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Abstract. Oxidative stress is a phenomenon caused by an imbalance of peroxide homeostasis. The
concept of oxidative stress was introduced in 1985 and has a clear connection with redox chemistry. The
article provides a detailed description of molecular redox switches that control the response to oxidative
stress. Four levels of protection of the cell by enzymatic antioxidants from the action of reactive oxygen
species are described. It has been shown that antioxidant enzymes play a major role in antioxidant
protection rather than low molecular weight antioxidant compounds. Four stages of lipid peroxidation are
considered. Oxidative stress plays an important role in the pathogenesis of chronic kidney disease. Uraemia
increases oxidative stress. Mitochondrial dysfunction is the most important cause of oxidative stress in acute
and chronic kidney disease. The effect of molecular stress on the kidneys and the course of chronic kidney
disease is described. Some information is presented in the form of tables for the readers’ convenience.
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Oxidative stress is a process of damage by reactive oxygen species (ROS) to the tissues and organs at the cellular
level, which occurs as a result of imbalance of peroxide homeostasis [1, 2].
This process can be the result of both a lack of antioxidant protection (AOP) caused by disruption of endogenous
antioxidant production, and the formation of excessive
amounts of free radicals (FR) [1].
Free radical is a molecule or a part of it that has an unpaired
electron in an outer atomic or molecular orbit. FR can be neutral or charged — the so-called ion radicals [2]. ROS initiate
free radical oxidation (FRO), one of the fundamental processes
that ensure the normal functioning of any organism [1].
The Mitochondrial Free Radical Theory of Aging suggests that mitochondria are both the primary sources of ROS
and the primary targets for ROS. Mitochondrial damage is a
sign of several aging phenotypes, while the accumulation of
mitochondrial DNA deletions induces primary mitochondrial damage by accelerating aging. Mitochondrial AOP has
a positive effect on life expectancy and mitigates the changes
associated with aging [3–8].

ROS are constantly formed in the oxidation process
the main source of which is oxidoreductase and autooxidation of low molecular weight substances such as catecho
lamines [9].
ROS include radicals such as superoxide anion (O2•–),
hydroxyl radical (HO•), nitric oxide (NO•), etc., and nonradical molecules with high reactivity: hydrogen peroxide
(H2O2), singlet oxygen (1O2), ozone (O3), hypohaloids
(HOCl, HOCI, HOBr, HOI, HOSCN), and others (Table 1). These are small molecules that have high reactivity
due to the presence of an unpaired electron at the external
electronic level [1, 2, 10, 11].
The primary oxidant is oxygen [11]. Molecular oxygen in
the ground state has two unpaired electrons in the outer orbit
with the same spin quantum numbers (biradical). Oxidation
of any substance by an oxygen molecule is accompanied by
filling its outer orbit with a pair of electrons that have parallel
spins. This limits the reactivity of molecular oxygen, spin inhibition, so the oxidation processes are relatively slow [12, 13].
In the reactions of metabolism with O2, a primary radical is formed — the superoxide anion. The sources for its
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formation are enzymes such as nicotinamide adenine dinucleotide phosphate (reduced form) (NADPH) oxidase,
lipoxygenase, and cyclooxygenase (enzymes of the arachidonic acid cascade), components of the respiratory chain of
mitochondria, and electron-transporting smooth endoplasmic reticulum, xanthine oxidase, when involved in purine
catabolism, etc. (Table 2) [11].
Also, the source of superoxide anion can be non-enzymatic processes such as autooxidation of cyclic unsaturated
compounds (for example, catecholamines, hydroquinolones, flavoproteins), glucose and glycation reactions (proteins, lipids, and nucleic acids) [11].
The superoxide anion is rapidly converted to hydrogen
peroxide, with the participation of superoxide dismutase
(SOD) or spontaneously, can combine with other reactive
molecules. Superoxide anion with transition metal cations

(Fenton reaction) or with hydrogen peroxide (Haber-Weiss
reaction) forms highly reactive hydroxyl radicals NO• [11].
The hydroxyl radical is very toxic. It denatures protein
molecules, can cause the formation of inter- and intramolecular crosslinks due to oxidation of the SH group, which
can change the tertiary structure of the protein [11].
Hydroxyl radical in interaction with lipid components
of membranes initiates lipid peroxidation (LPO) with the
formation of lipid radicals (L•), alkoxyls (LO•), hydropero
xides (LOON), peroxyls (LOO•), which causes cell dysfunction and death [11].
The most sensitive substrates for FRO are polyunsaturated fatty acids the oxidation products of which are hydroperoxides (ROOH) and peroxides (ROO•). LРO occurs in
four stages: initiation, continuation, branching and brea
kage of the chain [11].

Table 1. The main types of ROS [9]
Type of ROS

Chemical
symbol

The half-life at 37 °C,
sec

Properties

Hydrogen
peroxide

Н2О2

10–100

A messenger that activates transcription factors activator
protein 1, nuclear factor κB, performs redox regulation of
gene expression; has a low rate of interaction with organic
substrates

Hydroxyl radical

НО•

10–9

Diffuses over short distances. It is extremely active in
electron transfer and acceptance reactions; involved in the
oxidative modification of prostaglandins, lipids, proteins,
nucleic acids; a powerful oxidizer

Superoxide
anion radical

О2–

10–6

It manifests itself as an intracellular messenger (signaling
mechanism in the interaction of different subtypes of aspartate and glutamate receptors), affects the activity of chlorine
channels, induction of pore formation in the mitochondrial
membrane; also involved in the oxidative modification of
NH2 and SH groups of low molecular weight compounds. It
is a moderate oxidant, a strong reductant, an antiseptic, and
a vasoconstrictor

Molecular
oxygen

О2

> 102

Moderate oxidant

Singlet oxygen

1

О2

10–6

Powerful oxidizer

Peroxyl radical
(alkyl dioxide)

RO2 (ROO•)

10–2

It diffuses better, however, has low oxidative activity in comparison with OH•; participates in the regulation of hemodynamics and acts as a vasodilator

Alkoxyl radical
(alkoxide)

RO•

10–6

Oxidizing properties at the level of OH•. It is effective when
interacting with lipids, causing their oxidative modification

10–3

It manifests itself as a mediator, a secondary messenger, or
a neuromodulator; participates in the formation of interneuronal contacts, immunogenesis, activation of guanylate cyclase, gene expression; diffuses well; is a moderate oxidant,
a strong reductant, and a vasodilator

10–7

It is an activator of poly (ADP-ribose) polymerase and regulates the level of intracellular nicotinamide adenine dinucleotide; participates in the oxidation of SH groups, metalloproteins
and in the break of DNA chains, the nitration reaction of protein
tyrosine; has a high diffusion capacity; a powerful oxidizer

10–6

Diffusion capacity is higher than that of ONOO–. It performs
redox regulation of the cellular signal through tyrosine
kinase; is involved in the oxidation of sulfone and disulfone
groups of proteins and DNA, chlorination of tyrosine; is a
powerful oxidizer

Nitric oxide

NO•

Peroxynitrile

ONOO
(O=NOO–)

Hypochlorite
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Initiation: the hydroxyl radical penetrates freely into the
lipid layer due to the neutral charge and reacts with polyunsaturated acids forming lipid radicals, which in turn interacts with molecular oxygen to form a new radical — lipoperoxide (LOO•) [11].
Continuation: lipoperoxide interacts with neighboring
phospholipid molecules, resulting in the formation of lipid
hydroperoxide (LOOH) and a new radical L'•. The alternation of the last two reactions is a chain reaction of LPO [11].
Chain branching: in the presence of F2+, due to its interaction with lipid hydroperoxides (Fenton reaction), chain
branching occurs with the formation of alkoxyl radicals
(LO•), which initiate new chains of lipid oxidation [11].
Chain breakage: when radicals interact with antioxidants, metal ions of variable valency, or when interacting
with each other [11].

Substances formed in the process of LPО can be
divided into three classes: 1) lipid peroxides (13-hydroxyoctadecadienoic acid, etc.); 2) reactive lipids with
electrophilic properties (4-hydroxynonenal, etc.); 3) receptor agonists (lysophosphatidylcholine, nitrolinoleic
acid, etc.) [11].
LРO products (eg, 4-hydroxynonenal) have direct
toxicity, can form derivatives with non-lipid compounds —
DNA and proteins, disrupting membrane-associated
signaling pathways, contributing to DNA damage [11].
LPO is evaluated by intermediate and final products: at
the initial stages — hydroperoxides and peroxides, at subsequent stages — malonic dialdehyde (MDA), and as final
products of LPO — Schiff bases, compounds formed by the
interaction of MDA with free amino groups of biological
molecules [11].

Table 2. ROS: properties, formation, neutralization (according to M.K. Zenkov et al.) [1]
Type of
ROS

Mechanisms of formation

Biological action

Inhibitors

Н2О2

Inhibition of lymphocyte prolife
O2 dismutation reaction with or without
ration; local acidification of the
the participation of SOD; two-electron
environment; in a Fenton reaction
reduction with flavin oxidases and O2
of OH formation; vasoconstrictive
xanthine oxidase
effect; cytotoxicity

Intracellular glutathione
peroxidase and catalase;
ceruloplasmin

НО2

In an acidic environment, the addition of H+ to O2–; reaction of H2O2 with
organic radicals; in the reactions of
reduced flavins with O2 intermediate

When interacting with organic mo
lecules, it turns into H2O2 and O21;
initiates LРO; has a cytotoxic effect

Uric acid; ubiquinone; selenium; α-tocopherol; аscorbic
acid

О

Formation of microsomes and mitochondria in the electron transport
chain; NADPH oxidase of phagocytes
and O2-xanthine oxidase, singleelectron reduction; amino acid oxides;
during oxidation of oxyhemoglobin

LPO initiation; release of iron from
ferritin; destruction of erythrocyte
membranes; formation of HO•,
HO•2, H2O2, and O21; intracellular
regulation; increased lymphocyte
proliferation, cytochrome recovery;
vasomotor action

Ascorbic acid; ceruloplasmin; glutathione; tyrosine;
NO; Mn-SOD; Cu, Zn-SOD;
ubiquinone

НО

Fenton reactions: decomposition of
H2O2 by ions of metals of variable valency; effect on H2O of ionizing radiation; in the interaction of HOCl with O2–,
the formation of microsomal oxidation

Induces LPO processes; breaks
any C-H bond; causes damage to
proteins and nucleic acids; a strong
oxidant; it has a strong mutagenic,
cytotoxic, and carcinogenic effects

Bases of DNA; uric acid;
mono- and polyatomic
alcohols, thiourea; benzoate;
dimethyl sulfoxide; melatonin

RО•

Decomposition of organic peroxides
by ions of metals of variable valency

It has cytotoxic and carcinogenic
effects; induces LPO

Uric acid; ubiquinone;
α-tocopherol; ascorbic acid

О

It has a cytotoxic and mutagenic efIn reactions with peroxides in spontaGlutathione; histidine;
fects; initiates LРO processes; the
•
neous dismutation of H2O2 with NO —
carotenoids; α-tocopherol;
transition to O2 is accompanied by
by-product, photoinduced reactions
bilirubin; ascorbate; uric acid
radiation at 1260 nm

ОCl–
ОBr–
ОI–

H2O2 reaction with eosinophil peroxidase and leukocyte myeloperoxidase

They can initiate and inhibit LPO;
Uric acid; ceruloplasmin;
cause mobilization of zinc from
albumin; amino acids: serine,
metalloproteins; inactivate protease
valine, glycine, alanine
inhibitors; have a cytotoxic effect

RО•2

Reaction of O2–, O21, OH•, RO• with
unsaturated lipids and fatty acids; O2
interaction with organic radicals

Formation of R• and ROOH when
interacting with unsaturated lipids;
the recombination reaction is accompanied by biochemiluminescence

Uric acid; selenium; ubiquinone; ascorbic acid;
α-tocopherol

NО•

Oxidation of L-arginine by inducible
and constitutive NO synthases

Inhibition of lymphocyte proliferation; cytotoxicity; neuroregulation;
relaxation of smooth muscle cells

Melatonin; O2–, γ-tocopherol;
hemoglobin; L-arginine
analogues

–
2

•

1
2
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Some non-enzymatic antioxidants (Table 3) interact
with FR and FRO catalysts (for example, transition metal
ions) due to the mobile hydrogen atom. The mobility of a
hydrogen atom is due to the unstable bond between the C-H
and S-H atoms. As a result, there are inactive radicals of the
antioxidant itself, which are unable to continue the chain
reaction, inactive and excreted from the body [11].
Sometimes antioxidants do not break but slow down the
chain reaction. Such AOР is directed against all types of
radicals formed in a cell. Other non-enzymatic antioxidants
(such as ascorbic and lipoic acids), when interacting with
the oxidant, go from reduced to oxidized; the activity of the
corresponding enzymes is required for the regeneration of
the initial form of these compounds [11].
Chelate compounds such as uric acid, ferritin, transferrin, hemosiderin, and others play an important role in the
non-enzymatic antioxidant system. They are able to neutralize FRO catalysts by binding transition metal ions [11].
Fat-soluble non-enzymatic antioxidants such as ubiquinone, estrogens, vitamin A, vitamin E, and carotenoids have
impact on the biological membrane. On the other hand, water-soluble agents: urea, vitamin C, glutathione, lactoferrin,
ferritin, lipoic acid, bioflavonoids, transferrin [11] act in the
intercellular fluid, cell cytoplasm, lymph and blood plasma.
Glutathione tripeptide (L-γ-glutamyl-L-cysteinyl-Lglycine) plays an important role in the antioxidant system,
which exists in the cell in 2 forms: reduced and oxidized
(glutathione disulfide) [11].
Glutathione restores and isomerizes the –S–S– bonds
by influencing the activity of enzymes by oxidizing SH
groups of enzymes such as Ca2+ — adenosine triphosphatase, adenylate cyclase, pyruvate kinase, glucose-6-phosphatase [11].
There are four levels of protection of the cell by enzymatic antioxidants from the action of ROS. The first line
of defense is SOD, converting the superoxide anion into
hydrogen peroxide and molecular oxygen. The second line
of defense is carried out by enzymes: catalase, glutathione
peroxidase, and peroxiredoxin. Hydrogen peroxide with the
participation of catalase decomposes into molecular oxygen
and water, and with the participation of glutathione peroxidase and glutathione — into water and glutathione disulfide.
The third line carries out the reduction of organic hydroperoxides with the formation of water and glutathione disulfide.
This reaction is catalysed by two enzymes — glutathione
peroxidase and glutathione transferase, which is unable to
affect hydrogen peroxide, and restores only ROOH [11].
If the first three lines of defense are needed to reduce or
prevent the progression of LPO and oxidative modification

of proteins and nucleic acids, the fourth line is involved in
the neutralization of metabolites of oxidative modification.
Glutathione transferase combines a number of oxidized
compounds with reduced glutathione such as 4-hydroxyalkenals and harmful epoxides, and aldehyde dehydrogenase oxidizes MDA [11].
For the last three lines, the auxiliary enzyme is glutathione reductase, which regenerates glutathione from glutathione disulfide by NADPH-dependent reduction. Thioredo
xin and glutaredoxin proteins are important for the body’s
antioxidant system. They are involved in the reduction of
intramolecular and intermolecular disulfides [11].
Thioredoxin and glutaredoxin have two cysteine residues
in the active site, and can exist in two redox forms: oxidized
(–S–S–) and reduced (2SH–). 2SH forms react with disulfides and reduce them to free thiol groups. At the same
time, they turn into –S–S– forms. With the help of thioredoxin reductase and coenzymes (restored flavin adenine
dinucleotide) FADН2 and NADPH (for thioredoxin) or reduced glutathione, glutathione reductase and NADPH (for
glutaredoxin), –S–S– forms are restored to the initial state
of 2SH. NADPH for these reactions is supplied by pentose
phosphate [11].
The effectiveness of the antioxidant system can be assessed by the activity of SOD, catalase, glutathione pe
roxidase, glutathione reductase, the content of reduced and
oxidized glutathione, ascorbic acid, retinol, tocopherol, vitamin F, ceruloplasmin, etc. [11].
Under physiological conditions, ROS produced by
phagocytic cells have bactericidal and immunomodulatory
effects, participate in the detoxification of xenobiotics and
protect the body from pathogens, tumor cells [1, 9, 14].
Under physiological conditions, ROS are formed mainly in the following systems:
1) in small quantities (up to 100 pmol) in the respiratory
chain of mitochondria due to the transfer of 5–10 % of electrons from physiological acceptors to molecular oxygen. In
this case, the 2amo acceleration O2•– is mainly generated,
its rate directly depends on the degree of conjugation of the
respiratory chain. Рhysical activity (muscle contraction),
energy-dependent processes in the kidneys, transmembrane
processes, etc. can activate the enzymatic complexes of the
respiratory chain of mitochondria, which generate O2•–
(NADP-dependent dehydrogenase, NAD-dependent ubiquinone reductase); O2•– is believed to be a precursor of all
other forms of ROS in vivo [9, 15];
2) in the process of activation of NADPH oxidase. Blood
phagocytes, chondrocytes, endotheliocytes, and astrocytes
are characterized by the expression of this enzyme; activa-

Table 3. AOР components [11]
Non-enzymatic

Enzymatic

Fat-soluble: K vitamins, ubiquinone, some steroid
hormones, tocopherols, phospholipids, carotenoids

Enzymes that reduce oxidized compounds: glutathione
transferase, sulfiredoxins, glutathione reductase,
thioredoxin reductase

Water soluble: homocysteine, vitamins PP, C, P, urea,
citrate, lipoic acid, ceruloplasmin, lactoferrin, transferrin,
cysteine, selenium, benzoic acid, glutathione

Enzymes that inactivate FR: SOD, glutathione peroxidase,
peroxyredoxins, catalase

56

, ISSN 2307-1257 (print), ISSN 2307-1265 (online)

Vol. 11, No. 1, 2022

Огляд / Review

tion of NADPH oxidase under the action of cytokines (interleukin 1 beta, interferon gamma, tumor necrosis factor
beta, some growth factors) is accompanied by the formation
of O2•– and H2O2; NADPH oxidase catalyzes 2amo, acce
lerates the reduction of O2, taking the reducing equivalent
from NADPH [9, 51];
3) in the synthesis of prostaglandins (Pg) both in the
lipoxygеnase pathway — in the process of conversion of arachidonic acid hydroperoxide into hydroxy acid, and in the
cyclooxygenase pathway — in the process of PgG2 conversion to PgH2 (peroxidase function of PgH synthase); some
cytokines (tumor necrosis factor beta), growth factors, peptide hormones (angiotensin) control this process [9, 16];
4) in the system of myeloperoxidase — H2O2-halogens
(Cl–, Br–, I–), which is triggered due to the phagocytosis activation and promotes the formation of O2•–, OСl– and НО [9];
5) with monoamine oxidase-mediated oxidation of
adrenaline and dopamine (during spontaneous oxidation,
O2•– is formed, and during catalysed — H2O2) [9];
6) when activating glutamate receptors; activation of Nmethyl-D-aspartate subtype of glutamate receptors on the
postsynaptic membrane opens channels permeable to K+
and Ca2+. Intracellular production of ROS (O2•– and NO)
is a consequence of activation of these receptors, and the result of activation of Ca2+-dependent NO synthase is NO [9];
7) when activating α-amino-3-hydroxy-5-methyl-4isoxazole-propionic acid receptors based on mitochondrial
and Ca2+-dependent mechanisms [9];
8) during the synthesis of NO [9].
In the regulation of metabolic processes associated with
protein phosphorylation, induction of Ca2+ signal, modulation of transcription factors, hydrolysis of phospholipids,
ROS play an important role as secondary messengers, whilst
hydrogen peroxide under optimal conditions acts as a signal
molecule [1, 9, 17].
In the presence of transition metals such as copper and
iron, hydrogen peroxide present in the cell promotes the formation of hydroxyl radicals, which are much stronger oxidants
than hydrogen peroxide itself. The feature of hydrogen peroxide, in contrast to superoxide, to diffuse freely through the cell
membrane increases the damaging effects of FRO [9, 10].
The concentration of superoxide, hydrogen peroxide in
the cell is maintained at a very low level but at the same time
is not equal to zero [13, 17]. Low concentrations of hydrogen peroxide cause a mitogenic effect and imitate the action
of growth factors [9].
Hydrogen peroxide is a small molecule (electroneutral)
that is rapidly produced in response to extracellular stimulation and is rapidly degraded by numerous mechanisms, including catalase [9, 17].
Since hydrogen peroxide is a secondary messenger in a
cell (for signal transduction and enhancement), catalase is
not only an enzyme of the AOP but also a factor influencing
signal transduction in the cell [9].
The stability of hydrogen peroxide depends on the redox
balance and pH in the cell. Hydrogen peroxide, in comparison with the hydroxyl radical and the superoxide anion
radical, is a fairly mild oxidant, which primarily oxidizes
cysteine residues in certain proteins. The spatial position of
Vol. 11, No. 1, 2022

cysteine next to the polar anion of the acid makes it available for oxidation and provides selectivity of signaling only
to certain proteins [9, 10].
In any stressful reactions accompanied by oxidative
stress, ROS are involved in the transmission of information
from primary mediators: hormones, cytokines, neurotransmitters across the cell membrane to trigger reactions of body
adaptation to extreme conditions [1, 18].
Increased production of FR contributes to the development of endothelial dysfunction with dominating vasoconstrictive effects [19].
An indicator of FRO activation is the determination of
the content of oxidatively modified proteins [9].
FRO is necessary for further renewal of cells and tissues
in adapting to changing environmental conditions. Its se
cond function is protection against infections. The third
function — it is involved in the formation of biologically active compounds, including Pg [9].
FRO can lead to endogenous intoxication and an increase in the content of middle molecules (MM) with a molecular weight of 300–5000 Da. The concentration of MM
increases with endotoxemia of various origins (toxaemia,
burns, myocardial infarction, circulatory shock, uraemia,
cancer) and the level of MM correlates with the severity of
the disease [9].
MM play the role of endotoxins, being the products of
degradation of proteins and their complexes and, by chan
ging the physicochemical properties of membranes, make
them more vulnerable to damaging actions, including LPO
processes. Oxidative modification is one of the mechanisms
of destruction of cellular structures and enzymes, followed
by renewal of molecular components [9, 20].
Conjugated dienes, MDA and shifts in serum are pro
ducts of LPO and reflect the activity of free radical oxidation
processes [19, 21–23].
The effectiveness of AOP can be assessed by the activity
of SOD, which binds ROS with the formation of hydrogen
peroxide, as well as glutathione peroxidase and catalase [19,
24, 25].
LPO is a process in which lipids, primarily polyunsaturated fatty acids, are attacked by FR. Among the secondary
products of LPO, the most studied one is MDA [19, 26].
MDA is one of the most reliable markers of oxidative
stress in the clinic [19]. Due to the formation of Schiff bases,
end products of LPO, MDA destabilizes membranes, promoting their destruction, stimulates platelet aggregation,
increases platelet synthesis, promotes platelet adhesion to
endothelial cells [19].
Conjugated dienes, which are also products of LPO,
have a damaging effect on proteins and lipoproteins [19].
The AOP system counteracts the activity of the LPO. In
chronic diseases, especially in their comorbidity, the activity
of AOP is reduced, resulting in the insufficient resistance to
the damaging effects of the LPO [19].
SOD is a very important component of the AOP system.
The antioxidant role of SOD is to bind ROS with the subsequent formation of hydrogen peroxide [19].
Not only lipids but also proteins of plasma membranes
are subject to peroxidation under the action of ROS [9]. The
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interaction of ROS and protein molecules can lead to oxidative modification of amino acids — oxidation of the sulfhydryl group of cysteine, imidazole group of histidine, cyclic
rings of tyrosine, phenylalanine and tryptophan [13].
The negative effect of oxidatively modified proteins is
associated with the depletion of cellular antioxidants, due
to the fact that oxidative proteins are a source of FR and the
trigger of pathological processes under stress [9].
Free radicals cause oxidative DNA damage (about 100
variants of damage have been identified), which has been
shown in vitro. The result is breaks in the polynucleotide
chain of the molecule, modification of the carbohydrate
moiety and nitrogenous bases. FRO of proteins can lead to
various mutations [13, 27].
Protein peroxidation is the earliest marker of oxidative
stress. The dynamics of changes in the products of protein
peroxidation is a reflection of the degree of oxidative da
mage to cells and reserve-adaptation capabilities of the
body [9].
Hydroxyl radicals attack monosaccharides, in particular glucose. As a result, oxidized monosaccharides are converted into dicarbonyl compounds and break a possible free
radical chain, manifesting themselves as antioxidants [13,
28–30].
The AOP system in the body counteracts the negative
effects of oxidative stress. There are various mechanisms
of oxidative stress inhibition, which differ in structure and
point of application in the chain of branched reactions of
FRO processes [9].
The antioxidant system is divided into two parts: enzymatic and non-enzymatic. The activity of antioxidants
is determined by stereoelectronic effects of aromatic and
chroman rings, ortho- and paraposition of hydroxyl groups,
thiol compounds, chelation of metals of variable valency, receptor interactions with the cell membrane, etc. [9, 31, 32].
Enzymatic antioxidants are highly effective. Hydrogen
peroxide decomposes copper- and zinc-containing SOD,
heme-containing catalase, selenium-containing glutathione peroxidase, which block the formation of a more aggressive hydroxyl radical. Exogenous natural and synthetic
antioxidants are the main corrective factors in the depletion
of the body’s enzyme defenses [9, 33].
Non-enzymatic antioxidants can be both lipophilic:
tocopherol, vitamin A, ubiquinone, beta-carotenoids, and
hydrophilic: ascorbic acid, lipoic acid, flavonoids, glutathione. Insufficient functioning of the antioxidant system can
initiate the development of inflammation, hypersensitivity,
and autoimmune reactions [9, 34].
All living organisms (except obligate anaerobes) have a
number of hereditary, genetically determined, antioxidant
mechanisms of detoxification of potentially dangerous ROS [1].
The multicomponent antioxidant system is represented
by high- and low-molecular-weight compounds that exhibit
specific and nonspecific antioxidant activity. The antioxidant system has mechanisms to eliminate oxidative damage,
which are aimed at repairing, removing or replacing da
maged molecules [1, 35].
Specific AOP is aimed at reducing and directly destroying ROS in tissues both enzymatically and non-enzymati58

cally. The action of nonspecific AOP is aimed at preventing
the possibility of additional generation of FR by eliminating
the pool of metals of variable valency [1, 36].
Enzymatic components of the antioxidant system such
as SOD, catalase, glutathione peroxidase, glutathione-Stransferase, glutathione reductase play an important role.
The actions of antioxidant enzymes are closely related to
each other and clearly balanced [1, 3].
SOD protects the body from highly toxic oxygen radicals. SOD is found in all oxygen-absorbing cells, it catalyzes
the dismutation of superoxide to oxygen and hydrogen pero
xide. The reaction rate is extremely high and is limited only
by the rate of oxygen diffusion. The catalytic cycle of this
enzyme includes the reduction and oxidation of the metal
ion in the active center of the enzyme [9, 10, 37].
There are three forms of SOD: the first, containing copper, is in the cytosol, the second, containing zinc, is extracellular and the third, containing magnesium, is in the
mitochondrial matrix. SOD causes inactivation of oxygen
radicals that occur during electron transfer reactions or
when exposed to metals with variable valency, ionizing,
ultraviolet radiation, ultrasound, hyperbaric oxygenation,
various diseases [9].
Overproduction of SOD causes decreased gene expression of one of the regulators of oxidative stress — SoxRS,
which is activated by O2 [13].
SOD provides detoxification of the superoxide radical,
and catalase — the destruction of hydrogen peroxide. It is
known that the resistance of cells to the action of FR is due
to these enzymes [9].
Glutathione peroxidase is also an important component
of the enzyme unit of the AOP. In the peptide chain of glutathione peroxidаse, there is a residue of selenocysteine, a
cysteine analogue in which the sulfur atom is replaced by a
selenium atom [9].
The active center of the enzyme is selenocysteine. Glutathione peroxidase can reduce hydroperoxides of free fatty acids,
hydroperoxides of phospholipids, esterified fatty acids [9].
Glutathione peroxidase is reduced by NADP-dependent
enzyme glutathione reductase. Disulfide is formed during
the oxidation of two molecules of the reduced form of glutathione [9].
The main antioxidant of erythrocytes is reduced glutathio
ne, it is a coenzyme in the reduction of methemoglobin to functionally active hemoglobin. Detoxification of hydrogen pero
xide and hydroperoxides, which are formed by the reaction of
ROS with unsaturated fatty acids of the erythrocyte membrane,
occurs with the help of reduced glutathione [9, 38, 39].
Inhibition of sodium-glucose cotransporter-2 and caloric restriction reduces the accumulation of oxidized glutathione in the renal cortex [40].
Intensive insulin therapy is able to normalize glutathione
synthesis in stress-induced hyperglycaemia [41].
Catalase concentration is highest in the cells of the liver,
kidneys, in erythrocytes. Catalase is formed by four identical
subunits, each of which contains a prosthetic heme group.
The iron atom in the heme is in the trivalent state [9].
For catalase of the human body, the optimal pH is 7 but
in the range between pH 6.8 and 7.5, catalase activity does
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not change significantly. Catalase is one of the fastest enzymes, it does not lose activity for a long time, almost does
not require activation energy, the reaction rate is limited
only by the rate of diffusion of the substrate to the active
site [9].
One molecule of catalase is able to convert several million molecules of hydrogen peroxide into water and oxygen
per 1 second. Catalase degrades hydrogen peroxide, breaking the chain of conversion of superoxide anion into hydroxyl radical (O2 → H2O2 → OH•). Catalase, also in the
presence of hydrogen peroxide, can oxidize various toxins
such as formaldehyde, phenols, and alcohols. Competitive
inhibitor is cyanide ion, non-competitive inhibitors of this
enzyme are heavy metal ions [9, 10, 13].
The effectiveness of the body’s adaptive responses can be
judged by assessing the state of the AОР system [9].
Recently, there is growing evidence for the important
role of oxidative, nitrosative and carbonyl stresses in the development of chronic kidney disease (CKD) [1, 5, 42–45].
There are four main mechanisms of development of
oxidative stress in the kidneys in diabetic nephropathy: direct inhibition of cellular antioxidant systems by glucose
and its metabolites, accumulation of glycation end products, activation of protein kinase C, activation of reninangiotensin-aldosterone system. NADPH oxidase is activated in the kidneys, which catalyse the formation of ROS
[36, 46–49].
Activation of the antioxidant transcription factor Nrf2
in the renal tubules in mice with renal ischemic reperfusion
injury effectively reduces tubular damage and interstitial fibrosis by inducing the expression of genes associated with
cytoprotection against oxidative stress. Moreover, since the
kidney performs several functions in addition to blood purification, renoprotection by Nrf2 activation is expected to
lead to various benefits. Experiments have shown that the
activation of Nrf2 alleviates anemia caused by impaired
erythropoietin production, which is a factor in the growth
of erythropoiesis, kidney damage, and reduces organ dama
ge exacerbated by anemic hypoxia, which matched clinical
water balance [50–57].
There is no doubt that oxidative stress adversely affects
the kidneys and the course of CKD, which, in turn, itself
contributes to the emergence and intensification of the
damaging effects of oxidative stress.
Many questions about the effects of oxidative, nitrosative, and carbonyl stresses on renal status and the course of
CKD remain unresolved. In this regard, it is important to
seek new or improve diagnostic techniques using already
known markers to assess the status of the kidneys and the
course of CKD for timely and pathogenetically sound correction of kidney damage.
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Вплив оксидантного, карбонільного та нітрозативного стресів на перебіг хронічної хвороби нирок
(аналітичний огляд)

Резюме. Оксидантний стрес — це явище, викликане
дисбалансом
пероксидного
гомеостазу.
Поняття
оксидантного стресу введено в 1985 році та має чіткий зв’язок
з окисно-відновними процесами. У статті детально описані
молекулярні редокс-перемикачі, що керують реакцією
на оксидантний стрес. Розглянуто чотири рівні захисту
клітини ферментними антиоксидантами від дії активних
форм кисню. Показано, що саме антиоксидантні ферменти,
а не низькомолекулярні антиоксидантні сполуки відіграють
головну роль в антиоксидантному захисті. Описано чотири
стадії перекисного окиснення ліпідів. Оксидантний стрес
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відіграє важливу роль у патогенезі хронічної хвороби нирок.
Уремія посилює оксидантний стрес. Мітохондріальна
дисфункція є найважливішою причиною оксидантного
стресу при гострих і хронічних захворюваннях нирок.
Описано вплив молекулярного стресу на нирки та перебіг
хронічної хвороби нирок. Деяка інформація для зручності
читачів представлена у вигляді таблиць.
Ключові слова: оксидантний стрес; нітрозативний стрес;
карбонільний стрес; хронічна хвороба нирок; діабетична
нефропатія; активні форми кисню; перекис водню;
супероксиддисмутаза; каталаза; огляд
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