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Abstrakt

Uspé&snost metod reprodukénich biotechnologii a asistované reprodukce je
zavisla na kvalité oocytd. Pouzivané in vitro metody jsou charakteristické zvySenym
pusobenim stresoru, které se nasledné projevi na snizené kvalité oocytu. V tuto chuvili
je nerealné plné napodobeni in vivo podminek v in vitro a z toho divodu je snaha
vyuziti jinych moznosti za ucelem udrzeni kvality oocytd. Perspektivni metodou je
suplementace kultivaéniho média. Vzhledem ke skutecnosti, Zze dllezitym negativnim
faktorem v in vitro podminkach je zvySeny oxidativni stres, mizZe suplementace
kultivaéniho média latkami s antioxidacni aktivitou zvysit kvalitu oocytu. Pozitivni efekt
na kvalitu oocytll mize mit rovnéz modulace signalnich drah, pfi¢emz perspektivnimi
molekulami jsou gasotransmitery. Na somatickych burikach a ¢astecné i na oocytech
je totiz prokazano, ze gasotransmitery mohou pusobit antiapoptoticky a podili se na
zvySeni Zivotaschopnosti bunék. Z téchto duvodu jsme se zaméfili na vliv
suplementace kultivaCniho meédia S-allyl cysteinem (SAC) a donorem oxidu
uhelnatého (CO), jakozto latek s antioxidacnimi a antiapoptotickymi vlastnostmi, na

kvalitu meioticky zrajicich a starnoucich prasecich oocytd.

Efekt suplementace kultivaéniho média donorem CO na starnouci praseci
oocyty jsme sledovali na zakladé posouzeni morfologickych znaku starnuti a aktivity
kaspazy-3 (marker zahdjeni apoptotického rozpadu). Zjistili jsme, Ze kultivace
starnoucich oocyta v kultivaénim médiu obsahujicim donor CO vede ke snizeni podilu
apoptotickych oocytl a sou€asné ke zvySeni podilu intaktnich oocyt. Zarovern donor
CO vyrazné snizil miru aktivace kaspazy-3. Na zakladé ziskanych dat pfedpokladame,
Zze suplementace kultivaéniho média donorem CO muze zpomalit proces starnuti

prasecich oocytl a zvysit jejich Zivotaschopnost.

Soucasné jsme sledovali vliv suplementace kultivaéniho média donorem CO na
pribéh meiotického zrani. Kultivace meioticky zrajicich oocytu v pfitomnosti CO vedla
k zastaveni meiotického zrani ve stadiu metafaze |. Na druhou stranu donor CO snizil
mnozstvi reaktivnich forem kysliku (ROS) v oocytech. Na zakladé dosud ziskanych
vysledkl predpokladame, ze donor CO muze v meioticky zrajicich oocytech snizit

oxidativni stres, ale sou¢asné inhibuje samotny pribéh meiotického zrani.

SAC je Cesnekovou slouceninou, ktera ma vyrazné antioxidacni vlastnosti a

souCasné ma schopnost uvolfiovat gasotransmiter sulfan a aktivovat cytoprotektivni



enzym hemoxygenaza, zodpovédny za endogenni produkci CO. Efekt suplementace
kultivaéniho média SAC u meioticky zrajicich oocytd vedl k vyraznému sniZeni
produkce ROS. SoucCasné SAC zlepSil Casny embryonalni vyvoj, nebot’ zvySil miru
ryhovani embryi vzniklych po partenogenetické aktivaci. Zaroven pfedpokladame, ze
meiotické zrani v pfitomnosti SAC zvySilo antioxida¢ni potencial embryi, protoze
embrya vznikla po partenogenetické aktivaci vykazovala snizenou produkci ROS. Z
téchto divodl povazujeme SAC jako perspektivni suplement kultivaniho média, ktery

ZlepsSuje vyvojovy potencial a pusobi antioxidativné.

Na zakladé ziskanych vysledku Ize CO a SAC, povaZovat jako latky schopné

zvysit nebo udrzet kvalitu prasecich oocytu.



Abstract

The success of reproductive biotechnology and assisted reproduction methods
depends on the quality of oocytes. The used in vitro methods are characterized by an
increased rate of stress, which subsequently results in decreased oocyte quality. At
this time, it is unrealistic to fully mimic in vivo conditions to in vitro, and therefore is the
effort to explore other options in order to maintain the oocytes quality. A prospective
method is the culture medium supplementation. Due to the fact that increased oxidative
stress is an important negative factor in in vitro conditions, supplementation of the
culture medium with substances with antioxidant activity may enhance oocytes quality.
Modulation of signaling pathways may also have a positive effect on oocytes quality,
while promising molecules are gasotransmitters. On somatic cells and partly on
oocytes, it has been shown that gasotransmitters may have an antiapoptotic effect and
contributes to the increase in cell viability. For these reasons, we have focused on the
effect of S-allyl cysteine (SAC) and carbon monoxide (CO) donor as substances with
antioxidant and antiapoptotic properties on the quality of meiotically maturing and

aging porcine oocytes.

The effects of CO donor on porcine oocytes aging was assessed based on the
morphological characteristics and caspase-3 activity (apoptotic marker). We have
found that cultivation of aging oocytes in culture medium containing CO donor leads to
a reduction in the proportion of apoptotic oocytes and to an increase in the proportion
of intact oocytes. At the same time, the CO donor significantly reduced the caspase-3
activation. On the basis of the obtained data, we suppose that the supplementation of
the culture medium with the CO donor may slow the aging of porcine oocytes and

increase their viability.

We also evaluated the effect of the CO donor on the meiotic maturation of the
porcine oocytes. Oocyte meiotic maturation in the presence of CO led to the meiotic
maturation arrest in the metaphase | stage. On the other hand, the CO donor reduced
the amount of reactive oxygen species (ROS) in oocytes. Based on the results
obtained so far, we assume that the CO donor may reduce oxidative stress in

meiotically matured oocytes, but it also inhibits the meiotic maturation process.

SAC is a garlic compound that has pronounced antioxidant properties and has

the ability to release the gasotransmitter sulfane and activate the cytoprotective



enzyme hemoxygenase, which is responsible for endogenous CO production. The
effect of SAC supplementation of the culture medium on meiotic maturation resulted in
a significant reduction in ROS production. Simultaneously SAC improved early
embryonic development, because it increased the cleavage rate of parthenogenetic
activated oocytes. At the same time, meiotic maturation in the presence of SAC
increased the antioxidant potential, because embryos resulting from parthenogenetic
activation showed reduced ROS production. For these reasons we consider SAC as
the perspective culture medium supplement which improve the developmental

potential and reduce oxidative stress.

Based on the obtained results we can consider CO and SAC as a substances

capable of increasing or maintaining the quality of porcine oocytes



1 Uvod

Reprodukéni biotechnologie, jako napft. in vitro oplozeni, jsou dalezitym oborem
v humanni a veterinarni medicing. Castou komplikaci je vS8ak omezena kvalita
pouZitych oocytu a s tim i souvisejici nizky po€et vhodného materialu. Jednim z faktort
zodpovédnych za snizenou kvalitu oocytul je zvySené pusobeni stresovych faktor( v in
vitro podminkach v porovnani sin vivo podminkami. PfestoZe je snaha omezit
pusobeni stresovych faktor( a tim kultivaéni podminky optimalizovat, je kvalita oocytu
a nasledny vyvojovy potencial horSi u oocytll pochazejicich z in vitro podminek. V in
vivo podminkach na oocyt pusobi komplexni prostfedi, které se navic v pribéhu ¢asu
méni. Souc€asné v tuto chvili ani nezname vSechny faktory, které na oocyty v in vivo
podminkach pusobi. Z téchto divodu je prozatim nerealné piné napodobeni in vivo
podminek v in vitro. Na druhou stranu je ukazano, ze lze kvalitu oocytl ovlivnit
suplementaci kultivaéniho média specifickymi latkami. Tyto latky napf. mdzZou sniZit

oxidativni zatéz oocytll a zvysit jejich zivotaschopnost.

KliCovym déjem pfedchazejicim vzniku opozenischopného oocytu je meiotické
zrani. To zahrnuje déje odehravajici se v oocytu pfi pfechodu z prvniho meiotického
bloku do druhého meiotického bloku. V prabéhu meiotického zrani dochazi
k reorganizaci organel, cytoskeletu a zejména k rozdéleni dédicné informace.
V pfipadé, ze meiotické zrani neprobéhne spravnym zplsobem, dochazi ke snizeni
oplozenischopnosti a vyvojové kompetence, pficemz v in vitro podminkach byva pravé
vyvojova kompetence vyrazné naruSena. Oocyt nachazejici se v druhém meiotickém
bloku je pfipraveny na oplozeni spermii, ktera oocyt pfipadné aktivuje a tim zahaji
embryonalni vyvoj. Pokud vSak nedojde k oplozeni ve specifickou a relativné kratkou
dobu po dozrani oocytu do druhého meiotického bloku, dochazi k postupnému
snizovani kvality oocytu oznacované jako starnuti. V kone¢ném dusledku vede starnuti
k partenogenetické aktivaci nebo apoptotickému Ci Iytickému rozpadu. Podobné jako
pfi naruSeni meiotického zrani se i pfi starnuti snizuje kvalita oocytd,
oplozenischopnost a vyvojovy potencial. Pokud tedy zabranime negativnim projevim
starnuti, mazeme ziskat jednak vétSi mnozstvi a zaroven i lepSi kvalitu ziskanych

oocyty.

Meiotické zrani a starnuti oocytu je regulovano fadou faktoru, pfiCemz dulezitou

roli zaujimaji gasotransmitery, coz jsou signaini plynné molekuly. Do gasotransmitert
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se fadi oxid dusnaty, sulfan a oxid uhelnaty (CO). Vliv CO na meiotické zrani a starnuti
oocytu prozatim nebyl zkouman a vzhledem ke skute¢nosti, Ze v somatickych burkach
zvySuje jejich zivotaschopnost, zaméfili jsme se na CO jako na potencialni suplement
kultivaéniho média. CO je v organismu produkovan enzymem hemoxygenaza (HO) a
HO/CO predstavuje signalni drahu, ktera je v burikach aktivovana pfi pusobeni
stresorl (napf. zvySeny oxidativni stres) a efektem drahy HO/CO je obrana bunék proti
témto stresorim. In vitro kultivace oocytu je zatizena pravé zvySenym pusobenim
stresor( a z toho divodu by ovlivnéni drahy HO/CO mohlo udrzet nebo zvysit kvalitu

kultivovanych oocytu.

DalSim potencialnim suplementem kultivacniho média je S-allyl cystein (SAC),
ktery predstavuje Cesnekovou slouceninu vzniklou zpracovanim Cesnekovych palic.
PFi sledovani efektu SAC na somatické buriky je prokazano, ze pusobi protektivné a
snizuje miru apoptdzy. Jednim z dulezitych mechanismu efektu SAC je potlaceni
pusobeni oxidativniho stresu a pravé zvySeni oxidativni stres je Castym jevem in vitro
kultivace oocytll. Mimo potlageni oxidativniho stresu mize SAC slouzit jako zdroj
sulfanu, dulezitého gasotransmiteru, u kterého je jiz znamo, Ze je zapojen do regulace
meiotického zrani oocytl a Zivotaschopnosti starnoucich oocytt. Zaroveri muze SAC
pusobit prostfednictvim aktivace HO a tim zvySenim tvorby CO. Z téchto dlivodu jsme
se zaméfili na SAC jako na dalSi potencialni suplement kultivaéniho média prasecich

oocyty.
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2 Literdrni reserse
2.1 Oogeneze a folikulogeneze

2.1.1 Vznik pohlavnich bunék

Pohlavni buiky se vyviji z primordialnich zarodecnych bunék (PGCs), které
vznikaji v téle embrya brzy v prub&hu embryonalniho vyvoje (Wassarman, 1988).
PGCs se zakladaji ve Zloutkovém vacku, odkud migruji pfes zadni prvostfevo do
zakladu gonad (Tam & Snow, 1981; Donovan et al., 1986). U prasete se PGCs objevu;ji
okolo 24. dne embryonalniho vyvoje (Black & Erickson, 1968). KliCovym znakem
PGCs je schopnost aktivné se pohybovat a zaroven reagovat na chemotaktické latky
(napf. TGF - B1, kit signalizace a pusobeni aktivinu), které ur€uji smér, jakym se maji
pohybovat (Wylie, 1993; Picton et al., 1998; Richardson & Lehmann, 2010). V pribéhu
migrace PGCs vykazuji vyraznou mitotickou aktivitu a dochazi k narustu jejich pocCtu
(Wassarman & Albertini, 1994). Genetické zalozeni jedince urCi, zda se PGCs
diferencuji do samc¢i nebo samici linie. U sami€iho pohlavi podstoupi PGCs, jenz
kolonizovali zaklad gonad, diferenciaci za vzniku oogonii. Oogonie jsou
charakteristické vysokou mirou proliferace s neuplnou cytokinezi (Picton et al., 1998).
Timto zplsobem vznikaji skupiny bunék (oznaované jako germ-cell nests nebo germ-
cell cysts), které jsou spolu propojeny pomoci cytoplazmatickych muistka. Vzajemné
propojeni umoznuje pfenos molekul a organel mezi bufikami (Pepling, 2006). B&éhem
vyvoje se germ-cell nests prostfednictvim programované bunécné smrti rozpadaji, a
tak se uvolfiuji jednotlivé oocyty (Buszczak & Cooley, 2000; Pepling & Spradling, 2001;
Greenfeld et al., 2007).

Schopnost oogonii proliferace je zastavena jesté pred tvorbou folikult a v reakci
na pusobeni retinové kyseliny a proteinu STRAS8 (stimulated by retinoic acid gene 8
protein homolog) zahaji meiotické déleni. Retinova kyselina u oogonii aktivuje tvorbu
STRABS, coz je cytoplazmaticky protein dulezity pro posledni kolo replikace DNA pred
vstupem do profaze prvniho meiotického déleni (Bowles et al., 2006; Zhou et al., 2008;
Sanchez & Smitz, 2012). Praseli oogonie zahajuji meiotické déleni zhruba 47. den
embryonalniho vyvoje (Black & Erickson, 1968). Po vstupu do miotického déleni jsou

tyto bunky jiz oznaCovany jako primarni oocyty (Alberts et al., 2007).

Na zakladé Zuckermanovi (1951) teorie se pfedpokladalo, ze pocCet prenatalné

vytvofenych oocytl je konecny a nadale dochazi v pribéhu Zivota jedince pouze ke
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snizovani jejich poctu, tj. Ze v dospélosti nejsou funkéni kmenové buriky, které populaci
oocytu obnovuji. Platnost této teorie je vS8ak sporna, nebot minimalné u nékterych
zivoCisnych druhl byla prokazana postnatalni obnova oocytl (Johnson et al, 2004;
Wang et al., 2017).

Po zahajeni meiotického déleni oocyt vstupuje do profaze prvniho meiotického
déleni, ktera je nejdelSi fazi meiozy a sklada se z 5 Casti - leptotene, zygotene,
pachytene, diplotene a diakineze. Nejdfive dochazi k spiralizaci a kondenzaci
chromozomd, pfiCemz kazdy chromozom je slozeny ze dvou chromatid, které
vzajemné spojuje komplex kohesind. Poté dochazi k parovani homolognich
chromozom( za vzniku tzv. bivalenti. Procesem crosing-over se v homolognich
chromozomech v bivalentech vyménuji useky DNA. Crosing over zajiStuje vznik
variability budouciho potomstva a je charakteristickym znakem meiotického déleni. Ve
fazi diplotene se chromozomy zacinaji rozdélovat, ale stale jsou spolecné propojeny
v mistech vymény DNA (tzv. chiazmatech). V této fazi dochazi v oocytech k zastaveni
meiotického déleni v prvnim meiotickém bloku a k opétovnému zahajeni dojde az
v reakci na dostate¢nou endokrinni stimulaci v dobé pohlavni dospélosti (Wassarman
& Albertini, 1994; Hurk & Zhao, 2004; Hunt & Hassold, 2008; Cohen & Holloway, 2015).
Oocyt nachazejici se v prvnim meiotickém bloku ma dekondenzovany chromatin a
jadro je oznaCovano jako zarodecny vacek (GV) (Wassarmann, 1988; Wassarman &
Albertini, 1994).

2.1.2 Rust oocyta a folikulogeneze

Primarni oocyt, ktery vstoupil do prvniho meiotického bloku, neni schopny
podstoupit meiotickeé zrani a stat se oplozenischopnym oocytem. Schopnost meioticky
dozrat oocyt dosahne az po obdobi ristu, kdy probiha vyrazna syntéza a pfijem
molekul, které jsou z velké ¢asti v oocytu skladovany. Obdobi rlstu Ize u savcu délit
do dvou ¢asti. V prvni €asti roste vlastni oocyt a v druhé je jiz velikost oocytu neména
a roste pouze folikularni obal. U pohlavné dospélych zvifat oocyt dosahne piné
velikosti pfed vznikem antralni dutiny folikulu. Pro dosazeni meiotické kompetence
musi oocyt prasnice zvétsit svlj primér z pavodnich 30 um na 120 um (Wassarman
& Albertini, 1994; Picton et al., 1998; Hunter, 2000; Bielanska-Osuchowska, 2006).

V obdobi rlstu se vytvari zona pellucida (ZP), ktera je tvofena specifickymi

glykoproteiny. ZP zaujima dulezitou funkci pfi fertilizaci, kdy zabrariuje mezidruhovému
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oplozeni a po modifikaci vytvafi blok proti polyspermii. ZP se vytvafi na povrchu oocytu
a oddéluje ho od folikularnich bunék. Komunikace mezi oocytem a folikularnimi
burikami je zachovana prostfednictvim mikroklkl oocytu, které prochazi pres vrstvu
ZP a vytvari spojeni s folikulatnimi burikami prostfednictvim gap junctions. Tyto spoje
se skladaji z protein connexind, které umoznuji prichod malych molekul do 1 kDa
(Wassarman & Albertini; 1994, Soyal et al., 2000; Li et al., 2007), jako jsou napf.
inhibiéni nebo stimulacni meiotické signaly (Picton et al., 1998).

Pro vyvoj oocytu a v pfipadé oplozeni také embrya je dulezité, aby rostouci
oocyt vytvofil dostate€nou zasobu RNA. U pIné dorostlé, meioticky kompetentniho
oocytu je transkripce zastavena a k jejimu obnoveni dojde az v druhové specifické
dobé reaktivace embryonalniho genomu. Z toho divodu je pro rlst charakteristicka
vyrazna syntéza RNA. Zivotnost jednotlivych transkriptl je regulovéana prostfednictvim
polyadenylace (prodluzovani poly — A konce mRNA) a deadenylace (zkraceni poly —
A konce mRNA). Transkripty jsou skladovany v cytoplazmé oocytl v ribonukleovych
proteinech (ribonocleoproteins, RNP), kde se spojuji s maskovacimi faktory
zabranujicimi nasednuti ribozom0 (Wassarman & Albertini, 1994; Picton et al., 1998;
Eichenlaub-Ritter & Peschke, 2002).

Kromé syntézy latek dochazi bé&éhem rlstu k pfestavbé organel a zménam
v jejich lokalizaci. Kupfikladu cisterny Golgiho komplexu se pfesouvaji do blizkosti
cytoplazmatické membrany, kde vytvafi glykoproteiny ZP a kortikalni granula
(Mehlmann et al., 1995; Hurk & Zhao, 2004). Rovnéz lokalizace mitochondrii pfevlada
v korové oblasti oocytl a sou¢asné dochazi k vyrazné tvorbé novych mitochondrii a

zménam v tvaru krist (Wassarman & Albertini, 1994; Picton et al., 1998).

Brzy béhem oogeneze dochazi ke vzniku folikuld. Na oocyty nachazejici se
v prvnim meiotickém bloku nasedaji buriky pochazejici ze somatickych bunék
vajeCniku a mesonefros. Timto zplsobem vznikaji tzv. primordialni folikuly, které jsou
charakteristické jednovrtstevnym obalem plochych bunék. Oocyty, u ktery nedoslo ke
vzniku folikularniho obalu, podléhaji apoptotickému rozpadu (Soyal et al., 2000;
Pepling & Spradling, 2001; Sawyer et al., 2002). Primordialni folikuly tvofi klidové
stadium, ve kterém se jednak nesyntetizuji steroidni hormony a ani neexprimuji

receptory pro folikulostimula&ni hormon (FSH). V tomto stadiu zUstanou az do doby,
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kdy jsou aktivovany a rekrutovany (recruitment) do kohorty rostoucich folikull
(Hirshfield, 1991; Picton et al., 1998).

Obecné se recruitment déli na tzv. initial recruitment a cyclic recruitment. Initial
recruitment oznacuje zakladni aktivaci primordialnich folikuld opakujici se béhem
zZivota. Z téchto aktivovanych folikull je nasledné procesem cyclic recruitment vybrano
nékolik folikull, které rostou az do preovulacéni velikosti (McGee & Hsueh, 2000). Mira
recruitmentu primordialnich folikuld je regulovana signalni drahou PTEN a PI3K
(phosphatase and tensin homolog deleted on chromosome 10 a phosphatidylinositol
3 kinase), kdy PI3K pusobi aktivatné a PTEN inhibi€né na aktivaci. Poruchy
v signalnich drahach PTEN a PI3K maji vyrazny vliv na reprodukéni schopnosti, kdy
napf. neaktivni PTEN vede k pfedCasné aktivaci populace primordialnich folikuld a
naslednému selhani reprodukce (Lee et al., 2001; Reddy et al., 2005; Adhikari & Liu,
2009; Sanchez & Smitz, 2012).

U aktivovanych folikul( dochazi k proliferaci a rustu folikularniho obalu, pficemz
prvni stadia folikulogeneze jsou nezavisla na plsobeni FSH. Z primordialnich folikull
vznikaji primarni folikuly, které maji stale jednu vrstvu granuloznich bunék, ale tyto
bunky jiz maji kubicky tvar. Dale ve vyvoiji folikuld dochazi k proliferaci folikularnich
bunék a okolo oocytu vznika vice vrstev granuloznich bunék. Tento folikul se nazyva
sekundarnim. Ve stadiu sekundarniho folikulu vstupuje oocyt do rustové faze, vytvari
ZP a zintersticialnich bunék ovarialniho stromatu vznikaji bunky théky tvofici vrstvu
theca folliculi (Hirshfield, 1991; Meduri et al., 2002; Hurk & Zhao, 2004). V theca folliculi
sekundarnich oocytl se vytvafi receptory pro luteiniza¢ni hormon (LH) pfes které LH
aktivuje syntézu androgenu. Androgeny stimuluji tvorbu FSH receptort v granuloznich
burikach. Sekundarni folikul je tedy stadiem, kdy se folikul stava citlivym na
gonadotropni hormony, neni vSak jesté vybaven enzymem aromatazou potfebnou pro
pfeménu androgenl na estrogeny a kvuali tomu estrogeny nesyntetizuje (Hirao et al.,
1994; Fair, 2003; Hurk & Zhao, 2004).

Béhem dalSiho vyvoje folikulu vznika tekutinou vyplnéna dutina (antrum), ktera
je charakteristickym znakem tercialniho (antralniho) folikulu. Vyvoj tercialniho folikulu
je jiz plné zavisly na pusobeni gonadotropnich hormonu. V tomto stadiu dochazi
k diferenciaci theca folliculi na vnitfni theca folliculi interna a vnéjSi theca folliculi

externa. Folikularni buriky se oddéluji na kumularni a muralni buriky. Kumularni buriky
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se nachazi v blizkosti oocytll se kterym tvofi tzv kumulo-oocytarni komplex. Muralni
buriky se nachazi u steny folikulu (Driancourt, 1991; Hurk & Zhao, 2004). Z funkéniho
hlediska je dulezité, Ze kumularni bufky neobsahuji receptory pro LH a signal pro
dozrani a ovulaci (LH peak) vnimaiji nepfimo prostrednictvim EGF podobnym peptidiim
(EGF like peptides) vylu€¢ovanych muralnimi burfikami. Folikularni vyvoj je nakonec
ukoncen ovulaci nebo atrésii (Eppig et al., 1997). Délka ¢asoveého intervalu od naboru
folikult do kohorty rostoucich folikull az po formovani antra je u prasete zhruba 84 dni
(Morbeck et al., 1992; Hunter, 2000).

Samotny folikularni vyvoj po cyklickém recruitmentu vytvafri folikularni viny a je
rozdélen do nékolika fazi — recruitment, selekce a dominance (Hurk & Zhao, 2004). U
druhll s dobfe rozliSitelnymi folikularnimi vinami (napf. skot) zalind cyklicky
recruitment zvySenim produkce FSH a folikuly, které maji vytvofené dostatecné
mnozstvi receptort pro FSH, tedy maiji schopnost na FSH reagovat, vstoupi do kohorty
rostoucich folikult (Fair, 2003). Rekrutované folikuly rostou a nasledné dojde k selekci
druhové specifického poctu dominantnich folikull, které jsou zpravidla vétSi nez
ostatni folikuly v kohorté. Dominantni folikuly nakonec v reakci na vinu LH ovuluji.
Ostatni rekrutované folikuly podlehnou atrésii (Beg & Ginther, 2006).
Charakteristickym znakem dominantnich folikulll je aktivita enzymu aromataza, ktera
je zodpovédna za produkci estrogent (Yen et al., 2005). Syntéza estrogenu je
zajisténa spolupraci mezi bufikami theca folliculi interna a granuldznimi bufkami.
V reakci na pusobeni LH vytvari bufky théky androgeny, které slouzi jako substrat pro
granulézni buriky. Enzymem aromatazou jsou totiz pfeménény na estrogeny (Hillier et
al., 1994). V reakci na inhibi¢ni efekt progesteronu je v lutealni fazi nizka hladina
estrogenu a jejich hladina se zvySuje az po luteolyze. ZvySovani hladiny estrogen
pusobi pozitivni zpétnou vazbou na uvolfovani LH, coz nakonec vede k LH viné

zodpoveédné za ovulaci (Findlay et al., 2000; Knox et al., 2003).

U pohlavné dospélé prasnice se na vajeCnicich nachazi stala populace
antralnich folikul( velikosti 1 — 6 mm v priméru. Na zacatku estralniho cyklu, tedy po
ovulaci, dochazi k vyvoji zlutych télisek a zvySeni produkce progesteronu. Zarover se
kratce zvySuje hladina FSH, ktera folikulim velikosti pfiblizné 1 mm umozni vyvoj a
brani jejich zaniku (Driancourt, 2001; Knox et al., 2003). Nicménég, hladina FSH se po
5 dni estralniho cyklu snizuje, coz je spojeno se zvySenim miry atrésie (Guthrie et al.,

1995). Pokud nedoslo k oplozeni, dochazi 14.-15. den k luteolyze Zlutych télisek a
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snizeni produkce progesteronu. Tim je odstranén inhibi¢ni vliv progesteronu na
produkci gonadotropnich hormonl a nastane druhé zvySeni hladiny FSH, které je
dulezité pro recruitment. Nasledkem recruitmentu vznikaji na povrchu vajecniku
ve folikularni fazi estralniho cyklu folikuly velikosti 6,5 mm (Knox et al., 2003). Z téchto
folikulll jsou dale selektovany folikuly, kterou dorostou do ovulaéni velikosti. Schopnost
projit selekci maji pouze folikuly, které vytvofily dostate¢né mnozstvi LH receptoru a
jsou citlivé na FSH. V této dobé se totiz snizuje produkce FSH a ve vyvoji mohou
pokraCovat pouze folikuly, které maji adekvatni schopnost reagovat na pulsativni
sekreci LH i na nizké hladiny FSH (Prunier et al., 1993; Driancourt, 2001). Rekrutované
folikuly, které nedosahly dostacujici velikosti, ztraceji receptory pro FSH a kvuli tomu
podléhaji atrésii (Lucy et al., 2001). Selektované folikuly se stavaji dominantnimi a
v prubéhu nékolika dni dosahnou velikosti 8 — 10 mm a nakonec v reakci na LH vinu
ovuluji. Na zacatku cyklického recruitmentu je u prasnice rekrutovano vice jak 50

folikuld, ze kterych nakonec ovuluje pouze &ast (Driancourt, 2001).

V procesu folikulogeneze a oogeneze hraje vyznamnou roli programovana
buné&na smrt neboli apoptéza. Apoptdza je dulezitym procesem pro udrzeni funkéni
zasoby primordialnich folikulll a pozdéji béhem vyvoje hraje roli ve folikularni atresii.
Na regulaci bunétné smrti se podili mnoho antiapoptotickych a proapoptotickych
proteind. Napf. v pfipadé, Ze chybi Bcl-2, antiapoptoticky ¢len rodiny proteint B—cell
lymfoma 2 (Bcl-2), dochazi ke sniZzeni po&tu oocytl a primordialnich folikuld. Stejnou
roli ma rovnéz Bcl-x (Rucker et al., 2000). Naproti tomu bunécnou smrt podporuje
proapoptoticky faktor BAX, ktery je rovnéz Clenem rodiny Bcl-2. SniZzeni exprese
proteinu BAX v téle vede ke zvySeni poctu zarodecnych bunék (Perez et al., 1999).
Jako dal8i dulezita signalni draha, ktera se podili na regulaci buné&né smrti, je signalni
draha kaspaz. Napfiklad deficience kaspazy 2 vede ke zvySeni poctu primordialnich

folikul (Bergeron et al., 1998).

2.1.3 Meiotické zrani

V obdobi pohlavni dospélosti se objevuje charakteristicka pulsativni sekrece LH
hormonu, ktera mimo ovulaci spusti u meioticky kompetentnich oocytu proces
meiotického zrani. To znamena, Ze u oocytl nachazejicich se do té doby v prvnim
meiotickém bloku, dojde k obnoveni meiotického déleni (Wassarman & Albertini,
1994). Pro zisk plné kompetence musi byt oocyt schopny podstoupit jednak jaderné

zrani, ale zaroven i ziskat cytoplazmatickou zralost. Jaderné zrani oznacCuje zmény
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v jadfe a rozdéleni chromozdému pfi pfechodu z prvniho meiotického bloku ve fazi
diplotenné do metafaze druhého meiotického déleni. Cytoplazmaticka zralost zahrnuje
akumulaci dostate€ného mnozstvi RNA (mRNA, rRNA), proteinu a dalSich latek, jakoz
i redistrubici organel a zmény cytoskeletu. Dohromady je cilem téchto zmén umoznit
nasledujici vyvoj (Watson, 2007; Ferreira et al., 2009). Celkové je pro ziskani meiotické

kompetence kliCové vytvorfeni zasoby cyklin dependentni kinazy 1 (CDK1, také

oznacovana jako cdc2 nebo p34Cd02) a proteinu cyklinu B, jenz jsou regulatory
bunécného cyklu (Chesnel & Eppig, 1995).

Pfed zahajenim meiotického zrani se oocyt nachazi v prvnim meiotickém bloku.
Hlavnimi faktory, které tento blok udrzuji, jsou cAMP, produkovany enzymem
adenylcyklaza (Downs et al., 1989) a cGMP, tvofeny guanylylcyklazou (Bornslaeger et
al., 1984). Predpoklada se, Zze v oocytech se nachazejici molekuly cAMP mohou
pochazet ze dvou zdroju. Zaprvé je to tvorba cAMP v foliklularnich bufkach a jeho
nasledny transport do oocytu pfes gap junctions (Sela-Abramovich et al., 2006).
Nicméné, pravdépodobnéjSim mechanismem je endogenni tvorba cAMP pfimo
v oocytu. V. membrané oocytu se nachazi konstitutivné aktivni receptor spojeny s G
proteinem 3 (GPR3), ktery v oocytu aktivuje adenylcyklazu zodpovédnou za produkci
cAMP (Horner et al., 2003; Vaccari et al., 2008). Vysoka koncentrace cAMP aktivuje
cAMP dependentni proteinkinazu A (PKA) (Richard et al., 2001) a aktivni PKA
fosforyluje proteiny regulujici aktivitu CDK1, jako je fosfataza CDC25. Pfed zahajenim
meiotického zrani jsou na CDK1 pfitomny inhibini fosforylace a pro aktivaci CDK1 a
nasledné obnoveni meiozy je nutné tyto fosforylace odstranit. To je funkci CDC25.
Nicméné, v prvnim meiotickém bloku je tato funkce CDC25 inhibovana pravé PKA
(Kovo et al., 2006; Zhang et al., 2008). Sou€asné PKA aktivuje kinazu Wee1B, ktera
udrzuje inhibicni fosforylaci CDK1 (Han & Conti, 2006).

Kli€ovou roli v udrzeni prvniho meiotického bloku ma cGMP. V kumularnich
burikach se nachazi membranovy receptor natriuretického peptidu 2 (NPR2), ktery ma
guanylycyklazovou aktivitu. NPR2 je aktivovan prekurzorem natriuretického peptidu
typu C (NPPC) produkovaného v muralnich bunkach. cGMP produkovany
prostfednictvim NPR2 je pfes gap junctions transportovan do oocytu, kde inhibuje
cAMP foshodiesterazu PDE3A. Enzym PDE3A hydrolizuje cAMP a tim snizuje jeho

koncentraci. Z toho duvodu inhibice PDE3A pomoci cGMP brani obnoveni meiozy
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v prvnim meiotickém bloku (Norris et al., 2009; Zhang et al., 2010). Exprese NPR2 je
stimulovana pfimo oocytem prostiednictvim produkce rastového diferenciacniho
faktoru 9 (GDF9) a kostniho morfogenetického proteinu (BMP15) (Wigglesworth et al.,
2013).

Meiotické zrani je zahajeno vinou LH, ktera pusobi pfes receptory nachazejici
se zejména na muralnich burkach folikulu (Amsterdam et al., 1975; Peng et al., 1991;
Jeppesen et al., 2012). LH receptory patfi do skupiny receptort spojenych s G proteiny
a jejich aktivace vede ke zvySeni mnozstvi signalnich molekul, a to cAMP a iontl
vapniku (Ca?*) (Lee et al., 2002). Aktivace téchto signalnich drah v muralnich burikach
vede nakonec u oocytu k zahajeni meiotického zrani, jehoZz vyraznym znakem je
rozpad zarodec¢ného vacku (germinal vesicle breakdown, GVBD) (Hsieh et al., 2007).
Pfenos aktivacniho signalu z muralnich bunék folikulu je zprostfedkovan ligandy EGF
receptorll zahrnujici epiregulin (EREG) a amphiregulin (AREG) (Kawamura et al.,
2009). Receptory pro EGF se nachazi na muralnich i kumularnich bufikach, nejsou ale
pritomny na oocytu (Park et al., 2004). EREG a AREG jsou syntetizovany jako
neaktivni membranové proteiny a proteotickym Stépenim vnéjSi domény pomoci
metalloendoproteaz jsou uvolhovany jako aktivni peptidy (Ashkenazi et al., 2005;
Silvestre et al.,, 2011). Ty v kone¢ném dusledku zpuUsobi jednak aktivaci MAPK
uzavirajici gap junctions, a dale snizeni hladiny cGMP (Sela-Abramovich et al., 2005;
Panigone et al., 2008; Vaccari et al., 2009).

Po viné LH dochazi ke snizeni exprese NPPC a produkce cGMP. To vede k
omezeni transportu cGMP z folikularnich bunék do oocytu. Z ddvodu vymizeni
inhibiéniho vlivu cGMP na PDE3A dojde k jeji aktivaci a nasledné degradaci cAMP
v oocytu (Kawamura et al., 2011). Sou¢asné po LH viné je aktivovan enzym MAPK,
ktery fosforyluje conexin 42 vytvarejici gap junctions. Tato fosforylace zpusobi
uzavieni gap junctions a tedy uzavieni cesty pro transport cGMP (Sela-Abramovich et
al., 2005; Norris et al., 2008). Soucasné se MAPK podili na formovani déliciho
vieténka (Hurk & Zhao, 2004). V sav¢im oocytu jsou pro meiotické zrani dulezité dvé
izoformy MAPK a to ERK1 a ERK2 (Hurk & Zhao, 2004). V dobé zahajeni meiotického
zrani se zvySuje exprese kinazy mos, ktera nasledné aktivuje mitogenem aktivovanou
kinazu kinazy (MAPKK, neboli MEK). MEK je aktivacni kinazou MAPK a aktivovana
MAPK nasledné aktivuje kinazu p90'sk (Nebreda & Hunt, 1993; Sagata et al., 1989).
Signdini dréaha mos/MEK/MAPK/p907* je dullezitd pro udrZeni vysoké aktivity
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maturation promoting factor (MPF) v pribéhu meiotického zrani. Kinaza Myt1 inhibi¢né
fosforyluje CDK1 a tim snizuje jeji aktivitu. Aktivni p90r* inhibi¢né fosforyluje Myt1 tim
zabranuje inhibi¢ni fosforylaci MPF (Palmer et al., 1998).

Snizeni mnozstvi cAMP je spojeno s aktivaci MPF. MPF je komplexem
slozenym z kinazy CDK1 a cyklinu B. Cyklin B je regulacni podjednotkou a zmény v
jeho mnozstvi vyraznou mirou ovliviuji aktivitu MPF (Holt et al., 2013). V obdobi rustu
oocytu dochazi k syntéze CDK1 a cyklinu B, které se spojuji a vytvafi neaktivni
komplex pre-MPF. Meioticka kompetence je charakteristicka vyraznou zasobou pre-
MPF v oocytu (Gordo et al., 2001). V neaktivni formé& je pre-MPF udrzovana
prostfednictvim inhibi¢ni fosforylace CDK1 (na Tyr15 a Thr14) maskujici vazebna
mista pro ATP (Ferrell et al., 1991). Inhibicni fosforylace je zprostfedkovana kinazami
Wee1B a Myt1, pficemz signalni draha cAMP/PKA zvySuje aktivitu Wee1B (Mueller et
al., 1995; Han et al., 2005). K aktivaci pre-MPF dochazi po LH viné, kdy se snizi
hladina cGMP, nasledné i aktivita cAMP/PKA, coz uvolni inhibici CDC25. Aktivni
CDC25 odebere z CDK1 inhibi¢ni fosforylaci a tim ji aktivuje (Lincoln et al., 2002).
Aktivovana MPF poté posiluje €innost CDC25 a zaroven inaktivuje Wee1B. Z toho
divodu vznikne pozitivni zpétna vazba vedouci k autoamplifikaci MPF (Palmer et al.,
1998). Aktivovana MPF fosforyluje laminy tvofici jaderny obal a proteiny podilejici se

na kondenzaci chromatinu a organizaci cytoskeletu (Gordo et al.,2001).

GVBD je u oocytu dosahnuto kvuli snizeni hladiny cAMP (Hsieh et al., 2007).
Aktivace fosfolipazy C v granuléznich burikach vede k hydrolyze fosfatidylinositolu a
produkci inositoltrifosfatu a diacylglycerolu. Signalizaci fosfolipazou C stimulovana
intracelularni mobilizace Ca?* je rovnéz spojena s influxem Ca?* z extracelularniho
prostiedi. Ke zvy$eni hladiny Ca?* v oocytu po LH viné muze dojit pomoci pfimého
transportu Ca?* z kumularnich bunék nebo pomoci transportu inositoltrifosfatu, ktery
nasledné v oocytu indukuje uvolnéni Ca?*. Zvyseni intracelularni hladiny vapniku je
dulezitym faktorem, ktery se podili spusténi meiotického zrani. Ca?* dale ovliviiuje
aktivitu proteaz, které mohou odbouravat proteiny dulezité pro bunécény cyklus
(Homa, 1995). Ca?* pusobi pFes kalcium/kalmodulin dependentni protein kinazu I
(CaMKIl). Tato kinaza reguluje koncentraci cyklinu B a vyvolava vydéleni prvniho

polového téliska (Lorca et al., 1993).
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V pribéhu meiotického zrani dojde k rozdéleni chromozom a cytoplazmy, ta
je vSak rozdélena asymetricky. VétSina cytoplazmy se pfi déleni dostane do
sekundarniho oocyt, naopak druha bunka, polové télisko, obsahuje minimalni
mnozstvi cytoplazmy (Wassarman & Albertini, 1994). Rozdéleni chromozom( v
bivalentech je zprostfedkovano tzv. mikrotubuly organizujicimi centry (microtubule
organizing centers, MTOCs). Sesterské chromatidy v bivalentech jsou spojeny
proteiny kohesiny. Pfed rozestupem chromozomu musi byt kohesiny rozstépeny a to
je zprostiedkovano enzymem separazou, ktery je aktivovan na zacatku anafaze
(Buonomo et al., 2000; Kudo et al.,, 2009). U meioticky zrajiciho oocytu MTOCs
vytvareji pomoci polymerizace mikrotubult tzv astery. Po GVBD jsou mikrotubuly
vychazejici z protilehlych aster napojeny na kinetochory chromozom( a vzajemné

propojeny. To nasledné umozni rozdéleni chromozom( (Eichenlaub — Ritter, 2012).

Spravné napojeni mikrotubull na kinetochory a nasledny rozchod chromozomu
jsou kontrolovany a regulovany signalni kaskadou spindle assembly checkpoint (SAC),
zahrnuijici velkou fadu proteint (napf. Bub1, MAD1, aurora kinaza) (Holt et al., 2013).
V pfipadé problému v pfipojeni chromozomu neni umoznéno, aby meiotické zrani
pokraCovalo do anafaze (Hoyt, 2001). V tomto pfipadé proteiny SAC inhibuji protein
CDC20 (cell division cycle protein 20), ktery jinak funguje jako koaktivator enzymového
komplexu anafazi podporujici komplex/cyclosome (anaphase promoting
complex/cyclosome, APC/C). APC/C Fidi meiotickeé zrani a inhibice jeho aktivace vede
k zastaveni postupu meiozou (Eichenlaub — Ritter, 2012).

Jako dal$i déj probihajici po viné LH je expanze a mucifikace kumularniho obalu
oocytu. Proteiny EREG a AREG uvolnéné po viné LH zpUsobi v kumularnich bunkach
zvySeni produkce fady proteind zapojenych do expanze kumularniho obalu (napf.
cyklooxygenaza — 2, hyaluroran syntaza — 2 a pentraxin — 2) (Richards, 2005). Na
zahajeni kumularni expanze se dale mohou podilet oocytem produkované faktory, tzv
kumularni expanzi umoznujici faktory (CEEF, cumulus expansion enabling factors)
(Buccione et al., 1990; Prochazka et al., 1991). Enzym cyklooxygenaza - 2 (COX-2)
produkuje prostaglandin E2 (PGE2), jehoz efektem je zvySeni produkce EREG a
AREG a tedy amplifikaci reakce na vinu LH (Ben-Ami et al., 2006). Soucasné COX-2
produkuje prostaglandiny zapojené do procesu ovulace (Lim et al., 1997). Samotna
expanze je zpusobena produkci extracelularni matrix, ktera je slozena prevazné z

hyaluronové kyseliny (Park et al., 2004; Ashkenazi et al., 2005). V prabéhu kumularni
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expanze dochazi preruSeni spojeni pomoci gap junctions a tim k zabranéni pfenosu
inhibicnich latek z kumularnich bunék do oocytu. Tento mechanismus se podili na
zahajeni meiotického zrani (Chen et al., 1990).

Celkova délka jaderného zrani je druhové specificka, pficemZz u prasete
dosahuje 44 hodin (Knox et al., 2003). Po dokon&eni meiozy | pokraCuje meiotické
zrani az do metafaze druhého meiotického déleni, kde dojde k opétovnému zastaveni
v tzv. druhém meiotickém bloku. Oocyt nachazejici se druhém meiotickém bloku je
pfipraveny na oplozeni spermii (Picton et al., 1998).

Prachod meiotickym zranim a druhy meioticky blok

Pfi postupu meiotickym délenim z anafaze | do metafaze Il musi dojit ke zméné
v aktivitt MPF, nebot pro vystup z meiozy | je nutné kratkodobé snizeni aktivity MPF.
V druhém meiotickém bloku vykazuje MPF opét vysokou aktivitu, coz pravé druhy blok
udrzuje (Picard et al., 1985; Ito & Kashiwazaki, 2012). Na Fizeni prichodu meiotickym
zranim se z velké ¢asti podili APC/C. Proteinovy komplex APC/C pfedstavuje ubiquitin
ligazu pfipojujici k vybranym proteinim ubiquitinovou znacku oznacuijici tyto proteiny
k proteolyze v proteasomu (Peters, 2006). Aktivita a substratova specifita APC/C je
ovlivnéna vazbou koaktivatord CDC20 nebo FZR1 (fizzy related protein 1) a fosforylaci
prostfednictvim MPF nebo polo-like kinazy | (PLK1) (Kramer et al., 2000; Jones, 2011).
V dobé prvniho meiotického bloku je APC/C spojen zejména s FZR1. Po zahajeni
meiotického zrani a zvySeni aktivity CDK1 dochazi ke snizeni vazby FZR1 a naopak
se na APC/C navaze CDC20. Spojeni APC/C a CDC20 nasledné vede k degradaci
cyklinu B a securinu (Reis et al.,, 2007). Securin pfedstavuje inhibitor separazy.
Degradace securinu pomoci APC/C vede k aktivaci separazy, ktera Stépi proteiny
kohesiny drzici sesterské chromatidy v bivalentech a tim umoZnuje rozchod
chromozom (Nasmyth, 2001). Degradace cyklinu B vede ke snizeni aktivity MPF, coz
umozni pfechod pfes anafazi do meiozy Il. Na druhou stranu se v prib&hu meiotického
zrani zvySuje exprese cyklinu B, jenz v kone&ném dusledku vede pouze k ¢aste€nému
snizeni hladiny cyklinu B. Pfedpoklada se, Ze kdyby doSlo k plnému sniZeni cyklinu B,
oocyt by vstoupil do S faze bunécného cyklu. Timto mechanismem je viak vstupu do
S faze zabranéno (lwabuchi et al., 2000; Holt et al., 2013).

Po priichodu meiozou | je meiotické zrani zastaveno v metafazi Il v druhém

meiotickém bloku, ktery je charakteristicky vysokou aktivitou MPF (Picard et al., 1985;
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Ito and Kashiwazaki, 2012). Vysoka aktivita MPF je udrZena prostfednictvim inhibice
APC/C pomoci tzv. cytostatickych faktord (CSF). CSF predstavuje fadu regulacnich
protein(, pficemz kli¢ovou roli zaujima signalni draha mos/MEK/MAPK/p907sk a protein
Emi2 (Lorca & Castro, 2010). V druhém meiotickém bloku vykazuje
mos/MEK/MAPK/p90sk vysokou aktivitu a jednim zcili p90™k je protein Emi2.
Fosforylace Emi2 prostfednictvim p90k vede k vazb& Emi2 na APC/C a tim k inhibici
jeji aktivity (Schmidt et al., 2006; Inoue et al., 2007; Lorca and Castro, 2010; Ito &
Kashiwazaki, 2012).

Pro vystup z druhého meiotického bloku pfi oplozeni nebo partenogenetické
aktivaci je nutné snizeni aktivity CDK1. To je zprostfedkovano aktivaci APC/C a
naslednou degradaci cyklinu B. Po oplozeni se ze spermie dostane do cytoplazmy
oocytu fosfolipdaza C zeta, kterd zvysi intracelularni hladinu Ca?* (Saunders et al.,
2002; Nixon et al., 2002). Tyto tzv. viny Ca?* aktivuji v oocytu fadu signalnich drah,
pficemz jednou znich je draha Ca?'/kalmodulin dependentni protein kinazy |l

(CaMKIl). Aktivovana CaMKIl fosforyluje Emi2, coz umozni nasledné rozpoznani Emi2

pomoci ubiquitin ligasy Skp1—Cullin-Fbox-Btrcp  (SCFPCP) a jeho degradaci.
Soucasné se po oplozeni snizuje aktivita signalni drahy mos/MEK/MAPK/ p90sk (Lorca
and Castro, 2010; Nishiyama et al., 2010; Ito & Kashiwazaki, 2012).

2.2 Starnuti oocyti

Oocyt nachazejici se v druhém meiotickém bloku je plné vyvojové kompetentni
pouze omezenou dobu a v pfipadé, Ze nedojde k oplozeni v tzv. optimalnim okné pro
fertilizaci, dochazi postupné k negativhim zménam souhrnné nazyvanych jako
postovulaéni starnuti. Starnuti vede k partenogenetické aktivaci, apoptdéze nebo lyze
oocytu (Miao et al., 2009).

Funk&nimi zménami, ke kterym dochazi v procesu starnuti oocytu, jsou: snizeni
oplozovaci schopnosti (Lanman, 1968), zvySeni miry polyspermie po oplozeni
(Badenas et al., 1989), partenogeneze (Blandau, 1952), zvySeni vyskytu
chromozomalnich aberaci (Szollosi, 1971), apoptézy z dlvodu sniZeni exprese anti-
apoptotického faktoru Bcl-2 a aktivaci kaspaz (Fujino et al., 1996; Gordo et al. 2002;
Takai et al. 2007), snizeni vnimavosti na aktivaéni stimuly (Szollosi, 1971), zahajeni
anafaze Il (Xu et al., 1997), ¢aste€na exocytdza kortikalnich granul (Szollosi, 1971),

snizeni aktivity MPF a MAPK (Kikuchi et al., 1995), epigenetické zmény (Liang et al.,
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2008) a naruseni a/nebo zpomaleni vyvoje embryi nebo plodd (Lanman, 1968).
V pribého postovulaéniho starnuti dale dochazi k morfologickym a funkénim zménam
cytoplazmatické membrany, zony pellucidy, cytoskeletu a mitochondrii (Szollosi,
1971). Ty zahrnuji napf. zona hardening (Dodson et al. 1989), dysfunkci a pokles
membranového potencialu mitochondrii (Wilding et al., 2001), sniZzeni produkce ATP
(Cietal., 1988), poruchy déliciho vietene a ztrata chromosomalni integrity (Wakayama
et al. 2004).

Negativni zmény spojené se starnutim negativné ovliviiuji oplozenischopnost a
vyvojovy potencial oocytu jak v in vivo, tak v in vitro podminkach (Miao et al., 2009).
Zmény v zona pellucida zpusobené predCasnou exocytozou kortikalnich granul a
procesem zona hardening brani v interakci se spermiemi a tim fertilizaci (Lord &
Aitken, 2013). SoucCasné se u starnoucich oocytu zvySuje peroxidace lipidl, coz mize
negativné ovlivnit schopnost spojeni membrany spermie a oocytu (Takahashi et al.
2003). Pokud dojde ke spojeni spermie a oocytu, je pro aktivaci oocytl kliCové
spusténi a prabéh vin Ca?*. Nicméné, u starnoucich oocytu je schopnost fizeni hladiny
Ca?* naru$ena a to vede k abnormalnim Ca?* vinam. Frekvence uvoliiovani Ca?*je v
téchto oocytech vyrazné vyssi, ale amplituda je naopak podstatné mensi nez
v Cerstvych oocytech (lgarashi et al.,, 1997). Pfedpoklada se, Zze takto naru$ena
signalizace Ca?* spusti u oocytl po oplozeni misto vyvojové drahy spise cestu vedouci
k apoptoze (Gordo et al., 2002).

SniZzeny vyvojovy potencial embryi vzniklych oplozenim starnoucich oocytl je
Casto disledkem poruch déliciho vietene a naslednym vznikem chromosomalnich
abnormalit (Mailhes et al. 1998; Wakayama et al. 2004). Pfestoze proces starnuti
vyrazné snizuje vyvojovy potencial, pfesto dochazi ke vzniku zivych potomku vzniklych
oplozenim starnoucich oocytld. Nicméné, u téchto potomku je zvySena mira abnormalit
a tyto potomci vykazuji zpomaleni ristu, opozdény vyvoj, snizeni reproduk&nich
schopnosti a zkraceni délky Zivota (Tarin et al., 1999; Tarin et al., 2002). Pfedpoklada
se, ze faktory zodpovédnymi za vyskyt téchto abnormalit u mladat jsou dysfunkéni
mitochondrie a naruSeny epigeneticky profil a tim i exprese genl (Tarin et al., 2002;
Liang et al. 2011).

Na vzniku negativnich zmén spojenych s postovulacnim starnutim se podili

nékolik molekularnich mechanizm(. Samotny proces starnuti je urychlen pfitomnosti
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kumularnich bunék, kdy pfi starnuti kumulo-oocytarnich komplext dochazi ve zvySené
mife k partenogenetické aktivaci a apoptoze v porovnani s denudovanymi oocyty (Wu
et al., 2011). Dulezitou roli hraje ptsobeni volnych kyslikovych radikalt (ROS). Béhem
starnuti dochazi k jejich hromadéni a zaroven ke snizovani antioxidacni ochrany. To
vede ke vzniku oxidacniho stresu. V souvislosti se zvySenim oxidacnim stresem
dochazi k poskozeni bunéénych membran a naruSeni DNA (Takahashi a kol., 2003;
Lord et al.,, 2013). Celkové dochazi k mnoha biochemickym zménam, které jsou
zodpovédné za vznik starnuti oocytl (Lord a Aitken, 2013). Jednou z kli¢ovych je
inaktivace MPF a tim snizeni plvodné vysoké aktivity MPF. Vysoka aktivity MPF je
dilezitd pro udrzeni druhého meiotického bloku. V pradbéhu starnuti dochazi
k postupnému snizovani aktivity MPF, coZz je spojeno se zvySenim urovné

partenogenetické aktivace a fragmentace (Kikuchi et al., 2000).

Dysfunkce mitochondrii je dalSim pfedpokladanym faktorem zodpovédnym za
negativni projevy starnuti. NenaruSena funkce mitochondrii je dilezita jednak pro
zivotaschopnost oocytd, tak i pro vyvojovy potencial. U oocytu vystavenych starnuti se
vSak ve zvySené mife vyskytuji abnormality mitochondrii, jako sniZzeni mitochondrialni
integrity, ztrata membranového potencialu mitochondrii (Wilding et al., 2001) a snizeni
produkce ATP (Chi et al., 1988). NaruSena funkce mitochondrii je spojena se zvySenou
produkci ROS a unikem proapoptotickych faktoru jako je cytochrom c. Uvolnény
cytochrom c je aktivatorem kaspaz a endonukleaz. Aktivace kaspaz vede k
apoptotickému rozpadu (Fujino et al., 1996; Liu et al., 2009a).

Zabranéni vzniku negativnich projevl starnuti a tim udrzeni kvality oocytl je
faktorem umoznujicim zlepSeni metod asistované reprodukce a biotechnologie. Ve
védecké literature je popsano nékolik zplsobu jak omezit projev starnuti vin vitro
podminkach. Efekt na zpomaleni starnuti je znam napf. v pfipadé zvySeni koncentrace
pyruvatu v kultivaénim médiu (Liu et al., 2009b) nebo pfi suplementaci kultivaéniho
meédia kafeinem (Kikuchi et al., 2002) ¢i melatoninem (Lord et al., 2013). Starnuti
oocytu je ovlivnéno i gasotransmitery, kdy tfeba sulfan ma protektivni efekt (Krej¢ova

et al., 2015). V pfipadé oxidu uhelnatého (CO) vSak efekt na starnuti nebyl znam.

2.3.1 Oxid uhelnaty
Za faktory regulujici fyziologické funkce byly dlouho povazovany pouze peptidy,

proteiny, lipidové derivaty a nukleové kyseliny. Plynné latky s vyjimkou kysliku byly
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chapany jako nedulezité. V devadesatych letech minulého stoleti bylo dokazano, ze
faktor zodpovédny za relaxaci hladkého svalstva cév (endothelial cell-derived relaxing
factor, EDRF) je plyn oxid dusnaty (NO) (Palmer et al, 1987; Ignarro et al., 1987).
Vyznam objevu NO jako signalni molekuly mél obrovsky dopad na biomedicinsky
vyzkum. Brzy po prokazani signalni funkce NO bylo objeveno, ze i oxid uhelnaty (CO)

ma pro fungovani organizmu dulezity vyznam.

SkutecCnost, Ze v organizmu vznika CO jako meziprodukt pfi rozpadu hemu
katalyzovaném mikrosomalnim enzymem hem oxygenaza (HO), byla znama dlouho
pfed objevem signalni funkce NO (Tenhunen et al., 1968). Endogenné vznikajici CO
byl povaZzovan pouze za odpadni meziprodukt, ktery ma ve vysokych koncentracich
negativni efekt. CO byl znam nap¥. kvlli jeho schopnosti vazat se nahem a tim
snizovat schopnost krve zasobit tkané kyslikem (Stewart, 1975). Pohled na
vyznamnost CO pro organizmus se zménil kratce po prokazani signaini funkce NO,
nebot byla poznana fyziologicka role CO v nervovém pfenos (Verma et al., 1993) a v
relaxaci svaloviny analniho sfinkteru (Rattan & Chadker, 1993). Postupné bylo
poznavano, ze nizké koncentrace CO jsou dulezitym faktorem pro spravné fungovani
organizmu. Nyni je znamo, Ze systém HO/CO reguluje fadu bunéénych funkci a podili
se na ochrané bunék pfed negativnim plsobenim stresu (Wu & Wang, 2005). Poruchy
ve funkci systému HO/CO vedou ke zdravotnim komplikacim a porucham

v reprodukci. Nicméné, vyznam HO/CO v reprodukci prozatim neni plné pochopen.

2.3.2 Signalni draha HO/CO

Reakce katalyzovana HO je hlavnim endogennim zdrojem CO. HO katalyzuje
prvni a limitujici krok v oxidativni degradaci hemu (Tenhunen et al., 1968; Tenhunen
et al, 1969). Jednotlivé produkty katabolismu hemu maji v bufice vyznam. Fe?*
uvolnéné z hemu indukuje expresi ferritinu (Einstein et al., 1991) a Fe?* exporteru
ferroportinu (Delaby et al., 2008). Spole¢né ferritin a ferroportin u¢inné odstranuji
redox-aktivni Fe?* a tim minimalizuji riziko oxidativniho poskozeni indukovaného
Fentonovou reakci (Dunn et al., 2014). Biliverdin a bilirubin jsou vyznamné
antioxidanty (Dennery et al., 1995; Mireles et al., 1999) schopné vychytavat ROS a

zvySovat aktivitu antioxidaénich enzymu (Bay et al., 2015).

Jsou znamé dva izoenzymy HO, HO-1 a HO-2. Obé katalyzuji identickou

biochemickou reakci transformace hemu na biliverdin-IXa. Oba proteiny ve své
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struktufe obsahuji vysoce konzervovanou sekvenci 24 aminokyselin, ktera je
povazovana za vazebné misto pro hem (Rotenberg et al., 1991; Maines, 1997) a sdili
podobny hydrofobni region, ktery slouzi k pfichyceni proteinu k membrané
(McCoubrey et al., 1993; Shibahara et al.,, 1985). Oba izoenzymy se vSak [iSi
v enzymoveé Kinetice, termostabilité a imunoreaktivité (Maines, 1992; Maines et al,
1986).

Indukovatelna izoforma, HO-1 (~32 kDa), je membranovy protein pfipojeny
k endoplazmatickému retikulu (Yoshida & Kikuchi, 1978). V reakci na pusobeni
stresor0 muze dochazet ke zménam v jeho lokalizaci, kdy je translokovan do
lipidovych raftd (caveolae), mitochondrii a jadra (Dunn et al., 2014). Tato redistribuce
HO-1 ma signalni funkci, pficemz napf. v jadfe se uplatnuje v regulaci transkripcnich
faktort a ochrané bunék pred pisobenim oxidativniho stresu (Biswas et al., 2014). Za
fyziologickych podminek je HO-1 exprimovana zejména v tkanich, které se ucastni
odbouravani erytrocytu, jako je slezina nebo kostni dfen. V ostatnich tkanich jsou
hladiny HO-1 obvykle nizké, ale jeho exprese mize byt stimulovana Sirokou Skalou
stresovych podnétl (napf. oxidativni a tepelny stres, hypoxie a pasobeni cytokinu),
pficemz zvySeni exprese ma cytoprotektivni efekt (Ryter et al., 2006). V procesu
indukce HO-1 jsou zapojeny napfiklad MAPK a nuclear factor-kB (Kim et al., 2011).
Schopnost HO-1 potlacovat oxidativni stres ma i enzymaticky inaktivni forma (Hori et
al., 2002). Mechanismus ucinku enzymaticky inaktivni HO-1 prozatim neni plné znam,
ale je prokazano, ze HO-1 muze vazbou na jiné proteiny ménit jejich aktivitu (Dennery,
2013)

HO-2 (~36 kDa) je konstitutivné exprimovany izoenzym s nejvyssi expresi
vmozku a varlatech (Maines, 1997). Rovnéz HO-2 je membranovy protein
(Ma et al., 2004) a endosomech (West and Oates, 2008). HO-2 nereaguje na
transkripéni aktivaci plisobenim stresorl a jedinymi dosud znamymi aktivatory exprese
jsou glukokortikoidy (Maines et al., 1996) a vzhledem k této skuteCnosti je kortizol
povazovan za regulator exprese HO-2 (Liu et la., 2000). HO-2 je zodpovédny stalou
produkci CO a vytvari ochranou linie proti bunéénému poskozeni napriklad oxidativnim
stresem (Turkseven et al., 2007). Zarovenh se piedpoklada, Ze funguje jako senzor
hladiny kysliku, ktery se podili v protektivni reakci bunék na hypoxii (Mufioz-Sanchez
& Chanez-Cardenas, 2014).
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Mimo HO-1 a HO-2 byl popsan i HO-3. Nicméné v pfipadé HO-3 nejspiSe
nedochazi k jeho expresi v in vivo podminkach a kvuli vysoké homologii HO-3 s HO-2
a chybgjicim introndm v genu pro HO-3 je HO-3 popisovan jako pseudogen
pochazejici z transkriptu HO-2 (Hayashi et al., 2004).

2.3.3 Bunécné cile CO

Oxid uhelnaty ovliviiuje bunécné funkce prostfednictvim vazby na struktury
obsahujici pfechodné kovy (napf. Fe, Cu) (Boczkowski et al., 2006), z nichz
cyklooxygenasa, cytochrom p450, cytochrom c oxidasa, iINOS), a z toho davodu je
zaroven i mnozstvi potencialnich cili pro CO Siroké (Tsiftsoglou et al., 2006). Vazbou
CO na zelezo v hemoproteinu dochazi ke konformacni zméné, ktera mize ménit

biologickou aktivitu proteinu (Roberts et al., 2004).

Spole¢nym cilem CO a zaroven NO je sGC. Vazbou CO nebo NO na hemovou
skupinu sGC dochazi ke zvysSeni tvorby cGMP. Zmény v hladiné cGMP nasledné
vedou k ovlivnéni signalnich drah (Furchgott and Jothianandan, 1991, Stone and
Marletta, 1994). Prostfednictvim signalni drahy sGC/cGMP se CO podili na regulaci
tonu cév, ovliviiuje neurotransmisi a pusobi antiproliferativné (Ryter & Choi, 2015). V
reprodukéni soustavé NO napf. touto drahou inhibuje ovarialni steroidogenezi
(Ishimaru et al., 2001; Grasselli et al., 2001) a podili se na udrzeni oocytd v prvnim
meiotickém bloku (Schwarz et al., 2014). Prozatim neni prokazan vliv HO/CO na
samiCi reprodukéni soustavu prostfednictvim signalni drahy sGC/cGMP, ale napf.
vzhledem ktomu, Zze i HO/CO ovliviuje steroidogenezi (Alexandreanu & Lawson,
2003), muze byt i tento efekt CO zprostiedkovan pfes sGC/cGMP. Nicméné,
v porovnani s NO je schopnost vazby CO na sGC vyrazné slabsi a CO je povazovan
spiSe za endogenni modulator NO/cGMP signalni drahy (Furchgott & Jothianandan,
1991; Ingi et al, 1996).

Interakce mezi CO a NO neprobiha pouze v kompetitivni vazbé k efektorovym
proteinim, ale i v pfimé regulaci tvorby. CO vazbou na hemovou skupinu iNOS snizuje
jeji aktivitu a tim tvorbu NO (Kim et al., 2008). Na druhou stranu NO zvySuje expresi
HO (Motterlini et al., 2002). Vzhledem k vzajemné provazanosti je CO povazovan jako
zpétnovazebny inhibitor NOS, ktery omezuje vznik oxidacniho stresu spojeného
s nadprodukci NO (Kim et al., 2008).
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CO vazbou na mitochondrialni cytochrom ¢ oxidazu a/nebo na plazmatické
membrané se nachazejici NAD(P)H oxidazu zvySuje tvorbu ROS, které v nizkych
koncentracich funguji jako dulezity druhy posel (Bilban et al., 2008). Vazba CO na
cytochrom ¢ oxidazu zpusobi unik volnych elektronli z dychaciho fetézce a naslednou
tvorbu ROS (D’Amico et al., 2006; Taillé et al., 2005). ROS poté mohou pulsobit na
rizné signalni drahy. CO indukované ROS prostifednictvim inhibice ERK 1/2 kinazy a
snizenim exprese cyklinu D1 inhibuji proliferaci hladkého svalstva (Taillé et al., 2005).
Dale CO indukované ROS napf. pres aktivaci transkripénich faktord Nrf-1, Nrf-2 a
PPARYy-coactivator-1a zvysSuji biogenezi mitochondrii. Tento proces umozni burice
nahradit poSkozené mitochondrie a zvladnout obdobi zvySenych metabolickych
naroku (Piantadosi et al, 2008; Suliman et al., 2007). Celkovy efekt pfechodného a
mirného zvySeni produkce ROS je pozitivni, nebot timto zplisobem dochazi k indukci
antioxida¢nich enzymu, aktivaci cytoprotektivnich genl a celkovému zvySeni odolnosti
bunék proti pasobeni stresord (Finkel, 1998). Na druhou stranu nadbytek ROS je
zodpovédny za naruSeni fady biologickych funkci (Agarwal et al., 2012). Nicméné, je
prokazano, ze CO ma schopnost branit negativnim efektim nadmérné produkce ROS
(Ryter et al., 2006; Ryter & Choi, 2016).

Je prokazano, ze CO pusobi na bunécné funkce prostrfednictvim MAPK (p38,
ERK 1/2 a JNK) (Ryter et al., 2006; Kim et al., 2006). Modulace MAPK signalni drahy
antiproliferativni vlastnosti CO (Ryter et al., 2006; Kim et al., 2006; Ryter & Choi, 2016).
Kvali tomu, Ze CO nema schopnost pfimo se vazat na MAPK, musi jeji aktivitu
ovliviiovat pres jiné proteiny nebo signalni drahy. Napfiklad v pfipadé p38 se
prfedpoklada, ze CO up-reguluje p38 prostfednictvim pfechodného zvySeni hladiny
ROS (Bilban et al., 2006) a/nebo pfes drahu sGC/cGMP (Wang et al., 2001). V sav€im
oocytu se p38 podili na sestaveni a regulaci déliciho vietynka, pficemz poruchy
v tomto procesu vedou k zastaveni bunééného cyklu (Ou et al., 2010). Rovnéz se p38
v oocytech podili na udrzeni druhého meiotického bloku (Miyagaki et al., 2014). Je
ukazano, Ze prechodné zdrzeni obnoveni meiotického zrani v in vitro podminkach
vede ke zlepSeni vyvojové kompetence (Nogueira et al., 2003; Vanhoutte et al., 2008).

Z téchto davodl by CO mohl byt perspektivni regulator meiotického zrani.

CO reguluje funkci Siroké fady iontovych kanall pro K*, Na* a Ca?*. CO aktivaci

nebo inhibici iontovych kanall reguluje razné fyziologické funkce. Napf. CO zvySenim
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aktivity BKca zplsobi vasodilataci a prostfednictvim inhibice Kv2,1 mize pusobit
neuroprotektivné (Peers et al., 2015; Wilkinson & Kemp, 2011). V délozni svaloviné se
BKca podili na zabranéni zvySeni jeji aktivity béhem brfezosti a v pfechodu ke stavu
pfipravenosti na aktivitu v obdobi nastupu porodu (Lorca et al., 2014). Prostfednictvim

aktivace BKca se CO muze podilet na udrzeni gravidity a regulaci nastupu porodu.

2.3.4 HO/CO v samici reproduk¢ni soustavé

Pfitomnost HO je prokazana v ovaricih (Alexandreanu & Lawson, 2003), déloze
a placenté (Odrcich et al., 1998; Ihara et al.,, 1998; Kreiser et al., 2003), pfi¢emz
distribuce izoforem je odliSna dle bunécného typu. V ovariich jsou obé izoformy
lokalizované v bunkach Zlutého téliska (CL) a folikularnich bunkach (granuldzni buriky
a buriky théky). Ve stromatu je pfitomna pouze HO-2 (Alexandreanu & Lawson, 2003;
Harada et al., 2004; Murphy et al., 1991; Zenclussen et al., 2011). Pfimo v oocytech

je prozatim prokazana pouze pritomnost mRNA HO-1 (Pfeiffer et al, 2015).

Stejné jako v jinych tkanich, i v ovariich a déloze dochazi v reakci na plsobeni
stresort (napf. oxidativniho stresu, nadmérné akumulaci volného hemu) ke zvySeni
exprese HO-1 (Murphy et al., 1991; Maines and Kutty, 1991; Cella et al., 2006;
Zenclussen et al., 2014). Expresi HO zaroven ovliviuji hladiny hormonu a diky tomu
dochazi v prubéhu estralni cyklu a gravidity ke kolisani exprese HO. V déloze mira
exprese HO-1 pozitivné koreluje se zvySenim hladiny estrogent a progesteronu.
Exprese HO-2 pozitivné koreluje pouze s hladinou progesteronu (Acevedo & Ahmed,
1998; Cella et al., 2006; Zenclussen et al., 2014). U mysSi dochazi k nejintenzivnéjsi
expresi HO-1 v obdobi estru a pravé v estru se u mysi vyskytuje vrchol v hladiné
progesteronu (Zenclussen et al., 2014). Pfi zablokovani aktivity HO prostfednictvim
inhibitoru chromium mesoporphyrin (CrMP) dochazi ke zkraceni délky estru
(Alexandreanu & Lawson, 2002). Vyznamem zvySeni exprese HO-1 v déloze je
pravdépodobné ochrana embrya pfed nepfiméfenou zanétlivou reakci a vlivem
nadbyteéného volného hemu, kdy oba tyto déje maji prokazany Skodlivy efekt (Vinatier
et al., 1995; Jeney et al.,, 2002; Zenclussen et al., 2014; Li et al, 2015). Tento
predpoklad je potvrzen skuteCnosti, Zze zvySeni exprese HO-1 v déloze koreluje se
snizenim hladiny volného hemu. Z téchto duvodul je aktivita HO-1 povazovana za
kliCovou pfi udrzeni optimalniho prostfedi pro nidaci a implantaci (Zenclussen et al.,
2014).
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Zmény v aktivitt HO v prabéhu estralniho cyklu mizou mit vliv na vyvoj a
zivotnost folikulG. PFi ovulaci dochazi v ovariich k aktivaci zanétlivych procesu a
uvolnéni velkého mnozstvi hemu (Richards et al., 2002) a stejné jako v déloze muze
zvyseni aktivity HO-1 v estralni fazi cyklu branit nadmérnému a Skodlivému rozvinuti
téchto procesu (Zenclussen et al., 2011; Li et al., 2015). U HO-1 deficientnich mysi
totiz dochazi ke snizené produkci oocytu, ktera ukazuje na poruchy v procesu ovulace.
U ziskanych oocytld dochazi po in vitro fertilizaci k snizenému procentu oplozeni.
Rovnéz se vyskytuje zvySena mira apoptézy bunék CL (Zenclussen et al., 2011),
pficemz toto zvySeni vede ke sniZzeni schopnosti produkovat progesteron (Devoto et
al., 2002). V pfipadé, Ze je aktivita HO inhibovana inhibitorem, je rovnéz pozorovano
snizeni syntézy progesteronu (Alexandreanu & Lawson, 2003). Up-regulace HO-1
vede ke zvySeni produkce CO (Vreman et al., 1999), ktery nasledné mlze aktivovat
signalni drahy s cytoprotektivnim efektem (Wu & Wang, 2005). Pfi deficienci HO-1
dochazi ke snizeni produkce CO (Chen et al., 2009), ktera vede ke zvySeni miry
apoptézy (Brouard et al., 2000). Signalni draha HO/CO je tudiz faktorem zabrariujicim

porucham funkci ovarii.

Pro vyvoj oplozenischopného oocytu je dulezity pIné funkéni obal granuléznich
bunék. V reakci na funkéni stav granuléznich bunék dochazi ke zménam v expresi
izoforem HO. HO-1 dosahuje nizkych hodnot exprese ve funkCnich folikulech, ale
v atretickych folikulech se exprese vyrazné zvysuje. V pfipadé HO-2 je pozorovan
opacny trend miry exprese. Ve funkCnich folikulech je exprese HO-2 vyrazna a
v atretickych nizka. Vysoka mira exprese HO-1 v granuloznich burikach pochazejicich
z atretickych folikulll je povazovana za dusledek plsobeni stresovych faktor( (Harada
et al., 2004). Skute€nost, Ze v reakci na pasobeni stresort dochazi ke zvySeni exprese
HO-1 je Casto vyuzivano jako markeru zatéze bunék napf. pfi oxidativnim stresem.
Bergandi et al. (2014) pouzili miru exprese HO-1 spole¢né siNOS jako marker
kompetence oocytl. V kumularnich burikach pochazejicich z neoplozenych oocytl
byla pozorovana vy3ssi exprese HO-1 a iNOS. Autofi vysledek vysvétluji pusobenim
oxidativniho stresu, ktery jednak zpusobi zvySeni exprese iINOS a HO-1, a dale snizi
oplozenischopnost oocytu. Rovnéz autofi Pfeiffer et al. (2015) pouzili HO-1 jako jeden

z marker(, jehoz rozdilného zastoupeni v oocytu muze ovliviiovat kvalitu embryi.

Dulezitost HO pro spravné fungovani samicich reprodukénich organa je zfejma

a naskyta se otazka, zda by exogenni zvyseni exprese HO nebo dodani CO nepusobili
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pozitivné. Klinické vyuziti pfi 1€éEbé& napf. riznych zanétlivych stavd je intenzivné
zkoumanou oblasti (Ryter & Choi, 2016). Vztah modulace aktivity HO k steroidogenezi
je prokazan nékolika pracemi. V in vivo pokusech na potkanech vede aplikace heminu
(aktivator HO) samicim ke zvySeni syntézy androstendionu a estradiolu. V pfipadé
inhibitoru HO CrMP dochazi ke sniZzeni syntézy progesteronu a androstendionu.
Syntéza estrogentd se neméni. Faktorem zodpovédnym za rozdilné zmény ve
steroidogenezi maze byt odliSny vyznam HO/CO pro rizné drahy steroidogeneze. Ke
zménam v prubéhu estralniho cyklu v reakci na zmény v hladinach hormonut dochazi
pouze v pfipadé aplikace inhibitoru HO, kdy se zkracuje délka estru (Alexandreanu &
Lawson, 2002, Alexandreanu & Lawson, 2003). Naproti tomu deficience HO-1 u mysi
nedochazi v pribéhu bfezosti ke zménam v hladiné progesteronu a estrogend, a i kdyz
v reakci na pasobeni estrogenll dochazi béhem estralniho cyklu ke zvySeni aktivity HO
(izoformy HO-1), samotny deficit HO-1 u mysi hladiny pohlavnich hormon( neovliviiuje
(Zenclussen et al., 2011). CrMP pfedstavuje nespecificky inhibitor obou izoforem HO
a ztoho duvodl nelze pIné srovnavat vliv inhibice obou izoforem HO s efektem
deficience pouze HO-1. Rovnéz vyznamnost HO-1 v prabéhu estralniho cyklu nebo
bfezosti se mulze liSit. V estralnim cyklu totiz vede deficience HO-1 ke zvyseni
apoptézy CL, z kterého |ze usuzovat i na snizeni schopnosti produkovat progesteron
(Zenclussen et al., 2011). Nicméné vyuziti modulace aktivity HO k ovlivnéni estralniho
cyklu je nepravdépodobné. Vzhledem k tomu, Ze proces vzniku oplozenishopného a
vyvojové kompetentniho oocytu je pro reprodukci kliCovy, naskyta se otazka, zda by

bylo mozné modulaci aktivity HO ovlivnit kvalitu oocytu.

O terapeutickych a preventivnich moznostech vyuziti systému HO/CO
v prub&hu bfezosti je mozné uvazovat na zakladé nékolika praci. Aktivace HO-1 nebo
aplikace CO vede ke snizeni umrtnosti plodt (Sollwedel et al., 2005; Zenclussen et al.,
2006; Zenclussen et al., 2011) a pozitivnimu vlivu na rast plodu (Kreiser et al., 2002;
Zenclussen et al., 2011). Systém HO/CO se rovnéz muize podilet na ochrané plodu
pred Skodlivymi vlivy patogenli. Béhem infekce Listerii monocytogenes dochazi ke
snizeni exprese HO-1 a exogenni indukce HO-1 prostfednictvim cobalt
protoporphyrinu (CoPP) vede k inhibici nastupu potratu (Tachibana et al., 2011).
Podobny efekt byl zjistén i pfi infekci bakterii Brucella abortus, kdy rovnéz po aplikaci
CoPP dochazelo k potlaceni abortt (Tachibana et al., 2008).
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2.3.5 HO/CO v obdobi brezosti

Béhem brezosti dochazi k hemodynamickym a imunitnim zménam, které jsou
pro zdarny vyvoj a donoSeni plodu nezbytné. Pokud k témto zménam nedojde, zvySuje
se riziko poruch feto-maternalni komunikace a spojeni. Tyto komplikace vedou ve
finale ke snizeni plodnosti. Vliv HO/CO v prub&hu bfezosti je v porovnani s ostatnimi
funkcemi samici reprodukcni soustavy lépe prozkouman, pfiCemz ziskané poznatky
jsou shrnuty v nékolika pracech (Bainbridge & Smith, 2005; Levytska et al., 2013;
George and Granger, 2013; Zenclussen et al., 2015; Schumacher & Zenclussen,
2015).

Lokalizace izoforem HO je odliSna v jednotlivych bunécnych typech placenty
(Yoshiki et al., 2000; Cella et al., 2006). V lidské placenté se HO — 1 nachazi ve velkém
mnozstvi ve vrstvach syncytiotrofoblastu. Naopak v cytotrofoblastu se vyskytuje v
mensim mnozstvi. Syncytiotrofoblast je pfimo vystaven maternalni krvi a tudiz
potencialni imunologické reakci €i zanétlivému stresu. Indukovatelna HO-1 nachazejici

se v cytotrofoblastu tudiz mize pfimo reagovat na tyto procesy (Yoshiki et al., 2000).

Ke zménam v expresi HO dochazi v reakci na rizné patologie bfezosti. Exprese
HO v placenté se snizuje jak u spontannich (Zenclussen et al., 2005) tak uméle
vyvolanych abortd mysi (Zenclussen et al., 2002). Ke snizeni exprese HO dochazi i u
patologii bfezosti, jako je pre-eclampsie, fetalni ristova retardace nebo H-mola
(Zenclussen et al., 2003; Lash et al., 2003). | kdyZ neni jisté, zda je snizena exprese
HO spoustéCem patologie nebo doprovodnym signalem, je prokazano, ze HO/CO je

pro spravny priibéh gravidity klicovy.

Deficience HO-1 byla spojena s neplodnosti (Poss & Tonegawa, 1997),
nicméné u mysi (HO-17) je prokazano, Ze ve skuteCnosti k zabfeznuti dochazi, ale
vSechny plody zahynou béhem nitrodélozniho vyvoje (Zenclussen et al., 2011).
Rovnéz inhibice obou izoforem HO prostfednictvim CrMP vede k nitrodéloznimu
uhynu plodu (Alexandreanu & Lawson, 2002). Jiz samotna ¢astecna deficience HO-1
(HO-1*- mysi) vede ke zvySené ztraté plod( a tudiZz snizenému poétu narozenych
mladat (Zhao et al., 2009; Zenclussen et al., 2011).

Implantace je déjem, kde ma HO-1 dulezitou roli. U HO-1 deficientnich mysi
dochazi ke zpomaleni pfipojeni blastocyst k déloznim epitelialnim bunkam
(Zenclussen et al., 2011). Opozdéna implantace ma negativni dopad na placentaci,
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vyvoj fetoplacentarni jednotky a nasledny rist plodu (Song et al., 2002). Deficience
HO-1 vede k celkovému snizeni hmotnosti fetoplacentalni jednotky. Naruseni funkce
placenty vede k intrauterinni rstové retardaci plodi a niz§i porodni hmotnosti uspésné
porozenych mladat (Zhao et al., 2009; Linzke et al., 2014; Zenclussen et al., 2011;
Soleno et al., 2015).

HO-1 je v obdobi placentace dulezita vzhledem k Zivotnosti trofoblastu a
zaroven jeho diferenciaci do zralého fenotypu. Bé&hem placentace dochazi k
diferenciaci trofoblastickych kmenovych bunék do tzv. giant cells (GCs). Tento proces
je narusen pfiinhibici HO nespecifickym inhibitorem zinc protoporphyrin (ZnPP), nebot
se jednak vyrazné snizuje viabilita trofoblastickych kmenovych bunék a zaroven
je potlacena jejich diferenciace do GCs. Rovnéz placenta HO-1 deficientnich mysSi
vykazuje snizené mnozstvi GCs a zvySené mnozstvi apoptdzy. Schopnost zvratit tento
negativni efekt aplikaci CO ukazuje na vyznam CO. Pokud je HO-1 deficientnim mysSim
aplikovan CO, dochazi k pozitivnim zménam v placenté (zvétSeni placenty, zvyseni
pocCtu GCs, snizeni rozsahu patologickych zmén a zvySeni fetalni umrtnosti). Pozitivni
efekt ma rovnéz aplikace CO spolecné ZnPP (Kreiser et al., 2002; Zenclussen et al.,
2011).

Béhem brezosti dochazi k vyraznému zvySeni toku krve v uteroplacentalnim
spojeni, ktery je usnadnén rlstem a remodelaci tzv. maternaly uterine spiral artery
systému (Zenclussen et al., 2015). Dulezitymi bunikami, které reguluji remodelaci
maternal délozniho vaskularniho systému jsou tzv. uterine natural killer cells (UNKs)
(Hatta et al., 2011). V placenté mysi deficientnich pro HO-1 je menSi poCet uNKs a
zaroven nizSi exprese cytokinu IL-15, ktery je dulezity pro diferenciaci uNKs a jejich
udrzeni ve fetomaternalnim spojeni. Snizeni poCtu uNKs je spojené s poklesem
produkce angiogennich faktort (Zhao et al., 2011; Linzke et al., 2014) a se zvySenim
syntézy antiangiogennich faktort (Cudmore et al., 2007). Celkové deficience HO-1
zpusobuje vyrazné zhor$eni remodelace systému déloznich spiralnich srtérii, snizeni
velikosti fetoplacentalni jednotky a intrauterinni rstovou retardaci plodu (Zhao et al.,
2011; Linzke et al.,, 2014). Exogenni aplikace CO mulze zvratit negativni efekt
deficience HO-1, nebot u HO-1 deficientnich mySi dochazi po aplikaci CO ke zvySeni
poctu uNKs, produkce angiogennich faktord a normalizace velikosti fetoplacentalni
jednotky a stavu SA (Linzke et al. (2014). Tyto efekty potvrzuji vyznam HO/CO pro

spravny v pribéhu bfezosti.
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Dulezitym mechanismem HO-1 v ochrané fetu pfed aborty je modulace
regulacnich T bunék a dendritickych bunék. HO-1 se podili na udrzeni dendritickych
bunék v nezralém stavu (tolerogenni), ktery je dulezity pro ochranu plodu pfed imunitni
reakci. PFi inhibici HO-1 pomoci ZnPP dochazi ke snizeni mnozstvi regulacnich T
bunék ve fetoplacentarnim spojeni, které vede procesu odmitnuti plodu imunitnim
systémem. Na druhou stranu up-regulace HO-1 prostfednictvim (CoPP) udrzuje
tolerogenni dendritické buriky a vede ke zvySeni mnozZstvi Treg, CimZ zabranuje
odmitnuti plodu (Sollwedel et al., 2005; Zenclussen et al., 2007; Schumacher et al.,
2012).

2.4. Vyznam cesnekovych derivatu v organizmu

Cesnekové palice jsou zdrojem velké fady sloudenin s biologickym efektem a
vyuziti desneku k medicinalnim ugelim je znamé jiz z antickych dob. Cesnek byl
vyuzivan k lécbé fady chorob od hemoroidi po hadi ustknuti. Byly mu pfipisovany
baktericidni a fungicidni vlastnosti jakoz i pozitivni vliv na sexualni funkce. | kdyz
nejsou vSechny vlastnosti pfipisované ¢esneku védecky podlezeny, je jeho efekt na

organismus nesporny (Petrovska & Cekovska, 2010).

Za biologicky efekt Cesneku jsou z vélké Casti zodpovédné sirné slouceniny
(jako je allin nebo scordinin A a B). V neporusenych ¢esnekovych palicich je hlavni
sirnou slouceninou allin. Po rozdrceni ¢esneku je z vakuol uvolnén enzym allinasa,
ktera allin hydrolizuje na allicin, pfiCemz pfi této reakci vznika jako meziprodukt
kyselina allylsulfonova. Samotny allicin je nestabilnim produktem a v zavislosti na
podminkach podstupuje rozpad za vzniku dalSich slou€enin, mezi které patfi diallyl
sulfid (DAS), diallyl disulfid (DADS) a diallyl trisulfid (DATS) (Amagase, 2006;
Swiderski et al., 2007; Corzo-Martinez et al., 2007). Zpracovanim Cesnekovych palic
riznymi zpUsoby Ize ziskat produkty s rozdilnym zastoupenim ¢esnekovych slouéenin.
Extrakci ethanolem pfi teploté pod 0°C Ize ziskat pfevazné allin a exktrakci ve smési
ethanolu a vody pfi teploté 25°C je mozné ziskat allicin. DalSim zpusobem zpracovani
Cesnekovych palic je dlouhodoba extrakce (az 20 mésict) pomoci 15-20% ethanolu
pfi pokojové teploté. Timto zplisobem Ize ziskat vyzraly Cesnekovy extrakt (AGE-aged
garlic extract), jenz z velké €asti obsahuje aminokyselinu S-allyl cystein (SAC), coz je
bezbarva latka bez zapachu, stabilni ve vodném roztoku o neutralnim €i mirné kyselém
pH (Amagase, 2006; Majewski, 2014).
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Je prokazano, Ze Cesnekové slou€eniny maiji napf. antibakterialni a antiviralni
efekt, protizanétlivy vliv, snizuji krevni tlak a hladinu krevniho cukru (Dvorakova et al.,
2015). Sirné sloucCeniny obsazené v AGE maji vySSi a stalejSi protektivni efekt
v porovnani s ostatnimi ¢esnekovymi slou¢eninami (Corzo-Martinez et al., 2007; Colin-
Gonzalez et al., 2012). Zaroven naSe vysledky ukazaly, Ze kultivace oocytl
v pfitomnosti allynu naru$ila prabéh jaderného zrani (nepublikované vysledky).
Z téchto divodl jsme se zaméfili na vyznam s-allyl cysteinu. Kvuli obsahu thiolové
skupiny, ktera neutralizuje radikaly, mezi které patfi superoxidové aniony, peroxidy
kysliku, hydroxylové radikaly a peroxynitritové aniony, patfi SAC mezi ne-enzymatické
antioxidanty (Ide & Lau, 1999; Kim et al., 2006; Medina-Campos et al., 2007;
Maldonado et al., 2011). Zaroven je prokazano, ze schopnost SAC chranit pred
singletovym kyslikem je vyraznéjSi v porovnani s glutathionem nebo kyselinou
lipoovou (Medina-Campos et al., 2007). V somatickych burikach tedy SAC chrani pfed
oxidativnim poskozenim lipidd, DNA a proteind (Imai et al., 1994; Numagami &
Ohnishi, 2001; Colin-Gonzalez et al., 2012). Mechanismus ochrany pfed negativnim
pusobenim radikal prostfednictvim SAC neni pouze pfimym vychytavani ROS, nybrz
i indukci antioxidacnich enzymu, kdy napf. u mysi vede podavani SAC ke zvyseni
mnozstvi glutathionu (GSH) a aktivity/expresi katalazy, GSH peroxidazy nebo
NAD(P)H:quinone oxidoreduktazy (Hsu et al., 2004; Lawal & Ellis, 2011). SouCasné
podavani SAC vede k aktivaci Nrf2 (nuclear factor erythroid 2 (NFE2)-related factor 2).
Nrf2 je transkripénim faktorem, ktery reguluje expresi antioxida¢nich proteind, které
chrani bfed bunécnym poskozenim (Kalayarasan et al., 2008; Lawal & Ellis, 2011).
Nrf2 signalni draha je znama aktivaci exprese HO-1 (Loboda et al., 2016) a z toho

dlvodu se HO-1 muze z velké ¢asti podilet na efektu SAC.

Dalsim efektem SAC je inhibice prooxidanich enzym(. V reakci na pasobeni
oxidativniho stresu dochazi k aktivaci inducibilni NOS (iNOS), ktera nasledné
produkuje velké mnozstvi NO. Prestoze NO je dullezitou signalni molekulou regulujici
fadu fyziologickych procesul, zvySené hladiny NO muzou pusobit negativné, a to
prostfednictvim tvorby reaktivnich forem dusiku. Z toho divodu deregulace hladiny NO
muze vést ke snizeni zivotaschopnosti bunék (Domenice, 2004; Chirino et al., 2006).
PFi suplementaci SAC aktivovanym makrofaglim nebo hepatocytlim je prokazano, ze
dochazi ke snizeni produkce NO a expresi INOS. Pfedpoklada se, ze SAC snizuje
produkci NO prostfednictvim sniZeni aktivace nuklearniho faktoru kappa B, ktery je
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transkripénim faktorem regulujicim expresi gent dulezitych pro imunitu, zanétlivé
reakce, bunécény rist a buné€nou smrt (Aktan et al., 2004; Sun, 2017). Mezi dalSi
potencialné prooxidacni enzymy, jejichz aktivitu muze SAC sniZovat, patfi xanthine
oxidaza, NADPH oxidaza a cyclooxygenaza (Cruz et al., 2007; Demirkaya et al., 2009;

Colin-Gonzalez et al., 2011).

SAC, stejné jako nékteré ostatni Cesnekové slouceniny, ma schopnost
v bunkach zvySovat mnozstvi H2S (Wang et al., 2010). Gasotransmiter H2S je signalni
a cytoprotektivni molekulou, ktera je zapojena do regulace fady fyziologickych funkci
a podili se na ochrané tkani a organu pred plsobenim oxidativniho stresu (Chuah et
al., 2007; Kimura, 2015).

2.5 Ovlivnéni in vitro zrani oocyti

Zrani v in vitro podminkach (IVM — in vitro maturation) je cestou, jak ziskat
relativné jednoduchym zplisobem dostate¢né mnozstvi oplozenischopnych oocytd,
které Ize vyuzit v biotechnologickych metodach jako je klonovani nebo transgeneze.
Pravé pribéh meiotického zrani vyznamnym zplsobem ovliviiuje Zivotaschopnost a
vyvojovy potencial oocytl (Gilchrist & Thompson, 2007). Pfestoze IVM protokoly
dosahly vyrazného pokroku, je kvalita oocytl ziskanych IVM snizena v porovnani
s oocyty dozralymi v in vivo podminkach. U prasat se prvni uspésné IVM povedlo
provest jiz v roce 1974 (Motlik & Fulka, 1974), ale aZ roce 1985 se u prasat podafilo
ziskat zivé potomky z IVM dozralych oocytu (Hanada et al., 1986). Nasledujicim
vyvojem kultivanich systém( se podafilo dosahnout stavu, kdy takika vSechny
(290%) oocyty pouzité pro IVM dozraji do stadia MIl (Moor et al., 1990; Blondin et al.,
1996), ale vyvojovy potencial do stadia blastocysty je u IVM dozralych oocytl stale
znatelné snizeny v porovnani s in vivo dozralymi oocyty (Nagashima et al., 1996).
Jelikoz stav jaderného zrani u IVM oocytl Ize povazovat jako normalni, pfedpoklada
se, ze cytoplazmatické zrani je vIVM podminkach nedostacujici nebo narusené
(Yanez et al., 2016). Cytoplazmatické zrani zjednoduSené zahrnuje pfipravu oocytl
na oplozeni, aktivaci a embryonalni vyvoj a dochazi pfi ném ke zmé&nam v mnozstvi
mRNA transkriptll, obsahu proteinl, post-translaénim modifikacim proteini a
strukturnim zménam organel a cytoskeletu (Kastrop et al., 1991; Levesque & Sirard,
1994; Armstrong, 2001). Soucasné je pro uspésné cytoplazmatické zrani dulezita
pfitomnost kumularnich bunék, pficemz kompaktni kumularni obal s vétSim poctem

vrstev kumularnich bunék koreluje se zlepSenym vyvojovym potencialem (Abeydeera,
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2002). U prasete ma prfitomnost kumularnich bunék pozitivni vliv na pribéh
meiotického zrani, mnozstvi GSH v oocytech, distribuci kortikalnich granul,
oplozenischopnost a aktivitu histone H1 kinasy (Yamauchi & Nagai, 1999). Sou€asné
muazou kumularni bunky poskytovat oocytiim energetické zdroje (Eppig, 1996) a

snizovat miru oxidativniho stresu (Tanghe et al., 2002).

Pro docileni optimalniho jaderného a cytoplazmatického zrani je vhodna
suplementace kultivacniho média. Mezi nejCastéji pouzivana médii pro kultivaci
prasec€ich oocytd patfi TCM-199, NCSU23, NCSU37, minimal essential médium,
Waymouth médium a Tyrodeho laktat-pyruvat médium, pfiCemz do médii je Casto
pfidavana folikularni tekutina (follicular fluid; FF) (Coy & Romar, 2002; Gilchrist &
Thompson, 2007; Gil et al., 2010). Pfedpoklada se, ze principem pozitivniho ovlivnéni
oocytu prostfednictvim pfidani FF je schopnost FF chranit pfed oxidativnim stresem a
dodat do média specifické latky (Takemoto et al., 2004). Za u€elem napodobeni in vivo
podminek jsou do kultivaCniho média rovnéz pfidavany hormonaini latky, zahrnujici
FSH, LH, equini choriovy gonadotropin (eCG), lidsky choriovy gonadotropin (hCG)
nebo estradiol (Coy & Romar, 2002). Hormonalni latky mohou byt v kultivaCnim médiu
pfitomny po celou dobu IVM, nebo jsou v druhé poloviné kultivace odebrany a IVM
pokracCuje bez hormonalnich latek (Funahashi & Day, 1993; Funahashi et al., 1994).
Postupy IVM jsou dale ovlivnény pfedpokladem, Ze v in vitro podminkach je naruSena
synchronizace jaderného a cytoplazmatického zrani. Jako feSeni tohoto problému je
mozné vyuzit IVM metody, kdy je na specifickou dobu zastaveno jaderné zrani
prostfednictvim specifického inhibitoru, ktery je v dalSi ¢asti IVM odebran, aby oocyty
mohly pIné meioticky dozrat. Jednim z téchto zpusobl je suplementace kultivaéniho
média dibutyryl cAMP (db-CAMP), coz zpUsobi u izolovanych oocytu inhibici zahajeni
jaderného zrani. Po 20-22 hod. jsou oocyty pfesunuty do média bez db-CAMP, kde
jsou dale kultivovany. Timto zplsobem IVM Ize dosahnout lepSi vyvojové kompetence
oocytu (Funahashi et al., 1997; Gilchrist & Thompson, 2007). DalSimi zpusoby
synchronizace jaderného a cytoplazmatického zrani je Casové omozena kultivace
oocytu v médiu obsahujicim latky cilostamid nebo mirlinon, coz jsou inhibitory PDE3
(Vanhoutte et al., 2008; Diece et al., 2013) nebo pfidani aktivatoru adenylat cyklazy
forskolinu (Eppig, 1989; Gilchrist & Thompson, 2007).

Je ukazano, ze cytoplazmatické zrani lze zlepSit suplementaci kultivaéniho

meédia. Pfidani cysteaminu, cysteinu nebo B-mercaptoethanolu do kultivaéniho média
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vede po oplozeni ke zlepSeni tvorby samcich prvojader a sou€asné i nasledujiciho
embryonalniho vyvoje (Grupen et al., 1995; Eppig, 1996; Maedomari et al., 2007). Tyto
latky zvySuji v oocytech mnozstvi GSH, ktery se ve velké mife podili na ochrané bunék
pred oxidativnim stresem. V pribéhu meiotického zrani dochazi ke zvySeni obsahu
GSH v oocytech a pfi zablokovani tohoto procesu je naruSena oplozenischopnost
oocytu (Yoshida et al., 1993; Tatemoto et al., 2000; Chloe et al., 2010). Pred
negativhim pusobenim oxidativniho stresu muzZe oocyty chranit suplementace
kultivaéniho média antioxidanty, kdy napf. kyselina askorbova ma pozitivni vliv na
funkce déliciho vietene (Choi et al., 2007). Podobné metabolity retinalu (retinoidy)
zlepsSuji cytoplazmatické zrani a nasledny vyvojovy potencial (Almifiana et al., 2008).
Jaderné a cytoplazmatické zrani prasecich oocytl Ize dale zlepSit suplementaci
ristovymi faktory, jako je epidermalni rastovy faktor (EGF). Po pfidani EGF do
kultivaniho média pfi IVM dochazi ke zlepSeni oplozenischopnosti a vyvojového
potencialu (Li et al., 2002).
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3 Hypotézy a cile

Stanovili jsme hypotézu, Ze Ize zvySit kvalitu prasecich oocytu kultivovanych

v in vitro podminkach prostfednictvim suplementace kultivatniho média donorem

oxidu uhelnatého nebo S-allyl cysteinem.

Pro potvrzeni formulované hypotézy jsme stanovili nasledujici cile:

1) Vyhodnotit vliv suplementace kultivacniho média donorem oxidu uhelnatého

na kvalitu starnoucich prasecich oocytu. Jako dil¢i cile jsme stanovili:

a)

b)

c)

vyhodnotit pfitomnost obou izoforem enzymu hemoxygenazy v prabéhu
starnuti prasecich oocytq,

vyhodnotit vliv donoru CO na morfologické znaky starnuti prasecich
oocytq,

vyhodnotit vliv donoru CO na pribéh apoptézy prostfednictvim

pFitomnosti aktivované kaspazy-3 v prubéhu starnuti prasecich oocytu.

2) Vyhodnotit vliv suplementace kultivacniho média donorem oxidu uhelnatého

na meiotické zrani prasecich oocytu. Jako dil&i cile jsme stanovili:

e)

vyhodnotit pfitomnost proteind a mMRNA obou izoforem enzymu
hemoxygenazy v prib&hu meiotického zrani prasecich oocytd,
vyhodnotit vliv donoru CO na jaderné zrani prasecich oocytd,
vyhodnotit vliv donoru CO na produkci reaktivnich forem Kkysliku
v pribéhu meiotického zrani prasecich oocytd,

vyhodnotit vliv donoru CO na mnozstvi mitochondrii v prasecich
oocytech v pribéhu meiotického zrani,

vyhodnotit vliv donoru CO na hladinu glutathionu (GSH) v prabéhu

meiotického zrani.

3) Vyhodnotit vliv suplementace kultivacniho média S-allyl cyteinem na

meiotické zrani prasecich oocytl. Jako dilCi cile jsme stanovili:

a)
b)

vyhodnotit vliv S-allyl cysteinu na jaderné zrani prasecich oocytu,
vyhodnotit vliv S-allyl cysteinu na kumularni expanzi na zakladé
produkce kyseliny hyaluronoveé,

vyhodnotit vliv S-allyl cysteinu na produkci reaktivnich forem kysliku
v prib&hu meiotického zrani prasecich oocyta,

vyhodnotit efekt meiotického zrani v médiu obsahujicim S-allyl cystein na
C¢asny embryonalni vyvoi.
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4 Material a metody

4.1 Zisk materialu a kultivace oocytt v in vitro podminkach

Praseci vajeCniky byly ziskavany z odporazenych prasnic¢ek nachazejicich se v
neznameée fazi estralniho cyklu. Odebrané vajecniky byly transportovany v termolahvich
naplnénych fyziologickym roztokem (0,9 % chlorid sodny) o teploté 39 °C. Kumulo-
oocytarni komplexy (COCs) byly ziskavany aspiraci folikularni tekutiny z folikul o
velikosti 2 — 5 mm pomoci injekéni stfikacky s jehlou 20G. Pod stereomikroskopem
byly z folikularni tekutiny vybirany COCs s neporusenou cytoplazmou a kompaktnim

kumularnim obalem.

Pfed in vitro kultivaci byly oocyty tfikrat promyty v kultivaénim médiu. Kultivace
probihala ve C¢tyfjamkové destiCce 4-well multidish (Nunc, Denmark) v 1 ml
modifikovaného kultivaéniho média MI199 (Sigma-Aldrich, USA) obsahujiciho hydrogen
uhli¢itan sodny (32,5 mM), laktat vapenaty (2, 75 mM), gentamicin (0,025 mg/ml),
HEPES 6,3 mM, gonadotropni hormony eCG a hCG v poméru 13,5 .U : 6,6 1.U./ml
(P.G.600, Intervet, Holland) a 10% (v/v) fetalni bovinni sérum (GibcoBRL, Life
Technologies, Deutschland) v podminkach fizené atmosféry 5% CO2 ve smési se
vzduchem pfi 39°C. U experimentalnich skupin zaméfenych na hodnoceni
meiotického zrani byla délka kultivace nasledujici: 0 hod. (zisk oocytl ve stadiu GV),
24 hod. (zisk oocytu ve stadiu Ml), 48 hod. (zisk oocytl ve stadiu MII). V pripadé
experimentl zameéfenych na hodnoceni starnuti byly oocyty zbaveny kumularnich
bunék a nasledné vyselektovany pouze meioticky dozralé oocyty (MIl) s vydélenym
prvnim polovym téliskem. Vybrané oocyty byly kultivovany po dobu 24, 48 nebo 72
hod. ve stejnych podminkach jako v pfipadé meioticky zrajicich oocytu (kultivaéni
médium bez gonadotropnich hormon(). Suplementace kultivaéniho média u meioticky

zrajicich a starnoucich oocytl probihala v zavislosti na experimentalni skupiné.

4.2 Vliv suplementace kultivacniho média donorem CO, inhibitorem HO
nebo S-allyl cysteinem (SAC)

1. experimentdlni skupina: meioticky zrajici a starnouci oocyty byly
kultivovany v kultivaénim médiu obsahujicim donor CO: CORM-2
(tricarbony! dichlororuthenium (1) dimer; Sigma—Aldrich Gmbh, Munich,
Germany) o koncentracich 5, 25, 50 a 100 pM, rozpusténého v dimethyl
sulfoxidu (DMSO) nebo CORM-A1 (sodium boranocarbonate; Sigma—
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Aldrich Gmbh, Munich, Germany) o koncentracich 25, 50 a 100 uM
rozpusténého v H20. Za ucelem potvrzeni efektu CO byla kontrolni skupina
kultivovana v kultivacnim médiu obsahujicim ruthenium (l11) chlorid (inaktivni
CORM-2; iCORM-2; Sigma—Aldrich Gmbh, Munich, Germany) nebo
inaktivni CORM-A1 (iCORM-A1). iCORM-A1 byl ziskan rozpusténim
CORM-A1 v 0.1 M HCI, disociaci CO a naslednou neutralizaci pH na 7,4.

2. experimentalni skupina: meioticky zrajici a starnouci oocyty byly
kultivovany v kultivaénim médiu obsahujicim inhibitor HO Zn-protoporphyrin
IX (Zn-PP IX; Sigma—Aldrich Gmbh, Munich, Germany) v koncentracich 2.5,
5 and 25 uM, rozpusténého v DMSO. Kontrolni skupina byla kultivovana v
kultivaénim médiu obsahujicim pouze DMSO.

3. experimentalni skupina: Meioticky zrajici oocyty byly kultivovany v
kultivaénim médiu obsahujicim S-allyl cystein (Sigma Aldrich, USA) o
koncentracich 0.1, 0.5, 1 a 5 mM rozpusténého v H20. Kontrolni skupina

byla kultivovana v kultivacnim médiu obsahujicim pouze H20.

4.3 Real-time polymerazova retézova reakce

Metodou real-time polymerazova fetézova reakce (RT-PCR) byla sledovana
pritomnost mMRNA HO-1 a HO-2, pfiCemz na detekci byly pouzity vzorky ze zrajicich
oocytu. RNA ziskana z oocytl byla pfepsana do cDNA pomoci High Capacity cDNA
Achieve kitu (Applied Biosystems, USA) v koneném mnozstvi 100 ul. Na zakladé
znalosti sekvence HO-1 a HO-2 byly vytvoreny specifické primery ur¢ené k amplifikaci
produktd (viz. tab. 1).

Gene bank Annealing

Gene Forward primers 5-3' Reverse primers 5-3' TaqMan probe 5'-3' . temperature
accession number C)
HO-1 [TCCCAGGTGCCGCTCAT CCGTTGCCACCAGAAAGC CGATGGGTCCTGACACT |NM_001004027.1 60
HO-2 [TGAGAAAACAAGCACCCAATAAAA |CCGCAGACAAGATGCTGACA [CAGATGCTAAAGCCTG |NM_001244412.1 60

Tab. 1. Sekvence pouzitych primeru pro RT-PCR

Na samotnou RT-PCR byl pouzit standartni Tag-Man PCR kit protocol (Applied
Biosystems, USA). Reakce probihala v 10 pl reakéni smési obsahujici 500 nM genové
specifickych primeru, 200 nM TagMan MGB prob, 5 pl Fast TagMan Universal Master
Mix (Applied Biosystems, USA), 1 yl cDNA a nuclease-free vodu. Pro reakci byl pouzit
7500 Fast Real-Time PCR System (Life Technologies, USA). Na zakladé ziskanych
dat bylo relativni mnozstvi mRNA pro jednotlivé izoformy vypocitdno pomoci
aritmetické rovnice 2**C dle Ct metody a vyjadieno v porovnani k GAPDH jako

endogenni kontrole.
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4.4 Western blot

PFitomnost proteind HO-1, HO-2 a CAS-3 byla hodnocena metodou Western
blot (WB). Pfipravené vzorky oocytl byly lyzovany a proteiny separovany pomoci
SDS-PAGE elektroforézy v polyakrylamidovém gelu a z gelu elektroforeticky
preneseny na nitroceluldézovou membranu. Membrana Dbyla inkubovana
s monoklonalnimi primarnimi protilatkami: anti-heme oxygenase 1, anti-heme
oxygenase 2 (ABNOVA; USA; 1:1000) nebo cleaved caspase-3 (Asp175) (Cell
Signaling Technology, Danvers, USA; 1:1000). Po inkubaci nasledovalo promyti
membrany od nenavazané protilatky a inkubace se sekundarni protilatkou - Mouse
IgG (Amersham GE Healthcare, Life Sciences, United Kingdom; 1:30,000) nebo rabbit
IgG (Amersham GE Healthcare, Life Sciences, United Kingdom; 1:120,000). Reakce
byla vizualizovana pomoci Enhanced chemiluminescence Western blotting detekéniho

systému (GE HealthcareLife Technologies, USA).

4.5 Imunocytochemie

Lokalizace proteind HO-1, HO-2 a CAS-3 ve zrajicich a starnoucich oocytech.
Po ukonceni pfislusné doby kultivace oocytl byla z oocytl odstranéna zona pellucida
prostfednictvim 0,1 % pronazy. Nasledné byly oocyty fixovany v 2,5% roztoku
paraformaldehydu v PBS pfi laboratorni teploté po dobu 1 hodiny, pfi€emz po uplynuti
30 minut byl fixani roztok vyménén za novy. Nasledné byla membrana oocytl
permeabilizovana 0,5% roztokem Tritonu X ve fosfatovém pufru (PBS) s 0,01 % BSA.
Roztok byl po 5 minutach a po 1 hodiné vyménén za novy. Poté byly oocyty oplachnuty
v roztoku PBS s 0,1% Tween 20 a inkubovany s primarni monoklonalni protilatkou
specifickou pro dany protein (anti-heme oxygenase 1, anti-heme oxygenase 2;
ABNOVA,; Taiwan; 1:200; nebo anti-cleaved caspase-3 (Asp175); Cell Signaling
Technology, Danvers, USA; 1:400). Inkubace probihala pfes noc (14-16 hodin) ve
vlhku pfi teploté 4 °C v médiu obsahujicim 0,1 % BSA a 0,01 Tween 20 v PBS. Po
uplynuti doby kultivace byly oocyty tfikrat proplachnuty v roztoku o slozeni 0,1%
Tween 20 v PBS a nasledné byly kultivovany se sekundarni protilatkou anti-mouse 1gG
konjugovanou s fluorescein-5-isothiocyanate (FITC, Sigma—Aldrich Gmbh, Munich,
Germany; 1:100) nebo anti-rabbit IgG konjugovanou s FITC (ThermoFisher Scientific,
Rockford, USA; 1:500). Inkubace se sekundarni protilatkou probihala pfi laboratorni
teploté v roztoku 0,1 % BSA a 0,01 Tween 20 v PBS po dobu 1 hodiny. Po inkubaci
byly oocyty 3x proplachnuty v roztoku o sloZzeni 0,1% Tween 20 v PBS.
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Chromatin oocytu byl barven pomoci 4',6-diamidin-2-fenylindol (DAPI; Sigma-
Aldrich). Pro vylou€eni nespecifické vazby sekundarni protilatky byla ke kazdému
experimentu provedena kontrola, ktera nebyla inkubovana s primarni protilatkou.
Preparaty byly snimany na konfokalnim skenovacim mikroskopu (Zeiss, Germany) a
intracelularni lokalizace a distribuce proteinl byla hodnocena stanovenim intenzity
signalu pomoci analyzy obrazu NIS Elements 3.4. (Nikon, Japonsko). Ziskana data
byla vyjadfena jako primérna intenzita signalu FITC fluorescence, snizeného o

nespecifickou intenzitu signalu dané kontrolni skupiny.

4.6 Hodnoceni stadia meiotického zrani oocytiti

Po pfislusné dobé kultivace byly oocyty zbaveny kumularnich bunék a nasledné
fixovany po dobu minimalné 48 hod. v roztoku ethanolu:kyselina octova (3:1), barveny
orceinem a vyhodnoceny pod mikroskopem s fazovym kontrastem. Podle faze
jaderného zrani byly oocyty hodnoceny jako: oocyty ve stadiu zarodecného vacku (GV;
oocyty se zachovalou jadernou membranou), pozdni diakineze (LD; oocyty
s jednotnym, kondenzovanym chromatinem), metafaze | (MI; oocyty s chromozomy
uspofadanymi v metafazni figufe), metafaze Il (Mll; oocyty s vydélenym prvnim
polovym téliskem) (Motlik et Fulka, 1976).

4.7 Hodnoceni in vitro starnuti oocytt

Po uplynuti dané doby prodlouzené kultivace byly oocyty fixovany po dobu
minimalné 48 hod. v roztoku ethanolu:kyselina octové (3:1), barveny orceinem a
vyhodnoceny pod mikroskopem s fazovym kontrastem. Na zakladé morfologickych
znakl byly oocyty rozdéleny do skupin: intaktni oocyty (oocyty ve stadiu metafaze Il,
anafaze Il nebo telofaze Il), partenogeneticky aktivované oocyty (embrya a oocyty
obsahujici prvojadra), apoptotické oocyty (oznaCované fragmentované; oocyty
obsahujici apoptotické vacky pod zonou pellucidou) a lysované oocyty (oocyty se

ztratou integrity a porusenou cytoplazmatickou membranou) (Petrova et al., 2004).

4.8 Kinazova aktivita

Kinazova aktivita byla hodnocena na zakladé sledovani aktivity MPF a MAPK.
Po dané dobé meiotického zrani v pfitomnosti SAC byly oocyty denudovany a ke
kazdému vzorku obsahujicim 15 oocytl bylo pfidano 5 ml extrakéniho roztoku a takto
pripravené vzorky byly zamrazeny (-80°C). Aktivita MPF a MAPK byla hodnocena na
zakladé schopnosti fosforylace specifickych substratd (histon H1 (H1) a myelin basic
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protein (MBP)). Kinazova reakce byla zahajena pfidanim 5 pl roztoku obsahujicim 100
mM 3-[n-morpholino] propanesulfonic acid pH 7.2, 20 mM para-nitrophenyl phosphate,
40 mM B-glycerolphosphate, 20 mM MgCI2, 10 mM EGTA, 0.2 mM EDTA, 5 yM cAMP-
denepndentni inhibitor proteinkinaz, 2 mM benzamidine, 40 ug/ml leupeptin, 40 pg/mi
aprotinin, 600 uM ATP, 2 mg H1/ml, 3 mg MBP/ml) and 500 uCi/ml [y-32P]JATP (GE
Healthcare Life Sciences, UK). Reakce probihala 30 min. pfi teploté 30°C a ukoncCena
byla pfidanim 10 pl Laemliho vzorkového pufru a povafenim po dobu 3 min. Po
elektroforetickém rozdéleni v 15% SDS PAGE gelu byly proteiny obarveny pomoci
Coomasie Blue R250. Intenzita signalu byla méfena prostfednictvim IP-plate, FLA
7000 reader (GE Healthcare Life Sciences, USA) a Multi-Gauge 2.0 software (Fuijifilm,
Japan). Ziskana data byla relativné vyjadfrena vzhledem k aktivitt MPF a MAPK

v oocytech ve stadiu GV.

4.9 Intenzita kumularni expanze

Vyhodnoceni probihalo na zakladé produkce hyaluronové kyseliny (HA). Po
uplynuti dané doby kultivace byly kumulo-oocytarni komplexy 4xproplachnuty ve 450
pl PBS-PVA pfenasenim pomoci 50 ul automatické pipety. Poté byly oocyty zbaveny
kumularnich bunék. Médium obsahujici kumularni bunky bylo pfeneseno do 1,5 ml
mikrozkumavky Eppendorf a skladovano pfi - 20 °C. Vzorky s kumuly byly po
rozmrazeni vystaveny digesci lyazou ze Streptomyces hyalurolyticus (20 yl/ml; Sigma-
Aldrich, USA) pfi 39 °C pfes noc. Vzorky byly poté centrifugovany (5 minut, 10 000 rpm
pfi 4 °C) a proméfeny na spektrofotometru Helios Epsilon (Verkon, Czech Republic)
pfi 216 nm proti slepému vzorku PBS-PVA s lyazou ze Streptomyces hyalurolyticus.
Na zakladé koncentrace S$tépnych produktll byla stanovena koncentrace HA.
Standardni  kfivka byla vytvofena zfedici fady zd&sobniho 1% roztoku
vysokomolekularniho HA v PBS (Contipro Group, Czech Republic) vystaveného
Stépeni lyazou ze Streptomyces hyalurolyticus (300 1.U/ml, Sigma-Aldrich, USA). Dle

standardni kfivky byla odectena koncentrace HA ve vzorcich.

4.10 Vyhodnoceni produkce reaktivnich forem Kkysliku
Produkce reaktivnich forem kysliku (ROS) byla méfena u meioticky zrajicich
oocytl (24 a 48 hodin) a partenogeneticky aktivovanych oocytd po 22 hodinach
kultivace. Za ucCelem zjisténi produkce ROS byly oocyty po uplynuti dané doby
kultivace barveny 10 pM 2',7'-dichlorodihydrofluorescin diacetate (Sigma-Aldrich,
USA) po dobu 20 min. pfi teploté 39°C. Nasledné byly oocyty montovany na podlozni
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sklicko a snimany pomoci konfokalniho skenovaciho mikroskopu (Leica SPE).
Ziskané snimky byly hodnoceny v programu NIS Elements. Data byla vyjadfena jako

relativni intenzita signalu vzhledem ke kontrolni skupiné.

4.11 Hodnoceni vyvojové kompetence

Pro vyhodnoceni vyvojové kompetence byly meioticky dozralé oocyty (48 hod.)
zbaveny kumularnich bunék. Poté byly oocyty partenogeneticky aktivovany
prostfednictvim kalcium ionophoru A23187 (25 u, Sigma-Aldrich, USA) pusobiciho po
dobu 5 min.. Nasledné byly oocyty kultivovany v médiu obsahujicim 6-dimethyl
aminopurin (DMAP, 2mM, Sigma-Aldrich, USA) po dobu 2 hod. Nasledné byly oocyty
kultivovany v modifikovaném médiu M199 bez gonadotropnich hormonda.
Partenogeneticky aktivované oocyty byly kultivovany 22 hod. a nasledné
vyhodnoceny. Jako partenogeneticky aktivované oocyty byly hodnoceny oocyty
s vytvofenymi prvojadry. Aktivacni potencial byl hodnocen jako pomér zygot s jednim
nebo dvéma prvojadry a délicich se embryi vzhledem k ostatnim oocytim. Casné
embryonalni déleni bylo vyjadifeno jako pomér délicich se embryi vzhledem

k aktivovanym oocytlm.

4.12 Statistické hodnoceni

Ziskana data byla statisticky hodnocena v programu SAS 9.0 (SAS Institute
Inc., USA) a STATISTICA. VSechny experimenty byly minimalné 3x opakovany.
Statisticky signifikantni rozdily mezi skupinami byly hodnoceny analyzou rozptylu
(ANOVA) a mnohonasobné porovnani pomoci Scheffeho metody. Hladina

vyznamnosti byla stanovena na P < 0,05.
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5 Publikované prdce

5.1 Anti-apoptoticky efekt oxidu uhelnatého béhem in vitro starnuti
prasecich oocytii

Oxid uhelnaty (CO) ma prokazané cytoprotektivni vlastnosti, nicméné jeho
vyznam v oocytech byl dosud neznamy. Starnuti oocytl je procesem, kdy dochazi k
postupnému snizovani jejich Zivotaschopnosti a nasim cilem bylo zabranéni tomuto
procesu. Z téchto duvodu jsme stanovili hypotézu, Ze suplementace kultivaéniho
média donorem CO muze zvySit Zivotaschopnost starnoucich prasecich oocytu.
Vzhledem ke skuteCnosti, ze endogenné je za produkci CO zodpovédny enzym
hemoxygenaza (HO), bylo zaroven nasim cilem detekovat obé izoformy HO (HO-1 a
HO-2) a urcit vliv inhibice HO na pribéh starnuti oocytl. Celkové jsme prokazali, ze
signalni draha HO/CO je zapojena do regulace zivotaschopnosti prasecich oocytu a
soucasné, ze in vitro kultivace starnoucich oocytu v pfitomnosti donoru CO snizuje
podil apoptotickych oocyt(.

Imunocytochemickou metodou je prokazali pfitomnost obou izoforem HO
v prasecich oocytech a zaroven jsme zjistili, Ze v pribéhu in vitro starnuti dochazi
k narustu exprese obou izoforem HO. Rovnéz se obé izoformy HO liSily lokalizaci v
oocytech, kdy HO-1 pfevladala v jaderné/perichromozomalni oblasti a HO-2 v oblasti
cytoplazmy. Nejvyssi exprese obou izoforem HO bylo dosazeno u oocytu starnoucich
72 hodin, kdy v porovnani s expresi HO-1 nebo HO-2 u meioticky dozralych oocytl
(MIl) se exprese HO-1 zvySila 6.7+1.3 krat, a exprese HO-2 celkem 3.1+0.6 krat.
V somatickych bunfkach je znamo, Ze se exprese HO-1 zvySuje jako odpovéd na
pusobeni fady faktorl (napf. oxidativni stres) a zvySena exprese HO-1 snizuje
produkci ROS a potlacuje apoptosu (Ryter, Alam & Choi, 2006; Pileggi et al, 2001; Li
et al.,, 2016). lzoforma HO-2 je obecné povazovana za konstitutivné exprimovany
protein, ktery je zodpovédny za stabilni produkci CO a jehoz mira exprese nereaguje
na pusobeni stresovych faktor( (Turkseven et al., 2007; Mufioz-Sanchez & Chanez-
Cardenas, 2014). V nékolika studiich je vS§ak prokazano, ze se i exprese HO-2 mlze
zvysit v reakci na pusobeni stresovych faktort, coz ma nasledné cytoprotekitvni efekt
(Kim et al., 2008; Ding et al., 2011).

U somatickych bunék je prokazano, ze inhibice HO prostfednictvim Zn-
protoporphyrinu I1X (Zn-PP IX) vede k apoptdze (Hirai et al., 2007). Rovnéz v naSich
experimentech jsme ukazali, Ze u starnoucich oocytd ma inhibice HO negativni efekt
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a zvySuje miru apoptozy. Efekt inhibitoru HO-1 a HO-2 Zn-PP IX na prabéh in vitro
starnuti jsme prokazali u oocytl starnoucich 48 hodin, kdy se v porovnani s kontrolni
skupinou snizil podil intaktinich oocytd o 11.1-12.9% a podil apoptotickych oocytu se
zvysil 0 5.6-9.4% v zavislosti na koncentraci Zn-PP [IX. U oocytu starnoucich 24 hodin
se vliv inhibitoru HO projevil pouze u nejvyssi pouzité koncentraci inhibitoru (25 uM).
Vzhledem ke skuteCnosti, Ze ve vy38Sich koncentracich mize Zn-PP IX inhibovat
rovnéz syntazu oxidu dusnatého (NOS) a rozpustnou guanylyl cyclasu (sGC) (Luo &
Vincent, 1994; Grundemar & Ny, 1997), nemlzeme vyloucit pfitomnost nespecifické
inhibice v naSich experimentech. Na druhou stranu, Appleton et al. (1999) uvadi, ze
Zn-PP IX je v nizkych koncentracich (do 5 pM) selektivnim inhibitorem HO s
minimalnim efektem na aktivitu NOS a sGC. Z toho duvodu predpokladame, ze se v
nasSich experimentech mohl efekt nespecifické inhibice projevit pouze u koncentrace
25 uM. U oocytu starnoucich 72 hodin nebyl pozorovatelny eignifikantni efekt inhibice
HO.

Na somatickych burikach je prokazano, Ze signalni draha HO/CO ovliviiuje
apoptézu prostfednictvim modulace aktivity proapoptotickych a antiapoptotickych
faktorl. CO potlacuje miru apoptézy napf. prostiednictvim zvySeni exprese
antiapoptotického faktoru Bcl-2 a snizenim aktivity kaspazy-3 (Zhang et al., 2003,
Cepinskas et al., 2007). Z naSich experimentl je ziejmé, Zze CO potlaCuje apoptozu
rovnéz u starnoucich prasecich oocytl. Zjistili jsme, ze po 48 a 72 hodinach starnuti v
pfitomnosti donoru CO (CORM-2 nebo CORM-A1) doslo k signifikantnimu zvysSeni
podilu intaktnich oocytl a sniZeni apoptotickych oocytu. Zaroven starnuti v pfitomnosti
donoru CO signifikantné sniZilo aktivitu kaspazy-3, pficemz tento efekt se projevil jiz u
oocytu starnoucich 24 hodin a byl signifikantni i po 48 a 72 hodinach starnuti.

Pfedpokladame, Ze efekt CO ve starnoucich oocytech je komplexni, nebot v
somatickych burikach CO reguluje apoptotickou drahu prostfednictvim fady
mechanismu. Jednim z cilu CO v oocytech mize byt c-jun kindza (JNK). Na
somatickych burikach je prokazano, ze CO ma schopnost inhibovat aktivitu JNK
(Morse et al., 2003). Soucasné je ukazano, ze inhibice JNK vede u starnoucich oocytu
k potlaceni apoptdzy (Sedmikova et al., 2013). Dale muze CO potlacovat apoptdzu
prostfednictvim modulace hladiny Ca?". V somatickych bufikach CO snizuje
cytoplazmatické mnozstvi Ca?* (Lin & McGrath, 1988; Gende, 2004; Lim et al., 2005),
pficemz u starnoucich oocytll mize uvolnéni Ca?* do cytoplazmy zpusobit zahajeni
bunécéné smrti (Gordo et al., 2002; Zhu et al., 2016). Dale CO v somatickych burikach
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zvySuje expresi dllezitého antiapoptotického faktoru Bcl-2 a snizuje expresi

proapoptotickych faktord Bid a Bax (Zhang et al., 2003; Wang et al., 2007a).
Uvedené vysledky jsou soucasti publikace: NémecCek D., Dvorakova M.,

Heroutova I., Chmelikova E., Sedmikova M. (2017). Anti-apoptotic properties of carbon

monoxide in porcine oocyte during in vitro aging. PeerJ 5: e3876
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5.2 Vliv suplementace kultivacniho média donorem CO na meiotické zrani
prasecich oocyti

Meiotické zrani je komplexnim procesem, ktery je regulovan fadou faktort jako
jsou napf. kinazy MPF a MAPK. Mezi regulatory meiotického zrani Ize Ffadit i
gasotransmitery, coz jsou endogenné produkované plynné molekuly se signalni funkci.
V pfipadé NO a H2S je jiz znamo, Ze jsou zapojeny do regulace meiotického zrani (Bu
et al., 2003; Hattori & Tabata, 2006; Nevoral et al., 2014). Na druhou stranu vyznam
CO v pribéhu meiotického zrani je dosud neznamy. Vzhledem k tomu, Ze meazi
jednotlivymi gasotransmitery dochazi ke vzajemnym interakcim a navic je CO sam o
sobé signalni molekulou, ktera v somatickych bunkach reguluje bunécny cyklus a
pusobi antiapoptoticky, Ize pfedkokladat, Zze CO muze ovliviiovat i meiotické zrani. Z
téchto duvodld jsme stanovili hypotézu, ze signalni draha HO/CO je zapojena do
regulace meiotického zrani oocytu a Ze suplementace kultivaéniho média donorem CO
muze zvysit kvalitu prasecich oocytl. Na zakladé ziskanych vysledku predpokladame,
Ze je CO zapojen do regulace pribéhu meiotického zrani a zaroven snizuje oxidativni
stres.

Imunocytochemickou metodou jsme prokazali pfitomnost proteinli a metodou
RT-PCR mRNA obou izoforem HO v prabéhu meiotického zrani prasecich oocytu.
Béhem meiotického zrani (pfechod GV-MI-MII) jsme neprokazali zmény v mnozstvi
mRNA HO-1 a HO-2 a ani proteinu HO-1. V pfipadé HO-2 dochazelo v prubéhu
meiotického zrani ke snizeni jeho exprese, kdy se exprese HO-2 sniZila 0 21% (oocyty
ve stadiu MI) a 50% (oocyty ve stadiu MIl) v porovnani s oocyty ve stadiu GV.
Soucasné jsme pfi posouzeni exprese proteind HO zjistili rozdilnou lokalizaci HO-1 a
HO-2, kdy HO-1 pfevladala v oblasti jadra/perichromozomalni oblasti a HO-2 v oblasti
cytoplazmy. HO-1 pfedstavuje inducibilni izoformu, jejiz exprese se zvySuje v reakci
na pusobeni fady stresort (Ryter et al., 2006; Kim et al., 2011). Ze ziskanych vysledku
predpokladame, Ze nas systém in vitro kultivace nepfredstavuje v pribéhu meiotického
zrani dostacujici stresovy faktor pro zvySeni exprese HO-1. lzoforma HO-2 je
povazovana za konstitutivné aktivni enzym, ktery je v tkanich zodpovédny za bazalni
aktivitu HO (Turkseven et al., 2007; Mufioz-Sanchez & Chanez-Cardenas, 2014).
Predpokladame tedy, Ze izoformy HO-1 a HO-2 nereguluji vyraznym zpusobem
pribéh meiotické zrani. Tento pfedpoklad zaroven potvrzuji vysledky ziskané
posouzenim vlivu inhibice obou izoforem HO prostfednictvim ZnPP IX. Vliv inhibice na

prubéh meiotického zrani jsme hodnotili na zakladé posouzeni jaderného zrani u
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oocytu kultivovanych v pfitomnosti inhibitoru ZnPP 1X o koncentracich 1, 2.5, 5, 10 a
25 uM. Inhibitor ovlivnil jaderné zrani pouze v koncentraci 5 uM, kdy doslo ke snizeni
podilu oocytl dozralych do stadia MIl o0 5% v porovnani s kontrolni skupinou (99.2%
MII). Ostatni koncentrace inhibitoru nemély signifikantni vliv na prabéh jaderného zrani
oocytu. Na druhou stranu Ize predpokladat, ze HO ovliviiuje vyvojovy potencial, nebot
je popsano, Ze oocyty pochazejici z HO-1 deficientnich mySi maji sniZzenou
oplozenischopnost (Zenclussen et al., 2011). Rovnéz je otazkou jakou mérou se podili
na ovlivnéni oocytl aktivita HO nachazejici se v kumularnich bufkach. Autofi Bergandi
et al. (2014) prokazali, Zze lidské kumularni burnky ziskané z neoplozenych oocytl
vykazuji zvySenou expresi HO-1. Tento vysledek je vysvétlen pravdépodobnym
pusobenim oxidativniho stresu, jehoz efektem je snizeni oplozenischopnosti oocytd,
pficemz kumularni buriky se tomuto negativnim efektu snazi branit prostfednictvim
zvyseni exprese HO-1. Zaroven je nutné uvést, ze zvySena exprese HO nemusi vzdy
znamenat cytoprotektivni efekt. Pfi vyrazné zvySené expresi HO-1 se mize projevit
efekt tzv. overexpresse, kdy z divodu vyrazné aktivity HO-1 dochazi k nadmérnému
uvolnéni zeleza, které mlze plsobit cytotoxicky (Suttner & Dennery, 1999). Vzhledem
ke skutecnosti, ze jsme nesledovali ¢asny embryonalni vyvoj u oocytl zrajicich v
pritomnosti inhibitoru HO, nemUzeme Fici, zda doslo k ovlivnéni vyvojového potencialu.

CO je dulezitou signalni molekulou vznikajici aktivitou HO. PFi kultivaci
prasecich oocytl v pfitomnosti donoru CO CORM-2 jsme prokazali, ze dochazi ke
snizeni podilu oocytl dozralych do stadia MIl. Vliv donoru CO na meiotické zrani
praseCich oocytl jsme hodnotili na zakladé jaderného zrani u oocyty zrajicich v
pfitomnosti CORM-2 o koncentracich 5, 50 a 100 yM. P¥i kultivaci v médiu obsahujicim
5 uM CORM-2 jsme nezjistili efekt na jaderné zrani. V pfipadé kultivace v médiu
obsahujicim 50 nebo 100 yM CORM-2 doSlo k zastaveni jaderného zrani, kdy v
koncentraci 50 uM dozralo do stadia MIl 68% oocytu a v koncentraci 100 uM 51%
oocytll (kontrolni skupina, 84% MIl). Na =zakladé predbéznych vysledku
predpokladame, ze CORM-2 nezpomaluje, ale zastavuje meiotické zrani, nebot po 72
hodinach meiotického zrani nedoslo k meiotickému dozrani do stadia MIl a hodnocené
oocyty se nachazely v MI fazi meiotického zrani.

Souc€asné jsme u oocytl meioticky zrajicich v pfitomnosti CORM-2 zjistili
snizenou produkci ROS, pficemz tento efekt byl prokazatelny jiz u koncentrace 5 M,
u které byl neprokazatelny efekt na jaderné zrani. Pozorovany efekt CORM-2 na

produkci ROS byl zavisly na koncentraci, kdy vy3Si koncentrace CORM-2 vyraznéji
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snizovala produkci ROS. Efekt ROS ve vysokych koncentracich je bezesporu
negativni, na druhou stranu se vSak v nizkych koncentracich ROS podili na regulaci
meiotického zrani (Pandey et al., 2010; Tiwar & Chaube, 2016). Z toho divodu muze
snizeni mnozstvi ROS vést k inhibici meiotického zrani, kdy napf. suplementace
kultivaéniho média neenzymatickymi antioxidanty kyselinou askorobovou a 3-tert-
butyl-4-hydroxyanisol vede k inhibici meiotického zrani (Pandey & Chaube, 2014). Za
efekt inhibice meiotického zrani prase€ich oocytd prostfednictvim CO muzZou byt
zodpoveédné i dal8i signalni drahy. Jednou z nich je signalni draha JNK, kdy v
somatickych burikach plasobi CO jako inhibitor JNK (Morse et al., 2003) a v oocytech
vede inhibice JNK k zastaveni meiotického zrani (Huang et al., 2011).

Pfrestoze v tuto chvili nevime, jakym mechanizmem CO ovliviiuje meiotické
zrani prasecich oocytu, je otazkou, zda suplementace kultivaéniho média donorem CO
v prubéhu meiotického zrani vede ke zlepSeni kvality oocytl. V Ffadé pfipadl je
prokazano, ze doCasna inhibice meiotického zrani vede nasledné ke zlepSeni vyvojové
kompetence (Dieci et al., 2013; Vanhoutte et al., 2008). Zjistit zda ma podobny efekt i

CO je naSim cilem v nasledujicich experimentech.
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5.3 Vyznam signalni drahy hemoxygenaza/oxid uhelnaty v samici
reprodukc¢ni soustavé

Oxid uhelnaty (CO) predstavuje dulezitou signalni molekulu regulujici Ffadu
bunéénych procesu. Endogenné vznika CO c¢innosti enzymu hemoxygenaza (HO),
ktery je znam ve dvou izoformach (HO-1 a HO-2). HO-1 predstavuje inducibilni
izoformu, jejiz exprese se vyrazné zvySuje vreakci na pusobeni stresorl (napf.
oxidativni stres). HO-2 je konstitutivné exprimovanou izoformou, ktera je zodpovédna
za bazalni produkci CO. Endogenné vytvofeny nebo exogenné dodany CO zvySuje
ochranu bunék pfed stresory a reguluje bunécny metabolismus. Za tyto efekty je
zodpoveédna schopnost CO modulovat aktivitu fady signalnich drah, mezi které patfi
napf. guanylyl cyklasa a tim mira produkce cGMP, nitrid oxid syntaza a produkce NO
a v neposledni fadé aktivita MAPK. CO je nepostradatelny pro spravné fungovani
organizmu a na zakladé vysledku fady védeckych praci je prokazano, Zze mistem
pusobeni CO je i samici reprodukéni soustava. BEhem brezosti je CO dulezity pro
spravné fungovani feto-placentalni jednotky a celkové pro prezitelnost plodu.
Soucasné je ukazano, ze CO ovliviiuje napf. steriodogenezi, Zivotnost Zlutého téliska
a soucCasné oplozenischopnost oocytu. Prestoze se naSe znalosti o funkci CO
v reprodukCni soustavé samic vyznamné rozSifuji, stale je zde velké mnozstvi
neznamych a napfiklad o funkci CO v oocytech nemame témér zadné informace. Z
téchto dlvodu jsme soucasné poznatky o vyznamu hemoxygenazy a CO v samici
reprodukéni soustave zpracovali ve formé review a publikovaly ve védeckém Casopise:
Némecek D., Dvorfakova M., Sedmikova M. (2017). Heme oxygenase/carbon
monoxide in the female reproductive system: an overlooked signalling pathway.

International Journal of Biochemistry and Molecular Biology, 8(1), 1-12.
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5.4 Antioxidacni vlastnosti S-allyl cysteinu béhem meiotického zrani
prasecich oocytti a casného embryonalniho vyvoje

S-allyl cystein (SAC) predstavuje stabilni Cesnekovou slouc€eninu, ktera
v somatickych burnkach potlaCuje oxidativni stres, snizuje miru apoptozy a zvysSuje
zivotaschopnost bunék (Tsai et al., 2011, Cervantes et al., 2013). Z téchto divodu
jsme stanovili hypotézu, Zze meiotické zrani v pfitomnosti SAC muze snizit oxida¢ni
stres a tim zvysit kvalitu oocytl. Zjistili jsme, Ze SAC potladuje produkci reaktivnich
forem kysliku (ROS) ve zrajicich oocytech a zaroven ovliviiuje ¢asny embryonalni
vyvoj. Z téchto dlvodl povazujeme SAC jako potencialni suplement kultivacniho
média, ktery maze zlepSovat kvalitu oocytu.

Kultivace oocytl v in vitro podminkach je charakteristicka zvySenou produkci
ROS v porovnani s in vivo podminkami. V pfipadé, Ze je produkce ROS v oocytech
zvySena nad fyziologickou hodnotu, mlze v meioticky zrajicich oocytech dojit
k destabilizaci MPF, snizeni mnozstvi antiapoptotickych faktori a spusténi apoptdzy a
souCasné dochazi k ovlivnéni i nasledujiciho embryonalniho vyvoje (Chaube et al.,
2008; Corréa et al., 2008; Chaube et al., 2014; Khazaei and Aghaz, 2017).

Jako markery meiotického zrani jsme pouzili jaderné a cytoplazmatické zrani a
produkci hyaluronové kyseliny. Jaderné zrani bylo ovlivnéno pouze v pfitomnosti
nejvyssi pouzité koncentrace SAC (5 mM), kdy doslo ke snizeni podilu meioticky
dozralych oocytld. Ztoho duvodu nebyla koncentrace 5 mM pouzita v dalSich
experimentech. V ostatnich koncentracich SAC nedos$lo k ovlivnéni jaderného zrani,
cytoplazmatického zrani (aktivity MPF/MAPK) a produkce hyaluronoveé kyseliny.
Predpokladame, ze produkce ROS v nasich in vitro podminkach nedosahovala takové
miry, ktera by negativné ovlivnila nami pouzité markery meiotického zrani. Zaroven
Alvarez et al.,, (2015) uvadi, ze praseCi oocyty jsou relativné resistentni proti
negativnimu efektu ROS.

Na druhou stranu jsme prokazali, Zze meiotické zrani praseCich oocytl
v pfitomnosti SAC nejen vyrazné snizuje mnozstvi ROS, ale zaroven ovliviiuje
nasledujici embryonalni vyvoj po partenogenetické aktivaci. Pfi posouzeni vlivu SAC
na produkci ROS v prasecich oocytech jsme zjistili, ze meiotické zrani v pfitomnosti
SAC vede ke sniZeni produkce ROS jak u meioticky zrajicich (Ml, 24 hod.; MIl, 48
hod.) tak nasledné i u partenogeneticky aktivovanych oocytd (22 hod. po
partenogenetické aktivaci). V pfipadé meioticky zrajicich oocyta (MI; MIl) vedla

kultivace v pfitomnosti SAC ke sniZeni produkce ROS o 82.9-91.6% (kultivace do
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stadia MI) a o 86.4-99.1% (kultivace do stadia MIl). U oocytll meioticky dozralych
v pfitomnosti SAC a nasledné partenogeneticky aktivovanych doslo ke snizeni
produkce ROS o 57,8-66,3 % (po kultivaci 22 hod.). Sou€asné meiotické zrani
v pfitomnosti SAC zvySilo po partenogenetické aktivaci miru ryhovani o 41.7-43.3%
v porovnani s kontrolni skupinou (8.3%). Je prokazano, Ze rychleji se délici embrya
maji lepSi vyvojovy potencial v porovnani s pomalu se délicimi embryi (Isom et al.,
2012; Nakai et al.,, 2014) a z toho ddvodu povazujeme efekt SAC na Casny
embryonalni vyvoj prase€ich embryi jako pozitivni. Sou€asné pfedpokladame, Ze si
embrya vznikla zoocytl kultivovanych v pfitomnosti SAC zachovala zvySeny
antioxidacni potencial.

Za nami pozorovany efekt vyrazného snizeni hladiny ROS u oocytu zrajicich
v pfitomnosti SAC muzou byt zodpovédné oba stavebni prvky SAC, cystein a allylova
skupina, které oba maji prokdzané antioxidac¢ni vlastnosti (Chung, 2006). Zaroven
SAC nemusi pusobit pouze jako antioxidant snizujici hladinu ROS, ale i nepfimo
prostfednictvim zvySeni aktivity antioxidaCnich enzym( jako je kataldza a GSH
peroxidaza (Hsu et al., 2004) a soucasné zvysenim mnozstvi GSH, jakozto dllezitého
antioxidantu (Kohen & Nyska, 2002). DalSim dulezitym mechanismem u&inku SAC
muZe byt schopnost zvySovat mnozZstvi gasotransmiteru sulfanu, ktery nasledné maze
ovlivnit fadu signalnich drah (Kamoun, 2004; Szabo’, 2007) a je zapojen i do regulace
meiotického zrani prasecCich oocytl (Nevoral et al., 2014). Dale mGze SAC zvysit
expresi HO-1, ktera se podili na ochrané bunék nejen pfed oxidaCnim stresem, ale i
pred Sirokou Skalou bunécnych stresoru (Park et al., 2014; Shi et al., 2015; Ryter and
Choi, 2016).

Vysledky vlivu S-allyl cysteinu na praseci oocyty jsou soucasti publikace:
Dvorakova M., Heroutova I., Némecek D., Zamostna, K., Krej¢ova T., Nevoral J.,
KucCerova-Chrpova V., Petr J., Sedmikova M. (2016): The antioxidative properties of
S-allyl cysteine not only influence somatic cells but also improve early embryo
cleavage in pigs. Peerd, 4: €2280.
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5.5 Vliv cesnekovych sloucenin na bunécné funkce

Cesnek (allium sativum) je jiz po dlouhou dobu pouzivan v légitelstvi jako
pfirozeny prostfedek lé&by Fady zdravotnich problémd. Cesnek obsahuje velké
mnozstvi biologicky aktivnich latek a pravé kombinace téchto latek je zodpovédna za
pozitivni efekt Cesneku na organizmus. SouCasné€ vznika fada latek s vyraznym
biologickym efektem az zpracovanim Cesnekovych palic. Mezi latky ziskané pfimo
z Cesneku nebo jeho zpracovanim patfi zejména allin, allicin, diallyl sulfid, diallyl
disulfid, diallyl trisulfid a S-allyl cystein. U téchto latek je prokazano, Ze zlepSuji funkce
imunitni soustavy, kardiovaskularni soustavy a plsobi proti rakovinnym burfikam. Za
pozitivni efekt Cesnekovych sloucenin je z velké Casti zodpovedna jejich schopnost
pUsobit antioxidaén&. Cesnekové sloudenin jednak snizuji tvorbu reaktivnich forem
kysliku a sou€asné zvySuji mnozstvi glutathionu a antioxidaénich enzymd. Sou¢asné
Cesnekoveé slou€eniny ovliviiuji apoptotickou drahu a modifikuji genovou expresi
prostfednictvim acetylace histon(i. Cesnekové slougeniny navic miZou slouzit jako
pfimy zdroj gasotransmiteru sulfanu nebo prostfednictvim aktivace enzymi
zodpovédnych za jeho produkci. Timto zplsobem vznikly sulfan nasledné muze
regulovat fadu fyziologickych procesl. Sou€asné poznatky o vyznamu €esnekovych
slou€enin v somatickych a rakovinotvornych bunkach jsme zpracovali a publikovali
jako dveé review: Dvorakova M., Weingartova |., Nevoral J., Némecek, D., Krejcova T.
(2015): Garlic sulfur compounds suppress cancerogenesis and oxidative stress: a
review. Scientia Agriculturae Bohemica 46: 65-72.

Chmelikova E., NémecCek D., Dvorfakova M., Heroutova |., Sedmikova M.
(2018). Organo-sulphur garlic compounds influence viability of mammalian cells: a

review. Scientia Agriculturae Bohemica 49, 9-16.
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6 Zaver

Cile této prace bylo zjistit, zda Ize zlepSit kvalitu oocytl prostfednictvim
suplementace kultivatniho média oxidem uhelnatym (CO) nebo S-allyl cysteinem
(SAC). Pfi posouzeni vlivu CO na praseci oocyty jsme se zaméfili na dvé obdobi vyvoje
oocytu, meiotické zrani a starnuti. Prokazali jsme, ze draha HO/CO je zapojena do
regulace Zivotaschopnosti starnoucich prasecich oocytd. Imunocytochemickou
metodou jsme zjistili, ze se ve starnoucich prasecich oocytech nachazi obé izoformy
HO (HO-1 a HO-2), pficemz v pribéhu starnuti dochazi ke zvysSeni mnozstvi obou
izoforem. Inhibice HO prostfednictvim inhibitoru zinc-protoporphyrin IX (ZnPP [X)
vedla ke zvySeni podilu apoptotickych oocytl a sou€asné ke snizeni podilu intaktnich
oocytu. V pfipadé suplementace kultivatniho média donorem CO jsme prokazali
obraceny efekt, tedy zvySeni podilu intaktnich oocytl a snizeni podilu apoptotickych
oocytu. Soucasné jsme sledovali vliv donoru CO na aktivitu kaspazy-3 jako markeru
zahajeni apoptotického rozpadu. Donor CO vyrazné snizil aktivitu kaspazy-3 ve
starnoucich prasecich oocytech. Na zakladé ziskanych vysledku efektu CO na
starnouci praseCi oocyty lze o CO uvazovat jako o potencialnim suplementu
kultivaGniho média starnoucich oocytl, ktery pozitivhé ovliviiuje Zivotaschopnost

prasecich oocytd.

Stejné jako ve starnoucich, tak i v meioticky zraiicich oocytech jsme prokazali
pritomnost obou izoforem HO. Sou€asné jsme sledovali zastoupeni mMRNA a proteina
HO-1 a HO-2, kdy se mnozstvi mRNA obou izoforem v pribé&hu meiotického zrani
nemeénilo. Rovnéz jsme neprokazali zmény v mnozstvi proteinu HO-1, ale v pfipadé
proteinu HO-2 jsme zjistili snizeni jeho exprese v prubéhu meiotického zrani. Vliv
inhibice obou izoforem HO prostfednictvim ZnPP IX jsme hodnotili na zakladé
jaderného zrani. Vliv inhibice HO na jaderné zrani vSak nebyl signifikantni. Dale jsme
sledovali pribéh meiotického zrani u oocytd zrajicich v pfitomnosti donoru CO.
Kultivace v pfitomnosti donoru CO inhibovala meiotické zrani, kdy doSlo k zastaveni
prubéhu meiotického zrani zejména ve stadiu MI. Sou€asné vedla kultivace s donorem
CO ke snizeni produkce reaktivnich forem kysliku (ROS). SniZeni produkce ROS Ize
povazovat jako kladny znak, na druhou stranu je v8ak samotna inhibice meiotického

zrani negativni.

Jako dalSi potencialni suplement kultivacniho média meioticky zrajicich oocytu

jsme hodnotili S-allyl cystein (SAC). Meiotické zrani v pfitomnosti SAC neovlivnilo
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pribéh jaderného zrani a ani dal$i markery hodnotici pribéh meiotického zrani
(aktivita MPF/MAPK, kumularni expanze). Na druhou stranu jsme pozorovali zvySeni
miry ryhovani u embryi vzniklych po partenogenetické aktivaci oocytl meioticky
zrajicich v pritomnosti SAC. Soucasné kultivace v pfitomnosti SAC snizila produkci
ROS u meioticky zrajicich i partenogeneticky aktivovanych oocytl. Na zakladé
ziskanych vysledku Ize SAC povaZovat jako potencialni suplement kultivaéniho média,
ktery snizuje miru oxidativniho stresu a zaroven pasobi kladné na ¢asny embryonaini

VYVOj.

Na zakladé ziskanych vysledku Ize Fici, Ze suplementace kultivaéniho média
donorem CO muze zvySit Zzivotaschopnost starnoucich praseéich oocytd a
suplementace SAC zlepSuje kvalitu meioticky zrajicich prasecich oocytu a sou€asné i
nasledny embryonalni vyvoj. Pro potvrzeni vlivu CO na starnouci oocyt by jsme se radi
zameéfili na posouzeni vyvojového potencialu oocytu starnoucich v pfitomnosti CO.
Soucasné chceme podrobnéji zhodnotit vliv CO na meiotické zrani, zejména se
chceme zaméfit na posouzeni vlivu Casové omezené doby meiotického zrani v médiu
s donorem CO a zaroven vliv donoru CO v pribéhu meiotického zrani na vyvojovy

potencial prasecich oocytu.
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ABSTRACT

If fertilization of matured oocyte does not occur, unfertilized oocyte undergoes aging,
resulting in a time-dependent reduction of the oocyte’s quality. The aging of porcine
oocytes can lead to apoptosis. Carbon monoxide (CO), a signal molecule produced

by the heme oxygenase (HO), possesses cytoprotective and anti-apoptotic effects that
have been described in somatic cells. However, the effects of CO in oocytes have yet
to be investigated. By immunocytochemistry method we detected that both isoforms
of heme oxygenase (HO-1 and HO-2) are present in the porcine oocytes. Based on

the morphological signs of oocyte aging, it was found that the inhibition of both HO
isoforms by Zn-protoporphyrin IX (Zn-PP IX) leads to an increase in the number of
apoptotic oocytes and decrease in the number of intact oocytes during aging. Contrarily,
the presence of CO donors (CORM-2 or CORM-AL1) significantly decrease the number
of apoptotic oocytes while increasing the number of intact oocytes. We also determined
that CO donors significantly decrease the caspase-3 (CAS-3) activity. Our results suggest
that HO/CO contributes to the sustaining viability through regulation of apoptosis

during in vitro aging of porcine oocytes.

Subjects Biotechnology, Cell Biology, Developmental Biology, Veterinary Medicine
Keywords Carbon monoxide, Heme oxygenase, Oocyte, Pigs, Aging, Antiapoptotic, Caspase-3

INTRODUCTION

In most mammals, a mature oocyte is in the stage of the metaphase of the second meiotic
division, when it awaits fertilization. If the fertilization does not occur within the time
referred to as a ‘temporal window for optimal fertilization’ (Fissore et al., 2002; Goud et al.,
2005), a time-dependent decrease in oocyte quality takes place, which is also referred to
as post-ovulatory oocyte aging (Fissore et al., 2002; Miao et al., 2009; Lord ¢ Aitken, 2013).
In pigs, as well as in other mammals, the aging process takes place in both in vivo and in
vitro conditions (Petrovd et al., 2004; Petrovd et al., 2009). Oocyte aging is one of the factors
limiting various assisted reproductive technologies (ART) outcome in several mammalian
species (Miao et al., 2009). Many changes of cellular functions occur during oocyte aging,
as well as morphological changes of the cytoskeleton and cellular organelles. The negative
effects of aging include premature exocytosis of cortical granules (Szollosi, 1971), structural
changes of the zona pellucida (Xu et al., 1997), the decrease of the fertilizing capability
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(Lanman, 1968), increase of polyspermy (Badenas et al., 1989), parthenogenesis (Blandatu,
1952) and chromosomal aberrations (Szollosi, 1971).

Several mechanisms contribute to the formation of negative effects of the oocyte aging.
Aging process leads to the progressive increase in ROS production and the concomitant
depletion of antioxidant protection and as a consequence the post ovulatory aged oocyte
experiences a state of oxidative stress (Lord ¢~ Aitken, 2013). This relates to the disruption
in functions of the mitochondria and Ca2* signaling (Liu, Trimarchi & Keefe, 2000; Lord
¢ Aitken, 2013). Changes in the activity of the M-phase promotion factor (MPF) and the
mitogen-activated protein kinase (MAPK) that maintain the meiotic arrest in metaphase
IT also occurs during aging (Kikuchi et al., 1995; Miao et al., 2009; Jiang et al., 2011). The
decrease of the MPF activity causes parthenogenetic activation in the aged oocytes and
consequently cellular death. The increased MAPK activity also contributes to the triggering
of cellular death (Sadler et al., 2004; Jeseta et al., 2008; Miao et al., 2009). Aging process
finally leads to lytic or, more often, apoptotic cell death of aged oocytes (Fissore et al., 2002;
Miao et al., 2009; Petrovd et al., 2009; Lord ¢ Aitken, 2013).

Programmed cell death is characterized by the activation of caspases (aspartate-specific
cysteine proteases) that are activated upon the receipt of either an extrinsic or intrinsic death
signal. Both signals induce the execution phase of the apoptotic pathway characterized by the
activation of executioner caspases that subsequently activate cytoplasmic endonucleases and
proteases. Their activation leads to characteristic morphological and biochemical changes
observed during apoptosis (Salvesen ¢» Dixit, 1997; Slee, Adrain ¢ Martin, 20015 Taylor,
Cullen & Martin, 2008). Caspase-3 (CAS-3) is one of the most important executioner
caspases. The CAS-3 activity is often used as a marker of apoptotic cell death, regardless
of whether the apoptosis was triggered through an extrinsic or intrinsic pathway (Elmore,
2007). Similarly, as in somatic cells, also in aged oocytes is CAS-3 activated during apoptotic
cell death (Zhu et al., 2015; Zhu et al., 2016).

Carbon monoxide (CO), endogenously produced by heme oxygenase (HO) or
exogenously delivered by CO gas or CO-releasing molecules (CORMs) (Motterlini et
al., 2003) is one of the known factors that can modulate apoptotic pathway in various
types of somatic cells (Brouard et al., 2000; Petrache et al., 2000; Wu ¢ Wang, 2005; Ryter,
Alam & Choi, 2006; Kim et al., 2011), but the effect of CO in oocytes is unknown. HO
enzyme catalyzes oxidative cleavage of heme producing ferrous iron, biliverdin-IXa and
CO (Tenhunen, Marver ¢ Schmid, 1968; Tenhunen, Marver ¢ Schmid, 1969). HO exists in
two active isoforms, HO-1 and HO-2. HO-1 is an inducible isoform activated by different
kinds of stresses (e.g., oxidative stress) (Biswas et al., 2014; Ryter ¢» Choi, 2016), while the
constitutive isoform HO-2 is responsible for the HO basal activity (Turkseven et al., 2007;
Mufioz Sdanchez ¢ Chdnez-Cdrdenas, 2014).

CO influences a variety of signalling pathways and generally has cytoprotective, anti-
apoptotic and anti-inflammatory properties (Motterlini ¢& Otterbein, 2010). In murine
endothelial cells CO suppresses apoptosis through activation of the p38 MAPK (Brouard
et al., 2000; Brouard et al., 2002) and in rat endothelial cells CO prevents the initiation
of apoptosis through increasing the expression of anti-apoptotic factor Bcl-2 (Zhang et
al., 2003a) and decreasing the expression/activation of pro-apoptotic factors Bid and Bax
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(Zhang et al., 2003a; Zhang et al., 2003b; Wang et al., 2007a). It further prevents the release
of cytochrome ¢ from mitochondrial matrix (Zhang et al., 2003a; Wang et al., 2007a).
Overall, CO decreases caspases activation (CAS-3, CAS-8, CAS-9), which was proven

in endothelial cells of mice and rats (Zhang et al., 2003a; Zhang et al., 2003b; Wang et al.,
2007a; Wang et al., 2011), in murine astrocytes (Almeida et al., 2012), rat ganglion cells
(Schallner et al., 2012) and porcine lung tissue (Goebel et al., 2008).

The anti-apoptotic effect of the HO/CO system was investigated in somatic cells, but
in the case of oocytes the effect of CO is so far unknown. While it was proven that HO-1
deficiency in mice causes lower fertilization capability of oocytes (Zenclussen et al., 2012),
knowledge of the HO/CO significance in oocytes is still insufficient. We assumed that,
similarly as in somatic cells, CO could also prevent the apoptotic pathway in oocytes. We
hypothesized that CO could improve the viability of porcine oocytes. The aim of our work
is to identify the effect of CO on the course of the porcine oocyte aging.

MATERIALS AND METHODS

Collection, cultivation and in vitro aging of porcine oocytes

Porcine ovaries were obtained from local slaughterhouses from gilts during an unknown
stage of the oestrous cycle. Porcine oocytes were obtained from the ovaries through
aspiration of the follicular fluid from follicles (2-5 mm). Only oocytes with intact cytoplasm
and compact cumuli were chosen for the experiments. Oocytes were cultivated in the
modified M199 medium (Gibco-BRL, Life Technologies, Paisley, Scotland) containing
sodium bicarbonate (32.5 mM), calcium L-lactate (2.75 mM), gentamicin (0.025 mg/ml),
HEPES (6.3 mM), 13.5 IU eCG: 6.6 IU hCG/ml (P.G.600; Intervet, Boxmeer, Holland)
and 10% (v/v) fetal calf serum (GibcoBRL). Oocytes were cultivated for 48 h up to the
metaphase stage of the second meiotic division (MII) in 4-well Petri dishes (Nunc, Fisher
Scientific, Waltham, MA, USA; 1 ml of cultivation medium; 39 °C; 5,0 % CO,). Meiotically
matured oocytes were denuded and used for in vitro aging (24, 48 and 72 h) under the
same conditions in the cultivation medium without P.G. 600.

Evaluation of in vitro aged porcine oocytes

Upon completion of the in vitro aging, the oocytes were fixed in a mixture of ethanol and
acetic acid (3:1, w/v, 48 h). Fixed oocytes were stained using 1.0% (w/v) orcein. The oocytes
were classified into four groups according to the morphological signs of aging: intact oocytes
(oocytes in the stages: metaphase II, anaphase II or telophase II), parthenogenetically
activated oocytes (embryos and oocytes containing pronuclei), apoptotic oocytes (called
fragmented oocytes; oocytes containing apoptotic vesicles under the zona pellucida) and
lysed oocytes (oocytes with loss of integrity and rupture of cytoplasmic membrane) (Pefrovd
et al., 2004).

Immunocytochemical detection of heme oxygenase and cleaved
caspase-3

Upon completion of the oocyte cultivation period, zona pellucida was removed (0.1%
pronase). Subsequently, the oocytes were fixed in 2.5% (w/v) paraformaldehyde
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in Phosphate-buffered saline (PBS). The oocyte membrane was permeabilized by 0.5%
(w/v) Triton X in PBS with 0.01% (w/v) BSA. After rinsing in PBS with 0.1% (w/v)
Tween 20 followed incubation with the primary antibody anti-heme oxygenase 1 or
anti-heme oxygenase 2 (Abnova Corporation, Taipei, Taiwan; 1:200) or anti-cleaved
caspase-3 (Asp175) (Cell Signaling Technology, Danvers, USA; 1:400). The incubation
period took over 14-16 h in moisture at a temperature of 4 °C in 0.1 % (w/v) BSA and
0.01 % (w/v) Tween 20 in PBS. After incubation, the oocytes were rinsed with 0.1% (w/v)
Tween 20 in PBS and cultivated with secondary anti-mouse IgG antibody conjugated with
fluorescein-5-isothiocyanate (FITC, Sigma—Aldrich Gmbh, Munich, Germany; 1:100) or
anti-rabbit IgG conjugated with FITC (ThermoFisher Scientific, Rockford, USA; 1:500).
The incubation with the secondary antibody took place at laboratory temperature in 0.1%
(w/v) BSA and 0.01% (w/v) Tween 20 in PBS over the course of one hour in darkness.
After incubation, the oocytes were rinsed in 0.1% (w/v) Tween 20 in PBS.

The chromatin was stained using 4’,6-diamidino-2-phenylindole (DAPI, Sigma—Aldrich
Gmbh, Munich, Germany). To exclude non-specific secondary antibody binding the
oocytes in the control group were treated in the same way as the experimental group,
except that primary antibody incubation was not performed. Oocytes were mounted on
slides and images were acquired using confocal scanning microscope (Zeiss, Germany).
The images were analyzed in NIS Elements AR Software (NIKON, Japan). The data was
expressed as mean signal intensity of the FITC fluorescence, reduced by a basal signal
intensity of appropriate negative control. Each experiment was repeated at least three times
at a minimal amount of 15 oocytes in each experimental group.

Western blot

Western blot was performed for validation of the antibodies specificity in accordance to
Tiimovd et al. (2013). Briefly, MII oocytes were lysed and separated by SDS-PAGE. After
blotting the membranes were incubated with primary antibodies—anti-heme oxygenase-
1, anti-heme oxygenase-2 (Abnova Corporation, Taipei, Taiwan; 1:1,000) or cleaved
caspase-3 (Aspl175) (Cell Signaling Technology, Danvers, MA, USA; 1:1,000) and then
with secondary antibodies—Mouse IgG (Amersham GE Healthcare, Life Sciences, Little
Chalfont, Buckinghamshire, United Kingdom; 1:30,000) or rabbit IgG (Amersham GE
Healthcare, Life Sciences, United Kingdom; 1:120,000). Proteins were detected by ECL
Advanced Western blotting detection kit (Amersham GE Healthcare, Life Sciences, United
Kingdom). Each western blot was repeated at least three times with a minimal amount of
200 oocytes.

In vitro cultivation of aging oocytes with exogenous CO donors or
heme oxygenase inhibitor

Oocytes were cultivated in a cultivation media with the CO donors: CORM-2 (tricarbonyl
dichlororuthenium (II) dimer; Sigma—Aldrich Gmbh, Munich, Germany) at concentrations
of 5, 25, 50 and 100 pM, dissolved in dimethyl sulfoxide (DMSO) or CORM-A1 (sodium
boranocarbonate; Sigma—Aldrich Gmbh, Munich, Germany) at concentrations of 25,

50 and 100 wM, dissolved in H,O. CORM-2 and CORM-A1 both have distinct rate of
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CO release, wherein CORM-2 is a fast CO releaser, whereas CORM-A1 shows a slow
and gradual CO release (Motterlini et al., 2002; Motterlini, Mann & Foresti, 2005). In the
case of HO inhibition, the oocytes were cultivated in a cultivation medium with HO
inhibitor Zn-protoporphyrin IX (Zn-PP IX; Sigma—Aldrich Gmbh, Munich, Germany),
at concentrations of 2.5, 5 and 25 pM dissolved in DMSO. In order to eliminate the
effect of DMSO on the aging of porcine oocytes, a control group was incubated in a
cultivation medium containing only DMSO. In order to confirm the effect of CO, oocytes
were cultivated in cultivation medium with ruthenium (III) chloride (inactive CORM2;
iCORM-2; Sigma—Aldrich Gmbh, Munich, Germany) or inactive CORM-A1 (iCORM-A1).
iCORM-AL consisted of CORM-ALI prepared in 0.1 M HCl bubbled with N gas for 10 min
to dissipate all of the CO and then the pH of the solution was adjusted to 7.4. The effect
of the iCORMs at comparable concentrations was not significant compared to oocytes
cultivated in pure cultivation medium (Table S1). Upon completion of the given cultivation
period, the oocytes were morphologically evaluated or prepared for immunocytochemical
technique. Each experiment was repeated at least three times and at least 80 oocytes were
used for each experimental group.

Statistical analysis

Data from all experiments were subjected to statistical analysis. All experiments were
repeated at least three times. The SAS 9.0 software (SAS Institute Inc., Cary, NC, USA) was
used for statistical analysis. Significant differences between groups were determined using
analysis of variance (ANOVA) followed by Scheffe’s method. A p-value of less than 0.05
was considered significant. Significant differences among different groups of oocytes are
indicated by different symbols.

RESULTS

Heme oxygenase isoforms are present in porcine oocyte during

in vitro aging

The objective of the experiment was to localize HO-1 and HO-2 in meiotically mature
porcine oocytes (MII) and oocytes exposed to in vitro aging for the period of 24, 48 and
72 h. HO isoforms are present in porcine oocyte (Figs. 1 and 2), and their expression
gradually increase during in vitro aging. In case of HO-1, the signal was predominant in
the nucleus/perichromosomal area (Fig. 2). On the contrary, the HO-2 signal was mainly
observed in the oocyte cytoplasm (Fig. 3).

During the in vitro aging, the expression of both isoforms increased primarily in the
oocyte cytoplasm. In comparison with meiotically matured oocytes, in oocytes aged 24 h
the expression of HO-1 increased by 2.2 & 0.2 times, aged 48 h increased by 3.5 & 0.3 times
and aged 72 h increased by 6.7 £ 1.3 times (Fig. 4A). In the case of HO-2, the expression
in oocytes aged 24 h increased by 1.3 & 0.1 times, aged 48 h increased by 1.7 & 0.14 times,
and in oocytes aged 72 h increased by 3.1 £ 0.6 times (Fig. 4B).
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Figure 1 Immunoblotting of HO isoforms (HO-2, MW~35,7 kDa; HO-1, MW~33/28 kDa) in porcine
oocytes. Oocytes were matured to the second metaphase stage (MII stage). Proteins were separated by
SDS-PAGE, transferred to a nitrocellulose membrane and then incubated with HO specific antibodies
(anti-HO1, anti-HO2; both 1:1,000). One sample contained proteins from 200 oocytes. HO1 and HO2
and their truncated forms were detected by specific antibodies. The arrows indicate bands corresponding
to the molecular weight of the HO protein.

The inhibition of heme oxygenase increases the ratio of apoptotic
porcine oocytes during the in vitro aging

This experiment focused on the effect of HO inhibition by HO inhibitor Zn-protoporphyrin
IX (Zn-PP IX) on in vitro aging of porcine oocytes. After 24 h of in vitro aging, the effect
was significant only when the highest concentration of Zn-PP IX (25 uM) was used,
where the amount of intact oocytes in comparison to the control group decreased by
10.6% (94.0 £ 1.5 vs. 83.4 £ 2.1% for control and HO inhibitor, respectively) (Fig. 5A).
In other concentrations of Zn-PP IX, the effect on the morphological signs of aging was
not significant.

After 48 h of in vitro aging in the presence of Zn-PP IX, the effect was significant in all
concentrations, causing decreases in the ratio of intact oocytes and increases in the ratio of
apoptotic oocytes. In oocytes treated with Zn-PP IX, the ratio of intact oocytes decreased
by 11.1-12.9% (67.1 & 1.6 vs. 54.2 &£ 2.1-56.0 &£ 1.7% for control and HO inhibitor,
respectively) whiles the ratio of apoptotic oocytes increased by 5.6-9.4% (21.5 & 2.3 vs.
27.0 &£ 1.1-30.8 £ 2.4% for control and HO inhibitor, respectively). Moreover, the highest
concentration of inhibitor (25 M) also increased the ratio of lytic oocytes by 8.3% (1.1
£ 1.5 vs. 9.4 £ 1.6% for control and HO inhibitor, respectively). The effects of different
concentrations of inhibitor did not differ significantly (Fig. 5B).

The most obvious manifestation of negative signs of aging was observed in oocytes aged
72 h, wherein the ratio of apoptotic oocytes reached 60.4 + 3.7-67.5 & 3.4% in all groups
(control and experimental). However, the effect of the HO inhibitor was not significant
(Fig. 5C).

CO donors suppress apoptosis in porcine oocytes during the in vitro
aging

The objective of this experiment was to identify the effect of CO on the course of in vitro
aging of porcine oocytes evaluated based on morphological signs of aging. As the CO
source, we used two CO donors (CORM-2 or CORM-A1) each with different CO release
kinetic. The control group of oocytes was cultivated in the presence of inactive compounds
(iCORM-2 or iCORM-A1) to eliminate its effect. It was found that CO delivered by
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Figure 2 Localization of HO-1 in meiotically matured porcine oocytes (MII) (A) and in oocytes ex-
posed to in vitro aging for 24 (B), 48 (C) and 72 (D) hours. HO-1 is shown in green (FITC), chromatin is
shown in blue (DAPI), magnified 400 x.

CORMs causing decreases in the ratio of apoptotic oocytes and increases in the ratio of
intact oocytes.

The effect of the CO donors on in vitro aging became apparent after 48 h of in vitro
aging. The effect of CORM-A1 was significant at the concentrations 25 and 50 wM, which
decreased the ratio of apoptotic oocytes by 10.2-14.4% (30.3 £ 4.3 vs. 15.6 £ 5.8-19.8 £ 4.6
for control and CORM-A1, respectively) and simultaneously increased the ration of intact
oocytes by 12.6-16.0% (59.8 & 3.6 vs. 72.3 £ 3.8-75.7 & 3.7 for control and CORM-A1,
respectively) (Figs. 6A and 6B). The difference between control group and group cultivated
in the CORM-A1 at the concentration 100 uM was not significant. The effect of CORM-2
was significant in all concentrations. CORM-2 decreased the ratio of apoptotic oocytes by
6.7-9.9% (21.5 = 1.3 vs. 11.5 & 1.5-14.8 % 0.3% for control and CORM-2, respectively),
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Figure 3 Localization of HO-2 in meiotically mature porcine oocytes (MII) (A) and in oocytes exposed
to in vitro aging for 24 (B), 48 (C) and 72 (D) hours. HO-2 is shown in green (FITC), chromatin is shown
in blue (DAPI), magnified 400 x.

while simultaneously increased the ratio of intact oocytes by 8.6-13.5% (67.1 & 1.6 vs.
75.7 £ 1.4-80.6 £ 1.4% for control and CORM-2, respectively). The effects of different
concentrations of CORM-2 did not differ significantly (Figs. 7A and 7B).

Both CO donors significantly suppressed apoptosis even in oocytes aged 72 h. The effect
of CORM-A1 was significant at the concentrations 50 and 100 pM, which decreased the
ratio of apoptotic oocytes by 12.3-14.3% (59.5 = 3.6 vs. 45.2 & 7.3—47.2 £ 3.2 for control
and CORM-AL, respectively) and simultaneously increased the ratio of intact oocytes by
11.2-12.5% (28.8 & 3.7 vs. 40.0 &£ 7.3—41.3 £ 6.0 for control and CORM-AL, respectively)
(Fig. 6C). The difference between control group and group cultivated in the CORM-A1
concentration 25 wM was not significant. As with oocytes aged 48 h, also in oocytes aged
72 h the effect of CORM-2 was significant in all concentrations. CORM-2 decreased the
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Figure 4 Expression of HO-1 (A) and HO-2 (B) in meiotically matured (MII) porcine oocytes and
oocytes exposed to in vitro aging for 24, 48 and 72 h. The level of expression of HO-1 and HO-2 was de-
termined as the mean intensity of the given isoform’s signal in porcine oocytes and related to the aver-
age signal intensity of the given HO isoform in meiotically matured (MII) oocytes. Bars show the mean +
SEM. *# + indicates significant differences in the HO-1 and HO-2 signal intensity (P < 0.05).

ratio of apoptotic oocytes by 8.9-17.4% (60.4 & 2.7 vs. 43.0 £ 3.6-51.5 & 1.5% for control
and CORM-2, respectively) while increased the ratio of intact oocytes by 12.6-21.6%
(17.5 £ 1.7 vs. 30.1 & 2.4-39.1 &£ 2.2% for control and CORM-2, respectively). The effects
of different concentrations of CORM-2 did not differ significantly (Fig. 7C).

CO donors decrease the activity of caspase-3 in porcine oocytes
during the in vitro aging

This experiment focused on the effect of CO donors CORM-2 or CORM-A1 on the
fluorescence intensity of activated CAS-3 (cleaved CAS-3; cCAS-3) as a marker of apoptosis.
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Figure 5 The effect of the HO inhibitor zinc protoporphyrin IX (Zn-PP IX) on the porcine oocytes
during in vitro aging for 24 (A), 48 (B) and 72 (C) hours. Control group was cultivated in a medium con-
taining DMSO. The experimental group was cultivated in a medium containing Zn-PP IX at the concen-
trations of 2.5, 5 and 25 WM. Data is expressed in a relative manner. The stages of in vitro aging were mor-
phologically evaluated as: intact (MII), lytic (L), parthenogenetically activated (PA) and apoptotic (A).

* indicates significant difference in the ratio of intact (MII) oocytes between different concentrations of
inhibitor and control group (P < 0.05). # indicates significant difference in ratio of apoptotic (A) oocytes
between different concentrations of inhibitor and control group (P < 0.05). + indicates significant differ-
ence in ratio of lytic (L) oocytes between different concentrations of inhibitor and control group. No sig-
nificant difference was found in the ration of parthenogenetically activated (PA) oocytes between different
concentrations of inhibitor and control group.

It was found that the CO donors decrease the fluorescence intensity of cCAS-3 during in

vitro aging (Figs. 8-10).
The effect of both CO donors on the activity of CAS-3 was significant in all groups, i.e., in
oocytes aged 24, 48 and 72 h. In the case of CORM-2, the effect of different concentrations
did not differ significantly, whereas the effect of CORM-ALI differs depending to the
concentration. We observed the most significant effect of both CO donors in oocytes aged
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Figure 6 The effect of the CO donor CORM-A1 on the porcine oocytes during in vitro aging for 24
(A), 48 (B) and 72 (C) hours. The control group was cultivated in a medium containing an inactive form
of CO donor (iCORM-A1; 100 wM). The experimental group was cultivated in a medium containing
CORM-AL1 at the concentrations of 25, 50 and 100 LM. The data is expressed in a relative manner. Stages
of in vitro aging were determined morphologically as: intact (MII), Iytic (L), parthenogenetically activated
(PA) and apoptotic (A). * indicates significant difference in the ratio of intact (MII) oocytes between dif-
ferent concentrations of CORM-A1 and control group (P < 0.05). # indicates significant difference in
the ratio of apoptotic (A) oocytes between different concentrations of CORM-AL1 and control group (P <
0.05). No significant difference was found in the ration of parthenogenetically activated (PA) and lytic (L)
oocytes between different concentrations of CORM-A1 and control group.

24 h, wherein CORM-A1 causing decreases of cCAS- 3 fluorescence intensity by 40.9-48.5%
(100.0 = 6.0 vs. 51.6 £ 6.2-59.2 =+ 5.9% for control and CORM-A1 at the concentrations
25 and 50 pM, respectively). The effect of CORM-A1 at the concentration 100 pM was less
significant and decreased cCAS-3 fluorescence intensity by 16.5% (100.0 & 6.0 vs. 83.5 +
5.2% for control and CORM-AL1 at the concentrations 100 uM, respectively). In the case
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Figure 7 The effect of the CO donor CORM-2 on the porcine oocytes during in vitro aging for 24

(A), 48 (B) and 72 (C) hours. The control group (C) was cultivated in a medium containing an inactive
form of CO donor (iCORM-2; 100 vM). The experimental group was cultivated in a medium containing
CORM-2 at the concentrations of 5, 25, 50 and 100 WM. The data is expressed in a relative manner. Stages
of in vitro aging were determined morphologically as: intact (MII), lytic (L), parthenogenetically activated
(PA) and apoptotic (A). * indicates significant difference in the ratio of intact (MII) oocytes between
different concentrations of CORM-AL1 and control group (P < 0.05). # indicates significant difference

in the ratio of apoptotic (A) oocytes between different concentrations of CORM-A1 and control group

(P < 0.05). No significant difference was found in the ration of parthenogenetically activated (PA) and
Iytic (L) oocytes between different concentrations of CORM-2 and control group.

of CORM-2, the cCAS-3 fluorescence intensity decreased by 55.6-63.7% (100.0 & 8.5 vs.
36.3 & 4.5-44.4 £ 2.7% for control and CORM-2, respectively).

After 48 and 72 h of in vitro aging, the cCAS-3 fluorescence intensity was significantly
lower in comparison with oocytes aged 24 h, however, the cultivation of oocytes with
the CO donors also lead to the significant decrease of cCAS-3 fluorescence intensity. In
group of oocytes aged 48 h with CORM-AL1 the cCAS-3 fluorescence intensity decreased
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Figure 8 Typical expression pattern of activated CAS-3 (cleaved CAS-3) in porcine oocytes during in
vitro aging for 24 (A), 48 (B) and 72 (C) hours in the presence of CO donor CORM-A1 at the concentra-
tions of 25 and 50 LM. The control group represents oocytes cultivated with an inactive form of the CO
donor (iCORM-A1). The experimental group represents oocytes cultivated with CORM-A1. The negative
control group (NC) represents oocytes treated only with secondary antibody. Cleaved CAS-3 is shown in
green (FITC), chromatin is shown in blue (DAPI), magnified 400 x.

by 16.7-23.5% (65.6 &= 10.3 vs. 42.1 £ 4.5-48.9 £ 4.9 for control and CORM-AL at the
concentrations 25 and 50 M, respectively). The effect of CORM-A1 at the concentration
100 uM was not significant (Fig. 11). In the case of CORM-2 the cCAS-3 fluorescence
intensity decreased by 13.1-22.4% (35.3 &£ 2.9 vs. 13.1 & 1.8-22.4 £ 1.8 for control and
CORM-2, respectively) in oocytes aged 48 h (Fig. 12). In group of oocytes aged 72 h with
CORM-AL the cCAS-3 fluorescence intensity decreased by 13.4-22.9% (69.0 & 7.6 vs.
46.1 & 8.7-55.6 £ 5.2 for control and CORM-A1 at the concentrations 25 and 50 pM,
respectively). The effect of CORM-AL at the concentration 100 pM was not significant. In
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Figure 9 Typical expression pattern of activated CAS-3 (cleaved CAS-3) in porcine oocytes during

in vitro aging for 24 (A), 48 (B) and 72 (C) hours in the presence of CO donor CORM-2. The control
group represents oocytes cultivated with an inactive form of the CO donor (iCORM-2). The experimental
group represents oocytes cultivated with CORM-2. The negative control group (NC) represents oocytes
treated only with secondary antibody. Cleaved CAS-3 is shown in green (FITC), chromatin is shown in
blue (DAPI), magnified 400x.

the case of CORM-2 the cCAS-3 fluorescence intensity decreased by 10.8-14.1% (24.9 +
5.2 vs. 10.8 £ 3.8-14.1 &£ 2.0 for control and CORM-2, respectively) in oocytes aged 72 h.

DISCUSSION

Post-ovulatory oocyte aging causes progressive decrease in oocyte quality and ultimately
leads to cell death. Heme oxygenase (HO) is essential enzyme which cytoprotective
properties being caused by the production of an important signalling molecule, carbon
monoxide (CO) (Wu & Wang, 2005). Together with hydrogen sulfide (H;S) and nitric
oxide (NO), CO belongs to gasotransmitters, which are a subfamily of endogenous
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Figure 10 Immunoblotting of cleaved caspase 3 (cCAS-3, MW~17/19 kDa) in porcine oocytes. Oocytes
were meiotically matured in the second metaphase (MII stage). Proteins were separated on SDS-PAGE,
transferred to a nitrocellulose membrane and then incubated with CAS-3 specific antibodies (anti-cleaved
caspase-3 (Aspl75). One sample contained proteins from 400 oocytes.
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Figure 11 The effect of the CO donor CORM-AL1 on the expression of activated CAS-3 during in vitro
aging of porcine oocytes for 24, 48 and 72 h. The data of expression of the activated CAS-3 are related to
the data of expression of the activated CAS-3 in oocytes in the control group, exposed to in vitro aging for
24 h. The control group represents oocytes cultivated in a medium containing an inactive form of the CO
donor (iCORM-A1; 100 wM). The experimental group was cultivated in a medium containing CORM-A1
at the concentrations of 25, 50 and 100 jLM. Bars show mean £ SEM. *# indicate significant differences in
the level of expression of the activated CAS-3 between different concentrations of CORM-A1 or control
group for each aging time separately (P < 0.05).

molecules of gases or gaseous signalling molecules. The role of H,S and NO as signal
molecules in porcine oocytes was identified (Bu et al., 2003; Goud et al., 2005; Nevoral et
al., 20145 Krejcovd et al., 2015), but information regarding the function of the HO/CO
system is yet to be unavailable. Our work proves the presence of both HO isoforms in
porcine oocytes and characterizes the effect of the HO inhibitor and CO donors on the
course of in vitro aging of porcine oocytes.
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Figure 12 The effect of the CO donor CORM-2 on the expression of activated CAS-3 during in vitro
aging of porcine oocytes for 24, 48 and 72 h. The data of expression of the activated CAS-3 are related to
the data of expression of the activated CAS-3 in oocytes in the control group exposed to in vitro aging for
24 h. The control group represents oocytes cultivated in a medium containing an inactive form of the CO
donor (iCORM-2; 100 LM). The experimental group was cultivated in a medium containing CORM-2 at
the concentrations of 25, 50 and 100 WM. Bars show mean & SEM. * indicates significant differences in
the level of expression of the activated CAS-3 between different concentrations of CORM-2 and control
group for each aging time separately (P < 0.05).

We have shown that both HO isoforms (HO-1 and HO-2) are localized in meiotically
matured and aged porcine oocytes and that over the course of in vitro aging, the expression
of both HO isoforms increase. The HO-1 is a member of the superfamily of stress proteins,
the expression of which increase in reaction to a wide spectrum of inducers (for example
oxidative stress) (Dennery, 2000; Ryter, Alam ¢ Choi, 2006). The increased expression
of the HO-1 isoform and higher production of CO decrease the production of reactive
oxygen species (ROS) and suppress apoptosis (Pileggi et al., 2001; Li et al., 2016). We also
assumed that HO-1/CO has the anti-apoptotic effect in oocytes. The increased expression
of HO-1 during the in vitro aging of porcine oocytes, which we described, is likely induced
by an increased production of ROS. High level of ROS is considered to be a major factor
responsible for negative signs of aging in aged oocytes (Lord ¢ Aitken, 2013). We also
observed an increased expression of the HO-2 isoform. HO-2 is generally considered to be
a constitutively expressed isoform responsible for a stable production of CO, whose level
of expression does not respond to the effect of stress factors (Turkseven et al., 2007; Mufioz
Sdnchez & Chdnez-Cdrdenas, 2014). However, some authors have reported that in response
to the stress factors the expression of HO-2 can also increase, which has cytoprotective effect
(Kim et al., 2008; Ding et al., 2011). We suggest that both HO-1 and HO-2 can modulate
ROS levels and suppress aging process in porcine oocytes.

The HO isoforms differed in their intracellular localization. It was found that the HO-1
was localized in meiotically mature and aged porcine oocytes predominantly in the area
of chromosomes, and during the in vitro aging the HO-1 expression increased primarily
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in the cytoplasm. On the other hand, HO-2 was primarily localized in the cytoplasm.
In general, HO-1 and HO-2 are considered to be proteins bound to the membrane of
endoplasmic reticulum (Yoshida & Kikuchi, 1978; Ma et al., 2004), however, they may
also be localized in other cellular compartments. HO-1 may be localized in caveolae,
mitochondria and the nucleus (Dunn et al., 2014). Nuclear translocation of HO-1 requires
cleavage of the membrane bound domain yielding ~28 kDa protein fragment (Lin et al.,
2007; Linnenbaum et al., 2012). The transfer of HO-1 into the nucleus takes place in the
reaction to stress factors, and the nuclear HO-1 protects cells from the effect of oxidative
stress (Lin ef al., 2007). We assumed that this isoform may have similar function also in
porcine oocytes. Meiotic maturation of oocytes under in vitro conditions is endangered by
increased oxidative stress in comparison with in vivo conditions (Dvofdkovd et al., 2016).
Because HO-1 is present in the perichromosomal area in matured oocytes, we assumed
that the transfer of HO-1 could have already taken place during the meiotic maturation,
due to possible oxidative stress.

We had proved that in porcine oocytes, the HO/CO contributes to sustaining their
viability and affects the regulation of apoptosis. HO inhibition using Zn-PP IX leads to
apoptosis in somatic cells (Hirai et al., 2007), which we also observed in our experiments.
Porcine oocyte aging in the presence of the HO inhibitor worsened the effect of aging and
increased the ratio of apoptotic oocytes. In the oocytes aged 24 h, the effect of the inhibitor
was observable in the group cultivated with the highest concentration of the inhibitor (25
puM). In the oocyte aged 48 h, the effect of the inhibitor was significant in all concentrations;
however the differences between the individual concentrations on proportion of apoptotic,
parthenogenetically activated and intact oocytes were not significant. Given that the Zn-PP
IX, particularly in higher concentrations, may also inhibit nitric oxide synthase (NOS)
and soluble guanylyl cyclase (sGC) (Luo & Vincent, 1994; Grundemar ¢ Ny, 1997), the
possibility that this effect also appeared in our experiments cannot be excluded. However,
Appleton et al. (1999) state that at the low concentrations of Zn-PP IX (up to 5 uM) there
is selective inhibition of HO activity with minor effect on sGC and NOS. Therefore we
assume that the non-selective inhibition could be seen only at the highest concentration
(25 M) used by us. Although the inhibition of sGC leads to the increased occurrence of
negative signs of oocyte aging (Goud et al., 2005), the NOS inhibition, on the contrary,
decreases the ratio of apoptotic oocytes (Nevoral et al., 2014). The increased production of
NO through inducible-NOS (i-NOS) isoform in the cell contributes to the formation of
oxidative stress (Wang et al., 2007b). It is therefore possible that while the inhibitor Zn-PP
IX suppresses the protective effect of HO/CO, it also simultaneously decreases oxidative
stress through iNOS inhibition.

This work is the first that proved the cytoprotective effect of CO on oocyte aging. As
a source of CO we used CORM-2 and CORM-A1l. CORM-2 and CORM-AL1 both have
distinct rates of CO release (Motterlini et al., 2002; Motterlini, Mann ¢ Foresti, 2005). Both
CO donors increased the ratio of intact oocytes and decreased the ratio of apoptotic
oocytes during in vitro aging. In somatic cells, it was proved that HO/CO affects the
viability of cells and apoptosis through the regulation of activity of pro-apoptotic and

Némecek et al. (2017), PeerJ, DOI 10.7717/peerj.3876 17/25


https://peerj.com
http://dx.doi.org/10.7717/peerj.3876

Peer

anti-apoptotic proteins. CO decreases the level of apoptosis, for example, through up-
regulation of expression of the anti-apoptotic factor Bcl-2 and down-regulation of the
activity of caspase-3 (Zhang et al., 2003a; Cepinskas et al., 2007). Caspase-3 activation also
occurs during oocyte aging (Zhu et al., 2015; Zhu et al., 2016). As apparent from the results
obtained, the CAS-3 attains highest activity in oocytes during the first day of aging, while
over the course of the following days the activity of CAS-3 is significantly lower. Suppressing
its activity through the CO donors affected the entire course of cultivation of the aging
oocytes; but it was most significant, precisely during the first 24 h of aging. However, the
fact that the effect also lasted through the following days of aging could be a consequence
of the fact that CO has the ability of pre-conditioning, where a short exposure to CO
subsequently leads to increased resistance of cells against stressors and thus to decreased
level of apoptosis (Queiroga et al., 2012; Andreadou et al., 2015). Both CO donors suppress
apoptosis even each of them has slightly different effect. The effect of CORM-2 on the ratio
of apoptotic oocytes and the CAS-3 activity was not dose-dependent. However, in the case
of CORM-A1, we observed the effect of different concentrations. We attribute it to the
different kinetics of CO release from CORM-A1 and CORM-2 (Motterline ¢~ Foresti, 2017).

The mechanism through which CO affects CAS-3 activity is apparently complex, because
CO may regulate the apoptotic pathway by multiple mechanisms. Beside the modulation
of ROS levels, CO can modulate activity of c-jun terminal kinase (JNK), a member of
the MAPK family. In somatic cells, CO decreases the activity of JNK (Morse et al., 2003)
while in aging of porcine oocytes, it leads to the decrease of its activity and suppression
of apoptosis (Sedmikovd et al., 2013). Additionally, CO may suppress apoptosis through
the modulation of the level of Ca?*. In somatic cells, CO may decrease the Ca?* level
(Lin & McGrath, 1988; Gende, 2004; Lim et al., 2005), while in aging oocytes the release of
Ca?t can trigger the cell death (Gordo et al., 2002; Zhu et al., 2016). Another molecular
target for CO includes pro-apoptotic and anti-apoptotic factors. In somatic cells, CO
increases the expression of the anti-apoptotic factor Bcl-2 and decreases the expression of
the pro-apoptotic factors Bid and Bax (Zhang et al., 2003a; Zhang et al., 2003b; Wang et al.,
2007a). It is possible that CO may also act in a similar manner in oocytes.

CONCLUSIONS

These experiments have shown that the CO donors suppress negative signs of aging in
porcine oocytes and inhibit apoptosis through reduction of CAS-3 activity. For these
reasons, it can be assumed that the HO/CO system is functional in porcine oocytes and
that it contributes to sustaining the viability of oocytes and regulates the programmed cell
death of oocytes.
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Abstract: For a long time, carbon monoxide (CO) was known for its toxic effect on organisms. But there are still
many things left to discover on that molecule. CO is formed directly in the body by the enzymatic activity of heme
oxygenase (HO). CO plays an important role in many physiological processes, such as cell protections (against vari-
ous stress factors), and the regulation of metabolic processes. Recent research proves that CO also operates in the
female reproductive system. At the centre of interest is the importance of CO for gestation. During the gestation
period, CO is an important element affecting the proper function of the feto-placental unit and generally affects fetal
survivability rates. Gestation is one of the most important processes of successful reproduction, although there are
more relevant processes that need to be researched. While already proven that CO influences steroidogenesis and
the corpus luteum survivability rate, our knowledge concerning the function and importance of CO in the reproduc-
tive system is still relatively limited. As an example, our knowledge of CO function in an oocyte, the most important
cell for reproduction, is almost non-existent. The aim of this review is to summarize our current knowledge concern-
ing the function of CO in the female reproductive system.

Keywords: Carbon monoxide, heme oxygenase, reproduction, oocyte, gestation

Introduction

For decades, only peptides, proteins, lipid deri-
vatives and nucleic acid were considered fac-
tors regulating physiological functions. Gaseous
molecules, except for oxygen, were considered
unimportant. In the eighties it was demonstrat-
ed that the factor responsible for vascular
smooth muscle cell relaxation (endothelial cell
derived relaxing factor, EDRF) is nitric oxide
(NO) [1, 2]. The significance of the discovery of
the nitric oxide signalling-function had a huge
impact on biomedical research. Soon after
proving the signalling function of NO, it was dis-
covered that carbon monoxide (CO) also has an
important role in the proper function of the
organism.

The fact that the organism produces CO as a
by-product of heme degradation catalysed by
the microsomal enzyme heme oxygenase (HO)
was known long before the discovery of the NO
signalling function [3, 4]. Endogenously pro-
duced CO was considered only a waste prod-

uct, with negative effects in high concentra-
tions [5]. Shortly after the demonstration of the
NO signalling function, the understanding of
CO’s importance to the organism changed,
because the physiological role of CO in neuro-
transmission [6] and the relaxation of the anal
sphincter [7] was identified.

Recently it was discovered that low levels of CO
are an important factor for the proper function-
ing of the body. It is now known that the HO/CO
system regulates many cellular functions and
contributes to cellular protection from the nega-
tive effects of stress [8]. Problems in the func-
tion of the HO/CO system lead to health compli-
cations and even reproductive failure. However,
the significance of HO/CO in reproduction is not
yet fully understood.

Endogenous production of CO

The reaction catalysed by HO is the main endog-
enous source of CO. HO catalyses first and is
the rate-limiting step in the oxidative degrada-
tion of heme [3, 4] (Figure 1).
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or bone marrow. In other tis-
sues, the level of HO-1 is usu-
ally low, but its expression can
be stimulated by a wide range
of stressors (e.g. oxidative and
thermal stress and hypoxia),
the increased expression of
which has a cytoprotective
effect [17].

Induction of HO-1 expression
is controlled by several sig-
nalling pathways, e.g. mito-
gen-activated protein kinases
(MAPK) or nuclear factor kB
[18]. Also the enzymatically
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Figure 1. HO catabolic reactions. Both HO isoforms catalyse the oxidative
degradation of heme, giving rise to CO, Fe?* and biliverdin. Biliverdin is sub-
sequently reduced to bilirubin by the enzyme biliverdin reductase (BVR).
Excess of heme and Fe®* induces oxidative stress. Each product of heme
catabolism has a different function in the cell. CO influences a variety of
signalling pathways, generally has cytoprotective, antiapoptotic and anti-
inflammatory properties. Biliverdin and bilirubin are important antioxidants.
Free Fe?* induces the expression of ferritin and ferroportin, which remove

redox-active Fe?*.

There are two known isoforms of HO, HO-1 and
HO-2. Both catalyse identical biochemical reac-
tions of heme transformation to biliverdin-Ixc.
Both proteins contain a highly conserved
sequence of 24 amino acids, which are consid-
ered to be a binding site for heme [9, 10] and
both isoforms share a similar hydrophobic
region, which serves for the membrane attach-
ment [11, 12]. However, both isoforms differ in
their enzyme kinetics, thermostability and
immunoreactivity [13].

Inducible isoform HO-1 (~32 kDa) is a protein
attached to the endoplasmic reticulum mem-
brane [14]. In response to stressors, changes
in HO-1 location may occur, because HO-1 is
translocated to lipid rafts (caveolae), mitochon-
dria and nucleus [15]. Redistribution of HO-1
has a signal function, e.g. in the nucleus it is
involved in the regulation of transcription fac-
tors (e.g. nuclear factor erythroid 2-related fac-
tor 2), and in cell protection against oxidative
stress [16].

Under physiological conditions, HO-1 is mainly
expressed in tissues which participate in the
degradation of erytrocytes, such as the spleen

stress [19]. The mechanism of
action of enzymatically inac-
tive HO-1 is not yet fully under-
stood, but it is known that
HO-1 can directly bind to other
proteins and thereby alter
their activity [20].

HO-2 (~32 kDa) is a constitu-
tively expressed isoform with
its highest expression in the
brain and testes [10]. Similarly to HO-1, HO-2 is
also bound to the endoplasmic reticulum mem-
brane. HO-2 can also be localised in outer
nuclear membranes [21] and endosomes [22].
HO-2 does not respond to transcriptional acti-
vation by stress factors, and the only known
activators of HO-2 gene expression are gluco-
corticoids [10, 23]. HO-2 is responsible for the
stable production of CO and creates a barrier
against cell damage e.g. by oxidative stress
[24]. It is assumed that HO-2 also operates as
an oxygen level sensor that is involved in the
protective response of cells to hypoxia [25].

HO-3 was an additionally described isoform
besides HO-1 and HO-2. However, HO-3 is prob-
ably not expressed in an in vivo condition and,
due to the high homology of HO-3 and HO-2
and lack of introns in the HO-3 gene, HO-3 is
accepted as a pseudogene from the HO-2 tran-
script [26].

HO/CO signalling pathway

Carbon monoxide affects cell function by bind-
ing structures containing transition metals (e.g.
Fe, Cu) [27], of which the best known is heme.
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Figure 2. HO/CO signaling pathway. In the cell, HO/CO acts through several mechanisms. Besides catalytic func-
tion, HO has also a non-enzymatic function. Binding of HO to other protein (e.q. transcription factors) modulate their
activity. CO operates through activation/inhibition of several pathways. By modulation of these pathways CO could
affect various function of the female reproductive system, for example functions in relation to the oogenesis. See

text for details.

Alarge number of proteins (e.g. soluble guanylyl
cyclase (sGC), cyclooxygenase, cytochrome
P450, cytochrome c oxidase, inducible nitric
oxide synthase (iNOS)) contain the heme mole-
cule and hence there is also a wide range of
potential targets for CO [28]. Conformational
changes occur after the binding of CO to fer-
rous ion in hemoprotein [29]. Figure 2 summa-
rize HO/CO signalling pathway.

Soluble guanylyl cyclase is a common target for
CO and NO. Binding of CO or NO to the heme
group of sGC leads to increased formation of
3',5-cyclic guanosine monophosphate (CGMP).
A change in cGMP levels consequently affects
signalling pathways [30, 31]. CO is involved in
regulation of vascular tone and neurotransmis-
sion through the sGC/cGMP signalling pathway
[a71.

In the case of NO in the reproductive system,
e.g. NO by sGC/cGMP signalling pathway inhib-
its ovarian steroidogenesis [32, 33] and con-
tributes to the maintenance of oocytes at the
first meiotic block [34]. To date, there are no
known sGC/cGMP mediated effects of CO on
the female reproductive system, but e.g.
because it is known that HO/CO affect steroido-

genesis [35], this CO effect may be mediated
through sGC/cGMP. However, CO is a consider-
ably weaker sGC activator compared with NO
and therefore CO is considered rather an
endogenous modulator of the NO/sGMP signal-
ling pathway [30, 36].

The interaction between CO and NO not only
takes place in the competitive binding to effec-
tor proteins, but also in the direct regulation of
NOS or HO activity. Binding of CO to the heme
group of INOS leads to reduced iNOS activity
and hence to the reduced production of NO
[37]. On the other hand, NO increases the
expression of HO [38]. Due to the interaction
between HO/CO and NO/NOS, CO is considered
as a feedback inhibitor of NOS that reduces the
overproduction of NO and the associated oxida-
tive stress. Changes in NO levels regulate
oocyte meiotic maturation.

The correct course of meiotic maturation is cru-
cial for the formation of fertilisable and devel-
opmentally competent oocytes. Low levels of
NO stimulate meiotic maturation and, con-
versely, high levels of NO maintain meiotic
block and further lead to developmental disor-
ders [39, 40]. The HO/CO system may be a con-
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troller of oocyte NO levels and therefore also a
regulator of meiotic maturation. However, this
possibility still awaits clarification.

CO increases ROS production by binding to
mitochondrial cytochrome ¢ oxidase and/or to
the plasma membrane NAD(P)H oxidase. Low
levels of ROS produced in this way act as an
important second messenger [41]. Electron
leaks from the electron transport chain with
the subsequent ROS formation are caused by
binding of CO to cytochrome c oxidase. ROS
can then affect different signalling pathways
[42, 43].

CO-induced ROS inhibits smooth muscle cells’
proliferation through inhibition of ERK 1/2
kinases and by reducing the expression of
cyclin D [43]. In addition, for example, CO-
induced ROS increases mitochondria biogene-
sis via activation of transcription factors’ nucle-
ar respiratory factor-1 (Nrf-1), Nrf-2 and gamma-
coactivator-1a. Mitochondrial biogenesis allows
cells to replace damaged mitochondria and
cope with periods of increased metabolic
demands [44, 45]. In the case of oocyte, the
reduced number of mitochondria is associated
with decreased fertilisation ability [46].

The question arises whether the exogenous
application of CO could improve fertilisation
percentages through ROS/mitochondrial bio-
genesis. The answer still awaits clarification.
The overall effect of a temporary slight increase
of ROS production is positive, because it initi-
ates a series of processes, such as induction of
antioxidant enzymes and activation of cytopro-
tective genes. This leads to the overall increase
in cell resistance against the effects of stress-
ors [47]. ROS are also involved in the regulation
of the meiotic cycle. The slight increase in ROS
levels promotes meiotic maturation and, con-
versely, the cell-permeable antioxidants inhibit
meiotic maturation [48]. It is necessary to clar-
ify whether CO affects meiotic maturation.

Itis proven that CO acts on cell function through
MAPK (p38, ERK 1/2 and JNK). Modulation of
the MAPK signalling pathway via CO is respon-
sible for cytoprotective, anti-inflammatory, anti-
apoptotic and anti-proliferative properties of
CO [17, 49, 50]. Because the CO is unable to
directly bind to MAPK protein, it must influence
MAPK activity via other proteins or signalling
pathways. For example, in the case of p38, it is

assumed that CO up-regulates p38 by transient
increase of ROS level [51] and/or via the sGC/
cGMP signalling pathway [52].

In mammalian oocyte, the p38 is involved in
spindle apparatus assembly and function,
whereby defects in spindle apparatus lead to
cell cycle arrest [53]. p38 is also involved in
maintenance of the second meiotic block [54].
In the case of in vitro conditions, it is demon-
strated that transient delay of meiotic matura-
tion resumption leads to improved develop-
mental competence [55, 56]. In accordance
with those facts, CO could be a promising regu-
lator of meiotic maturation.

The functions of a wide variety of ion channels
for K, Na® and Ca?" are regulated by CO.
Activation or inhibition of ion channels via CO
regulates various physiological functions. For
example, CO causes vasodilation by increasing
activity of large conductance calcium-activated
potassium channels (BK_,) and has neuropro-
tective effects due to inhibition of potassium
voltage-gated channel subfamily B member 1
(KCNB1) [57, 58].

In the uterine muscle, BK, contributes to the
maintenance of uterine quiescence during
pregnancy, and CO is also important in the tran-
sition to a more contractile state at the onset of
labour [59]. CO, through activation of BK_, may
contribute to the maintenance of pregnancy as
well as regulate the onset of labour.

HO/CO and the female reproductive system

The presence of HO is demonstrated in the ova-
ries [35], uterus and placenta [60-62], in which
the distribution of isoforms differs according to
the cell type. In the ovary, both isoforms are
localised in the corpus luteum (CL) and follicu-
lar cells. In the ovarian stroma, only HO-2 is
present [35, 63, 64]. The presence of HO-1
MRNA is shown in mice oocytes [65]. In porcine
oocytes, HO-1 mRNA as well as HO-2 mRNA
and also HO-1 and HO-2 proteins are localised
(our unpublished results).

In the ovaries and uterus, as well as in other
tissues, exposure to stressors (e.g. oxidative
stress, excessive accumulation of free heme)
leads to the increased expression of HO-1 [63,
66-68]. Expression of HO is also affected by
changes in hormone levels and, therefore,
expression of HO fluctuates during the oestrous
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Table 1. The female reproductive system func-
tions which may have relationship with HO/CO

based on so far published results. The table does

not include functions related to pregnancy

Processes References

Steroidogenesis

CL maintenance 74
Oestrous cycle 35,68, 70, 74, 80
Ovulation 74
Fertilization ability 74
Protection against stress factors 74,79, 80
Function granulosa cells 64,79

35, 67-69, 70, 74, 95

cycle and pregnancy. In the uterus, HO-1
expression positively correlates with increas-
ed levels of oestrogens and progesterone.
Expression of HO-2 positively correlates only
with a level of progesterone [67-69].

During the mouse oestrous cycle, significant
increase in expression of HO-1 occurs in the
oestrus phase, when a surge of progesterone
occurs [68]. If HO activity is inhibited by HO
inhibitor chromium mesoporphyrin  (CrMP),
there is a significantly reduced occurrence of
the oestrus phase of the oestrous cycle [70].
The reason for the increased expression of
HO-1 in the uterus is probably to protect the
embryo from an excess of free heme and an
improper inflammatory response, as both pro-
cesses have proven deleterious effects [68,
71, 72]. This assumption is confirmed by the
fact that the increased expression of HO-1 in
the uterus correlates with a decrease in the
level of free heme. For these reasons, HO-1
activity is considered as crucial for the mainte-
nance of an optimal environment for nidation
and implantation [68].

Changes in HO activity during the oestrous
cycle can affect the development and surviv-
ability of follicles. In the ovaries, activation of
inflammatory processes and the release of
heme are associated with ovulation [71, 73]
and, as well as in the uterus, an increase of
HO-1 activity may lead to protection against
excessive development of these harmful pro-
cesses in the ovaries and in the oestrus phase
of the oestrous cycle [72, 74]. Indeed, in the
case of HO-1-deficient mice, the decreased pro-
duction of oocytes is demonstrated, which indi-
cates a disturbance in the process of
ovulation.

Oocytes obtained from HO-1-deficient mice
have decreased fertilisation ability after in vitro
fertilisation. Increased level of CL cell apopto-
sis also occurs in HO-1-deficient mice [74] when
such an increase leads to a decreased ability to
produce progesterone [75]. Decreased pro-
duction of progesterone is also observed in
case HO activity is inhibited by CrMP [35].
Up-regulation of HO-1 leads to an increased
production of CO [76] that may subsequently
activate the signalling pathway with cytoprotec-
tive effects [8]. Conversely, the state of HO-1
deficiency leads to the decreased production of
CO [77], causing increased apoptosis [78]. The
HO/CO pathway is therefore important in pre-
venting functional disturbances of the ovary.

Fully functional granulosa cells surrounding
oocyte are important for the development of
the ability of oocyte to be fertilised. The rate of
HO expression fluctuates along with the state
of granulosa cells. In healthy follicles, there is a
low level of HO-1 expression, but the level of
HO-1 expression significantly increases in atret-
ic follicles [64]. In the case of HO-2, there is an
opposite trend in the level of expression. In
healthy follicles, a significant level of HO-2
expression is detected, but in atretic follicles, it
is low. High levels of HO-1 expression in granu-
losa cells from atretic follicles are considered
to be a consequence of the action of stress fac-
tors [64]. The fact that the action of stressors
leads to an increased level of HO-1 expression
is often used as a marker for the exposure of
cells to e.g. oxidative stress.

Bergandi et al. [79] used the level of HO-1
expression in combination with the level of
iNOS expression as a marker of oocytes’ com-
petence to be fertilised. In cumulus cells from
unfertilised oocytes, a higher level of expres-
sion of both HO-1 and iNOS was observed. The
authors explain the results as that of oxidative
stress affecting granulosa cells, causing an
increased level of HO-1 and iNOS expression,
as well as the decreased fertilisation ability of
oocyte. Pfeiffer et al. [65] also used HO-1 as
one of the markers whose differential content
size in the oocyte may affect the quality of
embryos.

The importance of HO for the proper function of
female reproductive organs is obvious (Table 1)
summarize the female reproductive functions
which may have relationship with HO/CO) and
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Figure 3. Significance of HO/CO during pregnancy. Full-fledged intrauterine development and subsequent parturi-
tion is result from interplay of many processes. It is proved that HO/CO is important for the right function of many
processes influencing the intrauterine development. See text for details.

therefore the question arises whether exoge-
nous HO up-regulation or CO delivery could
have a positive effect. Clinical application in
treatment of e.g. the various inflammatory con-
ditions in the body is now being intensively
studied [17]. The relationship between HO
activity and steroidogenesis is supported by
several works.

Application of hemin (HO activator) to rats leads
to increased synthesis of androstenedione and
oestradiol. Treatment by an HO inhibitor leads
to reduced synthesis of progesterone and
androstenedione. The synthesis of oestrogens
remains unchanged. The reason for various
changes in steroidogenesis may be a different
mode of action of HO/CO on different steroido-
genesis pathways. Together with changes in
hormone levels after the application of an HO
inhibitor, changes in the oestrous cycle also
occur simultaneously, leading to shortened
length of the oestrus phase of the oestrous
cycle [35, 70].

In contrast, HO-1 deficiency in mice does not
lead to changes in the level of progesterone or
oestrogens during pregnancy. Although incre-
ased activity of HO (HO-1 isoform) occurs dur-
ing the oestrous cycle in response to oestro-
gens, HO-1 deficiency in mice simply does not
affect levels of sex hormones [80]. The possi-
ble reason for the various effects of HO-1 defi-
ciency and HO inhibitor may be that CrMP is a
nonspecific inhibitor of both HO isoforms. Also,
the significance of HO-1 during the oestrous
cycle or pregnancy may vary. In fact, HO-1 defi-
ciency enhances apoptosis of the CL cell, also

suggesting a reduced ability to produce proges-
terone [74].

However, it is unlikely that modulation of HO
activity would be used as an effective method
of affecting the oestrous cycle. In accordance
with the fact that the formation of oocyte which
is fertilisable and developmentally competent
is essential for reproduction, the question aris-
es whether it would be possible to influence
oocyte quality by modulating HO activity.

Role of HO/CO during pregnancy

For the successful development of the fetus, it
is necessary for hemodynamic and immune
changes to occur during pregnancy. If these
changes do not occur correctly, the risk of fail-
ures in feto-maternal communication and con-
nection is increased. Finally, these complica-
tions result in impaired fertility. Compared with
other processes of the female reproductive
system, the HO/CO system is best studied in
pregnancy and several reviews summarize the
link between HO/CO and pregnancy [81-85].
Figure 3 summarizes significance of HO/CO
during pregnancy.

Localisation of the HO isoform is different in
distinct placental cell types [67, 82]. In human
placenta, HO-1 is mainly localised in syncytio-
trophoblast. Conversely, in cytotrophoblast a
smaller amount is found. Syncytiotrophoblast is
directly exposed to maternal blood and hence a
potential immunological reaction or inflamma-
tory stress. Inducible HO-1 located in the syncy-
tiotrophoblast can therefore directly respond to
these processes [86].
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Changes in HO expression occur in response to
various pathologies of pregnancy. Both sponta-
neous and artificially induced mice abortions
are associated with reduced expression of HO
[87, 88]. Reduced HO expression also occurs in
the pathologies of pregnancy such as pre-
eclampsia, fetal growth retardation or H-mole
[89, 90]. Although it is unclear whether de-
creased HO expression triggers pathology or is
merely an accompanying signal, it is clearly
demonstrated that HO/CO is crucial for the nor-
mal course of pregnancy.

HO-1 deficiency is associated with infertility
[91], but in HO-17" mice, it is shown that in fact
conception occurs, but all fetuses die in utero
[80]. Also, the inhibition of both HO isoforms by
CrMP leads to fetal intrauterine deaths [70].
Already partial HO-1 deficiency (HO-1"") leads to
an increased fetal loss and hence smaller litter
size [80, 92].

Implantation is a process in which HO-1 has an
important role. HO-1 deficiency in mice leads to
delayed establishment of a connection between
blastocyst and uterine epithelial cells [80].
Delayed implantation has a negative impact on
placentation, development of the fetal-placen-
tal unit and subsequent fetal growth [93]. HO-1
deficiency leads to an overall reduction in
weight of the fetal-placental unit. Disturbances
in placental function lead to intrauterine fetal
growth restriction (IUGR) and the low birth
weight of successfully derived offspring [80,
92, 94, 95].

HO-1 is important during placentation for the
survivability of trophoblast and also for tropho-
blast differentiation into mature phenotype.
Differentiation of trophoblastic stem cells to
the so-called giant cells (GCs) takes place dur-
ing placentation. HO inhibition by nonspecific
inhibitor zinc protoporphyrin (ZnPP) affects this
process, because it reduces the trophoblastic
stem cells’ viability and also suppresses their
differentiation into GCs. Also placenta from
HO-1-deficient mice shows a reduced number
of GCs and an increased rate of apoptosis.

The ability to reverse this negative effect by CO
exogenous application indicates the signifi-
cance of CO [80, 92]. If CO is applied to HO-1-
deficient mice, positive changes) take place in
placenta, such as placental enlargement,
increased amount of GC, reduced pathological

changes and decreased fetal mortality [80,
82].

During pregnancy, there is a significant increase
of blood flow in the uteroplacental junction,
which is facilitated by the growth and remodel-
ling of the maternal spiral uterine artery (SA)
system [84]. Uterine natural killer cells (UNKs)
are important cells that regulate remodelling of
maternal uterine vasculature [96]. In placenta
of HO-1-deficient mice, a smaller number of
UNKs and lower expression of cytokine IL-15
are detected, which is important for UNKs’ dif-
ferentiation and their retention in the fetopla-
cental junction. The reduced quantity of UNKs
is associated with a decrease in production of
angiogenic factors [94, 97] and an increase in
synthesis of anti-angiogenic factors [98].

Overall, HO-1 deficiency leads to a significant
deterioration in SA remodelling, reduced size of
fetoplacental unit and IUGR [94, 97]. The nega-
tive effect of HO-1 deficiency may be reversed
by exogenous CO application, which leads to an
increase of UNK number, pr