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Background: Various studies in vitro suggest that low electric and magnetic fields may modify
cancer cell growth and recent studies in vivo have revealed anti-tumoral effects. After screening
different tumor cell lines, we identified specific sequences of localized magnetic and electric
fields (MESQ) that reduce cancer cell survival in vitro. This finding led us to design an experiment
to determine the actual efficacy of above sequences in selectively destabilizing tumor cells and
their effect on healthy cells.
Materials and Methods: We exposed the MCF7 cancer cell line and normal fibroblasts to MESQ
for 1, 2, 3 and 6 hours, evaluating cell survival and induction of apoptosis.
Results: Exposure to MESQ reduced MCF7 survival, inducing apoptosis in a timedependent way,
whereas fibroblasts were completely unaffected.
Conclusion: These results have promising implications for the treatment of cancer and warrant
further research.
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INTRODUCTION
The literature abounds in studies aimed at defining the effects of electric and
magnetic fields on humans, but the results have often been contradictory. This is
partly because many parameters are involved: field type, frequency and intensity, for
example, can invalidate controls, make experiments non reproducible, and obscure
the mechanisms of action of electric and magnetic fields (ICNIRP, 2001; Who, 2007).
Specifically, research conducted in the field of oncology suggests an association
between electromagnetic fields (EMF) and the onset of cancer (Ghabili et al., 2008;
Loomis et al., 1994). However, recent evidence demonstrates that EMF do not have
genotoxic effects in terms of DNA damage (Fiorani et al., 1992; ICNIRP, 2001;
McCann et al., 1998; Who, 2007) and suggests that they do not act as carcinogenic
agents by altering oncogene and oncosuppressor expression (Loberg et al., 1999;
Morehouse et al., 2000). Moreover, electrical and magnetic fields appropriately
modulated in intensity and frequency have been used separately to impair cancer
cells in vitro (Koh et al., 2008; Santini et al., 2005).
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Very few studies have examined the possible biological effects induced by
simultaneous use of sequences of localized magnetic and electric fields (MESQ). The
use of localized fields enables better control of field parameters and the possibility of
appropriately combining electric and magnetic signals to produce different effects by
distinguishing the contribution of the two components (Basu et al., 1989; Borzdov,
2002; McNeil et al., 2010; Mullins et al., 1993). Appropriate modulation of the
parameters of magnetic and electric fields is of fundamental importance for
manipulating cell functions and behaviour in a predetermined way. This idea has
stimulated recent oncological studies aimed at identifying magnetic and electric
fields effective for treating neoplasias (Barbault et al., 2009; Bertoni et al., 2009; Besić,
2007; Elson, 2009).
After several years spent screening different tumor cell lines in our institute, we
identified localized, high intensity pulsed magnetic fields, combined with a localized
electric field, that reduce the survival of cancer cells in vitro. This finding led us to
design an experiment to determine the actual efficacy of the above sequences in
selectively destabilizing tumor cells and their effect on healthy cells. The experiment
was conducted applying the magnetic and electric sequences (MESQ) to the MCF7
tumor line and to primary cultured fibroblasts, evaluating the effects produced in
terms of cell survival and induction of apoptosis.

MATERIALS AND METHODS
Cell cultures
Mammary adenocarcinoma cell line MCF7 from the American Type Culture Collection
(ATCC) was cultured in RPMI 1640 medium (Sigma) supplemented with fetal
calf serum (10%), L-glutamine (1%) and penicillin-streptomycin antibiotic (1%). The
primary fibroblast culture (PCS-201-012, ATCC) was cultured using Fibroblast Growth
Kit - low serum (ATCC). The cells were maintained at 378C in an atmosphere with 95%
humidity and 5% CO2. For MESQ treatment, the cells were sown in 25 cm2 flasks at a
concentration of 7x105 cellule/ml. After 24 h they were washed with PBS (Sigma), placed
in fresh medium and exposed to MESQ for 1, 2, 3, and 6 h to test cell survival. For the
apoptosis test, only three exposure times were used (1, 2, and 3 h), on the basis of
cytotoxicity test results. The results were compared with those of sham-exposed cells.
MESQ generator and exposure of cell samples
Electric field generator
The electric field was obtained with a high-tension generator connected to a
condenser consisting of two copper electrodes 10 cm apart that produced a uniform
electric field intensity of 3 kV/m. The generator was driven by a power source having
a frequency between 100 Hz and 1 KHz, modulated at low frequency (20 Hz).
Magnetic field generator
The magnetic field was generated by a pair of Helmholtz coils mounted outside the
sample compartment consisting in a plexiglass conteiner. They created a magnetic
field (intensity 600 Gauss) perpendicular to the direction of the electric field between
the two electrodes. The copper coils were connected to a power source that enabled
the magnetic field to be regulated in pulsed square-waves at a frequency of 20 Hz.
Sample compartment and temperature control
The cell samples were placed inside the condenser, which was housed in a plexiglass
container kept at 378C by means of a water jacket and thermostat.
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Compartment for sham-exposed samples
The thermostat-controlled water jacket also extended to a compartment, completely
isolated from magnetic and electric fields, for sham-exposed samples. Cell samples
were placed in this compartment to verify the null-hypothesis.
Instruments for monitoring and control
The system was continuously monitored and controlled by an oscillograph and a
multimeter equipped with temperature sensors and Hall probes to measure the
magnetic and electric fields. The system was coordinated and controlled by computer.
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EVALUATION OF CELL SURVIVAL
After MESQ treatment, cell samples were incubated 1:1 with trypan blue (Sigma) for
15 min. The cells were then disposed in a Burker chamber equipped with inverted
microscope (Nikon TE 300), where they were observed and counted. Percentage cell
survival was evaluated by calculating the ratio of the number of viable cells in
exposed and sham-exposed samples.
DETERMINATION OF APOPTOSIS (ANNEXIN V ASSAY)
Induction of apoptosis was evaluated by the Annexin V assay followed
by cytofluorimetric analysis and confocal microscopy (Nikon TE 300, Bio-Rad
laser system). For cytofluorimetric analysis the cells were collected after a
passage in trypsin-EDTA (1X)(Sigma), washed twice with PBS and resuspended
in Binding Buffer 1X solution (Bender Medsystems). They were then stained
with Annexin V - FITC Apoptosis Detection Kit (Bender Medsystems) (5 ml Annexin
V - FITC per 105 cells) and with 50 mg/ml propidium iodide solution in PBS buffer
1X (2 ml). The cells were incubated for 15 min at ambient temperature, before
cytofluorimetric reading.
For confocal microscopy, the cells were detached with trypsin EDTA 1X (Sigma),
washed twice in PBS and transferred to Poly-Prep poly-L-lysine coated slides at a
concentration of 1x106 cells/ml. After three washes with Binding Buffer 1X (Sigma)
they were stained with Label Staining Solution (AnnCy3) (Sigma), incubated for
10 min in the dark and observed by confocal microscope.
For the two procedures, adhering and floating cells were both collected.
The results were normalized to the respective sham-exposed cells, in which the
percentage of apoptotic cells was 1 – 4% for the two types of cells analyzed.
STATISTICAL ANALYSIS
The results were expressed as mean of at least three experiments and had a low
coefficient of variation, as shown by the standard deviations indicated in the
following graphs.
RESULTS
Cytotoxicity
As shown in Fig. 1, a decrease in survival of MCF7 cells was recorded after only
1 h of exposure (78% ves. 100% sham) and reached 40% after 3 h. By contrast,
MESQ exposure was completely innocuous to fibroblasts, where survival
remained at 100% throughout the experiment. In order to confirm this
observation, we prolonged the duration of exposure to 6 h, finding a continuous
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FIGURE 1 Survival of MCF7 cell line and cultured fibroblasts after exposure to MESQ. Bars
represents means of viable cell counts of triplicate experiments and error bars represent ^ SD.

decrease in the percentage survival of MCF7 cells down to a value of 25%, whereas
fibroblasts maintained a survival percentage that did not vary with respect to
sham-exposed cells.
Apoptosis
The early apoptotic cells induced by MESQ were examined by flow cytometry
analysis of Annexin V staining in fibroblast and MCF7 cells. As shown in Fig. 2,
after 1 h of exposure, a small percentage (6%) of apoptotic MCF7 cells were
observed. The number of apoptotic cells increased in the course of treatment up to
30% after 3 h of exposure to MESQ. Confocal microscopy analysis of MCF7 apoptotic
cells (red fluorescence) show many paired cells (Fig. 3B), suggesting that exposure to
MESQ may upset the moment of cell division. Fibroblasts exposed to MESQ did not
show any appreciable differences with respect to sham-exposed cells, as shown
in Fig. 2.
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FIGURE 2 Cytofluorimetric analysis of apoptosis during Annexin V – Propidium Iodide assay
of MCF7 cells and fibroblasts after MESQ treatment. Columns show means of apoptotic cell
percentages of triplicate experiments, bars represent ^ SD.
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FIGURE 3 Apoptosis of MCF7 cells after 3 h of MESQ treatment. Image obtained by confocal
scansion during Annexin V/Cy3 assay. Original magnification, £ 200. A: Sham-exposed MCF7 cells;
B: MCF7 cells exposed to MESQ.

DISCUSSION
The present results show that pulsed sequences of magnetic (600 G, 20 Hz) and
electric (3 KV/m) fields affect cells of the MCF7 tumor line, leading to decreased cell
survival by induction of apoptosis. These effects were not observed in normal
fibroblasts, the survival of which remained unchanged with respect to sham-exposed
fibroblasts (Figs. 1 and 2).
The image of apoptotic cells obtained by confocal microscope (Fig. 3) showed
many paired cells, suggesting that the cell population most susceptible to induction
of apoptosis by MESQ was that undergoing mitosis. The moment of cell division,
when the mitotic spindle forms and chromosomes align at microtubules, is a delicate
stage of the cell cycle subject to many mechanisms of regulation. Many articles in the
recent literature underline the importance of the spindle assembly check-point and
centrosomes in ensuring correct chromosome segregation and as regulators of the
whole cell cycle under physiological conditions and stress (Doxsey, 2001; Javerzat,
2010; Watanabe et al., 2009). These articles highlight the importance of electrostatic
interactions for two-way anchorage of microtubules and correct chromosome
segregation, suggesting that exposure to MESQ may upset the dynamics of these
mechanisms.
Death observed in tumor cells but not in normal fibroblasts indicates that
destabilization induced by MESQ was completely reversible or innocuous in cells
with genomic stability and normal functions, including regulation and repair
mechanisms, as already shown in various studies (Ali, 2007; Béghin et al., 2008;
Hartwig et al., 2009). On the contrary, cells of the MCF7 tumor line, characterized by
genomic instability, aneuploid chromosomes (hypertriploid-hypotetraploid), and
aberrant cell function, were completely destabilized by MESQ, as shown by the large
population of apoptotic cells after 3 h of exposure (Figs. 2 and 3B). Aneuploidy is
known to be associated with faster proliferation and cell-cycle velocity with respect
to cells with diploid DNA (Allison et al., 1998; Dowle et al., 1987; Kramer et al., 2004;
Lukac et al., 2006; Owainati et al., 1987), preventing aneuploid cells from adapting
and responding to stress.
Alhough further research is necessary, these results are in line with the
observation that the effects of MESQ on MCF7 cells depend on exposure time (Fig. 1).
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Also in line with this hypothesis, MESQ could induce apoptosis progressively in
asynchronous cell populations, as cells reach the stage of division. If so, the high rate
of proliferation of tumor cells could contribute to selective action of MESQ based
on cell type and status.
As already shown in various studies (ICNIRP, 2001; Chiabrera et al., 1985; Who,
2007), the present experiment demonstrates that the nature of the effects caused by
electrical and magnetic fields depends on parameters such as intensity, frequency,
and waveform, as well as cell type. Different combinations of the variables lead to
different biological effects, such as modulation of calcium transport, apoptosis,
proliferation and differentiation (Buttiglione et al., 2007; Hall et al., 2007; Sul et al.,
2006; White et al., 2004).
Our working hypothesis was based on preliminary studies that showed that
exposure only to electric fields (3 KV/m) does not have any effect on cell survival or
apoptosis, whereas exposure only to magnetic fields (600 Gauss; 20 Hz) has minor
effects compared to those observed when both field components are applied
(supplementary data). These observations suggest that electric fields potentiate the
effects of magnetic fields. Indeed, common applications of electric fields exploit
intensities of the order of 100 KV/m to induce certain effects in cells (Belehradek
et al., 1993; Heller et al., 1996; Vernier et al., 2003; Weaver et al., 1999) and Astumian
et al. (1995) identified intensity thresholds below which no biological effect is seen.
The electric field we used was therefore unlikely to be directly responsible for the
effects observed, but may have had a synergic effect with the magnetic field. This
action could be due to the capacity of even weak electric fields to influence the
distribution of charged molecules (receptors, proteins) in the plasmalemma, as
described in other studies (Chiabrera et al., 1985).
Although the present results require further study, they are clearly important for
the direct clinical and therapeutic implications of appropriate modulation of electric
and magnetic signals.
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Besić, E. (2007). Physical mechanisms and methods employed in drug delivery to tumors. Acta Pharm.
57(3):249– 268.
Borzdov, G. N. (2002). Designing localized electromagnetic fields in a source-free space. Phys Rev. E Statist.
Nonlin. Soft Matter Phys. E 65:612–627.
Buttiglione, M., Roca, L., Montemurno, E., et al. (2007). Radiofrequency radiation induces Egr-1 gene
expression and affects cell-cycle control in human neuroblastoma cells. J. Cell Physiol. 213:759–767.
Chiabrera, A., Nicolini, C., Schwan, H. P. (1985). Interactions between Electromagnetic Field and Cells
(pp. 78– 90). London: Plenum Press.
Dowle, C. S., Owainati, A., Robins, A., et al. (1987). Prognostic significance of the DNA content of human
breast cancer. Br. J. Surg. 74(2):133–136.
Doxsey, S. J. (2001). Centrosomes as command centres for cellular control. Nat Cell Biol. 3:E105– E108.
Elson, E. (2009). The little explored efficacy of magnetic fields in cancer treatment and postulation of the
mechanism of action. Electromagn. Biol. Med. 28(3):275– 282.
Fiorani, M., Cantoni, O., Sestili, P., et al. (1992). Electric and/or magnetic field effects on DNA structure
and function in cultured human cells. Mutat. Res. 282(1):25– 29.
Ghabili, K., Shoja, M. M., Agutter, P. (2008). Piezoelectricity and prostate cancer: proposed interaction
between electromagnetic field and prostatic crystalloids. Cell Biol. Int. 32(6):688–691.
Hall, E. H., Schoenbach, K. H., Beebe, S. J. (2007). Nanosecond pulsed electric fields induce apoptosis in
p-53 wild-type and p53-null HCT116 colon carcinoma cells. Apoptosis 12(9):1721 –1731.
Hartwig, V., Giovannetti, G., Vanello, N., et al. (2009). Biological effects and safety in magnetic resonance
imaging: A review. Int. J. Environ. Res. Public Health 6:1778–1798.
Heller, R., Jaroszeski, M. J., Glass, L. F., et al. (1996). Phase I/II trial for the treatment of cutaneous and
subcutaneous tumors using electrochemotherapy. Cancer 77(5):964– 971.
ICNIRP (International Commission for Non-Ionizing Radiation Protection) Standing Committee on
Epidemiology. (2001). Review of the epidemiologic literature on EMF and health. Environmen. Health
Perspect. 109(6).
Javerzat, J. P. (2010). Directing the centromere guardian Science. Molec. Biol. 327(5962):150– 151.
Koh, E. K., Ryu, B. K., Jeong, D. Y., et al. (2008). A 60-Hz sinusoidal magnetic field induces apoptosis
of prostate cancer cells through reactive oxygen species. Int. J. Radiat. Biol. 84(11):945– 955.
Kramer, A., Lukas, J., Bartek, J. (2004). Checking out the centrosome. Cell Cycle 3(11):1390 –1393.
Loberg, L. I., Gauger, J. R., Buthod, J. L., et al. (1999). Gene expression in human breast epithelial cells
exposed to 60 Hz magnetic fields. Carcinogenesis 20(8):1633 –1636.
Loomis, D. P., Savitz, D. A., Ananth, C. V. (1994). Breast cancer mortality among female electrical workers
in the United States. J. Natl. Cancer Inst. 86(12):921– 925.
Lukac, T., Matavulj, A., Matavulj, M., et al. (2006). Photoperiodism as a modifier of effect of extremely lowfrequency electromagnetic field on morphological properties of pineal gland. Bosn. J. Basic Med. Sci.
6(3):10– 16.
McCann, J., Dietrich, F., Rafferty, C. (1998). The genotoxic potential of electric and magnetic fields: an
update. Mutat. Res. 411(1):45–86.
McNeil, R. P., Schneble, R. J., Kataoka, M., et al. (2010). Localized magnetic fields in arbitrary directions
using patterned nanomagnets. Nano Lett. 10(5):1549– 1553.
Morehouse, C. A., Owen, R. D. (2000). Exposure of Daudi cells to low-frequency magnetic fields does not
elevate MYC steady-state mRNA levels. Radiat. Res. 153(5 Pt 2):663– 669.
Mullins, R. D., Sisken, J. E., Hejase, H. A., et al. (1993). Design and characterization of a system for exposure
of cultured cells to extremely low frequency electric and magnetic fields over a wide range of field
strengths. Bioelectromagnetics 14(2):173– 186.
Owainati, R. A., Robins, C., Hinton, I. O., et al. (1987). Tumour aneuploidy, prognostic parameters
and survival in primary breast cancer. Br. J. Cancer 55(4):449– 454.
Santini, M. T., Ferrante, A., Romano, R., et al. (2005). A 700 MHz 1H-NMR study reveals apoptosis-like
behavior in human K562 erythroleukemic cells exposed to a 50 Hz sinusoidal magnetic field. Int.
J. Radiat. Biol. 81(2):97– 113.
Sul, A. R., Park, S., Suh, H. (2006). Effects of sinusoidal electromagnetic field on structure and function of
different kind of cell lines. Yonsei Med. J. 46:852– 861.
Vernier, P. T., Sun, Y., Marcu, L., et al. (2003). Calcium bursts induced by nanosecond electric pulses.
Biochem. Biophys. Res. Commun. 310(2):286– 295.
Electromagnetic Biology and Medicine

Selective destabilization of tumor cells with pulsed electric and magnetic sequences

135

Watanabe, Y., Sato, K., Yukumi, S., et al. (2009). Development of a second-generation radiofrequency
ablation using sintered MgFe(2)O(4) needles and alternating magnetic field for human cancer therapy.
Biomed. Mater. Eng. 19(2– 3):101– 110.
Weaver, J. C., Vaughan, T. E., Chizmadzhev, Y. (1999). Theory of electrical creation of aqueous pathways
across skin transport barriers. Adv. Drug Deliv. Rev. 35(1):21– 39.
White, J. A., Blackmore, P. F., Schoenbach, K. H., et al. (2004). Stimulation of capacitative calcium entry
in HL-60 cells by nanosecond pulsed electric fields. J. Biol. Chem. 279(22):22964– 22972.
World Health Organization (2007).Workshop on Developing and Implementing Protective Measures
for ELF EMF. International EMF Project Rapporteur’s Report. Geneva, Switzerland.

Electromagn Biol Med Downloaded from informahealthcare.com by 94.167.56.252 on 08/25/11
For personal use only.

Supplementary figures available online.

Copyright Q Informa Healthcare USA, Inc.

