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Abstrakt

Kardiovaskularni choroby patii v soucasné dobé stale k nejcastéjSim pficinam
onemocnéni a imrti v zdpadnim svété. Adaptace na chronickou hypoxii miZze pfispét ke zlepSeni
ischemické tolerance myokardu, ale pfesné molekuldrni mechanismy vedouci k vyvoji
kardioprotektivniho fenotypu nejsou stale znamé. Existuji ur¢ité naznaky, které poukazuji na
moznou ulohu B-adrenergni signalizace v téchto procesech.

V prvni ¢asti prace jsme se zaméfili na zkoumani vlivu protektivni kontinualni (CNH;
24 h/d) a neprotektivni intermitentni (INH; 23 h/d hypoxie, 1 h/d reoxygenace) normobarické
hypoxie na B-adrenergni signalizaci v pravé (RV) a levé (LV) komote myokardu potkani kmene
Wistar. Oba hypoxické modely vedly k poklesu exprese fi-adrenergnich receptort (Bi-ARs) v
RV. Ve vzorcich LV nebyly zjistény zadné vyznamné zmény v B-ARs. Ackoliv aktivita
adenylatcyklazy (AC) stimulovana Gs proteiny byla po adaptaci na CNH i INH v RV snizena a
v LV zvysena, nedoslo k odhaleni vyznamnéjsich zmén v expresi dominantnich isoforem AC
5/6. V ptipadé exprese Gs proteini byl u obou hypoxickych modelti odhalen pokles v RV. Tyto
vysledky naznacuji, ze chronickd normobarickd hypoxie mize mit silny vliv na myokardialni
B-adrenergni signalizaci bez rozdiltt mezi protektivnim a neprotektivnim modelem hypoxie.

V druhé c¢asti jsme se vénovali sledovani vlivu CNH na B-adrenergni signalizaci a
antioxida¢ni systém v LV myokardu spontanné hypertenznich potkanti (SHR) a konplastického
SHR-mtBN kmene, ktery nese mitochondrialni genom kmene Brown Norway na genetickém
pozadi SHR kmene. Podil B2-ARs byl signifikantné vy$si u SHR-mtBN kmene nez u SHR.
Adaptace na CNH zvysila celkovy pocet B-ARs a podil B2-ARs u SHR a snizila celkové
mnozstvi B-ARs u SHR-mtBN. Aktivita AC stimulovana isoprenalinem byla vys$§i u
SHR-mtBN. Po expozici potkani na CNH byly u zkoumanych kment pozorovany odlisné
zmény v aktivité AC. Zatimco u SHR kmene doSlo vesmés k jejimu narfistu, u SHR-mtBN k
poklesu. Naopak aktivita MAO-A a jeji exprese byly signifikantné niz§i u SHR-mtBN nez u
SHR a po adaptaci na CNH doslo u obou kment ke zvyseni téchto hodnot. Kromé toho CNH
vyrazné zvysila expresi katalazy a aldehyddehydrogendzy-2 u obou kment a snizila expresi
Cu/Zn superoxiddismutazy u SHR. Tyto data ukazuji, Ze vyména mitochondrialniho genomu
muze vést ke specifickym zménam v -adrenergni signalizaci, aktivit¢ MAO-A a antioxidacni
obran¢ a mtize také ovlivnit adaptivni odpovédi na hypoxii.

V posledni ¢asti této prace jsme sledovali vliv chronické intermitentni hypobarické
hypoxie (IHH) na B-adrenergni signalizaci v LV myokardu potkanti kmene Wistar. Celkovy
pocet B-ARs se po adaptaci na IHH nezménil, ale pomér jednotlivych podtypti f-ARs vyrazné
vzrostl v disledku nardstu B2-ARs a poklesu B1-ARs. Soucasné doslo vlivem hypoxie ke snizeni
exprese AC5 a zvyseni hladiny Gi proteind. NasSe data spolecné s dalsimi vysledky odhalenymi
v této studii naznacuji moznou roli B-ARs ve vyvoji kardioprotektivniho fenotypu.

Kli¢ova slova: myokard, kardioprotekce, chronicka hypoxie, B-adrenergni receptory,
G-proteiny, adenylatcyklaza, SHR, SHR-mtBN, MAO-A, antioxidacni systém



Abstract

Cardiovascular diseases are currently one of the most common causes of morbidity and
mortality in the Western world. Adaptation to chronic hypoxia can contribute to the
improvement of ischemic tolerance of myocardium but exact molecular mechanisms leading to
the development of cardioprotective phenotype are still unclear. There are some indications that
point to the possible role of B-adrenergic signaling in these processes.

In the first part of the thesis, we examined the effect of protective continuous (CNH,;
24 h/day) and nonprotective intermittent (INH; 23 h/day hypoxia, 1 h/day reoxygenation)
normobaric hypoxia on B-adrenergic signaling in the right (RV) and left ventricles (LV) of
Wistar rats. Both hypoxic models led to decrease in Bi-adrenergic receptors (fi-ARs) in RV.
There were no significant changes in B-ARs in LV preparations. Although adenylyl cyclase
(AC) activity stimulated through Gs proteins was decreased in the RV and increased in the LV
after adaptation to CNH and INH, there were no significant changes in the expression of
dominant AC 5/6 isoforms. Expression of Gs proteins was decreased in RV in both hypoxic
models. These results suggest that chronic normobaric hypoxia may have a strong effect on
myocardial f-adrenergic signaling without differences between protective and nonprotective
model of hypoxia.

In the second part of this thesis, we studied the effect of CNH on f-adrenergic signaling
and antioxidant system in the LV of spontaneously hypertensive rats (SHR) and in a conplastic
SHR-mtBN strain carrying the mitochondrial genome of Brown Norway strain on the genetic
background of SHR strain. The f2-ARs proportion was significantly higher in SHR-mtBN strain
than in SHR. Adaptation to CNH elevated the total number of B-ARs and proportion of f2-ARs
in SHR and decreased the total amount of B-ARs in SHR-mtBN. AC activity stimulated by
isoprenaline was higher in SHR-mtBN. After exposure of rats to CNH were observed different
changes in AC activity in both examined strains. Whereas AC activity in SHR strain increased,
AC activity in SHR-mtBN decreased. On the other hand, the activity of MAO-A and its
expression was significantly lower in SHR-mtBN than in SHR and these figures were elevated
in both strains after exposure to CNH. In addition, CNH markedly enhanced the expression of
catalase and aldehyde dehydrogenase-2 in both strains, and decreased the expression of
Cu/Zn superoxide dismutase in SHR. These data indicate that alterations in the
mitochondrial genome can result in distinctive changes in B-adrenergic signaling, MAO-A
activity and antioxidant system and may also affect the adaptive responses to hypoxia.

In the last part of this thesis, we examined the effect of chronic intermittent hypobaric
hypoxia (IHH) on B-adrenergic signaling in the LV of Wistar rats. The total number of 3-ARs
did not change after adaptation to IHH, but the ratio of B-ARs subtypes markedly increased due
to the B2-ARs increase and B1-ARs decrease. In parallel, adaptation to hypoxia caused decrease
in expression of AC5 and increase of Gi protein levels. Our data, together with other results
revealed in this study, suggest a possible role of B-ARs in the development of a cardioprotective
phenotype.

Keywords: myocardium, cardioprotection, chronic hypoxia, p-adrenergic receptors,
G-proteins, adenylyl cyclase, SHR, SHR-mtBN, MAO-A, antioxidant system
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mitogen-activated protein kinase
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mitochondrial permeability transition pore

prostaglandin Ez / prostaglandin E

fosfatidylinositol-3 kinaza / phosphatidylinositol-3 kinase
proteinkinaza A / protein kinase A

prava komora / right ventricles

reaktivni formy kysliku / reactive oxygen species
standardni chyba priméru / standard error of the mean
spontanné hypertenzni potkan / spontaneously hypertensive rat
superoxiddismutdza / superoxide dismutase



A. CESKA CAST
1. Uvod

Srdecni choroby, zejména akutni infarkt myokardu, patii v dnesni dob¢ stale k
predstavuje jeden z mechanismii, ktery myokard vyuzivda k ochrané pred
ischemicko/reperfuznim (I/R) poskozenim. Znaéné mnozstvi studii potvrdilo, ze adaptace
myokardu na ur€ité rezimy chronické hypoxie vede ke zmenSeni velikosti infarktu, snizuje
pocet komorovych arytmii a zlepSuje obnovu srde¢ni kontraktility po akutnim I/R
poskozeni (Asemu et al., 1999; Zong et al., 2004; Ostadal and Kolar, 2007; Wang et al.,
2011; Naghshin ef al., 2012; Neckar et al., 2013). Chronicka hypoxie indukuje v srdci
celou fadu adaptivnich zmén, které mohou byt povazovany za protektivni, ale pfesné
molekuldrni mechanismy téchto zmén nejsou stale zndmé. Je zfejmé, Ze porozuméni
molekularnim mechanismiim, které se ucastni protekce myokardu, je nezbytnym
ptedpokladem pro vyvoj uc¢innych farmakologickych latek, které by mohly byt pouzity v
klinické praxi.

Existuji urcité indicie, které poukazuji na moznou roli B-adrenergnich receptort
(B-ARs) v protekei myokardu indukované hypoxii. Chronicka hypoxie vede ke zvySené
aktivit¢ sympatického nervového systému, coz ma za nasledek zvySenou hladinu
katecholaminti v téle (Johnson ef al., 1983). NarGst katecholamini a jejich vliv na
B-adrenergni signalizaci muze ptispét k rozvoji kardioprotektivniho fenotypu (Frances et
al., 2003; Tong et al., 2005; Salie et al., 2011). Zapojeni B-ARs v kardioprotekei
indukované hypoxii bylo prokazano zablokovanim jednoho podtypd téchto receptort
béhem intermitentni hypoxie, coZ se projevilo vyraznym oslabenim protektivniho G¢inku
hypoxie (Mallet et al., 2006).

Jsou znamé 3 podtypy B-ARs - Bi-ARs, B2-ARs a f3-ARs (Kobilka, 2011). V
kardiomyocytech maji nejveétsi zastoupeni predevsim fi- a f2-ARs podtypy (Brodde, 1991;
Rockman et al., 2002). B-ARs transdukuji signal obdrzeny po vazbé katecholaminu pies
G-proteiny k jejich naslednym efektorovym molekulam. Jak Bi-ARs tak B2-ARs jsou
sptazeny se stimulacnimi G-proteiny (Gs proteiny), které aktivuji adenylatcyklazu (AC),
coz vede k tvorbé cyklického adenosinmonofosfatu (cAMP). Zvysena hladina cAMP ma
za nasledek jeho vazbu na regulacni podjednotku cAMP-dependentni proteinkinazy A
(PKA), coz vede k jeji aktivaci. Aktivovana PKA fosforyluje riizné cilové proteiny, které
se podileji na zvySeni srde¢ni kontrakce, frekvence a rychlosti srde¢ni relaxace (Li ef al.,
2000; Bers, 2002; Salazar et al., 2007). B2-ARs mohou na rozdil od Bi-ARs piisobit také
drahou, ktera je spojena s inhibi¢nimi G-proteiny (Gi proteiny). K pfepnuti signalizace od
Gs na Gi je zapotfebi fosforylace intracelularni ¢asti receptoru (Daaka et al., 1997). Bylo
prokazano, ze PB2-ARs-Gi signalizace kromé inhibice aktivity AC (Xiao et al., 1999)
indukuje nabor a aktivaci dalSich signalnich molekul, véetné ERK (extraceluldrnim
signalem regulovana proteinkinaza), cPLAxa (cytosolicka fosfolipaza Aza), PI3K



(fosfatidylinositol-3 kinaza) a Akt kinazy, u kterych se prokdzalo, ze ovliviluji rist
kardiomyocyti a zabrafiuji jejich apoptdze (Luttrell ef al., 1999; Zhu et al., 2001; Pavoine
et al.,2003).

2. Cile

Hlavnim cilem této prace bylo sledovani vlivu riiznych modelii chronické hypoxie
na B-adrenergni signalizaci v myokardu potkana a mozném zapojeni této signalni drahy v
molekularnich mechanismech kardioprotekce.

Prehled specifickych cil:

Cil1:  Sledovani vlivu protektivni kontinualni a neprotektivni intermitentni

normobarické hypoxie na B-adrenergni signalizaci v RV a LV myokardu potkana

« stanoveni celkového poctu (Bmax) a disociacni konstanty (Kp) f-ARs

* zjisténi poméru jednotlivych podtypi B-ARs (Bi-ARs a P2-ARs) a hodnoty
inhibi¢ni konstanty (Ki) B-ARs pomoci vazebnych studii

» stanoveni zastoupeni 3-ARs na urovni mRNA

* analyza zmén na urovni proteint u vybranych komponent B-adrenergni signalizace
(Gsa, GB, AC)

* stanoveni enzymové aktivity AC

Cil 2: Sledovani vlivu CNH na [-adrenergni signalizaci, monoaminooxiddzu A
(MAO-A) a vybrané komponenty antioxida¢niho systému v LV myokardu SHR a
SHR-mtBN potkanti

« stanoveni celkového poctu (Bmax) a disociacni konstanty (Kp) B-ARs

* zjisténi poméru jednotlivych podtypi B-ARs (Bi-ARs a P2-ARs) a hodnoty
inhibi¢ni konstanty (Ki) B-ARs pomoci vazebnych studii

» stanoveni aktivity AC a MAO-A

+ sledovani zastoupeni MAO-A a vybranych antioxida¢nich enzymui (katalazy,
aldehyddehydrogenazy-2 (ALDH-2), Cu/ZnSOD, MnSOD) na urovni mRNA a
proteint

* porovnani moznych rozdilii v B-adrenergni signalizaci a antioxidacnim systému
mezi jednotlivymi kmeny potkanti (SHR, SHR-mtBN)

Cil 3:  Sledovani vlivu chronické intermitentni hypobarické hypoxie na B-adrenergni
signalizaci v LV myokardu potkana

 stanoveni celkového poctu (Bmax) a disociacni konstanty (Kp) f-ARs

* zjisténi pomeéru jednotlivych podtypi B-ARs (Bi-ARs a P2-ARs) a hodnoty
inhibi¢ni konstanty (Ki) f-ARs pomoci vazebnych studii

* sledovani zastoupeni vybranych komponent f3-adrenergni signalizace (AC5, AC6,
Giai 2, Gios)



3. Material a metodika

Laboratorni zviFata

K experimentim byli pouZziti samci potkanti kmene Wistar, SHR (spontanné
hypertenzni potkan) a SHR-mtBN. SHR-mtBN je konplasticky kmen, ktery nese
mitochondridlni genom vysoce inbredniho kmene Brown Norway (BN) na jaderném
genetickém pozadi SHR potkant. Experimentalni protokoly byly schvaleny Etickou
komisi Fyziologického tistavu Akademie véd Ceské Republiky. Vechny experimenty
byly provedeny v souladu s ,,Guide for the Care and Use of Laboratory Animals®
publikovanym v US National Institutes of Helth (NIH publication No. 85-23, revidovano
1996).

Experimentalni modely chronické hypoxie

V naSich studiich byly pouzity tii modely chronické hypoxie: kontinualni
normobaricka hypoxie (CNH; 3 tydny, 24 h/d), intermitentni normobaricka hypoxie (INH;
3 tydny, 23 h/d hypoxie, 1 h/d reoxygenace) a intermitentni hypobarickad hypoxie (IHH;
5 tydnd, 5 dni/tyden, 8 h/d). Kontrolni skupiny potkand byly po stejny casovy usek
chovany v normoxickych podminkach.

Homogenizace a frakcionace tkané

Srdce potkanti byla po vyjmuti rozdélena na jednotlivé srdec¢ni oddily. Pravé (RV)
a levé komory (LV) byly déale homogenizovany, frakcionovany a uchovany v
hlubokomrazicim boxu (-80 °C).

Vazebné studie

Ke stanoveni celkového poctu B-ARs a disocia¢ni konstanty bylo vyuZzito
satura¢nich vazebnych studif za pouziti radioligandu [SH]CGP 12177. Pomér jednotlivych
podtypti B-ARs (P1-ARs a P2-ARs) a jejich inhibicni konstanty byly stanoveny
prostiednictvim  kompeti¢nich vazebnych studii za pouziti fixni koncentrace
[*H]CGP 12177 a rostouci koncentrace selektivniho antagonista B2-ARs ICI 118,551.

Izolace RNA a Real-time PCR

Izolace celkové bunééné RNA byla provedena za pouziti RNAzolu ¢i TRIzolu.
Ziskana RNA byla pfepsana v procesu reverzni transkripce do cDNA. Analyzy Real-time
PCR byly provedeny na pfistroji Light Cycler LC 480. Hladiny analyzovanych transkripti
byly vztazeny na relativni hodnotu referen¢niho genu ribosomalni podjednotky 18S ¢i
hypoxanthin fosforibosyltransferazy. ~Stanoveni bylo provedeno Mgr. Ivetou
Nedvédovou, Ph.D.



SDS-PAGE elektroforéza a Western Blot analyza

Ke stanoveni exprese analyzovanych proteinti byla vyuzita gelova elektroforéza
snaslednym pfenosem na nitrocelulozovou membranu a detekci specifickymi
protilatkami.

Stanoveni aktivity adenylatcyklazy

Aktivita AC byla stanovena méfenim piemény [a-’P]ATP na [3’P]cAMP
(Thnatovych et al., 2001).1. Kromé bazalni aktivity AC byla stanovena jeji enzymova
aktivita modulovana riznymi stimulatory (10 uM isoprenalin, 10 pM forskolin, 10 mM
MnC12, 100 pM GTPyS a 10 mM NaF).

Stanoveni aktivity monoaminooxidazy-A

Aktivita MAO-A byla stanovena za pouziti kynuramin dihydrobromidu jako
substratu v piitomnosti deprenylu, inhibitoru MAO-B (Xu et al., 2005) Fluorescence
vzniklého produktu byla métfena na 96-jamkové desti¢ce pii Ex 310-nm/Em 380-nm na
ptistroji Biotek Synergy HT.

Statistické zpracovani dat

Vysledky byly vyjadieny jako aritmeticky primér a rozptyl dat jako standartni
chyba priméru (SEM). Vysledky byly statisticky zpracovany programem GraphPad
Prism 6 s vyuzitim testu OneWay ANOVA s naslednym Student-Newman-Keuls testem.
Za statisticky vyznamny byl povazovan rozdil s hladinou vyznamnosti p <0.05.

4. Vysledky a diskuze

Cil1: Sledovani vlivu protektivni kontinualni a neprotektivni intermitentni

normobarické hypoxie na -adrenergni signalizaci v RV a LV myokardu potkana

Prvni vysledky této studie ukazaly, ze adaptace potkanti kmene Wistar na
protektivni (CNH) a neprotektivni (INH) model chronické normobarické hypoxie vedla k
signifikantnimu poklesu télesné hmotnosti (CNH o 15%; INH o 14%) v porovnani s
normoxickou skupinou. Na druhou stranu hmotnost srdce u hypoxickych modelti vzrostla
a to v dusledku vyrazné hypertrofie RV. Nami zaznamenané zmény v hmotnostnich
parametrech se shoduji s vysledky pfedchozich studii na podobnych modelech (Tual et al.,
2006; Laursen et al., 2008; Baandrup et al., 2011; Neckar et al., 2013).

K charakterizaci f-ARs v RV a LV byly pouzity vazebné studie. Saturacni studie
nam ukazali, ze v pfipad€ LV neméla CNH ani INH vliv na celkové mnozstvi B-ARs, coz
odpovida nékterym piedchozim studiim (Winter et al, 1986; Germack et al., 2002;
Hrbasova et al., 2003). Na druhou stranu ale existuji studie, které naopak prokéazaly pokles
B-ARs v LV (Voelkel et al., 1981; Kacimi et al., 1992; Ledn-Velarde et al., 2001; Favret
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et al., 2001). Tento odlisSny vysledek mize byt dany rozdilnymi experimentalnimi
podminkami.

Narozdil od LV byl u RV v nasi studii zaznamenan signifikantni pokles celkového
poctu B-ARs u obou hypoxickych skupin potkanti. Z vysledki kompeti¢nich studii, které
u CNH i IHN odhalily zménu poméru jednotlivych podtypl B-ARs ve prospéch B2-ARs,
se zda, ze tento pokles lze pricist ubytku fi-ARs. Selektivni pokles fi-ARs je obvykle
pozorovan béhem srde¢ni hypertrofie. Pfevazna vétsina studii zaméfujicich se na spojeni
srde¢ni hypertrofie se zménami v distribuci jednotlivych podtypti B-ARs byla ale
provedena na LV (Galinier ef al., 1992; Communal et al., 1998; Sethi et al., 2007). V
ptipad€ hypertrofie RV byl sice taktéz zaznamenany signifikantni pokles v celkovém
mnozstvi B-ARs, ale zmény na urovni jednotlivych podtypt -ARs nebyly v téchto studiich
zjistovany (Voelkel et al., 1981; Ishikawa et al., 1991; Yoshie et al., 1994; Favret et al.,
2001). Existuje studie, ktera po adaptaci na hypobarickou hypoxii prokazala pokles
celkového poctu B-ARs v obou komorach, jenz byl zplsoben selektivnim poklesem
Bi1-ARs, ale pravdépodobné z divodu kratkodobé expozice v tomto pfipadé nedoslo k
hypertrofii RV (Mardon et al., 1998). Nase vysledky tedy ukézaly, Ze expozice potkand na
CNH a INH vyvolava v hypertrofované RV podobné zmény v distribuci f-ARs podtypt,
jako byly pozorovany u riznych typt hypertrofie LV a ve studii Mardon a spol.

Pozorovany pokles hladiny Bi-ARs na trovni proteinti v RV u CNH a INH byl dale
podpoten poklesem Bi1-ARs rovnéz na irovni mRNA. Podobny vysledek byl také prokazan
ve studii Piao a spol., kde byl ale oproti nasi studii zjistén pokles hladiny mRNA Bi-ARs
v obou komorach (Piao et al., 2012).

Nase dalsi experimenty odhalily vliv CNH a INH na distribuci Gsa proteind v RV,
ve které byl zaznamendn vyznamny ubytek exprese téchto proteini. Pozorovany pokles
Gsa proteinti odpovida vysledkiim studie Guan a spol., ve které byla odhalena niz§i exprese
tohoto proteinu v RV po expozici potkanti na IHH (Guan et al., 2010). Hladina AC 5/6 se
u hypoxickych potkanti ve srovnani s normoxickou skupinou nijak vyznamné nelisila ani
v jedné komote.

Dale jsme zkoumali aktivitu AC a to jak na bazalni Grovni, tak po modulaci
riznymi stimulatory. Nase vysledky ukézaly, Ze pusobeni jednotlivych stimulatort mélo
opacny ucinek na aktivitu AC v RV a LV. Ackoliv adaptace na CNH i INH mezi
jednotlivymi vzorky nezpisobila zadné znatelné zmény v bazalni aktivit¢ AC, oba
hypoxické modely snizily aktivitu stimulovanou Gs proteiny prostiednictvim GTPyS v RV
a naopak zvysily tuto aktivitu v LV. SniZeni aktivity AC v RV mize byt alespoii ¢astecné
vysvétleno pozorovanym poklesem hladiny Gs proteind po adaptaci na oba modely
hypoxie, coz zaroven dobie odpovida dfive pozorovanym zménam aktivity AC u vzorkl
hypertrofovanych srdci (Bohm et al., 1997; Tse et al., 2000; Novotny et al., 2003). Nekteré
predchozi studie zaznamenaly pokles aktivity tohoto systému nejen v RV, ale také v LV.
V piipadé téchto studii byl pouzit model hypobarické hypoxie a potlaceni aktivity AC bylo
pozorovano také po aplikaci jinych stimulatorti nez jen GTPyS (Mardon et al., 1998; Leon-
Velarde et al., 2001; Hrbasova et al., 2003). Opacny ucinek jednotlivych stimulatorti na
aktivitu AC v RV a LV potkant adaptovanych na CNH a INH muize byt pfic¢itan hypertrofii
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RV, kterd vede k naruSeni tohoto signalniho systému. Na druhou stranu, pozorované
zvySeni enzymové aktivity AC v LV po stimulaci prostiednictvim GTPyS a rovnéz pomoci
forskolinu a NaF u obou hypoxickych modelti naznacuje efektivnéjsi spojeni mezi
Gs proteiny a AC. Zda se, Ze toto spojeni by se mohlo n&jakym zptisobem podilet na vyvoji
kardioprotektivniho fenotypu. Je zajimavé, ze schopnost isoprenalinu, jakozto agonisty
B-ARs, ke stimulaci AC byla v obou komorach jen mirné snizena. V RV mize byt tento
pokles pravdépodobné vysvétlen snizenim celkového poctu B-ARs. Zeslabena
B-adrenergni signalizace se Casto objevuje u srdecni hypertrofie, stejné jako za jinych
stresovych podminek (Bohm et al., 1997; Vatner et al., 1999; Nishizawa et al., 2004;
Myslivecek et al., 2008).

Cil 2: Sledovani vlivu CNH na [(-adrenergni signalizaci, monoaminooxidazu

A (MAO-A) a vybrané komponenty antioxidaéniho systému v LV myokardu
SHR a SHR-mtBN potkanu

V této studii jsme se zaméfili na zkouméni vlivu substituce mitochondrialniho
genomu na B-adrenergni signalizaci a antioxidacni systém u spontanné hypertenznich
potkant (SHR) za normoxickych a hypoxickych podminek (CNH). Pokusy byly
provadény soubézné na dvou kmenech, SHR a SHR-mtBN, coz je konplasticky kmen,
ktery nese mitochondrialni genom kmene Brown Norway na genetickém pozadi SHR
kmene. Konplasticky kmen vykazuje stejnou velikost infarktu myokardu zpisobenou I/R
poskozenim jako ptivodni SHR kmen. Ackoliv adaptace na CNH zlepsila ischemickou
toleranci myokardu u obou kment, jeji i¢innost na snizeni velikosti infarktu byla vétsi u
konplastického SHR-mtBN kmene nez u SHR (Neckar er al., 2017). Rostouci mnozstvi
dikazli naznacuje, ze mitochondrialni DNA je nezbytna pro bunéény fenotyp a tudiz mize
pomahat bunikdm se adaptovat na stres a dalsi podminky prostiedi (Kelly et al., 2013).

Vysledky porovnavajici hmotnostni parametry ukazaly, Ze se oba testované kmeny
potkani za normoxickych podminek kromé relativni hmotnosti LV neliSily v Zadném
jiném parametru. Naproti tomu adaptace na CNH vedla u obou kmenti k poklesu télesné
hmotnosti a k nardstu vétsiny ostatnich hmotnostnich parametrii ve srovnani s prislusnymi
normoxickymi skupinami. Zmény vyvolané CNH odpovidaji vysledkiim ziskanym v nasi
ptedchozi studii, kdy byl pouzit stejny model hypoxie (Hahnova et al., 2016).

V prvni ¢asti studie jsme se zaméfili na B-adrenergni signalizaci. Nase vysledky z
vazebnych studii odhalily vyznamné vyssi podil f2-ARs vLV SHR-mtBN kmene ve
srovnani s SHR a ze CNH me¢la rtizny vliv na distribuci B-ARs v obou kmenech. Zatimco
u SHR kmene vedla CNH k nartistu celkového poctu f-ARs pravdépodobné v disledku
zvySené exprese 2-ARs, u konplastického kmene doslo naopak k poklesu celkového
mnozstvi -ARs bez zmény podilu jednotlivych podtypt f-ARs.

Za normoxickych podminek bylo u SHR-mtBN potkand odhaleno zvysené
mnozstvi B-ARs ve srovnani s SHR kmenem, coz se projevilo zvySenou schopnosti
isoprenalinu stimulovat aktivitu AC. Na druhou stranu, vlivem CNH byla tato aktivita u
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SHR-mtBN kmene snizena, coz bylo v souladu s niz§i expresi f-ARs u téchto zvitat.
Enzymova aktivita stimulovana forskolinem a NaF, tedy stimulatory, které mohou
modulovat aktivitu AC ptimo nebo prostiednictvim G-proteind, byla zvysena u hypoxické
SHR skupiny. Naproti tomu, u konplastického kmene byla aktivita stimulovana NaF
zvySena jiz za normoxickych podminek a vlivem CNH doslo k jejimu poklesu. Tyto
specifické rozdily mezi kmeny mohou byt pravdépodobné vysvétleny zménou schopnosti
G-proteint regulovat aktivitu AC.

Pozorovany pokles celkového poctu B-ARs u hypoxické skupiny SHR-mtBN byl
v souladu s vysledky piedchozich studii, které ale nezkoumaly zastoupeni jednotlivych
podtypt B-ARs (Mader et al., 1991; Kacimi et al., 1992; Ledn-Velarde et al., 2001).
Vyjimkou byla studie Mardon a spol, ktera prokazala selektivni pokles B1-ARs zptisobeny
vlivem 5-denni hypoxie (Mardon ef al., 1998). Také nami odhaleny pokles aktivity AC po
stimulaci isoprenalinem a NaF u konplastického kmene adaptovaného na CNH odpovida
diive publikovanym datiim (Ledn-Velarde et al., 2001; Hrbasova et al., 2003). Na druhou
stranu zvySenad schopnost G-proteinti stimulovat enzymovou aktivitu AC u hypoxické
skupiny SHR nebyla dfive pozorovana a mize ptedstavovat specificky rys tohoto kmene.

Je znamo, Ze PB2-ARs aktivuji kinazy piezivani a zmiriiuji dysfunkci mitochondrii
béhem oxidac¢niho stresu prostfednictvim inhibice otevirani mitochondridlnich péra
pfechodné propustnosti (mPTP) (Fajardo et al, 2011). ZvySeny podil B2-ARs u
konplastického kmene ve srovnani s SHR a pokles celkového mnozstvi B-ARs u tohoto
kmene po adaptaci na CNH muze tedy piispét k lepsi ochran¢ SHR-mtBN potkant pred
akutnim I/R poskozenim (Neckaf et al., 2017).

V dalsi ¢asti studie jsme zaméfili na§ zdjem na monoaminooxidazu A (MAO-A),
coz je prevladajici isoforma MAO v myokardu. MAO je dilezity mitochondridlni enzym,
ktery katalyzuje oxida¢ni deaminaci katecholaminl (Schomig et al., 1987) a patii mezi
hlavni producenty reaktivnich forem kysliku (ROS) v kardiomyocytech (Anderson et al.,
2014). Nase vysledky ukazaly, Ze jak exprese, tak aktivita tohoto enzymu byla niz$i u
SHR-mtBN zvifat nez SHR a Ze adaptace potkand na CNH vedla k vyraznému nardstu
téchto hodnot u obou kmenti. Nicméné i za hypoxickych podminek zistaly tyto hodnoty u
SHR-mtBN kmene stale signifikantné niz§i ve srovnani s SHR, coz lze povazovat za
specificky rys tohoto kmene. Pozorovany nardst obou sledovanych hodnot MAO-A po
CNH miZze poukazovat na dileZitou roli tohoto enzymu v adaptaénich reakcich na
neprokazali zddnou vyznamnou zménu aktivity MAO v kozim myokardu po adaptaci na
hypobarickou hypoxii (Maher ef al., 1978). Tento rozpor muze byt vysvétlen pouzitim
rozdilnych modelil a experimentalnich podminek. Existuji ur¢ité naznaky, které poukazuji
na to, ze pfipadné zmény v aktivit¢ MAO mohou zavist na délce trvani hypoxické expozice
(Shatemirova et al., 1990).

Je dobfe znamo, ze chronicka hypoxie a stimulace B-ARs miize mit za nasledek
zvyseni produkce mitochondridlnich ROS v kardiomyocytech (Foéldes-Papp et al., 2005;
Andersson et al., 2011; Singh et al., 2013). Zatimco pfiméfeny nartist hladiny ROS je
dualezity pro dosazeni protektivniho téinku hypoxické expozice (Kolar et al., 2007;
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Kasparova et al., 2015), vysoka hladina ROS muize naopak zptsobit nadmérny oxidac¢ni
stres v kardiomyocytech. Skodlivé Gi¢inky ROS generovanych z riznych zdrojii, véetnd
mitochondrii a MAO, jsou pravidelné potlacovany fadou endogennich antioxidacnich
obrannych mechanismil. Proto jsme se dale zaméfili na studium exprese vybranych
komponent antioxidacniho systému - superoxiddismutdz (SOD), katalazy (CAT) a
aldehyddehydrogenazy-2 (ALDH-2). Porovnani hladin exprese téchto enzymi na Grovni
mRNA a proteini ve vzorcich z SHR a SHR-mtBN zvifat neodhalilo za normoxickych
podminek zadné vyznamné rozdily mezi témito kmeny. Adaptace na CNH vyrazné zvysila
hladiny proteinit CAT a ALDH-2, ale neméla vliv na expresi MnSOD ve vzorcich obou
kmend. Na druhou stranu, CNH méla za nasledek vyrazny pokles hladiny proteinu
Cu/ZnSOD u SHR kmene, bez vyznamného rozdilu u SHR-mtBN skupiny.

Na rozdil od nasich vysledkt Kasparova a spol. v roce 2015 zjistily, ze po adaptaci
potkanti kmene Wistar na stejny model chronické hypoxie doslo k nartistu exprese
Cu/ZnSOD a MnSOD a k poklesu hladiny CAT (Kasparova et al., 2015). Vyznamny narist
hladiny myokardidlni Cu/ZnSOD a MnSOD byl také pozorovan u Wistar potkand
adaptovanych na odlisné hypoxické podminky (Nakanishi ez al., 1995; Neckar et al., 2013;
Bu et al., 2015). Z tohoto divodu se zda, ze zjiSténé nesourodé zmény v expresi
antioxidac¢nich enzymt po adaptaci potkanti na chronickou hypoxii jsou specifické pro
konkrétni kmeny. Pozorovana downregulace Cu/ZnSOD u hypoxické skupiny SHR zvitat
muize ¢astecné vysvetlit nizsi kardioprotektivni u¢inek CNH proti I/R poskozeni u tohoto
kmene ve srovnédni s konplastickym SHR-mtBN kmenem (Neckat et al., 2017). Vliv
hypoxie na expresi ALDH-2 nebyl dosud zkouman a nami odhalené zvySeni hladiny tohoto
enzymu u obou kmenti potkanti po adaptaci na CNH podporuje nazor, Ze ALDH-2 je velmi
dilezity enzym ucastnici se snizovani ischemického poskozeni myokardu (Chen et al.,
2008) a mize nasledovat aktivaci MAO-A.

Cil 3: Sledovani vlivu chronické intermitentni hypobarické hypoxie na

B-adrenergni signalizaci v LV myokardu potkana

Nase posledni studie se zabyvala moznou ulohou [-adrenergni signalizace v
regulaci syntézy prostaglandinu E2 (PGE2) zavislé na cytosolické fosfolipaze Ao
(cPLA20) u potkanti adaptovanych na intermitentni hypobarickou hypoxie (IHH).
Adaptace na [HH miZze mit stejné jako adaptace na CNH dlouhodobé kardioprotektivni
ucinky proti akutnimu I/R poskozeni (Asemu et al., 1999; Neckar et al., 2002).

Je znamo, ze B-ARs a jejich signalni drahy hraji kli¢ovou roli v regulaci srde¢ni
funkce (Florea and Blatter, 2012). Za stresovych podminek, dochazi ke spusténi f2-ARs-Gi
signalizace, coz nasledné vede k aktivaci drahy prezivani zahrnujici GBy podjednotku,
PI3K a Akt kinazy, které hraji zésadni roli v protekci kardiomyocyti pfed apoptdézou
(Chesley et al., 2000). Za stresovych podminek dochazi také ke zvyseni aktivity cPLA2a
a to v disledku snizené hladiny i-ARs, odpojeni f2-ARs od Gs-AC-PKA signalni dréhy
a soucasného zvyseni sprazeni B2-ARs s Gi-cPLA20-COX-2 (cyklooxygenaza 2) drahou
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(Pavoine et al., 2003; Kozlovski et al., 2015). cPLAza uvoliuje z fosfolipidi kyselinu
arachidonovou, ktera miize slouZit jako substrat pro COX, jejichz metabolické drahy vedou
k tvorbé eikosanoidti (napt. PGE2) (Burke and Dennis, 2009). I pfes tyto znamé poznatky
nebyla dosud studovana mozna role B-adrenergni signalni drahy v regulaci syntézy PGE:
zprostifedkované prostfednictvim cPLA2a v chronicky hypoxickém myokardu.

Nase vysledky porovnavajici hmotnostni parametry ukazaly, ze podobné jako v
ptedchozich dvou studiich (Hahnova et al., 2016; Hahnova et al., 2017) vedla adaptace
potkanti na chronickou hypoxii k vyraznému zpomaleni télesného ristu v porovnani
s kontrolou. Tyto data ukazuji, ze pokles télesné hmotnosti po hypoxické adaptaci je
pozorovan jak u modelu normobarické, tak hypobarické hypoxie. AvSak na rozdil od
normobarické hypoxie, byla u potkant adaptovanych na IHH odhalena nejen hypertrofie
RV, ale také LV, coz vedlo k naristu vétSiny ostatnich hmotnostnich parametri oproti
kontrolni skuping.

Zda se, ze aktivace P-ARs mulze hrat zasadni roli pii rozvoji silné ischemické
rezistence myokardu indukované hypoxickou expozici (Mallet et al., 2006). Nicméné
publikovana data o ucincich chronické hypoxie na B-ARs se lisi a to pravdépodobné v
zévislosti na zvolenych experimentalnich podminkach. Nami zvolené podminky, pii nichz
byli potkani vystaveni [HH, nemély vliv na celkovy pocet f-ARs, coz odpovida vysledkiim
nékterych predchozich studii (Winter et al., 1986; Germack et al., 2002; Hahnova et al.,
2016). Na druhou stranu se vyrazné¢ zménil pomér jednotlivych podtypi B-ARs a to ve
prospéch B2-ARs.

Narist podilu B2-ARs po adaptaci na IHH byl dale doprovazen signifikantnim
snizenim exprese AC5 a zvySenou expresi Gi proteintl. Pozorovany pokles hladiny AC5
odpovidé predchozim zjisténim, pii nichz byla odhalena snizena aktivita AC po expozici
potkan na hypobarickou hypoxii (Mardon et al., 1998; Leon-Velarde et al., 2001;
Hrbasova et al., 2003). Také dalsi studie ukazaly, ze AC5 piedstavuje dulezitou signalni
molekulu regulujici zivotnost a naruseni jeji exprese muze hrat vyznamnou roli v protekci
myokardu (Okumura et al., 2003; Yan et al., 2007). ZvySena exprese Gi proteinii odhalena
v nasi studii se shoduje s vysledky studie Mardon a spol. (Mardon et al., 1998).

Dalsi vysledky z nasi studie odhalily vyrazny nartst nejen celkového mnozstvi
cPLAza, ale také jeji fosforylované formy po adaptaci na IHH. Kromé toho doslo ke
zvySeni exprese COX-2 a PGE2 a soub&zné byla zjisténa zvysend fosforylace mitogenem
aktivovanych proteinkinaz (MAPK) ERK 1/2 a p38 (Micova et al., 2016). Ziskané
poznatky naznacily, Ze expozice potkanti na [HH vede k posileni myokardialni f2-ARs-Gi
signalizace, coz muze vést k aktivaci cPLA20-COX-2 signdlni drahy prostfednictvim
ERK/p38 kaskady.
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5. Zavér

Spole¢nym cilem publikaci pouzitych k sepsani této disertacni prace bylo
sledovani vlivu adaptace potkand na chronickou hypoxii na myokardialni f-adrenergni
signalni drdhu a moznou G¢ast této drahy v molekularnich mechanismech kardioprotekce.

Vysledky nasi prvni studie ukéazaly, Ze adaptace na chronickou normobarickou
hypoxii je doprovazena nesourodymi zménami v B-adrenergni signalizaci v RV a LV.
Expozice zvifat na kontinualni a intermitentni model chronické hypoxie vedla v obou
ptipadech k naruseni této signalni drahy v RV bez vyznamnéjSich zmén v LV a nebyl
odhalen vyrazngjsi rozdil ani mezi u¢inky protektivniho (CNH) a neprotektivniho (INH)
modelu hypoxie. Tyto vysledky tedy ukazaly, ze zmény v -adrenergni signalizaci jsou v
tomto ptipadé komorové specifické a nezdaji se byt zavislé na konkrétnim modelu
hypoxie. I pfestoze ndmi odhalena data neumoziuji urcit specifickou roli f-ARs a AC
signalizace v adapta¢nim procesu chronické hypoxie, neni mozné vyloudit ucast tohoto
signalniho systému na vyvoji kardioprotektivniho fenotypu.

Vysledky ziskané v druhé studii nam naznacily, ze selektivni vyména
mitochondridlniho genomu SHR potkani za mitochondridlni genom potkanti kmene
Brown Norway, ktery je vice odolny k ischemii, mtize ovlivnit fungovani myokardialni
AC signalizace regulované prostfednictvim -ARs, stejné jako expresi a aktivitu MAO A
a n¢které komponenty antioxida¢niho obranného systému. Tato vyména genomu ovlivnila
také adaptivni odpovédi na chronickou hypoxii. Zatimco expozice SHR a SHR mtBN
potkan na CNH méla odlisny vliv na B-adrenergni signalni drahu, MAO-A a jednotlivé
komponenty antioxidaéniho systému reagovali na u€¢inek CNH u obou kmenti podobné.
Jedna se o prvni studii, ktera prokazala, Ze manipulace s mitochondrialnim genomem muize
mit relativné dalekosahlé dusledky pro B-adrenergni signalizaci a redoxni rovnovahu v
myokardech potkani a muze tedy vést ke slozitym zménam v cilovych buikach. Tyto
poznatky je potfeba vzit v ivahu pti planovani pouziti téchto genetickych manipulaci pro
vyzkumné ¢i terapeutické ticely.

Nase posledni studie prokazala, ze expozice potkani na IHH méla za nasledek
komplexni zmény v signalni kaskadé spousténé B-ARs. Pozorovany narist myokardialnich
B2-ARs byl doprovazen poklesem hladiny ACS a zvySenou expresi Gi proteini. Dalsi
vysledky dané studie odhalily zvySenou fosforylaci ERK 1/2 a p38 kindzy. Stimulace
téchto MAPK prostfednictvim B2-ARs-Gi signalizace miize byt pfimo spojena s aktivaci
cPLA2a-COX-2-PGE: signalni drahy. Tyto vysledky naznacuji, Zze se P-ARs mohou
podilet na vyvoji kardioprotektivniho fenotypu u potkanti adaptovanych na IHH a to
prostiednictvim aktivace signalni drahy vedouci ke stimulaci cPLAx0.
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B. ENGLISH PART

6. Introduction

Cardiovascular diseases, especially acute myocardial infarction, are nowadays one
of the most common causes of death in developed countries. Adaptation to chronic hypoxia
is one of the mechanisms that myocardium used to protect against ischemia/reperfusion
(I/R) injury. A large number of studies have confirmed that adaptation of myocardium to
certain regimens of chronic hypoxia leads to a reduction in infarct size, reduces the number
of ventricular arrhythmias, and improves the recovery of cardiac contractility after acute
I/R injury (Asemu et al., 1999; Zong et al., 2004; Ostadal and Kolar, 2007; Wang et al.,
2011; Naghshin et al., 2012; Neckar et al., 2013). Chronic hypoxia induces a number of
adaptive changes in the heart that can be considered cardioprotective, but the exact
molecular mechanisms of these changes are not yet known. The understanding of
molecular mechanisms involved in myocardial protection is a prerequisite for the
development of effective pharmacological agents that could be used in clinical practice.

There are some indications that indicate the possible role of B-adrenergic receptors
(B-ARs) in myocardial protection induced by hypoxia. Chronic hypoxia leads to increased
activity of the sympathetic nervous system, which results in increased levels of
catecholamines in the body (Johnson et al., 1983). The increase of catecholamines and
their effect on P-adrenergic signaling may contribute to the development of
cardioprotective phenotype (Frances et al., 2003; Tong et al., 2005; Salie et al., 2011).
The involvement of B-ARs in cardioprotection induced by hypoxia was demonstrated by
blocking one of subtypes of these receptors during intermittent hypoxia, which resulted in
a significant weakening of the protective effect of hypoxia (Mallet et al., 2006).

There are 3 subtypes of B-ARs - B1-ARs, f2-ARs and 3-ARs (Kobilka, 2011). In
cardiomyocytes, the most important subtypes are 1- and B2-ARs (Brodde, 1991; Rockman
et al., 2002). B-ARs transduce the signal obtained after catecholamine binding via
G-proteins to their downstream effector molecules. Both $1-ARs and p2-ARs are coupled
to stimulatory G-proteins (Gs proteins) that activate adenylate cyclase (AC), resulting in
formation of cyclic adenosine monophosphate (cAMP). Increased level of cAMP results
in its binding to the regulatory subunit of cAMP-dependent protein kinase A (PKA), which
leads to its activation. Activated PKA phosphorylates a variety of target proteins which are
involved in increasing cardiac contraction, heart rate and cardiac relaxation (Li ez al., 2000;
Bers, 2002; Salazar et al., 2007). B2-ARs, in contrast to f1-ARs, may also be coupled to
inhibitory G-proteins (Gi proteins). To switch signaling from Gs to Gi proteins requires
phosphorylation of intracellular part of receptor (Daaka et al., 1997). It has been shown
that B2-ARs-Gi signaling in addition to the inhibition of AC activity (Xiao et al., 1999)
induces the recruitment and activation of other signal molecules, including ERK
(extracellular signal-regulated protein kinase), cPLA2a (cytosolic phospholipase Aza),
PI3K (phosphatidylinositol- 3 kinase) and Akt kinases, which have been shown to affect
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the growth of cardiomyocytes and prevent cardiomyocyte apoptosis (Luttrell et al., 1999;
Zhu et al., 2001; Pavoine et al., 2003).

7. Aims

The main aim of this study was to investigate the influence of different models of

chronic hypoxia on the B-adrenergic signaling in rat myocardium and the possible
involvement of this pathway in the molecular mechanisms of cardioprotection.

Summary of specific objectives:

Objective 1: Monitoring the effect of protective continuous and nonprotective intermittent

normobaric hypoxia on B-adrenergic signaling in RV and LV rat myocardium

determination of the total number (Bmax) and dissociation constant (Kp) of B-ARs
determination of the ratio of B-ARs subtypes (Bi1-ARs and B2-ARs) and inhibitory
constant (K;) of B-ARs by radioligand binding studies

determination of B-ARs at mRNA level

analysis of changes in protein levels of selected components of B-adrenergic
signaling (Gsa, G, AC)

determination of AC enzyme activity

Objective 2: Monitoring the effect of CNH on [-adrenergic signaling, monoamine
oxidase A (MAO A) and selected components of the antioxidant system in LV

myocardium of SHR and SHR-mtBN rats

determination of the total number (Bmax) and dissociation constant (Kp) of B-ARs
determination of the ratio of B-ARs subtypes (Bi-ARs and p2-ARs) and inhibitory
constant (Kj) of B-ARs by radioligand binding studies

determnation of AC and MAO-A activity

monitoring the presence of MAO-A and selected antioxidant enzymes (catalase,
aldehyde dehydrogenase-2 (ALDH-2), Cu/ZnSOD, MnSOD) at mRNA and
protein level

comparison of possible differences in p-adrenergic signaling and antioxidant
system between different strains of rats (SHR, SHR-mtBN)

Objective 3: Monitoring the effect of chronic intermittent hypobaric hypoxia on

B-adrenergic signaling in LV rat myocardium

determination of the total number (Bmax) and dissociation constant (Kp) of B-ARs
determination of the ratio of B-ARs subtypes (Bi1-ARs and B2-ARs) and inhibitory
constant (Kj) of B-ARs by radioligand binding studies

monitoring the presence of selected B-adrenergic signaling components (ACS,
AC6, Giai 2, Gias)
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8. Materials and methods
Animals

We used male rats of Wistar, SHR (spontaneously hypertensive rat) and
SHR-mtBN for experiments. SHR-mtBN is conplastic strain carrying the mitochondrial
genome of Brown Norway strain on the genetic background of SHR strain. The
experimental protocols were approved by the Ethics Committee of the Institute of
Physiology, Czech Academy of Sciences. All experiments were carried out in accordance
with the "Guide for the Care and Use of Laboratory Animals" published in the National
Institute of Health (NIH Publication No. 85-23, revised 1996).

Experimental models of chronic hypoxia

In our studies three models of chronic hypoxia were used: continuous normobaric
hypoxia (CNH; 3 weeks, 24 h/day), intermittent normobaric hypoxia (INH; 3 weeks,
23 h/day hypoxia, 1 h/day reoxygenation) and intermittent hypobaric hypoxia (IHH; 5
weeks, 5 days / week, 8 h/day). Control groups of the rats were reared for the same time
under normoxic conditions.

Homogenization and fractionation of the tissue

The rat hearts were dissected into individual main parts. The right (RV) and left
ventricles (LV) were further homogenized, fractionated and stored in a deep-frosting box
(-80°C).

Radioligand binding studies

To determine the total number of B-ARs and the dissociation constant, saturation
binding studies using the [*H] CGP 12177 radioligand were used. The ratio of the B-ARs
subtypes (Bi-ARs and P2-ARs) and their inhibitory constants were determined by
competitive binding studies using fixed concentrations of [*H] CGP 12177 and increasing
concentrations of selective f2-ARs antagonist ICI 118,551.

Isolation of RNA and Real-time PCR

Isolation of total cellular RNA was performed using RNAzol or TRIzol. The
obtained RNA was transcribed in the process of reverse transcription into the cDNA. Real-
time PCR analyzes were performed on a Light Cycler LC 480 instrument. The levels of
the analyzed transcripts were based on the relative value of the reference ribosomal subunit
18S gene and hypoxanthine phosphoribosyltransferase. This determination was made by
Mgr. Iveta Nedvédova, Ph.D.

19



SDS-PAGE electrophoresis and Western blot analysis

To determine the expression of the analyzed proteins we used gel electrophoresis
followed by transfer to nitrocellulose membrane and detection of proteins by specific
antibodies.

Determination of adenylate cyclase activity

AC activity was determined by measuring the conversion of [a-3?P]ATP to
[**P]cAMP (Ihnatovych et al., 2001). In addition to basal AC activity, the enzyme activity
stimulated by different stimulators (10 pM isoprenaline, 10 uM forskolin, 10 mM MnCla,
100 uM GTPyS and 10 mM NaF) was determined.

Determination of monoamine oxidase-A activity

MAO-A activity was determined using kynuramine dihydrobromide as a substrate
in the presence of deprenyl, a MAO-B inhibitor (Xu et al., 2005). The fluorescence of the
resulting product was measured on a 96-well plate at Ex 310-nm/Em 380-nm on the Biotek
Synergy HT instrument.

Statystical analysis

The results were expressed as means + standard error of mean (SEM). The results
were statistically processed by GraphPad Prism 6 using the OneWay ANOVA test
followed by a Student-Newman-Keuls test. The values differing at significance level
p <0.05 were considered statistically significant.

9. Results and discussion

Objective 1: Monitoring the effect of protective continuous and nonprotective
intermittent normobaric hypoxia on [B-adrenergic signaling in RV and LV rat

myocardium

The first results of this study indicate that adaptation of Wistar rats to the protective
(CNH) and nonprotective (INH) model of chronic normobaric hypoxia leads to a
significant decrease in body weight (CNH by 15%, INH by 14%) compared to normoxic
group. On the other hand, heart weight in hypoxic models increased due to significant RV
hypertrophy. The observed changes in weight parameters are in line with the results of
previous studies on similar models (Tual et al., 2006; Laursen et al., 2008; Baandrup et
al., 2011; Neckar et al., 2013).

For characterization of B-ARs in RV and LV were used radioligand binding
studies. Saturation binding studies have shown that, in the case of LV, CNH or INH did
not have an effect on the total number of B-ARs, which corresponds to some previous
studies (Winter et al., 1986; Germack et al., 2002; Hrbasova et al., 2003). On the other
hand, there are studies that have shown a decrease in B-ARs in LV (Voelkel et al., 1981;
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Kacimi et al., 1992; Leon-Velarde et al., 2001; Favret et al., 2001). This different result
may be due to different experimental conditions.

In contrast to LV, in RV we found a significant decrease in the total number of
B-ARs in both hypoxic groups of rats. From the results of competitive studies that revealed
change in the ratio of f-ARs subtypes in behalf of f2-ARs in both hypoxic models, it seems
that this decrease can be attributed to the loss of f1-ARs. A selective decrease of Bi1-ARs
is usually observed during cardiac hypertrophy. The vast majority of studies focusing on
the association of cardiac hypertrophy with changes in distribution of B-ARs subtypes were
performed on LV (Galinier ef al., 1992; Communal ef al., 1998; Sethi et al., 2007). For
RV hypertrophy, a significant decrease in the total number of B-ARs was also reported but
changes at the level of the individual B-ARs subtypes were not detected in these early
studies (Voelkel et al., 1981; Ishikawa et al., 1991; Yoshie et al., 1994; Favret et al., 2001).
There is a study showing a decrease in the total number of B-ARs in both chambers due to
selective decrease of f1-ARs after adaptation to hypobaric hypoxia. However, there was
not detectable RV hypertrophy in this case probably due to short-term exposure to hypoxia
(Mardon et al., 1998). Our results indicated that exposure of rats to CNH and INH causes
similar changes in distribution of f-ARs subtypes in hypertrophic RV, as observed in
various types of LV hypertrophy and in the study of Mardon et al. (1998).

The observed decrease of B1-ARs at protein level in RV after hypoxia was further
supported by the decrease of Bi-ARs also at mRNA level. A similar result was also
demonstrated in study Piao et al., but these authors found decrease of f1-ARs at mRNA
level in both ventricles (Piao et al., 2012).

Our next experiments revealed the effect of CNH and INH on distribution of
Gsa proteins in RV. We determined a significant loss in expression of these proteins. The
observed decrease in Gsa proteins corresponds to the results of Guan et al., which revealed
lower expression of this protein in RV after exposure of rats to IHH (Guan et al., 2010).
Level of AC 5/6 was not significantly different in the case of hypoxic rats compared to
normoxic group.

We have also investigated AC activity under basal conditions as well as after
modulation by different stimulators. Our results showed that action of individual
stimulators had opposite effect on AC activity in RV and LV. Although chronic exposure
to CNH and INH did not cause any appreciable changes in basal AC activity, both these
hypoxic models reduced the enzyme activity stimulated through Gs protein (by GTPyS) in
the RV and increased this activity in the LV. The reduction of AC activity in the RV may
be at least partly explained by the drop in Gs protein level and corresponds well to
previously observed derangement of AC in samples of hypertrophied heart (Béhm ef al.,
1997; Tse et al., 2000; Novotny et al., 2003). Some previous studies have demonstrated a
decline in the activity of this system not only in RV but also in LV. In these studies,
hypobaric model of hypoxia was used and suppression of AC activity was also observed
after administration of other stimulators than GTPyS (Mardon ef al., 1998; Ledn-Velarde
et al., 2001; Hrbasova et al., 2003). The opposite effect of different stimulators on AC
activity in RV and LV from rats adapted to CNH and INH can be attributed to RV
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hypertrophy that leads to derangement of this signaling system. On the other hand, the
observed increase in AC activity stimulated by GTPyS, forskolin and NaF in the LV after
adaptation to CNH or INH indicates more efficient coupling between Gs protein and AC,
which may perhaps somehow participate in the development of a cardioprotective
phenotype. Interestingly, the abilility of the B-AR agonist isoprenaline to stimulate AC in
both ventricles was only slightly reduced. In RV, this decrease can be ascribed to lesser
amount of -ARs. Attenuated B-adrenergic signaling has been frequently found in cardiac
hypertrophy, as well as in other stressful conditions (B6hm et al., 1997; Vatner et al., 1999;
Nishizawa et al., 2004).

Objective 2: Monitoring the effect of CNH on [3-adrenergic signaling
monoamine oxidase A (MAO A) and selected components of the antioxidant
system in LV myocardium of SHR and SHR mtBN rats

In this study, we explored the effect of mitochondrial genome substitution on
B-adrenergic signaling and antioxidant system in spontaneously hypertensive rats (SHR)
under normoxic and hypoxic conditions (CNH). Experiments were performed in parallel
on two strains, SHR and SHR-mtBN, which is a conplastic strain carrying the Brown
Norway mitochondrial genome on the genetic background of SHR strain. Conplastic strain
exhibits the same myocardial infarct size caused by I/R injury as the original SHR strain.
Although adaptation to chronic hypoxia improved cardiac ischemic resistance in both
strains, the infarct size-limiting effect was stronger in SHR-mtBN than in SHR (Neckat et
al., 2017). Increasing evidence indicates that mitochondrial DNA is essential for the cell
phenotype and, thus, may contribute to stress and environmental adaptability (Kelly et al.,
2013).

Results comparing weight parameters showed that both tested strains of rats under
normoxic conditions, in addition to the relative weight of LV, did not differ in any other
parameter. Conversely, adaptation to CNH in both strains resulted in a decrease in body
weight and an increase in mass of most other parameters, compared to the relevant
normoxic groups. Changes induced by CNH correspond to the results obtained in our
previous study using the same model of hypoxia (Hahnova et al., 2016).

In the first part of the study, we focused on B-adrenergic signaling. Our results
from radioligand binding studies revealed a significantly higher proportion of f2-ARs in
the LV of SHR-mtBN strain compared to SHR and that CNH had a different effect on
B-ARs distribution in both strains. Whereas CNH led to an increase in the total number of
B-ARs expression in the SHR strain probably due to increased f2-ARs, there was decrease
in the total amount of B-ARs without changing the proportion of individual $-ARs subtype
in conplastic rat strain.

Under normoxic conditions, an increased amount of f-ARs was detected in
SHR-mtBN rats compared to SHR strain, resulting in an increased ability of isoprenaline
to stimulate AC activity. On the other hand, due to CNH, this activity was reduced in the
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SHR-mtBN strain, which was consistent with lower expression of B-ARs in these animals.
Enzyme activity stimulated with forskolin and NaF, i.e., stimulators that can modulate AC
activity directly or via G-proteins, was increased in the hypoxic SHR group. Conversely,
in conplastic strain, NaF-stimulated activity was elevated under normoxic conditions and
decreased by CNH. These specific differences between strains may probably be explained
by changing the ability of G-proteins regulate AC activity.

The observed decline in the total number of f-ARs in SHR-mtBN after CNH
exposure is consistent with the results of previous studies (Mader et al., 1991; Kacimi et
al., 1992; Leon-Velarde et al., 2001). As arule, B-AR subtypes were not discerned in these
studies. The only exception is a study of Mardon et al., which demonstrated a selective
decrease in B1-ARs caused by 5-day hypoxia (Mardon et al., 1998). Similarly, the decrease
in AC activity after stimulation with isoprenaline and NaF in conplastic strain adapted to
CNH corresponds to some previously published data (Leon-Velarde et al., 2001; Hrbasova
etal.,2003). On the other hand, the increased ability of G-proteins to stimulate AC enzyme
activity in the SHR hypoxic group has not been previously observed and may represent a
specific feature of this strain.

It is known that the B2-ARs activate pro-survival kinases and attenuate dysfunction
of mitochondria during oxidative stress by inhibiting opening of the mitochondrial
permeability transition pore (mPTP) (Fajardo et al., 2011). The increased proportion of
2-ARs in the conplastic strain, compared to SHR, and decrease in the total number -ARs
in this strain after adaptation to CNH may, thus, contribute to better protection of
SHR-mtBN rats againts acute I/R injury (Neckéf et al., 2017).

In the next part of the study, we focused our attention on monoamine oxidase A
(MAO-A), the predominant MAO isoform in the myocardium. MAO is an important
mitochondrial enzyme that catalyzes the oxidative deamination of catecholamines
(Schomig et al., 1987) and is one of the major producers of reactive oxygen species (ROS)
in cardiomyocytes (Anderson et al., 2014). Our results showed that both expression and
activity of this enzyme were lower in SHR-mtBN animals than SHR and that the adaptation
of rats to CNH resulted in a significant increase in these values in both strains. However,
even under hypoxic conditions, these values remained significantly lower in the
SHR-mtBN strain compared to SHR, which can be considered as a strain-specific feature.
The observed elevation in both monitored values of MAO-A after exposure to CNH may
suggest the importance of this enzyme in adaptive responses to chronic hypoxia. Our
results are in contradiction with an earlier study in which authors did not find any change
in MAO activity in a goat myocardium after adaptation to hypobaric hypoxia (Maher et
al., 1978). This discrepancy can be explained by using different models and experimental
conditions. There are some indications that the possible changes in MAO activity may
depend on the duration of hypoxic exposure (Shatemirova et al., 1990).

It is well known that chronic hypoxia and B-ARs stimulation may result in
increased production of mitochondrial ROS in cardiomyocytes (Féldes-Papp et al., 2005;
Andersson et al., 2011; Singh et al., 2013). Whereas the appropriate rise in ROS is
important for achieving suitable protective outcomes of hypoxic adaptation (Kolar et al.,
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2007; Kasparova et al., 2015), high levels of ROS can cause excessive oxidative stress in
cardiomyocytes. The harmful effects of ROS generated from different sources, including
mitochondria and MAO activity, are regularly suppressed by a number of endogenous
antioxidant defense mechanisms. Therefore, we have also focused on studying the
expression of selected components of the antioxidant system - superoxide dismutases
(SOD), catalase (CAT) and aldehyde dehydrogenase-2 (ALDH-2). Assessment of
expression levels of all these enzymes at mRNA and protein level in myocardial
preparations from SHR and SHR-mtBN did not reveal any significant differences between
both these strains under normoxic conditions. Adaptation to CNH significantly increased
protein levels of CAT and ALDH-2 but did not affect the expression of MnSOD in
myocardial preparations from both strains. On the other hand, CNH markedly reduced the
amount of Cu/ZnSOD protein in SHR strain, with no significant difference in SHR-mtBN
group.

In contrast to our findings, Kasparova et al. in 2015 found that after the adaptation
of Wistar rats to the same model of chronic hypoxia there was an increase in Cu/ZnSOD
and MnSOD expression and decrease in the level of CAT (Kasparova et al., 2015).
A significant increase in myocardial Cu/ZnSOD and MnSOD levels was also detected in
Wistar rats adapted to different hypoxic conditions (Nakanishi ez al., 1995; Neckar et al.,
2013; Buet al., 2015). Hence, the observed discordant changes in expression of antioxidant
enzymes induced by hypoxic exposure appear to be strain-specific. The observed
downregulation of Cu/ZnSOD in SHR following hypoxia may partly explain the lower
cardioprotective effect of CNH against acute I/R injury in these strain when compared to
conplastic SHR-mtBN strain (Neckat et al., 2017). The effect of hypoxia on ALDH-2
expression has not yet been investigated and our finding of increased levels of ALDH-2 in
both rat strains exposed to CNH supports the notion that this enzyme is highly important
for reducing ischemic heart damage (Chen et al., 2008) and may follow activation of
MAO-A.

Objective 3: Monitoring the effect of chronic intermittent hypobaric hypoxia on
B-adrenergic signaling in LV rat myocardium

Our last study dealt with the possible role of B-adrenergic signaling in regulation
of prostaglandin E2 (PGE) synthesis dependent on cytosolic phospholipase Aza (cPLA2a)
in rats adapted to intermittent hypobaric hypoxia (IHH). Adaptation to IHH can have
long-term cardioprotective effects against acute I/R injury as well as adaptation to CNH
(Asemu et al., 1999; Neckar et al., 2002).

It is known that B-ARs and their signaling pathways play a key role in the
regulation of cardiac function (Florea and Blatter, 2012). Under stress conditions,
B2-ARs-Gi signaling is triggered, resulting in activation of the survival pathway involving
the GPy subunit, PI3K and Akt kinases, which play a crucial role in the protection of
cardiomyocytes from apoptosis (Chesley et al., 2000). It has been found that activity of
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cPLAza is also increased under stress conditions due to diminution in f1-ARs density,
uncoupling of B2-ARs from the Gs-AC-PKA signaling pathway and increased coupling of
B2-ARs to the Gi-cPLA20-COX-2 (cyclooxygenase-2) pathway (Pavoine et al., 2003;
Kozlovski et al., 2015). cPLAza releases arachidonic acid from phospholipids, which can
serve as a substrate for COX, whose metabolic pathways lead to eicosanoid formation
(e.g. PGEz) (Burke and Dennis, 2009). Despite these known findings, the possible role of
B-adrenergic signaling pathways in regulation of cPLAza-dependent PGE: synthesis in
chronically hypoxic myocardium has not yet been explored.

Our results comparing the weight parameters showed that, similarly as in previous
two studies (Hahnova et al., 2016; Hahnova et al., 2017), the adaptation of rats to chronic
hypoxia resulted in a significant body growth retardation compared to control. These data
indicate that weight loss after hypoxic adaptation is observed in both normobaric and
hypobaric hypoxic models. However, unlike normobaric hypoxia, not only RV
hypertrophy but also LV hypertrophy were detected in [HH-adapted rats, resulting in an
increase of most other weight parameters over the control group.

It appears that activation of B-ARs may play an essential role in the development
of powerful myocardial ischemic resistance conferred by hypoxic exposure (Mallet et al.,
2006). However, published data about the effects of chronic hypoxia on B-ARs differ,
probably depending on the specific experimental conditions. The selected conditions in
which rats were exposed to IHH had no effect on the total number of f-ARs, which
corresponds to the results of some previous studies (Winter et al., 1986; Germack et al.,
2002; Hahnova et al., 2016). On the other hand, the ratio of B-ARs subtypes significantly
changed in favor of f2-ARs.

The increase in proportion of P2-ARs after adaptation to IHH was further
accompanied by a significant decrease in ACS expression and increased expression of
Gi proteins. The observed decrease in AC5 corresponds to the previous findings, which
revealed a reduced AC activity after exposure of rats to hypobaric hypoxia (Mardon et al.,
1998; Leon-Velarde et al., 2001; Hrbasova et al., 2003). Also other studies have shown
that ACS is an important signaling molecule regulating the longevity, and that disruption
of its expression may play a significant role in the protection of myocardium (Okumura ef
al.,2003; Yan et al., 2007). The increased expression of Gi proteins revealed in our study
is consistent with the results of Mardon et al. (1998).

Further results from our study revealed a significant increase not only in the total
amount of cPLAza but also in its phosphorylated forms after adaptation to IHH. In
addition, we detected increased expression of COX-2 and PGE: and concurrently enhanced
phosphorylation of mitogen-activated protein kinases (MAPK) p38 and ERK 1/2 (Micova
et al., 2016). This evidence suggests that exposure of rats to IHH leads to enhanced
myocardial f2-ARs-Gi signaling, which may result in activation of the cPLA20-COX-2
signaling pathway through the ERK/p38 cascade.
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10. Conclusion

A common goal of publications used as the basis for writing this dissertation was
to investigate the effect of adaptation of rats to chronic hypoxia on the myocardial
[-adrenergic signaling pathway and the possible involvement of this pathway in molecular
mechanisms of cardioprotection.

The results from our first study have shown that adaptation to chronic normobaric
hypoxia is accompanied by discordant alterations in 3-adrenergic signaling in RV and LV.
Exposure of animals to continuous and intermittent model of chronic hypoxia resulted in
both cases in disruption of this signaling pathway in RV without significant changes in
LV, and any more prominent differences were revealed either between the effects of
protective (CNH) and non-protective (INH) model of hypoxia. Hence, these results
indicate that changes in f-adrenergic signaling are in this case ventricle-specific and do
not appear to be dependent on a particular hypoxia model. Although these data do not allow
to identify a specific role of B-ARs and AC signaling in the adaptive process to chronic
hypoxia, participation of this signaling system in the development of a cardioprotective
phenotype cannot be excluded.

The results obtained in the second study suggested that the selective replacement
of mitochondrial genome of SHR rats under mitochondrial genome of Brown Norway
strain, which is more resistant to ischemia, can modify the functioning of myocardial AC
signaling regulated by B-ARs, as well as the expression and activity of MAO A and some
components of the antioxidant defense system. This exchange of genome also affected
adaptive responses to chronic hypoxia. While exposure of SHR and SHR mtBN rats to
CNH had a different effect on pB-adrenergic signaling pathways, MAO-A and individual
components of antioxidant system responded to the effect of CNH in both strains similarly.
This is the first study to demonstrate that manipulation with the mitochondrial genome may
have relatively far-reaching consequences for 3-adrenergic signaling and redox balance in
rat myocardium, and may therefore lead to complex changes in target cells. These findings
should be taken into account when planning application of these genetic manipulations for
research or therapeutic purposes.

Our last study has shown that exposure of rats to IHH resulted in complex
alterations in the signal cascade triggered by B-ARs. The observed up-regulation of
myocardial f2-ARs was accompanied by decrease of ACS5 level and increased expression
of Gi proteins. Further results of the study revealed increased phosphorylation of ERK 1/2
and p38 kinase. Stimulation of these MAPKs through B2-ARs-Gi signaling may be directly
associated with activation of the cPLA2a-COX-2-PGE: signaling pathway. These results
suggest that -ARs may be involved in the development of cardioprotective phenotype in
rats adapted to IHH by activating the signal pathway leading to stimulation of cPLAa.
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