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Background: The investigation of the low doses of ionizing radiation is still a great importance for
identification of the threshold of harmful effect and potential hormetic effect of low doses.

Objectives: The purpose of investigation was to evaluate the stress response in human buccal epithelium
cells induced by low intensive neutron radiation.

Materials and Methods: The level of chromatin condensation in interphase nuclei was applied for
assessment of the cell reaction to stress. Exfoliated human buccal epithelium cells were collected, placed
in the 3.03 mM phosphate buffer solution (pH=7.0) with addition of 2.89 mM CaCl, and exposed to
neutron radiation from 2 Pu-Be sources IBN-17. The heterochromatin granule quantity (HGQ)
assessments were done after orcein staining that had been immediately performed after cell exposure to
neutron radiation in the dose range from 2.3 mSv to 146.0 mSv. Also the effect of fast neutron radiation
in the dose of 11.4 mSv on human buccal epithelium cells was investigated in 1-64 min after exposure.
The HGQ in every variant of experiment was assessed in 30 nuclei in 3 separate experiments. The mean
HGQ and standard error of mean were assessed in every experiment.

Results: Neutron radiation induced the increase of HGQ. Partially slowed neutrons have less influence on
neutron-induced HGQ increase than only fast neutrons especially with 1 min delay after exposure. Fast
neutrons induce heterochromatinization in cell samples irradiated with doses 4.6-36.5 mSv. Further
increase of dose has led to return of HGQ to control levels. After cell exposure to fast neutron flow
(11.4 mSv) the peaks of chromatin condensation were observed for time intervals 2—8 and 32—64 min
after cell exposure to radiation.

Conclusions: Qualitative characteristic of neutron radiation (slow/fast neutrons) influences the rate of
cell stress response as revealed by chromatin condensation in cell nuclei. It was demonstrated that there is
a threshold dose above which cells are able to develop stress response to neutron radiation. The dose-
response dependence is non-monotonous and is of wave-like form. Described phenomena may be
explained by the effect of hormesis.
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PEAKIIS KJITHH BYKAJIBHOI'O EHITEJIIO JIIOANHA HA HU3bKOIHTEHCHUBHE
HEUTPOHHE OITPOMIHIOBAHHS
K.A. Ky3ﬂeu0131, I1.C. Ku3um?, A.1O. Bepemﬂoﬁz, O.I1. Hlyu,z, I'.M. Onimenko’, FO.T. HllcopGaTm;2

! Xapriscokuti nayionansnuii meouunuti ynieepcumem, np-m Hayku, 4, Xapxis, 61022, YVrpaina
Xapriecexuii nayionanshuii yuisepcumem imeni B.H. Kapasina, nn. Ceo600u, 4, Xapkie, 61022, Yipaina

AKTyaJbHicTh. J{0CIIPKEHHST MaJIUX J103 10HI3yIOUOTO BUITPOMIHIOBAHHS BCE I1I€ MA€ BEJIMKE 3HAUCHHS Y
3B’513Ky 3 BU3HAUEHHSIM MEXI Jlialla3oHy /103, 10 MAIOTh LIKIUIMBUHA e(eKT Ta y 3B’ 53Ky 3 JOCIIIKEHHIM
MOXJIMBOTO TOPMETHYHOTO e(peKTy MaJMX 03 pajiarii.

MeTta po6oTn. MeToro T0CHiPKeHHs OyJIO OLIIHUTH CTPECOBY PEAKIifo0 B KJIITHHAX OyKaJbHOTO EIITEeNi0
JIFOJJMHH, ITiJ] BINIABOM HU3bKOIHTEHCHBHOTO HEUTPOHHOT'O BUIIPOMIHIOBaHHS.

Martepiann Ta Meroam. B gKOCTI mMOKa3HUMKA CTPECOBOi peakmii KIITHHH 3aCTOCOBYBABCS PiBEHb
KOHJIeHCalii XpoMaTHHY B iHTep¢asHuX sapax. KiiTHHH OyKalbHOTO eITEeNif0 JIOAWHU Oy B3ATI Y
JoHopa, noMitieHi B 3,0 MM docdaruuit 6ydepuuii pozunn (pH = 7,0) 3 nonasauusm 2,89 MM CaCl, i
MiJ/IaHl BIUTUBY HEHTPOHHOTO BHIIpOMiHIOBaHHA 3 2 mkepen Pu-Be MBH-17. Ominky BMICTy TpaHynI
rerepoxpoMaTury (BI'T) mpoBoamnm Bigpa3y micis onpoMiHeHHs KIiTHH po3amu 2,3—146,0 m3B. Edekr
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mo3u 11,4 M3B mocmimkysamu depe3 1-64 xB. micns ekcnosumii. CTymiHp KOHAEHCAlii XpOMAaTHHY B
KO>)KHOMY BapiaHTi eKCIIEPUMEHTY OIiHioBaBcs y 30 saapax y 3-X MOBTOPHOCTSX 3a CEpEAHIM 3HAUYCHHIM
BI'T micns 3a6apBieHHS OpCeTHOM 3 BU3HAUEHHSM CTaHIAPTHOI TOXUOKHU CepeaHhOT0 3HAYCHHS.
PesyabTaTn. Hu3pkoiHTEHCHBHE HEHTpPOHHE BHIPOMIHIOBAaHHS BHUKIMKano migsumeHHs BIT. Ilorik
YaCTKOBO CIIOBITbHEHMX HEUTPOHIB MaB MEHIIMKA BIUIMB Ha 3poctaHHs BIT, HiX HIBUAKI HEHTPOHH,
0coOIMBO Ticis ONpOMiHEHHS! mpoTaroM | xB. HeHTpoHHE BHMIIPOMIHIOBaHHS IMOCHIJIIOBAIO TETEPO-
XpoMaTtuHizauito B fianasoHi 103 4,6—36,5 m3B. [loganbuie 301IbIeHHs 103K MPHU3BEJIO 10 TTOBEPHEHHS
BIT no xonrposbHOro pisHs. [Ipu onpomiHeHHI HedTpoHamu y no3i 11,4 M3B miku KoHIEHcallil
XpOMaTHHY CIIOCTepirajuch B mepioan 2—8 ta 32 XB. MiCIs 3aBEPLICHHS OPOMIHEHHSI.

BucHoBKH. SIKiCHI XapaKTepUCTHKN HEHTPOHHOTO BUIIPOMIHIOBaHHS (HasIBHICTD CHIOBUILHEHUX/IIBUAKHX
HEWTPOHIB) BIUIMBAIOTh HA PO3BUTOK CTPECOBOI peaKlii KIITHHM, sKa INPOSBISUIACS B ITiJBHIICHHI
KUTBKOCTI TpaHyNI TeTepoxXpoMaTwHy B sapi. [loka3zaHO iCHyBaHHS MOPOTY 3IAaTHOCTI KIITHH [0
TeTepOXpOMaTHHI3ali y BIANOBIAP Ha HEUTPOHHE BUIIPOMIHIOBAHHS. 3aleXHICTh H03a-€EeKT
HEMOHOTOHHA Ta Ma€ XBmienoAiOHy ¢opmy. Ha Hamry mymky, maHuit GpakT MOKHA TOSCHUTH e(eKTOM
rOpME3HCy.

KJIIOYOBI CJIOBA: GyxanbHuii emitenii; HeHTpoHHE BUNIPOMIHIOBAHHS; KIITHHHUI CTPEC; XPOMATHH.
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AKTyaJIbHOCTb. lccrienoBanus MaibiX 103 HOHH3HMPYIOIIEro H3JIY4YeHHUs Bce elle UMeeT OoJblioe
3HAYCHHUE B CBSI3U C OIPEJCIICHIECM HIDKHEH TPAHHUIBI IAANIa30HA 103, KOTOPhIC UMEIOT TOBPEIKIAFOIIIINA
3GQGeKT M B CBSI3U C KCCICIOBAHHEM BO3MOXKHOTO 3(ddekra ropmesnca mpu ACHCTBHH MalbIX 03
paauaIyy.

Henp paborel. llenpio uccieqoBaHMs SBISJIACH OLIEHKA CTEHNEHM CTPECCOBOM pEaKLMH KIIETOK
OYKKaJTbHOTO JIIUTEINS YeIOBeKa Ha BO3ACHCTBIE HU3KOMHTEHCHBHOTO HEHTPOHHOTO M3ITYICHUS.
MaTtepuanbl u MeToAbl. B KadecTBe MOKas3aTels CTPECCOBOM pEAaKIMH HCIOIB30BAIOCh COAEPIKaHHE
rpanyn rerepoxpomatuHa (CIT) B wmHTepdasHbIX smpax. B3sgrele y AoHOpa KIETKH OyKKalTbHOTO
snutenus 4eioBeka nomemanu B 3,03 MM docdarusiii 6ydepusiii pactBop (pH = 7,0) ¢ nobGasnenunem
2,89 MM CaCl, u obpabaTeiBaiy HEUTPOHHBIM H3Iy4eHHEM M3 IBYX HCTOo4HHMKOB Pu-Be MBH-17 B
nmuanazone 103 2,3—146,0 M38. B nanHom ciydae 3¢ ekt 00aydYeHHUH HCCIIEAOBAINA HEMOCPEICTBEHHO
mocie obmydenus. Dddext mo3el 11,4 M3B wmccnenoBaics coycTs 1—64 MUH MOCie OKOHUYAHHS
06J'Iy‘leHI/l${. CTeHeHb KOHJACHCAIIUM XpOMaTHHA B KaXXIOM BapHaHTC JKCIICPUMCEHTA OICHHUBAJIN B 30
SIpax B TPeX MOBTOPHOCTSX IO CPEAHEMY 3HAUCHHIO TPAaHYJ TeTEPOXPOMATHHA B sApaX KIETOK ITOCIE
OKpAIINBAaHUS OPCEHHOM C YIETOM CTaHIAPTHOM OIIMOKHU CPEIIHETO.

Pe3yabTaTbl. HuzkoMHTEHCHMBHOE HEUTpOHHOE u3NyuyeHHe BbI3Ba10 moBbiieHne CIT. Yactuuno
3aMeJICHHbIE HEHTPOHBI OKAa3bIBAIM MEHBIICE BIMSIHUE HA PaJHAllMOHHO-MHAYLINPOBAHHOE yYBEIUICHHE
CIT, uem ObIcTpble HEHTPOHBI, OCOOCHHO CIycTs | MUH. TIocie OKOHYaHWs oOnydeHus. HeltponHoe
W3JyYCHHE BBI3BAIIO ITOBBIIICHHAE YPOBHS TeTEPOXPOMATHHU3AINY TIPH 103aX 4,6—36,5 M3B. [lansHeiimee
yBenn4eHue 10361 npuBeio K Bo3Bpary CIT x xoHTpompHBIM 3HaueHHAM. [Ipu Bo3neiictBuu 11,4 mM3B
OBICTPBIX HEUTPOHOB MHUKH KOHJEHCAIMK XPOMAaTHHA HAOII0AIHCh TTocie 2—8 U 32 MUH 1O OKOHYaHUH
00yUeHMSI.

BoiBoabl. KauecTBeHHbIE XapaKTEpUCTHKH HEHTPOHHOTO M3JIy4YeHUs (HAJIM4YHE MeJICHHBIX/ObICTPBIX
HEHTPOHOB B IOTOKE) BJMSCT HA XapaKTep pa3BUTHS PEAKIMH KJIETOYHOIO CTpecca, KOoTopas
MPOSIBISIACh B IOBBIIICHUW KOJNUYECTBA TPaHyN TeTepoxpomarmHa B sape. [Ipemmoraraercs, dro
CYIIECTBYET TIOPOT B CIIOCOOHOCTH KIETOK K PEarHPOBAHUIO HA HEUTPOHHOE M3IYYCHUE, 3aBUCUMOCTD
n103a-3(h(heKT HEeMOHOTOHHA M IMEET BOJTHOOOpas3Hyto (hopmy.

KJ/IFOUYEBBIE CJIOBA: GykkanbHbIi 3MIUTENNH; HEUTPOHHOE U3Iy4YeHHUE; KIETOYHbIA CTpeCcC; XpOMaTHH.

Biological effects of corpuscular ionizing radiation are generally more expressive than
those produced by X-ray and y-radiation [1, 2, 3]. It is assumed that the biological efficiency
of neutron radiation is about 2 — 20 times, depending on the energy of particles, higher than of
y-radiation [1].

High doses of neutron radiation induce chromosome damage [4], affect p53-expression
[2]. The low-dose neutron irradiation causes both hormetic [5] and damaging [6, 7] effects.
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Exposure to fast neutrons (17 MeV) has higher biological efficiency than gamma-radiation,
the neutrons had a relative biological effectiveness of 2.1 for micronuclei and 5.8 for bridges
in cells of normal human lymphoblastoid cell lines (GM15036 and GM15510) compared to
gamma-radiation produced by “°Co [8]. The level of expression of the gene PIG3 (mRNA and
protein level) increases in a dose dependent manner in AHH-1 cells exposed to y-rays and
neutrons. The level of PIG3 expression is suggested as a potential radiation exposure
biomarker [9]. There is the evidence [10] of the role of a signaling pathway NF-kB in the
elimination of the consequences of exposure to neutron radiation. The neutron radiation is
used in medicine, for medical treatment of cancer patients. For example, the effectiveness of
therapy of patients with malignant brain tumors is demonstrated [11].

Previously, to determine the biological effect of ionizing radiation the indicator of cell
stress response — condensation of chromatin was used (the nonspecific response to external
hazard) [12]. The chromatin in interphase cell nucleus is presented in two forms: euchromatin
(decondensed, transcriptionally active) and heterochromatin (condensed, transcriptionally
inactive). Therefore, by measuring the portion of heterochromatin in interphase cell nucleus
one can assess the level of functional activity of cell nucleus. Changes of the degree of
chromatin condensation in buccal epithelium cells may be used for assessment of cell reaction
to external stress factors [13].

Thus, the problem of medical application of neutron exposure for treating tumors is
accompanied by the exposure to low intensity irradiation of adjacent tissues. The cell state
and the measurable characters of the cell state in these tissues are very important. The aim of
our research was to investigate the effect of low intensity neutron radiation on the state of
chromatin in human cells.

MATERIALS AND METHODS

A primary cell culture of human buccal epithelium cells was used in our experiments as
an experimental model. The primary cell cultures are used in many in vitro investigations,
review of application of primary cell cultures in biotechnology is done in [14]. There are
many works applying the primary cell cultures for research purposes, for instance, the
primary cells of adult human epidermal keratinocytes (HEKa) obtained from one single donor
[15]. Many investigations are conducted on primary human skin fibroblasts (HSF) obtained
from one single donor [16]. Therefore, our investigation conducted on primary cell culture of
cells of one single donor is in a row with many others investigations of this type.

Buccal epithelium cells in this investigation were obtained from 24 year old donor (man).
Cells were scraped from cheek mucosa with a sterile blunt spatula. Cells were placed in the
3.03 mM phosphate buffer solution with addition of 2.89 mM CaCl, (pH=7.0) [12, 17].

The sources of neutron radiation were two Pu-Be sources IBN-17 (energy range 100 keV
— 10 MeV with a quantity peak at 4.5 MeV, 5x10” n/sec., isotropic distribution). Slowing up
to 10 % of neutrons of was obtained by using 3.5 cm paraffin barrier. In experiments with fast
neutrons the existing thermal neutrons were blocked by using 2 mm Cd barrier. The gamma-
radiation (59 keV) emitted by the neutron source was blocked by 2 mm layer of Pb. After
orcein staining the heterochromatin granules quantity (HGQ) was assessed in each of 30
nuclei randomly taken into analysis. Three independent experiments (repeats of experiment)
were done in every variant of experiment. In total 90=30x3 cells were analyzed in each
variant of experiment. Cells were analyzed in photographs made at magnification 400x.
MICMED-7 microscope and Eyepiece Digital Microscope Camera
HDCE-30C were used to obtain microphotographs for analysis.

The time of cell exposure in different experiments varied from 1 to 64 min. The doses
received by the cells are presented in Tab. 1. This range of doses has been chosen to
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determine possible cell response to low and very low doses (a low dose is <100 mGy
delivered acutely [18]), while in the most of articles published before and analyzed in this
paper were used the doses from low [5, 6, 19] to medium [8, 10, 19, 20] and high [11].

All experiments were done at a room temperature (23 °C). Cells were stained for 30 min
by 2 % orcein solution in 45 % acetic acid. In this condition cells were killed and fixated
immediately after addition of the staining solution. In the first experiment the cells were
exposed to neutron radiation during 5 min (11.4 mSv dose received), the time between the
end of cell exposure to neutrons and cell staining (delay time) varied from 1 to 64 min (Fig. 1,
2). In the second and third experiments cells were stained 4 min after cell exposure (Fig. 3
and 4).

Tab.1. Doses of neutron radiation received according to the overall exposure period
(calculated from neutron fluence using an approach described earlier [21] and includes type-of-radiation
factor which is 10 for neutrons of energy range used in our investigation [1]).

No Exposure time, min. Equivalent dose, mSv
1. 1 2.3
2. 2 4.6
3. 4 9.1
4. 5 11.4
5. 8 18.3
6. 12 27.4
7. 16 36.5
8. 20 45.7
9. 24 54.8
10. 28 63.9
11. 32 73.1
12. 64 146.0

The assessment of HGQ in control samples were done at the end of experiment (sham
control). The mean HGQ for cell sample and standard error of the mean were calculated, the
results were processed by Student's method with Bonferroni’s multiple comparisons
correction. In all the figures the mean values and SEM are presented. The level of probability
assumed in this paper is p<0.05.

RESULTS AND DISCUSSION

In a part of experiments two control samples were analyzed — at the beginning and after
the experiment. The value of HGQ in two controls not changed significantly (Fig. 1).

According to obtained data, heterochromatin granules quantity under exposure to
11.4 mSv neutron radiation depends on the part of slowed neutron in the flux. Exposure to
pure fast neutrons has resulted in a stronger cell response 10 min after cell exposure (here). At
1 min after the exposure there was a peak of HGQ values. In case of partially slowed neutrons
the increase in granules quantity was 12 % above control levels and in case of only fast
neutron — 17 %.

Neutron flux without slowed neutron fraction induced the more significant changes in
HGQ (Fig. 2b). Henceforth the assessment of buccal epithelium cell stress reaction to the
mentioned dose of fast neutron radiation was performed within the period 1-64 min. The
results are presented in Fig.2. The data has shown that the first peak of HGQ value increase
was observed at 4 min after cell exposure and the second HGQ peak was detected at 32 min
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after cell exposure. In comparison with previous experiment the radiation-induced
heterochromatinization develops a bit later.

The dependence of chromatin condensation in the nuclei depended non-linearly from
exposure time in wave-like progression. Such changes manifest the continuous cell response
which is probably connected with reparation of chromatin due to chemical stage of radiation
damage. In the next series of experiments cell has been stained at different periods of time
after exposure to fast neutrons to investigate dynamics of development of cell
heterochromatinization process induced by fast neutron irradiation (Fig. 2).

16 1 +12%
- * * *
14 S -
@] + -
9 12 4
3
&
5 10 -
"6 4
= 8-
‘g I
g &
3 -
I ]
2]
0 T . . .
Control Control 0 1 2 5 10

before after
experiment experiment  Time after exposure (min.)

16 *

14

HH
Hi

-
ha
1

-
o
P—

=2}
1

HGQ (quantity of granules)
: i

2 4
0 -
Control Control 0 1 2 5 10
before after
experiment experiment  Time after exposure (min.)
b)

Fig. 1. Changes in chromatin condensation of human buccal epithelium cells exposed to partially
slowed neutron flux (a) and fast neutron radiation (b), the exposure time was 5 min and the dose
was 11.4 mSv. Numbers above bars indicate the increase of HGQ in comparison to control.

* — significant difference (p<0.05) from control.

The significant HGQ increase was induced by exposure to 4.6 — 36.5 mSv doses of
neutron radiation. The exposure to 73.1 and 146 mSv not induced HGQ increase (Fig. 3).
Thus, the effect of chromatin condensation in nuclei does not show a proportional dose-
response effect.
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Fig. 2. HGQ in human buccal epithelium cells to 11.4 mSv fast neutron radiation in different
periods after irradiation.
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neutron radiation (stained at 4th min after irradiation).
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To define more accurately the doses of neutron radiation inducing maximal HGQ
increase and its further decrease, we investigated the effect of different doses of neutron
radiation exposure with 9.1 mSv (4 min of irradiation which is also the period of first HGQ-
peak formation under exposure to neutron radiation, Fig. 3) interval between doses (Fig. 4).

Based on the data of Fig. 4 it can be considered that the maximum changes in chromatin
condensation are observed in cells exposed to fast neutron radiation 36.6 mSv. However, the
HGQ index returns to the control level if cells are exposed to neutron radiation 54.8 —
73.1 mSv. Thus, the disproportionate dose-effect relationship demonstrated in the previous
experiment (Fig. 3) is confirmed. We suppose that the observed wavy effect of HGQ increase
and HGQ reverse to the control level at above 45.7 mSv exposure may be explained by
temporal loss of cell ability to answer to stress by heterochromatinization (normally appearing
at the stress cell reaction and detected at lower levels of exposure) or by hormesis effect. The
non-monotonic dose-response effects, especially at ultra-low doses, are known in
radiobiology for many years. For instance, such effect was revealed in the work [22],
analyzing effects of X-rays on yeast. Let us quote from this work: “Hence we can state that:
1) one should not take for granted a monotonic response in cell activity a as function of
dose...” [22]. In recent investigation it was shown that the zebra fish exposure to gamma
radiation induced a non-monotonic dose-response in egg hatching. Fish were exposed to dose
rates of 0.4, 3.9, 15 and 38 mGy/h, both during a 43.8-hour and 92-hour exposure. The total
hatching rate was above 95 % in all exposure groups, however, with significantly lower total
hatching rate in fish exposed to 15 mGy/h compared to controls [19]. The absence of
pronounced dose-related effects of the cytogenetic damage induced by gamma-radiation on
dose, especially for some cell lines, was described in [23]. The results of this work suggest
that individuals may differ with respect to their radiosensitivities. Authors of work [19] not
mention the hormesis effect, but in modern investigations in radiobiology, dealing with the
low dose effects of ionizing radiation and revealing non-monotonic dose-response effects,
explain similar effects by the effect of hormesis [24]. We suppose that revealed in our
investigation non-monotonic dose-response relation also may be connected to hormesis effect.
Low doses of neutron radiation induce stress reactions in cells which protect cells from higher
doses. The activation of protective mechanisms in course of continuous exposure to low doses
of radiation may evoke the effect of “self-healing” of cells if the irradiation continues. Such
an effect of self-healing results in decrease of HGQ reaction after cell exposure to doses of
54.8-71.3 mSv (Fig. 4). In favor of such mechanism testifies the ability of cells to recover 64
min after the cell exposure to 11.4 mSv dose of neutron radiation (Fig. 2). The data shoving
the radioadaptive effect induced by 5 mGy X-ray irradiation prior to the 2 Gy doses confirm
the scheme proposed above. Interestingly, that radioadaptive effect was induced if the
radioadaptive dose was applied only 15 min before challenging dose [25]. In our experiment
the dose 4.6 mSv was applied 22 min before cell obtained the total dose 54.8 mSv (Tab. 1),
which not induced reaction of heterochromatinization (Fig. 4).

CONCLUSIONS
The low-level neutron irradiation (4.6-45.7 mSv) induces chromatin condensation
(heterochronatinization) in nuclei of exfoliated human buccal epithelium cells. The process of
chromatin condensation with dose increase is non-monotonous. More pronounced doses of
radiation (54.8-146 mSv) not induced the heterochromatinization. In our opinion, the non-
monotonous reaction of chromatin condensation reaction may be connected with hormesis
effect.
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