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The population dynamics, radiometric data and biochemical parameters (concentrations of total lipids,
proteins, DNA and RNA, activity of succinate dehydrogenase, glucose phosphate isomerase and catalase,
as well as lipid peroxidation level) in the myocardium of the pygmy wood mouse (Apodemus uralensis
Pall., 1811) inhabiting the area of the East Urals Radioactive Trace (EURT) were analyzed. The functionalmetabolic radiation effects as a result external and internal exposure to 137Cs and 90Sr (unweighted total
dose rate 0.04e0.5 mGy/day) are characterized by a reduction in lipid catabolism, mitochondrial
oxidation and antioxidant defense, as well as the activation of anaerobic glycolysis as well as the proteinsynthesizing and genetic apparatus. The data indicate the low efﬁciency of cell energy production and
allow us to state that compensatory myocardial hypertrophy can improve myocardial contractile function. The level of the functional-metabolic response in pygmy wood mice in the EURT area increased with
increasing whole-body radiation dose rate and was more pronounced with a large pygmy wood mouse
population size. The harmful effects (cardiac decompensation stage) of synergies resulting from nonradiation and radiation factors manifest after population abundance above 30 ind./100 trap-day and a
radiation burden above 0.1 mGy/day.
© 2017 Published by Elsevier Ltd.
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1. Introduction
Since the beginning of the 21st century, in the ﬁeld of radiation
protection, the ecocentric principle of environmental protection
against ionizing radiation has been discussed in view of the great
variety of plants and animals that could be exposed to radiation
considering the ever-growing anthropogenic pressure to biota
(Pentreath, 2002). Much of the radiation effects data for nonhuman biota is from laboratory studies and there is a need for
research into the consequences of exposure to radiation and the
associated risks to populations of plants and animals from
contaminated environments. This has been the approach advocated
by the United Nations Scientiﬁc Committee on the Effects of Atomic
Radiation (UNSCEAR, 2008), consistent with the International
Commission on Radiological Protection (ICRP, 2008).
On September 29th, 1957, 74 PBq of radioactive wastes were
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released into the environment as a result of the accident at the
Mayak Plant (Southern Urals, Russia). As a result, a vast territory
(about 20,000 km2) was contaminated. The radioactive contamination zone was called the East-Urals Radioactive Trace or EURT
(UNSCEAR, 1993). In 1967, the same area was subjected to a secondary contamination resulting from the transport of radioactive
sediments by the wind from the Mayak technological reservoir,
Lake Karachay. Today, the main dose-forming radionuclides in the
EURT zone are the b-emitters 90Sr and its daughter 90Y and the b/gemitter 137Cs, with a speciﬁc activity in the soil two orders of
magnitude lower than that of 90Sr þ 90Y. Although many years have
elapsed since the accident, the contemporary radiation situation
remains elevated over the natural regional background and is
mostly determined by long-lived 90Sr that has been concentrated in
the upper layers of the soil (Molchanova et al., 2014). The increased
radionuclide contents in the environment pose a potential danger
to the local biota.
In this paper, we present a study of functional-metabolic
changes in the myocardium of pygmy wood mice inhabiting the
EURT area. From the standpoint of classical radiobiology
(Yarmonenko, 1984), cardiac muscle ﬁbers are highly resistant to
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radiation because of the low mitotic activity of cardiomyocytes
(CMC). It is believed that most of the damaging effects on the
myocardium are due to the effect of radiation on blood vessel
endothelium, hemodynamic instability and increased of coronary
vascular permeability, leading to damage at the structural and
functional levels (Bandazhevskaya et al., 2004). These lethal effects
are detected at radiation doses of 100 Gy or more in the mouse
heart (Casarett, 1980). The decline in the respiratory activity of the
myocardium and ultrastructural disorders can be attributed to the
effects of 137Cs that are considered from the perspective of the
impact of the cesium ions as the radioactive element and potassium
antagonist (Gritsuk et al., 2002; Kuznetsova et al., 2009). Parameters of mitochondrial oxidation and the ultrastructure of the
myocardium in white rats were studied on a background of the
consumption of food supplemented with 137Cs at 60 or 600 Bq/kg
(calculated doses were 1.5 and 15 mGy, respectively). Ultrastructural
ﬁndings included swelling of mitochondria, matrix clariﬁcation, a
partial reduction in the number of crists, and myelin-like bodies in
the matrix. Considerable nucleus structural polymorphism was also
observed with extension of the perinuclear space, spotted distribution of chromatin and modiﬁcations to the myoﬁbril structure.
These morphofunctional changes can be considered a reﬂection of
apoptosis associated with the activation of peroxidation (Gritsuk
et al., 2002). To a large extent, the changes in cardiomyocytes in
animals from the radioactively contaminated areas resemble
changes associated with the stress response and aging processes
(Kudyasheva et al., 2004; Bulanova et al., 2008).
Given the fact that we are dealing with exposure to ionizing
radiation in the environment, ecological factors may be able to
modify radiation-induced biological effects (Kudyasheva et al.,
2007; Petin and Jin Kyu Kim, 2014). For mouse-like rodents, a signiﬁcant stress factor is high population abundance (Christian, 1963;
Rogovin and Moshkin, 2007). In this context, the study of the patterns and the mechanisms of the radiation effect with the simultaneous inﬂuence of population overabundance is particularly
important. This allows for an adequate estimation of the role of
radiation and the determination of the permissible level of irradiation in a population with respect to the speciﬁc radioecological
situation.
The aim of this study was to analyze, while taking into account
population abundance and the whole-body radiation dose rate, the
functional-metabolic changes in the myocardium of the pygmy
wood mouse (Apodemus uralensis Pall., 1811) located in the EURT
zone.
2. Materials and methods
Animal experiments were conducted at the Institute of Plant &
Animal Ecology UB RAS (Russia) and approved by the local ethics
committee.

representative of the background in the Urals (0.3e3 kBq  m2)
(Molchanova et al., 2014), and the 90Sr speciﬁc activity in the bones
of the reference mice was within the range of 0.2e0.6 Bq  g1
(Starichenko et al., 2014).
Characterization of the trapping plots (periods of capture, relative abundance of mice, biotopic screening) is shown in Table 1. The
pygmy wood mouse (Apodemus uralensis Pallas, 1811) is one of the
most numerous species of small mammals inhabiting the anthropogenically transformed areas of the Ural region (wheat ﬁelds,
forest plantations, fallow ﬁelds, gardens, areas transformed by
chemical pollution, etc.) (Nurtdinova and Pyastolova, 2004;
Mukhacheva et al., 2010). Similarly, on the ruderal meadow in the
EURT area, this rodent is the most numerous of the small mammal
fauna (Grigorkina et al., 2008). In the EURT area, pygmy wood mice
can reach high numbers in birch groves if there are tier shrubs or
dwarf shrubs (rose, cherry, raspberry) present. As controls, we used
animals (reference mice) caught in similar habitats located in areas
with a background level of radiation contamination.
In this study, immature mice aged 1e4 months and weighing
more than 10 g were used. The age of mice was determined based
on analysis of the generative and dental systems (Klevezal, 2007). A
total of 113 individuals were collected from the radionuclide
contaminated area and 70 individuals were collected from the
control (reference) sites.
2.2. Trapping methods and the method of calculating the relative
abundance of the pygmy wood mouse
Animals were trapped in accordance with generally accepted
methods (Karaseva et al., 2008). Live-mouse traps with standard
bait (bread and sunﬂower seed oil) for trapping rodents were used.
The traps in groups of 10e25 units were placed in a line at a distance of 3e5 m from each other for a period of 2e10 days. The trap
line length was restricted so that the line was located within a
homogeneous plant association. Two days of trapping were enough
to determine the relative abundance of animals.
The relative abundance was calculated using the formula:
N ¼ (I/2  T)  100

(1)

where N is the relative abundance of animals, I is the number of
pygmy wood mice collected in the ﬁrst two days after setting the
traps and T is the number of traps in the line. Thus, the relative
abundance for each line of traps was calculated and is represented
as ind./100 trap-day.
Based on our own observations and the long-term monitoring of
mouse-like rodent populations in the EURT zone (Grigorkina et al.,
2008; Grigorkina and Olenev, 2013), an abundance of animals from
1 to 15 ind./100 trap-day was considered a small population size,
from 15 to 30 ind./100 trap-day was a medium population size, and
above 30 ind./100 trap-day was considered a large population size.

2.1. Study locations and aims of the study
2.3. Methods of the biochemical studies
Samples from control (reference) plots and radionuclide
contaminated (impact) plots were obtained in the course of trapping the pygmy wood mouse populations in the Southern Urals in
July-October of 2010e2014. The impact study plots were located on
the southwestern shore of Uruskul Lake (55 490 N, 60 530 E), 20 km
from the epicenter of the accident at the Mayak plant (Fig. 1). The
density of soil contamination with 90Sr in that location is 3.3e22.3
MBq  m2 (Atlas of the East Ural…, 2013). The reference (control)
mice were caught in three areas located beyond the EURT zone,
namely in Chelyabinsk Oblast (55 470 N 61220 E) and Kurgan
Oblast (54 220 N, 64 290 E; 54 470 N, 66 270 E). The level of soil
contamination with 90Sr in the reference regions was

Animals were killed by fracturing the cervical vertebrae upon
collection at the trap site. Within 15 min after death, the myocardium was weighed and frozen in liquid nitrogen. The biosamples
were transported to the laboratory in a dewar, then stored in a
freezer at a temperature of 80  C until further biochemical
analysis.
During our biochemical studies, we measured the concentrations of total lipids, protein and nucleic acids (DNA, RNA) and
analyzed the activity of three enzymes, i.e. succinate dehydrogenase (SUCDH, EC 1.3.99.1), glucose-6-phosphate isomerase (GPI, EC
5.3.1.9) and catalase (CAT, EC 1.11.1.6). The level of lipid peroxidation
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Fig. 1. Trap placement. Left - trapping plots on the territory of EURT. Isolines show territory with contamination density 90Sr (kBq  m2) according to (Atlas of the East Ural...,
2013). Right - layout of the impact and reference areas. It shows the boundaries of the Russian Federation (RF) and Kazakhstan, and the location of the regional centers of the RF.

Table 1
Characterization of trapping plots: periods of capture, relative abundance of mice, biotopic screening.
Area Plots of Year of Month of Relative abundance of
trapping trapping trapping mice, ind./100 trap
eday

Sample size for
biochemical
analysis, n

Characteristics of the biotope in which the animals were caught

EURT 1

2012

12

7

2

2011
2012
2014
2011
2012
2011
2012
2011
2012
2012

38
48
2
32
30
12
50
4
10
8

23
7
1
21
16
7
3
4
2
2

Thin birch park type with a signiﬁcant amount of decomposed litter. Animal captures
were conﬁned to the wild rose bushes.
Located approximately 500 m west of the lake on the site of the village, after the
formation of EURT resettlement. With the help of earthmoving machinery, all buildings
constructed here were destroyed and buried in specially dug trenches. The vegetation
cover is represented by ruderal areas of the community, with most of the vegetation
comprising bromus inermis (Cirsiumsetosum (Willd.) Bess.), nettle (UrticadioicaL.),
woolly thistle (Bromopsisinermis (Leyss.) and bluegrass (Poasp.). There were 2e5 plots
removed from each other by a distance of 100e300 m.

2012
2014
2010
2010
2010
2010
2010
2011
2012
2012
2012
2012
2011
2012
2012

26
12
11
28
6
17
6
2
24
7
27
65
21
20
4

15
5
11
17
1
3
1
1
4
4
2
12
12
1
1

3
4
5
6

7
Ref. 1 8
9
10
11
12
Ref. 2 13
14
15
16
17
Ref. 3 18
19
20

July

October

August

(LPO) was estimated on the basis of the concentration of secondary
products of LPO reacting with thiobarbituric acid reactive substances (TBARS). We calculated mass ratios (total lipids/protein,
DNA/total protein, total RNA/total protein, total RNA/DNA) as well
as the relative mass fraction of nuclear, mitochondrial, cytoplasmic
proteins.
The myocardium was homogenized in Tris-HCl buffer
(0.025 mol/l, pH 7.4) containing 0.175 mol/l KCl. Nucleic acids (DNA,
RNA) were extracted from tissue homogenates by alkaline (0.3 mol/
l KOH) and acid (0.5 mol/l НСlO4) hydrolysis (Dell’Anno et al., 1998).
The total lipids were extracted from the tissue homogenate with an
ethanol:petroleum ether mixture (2:1).
The division into sub-cellular fractions (nuclear, mitochondrial
and cytoplasmic) of tissue homogenate was carried out using the
Schneider (1948) method. Spectrometric methods were used to
estimate the concentrations of substances and enzyme activity. The
lipid test was carried out using a vanillin solution (Fletcher, 1968),

The vegetation cover is represented by ruderal areas of the community, with most of the
vegetation comprising bromus inermis (Cirsiumsetosum (Willd.) Bess.) and woolly
thistle (Bromopsisinermis (Leyss.).
Birch copse with an admixture of aspen, located at 100e300 m from the lake. Uruskul.
Animal captures are conﬁned to the cherry bushes growing in the area.
Birch-aspen groves with wild rose growing among the meadows and reservoirs. The
distance between the plots was 100e500 m.

Abuttal between an agrocenosises covered with weeds
Border of a meadow steppe and willow shrubs
Border of a wheatﬁeld and meadow steppe
The ravine near a wheatﬁeld.
Border of a mown hayﬁeld and willow shrubs
Waterlogged birch-aspen-willow grove in the ﬁeld
Steppe
Wheatﬁeld

the protein test employed Coomassie Brilliant Blue G250 (Kruger,
2002), the TBARS test used thiobarbituric acid (Buege and Aust,
1978) and the nucleic acid (DNA, RNA) test employed diphenylamine (Dell’Anno et al., 1998). The enzyme activity was recorded
using standard procedures with sodium succinate and 2,3,5triphenyltetrazolium chloride for SUCDH (Kun and Abood, 1949),
glucose-6-phosphate and resorcinol for GPI (Roe and
Papadopoulos, 1954), and H2O2 and ammonium molybdate solution to assess CAT (Gоth, 1991).
2.4. Determining

90

Sr and

137

Cs exposure of A. uralensis

In order to estimate the external exposure of animals to 137Cs
and 90Sr, Tier 2 of the ERICA tool version 1.2.1 (Brown et al., 2008,
2016) was used. We adopted the following model parameters: a
pygmy wood mouse, as a terrestrial mammal, lives 20% of the time
on the ground, and 80% in the upper layer of the soil to a depth of
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10 cm. The size of the animal is 2  2  8 cm. The speciﬁc activity of
90
Sr and 137Cs in the soil layer 0e10 cm from the southern and
western shores of Uruskul Lake was taken from the work of
Molchanova et al. (2009). Plots 6 and 7 (see Fig. 1) were located on
the southern shore of Uruskul Lake and plots 1e5 on the western
shore. The analysis of these results is shown in Table 2.
The 90Srþ90Y speciﬁc activity in the jaw was obtained via nondestructive b-radiometry, as previously described (Malinovsky
et al., 2012). When converting from the b-particle count rate in
the jaw to the 90Srþ90Y speciﬁc activity, we used the formula:
y ¼ 16  x0.78 þ 3

(2)

where y is the speciﬁc activity 90Srþ90Y in the jaw (Bq  g1) and x
is the b-particle count rate, normalized to the wet weight of the jaw
(impulse  s1  g1).
These results have previously been reported in detail
(Starichenko and Modorov, 2013) but, in summary, it was decided
that the 90Srþ90Y speciﬁc activity in the skeleton of a pygmy wood
mouse from the EURT area is 78% of the speciﬁc activity in the jaw,
and the 90Sr speciﬁc activity is half of the total value obtained. The
conversion coefﬁcient linking the skeleton 90Sr activity concentration and the whole-body dose rate received during 1 day is
1.5  106 (mGy/day)/(Bq/kg of skeleton weight) (Malinovsky et al.,
2014).
In the calculation of internal doses from 137Cs, it was accepted
that the geometric average rate of transition to terrestrial herbivorous mammals is 1.5 (IAEA, 2014). The animal internal unweighted
radiation dose for a given speciﬁc activity of 137Cs in the soil is equal
to 0.005 mGy/day for plots 1e5 and for 0.030 mGy/day plots 6 and
7.
2.5. The statistical analysis of the data
The calculations were performed using STATISTICA version 8.0
and STATGRAPHICS version 8.0 software. Mathematical processing
of the data was performed by the analysis of covariance (АNCOVA),
regression analysis and the Mann-Whitney U test (StatSoft, 2012).
The effect of the gender factor on the variability of biochemical
indicators was assessed by the Mann-Whitney U test by comparing
parameters in males and females trapped at one particular plot. The
six trapping plots (plots 9, 7, 3, 2, 17, and 18) used for this comparison were balanced with respect to sexual composition. A signiﬁcant difference between males and females was not found
(Appendix 1). Therefore, it was decided to combine males and females into a single group.
The abundance of A. uralensis in the Ref. 1 area varied from 6 to
28 ind./100 trap-day, from 2 to 65 ind./100 trap-day in the Ref. 2
area, and from 4 to 21 ind./100 trap-day in the Ref. 3 area. To justify
the uniﬁcation of reference mice from geographically remote
trapping plots, a comparison of Ref. 1, Ref. 2 and Ref. 3 was carried
out by АNCOVA (Appendix 2). We used the homogeneity-of-slopes
model to test whether a continuous predictor (abundance of mice,
ind./100 trap-day) has different effects at different levels of a

Table 2
Radiation burden caused by
Plots

1e5
6,7
a

90

Sr and

categorical factor (Ref. 1/Ref. 2/Ref. 3). The interaction effect of
categorical and continuous predictors was not statistically signiﬁcant at p  0.05. No biochemical differences were evident between
Ref. 1, Ref. 2 and Ref. 3. Therefore, it was decided to combine the
reference mice into a single group.
The abundance of mice varied from 2 to 50 ind./100 trap-day in
the EURT zone, and from 2 to 65 ind./100 trap-day in the reference
areas. The dependence of the analyzed biochemical parameters on
the relative abundance of animals was described by a linear
regression equation: y ¼ b0 ± b1  x. For all equations, the 95%
conﬁdence limits for b1 coefﬁcient values, obtained for the study
and reference samples, did not overlap, and the absolute values of
the b1 coefﬁcient in the samples from the contaminated area were
always higher (Appendix 3). To take into account the interaction of
categorical (reference/impact) and continuous (abundance of mice,
ind./100 trap-day) predictors, АNCOVA was used on the basis of the
separate-slopes model.
3. Results
The АNCOVA results on the basis of the separate-slopes model
are presented in Fig. 2 and Table 3. At this stage, we ignored differences in the radiation dose rate at the impact sites.
The myocardium of A. uralensis from the EURT area demonstrated an increase in the concentrations of protein, total lipids,
TBARS, RNA and DNA, as well as higher GPI activity, whereas the
levels of CAT and SUCDH activity were reduced. In addition, a
distinct increase in the RNA concentration, as compared with
changes in the DNA and protein concentrations, led to an increase
in the RNA/protein and RNA/DNA ratios. The same was observed in
the mass ratios in the myocardium of A. uralensis within the EURT
area, where an increase in total lipids/protein and DNA/total protein was found.
The interaction effect of categorical (reference/impact) and
continuous (abundance of mice) predictors was statistically signiﬁcant at p  0.05. Because of this, with a small population size (10
ind./100 trap-day), the level of biochemical shifts in the study
sample ranged from 1% to 36% relative to the reference values,
whereas those from a medium-sized population (20 ind./100 trapday) ranged from 10% to 54%. For large population sizes, the
changes with respect to the reference group of animals were
characterized as 15e69% for 30 ind./100 trap-day, 21e88% for 40
ind./100 trap-day and 106e263% for 50 ind./100 trap-day.
The effect of the unweighted whole-body total (i.e. internal and
external) radiation dose rate assessed for 90Sr and 137Cs on the
biochemical parameters of the impact animals is shown in Fig. 3.
The ﬁgure shows that the description of dependence by a linear
equation is only possible if one ranks the study sample into two
groups according to the population size: from 2 to 26 ind./100 trapday (a) and from 30 to 50 ind./100 trap-day (b). Group b included
mostly individuals trapped on plots 2 and 3, whereas in group a,
individuals were from plots 1, 4, 5, 6 and 7.
According to the regression analysis (Table 4), the 95% conﬁdence limits for the b1 coefﬁcient values obtained for the two

137

Cs in animals trapped within the EURT zone.

Speciﬁc activity of a radionuclide in the soil layer 0e10 cma

External dose rate

90

90

137

Sr

Cs

Sr

Bq  kg1

kBq  m2

Bq  kg1

kBq  m2

mGy/day

35,537
98,210

610
2780

958
5571

27
102

1.06  107
2.90  107

Data are from Molchanova et al. (2009).

137

Cs

0.006
0.035
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Fig. 2. Biochemical parameters of the myocardium for A. uralensis trapped in the control territory (reference) and within the EURT zone (impact) at population abundance equal to
27 ind./100 trap-day computed for covariates at their means; the results of АNCOVA on the basis of the separate-slopes model.
Bars e average mean; whiskers e 95% conﬁdence limit for average mean.

groups do not overlap, while the values of the b1 coefﬁcient were
higher in group (b). Thus, the results demonstrate dose-dependent
functional-metabolic effects in the myocardium of A. uralensis in
the EURT area. These changes were more pronounced in large
populations.
4. Discussion
4.1. Changes in the biochemical parameters in A. uralensis within
the EURT area: description of functional-metabolic myocardial
effects
The total lipid concentration and lipid/protein ratio. An increase
in the lipid concentration and the lipid/protein concentration ratio
in the tissue of mice from the EURT area was observed. This situation may arise if there is an increase in the fatty free acid concentration in cells, which are not part of the lipoprotein complexes
of intracellular structures and accumulate in cytoplasmic lipid
droplets. In the case of the normal cardiac physiology, lipids do not

accumulate because they are spent continuously on the synthesis of
macroergic compounds. In general, lipids provide more than 70% of
the energy required for the contractile activity of myocardial cells
(Weiss et al., 1989). The reason for the “redundancy” of labile fats is
due to limited catabolism and their limited participation in the
energy supply of the CMC.
SUCDH activity. Because of the limited participation of lipid
catabolism products (acetyl-ScoA) in the tricarboxylic acid cycle
(TCA cycle), the SUCDH activity decreased. Taking into account the
fact that SUCDH is located on the inner mitochondrial membrane,
the decrease in the SUCDH activity may also be associated with the
reduced mitochondrial density in the CMC. Accumulating fatty
acyls, which are not used in metabolic cycles, can act as a detergent
on the mitochondrial membrane (Skulachev, 1989). Since 90% of
adenosine triphosphate (ATP) in a normal heart is produced by
mitochondrial oxidative metabolism (Harris and Das, 1991), the
observed decrease in lipid catabolism and activity of a key enzyme
of the TCA cycle will control the state of the energy deﬁcit in the
myocardium of mice from the EURT area.
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Table 3
Univariate tests of signiﬁcant differences for the biochemical parameters of A. uralensis trapped in the reference area and the EURT: the results of ANCOVA on the basis of the
separate-slopes model.
Parameter

(R2)a

SSb
SSВ1

Total lipids concentration
Total lipids/protein ratio
SUCDH activity
TBARS concentration
Catalase activity
Sub-cellular fractions:
nuclear
mitochondrial
GPI activity
Total protein concentration
DNA concentration
DNA/total protein ratio
RNA concentration
RNA/total protein ratio
RNA/DNA ratio

F (1.12)
SSВ2

SSR

FB1

p
FB2

pB1

Percentage changes of biochemical
parameters of the EURT areac
pB2

Population abundance, ind./100 trapeday
10

20

30

40

50

0.83
0.80
0.76
0.47
0.69
0.67
0.75

14087.98
0.124536
3423036
113819
2240.33
3548.98
1945.64

5.96
0.000002
46944
4626
5.99
0.98
36.77

6413.88
0.081826
1401886
170519
1336.23
2383.55
961.42

197.7
136.9
219.7
60.1
150.8
134.0
182.1

0.2
0.0
6.0
4.6
0.8
0.0
6.9

<106
<106
<106
<106
<106
<106
<106

0.683
0.948
0.015
0.028
0.370
0.785
0.009

þ22
þ11
2
þ12
1
þ5
¡16

þ41
þ22
¡15
þ13
¡12
þ11
¡23

þ56
þ32
¡34
þ13
¡24
þ16
¡32

þ78
þ43
¡57
þ13
¡33
þ20
¡44

þ92
þ52
¡87
þ13
¡47
þ24
¡59

0.73
0.77
0.74
0.65
0.72
0.71
0.76

89996.4
38323.4
47.6588
0.000415
30.11706
0.000408
0.326520

431.7
163.0
0.0836
0.000002
0.39569
0.000007
0.005688

72396.4
23773.8
29.3376
0.000329
19.6656
0.000267
0.185889

111.8
144.5
146.2
113.6
137.8
137.4
158.0

1.1
1.2
0.5
1.0
3.6
4.4
5.5

<106
<106
<106
<106
<106
<106
<106

0.301
0.268
0.474
0.305
0.058
0.032
0.020

þ36
þ1
þ12
þ3
þ13
þ5
þ2

þ54
þ15
þ27
þ10
þ43
þ22
þ10

þ69
þ21
þ40
þ15
þ67
þ37
þ17

þ82
þ25
þ51
þ21
þ88
þ51
þ25

þ94
þ30
þ61
þ26
þ106
þ63
þ31

Bold font d biochemical changes from the EURT area are statistically signiﬁcant at p ¼ 0.05.
a
The determination coefﬁcient (1- SSR/SSt) of the ANCOVA.
b
The sum of squares on account: SSВ1 d interaction effect of categorical (reference/impact) and continuous (population abundance) predictors; SSВ2 d effect of categorical
predictor; SSR derrors of prediction.
c ðMEURT Mreference Þ
 100%, where M is average value.
Mreference

TBARS concentration and CAT activity. Despite the reduction in
aerobic ATP synthesis, a part of the LPO induction process (Lenaz,
1998), the TBARS concentration did not decrease and even had a
tendency to exceed the reference level. A reduction in antioxidant
(AO) protection (in particular, CAT activity) is also a factor that
contributes to an increase in LPO products. It plays a leading role in
protecting cells and subcellular structures from the toxic effects of
H2O2 (Eaton, 1991). The buffer capacity of the AO system in a
radioactively contaminated environment is probably not sufﬁcient to
support the process of LPO at the control level. As a consequence, we
observed the preconditions for a progressive imbalance in the LPOAO system and the development of free radical damage to the CMC
as well as structural and functional abnormalities in mitochondria.
Signiﬁcantly, lower antioxidant concentrations (retinol, a-tocopherol and carotenoids) have been observed in blood plasma, liver and
egg yolk of birds inhabiting areas contaminated by Chernobyl
(Møller et al., 2005) dan effect attributed to radiation-induced
oxidative stress. However, the relationship between antioxidant
concentrations and oxidative stress is complex. There is study that
not supports the hypothesis that direct oxidizing stress is a mechanism for damage to organisms exposed to chronic radiation at dose
rates typical of contaminated environments (Smith et al., 2012).
GPI activity was increased in mice from the EURT area. This is
evidence of the increasing role of carbohydrates in energy metabolism. It is probable that this increase has a compensatory function and is associated with a decrease in lipid catabolism. The
increase in the GPI activity against the background level of the SDG
activity was lower than in the reference group. This indicates that
the aerobic oxidation of glucose in the TCA cycle was limited, and
the anaerobic degradation of glucose contributes to the energy
supply system of the myocardium. A similar pattern was revealed
previously in an analysis of bioenergetic processes in the myocardium of voles inhabiting ecosystems with high levels of natural
radioactivity (Kudyasheva et al., 2004). Despite the low efﬁciency of
anaerobic glycolysis in the generation of macroergic compounds
(only two molecules of ATP, while the aerobic oxidation of glucose
produces 38 molecules of ATP), this metabolic cycle plays a leading
role in the mechanisms of the myocardial response to the effects of

external (abiotic and biotic) and internal stress factors (Meyerson,
1981).This is due to the fact that glycolysis at all stages of the reaction of glucose 6-phosphate (GLP) / phosphoglycerate could be
a source of initial substrates for the synthesis of nucleotides and
proteins (Guppy et al., 1993) and, as a result, contributes to the
development of compensatory hypertrophy that improves
myocardial contractile function under conditions of low energy
shift. Taking this into consideration, it can be assumed that GPI
activation in the myocardium of mice from the EURT area is a
precondition for the observed increase in protein and DNA concentrations in metabolic tissue.
DNA, protein concentrations and the DNA/protein ratio.
Myocardial hypertrophy in mammals can be caused by cell division
(proliferation) and an increase in the size of CMC due to polyploidy
and/or an increase in the volume of cytoplasmic structures
 ka, 1996). The protein and DNA concentrations in the
(Shpon
myocardium of animals from the EURT area increased due to the
higher number of cells per unit mass of tissue. An increase in the
DNA/protein concentration ratio, which characterizes the development of CMC ploidy (Anatskaya and Vinogradov, 2004), was
observed in impact samples. It is assumed that cells with excess
genome have a large reserve for the subsequent growth of the
cytoplasm and consequently have an advantage under physiological and pathological stress conditions (Brodskiy et al., 1985). The
inﬂuence of polyploidy is also manifested in the increase of the
expression level of HIF-1a, which helps to maintain the contractile
function of CMC with reduced aerobic capacity (Haddad et al.,
2006; Secades et al., 2009).
RNA concentration, RNA/protein and RNA/DNA ratios. A distinct
increase in the RNA concentration, as compared with changes in
the DNA and protein concentrations, led to an increase in the RNA/
protein and RNA/DNA ratios. This indicates a higher density of RNA
molecules per unit mass of protein and DNA, which allows us to
suggest a high intensity of development of the protein-synthesizing
system in CMC in mammals from the EURT area.
In this way, the complex of revealed changes in the biochemical
parameters of A. uralensis from a radioactive contaminated area
allows us to assume the development of compensatory myocardial
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Fig. 3. Effect of the whole-body radiation dose rate on biochemical parameters in A. uralensis within the EURT area in two groups according to the population abundance: from 2 to
26 ind./100 trap-day (a) and from 30 to 50 ind./100 trap-day (b).
X-axis: values of the unweighted total (i.e. internal and external) radiation dose rate, mGy/day.

hypertrophy due to increased cell numbers, CMC ploidy and protein
synthesizing activity. Compensatory myocardial hypertrophy can
improve the contractile function of the organ due to the low efﬁciency of cell energy production. A possible scheme of the process is
shown in Fig. 4.

4.2. Dose-dependent functional-metabolic effects: modiﬁcation of
the curve taking into account the population abundance
The functional-metabolic myocardial response to the radiation
burden was modiﬁed by the factor “relative abundance of mice”

0.49
0.28
0.26
0.23
0.16
9.2)  103
32.0)  106
6.3)  103
23.0)  106
5.5)  104
±
±
±
±
±
(35.0
(98.0
(24.1
(77.0
(13.0
0.32
0.57
0.72
0.74
0.78
Bold font d t-values for regression coefﬁcient  critical t0.05 -value.

b (beta) d standardized regression coefﬁcient. dfd degrees of freedom. * d the values of the regression coefﬁcients are given by modulus.

0.17
0.09
0.12
0.07
0.08
(8.4 ± 3.7)  103
(12.0 ± 11.0)  106
(3.8 ± 2.2)  103
(7.0 ± 8.0)  106
(1.7 ± 3.7)  104
2.1 ± 0.2
(55.5 ± 5.7)  104
1.3 ± 0.1
(43.8 ± 3.8)  104
(10.9 ± 0.2)  102
1.9 ± 0.05
(13.0 ± 0.1)  103
0.8 ± 0.03
(5.9 ± 0.9)  103
(45.7 ± 0.5)  102

(21.3 ± 0.3)  10
663.1 ± 17.1
197.1 ± 2.3
23.6 ± 0.5
31.9 ± 0.4
18.5 ± 0.4

0.82
0.85
0.85
0.88
0.84

0.02
0.25
132.5 ± 5.0
73.6 ± 10.6
67.0 ± 1.3
148.1 ± 2.8

0.99
0.70

(54.6 ± 99.5)  103
0.5 ± 0.2

20.8 ± 13.9
143.8 ± 7.9

19.1 ± 2.7
(591.2 ± 93.8)  104
19.8 ± 1.8
(731.9 ± 66.6)  104
(18.6 ± 1.7)  102

1.4 ± 0.4
0.9 ± 0.2
0.65
0.47
994.8 ± 120.5
343.3 ± 68.4

(92.3 ± 14.1)  10
4041.4 ± 506.3
1624.1 ± 181.5
126.2 ± 13.3
137.2 ± 25.6
96.0 ± 15.5
(17.2 ± 1.6)  10
686.3 ± 58.8
99.2 ± 21.1
23.3 ± 1.5
27.8 ± 2.9
18.5 ± 1.8
0.15
0.39
0.07
0.04
0.21
0.56
(5.5 ± 2.5)  10
4.8 ± 1.3
0.2 ± 0.2
(18.9 ± 38.0)  103
(0.6 ± 0.3)  101
(1.8 ± 0.3)  101
0.84
0.55
0.92
0.89
0.71
0.38
(15.2 ± 1.2)  10
341.8 ± 65.9
162.5 ± 8.9
21.0 ± 1.9
12.1 ± 1.8
6.5 ± 1.8

2
2

31.1 ± 0.9

0.9 ± 0.3
(9.9 ± 1.1)  103
0.1 ± 0.2
(2.5 ± 0.7)  103
(41.1 ± 1.8)  102

0.26
0.37

0.37
0.24
0.17
0.10
0.24
0.18
(21.3 ± 4.8)  10
5.1 ± 1.7
1.4 ± 0.6
(58.0 ± 45.3)  103
(2.1 ± 0.8)  101
(1.0 ± 0.5)  101

0.42

2
4

16.5 ± 3.7
0.18
(20.1 ± 7.2)  102

b0 ± SE

b2
b2 ± SE*

0.82

b1
b1 ± SE*

46.4 ± 3.6

b0 ± SE

Total lipids
concentration
Total lipids/protein ratio
SUCDH activity
TBARS concentration
Catalase activity
Sub-cellular fractions:
nuclear
mitochondrial
GPI activity
Total protein
concentration
DNA concentration
DNA/total protein ratio
RNA concentration
RNA/total protein ratio
Total RNA/DNA ratio

Population size

305.3 ± 32.2

df(n-2) ¼ 68
df(n-2) ¼ 41

b1 ± SE*

large (from 30 to 50 ind./100 trapeday)
moderate (from 2 to 26 ind./100 trapeday)

2

0.55
0.65
0.71
0.75
0.53
0.59

4

(72.1 ± 10.9)  102

b2 ± SE*

b1

0.61

b2

N.A. Orekhova, M.V. Modorov / Journal of Environmental Radioactivity 175-176 (2017) 15e24

Parameter

Table 4
Effect of whole-body radiation dose rate (x1) and abundance of mice (x2) on the biochemical parameters (y) in A. uralensis within the EURT area in two groups according to the population size (moderate, large): the results of
multiple linear regression y ¼ b0 ± b1  x1 ± b2  x2.
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(Fig. 3; Table 4). The dose effects in the myocardium were more
pronounced with a large population size (from 30 to 50 ind./100
trap-day) than the functional-metabolic changes observed in the
impact group of rodents trapped at a lower (in 2.5 times) population size. This raises the question of how much chronic radiation
exposure would have a negative effect on an organism living in an
area with a large population. In this case, increased competition
between individuals for environmental resources occurred, and,
as a consequence, the stress response level increased. The animal's
population therefore simultaneously incurred the powerful inﬂuence of radioactive and non-radioactive stressors.
In an ICRP publication (ICRP, 2008) on the radiation safety of
biota, the ICRP introduced the concept of Reference Animals and
Plants. Based on data on the biological effects of radiation for each
reference organism, the Derived Consideration Reference Levels
(DCRLs) have been deﬁned. For existing or planned exposures, the
doses to reference organisms are to be compared with relevant
DCRLs. For the purposes of environmental protection, the ICRP
recommends the representative organism, which is the actual
object of protection under consideration. Each DCRL is regarded as
a range of dose rates at which there is a possibility of harmful
inﬂuences of ionizing radiation on representatives of this type of
reference animal or plant. Murine rodents can be used as a
representative organism for the EURT. The closest reference organism to these animals is the reference rat, for which the DCRL is
0.1e1 mGy/day.
In group b (from 30 to 50 ind./100 trap-day), even the 92nd
percentile of the unweighted whole-body total (i.e. internal and
external) radiation dose rate conducted for 90Sr and 137Cs was
below the DCRL (the 25e75th percentiles is 0.056e0.083 mGy/
day, with a median of 0.068 mGy/day, mean of 0.070 mGy/day and
maximum value of 0.154 mGy/day). In group a (from 2 to 26 ind./
100 trap-day) the median value of the dose (0.151 mGy/day)
exceeded the lower boundary of the DCRL, in which the 25e75th
percentile is 0.073e0.370 mGy/day. On the basis of multiple
regression equations (Table 4), the stress response at a large
population (over 30 ind./100 trap-day) can be compared when a
moderate population size (group а: from 2 to 26 ind./100 trapday) to stress during the simultaneous action of high abundance
of mice and the radiation burden. At a population size of 32 ind./
100 trap-day (the median value) and a dose rate of 0.068 mGy/day,
the response was similar to that in an individual from group а with
a small population size (10 ind./100 trap-day) with a radiation
burden of 0.3e1 mGy/day, which exceeded the DCRL for three of
the nine biochemical parameters. The value of 0.1 mGy/day for
mice trapped at a population level of 30 ind./100 trap-day is
equivalent to a radiation burden of 0.7e1.5 mGy/day. With a
population level of 40 ind./100 trap-day, it is also equivalent to a
radiation burden of 0.8e1.6 mGy/day, and at 50 ind./100 trap-day,
a dose of 0.1 mGy/day is equivalent to a radiation burden of
0.8e1.7 mGy/day. Thus, the functional-metabolic effects caused by
a radiation burden of 0.1 mGy/day are ampliﬁed by approximately
ten-fold with the simultaneous action of a large population (over
30 ind./100 trap-day) as an environmental stressor. When there is
a large population size, within the ICRP concept of a radiological
protection system (ICRP, 2008), the optimization of protection of
EURT biota should be aimed at reducing exposure to levels that are
below the lower boundary of DCRL (less than 0.1 mGy/day).
Otherwise, we should expect the possibility of harmful effects of
synergies resulting from non-radiation and radiation factors,
leading to a transition from adaptation to the stage of cardiac
decompensation. In particular, the low activity of SUCDH and CAT
and the mitochondrial protein content in the myocardium of a
pygmy wood mouse living in an area with a large population are
projected to be close to zero when the radiation burden is above
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Fig. 4. The functional-metabolic myocardial effects in A. uralensis from the EURT area (probable scheme of the process).
Solid line e changes in biochemical parameters; dashed line e functional-metabolic parameters.

0.1 mGy/day. As a result of hypertrophy, the concentrations of
glycolytic enzymes (in particular, GPI) and cytoplasmic proteins (in
particular, contractile proteins) are increased predominantly. The
decline in the mitochondria/myoﬁbril ratio as well as hyperploidy
can take place at increasing pathological loads in the stage of
decompensation (Meyerson, 1981; Nepomnyashchikh, 1991;
Lushnikova et al., 1994; Yu and Zhang, 1996).

5. Conclusion
The complex changes in biochemical parameters of A. uralensis
from the EURT area with external and internal exposure to 137Cs
and 90Sr (unweighted total dose rate 0.04e0.5 mGy/day) allowed us
to assess the development of compensatory myocardial hypertrophy. Reduced lipid metabolism in the process of energy generation
in cardiomyocytes, the excessive accumulation of labile fat, the
decrease in the levels of mitochondrial oxidation and antioxidant
protection, and the induction of lipid peroxidation are evidence of
an energy deﬁcit in the myocardium and the development of
functional defects. The mechanisms counteracting these defects are
compensatory activation of the anaerobic glycolytic system, an increase in cell numbers and cardiomyocyte hypertrophy due to
genome ploidy and the capacity of the protein synthesizing
apparatus.
The functional-metabolic effect caused by a radiation burden is
ampliﬁed by the simultaneous action of population overabundance
as an environmental stressor. The harmful effect (cardiac decompensation stage) of synergies resulting from non-radiation and
radiation factors can manifest itself at a population abundance
above 30 ind./100 trap-day and a radiation burden that exceeds the
lower boundary of DCRL (above 0.1 mGy/day).
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