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Modulation of the biological effects produced by ionizing radiation (IR) using microwave and magnetic
fields has important theoretical and practical applications. Response of human buccal epithelium cells to
different physical agents (single and combined exposure to 0.5-5 Gy y-radiation (*’Co); microwaves with
the frequency of 36.64 GHz and power densities of 0.1 and 1 W/m? and static magnetic field with the
intensity of 25 mT) has been investigated. The stress response of the cells was evaluated by counting
heterochromatin granules quantity (HGQ) in the cell nuclei stained with orcein. Membrane permeability
was assessed by the percentage of cells stained with indigocarmine (cells with damaged membrane). The
increase of heterochromatin granules quantity (HGQ), i.e. chromatin condensation was detected at the
doses of 2 Gy and higher. Changes in the cell membrane permeability to indigocarmine expressed the
threshold effect. Membrane permeability reached the threshold at the doses of 2-3 Gy for the cells of
different donors and did not change with the increase of the dose of y-radiation. Cells obtained from
different donors revealed some individual peculiarities in their reaction to y-radiation. The static magnetic
field and microwaves applied before or after y-radiation decreased its impact, as revealed by means of
HGQ assessment.

KEYWORDS: heterochromatin, cell stress, cell damage, hormesis, static magnetic field, electromagnetic
field.

PEAKIUS KJIETOK BYKKAJIBHOI'O SIIUTEJUA YEJIOBEKA HA KOMBUHUPOBAHHOE
BO3I[EI7[CTBI/IE TAMMA-N3JYYEHUSA, MUKPOBOJIH U MATHUTHOI'O I1OJIS,
OIPEJEJEHHASA 1O U3MEHEHUIO KOHJIAEHCAIIMHA XPOMATHHA
U MPOHULIAEMOCTH KJIETOYHOM MEMBPAHbBI
K.A. Ky3nenos, O.T. HukoJios, }O.I'. llIkop6aTos
Xapvrosckuii nayuonanvhvliil ynueepcumem umenu B.H. Kapazuna, nn. Ceobooul, 4, Xapvros 61022, Vkpauna

[Mpobnema wmomudukamuu OHONOTHIECKHX HPPEKTOB HOHUZHPYIOMETO W3IYYCHHS C ITOMOIIBIO
MHUKPOBOJIH ¥ MAarHUTHOTO TIONS WMEET BaXHBIE TEOPETHYECKHE M IPAKTHYECKHE aCIEKTHI.
PaccmaTtpuBaeTcs peakius KIETOK OYKKaJbHOTO SIHUTENNS YEJOBEKa Ha JICHCTBHE Pa3IMUYHBIX
du3nueckux (pakTopoB (OAHHOUHBIE M KOMOMHMpOBAHHBIC Bo3jelcTus y-mamyuenus 0,5-5 I'p (*’Co);
MHUKPOBOJH dYacToTod 36,64 I'TIl C MOBEpPXHOCTHOH IJIOTHOCTHIO MOIIHOCTH H3IY4EHHUS Ha YpOBHE
06bekta 0,1 u 1 BT/M? i OCTOSHHOTO MAarHUTHOTO MOJs ¢ HHAyKIuei 25 MTi). CTPecCOBYIO PEaKIHio
KJIETOK ONpeessUId MyTéM MoAcuéra conepkaHus rpanyin rerepoxpomarusa (CIT) B sapax KieTok,
OKpAaIlIeHHBIX OpceHMHOM. [IpOHMIIAEMOCTHh KJIETOYHBIX MEMOpaH OIpENelsUId IO IPOLEHTY KIETOK,
OKpAIICHHBIX HWHAWTOKapMHHOM (T.€., HMEIOUIMX TOBPEKXAEHHYI0 MeMOpaHy). BhIsBieHO mMoOBbIIIEHUE
CTENEHU KOHAEHcaluu XxpoMaTuHa mo mokasatento CIT mpu BosmelcTBuM H03bl y-u3nyueHus 2 I'p u
BbIlIe. V3MeHEeHUs] B NMPOHHMIAEMOCTH MEMOpaH MMEIOT YETKO BBIPRKCHHBIH ITOPOT: NPOHHIAEMOCTH
Bo3pactaer npu nosze 2-3 I'p, ogHako mpH JambHEHIIEM YBEIMYCHHWH AO3BI POCT MPOHHIAEMOCTH
ocraHaBiuBaeTcs. KieTku, momydeHHble OT pa3HbIX JOHOPOB, MMENN UHIWBHAyaJIbHbIE OCOOCHHOCTH B
peaknuy Ha JICHCTBHE Y-n3IydeHus. [I[puMeHeHre TOCTOSIHHOTO MarHUTHOTO TMOJIS M MUKPOBOJIH TEpe]
WU TI0cTie 00pabOTKM Y-U3ITydYCHHUEM IIPUBEIIO K CHHKEHHUIO CTPECCOBOM peaky KIETOK MO MOKa3aTelto
CIT.

KJ/IFOYEBBIECJIOBA: rerepoxpoMaTHH, KIETOYHbIM CTpecc, KIETOYHbIC MOBPEXKAEHUS, TOPME3UC, IIOCTOSHHOE
MarHMTHOE I0JI€, IEKTPOMAarHUTHOE II0JIC.
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PEAKIISI KJIITUH BYKAJIBHOI'O ENTIEJIIO JIFOJUHA HA KOMBIHOBAHWM BILIUB
T'AMMA-BUITPOMIHIOBAHHS, MIKPOXBUJIb TA MATHITHOTI'O I1OJISI, BUSHAUEHA
3A 3MIHOIO KOHJIEHCAIIIi XPOMATHUHY TA IPOHUKHOCTI KJIITHHHOI MEMBPAHHA
K.A. Ky3nenos, O.T. HikoJjos, FO.I'. llIkop6aTos
Xapriscokuu Hayionanvruil yHieepcumem imeni B.H. Kapa3zina, nn. Ceoboou, 4, Xapxie 61022, Ykpaina

[MpoGnema Mmonmudikauii OionoriyHUX e(eKTiB 10HI3YIOHOro BHIPOMIHIOBaHHS 33 JJOIOMOI'OO
MIKpPOXBWJIb 1 MAarHiTHOTO MOJIS Ma€ BaXJIMBI TEOPETUYHI 1 MPaKTU4YHI acnekTu. Po3risinaeTbes peakiis
KJITHH OyKaJbHOTO EMITEeNil0 JIIOAMHM Ha Jif0 pi3HMX (iznyHuX (akTopiB (OJMHOYHI 1 KOMOiHOBaHI
BBy y-BunpominioBanns 0,5-5 I'p (“Co); mikpoxswis uactotoro 36,64 I'Ti 3 IHOBEPXHEBOIO
IIiTBHICTIO MOTYKHOCTI BUIPOMiHIOBaHHs Ha piBHi 06'exta 0,1 i 1 B1/M” i MOCTIHHOrO MarHiTHOro MONS 3
ingykmiero 25 mTm). CrpecoBy peakmito KIITHH BH3HAYaNM NIISXOM IAPAaXyHKYy BMICTY TpaHyI
rerepoxpoMaTtury (BIT) B smpax ximitThH, 3a0apBieHuX opceiHoM. [IpOHUKHICTD KIITHHHUX MeMOpaH
BU3HAYaNM 32 BiJCOTKOM KJITHH, 3a0apBICHUX IHIUTOKapMiHOM (TOOTO, MArOTh IOIIKOPKEHY
MeMOpaHy). BusiBJIeHO miIBUIIEHHS CTYNeHs KOHIEHcalli XpoMaTHHY 3a moka3HukoMm BI'T mpu Brumsi
JI03H y-BUNpOMiHIOBaHHS 2 ['p 1 Bume. 3MiHM B IPOHUKHOCTI MEMOpPaH MalOTh YiTKO BUPAKEHUH IOPIT:
MPOHUKHICTE 3pocTae mpu 1031 2-3 I'p, ogHaK mpH NOJANBIIOMY 30UTBIIEHHI TO3M 3pOCTAHHA
MIPOHUKHOCTI 3ynUHSEThCs. KIliTHHU, OTpUMaHi BiA pi3HUX JOHODIB, MaJli iHIUBIIyanbHI 0COOJIMBOCTI
peakuii Ha J1i0 Y-BUIIPOMIHIOBaHHS. 3aCTOCYBaHHS MOCTIHHOTO MarHiTHOTO MOJIS 1 MIKPOXBWIIb Iiepe]] abo
micist 0OpoOKH Y-BUIIPOMIHIOBAHHSIM MPU3BENIO 10 3HWKEHHS CTPECOBOI peakiii KIITHH 33 TOKa3HHUKOM
BIT.

KJIFOYOBI CJIOBA: reTepoxpoMaTvH, KIITHHHAI CTpec, KIIITHHHI MOMIKOIKEHHS, TOPME3UC, MOCTiiiHE MarHiTHE
TI0JIC, CJICKTPOMArHITHE I10JIE.

At present time a special attention is mostly given to the description of biological effects
of low and medium doses of ionizing radiation (IR). These doses are defined at <0.5 Gy (low)
and 0.5-5 Gy (medium) [1, 2]. There are reviews dedicated to the mechanisms of ionizing
radiation-induced damage [1, 3-5] and possible hormetic effect or low doses [6].
Furthermore, the problem of modification of cell effects of y-radiation by non-ionizing
electromagnetic field attracts the attention of biologists and physicians in connection to the
broad usage of treatment of cancer patients with ionizing radiation (about 50% of cancer
patients receive ionizing radiation treatment) [7]. The possibility of enhancement of cancer
cells damages produced by ionizing radiation by the combined ELF-EMF exposure was
demonstrated [8] as well as the same ability of only magnetic field regarding the effects
caused by ionizing radiation [9]. On the contrary, some of investigators report about damage-
reducing effects of microwaves combined with y-radiation [10, 11].

The non-thermal biological effects of any ionizing radiation and such effects in non-
ionizing range can appear only at relatively low doses (or power densities). Due to a presence
both of thermal and non-thermal effects of non-ionizing radiation there is a question about
ability of even low doses to affect the cell structures. It is proved that radiofrequency range
radiation can cause DNA strand breaks [12]. Also there are reports about epidemiological
hazard of microwaves [13] for their indirect role in carcinogenesis and even the equality of
long-term GSM-range irradiation and exposure to alpha-particles in their biological
effectiveness [14]. However, there is a data about the absence of microwaves exposure effects
on the reproductive organs [15] and about the increase of the cell growth rate to microwaves
exposure [16].

One of the most easy-to-detect cell stress response character is the state of chromatin in
cell nuclei. Having two functional states (euchromatin with high transcriptional activity and
heterochromatin with low one) chromatin changes its conformation under exposure to
different stress factors (heat shock, chemical agents, radiation etc.) [17, 18].

Changes in cell membranes are also important to evaluate the cell damage after exposure
to stress factors. Increase of cell membrane permeability under exposure to electromagnetic
field was shown theoretically [19] and experimentally [20, 21]. The problem of modification
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of the biological effects produced by ionizing radiation (IR) by means of microwave and
magnetic field has important theoretical and practical aspects. Early research data in this field
are summarized in [22].

The aim of the present work was to investigate changes in cell membranes and chromatin
in response to combined exposure by ionizing, non-ionizing radiation and magnetic field.

MATERIALS AND METHODS

Human buccal epithelium cells were chosen as an experimental object because of their
large size (approximately 50 um in diameter), having a large nucleus (about 10 pm in
diameter), easy for microscopic analysis, and bloodless and painless procedure of obtaining.
The cells were exfoliated by spatula from inner side of cheek of 2 goodwill men donors:
19 years old donor A, and 23 years old donor B. All of them were informed about purposes
and course of experiment. During the experiments cells were stored in 3.03 mM phosphate
buffer solution, pH=7.0 with addition of 2.89 mM CaCl, at a temperature of 20°C [23]. After
15 minutes of exfoliation the cells were suspended in described solution and then were
exposed to y-radiation and combinations of static magnetic field or microwaves with y-rays.
Magnetic field and microwaves exposure were applied directly before or after exposure to y-
radiation.

As the source of y-radiation was used the setup using “°Co emanation “Issledovatel-1”
with power of absorbed dose 0.007 Gy/sec. The dose was estimated by ferrosulphate
dosimetry method [24]. Cell samples (each of 100 ul in 200 ul Eppendorf test-tube) were
exposed to 0.5 — 5 Gy doses (72 — 720 sec exposure time). The source of static magnetic field
with 25mT magnetic induction was a magnet. Cell suspension in Eppendorf test-tube was
placed on the north pole side of magnet and treated during 5 min. Microwaves were emitted
by Gann diode-based setup, constructed by Professor V.N. Bykov at the Department of
Theoretic Radiophysics of the V.N. Karazin Kharkiv National University. The authors
express their gratitude to Professor V.N. Bykov. The frequency of microwaves produced by
the setup was 36.64 GHz, power densities were 0.1 and 1 W/m” (accordingly to 0.15 and 0.55
m from the surface of object to the edge of the horn antenna). A thin layer (<1 mm) of cell
suspension placed on a glass slide was exposed to both power values for 30 sec. Combined
exposures were conducted by using the magnetic field and microwaves before and after -
irradiation with 15 min interval between exposures. These exposure combinations proved
their efficiency in modification of y-radiation biological effects in human cells [25].

The cell samples were examined using the MIKMED-6 var.7 microscope (LOMO,
Russia) at magnification of 400x. Heterochromatin granule quantity (HGQ) was counted for
assessment of the chromatin state in cell nuclei. The 2% orcein (E. Merck, Germany) solution
in 45% acetic acid [27] was used for staining of cell immediately after their exposure. HGQ
mean values of every variant of exposure were assessed in 3 repeats of 100 cells. In Figures
are presented mean values of HGQ and SEM. Permeability of cell membrane was evaluated
by staining with 5 mM indigocarmine (Sigma-Aldrich, USA dissolved in described buffer
solution. Percent of stained (i.e. damaged) cells was counted in 10 repeats of 100 cells for
each variant. The mean values of stainability and SEM are presented.

All data obtained were processed by Student method with Bonferroni correction for
multiple comparisons. The correlation analysis was performed by Spearman method.

RESULTS AND DISCUSSION
HGQ in control not differed in cells of Donors A and B. The data presented in Fig.1
shows the slight increase in HGQ in cells of donor B after exposure to relatively small doses
of y-radiation (0.5 Gy). For cells of donor A 1 Gy dose induced statistically significant
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increase in HGQ. For cells of both donors the value of HGQ at 2-5 Gy was similar, forming
so-called “plateau” which is described earlier [25]. The increase in HGQ in cells of both
donors was about 25% (Fig. 1).
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Fig. 1. Changes of chromatin state in human buccal epithelium cells nuclei after exposure to y-radiation;
a) — cells of Donor A, b) — cells of Donor; here and below the variants of experiment with significant difference
(p<0.05) from control are marked with “*”’.

According to the experimental data the cells obtained from donors have variations in
HGAQ sensitivity to y-radiation. The cells of Donor A revealed more sensitivity and answered
by HGQ increase after the 1 Gy exposure. The cells of Donor B answered to a higher dose of
IR — only to the 2 Gy exposure. Thus, the investigations of combined exposures were
conducted with using the dose of 2 Gy because the significant changes of heterochromatin
state at this dose were detected in cells of both donors.

Static magnetic field exposure (MF) combined with the y-radiation exposure has led to
decrease of HGQ in cell nuclei in case of pre-exposure with magnetic field (Fig. 2). Such
response can be interpreted as lowering of the stress reaction caused by y-radiation, because
the increase of HGQ is connected with effects of different external stress factors [27].

These data are in a good agreement with the data demonstrating the decrease of harmful
effects of IR after exposure to MF [26, 27] and contradict with results demonstrating
synergetic effects of 60 Hz EMF with y-radiation [28, 29].
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Fig. 2. Changes of chromatin state in human buccal epithelium cells nuclei after combined exposure to
2 Gy dose of y-radiation (IR) and static magnetic field of 25 mT intensity (MF); a) — cells of Donor A, b) — cells
of Donor B; here and below the difference of combined exposure variants from only y-radiation exposure are
marked with “*”.
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The combined exposure to microwave and y-radiation has also led to decrease in HGQ
with both power densities (0.1 and 1 W/m?) regardless the order of exposure (Fig. 3). In cells
of Donor A exposure to 1| W/m’ microwaves before y-radiation significantly lowered the
HGQ even below the control. In cells of Donor B pre-exposure and post-exposure to both 0.1
and 1 W/m” microwaves of intensities reduced y-radiation-induced HGQ elevation (Fig. 3b).

Our data are in good agreement with works [22, 30] but contradict to data of other
researchers not detected synergetic or reparative effects of microwaves on DNA damage
produced by y-radiation [31, 32].
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Fig. 3. Changes of chromatin state in human buccal epithelium cells nuclei after combined exposure to
microwaves and gamma radiation (MW 0.1— exposure to microwave radiation of intensity 0.1 W/m*; MW 1 —
exposure to microwave radiation of intensity 1 W/m?; and IR — exposure to gamma radiation in dose 2 Gy); a) —
cells of Donor A, b) — cells of Donor B.

We demonstrated IR-induced increase of membrane permeability (increase of cell
membrane permeability to indigocarmine) in cells of both donors. Changes in cell membrane
permeability of donor A cells were significant only at dose of 3 Gy and above which is the
evidence of reparation processes in cell membranes exposed up to 3 Gy (Fig. 4a). Changes in
cell membrane permeability of donor B cells were detected at all applied doses from 0.5 to
5 Gy (Fig. 4b). The cell answer to y-radiation by increase of membrane permeability had a
threshold character. The correlation coefficient between changes in HGQ and membrane
damage in cells of Donor B was 0.9.
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Fig. 4. Membrane permeability of human buccal epithelium cells after exposure to y-radiation; a) — cells of
Donor A, b) — cells of Donor B.
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In spite of attenuating IR-induced effects detected in the HGQ, the combined exposure of
y-radiation and magnetic field led to increase of cells membrane damage (Fig. 5). The same
picture was mostly observed in combination of y-radiation with microwaves (Fig. 6). The
only exception — decrease of IR-induced membrane permeability in cells of donor B by
microwaves of intensity 1 W/m? applied before or after y-radiation.

100+ 100+
80+ 80 - o ¥
S = ER
.;3 60 E 60
= =]
2 404 2 404
‘= ‘s
2 &
20+ 204
0 L T T T
wntrol [R = MF MF + IR control IR IR + MF MF + IR
Variant of experiment Variant of experiment
a b

Fig. 5. Membrane permeability of human buccal epithelium cells after combined exposure to 2 Gy dose of
v-radiation (IR) and static magnetic field (MF); a) — cells of Donor A, b) — cells of Donor B.
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Fig. 6. Membrane permeability of human buccal epithelium cells after combined exposure to microwaves
(MW — 0.1 W/m? and 1 W/m?) and to y-radiation of 2 Gy dose (IR); a) — cells of Donor A, b) — cells of Donor B.

Our experimental data demonstrate the distinct modifying effect of magnetic field/
microwaves on y-radiation induced cell response measured by chromatin condensation. This
effect is in good agreement with cell responses to electromagnetic and magnetic field applied
in combination with ionizing radiation [22, 26, 27, 30-32]. In our opinion, this is connected
with the leading role of cell nucleus in cell resistance to stress factors.

CONCLUSIONS

The response of buccal epithelium cells to medium doses of ionizing radiation (0.5 —
5 Gy) results in changes of chromatin state. The increase of heterochromatin granules quantity
(HGQ), i.e. chromatin condensation was detected at 2 Gy dose. Cell answer to y-radiation
revealed some donor-dependent peculiarities in sensitivity to applied factors. The cell
response with the increase of dose to sub-lethal values (4 — 5 Gy) revealed the slowing-down
or even absence of further HGQ increase after 2 Gy dose. Changes in cell membranes
permeability to vital dye expressed the threshold effect. Membrane permeability reached
threshold at the dose 2 — 3 Gy for cells of different donors. The y-radiation-induced
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heterochromatinization was less expressed under exposure both to static magnetic field or
microwaves combined with y-radiation exposure. In most cases the y-radiation-induced cell
membrane damage became even more expressed after combined exposure with magnetic field
or microwaves. Only in cells of one donor the microwave irradiation (1 W/m®) revealed
protective effect on cell membranes. Thus, the effect of reversion the y-radiation-induced
effect on chromatin condensation by magnetic field and microwaves is shown. y-radiation-
induced increase of cell membranes permeability not demonstrate such distinct effects in the
same experimental conditions.
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