 
Thus, it is not known whether these genotoxic effects 
transform into mutation and involved in carcinogenesis. 
Interestingly, available data do not suggest mutagenic 
effect after RFR exposure (Chang et al., 2005; Meltz et al., 
1990; Ono et al., 2004; Takahashi et al., 2002); whereas 
most static/ELF-EMF studies (Chahal et al., 1993; Mairs 
et al., 2007; Miyakoshi, 1997; Miyakoshi et al., 1998, 
1996; Potenza et al., 2004; Wilson et al., 2015) suggested 
some mutagenic effects. Another interesting speculation 
is that ELF EMF acts as a promoter of cancer in the 
presence of an initiator by modulation of signaling path
ways involved free radicals and apoptosis (Lacy-Hulbert 
et al., 1998). Such a possibility has not been well 
investigated.

There are similarly many studies that showed changes 
in gene expression after EMF exposure (Supplement 3). 
Changes in expression of many different genes have 
been reported. Studies in gene expression by static/ELF- 
EMF are far more diversified that those of RFR. The 
most interesting results are the expression of genes 
related to stress response both in vitro and in vivo in 
plans and animals. Another important finding is the 
expression of heat shock proteins, particularly HSP70, 
which is an important protein involving in protein mis
folding and protecting cells from environmental stress.

The data point to four areas of interest: involvement 
of free radicals, effects at low-intensity of exposure, 
contributions of exposure parameters and biological 
system being studied, and interaction with other entities. 
Let us look at each of these four topics.

Involvement of free radicals (Citations of refer
ences in italic in this section are in Supplements 1 
and 2)

Effects of EMF on cellular free radical processes have 
been reported in many experiments (cf. Lai, 2019; 
Yakymenko et al., 2016). It is conceivable that an 

increase in free radicals in cells could cause macromo
lecular damages including DNA. There are many 
reports on involvements of free radicals in genetic 
processes, including both reactive oxygen species and 
reactive nitrogen species: RFR – Agarwal et al., 2009; 
Alkis et al., 2019a, b, 2021; Bektas et al., 2020; 
Bourdineaud et al., 2017; Burlaka et al., 2013; De 
Iuliis et al., 2009; Duan et al., 2015; Gajski and Garaj- 
Vrhovac 2009; Garaj-Vrhovac et al., 2009, 2011; Guler 
et al., 2010; Gürler et al., 2014; Houston et al., 2019; 
Kesari et al., 2011, 2014; Khalil et al., 2012; Kumar 
et al., 2010; Lai and Singh, 1997; Li et al. 2018: Liu 
et al., 2013a, b; Luukkonen et al., 2009; Manta et al. 
2017; Magha et al., 2015b; Meena et al. 2014; 
Millenbaugh et al., 2008; Odacı et al., 2016; Pandey 
et al., 2017; Pandey and Giri, 2018; Qin et al., 2019; 
Sahin et al., 2016; Shahin et al., 2013, 2019; Sharma and 
Shukla, 2020; Sokolovic et al., 2015; Sun et al. 2017; 
Tkalec et al., 2013; Vafaei et al. 2020; Varghese et al., 
2018; Veerachari and Vasan, 2012; Vilić et al., 2017; 
Wang et al., 2015; Wu et al., 2008; Xu et al., 2010; 
Yakymenko et al., 2018; Yao et al., 2008; Zong et al. 
2015; Zothansiama et al., 2017; Static and ELF EMF – 
Alcaraz et al., 2014; Amara et al., 2007b; Ashta et al., 
2020; Hosseinabadi et al., 2020; Bertea et al., 2015; 
Bułdak et al., 2012; Consales et al., 2018; Dong et al. 
2019; Jajte et al., 2001; Jouni et al., 2012; Kimsa-Dudek 
et al. 2018; Kindzelskii and Petty, 2000; Lai and Singh, 
1997b, 2004; Li et al., 2001; Luukkonen et al., 2014; 
Rageh et al., 2012; Shokrollahi et al., 2018; Solek et al., 
2017; Wang et al., 2020; Wolf et al., 2005; Yin et al., 
2016; Yokus et al., 2008; Yuan et al., 2020; Zhang et al., 
2016. Brief descriptions of these reports are in 
Supplements 1 and 2. However, changes in cellular 
free radical and genetic processes do not imply 
a cause–effect relationship. A convincing argument on 
direct involvement of free radicals on EMF-induced 
genetic changes comes from data showing that the 
effects could be blocked by free radical scavengers 
(e.g., antioxidants) e.g., see Lai and Singh (1997; 
2004). The free radicals involved probably include 
both reactive oxidative species (ROS) and reactive 
nitrogen species (RNS) (Lai and Singh, 2004). RNS 
(e.g., nitric oxide) have longer mean free path than 
ROS (e.g., hydroxyl radical) and could cause more 
widespread cellular molecular damages. Nitric oxide 
can further enhance iron-mediated free radical forma
tion via its effects on iron metabolism and release of 
iron from ferritin (Reif and Simmons 1990; Richardson 
and Ponka 1997) that generates ROS via the Fenton 
reaction. Nitric oxide can either be mutagenic or cyto
toxic. It is mutagenic when the intracellular level of 
reduced glutathione is low, but cytotoxic (leading to 
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apoptosis and inhibition of tumor growth) in a thiol- 
rich environment that favors the formations of toxic 
nitrosothiols (Felley-Bosco 1998). These situations 
could occur under EMF exposure.

The mechanisms on how EMF affects free radicals in 
cells are not known. There are various speculations. 
Readers may be interested to take a look at these pub
lications: Barnes and Greenebaum (2015); Binhi and 
Prato (2017); Davila et al. (2005); Dodson et al. (2013); 
Hore (2019); Hore and Mouritsen (2016); Kirschvink 
et al. (2001); Landler and Keays (2018); Sheppard et al. 
(2017); Sherrard et al. (2018); and Sisakht et al. (2020).

Furthermore, it has to be pointed out that EMF- 
induced genetic effects have been observed without 
free radical changes (Alcaraz et al., 2014; Ferreira et al., 
2006; Furtado-Filho et al., 2014) and free radical changes 
without genetic effects (Frahm et al., 2006; Senturk et al., 
2019; Tiwari et al., 2015; Tomruk et al., 2010) have also 
been reported. This may imply that mechanisms other 
than free radicals are involved,

Effects at low exposure intensities

There are many reports of genetic effects induced by low 
intensities of EMF. The studies are listed in Supplement 4. 
This is an important topic to consider since living organ
isms are being constantly exposed to low levels of EMF in 
the occupational and public environments. This is particu
larly true for ELF-EMF, since intensities of ELF-EMF in the 
environment are in microtesla (µT) levels, even exposure to 
fields from electrical appliances rarely exceed 10 microtesla 
(i.e., 0.01 mT). However, most laboratory cell and animal 
studies in ELF-EMF used fields in the millitesla (mT) level.

A survey of level of RFR in the environment of 
various countries (Amoako et al., 2009; Aris 
et al., 2020; Bhatt et al., 2016; Dhami, 2012; Dode et al., 
2011; Estenberg and Augustsson, 2014; Firlarer et al., 
2003; Frei et al., 2009; Hardell et al., 2016, 2017; 
Henderson and Bangay, 2006; Joseph et al., 2008, 2010; 
Kim and Park, 2010; Kurnaz and Aygun, 2020; Lahham 
and Hammash, 2012; Lahham et al., 2015, 2017; Sagar 
et al., 2018; Tell and Kavet, 2014; Thuroczy et al., 2006; 
Urbinello et al., 2014; Viel et al., 2009; Waldmann- 
Selsam et al., 2016) gave a mean power density level of 
0.00259 mW/cm2 and median of 0.000545 mW/cm2. 
Reports (Abuasbi et al. 2018; Al-Badi, 2012; AL-rajhi, 
2014; Eskelinen et al., 2002; Ilonen et al., 2008; Lindgren 
et al., 2001; Röösli et al., 2011) on the levels of magnetic 
fields in the human environment came up with a mean 
level of 0.0036 mT and median level of 0.00062 mT. 
Much higher exposure levels could be found in occupa
tional situations. Operators and technicians in a power 
plant could be exposed to 0.0126 mT, whereas the 

magnetic field level in the vicinity of a power transmis
sion line could be as high as 0.0482 mT (Hosseinsbadi 
et al., 2020).

Besides genetic effects, other physiological processes 
have also been reported to be affected by low-intensity 
EMFs, e.g., RFR: retarded development of frog 
(Balmori, 2010; 88.5–1873.6 MHz cell phone base sta
tion emission; 0.00859–0.00325 mW/cm2); slowing of 
circadian rhythm in cockroach (Bartos et al., 2019; 
broadband RF noise; 0.000429 mT); changes in electri
cal activities in rat sciatic nerve (Comelekoglu et al., 
2018, 1800-MHz RFR; 0.00421 W/kg); delayed growth 
in rose (Grémiaux et al., 2016; 900 MHz RFR; 
0.00072 W/kg); retarded memory in rat (Nittby et al., 
2008; 900 MHz GSM signal; 0.0006 W/kg); adrenal 
gland stimulation in rat (Perov et al., 2019; 171 MHz 
RFR; 0.0006 W/kg); human blood mononucleus cells 
showed higher immunological activates (Szymanski 
et al., 2020; 0.024 W/kg) (see also the Table in Lai, 
2018 on low-intensity effect on neurological functions); 
static and ELF-EMF: decreased number of living and 
quality of movement of sperms of mouse (de Bruyn and 
de Jager, 2010; 50-Hz MF 0.0005–0.077 mT) and free 
radicals (see Table 1: „Free radical effects observed at 
low intensities of static and ELF-EMF” in Lai, 2019, effects 
have been observed with exposure to a 50 Hz MF of 
0.0005 mT). In addition, mechanisms have evolved for 
organisms to detect very low levels of static EMF, e.g., 26 
nT (i.e., 0.000026 mT) in honey bees (Kirschvink et al., 
1992); 20 microV/cm in platypus (Manger and Pettigrew, 
1996); and 2–3 nT in songbird (Pakhomov et al., 2017). 
These capabilities of detecting very low-intensity static/ 
ELF EMF fields is actually not surprising because they are 
results of evolution over millions of years to enable the 
survival of the species. On the other hand, these functions 
are much vulnerable to disturbance from recent man- 
made EMF. However, it is a little surprising that RFR at 
very low intensity could also cause biological effect. The 
RFR studied are mostly man-made and have only existed 
in the environment in the last several decades. This points 
to a possibility that EMFs (RFR and static/ELF EMF), in 
general, act on some common unknown basic biological 
mechanisms.

Interaction effects (citations of references in 
italic in this section are in supplements 1 and 2)

Another important observation of the studies is that 
EMF can interact with other entities and synergistically 
cause genetic effects. These entities include:

RFR: Chemical mutagens (Baohong et al., 2005); ultra
violet ray (Baohong et al., 2007); 17-β-estradiol (Cervellati 
et al., 2013); bee venum (Gajski and Garaj-Vrhovac, 2009); 
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garlic (Gurler et al., 2014); γ-radiation (He et al., 2017; Ji et 
al., 2016; Jiang et al., 2013); clastogens (Kim et al., 2008); 
incoherent electromagnetic noise (Lai and Singh, 2005; 
Wu et al., 2008; Yao et al., 2008); lipopolysaccharide 
(Lameth et al., 2020; Zuo et al., 2015); mitomycin 
C (Maes et al., 1996; Sannino et al., 2011,2017; Zeni et 
al., 2012a; Zhang et al., 2002); x-rays (Manti et al., 2008; 
Gapeyev et al., 2014; Sannino et al., 2014); aphidicolin 
(Tiwari et al., 2008); picrotoxin (López-Martín et al., 
2009); bleomycin (Koyama et al., 2003; Zong et al., 2015) 
and doxorubicin (Zhijian et al., 2010).

Static – and ELF-EMF: Zinc (Amara et al., 2007); 
Tremozolomide (Ashta et al., 2020); Cisplastin (Buldak 
et al., 2012; El-Bialy et al., 2013; Chen et al., 2010; 
Mahmoudinasab and Saadat, 2018a; Sanie-Jahromi 
and Saadat, 2017; Sanie-Jahromi et al., 2016); 
Bleomycin (Cho et al., 2007; Sanie-Jahromi and Saadat, 
2017); Gadolinium (Cho et al., 2014); alkaline-ph (Fan 
et al., 2018); natural radioactivity in soil (Jouni et al., 
2012); sodium fluoride (Kimsa-Dudek et al., 2018, 2020); 
gamma radiation (Arruda-Neto et al., 2009; Kubinyl 
et al., 2010; Lagroye and Poney, 1997; Mairs et al., 
2007); hydrogen peroxide and methyl methane sulfonate 
(Koyama et al., 2008); menadione (Luukkonan et al., 
2011, 2014, 2017; Markkanen et al., 2008), morphine 
(Mahmoudinasab and Saadat, 2018b); X-ray 
(Miyakoshi et al., 1996b; 1999, 2000; Teodori et al., 
2014; Udroiu et al., 2015); Xenobiotics (Moretti et al., 
2005); lipopolysaccardide (Nakayama et al., 2016); heat 
(Robison et al., 2002); N-methyl-N’-nitro 
-N-nitrosoguanidine, 4-nitroquinoline N-oxide, ben
zene, 1,4-benzenediol, 1,2,4-benzenetriol (Scassellati 
Sforzolini et al., 2004; Villarini et al., 2000); mineral oil 
(Skyberg et al., 2001); Paclitaxel (Sun et al., 2012); IR 
(Yoon et al., 2014); FeCl2 (Zmyslony et al., 2000); UV 
(Zmyslony et al., 2000).

Most of the compounds that have been shown to 
interact with EMF are mutagens. This is important 
because in real-life situations, a person is usually 
exposed simultaneously to EMF and many different 
environmental factors, including mutagens. On the 
other hand, some of these entities are drugs used in 
cancer chemotherapy. EMF can possibly be used as an 
adjuvant in chemotherapy to enhance the anticancer 
efficacy of these drugs and decrease their side-effects. 
Thus, synergism of these entities with EMF should be 
further studied.

However, it is important to point out that are reports 
(listed below) that showed no significant interaction 
effects.

RFR: Mitomycin C (Hansteen et al., 2009; Kerbacher 
et al., 1990; Maes et al., 1997, 2000, 2001, 2006; Zhijian 
et al., 2009); Adrimycin (Kerbacher et al., 1990); x-ray 

(Maes et al., 2000; Stronati et al., 2006); proflavin (Meltz 
et al., 1990); 3-Chloro-4-(dichloromethyl)-5-Hydroxy-2 
(5 H)-furanone (an environmental mutagen) (Sannino 
et al., 2009; Verschaeve et al., 2006).

Static – and ELF-EMF: Methylmethane sulfonate, 
chromate (Cantoni et al., 1996); UV (Cantoni et al., 
1996; Mizuno et al., 2014); ionizing radiation, H2O2, 
mitomycin C (Jin et al., 20112, 2014); IR and H2O2 (Jin 
et al., 2015; Yoon et al., 2014); chemical mutagens 
(Verschaeve et al., 2011); heat (Williams et al., 2006).

Effects of waveform

Two other important findings of recent studies are that 
the effects of EMF are waveform specific and cell-type 
specific (Supplement 5). These findings underscore the 
complicity of interaction of EMF with biological tissues 
and may partially explain why effects were observed in 
some studies and not others. It is essential to understand 
why and how certain wave-characteristics of an EMF are 
more effective than other characteristics in causing bio
logical effects, and why certain types of cells are more 
susceptible to the effect of EMF? The fact that “there are 
different biological effects elicited by different EMF 
wave-characteristics” is a critical proof for the existence 
of non-thermal effects.

Wave-from dependency is one of the major puzzle
ments of Bioeletcromagnetics research. In the 1970s, 
research in the laboratories of Ross Adey (Bawin 
et al.,1975; 1978) and Carl Blackman (Blackman et al., 
1979) showed the importance of modulations on the 
EMF-carrier frequency on calcium efflux from cells. 
Other biological effects of EMF also showed wave-form 
dependency, e.g., see discussion in Lai (2018) on neuro
logical effects of RFR. And, research presented here also 
showed similar dependency in EMF-induced genetic 
effects. So far, there has not been a credible unifying 
explanation for the “wave-form dependency effect”.

Regarding cell-type specificity, one can speculate that: 
1. Cells that are metabolic active are more susceptible to 
EMF effects with an increase in generation of free radical 
in the mitochondria; 2. Cells that have higher anti- 
oxidative activities are less susceptible; 3. Transitional 
elements, e.g., iron, may play a role in the effect via the 
Fenton reaction (see Lai, 2019). Brain cells contain 
a relatively high concentration of free iron, particularly 
intercalated in the DNA molecules, and are more sus
ceptible; 4. Cell cycle arrests are common in cells 
exposed to EMF. It may be a response to repair genetic 
damages caused by EMF. If damage could not be 
repaired, cell death occurs, particularly via apoptosis, 
which is a common outcome after EMF exposure. 
These effects are consistent with the gene expression 
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studies, showing activation of genes involved in both cell 
death and repair. 5. If genetic damaged cells are allowed 
to survive, cancer may occur. However, if they die, the 
risk of cancer would actually be reduced. But, other 
detrimental health outcomes may occur, e.g., death of 
brain cells could lead to neurodegenerative diseases. 
Increased incidences of degenerative diseases (including 
Alzheimer’s disease, amyotrophic lateral sclerosis, 
dementia, and motor dysfunctions) after EMF exposure, 
particularly under occupational conditions, have been 
reported (Gervasi et al. 2019; Gunnarsson and Bodin 
2018, 2019; Huss et al. 2018; Koeman et al. 2017; 
Jalilian et al. 2018; Pedersen et al. 2017; Sorahan and 
Mohammed 2014).

Discussion

The main question is whether EMF exposure could 
cause genetic effects? It is pertinent here to quote 
a recent statement made by two prominent bioelectro
magnetic researchers (Barnes and Greenebaum, 2020): 
“The evidence that weak radiofrequency (RF) and low- 
frequency fields can modify human health is still less 
strong, but the experiments supporting both conclusions 
are too numerous to be uniformly written off as a group 
due to poor technique, poor dosimetry, or lack of blind
ing in some cases, or other good laboratory practices.” 
All in all, in the studies reviewed in Supplements 1 and 2, 
approximately 70% of them showed effects. One could 
say that EMF exposure can lead to genetic changes. 
Some genetic damages could eventually lead to detri
mental health effects. However, the mechanisms remain 
to be uncovered. But, knowing the mechanism is not 
necessary to accept that the data are valid. It is also 
a general criticism that most EMF studies cannot be 
replicated. I think it is a conceptual and factual mis- 
statement. Replication is also not a necessary and suffi
cient condition to believe that certain data are true. 
Scientific studies are hardly replicated. Rational funders 
do not generally fund replications. All scientists should 
know that it is very difficult to replicate exactly an 
experiment carried out by another lab. This is particu
larly true when the effects of EMF depend on many 
unknown factors. By the way, not many replication 
experiments have been carried out in EMF genetic- 
effect research to justify the statement that “data from 
EMF are not replicable”. In some cases, the experimen
ters deliberately changed the procedures of an experi
ment that they were supposed to be replicating and 
claimed that their experiment was a replication, for 
example, compare the experimental procedures of Lai 
and Singh (1995) and Malyapa et al. (1998).

To prove an effect, one should look for consis
tency in data. Genetic damage studies have shown 
similar effects with different set-up and in various 
biological systems. And, the gene expression results 
(Supplement 3) also support the studies on genetic 
damages. Expression of genes related to cell differen
tiation and growth, apoptosis, free radical activity, 
DNA repair, and heat-shock proteins have been 
reported. These changes could be consequences of 
EMF-induced genetic damages. In addition, other 
effects of EMF, such as mitotic-spindle disruption 
(De Amicis et al., 2015; Hintzsche et al., 2011; Li 
et al., 2013; Schrader et al., 2011, 2008; Tkalec 
et al., 2009) and “adaptive” effects, i.e., the ability of 
concomitant exposure of RFR to decrease the geno
toxic effects of other agents, such as ionizing radia
tion (He et al., 2017; Ji et al., 2016; Jiang et al., 2012, 
2013; Sannino et al., 2014, 2017, 2011; Sun et al., 
2016; Zeni et al., 2012; Zong et al., 2015) also support 
the notion that EMF exposure could affect genetic 
processes in cells. In conclusion, there are enough 
reasons to believe that genetic effects of EMF are 
real and possible.

During cell phone use, a relatively constant mass of 
tissue in the brain is exposed to the radiation at relatively 
high intensity (peak specific absorption rate (SAR) of 
4–8 W/kg). Many papers have reported genetic effect/ 
DNA damage at much lower SAR (or power density) 
(see Supplement 4). This questions the wisdom of the 
several exposure standard-setting organizations in using 
the obsolete data of 4 W/kg (whole-body averaged SAR) 
as the threshold for exposure-standard setting. 
Furthermore, since critical genetic mutations in one 
single cell are sufficient to lead to cancer and there are 
millions of cells in a gram of tissue, it is inconceivable 
that some standards have changed the SAR from aver
aged over 1 gm to 10 gm of tissue. (The limit of localized 
tissue exposure has been changed from 1.6 W/kg aver
aged over 1 gm of tissue to 2 W/kg over 10 gm of tissue. 
Since distribution of radiofrequency energy is non- 
homogenous inside tissues, this change allows a higher 
peak level of exposure.) What actually needed is a better 
refinement of SAR calculation to identify ‘peak values’ of 
SAR inside the brain.

Any effect of EMF has to depend on the energy 
absorbed by a biological entity and on how the energy 
is delivered in space and time. Aside from influences 
that are not directly related to experimentation (Huss 
et al., 2007), many factors could influence the outcome 
of an experiment in bioelectromagnetics research. 
Frequency, intensity, exposure duration, and the num
ber of exposure episodes can affect the response, and 
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these factors can interact with each other to produce 
different effects. In addition, in order to understand the 
biological consequences of EMF exposure, one must 
know whether the effect is cumulative, whether com
pensatory responses result, and when homeostasis will 
break down. A drawback in the interpretation and 
understanding of experimental data from bioelectro
magnetic research is that there is no general accepted 
mechanism on how EMF affects biological systems. 
Since the energy level is not sufficient to cause direct 
breakage of chemical bonds within molecules, the effects 
are probably indirect and secondary to other induced 
chemical changes in the cell. The mechanisms by which 
EMF causes genetic effects are  unknown. This author 
suspects that biological effects of EMF exposure are 
caused by multiple inter-dependent biological  
mechanisms.
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Supplement 1  

Genetic effects of radiofrequency electromagnetic radiation (*study with no effect observed) 
Study reported effect =237 (66%); study reported no effect = 124 (34%) (Literature up to 
January 2021).  

 Exposure conditions Results 
*Agarwal et al. (2009) Human semen sample to 

cell phone radiation in 
talk mode for 1 h 

No significant DNA damage, increase in 
reactive oxygen species; decrease in sperm 
motility and viability. 

Aitken et al. (2005) Mice to 900-MHz RFR for 
7 days at 12 h/day; SAR 
0.09 W/kg 

Significant damage to Mitochondrial 
genome and nuclear -globin locus in 
epididymal spermatozoa. 

Akdag et al. (2016) Male Wistar-Albino rats 
to 2400 MHz RFR from a 
Wi-Fi signal generator 
for a year; SAR 0.000141 
(min)- 0.007127 (max) 
W/kg 

No significant change in DNA single strand 
breaks (Comet assay) in brain, kidney, liver, 
and skin tissues, increased in testes. 

Akdag et al. (2018) Men who used cell 
phone for different 
durations per day; peak 
head SAR 0.45-0.79 
W/kg 

Increased DNA single strand breaks (Comet 
assay) in ear canal hair follicle cells; a dose-
response relationship was observed. 

Akhavan-Sigari et al. 
(2014) 

Resected Glioblastoma 
multiforme (GBM) brain 
tumors from human 
patients 

Increased mutant type of p53 expression in 
the peripheral zone of GBM in patient who 
use cell phone form >3h/day; the increase 
was significantly correlated with shorter 
overall survival time. 

Alkis et al. (2019a) Rats exposed to 900 
MHz (brain SAR 0.0845 
W/kg), 1800 MHz 
(0.04563 W/kg), and 
2100 MHz (0.03957  
W/kg) RFR 2 h/day for 6 
months 

Increased DNA single strand break (Comet 
assay), oxidative DNA damage, and oxidative 
stress in brain frontal lobe. 

Alkis et al. (2019b) Rats exposed to 900 
MHz, 1800 MHz, and 
2100 MHz RFR 2 h/day 
for 6 months; maximum 
SAR over the rat  0.017 
W/kg 

Increased DNA single strand beak (Comet 
assay), oxidative DNA damage and oxidative 
stress in testicular tissue. 

Alkis et al. (2021) Rats exposed to 1800 Significant increases in liver in 8-
hydroxydeoxyguanosine, DNA single strand 
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MHz (SAR 0.62 W/kg), 
1800 MHz (0.04563 
W/kg), or 2100 MHz (0.2  
W/kg) RFR 2 h/day for 7 
months 

breaks (Comet assay), malondialdehyde, 
total oxidant status, oxidative stress index, 

*Al-Serori et al. 
(2017) 

Human U87 (wild-type) 
and U251 (mutated) 
glioblastoma cells 
exposed to intermittent 
(5 mi ON/10 min OF) 
UMTS 1750 MHz signal 
for 16 h, SAR 0.25, 0.5, 
and 1 W/kg 

No effect on micronucleus frequency. 
Apoptosis was induced in U231 cells. 

Al-Serori et al. (2018) Ten human cell types 
exposed to intermittent 
(5 mi ON/10 min OF) 
UMTS 1750 MHz signal 
for 16 h, SAR 0.25, 0.5, 
and 1 W/kg 

Increased in single strand breaks (Comet 
assay) in U87 p52- proficient glioblastoma 
cells grew under serum free condition; no 
effect on double strand breaks (H2AX foci); 
nucleotide excision repair induced. 

*Antonopoulos et al. 
(1997) 

Human blood samples 
exposed to 380 MHz 
(17.65 Hz modulation, 
0.08 W/kg); 900 MHZ 
(217 Hz modulation, 
0.208 W/kg); or 1700 
MHz (217 Hz 
modulation, 1.7 W/kg) 
for 48-68 h 

No significant effect on cell cycle 
progression and frequency of sister-
chromatin exchange in lymphocytes. 

Atasoy et al. (2013) Male Wister rats 
exposed to 2437 MHz 
(Wi-Fi) RFR; 24 h/day for 
20 weeks; maximum SAR 
0.091 W/kg 

Increased oxidative DNA damage and 
decreased catalase and glutathione activities 
in blood and testes. 

Atlı Şekeroğlu et al 
(2013) 

Immature (whole body 
SAR 0.38-0.78 W/kg) and 
mature (0.31-0.52 W/kg)  
rats exposed to 900 MHz 
RFR 2 h/day for 45 days 

Increased bone marrow cell chromosome 
aberration, micronucleus frequency, mitotic 
index and ratio of polychromatic 
erythrocytes. Cytogenetic damages in 
immature rats were significantly higher than 
in the mature rats. No recovery on day 15 
post-exposure.  

Balode (1996) Blood samples from 
female Latvian Brown 
cows lived close to and 
in front of the Skrundra 

Significantly higher micronucleus 
concentration was found in the erythrocytes 
of the exposed cows. 
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Radar and from a control 
area 

Banerjee et al. (2016) Buccal mucosal cells 
from subjects who used 
their cellular phone less 
than five years and less 
than three hours a week 
(low), and  those who used 
more than five years and 
more than 10 hours a 
week comprised of the 
second group. 

Micronucleated frequency in buccal mucosal 
cells was found to be significantly increased in 
longer cellular phone users. 

Baohong et al. (2005) Human lymphocytes 
exposed in vitro to 1800 
MHz RFR (SAR 3 W/kg) 
for two hours and also 
co-treated with various 
mutagens 

DNA strand break assayed (Comet assay) at 
0 and 21 h after treatment. No effect when 
cells were exposed to RFR alone. But, RFR 
co-exposure enhanced the DMA damage 
induced by mitomycin C and 4-
nitroquinoline-1-oxide. 

Baohong et al. (2007) Human lymphocytes 
exposed in vitro to 1800 
MHz RFR (SAR 3 W/kg) 
for 0. 1.5, and 4 h. Cells 
were also co-treated 
with ultraviolet ray C 

DNA damage as assayed by the Comet assay 
showed no significant effect with RFR alone. 
But, RFR co-exposure reduced DNA damage 
induced by ultraviolet C. 

Beaubois et al. (2007) Tomato plant leaves 
exposed to a 900-MHz 
RFR or 10 min at 0.066 
mW/cm2 

Evoked rapid and substantial accumulation 
of basic leucine-zipper transcription factor 
(bZIP) mRNA in the terminal leaf with 
kinetics very similar to that seen in response 
to wounding. (Effect attenuated by calcium 
antagonist.) 
 

Bektas et al (2020) Pregnant women who 
used cell phone and Wi-
Fi; placenta and cord 
blood samples were 
analyzed 

Samples from cell phone users showed 
increased oxidative DNA damage and 
oxidative stress; Wi-Fi users showed 
increased oxidative DNA damage but no 
oxidative stress; more DNA single strand 
breaks (Comet assay) in cell phone users 
than in control (did not use cell phone nor 
Wi-FI) and Wi-Fi users; Wi-Fi and cell phone 
uses were synergistic. 

Belyaev et al. (1992) X-irradiated E. coli cells 
exposed to 51.62-51.84 
GHz and 41.25-41.50 
GHz millimeter-wave 

Power density of 1 W/cm2 was sufficient to 
suppress X-radiation-induced repair of 
genome conformational state. 
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RFR 
Belyaev et al. (2005) Lymphocytes from 

human subjects exposed 
to GSM 915 MHz RFR for 
2 h ; SAR 0.037 W/kg;  

Increased condensation of chromatin; no 
significant difference between responses of 
blood samples of healthy and electro-
hypersensitive subjects. 

Belyaev et al. (2006) Rats exposed to GSM 
915 MHz RFR for 2 h, 
SAR 0.4 W/kg 

Affected gene expression in brain cells; no 
significant effect on chromatin conformation 
and double strand DNA breaks.  

Belyaev et al. (2009) Human lymphocytes 
exposed to UMTS cell 
phone signal(1947.4 
MHz, 5 MHz band width) 
for 1 h; SAR 0.04 W/kg 

Chromatin affected and inhibition of DNA 
double-strand break co-localizing 
53BPI/gamma-H2AX DNA repair foci; 
lymphocytes from electro-hypersensitive 
subjects responded differently to UMTS and 
GSM signals in the formation of DNA repair 
foci than in healthy subjects. 

*Bisht et al. (2002) 
 

Mouse embryo sarcoma 
fibroblast C3H 10T½ cells 
exposed to FDMA 
(835.62 MHz; SAR 3.2 or 
5.1 W/kg) and CDMA 
(847.74 MHz; SAR 3.2 or 
4.8 W/kg) RFR for 3, 8, 
16 or 24h  

No significant effect on micronucleus 
formation. 

Bourdineaud et al. 
(2017) 

earthworms (Eisenia 
fetida) exposed to 900 
MHz for 2 h; SAR 
0.00013-0.00933 W/kg 

DNA genotoxic effect persisted for at least 
24 h; gene expressions up regulated for 
HSP70 (heat shock protein), MEKKI (signal 
transduction); oxidative stress; and chemical 
and immune defenses. 

*Bourthoumieu et al. 
(2010) 

Human amniotic cells 
exposed to GSM-900 
MHz RFR for 24 h; SAR 
0.25 W/kg 

No significant genotoxic effect was observed 
at 0 and 24 h after exposure by visual 
examination of chromosomal 
rearrangement.  

*Bourthoumieu et al. 
(2011) 

Human amniotic cells 
exposed to GSM-900 
MHz RFR for 24 h; SAR 
0.25, 1,2, and 4 W/kg 

No significant change in the rate of 
aneuploidy of chromosomes 11 and 17 was 
found. 

*Bourthoumieu et al. 
(2013) 

Human amniotic cells 
exposed to GSM-900 
MHz RFR for 24 h; SAR 
0.25, 1,2, and 4 W/kg 

No significant change in the expression and 
activation of the p53 protein was found. (p53 
can cause cell cycle arrest and allow time for 
DNA repair or apoptosis.) 

Burlaka et al. (2013) Male Wister rats exposed 
to 245 MHz RFR for 2 h 
a day. 7 days a week for 
2, 8, 15, or 30 days at 5-

Increased micronucleus formation was 
found in bone marrow erythropoietic cells 
after 15- day exposure; erythrocyte count, 
haemoglobin and haematocrit were 
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10 mW/cm2. increased in peripheral blood after 8 and 15 
days of exposure. 

Buttiglione et al. 
(2007) 

Human SH-SY5Y 
neuroblastoma cells 
exposed to modulated 
900 MHz RFR for 24 h; 
SAR 1 W/kg 

Increased Egr-1 gene expression paralleled 
with activation of the MAPK subtypes 
ERK1/2 and SAPK/JNK, and decrease in 
mRNA of Bcl-2 and surviving genes.  RFR has 
anti-proliferative effect and causes cell cycle 
arrest at G2-M. 

Cam and Seyhan 
(2012) 

Hair root cells of human 
subjects after 15-30 min 
use of a 900-MHz GSM 
cell phone 

Increased in DNA single strand breaks 
(Comet assay) was observed; more damages 
resulted after 30 min than after 15 min use. 

Campisi et al. (2010) Rat neocortical astroglial 
to 50 Hz-modulated or 
CW 900 MHz RFR for 
5, 10, or 20 min; incident 
power density 0.0265 
mW/cm2 

Significant increases in DNA fragmentation 
and reactive oxygen species were observed 
at 20 min only after exposure to the 
modulated RFR. 

Cervellati et al. (2013) Human placenta 
trophoblast-derived 
HTR-8/SVneo cells 
exposed to 1.8 GHz 
GSM RFR amplitude 
modulated by 
rectangular pulses of 217 
Hz for 1 h; SAR 2 W/kg 

Increased connexin Cx40 and Cx43 mRNA 
expression; decreased Integrin alpha1 and β 
1 mRNA levels but enhanced Int alpha5 
mRNA expression. 

Chandel et al. (2019a) Onion roots (Allium 
cepa L.) were exposed to 
2350 MHz RFR for 1, 2, 
or 4 h, SAR 0.313 W/kg 

Increased in mitotic index and chromosomal 
aberration; significant increase in DNA single 
strand break (Comet assay) at 2 and 4 h. 

Chandel et al. (2019b) Onion roots (Allium 
cepa L.) were exposed to 
2100 MHz RFR for 1 or 
4 h, SAR 0.282 W/kg 

Increased mitotic index, chromosomal 
aberration, and DNA single-strand breaks 
(Comet assay) after 4 h of exposure. 

*Chang et al. (2005) Escherichia coli and 
Salmonella typhimurium 
exposed to 835 MHz 
RFR for 48h; SAR 
4W/kg 

835-MHz RFR neither affected the reverse 
mutation frequency nor accelerated DNA 
degradation in vitro. (Some interaction 
effects with mutagens were observed.) 

Chaturvedi et al. 
(2011) 

Male mice exposed to 
2450 MHz  RFR, 2 h/day 
for 30 days; SAR 
0.03561 W/kg 

Increased DNA single strand breaks (Comet 
assay) in brain cells. 

*Chauhan et al. 
(2006a) 

Human lymphoblastoma 
cells (TK6) exposed to 
pulsed-modulated, 

No evidence of a general stress response 
with proto-oncogene and heat-shock protein 
gene transcriptions. 
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 intermittent (5 min ON, 
10 min OFF) 1900-MHz 
RFR for 6 h; SAR 1 or 6 
W/kg 

*Chauhan et al. 
(2006b) 
 

Human –derived 
immune cell-lines HL-60 
and MM6 cells exposed 
to pulsed-modulated, 
intermittent (5 min ON, 
10 min OFF) 1900-MHz 
RFR for 6 h; SAR 1 or 
10 W/kg 

No evidence of detectable change in stress-
related gene expression. 

*Chauhan et al. 
(2007) 
 

Human glioblastoma-
derived cell-line 
(U87MG) and human 
monocyte-derived cell-
line (MM6) exposed to 
pulsed-modulated, 
intermittent (5 min ON, 
10 min OFF) 1900-MHz 
RFR for 24 and 6 h; 
SAR 0.1-10 W/kg 

No evidence that the RFR exposure altered 
late onset gene expression in either cultured 
cell-lines. 

Chavdoula et al. 
(2010) 

Drosophila melanogaster 
flies exposed to GSM-
900 MHz and DCS-1800 
MHz cell phone 
radiation; 6  min per day 
for 5 days 

Decreased insect’s reproductive capacity 
with fragmented DNA (apoptosis) in the egg 
chamber. 

*Chemeris et al. 
(2004) 

Frog (Xenopus laevis) 
erythrocytes exposed to 
high peak power pulsed 
RFR (8.8 GHz, 180 ns 
pulse width, peak power 
65 kW, repetition rate 50 
Hz) for 40 min; SAR 1.6 
kW/kg (peak SAR 300 
MW/kg) 

Increased  DNA single strand breaks (Comet 
assay) caused by  temperature rise. 

*Chemeris et al. 
(2006) 

Human whole blood 
leukocytes and isolated 
lymphocytes exposed to 
pulsed 8.8 Hz RFR (180 
ns pulse width, peak 
power 65 kW, pulse 
repetition frequency 50 
Hz) for 40 min: average 
SAR 1.6 kW/kg (peak 

No change in DNA single strand breaks 
(Comet assay) 
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300 mW/kg) 
Chen et al. (2012) Saccharomyces 

cerevisiae yeast cells 
exposed to 1800 MHz 
RFR for 6 h; SAR 4.7 
W/kg 

Expression of several genes. 

*Choi et al. (2020) Human adipose tissue-
derived stem cells 
(ASCs), Huh7 and 
Hep3B liver cancer stem 
cells (CSCs), HeLa and 
SH-SY5Y cancer cells, 
and normal fibroblast 
IMR-90 cells exposed to 
WCDMA-signal 1.7-
GHz RFR for 72 h, SAR 
1 and 2 W/kg 

No significant effect on double strand 
breaks; increased intracellular reactive 
oxygen species and deceased proliferation. 

*Ciaravino et al. 
(1991) 
 

Chinese hamster ovary 
cells exposed to 2450-
MHz pulsed RFR (SAR 
33.8 W/kg) 
simultaneously with 
adriamycin for 2 h 

RFR did not affect changes in cell 
progression and number of sister chromatid 
exchanges induced by adriamycin. 

d'Ambrosio et al. 
(1995) 

Human blood exposed to 
9 GHz RFR (continuous-
wave or 50-Hz amplitude 
modulated) for 10 min; 
SAR 90 W/kg 

Increased in micronucleus frequency in 
lymphocytes after exposure to the 
amplitude modulated RFR. 

d'Ambrosio et al. 
(2002) 

Human blood cultures 
exposed to 1748 MHz 
RFR (continuous –wave 
or phase modulated 
(GMSK)) for 15 min: 
SAR ~5 W/kg 

Micronucleus frequency in lymphocytes was 
increased only after exposure to phase-
modulated RFR. 

Danese et al. (2017) Human whole blood 
exposed to 900 MHz 
RFR from a cell phone 
for 30 min 

No change in frequency of γ-H2AX foci 
(double strand DNA breaks) in lymphocytes. 

De Amicis et al. 
(2015) 

Human fetal fibroblasts 
exposed to THz radiation 
(0.1-0.15 THz) for 20 
min; SAR 15-20 W/kg 

Increased total number of micronuclei  and 
centromere positive micronuclei that could 
lead to chromosome loss. No significant 
effect on DNA strand breaks (Comet assay), 
phosphorylation of H2AX histone and 
apoptosis. 

De Iuliis et al. (2009) Human spermatozoa 
exposed to 1800-MHz  

Increased oxidative DNA damage and 
fragmentation (apoptosis) and reactive 
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RFR; SAR 0.4 – 27.5 
W/kg for 16 h 

oxygen species; sperm motility and vitality 
were reduced. 

*de Oliveira et al. 
(2017) 

Human buccal cells from 
cell phone users; 
Averaged years of use 
11.4  yrs; mean duration 
of daily use 2.8 min 

Cells ipsilateral to cell phone use did not 
have a statistically significantly higher 
micronucleus frequency, compared to cells 
contralateral to exposure. 

Del Re et al. (2019) Human HeLa, BE2C and 
SH-SY5Y cells exposed 
to 900 MHz 217-Hz 
pulse-modulated RFR 
for 48 h; SAR 1 W/kg 

Increased transcription of repetitive DNA, 
type of transcription depended on cell type. 
(Alteration of repetitive DNA transcription 
can be induced by environmental stress 
conditions, causing human pathological 
effects.) 

Del Vecchio et al. 
(2009) 

Murine SN56 
cholinergic cell line (48 
and 72 h)  and rat 
primary cortical neurons 
(24, 72, 120 h) exposed 
to GSM-modulate 900 
MHz RFR; SAR 1 W/kg 

Increased expression of beta-thymosin 
(cytoskeleton regulating factor) m-RNA, and 
reduced neurite generation. 

Demsia et al. (2004) Rats exposed to 910- 
MHz RFR 2 h/day for 30 
days; SAR 0.42 W/kg. 

Increased of micronuclei in polychromatic 
polymorphonuclear cells in bone marrow 
smears. Effects less in female rats. 

Deshmukh et al. 
(2013) 

Male Fischer rats 
exposed to 900 MHz 
(0.0005953 W/kg), 1800 
MHz (0.0005835 W/kg), 
and 2450 MHz 
(0.0006672 W/kg) RFR 
for 2 h/day, 5 days/week 
for 30 days. 

Increased DNA single strand breaks (Comet 
assay) in brain tissues. 

Deshmukh et al. 
(2015) 

Male Fischer rats 
exposed to 900 MHz 
(0.0005953 W/kg), 1800 
MHz (0.0005835 W/kg), 
and 2450 MHz 
(0.0006672 W/kg) RFR 
for 2 h/day, 5 days/week 
for 180 days. 

Increased DNA single strand breaks (Comet 
assay) in brain tissues; elevated heat-shock 
protein-70 level. 

Deshmukh et al. 
(2016) 

Male Fischer rats 
exposed to 900 MHz 
(0.0005953 W/kg), 1800 
MHz (0.0005835 W/kg), 
and 2450 MHz 
(0.0006672 W/kg) RFR 
for 2 h/day, 5 days/week 

Increased DNA single strand breaks (Comet 
assay) in brain tissues; elevated heat-shock 
protein-70 level. 
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for 90 days. 
Diem et al.(2005) Human diploid 

fibroblasts and cultured 
rat granulosa cells 
exposed to  1800 MHz 
intermittent (5 min 
On/10 min Off) or 
continuous –wave; SAR 
1.2 or 2 W/kg 

Increased in DNA single and double strand 
breaks (Comet assay) in both cell types after 
16 h exposure. Intermittent wave showed a 
higher effect than continuous wave. 

Duan et al (2015) Mouse spermatocyte-
derived GC-2 cells 
exposed to intermittent 
(5 min On/10 min Off) 
1800 MHz RFR (from a 
GSM cell phone in talk 
mode) for 24 h; SAR 1. 2 
, or 4 W/kg 

Increased oxidative DNA damage a 4 W/kg; 
no significant with Comet assay. 

*Durdik et al. (2019) Umbilical cord blood 
(UCB) cells exposed to a 
GSM900 (1-17 h, 0.004 
or 0.04 W/kg) or UMTS-
1947.4 MHz (3 h, 0.04 
/kg)  cell phone signals 
fed to a TEM cell 

No changes in DNA single and double strand 
breaks (Comet assay), and apoptosis; 
increased reactive oxygen species was 
observed. 

Eker et al. (2018) Female Wistar-albino 
rats exposed to 1800-
MHz RFR for 2h/day for 
8 weeks; SAR 0.06 W/kg 

Caspase-3 and p38MAPK gene expressions 
increased in eye tissues. 

Engelmann et al. 
(2008) 

Cell suspension cultures 
of Arabidopsis thaliana 
exposed to 1900 MHz 
UMTS-modulated RFR 
for 24 h; SAR peak 2 
W/kg, average 0.75 
W/kg 

Significant changes in transcription of 10 
genes. 

Esmekaya et al. 
(2011) 

Human peripheral blood 
lymphocytes exposed to 
1800 MHz GSM- (217 
HZ) modulated RFR for 
6, 8, 24, or 48 h; SAR 
0.21 W/kg 

Chromatin changes and increase in sister 
chromatin exchange. 

*Falzone et al. (2010) Human spermatozoa 
exposed to pulse-
modulated 900-MHz 
RFR for 1 h; SAR: 2.0 
and 5.7 W/kg 

No significant effects on DNA 
fragmentation, reactive oxygen species, and 
capase-3 activity. 
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Ferreira et al. (2006) Pregnant rats exposed to 
a cell phone at 834 MHz 
for 8.5 h/day from 
conception to birth; SAR 
0.55-1.23 W/kg 

Increased erythrocyte micronucleus 
frequency but no significant effects in 
oxidative parameters in blood and liver of 
newborn pups. 

Figueiredo et al. 
(2004) 

Human whole blood 
exposed to 2.5 GHz RFR  
(from a microwave oven) 
for 40 sec (SAR 626.67 
W/kg) or 10.5 GHz RFR 
for 5 min (SAR 0.25 
W/kg) 

No chromosomal aberrations observed in 
lymphocytes; no alteration in radiosensitivity 
to gamma radiation; cell mortality increased 
markedly after RFR exposure. 

*Finnie et al. (2006) Pregnant mice exposed 
to 900-MHz RFR 
(modulated at 217 Hz 
with pulse-width of 0.6 
ms) for 60 min per day 
from day 1-19 of 
gestation; SAR 4 W/kg 

No significant effect on c-fos expression in 
brain of offspring. 

Fragopoulou et al. 
(2018) 

C57BL/6 adult male 
mice exposed to 2 hr to 
GSM 1800-MHz RFR 
(from a phone) for 2 h at 
an average power density 
of 0.0049-0.081 
mW/cm2 

In the hippocampus, the expression of 178 
genes changed significantly, revealing an 
impact on genes involved in critical 
biological processes, such as cell cycle, DNA 
replication and repair, cell death, cell 
signaling, nervous system development and 
function, immune system response, lipid 
metabolism, and carcinogenesis. 

Franchini et al. 
(2018a) 

Human fetal and adult 
fibroblasts exposed to 25 
GHz RFR for 20 min; 
SAR 20W/kg 

Increased total number of micronuclei and 
centromere positive micronuclei in exposed 
samples. No significant effect on DNA 
single strand break (Comet assay). 

Franchini et al. 
(2018b) 

Human adult fibroblasts 
exposed to 0.15 THz 
(150 GHz) RFR (4 s 
pulses at 25 Hz) for 20 
min; SAR 15-20 W/kg 

Increased centromere-positive micronuclei 
frequencies and chromosomal nondisjunction 
events, indicating induction of aneuploidy 
and not by DNA breakage. 

Franzellitti et al.  
(2008) 

Human trohoblastes 
HTR-8/SVneo exposed 
to 1800 MHz 
continuous-wave, GSM-
217-Hz, and GSM-Talk 
signals for 4-24 h, time 
averaged SAR 2 W/kg 

Levels of the inducible HSP70C transcript 
were significantly enhanced after 24 h 
exposure to GSM-217Hz signals and reduced 
after 4 and 16 h exposure to GSM-Talk 
signals. No effect on inducible HSP70A, 
HSP70B and the constitutive HSC70 
transcripts. 

Franzellitti et al.  
(2010) 

Human trophoblast 
HTR-8/SVneo cells 
exposed to1800 MHz 

GSM signals increased DNA single strand 
breaks (Comet assay) after 16 and 24 h 
exposure; recovered within 2 h post-
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continuous –wave. GSM 
(217 Hz modulated) and 
GSM intermittent (5 min 
on/10 min off)  RFR for 
4. 16, or 24 h: SAR 2 
W/kg 

exposure; continuous-wave RFR was without 
effect. 

*Fritze et al. (1997) Rats expose to GSM 90 
MHz RFR for 4 h, brain 
average SAR 0.3- 1.5 
W/kg 

No effect on C-jun and GFAP expression in 
brain. 

Fucic et al. (1992) Lymphocytes from 
humans occupationally 
exposed to RFR; 1250-
1350 MHz, 10 W/cm2-
20 mW/cm2 

Showed preferentially clastogenic effect 
measured by micronucleus. Effect on genetic 
material similar to both of a chemical agent 
and of ionizing radiation. 

Furtado-Filho et al. 
(2014) 

Rats of different ages (0-
30 days) exposed 950 
MHz RFR for 0.5 h/day 
for 51 days (21 days of 
gestation and 6-30 days 
old): SAR pregnant rat 
0.01-0.03 W/kg; neonate 
0.88 W/kg, 6-day old 
0.51 W/kg, 15-day old 
0.18 W/kg, 30-day old 
0.06 W/kg. 

Decreased DNA single strand breaks (Comet 
assay) in liver of 15-day old and increased 
breaks in 30-day old rats, no oxidative stress 
detected.  

*Furtado-Filho et al. 
(2015) 

At exposed to 950 MHz 
RFR. 0.5 h/day to 27 
days (throughout 
pregnancy and 6 days 
postnatal); SAR 0.44-
0.35 W/kg, neonatal rat 
1.32 W/kg, 6-day old 
1.14 W/kg 

Right cerebral cortex showed an increase in 
DNA single strand breaks (Comet assay), but 
no significant effect in the left cerebral 
cortex in RFR-exposed 6-day old rats. No 
oxidative effects observed. 

Gadhia et al. (2003) Blood samples of cell 
phone and non-cell 
phone users 

Increased dicentric chromosomes and sister 
chromatid exchange in lymphocytes of cell 
phone users. 

Gajski and Garaj-
Vrhovac (2009) 

Blood samples from 
Wistar rats exposed to 
GSM-modulated 915 
MHz RFR for 30 min, 
SAR 0.6 W/kg 

Increased basal (single strand) and oxidative 
DNA damage (Comet assay) in lymphocytes. 

Gandhi and Anita 
(2005) 

Blood from cell phone 
users (most for 2-5 yrs) 

Increased DNA single strand breaks (Comet 
assay) and micronucleus found in cell phone 
users. 

Gandhi and Singh Blood and buccal cells Increased micronucleated buccal cells  and 
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(2005) from cell phone users (3-
4,5 yrs); controls never 
used cell phone 

chromosomal aberration in peripheral 
lymphocytes. 

Gandhi et al. (2015) People lived within 300 
m of a cell phone base 
station (average power 
density= 1.149 mW/cm2) 
for an average of 7.45 
yrs, controls average 
power density = 0.0045 
mW/cm2. 

Increased DNA single strand breaks (Comet 
assay) in peripheral blood leukocytes. Daily 
cell phone usage, location of residence, and 
power density are significant predictor of 
DNA damage. 

Gapeyev et al. (2014) Mouse blood samples 
exposed to 1-Hz pulse-
modulated 42.2 GHz 
RFR for 20 min, SAR 
1.5 W/kg; and x-rays 

Pre-exposure to pulse-modulated RFR (not 
continuous-wave) reduced x-ray-induced 
DNA single strand breaks (Comet assay) in 
lymphocytes Effect may be related induction 
of reactive oxygen species by RFR. 

Garaj-Vrhovac et al. 
(1990) 

V79 Chinese hamster 
cells exposed to 7.7 GHz 
RFR for 15, 30, or 60 
min; power density 30 
mW/cm2 

Inhibited [3H]thymidine into DNA with 
stoppage of cell cycle at S phase; 
chromosome aberration observed. 

Garaj-Vrhovac et al. 
(1991) 

V79 Chinese hamster 
fibroblast cells exposed 
to 7.7 GHz RFR for 15, 
30, or 60 min; power 
density 0.5 mW/cm2 

Increased chromosome aberration (dicentric 
and ring chromosomes) and micronucleus. 

Garaj-Vrhovac et al. 
(1992) 

Human whole blood 
samples exposed to 7.7 
GHz RFR for 10, 30, or 
60 min; power density 
0.5, 10, or 30 mW/cm2 

Increased chromosome aberration (dicentric 
and ring chromosomes) and micronucleus in 
lymphocytes. 

Garaj-Vrhovac and 
Fucic (1993) 

Air traffic controllers 
who did repair on radar 
devices two days ago 
and exposed to 1250-
1350 MHz RFR of 
unknown intensity (pulse 
power 100 kW). 
(presumably higher than 
normal exposure of 10 
W/cm2-20 mW/cm2) 

Lymphocytes showed increased number of 
chromosome breaks, acentric fragments, 
dicentric and polycentric chromosomes with 
accompanying fragments, ring chromosomes 
and chromatid interchange. Most aberrations 
returned to normal after 30 weeks, except 
dicentrics and ring chromosomes. 

Garaj-Vrhovac. 
(1999) 

Peripheral blood 
lymphocytes of workers 
on radar equipment and 
antenna system service, 
1250-1350 MHz; power 

Exposed subjects shows an increase in the 
number of micronucleus and number of 
micronucleus per cell; disturbance of cells in 
the cell cycle. 
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density 10 W/cm2 -20 
mW/cm2; average 
employment duration 
13.3 yrs 

Garaj-Vrhovac and 
Orescanin (2009) 

Peripheral blood 
lymphocytes of workers 
on radar equipment and 
antenna system service, 
1250-1350 MHz; power 
density 10 W/cm2 -20 
mW/cm2; average 
employment duration 
13.3 yrs 

Increased DNA single strand breaks (Comet 
assay) and bleomycin-induced chromatid 
breakage. 

Garaj-Vrhovac et al. 
(2009) 

Wistar rats exposed to 
915 MHz RFR 1 h/day 
for two weeks, SAR 0.6 
W/kg 

Increased basal DNA single strand break and 
oxidative DNA damages (Comet assay) in 
blood leukocytes. 

Garaj-Vrhovac et al. 
(2011) 

Workers occupationally 
exposed to marine radar 
pulsed RFR (3, 5.5, and 
9.4 GHz) 

Increased DNA single strand break (Comet 
assay) and micronucleus in blood 
lymphocytes; increased oxidative stress. 

*Garson et al. (1991) Blood samples of radio-
linemen occupationally 
exposed to 400 kHz – 20 
GHz 

No increase in chromosomal damage in 
lymphocytes. 

Ghatei et al. (2017) Mice exposed pre- and 
post-natally to radiation 
from a cellular phone 
jammer (900 and 1800 
MHz) 

At 8-10 weeks old, in the cerebellum,  no 
effect on expression level of bcl-2 and p53 
genes, but gene expression level of bax was 
decreased and gene expression level 
of p21 was increased. 

*Glaser et al. (2016) Human hematopoietic 
stem cells and leukemia 
HL-60 cells exposed to 
GSM (900 MHz), UMTS 
(1,950 MHz) and LTE 
(2,535 MHz) for 4, 20 or 
66 h;SAR 0-4 W/kg 

No effect on apoptosis, oxidative stress, cell 
cycle, DNA damage (DNA single strand 
breaks (Comet assay)) and DNA repair. A 
significant decrease in DNA breaks was 
found in hematopoietic stem cells exposed 
for 4 h to GSM signal. 

Gökçek-Saraç et al. 
(2020) 

Rats exposed to UMTS 
2100 MHz RFR 2h/day 
for 7 days; whole body 
average SAR 0.47or 2.17 
W/kg 

Decreased RNA expressions of 
acetylcholinesterase (AChE), choline 
acetyltransferase (ChAT), and vesicular 
acetylcholine transporter (VAChT) in the 
hippocampus; deficit in object location and Y-maze 
tests. 
 

*Görlitz et al. (2005) B6C3F1 mice exposed to 
GSM900 or DCS 1800 
signals for 2 h/day for 1 

No effect on micronucleus frequency in 
erythrocytes of the bone marrow or 
peripheral blood, in keratinocytes, or in 
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week (SAR 0-33.2 
W/kg) or 6 weeks (SAR 
0-24.9 W/kg) 

spleen lymphocytes. 

Gorpinchenko et al. 
(2014) 

Human sperms exposed 
to a cell phone in stand-
by/talk mode for 5 h 

Increased DNA fragmentation (apoptosis) 
and decreased motility in spermatozoa. 

Gulati et al. (2016) Blood and buccal cells of 
people lived close (<400 
meters) to a cell tower; 
1800 MHz, Maximum 
power density (at 150 
meters) 1.22 W/cm2, 
some subjects lived in 
the area for more than 9 
yrs 

Inceased DNA single strand breaks (Comet 
assay) in lymphocytes and micronucleus in 
buccal cells. Female subjects had 
significantly higher effects than males. 

Gulati et al. (2018) Blood samples from 
subjects lived 400 m 
from cell towers for 8-9 
years, power density 
0.037-12.20 mW/cm2 

A significant association of genetic 
polymorphism of antioxidant genes (for 
MnSOD and CAT) with oxidative damage 
has been observed in human population 
exposed to radiations emitted from mobile 
towers. Decreased MnSOD and CAT 
activities and increased lipid peroxidaton 
observed in blood serum. 

Gulati et al. (2020) Human lymphocytes 
exposed to UMTS 
signals at 1923, 1947.47, 
and 1977 MHz for 1 or 3 
hr; SAR 40 mW/kg 

Observed DNA damage (Comet assay) 
depending on UMTS frequency wth maximal 
effect at 1977 MHz; no effects on ROS, 
apoptosis, preleukemic fusion genes, and 
mutations in TP53 gene. 

Guler et al (2010) Pregnant and non-
pregnant New Zealand 
white rabbit exposed to 
GSM 1800-MHz RFR 
for 15 min/day for 7 days 
(15th to 22nd days of 
gestation); power density 
0.052 mW/cm2 

Increased oxidative DNA damage and lipid 
peroxidation in brain tissues in adult rabbits, 
no significant effect in newborn rats 

Guler et al. (2012) New Zealand white 
rabbits exposed to GSM 
180-MHz RFR for 15 
min/day in utero between 
15th to 22nd days of 
gestation and at 1-month 
old 15 min/day 7 days 
for female and 14 days 
for male; SAR 1.8 W/kg 

Increased DNA oxidative damage in liver of 
female rabbits (not in male) and increased 
lipid peroxidation in liver of both male and 
female rabbits. 

*Gurbuz et al. (2010) Female Wistar rats No significant effect on micronucleus 
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exposed to GSM 1800- 
MHz RFR 20 min/day, 5 
days/week for 1 month; 
power density 0.0054 
mW/cm2 

frequency in bladder cells. 

*Gurbuz et al. (2014) Male Wistar rats exposed 
to 1800- or 2100-MHz 
RFR 30 min/day, 6 
days/week for 1 or 2 
months; SAR 0.23 W/kg 

No significant effect on micronucleus 
frequency in bladder cells. 

*Gurbuz et al. (2015) Normal and diabetic rats 
exposed to a 2100-MHz 
RFR 30 min/day, 5 
days/week for 1 month; 
SAR 0.24 W/kg 

No effect on micronucleus frequency in 
exfoliated bladder cells in both normal rats 
and rats with chronic disorder. 

*Gurisik et al. (2006) Two human cell lines 
(neuronal SK-N-SH) and 
monocytoid U937) 
exposed to a GSM 900- 
MHz RFR for 2 h; SAR 
0.2W/kg 

No significant effects on gene expression, 
heat shock protein level, and cell cycle 
distribution in SK-N-SH cells; and no effects 
on cell viability and cell cycle in U937 cells. 

Gürler (2014) Wistar rats exposed to 
2450 MHz RFR 1 h/day 
for 30 consecutive days; 
power density 0.0036 
mW/cm2 

Increased oxidative DNA damage in brain 
and blood, and oxidative protein products in 
blood. 

Gustavino et al. 
(2016) 

Secondary roots of Vicia 
faba (broad bean) 
seedlings exposed to 
continuous-wave 915- 
MHz RFR for 2 h; SAR 
0.4-1.5 W/kg 

Increased micronucleus frequency up to 7-
fold. 

Habauzit et al. (2014) Human keratinocytes 
exposed to 60.4 GHz 
RFR for 3 hr, incident  
power density of 20 
mW/cm2: SAR 594 
W/kg (average), 1233 
M/kg (peak) 

7 gene expressions showed specific 
electromagnetic effect under hyperthermia 
condition (i.e., not mimicked by heat-shock 
controls). 

* Habauzit et al. 
(2020) 

Male hairless rats 
exposed to 94 GHz RFR 
3 h/day, 3 days/week for 
5 months, incident power 
density 10 mW/cm2 

No significant modification of gene 
expression in skin cells. 

Haider et al. (1994) Plant cutting bearing 
young flower buds 

Increased micronucleus was found in all 
conditions (compared to lab controls). 
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exposed for 30 h to 
short-wave 10-21 MHz 
RFR on both sides of a 
slewable curtain antenna 
(0.424-7.67 mW/cm2), at 
15 m (2.15 mW/cm2) and 
30 m (1.3 mW/cm2) from 
a cage antenna; and 200 
m from a broadcasting 
station (0.00027-0.0024 
mW/cm2) 

 

Hanci et al. (2013) Pregnant rats exposed 1 
h/day on days 13-21 of 
pregnancy to 900-MHz 
RFR at power density 
0.0265 mW/cm2. 

Testicular tissue of 21-day old offspring 
showed increased DNA oxidative damage, 
apoptotic index, and lipid peroxidation. 

*Hansteen et al. 
(2009a) 

Human lymphocytes 
exposed to18 GHz or 
pulsed 16.5 GHz RFR 
for 53 h 

No significant effect on chromosomal 
aberration frequency. 

*Hansteen et al. 
(2009b) 

Human lymphocytes 
exposed to 2.3 GHz 
continuous-wave or 
pulsed (200 Hz, 50% 
duty cycle) RFR 

No significant effect on chromosomal 
aberration frequency. 

Hao et al. (2010) Murine N9 microglial 
cells were exposed to 
pulsed 2450-MHz RFR 
for 20 min, SAR 6.2 
W/kg 

Significant induced phosphorylation of 
STAT3, increased transcription levels of the 
inflammation-associated genes, iNOS and 
TNF-alpha, which are reported to contain 
STAT-binding elements in their promoter 
region. (STAT3 is a transcription activator 
that mediates the expression of a variety of 
genes in response to cell stimuli, and thus 
plays a key role in many cellular processes 
such as cell growth and apoptosis.) 

He et al. (2016) Mouse bone marrow 
stromal cells exposed to 
a 900 MHz RFR 3 h/day 
for 5 days; peak and 
average SAR 4.1 x 10-4 
and 2.5 x 10-4 W/kg 

Increased expression of PARP-1 mRNA. 
(PARP-1 involved in DNA repair, genomic 
stability and apoptosis and is activated by 
DNA single strand breaks.) 

He et al. (2017) Mouse bone marrow 
stromal cells exposed to 
a 900 MHz RFR 3 h/day 
for 5 days; peak and 
average SAR 4.1 x 10-4 

Induced PARP-1. Cells exposed to RFR and 
gamma ray showed significantly decreased 
genetic damage (DNA single strand break       
(Comet assay)) as well as faster kinetics of 
repair compared with those exposed to GR 
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and 2.5 x 10-4 W/kg, 
some cells were 
challenged with one dose 
of gamma ray. 

alone. 

Hekmat et al. (2013) Calf thymus exposed to 
940 MHz RFR for 45 
min; SAR 0.04 W/kg 

Altered DNA structure at 0 and 2 h after 
exposure; conformational changes and 
disaggregation caused by increment in 
surface charge and size of DNA. 

*Hintzsche and 
Stopper (2010) 

Oral cavity mucosa cells 
from human subjects 
who used cell phones for 
different durations 
weekly (0, <3 h, and > 
3h) 

No significant change in micronucleus 
frequency in mucosa cells with cell phone 
use. 

*Hintzsche et al. 
(2012a) 

Human HaCaT cells and 
A(L) human-hamster 
hybrid cells exposed to 
continuous-wave or 
GSM-modulated 900 
MHz RFR for 30 min or 
22 h; power density 
0.0066-2.15 mW/cm2 

No significant effect on micronucleus 
frequency. 

*Hintzsche et al. 
(2012b) 

Human keratinocytes 
(HaCaT) and human 
dermal fibroblasts (HDF) 
exposed to 0.106 THz 
(106 GHz) RFR for 2, 8, 
24 h; 0.88 -2 mw/cm2 
(2mw/cm2 gave a SAR 
of 13.34 W/kg) 

No effect on micronucleus frequency and 
DNA single strand breaks (Comet assay). 

*Hirose et al. (2006) Human glioblastoma 
A172 cells exposed to 
2.1425 GHz W-CDMA 
radiation at SARs of 
0.08, 0.25, and 0.8 W/kg, 
and continuous-wave 
radiation at 0.08 W/kg 
for 24 or 48 h; and 
human IMR-90 
fibroblasts from fetal 
lungs exposed to both 
W-CDMA and 
continuous-wave RFR at 
a SAR of 0.08 W/kg for 
28 h 

No significant changes in induction of  p53-
dependent apoptosis, DNA damage, or other 
stress response 

*Hirose et al. (2007) Human glioblastoma No significant induction of phosphorylation 
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A172 cells were exposed 
to W-CDMA radiation at 
SARs of 0.08 and 0.8 
W/kg for 2-48 h, and 
continuous-wave 2.1425 
GHz RFR at 0.08 W/kg 
for 24 h, and human 
IMR-90 fibroblasts from 
fetal lungs were exposed 
to W-CDMA at 0.08 and 
0.8 W/kg for 2 or 28 h, 
and continuous-wave at 
0.08 mW/kg for 28 h. 

of hsp27 or expression of heat shock protein 
gene family. 
 

*Hook et al. (2004)  Human Molt-4 T 
lymphoblastoid cells 
exposed to 847.74 MHz 
code-division multiple-
access (CDMA) (SAR 
3.2 W/kg), 835.62 MHz 
frequency-division 
multiple-access (FDMA) 
(3.2 W/kg), 813.56 MHz 
iDEN(R) (iDEN) 
(0.0024 or 0.024 W/KG), 
and 836.55 MHz time-
division multiple-access 
(TDMA) (0.0026 or 
0.026 W/kg) for up to 24 
h 

No significant changes in DNA single strand 
breaks (Comet assay) and apoptosis. 

*Hou et al. (2015) Mouse embryonic 
fibroblasts (NIH/3T3) 
exposed to intermittent 
(5 min on/10 min off) 
1800-MHz GSM-talk 
mode RFR from 0.5 to 8 
h; SAR 2 W/kg. 

No effect on γH2AX foci frequency 
(Increased reactive oxygen species and late 
apoptotic cells). 

Houston et al. (2019) Male mice exposed to 
906 MHz RFR for 12 
h/day for 1, 3, or 5 
weeks; SAR 2.2 W/kg 

Increased DNA oxidative and fragmentation 
(Comet assay) in spermatozoa across all 
exposure periods, increased mitochondrial 
reactive oxygen species. 

*Huang et al. (2008a) Jurkat human T 
lymphoma cells exposed 
for 24 h  to 1763 MHz 
RFR; SAR 10 W/kg 

Alterations in cell proliferation, cell cycle 
progression, DNA integrity (Comet assay) or 
global gene expression were not detected. 

*Huang et al. (2008b) HEI-OC1 immortalized 
mouse auditory hair cells 

No significant effects on cycle distribution, 
DNA damage (Comet assay), stress response 
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exposed to 1763 MHz 
(CDMA)  RFR for 24 or 
48 h; SAR 20 W/kg 

and gene expression. 

*Jeong et al. (2018) 14-month old C57BL/6 
mice exposed to 1950 
MHz RFR for 2 h/day, 5 
day/wk, 8 months; SAR 
5 W/kg 

No significant effects on levels of oxidative 
stress, oxidative DNA damage, apoptosis, 
astrocyte, or microglia markers in brain 
tissues. 

Jeong et al. (2020)  2 and 12-month old 
C57BL/6 mice exposed 
to 1950-MHz RFR 
2h/day, 5 day/wk for 8 
months; SAR 5 W/kg 

Increased expression of Epha8 and Wnt6 
genes in the hippocampi at 20 months after 
exposure, although 13 additional genes 
showed no significant changes. Cognitive 
enhancement detected in 1-month mice after 
exposure may be associated with increases in 
neurogenesis-related signals. 

Ji et al (2004) Human subjects used cell 
phones for 4 h. 

DNA single strand breaks (Comet assay) 
increased in peripheral blood cells (T-cells, 
B-cells, granulocytes). 

Ji et al. (2016) Mouse bone-marrow 
stromal cells (BMSC) 
exposed to 900-MHz 
RFR  for 4 h/day for 5 
days; power density 0.12 
mW/cm2; some cells 
were also irradiated with 
1.5 Gy -radiation after 
RFR exposure 

RFR followed by -radiation exposure 
significantly decreased number of DNA 
strand breaks (Comet assay) and resulted in 
faster kinetics of repair of DNA strand 
breaks compared to -radiation alone. Thus, 
data suggest that RFR preexposure protected 
cells from damage induced by -radiation. 

Jiang et al. (2012) Mice were pre-exposed 
to a 900-MHz RFR for 4 
h/day for 1, 3, 5, 7, and 
14 days; power density  
0.12 mW/cm2 and then 
subjected to an acute 
dose of 3 Gy γ-radiation 

DNA single strand breaks (Comet assay) in 
blood leukocytes from mice pre-exposed to 
RFR for 3, 5, 7, and 14 days showed 
progressively decreased damage and was 
significantly different from those exposed to 
γ-radiation alone. 

Jiang et al. (2013) Mice exposed to a 900-
MHz RFR 4/day for 7 
days, SAR 0.548 W/kg 
and also -radiation 

Pre-exposure to RFR decreased 
micronucleus frequency induced by -
radiation in immature erythrocytes in 
peripheral blood and bone marrow. 

*Juutilainen  et al. 
(2007) 

Female CBA/S mice 
were exposed for 78 
weeks (1.5 h/day, 5 
day/week) to either a 
continuous 902.5-MHz 
signal similar to that 
emitted by analog NMT 
(Nordic Mobile 

No significant effects of RFR on 
micronucleus frequency in polychromatic or 
normochromatic erythrocytes. 
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Telephone) phones at a 
whole-body SAR of 1.5 
W/kg, or to a pulsed 
902.4-MHz signal 
similar to that of digital 
GSM phones at 0.35 
W/kg and also 4 Gy of 
X-ray on the first three 
weeks; female transgenic 
mice (line K2) and their 
nontransgenic littermates 
were exposed for 52 
weeks (1.5 h/day, 5 
day/week) to two digital 
mobile phone signals, 
GSM and DAMPS at 
SAR 0.5 W/kg, and 
repeated ultraviolet 
radiation  

Karaca et al. (2012) Mouse brain cells 
exposed to a 10.715 GHz 
RFR for 6 h/day for three 
days, SAR 0.725 W/kg 

Increased micronucleus apoptosis and 
necrosis, and decreased expression of the 
STAT3 genes. 

*Kerbacher et sl. 
(1990)  

Chinese Hamster Ovary 
cells exposed for 2 h to 
pulsed 2450 MHz  RFR; 
SAR 33.8 W/kg 

No significant effect on chromosome 
aberration; no interactions with Mitomycin C 
and Adriamycin. 

Kesari and Behari 
(2009) 

Male Wistar rats exposed 
to 50-GHz RFR 2 h/day 
for 45 days; SAR 0.0008 
W/kg 

Increased in brain tissue DNA double strand 
breaks (Comet assay); decreased antioxidant 
enzymes superoxides dismutase and 
glutathione peroxidase, and increased 
catalase activity. 

Kesari et al. (2010) Male Wistar rats exposed 
to 2.45-GHz RFR 2 
h/day for 35 days; SAR 
0.11 W/kg 

Increased in brain tissue DNA double strand 
breaks (Comet assay); decreased antioxidant 
enzymes superoxides dismutase and 
glutathione peroxidase, and increased 
catalase activity. 

Kesari et al. (2011) Male Wistar rats exposed 
to 900 MHz-GSM signal 
2 h/day for 35 days; SAR 
0.9 W/kg 

Decreased micronucleus frequency, change 
in cell cycle and increased oxidative stress in 
sperm cells. 

Kesari et al. (2014) Male Wistar rats exposed 
to a 3D cell phone. 
2h/day for 60 days; SAR 
0.26 W/kg 

Increased DNA double strand breaks (comet 
assay), micronuclei, Caspase 3 and apoptosis 
in brain cells; activation of hsp27/p38MAPK 
stress pathway. 

*Khalil et al (2011) Mice exposed to 900 No effects on plasma, brain, and spleen 8-
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MHz-GSM signal 30 
min/day for 30 days; 
SAR 1 W/kg 

oxo-7, 8-dihydro-2'- deoxyguanosine and 
oxidative stress. 

Khalil et al. (2012) Male Sprague-Dawley 
rats exposed for 2 h to 
1800-MHz GSM signal, 
SAR 1 W/kg 

Urine samples collected 0.5, 1, 2, and 4 h 
from the beginning of exposure showed 
elevated 8-oxo-7, 8-dihydro-2'-
deoxyguanosine (from repair of oxidative 
DNA damage) level. 

*Khalil et al. (2014) Saliva of cellular phone 
users collected before as 
well as after 15 and 30 
min use of phones. 

No change in 8-oxo-7,8-dihydro-2'-
deoxyguanosine (8-Oxo-dG). There was no 
relationship between cell phone use and 
changes in the salivary oxidant/antioxidant 
profile. 
 

Kim et al. (2008) Mouse lymphoma cells 
and Chinese hamster 
lung cells exposed to 
835-MHz RFR for 48 h;   
SAR 4W/kg 

RFR increased clastogens-induced DNA 
single strand breaks (Comet assay). 

*Komatsubara et al. 
(2005) 

Mouse m5S cells 
exposed for 2 h to 2450 
MHz CW RFR (SAR 
5,10, 20, 50 and 100 
W/kg) or pulsed RFR 
(SAR mean 100W/kg, 
peak 900 W/kg) 

No chromosomal aberration observed. 

Korenstein-Ilan et al 
(2008) 

Human dividing 
lymphocytes exposed to 
0.1 THz RFR (0.031 
mW/cm2) for 1, 2, or 24 
h 

Change in chromosomes number in 
chromosoms11 and 17 were most vulnerable 
(about 30% increase in aneuploidy after 2 
and 24 h of exposure), while chromosomes 1 
and 10 were not affected, and in the 
asynchronous mode of replication of 
centromeres 11, 17 and 1 (by 40%) after 2 h 
of exposure. 0.1 THz radiation induces 
genomic instability.  It is speculated that 
these effects are caused by radiation-induced 
low-frequency collective vibration modes of 
proteins and DNA. 

Koyama et al. (2003) Chinese hamster ovary 
(CHO)-K1 cells exposed 
to 2450 MHz RFR for 18 
h:SAR 13-100 W/kg 

Higher micronucleus frequency after 
exposure at 78 W/kg and higher. Synergistic 
with bleomycin in microbnucleus formation. 

Koyama et al. (2004) Chinese hamster ovary 
K1 cells exposed to 2450 
MHz RFR for 2h; SAR5-
200 W/kg 

Increased micronucleus formation above 50 
W/kg (May be related to temperature rise). 
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*Koyama et al. 
(2016a) 

Human corneal epithelial 
(HCE-T) cells exposed 
to 0.12 THz radiation at 
5 mW/cm² for 24 h 

No effect on micronucleus formation, 
morphological change and hest shock protein 
expression (Hsp27, Hsp70, and Hsp90α). 

*Koyama et al. 
(2016b) 

Human corneal epithelial 
(HCE-T) and human lens 
epithelial (SRA01/04) 
cells exposed to 60 
gigahertz (GHz) RFR for 
24 h; 1 mW/cm2 

No effect on micronucleus formation DNA 
single strand breaks (Comet assay) and heat 
shock protein expression. 

Kumar A. et al. 
(2020) 

Allim cepa (onion) root 
meristematic cells 
exposed  to 900- (0.0902 
W/kg) and 1800-MHz 
(0.169 W/kg) RFR for 
0.5, 1, 2, and 4 h 

Increased chromosomal aberrations and 
increased DNA single strand breaks (Comet 
assay). 

*Kumar G. et al. 
(2011) 
 

Long bone (femur and 
tibia) of male Sprague –
Dawley rats exposed to 
900-MHz continuous-
wave RFR for 30 min; 
SAR 2 W/kg 

No significant effect on DNA single-strand 
breaks (Comet assay) in bone marrow 
lymphocytes.(Assayed at 72 h after 
exposure.) 

*Kumar G. et al. 
(2015) 
 

Long bone (femur and 
tibia) of male Sprague –
Dawley rats exposed to 
900 and 1800 MHz 
continuous-wave and 
pulsed RFR; 900-MHz 
CW at 2 and 10 W/kg for 
90 min and 1800-MHz  
CW and PW at 2.5 and 
12.4 W/kg for 120 min 

No significant effect on DNA single-strand 
breaks (Comet assay) in bone marrow 
lymphoblasts. (Assayed at 1 h after 
exposure.) 

Kumar R. et al. (2020) male Wistar rats exposed 
to 900 MHz, 1800 MHz 
and 2450 MHz RFR at a 
specific absorption rate 
(SAR) of 5.84 × 
104 W/kg, 5.94 × 10-

4 W/kg and 6.4 × 10-

4 W/kg, respectively for 
2 h per day for 1-month, 
3-month and 6-month 
periods. 

RFR exposure caused significant epigenetic 
modulations (DNA and histone methylation) 
which alter gene expression in the 
hippocampus. 

 

Kumar S. et al. (2010) Male Wistar rats exposed 
to 10-GHz RFR 2 h a 
day for 45 days, SAR 

Increased micronucleus and reactive oxygen 
species in blood cells. 
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0.014 W/kg 
Kumar S. et al. (2013) Male Wistar rats exposed 

to a 10 GHz RFR 2h/day 
for 45 days; SAR 0.014 
W/kg 

Increased micronucleus frequency in blood 
lymphocytes and increased single strand 
breaks (Comet assay) in spermatozoa. 
Decreased testosterone and testicular size. 

Kumar S. et al. (2014) Male Wistar rats exposed 
to 1910.6 MHz RFR 
from a cell phone in 
“talk mode” for 60 days 
(2 h/day, 6 days a week); 
SAR 0.28 (Max.) and 
0.0226 (Min.) 

Increased DNA single strand breaks (Comet 
assay) an lipid peroxidation in spermatozoa, 

*Lagroye et al. 
(2004a)  

Sprague-Dawley rats 
exposed to pulsed 2450- 
MHz RFR for 2 h; SAR 
1.2 W/kg 

No significant change in DNA single strand 
breaks (Comet assay) (with or without 
proteinase-k treatment of samples-for 
detection of DNA-protein crosslinks) in 
brain cells. 

*Lagroye et al. 
(2004b)  

Clonal mouse embryo 
C3H 10T(1/2) cells  
exposed 2450-MHz 
continuous-wave RFR 
for 2 h; SAR 1.9 W/kg 

No significant change in DNA single strand 
breaks (Comet assay) (with or without 
proteinase-k treatment of samples.) 

Lai and Singh (1995) Male Sprague-Dawley 
rats exposed to pulsed or 
continuous-wave 2450-
MHz RFR for 2 h; SAR 
0.6 and 1.2 W/kg 

Increased DNA single strand breaks (Comet 
assay) in brain cells was observed at 4 h after 
exposure to pulsed RFR and at 0 and 4 h 
after continuous-wave exposure. 

Lai and Singh (1996) Male Sprague-Dawley 
rats exposed to pulsed or 
continuous-wave 2450-
MHz RFR for 2 h; SAR 
1.2 W/kg 

Increased DNA single- and double-strand 
breaks (Comet assay) in brain cells was 
observed at 4 h after exposure to pulsed or 
continuous-wave RFR. 

Lai and Singh (1997) Male Sprague-Dawley 
rats exposed to pulsed 
2450-MHz RFR for 2 h; 
SAR 1.2 W/kg 

Increased DNA single- and double-strand 
breaks (Comet assay) in brain cells at 4 h 
after exposure. Effects blocked by melatonin 
or the spin-trap compound N-tert-butyl-
alpha-phenylnitrone. (Free radicals are 
involved in the effects). 

Lai and Singh (2005) Male Sprague-Dawley 
rats exposed to 
continuous-wave 2450-
MHz RFR for 2 h; SAR 
0.6  W/kg 

Increased DNA single- and double-strand 
breaks (Comet assay) in brain cells at 4 h 
after exposure. Effects blocked by a 
temporally incoherent magnetic field. 

Lai et al. (1997) Male Sprague-Dawley 
rats exposed to pulsed 
2450-MHz RFR for 2 h; 

Increased DNA double-strand breaks (Comet 
assay) in brain cells at 4 h after exposure. 
Effect blocked by naltrexone. (Involvement 
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SAR 1.2  W/kg of endogenous opioids in the effects). 
Lakshmi et al. (2010) Human subjects 

professionally using 
VDTs  

No effect on DNA single strand break 
(comet assay) and micronucleus frequency in 
blood cells of subjects exposed for 2 years; 
increased in long-term (>10 years) users. 

Lameth et al. (2020) Healthy rats, rats 
undergoing an acute 
neuroinflammation 
triggered by a 
lipopolysaccharide (LPS) 
treatment, and transgenic 
hSOD1G93A rats that 
modeled a 
presymptomatic phase of 
human amyotrophic 
lateral sclerosis (ALS) 
exposed head only to a 
GSM-1800 MHz RFR 
for 2 h, SAR 3.22 W/kg. 

Cortical cell gene modulations triggered by 
GSM-RFR in the course of an acute 
neuroinflammation and indicate that GSM-
induced gene responses can differ according 
to pathologies affecting the CNS. 

*Lamkowski et al. 
(2018) 

Human  peripheral blood 
cells exposed to 900 
MHz RFR for 30, 60, 
and 90 min; SAR 9.3 
W/kg 

No significant effect on gene expression. 

Le Quément et al. 
(2012) 

Primary human skin cells 
exposed to a 60.4-GHz 
RFR for 1, 6, or 24 h, 
SAR 42.4 W/kg. 

Expression of 130 transcripts was found to 
be potentially modulated. PCR confirmed 5 
genes as differentially expressed after 6 h of 
exposure. 

*Lerchl et al. (2020) Pregnant mice exposed 
to UMTS ~1960 MHz 
RFR from day 7 post-
conception (p.c.) at  SAR 
0.04 and 0.4 W/kg (24 
h/day, 7 days/week);at 
day 14 p.c., injected with 
ethylnitrosoures(ENU) 

No DNA adenyl adduct formation was 
observed in the brain of fetuses at 24, 36, and 
72 h after ENU inection. 

Lee et al. (2005) Human HL-60 cells 
exposed to a pulsed 2450 
MHz RFR for 2 or 6 h; 
SAR 10 W/kg 

Many genes apoptosis-related genes were 
affected. Apoptosis- related genes were 
among the upregulated ones and the cell 
cycle genes among the downregulated ones.   

*Li et al. (2001)  Murine C3H 10T(1/2) 
fibroblasts exposed to 
847.74 MHz code-
division multiple access 
(CDMA) and 835.62 
frequency-division 

No significant effect on DNA single strand 
breaks (Comet assay). 
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multiple access (FDMA) 
RFR for 2, 4, or 24 h; 
SAR 3.2 - 5.1 W/kg 

Li et al. (2018) Mouse spermatocyte-
derived cells (GC-2) 
were exposed to 1800-
MHz RFR for 24 h, SAR 
1, 2 or 4 W/kg 

No effect on DNA double strand streak, 
increased DNA single strand breaks (Comet 
assay); free radicals involved. 

Li et al. (2020) Pregnant female rats 
exposed to 1800 (1 
mW/cm2) and 2400 (0.1 
mW/cm2) MHz RFR 
during the 21st day of 
pregnancy (8 pm- 8 am). 
Offspring tested from 3-
9 weeks postnatal 

Up- and down-regulation expressions of 
different forms (NR1, NR2A, NR2B, NR2C, 
NR2D, NR3A, NR3B) of methyl-D-aspartate 
receptors (NMDARs) in the hippocampus 
were obsersed; animals showed behavioral 
and cognitive development effects which 
may be associated with altered mRNA 
expression of NMDARs. 

Lin et al. (2016) Budding yeast exposed 
to 2-GHz RFR for 96 h, 
SAR 0.12 W/kg 

Upregulation of the expression of genes 
involved in glucose transportation and the 
tricarboxylic acid (TCA) cycle. 

Liu et al. (2013a) Mouse spermatocyte-
derived GC-2 cell line 
exposed to 1800-MHz 
Global System for 
Mobile Communication 
(GSM) signals (5 min on 
and 10 min off) for 24 h; 
SAR 1, 2, or 4 W/kg 

Increased DNA single strand breaks (comet 
assay) and DNA adduct 8-oxoguanine at 
SAR of 4 W/kg; increased reactive oxygen 
species generation. 

Liu et al. (2013b) Mouse spermatocyte-
derived GC-2 cell line 
was exposed to a 
commercial mobile 
phone handset once 
every 20 minutes in 
standby, listen, dialed or 
dialing modes for 24 h; 
power density 0.0059- 
0.0122 mW/cm2 

Increased DNA single strand breaks (Comet 
assay) (attenuated by melatonin). 

Lixia et al. (2006) Human lens epithelial 
cells exposed to GSM-
1.8 GHz RFR for 2 h, 
SAR 1, 2, 3 W/kg 

Increased DNA single strand breaks (comet 
assay) at 3 W/kg at o and 30 min post-
exposure; Increased mRNA and protein 
expression of Hsp70.  

López-Martín et al. 
(2009) 

Picrotoxin-pretreated 
male Sprague-Dawley 
rats exposed to 900-MHz 
GSM-modulated or 
unmodulated RFR for 2 

Increased c-fos expression in brain areas. 
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h, SAR modulated RFR 
0.03 W/kg average– 
peak 0.14 W/kg in brain; 
unmodulated RFR 
average 0.26 W/kg- peak 
1.4 w/kg in brain 

Luukkonen et al. 
(2009) 

Human SH-SY5Y 
neuroblastoma cells 
exposed to 872-MHz 
(CW and GSM) RFR for 
1 h; SAR 5 W/kg 

CW RFR increased DNA single strand 
breaks (Comet assay) and reactive oxygen 
species in cells treated with menadione (a 
chemical that induces intracellular ROS 
production and DNA damage) compared to 
cells treated with menadione alone. GSM-
modulated RFR had no significant effect. 

*Luukkonen et al. 
(2010) 

Human SH-SY5Y 
neuroblastoma cells 
exposed to 872-MHz 
(CW and GSM) RFR for 
3 h (DNA damage ) and 
1 h (reactive oxygen 
species) ; SAR 5 W/kg 

CW and modulated RFR had no significant 
effect on DNA single strand breaks (Comet 
assay) and reactive oxygen species 
production in cells treated with ferrous 
chloride, 

Maes et al (1993) Human peripheral blood 
lymphocytes exposed to 
pulsed2450-MHz RFR 
for 30 or 120 min, SAR 
75 W/kg 

Increase in the frequency of chromosome 
aberrations (including dicentric 
chromosomes and acentric fragments) and 
micronuclei. 

Maes et al (1996) Human whole blood 
samples exposed to GSM 
954- MHz emitting 
antenna for 2 h, SAR 1.5 
W/kg, some samples also 
incubated with 
mitomycin C after 
exposure 

Synergistic effect between RFR and 
mitomycin C was observed the frequencies 
of sister chromatid exchanges in metaphase 
figures. 

Maes et al. (1995) Human whole blood 
cells exposed to 954 
MHz RFR from an 
antenna for 2 h; SAR 1.5 
W/kg. Blood from 
maintenance workers of 
transmission antenna 
(450, 900 MHz) exposed 
at least 1 h/day for a 
year. 

Increased chromosome aberration (dicenric 
chromosome) in lymphocytes. 
No effect found in blood of antenna 
maintenance workers. 
 

*Maes et al. (1997) Human whole blood 
cells exposed to 935.2 
MHz RFR alone and in 

No significant effects of RFR on 
chromosome aberration, sister chromatid 
exchange, and DNA single strand breaks 
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combination with 
mitomycin C for 2 h; 
SAR 0.3-0.4 W/kg 

(comet assay). No synergistic effect with 
mitomycin C. 

*Maes et al (2000) Human lymphocytes 
exposed to 455.7 MHz 
RFR from antenna of a 
car phone for 2 h; SAR 
6.5 W/kg 

No significant effects of RFR on 
chromosome aberration and sister chromatid 
exchange. No synergistic effect with 
mitomycin C. 

*Maes et al (2001) Human lymphocytes 
exposed to 900-MHz 
RFR for 2 h, SAR 0-10 
W/kg 

No significant effects of RFR on 
chromosome aberration and sister chromatid 
exchange. No synergistic effect with 
mitomycin C. 

*Maes et al (2006) Peripheral blood 
lymphocytes from 
subjects who were 
professionally exposed 
to cell phone RFR 

No evidence of RFR-induced genetic effects: 
DNA single strand breaks (Comet assay), 
chromosome aberration, and sister 
chromatid exchange. 

*Malini (2017) Blood and semen 
samples from subjects 
who used cellular phones 
for 1-5. 6-10, and 
>10h/day. 

No DNA damages (ladder assay) and 
oxidative changes observed. 

*Malyapa et al. 
(1997a)  

U87MG and C3H 10T1/2 
cells exposed to 2450-
MHz continuous-wave 
RFR for 2 h; SAR 0.7 and 
1.9 W/kg 

No significant effects on DNA single strand 
breaks (Comet assay). 

*Malyapa et al. 
(1997b)  

Mouse C3H 10T1/2 
fibroblasts and human 
glioblastoma U87MG 
cells exposed to 835.62 
MHz (FMCW) and 
847.74 MHz (CDMA) RFR 
up to 24 h; SAR 0.6 W/kg 

No significant effects on DNA single strand 
breaks (Comet assay). 

*Malyapa et al. 
(1998)  

Male Sprague-Dawley 
rats exposed to 2450 
MHz continuous-wave 
(CW) RFR for 2 h; SAR 
1.2 W/kg 

No significant effects on DNA single strand 
breaks (Comet assay) in cerebral cortex or 
hippocampus. 

Manti et al. (2017) Four days-old adult 
female flies (Drosophila 
melanogaster) exposed 
to GSM-1800 talk mode 
RFR emitted by a 
commercial cellular 

168 genes were differentially expressed 
associated with multiple and critical 
biological processes, such as basic 
metabolism and cellular subroutines related 
to stress response and apoptotic death. Free 
radicals may be involved. 
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phone for 30 min;  SAR 
0.15 W/kg 

Manti et al. (2008) Human peripheral blood 
lymphocytes exposed a 
UMTS 1.95 GHz signal 
for 24 h; SAR 0.5 and 
2.0 W/kg;  some samples 
also exposed to x-ray 

X-ray induced chromosome exchange per 
cell was increased by RFR exposure. (RFR 
may either influence the repair of X-ray-
induced DNA breaks or alter the cell death 
pathways of the damage response.) 

Marinelli et al. (2004) acute T-lymphoblastoid 
leukemia cells exposed 
to 900 MHz RFR for 2-
48 h, SAR 0.0035 W/kg 

Increased DNA damage (DNA ladder) and 
activation genes involved in pro-survival 
signaling. 

Markova et al. (2005) Human lymphocytes 
exposed to 905 and 915 
MHz GSM signals for 1 
h. SAR 0.037 W/kg 

RFR from GSM cell phone affected 
chromatin conformation and 53BP1/gamma-
H2AX foci similar to heat shock. No 
significant difference between lymphocytes 
from healthy and electro-hypersensitive 
subjects. 

Markova et al. (2010) Human diploid VH-10 
fibroblasts and human 
adipose-tissue derived 
mesenchymal stem cells 
exposed to GSM (905 
MHz or 915 MHz) or 
UMTS (1947.4 MHz, 
middle channel) RFR for 
1, 2, or 3 hr; SAR 0.037-
0.039 W/kg 

915 MHz and 1947.4 MHz signals inhibited 
tumor suppressor TP53 binding protein 1 
(53BP1) foci that are typically formed at the 
sites of DNA double strand break location in 
both cell types. 905 MHz RFR did not inhibit 
53BP1 foci in differentiated cells but in stem 
cells. (Inability to form DNA repair foci has 
been correlated to radiosensitivity, genomic 
instability, and other repair deficits.) 

Martin et al. (2020) Human neonatal foreskin 
keratinocytes (HEK-3N, 
HEK-1N, and NHEK-
3N) and human skin 
keratinocyets HeCAT 
exposed to a 60-GHZ 
RFR for 3 h, Average 
SAR 513 W/kg and peak 
SAR 1233 W/kg 

Different cell types showed different patterns 
of expreson of ADAMTS6, IL7R, and NOG 
genes. 

Mashevich et al. 
(2003) 

Human peripheral blood 
lymphocytes exposed 
to830 MHz RFR for 72 
hr, SAR 1.6-8.8 W/kg 

A linear increase in chromosome 17 
aneuploidy (loss and gain of chromosome) 
and abnormal chromosome-17 replication 
were observed as a function of the SAR 
value, demonstrating that this radiation has a 
genotoxic effect. 

Mazor et al. (2008) Human lymphocytes 
exposed to continuous-
wave800 MHz for 72 hr; 

Increased levels of aneuploidy depending on 
the chromosome studied as well as on the 
level of exposure. In chromosomes 1 and 10, 
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SAR 2,9 and 4,1 W/kg there was increased aneuploidy at the higher 
SAR, while for chromosomes 11 and 17, the 
increases were observed only for the lower 
SAR. 

*McNamee et al. 
(2002a) 

Human blood cultures 
exposed to continuous-
wave 1900 MHz RFR 
for 2 h; SAR 0-10 W/kg 

No effect on DNA single strand breaks 
(Comet assay) in leukocytes. 

*McNamee et al. 
(2002b) 

Human blood cultures 
exposed to pulsed 1900 
MHz RFR for 2 h; SAR 
0-10 W/kg 

No effect on DNA single strand breaks 
(Comet assay) and micronucleus formation 
in leukocytes. 

*McNamee et al. 
(2003) 

Human blood cultures 
exposed to continuous-
wave or pulsed 1900 
MHz RFR for 24 h; SAR 
0-10 W/kg 

No effect on DNA single strand breaks 
(Comet assay) and micronucleus formation 
in leukocytes. 

*McNamee et al. 
(2016) 

Male C57BL/6 mice 
exposed to pulse-
modulated or 
continuous-wave 1900 
MHz RFR for 4 h/day for 
5 consecutive days; 
whole body average 
SAR ∼0.2 W/kg and 
∼1.4 W/kg. 

No differentially expressed gene expressions 
were identified in various regions of the 
brain. 

Meena et al. (2014) Wistar rats exposed to 
2.45 MHz RFR 2 h/day 
for 45 days; SAR 0.14 
W/kg. Rats also treated 
with melatonin. 

Increased in DNA single strand breaks 
(Comet assay) and oxidative stress in 
testicular tissue. Effects attenuated by 
melatonin. 

Megha et al. (2015a) Fischer rats exposed to 
900 and 1800 MHz RFR 
for 30 days (2 h/day, 5 
days/week); SAR 
0.00059 and 0.00058 
W/kg 

Reduced levels of neurotransmitters 
dopamine, norepinephrine, epinephrine, and 
serotonin, and downregulation of mRNA of 
tyrosine hydroxylase and tryptophan 
hydroxylase (synthesizing enzymes for the 
transmitters) in the hippocampus. 
 

Megha et al. (2015b) Fischer rats exposed to 
900, 1800, and 2450 
MHz RFR for 60 days (2 
h/day, 5 days/week); 
SAR 0.00059, 0.00058, 
and 0.00066 W/kg 

Increased DNA single-strand breaks (Comet 
assay) in hippocampus, increased oxidative 
stress and pro-inflammatory cytokines (IL-2, 
IL-6, TNF-α, and IFN-γ) 

*Meltz et al. (1990) Mouse leukemic cells 
exposed to  pulsed 2450 

No evidence in any mutagenic action by the 
RFR exposure alone or interaction with 
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MHz RFR for 4 h, SAR 
40 W/kg 

proflavin, a DNA-intercalating drug. 

 
Mildažienė et al. 
(2019) 

Sunflower seeds exposed 
to 5.28 MHz RFR for 5, 
10, 15 min, 12.7 kV/m 

RFR exposure induced a long-term effect on 
gene expression in leaves, mostly stimulating 
expression of proteins involved in 
photosynthetic processes and their 
regulation. 

 
Millenbaugh et al. 
(2008) 

Rats exposed to 35 GHz 
RFR at 75 mW/cm2 
untik colonic 
temperature reached 41-
41oC, skin was assayed 

Changes were detected in 56 genes at 6 h and 
58 genes at 24 h post-exposure. Genes 
associated with regulation of transcription, 
protein folding, oxidative stress, immune 
response, and tissue matrix turnover were 
affected at both times. At 24 h, more genes 
related to extracellular matrix structure and 
chemokine activity were altered. 

*Miyakoshi et al. 
(2002) 

Human brain tumor 
derived M)54 cells 
exposed to 2450 MHz 
RFR for 2 h; SAR 50 or 
100 W/kg 

No effect on DNA single strand breaks 
(Comet assay) observed. 

*Mizuno et al. (2015) WI38VA13 subcloned 
2RA human fibroblast 
cells exposed to wireless 
power transfer (WPT) 
12.5 MHz resonant 
frequency for 48, 96, or 
144 h; SAR 21 W/kg 

No effects on cell growth, cell cycle 
distribution, DNA single strand breaks 
(Comet assay), micronucleus formation, and 
hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) gene 
mutation. 

*Nakatani-Enomoto 
et al. (2016) 

Human spermatozoa 
exposed to to 1950 MHz 
Wideband Code Division 
Multiple Access (W-
CDMA)-like RFR for 1 
h; SAR 2.0 or 6.0 W/kg 

No effect on percentage of 8-hydroxy-2'-
deoxyguanosine positive spermatozoa. 

Narasimhan  and Huh 
(1991) 

Lambdaphage DNA 
exposed to short pulses of 
RFR 

Observed conformational anomolies in DNA 
probably resulting from single strand breaks 
and localized strand separations induced by 
RFR. 

Nikolova et al. (2005) Mouse embryonic neural 
progenitor stem cells 
exposed to 1710-MHz 
GSM RFR for 6 or 48 h; 
SAR 1.5 W/kg 

Exposure for 6 h, but not for 48 h, resulted in 
a low and transient increase of DNA double-
strand breaks and the transcript level of 
genes related to apoptosis and cell cycle 
control.. 

Nittby et al. (2008) Fischer 344 rats exposed 
to  1800 MHz GSM RFR 

Expression in cortex and hippocampus of 
genes connected with membrane functions. 
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for 6 h; SAR whole body 
average 0.013 W/kg, 
head 0.03 W/kg 

Nylund and 
Leszczynski (2006) 

Human endothelial cell 
line: EA.hy926 and 
EA.hy926v1exposed to 
900-MHz GSM RFR for 
1 h; SAR 2.8 W/kg 

Gene and protein expression were altered 
dependent on the cell type. 

Odaci et al. (2016) Pregnant Sprague -
Dawley rats exposed to 
900 MHz RFR 1 h each 
day during days 13 - 21 
of pregnancy; SAR 
whole body average 
0.024 W/kg 

Testis and epididymis of offspring showed 
higher DNA oxidation and lipid peroxidation 
at 60 days postnatal. 

Ohtani et al. (2016) Sprague-Dawley rats 
exposed to wideband 
code division multiple 
access 2140 MHz RFR 
for 6 h or 3 or 6 h/day 
for 4 days, SAR 4 or 0.4 
W/kg  

Exposure at 4 W/kg (at 6 h/day) increased 
core temperature and upregulation of some 
stress markers, heat-shock proteins and heat-
shock transcription factors family, in the 
cerebral cortex and cerebellum. 

*Ohtani et al. (2019) Mice exposed to 85 kHz 
(for charging electrical 
vehicles) EMF at 25.3 
mT, 1 h/day for 10 days  

No significant change in gene transcriptional 
expression in brain and liver. 

*Ono et al. (2004) Pregnant lacZ-transgenic 
mice exposed 
intermittently (10 sec 
On, 50 sec OFF) 16 
h/day to 2450-MHz RFR 
from embryonic days of 
0 to 15; SAR whole body 
average 0.71 W/kg 

No significant effects on mutation 
frequencies at the lacZ gene in spleen, liver, 
brain, and testis in offspring. The RFR is not 
mutagenic in utero. 

Ozgur et al. (2014) Hepatocarcinoma cells 
exposed to intermittent 
(15 min ON, 15 min 
OFF) GSM 900- and 
1800-MHz RFR for 1, 2, 
3, or 4 h; SAR 2 W/kg 

Cells showed irregular nuclei pattern and 
DNA damage (apoptosis). 

Pacini et al. (2002) Human skin fibroblasts 
exposed to GSM 904.2- 
MHz RFR for 1 h 
(from a cell phone); SAR 
0.6 W/kg 

Increased the expression of mitogenic signal 
transduction genes (e.g., MAP kinase kinase 
3, G2/mitotic-specific cyclin G1), cell 
growth inhibitors (e.g., transforming growth 
factor-beta), and genes controlling apoptosis 
(e.g., bax). 



32 
 

Panagopoulos et al. 
(2007) 

Flies (Drosophila 
melanogaster) exposed 
to either GSM 900-MHz 
or DCS 1800-MHz 
signals from a digital cell 
phone, for few minutes 
per day during the first 6 
days of their adult life. 

Degeneration of large numbers of egg 
chambers after DNA fragmentation 
(apoptosis) of their constituent cells, induced 
by both types of mobile telephony radiation. 

Panagopoulos (2019) Human peripheral blood 
lymphocytes exposed to 
UMTS signal (1900-
2200 MHz) using a cell 
phone for 15 min 

Chromatid-type aberrations (gaps and 
breaks) observed. 

Panagopoulos (2020) Human lymphocytes (in 
G2/M  phase) exposed to 
UMTS (3G) 1920-1960 
MHz RFR entted from a 
smart phone on talk 
mode for 15 min; peak 
power density 92 +27 
W/cm2; averaged over 
6 min 29 + 14 W/cm2 

Chromatid-type aberrations were observed. 
Effect synergistic with caffeine. 

Pandey et al. (2017) Swiss albino mice 
exposed to 900-MHz 
RFR for 4 or 8 h per day 
for 35 days; SAR 
0.0054-0.0516 W/kg 

RFR exposure-induced oxidative stress 
causes DNA single-strand breaks (Comet 
assay) in germ cells, with altered cell cycle 
progression leading to low sperm count in 
mice (depolarization of mitochondrial 
membranes resulting in destabilized cellular 
redox homeostasis). Larger effect with 
longer exposure time, and recovery at 35 
days post-exposure. 

Pandey and Giri 
(2018) 

Swiss albino mice 
exposed to GSM 900-
MHz RFR 3h twice/day 
for 35 days, SAR 0.0516-
0.0054W/kg 

Increased DNA single strand breaks (Comet 
assay) and free radicals in testis and germ 
cells, effects attenuated by melatonin. 

*Paparini et al. (2008) Mice exposed to GSM 
1800-MHz signal for 1 
h; SAR whole body 
average 1.1 W/kg, brain 
0.2 W/kg 

No significant modulation in gene expression 
in whole brain. 

Paulraj and Behari 
(2006) 

35-day old male Wistar 
rats exposed 2 h/day for 
35 days to 2450 MHz or 
16.6 GHz RFR; SAR 1.0 
and 2.01 W/kg, 

Increased in DNA single strand breaks 
(Comet assay) in brain cells for both 
frequencies. 



33 
 

respectively. 
Pesnya and 
Romanovsky (2013) 

Onion (Allium cepa) 
exposed to GSM 900-
MHz RFR from a cell 
phone for 1 h/day or 9 
h/day for 3 days; 
incident power density 
0.05 W/cm2  

Increased the mitotic index, the frequency of 
mitotic and chromosome abnormalities, and 
the micronucleus frequency in an exposure-
duration manner. 

Phillips et al. (1998) Human Molt-4 T-
lymphoblastoid cells 
exposed to pulsed 
signals at cellular 
telephone frequencies 
of 813.5625 MHz  (iDEN 
signal) and 836.55 MHz 
(TDMA signal) for 2or 21 
h. SAR 0.0024 and 0.024 
W/Kg for iDEN and 
0.0026 and 0.026 W/kg 
for TDMA) 

Changes in DNA single strand breaks 
(increase and decrease depending on 
exposure parameters) (Comet assay) were 
observed. 

*Port et al. (2003) Human leukaemia cells 
(HL-60) exposed to 
pulsed (1 Hz) 400 MHz 
RFR for 6 min;50 kV/m- 
25 times higher than the 
ICNIRP reference levels 
for occupational 
exposure 

No significant effects on apoptosis, 
micronucleation, abnormal morphologies 
and gene expression assayed at 9, 24, 48, 
and 72 h post-exposure. 

Qin et al. (2018) Male mice exposed to 
1800-MHz RFR 2 h/day 
for 32 days, SAR 0.0553 
W/kg 

Inhibition of testosterone synthesis might be 
mediated through CaMKI/RORα signaling 
pathway. 

Qin et al. (2019) Mouse Leydig cells 
exposed to a 1800-MHz 
RFR for 1, 2 or 4 h, SAR 
0.116 W/kg 

Cells showed downregulated of testosterone 
synthase genes (Star, Cyp11a1, and Hsd-3β) 
and clock genes (Clock, Bmal1, and Rorα), 
also reduced level of testosterone and 
increased oxidative stress. 

*Qutob et al. (2006) 
 

Human U87MG 
glioblastoma cells 
exposed to pulse-
modulated 1900 MHz 
RFR for 4 h; SAR 0.1, 
1.0, and10 W/kg 

No significant effect on gene expression. 

Racuciu (2009) Zea mays root tips 
exposed to continuous-

Increased mitotic index and chromosomal 
aberration frequency linear with increased 
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wave 900 MHz  RFR for 1 
– 36 h; SAR < 1 W/kg) 

exposure time. 
 
 

Rago et al. (2013) Human subjects with 
different daily durations 
of cell phone use (no 
use, < 2 h, 2-4 h, > 4 h) 
and  “trouser users” and 
“shirt users” 

>4 h daily use and “trouser users” had higher 
sperm DNA fragmentations. 

Rammal et al. (2014) Lycospersicon 
esculentum (tomato) 
exposed to 1250 MHz 
RFR for 10 days at 
0.0095 mW/cm2 

Increased expression of proteinase inhibitor 
(Pin II) and Lycospersicon esculentum basic 
leucine Zipper1 (lebZIP1), two wound-plants 
genes. 

*Regalbuto et al. 
(2020) 

Human fibroblasts 
exposed to 2450 MHz 
continuous-wave or 
pulsed (1 ms square 
oulses, 50% duty cycle) 
RFR; SAR 0.7W/kg 

No significant effect on -H2AX/53BP1 foci, 
differential gene expression, micronucleus formation, 
and cell cycle. 
 

Remondini et al. 
(2006) 

Six human cell types 
exposed to 900 and 1800 
MHz RFR; three 
exposure systems were 
used, exposure time 1, 
24, or 44 h, SAR 1 - 2.5 
W/kg (Details in Table 1 
of paper.) 

Some but not all human cells reacted to RFR 
with an increase in expression of genes 
encoding ribosomal proteins and therefore 
up-regulating the cellular metabolism. 

Romano-Spica et al. 
(2000) 

Human hemopoietic and 
testicular cell types 
exposed to 50 MHz RFR 
modulated (80%) with a 
16-Hz frequency for 0.5-
24 h; the exposure 
system generates a 0.2 
microT magnetic field 
parallel to the ground 
and a 60 V/m electric 
field orthogonal to the 
earth's magnetic field. 

Overexpression of the proto-oncogene ets1 
mRNA in Jurkat T-lymphoblastoid and 
Leydig TM3 cell lines only in the presence 
of the 16-Hz modulation. 

*Ros-Lior et al. 
(2012) 

Cells collected from 
cheeks of human 
subjects 

Comparing control area with the side cell 
phone was placed; no significant genotoxic 
effect was found (DNA damage and 
cytokinetic defects, proliferative potential, 
and cell death). 
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*Roti-Roti et al 
(2001) 

C3H 10T(1/2) cells 
exposed to 835.62 MHz 
FDMA or 847.74 MHz 
CDMA for 7 days and 
then one-dose X-ray 
followed by RFR for 42 
days; SAR 0.6 W/kg 

No significant effect of RFR on neoplastic 
transformation (induced by X-ray) was 
observed. 

Roux et al. (2006) Tomato plants exposed 
to a 900-MHz RFR for 
2-10 min at 0.0066 
mW/cm2 

Increased stress-related transcripts 
(calmodulin, protease inhibitor and 
chloroplast mRNA-binding protein) in 
leaves. (Increased at 15 min after the end of 
electromagnetic stimulation, dropped to 
close to initial levels by 30 min, and then 
increased again at 60 min.) 

Roux et al. (2008) Tomato plants exposed 
to a 900-MHz RFR for 
10 min at 0.0066 
mW/cm2 

Induction of stress gene expression; similar 
to wound responses suggesting that the 
radiation is perceived by plants as an 
injurious stimulus. 

Sagripanti and 
Swicord (1986)  

Purified DNA solution 
exposed to 2.55-GHz 
RFR for 20min; SARmin 
and SARmax ranges: 0, 2-
8-5 and 21-85 W/kg, 

Structural changes in DNA suggested that 
exposure to RFR can cause single as well as 
double-strand breaks in DNA in solution. 

 

Sagripanti et al. 
(1987) 

Purified plasmid DNA 
exposed to RFR in the 
frequency range from 
2.00 to 8.75 GHz for 20 
min; SAR 0, 8.5, or 85 
W/kg 

Induced dose- and exposure-duration-
dependent DNA single and double strand 
beaks depends on the presence of small 
amounts of cuprous ions.  

Sahin et al. (2016) Rats exposed to 3-G 
2100 MH RFR 6 h/day 
for 10 or 40 days 

Oxidative DNA damage (8-hydroxy-
2'deoxyguanosine) in brain increased after 
10-day exposure but decreased after 40 day 
exposure. 

Said-Salman et al. 
(2019) 

Escherichia coli K-12 
DH5α exposed to 2.4 
GHz RFR for 5 h 

Expression of 101 genes was differentially 
affects (up- and down-regulation). 

*Sakuma et al. (2006) Human glioblastoma 
A172 cells exposed to 
W-CDMA 2.1426 GHz 
radiation at SARs of 80, 
250, and 800 mW/kg and 
CW radiation at 0.08 
W/kg for 2 and 24 h; 
normal human IMR-90 
fibroblasts from fetal 
lungs exposed to W-

No significant effect on DNA single strand 
breaks (Comet assay). 
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CDMA and CW 
radiations at a SAR of 
0.08 W/kg for 2 and 24 
h. 

*Sakurai et al. (2011) Human glial cell line, 
SVGp12, exposed to 
continuous-wave 2450 
MHz RFR for 1, 4, and 24 
h; SAR 1, 5, and 10 W/kg 

No evidence of effect on gene expression. 

*Salmen et al. (2018) S. aureus, S. epidermidis, 
and P. aeruginosa. 
Exposed to exposed to 
900 and 1800 MHz RFR 
for 2 h using a cell phone 

No significant effects on DNA, growth rate 
and antibiotic susceptibility. 

*Sannino et al. (2006) Human blood leukocytes 
exposed to UMTS-1950 
MHz signal for 24 h; 
SAR 0.5 or 2 W/kg 

No effect on DNA single strand breaks 
(Comet assay) and cell viability. 

*Sannino et al. 
(2009a) 

Human dermal 
fibroblasts from a 
healthy subject and from 
a subject affected by 
Turner's syndrome 
exposed to GSM 900 
MHz.RFR for 24 h; SAR 
1 W/kg 

No significant effect on DNA single strand 
breaks (Comet assay) 
 

*Sannino et al. 
(2009b) 

Human dermal 
fibroblasts from one 
subject exposed to 900 
MHz RFR for 24 h; SAR 
1 W/kg 

No significant effect on DNA single strand 
breaks (Comet assay) and micronucleus 
frequency. 

Sannino et al. (2011) Phytohemagglutinin 
activated human blood 
lymphocytes exposed to 
a 900-MHz RFR for 20 
h; SAR 1.25 W/kg, and 
then to mitomycin C 

RFR attenuated micronucleus induced by 
mitomycin c at S-phase, and not at G(0)- and 
G(1)-phases of the cell cycle. (Adaptive 
response) 

Sannino et al. (2014) Phytohemagglutinin 
activated human blood 
lymphocytes exposed to 
a 900-MHz RFR for 20 
h; SAR 0.3 W/kg, and 
then to x-ray 

RFR attenuated micronucleus induced by x-
ray. 

Sannino et al. (2017) Chinese hamster lung 
fibroblasts exposed to 
1950 MHz, Universal 

Increased micronucleus frequency at 0.15 
and 0.3 W/kg, no effect at 0.6 and 1.25 
W/kg; attenuated micronucleus induced by 
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Mobile 
Telecommunication 
System signal for 20 h; 
SAR 0.15 – 1.25 W/kg 

mitomycin-C at 1.25 W/kg. 

Sarimov et al. (2004) Human lymphocytes 
exposed to GSM 895-
915 MHz signals for 30 
min; SAR 0.0054 W/kg 

Condensation of chromatin was observed. 
(Stronger effect at 1 h exposure.) 

Sarkar et al. (1994) Mice exposed to 2450 
MHz RFR 2 h/day for 
120, 150, and 200 days; 
SAR 1.18 W/kg 

Rearrangements of DNA segments were 
observed in brain and testis. 

Scarfi et al (1996) Bovine lymphocytes 
exposed to 9 GHz RFR 
for 10 min, SAR 70 
W/kg 

Increased micronucleus frequency. 

*Scarfi et al. (2003) Human peripheral blood 
lymphocytes exposed to 
pulsed 120-130 GHz 
(pulse rate 2 Hz, pulsed 
duration 4 s) field for 
20 min; delivered energy 
1.2 and 0.72 J for the 
two frequencies, 
respectively. 

No effect on micronucleus frequency and 
cell proliferation. 

*Scarfi et al (2006) Human lymphocytes 
exposed to GSM 900 
MHz RFR for 24 h, SAR 
1, 5, and 10 W/kg). 

The results provided no evidence for the 
existence of genotoxic (micronucleus) or 
cytotoxic effects 

* Schuermann et al. 
(2020) 

Human MRC-5 lung 
fibroblasts, human 
osteosarcoma cells, 
HTR-8/SVneo human 
trophoblasts, and  GFP-
tagged XRcc1 cells 
exposed to intermittent 
(5/10 min ON/FF) or 
continuous 1950 MHz, 
2450 MHz (GSM or 
unmodulated) RFR for 1-
24 h; SAR 0.5-4.9 W/kg. 

No significant effect on DNA single strand 
breaks (Comet assay). 

Schwarz et al. (2008) Human fibroblasts and 
lymphocytes exposed to 
UMTS 1950 MHz RFR 
for 4-48 h; SAR 0.05 to 
2.0 W/kg 

Increased DNA single strand breaks (comet 
assay) and micronuleus were observed in 
fibroblasts but not in lymphocytes either 
unstimulated or stimulated with 
phytohemegglutinin. 
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Sekeroğlu et al. 
(2012) 

Immature (2 week old) 
and mature (10 weeks 
old) Wistar rats exposed 
to continuous–wave 
1800 MHz RFR for 2 
h/days for 45 days; SAR 
0.38-0.78 W/kg 
(immature rats), 0.31-
0.52 W/kg (mature rats) 

Bone marrow cells showed chromosome 
aberrations, micronucleus frequency, mitotic 
index and ratio of polychromatic 
erythrocytes (PCEs) in all exposed groups. 
Immature group showed more effect and less 
recovery at day 15 post-exposure. The 
cytogenotoxic damage in immature rats was 
statistically higher than the mature rats. 

Sekeroglu et al. 
(2013) 

Immature and mature  
rats exposed to 900 MHz 
RFR for 2 h/days for 45 
days; SAR immature 
rats, 0.38-0.78 W/kg; 
mature rats 0.31-0.52 
W/kg 

Bone marrow cells showed chromosome 
aberrations, increases in micronucleus 
frequency, mitotic index, and ratio of 
polychromatic erythrocytes. Effects persisted 
for 15 days after exposure.  

*Sekijima et al. 
(2010) 

Human A172 
(glioblastoma), H4 
(neuroglioma), and IMR-
90 (fibroblasts from 
normal fetal lung) cells 
exposed to continuous- 
wave and W-CDMA 
2.1425 GHz RFR up to 
96 h; SAR 0.08, 0.25, 
0.8 W/kg 

No significant effects on gene expression and 
cell proliferation. 

Semin et al. (1995) DNA in glycine and 
formaldehyde exposed to 
10 different 4 to 8 GHz 
RFR 25 ms pulses, 1-6-
Hz repetition rate, 0.4 to 
0.7 mW/cm2 peak power 
density 

3 or 4 Hz pulses and 0.6 mW/cm2 peak 
power increased the accumulated damage to 
the DNA secondary structure. However, 
changing the pulse repetition rate to 1, 5, 6 
Hz, as well as changing the peak power to 
0.4 or 0.7 mW/cm2 had no effect (“window 
effect”). 

*Senturk et al. (2019) Lymphocytes from 
patients received 
radiofrequency treatment 
on inferior turbinate as 
they were diagnosed 
with inferior turbinate 
hypertrophy 

No significant effect on DNA single strand 
breaks (Comet assay) on Day 15 post- 
treatment. Increase in oxidative stress was 
observed.  

Shah et al. (2015) Human blood samples 
exposed to 916-MHz 
RFR at two power 
densities and 1-8 hr 
using an antenna 

Chromosomal damage observed in 
lymphocytes at higher power density and 
longer exposure duration. 



39 
 

Shahin et al. (2013) Female mice (Mus  
musculus) exposed to 
continuous-wave 2.45 
GHz RFR 2 h/day for 
45v days; SAR 0.023 
W/kg 

Increased DNA strand breaks (Comet assay) 
observed in the brain.  Changes in oxidative 
mechanisms and oxidative stress were 
observed in liver, kidney and ovary. 
Increased embryo implantation/resorption 
and abnormal pregnancy were observed.  

Shahin et al. (2019) Male Wistar rats exposed 
to 900 MHz RFR for 2 
h/day for 8 weeks, SAR 
1.075 W/kg 

Increased DNA single strand breaks (Comet 
assay) in testis and increased oxidative 
stress. 

Sharma ad Shukla 
(2020) 

Male Wistar rats exposed 
to 900 MHz RFR for 1, 
2, or 4 h/day for 90 days; 
SAR brain 0.231 W/kg 

Increased DNA single strand breaks (Comet 
assay) and increased oxidative stress in 
brain. 

Shckorbatov et al. 
(2009) 

Human buccal 
epithelium cells exposed 
to 35 GHz RFR for 10 
sec; SAR 0.75 W/kg 

Caused condensation of chromatin. Left 
circularly polarised radiation induced less 
effect than linearly polarised radiation. Cell 
membrane damage observed. 

Shckorbatov et al. 
(2010) 

Human fibroblasts 
exposed to 36.65 GHz 
RFR at incident power 
densities of 1, 10, 30 and 
100 microW/cm2 for 10 
sec 

Chromosome condensation observed at 10 
and 100 W/cm2 exposure. Right-handed 
elliptically polarized radiation was more 
biological activity than the left-handed 
polarized one. 

 
*Shi et al (2014) Cultured human lens 

epithelial cells (HLECs) 
exposed to 90 kHz 
magnetic field for 2 and 
4 h; 93.36 T 

No significant effects on DNA single strand 
break (comet assay) and double strand 
breaks. 

*Silva et al. (2016) Human primary thyroid 
cells exposed to 895 and 
900 MHz RFR for 3-65 
h, SAR 0.082-0.170 
W/kg 

No effect on expressions of Ki-67 (involved 
in cell proliferation) p53 (tumor suppression) 
HSP-70 (stress biomarker), and reactive 
oxygen species. 

Smith-Roe et al. 
(2020) 

Male and female 
Hsd:Sprague Dawley 
rats and B6C3F1/N mice 
exposed from Gestation 
day 5 or Postnatal day 
35, respectively, to code 
division multiple access 
(CDMA) or global 
system for mobile 
modulations over 18 
hr/day, at 10-min 

Significant increases in DNA single strand 
breaks (Comet assay) observed in the frontal 
cortex of male mice (both modulations), 
leukocytes of female mice (CDMA only), 
and hippocampus of male rats (CDMA only). 
No significant increases in micronucleated 
red blood cells were observed in rats or mice. 
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intervals for 19 (rats) or 
14 (mice) weeks; SAR 
1.5, 3, or 6 W/kg (rats, 
900 MHz) or 2.5, 5, or 
10 W/kg (mice, 
1,900 MHz).  

Sokolovic et al. 
(2015) 

Wistar rats exposed to 
RFR (4 h/day, for 20, 40, 
and 60 days) from a 
Nokia 3110 cell 
phone:SAR 0.043-0.135 
W/kg; some rats treated 
with melatonin (2 mg/kg, 
ip) 

Melatonin reduced DNA fragmentation in 
testicular tissues also reversed oxidative 
changes caused by RFR (malondialdehyde, 
xanthine oxidase, and acid-DNase) 

Soubere Mahamoud et 
al. (2016) 

Human keratinocyte 
exposed to a 60.4-GHz 
RFR at an incident 
power density of 20 
mW/cm2 for 3 hours 

No keratinocyte transcriptome modifications 
were observed. Co-treatment with a 
glycolysis inhibitor slightly alter the 
transcriptome of 6 genes encoding 
transcription factors or inhibitors of cytokine 
pathways. Thus, the RFR exposure may 
affect metabolically stressed cells 

Souza et al. (2014) Exfoliated cells from the 
oral epithelium from 
human subjects who 
spent different time 
using cell phones (group 
I, t > 5 h; group II, t > 1 h 
and ≤ 5 h; and group III, 
t ≤ 1 h). 

Structures that may be associated with gene 
amplification were significantly greater in 
the individuals in group I. No significant 
effects on micronucleus frequency and 
apoptosis and necrosis were observed. 

*Speit et al. (2007) Human fibroblasts (ES1 
cells) and Chinese hamster 
cells (V79) exposed to 
intermittent (5 min ON/10 
min OFF)1800-MHz for 1, 
4, 24 h; RFR; SAR 2 W/kg 

No significant effects on DNA single strand 
break (Comet assay) and micronucleus 
frequency. 

*Speit et al. (2013) Human HL-60 exposed to 
intermittent (5 min ON/10 
min OFF) 1800 MHz RFR 
for 24 r; SAR 1.3 W.kg 

No significant effects on DNA single strand 
break (Comet assay) and micronucleus 
frequency. 

*Stronati et al. (2006) Human blood samples 
exposed to GSM 935-
MHz signal for 24h; 
SAR 1 and 2 W/kg 

Lymphocytes showed no changes in DNA 
single strand breaks (Comet assay),  
chromosomal aberrations, sister chromatid 
exchanges, micronuclei frequency and cell 
cycle. No significant interaction with x-ray. 

*Su et al (2017) Neurogenic A172, U251, 
and SH‐SY5Y cells 

No significant DNA damage (γH2AX foci) 
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exposed to an  
intermittently (5 min 
ON/10 min OFF) 
1800 MHz RFR at SAR 
of 4.0 W/kg for 1, 6, or 
24 h. 

*Su et al. (2018) Primary cultured 
astrocytes, microglia and 
cortical neurons were 
exposed to intermittent 
(5 min ON/10 min OFF)  
GSM 1800 MHz RFR 
for 1, 6 or 24 h; SAR 4.0 
W/kg. 

The RFR did not elicit DNA double strand 
breaks (γH2AX foci) but inhibited the 
phagocytic ability of microglia and the axon 
branch length and branch number of cortical 
neurons. 
 

Sun C. et al. (2016) Mouse embryonic 
fibroblasts (MEFs) with 
proficient (Atm+/+) or 
deficient (Atm-/-) ataxia 
telangiectasia mutated, 
which is critical to 
initiation of DNA repair, 
to GSM 1800-MHz RFR 
for 1, 12, 24, or 36 h; 
SAR 4 W/kg. 

Increased DNA single-strand breaks (SSBs) 
(Comet assay) and activated the SSB repair 
mechanism. This effect reduced the DNA 
damage to less than that of the background 
level after 36 hours of exposure. In the Atm-/- 
MEFs, the same RF-EMF exposure for 12 h 
induced both DNA single and double-strand 
breaks (Comet assay) and activated the two 
repair processes, which also reduced the 
DNA damage to less than the control level 
after prolonged exposure. (compensatory 
effects) (Conclusion from interpretation f 
different results from (Atm+/+) and (Atm-/-) 
cells. 

Sun, LX et al. (2006a) Human lens epithelial 
cells exposed to 217 Hz-
modulated 1800 MHz 
RFR for 2 h; SAR 1, 2, 
3, 4 W/kg 

No or repairable DNA single strand breaks 
(Comet assay)  was observed after 2 hour 
irradiation of 1.8 GHz microwave on LECs 
when SAR </= 3 W/kg. The DNA damages 
caused by 4 W/kg irradiation were 
irreversible. 

Sun, LX et al. (2006b) Human lens epithelial 
cells exposed to 217 Hz-
modulated 1800 MHz 
RFR for 2 h; SAR 1, 2, 
3, 4 W/kg 

No DNA single strand breaks (comet assay) 
was induced using comet assay after 2 hours 
irradiation of 1. 8 GHz microwave on hLECs 
at the dose SAR < or = 3.0 W/kg. 4.0 W/kg 
irradiation caused significantly DNA damage 
and inhibition of hLECs proliferation. 
 

Sun  Y. et al. (2017) HL-60 cells from human 
leukemia exposed to a 
900-MHz RFR for 4 
h/day for 5 days, Peak 
and average SAR 4.1x 

Increased oxidative DNA damage, decreased 
mitochondrial transcription, and increased 
oxidative stress. 
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10-4 and 2.5 x 10-4 W/kg 

Sykes et al. (2001) pKZ1 mice exposed daily 
for 30 min to 217-Hz 
modulated  900 MHz 
RFR 1, 5, or 25 days; SAR 
4 W/kg 

After 25 days of exposure, RFR could lead to 
a perturbation in recombination frequency 
which may have implications for 
recombination repair of DNA. 

*Takahashi et al. 
(2002) 

Male Big Blue mice 
(BBM) exposed to 1.5 
GHz RFR in the head 
region for 90 min/day, 5 
days/week, for 4 weeks; 
SAR 0.67 and 2 W/kg  

There was no significant variation in the 
frequency of independent mutations of the 
lacItrans gene and deletion mutation in the 
brain. 

Tice et al. (2002) Human blood leukocytes 
and lymphocytes 
exposed to voice 
modulated 837 MHz 
produced by an analog 
signal generator or by a 
time division multiple 
access (TDMA) cellular 
telephone, 837 MHz 
generated by a code 
division multiple access 
(CDMA) cellular 
telephone (not voice 
modulated), and voice 
modulated 1909.8 MHz 
generated by a global 
system of mobile 
communication (GSM)-
type personal 
communication systems 
(PCS) cellular telephone 
for 3 or 24 h, SAR 1-10 
W/kg 

No significant effect on DNA single strand 
break (Comet assay). Exposure to each of the 
four RF signal technologies for 24 h at an 
average SAR of 5.0 or 10.0 W/kg resulted in 
a significant and reproducible increase in the 
frequency of micronucleated lymphocytes.  

Tiwari et al. (2008) Blood samples from 
male human subjects  
exposed to a CDMA cell 
phone for 1 h 

In  vitro exposure to RFR induces reversible 
DNA single strand breaks (Comet assay) in 
synergism with aphidicolin, a DNA repair 
inhibitor, 

Tkalec et al. (2009) Allium cepa L root 
meristematic cells from 
seeds  exposed to 400 
and 900 MHz RFR for 2 
h, power density  10, 23, 
41 and 120 V/m). 

Lagging chromosomes, vagrants, disturbed 
anaphases and chromosome stickiness were 
observed. 
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Tkalec et al. (2013) Earthworm (Eisenia 
fetida) exposed to 
continuous-wave and 
AM-modulated 900- 
MHz RFR for 2 - 4 h; 
SAR 0.00013, 0.00035, 
0.0011, and 0.00933 
W/kg 

Increased DNA single strand breaks (Comet 
assay) in earthworms coelomocytes and 
oxidative stress (lipid and protein oxidation) 

Tohidi et al. (2020) Male BALB/c mice 
exposed to RFR from a 
cell phone jammer that 
emits 900- and 1800 
MHz CDMA and GSM 
signals) for 0.5, 1, 2, or 4 
h twice a day for 30 
days. 

Apoptotic genes Bax and Bc12 expression in 
the hippocampus were upregulated for 1- and 
2-h exposures and down-regulated with 
longer exposure. 

*Tomruk et al. (2010) Nonpregnant and 
pregnant New Zealand 
White rabbits exposed to 
GSM 1800 MHz RFR 15 
min/day for a week  

No oxidative damage in liver of exposed 
adult and offspring, increased lipid 
peroxidation. 

Trivino Pardo et al 
(2012) 

T-lymphoblastoid leukemia 
cells exposed to 900 MHz 
RFR for 2 or 48 h; SAR 
9.0035 W/kg 

Changes in gene expressions (e.g., an early 
activation of genes involved in DNA double- 
and single-strand breaks repair). 

Trosic (2001) 
 

Rats  exposed to 2450 
MHz RFR for 2, 8, 13 
and 22 irradiation 
treatments of two hours 
each; power density 5-15 
mW/cm2, SAR 20 W/kg 

Increased multinucleated alveolar 
macrophages- the elevation of the number of 
nuclei per cell was exposure time- and dose-
dependent. 

Trosic and Busljeta 
(2005) 

Wistar rats exposed to 
continuous-wave 2450 
MHz RFR 2 h/day 7 
days /week for a total of 
4, 16, 30, and 60 h. 
power density  5-10 
mW/cm2 SAR 1-2 W/kg 

The frequency of micronucleated bone 
marrow erythrocytes was significantly 
increased after 15 irradiation treatments. No 
effect after 2, 8, and 30 exposure treatments. 

Trosic and Busljeta 
(2006) 

Rats exposed to 2450 
MHz RFR 2 h/day, 7 
days/week; SAR 1.24 
W/kg  

Bone marrow cell micronucleus frequency 
increased on experimental day 15, and 
micronucleated polychromatic erythrocytes 
in peripheral blood increased on day 8. 

Trosic et al. (2002) Male Wistar rats exposed 
for 2 h/day, 7 days a 
week for up to 30 days to 
continuous-wave 2450 

Increased micronuclei in peripheral blood 
polychromatic erythrocytes on the 2nd, 8th, 
and 15th day of exposure. It is likely that an 
adaptive mechanism, both in 



44 
 

MHz RFR; power 
density 5-10 mW/cm2 
SAR 1-2 W/kg 

erythrocytopoiesis and genotoxicity 
occurred. 

Trosic et al. (2004) Male Wistar rats exposed 
for 2 h/day, 7 days/week  
for 4, 16, 30, and 60 h  to 
continuous-wave 2450 
MHz RFR; power 
density 5-10 mW/cm2 
SAR 1.25 W/kg 

The frequency of micronucleated 
polychromatic erythrocytes in bone marrow 
was significantly increased on experimental 
day 15, but not on 2, 8, and 30 days. 

Trosic et al. (2011) Male Wistar rats exposed 
to GSM 915 MHz RFR 
for 1 h /day 7 days/week 
for 2 weeks; SAR 0.6 
W/kg 

Increased DNA single strand breaks (Comet 
assay) in brain, renal, and liver cells. 

Tsybulin et al. (2013) Japanese Quail embryos 
exposed in ovo to GSM 
900 MHz signal from a 
cell phone intermittently 
(48 sec ON/12 sec OFF) 
during initial 38 h of 
brooding or for 158 h 
(120 h before brooding 
plus initial 38 h of 
brooding): SAR 
0.000003 W/kg  

The lower duration of exposure led to a 
significant decrease in DNA single strand 
breaks (Comet assay)  in cells of 38-h 
embryos, while the higher duration of 
exposure resulted in a significant increase in 
DNA damage. 

Usikalu et al., (2013) Sprague-Dawley rats 
exposed to 2450 MHz 
RFR for 10 min: SAR 0-
4.3 W/kg 

Increased DNA single strand breaks (Comet 
assay) found in ovary and testis.  

Vafaei et al. (2020) Pregnant mice exposed 
to 2400 MHz RFR from 
a D-link Wi-Fi router 
from 5 days after mating 
to 1 day before delivery 
for 2-4 h/day, head SAR 
at 30 cm from router 
0.09 W/kg 

Placenta tissue showed increased superoxide 
dismutase mRNA, CDKN1A, and Gadd 45a 
expression. (CDKN1A, and Gadd 45a are 
involved in DNA repair, cell cycle arrest, 
apoptosis, and cellular responses to 
environmental stressors.) Also, increased 
BAX mRNA and decreased Bcl-2 mRNA 
leads to apoptosis. 

*Valbonesi et al. 
(2008) 

Human trophoblast cell 
line HTR-8/SVneo 
exposed to pulsed 1817 
MHz RFR or 1 h; SAR 2 
W/kg 

No significant change in either HSP70 or 
HSC70 protein or gene expression, or DNA 
single strand breaks (Comet assay). 

Valbonesi et al. 
(2014) 

Rat PC12 cells exposed 
to continuous-wave 1.8 
GHz RFR or GSM-

After PC12 cells exposure to the GSM-217 
Hz signal for 16 or 24 h, HSP70 mRNA 
transcription significantly increased, whereas 
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217Hz and GSM-Talk 
signals for 4, 6, or24 h, 
SAR  2W/kg 

no effect was observed in cells exposed to 
the CW or GSM-Talk signals. 

*Valbonesi et al. 
(2016) 

Rat PC12 cells exposed 
to 1.8 GHz 217-GSM 
signal for 24 h. SAR 2 
W/kg 

Acetylcholine esterase transcriptional or 
translational pathways not affected, whereas 
acetylcholine esterase enzymatic activity 
increased. 

Vanishree et al. 
(2018) 

Buccal cells from low 
and high cellular phone 
users 

There was a significant increase in 
micronucleus counts in subject who use the 
phone longer. There was highly significant 
difference in the mean micronucleus count of 
participants using (code division multiple 
access) CDMA than (global system for 
mobiles) GSM cellular phones. 

Varghese et al. (2018) Female Sprague-Dawley 
rats exposure 2450 MHz 
RFR, 4/day. For 45 days; 
SAR 0.23W/kg 

Increased caspase-3 gene expression in brain 
tissues; decreased antioxidant enzymes and 
increased lipid preoxidation. Rat showed 
lowering of learning and memory and 
expression of anxiety behavior. 

Veerachari and Vasan 
(2012) 

Human elected semen 
exposed to a 900-GSM 
cellular phone in talk 
mode for 1 h; power 
density 1-40 W/cm2 at 
2.5 cm from antenna.  

Increased DNA fragmentation index and 
reactive oxygen species, and decreased 
sperm motility and viability. 

*Verschaeve et al. 
(2006) 

Female rats exposed to 
RF fields for 2 h per day, 
5 days per week for 2 
years; SAR 0.3 or 0.9 
W/kg. the mutagen and 
carcinogen 3-chloro-4-
(dichloromethyl)-5-
hydroxy-2(5H)-furanone 
(MX) was given in the 
drinking water. at a 
concentration of 19 
mug/ml.  

No significant genotoxic activity of MX in 
blood and liver cells measured by 
micronucleus and DNA single strand breaks 
(comet assay). However, MX induced DNA 
damage in rat brain. Co-exposures to MX 
and RF radiation did not significantly 
increase the response of blood, liver and 
brain cells. (no data on RFR alone.) 
 

Vian et al. (2006) Tomato plants exposed 
to a 900-MHz RFR for 
10 min at 0.0066 
mW/cm2 

Induction of mRNA encoding the stress-
related bZIP transcription factor.(3.5 folds at 
5-15 min post-exposure) 

Vijayalaxmi et al. 
(1997a) 

C3H/HeJ mice exposed 
to for 20 h/day, 7 day to 
continuous-wave 2450 
MHz RFR MHz for 20 
h/day. 7 days/week, over 

Significant increases in micronucleus 
formation in peripheral blood and bone 
marrow cells were observed. 
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18 months: SAR 1.0 
W/kg   

Vijayalaxmi et al. 
(1997b) 

Human peripheral blood 
exposed to 2450 MHz 
RFR either continuously 
for 90 min or 
intermittently (30 min on 
and 30 min off, repeated 
three times); SAR 12.46 
W/kg 

No effect on several genotoxic indexes 
including chromosome damage, exchange 
aberrations, and micronucleus frequency. 

*Vijayalaxmi et al. 
(1999) 

CF-1 male mice exposed 
to ultra-wideband 
electromagnetic 
radiation (UWBR) for 15 
min; SAR 0.037 W/kg 

No significant effects on micronucleus 
frequency and polychromatic erythrocytes in 
peripheral blood and bone marrow cells at 
16 and 24 h post-exposure. 

*Vijayalaxmi et al. 
(2000) 

3 human peripheral 
blood samples exposed 
to pulsed 2450-MHz 
RFR for 2 h; SAR 2.135 
W/kg 

No significant effect on DNA single strand 
breaks (Comet assay) was observed in 
lymphocytes immediately and at 4  h post-
exposure. 

*Vijayalaxmi et al. 
(2001a) 

4 human peripheral 
blood samples exposed 
to835.62 MHz (FDMA)  
RFR for 24 h, SAR 4.4 
or 5.0 W/kg 

Lymphocytes were stimulated with a 
mitogen, phytohemagglutinin. No significant 
effects at 48 and 72 h post=exposure in 
mitotic indices, incidence of exchange 
aberrations, excess fragments, binucleate 
cells, and micronucleus frequency. 

*Vijayalaxmi et al. 
(2001b) 

Male Sprague-Dawley 
rats exposed to 
continuous-wave 2450 
MHz RFR for 24 h; SAR 
12 W/kg 

Peripheral blood and bone marrow smears 
showed no effects on frequency of 
micronuclei in polychromatic erythrocytes at 
24 h post-exposure. 
.  

*Vijayalaxmi et al. 
(2001c) 

4 human peripheral 
blood samples exposed 
to continuous-wave 
847.74 MHz (CDMA)  
RFR for 24 h; SAR 4.9 
or 5.5 W/kg 

No significant effects on mitotic indices, 
frequencies of exchange aberrations, excess 
fragments, binucleate cells, and micronuclei 
in lymphocytes at 48 and 72 h post-exposure. 

*Vijayalaxmi et al. 
(2003) 

Timed-pregnant Fischer 
344 rats (from nineteenth 
day of gestation) and 
their nursing offspring 
(until weaning) exposed 
to a far-field 1.6 GHz 
Iridium wireless 
communication signal 
for 2 h/day, 7 days/week 

No significant effects on micronuclei in 
polychromatic erythrocytes in bone marrow. 
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for 2 years; SAR 0.036 
to 0.077 W/kg 

*Vijayalaxmi et al. 
(2004) 

Mice exposed to 42.2 
GHz  RFR applied to the 
nasal region 30 min/day 
for 3 days; peak SAR 
622 W/kg  

No effect on micronucleus frequency in 
polychromatic erythrocytes of peripheral 
blood and bone marrow cells collected 24 h 
after exposure. 

*Vijayalaxmi et al. 
(2006) 

Human peripheral blood 
samples exposed to 2.45 
GHz or 8.2 GHz pulsed-
wave RFR for 2 h; SAR 
2.13 W/kg (245 MHz) or 
20.71 W/kg (8.2 GHz), 

No significant effects on chromosomal 
aberrations and micronuclei in lymphocytes. 

Vilic et al. (2017) Honey bee (Apis 
mellifera) larvae exposed 
to 900 MHz at field 
levels of 10, 23, 41 and 
120 V m−1 for 2 h. At a 
field level of 23 V m−1 
the effect of 80% AM 
1 kHz sinusoidal and 
217 Hz modulation was 
investigated as well. 

DNA single strand break (Comet assay) 
increased significantly in honey bee larvae 
exposed to modulated (80% AM 1 kHz 
sinus) field at 23 V m−1. Oxidative changes 
also observed. Modulated RF-EMF produced 
more negative effects than the corresponding 
unmodulated field. 

*Waldmann et al. 
(2013) 

Human peripheral blood 
samples exposed to GSM 
1800 MHz RFR for 28 h; 
SAR 0.2, 2, and 10 W/kg 

No significant effects on lymphocytes on 
chromosome aberration, micronucleus 
frequency, sister chromatid exchange and 
DNA single strand break (comet assay).  

Wang et al. (2015) Neuro-2a (mouse 
neuroblastoma) cells 
exposed to GSM 900 
MHz RFR for 24 h; SAR 
0.5, 1 or 2 W/kg 

Increased DNA oxidative damage (comet 
assay) and reactive oxygen species. OGG1( a 
base excision DNA repair enzyme) may be 
involved. 

Wu et al. (2008) Human lens epithelial 
cells exposed to 1800 
MHz mobile phone 
radiation for 24 h; SAR 4 
W/kg 

Increased DNA single strand breaks (Comet 
assay) and reactive oxygen species. 

Xu et al. (2010) Sprague-Dawley rat 
primary cultured cortical 
neurons exposed to 
intermittent (5 min 
ON/10 min OFF) 217-Hz 
pulsed 1800 MHz RFR 
for 24 h; SAR 2 W/kg 

Increased in the levels of 8-hydroxyguanine, 
a common biomarker of DNA oxidative 
damage, in the mitochondria of neurons, 
levels of mitochondrial RNA (mtRNA) 
transcripts showed a reduction. 

Xu et al. (2013) Six different types of 
cells intermittently (5 

RFR induced DNA damage (γH2AX foci 
and alkaline and  neutral comet assay) in a 
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min ON/10 min OFF) 
exposed to pulsed GSM 
1800 MHz RFR for 1 or 
24 h: SAR 3.0 W/kg  

cell type-dependent manner. 

Yadav and Shama 
(2008)  

Buccal-mucosa cells 
from 85 regular cell 
phone users (exposed) 
and 24 non-users 
(controls) 

A positive correlation between 0-1, 1-2, 2-3 
and 3-4 years of exposure and the frequency 
of micronucleated cells and total 
micronuclei. 

 
Yakymenko et al. 
(2018) 

Quail embryos exposed 
to GSM 1800 GHz 
signal from a smart 
phone (48 s ON/12 s 
OFF) for5 days before 
and 14 days during 
incubation , power 
density 0.00032 mW/cm2  

Increased DNA single sand breaks (comet 
assay), oxidative DNA damage, reactive 
oxygen species, and mortality. 

Yan et al. (2008) Adult Sprague-Dawley 
rats exposed to a cell 
phones 1.9 GHz (PCE 
CDMA) for 6 h per day 
for 126 days (18 weeks). 

Significant mRNA up-regulation of injury-
related proteins in the brain 
 of rats exposed to cell phone radiation 

Yao et al. (2004) Rabbit lens epithelial 
cells exposed to 
continuous-wave 2450- 
MHz RFR for 8 h, power 
densities 0.10, 0.25, 
0.50, 1.00, and 2.00 
mW/cm2  

The RFR higher than 0.50 mW/cm2 can 
inhibit lens epithelial cell proliferation, and 
increase the expression of P27Kip1. 

Yao et al. (2008) Human lens epithelial 
cells intermittently (5 
min ON/10 min OFF) 
exposed to GSM 1.8 
GHz RFR for 2 h; SAR 
1, 2, 3, and 4 W/kg 

Increased DNA single strand breaks (Comet 
assay), no change in double strand breaks 
(γH2AX foci), and increased reactive oxygen 
species. 

Ye et al. (2016) Chicken embryos 
exposed to GSM 900 
MHz RFR from cell 
phones 3 h/day from day 
2 to day 21 of incubation  

Increased DNA single strand breaks (Comet 
assay) from blood cells and mortality. 

*Yildirim et al. (2010) People who lived around 
cell phone base stations 
and healthy controls 

There was no significant difference in 
micronucleus frequency and chromosomal 
aberrations in blood lymphocytes between 
the two study groups 

Zalata et al. (2015) Human semen samples 
exposed to 850-MHz 

Significant increase in sperm DNA 
fragmentation percent, clusterin gene 
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RFR from a cell phone 
for 1 h; SAR 1.46 W/kg 
at 10 cm  

expression and clusterin protein (associated 
with clearance of cellular debris and 
apoptosis) levels in the exposed semen 
samples. 

*Zeni et al. (2003) Human peripheral blood 
exposed to continuous 
wave 925 MHz RFR or 
GSM 925 MHz (6 min 
ON/ 3 h OFF for 44h 
(SAR 1.6 W/kg); or 
GSM signal 1 h/day for 3 
days (SAR 0.2 W/kg). 

No statistically significant differences were 
detected in micronucleus frequency in 
lymphocytes. 

*Zeni et al. (2005) Human peripheral blood 
lymphocytes exposed to 
GSM 900 MHz signal 
for 2 h; SAR 0.3 and 1 
W/kg 

No significant effects on DNA single strand 
breaks (Comet assay), chromosome 
aberration, or sister chromatid exchange. 

*Zeni et al. (2007) Human whole blood 
samples exposed to 120 
GHz (SAR 0.4 W/kg) 
and 130 GHz (SAR 0.24, 
1.4, or 2 W/kg) RFR for 
20 min.  

No effects in leukocytes on micronucleus 
frequency and DNA single strand breaks 
(comet assay). 

*Zeni et al. (2008) Human peripheral blood 
exposed intermittently (6 
min ON/2 h OFF) to 
1945 MHz RFR for 24 – 
68 h; SAR 2.2 W/kg 

No significant effects on DNA single strand 
breaks (Comet assay) and micronucleus 
frequency in leukocytes. 

Zeni et al. (2012a) Human peripheral blood 
lymphocytes exposed to 
1950-MHz RFR UMTS 
(universal mobile 
telecommunication 
system) signal for 20 h; 
SAR 1.25, 0.6, 0.3, or 
0.15 W/kg. and then 
tomitomycin C 

Cells pre-exposed to RFR at 0.3W/kg (less 
consistent at the other SARs) and then 
treated with MMC showed a significant 
reduction in the frequency of micronucleus, 
compared with the cells treated with MMC 
alone 

*Zeni et al. (2012b) Rat neuron-like 
pheochromocytoma 
(PC12) cells exposed to 
1950-MHz 3G Universal 
Mobile 
Telecommunications 
System (UMTS) signal 
for 24 h; SAR 10 W/kg 

No effect on DNA single strand break 
(Comet assay), cell viability, and apoptosis. 
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Zhang et al. (2006) Chinese hamster lung 
cells exposed 
intermittently (5 min 
ON/10 min OFF) to 
GSM 1800 MHz RFR 
for 1 or 24 h; SAR 3 
W/kg 

Cells exposed for 24 h showed increased 
DNA double strand breaks (H2AX foci). 

Zhang et al. (2002) Human whole blood 
exposed to 2450 MHz 
RFR for 2 h; Power 
density 5 mW/cm2 

2450-MHz RFR cannot induce DNA and 
chromosome damage, but can increase DNA 
single strand breaks (Comet assay) induced 
by mitomycin C . 

Zhang et al. (2008) Primary culture of  rat 
neurons exposed to a 1.8 
GHz RFR for 24 h;  SAR 
2 W/kg. 

Changes (up- and down-regulation) of many 
genes transcription (involving cytoskeleton, 
signal transduction pathway, metabolism, 
etc.) were observed. 

Zhao J. et al. (2020) Escherichia coli exposed 
to 3.1 THz RFR for 8 h 
at 33 mW/cm2 and 10 
Hz repetition frequency 

Plasmid copy number, protein expression 
and fluorescence intensity of bacteria from 
the irradiated area were 3.8-, 2.7-, and 3.3 
times higher than in bacteria from the un-
irradiated area, respectively. 

Zhao R. et al. (2007) Rat neurons exposed to 
pulsed 217-Hz 
modulated 1800 MHz 
RFR for 24 h; SAR 2 
W/kg 

up- and down-regulation of genes 
transcriptions were observed.  

Zhao TY. et al. (2007) Primary cultured neurons 
and astrocytes exposed 
to  a GSM 1900 MHz 
cell phone for 2 h;   

Up-regulation of caspase-2, caspase-6 and 
Asc (apoptosis associated speck-like protein 
containing a card) gene expression in 
neurons and astrocytes. Additionally, 
astrocytes showed up-regulation of the Bax 
gene. Neurons appeared to be more sensitive 
to this effect than astrocytes. 

*Zhijian et al. (2009) Leukocytes from four 
young healthy donors 
exposed intermittent (5 
min ON/10 min OFF) to 
1800 MHz RFR for 24 h; 
SAR 2 W/kg; Cell also 
exposed x-ray 

No significant effect on DNA single strand 
breaks (Comet assay) and no synergistic 
effect with x-ray. 

*Zhijian et al. (2010) Human B-cell 
lymphoblastoid cells 
exposed to 1800 GHz 
RFR for 2 h; SAR 2 
W/kg 

RFR did not directly induce DNA single 
strand breaks (Comet assay) 

*Ziemann et al. 
(2009) 

Peripheral blood 
erythrocytes of B6C3F1 

No significant effect on micronucleus 
frequency. 



51 
 

mice exposed to GSM 
900 or DCS 1747 MHz 
RFR 2 h/day, 5 days 
/week for 2 years; SAR 
0.4, 1.3 and 4 W/kg 

Zong et al. (2015) Mice exposed to 900 
MHz RFR 4 h/day for 7 
days;  SAR 0.05 W/kg 

RFR alone had no effect on DNA single 
strand breaks (Comet assay) and oxidative 
damage in blood leukocytes. It attenuated 
bleomycin-induced DNA breaks and repair, 
and oxidative damage. 

Zothansiama et al. 
(2017) 

Blood samples from 
people lived closed to 
cell phone base station 

The exposed group, residing within a 
perimeter of 80 m of mobile base stations, 
showed significantly higher frequency of 
micronuclei in lymphocytes when compared 
to the control group, residing 300 m away 
from the mobile base stations. 

Zotti-Martelli et al. 
(2000) 

Human peripheral blood 
lymphocytes exposed to 
2.45 and 7.7 GHz  RFR 
for 15, 30, or 60 min; 
power density 10, 20, or 
30 mW/cm2 

Increased micronucleus frequency at a 
power density of 30mW/cm2 and after an 
exposure of 30 and 60 min. 

Zotti-Martelli et al. 
(2005) 

Human whole blood 
samples exposed to 
continuous-wave  1800 
MHz RFR for 60, 120 
and 180 min; power 
density 5, 10, or 20 
mW/cm2 

A statistically significant increase of 
micronucleus was observed in lymphocytes 
dependent on exposure time and applied 
power density. 
 

*Zuo et al. (2015) Sprague-Dawley rat 
spiral ganglion neurons 
exposed intermittently (5 
min ON/10 min OFF) to 
GSM 1800 MHz RFR 
for 24 h; SAR 2 and 4 
W/kg 

The RFR could not directly induce DNA 
single strand breaks (Comet assay) in normal 
spiral ganglion neurons, but it could cause 
the changes of cellular ultrastructure at SAR 
4.0 W/kg when cells are in fragile or micro-
damaged condition. 
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Supplement 2  

Genetic effects of static and ELF EMF (*study with no effect observed) Study reported effect 
=168 (79%); study reported no effect = 45 (21%). (literature up to January 2021) 

 Exposure conditions Results 
Agliassa et al. (2018) Arabidopsis thaliana 

(thale cress) exposed to 
0.00004 mT static 
magnetic field for 38 
days after sowing. 

Changes in gene expression in leaf and floral 
meristem (cryptochrome-related gene 
involved); delayed flowering time and a 
significant reduction of leaf area index and 
flowering stem length, with respect to 
controls under geomagnetic field. 

Ahuja et al. (1999) Human peripheral blood  
samples exposed to 50 
Hz EMF at 2, 3, 5, 7, or 
10 mT  

Increased DNA single strand breaks (Comet 
assay) in lymphocytes.(Damage levels higher 
in female than in male subjects.) 

*Albert et al. (2009)  Human subjects exposed 
to exposed to 60-Hz 
magnetic field at 0.2 mT 
for 4 h 

No significant effect on DNA single strand 
breaks (Comet assay) and micronucleus 
frequency in lymphocytes. 

Alcaraz et al. (2013) Swiss mice exposed to 
50-Hz magnetic field at 
0.2 mT for 7, 14, 21, or 
28 days 

Increased micronucleus frequency in bone 
marrow. Effect not affected by antioxidants. 

Al-Huqail and 
Abdelhaliem (2015) 

Maize seedlings exposed 
to 50-Hz electric field at 
6 kV/m for 1, 3, or 5 
days 

Increased DNA single strand breaks (comet 
assay) 

Amara et al. (2006) Male rats exposed to  a 
static magnetic field at 
128 mT, I h/day for 30 
days 

Increased 8-oxo-dG concentration and 
oxidative damage in testis. 

Amara et al. (2007a) Human monocytic 
leukemia THP-1 cells 
exposed to static 
magnetic field at 250 mT 
for 1, 2, or 3 h 

Lower level of DNA single strand breaks 
(Comet assay) at 3 h of exposure, no effect 
on oxidative damages and enzymes and 
oxidative DNA damage. 

Amara et al. (2007b) Rats exposed to  a static 
magnetic field at 128 
mT, 1 h/day for 30 days 

Increased 8-oxo-7,8-dihydro-2'-
desoxyguanosine in kidney but not in liver. 
 Also decreased anti-oxidative enzymes and 
increased lipid peroxidation. Zinc 
supplementation attenuated DNA oxidation 
induced by static magnetic field in kidney to 
the control level. 
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*Amara et al. (2009) Rats exposed to  a static 
magnetic field at 128 
mT, 1 h/day for 30 days 

No significant effect on 8-oxo-7,8-dihydro-
2'-deoxyguanosine in frontal cortex and 
oxidative stress induced. However, there was 
an increase in metallothioneins level which 
might have protected DNA from oxidative 
damage. 

*Amara et al. (2011) Rats exposed to  a static 
magnetic field at 128 
mT, 1 h/day for 30 days, 
also treated with 
cadmium (Cd) 

Magnetic field had no interaction on Cd-
induced increase in 8-oxo-7,8-dihydro-2-
desoxyguanosine in the frontal cortex and 
hippocampus. However, static magnetic field 
enhanced Cd-induced increase in oxidative 
damage in the rat brain. 

Arruda-Neto et al. 
(2009) 

Microcystis panniformis, 
the eukaryote Candida 
albicans and human 
MRC5 lung cells 
exposed to gamma 
radiation and then to 
static electric field for 2- 
20 h at 20- 1250 V/cm 

Static electric field caused suppression of 
DNA repair in C. albicans. It decreased cell 
growth in M. panniformis when compared 
with gamma radiation alone. The electric 
field increased number of nuclei with γ-
H2AX foci in the irradiated MRC5 cells. 
Electric field interferes mostly in the DNA 
repair mechanisms. 

Ashta et al. (2020) Human glioblastoma 
cells (A172) exposed to 
10 Hz or static magnetic 
field at 5 mT, up to 96 h 

Increased p52 gene expression, cytotoxicty 
and free radical formation; effects enhanced 
by Temozolomide. 

Back et al. (2019) Mouse embryonic stem 
cells exposed to 
hypomagnetic field 
(<0.005 mT) up to 12 
days 

Induced abnormal DNA methylation through 
the dysregulation of DNA 
methyltransferase3b (Dnmt3b) expression, 
eventually resulting in incomplete DNA 
methylation during differentiation. 

Bagheri Hosseinabadi 
et al. (2019) 

Blood samples from 102 
thermal power plant 
workers as the exposure 
group and 136 subjects 
as the unexposed group. 

Increased DNA single strand breaks (Comet 
assay) in lymphocytes of exposed subjects. 

Bagheri Hosseinabadi 
et al. (2020) 

Blood samples from 
thermal power plant 
workers; mean levels of 
exposure to ELF 
magnetic and 
electric fields were .0165 
mT (±6.46) and 22.5 
V/m 
(±5.38), respectively, 

DNA single strand breaks (Comet assay) in 
lymphocytes decreased by antioxidants. 



3 
 

Balamuralikrishnan et 
al. (2012) 

Blood from electrical 
workers exposed to ELF 
EMF occupationally 

Increased chromosome aberrations and 
micronucleus in lymphocytes. 

Baraúna  et al. (2015) Chromobacterium 
violaceum bacteria 
cultures exposed to ELF-
EMFfor 7 h at 0.00066 
mT 

Five differentially expressed proteins 
detected including the DNA-binding stress 
protein, which may help to prevent physical 
damage to DNA. 

Belyaev et al. (2005) Human lymphocytes 
exposed to 50 Hz 
magnetic field at 0.015 
mT (peak) for 2 h 
(measurements made at 
24 and 48 h after 
exposure). 

Induced chromatin conformation changes 
and decreased background 53BP1 (protein 
co-localized with DNA double strand breaks 
and involves in DNA damage signaling 
pathway.) 

Bertea et al. (2015) Arabidopsis thaliana 
(thale cress) exposed to 
artificially reversed 
geomagnetic field 
conditions for 10 days at 
.0419 mT 

Significant effects on plant growth and gene 
expression observed. This supports the 
hypothesis that GMF reversal contributes to 
inducing changes in plant development that 
might justify a higher selective pressure, 
eventually leading to plant evolution. 
 

Borhani et al. (2011) Female NMRI mice 
exposed to a 50-Hz EMF 
at 0.5 mT for 4 h/day, 6 
days/week for 2 weeks. 
Mated on day 8 after 
exposure, on day 4, 
blastocysts were 
obtained by flushing the 
uterus horns. 

DNA fragmentation index increased and 
decrease in blastocytes in exposed group. 

*Brix t al. (2020) Young volunteers 
allocated to three study 
arms were exposed to 
[18F] fluoro-D-glucose 
alone, to a 3-T SMF 
alone or to both 
combined over 60 min at 
a PET/CT or a PET/MRI 
system. 

No significant change in lymphocyte DNA 
double strand breaks (γH2AX) to static 
magnetic field or interaction with [18F] 
fluoro-D-glucose. 

Buddak et al. (2012) Murine AT478 
carcinoma cells cultured 
with cisplatin exposed to 
50-Hz EMF for 16 min 
at 1 mT 

Exposure to ELF-EMF alone resulted in an 
increase in DNA single strand breaks (Comet 
assay) compared to control cells. ELF-EMF 
lessened the effects of oxidative stress and 
DNA damage that were induced by cisplatin; 
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however, ELF-EMF alone was a mild 
oxidative stressor and DNA damage inducer. 
The addition of ELF-EMF exposure to 
cisplatin treatment resulted in decreased ROS 
levels and antioxidant enzyme activity. 

Burgos-Molina et al 
(2020) 

DNA double strand 
breaks were induced in 
Saccharomyces 
cerevisiae yeast and 
exposed to a 50-Hz 
magnetic field for 21 
days at 2.45 mT 

Long-term magnetic field exposure increased 
the DNA repair activity. 

Calabro et al. (2011) Human neuronal-like 
cells exposed to static (2 
mT) and 50 Hz (1 mT) 
for 3 h. 

Fourier self deconvolution spectroscopic 
analysis showed alteration in DNA/RNA and 
increased beta-sheet. 

Calabro et al. (2020) Human Neuronal-like 
cells and roots of Allium 
sativum and Vicia faba 
exposed to a static and 
50 Hz magnetic fields at 
intensities ranging from 
1 mT to 0.8 T 

Exposure to both low- and high-intensity 
magnetic fields in typical human and plant 
cells induces uncoiling and unpackaging of 
chromatin constituents, followed by 
chromosome alignment towards the direction 
of applied magnetic field, providing further 
demonstration that magnetic fields can 
induce the orientation of organic 
macromolecules even at low-intensity values. 

*Cantoni et al.(1996) Cultured mammalian 
cells exposed to 50 Hz 
electric (0.2 - 20 kV/m), 
magnetic (0.0002- 
0.2 mT), or combined 
electric and magnetic 
fields. 

Repair of DNA single strand breaks (Comet 
assay) induced by the carcinogens 
methylmethane sulphonate (MMS), 
chromate, and 254 U.V. radiation not 
affected by ELF EMF exposure. 

Celikler et al. (2009) Workers from 
transfrormer and 
distribution line stations. 
The electric field was in 
the range from 130–8310 
V/m and from 300–
15,000 V/m, the 
magnetic field was 
between 0.5 and 1.7 A/m 
and 0.25–17 A/m around 
and inside transformer 
buildings. Average time 
of exposure was 19 
years. 

Increased chromosomal aberrations and 
micronucleus in peripheral lymphocytes. The 
frequency of chromosomal aberration in 
exposed groups correlated with the years of 
exposure. 
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*Cellini et al. (2008) Escherichia coli ATCC 
700926 exposed to 50-
Hz EMF (0.1, 0.5, 1.0 
mT); 20-120 min 

No changes among DNA finger-printings. 
Other measurements indicates 50 Hz EMF 
acts as a stressing factor on bacteria 

*Chahal et al. (1993) Escherichia coli strain 
AB1157 exposed to a 
frequency of 1 Hz with 
field strengths of 1 or 3 
kV m-1 

Low frequency electromagnetic fields do not 
increase spontaneous mutation, induce 
DNA repair or increase the mutagenic effects 
of UV or mitomycin C. 
 

Chen GD et al. (2008) Human MCF-7 breast 
cancer cells exposed to a 
50-Hz magnetic fields 
for 24 h at 0.4 mT 

Identified three 50 Hz MF responsive genes 
in MCF-7 cells. 

*Chen G et al. (2012) Saccharomyces cerevisiae 
yeast cells exposed to a 50-
Hz magnetic field at 0.4 mT 
for 6 h 

Yeast cells did not alter gene expression in 
response to 50 Hz magnetic field. 

Chan J. et al. (2020) Human choriocarcinoma 
cells exposed to DC 
electric field (150 
mV/mm) for 8 h 

Increased gene expressions of ErbB and HIF-1 
signaling pathways involved in cell 
migration/motility, cell cycle progression and 
proliferation. 

Chen WF et al. (2010) Human myelogenous 
leukemia K562 cells 
exposed to static 
magnetic field at 8.8  mT 
with or without cisplatin 

Static magnetic field exposure induced DNA 
to become thicker than controls, and 
enhanced DNA breakage (Comet assay) 
induced by cisplatin. 

Cho S et al. (2014) Human lymphocytes 
exposed to 60-Hz EMF 
at 0.8 mT for 12-72 h 
with or without 
gadolinium. 

ELF-EMF increased cell death, micronucleus 
frequency, DNA single strand break (Comet 
assay), and apoptosis induced by gadolinium. 

Cho YH et al. (2007) Human fibroblasts 
exposed to 60-HZ EMF at 
0.8 mT plus bleomycin 
for 28, 88, and 240 h  

The co-exposure of cells to bleomycin and 
EMF led to a significant increase in the 
frequencies of micronucleus and aneuploidy 
compared to the cells treated with bleomycin 
alone. 

Chow and Tung 
(2000a) 

Escherichia coli strain XL-
1 Blue exposed a 50-HZ 
magnetic field at 0.1-1.2 
mT for 1 h 

This result was indicative that the 
efficiency of DNA repair had been improved. 
The improvement was found to be mediated 
by the induced overproduction of heat shock 
proteins DnaK/J (Hsp70/40). 
 

Chow and Tung 
(2000b) 

Escherichia coli strain 
XL-1 Blue (transformed 
by plasmid pUC8 that 
had been mutagenized by 

Improved efficiency of DNA repair mediated 
by the induced overproduction of heat shock 
proteins DnaK/J (Hsp70/40). 
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hydroxylamine 
 exposed a 50-HZ 
magnetic field at 0.1-1.2 
mT for 1 h 

Collard et al. (2013) Epidermis cultures 
harvested from human 
abdominoplasty exposed 
to ELF electric fields (a 
biphasic, asymmetric, 
charge-balanced current 
stimuli, with a repetition 
frequency of4 0 Hz 
modulated by a 
fundamental frequency 
of 0.125 Hz.The 
exposure was repeated 
during 4 s followed by a 
4 s break for 40 min/day 
for 11 days 

Observed a significant change in genes 
expression after 4 days and change in 
expression in another group of genes at day 4 
and 7. Genes are involved in cell 
proliferation or differentiation, mitosis, cell 
cycle or in the DNA replication transcription 
and translation. 

 

Consales et al. (2018) Human SH-SY5Y 
neuroblastoma cells  and 
mouse primary cortical 
neurons exposed to a 50-
Hz magnetic field at 1 
mT for 4-72 h 

Expressions of microRNA miR-34b/c that 
caused mitochondrial oxidative stress, also 
altered -synuclein expression involved in 
synaptic functions. These effects may be 
related to neuro-degeneration. 

Cuccurazzu et al. 
(2010) 

Mice exposed to 50 Hz 
EMF at 1 mT for 1-7 
h/day for 7 days 

Induced increases in the transcription of pro-
neuronal genes (Mash1, NeuroD2, Hes1) and 
genes encoding Ca(v)1.2 channel α(1C) 
subunits in the hippocampus. Generation of 
new granule cells in the dentate gyrus. 

Del Re et al. (2006) Escherichia coli exposed 
to sinusoidal or pulsed 
square wave 50-Hz 
magnetic field at 1 mT 
for 40 min 

Sinusoidal magnetic field exposure induced a 
significantly higher level of DnaK and 
GroEL, whereas a lower level was observed 
after pulsed magnetic field exposure. When 
bacterial cells were exposed to heat shock 
(HS) after ELF-magnetic field exposure: 
again sinusoidal and pulsed fields resulted in 
an increase and in a reduction of HSP 
amount. 

Delimaris et al. (2006) Human lymphocytes 
exposed to 50-Hz pulsed 
electric fields (10-Hz 
carrier frequency) at 4 x 
105 V/m for 120 min 

Increased in DNA single strand breaks 
(Comet assay). 

Di Campli et al. 
(2010) 

Helicobacter pylori 
biofilm exposed  to 50-

No changes in DNA patterns were recorded, 
whereas a modulation in amiA gene 
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Hz EMF at 1 mT for 2 
days 

expression was detected; phenotypic changes 
induced. 

Dominici et al. (2011) Lymphocytes from 
welders (average 
magnetic field exposure 
from personal dosimeters 
0.00781 mT (general 
environmental level 
0.00003 mT) 

Higher micronucleus frequency correlated 
with EMF exposure levels; decreased in 
sister chromatid exchange frequency. 

Dong et al. (2019) Human pre‐osteoclast 
RAW264.7 cells exposed 
to a 16 T static magnetic 
field for 2-4 days 
 

HiSMF markedly blocked the expression of 
osteoclast-associated transcription factors 
and osteoclast marker genes and inhibited 
iron absorption and iron storage-related 
protein expression. Mitochondrial 
concentration and oxidative stress levels in 
osteoclasts were decreased under magnetic 
field exposure. 

Du et al. (2008) Cultured human lens 
epithelial cells exposed 
50-Hz magnetic field at 
0.4 mT for 2 h, 6 h, 12 h, 
24 h and 48 h 

Increased DNA doubled strand breaks 
(H2AX foci) after 24 h exposure. 

Duan et al. (2015) A mouse spermatocyte-
derived GC-2 cell line 
intermittently (5 min on 
and 10 min off) exposed 
to a 50 Hz EMF at 1, 2 
or 3 mT for 24 h 

Increased DNA strand breaks (Comet assay 
and H2AX foci) at 3 mT exposure. 

El-Bialy and Rageh 
(2013) 

Mice with Ehrlich 
tumors exposed to a 50-
Hz magnetic field 1 
h/day for 2 weeks at 10 
mT 

Exposure cause DNA single strand breaks 
(Comet assay) in tumor cells and increased 
micronucleus frequency in bone marrow 
cells. ELF-MF enhanced the effects of 
cisplatin. 

Erdal et al. (2007) Wistar rats exposed to 50 
Hz magnetic field at 1 
mT for 4 h or 4h/day for 
45 days 

Micronucleus frequency higher in bone 
marrow cells of long-term exposed rat. 
Mitotic index decreased in both exposed 
groups. 

*Fairbairn and 
O’Neill (1994) 

Human cells exposed to 
ELF-EMF 

No significant effect on DNA single strand 
breaks (Comet assay) 

Fan et al. (2005) Rat bone marrow 
derived-mesenchymal 
stem cells exposed to a 
50-Hz EMF at 1 mT for 
4 h/day for 3 days 

Increased cell viability, DNA synthesis and 
proportion of cells in S phase and up-
regulated the expressions of hematopoietic 
growth factors. 
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Fan et al. (2018) Enterococcus faecalis 
(isolated from dental 
infection) exposed to a 
static magnetic field at 
170 mT for 24 or 72 h. 

Static magnetic field up-regulated the 
expression of stress gene (dnaK) and 
virulence genes (efaA and ace). Synergistic 
with alkaline pH induced by calcium 
hydroxide (a major dental antimicrobial) in 
antimicrobial action and up-regulation of 
stress and virulence genes. 

Fatigoni et al. (2005) Tradescantia (a perennial 
wildflower) exposed to a 
50-Hz magnetic field at 1 
mT for 6 or 24 h 

Caused a time-dependent increase in 
micronucleus frequency. 

Fedrowitz and 
Loscher (2012) 

Female F344 and Lewis 
rats exposed to a 50-Hz 
magnetic field at  0.1 mT 
24 h/day for two weeks 

F344 breast tissue showed alterations in gene 
expression, which were absent in Lewis rats, 
particularly, -amylase, a stress marker. 

 
*Fiorani et al. (1992) Human immortalized 

myelogenous leukemia 
K562 cells exposed to50-
Hz electric (0.2-20 
kV/m) or magnetic 
(0.0002-.2 mT) or 
combination of electric 
and magnetic fields, for 
24 h 

No detectable DNA lesions (measured by 
filter elution technique). 

Focke et al. (2010) Human fibroblasts 
exposed to intermittent 
(5 min ON/10 min OFF) 
50-Hz EMF at 1 mT for 
15 h  

Increased DNA single strand breaks (Comet 
assay) caused by magnetic and not electric 
field, No oxidative DNA damage. Could be 
caused by minor disturbances in S-phase 
processes and occasional triggering of 
apoptosis rather than by the generation of 
DNA damage. 

*Frahm et al. (2006) Mouse macrophages 
exposed to a 50-Hz 
magnetic field for 45 
min, 12, 24, or 48 h; 0.05 
– 1 mT 

No genotoxic effect (micronucleus 
formation); increased phagocytic activity, 
free radicals, and IL-1 beta production. 

*Frazier et al. (1990) Human lymphocytes 
induced with DNA 
damage with ionizing 
radiation were exposed 
to 60-Hz magnetic field 
at 1 mT, electric field at 
1 or 20V/m, or 
combinations of 
magnetic and electric 

EMF exposure did not affect repair of DNA 
single strand breaks (Comet assay). 
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fields (0.2 V/m and 0.05 
mT, 6 V/m and 0.6 mT, 
or 20 V/m and 1 mT) up 
to 180 min 

Frisch et al. (2013) Transfected rat primary 
fibroblast (RAT1) cells 
exposed to 10 Hz electric 
fields at 20-500 V/m for 
2 h 

Induced HSP70 heat shock expression, with 
peak responses obtained at 8 h following 
exposure. 

 
Giorgi et al. (2011) Two Escherichia coli 

model systems were 
exposed to sinusoidal or 
pulsed-square wave 
magnetic fields of 
various frequencies (20, 
50, 75 Hz) and for 
different exposure times 
(15 and 90 min). at 1 mT 

ELF-MF exposure affected transposition 
activity (transposon (Tn) mobility) and the 
effects critically depended on the wave shape 
of the field, but not on the frequency and the 
exposure time. 

*Giorgi et al. (2014) Human neuroblastoma 
BE(2)C cells treated with 
hydrogen peroxide 
exposed to 50-Hz pulsed 
magnetic field at 1 mT 
for 1-72 h 

Pulsed magnetic field exposure did not 
interfere with genotoxicity (DNA double 
strand breaks measured by -H2AX foci) and 
cytotoxicity induced by oxidative stress. 

Giorgi et al. (2017) Human neural cells 
(BE(2)C) exposed to 
pulsed 50-Hz magnetic 
field at 1 mT for 24 and 
48 h in combination with 
oxidative stress 
(hydrogen peroxide) 

Pulsed magnetic field and oxidative stress 
induced weak decreases and increases of 
DNA methylation levels; combined exposure 
led to significant transient decrease of DNA 
methylation levels at different genome loci. 

Heredia-Rojas  et al. 
(2010) 

Human non-small cell 
lung cancer cells (INER-
37) and mouse 
lymphoma cells (RMA 
E7) (transfected with a 
plasmid with hsp70 
expression when exposed 
to magnetic field and 
contains the reporter for 
the luciferases gene) 
exposed to a 60-Hz 
magnetic field at 0.008 
and 0.00008 mT for 20 
min. 

An increased in luciferase gene expression 
was observed in INER-37 cells exposed to 
magnetic field, but similar exposure had no 
effect on the RMA E7 cell line. 
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Hong et al. (2005) Mice exposed to a 50-Hz 
EMF at 0.2 or 6.4 mT for 
4 weeks 

EMF induced DNA single strand breaks 
(Comet assay) in testicular cells and 
chromatin condensation in spermatozoa.  

*Huwiter et al. (2012) Escherichia coli K-12 
MG1655 exposed at 50-
Hz magnetic fields 
generated by three signal 
types (sinusoidal 
continuous, sinusoidal 
intermittent, and power 
line intermittent) at 1 mT 
for 8 min, 2.5 h, or 15 h 

No effect on transcription of 4358 gene 
studied. 

Ivancsits et al. (2002) Human diploid 
fibroblasts exposed to 
continuous or 
intermittent (5 min 
ON/10 min OFF) 50-Hz 
EMF at 1 mT  for 24 h  

Intermittent exposure induced DNA single 
and double strand breaks (Comet assay). 

Ivancsits et al. (2003a) Human diploid fibroblasts 
exposed to intermittent (5 
min ON/10 min OFF)50-Hz 
EMF at 0.02- 1 mT for 1-24 
h 

DNA Single and double strand breaks 
(Comet assay) observed at 0.035 mT at 15 h; 
recovered within 9 h. 

Ivancsits et al.(2003b) Fibroblasts from human 
subjects of different ages 
exposed to intermittent 
(5 min ON/10 min OFF) 
50-Hz EMF at 1 mT for 1-
24 h 

Increased DNA Single and double strand 
breaks (Comet assay) at 15 h; more 
pronounced in cells from older donors 

Ivancsits et al. (2005) Various cell types 
exposed to intermittent 
(5 min ON/10 min OFF) 
50-Hz EMF at 1 mT for 
1-24 h 

Effects on DNA Single and double strand 
breaks (Comet assay) showed three 
responder (human fibroblasts, human 
melanocytes, rat granulosa cells) and three 
non-responder cell types (human 
lymphocytes, human monocytes, human 
skeletal muscle cells). 

Jajte et al. (2001) Rat peripheral blood 
lymphocytes exposed to 
a 50-Hz magnetic field at  
7 mT for 3 h 

Increased DNA single strand breaks (Comet 
assay) in cells treated with ferrous chloride; 
melatonin attenuated the effect. 

*Jin H. et al. (2015) Non-tumorigenic human 
lung epithelial L132 cells 
exposed to a 60-Hz 
magnetic field at 1 or 2 
mT for 9 h 

No G2/M arrest or aneuploidy nor interaction 
with gamma radiation and H2O2 
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*Jin et al, (2012) Mouse embryonic 
fibroblast NIH3T3 cells 
and human lung 
fibroblast WI-38 cells 
exposed to a 60 Hz 
magnetic field at 1 mT 
for 4 h 

No significant effect on micronucleus 
frequency and interaction with ionizing 
radiation, H2O2, or c-Myc activation. 

*Jin et al, (2014) NIH3T3 mouse 
fibroblast cells, WI-38 
human lung fibroblast 
cells, L132 human lung 
epithelial cells, and 
MCF10A human 
mammary gland 
epithelial cells exposed 
to a 60-Hz magnetic field 
at 1 mT for 4 or 16 h 

No significant effect on DMA single strand 
breaks (Comet assay), and interaction with 
ionizing radiation, H2O2, or c-Myc 
activation. 

Jin et al. (2019) Arabidopsis young 
seedlings exposed to a 
static magnetic field at 
600 mT 

Increased auxin (a plant growth hormone) 
from expression of PIN3 and AUX1 genes in 
root tips; cryptochromes (cry1 and cry 2) are 
also involved. Root growth enhanced. Effects 
occurred when static magnetic field was 
parallel and perpendicular not opposite, to 
geomagnetic field. 

Jouni et al. (2012) Vicia faba (broad bean) 
culture in soil with high 
background radioactivity 
and exposed to static 
magnetic field at 15 mT 
for 8h/day for 8 days 

Increased chromosomal aberration and DNA 
damage in root tip cells with lowering of 
antioxidant defense; soil radioactivity 
enhanced the effects. 

Kesari et al. (2015) Human neuroblastoma 
SH-SY5Y cells exposed 
to a 50-Hz 100 T 
magnetic field for 24 h. 

Micronucleus formation was observed at 15 
and 30 days postexposure. Effect not related 
to oxidative changes. 

Kesari et al. (2016) Human glioblastoma SH-
SY5Y and rat glioma C6 
cells exposed to a 50-Hz 
magnetic field at 0.01 
and 0.03 mT for 24 h 
with menadione as a 
cofactor 

Micronuclei were significantly increased in 
SH-SY5Y cells at 0.03 mT Increased 
cytosolic and mitochondrial superoxide 
levels were observed in C6 cells. The results 
indicate that the threshold for biological 
effects of ELF magnetic field is 0.01 mT or 
less. 
 

Khalil and Qassem 
(1991) 

Human lymphocytes 
exposed to a pulsing 50-
Hz EMF at 1.05 mT for 
24, 48 and 72 h 

Suppression of mitotic activity and a higher 
incidence of chromosomal aberrations. Delay 
in cell proliferation index and an increase in 
the baseline frequency of sister-chromatid 
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exchanges occurred only after 72 h f 
exposure. 

Ki et al. (2020) Human hair follicle 
dermal papilla cells, a 
type of cells involved in 
hair growth, exposed to a 
70 Hz EMF at intensities 
ranging from 0.5 to 10 
mT over four days 

Increased the expression of anagen-related 
molecules, including collagen IV, laminin, 
ALP, and versican, and increased β-catenin 
and Wnt3α expression and GSK-
3β/ERK/Akt phosphorylation. Cell 
proliferation enhanced. 

Kim HJ. et al. (2013) Bone marrow derived 
mesenchymal stem cells 
(BM-MSCs) were 
subjected to a 50-Hz 
EMF 

Increased levels of neuronal differentiation 
marker (MAP2), while early neuronal marker 
(Nestin) was down-regulated; increased 
differentially expression of 8 proteins; 
notably, a significantly increased expression 
of the ferritin light chain. 

Kim J. et al. (2010) IMR90 (human lung 
fibroblast) primary cells 
and HeLa (human 
cervical carcinoma) cells 
exposed to a time-
varying (rotating) 60-Hz 
magnetic field at 6 mT 
for 60 min or 30 min/day 
for 3 days 

Repeated exposure showed DNA double 
strand breaks (-H2AX foci) and decreased 
cell viability and increased apoptosis through 
p38 activation. 
 

Kim J. et al. (2012) Human primary 
fibroblast and cervical 
cancer cells exposed to a 
time-varying 60-Hz 
magnetic field at 7 mT 
for 10-60 min 

DNA double strand breaks (-H2AX foci and 
Comet assay) detected (intracellular reactive 
oxygen species not affected). 

Kimsa-Dudek et al. 
(2018) 

Normal human dermal 
fibroblasts exposed to 
static magnetic field at 
0.65 T for 24 h and 
sodium fluoride 

Static magnetic field attenuated expression of 
antioxidant defense genes (SOD1, PLK3, 
CLN8, XPA, HAO1) induced by sodium 
fluoride. 

Kimsa-Dudek et al. 
(2020) 

Normal human dermal 
fibroblasts exposed to 
static magnetic field at 
0.45, 0.55 and 0.5 T for 
24 h and sodium fluoride 

The field reduced fluoride-induced apoptosis 
and  affected apoptosis gene expression; 
reduced fluoride-induced increases in 
reactive oxygen species and lipid 
peroxidation and decrease in antioxidant 
enzymes. 
 

Kimura et al. (2008) Caenorhabditis elegans 
exposed to 2, 3, or 5 T 
static magnetic field for 
4-24 h 

Genes involved in motor activity, actin 
binding, cell adhesion, and cuticles are 
transiently and specifically induced; also hsp 
(heat shock protein) 12 and 16 family genes. 
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Kindzelskii and Petty 
(2000) 

Human neutrophils 
exposed to pulsed 
square-wave (20 msec) 
DC electric field at 0.2 
V/m for 30, 45, 60 min  

Increased DNA single strand breaks (Comet 
assay). 

*Kirschenlohr et al. 
(2012) 

Male human subjects 
exposed to 50-Hz EMF 
at 0.062 mT for 2 h 
(Exposure repeated two 
more times.) 

No genes or gene sets in blood samples 
showed consistent response profiles to 
repeated ELF-EMF exposures (including 
immediate early genes, stress response, cell 
proliferation and apoptotic genes). 

Koyama et al. (2008) Human glioma A172 
cells exposed to a 60-Hz 
magnetic field at 5 mT  
for2, 4, 8, 16, 24 h 

The number of apurinic/apyrimidinic sites 
induced by gentoxic agents methyl methane 
sulfonate and H2O2 was enhanced by 
exposure to ELF magnetic fields. 
(Apurinic/apyrimidinic sites are common 
DNA lesions arise from spontaneous 
depurination or by base excision repair of 
oxidized, deaminated or alkylated bases.) 

Kubinyi et al. (2010) Human lymphocytes 
exposed to an 
inhomogeneous static 
magnetic field with a 
lateral magnetic flux 
density gradient of 47.7, 
1.2, or 0.3 T/m by 10 
mm lateral periodicity, or 
a homogeneous SMF of 
159.2 mT magnetic flux 
density for a time period 
of 0.5 min, 1, 2, 4, 6, 18, 
20, or 24 h. 

Increased DNA single strand breaks (Comet 
assay); affected DNA repair induced by 
gamma ray when exposure occurred after 
ionizing radiation treatment. 
 

Kumari et al. (2017) Mice exposed 
continuously for 5 weeks 
to 7.5 KHz  MF at 120 
T 

Expression of the pro-inflammatory cytokine 
tumor necrosis factor alpha mRNA was 
significantly increased in the hippocampal 
region; impairment of memory observed. 

*Lacy-Hulbert et al. 
(1995) 

Human leukemic cells 
(HL60) exposed to a 60-
Hz EMF for 20 min at 
0.00057, 0.0057, or 
0.057 mT 

No change in MYC and beta-actin gene 
expression observed. 

Lagroye and Poncy 
(1997) 

Rat tracheal epithelial 
cell lines were first 
exposed to gamma rays 
and then cultured in a 
50-Hz magnetic field at 
0.1 mT for 24 h. 

Increased binucleated cells with micronuclei 
in cells exposed to gamma rays and magnetic 
field, compared with gamma irradiation 
alone. Magnetic field alone had no 
significant effect on micronucleus frequency. 
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Lai and Singh (1997a) Male Sprague-Dawley 
rats exposed to a 60-Hz 
magnetic field at 0.1, 
0.25, or 0.5 mT for 2 h 

Increased DNA single and double strand 
break (Comet assay) in brain cells. 

Lai and Singh (1997b) Male Sprague-Dawley 
rats exposed to a 60-Hz 
magnetic field at 0.5 mT 
for 2 h 

Increased DNA single and double strand 
break (Comet assay) in brain cells. Effects 
blocked by melatonin and  a spin-trap 
compound. 

Lai and Singh (2004) Male Sprague-Dawley 
rats exposed to a 60-Hz 
magnetic field at 0.01 
mT for 24 or 48 h 

Increased DNA single and double strand 
break (Comet assay) in brain cells. More 
effect with 48-h than 24-h exposure. Effects 
blocked by Trolox (a vitamin E analog) and 
7-nitroindazole (a nitric oxide synthase 
inhibitor). 

Laramee et al. (2014) Transfected rat primary 
fibroblast (RAT1) cells 
exposed to static 
magnetic fields of 1 to 
440 mT for 16, 24, or 
48 h starting at 24 and 
48 h post transfection 

Induction of heat shock protein (HSP70) 
expression showed a dependency on flux 
density, exposure duration, and start time 
post transfection. 

Lee et al. (2010) Caenorhabditis elegans 
exposed to exposed to a 
static magnetic field at 
200 mT 

Expression of genes involved in development 
and aging. Accelerated development and 
shorten lifespan. 

Lee et al. (2016) MCF10A, MCF7, Jurkat, 
and NIH3T3 cells 
exposed to a 60 Hz 
magnetic field at 1 mT 
for 4 or 16 h 

MCF10A and MCF7 cells showed consistent 
and significant decreases in cell number, cell 
viability, and DNA synthesis rates (cell cycle 
delay), whereas Jurkat and NIH3T3 cells 
showed no effect. MCF7 cells (2 mT for 16 
h) showed up-regulation of PMAIP1 gene 
(involved in apoptosis). 
 

Lee et al. (2011) Human lymphocytes 
exposed to EMF 
generated during MRI 
scanning (clinical routine 
brain examination 
protocols: three-channel 
head coil) for 22, 45, 67, 
and 89 min 

Significant increases in DNA single-strand 
breaks (Comet assay), and frequencies of 
both chromosome aberrations and micronuclei 
in a time-dependent manner. 

Leone et al. (2014) Neural stem cells 
isolated from 
hippocampi of newborn 
mice exposed to a 50-Hz 
EMF at 1 mT for 10 days 

Histone acetylation-related chromatin 
remodeling leading to enhanced proliferation 
and neuronal differentiation. 
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Li and Chow (2001) E. coli XL-1 Blue 
transformed with 
plasmid pUC18 and 
DNA samples exposed to 
a 50-Hz magnetic field at 
1.2 mT for 1-5 h, with 
heat shock response 
suppressed 

Without the protection of the heat shock 
response, magnetic field exposure induced 
DNA degradation, which could be attenuated 
by the presence of an antioxidant, 

*Li L. et al (2015) Workers from a power 
supply bureau 
(inspection workers vs. 
logistic staff); The 
average time-weighted 
average was 0.0073 mT 
(0.00156-0.02633 mT) 
and the subjects were 
subgrouped by 
cumulative ELF-
magnetic field exposure 
dose: low 
(<0.0156 mT), middle 
(0.0156-0.073 mT) and 
high (> 
0.073 mT) 

No significant effect on the frequency of 
micronucleus lymphocytes or micronuclei 
frequency; no changes in antioxidant enzymes 
and cellular oxidative damage. 

Li SS et al. (2013) Male Drosophila 
melanogaster fruit flies 
exposed to a 50-HZ EMF 
at 3 mT for 72 or 312 h 

Different sets of genes were up- and down-
regulated after short- or long-term exposure. 
Short-term exposure may decrease the 
reproductive ability of males, whereas long-
term exposures had no effect on reproductive 
ability. 

Li Y. et al. (2014) Fertilized embryos of 
zebra fish (Danio rerio) 
exposed to a 50-Hz 
magnetic field at 0.1 - 
0.8 mT for 96 h 

The transcription of apoptosis-related genes 
(caspase-3, caspase-9) was significantly up-
regulated in exposed embryos. Delayed 
hatching and apoptosis observed. 

Li, Y. et al. (2015) Rat oligodendrocyte 
precursor cells exposed 
to DC electric field at 50, 
100. Or 200 mV/mm for 
1.5 h 

Mitogen-activated protein kinase pathway 
that signals cell migration was significantly 
upregulated in cells treated with an EF of 200 
mV/mm compared with control cells and 
downregulation of differentially expressed 
genes in chemotaxis. 

Li Y. et al. (2019) Dementia rats induced 
by streptozotocin (STZ) 
intracerebroventricular 
injection exposed to a 10 
mT 20-Hz pulsed EMF, 

Pulsed EMF increased expression of insulin 
growth factor 2 (IFG-2) in the hippocampus 
and improved the ability of learning and 
memory in STZ-treated rats. 
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2 h/day, 10 days 

Lin et al. (2016) Budding yeast exposed 
to a 50-Hz EMF at 6 mT 
for 96 h 

The transcription levels of 28 genes were 
upregulated and those of four genes were 
downregulated. Exposure can upregulate the 
expression of genes involved in glucose 
transportation and the tricarboxylic acid 
(TCA) cycle, but not the glycolysis pathway. 

Liu et al. (2015) Mouse spermatocyte-
derived GC-2 cell line  
 exposed to an 
intermittent (5 min 
ON/10 min OFF) 50-Hz 
EMF at 1, 2, or 3 mT for 
72 h 

Exposure decreased genome-wide 
methylation at 1 mT, but global methylation 
was higher at 3 mT. Expression of DNMT1 
and DNMT3b (DNA methyltransferases) was 
decreased at 1 mT, and increased at 3 mT. 
 
 

*Lopucki et al. (2005) Cotyledons dissected 
from placentas obtained 
immediately after 
physiological labors 
exposed to a 50-Hz 
magnetic field at 2 or 5 
mT for 3 h 

No significant effect on level of 8-hydroxy-
2'-deoxyguanosine in DNA (oxidative DNA 
damage). 

Lourencini da Silva et 
al. (2000) 

SnCl2-treated pBR322 
plasmids exposed to a 
3400Hz square-wave 
EMF with peak power of 
4V for 2 h 

An EMF-dependent potentiation of DNA 
scission (i.e. the appearance of relaxed 
plasmids) was observed. The results indicate 
that the EMF, in the presence of a transition 
metal, is capable of causing DNA damage. 

*Luceri et al. (2005) Human peripheral blood 
lymphocytes and 
DBY747 Saccharomyces 
cerevisiae exposed to 
a50-Hz magnetic field  
at 0.001, 0.01or 0.1 mT 
for 18 h 

No significant effects on DNA single strand 
breaks (Comet assay), oxidated DNA base, 
and gene expression. 

Lupke et al (2006) Human umbilical cord 
blood-derived monocytes 
exposed to a 50-Hz 
magnetic field at 1 mT 
for 45 min 

Alteration of 986 genes involved in 
metabolism, cellular physiological processes, 
signal transduction and immune response. 

Luukkonen et al. 
(2011) 

Human SH-SY5Y 
neuroblastoma cells. 
Exposed to a 50-Hz 
magnetic field at 0.1 mT 
for 24 hours, followed by 
chemical (menadione) 
exposure for 3 h 

Magnetic field enhanced menadione-induced 
DNA damage, DNA repair rate, and 
micronucleus formation. No effects were 
observed after magnetic field exposure alone. 
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Luukkonen et al. 
(2014) 

Human SH-SY5Y 
neuroblastoma cells. 
Exposed to a 50-Hz 
magnetic field at 0.1 mT 
for 24 hours, followed by 
menadione exposure for 
3 h 

Persistently elevated levels of micronuclei 
were found in the progeny of magnetic field 
(alone)-exposed cells at 8 and 15 days after 
exposure, indicating induction of genomic 
instability. (No magnetic field x menadione 
interaction effect). Magnetic field disturbed 
oxidative balance immediately after the 
exposure, which might explain the previous 
findings on MF altered cellular responses to 
menadione-induced DNA damage. 

Luukkonen et al. 
(2017) 

Human SH-SY5Y 
neuroblastoma cells. 
Exposed to a 50-Hz 
magnetic field at 0.1 mT 
for 24 hours, followed by 
menadione exposure for 
1 or 3 h 

Decreased p21 protein (a DNA damage 
response-related proteins) level after 1-h 
menadione treatment, as well as increased 
proportion of cells in the G1 phase and 
decreased proportion of S phase cells after 3-
h menadione treatment. Magnetic field 
exposure decreased DNA single strand 
breaks (Comet assay) caused by I h treatment 
with menadione. 

Ma et al. (2014) Mouse embryonic neural 
stem cells exposed to a 
50-Hz EMF at 2 mT for 
3 days 

Expression of genes regulating neuronal 
differentiation was altered. 

Mahaki et al. (2019) Rats exposed to a 50-Hz 
EMF at 0.001-2 mT for  
2 h/day for 60 days 

In the spleen, gene expression levels of 
RORα (retinoid-related orphan receptor 
alpha) and c-Maf (transcription factor Maf) 
were significantly down-regulated at 0.001 
and 0.1 mT, while the expression of STAT6 
(signal transducer and activator of 
transcription 6 ) was only significantly 
decreased at the density of 0.1 mT. No effect 
on thymus. 

Mahmoudinasab and 
Saadat (2016) 

Human MCF-7 cells 
exposed to a 50-Hz 
magnetic field at 0.25 
and 0.5 mT (5 min ON/5 
min OFF, 15 min ON/15 
min OFF, or 30 min 
field-on continuously) 
for 30 min 

Alterations in the NQO1 and NQO2 
(NAD(P)H: quinone oxidoreductase) mRNA 
levels seen at the "5 min ON/5 min OFF" 
condition. 

Mahmoudinasab and 
Saadat (2018a) 

MCF-7 and SH-SY5Y 
cells exposed to 50-Hz 
EMF at 0.5 mT (15 min 
ON/ 15 min OFF), and 
treated with morphine 
and cisplatin. 

EMF exposure could protect SH-SY5Y cells 
from the cytotoxicity of cisplatin and 
morphine, whereas it has no significant 
change in MCF-7 cells. Expression patterns 
of antioxidant genes are different in both cell 
lines. 
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Mahmoudinasab and 
Saadat (2018b) 

SH-SY5Y cells exposed 
to 50-Hz EMF at 0.5 mT 
(“15 min ON/ 15 min 
OFF” and “30 min ON”) 
for 30 min, and treated 
with morphine and beta-
lapachone 

NQO1 mRNA level decreased in the "15 min 
field-on/15 min field-off" condition, the 
expression level of NQO2 was increased. 
Morphine and EMF reduced the cytotoxicity 
of beta-lapachone. 

Mahmoudinasab et al. 
(2016) 

Human MCF-7 cells 
exposed to a 50-Hz 
magnetic field at 0.25 
and 0.5 mT (5 min ON/5 
min OFF, 15 min ON/15 
min OFF, or 30 min 
field-on continuously) 
for 30 min 

Significant changes in mRNA levels of seven 
antioxidant genes for "the 15 min field-on/15 
min field-off condition". 

Mairs et al. (2007) UVW human glioma 
cells to a 50-Hz EMF at 
1 mT for 12 h 

Induced 0.011 mutations/locus/cell, which 
was equivalent to a 3.75-fold increase in 
mutation induction compared with 
unexposed controls. The field also 
potentiated the mutagenic capacity of 
gamma-irradiation. 

Manzella et al. (2015) Human dermal  
fibroblasts exposed to a 
50 Hz magnetic field at 
0.1 mT for 1 h 

Changes in expression of clock genes. 

Mariucci et al. (2010) CD1 mice exposed to a 
50-Hz magnetic field at 1 
mT for 1 or 7 days (15 
h/day) 

Increased DNA single strand breaks (Comet 
assay) in brain areas detected immediately 
after 7-day exposure. No effect on HSP-70 
expression. 

Markkanen et al. 
(2008) 

Murine L929 fibroblasts 
exposed to a 50-Hz 
magnetic field at 0.1 or 
0.3 mT for 24 h, with or 
without ultraviolet B 
(UVB, wavelength 280-
320 nm) radiation or 
menadione (MQ) 

Pre-exposure to magnetic field can alter 
cellular responses to other agents, and 
indicate that magnetic field as low as 0.1 mT 
has measurable impacts on cancer-relevant 
cellular processes such as DNA-damage. 

Mastrodonato et al. 
(2018) 

Mice exposed to a 50 Hz, 
1 mT EMF 3.5 h/day for 
12 days 

Increased Wnt3 (neurogenesis gene) mRNA 
expression and nuclear localization of its 
downstream target β-catenin in 
subventricular zone of the lateral ventricle. 
Mice showed enhanced olfactory memory at 
30 days post-exposure. 
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*McNamee et al. 
(2002) 

10-day-old mice exposed 
to a 60-Hz magnetic field 
at 1 mT for 2 h, 
cerebellum assayed at 0. 
2, 4, and 24 h after 
exposure 

DNA single strand breaks (Comet assay): 
“While increased DNA damage was detected 
by tail ratio at 2h after MF exposure, no 
supporting evidence of increased DNA 
damage was detected by 
the other parameters.” “Taken 
together, these results do not support the 
hypothesis that acute MF exposure causes 
DNA damage in the cerebellums of immature 
mice.” No change in apoptosis. 
 

*McNamee et al. 
(2005) 

Rodents (adult rats, adult 
mice, and immature 
mice) exposed to a 60-
Hz magnetic field at 0.1, 
1 or 2 mT for 2 
h. Assayed at 0, 2 and 4 
h after exposure 

This study provided no evidence of 
magnetic-field-induced DNA single strand 
breaks (Comet assay) in the brain. 

Mercado-Sáenz et al. 
(2019) 

Saccharomyces 
cerevisiae wild type 
strain (WS8105-1C) 
exposed to sinusoidal 
magnetic field (2.45 mT, 
50 Hz, continuous) or 
pulsed magnetic field 
(1.5 mT, 25 Hz, 8 h/day). 
Chronological aging was 
evaluated during 40 days 

Decreased spontaneous frequency of 
mitochondrial mutation during aging was 
observed in pulsed magnetic field-treated 
samples. 

*Miyakoshi et al. 
(1996a) 

Chinese hamster ovary 
(CHO) cells exposed to a 
60-Hz magnetic field at 5 
mT for 130 h 

No significant effect on c-myc expression 
and cell growth rate. 

Miyakoshi et al. 
(1996b) 

Human melanoma 
MeWo cells exposed to a 
50-Hz magnetic field at 
400 mT up to 20 h 

Induced mutations in the hypoxanthine-
guanine phosphoribosyl transferase gene, 
synergistic with X-ray. No significant 
increase in mutant frequency occurred when 
DNA replication was inhibited during 
magnetic field exposure. DNA replication 
error is suspected of causing the mutations 
produced by ELFMF exposure. 

Miyakoshi et al. 
(1997) 

Human melanoma 
MeWo cells exposed to a 
50-Hz magnetic field at 
400 mT for 2 h 

Induced mutations in the hypoxanthine-
guanine phosphoribosyl transferase gene, 
DNA replication errors and/or disturbance of 
the mismatch repair systems caused by 
exposure to ELF-MF may be involved in the 
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mutagenic effect. 

Miyakoshi et al. 
(1998) 

Human osteosarcoma 
cells (Saos-LP-12), with 
deleted 53 gene, exposed 
to a 50-Hz magnetic field 
at 400 mT for 4 h 

Induced mutations in the hypoxanthine-
guanine phosphoribosyl transferase gene. 
Introduction of the wild-type (wt) p53 
expression plasmid (pOPRSVp53) 
suppressed the magnetic induced mutation.  
The findings suggest that wt p53 has a 
function in suppression of DNA replication 
errors and/or in maintenance of genomic 
stability after high-density magnetic field 
exposure. 

Miyakoshi et al. 
(1999) 

Chinese hamster ovary 
K1 (CHO-K1) cells 
exposed to a 60-Hz 
magnetic field at 5 mT 
for up to 6 weeks 

No effect on mutant frequency of the 
hypoxanthine-guanine phosphoribosyl 
transferase but enhanced the effect of x-ray. 

Miyakoshi et al. 
(2000) 

Human glioma MO54 
cells exposed to a 50-Hz 
magnetic field at 55, 50, 
or 400 mT at 40C or on 
ice, for 30 min 

Exposure to magnetic field at more than 50 
mT potentiated X-ray-induced DNA single 
strand breaks (Comet assay). 
 

*Mizuno et al. (2014) Human fibroblast 
WI38VA13 subcloned 
2RA and XP2OS(SV) 
cells exposed to a 60-Hz 
magnetic field at 5 mT 
for 24 h 

Magnetic field exposure did not have 
modification effect on cell survival after UV-
B irradiation and on repair process of DNA 
damage induced by UV-B irradiation. 

Moraveli et al. (2016) dermal papilla 
mesenchymal cells 
exposed to 50-Hz EMF 
at 1 mT for 5-14 days 

Increased expression of MAP gene with 
decreased cell proliferation (cell 
differentiation occurred.) (MAP2 protein 
involves in neuritogenesis to stabilize 
microtubules.) 

Moretti et al. (2005) Jurkat cells exposed to a 
50-Hz magnetic field at 1 
mT for 1 h with added 
xenobiotics 

Magnetic field exposure enhanced genotoxic 
effects (DNA single strand breaks (Comet 
assay)) of xenobiotics.  

Mouhoub et al. (2017) Salmonella hadar grown 
under static magnetic 
field of 200 mT for 3, 6, 
or 9 h  

Increased expression of gene involved in the 
production of acdiolipin and 
phosphatidylethanolamine (both components 
of bacteria cell membrane). 

Nakayama et al. 
(2016) 

Macrophages stimulated 
with the bacterial 
endotoxin, 
lipopolysaccharide and 

Increased DNA single strand breaks (Comet 
assay) and decreased viability. 
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posed to a 50-Hz 
magnetic field at 0.5 mT 
for 24 h 

Nasrabadi et al. 
(2018) 

Neonatal human retinal 
pigment epithelial cells 
exposed to pulsed 50-Hz 
EMF at 1 mT for 8 h 
daily for 3 days 

Both gene and protein expressions of retinal 
progenitor cell markers were reduced. 

Nikolova et al. (2005) Mouse embryonic stem 
(ES) cells exposed to an 
intermittent (5 min 
ON/30 min OFF) 50-Hz 
EMF at 2 mT for 6 or 48 
h 

Significantly affected transcript levels of the 
apoptosis-related bcl-2, bax, and cell cycle 
regulatory "growth arrest DNA damage 
inducible" GADD45 genes, No effect on 
DNA single and double strand breaks (Comet 
assay). 

*Okudan et al. (2010) Swiss mice exposed to a 
50-Hz EMF at 0.001 -
0.005 mT for 40 days 

The results suggest that </=0.005 mT 
intensities of 50 Hz EMFs did not cause 
genotoxic effect in the mouse.(However, The 
number of micronucleus per peripheral blood 
lymphocytes in the 0.004 and 0.005 mT-
exposure groups were significantly higher 
than those of the lower intensity exposure 
groups. The males in 0.004 mT-exposure 
group displayed the highest micronucleus 
number per lymphocyte). 

Panagopoulos et al. 
(2013) 

Newly eclosed 
Drosophila 
melanogaster exposed to 
50-Hz magnetic field 
(0.1, 1.1, and 2.1 mT) 
continuously during the 
first 5 days of their adult 
lives 

Severe DNA damage (DNA fragmentation 
by TUNEL assay) and consequent cell death 
induction in the reproductive cells. 

 

Pesqueira et al. (2017) Human tendon-derived 
cells exposed to a 2 Hz 
magnetic field at 350 mT 
for 4 or 8 h, or 8 h every 
24 or 48 h  up to 14 days 

8-h exposure significantly upregulated the 
expression of tendon-associated genes SCX, 
COL1A1, TNC and DCN.  8 h every 24 h 
exposure significantly upregulated COL1A1, 
COL3A1 and TNC at day 14. 

 
Pilger et al. (2004) Human fibroblasts 

exposed to an 
intermittent (5 min 
ON/10 min OFF) 50-Hz 
EMF at 1 mT for 15 h 

Exposure resulted in an increase in DNA 
single strand breaks (Comet assay) unlikely 
to be caused by intracellular changes that 
affect intracellular [Ca2+] or mitochondrial 
membrane potential. 

Potenza et al. (2004a) E. coli XL-1Blue 
exposed to static 

Increased cell proliferation and changes in 
gene expression observed. The field 
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magnetic field at 300 mT 
up to 50 h 

magnetic field may stimulate transposition 
activity. 

 
Potenza et al. (2004b) Escherichia coli DNA, 

plasmid, and 
amplification products of 
different lengths exposed 
to static magnetic field at 
200-150 mT for 5 h 

The in vitro assays displayed interactions 
between the magnetic field and DNA, 
revealing principally that magnetic field 
exposure induces DNA alterations in terms 
of point mutations.. This genotoxic effect of 
the magnetic field, however, is minimized in 
living organisms due to the presence of 
protective cellular responses. 

Rageh et al. (2012) Newborn rats (10 days 
after delivery) exposed 
continuously to a 50 Hz 
magnetic field at 0.5 mT 
for 30 days 

Increased DNA single strand breaks (Comet 
assay) in brain cells and micronucleus 
frequency in bone cells. Changes in anti-
oxidative enzymes and increased lipid 
peroxidation. 

*Reese et al. (1998) Chinese hamster ovary 
(CHO) cells exposed to 
60-Hz magnetic fields 
(0.1 or 2 mT), electric 
fields (1 or 38 V/m), or  
combined magnetic and 
electric fields (2 mT 
and 38 V/m, 
respectively) for 1 h 

No significant effect on DNA single strand 
breaks (Comet assay) from exposures. 

Reyes-Guerrero et al. 
(2010) 

Adult male and female 
Wistar rats exposed to a 
60-Hz magnetic field at 1 
mT for 2 h/day for 9 
days 

ELF EMF modulates estrogen receptor- beta 
gene expression in the olfactory bulb of 
female adult rats but not in males. 

 
Robison et al. (2002) HL-60, HL-60R, and 

Raji cell lines exposed to 
a 60-Hz EMG at 0.15 
mT for 24 h 

EMF exposure offers significant protection 
from apoptosis (DNA double strand breaks 
(Comet assay)) and significantly decreased 
DNA repair rates in HL-60 and HL-60R cell 
lines  but not in the Raji cell line. 

*Ross et al. (2018) Human mesenchymal 
stromal cell exposed to a 
5-Hz EMF at 0.4 mT for 
20 min/day, 3 times a 
week for 2 weeks 

No chromosome breaks, viability and 
proliferation rate detected. 
 

*Ruiz-Gómez et al. 
(2010) 

Wild type (wt) and 
radiation sensitive 
mutant yeast strains 
(Saccharomyces 
cerevisiae) exposed to a 

The exposure did not induce alterations in 
cell cycle and cause DNA damage. 
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50 Hz magnetic field at 
2.45 mT for 96 h 

Sadri et al. (2017) Human mesenchymal 
stem cells derived from 
human newborn cords 
exposed to a static 
magnetic field of 12, 18, 
or 24 mT  for 2 h 

Induced differentiation and decreased 
expression of Sox-2, Nanong, and Oct-4 
genes (These genes are involved in 
embryonic orgen development, maintenance 
of multipentency and self renewal of 
undifferentiated embryonic stem cell.)                                                                                       

Sanie-Jahromi et al. 
(2016) 

Human breast 
adenocarcinoma MCF-7 
and neuroblastoma SH-
SY5Y cells exposed to  
50-Hz EMF at 0.25 and 
0.5 mT (5 min ON/5min 
OFF; 15 min ON/15min 
OFF, or 30 ON 
continuously) for 30 min 

mRNA levels of seven genes involved in 
DNA repair pathways down regulated in 
MCF-7 cells. Synergistic with cisplatin in 
MCF-7 and SH-SY5Y cells. 

Sanie-Jahromi and 
Saadat (2017) 

MCF-7 and SH-SY5Y 
cells exposed to an 
intermittent (15 min 
OF/15-min OFF)  50-Hz 
EMF at 0.5 mT for 30 
min. Cells were also 
treated with cisplastin 
and bleomycin 

EMF exposed MCF-7 cells treated with 
cisplastin and bleomycin showed more 
effects on some DNA repair gene expression 
compared with “cisplastin and bleomycin” 
treatment alone, while SH-SY5Y 
susceptibility was not changed between the 
two treatments. 

 
Sanie-Jahromi and 
Saadat (2018) 

MCF-7 and SH-SY5Y 
cells were treated with 
5.0 µM morphine  and 
exposed to an 
intermittent (15 min 
ON/15 min OFF) 50-Hz 
EMF at 0.50 mT for 30 
min  

Morphine  treatment showed significant 
down-regulation of expression of genes 
involved in DNA repair pathways, while in 
"Morphine + EMF" treatment, the genes were 
not significantly changed. 

Sarimov et al. (2011) Human lymphocytes 
exposed to 50-Hz 
magnetic field at 0.005-
0.02 mT for 15-180 min 

Magnetic field condensed relaxed chromatin 
and relaxed condensed chromatin. 

*Scarfi et al (2005) Human diploid 
fibroblasts exposed to an 
intermittent (5 min 
ON/10 min OFF) 50-Hz 
EMF or a 50-Hz field 
plus its harmonics for 24 
h (1,2,4-BT) also studied 

No significant effects on DNA single strand 
breaks (Comet assay) and micronucleus 
frequency. 
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Scassellati Sforzolini 
et al. (2004) 

Cells exposed to a 50-Hz 
magnetic field at 5 mT; 
co-genotoxic effects with 
N-methyl-N'-nitro-N-
nitrosoguanidine 
(MNNG), 4-
nitroquinoline N-oxide 
(4NQO), benzene, 1,4-
benzenediol (1,4-BD), or 
1,2,4-benzenetriol 

Magnetic field showed genotoxic 
(micronucleus test) and co-genotoxic (comet 
assay) capabilities. 

Schmitz et al. (2004) Male adult mice exposed 
to a 50-Hz magnetic field 
at 1.5 mT for 8 weeks 

A significant increase in both unscheduled 
DNA synthesis and in 
situ nick translation was only found for 
epithelial cells of the choroid plexus. 
Mitochondrial DNA synthesis was 
exclusively increased in renal epithelial cells 
of distal convoluted tubules. 
 

Seong et al. (2014) Human bone marrow-
mesenchymal stem cells 
exposed to a 50 Hz EMF 
at 1 mT for 8 days 

Increased expression of early growth 
response protein 1 (Egr1). 

*Shen et al. (2016) Chinese Hamster Lung 
cells exposed to a 50-Hz 
EMF at 0.4mT for 30 
min or 24 h 

Increase in LC3-II expression and increased 
autophagosome formation; no significant 
effect on γH2AX foci.( EMF-induced 
autophagy may balance the cellular 
homeostasis to protect the cells from severe 
adverse biological consequences.) 

Shokrollahi et al. 
(2018) 

Soybean plants exposed 
to static magnetic field at 
20 and 30 mT for 5 h/day 
for 5 days 

Exposure to 20 mT decreased gene 
expression of Fe transporter, ferrous and 
H2O2 contents and gene expression, content 
and activity of ferritin and catalase. Opposite 
responses were observed at 30 mT exposure. 
Tertiary structures of ferritin, apoferritin and 
catalase altered by static magnetic field. 

Singh and Lai (1998) Rats exposed to a 60-Hz 
magnetic field at 0.5 mT 
for 2 h 

Data suggested that both DNA-protein 
and DNA-DNA crosslinks (Comet assay) 
were formed in brain cells. 

Skyberg et al. (2001) Blood samples from high 
voltage laboratory 
workers exposed to 
electromagnetic fields 
and mineral oil 

In inhibited (hydroxyurea-inhibits DNA 
synthese, and caffeine-inhibits DNA repair) 
lymphocyte cultures, there were indications 
that electromagnetic fields in combination 
with mineral oil exposure may produce 
chromosomal aberrations. No effect on un-
inhibited cells. 
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Solek et al. (2017) Mouse spermatogenic 
cell lines (GC-1 spg and 
GC-2 spd) exposed to 
pulsed (1sec on/off) or 
continuous-wave 2, 50, 
120 Hz EMF at 2.5- 8 
mT for 2 h 

EMF activated oxidative and nitrosative 
stress-mediated DNA damage pathways, 
resulting in p53/p21-dependent cell cycle 
arrest and apoptosis 

*Song et al. (2018) HeLa and primary IMR-
90 fibroblasts exposed  
to a 60-Hz EMF at 1, 3, 
6, or 10 or mT 
continuously for up to 
168 h or 30  min every 
24h for 3 days 

No effect on DNA damage (gamma-H2AX 
foci).; promoted cell proliferation (probably 
due to decreased reactive oxygen species). 

Stankevičiūtė et al. 
(2019) 
 
 

Rainbow trout 
(Oncorhynchus mykiss) 
exposed to a 50-Hz EMF 
at 1 mT for 40days; and 
the common ragworm 
(Hediste diversicolor) 
and the Baltic clam 
(Limecola balthica) for 
12 days 

Trout and ragworm erythrocytes and clam 
gill cells showed elevated micronucleus 
frequency, nuclear buds, nuclear buds on 
filament cells, and cells with blebbed nuclei. 

*Stronati et al. (2004) Human whole blood 
exposed to a 50-Hz 
magnetic field at 1 mT 
for 2 h 

No significant effects on DNA single strand 
breaks (Comet assay), sister chromatid 
exchanges, chromosome aberrations, and 
micronucleus frequency in lymphocytes. A 
slight decrease in cell proliferation observed. 

*Sun C et al. (2018) ATM-proficient (Atm+/+) 
and ATM-deficient 
(Atm-/-) mouse 
embryonic fibroblasts 
exposed to a 50-Hz 
magnetic field at 2 mT 
for 15 min.(Ataxia 
telangiectasia mutated 
(ATM) plays a central 
role in DNA damage 
repair.) 

No effect on -H2AX foci in both types of 
cells. 

Sun L et al. (2019) Irpex lacteus, a white-rot 
fungus, exposed to a 50-
Hz magnetic field ay 3.5 
mT for 3 h/day for 4 
days 

Global gene expression changes were 
observed. 

Sun RG et al.(2012) K562 human leukemia 
cells exposed to 

The potency of the combination of SMF and 
paclitaxel was greater than that of SMF or 
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paclitaxel in the 
presence or absence of 
8.8 mT static magnetic 
field for 24 h 

paclitaxel alone on K562 cells, and these 
effects were correlated with DNA single 
strand breaks (Comet assay). 

Suzuki et al. (2001) Mouse exposed to high 
intensity static magnetic 
fields (3.0 T for 48 and 
72 h and 4.7 T for 24, 48 
and 72 h). 

Increased micronucleus frequency in bone 
marrow cells. 

Svedenstal et al. 
(1999) 

Brain cells of CBA mice 
exposed to a 50 Hz 
magnetic field at 0.5 mT 
2 h, 5 days or 14 days 

DNA single strand breaks (Comet assay) 
increased after 14 days of exposure, 

*Szerencsi et al. 
(2013) 

Peripheral blood samples 
from men exposed to 
EMF produced by 3T 
magnetic resonance 
imaging equipment for 0, 
22, 45, 67, and 89 min 
during the scanning 
procedure 

No significant effect on DNA single strand 
breaks (Comet assay) and DNA integrity in 
lymphocytes. 

Teodori et al. (2014) Human glioblastoma 
cells exposed to static 
magnetic field at 80 mT 
for 6,12, or 24 h, also in 
combination with X-ray 

Increased in DNA single strand breaks 
(Comet assay) after 24 h of exposure; x-ray 
induced DNA strand breaks significantly 
reduced by post-irradiation exposure to static 
magnetic field.  Further data suggested that 
static magnetic field modulated DNA 
damage and/or repair, possibly through a 
mechanism that affects mitochondria. 
 

*Testa et al. (2004) Human blood samples 
exposed to a 50-Hz 
magnetic field at 1 mT 
for 48 h 

No significant effect on micronucleus 
frequency and proliferation of lymphocytes. 
No interaction with x-ray. 

*Tiwari et al. (2015) Blood samples of human 
subjects occupationally 
exposed to 132 kV high-
voltage substations 
(mean duration on job 
9.27 years, range 2-30 
years). 

No significant effect on DNA single strand 
breaks (Comet assay) in lymphocytes, 
increased oxidative stress observed. 

Udroiu et al. (2006) Liver and peripheral 
blood sampled from 
newborn mice exposed 
to a 50-Hz magnetic field 
of 0.65 mT during the 

Data obtained in newborn mice showed a 
significant increase in micronuclei 
frequencies. No significant effect was 
recorded on exposed adults. 
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whole intra-uterine life 
(21 days), and on bone 
marrow and peripheral 
blood from adult mice 
exposed to the same 
magnetic field for the 
same period 

Udroiu et al. (2015) Mice exposed to 50-Hz, 
0.065 mT magnetic field, 
24 hours/day, for a total 
of 30 days, starting from 
12 days post-conception 

Magnetic field induced a slight genotoxic 
damage (micronucleus formation) and no 
interaction with x ray in erythrocytes, but 
modulate the response of male germ cells to 
X-rays with an impact on 
proliferation/differentiation processes.  
Magnetic field exposure decreased DNA 
single and double strand breaks (Comet 
assay) in germ cells at 42 days after birth. 

*Verschaeve et al. 
(2011) 

Salmonella typhimurium 
exposed to a 50-Hz 
magnetic field at 0.1 or 
0.5 mT for 1 or 2 h 

The magnetic field did not induce 
mutagenicity in S. typhimurium bacteria and 
did not show any synergetic effect when 
combined with chemical mutagens. 

*Verschaeve et al. 
(2016) 

Salmonella typhimurium 
exposed to50 Hz 
magnetic field at 0.1 mT 
for 1 h 

The magnetic field did not damage DNA and 
had no influence on the DNA damaging 
capacity of several mutagens. 

Villarini et al. (2006) Human leukocytes 
exposed to a 50-Hz 
magnetic field at 3 mT 
for 30, 60, or 120 min 
and treated with 
mutagens 

Magnetic field exposure increased N-methyl-
N'-nitro-N-nitrosoguanidine and decreased 4-
nitroquinoline N-oxide-induced DNA single 
strand breaks (Comet assay). 

Villarini et al. (2013) Male CD1 mice exposed 
to a 50-Hz magnetic field 
at 0.1, 0.2, 1 or 2 mT for 
7 days (15 hours/day) 
and sacrificed either at 
the end of exposure or 
after 24 h 

Magnetic field exposure induced DNA single 
strand breaks (Comet assay) and did not 
affect hsp70 expression in the brain. 

Villarini et al. (2015) Blood leukocytes from 
electric arc welders 
presumably exposed to 
50-Hz EMF(mean 
0.0078 mT; range: 
0.00003-0.171 mT) 

Decreased DNA single strand beaks (Comet 
assay), may be caused by DNA-protein 
crosslinks by metal exposure. 

*Villarini et al. (2017) SH-SY5Y and SK-N-
BE-2 human 
neuroblastoma cells 

 or AlCl3 alone induced DNA single strand 
breaks (Comet assay), changes in 
GSH/GSSG ratio or variations in Hsp70 
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exposed to a 50-Hz 
magnetic field at 0.01. 
0.1, or 1 mT for 1 h 
continuously or 5 h 
intermittently (15 min 
ON/15 min OFF), and 
also aluminum  

expression. Co-exposure to ELF-MF and 
AlCl3 did not have any synergic toxic effects. 

Wahab et al. (2007) Human peripheral blood 
lymphocytes exposed to 
50 Hz sinusoidal 
(continuous or pulsed) or 
square (continuous or 
pulsed) magnetic fields 
at 0.001 or 1 mT for 72 h 

A significant increase in the number of sister 
chromatid exchange /cell observed. 

*Wang Y et al. (2019) Human ventricular 
cardiomyocytes exposed 
to a 50-Hz magnetic field 
at 0.1 mT for 1 h 
continuously or 75 min 
intermittently (15 min 
ON/15 min OFF). 
Sprague-Dawley rats 
exposed to 50 Hz 
magnetic field at 0.1 mT 
for 15 h/day for 7 days 

Magnetic field exposure did not cause DNA 
single strand breaks (Comet assay) in heart 
cells in both in vitro and in vivo experiments. 

Wang Y. et al. (2020) Caenorhabditis 
elegans exposed to 50-
Hz, 3 mT EMF for 15 
generations 

Expression levels of the r53.4, hpo-18, atp-5, 
and atp-3 genes encoding ATPase and  sod-
1, sod-2, and sod-3 genes encoding 
superoxide dismutase (SOD) were 
significantly upregulated. 

Wang Z et al. (2009) Human embryoid body 
derived (hEBD) LVEC 
cell line exposed to 0.23-
0.28 T static magnetic 
field for 24 h 

Gene expression in cells showed nine 
signaling networks responded to static 
magnetic field 

*Williams et al. 
(2006) 

Salmonella bacteria 
cultures exposed to a 60-
Hz intermittent magnetic 
field (5 min ON/10 min 
OFF) at 14.6 mT for 4 h 

No significant increase in recombination 
events and DNA single and double strand 
breaks (assayed using a recombination event 
counter).However, magnetic field exposure 
induced protection from heat stress. 

Wilson et al. (2015) BALB/c×CBA/Ca F1 
hybrid males exposed to 
50Hz magnetic fields at 
0.01, 0.1 or 0.3 mT for 2 
or 15 h 

There was a marginally significant increase 
in a non-dose-dependent mutation frequency 
in sperm, and not in blood cells. 
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Winker et al. (2005) Human fibroblasts 
exposed to a 50-Hz 
intermittent (5 min 
ON/10 min OFF) EMF at 
1 mT for 2-24 h 

Increased micronucleus frequency and 
chromosomal aberration. 

Wolf et sl. (2005) HL-60 leukemia cells, 
Rat-1 fibroblasts, and 
WI-38 diploid fibroblasts 
exposed to a 50-Hz EMF 
at 0.5-1 mT for 24-72 h  

Dose-dependent increases in DNA single 
strand breaks (Comet assay) and formation of 
8-hydroxy-2'-deoxyguanosine adducts were 
observed in all cell lines. There were 
increases in cell proliferation and reactive 
oxygen species.  
 

Yagci  and Kesim 
(2016) 

Human gingival 
fibroblasts exposed in 
vitro to static magnetic 
fields produced by dental 
magnetic attachments for 
10-12 days. (The 
maximum magnetic flux 
densities measured at the 
magnet centers of 4 types 
of attachment were 95.6- 
148.1 mT and became 
almost zero at 10 mm 
away) 

Increased micronucleus frequency. 

Yaguchi et al. (1999) Mouse embryonic skin 
m55 cells exposed to a 
60-Hz magnetic field at 
5, 50, or 400 mT for 42 h 

Increase in sister chromatid exchanges after 
400 mT exposure. 

Yaguchi et al. (2000) Mouse embryonic skin 
m55 cells exposed to 60-
Hz (5 or 50 mT) or 50-
Hz (400 mT) magnetic 
fields for 40 h. Some 
cells also treated with 
mitomycin C or X-ray 

Increased chromosomal aberration, 
synergistic with mitomycin C and X-ray. 

Yao et al. (2015) Rat Schwann cells 
exposed to DC electric 
field for 36-72 h at 50, 
100, or 200 mV/mm 

Differentially expression of genes participate 
in multiple cellular signaling pathways 
involved in the regulation of cell migration, 
including pathways of regulation of actin 
cytoskeleton, focal adhesion, and PI3K-Akt 
cell cycle regulation). 

Yin et al. (2016) Primary cultured rat 
hippocampal neurons 
exposed to a 50-HZ EMF 
at  mT for 90 min 

Increase in DNA single strand breaks (Comet 
assay); free radicals involved. 
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Yokus et al. (2005) Female Wistar rats 
exposed to a 50-Hz 
magnetic field at 0.97 
mT for 3 h/day for 50 
and 100 days 

Increased 8-hydroxy-2'-deoxyguanosine in 
blood  cells. 

Yokus et al. (2008) Male Sprague-Dawley 
rats exposed to a 50-Hz 
magnetic field at 0.1 or 
0.5 mT for 2 h/day for 10 
months 

Increased DNA base modifications in 
leucocytes [8-hydroxyguanine (8-OH-Gua), 
2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyGua), and 4,6-
diamino-5-formamidopyrimidine (FapyAde)] 

Yoon et al. (2014) Human lung fibroblast 
WI38 cells and human 
lung epithelial L132 cells 
exposed to a 60-Hz 
magnetic field at 2 mT 
for 6 h 

2 mT field induced increased γ-H2AX 
expression, as well as γ-H2AX foci 
production. Interacted with gamma radiation 
but not H2O2. 

Yuan et al. (2020) Tumor cell lines 
including lung cancer, 
gastric cancer, pancreatic 
cancer and 
nephroblastoma exposed 
to a 50-Hz EMF 
modulated by static MF 
with time-average 
intensity of 5.1 mT, for 2 
h/day for 3 days  

Induced DNA single strand breaks (Comet 
assay), gamma-H2AX and activation of 
DNA repair pathways, increased reactive 
oxygen species and ferroptosis, and 
decreased proliferation. 

Zendehdel et al. 
(2019) 

Peripheral blood cells of 
male power line workers 
in a power plant. The 
median value of the 
magnetic field at the 
working sites was 
0.00085 mT 

Increased in DNA single strand breaks 
(Comet assay). 

Zhang H et al. (2016) ICR mice exposed to a 
50-Hz EMF at 8 mT for 
4 h/day for 28 days 

Declined DNA content and increased 
expression of apoptosis genes in spleen. Free 
radical may be involved. 

Zhang Y et al. (2016) Workers with or without 
exposure to ELF-EMF 
(50 Hz) of 110-420kV 
power lines 

Significant increased urinary 8-isoprostane 
and 8-OHdG were observed in workers with 
EMF exposure. Free radical may be 
involved. 

Zheng et al. (2018) dental pulp stem cells 
exposed to a static 
magnetic field of 1,2, 4 
mT for 15 min, 30 min, 1 
h or 24 h 

Increased expression of several growth 
factors (FGF-2, TGF-β, and VEGF), 
migration genes (MMP-1 and MMP-2), and 
upregulated the two YAP/TAZ-regulated 
genes, CTGF and ANKRD1. (YAP/TAZ are 
transcriptional activators particularly 
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involved in cancer cell proliferation, therapy 
resistance and metastasis.  
Increased cell proliferation, 
osteo/odontogenesis and mineralization 
observed in the stem cells. 

*Zhu et al. (2016) Human lens epithelial 
cells exposed to a 50-Hz 
magnetic field at 0.4 mT 
for 2, 6, 12, 24, or 48 h 

No effect on DNA single strand breaks 
(Comet assay) and gamma-H2AX foci. 

Zmyslony et al. 
(2000) 

Rat  exposed to a static 
or 50-Hz magnetic field 
at 7 mT for 3 h  
 

In combination with FeCl2, increases in DNA 
single strand breaks (Comet assay) observed 
for both static and 50-Hz field exposure in 
lymphocytes. 

Zmyslony et al. 
(2004) 

Rat lymphocytes 
exposed first to 
ultraviolet radiation and 
then to a 50-Hz magnetic 
field at 0.04 mT for 5 or 
60 min  
 

60-min magnetic field exposure (plus UVA) 
caused an increase in DNA single strand 
breaks (Comet assay). MF may affect the 
radical pairs generated during the oxidative 
or enzymatic processes of DNA repair. 
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Supplement 3  

Gene expressions after RFR and static/ELF EMF exposure (literature up to January 2021) 

RFR Exposure effects 
Akhavan-Sigari et al. (2014) Increased risk for the mutant type of p53 gene expression in the 

peripheral zone of the glioblastoma, and that this increase was 
significantly correlated with shorter overall survival time. 

Beaubois et al. (2007) Accumulation of basic leucine-zipper transcription factor (bZIP) 
mRNA in the exposed terminal leaf of tomato plant. 

Belyaev et al. (2006) Expression of genes encode proteins with diverse functions 
including neurotransmitter regulation, blood-brain barrier (BBB), 
and melatonin production in rat brain. 

Buttiglione et al. (2007) Affected both Egr-1 gene expression and cell regulatory 
functions, involving apoptosis inhibitors like Bcl-2 and surviving 
in human neuroblastoma cells. 

Cervellati  et al. (2013) Induced 17-β-estradiol modulates connexins and Integrins as well 
as estrogen recptor (ER-β) expression in trophoblast cells, 
suggesting an influence on cell differentiation and migration. 

Chen et al. (2012) Expression was limited to only a very small number of genes in 
yeast. (Expressions of structural maintenance of chromosomes 3 
(SMC3) and aquaporin 2 (AQY2 (m)) while halotolerance protein 
9 (HAL9), a kinase 1 (YAK1) and one function-unknown gene 
showed opposite changes in expression. 

Del Vecchio et al. (2009) Increased expression of beta-thymosin gene, a cytoskeleton 
regulating factor in murine cortical neurons, correlated to reduced 
number of neurites generated. 

Deshmukh et al. (2015) Increased heat shock protein 70 (HSP70) in rat brain. 
Eker et al. (2018) Caspase-3 and p38 mitogen-activated protein kinase (p38MAPK) 

(a kinase responsive to stress stimuli, and involved in cell 
differentiation, apoptosis and autophage) gene expressions were 
significantly up-regulated in the ocular tissues of rat. 

Engelmann et al. (2008) Significant changes in transcription of 10 genes in Arabidopsis 
thaliana (thale cress) cells. 

Fragopoulou et al. (2018) Expression of 178 genes changed significantly  mouse 
hippocampus 

Franzellitti et al. (2008) Levels of the inducible HSP70C transcript were significantly 
enhanced after 24 h exposure to GSM-217Hz signals and reduced 
after 4 and 16 h exposure to GSM-Talk signals in human 
trophoblasts. 

Ghatei et al. (2017) No effect on expression level of bcl-2 and p53 genes, but gene 
expression level of bax decreased and gene expression level 
of p21 increased in cerebellum of mice exposed pre-and 
postnatally to RFR. 

Gökçek-Saraç et al. (2020) Decreased RNA expressions of acetylcholinesterase (AChE), choline 
acetyltransferase (ChAT), and vesicular acetylcholine transporter (VAChT) 
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in the hippocampus of rats exposed to 2100 MHz RFR. 
Gulati et al. (2018) A significant association of genetic polymorphism of antioxidant 

genes (for MnSOD and CAT) with oxidative damage has been 
observed in human population exposed to radiations emitted from 
mobile towers. 

Habauzit et al. (2014) 7 genes were differentially expressed in human keratinocytes, 
associated to the cellular response to hyperthermia. 

Hao et al. (2010) Significant induced phosphorylation of STAT3, increased 
transcription levels of the inflammation-associated genes, iNOS 
and TNF-alpha murine N9 microglial cells. (Signal transducer 
and activator of transcription 3 (STAT3) is a transcription 
activator that mediates the expression of a variety of genes in 
response to cell stimuli, and thus plays a key role in many cellular 
processes such as cell growth and apoptosis.) 

He et al. (2016) Mouse bone marrow stromal cells showed increased PARP-1 
mRNA expression.(PARP-1 involves in differentiation, tumor 
transformation and DNA repair.) 

He et al. (2017) Mouse bone marrow stromal cells showed increased PARP-1 
mRNA expression. Gamma radiation decreased RFR-induced 
PARP-1 expression. 

Karaca et al. (2012) Decreased STAT3 expression in moue brain. (STAT3 acts as 
transcription activator). 

Kumari et al. (2017) Increased expression of the pro-inflammatory cytokine tumor 
necrosis factor alpha mRNA in the hippocampal region. 

Kumar, R. (2020) Altered expression of DNA (epigenetic) methylating enzymes, 
DNA methyltransferase1 (DNMT1) and histone methylating 
enzymes euchromatic histone methylthransferase1 (EHMT1) in 
hippocampus. 

Jeong et al. (2020) Increased expression of Epha8 and Wnt6 genes in the hippocampi 
of mice. (Both genes are involved in development, particularly, 
Epha8 coded protein mediates developmental events in the 
nervous system in axonal guidance). 

Lameth et al. (2020) Altered gene expressions in rat cerebral cortex in an  acute 
neuroinflammation. Gene responses to RFR can differ according 
to pathologies affecting the CNS. 

Le Quément et al.(2012) Human  skin  cells showed differential expression of genes 
involved in functions such as cardiovascular development, 
facilitate pathogen recognition by macrophages, inhibition of 
angiogenesis, nonspecific ion channels, etc. 

Lee et al. (2005) Many genes were affected in human HL60 cells. Apoptosis- 
related genes were among the upregulated ones and the cell cycle 
genes among the downregulated ones.   

Li et al. (2020) Offspring of pregnant female rats exposed to RFR showed 
differential expression of methyl-D-aspartate receptors 
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(NMDARs) genes in the hippocampus. 

Lin et al. (2016) Upregulated the expression of genes involved in glucose 
transportation and the tricarboxylic acid (TCA) cycle, but not the 
glycolysis pathway. Transcription levels of 29 genes were 
upregulated and 24 genes were downregulated. 

López-Martín et al. (2009) c-Fos expressions in brain of picrotoxin-treated and untreated 
rats. 

Manta et al. (2017) 168 genes differentially expressed in the house fly Drosophila 
melanogaster), associated with multiple and critical biological 
processes, such as basic metabolism and cellular subroutines 
related to stress response and apoptotic death. 

Martin et al. (2020) Four different types of human keratinocytes showed different 
patterns of expression of ADAMTS6, IL7R, and NOG genes 

Megha et al. (2015) Downregulation in mRNA expression of enzymes involved in 
monoamine transmitter synthesis in rat hippocampus. 

Mildažienė et al. (2019) Leaves from exposed common sunflower (Helianthus annus L.) 
seeds showed gene expression mostly of proteins involved in 
photosynthetic processes and their regulation. 

Millenbaugh et al. (2008) Genes associated with regulation of transcription, protein folding, 
oxidative stress, immune response, and tissue matrix turnover 
were affected in rat skin. 

Nittby et al. (2008) Altered gene expression in both cortex and hippocampus of the 
rat: extracellular region, signal transducer activity, intrinsic to 
membrane, and integral to membrane. 

Nylund and Leszczynski 
(2006) 

Gene and protein expressions altered differentially in two human 
endothelial cell lines. 

Ohtani et al. (2016) Heat-shock proteins (Hsp) and heat-shock transcription factors 
(Hsf) gene expression levels were significantly upregulated in the 
cerebral cortex and cerebellum of the rat. 

Ohtani et al. (2019) No change in transcription gene expression in brain and liver of 
mice exposed to a 85-kHZ field. 

Pacini et al. (2002) Human skin fibroblasts showed increased expression of mitogenic 
signal transduction genes (e.g., MAP kinase kinase 3, G2/mitotic-
specific cyclin G1), cell growth inhibitors (e.g., transforming 
growth factor-beta), and genes controlling apoptosis (e.g., bax). 

Qin et al. (2018) Altered the expression of genes involved in testosterone synthesis 
(Star, P450scc, P450c17 and 3β-Hsd) in mouse testicular tissue.  

Qin et al. (2019) Exposed Leydig cells showed downregulated of testosterone 
synthase genes (Star, Cyp11a1, and Hsd-3β) and clock genes 
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(Clock, Bmal1, and Rorα), 

Rammal et al. (2014) Increased expression of two wound-plant gene in tomato. 

Remondini et al. (2006) Different human cell types responded differently in gene 
expression. Affected gene families did not point towards a stress 
response, but suggested upreglulating of cellular metabolism. 

Romano-Spica et al. (2000) Overexpression of the proto-oncogene ets1 mRNA in Jurkat T-
lymphoblastoid and Leydig TM3 cell lines 

Roux et al. (2006) Leaves of tomato plants showed increased stress-related 
transcripts (calmodulin, protease inhibitor and chloroplast 
mRNA-binding protein). 

Roux et al. (2008) Tomato plant showed increase in stress-related mRNA 
(calmodulin, calcium-dependent protein kinase and proteinase 
inhibitor), similar to wound responses. 

Said-Salman et al. (2019) 101 genes were differentially expressed in Escherichia coli. Up-
regulated genes are involved in metabolic pathways, 
transposition, response to stimuli, motility, chemotaxis, and cell 
adhesion, while the down-regulated genes are associated with 
metabolic pathways and localization of ions and organic 
molecules. 

Silva et al. (2016) No effect on expressions of Ki-67 (involved in cell proliferation) 
p53 (tumor suppression) HSP-70 (stress biomarker), and reactive 
oxygen species in human thyroid cells. 

Soubere Mahamoud et al. 
(2016) 

Exposed human keratinocytes treated with the glycolysis 
inhibitor, 2-deoxyglucose showed changes in genes encode  
transcription factors or inhibitors of cytokine pathways, 

Souza et al. (2014) Cells from oral mucosa of individual used cellular phones more 
than 5 h/week high number of broken egg which may be 
associated with gene amplification. 

Sun Y. et al. (2017) Decreased gene expression in mitochondria of HL-60 human 
leukemia cells. Free radicals involved. 

Tohidi et al. (2020) Apoptotic genes Bax and Bc12 expression in the hippocampus 
were upregulated in mice exposed to RFR from a cell phone 
jammer for 1, 2, twice a day for 30 days and down-regulated with 
longer exposure schedule. 

Trivino Pardo et al. (2012) Gene expression affected in acute T-lymphoblastoid leukemia 
cells. Genes which act as sensors of DNA damage (ATM, 
RAD17,RAD50, and PRKDC) are activated. This over-
expression could produce a signal cascade that causes  the 
activation of the main DNA repair signaling. Some of the 
genes that were defined as essentials in double-strands repair 
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(BRCA1, LIG4, XRCC2) and single-chain DNA repair 
process (XPC, MSH5) were found to over-express. More 
cells in S-phase. 

Vafaei et al. (2020) Increased superoxide dismutase, CDKN1A, GADD45a, Bax 
mRNA, and decreased Bcl-2 mRNA. (CDKN1A and GADD45a 
are involved in DNA repair and cellular responses to stressors.) 

Valbonesi et al. (2014) HSP70 transcription was significantly increased in rat neuronal-
like PC12 cells. 

Varghese et al. (2018) Increased caspase-3 gene expression in brain tissues of rats 
exposed to 2450 MHz  RFR 

Vian et al. (2006) Rapid induction of mRNA encoding the stress-related bZIP 
transcription factor in plants. 

Yan et al. (2008) Brain of exposed rat showed mRNA up-regulation of several 
injury-associated proteins. RFR exposure may result in 
cumulative injuries that could eventually lead to clinically 
significant neurological damage. 

Yao et al. (2004) Rabbit lens epithelial cells showed increased expression of 
P27kip1 protein, also G/G1 cell cycle arrest. (p27kip1 is a cyclin-
dependent kinase inhibitor which binds to cyclinE/cdk2, blocking 
the G1/S transition.) 

Zhang et al. (2008) Primary culture neurons showed gene up- and down-regulation. 
Genes are associated with multiple cellular functions 
(cytoskeleton, signal transduction pathway, metabolism, etc.) 

Zhao et al. (2007) Up-regulation of caspase-2, caspase-6 genes occurred in both 
GSM 1900-MHz "on" and "stand-by" modes in neurons, but only 
in "on" mode in astrocytes. Additionally, astrocytes showed up-
regulation of the Bax gene.  

Static/extremely-low 
frequency EMF 

 

Agliassa et al. (2018) Near-null MF condition  (i.e., <100 nT)  delayed transition to 
flowering in Arabidopsis thaliana and changes in expression of 
several genes in leaf and floral meristem. 

Ashta et al. (2020) Temozolomide (TMZ) with static MF or ELF MF (10 Hz) 
together increased p53 protein expression in the human 
glioblastoma cell line (A172) and increased cytotoxicity. 

Baraúna et al. (2015) The bacteria Chromobacterium violaceum, exposed to ELF MF, 
showed differential expression of 5 proteins. Expression of the 
protein, DNA-biding stress protein, may help to prevent DNA 
damage. 

Bertea et al. (2015) Exposing Arabidopsis thaliana to artificially reversed 
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geomagnetic field conditions induced gene expressions. 

Chen et al. (2008) Human breast cancer MCF-7 cells exposed to a 50-Hz MF 
induced expression of thee responsive genes. 

Chen et al. (2020) Human choriocarcinoma cells exposed to DC electric field  
showed increased gene expressions of ErbB and HIF-1 signaling 
pathways 

Collard et al. (2013) Epidermis cultures harvested from human abdominoplasty 
exposed to ELF electric fields induced expression of various 
genes. Some genes are involved in cell proliferation or 
differentiation, mitosis, cell cycle, or in the DNA replication 
transcription and translation. 

Consales et al. (2018) Exposure to a 50-Hz magnetic field in vitro. We demonstrate that 
ELF-MFs drive an early reduction of the expression level of miR-
34b and miR-34c in SH-SY5Y human neuroblastoma cells, as 
well as in mouse primary cortical neurons, by affecting the 
transcription of the common pri-miR-34. Data also indicate 
epigenetic control of gene expression in vitro and shed light on 
the possible mechanism(s) producing detrimental effects and 
predisposing neurons to degeneration. 

Cuccurazzu  et al. (2010) Exposure to a 50-Hz MF in vivo induced increases in the 
transcription of pro-neuronal genes (Mash1, NeuroD2, Hes1) and 
genes encoding Ca(v)1.2 channel α(1C) subunits in the 
hippocampus of the mouse. Hippocampal neurogenesis also 
observed. 

Del Re et al. (2006) ELF-MF influenced the synthesis of heat shock proteins in E. coli 
in a way that critically depends on the signal characteristics (static 
or pulsed MF). 

Di Campli et al. (2010) Helicobacter pylori biofilm expose to a 50-Hz EMF showed 
amiA gene expression and decreased cell adhesion. (AmiA 
protein is responsible for transition of H. pylori from bacillary to 
coccoid forms. These coccoid forms can escape detection by the 
immune system and therefore could participate in the persistence 
of H. pylori infection during the lifetime of its human host.) 

Dong et al. (2019)  16 T static magnetic field markedly blocked the expression of 
osteoclast-associated transcription factors and osteoclast marker 
genes and inhibited iron absorption and iron storage-related 
protein expression. 

Fan et al. (2015) Rat bone marrow derived-mesenchymal stem cells and 
mesenchymal stem cells exposed to a 50-Hz EMF induced 
expressions of various genes. Expressions of hematopoietic 
growth factors increase proliferation and migration of 
macrophagocytes. 

Fan et al. (2018) Static magnetic field up-regulated the expression of stress gene 
(dnaK) and virulence genes (efaA and ace). 

Fedrowitz and Loscher 50-Hz MF-exposed F344 rat breast tissue showed alterations in 
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(2012) gene expression, which were absent in Lewis rats. 
Frisch et al. (2013) Rat primary fibroblasts exposed to a 10-Hz electric fields induced 

HSP70 expression. 
Heredia-Rojas et al. (2010) “Electromagnetic field” plasmid transfected into INER-37 and 

RMA E7 cell lines exposed to a 60-Hz MF. An increased 
luciferase gene expression was observed in INER-37 cells but had 
no effect on the RMA E7 cell line. 

Jin et al. (2019) Arabidopsis seedling exposed to static magnetic field showed 
increased auxin (a plant growth hormone) from expression of 
PIN3 and AUX1 genes in root tips; cryptochromes (cry1 and cry 
2 genes) are also involved. 

Ki et al. (2020) Human hair follicle dermal papilla cells exposed to a 70-Hz EMF 
enhance cell activation and proliferation via the GSK-
3β/ERK/Akt signaling pathway. Various genes were activated. 

Kim et al. (2010) Human normal and cancer cells exposed repeatedly to a 60-Hz 
MF showed p38 gene expression and induction of checkpoint 
kinase 2 critical to the DNA damage checkpoint pathway.( P38 
mitogen-activated protein kinases are a class of mitogen-activated 
protein kinases (MAPKs) that are responsive to stress stimuli, and 
are involved in cell differentiation, apoptosis and autophagy.) 

Kimsa-Dudek et al. (2018) Static magnetic field attenuated  expression of antioxidant defense 
genes (SOD1, PLK3, CLN8, XPA, HAO1) induced by sodium 
fluoride. 

Kimsa-Dudek et al. (2020) Exposure of human fibroblast cultures that had been co-treated 
with fluoride ions to a static MF caused specific genes expression 
that were involved in apoptosis.   

Kimura et a. (2008) Caenorhabditis elegans exposed to high intensity (2, 3, 5 T) static 
magnetic fields showed induction of genes involved in motor 
activity, actin binding, cell adhesion, and cuticles; also 
upregulation of  hsp (heat shock protein) 12 and 16 family genes. 

Lacy-Hulbert et al. (1995) No effect on MYC and beta-actin gene expression in human 
leukemic  cells. 

Laramee et al. (2014) Transfected rat primary cells in monolayer were exposed to a 
static MF caused HSP expression. 

Lee et al. (2010) C. elegans exposed to a 200 mT static magnetic field showed up-
regulation of genes involved in development and aging (clk-
1,unc-3, age-1,daf-2, lim-7). 

Lee et al. (2016) MCF7 cells showed up-regulation of PMAIP1 gene (gene 
involved in apoptosis) after 60-Hz magnetic field exposure. 

Leone et al. (2014) ELF-EMF enhanced proliferation and neuronal differentiation of 
hippocampal neural stem cells by regulation of epigenetic 
mechanisms leading to pro-neuronal gene expression. 

Li et al. (2013) Male Drosophila melanogaster exposed to ELF-EMF showed 
changes in gene expression.  Differentially expressed genes 
following short-term exposures were involved in metabolic 
processes, cytoskeletal organization, mitotic spindle organization, 
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cell death, protein modification and proteolysis. Long-term 
exposure let to changes in expression of genes involved in 
metabolic processes, response to stress, mitotic spindle 
organization, aging, cell death, and cellular respiration. 

Li et al. (2014) Zebra fish embryos exposed to a 50-Hz MF showed transcription 
of apoptosis-related genes (caspase-3, caspase-9) was 
significantly upregulation. 

Li et al. (2015) Rat oligodendrocyte precursor cells exposed to DC electric field 
showed upregulated mitogen-activated protein kinase pathway 
that signals cell migration and downregulation of differentially 
expressed genes in chemotaxis. 

Li et al. (2019) Pulsed EMF (20 Hz) increased expression of insulin growth 
factor 2 (IFG-2) in the hippocampus of streptozotocin-induced 
dementia rats. 

Lin et al. (2016) Budding yeast exposed to a 50-Hz  EMF caused upregulation 
expression of genes involved in glucose transportation and the 
tricarboxylic acid (TCA) cycle, but not the glycolysis pathway. 
(A response to environmental stress.) 

Lupke et al. (2006) Human umbilical cord blood-derived monocytes exposed to ELF-
MF caused expression of 5 genes. 

Ma et al. (2014) Mouse embryonic neural stem cells exposed to a 50-HZ EMF 
induced expression of genes regulating neuronal differentiation 
although cell proliferation and the percentages of neurons and 
astrocytes differentiated from eNSCs were not affected which 
might be compensation by post-transcriptional mechanisms to 
support cellular homeostasis. 

Mahaki et al. (2019) A 50-Hz EMF reduced the expression levels of c-Maf, STAT6, 
and RORα genes in the spleen of rats. 

Mahmoudinasab and Saadat 
(2016) 

Human MCF-7 breast cancer cells exposed to a 50-Hz EMF 
showed decreased NQO1 and increased NQO2 gene expression. 
(NQO1 and NQO2 are detoxification enzymes). 

Mahmoudinasab and Saadat 
(2018a) 

Patterns of up-regulation of antioxidant genes are different 
between MCF-7 and SH-SY5Y cells exposed to an intermittent 
50-Hz EMF. 

Mahmoudinasab and Saadat 
(2018b) 

SH-ST5Y cells exposed to a 50-Hz EMF. NQO1 mRNA level 
decreased in the "15 min field-on/15 min field-off" condition, the 
expression level of NQO2 was increased. 

Mahmoudinasab et al. 
(2016) 

Human MCF-7 breast cancer cells exposed to a 50-Hz EMF 
showed up and down regulations of 7 antioxidant genes. 

Manzella et al. (2015) 50-Hz magnetic field affected in human dermal fibroblasts 
expression of clock genes: BMAL1, PER2, PER3, CRY1, and 
CRY2. 

Mastrodonato et al. (2018) 50-HZ EMF exposure increased Wnt3 (neurogenesis gene) 
mRNA expression in subventricular zone of the lateral ventricle 
of mice. 

Moraveji et al. (2016) 50-Hz EMF activated MAP2 gene in dermal papilla mesenchymal 
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cells. 
Mouhoub et al. (2017) Static magnetic field enhanced expression of gene involved in the 

production of acdiolipin and phosphatidylethanolamine in 
Salmonella hadar. 

Nasrabadi et al. (2018) In neonatal human retinal pigment epithelial cells exposed to 
pulsed 50-Hz EMF, gene expressions of NES, RPE65, and PAX6 
were decreased. (NES gene encodes nestin involved in radial 
growth of neurons. The RPE65 gene provides instructions for 
making a protein that is essential for normal vision. PAX6 acts as 
a "master control" gene for the development of eyes and other 
sensory organs.) 

Nikolova et al. (2005) Mouse embryonic stem cells exposed to a 50-Hz EMF changed 
transcript levels of the apoptosis-related bcl-2, bax, and cell cycle 
regulatory "growth arrest DNA damage inducible" GADD45 
genes. 

Pesqueira et al. (2017) Short term exposure (8 h) upregulated the expression of tendon-
associated genes SCX, COL1A1, TNC and DCN.  Long-term 
exposure (8 h every 24 h up to 14 days) significantly upregulated 
COL1A1, COL3A1 and TNC. 

Potenza et al. (2004a) Escherichia coli exposed to static magnetic field showed three 
cDNAs to be expressed only in the exposed cells, whereas one 
cDNA was more expressed in the controls. 

Reyes-Guerrero et al. (2010) ELF EMF exerted a biphasic effect on female olfactory bulb 
estrogen receptor-beta mRNA gene expression, which increased 
during diestrous and decreased during estrous. No effect on 
estrogen receptor-alpha gene expression and in male rats. 

Sadri et al. (2017)  Static magnetic field decreased expression of Sox-2, Nanong, and 
Oct-4 genes in human mesenchymal stem cells derived from 
newborn umbilical cords. 

Sanie-Jahromi et al. (2016) Human MCF-7 breast cancer cells and neuroblastoma SH-SY5Y 
cells exposed to a 50-Hz EMF had mostly down regulation of 7 
DNA repair genes in MCF-7 cells. Co-treatment with cisplatin  
and EMF can enhance down-regulation of the genes involved in 
non-homologous end-joining pathway in both cell types. 

Sanie-Jahromi et al. (2017) ELF-EMF enhanced the effects of cisplatin + bleomycin on 
viability of MCF-7 cells, while SH-SY5Y cells were not affected. 
MCF-7 and SH-SY5Y cells showed non-random disagreement in 
DNA repair gene expression in these conditions. 

Sanie-Jahromi and Saadat 
(2018) 

MCF-7 and SH-SY5Y cells were treated with morphine and then 
exposed to a 50-Hz EMF. Non-homologous end joining (NHEJ) 
related genes were significantly decreased in co-treatment of 
cisplatin and "morphine + EMF". 

Seong et al. (2014) Human bone marrow-mesenchymal stem cells were exposed to a 
50-Hz EMF. Analysis of neurons derived from these cells showed 
that early growth response protein 1 (Egr1) is one of the key 
transcription factors in ELF-EMF-induced neuronal 
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differentiation. 
Shokrollahi et al. (2018) Soybean plants exposed to static magnetic field had decreased 

gene expression of Fe transporter at 20 mT. Opposite response 
observed at 30 mT. The results suggest that SMF triggered a 
signaling pathway that is mediated by iron. 

Wang et al. (2009) Human embryonic cells exposed to static magnetic field showed a 
short-term (<24 h) activation of IL-6 involved the coordinate up-
regulation of toll-like receptor-4 (TLR4) with complementary 
changes to NEU3 and ST3GAL5 that reduced ganglioside GM3 
and augmented the activation of TLR4 and IL-6. Loss of GM3 
also provided a plausible mechanism for the attenuation of 
cellular responses to SMF that occurred over longer exposure 
periods. 

Wang et al. (2020) Caenorhabditis elegans exposed to 50-Hz, 3 mT EMF for 15 
generations showed enhanced up-regulations of genes encoding 
ATPase and superoxde dismutase. 

Yao et al. (2015) Rat Schwann cells exposed to DC electric field showed 
expression of genes participate in multiple cellular signaling 
pathways involved in the regulation of cell migration, including 
pathways of regulation of actin cytoskeleton, focal adhesion, and 
PI3K-Akt. 

Zhang H et al. (2016) Mice exposed to a 50-Hz EMF showed a significant suppression 
in Bcl-2 expression and increase in Bax, Caspase-3 and Caspase-9 
expression in splenic cells. G0/G1 cycle arrest observed. 

Zhao et al. (2020) Escherichia coli exposed to 3.1 THz RFR for 8 h showed 
increased plasmid copy number and protein expression. 

Zheng et al. (2018) Static magnetic field increased expression of several growth 
factors, migration genes, and upregulated the two YAP/TAZ-
regulated genes in human dental pulp mesenchymal stem cells.  
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Supplement 4  

Genetic effects at low intensity exposure to RFR and static/ELF EMF (literature up to 
January 2021) 

 Power density/SAR 
(<0.1 W/Kg) or 
magnetic flux density 

Effects observed 

RFR studies   
Aitken et al. (2005) Mice to 900-MHz 

RFR for 7 days at 12 
h/day; SAR 0.09 W/kg 

Mitochondrial genome damage in 
epididymal spermatozoa. 

Akdag et al. (2016) Male Wistar-Albino 
rats to 2400 MHz RFR 
from a Wi-Fi signal 
generator for a year; 
SAR 0.000141 (min)- 
0.007127 (max) W/kg 

DNA damage in testes. 

Alkis et al. (2019a) Rats exposed to 900 
MHz (brain SAR 
0.0845 W/kg), 1800 
MHz (0.04563 W/kg), 
and 2100 MHz 
(0.03957  W/kg) RFR 
2 h/day for 6 months 

Increased DNA strand breaks and  
oxidative DNA damage in brain. 

Alkis et al. (2019b) Rats exposed to 900 
MHz, 1800 MHz, and 
2100 MHz RFR 2 
h/day for 6 months; 
maximum SAR over 
the rat  0.017 W/kg 

 

Atasoy et al. (2013) Male Wister rats 
exposed to 2437 MHz 
(Wi-Fi) RFR; 24 h/day 
for 20 weeks; 
maximum SAR 0.091 
W/kg 

Oxidative DNA damage in blood 
and testes. 

Beaubois et al. (2007) Leaves of tomato plant 
exposed to 900-MHz 
RFR for 10 min at 
0.0066 mW/cm2 

Increased expression of leucine-
zipper transcription factor (bZIP) 
gene. 

Belyaev et al. (2005) Lymphocytes from 
human subjects 
exposed to GSM 915 
MHz RFR for 2 h ; 
SAR 0.037 W/kg;  

Increased condensation of 
chromatin. 
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Belyaev et al. (2009) Human lymphocytes 
exposed to UMTS cell 
phone signal (1947.4 
MHz, 5 MHz band 
width) for 1 h; SAR 
0.04 W/kg 

Chromatin affected and inhibition 
of DNA double-strand break.  

Bourdineaud et al. 
(2017) 

Eisenia fetida 
earthworms exposed 
to 900 MHz for 2 h; 
SAR 0.00013-0.00933 
W/kg 

DNA genotoxic effect and  
 HSP70 gene expressions up 
regulated.  

Campisi et al. (2010) Rat neocortical 
astroglial to CW 900 
MHz RFR for 5, 10, or 
20 min; incident 
power density 0.0265 
mW/cm2 

Significant increases in DNA 
fragmentation.  

Chaturvedi et al. 
(2011) 

Male mice exposed to 
2450 MHz  RFR, 2 
h/day for 30 days; 
SAR 0.03561 W/kg 

Increased DNA strand breaks in 
brain cells. 

Deshmukh et al. 
(2013) 

Male Fischer rats 
exposed to 900 MHz 
(0.0005953 W/kg), 
1800 MHz (0.0005835 
W/kg), and 2450 MHz 
(0.0006672 W/kg) 
RFR for 2 h/day, 5 
days/week for 30 days. 

Increased DNA strand breaks in 
brain tissues. 

Deshmukh et al. 
(2015) 

Male Fischer rats 
exposed to 900 MHz 
(0.0005953 W/kg), 
1800 MHz (0.0005835 
W/kg), and 2450 MHz 
(0.0006672 W/kg) 
RFR for 2 h/day, 5 
days/week for 180 
days. 

Increased DNA strand breaks in 
brain tissues. 

Deshmukh et al. 
(2016) 

Male Fischer rats 
exposed to 900 MHz 
(0.0005953 W/kg), 
1800 MHz (0.0005835 
W/kg), and 2450 MHz 
(0.0006672 W/kg) 
RFR for 2 h/day, 5 
days/week for 90 days. 

Increased DNA strand breaks in 
brain tissues. 
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Eker et al. (2018) Female Wistar albino 
rats exposed to 1800-
MHz RFR for 2 h/day 
for 8 weeks; SAR 0.06 
W/kg 

Caspase-3 and p38MAPK gene 
expressions increased in eye 
tissues. 

Furtado-Filho et al. 
(2014) 

Rats of different ages 
(0-30 days) exposed to 
950 MHz RFR for 0.5 
h/day for 51 days (21 
days of gestation and 
6-30 days old): SAR 
pregnant rat 0.01-0.03 
W/kg; neonate 0.88 
W/kg, 6-day old 0.51 
W/kg, 15-day old 0.18 
W/kg, 30-day old 0.06 
W/kg. 

Decreased DNA strand breaks in 
liver of 15-day old and increased 
breaks in 30-day old rats.  

Gulati et al. (2016) Blood and buccal cells 
of people lived close 
(<400 meters) to a cell 
tower; 1800 MHz, 
Maximum power 
density (at 150 meters) 
0.00122 mW/cm2, 
some subjects lived in 
the area for more than 
9 yrs 

Increased DNA strand breaks in 
lymphocytes and micronucleus in 
buccal cells.  

Gürler (2014) Wistar rats exposed to 
2450 MHz RFR 1 
h/day for 30 
consecutive days; 
power density 0.0036 
mW/cm2 

Increased oxidative DNA damage 
in brain and blood. 

Hanci et al. (2013) Pregnant rats exposed 
1 h/day on days 13-21 
of pregnancy to 900-
MHz RFR at power 
density 0.0265 
mW/cm2. 

Testicular tissue of 21-day old 
offspring showed increased DNA 
oxidative damage. 

He et al. (2016)  Mouse bone marrow 
stromal cells exposed 
to 900 MHz  RFR 3 
h/day for  5 days; SAR 
4.1 x 10-4 W/kg 
(peak), 2.5 x 10-4 
W/kg (average) 

Increased expression of PARP-1 
mRNA 
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Hekmat et al. (2013) Calf thymus exposed 
to 940 MHz RFR for 
45 min; SAR 0.04 
W/kg 

Altered DNA structure at 0 and 2 
h after exposure. 

Kesari and Behari 
(2009) 

Male Wistar rats 
exposed to 50 GHz 
RFR for 2 h/day for 45 
days; SAR 0.0008 
W/kg 

Increased in brain tissue DNA 
strand. 

Kumar R. et al. (2021) Male Wistar rats 
exposed to 900 MHz, 
1800 MHz and 2450 
MHz RFR at a specific 
absorption rate (SAR) 
of 5.84 × 10-4 W/kg, 
5.94 × 10-4 W/kg and 
6.4 × 10-4 W/kg, 
respectively for 2 h 
per day for 1-month, 
3-month and 6-month 
periods. 

Epigenetic modifications in the 
hippocampus, bigger effects with 
increasing frequency and duration 
of exposure. 

Kumar S. et al. (2010) Male Wistar rats 
exposed to 10-GHz 
RFR for 2 h a day for 
45 days, SAR 0.014 
W/kg 

Increased micronucleus in blood 
cells. 

Kumar S. et al. (2013) Male Wistar rats 
exposed to 10 GHz 
RFR for 2 h a day for 
45 days; SAR 0.014 
W/kg 

Increased micronucleus in blood 
cells and DNA strand breaks in 
spermatozoa. 

Marinelli et al. (2004) Acute T-
lymphoblastoid 
leukemia cells 
exposed to 900 MHz 
RFR for 2-48 h, SAR 
0.0035 W/kg 

Increased DNA damage and 
activation of genes involved in 
pro-survival signaling. 

Markova et al. (2005) Human lymphocytes 
exposed to 905 and 
915 MHz GSM 
signals for 1 h; SAR 
0.037 W/kg 

Affected chromatin conformation 
and 53BP1/gamma-H2AX foci 

Markova et al. (2010) Human diploid VH-10 
fibroblasts and human 
adipose-tissue derived 
mesenchymal stem 

Inhibited tumor suppressor TP53 
binding protein 1 (53BP1) foci 
that are typically formed at the 
sites of DNA double strand break 
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cells exposed to GSM 
(905 MHz or 915 
MHz) or UMTS 
(1947.4 MHz, middle 
channel) RFR for 1, 2, 
or 3 hr; SAR 0.037-
0.039 W/kg 

location. 

Megha et al. (2015a) Fischer rats exposed to 
900 and 1800 MHz 
RFR for 30 days (2 
h/day, 5 days/week), 
SAR 0.00059 and 
0.00058 W/kg 

Reduced levels of 
neurotransmitters dopamine, 
norepinephrine, epinephrine, and 
serotonin, and downregulation of 
mRNA of tyrosine hydroxylase 
and tryptophan hydroxylase 
(synthesizing enzymes for the 
transmitters) in the hippocampus. 
 

Megha et al. (2015b) Fischer rats exposed to 
900, 1800, and 2450 
MHz RFR for 60 days 
(2 h/day, 5 
days/week); SAR 
0.00059, 0.00058, and 
0.00066 W/kg 

Increased DNA damage in the 
hippocampus 

Nittby et al. (2008) Fischer 344 rats 
exposed to 1800 MHz 
GSM RFR for 6 h; 
SAR whole body 
average 0.013 W/kg, 
head 0.03 W/kg 

Expression in cortex and 
hippocampus of genes connected 
with membrane functions. 

Odaci et al. (2016) Pregnant Sprague -
Dawley rats exposed 
to 900 MHz RFR 1 h 
each day during days 
13 - 21 of pregnancy; 
whole body average 
SAR 0.024 W/kg 

Testis and epididymis of offspring 
showed higher DNA oxidation. 

Pandey et al. (2017) Swiss albino mice 
exposed to 900-MHz 
RFR for 4 or 8 h per 
day for 35 days; SAR 
0.0054-0.0516 W/kg 

DNA strand breaks in germ cells. 

Pesnya and 
Romanovsky (2013) 

Onion (Allium cepa) 
exposed to GSM 900-
MHz RFR from a cell 
phone for 1 h/day or 9 
h/day for 3 days; 

Increased the mitotic index, the 
frequency of mitotic and 
chromosome abnormalities, and 
the micronucleus frequency in an 
exposure-duration manner. 
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incident power density 
0.0005 mW/cm2  

Phillips et al. (1998) Human Molt-4 T-
lymphoblastoid cells 
exposed to pulsed 
signals at cellular 
telephone frequencies 
of 813.5625 MHz  
(iDEN signal) and 
836.55 MHz (TDMA 
signal) for 2or 21 h. 
SAR 0.0024 and 0.024 
W/Kg for iDEN and 
0.0026 and 0.026 
W/kg for TDMA) 

Changes in DNA strand breaks  

Qin et al. (2018) Male mice exposed to 
1800-MHz RFR 2 
h/day for 32 days, 
SAR 0.0553 W/kg 

Might be mediated through 
CaMKI/RORα signaling pathway. 

Rammal et al. (2014) Tomato exposed to a 
1250-MHz RFR for 10 
days at 0.0095 
mW/cm2 

Increased expression of two 
wound-plant genes. 

Roux et al. (2006)  Tomato plants 
exposed to a 900-MHz 
RFR for 2-10 min at 
0.0066 mW/cm2 

Induction of stress gene 
expression. 

Roux et al. (2008) Tomato plants 
exposed to a 900-MHz 
RFR for 10 min at 
0.0066 mW/cm2 

Induction of stress gene 
expression. 

Sarimov et al. (2004) Human lymphocytes 
exposed to GSM 895-
915 MHz signals for 
30 min; SAR 0.0054 
W/kg 

Condensation of chromatin was 
observed.  

Shahin et al. (2013) Female mice (Mus  
musculus) exposed to 
continuous-wave 2.45 
GHz RFR 2 h/day for 
45v days; SAR 0.023 
W/kg 

Increased DNA strand breaks in 
the brain.   

Sokolovic et al. (2015) Wistar rats exposed to 
RFR (4 h/day, for 20, 
40, and 60 days) from 
a Nokia 3110 cell 

DNA fragmentation and oxidative 
changes in testicular tissues. 
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phone; SAR 0.043-
0.135 W/kg. 

Sun Y. et al. (2017) Human HL-60 cells 
exposed to 900 Hz 
RFR 5 h/day for 5 
days; peak and 
average SAR 4.1 x 10-

4 and 2.5 x 10-4 W/kg 

Increased oxidative DNA damage 
and decreased mitochondrial gene 
expression. 

Tkalec et al. (2013) Earthworm (Eisenia 
fetida) exposed to 
continuous-wave and 
AM-modulated 900- 
MHz RFR for 2 - 4 h; 
SAR 0.00013, 
0.00035, 0.0011, and 
0.00933 W/kg 

Increased DNA strand breaks. 

Tsybulin et al. (2013) Japanese Quail 
embryos exposed in 
ovo to GSM 900 MHz 
signal from a cell 
phone intermittently 
(48 sec ON/12 sec 
OFF) during initial 38 
h of brooding or for 
158 h (120 h before 
brooding plus initial 
38 h of brooding): 
SAR 0.000003 W/kg  

The lower duration of exposure 
decreased DNA strand breaks, 
whereas higher duration resulted 
in a significant increase in DNA 
damage. 

Vian et al. (2006) Tomato plants 
exposed to a 900-MHz 
RFR for 10 min at 
0.0066 mW/cm2 

Induction of mRNA encoding the 
stress-related bZIP transcription 
factor. 

Yakymenko et al. 
(2018) 

Quail embryos 
exposed to GSM 1800 
GHz signal from a 
smart phone (48 s 
ON/12 s OFF) for5 
days before and 14 
days during 
incubation, power 
density 0.00032 
mW/cm2  

Increased DNA strand breaks and 
oxidative DNA damage. 

Zong et al. (2015) Mice exposed to 900 
MHz RFR 4 h/day for 
7 days;  SAR 0.05 
W/kg 

Attenuated bleomycin-induced 
DNA breaks and repair. 
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Static and ELF EMF 
Studies 

  

Agliassa et al. (2018) Arabidopsis thaliana 
(thale cress) exposed 
to 0.00004 mT static 
magnetic field for 38 
days after sowing 

Changes in gene expression in 
leaf and floral meristem.  

Back et al. (2019) Mouse embryonic 
stem cells exposed to 
hypomagnetic field 
(<0.005 mT) up to 12 
days 

Induced abnormal DNA 
methylation. 

Bagheri Hosseinabadi 
et al. (2020) 

Blood samples from 
thermal power plant 
workers; mean levels 
of exposure to ELF 
magnetic and 
electric fields were 
0.0165 mT (±6.46) 
and 22.5 V/m 
(±5.38), respectively. 

DNA strand breaks .in 
lymphocytes. 

Baraúna  et al. (2015) Chromobacterium 
violaceum bacteria 
cultures exposed to 
ELF-EMF for 7 h at 
0.00066 mT 

Five differentially expressed 
proteins detected including the 
DNA-binding stress protein. 

Belyaev et al. (2005) Human lymphocytes 
exposed to 50 Hz 
magnetic field at 0.015 
mT (peak) for 2 h 
(measurements made 
at 24 and 48 h after 
exposure). 

Induced chromatin conformation 
changes.  

Dominici et al. (2011) Lymphocytes from 
welders (average 
magnetic field 
exposure from 
personal dosimeters 
0.00781 mT (general 
environmental level 
0.00003 mT) 

Higher micronucleus frequency 
correlated with EMF exposure 
levels; decreased in sister 
chromatid exchange frequency. 

Heredia-Rojas  et al. 
(2010) 

Human non-small cell 
lung cancer cells 
(INER-37) and mouse 
lymphoma cells (RMA 
E7) (transfected with a 

An increased in luciferase gene 
expression was observed in INER-37 
cells. 



9 
 

plasmid with hsp70 
expression when 
exposed to magnetic 
field and contains the 
reporter for the 
luciferases gene) 
exposed to a 60-Hz 
magnetic field at 0.008 
and 0.00008 mT for 
20 min. 

Sarimov et al. (2011) Human lymphocytes  
exposed to 50-Hz 
magnetic field at 
0.005-0.02 mT for 15-
180 min 

Magnetic field condensed relaxed 
chromatin and relaxed condensed 
chromatin. 

Villarini et al. (2015) Blood leukocytes from 
electric arc welders 
presumably exposed to 
50-Hz EMF (mean 
0.0078 mT; range: 
0.00003-0.171 mT) 

Decreased DNA strand beaks.  

Wahab et al. (2007) Human peripheral 
blood lymphocytes 
exposed to 50 Hz 
sinusoidal (continuous 
or pulsed) or square 
(continuous or pulsed) 
magnetic fields at 
0.001 or 1 mT for 72 
h. 

Increase in the number of sister 
chromatid exchange/cell  

Zendehdel et al. 
(2019) 

Peripheral blood cells 
of male power line 
workers in a power 
plant. The median 
value of the magnetic 
field at the working 
sites was 0.00085 mT. 

Increased in DNA strand breaks. 
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Supplement 5  

Effects of EMF wave-form and cell types (in italic) studied (Literature up to January 2021) 

RFR  
Belyaev et al. (2009) UMTS different from GSM signal on DNA 

repair foci in human lymphocytes. 
Campisi et al. (2010) Increased DNA fragmentation in rat 

neocortical astroglial by 50-Hz modulated 900-
MHz RFR, but no effect from continuous wave 
field. 

D’Ambrosia et al. (1995) Micronucleus frequency in human 
lymphocytes affected by pulsed but not CW 9 
GHz RFR. 

D’Ambrosia et al. (2002) Micronucleus frequency in human 
lymphocytes affected by pulsed but not CW 
1748-MHz RFR. 

Del Re et al. (2019) Changes in repetitive–DNA in human cell 
exposed to GSM 900-MHz RFR depended on 
cell type studied (HeLa, BE(2)C, and SH 
SY5Y). 

Franzellitti et al. (2008) HSP70C gene expression enhanced  after 24 h 
exposure to GSM-217Hz signals and reduced 
after 4 and 16 h exposure to GSM-Talk signals 
In human trophoblasts. 

Franzellitti et al. (2010) DNA damage in human trophoblasts induced by 
GSM 1800 MHz RFR, but not by continuous-wave 
field.  

Gapeyev et al. (2014) Protective effect to x-ray induced DNA strand 
break in mouse lymphocytes with pulse-
modulated and not continuous-wave RFR. 

Heredia-Rojas et al. (2010) “Electromagnetic field” plasmid transfected 
into INER-37 and RMA E7 cell lines exposed 
to a 60-Hz MF. An increased luciferase gene 
expression was observed in INER-37 cells but 
had no effect on the RMA E7 cell line. 

Kumar et al. (2020) 1800-MHz more effective than 900-MHz RFR on 
inducing DNA damage in onion. 

Lopaz-Martin et al. (2009) Unmodulated RFR caused higher neuronal c-
fos expression than pulsed modulated 900-
MHz GSM field. 

Luukkonen et al. (2009) 872-MHz continuous-wave RFR increased 
DNA strand breaks in SH-SY5Y human 
neuroblastoma cells, but no effect from GSM –
modulated field. 

Markova et al. (2005) GSM-915 MHz RFR induced more consistent 
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effect on human lymphocyte chromatin 
conformation than GSM-905 MHz RFR. 

Martin et al. (2020) Four different types of human keratinocytes 
showed different patterns (Up- and down-
regulation or no change) of expression of 
ADAMTS6, IL7R, and NOG genes exposed to a 
60-GHZ RFR. 

Ozgur et al. (2014) 1800-MHz RFR more potent than 900-MHz 
RFR on inducing DNA fragmentation 
(apoptosis) in hepatocarcinoma cells. 

Nylund and Leszczynski (2006) Gene and protein expressions in response to 
GSM 900-MHz RFR depended on the type of 
human endothelial cell line (EA.hy926 and 
EA.hy926v1). 

Remondini et al. (2006) Gene expressions after exposure to 900 and 
1800 –MHz RFR- NB69 neuroblastoma cells, T 
lymphocytes, and CHME5 microglial cells did 
not show significant changes, whereas 
EA.hy926 endothelial cells, U937 
lymphoblastoma cells, and HL-60 leukemia 
cells showed up- or down-regulated genes. 

Romano-Spica et al. (2000) Oncogene expression only occurred when 
exposed to 16-Hz modulated 50MHz RFR 

Sarimov et al. (2004) Different potencies between 915 MHz and 905-
MHz RFR on chromatin conformation in human 
lymphocytes. 

Schwartz et al. (2008) UMTS 1950-MHz RFR increased DNA breaks 
and micronucleus frequency in human 
fibroblasts, but not in lymphocytes. 

Semin et al. (1994) 4000-8000 MHz RFR, 1-6 Hz modulated RFR 
showed narrow “window” peak intensity and 
modulation frequency effects on DNA 
secondary structure. 

Shckorbatov et al. (2009) 35-GHz RFR caused condensation of 
chromatin in human buccal epithelium cells- 
left circularly polarized radiation induced less 
effect than linearly polarized radiation.  

Shckorbatov et al. (2010) 36.65-GHz RFR caused chromosome 
condensation in human fibroblasts –right-
handed elliptically polarized radiation was 
more biological activity than the left-handed 
polarized one. 

Tkalec et al. (2013) AM-modulated 900- MHz RFR more potent 
than continuous-wave field in inducing DNA 
damage in earthworms coelomocytes. 

Valbonesi et al. (2014) GSM 1800-MHz signal, but not continuous-
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wave field, induced HSP-70 gene expression in 
rat PC-12 cells. 

Vilic et al. (2017) DNA damage in honey bee larvae- AM-
modulated 900-MHz RFR more potent than 
continuous-wave field. 

Xu et al. (2013) Gamma-H2AX foci  after exposure to GSM 
1800-MHz RFR induced in in Chinese hamster 
lung cells and Human skin fibroblasts (HSFs), 
but not in rat astrocytes, human amniotic 
epithelial cells, human lens epithelial cells,  
and human umbilical vein endothelial cells. 

Zhang et al. (2008) Intermittent 1800-MHz RFR more potent than 
continuous exposure on gene expression in rat 
neurons. 

Zhao et al. (2007) Capase-2and Capase-6 expressions up-
regulated in neuron, but not in astrocytes. 

Static/ELF EMF  
Del Re et al. (2006) 50-Hz sinusoidal MF increased where as pulse 

square wave decreased heat-shock protein 
induction in E. coli. 

Focke et al (2010) Increased DNA fragmentation by intermittent 
50-Hz MF, but no effect by continuous 
exposure. 

Giorgi et al. (2011) E. coli gene expression decreased by 
sinusoidal MF and increased by pulsed square-
wave MF- not frequency dependent (25, 50, 
75 Hz) 

Heredia-Rojas et al. (2010) 60-Hz MF induced luciferase gene expression 
in INER-37 cells, but not in RMA E7 cells. 

Ivancsits et al. (2002) Intermittent more potent than continuous 
exposure of a 50-Hz MF on DNA damage in 
human fibroblasts. 

Lee et al. (2016) 60-Hz MF induced delay of cell cycle 
progression in MCF7 and MCF10A cells, but 
not in Jurkat and NIH3T3 cells. 

Mahmoudinasab and Saadat (2018a) Patterns of up-regulation of antioxidant genes 
are different between MCF-7 and SH-SY5Y 
cells exposed to an intermittent 50-Hz EMF. 

Mahmondinasab et al. (2016) Different schedules of intermittent exposure to a 
50-Hz MF had different effect on gene expression 
in human MCF-7 breast cancer cells 

Mercado-Saenz et al. (2019) Decreased spontaneous mitochondrial 
mutation in yeast by pulsed MF (25-Hz), no 
effect by sinusoidal field.  
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Robison et al. (2002) 60-Hz MF exposure decreased DNA repair 
rate in HL-60 and HL-60R cells, but not in 
Raji cells. 

Sanie-Jahromi and Saadat (2018) co-treatment of “cisplatin +morphine + EMF” 
made bleomycin more cytotoxic in SH-SY5Y 
cells, but not in MCF-7cells. 

Sanie-Jahromi et al. (2016) Significant differences in DNA-repair gene 
expression in MCF-7 cell exposed under 3 
different patterns of 50-Hz EMF (5 min field-
on/5 min field-off (30 min), 15 min field-on/15 
min field-off (30 min), 30 min field-on 
continuously.) 

Sanie-Jahromi et al. (2017) 50-Hz MF exposure synergistic with cisplatin 
and bleomycin on DNA-repair gene expression 
and cell viability in MCF-7 cells, but not in 
SH-SY5Y cells. 

Udroiu et al. (2015) 50-Hz MF exposure affected genotoxic effect of 
x-ray in mouse male germ cells, but not in 
peripheral blood erythrocytes. 

Wahab et al. (2007) Sister chromatid exchange in human 
lymphocytes exposed to a 50-Hz MF 
(continuous or pulsed sinusoidal or continuous 
or pulsed square-wave). Square continuous-
wave MF was the most potent.  
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