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OXIDATIVE STRESS AND MITOCHONDRIAL DYSFUNCTION

Abstract. The process of cell damage resulting from the action of free radicals — reactive oxygen species
(ROS) — is called oxidative stress. Most ROS are constantly formed in the cell — about 5 % of the oxygen consumed
by tissues is converted into free radicals, but their level is normally so small that the cell inactivates them with the
help of an antioxidant system. Different organs and tissues are exposed to different degrees of ROS and demonstrate
different stability during the implementation of oxidative stress. The mechanisms of ROS formation by mitochondria
under oxidative stress are still unclear.

At the same time, it was found that mitochondrial dysfunction and the accumulation of mitochondrial mutations
in tissues make a significant contribution to the aging process, as well as to the pathogenesis of a number of diseases
characterized by neurodegeneration. Mutations lead to increased generation of free radicals, reduced ATP levels, and
energy failure of cells.

Coenzyme Q10 is a component of the mitochondrial respiratory chain. Violation of the biosynthesis of
coenzyme Q10 can lead to a number of mitochondrial diseases. When coenzyme Q10 is deficient, sulfide
metabolism plays a critical role. Sulfide metabolism in mammalian cells includes trans-sulfuration (biosynthetic) and
hydrogen sulfide oxidation (H,S) (catabolic). Violation of H,S oxidation may contribute to oxidative stress in
coenzyme Q deficiency or may play a synergistic role with oxidative stress in the pathogenesis of tissue specificity
in coenzyme Q deficiency.

Key words: oxidative stress, reactive oxygen species, mitochondria, mitochondrial diseases, coenzyme Q10,
glutathione.

Mechanisms of oxidative stress.

The processes of free radicals and the body's responses are roughly balanced. It is easy enough to
shift this relative balance in favor of radicals. As a result, the cell's biochemistry is disrupted and oxidative
stress occurs. Most elements are able to tolerate a moderate degree of imbalance. This is due to the
presence of reparative structures in cells [1]. They identify and remove damaged molecules. New
clements take the place of the latter. In addition, cells have the ability to increase protection by responding
to oxidative stress [2].

Oxidative stress is an imbalance between oxidants (active forms of oxygen) and antioxidant
protection in the body towards oxidants. In cells, oxidants actively interact with biomolecules
(phospholipids, proteins, and nucleic acids). As a result, these biomolecules are irreversibly damaged,
which leads to cellular dysfunction and, as a result, various pathologies in the body and cell death [3].

However, oxidative stress cannot be unequivocally considered as absolutely harmful to the body. In
some cases, oxidative stress is used by the body as a defense mechanism. The immune system uses it to
fight antigens [4].

Oxidative stress is the process of cell damage as a result of the action of free radicals-reactive
oxygen species (ROS). Most ROS are constantly formed in the cell — about 5 % of the oxygen consumed
by tissues is converted into free radicals, but their level is normally so small that the cell either inactivates
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them with the help of an antioxidant system (reduced glutathione, vitamins C and E, coenzyme Q,
neutralizing short — lived ROS free radicals, while turning into long-lived or stable radicals in which the
unpaired electron is delocalized-oxidized glutathione, ascorbate-radical, tocopheroxyl radical, coenzyme q
radicals), or replaces damaged molecules. Thus, ROS formed as byproducts of normal cellular
metabolism in the respiratory chain of mitochondria, as well as other cytoplasmic reactions, do not cause
cell damage [5, 6].

Oxidative stress and its consequences for the body.

The level of ROS that exceeds the protective capabilities of the cell causes serious cellular disorders
(for example, ATP depletion). As a result, one of the least ROS, superoxide, becomes more aggressive
(hydroxyl radical, etc.), which can cause oxidation and destruction of many cellular components —
proteins and lipids of membranes, DNA [7]. The cells can return to their original state with small
abnormalities. However, more severe oxidative stress causes cell death. When necrosis occurs, the cell
membrane is destroyed and the cell contents are released into the intercellular space, which can result in
damage to the surrounding cells and tissues and cause a cascade of pathological processes.

Exposure to ionizing radiation, high temperatures, and certain chemicals (nitrates, etc.) triggers
oxidative stress as a pathological process, increasing the formation of ROS. It is known that different
organs and tissues are exposed to different degrees of ROS and demonstrate different stability during the
implementation of oxidative stress (figure 1) [8].

Figure 1 — Oxidative stress and mitochondrial dysfunction

Since the formation of oxygen derivatives and the level of the antioxidant defense system are
approximately balanced, it is easy to shift the balance in favor of oxygen derivatives and disrupt the cell's
biochemistry. Most cells can tolerate a moderate degree of oxidative stress due to the fact that they have a
reparative system that detects and removes molecules damaged by oxidation, which are then replaced
(figure 2).

In addition, cells can increase their antioxidant defense in response to oxidative stress. For example,
rats placed in an atmosphere of pure oxygen (and the air contains 21 % oxygen) die after a few days. But
exposure to animals with gradually increasing oxygen concentrations over a few days can increase the
activity of the antioxidant defense in the lungs, and ultimately they can tolerate 100 % oxygen content.
However, severe oxidative stress can damage or destroy cells [9-11].
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Figure 2 — Diseases associated with oxidative stress

In a healthy human body, there is a normal balance between the formation of oxygen derivatives and
antioxidant protection. It follows that there are at least two reasons for the development of oxidative
stress: a decrease in the number of antioxidants or an increase in the formation of oxygen derivatives in
such a way that antioxidants can no longer cope with protection [12].

Physiological role of reactive oxygen species.

The action of ROS in the body is actually directed at 3 types of cell targets: proteins, nucleic acids,
and lipids. Normally, they are actively involved in their metabolism, and in pathological conditions — in
their oxidative destruction.

Various stimuli, such as ionizing radiation, inflammation, increased oxygen stress, ozone, and aging
processes contribute to the formation of increased concentrations of ROS. Ozone, ozonides and industrial
pollutants contained in the air activate the processes of radical formation in the lung tissues [13].

Oxidative modification of proteins, nucleic acids, and lipids with the participation of ROS is
constantly observed in tissues and plays an important role in the breakdown of these compounds. This is
one of the stages of updating the chemical composition of tissues. ROS cause oxidative modification of
nucleotides and nucleic acids, especially DNA. This leads to the formation of ROOH hydroperoxides (for
example, 5-CH,OOH-uracil is formed from thymine), and then the hydroxy derivatives ROH or R(OH),,
the main of which are 8-OH-2'-deoxyguanosine and timinglicol (their determination in tissues and urine is
used as indices of oxidative DNA modification). ). Of ROS, only NO- causes DNA damage (oxidation of
bases, their modifications, chain breaks, chromosome damage), while it is now believed that ROS cause
more mutations than another class of mutagens — alkylating substances. Mutations can lead to pathology
and death of cells or their malignant degeneration (cancer, leukemia, etc.), and mutations in the DNA of
germ cells — to inherited diseases. High concentrations of ROS and lipid hydroperoxides inhibit DNA
synthesis and cell division and can activate apoptosis [14,15].

Lipid peroxidation is carried out in the presence of metals of variable valency and is accompanied by
the formation of a group of radical products — Re, RO, ROO¢, cytotoxic aldehydes of the 4-hydroxy-2,
3-trans-nonenal type, or less toxic, as Malon dialdehyde.
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Reactive oxygen species have not only cytotoxic properties, but can also act as secondary
messengers, participating in maintaining the physical and chemical properties of biological membranes,
regulating the state of intracellular redox systems, protein kinase activity, and regulating cellular reactions
such as proliferation, differentiation, and apoptosis.

Generation of moderate amounts of ROS is an absolutely necessary element of the physiological state
of cells of all types. Active oxygen forms take part in the cellular immune system, providing the function
of all phagocytes in the fight against infection. Regulation of prostaglandin, thromboxane, and leukotriene
synthesis. Oxidative destruction of xenobiotics (exogenous substances foreign to the body), destruction of
own damaged or abnormal cells. Regulation of cell growth, proliferation and differentiation. Participation
in cell membrane renewal and modification [16-18].

The role of mitochondria in the development of oxidative stress.

Mitochondria are cellular organelles that perform important functions: supplying cells with energy in
the form of ATP, generating and regulating calcium ions in the cytoplasm, and initiating apoptosis.
Violations of the function of these organelles play a leading role in the origin and clinical manifestations
of mitochondrial diseases caused by mutations of mitochondrial or nuclear DNA genes that encode energy
metabolism.

At the same time, it was found that mitochondrial dysfunction and the accumulation of mitochondrial
mutations in tissues make a significant contribution to the aging process, as well as to the pathogenesis of
a number of diseases characterized by neurodegeneration [19]. Mutations lead to increased generation of
free radicals, reduced ATP levels, and energy failure of cells.

The mechanisms of ROS formation by mitochondria under oxidative stress are still unclear.
Numerous data obtained in experiments with isolated mitochondria and submitochondrial particles
indicate that the main superoxide-forming components of the respiratory chain are NADH: ubiquinone-
oxidoreductase (complex I) and ubiquinone-cytochrome C reductase (complex III). However, it is not
clear which component of complex I serves as a single-electron donor for oxygen recovery. Moreover,
under physiological conditions, cells maintain a high level of NADH, which can prevent the formation of
superoxide by complex 1. Probably for this reason, experiments on cell cultures give conflicting results
about the role of complex I in the generation of ROS. Inhibition of complex I activity in cell culture can
lead to both an increase and a decrease in ROS levels, depending on the cell type and the stimulus that
causes oxidative stress. This ambiguity indicates the complexity of the mechanisms of ROS generation by
mitochondria in physiological conditions [20].

The role of coenzyme Q10 as a biomarker of oxidative stress.

Coenzyme Q10 is a component of the mitochondrial respiratory chain. In recent years, the
antioxidant properties of its reduced form have been actively studied. In its reduced form, coenzyme
Q10 is found in all cell membranes, blood plasma, and lipoproteins. Coenzyme Q10 successfully protects
membrane phospholipids and low-density lipoproteins from peroxidation, as well as mitochondrial
membrane proteins and mitochondrial DNA from damage by free radicals. These properties of coenzyme
Q10 are not related to the action of exogenous antioxidants, although coenzyme Q10 is able to enhance
the effects of vitamin E by restoring it from the oxidized form. The content of Q10 in tissues increases
with oxidative stress and decreases with age, primarily in the myocardium.

Coenzyme Q10 (Q10) is a fat — soluble vitamin-like substance. Q10 is found in the human body
literally everywhere, which is why its second official name — "ubiquinone" (from lat. ubique-everywhere,
everywhere). Inside cells, Q10 is mostly found in mitochondria (40-50 %). There is twice as much of this
substance in the heart muscle as in any other organ or tissue.

Two main functions of Q10 in living organisms are known today. Q10 is involved in the production
of energy in any of the cells. Coenzyme Q10 in mitochondria is involved in the synthesis of ATP as an
electron Transporter that interacts with the processes of electronic transport and oxidative
phosphorylation. It is a necessary link for the transfer of electrons from complexes I and II to complex 11
of the respiratory chain. With a lack of Q10 (difficulty in transmitting electrons through the respiratory
chain), complexes I and III become the main generators of superoxide radicals (figure 3) [21].

Violation of the biosynthesis of coenzyme Q10 can lead to a number of mitochondrial diseases.
Mitochondrial diseases are a complex heterogeneous group of hereditary diseases and pathological
conditions caused by violations of the structure and function of mitochondria and tissue respiration. One
of the most well-known diseases is Leigh Syndrome.

34 ——
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Figure 3 — Electron transport chain

Leigh syndrome (SL) or subacute necrotizing encephalomyelopathy is a rare progressive disease of
the Central nervous system that manifests in early childhood and is characterized by symptoms of gray
matter damage to the brain the prevalence of SL at birth is approximately 1: 36,000 cases. Leigh
syndrome is a genetically heterogeneous disease: it is caused by mutations in genes encoding energy
exchange proteins, including proteins of complexes I, II, III, IV, V of the mitochondrial respiratory chain,
which are involved in oxidative phosphorylation and ATP generation, as well as components of the
pyruvate dehydrogenase complex.

This syndrome can be inherited by an autosomal recessive type. It is known from literature data that
the onset of the disease occurs in early childhood and is characterized by progressive neurological
disorders, lactate acidosis and characteristic neuroradiological changes. To date, there is no etiotropic
treatment for Li syndrome.

Pathogenetic and symptomatic treatment is performed. Therapy is carried out with energotropic
drugs, which include: cofactors of energy exchange (b vitamins, PP, L-carnitine), antioxidants (vitamins
C, E), substances that transfer electrons (coenzyme Q, succinic acid) [22].

Antioxidant role of coenzyme Q10.

Another important function of Q10 is antioxidant. Q10 is the only fat-soluble antioxidant that can be
synthesized in humans and animals. The direct (direct) antioxidant effect of Q10 is to capture free
radicals. Due to its ability to dissolve in fats, Q10 is most represented in lipid structures-membranes,
liposomes, and low-density lipoproteins (LDL). The plasma concentration of Q10 is proportional to the
LDL concentration. Plasma LDL oxidation is one of the starting points in atherogenesis (development of
atherosclerosis) and other diseases associated with increased formation of free radicals. Q10 is able to
prevent the development of chain reactions of free radical oxidation, including peroxidation of cell
membrane phospholipids and plasma lipoproteins.

Another unique property of coenzyme Q10 is the constant regeneration of its oxidized form with the
help of the body's enzyme systems and non-enzymatic antioxidants (ascorbate, alpha-tocopherol), which
returns its antioxidant activity.

The indirect antioxidant effect of Q10 is to prevent the formation of phenoxyl radicals of
a-tocopherol, that is, to prevent the possible Pro-oxidant action of a-tocopherol [23].

Vitamin E or a-tocopherol is another fat-soluble antioxidant (human blood plasma), along with
Q10 is present in large quantities in the inner membrane of mitochondria. With a lack of coenzyme Q10,
a-tocopherol in the reduced form begins to act as a prooxidant, triggering lipid peroxidation reactions,
including the oxidation of atherogenic LDL.
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Thus, Q10 as an antioxidant inhibits the development of atherosclerosis in two ways (through two
mechanisms), catching free radicals and preventing the Pro-oxidant effect of vitamin E. one of the causes
of Q10 deficiency in the body may be changes in the genes involved in the synthesis of Q10. For example,
changes in the COQ2 and PDSS2 genes were detected in children with encephalomyopathies, cerebral
ataxia, and pure myopathy. Rapid depletion of Q10 reserves is observed during intense physical or
psychoemotional loads, severe diseases and operations, taking cardiotoxic cytostatics (doxorubicin,
adriamycin), as well as taking such widely used drugs in the clinic as statins. Very low levels of Q10 were
observed in hyperthyroidism. Given the involvement of oxidative stress in the pathogenesis of Parkinson's
disease (PD) and other neurodegenerative diseases, the use of Q10 in therapy to slow the progression of
the disease is of great interest. A factor that contributes to the development of PD is also a decrease in the
Q10 content with age.

BP is associated with progressive loss of dopamine neurons in the black substance of the brain. In
most cases, the disease manifests itself after the age of 60. Typical symptoms of PD — tremor at rest, gait
instability, muscle rigidity, and bradykinesia occur when about 80% of dopamine neurons are lost. One of
the main hypotheses for the development of PD is oxidative stress caused by violations of dopamine
metabolism or neurotoxins that enter the body from the environment, such as rotenone, MANEB or
paraquat (organic pesticides). It was found that the activity of complex I of the respiratory chain of
mitochondria was reduced by 30-40 % in the black substance of the brain in PD, which is not observed in
other areas of the brain [24].

Role of sulfide metabolism in coenzyme Q10 deficiency.

Sulfide metabolism in mammalian cells includes TRANS-sulfuration (biosynthetic) and hydrogen
sulfide oxidation (H,S) (catabolic). H,S catabolism involves several pathways: oxidation in mitochondria,
methylation in the cytosol, and binding to hemoglobin. Oxidation proceeds sequentially through the
formation of intermediate products (thiosulfate and sulfite), and at the end there is a main product —
sulfate. The result of methylation is dimethyl sulfide, and binding to heme iron gives sulfhemoglobin.

Cystathionine-y-lyase catalyzes the conversion of cystine to thiocysteine, pyruvate, and ammonia;
thiocysteine is then non-enzymatically converted to cysteine and H,S. Cystathionine-p-synthase
condenses homocysteine with cysteine, and cystathionine and H,S are formed. Cysteinaminotransferase
converts cysteine and a-Ketoglutarate to 3-mercaptopyruvate, which is further metabolized by the enzyme
3-mercaptopyruvate sulfotransferase to form H,S and pyruvate. Oxidation of H,S to thiosulfate is a non-
enzymatic process associated with the respiratory electronic chain in mitochondria. Thiosulfate is
converted to sulfite through a series of reactions, and then to sulfate.

The second way of H,S metabolism is methylation with the formation of dimethyl sulfide. Finally,
H,S binds to hemoglobin, forming sulthemoglobin. H,S can modify protein molecules: restore disulfide
bonds (S = S), attach to thiol groups (—SH), as a result of which they turn into-SSH [25].

The evolution of living nature on Earth since the appearance of oxygen in the atmosphere was
accompanied by the formation of a biochemical system of antioxidant protection in cells. One of its most
important components is reduced glutathione (GSH), which is a Tripeptide L-y-glutamyl-L-cysteinyl-
glycine. The small size of the molecule and the presence of a sulthydryl group in the cysteine side chain
make glutathione a universal participant in the vast majority of reactions, aimed at preventing the
damaging effects of reactive oxygen species (ROS) and free radical processes. GSH plays a key role in
maintaining redox status in the cell, determined by the ratio of concentrations of oxidative and reducing
equivalents It exists in two redox forms, reduced and oxidized. Most of the biological functions of
glutathione are performed by converting the reduced GSH to the oxidized form (GSSG) using the enzyme
glutathione peroxidase and then returning to the reduced form (GSH). Glutathione can affect the process
of cell death by modulating the level of mitochondrial ROS. Loss of GSH by mitochondria leads to an
increase in the level of ROS and active nitrogen, dysfunction of these organelles, and leakage of ATP,
which can lead to the transfer of the cell death process from apoptosis to necrosis. One of the most
important functions of GSH is to store and preserve cysteine, since this amino acid is extremely unstable
in extracellular conditions and is very quickly oxidized to cystine in processes that produce potentially
toxic ROS. There is a gamma-glutamic acid cycle that allows GSH to be used as a continuous source of
cysteine [26,27].

In mammals, CoQ is a fat-soluble component of the mitochondrial respiratory chain present in all cell
membranes and involved in many metabolic functions. One of these functions is the transfer of electrons
in the first H,S oxidation reaction catalyzed by SQOR. Several in vitro and in vivo evidence shows that
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Coq deficiency causes disruption of the regulation of H,S oxidation and accumulation of H,S, which can
affect multiple physiological processes, possibly through modification of s-sulthydration of the protein.
Violation of H,S oxidation may contribute to oxidative stress in CoQ deficiency or may play a synergistic
role with oxidative stress in the pathogenesis of tissue specificity in CoQ deficiency. The role of
H,S metabolic disorders in CoQ deficiency deserves further study, as it may have therapeutic impli-
cations [28].
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TOTBIF'Y CTPECI ) KOHE MUTOXOHAPUAJIBIK JTUC®YHKIUAJIAP

AHHOTauuA. boc pamukangapapiH, SFHA OTTETiHIH akTUBTI (opManapbeiHbH (OAD) ocepiHeH KacymanapapiH
3aKBIMJIAHY MPOLIECi TOTHIFY CTPECI JIET aTalapl.

XKacymana xenteren OA® yHeMi KaJbINTachIll OTHIPAABI, TIHAEP TYTBIHATHIH OTTETiHIH Iamamen 5 % Goc
paauKanmapra aiHanaipl, Oipak OJNapIbIH JCHreWi KaJbINTHI JKaFqaiira KaparaHaa a3 0oJalbl, COHIBIKTAH JKacyIla
oJlap/ibl aHTHOKCHIAHTTHIK KYHEHIH keMeriMeH Oencenai erneiai. XKacymaHnblH KOpFaHbII KaOUIeTTepiH apTThIpa-
ToiH OA® neHredi, *acylmanblK aybITKyJapasl TyAbIpanbl (Mbeicanbl, AY®-H a3aroer). HoTibkeciHIe OTTEriHiH
Oencenni TypiepiHig 0ipi — cymepokcuy arpeccuBTi (opmanapra (THAPOKCHI pajuKalaaphl xkoHe T.0.) aifHamazpl,
OYJ1 KemTereH KacyIIalblK KOMIIOHEHTTEPIIH — aKybI3map MeH MemOpaHna ymnuarepidin, JJHK-HBIH TOTBIFybIHA
JKoHE OY3BLTYBIHA OKEITYl MYMKIiH.

Op Typii mymenep MeH TiHAepre OAD opTypii oopexkene ocep eTeil KoHe TOTBHIFY CTpecc MpOoIleciHme
OPTYPITi TYPAKTBUIBIKTBI KepceTemi. TOTBIFY TPOIECiHIH KaFaaibIHIa MUTOXOHIpHS apKbUTbl OAD TY3iTy MeXaHu3-
Mi 911 Jie TYCIHIKCi3.

OTTeri TyBIHABICBIHBIH TY31UTyl JKOHE aHTHOKCHUIAHTTHIK KOPFaHBIC KYHECiHIH JCHreli maMaMeH TeHIECTipi-
TeH/Ie, OTTET1 TYBIHABUIAPBIHBIH TEIe-TEHAIrH KBUDKBITY KOHE JKacyIlIaHbIH OMOXUMUSICHIH OY3bIITYBl OHal OOabl.
JKacymanapablH KeNIIUIri penapaTuBTi xKyiere e OONFaHIBIKTaH TOTBHIFY CTPECTIH OpTamla JopekeciHe MIbInail
anajpl, TOTHIKKAH MOJICKYJIAIapPhIH aHBIKTAIl AJIBIN TACTAWBI, COMaH KeWiH oJapibl aybicThIpanbl. COHBIMEH Katap,
JKacyIiajgap TOTBIFY CTPECIHE JKayall PeTiHJe aHTHOKCHUIAHTThI KOPFaHbIII KYHECiH KYIIeHTe ajasl.

MuTtoxoHApHUIAPABIH TUCPYHKIUACH KOHE TIHACPACTI MHTOXOHIPUSUIBIK MYTAlHSIAPABIH KHHAKTATYBI
KapTaro IpoleciHe, COHBIMEH KaTap HelpoJlereHepalusMeH CHIAaTTalaThiH OipKatap aypysapblH IaToreHe3iHe
alTapIBIKTal yJiec KOCATBIHIBIFBI aHBIKTANABL. MyTanusuiap 06oc pamukanmapiablH kebetoine, AY® neHreinig
TOMCHJICYiHE JKOHE )KaCyIIaNapIblH YHEPTUS TAIIIBUIBIFBIHA OKEIIe .

Kosuzum Q10 MUTOXOHAPUSHBIH THIHBIC aTy Ti30eriHiH Kypamaac Oeiri 6oibim Tabbutansl. COHFBI XKBUIIAPHI
OHBIH TOTBIKCHI3JIaHFaH (OpPMAChIHIAFBl AHTHOKCHIAHTTHIK Kalinmetrrepi OenceHmi Typae 3eprrenyae. KosHzmm
Q10-H TOTBIKCHI3MaHFAaH TYpi OapibIK jkacylra MeMmOpaHalapblHAa, KaH IJIa3MachlHIIA JKOHE JHIOMPOTEUATEPIC
6omanel. Kosmsum Q10 memOpananblk Qocdorunuarep MeH TOMEH THIFBI3BIKTAaFbl JIMIOIPOTEHATEPl ACKbIH
TOTBIFYIaH CaKTaWIbl, COHOAai-aK MUTOXOHIPHSIBIK MeMOpaHa aKybI3gapbl MeH MUTOXOHAPUUIBIK JIHK-HBI OoC
panuKaniapIbIH ScepiHeH KOpranabl.

Kosnzum Q10 OumocuHTe3iHiH OY3bUTYHl OipKaTap MHUTOXOHAPHSJIBIK aypyjapra okeiayl MyMkiH. KosHzmm
Q10 >xericneyminirinae cyabQUATEpIiH aaMacybl HIeHymi pest aTkapansl. CYTKOpPEKTIIepIiH jkacyllalapblHAa
CyJb-GUIATEPIiH anMacybl TpaHC-KYKIpTTeHyai (OMOCHHTETHKANBIK) »oHe KykKiprcyTekTiH (H,S) TOTBIFYBIH
(xaTabonmka-IbIK) KaMTHIBL. H)S TOTBIFYBIHBIH OY3BITYBI KOOH3UM Q TaNIIBUIBIFBI JKaFAaHbIHIAA TOTBHIFY CTPECiHIH
JKOFaphI-IayblHA BIKMAd €Tyl MYMKIH HeMmece KO3H3UM QQ IKeTiCeyNIUIiriHAe TIHACPAIH CHEIUPUKAIBIK
MATOTE€HE31HAEC CHHEPTETHKAIBIK POJI aTKApyBhl MYMKIH.

Cytkopexkrinepae CoQ MHUTOXOHAPUSHBIH THIHBIC aly Ti30€TiHiH Maia epuTiH KOMIIOHEHTI OOJIBIT TaObLIa b,
OapipIK >Kacyma MeMOpaHalapbhlHIa OOJaabl JKOHE KOITEreH MeTa0OJUKaJIBIK KbhI3METTepre Katbicaabl. OcChl
dbyHKIMATapABIH Oipi - H,S anFamkbl TOTEIFY peakIUsCHIHIAFBI OipiHII AIEKTPOHIBI CYIb(UI-XUHOH OKCHIOPIYK-
Ta3achIMEH KaTanmusfceHedl In vitro skoHe in vivo skarmaiieiama CoQ skericnmeymimiri HpS ToTeirysr Men H,S
KIHAKTATYBIHBIH KOFapPbUIAYBIH TYBIHAATAIBI, S-CyIb(pUAPATAIU aPKbLUIBI KONTEIeH (DU3HOIOTUSUIIBIK TPOIIECTEPTe
acep eyl MyMKkiH. H,S akybI3 MonekynanapsiH e3repre ajxaipl: TUCyIbQUATI OalnaHbICTapabl KaJllblHA KeNTipeai
(S =S), Tnonnap TobsHa Kocbutansl (—SH), HoTmkecinae onap —SSH Gonansr.

I'myraton (GSH) TOTBIFY 3KOHE TOTBIKCHI3aHY JKBHUBAJICHTTCPIHIH KOHIICHTPAIUSUIAPBIHBIH KATHIHACHI
apKBUIBl aHBIKTAJATHIH JKACYIIAJAaFbl TOTBIFY KYHiH cakTaylda MaHbBI3IBI peil aTtkapanbl. OJ TOTBIFYy JKOHE
TOTBIKCHI3MaHy TypiHae Oomanel. GSH OHONOTHSIBIK (DYHKIUATAPBIHBIH KOIIIUIT TIIYyTaTHOH IEePOKCHIa3achl
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(hepMEHTIH KOJIAHBIM, TOTHIKCHI3aHFaH TIIYTaTHOHIBI TOTHIFAThIH (Qopmara (GSSG) altHanABIpy apKbLIBI JKYy3ere
achIPBUTAJIBI, COJIaH KeiiH TOThIKCh3nanFaH kyhine (GSH) keneni. ['myraTtion mutoxoHApUsUTBIK OAD neHreitiHiH
MOJYJISIUSICHl apKbUIbI KacyllajJaplblH eJliMiHe acep eTyi MyMmKiH. Mutoxonapusmern GSH sxoramyer ROS men
OeJICeHIl a30T ACHTeHiHIH )KOFapbUIaybIHa, OCHI OpraHeuIaIapIblH JUCcYHKIMICHIHA xoHe AY D azarobIHa oKemei,
OyJ1 »Kacymia eJIiMiH aronTo3JaH HEKPO3Fa OTKi3yre okenyi MyMKiH. GSH-HBIH MaHBI3ABI (YHKIMSIAPBIHEIH Oipi
IUCTEWH/TI caKTay OOJBI TaOBUTAIbI, OWTKEHI OYJI aMHH KBIIIKBUIBI JKaCyIIaJaH THIC XKaFmaimapaa eTe TYpaKchi3
koHe oHiMIepi yiapl OA® OGonaTblH TpolecTeple IMUCTHHII Te3 TOTBHIKTBIpamel. CoQ xkericneymrimringe H,S
MeTa0OoIM3MiHIH POl KOCBIMIIIA 3epTTeYi KaXeT eTell, OUTKEHI OHBIH TePanMsUIBIK ocepi 00ITybl MYMKIH.

TyiiiH ce3aep: TOTBIFYy CTpeci, OTTETiHIH aKTHBTI (opmaiapbl, MHTOXOHAPHS, MHUTOXOHAPHUS aypyJapel,
kosH3uM Q10, TIIyTaTHOH.
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OKHCJIMTEJBHBIA CTPECC U MUTOXOH/IPUAJBHBIE TUCO®YHKIINN

AnHoTanus. [Iporecc MOBpeXAEHUS KICTKH B pe3yibTaTe NEHCTBUS CBOOOMHBIX PATUKAIIOB — aKTHBHBIX
¢dbopm kuciopona (ADPK) — Ha3pIBaeTCS OKHCIUTENHLHBIM cTpeccoM. bombmmacTBO ADK mocTossHHO 00pasyrorces B
KJIETKE — OKOJIO 5 % moTpebIisieMoro TKaHIMH KHCIIOpO/Ia TIPeBpaiaeTcss B CBOOOTHBIE PaJUKabl, HO HX YPOBEHb B
HOpME HaCTOJIbKO HeOOJIBIIOH, YTO KIIeTKa HHAKTUBUPYET UX C TOMOIIbI0O AaHTHOKCUIAHTHON CHCTEMBI.

YpoBenb A®K, mnpeBBIIAIONIMA 3alIUTHBIE BO3MOXHOCTH KJICTKH, BBI3BIBACT CCPHE3HBIC KICTOYHBIC
HapymieHus (Hampumep, uctomenne AT®). B pesymprate OWH W3 aKTHUBHBEIX (OPM KUCIOPOJA - CYMEPOKCHU]
IpeBpalnacTcs B 0oyiee arpeccUBHbIC GOPMBI (THAPOKCHIBHBINA PaJUKal | T.II.), YTO MOKET BBI3BATh OKHCJICHUE H
pa3pylIeHHe MHOTUX KIETOYHBIX KOMIIOHCHTOB — OCJIKOB U JIunuIoB MeMoOpan, JTHK.

Paznuunblie opransl ¥ TKaHU B pa3HOM cTeneHu noasep:keHbl aeicTBuio ADK u 1eMOHCTpUPYIOT pa3IudHyIO
YCTOWYUBOCTD B MPOIIECCE peai3aIlii OKUCIUTENBHOTO cTpecca. Mexann3mbl oopazoBanuss ADK MUTOXOHAPUIMU
B YCJIOBHSAX OKHUCIUTEIHHOTO CTPecca 10 CHX MOP OCTAIOTCS HESICHBIMH.

ITockonpky oOpa3oBaHHE MPOM3BOAHBIX KHCIOPOJa W YPOBEHb AHTHOKCHIAHTHOW 3allUTHOW CHCTEMBI
MPUOIM3UTENFHO COATaHCHUPOBAHEI, TO JIETKO CIBHHYTH OanaHC B MOJB3y HMPOM3BOIHBIX KUCIOPOJA W HAPYIIUTH
OMOXMMHIO KJIETKH. BONBIMMHCTBO KIIETOK MOXKET IEPEHOCHTh YMEPEHHYIO CTENeHb OKHCIHTEIBHOTO CcTpecca
Onmaromaps TOMY, YTO OHM OOJIQJAIOT pPENapaTUBHOM CHCTEMOH, BBISBISIIONICH W yIasroUIel ITOBPEKICHHBIE
OKHUCIICHHMEM MOJEKYJIbl, KOTOpble 3areM 3aMmeHsdoTcs. Kpome TOro, KIETKH MOTYT HOBBICUTH CBOIO
AHTHOKCHUIAHTHYIO 3aIUTy B OTBET HA OKHUCIIUTEIBHBIA CTPECC.

B 10 ke BpeMs YCTaHOBJICHO, YTO AMCHYHKIMS MUTOXOHAPUI M HAKOIUICHUE B TKAHSIX MUTOXOHIPHAIBHBIX
MyTaldii BHOCAT CYIICCTBEHHBIA BKJIAJ B TIPOLECCH CTapeHHs, a TaKkKe B MATOTCHE3 psaa 3aboJIeBaHUIA,
XapaKTepu3yIOUINXcsl HelpoaereHepanueil. Myrtanun BeOyT K YCHJICHHOM TeHepalMd CBOOOIHBIX DPajHKaJoB,
CHIXEHHIO YPOBHI AT® 1 dsHEpreTHIeCKOH HEAOCTATOYHOCTH KIIETOK.

Kosuzum Q10 sBisieTcss KOMIOHEHTOM JBIXaTeIbHOW MM MUTOXOHIPHH. B mociemHue rombl aKTHBHO
M3YYaIOTCsl aHTHOKCHJAHTHBIE CIIOCOOHOCTH €ro BOCCTAHOBIEHHOH (opMBL. B BOCCTaHOBICHHOM BHIE KOIH3UM
Q10 BcTpeuaeTcs BO BCeX KIETOYHBIX MeMOpaHax, IjiazMe KpoBH W JumnonporenHax. Kosmszum Q10 ycmemHo
npenoxpanser Gpochoaunuasl MeMOpaH M JIUMOTIPOTEHHBI HU3KOHW IIOTHOCTH OT TEPEKHCHOTO OKHUCIICHHUS, a TAKXKe
Oenkr MeMOpaH MUTOXOHIPHUH 1 MuTOoXOoHApHaTbHYI0 JIHK oT moBpexneHust CBOOOAHBIMU paguKaTaMH.

Hapymenue 6mocunte3a xosHzuma Q10 MOXET MPHBECTH K PsAAYy MHTOXOHIpHANbHBIX 3aboneBanuil. [Ipn
nedumure kosH3mMa Q10 cynpduanbelii Mera®onM3M HrpaeT BakHeWIIyro ponb. CynbpuaHeli MeTabomM3M B
KJIETKaX MJIEKOIMTAIOUINX BKIIOYAET TPaHC-CYIb(yparuio (OMOCHHTETHYECKU) 1 OKucieHue ceporogopona (H,S)
(xarabonmuecknit). Hapymenne oxucnenust H,S MoxkeT crnocoOCTBOBAaTh OKHCIHMTEILHOMY CTpecCy NpH JeduiuTe
KooH3UMa (Q WM MOJXKET WIpaTh CHHEPTEeTHYECKYI0O POJIb B MAaTOreHE3e TKaHEeCTICIM(UYHOCTH NpH AehHULUTE
kosH3MMa Q.

Y wmnexommraromux CoQ sBIsSeTCS XKUPOPACTBOPUMBIM KOMIIOHEHTOM [IBIXaTEIBHOM IENH MHUTOXOHIPHA,
MIPUCYTCTBYET BO BCEX KIETOYHBIX MEMOpaHaX M y4acTBYeT BO MHOTHX MeTabonndyeckux ¢yHKmsax. OnHa u3 3TUX
(GYHKIIUH 3aKITI0YaeTcsl B IMEpEHOCe AJIEKTPOHOB B MEPBOM peakiuu okucieHus H,S, xaramuzupyeMmoit cyrsguo-
XUHOH oKcudopedykmasvl. B yCIOBHAX in vitro W in vivo ycTaHoBieHO, 4To neduiut CoQ BBI3BIBACT HApyIICHUE
perymsmun okucnenns H,S u Hakomnmenme H,S, xoTopoe MOXeT BIHMATP HAa MHO)KECTBEHHBIE (PH3HOIOTHYECKHE
MIPOLIECCHI, BO3MOXKHO, Yepe3 MoauduKamuio S-cynsdpruaparannu oenka. H,S Moxer MoandpuumpoBats OelKOBbIC
MOJICKYJIBI: BOCCTAHABIHMBATH NUCYIbQUIHBIE CB3UM (S=S), mpucoenuHsAThCS K THONOBBIM rpymmam (—SH), B
pe3ynbpTaTe 4ero oHu npespamatorcs B —SSH.
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GSH (rmyTaTHOH) WrpaeT KIIYEBYIO pPOJIb B TOAJCPKAHHHM PEIOKC-CTaTyca B KIETKE, OIMPEIeIIIeMOro
COOTHOIIICHUEM KOHIICHTPAIMI OKHCIUTEIBHBIX M BOCCTAHOBHUTEIBHBIX SKBHBaJcHTOB. OH CyIIECTBYET B JIBYX
penokc-popMax, BOCCTAHOBICHHONH W OKHCICHHOW. bonbmias dwacTh OHONOTHYECKHX (YHKIMNA TIIyTaTHOHA
OCyIIEeCTBIISICTCSL IMyTeM TNpeBpaineHusi BoccraHoBineHHoro GSH B oxuciennyio ¢opmy (GSSG) ¢ momomibio
(hepMeHTa MIyTaTHOHIICPOKCHUIA3EI M MOCICAYIOIIErO BO3BPAICHUs B BocCcTaHOBIeHHYIO hopmy (GSH). ['myraTron
MOXET BIUATH HA TMPOIECC THOEIM KIETKH 4Yepe3 MOAYJAINio ypoBHS MuUTOXOHIpuanbHeIx ADK. Tloteps GSH
MHUTOXOHJPHUSAMH BeJeT K pocTy ypoBHS ADK u akTHBHOTO a30Ta, AUCHYHKIIUK dTUX opraHeiut u yreake AT®, gro
MOJKET MPHUBOIUTH K MEPEBOAY IpoIecca THOENH KIETKH W3 amonTo3a B Hekpo3. OmHoi m3 Hambojee Ba)KHBIX
¢dbyaxmuit GSH sBisercs 3amacanvie U cOXpaHeHHUE IMCTEHHA, TIOCKOIBKY 9Ta aMHHOKHCIIOTa KpaiiHe HecTaOWIbHA
BO BHEKJIETOYHBIX YCIOBHAX M OUYEHb OBICTPO OKHCIIAETCS OO IHCTHHA B IIpOIeccax, NMPOTYKTaMU KOTOPBIX
SIBIITIOTCS OTeHIHANBHO TokcnuHbie ADK. Pons Hapymenuii metadonmsma H,S npu nedunute CoQ 3acmyxuBaet
JATBHEHINETO U3YYCHUS, TOCKOJIBKY OH MOXET UMETh TCPATICBTUYCCKHE TIOCIICACTBHS.

KaroueBble  cjioBa:  OKUCITUTENBHBI  CTpecc, akTHUBHBIC  (OPMBI  KHCIOPOAa, MHUTOXOHJPHS,
MUTOXOH/IPHAJIbHEIC 3a00IeBaHmi, KO9H3UM Q10, TIyTaTHOH.
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