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ASSESSMENT OF THE EFFECT OF CHRONIC EXPOSURE ON PREMATURE AGING OF HUMAN
T-LYMPHOCYTES BASED ON UNSTABLE CHROMOSOME ABERRATIONS

Vozilova AV B2
Urals Research Center for Radiation Medicine, Chelyabinsk, Russia

For more than 60 years, residents of the villages on the Techa River have been chronically exposed to combined radiation, receiving a wide range of doses. Red
bone marrow (RBM) is the critical system in the exposure conditions. This study aimed to assess the effect of chronic exposure on premature aging of T-lymphocytes
based on the frequency of unstable chromosome aberrations; the subjects were the residents of the Southern Urals that have been chronically exposed to
radiation. The increased frequency of occurrence of dicentrics and rings in T-cells of the exposed persons was the marker of cellular aging, with the associated
doses to the red bone marrow (RBM dose) at 0.5-2.5 Gy. The participants (RBM donors), both exposed and non-exposed, were divided into three age subgroups:
40-59 years old, 60-69 years old, 70-79 years old. The differences in the RBM dose among the exposed individuals were insignificant. In the exposed group,
unstable chromosome aberrations (UCA) were recorded significantly more often than in the control group (p = 0.04). The age group of 40-59 years was the one
where the exposed donors had significantly more frequently occurring chromosome aberrations compared to the non-exposed participants. There were no such
differences registered in other age groups. The age-associated increase of the amount of chromosome aberrations was registered in the non-exposed group only.
Chronic exposure to radiation indirectly promotes premature aging of T-lymphocytes: 1) in the long term, the exposed individuals had UCA significantly more often;
2) compared to the control group, the 40-59 years age subgroup of the exposed group had increased cytogenetic index. In the context of this study, the number
of dicentrics and rings was not registered as increasing in the older age subgroups of exposed individuals, which may be due to the specifics of the donor inclusion
criteria, which, for the elderly, may favor radioresistant individuals.
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OLIEHKA BJ/IAHUA XPOHNYECKOI'O OBJTYHEHUA HA NPEXXAEBPEMEHHOE CTAPEHUE
T-JINM®OLINTOB HEJTOBEKA HA OCHOBE HECTABUJIbHbIX XPOMOCOMHbIX ABEPPALI

A. B. Boaunosa =
YpanbCkuii Hay4HO-NPaKTUHECKUIA LIEHTP paamaLMoHHON MeamumHbl PeaepansHOro Meamko-oronormiyeckoro areHTcTea, YensbuHek, Poccust

Bonee 60 neT »utenv npnbpexxHbIX cen pexn Teva noaBep»eHbl XPOHUHECKOMY COYETaHHOMY 00JTyHEHIO B LUIMPOKOM AuanasoHe Ao3. KpuTuydeckuii oprad npu
061yHeHNN — KpacHbIA KOCTHbI M3 (KKM). Lienbto paboTbl 6bi10 OLIEHUTE BAUSIHWE XPOHUHECKOTO 06yHeHNs »uTenei FOXKHoro Ypana Ha npexaeBpemMeHHoe
cTapeHve T-MMMMOoUMTOB Ha OCHOBE YaCTOTbl HECTAOUbHBIX OOMEHHbIX abeppaumii XPOMOCOM. MapkepoM KNETOYHOrO CTapeHunsi Oblna NoBbILLEHHAs YacToTa
OULEHTPUKOB 1 KoneL, B T-kneTkax 0byHeHHbIX 1L (003bl Ha KPacHbIA KOCTHbIN Mo3r — 0,5-2,5 Tp). ChopmmrpoBaHb! Tpr BO3pacTHble noarpynnsl (40-59 ner,
60-69 net, 70-79 neT) cpean 06MyHeHHbIX 1 HeobNyYeHHbIX L. [oarpynnbl 06nyHeHHbIX n1L, Mo Aodam Ha KKM gocToBepHO He padnnyanucb. HectabunbHble
XPOMOCOMHble abeppaumn (HXA) B kneTkax 06myHeHHbIX ML, OTMeYeHbl JOCTOBEPHO Yalle, YeM B rpynne cpasHeHus (o = 0,04). JoCTOBEPHO MOBbILLEHHYIO
HaCTOTy XPOMOCOMHbIX abeppaLiyii BbISBUIN y 06y4EHHbIX AOHOPOB B BO3pacTe 40-59 neT npu CpaBHEHWN C HEOBMYYEHHBIMW AOHOPaMI Takoro »Ke Bo3pacTa.
B aByx Apyrvix BO3pacTHbIX nMepriogax pasimngmii HeT. TONbKO y HeoOy4eHHbIX AOHOPOB BbISIBUIM BO3PACTHYIO AMHAMUKY YBEMMHEHNSI XDOMOCOMHbIX abeppaLiyii.
XpoHM4yeckoe 0bsyHeHne OkasbiBaeT ONMoCcpPeoBaHHOE BVSIHUE Ha MPEXAeBPeMeHHoe cTapeHve T-numdoumToB: 1) OCTOBEPHO MoBbIeHa YacToTta HXA y
06y4YeHHbIX UL, B OTAAsIEHHbIE CPOKW; 2) BbISBNEHO YBENMYEHWE LIUTOrEHETUHECKOrO rnokasaTens y obyydeHHbIX nuL B Bo3pacTe 40-59 neT no cpaBHEHMo
C nvLamu, He NoABepraBLUMMNCS aBapUHOMY 06ydeHuio. OTCYTCTBME AMHAMUKM YBEANMHYEHNS OULEHTPUKOB 1 KOSel, B CTapLUMX BO3PACTHbIX rpynnax
y 0ByHEHHBIX NNLL, MOXKET ObITb 0OYCNOBNEHO OCOOEHHOCTHIO KPUTEPUEB A1 BKIOYEHNSA JOHOPOB B LIMTOrEHETUYECKOE UCCnenoBaHne. B cTapluem BospacTe
KpUTEPUM MOTYT CMIOCOBCTBOBATL BKITFOYEHWIO ML, C PaAMOPE3VCTEHTHBIMY XapakTePUCTUKAMU.

KntoyeBble cnoBa: HecTabubHble XPOMOCOMHblE abeppaumn, OMLEHTPVKK, Kombla, peka Teda, ctapeHune T-nMMMOLIMTOB, XPOHNHYECKOE padnauyioHHoe
Bo3aevcTaue, KOxHbIN Ypan
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Over 70 years ago, several accidents happened at the Mayak
Production Association facility; as a result of these accidents,
more than 100,000 residents of the Southern Urals were
chronically exposed radiation. For several decades now,
specialists of the Urals Research Center for Radiation Medicine
have been monitoring health of the exposed people, studying
the effects of ionizing radiation on the organs and tissues of the
body and providing medical and psychological assistance to
the affected and their offspring. Residents of the Techa riverside
villages were exposed to combined radiation: internally, the
sources of radionuclides were the food and water consumed
(mainly &-9°Sr), and externally there was the y radiation from
the water of the river into which the Mayak PA discharged
the liquid radioactive waste. It is important to note here that
strontium, being similar to calcium, replaces it in bone tissue
and bombards bone marrow cells with 8 particles, affecting
hematopoiesis and immunity of the exposed person. This thesis
is confirmed by the results of the published immunological,
clinical, cytogenetic, and epidemiological studies that involved
population of the Techa riverside villages [1].

In the recent decades, a cohort of residents of the Techa
riverside villages has naturally stepped into the late phase of
life, which allows starting investigation of the effect chronic
radiation exposure has on human aging. Mechanisms of aging
is research problem currently tackled by scientists and medical
professionals around the world. The goal is to preserve the
quality of life of an elderly person and, considering the increasing
life expectancy in the developed countries, enable the older
generation to fully participate in the life of the society [2].

In addition to studying the natural mechanisms of body
aging at all system levels (cellular, tissue, organ, etc.), it is
important to investigate the influence of adverse factors that
can accelerate the processes leading to aging or trigger its
mechanisms earlier, leading to what can be called premature
(unnatural) aging of the studied systems or the body as a
whole [3]. Hence, studying the effect ionizing radiation has on
premature aging of biological systems is an urgent scientific
problem, since radiation is one of the factors peculiar to the
modern civilization.

Exchange-type chromosome aberrations (dicentric and
circular chromosomes) are a generally accepted marker of cell
aging; they are characteristic for the processes associated with
instability of the human genome [4, 5]. The exchange between
different chromosomes is the result of breaks of the DNA's two
strands (less often — one strand) and the subsequent incorrect
repair thereof. On average, a cell sees about 8.8 breaks of two
strands and 55,000 breaks of one strand of the DNA in a day
[2]. The efficiency of repair of such breaks and/or elimination
of cells with unrepaired DNA damage decreases with age,
consequently, the frequency of occurrence of chromosome
aberrations increases.

In biodosimetry studies, the increased frequency of
occurrence of dicentrics and rings in cells is perceived as
a marker of exposure to ionizing radiation. The dose-effect
dependencies for X-ray, gamma and other types of radiation
have been studied well; this background enables assessing the
radiation dose received by a person based on the frequency
of unstable chromosome aberrations (UCA) if several months
have passed since the exposure. In the long term, the
increased frequency of UCA is a biomarker of exposure to
ionizing radiation [6].

For over 40 years, the phytohemagglutinin-stimulated
peripheral blood T-lymphocytes sampled from the exposed
residents of the Southern Urals have been studied in the context
of a cytogenetic investigation [7, 8]. Over the entire follow-

up period, the chronically exposed persons had significantly
elevated levels of UCA compared to the individuals that did
not suffer such fallout of the accidents. However, the analysis
of the dynamics of the UCA occurrence has shown a two-fold
decrease of the frequency thereof, 25 and 50 years since the
beginning of the exposure [9], which can be explained by the
elimination of cells with unstable aberrations during mitosis due
to violation of chromosome segregation into daughter cells.
The presence of unstable rearrangements indicates that the
cell with an aberration has entered its first mitosis in vitro or is
a daughter of a precursor cell. It was shown that in the second
mitosis, cells with dicentrics occurred 50% less often, but in the
third mitosis, despite the 70% drop in the occurrence frequency;,
such cells were still present [10]. Dicentrics with closely spaced
two centromeres had a noteworthy higher chance of surviving
the cell cycle.

Numerous radiobiological studies have shown that
the frequency of exchange-type chromosome aberrations
correlates with age of the person. There were no dicentric
chromosomes found in the phytohemagglutinin-stimulated
T cells sampled from the newborns, but such did appear and
became more common with age [11]. The UCA were obviously
growing more frequent in groups of people divided by age with
10-year increments [12]. Thus, an increased frequency of UCA
is a marker of exposure to ionizing radiation and cellular aging
[13]. Based on the above, it can be assumed that exposure
to ionizing radiation leads to the formation of additional
chromosome aberrations in cells. Therefore, a greater frequency
of chromosomal damage in exposed individuals compared to
the same-age non-exposed people will indicate premature
aging of cells under the action of radiation.

This study aimed to investigate the effect of ionizing radiation
on premature aging of human peripheral blood T-lymphocytes
based on the frequency of UCA with red bone marrow as the
critical system affected by chronic exposure.

METHODS
Study Design

This work was based on the results of cytogenetic studies
of samples taken from 800 exposed individuals (RBM doses
from 0.001 Gy to 4.1 Gy, age from 40 to 89 years) and 100 non-
exposed people; the tasks were to form age subgroups among
the exposed and the unexposed, analyze the frequency of
chromosome aberrations in each age subgroup and intercompare
the indicators, assess the age-related dynamics of chromosome
aberrations, and, based on the results, make a conclusion about
the effect of chronic exposure, as suffered by the residents of the
Southern Urals, on premature aging of T-cells in the long term.

Characteristics of the donors

The exposure of residents of the Techa riverside villages to
combined sources of radiation began in the 1950s, when
Mayak Production Association facility discharged radioactive
wastes into the river system. The external sources of y-rays
were bottom sediments and floodplain soils contaminated
with radionuclides. The internal sources of B-rays were
radionuclides that entered the body with river water and locally
produced food. The internal exposure doses were estimated
based on the measured content of 8°Sr radionuclides in the
body; external exposure doses were calculated based on the
duration and frequency of presence of the participants (by
age subgroups) in contaminated areas. The study relied on
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the red bone marrow (RBM) exposure doses calculated at
the biophysics laboratory of the Urals Research Center for
Radiation Medicine using the TRDS-2016 system [14].

The cytogenetic study that involves local residents chronically
exposed to radiation continues currently; the cytogenetic database
receives regular updates. The inclusion criteria for the study are:
residence in the Southern Urals (exposed and non-exposed);
no history of autoimmune, oncological, chronic inflammatory
diseases in the acute phase; for an exposed person — calculated
cumulative exposure dose factoring in internal (8-rays) and external
(y-rays) sources [14]. People who underwent X-ray examination
less than 6 months before blood sampling were excluded from
the study. Same criteria applied to the control group gathered
from the residents of uncontaminated areas.

Calculated exposure doses are significantly uncertain
(80-60%), therefore, it was decided to include donors with RBM
dose from 0.5 to 2.5 Gy. The age of the participants was 40
through 79 years. Thus, ultimately, the exposed group included
343 people (138 male and 205 female), and the control group
83 people. Three age subgroups were formed within each
group, spanning ages 40 through 59 years, 60 through 69
years, 70 through 79 years. A fundamentally important fact is
that the RBM doses did not differ significantly throughout the
age subgroups. Table 1 shows the distribution of participants
(donors) into age subgroups.

Thirty-eight of the exposed individuals underwent cytogenetic
examination several times. After distribution of the participants
into age subgroups, we found that we could follow the dynamics
of indicators of only 15 people in different subgroups, and the
remaining 23 participants that previously had been examined
several times belonged to the same subgroup. Seven people in
different age subgroups had zero chromosome aberrations; we
did not include them in the analysis of the dynamics of indicators.
Thus, we can show the dynamics of the UCA occurrence
frequency for 8 people only, and since they were in different age
subgroups, Table 2 disregards specific age and cites "early" and
"late" age periods.

Preparation and analysis of the slides with metaphase
chromosomes

We made cytogenetic preparations of the phytohemagglutinin-
stimulated peripheral blood T-lymphocytes following the
protocol adopted by the Laboratory of Radiation Genetics
of the Urals Research Center for Radiation Medicine. This
protocol includes four successive stages: cell cultivation to
the metaphase condition (duration — 52 hours, colcemid
administered 3 hours before the end, ultimate concentration
of 0.1 mg/mL); hypotonic treatment of metaphase cells
(1 hour before fixation); fixation of metaphase spreads (freshly
prepared fixative: 3 parts of ethanol and 1 part of glacial acetic
acid); preparation of the slides with metaphase chromosomes.
Metaphase chromosomes were stained with 2% Giemsa
solution for 10 minutes, then the stain was washed off and the
slides were dried at room temperature [7, 8].

We used Axiolmager A2, Z2 microscopes to analyze the
preparations (no karyotyping): took 46-chromosome cells with
1-2 overlaps, marked dicentric and circular chromosomes
and acentric rings. The number of cells analyzed from each
participant ranged from 100 to 500.

Statistical methods

The obtained results were processed using the variation
statistics methods: we calculated the median and the 25"
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and 75" percentiles, as well as the mean per 100 cells (if the
percentile values were equal to 0, they were not put into the
data table). Kolmogorov-Smirnov test enabled verification
of normalcy of distribution of the indicators. Since the data
we collected tended to distribute abnormally, we used the
nonparametric Mann-Whitney test to compare values in the
groups. The x? test allowed assessing dynamics of the individual
indicators of exchange-type aberrations. STATISTICA 10.0
software package (StatSoft Inc.; USA) was used to statistically
process the data obtained.

RESULTS

Comparing the indicator data gathered from all exposed and all
non-exposed individuals, we registered a significant excess of
cells with metabolic UCA in the exposed individuals (o = 0.04).
However, no linear correlation dependence of the studied
parameters on the RBM dose was established in the group of
exposed persons (all age subgroups) (R = 0.125; p = 0.005).

Table 1 presents the results of the study of dependence of
the chromosomal aberrations occurrence frequency in different
age subgroups.

[t should be noted that exchange-type UCAs are rare
events. In all subgroups (no exceptions), the median was zero,
therefore, Table 1 shows the mean value. Absence of the range
of 25" and 75" percentiles also reflects zero values. In the
control group, the studied indicator grows with age (0, 0.18 and
0.30 per 100 cells). In both "60-69 years old" and "70p79 years
old" age subgroups of the non-exposed group the frequency
of chromosome aberrations was significantly higher than in the
"40-59 years old" subgroup (o' = 0.06, p? = 0.02). There were
more exchange-type events registered in the "70-79 years old"
age subgroup, but the differences with the "60-69 years old"
subgroup did not reach significance.

As for the frequency of occurrence of chromosome
aberrations in the subgroups of the exposed group, the studied
indicator did not grow with age. On the contrary, the respective
values were the same in all three age subgroups (p' = 0.69,
p? = 0.37), which constitutes another proof of the lack of linear
correlation between frequency of chromosome aberrations and
age (R =0.002, p =0.76).

Comparison of the frequencies of occurrence of exchange-
type aberrations between the age subgroups of unexposed
and exposed persons revealed a significant increase of the
indicator's value in the "40-59 years old" subgroup of the
exposed group (p = 0.038). In the exposed individuals aged 60-69
years, we detected cells with chromosome aberrations more
often, but the differences were not significant. As for the oldest
donors, there were no differences in cytogenetic parameters
registered between the exposed and non-exposed groups.

Table 2 presents the analysis of dynamics of individual
indicators reflecting frequency of occurrence of unstable
exchanges in 8 exposed individuals.

The frequency of occurrence of chromosome aberrations
has grown with age in 5 out of 8 examined participants, but
the differences were not significant. However, it is noteworthy
that the median frequency of UCA increased with age from
0.375 in the "early" group to 0.775 in the "late" group, while the
RBM dose did not change significantly, (second figure after the
decimal point).

DISCUSSION

Investigation of the human aging mechanisms is a scientific
problem made urgent by the change in the world's age balance:
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Table 1. Frequency (%) of unstable chromosomal aberrations in the examined groups (median, 25 and 75%)

Exposed individuals
Control group RBM dose
median / mean 0.5-2.5 Gy
Age subgroups 25-75% megi;m?/5 l;wean
— (o]
n exchanges, n exchanges,
M:F M:F %
17 55 0/0.23
40-59y.0. 5:12 0/0 23:32 p=0.038
0/0.25
44 0/0.18 191 0-0.2
60-69 y.0. 14:30 o' = 0.06 77 : 114 p=0.427
p'=0.69
0/0.24
0/0.30
22 97 0-0.225
70-79y.0. 8:14 ;‘?'32052 38:59 p=0973
= p?=0.37

Note: p — statistical differences in indicators between similar age subgroups of the exposed and control groups; p' — statistical differences in indicators between
age subgroups "40-59 years old" and "60-69 years old"; p? — statistical differences in indicators between age subgroups "40-59 years old" and "70-79 years old";

M — male; F — female.

the number of elderly people is growing, by 2050, there will
be about 1.6 billion people over 65 [15]. Understanding the
basics of the body's aging program, inter alia, rests on research
looking into the patterns of aging with the environmental factors
accounted for. Such research requires a reliable set of tools:
markers, methods, approaches, which eventually form a
methodology for the respective studies. A living organism is
a multilevel system, therefore, the processes and effects of
aging are studied at several levels: subcellular, cellular, levels of
tissue, organ, organism [16].

We chose the cytogenetic method that allows assessing
the state of chromosomal DNA to study the possible effect
of ionizing radiation on premature aging of human cells. Our
work focused on the unstable exchange-type chromosome
aberrations in the phytohemagglutinin-stimulated peripheral
blood T-lymphocytes. The choice of this object was not
accidental: in addition to y beams, precursors of T-cells were
also exposed with osteotropic °°Sr radionuclides in the
bone marrow. Currently, the youngest exposed individuals are
60 years old. It is known that after the age of 25, human thymus
begins to involute, but there is a high probability of retaining
UCA in cells that have not entered mitosis in the body or
cells that survived 1-2 mitoses with aberrations. Circulating
lymphocytes have been and are still exposed to the internal
sources of radiation [17].

In the group of non-exposed participants, we detected an
age-driven increase of the frequency of occurrence of cells
with unstable metabolic aberrations. Moreover, this indicator
was significantly higher in both the "60-69 years old" and
"70-79 years old" age subgroups than in the "40-59 years
old" subgroup. The regularities we discovered are consistent
with the data from previously published papers, which have
also noted the dependence of the amount of dicentric and

ring chromosomes on age [11, 12]. However, we registered
no such dependencies when analyzing the data describing
chromosome preparations made from samples collected in
the exposed group. In the three age subgroups, we have
not detected the expected age-dependent increase in the
frequency of chromosome aberrations. All indicators (Table 1)
were similar and maximum for this study.

We revealed the influence of chronic exposure on the
frequency of chromosome aberrations only in "40-59 years old"
subgroup. Contrary to the expectations, the oldest participants
(70-79 years old) from the exposed group had the indicators
at the same level as that calculated for non-exposed donors.
Thus, we registered that chronic exposure affects premature
cellular aging in the residents of the Techa riverside villages
aged 40-59 years only. Examining older exposed individuals,
we found them to have similar indicator values as those from
the control subgroups of the same age.

There is an explanation to the data that, at the first glance,
looks "contradictory": the cytogenetic study inclusion criteria
may bias the selection and fill the exposed group with the
most radioresistant donors. For example, to participate, a
person should have had a medical history without oncological,
autoimmune diseases, diabetes mellitus. Such restrictions allow
excluding the effect diagnostic and therapeutic measures may
have on the frequency of occurrence of the studied cytogenetic
indicators. Given that the above diseases more often begin to
manifest in older ages, it is quite possible that the exposed
radiosensitive individuals had the effects of irradiation triggering
disorders in them earlier in life and, consequently, met the study
exclusion criteria. There is a study that provides an indirect
confirmation of this assumption: there, researchers noted
that individuals with an increased frequency of chromosome
aberrations were more likely to develop cancer in the future

Table 2. Dynamics of frequency (%) of unstable exchange-type chromosome aberrations in the same exposed individuals examined in different age subgroups

Number of Total.
th: erson 1 2 3 4 5 6 7 8 Median
P 25-75%
Early 0.375
indicator 0 1 0.98 0.75 0 0 0.85 0.8 0-0.9
Late 0.775
- 0.6 0 0 1 0.25 0.5 0 1.5 0-0.9
indicator
p=0.8

Note: p — statistical differences in the final indicators as registered between subgroups.
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[18]. Taking into account all of the above, we can assume
that while the younger groups participating in the cytogenetic
research were comprised of people with a diverse genetic
potential in terms of response to exposure to ionizing radiation,
the older groups (above 60 years of age) included the so-called
"radioresistant" individuals.

Despite some controversy in the results of the analysis,
having conducted this study, we can conclude that chronic
exposure did have an indirect effect on the premature aging of
T-lymphocytes. The confirmations are, firstly, the significantly
increased frequency of UCA registered in the exposed
individuals in the long term, and secondly, the significantly more
frequent occurrence of UCA in the exposed individuals aged
40-59 years compared to that found in their peers from the
non-exposed group.

Thus, this article attempted to present the design of
a cytogenetic study aimed at assessment of the effect of
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