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VITAMIN D, CONTRIBUTION TO THE REGULATION OF OXIDATIVE
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This work is devoted to the study of the features of oxidative metabolism of hepatocytes in diabetic
mice and those under the vitamin D, action. We found out that a 2.5-fold decrease of 250HD, content in
the serum was caused by chronic hyperglycemia in diabetes. Intensification of the reactive oxygen species
(ROS) and nitrogen monoxide (NO) production, protein oxidative modifications (detected by the contents of
carbonyl groups and 3-nitrotyrosine), accumulation of diene conjugates and TBA-reactive products of lipid
peroxidation, and the decreased level of free SH-groups of low molecular weight compounds in the liver were
accompanied by development of vitamin D, deficient state. It was shown that there was a decrease in the key
antioxidant enzymes activity (catalase, SOD), while the activity of prooxidant enzymes NAD(P)H:quinone
oxidoreductase, xanthine oxidase and NAD(P)H oxidase was increased. The identified oxidative metabolism
lesions caused the elevation of the hepatocytes necrotic death that was tested for the ability of their nuclei to
accumulate propidium iodide. Prolonged vitamin D, administration (during 2 months) at a dose of 20 1U to
diabetic mice helps to reduce the ROS formation and biomacromolecules oxidative damage, normalizes the
antioxidant system state in the liver and increases survival of hepatocytes. The results suggest that vitamin D,
is a key player in the regulation of the oxidative metabolism in diabetes.

Key words: vitamin D,, 250HD,, oxidative stress, antioxidant protection, experimental type 1 diabetes.

the pancreatic Langerhans islets caused by their

destruction, which develops under the influence
of environmental factors (viral infections, stress,
certain nutritional components) and in the presence
of genetic background (genetic mutations, autoim-
mune processes) underlies pathogenetic development
of insulin-dependent diabetes [1]. The primary rea-
son in the development of diabetes pathology is a hy-
perglycemia. When the glucose level is chronically
elevated an excessive non-enzymatic glycosylation
(glycation) of proteins that form cytotoxic advanced
glication end products (AGEs) of protein-lipid com-
plexes glycoxidation is observed. These AGEs can
interact with appropriate receptors (RAGE) on the
cell membrane and this leads to the intensification
of prooxidant processes and increased synthesis of
proinflammatory cytokines [2]. The development
of oxidative-nitrosative stress (ONS) under diabe-
tes increases metabolism and endocrine disorders
caused by pathological changes in the insulin secre-
tion, pathoimmune reactions and depletion of anti-
oxidant reserves [3]. ONS is a universal non-specific

I nsufficiency of insulin production by B-cells of
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mechanism of numerous morphological changes in
the body. The antioxidant defense system of the cell
gets damaged one of the first in the organism.

For a normal organism functional activity free-
radical processes are maintained at a steady level
that is ensured by the balance of the intracellular
reactive oxygen species (ROS) formation rate and
functioning of a complex tissue-specific system of
radical traps and biomacromolecules peroxidation
inhibitors. Permanent formation of prooxidants is
balanced by their enzymatic and non-enzymatic de-
toxification by antioxidants [4]. Activity of the main
enzymes that generate reactive oxygen and nitrogen
(specific — NAD(P)H oxidase and NO-synthase, un-
specific — NAD(P)H:quinones-oxidoreductase and
xanthine oxidase) is significantly changed in diabe-
tes [5].

At the molecular level, the pathological effects
of excess ROS content appear as compartment-de-
pendent changes in cell redox status and oxidative
modifications of biomacromolecules (protein car-
bonyl level, lipid peroxidation, mutations in nucleic
acids). Accumulation of nitrosylated and poly(ADP)
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ribosylated proteins in different cell types indicates
biochemical disorders in diabetes [6]. A key role in
the intensification of nitrosylation and poly(ADP)
ribosylation belongs to the activation of poly(ADP)
ribosopolymerase (PARP), an enzyme whose main
physiological function is the NAD-dependent repa-
ration of single-stranded DNA breaks (SSBs) [7].
ONS plays a key role in the development of diabetic
complications such as cardiovascular, microvascular,
neuropathic, immune etc. [8].

Besides a well-known role of vitamin D, in the
regulation of calcium and phosphorus metabolism
and involvement of cholecalciferol in the bone re-
modeling process, it is also known that vitamin D,
exhibits immunomodulatory, anti-inflammatory,
anti-proliferative effects and is able to prevent trans-
formation of tumor cells [9]. Molecular mechanisms
of vitamin D, cytoprotective properties can be im-
plemented both through genomic regulation which
largely corresponds to the steroid hormone-like ac-
tion and non-genomic effects, including its regula-
tory effect on the protein expression, cellular me-
tabolism, inflammation and oxidative stress [10].
The present studies examine the effects of vitamin
D, in cells as a biological antioxidant, consider its
action mechanism in the context of structural simi-
larity with cholesterol and ergosterol. Thus, it is as-
sociated with the ability of cholecalciferol to directly
modify the physicochemical state of biological mem-
branes [11]. In addition, the antioxidant activity of
vitamin D, can be provided through its hormonally
active forms on the genes expression level and regu-
lation of pro-/antioxidant enzyme activity.

The aim of this work was to determine the vi-
tamin D, role in the regulation of reactive oxygen
species formation, processes of biomacromolecules
oxidative modification, state of enzymatic antioxi-
dant defense system in the mice liver and hepato-
cytes survival in experimental diabetes.

Materials and Methods

Studies were conducted on male mice C56BI1/J6
weighing 21 £+ 3 g. Type 1 diabetes was caused with
5-fold administration of streptozotocin (STZ, Sigma-
Aldrich, USA) at a dose of 40 mg/kg body weight of
the animal. This type of administering STZ is com-
monly used for the induction of experimental auto-
immune type 1 diabetes in mice. In this study the
animals after 6 weeks of diabetes with blood glucose
20.4 + 4.3 mmol/L were used. After development of
stable hyperglycemia mice were injected with vita-
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min D, (DSM, the Netherlands) for 2.5 months in an
aqueous suspension form (800 IU/kg body weight,
per os). Control animals were kept on a complete
diet in the vivarium. For the adaptation period (one
week) and during the experiment animals were kept
in the vivarium at a temperature of 18-22 °C, hu-
midity 50-60%, natural light mode "day-night" in
standard plastic cages with free access to their food
and water and in compliance with General Ethical
Principles for Experiments on Animals (Ukraine,
2001). Mice were decapitated, using diethyl ether for
anesthesia. Selection of animals and the formation
of groups were performed by the method of random
numbers [12].

We evaluated vitamin D, availability in mice by
the level of serum 250HD,, which was determined
by immunoenzyme technique (ELISA kit, Immu-
nodiagnostic Systems Ltd., USA). This method is
based on the competitive binding of serum 250HD,
and 250HD,-biotin with vitamin D, binding protein
(VDBP), immobilized on immunological 96-well
plate.

Hepatocytes were isolated after liver perfu-
sion with phosphate-saline buffer through the portal
vein. The rinsed liver was cut into thin slices, which
were incubated with collagenase at 37 °C within
an hour, followed by washing with phosphate-
saline buffer containing 0.146 M NaCl, 5.4 mM
KCl, 0.8 mM MgSO,-7H,0, 2 mM CaCl,, 0.7 mM
Na,HPO,12H,0, 0.7 mM KH,PO,, 1% albumin, pH
7.4 [13]. The number of cells was counted in a Gory-
aev cell chamber.

Fluorescent determination of the reactive
oxygen and nitrogen content were performed with
DCFH-DA (2',7-Dichlorodihydro fluorescein diac-
etate) [14]. The amount of 1 pl of DCFH-DA solu-
tion (2.5 mM) was added to 100 ml of mice isolated
hepatocytes suspension (0.5:10° cells) and incubated
for 30 min at 37 °C in the dark. Samples were cen-
trifuged at 300 g for 10 minutes and washed 2 times
with a PBS solution (pH 7.4), and the final precipi-
tate of hepatocytes was resuspended in 0.5 ml of
PBS. Right after preparation, the samples were ana-
lyzed using flow cytometer COULTER® EPICSTM
XLTM. The fluorescence of the DCF-DA oxidized
form (Dichlorodihydro fluorescein diacetate) was
measured at A =488 and A = 540 nm.

Fluorescent determination of NO content
was carried out with DAF-FM DA (4-amino-5-
methylamino-2'7'-difluorofluorescein diacetate) [15].
DAF-FM (1.5 mM) in the amount of 1 pl was added
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to 100 pl of the suspension of isolated mice hepato-
cytes (0.5-10° cells) and incubated for 30 minutes at
37 °C in the dark and then resuspended in 0.5 ml
PBS. Subsequently, the samples were analyzed using
flow cytometry (COULTER® EPICSTM XLTM).
The fluorescence of oxidized forms of DAF-FM DA
was measured at A, =488 and A = 540 nm.

The level of hepatocyte death (necrosis) was es-
timated using flow cytometry by the number of cells
that could accumulate propidium iodide [16].

The level of oxidative modification of proteins
(OMP) was evaluated by the content of carbonyl
derivatives of proteins (ketone-2,4-dinitro-phenyl-
hydrazone) in the presence of electron donors and
metals with variable valences, especially copper
or iron ions. Changes in absorbance were recorded
using automatic microspectrophotometer pQuant
(Biotek, USA) [17]. Determination of lipid peroxida-
tion products was carried out by reaction with thio-
barbituric acid [18], and the content of low molecu-
lar weight compounds free SH-groups — by reaction
with ortho-phthalaldehyde [19] in the liver homogen-
ates.

The activity of antioxidant enzymes superoxide
dismutase (SOD, EC 1.15.1.1), catalase (EC 1.11.1.6)
and glutathione reductase (EC 1.8.1.7) was deter-
mined using previously described methods [20-22].

The activity of NAD(P)H:quinone oxidoreduc-
tase (EC 1.6.5.5) was determined in liver homogen-
ates in a reaction mixture containing NADPH-gen-
erating glucose-6-phosphatedehydrogenase system,
menadione (2-methyl-1,4-naphthoquinone) and MTT
[3-(4,5-dymetyltiazo-2-i1)-2,5-diphenyltetrazolio
bromide]. NAD(P)H:quinone oxidoreductase cata-
lyzes NADPH-dependent reduction of menadione to
menadiol. The following formation of formazan that
appeared as a result of non-enzymatic MTT reduc-
tion due to menadiol, was detected on a microplate
reader at the wavelength range of 550-640 nm [23].

The activity of xanthine oxidase (EC 1.17.3.2)
was determined in the reaction of ethanol oxidation
by hydrogen peroxide (which was formed due to sub-
strate hypoxanthine oxidation by xanthine oxidase)
into acetaldehyde, which was cleaved by NAD-de-
pendent aldehyde dehydrogenase. Reduction of co-
enzyme NAD"* was detected with spectrophotometry
(A =334 nm) [24].

The activity of NAD(P)H:oxidase (EC 1.6.3.1)
was determined in liver homogenates spectrophoto-
metrically by the rate of NADPH to NADP* oxida-
tion in parallel samples without addition and with
the addition of NAD(P)H oxidase specific inhibitor -
apocynin (10 mM) [25].

The level of nitrozylated proteins was deter-
mined by Western blotting [26]. The intensity of the
signals on X-ray film was evaluated using GelPro32
[27].

Statistical analysis of the data was performed
using the computer program (Microsoft Excel).
Results were presented as means of 6 independent
determinations + standard error. The assessment of
statistical significance of distinction averages were
performed using a standard Student t-test for non-
correlated samples [12].

Results and Discussion

The most objective and informative meas-
ure of vitamin D, availability is 250HD, content
in serum, which is in the range of 100-150 nmol/L
(40-100 ng/mL) in human organisms. Reduction of
serum 250HD, level below 75 nmol/L shows the de-
velopment of D,-hypovitaminosis [28]. The results
shown in Table 1 indicate that in terms of diabetes
the level of serum 250HD, decreases to 2.52 times
as compared to control animals, reflecting a lack of
vitamin D, availability and inhibition of its biologi-
cally active hydroxylated forms synthesis. The se-
rum level of glucose in the animals with diabetes

Table 1. Contentof 250HD, and glucose in serum of mice in experimental diabetes and with the vitamin D,

administration (M £ m, n = 6)

) Content of 250HD, Glucose concentration,
Experimental groups
nmol/L ng/mL mmol/L
Control 85.6 +4/11 342+ 1.64 52+1.1
Diabetes 33.9 £ 1.91%* 13.56 + 0.76* 20.4 +£4.3%
Diabetes + D, 754 +5.21*% 30.16 = 2.02% 14.5 +3.2%

Here and in Table 1-3 *the difference compared with the control is reliable (P < 0.05); #*the difference compared with the

group "Diabetes" is reliable (P < 0.05)
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significantly increased to 20.4 = 4.3 mmol/L com-
pared to control — 5.2 + 1.1 mmol/L.

Production of free radicals, their neutralization
and free radical oxidation are normal physiologi-
cal processes that ensure the regulation of cellular
activity and there is a balanced equilibrium among
them. However, overproduction of ROS and accu-
mulation of lipid peroxidation products (LPO) under
pathological conditions can lead to inactivation of
cytosolic and membrane-bound regulatory proteins,
alterations of their physicochemical properties, bio-
logical membrane permeability and functional ge-
nome integrity [29].

Pathologies that are accompanied with the tis-
sue hypoxia development (including diabetes) are
characterized by a significant imbalance between
the rate of free radical species production and an-
tioxidant enzyme activity (AOP), resulting in the
accumulation of excess peroxide compounds, and
oxidative stress progression [30]. Firstly, we studied
the intensity of bio-oxidants production (reactive
oxygen and nitrogen species), the level of cellular
macromolecule oxidative modifications and the ef-
ficiency of the antioxidant defense system in the liver
to determine the role of ROS-mediated processes un-
der chronic hyperglycemic condition (experimental
type 1 diabetes).

In accordance with the data obtained using
ROS-sensitive fluorescent probe DCFH-DA, we have
found out that chronic diabetic hyperglycemia stim-
ulates formation of reactive oxygen metabolites in
isolated hepatocytes, increasing the intensity of fluo-
rescence by 90.4% (P < 0.05) compared with control
animals (Fig. 1). Similarly, a significant increase by
73.1% (P < 0.05) in fluorescence of DAF- FM DA, a
probe specific for the nitric oxide (II) molecule, was
shown for hepatocytes from diabetic mice (Fig. 2). It
should be noted that the results of recent year studies
confirm the direct effect of insulin signaling on the

regulation of nitric oxide synthesis [31]. On the other
hand NO exhibits some insulin-like effects such as
stimulating glucose transport and oxidation [32].
Due to impairment of insulin-producing system in
type 1 diabetes we can suggest that activation of NO
production in tissues (especially in the liver) may be
a regulatory mechanism of partial compensation for
the lack of insulin in diabetic organisms.

It is known that excessive production of reactive
oxygen metabolites is one of the key mechanisms
leading to cell dysfunction and death. Cytotoxic and
mutagenic action of ROS is caused by increased free
radical (peroxidative) oxidation of physiologically
important macromolecules [33]. The results of bio-
chemical analysis of changes in integrated indicators
of free radical oxidation of biomolecules evidence
for a significant intensification of the oxidative pro-
cess under conditions of chronic hyperglycemia.
This applies to the content of TBA-reactive products
(predominantly MDA) and dien conjugates (DC) in
particular, which are the end products of lipid per-
oxidation (LPO) and can cause damage of biological
membranes, proteins and nucleic acids. It was estab-
lished that the level of TBA-reactive products and
DC exceeded 2.5 and 1.9 times, respectively, in the
experimental type 1 diabetic mice compared with
control group of mice (Table 2).

It is important that in conditions of chronic hy-
perglycemia, ROS also causes protein oxidative deg-
radation. It is believed that protein oxidative modifi-
cations play a key role in the molecular mechanisms
of oxidative stress and may trigger damage to other
cell biomolecules (lipids, DNA) [34, 35]. The degree
of protein oxidative modifications was evaluated by
the content of carbonyl groups (>C=0), which are
formed in protein molecules mainly due to the di-
rect oxidation of some amino acid radicals (especial-
ly Pro, Arg, Lys), as well as due to the interaction
with lipid peroxidation products or reducing sugars.

Table 2. Content of free radical oxidation products and free SH- groups compounds in the liver of diabetic

mice and with vitamin D, administration (M £ m, n = 6)

Index Control Diabetes Diabetes + D,
TBA-reactive products, nmol/mg of protein 0.6 £0.02 1.5 £0.05% 1.0 + 0.03*
Dien conjugates, nmol/mg of protein 157+ 1.8 29.8 +2.3*% 224+ 1.7
Protein carbonyl groups, nmol/mg of protein 0.8+0.03 1.3 +£0.,04* 0.9 +0.04*
Free SH-groups of low molecular weight
compounds, nmol/mg of protein 56+0.18 3.3+0.11* 4.9 +0.15*
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Fig. 1. The rate of ROS formation in hepatocytes of diabetic mice and with vitamin D, administration. (A)
Fluorescence cytofluorograms of DCF-DA (count — the number of events; FL1 LOG — fluorescence intensity)
and (B) mean fluorescence intensity. *P < 0.05 compared with control, #P < 0.05 compared with diabetes
group (M +m, n = 6)
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Fig. 2. The rate of nitric oxide (Il1) in hepatocytes of diabetic mice and with vitamin D, administration. (A)
Fluorescence cytofluorograms of DAF-FM DA (count — the number of events, FLI LOG — fluorescence in-
tensity) and (B) mean fluorescence intensity. * P < 0.05 compared with control, # P < 0.05 compared with
diabetes group (M £ m, n = 6)

80 ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 3



D. O. LABUDZYNSKYT, O. V. ZAITSEVA, N. V. LATYSHKO et al.

Since amino acid residues normally contain a small
amount of carbonyl groups, even little increase of
their content per unit of protein can be considered
as a result of oxidative stress, which occurs because
of an imbalance of ROS-generating and degrada-
tion processes. Moreover, determination of carbonyl
groups in proteins has significant advantages com-
pared to the detection of lipid peroxidation products
because of the relative stability of oxidized proteins
and their formation at the beginning of oxidative
stress development [34]. It was established that the
content of carbonyl groups in the studied samples
of liver is 1.65 times higher compared to the control
group (Table 2). Among various types of macromol-
ecules damage, mainly oxidative modification of cel-
lular proteins often leads to loss of their function and
then such molecules are to be selectively degraded.
Despite the fact that moderate oxidative modification
makes proteins more accessible for many proteases
which play an important role in protein degradation,
the increased level of modified proteins (particularly
enzymes) under conditions of oxidative stress may
harm cellular metabolism.

As was mentioned above, chronic diabetic
hyperglycemia can lead to ROS overproduction in
various tissues, especially superoxide anion, which
interacts with other active forms of oxygen and can
be converted to hydroxyl radical, hydrogen perox-
ide and peroxynitrite (ONOO"). Reactive nitrogen-
containing compounds, including peroxynitrite play

A
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«—— 150 kDa

«—— 92 kDa

<«—— 60 kDa

+«—— 52 kDa

Nitrosylated proteins

+—— 35 kDa

Nitrosylated proteins relative level, c.u.

B-actine

a crucial role in the pathogenesis of diabetes and
its complications [36]. The growth of peroxynitrite
content, which today is recognized as the number
one oxidant in biological systems leads to the de-
velopment of oxidative/nitrosative stress, accom-
panied by protein nitrosylation, lipid peroxidation,
DNA breaks, changes in cell signaling, activation of
poly(ADP-ribose)polymerase-1 (PARP-1), induction
of necrosis and apoptosis. High level of nitrosylated
proteins (estimated by 3-nitrotyrosine content) is one
of the earliest markers indicating the beginning of
chronic complications in diabetes [36]. It was shown
(due to immunoblotting analysis) that there is a 1.72-
fold increase (P < 0.05) of nitrosylated proteins in
the liver lysates compared with the control group of
mice (Fig. 3). It should be noted that the increase in
nitrosylated protein content correlated with high NO
production by hepatocytes (Fig. 2), which actually
is one of the peroxynitrite precursors. This growth
of NO concentration can be explained by inducible
form of nitric oxide synthase (iNOS) overexpression
in the liver under diabetes [37].

A thiol-disulfide system is an important com-
ponent of oxidative homeostasis in cells and tissues.
It includes low molecular weight thiols, including
glutathione, SH- and SS-groups of proteins, the level
of which is regulated by glutathione cycle enzymes
[38]. Cyclic oxidation/reduction of amino acids thiol
groups serves as a kind of trap that captures ROS,
protecting these proteins from irreversible, more
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Fig. 3. Western blot analyses of nitrosylated proteins in the liver of diabetic mice and with vitamin D, adminis-
tration (A). Graphical representations are expressed as means = SD (B). *P < 0.05 compared with control, #

P < 0.05 compared with diabetes group (M £ m, n = 6)
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harmful oxidative modifications. Changes in the
redox state of GSH/GSSG are able to regulate the
reversible formation of mixed disulfides between
protein thiol groups and glutathione. However, a
decrease of free SH-groups content under different
forms of stress and pathologies, formation of mixed
disulfides in proteins may prevail over their recovery
process and lead to an increase of the disulfide bonds
number and the rigidity of the protein conformation-
al structures. These changes modify cell membrane
state, its permeability and adhesive properties, be-
sides having negative influence on enzymes activ-
ity and cell survival [34, 38]. A disturbance in thiol-
disulfide system was observed in type 1 diabetes,
and these changes were traced in a decreased level of
free SH-groups of low molecular weight compounds
in the liver to 41.1% (P < 0.05) compared with con-
trols (Table 2). This shows a significant suppression
of antioxidant protection adaptive mechanisms. Re-
duction of free SH-groups number in SH/SS system
under conditions of oxidative stress promotes the ac-
cumulation of lipid peroxidation products and oxida-
tive protein damage and can be an additional factor
for further enhancement of the oxidative stress.
Significant reactivity of ROS and macromole-
cules peroxidation products necessitates continuous
activity of antioxidant protection (AOP) specific
mechanisms, which are important components of
antioxidant enzymes. The latter along with non-
enzymatic antioxidants perform a cytoprotective
function reliably limiting the pro-oxidant process at
all stages, starting from the stage of reactive oxy-
gen species formation. Weakening of any AOP ele-
ment may contribute to the development of oxida-
tive stress [33, 39]. Pro-oxidant processes activation

within diabetes may result from the disruption of
coordinated system mechanisms of enzymatic and
non-enzymatic control over ROS and free radical
oxidation products content. Furthermore alterations
in enzyme activity in diabetes may be due to the
post-translational modifications especially by glyco-
sylation.

Intensification of protein oxidative modification
processes, lipid peroxidation and descension of thi-
ols antioxidant capacity in diabetes correlates with
changes in the AOP enzymes activity — superoxide
dismutase (SOD), catalase and glutathione peroxi-
dase (GPO). These enzymes complement each other
and play a key role in oxidation/reduction processes
regulation in the liver. The most powerful natural
antioxidant is SOD enzyme, which catalyzes the re-
action of superoxide anion radical dismutation and
converts them into less reactive molecule — H,O,.
Therefore, changes in the SOD activity characterize
the depth of tissue destruction and metabolic chan-
ges caused by oxidative stress. The studies of SOD
activity (Table 3) indicate that enhancement of free
radical processes in diabetes is accompanied with
a significant decrease in liver enzyme activity by
34.5% (P < 0.05) compared to control. Changes in
SOD activity may be caused by modifying influen-
ce of reactive oxygen species, whose content increa-
ses significantly under chronic hyperglycemia. The
presence of metals with variable valences associated
with the imidazole group of histidine residues in the
active Cu, Zn-SOD, makes this enzyme particular-
ly sensitive to high concentrations of both reactive
oxygen species (superoxide anion radical, hydroxyl
radical, hydrogen peroxide) and a number of lipid
peroxidation intermediates (hydroperoxides of un-

Table 3. Activity of pro- and antioxidant enzymes in the liver of diabetic mice and with vitamin D,

administration (M £ m, n = 6)

Enzyme Control Diabetes Diabetes + vitamin D,
Catalase, pmol H,O,/min per mg of protein 188 £ 10 137 + 8* 160 + 9*
Superoxide dismutase, [U/mg of protein 381 £20 250 £ 12%* 309 + 167
Glutatione peroxidase, nmol GSH/min
per mg of protein 130+ 11 220 = 18* 170 + 14*
NAD(P)H:quinonreductase, nmol of
reduced MTT/min per mg of protein 225+23 49.1 + 3.3* 29.92 + 1.8%
Xanthine oxidase, IU/mg of protein 2.07 +0.09 2.95+0.08* 2.61 £ 0.10
NADPH-oxidase, nmol NADPH/
min per mg of protein 593+0.34 9.72 + 0.15* 742 +0.23"
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saturated fatty acids, aldehydes, ketones, etc.) [40].
Cu, Zn-SOD may also interact with H,O, and act
as a pro-oxidant agent, initiating the formation of
superoxide anion radicals and hydroxyl radicals.

The next step of the antioxidant protection
system includes catalase and glutathione peroxi-
dase which eliminate hydrogen peroxide and lipid
hydroperoxides. Catalase which decomposes hydro-
gen peroxide is a hem-containing enzyme localized
mainly in peroxisomes. Simultaneously, catalase
may be a source of active oxygen metabolites pro-
duction because approximately 0.5% of O, is formed
by the decomposition of H,O,. Our study showed
that the catalase activity in the liver is decreased by
27.2% (P < 0.05) in diabetes compared with the con-
trol group (Table 3). This result can be explained by
degradation of plasma and peroxisome membranes
where this enzyme is mainly localized. Glutathione
antioxidant system includes glutathione peroxidase,
glutathione reductase, glutathione-S-transferase,
glucose-6-phosphate dehydrogenase and cofactors —
glutathione and NADPH. Protective functions of this
system are determined by specific partial contribu-
tion of each individual component during oxidative
stress. Glutathione forms a reserve of cellular mobile
SH groups, provides recovery and isomerization of
disulfide bonds in proteins, and is involved in the
eicosanoids and xenobiotics metabolism, reparative
processes and adaptation to the stress factors in par-
ticular. Selenium-dependent glutathione peroxidase
catalyzes reduction of hydrogen peroxide and orga-
nic hydroperoxides (linoleic, linolenic, arachidonic
acid, cholesterol, corticosteroids) to their hydroxy-
lated forms using glutathione [41, 42]. The activity
of glutathione peroxidase (GPO) — an enzyme that
uses GSH, increased by 69.5% (P < 0.05) in diabetes
compared with controls (Table 3). This significant
increase suggests that GPO is the major enzyme
which can provide antioxidant protection under oxi-
dative stress conditions that develops in experimen-
tal diabetes in the liver cells.

It should be noted that the investigated anti-
oxidant protection enzymes — SOD, catalase and
glutathione peroxidase form not only a complete
enzymatic antioxidant system of cells, but also di-
rectly protect each other from the inhibitory effects
of reactive oxygen species. In particular, SOD re-
moves their negative effects on the catalase active
center while eliminating superoxide anion radicals.
However, the GPO and catalase protect SOD against
oxidative modification by decomposing H,O,. There-
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fore, the combined effect of antioxidant enzymes
under oxidative stress conditions provides not only
the greatest manifestation of their biological activity,
but also protection against reactive oxygen species.
Conversely, impairment of this cooperativity by re-
ducing of at least one antioxidant enzyme activity
due to oxidative modification alters the functioning
of the whole antioxidant defense system. Therefore,
the obtained results about the changes in the activity
of catalase and glutathione peroxidase may also be
explained by the increased activity of SOD, which
catalyzes the reaction of superoxide anion conver-
sion to hydrogen peroxide — the only substrate of
catalase [43]. It is known that GPO is more effec-
tive at low H,O, concentrations, and also neutralizes
various organic peroxides [44].

Hyperglycemia-induced changes in the struc-
tural organization and functional status of hepato-
cytes may be associated with disturbances in the
biotransformation systems of xenobiotics and endog-
enous compounds, including the processes of their
enzymatic oxidation. NAD(P)H:quinone oxidore-
ductase (NQO) related mechanisms of xenobiotics
biotransformation are not fully clarified. It is known
that the development of xenobiotic-induced oxidative
stress impairs the function of mitochondria oxida-
tive phosphorylation system. Hydrophilic quinones
can partially counteract negative effect in these con-
ditions. NQO in the presence of NADH (which is
over-accumulated in these conditions) reduces hy-
drophilic quinones to hydroquinones. Then these
molecules are oxidized in mitochondria respiratory
chain complex IlII, subsequently forming a shunt that
provides a bypass of complex I [45]. In the case of
prolonged hyperglycemia a significant increase (2.2
times) in the liver NQO activity (Table 3) was found.
According to literature data, the expression of this
enzyme increases dramatically as a response to the
oxidative stress and xenobiotics influence in diabe-
tes [46]. These results evidence that hyperglycemia-
induced reduction of quinones to dyhydroquinones
under the effect of NQO can be used for electron
transport in the respiratory chain to restore the cell
function. Although NQO as inducible antioxidant
enzyme prevents the ROS formation, the formed
dyhydroquinones themselves may be an additional
source of ROS, as shown by N. Watanabe et al [47].
Thus, the observed intensification of free radical
processes in diabetes may partly be connected with
rising of this enzyme activity.

Functional disorders in enzymatic systems of
metabolites biotransformation are linked with the ac-
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cumulation of the toxic catabolism products, which
can greatly enhance the process of oxidative stress
and disrupt intracellular processes. From this view-
point, it is important to study the liver xanthine oxi-
dase (XO) activity that is involved in the oxidation of
hypoxanthine and xanthine to uric acid. It is impor-
tant that purine oxidation reaction is coupled with
the oxygen reduction to singlet oxygen. Thus, XO
is a potent ROS producer, especially in various dis-
eases [48]. We have shown that there is an increase
in the liver xanthine oxidase activity in diabetic ani-
mals to 1.43 times (P < 0.05) compared with control
(Table 3). It can be assumed that the increased ac-
tivity of XO caused by pathological hyperglycemic
conditions will result in the accumulation of purine
degradation products. This can be considered as an
additional factor enhancing oxidative stress and re-
duction of reparative processes in the liver.

Functional activity of ROS generation elements
and antioxidant system are largely dependent on the
cellular NADPH pool. Interdependent redox trans-
formation of important antioxidants, in particular,
like glutathione and ascorbic acid (the latter recovers
tocopherol radicals and various polyphenols) oc-
curs due to NADPH. The observed decrease in the
hepatocytes antioxidant capacity could be a result of
intensified competitive NADPH use in the NAD(P)H
oxidase catalyzed reaction. This multi-oxidase com-
plex provides ROS production mainly in phagocytic
blood cells and resident macrophages in peripheral
tissues. Moreover, it also plays a key role in the in-
flammatory process within Kupffer cells in the liver
[49]. The main product of NAD(P)H oxidase is a
superoxide anion radical, which has bactericidal ac-
tion and is an essential component of nonspecific im-
mune defense in the organism. In addition, NAD(P)
H oxidase is expressed in the hepatocytes and other
liver cells [50]. We have found out that the activity
of this enzyme in liver homogenate of diabetic mice
increase 1.64 times (P < 0.05) compared with control
(Table 3). This data is consistent with the generalized
inflammation state that is characteristic of diabetic
liver tissue.

Oxidative modifications of biomacromolecules
and cellular structures largely determine the cy-
totoxic effects of free radical oxygen and nitrogen
species under conditions of their excessive produc-
tion. It was important to investigate the relation be-
tween prooxidant processes, functional activity and
survival of hepatocytes in diabetes. The oxidative
stress induced by chronic hyperglycemia can cause
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mitochondrial dysfunction with subsequent initiation
of hepatocytes damage and death. Our research has
shown that intensification of free radical processes
correlated with an increase in the proportion of dead
(necrotic) cells in the isolated hepatocytes culture
to 9.3% in diabetes compared with 5.8% in control
(P < 0.05), Fig. 4. The destruction of parenchymal
liver cells potentially can trigger the activation of
other cell populations that are able to initiate inflam-
matory and/or adaptive immune responses and in-
hibit liver regeneration.

Diabetic disorders that were unveiled in the
research were observed on the background of vita-
min D, deficiency in the organism of experimental
animals, and it was evidenced by more than 2.5-fold
250HD, reduction in the serum of mice compared
with control (Table 1). One of the reasons for the
cholecalciferol decreased level under chronic hyper-
glycemia can be an observed reduction in vitamin D,
25-hydroxylase expression in diabetes [26]. These
results indicate changes in vitamin D, metabolism
and we can suggest that the increase in prooxidant
status of the liver may be associated with vitamin D,
deficiency in chronic hyperglycemia.

Vitamin D, administration in physiological
doses (10 IU of D, for 45 days) was accompanied
by 2.2-fold growth of 250HD, content compared to
its level in the animals with experimental diabetes
(Table 1). Investigation of biochemical markers of
free radical processes, lipid peroxidation products
content and protein oxidative modifications in the
liver under vitamin D, therapeutic administration,
showed a decrease in the intensity of DCF-sensitive
ROS and NO formation by 25.1 and 20.6%, respec-
tively (Fig. 1 and 2); TBA-reactive compounds, diene
conjugate and protein carbonyl groups content by
33.3, 24.8 and 30.8%, respectively (Table 2); nitro-
trozylated proteins by 14.5% (Fig. 3); and increase
of the content of thiol compounds by 32.7% (Table 2)
compared to animals with diabetes (P < 0.05). In-
hibition of lipid and protein peroxide modifications
and increase of thiols antioxidant capacity under
cholecalciferol administration correlated with par-
tial or complete normalization of detoxification en-
zymes which can enhance prooxidative processes.
With the vitamin D, treatment, NQO, xanthine oxi-
dase and NADPH-oxidase activities were reduced
by 39, 11.5 and 23.7%, respectively, compared with
diabetes group (P < 0.05), Table 3. The activity of
antioxidant enzymes SOD and catalase increased
by 19.1 and 14.4%, respectively, while GPO activity
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Fig. 4. The cytofluorograms of necrotic hepatocytes death using propidium iodide dye. (A) Fluorescence
cytofluorograms of propidium iodide accumulation (count — the number of events;, FLI LOG — fluorescence
intensity) and (B) data quantitative analysis. *P <0.05 compared with control, #P <0.05 compared with dia-

betes group (M £m, n=6)

level decreased by 32% compared to diabetic mice
(P <0.05). It was found out that vitamin D, adminis-
tration significantly increased the hepatocytes sur-
vival, reducing the percentage of dead cells, which
may be due to inhibition of free radical compounds
formation and biomolecules oxidative modification.

These results demonstrate that vitamin D,
prevents the oxidative stress development in liver
cells caused by chronic hyperglycemia. First of
all, antioxidant effects of vitamin D, are mediated
by hormonally active metabolite of cholecalcife-
rol — 1.25(OH),D,. This multifaceted regulation of
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oxidative metabolism with vitamin D, is caused by
complex interactions between several nuclear co-
activators or co-repressors that mediate the regu-
lation of gene transcription at the level of their in-
teraction with receptors of hormonally active form
of cholecalciferol (VDR). When binding receptors,
vitamin D, enhances signaling and effectively con-
trols the rate of free radicals formation in mice liver
cells [9, 51]. As a natural ligand of VDR, vitamin D,
influences the development of proinflammatory and
prooxidant processes through the gene expression
regulation of numerous important cytokines, and
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therefore its deficiency increases the risk of many
multifactorial polygenic diseases [52].

However, there are data in literature that indi-
cate a significant antioxidant effect of cholecalcif-
erol in mature erythrocytes without nucleus. These
findings confirm that vitamin D, has the antioxidant
activity [10]. It is believed that cholecalciferol may
act as a direct membrane antioxidant, stabilizing
and protecting them from lipid peroxidation through
interaction with their hydrophobic areas [11]. Data
on the antioxidant activity of cholecalciferol corre-
late with the results obtained in several experimen-
tal works, which indicated that vitamin D, is able
to slow down the lipid peroxidation process and
enhance the SOD activity in the liver and other or-
gans of mice [51]. The ability of cholecalciferol to
protect prostate cells from oxidative stress-induced
death through cell damage inhibition associated with
increased formation of ROS was also demonstrated
[53]. According to the literature, calcitriol (hormo-
nally active form of vitamin D,) may enhance the
pathway of reactive oxygen and nitrogen species
elimination, increasing the intracellular pool of re-
duced glutathione, partially through upstream regu-
lation of glutamate-cysteine ligase (GCL) and glu-
tathione reductase (GR) genes expression [54]. This
correlates with the data established in this research
that there is increased content of low molecular
weight thiols (mostly glutathione) in the liver under
the cholecalciferol influence. In addition, vitamin D,
anti-inflammatory effects can be mediated through
inhibition of NF-kB-dependent activation of nume-
rous pro-inflammatory cytokines gene transcription
induced by hydroxyl radicals [55].

Thus, the results of experimental studies
demonstrate that chronic hyperglycemia conditions
are accompanied by the oxidative-nitrosative stress
development, increased content of metabolites of
oxygen and nitrogen, products of biomacromole-
cules oxidative modification and decreased activity
of antioxidant protection. All these diabetes-induced
injuries correlated with lack of adequate vitamin D,
supply, which is confirmed by a significant decrease
in the content of 250HD, in serum. Cholecalciferol
administration to experimental animals greatly in-
hibits the formation of reactive oxygen and nitrogen
in hepatocytes, normalizes metabolic and antitoxic
function of liver cells and provides them with bet-
ter survival. It was established that vitamin D, level
supply is an essential factor in the normalization of
structural and functional abnormalities in hepato-
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cytes caused by prolonged hyperglycemia, which is
consistent with the results of the leading laboratories
and demonstrates a significant therapeutic potential
of vitamin D,.

YYACTbD BITAMIHY D,

Y PEI'YJIIOBAHHI OKMCHOI'O
METABOJII3MY NEYIHKA MUIIENR
3A IIYKPOBOI'O JTABETY

. O. Jlabyosuncoxuii, O. B. 3atiyesa,
H. B. Jlamuwxo, O. O. I'yokosa,
M. M. Benuxuii

[acTuTyT Gioximii im. O. B. [Tannaxina
HAH VYkpainn, Kuis;
e-mail: konsument3@gmail.com

Po0oTa npucBsueHa BUBUEHHIO 0COOIMBOCTEN
OKHCHOI'0 MeTa0oNi3My TenaTolMuTiB MUIICH 3a
IlyKpoBOro aiabeTy Ta nii Bitaminy D,. Betanos-
JICHO, IO XPOHIYHA TiNepriikeMis 3a IyKpPOBOTO
JiabeTy 3yMOBJIIOE 3HIKECHHs y 2,5 pa3a BMICTY
250HD, y cupoBarii KpoBi Ta KOMIIEHCATOPHE 3pO-
cranHs Bitamin D, 25-TifpoKcuia3sHoOi akKTHBHOCTI
renaronuTiB. PO3BUTOK BiTaMiH D, JIeIIUTHOTO
CTaHy CYTPOBOIKY€ETHCS 1HTEeHCU(IKAITIETO
nponykmii aktuBHuX (opm kucHio (ADK) Ta
MoHOOKcuay a3zory (NO), okucHol Mmomudikarii
OpOTEiHIB (32 BMICTOM KapOOHITBHHX TpyIl Ta

3-HITPOTUPO3UHY),  HAKONMWYCHHSM  JIIEHOBHX
koH’toratiB  Ta  TBK-akTMBHMX  NpOAYKTIB
NEPOKCUIAIT  JIMAIB 1 3HUXKCHHSIM  PIBHS

BiTbHUX SH-Tpynm HU3BKOMOIEKYISIPHUX CIIONYK
y nevinni. [TokazaHo 3HMIKEHHSI aKTUBHOCTI KIIO-
YOBUX EH3MMIB CHCTEMH AHTHOKCHJIAHTHOTO 3a-
xucty (karanasu, COJl), BogHOYAC SIK aKTHBHICTH
npookcuJanTHUX  eH3uMmiB  NAD(P)H:xiHon-
OKCHJIOpeAyKTa3u, KcaHTHMHOKcuaaszu 1 NAD(P)H
OKCHJIa3¥ 3pocTana. BusiBneHi mopymeHHs OKUCHO-
ro MeTaboiizMy OOYMOBHIIM TIOCHJICHHS TIPOIIECY
HEKPOTUYHOI 3aruberi rernaTouTiB, TECTOBaHOI 3a
3/IaTHOCTIO TXHIX sJIEp IO HAKOMMMYEHHS MPOITiJIiF0
Homuny. TpuBanie BBeneHHS (IIPOTATOM 2 MICSIIIB)
Bitaminy D, y mosi 20 MO TBapuHaMm i3 1ykpo-
BUM [11a0€TOM CYNPOBOKYETHCS 3HIKEHHSIM
piBHst yTBOpeHHs1 ADK Ta OKHCHOrO yUIKOJKEHHS
010MOJIEKYJI, HOPMaJli3y€ CTaH CUCTEMH aHTHUOKCHU-
JIAHTHOT'O 3aXUCTy B MEYIiHI Ta MiJBUIIYE BHKH-
BaHHS IenaToIuTiB. Pe3ynbraT poOOTH CBiIuYaTh
Tpo 3aiy4eHHs Bitaminy D, y perymoBanHi okuc-
HOI'0 MeTa0OoJIi3MYy 3a I[yKPOBOTI'O JiabeTy.
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Knwouosi caosa: sitamin D,, 250HD,,
OKCHUJIATUBHUN CTpEC, aHTUOKCUJAHTHUM 3aXMHCT,
eKCIIepUMEHTAIbHUN IIyKPOBU aiabet 1-ro Tumy.

YYACTHUE BUTAMMUHA D,

B PEI'YJSAIIUNA OKUCJIUTEJIBHOI'O
METABOJIN3MA NEYEHU MBIIIEXA
PN CAXAPHOM JAUABETE

. O. Jlabyosunckuii, H. B. Jlamvuwxo,
O. A. I'yokosa, O. B. 3atiyesa, H. H. Benuxuti

WucTuTyT Onoxumuu um. A. B. [Tannanuna
HAH Vkpaunsi, Kues;
e-mail: konsument3@gmail.com

Pabora mocBsimieHa N3y4eHHI0 0COOEHHOCTEH
OKHCIIMUTEIFHOTO MeTaboIM3Ma TenaTolUTOB MbI-
el mpu caxapHOM quabeTe W IEHCTBUU BUTAMH-
Ha D,. YCcTaHOBJIEHO, YTO XPOHUYECKAsK TMIIEPITIN-
KEeMHS TIPH caXxapHOM JuabeTe BhI3BIBACT CHIDKEHNE
B 2,5 pasa conepxanus 250HD, B cbiBOpoTKE KpO-
BH U KOMIIEHCATOPHBIH pocT BUTaMuH D, 25-ru-
JPOKCUIIA3HOW aKTUBHOCTH TeTaToUTOB. Pa3BuTne
BUTaMHUH D, N€QUIMTHOrO COCTOSHMS CONMPOBOK-
JaeTCsl WHTEHCU(HUKAIMEH MPOAYKIIMH aKTUBHBIX
thopm kucnopona (ADK) u monookcuaa azora (NO),
OKHUCIIUTENbHOW MOAU(PUKAINHA TPOTEHHOB (10 CO-
JepKAaHUI0 KapOOHWIBHBIX TPYII M 3-HUTPOTHUPO-
3WHA), HAKOTJIEHWEM JHUEHOBBIX KOHBIoraToB 1 THK-
AKTUBHBIX TPOIYKTOB TEPOKCHIHOTO OKHCICHHS
JUTIN]IOB, & TAaK)KE CHI)KEHUEM YPOBHS CBOOOTHBIX
SH-rpynn HHM3KOMOJEKYJISPHBIX COCAUHEHUHN B
reyeHd. [lokazaHo yMeHbIIIeHHEe aKTHBHOCTH KJTIO-
YEeBBIX YH3UMOB CHCTEMbI aHTHOKCHIAHTHOW 3alllH-
ThI (katanasbl, COJl), B TO BpemMsi KaKk aKTHUBHOCTH
MpooKcHaHTHRIX 3H3UMOB NAD(P)H: xwHOH-OK-
CUIOpENyKTa3bl, KcaHTHHOKcHAa3bl u NAD(P)
H oxcmmaser Bo3pociia. BeisiBieHHBIE HapyIIeHHS
OKHCJIMTEIBHOTO0 MeTabonmn3mMa OOyCIOBUIU YyCH-
JICHWE TIpoliecca HEKPOTHYECKOW THOenu remaro-
[IATOB, TECTHPYEMOH IO CIOCOOHOCTH WX SJEp K
HaKOIUICHUIO Tponuauil Honuaa. JnurenbHoe BBe-
JieHre (B TEUCHHUE 2 MECSIIEB) BUTAMUHA D, B nose
20 ME >XMBOTHBIM C caxapHBIM JHa0ETOM COMpPO-
BOXK/IaeTCs CHWIKEHHEM YpOBHs oOpa3oBanust ADK
U OKHCIHUTEIBHOTO TOBPEKICHUS OHOMOJIEKYI,
HOpMAJIU3yeT COCTOSTHUE CHCTEMBl aHTHOKCHJIAHT-
HOW 3aIlTUTHI B TICUEHH U TIOBBIIIIAET BHKHUBAEMOCTh
renaTonuToB. Pe3yiasraTel paboThl CBUIETEIHCTBY-
10T 00 y4acTuM BUTamMuHa D, B peryssinun oKuc-
JUTETHHOTO MeTaboIM3Ma P caxapHOM Jauadere.
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Knwouesbie caosa:sutamun D,,250HD,,
OKCHJIATUBHBIN CTpecc, aHTUOKCHIaHTHAs 3alluTa,
IKCIIEPUMEHTAIbHBIN caxapHbli 1uadet 1-ro Tumna.
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