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The results of studying the genotoxic effect of radiation on endometrial cells of irradiated
rats using comet assay correlated with the index of spontaneous DNA degradation.
Studying the genotoxic effect of in vitro irradiation (2 Gy) on human lymphocytes by
means of chromosome analysis and fluorometric assay of nucleoids DNA in irradiated
leukocytes also yielded similar results. Measuring of the biochemical marker holds much
promise as an express method of evaluation of the genotoxic effect of radiation on
mammalian somatic cells.
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Apart from standard methods for evaluation of the
genotoxic effects of radiation (counting of chro-
mosome aberrations, study of DNA breaks, and
micronucleus test), new approaches are now widely
used (comet assay, cytogenetic analysis in com-
bination with fluorescent in situ hybridization, eva-
luation of apoptosis markers, etc.) providing de-
tailed characteristics of changes in the content and
structure of cell DNA. Study of chromosome aber-
rations in cultured lymphocytes is a standard me-
thod of identification of the effect of radiation on
human organism [2,7]. However, this method can-
not be used for large-scale studies because its labo-
riousness and long duration. A more sensitive and
rapid method for studying the sufficient number of
test objects is required to provide statistically re-
liable data on the genotoxic effect of radiation.

Comet assay is used for rapid evaluation of the
genotoxic effect of radiation [7,9]. Study of DNA
nucleoids in blood leukocytes with the antibody-
specific fluorochrome can be used during the early
postirradiation period for rapid diagnostics of radia-
tion injuries in humans and animals [3,6].

Here we compared some standard methods for
evaluation of postradiation genotoxic changes in
mammalian somatic cells with new methods deve-
loped to shorten the time of the study.

MATERIALS AND METHODS

The effect of radiation was studied in 59 female rats
obtained from the Rappolovo nursery [1]. The ani-
mals were divided into 8 groups. Unirradiated rats
served as the control (group 1). Other animals were
subjected to whole-body γ-irradiation in single do-
ses of 0.2 Gy (groups 2-7) and 2 Gy (group 8) on
an IGUR-1 device (137Cs, dose rate 0.4 Gy/min).
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The rats of groups 2 and 8 received no additional
treatment. Group 3 animals received radioprotector
N-acetylcysteine (100 mg/kg through a probe, 5
times a week) starting from the 1st day of the study;
group 4 rats received 50 mg/kg vitamin C (intra-
peritoneally) and 40 mg/kg vitamin E (intravenous-
ly); group 5 animals received subcutaneous injec-
tions of melatonin in a dose of 1 mg/kg; group 6
rats received 100 mg/kg carnosine (intraperitoneal-
ly); group 7 animals were forced to swim 5 times a
week (the duration of swimming progressively in-
creased from 5 to 60 min).

DNA damage in rat endometrial cells was stu-
died 24 h after irradiation. The efficiency of various
methods for correction of radiation damage was
evaluated. A modified comet assay is used to study
the cells of solid tissues [9]. The comet assay is
based on single cell gel electrophoresis and serves
for quantitative evaluation of DNA breaks. After
lysis and electrophoresis of eukaryotic cells embed-
ded in agarose gel, damaged DNA migrates in elec-
tric field toward the anode with the formation of a
comet-like structure (comet head consists of un-
damaged nuclear DNA, while the tail contains dam-
aged DNA). DNA in gel was stained with ethidium
bromide. DNA content was measured using a fluor-
escent microscope. The length of the comet tail
reflects the formation of single-stranded DNA breaks.
In the present work, we counted 100 cells from
each rat. The mean length of the comet tail (MCTL)
was calculated per cell [1]. Genotoxic changes in
cells were also studied by a modified method based
on calculation of the DNA index (DI). DI for endo-
metrial cells from rat uterus was calculated as the
ratio of DNA content (µg/ml) to the number of cells
per ml suspension (not less than 104 cells/ml). The
cells were counted in a Goryaev chamber and stai-
ned with methylene blue. DNA content was measu-
red with a fluorescent dye 4',6-diamidino-2-phenyl-
indole (DAPI, Serva) in a final concentration of 0.1
µg/ml after lysis of the cell suspension under con-
ditions for nucleoid isolation [3]. Variations in DI
are determined by changes in the amount of fluoro-
chrome interacting with DNA in nucleoid formed
during lysis of cells in the presence of EDTA, 2 M
NaCl, and detergent. The structure of DNA in the
nucleoid is similar to its native structure, but lacks
complex-forming, protein, and lipid components,
which facilitates binding of the dye to the substrate.
Changes in the number of dye molecules interacting
with nucleoid DNA after ethidium bromide staining
is determined by relaxation of the polynucleotide
supercoil associated with breaks of pentose phos-
phate chains after irradiation [4]. The measurements
were performed on a Hitachi Model-850 fluoro-

meter at excitation and emission wavelengths of
350 and 450 nm. The ratio of DI for rat uterine
cells (pg/cell) before and after 3-h incubation of the
sample at 37oC was taken as the index of sponta-
neous DNA degradation (S0 index). The relation-
ship between variations in S0 index and MCTL was
evaluated.

In in vitro experiments we used blood leuko-
cytes from 12 men (31-63 years) exposed to low-
dose irradiation during the Chernobyl accident 11
years before the study. For biochemical tests, 1 ml
whole venous blood was 2-fold diluted with Hanks
solution and divided into 2 samples. One sample
was subjected to γ-irradiation with 2 Gy on a Luch-
1 device (60Co, maximum dose 0.45 Gy/min). The
irradiated and unirradiated (control) samples were
incubated at 37oC for 3 h. The cells were lysed for
3-5 min under conditions for nucleoid separation.
Cell DNA content was measured with DAPI using
calf thymus DNA as the standard [6]. DNA content
per leukocyte was calculated and expressed as DI.
The S index was calculated as the ratio between DI
for unirradiated and irradiated samples. This index
served as a criterion for sensitivity of blood cell
DNA to radiation. Biochemical parameters were
compared with cytogenetic indexes of lymphocytes
from the same donors. The blood sample (1-2 ml)
was irradiated with 2 Gy and cultured at 37oC for
48-50 h. Metaphase preparations for the chromo-
some analysis were obtained routinely [2]. The
cytogenetic analysis was performed under a BIMAM
light microscope (LOMO, ×900). The frequency of
chromosome aberrations and number of exchange
aberrations (dicentric and ring chromosomes, acen-
tric fragments) were estimated per 100 cells from
each patient.

The results were analyzed by standard methods
of correlation and regression analysis and Student’s
t test.

RESULTS

The distribution of endometrial cells by phases of
the cell cycle and proliferation index remained prac-
tically unchanged in irradiated rats (0.2 Gy) [1].
MCTL in irradiated rats was much higher than in
control animals (Fig. 1), which reflects the increase
in the degree of DNA damage (i.e., number of poly-
nucleotide chain breaks). Various protective treat-
ments had different effects on these changes. Car-
nosine administration and swimming most signifi-
cantly decreased the genotoxic effect. Regression
analysis with group values of MCTL and S0 index
revealed the relationship between these parameters:
MCTL (µ)=2.70±28.62×S0 (rel. units), p<0.05 (Fig.
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2). Similarly to the comet assay, the proposed me-
thod of measuring S0 index in animal somatic cells
after irradiation and protective treatment allows
evaluation of the degree of DNA damage.

The S0 index characterizes reparation of DNA
breaks in rat endometrial cells after irradiation with
various doses. Previous studies showed that the
number of double-stranded DNA breaks in cells
with different radiosensitivity decreases by 1.8-2
times over 0.5-4 h after X-ray irradiation in a dose
of 2 Gy. This effect not observed after irradiation
in a dose of 0.2 Gy [8]. It was hypothesized that

these changes are associated with the imbalance
between DNA reparation enzymes under conditions
of irradiation with 2.0 and 0.2 Gy. Our results are
consistent with published data. We showed that the
number of breaks in endometrial cells decreases to
the control level 24 h after irradiation with 2 Gy (as
distinct from 0.2 Gy). These changes reflect DNA
reparation.

In vitro study showed that interindividual vari-
ability of cytogenetic indexes for blood lympho-
cytes from Chernobyl accident patients reaches 57-
76% (frequency of chromosome aberrations) and
30-42% (number of exchange aberrations). Correla-
tion and regression analysis of individual cytogene-
tic and biochemical markers of radiosensitivity (0.50-
1.77 rel. units) revealed a strong positive correla-
tion between variations in the number of exchange
aberrations and S index: Ndic+ring(%)=33.5+5.7×S
(rel. units); R=0.542>R95%=0.497 (Fig. 3). The S
index did not correlate with the number of acentric
fragments and frequency of chromosome aberrations.

Comparative study of individual parameters in
2 age groups of Chernobyl accident patients (31-
44 and 45-63 years) showed that evaluation of
postradiation genotoxic changes by biochemical
and cytogenetic methods yields similar results. No
intergroup differences were found in the S index
(1.02±0.12 and 1.10±0.21, respectively) and frequ-
ency of unstable chromosome aberrations (39.6±2.3
and 40.6±1.4, respectively). These data show that
an in vitro study of postradiation genotoxic chan-
ges in human blood cells by the S index and chro-
mosome analysis of dicentric and ring chromoso-
mes yields similar results.

Fig. 1. Effect of irradiation under various conditions on MCTL in
rat uterine cells: intact control (n=7, 1); 0.2-Gy irradiation without
correction (n=7, 2); 0.2-Gy irradiation+N-acetylcysteine (n=7, 3);
0.2-Gy irradiation+vitamins C and E (4); 0.2-Gy irradiation+
melatonin (n=7, 5); 0.2-Gy irradiation+carnosine (n=8, 6); 0.2-Gy
irradiation+swimming (n=8, 7); 2-Gy irradiation without correction
(n=8, 8). n, number of animals. p<0.05: *compared to the control;
+compared to 0.2-Gy irradiation without correction.

Fig. 2. Relationship between the results of the comet assay and
biochemical marker of spontaneous DNA degradation in rat
endometrial cells.

Fig. 3. Relationship between the number of induced unstable chro-
mosome aberrations and biochemical marker for radiosensitivity
of DNA in human blood leukocytes.
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The increase in the degree of DNA damage in
endometrial cells upon exposure to low-dose radia-
tion can be estimated by the comet assay or cal-
culation of the S0 index (biochemical marker for
spontaneous sensitivity of cell DNA). High fre-
quency of unstable chromosome aberrations in hu-
man leukocytes exposed in vitro to 2-Gy irradiation
correlated with the increase in the S index (bioche-
mical marker for induced DNA damage). Both bio-
markers allowed us to study DNA damage. It should
be emphasized that biochemical markers and num-
ber of chromosome aberrations reflected DNA dam-
age in blood leukocytes and mitogen-stimulated
lymphocytes, respectively. We conclude that the
proposed biochemical markers may be used for
evaluation of the genotoxic effect of radiation in vivo
and in vitro. S0 index can be used in preliminary
screening of biologically active compounds preven-
ting the genotoxic effect of low-dose radiation.

Most genotoxic tests for mutagenic or antimu-
tagenic activity of chemical compounds and other
treatments take long time. For example, chromo-
some aberrations are studied for several days. The
cells should be incubated for at least 48 h to per-
form an in vitro evaluation of genotoxicity (Ames
test with salmonellae/microsomes; micronucleus

test with cultures of primary rat hepatocytes or
plants) [5]. The time of the comet assay varies from
8 h to 1 day. The S index is calculated over 4 h.
The proposed biochemical marker may be used for
rapid control of genotoxicity and screening of com-
pounds by biological activity.
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