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Abstrakt. Mitochondridlna kardiolégia je sucastou mito-
chondridlnej mediciny, ktord poskytuje komplexny pohlad na
mitochondridlne choroby vzhladom na klinické, metabolické,
patologické a genetické informacie, doélezité pre urcenie ich
diagndzy a terapie.

Mitochondridlna kardiolégia poukazuje na nezastupitelny
vyznam mitochondrii srdcového svalu z hladiska zabezpece-
nia tvorby pozadovaného mnozstva energie vo forme ATP
cestou oxidacnej fosforyldcie a znizenia oxida¢ného stresu.
Komplexy respira¢ného retazca mitochondrii — |, lll a IV tvoria
stabilnejsie superkomplexy, ktoré prispievaju k objasneniu
pri¢in mitochondridlnych choréb. Dynamika mitochondrii
je riadend procesmi, ktoré reguluju dynamiku mitochondrii:
biogenézu, stiepenie, fuziu a mitofagiu. V mitochondriach su
lokalizované NAD* - zavislé deacylazy - sirtuiny (SIRT 3,4 a 5),
ktoré signalizuju stres alebo poskodenie buniek. Koenzym Q,,
a oxidacna fosforylacia mitochondrii srdcového svalu st riadené
cirkadiannymi a semicirkadiannymi rytmami.

Podporna terapia s koenzymom Q, u pacientov s kardiovas-
kuldrnou patolégiou ma vyznamné miesto v prevencii vzniku
kardiovaskularnych komplikacii, v zlepseni funkcie srdcového
svalu u pacientov ¢akajucich na transplantaciu srdca. Cielena
terapia s koenzymom Q, ma perspektivny vyznam aj v pre-
vencii vzniku a vyvoja rejekcie transplantovaného srdca, zni-
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Abstract. Mitochondrial Cardiology is part of Mitochondrial
Medicine, which provides a comprehensive view of mitochon-
drial disease in terms of clinical, metabolic, genetic and patho-
logical information relevant to the diagnosis and treatment of
mitochondrial diseases.

Mitochondrial cardiology highlights the irreplaceable impor-
tance of mitochondria in the heart muscle in terms of generat-
ing the required amount of energy in the form of ATP through
oxidative phosphorylation and reducing oxidative stress.
Mitochondrial respiratory chain complexes - |, Ill and IV form
stable supercomplexes that contribute to the elucidation of
the causes of mitochondrial diseases. The dynamics of mito-
chondria is controlled by processes that regulate mitochondrial
dynamics: biogenesis, fission, fusion and mitophagy. In mito-
chondria, NAD* - dependent deacylases - sirtuins (SIRT 3, 4 and
5) signalling stress or cell damage are located. Mitochondrial
oxidative phosphorylation, and the heart muscle coenzyme
Q,, are controlled by circadian and circasemidian rhythms.
Supported therapy with coenzyme Q,, in patients with car-
diovascular diseases has a significant role in preventing the
development of cardiovascular complications, in improving
cardiac muscle function in patients waiting for cardiac trans-
plantation. Targeting therapy with coenzyme Q, is also of
potential importance in preventing the onset and development
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Zeni finan¢nych ndkladov na hospitalizaciu a liecbu pacientov
s kardiovaskularnymi chorobami a ponuka perspektivny pristup
kardiolégov v prevencii a cielenej terapii poskodenych mito-
chondrii srdcového svalu. Obr. 8, Lit. 50, Online full text (Free,
PDF) www.cardiology.sk

Kltcové slova: mitochondridlna kardioldgia — superkomplexy
- dynamika mitochondrii - sirtuiny - chronobiolégia - koen-
2ym Q,,

of heart transplant rejection, reducing the cost of hospitalization
and treating patients with cardiovascular diseases, and offering
prospective cardiologists access to prevention and targeting
therapy of heart muscle damaged mitochondrial function.
Fig. 8, Ref. 50, Online full text (Free, PDF) www.cardiology.sk
Key words: mitochondrial cardiology - supercomplexes
- mitochondrial dynamics - sirtuins — chronobiology - co-
enzyme Q.

Mitochondrialna kardioldgia je sucastou mitochondrialnej
mediciny, ktora poskytuje komplexny pohlad na mito-
chondridlne choroby vzhladom na klinické, metabolické,
patologické a genetické informadcie, ddlezité pre urcenie
diagnozy a terapie mitochondrialnych chordb. Abnormality
funkcii myokardu st ¢asto zahrnuté v mitochondrialnych
chorobach.

1. Mitochondrie srdcového svalu

Mitochondria je ,kralovnou® kardiomyocytu vzhladom
na ziskavanie energie a udrziavanie funkcie srdcového sva-
lu. Srdce je aerdbny organ, ktorého kontrakéno-relaxaéna
¢innost zavisi od dostato¢ného prisunu kyslika a substratov,
ktoré su nevyhnutné pre tvorbu energie, predovsetkym
beta-oxiddciou mastnych kyselin, glykolyzou a oxida¢nou
fosforylaciou. Pri fyziologickych podmienkach srdce zis-
kava 65 - 100 % energie z mastnych kyselin a 10 - 20 %
z glukdzy. Bielkoviny participuju na struktire subcelularnych
organel. Okrem glukdzy a mastnych kyselin ako energetické
substraty myokardu sluzia laktat, pyruvat, ketolatky a do-
konca aminokyseliny, pricom ich vychytavanie je determi-
nované koncentra¢nym spadom medzi kapilarnou krvou
a kardiomyocytmi (1). Na kontrakcii srdcového svalu sa
podiela zvysena koncentracia volného Ca** v cytosole (107
mol/l), ktora aktivizuje aktomyozinovy komplex. Relaxacia
srdcového svalu nastane vychytavanim Ca** iénov sarko-
plazmatickym retikulom a efluxom Ca** cez sarkolemu do
extraceluldrneho priestoru.

Mitochondrie srdcového svalu tvoria 36 % celkového
objemu kardiomyocytu, myofibrily 48 %, sarkolema, t-systém
a sarkoplazmatické retikulum 6 %, jadro a cytozol tvoria
10 % objemu kardiomyocytu. Jednou zo zakladnych funkcii
mitochondrii srdcového svalu je reguldcia aerdbnej tvorby
energie B-oxidaciou mastnych kyselin, oxidaciou glukoézy
a dalsich substratov. Vysledkom je tvorba vysokoenerge-
tickych fosfatov adenozintrifosfatu (ATP) a tepla. Funkcia
srdca zavisi od rovnovédhy medzi spotrebou a tvorbou ATP.
Pri oxidacnej fosforylacii sa tvori takmer 90 % pozadovanej
energie (ATP) na zachovanie kontinudlnej ¢innosti srdco-
vého svalu.
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Mitochondrial cardiology is part of Mitochondrial Medicine,
which provides a comprehensive view of mitochondrial dis-
eases in terms of clinical, metabolic, pathological and genetic
information important for the diagnosis and treatment of
mitochondrial diseases. Myocardial function abnormalities
are often included in mitochondrial diseases.

1. Mitochondria of the heart muscle

Mitochondria is the “queen” of cardiomyocytes in terms
of energy recovery and maintenance of cardiac muscle
function. The heart is an aerobic organ whose contraction-
relaxation activity depends on a sufficient supply of oxygen
and substrates that are essential for energy production,
especially beta-oxidation of fatty acids, glycolysis and oxi-
dative phosphorylation. Under physiological conditions, the
heart acquires 65-100% of energy from fatty acids and 10-
20% from glucose. The proteins participate in the structure
of subcellular organelles. In addition to glucose and fatty
acids, energy sources of myocardium are lactate, pyruvate,
ketones and even amino acids, the uptake of which is de-
termined by the concentration gradient between capillary
blood and cardiomyocytes (1). Contrary to the heart muscle,
an increased concentration of free Ca?* in the cytosol (107
mol/l) is involved, which activates the actomyosin complex.
Heart muscle relaxation occurs by the uptake of Ca** ions
by the sarcoplasmic reticulum and Ca®* efflux through the
sarcolemma into the extracellular space.

Mitochondria of the heart muscle account for 36% of
the total cardiomyocyte volume, myofibrils 48%, sarcolemma,
t-system and sarcoplasmic reticulum 6%, nucleus and cytosol
account for 10% of the cardiomyocyte volume. One of the
basic functions of cardiac muscle mitochondria is the regu-
lation of aerobic energy production through B-oxidation of
fatty acids, oxidation of glucose and other substrates. The
result is the formation of high energy phosphate adenosine
triphosphate (ATP) and heat. The function of the heart de-
pends on the balance between consumption and generation
of ATP. The pathway of oxidative phosphorylation accounts
for nearly 90% of the desired energy (ATP) to maintain the
continuous action of the heart muscle.
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Obrazok 1 Schéma mitochondrie (2)
Figure 1 Mitochondria scheme (2)

Architektira mitochondrii srdcového svalu
Mitochondrie tvori vonkajsia (OMM), vnutornd membra-

na (IMM), medzimembranovy priestor a matrix (obrazok 1)

2).

1. OMM - vonkajsia membrana je hladkd, oddeluje mi-
tochondrie od cytoplazmatického priestoru, je malo
selektivna a permeabilnd pre molekuly s molekulovou
hmotnostou < ako 10 000. OMM je miestom transportu
proteinov z cytosélu do mitochondrii. Malé molekuly
proteinov moézu difundovat do medzimembranového
priestoru, velké molekuly su aktivne transportované do
medzimembranového priestoru a matrixu. Transport
proteinov z matrixu zabezpecuju dva komplexy: TOM-
-komplex pre transport cez OMM a TIM-komplex pre
transport cez IMM. TOM/TIM komplex je lokalizovany
na kontaktnych miestach, ktoré vznikaju spojenim OMM
a IMM. Kontaktné miesta pre viacproteinové komplexy
sa nazyvaju mitochondrial permeability transition pore
(MPTP). Aktivacia MPTP vedie k depolarizacii membrany
a uvoliluje cytochrém c do cytosolu. Cytochrom c spusta
aktivitu kaspaz s naslednou apoptézou buniek, ktoru
reguluje MPTP. K dal$im funkcidam OMM patri prenos
iénov a syntéza kardiolipinu (3).

2. IMM - vnatorna membrana oddeluje medzimembranovy
priestor od matrixu. V IMM je lokalizovany respira¢ny
retazec, spojeny s tvorbou ATP cestou oxidacnej fosfo-
rylacie (OXPHOS). Tato membréana je spojena s matri-
xom, v ktorom st lokalizované enzymy Krebsovho cyklu
a B-oxidacie mastnych kyselin. St to metabolické cesty,
ktoré st hlavnym tvorcom redukovanych ekvivalentov,
donorov elektronov pre respira¢ny retazec a tvorbu ATP

The architecture of the heart muscle mitochondria
Mitochondria form an outer membrane (OMM), an inner

membrane (IMM), an intermembrane space and a matrix

(Figure 1) (2).

1. OMM - the outer membrane is smooth, separates the
mitochondria from the cytoplasmic space, is little selective
and permeable for molecules with a molecular weight
<10.000. OMM is the site of transport of proteins from
cytosol to mitochondria. Small protein molecules can
diffuse into the intermembrane space, large molecules are
actively transported into the intermembrane space and
matrix. The transport of proteins from the matrix ensures
two complexes: TOM - complex for transport through
OMM and TIM - complex for transport through IMM.
The TOM/TIM complex is located at the contact points
created by the OMM and IMM. Contact points for multi-
protein complexes are called mitochondrial permeability
transition pores (MPTP). Activation of MPTP leads to
depolarization of the membrane and releases cytochrome
c into the cytosol. Cytochrome c triggers caspase activity,
followed by cell apoptosis regulated by MPTP. Other
functions of OMM include ions transfer and cardiolipin
synthesis (3).

2. IMM - the inner membrane separates the intermembrane
space from the matrix. In IMM the respiratory chain
is localized associated with ATP formation via oxidative
phosphorylation (OXPHOS). This membrane is associated
with a matrix in which enzymes of the Krebs cycle and
B-oxidation of fatty acids are located. These are the me-
tabolic pathways that are the major generators of reduced
equivalents, electron donors for the respiratory chain and
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(4, 5). IMM tvoria zahyby matrixu - kristy. IMM ob-
sahuje pat komplexov respira¢ného retazca (komplexy
I - V), adeninnukleotid translokdzu (ANT), cyklus ko-
enzymu Q (,Q,-CYKLUS®), cytochrém c, c,. Transport
elektrénov cez respira¢ny retazec tvori elektrochemicky
gradient (AuH*), ktory je nevyhnutny pre tvorbu ATP.
AuH* je znamy ako proton-motivna sila, ktora zahrna
membranovy potencidl (Ay) a proténovy gradient (ApH).
IMM je velmi selektivna a nepriepustna, neprechadzaju
nou nielen substraty, ale ani i6ny H*, OH, K*. Prenos
substratov a idnov zabezpecuju $pecidlne transportné sys-
témy mitochondrii, predov$etkym adenin nukleotid trans-
lokator, ktory zabezpecuje prenos ATP z mitochondrii
do medzimembranového priestoru. Specificky inhibitor
tohto transportu je atraktylozid a kyselina bongkreova.
Transport zabezpecuju aj tzv. ,shuttle systémy*, pomocou
ktorych cytosdlické NADH moze byt reoxidované v res-
pira¢nom retazci, napriklad v malat-aspartatovom cykle,
karnitinovom a fosfokreatinovom cykle. Iné $pecifické
transportéry su pre pyruvat, maldt, succinat (dikarboxy-
lové kyseliny), glutamat, a-ketoglutarat, aspartat, citrat
(trikarboxylové kyseliny).

3. Medzimembranovy priestor obsahuje cytochrém c, ktory
prenasa elektrony pre respiracny retazec.

4. Matrix je dolezity pre transkripciu a translaciu 13 prote-
inov oxidacnej fosforylacie. V matrixe je lokalizovanych
niekolko metabolickych ciest, ako je pyruvat-dehydroge-
nazovy komplex (PDHC - oxiddcia pyruvatu na acetyl-
-CoA), oxiddcia keténovych latok, aminokyselin, inicidcia
mocovinového cyklu, B-oxidacia mastnych kyselin, cyklus
kyseliny citrénovej, import proteinov, syntéza hému,
redukcia poskodenia volnymi radikalmi pdsobenim man-
gan-superoxid dizmutazy (MnSOD) (4, 5).
Mitochondrie koordinuji rovnovdhu medzi energetickymi

poziadavkami buniek a tvorbou ATP cestou OXPHOS. Tento

proces medzi cytoplazmou a matrixom mitochondrii signali-
zuje koncentracia vapnika (Ca**) cez Ca** kanal vo vnutornej
mitochondridlnej membrane.

2. Respirac¢ny retazec a oxidacna fosforylacia mito-
chondrii

Respiracny retazec je lokalizovany vo vnitornej mem-
brdne mitochondrii, tvori ho pét komplexov: Komplex
I - NADH-CoQ-reduktaza (1. miesto syntézy ATP);
Komplex II - succinat-CoQ-reduktdza; Komplex IIT -
CoQ-cytochrém c¢ reduktaza (2. miesto syntézy ATP);
Komplex IV - cytochrém ¢ oxidaza (3. miesto syntézy
ATP); Komplex V - ATP-syntaza (F F -ATP-dza, oligo-
mycin senzitivna) (obrazok 2). Cytochrémovy komplex
bc, je sucastou respiracného retazca, participuje na vzniku
mitochondridlnych chorob.
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ATP production (4, 5). IMM forms matrix folds - cristae.
IMM contains five respiratory chain complexes (complexes
I-V), adenine nucleotide translocase (ANT), coenzyme

Q (“Q,-CYCLE”), cytochrome ¢, c,. The transport of

electrons through the respiratory chain forms an electro-

chemical gradient (AuH*) that is necessary for ATP pro-
duction. AuH * is known as a proton-motive force that
includes membrane potential (Ay) and proton gradient

(ApH). IMM is very selective and impermeable, not only

substrates, but also H*, OH,, K* do not pass through. The

transfer of substrates and ions provide special transport
systems of the mitochondria, in particular the adenine
nucleotide translocator, which ensures the transfer of

ATP from the mitochondria to the intermembrane space.

A specific inhibitor of this transport is atractyloside and

bongcreic acid. The transport also provides the so-called

“shuttle systems” by which cytosolic NADH can be reoxi-

dized in the respiratory chain, e.g. in the malate-aspartate

cycle, in the carnitine and phosphocreatine cycles. Other

specific carriers are for pyruvate, malate, succinate (di-

carboxylic acids), glutamate, a-ketoglutarate, aspartate,

citrate (tricarboxylic acids).

3. Intermembrane space contains cytochrome c, which carries
electrons for the respiratory chain.

4. Matrix is important for the transcription and translation of
13 oxidative phosphorylation proteins. Several metabolic
pathways are located in the matrix, such as pyruvate
dehydrogenase complex (PDHC - oxidation of pyruvate
to acetyl-CoA), oxidation of ketones, amino acids, urea
cycle initiation, B-oxidation of fatty acids, citric acid
cycle, import of proteins, hem synthesis, reduction of
free radical damage by manganese-superoxidedismutase
(MnSOD) (4, 5).

Mitochondria coordinate the balance between energy
requirements of the cell and ATP formation via OXPHOS.
This process between the cytoplasm and the mitochondrial
matrix signals the concentration of calcium (Ca*) through
the Ca®* channel in the inner mitochondrial membrane.

2. Respiratory chain and mitochondrial oxidative
phosphorylation

The respiratory chain is located in the inner membrane
of the mitochondria and consists of 5 complexes: Complex
I - NADH-CoQ reductase (the first site of ATP synthesis);
Complex II - succinate-CoQ-reductase; Complex III - CoQ-
cytochrome ¢ reductase (the second site of ATP synthesis);
Complex IV - cytochrome c oxidase (the third site of ATP
synthesis); Complex V — ATP synthase (F F -ATPase, oligo-
mycin sensitive) (Figure 2). Cytochrome complex bc, is part
of the respiratory chain, participates in the development of
mitochondrial diseases.
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RESPIRATORY CHAIN

NADH NAD* FADH, FAD*

0y —> H,0, —> OH'—> PROTEINS
LIPIDS
DNA

Obrazok 2 Respiracny retazec a voIné radikaly mitochondrii
Figure 2 Respiratory chain and free radicals of mitochondria

V respira¢nom retazci su dve mobilné zlozky: cy-
tochrém ¢ a koenzym Q, . Koenzym Q sa vyskytuje v troch
formach v tzv. Q-CYKLE, v oxidovanej forme (ubichinén - Q),
v redukovanej forme (ubichinol - QH,) a radikélovej forme
(ubisemichinén - Q). Komplexy I - IV ziskavaju elektrony
z metabolizmu cukrov, tukov a bielkovin a tvoria proténovy
gradient cez vnutornd mitochondridlnu membranu, ktory je
potrebny na tvorbu ATP z ADP a Pi v mieste V komplexu.
Vytvorené ATP prenasa adeninnukleotid translokaza (ANT)
z mitochondrii do cytoplazmy (6).

Cytochrémoxidazu - COX (IV. komplex) tvoria cy-
tochrémy aa,. Sklada sa z 13 subjednotiek, z ktorych I - III
(s molekulovou hmotnostou < 56 000) kdduje mitochondrial-
na DNA. Ostatné subjednotky cytochromoxidazy (IV-VIII),
s molekulovou hmotnostou < 20 000, kdduje jadrova DNA.
Syntéza tychto subjednotiek prebieha v cytoplazme. COX
mad $tyri redox centra — dva hémy a dva atémy medi (Cu).
COX katalyzuje premenu O, na H,O, kde sa spotrebuju
4H* (protény) z vnutra mitochondrie a $tyri elektrony
z cytochrému c.

ATP-azu - (V. komplex) tvoria tri Casti: F tvori viac
subjednotiek, viaze oligomycin, inhibitor oxida¢nej fosfo-
rylécie. Pocas katalytického cyklu enzymu, F, funguje ako
transmembrénovy tranlokator proténov. Cast F, je miesto
syntézy ATP z ADP a Pi. Reakcia je reverzibilnd, ATP sa
tvori a dochadza k vypudeniu H* pozdl respira¢ného retaz-
ca, alebo ATP hydrolyzuje. Tretiu ¢ast enzymu tvori stopka,
ktora spaja F a F

CELL CYTOPLASM

" OUTER
" MITOCHONDRIAL
||| MEMBRANE

INTERMEMBRANE
SPACE

" INNER
' MITOCHONDRIAL
' MEMBRANE

120, H,0 ADP| ATP
+Pi

MATRIX

There are 2 mobile components in the respiratory chain:
cytochrome ¢ and coenzyme Q, . Coenzyme Q occurs
in three forms in so-called “Q-CYCLE”, in oxidized form
(ubiquinone - Q), in reduced form (ubiquinol - QH,) and in
radical form (ubisemiquinone - Q). Complexes I-IV acquire
electrons from the metabolism of sugars, fats, and proteins
and form a proton gradient through the inner mitochondrial
membrane that is required to produce ATP from ADP and
Pi at the site of complex V. The generated ATP transmits the
adenine nucleotide translocase (ANT) from the mitochondria
to the cytoplasm (6).

Cytochrome oxidase - COX (complex IV) form cyto-
chromes a and a,. It consists of 13 subunits, of which I-III
(with a molecular weight <56.000) encodes mitochondrial
DNA. Other subunits of cytochrome oxidase (IV-VIII), with
a molecular weight <20.000, encodes nuclear DNA. Synthesis of
these subunits takes place in the cytoplasm. COX has 4 redox
centers — two hem and two copper atoms (Cu). COX catalyzes
the conversion of O, to H,O, where 4H" (protons) inside the
mitochondria and 4 electrons from cytochrome c are consumed.

The ATPase - (complex V) consists of 3 parts: F, forms
more subunits, binds to oligomycin, an oxidative phosphory-
lation inhibitor. During the catalytic cycle of the enzyme, F,
acts as a transmembrane proton translocator. Part F, is the site
of ATP synthesis from ADP and Pi. The reaction is revers-
ible, ATP is formed and H* is released along the respiratory
chain, or ATP is hydrolyzed. The third part of the enzyme
is a stem that connects F and F,.
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3. VolIné radikaly a antioxidanty mitochondrii

Mitochondrie st jednym z hlavnych zdrojov tvorby vol-
nych radikalov a ich reaktivnych metabolitov (ROS, reactive
oxygen species), a sicasne obsahuju antioxidanty, ktoré su
schopné udrziavat dynamickd rovnovahu medzi tvorbou ROS
a antioxida¢nou ochranou organizmu. V mieste IV. komplexu
respiracného retazca sa meni viac ako 95 % kyslika na vodu,
z 2 — 4 % kyslika sa tvoria volné radikaly a ROS. Na zacho-
vanie dolezitych fyziologickych funkcii jednotlivych organov
je nevyhnutna pritomnost malého mnozstva radikalov a ROS,
ktoré reguluju biologické funkcie buniek.

Pocas aerébneho metabolizmu viac ako 90 % bunkovych
ROS sa tvori v respiratnom retazci mitochondrii (obrazok
2). Patri sem superoxidovy anionovy radikal (O,"), peroxid
vodika (H,0,) a velmi reaktivny hydroxylovy radikal (OH).
Dalsie reaktivne formy kyslika su singletovy kyslik ('0,)
a peroxynitrit (ONOO"). V pripade porusenia dynamickej
rovnovahy nekontrolovanou, nadmernou tvorbou volnych
radikalov kyslika moze dojst k poskodeniu bielkovin, lipidov,
DNA a funkcii enzymov respiracného retazca. Primarne sa
mald Cast kyslika redukuje na superoxid (O,"), ktory sa moze
dalej menit na H,O, pésobenim enzymu MnSOD (mangénova
superoxiddismutdza - ktora je lokalizovana v matrixe mito-
chondrii) alebo CuZnSOD (superoxiddismutdza obsahujuca
ion medi a zinku, je lokalizovand v medzimembranovom
priestore mitochondrif). Z H,0O, vznikd vysoko reaktivny
hydroxylovy radikal (OH) a hydroxylova skupina (OH")
pri katalytickej oxidacii Zeleza (7, 8, 9).

SOD Fe*/Fe’
20,7 > 0,+H0O, > HO + OH"

Mitochondrie st zdrojom aj radikalov dusika: radikal
oxidu dusnatého (NO’) a oxidu dusic¢itého (NOO’). Oxid
dusika (NO) reguluje niekolko systémov v organizme, na-
priklad kardiovaskularny systém, centralny nervovy systém,
imunitny systém. Mitochondrie st ddlezitym miestom tvorby
NO, ktory prispieva k ich biologickym funkciam. NO vznika
oxidaciou L-argininu na L-citrulin v reakcii, ktora katalyzuje
NADPH-zavisla NO syntdza (nitric oxide synthase - NOS).

L-arginin + O, + NADPH - L-citrulin + NADP" +
H,O + NO

NOS tvoria hlavné izoformy: neurénova NOS (nNOS),
endotelova NOS (eNOS), indukovatelna NOS (iNOS). Kazdy
izoenzym sa zucastnuje na oxidacii L-argininu, z ktorého
vznikd malé mnozstvo NO a L-citrulin. Stvrta izoforma
NOS je mitochondrialna Ca** - senzitivna NOS (mtNOS)
katalyzuje tvorbu NO v mitochondriach. NO reguluje spot-
rebu kyslika v mitochondridch a transmembranovy potencial
reverzibilnou reakciou s cytochrém c oxidazou. NO sa moze
nadviazat na cytochromoxidazu a tak blokovat hlavnu cestu
tvorby kyslika a energie (10, 11). NO znizuje spotrebu kyslika
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3. Free radicals and antioxidants in mitochondria

Mitochondria are one of the major sources of free radicals
and their reactive metabolites (ROS, reactive oxygen spe-
cies), and contain antioxidants that are capable of maintaining
a dynamic balance between ROS formation and antioxidant
protection of the body. At the site of complex IV of the res-
piratory chain, more than 95% of oxygen is changed to water,
free radicals are formed from 2-4% of oxygen. To preserve
the important physiological functions of each organ, the
presence of a small amount of radicals and ROS that regulate
the biological functions of cells is essential.

During aerobic metabolism, more than 90% of cellular
ROS are formed in the respiratory chain of the mitochondria
(Figure 2). These include superoxide anion radical (O,"),
hydrogen peroxide (H,0,) and highly reactive hydroxyl radi-
cal (OH). Other reactive oxygen species are singlet oxygen
(*0,) and peroxynitrite (ONOO"). In case of the disturbance
of the dynamic balance by uncontrolled, excessive formation
of free oxygen radicals, proteins, lipids, DNA and respiratory
chain enzyme functions may be damaged. Primarily, a small
portion of oxygen is reduced to superoxide (O,"), which
can be further changed to H,0, by the enzyme MnSOD
(manganese superoxide dismutase - located in the matrix
of mitochondria) or CuZnSOD (superoxide dismutase con-
taining copper and zinc ions, located in the intermembrane
space of mitochondria). H,O, produces a highly reactive
hydroxyl radical (OH) and hydroxyl group (OH") in the
catalytic oxidation of iron (7, 8, 9).

SOD Fe*/Fe’
20, > 0,+HO, > HO + OH"

Mitochondria are also sources of nitrogen radicals: nitric
oxide (NO) and nitrogen dioxide (NOO") radicals. Nitric
oxide (NO) regulates several systems in the body, e.g. car-
diovascular system, central nervous system, immune system.
Mitochondria are an important site of NO production that
contributes to their biological functions. NO is produced by
oxidation of L-arginine to L-citrulline in a reaction catalyzed
by NADPH-dependent NO synthase (NOS).

L-arginin + O, + NADPH - L-citrulline + NADP* +
H,0 + NO

NOS form the major isoforms: neuronal NOS (nNOS),
endothelial NOS (eNOS), inducible NOS (iNOS). Each
isoenzyme is involved in the oxidation of L-arginine, which
produces a small amount of NO and L-citrulline. The fourth
isoform of NOS is the mitochondrial Ca’* - sensitive NOS
(mtNOS) catalyzing NO formation in mitochondria. NO
regulates the oxygen consumption in mitochondria and the
transmembrane potential by reversible reaction with cyto-
chrome ¢ oxidase. NO can bind to cytochromoxidase and
thus block the main pathway of oxygen and energy generation



mitochondriami, elektrochemicky a proténovy gradient, ¢im

sa nasledne znizi tvorba ATP a zniZi sa vychytavanie Ca®*

mitochondriami.

Porucha dynamickej rovnovéhy antioxidanty - oxida¢ny
stres sa podiela na poskodeni funkcie mitochondrii roznych
organov — mitochondridlne poruchy, pripadne mitochondri-
alne choroby.

Mitochondrie st chranené pred nekontrolovanou tvorbou
reaktivnych foriem kyslika antioxida¢nymi systémami (12),
ku ktorym patri: superoxiddismutdza, zavisla od manganu
(MnSOD), katalaza, glutationperoxidaza, cytochrém c a ko-
enzym Q.

a) Superoxiddismutaza (SOD) je enzym, ktory eliminuje
superoxidovy anidonovy radikal. U cicavcov su identifiko-
vané tri typy SOD: CuZnSOD (SOD1), MnSOD (SOD2)
a ECSOD (SOD3 - extracelularna SOD). Redoxné aktivne
centra tychto SODs st i6ny Cu pre CuZnSOD (ién Zn
nevstupuje do redoxnej reakcie, ma stabilizacnt tlohu)
a ECSOD a Mn pre MnSOD. CuZnSOD je lokalizovana
v cytoplazme, ale aj v intermembranovom priestore mi-
tochondrii.

Matrix mitochondrii obsahuje v aktivnom centre SOD ién
Mn*, pomocou ktorého eliminuje superoxid tvoreny v matrixe
alebo vo vnutornej strane membrany dismuta¢nou reakciou
na kyslik a peroxid vodika. MnSOD v mitochondriach znizuje
koncentraciu superoxidu a tym zabranuje jeho reakcii s NO
¢im zabranuje tvorbe peroxynitritu (ONOO"). Podla najnovsej
tedrie vznikajuci peroxynitrit je signal pre bunku, dochadza
k apoptdze a oxida¢nému stresu, ktory suvisi s chorobami,
degeneraciou neurénov a starnutim. Toto je zaklad tedrie
o funkcii superoxidu v mitochondrich. ,,Mitochondrialna
teoria superoxidu“ (13) SOD moze aj spontdnne reagovat
s NO za vzniku peroxidu dusika. Katalytickym uc¢inkom
SODs vznikd zo superoxidu H,O,. V biologickom systéme
toxicitu peroxidu vodika eliminuju enzymy kalatdza a glu-
tationperoxiddza.

b) Glutationperoxidaza, spojend s membranou mitochon-
drii, znama ako fosfolipid - hydroxyperoxid glutation
peroxidaza, $pecificky redukuje peroxidy lipidov, ktoré
su spojené s membranou.

©) Katalaza, hlavny enzym, ktory detoxifikuje H,O,, sa na-
chadza v peroxizémoch. Je pritomna tiez v mitochondriach
srdca (14).

d) Cytochrém c prenasa elektréony, ma detoxifika¢nd tlohu
proti ROS.

e) CoQ (ubiquinol) pdsobi antioxidacne, interferuje s propa-
gaciou volnych radikalovych retazcovych reakeii (14 - 17).

4. Superkomplexy respiracného retazca

Komplexy I, IIT a IV tvoria stabilnejsie superkomplexy,
ktoré prispievaju k objasneniu pri¢in mitochondridlnych
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(10, 11). NO reduces oxygen consumption by mitochondria,
electrochemical and proton gradient, thereby reducing ATP
production and decreasing Ca*" uptake by mitochondria.

Disturbance of the dynamic balance antioxidants - oxidat-
ive stress is involved in the impairment of the mitochondrial
function of various organs - in mitochondrial disorders or
mitochondrial diseases.

Mitochondria are protected against uncontrolled format-
ion of ROS by antioxidant systems (12), including manga-
nese-dependent superoxide dismutase (MnSOD), catalase,
glutathione peroxidase, cytochrome ¢ and coenzyme Q, .

a) Superoxide dismutase (SOD) is an enzyme that elimi-
nates the superoxide anionic radical. Three types of SODs are
identified in mammals: CuZnSOD (SOD1), MnSOD (SOD2)
and ECSOD (SOD3 - extracellular SOD). The redox active
centers of these SODs are Cu ions for CuZnSOD (Zn ion
does not enter the redox reaction and plays a stabilizing role)
and ECSOD and Mn for MnSOD. CuZnSOD is located in
the cytoplasm, but also in the intermembrane space of the
mitochondria.

The mitochondrial matrix contains the Mn** ion in the
SOD active center to eliminate the superoxide formed in the
matrix or in the inner side of the membrane by a dismuta-
tion reaction, to oxygen and hydrogen peroxide. MnSOD
in mitochondria reduces the concentration of superoxide
and thus prevents its reaction with NO and the formation
of peroxynitrite (ONOO"). According to the latest theory,
peroxynitrite is a signal for the cell, leading to apoptosis
and oxidative stress associated with diseases, neuronal de-
generation and aging. This is the basis of theory of super-
oxide function in mitochondria, “Mitochondrial theory of
superoxide” (13). SOD can also react spontaneously with
NO, to form nitrogen peroxide. By catalytic action of SODs,
H,0, is formed from superoxide. In the biological system,
the toxicity of hydrogen peroxide eliminate enzymes calatase
and glutathione peroxidase.

b) Glutathione peroxidase, associated with the membrane of
the mitochondria, known as the phospholipid-hydroxyper-
oxide glutathione peroxidase, specifically reduces the lipid
peroxides associated with the membrane.

c) Catalase, the major enzyme that detoxifies H,O,, is found
in peroxisomes. It is also present in the heart mitochondria
(14).

d) Cytochrome c, transferring electrons, has a detoxifying
role against ROS.

e) CoQ (ubiquinol) acts as antioxidant, interferes with the
propagation of free radical chain reactions (14 - 17).

4. Supercomplexes of the respiratory chain

Complexes I, III and IV form more stable supercomplexes,
which contribute to the elucidation of the causes of mitochon-
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Obrazok 3 Priestorovy model respira¢ného retazca (19) (so suhlasom autorov)

Figure 3 Spatial model of the respiratory chain (19) (with the consent of the authors)

chordb (obrazky 3 a 4) (19). Superkomplexy respira¢ného
retazca sa nazyvaju aj respirazomy. Tieto komplexy su aktivne
a nevyhnutné pre tvorbu stabilnych respira¢nych komplexov.
Respirazomy sa nachddzaju v réznych druhoch a tkanivach,
ako je mozog, srdce, pecen, oblicky, kostrovy sval, hriby,
rastliny (18). Vo vsetkych organizmoch, komplex I m4 tvar L,
pozostava z ramena membrany a ramena matrixu. Komplex
III - ubiquinol:cytochrém c oxidoreduktaza alebo cytochrom
bc,, je dimér, lokalizovany najmé v matrixe. Kazdy monomér
tvori 11 subjednotiek. Komplex IV v baktériach tvoria $tyri
subjednotky, u cicavcov komplex IV tvori 13 subjednotiek.
Komplex V - mitochondridlna ATP syntdza - tvoria dve
hlavné $trukttry: F) — prendda protény vo vnitornej mem-

drial diseases (Figure 3, Figure 4). Supercomplexes of the
respiratory chain are also called respirasomes. These complexes
are active and essential for the formation of stable respiratory
complexes. Respirasomes are found in various species and
tissues such as the brain, heart, liver, kidney, skeletal muscle,
mushrooms, plants (18). In all organisms, complex I is L-shaped,
consisting of a membrane arm and a matrix arm. Complex III
- ubiquinol: cytochrome c oxidoreductase or cytochrome bc is
a dimer, located mainly in the matrix. Each monomer consists
of 11 subunits. Complex IV in bacteria consists of 4 subunits,
in mammals the complex IV form 13 subunits. Complex V -
mitochondrial ATP synthase — consists of 2 major structures:
F, - carries the protons in the inner membrane of the mito-

NADH NAD
\ O o

Obrazok 4 Superkomplexy respiraéného retazca (19) (so suhlasom autorov)

Figure 4 Supercomplexes of the respiratory chain (19) (with the consent of the authors)
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brane mitochondrif a katalytickd F, v matrixe mitochondrii.
Mitochondrialnu ATP syntdzu tvori dasich 9 subjednotiek.

Superkomplexy tvoria: monomér komplexu I, (ktory
ma tvar L, tvori ho rameno membrany a matrixu), dimér
komplexu III a komplex IV - v réznych mnozstvach kopii
monomeéru. Komplex II nie je zahrnuty v superkomplexoch.
Boli zistené spojenia jednotlivych komplexov do priestoro-
vych, trojrozmernych 3D superkomplexov: Komplexy III
a IV st spojené s ramenom membrany komplexu I a su
v kontakte jeden vedla druhého. Komplex III je dimér, komplex
IV je monomér. Ubichinén sa viaze na komplex I v ramene
matrixu a je blizko spojeny s ramenom matrix/membréana.
V komplexe III ubichindn je v mieste Rieske Fe-S proteinu
a cytochromu b. Tieto subjednotky komplexu III sa dotykaja.
Komplex I - obklopuje a spdja rameno matrix/membrana.
Komplex IV interaguje s cytochrbmom c cez hlavnu sub-
jednotku II, ktora je obklopend cytochromom c vizbovym
miestom v komplexe III.

Pomocou trojrozmerného zobrazenia sa zistilo, ze
mobilny nosi¢ elektréonu (ubiquinone alebo cytochrém c)
ma vizobné miesto na kazdom komplexe a je obklopené
zodpovedajicim vazobnym miestom nésledného komplexu
respira¢ného retazca. V superkomplexoch nosice elektrénov
maju kratku difdznu vzdialenost a tak prenos elektrénov
je dostupnejsi cez superkomplexy v porovnani s tekutym
modelom. Komplex III a IV st esencidlne pre stabilitu
komplexu I. Elektréonovou mikroskopiou sa potvrdilo, ze
ATP syntaza dimér a respiraény retazec tvoria stabilnejsie
superkomplexy (obrazok 4) (20, 21).

Vyznam respirazémov nie je uplne objasneny. Predpoklada
sa, ze superkomplexy redukuju oxida¢né poskodenie a zvysuju
bezpecnost metabolizmu. Interakcia komplexov respira¢ného
retazca vnutri superkomplexov vedie k objasneniu pri¢in mito-
chondrialnych choréb, sposobenych nedostatkom komplexov
(ako su arteriosklerotické cievne choroby - je znizend aktivita
komplexu I a III, ale u Parkinsonovej choroby je poskodeny
komplex I a IV.) (19, 20, 22).

Znizena funkcia respira¢ného retazca, ako aj zmeny
koncentracii koenzymu Q,, ,Q,,-CLOCK" moézu byt dolezité
v patogenéze zmenenej funkcie mozgu a myokardu. Tieto
zmeny mozu prispiet k objasneniu mechanizmu, ktory sptsta
akdtny infarkt mozgu a srdca.

5. Mitochondrialne sirtuiny

Sirtuiny tvoria skupinu NAD* - zavislych proteinov -
deacetylaz. Vnutrobunkovd koncentracia NAD* a pomer
koncentracii NAD*/NADH citlivo reaguju na energeticky
metabolizmus v bunkach. Sirtuiny s senzory bunkovej
energetickej rovnovahy, reguluji metabolicku odpoved
bunky na zmeny biologickej dostupnosti vyzivy mnohych
tkaniv, podielaji sa na reguldcii metabolizmu pri strese
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chondria and the catalytic F, in the matrix of mitochondria.
Mitochondrial ATP synthase forms another 9 subunits.

The supercomplexes are composed of a monomer of
complex I (which is L-shaped, it forms a membrane and
matrix arm), dimer of complex III and complex IV - in diff-
erent amounts of copies of the monomer. Complex II is not
included in supercomplexes. Connections of the individual
complexes to spatial, three-dimensional 3D supercomplexes
have been identified: Complexes III and IV are associated
with the complex I membrane arm and are in contact side
by side. Complex III is a dimer, complex IV is a monomer.
Quinone binds to Complex I in the matrix arm and is closely
associated with the matrix/membrane arm. In complex III
ubiquinone is located in at the site of Rieske Fe-S protein
and cytochrome b. These subunits of complex III are touched.
Complex I - surrounds and joins the matrix/ membrane arm.
Complex IV interacts with cytochrome ¢ through the major
subunit IT which is surrounded by the cytochrome ¢ with
a binding site in complex III.

Using a three-dimensional image, it has been found that
the mobile electron carrier (ubiquinone or cytochrome c)
has a binding site on each complex and is surrounded by
the corresponding binding site of the subsequent respirat-
ory chain complex. In supercomplexes, the electron carriers
have a short diffusion distance, so electron transfer is more
accessible through supercomplexes compared to the liquid
model. Complexes III and IV are essential for the stability
of complex I. Electron microscopy has confirmed that ATP
synthase dimer and respiratory chain form more stable su-
percomplexes (Figure 4) (20, 21).

The significance of respirasomes is not fully elucidated.
Supercomplexes are thought to reduce oxidative damage and
increase the safety of metabolism. Interaction of respiratory
chain complexes within supercomplexes leads to the elucida-
tion of the causes of mitochondrial diseases due to lack of
complexes (such as arteriosclerotic vascular disease — activity
of complexes I and III is reduced, but complexes I and IV
are damaged in Parkinson's disease) (19, 20, 22).

Decreased respiratory chain function as well as changes
in coenzyme Q,, concentrations, the “Q, -CLOCK’, may be
important in the pathogenesis of altered brain and myocardial
function. These changes can help clarify the mechanism that
triggers an acute brain and heart attack.

5. Mitochondrial sirtuins

Sirtuins form a group of NAD* - dependent proteins —
deacetylases. Intracellular NAD* concentration and NAD*/
NADH concentration ratio are sensitive to energy metabolism
in cells. Sirtuins are cell energy balance sensors, regulate the
cell's metabolic response to changes in the bioavailability
of nutrition of many tissues, participate in regulation of
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a starnuti, na reguldcii tvorby ATP, apoptdze a signalizacii
buniek.

Mitochondridlne sirtuiny SIRT3, SIRT4 a SIRT5 su
esencialne pre normdlnu funkciu mitochondrii cez interak-
ciu a modifikdciu mnozstva mitochondridlnych proteinov
(23, 24). SIRT3 je zahrnuty v normalnej funkcii roznych
proteinov mitochondrii, zahfna oxidaciu mastnych kyselin,
ketogenézu, oxida¢nu fosforyldciu, antioxida¢ny ucéinok
a metabolizmus aminokyselin. SIRT3 interaguje so sub-
jednotkami komplexu I a II, viaze ATP syntazu, reguluje
mitochondrialnu transldciu, proces, ktory moze byt dolezity
pri transporte elektronov. Menej zndme st funkcie SIRT4
a SIRT5 pri transporte elektrénov. SIRT4 viaze adenin
nukleotid translokator (ANT), ktory transportuje ATP
z mitochondrii do cytoplazmy a ADP do matrixu mito-
chondrii, kde sluzi ako substrat pre ATP syntdzu. SIRT5
interaguje s cytochrémom c. Biologicka vyznamnost tychto
interakcii nie je znama (25).

Priaznivé ucinky sirtuinov boli dokazané pri prevencii
vzniku réznych choréb, ako je zdpal, obezita, diabetes,
neurodegenerativne, kardiovaskuldrne a onkologické choro-
by, (rakovina prsnika, plic, pankreasu a prostaty) (26, 27).
Mitochondrialne sirtuiny reguluju mnohé aspekty funkcii
mitochondrii, ako je metabolizmus, tvorba ATP a energe-
ticka rovnovéhu. Znizend koncentracia SIRT3 sa zistila pri
rakovine prsnika, nepritomnost SIRT3 méze vyvolat nador
prsnika. Sirtuiny st velmi aktivne v CNS, priamo reguluju
odpoved na stres. Pri Alzheimerovej chorobe mitochondridlny
SIRT3 mad neuroprotektivny uc¢inok proti poskodeniu volnymi
radikalmi kyslika.

6. Dynamika mitochondrii

Mitochondrie s velmi dynamické $truktary, ktoré
kontinudlne podliehaju fuzii a $tiepeniu. Dynamika mi-
tochondrii je riadena procesmi, ktoré reguluju morfologiu
mitochondrii:

1. Biogenéza mitochondrii: delenim mitochondrii vznikaja
nové mitochondrie, zvy$uje sa ich pocet a/alebo objem.

2. Staré alebo poskodené mitochondrie su odstrdnené §tie-
penim mitochondrii (fission).

3. Odstranenie poskodenych mitochondrii zabezpecuje au-
tofagia, ktord sa nazyva mitofagia (mitophagy), tvori sa
velky pocet malych a cirkulujicich mitochondrii.

4. Fuziou (fusion) mitochondrii sa tvori maly pocet velkych
a predizenych mitochondrif.

Fuziu reguluji dva proteiny vonkajsej membrany, mi-
tofuzin 1 (Mfnl) a mitofuzin 2 (Mfn2) a jeden protein
dynamin-guanozin trifosfat 1 (OPA1), ktory je lokalizovany
vo vnudtornej membrane. Mitochondridlne fuziny s dolezité
pre mitochondridlne fuzie, v pripade straty ich funkcie sa
poskodia aj funkcie mitochondrii (5).
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metabolism during stress and aging, in regulation of ATP
production, apoptosis, and cell signaling.

Mitochondrial sirtuins SIRT3, SIRT4 and SIRT5 are es-
sential for the normal function of mitochondria through the
interaction and modification of the amount of mitochondrial
proteins (23, 24). SIRT3 is included in the normal function
of various mitochondrial proteins, including fatty acids oxida-
tion, ketogenesis, oxidative phosphorylation, antioxidant effect
and amino acid metabolism. SIRT3 interacts with subunits
of complexes I and II, binds ATP synthase and regulates
mitochondrial translation, a process that may be important
in electron transport. Less known are SIRT4 and SIRT5 in
electron transport. SIRT4 binds the adenine nucleotide trans-
locator (ANT), which transports ATP from mitochondria to
cytoplasm and ADP into the mitochondrial matrix, where it
serves as a substrate for ATP synthase. SIRT5 interacts with
cytochrome c. The biological significance of these interactions
is unknown (25).

The beneficial effects of sirtuins have been demonstrated
in the prevention of various diseases such as inflammation,
obesity, diabetes, neurodegenerative, cardiovascular and onco-
logical diseases (breast, lung, pancreatic and prostate cancer)
(26, 27). Mitochondrial sirtuins regulate many aspects of
mitochondrial functions such as metabolism, ATP formation
and energy balance. A decreased SIRT3 concentration has
been detected in breast cancer, the absence of SIRT3 can cause
breast cancer. Sirtuins are very active in the CNS, directly
regulating the response to stress. In Alzheimer’s disease, the
mitochondrial SIRT3 has a neuroprotective effect against free
radical damage.

6. Dynamics of mitochondria

Mitochondria are very dynamic structures that are con-
tinuously subject to fusion and cleavage. The dynamics of
mitochondria is controlled by processes that regulate the
morphology of mitochondria:

1. Biogenesis of mitochondria: By dividing the mitochon-
dria, new mitochondria are created, increasing their
number and/or volume.

2. Old or damaged mitochondria are removed by fission.

3. Removal of damaged mitochondria is provided by auto-
phagy, called mitophagy, when a large number of small
and circulating mitochondria are formed.

4. A small number of large and prolonged mitochondria are
formed by fusion. The fusion is regulated by two outer
membrane proteins, mitofusin 1 (Mfnl) and mitofusin
2 (Mfn2) and one dynamin-guanosine triphosphate
protein (OPA1), which is located in the inner membrane.
Mitochondrial fusins are important for mitochondrial
fusions: in case of loss their function the function of
mitochondria is also damaged (5).



7. Chronobiologia mitochondrii myokardu

Mitochondrie su subcelularne dynamické castice, ktoré
podliehajti oscilaciam, cirkadiannym (rytmy s periédou
blizko 24 hodin), pripadne cirkasemidiannym (rytmy pri-
blizne s periédou 12 hodin) biologickym rytmom. Zmeny
oxidacnej fosforylacie a koncentracii CoQ, v srdcovom svale,
ktoré su zavislé od denného rytmu, mozu byt sptistacom
patobiochemickych zmien srdcového svalu. U pacientov sa
vyskytuju bolesti hrudnika najmé v druhej $tvrtine dna, ktoré
sa spajaju s akutnym infarktom myokardu. Na tomto ochoreni
sa mozu podielat cirkadianne variacie OXPHOS a koenzymu
Q,, mitochondrii myokardu (28, 29). Z etickych dévodov
ziskat chronobiologické informacie o funkciach mitochondrii
srdcového svalu mozno iba v izolovanych mitochondriach
srdcového svalu experimentalnych zvierat.

Funkcia komplexov respiraéného retazca mitochondrii
srdcového svalu, tvorba ATP a koncentracia CoQ,, sa meni
pocas denného 24-hodinového cyklu. V izolovanych mito-
chondriach srdcového svalu experimentdlnych zvierat boli
dokazané 12- a 24-hodinové biologické rytmy. Komplexy I a II
vykazuji dve maxima (PEAKS 1, 2) a dve minimd (NADIR
1, 2) pocas 24-hodin, ,cirkadianne variacie oxida¢nej fos-
forylacie mitochondrii“ srdcového svalu.

Funkcia OXPHOS sa hodnoti pomocou jednotlivych
parametrov pre komplex I a komplex II. Parameter S, (stav
S,) - vyjadruje s ADP stimulovanu tvorbu ATP; S, (stav
S,) - je bazalna respiracia mitochondrii; OPR - rychlost
tvorby ATP; ADP:O - koeficient oxida¢nej fosforylacie, ktory
vyjadruje spojenie oxidécie a fosforylacie; RCI - respira¢ny
kontrolny index, ktory vyjadruje integritu mitochondrialnej
membrany. Maximalne hodnoty tychto parametrov pre kom-
plex I a komplex II, ako aj CoQ, a CoQ,, zévisia od dennych,
cirkadiannych rytmov, pomocou ktorych mozno zistit ¢asovu
naslednost jednotlivych parametrov, tzv. cirkadiannu kaskadu
oxidacnej fosforylacie a biologické hodiny CoQ, - »Q,,.
-CLOCK* (30, 31).

Pre dokaz kaskady oxidac¢nej fosforylacie na drovni
komplexu I a komplexu II boli zistené dve maxima (PEAKS)
a dve minimd (NADIRS) (obrazok 5).

Maximaélne hodnoty parametrov OXPHOS komplexu I po-
¢as inaktivity potkanov trvaju 5 hodin 20°, pocas aktivity iba
2 hodiny 32°. Naopak, komplex II pocas inaktivity potkanov
trva 2 hodiny 47°, pocas aktivity 6 hodin 23". Z uvedeného
mozeme predpokladat, Ze respira¢ny retazec mitochondrii
tvori superkomplexy komplexov I a II, ktorych maximalna
aktivita v OXPHOS sa vzajomne prelina.

Biologické hodiny koenzymu Q,, v mitochondriach
myokardu

Statisticky vyznamné cirkadianne a cirkasemididnne hodno-
ty boli zistené iba pre CoQ,, nie pre CoQ, v mitochondriich
srdca kontrolnych zvierat. Maxima (PEAKS) boli 0 03:30 a 15:27
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7. Chronobiology of myocardial mitochondria

Mitochondria are dynamic subcellular particles that are
subject to oscillations, circadian (rhythms with periods close
to 24 hours), or circasemidian (rhythms with a period ap-
proximately 12 hours) biological rhythms. Changes in oxidative
phosphorylation and CoQ, concentrations in cardiac muscle
and which are dependent on daily rhythm, may trigger patho-
biochemical changes in the cardiac muscle. Patients experience
chest pain, especially in the second quarter of the day, which
are associated with acute myocardial infarction. Circadian
variations of OXPHOS and coenzyme Q,, of myocardial
mitochondria may be involved in this disease (28, 29). For
ethical reasons, obtaining chronobiological information about
the functions of cardiac muscle mitochondria is only possible
in isolated cardiac mitochondria of experimental animals.

The function of the respiratory chain complexes of car-
diac mitochondria, ATP formation and CoQ,, concentration
change over a 24-hours daily cycle. In isolated mitochondria
of the heart muscle of experimental animals, 12-hours and
24-hours biological rhythms were demonstrated. Complexes
I and IT show 2 maxima (PEAKS 1, 2) and 2 minima (NA-
DIR 1, 2) for 24 hours, a “circadian variation of oxidative
phosphorylation” of heart muscle mitochondria.

The OXPHOS function is evaluated using the individual
parameters for Complex I and Complex II. Parameter S,
(state S) - expresses ADP stimulated respiration; S, (S,
state) — basal respiration of mitochondria; OPR - rate of ATP
generation; ADP:O - coeflicient of oxidative phosphorylation,
which expresses the oxidation and phosphorylation coupling;
RCI - a respiratory control index that expresses the integrity
of the mitochondrial membrane. The maximum values of
these parameters for complex I and complex II, as well as
CoQ, and CoQ, , depend on daily, circadian rhythms, which
can be used to determine the time sequence of individual
parameters, circadian oxidative phosphorylation cascade
and CoQ,, biological clock - “Q,,-CLOCK” (30, 31).

For the evidence of the oxidative phosphorylation cascade
at complex I and complex II levels, 2 maxima (PEAKS) and
2 minima (NADIRS) were found (Figure 5).

The maximum values of the complex I OXPHOS para-
meters during rat inactivity last 5 hours 205 during activity
only 2 hours 32 In contrast, in complex II during rat inac-
tivity this is 2 hours 47 during activity 6 hours 23" From
the above, we can assume that the mitochondrial respiratory
chain consists of supercomplexes of complexes I and IT whose
maximum activity in OXPHOS is mutually overlapping.

Coenzyme Q, biological clock in myocardial mitochon-
dria

Statistically significant circadian and circasemidian values
were found in the heart mitochondria of control animals only
for CoQ,,, not for CoQ,. Maximum (PEAKS) were at 03:30

10’
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Obrazok 5 Cirkadianna a cirkasemidianna kaskada OXPHOS mitochondrii myokardu kontrolnych zvierat
Figure 5 Circadian and circasemidian cascade of OXPHOS in myocardial mitochondria of control animals

hodine, minima (NADIRS) boli o 20:51 hodine a o 10:00 ho-
dine. Délezité je, Ze vacsina cirkadiannych rytmov u ¢loveka
je v opacnej faze ako u experimentdlnych zvierat (potkanov),
ktoré su aktivne v noci a inaktivne pocas dna (obrazok 6).

and 15:27, minimum (NADIRS) were at 20:51 and 10:00. It
is important to note that most circadian rhythms in humans
are in the opposite phase to experimental animals (rats) that
are active at night and inactive during the day (Figure 6).

an - CLOCK“
MYOCARDIUM - CONTROL

NADIRT| ,,.. ,CoQ,(23:34h)
o . PEAK 1
CoQ,, (20:51 h)\{ 22 2 *CoQ,, (3:30 h)
1 3
CoQ, (3:39h)
20 A{ 9min
19 5
18 6
17 7
16 8
CoQ,(15:31h) 15 9
*CoQ,,(15:27h) " i '\1"\
) C0Q,,(10:00h
Amin NEERES CoQ, (10:29h) ./zj "

Obrazok 6 ,,Qm-CLOCK“ v mitochondriach myokardu
Figure 6 “Q,-CLOCK” in myocardial mitochondria
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Predpokladame, Ze kaskada oxidac¢nej fosforylacie mito-
chondrii srdcového svalu a biologické hodiny ,Q,-CLOCK®
maju vyznamnu ulohu v patogenéze zmenenej funkcie srdca
a pri mitochondridlnych kardiomyopatiach. Biologické hodiny
»Q,,-CLOCK® v mitochondridch moézu byt klacovym para-
metrom pre regeneraciu mitochondridlnej membrany a pre
re-energizdciu srdcovych mitochondrii. Zmapovanie mito-
chondridlneho CoQ, a tvorby ATP v srdcovom svale pocas 24
hodin moze prispiet k pochopeniu sptstacov akutnych atakov
srdcového svalu (3, 4).

8. Mitochondrialne choroby

Mitochondrialne choroby predstavuju klinicky hetero-
génnu skupinu poruch ako vysledok poskodenia mitochon-
drii, ktoré vznikaju primdrne na genetickej trovni alebo
sekunddrne vplyvom vonkajsich faktorov. St spojené s nizkou
tvorbou energie, zvy$enou tvorbou volnych radikalov a zvy-
$enou tvorbou kyseliny mlie¢ne;.

Primarne pri¢iny mitochondridlnych chorob su
geneticky podmienené a predstavuji podstatnu cast mi-
tochondridlnych chordb, iné st ziskané - sekundarne
pri¢iny mitochondridlnych poruch. Poskodenie funkcie
a metabolizmu mitochondrii sa prejavuje zlyhanim orga-
nov a tkaniv, ktoré maju vysoké energetické poziadavky
na svoju funkciu. Patria sem centrdlny nervovy systém,
srdce a kostrovy sval, vysledkom su encefalomyopatie,
kardiomyopatie a myopatie. Geneticky podmienené mito-
chondridlne choroby sa prejavuju najma alteraciou funkcie
OXPHOS, komplexov respira¢ného retazca I-IV, transportu
elektrénov, proténov, koncentricie koenzymu Q, , prisunu
kyslika, (pri anémii alebo ischémii), zvySenou permeabi-
litou membrany, poskodenim membranového potencidlu
a tvorby ATP. Tieto poruchy funkcii mitochondrii su
asociované s takymi patologickymi stavmi srdca, ako je
hypertroficka, dilata¢na alebo alkoholova kardiomyopatia,
ako aj s myokarditidami (32, 33).

Poruchy vo funkcii proteinov respira¢ného retazca sa
prejavuju nielen v srdci, ale aj v poskodeni mozgu a ko-
strového svalu. Okrem zmeny bioenergetiky mitochondrii
moze dojst k alterdcidm signalizacie medzi mitochondriami
a jadrom bunky, s ndslednym poskodenim degradac¢nych
procesov (34). Genetické poruchy p-oxidédcie mastnych
kyselin st spojené s mitochondridlnymi chorobami, ktoré
sa prejavuju vznikom hypoglykémie, r6znymi myopatiami,
kardiomyopatiami, steatézou pecene, pripadne az kémou.
Vo vztahu k B-oxidacii mastnych kyselin sa vyskytuje
nedostatok karnitinu. Mevalénova kyselina je ddlezita
v transporte mastnych kyselin cez membranu mitochon-
drii (35).
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We assume that the cascade of oxidative phosphorylation
and biological clock “Q, -CLOCK” of heart muscle mitochon-
dria have an important role in the pathogenesis of altered
cardiac function and in mitochondrial cardiomyopathies.
Biological “Q,-CLOCK” in the mitochondria can be a key
parameter for regenerating the mitochondrial membrane
and re-energizing cardiac mitochondria. Mapping of mito-
chondrial CoQ,, and ATP formation in the heart muscle
for 24 hours can help to understand the trigger of acute
heart attacks (3, 4).

8. Mitochondrial diseases

Mitochondrial diseases represent a clinically heterogene-
ous group of disorders as a result of mitochondrial damage
that originates primarily at the genetic level or secondary
due to external factors. They are associated with low energy
production, increased free radicals formation and increased
lactic acid production.

Primary causes of mitochondrial diseases are genetic-
ally induced and represent a major part of mitochondrial
diseases, others are acquired - secondary causes of mito-
chondrial disorders. Damage of the function and metabo-
lism of mitochondria is manifested by failure of tissues
and organs that have high energy requirements for their
function. These include central nervous system, heart and
skeletal muscle, resulting in encephalomyopathy, cardiomy-
opathy and myopathy. Genetically induced mitochondrial
diseases are mainly manifested by alteration of OXPHOS
function, respiratory chain complexes I — IV, transport of
electrons and protons, coenzyme Q,, concentrations, oxy-
gen supply (in anemia or ischemia), increased membrane
permeability, damage of membrane potential, and ATP
formation. These disorders of mitochondrial function are
associated with pathological conditions of the heart such
as hypertrophic, dilated or alcoholic cardiomyopathy, as
well as with myocarditis (32, 33).

Disorders in the function of the respiratory chain
proteins are manifested by damage not only in the heart,
but also in the the brain and skeletal muscle. In addition
to changes in the bioenergetics of mitochondria, signal-
ing alterations may occur between the mitochondria and
the cell nucleus, resulting in damage of the degradation
processes (34). Genetic disorders of B-oxidation of fatty
acids are associated with mitochondrial diseases, which
are manifested by the occurrence of hypoglycemia, various
myopathies, cardiomyopathies, liver steatosis, possibly up
to the coma. In relation to B-oxidation of fatty acids there
is a deficiency of carnitine. Mevalonic acid is important
in the transport of fatty acids through the mitochondrial
membrane (35).
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9. Mitochondrialne kardiomyopatie

Nazov ,kardiomyopatia“ (KMP) do klinickej kardiologie
zaviedol profesor Bridgen v roku 1957. Na ziklade WHO
klasifikdcie - KMP predstavuju skupinu réznorodych ochoreni
srdca, pri ktorych ide o chronicky, idiopaticky patologicky
proces, postihujtci predovsetkym srdcovy sval (nepatria sem
ischemické ani zapalové poskodenia myokardu).

Kardiomyopatie si primarne a sekundarne. Primarne
kardiomyopatie maji nejasnt (pravdepodobne geneticky
determinovant) etiologiu. Hypertroficka KMP (s obstruk-
ciou alebo bez obstrukcie) je charakterizovand asymetrickou
hypertrofiou steny lavej komory, (ktora nema charakter
adaptacie na hemodynamické pretazenie), dobrou systo-
lickou, ale naru$enou diastolickou funkciou, alterovanou
$truktirou priebehu svalovych vlakien. Dilata¢na KMP - je
charakterizovana dilataciou favej komory a ostatnych dutin
srdca, nizkou systolickou funkciou s poruchou kinetiky
stien Tavej komory, zdvaznymi komorovymi dysrytmiami
a tvorbou vnuatrokomorovych trombov. Restriktivna KMP
- je charakterizovana variabilnymi $trukturalnymi zmenami
endo- a myokardu, zmensenim dutiny a sprievodnou restrik-
ciou plnenia lavej pripadne aj pravej komory. Arytmogénna
dysplazia pravej komory sa prejavuje sklonom k zavaznym
dysrytmidm na zaklade $trukturalnych zmien dominantne
v pravej komore.

Na druhej strane sekundarne KMP zahfnaju $pecifické
poskodenie myokardu s jasnou etioldgiou, ako su endo-
krinopatie, alkohol, faj¢enie, tazké kovy, poruchy vyzivy,
amyloid6za, metabolické choroby alebo neurodegenerativne
ochorenia.

Mitochondrie majui vlastny gendém, ktory kdduje 22 génov
ribozomadlnej (rRNA), dva gény transferovej ribonukleovej
kyseliny (tRNA) a 13 subjednotiek respira¢ného retazca, ktoré
st dolezité pre OXPHOS. Mutacie mtDNA alebo nDNA vyvo-
lavaju poskodenie funkcie mitochondrii, ktoré st zahrnuté do
nazvu mitochondrialne choroby. Viac ako 30 génov mtDNA
je zodpovednych za vac¢sinu mitochondridlnych chorob, ktoré
sa zistili u dospelych jedincov.

Mitochondrialne kardiomyopatie (MITO-KMP) su
charakterizované poskodenim $truktury, funkcie a meta-
bolizmu srdcového svalu. Primarna pri¢ina mitochon-
dridlnych chordb je v alteracii jadrovej DNA (nDNA),
ktora koduje proteiny mitochondrii alebo v mtDNA. To
sa nasledne prejavi poskodenim subjednotiek respira¢né-
ho retazca, poruchami pohyblivosti mitochondrii alebo
transkripcie a translacie. Vysledkom mutacii mtDNA je
dysfunkcia mitochondrialneho respira¢ného retazca, zni-
zenie tvorby ATP a zmeny v B-oxidacii mastnych kyselin.
Sekundarne pric¢iny poruch mitochondrii spésobuju rozne
faktory, ako je ischemicko-reperfuzne poskodenie srdca,
diabetes mellitus, onkologické ochorenia, alkoholizmus,
faj¢enie, chronicky stres a starnutie.
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9. Mitochondrial cardiomyopathies

The term “cardiomyopathy” (CMP) was introduced to
clinical cardiology by Professor Bridgen in 1957. Based on the
WHO classification, CMP represent a group of heterogene-
ous heart diseases which are chronic, idiopathic pathological
processes, primarily affecting the cardiac muscle (not including
ischemic or inflammatory myocardial damage).

Cardiomyopathies are primary and secondary. Primary
cardiomyopathies have an unclear (probably genetically
determined) etiology. Hypertrophic CMP (obstructive
or non-obstructive) is characterized by asymmetric left
ventricular wall hypertrophy (not having the character of
adaptation to hemodynamic overload), good systolic but
disturbed diastolic function and altered structure of muscle
fibers. Dilated CMP - is characterized by dilatation of the
left ventricle and other heart cavities, low systolic func-
tion with left ventricular wall kinetics, severe ventricular
dysrhythmias, and intraventricular thrombus formation.
Restrictive CMP - is characterized by variable structural
changes in the endomyocardium and myocardium, reduc-
tion of the heart cavity, and concomitant restriction of
left and right ventricular filling. Arrhythmogenic right
ventricular dysplasia is manifested by a tendency to se-
vere dysrhythmias due to structural changes dominantly
in the right ventricle.

On the other hand, secondary CMPs include specific
myocardial damage of a known etiology such as endo-
crinopathy, alcohol, smoking, heavy metals, nutritional
disorders, amyloidosis, metabolic diseases or neurodegen-
erative diseases.

Mitochondria have their own genome that codes for 22
ribosomal (rRNA) genes, 2 transfer ribonucleic acid (tRNA)
genes, and 13 respiratory subunits important for OXPHOS.
Mutations of mtDNA or nDNA induce impairment of
mitochondrial functions, which are included in the term
mitochondrial diseases. More than 30 genes of mtDNA are
responsible for most of the mitochondrial diseases that have
been detected in adult subjects.

Mitochondrial cardiomyopathy (MITO-CMP) is charac-
terized by damage to the structure, function and metabolism
of the heart muscle. The primary cause of mitochondrial
diseases is the alteration of nuclear DNA (nDNA) that en-
codes mitochondrial proteins or mtDNA. This is subsequently
manifested by damage to the respiratory chain subunits,
mitochondrial mobility disorders or transcription and trans-
lation. The mtDNA mutations result in dysfunction of the
mitochondrial respiratory chain, decrease in ATP production
and changes in B-oxidation of fatty acids. Secondary causes
of mitochondrial disorders are caused by various factors,
such as myocardial ischemic-reperfusion injury, diabetes
mellitus, oncological diseases, alcoholism, smoking, chronic
stress and aging.



Mutécie mtDNA, s poskodenim OXPHOS, boli identifi-
kované vo viac ako 37 génoch. KMP byvaju sprevadzané po-
ruchami mitochondridlneho respira¢ného retazca a tvorby
ATP, deficitom CoQ,, a zvysenou permeabilitou membrany.
MITO-KMP zahfnaju aj iné zmeny mitochondrii na urovni
OXPHOS (NADH-CoQ-reduktaza, CoQ-viazané proteiny,
cytochrom ¢ oxiddzy, cytochrémy bc, a cytochrémy aa,,
poskodenie funkcie adeninnukleotid translokatora — ATPa-
zy), poruchy v syntéze enzymov dehydrogenaz (dlhé retazce
acyldehydrogenazy CoA, pyruvatdehydrogenazy, a-ketogluta-
ratdehydrogenazy), karnitinového cyklu a kreatinkinazového
systému. MITO-KMP su ¢asto spojené s chorobami viacerych
systémov. Vicsina pacientov s neuromuskuldrnymi priznakmi
ma normalne alebo mierne zvy$ené hladiny kreatinkindzy
a normalny elektrokardiogram. U 10 % pacientov sa vyskytuja
abnormalne hladiny enzymov pedene, moze byt poskodend
funkcia obli¢iek a pankresu, pritomné kozné ekzémy, vitiligo,
nizky vzrast u 20 % pacientov, strata sluchu alebo zraku,
gastrontestinalne priznaky (36).

Chagasova KMP sa prejavuje u pacientov oxidaénym
stresom a zniZenou antioxida¢nou kapacitou, glutation,
glutation peroxidaza a Mn-SOD boli znizené. Tieto poru-
chy podporuju nazor esencidlnej tlohy rovnovahy medzi
antioxida¢nymi procesmi a oxida¢nym stresom vo vztahu
k dysfunkcii mitochondrii.

Kearns-Sayre syndrom je formou mitochondridlneho
diabetu. Tento syndrom sa pozoroval u adolescentov. Je
charakterizovany oftalmoplégiou, pigmentovou retinopa-
tiou, poruchami vedenia srdcového systému, svalovymi
alterdciami a endokrinopatiami s dominanciou DM. Mo-
lekuldrnymi analyzami sa zistili heteroplazmické delécie
mtDNA (37). Na vzniku ziskanych mitochondrialnych
poruch sa podiela aj ischemicko-reperfuzne poskodenie.
Patologicka alteracia mitochondrii zvySuje permeabilitu
membrany otvorenim MPTP.

10. Funkcie mitochondrii v endomyokardialnych
biopsiach u pacientov

U pacientov s kardiopatiami s neznamou etioldgiou,
krvnym tlakom < 160/90, BMI < 30, vo veku 18 - 60 rokov,
v endomyokardidlnych biopsiach bola zistend zniZena funkcia
respira¢ného retazca a tvorba ATP v mitochondridch (38).

V endomyokardialnych biopsidch u pacientov po trans-
plantacii srdca znizena tvorba ATP v mitochondriach a zni-
Zena koncentracia koenzymu Q,, (obrazok 7) je v koreldcii
so zvy$ujucim sa stupniom rejekcii transplantovaného srdca.

So zvySovanim intenzity rejekcie HTx dochadza k vy-
znamnej$iemu poskodeniu respira¢ného retazca a OXPHOS
- na Grovni komplexu II, koenzymu Q,, a komplexu V,
¢o sa prejavuje znizenou tvorbou energie vo forme ATP
(obrazok 8).
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Mutations of mtDNA with OXPHOS damage were
identified in more than 37 genes. CMPs are accompanied
by disorders of the mitochondrial respiratory chain and
ATP production, CoQ, deficiency and increased membrane
permeability. MITO-CMPs also include other changes in
OXPHOS (NADH-CoQ reductase, CoQ-binding proteins,
cytochrome c oxidase, cytochrome bc, and cytochrome
aa,, adenine nucleotide translocator damage - ATPases),
disorders in the synthesis of dehydrogenase enzymes (long
chain acyl-CoA dehydrogenase, pyruvate dehydrogenase,
a-ketoglutarate dehydrogenase), the carnitine cycle and the
creatine kinase system. MITO-CMPs are often associated
with multiple system diseases. Most patients with neuro-
muscular symptoms have normal or mildly elevated levels
of creatine kinase and a normal electrocardiogram. 10%
of patients have elevated levels of liver enzymes, impaired
renal and pancreatic function, skin eczema, vitiligo and
20% of patients have short stature, loss of hearing or vision,
gastrointestinal symptoms (36).

Chagas CMP is manifested by increased lipid peroxidation,
increased oxidative stress and reduced antioxidant capacity.
Glutathione, glutathione peroxidase and Mn-SOD are reduced.
These disorders support the view of the essential role of the
balance between antioxidant processes and oxidative stress in
relation to dysfunction of mitochondria.

Kearns-Sayre syndrome is a form of mitochondrial
diabetes. This syndrome was observed in adolescents. It is
characterized by ophthalmoplegia, pigmentary retinopathy;,
cardiac conduction disorders, muscular alterations and en-
docrinopathies with dominance of DM. Molecular analyzes
revealed heteroplasmic deletions of mtDNA (37). Ischemic-
reperfusion injury is also associated with mitochondrial
disorders. Pathological alteration of mitochondria increases
membrane permeability by opening MPTP.

10. Function of mitochondria in endomyocardial
biopsies in patients

In patients with cardiopathy of unknown etiology, blood
pressure <160/90, BMI <30, aged 18-60 years, reduced respira-
tory chain function and ATP production in mitochondria of
endomyocardial biopsies have been found (38).

In endomyocardial biopsies of patients after heart trans-
plantation, decreased ATP generation in mitochondria and
decreased coenzyme Q, concentration (Figure 7) correlated
with an increasing degree of the rejection.

Increased intensity of HTx rejection results in more
significant damage of the respiratory chain and OXPHOS
- at level of complex II, coenzyme Q,, and complex V,
which results in reduced energy generation in the form of
ATP (Figure 8).
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Obrazok 7 Vztah medzi koncentriciou CoQ,, v EMB a stupiom rejekcie transplantovaného srdca u pacientov
Figure 7 The relationship between CoQ,, concentration in EMB and degreee of rejection of the transplanted heart
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Figure 8  Effect of HTx rejection on mitochondrial oxidative phosphorylation in EMB

11. Podporna a cielena terapia pacientov s poruchami
funkcie srdcového svalu s koenzymom Q,

K prvym autorom, ktori v roku 1981 pouzili CoQ,, ako

podpornu terapiu u pacientov s dilatatnou KMP, patria Karl
Folkers, ,otec koenzymu Q,“ a Per Langsjoen. Pacienti
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11. Supportive and targeting therapy with coenzyme
Q,, in patients with heart muscle functions disorders

Among the first authors who used CoQ,, as a supportive
therapy in patients with dilated CMP in 1981 were Karl Folk-
ers, “Father of Coenzyme Q,,” and Per Langsjoen. Patients



s NYHA III a IV boli stabilizovani konven¢nou terapiou.
Podporna terapia s dennou dévkou 100 mg CoQ,, zlepéila po
$iestich mesiacoch podavania ejeként frakciu z 41 % na 59 %
(39). Mnozstvo multicentrickych §tadii potvrdilo praznivy
ucinok CoQ,, u pacientov s kardiovaskularnymi chorobami
(40) a srdcovym zlyhavanim (41). V multicentrickej studii sa
sledoval dvojro¢ny tcinok podévania CoQ, v dennych dav-
kach 3 x 100 mg CoQ,, u 420 starsich pacientov s dilatacnou
KMP a ejekénou frakciou > 30 % funkénej triedy NYHA
III. Kardiovaskularna mortalita liecenych pacientov sa zre-
dukovala zo 16 na 9 %, pricom sa zlepsila funk¢na trieda
NYHA a znizil sa pocet hospitalizacii takmer o polovicu. Na
zlepSeni priznakov pacientov so zlyhdavanim srdca sa podiela
viacero mechanizmov, predovsetkym zlepSenie energetické-
ho metabolizmu a funkcie endotelu (42). Podporna terapia
s CoQ,, u pacientov so zlyhavajucim srdcom je bezpecna,
dobre tolerovana, spojend s redukciou subjektivnych tazkosti
pacientov (43). U pacientov s hypertenziou bol dokazany
priaznivy G¢inok hydrosolubilného CoQ,, v dennych dévkach
2 x 60 mg pocas 6smich tyzdnov v zmysle znizenia systolického
aj diastolického krvného tlaku, koncentracie glukézy, konju-
govanych diénov, oxida¢ného stresu a triacylglycerolov. CoQ
stimuloval tvorbu HDL cholesterolu (44). CoQ,, sa podiela
na regulacii hladiny plazmatického inzulinu, lipoproteinov,
krvného tlaku, IL-6, TNF-alfa v sére pri akutnom infarkte
myokardu (45). Benefit CoQ,, sa prejavil aj u pacientov,
ktori uzivali 14 dni 100 mg CoQ,, denne pred chirurgickym
zdkrokom - zavedenim by-passu a pri vymene chlopni. Po
chirugickom zakroku pacienti uzivali dalej 100 mg CoQ,,
denne pocas 30 dni. Zlepsil sa nielen energizmus a funkcia
lavej komory, ale aj pooperacny cas sa skratil z 15 — 30 dni
na pat dni (46). U pacientov s diabetickou kardiomyopatiou sa
preukdzal benefit chronického podavania CoQ,, alfa-lipoovej
kyseliny a vitaminu E v podobe znizenia oxida¢ného stresu,
zlep$enia funkcie myokardu a kvality zivota pacientov. Je
pravdepodobné, ze dlhodoba podporna terapia koenzymom
Q,, (v dennych dévkach 2 x 30 mg), alfa-lipoovou kyselinou
(denne 2 x 50 mg), vitaminom E (2 x 100 mg denne) by
mobhla priniest terapeuticky benefit (47, 48, 49).

V ostatnych rokoch je dostupna redukovana forma CoQ,,
- ubichinol (Ubiquinol™, Kaneka, Japonsko), u ktorého
bola dokdazana trojnasobne vyssia biologicka dostupnost.
U pacientov so srdcovym zlyhanim denné davky CoQ, po-
¢as 9 — 20 mesiacov podavania boli vysoké a predstavovali
150 - 600 mg ubichinolu (v priemere 332 mg ubichinolu),
¢o viedlo k zlepSeniu systolickej aj diastolickej funkcie srd-
ca, zlepSeniu NYHA Klasifikdcie z NYHA IV na NYHA II
a ejekenej frakcie z 20 % na 39 % (50).

V stc¢asnom obdobi Eurépska komisia, Eurépsky Par-
lament a Eurdpska Rada rozhodli o urceni Ubichinolu ako
lieku na ojedinelé choroby pri reguldcii Eurdpskej komisie
No. 141/2000, v Bruseli 14.10.2016. Ojedinelé choroby sa
tykaji primarneho deficitu koenzymu Q,, v zavaznych zried-
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with NYHA III and IV were stabilized by conventional
therapy. Supportive therapy with a daily dose of 100 mg
CoQ,, improved the ejection fraction from 41% to 59% after
6 months of treatment (39). A number of multicenter stud-
ies have confirmed the beneficial effect of CoQ,, in patients
with cardiovascular diseases (40) and heart failure (41). In
a multicenter study, the 2-year effect of CoQ,,administration
was monitored in daily doses of 3x100 mg CoQ,, in 420
elderly patients with dilated CMP and an ejection fraction
> 30% of the NYHA III functional class. The cardiovascular
mortality of treated patients has been reduced from 16 to
9%, while the NYHA class has improved and the number
of hospitalizations has been reduced by almost half. Several
mechanisms are involved in improving the symptoms of
patients with heart failure, particularly the improvement of
energy metabolism and endothelial function “?. Supportive
therapy with CoQ,, in heart failure patients is safe, well
tolerated, coupled with reducing the subjective problems of
patients (43). In hypertensive patients, the beneficial effect
of the hydrosoluble CoQ,, at daily doses of 2x60 mg for 8
weeks was demonstrated in the reduction of both systolic and
diastolic blood pressure, glucose concentrations, conjugate
dienes, oxidative stress and triacylglycerols. CoQ,  stimulated
HDL-cholesterol production (44). CoQ,, is involved in the
regulation of plasma insulin levels, lipoproteins, blood pres-
sure, IL-6, TNF-alpha in acute myocardial infarction (45).
The benefit of CoQ,, has also been shown in patients who
received 14 days of 100 mg CoQ,, daily prior to surgery -
bypass grafting and valve replacement. After a surgical pro-
cedure, patients used 100 mg of CoQ, daily for 30 days. Not
only the energy and function of the left ventricle improved,
but also the postoperative time was reduced from 15-30
days to 5 days (46). Patients with diabetic cardiomyopathy
have been shown to benefit from chronic administration
of CoQ,,, alpha-lipoic acid and vitamin E by a reduction
of oxidative stress, improvement of heart function, and the
quality of life of patients. Long-term supportive therapy with
coenzyme Q,, (2x30 mg daily), alpha-lipoic acid (2x50 mg
daily), vitamin E (2x100 mg daily) could be therapeutically
beneficial (47, 48, 49).

In recent years, a reduced form of CoQ,, - ubiquinol
(Ubiquinol™, Kaneka, Japan) is available, which has been
shown to be three times more bioavailable. In patients with
heart failure, daily dose of ubiquinol 150-600 mg (332 mg
ubiquinol on average) for 9-20 months of treatment was
used that improved both systolic and diastolic heart function,
improved NYHA classification from NYHA IV to NYHA II
and the ejection fraction from 20% to 39% (50).

At present, the European Commission, the European Par-
liament and the European Council have decided to identify
Ubiquinol as a medicine for rare diseases under the European
Commission’s Regulation No. 141/2000, Brussels, 14.10.2016.
The rare diseases concern primary deficiency of coenzyme
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kavych chorobach, ktoré mozu posobit na svalové, nervové
a renalne systémy.

CoQ,, je priamym zdrojom tvorby energie stimuldciou
OXPHOS v mitochondridch srdcového svalu, pricom pri
tyziologickych podmienkach sa nachddza v 90 % ubichinolu
a v 10 % ubichinénu (oxidovand forma CoQ, ). Na zdklade
doterajsich studii viaceri autori odportcaju podavanie CoQ
pri kardiovaskularnych chorobach ako podpornu terapiu,
ktora redukuje stupen poskodenia srdca a zlepsuje kvalitu
Zivota pacientov s urcitym typom kardiovaskularnej patologie.
Terapeuticka intervencia s CoQ,, pri mitochondridlnych kar-
diomyopatidch je odévodnena iba v pripadoch deficitu CoQ,,.
Denné dévky a doba pouzivania CoQ,, zavisia od zdkladnej
terapie, zdvaznosti a typu ochorenia a pridruzenych komplikacii,
pri¢om jeho podéavanie sa neodportca pri terapii warfarinom
a v tehotenstve.

Zaver

Mitochondridlna kardiolégia poukazuje na nezastupi-
telny vyznam mitochondrii v kardiomyocytoch vzhladom
na zabezpecenie tvorby pozadovaného mnozstva energie vo
forme ATP, znizenia oxida¢ného stresu a podpornej terapie
s koenzymom Q,, ktord méd vyznamné miesto v prevencii
vzniku kardiovaskuldrnych komplikacii.

Cielena terapia s koenzymom Q, mé perspektivny
vyznam aj v prevencii vzniku a vyvoja rejekcie trans-
plantovaného srdca, zniZeni finanénych nakladov na
hospitalizdciu a lie¢bu pacientov s kardiovaskularnymi
chorobami a pontka perspektivny pristup kardiolégov
v prevencii a cielenej terapii poskodenych mitochondrii
srdcového svalu.
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