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ABSTRACT
PURPOSE: We investigated iron accumulation and the possible mechanisms in the rabbit cerebellum 
after the exposure to the real GSM and generated radiofrequency electromagnetic fi elds (RF EMF) using 
inductively coupled plasma mass spectrometry (ICP MS) and particles induced X-ray emission (PIXE).
MATERIALS AND METHODS: Four groups of rabbits were exposed to the real EMF, generated EMF, 
combination of both the real and generated signals and the control group with no exposition. For 
determination of iron concentration in the four groups of cerebellum samples ICP MS was used. Iron 
accumulation in samples by PIXE analysis using the 3 MeV proton beam was carried out. 
RESULTS: Iron concentration measured by ICP MS revealed no signifi cant differences for all the groups. 
PIXE results showed a focal accumulation of iron with the size up to 3 mm. Highest concentration of iron 
after exposure to real signal was observed. 
CONCLUSION: We suggest that the iron accumulation after the exposure to RF ELF is not the result of 
higher permeability of blood-brain barrier and leaking out of iron from the bloodstream into the brain cells and 
tissues. It could be the result of an iron actuation and its redistribution in the tissue (Fig. 2, Ref. 86). Text in 
PDF www.elis.sk
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Introduction

Exposure of a human body to the radiofrequency electromag-
netic fi eld (RF EMF) has adverse health effect such as: altered pro-
duction of enzymes and proteins, effect on physiological function 
of brain activity or structural changes of cerebellum (Kopani et al, 
2018; Eker et al, 2018; Gevrek et al, 2017; Gumral et al, 2016). 
The  blood-brain barrier (BBB) maintains a highly stable environ-
ment (Carpenter et al, 2014). It consists of the specialized tight 
junctions between the endothelial cells that line brain capillaries. 
Under some circumstances the BBB structure can be impaired 
what can lead to its higher permeability and leaking out of some 
elements from the bloodstream into the brain cells and the tissues. 
Several works deal with confl icting evidence about higher BBB 
permeability (Albert, 1979; Blasberg, 1979; Segal and Magin, 
1982; Williams et al, 1984).

Iron as the most abundant metal in the brain and blood, can be 
regularly found in the brain tissue. It is responsible for a myelin 
production, growth and development. It also plays an important 
role in the development of neurodegenerative diseases and the 
aging processes (Rouault, 2013).

Ferritin as a primary iron storage is a protein situated in the 
cytoplasm of the cells and in small amounts in the blood circulation 
(Arosio and Levi, 2002). This protein shows spherical morphology 
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with a diameter of 12 nm. The core of ferritin consists of 6 nm 
Fe(III)-oxide particle stored in the form of ferrihydrite (5 Fe2O3 
× 9 H2O). Several studies showed that the core physiological fer-
ritin is composed of ferrihydrite, magnetite (Fe3O4) or maghemite 
(γ-Fe2O3) and hematite (α-Fe2O3) (Cowley et al, 2000; Brem et al, 
2006; Quintana, 2007; Gálvez et al, 2008). Ferritin iron core is 
enclosed by two types of polypeptides – heavy (Ft-H) form and 
light (Ft-L) polypeptide form.

Our previous work revealed iron accumulations in stratum 
granulosum of rabbit’s cerebellum after the exposure to RF EMF 
(Kopani et al, 2018). This  phenomenon can be the result of higher 
permeability of BBB and leaking out of iron from the bloodstream 
into the brain cells and tissues or the result of iron actuation and 
its redistribution – neuronal damage with subsequent release of 
iron sequestered in intracellular structures of neuronal cells. The 
aim of this study was to investigate the possible mechanisms of 
iron accumulation in rabbit cerebellum after the exposure to RF 
EMF analysed by Inductively coupled plasma mass spectrometry 
(ICP-MS) and Particles Induced X-ray Emission (PIXE) method.

Material and methods

Ethical declaration and compliance with ethical standards:
All the procedures were conducted in accordance with the 

Declaration of Helsinky and with the laws, rules, and regulations 
of the Slovak Republic, and Comenius University Bratislava, con-
sidering the Directive 2010/63/EU of the European Parliament. The 
research was approved by the Ethics Committee of Jessenius Fac-
ulty of Medicine, Comenius University in Martin (IRB00005636).

Study group
Experiments were performed on 4 groups of New Zealand 

White Rabbits. Rabbits were initiated to the anaesthesia by com-
bination of tiletaminum and zolazepamum (Zoletil 100, Virbac, 
France) in dose 30 mg/kg i.m. Recurrent supplemental anaesthe-
sia was α-Chloralose (Sigma-Aldrich, USA) in dose 60 mg/kg 
i.p. as needed. The animals were allowed to breathe spontane-
ously, while end-tidal CO2, respiration rate and body temperature 
were monitored continuously. The animals did not suffer from 
any disease. Each rabbit was individually placed into the Faraday 
exposure cage. During the exposure, the background extremely 
low frequency magnetic fl ux density did not exceed 80 nT for the 
frequency band of 5 – 100 kHz as measured by Narda EHP50-D 
(Narda Safety Test Solution, Pfullingen, Germany). The horizontal 
and vertical components of static magnetic fi eld were 49 ± 4 μT 
and 80 ± 3 μT, respectively. Rabbit’s head was placed 5 cm from 
the loop antenna. The occipital and parietal brain regions were 
primarily exposed during 150 min.

The rabb its were divided into four groups with 5 animals in 
each group:

1st group – exposed to real electromagnetic fi eld with fre-
quency band 1805 – 1870 MHz for 150 min. The signal was cali-
brated to intensity of electric fi eld (E) 300 (V/m) measured by 
broadband meter Narda NBM550 (Narda Safety Test Solutions, 
Pfullingen, Germany).

2nd group – exposed to generated electromagnetic fi eld with 
frequency 1788 MHz for 150 min. The signal was pulse modulated 
with duty cycle 50% under carrier frequency 1788 MHz generated 
by functional generator Agilent N9310A (Agilent Technologies, 
Santa Clara, USA) and amplifi ed by laboratory 5 W amplifi er AR 
5S1G4 (Amplifi er Research, Souderton, USA). Electric fi eld (E) 
was calibrated to 160 (V/m). 

3rd group – exposed to combination of both the real and gene-
rated signals for 150 min. 

4th group – control without radio-frequency signal. Animals 
in sham group were held always at the same conditions as ani-
mals in groups 1, 2 or 3. Thus, they were affected with same 
anaesthetics and kept within the same exposure unit during the 
same time period.

Inductively coupled plasma mass spectrometry
For determination of the iron concentration in the volume of the 

cerebellum samples inductively coupled plasma mass spectrometry 
in Thermo iCAP Q v standard mode was carried out. Dried brain 
tissue was added to HNO3 and H2O2 in Tefl on digestion tubes, di-
gested in a microwave digestion system Anton Paar Multiwave 
3000. Calibration solutions from CRM Merck ICP multi-element 
standard solution XVI (100 mg/l) were prepared. 

Particles induced X-ray emission 
Four 5 μm thin slices of the cerebellum sections were placed 

on silicon wafer and then fi xed on frame holders developed at the 
CENTA laboratory for PIXE analysis using the 3 MeV proton 
beam. The beam intensity was 0.5 nA, charge collection was set to 
0.2 μC. The incident proton beam diameter was FWHM ~ 1 mm. 
Consequently, the measured spectra of samples were processed by 
the GUPIXWIN software to obtained dependency of Fe Kα peak 
area on the element concentration in each sample.

Results

Figure 1 reveals iron concentration in rabbit cerebellum af-
ter the exposure in four groups measured by ICP MS. From the 
results can be drawn non-signifi cant differences in all the groups 
after the exposure. 

Fig. 1. Rabbit cerebellum, ICP MS. Iron concentration in rabbit cere-
bellum for four different groups: A) control group, B) generated sig-
nal, C) real signal and D) generated and real signal.
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Figure 2 shows spatial distribution of iron concentration in 
rabbit cerebellum in four groups measured by PIXE method: A) 
control group, B) generated signal, C) real signal and D) gene-
rated and real signal. The results show focal accumulation of iron 
with the size up to 3 mm. Fe concentration varied in the samples 
after the exposure in comparison with the control group. Highest 
concentration of iron in sample after the exposure to real signal 
(Fig. 2C) can be seen. 

Discussion

Interaction of low energy RF EMF with cells and tissues is 
crucial from the view to understand the effect of this radiation. It 
is known that RF EMF has thermal and non-thermal effect (Re-
pacholi, 1998; Habash et al, 2003). Both effects may cause struc-
tural and chemical changes, alter charge distribution of biological 
molecules or induction of eddy current in exposed cells and tissues 
(Céspedes and Ueno 2009). Some authors found a signifi cant re-
lationship between RF EMF exposure and structural changes of 

neurons what may assume serious neuronal damage (Salford et 
al, 2003; Eberhardt et al, 2008; Daniels et al, 2009). Our previous 
fi ndings of structural changes of Purkinje cells in stratum granu-
losum of rabbit’s cerebellum after the exposure to RF EMF can 
be explained from the view of mainly thermal effect. We consider 
that possible mechanism of iron accumulation may be the results 
of higher permeability of BBB and/or actuation and redistribution 
of endogenous iron in extra- and intracellular space via thermal 
and non-thermal effects. 

Thermal effect
Electromagnetic radiation after impact on material can increase 

its temperature. Energy of radiation transforms into heat through 
the mechanism of Néel and Brown relaxation in magnetic materials
occurring naturally in cells and tissues (Pankhurst et al, 2003; 
Deatsch and Evans, 2014). The former mechanism results in the 
magnetization rotating within the crystals. Brown relaxation re-
sults in mechanical rotation and alignment nanoparticle with the 
magnetic fi eld.

Fig. 2. Rabbit cerebellum, PIXE. Iron concentration in rabbit cerebellum for four different groups: A) control group, B) generated signal, C) 
real signal and D) generated and real signal. Detection limit is below 0.5 ppm.

A B

C D
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Iron in ferritin nanoparticles present some extent of magnetism. 
Internal energy of these nanoparticles increases after exposure to 
RF EMF. Heat dissipated from them under RF EMF increases the 
temperature of surrounding microenvironment and locally infl u-
ences the structure and biochemical reactions. It was observed that 
heat can increase the BBB permeability (Wijsman and Shivers,
1993; Kiyatkin and Sharma, 2009). BBB prevents damage to the 
brain through tight junction between endothelial cells. Altered tight 
junctions opening can change BBB permeability of macromo-
lecules, nanoparticles or polymers and their distribution in the 
brain (Chen and Liu, 2012). For determination of BBB permeation 
after RF EMF various techniques were used such as horseradish 
peroxidase (Sutton and Carroll, 1979; Moriyama et al, 1991), 
Evans blue (Lin and Lin, 1982; Neilly and Lin, 1986; Ohmoto et 
al, 1996) and rubidium (Goldman et al, 1984). Some authors ob-
served higher BBB permeation of rats even after low specifi c ab-
sorption rates (Persson et al, 1997; Salford et al, 2003; Eberhardt et 
al, 2008; Nittby et al, 2008; Nittby et al, 2009; Sirav and Seyhan, 
2011). Poulletier de Gannes et al (2017) observed transient BBB 
leakage immediately after exposure at 0.26 W/kg. It is suggested 
that permeability depends on many factors – temperature rise, the 
specifi c absorption rate (SAR), energy of radiation, exposure dura-
tion and the rate of heat distribution and dissipation by the brain 
(Stam 2010). Riedinger et al (2013) observed temperature increas-
ing to 45 °C at the surface of nanoparticles exposed to alternating 
magnetic fi eld. The local hyperthermia around nanoparticles can 
rupture and infl uence the function of cell membrane, intracellu-
lar structures (lysosomes, endoplasmic reticulum, mitochondria, 
etc.) resulting in changes in structure and function. Rodrigues et 
al (2013) found that local hyperthermia has deleterious effect on 
integrity of cell membrane ant its viability.

However, the data on the occurrence of BBB permeation are 
contradictory. Many authors found no evidence of BBB leakage 
(Tsurita et al, 2000; Finnie et al, 2001; Kuribayashi et al, 2005; 
McQuade et al, 2009; Masuda et al, 2009).

Higher BBB permeation can explain the iron accumulation in 
stratum granulosum of rabbit’s cerebellum after exposure to RF 
EMF. Iron from the blood can penetrate through the disrupted BBB 
and accumulate within the neurons and the glial cells. However, 
our ICP-MS obtained results show no signifi cant change of iron 
concentration in cerebellum after exposure to RF EMF. This result 
may indicate that no BBB permeation occurs. Mass spectroscopy 
is a suitable method for determination of iron concentration in ex-
posed part of the brain. ICP-MS was carried out on small groups 
- 5 individuals in each group. From the results we cannot consider 
any trend. Interindividual variability of iron concentration in this 
case play important role.

Non-thermal effect
Non-thermal effects of RF EMF in living organism are con-

sidered to be the biological mechanisms that are not related to 
increase the temperature higher than 0.01 °C. The discrimination 
of thermal and non-thermal effects is diffi cult and not precisely 
specifi ed (la Hoz et al, 2006). The results of some reaction such 
as: reduction in reaction time, larger amount of product, higher 

rate of oxidation indicate that non-thermal effects can play an im-
portant role after RF EMF irradiation (Pagnotta et al, 1993; Zhang 
et al, 2001; Lamberto et al, 2003; Jachuck et al, 2006). Tanner et 
al (1967) defi ned non-thermal effects as change in cellular me-
tabolism accompanied by a behavioural response. It is usually a 
combination of thermal and non-thermal effects. The crucial dif-
ference between them is in the matter of time scale. Similarly, like 
thermal effect on BBB permeability, the results of non-thermal 
effect are contradictory.

Reactive oxygen species generation as a non-thermal effects 
of RF EMF is well documented in Alzheimer disease, neuropsy-
chiatric and behavioural disorders (Garcia et al, 2008; Davanipour 
and Sobel, 2009), changes in cardiac rhythm and blood pressure 
(Havas, 2013; Saili et al, 2015) or changes in function of immune 
system (Agarwal et al, 2009; Grigoriev et al, 2010; Sannino et al, 
2011; Sannino et al, 2014).

Doubts and arguments against the existence of non-thermal 
effect on the cells and the tissues rise from the diffi culties met in 
understanding the basic biological effects and molecular mecha-
nisms (Porcelli et al, 1997; Belpomme et al, 2018). One possible 
mechanism is induction of eddy current in charged plasma mem-
brane. Eddy currents induced after the exposure to RF EMF can 
excite it and bring about changes of the activity of Ca2+-dependent 
K+-channels, changes in membrane structure and in its permeabil-
ity, displacement of ions, vibrations in bound changes, rotation and 
reorientation of dipolar molecules.

Neubauer et al (1990) observed at SAR up to 2 W/kg increased 
uptake of rhodamine-ferritin in endothelial cells after exposure 
to 2.45 GHz 10-microseconds pulses for 30–120 min. They sug-
gested a non-thermal pinocytotic-like mechanism responsible for 
observed effect. Many authors state that a higher permeability of 
BBB can lead to excess accumulation of iron and heavy metals in 
the brain (Castelnau et al, 1998; Thompson et al, 2001).

Other possible “source” of iron accumulations in stratum 
granulosum of rabbit’s cerebellum after exposure to RF EMF can 
be iron release sequestered in intracellular structures (lysosomes) 
of neuronal cells and its redistribution. It is well known the effect 
of alternating magnetic fi eld on magnetic (nano)particles (Ivkov 
et al, 2005; Mannix et al, 2008; Kumar and Mohammad, 2011; 
Creixell et al, 2011; Tseng et al, 2012; Cho et al, 2012; Domenech 
et al, 2013). Nanoparticles of ferritin core and iron sequestered 
in intracellular structures of neuronal cells increase their internal 
energy under exposure to RF EMF. This energy in the form of 
heat damages the protein polypeptide coat of ferritin and changes
its molecular structure and function. Several studies confi rm 
harmful bio-effect of RF EMF on molecular level (Cranfi eld et 
al, 2003; de Pomerai et al, 2003; Guney et al, 2007). The struc-
tural alteration in the ferritin light (Ft-L) polypeptide coat leads 
to the cellular iron mistreating and ferritin aggregation (Curtis 
et al, 2001; Muhoberac and Vidal, 2013). Two hours exposure 
of ferritin to RF EMF reduces its ability to bind an iron by 20 % 
(Céspedes and Ueno, 2009). They suggest intermolecular inter-
action in ferritin changes, degradation of protein core or charge 
distribution changes around the entry pores of ferritin coat. Au-
thors suggest this non-thermal effect is mediated by a superpara-
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magnetic nanoparticle of iron and can be important in human 
exposed to strong magnetic fi eld. The result of this process can 
be free iron in the cells and extracellular space. Unbound iron is 
an inductor of oxygen radicals such as –OH and H2O2, which can 
impair cells. 

Iron (nano)particles also damage cell membranes resulting in 
its higher permeability, disruption of lipid bilayer and afterwards 
lower activity of ion channels and receptors in plasma mem-
brane (Kirschvink, 1992; Dobson and Pierre, 1996; Cartmell et 
al, 2002; Dobson et al, 2006; Dobson, 2008; Ghosh et al, 2012). 
The result of down-regulation of their activity is weakened cel-
lular signal and responses. Impairment of lysosomal membrane 
causes extravasation of lysosomal content into the cytoplasm with 
a decrease the intracellular pH (Zhang et al, 2014). Biological ef-
fect of iron particles depends on the interaction between magnetic 
fi eld and their number, the size, distribution and magnetic proper-
ties (Dobson and St. Pierre 1998). In addition, external magnetic 
fi eld around nanoparticles may induce their aggregation due to 
their magnetism.

On the other hand, Glover et al (2007) concluded that MRI 
investigation in 7 T device has no effect in vestibular hair cells, 
what is potential vertigo-like sensation in the patient undergoing 
MRI. Dobson et al (2009) found that high-fi eld MRI (9.4 T) has 
probably no biological effect and cannot bring about iron com-
pounds mediated actuation.

The time period between exposure to RF EMF and a sacrifi ce 
of animal seems to be important both for penetration through BBB 
with subsequent accumulation and damage of neuronal cells by 
iron release. Rabbits in this study were sacrifi ced 15 minutes after 
the exposure. Although we conducted one-shot exposure experi-
ment, we found moderate iron accumulation in neuronal tissue and 
cells. We suggest that our fi ndings are the results of impairment 
of membrane and actuation and aggregation of endogenous iron 
in extra- and intracellular space through thermal and non-thermal 
effects. More severe iron accumulation will be probably observed 
after long-lasting and repeated exposures, longer time period be-
tween exposure and sacrifi ce of animals and higher intensity of 
electric and magnetic fi eld.

Conclusion

It is well known that RF EMF application has adverse health 
effect on animals and humans. It may infl uence structure, chemi-
cal composition and thus cause functional changes. Our previ-
ous work revealed structural changes of Purkinje cells in stratum 
granulosum of rabbit’s cerebellum after exposure to RF EMF. We 
suggest that changes probably refl ect thermal effects of RF EMF 
on the cells and the tissues. We investigated higher iron accumu-
lation as the result of either higher BBB permeability or actuation 
and redistribution of endogenous iron. ICP MS obtained results 
may indicate that no higher BBB permeation occurs. We suggest 
that iron accumulation may be result of impairment of membrane 
and actuation or aggregation of endogenous iron in extra- and 
intracellular space.

References

1. Agarwal A, Desai NR, Makker K, Varghese A, Mouradi R, Sabanegh 
E, Sharma R. Effects of radiofrequency electromagnetic waves (RF-
EMW) from cellular phones on human ejaculated semen: an in vitro pilot 
study. Fertil Steril 2009; 92 (4): 1318–1325. https: //doi.org/10.1016/j.
fertnstert.2008.08.022.

2. Albert EN. Current Status if Microwave Effects on the Blood-Brain 
Barrier. J Microw Power 1979; 14 (3): 281–285. https: //doi.org/10.1080
/16070658.1979.11689161.

3. Arosio P, Levi S. Ferritin, iron homeostasis, and oxidative damage1,2 
1Guest Editor: Mario Comporti 2This article is part of a series of reviews 
on “Iron and Cellular Redox Status.” The full list of papers may be found 
on the homepage of the journal. Free Radic Biol Med 2002; 33 (4): 457–
463. https: //doi.org/10.1016/S0891-5849 (02)00842-0.

4. Belpomme D, Hardell L, Belyaev I, Burgio E, Carpenter DO. Ther-
mal and non-thermal health effects of low intensity non-ionizing radiation: 
An international perspective. Environ Pollut 2018; 242: 643–658. https: //
doi.org/10.1016/j.envpol.2018.07.019.

5. Blasberg RG. Problems of quantifying effects of microwave irradia-
tion on the blood-brain barrier. Radio Sci 14 (6S): 335–344. https: //doi.
org/10.1029/RS014i06Sp00335.

6. Brem F, Stamm G, Hirt AM. 2006. Modeling the magnetic behavior 
of horse spleen ferritin with a two-phase core structure. J Appl Phys 1979; 
99 (12): 123906. https: //doi.org/10.1063/1.2206101.

7. Carpenter TS, Kirshner DA, Lau EY, Wong SE, Nilmeier JP, Light-
stone FC. A Method to Predict Blood-Brain Barrier Permeability of Drug-
Like Compounds Using Molecular Dynamics Simulations. Biophys J 2014; 
107 (3): 630–641. https: //doi.org/10.1016/j.bpj.2014.06.024.

8. Cartmell SH, Dobson J, Verschueren SB, El Haj AJ. Development 
of magnetic particle techniques for long-term culture of bone cells with 
intermittent mechanical activation. IEEE Trans Nanobioscience 2002; 1 
(2): 92–97. https: //doi.org/10.1109/TNB.2002.806945.

9. Castelnau PA, Garrett RS, Palinski W, Witztum JL, Campbell IL, 
Powell HC. Abnormal Iron Deposition Associated with Lipid Peroxidation 
in Transgenic Mice Expressing Interleukin-6 in the Brain. J Neuropathol 
Exp Neurol 1998; 57 (3): 268–282. https: //doi.org/10.1097/00005072-
199803000-00008.

10. Céspedes O, Ueno S. Effects of radio frequency magnetic fi elds on iron 
release from cage proteins. Bioelectromagnetics 2009; 30 (5): 336–342. 
https: //doi.org/10.1002/bem.20488.

11. Chen Y, Liu L. Modern methods for delivery of drugs across the 
blood–brain barrier. Adv Drug Deliv Rev 2012; 64 (7): 640–665. https: //
doi.org/10.1016/j.addr.2011.11.010.

12. Cho MH, Lee EJ, Son M, Lee J-H, Yoo D, Kim J, Park SW, Shin 
J-S, Cheon J. A magnetic switch for the control of cell death signalling in 
in vitro and in vivo systems. Nat Mater 2012; 11 (12): 1038–1043. https: 
//doi.org/10.1038/nmat3430.

13. Cowley JM, Janney DE, Gerkin RC, Buseck PR. The Structure of 
Ferritin Cores Determined by Electron Nanodiffraction. J Struct Biol 2000; 
131 (3): 210–216. https: //doi.org/10.1006/jsbi.2000.4292.

14. Cranfi eld C, Wieser HG, Madan JA, Dobson J. Preliminary evalu-
ation of nanoscale biogenic magnetite-based ferromagnetic transduction 
mechanisms for mobile phone bioeffects. IEEE Trans Nanobioscience 
2003; 2 (1): 40–43. https: //doi.org/10.1109/TNB.2003.810155.



Martin KOPANI et al. PIXE analysis of iron in rabbit cerebellum after exposure to radiofrequency electromagnetic fi elds 

xx

869

15. Creixell M, Bohórquez AC, Torres-Lugo M, Rinaldi C. EGFR-
Targeted Magnetic Nanoparticle Heaters Kill Cancer Cells without a Per-
ceptible Temperature Rise. ACS Nano 2011; 5 (9): 7124–7129. https: //
doi.org/10.1021/nn201822b.

16. Curtis ARJ, Fey C, Morris CM, Bindoff LA, Ince PG, Chinnery PF, 
Coulthard A, Jackson MJ, Jackson AP, McHale DP et al. Mutation in the gene 
encoding ferritin light polypeptide causes dominant adult-onset basal ganglia 
disease. Nat Genet 2001; 28 (4): 350–354. https: //doi.org/10.1038/ng571.

17. Daniels WMU, Pitout IL, Afullo TJO, Mabandla M V. The effect of 
electromagnetic radiation in the mobile phone range on the behaviour of 
the rat. Metab Brain Dis 2009; 24 (4): 629–641. https: //doi.org/10.1007/
s11011-009-9164-3.

18. Davanipour Z, Sobel E. Long-term exposure to magnetic fi elds and the 
risks of Alzheimer’s disease and breast cancer: Further biological research. 
Pathophysiology 2009; 16 (2–3): 149–156. https: //doi.org/10.1016/j.patho-
phys.2009.01.005.

19. Deatsch AE, Evans BA. Heating effi ciency in magnetic nanopar-
ticle hyperthermia. J Magn Magn Mater 2014; 354: 163–172. https: //doi.
org/10.1016/j.jmmm.2013.11.006.

20. Dobson J. Remote control of cellular behaviour with magnetic nanopar-
ticles. Nat Nanotechnol 2008; 3 (3): 139–143. https: //doi.org/10.1038/nna-
no.2008.39.

21. Dobson J, Bowtell R, Garcia-Prieto A, Pankhurst Q. Safety Implica-
tions of High-Field MRI: Actuation of Endogenous Magnetic Iron Oxides 
in the Human Body.Sokolov I, editor. PLoS One 2009; 4 (5): e5431. https: 
//doi.org/10.1371/journal.pone.0005431.

22. Dobson J, Cartmell SH, Keramane A, El Haj AJ. Principles and 
Design of a Novel Magnetic Force Mechanical Conditioning Bioreactor 
for Tissue Engineering, Stem Cell Conditioning, and Dynamic In Vitro 
Screening. IEEE Trans Nanobioscience 2006; 5 (3): 173–177. https: //doi.
org/10.1109/TNB.2006.880823.

23. Dobson J, Pierre T St. Application of the Ferromagnetic Transduc-
tion Model to D.C. and Pulsed Magnetic Fields: Effects on Epileptogenic 
Tissue and Implications for Cellular Phone Safety. Biochem Biophys Res 
Commun 1996; 227 (3): 718–723. https: //doi.org/10.1006/bbrc.1996.1575.

24. Dobson J, St. Pierre TG. Theoretical Evaluation of Cellular Phone 
Safety Aspects. Electro- and Magnetobiology 1998; 17 (3): 351–359. https: 
//doi.org/10.3109/15368379809030735.

25. Domenech M, Marrero-Berrios I, Torres-Lugo M, Rinaldi C. Ly-
sosomal Membrane Permeabilization by Targeted Magnetic Nanoparticles 
in Alternating Magnetic Fields. ACS Nano 2013; 7 (6): 5091–5101. https: 
//doi.org/10.1021/nn4007048.

26. Eberhardt JL, Persson BRR, Brun AE, Salford LG, Malmgren 
LOG. Blood-Brain Barrier Permeability and Nerve Cell Damage in Rat 
Brain 14 and 28 Days After Exposure to Microwaves from GSM Mo-
bile Phones. Electromagn Biol Med 2008; 27 (3): 215–229. https: //doi.
org/10.1080/15368370802344037.

27. Eker ED, Arslan B, Yildirim M, Akar A, Aras N. The effect of ex-
posure to 1800 MHz radiofrequency radiation on epidermal growth factor, 
caspase-3, Hsp27 and p38MAPK gene expressions in the rat eye. Bratislava 
Med J 2018; 119 (9): 588-592. https: //doi.org/10.4149/bll_2018_106.

28. Finnie JW, Blumbergs PC, Manavis J, Utteridge TD, Gebski V, 
Swift JG, Vernon-Roberts B, Kuchel TR. Effect of global system for 
mobile communication (gsm)-like radiofrequency fi elds on vascular per-
meability in mouse brain. Pathology 2001; 33 (3): 338–40. http: //www.
ncbi.nlm.nih.gov/pubmed/11523936.

29. Gálvez N, Fernández B, Sánchez P, Cuesta R, Ceolín M, Clem-
ente-León M, Trasobares S, López-Haro M, Calvino JJ, Stéphan O, 
Domínguez-Vera JM. Comparative Structural and Chemical Studies of 
Ferritin Cores with Gradual Removal of their Iron Contents. J Am Chem 
Soc 2008; 130 (25): 8062–8068. https: //doi.org/10.1021/ja800492z.

30. Garcia AM, Sisternas A, Hoyos SP. Occupational exposure to ex-
tremely low frequency electric and magnetic fi elds and Alzheimer dis-
ease: a meta-analysis. Int J Epidemiol 2008; 37 (2): 329–340. https: //doi.
org/10.1093/ije/dym295.

31. Gevrek F, Aydin D, Ozsoy S, Aygun H, Bicer C. Inhibition by 
Egb761 of the effect of cellphone radiation on the male reproductive sys-
tem. Bratislava Med J 2017; 118 (11): 676-683. https: //doi.org/10.4149/
bll_2017_128.

32. Ghosh D, Lee Y, Thomas S, Kohli AG, Yun DS, Belcher AM, Kelly 
KA. M13-templated magnetic nanoparticles for targeted in vivo imaging 
of prostate cancer. Nat Nanotechnol 2012; 7 (10): 677–682. https: //doi.
org/10.1038/nnano.2012.146.

33. Glover PM, Cavin I, Qian W, Bowtell R, Gowland PA. Magnet-
ic-fi eld-induced vertigo: A theoretical and experimental investigation. 
Bioelectromagnetics 2007; 28 (5): 349–361. https: //doi.org/10.1002/
bem.20316.

34. Goldman H, Lin JC, Murphy S, Lin MF. Cerebrovascular perme-
ability to 86Rb in the rat after exposure to pulsed microwaves. Bioelectro-
magnetics 1984; 5 (3): 323–330. https: //doi.org/10.1002/bem.2250050305.

35. Grigoriev YG, Grigoriev OA, Ivanov AA, Lyaginskaya AM, 
Merkulov A V., Stepanov VS, Shagina NB. Autoimmune process af-
ter long-term low-level exposure to electromagnetic fi eld (experimental 
results). Part I. Mobile communications and changes in electromagnetic 
conditions for the population. Need for additional substantiation of exist-
ing hygienic stan. Biophysics (Oxf) 2010; 55 (6): 1041–1045. https: //doi.
org/10.1134/S0006350910060278.

36. Gumral N, Saygin M, Asci H, Uguz AC, Celik O, Doguc DK, 
Savas HB, Comlekci S. The effects of electromagnetic radiation (2450 
MHz wireless devices) on the heart and blood tissue: role of melato-
nin. Bratislava Med J 2016; 117 (11): 665-671. https: //doi.org/10.4149/
bll_2016_128.

37. Guney M, Ozguner F, Oral B, Karahan N, Mungan T. 900 MHz 
radiofrequency-induced histopathologic changes and oxidative stress in rat 
endometrium: protection by vitamins E and C. Toxicol Ind Health 2007; 
23 (7): 411–420. https: //doi.org/10.1177/0748233707080906.

38. Habash RWY, Brodsky LM, Leiss W, Krewski D, Repacholi M. 
Health risks of electromagnetic fi elds. Part II: Evaluation and assessment 
of radio frequency radiation. Crit Rev Biomed Eng 2003; 31 (3): 197–254. 
https: //doi.org/10.1615/critrevbiomedeng.v31.i3.20.

39. Havas M. Radiation from wireless technology affects the blood, the 
heart, and the autonomic nervous system1). Rev Environ Health 2013; 28 
(2–3): 75–84. https: //doi.org/10.1515/reveh-2013-0004.

40. la Hoz A de, Díaz-Ortiz A, Moreno A. Review on Non-Thermal Ef-
fects of Microwave Irradiation in Organic Synthesis. J Microw Power 
Electromagn Energy 2006; 41 (1): 45–66. https: //doi.org/10.1080/0832
7823.2006.11688549.

41. Ivkov R, DeNardo SJ, Daum W, Foreman AR, Goldstein RC, Nem-
kov VS, DeNardo GL. Application of High Amplitude Alternating Mag-
netic Fields for Heat Induction of Nanoparticles Localized in Cancer. Clin 
Cancer Res 2005; 11 (19): 7093s-7103s. https: //doi.org/10.1158/1078-
0432.CCR-1004-0016.



Bratisl Med J 2022; 123 (12)

864 – 871

870

42. Jachuck RJJ, Selvaraj DK, Varma RS. Process intensifi cation: 
oxidation of benzyl alcohol using a continuous isothermal reactor un-
der microwave irradiation. Green Chem 2006; 8 (1): 29–33. https: //doi.
org/10.1039/B512732G.

43. Kirschvink JL. Comment on ‘“Constraints on biological effects of 
weak extremely-low-frequency electromagnetic fi elds.”’ Phys Rev A 1992; 
46 (4): 2178–2184. https: //doi.org/10.1103/PhysRevA.46.2178.

44. Kiyatkin EA, Sharma HS. Permeability of the blood–brain barrier 
depends on brain temperature. Neuroscience 2009; 161 (3): 926–939. https: 
//doi.org/10.1016/j.neuroscience.2009.04.004.

45. Kopani M, Filova B, Sevcik P, Kosnac D, Misek J, Polak S, Ko-
han M, Major J, Zdimalova M, Jakus J. Iron deposition in rabbit cer-
ebellum after exposure to generated and mobile GSM electromagnetic 
fi elds. Bratislava Med J 2018; 118 (10): 575–579. https: //doi.org/10.4149/
BLL_2017_110.

46. Kumar CSSR, Mohammad F. Magnetic nanomaterials for hyperther-
mia-based therapy and controlled drug delivery. Adv Drug Deliv 2011; Rev 
63 (9): 789–808. https: //doi.org/10.1016/j.addr.2011.03.008.

47. Kuribayashi M, Wang J, Fujiwara O, Doi Y, Nabae K, Tamano 
S, Ogiso T, Asamoto M, Shirai T. Lack of effects of 1439 MHz elec-
tromagnetic near fi eld exposure on the blood-brain barrier in immature 
and young rats. Bioelectromagnetics 2005; 26 (7): 578–588. https: //doi.
org/10.1002/bem.20138.

48. Lamberto M, Corbett DF, Kilburn JD. Microwave assisted free 
radical cyclisation of alkenyl and alkynyl isocyanides with thiols. Tet-
rahedron Lett 2003; 44 (7): 1347–1349. https: //doi.org/10.1016/S0040-
4039 (02)02888-5.

49. Lin JC, Lin MF. Microwave hyperthermia-induced blood-brain bar-
rier alterations. Radiat Res 1982; 89 (1): 77–87. http: //www.ncbi.nlm.
nih.gov/pubmed/7063606.

50. Mannix RJ, Kumar S, Cassiola F, Montoya-Zavala M, Feinstein 
E, Prentiss M, Ingber DE. Nanomagnetic actuation of receptor-mediat-
ed signal transduction. Nat Nanotechnol 2008; 3 (1): 36–40. https: //doi.
org/10.1038/nnano.2007.418.

51. Masuda H, Ushiyama A, Takahashi M, Wang J, Fujiwara O, Hikage 
T, Nojima T, Fujita K, Kudo M, Ohkubo C. Effects of 915 MHz Elec-
tromagnetic-Field Radiation in TEM Cell on the Blood-Brain Barrier and 
Neurons in the Rat Brain. Radiat Res 2009; 172 (1): 66–73. https: //doi.
org/10.1667/RR1542.1.

52. McQuade JMS, Merritt JH, Miller SA, Scholin T, Cook MC, Sala-
zar A, Rahimi OB, Murphy MR, Mason PA. Radiofrequency-Radiation 
Exposure Does Not Induce Detectable Leakage of Albumin Across the 
Blood-Brain Barrier. Radiat Res 2009; 171 (5): 615–621. https: //doi.
org/10.1667/RR1507.1.

53. Moriyama E, Salcman M, Broadwell RD. Blood-brain barrier altera-
tion after microwave-induced hyperthermia is purely a thermal effect: I. 
Temperature and power measurements. Surg Neurol 1991; 35 (3): 177–182. 
https: //doi.org/10.1016/0090-3019 (91)90068-K.

54. Muhoberac BB, Vidal R. Abnormal iron homeostasis and neurode-
generation. Front Aging Neurosci 2013; 5: 1–9. https: //doi.org/10.3389/
fnagi.2013.00032.

55. Neilly JP, Lin JC. Interaction of ethanol and microwaves on the blood-
brain barrier of rats. Bioelectromagnetics 1986; 7 (4): 405–414. https: //
doi.org/10.1002/bem.2250070408.

56. Neubauer C, Phelan AM, Kues H, Lange DG. Microwave irradiation 
of rats at 2.45 GHZ activates pinocytotic-like uptake of tracer by capil-

lary endothelial cells of cerebral cortex. Bioelectromagnetics 1990; 11 (4): 
261–268. https: //doi.org/10.1002/bem.2250110402.

57. Nittby H, Brun A, Eberhardt J, Malmgren L, Persson BRR, Sal-
ford LG. Increased blood–brain barrier permeability in mammalian brain 
7 days after exposure to the radiation from a GSM-900 mobile phone. 
Pathophysiology 2009; 16 (2–3): 103–112. https: //doi.org/10.1016/j.patho-
phys.2009.01.001.

58. Nittby H, Grafström G, Eberhardt JL, Malmgren L, Brun A, 
Persson BRR, Salford LG. Radiofrequency and Extremely Low-
Frequency Electromagnetic Field Effects on the Blood-Brain Barrier. 
Electromagn Biol Med 2008; 27 (2): 103–126. https: //doi.org/10.1080 
/15368370802061995.

59. Ohmoto Y, Fujisawa H, Ishikawa T, Koizumi H, Matsuda T, Ito 
H. Sequential changes in cerebral blood fl ow, early neuropathological 
consequences and blood-brain barrier disruption following radiofrequen-
cy-induced localized hyperthermia in the rat. Int J Hyperth 1996; 12 (3): 
321–334. https: //doi.org/10.3109/02656739609022521.

60. Pagnotta M, Pooley CLF, Gurland B, Choi M. Microwave activa-
tion of the mutarotation of alpha-D-glucose: An example of an interinsic 
microwave effect. J Phys Org Chem 1993; 6 (7): 407–411. https: //doi.
org/10.1002/poc.610060705.

61. Pankhurst QA, Connolly J, Jones SK, Dobson J. Applications of 
magnetic nanoparticles in biomedicine. J Phys D Appl Phys 2003; 36 (13): 
R167–R181. https: //doi.org/10.1088/0022-3727/36/13/201.

62. Persson BRR, Salford LG, Brun A. Blood-brain barrier permeabil-
ity in rats exposed to electromagnetic fi elds used in wireless communica-
tion. Wirel Networks 1997; 3 (6): 455–461. https: //doi.org/10.1023/A: 
1019150510840.

63. de Pomerai DI, Smith B, Dawe A, North K, Smith T, Archer DB, 
Duce IR, Jones D, Candido EPM. Microwave radiation can alter protein 
conformation without bulk heating. FEBS Lett 2003; 543 (1–3): 93–97. 
https: //doi.org/10.1016/S0014-5793 (03)00413-7.

64. Porcelli M, Cacciapuoti G, Fusco S, Massa R, D’Ambrosio G, Ber-
toldo C, De Rosa M, Zappia V. Non-thermal effects of microwaves on 
proteins: thermophilic enzymes as model system. FEBS Lett 1997; 402 
(2–3): 102–106. https: //doi.org/10.1016/S0014-5793 (96)01505-0.

65. Poulletier de Gannes F, Masuda H, Billaudel B, Poque-Haro E, 
Hurtier A, Lévêque P, Ruffi é G, Taxile M, Veyret B, Lagroye I. Effects 
of GSM and UMTS mobile telephony signals on neuron degeneration and 
blood-brain barrier permeation in the rat brain. Sci Rep 2017; 7 (1): 15496. 
https: //doi.org/10.1038/s41598-017-15690-1.

66. Quintana C. Contribution of Analytical Microscopies to Human Neu-
rodegenerative Diseases Research (PSP and AD). Mini-Reviews Med Chem 
2007; 7 (9): 961–975. https: //doi.org/10.2174/138955707781662654.

67. Repacholi MH. Low-level exposure to radiofrequency electromagnetic 
fi elds: health effects and research needs. Bioelectromagnetics 1998; 19 (1): 
1–19. http: //www.ncbi.nlm.nih.gov/pubmed/9453702.

68. Riedinger A, Guardia P, Curcio A, Garcia MA, Cingolani R, 
Manna L, Pellegrino T. Subnanometer Local Temperature Probing and 
Remotely Controlled Drug Release Based on Azo-Functionalized Iron 
Oxide Nanoparticles. Nano Lett 2003; 13 (6): 2399–2406. https: //doi.
org/10.1021/nl400188q.

69. Rodrigues D, Bañobre-López M, Espiña B, Rivas J, Azeredo J. Ef-
fect of magnetic hyperthermia on the structure of biofi lm and cellular vi-
ability of a food spoilage bacterium. Biofouling 2013; 29 (10): 1225–1232. 
https: //doi.org/10.1080/08927014.2013.834893.



Martin KOPANI et al. PIXE analysis of iron in rabbit cerebellum after exposure to radiofrequency electromagnetic fi elds 

xx

871

70. Rouault TA. Iron metabolism in the CNS: implications for neurode-
generative diseases. Nat Rev Neurosci 2013; 14 (8): 551–564. https: //
doi.org/10.1038/nrn3453.

71. Saili L, Hanini A, Smirani C, Azzouz I, Azzouz A, Sakly M, Ab-
delmelek H, Bouslama Z. Effects of acute exposure to WIFI signals 
(2.45GHz) on heart variability and blood pressure in Albinos rabbit. En-
viron Toxicol Pharmacol 2015; 40 (2): 600–605. https: //doi.org/10.1016/j.
etap.2015.08.015.

72. Salford LG, Brun AE, Eberhardt JL, Malmgren L, Persson BRR. 
Nerve cell damage in mammalian brain after exposure to microwaves from 
GSM mobile phones. Environ Health Perspect 2003; 111 (7): 881–883. 
https: //doi.org/10.1289/ehp.6039.

73. Sannino A, Zeni O, Romeo S, Massa R, Gialanella G, Grossi G, 
Manti L, Vijayalaxmi, Scarfi  MR. Adaptive response in human blood 
lymphocytes exposed to non-ionizing radiofrequency fi elds: resistance to 
ionizing radiation-induced damage. J Radiat Res 2014; 55 (2): 210–217. 
https: //doi.org/10.1093/jrr/rrt106.

74. Sannino A, Zeni O, Sarti M, Romeo S, Reddy SB, Belisario MA, 
Prihoda TJ, Vijayalaxmi, Scarfi  MR. Induction of adaptive response in 
human blood lymphocytes exposed to 900 MHz radiofrequency fi elds: 
Infl uence of cell cycle. Int J Radiat Biol 2011; 87 (9): 993–999. https: //
doi.org/10.3109/09553002.2011.574779.

75. Segal AS, Magin RL. Microwaves and the Blood-Brain Bar-
rier: A Review. J Bioelectr 1982; 1 (3): 351–398. https: //doi.
org/10.3109/15368378209040347.

76. Sirav B, Seyhan N. Effects of radiofrequency radiation exposure on 
blood-brain barrier permeability in male and female rats. Electromagn 
Biol Med 2011; 30 (4): 253–260. https: //doi.org/10.3109/15368378.20
11.600167.

77. Stam R. Electromagnetic fi elds and the blood–brain barrier. Brain Res 
Rev 2010; 65 (1): 80–97. https: //doi.org/10.1016/j.brainresrev.2010.06.001.

78. Sutton CH, Carroll FB. Effects of microwave-induced hyperthermia 
on the blood-brain barrier of the rat. Radio Sci 1979; 14 (6S): 329–334. 
https: //doi.org/10.1029/RS014i06Sp00329.

79. Tanner JA, Romero-Sierra C, Davie SJ. Non-thermal Effects of Mi-
crowave Radiation on Birds. Nature 1967; 216 (5120): 1139–1139. https: 
//doi.org/10.1038/2161139a0.

80. Thompson KJ, Shoham S, Connor JR. Iron and neurodegenerative 
disorders. Brain Res Bull 2001; 55 (2): 155–164. https: //doi.org/10.1016/
S0361-9230 (01)00510-X.

81. Tseng P, Judy JW, Di Carlo D. Magnetic nanoparticle–mediated 
massively parallel mechanical modulation of single-cell behavior. Nat 
Methods 2012; 9 (11): 1113–1119. https: //doi.org/10.1038/nmeth.2210.

82. Tsurita G, Nagawa H, Ueno S, Watanabe S, Taki M. Biological and 
morphological effects on the brain after exposure of rats to a 1439 MHz 
TDMA fi eld. Bioelectromagnetics 2000; 21 (5): 364–71. http: //www.ncbi.
nlm.nih.gov/pubmed/10899772.

83. Wijsman JA, Shivers RR. Heat stress affects blood-brain barrier per-
meability to horseradish peroxidase in mice. Acta Neuropathol 1993; 86 
(1): 49–54. https: //doi.org/10.1007/BF00454898.

84. Williams WM, Shin-Tsu Lu, Del Cerro M, Michaelson SM. Effects 
of 2450-MHz Microwave Energy on the Blood-Brain Barrier: An Overview 
and Critique of Past and Present Research. IEEE Trans Microw Theory 
Tech 1984; 32 (8): 808–818. https: //doi.org/10.1109/TMTT.1984.1132776.

85. Zhang E, Kircher MF, Koch M, Eliasson L, Goldberg SN, Renström 
E. Dynamic Magnetic Fields Remote-Control Apoptosis via Nanoparticle 
Rotation. ACS Nano 2014; 8 (4): 3192–3201. https: //doi.org/10.1021/
nn406302j.

86. Zhang Z, Zhou L, Zhang M, Wu H, Chen Z. One billionhertz micro-
wave athermal action on the synthesis of aromatic esters at normal pres-
sure. Synth Commun 2001; 31 (16): 2435–2439. https: //doi.org/10.1081/
SCC-100105121.

Received June 28, 2022.
Accepted August 15, 2022.


