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Background. Electromagnetic irradiation with extremely high
frequencies (EHF EMI) and low intensity affects living organisms
of a different level of organization, but the mechanism(s) of its
influence is still not understood well. This study was undertaken
to examine the effects of EHF EMI on tissue lipid peroxidation
(LPO) of whole body exposure rats.

Material and methods. Male Wistar rats were selected for this
study. The animals were divided into two groups: sham exposed
and experimental. The rats were exposed to the EMI of 42.2 and
50.3 GHz frequencies (power density 0.06 mW/cm?) for 20 min/
day, for five days. The content of malondialdehyde (MDA) as
the final product of the LPO was estimated in brain, liver, heart,
and skeletal muscle of rats.

Results. Treatment with EMI induced oxidative stress in dif-
ferent organs of the rats, which was indicated by the changes of
MDA level depending on the EMI frequency used and expo-
sure duration. The MDA rate shows significant increase in brain
(P < 0.001) depending on the treatment duration for both EMI
frequencies used. The slightly elevated levels of MDA in the liver
were observed among rats in 50.3 GHz frequency EMI-exposed
group. Concerning the skeletal muscle and especially the cardiac
tissue, the MDA values remained at the same levels in experimen-
tal and control groups and did not differ significantly.

Conclusions. The EHF EMI applied in the multiple mode sig-
nificantly enhanced the lipid peroxidation level in the brain and
slightly increased the same parameter in liver. The obtained data
indicate possible health implications of such exposures, which
may cause damage in brain.
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INTRODUCTION

Extremely high frequency (EHF) electromag-
netic irradiation (EMI) (a range from 30 to
300 GHz), or low-intensity millimetre waves
(MMW) induces changes in living organisms of
a different level of organization. The absence of
coherent irradiation of this range from natural
electromagnetic environment might have made
this band convenient for inter- and intracellular
communications (Pokhomov et al., 1998; On-
gel et al,, 2009). Nowadays, MMW technologies
are being increasingly used in wireless communi-
cation, traffic and military radar systems, which
makes the investigation into the influence of EHF
irradiation on living matter very important.
Moreover, MMWs are widely used for differ-
ent medical applications, alone or in combina-
tion with other means, against a variety of neu-
rological, cardiovascular, gastroenterological
and skin diseases (Betskii, Lebedeva, 2004; Vec-
chia et al., 2009). Specifically, the most common
frequencies used in therapy are 35, 42.2, 53.6,
61.2, and 78 GHz (Betskii, Lebedeva, 2004). In-
teracting with the cellular system, the EHF EMI
energy does not destroy inter-atomic bounds,
because it is lower than the activation energy
needed for different physical-chemical phe-
nomena such as splitting covalent and hydro-
gen bounds (Sinitsyn et al., 2000; Betskii et al.,
2004). However, EMI energy can be stored by
molecular dipole vibration mode. The MMW
energy of current medical applications is gener-
allyin low power levels (up to 10 mW/cm™) and
is considered as non-thermal exposure (Pokho-
mov et al., 1998; Betskii et al., 2004). However,
the specific mechanisms of EHF EMI-induced
biological effects are insufficiently studied.
Recently it has been shown that MM W s with
frequencies 50.3, 51.8, and 65 GHz (wavelength
5.96 mm, 5.79 mm, and 4.6 mm) correspond
to water cluster structure vibrations or reso-
nant frequencies in which the biological effects
are more pronounced (Sinitsyn et al., 2000). It
is supposed that MMW3s of resonant frequen-
cies are capable of changing the structure and
properties of water component of cells, and of
influencing the conformation of biomolecules,

responsible for biochemical reactions (Bet-
skii et al., 2004).

At the same time, the majority of research-
ers believe that all membranes of different ob-
jects serve as the main location of influence
for radiation in MM-range: primary mecha-
nisms which determine the final effect of radia-
tion in MM-range influence are developed in
the membranes (Moustafa et al., 2001; Ramun-
do-Orlando, 2010; Torgomyan, Trchounian,
2012). It has been suggested that EMI leads to
changes in membrane properties: to accelera-
tion or suppression in the transport of active
ions, to changes in the permeability of biologi-
cal membranes due to proteins conformation
changes and by means of membrane lipid per-
oxidation (LPO) (Sharov et al., 1983; Martiny-
uk, Temur’yants, 1995; Potselueva et al., 1998).
The latter may be the consequence of an in-
creased production of reactive oxygen species
(ROS) (Vladimirov, Archakov, 1972; Halliwel,
Gutteridge, 1999). The cell membrane, which
is composed of poly-unsaturated fatty acids,
is a primary target of an ROS attack leading
to cell membrane damage. Animals and plants
have developed various protective mechanisms
to eliminate or reduce ROS, such as an anti-
oxidant system composed of both enzymatic
(superoxide dismutase (SOD), catalase (CAT),
peroxidase (POX), and non-enzymatic (glu-
tathione, ascorbic acid, tocopherol, and carot-
enoids) antioxidants (Halliwel B., Gutteridge
1999; Repetto et al., 2010). The equilibrium
between the production and the scavenging of
ROS may be disturbed by the stress factor.

In recent years there have been publications
which provide information about a variety of
shifts in the lipid peroxidation processes and
the function of the antioxidant system of the or-
ganism during a MMW exposure (Ovoshchnik-
ova et al., 2001; Devrim et al., 2008, Savin et al.,
2010).

It has been suggested by Cojocaru et al. (Co-
jocaru et al., 2005) that the activation of lipid
peroxidation could be a possible cause of the in-
crease in electrical conductivity of membranes
induced by MMW radiation.This assumption
was supported by early data (Sharov et al., 1983;
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Potselueva et al., 1998) on a 20—30% increase of
lipid peroxidation products in 15 min after expo-
sure of liposome samples to 42—-64 GHz radia-
tion, at 0.15—1 mW/cm?. On the other hand, no
effect on lipid peroxides formation was reported
by Logani and Ziskin (Logani, Ziskin, 1996) that
exposed liposomes to MMW at 53.6; 61.2 and
78.2 GHz frequencies. Changes in the activity
of catalase, superoxide dismutase, and MDA-
content were reported by Savin et al. (Savin
et al., 2010) in rats’ blood at the combined ac-
tion of stem cells and multiple MMW exposure
(30 min/day, 6 days, and 37.7 GHz). Ovoshch-
nikova et al. (Ovoshchnikova et al., 2001) stud-
ied EHF EMI and y-radiation combined effects
in the blood and brain of rats. The y-radiation
was applied to the upper thoracic vertebrea
and to the zone of the pelvic bone, after which
the whole body EMI of animals took place. It
has been revealed that certain frequencies from
the 53.57-78.33 GHz band (0.2-1.5 W/cm?) ef-
fectively changed the conjugated dienes content
up to 30% in blood, and in the brain the same
parameter increased about 1.5 times.

There are numerous animal studies that
have shown various examples of how micro-
wave (SHF EMI) induce ROS and changes in
antioxidant enzymes activity in blood, brain,
kidneys and other organs (Kesari et al., 2011;
Kesari et al., 2012; Bodera et al., 2015).

To the best of our knowledge, there are only
few reports on the investigation into the EHF
EMI effects on lipid peroxidation in differ-
ent tissues of rats. Also, the results of previous
studies on the effects of EHF EMI on lipid per-
oxidation are still contradictory (Sharov et al.,
1983; Logani, Ziskin, 1996; Bodera et al., 2015).
Due to this issue, the present study was aimed
to investigate the effects of 42.2 and 50.3 GHz
MMW frequencies on the lipid peroxidation in
different organs of whole body exposure rats.

MATERIAL AND METHODS

Animals

Experiments were performed on 30 Wistar male
rats with 100-120 g body weight. In order to
adapt to temperature, humidity, and to the reg-

ular light (12 h)/dark (12 h) cycle, the animals
were stored for one week in animal laboratory
before EHF EMI exposure. The temperature
was set at 21°C and food and water were always
available ad libitum. All experiments were per-
formed between 9.00 a.m. and 4 p.m., and EMI
exposure was carried out at a fixed time - with-
in 9.00 and 10.00 a.m.

Ethics

All performed experiments and procedures were
in accordance with the guidelines for animal care
and ethical standards laid down in the 1964 Dec-
laration of Helsinki and its later amendments.

Experimental procedure
Animals were allocated into three groups of
equal number of rats in each one (ten) as follows:

1. Sham exposure — animals underwent the sa-
me manipulations, but were sham-exposed.

2. Experimental group l included rats exposed
to the EMI with 42.2 GHz frequency 20 min/day,
5 days, total exposure duration 100 min.

3. Experimental group 2 included rats exposed
to the EMI with 50.3 GHz frequency 20 min/day,
5 days, total exposure duration 100 min.

Exposure took place in a 150 mm x 100 mm
x 70 mm ventilated Plexiglas container. Animals
were irradiated without fixing at a room tem-
perature (21 + 1.0)°C in frequency-modulated
oscillating mode, 20 cm away from waveguide.

The irradiation was performed using the mo-
nochromatic EMI generator G4-141 type with
working interval of 37.50-53.57 GHz (State
Scientific-Production Enterprise “Istok’, Russia).
EMI frequencies used were 42.2 and 50.3 GHz
and power flux density - 0.06 mW. cm™. Fre-
quency deviation of output signal in persistent
regime of generation did not exceed 6 MHz.
The whole body specific absorption rate (SAR)
was estimated to be 0.14 W/kg.

After completion of the exposure period,
rats were sacrificed immediately, after anaes-
thesia with diethyl ether. Whole brain, liver,
heart and the skeletal muscle from the right
hind paw from control and test rats, were iso-
lated, washed in saline, dried with filter paper,
cleaned of fat and fibrous tissue. A cut section
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was weighted and stored frozen at - 4°C for
subsequent malondialdehyde (MDA) determi-
nation as soon as possible.

Lipid peroxidation

Lipid peroxidation in rats’ tissues was determined
by estimation of the final product of LPO-malon-
dialdehyde (MDA) content following the method
of Stalnaya (Stalnaya, Garishvili, 1985).

Samples of tissues were homogenized using
the homogenizer Karl Kolb (Scientific Techni-
cal Supplies, Germany). The homogenization
ice-cold buffer (pH 7.5) consisted of 0.25 mM
Tris-HCI, 0.32 mM sucrose, 0.5 mM ethylendi-
amine tetra-acetic acid (EDTA), and 0.175 mM
KCI; 1 ml buffer was added for each 0.1 g of tis-
sue. After homogenization, the samples were
centrifuged at 3000xg for 10 min.

To every 1 ml of supernatant, 1 ml of mix-
ture containing 17% trichloracetic acid (TCA),
0.25 M HCI and 0.5% thiobarbituric acid (TBA)
was added. The samples was heated at 95°C for
20 min and then cooled quickly on an ice bath.
The resulting mixture was centrifuged at 4000xg
for 15 min. The absorbance of the supernatant

was taken at 532 nm using UV-visible Spectro-
photometer (model SF-46, USSR). The concent-
ration of MDA was calculated by using the ex-
tinction coefficient of 1.56 x 10° M cm™'and
expressed as nmol/mg protein.

The method of Lowry (Lowry, 1951) was fol-
lowed to estimate the protein content in the tis-
sues using bovine serum albumin as a standard.

Statistical analysis

For quantitative analysis results are represented
as means * standard deviation. One-way anal-
ysis of variances method was adopted for sta-
tistical analysis. A value of p < 0.05 indicated
significance.

RESULTS AND DISCUSSION

The effect of EMI EHF on MDA-level at the mul-
tiple irradiation of 42.2 and 50.3 GHz frequen-
cies in different organs of rats was studied.

The obtained data showed that EMI results in
increase lipid peroxidation process activity, which
is expressed by an increasing MDA rate. It is obvi-
ous from the data in Table and in Fig. 1 that.

Table. Change in malondialdehyde content (nmol/mg protein) in different organs of EMI-exposed rats

EMI fre- Sham
expo- 42.2 GHz 50.3 GHz
quency
sure
Expo-
sure 0 20 min | 40 min | 60 min | 80 min | 100 min | 20 min | 40 min | 60 min | 80 min | 100 min
duration
) 442.0+ 4430+ 4640+ 486.0+ 4990+ 4940+ 443.0+ 467.0+ 487.0+ 5150+ 508.0%
Brain 12.6 12.3 13.0 14.0 13.8 15.8 124 13.6 16.6 18.2 15.3
P NS <0.05 <0.05  <0.002 <0.002 NS <0.005 <0.005 <0.001  <0.001
) 3070+ 308.0+ 316.0%+ 331.0+ 3320+ 329.0+ 301.0+ 323.0+ 3350+ 3480+ 337.0%
Liver 7.8 7.6 8.0 8.8 9.2 8.6 7.8 8.4 9.2 9.4 9.0
P NS NS <0.05  <0.002 <0.002 NS <0.05 <0.002 <0.001 <0.005
170.0+ 1700+ 171.0+ 172.0+ 1720+ 170.0+ 171.0+ 1720+ 171.0+x 173.0 171.0 =
Heart 4.0 3.8 4.2 42 4.6 3.5 42 4.2 44 4.6 4.6
P NS NS NS NS NS NS NS NS NS NS
Skeletal 214.0+ 214.0+ 2160+ 218.0+ 221.0+ 219.0+ 2150+ 2200+ 2240+ 2260+ 2240+
muscle 52 53 5.4 6.1 6.0 5.8 5.3 53 54 5.4 53
P NS NS NS NS NS NS NS <0.05 <0.05 <0.05

Values are expressed as mean in + SE. P - significance by LSD at P < 0.05 from sham exposure group; NS - not significant.
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The MDA level differs among the studied
organs of the intact rats. Thus, the highest rate
of a given parameter was recorded in brain
(442 + 12.6 nmol/mg protein), which exceeded
the liver MDA rate (307 + 7.8 nmol/mg protein)
by 1.4 times and the heart and skeletal muscles
rate by 2.6 and 2.0 times, respectively.

Lipid peroxidation is a normal physiologi-
cal process that takes place in all aerobic cells of
different tissues. The molecular mechanisms of
the LPO process are known and it can be esti-
mated that about 1% of the total oxygen uptake of
cells, organs and bodies is taken up by reactions of
LPO (Halliwel, Gutteridge, 1999). The obtained
results may be connected with the quantitative
and qualitative differences in lipid composition
of cellular membranes of biological tissues (Hal-
liwel, Gutteridge, 1999; Boveris, Navarro, 2008).

Asseenin Fig. 1,in rats exposed to EMI 0f 42.2
and 50.3 GHz frequencies, the values of MDA
increased only in the brain and liver compared

to the controls. It should be noted that values of
the change depend on exposure duration: with
an enhancement of influence duration, the de-
pendence on the EMI frequency is revealed as
well (Fig. 2). In brain and liver of 50.3 GHz expo-
sure rats, the increases of the MDA-rate are more
pronounced than in those exposed to 42.2 GHz.
Thus, 20 min irradiation invokes no changes of
the MDA rate in any of the organs. After summa-
ry 100 min irradiation by 42.2 GHz, the value of
MDA increases slightly in the liver within 3-8%
(Fig. 2). In the case of brain, the same frequency
increased the MDA rate by 5% after 40 min ir-
radiation, compared to controls, by 10.11%, after
60 min, by 13.2% after 80 min, and by 12.0% af-
ter 100 min.

After 40 min of 50.3 GHz irradiation of
rats, the value of MDA in the brain increased
by 6.1%, by 10.8% after 60 min, by 16.3%
after 80 min, and by 15.2% after 100 min of
irradiation.
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The MDA concentration remained at the same
level in the skeletal and especially in the cardiac
tissue in EMI-treated rats.

The problem of medico-ecological conse-
quences of EHF EMI has emerged as an im-
portant field of research in recent decades as
a result of the increased number of non-natural
EMI sources.

The majority of in vivo experiments con-
cerning the influence of electromagnetic field
exposure on the activity of the lipid peroxida-
tion process have been conducted on labo-
ratory rodents (Ovoshchnikova et al.,, 2001;
Devrim et al., 2008; Savin et al., 2010; Kesa-
rietal.,, 2012; Bodera et al., 2015). Highly vari-
able results were obtained in studies on the ef-
fects of EHF EMI. The increase in the MDA
level in the brain and liver under the EMI
stress in our study is consistent with the stud-

ies conducted by other researchers (Savin etal.,
2010; Kesari et al., 2012; Bodera et al., 2015).
The significant increase of the MDA content in
the brain encountered in the 50.3 GHz EMI-
exposed group of the present study probably
points, to the limits of the antioxidants of
the neural tissue to cope with an excessive
generation of MDA due to the EHF EMI ex-
posure.

It can be concluded that increased levels of
peroxidation in the brain and liver due to EMI
radiation might play a role in inducing oxida-
tive damage. The risk of the oxidative stress in
various organs and possible health implications
of such an exposure should be taken into ac-
count.
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EKSTREMALIAI AUKSTO DAZNIO ELEK-
TROMAGNETINES SPINDULIUOTES POVEI-
KIS ZIURKIU LIPIDU PEROKSIDACIJAI

Santrauka
Labai auksto daznio ir mazo intensyvumo elektro-
magnetiné spinduliuoté (EMI) veikia gyvus orga-
nizmus skirtinguose struktiiros lygmenyse, taciau
jos poveikio mechanizmas dar néra visiskai aiskus.
Sio tyrimo metu, ap$vitinus visa ziurkés kiing, buvo
tiriamas ekstremaliai auksto daznio elektromagne-
tinés spinduliuotés poveikis audiniy lipidy peroksi-
dacijai (LPO). Tyrimui naudoti Wistar Ziurkiy pati-
nai penkias dienas buvo veikiami 42,2 ir 50,3 GHz
daznio (0,06 mW/cm?) EMI 20 min. per diena.
Malondialdehido (MDA), kaip galutinio LPO pro-
dukto, kiekis buvo jvertintas ziurkiy smegenyse,
kepenyse, Sirdyje ir skeleto raumenyse. Pastebéta,
kad priklausomai nuo daznio ir poveikio trukmeés
EMI skirtinguose Ziurkiy organuose sukélé oksida-
cinj stresg. Labai auk$to daznio EMI, taikyta keliais
rezimais, gerokai padidino lipidy peroksidacijos
lygj smegenyse ir nedaug padidino kepenyse. Gauti
duomenys rodo, kad toks poveikis gali sukelti sme-
geny pazeidimus.

Raktazodziai: ekstremaliai auksto daznio elek-
tromagnetiné spinduliuoté, oksidacinis stresas, lipi-
dy peroksidacija, malondialdehidas, Ziurkés



