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TELOMERES IN CHRONICALLY EXPOSED WOMEN

Yana V. Krivoshchapova™, Yulia R. Akhmadullina

Southern Urals Federal Research and Clinical Center for Medical Biophysics, Ozersk, Russia

Introduction. Telomere length is considered a potential biomarker for individual human radiosensitivity and radioresistance. Radiation ex-
posure can both increase and decrease the average telomere length in cells, while the lengths of individual telomeres vary widely. The as-
sessment of ultra-short and ultra-long telomere frequency may indicate alterations in the replicative potential of cells and radiation-induced
genomic instability.

Objective. To investigate the relative telomere length using the Q-FISH method in exposed individuals and to identify the proportion of ultra-
short and ultra-long chromosomal telomeric regions in this cohort.

Materials and methods. The study involved 43 volunteer donors (women) from different age groups (21-28; 60-67; and 71-83 years).
At stage I, an investigation of the dose-dependence of relative telomere length was performed in the control group. The donors were
divided into groups: younger (n = 4) — non-exposed women aged 21-28 years; middle-aged (n = 12) — women aged 60-67 years; older
(n = 5) — women aged 71-83 years. At stage Il, the reference for average telomere length was established using donors (n = 5) from the
older age group. At stage lll, considering the established reference values, telomere length was studied in exposed individuals (n = 22),
including analysis based on age and bone marrow dose. Cytogenetic preparations were obtained according to a protocol that includes
cell culturing to the metaphase stage, hypotonic treatment, fixation of metaphase plates, and chromosome slide preparation. Telomeres
were fluorescently stained using probes (DAKO, Denmark) in accordance with the manufacturer’s protocol. Standard methods of descrip-
tive and comparative statistics were used.

Results. In exposed individuals, the median telomere length was statistically significantly higher than that in the comparison group (10.3% vs.
5.8%, p = 0.0001). Concurrently, this group exhibited a reduced frequency of ultra-short telomeres (1.6% vs. 5%) and an increased frequency
of ultra-long telomeres (19.5% vs. 5%, p < 0.0001). A case-control study confirmed this pattern for the individuals with medium and high bone
marrow doses. A statistically significant decrease in median telomere length was observed in donors with a high bone marrow dose com-
pared to those with medium doses (11.9% vs. 10.6%, p = 0.0001). An increase in the bone marrow dose led to an exponential decrease in the
frequency of ultra-short telomeres (R? = 0.23, p = 0.0036).

Conclusions. A decrease in relative telomere length was observed in non-exposed individuals with an increase in age. In the group of young
donors aged 20-28 years, the median telomere length was 31.0%, comprising 13.0% and 5.8% (p = 0.0001) in the 60-67 and 71-83 age
groups, respectively. The reference range for ultra-short telomeres in the 71-83 year group was 0-0.7%, being 25.6% and above for ultra-long
telomeres. In exposed individuals, the median telomere length was statistically significantly higher than in the comparison group (p = 0.0001).
Exposed individuals exhibited a reduced frequency of ultra-short telomeres and an increased frequency of ultra-long telomeres with respect
to the comparison group (p = 0.004). A non-linear regression dependence of the frequency of ultra-short telomeres on bone marrow dose
manifested in an exponential decrease in frequency with an increase in dose was noted.
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OLEEHKA YACTOTbl CBEPXKOPOTKUX U CBEPXAJINHHbLIX TEJIOMEP Y XPOHUYECKW
OBJTYHEHHbIX XXEHLLINH

4.B. Kpvsowanosa™, FO.P. AxmanynnvHa

HOXKHO-Ypanbckuii henepanbHblii HayYHO-KIMHNYECKWIA LIEHTP MeanumHCKom bruodmamkm, O3epck, Poccus

BeepeHune. [1nvHa Tenomep paccmaTprBaeTCs Kak noTeHUManbHbI BUoMapkep MHAMBUAYanbHOM PaamoYyBCTBUTENBHOCTN U paavope-
3VCTEHTHOCTY YenoBeka. PagnaunoHHoe 0bnyHeHne MOXET Kak yBendMBaTb, Tak U yMEHbLUATb CPEAHIO AJIMHY TENOMEp B KNeTKax,
npw 3TOM nokasaTenn AnH OTAeNbHbIX TENOMEP BapbVpyrOT B LUMPOKOM AvanadoHe. OueHka 4acToTbl CBEPXKOPOTKUX U CBEPXAMHHbIX
TeNoMepP MOXKET yKasblBaTb Ha N3MEHEHVS PeNIMKaTVBHOMO MOTeHLMana KNeTok 1 Ha paanaLmoHHO-UHOYLIMPOBaHHbIE HapyLLEHNSt reHoMa.
Lenb. V3yuntb oTHOCUTENBHYIO ANMHY Tenomep metogoM Q-FISH y obny4eHHbIX nvL, a TakxXe BbISBUTb Y HUX OO0 CBEPXKOPOTKMX
N CBEPXANMHHbBIX TENOMEPHBIX YHaCTKOB XPOMOCOM.
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OPUTNMHAJIbHASA CTATbA | PAQBUOBNONOINA

Martepuanbl n metofbl. liccnegosaHne NpoBeAeHO C ydacTnem 43 OOHOPOB-O000POBOMbLER (KEHLUMH) PasnNYHbIX BO3PACTHbIX rpynmn
(21-28, 60-67, 71-83 roga). Ha nepBom aTane B KOHTPOJIbHOWM rpynne NpoBeAeHO NCCNefoBaHe 3aBUCUMOCTU OTHOCUTESNIBHON OJNHbI
Tenomep oT Bo3dpacTa. [JoHopbl 6biiv padaeneHsl Ha rpynnbl: Maagwas (n = 4) — He noaBepraBLUMecs 00nyHeHUIO XXEHLLVHBI B BO3pacTe
21-28 neT; cpeaHas (n = 12) — »eHLmHbl B Bo3pacTe 60—67 neT; ctapuias (n = 5) — »eHLwmHbl B Bo3pacTe 71-83 roga. Ha Il atane y go-
HOPOB (N = 5) cTapLuel Bo3pacTHOM rpynbl 6bi1 onpeaeneH pedepeHc cpeaHer anuHel Tenomep. Ha lll atane, yu4nTbiBas ycTaHOBEHHbIE
pedepeHCHble 3Ha4eHNS, N3ydanu AMHY Tenomep y 06/1yHeHHbIX NnL (1 = 22), B TOM Y1Ce B 3aBUCUMOCTM OT BO3pacTa 1 403bl 06/1yHeHNs
KpacHoro kocTtHoro mosra (KKM). LintoreHetmndeckme npenapatbl nosy4an CornacHo NPOTOKOY, KOTOPbIN BKIIKOYAET KyNbTUBUPOBaHWE
KNIETOK [0 cTagum Metadasbl, MMNoTOHNYECKYD 00paboTKy, durkcaumio MeTadasHbIX MIacTUHOK 1 MoyYeHne npenapaToB XPOMOCOM.
dnyopecLieHTHas okpacka TefioMep nposoamnack 3oHgamu (DAKO, [aHurs) B COOTBETCTBUN C MPOTOKONOM NpondsoanTens. B paboTe nc-
nonb30Basv CTaHAAPTHbIE METOLb! OMNCATESNBHON 1 CPABHUTENBHON CTATUCTUKU.

Pesynbratbl. Y 06ny4eHHbIX NWL MeavaHHas AnnHa TenoMep CTaTUCTUYECKM 3Ha4MMO Bblle, Yem B rpynne cpasHeHns (10,3% npoTtuns
5,8%, p = 0,0001), Nnpy 3TOM y HUX CHI>KEHA YacTOTa CBEPXKOPOTKMX Tenomep (1,6% npotns 5%) v noBbilleHa YacToTa CBEPXAMHHbBIX
(19,5% npotne 5%, p < 0,0001). MiccnenoBarne METOAOM «CllyHan — KOHTPOSb» MOATBEPANIO AaHHYIO 3aKOHOMEPHOCTbL AN NLL CO cpef-
Hel 1 Bblcokol fo30o1 06ny4eHns KKM. Habntoaanock CTaTucTUHeCKN 3HA4YNMMOE CHIDKEHVE MeMaHHOM AIMHbI TeNoMep B rpynne JOHOPOB
C BbICOKOW 0301 0651y4eHns KKM oTHocuTenbHO nnl co cpegHummn godamm (11,9% npotme 10,6%, p = 0,0001). C yeenndeHnem o3sbl 06-
nydeHnss KKM 4acToTa CBEPXKOPOTKIMX TENIOMEP dKCMOHEeHLIManbHo ymeHblianack (R? = 0,23, p = 0,0036).

BbiBogbl. OTMEYEHO CHUXEHNE OTHOCUTENBbHOW ASIMHBbI TENOMEP Y HeobyyYeHHbIX L C yBenn4eHneM Bo3pacTa, B rpymnne Monombix
OoHOopoB 20-28 neT MeamaHHoe 3HadveHne anvHbl Tenomep coctasuno 31,0%, B rpynne 60-67 net — 13,0%, B rpynne 71-83 roga —
5,8% (p = 0,0001). PetbepeHcHOe 3Ha4eHre CBEPXKOPOTKMX TeloMep a4 Bo3pacTHom rpynnel 71-83 roga coctasuno 0-0,7%, a ceepx-
OANHHBIX — OT 25,6% 1 Bbilwe. Y 06ayYeHHbIX L, MeanaHHas AnvHa TenoMep CTaTUCTUHECKM 3HaYMMO Bbille, YeM B rpynne CpaBHeHus
(o =0,0001). Y 061yHeHHbIX L, CHUXKEHa YacTOTa CBEPXKOPOTKIMX TENIOMEP 1 BbiLLE YacTOTa CBEPXA/IMHHbBIX TENOMEP OTHOCUTENBHO rpyn-
Mbl cpaBHeHWs (o = 0,004). OTMedeHa HeENMHENHAsSH PErPECCUOHHAs 3aBUCUMOCTb HaCcTOTbl CBEPXKOPOTKNX TENIOMEP OT A03bl 0ONydHeHNs
KKM: ¢ yBennyeHvemM 0o3bl 061yHeHrs YacToTa 3KCMNOHEHLManbHO YMeHbLLIAEeTCS.

KnioyeBble cnosa: TenoMepbl; AJMHa TesloMep; KOPOTKME TefloMepbl; AMVHHbIE TeNOMEPbI; MEHLLMHbI, XPOHUYEeCKoe paanaLyoHHoe
BO3[ENCTBYE; peka Teda

Ons untnposaHus: Kpusollanosa A.B., AxmanynnuHa HO.P. OueHka 4acToTbl CBEPXKOPOTKNX U CBEPXAIMHHBIX TENOMEP Y XPOHUYECKM
00Ny4YeHHbIX XXEHLLWH. MeauimHa aKkcTpemasibHbix cuTyalmi. 2026;28(1):69-78. https:/doi.org/10.47183/mes.2025-384

durHaHcupoBaHue: paboTa BbiNOMHEHA B paMkax rocyaapcTeeHHoro 3agaHnsa defepanbHoOro Meamko-buonorndeckoro areHtctea «OT-
JaneHHble LUMToreHeTn4eckme apdeKTbl XPOHNYECKOro 0bydeHns y xuntenen KOxxHoro Ypana» (Ne 388-03-2025-085, wndp: «LlnToreHe-
TUYHECKNE 3P MEKTDI).
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INTRODUCTION

According to current understanding, telomeres are es-
sential terminal regions of chromosomes that perform
a multitude of functions, with the primary one being the
maintenance of genomic integrity. It has been noted that
telomere length varies widely not only among individuals
but even within a single cell and across chromosom-
al pairs, which can be explained by uneven telomere
shortening [1, 2]. This phenomenon of telomere length
distribution along the arms of individual chromosomes
is referred to as the “chromosomal telomere profile” [3].
The telomere profile can serve as a potential biomarker
for predicting the risk of certain diseases and for as-
sessing the impact of adverse external factors, including
ionizing radiation [4]. Consequently, research aimed at
studying the influence of radiation exposure on telomere
length is highly relevant. Exposure of individuals due to
atomic bombings in Hiroshima and Nagasaki to doses
conventionally categorized as low (5700 mSv) and high
(over 700 mSv) led to telomere shortening; these altera-
tions persisted even in the long term (50-68 years post-
exposure) in the high-dose group [5]. Conversely, some
studies have reported an increase in telomere length in

exposed individuals, which has been associated with el-
evated telomerase expression [6].

An assessment of relative telomere length in nuclear
industry workers exposed to internal alpha (0.05 Gy;
0.05-0.1 Gy; > 0.1 Gy) and external gamma (1 Gy; 0.1-
1.5 Gy; > 1.5 Gy) radiation found this parameter to de-
crease only after low-dose exposure, for both external
gamma radiation (at doses < 1 Gy) and internal alpha
radiation (at doses < 0.05-0.1 Gy). At higher doses,
this parameter did not differ from the values in the non-
exposed control group [7]. A study involving individuals
chronically exposed at a wide dose range (0-4.7 Gy)
revealed a decrease in relative telomere length under
chronic exposure (0.6-4.7 Gy) compared to the con-
trol group for specific chromosomal arms of meta- and
acrocentric chromosomes. No monotonic decrease in
telomere length was observed for chromosomes within
a single cell or across different arms of the same chro-
mosome [1]. This indicates that telomere length is a dy-
namic structure determined not merely by chronological
age but rather by the combined influence of numerous
endogenous and exogenous factors.

At present, researchers are increasingly addressing
the relationship between telomere length and cell and
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body radiosensitivity [8]. For instance, certain diseases
characterized by clinical hyper-radiosensitivity (ataxia-
telangiectasia, Fragile X syndrome, Fanconi anemia)
were shown to be associated with impairments in tel-
omere maintenance [9]. Investigations into the radiosen-
sitivity of human fibroblasts exposed to X-ray radiation
in vitro demonstrated that cell clones that retained vi-
ability after a 4 Gy irradiation dose exhibited increased
telomere length compared to non-irradiated clones. The
authors advanced a hypothesis that cells with longer tel-
omeres are more radioresistant, and that radiosensitivity
correlates with telomere loss rather than with their aver-
age length [4].

A number of studies have shown that the quantity of
ultra-short telomeres, rather than their average length,
serves as the most informative predictive marker for the
development of certain diseases [10]. For instance, an
association between the frequency of ultra-short telom-
eres and various human pathologies, such as chronic
obstructive pulmonary disease (COPD) and idiopathic
pulmonary fibrosis, has been established [11].

All existing methods for studying chromosome tel-
omeres can be broadly distinguished into two groups:
molecular and molecular-cytogenetic. The molecular-
cytogenetic method of quantitative fluorescence in-situ
hybridization (Q-FISH) on metaphase chromosomes is
the most suitable approach for the individual assess-
ment of telomeric regions. This method employs fluores-
cently labeled peptide nucleic acids (PNA), which spe-
cifically hybridize with denatured telomeric DNA. Using
the Q-FISH method, telomeric regions can be examined
in each chromosome in every cell, since chromosome
karyotyping is performed during the analysis [1].

In this study, we focuse on telomere length in indi-
viduals chronically exposed to a wide dose range due
to residence in radionuclide-contaminated areas, during
long-term follow-up (60-65 years post-exposure). The
radiation exposure was combined: internal, i.e., due to
the intake and accumulation of 8%°0Sr radionuclides in
the body, and external — from y-radiation. The critical
organ for radiation exposure was the red bone marrow
(RBM). Doses to the RBM were predominantly accumu-
lated before 1960 [12].

Table 1. Characteristics of donors at the first study stage

Our aim was to investigate telomere length using the
Q-FISH method in exposed individuals and to identify
the proportion of ultra-short and ultra-long chromosom-
al telomeric regions in this cohort.

MATERIALS AND METHODS
Study design

The study involved 43 female donors from different age
groups (21-28; 60-67; 71-83 years). The inclusion crite-
ria were the absence of a history of autoimmune or on-
cological diseases, and chronic infammatory diseases
in the acute phase. Individuals taking cytostatics or anti-
biotics were excluded. Health status information for the
exposed individuals was obtained from the Database
“Chelovek” (Man); individual doses were calculated using
TRDS-2016 in the Biophysics Laboratory. Information on
cancer history in the examined individuals was provided
by an Epidemiology Laboratory [13].

At the first stage, an investigation of the age-de-
pendence of relative telomere length was conducted in
a control group (donor characteristics are presented in
Table 1). Three age groups of donors were formed:

e younger age group — 4 unexposed women aged

21-28 years (mean age 24 + 2.9 years);

e middle-aged group — 12 donors aged 60-67 years

(mean age 63.8 + 1.8 years);

e olderage group — 5 donors aged 71-83 years (mean
age 76.4 + 5 years).

Although donors from the older age group resided
in radionuclide-contaminated areas, their accumulated
bone marrow dose did not exceed 0.05 Gy over their
lifetime. Consequently, hereafter (in stages Il and Il of the
study), these donors will be referred to as non-exposed
individuals or the comparison group.

At stage ll, the reference for average telomere length
was established in the comparison group. At stage lll,
taking into account the established reference values, tel-
omere length was studied in exposed individuals, includ-
ing analysis based on age and bone marrow dose.

With the purpose of assessing the influence of ioniz-
ing radiation on telomere length, two groups of exposed

Age group of donors
Parameter
younger age middle-aged group older age
Number of donors, N 4 12 5
Age, years, M (min-max) 24 (21-28) 63.8 (60-67) 76.4 (71-83)
Bone marrow dose, Gy 0 0-0.05 0-0.05
Number of telomere region measurements, abs. 4,331 22,311 9,732

Table compiled by the authors based on their original data

Note: age is presented as the mean value along with the maximum and minimum values.
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donors were formed: those exposed to doses ranging
0.14-0.86 Gy (10 individuals aged 69-80 years) con-
stituted the medium-dose exposure group; the high-
dose exposure group comprised 12 individuals aged
71-84 years with bone marrow doses of 1.04-3.1 Gy
(Table 2).

Furthermore, a case-control analysis was conducted
to eliminate the influence of the age factor. To that end,
potential controls for each donor (“case”) from the me-
dium-dose exposure group were selected based on the
criterion of matching the age at the time of examination.
The bone marrow dose was considered the influencing
factor. Four pairs of donors of similar age were formed.
In each pair, one donor had an established accumulat-
ed bone marrow dose ranging 0.61-0.86 Gy, while the
other donor in the pair either had not been accidentally
exposed or had a dose of < 0.05 Gy (Table 3).

For the case-control study within the high bone mar-
row dose range, five pairs of donors of similar age were
selected. One donor in each pair had a dose exceeding

Table 2. Characteristics of exposed donors

1 Gy, and the other donor either had not been acciden-
tally exposed or had a dose of < 0.05 Gy (Table 3).

Methodology for metaphase chromosome
preparation

The subject of the study was the nuclear chromatin of
T-lymphocytes from peripheral blood stimulated with
phytohaemagglutinin (PHA). T-lymphocytes were cho-
sen due to the ease of obtaining the source material and
their sufficiently high concentration. T-lymphocytes do
not divide in peripheral blood and reside in the GO phase
of the cell cycle, representing a naturally synchronized
cell population in the body. Lymphocyte precursor cells
are irradiated directly in the RBM.

Blood was drawn into vacuum plastic blood collec-
tion tubes containing lithium heparin.

The culture mixture was prepared from the follow-
ing components: 2 mL of whole heparinized blood,
5 mL of RPMI-1640 medium (PanEco, Russia), 0.5 mL of

Parameter AII gx'posed Medium doses High doses
individuals 0.14-0.86 Gy 1.04-3.1 Gy
Age, years, M (min—-max) 74.6 (69-84) 73.4 (69-80) 75.7 (71-84)
Number of donors, N 22 10 12
Bone marrow dose, Gy 0.14-3.1 0.14-0.86 1.04-3.1
Number of telomere region measurements, abs. 38,416 18,852 19,564

Table compiled by the authors based on their original data

Note: age is presented as the mean value along with the maximum and minimum values.

Table 3. Characteristics of donors in the case-control study

Pair No. in the Donor age, years Bone marrow dose, Gy Number of measurements, abs.
case-control study case control case control case control
Exposed to medium doses (0.14-0.86 Gy)
1 80 80 0.64 0.003 1,748 1,456
2 74 75 0.8 0.05 3,810 1,458
3 72 73 0.86 0.008 3,208 2,630
4 7 7 0.61 0 1,918 2,744
Exposed to high doses (1.04-3.1 Gy)

1 84 83 1.04 0.03 1,610 1,444
2 81 80 1.25 0.003 1,850 1,456
3 71 7 1.57 0 1,836 2,744
4 73 73 1.93 0.008 1,922 2,630
5 74 75 2.73 0.05 1,840 1,458

Table compiled by the authors based on their original data
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selected fetal bovine serum (PAA Laboratories, Austria).
PHA was added to a final concentration of 20 pg/mL
(PanEco, Russia). Cells were cultured in a CO, incubator
(SANYO MCO-18AIC, Japan) at 37.5 °C for 54 h. Three
hours prior to the end of cultivation, colchicine was
added to achieve the final concentration of 0.1 pg/mL
(PanEco, Russia).

Subsequently, metaphase cells underwent hypo-
tonic treatment, fixation of metaphase plates (using a
3:1 mixture of 95% medical-grade ethanol and glacial
acetic acid), and chromosome slide preparation. For flu-
orescent staining using the Q-FISH method, slides were
treated with RNAse (100 ng/mL) and pepsin solutions,
followed by denaturation of the probe and specimen
DNA. Hybridization was performed in accordance with
the manufacturer’s protocol, which was supplied with
the original reagent solutions.

To assess the length of chromosomal telomeric re-
gions, DAKO probes (Denmark) were used. Centromeric
probes (Metasystems; Germany) were applied to stain
the centromeric region of chromosome 2, which served
as a reference signal. Analysis of fluorescently stained
specimens was performed using an Axiolmager Z2 fluo-
rescence microscope (Zeiss; Germany) equipped with
DAPI and SpO (spectrum orange) filters.

The intensity of the recorded fluorescent signal was
measured using the Isis specialized image analysis soft-
ware. For each subject, 20-30 cells were analyzed.
Results were obtained separately for the short (p-) and
long (g-) arms of each of the 46 chromosomes. Telomere
length was relative, being expressed as a percentage of
the telomeric (T) signal length relative to the centromer-
ic (C) signal length — (T/C%). The method for assessing
telomeric region length is described in detail in [14].

Standard methods of descriptive statistics were used
to process the data obtained, including calculation of the
median, its 95% confidence interval (95% CI), and the
5th and 95th percentiles (%). Confidence intervals were
calculated using a bootstrap procedure with n = 1000
resamples. Intergroup comparisons were performed us-
ing the non-parametric Mann-Whitney U test.

The threshold for ultra-short telomeres was defined
as the value below which the lowest 5% of all telomere
length measurements in the non-exposed group fall.

Similarly, the reference value for ultra-long telomeres
was calculated as all values exceeding the 95th per-
centile of the measurement distribution. The obtained
reference values were used for comparative analysis
with data on the relative telomere length in individuals
exposed at various dose ranges.

When comparing the frequency of ultra-short and ul-
tra-long telomeres in the case-control study and against
the reference value, the x? test was used. Multivariate
analysis was performed to determine the association of
telomere length with age and dose. Spearman’s correla-
tion coefficient and regression analysis were employed
to assess the relationship between the dose and the
number of ultra-short and ultra-long telomeres per indi-
vidual. Statistical analysis was conducted using the fol-
lowing software packages: Past 4.01 (Oyvind Hammer;
UK), Statistica 10 (StatSoft, USA), and SigmaPlot
(SYSTAT Software, USA).

RESULTS

During the study, data on telomere length measure-
ments were obtained for three age groups of non-ex-
posed donors (Table 4).

In the donor group aged 20-28 years, 4331 meas-
urements of telomeric regions were performed. The
minimum recorded telomere length was 0%, the maxi-
mum was 900.0%, and the median telomere length
was 31.0%.

Simultaneously, in the middle-aged donor group
(60-67 years), 22,311 measurements of telomeric re-
gions were performed. The telomere length range (min—
max) was 0—-967.9%, and the median value was 13.0%.
In the donor group aged 71-83 years, 9732 measure-
ments were obtained. The minimum telomere length
was 0%, the maximum was 141.2%, and the median
was 5.8%.

The values for ultra-short telomeres in the younger
donor group ranged 0-6.3%; for donors aged 60-67
and 71-83 years the values were 0-1.8 and 0-0.7%,
respectively. Meanwhile, the ranges for ultra-long telom-
eres were 221.2-900.0% for donors aged 20-28 years,
105.9-967.9% for donors aged 60-67 years, and 25.6—
141.2% for donors aged 71-83 years.

Table 4. Length of chromosomal telomeric regions in non-exposed donors by age (T/C %)

Relative length of

Age group of donors

chromosomal telomeric

regions, T/C %

younger age (21-28 y.o.)

middle-aged (60-67 y.o0.)

older age (71-83 y.o.)

min—-max values 0-900.0 0-967.9 0-141.2
Median 31.0* 13.0* 5.8"

[95% Cl] [28.5-32.6] [12.8-13.3] [6.6-5.9]

5-95% percentiles 6.3-221.2 1.8-105.9 0.7-25.6

Table compiled by the authors based on their original data

Note: * statistically significant differences between groups (Mann-Whitney U test), p = 0,0001; y.0. — years old
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It was established that median telomere length de-
creased with an increase in donor age. Pairwise com-
parison of values in the studied control groups re-
vealed statistically significant differences (p = 0.0001).
Regression analysis demonstrated a statistically signifi-
cant (p < 0.001; R? = 0.07), albeit extremely weak, lin-
ear dependence between relative telomere length and
donor age:

y=861-267x (1)

y — relative telomere length, x — age of the examined
individuals.

For the subsequent analysis of telomere length in
exposed individuals, a reference value of 0.7% was ad-
opted for ultra-short telomeres, corresponding to the
lower bound of the 90% telomere length range in non-
exposed donors aged 71-83 years. Ultra-long telomeres
were defined using the upper bound of the 90% telo-
mere length range — 25.6%.

Table 5 presents the telomere length measurement
data for exposed donors. The comparison group con-
sists of non-exposed donors aged 71-83 years.

It can be seen that the median telomere length for
all exposed individuals was 10.3%, which is statistically
significantly higher than that in the comparison group
(5.8%; p = 0.0001). At the same time, the 90% interval of
telomere length ranged 1.4-56.5%.

Considering the reference value for ultra-short telo-
meres, within the group of exposed donors (0.14-3.1 Gy),
616 telomere measurements were classified as ultra-
short, constituting 1.6% of all measurements. Within the
reference range for ultra-long telomeres, exposed do-
nors had 7491 measurements, accounting for 19.5%.
Thus, exposed individuals exhibited a lower number
of ultra-short telomeres (x> = 397.03; p < 0.0001) and
a higher number of ultra-long telomeres (x> = 1184;
p < 0.0001) relative to the comparison group.

In the medium-dose exposure group (0.14-0.86 Gy),
the median telomere length was 11.9% (min—-max:

0-643.4%). For donors exposed to high doses, the me-
dian was 10.6% (min—-max: 0-332.1%), which is statisti-
cally significantly lower than in the medium-dose group
(b = 0.0001).

Relative to the reference values, the frequency of ul-
tra-short telomeres in donors exposed to medium doses
was 1.3%, and 1.4% in those exposed to high doses
The frequency of ultra-long telomeres was 24% in the
medium-dose group and 19.5% in the high-dose group,
which was statistically significantly different from the val-
ues in the comparison group (p = 0.0001). Thus, in ex-
posed individuals with a high accumulated bone marrow
dose, the frequency of ultra-short telomeres is similar
to that in the medium-dose group. At the same time, in
the former group, the number of ultra-long telomeres is
higher.

The relationship between telomere length, age, and
bone marrow dose was established by a two-factor
analysis (general linear model). A statistically non-signif-
icant model where telomere length in the entire sample
of exposed individuals did not depend on age or bone
marrow dose was obtained.

Table 6 presents data on the pairwise comparison for
the case-control analysis, where the “cases” are individ-
uals with medium (0.14-0.86 Gy) and high (1.04-3.1 Gy)
accumulated bone marrow doses.

In all examined pairs from the medium dose group,
a statistically significant increase in telomere length was
detected in exposed donors compared to their controls.

In the group of individuals exposed to high doses,
a statistically significant increase in telomere length in
exposed donors compared to their controls in four out
of five pairs was found. In Pair No. 1, a statistically sig-
nificant decrease in telomere length was observed in the
exposed donor relative to their control. However, in this
specific case-control pair, the frequency of ultra-short
telomeres did not differ from the control values (0.8% vs.
0.7%; x? = 0.03; p = 0.86), while the frequency of ultra-
long telomeres was significantly lower (1.4% vs. 2.9%;
¥ = 8; p = 0.005) (Table 7).

Table 5. Length of chromosomal telomeric regions in exposed donors (T/C %)

Groups of exposed donors

Relative length of chromosomal
telomeric regions, T/C % All d individual Medium doses High doses
exposedindividuals (0.14-0.86 Gy) (1.04-3.1 Gy)
Min—max values 0-643.4 0-643.4 0-3321
Median 10.3 1.9 10.6
[95% CI] [10.2-10.4] [11.7-121]* [10.4-10.8]
5-95% percentiles 1.4-56.5 1.6-61.7 1.4-57.7
Share of ultra-short telomeres, % 1.6 1.3 14
Share of ultra-long telomeres, % 19.5 24* 19.5

Table compiled by the authors based on their original data

Note: * — statistically significant difference from the high-dose exposure group, p < 0.0001.
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Table 6. Pairwise comparison of telomeric region length in the case-control study for medium doses (0.14-

0.86 Gy) and high doses (1.04-3.1 Gy)

Relative length of chromosomal telomeric regions, T/C %

Pair No. Mann-
in the case- Min-max Median 5% 95% Whitney

control study U test

case control case control case control case control
Medium doses (0.14-0.86 Gy)
1 0-143.3 | 0-66.2 17.0 35 3.4 0.1 54.5 17.9 p = 0.0001
2 0-2671 | 0-1191 16.9 6.6 3.7 0.06 68.6 32.6 p =0.0001
3 0.13-71.7 | 0-65.8 3.9 3.6 0.8 0.8 16.8 10.7 p = 0.0001
4 0-643.4 | 0-141.2 201 9.9 4.6 1.5 110.5 32.4 p =0.0001
High doses (1.04-3.1 Gy)
1 0.3-50.5 | 0-61.2 4.1 8.1 1.3 1.9 161 23.5 p =0.0001
2 0-121.6 | 0-66.2 124 3.5 3.3 01 36.8 17.9 p = 0.0001
3 0-248 | 0-141.2 271 9.9 5.9 1.5 98.8 32.4 p =0.0001
4 0-227.7 | 0-65.8 8.7 3.6 2.4 0.8 35.1 10.7 p = 0.0001
5 0-174.3 | 0-119.1 1.3 6.6 2.3 0.06 M7 32.6 p =0.0001
Table compiled by the authors based on their original data
Table 7. Frequency of ultra-short and ultra-long telomeres in the case-control study
Pair Ultra-short telomeres, % ) | Ultra-long telomeres, % ) |
No. case control X pree case control X prere
Medium doses
1 0.8 1.1 147.0 <<< 0.0001 31 2.0 460 <<< 0.0001
2 0.5 1 351 <<< 0.0001 33 9.7 294 <<< 0.0001
3 3.3 4 1.7 0.19 1.8 0.2 32.3 <<< 0.0001
4 0.47 1.9 17.8 <<< 0.0001 39 9.7 566.2 <<< 0.0001
High doses
1 0.8 0.7 0.03 0.86 1.4 2.9 8.0 0.005
2 1 1 150 <<< 0.0001 3.2 2 135 <<< 0.0001
3 0.38 19 20 <<< 0.0001 14 9.7 20.7 <<< 0.0001
4 0.4 4 57.2 <<< 0.0001 9 0.2 2277 <<< 0.0001
5 0.5 1 179.6 <<< 0.0001 13.5 9.7 1.2 0.0008

Table compiled by the authors based on their original data

Note: p-value — level of statistical significance of the differences; x2 — Pearson’s chi-squared test.

Table 7 presents the frequencies of ultra-short and
ultra-long telomeres for each case-control pair (based
on reference values) among individuals with medium

and high bone marrow doses.

The study yielded statistically significant data on
changes in the frequency of ultra-short telomeres in three
out of four pairs (p < 0.0001), with the exception of Pair

No. 3 (p = 0.19). At the same time, in all examined pairs,
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the frequency of occurrence of ultra-short telomeres in
exposed donors was statistically significantly lower than
that in the controls. Furthermore, the frequency of ultra-
long telomeres in all pairs of donors exposed to doses of
0.14-0.86 Gy was statistically significantly higher com-
pared to the control group (p < 0.0001).

It can be seen that for individuals exposed in the
dose range of 1.04-3.1 Gy, the frequency of ultra-short
telomeres is statistically significantly lower relative to the
control in four out of five pairs. No statistically significant
differences in the frequency of ultra-short telomeres
were observed in Pair No. 1. Also, in this same pair, the
exposed donor had a lower frequency of ultra-long tel-
omeres compared to the control. In the remaining four
examined pairs, an increase in the frequency of ultra-
long telomeres was observed in exposed individuals
relative to the controls.

Subsequently, for the donors selected into the
case-control study, Spearman’s rank correlation coef-
ficient was used to assess the relationship between the
proportion of ultra-short telomeres and the dose. The
results found no correlation between ultra-long telom-
eres and bone marrow dose; however, a trend towards
a decrease in the frequency of ultra-short telomeres
with an increase in bone marrow dose was observed.
A statistically significant inverse correlation of moder-
ate strength was established between the frequency of
ultra-short and ultra-long telomeres in exposed donors
(r,=-0.654, p = 0.004).

Subsequently, the most suitable regression model
describing the dependence of ultra-short telomere fre-
quency on bone marrow dose was fitted (Figure).

The Figure shows that an increase in dose is asso-
ciated with an exponential decrease in the number of
ultra-short telomeres.

y=43¢e"P[R?=0.23, p = 0.0036], @

y =43¢
R? = 0.23; p = 0.0036

Ultra-short telomere proportion, %
o
1

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Bone marrow dose, Gy
Figure prepared by the authors

Fig. Regression dependence of the percentage of
ultra-short telomeres on bone marrow dose

y — frequency of ultra-short telomeres, D — bone mar-
row dose, Gy.

Thus, it was demonstrated that exposed individuals
exhibit a reduced frequency of ultra-short telomeres and
an increased frequency of ultra-long telomeres relative
to the comparison group. An exponential decrease in
the frequency of ultra-short telomeres with an increase
in bone marrow dose was observed.

DISCUSSION

The present study continues a project investigating
the effects of chronic radiation exposure on chro-
mosomal telomeric regions. As part of this long-term
project, the length of telomeric regions in individual
chromosome pairs in chronically exposed individuals
was examined, and the frequency of inversions involv-
ing telomeric regions and the frequency of telomeric
region loss in metaphase chromosomes from cultured
peripheral blood T cells of exposed residents in the
Southern Urals were assessed [14]. To that end, a
method of fluorescent staining of chromosomal telo-
meric regions was proposed and validated. The use of
the Q-FISH method is justified by its capacity to inves-
tigate telomeric regions in each chromosome within a
donor’s cells. This enables the characterization of the
telomere profile.

The present study is the first of its kind to conduct
an analysis of the influence of both radiation and non-
radiation factors (age) on the frequency of ultra-short
and ultra-long telomeres. The frequency of ultra-short
and ultra-long telomeres in exposed individuals was as-
sessed based on reference values for telomeric region
length, which were calculated for a comparison group
of a similar age range. The reference range for telomere
length in the comparison group (age 71-83 years) was
0.7-25.6%. Telomeres with a length < 0.7% were classi-
fied as ultra-short, while those above 25.6% were clas-
sified as ultra-long.

A statistically significant increase in median tel-
omere length was demonstrated in the group of ex-
posed individuals compared to the comparison group.
At the same time, wide variability in telomere length
was observed in both exposed individuals and the
comparison group, which is consistent with previously
obtained data [1, 15]. This variability may indicate the
circulation of T cells with different replicative ages in
the peripheral blood.

According to the results obtained, in the overall
sample of exposed individuals, the frequency of ultra-
short telomeres was lower, and that of ultra-long tel-
omeres was higher relative to the comparison group.
These findings were further supported by an assess-
ment using the case-control method with age-matched
donors. The presence of longer telomeres in exposed
individuals may indicate molecular-genetic features
associated with either increased telomerase activity
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[16] or epigenetic changes in other enzymes regulat-
ing telomere replication and repair [17, 18], as well as
the selection of more radioresistant cells and the death
of radiosensitive ones [4]. The donor selection criteria
for the cytogenetic study may have also played a role,
since the sample inherently comprised the healthiest
individuals relative to the general population. This is a
necessary selection criterion, since excluded medical
conditions, therapeutic procedures, and medications
can distort cytogenetic data [1].

Furthermore, a statistically significant decrease in
median telomere length was observed in the donor
group with a high bone marrow dose compared to
the group exposed to medium doses. This difference
was primarily associated with a reduced frequency of
ultra-long telomeres in the high-dose group, while the
frequency of ultra-short telomeres remained at the
same level as in individuals with medium doses. At the
same time, the frequency of ultra-long telomeres did
not depend on the bone marrow dose, whereas the
frequency of ultra-short telomeres decreased expo-
nentially with an increase in dose. The presented pat-
terns require further in-depth investigation. Provided
that subsequent studies confirm the relationship
between the frequency of ultra-short telomeres and
radiation dose, this parameter could be used as an
indicator of radiation exposure or a biomarker of cell
radiosensitivity [19, 20].
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