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A B S T R A C T

The goal of study was to evaluate DNA damage in rat’s renal, liver and brain cells after in vivo exposure to radiofre-

quency/microwave (Rf/Mw) radiation of cellular phone frequencies range. To determine DNA damage, a single cell gel

electrophoresis/comet assay was used. Wistar rats (male, 12 week old, approximate body weight 350 g) (N=9) were ex-

posed to the carrier frequency of 915 MHz with Global System Mobile signal modulation (GSM), power density of 2.4

W/m2, whole body average specific absorption rate SAR of 0.6 W/kg. The animals were irradiated for one hour/day, seven

days/week during two weeks period. The exposure set-up was Gigahertz Transversal Electromagnetic Mode Cell (GTEM-

-cell). Sham irradiated controls (N=9) were a part of the study. The body temperature was measured before and after ex-

posure. There were no differences in temperature in between control and treated animals. Comet assay parameters such

as the tail length and tail intensity were evaluated. In comparison with tail length in controls (13.5±0.7 mm), the tail was

slightly elongated in brain cells of irradiated animals (14.0±0.3 mm). The tail length obtained for liver (14.5±0.3 mm) and

kidney (13.9±0.5 mm) homogenates notably differs in comparison with matched sham controls (13.6±0.3 mm) and

(12.9±0.9 mm). Differences in tail intensity between control and exposed animals were not significant. The results of this

study suggest that, under the experimental conditions applied, repeated 915 MHz irradiation could be a cause of DNA

breaks in renal and liver cells, but not affect the cell genome at the higher extent compared to the basal damage.
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Introduction

Delicate intracellular processes occurring at macro-
molecular level like microtubule arrangement which di-
rect DNA assembly thereafter a proliferation of cells
seems to be subtle targets for radiofrequency/microwave
(Rf/Mw) radiation1–7. The general goal of our investiga-
tion was to find out biomarkers of interaction of Rf/Mw
and macromolecular structures within the cell, since the
growing expands of mobile telephony cause a serious ap-
prehension worldwide. Relationship between Rf/Mw ra-
diation at low intensity exposures and biological markers
of its undesirable effects on living matter are very near8–10.
Both, in vivo and in vitro investigation reveals that
Rf/Mw radiation acts as biological stressor, since the ef-
fects are similar to stress response11,12. Most studies that
were published so far did not demonstrate convincingly
DNA damage after acute or chronic exposure to Rf fi-
elds13,14. Further, Malyapa’s study which investigated
DNA damage in rat brain cells after in vivo exposure to

Rf/Mw radiation no significant effect on direct DNA
damage was found15. In contrary, Sakar et al., found evi-
dence of an alteration in the length of a DNA micro-
satellite sequence in cells from brain and testis of mice
exposed to 2.45 GHz fields yet in 198516. Additional, Lai
and Singh demonstrated that acute exposure to low-in-
tensity Rf radiation increased DNA strand breaks in
brain cells of rat17. Diem et al. reported that Rf exposure
or cell phone signal 1800 MHz, SAR 1.2 or 2 W/kg in-
duced DNA single- and double strand breaks in human
fibroblasts and rat granulose cells as measured by comet
assay18. Since radiation of cellular phone frequency is the
primary concern for humans not for rodents, Luc Ver-
schaeve reviewed cytogenetic biomonitoring studies of
Rf-exposed persons. Majority of these studies show that
Rf-exposed individuals have increased frequencies of ge-
netic damage in their lymphocytes or exfoliated buccal
cells. Author noticed that most of referred studies have a
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number of shortcomings that actually prevents any firm
conclusions. Thereafter, he suggested that large well-co-
ordinated multidisciplinary investigations are needed in
order to reach solid conclusions19. To contribute, our
study was carried out to evaluate effects at macromolecu-
lar level, of carrier frequency 915 MHz with Global Sys-
tem Mobile (GSM) basic signal modulation on DNA in
rat’s brain, liver and kidney cells after in vivo irradiation.

Materials and Methods

Animals

Wistar rats (male, 12 week old, approximate body
weight 350 g) were used for this experiment. All proce-
dures have been performed in accordance with Croatian
Animal Welfare Act (N.N. #19, 1999) and in compliance
with the Guide for the Care and Use of Laboratory Ani-
mals DHHS Publ. (NIH #86-23, 1986). Before the expo-
sure started, the animals had passed through a week ac-
commodation period. Both sham-exposed control (N=9)
and exposed animal group (N=9) were kept in steady-
-state microenvironment conditions (22°C±1°C), and re-
ceiving standard laboratory food and water ad libitum,
with alternating 12-hours light and dark cycles, except in
one hour irradiation time daily when the Rf/Mw genera-
tor was switch on for experimental animals. Before and
after exposure a body temperature was measured using a
ThermoScan thermometer (Braun GmbH, Germany) to
eliminate thermal effects on the observed variables. No
significant changes in body temperature were observed
in treated animals with respect to controls. At the end of
the experiment, immediately after last exposure treatment,
rats were sacrificed under the Narketan/Xylapan anesthe-
sia (Narketan®, 80 mg kg–1 b.m. + Xylapan®, 12 mg kg–1

b.m., i.p. produced by Vétoquinol, Bern, Switzerland).

Ethical statement

Animal studies were carried out according to the
guidelines force in Republic Croatia (Law on the Welfare
of Animals, N.N. #19, 1999) and in compliance with the
Guide for the Care and Use of Laboratory Animals,
DHHS Publ. (NIH) #86-23 (1986).

Exposure equipment

Electromagnetic field was generated within the certi-
fied Gigahertz Transversal Electromagnetic Mode Cell
(GTEM-cell), (Mod. 5402, ETS Lindgren, USA). A signal
generator was used to produce electromagnetic field with
frequency of 915 MHz (Antrisu 27211A, Japan). A signal
amplifier (RF 3146 Power Amp Module RF Micro De-
vices, Greensboro, USA) and a signal modulator (RF
2722 Polaris chip, RF Micro Devices, Greensboro, USA)
were a part of exposure set-up. The carrier frequency of
915 MHz with Global System Mobile (GSM) basic signal
modulation was used in experiment. The temperature in
the GTEM-cell was measured and preserved at 37°C
throughout the experimental procedure.

Experimental design

Radiation exposure of animals lasted for one hour a
day, seven days a week, each day at the same hour. The
experiment was completed in 14 days. During irradiation
procedure each animal was placed inside the individual
Plexiglas cage (25 cm´7.5 cm´7.5 cm) which was put into
the GTEM-cell. Free movements of animals throughout
exposure were prevented by cage length, height and
width. During the irradiation the incident electromag-
netic field strength of 30 V/m was whole-body uniform.
The power density of the field was 2.4 W/m2 correspond-
ing to the whole-body specific absorption rate (SAR) of
0.6 W/kg20. Any thermal effect has been avoided by moni-
toring of whole-body temperature of animals before and
after treatment as well as preservation of temperature
inside the GTEM-cell at 37°C. The experimental design
has been described in details elsewhere5.

Genotoxicity testing

Immediately after the animals were sacrificed, sam-
ples of liver, renal cortex, and frontal cortex were taken
and immersed in chilled homogenization buffer (75mM
NaCl and 24mM Na2EDTA, pH 7.5) to obtain a 10% tis-
sue solution. The tissues have been chosen on the basis
of toxicological principles. Kidney and liver represents
the main target tissues for evaluation of the undesirable
effects of in vivo exposure to the physical or chemical
toxicants. The brain is considered to be exceptional tar-
get tissue for non-ionizing radiation because of its elec-
tromagnetic activity21,17. Samples were homogenized us-
ing a potter-type homogenizer. Tissue samples remained
on ice during and after homogenization22. The comet as-
say was carried out under alkaline conditions, as de-
scribed by Singh et al., Gamulin et al., and @eljezi} et
al.23,24,25. Two replicate slides per sample per method
were prepared. Agarose gels were prepared on fully fro-
sted slides coated with 1% and 0.6% normal melting
point agarose. Cell suspension (5 mL) was mixed with
0.5% low melting point agarose, placed on the slides and
covered with a layer of 0.5% low melting point agarose.
The slides were immersed for 1 hr in freshly prepared
ice-cold lyses solution (2.5 M NaCl, 100 mM Na2EDTA,
10 mM Tris-HCl, 1% Na-sarcosinate, pH 10) with 1% Tri-
ton X-100 and 10% dimethyl sulfoxide (Kemika, Zagreb,
Croatia). Alkaline denaturation and electrophoresis were
carried out at 4°C under dim light in freshly prepared
electrophoresis buffer (300 mM NaOH, 1 mM Na2 EDTA,
pH 13.0). After 20 min. of denaturation, the slides were
randomly placed side by side in the horizontal gel-elec-
trophoresis tank, facing the anode. Electrophoresis at 1
V/cm lasted another 20 min. The slides were gently
washed with a neutralization buffer (0.4 M Tris-HCl, pH
7.5) three times at 5 min. intervals and stained with
ethidium bromide (20 mg/mL). Each slide was examined
using a 250×magnification fluorescence microscope (Zeiss,
Oberkochen, Germany) equipped with an excitation fil-
ter of 515–560 nm and a barrier filter of 590 nm. A total
of 100 comets per sample were scored (50 from each of
two replicate slides). Comets were randomly captured at
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a constant depth of the gel, avoiding the edges of the gel,
occasional dead cells and superimposed comets. As a
measure of DNA damage, the following comet parame-
ters were evaluated: tail length (mm) and tail intensity
(%DNA in the tail). A computer-based image analysis
system (Comet Assay II, Perceptive Instruments Ltd.,
Suffolk, UK) was used to perform the analysis. To avoid
the variability, one well-trained scorer scored all comets.

Statistical analysis

Each experimental set contained duplicated slides.
Prior to further analyses, all the parameters were log-
-transformed. Differences in the tail length and tail in-
tensity for the standard comet assay for exposed and con-
trol samples were statistically evaluated using the non-
-parametric Mann-Whitney test. The level of statistical
significance was set at p�0.05.

Results

Table 1 represents descriptive statistics of tail length
and tail intensity in kidney, liver and brain homogenates in
animals exposed to the Rf radiation and matched controls.

In comparison with controls the performed comet as-
say established a significant increase in the tail length in

kidney and liver homogenates, but not in the brain cells.
No significant differences were found in tail intensity for
all examined organs. Results show that the mean value
for kidney DNA migration was 13.9 mm for exposed and
12.9 mm for controls (p<0.05). Mean value of liver DNA
migration registered by tail length in irradiated animals
was 14.5 mm and 13.6 mm in matched controls (p<0.01).
The standard comet assay performed at liver cells of irra-
diated animals revealed the greatest mean tail length
when compared with the findings obtained for other
tested organs. The mean tail length of brain DNA frag-
ments was found to be 14.0 mm, which is in comparison
with the control brain samples slightly but not signifi-
cantly elongated (significance level, p=0.05) (Figure 1).
Otherwise, differences in tail intensity (% DNA) be-
tween control and exposed animals were not significant
(Figure 2). Comet assay microphotographs showing rat
hepatocytes under Leitz Orthoplan epifluorescence mi-
croscope using 250 x magnifications are shown at Fig-
ure 3. Unexposed control cell is left assigned as A and
Rf-exposed one is right marked as B. It is important to
declare that there was no body temperature difference
between irradiated and control animals before or imme-
diately after exposure. The temperature difference be-
tween irradiated and control animal group was less than
1°C before or after exposure.
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TABLE 1
DESCRIPTIVE STATISTICS OF TAIL LENGTH AND TAIL INTENSITY IN KIDNEY, LIVER AND BRAIN CELLS OF ANIMALS EXPOSED TO

RADIOFREQUENCY (RF) RADIATION FOR ONE HOUR A DAY, SEVEN DAYS A WEEK DURING TWO WEEKS PERIOD (N=9) AND
MATCHED CONTROLS (N=9)

Animal
Tail length / mm±S.D. Tail intensity / % DNA in the tail, ±S.D.

Kidney Liver Brain Kidney Liver Brain

1 12.6±1.2 13.9±1.7 13.8±1.4 1.1±1.4 1.1±1.8 1.0±1.1

2 14.7±1.5 13.0±2.0 13.7±1.8 1.8±2.1 0.8±1.5 0.9±0.9

3 11.6±1.0 13.6±1.7 14.8±3.6 0.9±1.1 0.9±1.3 1.2±2.6

4 13.7±1.4 13.9±1.7 13.3±1.7 1.2±1.5 0.8±0.9 0.9±1.3

5 12.8±1.3 13.9±1.8 13.1±1.6 1.2±1.7 1.1±2.0 0.6±0.8

6 12.5±1.2 13.6±1.9 13.5±4.1 1.0±1.7 0.8±1.4 1.3±2.1

7 12.9±1.8 13.6±2.2 13.4±2.3 1.3±2.2 0.9±2.0 1.2±2.7

8 12.3±0.8 13.0±1.7 12.1±1.6 0.9±0.8 0.9±1.3 1.1±1.9

9 13.1±1.1 13.7±1.5 13.7±2.2 1.4±1.0 0.9±1.3 0.6±1.8

Mean 12.9±0.9 13.6±0.3 13.5±0.7 1.2±0.3 0.9±0.1 1.0±0.2

10 13.2±1.3 14.3±2.0 13.9±1.8 1.0±2.0 2.2±3.7 1.8±3.5

11 13.6±2.5 14.0±1.5 13.8±1.6 1.5±3.1 1.2±3.5 0.8±1.1

12 14.5±1.7 14.8±1.7 14.0±1.4 1.2±2.1 0.6±1.3 1.1±2.1

13 13.5±1.1 14.5±1.1 14.2±1.7 1.2±2.0 1.2±2.3 1.7±3.1

14 14.0±1.5 14.2±1.7 13.8±1.3 1.3±2.7 0.7±1.5 0.9±1.7

15 13.8±1.5 14.9±2.0 14.3±1.4 1.4±1.8 1.4±2.6 1.1±2.6

16 14.0±1.5 14.6±1.7 13.9±1.1 1.3±2.7 0.5±1.2 0.7±1.5

17 14.2±1.6 14.9±1.8 14.6±1.5 1.5±4.0 0.5±1.0 0.6±1.2

18 14.7±3.1 14.4±1.9 13.9±1.8 1.2±2.5 0.5±1.1 0.8±1.8

Mean 13.9±0.5* 14.5±0.3* 14.0±0.3 1.3±0.2 1.0±0.6 1.0±0.4

*p�0.05, compared to control (Mann-Whitney test)
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Discussion

Besides the numerous reports of well conducted in-
vestigations, it would not be wisely to deny that Rf/Mw at
low intensity might affect the macromolecular structures
such as DNA. Until now, data available suggest a com-
plex reaction of the intracellular protein system to Rf ra-
diation. The response is not likely to be linear with re-
spect to the intensity of the radiation. Other parameters
of Rf exposure, such as frequency, duration, waveform,
frequency- and amplitude-modulation are important de-
terminants of biological responses and affect the shape of
the dose (intensity)-response relationship26. In 2009 Be-
lyaev et al. pointed to the chromosomal DNA as a target
for resonance interaction between living cells and micro-
wave27. It is important to appreciate when doing the
comet assay on different tissues that normal DNA dam-
age can be highly variable. Some of the factors that can

influence DNA strand damage in a particular tissue in-
clude cell type heterogeneity, cell cycle, cell turnover
frequency and culture or growth conditions. Different
cell types may have very different background levels of
DNA single-stand breaks due to variation in excision re-
pair activity, metabolic activity, anti-oxidant concentra-
tions or other factors28. DNA damages in cells could have
an important implication on health because they are cu-
mulative. In general, DNA is capable of repairing itself
efficiently. Stimuli which could influence equilibrium of
cells maturation or proliferation activate a known feed-
back mechanism of homeostatic control mechanism29.
Moreover, through a homeostatic mechanism, cells main-
tain a delicate balance between spontaneous and induced
DNA damage. DNA damage accumulates if such a bal-
ance is altered, which may in turn affect cell functions.
When too much DNA damage is accumulated over time,
the cell will die or may be the cause of slow onset dis-
eases. Beside in 2005, the Diem’s et al. report, Paulraj
and Behari found that chronic exposure to this radiation
causes significant increase in DNA strand breaks in
brain cells of rats18,30. The present study is in agreement
with aforementioned ones showing a difference in DNA
strand breaks in the brain cells of the exposed group (Ta-
ble 1). The manuscript also demonstrates findings of sin-
gle cell gel/comet assay application on rats’ renal and
liver homogenates after mobile phone frequency expo-
sure in vivo. The significant DNA damage was found to
be significant in kidney and liver cells of irradiated ani-
mals but only when tail length has been used as the pa-
rameter of DNA damage (see Figure 1). Since no signifi-
cant effect on the content of DNA that moved from the
head into the tail of the comet (tail intensity values) has
been observed it may be suggested that selected radia-
tion did not affect the cell genome at the higher extent
compared to the basal damage. Thus, detected level of
DNA damage does not justify the use of chromosome ab-
erration or any other standard cytogenetic tests. At the
reported extent, primary DNA damage is not likely to be
transduced into morphological changes of chromosomes
at the rate higher than basal. Detected level of primary
DNA damage may be efficiently repaired within several
hours following irradiation without any permanent im-
pact on chromosome morphology. Similar observations
have been reported by applying the comet assay in evalu-
ation of DNA damage in athletes31. Thus, under the con-
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Fig. 1. Tail length in kidney, liver and brain cells of animals ex-

posed to radiofrequency (Rf) radiation for one hour a day, seven

days a week during two weeks period (N=9) and matched con-

trols (N=9); comet assay.
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Fig. 3. Comet assay microphotographs showing rat hepatocytes

under Leitz Orthoplan epifluorescence microscope using 250x

magnifications (A – untreated control; B –treated cell).



ditions applied the observed extent of DNA damage does
not pose a risk for inducing adverse health effects in irra-
diated animals. One has to notice that serious DNA
strand breaks were common for highly metabolic tissues,
for example kidney, liver or bone marrow32. Recently
Ruediger exploited one hundred publications which have
studied genotoxicity of radiofrequency electromagnetic
fields in vivo and in vitro. Overview resulted in conclu-
sion that cells are unusually sensitive to electromagnetic
fields, because weak fields may accelerate electron trans-
fer and thereby destabilize the H-bond of cellular macro-
molecules. Although the energy of weak fields such as
Rf/Mw is not sufficient directly to break a chemical bond
in DNA, he revealed that genotoxic effects are mediated
by indirect mechanisms as micro thermal processes, gen-

eration of oxygen radicals or a disturbance of DNA-re-
pair processes33. It could be concluded that repeated
whole-body exposure to carrier frequency of 915 MHz
with Global System Mobile (GSM) basic signal modula-
tion at power density of 2.4 W/m2 and SAR 0.6 W/kg
could be a cause of DNA strand breaks in renal and liver
cells of rats, but not affect the cell genome at the higher
extent compared to the basal damage.
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UTJECAJ ELEKTROMAGNETSKOG RADIOFREKVENCIJSKOG ZRA^ENJA NA STANICE MOZGA,
JETRE I BUBREGA U [TAKORA MJEREN KOMET TESTOM

S A @ E T A K

Cilj studije bio je procijena o{te}enja molekule DNK u bubregu, jetri i mo`danim stanicama {takora nakon izlaganja
radiofrekvencijsko/mikrovalnom (Rf/Mw) zra~enju frekvencija mobilnih telefona. Za procjenu o{te}enja DNA kori{ten
je komet test. Wistar {takori (mu`jaci, stari 12 tjedna, pribli`ne mase 350 g) (N=9) bili su izlo`eni zra~enju moduli-
ranog signala sustava mobilni telefonije (GSM), frekvencije od 915 MHz i gusto}e snage od 2.4 W/m2, i prosje~noj brzini
apsorpcije energije (SAR) od 0.6 W/kg. @ivotinje su zra~ene po jedan sat dnevno tijekom dva tjedna. Sustav za ekspo-
ziciju sastojao se od gigahercne transverzalne elektromagnetske komore (GTEM-stanica). Sham-kontrolna skupina `i-
votinja (N=9) bila je uklju~ena u studiju. Temperatura tijela {takora mjerena je prije i nakon izlaganja. Nije bilo razlike
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u temperaturi izme|u kontrolnih i ozra~enih `ivotinja. Parametri komet testa su procijenjeni du`inom i intenzitetom
repa. U usporedbi s kontrolom (13,5±0,7 mm), du`ina repa u stanicama mozga ozra~enih `ivotinja je lagano izdu`ena
(14,0±0,3 mm). Du`ina repa u jetrenim stanicama (14,5±0.3 mm) i stanicama bubrega (13,9±0,5 mm) ozra~enih `ivotinja
zna~ajno se razlikovala od odgovaraju}ih kontrolnih uzoraka; (13,6±0,3 mm) i (12,9±0,9 mm). Intenzitet repa izme|u
kontrolih i izlo`enih `ivotinja bio je statisti~ki nezna~ajan. Rezultati pokazuju da u eksperimentalnim uvjetima opeto-
vano 915 MHz zra~enje mo`e uzrokovati lomove DNK u stanicama jetre i bubrega. Primijenjeno zra~enje nema ve}eg
utjecaja na genom stanice u odnosu na bazalna o{te}enja.
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