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Abstract—The inhibitory efficiency and radioprotective properties of two isobornylphenols were studied
during their administration 30 minutes before X-ray irradiation of outbreed mice (females) at a dose of 50
sGy. It was found that 1,3-dihydroxy-4,6-diisopropylbenzene exhibited high efficiency due to its interaction
with peroxy radicals. The spleen index and the content of the lipid peroxidation products in blood plasma,
which were previously suggested as tests for the assessment of the radioprotective properties of substances
during the irradiation of animals at low doses, returned to the norm with the prophylactic administration of
2-isobornyloxyphenols. An aqueous solution of ethanol was found to be unfavorable as a solvent for the
administration of hydrophobic substances under the effects of weak radiation. The data we obtained and the
literature analysis allow us to propose isobornylphenols as radioprotective agents during radiation at different

doses.

Keywords: isobornylphenols, antioxidant activity, lipid peroxidation, X-ray, radioprotective properties

DOI: 10.1134/S0006350919060198

The differences in the main molecular mechanisms
in the development of the effects of ionizing radiation
on the body [1, 2] result in the lack of universal radio-
protective agents that protect biological objects from
damage due to ionizing radiation in all dose ranges [3,
4]. This follows from the idea from the 1970s that the
membrane, as well as DNA, is also a target during ion-
izing radiation on biological objects. Processes of lipid
peroxidation (LP) that occur at the membrane, cellu-
lar, and organ levels are among the most ancient regu-
latory mechanisms in evolutionary terms. These can
be considered as a normal physiological process [5, 6]
and the intensification of the oxidation processes
caused by activation of reactive oxygen species is the
main cause of the development of oxidative stress,
which plays an important role as a mediator in the
destruction of membranes, lipids, proteins, DNA, and
other cellular components [7, 8]. The system of the
redox homeostasis plays an important role in the for-
mation of radiation-induced instability of the genome
[9].

Synthetic compounds and cytokines are more
effective in the system that protects the body against
the acute radiation at the sublethal and lethal doses,
but agents of a natural origin have an advantage during
irradiation at low doses [4, 10—14]. The search for

methods for protection against ionizing radiation at
low doses is now becoming increasingly important
because of the widespread use of ionizing radiation
sources in medical practice and everyday life. This is
due to the necessity of searching for effective, non-
toxic, and inexpensive radioprotective methods,
among which a large group of compounds are prepa-
rations that have the ability to inhibit LP processes
with injection into the body. In recent years, research
has focused on the search for new semi-synthetic anti-
oxidants (AOs) which have lower toxicity compared to
synthetic compounds. Isobornylphenols (IBPs) are
considered promising and are actively studied; their
kinetic characteristics and physicochemical properties
were generalized in [15].

The aim of the work was to evaluate the inhibitory
efficiency and to study the radioprotective properties
of two IBPs with their administration to mice 30 min
before X-ray irradiation at a dose of 50 cGy.

MATERIALS AND METHODS

The objects of this study were white outbreed mice
(females) weighing 20.5—25 g; the total number of ani-
mals was 80 and the age at the time of irradiation was
10—11 weeks. The animals were kept under standard

984



A STUDY OF THE ANTIOXIDATIVE AND RADIOPROTECTIVE PROPERTIES

985

Isobornylphenol 2

1,3-Dihydroxy-4,6-diisopropylbenzene

Fig. 1. The structural formulas of the studied compounds.

vivarium conditions in accordance with the rules
developed by the European Convention for the Pro-
tection of Animals used for experimental purposes.

First, 2-isobornyloxyphenol (IBP 1) and 1,3-dihy-
droxy-4,6-diisopropylbenzene (IBP 2) were dissolved
in 9.5% aqueous ethanol and injected intraperitone-
ally at doses of 7.8 and 5 mg/kg, respectively (107 M).
Synthesis of the studied IBPs, which was presented in
detail in [16, 17], was carried out by the alkylation of
dihydrophenols by camphene in the presence of the
various homogeneous and heterogeneous catalysts:
the effective catalyst used to obtain IBP 1 was sulpho-
cationite Fiban K1 [16], while for IBP 2 it was alumin-
ium isopropylate [17]. The structural formulas of stud-
ied IBPs are given in Fig. 1.

The inhibitory effect of IBP 2 was studied in a
model reaction of ethylbenzene oxidation initiated by
azobisisobutironitrile. The kinetics of oxygen uptake
during oxidation were recorded using a highly sensitive
volumetric setting at 333 K and the initiation rate of
W,= (5—10) x 10~ M s~!. Ethylbenzene with a dis-
solved initiator was held in a thermostat and the sub-
stance was then added. From the kinetics of the oxy-
gen uptake curves the value of the induction period (7)
by the method in [18] and the initial rate of oxygen
absorption were determined.

The antioxidant properties of IBP 2 were studied
during autooxidation of methyl oleate in a thin layer
with free access of air (323 K). For methyl oleate the
substance was introduced in ethyl alcohol. The initial
share of alcohol in the total volume of the reaction
mixture in all experiments was constant at 4%. The
course of oxidation was followed by the accumulation
of hydroperoxides (ROOH), whose concentration was
determined by iodometric titration (GOST 26593-85).
The effectiveness of the inhibitory action of additives
was determined by the duration of the induction
period (T,). The time interval from zero to a perpen-
dicular dropped onto the X axis from the point of
intersections of the linear plots of the kinetic curves of
ROOH accumulation, which corresponded to the ini-
tial oxidation rate in the induction period and the
maximum rates of the peroxide accumulation was
taken as 7, [19].
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Mice (their food was removed from the cages the
previous night) were irradiated in special containers in
groups of ten individuals, placing each in a separate
cell with freedom of movement. The X-irradiation was
performed using a RUM-17 apparatus (Mosrentgen,
Russia) at a total dose of 50 cGy (the dose rate was
16 cGy/min; the filter was 0.5 mm Al + Cu) from
11.05 to 11.25 h to exclude the influence of daily fluc-
tuations on the values of the antioxidant activity
(AOA) of lipids in tissues [20]. The mice were previ-
ously divided into eight groups with similar body
weights:

K — the initial control group;

1—the mice received a 9.5% aqueous solution of
ethanol;

2—the mice received a 9.5% aqueous solution of
ethanol 30 minutes before irradiation at a dose of
50 cGy;

3—the mice received the IBP 1 solution in a 9.5%
aqueous solution of ethanol;

4—the mice received the IBP 2 solution in a 9.5%
aqueous solution of ethanol;

5—the mice received the IBP 1 solution in 9.5%
aqueous solution of ethanol 30 minutes before irradia-
tion at a dose of 50 cGy;

6—the mice received the IBP 2 solution in a 9.5%
aqueous solution of ethanol 30 minutes before irradia-
tion at a dose of 50 cGy;

7—the intact age control group.

Slaughter of the mice, whose food was previously
removed, was done by decapitation. Blood was col-
lected in test tubes treated with a 5% solution of
sodium citrate. The blood plasma was separated using
an OPn-3 laboratory clinical centrifuge (AO TNK
Dastan (Kirgiz Republic) at 1500 rpm for 5 min.
Immediately after decapitation the liver and spleen
were placed on ice. The content of the oxidation prod-
ucts that reacted with 2-thiobarbituric acid (TBA-RS)
was determined by the method described in [21]. Pro-
tein concentration was analyzed via the modified
microbiuretic method [22], using bovine serum albu-
min as a standard in the concentration range from 0.09
to 0.76 mg/mL The correlation coefficients of calibra-
tion lines R were within 0.99—1.0. The analysis of the
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Fig. 2. The dependence of the initial rate of the ethylben-
zene inhibited oxidation on the initial concentration of

isobornylphenol 2 in coordinates of (Wo/ W — W/ W)W, > =
Sfk7[1BP 2]0/kg'5. The temperature was 333 K.

level of TBA-RS and protein in each sample was car-
ried out in three parallel measurements.

To determine the initial biochemical parameters
for this group of mice the decapitation of animals of
group K was carried out at the beginning of the exper-
iment. To assess the remote effects of the treatments
all other groups of mice were decapitated within 30
days after the treatments simultaneously, including
the age control group. We determined both the abso-
lute and relative weight (index) of the spleen and liver,
which is the ratio of the weight of the organ in mg to
the body weigh in g. All studied parameters were deter-
mined individually for each animal at the time of
decapitation.

The data were processed with a commonly used
statistical variation method, the significance of the
differences was evaluated using the 7- student criterion
[23]. The experimental data are presented in the form
of the average arithmetic means with their mean
square errors (M * m).

RESULTS

When introduced into animals, AOs are effective
regulators of the oxidation processes that play an
important role in cellular metabolism both in the
norm and during the actions of damaging factors. As
well, the radioprotective efficiency of AOs substan-
tially depends on the value of their constant rate of
reaction with peroxide radicals (k;), while the initial
antioxidant status of the tissues plays an important role
in the manifestation of the radioprotective properties
of both synthetic and natural AOs [13]. This is due to
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the fact that the efficiency of the inhibitory effect of
AOs in complex systems is determined not only by the
ability to react with the main oxidation chains of per-
oxy radicals, but also by their participation in side
reactions.

It has been experimentally shown that all enzymes
of the antioxidant defense are substrate induced,
which results in the participant of AOs at the first
stages of protection due to their interaction with reac-
tive oxygen species, whose concentration increases
under ionizing irradiation. This makes it necessary to
evaluate the ability of newly synthesized compounds
to inhibit the oxidation processes in model systems at
the beginning. Therefore, the first stage of the work
was a study of the antiradical activity of IBP 2, in
which the OH-groups are located in the m-position
relative to one other and have two isobornyl substitu-
ents (Fig. 1). To determine the value of the inhibition
parameter, that is, fk,, where k; is the rate constant of
the interaction of IBP 2 with peroxy radicals and f'is a
stoichiometric coefficient of inhibition, the initial oxi-
dation rate in the presence of IBF 2 was represented in
the coordinates of the equation (W,/W — W/W;,) %

W,-O'5 = fk,[IBP 2]0/k60'5, where W, is the oxidation rate
in the absence of additives and k4 is the rate constant

of the square chain termination of RO) radicals
(Fig. 2). From the tangent of the obtained curve
(Fig.2) the calculated value of the inhibition parame-
ter is fk, = 3.7 X 103 (M s)~!. To calculate the value of
the constant &, the value of the stoichiometric coeffi-
cient of inhibition was obtained from the dependence
TW; = f11BP 2] (Fig. 3) which was found to be f'= 2.3.
This value is more than f = 2 for monophenols and
substituted catecol and hydroquinone, in which only
one of the free radicals interacts with the OH-group
due to the formation of the energetically favorable qui-
nonoid structure. Considering the obtained value f =
2.3, the value of the rate constant for the reaction of
IBP 2 with peroxy radicals of ethylbenzene is equal
k,= 1.6 x 10> M s~!, which indicates its rather high
antiradical activity towards peroxy radicals. Earlier,
the rather low inhibitory activity for IBP 1 was
revealed, which is due to an intramolecular hydrogen
bond in its molecule [24].

The antioxidant activity of IBP 2 was studied in a
model system of methyl oleate autooxidation, i.e.,
under conditions where side reactions involving AOs
can manifest themselves, resulting in deviation from
the linear dependence of the induction period on the
initial concentration compound and due to reduction
of its efficiency. The kinetic curves of the peroxide
accumulation of methyl oleate at the different concen-
trations of IBP 2 are shown in Fig. 4. As can be seen
from presented data, an increase in the amount of the
administrated preparation results in an increase in the
inhibition period of the oxidation processes. As well,
the magnitude of the inhibition period increases lin-
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Fig. 3. The dependence of the induction period T, calcu-
lated from the kinetic curves of the oxygen uptake during
the initiated oxidation of ethylbenzene, on the initial con-
centration of isobornylphenol 2. The temperature was
333 K.

early with an increase in its initial concentration
(Fig. 5).

The linear dependence T, on the IBP 2 concentra-
tion indicates the insignificant effect of the side reac-
tions on the mechanism of its inhibition of autooxida-
tion process in the studied concentration range.

Since the antioxidant (AO) status of a biological
object has substantial seasonal and daily variability
and the AOA level of lipids in tissues is one of the
important factors by which one can evaluate the effi-
ciency of the radioprotecive properties of preparations
[13, 20], the next stage was the estimation of the initial
antioxidant status of mice in group K before the exper-
iment. In complex biological systems, LP intensity is
usually evaluated by the contents of TBA-reactive sub-
stances in tissues of mice [25]. It was found that the
concentrations of the TBA-reactive substances were
0.244 £ 0.0255 and 0.0131 = 0.0011 nmol/mg protein
for the blood plasma and liver respectively. This indi-
cates the low intensity of the LP processes in tissues of
mice and is consistent with the literature data about
the high AO status of laboratory rodents in the winter
[20].

Morphometric parameters, which are indicators of
physiological state and allow us to determine the
intensity of the exchange balance, are usually used in
ecological investigations to estimate the biological
effects of technogenic pollution of the environment
[26, 27]. Nevertheless, as shown in [28, 29], the spleen
index and the TBA-RS content in the blood plasma
also are sensitive tests for estimating biological effects
under ionizing radiation at low doses in laboratory
experiments. This led to the choice of these indicators
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Fig. 4. Kinetic curves of the accumulation of peroxides
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to evaluate the radioprotective properties of the stud-
ied compounds. The results of the analysis of the
spleen index (SI) within 30 days after peritoneal
administration of the preparations are presented in
Table 1.

As can be seen from the presented data, the admin-
istration of both the 9.5% aqueous solution of ethanol
(group 1) and the IBP 1 solution at a dose of 5 mg/kg
ina 9.5% aqueous solution of ethanol (group 3) within
1 month after the treatment did not have a significant

T, h
250
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100
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Fig. 5. The dependence of the induction period, as deter-
mined from the kinetic curves of the accumulation of per-
oxides during the autooxidation of methyl oleate in
the thin layer, on the initial concentration of isobornyl-
phenol 2. The temperature was 323 K.
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Table 1. The values of the relative weight (index) of the spleen in the control and experimental groups of outbreed mice

(females)

Experimental conditions (group of mice)

Index of spleen, %o

Initial control (group K)
Age control (group 7)

30 days after the administration of the 9.5% aqueous solution of ethanol (group 1)
30 days after the administration of a 9.5% aqueous solution of ethanol 30 min

before irradiation at a dose of 50 cGy (group 2)

30 days after the administration of IBP 1 in a 9.5% aqueous solution of ethanol (group 3)
30 days after the administration of IBP 2 in a 9.5% aqueous solution of ethanol (group 4)
30 days after the administration of IBP 1 in a 9.5% aqueous solution of ethanol 30 min before

irradiation at a dose of 50 cGy (group 5)

30 days after the administration of IBP 2 in a 9.5% aqueous solution of ethanol 30 min before

irradiation at a dose of 50 cGy (group 6)

3.58 £0.21
420+ 0.26
4.30 +0.30
3.94+£0.33

4.20+0.29
4.70 £ 0.36
4.44+0.33

4.80=£0.50

effect on the SI values (the value of the indicator cor-
responds to its value in the age control and in group 1).
IBP 2 administration at a dose of 7.8 mg/kg of the
same solution (group 4) within 1 month after the treat-
ment caused a slight (by 12%) but significant increase
of this indicator relative to its value in the age control
group (p < 0.001) and also compared with the values in
the mice of group 1 (p < 0.01) during the administra-
tion of only the 9.5% aqueous solution of ethanol.

A slightly different picture was revealed within
1 month after the combined action of the IBPs and
acute X-radiation at a relatively low dose of 50 cGy
(Table 1). First, it should be noted that the adminis-
tration of the 9.5% aqueous solution of ethanol caused
a decrease in the average SI value (group 2), although
it indicates only a tendency to that change. Within
30 days after the combined action of X-rays and IBPs
administrated 30 min before irradiation an SI increase
was detected in both cases compared with the value of
this parameter in the group 2, mice that received only
the aqueous ethanol solution (Table 1). However, a
significant (p < 0.01) increase in SI only occurred up
to the value in the age control group in the case of
IBP 1. In the experiment with IBP 2 a significant
increase by 11.7% (p < 0.01) and 21.8% (p < 0.001)
occurred compared with the similar value in groups 7
and 2, respectively (Table 1).

It is necessary to note that the administration of the
9.5% aqueous solution of only ethanol 30 min before
irradiation at a dose of 50 cGy led to an insignificant
reduction of the TBA-RS content in the blood plasma
within 30 days (Table 2). As well, the studied IBP had
a different influence on the LP intensity in the blood
plasma. Thus, within 1 month after IBP 2 administra-
tion in the aqueous solution of ethanol the contents of
TBA-reactive substances in the blood plasma of mice
were practically the same as the value in the age con-
trol and exceeded the value in group 1 by 13% (p <
0.02). Within 1 month after IBP 1 administration in an
aqueous solution of ethanol the TBA-reactive sub-
stances content in the blood plasma of mice signifi-

cantly decreased by 1.3 (p < 0.001) and 1.5 (p < 0.001)
times compared with the values of the indices in the
age control group and on group of mice with the
administration only of an aqueous solution of ethanol,
respectively (Table 2).

A different picture of the effects is observed after
the combined action of the IBP and X-ray irradiation.
Thus, the LP intensity in the blood plasma of mice
with the administration of IBP 1 in the aqueous solu-
tion of ethanol 30 min before irradiation (group 5)
does not significantly differ from the value in the age
control group and is only higher than in group 2 by
21.1% (p < 0.1) (Table 2). A significant increase of the
LP intensity in the blood plasma was detected within
1 month after IBP 2 administration in the aqueous
solution of ethanol relative to the age control by 28.6%
(p < 0.01) and to the group mice 2 by 1.5 times (p <
0.001) (Table 2).

DISCUSSION

These data show that within 1 month the biological
effects were substantial but differed in their depen-
dence on the chemical structure of IBP, both with the
administration of the studied IBP in mice and the
combined action of preparations and X-ray irradiation
of animals at a dose of 50 cGy. Thus, IBP 1 normal-
ized the LP intensity in the blood plasma of the irradi-
ated mice and also maintained the SI value at the level
of the parameter in the age control group. IBP 2
administration and/or use with the combined action
with X-ray irradiation results in significant differences
in the SI and the LP intensity in the blood plasma of
mice relative to the similar parameters in the age con-
trol and experimental groups of mice when only the
administration of an aqueous solution of ethanol was
performed.

In addition, the following issue should be noted.
Within 1 month after administration to mice of only
the 9.5% aqueous solution of ethanol no significant
differences in the spleen indices (Table 1) and liver
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Table 2. The content of the TBA-reactive substances in the blood plasma in the control and experimental groups of outbred

mice (females)

Experimental conditions (group of mice)

[TBA-RS], nmol/mg

of protein
Age control (group 7) 0.0748 = 0.0089
30 days after the of administration a 9.5% aqueous solution of ethanol (group 1) 0.0656 £ 0.0066

30 days after the administration of a 9.5% aqueous solution of ethanol 30 min

before irradiation at a dose of 50 cGy (group 2)

30 days after the administration of IBP 1 in a 9.5% aqueous solution of ethanol (group 3)
30 days after the administration of IBP 2 in a 9.5% aqueous solution of ethanol (group 4)
30 days after the administration of IBP 1 in a 9.5% aqueous solution of ethanol 30 min before

irradiation at a dose of 50 cGy (group 5)

30 days after the administration of IBP 2 in a 9.5% aqueous solution of ethanol 30 min before

irradiation at a dose of 50 cGy (group 6)

0.0624 £ 0.0084

0.0489 £ 0.0066
0.0739 £ 0.0047
0.0755 £ 0.0100

0.0960 = 0.0190

indices (LI =42.2 = 1.0 in group 1) as well as the con-
tents of TBA-reactive substances in the blood plasma
(Table 2) occurred compared with the values of these
parameters in the age control group (LI =45.1 £ 2.1).
However, with the combined action of the 9.5% aque-
ous solution of ethanol and X-ray irradiation at a dose
of 50 cGy a clear heterogeneity in the liver index (LI)
was revealed: for one-half of the mice in group 2 the LI
significantly increased, reaching the value of 47.7 =
1.25 (n = 5), while the other half of the mice had a sig-
nificantly decreased LI to a value of 37.1 = 1.7 (n =5).
These data indicate that an aqueous solution of etha-
nol is unfavorable as a solvent for the administration of
hydrophobic substances during investigation of their
influence on the development of the biological effects
of ionizing radiation at low doses.

CONCLUSIONS

Analysis of these experimental data shows that the
kinetic characteristics of semi-synthetic AOs have a
significant influence on the development of effects
with radiation at a low dose. Thus, the rather high
value of the rate constant of the IBP 2 interaction with
peroxy radicals, together with its ability to modify the
parameters of the physicochemical LP regulatory sys-
tem in tissues with their administration, allow us to
consider IBP 2 as a perspective radioprotective agent
during acute irradiation at sublethal and the minimal
lethal doses. This assumption is based on a previously
obtained direct correlation between the radioprotec-
tive properties of synthetic antioxidants during acute
irradiation of Balb/c mice at a lethal dose of 6 cGy and
the AOA of the studied substances [30]. The higher
value of the stoichiometric inhibition parameter for
IBP 2 compared with substituted catechol and hydro-
quinone allows us to propose that polyphenol, with
the m-position of the OH-group, can act inde-
pendently on each one. The value of the stoichiomet-
ric inhibition parameter could then be f= 4. The cause
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of the noticeable decrease in f for IBP 2 to 2.3 com-
pared with the expected value is still unclear and
requires further investigation.

These data make it possible to consider IBP 1 as a
promising radioprotective agent during radiation
exposure at low and/or relatively low doses. This
assumption also agrees with the results that were
obtained earlier on the increase in the inhibitory effi-
ciency of IBP 1 in polar media [31, 32], despite its
rather low antiradical activity in the reactions of ethyl-
benzene initiated oxidation, i.e., during the oxidation
of a non-polar substrate [24].

These data suggest the need to carry out further
studies for selection of the most promising compounds
among terpenephenols (semi-synthetic antioxidants)
as potential radioprotective agents.

FUNDING

This work was financially supported by the Russian
Foundation for Basic Research (project no. 15-29-01220
ofi_m).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

COMPLIANCE WITH ETHICAL STANDARDS

All applicable international, national and institutional
principles for the care and use of animals in the perfor-
mance of work have been observed.

REFERENCES
1. A. M. Kuzin, Izv. Akad. Nauk SSSR, Ser. Biol., No. 6,
212 (1980).

2. E. B. Burlakova, G. F. Ivanenko, and L. N. Shishkina,
Izv. Akad. Nauk SSSR, Ser. Biol., No. 4, 588 (1985).



990

3.

4.

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

SHISHKINA et al.

V. 1. Legeza and V. G. Vladimirov, Radiats. Biol. Radi-
oekol. 38 (3), 416 (1998).

Yu. B. Kudryashov, Radiats. Biol. Radioekol. 37 (4),
673 (1997).

E. B. Burlakova, in Chemical and Biological Kinetics:
New Horizons, Vol. 2: Biological Kinetics (Khimiya,
Moscow, 2005), pp. 10—45 [in Russian].

. M. Valko, D. Leibfritz, J. Moncol, et al., Int. J. Bio-

chem. Cell Biol. 39 (1), 44 (2007).

. Ye. B. Burlakova, N. P. Pal’mina, and Ye. L. Mal’tseva,

In Membrane Lipid Oxidation, Ed. by C. Vigo-Pelfrey
(CRC Press, Boston, 1991), Vol. 3, pp. 209—237.

K. Hensley, K. A. Robinson, S. P. Gabbita, et al., Free
Radic. Biol. Med. 28, 1456 (2000).

E. B. Burlakova, V. F. Mikhailov, and V. K. Mazurik,
Radiats. Biol. Radioekol. 41 (5), 489 (2001).

L. M. Rozhdestvenskii, Med. Radiol. Radiats. Bezo-
pasn. 46 (4), 5 (2001).

M. V. Vasin, Antiradiation Medicines (Moscow, 2010)
[in Russian].

A. N. Grebenyuk and V. 1. Legeza, Antiradiation Prop-
erties of Interleukin- 1 (Foliant, St. Petersburg, 2012) [in
Russian].

L. N. Shishkina, Radiats. Biol. Radioekol. 53 (3), 536
(2013).

R. A. Tarumov, V. A. Basharin, and A. N. Grebenyuk,
Rentgenol. Radiol. 13, 682 (2012).

L. N. Shishkina and A. V. Kutchin, in Bioantioxidants:
Proc. 9th Int. Conf. (RUDN, Moscow, 2015), pp. 5—19.
I. Yu. Chukicheva, I. V. Fedorova, Yu. S. Matveev, and
A. V. Kutchin, Zh. Obshch. Khim. 82 (6), 1130 (2012).
I. Yu. Chukicheva, 1. V. Fedorova, E. V. Buravlev, et al.,
Zh. Obshch. Khim. 82 (8), 1354 (2012).

V. FE. Tsepalov, A. A. Kharitonova, G. P. Gladysheyv,
and N. M. Emanuel’, Kinetika Kataliz 18 (5), 1261
(1977).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

L. 1. Mazaletskaya, N. 1. Sheludchenko, and
L. N. Shishkina, Appl. Biochem. Microbiol. Prikl. 46
(2), 135 (2010).

L. N. Shishkina and E. B. Burlakova, in Chemical and

Biological Kinetics: New Horizons, Vol. 2: Biological Ki-
netics (Khimiya, Moscow, 2005), pp. 365—395.

T. Asakawa and S. Matsushita, Lipids 15 (3), 1137
(1980).

R. Itzhaki and D. M. Gill, Anal. Biochem. 9, 401
(1964).

G. F. Lakin, Biometry, 2nd ed. (Vysshaya Shkola, Mos-
cow, 1990) [in Russian].

L. I. Mazaletskaya, N. I. Sheludchenko, L. N. Shishki-
na, et al., Neftekhimiya 51 (5), 354 (2011).

V. E. Kagan, O. N. Orlov, and L. L. Prilipko, Itogi
Nauki Tekh., Ser.: Biofiz., Vol. 18 (VINITI, Moscow,
1986).

G. V. Olenev and 1. V. Pasichnik, Russ. J. Ecol. 34 (3),
3, 188 (2003).

A. G. Kudyasheva, L. N. Shishkina, O. G. Shevchenko,
et al., Biological Effects of Radioactive Contamination in
Populations of Murine Rodents (Yekaterinburg, 2004)
[in Russian].

L. N. Shishkina, E. V. Kushnireva, and M. A. Smot-
ryaeva, Radiats. Biol. Radioekol. 44 (3), 289 (2004).

M. A. Klimovich, M. A. Smotryaeva, V. D. Gaintseva,
and L. N. Shishkina, Radiats. Biol. Radioekol. 49 (4),
473 (2009).

E. B. Burlakova, A. V. Alesenko, E. M. Molochkina,
et al., Bioantioxidants in Radiation Injury and Malignant
Growth (Nauka, Moscow, 1975) [in Russian].

L. I. Mazaletskaya, N. I. Sheludchenko, Yu. K. Lu-
kanina, and L. N. Shishkina, Khim. Fiz. 32, 31 (2013).

O. G. Shevchenko, S. N. Plyusnina, L. N. Shishkina, et
al., Biol. Membrany 30 (1), 40 (2013).

BIOPHYSICS  Vol. 64 No.6 2019



	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES

		2020-03-02T13:09:30+0300
	Preflight Ticket Signature




