Hayka u 3apaBooxpanenue, 2019, 1 (T.21) OpUrHHAJIbHBIE HCCATOBAHUS =4 S

SEMEY MEDICAL UNIVERSITY

Received: 10 August 2018 / Accepted: 29 September 2018 / Published online: 28 February 2019
UDC: 616.341 + 615.849.12 + 611.018.825

RADIATION-INDUCED KIi-67 PROLIFERATION
IN THE SMALL INTESTINE OF RATS

Darkhan E. Uzbekov *, http://orcid.org/0000-0003-4399-460X
Dariya M. Shabdarbaeva ", http://orcid.org/0000-0001-9463-1935
Nailya Zh. Chaizhunusova 2, http://orcid.org/0000-0002-6660-7118
Nurlan B. Sayakenov ", http://orcid.org/0000-0002-5082-7554
Saltanat E. Uzbekova 3, http://orcid.org/0000-0001-9006-120X
Gauhar K. Amantaeva 4, http://orcid.org/0000-0002-8422-7936
Bakhyt Ruslanova *, http://orcid.org/0000-0003-3046-7077
Gulmira T. Aubakirova *, https://orcid.org/0000-0003-1997-4852
Ainur S. Abeuova *, https://orcid.org/0000-0002-1979-2605
Masaharu Hoshi 5, http://orcid.org/0000-0001-6978-0883

Gulnar M. Shalgumbayeva ¢, http://orcid.org/0000-0003-3310-4490

' Department of pathological anatomy and forensic medicine;

2 Department of nutrition and hygienic disciplines;

2 Department of histology;

4 Department of microbiology;

6 Department of personalized medicine;

Semey medical university, Semey, Kazakhstan,

®Research institute for radiation biology and medicine, Hiroshima, Japan.

Abstract

Introduction. It is known that Hiroshima and Nagasaki were target of the first atomic bombs in the history of mankind. As
a result, the population of Japanese cities was exposed to internal and external irradiation. Numerous authors maintain that
primary neutron-activated radionuclides are chemical elements 5Mn and 8Co. Herewith, 56Mn was determined the dominant
role of neutrons induced by B-radiation during the first few hours after the atomic bombing. The systemic access in
estimation of Ki-67 marker in radiosensitive small intestine defining the functional state and the interrelation of structural
components serves as a combination of diagnostic criterion and prognosis.

The objective of study. To assess the prognostic significance of Ki-67 antigen for detection of cell proliferative activity in
the small intestine of rats exposed to low dose of - and y-radiation.

Materials and methods. In experiment that held in February 2016, the male sex «Wistar» rats at 5 month old and in
amount of 90, weighting approximately 270-350 g. Three groups were identified: 1) %Mn which obtained by neutron
activation of 100 mg MnO2 powder using the «Baikal-1» nuclear reactor with a neutrons fluence of 4x10% n/cm? 2) €Co
y-rays; 3) control group. Necropsy of the animals were on the 31, 14t and 60t days after irradiation, then the small intestine
removed, after which it was fixed in 10% formalin. Paraffin sections were dewaxed and rehydrated using the method of
D.Sarkisov and Yu.Perov (1996). To visualize the immunohistochemical reaction, the DAB+(DAKOQ) system was used. The
number of Ki-67-positive cells, taking into account the colored nuclei of any intensity, expressing the results in percent. All
the presented data and results were expressed as mean (M), median (Me) and interquartile interval (IQR). Statistical
comparisons were made by Kruskel-Wallis test (SPSS 2,0). A p<0,05 was considered statistically significant.

Results. When comparing microscopic processes occurring in the rats small intestinal tissue after exposure to neutron-
activated manganese dioxide and external irradiation, the most pronounced morphofunctional disorders which detected by
the number of Ki-67-positive cells are noted in the later periods after 6Mn effect. The studied parameters of the small
intestine have statistically significant differences in the control and irradiated animal groups (p<0,001).

Conclusion. Morphofunctional disorders in the small intestine that result from internal and external irradiation are
characterized by a change in the immunohistochemical indicator of Ki-67, indicative of cell proliferation in late terms.
Comparing the level of Ki-67 antigen in the organ of various animal groups studied, a high level was observed in the late
periods after exposure to neutron-activated manganese dioxide.

Key words: 56Mn, small intestine, immunohistochemistry, Ki-67, rats.
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3 Kachegpa rucronorum;

4 Kacegpa Mukpobuonoruu;

6 Kadenpa nepcoHnsanpoBaHHOW MeAULUHDI,

MepouumnHckun yHuBepcutet Cemen, Cemen, Pecnyb6nuka KasaxcrtaH,

> Hay4yHo-uccnegoBaTtenbCKUM MHCTUTYT pagualMoOHHON GMonorum n meguumnHbl, Xupocmma,
AnoHus.

BBepeHue. B nctopum yenoBevecTsa MULLEHbKO NEPBLIX aTOMHbIX GOMO, Kak M3BECTHO, IBUNMCL ropoga Xupocuma u
Haracaku. B pesynbtate HaceneHwe SMOHCKMX rOPOAOB MOABEPINOCH KaK BHYTPEHHEMY, Tak W BHELUHEMY W3nyyeHus.
CornacHo MHEHMIO psifa aBTOPOB, OCHOBHLIM HEWTPOHHO-aKTMBMPOBAHHBIM PaZMOHYKIMAOM BbICTYNAOT XUMWYECKME
anemeHTbl 56Mn 1 80Co. Mpuyem, 58Mn onpeaenin AOMUHMPYIOLLYO POflb HENTPOHOB, BbI3BAHHBIX B-M3MyYEHNEM B TeYeHWe
nepBbiIX HECKOMbKMX YacoB nocne atomHon 6ombapaupoBku. CucTemHbIt nogxod B oueHke Mapkepa Ki-67 B
PafMOYYBCTBUTENBHONM TOHKON KULLKE, OMPeAenstoLmnii (hyHKLMOHaNbHOE COCTOSHUE U B3aWMOCBSA3aHHOCTb CTPYKTYPHbIX
0bpa3oBaHNin Mexay cobOol CIYXWUT MO COBOKYMHOCTM AUArHOCTUMECKAM KPUTEPUEM U MPOTHO30M.

Llenb nccnegoBanusa. OUeHUTb MPOTHOCTUYECKYIO 3HAYMMOCTb aHTUreHa Ki-67 Ans BbiSiBNEHUs nponudgepaTuBHON
aKTMBHOCTM KINETOK B TOHKOM KMLLKE KpbIC, NOABEPraBLUMXCS BO3OENCTBUIO MarblX 403 B— 1 Y-M3MyyeHus.

Matepuansi n metoabl. B akcnepumenTe, nposogumom B despane 2016 roga, bbiny cnonb3oBaHbl Benble KPbIChl-
camupl nuHum «Wistar» B Bospacte 5-1 mecsues B konnyectse 90, maccon 270-350 rp. boinv BblgeneHsl 3 rpynnbi: 1)
56Mn, nonyyeHHbI NyTém HelTpoHHoW akTueauuy 100 mr nopolka MnO2 Ha spepHomM peakTope «baitkan—1» npu dioeHce
HerTpoHoB 4x10' H/cm? 2) 80Co y-u3nyyeHue; 3) KOHTPONbHAs rpynna. XXUBOTHbIX NogBepranu Hekporcumn yepes 3, 14 u
60 aHelt nocne oOmyyeHws, 3aTem W3BMEKanM TOHKYK KWWKy, nocne 4ero cukcupoBanm ee B 10% dopmanuHe.
MapachrHoBble cpesbl aenapaduHupoBany u perngpatuposany no metoguke [1.C. Capkucosa u HO.J1. Meposa (1996 r.)
Busyanusaumio MMMyHOrUCTOXMMUYECKO peakuun nposogunu ucnonbays cuctemy DAB+(DAKO). Konumuectso Ki-67-
MO3UTWBHBIX KNETOK MOACYMTLIBANM Y4YMUTbIBAs OKpaLLEHHbIE siApa Ntob0ii CTENEHN UHTEHCUMBHOCTY, BbipaXas MoMyYeHHbIe
pesynbTaThbl B NpoLeHTax. [1peacTaBneHHble AaHHbIe U pe3ynbTaThl Obin onucaHbl Npu nomowy cpeaHeir (M), MeauaHsi
(Me) u mexksaptunbHoro uHTepeana (IQR). CtaTucTuyeckue cONOCTaBneHUst NpoOBOAMMMUCL MO KpuTepuio Kpackena-
Yonnuca (SPSS 2,0). p<0,05 cuntanoch CTaTUCTUYECKN 3HAUUMbIM.

PesynbTtatbl. [Mpn CpaBHEHMM MUKPOCKOMMYECKUX MPOLIECCOB, BO3HMKAMOWMX B TKAHSX TOHKOA KULIKM KPbIC MOCne
BO3ENCTBMS HEMTPOHHO-aKTMBMPOBAHHOTO AMOKCWAA MapraHua M BHelwHero obmydyeus, Haubonee BblpaXeHHble
MOpdOdYHKLMOHABHbIE PACCTPONCTBA, BbISBASEMbIE N0 KONUYECTBY Ki-67-NO3MTUBHBIX KMETOK OTMEYatoTCsl B MO3JHME
cpoku nocne Bo3geicTans Mn. Wsyyaemble napameTpbl TOHKOW KWLLKM WMEIT CTaTUCTUYECKU 3HAYMMblE pasnnuns B
rpynnax KOHTPOMbHbIX U 0B1Ty4eHHbIX k1BOTHBIX (p<0,001).

BeiBoabl. MopdodyHKLMOHamNbHbIE HAPYLIEHUS B TOHKOW KMLLKE, BO3HUKAKOLIME B pe3ynbTaTe BHYTPEHHEro W
BHELUHEro 0bnyyYeHns, XxapakTepuayoTca M3MEHEHNEM MMMYHOTMCTOXMMIUYECKOTO nokasaTens Ki-67, CcBUAETENbCTBYIOLEr0
0 KNeToYHOW nponudepauun B No3aHME CPOKW. Bobicokuit ypoBeHb aHTureHa Ki-67 B TKaHsX MCCneayemoro opraHa B
NO3AHWE CPOKM Y SKCMEPUMEHTANbHbIX KUBOTHBIX B CPABHUTENBHOM acrnekTe OTMEYeH Mocne BO3L4EeWCTBUS HEUTPOHHO-
aKTWBMPOBAHHOIO AMOKCMAA MapraHLa.

Knrouesnble cnosa: *5Mn, moHkas Kuwika, ummyHoaucmoxumus, Ki-67, Kpbicb.
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' MaTonoruanbIK aHaTOMUA XXdHe COT MeguUMnHa kadeapachl;

2 TaramTaHy X9He rurmeHanbIK naHaep kadenpachbil;

® I'mcTonorusa kacenpachil;

4 Mukpobuonorus kKacpegpachil;

® Nep6ecTenreH MeanUMHa Kacdeapachl;

Cemen meguumHa yHuBepcuteti, Cemen, KasakctaH Pecnybnukacoil;

° PaguaumsanbIK GUONOruUs XoHe MeANLIMHA FbiNbIMU-3ePTTEY MHCTUTYThI, Xupocuma, XKanoHus.

Kipicne. Anamsat TapuxbiHga Xupocuma MeH Haracakv kananapbiHbiH, anfawkbl atoM 6ombanapbliHbiH, HbiCaHACh
BonFaHbl baplambiara Manim. KanoH KananapblHaarsl atom 6ombanaybiH BacsiHaH ©TKIpreH TYpFbIHAAP iLLKi MEH ChIpTKb
coyneney acepiHe yilbipaFaH bonatbiH. FansiMaapablH nikipiHWe, Herisri HETPOHAbI-OeNCeHAIpINTeH pagnoHyKIMATEPAIH,
Oipi — %Mn neH %9Co xuMMsMbIK anemeHTTepi Bonbin caHanadbl. %Mn, HerisiHeH aTomM GombanayblHaH KeliH anFallKbl
OipHele caFaT iwiHgeri B-coyneneymeH TydblpbinFaH HEATPOHAApAbIH, OOMUHAHTTbI peniH  KypaFaHbl Typarbl
ponenpemenepai  Gipkatap fanbiMaapablH  eHbekTepiHoe Oaikayra OGonagbl. PaguocesiMTan  iHilke ilWekTiH
KYPbINbIMABIK NeH (yHKUMANbIK xarFgainnapabiH, 6ip-6ipiveH e3apa 6aitnaHbiCbiH aHbikTanTbiH Ki-67 MapkepiH 3epTTeyaiH
KNWHMKA XY3iHAE AMarHOCTUKanblK MOHI MeH BommkaMbiH icke ackipygarbl MaHbIi3bl 30p.

3eptTey makcatbl. LafbiH go3ansl - MeH y-Coyneney ocepiHe yllblparaH ereykynpblKTapabiH, XiHilKe iweriHge
Ky3ere acatblH KacywanapgblH, nponudepaumsanblk b6enceHginirii Ki-67 aHTUreHiHiH OeHreniH aHbiKTay apKbifbl
Bomkamablk MaHbI3abInNbIFbIH baFanay.

Matepuanpap meH agictep. 2016 xbinabiH aknaH anbiHAa eTKi3inreH Taxipube xysiHae xackl 5 an TonfFaH, 270-350
rpamm canmMarbl 6ap 90 aTanblk XbIHbICTbI ak TycTi «Wistar» TyKbiMaac ereykyipbikTap KongaHbinFaH. Xavyapnap yL
Tonka GeniHrex: 1) 56Mn, sFHu 100 Mr MnO2 yHTaFbiH «baitkan—1» sSAponbIK peakTopbl apkbiibl 4%101 H/cM? HERTPOH
hrtoeHciHae HeMTPOHALIK benceHaipy Xy3iHae anbiHFaH anemeHT; 2) 80Co y—caynenep; 3) 6akbinay To6bl. XKaHyapnapabiH,
Hekponcusichl cayneneyneH kemiH 3-wi, 14-wi xoHe 60-1ubl TOyNiKTepae opblHAAMLIN, XiHjLLKe iweri anbiHFaHHaH coH 10%
copmanuuae dukcaunanadrad. MapaduHaik kecinivagep O.C.Capkucos neH KO.J1.MeposTeiH, (1996 x.) agici apKbinb
AenapaduHusaumuanaHbin, peruapataumananFad. IMMyHAbI TUCTOXMMUANBIK CeprinicTepdi BU3yanusauusnay MakcartbiHaa
DAB+(DAKO) xymeci kongaHbinFaH. Mponudepaunsneik 6enceHainikti 6aranayra apHanfaH Ki-67-no3vTuBTi xacyllanap
CaHbl aHbIKTanbIM, anblHFaH HOTUXENep Nanbi3 MenLepi TypiHae KepceTinreH. YCbiHbinFaH MoniMETTep MeH HaTuxenep
opta (M), megmana (Me) xoHe kBapTunb apanblk uHTepsan (IQR) kemeriveH aHfapbinfFaH. Cratuctuka Xys3iHgeri
canbICTbipMansl cunattama Kpacken-Yonnuc Hellwanbl apkeinbl xypridinreH (SPSS 2,0). p<0,05 ctatuctuka xysiHae MoHL
pen baranaHFaH.

Hotuxenep. HelTponabl-6enceHaipinred MapraHel, [WOKCUAI MEH CbIpTKbl MOHZAyWbl CayneneyaeH KemiH
ereyKynpbIKTapablH, XiHiLLKe iLuek TiHIHAEr MAKpOCKONMAMBIK YAEPICTEPAI canbicTbipmans! Typae 6aranay 6apbickivaa, Ki-
67-nN03NTMBTI Xacywanap CaHbl OOAbIHLA aHaFypPNbIM aikbiH MOpgOdyHKUMOHANas! By3binbiMaapasiH 8Mn acepiHeH
KeWiH xy3ere acaTbiHbl JanenaeHreH. XiHiluke iLUeKTiH 3epTTenreH napameTprepi 6akbinay MeH CoyneneHreH xaHyapnap
TONTapbl apacbliHa CTaTUCTUKA XY3iHae MBHLI ekeHi aHFapbinFaH (p<0,001).

KopbITbiHAbI. |lWKi MeH CbIpTKbl MOHOAYLbl COYNeneyaeH KewiHr  ereykympbikTapablH, OKiHilke iweriHgeri
MopdodyHKUMoHanabl Oy3binbiMaap Keweyinaey MepsiMi asicblHAarbl KanbiNTackaH jxacywanblk nponudepaumsHbl
alkbiHOaNTbIH - Ki-67 WUMMYHZbI TUCTOXUMMSIBIK  KOPCETKILiHIH ©e3repyiMeH y3ere acagbl. Toxipubenik TonTap
apacbiHOarbl 3epTTeyre anbiHFaH ar3a TiHIHAE CanbICTbIpbIFaH byn kepceTkiwTiH, HaTukenepiHe cal, Ki-67 aHTureHiHiH,
CaHAblK Mernwepi HeMTpoHAbI-0enceHaipinreH MapraHel, OWOKCWAI SCepiHe YLUbIpaFaH ereykyipbiKTapgaa HakTbl Typae
XOFapbInaybiMeH cunattanagbl.

Heziz2i ce3dep: 56Mn, xiHilke iwek, ummyHObI 2ucmoxumusi, Ki-67, ezeykylipbikmap.
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Introduction

It is well known that people who returned early to
Hiroshima and Nagasaki after atomic bombing were
reported to suffer from the symptoms of acute radiation
effects [22]. Consequently, atomic bomb effects on the
health of survivors have been correlated with delayed 56Mn
and ®Co [25]. The accidental high-dose radiation exposure
induces a series of injury levels in multiple organs of
digestive system [26, 27]. Thereby, increasing attention has
been given to the radiation effect on the gastrointestinal
tract due to concerns about exposure to radiation after an
accident [4, 9]. The small intestine is particularly sensitive to
B- and y- rays, rendering it vulnerable to the effects of
collateral radiation from the radiotherapeutic treatment of
intestinal cancer. Histologically, overexposure to ionizing
radiation may result in the shortening of villi, disruption to
the mucosal architecture, or even apoptosis and necrosis of
the intestinal crypts [34].

The Ki-67 protein expression is associated with the
proliferative activity of intrinsic cell populations in malignant
tumors, allowing it to be used as a marker of tumor
aggressiveness. The prognostic value of Ki-67 has been
investigated in a number of studies with its potential as a
reliable marker having been shown in cancer of the
gastrointestinal tract [7]. Morphological changes of the
intestinal mucosa after ionizing radiation have been well
documented, but molecular events that regulate
radiosensitivity of intestinal epithelial cells and radiation-
induced intestinal injuries are not fully understood [30]. Little
is known about the molecular mechanisms underlying
intestinal damage and regeneration after exposure to
ionizing radiation [32]. Presently, particular interest is a
peculiarity of morphofunctional changes in the small
intestine of persons exposed to 56Mn and €Co, allowing in
the future to work out the diagnostic criteria for assessing of
radiation effect to the gastrointestinal tract [31].

The objective of study

To assess the prognostic significance of Ki-67 antigen
for detection of cell proliferative activity in the small intestine
of Wistar rats exposed to internal and external irradiation.

Materials and methods

A total of 90 white male Wistar rats, at 5 month old (a
week before weaning) and weighed 270 to 350 g. The
animals were reared in a specific pathogen free animal
laboratory  (Karaganda State  Medical  University,
Kazakhstan) with controlled temperature (20 to 22 °C),
humidity (40% to 60%), and photoperiod (8 h:8 h light-dark
cycle). Healthy male rats were divided into 3 groups with 30
rats per group: 2 irradiated groups and one control group.

66

The first group of rats (n=30) were irradiated with low-
dose (0,2 Gy) of neutron-activated manganese dioxide
(56Mn) by nuclear reactor located at «Baikal-1» (Kurchatov,
Kazakhstan). Radioactive powder 5Mn was obtained by
neutron activation of 100 mg of MnO2 (Rare Metallic Co.,
Ltd., Japan) powder with neutron flux 4x10' n/cm?
Activated powder with total activity of %6Mn 2,75x108 Bq was
sprayed pneumatically over laboratory rats which were
placed in the special box. The moment of exposition
beginning of experimental animals by %Mn powder is 6
minute after finishing of neutron activation. General duration
of rats exposition to radioactive powder was 4,0 hour [1].

The second group of rats (n=30) were irradiated by 6°Co
y-ray. The exposure time was 2,6 Gy/min using by czech
radiotherapeutic device «Teragam K-2 unit», and the total
cumulative dose of the electron beam irradiation was 2 Gy.
During the exposure rats were placed in a specially
engineered cage made of organic glass with individual
compartments for each animal. After irradiation, the rats
were all fed normally.

The third group consisted of control rats (n=30) which
were placed on shelves in the same facility and shielded
from the radiation. All applicable international, national, and
institutional guidelines for the care and use of animals were
followed by Ethical Committee of Semey State Medical
University, Kazakhstan (Protocol Ne5 dated 16.04.2014).

Both irradiated and control rats were briefly
anaesthetized by an intraperitoneal injection of 10%
ketamine at 0,5 mg/kg. The animals were killed during
necropsy after anesthesia on the 31, 14t and 60t day after
irradiation and the small intestine was immediately
surgically extracted for further immunohistochemical study.
In order to analyze the radiation effect, we have chose the
immunohistochemical method. After fixation, the fragments
were paraffin embedded and sections with 4 ym thickness.
Paraffin sections were deparaffinized and rehydrated in
graded 10% formalin solutions.

Immunohistochemical staining of Ki-67, a widely-used
proliferation marker, was performed on the primary lesion
as described previously. Antigen retrieval was performed by
heat treatment for 15 min. Antibodies against Ki-67 (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) were
added and incubated overnight at 4°C. The Dako Real
Envision Detection System and AEC peroxidase substrate
(Dako, Glostrup, Denmark) were used to detect the primary
antibody according to the manufacturer's instructions. To
evaluate nonspecific binding, the primary antibody was
substituted with PBS. Specially stained tissue sections and
examined with Leica DM 1000 microscope (Germany) and
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images were captured with a charge-coupled device
camera. The Ki-67 labelling index (%) was calculated by
dividing the total Ki-67—positive cells by the total numbers of
cells multiplied by 40 and 100.

The data were presented as mean (M), median (Me)
and interquartile interval (IQR) and analyzed by
independent-samples the Kruskel-Wallis test between the
experimental and control groups by significant difference
using SPSS software (SPSS, V. 2,0). Differences were
considered statistically significant at p<0.05 [19].

Results. In this study, we have performed experiment
with Wistar rats exposed to internal (%Mn) and external
(60Co) radiation. Tissue-proliferative  response  was
evaluated by determining the number of Ki-67 cells.
Although the radioactivity level received from %Mn was
rather low, the observed biological effects were consistent
in our experiment. That was previously reported the highest
internal dose estimates in the small intestine of rats
exposed to radioactive powder [26, 27]. To assess the
health of rats after radiation, we have evaluated activity,
posture, dehydration and pelage of the animals. Light
microscopic study of the intestinal mucosa of control rats
showed a normal architecture of villi, crypts and
enterocytes. Intestinal tissues were collected on the 3rd, 14th
and 60t day post-radiation, time associated with complete
crypt ablation in small intestine after radiation exposure.

During the study of slide glasses of the rats small
intestine on the 3 day after Mn effect we have observed
presence the severe morphofunctional changes of glands,
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mild accumulations of proliferative cells. At rats exposed to
80Co was found focal accumulations in the glandular lumen
the cellular elements, preferably desquamated epithelial
cells and reactive nature cell in compared with control rats.
Scrutiny of animal intestines on the 319 day after exposure to
internal radiation reveals numerous enlarged hyperplastic
crypts and small «cryptless» regions, features typical of
actively regenerating intestinal epithelium. We quantified
the crypt phenotype by counting regenerating crypts that we
defined as containing adjacent Ki-67-positive cells
contained within a crypt-like structure. Given that a little
number of crypts apparently survive exposure to radiation
and these remaining crypts would regenerate the intestinal
epithelium.

Also, the animals' intestine was analyzed on the 14t
day after exposure to external radiation we have observed
complete regeneration. It was indistinguishable from
unirradiated intestine. In contrast, animals exposed to
internal radiation exhibit a dramatic deterioration of crypt-
villus architecture on the 14t and 60t days after exposure.
In addition to flattening of the epithelium and ectopic
proliferation in «intercrypt» regions, the remaining crypts
have an aberrant appearance, being grossly enlarged and
multilayered. Normally, crypt expansion is followed by a
fission event, whereby the crypt bifurcates to generate an
supplemental crypt. In this case, probably, surviving crypts
unable to share at the appropriate time and leads to an
accumulation of cells in apparently hyperplastic, crypt-like
structures.

Fig. 1. Photomicrograph of proliferation marker Ki-67 in immunohistochemical staining of
a section of the small intestine in 5Mn- and 8Co—-exposed rats on the 60t day.
Arrows show Ki-67 cells at the bottom of a crypt. Original magnification, x10, x40 and x100
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Microscopic picture of animals on the 60t day after %Mn
exposure provided on figure 1-A, B. According to the
morphological data we drew attention to the presence of more
expressed proliferative activity of the cells and degenerative
signs. Histological studies of 8Co-exposed rats revealed
radiation-induced prominent proliferation (Fig. 1-C, D).

The immunohistochemical indicators of the small
intestine at different days after irradiation are presented in
Table 1. As we can see it is evident that the numbers of
proliferative cells in the villus of the intestine became
statistically insignificant on the 14t day between the

groups. The trend in the quantity of proliferative cells on
the 14t day coincide with the indicators which specially for
the 3rd day. Also, the greatest differences were noted after
exposure to %Mn. Several Ki-67-positive cells remained in
control rats where crypts had been located, but few Ki-67-
positive cells remained in the intestinal mucosa. As can be
seen, the number of proliferative cells in the mucosa is not
statistically different when exposed to ionizing radiation. In
compared with the control group the percentage of these
cells in the intestinal villus were highest after 56Mn
irradiation. Moreover, this indicator more than in 8°Co-rats.

Table 1.
The number of Ki-67-positive cells (%) in the small intestine of rats.
“Mn “Co Coniro Kruskal-Wallis test | p value
M | Me [ IR [ M | Me | IR [ M | Me | IR
The 31 day after exposure
1,72 1,75 0,52 1,70 1,66 0,6 1,68 1,86 0,54 H=3,600 0,308
The 14 day after exposure
2,02 1,94 0,21 1,72 1,66 0,34 1,98 2,03 0,21 H=24,200 <0,001
The 60t day after exposure
4,24 4,09 1,22 3,88 4,08 0,86 2,08 1,98 0,26 H=39,026 <0,001

According to the table a number Ki-67-positive cells of in
absolute values is lower than on the 3r¢ day, but the trend
persists: the highest number after exposure to 5Mn and
80Co was 1,72% and 1,70%, respectively (p=0,308). The
trend of the number of proliferative cells persists on the 14t
day after irradiation. However, in comparison with the 3
and 14t day, the amount increases after all irradiation
methods and exceeds the control group values when
exposed to %Mn by 2,02% and after 50Co by 1,72%
(p<0,001). Statistical analysis of immunohistochemical
indicator based on the staining the quantity of Ki-67-positive
cells gradually went up and reached a peak on the 60t day
in comparison with acute and subacutes radiation effects.
After exposure to y-radiation its excess of the control group

remains 2,08%, after B-radiation was 4,24% (p<0,001). As
well as on the 3 and 14t days the greatest deviations in
comparison with the control group were observed after
exposure to %Mn and €°Co.

The line graph below illustrates that internal (%Mn)
radiaion ~ effect  contributes ~ moderate  severe
morphofunctional changes of the mucosa and submucosa on
the 601 day. The sections are represented mainly by
edematous stroma. In contrast to f— and y-radiation in rats
intestine after 2 month leads to the appearance narrowing
and swollen glands, epithelial desquamation of some glands.
Regarding experimental animals exposed to y-radiation it
should be noted the presence of marked morphofunctional
changes of surface mucous layer (Figure 2).

2,08
The 60th day
4,24
The 14th day
The 3rd day 1,7
1,72
0 0,5 1 1,5 2 25 3 35 4 4,5
m Control = 60Co m56Mn

Fig. 2. The dynamics of immunohistochemical changes regarding the Ki-67-positive cells (%)
in the small intestine of irradiated and control rats at different days.
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The above data are consistent with our study results the
small intestine in both %Mn- and 8°Co-exposed rats
showed a little similar changes. Nevertheless, according to
immunohistochemical examination the most pronounced
changes were observed in the small intestine of rats from
%Mn group, indicating that internal radiation has a
significant biologic effect on examined organ.

The conducted research confirms the assumption that
the controlled effect factor has a high degree of influence on
all the resulting signs of immunohistochemistry. This
suggests that a single exposure to small dose %Mn and
80Co has a direct damaging effect to the small intestine of
Wistar rats at a later date. A damaging mechanism acting of
the small intestinal tissue can be the hyperactivation of
lipoperoxidation under the influence of neutron-activated
manganese dioxide capable of damaging the small intestine
[32]. Another controlled exposure factor is external
irradiation of rats which had the least pronounced effect on
the parameters of the small intestine in comparison with
internal irradiation.

The most prominent histologic picture characterized by
presence the signs of morphofunctional changes on the 14t
day, in particular, in rats exposed to %6Mn compared to rats
from %Co groups. The most pronounced neoplastic
processes are observed in the late periods after irradiation
of 6Mn then studying histostructural processes occuring in
the tissues of the studied animal organs after exposure to
neutron-activated manganese dioxide and external
irradiation. Morphofunctional disorders in the small intestinal
tissues that result from irradiation are characterized by a
change in the immunohistochemical indicator of Ki-67. The
latter indicative of cell proliferation in late terms. Comparing
the level of Ki-67 antigen in the small intestine of various
animal groups studied. A high level was observed in the late
periods after exposure to neutron-activated manganese
dioxide.

Discussion

The Ki-67 expression is strongly associated with tumor
cell proliferation and growth, and is widely used in routine
pathological investigation as a proliferation marker. The
nuclear protein Ki-67 is an established prognostic and
predictive indicator for the assessment of biopsies from
patients with intestinal cancer. Clinically, Ki-67 has been
shown to correlate with metastasis and the clinical stage of
tumors [10]. In addition, it has been shown that Ki-67
expression is significantly higher malignant tissues with
poorly differentiated tumor cells, as compared with normal
tissue. The Ki-67 labeling index is an independent
prognostic factor for survival rate, which includes all stages
and grade categories. There is a correlation between the
ratio of Ki-67-positive malignant cells and patient survival. It
has been shown that Ki-67 immunohistochemical staining is
an effective method of assessing the prognosis in a number
of tumor types [17]. Although Ki-67 is a key marker
associated with proliferating cancer cells and a poor
prognosis, its full potential in increasing proliferation has not
been evaluated. In animal models with subcutaneous or
orthotopic intestinal cancer, antisense oligonucleotides
induced tumor growth inhibition [37, 38], potentially through
the inhibition of Ki-67, indicating the involvement of Ki-67 in
tumor cell proliferation [18].
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In this study, we have shown the sequence of
morphofunctional changes in the rat small intestine from
early to late stage after a single influence of %Mn and 6°Co
at small dose, which were the initiators of radiation—induced
small intestinal injury. After the Ki-67-stained slide has
been scanned at x10 and x40 magnification, a trained
clinical laboratory scientist, who is blinded to the histological
diagnoses and patient survival data, randomly selects at
least twenty fields representative of the range of Ki-67
immunostaining in the previously encircled tumor for
evaluation with an automated bright-field microscope at
x40. Proliferating cells of the small intestine were identified
by immunohistochemical staining of Ki-67. The most Ki-67-
positive cells were detected in the jejunal crypts. The
number of Ki-67-positive cells are rosen in irradiated rats,
corresponding to the increase in surviving crypts after
internal irradiation. A greater number of Ki-67-positive cells
was observed in the first and second groups compared with
the control group. Findings of immunohistochemical studies
have demonstrated that morphofunctional changes in the
small intestine observed in irradiated rats little differed from
the previously published results using different radiation
models.

Morphological ~ damages  of  radiation-induced
enteropathy were known as architectural changes of
intestinal mucosa such as villus shortening by cell death
[26, 35]. The acute microscopic changes of intestine by
irradiation were consisted of structural changes in the villus-
crypt architecture and epithelial transformations [33, 36]. It
is common known that small intestinal epithelium
undergoes continual self-renewal; cells born in the
proliferative crypt zone migrate upward, differentiate [11,
20]. Exceptions to this upward migration include the Paneth
cells, which migrate down into the base of the crypt where
they are maintained for up to 2 months and the resident
stem cell population, which is critical for the maintenance of
epithelial turnover [14].

The acute morphological changes of the small intestine
by irradiation were consisted of structural changes in the
villus-crypt  architecture and epithelial transformations
associated with radiation-induced degeneration [16, 23].
The most authors maintain that cell death resulting from Mn
toxicity is combination with cessation of ATP synthesis due
to mitochondrial damage [21, 24]. Dysfunction or death of
intestinal epithelial cells caused by degeneration after
radiation influence is considered as dangerous component
in the pathogenesis of gastrointestinal syndrome [7]. The
initiation and progression of radiation-induced intestine
injury can be caused by disorder of metabolic processes
and molecular mechanisms which form an compounded
response [2, 3, 5].

The Ki-67 protein expression coincides with the transit
of cells through mitosis and undergoes phosphorylation and
dephosphorylation during mitosisin vivo, rendering it
susceptible to  protease  degradation [8]. The
characterization of the Ki-67 promoter region is essential for
understanding gene transcription, and it is therefore
important to investigate this in order to develop targeted
interventions aimed at modulating gene expression [6, 10].
It was found that expression of p53 is correlated with that of
Ki-67 in several types of cancer, including intestinal cancer.
The p53 inhibits Ki-67 promoter activity via p53-dependent
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pathways. It is hypothesized that there are at least two
transcriptional regulatory mechanisms. One is that the p53-
binding motifs affect the transcriptional repression of the Ki-
67 promoter [15].

Multiple clinical laboratories have reported the
successful use of the Ki-67 as a diagnostic tool. The Ki-67
expression, as evaluated by immunostaining has become
the gold standard, with a cutoff level of positively-stained
cells defined as high risk in terms of prognosis [12].
Nowadays, there are concerns with the scoring reliability of
tissue microarrays due to tumor heterogeneity. Numerous
pathologists have expressed the view that using a manual
counting procedure will obtain a more reliable score that
may lead to differences in interpretation between examiners
with consequent variability in diagnoses [10]. A number of
diagnostic applications for the Ki-67 protein have been
described where latter was significantly more highly
expressed in malignant than in normal tissues. The Ki-67
also tended to increase with decreasing tissue
differentiation, and it was correlated with the presence of
occult metastasis and the clinical stage of tumors [28].
Proliferative activity in tumors can be determined by mitotic
counting, flow-cytometric determination of synthesis-phase
fraction and immunohistochemistry using antibodies
reactive against various proliferating cellular antigens [13,
17]. Its presence in a variety of tumors indicates that it may
be possible to use the Ki-67 in routine grading of cancer.
Notably, the expression of the Ki-67 reflects the tumor
proliferation rate and correlates with initiation, progression,
metastasis and prognosis of a number of tumor types [28].

It is known that Ki-67 is expressed in all cell-cycle
phases outside of the resting phase G0. Numerous studies
have similarly confirmed the utility of the Ki-67 proliferation
index, because it shows a correlation with primary tumor
size, lymphatic invasion, metastases, tumor proliferation
activity. Intense immunohistochemical staining for Ki-67 is
correlated with a poor prognosis in various malignancies
[29].

Based on the data presented here, we hypothesize that
proliferation marker to measure the growth fraction of cells
in tumors the Ki-67 expression is strongly associated with
cell proliferation and it is widely used in routine pathology
[8]. The Ki-67 is well characterized at the molecular level
and extensively used as a prognostic and predictive marker
in cancer. The Ki-67 may be a promising molecular
candidate for the diagnosis and treatment of a wide range
of malignancies [15]. Some reported association of rosen
Ki-67 expression with poor prognosis, others reported a
good prognosis associated with Ki-67 expression. Although
its prognostic value remains controversial [10].

Conclusion

According to immunohistochemical study, the most
pronounced changes are detected in the small intestine of
rats irradiated by %Mn, which indicates a significant
biological effect of internal radiation to the studied organ.
Crypt stem cells are highly sensitive to neutron-activated
manganese dioxide, which causes a deficient supply of
intestinal epithelial cells, villus denudation, crypt atrophy or
disappearance and mucosal architecture disruption. The
radiosensitivity of the small intestinal cells are directly
proportional to its mitotic activity and inversely proportional
to the degree of its differentiation. One of the types of cell

70

death due to radiation can be mitotic death. The latter
characterized by impossiblity for chromosomes to diverge
into anaphase because of changes in DNA structure. In
summary, our data obtained from in vivo experiments
provide strong evidence that B-radiation causes formation
of immunomorphological features. It can be typically for
radiation-induced cell proliferation, namely the small
intestinal pathology depending on radiation type.
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