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Electromagnetic fields (EMF) such as those from electric power transmission and 
distribution lines (50/60 Hz) have been associated with increased risk of childhood 
leukemia, cancer of the nervous system, and lymphomas. Several in vitro studies on EMF 
effects were performed to clarify the existing controversies, define the risks, and 
determine the possible mechanisms of adverse effects. In some of these reports, the 
effects were related to other mechanisms of carcinogenesis. Modification in cell 
proliferation was observed after EMF exposure and a few reports on cytotoxic effects 
have also been published. This limited review gives an overview of the current results of 
scientific research regarding in vitro studies on the effects of power line frequency EMF, 
but also cell biological mechanisms and their potential involvement in genotoxicity and 
cytotoxicity are discussed. Cell cycle control and signal transduction processes are 
included to elucidate the biochemical background of possible interactions. Exposure to 
EMF has been also linked to the incidence of leukemia and other tumors in some 
epidemiological studies and is considered as “possibly carcinogenic to humans”, but 
there is no well-established biological mechanism that explains such a relation. 
Furthermore, EMF is also shown as a stimulus for immune relevant cells (e.g., 
macrophages) to release free radicals. It is known that chronic activation of 
macrophages is associated with the onset of phagocytosis and leads to increased 
formation of reactive oxygen species, which themselves may cause DNA damage and are 
suggested to lead to carcinogenesis. To demonstrate a possible interaction between 
EMF and cellular systems, we present a mechanistic model describing cell activation as 
a major importance for cellular response.  
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INTRODUCTION 

General Overview 

There is a controversial discussion if electromagnetic fields (EMFs) induce biological effects that might 
be harmful to human health. Although an increasing number of reports have been published about 
biological effects caused by power line frequency EMFs (50/60 Hz), there is still need for more basic 
research in this area because the knowledge of the underlying molecular mechanisms will allow the 
estimation of potential health risks. It is generally assumed that multiplicities of different primary 
reactions are involved in the observed cellular responses[1,2]. The question — whether EMFs cause 
neoplastic development leading to carcinogenesis — is of special interest. 

Environmental EMFs such as those from electric power transmission and distribution lines have been 
associated with an increased risk of childhood leukemia, cancer of the nervous system, and lymphomas as 
shown in several epidemiological studies[1,2,3,4,5,6,7]. There is also a great interest in a possible 
association with breast cancer, in part, because breast cancer risk is substantially higher in industrialized 
countries than in other areas, and electric power generation and consumption is one of the hallmarks of 
industrialized societies. In 1987, Stevens[8] proposed a biological mechanism whereby two products of 
electric power generation, EMF and light at night, might contribute to mammary carcinogenesis through 
inhibition of melatonin. The biological plausibility of an association between EMF and breast cancer, 
coupled with data from occupational studies and unexplained high-incidence rates of breast cancer, 
suggests that further investigation of this possible association is warranted[9]. 

Several in vitro studies on EMF effects were performed to explain and determine the possible 
mechanism of cancer development. In some of these reports, the effects were related to other known 
mechanisms of carcinogenesis so that EMFs seem not to be considered as initiators of cancer. It is 
assumed in another line of evidence that EMFs act as cocarcinogens, whereas the causal relationship is 
still unclear. The findings published in these reports initiated controversial discussions about the 
biological effectiveness of EMF. Fundamental processes, such as alterations in DNA and RNA synthesis 
rates caused by EMF, were described[10,11,12], while possible direct genomic interactions with electric 
or magnetic fields are generally held to be unlikely. However, it is known that indirectly acting 
carcinogens can cause genotoxic effects as well.  

Interactions occurring at or near the cell surface have been discussed[13] and the modulation of 
critical events in receptor-mediated signal transduction and the activation of tyrosine kinases and protein 
kinase C (PKC) has also been considered and described[14,15,16,17,18].  

Time-varying magnetic fields can induce electric current in the body, according to Faraday's law, but 
the field strength within the cell and cellular components are not clear. Therefore, discrepancies of the 
observed data are considered to be due to differences in the cell types with different cell shapes used 
(such as transformed- or nontransformed cells, monolayer or suspension cell culture, human- or 
nonhuman cell lines, etc.), which can result in cell shape–dependent intracellular-induced current, but also 
due to exposure duration (from hours to days) and exposure conditions (e.g., orientation of electric- 
and/or magnetic fields, frequency, intensity, etc.), as well. The magnitude of the induced electric fields 
and the induced current densities can vary depending on the size of the cell culture dish and/or height of 
the filled medium. Therefore, it is important to characterize physical parameters regarding electric and 
magnetic fields. 

Quantification of induced electric current (Jmax) and electric fields (Emax) is important in evaluation 
and interpretation of results of in vitro laboratory studies; however these can be calculated as followed: 

Emax = π ⋅ f ⋅ r ⋅ B0 
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where Emax = maximum electric field (V/m), f = frequency (Hz), r = radius of dish (m), and B0 = magnetic 
flux density (T).  

The induced current density (Jmax) can be calculated as   

Jmax = σ ⋅ Emax  

where Jmax = maximal induced current intensity (A/m2) and σ = conductivity (S/m). 
 

The large numbers of publications from studies of whole organisms down to the subcellular level 
report different and very often contradictory results. Many negative findings have been reported as well. 
However, relevant existing data have been compiled and evaluated by the NIEHS[19] and later by 
IARC[20], leading to the conclusion that power line frequency EMF is classified as a possible carcinogen 
class 2B, which is primarily based on the increased risk for leukemia and brain tumors and living close to 
power lines, and on occupational exposure. 

In order to clarify the question of a possible correlation between cancer and EMF, in the present 
review, cytotoxic and genotoxic effects were summarized. To elucidate the potential underlying 
mechanisms of EMF effects, experiments modulating cell cycle progression and signal transduction 
pathways were described at the cellular and molecular level. We also show a direct activation of cells of 
the immune system by EMF, which is a substantial contribution to elucidate the mechanism by which 
EMF interacts with cellular systems. Moreover, we studied the carcinogenic potential of EMF as an 
initiator or a promoter and discuss different biophysical mechanisms. Furthermore, we propose a unified 
hypothesis for the interaction between EMF and biological systems, which may have relevance for 
therapeutic applications of EMF for cell activation, and provide a way of linking EMF with 
carcinogenesis. 

In Vitro Studies on the Effects of Electromagnetic Fields 

There are several indications of cellular responses induced by EMF in vitro. A very large number of 
cellular components, cellular processes, and cellular systems can conceivably be affected by EMF. 
However, because evidence from theoretical and experimental studies suggested that EMF are unlikely to 
induce DNA damage directly, most studies have been conducted to examine its effect on the cellular 
membrane, general and specific gene expression, and signal transduction pathways.  

Increases in ornithine decarboxylase activity in cultured mammalian cells, involved in the induction 
of tumur cell proliferation after exposure to EMF, were reported by Byus et al.[21] and Mullins et al.[22]. 
Uckun et al.[16] described the stimulation of protein tyrosine kinases, which are important in the 
initiation of second messenger cascades regulating cell proliferation, and pulsed EMF (PEMF) is 
described as a modulator in critical events in receptor-mediated signal transduction[14,15].  

Experimental investigations have addressed the interaction between EMF and calcium fluxes because 
calcium is a principal regulator of several cellular processes. Modulations in intracellular Ca2+ 
concentrations during exposure to EMF were reported by several investigators[23,24,25,26,27,28]. The 
authors concluded that modulation of intracellular Ca2+ concentrations is possible only in prestimulated 
immune responding cells[13,29].  

Also, alterations in DNA and RNA synthesis rates (for review [30]) were found to be produced by 
EMF[10,11,12,25]. However, Saffer and Thurston[31] found no alterations on myc-expression in HL-60 
cells after short-term exposure to EMF. 

Miyakoshi et al.[32] have shown that after exposure to very high-density magnetic fields (MFs) (400 
mT), mutations in the hyopoxanthine-guanine phosphoribosyl transferase (HPRT) gene were induced in a 
human osteosarcoma cell line. A later study of these authors showed that the threshold for mutation 
induction has to be greater than 5 mT or 115 mA/m2 in Chinese hamster ovary K1 (CHO) cells[33]. 
Furthermore, an increase of X-ray–induced mutation rate was reported after exposure to X-irradiation (3 
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Gy) followed by a long-term exposure to 5 mT MF. Additionally, a dose-related increase in mutation 
frequency induced by MF (60 Hz, 0.47–0.7 mT) was reported after pre-exposure to γ-irradiation (2 Gy) 
by Walleczek et al.[34].  

It has been suggested that cells respond to EMF via changes in transcription and translation of heat-
shock proteins (hsp70 mRNA) or of heat-shock transcription factor (hsf1), as a reaction to an unspecific 
environmental stress[12,35,36,37]. However, it has been published by Parker and Winters[38] that 
exposure to rotating 60-Hz fields (0.1 mT for 24, 48, or 72 h) did not induce hsp70 mRNA synthesis in 
cultured mouse and human cells. 

There is evidence that cell shape is a major determinant of differentiation[39] and is a marker of 
differentiation in different cell types. Alterations in cell morphology, size, and orientation can reflect 
cellular responses to EMF. In a series of investigations of Blackman’s group, the effect of EMF on neurite 
outgrowth in a well-developed model of neuronal differentiation was studied[40,41,42,43]. PC-12 cells 
were primed for growth by plating them on collagen-coated dishes. Cells were exposed to 0–50 µT MFs 
and a neurite outgrowth suppression of about 20% was observed with a maximum effect after exposure to 
10 µT MF.  

Lacy-Hulbert et al.[44] observed no changes on gene expression after quantitative northern blot 
analysis of myc and beta-actin mRNAs from HL-60 cells exposed to 60-Hz MFs of 0.57, 5.7, or 57 µT for 
20 min. However, it was shown by Santoro et al.[45] that after long-term exposure to EMF (2 mT for 72 
h), components of the cytoskeleton were reorganized and membrane fluidity was modified in human Raji 
cells. In our study, no influence of EMF on the cytoskeleton and on motor proteins, both microtubule- and 
actin filament–based, was detected in murine macrophages under a short-term exposure regime of 1 mT 
for 4 h (Fig. 1), but also after a long-term exposure for 72 h[46].  

 
FIGURE 1. Immunofluorescence micrographs of cytoskeleton elements in mouse bone 
marrow–derived macrophages. (a) Rhodamine-phalloidin labeling of hepatitis virus–
induced stress filaments, (b) microtubule labeling with monoclonal antibody, and (c) 
rhodamine-phalloidin labeling of actin filaments after EMF exposure to 1 mT for 72 h. No 
changes in the arrangement of cytoskeleton elements could be detected. Bar = 10 µm. 

Intercellular communication has been postulated as a necessary condition for cells to progress through 
normal differentiation. Gap-junctional communication is considered to play a key role in tissue 
homeostasis and its disturbance has been associated with various health problems. Ubeda et al.[47] 
investigated changes in gap-junctional competence in dye-coupling experiments and they described a 
blocked upregulation of gap-junctional coupling caused by exposure to the field (1.6 mT). However, 
Schimmelpfeng et al.[48] showed that a 50-Hz field could upregulate intercellular coupling in dye 
microinjection studies with NIH 3T3 cells.  

Overall, studies performed so far have not identified the underlying mechanisms inducing cellular 
responses to EMF. On the other hand, the experiments have shown that moderately intense fields can 
interact with various biological systems, which depends on biologic and on physical conditions. Thus 
identification of mechanisms is important in resolving both scientific uncertainty and potential public 
health issues. 
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CELL BIOLOGICAL MECHANISMS AND THEIR POTENTIAL INVOLVEMENT 

Genotoxicity and Cytotoxicity  

It is generally accepted that 50/60-Hz EMFs do not transfer energy to cells in sufficient amounts to 
damage DNA directly leading to genotoxic effects. However, it is possible that certain cellular processes 
altered by exposure to EMF, such as free radicals, indirectly affect the structure of DNA causing strand 
breaks and other chromosomal aberrations, including sister chromatid exchange, micronucleus formation, 
or effects on DNA repair, or leading to cytotoxic effects inducing cell death.  

Micronucleus Induction 

Genotoxic effects after EMF exposure, such as micronucleus formation in vitro[49,50,51], chromosomal 
aberration[52] or sister chromatid exchange[53,54], and chromatid breaks[55,56,57] have been reported 
by different investigators. Lai and Singh[58] reported dose-dependent DNA strand breaks after using 
microgel electrophoresis, which is a very sensitive assay for genotoxicity, and Ivancsits et al.[59] 
confirmed these data. However, a number of other studies reported that EMF does not induce 
chromosomal damage in vitro[60,61,62,63]. The discrepancy of the observed data could be due to 
differences in the cell types used, exposure duration (from hours to days), and exposure conditions (e.g., 
orientation of electric- and/or magnetic fields, etc.). The magnitude of the induced electric fields (Emax) 
and the induced current densities (Jmax) can vary depending on the size of the cell culture dish and/or 
height of the filled in medium, as mentioned before.  

It was shown that MFs oriented vertically with respect to the surface of the culture medium induce 
micronucleus (MN) formation in a human squamous cancer cell line (SCL II) after long-term (24–72 h) 
exposure to 50-Hz 1-mT MF[49]. In a comparative study, MN induction was investigated in human 
amniotic fluid cells and a significant increase in MN induction occurred after horizontally applied MFs, 
whereas vertically generated MFs induced no genotoxic effects[50].  

The obtained results show that the orientation of MFs and the physical condition of the exposure 
system are of major importance for the induction of genotoxicity in certain cell types. Therefore, the 
reason for inconsistent results published in the literature may well be caused by the variability of exposure 
systems, the exposure conditions, and the cell types used. 

There are several possibilities to explain the findings that exposure to EMF induces genotoxic effects 
under certain exposure conditions. Tofani et al.[64] described MN induction in human peripheral 
lymphocytes after EMF exposure to 32 Hz only in the presence of the geomagnetic field, whereas no 
effect could be observed when the static geomagnetic field was nulled. They concluded that the 
conditions used elicited the modulation of intracellular [Ca2+]i influx, which has the potential to influence 
several cell functions, such as RNA, DNA, and protein synthesis and is involved in signal transduction 
pathways as well. Special physical conditions of electric and magnetic fields seem to be important to 
induce genotoxic effects by indirect mechanisms. The so-called “window effect“ (for review [65]) was 
discussed in several studies[52,66,67] with evidence for intensity- and frequency-dependent cellular 
responses. Diener and Eberle[68] reported an increased MN induction after exposure to combined specific 
amplitude of BAC and BDC, but not after BDC (1 µT/50 Hz) alone.  

There is evidence that genotoxic effects after EMF exposure, as measured in the MN assay, must be 
induced by an indirect mechanism, e.g., magnetic fields-stabilized free radicals[69].  

Apoptosis/Cell Survival 

Programmed cell death, also called apoptosis, is a physiological mode of cell death occurring in 
development and cell differentiation, in tumor cell depletion, and in response to mild damaging 

 8



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

stimuli[70]. Apoptotic cells have well-defined morphologic characteristics, such as formation of 
cytoplasmic blebs (actin-dependent protrusions), “apoptotic bodies” in the nucleus (chromatin 
condensation at the nuclear periphery), and the nuclear fragmentation in membrane-bound vesicles 
(including digested DNA into 180- to 200-kbp fragments). Since the apoptotic process is very rapid and 
connected with a loss of cell-cell contact, the detection is limited microscopically. In order to detect the 
typical DNA-ladder formation electrophoretically after DNA-fragmentation, at least 30% of apoptotic 
cells is needed.  

In a study, the induction of MN induction and apoptosis in SCL-II cells exposed to 0.1–1.0 mT 50-Hz 
magnetic fields was investigated using the criteria of morphological changes to detect apoptotic cells 
microscopically, since no strong induction of apoptotic cells was expected[49]. The cells showed a dose-
dependent increase in MN frequency together with the increase in apoptotic cells after exposure to 50-Hz 
vertically applied MF (0.8 and 1.0 mT). In contrast, in nontransformed amniotic fluid cells, no significant 
changes were noted, suggesting that different cell lines react differently. On the other hand, it was 
observed that cells containing MN undergo cell death mainly by apoptosis. However, this phenomenon is 
not directly due to EMF exposure; it seems to be a general principle for cell death by cells containing 
MN. Ismael et al.[71] observed an increase in apoptosis of mouse thymocytes treated with dexamethasone 
using the specific assay system for apoptotic cells (TUNEL assay). The increase was observed only in 
thymocytes and not in splenic T-cells from animals exposed additionally to a 0.4–1.0 µT 60-Hz magnetic 
field. 

Cell Proliferation and Cell Cycle Control  

Cell Proliferation 

Cell proliferation is a very complex process that is under the control of multiple cell signal transduction 
pathways. Maintaining the integrity of genetic information during cell proliferation is fundamental for 
living systems. It is therefore vital for cells that DNA damage induced by spontaneous hydrolytic events 
or by radiation or chemical mutagens is effectively recognized and repaired efficiently. Unrepaired or 
inaccurately repaired DNA can lead to cell death (necrosis or apoptosis) as well as to genomic instability, 
mutations, and ultimately to cancer.  

Altered proliferation of cells after EMF exposure has been observed in a number of studies in vitro. 
An increase in cell cycle progression of human lymphocytes exposed to 5 mT (50 Hz) were 
shown[54,72,73] and West et al.[73] demonstrated increased colony growth in anchorage-independent 
JB6 cells after 10–14 days exposure to 1.1 mT (60 Hz). In a study by Katsir et al.[74], an increase in cell 
proliferation with exposure over the frequency range of 50–100 Hz and intensity range of 0.1–0.7 mT was 
demonstrated. Both frequency- and intensity-dependent responses were observed with a maximum 
enhancement of proliferation of 70% after exposure to 100 Hz at 0.7 mT. A contradictory result was 
reported by Schimmelpfeng and Dertinger[75] who found a reduction in cell number after exposure to a 
2-mT, 50-Hz field of SV40-3T3 cells. 

Cell Cycle Control  

DNA damage or incomplete replication of DNA results in inhibition of cell cycle progression at the G1/S 
or G2/M checkpoints by highly conserved regulatory mechanisms. The proliferation of eukaryotic cells is 
controlled at specific stages of the cell cycle by various cyclin/Cdk complexes, which can be induced in 
response to mitogenic signals. Their levels are determined by transcription as well as by precise 
proteolytic degradation with the fundamental role to integrate extracellular signals within the cell cycle. 

Numerous cyclins have been identified, including cyclin A and A1; cyclin B and B2; cyclin C; cyclin 
D1, 2, and 3; cyclin E and E2; cyclin F; cyclin G1 and G2; cyclin-H; cyclin I; and cyclin T1 and 2; which 

 9



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

are involved in cell cycle regulation (for review see [76]). Cyclin B/Cdc2 plays a critical role in the G2 to 
M phase transition, whereas cyclin A/Cdk2 dominates in S phase. Cyclin A1 associates with Cdc2 and to 
a lesser extent with Cdk2. The cyclin D family members regulate Cdk4/6-mediated phosphorylation of 
the retinoblastoma protein (Rb) in middle to late G1 phase which leads to release of active transcription 
factors required for entry into S phase[77]. Cyclin E is involved in the regulation of Cdks at the beginning 
of S the phase. Cyclin F expression peaks in the G2 phase, whereas cyclin G2 is highly expressed in the 
late S phase, and cyclin G1 expression is constitutive.  

Cdks are serine/threonine kinases and critical regulators of cell cycle progression, and are 
constitutively expressed throughout the cell cycle by selective phosphorylation and dephosphorylation at 
specific amino acid residues[78,79]. Cdk activity is tightly controlled by subcellular localization[80] and 
the association of Cdk with a particular subset of cyclin and Cdk inhibitors (CKIs)[81,82]. 

The activities of Cdks are controlled by, both positive regulator cyclin and negative regulators, CKIs 
to induce cell cycle arrest in response to different signals as well as through phosphorylation of the Cdks 
themselves[83]. Two families of CKIs have been shown to play a major role in regulating orderly 
progression through the cell cycle. Members of the INK4-family (INK4 = INhibitors of cdK4) include 
p16ink4a and p15ink4b, p18ink4c and p19ink4d, which specifically inhibit Cdk4/6 and prevent formation of 
active cyclin D/Cdk complexes[84,85]. The second family includes the CIP/KIP-family, p21Cip1, p27Kip1, 
p57Kip2 and they inhibit a range of Cdk activities[86]. These proteins bind to Cdks and inhibit the catalytic 
activity of the Cdk-cyclin complexes. In particular two of these CKIs, p16INK4a and p21CIP1, have been 
implicated as potential tumor-suppressor genes in cancer[87,88]. 

In a study of Eremenko et al.[89] and in other studies of Lange et al.[90,91] alterations in the G1 
phase was reported due to exposure to 50-Hz EMF, which were focused on cell cycle regulating proteins 
on cyclin D1, Cdk4, p16INK4a, and p21CIP1. Each of these proteins is important for the progression through 
the G1 phase and the G1/S transition and seems to play a critical role in cancer development.  

The G1 Phase  

During the G1 phase, cells require extracellular signals up to the restriction point (R). R is close to the end 
of the G1 phase, prior the entry into S phase. Signals can be growth factors, polypeptides secreted by cells 
that are recognized by other cells. EMFs may possibly act as such a signal. Growth factor receptors are 
single transmembrane proteins, receptor tyrosine kinases (RTKs), containing tyrosine kinase domains in 
the cytoplasmic portion of the receptor. After binding growth factors, the RTKs dimerize and 
transphosphorylate critical tyrosine residues in the cytoplasmic portion of the receptor. These 
phosphorylated tyrosines act as docking sites for proteins and induce a cascade of signal transduction 
events to activate various transcription factors followed by activating transcription of responsive genes 
such as the cyclin D gene. 

Cyclin D binds to Cdk4/6 and phosphorylates Rb, which is a classic tumor-suppressor protein. Rb 
binds to a family of transcription factors (E2F) and represses transcription of E2F-responsive genes 
during G1 phase (Fig. 2).  

The cyclin E/Cdk2 complex binds to the C-terminus of Rb and phosphorylates the middle part of the 
protein. E2F is then released, which initiates the activation of the transcription of E2F-dependent genes to 
start G1/S transition. Cyclin E levels are regulated by Rb-E2F; when cyclin D/Cdk4/6 phosphorylates Rb, 
this leads to a partial inactivation, followed by cyclin E transcription. Cyclin E complexes with Cdk2 
resulting in the additional phosphorylation of Rb and subsequently to the complete inactivation by 
releasing E2F[76]. Following stress conditions, the INK4 CKIs are expressed and prevent Rb 
phosphorylation. The Cip/Kip family of CKIs bind and inhibit cyclin E/Cdk2 by inhibition of Cdk 
activity, which prevents its ability to stimulate cell cycle progression. While p21 levels are induced during 
periods of stress, p27 is constitutively expressed when the cell is quiescent (G0 and G1 phases) and is 
significantly reduced at R and remains low until the end of the M phase. 
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FIGURE 2. The G1 phase: cyclin D/Cdk4 or Cdk6 phosphorylate and inactivate Rb releasing E2F (which stimulates the transcription of genes 
necessary for cell cycle progression). INK4 CKIs bind only to Cdk4/6, inhibiting their activation by cyclin D, while Cip/Kip CKIs are acting as 
assembly factors for cyclin D and Cdk4/6. These CKIs inhibit the phosphorylation of Rb and thus leads to cell cycle arrest in G1. 

In order to elucidate the molecular principles of the lengthening of G1 phase, the expression patterns of 
several G1 regulatory proteins were examined by Lange et al.[90,91]. Cyclin D1 and its catalytic partner, 
Cdk4, were investigated because there is evidence to suggest that variations in the expression of both result in 
modifications of the G1 phase. The results support the suggestion that exposure to EMF causes no changes in 
the protein levels of Cdk4 and in addition no alterations in the expression pattern of cyclin D1 were detected. 
These data are in accordance with results reported by Dees et al.[92], where no evidence was found to show 
that cyclin D1 synthesis was altered in MCF-7 cells exposed to 60-Hz EMF at 9 G for 6, 9, and 12 h.  

The analysis of cell cycle inhibitory proteins showed that EMF led to a weak increase in the level of 
p16INK4a during exposure to EMF[90,91]. It seems likely that the EMF-induced alterations in the level of 
p16INK4a mainly influence the regulation of Cdk4 in amniotic fluid cells. Numerous studies showed that 
increasing amounts of p16INK4a can effectively block the cyclin D1/Cdk4 interaction[86,93] which in turn 
leads to an inhibition of Cdk4 kinase activity. This generally causes cells to accumulate in G1 and 
prevents them from entering S phase[94]. The enhanced expression of p16INK4a after EMF exposure is in 
accordance with the observed retardation of DNA synthesis[90]. In the same study, an increased level of 
p21CIP1 was detected after EMF exposure, which is in agreement with these findings since p21CIP1 is able 
to inhibit the Cdk4 kinase activity and hence influence the G1/S transition as well. However, p21CIP1 is a 
general inhibitor of several cyclins and Cdks[95]. Therefore, the observed delay in the G1 phase may also 
be a consequence of the interaction of p21CIP1 with cyclin E/Cdk2 complexes, which play an important 
role in regulating the transition from late G1 to S phase[91].  

The S Phase 

During the synthesis phase, cells replicate their DNA to allow the division of cells into two daughter cells, 
each with a complete copy of the genome. 
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Since exposure to low-frequency EMF might cause changes in the DNA synthesis, BrdU 
incorporation during DNA synthesis can be used to detect perturbations in cell proliferation. A number of 
studies have shown the proliferative effect of EMF with regard to specific cell cycle parameters. In 
general, these data are consistent with a small decrease in the rate of progression through the early part of 
the cell cycle. Cridland et al.[96] revealed that exposure to weak MF (50 Hz, 20 µT and 200 µT) led to a 
delay in the onset of DNA synthesis in synchronized normal human fibroblasts, which indicates a 
lengthening of the G1 phase. Schimmelpfeng et al.[75] reported that exposure to 50 Hz, 2 mT caused 
alterations of several indicators of cell proliferation, including an accumulation of G1 phase cells. 
However, in other studies, no or opposite effects were found. Zhao et al.[97] failed to demonstrate any 
significant differences in the rate of DNA synthesis after EMF exposure (60 Hz, 0.1–0.8 mT) in 
INIT/10T1/2 cells. Results of Wei et al.[98] suggest that 60-Hz magnetic fields at intensities of 0.9 and 
1.2 G, respectively, can increase [3H] thymidine incorporation into DNA of astrocytoma cells in a time-
dependent manner, while 0.6 G had no effect on the DNA synthesis. Lange et al.[90] showed that 
exposure to MFs (1 mT) modifies the passage of amniotic fluid cells through the cell cycle, leading to a 
retardation of DNA synthesis.  

Taken together, these results show the wide variety of effects of EMF exposure regarding cell 
proliferation; reaction of different cell types are dependent on cell age, differentiation stage, activation, 
and/or metabolic state, which have to be taken into consideration[67,89,96,99,100,101]. Moreover, the 
fact that most of the observed effects are of a very small magnitude (often in the order of only 10–20%) 
additionally complicates the evaluation of the controversial results and the verification of published 
studies. 

The G2/M Phase 

Disturbances in the G2/M-phase of the cell cycle are expected when DNA strand breaks and/or 
chromosome breaks are involved in genotoxic effects, and such damage would result in an altered growth 
curve as well as in an altered mitotic index. In studies of the influence of EMF on events characterizing, 
in particular, the G2 and M phase of the cell cycle, neither a significant change in the rate of DNA repair 
(which is a hallmark of the G2 phase of the cell cycle), nor an effect on the mitotic activity (reflecting the 
M phase) could be observed[50,102,103]. Accordingly, BrdU incorporation involved in DNA repair 
during the G2 phase can be ruled out. Similar outcomes were described in a study by Nindl et al.[100]. 
They reported that treatment with different kinds of EMF (1.8 mT; 60-Hz field, 0.1 and 0.4 mT) 
diminished the extent of [3H] thymidine incorporation into DNA of Jurkat cells and that this effect occurs 
only after the completion of several cell cycles. The authors concluded that the EMF effect was not due to 
inhibition of DNA repair. 

Signal Transduction/PKC 

Signal transduction occurs in cellular systems at the cell membrane and inside the cell, where signals 
from the environment and from other cells are received and processed. These signals regulate intracellular 
processes, such as metabolic activity, gene expression, differentiation, and cell proliferation. Signal 
transduction processes are important pathways by which EMF may affect cell function. Membrane-
mediated signal transduction by hormones and other signaling agents involves transmission across the 
plasma membrane that does not require penetration of the membrane. Signals associated with a 
conformational change of a membrane protein are propagated across the cell membrane by three well-
understood mechanisms: opening and closing of ion channels and resultant current flow; changes in an 
intrinsic enzymatic activity of the receptor; and changes in the affinities of the receptor for intracellular 
proteins, which might have enzymatic activity.  

 12



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

In almost all cases, the mechanism of signal transduction distal to the receptor involve intracellular 
pathways due to changes of the ionic composition of the cytosol (e.g., changes in intracellular calcium) or 
changes in phosphorylation of intracellular proteins (e.g., enzyme activity, enzyme regulators, and 
transcriptional regulatory factors). Cellular responses to signals are either short term, with little or no 
persistence after removal of the signal, or long term, involving persistent changes in the function of cells, 
such as increased or decreased proliferation, changes in gene expression or differentiation, and, in some 
cases, apoptosis. The short-term changes are generally mediated by modification of enzyme activity in the 
cytosol or of the membrane of the cell. The long-term changes invariably involve alteration of nuclear 
function, such as transcription, cell-cycle regulation, and cell division.  

Members of the PKC family play a key regulatory role in a variety of cellular functions including cell 
growth and differentiation, gene expression, and hormone action. PKCs were originally identified as 
protein serine/threonine kinases whose activities are dependent on calcium and phospholipids. 

It was reported that phorbol esters exert their tumor-promoting effects by activation of PKC[104]. 
When PKC is activated either naturally or synthetically, the cytosolic enzyme will associate with the cell 
membrane. In a series of experiments, no translocation of PKC could be observed by Western blot 
analysis after exposure to EMF in amniotic fluid cells, but EMF in combination with the tumor-promoting 
phorbol ester TPA markedly alters the subcellular localization of PKC[18]. Tao and Henderson[105] 
described an additive effect of both 60-Hz EMF at 1 G and TPA treatment on differentiation of HL-60 
cells at low TPA concentrations, whereas higher concentrations eliminate this effect because of TPA 
“saturation”. Similar data published by Tuinstra et al.[106] indicate that EMFs may be acting in a 
synergistic manner with low levels of TPA on PKC activity. The authors observed an EMF effect only in 
cells that are moderately activated by 50-nM TPA, but not in cells that are unexposed or treated with 
higher concentration (2 µM) of TPA. It seems that cells exposed to suboptimal concentrations of TPA 
shift from a normal into an activated state without saturating the physiological capacity to respond to 
TPA, so allowing an additional effect caused by magnetic field exposure. 

There are several reports about the influence of electric and magnetic fields on PKC activity or other 
kinases involved in signal transduction cascades in different cell systems. It has been shown that 
treatment of HL-60 cells with 60-Hz electric fields result in decreased cytosolic, but unchanged 
membrane-associated PKC, activities[17]. Phillips et al.[107] showed an increase in PKC activity on 
exposure to EMF. Uckun et al.[16] indicated that 60-Hz 1-G fields caused activation of tyrosine kinases 
and PKC in human pre-B-leukemia cell line. A study of Dibirdik et al.[108] demonstrated that exposure 
of DT40 lymphoma B cells to EMF results in a tyrosine kinase–dependent activation of phopholipase Cγ2 
leading to increased inositol phospholipid turnover. One may speculate about the mechanism by which 
EMF affect enzyme activity[109], but it can be suggested that cells become more susceptible to effects of 
MF exposure because of their sensitivity to TPA. 

Immune Cell Activation 

Cell regulatory processes, involving the induction of free radical production that are able to interact with 
DNA or other cellular components, can lead to a potentiation of free radical–dependent effects[110] and 
are, therefore, assumed to be a more likely target of EMF-induced cellular responses. Macrophages play 
an essential role in the body’s defenses and immune system. Activated macrophages release free radicals 
as reactive oxygen species (ROS), reactive nitrogen species (RNS), and also cytokines and are associated 
with the onset of phagocytosis. ROS are unstable reactive molecules that are produced continuously in 
several cells. Free radicals including superoxide anion radicals, hydroxyl radicals, and hydrogen 
peroxides are formed as by-products in various metabolic processes. ROS are involved in intracellular 
signal transduction pathways and regulation of gene expression determining the anti-inflammatory 
response, cell growth, differentiation, proliferation, and stress response[111]. Superoxide radical anions 
are the precursors of additional ROS. The formation of superoxide radical anions is mediated by enzymes 
such as the NAD(P)H oxidase, xanthine oxidase, and the nonenzymatic redox reactive compounds of the 
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mitochondrial respiratory chain constituting the primary defense mechanisms[112,113,114]. Activated 
phagocytic cells produce a large amount of ROS via the NADPH oxidase, whereas nonphagocytic cells 
produce it through the induction of NADH oxidase leading to a lower level of free radicals. The activation 
of NAD(P)H oxidase can also be stimulated by the receptor-independent acting agent TPA or by the 
receptor-dependent activator LPS. TPA activates the PKC, which phosphorylates p47phox and activates the 
small G protein Rac through the mitogen-activated protein kinase (MAPK) pathway[115]. High-level 
production of free radicals in the organism has shown an increased potential for cellular damage of 
substances such as DNA, proteins, and lipid-containing structures. In contrast to molecules such as 
cytokines (large molecules signaling by docking with specific receptors and change molecular surfaces on 
the target cells), molecules such as ROS could react with diverse cell compounds in a nonspecific 
mechanism. Therefore, free radicals play a decisive role in cytotoxicity and also as cellular messengers to 
control noncytotoxic physiological responses. 

EMF has been shown to increase ROS levels in phorbol ester–activated neutrophils[116], but it was 
unclear whether in nonactivated macrophages short-term EMF stimulation would elevate ROS levels via 
stimulation of the physiological mechanisms. 

It was shown that 1-mT MF is able to activate macrophages and to increase the internalization rate to 
about 135%[46]. In a previous study[117] using prestimulated cells, a decrease in phagocytic uptake of 
beads combined with increased intracellular Ca2+-levels was reported. However, in this study, cells were 
exposed to static and much higher (25–106 mT) magnetic fields, as well as for prolonged periods of time 
(24 h).  

It is not known why various cell types respond to EMF with different efficacy, but it seems to be clear 
that several cell types are responsive to EMF by different mechanisms. The responsiveness might well 
depend on the number and the distribution of cell-specific membrane receptors, which are variably 
expressed on different cell types. It is known that TPA enhances the stimulation of macrophages for 
phagocytosis via the phospholipid-dependent PKC pathway by imitating diacylglycerol[118]. It is 
noteworthy that the TPA effect on differentiation of HL-60 cells was reported to be mimicked by 
EMF[105], similar to the TPA effect on activation of macrophage phagocytosis[46].  

Phagocytosis in activated macrophages is known to be associated with the production of superoxide 
radicals. A significantly increased superoxide anion radical production in the absence of phagocytic 
activity was detected after exposure to EMF in mouse macrophages[46,119] and also in human 
monocytes[120], which is a clear indication for cell activation. These investigations demonstrate a low, 
but significant, induction of free radical release indicating a specific activation of the NADH-oxidase 
after EMF exposure. On the other hand, the activation of NADPH-oxidase would result in a higher 
production of free radicals leading to an oxidative burst. Roy et al.[116] reported an increased oxidative 
burst after exposure to 0.1-mT MF in TPA-activated rat peritoneal neutrophils and the authors proposed 
an increased lifetime of intracellular free radicals due to the field exposure. 

Initiation or Promotion: Steps in Carcinogenesis 

Animal studies have shown a possible copromoter capacity of EMF on tumor growth[121]. In vitro 
studies showed biological effects after exposure to EMF, such as increased colony growth in anchorage-
independent JB6 cells[73]. Cain et al.[122] showed that exposure to EMF combined with treatment of a 
chemical tumor-promoter phorbol ester (TPA) enhances cell transformation in vitro. These data suggest 
that EMF and chemical tumor promoter are able to act as copromoters, which may lead to tumor 
enhancement in initiated cell population. 

It has been reported that EMF exposure alone did not cause MN formation in syrian hamster embryo 
(SHE) cells, whereas after treatment with a tumor initiator benzo(a)pyrene (BP), the MN frequency was 
increased[103]. The tumor-promoter TPA or EMF alone caused neither increased MN formation nor 
changes of the mitotic activity in exposed SHE cells. Double treatment experiments with EMF and TPA 
or EMF and BP, as well as in reversed order, was used to test for the presence of initiating or 
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cocarcinogenic (“promotion-like”) potency of EMFs, but no differences in MN formation were found. 
Interestingly, an increased MN rate was detected when cells were pre-exposed to EMF and then treated 
with BP under EMF exposure and exposed again to EMF. This finding suggests that EMFs can enhance 
the tumor-initiation process of BP. Similar “coinitiating” effects were reported by Bowden and 
Rosenthal[123], who showed that caffeine is able to enhance DNA initiation in mouse primary epidermal 
cells treated with BP. Kim et al.[124] found that BP-initiated MN formation is coupled with peroxidase-
dependent “bioactivation”, resulting in DNA oxidation by the release of ROS. Therefore, an increased 
metabolic activation process caused by EMFs seems to be the reason for elevated initiation 
effect[96,100,103]. It was proposed that TPA might act indirectly by the release of free radicals[125,126]. 
Additional treatment with a “cellular activator” such as EMF may well be the reason for an increase in 
genotoxicity. Treatment of cells with a carcinogen, such as BP, TPA, and also EMFs, may cause an 
“activated state” of the cell and therefore enhance the rate of genotoxic events by the elevated release of 
ROS. Moreover, EMFs were reported to interact with some compounds of the signal transduction 
pathway[13,17]. This is in analogy to TPA, which interacts directly with PKC leading to an induction of 
the PKC-mediated pathway. It is also known that nonphysiological or unusual extended stimulation of 
signal transduction mechanisms may result in genetic instability[127]. 

Likewise, it is possible that magnetic fields are able to increase genotoxic effects via indirect 
mechanisms, such as the release of reactive intermediates and/or metabolic cell activation processes, 
leading to genetic instability and cell cycle disturbances. 

McLean et al.[128] reported that SENCAR mice pretreated with the tumor initiator DMBA and 
exposed to 2-mT EMF did not show skin tumor development. This finding was confirmed by Rannug et 
al.[129,130]. A significant increase in tumor development could be observed in studies after additional 
application of TPA in these mice[131,132] or with modified time schedules of chemical application to 
rats[133,134,135]. As Juutilainen et al.[136] stated in a review, current in vivo experiments on the 
possible carcinogenecity of EMF are inadequate for environmental exposure of carcinogens to humans 
when common experimental initiator/promoter design was used. Since environmental exposure of the 
general public may well comprise several types of carcinogens, including continuous exposure to a wide 
spectrum of EMFs, it seems important to note that the exact time point of initiation during continuing 
EMF exposure may be of crucial importance.  

CONCLUSION 

There are many reports published to elucidate possible correlation between EMF and cancer or other 
diseases, but no causal relationship is supported by the discussed mechanisms. Several physical 
possibilities of interaction are discussed[137], not included in this review, but it seems that the interaction 
between EMF and cellular systems is not based only on one of the described mechanism. Moreover, a 
multiplicity of triggering of transitions seems to amplify cellular reactions, causing different effects, 
which can depend also on the affected cell types. Externally applied fields are able to shift the equilibrium 
distributions of ions slightly, as described by Blank[138] in his surface compartment model. Small 
deviation of the local concentrations near membrane-associated enzymes and proteins may trigger their 
function and induce connected cascades.  

The combination of different biological conditions and physical parameters may result in “multiple 
windows” that interact by secondary mechanisms causing cellular responses that lead to genotoxicity or 
other cellular changes. The cell shape seems to be also of importance because the induced flux density 
can be focused in different regions on the cell surface or within the cell causing “hot spots” with very 
high electric field intensities. It is known that local deposition of energy within cells induce genotoxic and 
cytotoxic effects depending on the localization to the target molecules, shown in studies using Auger 
electron emitter. Auger electrons are characterized by a very small energy leading to a very high energy 
density in a rather small volume and act with various effectiveness in different cell types[139,140]. 
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The induced field densities or magnetic fields can influence enzymatic activities by mimicking 
receptor binding, which affects proteins and other biomolecules to activate biochemical cascades and “out 
of schedule” cellular reactions. These induced physiological reactions cause cellular effects through 
secondary or indirect mechanisms such as cell activation processes, probably through the release of free 
radicals and/or the out of schedule switching-on of transduction pathways.  

It has been hypothesized by Stevens[8] that exposure to 50/60-Hz EMF may suppress the nocturnal 
production of the pineal hormone melatonin. A later report suggests that reduced levels of melatonin 
could lead to an increased risk of breast cancer[141]. A number of studies have been done to elucidate the 
role of melatonin and the mechanism of its physiological activity. Melatonin acts as a receptor-
independent free radical scavenger and antioxidant, and is able to reduce the incidence of mutations and 
likelihood of developing cancer. Moreover, melatonin inhibits the growth of different types of established 
tumors[142,143]. It seems that melatonin inhibits mammary tumor genesis in animals and in 
vitro[144,145] and acts in an oncostatic manner in different cancer cells[143]. Several studies described 
reduced levels of melatonin in EMF-exposed animals[146,147] as well as in vitro[148,149,150], but 
short-term exposures to human volunteers failed to provided evidence for EMF effects on 
melatonin[151,152]. However, epidemiological studies reported suppressed levels of melatonin in 
occupational or residential EMF-exposed humans[153,154]. It remains to be determined whether EMF 
exposure is able to reduce the melatonin synthesis or its physiological effects to levels where an increased 
cancer incidence would be a consequence. 

  

 
 

FIGURE 3. Different cellular pathways concerning free radical production after EMF exposure can lead to DNA 
damage. EMF exposure induces cell-specific activation processes, the induction of signal transduction pathways, 
and cell cycle alterations, which themselves induce free radical production. On the other hand, DNA damage can 
be induced due to secondary pathway(s), namely through the extension of free radical lifetime. Increase of free 
radical release can be also reached through the suggested suppressive capacity of EMF on melatonin synthesis. 
The reduced level of melatonin could function as a possible amplifier leading to an increased amount of free 
radicals. Altogether, EMF-induced reactions or cascades could lead to a higher incidence of DNA damage and, 
therefore, to an increased risk of tumor development. 

Taken together, the question of a possible correlation between cancer and EMF has to be elucidated. 
Many effects are described, however, currently no convincing mechanism exists to provide a clue for 
estimating EMF-induced health risks. The different pathways of ROS involvement in physiological and 
pathological reactions after EMF exposure are summarized in Fig. 3. This assumption how cancer can be 
induced or promoted is an example for cell activation. It is obvious that EMFs are not able to induce 
genotoxic effects by directly, but due to indirectly mediated pathway(s). Cell shape and the origin are 
important and cell-specific membrane receptors seem to play a key role in the effectiveness to EMF 
leading to the activation of cell-specific actions. Cells respond specifically in dependence of their 
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physiologic function and not in a general way, leading to the induction of cell type–specific signal 
transduction pathways and possibly cell cycle alterations (Fig. 3). Free radicals are important 
intermediates in physiological processes and are released during cell metabolism. It has been proposed 
that MF is able to stabilize free radicals in such a way as to increase their lifetime. If so, a prolonged 
lifetime of free radicals can increase the probability of radical-mediated DNA damage due a secondary 
induced mechanism. The so-called melatonin hypothesis describe that EMF suppress the level of 
melatonin synthesis; this reduced level of melatonin could function as a possible amplifier leading to an 
increased cancer risk.  

Based on several lines of investigations, it is suggested that EMF exposure is able to perform cell 
type–dependent activation by means of increasing levels of free radicals. Those EMF-induced reactions 
could lead to a higher incidence of DNA damage and, therefore, to an increased risk of tumor 
development. On the other hand, these findings have also potential implications of short-term EMF 
exposure for therapeutic applications that, however, should be further explored. 

REFERENCES 

1. Hendee, W.R. and Boteler, J.C. (1994) The question of health effects from exposure to electromagnetic fields. Health 
Phys. 66, 127–136.  

2. Frey, A.H. (1993) Electromagnetic field interactions with biological systems. FASEB J. 7, 272–281. 
3. Wertheimer, N. and Leeper, E. (1979) Electrical wiring configurations and childhood cancer. Am. J. Epidemiol. 109, 

273–284. 
4. Guenel, P., Nicolau, J., Imbernon, E., Chevalier, A., and Goldberg, M. (1996) Exposure to 50-Hz electric field and 

incidence of leukemia, brain tumors, and other cancers among French electric utility workers. Am. J. Epidemiol. 144, 
1107–1121. 

5. Theriault, G., Goldberg, M., Miller, A.B., Armstrong, B., Guenel, P., Deadman, J., Imbernon, E., To, T., Chevalier, 
A., and Cyr, D. (1994) Cancer risks associated with occupational exposure to magnetic fields among electric utility 
workers in Ontario and Quebec, Canada, and France: 1970–1989. Am. J. Epidemiol. 139, 1053. 

6. Thomas, D.C., Bowman, J.D., Jiang, L., Jiang, F., and Peters, J.M. (1999) Residential magnetic fields predicted from 
wiring configurations: II. Relationships to childhood leukemia. Bioelectromagnetics 20, 414–422.  

7. Ahlbom, A. and Feychting, M. (1999) A Bayesian approach to hazard identification. The case of electromagnetic 
fields and cancer. Ann. N. Y. Acad. Sci. 895, 27–33.  

8. Stevens, R.G. (1987) Electric power use and breast cancer: a hypothesis. Am. J. Epidemiol. 125, 556–561. 
9. Caplan, L.S., Schoenfeld, E.R., O’Leary, E.S., and Leske, M.C. (2000) Breast cancer and electromagnetic fields. Ann. 

Epidemiol. 10, 31–44. 
10. Liboff, A.R., Williams, T., Strong, D.M., and Wistar, R. (1984) Time-varying magnetic fields: effects on DNA 

synthesis. Science 223, 818–820. 
11. Goodman, R. and Shirley-Henderson, A. (1990) Exposure of cells to extremely low-frequency electromagnetic fields: 

relationship to malignancy? Cancer Cells 2, 355–359. 
12. Goodman, R., Blank, M., Lin, H., Soo, L., Weisbrot, D., and Henderson, A.S. (1994) Increased levels of HSP70 

transcripts are induced when cells are exposed to low frequency electromagnetic field. 16th Annual Meeting BEMS. 
pp. 52–53. 

13. Walleczek, J. (1992a) Electromagnetic field effects on cells of the immune system: the role of calcium signaling. 
FASEB J. 6, 3177–3185.  

14. Luben, R.A., Cain, C.D., Chen, M.C., Rosen, D.M., and Adey, W.R. (1982) Effects of electromagnetic stimuli on 
bone and bone cells in vitro: inhibition of responses to parathyroid hormone by low-energy low-frequency fields. 
Proc. Natl. Acad. Sci. U. S. A. 79, 4180–4184. 

15. Luben, R.A. (1993) Effects of low-energy electromagnetic fields (EMF) on signal transduction by G protein-linked 
receptors. In Electricity and Magnetism in Biology and Medicine. Blank, M., Ed., San Francisco Press, San Francisco. 
pp. 57–62. 

16. Uckun, F.M., Kurosaki, T., Jin, J., Jun, X., Morgan, A., Takata, M., Bolen, J., and Luben, R.A. (1995) Exposure of B-
lineage lymphoid cells to low energy electromagnetic fields stimulates Lyn kinase. J. Biol. Chem. 270, 27666–27670. 

17. Holian, O., Astumian, R.D., Lee, R.C., Reyes, H.M., Attar, B.M., and Walter, R.J. (1996) Protein kinase C activity is 
altered in HL60 cells exposed to 60 Hz AC electric fields. Bioelectromagnetics 17, 504–509. 

18. Richard, D., Lange, S., Viergutz, T., Kriehuber, R., Weiss, D.G., and Simkó, M. (2002) Influence of 50 Hz magnetic 
fields in combination with a tumour promoting phorbol ester on protein kinase C and cell cycle in human cells. Mol. 
Cell. Biochem. 232, 133–141.  

19. National Institute of Environmental Health Sciences (NIEHS) (1998) Working Group Report: Assessment of Health 

 17



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

Effects from Exposure to Power-line Frequency Electric and Magnetic Fields. Portier, C.J. and Wolfe, M.S., Eds. U. 
S. National Institutes of Health, NIH Publication No. 98-3981. NIEHS, Research Triangle Park, NC.  

20. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans. Non-Ionizing Radiation, Part 1:Static and 
Extremely Low-Frequency (ELF) Electric and Magnetic Fields, 2002. 429 p. 

21. Byus, C.B., Pieper, S.A., and Adey, W.R. (1987) The effects of low-energy 60-Hz environmental electromagnetic 
fields upon the growth-related enzyme ornithine decarboxylase. Carcinogenesis 8, 1385–1389. 

22. Mullins, J.M., Penafiel, L.M., Juutilainen, J., and Litovitz, T.A. (1999) Dose-response of electromagnetic field-
enhanced ornithine decarboxylase activity. Bioelectrochem. Bioenerg. 48, 193–199. 

23. Walleczek, J. and Liburdy, R.P. (1990) Non-thermal 60 Hz sinusoidal magnetic field exposure enhances 45Ca2+ 
uptake in rat thymocytes: dependence on mitogen activation. FEBS Lett. 271, 157–160. 

24. Liburdy, R.P. (1992) Calcium signaling in lymphocytes and ELF fields. FEBS Lett. 301, 53–59. 
25. Liburdy, R.P., Callahan, D.E., Harland, J., Dunham, E., Sloma, T.R., and Yaswen, P. (1993a) Experimental evidence 

for 60 Hz magnetic fields operating through the signal transduction cascade. Effects on calcium influx and c-MYC 
mRNA induction. FEBS Lett. 334, 301–308. 

26. Lindström, E., Lindström, P., Berglund, A., Mild, K.H., and Lundgren, E. (1993) Intracellular calcium oscillations 
induced in T-cell line by weak 50-Hz magnetic-field. J. Cell Physiol. 156, 395–398. 

27. Löschinger, M., Thumm, S., Hammerle, H., and Rodemann, H.P. (1999) Induction of intracellular calcium 
oscillations in human skin fibroblast populations by sinusoidal extremely low-frequency magnetic fields (20 Hz, 8 
mT) is dependent on the differentiation state of the single cell. Radiat. Res. 151, 195–200. 

28. Mattsson, M.O., Lindstrom, E., Still, M., Lindstrom, P., Mild, K.H., and Lundgren, E. (2001) [Ca2+](i) rise in Jurkat 
E6-1 cell lines from different sources as a response to 50 Hz magnetic field exposure is a reproducible effect and 
independent of poly-L-lysine treatment. Cell Biol. Int. 25, 901–907. 

29. Stuchly, M.A., McLean, J.R.N., Burnett, R., Goddard, M., Lecuyer, D.W., and Mitchel, R.E.J. (1992) Modification of 
tumor promotion in the mouse skin by exposure to an alternating magnetic field. Cancer Lett. 65, 1–7. 

30. Lacy-Hulbert, A., Metcalfe, J.C., and Hesketh, R. (1998) Biological responses to electromagnetic fields. FASEB J. 12, 
395–420.  

31. Saffer, J.D. and Thurston, S.J. (1995) Short exposures to 60 Hz magnetic fields do not alter MYC expression in HL60 
or Daudi cells. Radiat. Res. 144, 18–25. 

32. Miyakoshi, J., Ohtsu, S., Shibata, T., and Takebe, H. (1996) Exposure to magnetic field (5 mT at 60 Hz) does not 
affect cell growth and c-myc gene expression. J. Radiat. Res. 37, 185–191. 

33. Miyakoshi, J., Koji, Y., Wakasa, T., and Takebe, H. (1999) Long-term exposure to a magnetic field (5 mT at 60 Hz) 
increases X-ray-induced mutations. J. Radiat. Res. 40, 13–21. 

34. Walleczek, J., Shiu, E.C., and Hahn, G.M. (1999) Increase in radiation-induced HPRT gene mutation frequency after 
nonthermal exposure to nonionizing 60 Hz electromagnetic fields. Radiat. Res. 151, 489–497. 

35. Lin, H., Head, M., Blank, M., Han, L., Jin, M., and Goodman, R. (1998) Myc-mediated transactivation of HSP70 
expression following exposure to magnetic fields. J. Cell Biochem. 69, 181–188. 

36. Weisbrot, D.R., Khorkova, O., Lin, H., Henderson, A.S., and Goodman, R. (1993) The effect of low frequency 
electric and magnetic fields on gene expression in Saccharomyces cerevisiae. Bioelectrochem. Bioenerg. 31, 167–177. 

37. Junkersdorf, B., Bauer, H., and Gutzeit, H.O. (2000) Electromagnetic fields enhance the stress response at elevated 
temperatures in the nematode Caenorhabditis elegans. Bioelectromagnetics 21, 100–106. 

38. Parker, J.E. and Winters, W. (1992) Expression of gene-specific RNA in cultured cells exposed to rotating 60 Hz 
magnetic fields. Biochem. Cell Biol. 70, 237–241. 

39. Folkman, J. and Moscona, A. (1978) Role of cell shape in growth control. Nature 273, 345–349. 
40. Blackman, C.F. (1994) Effect of electrical and magnetic fields on the nervous system. In The Vulnerable Brain and 

Environmental Risks. Vol. 3: Toxins in Air and Water. Isaacson, R.L. and Jensen, K.F., Eds., Plenum Press, New 
York. pp. 341–355.  

41. Blackman, C.F., Benane, S.G., and House, D.E. (1993a) Evidence for direct effect of magnetic fields on neurite 
outgrowth. FASEB J. 7, 801–806. 

42. Blackman, C.F., Benane, S.G., House, D.E., and Pollock, M.M. (1993b) Action of 50 Hz magnetic fields on neurite 
outgrowth in pheochromocytoma cells. Bioelectromagnetics 14, 273–286. 

43. Blackman, C.F., Blanchard, J.P., Benane, S.G., House, D.E., and Elder, J.A. (1998) Double blind test of magnetic 
field effects on neurite outgrowth. Bioelectromagnetics 19, 204–209. 

44. Lacy-Hulbert, A., Wilkins, R.C., Hesketh, T.R., and Metcalfe, J.C. (1995) No effect of 60 Hz electromagnetic fields 
on MYC or beta-actin expression in human leukemic cells. Radiat. Res. 144, 9–17. 

45. Santoro, N., Lisi, A., Pozzi, D., Pasquali, E., Serafino, A., and Grimaldi, S. (1997) Effect of extremely low frequency 
(ELF) magnetic field exposure on morphological and biophysical properties of human lymphoid cell line (Raji). 
Biochim. Biophys. Acta 1357, 281–290. 

46. Simkó, M., Droste, S., Kriehuber, R., and Weiss, D.G. (2001a) Stimulation of phagocytosis and free radical 
production in murine macrophages by 50 Hz electromagnetic fields. Eur. J. Cell Biol. 80, 562–566.  

47. Ubeda, A., Trillo, M.A., House, D.E., and Blackman, C.F. (1995) A 50 Hz magnetic field blocks melatonin-induced 
enhancement of junctional transfer in normal C3H/10T1/2 cells. Carcinogenesis 16, 2945–2949. 

48. Schimmelpfeng, J., Stein, J.C., and Dertinger, H. (1995) Action of 50 Hz magnetic fields on cyclic AMP and 

 18



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

intercellular communication in monolayers and spheroids of mammalian cells. Bioelectromagnetics 16, 381–386. 
49. Simkó, M., Kriehuber, R., Weiss, D.G., and Luben, R. (1998a) The effects of 50 Hz EMF exposure on micronucleus 

formation and apoptosis in transformed and non transformed human cell lines. Bioelectromagnetics 19, 85–91.  
50. Simkó, M., Kriehuber, R., and Lange, S. (1998b) Micronucleus formation in human amnion cells after exposure to 50 

Hz MF applied horizontally and vertically. Mutat. Res. 418, 101–111. 
51. El Nahas, S. and Oraby, H.A. (1989) Micronuclei formation in somatic cells of mice exposed to 50-Hz electric fields. 

Environ. Mol. Mutagen. 13, 107–111. 
52. Nordenson, I., Mild, K.H., Andersson, G., and Sandstrom, M. (1994) Chromosomal aberrations in human amniotic 

cells after intermittent exposure to fifty Hertz magnetic fields. Bioelectromagnetics 15, 293–301. 
53. Khalil, A.M. and Quassem, W. (1991) Cytogenetic effects of pulsing electromagnetic field on human lymphocytes in 

vitro: chromosome aberrations, sister-chromatid exchanges. Mutat. Res. 247, 141–146. 
54. Rosenthal, M. and Obe, G. (1989) Effects of 50-Hertz electromagnetic fields on proliferation and on chromosomal 

alterations in human peripheral lymphocytes untreated or pre-treated with chemical mutagens. Mutat. Res. 210, 329–
335. 

55. D’Ambrosio, G., Scaglione, A., Di Berardino, D., Lioi, M.B., Iannuzzi, L., Mostacciuolo, E., and Scarfi, M.R. (1985) 
Chromosomal aberrations induced by ELF electric fields. J. Bioelectromagnetics 4, 279–284.  

56. D’Ambrosio, G., Massa, R., Di Berardino, D., Lioi, M.B., Scaglione, A., and Scarfi, M.R. (1988) Chromosomal 
aberrations in bovine lymphocytes exposed to 50 Hz electric current. J. Bioelectromagnetics 7, 239–245. 

57. Nordenson, I., Mild, K.H., Nordstrom, S., Sweins, A., and Birke, F. (1984) Clastogenic effects in human lymphocytes 
of power frequency electric field: in vitro and in vivo studies. Radiat. Environ. Biophys. 23, 191–201. 

58. Lai, H. and Singh, N.P. (1997) Acute exposure to a 60 Hz magnetic field increases DNA strand breaks in rat brain 
cells. Bioelectromagnetics 18, 156–165. 

59. Ivancsits, S., Diem, E., Pilger, A., Rudiger, H.W., and Jahn, O. (2002) Induction of DNA strand breaks by 
intermittent exposure to extremely-low-frequency electromagnetic fields in human diploid fibroblasts. Mutat. Res. 
519, 1–13. 

60. Garcia-Sagredo, J.M., Parada, L.A., and Monteagudo, J.L. (1990) Effect on SCE in human chromosomes in vitro of 
low-level pulsed magnetic field. Environ. Mol. Mutagen. 16, 185–188. 

61. Livingston, G.K., Witt, K.L., Gandhi, O.P., Chatterjee, I., and Roti Roti, J.L. (1991) Reproductive integrity of 
mammalian cells exposed to power frequency electromagnetic fields. Environ. Mol. Mutagen. 17, 49–58. 

62. Scarfi, M.R., Bersani, F., Cossarizza, A., Monti, D., Zeni, O., Lioi, M.B., Franceschetti, G., Capri, M., and 
Franceschi, C. (1993) 50 Hz AC sinusoidal electric fields do not exert genotoxic effects (micronucleus formation) in 
human lymphocytes. Radiat. Res. 135, 64–68. 

63. Fairbairn, D.W. and O'Neill, K.L. (1994) The effect of electromagnetic field exposure on the formation of DNA 
single strand breaks in human cells. Cell Mol. Biol. (Noisy-le-grand) 40, 561–567. 

64. Tofani, S., Ferrara, A., and Gilli, G. (1995) Evidence for genotoxic effects of resonant ELF magnetic fields. 
Bioelectrochem. Bioenerg. 36, 9–13.  

65. Cleary, S.F. (1993) A review of in vitro studies: low-frequency electromagnetic fields. Am. Ind. Hyg. Assoc. J. 54, 
178–185.  

66. Wei, L.X., Goodman, R., and Henderson, A. (1990) Changes in level of c-myc and histone H2B following exposure 
of cells to low-frequency sinusoidal electromagnetic fields: evidence for a window effect. Bioelectromagnetics 11, 
269–272. 

67. Schimmelpfeng, J. and Dertinger, H. (1997) Action of a 50 Hz magnetic field on proliferation of cells in culture. 
Bioelectromagnetics 18, 177–183.  

68. Diener, S. and Eberle, P. (1994) Zellproliferation, SCE- und Chromosomenaberrationsrate sowie Mikrokernfrequenz 
humaner peripherer Lymphozyten nach Einwirkung von 50-Hz-Magnetfeldern. In Symposium, Elektromagnetische 
Verträglichkeit biologischer Systeme in schwachen 50-Hz-Magnetfeldern. pp. 17–26. 

69. Scaiano, J.C., Mohtat, N., Cozens, F.L., McLean, J., and Thansandote, A. (1994) Application of the radical pair 
mechanism to free radicals in organized systems: can the effects of 60 Hz be predicted from studies under static 
fields? Bioelectromagnetics 15, 549–554. 

70. Dini, L., Coppola, S., Ruzittu, M.T., and Ghibelli, L. (1996) Multiple pathways for apoptotic nuclear fragmentation. 
Exp. Cell Res. 223, 340–347. 

71. Ismael, S.J., Callera, F., Garcia, A.B., Baffa, O., and Falcao, R.P. (1998) Increased dexamethasone-induced apoptosis 
of thymocytes from mice exposed to long-term extremely low frequency magnetic fields. Bioelectromagnetics 19, 
131–135. 

72. Antonopoulos, A., Yang, B., Stamm, A., Heller, W.D., and Obe, G. (1995) Cytological effects of 50 Hz 
electromagnetic fields on human lymphocytes in vitro. Mutat. Res. 346, 151–157. 

73. West, R.W., Hinson, W.G., Lyle, B.D., and Swicord, M.L. (1994) Enhancement of anchorage-independent growth in 
JB6 cells exposed to 60 Hz magnetic fields. Bioelectrochem. Bioenerg. 34, 39–43. 

74. Katsir, G. and Parola, A.H. (1998) The Enhanced Cell Proliferation Caused by Sinusoidaly Varying Magnetic Field is 
Suppressed by Radical Scavengers. Twentieth Annual Meeting of the Bioelectromagnetics Society, St Pete Beach, 
FL, June, 1998. p. 132. 

75. Schimmelpfeng, J. and Dertinger, H. (1993) The action of 50 Hz magnetic and electric fields upon cell proliferation 

 19



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

and cyclic AMP content of cultured mammalian cells. Bioelectrochem. Bioenerg. 30, 143–150. 
76. O’Connor, P.M. (1997) Mammalian G1 and G2 phase checkpoints. In Checkpoint Controls and Cancer. Cancer 

Surveys. Vol. 29. Imperial Cancer Research Foundation. pp. 151–181. 
77. Beijersbergen, R.L. and Bernards, R. (1996) Cell cycle regulation by the retinoblastoma family of growth inhibitory 

proteins. Biochim. Biophys. Acta 1287, 103–120.  
78. Kato, J.Y., Matsuoka, M., Strom, D.K., and Sherr, C.J. (1994) Regulation of cyclin D-dependent kinase 4 (cdk4) by 

cdk4-activating kinase. Mol. Cell Biol. 14, 2713–2721. 
79. Solomon, M.J. and Kaldis, P. (1998) Regulation of CDKs by phosphorylation. Results Probl. Cell Differ. 22, 79–109. 
80. Moore, J.D., Yang, J., Truant, R., and Kornbluth, S. (1999) Nuclear import of Cdk/cyclin complexes: identification of 

distinct mechanisms for import of Cdk2/cyclin E and Cdc2/cyclin B1. J. Cell Biol. 144, 213–224. 
81. Morgan, D.O. (1995) Principles of CDK regulation. Nature 374, 131–134. 
82. Dirks, P.B. and Rutka, J.T. (1997) Current concepts in neurooncology: the cell cycle—a review. Neurosurgery 40, 

1000–1013. 
83. Sherr, C.J. and Roberts, J.M. (1999) CDK inhibitors: positive and negative regulators of G1-phase progression. Genes 

Dev. 13, 1501–1512. 
84. Serrano, M., Hannon, G.J., and Beach, D. (1993) A new regulatory motif in cell-cycle control causing specific 

inhibition of cyclin D/CDK4. Nature 366, 704–707. 
85. Hirai, H., Roussel, M.F., Kato, J.Y., Ashmun, R.A., and Sherr, C.J. (1995) Novel INK4 proteins, p19 and p18, are 

specific inhibitors of the cyclin D-dependent kinases CDK4 and CDK6. Mol. Cell Biol. 15, 2672–2681. 
86. Parry, D., Mahony, D., Wills, K., and Lees, E. (1999) Cyclin D-CDK subunit arrangement is dependent on the 

availability of competing INK4 and p21 class inhibitors. Mol. Cell Biol. 19, 1775–1783. 
87. Kamb, A., Gruis, N.A., Weaver-Feldhaus, J., Liu, Q., Harshman, K., Tavtigian, S.V., Stockert, E., and Day, R.S. 

(1994) A cell cycle regulator potentially involved in genesis of many tumor types. Science 264, 436–440. 
88. Vidal, M.J., Loganzo, F., Jr., de-Oliveira, A.R., Hayward, N.K., and Albino, A.P. (1995) Mutations and defective 

expression of the WAF1 p21 tumour-suppressor gene in malignant melanomas. Melanoma Res. 5, 243–250. 
89. Eremenko, T., Esposito, C., Pasquarelli, A., Pasquali, E., and Volpe, P. (1997) Cell cycle kinetics of friend 

erythroleukemia cells in a magnetically shielded room and in a low-frequency/low-intensity magnetic field. 
Bioelectromagnetics 18, 58–66. 

90. Lange, S., Richard, D., Viergutz, T., Kriehuber, R., and Simkó, M. (2002) Alterations in the cell cycle and in the 
protein level of cyclin D1, p21CIP1, and p16INK4a after exposure to 50 Hz MF in human cells. Radiat. Envion. 
Biophys. 41, 131–137.  

91. Lange, S., Viergutz, T., and Simkó, M. (2004) Modifications in cell cycle kinetics and in expression of G1 phase-
regulating proteins in human amniotic cells after exposure to electromagnetic fields and ionizing radiation. Cell 
Prolif. 37, 337-349. 

92. Dees, C., Garrett, S., Henley, D., and Travis, C. (1996) Effects of 60-Hz fields, estradiol and xenoestrogens on human 
breast cancer cells. Radiat. Res. 146, 444–452. 

93. Guan, K.L., Jenkins, C.W., Li, Y., O’Keefe, C.L., Noh, S., Wu, X., Zariwala, M., Matera, A.G., and Xiong, Y. (1996) 
Isolation and characterization of p19INK4d, a p16-related inhibitor specific to CDK6 and CDK4. Mol. Biol. Cell 7, 
57–70. 

94. Lukas, J., Parry, D., Aagaard, L., Mann, D.J., Bartkova, J., Strauss, M., Peters, G., and Bartek, J. (1995) 
Retinoblastoma-protein-dependent cell-cycle inhibition by the tumour suppressor p16. Nature 375, 503–506. 

95. Harper, J.W., Elledge, S.J., Keyomarsi, K., Dynlacht, B., Tsai, L.H., Zhang, P., Dobrowolski, S., Bai, C., Connell-
Crowley, L., Swindell, E., et al. (1995) Inhibition of cyclin-dependent kinases by p21. Mol. Biol. Cell 6, 387–400. 

96. Cridland, N.A., Haylock, R.G., and Saunders, R.D. (1999) 50 Hz magnetic field exposure alters onset of S-phase in 
normal human fibroblasts. Bioelectromagnetics 20, 446–452. 

97. Zhao, Y.L., Johnson, P.G., Jahreis, G.P., and Hui, S.W. (1999) Increased DNA synthesis in INIT/10T1/2 cells after 
exposure to a 60 Hz magnetic field: a magnetic field or a thermal effect? Radiat. Res. 151, 201–208. 

98. Wei, M., Guizzetti, M., Yost, M., and Costa, L.G. (2000) Exposure to 60-Hz magnetic fields and proliferation of 
human astrocytoma cells in vitro. Toxicol. Appl. Pharmacol. 162, 166–176. 

99. Cridland, N.A., Cragg, T.A., Haylock, R.G., and Saunders, R.D. (1990) Effects of 50 Hz magnetic field exposure on 
the rate of DNA synthesis by normal human fibroblasts. Int. J. Radiat. Biol. 69, 503–511. 

100. Nindl, G., Swez, J.A., Miller, J.M., and Balcavage, W.X. (1997) Growth stage dependent effects of electromagnetic 
fields on DNA synthesis of Jurkat cells. FEBS Lett. 414, 501–506. 

101. Cossarizza, A., Monti, D., Bersani, F., Cantini, M., Cadossi, R., Sacchi, A., and Franceschi, C. (1989) Extremely low 
frequency pulsed electromagnetic fields increase cell proliferation in lymphocytes from young and aged subjects. 
Biochem Biophys Res Commun. 160, 692–698. 

102. Simkó, M., Dopp, E., and Kriehuber, R. (1999) Absence of synergistic effects on micronucleus formation after 
exposure to ELF-EMF and asbestos fibers in vitro. Toxicol. Lett. 108, 47–53.  

103. Simkó, M., Richard, D., Kriehuber, R., and Weiss, D.G. (2001b) Micronucleus induction in SHE cells following 
exposure to 50 Hz magnetic fields, benzo(a)pyrene and TPA in vitro. Mutat. Res. 495, 43–50.  

104. Nishizuka, Y. (1986) Studies and perspectives of protein kinase C. Science 233, 305–312. 
105. Tao, Q. and Henderson, A. (1999) EMF induces differentiation in HL-60 cells. J. Cell. Biochem. 73, 212–217. 

 20



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

106. Tuinstra, R., Goodman, E., and Greenebaum, B. (1998) Protein kinase C activity following exposure to magnetic field and 
phorbol ester. Bioelectromagnetics 19, 469–476. 

107. Phillips, J.L., Haggren, W., Thomas, W.J., Ishida-Jones, T., and Adey, W.R. (1992) Magnetic field-induced changes in 
specific gene transcription. Biochim. Biophys. Acta 1132, 140–144. 

108. Dibirdik, I., Kristupaitis, D., Kurosaki, T., Tuel-Ahlgren, L., Chu, A., Pond, D., Tuong, D., Luben, R., and Uckun, 
F.M. (1998) Stimulation of Src family protein-tyrosine kinases as a proximal and mandatory step for SYK kinase-
dependent phospholipase Cγ2 activation in lymphoma B cells exposed to low energy electromagnetic fields. J. Biol. 
Chem. 273, 4035–4039. 

109. Walter, R.J., Shtil, A.A., Roninson, I.B., and Holian, O. (1997) 60-Hz electric fields inhibit protein kinase C activity and 
multidrug resistance gene (MDR1) up-regulation. Radiat. Res. 147, 369–375. 

110. Dreher, D. and Junod, A F. (1996) Role of oxygen free radicals in cancer development. Eur. J. Cancer 32A, 30–38. 
111. Lassegue, B. and Clempus, R.E. (2003) Vascular NAD(P)H oxidases: specific features, expression, and regulation. 

Am. J. Physiol. Regul. Integr. Comp. Physiol. 285, R277–297. 
112. Morel, Y. and Barouki, R. (1999) Repression of gene expression by oxidative stress. Biochem. J. 342, 481–496. 
113. Dröge, R. (2002) Free radicals in the physiological control of cell function. Physiol. Rev. 82, 47–95. 
114. Benhar, M., Dalyot, I., Engelberg, D., and Levitzki, A. (2001) Enhanced ROS production in oncogenically 

transformed cells potentiates c-Jun N-terminal kinase and p38 mitogen-activated protein kinase activation and 
sensitization to genotoxic stress. Mol. Cell. Biol. 21, 6913–6926. 

115. Vignais, P.V. (2002) The superoxide-generating NADPH oxidase: structural aspects and activation mechanism. Cell 
Mol. Life Sci. 59, 1428–1459. 

116. Roy, S., Noda, Y., Eckert, V., Traber, M.G., Mori, A., Liburdy, R.P., and Packer, L. (1995) The phorbol 12-myristate 
13-acetate (PMA)-induced oxidative burst in rat peritoneal neutrophils is increased by a 0.1 mT (60 Hz) magnetic 
field. FEBS Lett. 376, 164–166. 

117. Flipo, D., Fournier, M., Benquet, C., Roux, P., Le Boulaire, C., Pinsky, C., LaBella, F.S., and Krzystyniak, K. (1998) 
Increased apoptosis, changes in intracellular Ca2+, and functional alterations in lymphocytes and macrophages after in 
vitro exposure to static magnetic field. J. Toxicol. Environ. Health 54, 63–76. 

118. Laskin, D.L., Laskin, J.D., Kessler, F.K., Weinstein, I.B., and Carchman, R.A. (1980) Modulation of phagocytosis by 
tumour promoters and epidermal growth factor in normal and transformed macrophages. Cancer Res. 40, 1028–1035.  

119. Rollwitz, J., Lupke, M., and Simkó, M. (2004) 50 Hz magnetic fields induce free radical formation in mouse 
bonemarrow-derived macrophages. Biochim. Biophys. Acta, in press. 

120. Lupke, M., Rollwitz, J., and Simkó, M. (2004) 50 Hz magnetic fields induce reactive oxygen intermediates in human 
monocytes and in Mono Mac 6 cells. Free Radic. Res. 38, 985-993. 

121. Löscher, W. and Mevissen, M. (1994) Animal studies on the role of 50/60-Hertz magnetic fields in carcinogenesis. 
Life Sci. 54, 1531–1543.  

122. Cain, D.C., Thomas, D.L., and Adey, W.R. (1993) 60 Hz magnetic field acts as co-promoter in focus formation of 
C3H10T1/2 cells. Carcinogenesis 14, 955–960.  

123. Bowden, G.T. and Rosenthal, H. (1983) Caffeine enhancement of the initiation of DNA replication in benzo[a]pyrene 
diol epoxide damaged cells. Chem. Biol. Interact. 47, 57–67. 

124. Kim, P.M., DeBoni, U., and Wells, P.G. (1997) Peroxidase-dependent bioactivation and oxidation of DNA and 
protein in benzo[a]pyrene-initiated micronucleus formation. Free Radic. Biol. Med. 23, 579–596. 

125. Emerit, I. and Cerutti, P.A. (1981) Tumour promoter phorbol-12-myristate-13-acetate induces chromosomal damage 
via indirect action. Nature 293, 144–146. 

126. Dutton, D.R. and Bowden, G.T. (1985) Indirect induction of a clastogenic effect in epidermal cells by a tumor 
promoter. Carcinogenesis 6, 1279–1284. 

127. Bols, B.L., Gillis, K.C., Naaktgeboren, J.M., Lohman, P.H., Niericker, M., and Simons, J.W. (1993) Immortalization 
of Syrian hamster embryo cells: probabilistic event or deterministic process. Cancer Res. 53, 4797–4802. 

128. McLean, J.R., Stuchly, M.A., Mitchel, R.E., Wilkinson, D., Yang, H., Goddard, M., Lecuyer, D.W., Schunk, M., 
Callary, E., and Morrison, D. (1991) Cancer promotion in a mouse-skin model by a 60-Hz magnetic field. II. Tumor 
development and immune response. Bioelectromagnetics 12, 273–287. 

129. Rannug, A., Ekstrom, T., Mild, K.H., Holmberg, B., Gimenez-Conti, I., and Slaga, T.J. (1993) A study on skin 
tumour formation in mice with 50 Hz magnetic field exposure. Carcinogenesis 14, 573–578. 

130. Rannug, A., Holmberg, B., Ekstrom, T., Mild, K.H., Gimenez-Conti, I., and Slaga, T.J. (1994) Intermittent 50 Hz 
magnetic field and skin tumor promotion in SENCAR mice. Carcinogenesis 15, 153–157. 

131. McLean, J.R., Thansandote, A., Lecuyer, D., Goddard, M., Tryphonas, L., Scaiano, J.C., and Johnson, F. (1995) A 
60-Hz magnetic field increases the incidence of squamous cell carcinomas in mice previously exposed to chemical 
carcinogens. Cancer Lett. 92, 121–125. 

132. McLean, J.R., Thansandote, A., Lecuyer, D., and Goddard, M. (1997) The effect of 60-Hz magnetic fields on co-
promotion of chemically induced skin tumors on SENCAR mice: a discussion of three studies. Environ. Health 
Perspect. 105, 94–96. 

133. Löscher, W., Mevissen, M., Lehmacher, A., and Stamm, A. (1993) Tumor promotion in a breast cancer model by 
exposure to a weak alternating magnetic field. Cancer Lett. 71, 75–81. 

134. Löscher, W. and Mevissen, M. (1995) Linear relationship between flux density and tumor co-promoting effect of 

 21



Simkó: ELF-EMF and Biological Systems TheScientificWorldJOURNAL (2004) 4(S2), 4–22 
 

prolonged magnetic field exposure in a breast cancer model. Cancer Lett. 96, 175–180. 
135. Mevissen, M., Lerchl, A., and Löscher, W. (1996) Study on pineal function and DMBA-induced breast cancer 

formation in rats during exposure to a 100-mG, 50 Hz magnetic field. J. Toxicol. Environ. Health 48, 169–185. 
136. Juutilainen, J., Lang, S., and Rytomaa, T. (2000) Possible cocarcinogenic effects of ELF electromagnetic fields may 

require repeated long-term interaction with known carcinogenic factors. Bioelectromagnetics 21, 122–128. 
137. Valberg, P.A., Kavet, R., and Rafferty, C.N. (1997) Can low-level 50/60 Hz electric and magnetic fields cause 

biological effects? Radiat. Res. 148, 2–21.  
138. Blank, M. (1988)  In Modern bioelectricity.  Marino, A.D., Ed. Marcel Dekker, New York. p. 345. 
139. Kriehuber, R. and Simkó, M. (2000) Apoptosis induction and micronucleus formation after exposure to the auger-

electron emitter zinc-65 in a human cell line. Acta Oncol. 39, 699–706.  
140. Kriehuber, R., Riedling, M., Simkó, M., and Weiss, D.G. (2004) Cytotoxicity, genotoxicity and intracellular 

distribution of the Auger electron emitter 65Zn in two human cell lines. Environ. Radiat. Biophys. 43, 15–22. 
141. Stevens, R.G. and Davis, S. (1996) The melatonin hypothesis: electric power and breast cancer. Environ. Health 

Perspect. 104(Suppl 1), 135–140.  
142. Dubocovich, M.L. (1995) Melatonin receptors: are there multiple subtypes? Trends Pharmacol. Sci. 16, 50–56. 
143. Reiter, R.J. (1997) Antioxidant actions of melatonin. Adv. Pharmacol. 38, 103–117. 
144. Tamarkin, L., Cohen, M., Roselle, D., Reichert, C., Lippman, M., and Chabner, B. (1981) Melatonin inhibition and 

pinealectomy enhancement of 7,12-dimethylbenz(a)anthracene-induced mammary tumors in the rat. Cancer Res. 41, 
4432–4436. 

145. Blask, D.E., Wilson, S.T., and Zalatan, F. (1997) Physiological melatonin inhibition of human breast cancer cell 
growth in vitro: evidence for a glutathione-mediated pathway. Cancer Res. 57, 1909–1914. 

146. Kato, M., Honma, K., Shigemitsu, T., and Shiga, Y. (1994) Circularly polarized 50-Hz magnetic field exposure 
reduces pineal gland and blood melatonin concentrations of Long-Evans rats. Neurosci. Lett. 166, 59–62.  

147. Yellon, S.M. (1994) Acute 60 Hz magnetic field exposure effects on the melatonin rhythm in the pineal gland and 
circulation of the adult Djungarian hamster. J. Pineal Res. 16, 136–144. 

148. Lerchl, A., Reiter, R.J., Howes, K.A., Nonaka, K.O., and Stokkan, KA. (1991) Evidence that extremely low 
frequency Ca(2+)-cyclotron resonance depresses pineal melatonin synthesis in vitro. Neurosci. Lett. 124, 213–215. 

149. Liburdy, R.P., Sloma, T.R., Sokolic, R., and Yaswen, P. (1993b) ELF magnetic fields, breast cancer, and melatonin: 
60 Hz fields block melatonin's oncostatic action on ER+ breast cancer cell proliferation. J. Pineal Res. 14, 89–97.  

150. Löscher, W., Wahnschaffe, U., Mevissen, M., Lerchl, A., and Stamm, A. (1994) Effects of weak alternating magnetic 
fields on nocturnal melatonin production and mammary carcinogenesis in rats. Oncology 5, 288–295.  

151. Selmaoui, B., Bogdan, A., Auzeby, A., Lambrozo, J., and Touitou, Y. (1996) Acute exposure to 50 Hz magnetic field 
does not affect hematologic or immunologic functions in healthy young men: a circadian study. Bioelectromagnetics 
17, 364–372.  

152. Graham, C., Cook, M.R., Riffle, D.W., Gerkovich, M.M., and Cohen, H.D. (1996) Nocturnal melatonin levels in 
human volunteers exposed to intermittent 60 Hz magnetic fields. Bioelectromagnetics 17, 263–273.  

153. Pfluger, D.H. and Minder, C.E. (1996) Effects of exposure to 16.7 Hz magnetic fields on urinary 6-hydroxymelatonin 
sulfate excretion of Swiss railway workers. J. Pineal Res. 21, 91–100.  

154. Burch, J.B., Reif, J.S., Yost, M.G., Keffe, T.J., and Pitrat, C.A. (1998) Nocturnal excretion of a urinary melatonin 
metabolite in electric utility workers. Scand. J. Work Environ. Health 24, 183–189. 

 
 
 

This article should be referenced as follows: 

Simkó, M. (2004) Induction of cell activation processes by low frequency electromagnetic fields. TheScientificWorldJOURNAL 
4(S2), 4–22.  

 

 22



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


