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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
elements 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 g
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 maodification 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)5,,
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, ROOs, 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 xenaobiotics (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 1) and ubiquinone-cytochrome C reductase (complex I11). However, it is not
clear which component of complex | 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 I. Probably for this reason, experiments on cell cultures give conflicting results
about the role of complex | in the generation of ROS. Inhibition of complex | 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 | and Il to complex Il
of the respiratory chain. With a lack of Q10 (difficulty in transmitting electrons through the respiratory
chain), complexes | and 111 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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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, 11, 111, 1V, 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 | 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-B-synthase
condenses homocysteine with cysteine, and cystathionine and H,S are formed. Cysteinaminotransferase
converts cysteine and o-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 sulfhemoglobin. 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 sulfhydryl 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-sulfhydration 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 IUCO®YHKIIUAJIAP

AnHoTanus. boc pagukangapabiH, SFHU OTTETiHIH akTUBTI hopmanapsiHbiH (OAD) oscepiHeH jxacymanap by
3aKbIMJIaHy TIPOIIECi TOTHIFY CTpECi JIeT aTanaibl.

XKacymana xenteren OA® yHeMi KaJbIITachIl OTHIPabl, TIHAEP TYTHIHATHIH OTTETiHIH mamMameH 5 % Ooc
pamuKanaapra aiHamajpl, Gipak omapjablH JeHreli KaJbINThl XKafFaaiffa kaparanaa a3 0oJajbl, COHIBIKTaH JKacylia
oJap/bl aHTHOKCHIAHTTHIK JKYHEHIH KeMeTiMeH Oesceni erneiai. JKacylmaHblH KOpFaHbIIl KaOlleTTepiH apTThipa-
ToiH OA®D neHreii, ®acymaiblK aybITKyJdapabl Tyasipanasl (Mbicanbl, AY®-H a3zarobl). HoTwkecinae oTteriHig
Oencenni TypiepiHiy Oipi — cymepokcuz arpeccuBTi (opMaiapra (THAPOKCHI paluKaliapbl oHe T.0.) aliHanazpl,
OyJ1 KOITereH >KacyllalblK KOMIIOHEHTTEP/IH — aKybl3lap MeH MeMOpana smnuarepiHid, J|HK-HBIH TOTBIFybIHA
*oHe OY3bUTybIHA OKETYl MYMKIH.

Op typmi mymenep MeH Tinaepre OAD opTypii Aspexene ocep erelli KOHE TOTBHIFY CTpecc IpOoleciHe
OpPTYPJIi TYPAKTBUIBIKTHI KepceTei. TOThIFY MpOIeCciHiH XKaFnaiibiHaa MUTOXOHIPpHS apKblibl OAD T3y MexaHu3-
Mi a1l Jie TYCIHIKCI3.

Ortreri TYbIHIBICBIHBIH TY31JIyi )KOHE aHTHOKCUIAHTTHIK KOPFAHBIC JKYHWECIHIH JCHreil maMaMeH TeHIecTipii-
TeH/Ie, OTTErl TYBIHBLIAPBIHBIH TEle-TeHIIrH KbUDKBITY )KOHE JKacyIlIaHbIH OMOXMUMUSICBIH OY3bUTYbI OHAM OOJIabI.
XKacymangap/blH KOMIIUIT penapaTHBTi Kyilere ne OONFaHAbIKTaH TOTBIFY CTPECTiH OpTallla JOpPEeKeCiHe MIbIIai
ayajipl, TOTBIKKAH MOJIEKYJIaJapblH aHBIKTAIl ajblll TaCTalIbl, COlaH KeHiH onapasl ayblcThipaasl. COHBIMEH Katap,
)Kacyliajgap TOTBIFY CTPECIHE yKayall PEeTiHe aHTUOKCHIAHTThI KOPFAHBILI XKYHECIH KYILeHTe anajpl.

MuTtoxoHApusIapAblH AUCHYHKIMACH JKOHE TiHIAEpIAETi MHUTOXOHAPHSUIBIK MYTalUsUIapAblH JKUHAKTATYbI
KapTalo MpoLEeciHe, COHbIMEH Karap HeHpoJereHepalusMeH CHIIATTalaThiH OipKarap aypyjaapiblH NaToreHes3iHe
afiTapJbIKTall yJec KOCATBIHIBIFBI aHBIKTANIbl. MyTtarmsuiap Ooc paaukaimapipiH kebewine, AY® neHreitinin
TeMeHIeyiHe JKoHe JKacyllanapAblH SHEPTUs TalIIbUIBIFBIHA SKENe .

Kosnzum Q10 MUTOXOHAPHSHBIH THIHBIC alny Ti30eriHiH Kypamaac 0emiri 6oibin tadbutaasl. COHFBI KbUIIAPHI
OHBIH TOTBIKCHI3ZIaHFaH (OPMACHIHIAFbl AHTUOKCHJIAHTTHIK KalOinerTepi OenceHai Typae 3eprrenyae. KosHzum
Q10-H TOTBIKCHI3IAHFAH TYPl OapibIK Kacyllla MeMOpaHAIApbIHIA, KaH IUIa3MAChIHIA JKOHE JIMIONPOTEHATEp.Ie
6onanel. Kosmsum Q10 memOpaHaibik (ochomunuarep MeH TOMEH THIFBI3ABIKTAFbl JIMIONPOTEHATEPIl aCKbIH
TOTBIFYAAH CaKTaiIbl, COHIal-aK MUTOXOHIPHIBIK MeMOpaHa aKybI3apsl MeH MHTOXOHApusUbIK JIHK-HEI Goc
paIvKangapabIH 9cepiHeH KOpFalibl.

Kosusum Q10 OuocuHTe3iHiH Oy3bUTybl OipKaTap MHUTOXOHAPHSIIBIK aypyinapra okeidyi MyMkin. KosH3um
Q10 >kericnieymiinirinae cynbGUATEPAIH alMacybl IIemryin pest atkapaasl. CYTKOPEKTIUIEp/IiH JKacyllalapbiHaa
Cynb-pUATEPIIH anMacybl TpaHC-KYKIpTTeHyAl (OHMOCHHTETHKAIBIK) oHEe KyKipreyTekTiH (HS) TOThIFybIH
(kxaTaboNMKa-JbIK) KAMTUABL. HyS TOTHIFYBIHBIH OY3bUTYbl KO3H3UM Q TaIIIBUIBIFGL JKaFJalbIH/IA TOTBIFY CTPECIHIH
JKOFapbl-ayblHA BIKOAT €Tyl MYMKIH HeMmece KO3H3MM Q IKeTICHeyNIUIriHAe TIHASPIiH CcreludUKaIbK
MaTOreHe31HAe CHHEPTeTHUKAIIBIK POJI aTKApyhl MYMKIH.

Cytkopekrinepae COQ MHUTOXOHIPUSHBIH THIHBIC aTy Ti30€riHIH Maii/ia epUTIH KOMIIOHEHTI OOJBIN TaObLIA b,
0apipIK Jkacyma MeMmOpaHajapblHOa OONambBl KOHE KONTereH MeTaOONMKANbIK KbI3METTepre KaTeicaabl. OCHI
GbyHKIMsTapasiy 0ipi - H,S anFanikel TOTBIFY peakUsIChIHAAFbI OIPiHIII AIEKTPOH/IBI CYIb(PUA-XMHOH OKCHIOPAYK-
TazachiIMeH KatanusfeHeni In vitro skoHe in vivo karmaiibiHma CoQ skericmeymimiri HpS toteirysr Mern H,S
YKMHAKTaJYbIHBIH JKOFAPbUIaybIH TYBIHIATAIBI, S-CYIb(QHUAPATALUS APKBUIEI KONITEreH (HPU3HOIOTHSIIBIK TPOLEeCcTepre
acep erTyi MyMKiH. HyS aKkybI3 MonekynagapbiH e3repre aiajbl: TUcyab(Quari OaimaHbiCTap/Ibl KAIbIHA KENTipe/l
(S =9S), Tnonmap TobsIHA KOCkLTaEl (—SH), HoTmKeciHe onap —SSH Gomasl.

I'nyratnon (GSH) TOTBIFy >X0HE TOTBIKCHI3[AHY 3KBHBAJICHTTEPIHIH KOHICHTPAIMSUIAPBIHBIH KATHIHACKI
apKBUTBl aHBIKTAJATBIH JKAacyllagarbl TOTBIFY KyHIH cakTayla MaHbBI3OBI penl artkapaipl. O TOTBIFY JKoHE
TOTHIKCHI3aHy TypiHme Oomanpl. GSH OMOIOTHSIBIK (DYHKIWSIIAPBIHBIH KOIIIIUIITI TIYTaTHOH MEepOKCHIa3achl
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(epMEeHTIH KOJIJaHBIM, TOTHIKChI3IaHFaH TIIyTaTHOHABI TOTHIFAThIH (opmara (GSSG) aitHanpIpy apKbUIBI XKy3ere
acBIPBUTAJIBI, COMaH KeHiH TOThIKChI3Manra kyiine (GSH) kememi. ['myratnon mutoxoHmpusiiblk OAD neHreiinig
MOJYIISIUSACH apKbUIBI XKacyIIalap/blH eJliMiHe acep eTyi MyMKiH. Mutoxonapusmen GSH sxoramyst ROS men
OernceHi a30T JeHreliHiH KOoFapblUIayblHa, OCHl OpraHeIuIajapAblH AucyHKIusICchIHa )koHe AY D a3arobiHa oKeneni,
OyJ1 JKacymia eJiMiH aronTo37aH HEKpO3Fa OTKi3yre okedyl MyMKiH. GSH-HBIH MaHbBI3IbI (QYHKIMSUIAPBIHBIH Oipi
LUCTEHHl caKTay OOJBIN TaObUIa/Ibl, OWTKEHI OyJI aMWH KBIIIKBUIBI JKacyllafaH ThIC JKaFaaiiapaa eTe Typakchl3
xkoHe eHiMmuepi yinel OA® OonaTelH TporecTepie MUCTHHII Te3 TOTHIKTBIpamsl. CoQ skericmeymrimiriame HpS
MeTa0OJIU3MIHIH peJli KOCBIMIIIA 3ePTTEY/Ii KaKeT eTe/li, OUTKEHI OHBIH TEPaIMsIIbIK dcepi O0Iybl MYMKIH.

Tyiiin ce3mep: TOTBIFY cTpeci, OTTETiHIH aKTHBTI (opMallapbl, MUTOXOHJpPHS, MHUTOXOHIPHUS aypylapsbl,
kodH3uM Q10, TITyTaTHOH.
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OKHCJIMTEJBHBIA CTPECC U MUTOXOHIPUAJIBHBIE JIMC® YHKIIUH

AnHoTtanus. Ilponecc MoBpexIeHHs] KIETKH B pe3ysbTaTre JACHCTBUS CBOOOIHBIX PaJUKAIOB — aKTHBHBIX
¢dbopm kuciopona (ADPK) — Ha3pIBaeTCsA OKUCIUTEIBHBIM cTpeccoM. bombimHcTBO ADPK MOCTOSHHO 00pa3yroTcs B
KJIETKE — OKOJIO 5 % moTpebnsaeMoro TKaHsIMHU KUCIOpOa MpeBpalaeTcs B CBOOOAHbBIE PauKalbl, HO UX YpOBEHb B
HOpME€ HACTOJIBKO HC6OJ’II)IHOﬁ, YTO KJIETKAa MHAKTUBUPYET UX C IIOMOIBIO aHTI/IOKCI/I}IaHTHOﬁ CUCTCMBI.

VYpoBenb A®K, mnpeBblmamuyii 3allUTHBIE BO3MOXKHOCTH KIIE€TKH, BBI3BIBAET CEPhE3HbIE KJIETOUHBIE
Hapyuienus: (Hanpumep, ucroimeHne AT®). B pesynbrare ofuH M3 aKTHUBHBIX ()OPM KHCIOpPOAA - CYIEPOKCHI
npeBpaiaercs B 0ojee arpeccuBHbie (HOPMBbI (THAPOKCUIBHBIN PaguKal U T.I.), YTO MOKET BbI3BaTh OKHCJICHUE H
paspylieHre MHOTHX KJIETOUHBIX KOMIIOHEHTOB — OEJIKOB ¥ 0B MeMOpaH, JJHK.

PasnuuHbie OpraHbl U TKAHU B Pa3HOM CTENeHHU mojaBepkeHbl aeicTBHi0 ADK 1 1eMOHCTpUPYIOT pa3inyHyIo
YCTOHYMBOCTB B IIPOLIECCE PeaIU3alMi OKUCIUTENBHOrO cTpecca. Mexanu3Mel oopazosanust AQK MutoxoHapusaMu
B YCJIOBUSIX OKHMCIIUTEIBHOI'O CTPECCa J0 CUX IOP OCTAIOTCS HESCHBIMH.

INockonbky oOpa3oBaHME NPOM3BOAHBIX KHCIOPOAA M YPOBEHb AHTHOKCHAAHTHOHM 3aIUTHONH CHCTEMBI
NPUOIM3UTEIBHO cOANaHCUPOBAHBI, TO JIETKO COBMHYTH OallaHC B IOJIB3Y MPOU3BOIHBIX KHCIOpOAa M HAPYLIUTh
OMOXMMUIO KJIETKH. BOJBIIMHCTBO KIETOK MOXKET NEPEHOCHTh YMEPEHHYIO CTEHEeHb OKHCIUTENBHOTO CTpecca
Onaromapst TOMy, YTO OHHM OONAJAIOT pernapaTHBHOW CUCTEMOM, BBISBIISIONICH M YAAJSIOUIeH MOBPEXKICHHbIC
OKHCJIGHHEM MOJIEKYJIbl, KOTOpbIE 3aTeM 3aMeHsoTca. Kpome TOro, KIETKM MOTYyT IOBBICHTH CBOIO
AHTHOKCHJAHTHYIO 3aIlUTy B OTBET HA OKUCIIHUTENBHBII cTpecc.

B T0 X BpeMs yCTaHOBJIEHO, YTO AUCQYHKIMA MHTOXOHAPHH M HAKOIUIEHHWE B TKAHAX MHUTOXOHIPHATBHBIX
MyTallMil BHOCST CYLIECTBEHHBIN BKJIaJ B TIPOLECCHl CTapeHMs, a TaKXKe B IaTOreHe3 psAna 3aboreBaHUH,
XapaKTepu3ykolnuxcsi HelpoaereHepalmeil. Myranuu BeAyT K YCHUIICHHOW TeHepalud CBOOOIHBIX paUKaloB,
CHIDKEHHIO YpoBHSI AT® 1 sHEpreTudeckoil HeJOCTATOUHOCTH KIIETOK.

Koomzum Q10 sBriseTcs KOMIIOHEHTOM [BIXaTENbHOM LeM MUTOXOHApHA. B mocrnemrne roasl aKTUBHO
U3y4alOTCsl AHTUOKCHIAHTHBIE CIIOCOOHOCTH €ro0 BOCCTAaHOBJICHHOW (OpMBI. B BOCCTaHOBICHHOM BHAE KOPH3UM
Q10 Bcrpeuaercss BO BCeX KIETOYHBIX MeMOpaHax, mia3Me KpoBu H JunomnporerHax. Kosuzum Q10 ycmemrHo
npenoxpanser Gochoaunuabl MeMOpaH M JIHIONPOTEHHB! HU3KOW IUIOTHOCTH OT MEPEKUCHOI0 OKUCIICHHS, a TaKkKe
Oenku MeMOpaH MUTOXOHIpUi 1 MuTOXOoHApHanbHYI0 JJHK oT moBpekaeHus cBOOOIHBIME paJiKaIaMu.

Hapyuienne 6uocunte3a kosuzuma Q10 MOXKeT MpHBECTH K Py MUTOXOHAPHAJbHBIX 3aboneBanuii. [Ipu
nedunmre koduzuma Q10 cymbdumHbii MeTabonu3M urpaer BakHeHmyo ponb. CynbGuuHblii MeTabonu3M B
KJIETKaX MJICKOITMTAIOMINX BKIFOYAET TpaHC-CyIbdypario (OHocHHTETHIECKni) U OKucaeHune ceposogoponaa (H,S)
(xarabonmmueckuii). Hapymenue okucienus H,S MokeT criocoOCTBOBATh OKHCIUTEILHOMY CTpECCy MpH JIeduIuTe
KodH3MMa (Q WJIM MOXET WIPaTh CHHEPreTHYECKYI0 POjb B MATOreHe3e TKaHECeUU(PUYHOCTH TpU AeuImTe
KodH3UMA Q.

VY wmexonutatomux CoQ SBISETCS KUPOPACTBOPHMBIM KOMIOHEHTOM [BIXaTEIBbHOM IIETTH MHUTOXOHAPHH,
MIPUCYTCTBYET BO BCEX KIETOYHBIX MEMOpaHaX M yd4acTBYeT BO MHOTMX MeTabonndeckux (GyHKiumsx. OnHa U3 3TUX
(yHKIUH 3aKTIOYaeTcs B IEPEHOCE DIIEKTPOHOB B MEPBOM peakmuy OKucieHus H,S, katammsupyemoit cyisguo-
xunon oxcudopedykmaswi. B ycnosusx in Vvitro u in vivo ycrasosieno, uro ne¢punur CoQ BBI3BIBAET HapyIICHHE
perymsamun okucneHus H,S m Hakomienme H,S, KkoTopoe MOXKET BIMATH HA MHOXECTBEHHBIE (PH3MOIOrMYECKHE
MPOILIECChI, BO3MOXKHO, Yepe3 Moaudukaimoo S-cynsdruaparanuu Oenka. Hp,S Moxer MonubuiIupoBath OSIKOBbBIC
MOJIEKYJIBI: BOCCTAHABJIHMBATH IUCYIb(QUIHBIE CBsi3U (S=S), NMPHUCOCOUHATHCA K THONOBBIM Tpynmam (—SH), B
pe3ynbTare 4yero oHu mpesparatTcs B —SSH.
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GSH (rnyraTroH) uWrpaeT KIIOYEBYIO pOJb B IMONICPKAHUU PEIOKC-CTaTyca B KIETKE, OMPENeIIeMOro
COOTHOIIEHHEM KOHIEHTPALMA OKHCIUTENBbHBIX M BOCCTAHOBUTEIBHBIX JKBHBaJIEHTOB. OH CYIIECTBYET B JBYX
penokc-popmMax, BOCCTAHOBJICHHOW M OKHCICHHOH. bonbmas wacte Ononornueckux (YHKUMH TIIyTaTHOHA
OCyIIECTBIISIETCSl ITyTeM TpeBpaimieHus BocctaHosieHHoro GSH B okucnennytro ¢opmy (GSSG) ¢ momomsio
(epMeHTa IIIyTaTHOHIEPOKCUIA3bl U TIOCIIETYIOIIEro BO3BpallleH!s] B BoccTaHOBiIeHHYO popmy (GSH). ['myratnon
MOXET BIHUATH Ha IMPOIECC I'MOeNy KIETKH depe3 MoAyisiiuio ypoBHS muroxoHapuanbHeix ADK. IMoreps GSH
MUTOXOH/IPHSIMH BeJleT K pocTy ypoBHI ADK u akTHBHOTO a30Ta, AUCPYHKLIUH 3TUX opraHeit U yreuke AT®, 4ro
MOXET IIPUBOJAUTH K IMEPEBOAY Ipolecca IMOeny KISTKW W3 arnonrto3a B Hekpo3. OnHOM n3 Hamboiiee Ba)KHBIX
¢ynxmit GSH sBisiercst 3anacaHue ¥ COXpaHEHHE [UCTEHHA, TOCKOJIbKY 3Ta aMHHOKHCIIOTa KpaifHe HecTaOWIIbHa
BO BHEKJETOYHBIX YCIOBHAX M OYEHb OBICTPO OKHCIISETCS A0 IMCTHHA B IPOIECCcax, MPOAYKTaMH KOTOPHBIX
SIBIISTFOTCSI TIOTCHIMATBHO TokcuuHbie ADK. Pones Hapymenuit metadbonusma HpS ipu nedummnre CoQ 3acimyxuBaet
JAJIbHEHIIET0 N3y4eHHs], TOCKOJIBKY OH MOXKET UMETh T€PaNeBTUUECKUE TOCIEICTBUS.

KnwoueBble ciloBa:  OKUCIHMTENBHBI  CTpecc, aKTUBHbIE  (OpPMBI  KHCIOPOAA,  MHUTOXOHJIpUS,
MUTOXOHIpHAIbHBIC 3a00eBanuil, kooH3UM Q10, TIyTaTrHoH.
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