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The research has shown that exposure to ionizing radia-
tion at the dose of 30 cGy leads to the activation of NO-
synthase way of nitrogen oxide synthesis, as well as to the 
accumulation of its stable metabolites and 3’-nitrotyrosine 
modified proteins in rat peripheral blood leucocytes and the 
renal cortical layer. NO-synthase activity was preserved 
at the control value through the consumption of red wine 
natural polyphenolic complex concentrates by the irradiated 
animals. The content of proteins modified by tyrosine 
nitration decreased in the early period of post-radiation 
exposure due to the influence of the investigated concentrate. 
Thus the ability of red wine natural polyphenolic complex 
concentrates to prevent adverse changes in L-arginine/NO 
system and, therefore, inhibit the development of nitrative 
stress induced by low doses of ionizing radiation has been 
proved experimentally.

Key words: 3’-nitrotyrosine modified proteins, NO stable 
metabolites, NO-synthase, polyphenols, X-rays.

Introduction. Due to the growth of radioactive 
pollution of the biosphere caused by accidents at 
nuclear power plants, an increased number of air 
flights and intensive usage of ionizing radiation 
in medicine, the study of effects of low doses of 
ionizing radiation on living organisms, including 
humans and animals, is becoming more and more 
pressing [1, 2].

A considerable increase in free radical processes, 
the disorder of the redox state of cells and the de-
velopment of oxidative stress, the main marker of 
which is an increase in superoxide anion (O2

•–), are 
the key events in biological systems under X-ray 
exposure conditions [3]. Under pathological con-
ditions, including the action of ionizing radiation, 
diabetes and cardiovascular diseases, NO, which 
normally acts as a second messenger, is produced 
in excessive amounts and reacts with O2

•–, result-
ing in the formation of peroxynitrite (ONOO–). 
ONOO–, in turn, can significantly enhance the deg-
radation of cellular structures by the modification 

of proteins (on tyrosine residue in particular), cause 
DNA damage, the induction of lipid peroxidation 
and disorder in cellular signaling, resulting in the 
development of nitrative stress [3–7]. A compen-
satory increase in NO-synthase activity and, con-
sequently, the increased production of NO is also 
the result of ONOO– formation, adding to nitra-
tive stress. For example, the increased formation of 
NO following irradiation is characteristic of such 
organs as the liver, lung, kidney, intestine, heart, 
brain and bone marrow and vascular endothelium 
[5–10]. In addition, it is well-known that within 
several hours of exposure to low doses of ionizing 
radiation inflammatory response is developed, ac-
tivating leucocytes in vessels. The development of 
inflammatory processes can greatly complicate the 
handling of nitrative-oxidative stress, thus inflict-
ing damage on the body. Accordingly, the search 
for new radioprotective compounds and new diag-
nostic approaches to detecting radiation damage is 
extremely important today.

The ability of phenolic groups in polyphenols 
to neutralize electrons of free radicals and form 
relatively stable phenoxyl radicals suggests they can 
be strong radioprotectors, since in such a way poly-
phenolic compounds stop radiation-induced oxida-
tion chain reactions in cells [11]. It was shown that 
polyphenols can act as scavengers of reactive oxy-
gen species (ROS), reactive nitrogen species (RNS) 
and lipoperoxyde radicals [12–16]. They are also 
capable of chelating transition of metal ions such 
as iron and copper, which play an important role in 
the initiation of free radical reactions [17]. In this 
way, polyphenols act in redox sensitive signaling 
cascades when preventing radiation-induced single-
stranded DNA breaks [18] and inhibit the cytotoxic 
effects of ONOO– [19]. A lot of flavonoids such as 
quercetin, luteolin and catechins are considered to 
be even better antioxidants than vitamin C, vitamin 
E and -carotene [17].© M. SABADASHKA, N. SYBIRNA, 2016
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As red wine polyphenols have anti-inflammatory, 
immunomodulating, antioxidant and detoxification 
properties both in vitro and in vivo [20–22], they 
can potentially be used as effective radioprotectors. 
However, the role of red wine polyphenols, and in 
particular their concentrated preparations, in the 
development of nitrative stress caused by low-dose 
radiation has not been sufficiently studied. There-
fore, the main aim of this study was to identify the 
impact of natural polyphenolic complexes of wine 
(hereinafter called polyphenol complexes, PC) on 
indicators of radiation-induced nitrative stress un-
der low-dose radiation in cells of the cortical layer 
of kidneys and lymphocytes of rats.

Materials and Methods. The experiments were 
conducted on Wistar outbred white rats 180–200 g
in weight. All the procedures with the animals were 
conducted in accordance with General Principles 
of Animal Treatment, approved by the First Na-
tional Congress on Bioethics (Kyiv, Ukraine, 2001) 
and the European Convention for the Protection 
of Vertebrate Animals Used for Experimental and 
Other Scientific Purposes (Strasbourg, France, 
1986). The animals were kept in the vivarium and 
had free access to food and water.

The experimental rats were divided into four 
groups: 1 – normal untreated control animals 
(hereinafter called C); 2 – animals that consumed 
PC concentrate with drinking water (hereinafter 
called C+PC); 3 – rats that were irradiated (here-
inafter called R), 4 – animals that consumed PC 
concentrate with drinking water 10 days before and 
throughout the experiment after irradiation (herein-
after called R+PC). Indices were measured in 24, 
48, 72 and 168 h after the irradiation.

Red wine was kindly donated for the research by 
«Magarach», National Institute for Vine and Wine. 
Concentrates were obtained by evaporating red wine 
on rotary evaporators, Laborota 4001 (Germany). 
The mass concentration of phenolic compounds in 
the tested concentrate was 59 g/l, of which polymeric 
compounds constituted 40 g/l and monomers – 
19 g/l. The main components were caftaric, coutaric 
and gallic acids, catechins and quercetin.

The concentrates were consumed with drinking 
water, a daily dose being 12.5 mg of polyphenolic 
compounds per 1 kg of body weight, which corre-
sponds to the theoretical average concentration of 
polyphenols in 300 ml of red wine (a daily recom-
mended dose for a person weighing 70 kg). 

The total polyphenolic content was standard-
ized in wine and the concentrate to the gallic acid 
equivalent using Folin-Chokalteu reagent [23].

The rats were exposed to the single total radia-
tion in a dose of 30 ñGy by RUM-17 installation 
with the following parameters: a skin-focus distance 
of 95 cm, voltage of 130 kV, current of 10 mA, Cu 
0.5 mm and Al 1.0 mm filters, the power of a dose – 
8.3 mGy•s–1. The dose was controlled by a clinical 
dosimeter of 27012 type («Otto Shön», Germany). 

The rats entered the surgical stage by ether an-
esthesia. Samples collection was carried out after 
the decapitation of the animals. The derived renal 
cortical layer was snap-frozen with liquid nitrogen 
and stored at –70 °C.

Blood was collected into porcelain cups. Hepa-
rin was used as an anticoagulant. Lymphocytes were 
separated on gradient of Histopaque-1083 (density 
of 1.083 g/ml) (10831, «Sigma», USA). 

Determination of nitrites and nitrates. The samples 
were deproteinized by centrifugation at 14,000 rpm 
for 1 h at 4 °C with the addition of 96 % ethanol. 
100 l of VCl3 was added to 100 l of supernatant
for the measurement of the total content of 
NO stable metabolites (NOx), shortly followed 
by the addition of Griess` reagents (sulfanil-
amide (50 l) and N-(1-naphthyl)ethylenedi-
amine dihydrochloride (50 l)). The Griess so-
lution was premixed immediately prior to the 
application to the plate. Nitrites were meas-
ured in a similar manner. However, the sam-
ples were exposed exclusively to Griess reagents. 
In either case, the absorbance at 540 nm was 
measured using a plate reader (Epoch, «Bio-
Tek», USA) following incubation (30 min) [24].

Determination of the total NO-synthase activity. 
NO-synthase activity was determined after the lysis 
of samples in the buffer containing 0.05 M Tris-
HCl (pH 7.4), 0.25 M saccharose, 0.001 M EDTA, 
in which protease inhibitors (0.5 mM aprotinin 
(A1153, «Sigma», USA), 0.5 mM pepstatyn (P5318, 
«Sigma», USA) and 10 mM phenylmethanesulfo-
nyl fluoride (P7626, «Sigma», USA)) were added 
directly before the process. After a 30-minute incu-
bation at 4 °C the lysate was centrifuged at 14,000 
rpm for 30 min. 10 mM HEPES buffer containing 
1 M MgCl2, 1 M CaCl2, 3 mM L-arginine and 
250 mM NADPH+H+ was added to the super-
natant. The samples were incubated at 37 °C for 
30 min and the reaction was stopped by adding 
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96 % ethanol in 1:2 wt/vol ratio. Proteins were pre-
cipitated by centrifugation (at 20 °C, for 20 min at 
2500 rpm). 100 l of supernatant and 100 l of 
Griess reagent were added to an eppendorf tube 
and incubated for 30 min at 37 °C. The samples 
were then transferred to microplates. Absorbance 
was measu-red at  = 540 nm by a plate reader. 
Total enzyme activity was determined by the dif-
ference in nitrite formation [25].

Determination of protein concentration was 
carried out by the conventional Lowry method [26].

Western blot analysis of nitrated proteins. For the 
Western blot analysis, it was necessary to obtain 
tissue homogenates in RIPA buffer (1:10 wt/vol) 
(containing 50 mM Tris-HCl, pH 7.2; 150 mM 
NaCl; 1 % sodium deoxycholate; 0.1 % sodium 
dodecyl sulfate (SDS); 158 mM NaCl; 1 mM EGTA) 
containing protease/peptidase inhibitors (leupep-
tin (10 g/ml), aprotinin (20 g/ml), pepstatine 
(20 g/ml), and phenylmethylsulfonyl fluoride 
(1 mM)) with aligned protein concentration. All 
the steps were performed at 4 °C. Proteins were 
separated on 10 % sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) in 
Lemmli buffer system [21, 27]. The separated pro-
teins were transferred onto nitrocellulose mem-
brane by electroblotting, followed by processing of 
the blots with antibodies [28].

Membranes were incubated with the primary 
antibody (monoclonal antibody to 3-nitrotyrosine, 
N5538, «Sigma», USA) in the blocking buffer for 
2 h followed by extensive washing. Anti-mouse 
IgG conjugated with horseradish peroxidase was 
used as the secondary antibody (AP308P, «Mil-
lipore», USA). The incubation with the secondary 
antibody was performed for 1 h, after which the 
membrane was washed with PBS/0.1 % Tween-20 
(5 times for 3 min).

Immunoreactive bands on the membranes were 
detected using ECL Detection Reagents («Milli-
pore», USA). The time of exposure of the membra-
nes on X-ray film depended on the intensity 
of chemiluminescence and lasted on average 5–
15 min. The X-ray film was developed in a stan-
dard 1-phenyl-3-pyrazolidinone-hydroquinone de-
veloper and fixed with acid fixer.

The membranes were stripped in 25 mM gly-
cine-HCl, pH 2.5 buffer containing 1 % SDS and 
reprobed with -actin antibody to confirm equal 
protein loading [21].

Statistical analysis of the research results was 
carried out using Origin Pro. The calculation of 
basic statistical parameters was performed by direct 
quantitative data obtained from the study (arith-
metic mean – M, the standard deviation of the 
arithmetic mean – m).

To assess the reliability of the difference between 
statistical characteristics of the two alternative data 
sets, we performed Student’s t-test. The difference 
was considered significant under p  0.95 (the level 
of significance P < 0.05).

Results. NOS activity decreased 1.7 times in 48 h 
(P < 0.05), 1.5 times in 72 h (P < 0.01) and 1.3 times 
in 168 h (P < 0.05) in rat peripheral blood lympho-
cytes under PC consumption in the control animals. 
The following changes were noted while studying the 
state of L-arginine/NO system in the lymphocytes 
under irradiation. NOS activity decreased 1.1 times 
compared with the control in 24 h (P < 0.05). Later 
the index increased 1.4 times in 48 h, 1.6 times in 
72 h (P < 0.01) and 1.1 times in 168 h (P < 0.05). 
NOS activity in rat lymphocytes against the back-
ground of exposure to ionizing radiation and PC 
consumption increased 1.3 times in 24 h (P < 0.01), 
decreased 1.2 times on the second day (P < 0.05), 
twice on the third day and 1.3 times in 168 h (P < 
0.01) compared to the irradiated animals (Table 1).

After irradiation, NO2
– content decreased 1.8 

times (P < 0.05) in 24 h in lymphocytes, whereas 
it increased 1.5 times in 48 h and 1.6 times in 
72 h (P < 0.05) compared to the control. After 
irradiation, NOx

– content increased 1.3 times in 
24 h (P < 0.05), 1.6 times in 48 and 72 h (P <
< 0.01), 1.4 times in 168 h (P < 0.05) compared 
to the control. Under PC treatment, in 24 h after 
irradiation, NOx content increased 1.2 times (P <
< 0.05), whereas the content of NO2

– increased 1.6 
times (P < 0.05). An increase in NO3

– content 1.2 
times (P < 0.01) was found only in 48 h compa-
red to the irradiated animals (Table 1). 

The content of 3 -nitrotyrosine modified pro-
teins in lysates of rat lymphocytes after exposure to 
ionizing radiation increased by 37 % in 48 h (P <
< 0.05), by 111 % in 72 h and by 74 % in 168 h 
(P < 0.01) (Fig. 1, ñ–h). Under irradiation and PC 
consumption, there was a slight decrease in the 
investigated parameter on the second day of the 
experiment, and a 1.3-fold decrease on the third 
and seventh days (P<0.01) compared with the pa-
rameter under irradiation (Fig. 1, e, f).
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In peripheral blood leucocytes of the four ex-
perimental groups of animals, we observed the 
presence of a dominant protein with a molecu-
lar mass of approximately 35 kDa. It is interesting 
that after irradiation there were two distinct bands 
corresponding to proteins with molecular mass of 
40–32 kDa. It provides evidence that under irra-
diation different proteins are modified than in the 
control. Moreover, PC concentrate affecting the 
total content of nitrated proteins is not able to cause 
changes in the targets of those post-translational 
modifications.

However, low doses of ionizing radiation do not 
always lead to death of immunocompetent cells. 
They often only change their population structure 

and activate these cells [29, 30]. Irradiated leuco-
cytes synthesize large amounts of ROS, RNS and 
intercellular signaling molecules (cytokines) [31]. 
Consequently, this causes irreversible disturbance at 
the organism level. We studied the state of L-argi-
nine/NO system in kidney tissue, since kidneys pro-
vide homeostasis preservation in blood through the 
production and release of cytokines, chemokines 
and hematopoietic factors [32]. Although kidneys 
are considered to be sufficiently resistant to irradia-
tion, the imbalance of biochemical reactions in re-
nal cells leads to the impairment of the whole body, 
particularly in the early post-radiation period [5].

It has been observed that after irradiation the ac-
tivity of NOS in the rat renal cortical layer increased 

Table 1. The content of NO stable metabolites and the activity of NO-synthase in rat leucocytes

Note. Here and Table 2, Fig. 1, 2 data are mean ±S.E.M, n = 6–11. * Difference between control (C) and irra-
diation (R) (P < 0.05); ** Difference between control (C) and irradiation (R) (P < 0.01); a – difference between 
control (C) and control with PC consumption (C + PC) (P < 0.05); b – difference between control (C) and control 
with PC consumption (C + PC) (P < 0.01); c – difference between irradiation (R) and PC consumption against the 
background of irradiation (R + PC) (P < 0.05), d – difference between irradiation (R) and PC consumption against 
the background of irradiation (R + PC) (P < 0.01); e – difference between PC consumption against the background 
of irradiation (R + PC) and control with PC consumption (C + PC) (P < 0.01).

Rodent group
Total content of stable 

NO metabolites 
(nmol/mg protein)

Nitrite-anion Nitrate-anion NO-synthase activity
(nmol NO2

–/min • mg 
protein)nmol/mg of protein

24 h

C
C + PC
R
R + PC

33.57 ± 1.07
26.98 ± 1.35a

35.75 ± 1.18
41.51 ± 1.85c

10.38 ± 1.47
12.26 ± 1.05
5.92 ± 1.08*
9.76 ± 1.33c

23.19 ± 1.84
14.72 ± 1.82b

29.83 ± 1.29*
31.75 ± 2.23

0.72 ± 0.03
0.60 ± 0.06
0.66 ± 0.004*
0.84 ± 0.02d

48 h

C
C + PC
R
R + PC

27.87 ± 1.49
34.52 ± 3.17
43.28 ± 2.07**
51.19 ± 1.67

6.04 ± 1.65
7.36 ± 0.78
9.10 ± 0.96*
8.95 ± 1.86

21.83 ± 1.37
27.16 ± 2.02
34.18 ± 1.82**
42.24 ± 1.12d

0.70 ± 0.01
0.39 ± 0.06a

0.95 ± 0.01**
0.83 ± 0.06c

72 h

C
C + PC
R
R + PC

32.24 ± 2.31
25.27 ± 2.94
54.85 ± 2.22**
53.42 ± 1.65

7.37 ± 1.92
9.36 ± 2.30

13.83 ± 1.13*
9.29 ± 2.03

24.87 ± 3.28
15.90 ± 1.73a

41.03 ± 2.82**
44.12 ± 2.13

0.81 ± 0.01
0.55 ± 0.14b

1.32 ± 0.02**
0.64 ± 0.01d

168 h

C
C + PC
R
R + PC

28.16 ± 4.56
37.72 ± 1.67a

32.04 ± 0.99
34.16 ± 2.73

11.32 ± 2.74
9.12 ± 1.68
9.17 ± 1.18

10.55 ± 1.83

16.84 ± 1.61
28.60 ± 2.64a

22.87 ± 1.73*
23.61 ± 0.92

0.79 ± 0.03
0.62 ± 0.09a

0.89 ± 0.01*
0.68 ± 0.004d, e
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1.7 times in 24 h, 1.8 times in 48 h, twice in 72 h
and 1.5 times in 168 h compared to the control 
(P < 0.01). NOS activity was reduced throughout 
the experiment for the animals consuming PC con-
centrate after irradiation compared with the irradi-
ated animals (1.5 times in 24 h (P < 0.05), 1.9 times 
in 48 h and 1.7 times in 72 h (P < 0.01)) (Table 2).

The content of NO metabolites may grow under 
the employed experimental conditions due to prob-
able activation of NOS-independent ways of NO 

synthesis, among which the most important are the 
activation of nitrate- and nitritereductase, and cell 
xanthine oxidase.

Owing to the elevated NOS activity under irra-
diation, the content of NOx increased 3.5 times in 
24 h, 2.5 times in 48 h, 1.8 times in 72 h and 2.8 
times in 168 h (P < 0.01). It should be noted that 
in 24 h the content of NO3

– increased 3.7 times 
(P < 0.05), whereas the content of NO2

– reduced 
2.5 times compared to the control (P < 0.01) 
(Table 2). In the case of the combined action of 
PC and ionizing radiation, we observed a decrease 
in NOx content 1.9 times in 24 h and 1.6 times in 
168 h (P < 0.01), NO3

– content 1.9 times in 24 h, 
1.2 times in 48 h (P < 0.05) and 1.6 times in 168 h 
(P < 0.01) compared to the irradiated animals. Un-
der PC consumption, NO2

– increased in content 
twice (P < 0.01) on the first post-radiation day, 
whereas on the second and third days no changes in 
the content of the metabolite were noted (Table 2).

After irradiation, the level of proteins nitrated 
on tyrosine residues in the rat renal cortical layer 
increased by 17.5 % in 24 h (P < 0.05), by 47 % in 
48 h, by 44 % in 72 h and by 50 % in 168 hrs (P < 
0.01) compared to the control indexes. Under PC 
treatment against the background of irradiation, a 
downward trend in the indexes was shown in 24 and 
48 h after the irradiation and a decrease by 44 % in 
72 h and by 47 % in 168 h (P < 0.01) was reported 
compared with the indexes of the irradiated animals 
(Fig. 2, a–f).

The presence of dominant proteins (molecular 
mass of 35–40 kDa) was revealed in kidney lysates 
taken from all the four groups of animals. They also 
show an increase in nitrated proteins with molecular 
mass of approximately 80 kDa throughout all the 
four days of the experiment after irradiation and in 
those with molecular mass of 50 kDa on the second, 
third and seventh days after irradiation.

Discussion. There are a lot of studies aimed at 
determining the effects of oxidative-nitrative stress 
in tissues affected by high doses of ionizing radia-
tion. Futhermore, it is often suggested that dam-
age induced by low doses of irradiation cannot be 
detected and are likely not to exist [33, 34]. Such 
fundamentally different approaches to the interpre-
tation of the effects of different doses of radiation 
are increasingly criticized. Therefore, our research 
was focused on studying the effects of ionizing 
radiation at the dose of 30 cGy on indices that 

Fig. 1. Western blot analysis of 3 -nitrotyrosine modified 
proteins in leucocyte lysates under irradiation and PC 
consumption: 24 (a), 48 (c), 72 (e) and 168 (g) h after 
irradiation. The total nitrotyrosine content is shown in 
percent (control is taken as 100 %), (b), (d), (f), (h) 
respectively. *, **, d, e – see Note Table 1
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characterize oxidative-nitrative stress in the renal 
cortical layer and more radiosensitive peripheral 
blood leucocytes.

One of the key reasons of negative effects of 
radiation is NO hyperproduction, which in vivo is 
formed in the reaction catalyzed by NOS or some 
pathways independent of this enzyme. It is known 
that nitrates and nitrites are directly reduced to 
nitric oxide under appropriate reductases or xan-
thine oxidase. Nitrites may further be exposed to 
disproportionation to form NO.

The obtained results indicate that under irra-
diation the functioning of L-arginine/NO system 
is impaired in rodent tissues leading to emergence 
and further deepening of nitrative stress.

It is known that irradiation causes DNA dam-
age, including strand breaks, destruction of nitrous 
bases and cross-linking. This leads to apoptosis in-
duction in radiosensitive cells, including lympho-
cytes [30]. The regulation of cell survival or death 

is achieved through a cascade of signaling reactions, 
the key event of which is protein kinase activa-
tion. Owing to its redox chemistry, NO stimulates 
radiation-induced signaling through the activation 
of two superfamilies of protein kinases – mitogen-
activated protein kinase (MAPK) and phosphati-
dylinositol-3’ kinase (PI3`K). The consequence of 
this stimulation is the activation of p53 protein by its 
phosphorylation. The activation of MAPK, PI3`K 
and protein kinase B (PKB) with further accumula-
tion of activated p53 are factors causing inhibition 
of iNOS gene expression following irradiation [31, 
35, 36]. They possibly lead to a decrease of the 
total NOS activity on the first day after irradia-
tion in the dose of 30 cGy. The possible reason for 
the observed increase in NOS activity in periph-
eral blood lymphocytes on the second and third 
days following irradiation is perhaps the activation 
of gene transcription coding of the murine double 
minute 2 (Mdm2) factor by a low dose of radiation. 

Table 2. The content of NO stable metabolites and the activity of NO-synthase in the renal cortical layer of rats

Rodent group
Total content of stable 

NO metabolites. 
(nmol/mg protein)

Nitrite-anion Nitrate-anion NO-synthase activity
(nmol NO2

–/min • mg 
protein)nmol/mg of protein

24 h

C
C + PC
R
R + PC

12.37 ± 2.83
28.45 ± 2.86a

43.09 ± 6.85**
22.75 ± 2.49d

0.88 ± 0.04
0.47 ± 0.02a

0.35 ± 0.10**
0.71 ± 0.04d

11.49 ± 2.1
27.98 ± 3.05b

42.74 ± 9.68**
22.04 ± 4.90c

0.041 ± 0.014
0.043 ± 0.012
0.070 ± 0.005*
0.048 ± 0.008c

48 h

C
C + PC
R
R + PC

12.85 ± 1.30
28.42 ± 2.01a

31.50 ± 1.10**
26.77 ± 2.09

0.56 ± 0.11
0.92 ± 0.05a

0.76 ± 0.04*
0.84 ± 0.07

12.29 ± 2.90
27.50 ± 2.11b

30.74 ± 1.15**
25.93 ± 2.02c

0.039 ± 0.003
0.038 ± 0.0004
0.071 ± 0.006**
0.037 ± 0.005d

72 h

C
C + PC
R
R + PC

18.95 ± 3.85
29.22 ± 1.89b

34.40 ± 3.81**
36.08 ± 1.78

0.87 ± 0.09
0.88 ± 0.09
1.56 ± 0.58
1.07 ± 0.03

18.08 ± 1.84
28.34 ± 1.83a

32.84 ± 4.83**
35.01 ± 1.81

0.046 ± 0.010
0.036 ± 0.002
0.090 ± 0.009**
0.054 ± 0.004d

168 h

C
C + PC
R
R + PC

14,52 ± 2,15
15,24 ± 1,72
41,24 ± 2,51**
26,15 ± 1,08d, e

0,72 ± 0,04
0,84 ± 0,06a

1,33 ± 0,09**
0,96 ± 0,10c

13,80 ± 1,32
14,40 ± 1,05
39,91 ± 1,37*
25,19 ± 0,46d, e

0,041 ± 0,007
0,039 ± 0,010
0,062 ± 0,014**
0,046 ± 0,009
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This protein is a E3 ubiquitin-protein ligase, which 
induces p53 proteasome-mediated degradation and 
increases iNOS activity [31, 35, 36]. Increased total 
NOS activity, which is above the control level, may 
be caused by the activation of signaling pathways 
that control the activity of iNOS at transcriptional 
and posttranscriptional levels [37].

Oxidation of L-arginine was activated in the rat 
renal cortical layer, which was testified by increased 

NOS activity throughout the experiment and, con-
sequently, by an increase in NOx content.

NOx content also increased in all the stages of 
the experiment in immunocompetent cells. Inter-
estingly, in 24 h after irradiation, NO2

– content 
decreased against the background of a significant 
increase in both NO3

– levels in lymphocytes and 
renal cells. It is known that nitrite-anion is a prod-
uct of NO spontaneous oxidation in physiological 
conditions under normal oxygenation. It should 
be taken into consideration that nitrate-anion is 
produced in two ways – through the oxidation of 
nitrite-anion or simultaneously from ROS and RNS 
through ONOO– degradation:

ONOO– + H+  HNO3
–  H+ + NO3

–

ONOO– + H+  ONOOH  •NO2
–+ •OH.

Therefore, an increase in NO3
– content under 

irradiation shows not only the activation of NO 
synthesis by iNOS but also an increase of ROS 
generation, and thus the development of oxidative 
stress [38, 39].

PC consumption caused the reduction of total 
NOS activity throughout the three days of the ex-
periment following irradiation in renal cell lysates. 
It is known that polyphenolic compounds are able 
to inhibit the iNOS mRNA translation, the syn-
thesis of which was induced by lipopolysaccharide, 
interleukin-1 and TNF-  (tumor necrosis factor 
) [40, 41]. This mechanism may occur also under 

inhibition of iNOS activity by polyphenolic com-
pounds, which was increased after the exposure to 
low doses of radiation.

A decrease in NOS activity under consumption 
of PC concentrate caused the reduction of the 
total content of NO stable metabolites in 24 h in 
lysates of renal cortical layer cells. This may be 
considered evidence of the fact that red wine poly-
phenols affect NO enzymatic synthesis, inhibiting 
radiation-induced NOS activity growth. It should 
be noted that the content of NO3

– decreased and 
the content of NO2

– increased compared to the 
irradiated animals. It is quite probable that the 
reason for this is the activation of nitrate reductase, 
which catalyzes the recovery of NO3

– to NO2
– and 

simultaneously slows down reverse reactions – the 
oxidation of NO2

– to NO3
–. In 48 and 72 h after 

irradiation, these indices were higher than control 
values. Judging from our results, other pathways of 
NO and NOx production are activated in excretory 

Fig. 2. Western blot analysis of 3 -nitrotyrosine modified 
proteins in the kidney cortical layer under irradiation and 
PC consumption: 24 (a), 48 (c), 72 (e) and 168 h (g) 
after irradiation. The total nitrotyrosine content (control 
is taken as 100 %) is shown, (b), (d), (f), (h) respectively 
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system tissues under irradiation. The activation of 
nonenzymatic NO formation in the reaction of 
NO2

– and NO3
– under relevant reductase maybe 

the first way of NO2
– content growth, whereas NO 

release from its depot (nitrosylated proteins) is the 
second way [42]. The process of NO release from 
nitrosothiols is catalyzed by two main denitrosyl-
ases related to redox pathways [43–47]. The first 
enzyme catalyzes transnitrosylation to reduced 
glutathione (GSH) forming S-nitrosoglutathione 
(GSNO). Accumulated GSNO undergoes enzy-
matic denitrosylation involving GSNO reductase 
(GSNOR) [43, 45]. The second denitrosylase reg-
ulates posttranslational modification of proteins 
through thioredoxin (Trx) involvement. Consecu-
tive reactions are coupled to Trx reductase and 
NADPH [44].

Similarly, in peripheral blood lymphocytes, 
NO2

– and NO3
– content increased only on the first 

day after irradiation under PC consumption. In lat-
er periods of the experiment, these indices remained 
at the level of irradiated animals.

It is known that the content of nitrated pro-
teins increases in cells injured by ionizing radiation 
due to excessive production of NO and ONOO– 
through growing iNOS activity. Current strategies 
aimed at limiting the cytotoxin formation are based 
on using a variety of herbal compounds that have 
the ability to scavenge RNS in vitro such as vine 
and wine phenolic compounds [5].

Our findings suggest that exposure to low doses 
of ionizing radiation leads to an increase in nitroty-
rosine-modified proteins – key markers of nitrative 
stress in leucocytes and the rat renal cortical layer. 
We showed a reduction of this index in 72 and 168 h
under combined effects of PC and X-rays. An in-
crease in nitrotyrosine-modified protein content 
was also observed in lymphocytes under irradia-
tion. PC introduction against the background of 
irradiation caused a decrease of this index on the 
third day compared to irradiation. Under the action 
of radiation, we detected an increase in nitrotyros-
ine-modified protein content due to an intensified 
processes of ONOO– formation. PC treatment has 
an inhibitory effect on protein nitration through 
NOS inhibition and ONOO– neutralization [48]. 
The most significant decrease of 3`-nitrotyrosine 
modified proteins both in leucocytes and rat renal 
cortical layers on the third day after irradiation un-
der PC consumption may be an indication of the 

activation of cellular signaling pathways by these 
compounds, the denitration process being one of 
their links. It is widely accepted that protein nitra-
tion is a reversible process involved in intracellular 
signaling, along with phosphorylation. However, 
the mechanism of denitration is not clearly under-
stood [49–51].

The ability of polyphenols to act as antioxidants 
and activate the endogenous antioxidant defense 
system in various organs such as the liver, kidneys, 
heart and brain is biologically important [19, 16, 
18, 52–54]. All these data and our results con-
firm the ability of wine polyphenolic compounds 
to prevent the development of oxidative-nitrative 
stress caused by exposure to low doses of ionizing 
radiation.

Conclusion. Our results provide molecular 
mechanisms of nitrative stress development based 
on disorders in L-arginine/NO system and justify 
the use of wine polyphenolic complexes to prevent 
the development of radiation-induced changes and 
restore the physiological status of the organism after 
exposure to low doses of radiation.

ÎÑËÀÁËÅÍÈÅ ÏÐÎÖÅÑÑÎÂ 
ÐÀÄÈÎÈÍÄÓÖÈÐÎÂÀÍÍÎÃÎ 
ÍÈÒÐÀÒÈÂÍÎÃÎ ÑÒÐÅÑÑÀ Â ËÅÉÊÎÖÈÒÀÕ 
È ÊËÅÒÊÀÕ ÏÎ×ÊÈ ÊÐÛÑ ÏÐÈ ÂÂÅÄÅÍÈÈ 
ÊÎÍÖÅÍÒÐÀÒÀ ÏÎËÈÔÅÍÎËÜÍÎÃÎ 
ÊÎÌÏËÅÊÑÀ ÈÇ ÊÐÀÑÍÎÃÎ 
ÂÈÍÎÃÐÀÄÍÎÃÎ ÂÈÍÀ

Ì. Ñàáàäàøêà, Í. Ñèáèðíàÿ

Óñòàíîâëåíî, ÷òî äåéñòâèå èîíèçèðóþùåãî èçëó-
÷åíèÿ â äîçå 30 cÃð ïðèâîäèò ê àêòèâàöèè NO-
ñèíòàçíîãî ïóòè ñèíòåçà îêñèäà àçîòà, íàêîïëåíèþ 
åãî ñòàáèëüíûõ ìåòàáîëèòîâ è 3 -íèòðîòèðîçèí-
ìîäèôèöèðîâàííûõ ïðîòåèíîâ â ëåéêîöèòàõ ïåðè-
ôåðè÷åñêîé êðîâè è êîðêîâîì ñëîå ïî÷êè êðûñ. 
Ââåäåíèå îáëó÷åííûì æèâîòíûì êîíöåíòðàòà ïðè-
ðîäíîãî ïîëèôåíîëüíîãî êîìïëåêñà èç êðàñíîãî 
âèíîãðàäíîãî âèíà ñïîñîáñòâîâàëî ñîõðàíåíèþ àê-
òèâíîñòè NO-ñèíòàçû íà óðîâíå êîíòðîëüíûõ çíà-
÷åíèé. Ïðè ââåäåíèè èññëåäóåìîãî êîíöåíòðàòà 
ñîäåðæàíèå ïðîòåèíîâ, ìîäèôèöèðîâàííûõ íèòðî-
âàíèåì ïî îñòàòêàì òèðîçèíà, ñíèæàëîñü â ðàííèé 
ïîñòðàäèàöèîííûé ïåðèîä êàê â ëåéêîöèòàõ, òàê
è êëåòêàõ êîðêîâîãî ñëîÿ ïî÷êè. Íàìè ýêñïåðè-
ìåíòàëüíî ïîäòâåðæäåíà ñïîñîáíîñòü êîíöåíòðàòà 
ïîëèôåíîëüíîãî êîìïëåêñà èç âèíîãðàäíîãî âèíà 
êîððåêòèðîâàòü íåãàòèâíûå èçìåíåíèÿ ñèñòåìû L-
àðãèíèí/NO è ïîäàâëÿòü ðàçâèòèå íèòðàòèâíîãî 
ñòðåññà, èíäóöèðîâàííîãî ìàëûìè äîçàìè èîíèçè-
ðóþùåãî èçëó÷åíèÿ.
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ÏÐÈÃÍ²×ÅÍÍß ÏÐÎÖÅÑ²Â 
ÐÀÄ²Î²ÍÄÓÊÎÂÀÍÎÃÎ Í²ÒÐÀÒÈÂÍÎÃÎ 
ÑÒÐÅÑÓ Ó ËÅÉÊÎÖÈÒÀÕ ÒÀ ÊË²ÒÈÍÀÕ 
ÍÈÐÊÈ ÙÓÐ²Â ÏÐÈ ÂÂÅÄÅÍÍ² 
ÊÎÍÖÅÍÒÐÀÒÓ ÏÎË²ÔÅÍÎËÜÍÎÃÎ 
ÊÎÌÏËÅÊÑÓ Ç ×ÅÐÂÎÍÎÃÎ 
ÂÈÍÎÃÐÀÄÍÎÃÎ ÂÈÍÀ 

Ì. Ñàáàäàøêà, Í. Ñèá³ðíà

Âñòàíîâëåíî, ùî ä³ÿ ³îí³çóþ÷îãî âèïðîì³íþâàííÿ ó 
äîç³ 30 cÃð ïðèçâîäèòü äî àêòèâàö³¿ NO-ñèíòàçíîãî 
øëÿõó ñèíòåçó îêñèäó í³òðîãåíà òà íàêîïè÷åííÿ éî-
ãî ñòàá³ëüíèõ ìåòàáîë³ò³â ³ 3 -í³òðîòèðîçèí-ìîäèô³-
êîâàíèõ ïðîòå¿í³â ó ëåéêîöèòàõ ïåðèôåðè÷íî¿ êðî-
â³ òà êîðêîâîìó øàð³ íèðêè ùóð³â. Ââåäåííÿ îïðî-
ì³íåíèì òâàðèíàì êîíöåíòðàòó ïðèðîäíîãî ïîë³ôå-
íîëüíîãî êîìïëåêñó ç ÷åðâîíîãî âèíîãðàäíîãî âèíà
ñïðèÿëî çáåðåæåííþ àêòèâíîñò³ NO-ñèíòàçè íà ð³â-
í³ êîíòðîëüíèõ çíà÷åíü. Âèÿâëåíî, ùî âì³ñò ïðîòå-
¿í³â, ìîäèô³êîâàíèõ í³òðóâàííÿì çà çàëèøêàìè òè-
ðîçèíó, çíèæóâàâñÿ ó ðàíí³é ïîñòðàä³àö³éíèé ïå-
ð³îä ÿê ó ëåéêîöèòàõ, òàê ³ ó êë³òèíàõ êîðêîâîãî 
øàðó íèðêè çà âïëèâó äîñë³äæóâàíîãî êîíöåíòðàòó. 
Îòæå, åêñïåðèìåíòàëüíî ï³äòâåðäæåíî çäàòí³ñòü êîí-
öåíòðàòó ïîë³ôåíîëüíîãî êîìïëåêñó ç âèíîãðàäíîãî 
âèíà êîðèãóâàòè íåãàòèâí³ çì³íè ñèñòåìè L-àðã³í³í/
NO ³, òàêèì ÷èíîì, ïðèãí³÷óâàòè ðîçâèòîê í³òðà-
òèâíîãî ñòðåñó, ³íäóêîâàíîãî ìàëèìè äîçàìè ³îí³çó-
þ÷îãî âèïðîì³íþâàííÿ.
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