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Abstract—Radiosensitivity to low and medium doses of X-ray radiation and the ability to induce a radiation
adaptive response (RAR) of lymphocytes during in vitro irradiation of peripheral blood of patients with can-
cer were studied. The criterion for cytogenetic damage was the frequency of micronuclei (MN) in cytochala-
sin-blocked binucleate lymphocytes in culture. It was found that the spontaneous level of cytogenetic damage
in the lymphocytes of patients was 2.6 times higher than in healthy volunteers, and there was also significant
interindividual variability in values compared to the control cohort. There were no differences in mean values
for radiosensitivity to low and medium doses of X-ray between the study groups. There was no correlation
between the spontaneous level of MN in lymphocytes and the radiosensitivity of individuals in both groups.
RAR was induced with the same frequency and to the same extent in lymphocytes from both patients and
healthy individuals.
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In recent years, the clinical application of a number
of specific non-target effects that were discovered in
the studies of the effect of low doses of radiation on
living objects has been actively studied [1]. The most
interesting of them is the phenomenon of radiation
adaptive response (RAR), which manifests itself in the
fact that preliminary irradiation of biological objects
with low doses of ionizing radiation increases the
body’s resistance to subsequent exposure to high dam-
aging doses of radiation or other genotoxic substances
[2]. The ability to induce RAR was demonstrated at
the organismal level in vivo in representatives of
almost all taxonomic levels of the fauna and f lora.
Since the induction of RAR reduces damage by
40−75%, which is comparable or superior to the effec-
tiveness of modern chemical protectors, many
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researchers consider RAR as an approach to increase
the overall resistance of organisms not only to adverse
environmental factors, but also to protect healthy tis-
sues and organs during radiotherapy of cancer, diabe-
tes mellitus, and modulation of inflammatory
immune reactions in acute and chronic diseases of the
musculoskeletal system and immunodeficiency states
[3]. Previously, using SHK mice, we selected condi-
tions for the induction of RAR, which was retained
throughout the life of the animals and led to a decrease
in the spontaneous level of cytogenetic damage associ-
ated with aging, which indicated epigenetic changes
that led to an increased genome stability [4]. In this
regard, research into the mechanisms and patterns of
RAR induction in humans in vivo and in vitro is
actively continued. A number of studies performed
mainly on healthy donors showed a large individual
variability in the recorded parameters and dependence
on genetic and epigenetic factors [1]. There are quite
few publications on the possibility of inducing RAR in
patients depending on the diagnosis, because only the
level of spontaneous damage or radiosensitivity of cells
is usually studied. To date, it has been shown that
increased levels of these indices are observed in cancer
patients, residents of areas with increased background
radiation, and employees of enterprises working with
radioactive materials [5, 6]. In studies of individual
human radiosensitivity, the number of micronuclei
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Fig. 1. Values of the spontaneous frequency of CBBLs with
MNs in healthy subjects and cancer patients. Data are pre-
sented as the median and the interquartile range. The dif-
ferences between the groups are statistically significant
(*p ≤ 0.00001). 

2

6

8

4

10

Median

25�75%

Interquartile range without outliers

CBBLs with micronuclei, %

0
Control

*

Cancer patients
(MN) in cytochalasin-blocked binuclear lymphocytes
(CBBLs) is commonly used as a biomarker of genomic
instability. This is a sensitive, reproducible, and uni-
fied technique that makes it possible to rapidly assess
the level of chromosomal damage, accumulate indi-
vidual data over several years, and combine and com-
pare results obtained in different laboratories [7].

The purpose of this work was to study the radiosen-
sitivity and the ability to induce RAR in peripheral
blood lymphocytes of patients with cancer as com-
pared to healthy donors.

The study involved 31 patients (24 women and 7 men,
average age 55 years) with cancer in remission: most
women had breast and ovarian cancer, and men had
prostate and thyroid cancer. The control group
included 21 healthy volunteers (13 women and 8 men,
average age 48 years). All participants had no bad hab-
its (smoking or alcohol), adhered to a traditional diet
and lifestyle, and were not subjected to X-ray or CT
examinations for 1 month.

Blood samples (5 mL) were collected from volunteers
in the morning on an empty stomach from the cubital
vein into sterile vials with heparin (10 units/mL). The
study was conducted in accordance with the principles
of medical ethics set out in the “Ethical Principles for
Medical Research Involving Human Subjects of the
World Medical Association” (Declaration of Helsinki
2013) [8].

The radiosensitivity and RAR induction was stud-
ied using in vitro irradiation of whole human periph-
eral blood with X-ray radiation. The blood volume was
aliquoted into 0.5-mL samples in duplicate for the fol-
lowing variants: (1) non-irradiated control; (2) irradi-
ation at a dose of 10 cGy; (3) irradiation at a dose of
2 Gy; and (4) irradiation according to the RAR scheme
(first at an adapting dose of 10 cGy and then after 5 h
at a revealing dose of 2 Gy). The radiation doses were
selected on the basis of the results of our previous
studies of RAR induction in mice and lymphocytes
from healthy donors [9]. Blood samples were trans-
ported (for ~1 h) and irradiation was performed at
room temperature, since earlier, when determining
cytogenetic damage in blood cells, we showed that the
radiosensitivity of lymphocytes irradiated at 37°C and
20°C in similar doses does not depend on the tem-
perature of storage and irradiation of samples [10].
Irradiation of blood samples was performed for 20–
120 s using the RUT instruments as a source of X-ray
radiation (200 kV, 2 keV/μm, 1 Gy/min; Radiation
Sources Core Facility, Institute of Cell Biophysics,
Russian Academy of Sciences, Pushchino).

Cells were cultured and cytogenetic samples of
lymphocytes were prepared using the generally
accepted method of Fenesh [11]. The criterion for
damage was the frequency of MNs in CBBLs. In ana-
lyzing MNs in CBBLs, we used the criteria described
in [7]. At least 500 CBBLs were counted for each
experimental point for an individual donor.

Statistical differences between groups were
assessed using the nonparametric Mann–Whitney
U test. The degree of variation of values within the
group was determined using the coefficient of varia-
tion. Pairwise correlation analysis was performed
using Pearson correlation coefficients.

Figure 1 shows the spontaneous frequency of MNs
in CBBLs of cancer patients and healthy donors.

Individual frequencies of MNs in the control group
were in the range 0.50−2.80%; in the group of
patients, 1.95−7.30%. The average value of the spon-
taneous level of cytogenetic damage in cancer patients
was 2.6 times higher than that in the control group. In
addition, in the group of patients, significant individ-
ual variability in values was observed compared to the
cohort of healthy donors. The average values of
CBBLs with MNs in patients significantly exceeded
the average values in healthy donors (4.07 and 1.57,
respectively); the median values in the groups also
differed significantly (3.5 and 1.4, respectively).
Increased and comparable spontaneous levels of MNs
in CBBLs were detected not only in cancer patients
but also in patients with diabetes mellitus, thyroid dis-
eases, in nuclear industry employees who received a
dose of ~20 cGy as a result of chronic irradiation, as
well as in medical personnel of X-ray rooms and those
working with diagnostic radionuclides [12]. A long-
term interlaboratory study of 7000 individual values of
spontaneous MN levels in CBBLs showed that, for
apparently healthy persons of different ages, the values
are in the range of 1−6% [13]. In this and other studies
using counting chromosomal aberrations, it was not
possible to demonstrate the correlation between the
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Fig. 2. The number of CBBLs with MNs in healthy sub-
jects and cancer patients after X-ray irradiation at a dose of
10 cGy. Data are presented as the median and the inter-
quartile range.
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Fig. 3. The number of CBBLs with MNs in healthy sub-
jects and cancer patients after irradiation at a dose of 2 Gy.
Data are presented as the median and the interquartile
range.
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increase in the spontaneous level of damage in lym-
phocytes and person’s age, as well as smoking or living
in unfavorable environmental conditions. However,
an increased spontaneous level of MNs in CBBLs
(closer to the upper limit of normal) in individuals was
correlated with the risk of inducing cancer [14].

Figure 2 shows the average number of MNs (after
subtracting the spontaneous background values) in
lymphocytes after irradiation at a dose of 10 cGy. Indi-
vidual values of the number of MNs in lymphocytes in
the control group were in the range 0.7−8.63%; in the
group of patients, 1.2−6.67%. The within-group vari-
ability of values in the groups was similar.

The average radiosensitivity in cancer patients
(2.04) did not differ from healthy donors (2.28). The
median values in the groups were similar (1.42 and 1.7).
Low-dose radiation exposure simulates the sensitivity
of individuals to radiation loads associated with envi-
ronmental pollution, occupational activities, as well as
CT scanning, mammography, and other X-ray exam-
inations, the use of which in diagnostics has increased
manifold over the past decade. We have previously
shown that, in patients with secondary immunodefi-
ciency syndrome, the radiosensitivity of lymphocytes
to a dose of 10 cGy also did not differ from that in
healthy donors, but the median values in immunode-
ficiency donors were twice higher [15].

Figure 3 shows the number of MNs (after subtract-
ing the spontaneous background) in lymphocytes irra-
diated at a dose of 2 Gy in patients and healthy sub-
jects. Individual values of the number of MNs in lym-
phocytes were in the range 5.50−26.10% in the control
group and 5.00−31.91% in the group of patients,
whereas the within-group variability of values in both
groups was the same. The average values of CBBLs
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with MNs in cancer patients and apparently healthy
individuals did not differ significantly and were 16 and
14.13, respectively. The median values in the groups
were similar (15.34 and 11.94, respectively).

The development of personalized medicine, the
search for approaches to overcoming the negative con-
sequences of radiotherapy, and the introduction of
hadron therapy make determining the individual
radiosensitivity of patients an extremely relevant task.
Most studies use doses of 1–2 Gy, which, according to
dose dependences obtained on human lymphocytes
using cytogenetic methods, characterize the cellular
response that is the result of the action of stress-
induced DNA repair systems and cell death. The
absence of a difference in radiosensitivity in the cancer
patients studied by us indicates that DNA damage
repair systems were not disturbed after irradiation at a
dose of 2 Gy. Analysis of the data obtained also
showed that there was no correlation between the
spontaneous level of MNs in CBBLs and the radio-
sensitivity of individuals in both groups. In [16], it was
shown that the radiosensitivity of human lymphocytes
after irradiation in vivo and in vitro at doses up to 3 Gy
was the same, which makes it possible to consider irra-
diation of whole blood as an adequate test system for
determining individual radiosensitivity. Since periph-
eral lymphocytes are distributed throughout the body
and are in constant circulation, the studied index
demonstrates the degree of damage to the most sensi-
tive cells of normal tissue at a dose equal to a single
fraction of irradiation during radiotherapy of tumors.
Published data on the radiosensitivity of patients
depending on the type and stage of cancer are discrep-
ant: a decrease, an increase, or no changes relative to
healthy subjects were shown, and a high variability of
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Fig. 4. The number of CBBLs with MNs in healthy sub-
jects and cancer patients after irradiation according to the
RAR scheme (10 cGy + 2 Gy). Data are presented as the
median and the interquartile range. 
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values was observed [17, 18]. Data on the correlation of
the spontaneous level of cytogenetic damage with the
radiosensitivity of lymphocytes in vitro are also con-
tradictory, which is associated with individual vari-
ability and the difficulty of selecting adequate cohorts
for comparison.

Figure 4 shows the average values of MN levels in
lymphocytes of healthy donors and patients after
sequential irradiation first at a dose of 10 cGy and
then, 5 h later (the time required for the development
of RAR), at a dose of 2 Gy. As in the case of a single
irradiation with low and therapeutic doses, a signifi-
cant individual scatter was observed in the groups: in
the control group, the values were in the range
4.20−26.00%; in the experimental group, 6.10−31.70%.
The variability of values did not differ in both groups,
and no significant differences in radiosensitivity were
detected. The average values of CBBLs with MNs in
cancer patients and healthy donors were similar (12.87
and 11.37, respectively). The median values in the
groups were 11.17 and 9.2, respectively, which differed
significantly from the corresponding values after
exposure to X-ray at a dose of 2 Gy only.

On the basis of the data obtained, we calculated the
value of RAR using to the formula RAR = ((D1 – D0) +
Table 1. Frequency of radiation responses in human lymphoc

Group N
Adaptive response, 

reliable unrel

Healthy donors 21 62 2

Cancer patients 31 65 2
(D2 – D0))/(D1+2 – D0), where D1 is the number of

MNs in lymphocytes after irradiation at a dose of
10 cGy; D2 is the number of MNs in lymphocytes after

irradiation at a dose of 2 Gy; D0 is the number of MNs

in non-irradiated lymphocytes; and D1+2 is the num-

ber of MNs in lymphocytes after irradiation at a dose
of 10 cGy + 2 Gy.

Four types of cellular response were analyzed: reli-
able RAR (at values >1.2, since this level corresponds
to the dose reduction factor values of the most effec-
tive chemical radioprotectors [19]), unreliable RAR
(values 1.0−1.2), unreliable (0.8−1.0), and reliable
increase in radiosensitivity (< 0.8) [6].

As can be seen in Table 1, individuals of both
groups had the same frequency of RAR induction, the
maximum value of which was 3.51 in the control group
and 2.56 in cancer patients. The average RAR value
was also the same in both cohorts and was equal to 1.60
in healthy subjects and 1.49 in patients. Previously,
similar results were obtained when comparing healthy
donors and patients with immunodeficiency states
[15], as well as in residents of contaminated areas and
nuclear industry employees [5, 20, 21]. The RAR
value depends on hereditary factors, conditions of
RAR induction, and environmental conditions. The
groups differed only in the number of individuals with
increased radiosensitivity: they were observed only
among patients. We assume that the revealed oppo-
sitely directed response of cells to irradiation accord-
ing to the RAR scheme may also indicate the induc-
tion of genetic instability, which is revealed only after
additional irradiation of lymphocytes at a stress non-
lethal dose or according to the RAR scheme.

The results obtained in our work showed that the
spontaneous level of cytogenetic damage in lympho-
cytes of cancer patients is 2.6 times higher than that in
healthy individuals of the same age. There were no dif-
ferences in radiosensitivity to low and medium doses
of X-ray between groups, and RAR was induced in
lymphocytes of patients at the same frequency and to
the same extent as in healthy donors. These data may
indicate that the processes responsible for the onset
and development of various types of cancer, as well as
subsequent treatment, do not affect the mechanisms
involved in the formation of RAR (in particular, those
associated with the induction of error-free DNA dam-
age repair, which is induced in a narrow range of low
doses of radiation specific to each biological object, as
well as the regulation of apoptosis, which leads to the
DOKLADY BIOCHEMISTRY AND BIOPHYSICS  2024

ytes irradiated according to the RAR scheme (10 cGy + 2 Gy)

% Increased radiosensitivity, %

iable unreliable reliable
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death of the most damaged cells after irradiation with
higher doses). The use in our work of indices that
characterize the individual genetic instability of
human lymphocytes at different levels of oxidative
stress, in our opinion, is useful for understanding the
role of the adaptive potential of patient stem cells in
the long term after therapy and searching for new ways
to protect healthy tissues.
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