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Abstract: Public concerns about potential health risks of intermediate-frequency (IF) 

electromagnetic fields are increasing, especially as the use of induction-heating cooktops has 

spread extensively in Japan and Europe. In order to investigate the properties of IF 

electromagnetic fields, we examined the effect of exposure to a 23-kHz IF magnetic field of 

2 mT for 2, 3, or 4 h on neutrophil chemotaxis and phagocytosis using differentiated human 

HL-60 cells. Compared with sham exposure, exposure to the IF magnetic field had no effect 

on neutrophil chemotaxis or phagocytosis. Previous studies demonstrated that exposure to a 

23-kHz IF magnetic field of 2 mT (about 74-times the maximum value recommended by the 

International Commission for Nonionizing Radiation Protection guidelines) may affect the 

first-line immune responses in humans. To our knowledge, this is the first study to evaluate 

the effects of IF magnetic fields on cellular immune responses. We found that exposure to 

an IF magnetic field of 2 mT has minimal if any effect on either the chemotaxis or phagocytic 

activity of neutrophil-like human HL-60 cells. 
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1. Introduction 

Intermediate-frequency (IF) electromagnetic fields (300 Hz to 10 MHz) generated by induction-heating 

(IH) cooktops are now widespread in domestic kitchens because of the replacement of gas for cooking 

in Japan and Europe. IH cooktops generate magnetic fields at around 20 to 100 kHz, frequencies that are 

in the IF range. Unfortunately, research examining the potential health effects associated with exposure 

to IF magnetic fields is lacking. As concern regarding the potential health effects has risen,  

it has become necessary to investigate the risks of IF magnetic fields in more detail. 

Several epidemiologic [1–4] and in vivo studies [5–7] of IF magnetic fields have been published. 

These studies have focused on the effects working with video-display terminals may have on women. In 

addition, some in vitro studies [8–11] of the effect of exposure to IF magnetic fields have been conducted 

in Japan since gas and electric stoves have been increasingly replaced by IH cooktops. Most IH cooktops 

use a 23-kHz magnetic field as the maximum output power frequency. We previously reported that 23-

kHz IF magnetic fields have no detectable effects on human gene-expression profiles [8]. In that study, we 

used a 100 µTrms IF magnetic field, which was approximately 16-times higher than the reference level 

for general public exposure to magnetic fields of 3 kHz to 10 MHz as stated in the 1998 International 

Commission on Nonionizing Radiation Protection (ICNIRP) guidelines [12]. However, recently (2013) 

updated ICNIRP guidelines revised the reference levels for magnetic fields of 1–100 kHz to 27 µT for 

general public exposure to magnetic fields of 3 kHz to 10 MHz and 100 µT for occupational exposure 

[13]. In addition, the World Health Organization has indicated that  

high-quality research is needed to assess the biological effects of exposure to IF magnetic fields because 

there is limited experimental evidence to support the new reference level [14]. 

In this study, we investigated the effects of exposure to an IF magnetic field of 23 kHz and 2 mTrms 

(i.e., ~74-times the reference level in the new ICNIRP guidelines) on neutrophils, cells that are critical 

components of the immune system. The human immune system eliminates exogenous materials such as 

invading foreign microbes in order to maintain homeostasis. Neutrophils are the vital gatekeepers of the 

host microbiome, playing an important role in defending against invading microbes. In this study, we 

investigated chemotaxis and phagocytosis in human neutrophils differentiated from HL-60 cells exposed 

to an IF magnetic field. 

2. Materials and Methods 

2.1. Cell Culture 

Human leukemia HL-60 cells (JCRB0085) were purchased from Japan Health Sciences Foundation 

(Tokyo, Japan) and were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 

supplemented with 10% inactivated fetal calf serum at 37 °C in an atmosphere of 95% air and 5% CO2. 

We previously optimized the conditions for differentiation of HL-60 cells [15]. Briefly, 1.25% dimethyl 

sulfoxide (DMSO) was added to 5 × 106 cells in 38.1 mL of culture medium and the cells were incubated 

for 2–9 days. Figure 1 shows the change in superoxide (a differentiation marker of HL-60 cells) production 

over time after treatment with DMSO. The cells differentiated into neutrophil-like cells after 5 days of 

DMSO treatment. 
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Figure 1. OD value at 550 nm, used to estimate the amount of superoxide in untreated and 

DMSO-treated HL-60 cells. 

 

2.2. Magnetic Field Generation System 

After the cells had differentiated for 3 days, they were exposed to a 23-kHz IF magnetic field for  

2, 3, or 4 h using a specially designed exposure apparatus. Our custom-built IF magnetic field generation 

system has been described elsewhere [16,17]. Briefly, this system consists of a custom-built magnetic 

generating coil, a power unit (KZ-MS32A; Panasonic, Osaka, Japan), a cooling unit (Carry Cool LPA3; 

Orion Machinery Co., Nagano, Japan), a temperature-monitoring system comprised of an optical-fiber 

thermometer (UM14; FISO Technology, Quebec, QC, Canada) with a data acquisition/switch unit 

(34970A; Agilent Technologies, Palo Alto, CA, USA), an incubator (modified BNR-110; Espec Corp., 

Osaka, Japan), and a water-circulating unit (modified Neo Cool Circulator CFA610; Yamato Scientific 

Co., Tokyo, Japan). The power unit was regulated to supply a current to the coil of 6.1 Arms at 23 kHz 

to generate an IF magnetic field of 2 mTrms from the coil. The magnetic field had a sinusoidal wave-

form, with a vertical and uniaxial orientation. The magnetic flux density in the exposure space was 

measured using an ELT-400 tester (Narda STS, Pfullingen, Germany), with a 3-cm2 probe [16,17]. The 

temperature of the medium in the culture dishes was monitored throughout the experiment and 

maintained at 37.0 ± 0.5 °C. Sham exposure was performed using the same unit without IF magnetic 

field exposure. 

2.3. Neutrophil Migration Capability 

Neutrophil chemotaxis was assessed using an EZ-TAXIScan chemotaxis apparatus (ECI, Inc., Tokyo, 

Japan) [18]. Immediately after the exposure, the cells were collected and counted. A 1-μL volume of 

cells at a concentration of 2 × 106/mL was applied to one of two compartments in the apparatus. Formyl-

methionyl-leucyl-phenylalanine (fMLP) was added to the other compartment as a chemoattractant at a 

concentration of either 10−7 or 10−8 M. Time-lapse images were recorded every  

30 s for 30 min, and cell migration was analyzed using a TAXIScan Analyzer2 (ECI, Inc., Tokyo, Japan). 

The migration velocity and directionality of cell movement were assessed for 20 cells per experiment, 

from which averages were calculated. The velocity of cell migration was expressed as μm/s, and the 

directionality of migration was expressed as the angle (radian) taken toward the chemoattractant from 

the start line (i.e., π/2 indicates that the cells migrated straight toward the chemoattractant, and the value 

can be translated as 1.57). 
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Neutrophil migration capability was also assessed according to a second criterion, as calculated using 

the following formula:  

Migration rate = 1 - 
number of the cells which remained on the slide within 200 μm

number of the cells which migrate forward to chemoattractant
 (1) 

Values were calculated using Equation (1) 30 min after the addition of chemoattractant. This  

Equation (1) indicates the ratio of cell migration. We focused on the cells that migrated more than  

30 μm forward toward the chemoattractant. The denominator describes the living cells to migrate to the 

chemoattractant. When the cells are active enough to migrate to the chemoattractant, they are able to 

reach the opposite side and cannot be seen within 200 µm. While the numerator describes the remained 

cells which cannot reach the chemoattractant though they are alive to move more than  

30 μm. If the cells remain within 200 µm, the ratio of the right hand will larger. Then the Equation (1) 

indicates the migration rate of the cells. 

2.4. Phagocytosis 

Phagocytosis was evaluated using flow cytometry according to previously published methods [19–21]. 

Immediately after the exposure, the cells were collected and counted. A 100-μL volume of cells at a 

concentration of 1 × 104/μL were incubated with 10 μL of FluoSheres fluorescent microspheres  

(1 × 1010 microspheres/mL; #F13081, Invitrogen, Carlsbad, CA, USA) for 40 min at 37 °C. Following 

ingestion of the microsphere particles by the neutro phils via phagocytosis, the cells were washed with 

PBS 5 times to remove any free particles and then resuspended with 1 mL of PBS and analyzed by flow 

cytometry (Nippon Becton Dickinson Company, Ltd., Tokyo, Japan). 

2.5. Statistical Analysis 

Data are expressed as the mean ± SD. Each experiment was performed at least three times, and the 

statistical significance of differences between sham and IF magnetic field exposure was assessed using 

a t-test. A p-value < 0.05 was considered to indicate statistical significance. 

3. Results 

3.1. Effect of IF Magnetic Field Exposure on Neutrophil Chemotaxis 

The effect of exposure to IF magnetic fields on neutrophil chemotaxis was investigated using an  

EZ-TAXIScan chemotaxis assay system, which is widely used in research [22–24]. Figure 2 shows the 

effect of IF magnetic field exposure on neutrophil chemotaxis directionality and migration velocity. 

Exposure to a 23-kHz IF magnetic field had no effect on either the migration velocity or directionality 

of neutrophil chemotaxis. Addition of fMLP, which stimulates chemotaxis, significantly enhanced the 

migration velocity and directionality of chemotaxis compared with no addition of fMLP. However,  

the enhancement of migration velocity and directionality was not observed when fMLP addition was 

combined with exposure to the IF magnetic field. Longer duration of exposure to the IF magnetic field 

(e.g., 2, 3, or 4 h) also did not enhance chemotaxis. 
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Figure 2. Chemotaxis of differentiated HL-60 cells after sham or IF magnetic field exposure 

for 2, 3, or 4 h. The directionality (a) and migration velocity (b) of differentiated HL-60 cell 

movement was assayed using 0, 10, or 100 nM fMLP as the chemoattractant. 

 

(a) 

 

(b) 

Figure 3a shows the number of neutrophils that migrated toward various concentrations of fMLP after 

sham or IF magnetic field exposure for varying periods of time. About 30 to 40 of these cells were 

evaluated for calculation of the migration rate in each experiment. Determination of the rate at which 

neutrophils migrated toward the various concentrations of fMLP after sham or 23-kHz IF magnetic field 

exposure for varying periods of time (Figure 3b) showed that exposure the IF magnetic field had no 

effect. 
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Figure 3. Chemotaxis of differentiated HL-60 cells was assayed using 10 or 100 nM fMLP 

as the chemoattractant after sham or IF magnetic field exposure for 2, 3, or 4 h. (a) Number 

of differentiated HL-60 cells migrating toward 10 or 100 nM fMLP as the chemoattractant. 

(b) Rate of migration of differentiated HL-60 cells toward 10 or 100 nM fMLP as  

the chemoattractant. 

 

(a) 

 

(b) 

3.2. Effect of IF Magnetic Field Exposure on Phagocytosis 

Figure 4 shows the percentage of fluorescent microparticles phagocytosed by neutrophils exposed to 

a 23-kHz IF magnetic field for 2, 3 or 4 h, as determined by flow cytometry. The percentage of 

microparticles phagocytosed by cells exposed to the IF magnetic field was not significantly different 

from the percentage phagocytosed by cells that underwent sham exposure. 
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Figure 4. The percentage of microspheres phagocytosed by differentiated HL-60 cells after 

sham or IF magnetic field exposure for 2, 3, or 4 h. 

 

4. Discussion 

In this study, we evaluated the effects of exposure to an IF magnetic field on chemotaxis and 

phagocytosis in human HL-60 cells using an EZ-TAXIScan chemotaxis apparatus and FluoSpheres 

fluorescent microspheres, respectively. We observed no differences between sham exposure and 

exposure to the IF magnetic field with respect to neutrophil migration and phagocytosis under all 

conditions investigated. 

The results of previous research at the cellular level in our laboratory suggest that exposure to IF 

magnetic fields generated by IH cooktops is not genotoxic and has no effect on the expression of heat 

shock proteins [8,9,11,17]. In a 2007 study, we observed no genotoxic effects in bacteria or Chinese 

hamster ovary (CHO-K1) cells exposed to an IF magnetic field of 23 kHz at 532 ± 20 μT for 2 h [9]. 

Mutagenicity resulting from IF magnetic field exposure was examined in five different bacteria, and no 

significant difference in the frequency of revertant colony formation were observed between  

sham- and IF magnetic field-exposed bacteria. Compared with sham exposure, IF magnetic field 

exposure also had no effect on cell growth, micronucleus formation, comet assay results, and 

hypoxanthine guanine phosphoribosyl transferase (HPRT) gene mutations in CHO-K1 cells. We also 

reported that the expression of heat shock proteins in CHO-K1 cells is not affected by exposure to an IF 

magnetic field at 6.05 mT [11], an intensity higher than the 2 mT used in the present study. As these 

studies involved bacteria or hamster cells rather than human cells, we then evaluated the effects of IF 

magnetic field exposure on fetus-derived human SVGp12 astroglial cells [8]. We found that exposure to 

high- or low-intensity magnetic fields had no effect on gene expression in SVGp12 cells [17]. These 

data are in agreement with the findings of the present study. 

In the present study, we did not detect any differences in neutrophil chemotaxis or phagocytosis 

following IF magnetic field exposure. Neutrophil chemotaxis was evaluated using fMLP as a 

chemoattractant. Obvious differences in migration were observed with and without chemoattractant; 

however, there was no difference between sham and IF magnetic field exposure. Although uninduced 
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cells exhibited minimal phagocytic activity, the differentiated cells phagocytosed a significant 

percentage of the microspheres. However, no difference in phagocytic activity was observed between 

sham-exposed and IF magnetic field-exposed cells. These results confirmed that our experimental 

procedures were performed appropriately. 

Few studies have evaluated the effects of exposure to IF magnetic fields on cells. However,  

some reports [25–27] have suggested that IF magnetic fields may have biological effects in animals. 

Blank et al. [28] reported that magnetic fields in the range 10 to 2500 Hz increase the activity of 

cytochrome oxidase, which may have biological effects at the cellular level. Although there are some 

negative data regarding the effects of exposure to IF magnetic fields [29,30], the results are inconsistent. 

Although we demonstrated in this study that exposure to a 23-kHz IF magnetic field at 2 mT has no 

effect on chemotaxis and phagocytosis in differentiated HL-60 cells, further investigation is needed to 

elucidate the relationship between IF magnetic field exposure and human health. Our results suggest that 

exposure to a 23-kHz IF magnetic field at 2 mT (74-times the maximum value recommended by ICNIRP 

guidelines [12]) has no adverse effect on neutrophils, cells that play a critical role in the initial immune 

response to potential pathogens in humans. 

5. Conclusions 

Although the number of experiment was limited for the statistical analysis in this study, our results 

indicated that exposure to a 23-kHz IF magnetic field has no or very little effect on chemotaxis and 

phagocytic activity in neutrophil-like differentiated human HL-60 cells. 

Acknowledgments 

The authors thank Hiromi Nishigaki for her excellent technical work in the cell culture. This work 

was partly supported by a Frontier Researches in Sustainable Humanosphere. 

Author Contributions 

Shin Koyama contributed to do and analyze the experiments and the data, respectively, and to write 

the paper. Eijiro Narita contributed to do the experiments and the data collection for this paper.  

Naoki Shinohara and Junji Miyakoshi contributed to write the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Windham, G.C.; Fenster, L.; Swan, S.H.; Neutra, R.R. Use of video display terminals during 

pregnancy and the risk of spontaneous abortion, low birthweight, or intrauterine growth retardation. 

Am. J. Ind. Med. 1990, 18, 675–688. 

2. Schnorr, T.M.; Grajewski, B.A.; Hornung, R.W.; Thun, M.J.; Egeland, G.M.; Murray, W.E.; 

Conover, D.L.; Halperin, W.E. Video display terminals and the risk of spontaneous abortion.  

N. Engl. J. Med. 1991, 324, 727–733. 



Int. J. Environ. Res. Public Health 2014, 11 9657 

 

 

3. Lindbohm, M.L.; Hietanen, M.; Kyyrönen, P.; Sallmén, M.; von Nandelstadh, P.; Taskinen, H.; 

Pekkarinen, M.; Ylikoski, M.; Hemminki, K. Magnetic fields of video display terminals and 

spontaneous abortion. Am. J. Epidemiol. 1992, 136, 1041–1051. 

4. Grajewski, B.; Schnorr, T.M.; Reefhuis, J.; Roeleveld, N.; Salvan, A.; Mueller, C.A.; Conover, D.L.; 

Murray, W.E. Work with video display terminals and the risk of reduced birthweight and preterm 

birth. Am. J. Ind. Med. 1997, 32, 681–688. 

5. Stuchly, M.A.; Ruddick, J.; Villeneuve, D.; Robinson, K.; Reed, B.; Lecuyer, D.W.; Tan, K.; Wong, J. 

Teratological assessment of exposure to time-varying magnetic field. Teratology 1988, 38, 461–466. 

6. Huuskonen, H.; Juutilainen, J.; Komulainen, H. Effects of low frequency magnetic fields on fetal 

development in rats. Bioelectromagnetics 1993, 14, 205–213. 

7. Juutilainen, J.; Huuskonen, H.; Komulainen, H. Increased resorptions in CBA mice exposed to  

low-frequency magnetic fields: An attempt to replicate earlier observations. Bioelectromagnetics 

1997, 18, 410–417. 

8. Sakurai, T.; Narita, E.; Shinohara, N.; Miyakoshi, J. Intermediate frequency magnetic field at 23 kHz 

does not modify gene expression in human fetus-derived astroglia cells. Bioelectromagnetics 2012, 

33, 662–669. 

9. Miyakoshi, J.; Horiuchi, E.; Nakahara, T.; Sakurai, T. Magnetic fields generated by an induction 

heating (IH) cook top do not cause genotoxicity in vitro. Bioelectromagnetics 2007, 28, 529–537. 

10. Nakasono, S.; Ikehata, M.; Dateki, M.; Yoshie, S.; Shigemitsu, T.; Negishi, T. Intermediate frequency 

magnetic fields do not have mutagenic, co-mutagenic or gene conversion potentials in microbial 

genotoxicity tests. Mutat. Res. 2008, 649, 187–200. 

11. Sakurai, T.; Kiyokawa, T.; Kikuchi, K.; Miyakoshi, J. Intermediate frequency magnetic fields 

generated by an induction heating (IH) cooktop do not affect genotoxicities and expression of heat 

shock proteins. Int. J. Radiat. Biol. 2009, 85, 883–890. 

12. International Commission on Non-Ionizing Radiation Protection (ICNIRP). Guidelines for limiting 

exposure to time-varying electric, magnetic, and electromagnetic fields (up to 300 GHz). Health 

Phys. 1998, 74, 494–522. 

13. International Commission on Non-Ionizing Radiation Protection (ICNIRP). Guidelines for  

limiting exposure to time-varying electric and magnetic fields (1 Hz–100 kHz). Health Phys. 2010, 

99, 818–836.  

14. World Health Organization (WHO). Extremely Low Frequency Fields; Environmental Health 

Criteria Monograph No. 238; WHO Press: Geneva, Switzerland, 2007; Available online: 

http://www.who.int/peh-emf/publications/Complet_DEC_2007.pdf (accessed on 26 June 2014). 

15. Koyama, S.; Narita, E.; Suzuki, Y.; Taki, M.; Shinohara, N.; Miyakoshi, J. Effect of a 2.45 GHz 

radiofrequency electromagnetic field on neutrophil chemotaxis and phagocytosis in differentiated 

human HL-60 cells. J. Radiat. Res. 2014. (In press). 

16. Fujita, A.; Kawahara, Y.; Inoue, S.; Omori, H. Development of a higher power  

intermediate-frequency magnetic field exposure system for in vitro studies. Bioelectromagnetics 

2010, 31, 156–163. 

17. Sakurai, T.; Narita, E.; Shinohara, N.; Miyakoshi, J. Alteration of gene expression by exposure to 

a magnetic field at 23 kHz is not detected in astroglia cells. J. Radiat. Res. 2013, 54, 1005–1009. 



Int. J. Environ. Res. Public Health 2014, 11 9658 

 

 

18. Kanegasaki, S.; Nomura, Y.; Nitta, N.; Akiyama, S.; Tamatani, T.; Goshoh, Y.; Yoshida, T.;  

Sato, T.; Kikuchi, Y. A novel optical assay system for the quantitative measurement of chemotaxis. 

J. Immunol. Methods 2003, 282, 1–11. 

19. Lehmann, A.K.; Sornes, S.; Halstensen, A. Phagocytosis: Measurement by flow cytometry.  

J. Immunol. Methods 2000, 243, 229–242. 

20. Tippett, E.; Fernandes, L.A.; Rogerson, S.J.; Jaworowski, A. A novel flow cytometric phagocytosis 

assay of malaria-infected erythrocytes. J. Immunol. Methods 2007, 325, 42–50. 

21. Rodríguez, M.E.; van der Pol, W.L.; van de Winkel, J.G. Flow cytometry-based phagocytosis assay 

for sensitive detection of opsonic activity of pneumococcal capsular polysaccharide antibodies in 

human sera. J. Immunol. Methods 2001, 252, 33–44. 

22. Ishii, M.; Egen, J.G.; Klauschen, F.; Meier-Schellersheim, M.; Saeki, Y.; Vacher, J.; Proia, R.L.; 

Germain, R.N. Sphingosine-1-phosphate mobilizes osteoclast precursors and regulates bone 

homeostasis. Nature 2009, 458, 524–528. 

23. Hattori, H.; Subramanian, K.K.; Sakai, J.; Jia, Y.; Li, Y.; Porter, T.F.; Loison, F.; Sarraj, B.;  

Kasorn, A.; Jo, H.; et al. Small-molecule screen identifies reactive oxygen species as key regulators 

of neutrophil chemotaxis. PNAS 2010, 107, 3546–3551. 

24. Ito, A.; Suganami, T.; Yamauchi, A.; Degawa-Yamauchi, M.; Tanaka, M.; Kouyama, R.; 

Kobayashi, Y.; Nitta, N.; Yasuda, K.; Hirata, Y.; et al. Role of CC chemokine receptor 2 in bone 

marrow cells in the recruitment of macrophages into obese adipose tissue. J. Biol. Chem. 2008, 283, 

35715–35723. 

25. Tuschl, H.; Neubauer, G.; Schmid, G.; Weber, E.; Winker, N. Occupational exposure to static, ELF, 

VF and VLF magnetic fields and immune parameters. Int. J. Occup. Med. Environ. Health 2000, 

13, 39–50. 

26. Karkabounas, S.; Havelas, K.; Kostoula, O.K.; Vezyraki, P.; Avdikos, A.; Binolis, J.;  

Hatziavazis, G.; Metsios, A.; Verginadis, I.; Evangelou, A.; et al. Effects of low intensity static 

electromagnetic radiofrequency fields on leiomyosarcoma and smooth muscle cell lines.  

Hell. J. Nucl. Med. 2006, 9, 167–172. 

27. Avdikos, A.; Karkabounas, S.; Metsios, A.; Kostoula, O.; Havelas, K.; Binolis, J.; Verginadis, I.; 

Hatziaivazis, G.; Simos, I.; Evangelou, A.; et al. Anticancer effects on leiomyosarcoma-bearing 

Wistar rats after electromagnetic radiation of resonant radiofrequencies. Hell. J. Nucl. Med. 2007, 

10, 95–101. 

28. Blank, M.; Soo, L. Frequency dependence of cytochrome oxidase activity in magnetic fields. 

Bioelectrochem. Bioenerg. 1998, 46, 139–143. 

29. Nishimura, I.; Oshima, A.; Shibuya, K.; Mitani, T.; Negishi, T. Absence of reproductive and 

developmental toxicity in rats following exposure to a 20-kHz or 60-kHz magnetic field.  

Regul. Toxicol. Pharmacol. 2012, 64, 394–401. 

  



Int. J. Environ. Res. Public Health 2014, 11 9659 

 

 

30. Robertson, I.G.; Wilson, W.R.; Dawson, B.V.; Zwi, L.J.; Green, A.W.; Boys, J.T. Evaluation of 

potential health effects of 10 kHz magnetic fields: A short-term mouse toxicology study. 

Bioelectromagnetics 1996, 17, 111–122. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


