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The understanding of the exposure effects on the human health could be improved by analyzing the influence of the chronic low dose rate exposure on the
senescence of the immune system cells. It will also help to develop the measures aimed at the mitigation of the adverse effects. The objective of the study is to
investigate the influence of the chronic low dose rate exposure on the senescence of the immune system cells using the cytogenetic markers. In the course of the
research the authors evaluated the cellular senescence markers — genome instability and telomere depletion — in T-lymphocytes of the individuals exposed in the
Southern Urals (exposure doses were 0.001 Gy — 4.7 Gy, the age of examined people was 40-89 years). The data analysis has demonstrated that the effect of
chronic exposure on the T-cell senescence was indirect. Unstable chromosome aberrations occurred statistically significantly more frequently in exposed people
aged 40-59 years (p = 0.012). Frequency of lymphocytes with micronuclei in exposed individuals differed in men and women (o = 0.001). Statistically significant
decrease in the telomere length was revealed (for the chromosome arms 1q, 3p, 3q, 20p, 20q, 13qg, 15p, 22q (o < 0.05); 19p, 219 (p < 0.01)).
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BINUAHNE XPOHUYECKOI'O OBJTYHEHUA HA MOKASATEJIN LMTOFEHETUHECKX MAPKEPOB
CTAPEHWS Y XXUTENEN NPUBPEXXHbBIX CEJT PEKN TEYA

HO. P. AxmanynnvHa'? = A, B. Boaunosa', 4. B. KpvsoLianosa'

T YpanbCKuin Hay4HO-NPaKTUHECKNIA LIEHTP paamaLoHHO MeauLIHbl GefepanbHoro Meanko-61onormiyeckoro areHTeTea, HYensibuHek, Poccust
2 YenabuHCKNIA rocyaapCTBeHHbIN YHMBEpCUTeT, HYenabuHek, Poccus

ViccnenoBaHme BAMSIHWS XPOHNYECKOTO HU3KOVHTEHCUBHOIO OOJyHYeHNs Ha CTapeHre KIETOK MMMYHHOW CUCTEMbI UMEET BaXKHOE 3HaYeHMe s MOHYMaHNS
nocneacTBUIA BO3AECTBUA 0OyHeHUst Ha 340P0Bbe HYenoBeka 1 paspaboTki Mep MUHUMU3ALMN HeraTuBHbIX adpdekToB. Liensto paboTbl 6bI1o UccnegoBaTth
BNUSHNE XPOHUHYECKOIO HU3KOVHTEHCUBHOMO 0B/y4EHNS YenoBeKa Ha CTapeHne KIIETOK MMMYHHOW CUCTEMbI C MCMOMb30BaHNEM LIUTOrEHETUHECKIMX MaPKEPOB.
B paboTe oueHnnm Mapkepbl CTapeHns — HecTabubHOCTb reHoMa 1 UCTOLLeHne Tenomep B T-nuMdoumtax y obnydeHHbIX ntogert Ha KOxkHom Ypase (0o3bl
obnyyeHns ot 0,001 go 4,7 Ip, Bo3dpact — oT 40 neT fo 89 neT). AHanM3 AaHHbIX nokasar, YTo XPOHMYeCKoe BO3AECTBIE NOBMSNO Ha CTapeHune T-KNeTok
onocpenoBaHHo. HacToTa HeCTabubHbIX XPOMOCOMHbIX abeppaLiuiny 06yHeHHbIX vl Obina cTatncTnyiecky Boille B 40-59 net (p = 0,012). YacTtora numdoupmTos
C MUKpOSiApamM y 0611yHeHHbIX NNLL Havbonee pasnmyanach Y My>XHvH U XeHLLMH (o = 0,001). BbIsSiBUAM CTATUCTUHECKN 3HAUYMMOE CHKEHVIE NoKasaTenei ANvHb!
Tenomep y obayHeHHbIX L (Ans XpoMocoMHbIX mned 1q, 3p, 3q, 20p, 20qg, 139, 15p, 22q (p < 0,05); 19p, 219 (o < 0,01)).

KnioyeBble cnoBa: MapKepbl KNIETOYHOTO CTapeHWst, IOHN3MPYHOLLLas paauaLmst, HecTabunbHble XPOMOCOMHbIe abeppaunmn, MUKposiapa, peka Teda, TenoMepHble
paioHbl XPOMOCOM

®durHaHcupoBaHue: rocyfapcTeeHHoe 3afaHe PMBA PO Ha BbINONHEHWE MPUKNaOAHOW Hay4HO-UCCNEA0BATENBCKON paboThl MO Teme: «/I3ydeHne BAnsHUS
XPOHWNYECKOrO HU3KOUHTEHCUBHOMO OBMYyYeHNS HA MPEXAEBPEMEHHOE CTapeHNe KIIETOK MMMYHHOW CUCTEMbI HYeNTOBEKax.
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For more than 60 years people chronically exposed as a
result of the releases of liquid radioactive waste (LRW) of the
“Mayak” PA into the Techa River in the Southern Urals have
been undergoing medical examinations at the URCRM. The
specific feature of this exposure situation is the combination
of internal exposure due to the intake and accumulation of
89905y radionuclides in the body, and external y-exposure due
to the river water. The critical organ was the red bone marrow
(RBM), where the hematopoietic precursor-cells were exposed
at a wide dose range. Since the LRW started to be released
into the Techa River in 1948, the maximum dose rates were
recorded in 1951-1952, and exposure doses were formed by
1960. However, chronic internal low dose exposure proceeds
up to date. As the youngest of the exposed people are =60
years old, therefore, it is possible to study the effect of ionizing
radiation on the ageing of a human being [1].

Human body is a complex system with multiple levels. It
has its own ontogenesis program. Its implementation is regulated
by a group of genes and multiple pathways of interaction and
interdependence of their products. An important stage in
ontogenesis is the ageing of the body. Nowadays the proportion of
the elderly people (aged 60+) in the world population is increasing
drastically. That is why, scientists and physicians are interested in
studying the mechanisms of the natural ageing of a human being,
factors that cause premature ageing, and mechanisms that
can postpone or delay in time its development [2].

No doubt, in addition to the natural processes the
environmental conditions also influence the ageing of a body.
Active application of ionizing radiation (IR) sources for medical
and diagnostic purposes leads to a question whether radiation
can affect the premature ageing [3, 4].

Investigation of any process is based on the identification
of the markers that have qualitative or quantitative attributes.
Generally accepted markers of ageing include the following:
genomic instability, telomere depletion, epigenetic genome
damage, changes in the proteostatus of the cells, changes in the
regulation of nutrients, mitochondrial dysfunctions, depletion of
the stem cell pool, impaired intracellular interaction [3, 5].

In our study we assess the chromatin status of the nuclear
DNA in PHA-stimulated peripheral blood T-lymphocytes of the
exposed individuals. The parameters that we have selected are
indicative of the two above-mentioned markers of ageing— genomic
instability (frequency of unstable chromosome aberrations and
cells with micronuclei) and telomere depletion (assessment of
the chromosome telomere length).

Unstable chromosome aberrations (UCA) include such
rearrangements as dicentrics, ring chromosomes, acentric
rings. Numerous studies confirmed the UCA dependence on
the age of a person, as the number of errors in repair increases
with age and so does the number of cells with UCA [6-9].

The analysis of the cytokinesis-blocked T-lymphocytes with
micronuclei is an additional tool for a secondary assessment
of the chromosome abnormalities. It is used in case of
the exposure to various genotoxic environmental factors.
Micronucleus (MN) is the structure that contains chromatin
formed out of either unrepaired DNA breaks or as a result of
the incorrect segregation of the sister chromatid of a single
or several chromosomes. Some studies demonstrate that
spontaneous MNs occur more frequently with age [10].

The length of the telomere regions of the chromosomes
or “biological clock” of a cell is another marker of the cellular
senescence. Daughter cells lose their capacity to divide and
die due to gradual depletion of the chromosome telomeres
in cell line division (Hayflick limit). The phenomenon of the
telomere shortening in the cells of the body with the age of

a person formed the basis of the method of biological age
determination [11-12].

Thus, to evaluate the effect of chronic exposure on the DNA
ageing of the PHA-stimulated human T-lymphocytes we have
chosen cytogenetic methods that allow assessing the status
of the chromosome DNA of the immune system cells, the
precursors of which started to be exposed already in the RBM
more than 50 years ago, and this exposure is still going on.

The objective of the study is to investigate the effect of
chronic low dose rate human exposure on the immune cell
ageing using cytogenetic markers.

METHODS

The study design: to form comparable subgroups of people
of different age among exposed and unexposed individuals;
to analyze the parameters of the genomic instability in each
age subgroup and to compare the values between themselves.
To evaluate the time-dependent changes in chromosome
aberrations in age subgroups of exposed and unexposed
people (assessment of the nuclear DNA instability).

Characteristics of the studied individuals

People affected by chronic combined exposure in the Southern
Urals (hereinafter referred to as ‘donors”) were chosen as
the object of the research. Nuclear chromatin of the PHA-
stimulated peripheral blood T-lymphocytes were the subject of
the research.

The study comprised the individuals born before 1959
inclusively, with the total RBM external and internal doses from
0.001 to 4.7 Gy calculated with the TRDS-2016 [13]. These
were people of both sexes, mainly of three ethnicities —
Russians, Tartars, and Bashkirs.

The study also involved people living in similar social
and economic conditions in the Southern Urals who were
not affected by accidental exposure (“comparison group”).
The comparison group for the study of the telomere length
consisted of the TRC members whose dose to RBM did not
exceed 0.01Gy.

The following cytogenetic criteria were used to select the
donors: people who had autoimmune diseases or cancers
in past medical history, or chronic inflammatory diseases in
the exacerbation phase, or people taking cytostatic drugs or
antibiotics were excluded from the study.

Information on the health status of the exposed people has
been provided by the department “Database “MAN”. Individual
exposure doses were calculated at the Biophysics laboratory.
The data on the oncopathology in the past medical history
of the examined people were provided by the Epidemiology
laboratory (Urals Research Center for Radiation Medicine).

In accordance with the existing International Norms and
Regulations (Declaration of Helsinki, 1964) and with the
approval of the Ethics Committee of the URCRM all the donors
provided informed consent to blood sampling and further study.

The study of the UCA frequency

Two groups of donors were formed to assess the frequency of
UCA. The comparison group consisted of 83 people. The study
group included 570 individuals with RBM doses 0.001-4 Gy. The
age of the studied individuals varied in the range 40-89 years.
The studied group of exposed people was subdivided into two
subgroups. The 1t subgroup comprised the individuals with
doses 0.001-0.2 Gy inclusive. The 2" subgroup included
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Table 1. Characteristics of the examined individuals and results of the evaluation of UCA frequency in the studied groups (median, 25% and 75%)

Exposed individuals
Age sub-groups, years Comparison group
0.001-4 Gy 0.001-0.2 Gy 0.3-4 Gy
0 0 0
0 0-0.27 0-0.4
40-59 n=17 p=0.012 p=0.002 pn—_Oé(1)4
n=100 n=39 B
0 0 0 0
60-69 p, = 0.064 0-0.26 0-0.133 0-0.2
n=44 n=285 n=>58 n=227
0
0-0.62 0 0 0
70-89 0,023 0-0.22 0-0.18 0-0.255
P =0 n=185 n=43 =142
n=22
0
0 0-0.20
Total n=83 p=0.04
n=>570

Note: p — statistically significant differences with the comparison group in one and the same age-group; p, — statistically significant differences between age-groups
40-59 years and 60-69 years; p, — statistically significant differences between age-groups 40-59 years and 70-89 years.

persons with doses 0.3-4 Gy. The exposed and unexposed
individuals were ranked according to their age at the time of
examination. Three age-groups were distinguished: 40-59
years, 60-69 years, and the oldest group 70-89 years (Table 1).
In our previous studies no dependence of the UCA frequency
on sex of the studied individuals was registered. That is why
the groups were mixed in terms of sex, most of the studied
individuals were women (up to 70%).

The study of the frequency of cells with MN

Characteristics of the studied individuals are given in Table 2.

In total the comparison group included 113 women and
44 men. The age of the studied individuals ranged from 52 to 82
years. Women predominated in all the age-groups. The group of
exposed individuals consisted of 573 persons (354 women and
219 men). The age of the studied individuals was 50-89 years.
Cumulative doses to the RBM ranged from 0.001 to 4 Gy.

We have also conducted a pilot study with a view to find out
whether the X-chromosome chromatin into the micronucleus.
It involved 6 exposed women aged 73-82 with RBM doses
0.73-1.93 Gy (study group), and two unexposed women aged
63 and 65 years (comparison group).

Assessment of the telomere length

Two groups of donors were formed to measure the telomere
length. The comparison group consisted of 27 people with RBM
doses 0-0.01 Gy. Out of these people 23 persons had doses

Table 2. Characteristics of the persons examined using the MN assay

0.0001-0.01 Gy, and four individuals did not have accidental
exposure at all. The group of exposed individuals included 26
people with RBM doses 0.6-4.7 Gy. The age of the examined
individuals was 61-84 years. Characteristics of the examined
donors are given in Table 3.

To analyze the effect of sex on the telomere length the
groups were matched in terms of the number of examined
people and their age. The group “Women” consisted of 11
donors aged 61-73 with RBM dose 0-1.4 Gy. The group
“Men” included 11 donors aged 61-72 with RBM dose
0-1.4 Gy.

Assuming that the non-radiation factor “sex” could affect
the relative telomere length, to estimate the exposure effect
on the relative length of the telomere regions two groups of
female donors were formed. The comparison group consisted
of 20 people with RBM doses 0-0.01 Gy, out of comparison
group members 18 women had the dose 0.0001-0.01 Gy,
and 2 women did not have accidental exposure at all. The
donors’ age was 62-80 years. The group of exposed women
included 22 individuals with RBM doses 0.6-4.7 Gy. Their age
at examination was 70-84 years.

Preparing the chromosome metaphase slides
Preparing and staining of the slides
Cytogenetic slides from the PHA-stimulated peripheral blood

T-lymphocytes of the donors were prepared according to the
protocol that includes four consecutive steps: cell culturing to

Female Male
Comparison group Exposed individuals Comparison group Exposed individuals
Age groups, years
Age, years Age, years Age, years Age, years
ge. ¥ number of person, RBM ge. ¥ number of persons, RBM
number of person number of person
dose, Gy dose, Gy
57 56
50-59 n ?723 n=45 n5—68 n=22
B 0.002-2.9 - 0.007-1.0
65 65
60-69 e n=177 R n=125
- 0.004-3.7 - 0.004-2.2
75 73
70-89 n 3445 n=132 n ZS1 6 n=72
- 0.001-4.0 - 0.02-2.1
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Female Male
Comparison group Exposed individuals Comparison group Exposed individuals
Age, years Age, years Age, years Age, years Age, years
number of persons, RBM number of persons, RBM number of persons, RBM number of persons, RBM
dose, Gy dose, Gy dose, Gy dose, Gy
62-80 70-84 61-72 71-76
61-84 n=20 n=22 n=7 n=4
0-0.01 0.6-4.7 0-0.01 0.6-1.35

the metaphase (for 52 hours, colcemid in the final concentration
0.1 mg/ml was added 3 hours before the end of the culturing),
hypotonic treatment of the metaphase cells (one hour prior
to fixation); metaphase cells fixation (3 parts of ethanal,
1 part glacial acetic acid), and then obtaining the chromosome
preparations. Metaphase chromosomes were stained with 2%
Gimza solution for 10 min. Then the slides were washed to
remove the stain and dried at room temperature [14].

The preparations were analyzed under light microscopy without
caryotyping using the Axiolmager A2, Z2 microscope. The analysis
included cells with 46 chromosomes, with no overlapping or
with 1-2 overlappings maximum. Dicentrics, ring chromosomes,
acentric rings were the focus of the attention of the researchers.
From 100 to 500 cells were analyzed per each studied individual.

Obtaining the preparations of binucleated lymphocytes
to detect micronuclei

The protocol of the micronuclei test consists of several steps:
culturing the PHA-stimulated peripheral blood lymphocytes,
cytokinesis block, hypotonic treatment, fixation of suspension
cells, preparation of cytogenetic slides [15]. Preparations were
stained with 1% Gimza solution for 20 min. The preparations
were analyzed under light microscopy using the Axiolmager A2
microscope. 1000 binucleated cells were analyzed per donor.

The chromosomes of the micronuclei were studied with locus-
specific fluorescence in situ hybridization. Fluorescent probes
for centromeric region of X-chromosome (cenX) (Metasystems,
Germany) were used. Fluorescent staining was performed in
accordance with the manufacturer’s protocol which requires DNA
denaturation of the preparation and the probe, hybridization for
24 hours at 37 °C, post-hybridization wash-out of the unbound
probes. For counter-staining of the chromatin 15 pl of the DAPI
antifade (Metasystems, Germany) were applied onto each slide.
Then slides were covered with the coverslip and stored at =20 °C.

The analysis of FISH-stained preparations was performed
with fluorescent microscope Axiolmager Z2 (Zeiss; Germany)
with fluorescent filters and Isis Metasystems software module to
process fluorescent images. The analysis of centromere signals
of X-chromosome was focused on the presence and amount
of the signals in a micronucleus. Micronuclei with one or more
centromere signals were considered centromere-positive (cen
X+). Micronuclei without centromere signals were considered
centromere-negative (cen X-).

Detection of the telomere regions of the metaphase
chromosomes

Slides with metaphase cells were prepared in accordance to
the protocol described for the assessment of the UCA. To
perform fluorescent staining with Q-FISH slides were cleared
from cytoplasm, the DNA of the probe and preparation was
denaturated. Hybridization was preformed according to the
manufacturer’s protocol with genuine solutions. To estimate
the length of the chromosome telomere DAKO probes

(Denmark) were used. Centromere signal of the chromosome
#2 (Metasystems, Germany) was used as a reference one.

Fluorescently stained preparations were analyzed on
Axiolmager Z2 fluorescent microscope (Zeiss, Germany) with
DAPI and SpO (spectrum orange) filters. Thirty cells were
studied per person. The telomeres were measured with the
telomere module of the Isis software. The measurement results
were expressed in percentage ratio of the telomere signal length
(T) to that of the centromere signal (C) — (%T/C). The method of
the telomere length measurement is described in detail in [16].

The telomere lengths for the metacentric (#1, #3, #19, #20)
and acrocentric (#13, #14, #15, #21, #22) chromosomes are
given in the Results section.

The main focus of the research was on the relative telomere
length in metacentric and acrocentric chromosomes as the most
diverse ones in terms of the coefficient of the chromosome arms
ratio and in terms of the chromosome length on the whole. The
chromosomes of various size were also compared within the
groups of metacentric and acrocentric chromosomes. Among
metacentric chromosomes, chromosome #1 is the largest. It
contains approximately 8% of the whole DNA-material of the
cell. The smallest metacentric chromosome is #20. It has
about 2.5% of the cell DNA. The group of acrocentrics includes
chromosomes #13, #14, #15. Each of them contains about
3.5-4% of the cell DNA, while the smallest acrocentrics —
chromosomes #21, #22 — have 1.5-2% [17].

Methods of the statistical processing of data

The normallity of data distribution was checked with Kolmogorov-
Smirnov test. Common methods of variation statistics with the
calculation of the median, 25" and 75" percentile were used for
the statistical processing of the obtained results. The values in
the groups were compared with Mann-Whitney U test.

The relationship between the frequency of UCA, age and
dose were determined using the linear regression equations.

Spearman correlation coefficient was used to determine
the relationship between the frequency of lymphocytes with
micronuclei and age. To assess the effect of a set of factors on the
frequency of lymphocytes with micronuclei in the studied individuals
a univariant general linear model was applied. The frequency of
micronuclei with centromere signals of the X-chromosome was
calculated as a percentage of all the micronuclei. The analysis
was performed with the help of the chi-square criterion. The
differences were considered statistically significant at p < 0.05.
Statistical processing of the obtained results was performed
with the software package Sigmaplot (SYSTAT Software; USA),
STATISTICA, version 10.0 (USA) and PAST, version 4.03

RESULTS
The study of the frequency of UCA

The comparison of the parameter values revealed that
exposed people have statistically significantly more exchange
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Table 4. Frequency of lymphocytes with micronuclei in groups of exposed women of every studied age (median, 25-75%, min-max)

Exposed individuals
Age groups Comparison grou
ge group P group 0.001-4 Gy 0.001-0.2 Gy 0.3-4 Gy

15 15 12 16
50-59 9-21 11-20 10-18 14-24
(5-65) (6-36) (6-24) (7-36)

17 16 15 16
60-69 12-26 12-22 11-19 12-25
(4-48) (2-55) (2-42) (3-55)

16 18 19 17
70-79 10-22 13-23 15-25 12-23
(0-40) (3-47) 4-42 (3-47)

15 20 20 20
80-89 11-21 17-25 18-27 15-23
(10-24) (4-44) (16-39) (4-44)

aberrations than unexposed individuals, p = 0.04 (Table 1).
Weak linear correlation of the studied parameters with the bone
marrow dose was observed in the combined group of exposed
individuals (R = 0.125, p = 0.005).

In the comparison group the studied parameter increases
slightly with age (mean — 0, 0.18, and 0.30 per 100 cells,
respectively). The frequency of CA in unexposed individuals
in the age subgroups “60-69 years” and “70-79 years”, is
increased relative to the subgroup “40-59 years” (o, = 0.06,
p, =0.02). Despite the increase in the frequency of exchanges in
the subgroup “70-79 years”, the differences with the subgroup
“60-69 years” are statistically insignificant.

As for the exposed individuals, then there was no increase
in the studied parameter with age. On the contrary, UCA in all
the age subgroups occurred with equal frequency (o, = 0.69,
p, = 0.37). It was proved once again by the absence of linear
correlation (R = 0.0002, p = 0.76).

When we compared the frequency of exchange aberrations
in the control subgroups and subgroups of exposed people, we
revealed a statistically significant increase of the parameters
only inthe subgroup of exposed individuals aged 40-59 years
(p = 0.038). The parameter values in exposed individuals
from the age subgroup “60-69 years” exceeded those in the
respective control group but the differences were statistically
insignificant. As for the older age, then the frequency of cells
with CA in these groups was similar.

The construction of the linear regression allowed noticing weak
dependence of the UCA frequency on age for the comparison
group (equation 1). For the group of exposed individuals
there was no linear dependence of the UCA frequency on
age (equation 2). Weak dependence of the UCA frequency on
RBM dose (equation 3) was revealed, and it agrees with the
published data [1,18].

UCA = 0.013 A-0.670 (R = 0.242 p = 0.04) (1)
UCA =1.56 x 10-6 A + 0.241 (R = 0.0002 p = 0.76)  (2)
UCA =0.109 D + 0.152 (R = 0.126 P = 0.005) 3)

where UCA — frequency % of exchange aberrations A — age
at last birthday, D — dose to RBM, Gy.

Study of the frequency of cells with micronuclei

According to the data presented in Table 4 it is clear that the
frequency of lymphocytes with micronuclei is 15%o, 17%, 16%o
and 15%. in exposed women aged 50-59, 60-69, 70-79, and
80-89, respectively. No statistically significant differences were
noted.

No statistically significant differences in the frequency of
lymphocytes with micronuclei were observed between the
groups of exposed women and comparison groups, and
between the groups of exposed women themselves.

It is clear from Table 5 that the frequency of lymphocytes
with micronuclei in exposed men aged 50-59 is 11 %o, in those
aged 60-69 it makes up 12%o. As for men aged 70-79 the
frequency of lymphocytes with micronuclei is 15%e.. This value
does not differ from that in the group of unexposed men.
The study of the frequency of lymphocytes with micronuclei
in the dose groups of exposed men revealed no statistically
significant differences with the comparison group and between
the groups of exposed men themselves.

The study of the dependence of the frequency of lymphocytes
with micronuclei on sex revealed that in the groups of exposed
individuals the studied parameter was statistically significantly
higher in women relative to men (18%o (13-25%0) vs 13%o
(10-19%0), p = 0.001).

In the course of the analysis of the differences in the
frequency of lymphocytes with micronuclei between men and
women in various age subgroups it was noted that parameter
values differed statistically significantly in the age subgroups
60-69 and 70-79 (p = 0.0001 and p = 0.033, respectively). In
the age period 50-59 years the differences between men and
women followed the trend (p = 0.119).

Multivariate analysis was used to study the influence of the
combination of radiation and non-radiation factors. The results

Table 5. Frequency of lymphocytes with micronuclei in groups of exposed men of every studied age (median, 25-75%, min-max)

c Exposed individuals
Age groups omparison group
9e9 g 0.001-4 Gy 0.001-0.2 Gy 0.3-4 Gy
15 11 11 12
50-59 8-20 9-18 8-20 10-22
(3-21) (5-41) (5-29) (5-41)
13 12 15 12
60-69 11-19 8-19 11-22 8-18
(5-37) (2-38) (3-34) (2-38)
15 15 16 15
70-79 10-18 11-19 11-19 11-19
(3-21) (4-41) (8-28) (4-41)
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Table 6. The effect of radiation exposure, age and sex on the frequency of lymphocytes with micronuclei

Factor

Parameters of the model

adjusted model

F=9.5 p=0.0001

age

F=3.75 p=0.053

RBM dose

F=0.3 p=0.599

sex

F=22.24 p=0.0001

of the analysis are given in Table 6. As it can be seen from
the table, the sex of the studied individuals had the greatest
effect on the frequency of lymphocytes with micronuclei. No
dependence of the frequency of lymphocytes with micronuclei
on the RBM dose was observed, p = 0.599. The dependence
of the frequency of lymphocytes with micronuclei on age was
similar to the trend, p = 0.053.

Table 7 presents the frequency of micronuclei containing
centromeres of the X-chromosome.

Itis seen from table 7 that in the group of exposed individuals
46.6% of micronuclei contained centromere-positive chromatin
of the X-chromosome. This value was statistically significantly
higher than that in the comparison group — 31%, x? = 4.78,
p = 0.04. Inter-individual variability of the values in exposed
women was observed. The frequency of micronuclei with
X-chromosome centromere signal varies from 22.8% to 59%.

Individual variability was also observed in the frequency
of micronuclei containing different number of centromeres.
For instance, in the group of exposed people there was one
donor whose centromere-positive micronuclei contained
predominately one centromere; three donors who mainly had 2
signals in centromere-positive micronuclei. In the donors from the
comparison group centromere-positive micronuclei contained
predominately one centromere. These findings show that there has
been anaphase X-chromosome nondisjunction or lagging, which
is likely to result in chromosome elimination to the micronucleus.

The study of the length of the chromosome
telomere regions

The length of the telomere regions of the metacentric and
acrocentric chromosomes in men and women is given in Table 8.

It can be seen from table 8 that the relative length of the
telomere regions was statistically significantly higher in men
than that in women for metacentric chromosomes (#1, #3, #19,
#20) and acrocentric chromosomes (#13, #14, #15, #21, #22),
differences with p < 0.05 were observed for the chromosome
arms 1q, 3p, 20q, 13q, 159, 21q.

Table 9 presents the median of the telomere lengths for
metacentric (#1, #3, #19, #20) and acrocentric (#13, #14,

Table 7. Frequency of micronuclei with X-chromosome centromere signals, %

#15, #21, #22) chromosomes in the comparison group and
chronically exposed women.

It is clear from Table 9 that on the whole the telomeres
of the metacentric chromosome were shorter in chronically
exposed women than those in the cells of the people from
the comparison group. Statistically significant differences
were observed for the 1qg, 3p, 39, 19p, 20p, 20g arms of the
metacentric chromosomes, and for the 13q, 15p, 21q, 22q
arms of the acrocentric chromosomes.

DISCUSSION

More than 100 thousand residents of the riverside settlements
were affected by combined chronic exposure due to the
releases of LRW into the Techa River.

Since nowadays a natural decline in the size of the cohort
is registered, and at the same time rather big amount of
cytogenetic data has been collected it is important to evaluate
how chronic exposure influenced the cellular ageing processes.
We have used several different cytogenetic methods in the
study. They all reflect the status of the chromosome DNA in
peripheral blood T-cells. To reach the set objective it was of
utmost importance to characterize the status of chromatin at
various levels of its structure organization and its behavior in
the cellular cycle.

The analysis of data provided in table 1 demonstrates that
UCA — are the events that occur occasionally in stimulated
T-cells of the residents of the Southern Urals. For example,
60% of the examined individuals in the comparison group in
three age periods (the age-range is 40-89) did not have cells
with UCA except for the chromosome-exchanges aberrations
in members of the oldest age-group. It should also be noted
that according to the protocols of the cytogenetic study the
exchange aberrations in members of the comparison group
were represented mainly by dicentrics without paired fragments
which proved that cells had undergone the first mitosis in
vivo. Only older donors had ring chromosomes and acentric
fragments. Similar situation for the dicentrics without paired
fragments was observed in exposed individuals. It is known that
unstable chromosomes that developed due to the exposure of

No. of the Donor Cells Number of MN Cen X+, % 1 signal, % signjs, % sign:Is, % sign:Is, % Cen X-, %

1 2683 134 59 25.3 68.3 5.1 1.3 4
2 2234 70 40 28.6 71.4 - - 60
3 1941 27 22.2 66.7 33.3 - - 77.8
4 633 22 54.5 50 411.7 - 8.3 45.5
5 3191 55 49 37 55.6 7.4 - 51
6 1000 35 229 12.5 87.5 - - 774

Total “Exposed persons” 343 46.6 30.6 64.3 3.75 1.25 53.4
7 1667 46 32.6 73.4 13.3 - 13.3 67.4
8 3000 127 30.7 66.7 30.7 - 2.6 69.3

Total “Comparison group” 173 31.2 68.5 26 - 5.5 68.8
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Table 8. Dependence of the telomere region length (%T/C) in metacentric and acrocentric chromosomes on sex (median, 25% and 75%)

Male, n= 11 Female, n= 11
No. of the Chromosome - :
chromosome arm Median Percentile Median Percentile

25% 75% 25% 75%
p 217 1.1 443 19.1 10.1 37.6
! q 23.1* 9.8 42 16 8.8 33.6
3 p 21.4* 10.3 46.2 16.8 9.7 30.8
q 16.4 8.2 40.8 14.8 7.6 29.4

p 13.7 7.7 34.1 12.7 6.6 24.7

19 q 12.8 6.7 33.2 1.3 6.4 26
p 18.3 8.8 33 16.3 9.5 29.2

20 q 15.4* 8.5 32.9 11.9 5.9 20.1
p 19 9.5 43.4 18.7 10.9 33.3

18 q 19.3* 8.5 40.8 14 7.7 291
p 16.1 8.9 37.6 16.1 9.3 32.6

" q 17.6 8.5 35.3 14.5 71 30
p 15.3 8.3 32.3 18.1 9.1 35.1
1 q 15.5* 6.9 31 11.9 6.4 23.4
p 15.1 7.6 39 16.7 8.5 36.1

2 q 12.5% 6.5 32.2 11 5.1 271
p 16.7 8.4 41 15 7.8 32

2 q 13.3 6 32.4 12.3 5.9 26

Note: * — statistically significant sex-dependent difference of the values, p < 0.05.

the hematopoietic stem cells (HSC) in the bone marrow are
eliminated eventually together with the cells that contain them.
However, the UCA frequency in exposed individuals exceeds
that in the comparison group in the long-term after the onset
of radiation exposure. Evidently, the majority of aberrant cells
registered in the long-term period after the onset of radiation
exposure were exposed in the bone marrow (their precursors),

entered the blood flow, underwent differentiation in the thymus,
and remained in quiescent state until the PHA-stimulation in vitro.

Micronuclei can be formed as a result of the damage
associated with both unrepaired chromosome DNA breaks,
and during chromosome segregation impairment which is
predetermined by changes in the cytosine methylation in
centromeric regions of the chromosome, impairment in the

Table 9. The median of the telomere regions (%T/C) in metacentric and acrocentric chromosomes in women from the comparison group and from the group of

chronically exposed people (median, 25% and 75%)

Comparison group, n =20 Exposed persons, n =22
No. of the Chromosome arm Percentile Percentile
chromosome Median Median

25% 75% 25% 75%
p 17.3 7.2 36.6 16 7 35.7
! q 14.6* 6.3 31.2 13.3 5.9 28.8
p 16.0* 6.7 31.3 14 6 30.3
8 q 12.7* 55 26.8 12.2 5.2 245
P 11.7* 4.7 24 10.5 4.4 22
19 q 10.8 5 245 9.4 4.5 21.2
p 14.4* 7.6 27.6 13.6 7.6 25.8
20 q 10.0* 4.7 22.7 9.9 4.5 19.9
p 16.7 7.9 325 16.6 8 31.1
13 q 13.4¢ 5.5 30.2 12.5 5.2 27.6
p 171 8.7 32.1 15.5 8.3 30
" q 13.3 5.4 29.4 12 4.8 26.6
p 16.6* 7.6 31 15.7 7.5 28.9

1 q 11.3 4.8 24 10.4 4.2 21
p 16 7.1 32.8 15.2 7 30.1

& q 10.1** 4.5 22.9 9.2 4 30.1
p 15 6.9 4.7 13.5 6.1 271
2 q 10.6* 4.7 24.9 10.1 4.5 21.3
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construction of the kinetochore protein and microtubes, and
with many other events [19]. In the study [20], having performed
the analysis of the age-dependent frequency of cells with
micronuclei in unexposed residents of the Southern Urals, we
have revealed monotonous increase in the parameter values in
men and women aged < 69 years. After the age of 70 this value
remains stable or slightly decreases. Similar results concerning
the frequency of cells with micronuclei in the age group 60-69
years have been obtained by other researchers. They showed
that at the age of 50-69 the frequency of micronuclei reaches
its maximum, and then levels off [21-23].

In the current research the age of the examined exposed
individuals was 50-89 years. It is the age when micronuclei
frequency reaches the plateau. That is why, the frequency
of lymphocytes with micronuclei in exposed people is not
associated with the increase in age in this age range either.

The study of the sex effect on the frequency of lymphocytes
with micronuclei demonstrated that this value is statistically
significantly higher in women than in men, p = 0.001. When
we compared the frequency of lymphocytes with micronuclei
between men and women in different age groups it turned out
that there were statistically significant differences in the groups
of exposed individuals aged 60-69 and 70-79. Thus, it can
be said that the differences in the frequency of micronuclei
between men and women are more pronounced in the group
of exposed individuals, than in the group of unexposed ones.
The studies show that the differences in the ratio “frequency
of micronuclei in men/women” become more pronounced in
people aged 40 and older [21]. However, the mechanisms that
lead to such age-dependent increase is not completely clear.
In the published papers there are some data stating that sex
chromosomes are eliminated to the micronuclei with age. In
our study we have noted that micronuclei with X-chromosome
are rather frequent and make up 22-59% of the total number
of micronuclei. Moreover, micronuclei contain X-chromosomes
both with single and several centromeres. It is indicative of the
chromosome nondisjunction in the mitotic anaphase. Probably,
in our case radiation can have certain impact even without
linear dependence of micronuclei frequency on the RBM dose.

In the study [24] the chromosome composition of
the micronuclei in exposed women was analyzed using
mFISH technique. The study has also demonstrated that
X-chromosome is often observed in micronuclei composition.
On the average in the group of exposed women the micronuclei
are composed of bigger number of chromosomes relative to
the comparison group. The amount of chromosome signals
per micronucleus in exposed women doubles that in the
control group (p = 0.001). At the same time mean frequency of
micronuclei per 1000 estimated binucleated lymphocytes does
not differ in women of these two groups. These results point
indirectly at increased frequency of chromosome damages and
their elimination from the nuclear genome to micronuclei. The
mechanisms of micronucleus formation are similar in the group
of exposed women and in the comparison group. Nevertheless,
exposed women have some specific features of mono- and
multicolored micronuclei formation. Thus, we can assume that
there are mechanisms of the segregation impairment of the sex
chromosomes and chromosomes with aberrations.

In accordance with the obtained data the relative telomere
length in each donor varies within a wide range. Telomeres
differ in length both within one cell, and within one chromosome
pair. These data agree with the findings of the previous studies
[16, 25] and published research data [26-28]. Our findings
have demonstrated that the telomere length does not depend
on a chromosome or arm where it is located [16]. In the course

of the study we revealed the dependence of the chromosome
telomere length on sex: the telomeres were statistically
significantly longer in the studied groups of chromosomes in
men than those in women.

In the present study in the course of the analysis a
statistically significant decrease in the thelomere signals in
metacentric and acrocentric chromosomes of exposed women
was noted relative to the comparison group. Statistically
significant differences were observed for the chromosome
arms 1q, 3p, 3q, 20p, 20q, 13q, 15p, 229 (p < 0.05); 19p, 219
(o < 0.01). These data are in line with the published research
data that show that low dose exposure shortens the telomeres.
These changes persist even in 20-70 years after the exposure
[29, 30]. It is of interest to note that the effect of ionizing
radiation exposure on the telomere length is dubious. Some
studies demonstrate that the telomeres lengthen in exposed
people, which is associated with the elevated expression of
the telomerase (the authors associate it with the increased risk
of malignant neoplasms development). If the telomeres are
short, then it is associated with the replicative ageing of the
cells [31, 32]. Moreover, the results we have obtained could be
the evidence of the fact that ionizing radiation induced immune
cell death in the period of maximum exposure. It resulted in
compensatory proliferation of cell differons in hematopoietic
organs, and thus, in telomere shortening.

The analysis of the obtained data allows us to draw a
conclusion that chronic radiation exposure that occurred in the
Southern Urals influences T-cell aging indirectly, as one of the
numerous factors. Perhaps, the selection criteria of donors for
the cytogenetic study, which could contribute to the selection
of the most radio-resistant donors to the group of exposed
individuals, influenced the results. For instance, according to
the selection criteria, only people without cancer, autoimmune
disease, and diabetes in past medical history could be included
into the study. Taking into account the fact that the above-
mentioned diseases start manifestating more frequently in
elderly and old age, then it is rather probable that radiosensitive
individuals among the exposed ones could have bigger chance
to develop the radiation exposure effects, and therefore, when
the groups of donors were being formed, these people did not
meet the study inclusion criteria [20-33].

CONCLUSIONS

Based on the conducted cytogenetic study it can be said that
chronic radiation exposure that have occurred in the Southern
Urals is just one of the factors that influence indirectly the
cellular senescence of the peripheral blood T-lymphocytes. The
frequency of unstable chromosome aberrations in exposed
individuals was statistically significantly higher in the age group
40-59 years (p = 0.012). There was a weak linear correlation of
the studied parameters and the dose to the bone marrow in the
pooled group of the exposed individuals (R = 0.125, p = 0.005).
The frequency of lymphocytes with micronuclei in exposed
individuals was similar to that in the comparison group. The
frequency of lymphocytes with micronuclei differed in exposed
men and women (p = 0.001). In 22-59% of the exposed women
micronuclei contained X-chromosome. No dependence of the
frequency of lymphocytes with micronuclei on the dose to the
bone marrow was observed. Statistically significant decrease
in the telomere length was found in the exposed individuals (for
the chromosome arms 1qg, 3p, 3q, 20p, 20q, 13q, 15p, 229
(o < 0.05); for chromosome arms 19p, 219 (o < 0.01)). In the
studied groups the value of the relative length of the telomere
regions was statistically significantly higher in men than that in
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women (for chromosome arms 1q, 3p, 20q, 13qg, 159, 21q).
We cannot exclude the fact that the selection criteria of the
elderly donors for the cytogenetic study that is performed many
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