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Electrical devices currently used in clinical practice and common household equipments 
generate extremely low-frequency magnetic fields (ELF-MF) that were classified by the 
International Agency for Research on Cancer as “possible carcinogenic.” Assuming 
that ELF-MF plays a role in the carcinogenic process without inducing direct genomic 
alterations, ELF-MF may be involved in the promotion or progression of cancers.  
In particular, ELF-MF-induced responses are suspected to activate redox-responsive 
intracellular signaling or detoxification scavenging systems. In fact, improved protec-
tion against oxidative stress and redox-active xenobiotics is thought to provide critical 
proliferative and survival advantage in tumors. On this basis, an ever-growing research 
activity worldwide is attempting to establish whether tumor cells may develop multidrug 
resistance through the activation of essential cytoprotective networks in the presence 
of ELF fields, and how this might trigger relevant changes in tumor phenotype. This 
review builds a framework around how the activity of redox-responsive mediators may 
be controlled by co-exposure to ELF-MF and reactive oxygen species-generating agents 
in tumor and cancer cells, in order to clarify whether and how such potential molecular 
targets could help to minimize or neutralize the functional interaction between ELF-MF 
and malignancies.

Keywords: chemoresistance, reactive oxygen species, glutathione, cytotoxicity, genotoxicity, catalase, 
peroxidase, cancer stem cell

iNTRODUCTiON

Cancer is characterized by an unrestrained proliferation of cells that are functionally and mor-
phologically different (1). Chemotherapy often fail to completely eradicate cancers due to the 
development of multidrug resistance (MDR), and this represents a major obstacle to the effective 
treatment of human malignancies, which currently cause approximately 7.5 million deaths per year 
worldwide (2). Cell cultures allowed an extensive study of the phenomenon in vitro, and cell lines 
have been widely used to explore the mechanisms involved in MDR, however, the mechanisms by 
which tumors become chemoresistant still remain largely unclear (3). Cancer cell fate is strictly 
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dependent on reactive oxygen species (ROS) metabolism, as 
both cell proliferation and differentiation are under the control 
of redox homeostatic balance (4). However, ROS can act as a 
double-edged sword, and ROS in excess are a known cause of 
oxidative damage to vital cellular macromolecules, such as 
DNA, proteins, and lipids (5). In tumor cells, ROS production 
and oxidative stress usually occur following exposure to chemo-
therapeutic drugs (e.g., doxorubicin, vinblastine, and platinum 
compounds) (6, 7). Therefore, not unexpectedly, the enhance-
ment of major detoxification and antioxidant activities is among 
the major mechanisms on which anticancer resistance relies (8). 
Other means through which MDR may develop can involve 
strengthened proliferative activity, reduced responsiveness to cell 
death-promoting treatments, increased capacity of DNA damage 
repair, and improved drug efflux (8).

Many signaling pathways underlying changes in cancer 
cell behavior are tightly regulated by the redox milieu or by 
redox-responsive elements (9), and this grabbed the atten-
tions of many biophysics research groups worldwide, in that 
several research team started to consider common physical 
pollutants like electromagnetic fields as potential hazardous 
agents due to their known ability to induce redox alteration 
within cells and tissues (10–13). Unlike electric fields (EF), 
magnetic fields (MF) penetrate into human tissues without 
any substantial intensity decrement (14). For this reason, 
extremely low-frequency magnetic fields (ELF-MF), with 
common frequencies of 50–60  Hz and flux densities up to 
100  Gauss, that are typically originated by distribution of 
electricity, industrial equipments, domestic appliances, and 
medical instruments, came under the magnifying glass of the 
biophysics community (7). Indoor domestic environments 
are characterized by ELF-MF flux densities of few microtesla 
(15–17), even though some occupational roles require signifi-
cant amounts of time spent near transformers and electricity 
distribution lines, which are characterized by much higher 
ELF-MF intensities (18). Sixteen years ago, the World Health 
Organization’s International Agency for Research on Cancer 
officially established that ELF-MF may represent a possible 
carcinogenic hazard for humans (19). Specifically, ELF-MF 
are suspected to play a significant role in co-carcinogenesis, 
as well as in the progression of tumorigenesis (20–24), during 
which malignant cells are believed to acquire crucial survival 
capacity or proliferative advantage (25–27). In particular, 
later stages of malignancies are often linked to both metabolic 
reprogramming, enhanced detoxification capacity, and high-
DNA damage repairing activities, which, in turn, may result in 
drug resistance and poor clinical outcome (9, 25–27).

Extremely low-frequency fields have been described as agents 
with a specific capacity to promote free radical production and 
alterations in the redox homeostasis (10). This arose the ques-
tion as to whether and how ELF fields could trigger relevant 
changes in malignant cell behavior. In particular, an emerging 
interest of biomedical researchers worldwide is focusing on 
the possible effects of ELF-MF on biomolecular mechanisms 
underlying resistance toward anticancer treatments. Such atten-
tion was strengthened by some interesting pioneering in  vivo 
studies in which chemotherapeutic agents and electromagnetic 

fields were utilized to detect possible synergistic or antagonistic 
interactions (28, 29).

Since ELF field-generating medical equipments are increas-
ingly used for the clinical treatment of oncology patients in 
intensive care units (30), over the past 25 years researchers have 
been engaged in conducting extensive investigations on how 
ELF-MF may impact cell behavior and biomolecular phenotype 
(31–36). In this regard, some researchers presented interesting 
findings with regard to ELF-MF exposure-derived effects on 
cancer cell biology or metabolism (35, 37–39). Interestingly, 
the exposure to 50/60  Hz MF has been found to promote 
changes in signal transduction pathways that are known to 
be directly involved in proliferative processes (40–44). Those 
signaling pathways, such as the mitogen-activated protein 
kinases—extracellular-signal-regulated kinase 1/2 and p38, 
also respond to physical stressors such as UV radiation and 
thermal shock (45).

However, many of the effects often appeared to be either 
quantitatively weak or questionable regarding their real bio-
logical relevance. Unfortunately, much less research activity 
was carried out by using co-exposure designs, with particular 
focus on in  vitro paradigms that allow an accurate control of 
the experimental conditions and a reliable identification of the 
cellular and molecular working mechanisms underlying the ELF 
field-induced effects on either cancer cell behavior or resistance 
against relevant anticancer treatments.

This review attempts to give a brief summary of the PubMed- 
and Scopus-indexed reports available so far with regard to 
in  vitro co-exposure-based interventional researches that were 
aimed at investigating the possible ELF-MF-induced changes in 
resistance or vulnerability of malignant cells toward well-known 
redox-active physical/chemical treatments.

Original articles were included in this review only if:  
(a) experiments were conducted using tumor/cancer cells and 
(b) simultaneous or sequential combined exposures to ELF-MF 
and chemical/physical agents were carried out. Exclusion criteria 
included: (a) cells were treated with ELF-MF only and (b) cells 
did not derive from tumors/cancer.

eLF-MF-ReLaTeD eFFeCTS ON CaNCeR 
CeLL ReSPONSe TO DiFFeReNTiaTiNg 
TReaTMeNTS

As reviewed by Peiris-Pagès et al. (1), the loss of specific tissue 
traits, along with de-differentiation and regression into a more 
primitive phenotype, is a peculiar feature of tumors. Indeed, 
pro-differentiating approaches are currently used as one of the 
most useful strategies to retard cancer in animals and humans 
(46–50).

Chen et al. (51) found that a 60 Hz, 4 µT ELF-MF inhibited 
differentiation of dimethyl sulfoxide- and hexamethylene bis- 
acetamide-treated erythroleukemia cells, and this was asso-
ciated with the preservation of telomerase activity, whose 
expression sustains an undifferentiated cell status (52). High-
risk neuroblastomas are often treated with retinoic acid (RA) 
or RA-derived compounds to induce growth arrest and cell 
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differentiation (46, 47, 49, 53). In 2003, Pirozzoli and co-work-
ers reported that the all-trans-retinoic acid (ATRA)-induced 
decrease in proliferation of human neuroblastoma LAN-5 cells 
was inhibited by a 72-h exposure to an MF of 50 Hz and 1 mT. 
Conversely, Marcantonio et  al. (54) found that a mid-term 
exposure to a 50  Hz, 1  mT MF significantly potentiated the 
effects of ATRA treatment on human neuroblastoma cell line 
BE(2)C, by decreasing the proliferation rate and by inducing 
neurite outgrowth. Trillo et  al. (55) gave evidence that the 
activation of proliferative response elicited by all-trans-retinol 
(ROL) in NB69 human neuroblastoma cells is potentiated by 
a 42-h exposure to a 50  Hz, 100  µT MF, whereas in HepG2 
human hepatocarcinoma cells the ROL-induced hyperprolif-
erative effect was significantly inhibited by the ELF-MF. The 
same authors showed that the combined treatment of NB69 
neuroblastoma cells with ROL and 10–100  µT MF did not 
revert the ROL-dependent cell growth arrest (56). It should be 
noted that in their two studies the authors used very differ-
ent ROL concentration, obtaining either hyperproliferative or 
hypoproliferative responses in NB69 cells with 0.5 and 2.0 µM 
ROL, respectively. Lastly, a 5-day 50  Hz, 1  mT ELF-MF was 
shown to enhance nerve growth factor-induced differentiation 
of rat pheochromocytoma tumor cells (57).

eLF-MF-ReLaTeD eFFeCTS ON CaNCeR 
CeLL ReSPONSe TO CYTOSTaTiC/
CYTOTOXiC TReaTMeNTS

Resistance to cell death is an important aspect of tumorigenesis 
(58). Therefore, a possible alteration of cellular responses to pro-
differentiating or cytotoxic/cytostatic treatments could be a pos-
sible means through which cancer cell phenotype may be altered 
by ELF-MF.

In 2002, Ruiz-Gómez et al. demonstrated that a 1-h exposure 
to a pulsed 1–25 Hz, 1.5 mT ELF field potentiated the cytotoxic 
effect of mitomycin C, vincristine, and cisplatin, three antiblastic 
chemicals that are frequently used in cancer chemotherapy, in 
multiresistant human colon adenocarcinoma cells. Ding et  al. 
(59) found that 24 h in the presence of 60 Hz, 5 mT potentiated 
stimulation of H2O2-dependent apoptosis in human leukemia 
HL-60 cells. Jian et  al. (60) showed that an intermittent treat-
ment with 100 Hz, 0.7 mT MF increased the apoptotic rate of 
human hepatoma cells exposed to low-dose X-ray radiation. 
In addition, Wócik-Piotrowicz et  al. (61) showed in human 
cells isolated from histiocytic lymphoma that a short-term 
exposure to 50 Hz, 6.5 mT with static MF amplified the loss of 
cell viability caused by puromycin (PMC), a known unselective 
cell death inducer (62). Kaszuba-Zwoinska et al. (63) reported 
that an acute exposure to a 50 Hz, 45 ± 5 mT pulsed MF sig-
nificantly enhanced the apoptotic response of human acute 
monocytic leukemia MonoMac6 cells to PMC, colchicine, and 
cyclophosphamide. Baharara et  al. (64) demonstrated that a 
2-h 50 Hz, 20 µT increased sensitivity to apoptosis induced by 
cisplatin, a DNA-targeting and ROS-promoting agent used in 
chemotherapy (65), in human ovarian adenocarcinoma cells, 
and this was accompanied by a significant increase of activities 

of both caspase 3 and 9. Accordingly, 24 h of exposure to a 50 Hz, 
1  mT ELF-MF enhanced caspase-dependent apoptosis caused 
by ROS-promoting MPP +  (1-methyl-4-phenylpyridinium) in 
SH-SY5Y human neuroblastoma cells (66).

On the other hand, many researchers reported substantially 
different findings. Liburdy et  al. (67) reported that a 60  Hz, 
1.2  µT ELF-MF totally blocked the oncostatic action of 
melatonin on mammary adenocarcinoma cells. Harland and 
Liburdy (68) showed that a 1.2 µT, 60 Hz MF partially blocked 
inhibitory action of tamoxifen on the growth of mammary 
tumor MCF-7 cells for exposure durations greater than 6 days. 
Pirozzoli et al. (69) demonstrated that neuroblastoma LAN-5 
cells are protected from campthotecin-induced apoptosis if the 
cytotoxic compound is used in combination with a 24-h treat-
ment with 50 Hz, 1 mT ELF field. Girgert et al. (70) found that 
7 days of 1.2 µT of a sinusoidal 50 Hz alternating MF potenti-
ated the tamoxifen-induced cytoproliferative effect in a breast 
cancer cell line. In 2006, De Nicola and colleagues described 
how PMC-induced apoptosis in human lymphoblasts from 
histiocytic lymphoma was strongly limited by a 2-h treatment 
with a 0.1 mT ELF field, with such effect requiring reduced glu-
tathione (GSH) as an essential means. Similarly, Palumbo et al. 
(71) demonstrated that the increase of caspase-3-dependent 
apoptosis induced by anti-Fas treatment was reduced of 22% 
when immortalized Jurkat leukemic cells were pre-exposed to 
a 1-h intermittent 50  Hz, 1  mT MF. Furthermore, Kaszuba-
Zwoinska et  al. (62) found that PMC-induced cell death of 
human lymphoblasts from histiocytic lymphoma was signifi-
cantly inhibited by a pulsating ELF field of 50 Hz, 45 mT. Cid 
et al. (72) reported that the melatonin-induced antiproliferative 
response in HepG2 human hepatocarcinoma cells was totally 
abolished by a 42-h intermittent exposure to a 50 Hz, 10 µT 
MF. Moreover, an acute (10 min) exposure to a 217 Hz, 120 µT 
ELF-MF was found to reduce bleomycin-induced apoptotic 
response in human erythroleukemia K562 cells (73). Brisdelli 
et al. (74) observed increased expression of Bcl-2, a marker of 
anti-apoptotic response (75), in human K562 chronic myeloid 
leukemia cells simultaneously treated with quercetin and 
ELF-MF for 24 h, when compared with quercetin-treated and 
control cells. In the same study, 1–3  days of ELF-MF expo-
sure were found to reduce the growth inhibition induced by 
quercetin treatment in leukemia cells, and this was associated 
to a concomitant reduction of levels of caspase-3 activity, along 
with decreased expression of anti-apoptotic proteins, such as 
Bcl-xL and Mcl-1 (74). Some of us also found that a chronic 
exposure to a 50  Hz, 1  mT MF protects neuroblastoma cells 
from cytotoxicity associated with methylglyoxal (MG), one 
of the major endogenous precursor of glycative and oxidative 
stress (76). In the same cell line, some of us have recently 
reported that long-term exposures to ELF-MF as low as 100 µT 
are able to abolish or limit the cytotoxic effect of both hydrogen 
peroxide and doxorubicin (77).

It should be noted that several papers reported no significant 
effects of ELF-MF on cytotoxic/cytostatic action of chemicals on 
malignant cells. In 2003, Laqué-Rupérez et al. demonstrated that 
a 25  Hz, 1.5  mT pulsed MF exposure did not affect the levels 
of methotrexate cytotoxicity in MCF-7 cancer cells. Others 
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showed that neuroblastoma LAN-5 cells are protected from 
campthotecin-induced apoptosis if the cytotoxic compound is 
used in combination with a 24-h treatment with 50 Hz, 1 mT ELF 
field (69). Mizuno et al. (78) found no significant differences in 
survival rate when human lung-derived SV40-transformed cells 
were exposed to UV irradiation alone, when compared with 
cells exposed to both 24-h 60 Hz, 5 mT MF and UV radiation.  
In addition, Höytö et  al. (79) recently showed that a 24-h 
exposure to an ELF-MF of 100  µT did not affect the decrease 
of proliferation rate or viability of menadione-treated human 
SH-SY5Y neuroblastoma cells.

Table 1 summarizes all relevant experimental conditions and 
outcomes of literature cited for ELF-MF-related effects on cancer 
cell response to differentiating or cytostatic/cytotoxic treatments.

eLF-MF-ReLaTeD eFFeCTS ON CaNCeR 
CeLL ReSPONSe TO DNa-DaMagiNg 
CHaLLeNgeS

DNA integrity is known to be a critical factor for correct cellular 
function and proliferation, therefore DNA-damaging agents 
have a long history in cancer chemotherapy (91). Not unexpect-
edly, the overexpression of DNA repairing capacity has been 
linked to the development of cancer chemoresistance (9). Over 
the past 15 years, several researchers have attempted to establish 
whether and how ELF-MF may have an impact on cancer cell 
response to DNA-targeting treatments.

The co-exposure of Jurkat leukemic cells to power frequency 
MF (1 mT) and 1,2,4-benzenetriol (1,2,4-BT) for 1 h enhanced sig-
nificantly the 1,2,4-BT-induced DNA damage (92). Interestingly, 
the same authors showed also that the co-treatment of Jurkat cells 
with hydroquinone and the ELF-MF led to the appearance of a 
strong genotoxic effect that was not observed with the two treat-
ments alone (92). By co-treating human UVW glioma cells with 
both ELF-MF (50 Hz, 1 mT for 12 h) and γ-radiation, Mairs et al. 
(93) revealed that ELF-MF can inhibit the repair of DNA lesions.

Conversely, many papers reported substantially different 
outcomes. Harris et  al. (94) showed that γ-irradiation-induced 
blockade of G2 cell cycle in human adenocarcinoma HeLa cells 
was partially reverted by a 72-h exposure to a 50 Hz, 2 mT MF. 
In a recent study, Luukkonen et al. (95) evaluated the effects of a 
24-h 50 Hz, 100 µT ELF-MF in combination with menadione, a 
free radical, and DNA damage inducer (96), on the level of DNA 
damage. In their work, Luukkonen et al. (95) established that the 
MF reverted to some extent the degree of DNA damage following 
the incubation with menadione. Sanie-Jahromi et al. (97) recently 
reported that in human neuroblastoma cells the repression of 
non-homologous end joining (NHEJ)-related genes associated 
with treatment with β-lapachone, a natural naphthoquinone 
anticancer drug (98), was totally antagonized by a subsequent 
exposure to an intermittent 50 Hz, 0.50 mT MF (30 min overall).

On the other hand, the co-exposure to ELF-MF and a carcino-
genic compound may not have significant effects. Pasquini et al. 
(99) found that a 24-h 50 Hz, 5 mT MF did not alter the genotoxic 
damage in Jurkat cells incubated with known carcinogens like 
benzene, 1,4-benzenediol, and 1,2,4-benzenetriol.

Table 2 summarizes all relevant experimental conditions and 
outcomes of literature cited for ELF-MF-related effects on cancer 
cell response to DNA-damaging treatments.

eLF-MF-ReLaTeD eFFeCTS ON CaNCeR 
CeLL aNTiOXiDaTive/DeTOXiFiCaTiON 
ReSPONSeS

Cancer cell death-inducing chemical or physical treatments is 
often based on genotoxic damage through severe redox imbalance 
and overproduction of ROS (102). In general, cancer cells exhibit 
over-protection against ROS through high expression of critical 
antioxidant enzymes, and this seems to promote tumor progres-
sion and MDR (103–107). For example, both high-glutathione 
peroxidase (GPX) and catalase activity, along with increased level 
of reduced glutathione (GSH) are linked to MDR phenotype in 
some cancer cells (108–112). Accordingly, many chemotherapies 
act to overwhelm the high-ROS-scavenging capacity of tumors 
and cancers (102, 107, 113, 114). Unfortunately, most studies 
were carried out by monitoring ELF-MF-induced effects on 
redox-related pathways, without elucidating whether EMF-MF 
could potentiate or depress oxidative stress induced by pro-
oxidant stimuli in tumor cell lines (115).

In human SH-SY5Y neuroblastoma cells, a 24  h a 50  Hz, 
1  mT ELF-MF exposure significantly limited the H2O2-
induced increase of catalase, whose catalysis ensures a rapid 
removal of hydrogen peroxide from the cell (116). In addition, 
cytochrome P450 (CYP450) and the glutathione S-transferase 
(GST), which are two crucial detoxification enzymes that have 
been known for a long time to be responsible for resistance 
to anti-tumor drugs (117), were reported to be activated by a 
50 Hz, 1 mT ELF-EMF (32, 116). As shown by Patruno et al. 
(118), the effect of phorbol 12-myristate 13-acetate (PMA) on 
the activity of CYP450 was enhanced after human erythro-
leukemic cells were exposed to an acute sinusoidal 50 Hz, 1 mT 
MF. We have recently demonstrated that human neuroblas-
toma cells respond to a long-term 50  Hz, 1  mT ELF-MF by 
increasing CAT- and GPX-based scavenging activities, as well 
as by improving the availability of reduced glutathione (76, 
77). Remarkably, GSH is known to act as an essential co-factor 
for both antioxidant GPX and phase II drug-metabolizing GST 
enzymes (119–121). In addition, GSH is the essential co-factor 
for the entry of MG into the glyoxalase-mediated cycle, a detoxi-
fication pathway highly overexpressed in many malignancies 
(25). Accordingly, we recently found that a long-term ELF-MF 
exposure increases the efficiency of MG-targeting enzymatic 
systems, with the aim of suppressing the accumulation of 
the cancer-static glycolytic metabolite in hyperproliferating 
cancer cells, and this in turn was linked to a strongly reduced 
vulnerability to treatments with exogenous MG (76). We also 
showed that ELF-MF-exposed neuroblastoma cells exhibit 
activation of sirtuin 3 expression (77), and SIRT3-dependent 
signaling has been recently linked to cancer metastatic devel-
opment, through the improvement of mitochondrial integrity 
and fitness in response to oxidative proteotoxic stress (122). 
Moreover, some of us (77) have also demonstrated that a 50 Hz, 
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TaBLe 1 | Main biophysical parameters of studies on extremely low-frequency magnetic fields (ELF-MF)-induced changes on cancer cell response to differentiating, cytostatic, or cytotoxic treatments.

Reference eLF-MF  
treatment

Signal B field  
direction

Device MF-induced 
ΔT

Control Cell model Critical  
endpoint

agent  
co-used

interaction Cancer-
related 

behavior

Liburdy  
et al. (67)

12–50 Hz,  
6.5 mT + DC

S H 4-coil exposure 
system

NR True sham 
(anti-parallel 
configuration)

Human MCF-7  
breast cancer cells

Block of  
cell growth

Melatonin Antagonism ☹

Harland and  
Liburdy (68)

60 Hz, 1.2 µT  
for 6 days

NR H 4-coil exposure 
system

NR NR Human MCF-7  
breast cancer cells

Block of  
cell growth

Tamoxifen  
(10−7 M)

Antagonism ☹

Chen et al. (51) 60 Hz, 4 µT NR V 4-coil exposure 
system

NR True sham 
(anti-parallel 
configuration)

Friend erythroleukemia  
cells

Stimulation of 
differentiation

Dimethyl  
sulfoxide

Antagonism ☹

Chen et al. (51) 60 Hz, 4 µT NR V 4-coil exposure 
system

NR True sham 
(anti-parallel 
configuration)

Friend erythroleukemia  
cells

Stimulation of 
differentiation

Hexamethylene 
bis-acetamide

Antagonism ☹

Laqué-Rupérez 
et al. (80)

25 Hz, 1.5 mT  
PEMF for 3 days

R V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human MCF-7 breast  
cancer cells

Block of 
cell growth

Methotrexate None 

Ruiz-Gómez  
et al. (81)

1–25 Hz, 1.5 mT  
PEMF for 1 h

R V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human colon  
adenocarcinoma  
HCA cells

Block of  
cell growth

Mitomycin C Potentiation ☺

Ruiz-Gómez  
et al. (81)

1–25 Hz, 1.5 mT  
PEMF for 1 h

R V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human colon  
adenocarcinoma  
HCA cells

Block of  
cell growth

Vincristine Potentiation ☺

Ruiz-Gómez  
et al. (81)

1–25 Hz, 1.5 mT  
PEMF for 1 h

R V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human colon  
adenocarcinoma  
HCA cells

Block of  
cell growth

Cisplatin Potentiation ☺

Pirozzoli et al. (69) 50 Hz, 1 mT  
for 1–3 days

NR H Coils in Helmholtz 
configuration

Actively 
avoided but 
not reported

True sham 
(anti-parallel 
configuration)

Human neuroblastoma  
LAN-5 cells

Stimulation of 
differentiation

Retinoic acid Antagonism ☹

Pirozzoli et al. (69) 50 Hz, 1 mT  
for 1–3 days

NR H Coils in Helmholtz 
configuration

Actively 
avoided but 
not reported

True sham 
(anti-parallel 
configuration)

Human neuroblastoma  
LAN-5 cells

Stimulation  
of apoptosis

Camptothecin Antagonism ☹

Ding et al. (59) 60 Hz, 5 mT  
for 24 h

NR NR Coils in Helmholtz 
configuration

NR NR Human leukemia  
HL-60 cells

Stimulation  
of apoptosis

Hydrogen  
peroxide

Potentiation ☺

Girgert et al. (70) 50 Hz, 1.2 mT  
for 7 days

S NR Coils NR NR Human MCF-7 breast  
cancer cells

Stimulation  
of cell growth

Tamoxifen (<10–6 M) Potentiation ☹

De Nicola  
et al. (82)

100 mT for 4 h NR NR NR Actively 
avoided but 
not reported

NR Human U937 macrophage  
cells from histiocytic lymphoma

Stimulation of 
apoptosis

Puromycin Antagonism ☹

Palumbo et al. (71) Intermittent  
50 Hz, 1 mT for 1 h

S V 4-coil exposure 
system

NR True sham 
(anti-parallel 
configuration)

Human Jurkat  
leukemic cells

Stimulation  
of apoptosis

Anti-Fas treatment Antagonism ☹

Koyama et al. (83) 60 Hz, 5 mT  
for 2–24 h

NR NR Coils in Helmholtz 
configuration

NR Unenergized 
system

Human glioblastoma  
A172 cells

Cell survival Methyl 
methanesulfonate

None 
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Reference eLF-MF  
treatment

Signal B field  
direction

Device MF-induced 
ΔT

Control Cell model Critical  
endpoint

agent  
co-used

interaction Cancer-
related 

behavior

Koyama et al. (83) 60 Hz, 5 mT 
for 2–24 h

NR NR Coils in Helmholtz 
configuration

NR Unenergized 
system

Human glioblastoma  
A172 cells

Cell survival Hydrogen peroxide None 

Jian et al. (60) Intermittent 100 Hz, 
0.7 mT for 1–3 h

S V Coils NR Unenergized 
system

Human BEL-7402 liver  
cancer cell line

Stimulation  
of apoptosis

X-ray irradiation Potentiation ☺

Garip and  
Akan (84)

50 Hz, 1 mT  
for 3 h

NR NR Coils Actively 
avoided but 
not reported

NR Human erythroleukemia  
K562 cells

Stimulation  
of apoptosis

Hydrogen  
peroxide

Potentiation ☺

Marcantonio  
et al. (54)

50 Hz, 1 mT  
for 24–72 h

S NR Coils in Helmholtz 
configuration

NR True sham 
(anti-parallel 
configuration)

Human neuroblastoma  
BE(2)C cells

Stimulation  
of 
differentiation

All-trans-retinoic  
acid

Potentiation ☺

Kaszuba-Zwoinska  
et al. (62)

Intermittent 50 Hz, 
45 ± 5 mT PEMF  
for 9 h

NR NR NR NR Unrelated 
system

Human U937  
macrophage cells from  
histiocytic lymphoma

Stimulation  
of apoptosis

Puromycin Antagonism ☹

Kaszuba-Zwoinska  
et al. (63)

Intermittent 50 Hz, 
45 ± 5 mT PEMF  
for 12 h

NR NR NR NR Unrelated 
system

Human acute monocytic 
leukemia MonoMac6 cells

Stimulation  
of apoptosis

Puromycin Potentiation ☺

Kaszuba-Zwoinska  
et al. (63)

Intermittent 50 Hz, 
45 ± 5 mT PEMF  
for 12 h

NR NR NR NR Unrelated 
system

Human acute monocytic 
leukemia MonoMac6 cells

Stimulation  
of apoptosis

Cyclophosphamide Potentiation ☺

Kaszuba-Zwoinska  
et al. (63)

Intermittent 50 Hz, 
45 ± 5 mT PEMF  
for 12 h

NR NR NR NR Unrelated 
system

Human acute monocytic 
leukemia MonoMac6 cells

Stimulation  
of apoptosis

Colchicine Potentiation ☺

Trillo et al. (55) 50 Hz, 100 µT  
for 42 h

S V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human hepatocarcinoma  
HepG2 cells

Stimulation  
of cell growth

All-trans-retinol 
(0.5 × 10−6 M)

Antagonism ☺

Trillo et al. (55) 50 Hz, 100 µT  
for 42 h

S V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human neuroblastoma  
NB69 cells

Stimulation  
of cell growth

All-trans-retinol 
(0.5 × 10−6 M)

Potentiation ☹

Trillo et al. (56) 50 Hz, 10–100 µT  
for 42 h

S V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human neuroblastoma  
NB69 cells

Inhibition  
of cell growth

All-trans-retinol 
(2 × 10−6 M)

None 

Cid et al. (72) 50 Hz, 10 µT  
for 90 h

S V Coils in Helmholtz 
configuration

NR Unenergized 
system

Human hepatocarcinoma  
HepG2 cells

Block of cell  
growth

Melatonin Antagonism ☹

Mansourian  
et al. (73)

93.25–159.4 µT  
for 10 min

NR H Coils in Helmholtz 
configuration

NR NR Human erythroleukemia  
K562 cells

Stimulation of 
apoptosis

Bleomycin Antagonism ☹

Giorgi et al. (85) 50 Hz, 1 mT  
PEMF for 1–72 h

R V Coils in Helmholtz 
configuration

NR True sham 
(anti-parallel 
configuration)

Human neuroblastoma  
BE(2)C cells

Stimulation of 
apoptosis

Hydrogen  
peroxide

None 

Mizuno et al. (78) 60 Hz, 5 mT  
for 24 h

S V Coils in Helmholtz 
configuration

NR NR Human SV40-transformed 
fibroblast

Cell survival UV-B irradiation None 

Mizuno et al. (78) 60 Hz, 5 mT  
for 24 h

S V Coils in Helmholtz 
configuration

NR NR Human SV40-transformed 
xeroderma pigmentosum  
cells

Cell survival UV-B irradiation None 
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Reference eLF-MF  
treatment

Signal B field  
direction

Device MF-induced 
ΔT

Control Cell model Critical  
endpoint

agent  
co-used

interaction Cancer-
related 

behavior

Jung et al. (57) 50 Hz, 1 mT  
for 5 days

S V Coils in Helmholtz 
configuration

NR Unrelated 
system

Rat pheochromocytoma  
PC12 cells

Stimulation of 
differentiation

Nerve growth  
factor

Potentiation ☺

Wócik-Piotrowicz 
et al. (61)

35 Hz, 6.5 mT S V Coils in Helmholtz 
configuration

±0.1°C, with 
no details

NR Human U937 macrophage  
cells from histiocytic lymphoma

Stimulation  
of cell death

Puromycin Potentiation ☺

Brisdelli et al. (74) 50 Hz, 1 mT  
for 24–72 h

S V Coils in Helmholtz 
configuration

±0.3°C True sham 
(anti-parallel 
configuration)

Human erythroleukemia  
K562 cells

Block of  
cell growth

Quercetin Antagonism ☹

Osera et al. (86) 75 Hz, 2 mT  
PEMF for 40 min

NR V Coils NR Unrelated 
system

Human neuroblastoma  
SH-SY5Y cells

Stimulation  
of cell death

Hydrogen  
peroxide

Antagonism ☹

Höytö et al. (79) 50 Hz, 100 µT  
for 24 h

S H Coils in Helmholtz 
configuration

NR Unrelated 
system

Human neuroblastoma  
SH-SY5Y cells

Cell survival Menadione None 

Kesari et al. (87) 50 Hz, 10–30 mT  
for 24 h

NR H Coils in Helmholtz 
configuration

NR Unrelated 
system

Human neuroblastoma  
SH-SY5Y cells

Cell survival Menadione None 

Kesari et al. (87) 50 Hz, 10–30 mT  
for 24 h

NR H Coils in Helmholtz 
configuration

NR Unrelated 
system

Rat glioma C6 cells Cell survival Menadione None 

Falone et al. (76) 50 Hz, 1 mT for  
15 days

S H Coils <0.05°C, with 
no details

Unenergized 
system

Human neuroblastoma  
SH-SY5Y cells

Block of  
cell growth

Methylglyoxal Antagonism ☹

Falone et al. (88) 75 Hz, 2 mT PEMF  
for 45 min

S H Coils <0.05°C, with 
no details

Unenergized 
system

Human neuroblastoma  
SK-N-BE(2) cells

Stimulation  
of cell death

Hydrogen  
peroxide

Antagonism ☹

Baharara et al. (64) 50 Hz, 20 mT  
for 2 h

NR NR NR NR NR Human ovarian  
adenocarcinoma A2780 cells

Stimulation  
of apoptosis

Cisplatin Potentiation ☺

Benassi et al. (66) 50 Hz, 1 mT  
for 24 h

NR H Coils in Helmholtz 
configuration

±0.2°C True sham 
(anti-parallel 
configuration)

Differentiated human 
neuroblastoma  
SH-SY5Y cells

Block of  
cell growth

1-methyl-4-
phenylpyridinium

Potentiation ☺

Sanie-Jahromi  
et al. (89)

Intermittent 50 Hz, 
0.50 mT for 30 min

S H Coils NR Unenergized 
system

Human MCF-7 breast  
cancer cells

Stimulation  
of cell death

Cisplatin + bleomycin Potentiation ☺

Sanie-Jahromi  
et al. (89)

Intermittent 50 Hz, 
0.50 mT for 30 min

S H Coils NR Unenergized 
system

Human neuroblastoma  
SH-SY5Y cells

Stimulation  
of cell death

Cisplatin + bleomycin Potentiation ☺

Falone et al. (77) 50 Hz, 1 mT for 
5–10 days

S H Coils <0.05°C, with 
no details

Unenergized 
system

Human neuroblastoma  
SH-SY5Y cells

Block of  
cell growth

Doxorubicin Antagonism ☹

Falone et al. (77) 50 Hz, 1 mT for 
5–10 days

S H Coils <0.05°C, with 
no details

Unenergized 
system

Human neuroblastoma  
SH-SY5Y cells

Block of  
cell growth

Hydrogen  
peroxide

Antagonism ☹

Akbarnejad  
et al. (90)

Square-wave 100 Hz, 
10 mT for 6 days

S V Coils in Helmholtz 
configuration

Actively 
avoided but 
not reported

NR Human glioblastoma  
U87 cells

Stimulation  
of apoptosis

Temozolomide Potentiation ☺

Akbarnejad 
et al. (90)

Square-wave 100 Hz, 
10 mT for 6 days

S V Coils in Helmholtz 
configuration

Actively 
avoided but 
not reported

NR Human glioblastoma  
T98G cells

Stimulation  
of apoptosis

Temozolomide Potentiation ☺

H, horizontal; V, vertical; S, sinusoidal; R, rectangular; NR, not reported.
☹, ELF-MF-induced protection against differentiating, cytostatic, or cytotoxic treatments; ☺, ELF-MF-induced sensitization against differentiating, cytostatic, or cytotoxic treatments; , ELF-MF did not change cellular response to 
differentiating, cytostatic, or cytotoxic treatments.
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TaBLe 2 | Main biophysical parameters of studies on extremely low-frequency magnetic fields (ELF-MF)-induced changes on cancer cell response to DNA damage-promoting treatments.

Reference eLF-MF  
treatment

Signal B field  
direction

Device MF-induced 
ΔT

Control Cell model Critical  
endpoint

agent  
co-used

interaction Cancer-
related 

behavior

Harris et al. (94) 50 Hz, 2 mT  
for 72 h

NR V Coils in Helmholtz 
configuration

±0.1°C Unenergized system Human adenocarcinoma  
HeLa cells

G2 cell cycle 
blockade

γ-irradiation Antagonism ☹

Pasquini et al. (99) 50 Hz, 5 mT  
for 24 h

S NR Coils ±0.3°C, with 
no details

Unenergized system Human Jurkat  
leukemic cells

Genotoxic effect Benzene None 

Pasquini et al. (99) 50 Hz, 5 mT  
for 24 h

S NR Coils ±0.3°C, with 
no details

Unenergized system Human Jurkat  
leukemic cells

Genotoxic effect 1,4-benzenediol None 

Pasquini et al. (99) 50 Hz, 5 mT  
for 24 h

S NR Coils ±0.3°C, with 
no details

Unenergized system Human Jurkat  
leukemic cells

Genotoxic effect 1,2,4-benzenetriol None 

Moretti et al. (92) 50 Hz, 1 mT  
for 1 h

S H Coils in Helmholtz 
configuration

±0.3°C True sham (anti-
parallel configuration)

Human Jurkat  
leukemic cells 

Genotoxic effect 1,2,4-benzenetriol Potentiation ☺

Mairs et al. (93) 50 Hz, 1 mT  
for 12 h

S H Coils Actively 
avoided but 
not reported

Unenergized system Human glioma  
UVW cells

Genotoxic effect γ-irradiation Potentiation ☺

Falone et al. (32) 50 Hz, 1 mT  
for 4 days

S H Coils <0.05°C, 
with no 
details

Unenergized system Human neuroblastoma  
SH-SY5Y cells

Genotoxic effect Hydrogen  
peroxide

Potentiation ☺

Koyama et al. (83) 60 Hz, 5 mT  
for 2–24 h

NR NR Coils in Helmholtz 
configuration

NR Unrelated  
system

Human glioblastoma  
A172 cells

Genotoxic effect Methyl 
methanesulfonate

Potentiation ☺

Koyama et al. (83) 60 Hz, 5 mT  
for 2–24 h

NR NR Coils in Helmholtz 
configuration

NR Unrelated  
system

Human glioblastoma  
A172 cells

Genotoxic effect Hydrogen  
peroxide

Potentiation ☺

Bułdak et al. (7) 50 Hz, 1 mT  
for 16 min

NR H Coils ±0.4°C Unrelated  
system

Murine squamous cell  
carcinoma AT478 cells

Genotoxic effect Cisplatin Antagonism ☹

Bułdak et al. (7) 50 Hz, 1 mT  
for 16 min

NR H Coils ±0.4°C Unrelated  
system

Murine squamous cell  
carcinoma AT478 cells

Genotoxic effect Hydrogen  
peroxide

Antagonism ☹

Luukkonen  
et al. (100)

50 Hz, 100 µT  
for 24 h

NR H Coils in Helmholtz 
configuration

NR Unrelated  
system

Human neuroblastoma  
SH-SY5Y cells

Genotoxic effect Menadione None 

Giorgi et al. (85) 50 Hz, 1 mT  
PEMF for 1–72 h

R V Coils in Helmholtz 
configuration

NR True sham (anti-
parallel configuration)

Human neuroblastoma  
BE(2)C cells

Genotoxic effect Hydrogen  
peroxide

None 

Kesari et al. (101) 50 Hz, 100 µT  
for 24 h

NR H Coils in Helmholtz 
configuration

NR Unrelated  
system

Human neuroblastoma  
SH-SY5Y cells

Genotoxic effect Menadione None 

Kesari et al. (87) 50 Hz, 30 µT  
for 24 h

NR H Coils in Helmholtz 
configuration

NR Unrelated  
system

Human neuroblastoma  
SH-SY5Y cells

Genotoxic effect Menadione Potentiation ☺

Kesari et al. (87) 50 Hz, 30 µT  
for 24 h

NR H Coils in Helmholtz 
configuration

NR Unrelated  
system

Rat C6 glioma cells Genotoxic effect Menadione None 

Sanie-Jahromi  
et al. (89)

Intermittent 50 Hz, 
0.50 mT for 30 min

S H Coils NR Unenergized  
system

Human MCF-7 breast  
cancer cells

Down-regulation  
of DNA repair

Cisplatin Potentiation ☺

Sanie-Jahromi  
et al. (89)

Intermittent 50 Hz, 
0.50 mT for 30 min

S H Coils NR Unenergized  
system

Human neuroblastoma  
SH-SY5Y cells

Down-regulation  
of DNA repair

Cisplatin Potentiation ☺

(Continued )
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1 mT ELF-MF exposure upregulated the nuclear translocation 
of the erythroid 2-related nuclear transcription factor 2, which 
has been recently linked to the acquisition of resistance against 
ROS-promoting anticancer drugs in several cancer cell types 
(105, 106, 123, 124).

However, literature reports also findings that suggest that ELF-MF 
are able to diminish the antioxidant/detoxificant-based response of 
cancer cells to redox-based challenges. Patruno et al. (125) found 
that a 50 Hz, 1 mT MF decreased the degree of lipopolysaccharide 
(LPS)-induced activation of the master regulator of phase I metabo-
lism CYP450 in human monocytic leukemia cells. De Nicola et al. 
(82) described how lymphoblasts from human histiocytic lym-
phoma underwent a strong decrease of reduced glutathione levels 
upon 2-h treatment with 50 Hz MF, in parallel with a marked eleva-
tion of ROS concentration. On the other hand, Benassi et al. (66) 
demonstrated that cytotoxic effects elicited by MPP+ (1-methyl-4- 
phenylpyridinium) were significantly potentiated when SH-SY5Y 
cells were pre-exposed to a 24-h ELF-MF, and this was linked to the 
ELF-MF-related induction of a massive oxidative stress. In support 
of this view, the addition of permeable thiol-based antioxidants like 
N-acetyl-l-cysteine or GSHest was able to limit the MF-induced 
increase in MPP+-dependent apoptotic response (66).

It should be highlighted that papers claiming that ELF-MF 
do not elicit significant effect on cancer cell response to redox-
active treatments are not rare. Fiorani et al. (126) did not find 
any MF-dependent alteration of redox environment in human 
erythroleukemia K562 cells after treatment with DNA-damaging 
agent methyl methanesulfonate (MMS). Patruno et  al. (125) 
found that a 50 Hz, 1 mT ELF field did not affect the response 
of catalase enzymatic function to the treatment with bacterial 
LPS, a major inducer of systemic inflammatory reactions and 
oxidative stress (127). Patruno et  al. (118) also demonstrated 
that the effect of tumor promoter PMA on catalase enzymatic 
defense of human erythro-leukemic cells was not affected by an 
acute sinusoidal 50 Hz, 1 mT MF.

CONSiDeRaTiONS ON MULTiPLe 
eNDPOiNT-BaSeD STUDieS

The deep understanding of how non-invasive external stimuli such 
as ELF-MF may modulate cancer cell phenotype and response 
to chemical/physical treatments represents an ever-increasing 
research topic with hundreds of scientific teams all around the 
globe committed to investigate the details of molecular interaction 
between ELF fields and cancer cells. Such studies might contribute 
to determine whether cancer cell phenotype may be ameliorated 
or worsened by the exposure to physical factors that are becoming 
increasingly common in our electricity-based modern life.

Surprisingly, only one work was carried out by considering sev-
eral levels of the complex phenomenon. Specifically, Kesari et al. 
(87) investigated how human neuroblastoma SH-SY5Y cells and 
rat glioma C6 cells responded to menadione after 24-h exposure 
to power frequency, low-intensity MF in terms of cell viability, 
DNA damage, and intracellular ROS. The authors observed that 
the modulation by the MF of menadione-induced responses were 
different in the two cell lines, with no clear correlation among the 
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degree of cell death, genotoxic damage, and the mitochondrial 
superoxide production. Much more studies considered two out 
of three major endpoints on which this review is focused. Some of 
us (32) reported that a 96-h power frequency, 1 mT MF enhanced 
the DNA-damaging power of hydrogen peroxide on human neu-
roblastoma cells, and this was due to the MF-dependent increase 
of H2O2-related ROS overproduction. Similarly, Garip and Akan 
(84) showed that a 3-h 50 Hz, 1 mT MF potentiated the H2O2-
induced apoptotic response of erythroleukemia cells, and this 
was directly correlated to the MF-dependent elevation of HSP70 
and ROS following the pro-oxidant insult. This finding gave a 
strong impulse to research as many tumor cells are known to 
express constitutively elevated amounts of heat-shock proteins, 
as a means through which chemotherapeutic resistance and 
increased tumorigenesis may be developed (128, 129). Sanie-
Jahromi et al. (89) found that a 30-min exposure to an intermit-
tent 50  Hz, 0.50  mT MF potentiated the cell death-promoting 
action of the combined treatment with cisplatin + bleomycin on 
human breast cancer cells and neuroblastoma cells, and this was 
likely to be due to the MF-related potentiation of the repressing 
effect elicited by anticancer treatment on genes related to NHEJ, 
a critical pathway for repairing DNA double-strand breaks (130).  
On the other hand, some of us showed that a 40-min pulsed 
75  Hz, 2  mT MF protects two lines of human neuroblastoma 
cells from hydrogen peroxide-dependent cell death, and this 
was found to be related to a significant overprotection from 
mitochondrial ROS production (86, 88), thus linking the loss of 
cytotoxic effect of H2O2 to the MF-dependent activation of the 
major antioxidant defense systems within the mitochondrion. 
These data are supported by findings of others that found elevated 
MnSOD mRNA expression following intermittent exposure to 
50 Hz, 0.50 mT ELF-MF for 30 min (131). Such experimental 
observations are gaining remarkable importance since in many 
tumor types SOD2 levels were found to increase as early-stage 
non-invasive disease advances to late-stage malignancy (132).  
As the energy supply from the glycolytic pathway may not fulfill 
the increased energy requirements of aggressive growth, par-
ticularly in the later stages of carcinogenesis, highly malignant 
cancer cells could need to increase the efficiency of mitochon-
drial function and protect the mitochondrial environment from 
ROS-based macromolecular damage (133). Such hypothesis is 
supported by our data that showed an increased mitochondrial 
activity following a long-term exposure to power frequency 
ELF-MF (76). In neuroblastoma cells, Kesari et al. (101) found 
that a 24-h 50 Hz, 100 µT MF antagonizes menadione-dependent 
increase of lipid peroxidation, although this did not affect micro-
nuclei frequency, thus suggesting that the MF-related redox 
modulation may not have significant biological relevance, at least 
in terms of accumulation of genotoxic effects. Bułdak et al. (7) 
found that cisplatin-dependent genotoxicity and oxidative dam-
age in murine carcinoma cells were reverted by an acute exposure 
to 50 Hz, 1 mT MF, and this was paralleled by an MF-induced 
improvement of MnSOD superoxide-scavenging activity, thus 
providing evidence of a remarkable protective effect of ELF fields 
on the mitochondrial oxidative load derived from the use of a 
clinically relevant antiblastic drug on cancer cells. Such findings 
were not confirmed by studies on neuroblastoma cells that seem 

not to be particularly affected by a mid-term treatment with a 
low-intensity ELF-MF as regard to menadione-induced redox 
imbalance. In particular, Luukkonen et al. (100) found that the 
menadione-induced oxidative stress was increased in neuroblas-
toma cells in after exposure to a 24-h 50 Hz, 100 µT ELF-MF, even 
though the genotoxic effect of menadione was not significantly 
affected by the MF exposure, thus suggesting that the pro-oxidant 
effect of MF was not sufficient to induce any additional hazard 
to menadione-dependent genomic injury. Moreover, Giorgi 
et al. (85) reported that a pulsed 50 Hz, 1 mT MF did not protect 
human neuroblastoma BE(2)C cells against the apoptotic effect 
of hydrogen peroxide, and this was confirmed by the lack of any 
significant effect of the PEMF on the H2O2-dependent increase of 
γ-H2AX-positive nuclei, thus suggesting that pulsed ELF fields 
may elicit different effects on neuroblastoma cells depending on 
physical parameters of the applied MF.

In human glioblastoma cells, Koyama et al. (83) did not find 
any link between the MF-induced potentiation of the genotoxic 
effect of pro-oxidants and the cytotoxic effect of both MMS and 
hydrogen peroxide. Taken together, such findings seem to suggest 
that MF can elevate the effects of DNA-damaging redox-active 
agents without affecting significantly cell viability or growth, and 
this could induce genomic instability and the accumulation of 
further genetic mutations, thus allowing cancer cells to accu-
mulate further oncogenic mutations in order to progress toward 
increased aggressiveness (134). Interestingly, Akbarnejad et  al. 
(90) demonstrated that the cytotoxic effect of temozolomide on 
two lines of human glioblastoma cells was enhanced by a 6-day 
square-wave 100 Hz, 10 mT MF, and this was associated with the 
potentiation of the TMZ-induced activation of oxidative stress-
responsive genes. However, the authors failed to demonstrate 
that such a response was dependent on a different modulation of 
TMZ-induced ROS overproduction.

CONCLUDiNg ReMaRKS

As evident from the above discussed results, many contradictory 
effects of ELF-MF were reported in literature. This inevitably 
raises the question as to what could lead to such discrepancies. 
Conflicting data might be due to differences in type of cell lines or 
cell lineage used. Such variability was already discussed by Myrtill 
Simkó’s group in 2007. It must be also considered that important 
variables related to the exposure conditions vary greatly from 
study to study (i.e., flux density and duration), even though the 
most common wave forms and frequencies undoubtedly reflect 
the characteristics of power frequency-generated ELF-MFs 
worldwide (i.e., sinusoidal and 50/60 Hz). In addition, different 
laboratory methods and techniques may also lead to contradic-
tory results. Furthermore, it should not be ignored that sources 
of artifacts have been recognized to involve real-sham inclusion, 
mechanical vibrations of the sample holder, and small tem-
perature differences in the media (135). With regard to thermal 
effects, despite the fact that cancer cells are more vulnerable to 
high temperatures than normal cells (136, 137), recent findings 
seem to indicate that an increase in temperature could enhance 
cancer cell resistance to known antiblastic compounds, such as 
cisplatin (138, 139). In this review, we show that the great majority 
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(61%) of results were reported by studies in which no clear check 
of MF-induced heating effect was reported. Moreover, less than 
12% of researches were conducted by avoiding actively (e.g., liquid 
cooling) any MF-dependent temperature change in the samples.

Surprisingly, less than 20% of the experimental designs con-
sidered true-sham conditions as the adequate reference controls. 
47% of the papers either did not report how the controls were 
handled or did use an unrelated system to host not-exposed cells 
(for example, a similar incubator with no exposure system). The 
relative majority of investigations (34%) were conducted con-
sidering cells hosted in unenergized systems (e.g., disconnected 
coils) as the “sham” condition.

All the considerations above raise the need for much stronger 
efforts to set uniform standards for the experimental community, 
and to minimize sources of lab-to-lab variability, in order not to 
introduce systematic bias that would critically alter the cellular 
responses.

As mentioned above, Our review of the existing literature on 
the field show that most studies used sinusoidal 50/60 Hz ELF 
fields, with only few papers dealing with square-wave signal. With 
regard to MF direction, vertical polarization was highly prevalent 
in investigations aimed at discovering ELF-MF-induced effects 
on cancer cell response to cytotoxic/differentiating treatments, 
whereas horizontal B fields were mainly used in studies dealing 
with MF-related effects on cancer cell response to redox-active 
treatments and DNA-damaging agents.

Surprisingly, the percentage of studies with no clear indication of 
B field direction was relevant (14–26%, depending on the endpoint 
studied). The promotion of a more resistant phenotype against 
cytotoxic/differentiating treatment was mainly reported by authors 
that used a horizontal B field (64%), whereas when B direction was 
either vertical or not reported, results were more controversial.

Taking together all the results obtained by researcher groups 
over the past 25 years, in vitro co-exposure- or conditioning-based 
studies seem to indicate that ELF-MF modify significantly how 
malignant or tumor cells respond to pro-differentiating or cyto-
toxic/cytostatic treatments. Most of the studies were carried out 
using human breast cancer and neuroblastoma cells, even though 
leukemic, hepatocarcinoma, and glioblastoma were also used as 
malignant in vitro model. Most of the works available provided evi-
dence that tumor/cancer cells exhibit increased tolerance to chemi-
cal or physical treatments aimed at promoting differentiation and/
or apoptotic cell death, with only few papers claiming that ELF-MF 
do not elicit significant effect on cancer cell behavior in response 
to cytotoxic or pro-differentiating treatment. More specifically, the 
great majority (>56%) of researches provided convincing evidence 
that power frequency ELF-MF (i.e., 50–60 Hz) are able to protect 
breast cancer cells and neuroblastoma cells from chemical treat-
ments aimed at either targeting cell survival or promoting cell 
differentiation, especially for ELF-MF exposure duration of several 
days. Even if more sporadic, studies seem to suggest that short-term 
ELF-MF exposures may not affect the response of glioblastoma/
glioma cells to pro-apoptotic inducers, but longer treatments could 
potentiate the cytotoxic effect of cell death-promoting compounds. 
Rare literature reports seem to indicate that the resistance of liver 
cancer cells to treatments aimed at targeting cell survival do not 
allow to draw any conclusion or evident hypothesis. Similarly, 

studies on human leukemic cells are not consistent, with some 
papers (43%) reporting MF-induced enhancement of the efficacy 
of either pro-apoptotic or differentiating treatments, and others  
(53%) showing the opposite effect. Interestingly, it should be 
highlighted that no study on leukemic cells reported a null effect 
of MF on cytotoxic treatments. Investigations on ELF-MF-induced 
effects on adenocarcinoma cells are scarce; however, the exist-
ing studies reported that short ELF-MF exposure increased the 
cytotoxic effect of common anticancer drugs, such as cisplatin 
and vincristin. Data on human macrophage cells from histiocytic 
lymphoma suggest that PMC-induced apoptosis may be reverted 
by short-term exposure to ELF-MFs.

Findings concerning the capacity of ELF-MF to affect cancer cell 
response to pro-differentiation chemical treatments are rare, and no 
clear conclusion may be drawn from the controversial data found.

With regard to how ELF-MF may alter cancer cell response 
to DNA-damaging agents, a high heterogeneity in terms of MF 
intensity applied, exposure protocols, and cell types used exists, 
however, the available results suggest that specific exposure para-
digms are able to alter the genotoxic capacity of some compounds 
in certain cell models. We discussed above how more resistant 
phenotypes against cytotoxic/differentiating treatments were 
mainly reported in studies with horizontal B fields. However, 
horizontal ELF-MF seem not to render cancer cells more resistant 
against genotoxic challenge. Indeed, only 27% of the investiga-
tions conducted with horizontal MF showed ELF-MF-induced 
increase of cell resistance to DNA-damaging agents. The relative 
majority of the available studies found that ELF-MFs increased 
the effects of genotoxic compounds or physical factors on tumor/
cancer cells. One-third of the reviewed papers reported a null 
effect of MF exposures on cancer cell response to DNA-targeting 
treatments. On the other hand, all the reports regarding the 
genotoxicity of chemical/physical challenge in carcinoma cells 
showed that ELF-MF exposure exerted a cytoprotective action. 
Lastly, magnetic flux densities and exposure duration seem not to 
be obvious determinants of the genotoxic response of cancer cells 
to DNA-damaging chemicals or ionizing radiation.

All the available results suggest that different cancer cell 
types react differently to ROS-perturbing ELF-MF, maybe 
because of their tissue-specific lineage, and such variability was 
already foreseen or discussed by Myrtill Simkó’s group in 2007 
and 2014. Some studies seem to show that ELF-MF may trigger 
in cancer cells the activation of pathways aimed at scavenging 
more effectively ROS overproduction, thus providing additional 
defense against forthcoming treatments promoting oxidative 
cellular damage. Conversely, other researches provided evidence 
that ELF-MF may lower the tolerance of cancer cells toward 
additional oxidative-based challenges. Hence, some reports 
seem to suggest that the combined exposure to ELF-MF and 
other oxidative stress-inducing chemical or physical treatments 
may result in an increased oxidative damage and functional 
impairment. More specifically, ELF-MF treatment do not 
seem to exert any evident effect on the antioxidant response 
of human leukemic cells undergoing treatments with chemical 
tumor promoters. Conversely, ELF-MF are likely to enhance 
mitochondrial antioxidant defense in human neuroblastoma 
cells, and this is especially true for pulsed low-intensity or 
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long-term exposures. Less information is available with regard 
to glia-derived cancer cells, even though the only two papers 
available report that ELF-MF appeared to sensitize malignant 
cells toward redox-active antiblastic drugs.

In summary, despite the increasing scientific interest in 
this topic, it seems extremely difficult to draw any definitive 
 conclusion from the review of the existing literature in this field. 
Given the limited amount of specific interventional experiments 
based on in  vitro co-exposures designs, and due to the highly 
controversial results, too many aspects remain hidden behind the 
open debate on how ELF-MF can affect cancer cell behavior or 
resistance against relevant antiblastic treatments, especially when 
the questions come to molecular mechanisms involved. For this 
reason, urgent further research is needed in order to define accu-
rately the biomolecular mechanisms involved in the interaction 
between ELF fields and biosystems. In particular, careful atten-
tion should be paid with regard to the exact pathways that may be 
activated or repressed by ELF-MFs in tumor and cancer cells, as 
such processes may reveal molecular targets that, if appropriately 
confirmed in vivo, could help to develop innovative approaches 
aimed at controlling the fate of malignant cells.

FUTURe PeRSPeCTiveS

Growing evidence suggests that therapy resistance, relapse, and 
poor prognosis in human malignancies may be also driven by 
cancer stem cells (CSCs), a sub-population of highly undif-
ferentiated tumor-initiating cells with self-renewal features and 
extreme drug-resistance capacity (3, 9). Unfortunately, findings 
concerning how the electromagnetic fields may affect adult stem 
cell biology are inconsistent (140). In particular, no data from 
in vitro or in vivo studies are available with regard to ELF-MF-
induced effects on stimulation or depression of CSCs, with such 
research topic being totally unexplored so far.

Cancer stem cells seem to present substantially different meta-
bolic requirements, with respect to cancer cells with not stemness 
characteristics, along with a remarkable DNA repair activity (1). 
In particular, growing evidence shows that CSCs produce more 
ATP than their differentiated progeny, as a reflection of enhanced 
mitochondrial function and metabolic activity (141–143).  
In addition, molecular switches within the mitochondrion seem 
to act as a crucial mediator in determining tumor metastatic 
dissemination (144, 145). Moreover, CSCs are endowed with a 
more powerful antioxidant defense system compared with their 
progeny, and such antioxidative trait helps in maintenaning low-
ROS levels, along with the stemness and tumorigenic capacities 
of CSCs, thus leading to chemoresistance (1, 146–148). Some 
of us have already shown that neuroblastoma cells respond to 

long-term exposure to an ELF-MF by: (a) shifting metabolic 
supply from glycolysis to mitochondrial respiration (76);  
(b) activating the major ROS-targeting antioxidant systems and 
protecting protein and DNA from oxidative damage (77); and 
(c) enhancing mitochondrial protection from ROS-dependent 
damage (88).

On this basis, it becomes clear that extensive in  vitro and 
in vivo studies aimed at verifying whether exposures to ELF-MF 
are able to confer specific survival advantage to CSCs, thus 
affecting the fate and behavior of CSCs, are crucially needed.  
In this context, recent evidence seems to suggest that epigenetic 
aberration may be involved in the acquisition of CSC-like 
properties (149), and acetylation is emerging as one of the 
most crucial chromatin modification, which occurs via highly 
regulated enzymatic processes, in which histone deacetylases 
(HDACs) appear to play a critical role (150). Class III HDACs, 
also referred to as sirtuins (SIRT1-7), are homologous to the 
yeast Sir2 family proteins and require coenzyme NAD+ for 
catalysis (151). Interestingly, our group has recently reported 
that a 50  Hz, 1  mT MF exposure increased protein expres-
sion of both SIRT1 and SIRT3, thus suggesting the possible 
MF-dependent activation of chromatin remodeling by nuclear 
and mitochondrial sirtuins (77).

Increased efflux of drugs by membrane transporters is 
another important mechanism through which cancer cells are 
able to develop MDR (152). To date, only a study was conducted 
to verify whether the exposure to an ELF field may result in the 
alteration of the expression pattern of the major MDR-related 
transporter P-glycoprotein (also called MDR1) in cancer 
cells. In particular, Walter et  al. (153) found that the 1-beta-
d-arabinofuranosylcytosine-induced up-regulation of MDR1 
in H9 human leukemia cells was inhibited by a 17-h exposure 
to 60-Hz sinusoidal EF. Such investigations may possibly reveal 
that a common physical component of the human modern life 
may cause startling effects on a critical homeostatic feature of 
cancer cells, from which major challenges to effective/successful 
chemotherapy in cancer treatment may arise.

aUTHOR CONTRiBUTiONS

SF, FA, SS, and VC retrieved literature reports and wrote the main 
sections of the manuscript. MC, GE, and CT helped to write the 
manuscript. All authors reviewed the manuscript.

aCKNOwLeDgMeNTS

We wish to thank Dr. Ilenia Taddei for the assistance given in 
proof-reading and editing this manuscript.

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
https://doi.org/10.1186/s13058-016-0712-6
https://doi.org/10.1186/s13058-016-0712-6
https://doi.org/10.1007/s00018-016-2362-3
https://doi.org/10.1016/j.pharmthera.2016.02.008
https://doi.org/10.1016/j.gene.2004.04.032


13

Falone et al. ELF-MF Modify Cancer Phenotype

Frontiers in Public Health | www.frontiersin.org February 2018 | Volume 6 | Article 33

5. Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci V, et al. 
Oxidative stress: harms and benefits for human health. Oxid Med Cell 
Longev (2017) 2017:8416763. doi:10.1155/2017/8416763 

6. Huang HL, Fang LW, Lu SP, Chou CK, Luh TY, Lai MZ. DNA-damaging 
reagents induce apoptosis through reactive oxygen species-dependent Fas 
aggregation. Oncogene (2003) 22(50):8168–77. doi:10.1038/sj.onc.1206979 

7. Bułdak RJ, Polaniak R, Bułdak L, Zwirska-Korczala K, Skonieczna M, 
Monsiol A, et al. Short-term exposure to 50 Hz ELF-EMF alters the cisplatin- 
induced oxidative response in AT478 murine squamous cell carcinoma cells. 
Bioelectromagnetics (2012) 33(8):641–51. doi:10.1002/bem.21732 

8. Cree IA, Charlton P. Molecular chess? Hallmarks of anti-cancer drug resis-
tance. BMC Cancer (2017) 17(1):10. doi:10.1186/s12885-016-2999-1 

9. Zheng HC. The molecular mechanisms of chemoresistance in cancers. 
Oncotarget (2017) 8:59950–64. doi:10.18632/oncotarget.19048 

10. Simkó M. Cell type specific redox status is responsible for diverse electro-
magnetic field effects. Curr Med Chem (2007) 14(10):1141–52. doi:10.2174/ 
092986707780362835 

11. Falone S, Mirabilio A, Carbone MC, Zimmitti V, Di Loreto S, Mariggiò MA,  
et al. Chronic exposure to 50Hz magnetic fields causes a significant weaken-
ing of antioxidant defence systems in aged rat brain. Int J Biochem Cell Biol 
(2008) 40(12):2762–70. doi:10.1016/j.biocel.2008.05.022 

12. Desai NR, Kesari KK, Agarwal A. Pathophysiology of cell phone radiation: 
oxidative stress and carcinogenesis with focus on male reproductive system. 
Reprod Biol Endocrinol (2009) 7:114. doi:10.1186/1477-7827-7-114 

13. Mattsson MO, Simkó M. Grouping of experimental conditions as an approach 
to evaluate effects of extremely low-frequency magnetic fields on oxidative 
response in in vitro studies. Front Public Health (2014) 2:132. doi:10.3389/
fpubh.2014.00132 

14. Markov MS. Dosimetry of magnetic fields in the radiofrequency range.  
In: Klauenberg BJ, Miklavčič D, editors. Radio Frequency Radiation Dosimetry 
and Its Relationship to the Biological Effects of Electromagnetic Fields. New 
York: Kluwer Academic Press (2000). p. 239–45.

15. Ilonen K, Markkanen A, Mezei G, Juutilainen J. Indoor transformer stations 
as predictors of residential ELF magnetic field exposure. Bioelectromagnetics 
(2008) 29(3):213–8. doi:10.1002/bem.20385 

16. Tomitsch J, Dechant E, Frank W. Survey of electromagnetic field exposure 
in bedrooms of residences in lower Austria. Bioelectromagnetics (2010) 
31(3):200–8. doi:10.1002/bem.20548 

17. Vulevic B, Osmokrovic P. Survey of ELF magnetic field levels in house-
holds near overhead power lines in Serbia. Radiat Prot Dosimetry (2011) 
145(4):385–8. doi:10.1093/rpd/ncq439 

18. Li L, Xiong DF, Liu JW, Li ZX, Zeng GC, Li HL. No effects of power line fre-
quency extremely low frequency electromagnetic field exposure on selected 
neurobehavior tests of workers inspecting transformers and distribution 
line stations versus controls. Australas Phys Eng Sci Med (2014) 37(1):37–44. 
doi:10.1007/s13246-013-0237-6 

19. International Agency for Research on Cancer – World Health Organization. 
Non-ionizing radiation, part 1: static and extremely low-frequency (ELF) 
electric and magnetic fields. IARC Monogr Eval Carcinog Risks Hum (2002) 
80:1–395. 

20. McCann J, Dietrich F, Rafferty C. The genotoxic potential of electric and 
magnetic fields: an update. Mutat Res (1998) 411(1):45–86. doi:10.1016/
S1383-5742(98)00006-4 

21. Poulletier de Gannes F, Lagroye I, Veyret B. D3—report on the analysis of 
risks associated to exposure to EMF: in  vitro and in  vivo (animals) stud-
ies. European Health Risk Assessment Network on Electromagnetic Fields 
Exposure (EFHRAN). (2010). Available from: http://efhran.polimi.it/docs/
IMS-EFHRAN_09072010.pdf

22. Turner MC, Benke G, Bowman JD, Figuerola J, Fleming S, Hours M, et al. 
Occupational exposure to extremely low-frequency magnetic fields and brain 
tumor risks in the INTEROCC study. Cancer Epidemiol Biomarkers Prev 
(2014) 23(9):1863–72. doi:10.1158/1055-9965.EPI-14-0102 

23. Soffritti M, Tibaldi E, Padovani M, Hoel DG, Giuliani L, Bua L, et  al. 
Synergism between sinusoidal-50 Hz magnetic field and formaldehyde in 
triggering carcinogenic effects in male Sprague-Dawley rats. Am J Ind Med 
(2016) 59(7):509–21. doi:10.1002/ajim.22598 

24. Restrepo AF, Tobar VE, Camargo RJ, Franco E, Pinedo CR, Gutierrez O. 
Effects of extremely low frequency electromagnetic fields on in-vitro 

cellular cultures HeLa and CHO. Conf Proc IEEE Eng Med Biol Soc (2016) 
2016:4193–6. doi:10.1109/EMBC.2016.7591651 

25. Thornalley PJ, Rabbani N. Glyoxalase in tumourigenesis and multidrug 
resistance. Semin Cell Dev Biol (2011) 22(3):318–25. doi:10.1016/j.semcdb. 
2011.02.006 

26. Amoedo ND, Rodrigues MF, Rumjanek FD. Mitochondria: are mitochondria 
accessory to metastasis? Int J Biochem Cell Biol (2014) 51:53–7. doi:10.1016/j.
biocel.2014.03.009 

27. Weber GF. Metabolism in cancer metastasis. Int J Cancer (2016) 138(9): 
2061–6. doi:10.1002/ijc.29839 

28. Tofani S, Barone D, Berardelli M, Berno E, Cintorino M, Foglia L, et  al.  
Static and ELF magnetic fields enhance the in  vivo anti-tumor efficacy of 
cis-platin against lewis lung carcinoma, but not of cyclophosphamide against 
B16 melanotic melanoma. Pharmacol Res (2003) 48(1):83–90. doi:10.1016/
S1043-6618(03)00062-8 

29. Tofani S. Electromagnetic energy as a bridge between atomic and cellular 
levels in the genetics approach to cancer treatment. Curr Top Med Chem 
(2015) 15(6):572–8. doi:10.2174/1568026615666150225104217 

30. Azoulay E, Soares M, Darmon M, Benoit D, Pastores S, Afessa B. Intensive 
care of the cancer patient: recent achievements and remaining challenges. 
Ann Intensive Care (2011) 1(1):5. doi:10.1186/2110-5820-1-5 

31. Hong FT. Magnetic field effects on biomolecules, cells, and living organisms. 
Biosystems (1995) 36(3):187–229. doi:10.1016/0303-2647(95)01555-Y 

32. Falone S, Grossi MR, Cinque B, D’Angelo B, Tettamanti E, Cimini A, et al. 
Fifty hertz extremely low-frequency electromagnetic field causes changes in 
redox and differentiative status in neuroblastoma cells. Int J Biochem Cell Biol 
(2007) 39(11):2093–106. doi:10.1016/j.biocel.2007.06.001 

33. Di Loreto S, Falone S, Caracciolo V, Sebastiani P, D’Alessandro A, Mirabilio A,  
et  al. Fifty hertz extremely low-frequency magnetic field exposure elicits 
redox and trophic response in rat-cortical neurons. J Cell Physiol (2009) 
219(2):334–43. doi:10.1002/jcp.21674 

34. Santini MT, Rainaldi G, Indovina PL. Cellular effects of extremely 
low frequency (ELF) electromagnetic fields. Int J Radiat Biol (2009) 
85(4):294–313. doi:10.1080/09553000902781097 

35. Sulpizio M, Falone S, Amicarelli F, Marchisio M, Di Giuseppe F, Eleuterio E, 
et al. Molecular basis underlying the biological effects elicited by extremely 
low-frequency magnetic field (ELF-MF) on neuroblastoma cells. J Cell 
Biochem (2011) 112(12):3797–806. doi:10.1002/jcb.23310 

36. Mansourian M, Marateb HR, Vaseghi G. The effect of extremely low-frequency 
magnetic field (50–60 Hz) exposure on spontaneous apoptosis: the results of 
a meta-analysis. Adv Biomed Res (2016) 5:141. doi:10.4103/2277-9175.187375 

37. Berg H, Günther B, Hilger I, Radeva M, Traitcheva N, Wollweber L. 
Bioelectromagnetic field effects on cancer cells and mice tumors. Electromagn 
Biol Med (2010) 29(4):132–43. doi:10.3109/15368371003776725 

38. Crocetti S, Beyer C, Schade G, Egli M, Fröhlich J, Franco-Obregón A.  
Low intensity and frequency pulsed electromagnetic fields selectively impair 
breast cancer cell viability. PLoS One (2013) 8(9):e72944. doi:10.1371/
journal.pone.0072944 

39. Destefanis M, Viano M, Leo C, Gervino G, Ponzetto A, Silvagno F. Extremely 
low frequency electromagnetic fields affect proliferation and mitochondrial 
activity of human cancer cell lines. Int J Radiat Biol (2015) 91(12):964–72. d
oi:10.3109/09553002.2015.1101648 

40. Jin M, Blank M, Goodman R. ERK1/2 phosphorylation, induced by 
electromagnetic fields, diminishes during neoplastic transformation. J Cell 
Biochem (2000) 78(3):371–9. doi:10.1002/1097-4644(20000901)78:3<371:: 
AID-JCB3>3.0.CO;2-M 

41. Sun W, Yu Y, Chiang H, Fu Y, Lu D. Exposure to power-frequency mag-
netic fields can induce activation of P38 mitogen-activated protein kinase. 
Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi (2002) 20(4):252–5. 

42. Sun W, Yu Y, Fu Y, Chiang H, Xie H, Lu D. Effects of power-frequency 
magnetic fields exposure on phosphorylation and enzymatic activity of 
stress-activated protein kinase and its upstream kinase. Zhonghua Lao Dong 
Wei Sheng Zhi Ye Bing Za Zhi (2002) 20(4):256–9. 

43. Nie K, Henderson A. MAP kinase activation in cells exposed to a 60 Hz 
electromagnetic field. J Cell Biochem (2003) 90(6):1197–206. doi:10.1002/
jcb.10704 

44. Martínez MA, Úbeda A, Moreno J, Trillo MÁ. Power frequency magnetic 
fields affect the p38 MAPK-mediated regulation of NB69 cell proliferation 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1038/sj.onc.1206979
https://doi.org/10.1002/bem.21732
https://doi.org/10.1186/s12885-016-2999-1
https://doi.org/10.18632/oncotarget.19048
https://doi.org/10.2174/
092986707780362835
https://doi.org/10.2174/
092986707780362835
https://doi.org/10.1016/j.biocel.2008.05.022
https://doi.org/10.1186/1477-7827-7-114
https://doi.org/10.3389/fpubh.2014.00132
https://doi.org/10.3389/fpubh.2014.00132
https://doi.org/10.1002/bem.20385
https://doi.org/10.1002/bem.20548
https://doi.org/10.1093/rpd/ncq439
https://doi.org/10.1007/s13246-013-0237-6
https://doi.org/10.1016/S1383-5742(98)00006-4
https://doi.org/10.1016/S1383-5742(98)00006-4
http://efhran.polimi.it/docs/IMS-EFHRAN_09072010.pdf
http://efhran.polimi.it/docs/IMS-EFHRAN_09072010.pdf
https://doi.org/10.1158/1055-9965.EPI-14-0102
https://doi.org/10.1002/ajim.22598
https://doi.org/10.1109/EMBC.2016.7591651
https://doi.org/10.1016/j.semcdb.
2011.02.006
https://doi.org/10.1016/j.semcdb.
2011.02.006
https://doi.org/10.1016/j.biocel.2014.03.009
https://doi.org/10.1016/j.biocel.2014.03.009
https://doi.org/10.1002/ijc.29839
https://doi.org/10.1016/S1043-6618(03)00062-8
https://doi.org/10.1016/S1043-6618(03)00062-8
https://doi.org/10.2174/1568026615666150225104217
https://doi.org/10.1186/2110-5820-1-5
https://doi.org/10.1016/0303-2647(95)01555-Y
https://doi.org/10.1016/j.biocel.2007.06.001
https://doi.org/10.1002/jcp.21674
https://doi.org/10.1080/09553000902781097
https://doi.org/10.1002/jcb.23310
https://doi.org/10.4103/2277-9175.187375
https://doi.org/10.3109/15368371003776725
https://doi.org/10.1371/journal.pone.0072944
https://doi.org/10.1371/journal.pone.0072944
https://doi.org/10.3109/09553002.2015.1101648
https://doi.org/10.1002/1097-4644(20000901)78:3 < 371::
AID-JCB3 > 3.0.CO;2-M
https://doi.org/10.1002/1097-4644(20000901)78:3 < 371::
AID-JCB3 > 3.0.CO;2-M
https://doi.org/10.1002/jcb.10704
https://doi.org/10.1002/jcb.10704


14

Falone et al. ELF-MF Modify Cancer Phenotype

Frontiers in Public Health | www.frontiersin.org February 2018 | Volume 6 | Article 33

implication of free radicals. Int J Mol Sci (2016) 17(4):510. doi:10.3390/
ijms17040510 

45. Kyriakis JM, Avruch J. Mammalian MAPK signal transduction pathways 
activated by stress and inflammation: a 10-year update. Physiol Rev (2012) 
92(2):689–737. doi:10.1152/physrev.00028.2011 

46. Messi E, Florian MC, Caccia C, Zanisi M, Maggi R. Retinoic acid reduces 
human neuroblastoma cell migration and invasiveness: effects on DCX, 
LIS1, neurofilaments-68 and vimentin expression. BMC Cancer (2008) 8:30. 
doi:10.1186/1471-2407-8-30 

47. Cheung BB, Marshall GM. Targeting ATP7A to increase the sensitivity of 
neuroblastoma cells to retinoid therapy. Curr Cancer Drug Targets (2011) 
11(7):826–36. doi:10.2174/156800911796798968 

48. Krishnan AV, Feldman D. Mechanisms of the anti-cancer and anti- 
inflammatory actions of vitamin D. Annu Rev Pharmacol Toxicol (2011) 
51:311–36. doi:10.1146/annurev-pharmtox-010510-100611 

49. Mei D, Lv B, Chen B, Xiao S, Jiang J, Xie Y, et al. All-trans retinoic acid 
suppresses malignant characteristics of CD133-positive thyroid cancer 
stem cells and induces apoptosis. PLoS One (2017) 12(8):e0182835. 
doi:10.1371/journal.pone.0182835 

50. van Gils N, Verhagen HJMP, Smit L. Reprogramming acute myeloid leukemia 
into sensitivity for retinoic-acid-driven differentiation. Exp Hematol (2017) 
52:12–23. doi:10.1016/j.exphem.2017.04.007 

51. Chen G, Upham BL, Sun W, Chang CC, Rothwell EJ, Chen KM, et  al.  
Effect of electromagnetic field exposure on chemically induced differen-
tiation of friend erythroleukemia cells. Environ Health Perspect (2000) 
108(10):967–72. doi:10.1289/ehp.00108967 

52. Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL, et  al. 
Specific association of human telomerase activity with immortal cells and 
cancer. Science (1994) 266(5193):2011–5. doi:10.1126/science.7605428 

53. Sidell N, Altman A, Haussler MR, Seeger RC. Effects of retinoic acid (RA) 
on the growth and phenotypic expression of several human neuroblas-
toma cell lines. Exp Cell Res (1983) 148(1):21–30. doi:10.1016/0014-4827 
(83)90184-2 

54. Marcantonio P, Del Re B, Franceschini A, Capri M, Lukas S, Bersani F, et al. 
Synergic effect of retinoic acid and extremely low frequency magnetic field 
exposure on human neuroblastoma cell line BE(2)C. Bioelectromagnetics 
(2010) 31(6):425–33. doi:10.1002/bem.20581 

55. Trillo MA, Martínez MA, Cid MA, Leal J, Úbeda A. Influence of a 50 Hz 
magnetic field and of all-trans-retinol on the proliferation of human cancer 
cell lines. Int J Oncol (2012) 40(5):1405–13. doi:10.3892/ijo.2012.1347 

56. Trillo MÁ, Martínez MA, Cid MA, Úbeda A. Retinoic acid inhibits the 
cytoproliferative response to weak 50Hz magnetic fields in neuroblastoma 
cells. Oncol Rep (2013) 29(3):885–94. doi:10.3892/or.2012.2212 

57. Jung IS, Kim HJ, Noh R, Kim SC, Kim CW. Effects of extremely low frequency 
magnetic fields on NGF induced neuronal differentiation of PC12 cells. 
Bioelectromagnetics (2014) 35(7):459–69. doi:10.1002/bem.21861 

58. Trotta AP, Chipuk JE. Mitochondrial dynamics as regulators of cancer 
biology. Cell Mol Life Sci (2017) 74(11):1999–2017. doi:10.1007/s00018- 
016-2451-3 

59. Ding GR, Nakahara T, Hirose H, Koyama S, Takashima Y, Miyakoshi J.  
Extremely low frequency magnetic fields and the promotion of H2O2-
induced cell death in HL-60 cells. Int J Radiat Biol (2004) 80(4):317–24.  
doi:10.1080/09553000410001679802 

60. Jian W, Wei Z, Zhiqiang C, Zheng F. X-ray-induced apoptosis of BEL-7402 
cell line enhanced by extremely low frequency electromagnetic field in vitro. 
Bioelectromagnetics (2009) 30(2):163–5. doi:10.1002/bem.20461 

61. Wócik-Piotrowicz K, Kaszuba-Zwoińska J, Rokita E, Thor P, Chrobik P, 
Nieckarz Z, et al. Influence of static and alternating magnetic fields on U937 
cell viability. Folia Med Cracov (2014) 54(4):21–33. 

62. Kaszuba-Zwoinska J, Wojcik K, Bereta M, Ziomber A, Pierzchalski P,  
Rokita E, et  al. Pulsating electromagnetic field stimulation prevents cell 
death of puromycin treated U937 cell line. J Physiol Pharmacol (2010) 
61(2):201–5. 

63. Kaszuba-Zwoinska J, Chorobik P, Juszczak K, Zaraska W, Thor PJ. Pulsed 
electromagnetic field affects intrinsic and endoplasmatic reticulum apoptosis 
induction pathways in MonoMac6 cell line culture. J Physiol Pharmacol 
(2012) 63(5):537–45. 

64. Baharara J, Hosseini N, Farzin TR. Extremely low frequency electromag-
netic field sensitizes cisplatin-resistant human ovarian adenocarcinoma 

cells via P53 activation. Cytotechnology (2016) 68(4):1403–13. doi:10.1007/
s10616-015-9900-y 

65. Wang F, Liu S, Shen Y, Zhuang R, Xi J, Fang H, et  al. Protective effects 
of N-acetylcysteine on cisplatin-induced oxidative stress and DNA 
damage in HepG2 cells. Exp Ther Med (2014) 8(6):1939–45. doi:10.3892/
etm.2014.2019 

66. Benassi B, Filomeni G, Montagna C, Merla C, Lopresto V, Pinto R, et  al. 
Extremely low frequency magnetic field (ELF-MF) exposure sensitizes 
SH-SY5Y cells to the pro-Parkinson’s disease toxin MPP(+). Mol Neurobiol 
(2016) 53(6):4247–60. doi:10.1007/s12035-015-9354-4 

67. Liburdy RP, Sloma TR, Sokolic R, Yaswen P. ELF magnetic fields, breast 
cancer, and melatonin: 60 Hz fields block melatonin’s oncostatic action 
on ER+ breast cancer cell proliferation. J Pineal Res (1993) 14(2):89–97. 
doi:10.1111/j.1600-079X.1993.tb00491.x 

68. Harland JD, Liburdy RP. Environmental magnetic fields inhibit the anti-
proliferative action of tamoxifen and melatonin in a human breast cancer 
cell line. Bioelectromagnetics (1997) 18(8):555–62. doi:10.1002/(SICI)1521- 
186X(1997)18:8<555::AID-BEM4>3.0.CO;2-1 

69. Pirozzoli MC, Marino C, Lovisolo GA, Laconi C, Mosiello L, Negroni A. 
Effects of 50 Hz electromagnetic field exposure on apoptosis and differen-
tiation in a neuroblastoma cell line. Bioelectromagnetics (2003) 24(7):510–6. 
doi:10.1002/bem.10130 

70. Girgert R, Schimming H, Körner W, Gründker C, Hanf V. Induction of 
tamoxifen resistance in breast cancer cells by ELF electromagnetic fields. 
Biochem Biophys Res Commun (2005) 336(4):1144–9. doi:10.1016/j.bbrc. 
2005.08.243 

71. Palumbo R, Capasso D, Brescia F, Mita P, Sarti M, Bersani F, et al. Effects 
on apoptosis and reactive oxygen species formation by Jurkat cells exposed 
to 50 Hz electromagnetic fields. Bioelectromagnetics (2006) 27(2):159–62. 
doi:10.1002/bem.20199 

72. Cid MA, Ubeda A, Hernández-Bule ML, Martínez MA, Trillo MÁ. 
Antagonistic effects of a 50 Hz magnetic field and melatonin in the proli-
feration and differentiation of hepatocarcinoma cells. Cell Physiol Biochem 
(2012) 30(6):1502–16. doi:10.1159/000343338 

73. Mansourian M, Firoozabadi SM, Shankayi Z, Hassan ZM. Magnetic fields 
with frequency of 217 Hz can reduce cell apoptosis caused by electroche-
motherapy. Electromagn Biol Med (2013) 32(1):70–8. doi:10.3109/1536837
8.2012.708693 

74. Brisdelli F, Bennato F, Bozzi A, Cinque B, Mancini F, Iorio R. ELF-MF 
attenuates quercetin-induced apoptosis in K562 cells through modu-
lating the expression of Bcl-2 family proteins. Mol Cell Biochem (2014) 
397(1–2):33–43. doi:10.1007/s11010-014-2169-1 

75. Vogler M, Walter HS, Dyer MJS. Targeting anti-apoptotic BCL2 family 
proteins in haematological malignancies—from pathogenesis to treatment. 
Br J Haematol (2017) 178(3):364–79. doi:10.1111/bjh.14684 

76. Falone S, Santini S Jr, di Loreto S, Cordone V, Grannonico M, Cesare P, et al. 
Improved mitochondrial and methylglyoxal-related metabolisms support 
hyperproliferation induced by 50 Hz magnetic field in neuroblastoma cells. 
J Cell Physiol (2016) 231(9):2014–25. doi:10.1002/jcp.25310 

77. Falone S, Santini S Jr, Cordone V, Cesare P, Bonfigli A, Grannonico M, 
et  al. Power frequency magnetic field promotes a more malignant pheno-
type in neuroblastoma cells via redox-related mechanisms. Sci Rep (2017) 
7(1):11470. doi:10.1038/s41598-017-11869-8 

78. Mizuno K, Narita E, Yamada M, Shinohara N, Miyakoshi J. ELF magnetic 
fields do not affect cell survival and DNA damage induced by ultraviolet B. 
Bioelectromagnetics (2014) 35(2):108–15. doi:10.1002/bem.21821 

79. Höytö A, Herrala M, Luukkonen J, Juutilainen J, Naarala J. Cellular detection 
of 50 Hz magnetic fields and weak blue light: effects on superoxide levels and 
genotoxicity. Int J Radiat Biol (2017) 93(6):646–52. doi:10.1080/09553002.2
017.1294275 

80. Laqué-Rupérez E, Ruiz-Gómez MJ, de la Peña L, Gil L, Martínez-Morillo M.  
Methotrexate cytotoxicity on MCF-7 breast cancer cells is not altered by 
exposure to 25 Hz, 1.5 mT magnetic field and iron (III) chloride hexahy-
drate. Bioelectrochemistry (2003) 60(1–2):81–6. doi:10.1016/S1567-5394 
(03)00054-9 

81. Ruiz-Gómez MJ, de la Peña L, Prieto-Barcia MI, Pastor JM, Gil L, Martínez-
Morillo M. Influence of 1 and 25 Hz, 1.5 mT magnetic fields on antitumor 
drug potency in a human adenocarcinoma cell line. Bioelectromagnetics 
(2002) 23(8):578–85. doi:10.1002/bem.10054 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
https://doi.org/10.3390/ijms17040510
https://doi.org/10.3390/ijms17040510
https://doi.org/10.1152/physrev.00028.2011
https://doi.org/10.1186/1471-2407-8-30
https://doi.org/10.2174/156800911796798968
https://doi.org/10.1146/annurev-pharmtox-010510-100611
https://doi.org/10.1371/journal.pone.0182835
https://doi.org/10.1016/j.exphem.2017.04.007
https://doi.org/10.1289/ehp.00108967
https://doi.org/10.1126/science.7605428
https://doi.org/10.1016/0014-4827
(83)90184-2
https://doi.org/10.1016/0014-4827
(83)90184-2
https://doi.org/10.1002/bem.20581
https://doi.org/10.3892/ijo.2012.1347
https://doi.org/10.3892/or.2012.2212
https://doi.org/10.1002/bem.21861
https://doi.org/10.1007/s00018-
016-2451-3
https://doi.org/10.1007/s00018-
016-2451-3
https://doi.org/10.1080/09553000410001679802
https://doi.org/10.1002/bem.20461
https://doi.org/10.1007/s10616-015-9900-y
https://doi.org/10.1007/s10616-015-9900-y
https://doi.org/10.3892/etm.2014.2019
https://doi.org/10.3892/etm.2014.2019
https://doi.org/10.1007/s12035-015-9354-4
https://doi.org/10.1111/j.1600-079X.1993.tb00491.x
https://doi.org/10.1002/(SICI)1521-
186X(1997)18:8 < 555::AID-BEM4 > 3.0.CO;2-1
https://doi.org/10.1002/(SICI)1521-
186X(1997)18:8 < 555::AID-BEM4 > 3.0.CO;2-1
https://doi.org/10.1002/bem.10130
https://doi.org/10.1016/j.bbrc.
2005.08.243
https://doi.org/10.1016/j.bbrc.
2005.08.243
https://doi.org/10.1002/bem.20199
https://doi.org/10.1159/000343338
https://doi.org/10.3109/15368378.2012.708693
https://doi.org/10.3109/15368378.2012.708693
https://doi.org/10.1007/s11010-014-2169-1
https://doi.org/10.1111/bjh.14684
https://doi.org/10.1002/jcp.25310
https://doi.org/10.1038/s41598-017-11869-8
https://doi.org/10.1002/bem.21821
https://doi.org/10.1080/09553002.2017.1294275
https://doi.org/10.1080/09553002.2017.1294275
https://doi.org/10.1016/S1567-5394
(03)00054-9
https://doi.org/10.1016/S1567-5394
(03)00054-9
https://doi.org/10.1002/bem.10054


15

Falone et al. ELF-MF Modify Cancer Phenotype

Frontiers in Public Health | www.frontiersin.org February 2018 | Volume 6 | Article 33

82. De Nicola M, Cordisco S, Cerella C, Albertini MC, D’Alessio M, Accorsi A,  
et  al. Magnetic fields protect from apoptosis via redox alteration. Ann  
N Y Acad Sci (2006) 1090:59–68. doi:10.1196/annals.1378.006 

83. Koyama S, Sakurai T, Nakahara T, Miyakoshi J. Extremely low frequency 
(ELF) magnetic fields enhance chemically induced formation of apurinic/
apyrimidinic (AP) sites in A172 cells. Int J Radiat Biol (2008) 84(1):53–9. 
doi:10.1080/09553000701616064 

84. Garip AI, Akan Z. Effect of ELF-EMF on number of apoptotic cells; 
correlation with reactive oxygen species and HSP. Acta Biol Hung (2010) 
61(2):158–67. doi:10.1556/ABiol.61.2010.2.4 

85. Giorgi G, Lecciso M, Capri M, Lukas Yani S, Virelli A, Bersani F, et  al.  
An evaluation of genotoxicity in human neuronal-type cells subjected 
to oxidative stress under an extremely low frequency pulsed magnetic 
field. Mutat Res Genet Toxicol Environ Mutagen (2014) 775-776:31–7. 
doi:10.1016/j.mrgentox.2014.10.003 

86. Osera C, Amadio M, Falone S, Fassina L, Magenes G, Amicarelli F, et  al. 
Pre-exposure of neuroblastoma cell line to pulsed electromagnetic field 
prevents H2 O2 -induced ROS production by increasing MnSOD activity. 
Bioelectromagnetics (2015) 36(3):219–32. doi:10.1002/bem.21900 

87. Kesari KK, Juutilainen J, Luukkonen J, Naarala J. Induction of micronuclei 
and superoxide production in neuroblastoma and glioma cell lines exposed 
to weak 50 Hz magnetic fields. J R Soc Interface (2016) 13(114):20150995. 
doi:10.1098/rsif.2015.0995 

88. Falone S, Marchesi N, Osera C, Fassina L, Comincini S, Amadio M, et al. 
Pulsed electromagnetic field (PEMF) prevents pro-oxidant effects of 
H2O2 in SK-N-BE(2) human neuroblastoma cells. Int J Radiat Biol (2016) 
92(5):281–6. doi:10.3109/09553002.2016.1150619 

89. Sanie-Jahromi F, Saadat I, Saadat M. Effects of extremely low frequency 
electromagnetic field and cisplatin on mRNA levels of some DNA repair 
genes. Life Sci (2016) 166:41–5. doi:10.1016/j.lfs.2016.10.006 

90. Akbarnejad Z, Eskandary H, Dini L, Vergallo C, Nematollahi-Mahani SN, 
Farsinejad A, et  al. Cytotoxicity of temozolomide on human glioblastoma 
cells is enhanced by the concomitant exposure to an extremely low- 
frequency electromagnetic field (100Hz, 100G). Biomed Pharmacother 
(2017) 92:254–64. doi:10.1016/j.biopha.2017.05.050 

91. Cheung-Ong K, Giaever G, Nislow C. DNA-damaging agents in cancer 
chemotherapy: serendipity and chemical biology. Chem Biol (2013) 
20(5):648–59. doi:10.1016/j.chembiol.2013.04.007 

92. Moretti M, Villarini M, Simonucci S, Fatigoni C, Scassellati-Sforzolini G, 
Monarca S, et al. Effects of co-exposure to extremely low frequency (ELF) 
magnetic fields and benzene or benzene metabolites determined in vitro by 
the alkaline comet assay. Toxicol Lett (2005) 157(2):119–28. doi:10.1016/j.
toxlet.2005.01.009 

93. Mairs RJ, Hughes K, Fitzsimmons S, Prise KM, Livingstone A, Wilson L,  
et  al. Microsatellite analysis for determination of the mutagenicity of 
extremely low-frequency electromagnetic fields and ionising radiation 
in vitro. Mutat Res (2007) 626(1–2):34–41. doi:10.1016/j.mrgentox.2006. 
08.005 

94. Harris PA, Lamb J, Heaton B, Wheatley DN. Possible attenuation of the 
G2 DNA damage cell cycle checkpoint in HeLa cells by extremely low 
frequency (ELF) electromagnetic fields. Cancer Cell Int (2002) 2(1):3. 
doi:10.1186/1475-2867-2-3 

95. Luukkonen J, Höytö A, Sokka M, Liimatainen A, Syväoja J, Juutilainen J, 
et al. Modification of p21 level and cell cycle distribution by 50 Hz magnetic 
fields in human SH-SY5Y neuroblastoma cells. Int J Radiat Biol (2017) 
93(2):240–8. doi:10.1080/09553002.2017.1235298 

96. Markkanen A, Juutilainen J, Naarala J. Pre-exposure to 50 Hz magnetic fields 
modifies menadione-induced DNA damage response in murine L929 cells. 
Int J Radiat Biol (2008) 84(9):742–51. doi:10.1080/09553000802360836 

97. Sanie-Jahromi F, Mahmoudinasab H, Saadat M. Extremely low frequency 
electromagnetic field in combination with β-Lapachone up-regulates the 
genes of non-homologous end joining. Egypt J Med Hum Genet (2017) 
18:389–92. doi:10.1016/j.ejmhg.2017.05.003 

98. Lee EJ, Ko HM, Jeong YH, Park EM, Kim HS. β-Lapachone suppresses 
neuroinflammation by modulating the expression of cytokines and matrix 
metalloproteinases in activated microglia. J Neuroinflammation (2015) 
12:133. doi:10.1186/s12974-015-0355-z 

99. Pasquini R, Villarini M, ScassellatiSforzolini G, Fatigoni C, Moretti M.  
Micronucleus induction in cells co-exposed in vitro to 50 Hz magnetic 

field and benzene, 1,4-benzenediol (hydroquinone) or 1,2,4-benzenetriol. 
Toxicol In  Vitro (2003) 17(5–6):581–6. doi:10.1016/S0887-2333(03) 
00137-1 

100. Luukkonen J, Liimatainen A, Juutilainen J, Naarala J. Induction of genomic 
instability, oxidative processes, and mitochondrial activity by 50Hz magnetic 
fields in human SH-SY5Y neuroblastoma cells. Mutat Res (2014) 760:33–41. 
doi:10.1016/j.mrfmmm.2013.12.002 

101. Kesari KK, Luukkonen J, Juutilainen J, Naarala J. Genomic instability induced 
by 50Hz magnetic fields is a dynamically evolving process not blocked by 
antioxidant treatment. Mutat Res Genet Toxicol Environ Mutagen (2015) 
794:46–51. doi:10.1016/j.mrgentox.2015.10.004 

102. Marengo B, Nitti M, Furfaro AL, Colla R, Ciucis CD, Marinari UM, et al. 
Redox homeostasis and cellular antioxidant systems: crucial players in 
cancer growth and therapy. Oxid Med Cell Longev (2016) 2016:6235641. 
doi:10.1155/2016/6235641 

103. Gorrini C, Harris IS, Mak TW. Modulation of oxidative stress as an anti-
cancer strategy. Nat Rev Drug Discov (2013) 12(12):931–47. doi:10.1038/
nrd4002 

104. Rocha CR, Garcia CC, Vieira DB, Quinet A, de Andrade-Lima LC, Munford V,  
et al. Glutathione depletion sensitizes cisplatin- and temozolomide-resistant 
glioma cells in vitro and in vivo. Cell Death Dis (2014) 5:e1505. doi:10.1038/
cddis.2014.465 

105. Rocha CR, Kajitani GS, Quinet A, Fortunato RS, Menck CF. NRF2 and 
glutathione are key resistance mediators to temozolomide in glioma 
and melanoma cells. Oncotarget (2016) 7(30):48081–92. doi:10.18632/
oncotarget.10129 

106. Ryoo IG, Kim G, Choi BH, Lee SH, Kwak MK. Involvement of NRF2 
signaling in doxorubicin resistance of cancer stem cell-enriched colono-
spheres. Biomol Ther (Seoul) (2016) 24(5):482–8. doi:10.4062/biomolther. 
2016.145 

107. Panieri E, Santoro MM. ROS homeostasis and metabolism: a dangerous 
liason in cancer cells. Cell Death Dis (2016) 7(6):e2253. doi:10.1038/
cddis.2016.105 

108. Rabik CA, Dolan ME. Molecular mechanisms of resistance and toxicity 
associated with platinating agents. Cancer Treat Rev (2007) 33(1):9–23. 
doi:10.1016/j.ctrv.2006.09.006 

109. Kuo MT. Redox regulation of multidrug resistance in cancer chemotherapy: 
molecular mechanisms and therapeutic opportunities. Antioxid Redox 
Signal (2009) 11(1):99–133. doi:10.1089/ars.2008.2095 

110. Corti A, Franzini M, Paolicchi A, Pompella A. Gamma-glutamyltransferase 
of cancer cells at the crossroads of tumor progression, drug resistance and 
drug targeting. Anticancer Res (2010) 30(4):1169–81. 

111. Bułdak RJ, Bułdak Ł, Kukla M, Gabriel A, Zwirska-Korczala K. Significance 
of selected antioxidant enzymes in cancer cell progression. Pol J Pathol 
(2014) 65(3):167–75. doi:10.5114/pjp.2014.45779 

112. Colla R, Izzotti A, De Ciucis C, Fenoglio D, Ravera S, Speciale A, et  al. 
Glutathione-mediated antioxidant response and aerobic metabolism: 
two crucial factors involved in determining the multi-drug resistance of 
high-risk neuroblastoma. Oncotarget (2016) 7(43):70715–37. doi:10.18632/
oncotarget.12209 

113. Cabello CM, Bair WB III, Wondrak GT. Experimental therapeutics: tar-
geting the redox Achilles heel of cancer. Curr Opin Investig Drugs (2007) 
8(12):1022–37. 

114. Benlloch M, Obrador E, Valles SL, Rodriguez ML, Sirerol JA, Alcácer J, 
et al. Pterostilbene decreases the antioxidant defenses of aggressive cancer 
cells in vivo: a physiological glucocorticoids- and Nrf2-dependent mecha-
nism. Antioxid Redox Signal (2016) 24(17):974–90. doi:10.1089/ars.2015. 
6437 

115. Hong MN, Han NK, Lee HC, Ko YK, Chi SG, Lee YS, et al. Extremely low 
frequency magnetic fields do not elicit oxidative stress in MCF10A cells. 
J Radiat Res (2012) 53(1):79–86. doi:10.1269/jrr.11049 

116. Reale M, Kamal MA, Patruno A, Costantini E, D’Angelo C, Pesce M, et al. 
Neuronal cellular responses to extremely low frequency electromagnetic field 
exposure: implications regarding oxidative stress and neurodegeneration. 
PLoS One (2014) 9(8):e104973. doi:10.1371/journal.pone.0104973 

117. Ishii I, Kitada M. Multidrug-resistance by induction of inactivation for 
anti-cancer drugs. Nihon Rinsho (1997) 55(5):1044–9. 

118. Patruno A, Tabrez S, Pesce M, Shakil S, Kamal MA, Reale M. Effects of 
extremely low frequency electromagnetic field (ELF-EMF) on catalase, 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
https://doi.org/10.1196/annals.1378.006
https://doi.org/10.1080/09553000701616064
https://doi.org/10.1556/ABiol.61.2010.2.4
https://doi.org/10.1016/j.mrgentox.2014.10.003
https://doi.org/10.1002/bem.21900
https://doi.org/10.1098/rsif.2015.0995
https://doi.org/10.3109/09553002.2016.1150619
https://doi.org/10.1016/j.lfs.2016.10.006
https://doi.org/10.1016/j.biopha.2017.05.050
https://doi.org/10.1016/j.chembiol.2013.04.007
https://doi.org/10.1016/j.toxlet.2005.01.009
https://doi.org/10.1016/j.toxlet.2005.01.009
https://doi.org/10.1016/j.mrgentox.2006.
08.005
https://doi.org/10.1016/j.mrgentox.2006.
08.005
https://doi.org/10.1186/1475-2867-2-3
https://doi.org/10.1080/09553002.2017.1235298
https://doi.org/10.1080/09553000802360836
https://doi.org/10.1016/j.ejmhg.2017.05.003
https://doi.org/10.1186/s12974-015-0355-z
https://doi.org/10.1016/S0887-2333(03)
00137-1
https://doi.org/10.1016/S0887-2333(03)
00137-1
https://doi.org/10.1016/j.mrfmmm.2013.12.002
https://doi.org/10.1016/j.mrgentox.2015.10.004
https://doi.org/10.1155/2016/6235641
https://doi.org/10.1038/nrd4002
https://doi.org/10.1038/nrd4002
https://doi.org/10.1038/cddis.2014.465
https://doi.org/10.1038/cddis.2014.465
https://doi.org/10.18632/oncotarget.10129
https://doi.org/10.18632/oncotarget.10129
https://doi.org/10.4062/biomolther.
2016.145
https://doi.org/10.4062/biomolther.
2016.145
https://doi.org/10.1038/cddis.2016.105
https://doi.org/10.1038/cddis.2016.105
https://doi.org/10.1016/j.ctrv.2006.09.006
https://doi.org/10.1089/ars.2008.2095
https://doi.org/10.5114/pjp.2014.45779
https://doi.org/10.18632/oncotarget.12209
https://doi.org/10.18632/oncotarget.12209
https://doi.org/10.1089/ars.2015.6437
https://doi.org/10.1089/ars.2015.6437
https://doi.org/10.1269/jrr.11049
https://doi.org/10.1371/journal.pone.0104973


16

Falone et al. ELF-MF Modify Cancer Phenotype

Frontiers in Public Health | www.frontiersin.org February 2018 | Volume 6 | Article 33

cytochrome P450 and nitric oxide synthase in erythro-leukemic cells. Life 
Sci (2015) 121:117–23. doi:10.1016/j.lfs.2014.12.003 

119. Tew KD. Glutathione-associated enzymes in anticancer drug resistance. 
Cancer Res (1994) 54(16):4313–20. 

120. Fruehauf JP, Brem H, Brem S, Sloan A, Barger G, Huang W, et al. In vitro drug 
response and molecular markers associated with drug resistance in malignant 
gliomas. Clin Cancer Res (2006) 12(15):4523–32. doi:10.1158/1078-0432.
CCR-05-1830 

121. Sau A, Pellizzari Tregno F, Valentino F, Federici G, Caccuri AM. Glu-
tathione transferases and development of new principles to overcome drug 
resistance. Arch Biochem Biophys (2010) 500(2):116–22. doi:10.1016/j.
abb.2010.05.012 

122. Kenny TC, Hart P, Ragazzi M, Sersinghe M, Chipuk J, Sagar MAK, et  al. 
Selected mitochondrial DNA landscapes activate the SIRT3 axis of the UPRmt 
to promote metastasis. Oncogene (2017) 36(31):4393–404. doi:10.1038/
onc.2017.52 

123. Kim EH, Jang H, Shin D, Baek SH, Roh JL. Targeting Nrf2 with wogonin 
overcomes cisplatin resistance in head and neck cancer. Apoptosis (2016) 
21(11):1265–78. doi:10.1007/s10495-016-1284-8 

124. Zhu J, Wang H, Chen F, Fu J, Xu Y, Hou Y, et al. An overview of chemical 
inhibitors of the Nrf2-ARE signaling pathway and their potential applica-
tions in cancer therapy. Free Radic Biol Med (2016) 99:544–56. doi:10.1016/j.
freeradbiomed.2016.09.010 

125. Patruno A, Tabrez S, Amerio P, Pesce M, Vianale G, Franceschelli S, et al. 
Kinetic study on the effects of extremely low frequency electromagnetic 
field on catalase, cytochrome P450 and inducible nitric oxide synthase in 
human HaCaT and THP-1 cell lines. CNS Neurol Disord Drug Targets (2011) 
10(8):936–44. doi:10.2174/187152711799219325 

126. Fiorani M, Cantoni O, Sestili P, Conti R, Nicolini P, Vetrano F, et  al. 
Electric and/or magnetic field effects on DNA structure and function in 
cultured human cells. Mutat Res (1992) 282(1):25–9. doi:10.1016/0165- 
7992(92)90069-T 

127. Austenaa LM, Carlsen H, Hollung K, Blomhoff HK, Blomhoff R. Retinoic 
acid dampens LPS-induced NF-kappaB activity: results from human mono-
blasts and in  vivo imaging of NF-kappaB reporter mice. J Nutr Biochem 
(2009) 20(9):726–34. doi:10.1016/j.jnutbio.2008.07.002 

128. Jolly C, Morimoto RI. Role of the heat shock response and molecular chaper-
ones in oncogenesis and cell death. J Natl Cancer Inst (2000) 92(19):1564–72. 
doi:10.1093/jnci/92.19.1564 

129. Chatterjee S, Burns TF. Targeting heat shock proteins in cancer: a promising 
therapeutic approach. Int J Mol Sci (2017) 18(9). doi:10.3390/ijms18091978 

130. Shibata A. Regulation of repair pathway choice at two-ended DNA double- 
strand breaks. Mutat Res (2017) 803-805:51–5. doi:10.1016/j.mrfmmm. 
2017.07.011 

131. Mahmoudinasab H, Sanie-Jahromi F, Saadat M. Effects of extremely low- 
frequency electromagnetic field on expression levels of some antioxidant 
genes in human MCF-7 cells. Mol Biol Res Commun (2016) 5(2):77–85. 
doi:10.3889/oamjms.2016.102 

132. Hempel N, Carrico PM, Melendez JA. Manganese superoxide dismutase 
(Sod2) and redox-control of signaling events that drive metastasis. Anticancer 
Agents Med Chem (2011) 11(2):191–201. doi:10.2174/187152011795255911 

133. Dhar SK, St Clair DK. Manganese superoxide dismutase regulation and 
cancer. Free Radic Biol Med (2012) 52(11–12):2209–22. doi:10.1016/j.
freeradbiomed.2012.03.009 

134. Giam M, Rancati G. Aneuploidy and chromosomal instability in cancer:  
a jackpot to chaos. Cell Div (2015) 10:3. doi:10.1186/s13008-015-0009-7 

135. Schuderer J, Oesch W, Felber N, Spät D, Kuster N. In vitro exposure appa-
ratus for ELF magnetic fields. Bioelectromagnetics (2004) 25(8):582–91. 
doi:10.1002/bem.20037 

136. van der Zee J. Heating the patient: a promising approach? Ann Oncol (2002) 
13(8):1173–84. doi:10.1093/annonc/mdf280 

137. Sato I, Umemura M, Mitsudo K, Kioi M, Nakashima H, Iwai T, et  al. 
Hyperthermia generated with ferucarbotran (Resovist®) in an alternating 
magnetic field enhances cisplatin-induced apoptosis of cultured human oral 
cancer cells. J Physiol Sci (2014) 64(3):177–83. doi:10.1007/s12576-014-0309-8 

138. Sottile ML, Losinno AD, Fanelli MA, Cuello-Carrión FD, Montt-Guevara MM,  
Vargas-Roig LM, et  al. Hyperthermia effects on Hsp27 and Hsp72 

associations with mismatch repair (MMR) proteins and cisplatin toxicity in 
MMR-deficient/proficient colon cancer cell lines. Int J Hyperthermia (2015) 
31(5):464–75. doi:10.3109/02656736.2015.1026848 

139. Sukovas A, Cesna V, Jasukaitiene A, Barauskas G, Nadisauskiene RJ, 
Dambrauskas Z, et al. Response of OVCAR-3 cells to cisplatin and hyperther-
mia: does hyperthermia really matter? Anticancer Res (2017) 37(9):5011–8. 
doi:10.21873/anticanres.11915 

140. Maziarz A, Kocan B, Bester M, Budzik S, Cholewa M, Ochiya T, et al. How 
electromagnetic fields can influence adult stem cells: positive and negative 
impacts. Stem Cell Res Ther (2016) 7(1):54. doi:10.1186/s13287-016-0312-5 

141. Wey A, Knoepfler PS. c-myc and N-myc promote active stem cell meta-
bolism and cycling as architects of the developing brain. Oncotarget (2010) 
1(2):120–30. doi:10.18632/oncotarget.116 

142. Vazquez F, Lim JH, Chim H, Bhalla K, Girnun G, Pierce K, et  al. PGC1α 
expression defines a subset of human melanoma tumors with increased 
mitochondrial capacity and resistance to oxidative stress. Cancer Cell (2013) 
23(3):287–301. doi:10.1016/j.ccr.2012.11.020 

143. De Luca A, Fiorillo M, Peiris-Pagès M, Ozsvari B, Smith DL, Sanchez-
Alvarez R, et  al. Mitochondrial biogenesis is required for the anchorage- 
independent survival and propagation of stem-like cancer cells. Oncotarget 
(2015) 6(17):14777–95. doi:10.18632/oncotarget.4401 

144. Goh J, Enns L, Fatemie S, Hopkins H, Morton J, Pettan-Brewer C, et  al. 
Mitochondrial targeted catalase suppresses invasive breast cancer in mice. 
BMC Cancer (2011) 11:191. doi:10.1186/1471-2407-11-191 

145. Porporato PE, Payen VL, Pérez-Escuredo J, De Saedeleer CJ, Danhier P, 
Copetti T, et  al. A mitochondrial switch promotes tumor metastasis. Cell 
Rep (2014) 8(3):754–66. doi:10.1016/j.celrep.2014.06.043 

146. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, et al. Asso-
ciation of reactive oxygen species levels and radioresistance in cancer stem 
cells. Nature (2009) 458(7239):780–3. doi:10.1038/nature07733 

147. Piskounova E, Agathocleous M, Murphy MM, Hu Z, Huddlestun SE, Zhao Z, 
et al. Oxidative stress inhibits distant metastasis by human melanoma cells. 
Nature (2015) 527(7577):186–91. doi:10.1038/nature15726 

148. Yuan S, Lu Y, Yang J, Chen G, Kim S, Feng L, et al. Metabolic activation of 
mitochondria in glioma stem cells promotes cancer development through 
a reactive oxygen species-mediated mechanism. Stem Cell Res Ther (2015) 
6:198. doi:10.1186/s13287-015-0174-2 

149. Eun K, Ham SW, Kim H. Cancer stem cell heterogeneity: origin and new 
perspectives on CSC targeting. BMB Rep (2017) 50(3):117–25. doi:10.5483/
BMBRep.2017.50.3.222 

150. Liu N, Li S, Wu N, Cho KS. Acetylation and deacetylation in cancer stem-like 
cells. Oncotarget (2017) 8(51):89315–25. doi:10.18632/oncotarget.19167 

151. O’Callaghan C, Vassilopoulos A. Sirtuins at the crossroads of stemness, aging, 
and cancer. Aging Cell (2017) 16(6):1208–18. doi:10.1111/acel.12685 

152. Li W, Zhang H, Assaraf YG, Zhao K, Xu X, Xie J, et al. Overcoming ABC 
transporter-mediated multidrug resistance: molecular mechanisms and 
novel therapeutic drug strategies. Drug Resist Updat (2016) 27:14–29. 
doi:10.1016/j.drup.2016.05.001 

153. Walter RJ, Shtil AA, Roninson IB, Holian O. 60-Hz electric fields inhibit 
protein kinase C activity and multidrug resistance gene (MDR1) up- 
regulation. Radiat Res (1997) 147(3):369–75. doi:10.2307/3579346 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The reviewer SF and handling editor declared their shared affiliation. The handling 
Editor also declared a shared affiliation, though no other collaboration, with one 
of the authors [FA].

Copyright © 2018 Falone, Santini, Cordone, Di Emidio, Tatone, Cacchio and 
Amicarelli. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
https://doi.org/10.1016/j.lfs.2014.12.003
https://doi.org/10.1158/1078-0432.CCR-05-1830
https://doi.org/10.1158/1078-0432.CCR-05-1830
https://doi.org/10.1016/j.abb.2010.05.012
https://doi.org/10.1016/j.abb.2010.05.012
https://doi.org/10.1038/onc.2017.52
https://doi.org/10.1038/onc.2017.52
https://doi.org/10.1007/s10495-016-1284-8
https://doi.org/10.1016/j.freeradbiomed.2016.09.010
https://doi.org/10.1016/j.freeradbiomed.2016.09.010
https://doi.org/10.2174/187152711799219325
https://doi.org/10.1016/0165-
7992(92)90069-T
https://doi.org/10.1016/0165-
7992(92)90069-T
https://doi.org/10.1016/j.jnutbio.2008.07.002
https://doi.org/10.1093/jnci/92.19.1564
https://doi.org/10.3390/ijms18091978
https://doi.org/10.1016/j.mrfmmm.
2017.07.011
https://doi.org/10.1016/j.mrfmmm.
2017.07.011
https://doi.org/10.3889/oamjms.2016.102
https://doi.org/10.2174/187152011795255911
https://doi.org/10.1016/j.freeradbiomed.2012.03.009
https://doi.org/10.1016/j.freeradbiomed.2012.03.009
https://doi.org/10.1186/s13008-015-0009-7
https://doi.org/10.1002/bem.20037
https://doi.org/10.1093/annonc/mdf280
https://doi.org/10.1007/s12576-014-0309-8
https://doi.org/10.3109/02656736.2015.1026848
https://doi.org/10.21873/anticanres.11915
https://doi.org/10.1186/s13287-
016-0312-5
https://doi.org/10.1186/s13287-
016-0312-5
https://doi.org/10.18632/oncotarget.116
https://doi.org/10.1016/j.ccr.2012.11.020
https://doi.org/10.18632/oncotarget.4401
https://doi.org/10.1186/1471-2407-11-191
https://doi.org/10.1016/j.celrep.2014.06.043
https://doi.org/10.1038/nature07733
https://doi.org/10.1038/nature15726
https://doi.org/10.1186/s13287-015-0174-2
https://doi.org/10.5483/BMBRep.2017.50.3.222
https://doi.org/10.5483/BMBRep.2017.50.3.222
https://doi.org/10.18632/oncotarget.
19167
https://doi.org/10.18632/oncotarget.
19167
https://doi.org/10.1111/acel.12685
https://doi.org/10.1016/j.drup.2016.05.001
https://doi.org/10.2307/3579346
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Extremely Low-Frequency Magnetic Fields and Redox-Responsive Pathways Linked to Cancer Drug Resistance: Insights from Co-Exposure-Based In Vitro Studies
	Introduction
	ELF-MF-Related Effects on Cancer Cell Response to Differentiating Treatments
	ELF-MF-Related Effects on Cancer Cell Response to Cytostatic/Cytotoxic Treatments
	ELF-MF-Related Effects on Cancer Cell Response to DNA-Damaging Challenges
	ELF-MF-Related Effects on Cancer Cell Antioxidative/Detoxification Responses
	Considerations on Multiple Endpoint-Based Studies
	Concluding Remarks
	Future Perspectives
	Author Contributions
	Acknowledgments
	References


