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Abstrakt:

Energeticky metabolismus srdce pfedstavuje jeden z nejkomplexnéjsich systému
téla viibec. Metabolismus odrazi pre- a post-natalni ultrastrukturalni srdeéni vyvoj, ale také
patofyziologické stavy. Mira mortality a morbidity kardiovaskuldrnich onemocnéni je jedna
7z nejvyssich, pfedevdim pak u ischemicko-reperfuzniho (I/R) poskozeni a infarktu
myokardu. Jednou z dobfe popsanych kardioprotektivnich intervenci zajist'ujici vyssi
odolnost myokardu proti I/R poskozeni je adaptace na chronickou hypoxii (CH). Ackoliv
byly jisté metabolické zmény indukované adaptaci na CH jiz popsany, v systému se stale
skryva velké mnozstvi tajemstvi

Tato prace si klade za cil urcit vliv adaptace na CH na energeticky metabolismus
levé komory (LV) potkana v nasledujicich modelech — i) vliv chronické normobarické
hypoxie (CNH, 3 tydny, 5500 m) béhem kratkého I/R protokolu ex vivo na signaliza¢ni drahu
protein kinaza B/hexokinaza (Akt/HK) vcetné vlivu na expresi a miru fosforylace Akt,
expresi, lokalizaci a aktivitu HK, expresi mitochondridln{ kreatin kindzy (mtCKS) a hladin
protein z rodiny Bel-2. Dile pak mnozZstvi aktivované adenosin dependentni protein kindzy
(PAMPKo Tht!72), ii) vliv CNH (3 tydny, 5500 m) na expresi majoritnich srde¢nich isoforem
Aktl a Akt2 s naslednou analyzou enzymatické aktivity HK v homogenatu a mitochondrialn{
frakei spontanné hypertenznfho potkana (SHR) a konplastického kmene pfechovavajictho
mitochondridlni genom kmene Brown Norway, SHR-mtBN a iii) vliv intermitentn{
hypobarické hypoxie (IHH, 8 h denné, 35 expozic, 7000 m) na rychlost B-oxidace
v jednotlivich kompartmentech, expresi komplext (CI-CV) mitochondridlniho elektron-
transportnfho systému (ETS), miru spotiebu kysliku u subsarkolemalnich a interfibrildrnich
mitochondrifl (SSM a IFM), glykolyticky aparat, specifickou koncentraci NAD(H) a na CK
systém. Kone¢né byl sledovan vliv IHH na nachylnost mitochondrii k Ca2* pietiZeni.
Vysledky ukazaly, Ze adaptace na CNH vyvolala navyseni exprese HK1, HK2 a zvysila
celkovou aktivitu HK v ischémii, podobné jako vyvolala vy$si miru fosforylace pAkt Ser47.
Ko-lokalizace HK s mitochondriemi byla v pribéhu I/R protokolu zachovéina jen u CNH.
CNH zabranila snizeni exprese mtCKs béhem ischémie a téZ snizila pomér Bax/Bcl-2. U
CNH zvifat nebyla pozorovana aktivace pAMPKa Thr!72 tak, jako tomu bylo u kontrol.
CNH také zpusobila navyseni isoformy Akt2 pouze u SHR-mtBN. ale neméla vliv ani na
expresi Aktl. Nicméné, po adaptaci na CNH doslo k nartstu aktivity HK v homogenatu
SHR-mtBN vice néz tomu bylo u SHR. Na druhou stranu, CNH vyvolala navyseni HK
aktivity mitochondrialni frakce u obou kment obdobné. Adaptace na IHH vedla ke snizen{
miry 8-oxidace v SSM i IFM, a téZ k nizs{ mife respirace indukované substraty pro CI a CII,
expresi CI a CIV, CS aktivity. V kontrastu s mitochondriemi, exprese acyl-CoA oxidazy 1
(ACOX) stejn¢ jako peroxisomalni laktat dehydrogendzy (LDHBx) byly navyseny, stejné
jako glykolyticky aparat. Po IHH doslo k masivni pfestavbé CK systému s navysenim
exprese CKB a jeji translokaci do M-linie sarkomery. Pravdépodobnost otevieni
mitochondrialnfho péru byla po adaptaci na IHH sniZena.

Tato data podporuji skutecnost, Ze transformace energetického metabolismu
stdce pfedstavuje zdklad kardioprotekce indukované adaptaci na CH v boji prod I/R. Prvky
navyseni cukerného metabolismu, dtlumu metabolismu mastnych kyselin (FA), re-modelace
CK systému, ale i tloha peroxisomu a metabolicka komunikace jednotlivich kompartmenta
mohou pomoci odktyt dulezité Cinitele, a tak pfispét k prevenci a 1é¢bé I/R poskozeni.
Nicméné, ackoliv tento vyzkum nemusi vyast'ovat v druh pozndni, ktery bude mit okamzité
praktické vyuziti, jeho duleZitost v ramci teoretického poznani je nezmérna



Abstract:

The complexity of cardiac energy metabolism is immense. This system reflects the
ultrastructural changes during pre- and postnatal life, but also during pathophysiological
states. Mortality and morbidity rates of cardiovascular diseases are the highest, particularly
ischemia-reperfusion (I/R) injury and stroke. One of the very well described
cardioprotective intervention tendering the heart less susceptible to I/R is adaptation to
chronic hypoxia (CH). Although some metabolic alterations induced by the CH have been
described, the system conceals still too many secrets.

This thesis has aimed to determine how the adaptation to chronic hypoxia affects
the cardiac metabolism of the rat left ventricle (V) in the following set ups — i) The effect
of chronic normobatric hypoxia (CNH; 3 wecks, 5500m) during a brief I/R protocol ex vivo
on the protein kinase B/hexokinase (Akt/HK) pathway, including the expression and
phosphorylation of Akt, the expression and localization of HK, the expression of
mitochondrial creatine kinase (mtCKS), and the level of Bcl-2 family proteins as well as the
amount of activated adenosine monophosphate-dependent protein kinase (pAMPKo
Thr'72); ii) the effect of CNH (3 weeks, 5500m) on the expression of major cardiac Akt
isoforms, Aktl and Akt2 with subsequent determination of HK enzyme activity in LVs of
spontaneously hypertensive rat (SHR) and conplastic strain harbouring mitochondrial
genome from Brown Norway strain, SHR-mtBN; and iii) The effect of intermittent
hypobaric hypoxia (IHH; 8h/day, 35 exposures, 7000m) on LV B-oxidation rates with
respect to subcellular domains, on the expression of electron transport system (ETS)
complexes (CI-CV), on respiratory rates, on glycolytic apparatus, NAD(H) pools, CK
system, and finally, on mitochondrial susceptibility to Ca?* ovetload. Our results have shown
that: CNH evoked HK1, HK2 expression and HK activity concomitantly with pAktSer473
in ischaemia. HK colocalization with mitochondria was not affected in CNH, whereas I/R
cause HK disruption in N LVs. CNH prevented downregulation of mtCKS, decreased
Bax/Bcl-2 ratio and did not elevate pAMPK as much as in N group. CNH also upregulated
Akt2 isoform in SHR-mtBN rats but had no impact on Aktl expression. Adapted SHR-
mtBN rats also showed higher HK activity in homogenates than SHR, whereas the
mitochondrial HK activity was elevated in both strains similarly. Finally, IHH decreased §3-
oxidation rates in SSM and IFM with reduction of CI+Cll-stimulated respiration, CI
expression, Cl activity, CIV expression, CS activity. Contrary to mitochondria, the
expression fo acyl-CoA oxidase 1 (ACOXI1) and peroxisomal lactate dehydrogenase
(LDHBx) participating in @-oxidation was upregulated. The glycolytic apparatus was
empowered and IHH also induced CK system remodelling with CKB upregulation and
translocation to the sarcomeric M-line.

These data support the view that cardiac energy system remodelling presents the
basis of cardioprotection against I/R induced by the adaptation to chronic hypoxia. Our
data, showing the improvement of carbohydrate metabolism with concomitant
downregulation of fatty acid (FA) metabolism, and CK system remodelling, may uncover
the important aspects of the adaptation and thus contribute to the development of future
treatment of myocardial I/R injury. Nevertheless, although the research may not lead to the
kind of knowledge that can be expected to give immediate practical benefits, its importance
in spite of its theoretical character is immense..
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A. CESKA CAST

1. UVOD

Stdce dospélého ¢loveka dosdhne denni spotfeby okolo 30 kg ATP. Takto velky
energeticky vydej je kontinualné dopliiovan oxidativni fosforylaci (OXPHOS) v stde¢nich
mitochondriich. Zisky ATP z glykolyzy, ptipadné¢ GTP odvozené z Krebsova cyklu (KC)
jsou v srdci minoritni. Jelikoz je relativni koncentrace ATP uvnitf kardiomyocytu mala,
zatimco mira hydrolyzy ATP vysoka, srdce se chova jako metabolicky ,,vSezravec®. Srdce
tedy vyuziva mnoha uhlikatych substratt (mastné kyseliny, sacharidy, keto-slouceniny) jako
svych energetickych zdroju. B-oxidace mastnych kyselin (MK) pfedevsim s dlouhym
vyvoj stdce provazi mohutné zmeény v energetickém metabolismu. Stejné tak, jako je tomu
u mnoha srdecnich a kardiovaskularnich onemocnéni (KVO), napf. u srde¢niho selhini
[2], na modelu obezity a diabetu [3,4], hypertense, hypertrofie a ischemicko-reperfuzniho
(I/R) poskozeni [5-8]. Mity mortality a morbidity KVO, zejména u I/R poskozeni, jsou
rozsahlé.

Jednou z moznosti, jak stdeéni sval chranit pfed I/R poskozenim je, kromé
nckolika druht srdec¢nich preconditioningt, adaptace na chronickou hypoxii (CH). Od
roku 1960 bylo prokazano mnoho pozitivnich u¢inkit CH. Kromé jiného, adaptace vedla
ke snizen{ infarktového loziska [9], zlepseni post-ischemickych srde¢nich parametrt [10],
snizeni incidence I/R arytmii [11,12] a dalsiho [13]. Z hlediska stde¢ni energetiky byl
zaznamenan narust sacharidového metabolismu [14—16], zatimco mira zpracovani MK po
adaptaci poklesla [17,18].

Role Akt (insulinova signalizace) byla potvrzena v kardioprotekci navozené
ischemickym pre-conditioningem [19]. Ischemicky pre-conditioning, stejn¢ jako adaptace
na CH snizuji miru I/R poskozeni. Nicméné bylo ukazano, Ze jejich ucinky nejsou aditivai
[20], coz sveédei o moznosti, ze molekulirni mechanismy obou adaptaci jsou obdobné.
V roce 2014 studie Muravyeva a kol. ukazala, ze modulace mitochondrialntho genomu
zmirnila I/R poskozeni u diabetickych potkand [21]. SHR jsou predisponovani
k metabolickym porucham, které postihuyji mnoho organovych soustav, vcetné
kardiovaskularni [22,23]. Lze tedy pfedpokladat, ze u konplastického kmene SHR-mtBN
dojde ke zlepseni energetického profilu béhem I/R protokolu a tim i ke zvyseni
kardioprotekce. I pfi tomto protokolu je pravdépodobné, ze dochazi k aktivaci Akt/HK
signalizace. Zatimco u adaptaci na CH dochazi diky HIF-1 signalizaci k navratu k fetdlnimu
metabolismu a navyseni glykolytického toku [15,16,24]. Na druhou stranu dochazi
k deregulaci MK metabolismu [17,25] a ke snfZzen{ exprese komplexa elektron
transportniho systému (ETS) [26]. Z vyse uvedeného vyplyva, ze adaptace na CH ovliviiuje
energeticky metabolismus LV, ktery by mohl byt podkladem protekce. Indukované zmény
a jejich popis by mohly odhalit potencionalni kandidaty v budouci prevenci a léc¢bé I/R
poskozeni srdce.



2. CILE

Nase studie je primarné zaméfena na popis zmén energetického metabolismus
potkani LV v CH-indukované kardioprotekci se zaméfenim na mitochondrialni fyziologii.
Soupis dil¢ich cila je uveden nize:

1. Prvni ¢ast je zaméfena ulohu Akt (salvage pathway) a translokaci HK u CNH
adaptovanych potkand béhem kratkého I/R protokolu ex vivo (via Langendorff).
Soucasné zkoumala vliv CNH na energetickou balanci (aktivace AMPK, mtCKS),
hladinu pro- (Bax) a anti-apoptotickych (Bcl-2) proteina a subcelularni lokalizaci
HK.

2. Druha cast je zaméfena na vliv CNH na Akt drahu u LV SHR potkant a
konplastickych potkant SHR-mtBN. byla analyzovana exprese majoritnich
strde¢nich isoforem Akt (Aktl, Akt2) a zmeény sacharidového metabolismu
(exprese, aktivita a lokalizace HK, spolec¢né s expresi a lokalizaci GLUT), jakozto
potencionalnich spoustécu kardioprotekee.

3. Posledni cast nasi studie je zaméfena na vliv IHH na miru B-oxidace
v jednotlivych bunéénych kompartmentech (SSM, IFM, peroxisomy), na miru
exprese ETS komplexa, ovlivnén{ glykolytického aparatu a CK systému. Spole¢né
s tim jsme testovali nachylnost mitochondridln{ frakce k vapnikovému pfetiZen.

3. MATERIAL A METODIKA

Zvifeci model: K experimentim byly vyuzity LV potkant dvou kment — dospélych
Wistar samct (Velaz, s.r.0.) a SHR, z n¢hoz byl odvozen konplasticky kmen SHR-mtBN
(zprostfedkované od Ing. Michala Pravence, DrSc. z AV CR). Zvifata byla chovina
v tezimu svétlo/tma 12/12 h, krmena standardni laboratorni stravou s ptistupem k vodé
ad libidum. V$echny experimenty probihaly v souladu s ,,Guide for the Care and Use of
Laboratory animals® [27]. Experimentdlni protokoly byly schvaleny Etickou komisi
Fyziologického dstavu AV CR.

Experimentalni modely chronické hypoxie: K pokustim byly pouzity dva modely
chronické hypoxie — kontinudlni normobaricka (CNH, 5500 m, 3 tydny) a intermitentn{
hypobarickdi (IHH, 7000 m, 8 hodin denn¢, 35 expozic). U IHH modelu doslo
k postupnému snizovani barometrického tlaku tak, Zze cilové hodnoty bylo dosazeno po
13.expozici. Kontrolnf skupina byla drzena ve standardnich laboratornich podminkach po
stejny casovy interval.

I/R protokol: Potkani stdce podstoupilo I/R protokol pomoci retrogradni perfuze za
konstantniho pratoku ex viwe na Langendorff aparatu. Ischémie byla navozena zastavenim
perfuze klasického Krebs-Hanseleitova rozotku (no-flow ischémie). Srdce kontrolnich a
adaptovanych zvifat byla nahodné rozdélena do 3 podskupin — kontrolni (20 min perfuze),
ischemickd (20 min perfize a 10 min ischémie) a I/R skupina (20 min petfuze, 10 min
ischémie a 10 min reperfuze).

Piiprava tkané: Srdce potkant byla rychle vyjmuta a oplachnuta v ledovém fyziologickém
roztoku. K naslednych biochemickym analyzam bylo srdce rozdéleno na jednotlivé



anatomické celky a LV byly homogenizovany nebo uchovany v tekutém dusiku pro dalsi
analyzy.

Subcelularni frakcionace a analyza koncentrace proteini: Ziskané homogenaty LV
byly sukcesivni centrifugaci rozdéleny na nékolik bunécénych frakei. Koncentrace proteind
ve vzorcich homogenati i jednotlivych bunéénych frkacich byly zjistény metodou
Bradfordové [28].

RNA izolace a ¢&ipova analyza Biomark: K extrakci bunééné RNA byly vzorky
homogenizovany v RNAzolu (Sigma-Aldrich). Profil genové exprese byl proveden
s vyuzitim ¢ipové analjzy Biomark s pre-amplifikaci cDNA popsanou v [29]. Cipova
analjza byla provedena v Institutu Biotechnologii na AV CR RNDr. Vlastou Korenkovou,
Ph.D. Hladina analyzovanych transkripti byla vztazena na relativni hodnotu referen¢niho
genu hypoxantin guanin fosforybosyltransferazy 1. Extrakce byla provedena Mgr. Ditou
Sotakovou a Mgr. Ivetou Nedvédovou.

SDS-PAGE a Western Blot: Nafedéné vzorky byly rozdéleny pomoci denaturacni gelové
elektroforézy (SDS-PAGE) s vyuzitim 10-12 % délicich akrylamidovych geltd za
nasledujicich podminek (U = 100-175 V; I = 350 mA; t = 60-80 min). Takto ziskané gely
byly blotovany na nitrocelulézové membrany (0.2 um, Bio-Rad) s vyuzitim systému Trans-
Blot Turbo (Bio-Rad) pii nasledujicich podminkach (U=25 V; I = 1A; t = 30 min).
Membrany byly blokovany 1 h 2-5% roztokem nizkotu¢ného mléka v TTBS, proplachnuty,
inkubovany pfes noc (4°C) v primarni protilitce, promyty, inkubovany 1 h v piislusné
sekundarni protilatce. Hladina proteinu byla detekovana za pomoci roztoku SuperSignal
West Dura (Thermo Fisher) v piistroji LAS-4000 (FujiFilm).

Spektrofotometrické analyzy: Enzymové aktivity (PFK, LDH, CI, CII, CIII, MDH, CS,
HK a CK) byly analyzovany spektrofotometricky s vyuzitim spektrofotmetru Shimadzu
UV1601 a nebo 96-jamkového multireaderu (Synergy HT, BioTek). Hladiny NAD(H)
poola byly taktéz analyzovany spektrofotometricky za vyuziti komeréné vyrabéného kitu
(pro CK, LDH, PFK byly taktéz vyuzity komeréné vyrabéné kity). Dale byla
spektrofotometrie vyuzita k urceni nachylnosti izolovanych mitochondrif k Ca?* pfetizen.
Respirometrické analyzy: Mira respirace mitochondridlnich frakei SSM a IFM z LV
potkant byla zméfena pomoci respirometrie s vysokym rozlisenim (Oxygraph-2k,
Oroboros). Specifickd spotfeba kysliku byla ziskana pfi CI+CII-stimulované nebo
palmitoyl-karnitinem stimulované respiraci za vyuziti specifickych substratd.
Imunofluorescencni analyzy: Kvantitativni fluorescenéni mikroskopie s vyuzitim wide-
field fluorescen¢niho mikroskopu (Olympus Cell IX2-UCB) kryo-fezi LV pfipravenych na
kryo-mikrotomu (Leica CM3050). Rezy byly permeabilizovéany, blokovany a inkubovany
s primérni protilatkou konjugovanou s pifslusnou Alexa Fluor. Rezy byly dale inkubovany
v DAPI (ProLong AntiFade, Invitrogen) k vizualizaci nuklearni oblasti, konjugovany
s faloidinem (vizualizace M-pruhu sarkomery), ¢i s MitoProfile Total OXPHOS Cocktail
(Abcam) pro mitochondrialni kompartment. Pro vypocet kvantifikace kolokalizace byly
vyuzity Pearsoniv a Mandersiv korela¢ni koeficient. Imunofluorescen¢ni analyzy byly
provedeny RNDrx. Barbarou Elsnicovou, Ph.D. ve spolupraci s Mgr. Mario HeléSem.



Statistické zpracovani vysledkii: Vysledky byly vyjadfeny jako aritmeticky pramér a
rozptyl dat jako stfedni chyba praméru (SEM). Vyznamnost rozdild mezi 2
experimentalnimi skupinami byla hodnocena pomoci neparového Mann Whitney testu (p
< 0.05) za wvyuziti softwaru GraphPad Prism 5.00. Vyznamnost rozdild mezi
mitochondridlnimi populacemi (tj. SSM vs. IFM) byla hodnocena pomoci One-Way
ANOVA a nasledném Newman-Keul’s testu (hladina vyznamnosti pfi « = 0.05).

4. VYSLEDKY A DISKUZE

CNH umociiuje Akt/HK signalizaci béhem kratkého I/R protokolu u LV
potkani kmene Wistar:

Jak kontrolni, tak CNH skupina nevykazovala zidné zmény ani v mife exprese
celkové Akt ani v mife fosforylace Akt na treoninovém reziduu (pAkt Tht?%%) béhem I/R
protokolu. Béhem reperfuzni fiaze doslo u kontrolni skupiny k poklesu miry fosforylace
Akt na serinovém residuu (pAkt Ser”) o 36 %. U skupiny CNH doslo k 77 % narastu
pAkt Ser*”® v ischemické fazi. V této fazi navic doslo k signifikantnimu rozdilu v mife
fosforylace pAkt Ser*’3 mezi N a CNH skupinou (0 22%). Je zajimavé, ze mira fosforylace
pAkt Ser*” korelovala s maximalni aktivitou HK. CNH skupina vykazovala vy$si expresi
HK1 (31 %) a HK2 (40 %) isoforem i vy$si HK aktivitu (23 %) nez kontrolni skupina
v ischemické fazi. Zatimco ani CNH ani I/R protokol nemél vliv na ko-lokalizaci HK1
s mitochondrialni membrinou, u kontrolni skupiny doslo v prabéhu I/R k poklesu
mitochondrialni HK2 ve vsech subpopulacich (SSM, IFM, perinuklearni) zhruba o 30 %.
Z vysledkt vyplyva, ze zvySena mira fosforylace pAktSer*? mize zprostfedkovat
fosforylaci HK2, ¢imz zabrani jejimu odpoutani od mitochondrif [30] a zvysit tak i jeji
enzymatickou aktivitu. Navyseni obou isoforem HK v ischemické fazi je nejspise dano
inhibici proteazomadlniho systému, ktery je téz zavisly na dodavkach ATP [31], zatimco
exprese HK2 muze byt ovlivnéna samotnou vazbou na mitochondrialni membranu. Vazba
na mitochondrie ji ¢ini vice odolnou pred proteozomalni degradaci [32,33]. Vyjma ucasti
v glykolyze, vys$si aktivita HK mutze hrat ddleZitou roli v pentézo-fosfatovém cyklu
generujicim  NADPH [34], v udrzeni mitochondrialnfho membranového potencidlu
upravou lokilntho poméru koncentraci ADP/ATP v blizkosti VDAC kanalu [35,36].
Asociovana HK2 s mitochondrialni membranou navic kompetuje vazebné misto pro-
apoptotickému proteinu Bax [37], a tak jeji vazba muZe vyznamné pfispivat k anti-
apoptotickému efektu CNH. V nasi studii jsme béhem I/R protokolu pozorovali sniZzeni
poméru Bax/Bcl-2 pouze u CNH skupiny, coz svédd o nizsi pravdépodobnosti apoptézy
béhem kritkého I/R protokolu. Vysledky koteluji se studiemi divajici do souvislosti



odpojeni mitochondridlni HK, mitochondrialni depolarizaci a rychlou srde¢ni nekrézu
[38,39].

CNH brani energetické deprivaci béhem kratkého I/R protokolu v LV potkana
Wistar:

Metabolické vyhody nejsou u CNH adaptace zprostiedkovany pouze pomoci
HK. Nase laboratof v pfedeslé studii ukazala, ze kromé HK, dochazi po adaptaci na CNH
téz k pfestavbé a navyseni aktivity CK systému. Mitochondrialni isoforma mtCKS, kterd je
umisténa v inter-membrianovém prostoru mitochondrii, je téz lokalizovana v blizkosti
VDAC a ANT. Jejich spolecna aktivita tak mtze pfispivat ke stimulaci respirace pomoci
tvorby ADP, stimulovat mitochondrialni potencial a nepfimo zabraniovat otevieni mPTP
[39—41]. Na rozdil od vysledku ukazanych ve studii [16] jsme nebyli schopni zaznamenat
zménu v expresi mtCKS mezi skupinami po 20 min perfuzi, nicméné k poklesu exprese
mtCKS doslo jen vischemické fazi kontrolni skupiny. CNH tak zabranila ischemii
kardiolipinu, ktery je nutny pro stabilizaci mtCKS a je primarnim cilem vznikajicich ROS
pti I/R poskozeni [42,43].

O niz${ mife energetické deprivace sveédci niz$i mira fosforylace AMPKa na
treoninovém reziduu (pAMPKoaThr!'7?) u CNH skupiny v ischemické fazi. Aktivovana
AMPK  moduluje metabolismus glukézy a MK, mitochondrialnf funkci, stress
sarkoplazmatického retikula, autofagii a apoptézu [44]. Farmakologicka aktivace AMPK
pomoci AICAR byla ukdzana jako beneficni, jelikoz snizila miru srdecni nekrézy a
kontraktilni dysfunkce po I/R poskozeni [45]. Mira fosforylace Akt a AMPK koreluje
s pfedpokladem ze studie [46], ktera ukazala, ze pii energetické deprivaci dochazi k nartstu
aktivity AMPK, zatimco aktivita Akt prudce klesa. Je dtleZité zminit, Ze aktivovana Akt
potiebuje ke své ¢innosti glukdzu [47], ktera se stava nedostupnou s prodluzujicim ¢asem

ischémie.

CNH navy$uje Akt/HK drahu u LV SHR a SHR-mtBN potkanu

Jelikoz je HK komponentou ovliviujici otevieni mPTP, nase prace se nejprve
zamefila na specifickou enzymatickou aktivitu HK v homogenatu LV obou kmeni. Mezi
normoxickymi skupinami byl zjistén rozdil v HK aktivit¢ o zhruba 40 %. Adaptace na
CNH zvysila enzymovou aktivitu HK 0 19 % u SHR a 0 17 % u SHR-mtBN. Jelikoz byly
pozorovany zmény HK aktivity v homogenitech vsech skupin, aktivita HK na
mitochondrialn{ frakci byla také zanalyzovana. Piekvapivé nebyl pozorovan zadny rozdil
v aktivitich mitochondrialni HK v kontrolnich skupinach. Adaptace na CNH zvysila



aktivitu HK v obou kmenech podobné — o 50 % u SHR a o0 43 % u kmene SHR-mtBN, a
tak stejné jako u normoxickych skupin — ani po adaptaci nebyl pozorovan rozdil v aktivité
mitochondrialni HK mezi obéma kmeny. V pfedeslé studii na potkanech kmene Wistar
bylo ukazano zapojeni Akt signalizace, a proto byla provedena analyza majoritnich
stde¢nich isoforem Akt. Existuji 3 homology Akt: Akt 1(¢i o), Akt 2 (¢i B), and Akt 3 (¢ivy),
které sdileji podobnou strukturu katalytické domény, ackoliv jsou produktem rozli¢nych
gent [48]. Majoritni isoformy Akt exprimované v srdci jsou Aktl a Akt2, zatimco Akt3 je
majoritn{ isoformou exprimovanou v mozku [49,50]. V nasf studii bylo ukdzano, ze ani
adaptace na CNH, ani modulace mitochondridlniho genomu nema vliv na expresi mRNA
Aktl ani Akt2. To samé se da fici o expresi Aktl proteinu. Naopak, modulace
mitochondrialnfho genomu spolec¢né s adaptaci na CNH vedla ke zvyseni exprese Akt2 o
43 %. Akt2 je vSeobecn¢ vnimana jako regulator gluk6zového metabolismu kardiomyocytu
[51], ktera fosforylaci zprostfedkovava odpoveéd’ na stimulaci inzulinem, ¢i IGF1 [52].
Krome této dlohy v metabolismu nedavna studie od Reinartze a kol. ukazala, ze Akt2
vyznamnym zpusobem ovliviiuje vivoj srdecniho svalu, reguluje kontraktilitu a ovliviiuje
hospodafeni s vapnikem [53]. Transfekce srdecni bunééné linie HL-1 konstitutivné aktivni
Akt zménila mitochondrialni motfologii [54]. Aktivace a nasledna translokace Akt do
mitochondrii zmirnila apoptotickou signalizaci v kardiomyocytech [55]. Na zikladé
vysledkau studie [56] a vysledka exprese Akt2 bylo usouzeno zapojeni pleiotropniho ucinku
Akt v amplifikaci redukce infarktového loziska pomoci CNH adaptace a modulace
mitochondrialntho genomu. Vysledky téz poukazuji na Akt2 jako na mozny potencionalni

cil kardioprotektivnich terapif.

IHH indukuje zmény B-oxida¢nich center skrze regulaci ETS:

Specifickd respirace stimulovana pomoci palmitoyl-karnitinu byla snizena v obou
mitochondrialnich frakcich po adaptaci na IHH. U SSM poklesla specifickd spotieba
kysliku 0 16 %, zatimco u IFM doslo k 51 % poklesu. U ostatnich substrata 3-oxida¢niho
protokolu nedoslo po adpataci na IHH u SSM k Zzadnym zménam, zatimco u IFM byla
redukce patrna jiz pfi pouziti samotného malatu (o 54 %) bez stimulace respirace pomoci
ADP. Snizena schopnost zpracovani MK jiz byla u kardiomyocytd pozorovana [17,25].
Prekvapive vsak IHH vedla ke zvyseni rychlost-limitujictho enzymu peroxisomalni §-
oxidace, acyl-CoA oxidazu 1 (ACOX1) o cca 12 %. Stejné tak byla odhalena zvysena
exprese LDHBx (zhruba o 12 %), coz bylo potvrzeno i imunofluorescen¢ni mikroskopii.
Na druhou stranu, exprese peroxisomdlnfho membranového proteinu PMP70 (ABC
translokaza MK) stejné¢ jako exprese CAT nebyly pomoci IHH ovlivnény. Stejné tak, jako

nebyla ovlivnéna exprese LDHA uvniti peroxisomu.



Dale bylo ukazano, ze po IHH dochazi k represi mitochondrialnfho aerobniho
metabolismu. Exprese jednotlivych komplextt ETS bylo pomoci IHH ovlivnéno raznym
zpusobem. Zatimco doslo ke sniZzeni exprese komplexu I (o 21 %) a komplexu IV (o 55
%), exprese komplexu 11, III a V nebyla ovlivnéna. Navic doslo ke snizeni miry specifické
respirace U obou subpopulaci byla snizena specifickda mira respirace stimulované pomoci
malatu+glutamatu+ADP+sukcinatu (o 34 % u SSM a o 28 % u IFM). U IFM vsak byla
pozorovana o 33 % nizsi mira specifické respirace stimulované pomoci malatu a glutamatu.

Byly pozorovany rozdilné aktivity CS (o 90 %) a CI (o 52 %) mezi SSM a IFM
izolovanych z kontrolnich skupin. U aktivity CII nebyly pozorovany zmény. Adaptace na
IHH vedla ke snizeni aktivity CI jen u IFM o 56 %, zatimco aktivita CS poklesla u obou
mitochondrialnich rodin — o 38 % u IFM a o 40 % u SSM.

Tyto vysledky ukazuji, ze kapacita mitochondridlni $-oxidace je snizena diky
zménam ETS — tedy sniZzenou expresi CI a CIV, sniZenou aktivitou CI i snizenou aktivitou
CS. Bylo ukazano, ze ke zformovani multienzymového CI je nutna pfitomnost aktivniho
CIV [57]. Navic, snizeni mnozstvi mitochondrialniho kardiolipinu, coz je doprovodny jev
adaptace na IHH [58], by mohlo vysvétlovat snizenou expresi obou komplexti. Pfitomnost
kardiolipinu je podminkou optimalni funkce vsech komplexi ETS kromé CII [59].
Kardiolipin neni pouze strukturdlni souéasti CIV, jeho pfitomnost je esencialni
k elektronovému transportu a protonové translokaci. Asociace kardiolipinu s CI byla také
potvrzena [60]. Stabilizace mitochondrialnich superkomplextt ETS je téZz zavisla na
ptfitomnosti kardiolipinu, stejné¢ jako aktivita pyruvatového pienasece a karnitin-

acylkarnitin translokazy [59].

Kombinace sniZeného aerobniho metabolismu a protektivni signalizace pomoci
HIF-1 je zodpovédna za extra-mitochondrialni zmény energetickych jednotek
v IHH:

Adaptace na IHH vedla ke zvyseni mRNA transkriptu obou hlavnich isoforem
transportéra glukézy, GLUT1 a GLUT4, ale také mRNA transkriptu HK1, HK2, PFK2 a
LDHA. U transkriptu LDHB k navyseni nedoslo. Tyto zmény mohou byt disledkem
aktivace HIF-1a [61] a jsou v souladu s nedavno vydanymi publikacemi [15,16]. Redukce
aerobni kapacity spole¢né s redukef aktivity CI jsou pravdépodobné zodpovedné za zmeénu
NAD*/NADH poméru, ktery miZe nasledné ovlivnit aktivitu KC, ale i Ca** homeostazu
(cestou ryanodinovych receptori), ¢i zvysit aktivitu PFK (sniZenim koncentrace citratu) a
LDH (redukci aktivity mal4t/aspartatového vyméniku) [62]. Pozorovana redukee v acrobni
kapacit¢ obou mitochondrialnich subpopulaci a zmény v substraitovém metabolismu
nejspise zapficinily pfestavbu CK systému. Hladina mRNA transkriptu a exprese proteinu



CKB narostla (o 37 %, respektive o 41 %), zatimco exprese mRNA i proteinu isoforem
CKM i mtCKS se snizila. Na rozdil od adaptace na CNH [16] doslo po adaptaci na IHH
k ubytku isoformy mtCKS , ackoliv se celkova aktivita CK, stejné jako pfi CNH adaptaci,
zvysila. Zvyseni aktivity u obou adaptaci koreluje se zvySenim exprese CKB. Toto zvyseni
muze odrazet skutecnost vyssi utilizaci glukozy, jelikoz stimulace inzulinem vyvolava
zvysen{ aktivity pouze CKBB a CKMB dimerta [63]. Negativni regulace mezi zménami
redoxnfho stavu a expresi CKM by mohla vysvétlit pozorované snizeni CKM v IHH
vzorcich. Proporcionalni rozdil mezi snizenim CKM a zvyseni CKB ko-lokalizace v M-linii
sarkomery naznacuje navyseni CKMB dimert. CKB isoforma nedisponuje potfebnou N-
terminalni vazajici doménou [64]. Piitomnost CKB v této lokalit¢ by mohla indikovat
snizenou aerobni schopnost a generaci ATP v IFM, ktera je ¢aste¢né nahrazena zvysenim
glykolytického toku.

Piechod B-oxidace z mitochondrii do peroxisomu jako strategie spofici kyslik
v IHH:

Nyn¢jsi vysledky pobizeji k navrhu nasledujici hypotézy. Navyseni peroxisomaln{
B-oxidace pomaha zpracovavat dlouhé MK, které nejsou zpracovany v mitochondriich. Za
urcitych podminek muze tento pfechod predstavovat i velmi sofistikovany zptsob, jakym
si srde¢ni bunka chran{ rezidualni zasoby kysliku. Jak jiz bylo zminéno, aktivita ACOX1 a
dalsich peroxisomalnich oxidaz je spojena s produkei peroxidu vodiku, jehoz koncentrace
je udrzovana na velmi nizké urovni aktivitou CAT. Nékolik studii dokumentovalo zvyseni
aktivity a/nebo exprese CAT dasledkem hypoxie [65,66]. V nasi studii jsme v$ak nebyli
schopni poukazat na zmény v expresi CAT. Avsak CAT disponuje dudlni enzymatickou
aktivitou — za nfzké hladiny ROS CAT vyuziva molekul peroxidu vodiku a peroxiduje
proteiny a lipidové molekuly, zatimco pfi vysokych hladinach ROS se CAT stane
enzymaticky aktivn{ a generuje molekuly kysliku [67]. Up-regulace ACOX1 pomoci IHH
pravdépodobné upravi redoxni stav uvnité peroxisomu, coz CAT drz v enzymaticky
aktivnim stavu, jelikoz jsou peroxisomy malé, membrinou opouzdiené organely.
V ischémii srdce pfechdzi na metabolismus glukézy, ale oxidace MK zustiva primarnim
energetickym substratem [68]. Celkova mira mitochondridlniho oxidativoiho metabolismu
diky ischémii klesa a intracelularni zasoby volnych MK narustaji. Koordinovana aktivita
ACOXT1 a CAT muze jednak ulevit pifebytkim volnych MK v sarkoplazmé, nicméné téz
muze diky enzymatické aktivit¢ CAT (generujici O2) a zvysenému toku MK do peroxisomi
(stimulujicim CAT) ovlivnit koncentraci Oz, diky niz muize myokard po delsi dobu
derivovat energii aerobnimi procesy. Zvyseny glykolyticky tok tak muZe souviset
s navySenim peroxisomalni B-oxidace a stimulovat jej ve formé molekul pyruvatu.



Peroxisomalni $-oxidace dovoluje provadét katabolismus MK s dlouhym fetézcem za nizsi
spotieby kysliku. Tento fenomén muze ¢astecné vysvétlit pozorovany jev pfi podavani N-
acetylcysteinu (NAC) pfi adaptaci na IHH, kdy. NAC zrusil kardioprotektivni uc¢inek THH
[69]. Aktivita CAT je nezbytna pro ochranu enzymatického aparatu peroxisomalni B-
oxidace pfed ucinky peroxidu vodiku [70]. Antioxida¢ni uc¢inek NAC by mohlo zménit
enzymatickou aktivitu KAT a podpofit jeji peroxidazovou aktivitu ovliviujici
peroxisomalni funkeci, a tak i rusit pozorovany kardioprotektivni ucinek samotné IHH

adaptace.

5. ZAVER

Nase vysledky naznacuji, Ze srdeéni rezistence k I/R poskozeni indukovani
adaptaci na chronickou hypoxii se projevuje predevsim zménou energetického
metabolismu. Oba rezimy adaptace (. CNH a IHH) vedly k navyseni metabolismu
glukézy. Tento jev byl prokazan up-regulaci GLUT, HK, PFK a LDH a muze byt
pfipisovan kombinovanému ucinku signalizace HIF-1 a Akt. Ob¢ adaptace vedou
k restrukturalizaci CK systému, coz je dolozeno zvysenim exprese CKB a sniZzenim exprese
CKM. Na druhou stranu dochdzi vadaptaci na IHH kutlumeni metabolismu
mitochondrialnich subpopulaci. Adaptaci na IHH téz doslo ke zvyseni proporce
peroxisomalni B-oxidac¢ni kapacity, pravdépodobné v dasledku snizeni mitochondrialni
aerobni kapacity. Tento pfechod pravdépodobné pfedstavuje mechanismus Setfici kyslik a
je Castecné stimulovan zvy$enou rychlostl glykolyzy a zménou poméru NAD+/NADH.
Tyto zmény poskytuji podklad ochrany mitochondrii pfed Ca?*-pfetizenim pozorovanym
uIHH. Nicméng, vsechny tyto energetické ac¢inky mohou poskytnout zaklad kardiprotekce
proti I/R poskozeni pomoci snizené generace ROS na pocitku reperfizni petiody,
upravou Ca?* homeostazy, snizenou pravdépodobnosti otevirani mPTP, obnovenim post-

ischemickych funkénich parametra srdce, ale téZ mitochondridlnf a bunéénou ochranou.



B. ENGLISH PART

1. INTRODUCTION

The adult heart reaches the highest ATP requirement of ~30 kg daily in humans.
To fulfil these demands, almost all of ATP is derived from mitochondrial OXPHOS with
only minor provision of glycolysis and GTP generation by Krebs cycle (IKC). As the relative
ATP content within the cardiomyocytes is low and the ATP hydrolysis rates therein are
high, the heart acts as a “omnivore” metabolizing a spectacular assortment of carbon
substrates as energy sources. Fatty acid (FA) B-oxidation process, however, represents the
major pathway how the adult heart replenishes ATP molecules [1]. The developmental
changes associate with myocardial energy metabolism alterations, but so do the cardiac and
cardiovascular diseases (CVDs) — for instance, in different models of heart failure [2], in
models of obesity and diabetes [3,4], in hypertension, hypertrophy, and I/R [5-8].
Morteover, the mortality rates of CVDs, particulatly those induced by I/R, are extreme.

Beside several forms of cardiac conditioning, a procedure rendering the heart less
vulnerable to I/R injury is the adaptation to chronic hypoxia. Since 1960, many beneficial
effects of adaptation to CH have been revealed — reduced infarct size (Turek et al. 1980),
improved post-ischaemic recovery [10], reduced incidence of arrhythmias during I/R
[11,12] and more [13]. Adaptations to CH were reported to upregulate cardiac carbohydrate
metabolism [14-16], while the fatty acid processing was downregulated [17,18].

Akt (as major carbohydrate metabolism regulator) was reported to play role in
ischaemic preconditioning [19]. Ischaemic preconditioning, similarly to CH adaptation
decreases cardiac susceptibility to I/R. Nevertheless, cardioprotection induced by CH and
preconditioning are not additive [20], we suggested that some of the molecular mechanisms
may be shared by both interventions. In 2014, Muravyeva e/ al reported that the
modulation of mitochondrial genome modulated the I/R tolerance in diabetic rats [21].
SHR rats were reported to be predisposed to metabolic disturbances affecting many
systems including the cardiovascular [22,23]. We proposed that the exchange of
mitochondrial genome in I/R vulnerable strain SHR by that of more resistant BN may
relief the cardiac energetic balance during I/R protocol and provide a stronger
cardioprotection. As shown is study of Neckar ¢ a/. [56], the replacement of mitochondrial
genome of SHR by BN potentiated the cardioprotective effect of CNH. We observed a
different HK activity in homogenates, so we aimed to determine the possible role of RISK
pathway in SHR and conplastic strain SHR-mtBN. Hypoxia was shown to reduce the
cardiomyocyte ability to process FAs [25]. On the other hand, foetal-gene reprogramming
induced by hypoxia upregulated glycolytic genes [15,16,24]. Changes in ETS complexes
were observed due to hypoxia [26].It is clear that adaptation to either CNH or IHH affects
LV energy metabolism and the exact depiction may reveal potential candidates in future
interventions and treatment.

2. AIMS



In all parts of our study, we majorly aimed to depict the role of altered cardiac
energy metabolism of rat LV in cardioprotection induced by adaptation to CH with special
interest to mitochondrial physiology.

The fractional aims are summarized below:

1. In the first part, we aimed to determine the possible role of Akt salvage pathway
and HK translocation in the CNH adapted rat LV subjected to a brief I/R
protocol ex vivo (via Langendorff). Concomitantly, we investigated CNH role in
energy metabolism alteration and balance during I/R (AMPK, mtCKS), the level
of pro- (Bax) and anti-(Bcl-2) apoptotic proteins, and HK subcellular
translocation during I/R.

2. In the second part, we strived to describe the effect of CNH to Akt pathway in
SHR and SHR-mtBN rat LVs. Therefore, we analysed the expression of major
cardiac Akt isoforms (Aktl, Akt2) and the alterations of carbohydrate metabolism
(expression and localization of HKs and GLUTS) as potential inducers of
cardioprotection in LVs of both adapted and non-adapted SHR and SHR-mtBN.
Additionally, we aimed to describe Akt affection on HK enzyme activity in
sarcoplasmic and mitochondrial compartment.

3. In the last part, the aims were to determine how IHH affects rat LV ability to
process FAs with respect to cardiac energy domains (SSM, IFM, peroxisomes),
the expression of ETS complexes, glycolytic apparatus and CK system.
Contemporarily, we tested the susceptibility of cardiac mitochondria to Ca2+
ovetload.

3. MATERIALS AND METHODS

Animals: Two strains were used — Adult male Wistar Rats (Velaz, Ltd., Czech Republic)
and SHR and conplastic SHR-mtBN strain (provided by Ing. Michal Pravenec, D1Sc. from
Czech Academy of Sciences). All rats were kept at 12/12-h light/datk cycle and fed by a
standard laboratory chow, water access ad /ibidum. The animals were handled in accordance
with the Guide for the Care and Use of Laboratory Animals published by the US National
Academies Press [27]. The experimental protocol was approved by the Animal Care and
Use Committee of the Institute of Physiology, Czech Academy of Sciences.
Experimental models of CH: Animals were housed either in a normobaric chamber
equipped with hypoxic generators (Everest Summit, Hypoxico Inc., NY, USA), which
reduced the percentage of oxygen in the ambient air to 10%, corresponding to altitude of
5500 m. All animals were exposed to CNH for 3 weeks. In the case of IHH (7000 m, 8
h/day, total 35 exposures), barometric pressure was lowered stepwise, so the level
equivalent to an altitude of 7000 m was reached after 13 exposures. Control groups were
kept at room air for the same time.

I/R protocol: The hearts underwent a brief (10 min of global no-flow ischemia) ex zivo
I/R protocol. Extracted hearts were retrogradely petfused at constant flow (10 ml/min/g)



by standard Krebs—Hanseleit solution (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSOy, 1.25
mM CaCl,, 1.2 mM KH2POy, 25 mM NaHCOj3, 11 mM glucose, pH 7.4) gassed with 95%
O and 5% CO; at 37 °C. The heatts were subsequently divided into three subgroups: (i)
controls: perfused for 20 min; (ii) ischaemia: perfused for 20 min and then subjected to
global (i.e. no flow) ischaemia for 10 min; (iii) ischaemia/teperfusion: perfused for 20 min,
subjected to 10 min ischaemia followed by reperfusion for 10 min.

Tissue preparation: After cervical dislocation, the hearts were rapidly excised and washed
in ice-cold saline. For biochemical analyses, the left ventricles (V) were dissected, weighed,
and used fresh or were immediately frozen in liquid nitrogen for further analyses.
Homogenization was carried in glass-teflon homogenizer (Sartorius) using overhead stirrer
(Ika) after resuspension of the samples in homogenization buffer (in MM: 12.5 TRIS, 2.5
EGTA, 1 EDTA, 250 sucrose, 5 DL-dithiothreitol (DTT), protease (cOmplete,
Roche/Sigma-Aldrich) and phosphatase (PhosSTOP, Roche/Sigma-Aldrich; pH = 7.4)
inhibitors) in the ratio 1:8 (w/v)

Subcellular fractionation and protein concentration analysis: Homogenate samples
were successively centrifuged to obtain the particular cellular fractions and the protein
concentration of each fraction (e.g. SSM, IFM, peroxisomal) was determined by Bradford
method spectrophotometrically [28].

RNA isolation and Biomark chip analysis: To extract RNA, tissue samples were
homogenized in RNAzol (Sigma-Aldrich). Gene expression profiling was performed by
RNDr. Vlasta Korenkova, Ph.D. at the Institute of Biotechnology, with cDNA
preamplification according to [29] deploying Biomark chip analysis. Transcript levels were
normalized to the level of Hypoxanthine-guanine Phoshoribosyltransferase (HPRT)
transcript.

SDS-PAGE and Western Blot: Diluted samples were separated by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) on 10-12% polyacrylamide
separating gels with the following conditions (U = 100-175V; I = 350 mA; t = 60 — 100
min). The gels were electro-transferred to nitrocellulose membrane (Bio-Rad) by Trans-
Blot Turbo system (U = 25 V; 1 =1 A; t = 30 min). Membranes were blocked in non-fat
milk TTBS solution for 1 hour at room temperature, incubated with the primary antibody
overnight in the fridge, washed several times with TTBS, incubated with appropriate
secondary antibody diluted in TTBS for 1 hour at room temperature, and visualised by
Supersignal West Dura (Thermo Fisher). See the doctoral thesis for the list of antibodies.
Spectrophotometric analyses: Enzyme activities (PFK, LDH, CI, CII, CIII, MDH, CS,
HK, CK) were assessed spectrophotometrically using either spectrophotometer Shimadzu
UV1601 or 96-well Multi-reader system (Synergy HT, BioTek). Additionally, NAD(H)
pools were analysed using a commercial kit. Also, mitochondrial susceptibility to mPTP
opening was measured this way. The specific parameters can be found in section of the
thesis (6.10.1.; 6.10.2., and 6.11.).

Oxygraphic analyses: Respiration of LV SSM and IFM samples was determined using
high-resolution respirometry (Oxygraph-2k, Oroboros). CI+CII-stimulated as well as
palmitoyl-carnitine-stimulated respiration was achieved by adding appropriate substrates.



Immunofluorescence analyses: Quantitative fluorescence microscopy was used using a
wide-field fluorescence microscope (Olympus Cell IX2-UCB) using cryo-sections prepared
on cryo-microtome (Leica CM3050). The sections were permeabilized, blocked and
counterstained with appropriate primary, and secondary antibody conjugated with Alexa
Fluor. Sections were mounted either in DAPI (ProLong Antifade; Invitrogen) to visualize
the nuclear compartment, phalloidin conjugation (Thermo Fisher) of M-band, or
MitoProfile Total OXPHOS Cocktail (Abcam). To evaluate the co-localization, Mandet’s
and Pierson’s correlation coefficient calculation were used.

Statistical analyses: The WB, immunoreactivity and relative mRNA abundance were
expressed as fold over control group or as in- or decrease of overall immunoreactivity. The
statistical differences between two groups were determined by the unpaired Mann Whitney
test (P < 0.05) using the GraphPad Prism 5.00 software. The statistical differences between
more groups (e.g. mitochondrial sub-populations) were determined by ANOVA test with
Newman-Keul‘s post-test (P < 0.05). All data are expressed as means £ SEM.

4. RESULTS AND DISCUSSION
CNH potentiates Akt/HK pathway in a brief I/R insult in Wistar rats LVs:

Both N and CNH groups did not show any significant changes in the expression
of total Akt and the amount of Akt phosphorylated on threonine residue (pAkt Thr3%)
during the I/R insult. Interestingly, a significant decrease by 36 % was seen in Akt
phosphorylated on serine residue (pAkt Ser#”3) after reperfusion compared to ischaemic N
group. In the CNH group, there was a significant increase by 77 % in the level of pAkt
Ser*” after ischaemia. Ischaemic level of pAkt Ser* was higher by 22 % in CNH than in
N group. Interestingly, the maximal amount of pAkt Ser*’? correlated with the maximal
HK activity. Moreover, CNH group increased the level of both HK1 and HK2 after
ischaemic period by 31 % and 40 %, respectively which also corresponds with elevated HK
enzyme activity in this group (by 23 %). Although the phosphorylation level of Akt
corresponds with the expression of both HK isoforms, no translocation of HK1 isoform
during the whole I/R protocol could be obsetved in any group. Contrary, ischaemia
resulted in approximate 30 % decrease of HK2 colocalization in all mitochondrial
subpopulations.

Several corollaries can arise — increased phosphorylation of pAktSer473 may
mediate HK2 phosphorylation and prevent the detachment from mitochondrial OMM [30]
which enhances HK activity. The elevated expression of both HK isoforms is possibly due
to inhibition of proteasome system in ischaemic conditions [31], whereas HK2 association
with OMM may also make it more resistant to degradation [32,33]. Besides the upregulation
of carbohydrate metabolism, HK play an indisputable role in pentose phosphate pathway
increasing NADPH/NADP ratio [34], HK2 associaton with OMM maintains
mitochondrial membrane potential by incteasing ADP/ATP ratio in close vicinity of
VDAC [35,36] thus decreasing ROS levels. Moreover, HK2 associated with VDAC



competes with pro-apoptotic protein Bax for the binding site, which may prevent apoptosis
triggered by MPTP opening [37]. It is interesting that we observed the decteased Bax/Bcl-
2 ratio in the ischaemic and in reperfused CNH hearts compared to the corresponding
normoxic controls. This provides strong evidence that the probability of apoptosis during
brief myocardial I/R insult is lower in hearts adapted to CNH than in normoxic controls
and the results correspond with the studies showing that detachment of mitochondrial HK
leads to mitochondrial depolarization and cardiac necrosis [38,71].

CNH prevents energy deptrivation during a brief I/R in Wistar rats LV:

The metabolic benefits induced by CNH are not provided only by HK. Our
laboratory showed previously that CNH also upregulates mtCKS located in the
mitochondrial intermembrane space which preferentially supplies ADP for Complex V
[16]. Thus, both mtCKS and HK associated with OMM contribute to the coupled state of
mitochondrial respiration that may indirectly inhibit mPTP opening [40,41,71]. Contrary
to the results of Waskova e# al., we were unable to detect any significant change of mtCKS,
however — CNH prevented mtCKS downtegulation during I/R protocol. The
downregulation may be due to mtCKS binding to cardiolipin [42] which represents a
primary target of ROS attack in ischaemia [72].

These metabolic benefits are reflected by the fact that ischaemic period did not
elevate the pAMPKaThr!72 in CNH as much as it did in the control group (See Figure R5
in the DT). Activated AMPK modulates the glucose and FA metabolism, mitochondrial
function, stress of sarcoplasmic reticulum, autophagy and apoptosis [44]. Additionally,
pharmacological activation of AMPK by AICAR was shown beneficial as it reduced
myocardial necrosis and contractile dysfunction during I/R injury [45]. The
phosphorylation levels of Akt and AMPK correlate with the proposed mechanism of [40]
who showed higher levels of activated AMPK in energy deprived conditions whereas the
activated Akt was downregulated. It is of note that the activated Akt needs glucose to
provide beneficial effects [47]which is withdrawn in prolonged ischaemia.

CNH upregulates Akt/HK pathway in SHR and SHR-mtBN rat LVs:
Due the fact that HK was shown as a component regulating mPTP opening, we first
determined the specific enzyme activity of HK in LV tissue homogenates. The specific
enzyme activity was significantly higher in LV homogenates of normoxic SHR-mtBN
compared to with normoxic SHR (by ~40 %). Adaptation to CNH increased HK activity
by 19 % and 17 %, respectively in SHR and SHR-mtBN. Due the differences between HK
activities in tissue homogenates, we analysed the mitochondrial HK activity. Surprisingly,
any difference between the strains could be determined in control groups, although the
adaptation to CNH upregulated HK activity in SHR (by 50 %) and in SHR-mtBN (by 43
%). However, even in this case, both adapted CNH groups did not differ between each
other. As shown in Wistar rats, HK may be affected by Akt signalling.

Therefore, we determined the major cardiac Akt isoform mRNA and protein
expression. There are 3 Akt homologues: Akt 1(or o), Akt 2 (or ), and Akt 3 (or y) that all



share a common domain structure although they are products of distinct genes [48]. The
cardiac major isoforms are represented by Aktl and Akt2 as Akt3 is the major isoform of
the brain [49,50]. In our study, neither the adaptation, nor the replacement of mitochondrial
genome had any effect on Aktl and Akt2 mRNA expression. The same can be concluded
about Aktl protein expression, however, the protein expression of Akt2 was upregulated
by 43% in SHR-mtBN strain. Akt2 is generally accepted as a regulator of glucose
metabolism in cardiomyocytes [51], where it contributes to the phosphorylation of Akt
target proteins stimulated by insulin and IGF1 [52]. Beside that general and well accepted
role, recent studies have revealed its pleiotropic effects influencing many other signalling
pathways. Reinartz ez al. [53] reported that Akt2 significantly affects development of cardiac
muscle tissue, regulation of contractility, and last but not least Akt2 was observed to play a
fundamental role in the intracellular Ca?* handling. Furthermore, transfection of HL-1
cardiac cells with constitutively active Akt changed mitochondrial morphology [54].
Importantly, translocation of Akt into mitochondria suppressed mitochondrial apoptotic
signalling in cardiac muscle cells [55]. Based on our recent study [56], the present data
suggest an involvement of Akt pleiotropic action in mitochondrial genome-dependent
amplification of infarct size-limiting effect of chronic hypoxia and point to Akt2 as a
potential target of cardioprotective therapies.

IHH promotes changes in $-oxidation centres through ETS regulation:

Palmitoyl-carnitine (PC)-stimulated Oz consumption rates were affected by IHH
in both mitochondrial fractions. In SSM, PC-stimulated respiration rates fell by 16 % and
by 51 % in IFM. In the case of other respiratory substrates (malate and/or malate+ADP),
IHH did not affect SSM, whereas IFM consumption rates were reduced by 54% just when
malate was used as sole substrate. The cardiomyocyte inability to process FAs was shown
many times [17,25]. However, and in contrast - IHH adaptation resulted in the upregulation
of the rate-limiting enzyme of peroxisomal $-oxidation, ACOX1, by 12%. Accordingly,
peroxisomal NAD(H)-redox shuttle, essential for this pathway and represented by
peroxisomal lactate dehydrogenase B (LDHBx), was upregulated after IHH by ~ 12 %.
The expression of neither 70 kDa peroxisomal membrane protein (PMP70) nor
peroxisomal catalase was affected. Higher co-localization of LDHB with peroxisomal
PMP70 in IHH (by ~ 10 %) was confirmed by quantitative immunofluorescent microscopy
using Pearson’s correlation coefficient. On the other hand, we were not able to detect any
significant change in LDHA abundance in peroxisomes between the groups.

Afterwards, we demonstrated the suppressing effect of IHH on the capacity of
aerobic metabolism in mitochondria. The individual ETS complexes protein expression in
tissue homogenate was affected differently by the adaptation. Whereas IHH downregulated
the protein expression of CI and CIV (by 21 % and 55 %, respectively), it had no effect on
the expression of CII, CIII and CV. Moreover, the specific O2 consuption rates of SSM
dropped in compared to N by 34 % when malate+glutamate+ADP+succinate were used
as substrates. The difference was also apparent (28%) when IFM isolated from both groups



were analysed. Moreover, IFM from IHH LV samples showed significantly lower O>
consumption rates (by 33 %) when only malate+glutamate were used..

Higher activity of citrate synthase (CS) and complex I (NADH:ubiquinone
oxidoreductase; CI) in IFM isolated from control (N) compared to those observed in SSM
(by 90 % and 52 %, respectively) were observed. No significant difference was found in
complex II (Succinate dehydrogenase; CII) activity. IHH decreased the activity of CI in
IFM by 56 %. IHH also reduced the activity of CS in IFM by 38 % and in SSM by 40 %.

These data demonstrate that the mitochondrial B-oxidation rates are
downregulated through ETS inhibition manifested in the decrease of CI and CIV
expression and CI activity. It is of interest that CI assembly process requires a functional
CIV [57]. Furthermore, the reduction of mitochondrial phospholipid cardiolipin content,
seen in our IHH model, may partially explain the reduced expression in both, CI and COX
(Jezkova et al., 2002). Indeed, cardiolipin is required for optimal function of all respiratory
complexes, except complex II (i.e. CI, CIII, COX, and CV) [59]. This phospholipid is not
only a passive component of COX, but it was shown to be essential in normal electron
transport and proton translocation activity. As well as COX, the association of CI with
cardiolipin was shown [60]. The stabilization of mitochondrial super-complexes was
dependent on the presence of cardiolipin. Likewise, the activity of the pyruvate carrier and
the carnitine acylcarnitine translocase stimulating mitochondrial B-oxidation have been
shown to be the most efficient in cardiolipin presence [59].

The combination of reduced aerobic metabolism with protective signalling
deploying HIF-1 is responsible for the extramitochondrial alterations of energy
units in IHH:

IHH upregulated mRNA transcripts of both major cardiac glucose transporters,
GLUT1 and GLUT4, but also mRNA transcripts of HK1, HK2, PFK2, LDHA whereas
it downregulated mRNA of LDHB. The expression of LDHA, but not that of LDHB
increased after IHH. These alternations may be ascribed to the activity of HIF1a [61] and
are in accordance with recently published studies [15,16]. Reduction of aerobic capacity
and the drop in CI activity are likely responsible for the altered NAD*/NADH ratio which
may ultimately lead to reduced KC rates, but also may have impact on Ca?* homeostasis
(via Ryanodine receptor regulation), increased PFK activity (vzz low sarcoplasmic citrate)
and LDH activity (viz teduction of malate/aspattate shuttle). The reduction of aerobic
metabolism observed in SSM and IFM may be the reason of the CK system restructure.
We observed an upregulation in CKB mRNA and protein expression (37 % and 42%,
respectively), whereas the expression of CKM (by 17%) and mtCKS (by 37%) isoforms
decreased. The overall CK activity rose in IHH LV homogenate by 55% when compared
to the control. IHH thus promotes a different type of CK system remodelling than CNH
in which mtCKS was upregulated [16]. However, both adaptations share the upregulated
CK activity possibly zia CKB expression. Interestingly, CKB upregulation likely reflects the
upregulated carbohydrate metabolism as only CKBB and CKMB dimers activities are
affected by insulin [63]. A negative regulation between CKM and changes in cellular redox



state [73] may explain the decrease in CKM expression. The proportional decline of CKM
and elevation of CKB in M-band in this study suggests the presence of CKMB dimers in
the M-band as CKB itself does not possess the desirable N-terminal binding domain [64]
and may indicate that the lower mitochondrial ATP provision within the interfibrillar
region is partially compensated by the upregulated glycolytic flux.

B-oxidation shift from mitochondria to peroxisomes as oxygen saving strategy in
IHH:

In the light of the results from IHH study, it seems tempting to suggest that the
upregulation of peroxisomal 3-oxidation helps to utilize mitochondrially-unprocessed FAs
but in certain conditions may also represent a very sophisticated oxygen saving mechanism.
As it was mentioned, the activity of ACOX and other peroxisomal oxidases are coupled
with hydrogen peroxide generation which is rapidly eliminated by the activity of catalase
(CAT). Several studies have documented the activity and/or the expression of CAT to be
upregulated by hypoxia [65,66]. We were unable to detect any significant increase in CAT
expression. Nevertheless, CAT is an enzyme with dual enzyme activity. Whereas it
processes HoO2 molecules and further peroxidises proteins or lipids when ROS levels are
low, it becomes catalytically active when ROS levels are high generating oxygen molecules
[67]. Upregulation of ACOX in IHH modulates peroxisomal redox state possibly keeping
CAT in its catalytically-active state thanks to the fact that peroxisomes are small and
membranous organelles. In ischaemia, the heart switches the metabolism towards glucose
utilization, nevertheless fatty acid oxidation continues to be the predominant source of
energy [68]. Overall mitochondrial oxidative metabolism decreases in proportion to the
decrease in cardiac oxygen supply and the intracellular FA levels rise. The co-ordinated
activity of peroxisomal ACOX and CAT may alleviate higher sarcoplasmic FA levels,
especially in the case of LCFAs. Moreover, the activity of CAT switched to O2 generation
in IHH may be hereafter stimulated by FA flux in ischaemia enabling the myocardium to
continue with oxidative processes. A portion of glycolytic flux may thus exclusively serve
to stimulate peroxisomal FA oxidation in form of the pyruvate molecules. This mechanism
would allow the long-chain acyl-CoA molecules to be processed without such needs of
oxygen. Although not wholly, this phenomenon could also explain the abolishing effect of
N-acetylcysteine (NAC) on IHH-induced cardioprotection [69]. CAT has been shown to
participate in the protection of peroxisomal B-oxidation machinery from the effect of H>O»
[70]. The antioxidant effect of NAC may reverse CAT catalytic activity in ischaemic
conditions, promoting CAT peroxidase activity affecting peroxisomal function, thus
abolishing the observed cardioprotective effect of IHH itself.

5. CONCLUSION

In conclusion, our data suggest that the cardiac resistance to I/R injuty induced
by adaptation to chronic hypoxia is manifested mainly by alteration of cardiac energy
metabolism. Both regimens of adaptation (i.e. CNH and IHH) promoted upregulation of
glucose metabolism. This phenomenon was exhibited by upregulation of GLUT and HK,
PFK and LDH and as whole may be ascribed to the combined effect of Akt and HIF-1



signalling. Both adaptations lead to the re-structure of CK system, illustrated by
upregulation of CKB and downregulation of CKM. Contrary, the centre of lipid
metabolism represented by mitochondrial subpopulations was subdued in IHH. However,
this adaptation led to the increased proportion of peroxisomal B-oxidation capacity,
possibly as consequence of decreased mitochondrial aerobic rates. This shift likely
represents cardiac oxygen saving mechanism in FA utilization and is partly stimulated by
elevated glycolytic rates and altered NAD*/NADH ratio serving as a basis of IHH-induced
protection against Ca?*-induced mitochondrial transition potre opening. Nevertheless, all
of these energetic effects may provide the basis for cardioprotection against I/R by
downregulation of ROS burst observed at the onset of reperfusion period, augmentation
of Ca?" handling, lowering the probability of mPTP opening, re-establishment of post-
ischaemic cardiac functions, mitochondrial, and cellular protection.
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