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1 Uvod

Reprodukéni biotechnologie predstavuji aplikace poznatkii progresivniho oboru vyvojové
biologie. Od uspésnosti reprodukcnich biotechnologii se odviji efektivita Slechténi zvitat stejné jako
asistované reprodukce huméanni mediciny. Limitujicim faktorem jejich rozvoje je zisk dostatecného
mnozstvi kvalitnich vyvojové kompetentnich oocytii ve stadiu metafdze II. meiotické¢ho déleni.
Reseni pfinasi studium meiotického zrani a kumularni expanze. Vhodny model pro studium téchto
procest piedstavuje praseci kumulo-oocytarni komplex, ktery sdili fadu podobnosti s lidskym.

Soucasné s meiotickym zranim oocytu probihd kumularni expanze kumulo-oocytarniho
komplexu. Kumularni expanze spoc¢iva v produkci velkého mnozstvi extraceluldrni matrix, zejména
hyaluronové kyseliny (HA). Vlivem kumularni expanze dochdzi postupné k pferuseni
komunikac¢nich propojeni mezi oocytem a kumuladrnimi buitkami, coz ma za nasledek izolaci oocytu
od regula¢nich faktorli z kumularnich bunék. Vzhledem k Gzkému vztahu kumularni expanze a
meiotického zrani oocytu, je kumularni expanzi mozné vyuzit jako marker uspé$nosti in vitro zrani
oocytu stejné jako kvality oocytii dozralych in vivo a vyplachnutych z téla darkyné pro ucely in
vitro oplozeni.

Pro hodnoceni kumularni expanze byla vyvinuta fada metod. Doposud jsou pouZivané
metody vizudlniho hodnoceni expandovaného kumulu, jeZ jsou znacné neptesné. Objektivnéjsi
metody jsou zaloZzeny na meéfeni obsahu HA pomoci imunologické metody ELISA nebo
radioaktivniho znaceni prekurzort syntézy polymeru HA. V soucasné dobé¢ je vhodné zaméfit se na
vyvoj analytickych metod, které by stanovily mnozstvi HA bez nutnosti vyuziti ndkladnych
protilatek a radioizotopl. Pfedlozend disertacni prace mimo jiné popisuje metodu analytického
stanoveni hyaluronové kyseliny, vyvinutou s respektem k t€émto pozadavkim. Piesné stanoveni HA,
poskytujici objektivni informace o intenzité kumularni expanze pfinasi cenné poznatky o prib&hu
tohoto procesu a zejména o kvalité oocyta.

Zavedeni a vyuziti metody analytického stanoveni HA se uplatni jak v zakladnim védeckém
vyzkumu, tak v praktickém pouziti pro odbornou vetejnost. Ve vyzkumu najde uplatnéni pfi
testovani vlivu latek — pozitivnich 1 polutantl. Je znamo, Ze kumularni expanze citlivé reaguje na
pfitomnost pozitivnich/negativnich latek. V disertacni préci jsou testovany uc¢inky gasotransmiteru
sulfanu, ¢esnekového derivatu S-allyl cysteinu a endokrinniho disruptoru bisfenolu S. V praxi pak
metoda pomuze kvalifikované selektovat oocyty s ohledem na jejich kvalitu pro nasledné pouziti v

biotechnologickych postupech.



2 Literarni reserse

2.1 Oogeneze savci

2.1.1 Faze mnoZeni zarode¢nych bunék

V pribéhu embryonalniho vyvoje vznikaji samici i sam¢i gonady ze stejného zakladu, ktery
je oznacovan jako genitdlni lista. Formovani genitalni liSty probiha na ventralni ¢asti zarodku, kde
je patrnd jako podlouhly parovy utvar, vznikajici z povrchového epitelu somatopleury a
mezenchymu nalézajiciho se pod nim.

Ve stejné dobé zacinaji gonadu osidlovat primordialni zarode¢né bunky (PGCs — primordial
germ cells), jez slouzi jako progenitory samicich i saméich pohlavnich bunék. PGCs migruji
Z kaudalni ¢asti prvostfeva a Zloutkového vacku podél dorzalniho mezenteria do povrchové vrstvy
genitalnich list (Sadler 2011). U prasnice se PGCs poprvé objevuji okolo 24. dne embryonalniho
vyvoje (Bielanska-Osuchowsky, 2006). Energii k migraci ziskavaji z lipidovych kapének a
glykogenovych partikuli ulozenych v cytoplazmé (Motta et al., 1997). PGCs nasledné indukuji
proliferaci epitelu somatopleury, se kterou vytvaieji zarode¢ny epitel, a tim vznik medularnich
provazcu v indiferentnich gonadach.

Ackoliv je pohlavi embrya determinovano hned po oplozeni, v popisovaném stadiu zatim
nelze morfologicky ur¢it pohlavi jednice. Pohlavi u savct je determinovano geneticky, kdy absence
pohlavné determinujiciho faktoru chromozomu Y (SRY - sex-determining region on the Y
chromosome) a ptitomnost specifickych genti jako WNT4 (wingless-type MMTYV integration site
family member 4), FOXL2 (forkhead box L2) a FST (follistatin), vedou k dalSimu vétveni
medularnich provazct, vzniku kortikalnich pruhi, a tim k pfemén¢ indiferentni gonady ve vaje¢nik
(Eicher et Washburn, 1986).

Simultanné s timto procesem PGCs vstupuji do mitotického d€leni a tvoti se oogonie, které
jsou obalovany okolnimi somatickymi buiikami, které v pribéhu dal§iho vyvoje daji vzniknout
folikularnim bunkam. Popsany proces mnozeni PGCs ve velké mnozstvi oogonii je oznacovano
jako faze mnozeni zarodecnych bunék. U prasnic je mitotické déleni PGCs zahdjeno od 13. dne
embryondlniho vyvoje a trva az do 7. dne po narozeni. PoCet oogonii pfitom nejvyraznéji stoupa
mezi 20. a 50. dnem, kdy se jejich pocet zvySuje z 5 000 az na 1 100 000. Po ukonceni mitotické

aktivity podléha znacna Cast oogonii atrézii (Hunter, 2000).
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Klasické dogma reprodukcni biologie ptredpokladalo vznik oocyt pouze ze zasob
namnozenych v pribéhu embryogeneze z PGCs. Uvedené tvrzeni bylo vyvraceno védeckou
skupinou vedenou Jonathanem Tillym (Johnson et al, 2004, 2005), jejiz experimenty poukazuji na
pritomnost zarodecnych kmenovych bun¢k v ovariich dospélych mysi. Tyto zdrode¢né kmenové
buiiky maji sviij ptivod v kostni dfeni, odkud mohou osidlovat ovarium a vytvaiet nové pohlavni
bunky (Johnson et al., 2005).

Oogonie vstupuji jiz béhem prenatalniho obdobi do meiotického déleni, ¢imz se z oogonie
stava primarni oocyt. Charakteristickym znakem déleni oocytu je asymetrické d€leni cytoplazmy,
¢imz vznika jen jedna funk¢ni gameta a dvé, ptipadné tii polova téliska, kterd se na vzniku zygoty
nepodileji.

Po poslednim mitotickém déleni oogonie vstupuji do interfaze oznafované jako
preleptotene. V prubéhu preleptotene je dokonéena replikace DNA, oogonie jsou obklopovany pre-
granuloznimi buiikami a tenkou bazdlni membranou. Nasledné je zahdjena profaze prvniho
meiotického dé€leni, ktera zahrnuje pét fazi — leptotene, zygotene, pachytene, diplotene a diakineze
(Wassarman et Albertini, 1994).

V prubéhu leptotene se chromozomy spiralizuji a kondenzuji, ¢imz se chromatin méni ve
stabilni heterochromatin. V zygotene se paruji homologni chromozomy a tvoii se bivalenty.
V pachytene se bivalentni chromozomy zkracuji a rozstépi se na 2 chromatidy. Mezi homolognimi
chromatidami sesterskych chromozoml se vyménuji fragmenty DNA, ¢imZ je zajiSténa témeér
nekoneéna variabilita potomstva. Uvedeny proces je oznacovan jako crossing-over. V diplotene se
od sebe zacinaji jednotlivé chromatidy oddalovat, nicméné doposud zUstavaji propojeny
v chiazmatech, kde se dokoncuje vyména useki DNA. V poslednim stadiu diakineze se jiz
chromozomy zcela oddéluji a rovnéz dochazi k prvnimu zastaveni meiotického d¢leni,
oznacovaném jako prvni meioticky blok (Wassarmann, 1988; Wassarman et Albertini, 1994).
Primarni oocyt m4 v tomto stddiu dekondenzovany chromatin a jeho jadro je oznacovano jako

zarode¢ny vacek (GV — germinal vesicle).

2.1.2 Faze ristu oocyti a folikulogeneze

Pro dalsi vyvoj oocytu je dulezitd kooperace s bunikami, které¢ ho obklopuji. V priibéhu faze
rustu oocyt podstupuje fadu morfologickych a funkénich zmén, z nichZ mnohé jsou zalozené na
interakci oocytu a okolnich folikularnich bunék. U savch probiha rist oocyti ve dvou fazich.

V ramci prvni faze dochazi K ristu oocytu v rostoucim folikulu, ve druhé fazi se pak velikost oocytu
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neméni a pokrauje pouze folikularni rast (Hunter, 2000). Z hlediska hormonalniho fizeni
rozliSujeme preantralni a antralni fazi folikulogeneze. Pribéh preantralni folikulogeneze je
nezavisly na ptisobeni gonadotropinti, zatimco antralni je jiz na u¢inku gonadotropinii zavisly.

Na pocatku riastové faze oocyt obklopuje vrstva pre-granuldznich bun¢k a na povrchu tohoto
utvaru je vytvorena intaktni bazalni lamina. Cely komplex je oznacovan jako primordialni folikul,
ktery ptedstavuje zakladni funk¢ni jednotku ovaria. Teprve v obdobi pohlavni dospélosti dochézi na
urovni primordialnich folikuli k rGstovym zménam, zahrnujicim zejména intenzivni mitdézu a
naslednou diferenciaci pre-granuldznich bun€k v granulézni buiiky, rovnéz oznaCované jako
folikularni bunky. V primarnim folikulu se folikularni buniky dale mitoticky deli, ¢imz vznika
sekundarni folikul neboli preantralni folikul, zahrnujici dvé a vice vrstev folikuldrnich bunék, jez
obklopuji oocyt prvniho fadu (Wassarman et Albertini, 1994; Eppig, 2001). Preantralni faze
folikulogeneze koné¢i v obdobi, kdy se v sekundarnim folikulu za¢ne exprimovat receptor pro
folikuly stimulujici hormon (FSH), ¢imz se stdva vnimavym k ptisobeni gonadotropini (Dierich et
al., 1998).

Soucasné s procesem folikulogeneze dochéazi krlstu oocytu, bc¢hem kterého oocyt
nékolikanasobné zvétsi sviij objem. U prasnice se primér oocytu zvétsuje z piivodnich 30 um na
120 - 125 pm, rastova faze je dokoncena ve folikulech o rozméru cca 1,8 mm. Rist oocytu zahrnuje
vyrazné zmé&ny na urovni uspotfadani jadra, morfologie a redistribuce bunéénych organel, zvysenou
transkripci, translaci a syntézu novych proteind, které slouZi k regulaci nasledného meiotického
zrani 1 ¢asného vyvoje embrya po oplozeni.

GV primarniho oocytu se v prubéhu faze riistu zvétSuje a meéni se jeho uspotadani, ¢imz se
chromatin postupné kondenzuje. Rovnéz jadérko roste a postupné méni svoji strukturu z difuzni
v kompaktni. Uvedené zmény koresponduji se zvySujici se syntézou RNA a vysoké transkripci
rRNA. Bylo popsano, ze v pribchu faze ristu se mnoZstvi RNA v oocytu zvySuje az 300krat. U
plné dorostlych oocytd pak syntéza RNA ustava (Wassarman, 1988).

Béhem rustu dochazi k nartistu poctu mitochondrii a rovnéz zmeéné jejich velikosti a
morfologie, kdy se z prodlouzeného tvaru méni na ovalny az kulaty a jejich velikost dosahuje
0,8 um. Endoplazmatické retikulum se rozsifuje od GV dale do cytoplazmy (Wassarman, 1988).
Strukturdlni zmény postihuji rovnéZ ribozomy a Golgiho aparat, ktery je v rostoucich oocytech
lokalizovan na periferii oocytu v blizkosti gap junctions, coz souvisi s jejich tlohou pii vzniku
kortikéalnich granul. Po ukonceni rtistu se Golgiho aparat redistribuuje do oblasti GV (Rozinek et
al., 1991).

Kortikalni granula jsou malé organely sférického tvaru ohranicené membranou, které jsou

lokalizovany v kortikdlni oblasti dosud neoplozenych oocyti (Wassarman, 1988; Wassarman et
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Albertini, 1994). Po vniknuti spermie do oocytu dochdzi ke kortikalni reakci, kdy kortikalni
granula, obsahujici proteolytické enzymy a glykoproteiny, fizuji s oolemou a jejich obsah se
dostava do perivitelinniho prostoru mezi oocytem a zonou pellucidou. Uvedenym mechanizmem
jsou nasledné navozeny zmény ve struktufe a funkénich vlastnostech zony pellucidy, ¢imz je
zabranéno polyspermnimu oplozeni (Wang et al., 1997).

Zona pellucida je glykoproteinovy obal oocytu slozeny z proteinti ZP1, ZP2, ZP3 (zonalni
protein 1, 2, 3), které tvoii sitovitou strukturu. Spektrum zonalnich proteind se druhové 1isi, kdy
napi. ¢lovék ma také ZP4. Zona pellucida se uplatiiuje béhem oogeneze stejné jako v prabéhu
oplozeni, kdy se na jeji povrchové receptory navazuji spermie a spousti akrozomovou reakei.

V prub¢hu antralni faze folikulogeneze jsou gonadotropiny pod regulaci gonadotropin
releasing hormonu (GnRH) uvolfiovany z adenohypofyzy. GnRH je produkovan hypothalamem,
odkud je prostfednictvim hypothalamo-hypofyzarniho portidlniho systému transportovan do
adenohypofyzy, kde indukuje sekreci gonadotropini FSH a luteiniza¢niho hormonu (LH).
Pocate¢ni nizka sekrece LH aktivuje enzymy v bunkach theca foliculi interna, kde indukuje
produkci androgenii z cholesterolu. Androgeny jsou nasledné transportovany do granuléznich

bungk, kde jsou pod regulaci FSH konvertovany enzymem aromatazou na estrogeny (viz. Obr.1).

KREVNI OBEH BUNKY BUNKY ANTRUM
THECA INTERNA GRANULOZY
cholesterol L cholesterol
androstendion » androstendion
estradiol <— estradiol estradiol — estradiol

Obr. 1: Interakce mezi thekalnimi a granul6znimi bunkami pii syntéze a sekreci estradiolu

(ptevzato Ganong, 2005)

FSH soucasné indukuje tvorbu receptorti pro LH na granuléznich buiikach. Uginkem FSH se
rovnéz V sekundarnim folikulu za¢ind formovat dutina vyplnéna folikularni tekutinou oznacovana
jako antrum, ktera se v dasledku piibyvajici tekutiny postupné zvétsSuje. Zvysujici se koncentrace
estrogent indukuje zvySeni sekrece LH a tim spousti pfedovula¢ni LH vinu, kterd stimuluje zrani
oocytu (Eppig, 2001). Tvorby antralniho folikulu se rovnéz castni apokrinni a parakrinni drahy,
vcetné ucinku sterioidd a peptida (Bonnet et al., 2008). Vysledkem je vznik tercidlniho folikulu
neboli preovula¢niho antralniho folikulu, ozna¢ovaného také jako Graafiv folikul (Eppig, 2001;

Hirshfield, 1991). Folikularni vyvoj prase¢ich oocyti je znazornén na Obr.2.
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Obr. 2: Rust prasecich oocytt a folikulti (upraveno dle Hunter, 2000)

Na urovni Graafova folikulu mizeme folikularni buniky rozdélit na dva zékladni typy.
Kumularni bunky, které v nékolika vrstvach pfimo obklopuji oocyt a spole¢né s nim vytvareji
funkéni celek oznaCovany jako kumulo-oocytarni koplex (Cumulus oocyte complex — COC), a
bunky granuldézy. NejvyznamnéjS$im funkénim rozdilem mezi uvedenymi typy bunék je absence
receptoru pro LH u kumularnich buné€k, jehoz exprese je inhibovana piitomnosti oocytu (Eppig et
al., 1997). Kumularni bunky se dale diferencuji na bunky tvofici vejconosny hrbolek (cumulus
oophorus) a vrstvu nachazejici se v pfimém kontaktu s oocytem (corona radiata). Corona radiata
s oocytem komunikuje prostfednictvim bunéénych vybézkd prostupujicich zonu pellucidu a
mezibunéénych spoju typu gap junction sloZzenych z konexinu 37 (Li et al., 2007). Proteinové
jednotky gap junction, konexony, jsou v membrané seskupeny do hexagonalniho uspofadani a
spojuji dvé sousedni buiiky. Vzniklym spojenim mohou prochazet malé molekuly neptesahujici
1 kDa (Ganong, 2005). Diky tomu jsou do oocytu transportovany malé molekuly z kumularnich
bunék — jako cyklicky adenosin monofosfat (cAMP) a cyklicky guanosin monofostat (cGMP).
cAMP a ¢cGMP maji inhibi¢ni u¢inky na meidzu (Sun et al., 2009) po celou dobu nékolikatydenni
faze ristu oocytu. Dokud rostouci oocyt nedosdhne konecné velikosti, neni znovuzahajeni
meiotického zrani zadouci a oocyt setrvava v 1. meiotickém bloku (Moor et al., 1990; Tanghe et al.,
2002).

Vysledkem faze riistu oocytu je plné¢ dorostly oocyt ve stddiu GV, ktery dosahl plné
meiotické kompetence. Pouze oocyty sukoncenym rastem jsou plné meioticky kompetentni,

schopné dokoncit meiotické zrani do metafaze II, kde jsou zastaveny druhym meiotickym blokem.
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PIné meioticky kompetentni prase¢i oocyty méfi 120 — 125 um a po 48 hodinové in vitro kultivaci

Jjsou schopné dosahnout metafaze druhého meiotického déleni (Motlik et al., 1984; Hunter, 2000).

2.1.3 Faze zrani oocyti

Zrani oocytu predstavuje pfemeénu plné dorostlého meioticky kompetentniho oocytu v oocyt
schopny oplozeni. Faze zrani zacind uvolnénim prvniho meiotického bloku v primarnim oocytu,
které je in vivo poprvé spusténo LH vinou v obdobi puberty. Na LH vinu mohou reagovat pouze
pln¢ meioticky kompetentni oocyty z preovulacniho Graafova folikulu. LH Spousti signalni kaskadu
vedouci k uvolnéni prvniho bloku meidzy a rozpadu zarodecného vacku (GVBD — germinal vesicle
break down), kdy se vlivem rozlozeni jaderné laminy rozpada jaderna membrana oocytu (Alberts et
al., 1998, Hurk et Zhao, 2005).

GVBD lze u prasete rozdélit do péti fazi: GVO — GV4, které se od sebe navzajem lisi
strukturnim uspofadanim chromatinu. Chromatin ve stddiu GVO je rovnomérné rozptylen v celé
jaderné oblasti. V GV1 se chromatin za¢ina postupné kondenzovat a postupné vytvari prstencovitou
strukturu, jadernd membrana a jadérko jsou stile neporuseny. V GV2 se tvoii shluky chromatinu
v oblasti jaderné membrany. V GV3 se chromatinové shluky rozpadaji a pozorujeme filamentarni
sit’. V poslednim stadiu GV4 mizi jadérko a jaderna membrana se rozpada (Motlik et Fulka, 1976).

Po GVBD oocyt vstupuje do metafaze I, v pribchu které se se pary homolognich
chromozom uspotadaji do ekvatoridlni roviny dé€liciho vieténka. Nasleduji anafaze I a telofaze I,
kdy se rozchézeji celé chromozomy. Meidza | prechazi do meidzy Il bez replikace DNA, bunky
nesou polovi¢ni sadu chromozomt. Meidza je prerusena druhym meiotickym blokem v metafazi II,
kdy se chromozoémy setadi v ekvatorialni rovin¢ a soucasné je vydéleno prvni polové télisko.
Meiotické déleni je pln€ dokonceno az po aktivaci oocytu spermii, kterd zplisobi znovuzahdjeni
meidzy. Nasleduje anafaze II a telofaze II, kdy dochazi k vydéleni druhého podlového téliska
(Wassarman, 1988).

V prubéhu zrani dochazi k nezbytnym zménam nejen na urovni jadra, ale také na trovni
cytoplazmy. V prubéhu cytoplazmatickych zmén dochazi k redistribuci bunécnych organel —
mitochondrii, ribozomi, Golgiho aparditu a endoplazmatického retikula prostfednictvim
cytoskeletarniho aparatu bunky. Rovnéz pokracuje syntéza a modifikace molekul potiebnych pro

zrani i pro obdobi oplozeni a ¢asny embryonalni vyvoj (Sirard et al., 1993, Ferreira et al., 2009).
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2.1.4 Regulace meiotického zrani

Corona radiata a cyklické nukleotidy cAMP a cGMP

Dulezitou roli ve zrani oocytd maji buiiky corona radiata, které se spole¢né s bunéénymi
spoji gap junction podileji na jaderném zrani oocytu (Sun et Nagai, 2003; Karja, 2008). Po
hormondlnim stimulu LH dochézi k morfologickym zméndm v COCs, které ve svém dusledku
vedou Kk pferuSeni gap junction mezi oocytem a kumularnimi bunkami, ¢imz zabranuji transportu
CAMP z kumularnich bun€k do oocytu (Hurk et Zhao, 2005; Liang et al., 2007). V oocytu je cCAMP
snizovan také aktivaci cAMP-fosfodiesteraz, které cAMP degraduji (Mehlmann 2005; Liang et al.,
2005). Snizeni cAMP vede k poklesu protein kinazy A (PKA) a tim k GVBD (Kishimoto, 2003).

Udrzeni meiotického bloku se rovnéz ucastni ¢cGMP, ktery je podobné jako cAMP
syntetizovan v kumularnich buiikach, odkud je prostfednictvim gap junction transportovan do
oocytu. cGMP v oocytu inhibuje cAMP-fosfodiesterazu, oznacovanou také jako PDE3A (Lugnier,
2006), jejiz aktivita je kli¢ova pro znovuzahéjeni meiozy u fady zivocichi, véetné prasete (Laforest
et al., 2005; Sasseville et al., 2008). Mnozstvi cGMP prochazejici do oocytu z kumularnich bunék
je regulovéano prostfednictvim LH. Mechanizmy u¢inku LH na degradaci cGMP byly popsany u
mysi (Robinson et al., 2012) a jsou obecné zaloZeny na snizeni aktivity enzymu syntetizujiciho
c¢cGMP a snizeni propustnosti gap junction. U prasecich oocytl byl po plisobeni LH popsan nartst

degrada¢niho enzymu cGMP (Sasseville et al., 2008).

M-fazi podporujici faktor

V momenté¢ znovuzahajeného meiotického zrani a GVBD je klicovou molekulou M-fazi
podporujici faktor (MPF — M-phase promoting factor). V nezralém oocytu se MPF kumuluje v
neaktivni form¢ — pre-MPF, které sestava z katalytické podjednotky CDK1 a regula¢ni podjednotky
cyklinu B. K aktivaci MPF dochézi vlivem defosforylace fosfatizou CDC25 a soucasné fosforylace
kinazou WEEI. pre-MPF je udrzovano vysokou koncentraci druhého posla cAMP prostfednictvim
aktivni PKA. Do momentu GVBD, PKA inaktivuje fosfatazu CDC25 a tak sehravaji CAMP a PKA
dilezitou ulohu v udrzeni meiotického bloku (Kishimoto, 2003; Liang et al., 2007).

Mitogenem aktivovana protein kinaza

Dalsi dilezitou regula¢ni molekulou meiotického zrani je mitogenem aktivovana protein
kinaza (MAPK — Mitogen activated protein kinase), oznaCovana také jako kinaza regulovana
extracelularnim signalem (ERK — Extracellular signal-regulating kinase). Na zaéatku reak¢ni

kaskddy se nachazi molekula proteinu Ras, lokalizovand uvnitf buniky a nepfimo aktivovana
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prostfednictvim extracelularniho ligandu. Nasledn€ dochazi k aktivaci kindzy Mos (také MAPKKK
— MAPK kinase kinase) a MAPK kinazy (MAPKK), kterd nakonec aktivuje samotnou MAP kindzu
(MAPK) (shrnuto v Liang et al., 2007). V oocytech vSak neni aktivita MAPK striktné¢ zavisla na
extracelularnich signdlech a aktivaci nadfazenych aktivacnich faktort Ras a Mos (Fan et Sun,
2004). Nacasovani aktivace MAPK v oocytu je druhové specifické. V ptipad¢ savéich oocytl je
MAPK aktivovana soucasné ¢i kratce po GVBD, ¢imz se stava pro GVBD zbytna (Ye et al., 2003;
Hurk et Zhao, 2005). Naopak u zab Xenopus laevis aktivace MAPK piedchazi procesu GVBD a je
pro jeho aktivaci nepostradatelna (Haccard et al., 1995). U savci je MAPK dilezita pro
znovuzahajeni a spravny prubéh meidzy, dale reguluje tvorbu déliciho vieténka a aktivuje MPF
prostiednictvim fosforylace proteinu konexinu 43, ktery se nachazi ve struktufe ovarialniho gap
junction, ¢imz snizuje pruchod vyse uvedenych inhibi¢nim molekul (Liang et al., 2007). MAPK se
rovnéz ucastni inhibi¢ni fosforylace cdk2, kterd je pfipisovana molekule Mytl. MAPK v tomto
procesu fosforyluje molekulu oznacovanou jako p90, kterd néasledné¢ muze vazat C-terminalni

doménu Mytl, ¢imz je Mytl inaktivovana (Palmer et al., 1998).

Dynamika MAPK a MPF se béhem meidzy lisi (viz Obr. 3). Aktivita MAPK vzrista v
obdobi kolem GVBD a béhem piechodu z metafaze I (MI) do metafaze IT (MII) zistava konstantni.
Aktivita MPF vrista kratce pfed GVBD a na rozdil od MAPK dochazi k poklesu v obdobi
metafaze I a naslednému naristu aktivity pfed metafazi II (Fan et Sun, 2004). Inaktivace MPF v
pribéhu ptechodu z MI do MII probihad prostfednictvim proteolytické degradace cyklinu Bl
katalyzované proteinovym komplexem Anaphase promoting complex/cyclosome (APC/C), ktery
cyklin B1 ozna¢i molekulami ubiquitinu, a tim ho determinuje k degradaci v proteasomu — zde
ozna¢ovany jako cyclosom (Jones, 2004). Po MII fazi bunééného cyklu je hladina MPF i MAPK
vysokd. Neékteré komponenty MAPK-signilni kaskady, jako napt. Mos, jsou soucasti
tzv. cytostatického faktoru (CSF), ktery zapficiiiuje druhy blok meidzy v metafazi II. Komplex CSF
zahrnuje predevSim proteinové kindzy, které se nésledné ucCastni aktivace signalni drahy MEK-
MAPK-p90. K poklesu MPF dochazi po oplozeni, po tiplném dokon¢eni meiotického déleni oocytu.
V ptipadé¢ MAPK k poklesu dochéazi v obdobi formovani prvojader, tj. v obdobi S-faze pfed prvnim
mitotickym délenim embrya (Fan et al., 2002).
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Obr. 3: Aktivita MPF a MAPK béhem meiotického zrani oocytu (upraveno dle Fan et Sun, 2004)

lonty Ca?* a Zn

Na regulaci zrani se rovnéz podileji ionty vapniku (Ca?*) a zinku (Zn). Ca®* reguluje zrani
prostfednictvim zmény svoji koncentrace v kumularnich buiikkdch a posléze také v oocytu.
V kumularnich bufikach se koncentrace Ca%" navysuje po plisobeni predovulaéni LH viny. Pomoci
gap junction se do oocytu dostavaji Ca?* p¥imo nebo se zde uvoliuji z intracelularnich depozit
prostiednictvim ryanodinovych receptorti (RyR) nebo inositol-1,4,5-trifosfatovych receptort (IP3R).
V ptipadé RyR je ligandem cADPriboza, v ptipadé IP3R pak inositol-1,4,5-trifosfat (IP3) (Petr et
al., 2002), ktery rovnéz prochazi kanaly gap junction z kumularnich buné¢k (Mattioli et al., 1998).
V oocytu se Ca?* stava soucasti Ca®'/kalmodulin dependentni proteinkindzy (CaMKII), ktera
inaktivuje adenylatcyklazu (AC), coz zapii¢ini pokles cAMP (Fan et al., 2003, Chen et al., 2013).
V kumularnich buiikdch se Ca®" prostiednictvim aktivace MAPK tucastni sekrece estrogentl,
progesteronu a parakrinnich faktort regulujicich zrani oocytu (Ebeling et al., 2011).

Zn se Ucastni regulace zrani hned na né€kolika Grovnich. V obdobi prvniho bloku meidzy
zabranuje pifed¢asnému GVBD (Kong et al., 2012). Dale je nutny pro dokonceni meiotického zrani
(Kim et al., 2010; Bernhardt et al., 2011) a pro dosazeni a udrZeni druhého bloku meidzy
prostiednictvim regulace aktivity CSF (Kim et al., 2011, Bernhardt et al., 2012). Hladina Zn je
V oocytu regulovana prostfednictvim kumularnich bunék, které snizuji Zn v ooctu v obdobi pted

ovulaci (Lisle et al., 2013).

18



Gasotransmitery

Mezi dalsi latky, které mohou ovlivnit meiotické zrani, patii gasotransmitery — jednoduché
plynné molekuly s fyziologickym ucinkem. Molekuly gasotransmiteri jsou ve fyziologickych
koncentracich uvoliiovany ZzivociSnymi buinikami, kde se jako druzi poslové ucastni signdlnich
regulacnich kaskad. Gasotransmitery jsou schopny volné prochazet pies plazmatickou membranu a
jejich uc¢inek je tak nezavisly na priitomnosti membranového receptoru. Mezi gasotransmitery
fadime molekuly oxidu dusnatého (NO), oxidu uhelnatého (CO) a sulfanu (H2S) (Mustafa et al.,
2009; Wang, 2002). Uvedené molekuly jsou v ramci signalnich bunécnych drah propojeny a mize

tak dochazet k jejich vzajemnému ovlivnéni (Olson et al., 2012).

Oxid dusnaty

NO je v bunikach produkovan enzymy NO-syntazami (NOSs), které konvertuji L-arginin na
citrulin a NO. Dosud byly popsany tfi izoformy NOSs — endotelidlni (eNOS), neuronova (nNOS) a
indukovatelna (iNOS) (Lamas et al., 1992). V prase¢ich oocytech a kumularnich buinikach byly
identifikovany vSechny vyse uvedené izoformy NOSs (Ding et al., 2012).

V reprodukénich procesech se NO uplatiiuje v regulaci sekrece gonadotropinli. U samcil se
nasledné podili na regulaci produkce testosteronu, spermatogeneze, pohlavniho chovani ¢i erekce
penisu (McCann, 1982; Davidoff et al., 1996; Burnett, 2002). U samic se rovnéz ucastni regulace
sekrece steroidnich hormonil a tim fizeni estralniho cyklu, folikulogeneze, meiotického zrani oocytu
a ovulaci (Van Voorhis et al., 1995; Jablonka-Sharif et Olson, 1998; Jablonka-Shariff et al., 1999;
Jablonka-Sharif et Olson, 2000).

Uloha NO na priibéh meiotického zrani oocytii byla studovana u mysi, prasete a skotu.
U mysi bylo v ptipadé inhibice NOS nebo jejiho genového knock-outu zjisténo zvySené procento
oocytl zastavenych v metafazi 1 a oocyti degenerujicich (Jablonka-Sharif et Olson 2000).
Analogické u¢inky ma absence NOS u oocytt skotu (Schwarz et al., 2008) a prasete, kde je NOS
nezbytna pro GVBD a dosazeni metafaze Il (Tao et al., 2005). Na zrani prasecich oocyti se
vyznamné podili NOS produkovana v kumularnich bunkach (Chmelikova et al., 2010). Pfi studiu
ucinku NO na aktivaci oocytil bylo zjiSténo, ze NO je schopen aktivovat oocyt prasat a zab Xenopus
laevis (Petr et al., 2005; Jeseta et al., 2012; Petr et al., 2010).

Pravdépodobnym mechanizmem u¢inku NO v reproduk¢nich procesech je nitrosylace
proteindl, napf. ryanodinovych receptorti, coz vede k otevieni iontovych kanalti pro Ca?* a tim

uvolnéni Ca?* do cytoplazmy (Iwakiri, 2011).
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Oxid uhelnaty

CO je v bunkach tvofen z molekuly hemu, ktera je pod Gcinkem enzymu hem-oxygenazy
(HO) degradovan na CO a biliverdin. HO se fadi mezi tzv. proteiny tepelného Soku a v bunkach se
vyskytuje ve tiech izoformach: HO1, HO2 a HO3 (Maines, 1988; McCoubrey et al., 1997).

V reprodukénich organech byl HO detekovéan u potkanti ve varlatech a déloze (Trakshel et
al., 1986; Kreiser et al., 2003), a u prasat v granul6znich bunkach folikulti (Harada et al., 2004).
Jeho exprese je nezbytna pro spravnou funkci vajecniki, folikulogenezi a ovulaci mysSich oocyta
(Zenclussen et al., 2012). Role CO v reprodukénich organech a procesech spoéiva v regulaci
hormonalni sekrece, kdy se podili na fizeni produkce steroidnich hormont — estradiolu a
progesteronu ve vaje¢niku (Alexandreanu et Lawson, 2003). V prubéhu biezosti se CO podili na
regulaci néastupu porodu, kdy inhibuje kontrakci hladkosvalovych bunék délohy prostrednictvim
regulace cGMP (Bainbridge et Smith, 2005; Cella et al., 2006). Lze piedpokladat, ze uvedenym

mechanizmem — regulaci koncentrace cGMP, CO pisobi i v kumularnich buiikach a oocytu.

Sulfan

H>S je pod ucinkem enzymu cystathione B-syntaza (CBS), cystathionine y-lyadza (CSE) a 3-
merkaptopyruvat sulfurtransferaza (3-MPST) uvoliiovan z aminokyseliny L-cysteinu (Wang, 2002;
Shibuya et al., 2009). Produkce H2S je regulovana prostiednictvim negativni zpétné vazby, kdy H2S
inhibuje aktivitu enzymii zodpovédnych za jeho produkci (Wang, 2002).

Pfitomnost sulfan uvolnujicich enzymi byla prokazana v reprodukéni soustavé samct i
samic. U samct potkana byl popsan vyskyt CBS v Sertoliho a Leydigovych buikach a
v zarode¢nych buikach, CSE byl detekovan v Sertoliho buiikdch a nezralych zarodecnych bunikach
(Sugiura et al., 2005). CBS a CSE byly detekovany také v lidské erektilni tkani (di Villa Bianca et
al., 2009). Sulfan snizuje relaxaci kavernozniho téliska pyje, ¢imz reguluje erekci (Ghasemi et al.,
2012).

V samic¢i reprodukéni soustaveé se u potkana CBS a CSE vyskytuji v déloze a placenté (Patel
et al., 2009). U c¢loveéka byly uvedené enzymy detekovany ve vejcovodu, kde H2S indukuje
kontrakce vejcovodu a tim posun embrya do délohy (Ning et al., 2014). Naopak v déloze se HaS u
potkana i ¢loveka tcastni na snizovani kontrakci svaloviny (Sidhu et al., 2001, Hu et al., 2011). Na
urovni vajecnikii byla exprese CBS detekovana v granuloznich a kumulérnich bunkach, ktera je
nezbytna pro spravny vyvoj folikuld a zrani oocytt in vitro (Liang et al., 2006; Liang et al., 2007).

Pravdépodobny mechanizmus u¢inku HzS spociva v tzv. S-sulfhydrataci, neboli konverzi —
SH skupiny cysteinu na —SSH skupinu. Prostfednictvim sulfhydratace jsou post-translacné

modifikovany proteiny a tim je modulovana jejich aktivita. Mimo jiné se timto zplisobem H2S
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ucastni regulace bunécného cyklu u somatickych bunék, kde ovlivituje cAMP/PKA signalni drahu
(Njie-Mbye et al., 2012). Lze ptedpokladat, ze podobnym mechanizmem H>S zasahuje rovnéz do
meiotického zrani oocytu a rastu kumulu.

Hladina gasotransmiteru H>S v buitkich muze byt navySena prostiednictvim ucinku

cesnekovych derivata (Louis et al., 2012).

Cesnekové derivaty

Cesnekové derivaty zasahuji do signalnich kaskad produkce H2S a rovnéz predstavuji
dilezity exogenni donor sulfanu v somatickych bunkach (Sun et al., 2005; Louis et al., 2012).
V organizmu byl pozitivni vliv ¢esneku prokazan na fadé mist. Cesnek ma kardioprotektivni,
antiproliferacni a neuroprotektivni G¢inky, stimuluje imunitni systém a snizuje oxidativni stres
v bunikach (Banerjee et al., 2003; Borrelli et al., 2007). Na pozitivnich G¢incich ¢esneku se
vyznamné podili sirnd sloucenina gama-glutamyl cystein. Gama-glutamyl cystein muze byt
pfeménén hydrolyzou a naslednou oxidaci na S-allal cystein sulfoxid neboli allin, nebo mize byt
dlouhodobou extrakci pod vlivem gama-glutamyl transpeptidazy pfeménén na S-allyl cystein (SAC)
(Corzo-Martinez et al., 2007).

Allin je piisobenim kaskady reakci postupné pfeménén na dalSi sirné slouceniny, které
disponuji biologickou aktivitou — diallyl sulfid (DAS) a polysulfidy diallyl disulfid (DADS) a
diallyl trisulfid (DATS) (Miething, 1988). Bylo popséno, ze DATS ma protektivni ucinky na
kardiomyocyty diabetickych potkant, kde snizuje oxidativni stres a apoptézu bun¢k. Mechazmius
ucinku spociva ve stimulaci enzymu CBS prostifednictvim u¢inku DATS, ¢imz dochdzi ke zvyseni
produkce H»S (Tsai et al., 2015). V lidskych hepatocytech DATS zvySuje expresi CBS a CSE a tim
produkci HzS, kde ma rovnéz antioxida¢ni a antiapoptotické G¢inky (Chen et al., 2016).

Efekt SAC na aktivitu CSE byl popsan u potkanich kardiomyocyti. Po aplikaci SAC
potkaniim, u kterych byl navozen infarkt, doslo ke snizeni mortality a poskozeni srdce. SAC zde ma
pii regulaci H2S hned dvé funkce. SAC zvySuje aktivitu CSE a soucasné funguje jako substrat CSE,
kterym je pfeménén na H>S (Chuah et al., 2007).

Negativni vlivy pusobici na meiotické zrani

Reprodukce miiZze byt ovlivnéna fadou latek ptsobicich na organizmus z vnéjsiho prostiedi.
Vedle latek s toxickym efektem, které pusobi poSkozeni pii zvySenych koncentracich, se
v poslednich letech diskutuji rovnéz latky oznaCované jako endokrinni disruptory. Endokrinni

disruptory jsou definovany jako exogenni latky, které narusuji funkci endogennich hormond, a to i
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ve velice nizkych davkach (Colborn et al., 1993). Vzhledem k tomu, Ze reprodukce podléha
komplexni endokrinni regulaci, maji endokrinni disruptory na reprodukci vyznamny vliv.

Negativni ucinky na reprodukci byly popsany u bisfenolu A (BPA). BPA je soucasti vétSiny
plastl, odkud je uvoliiovan do zivotniho prostfedi, véetné vody a potravin (Huang et Hang, 2010).
Expozice nizkym davkam BPA vede Kk defektim v sam¢im i sami¢im reprodukénim traktu, ke
zménam v mozkové sexudlni diferenciaci, komplikacim v pribéhu téhotenstvi a abnormalitdm
Vv pribéhu meidzy oocytu (Can et al., 2005; Hunt et al., 2009). Mechanizmus u¢inku BPA spoc¢iva
v jeho schopnosti vazat se na estrogenové receptory a rovnéz ovliviiuje dalsi cilové struktury
estrogenti (Watson et al., 2005). Rozkladem BPA vznikaji metabolity, z nichz nékteré maji rovnéz
estrogenni ucinky, srovnatelné i siln€jsi nez BPA (Ben-Jonathan et Steimetz, 1998). BPA pisobi
také jako antiandrogen (Kriiger et al., 2008). BPA ovliviiuje celou osu hypothalamus-hypofyza-
gonady. U samic ovliviiuje sekreci GnRH z hypothalamu (Patisauel et al., 2006) a funkci hypofyzy
(Ramos et al., 2003), vaje¢nikt (Hunt et al., 2003), délohy (Markey et al., 2005) a prsni Zlazy
(Vandenberg et al., 2007Db).

Pouzivani BPA v plastech je postupné omezovano a nahrazeno jinymi latkami, nejcastéji
bisfenolem S (BPS) (Liao et al., 2012). Bylo zjisténo, je BPS rovnéz disponuje endokrinné
disrupénimi G¢inky a je schopen v organizmu napodobovat ucinky estrogent (Michalowicz et al.,
2015). Negativni vliv BPS byl prokazan na reprodukci ryb (Ji et al., 2013), testikularni tkan savca
(Eladak et al., 2015) a na funkci hypofyzy u savet (Vinas et Watson, 2013). Lze piedpokladat, ze
BPS rovnéz ovliviiuje reprodukci u samic savell a mize tak ovliviiovat meiotické zrani oocytii

(Zalmanova et al., 2015) a kumularni buky.
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2.2 Kumularni expanze

Dozraly MII oocyt vétSiny savel je za fyziologickych podminek s okolnimi kumulérnimi
bunikami ovulovan z folikulu do vejcovodu, kde je ptedurcen k oplozeni spermii. Kumularni buniky
kratce pied ovulaci prodé€lavaji ve folikulu fadu vyzamnych biochemickych a strukturalnich zmén,
souhrnné nazyvanych jako kumularni expanze, ktera predchéazi a reguluje meiotické zrani oocytu.
V prabéhu kumularni expanze kumularni buiiky syntetizuji a ukladaji slozky extracelularni matrix
(ECM), ¢imz dochazi k nabyvani ECM a tim k zvétsovani COC (Dekel et al., 1979, Eppig, 1979).
Pro syntézu ECM je kli¢ova kooperace oocytu a kumuldrnich bun¢k. Kumularni expanzi je mozné
pozorovat také v podminkach in vitro v pribéhu meiotického zrani oocytu (Eppig, 1979; Dekel et
Beers, 1980; Salustri et al., 1989; Chen et al., 1993).

Bylo zjisténo, ze intenzita kumularni expanze pozitivné koreluje se zranim oocytu in vitro a
jeho vyvojovou kompetenci (Sutovsky et al., 1994; Prochazka et al., 2000; Qian et al., 2003; Karja,
2008; Ju et Rui, 2012; Auclair et al., 2013). Kumularni bunky maji rovnéz prostfednictvim regulace
glutathionu protektivni ucinky pted oxidativnim stresem (Tatemoto et al., 2000), popsan byl také
jejich efekt v lipidovém metabolismu oocytu (Auclair et al., 2013). Z uvedenych divoda se pro
kultivaci oocytl in vitro doporucuje vybirat oocyty s neporusenym obalem kumularnich bunék
(Karja, 2008). In vivo je kumularni expanze klicova pro usp&nou ovulaci a zachyceni COC
nalevkou vejcovodu, spravny prichod oocytu vejcovodem a oplozeni (Russell et Salustri, 2006).

V prubé¢hu kumularni expanze postupné dochazi k mechanickému preruseni gap junction
mezi oocytem a kumularnimi bunkami, vlivem nabyvani ECM. Vysledkem je izolace oocytu od
latek majicich inhibi¢ni G¢inky na mei6zu — cAMP a c¢cGMP, produkovanych v kumularnich
burikach (Chen et al., 1990). Izolace od inhibi¢nich latek je nezbytna pro znovuzahajeni meidzy a
GVBD (Sutovsky et al., 1994). Dal§im moznym zplsobem pferuseni gap junction je jejich pfimé
uzavieni prostfednictvim fosforylace, regulované interakcemi komponent ECM a receptoru CD44
(Yokoo et al., 2010).

Simultanné s expanzi kumulu dochéazi k morfologickym zméndm kumularnich bunék, které
se postupné prodluzuji a méni se jejich cytoskelet. K uvedenym zméndm dochazi v disledku
piisobeni gonadotropint (Sutovsky et al., 1994). Morfologické zmény se tykaji rovnéz proteini gap
junction, které jsou endocytovany. To ma za nésledek disagregaci kumularnich bunék v prostoru a
zastaveni toku inhibi¢nich latek meidzy z kumularnich bunék (Chen et al., 1990).

Slozeni ECM expandovaného kumulu tvoii pfedevsim glykosaminoglykany (GAGS) a dale
proteiny se stabiliza¢ni a stavebni funkci pro ECM. Hlavnim GAG v COC je hyaluronova kyselina

(HA), vyrazn¢ méné¢ je zde, oproti jinym tkanim, zastoupen chondroitin sulfat nebo keratin sulfat
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(Nakayama et al., 1996; Tirone et al., 1993; Mlynar¢ikova et al., 2009). Bylo prokazano, Ze
dostatecny pocet vrstev kumularnich bunék spolu s adekvatni produkci HA v pribéhu expanze
kumulu jsou kliové pro uspesné meiotick€é zrani oocytu, oplozeni a ¢asny embryonalni vyvoj
(Chen et al., 1993; Tirone et al., 1993; Kimura et al., 2002; Han et al., 2006; Yokoo et al., 2010).
Lze tak predpokladat, ze HA je pouzitelnym markerem kvality kumularni expanze a tak i kvality
COCs, pouzivanych v postupech reproduk¢nich biotechnologii (Han et al., 2006).

2.2.1 Hyaluronova kyselina

Hyaluronova kyselina (HA) je tvofena z disacharidovych podjednotek B-(1-4)-glukuronové
kyseliny a [B-(1-3)-N-acetylglukosaminu (viz Obr.4) a tadi se mezi tzv. bezsulfaitové GAGS.
Disacharidové podjednotky vytvareji polymery HA, dlouhé od nékolika opakovani az do 25 000.
Obvykle ma HA polymer okolo 10 000 opakovani a celkovou hmotnost 4x 10° Da (Lodish et al.,
2004). Limitujicim faktorem kumularni expanze je dostateény pocet prekuzrort synzézy HA (Chen

etal., 1990).

Hyaluronan (n < 25,000)
6
COO- CHOH 54
—O
O
0 OH
OH NHCOCH;,

B-(1-4)-glukuronova kyselina B-(1-3)-N-acetylglukosamin

Obr. 4: Struktura disacharidové podjednotky kyseliny hyaluronové (upraveno dle Lodish et
al., 2004)

HA polymer je Siroce distribuovan v ECM pojivové tkané téla, kde plni fadu rozli¢nych
funkci. Podili se pfi opravnych procesech pfi hojeni ran (Banerjee et Toole, 1992), dale ma svou
ulohu pfi preskupovani bun¢k ve tkanich (Ellis et al., 1997) nebo také pii tvorbé metastaz (Zhang et
al., 1995). V reprodukci u samic se uplatiiuje jako strukturni a signalni molekula. Ugastni se

regulace zrani oocytu (Yokoo et al.,, 2010), kumularni expanze (Yokoo et al., 2003), ovulace a
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oplozeni (Chen et al., 1993), casného vyvoje embrya, nidace embrya v déloze (Parikh et al., 2006) a
morfogeneze plodu (Vabres, 2010).

Syntéza HA je katalyzovdna membranoveé vazanym enzymem hyaluronan-syntazou, ktera se
v COCs vyskytuje v nékolika izoformach. V savéich COCs byly dosud popsany: hyaluronan-
syntaza 1 (HASL1), hyaluronan-syntaza 2 (HAS2) a hyaluronan-syntaza 3 (HAS3). U prasnic se
vyskytuje HAS2 a HAS3. HAS2 je produkovana v kumularnich bunikach, kde se uplatituje pii
syntéze linearni molekuly HA béhem expanze kumulu. Stabilita expandovaného kumulu je
zajistovana proteinem oznaCovanym jako TNFAIP6 (tumor necrosis factor-o-induced protein 6)
(Rugg et al., 2005), a pentraxinem 3, ktery se rovnéz ucastni na organizaci ECM (Scarchilli et al.,
2007). V oocytech prasete byla popsana ptitomnost mRNA HAS3 (Kimura et al., 2002), HAS3 se
zde Gcastni syntézy HA do perivitelinniho prostoru v obdobi zrani oocytu (Ueno et al., 2009).

Funk¢nost HA zavisi na zachovéani jejiho strukturovaného polymeru. Vzhledem k tomu, Ze
neni stabilizovana propojenim s ostatnimi proteiny ECM ani sloZzkami na bazi sulfatu, vyuziva tzv.
hyaluronovou kyselinu vazajici proteiny (HABPs — hyaluronic acid-binding proteins) (Yokoo et al.,
2002). Jednim z HABPs, ktery se vyskytuje u COCs prasat je receptor CD44 lokalizovany
Vv cytoplazmatické membrané kumularnich bunék a v cytoplazmé oocytu. Syntézu receptoru CD44
indukuji gonadotropiny v obdobi meiotického zrani oocytu. Bylo popsano, ze interakce CD44-HA
jsou dilezité pro zrani oocytu v pribéhu kumularni expanze (Kimura et al., 2002; Yokoo et al.,
2002; Yokoo et al., 2007). Mechanizmus téinku spociva pravdépodobné ve fosforylaci proteint
gap junction a tim jejich uzavienim pro cAMP (Yokoo et al., 2010). Nedostate¢né interakce CD44-
HA v pribéhu in vitro kultivace mohou vést k poklesu tuspésnosti meiotického zrani, oplozeni a
¢asného embryonalniho vyvoje (Yokoo et al., 2007). Divodem potlaceni vazby HA na receptor
CD44 muze byt glykosylace extracelularni domény CD44 receptoru sialovou kyselinou (Bartolazzi
etal., 1996).

Protein asociovany s HA (SHAP — serum-derived hyaluronan-associated protein) je dal$im
zastupcem HABPs, ktery se uplatituje v pribéhu kumularni expanze. SHAP stabilizuje a formuje
hyaluronovou matrix prostfednictvim kovalentnich vazeb s HA (Zhuo et al., 2001). SHAP byl u
prasat rovnéz detekovan ve folikularni tekutiné a v séru (Nagyova et al., 2004). Za formovani
expandované¢ho COC prostednictvim stabilizace HA fetézct je zodpovédny také HABPs TNFAIP6
a inhibitor inter-a-trypsinu (lal) (Chen et al., 1992; Fiilop et al., 1997). Stabilizace COC za ucasti
lal se déje prostiednictvim ubiquitin-proteasomalniho systému, kdy je lal $tépen na t&€zké fetézce,
které vazou HA, a jsou tak nezbytné pro expanzi COCs u prasat (Nagyova et al., 2004).

Degradace HA polymeru je zprosttedkovana enzymy hyaluroniddzami, které jsou

lokalizovany v extracelularnim prostiedi, kde sniZzuji zastoupeni HA v ECM (Lodish et al., 2004).

25



Na zakladé mechanizmu §tépeni HA rozliSujeme tfi hlavni skupiny hyaluronidaz. Prvni dvé skupiny
jsou endo-B-N-acetyl-hexominidazy. Pti¢emz prvni skupina zahrnuje enzymy obratlovctl, které
substrat hydrolyzuji nebo vyuZzivaji transglykosyla¢ni reakce. Druhd skupina zahrnuje pievazné
enzymy bakterialni — tzv. eliminazy, oznacované také jako lyazy, které pracuji pomoci B-eliminace
glykosidické vazby za vzniku nenasycené dvojné vazby. Enzymy tieti skupiny jsou endo-B-
glukuronidazy, které polymer §tépi hydrolyzou. Nachéazeji se pfedevSim u pijavic nebo nékterych

korysu (Stern et Jedrzejas, 2006).

2.2.2 Regulace kumularni expanze

In vivo je kumuldrni expanze fizena gonadotropnimi hormony FSH a LH. FSH a LH
ovliviiuji metabolismus granuléznich bun¢k, které vylucuji parakrinni faktory majici vliv na
kumularni buniky a tim expanzi kumulu. Samotné kumuléarni buniky nejsou na hormonech FSH a LH
ptimo zavislé (Eppig, 1980; Motlik et al., 1998; Zhang et al., 2008).

Po ptisobeni predovula¢ni LH viny jsou v granul6znich buiikkach aktivovany proteazy, které
dale aktivuji rastovy diferencia¢ni faktor 9 (GDF-9 — growth differentiation factor 9). GDF-9
funguje jako parakrinni faktor pro kumularni bunky, kde aktivuje enzymy HAS2 a cyklooxygenazu-
2. HAS2 indukuje syntézu HA. Cyklooxygenaza-2 syntetizuje prostaglandin E2 (PGE2), ktery se po
vazb¢é na piislusné receptory podili na expanzi kumulu (Richards et al., 2002). PGE2 se ve
vejcovodu ucastni inhibice nékterych chemokind, kterd je dulezita pro remodelaci ECM pied
oplozenim. V pfipad€, Ze k remodelaci ECM nedojde, stava se rezistentni vii¢i hyaluronidaze
spermie (Tamba et al., 2008).

FSH aktivuje bunécnou kaskadu, ktera se rovnéz podili na stimulaci HAS2 v kumuléarnich
buiikach a tim na syntéze HA (Salustri, 2000). V granuléznich buitkach FSH indukuje produkci
plazminogenového aktivatoru urokinazového typu (uPA) (Strickland et Beers, 1976; Reich et al.,
1985; Salustri, 2000). Prostiednictvim uPA dochazi ke $tépeni plazminogenu na aktivni formu
protedzy plazmin, ktery se Ui€astni na uvolnéni COC od stény folikulu béhem ovulace (Strickland et
Beers, 1976). uPA inhibuji tzv. inhibitory aktivace plazminogenu (Bouton et al., 2012).

Predpoklada se, Zze obé uvedené reakce — aktivace HAS2 a uPA, jsou regulovany stejnou
bunécnou kaskadou. Pod u¢inkem FSH dochazi k tvorbé cAMP a k aktivaci PKA. PKA nésledné
aktivuje prislusné transkripcni faktory, které na zaklad¢ faktoru, pochazejiciho z oocytu, indukuji

prepis mRNA HAS2 nebo mRNA uPA (Canipari et al., 1995; Salustri, 2000). Uvedenym faktorem
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je GDF-9, ktery spousti ptepis mRNA HAS2 a naopak inhibuje pfepis mRNA uPA (Elvin et al.,
1999; Dragovic et al, 2005).

Kumularni expanze je regulovana rovnéz oocytem, prostiednictvim faktorii oznacovanych
jako kumularni expanzi aktivujici faktory (CEEFs — Cumulus expansion-enabling factors)
(Prochazka et al., 1998), které jsou produkovany pouze plné¢ dorostlymi oocyty V priubéhu
meiotického zrani (Buccione et al., 1990; Vanderhyden et al., 1990; Eppig et al., 1993). Po
dosazeni metafaze 1 sekrece CEEFs ustava (Nagyova et al., 2000). Pro nékteré zivoc€ichy, napft.
mys, jsou CEEFs pro kumulérni expanzi nezbytné. Naopak u prasat expanze probiha i v ptipadée
absence CEEFs (Vanderhyden, 1993; Prochazka et al., 1998). Pokud se ale z COC odstrani oocyt
uplné, dojde k vyznamné redukci syntézy HA a tim i potlaceni expanze kumulu, cca 0 24 % po 24
hod. kultivace (Nakayama et al., 1996; Kimura et al., 2002). CEEFs jsou u prasat rovnéz
produkovany kumulédrnimi a granul6znimi buitkami a expanze kumulu je tak soucasn¢ stimulovana
oocytem a bunkami folikulu (Nagyova et al., 1999). Mezi latky identifikované jako souc¢ast skupiny
CEEFs patii pfedevsim rustové faktory, zejména tzv. transformujici rustové faktory f (TGF), kam
patii TGFB1, TGFB2 a jiz zminény GDF9 (Vanderhyden et al., 2003; Dragovic et al., 2005).

Expanze kumulu je vyznamnym dilem regulovana prostfednictvim latek z folikuldrni
tekutiny. Pozitivni vliv byl popsan u epidermalniho rustového faktoru (EGF) (Jezova et al., 2001) a
ristového faktoru podobného inzulinu (IGF-I). Rustové faktory reguluji expanzi kumulu
prostfednictvim modulace protein-kinaz (Némcova et al., 2007). Hormony folikularni tekutiny jsou
syntetizovany pod u¢inkem FSH. Bylo zjiSténo, Ze intrafolikuldrni koncentrace FSH pozitivné
koreluje s koncentraci progesteronu a estradiolu ve folikulu (Rosen et al., 2009). Ve folikularni
tekuting prasete byl rovnéz popsan tzv. teplotné-stabilni faktor (heat-stable factor) majici pozitivni
u¢inky na expanzi kumulu (Daen et al., 1994). Ve folikularni tekutiné jsou rovnéz obsazeny faktory
S negativnim vlivem na meiotické zrani a expanzi kumulu. Mezi latky s inhibi¢nimi ucinky patii
cAMP a PKA, které se ucastni inhibi¢niho efektu v pIné nedorostlych folikulech (Qian et al., 2003).

Dalsim parakrinnim faktorem regulujicim kumularni expanzi je interleukin-6 (IL-6). IL-6 po
vazbé na ptislusné receptory aktivuje geny ucastnici se expanze kumulu, prostiednictvim kli¢ovych
faktorti meiotického zrani, jako je MAPK (Liu et al., 2009). IL-6 je modulovan tyrosin-kinazovym
receptorem A, ktery je zodpovédny za godadotropné indukovany vyvoj folikulu (Wang et al.,
2014).

Na regulaci kumularni expanze se rovnéz podileji gasotransmitery. U ovci byl prokazéan
ucinek gasotransmiteru NO, kdy se pfitomnost NOS ukdzala jako nezbytné pro adekvatni kumulérni
expanzi. V ptipadé zablokovani NOS dochazelo u in vitro kultivovanych COCs K potlaceni expanze

kumulu (Amale et al., 2011). Vzhledem Kk propojeni signalnich bunéénych drah jednotlivych
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gasotransmitert (Olson et al., 2012) Ize piedpokladat, ze i dalsi gasotransmitery mohou mit ulohu

Vv regulaci kumularni expanze.

2.2.3 Zpusoby hodnoceni kumularni expanze

Vyznamu kumularni expanze je jiz po dlouhou dobu vyuzivdno pro hodnoceni kvality
COCs. Existuje tak n€kolik zptsobti hodnoceni kumularni expanze, které lze v zasadé rozdélit do
dvou hlavnich skupin: 1) prvni skupina zahrnuje metody zaloZené na vizualnim hodnoceni COCS,

2) druha skupina se soustiedi na stanoveni obsahu GAGs.

Vizualni hodnoceni COCs

Vanderhyden et al. (1990) kumularni expanzi hodnoti na zakladé zatazeni COC do jedné z 5
zakladnich skupin podle jeji intenzity (stupen 0 az +4).

a) stupen 0 — COC bez pozorovatelné expanze;

b) stupeit +1 — COC s minimalni pozorovatelnou expanzi;

c) stupen +2 — COC s expanzi v n¢kolika vrstvach;

d) stupen +3 — COC s kompletni expanzi krom¢ vrstvy corona radiata;

e) stupen +4 — COC s kompletni expanzi zahrnujici i vrstvu corona radiata.
Obdobny systém vyuziva také Tao et al. (2005), ktery rozliSuje 3 zakladni skupiny, které jsou
defnovany nasledovné:

a) 1.skupina: COC s kompletni expanzi ve vSech vrstvach kumularnich bun¢k;

b) 2. skupina: COC s ¢aste¢nou expanzi (zejména vnéjSich vrstev kumularnich bunék);

c) 3. skupina: COC bez kumularni expanze.

Odlisnou vizualni metodu popisuje Daen et al. (1994), pomoci které stanovuje plochu
expandovaného kumulu metodou vypoétu, podle vzorce: plocha [mm?] = délka x §itka x 0,7854.
Plocha COC se méti na predem ziskanych snimcich COCs, pficemz za délku dosazujeme
vzdélenost mezi dvéma nejvzdalenejsSimi body COC v mm, za §itku pak vzdalenost mezi dvéma
nejbliz§imi body v COC (Daen et al., 1994).

Vyhodou vyse uvedenych metod je neinvazivni pracovani COCs a mozny sbér dat béhem
kultivace in vitro. Nevyhoda pak spociva piedev§im v subjektivnim hodnoceni COCs, at’ uz
pfimym zatazenim do skupin nebo vybéru bodi pro méfeni plochy kumulu. Z tohoto divodu je
pouzitelnym alternativnim zptsobem vypocet plochy COC pomoci softwarové analyzy obrazu.
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Tato metoda je objektivnéjsi nez predchozi zminéné, ale presto neni prosta spolecné nevyhody
postupt prvni skupiny, kterou je neschopnost postihnout trojrozmérnou strukturu expandovaného

COC.

Méreni obsahu GAGs

Metody zalozené na méfeni obsahu GAGs vyuzivaji biologického poznatku, ze v pribéhu
expanze kumulu dochazi k ptibyvani obsahu GAGs v COC. Nejvhodnéjsim GAG je HA, jejiz
obsah je ve srovnani s ostatnimi slozkami COC nejvyssi.

Doposud ¢asto vyuzivanou metodou stanoveni obsahu HA je metoda radioaktivniho
oznaceni prekurzord syntézy HA (Eppig, 1980; Fagbohun et Downs, 1990; Daen et al., 1994;
Nagyova et al., 1999), pti které se pouziva [*H]glukosamin (100 pCi/ml). Prekurzory syntézy jsou
aplikovany ptimo do kultiva¢niho média, ve kterém probiha in vitro zrani. Po ukonéeni kultivace
nasleduje extrakce ECM z COC a kultivaéniho média. Ziskané vzorky jsou posléze podrobeny
enzymatickému $tépeni za vyuziti hyaluronidazy (Salustri et al., 1990). Obsah HA je stanoven na
zakladé odectu radioaktivniho signalu, ktery je emitovan prekurzory HA (Solursh, 1976).
Nevyhodou této metody je prace sradioaktivnim materidlem, kterd je pomérné ndkladnd a
technicky méné€ dostupna, a vysoky pocet COCs ve vzorku.

Mezi dalsi postupy stanoveni obsahu HA patii imunologicka metoda ELISA (Kongtawelert
et Ghosh, 1990), spektrofotometrické méteni koncentrace Stépnych produkti HA (Chen et al.,
2005) nebo kapalinova chromatografie (HPLC — high-performace liquid chromatography) (Volpi,
2000). Uvedené ne-izotopové metody méfeni GAGs nejsou doposud rutinné vyuzivany pro
hodnoceni kumularni expanze COCs, piestoze jsou analytické metody ve srovnani s metodami
vizualnimi vyznamné spolehlivéjsi a presnéjsi. Jejich nevyhoda spocivd v nemoZznosti opakovaného
provedeni méfeni na stejném souboru COCs, kterd vyplyva z nutnosti izolace HA z ECM, jelikoz
HA polymery jsou navazany v Cytoplazmatické membrané¢ bunék (Yokoo et al., 2002). Tato
nevyhoda je vSak kompenzovana skuteCnosti, Ze analyze lze podrobit bunky, které se nadale
nepouzivaji pro dalsi postupy, jako in vitro oplozeni a produkce embryi.

V soucasné dob¢ se tak zda byt nejvhodnéjs$i metoda analytického stanoveni produktt -
eliminace pomoci spektrofotometrie. Tento postup se zdd byt dostatecné piesny a soucasné
ekonomicky pfiznivy tak, aby nasel uplatnéni v rutinnim vyuZiti postupli asistované reprodukce 1
v zakladnim biologickém vyzkumu — napf. pro testovani ucinku latek ovliviiujicih meiotické zrani

oocytu (napt. H2S) nebo odhadu vlivu polutantd (napf. BPS) na zrani oocytt in vitro.
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3 Hypotéza

Byla stanovena hypotéza, Ze analytické stanoveni hyaluronové kyseliny pomoci méfeni
produkti B-eliminace v in vitro kultivovanych COCs mize slouzit jako marker kumularni expanze,

odpovidajici stddiu meiotického zrani oocytu.

Pro potvrzeni formulované hypotézy byly stanoveny nasledujici cile:
1) Zavést metodu analytického stanoveni HA v COCs prasete.
Dil¢i cile:
e Otestovat dostupné enzymy s hyaluronidazovou aktivitou a optimalizovat metodu
spektrofotometrie.

e Ovetit detekei produktt B-eliminace.

e Ov¢rit obsah HA v zéavislosti na mnozstvi COCs.

e Porovnat metodu spektrofotometrie s vizualnimi metodami hodnoceni kumularni

expanze.

2) Otestovat vliv vybranych faktorii na kumularni expanzi prase¢ich COCs in vitro metodou
spektrofotometrie.
Dil¢i cile:
e Otestovat vliv gasotransmiteru sulfanu na kumularni expanzi COCs prasete in vitro.
e Otestovat vliv ¢esnekového derivatu SAC na kumularni expanzi COCs prasete
in vitro.
e Otestovat vliv endokrinniho disruptoru BPS na kumularni expanzi COCs prasete

in vitro.
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4 Material a metodika

4.1 Pouzité chemikalie

Veskeré chemikalie pro analytické stanoveni HA byly pofizeny od firmy Sigma-Aldrich Co.
(St. Louis, USA), pokud neni uvedeno jinak.

- Fosfatovy pufr, pH 7,4 (PBS, P5368)

- Polyvinyl alkohol (PVA, 341584)

- Hyaluronan (49775)

- Hyaluronadaza ze Streptomyces hyalurolyticus (SHH, H1136)

- Bovinni testikularni hyaluronidaza (BTH, H35006)

- Proteaza z Bacillus licheniformis (P4860)

4.2 Méreni polymeru HA a standardii oligomeru HA pomoci spektrofotometrie
aHPLC

Ke stanoveni obsahu HA byla provedena enzymatickd digesce HA polymeru
prostfednictvim P—eliminace glykosidické vazby specifickou hyaluronidazou ze Streptomyces
hyalurolyticus (SHH) (Vanderhyden, 1993). Pii této chemické reakci je HA polymer enzymaticky
Stépen na dimery (HA2) a dalsi oligomery HA obsahujici ve své struktufe dvojné vazby. Soucasné
byly analyzovany standardy HA oligomera (Contipro Group s.r.0., Czech Republic): tetramery
(HA4), hexamery (HA6), oktamery (HA8) a dekamery (HA10). Oligomery HA byly detekovany
spektrofotometrickym proméfenim v ultrafialovém (UV) absorpénim spektru. Vzorky byly
spektrofotometricky méfeny v kyvetach Einmal-Kiivetten, UV-Kiivette mikro (7592 00,
Plastibrand) na piistroji Helios Gamma (Spectronic, Thermo Fisher Sci) pfi vlnové délce 216 nm
proti blanku, ktery sestaval z ptisluSného média a enzymu, bez obsahu HA.

Soucasné byla provedena analyza pomoci HPLC. HPLC analyza byla provedena na piistroji
UltiMate 3000 (Thermo, USA), vybaveném automatickym odbéracem vzorkd (10 °C), kolonou
(35°C) a PDA detektorem (nastaveny pii vlnovych délkach 210 a 235 nm). Objem vstiikovani
25 ul, pratok mobilni faze 1,5 ml/min, celkova doba chodu 40 min. Separace analytu byla
provedena na Shodexové koloné (IEC QA-825) za vyuziti gradientu eluce. Mobilni faze sestavala z

A) 0,02 M roztoku sodium chloridu a vody a B) 0,25 M roztoku sodium chloridu a vody. Gradient
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byl nasledujici: 0 min — 100 % A, 25 min 24 % A, 26-32 min — 100 % B, re-ekvilibrace 33-40 min
100 % A. V obou piipadech byla pouzita polynomicka osmi-bodova kalibra¢ni kiivka (od 7 ul/ml
do 1000 ul/ml).

4.3 In vitro kultivace COCs a hodnoceni meiotického zrani oocytu

Praseci vajecniky byly ziskavany od necyklujicich prasni¢ek porazenych na jatkach (Jatky
Plzen a.s., Plzei, Ceska republika), bdhem transportu do laboratoie byly uchovavany pii teploté
39 °C. COCs byly odebirany z ovarialnich folikuld o rozméru 2 — 5 mm aspiraci 20-G jehlou. Do
dalsich experimentd byly pouzity pouze pln¢ dorostlé oocyty s intaktni cytoplazmou, oblopené
kompaktnim kumulem. Zrani COCs probihalo v modifikovaném mediu M199 (Sigma-Aldrich),
obohaceném o 32,5 mM sodium bikarbonat; 2,75 mM kalcium L-laktat; 0,025 mg/ml gentamicin;
6,3 mM HEPES; 13,5 iu eCG: 6,6 iu hCG/ml (P.G.600; Intervet International B.V., Boxmeer,
Holandsko) a 5% (v/v) fetalni bovinni sérum (Sigma-Aldrich). Kultivace COCs probihala 0 —
48 hod. Vv 4-jamkovych Petriho miskach (Nunc, Thermo Fisher Scientific, Inc., Waltham, MA,
USA) obsahujicich 1,0 ml kultivaéni média, pii 39 °C ve smési 5,0% CO- ve vzduchu.

Experimentalni skupiny byly oSetfeny inhibitory sulfan uvolfujicich enzymi, cesnekovym
derivatem SAC a endokrinnim disruptorem BPS. Jako inhibitory sulfan uvoliujicich enzymu byly
pouzity v trojkombinaci (3Ci) kyselina oxamova, DL-propargylglycin a kyselina a-ketoglutarova,
inhibujici specificky CBS, CTH a 3-MPST. V experimentech byla pouZita efektivni koncentrace
trojkombinace inhibitord — 2,0 mM kyselina oxamova, 2,0 mM DL-propargylglycin a 5,0 mM
kyselina a-ketoglutarova. Pouzity ¢esnekovy derivat SAC byl testovan pii koncentracich 0,1 mM;
0,5 mM a 1,0 mM. Endokrinni disruptor BPS byl testovan pii koncentracich 3,0 nM; 300 nM a
30 uM.

Po ukonceni kultivace byly oocyty zbaveny kumularnich bunék pomoci opakovaného
pipetovani, montovany na mikroskopicka sklicka s vazelinou, pfekrytd krycim sklickem, a fixovana
v ethanolu a kyseliné octové (3:1, v/v). Oocyty byly obarveny 1,0% roztokem orceinu v 50%
vodném roztoku kyseliny octové a jejich stddium meiotického zrani bylo vyhodnoceno pod
mikroskopem s fazovym kontrastem. Podle kritérii publikovanych Motlikem a Fulkou (1976) bylo
stanoveno 5 kategorii jaderné¢ho zrani: GV — zarode¢ny vacek, LD — pozdni diakineze, MI —

metafaze [, AITI — pfechod anafdze I do telofaze I, MII — metafaze II.
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4.4 Klasifikace expandovaného kumulu

Kumularni expanze byla vizualn¢ hodnocena pomoci subjektivniho 5 — stupiiového systému
podle Vanderhyden et al. (1990). Stupné 0 az +4 koresponduji se zvySujici se intenzitou expanze.
Stupen 0 indikuje stadium bez pozorovatelné expanze, +1 indikuje minimalni pozorovatelnou
expanzi, +2 expanzi rozsifenou v nékolika vrstvach, +3 kompletni expanzi kromé vrstvy corona
radiata, a +4 komletni expanzi zahrnujici vrstvu corona radiata. Data byla vyjadiena jako

procentualni ¢ast z populace COCs.

4.5 Méreni plochy COCs

Pro méfeni plochy expandovaného kumulu byl pouzit postup publikovany Daen et al. (1994)
s provedenymi modifikacemi. Za vyuziti monochromatické CCD kamery (ProgRea CT1, Jenoptik,
Némecko) se softwarem NIS Elements (Laboratory Imaging, Ceska republika) byly kazdych 8 hod.
zhotoveny snimky stejnych skupin COCs (25x COCs/skupina). Nasledné byla provedena analyza
obrazu za vyuziti prahovani a méteni plochy 25 COCs. Data byla vyjadiena relativné k COCs po 48

hodinové kultivaci.

4.6 Zpracovani expandovaného kumulu a izolace HA

Skupiny po 25 COCs byly kultivovany v 1 ml kultivacniho média M199, za vySe uvedenych
podminek, v casovém intervalu od 0 do 48 hod. Po ukonceni kultivace byly COCs 4x proplachnuty
v 500 pul PBS-PVA a oocyty byly oddéleny mechanicky opakovanym pipetovanim v prubéhu
posledniho proplachu. Ke stanoveni zadrzené HA v expandovaném kumulu byly expandované
kumuly ptfeneseny do mikrozkumavky v 500 pl PBS-PVA a nasledné enzymaticky Stépeny za
vyuziti hyaluronidazy ze Streptomyces hyalurolyticus (SHH, 2 iu/ml, Sigma), pii 39 °C pies noc.
Vzorky zadrzené HA v COCs byly uchovavany pii -20 °C do prométeni. Po spektrofotometrické
analyze byla syntéza HA vyjadiena jako koncentrace HA (nug/ml) v ziskaném roztoku.

4.7 Statisticka analyza

Vsechny experimenty byly zopakovany nejméné tfikrat. Data byla analyzovana postupem
obecnych linearnich modelti (GLM — General Linear Models) v softwaru SAS (Statistical Analysis
Systém, Version 9.3, 2012). Vyznamné rozdily mezi skupinami byly stanoveny pomoci t-testu a

Sheffeho testu. Hladina vyznamnosti byla stanovena na P < 0,05.
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4.8 Design experimentu

Testovani enzymii s hyaluroniddzovou aktivitou a spektrofotometricka optimalizace

Cilem experimentu bylo vyhodnotit nevhodnéjs$i kombinaci enzymu, $tépiciho polymer HA,
a inkuba¢niho média. Byly pouzity dva enzymy tvofici heterodimery a oligomery z HA polymeru,
které se odlisuji mechanizmem digesce HA: a) lyaza SHH s B-climinazovou aktivitou jakoZzto
enzym specificky degradujici HA (Vanderhyden 1993), stvorbou nenasycenych vazeb
absorbujicich svétlo v UV absorpénim spektru pfi 232 nm (Yosizawa et al., 1983); b) bovinni
testikularni hyaluronidaza (BTH), hydrolyticky enzym tvofici nasycené vazby, které v UV spektru
svétlo neabsorbuji (negativni kontrola). Pfitomnost produkti degradace HA byla prokazana
metodou HPLC. Soucasn¢ byla provedena optimalizace spektrofotometrie zamétfena na nalezeni

vlnové délky s maximalnim vynosem absorbance.

Ovéreni detekce produkti B-eliminace

Cilem experimentu bylo prokazat absorbanci stadarda HA oligomera (HA4 — HAL0) bez
digesce enzymem. Paralelné bylo provedeno méteni HA polymeru s vyuZzitim a bez vyuziti SHH
(SHH+ a SHH-) pro digesci za G¢elem ovéieni specifity méfeni produktd B-eliminace. Absorbance

byla méfena spektrofotometricky pii 216 nm.

Ovéreni obsahu HA v zavislosti na mnozstvi COCs

Cilem experimentu bylo ovéfit zavislost obsahu HA na poétu COCs ve vzorku a prokazat
tak specifitu HA analyzy. Testovany byly vzorky po 15-ti, 25-ti a 50-ti COCs, ptipravené po
48 hod. kultivace in vitro. HA byla spektrofotometricky analyzovana pii vySe uvedené

optimalizované vinové délce. Soucasné byla provedena kontrola jaderného zrani oocytt.

Porovnani jednotlivych metod hodnoceni kumularni expanze

Cilem experimentu bylo porovnat vysledky vizudlnich a analytickych metod hodnoceni
kumularni expanze. Testovany byly 3 metody stanoveni expanze kumulu: vizualni hodnoceni COCs
(Vanderhyden, 1990), méteni plochy COCs (Daen et al., 1994) a spektrofotometricka analyza HA,
na stejné populaci COCs komplext (25 COCs/skupina). Pro tento experiment byly COCs testovany
kazdych 8 hod. po dobu 48 hod. Soucasné byly shromédzdény vysledky meiotického zrani oocytt.
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Testovani vybranych faktori na prubéh kumularni expanze in vitro

Cilem experimentu bylo vyhodnotit vliv vybranych faktorti na kumularni expanzi in vitro.
Do vybranych faktorti byly zafazeny — gasotransmiter sulfan, ¢esnekovy derivat SAC a endokrinni
disruptor BPS. Analyza probihala za vyuziti spektrofotometrické metody. Soucasné byla provedena

kontrola jaderného zrani oocyti.
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S Vysledky

5.1 Zavedeni analytické metody spektrofotometrie a jeji porovnani s metodami

vizualnimi.

5.1.1 Testovani enzymu s hyaluronidazovou aktivitou v odliSnych médiich a

optimalizace vinové délky pro spektrofotometrické méreni.

Cilem experimentu bylo urcit optimalni médium pro digesci enzymu lyazy ze Streptomyces
hyalurolyticus (SHH) a optimalni vinovou délku pro spektrofotometrickou analyzu s maximalnim
vynosem absorbance. Bylo zjiSténo, Ze optimalni kombinaci pfedstavuje SHH v PBS. Srovnatelné
vysledky poskytuje i kombinace SHH v PBS-PVA (0,01%), kde pfidavek PVA je nezbytny pro
manipulaci s COCs. Média M199 a M199 bez fenolové Cervené (M199 RP), bézné pouzivana pro
kultivaci COCs, nejsou pro digesci SHH a spektrofotometrickou analyzu vhodna, hodnoty
absorbance byly signifikantné nizs$i (Obr. 1A). Soucasné byla provedena negativni kontrola za
pouziti bovinni testikularni hyaluroniddzy (BTH), kdy jsme piedpokladali absenci produkti
p—eliminace. V souladu stimto pfedpokladem nebyla pii spektrofotometrickém proméfeni
absorbance detekovana (Obr. 1C). Detekce HA dimert a oligomeri byla provedena pomoci HPLC
(Obr. 1B a 1D). Pro spektrofotometrické stanoveni byl a pouZzita vinova délka 232 nm v UV

spektru, v souladu s predchozim doporucenim (P. Klein, pers. comm.).

Nasledné byla kombinace SHH-PBS pouZita pro pfipravu standardi, které byly proméfeny
v rozmezi 190-280 nm pro zjisténi optimalni vinové délky. Nejvyssi hodnoty absorbance byly
naméfeny pii 216 nm u vSech pouzitych standardd HA (Obr. 2), uvedena vlnova délka byla pouzita
Vv nasledujicich experimentech. Soucasné byl stanoven detekéni limit spektrofotometrie, absorbance
rovna ~0.13, kdy 60 pg/ml HA polymeru byla uréena jako minimalni koncentrace pro detekci

produktu B—eliminace (Obr. 2).
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Obrazek 1) Testovani optimalni kombinace enzymu s hyaluronidazovou aktivitou a média.

Pritomnost produktii digesce hyaluronové kyseliny (HA) ucinkem lydazy ze Streptomyces hyalurolyticus (SHH) (A, B) a
bovinni testikularni hyaluronidazy (BTH) (C, D). Porovnani odlisnych kombinaci enzym-médium pro HA digesci a
spektrofotometrické méreni (vinova délka 232 nm). Pouzity byly SHH s p—elimindzovou aktivitou (A) a BTH
S hydrolytickou aktivitou (C). Data byla ovéerena za pouziti HPLC (210 nm a 235 nm vinové délky pro detekci
nenasycenych a nasycenych vazeb, redeno v PBS), vystupy jsou uvedeny na prislusnych chromatogramech (B, D).

Sloupce ukazuji priimér 3 nezavislych experimentii £ SEM; @AYLabodlisné superskripty znaci statisticky vyznamné

rozdily (P < 0,05).

PBS = fosfatovy pufr, PBS-PVA = 0,01% polyvinyl alkohol ve fosfiatovém pufiu, M199 = kultivacni médium M199,

M199 RP" = médium M199 bez fenolové cervene.
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Obrazek 2) Optimalizace vinové délky pro spektrofotometrické méreni.

Optimalizace vinové délky byla provedena za pouziti roztokit HA standardii a koncentraci 7-1000 ug/mli, které byly
Stepeny SHH v PBS. Produkty f—eliminace byly proméereny pri vinovych délkach v rozmezi 190 — 270 nm.

HA = hyaluronova kyselina, SHH = lydza ze Streptomyces hyalurolyticus, PBS = fosfdtovy pufi.
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5.1.2 Méreni standardii roztoku HA polymeru a jeho oligomert

Pro ovéfeni, ze je pii spektrofotometrické analyze detekovan Stépeny HA polymer, byly
pouzity oligomery HA (4HA — 10HA, obsahujici 2-5 heterodimert kyseliny p-(1-4)-glukuronové a
B-(1-3)-N-acetylglukosaminu). Ziskana data potvrzuji pfedes$la méteni polymeru HA po digesci
SHH jako vysledek ptfitomnosti produkti P—eliminace se srovnatelnou absorbanci (Obr. 3). V
ptipad¢ nestépeného HA polymeru byla absorbance rovnéz detekovana, jeji hodnota byla ale
signifikantné nizsi, pfiblizn¢ 500 pg/ml nestépené HA odpovida hodnoté absorbance 60 pg/ml HA
po digesci SHH (Obr. 3E). Limity detekce standardd oligomerd 4HA — 10HA jsou odlisné
Vv zavislosti na délce oligomeru. Pro oligomery 4HA - 6HA byl stanoven limit detekce 30 pg/ml
HA. Detek¢ni limit pro oligomery 8HA — 10HA je srovnatelny s detekénim limitem produktt
B—eliminace, tj. 60 pg/ml HA (Obr. 3A — D).
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Obrazek 3) Méreni standardi oligomeri a polymeru hyaluronové kyseliny.

Meéreni standardu nestépenych oligomerii HA — 4HA (A), 6HA (B), 8HA (C) a 10HA (D). Namérena byla bazailni
hladina absorbance nestépeného HA polymeru (SHH) a porovndna s HA polymerem po digesci SHH (SHH™) (E).
Standardni roztoky byly roziedény v PBS a spektrofotometricky promeéreny pii vinové délce 216 nm. Body ukazuji
priiméry 3 nezdavislych experimentii £ SEM; #2080 dlisné superskripty znaci statisticky vyznamné rozdily (P < 0,05).

SHH = hyaluronan lydza ze Streptomyces hyalurolyticus, PBS = fosfatovy pufr
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5.1.3 Zavislost mnoZstvi HA na po¢tu COCs ve vzorku

Cilem experimentu bylo prokazat, ze obsah HA je aplikovatelnym markerem pro hodnoceni
kumularni expanze COCs. Skupiny po 15-ti, 25-ti nebo 50-ti COCs (15x, 25x, 50x) byly
proplachnuty v PBS-PVA (0,01%) a nasledné podrobeny enzymatické digesci za ucelem zméfeni
zadrzené HA v COCs po 48 hod. in vitro kultivace. Mezi skupinami 15x a 25x COCs nebyly
prokazany statisticky vyznamné rozdily. Signifikantni nartist byl zaznamenan u vzorka s 50x COCs,
kde HA vykazovala témét 4-nasobné vyssi koncentraci (213,58 + 82,15 vs. 854,83 + 113,47 pg/ml
pro vzorky 25x a 50x COCs). Ziskana data jsou shrnuta na Obr. 4.
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Obrazek 4) Zavislost mnozZstvi hyaluronové kyseliny na po¢tu kumulo-oocytarnich komplexi.
Ovéreni zavislosti obsahu HA na mnozstvi COCs po 48 hod. kultivace in vitro. Vzorky byly pfipraveny za pouZziti
digesce SHH v PBS-PVA pres noc pri teploté 39°C v humidované atmosfére. Absorbance byla mérena pri vinové déllce
216 nm a koncentrace HA (ug/ml) ve vzorcich byla spocitina za vyuziti polynomické kiivky HA standardii, Stépenych za
stejnych podminek. Sloupce ukazuji primmér 3 nezavislych experimentii = SEM; *Podlisné superskripty znaci statisticky
vyznamné rozdily (P < 0,05).

SHH = hyaluronan lydza ze Streptomyces hyalurolyticus, PBS-PVA = 0,01% polyvinyl alkohol ve fosfatovém pufiu.
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5.1.4 Porovnani jednotlivych metod hodnoceni kumularni expanze

Testovany byly tfi odlisné metody pro hodnoceni kumularni expanze: (1) klasifikace
expandovaného kumulu, (2) méfeni plochy expandovaného kumulu a (3) spektrofotometricka
analyza HA. VSechny pouzité metody prokazaly nartstajici trend v prabéhu in vitro kultivace COCs
(Obr 5 — 7). Klasifikace kumulu a méfeni plochy prokazaly prvni signifikantni narast po 16-ti
hodinach kultivace (Obr. 5 a 6). Naproti tomu nebyl detekovan rozdil v obsahu HA a signifikantni
nartist nebyl naméfen ani mezi 16 a 24 hod. (Obr. 7). Signifikantni nariist v produkci HA byl
pozorovan mezi 40 — 48 hod., kdy metoda klasifikace kumulu rozdily nezaznamenala. Soucasné

byla provedena kontrola meiotického zrani oocytii, kdy byl pozorovéan jeho standardni pribéch

(Tab. 1),
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Obrazek 5) Vizualni klasifikace expandovanych kumulo-oocytarnich komplexii.

Vizudlni hodnoceni expandovanych COCs bylo provedeno v 8-hodinovych intervalech po dobu 48 hod (stupen 0 = bez
pozorovatelné expanze, +1 = minimalni pozorovatelnda expanze, +2 = expanze rozsirend v nekolika vrstvach, +3 =
kompletni expanze mimo vrstvy corona radiata, +4 = kompletni expanze vcetné vrstvy corona radiata. Soucasné jsou
uvedeny reprezentativni obrazky jednotlivych casovych intervali. Data jsou vyjadrena jako percentudlni cast populace
COCs, sloupce ukazuji primér 3 nezavislych experimentii £ SEM; 3ALLab#&qdlisné superskripty znaci statisticky

vyznamné rozdily (P < 0,05).
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Obrazek 6) Méieni plochy expandovaného kumulu.

Mereni plochy expandovaného kumulu bylo provedeno Vv 8-hodinovych intervalech po dobu 48 hod. Soucasné jsou
uvedeny reprezentativni obrazky prahovych hodnot COCs jednotlivych ¢asovych intervalii. Data jsou vztazena k COCs
Ppo 48-hodinové kultivaci (100 %), body ukazuji priiméry 3 nezavislych experimentii = SEM; 20¢9ef odlisné superskripty
znaci statisticky vyznamné rozdily (P < 0,05).
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Obrazek 7) Spektrofotometricka analyza HA.

Analyza HA zadrzend v COCs byla provedena v 8-hodinovych intervalech po dobu 48 hod. Vzorky COCs byly
pripraveny za pouziti digesce SHH v PBS-PVA, pres noc. Absorbance byla mérena pri vinové délce 216 nm a
koncentrace HA (ug/ml) ve vzorcich byla spocitana za vyuziti polynomické kiivky HA standardii, Stépenych za stejnych
podminek. Body ukazuji priiméry 3 nezavislych experimentii = SEM; 2P€ odlisné superskripty znaci statisticky vyznamné
rozdily (P < 0,05).

SHH = hyaluronan lydza ze Streptomyces hyalurolyticus, PBS-PVA = 0,01% polyvinyl alkohol ve fosfiatovém pufiu.

43



Tabulka 1) Meiotické zrani oocyti v pribéhu in vitro kultivace kumulo-oocytarnich koplexi.

Oh 8h 16 h 24 h 32h 40 h 48 h
GV 94.0 96.8 58.7 3.0 1.3 - -
+8.5° +3.9 +11.6° £2.2¢ +1.3¢
LD - 3.2 22.0 1.0 b b b
+£0.9° £6.12 +0.5°
MI - - 15.7 91.0 42.7 29.5 4.0
+5P +3.8° +20.5%0 +15.3 +1.4°
AITI - - - 5.0 19.3 14.9 4.5
+£5.0° +5.0° +7.52 £2.3P
MII - - - - 36.7 49.2 90.5
+20.8° +19.9° +4.28
Dg 6.0 2 3.6 2 2 6.4 1.0
+2.62 +3.32 +5.32 + (.42
pocet 75 200 200 250 150 250 250

GV = zarodecny vacek, LD = pozdni diakineze, MI = metafize I, AI/TI = piechod anafize I | telofize I, MII = metafize

Il. Data jsou vyjadrena jako percentudlni zastoupeni jednotlivych stadii meiozy a predstavuji priméry minimalné tri

nezavisljch experimentii = SEM, *°° odlisnd pismena znadi statisticky vyznamné rozdily (P < 0,05).
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5.2 Testovani vybranych faktora na pribéh kumularni expanze in vitro.

5.2.1 Vliv gasotransmiteru sulfanu na kumularni expanzi prasecich kumulo-

oocytarnich komplexi in vitro.

Cilem experimentu bylo otestovat vliv inhibice endogenni produkce sulfanu na kumularni
expanzi a zrani prasecich oocytt in vitro. COCs byly oSetfeny trojkombinaci inhibitora (3Ci —
kyselina oxamova, DL-propargylglycin a kyselina o-ketoglutarova sulfan) sulfan uvoliujicich
enzymu (CBS, CSE, resp. MPST) a kultivovany po dobu 24 a 48 hodin. Statisticky vyznamné
rozdily v produkci HA byly prokazany po 48 hod. kultivace, kdy doslo u pokusné skupiny
k poklesu produkce HA 0 33,5 %. Rozdily po 24 hod. kultivaci nebyly statisticky vyznamné. Data
jsou shrnuta na Obr. 8.

Soucasné byla provedena kontrola meiotického zrani oocytti po 48 hod. kultivace, pii které
byl pozorovan statisticky vyznamny pokles oocytli schopnych dosdhnout stadia metafaze II,
piechodu anafaze I/ telofaze I i metafaze 1. (viz Tabulka 2).
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Obrazek 8) Efekt trojkombinace inhibitori sulfan uvoliiujicich enzymii na produkci HA

V priubéhu kumularni expanze.

Obsah HA byl méren jako marker kumularni expanze po 24 a 48 hod. kultivace. COCs byly kultivovany v pritomnosti
trojkombinace inhibitori sulfan uvoliujicich enzymii — 2,0 mM Kkyselina oxamova, 2,0 mM DL-propargylglycin a 5,0
mM Kkyselina a-ketoglutarova. Vzorky byly pipraveny za pouziti digesce SHH v PBS-PVA, pres noc pri teploté 39°C
V humidované atmosfére. Absorbance byla mérena pri vinové déllce 216 nm a koncentrace HA (ug/ml) ve vzorcich byla
spocitana za vyuziti polynomické kiivky HA standardii, Stepenych za stejnych podminek. Vysledek byl vyjadien relativné
ke kontrole neosetienych MI a MII oocytii. Sloupce ukazuji priimér 3 nezavislych experimentit = SEM; "superskripty
znadi statisticky vyznamné rozdily (P < 0,05).

SHH = hyaluronan lyaza ze Streptomyces hyalurolyticus, PBS-PVA = 0,01% polyvinyl alkohol ve fosfatovém pufiru
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Tabulka 2) Efekt trojkombinace inhibitora sulfan uvoliiujicich enzymii na meiotické zrani

prasecich oocytii po 48 hod. kultivace in vitro.

kontrola trojkombinace
inhibitoru

GV - -
LD - -
Ml 0,5+ 1,12 20,8+ 5,20¢
AITI 4,8+ 1,92 14,2 + 1,49
MII 94,7 + 1,42 65,0 + 5,09
pocet 120 120

Vysledky meiotického zrani oocytit oSetienych trojkombinaci inhibitorii sulfan uvoliujicich enzymii (2 mM
propargylglycin +2 mM oxamova kys.+ 5 mM ketoglutarova kys.) a kontroly po 48 hod. kultivace. GV = zdarodecny
vacek, LD = pozdni diakineze, MI = metafize I, AI/TI = prechod anafize I/ telofize I, MII = metafize II. Data jsou
vyjadrena jako percentudlni zastoupeni jednotlivych stadii meiozy a predstavuji priméry minimalné tri nezavislych

experimentii £ SEM, ®*¢9 odlisnd pismena znadi statisticky vyznamné rozdily (P < 0,05).

5.2.2 Vliv ¢esnekového derivatu S-allyl cysteinu na kumularni expanzi prasecich

kumulo-oocytarnich komplexi in vitro.

Cilem experimentu bylo otestovat vliv ¢esnekového derivatu S-allyl cysteinu (SAC) na
kumularni expanzi a zrani prasecich oocytu in vitro. Pokusné skupiny COCs byly oSetieny za
pouziti SAC o vyslednych koncentracich 0,1 mM; 0,5 mM a 1,0 mM a nasedn¢ in vitro kultivovany
po dobu 24 a 48 hod. U zadné z pouzitych koncentraci nevykazovala produkce HA statisticky
vyznamné rozdily. Vysledky jsou uvedeny na Obr. 9A.

Soucasné byla provedena kontrola meiotického zrani po 24 a 48 hod. kultivace, kdy rovnéz

nebyly prokazany statisticky vyznamné rozdily u zadné z testovanych koncentraci SAC (viz. Obr.
9B)
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Obrazek 9) Efekt SAC na kumularni expanzi a meiotické zrani prasecich oocytu in vitro.

(A) Efekt SAC na produkci HA v COCs prasete po 24 a 48 hod. kultivace in vitro. COCs byly kultivovany v pritomnosti
SAC o koncentracich 0,1 mM; 0,5 mM a 1,0 mM. Vzorky byly pripraveny za pouziti digesce SHH v PBS-PV A, pres noc
pri teploté 39°C v humidované atmosfére. Absorbance byla mérena pri vinové déllce 216 nm a koncentrace HA (ug/ml)
ve vzorcich byla spocitana za vyuziti polynomické krivky HA standardii, Stépenych za stejnych podminek. Vysledek byl
vyjadren relativné ke kontrole neosetrenych MI a MII oocytii. Sloupce ukazuji primer 3 nezavislych experimentii +
SEM; aL020dlisné superskripty znaci statisticky vyznamné rozdily (P < 0,05).

SHH = hyaluronan lydza ze Streptomyces hyalurolyticus, PBS-PVA = 0,01% polyvinyl alkohol ve fosfatovém pufiu.

(B) Efekt SAC na jaderné zrani prasecich oocytii po 24 a 48 hod. kultivaci in vitro. GV = zdrodecny vdcek, MI =
metafize I, MII = metafaze 1I. Sloupce ukazuji priimér 3 nezavisljch experimentii = SEM; *Y°2odlisné superskripty
znadi statisticky vyznamné rozdily (P < 0,05).

47



5.2.3 Vliv endokrinniho disruptoru Bisfenolu S na kumularni expanzi prasecich

kumulo-oocytarnich komplexii in vitro.

Cilem experimentu bylo otestovat vliv endokrinniho disruptoru Bisfenolu S (BPS) na
kumularni expanzi a zrani prasecich oocytt in vitro. Pokusné skupiny COCs byly oSetieny za
pouziti BPS o vyslednych koncentracich 3,0 nM; 300 nM a 30 uM. COCs byly in vitro kultivovany
po dobu 24 a 48 hod. Statisticky vyznamny nartst vV produkci HA byl zaznamenan u koncentrace
300 nM BPS po 24 i 48 hod. kultivaci in vitro. U ostatnich testovanych koncentraci nebyl rozdil
statisticky vyznamny. Vysledky jsou uvedeny na Obr. 10.

Soucasné byla provedena kontrola meiotického zrani po 24 a 48 hod. kultivace, kdy doslo u
vSech testovanych koncentraci BPS ke statisticky vyznamnému sniZeni poctu oocytl schopnych

dosahnout MI faze po 24 hod. kultivace a MII faze po 48 hod. kultivace (viz. Tab 3 a 4).
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Obrazek 10) Efekt BPS na kumularni expanzi prasec¢ich COCs in vitro.

Efekt BPS na produkci HA v COCs prasete po 24 a 48 hod. kultivace in vitro. COCs byly kultivovany v pritomnosti BPS
o koncentracich 3,0 nM; 300 nM a 30 uM. Vzorky byly pripraveny za pouziti digesce SHH v PBS-PVA, pres noc pri
teplote 39°C v humidované atmosfére. Absorbance byla mérena pri vinové déllce 216 nm a koncentrace HA (ug/ml) ve
vzorcich byla spocitina za vyuziti polynomické kiivky HA standardu, Stépenych za stejnych podminek. Vysledek byl
vyjadren relativné ke kontrole neosetrenych MI a MII oocytii. Sloupce ukazuji primer 3 nezavislych experimentii +
SEM; aL020dlisné superskripty znaci statisticky vyznamné rozdily (P < 0,05).

SHH = hyaluronan lydza ze Streptomyces hyalurolyticus, PBS-PVA = 0,01% polyvinyl alkohol ve fosfiatovém pufiu.
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Tabulka 3) Efekt BPS na meiotické zrani prase€ich oocyti po 24 hod. kultivace in vitro.

kontrola 3nM 300 nM 30 uM
GV 2 -8 14,2 + 0,5 17,5+ 0,5
LD -2 21,7+0,6° 16,7 +0,6° 19,2+0,8°
MI 100 + 0,02 78,3+ 0,6° 69,2 + 0,9° 63,3 + 0,99
AlTI - - - -
MII - - - -
pocet 120 120 120 120

Vysledky meiotického zrdni oocytii oSetienych BPS (3,0 nM; 300 nM a 30 «M) a kontroly po 24 hod. kultivace. GV =
zarodecny vacek, LD = pozdni diakineze, MI = metafaze I, AI/TI = prechod anafize I/ telofaze I, MII = metafaze I1.

Data jsou vyjadrena jako percentudalni zastoupeni jednotlivych stadii meiozy a predstavuji priiméry minimdlné tri

nezavisljch experimentii + SEM, 2>°% odlisna pismena znaci statisticky vyznamné rozdily (P < 0,05).

Tabulka 4) Efekt BPS na meiotické zrani prase€ich oocytii po 48 hod. kultivace in vitro.

kontrola 3nM 300 nM 30 uM
GV - - - -
LD - - - -
MI -8 5,8+0,5° 13,3+ 0,4° 36,7 + 0,49
AlTI -8 2,5+0,5° -2 -2
MII 100 + 0,02 91,7 +0,5° 86,7 £ 0,4° 63,3+ 0,4
podet 120 120 120 120

Vysledky meiotického zrdni oocytii oSetienych BPS (3,0 nM; 300 nM a 30 4M) a kontroly po 48 hod. kultivace. GV =
zarodecny vacek, LD = pozdni diakineze, MI = metafaze I, AI/TI = prechod anafaze 1/ telofize I, MII = metafaze I1.
Data jsou vyjadrena jako percentudalni zastoupeni jednotlivych stadii meiozy a predstavuji priméry minimdlné tri

nezavislych experimentii = SEM, %9 odlisna pismena znaci statisticky vyznamné rozdily (P < 0,05).
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6 Diskuze

Cilem disertacni prace bylo ovétit hypotézu, ze hyaluronova kyselina (HA) je markerem
kumulérni expanze odpovidajici stadiu meiotického zrani a kvalité oocytu. Pro tento ucel byla
vyvinuta metoda analytického stanoveni HA v kumulo-oocytarnich komplexech savci. Metoda je
zalozena na spektrofotometrickém stanoveni koncentrace St€pnych produktd p-eliminace HA,
pfi¢emz byla nésledné ovétena a zavedena do experimentd.

V pokusech zamétujicich se na zavedeni a optimalizaci metody spektrofotometrie byla jako
optimalni média uréena fosfatovy pufr PBS, popi. PBS obohacené o 0,01% PVA, které je z hlediska
manipulace s COCs vyhodné&jsi. Naopak za nevhodna média lze oznacit ptivodni kultivaéni média.
Jejich nevhodnost se odviji od Sirokého spektra nizko- i vysokomolekularnich latek, které absorbuji
svétlo v obdobnych vinovych délkach jako S§tépné produkty HA. Toto sledovani je v souladu
s nam&fenymi absorbcemi pro glukoézu a albumin (Glazer et al., 1963; Albalasmeh et al., 2013),
které v kultivatnim médiu plni ulohu zdroje energie, resp. pfenosu téchto latek. Ke Stépeni
polymeru HA byla pouzita vysoce specifickd rekombinantni lyaza produkovana Streptomyces
hyalurolyticus (SHH; Eppig, 1980; Vanderhyden, 1993), ktera k enzymatické digesci vyuziva
chemické reakce PB-eliminace za vzniku dvojnych vazeb. Pouze dvojné vazby v dimerech a
oligomerech HA vzniklé §tépenim SHH jsou schopné absorpce v UV oblasti (Alkrad et al., 2003).
Naopak, za zcela nevhodnou byla ozna¢ena hyaluronidaza izolovana z bovinnich testis, ktera Stépi
polymer HA hydroliticky, kdy nedochazi k vzniku dvojné vazby (Saitoh et al., 1995). Pouzitim této
hyaluronidazy jako negativni kontroly bylo ovéfeno, ze naméfend absorbce po pouziti lydzy SHH
odpovidala vzniku dvojnych vazeb.

Pti spektrofotometrické analyze St€pnych produkti HA po digesci SHH byly zjistény nizsi
hodnoty absorbance ve srovnani se standardy nestépenych oligomerdi 4 — 6 HA (jednotek
heterodimert). Nestépené oligomery dlouhé 8 — 10 HA opakovani vykazovaly srovnatelné hodnoty
absorbance. Toto pozorovani, podpotené¢ HPLC analyzou (nepublikované data), naznacuje, ze pii
digesci HA polymeru prostfednictvim SHH dochazi k mirnym ztratdm oproti neStépenym
polymerim o délce 4 — 6 HA opakovani. Dal§im vysvétlenim je nizsi efektivita lydzy SHH ve
Stépeni oligomert, kdy vétSina Stépnych produkti zistava v délce 8 — 10 HA. Tyto skute¢nosti maji
za nasledek mirné snizeni detekéniho limitu §tépeného HA polymeru v porovnani se standardy

kratkych oligomert (tj. 4 — 6 HA). Minimalni detekovatelna koncentrace produkti f—eliminace pro
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spektrofotometrii tak byla urCena jako 60 pg/ml HA polymeru, kterda odpovidd hodnoté
absorbance ~0.13.

Soucasti optimalizace metody byla rovnéz optimalizace vinové délky pouzité pro analyzu
produkti HA. Optimalni vinova délka v naSich laboratornich podminkach byla stanovena na
216 nm a nasledné¢ pouzita v dalSich experimentech. Stanovend vinovd délka je srovnatelna
s vinovou délkou pouzivanou v laboratofi partnerského pracovisté (Dr. Pavel Klein, pers. comm.).
V publikovanych studiich jsou pro spektrofotometrické méfeni produkti HA digesce popisovany
nepatrné odlisné vinové délky (Takagaki et al., 1994; Alkrad et al., 2003), coz poukazuje na rozdily
v laboratornich podminkach. Z vyse uvedenych informaci plyne nutnost vzdy vinovou délku
optimalizovat pro piislusné laboratorni podminky a pouzity pfistroj.

Cilem dalsiho experimentu bylo ovéfit, zda je HA v kumulo-oocytarnim komplexu (COCs)
prasete vySe popsanou metodou méfitelna a pouzitelna jako spolehlivy ukazatel kumulérni expanze.
Pro tento ucel byly pouzity vzorky s riznym poctem COCs, které byly 3x oplachnuty v PBS-PVA.
Timto experimentem byla prokazana zavislost koncentrace HA na mnozstvi COCs, kdy HA
zadrzena v COCs byla signifikantné zvySena ve vzrorcich obsahujicich 50 COCs. Ackoliv mezi
vzorky obsahujicimi 15 a 25 COCs nebyly v obsahu HA pozorovany statisticky vyznamné rozdily,
vzorky s 25 COCs poskytuji piesnéjsi analyzu s ohledem na variabilitu COCs. Uvedené vysledky
dokazuji, ze pouzita metoda je schopné analyzovat nejen chemicky ¢isty produkt HA, ale rovnéz
HA izolovanou z biologické matrice, kterou je v tomto experimentu prase¢i COCs, piipravené v jiz
diive  ovéfeném pufru PBS-PVA. Vysledek experimentu  dokazal, ze produkty
spektrofotometrického méteni po digesci HA odpovidaji produktiim B-eliminace, které v realnych
vzorcich COCs odréazeji obsah HA.

V nasich experimentech byla porovnavana HA analyza sbézné pouzivanymi metodami
hodnoceni kumularni expanze — subjektivni klasifikaci COCs (podle Vanderhyden et al., 1990) a
meéfenim plochy expandovaného kumulu (podle Daen et al., 1990). Jako nejvice konzistentni se jevi
metoda méfeni plochy expandovaného kumulu. Na druhou stranu tato neinvazivni jednoducha
metoda neni schopna postihnout trojrozmérnou strukturu expandovaného kumulu, ktera mize byt
v prubéhu in vitro kultivace ovlivnéna fadou sloucenin a celkovymi kultivaénimi podminkami.

Trojrozmérnou strukturu COCs respektuji metody zalozené na méfeni komponent
expandovaného kumulu, ¢asto nejhojné€ji zastoupenou HA. Pro tento ucel byla navrzena metoda
radioaktivniho znaceni prekurzora HA syntézy (Eppig, 1979), v prabéhu které jsou do kultivaéniho
média aplikovany prekurzory HA oznaéené radioizotopem, nejéastéji [*H]glukosaminem. Po
probé&hlé kumularni expanzi je obsah HA kvantifikovan pomoci radioaktivniho signalu emitovaného

prekurzory HA. Metoda analytického stanoveni HA prostfednictvim spektrofotometrie spojuje

51



vyhody metod zalozenych na méfeni obsahu GAGs, ¢ili objektivni hodnoceni kumularni expanze,
které je schopno postihnout 3D strukturu expandovaného kumulu. Soucasné odstranuje jejich hlavni
nevyhody, které spocCivaji zejména v praci s radioaktivnim materidlem. Oproti radioizotopovym
metodam je analytické méfeni HA zaloZeno na realné produkci HA, bez ptidavku radioizotopove
oznacenych prekurzori HA syntézy na zacatku in vitro kultivace. Diky absenci radioizotopu je
spektrofotometricka analyza rovnéz dostupné;jsi.

Kvalita kumuldrni expanze ovliviiuje meiotické zrani oocytu a jeho vyvojovou kompetenci
(Qian et al., 2003; Feuerstein et al., 2012; Bergandi et al., 2014). Soucasné kumularni expanze
fyziologicky odrazi stadium meiotického zrani oocytu (Prochazka et al., 1998; Dragovic et al.,
2005). V souladu s témito doposud publikovanymi poznatky jsou i nase vysledky, pii kterych bylo
znovuzahajeni meidzy detekovano piiblizné po 16 hod. in vitro kultivace, kdy je rovnéz zapocata
kumularni expanze. Toto pozorovani je v souladu s pracemi, které popisuji vyznam kumularni
expanze pro zahajeni meidzy oocytu (Dekel et al., 1981; Chen et al., 1990), stejn¢ jako efekt
CEEFs na intenzitu kumularni expanze (Nakayama et al., 1996).

HA samotna ma funkci signalni molekuly a ligandu, ktera se vaze na receptory ze skupiny
HABPs. Do HABPs se tfadi napf. receptor CD44, ktery se po vazbé HA ucastni regulace prib¢hu
meiotického zrani (Kimura et al., 2002; Yokoo et al., 2007). Po iniciaci kumularni expanze
gonadotropinem nebo ristovym faktorem muize byt HA produkce zapojena v pozd¢j$Sim meiotickém
zrani (Abeydeera et al., 1998). V ptipadé nedostate¢né interakce HA a CD44 v pribéhu in vitro
kultivace dochazi ke snizeni uspé&$nosti in vitro zrani, oplozeni i ¢asného embryonalniho vyvoje
(Yokoo et al., 2007). U zab rodu Xenopus se HA vaze na iontové kanaly v oocytech a podili se na
regulaci membranového potencidlu prostfednictvim toku iontd (Fraser, 1997). Na zaklad¢ vyctu
funkci HA je zifejmé, Ze molekula HA pifedstavuje vhodny marker kvality kumuldrni expanze i
meiotického zrani oocytu in vitro.

Po vyvoji a ovéfeni spektrofotometrické metody analyzy Stépnych produkti HA byla
metoda zavedena do experimentt, studujicich signalni molekuly gasotrasmitert, latky s potencialné
pozitivnim ucinkem stejné jako polutanty ohroZzujici kvalitu COCs a oocyti.

Jakozto latka s potencialné pozitivnim ucinkem byl testovan gasotransmiter sulfan, u
kterého lze predpokladat zapojeni do regulace bunécného cyklu v pribéhu meiotického zrani oocytu
a rustu kumulu, které bylo popsano u somatickych bunék (Njie-Mbye et al., 2012), s pfihlédnutim
K poznatku, ze v granuldoznich a kumularnich bunkach byla detekovana exprese sulfan
produkujiciho enzymu CBS (Liang et al., 2006; Liang et al., 2007).

V naSich experimentech byl v pfipad¢ inhibice endogenni produkce sulfanu pozorovan

statisticky vyznamny pokles v produkci HA o 33,5 %. Soucasné byl pozorovan statisticky
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vyznamny pokles poctu oocytl schopnych dosdhnout stddia metafaze II, pfechodu anafaze I /

telofaze 1 i metafaze I po 48 hod. kultivace. Je zndmo, ze meiotické zrdni mlze byt urychleno

MAPK spole¢né se zrychlenym in vitro zranim oocytd po aplikaci donoru H2S byla popsana na
praseCich oocytech (Nevoral et al., 2014). Doposud nebyl prokazan piimy efekt H.S na MPF a
MAPK a ptesny mechanizmus G¢inku H2S na MPF a MAPK neni znam. Bylo popsano, ze H2S
ovlivituje fadu faktorti prostiednictvim jejich p¥imé sulthydratace (Mustafa et al., 2009). Lze
predpokladat, ze H>S plisobi na MPF a MAPK nepfimo prostiednictvim jinych molekul, napf.
iontovych kanalt (Tang et al., 2010) nebo nadtfazenych kinaz (Hu et al., 2008; Huang et al., 2010),
a ze Sulthydratace téchto proteinii miize nasledn¢ ovliviiovat meiotické zrani oocytu. U somatickych
bunk byl popsan stimulaéni efekt HoS na signalni drahy cAMP/PKA (Njie-Mbye et al., 2012) a
PI3K/Akt (Huang et al., 2010), o kterych je znamo, ze Se rovnéz ucastni regulace zrani oocytu
(Wassarman, 1988; Kalous et al., 2009).

Dale byl testovan ¢esnekovy derivat S-allyl cystein (SAC). Cesnekové derivaty jsou znamy
svymi antioxida¢nimi u¢inky na zivoc¢isné bunky (Banerjee et al., 2001), ve kterych vychytavaji
volné radikaly (Prasad et al., 1996). Mechanizmus piasobeni ¢esnekovych derivata spociva
pravdépodobné v jejich zapojeni do signalnich kaskad produkce sulfanu. V experimentech
provedenych na somatickych bunikach bylo prokéazéano, Ze Cesnekové derivaty stimuluji aktivitu
sulfan produkujicich enzym a tim produkci H2S, ktery nasledné¢ plsobi antioxidacné a
antiapoptoticky (Louis et al., 2012; Tsai et al., 2015; Chen et al., 2016). V naSich experimentech
nebyl prokazan statisticky vyznamny rozdil v obsahu HA v COCs ani v meiotickém zrani oocytd po
osetieni SAC. Dvorakova et al. (2016) rovnéz popisuje, Zze SAC neovliviiuje MFP ani MAPK.

Vyse uvedené vysledky naznacuji, Ze stanoveni HA produkce muize byt Gispé€$né pouZito
jako marker in vitro zrani oocyti. Odlisna situace byla zjisténa u testovani ucinku BPS na
kumularni expanzi a in vitro zrani praseCich oocytd. V piipadé in vitro zrani doslo u vsech
testovanych koncentraci BPS ke statisticky vyznamnému sniZeni poctu oocytii schopnych
dosdhnout MI faze po 24 hod. kultivace a MII faze po 48 hod. kultivace. Naopak Vv piipadé
hodnoceni kumuléarni expanze vysledky prokazaly, ze BPS je schopen zvysit mnozZstvi zadrzené HA
v COCs. Tento efekt byl pozorovan po 24 i 48 hodinové kultivaci in vitro v koncentraci 300 nM
BPS. Je znamo, Ze BPS je schopen v organizmu napodobovat u¢inky estrogentt (Michalowicz et al.,
2015). V ptipadé mysich oocytli bylo popsano, ze 17B—estradiol je zodpovédny za adekvatni
expanzi kumulu a rovnéz expresi normalni hladiny mRNA pro hyaluronan-syntetizujici enzym
HAS?2 in vitro (Sugiura et al., 2010). Lze tedy ptedpokladat, ze prostifednictvim estrogenniho efektu

BPS dochézi ke stimulaci hyaluronan-syntetizujicich enzymu a tim ke stimulaci produkce HA.
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Z dostupnych informaci odborné literatury mizeme nase vysledky porovnat s BPA, ktery
ma rovnéZ negativni dopad na in vitro zrani oocyti (Can et al., 2005, Wang et al., 2016). BPA je
také schopny ménit mnozstvi HA a vyvolavat naopak pokles zadrzen¢é HA v prasecich COCs
(Mlynaré¢ikova et al., 2009) a potlacit kumularni expanzi v prase¢ich COCs (Wang et al., 2016).
Odlisny efekt BPS lze vysvétlit rozdilnym mechanismem ptisobeni BPS v kumulérnich bunikach.

Nase experimenty prokézaly, ze spektrofotometricka metoda stanoveni Stépnych produkti
HA prostfednictvim P—eliminace je vhodna pro hodnoceni expanze prase¢ich COCs, kterd
Vv realnych vzorcich odrazi skute¢ny obsah HA. Detekéni limit metody je stanoven na koncentraci
60 pg/ml HA polymeru, odpovidajici hodnoté absorbance ~0.13. Na zdkladé naSich zkuSenosti
doporucujeme pied méfenim redlnych vzorkli metodu optimalizovat prométenim koncentracni fady
HA standardu v UV spektru pro zjisténi optimalni vinové délky, ktera se v zavislosti na ptislusnych
laboratornich podminkach mutize lisit.

Alternativni metodou spektrofotometrického stanoveni zadrzené HA v COCs by se mohla
stat HPLC analyza, diky které¢ bychom mohli dosahnout vyssi citlivosti detekce HA oligomert.
Soucasné by tato metoda mohla vyuzit SirSiho spektra enzymi §tépicich HA polymer, jelikoz neni
vazana na detekci dvojnych vazeb. Do budoucna by bylo rovnéz vhodné zaméfit experimenty na

vyvoj metody, kterd by zajistila analyzu HA uvolnéné do kultivacniho média.
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7 7aver

Kumulérni expanze kumulo-oocytarniho komplexu a meiotické zrani oocytu ptedstavuji
klicové procesy pro oblast reprodukénich biotechnologii. V prubéhu meiotického zrani oocytu
dochazi ke kumularni expanzi, kdy je prostfednictvim kumuldrnich buné¢k produkovana
extracelularni matrix bohata na hyaluronovu kyselinu (HA).

Doposud pouzivané metody hodnoceni kumularni expanze skytaji fadu uskali, ktera plynou
Z jejich nepiesnosti (v piipadé vizualnich metod) ¢i v naro¢nosti na jejich dostupnost (v ptipadé
metod radioizotopovych a imunologickych). Nové metody, které by umoznily detailnéjsi a
dostupngj$i studium téchto procesti, najdou uplatnéni jak v zdkladnim védeckém vyzkumu, tak
v odborné praxi. Byla stanovena hypotéza, ze analytické stanoveni hyaluronové kyseliny pomoci
meéfeni produktt B-eliminace v in vitro kultivovanych COCs muze slouzit jako marker kumularni
expanze, odpovidajici stadiu meiotického zrani oocytu.

Na zaklad¢ optimalizacnich experimenti a ovéfeni detekce produkti [B-eliminace byla
zavedena spektrofotometrickda metoda stanoveni HA, kterd byla nasledné porovnana s vizudlnimi
metodami hodnoceni kumularni expanze. Bylo zjiSténo, ze metoda spektorofotometrického
stanoveni HA v COCs odrazi skute¢ny obsah HA v redlnych vzorcich COCs, mize slouzit jako
marker meiotického zrani oocytil a pfedstavuje vhodnou metodu pro hodnoceni kumulédrni expanze
prasec¢ich COCs in vitro.

V prub¢hu testovani vlivu vybranych faktori na kumuldrni expanzi prase¢ich COCs
spektrofotometrickou metodou bylo zjisténo, ze gasotransmiter sulfan je zapojen jak v procesu
meiotického zrani, tak kumuldrni expanze in vitro. Inhibice endogenni produkce sulfanu snizuje
kumularni expanzi a rovnéz zpomaluje in vitro zrani oocyti. Naopak cesnekovy derivat S-allyl
cystein nema na kumularni expanzi ani na in vitro zrani oocytt vliv. V pfipadé endokrinniho
disruptoru BPS doslo k inhibici meiotického zrani oocytu a zaroven ke zvySeni mnozstvi HA v
prib&hu kumularni expanze. Lze piedpokladat, Ze v tomto piipadé se uplatnila estrogenni aktivita
BPS, ktera vedla ke stimulaci hyaluronan-syntetizujich enzymu a nésledné k navysSeni mnozstvi HA
v COCs.

Vysledky prace ukazuji, ze spektrofotometrickd metoda stanoveni produkti B-eliminace

predstavuje presnou a vhodnou metodu pro hodnoceni kumularni expanze, kterd nabizi vyuziti
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nejen pro zakladni védecky vyzkum, ale také praktické vyuziti pro Slechténi a asistovanou

reprodukei, kde zajisti kvalitativni selekci oocytil pro biotechnologické postupy.
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ABSTRACT: The cumulus expansion of cumulus-oocyte complex (COC) is an essential regulating process
of oocyte maturation and as such it is a possible biomarker of the in vitro maturing oocytes quality. Cumulus
expansion is usually assessed by non-invasive methods based on visual evaluation with many inaccuracies. On
the other hand, analytical measurement of the quantity of hyaluronic acid (HA), the most abundant compound
of expanded cumuli, is one of possible methods to evaluate cumulus expansion precisely. Therefore, this study
aimed to verify the applicability of HA analysis for evaluating the cumulus expansion and testing oocyte matu-
ration. The COCs were cultured in modified M199 medium for 8—48 h. The samples for the HA analysis were
prepared on an 8-hour time scale, and HA retained in COCs was measured using a spectrophotometric method
adapted for this purpose. We observed an increasing quantity of HA during the in vitro cultivation. A compari-
son with expanded COCs’ classification or expansion area proved the proposed method of HA analysis suitable
for the evaluation of cumulus expansion in vitro. Our findings consider the quantity of HA-expressed cumulus
expansion to be a valuable marker of COC quality enabling an adequate oocyte meiotic stage estimation.

Keywords: oocyte; meiotic maturation; cumulus expansion; glycosaminoglycans; spectrophotometry

INTRODUCTION

cumulus cells, called cumulus expansion, takes
place simultaneously. Therefore, cumulus expan-

A sufficient number of successfully in vitro ma-
tured oocytes, enclosed in cumulus cells and creat-
ing a cumulus-oocyte complex (COC), is key for
advances in assisted reproduction. While oocyte
maturation occurs, mucification of surrounding

sion is a significant regulating process of oocyte
maturation (summarized in Nevoral et al. 2014).

Gonadotropins and growth factors stimulate
cumulus expansion, as well as cumulus expan-
sion enabling factors (CEEFs) incoming from the
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oocyte (Dekel et al. 1979; Prochazka et al. 1998,
2011; Nemcova et al. 2007; Huang and Wells 2010).
Cumulus expansion consists of the enlargement
of the extracellular matrix based on glycosami-
noglycan synthesis, in particular hyaluronic acid
(HA) (Nakayama et al. 1996). Cumulus expansion
results in the disruption of cumulus cells—oocyte
cross-talk and in the suppression of the effect of
meiosis inhibiting factors (Yokoo et al. 2007, 2010).

Cumulus expansion intensity and the expression
of cumulus expansion markers positively correlate
with successful oocyte in vitro maturation and sub-
sequent embryonic development (Qian et al. 2003;
Flechon et al. 2003; Assou et al. 2010; Davachi et
al. 2012). It has been shown that the expression of
genes associated with cumulus expansion (HAS2,
PTGS2, TNFAIP6, PTX3) is a marker of adequate
cumulus expansion and thus oocyte quality and
its developmental competence (McKenzie et al.
2004; Zhang et al. 2005; Assidi et al. 2010; Yuan
et al. 2011). However, simple and less difficult
approaches to oocyte quality estimation are more
appropriate. As such, general cumulus expansion
intensity can be used as the biomarker for the
aforementioned changes.

Visual evaluation of expanded COCs (Fagbo-
hun and Downs 1990; Vanderhyden et al. 1990)
or their area measurement (Daen et al. 1994) are
still used for the evaluation of cumulus expansion
(Appeltant et al. 2015; Kubo et al. 2015; Machado
et al. 2015). Nevertheless, these methods do not
affect the three-dimensional structure of expanded
cumuli and cannot uncover differences in HA syn-
thesis after COC treatment. Therefore, the use of
radioisotope-labelled HA precursors (Eppig 1980)
or analytical assessment of HA by hyaluronidase-
induced B-elimination (Volpi 2000) enable to utilize
the mentioned advantages. Spectrophotometric
analysis of f-eliminated HA measurable at 232 nm
(Yosizawa et al. 1983), in particular, offers a simple
approach for HA-predicted evaluation of expanded
cumuli. Surprisingly, analytical methods of HA
analysis are not being used, although more precise
results of cumulus expansion can be determined
in this way. Based on best knowledge, we hypoth-
esized that introducing the HA analysis of in vitro
cultured COCs can serve as a predictable marker
of cumulus expansion and the corresponding stage
of oocyte maturation.

Our results indicate that the spectrophotometric
HA analysis is a possible method for the evalu-
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ation of cumulus expansion expressed by HA in
COCs. The use of a simple analytical method of
HA measurement comes out as a suitable tool for
oocyte quality prediction by cumulus expansion.

MATERIAL AND METHODS

Chemicals. Unless otherwise stated, all chemicals
used for the analytical analysis of HA were pur-
chased from Sigma-Aldrich Co. (St. Louis, USA):
phosphate buffered saline, pH 7.4 (PBS; P5368),
polyvinyl alcohol (PVA; 341584), hyaluronic acid
sodium salt (49775), hyaluronidase from Strepto-
myces hyalurolyticus (SHH, H1136), and bovine
testicular hyaluronidase (BTH, H3506).

Analysis of HA by spectrophotometry and High-
Performance Liquid Chromatography (HPLC). To
determine the HA content, the HA polymer was
enzymatically digested by specific hyaluronidase
from Streptomyces hyalurolyticus (hyaluronan lyase,
SHH) (Vanderhyden 1993) with the ability to create
p-elimination products. In this reaction, the HA
polymer was enzymatically digested to the dimers
(HA2) and HA oligomers, creating double bonds.
Concurrently, standards of HA tetramers (HA4), hex-
amers (HA6), octamers (HAS), and decamers (HA10),
overall named HA oligomers, were analyzed. These
HA oligomers were detected by spectrophotomet-
ric measurement in an ultraviolet (UV) absorption
spectrum. The solutions were spectrophotometrically
measured in Einmalkiivetten cuvettes (UV-Kivette
mikro, 7592 00, Plastibrand) using Spectronic Helios
Gamma UV-Vis spectrophotometer (Thermo Fisher
Scientific, Waltham, USA) at 190-280 nm against
blank consisting of HA-free adequate enzyme-me-
dium solution.

HPLC was performed simultaneously. The HPLC
analysis was performed using an UltiMate 3000
system (Thermo Fisher Scientific) equipped with
an autosampler (10°C), column oven (35°C), and
PDA detector, monitoring at wavelengths 210 and
235 nm for detection of unsaturated and saturated
bonds, respectively, where they show the highest
absorption (Dr. M. Hermannov4, pers. comm.).
The injection volume was 25 ul, mobile phase
flow 1.5 ml/min, total run time 40 min. Analyte
separation was achieved on a Shodex anion ex-
change column IEC QA-825 (Shodex, Munich,
Germany) using gradient elution. The mobile
phase consisted of (a) 0.02M sodium chloride
in water, and (b) 0.25M sodium chloride in wa-
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ter. The gradient was as follows: 0 min — 100% A,
25 min — 24% A, 26-32 min — 100% B, re-equili-
bration 33—40 min — 100% A. A polynomic eight-
point calibration curve (from 7 to 1000 pl/ml)
for both approaches was used.

Invitro cultivation of COCs and evaluation of
oocyte maturation. Porcine ovaries were obtained
from non-cycling gilts at the local slaughterhouse
(Jatky Plzen a.s., Czech Republic) and kept at 39°C
until arrival at the laboratory. Cumulus-oocyte com-
plexes (COCs) were collected from ovarian follicles
with a diameter of 2—-5 mm by a 20-gauge aspirating
needle. Only fully grown oocytes with intact cyto-
plasm surrounded by compact cumuli were used in
further experiments. The COCs were matured in a
modified M199 medium (Sigma-Aldrich) supple-
mented with 32.5mM sodium bicarbonate, 2.75mM
calcium L-lactate, 0.025 mg/ml gentamicin, 6.3mM
HEPES, 13.51UeCG: 6.6 IU hCG/ml (P.G. 600; In-
tervet International B.V,, Boxmeer, the Netherlands)
and 5% (v/v) foetal bovine serum (Sigma-Aldrich).
The COCs were matured for 0—48 h in 4-well Petri
dishes (Nunc, Thermo Fisher Scientific) containing
1.0 ml of culture medium, at 39°C in a mixture of
5.0% CO, in air.

At the end of culture, oocytes were denuded by
repeated pipetting as described below and mounted
on microscope slides with vaseline, covered with a
cover glass, and fixed in ethanol acetic acid (3:1,
v/v) for at least 48 h. The oocytes were stained
with 1.0 % orcein in 50 % aqueous-acetic acid and
their meiotic stage was examined under a phase
contrast microscope. Five groups of meiotic matu-
ration stages were determined in accordance with
the criteria published by Motlik and Fulka (1976):
GV - germinal vesicle, LD — late diakinesis, MI
— metaphase I, AITI — anaphase I to telophase I
transition, MII — metaphase II.

Classification of expanded cumuli. Cumulus
expansion was visually assessed using a subjective
scoring system (Vanderhyden et al. 1990). Scores
0 to +4 were attributed to increasing degrees of
expansion. Score 0 indicated no observable ex-
pansion, +1 minimal observable expansion, +2
extended expansion to several layers, +3 com-
plete expansion excluding corona radiata, and +4
indicated complete expansion including corona
radiata. The data were expressed as percentage
portion of COC population.

Area measurement of COCs. For the area mea-
surement, the approach by Daen et al. (1994) was

used with slight modifications. In brief, images
of the same 25x COCs (25 COCs in group) were
prepared using a monochromatic CCD camera
ProgRes CT1 (Jenoptik, Jena, Germany) with NIS
Elements software (Laboratory Imaging s.r.o.,
Prague, Czech Republic) on an 8 h time scale. The
image analysis based on thresholding and area
measurement of 25x COCs including oocyte areas
was performed. The data were expressed relative
to COCs after 48 h of cultivation.

Expanded cumuli isolation and HA extrac-
tion. Groups of 25x COCs were cultured in 1 ml
M199 culture medium under the above described
conditions, at intervals from 0 to 48 h. At the end
of the culture period, the COCs were washed four
times in 500 pul PBS-PVA with their gentle trans-
ferral, and oocytes were mechanically removed
by repeated pipetting during the last wash. To
determine the HA retained in the expanded cumuli,
the expanded cumuli were transferred into an Ep-
pendorf tube in 500 pl of PBS-PVA and enzymati-
cally digested by SHH (2 IU/ml; Sigma-Aldrich) at
39°C overnight. Samples of HA isolated from the
COCs were stored at —20°C until measurement.
After spectrophotometric analysis, the synthesis
of HA was expressed as HA concentration (pg/ml)
in the solution obtained.

Statistical analysis. All the experiments were
repeated at least three times. Data were analyzed
using the General Linear Models (GLM) procedure
of SAS software (Statistical Analysis System, Version
9.3, 2012). Significant differences between groups
with equal and diverse numbers of repetition were
determined using the ¢-test and Sheffé’s test, respec-
tively. The level of significance was set at P < 0.05.

Experimental design

Testing of enzymes with hyaluronidase activity
and spectrophotometry optimization. The aim of
this experiment was to evaluate the most suitable
combination of HA-digesting enzyme and incu-
bation medium. An assessment of spectropho-
tometric measurement wavelength for maximal
absorbance yield was performed. Two enzymes
creating heterodimers and oligomers from HA
polymer in different ways (with or without in-
volvement of water molecules) in various media
were used: (a) non-hydrolytic hyaluronan lyase
SHH with p-elimination activity as an enzyme
specifically degrading HA (Vanderhyden 1993),
with unsaturated bound creation absorbing light
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ina UV absorption spectrum at 232 nm (Yosizawa
et al. 1983); (b) concurrently, bovine testicular
hyaluronidase (BTH), hydrolytic enzyme creat-
ing saturated heterodimer bounds non-absorbing
ultraviolet (UV) light (negative control). The pres-
ence of HA-degrading products was proved by
HPLC. The optimization of spectrophotometry,
focused on wavelength finding with maximal yield
absorbance, was simultaneously performed.

Verification of measurement of 3-elimination
products. The aim of this experiment was to prove
the absorbance of standards of HA oligomers
(HA4-HA10) without enzyme digestion. Concur-
rently, HA polymer with and without SHH (SHH*
and SHH™, respectively) digestion was measured
for spectrophotometry specificity to f-elimination
products. The absorbance was spectrophotometri-
cally measured at 216 nm.

Verification of HA content according to COC
abundance. The aim of this experiment was to

A
(A) 104 W 2,5 pg/ml

M 25 pg/ml
O 250 pg/ml

0.8 q

Absorbance

PBS PBS-PVA M199 M199 RP-
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0.2 | «

0.0 4

a a1l a2 1 ap
-0.2 J
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verify HA content in dependence on COC num-
ber in the 15x, 25x or 50x COCs per sample,
prepared after 48 h of in vitro cultivation, and
to substantiate the specificity of HA analysis to
COC abundance-derived production of HA. The
HA was spectrophotometrically analyzed at the
above optimized wavelength. Simultaneously, an
evaluation of oocyte maturation was performed.

Comparison of the cumulus expansion evalua-
tion methods. The aim of the last experiment was
to compare the results of visual and analytical
methods of cumulus expansion evaluation. Three
methods for cumulus expansion assessment were
tested on the same population of 25x COCs: visual
evaluation of expanded COCs (Vanderhyden 1993),
area measurement of COCs (Daen et al. 1994) and,
finally, spectrophotometrical HA analysis. For this
experiment, the COCs were tested on an 8-h time
scale for 48 h. Results from oocyte maturation
were simultaneously collected.

Figure 1. Presence of digested hyaluronic acid (HA) products by hyaluronan lyase from Streptomyces hyalurolyticus
(SHH) (A, B) and bovine testicular hyaluronidase (BTH) (C, D). Comparison of different enzyme—medium combina-
tions for HA digestion and spectrophotometric measurement (wavelength 232 nm). SHH with B-elimination activ-
ity (A) and hydrolytically digested BTH (C) were used. Data were verified using HPLC (210 and 235 nm wavelength
for detecting unsaturated and saturated bounds, respectively), all solutions were diluted in PBS and representative
chromatograms are shown (B, D)

bars show the means of three independent experiments + SEM

GLM procedure followed by ¢-test was performed and different letters indicate significant differences (P < 0.05)

PBS = phosphate buffered solution, PBS-PVA = 0.01 % polyvinyl alcohol in phosphate buffered solution, M199 = M199
culture medium, M199 RP~ = M199 without red phenol
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RESULTS

Testing of enzymes with hyaluronidase activ-
ity in different media and spectrophotometry
optimization. The aim of this experiment was to
assess the optimal medium for hyaluronan lyase
(SHH) digestion and optimal wavelength for spec-
trophotometric analysis with maximum absorb-
ance. Based on our results, SHH in PBS has been
defined as an optimal combination for real sample
preparation. Moreover, PVA addition, necessary
for COC manipulation, offers comparable results
to SHH-PBS usage. The M199 and M199 without
red phenol (M199 RP™) culture media manifested
unsuitable conditions for SHH digestion and spec-
trophotometry analysis, where absorbance values
were significantly lower (Figure 1A). At the same
time, BTH usage, with presumed no detection
of B-elimination products in UV light, was veri-
fied and no detectable absorbance was measured
(Figure 1C). The detection of HA dimers and HA
oligomers, regardless of f-elimination enzyme
ability, was revealed by retention time by HPLC
(Figure 1B, D). A wavelength of 232 nm in the
ultraviolet spectrum was used. Thereafter, the
SHH-PBS was selected for standard preparation
and a 190-280 nm wavelength was used for optimal
wavelength evaluation. The highest absorbance
was measured at 216 nm in all the HA standards
used (Figure 2), and this wavelength was used in
subsequent experiments. The detection limit of
spectrophotometry was checked concurrently,
and absorbance equalling ~0.13 (i.e. 60 pg/ml HA

0.65

0.55

045

0.35

Absorbance

0.25

Wavelength (nm)

Figure 2. Wavelength optimization of spectrophotometric
measurement. The 7-1000 pg/ml HA standard solutions
were digested by SHH in PBS and f-elimination products
were measured in wavelength range 190-270 nm

HA = hyaluronic acid, SHH = hyaluronan lyase from Strep-
tomyces hyalurolyticus, PBS = phosphate buffered solution

polymer) was established as the minimal detect-
able concentration of f-elimination products for
spectrophotometry (Figure 2).

Measurement of standard solutions of HA
polymer and its oligomers. The standards of HA
oligomers (4HA-10HA containing 2-5 glucuronic
acid-glycosaminoglycan heterodimers, respec-
tively) were used for verification of the spectro-
photometry analysis of digested HA polymer. The
present data support previous SHH-digested HA
polymer measurements as the result of the pres-
ence of HA-digesting products of B-elimination
with a comparable absorbance response (Figure 3).
Absorbance of non-digested HA polymer was

Table 1. Meiotic maturation of oocytes during iz vitro cultivation of cumulus-oocyte complexes

0Oh 8h 16 h 24 h 32h 40 h 48 h
GV 94.0 + 8.5  96.8 + 3.9 587+ 11.6> 3.0 +2.2° 1.3 +1.3¢ —¢ —c
LD -b 3.2 +0.9° 22.0 + 6.1° 1.0 + 0.5 -b -b -b
MI _b —b 15.7 + 5° 91.0 +3.80 427 +20.5 295+153> 4.0+ 1.4°
Al/TI - —c - 50+50° 19.3+5.0° 14.9 + 7.5% 4.5 +23b
MII ¢ —c - ¢ 36.7 +20.8"  49.2+19.9" 90.5+4.2°
Degenerated 6.0 £ 2.6 = 3.6 +3.3° = = 6.4 +5.3% 1.0 + 0.4%
n 75 200 200 250 150 250 250

GV = germinal vesicle oocytes, LD = late diakinesis oocytes, MI = metaphase I oocytes, AI/TI = anaphase I or telophase I

oocytes, MII = metaphase II oocytes

data are expressed as a percentage proportion of meiotic stages and show the means of at least three independent experi-

ments + SEM

GLM procedure followed by Sheffé’s test was performed and different letters indicate significant differences in the same

stage of meiotic maturation, i.e. in rows (P < 0.05)
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Figure 3. Measurement of standards of undigested hyaluronic acid (HA) oligomers — 4HA (A), 6HA (B), 8HA (C),
and 10HA (D). The basal undigested HA polymer absorbance was measured (SHH™) and compared with SHH* diges-
tion (E). Standard solutions were diluted in PBS and spectrophotometrically measured at 216 nm wavelength

also revealed and weak absorbance was detected.
Therefore, approximately 500 ug/ml undigested HA
revealed an absorbance value equal to 60 pg/ml of
SHH-digested HA polymer (Figure 3E). The stan-
dards of 4AHA—-10HA showed approximately twice
as high a detection limit compared to 3-elimination
products of HA polymer with equal absorbance
values (Figure 3A-D).

COC abundance-derived HA content in a sam-
ple. The aim of this experiment was to show that
HA content is an applicable marker for evaluating
cumulus expansion. Therefore, populations of 15x,
25x or 50x COCs were washed and digested for
measuring HA retained in COCs after a 48-h in
vitro cultivation. No significant difference was
revealed in HA between the 15x and 25x COCs
samples and a significant increase was found in
the 50x COCs sample, where HA content showed
an almost four-times higher HA sample concen-
tration (213.58 + 82.15 vs 854.83 + 113.47 pg/ml
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for 25x and 50x COCs sample, respectively). The
data are summarized in Figure 4.

Comparison of expanded cumulus evalua-
tion during COC in vitro cultivation. Three
different methods of expanded cumulus evalu-
ation were tested: (1) classification of expand-
ed cumuli, (2) area measurement of COCs, and
(3) HA analysis. All the methods used showed
an increasing trend during in vitro cultivation of
COCs (Figures 5-7). Cumulus classification and
area measurement showed 16 h as the first time
point with a significant increase of visible expan-
sion and area enlargement, respectively (Figures 5
and 6). On the other hand, no differences were
detected in HA content and no significant increase
was measured between 16 and 24 h (Figure 7). A
further significant increase in HA production was
observed at 40—-48 h, while cumulus classification
and area measurement differences were not seen.
At the same time, evaluation of oocyte maturation
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Figure 4. Verification of hyaluronic acid (HA) content
depending on cumulus-oocyte complexes (COCs) abun-
dance after a 48-h in vitro cultivation. Samples from
COCs were prepared using SHH digestion in PBS-PVA
overnight. Absorbance measured at 216 nm wavelength
and HA concentration (ug/ml) in samples was calculated
using polynomic curves of HA standards digested under
equal conditions

bars show the means of three independent experiments + SEM
GLM procedure followed by ¢-test was performed and differ-
ent letters indicate significant differences (P < 0.05)

SHH = hyaluronan lyase from Streptomyces hyalurolyticus,
PBS-PVA = 0.01 % polyvinyl alcohol in phosphate buffered

solution

was verified and the standard course of meiotic
maturation was observed (Table 1).

DISCUSSION

An adequate cumulus expansion is essential
for successful oocyte maturation. As such, the
intensity of cumuli expansion is a biomarker for
oocyte quality prediction, key for subsequent
in vitro fertilization efficiency. Some subjective
non-invasive approaches have been used for this
purpose (Vanderhyden et al. 1990; Daen et al. 1994).
However, some disadvantages (e.g. subjectivity
in evaluation, three-dimensional structure non-
recognition, inability to indicate cumulus quality)
make these methods less attractive. Therefore, a
more precise method for the exact study of cumulus
expansion and for oocyte quality estimation would
be suitable. Analytical measurement of HA, the
most abundant compound of expanded cumulus,
offers a tool for the objective quantification of
cumulus expansion.

In accordance with previous studies (Salustri et
al. 1989, 1995; Nakayama et al. 1996), our results
indicate that HA, as an abundant compound of
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Figure 5. Visual evaluation of expanded cumulus-oocyte complexes (COCs) on an 8-h time scale for 48 h (score 0 = no

observable expansion, +1 = minimal observable expansion, +2 = extended expansion to several layers, +3 = complete

expansion excluding corona radiata, and +4 = complete expansion including corona radiate) (A); representative im-

ages of COCs at each time point (B)

data were expressed as a percentage proportion of COC population, bars show the means of three independent experiments + SEM

GLM procedure followed by ¢-test was performed and different letters indicate significant differences in the same score

grade of cumulus expansion (P < 0.05)
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images of threshold COCs at each time point (B). Data were related to COCs after a 48-h cultivation (i.e. 100%)
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Figure 7. Analysis of hyaluronic acid (HA) retained in
cumulus-oocyte complexes (COCs) on an 8-h time scale
for 48 h. COCs were prepared using SHH digestion in
PBS-PVA overnight. Absorbance was measured at 216 nm
wavelength and HA concentration (pg/ml) in samples
was calculated using polynomic curves of HA standards
digested under equal conditions

points show the means of at least three independent experi-
ments + SEM

GLM procedure followed by Shefté’s test was performed and
different letters indicate significant differences (P < 0.05)
SHH = hyaluronan lyase from Streptomyces hyalurolyticus,
PBS-PVA = 0.01 % polyvinyl alcohol in phosphate buffered
solution
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expanded cumuli, is thus a possible candidate bio-
marker of expansion quantity. In our experiments,
we used high specific hyaluronan lyase produced
by Streptomyces hyalurolyticus (Eppig 1980; Van-
derhyden 1993), and a mixture of 2HA and longer
HA oligomers, in general called B-elimination prod-
ucts, were produced and subsequently measured.
Only double bounds of SHH-derived 2HA/HA
oligomers are capable of absorbing UV light (Alkrad
etal. 2003). However, our spectrophotometric analy-
sis showed lower absorbance values of SHH-digested
HA polymer compared with undigested 4-6HA.
This observation, supported by HPLC analysis,
suggests that SHH digestion of HA polymer loses
absorbance in the occurrence of 8—10HA oligomers,
and the detection limit of digested HA polymer is
slightly decreased. In addition to HPLC improve-
ment, optimization of our measurement wavelength
was performed, and 216 nm was established as
the optimal wavelength and subsequently used.
A different optimal wavelength compared with
the initially tested 232 nm has been confirmed by
previous studies (Takagaki et al. 1994; Alkrad et
al. 2003), which describe various wavelengths for
spectrophotometric measurement of HA-digestion
product, pointing out divergent laboratory condi-
tions. Overall, the results suggest that the original
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product measured by spectrophotometry after HA
digestion equals p-elimination products, and that the
real sample from COCs reflects their HA content.

The presented evaluation of cumulus expan-
sion based on HA analysis offers an expression
of HA production retained in COCs. We have
proven the dependence on COC abundance when
HA retaining by COCs significantly increased
in samples containing 50x COCs. Although 15x
and 25x COCs did not show any differences in
the HA content, 25x COCs samples gave a more
precise analysis with respect to the variability of
COCs. Besides tritium-labelled glycosaminoglycans
(Solursh 1976; Eppig 1979), this work supports
the measurement of HA production as a usable
approach for evaluating cumulus expansion. In
spite of radioisotope usage, HA analytical mea-
surement is based on real HA production, without
the addition of radioisotope-labelled precursors at
the beginning of COC in vitro cultivation (Eppig
1979). Moreover, spectrophotometric HA analysis
becomes more available due to the absence of ra-
dioisotope needs. On the other hand, our suggested
method does not respect total HA production and
the HA released by COCs into the surrounding
medium is not affected, so the method should be
further developed.

In our experiments, we compared HA analysis
with commonly used cumulus expansion evaluation
methods: the subjective classification of COCs and
image-derived area measurement, and HA analysis.
Based on the results of cumulus expansion clas-
sification and area measurement, a different time
schedule of cumulus expansion as measured by
these two methods should be pointed out. Evidently,
area measurement seems to be more consistent
through repeated experimentation. On the other
hand, this quite consistent and non-invasive simple
method of area measurement does not enable the
observation of the three-dimensional structure of
the expanded cumuli. This phenomenon can be
affected by various compounds tested during the
in vitro COC cultivation. Changes in HA level
can suggest modifications of HA binding proteins
(HABPs) which are responsible for expanded cu-
mulus structure (Yokoo et al. 2002; Nemcova et
al. 2007), resulting in a change in HA quantity
and not a change in the visible quality of COCs.

Based on our knowledge, the quality of cumulus
expansion can determine oocyte meiotic maturation
and its developmental potency (Qian et al. 2003;

Feuerstein et al. 2012; Bergandi et al. 2014). Con-
versely, cumulus expansion physiologically reflects the
meiotic stage of oocyte secreting CEEFs (Prochazka
et al. 1998; Dragovic et al. 2005). Our findings are
in accordance with those when we detected meiosis
re-initiation taking place after approximately 16 h
of in vitro culture, when cumulus expansion was
beginning. This observation is reported in previ-
ous studies describing the significance of cumulus
expansion for re-initiation of oocyte meiosis (Dekel
et al. 1981; Chen et al. 1990), as well as the effect of
CEEFs on cumulus expansion intensity (Nakayama
et al. 1996). In addition to the above-mentioned,
further meiotic progress can be regulated by other
methods, such as the HA-activated CD44 recep-
tor, one of HABPs (Kimura et al. 2002; Yokoo et al.
2007). As such, following HA production can be
required in further meiotic maturation, although
cumulus expansion for 24 hours and longer seems
to be a passive process as a result of the momentum
of primary gonadotropin- or growth factor-initiated
cumulus expansion, as previous studies have de-
scribed (Abeydeera et al. 1998).

This study monitored the course of cumulus expan-
sion together with oocyte maturation in in vitro con-
ditions. Cumulus expansion was evaluated by three
different methods out of which the quantification of
HA seems to be the best method for precise cumu-
lus expansion study and oocyte quality estimation.
HA-evaluated cumulus expansion was identified as
a suitable biomarker which responds to the stage of
meiotic progression of oocyte maturation.

CONCLUSION

Cumulus expansion reflects meiotic maturation and
its features refer to the quality and developmental
potential of the oocyte. HA-assessed cumulus expan-
sion and its measurement in COCs offer a suitable
tool for estimating COC and oocyte quality. This
work presents a simply applicable method for the
isolation and measurement of HA retained in COCs.

Potentially, HPLC analysis seems to be a helpful
alternative when longer digested HA products of
p-elimination can be detected, regardless of the
efficiency of enzyme digestion. Moreover, a higher
sensitivity of HPLC can provide an analysis of
HA released by COCs on to the culture medium.
Further experiments are needed for verification
of these modifications, which could lead to an
improvement in COC-produced HA measurement.
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ABSTRACT

Hydrogen sulfide, one of three known gasotransmitters, is involved in physiological processes, including
reproductive functions. Oocyte maturation and surrounding cumulus cell expansion play an essential
role in female reproduction and subsequent embryonic development. Although the positive effects of
exogenous hydrogen sulfide on maturing oocytes are well known, the role of endogenous hydrogen
sulfide, which is physiologically released by enzymes, has not yet been described in oocytes. In this study,
we observed the presence of Cystathionine B-Synthase (CBS), Cystathionine y-Lyase (CTH) and 3-
Mercaptopyruvate Sulfurtransferase (3-MPST), hydrogen sulfide-releasing enzymes, in porcine oocytes.
Endogenous hydrogen sulfide production was detected in immature and matured oocytes as well as its
requirement for meiotic maturation. Individual hydrogen sulfide-releasing enzymes seem to be capable
of substituting for each other in hydrogen sulfide production. However, meiosis suppression by inhibition
of all hydrogen sulfide-releasing enzymes is not irreversible and this effect is a result of M-Phase/
Maturation Promoting Factor (MPF) and Mitogen-Activated Protein Kinase (MAPK) activity inhibition.
Futhermore, cumulus expansion expressed by hyaluronic acid (HA) production is affected by the inhi-
bition of hydrogen sulfide production. Moreover, quality changes of the expanded cumuli are indicated.
These results demonstrate hydrogen sulfide involvement in oocyte maturation as well as cumulus
expansion. As such, hydrogen sulfide appears to be an important cell messenger during mammalian
oocyte meiosis and adequate cumulus expansion.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

grown dictyate oocyte, often called a germinal vesicle (GV)
oocyte, holds the meiotic block until gonadotropin stimulation

Meiosis in mammalian oocytes is spontaneously arrested at the
dictyotene of prophase I. Prior to this, growing oocytes synthesise
large amounts of protein essential for the resumption of this
meiotic block, which is followed by oocyte meiosis [1]. A fully-
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in vivo and in vitro conditions, when the re-initiation of oocyte
meiosis is manifested as germinal vesicle breakdown (GVBD). GVBD
is followed by further stages of meiosis I and the establishment of
the second meiotic block at metaphase II (MII). The process that
begins with GVBD and continues through meiosis I to MII is called
meiotic maturation. Oocyte maturation is necessary for fertilisation
ability and successful embryonic development [2]. Therefore,
oocyte maturation is a key factor in female fertility as well as in
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assisted reproductive therapy.

Cumulus cells surround the oocyte, and together, they create a
cumulus—acolyte complex (COC). Oocyte maturation is accompa-
nied by an increased production of extracellular matrix compounds
in the cumulus cells mass [3,4]. COC enlargement associated with
mucification, known as cumulus expansion, is based on the pro-
duction of glycosaminoglycans, especially hyaluronic acid [5,6].
Expanded cumuli prevents the flow of certain meiosis inhibiting
factors to the oocyte [7,8]. Moreover, HA itself acts as a signal
molecule regulating oocyte maturation [9,10]. These changes result
in the activation of key cell cycle kinases that are pivotal for oocyte
maturation: M-Phase/Maturation Promoting Factor (MPF) and
Mitogen-Activated Protein Kinase (MAPK) [11,12]. The ways in
which up-stream factors regulate MPF/MAPK-driven oocyte
maturation are not yet fully understood. Based on our recent ob-
servations, a potent group of gasotransmitters, gaseous molecules
with second messenger action, are evidently involved in the
regulation of oocyte metabolism [13,14].

Of the three described gasotransmitters — nitric oxide, hydrogen
sulfide and carbon monoxide, only the role of nitric oxide has been
more detail studied in oocyte maturation and cumulus expansion
[summarised in Ref. [15]]. In addition to nitric oxide, endogenously
released hydrogen sulfide is also required for the regulation of
many cell functions [summarised in Refs. [16,17]]. However, the role
of hydrogen sulfide in oocyte maturation and cumulus expansion
remains unclear. Nevertheless, the accelerational effect of sodium
sulfide, an exogenous hydrogen sulfide donor, on MPF/MAPK ac-
tivity and oocyte maturation was recently described. Moreover, this
hydrogen sulfide donor also influences hyaluronic acid (HA) pro-
duction and cumulus expansion [13]. This indicates that endoge-
nous production of hydrogen sulfide may play a physiological role
in the regulation of oocyte maturation and cumulus expansion.

Endogenously releasing hydrogen sulfide from amino acid L-
cysteine is catalysed by pyridoxal phosphate-dependent enzymes:
Cystathionine -Synthase (CBS), Cystathionine y-Lyase (CTH) and/
or 3-Mercaptopyruvate Sulfurtransferase (3-MPST) [18,19]. CBS is
the only hydrogen sulfide-releasing enzyme to be observed in
ovarian follicles [20,21]. Neither the physiological production of
hydrogen sulfide nor the presence of CTH and 3-MPST has been
indicated in oocytes.

We hypothesise that three hydrogen sulfide-releasing enzymes,
CBS, CTH and 3-MPST, are present in mammalian oocytes and
produce endogenous hydrogen sulfide, which is involved in the
regulation of oocyte maturation and cumulus expansion. The aims
of the present study consisted of the following: 1) to detect mRNA
for CBS, CTH and 3-MPST in pig oocytes and cumulus cells; 2) to
localise CBS, CTH and 3-MPST proteins in pig oocytes during oocyte
maturation; 3) to demonstrate the effects of inhibitors of these
hydrogen sulfide-releasing enzymes on pig oocyte maturation; 4)
to measure MPF and MAPK activity in oocytes; and 5) to evaluate
cumulus expansion based on HA production.

2. Materials and methods
2.1. Oocyte isolation and in vitro maturation

Porcine ovaries were obtained from 6- to 8-month-old non-
cycling gilts (a crossbreed of Landrace x Large White), at the local
slaughterhouse (Jatky Plzen a.s., Plzen, Czech Republic) and kept at
39 °C until arrival to the laboratory. Cumulus-oocyte complexes
(COCs) were collected from ovarian follicles with a diameter of
2—5 mm by a 20-gauge aspirating needle. Only fully grown oocytes
with intact cytoplasm, surrounded by compact cumuli, were
selected for experiments.

The COCs were matured in a modified M199 medium

(Sigma—Aldrich, USA) supplemented with 32.5 mM sodium bicar-
bonate, 2.75 mM calcium r-lactate, 0.025 mg/ml gentamicin,
6.3 mM HEPES, 13.5 IU eCG: 6.6 IU hCG/ml (P.G.600; Intervet In-
ternational B.V., Boxmeer, Holland) and 5% (v/v) foetal bovine
serum (Sigma—Aldrich, USA). The culture medium contained oxa-
mic acid, pi-propargylglycine and/or a-ketoglutaric acid, specific
inhibitors of CBS, CTH and 3-MPST, respectively, in double- or
triple-combination. An effective concentration of the triple-
combination of inhibitors (2 mM oxamic acid, 2 mM bL-prop-
argylglycine and 5 mM a-ketoglutaric acid dissolved in M199 me-
dium; 3Cj) was used for subsequent experiments. The COCs were
matured for 16—48 h in 4-well Petri dishes (Nunc, Fisher Scientific,
USA) containing 1.0 ml of culture medium, at 39 °C in a mixture of
5.0% CO; in air.

2.2. Assessment of oocyte meiotic maturation

At the end of culture, the COCs were treated with 0.1% bovine
testicular hyaluronidase (Sigma—Aldrich, USA) dissolved in M199
medium and cumulus cells were separated from oocytes by
repeated pipetting through a narrow glass pipette. Subsequently,
the oocytes were mounted on microscope slides with vaseline,
covered with a cover glass, and fixed in ethanol—acetic acid (3:1, v/
v) for at least 48 h. The oocytes were stained with 1.0% orcein in 50%
aqueous-acetic acid and examined under a phase contrast micro-
scope. Five groups of meiotic maturation stages were determined in
accordance with the published criteria by Motlik and Fulka [22]: GV
— germinal vesicle, b — late diakinesis, MI — metaphase I, AITI —
anaphase I to telophase I transition, MIl — metaphase II.

2.3. Real time RT-qPCR analysis

The samples for quantitative Real Time RT-qPCR analysis of CBS,
CTH and 3-MPST mRNAs were prepared from growing oocytes,
fully grown immature (GV), maturing (MI) and matured (MII) oo-
cytes. Concurrently, cumulus cells were used for the same analysis.

RNA was isolated using a NucleicAcid PrepStation 6100 (Applied
Biosystems, Fisher Scientific, USA) in accordance with the instruc-
tion manual. Total mRNA was transcribed to cDNA with a High-
Capacity ¢cDNA Achieve kit (Applied Biosystems, USA) in accor-
dance with manufacture instructions. cDNA was synthesised in a
final volume of 100 pl. Sets of specific primers were synthesised in
accordance with known sequences to amplify specific products for
CBS, CTH and 3-MPST (Table 1).

Real-time PCR was performed using a standard Tag-Man PCR kit
protocol (Applied Biosystems, USA). Each PCR reaction was per-
formed in triplicate in a total volume of 10 pl with a 500 nM gene-
specific primer and 200 nM TagMan MGB probes, 5 ul of 2x
concentrated Fast TagMan Universal Master Mix (Applied Bio-
systems, USA), 1 ul cDNA, and nuclease-free water up to volume.
The 7500 Fast Real-Time PCR System (Life Technologies, USA) was
utilised for RT-qPCR reactions and the programme used was as
follows: 95 °C for 20 s followed by 40 cycles of 95 °C for 2 s and
60 °C for 20 s.

The relative quantification of mRNA expression for each enzyme
was determined with data from SDS software using the arithmet-
ical formula 2722 according to the comparative Ct method [23],
representing the amount of target, normalised to the GAPDH
endogenous control as reference [24] and related to fully grown GV
oocytes and their cumulus cells.

2.4. Immunocytochemistry and image analysis

GV, MI and MII oocytes were denuded from cumulus cells, fixed
and processed as early described Yi et al. [25]. Briefly, oocytes were
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Table 1
Specific primers for mRNA of hydrogen sulfide enzymes detection.

Gene Forward primers 5'—3' Reverse primers 5'—3’ TagMan probe 5'—3’ Gene bank accession  Annealing Product size (bp)
number temperature (°C)

CBS CAGCGCTGCGTGGTGAT TCACTCAGGAACTTGGACATGTAGTT  CTGCCAGACTCTGTG XM_006724057 60 62

CTH GAGCAGTGGGCCTCCAAAG  TTGTTTGAACGTGGTGGACAGT TGTAGTGCCCCCCATC ~ NM_001044585 60 60

3-MPST  GCCCGCCGAGTTCCA TGATGTCCTCGTAGGTCTTGACA CTGTGCTGGACCCC XM_001926451 60 62

incubated with rabbit polyclonal anti-CBS (ab96252, 1:200; Abcam,
UK), rabbit polyclonal anti-CTH (sc-135203, 1:200; Santa-Cruz
Biotechnology, USA) or rabbit polyclonal anti-3-MPST (ab85377,
1:200; Abcam, UK) overnight at 4 °C. Subsequently, the oocytes
were washed twice before being incubated with fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-rabbit (GAR) IgG (1:200;
Invitrogen, Fisher Scientific, USA) for 40 min at room temperature.
Thereafter, the oocytes were washed twice and mounted into a
Vectashield with 4’6'-diamidino-2-phenylindole (DAPI; Vector
Laboratories, USA). Images were acquired using the Ti—U micro-
scope (Nikon, Japan) with Clara Interline CCD camera (Andor
Technology PLC, Northern Ireland) operand by NIS Elements Ar
software (Nikon, Japan). Negative controls were performed by
omitting specific antibodies and these slides were processed at
comparable settings. Image analysis, along with 2D deconvolution,
was performed by NIS Elements and signal intensity of CBS, CTH or
3-MPST, reduced by a basal signal intensity of appropriate negative
control processed by equal procedures.

2.5. Western blotting

GV, MI and MII oocytes and their cumulus cells were used for
western blot analysis. Samples were prepared and processed using
the method set out by Tumova et al. [26], with slight modifications.
In brief, after oocyte denudation, oocytes and cumulus cells were
separately lysed in 20 ul of Laemmli buffer containing Triton-X-100
(0.003%, v/v) and SDS (0.001%, v/v), enriched with Complete Mini
Protease Inhibitor Cocktail (Roche, Switzerland). Samples were
boiled and subjected to SDS-PAGE electrophoresis in 12.5% sepa-
rating gels and blotted onto a nitrocellulose membrane (GE
Healthcare Life Sciences, Amersham, UK). After overnight blocking
in 2% non-fat milk in PBS with 0.1% Tween-20 (PBS-T), the mem-
brane was incubated with rabbit polyclonal anti-CBS (ab96252,
1:500; Abcam, UK), rabbit polyclonal anti-CTH (sc-135203, 1:500;
Santa-Cruz Biotechnology, USA) or rabbit polyclonal anti-3-MPST
(ab85377, 1:500; Abcam, UK) diluted in PBS-T for 60 min at room
temperature. Subsequently, the membrane was incubated with
horseradish peroxidase (HRP)-conjugated goat anti rabbit IgG in
PBS-T (1:120,000; Invitrogen, USA) for 60 min at room tempera-
ture. CBS, CTH and 3-MPST recombinant proteins
(HO00000875—P01, HO0001491—P01 and HO0004357—P01, respec-
tively; Abnova, Taiwan), with defined molecular weight, were used
as a positive control for evidence of oocyte/cumulus CBS/CTH/3-
MPST. Proteins were detected using the ECL Select Western Blot-
ting Detection Reagent (GE Healthcare Life Sciences, Amersham,
UK) and visualised by a C-Digit Blot Scanner (LI-COR Biosciences,
USA).

2.6. Histone H1 and myelin basic protein double assay

The COCs were matured for 16—36 h with or without the
presence of the 3C;. At each alloted time interval during the culture,
COCs were denuded and 15 oocytes per sample were collected.
Assays were performed according to the protocol of Kubelka et al.
[11], with slight modifications. The oocytes were washed four times
in PBS—PVA, and transferred into 5 pl of buffer containing 40 mM 3-

[n-morpholino] propanesulfonic acid pH 7.2, 20 mM para-
nitrophenyl phosphate, 40 mM B-glycerophosphate, 10 mM EGTA,
0.2 mM EDTA, 2 mM dithiothreitol, 0.2 mM Na3VOg4, 2 mM ben-
zamidine, 40 pug/ml leupeptin and 40 pg/ml aprotinin. Samples
were immediately frozen and stored at —80 °C until assays were
performed. An assay of MPF and MAPK activity by their capacity to
phosphorylate external substrates, histone H1 (H1) and Myelin
Basic Protein (MBP), respectively, was performed. The kinase re-
action was initiated by the addition of 5 pl of buffer consisting of
100 mM 3-[n-morpholino] propanesulfonic acid pH 7.2, 20 mM
para-nitrophenyl phosphate, 40 mM B-glycerophosphate, 20 mM
MgCly, 10 mM EGTA, 0.2 mM EDTA, 5 uM cAMP-dependent protein
kinase inhibitor, 2 mM benzamidine, 40 pg/ml leupeptin, 40 pg/ml
aprotinin, 600 pM ATP, 2 mg H1/ml, 3 mg MBP/ml) and 500 pCi/ml
[Y-32P]ATP (GE Healthcare Life Sciences, Amersham, UK). The re-
action was conducted for 30 min at 30 °C and terminated by the
addition of 10 ul Laemmli sample buffer and boiling for 3 min. After
electrophoresis on 15% SDS PAGE gels, it was stained with Coo-
massie Blue R250, destained overnight, dried and autoradio-
graphed. Phosphorylated histone H1 and MBP signals were
visualised by MultiGauge 2.0 software (FUJI FILM, Japan) and
related to metaphase I oocytes of the control group after 24 h
cultivation, where we expected the peak of kinase activity [13].

2.7. Spectrophotometric analysis of hydrogen sulfide production

Hydrogen sulfide production was evaluated by spectropho-
tometry in accordance with Abe and Kimura [27] with modifica-
tions due to porcine oocytes. Briefly, immature GV oocytes and
matured MII oocytes after 48 h cultivation were denuded and
divided into control and inhibited groups (150 oocytes per sample),
with or without the addition of 3C;, respectively. The oocytes were
processed to cell lysate by mechanical disruption in 500 ul cold
reaction mixture consisting of 20 mM pyridoxal 5-phosphate and
1 mM L-cysteine in deionised water. After oocyte lysate preparation,
250 pl 1% zinc acetate was added and enzymatic hydrogen sulfide
production was initiated by increasing the temperature to 39 °C.
After 60 min incubation in an N; atmosphere, 250 pl 50% tri-
chloroacetic acid was added to ensure the enzymes were deacti-
vated. The reaction mixture was incubated for the next 60 min
under the same conditions, thereafter, 133 pl of 20 mM N,N
dimethyl-p-phenylenediamine sulphate (in 7.2 M HCl) and 130 pl of
30 mM FeCl; (in 1.2 M HCI). The reaction mixture was centrifuged at
10,000 rpm for 1 min and spectrophotometrically measured on a
96-well microtitration plate (wavelength 670 nm) to blank, using a
Rainbow ELISA plate reader. The quadratic calibration curve was
based on five Na;S.9H,0 standards (35—600 puM) and used for
calculating the amount of lysate hydrogen sulfide. The data was
analysed using SoftMax 5.1 software (Molecular Devices, USA) and
expressed relative to the control oocyte lysate without the use of
3G;.

2.8. Hyaluronic acid (HA) measurement and evaluation of cumulus
expansion

Groups of 25 COCs were cultured for 24 or 48 h in 1 ml M199
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medium with or without the 3C;. At the end of the culture period,
the COCs were washed four times in 500 ul PBS—PVA by gentle
transferral, and the oocytes were mechanically removed by
repeated pipetting during the last washing. To determine the HA
retained in the expanded cumuli, the last washing was quantita-
tively transferred into an eppendorf tube and enzymatically
digested by lyase from Streptomyces hyalurolyticus (2 1U/ml; Sig-
ma—Aldrich, USA) at 39 °C overnight. Samples of retained HA in the
COCs were stored at —20 °C until use.

At the same time, samples were prepared to quantify the
amount of HA released by the COCs into the surrounding media. To
do so, 900 pl of used culture medium was incubated with 5 ul of

A

6.0 -

Alcalase 2.4 L (2.4 1U/g; Sigma—Aldrich, USA) at 39 °C overnight and
passed through Ultracel-30 Microcon microfilters (Merck, USA) by
centrifugation for 30 min at 14,000 rpm, 4 °C. High molecular
weight HA held on the filter membrane was digested by lyase under
the above described conditions. Using enzymatic digestion, HA
fragments were washed out from the filter membrane using 200 pl
PBS by centrifugation for 30 min at 14,000 rpm, 4 °C, thus being
four times more concentrated compared with the original HA
concentration in M199. Samples were stored at —20 °C until use.
Subsequently, the solutions were spectrophotometrically
measured using Helios Gamma (Fisher Scientific, USA) at 216 nm
against blank consisting of PBS—PVA or PBS with lyase, for retained
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Fig. 1. Amount of mRNA hydrogen sulfide-releasing enzymes in oocytes. A,B,C: The mRNA of CBS, CTH and 3-MPST, respectively, were analysed by real time RT-qPCR in oocytes and
their cumulus cells during oocyte growth (with 90 um, 100 pm and 110 um diameter), immature GV, maturing MI and matured MII oocytes. The relative mRNA levels were
normalised to GAPDH and related to GV oocytes and their cumulus cells by 22T formula. Each stage includes 50 oocytes and their cumulus cells in six independent experiments.
The bars show the means + SEMs of relative mRNA amount. Bars with different letters and numbers are significantly different for oocytes and their cumulus cells, respectively. The
GLM procedure followed by Scheffe's test in SAS software was performed for oocyte and cumulus cells separately and groups were tested against each other (P < 0.05).
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HA and released HA respectively. Disposable polypropylene semi-
micro cuvettes (7592 00, PlastiBRAND; Fisher Scientific, USA)
were used. The quadratic calibration curve was based on five HA
standards (0.006—0.1% sodium hyaluronate, S0780000; Sigma-
—Aldrich, USA) diluted and digested by protocol used for samples.
Concentration of HA was expressed either as the retained or
released HA and related to the control group.

2.9. Statistical analysis

The general linear models (GLM) procedure in SAS software (SAS
Institute, USA) was used to analyse data from all experiments.
Significant differences among groups were determined using
Scheffe's test. P < 0.05 was considered to be statistically significant.

3. Results

3.1. Expression of hydrogen sulfide-releasing enzymes' genes in
porcine oocytes

The aim of the experiment was to demonstrate mRNA presence
of hydrogen sulfide-releasing enzymes, CBS, CTH and 3-MPST, us-
ing real time RT-qPCR. The mRNA measurement in growing (90, 100
and 110 um) and immature fully grown oocytes (GV) was per-
formed to demonstrate real CBS, CTH and 3-MPST gene expression
as a background for subsequent oocyte maturation (MI, MII) where
the mRNA presence was also revealed. mRNA CBS was observed in
growing and GV oocytes only, not in maturing (MI) and matured
(MII) oocytes. Conversely in cumulus cells, mRNA CBS was found
from 110 pm through the period of the oocyte growing and
maturing, with a significant increase around meiosis re-initiation
(Fig. 1A). A constant level of CTH mRNA was demonstrated in oo-
cytes, at the same time as a fall and rise again in cumulus cells
during growth and meiosis re-initiation, respectively (Fig. 1B).
Looking at 3-MPST mRNA, its oocyte level was observed only in
110 um and fully grown GV oocytes, while mRNA was constant in
cumulus cells from 100 pm through oocyte growth and maturation
(Fig. 1C).

CBS

CTH

3-MPST

NC

3.2. Observation of hydrogen sulfide-releasing enzymes in porcine
oocytes

An objective of this experiment was to demonstrate CBS, CTH
and 3-MPST proteins using immunocytochemistry and western
blot analysis. For these analyses, immature GV oocytes, in vitro
maturing MI and matured MII oocytes were used. The presence of
CBS, CTH and 3-MPST was demonstrated in all oocyte stages by
both immunocytochemistry and western blot (Fig. 2A,B). In addi-
tion, the presence of hydrogen sulfide-releasing enzymes was
shown in surrounding cumulus cells (Fig. 2B). The presence of CBS
and CSE in oocytes seemed to be constant throughout oocyte
maturation. In contrast, 3-MPST showed a decrease in protein
amount. All hydrogen sulphide-releasing enzymes in cumulus cells
exhibited no noticeable change.

3.3. Hydrogen sulfide-releasing enzymes' inhibition suppresses
maturation of porcine oocytes throughout MPF/MAPK activity

The aim of these experiments was to evaluate the effect of the
inhibition of hydrogen sulfide physiological production using en-
zymes' specific inhibitors in various combinations. Subsequently,
the MPF and MAPK activities during 3Cj-suppressed oocyte matu-
ration were analysed by the histone H1 and myelin basic protein
(MBP) double assay.

No effect was observed of individual inhibitors expressed by MII
achievement (Fig. 3A—C and Supplementary tables A1-A3),
including for the double-combination of these inhibitors (Fig. 3D
and Supplementary table A4). The triple-combination of hydrogen
sulfide-releasing enzymes inhibitors significantly inhibited meiotic
maturation in a dose-dependent manner (Fig. 4A and
Supplementary table A5). For subsequent experiments, the most
effective triple-combination (3Cj) of hydrogen sulfide-releasing
enzymes inhibitors was used. Reversibly inhibited meiotic matu-
ration and prolonged 72 h in vitro maturation showed deceleration,
excluding a toxic effect of the used inhibitors. There were no sta-
tistically significant differences in oocyte maturation rate between
the control oocytes and inhibited oocytes consequently treated
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Fig. 2. Representative pictures of oocyte CBS, CTH and 3-MPST. The enzymes were immunocytochemically localised in immature GV, maturing MI and matured MII oocytes. B: The
verification of enzyme presence by western blot analysis in oocytes and their cumulus cells. The immunocytochemical observation each enzyme was performed on 15 oocytes for
each meiotic stage. Samples of 100 oocytes and their cumulus cells of each meiotic stage were used for western blot analysis. Scale bar = 50 um.
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Fig. 4. Effect of restriction of hydrogen sulfide production on oocyte maturation. A: Proportion of matured oocytes and first polar body extrusion after treatment by triple-
combination of inhibitors during 48 h in vitro maturation. Triple-combination: 1-0.25 mM oxamic acid, 0.25 mM btL-propargylglycine and 0.5 mM oa-ketoglutaric acid;
2—0.5 mM oxamic acid, 0.5 mM pi-propargylglycine and 1 mM a-ketoglutaric acid; 3—1 mM oxamic acid, 1 mM pi-propargylglycine and 2.5 mM o-ketoglutaric acid; 4—2 mM
oxamic acid, 2 mM pr-propargylglycine and 5 mM a-ketoglutaric acid (3C;; considered as effective concentration in subsequent experiments). B: Reverse effect of hydrogen sulfide
donor (300 uM Na,S.9H,0) on 3Cj-suppressed oocyte maturation (3C; + Na,S). C: Proportion of matured oocytes after prolonged 72 h cultivation under 3C; treatment. Each
experimental (A,B,C) group includes 120 in three independent experiments. Bars show the means of percentage ratio + SEMs. Bars with different letters are significantly different.
The GLM procedure followed by the Scheffe's test in SAS software was performed and experimental groups were tested each other (P < 0.05).

with NaS.9H,0, a hydrogen sulfide donor (Fig. 4B and (Fig. 4C and Supplementary table A7).
Supplementary table A6), and no significant differences between The germinal vesicle breakdown (GVBD), metaphase I achieve-
control and 3Cj-inhibited oocytes after prolonged 72 h cultivation ment and metaphase II achievement coupled with first polar body

Fig. 3. Effect of suppression of hydrogen sulfide-releasing enzymes and their double-combinations’ usage during oocyte maturation. A,B,C: Proportion of matured oocytes and first polar
body extrusion in control and inhibited groups of oocytes matured in vitro for 48 h with oxamic acid, p.-propargylglycine or a-ketoglutaric acid, an inhibitor of CBS, CTH and 3-MPST,
respectively. D: Proportion of matured oocytes and first polar body extrusion after treatment by double-combination of inhibitors during 48 h in vitro maturation. Double-combination:
oxam-pag — 2 mM oxamic acid and 2 mM br-propargylglycine; oxam-keto — 2 mM oxamic acid and 5 mM a-ketoglutaric acid; pag-keto — 2 mM pi-propargylglycine and 5 mM a-
ketoglutaric acid. Each experimental group includes 120 oocytes in three independent experiments. Bars show the means of percentage ratio + SEMs. Bars with different letters are
significantly different. The GLM procedure followed by Scheffe's test in SAS software was performed and experimental groups were tested against each other (P < 0.05).
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were evaluated as markers of meiosis re-initiation, meiotic prog-
ress and the success of in vitro oocyte maturation under 3C; treat-
ment. There was observed significant slowdown of GVBD of
28.4—51.6% between 18 and 24 h cultivation (Fig. 5A), and further
meiotic progress expressed by metaphase I (Fig. 5B) and metaphase
Il achievement (Fig. 5C) between 18 and 32 h of in vitro cultivation.
See for more details Supplementary table A8.

The measurement of phosphorylated H1 and MBP, specific
substrates of MPF and MAPK, respectively, show a decline in their
kinase activity. The MPF activity significantly decreased after 24 h
oocyte maturation (100 vs. 63.0 + 6.7% for control and 3C,
respectively), with further decrease in activity following after 36 h
of oocyte cultivation (94.5 + 11.7 vs. 60.1 + 4.8% for control and 3C;,
respectively). In addition, significant suppression of MAPK activity
after 24 h oocyte maturation occurred (100 vs. 63.8 + 6.4% for
control and 3G, respectively). Data including representative

autoradiographs is summarised in Fig. 5D and E.

3.4. Inhibition of hydrogen sulfide physiological production in
porcine oocytes

The aim of the experiment was to reveal the physiological action
of hydrogen sulfide-releasing enzymes, resulting in hydrogen sul-
fide production, in oocyte lysate. For proof of hydrogen sulfide-
releasing enzymes' function, a triple-combination of their specific
inhibitors (3C;) in oocyte lysates and colorimetric measurement of
hydrogen sulfide presence were performed.

Hydrogen sulfide production was not suppressed by 3C; use in
immature germinal vesicle (GV) oocytes. On the other hand,
matured metaphase Il (MII) oocytes were significantly inhibited in
hydrogen sulfide production and hydrogen sulfide production
decreased by 62.1%. Data is shown in Fig. 6.
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Scheffe's test in SAS software.
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3.5. Effect of inhibition of hydrogen sulfide production on cumulus
expansion of porcine cumulus-oocyte complexes

Hyaluronic acid (HA) spectrophotometric measurement was
used to evaluate cumulus expansion. COCs were cultured for 24 and
48 h in vitro and treated by 3Cj of hydrogen sulfide-releasing en-
zymes. No statistically significant differences were observed in the
retained and released HA after 24 h in vitro oocyte maturation. A
significant reduction in HA retained in COCs (100 vs. 66.5 + 6.5% for
control and 3Cj, respectively) was observed after 48 h of cultivation.
On the other hand, a significant increase in released HA occurred
after 48 h of cultivation (100 vs. 138.7 + 16.1% for control and 3C;,
respectively). Data is shown in Fig. 7.

4. Discussion

In this study, we described endogenous hydrogen sulfide pro-
duction in mammalian oocytes and its physiological role during
meiotic maturation. We demonstrated the presence of mRNA and
proteins of CBS, CTH and 3-MPST, hydrogen sulfide-releasing en-
zymes, in porcine oocytes. Based on our observation, we deduce
endogenous hydrogen sulfide ability in the regulation of oocyte
meiosis and cumulus expansion. A previous study [20] describing
mRNA CBS in mouse oocyte and cumulus cells has denoted
hydrogen sulfide as a gasotransmitter involved in oocyte matura-
tion. As such, endogenous production of hydrogen sulfide in oo-
cytes is considered to be a potential regulator of events in oocyte
and surrounding cumulus cells, but this role has been only indi-
cated [20,21]. However, our study is the first one to demonstrate
the presence and role of CTH and 3-MPST in mammalian oocytes
and cumulus expansion. In addition to observing all the hydrogen
sulfide-releasing enzymes in porcine oocytes and cumulus cells, we
are the first to demonstrate endogenous hydrogen sulfide pro-
duction in oocytes and its necessity for in vitro oocyte maturation.

The mRNAs and proteins of hydrogen sulfide-releasing enzymes
detected in our experiments, suggest a specific role for these en-
zymes during oocyte growth and maturation. While mRNA CTH
was present at an almost constant level for the whole of the growth
and maturation phases, mRNA CBS presence in the oocyte is limited
to the growing phase, mRNA in cumulus cells does not change
during growth and increases during oocyte maturation. mRNA 3-
MPST appears briefly in the oocyte shortly before meiosis re-
initiation, suggesting 3-MPST is required for meiotic competence.
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Fig. 6. Real hydrogen sulfide production in GV and matured MII oocytes verified with
3G; treatment. The hydrogen sulfide production in 3Cj-treated oocytes was related to
GV and MII oocytes of control untreated groups following the calculation by standard
curve. Each experimental group includes 150 oocytes in three independent experi-
ments. Bars show the means of relative amount of hydrogen sulfide + SEMs. A bar with
asterisk indicates a significant difference between control and 3C; groups for each
maturation stage (P < 0.05), using the GLM procedure followed by Scheffe's test in SAS
software.

Regardless of mRNA CBS and 3-MPST absence, both proteins are
present in the oocyte during in vitro meiotic maturation. In addition
to CBS and CTH, we detected the presence of 3-MPST in oocytes.

Although separate usage of hydrogen sulfide-releasing en-
zymes' inhibitors and their double-combinations did not have a
significant effect on oocyte maturation, the effective triple-
combination (3G;) of all inhibitors suppressed meiotic maturation
and affected cumulus expansion. We can assume that individual
enzymes are capable of substituting for each other, and as such only
the concurrent inhibition of all of them has a significant impact. A
similar substitution of hydrogen sulfide-releasing enzymes is also
presumed in somatic cells [28]. The observation of 3Cj-suppressed
GVBD and oocyte maturation is in agreement with our previous
study describing maturation acceleration using NayS, an exogenous
hydrogen sulfide donor [13].

Regarding the specific action of inhibitors, the Na;S reverse ef-
fect on 3Cj-suppressed oocyte maturation was tested. Moreover, the
effect of inhibitors on physiological hydrogen sulfide production
was proven by the significant fall in hydrogen sulfide content in the
3Cj-treated oocyte lysate. Interestingly, a 3C; effect was detected in
matured MII, but not GV oocytes. We can speculate that immature
no-cultured GV oocytes have a sufficient amount of hydrogen sul-
fide itself and enzymatic production is not necessary to keep its
level up. Early maturing oocytes are able to utilise this hydrogen
sulfide stock, and thus the matured oocyte is fully dependent on the
action of hydrogen sulfide-releasing enzymes in a re-synthesised
sufficient amount. A positive feedback loop may be due to the
stimulation of CBS and CSE activity through S-sulfhydration,
hydrogen sulfide-mediated post-translational protein modification
[29,30]. Such a feedback loop may result from prompt hydrogen
sulfide release in the early stage of oocyte maturation. Hydrogen
sulfide-releasing enzymes in the immature oocyte can be present in
sufficient amounts but with low physiological action. This
assumption is in the accordance with our observed 3Cj-suppressed
GVBD during 18—32 h of in vitro cultivation as well as deceleration
of following meiotic stages, where the presence of active hydrogen
sulfide-releasing enzymes is already necessary and their inhibition
is effective.

We discovered that meiotic maturation of 3Cj-treated oocytes is
not irreversibly inhibited but only suppressed. This is suggested by
a further 24 h in vitro cultivation following 48 h maturation. This
meiotic suppression was caused by slower MPF and MAPK activa-
tion at the beginning of oocyte cultivation. If the activation peaks of
MPF and MAPK were damped, one can also note that they were not
delayed, as might have been expected by observing the delay in
meiotic progression. Conversely, we have described an accelerating
effect of the hydrogen sulfide donor on MPF and MAPK activities
[13].

The molecular mechanism of hydrogen sulfide's effect on MPF
and MAPK regulation remains unknown, however S-sulfhydration
changing the activity of various proteins [29,30] is one possible
explanation. Of these, ion channels involved in the regulation of
mammalian oocyte maturation [summarised in Ref. [31]] are post-
translationally modified by hydrogen sulfide, as well as various
enzymes with catalytic ability [29,32,33]. As such, we can assume
regulation of MPF and MAPK activities and/or their up-stream Ki-
nases or phosphatases. S-sulfhydration and activation of MEK1, a
direct MAPK regulator, is known to occur in somatic cells [34], and
it can be presumed in oocytes too. Another possible explanation is
cAMP/PKA [35] and PI3K/Akt [36] regulation by hydrogen sulfide,
signal pathways essential for oocyte maturation [37,38]. Phospha-
tases activities can also be targeted by hydrogen sulfide [39,40].

One might also mention that S-sulfhydration has been reported
to potentially modulate the production of other gasotransmitters
such as nitric oxide and carbon monoxide. S-sulfhydration of
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Fig. 7. Effect of 3G-inhibited production of hydrogen sulfide on HA synthesis during cumulus expansion. A,B: HA retained in COCs and HA released into the culture medium were
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endothelial nitric oxide synthase and increases in its activity have
been described [33]. In addition to S-sulfhydration, hydrogen sul-
fide acts via interactions with other gasotransmitters in somatic
cells [41,42]. Although gasotransmitters' cross-talk are not under-
stood in oocytes, we cannot discard nitric oxide down-regulation,
and as such indirect hydrogen sulfide influence on oocyte matu-
ration key signal pathways, such as the already mentioned cAMP/
PKA or cGMP/PKG, known targets of nitric oxide [43,44].

In addition to their roles during in vitro oocyte maturation,
gasotransmitters may impact on hypothalamic-pituitary-gonadal
axis regulation in vivo, as already described [45—47]. Hydrogen
sulfide-directed functions of pituitary cells are known [48]. As such,
the overall effects of hydrogen sulfide resulting in regulation of
gonadotropin releasing hormone secretion and/or modulation of
gonadal activity in hormone secretion can be expected. Clearly, the
observed hydrogen sulfide effect on in vitro maturing oocytes is
only part of hydrogen sulfide’s many abilities, including

gasotransmitter interactions. Nevertheless, our context was not
dependent upon such an effect, since experiments were performed
independently upon the neuro-endocrine pathway.

Our observation of mRNA and proteins of CBS, CTH and 3-MPST
in cumulus cells indicates that hydrogen sulfide has a regulating
effect in cumuli of cumulus-oocyte complexes. This presumption
has been improved by the inhibition of hydrogen sulfide produc-
tion and its effect on cumulus expansion. In our previous study [13],
we have demonstrated the inhibitory effect of an exogenous
hydrogen sulfide donor on HA production in the extracellular ma-
trix of expanded cumuli. In this study, the inhibition of hydrogen
sulfide-releasing enzymes does not influence HA production after
24 h in vitro cultivation of COCs. After 48 h cultivation, decreasing
HA retention in COCs and a boost in HA being released into the
culture medium occurred. The suppression in HA production can be
associated with observed oocyte maturation failure. In addition to
mentioned impact of cumulus expansion for oocyte maturation, the
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protective effect of HA on cell viability [49] and its lack could be
responsible for a decrease in oocyte quality through pro-apoptotic
signal pathways present in oocytes [50].

This study gives the first description of all the hydrogen sulfide-
releasing enzymes in mammalian oocytes and confirmation of their
physiological action consisting of hydrogen sulfide release. The
requirement of hydrogen sulfide in MPF and MAPK-induced oocyte
maturation at particular times has been observed. Moreover, HA
production by expanded cumuli seems to be regulated by endog-
enously produced hydrogen sulfide. However, further experiments
testing the exact mechanism of hydrogen sulfide action are
required to fully understand gasotransmitter signal pathways in
mammalian oocytes.
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ABSTRACT

In vitro cultivation systems for oocytes and embryos are characterised by increased
levels of reactive oxygen species (ROS), which can be balanced by the addition of
suitable antioxidants. S-allyl cysteine (SAC) is a sulfur compound naturally
occurring in garlic (Allium sativum), which is responsible for its high antioxidant
properties. In this study, we demonstrated the capacity of SAC (0.1, 0.5 and 1.0 mM)
to reduce levels of ROS in maturing oocytes significantly after 24 (reduced by 90.33,
82.87 and 91.62%, respectively) and 48 h (reduced by 86.35, 94.42 and 99.05%,
respectively) cultivation, without leading to a disturbance of the standard course of
meiotic maturation. Oocytes matured in the presence of SAC furthermore
maintained reduced levels of ROS even 22 h after parthenogenic activation (reduced
by 66.33, 61.64 and 57.80%, respectively). In these oocytes we also demonstrated
a growth of early embryo cleavage rate (increased by 33.34, 35.00 and 35.00%,
respectively). SAC may be a valuable supplement to cultivation media.
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(Ambruosi et al., 2011). It also impairs the redistribution of cortical granules during the
course of meiotic maturation, which increases the incidence of polyspermy after in vitro
fertilisation (IVF) (Jiao et al., 2013). Excessive production of reactive oxygen species

How to cite this article Dvorakova et al. (2016), The antioxidative properties of S-allyl cysteine not only influence somatic cells but also
improve early embryo cleavage in pigs. Peer] 4:e2280; DOI 10.7717/peer;j.2280


http://dx.doi.org/10.7717/peerj.2280
mailto:dvorakova2@�af.�czu.�cz
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.2280
http://www.creativecommons.org/licenses/by/4.0/
http://www.creativecommons.org/licenses/by/4.0/
https://peerj.com/

Peer/

(ROS) reduces the percentage of formed pronuclei in porcine oocytes following IVF
(Alvarez et al., 2015).

Oxidative stress is a consequence of increased levels of ROS in cells. Balanced levels of
ROS are important for the correct functioning of the organism, and are also important in
the process of meiotic maturation. A proportionate amount of ROS in the follicular fluid
supports germinal vesicle breakdown, by which the process of meiotic maturation
begins (Takami et al., 1999). The follicular fluid also contains antioxidants. Balance of the
levels of ROS and antioxidants in the follicular fluid is of key importance for the successful
course of meiotic maturation (Pasqualotto et al., 2004).

In vitro cultivation systems used for the cultivation of oocytes are endangered by
increased levels of ROS and the development of oxidative stress, because cultivation media
contain a range of components manifesting pro-oxidative activity. These include, for
example, energy sources such as lactate and pyruvate (Hashimoto et al., 2000), and
hormones (Markides, Roy ¢ Liehr, 1998). Transitory exposure of in vitro cultures to light
(Takenaka, Horiuchi & Yanagimachi, 2007) and increased concentrations of oxygen
(Agarwal, Saleh & Bedaiwy, 2003) also increases the production of ROS in cultivation
systems.

Balancing increased levels of ROS in a cultivation medium by the addition of suitable
antioxidants may prevent the development of oxidative stress and thus have a positive
influence on early embryo cleavage of matured oocytes. Several sources of antioxidant
substances are known, and more are being sought within the framework of ongoing
studies. These, for example, include the amino acid cysteine, which reduces levels of ROS
in maturing bovine oocytes (Morado et al., 2009). A cysteine derivative, N-acetyl cysteine
(NAC), positively influences the formation of pronuclei and the development of
blastocytes in vitro in pigs (Whitaker, Casey ¢ Taupier, 2012).

Antioxidants also include a further cysteine derivative, the sulfur compound S-allyl
cysteine (SAC), which is responsible for the high antioxidant activity of garlic (Colin-
Gonzalez et al., 2015). SAC is known for its anti-apoptotic and antioxidant effects in a
range of types of somatic cells. SAC manifests antioxidant properties for example in
the nervous (Tsai et al., 2011) and cardiovascular systems (Louis et al., 2012).
Takemura et al. (2014) published a study demonstrating the antioxidant effects of SAC
on rat sperm.

In somatic cells SAC manifests better antioxidant properties in comparison with
cysteine. Upon oral administration to mice it brought about a larger increase in the
activity of antioxidant enzymes in plasma, the kidneys and liver in comparison with
cysteine (Hsu ef al., 2004). In addition, according to Dion, Agler ¢ Milner (1997), SAC is
more effective than cysteine in the protection of liver cells against the mutagenic effects of
nitrosomorpholine. To date no study has been published dealing with the potential
antioxidant effects of SAC on maturing oocytes.

The aim of the presented study was to test the hypothesis that SAC influences
meiotic maturation of porcine oocytes and early embryo cleavage during in vitro
cultivation.
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MATERIALS AND METHODS

Collection and cultivation of oocytes and evaluation of meiotic
maturation

Oocytes were obtained from ovaries through aspiration from follicles (2—-5 mM in diameter)
with 20G needles and cultured in a modified M199 medium (Gibco BRL, Life Technologies,
Carlsbad, CA, USA) supplemented with calcium L-lactate (2.75 mM; Sigma Aldrich, USA),
sodium pyruvate (0.25 mg/mL; Sigma Aldrich, USA), gentamicin (0.025 mg/mL; Sigma
Aldrich, USA), HEPES (6.3 mM; Sigma Aldrich, USA), 10% (v/v) foetal calf serum (Gibco
BRL, Life Technologies, Germany), albumin (5 mg/mL; Sigma Aldrich, USA) and 13.5 TU
eCG: 6.6 IU hCG/mL (P.G. 600, Intravet, Boxmeer, Netherlands). Oocytes were cultured with
SAC (Sigma Aldrich, USA) in concentrations of 0.0 (control), 0.1, 0.5, 1.0 and 5.0 mM for
24 and 48 h (39 °C; 5% CO,). The concentration of 5.0 mM was applied in experiments
concerning nuclear maturation only.

After culture oocytes were denuded of cumulus cells by repeated pipetting through a
narrow glass capillary and mounted on slides. The following stages of meiotic
maturation were evaluated under a phase contrast microscope: germinal vesicle (GV),
metaphase I (MI) and metaphase II (MII).

MPF/MAPK double assay

Kinase Double Assay was performed according to Kubelka et al. (2000). Briefly, samples
were prepared from 15 oocytes cultivated with SAC by 5 .l extraction buffer addition and
immediately frozen (=80 °C). Specific substrates H1 (Histone H1) and Myelin Basic
Protein (MBP) were phosphorylated using radioactive labelled ['y—32P]ATP, 500 wCi/mL
(GE Healthcare Life Sciences, USA) and separated by SDS-PAGE. The signal intensities
were measured by IP-plate, FLA 7000 reader (GE Healthcare Life Sciences, USA) and
Multi-Gauge 2.0 software (Fujifilm, Japan). The obtained data was expressed relative to
MPE/MAPK activities in oocytes in GV stage where we expect the lowest measured
activities of MPF and MAPK.

Measurement of hyaluronic acid production within

cumulus-oocyte complexes

Groups of 25 cumulus-oocyte complexes (COCs) were cultured for 24 and 48 h, washed four
times in 500 .l PBS-PVA (0.01%) transfering them gently using a 50 pl pipette. Oocytes were
denuded from cumulus cells and removed from samples. Samples were transferred into
Eppendorf tubes, enzymatically digested using lyase from Streptomyces hyalurolyticus

(20 pl/mL; Sigma-Aldrich, USA) at 39 °C overnight, centrifuged (5 min; 10,000 rpm, 4 °C)
and measured in a Helios Epsilon spectrophotometer (Verkon, Czech Republic) at 216 nm.

Reactive oxygen species measurement

Reactive oxygen species production was evaluated in oocytes after 24 and 48 h of meiotic
maturation and zygotes after 22 h of cultivation. Oocytes and zygotes were stained
with 10 uM 2',7'-dichlorodihydrofluorescin diacetate (Sigma-Aldrich, USA) (20 min;
39 °C) and mounted on glass. Samples were evaluated using a confocal microscope
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(Leica SPE) and NIS Elements 4.0 software (Laboratory Imaging, Czech Republic). The
results were expressed as the relative fluorescence intensity and related to the control group.

Parthenogenic activation of oocytes

Parthenogenic activation was carried out according to Jilek et al. (2001). Briefly, matured
oocytes denuded from cumulus cells were activated using calcium ionophore A23187
(25 wM, 5 min; Sigma Aldrich, USA) and 6-dimethylaminopurine—6-DMAP (2 mM, 2 h;
Sigma Aldrich, USA) and cultivated in a modified M199 medium without hormones
for 22 h. Activating potential was evaluated as the ratio of zygotes with 1 or 2 pronuclei
and cleaving embryos. Early embryo cleavage was evaluated as the ratio of cleaving
embryos among activated oocytes.

Statistical analysis

Each experimental group contained 120 oocytes for nuclear maturation and
parthenogenic activation assessment, 100 for hyaluronic acid production assessment
and 60 for MPF/MAPK Double Assay and ROS measurement. All experiments were
repeated four times. SAS 9.0 Software (SAS Institute Inc., Cary, North Carolina, USA) was
used for the statistical analyses. Significant differences between groups were determined
using the one-way ANOVA test followed by Scheffe’s method. P < 0.05 were considered
significant. Statistically significant differences among different groups of oocytes are
indicated by different superscripts.

Design of the experiments

Experiment 1 was performed in order to investigate the effect of SAC on the meiotic
maturation of porcine oocytes. The oocytes were cultured for 24 and 48 h in vitro in the
maturation medium described above, and supplemented with SAC in different
concentrations. At the end of culture, stages of meiotic maturation, MPF and MAPK
activity and hyaluronic acid production were evaluated.

Experiment 2 was focused on the effect of SAC on ROS levels in oocytes after 24 and 48 h
of meiotic maturation and zygotes after subsequent 22 h of cultivation. We investigated
the effect of SAC on ROS production as an indicator of oxidative stress and therefore
quality of oocytes.

Experiment 3 was performed in order to evaluate the effect of SAC applied during
meiotic maturation on subsequent parthenogenic activation. Activating potential and
early embryo cleavage were considered as indicators of oocyte quality.

RESULTS

Effect of S-allyl cysteine on meiotic maturation of porcine oocytes
Nuclear maturation, cytoplasmic maturation and hyaluronic acid production were used
as markers of successful meiotic maturation. Nuclear maturation was evaluated as a stage
of meiotic maturation. SAC did not influence nuclear maturation despite the
concentration of 5 mM which disrupts the standard course of the process (see Fig. 1A).
This concentration was not applied in further experiments.
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Figure 1 Effects of various SAC concentrations on porcine oocyte meiotic maturation after 24 and 48 h of cultivation. (A) Effects of SAC on
nuclear maturation. GV—oocytes in the germinal vesicle stage, MI—oocytes in metaphase I, and MII-oocytes in metaphase II. Statistically significant
differences between nuclear maturation stages (GV, MI, and MII) from various SAC concentrations are indicated by different superscripts:
a, b—differences between nuclear maturation stages from various SAC concentrations after 24 h of cultivation (P < 0.05). A, B—differences between
nuclear maturation stages from various SAC concentrations after 48 h of cultivation (P < 0.05). Data are presented as a mean of four replicates
(n =120 in each group). (B) Effects of SAC on hyaluronic acid (HA) content within COCs. Statistically significant differences between HA contents
from various SAC concentrations are indicated by different superscripts: a, b—differences between HA contents from various SAC concentrations
after 24 h of cultivation (P < 0.05). A, B—differences between HA contents from various SAC concentrations after 48 h of cultivation (P < 0.05). Data
are presented as a mean + S.E.M. of four replicates (n = 100 in each group). (C) Effects of SAC on MPF activity. Phosphorylated histone H1 signal
intensity is related to signal intensity in GV oocytes and reflects changes in MPF activity. Statistically significant differences between relative histone
H1 signal intensities from various SAC concentrations are indicated by different superscripts: a, b—differences between relative histone H1 signal
intensities from various SAC concentrations after 24 h of cultivation (P < 0.05). A, B—differences between relative histone H1 signal intensities
from various SAC concentrations after 48 h of cultivation (P < 0.05). Data are presented as a mean + S.E.M. of four replicates (n = 60 in each
group). (D) Effects of SAC on MAPK activity. Phosphorylated MBP signal intensity is related to signal intensity in GV oocytes and reflects changes
in MAPK activity. Statistically significant differences between relative MBP signal intensities from various SAC concentrations are indicated by
different superscripts: a, b—differences between relative MBP signal intensities from various SAC concentrations after 24 h of cultivation (P < 0.05).
A, B—differences between relative MBP signal intensities from various SAC concentrations after 48 h of cultivation (P < 0.05). Data are presented as
a mean + S.E.M. of four replicates (n = 60 in each group).
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Figure 2 Effects of SAC on ROS production in porcine oocytes after 24 and 48 h of cultivation, and
in zygotes after 22 h of cultivation. Statistically significant differences between ROS levels from
various SAC concentrations are indicated by different superscripts: a, b—differences between ROS
levels from various SAC concentrations after 24 h of cultivation (P < 0.05). A, B—differences between
ROS levels from various SAC concentrations after 48 h of cultivation (P < 0.05). 1, 2—differences
between ROS levels from various SAC concentrations after 22 h of cultivation of parthenogenetically
activated oocytes (P < 0.05). Data are presented as a mean + S.E.M. of four replicates (n = 60 in each
group).

Cytoplasmic maturation was evaluated as MPF and MAPK activities. MPF and MAPK
activities as well as hyaluronic acid production by COCs were not influenced by SAC
(see Figs. 1B—1D).

Effect of S-allyl cysteine on reactive oxygen species production in
porcine oocytes and zygotes

In these experiments we measured levels of ROS in order to prove our hypothesis that SAC
has antioxidant activity in oocytes, as has been proven in somatic cells.

Primarily, we cultivated maturing oocytes in the presence of SAC in concentrations 0.1,
0.5 and 1.0 mM and evaluated levels of ROS within oocytes after 24 and 48 h of
cultivation. We observed a significant decrease in ROS production in all experimental
groups after 24 as well as 48 h of cultivation (see Fig. 2).

Obtaining these results, we continued in experiments by parthenogenic activation of
oocytes matured in the presence of SAC. We evaluated ROS levels in zygotes 22 h after
parthenogenic activation. According to our results, parthenogenetically activated zygotes
maintained their antioxidant capacity and exhibited lowered ROS levels when compared
to the control group (see Fig. 2).

Effect of S-allyl cysteine on oocyte parthenogenic activation
In the following experiments we focused on the effect of SAC on activating potential and
early embryonic cleavage as indicators of embryo quality. SAC in concentrations
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Figure 3 Effects of various SAC concentrations on parthenogenic activation of porcine oocytes.
(A) Effects of SAC on the activating potential of parthenogenetically activated oocytes after 22 h of
cultivation. MII oocytes—oocytes in metaphase II, activated oocytes—zygotes with one or two pronuclei
and 2-3-cell cleaving embryos. Statistically significant differences between oocyte developmental stages
from various SAC concentrations are indicated by different superscripts: a, b—differences between
percentages of MII oocytes from various SAC concentrations (P < 0.05). A, B—differences between
percentages of activated oocytes from various SAC concentrations (P < 0.05). Data are presented as a
mean of four replicates (n = 120 in each group). (B) Effects of SAC on the early embryo development of
parthenogenetically activated oocytes after 22 h of cultivation. Zygotes had one or two pronuclei;
embryos consisted of 2 or 3 cells. Statistically significant differences between oocyte developmental
stages from various SAC concentrations are indicated by different superscripts: a, b—differences between
percentages of zygotes from various SAC concentrations (P < 0.05). A, B—differences between percen-
tages of embryos from various SAC concentrations (P < 0.05). Data are presented as a mean of four
replicates (n = 120 in each group).
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0.1, 0.5 and 1.0 mM did not affect activating potential, however it enhances early embryo
cleavage in comparison to the control (see Figs. 3A and 3B).

DISCUSSION

In our study, we demonstrated that SAC reduces levels of ROS in porcine oocytes
during their maturation in vitro. In the case of oocytes maturing in the presence of
SAC we did not observe deviations during the course of nuclear maturation or in the
activity of kinases of key importance for the meiotic maturation of oocytes. Expansion of
cumulus was also not influenced by cultivation. After parthenogenic activation we
observed a higher proportion of cleaving embryos in oocytes maturing in the presence of
SAC. The capacity of SAC to reduce intracellular levels of ROS has been described in
somatic cells (Tsai et al., 2011). To the best of our knowledge, our study is the first to
describe this effect of SAC on in vitro maturing mammal oocytes.

The marked reduction of intracellular levels of ROS observed in our study in porcine
oocytes maturing in vitro in a medium enriched with SAC can be explained by the fact that
both cysteine and the allyl group have antioxidant properties (Chung, 2006). It is known
that the addition of cysteine alone or its derivatives (e.g. NAC) to the cultivation medium is
capable of achieving a suppression of intracellular levels of ROS upon cultivation of
oocytes and embryos in vitro (Alvarez et al., 2015; Giorgi et al., 2015). According to several in
vivo experiments SAC has stronger antioxidant effects on various types of tissues than
cysteine alone (Hsu et al., 2004) or than NAC (Mizuguchi et al., 2006).

In our study, the reduction of ROS levels did not have a significant impact on the
observed aspects of maturation of porcine oocytes. This could indicate that porcine
oocytes are relatively resistant to the effects of ROS. This is attested to also by the
observations of Alvarez et al. (2015), in which the increase of ROS levels had no impact on
maturation. However, Alvarez et al. (2015) describe an increase in the proportion of
oocytes maturing to metaphase II after a reduction of ROS by the addition of cysteine to
the cultivation medium for maturation.

In our experiments we did not demonstrate the influence of SAC added during meiotic
maturation on the proportion of oocytes emerging from metaphase II following
parthenogenetic activation (thus the effect on the activation rate). However, in all applied
concentrations (0.1, 0.5 and 1.0 mM), SAC increased the percentage of cleaving zygotes
following parthenogenetic activation. A similar effect has also been described in the
case of cysteine which, in the study by Li et al. (2014), increased early embryo cleavage
of porcine oocytes following ICSI, and also in the case of NAC, which improved the
formation of male pronuclei and subsequent embryonic development ( Whitaker, Casey ¢
Taupier, 2012). On the basis of our results it is possible to conclude that SAC positively
influences early embryo cleavage, a significant indicator of the quality of activated oocytes.
This effect may be the result of suppression of ROS levels in zygotes, which persists
from previous maturation of oocytes in the presence of SAC.

SAC need not act on oocytes cultivated in vitro only as an antioxidant reducing
intracellular levels of ROS, but may also have an indirect effect via other target systems.
SAC is also capable of increasing the activity of antioxidant enzymes such as catalase
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and glutathione peroxidase (Hsu et al., 2004), by increasing intracellular levels of
glutathione, which is known as a significant antioxidant responsible for uptake of ROS in
cells (Kohen & Nyska, 2002). Also significant may be the capacity of SAC to increase
the intracellular concentration of hydrogen sulfide (Szabo, 2007), which tanks among
significant gaseous signalling molecules termed gasotransmitters (Karmoun, 2004).
Hydrogen sulfide plays a significant role in regulating the maturation of mammal oocytes
(Nevoral et al., 2014).

The extent to which hydrogen sulfide contributed to the effects of SAC we observed is
not clear. In this study, in the case of COCs, after cultivation with SAC we did not
observe an acceleration of maturation of oocytes or a suppression of expansion of
cumulus cells, which is manifested under the influence of hydrogen sulfide on COCs
(Nevoral et al., 2014). On the other hand, sulfide ions may have a whole range of indirect
effects on oocytes. Hydrogen sulfide influences the activity of several proteins,
including enzymes and the ion channels of their sulthydration (Paul ¢ Snyder, 2012).
Sulfide ions also have an effect on the activity of other gasotransmitters—nitric oxide and
carbon monoxide (Li, Hsu & Moore, 2009), which may significantly influence the
maturation of oocytes (Jablonka-Shariff ¢ Olson, 1998).

CONCLUSIONS

Further experiments will be required for a more detailed clarification of the effect of SAC on
oocytes and their developmental competence. Our experiments indicate that SAC is

an antioxidant suitable as a supplement to cultivation media for oocytes because it does not
disturb the course of meiotic maturation, which is sensitive to imbalance of ROS.

The addition of SAC to in vitro cultivation systems may make a significant contribution to
the success of in vitro maturation and subsequent activation and the early embryonic
development of oocytes.
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Bisphenol S negatively affects the
“meotic maturation of pig oocytes
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Miloslav Sulc*, Zora Kotikova*, Sarka Prokedova?, Frantidek Jilek?, Milena Krali¢kova? &
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Accepted: 1 March 2017 Bisphenol A (BPA), a chemical component of plastics, is a widely distributed environmental pollutant

Published online: 28 March 2017 . and contaminant of water, air, and food that negatively impacts human health. Concerns regarding BPA
. have led to the use of BPA-free alternatives, one of which is bisphenol S (BPS). However, the effects of
BPS are not well characterized, and its specific effects on reproduction and fertility remain unknown.

It is therefore necessary to evaluate any effects of BPS on mammalian oocytes. The present study is
the first to demonstrate the markedly negative effects of BPS on pig oocyte maturation in vitro, even
at doses lower than those humans are exposed to in the environment. Our results demonstrate (1) an
effect of BPS on the course of the meiotic cell cycle; (2) the failure of tubulin fibre formation, which
controls proper chromosome movement; (3) changes in the supply of maternal mRNA; (4) changes

in the protein amounts and distribution of oestrogen receptors o. and 3 and of aromatase; and (5)
disrupted cumulus cell expansion. Thus, these results confirm that BPS is an example of regrettable
substitution because this substance exerts similar or even worse negative effects than those of the
material it replaced.

Many anthropogenic substances introduced to the environment exert endocrine-disrupting effects and nega-
tively affect animal and human health by altering the functions of various endogenous hormones, even at very
low doses'. Because reproduction is subject to complex endocrine regulation, the effects of low-dose endocrine
disruptors may severely impact reproductive processes. Bisphenol A (BPA) is a known endocrine disruptor and
a component of most plastics, allowing it to reach not only the domestic environment but also water and food
supplies®. In addition to affecting many other physiological processes®, BPA may significantly affect reproduc-
tive physiology*°. Low-dose exposure to BPA during prenatal and neonatal development has been linked to a
wide variety of effects, including alterations in brain sexual differentiation, male and female reproductive tract
defects, pregnancy complications, and meiotic abnormalities in foetal oocytes” 8. Oestrogenic properties of BPA
are known as one of known molecular action in reproductive system®. For these reasons, the use of BPA was
restricted, and a number of products are sold with the guarantee that they are BPA-free.

In BPA-free products, the forbidden BPA has been replaced by other substances, of which the most widely
used is bisphenol S (BPS)!°. BPS is used compound in common plastics, canned items, receipt papers and many
others®. Therefore, global production of BPS is rising sharply!'. Massive exposure to BPS has been observed in
many populations worldwide'?. BPS simulates the actions of oestrogens, and a number of studies have demon-
strated the negative effects of BPS on a wide range of physiological processes!®. There are many indications that
BPS has become a “regrettable substitution’, specifically, that the endocrine disruptor BPA has been replaced by
a substance that exerts vigorous endocrine-disruptive effects'® !>, A recent examination of urine samples in the
United States and Asia confirmed previous work showing that 93% of people had detectable levels of BPA but
surprisingly showed that 81% had detectable levels of BPS'. Moreover, BPS has been detected in human blood
serum'”. Thus, its possible effects on highly sensitive physiological functions, such as reproduction, must be elu-
cidated. Meiotic maturation of oocytes is a highly sensitive reproductive physiological process. The presence of
BPS in body fluids prompts the question of whether BPS exposure disrupts oocyte maturation. Given this, it is
troubling that information regarding the influence of BPS on mammalian oocytes remains lacking.
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The process by which mammalian oocytes form a complex with surrounding cumulus cells to prepare for
fertilization is dependent on hormonal stimuli. Utilizing stored RNA and stored and newly synthesized proteins,
oocytes undergo a complex series of processes termed meiotic maturation'®, which includes breakdown of the
nuclear membrane and chromatin condensation (germinal vesicle (GV) breakdown), as well as the formation
of microtubule-organizing centres for spindle division. Chromosomal movement is necessary for meiosis I and
meiosis 1T and for extrusion of the polar body'. Flawless tubulin function during these processes is required for
the meiotic cell cycle to proceed successfully?. Oestrogens and aromatase regulate the maturation of mammalian
oocytes, which plays a crucial role in steroidogenesis®'. Therefore, the influence of BPS on oestrogen receptors
and aromatase demands attention. Cumulus cells also respond to disrupted hormonal signalling by altering the
production of hyaluronic acid (HA), the most abundant compound of their extracellular matrix*.

We selected pig oocytes as a suitable model to study endocrine disruption in mammalian oocytes. The mat-
uration time of a pig oocyte is longer than that of the commonly used mouse model, therefore providing an
opportunity to carry out a more detailed study of the cell cycle. Pig oocytes are also larger in size, permitting the
more detailed evaluation of phenomena related to tubulin alterations resulting from greater functional distances
between the meiotic spindle and chromosomes, which the microtubules must span. In addition, pig oocytes are
physiologically more similar to human oocytes than mouse oocytes, and thus our results provide a more solid
basis for human reproductive research?.

The aim of this study was to explore the effects of BPS on the in vitro maturation of porcine oocytes. The
results reported here are the first to demonstrate the detrimental effects of BPS on the maturation of mammalian
oocytes in vitro, indicating the regrettable substitution of BPS for BPA merits our attention with respect to mam-
malian reproduction.

Results

Our analysis of pig follicular fluid confirmed the absence of BPS. On the basis of this observation (see
Supplementary Tables S1 and S2), we suspected that cumulus-oocyte complexes were not influenced by BPS
before isolation. Moreover, the viability of oocyte and cumulus cells was tested. After 24 and 48h of in vitro cul-
ture, none of the BPS treatments (3 nM, 300 nM or 30 uM) influenced the viability of oocytes and cumulus cells
(see Supplementary Table S3A and S3B).

Both progression to Ml and Mil were sensitive to BPS.  Under in vitro conditions, pig oocytes mature
to metaphase I (MI) after 24 h and to metaphase II (MII) after 48 h. Cumulus-oocyte complexes (COCs) treated
with various concentrations of BPS (3nM, 300 nM or 30 uM) exhibited a significant dose-dependent decrease in
MI and MII stage achievement after 24 and 48 h of in vitro culture. BPS-treated oocytes (300 nM and 30 uM) did
not resume meiosis after 24 h of in vitro culture. However, after 48 h of in vitro culture, all BPS-treated oocytes
initiated meiotic maturation and matured to at least MI (Fig. 1A,B).

After 72 h of culture (Fig. 1C), maturation was not only delayed but also disrupted and blocked by BPS in all
used concentrations. This meiotic block was irreversible because maturation did not improve even after 48 h of
culture with BPS followed by culture in a BPS-free medium (see Supplementary Fig. S1A). Both progression to
MI and to MII are sensitive to all tested concentration of BPS: maturation decreased in COCs exposed to BPS for
the first 24 h (Fig. S1B) or during the second 24 h of 48 h of overall culture in dose dependent manner (Fig. S1C).

a-tubulin assembly during porcine oocyte maturation after BPS treatment.  Faultless organiza-
tion of tubulin filaments and chromosomes in the spindle apparatus is required for correct meiotic maturation to
be achieved. We observed several types of defects, including swollen chromosomes and irregular organization,
decreased numbers of tubulin filaments, spindles in a circular formation or astral arrangement, elongated meta-
phase plates, and reduced spindle size. These phenomena were apparent in both MI (Fig. 2A) and MII (Fig. 2B)
oocytes and were present even in the 3nM BPS treatment group after 24 and 48 h of in vitro culture, respectively.
BPS dramatically affects the formation and structure of the meiotic spindle (see Supplementary Video 1).

Effects of BPS on the amount of mRNA for oestrogen receptors and aromatase. The oocyte
is transcriptionally inactive during meiotic maturation; therefore, correct meiotic maturation is completely
dependent on maternal reserves of gene transcripts. Important targets of the oestrogenic effects of BPS are the
mRNA transcripts for ERa, ERS3, and aromatase. Our results indicated the presence of mRNA transcripts for
ERa, ERB3, and aromatase in oocytes and cumulus cells, whose responses to BPS treatment differed based on
transcript amounts. Notably, the amount of ERa transcripts in oocytes was dramatically decreased after BPS
treatment regardless of concentration. Moreover, the amount of aromatase transcripts was dramatically decreased
in oocytes treated with BPS concentrations of 3nM or 300 nM. No changes in the amount of ERf3 transcripts were
observed in oocytes. In the cumulus cells surrounding the oocytes, nRNAs of aromatase and ER(3 decreased after
30 uM BPS treatment (Fig. 3A-C).

Effects of BPS on the expression and redistribution of ERa, ER(3, and aromatase during the
maturation of porcine oocytes. The presence of ERq, ERB, and aromatase was observed throughout the
entire meiotic maturation process. The expression and distribution of ERa and ER3 were significantly altered
during in vitro culture. Notably, these changes were detected during the first meiotic division in which treatment
with 30 uM BPS significantly increased the signal intensity of ERocand ER3. Moreover, the 300 nM BPS treatment
also affected these two factors in MI and MII oocytes. Differences were also observed in aromatase expression and
distribution within MI oocytes treated with 3 nM BPS (Fig. 4A-F).

Changes in HA-derived cumulus expansion after BPS treatment. During oocyte maturation in
vitro, cumulus cells produce large amounts of extracellular matrix in which HA is the most abundant compound.
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Figure 1. Effects of BPS on the meiotic maturation of oocytes. Effects of BPS (3nM, 300nM, and 30 M) on
the stages of meiotic maturation achieved by oocytes cultured for (A) 24h, (B) 48h, and (C) 72h in vitro. GV
- germinal vesicle, LD - late diakinesis, MI - metaphase I, AITI - anaphase I-telophase I, MII — metaphase
II. The data are expressed as the mean + SEM from four independent experiments, n =120 oocytes per group.
Different superscripts denote the statistical significance among experimental groups within the same stage of
meiotic maturation (P < 0.05).

In the presence of BPS, HA production in cumulus cells significantly changed. After 300 nM BPS treatment, HA
production increased after 24 and 48 h of in vitro culture. Interestingly, the other tested BPS concentrations (3nM
and 30 uM) did not influence HA production in COCs (Fig. 3D).

Discussion

To the best of our knowledge, this is the first study to investigate the relationship between BPS exposure and
the maturation of mammalian oocytes. Our results demonstrate the markedly negative impact of BPS on pig
oocyte maturation in vitro, specifically in terms of cell cycle blockade, cytoskeletal disruption, changes in the
mRNA levels of key BPS targets, and changes in cumulus expansion. The negative effects of BPS on pig oocyte
maturation were also apparent at concentrations that were orders of magnitude lower than BPS concentrations
observed in human blood serum and urine!. Pig oocyte physiology shares many similarities with that of human
oocytes. Importantly, pig oocytes have high sensitivity to the negative effects of BPA during in vitro maturation.
Therefore, our results are reliably applicable to human reproduction.

Because oestrogens are highly prevalent in the environment, it was necessary to exclude background BPS in
our experiments to evaluate the effects of low doses of BPS. Environmental factors altering the composition of
follicular fluid harm oocyte competence, either via direct effects on the oocyte itself or by indirectly affecting
follicular cells or hormonal actions. Therefore, knowledge of the history of oocytes placed into an in vitro mat-
uration system is required®. The follicular fluid creating the microenvironment for our porcine oocytes was
analytically demonstrated to be free of BPS. The oocytes used in our experiments were exposed only to the BPS
concentrations that were added into the culture medium (see Supplementary Tables S1 and S2). In addition to
this fact, BPS doses used in our experiments respect concentrations measured in human blood serum and urine
(0.8-84nM)15.16,

The effects of BPS on the course of the meiotic cell cycle were evaluated at different time intervals during in
vitro oocyte maturation. Under in vitro conditions, BPS blocked the maturation of some oocytes in MI and/or at
the exit from ML After 24h of culture, oocytes reached the MI stage with decreased success, whereas all oocytes
reached the MI stage after 48 h of maturation, but a portion did not continue in meiosis up to MIIL. These effects

SCIENTIFICREPORTS |7:485 | DOI:10.1038/s41598-017-00570-5 3


http://S1
http://S2

A a-tubulin
DAPI

a-tubulin merge abnormality (%)
Control
33+33
3nM b
23.3+51
300nM b,c
36.2+3.38
SOHM c
444 £56
B a-tubulin
DAPI a-tubulin merge abnormality (%)
Control i
3.3+3.3
3nM ab
20.0+11.5
300nM { be
3 39.7+32
30uM &
46.7 £3.3

Figure 2. Effects of BPS on meiotic spindle formation during the maturation of porcine oocytes. Representative
pictures showing defects in the morphology of spindle organization and chromosome alignment in oocytes
after 24 h (A) or 48h (B) of culture in vitro after BPS (3nM, 300 nM, and 30 uM) treatment. Green colour
indicates a-tubulin, blue indicates DAPI. Scale bar = 10 um. Percentage of a-tubulin abnormalities after

24h (n=283) and 48 h (n = 82) of culture in vitro are presented to the right side of the images. The data are
expressed as the mean 4+ SEM of three independent experiments. Different superscript letters denote statistical
significance (P < 0.05).
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Figure 3. Effects of BPS on mRNA expression levels of selected genes and cumulus cell expansion. Effects of
BPS (3nM, 300nM, and 30 uM) on the relative mRNA expression of (A) ERq, (B) ERB, and (C) aromatase
in oocytes and cumulus cells cultured for 48 h in vitro. The data are expressed from three independent
experiments, with a total of n =150 oocytes per group. Different letters and numbers denote the statistical
significance among experimental groups for oocytes and cumulus cells, respectively (P < 0.05). (D) Effects
of BPS on HA content in COCs after 24 and 48 h of in vitro culture. Different letters and numbers denote the
statistical significance among experimental groups for 24 and 48 h of in vitro culture, respectively (P < 0.05).

were dose-dependent. Given the observed effects of BPS on pig oocyte maturation, the period around MI appears
to be critical. This phenomenon was also demonstrated by our experiments in which BPS exerted substantial
effects on in vitro oocyte maturation during the first 24 h period and the second 24 h period (see Supplementary
Fig. S1). However, it was only possible to determine whether these effects were attributable to a slowing of the
cell cycle or meiotic maturation blockade after culture was prolonged beyond 48 h. Significantly, a proportion
of oocytes exposed to BPS remained in the MI or anaphase I/telophase I stages. Therefore, BPS not only causes
a slowing of pig oocyte maturation in vitro, similar to that observed during the maturation of mouse oocytes in
the presence of BPA? or bisphenol AF?, but BPS also permanently blocks the course of maturation in a signifi-
cant portion of oocytes. Similar effects have been observed for the maturation of pig oocytes in BPA presence?.
Although the effects of low doses of endocrine disruptors are not surprising?®, we demonstrated significantly
negative effects with a very low dose of BPS (3nM), which has not previously been observed in experiments
investigating the effects of BPA on mammalian oocyte maturation.

Oocyte sensitivity to BPS during the period surrounding MI appears to be related to meiotic spindle forma-
tion. In our experiments, even oocytes cultivated in only 3nM BPS were distinctly damaged. Based on our results,
BPS impairs meiotic spindle creation in pig oocytes and causes irregularities in the arrangement of tubulin fibres.
Similar effects on chromosome congression failure in vivo® and in vitro®* were observed during mouse oocyte
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Figure 4. Effects of BPS on ERa, ERq, and aromatase during oocyte maturation. Representative pictures
showing changes in the distribution of ERa (A), ERB (C), and aromatase (E) in oocytes cultured for 24 h and

48h in vitro after BPS (3nM, 300 nM, and 30 uM) treatment. Green colour indicates ERa and ERB, red indicates
aromatase, and blue indicates chromatin. Scale bar = 50 uM. Graphs (B), (D), and (F) represent differences in
the relative fluorescence intensities of ERa, ERB, and aromatase. The data are expressed as the mean + SEM of
three independent experiments in which at least 20 oocytes were analysed. Different superscript letters denote
the statistical significance among experimental groups for 24 and 48 h of in vitro culture, respectively (P < 0.05).
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maturation in the presence of BPA; meiotic spindle abnormalities apparently resulted from spindle checkpoint
control failure. During the in vitro maturation of pig oocytes, BPA exerted negative effects on cell cycle progres-
sion, spindle architecture, and chromosome organization“. These effects may be attributable to the influence of
BPS on oestrogens: oestrogens, specifically oestradiol, affect the regulation of mammalian oocyte maturation in
vitro®"*, and increased concentrations result in meiotic spindle defects®. In our experiments, individual meiotic
spindle defect frequencies were not linearly dependent on dosage, as is often the case with endocrine disrup-
tors**=%. A similar non-linear effect was observed in terms of the effects of BPA on human oocyte maturation in
vitro®. In our study, we demonstrated for the first time the impact of BPS on cytoskeletal structures and noted
equally dangerous effects compared to those confirmed in studies investigating BPA.

Our results demonstrate the presence of mRNA transcripts for frequent targets of endocrine disruptors, spe-
cifically ERa, ERB, and aromatase, both in oocytes and in cumulus cells. After in vitro culture with BPS at low
concentrations, mRNA transcripts for ERa and aromatase were no longer detectable in oocytes. This phenome-
non was related to the non-linear effects induced by the endocrinologically disruptive actions of BPS. The ability
of BPS to regulate mRNA expression was previously confirmed only in somatic cells®”. BPA alters the global sup-
ply of gene transcripts connected to key cell processes in oocytes™. Altered signalling during processes leading to
destabilization of the overall maternal stock of mRNA in oocytes® or its selective degradation*’ may be respon-
sible for the decrease in mRNA transcript levels that we observed. This phenomenon might also be explained by
high levels of translation and the required presence of proteins to sustain or release from the first meiotic block*..
Somatic cumulus cells play a role in transferring transcripts into the oocyte and also enlarge maternal mRNA
stocks within the oocyte*?. Our results also demonstrate the decreased expression of mRNA transcripts for ER3
and aromatase in cumulus cells surrounding oocytes exposed to 30 uM BPS, which may result in the decreased
transport of these mRNAs from the cumulus cells into the oocyte. These effects are potentially attributable to tox-
icity, which would be in accordance with the effects of BPA described in somatic cell lines®*. The different effects
of BPS on ERa and ER transcripts may be related to the affinity of ERs to BPS*%. Thus, BPS may trigger diverse
translation responses. The decrease in ERa transcripts may be explained by a nonlinear relationship between
the number of bound receptors and the strongest observable biological effect®. Similarly, aromatase transcript
expression has also shown a non-monotonic effect, in which low doses appear to be more effective than high
doses in altering transcript levels. Decreases in the amount of transcripts can be explained by increased transla-
tion as well as disruption of transcript stability (e.g., due to polyadenylation of mRNAs)'®**. BPS may thus affect
both of these mechanisms of transcription regulation. In general, the same concentrations of BPS may exert even
more damaging impacts on oocytes than on cumulus cells in terms of decreasing mRNA transcript levels, sug-
gesting female gametes are more sensitive than somatic cells to the endocrinologically disruptive actions of BPS.
At the same time, there may be different BPS signalling mechanisms in somatic cells versus oocytes.

Our results indicate direct ERovand ER3 protein expression in oocytes. Moreover, BPS also possesses the abil-
ity to influence meiotic maturation by targeting oestrogen receptors. Culture with BPS disrupts the expression of
ERa and ERB, as seen in MI and MIL In somatic cells, BPS acts as a weak agonist of oestrogen receptors*® present
in a number of tissue types. During somatic cell mitosis, ERa regulates chromosome alignment and spindle
dynamics by stabilizing microtubules during metaphase®. The absence of ERoe mRNA in mature oocytes may be
associated with increased ERa signal intensity during in vitro maturation, thus suggesting transcript depletion
during ER« translation. Moreover, BPS-induced alterations in ERa signal intensity after 24 and 48 hr of in vitro
culture may affect microtubule function, thus causing the spindle malformations*” observed in our experiments.
Both oestrogen receptors clearly increased after 24 hr of in vitro culture with BPS. Although the amount of ERa
protein was accompanied by decreases in mRNA, ER3 mRNA was not affected. This observation suggests that
the ubiquitin-proteasome system*® may be targeted when proteolytic degradation of ER is protracted. However,
the amount of ER( protein did not increase after 48 hr of in vitro culture; in contrast, stimulation of proteolytic
degradation appeared to occur after 300 nM BPS treatment, in a manner potentially promoted by receptor sat-
uration*”>°. Noticeably, BPS, simulating oestrogen action, affect dynamics of oestrogen receptors due to both
post-transcriptional and post-translational regulation®® !,

In addition to endocrine disruptors, the expression of aromatase, which is responsible for steroidogenesis, is
affected in porcine oocytes. Therefore, cross-talk between aromatase-derived oestrogens and endocrine disrup-
tors is a target of BPS in porcine oocytes, and our evidence points to endocrinological disruption by BPS, which
affects mammalian oocyte maturation in vitro. According to our results, BPS increases the levels of retained HA
in cumulus-oocyte complexes. This effect was observed after 24 h and 48 h of in vitro culture at concentration of
300 nM BPS. BPA also alters HA levels by decreasing the amounts of retained HA?? and suppressing the cumu-
lus expansion of pig COCs?%. Presumably, 300 nM BPS may mimic hormonal stimulation of cumulus expan-
sion within 24 h cultured oocytes. Futhermore, BPS can also affect paracrine regulation factors (i.e., insulin-like
growth factor and growth differentiation factor-9)°>* and other key molecules, such as hyaluronan synthase-2,
cAMP, and/or microRNAs**>>. The proposed BPS sensitivity of cumulus expansion regulatory mechanisms is
consistent with earlier observations on the effects of other endocrine disruptors on cumulus-oocyte complexes
and cumulus expansion?. BPS exerts different effects as oocyte maturation progresses. The non-linear effect of
BPS is apparent when 3 nM and 30 uM BPS treatments do not show significant effects. This differing mechanism
may also underlie the effects on mRNA expression observed at the low doses evaluated in our study. Furthermore,
our findings correspond to the aforementioned non-linear effects of BPS.

In conclusion, based on the results of our study, mammalian oocytes are highly sensitive to the effects of
BPS. This is the first study describing the impact of low doses of BPS on mammals. The presented results help to
clarify the mechanism by which endocrine disruptors influence mammalian reproduction and suggest that the
ever-increasing use of BPS does not constitute a safer alternative to BPA.
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Methods
Reagents. Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted.

Porcine oocyte isolation and culture. The authors declare that the present study was carried out in
accordance with the current laws of the Czech Republic and all the experimental protocols were approved by
the Ethics Committee at the Czech University of Life Sciences Prague. Porcine ovaries were collected from
pre-pubertal gilts at a local slaughterhouse. COCs were aspirated from medium-sized follicles using a 20-gauge
needle. Only oocytes surrounded by several layers of cumulus cells and uniform ooplasm were selected for fur-
ther study. Oocytes were cultured in M199 medium supplemented with sodium bicarbonate (0.039 mL of a 7.0%
solution per 1 mL of medium), calcium lactate (0.6 mg/mL), gentamicin (0.025 mg/mL), HEPES (1.5 mg/mL),
13.51U of eCG plus 6.6 IU of hCG/mL (P.G. 600 Intervet, Boxmeer, Netherlands), and 5% foetal calf serum. Based
on our preliminary experiments (data not shown), COCs were treated with BPS in following concentrations:
30pM, 3nM, 300 nM, and 30 1M, dissolved in DMSO to its final concentration of 0.1%. Vehicle control when
COC:s cultivated in medium with equal DMSO concentration was used. The oocytes were cultured for 24, 48, or
72hin 5.0% CO, at 39°C.

Oocyte evaluation. After culture, the oocytes were denuded from surrounding cumulus cells by pipetting.
Thereafter, oocytes were mounted onto slides, fixed with acetic alcohol (1:3, v/v) for at least 24 h, and stained with
1.0% orcein. The oocytes were examined under a phase-contrast microscope (magnification 400x). The stages of
oocyte nuclear maturation, specifically GV, late diakinesis (LD), MI, anaphase I (AI), telophase I (TT), and MII,
were evaluated in accordance with previously described criteria®.

Trypan blue staining of oocytes and cumulus cells.  After 24 or 48 hr of in vitro cultivation, COCs
(15 per group) were incubated with a 0.2 (w/v) solution of Trypan blue for 10 min. After incubation, oocytes
were denuded, and Trypan blue-positive cells were counted. Cumulus cells were washed three times in PBS, and
Trypan blue-positive cells were counted with a Thoma chamber when one hundred cells were evaluated.

Oocyte immunofluorescence and imaging. After culture, oocytes were treated with 0.5% pro-
nase to remove the zona pellucida and further processed as previously described®” with slight modifications.
Oocytes were permeabilised and blocked (in 0.1% Triton X-100 dissolved in PBS supplemented with 1% and
5% normal goat serum, respectively), and then incubated overnight with the following antibodies (1:200; at
4°C): anti-a-tubulin (T6199, Sigma-Aldrich), anti-CYP19/aromatase (LS-C188219, LifeSpan BioSciences,
Seattle, WA, USA), anti-oestrogen receptor o (ab3575, Abcam, Cambridge, UK), and anti-oestrogen receptor
B (ab3576, Abcam). Subsequently, oocytes were washed twice before incubation with fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG, FITC-conjugated goat anti-rabbit IgG, and tetramethylrhodamine iso-
thiocyanate (TRITC)-conjugated goat anti-mouse IgG (Thermo Fisher Scientific, Waltham, MA, USA; 1:200).
Thereafter, oocytes were washed twice and mounted in Vectashield containing 4’6-diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific). Images were acquired using a Ti-U microscope (Nikon Co., Tokyo, Japan) to
detect ERa/ER( and aromatase. A confocal scanning microscope (Leica, SPE, Germany) was used for a-tubulin
visualization. Exposition conditions were the same for each individual protein, and its negative control, which
lacked a specific antibody, was processed under comparable conditions. Image analysis was performed using NIS
Elements (Laboratory Imaging Ltd, Prague, Czech Republic). Aromatase, ERa, and ER@ signal intensities were
normalized to the basal signal intensity of the negative control and compared to those in untreated oocytes.

Western blot analysis. Samples were prepared in accordance with previous study®. Briefly, denuded GV
oocytes (200 per sample) were placed into 15 uL of sample buffer. Surrounding cumulus cells were processed
separately. Samples were heated at 100 °C for 5 min and proteins were separated using 12.5% SDS-PAGE and then
electrophoretically transferred to a nitrocellulose membrane (GE Healthcare, Amersham UK). A pre-stained
molecular weight standard (Bio-Rad Laboratories, Waltford, UK) was used to verify the molecular weights of
the detected proteins. After overnight blocking in 2% milk in phosphate-buffered saline (PBS) containing 0.1%
Tween 20, the membrane was incubated for 2h with primary antibodies at a concentration of 1:500 for 3-Actin
(#4970, Cell Signaling Technology, Davers, MA, USA; as an internal loading standard), ERo and ER@, and 1:250
for aromatase. The membrane was incubated with a secondary mouse or rabbit IgG antibody (GE Healthcare) at
a concentration of 1:10,000 or 1:40,000, respectively. The proteins were visualized using an ECL Select Western
Blotting Detection Kit (GE Healthcare) and a C-Digit Blot Scanner (LI-COR Biosciences, Lincoln, NE, USA).

mRNA analysis. Samples for the quantitative real-time polymerase chain reaction (RT-qPCR) analysis of
aromatase, ERa, and ER3 mRNAs were prepared from immature GV and mature MII oocytes (50 oocytes in
each group). Concurrently, cumulus cells were employed for the same analysis. RNA was isolated using a 6100
Nucleic Acid PrepStation (Fisher Scientific, USA) in accordance with the instruction manual. Total mRNA was
transcribed to cDNA using a High-Capacity cDNA Achieve Kit (Thermo Fisher Scientific) in accordance with
the manufacturer’s instructions. cDNA was synthesized in a final volume of 100 pL. Sets of specific primers were
synthesized in accordance with known sequences to amplify specific products for GAPDH, aromatase, ERa, and
ER@ (see Supplementary Table S4). Each PCR reaction was performed in triplicate in a total volume of 10 uL with
the gene-specific primers at 500 nM and the TagMan MGB probe at 200nM, 5 pL of 2x concentrated Fast TagMan
Universal Master Mix (Thermo Fisher Scientific), 1 pL of cDNA, and nuclease-free water up to a volume of 1 mL.
The 7500 Fast Real-Time PCR System (Thermo Fisher Scientific) was utilized for RT-qPCR reactions with the
following programme: 95 °C for 20 s followed by 40 cycles of 95 °C for 2 s and 60 °C for 20s. mRNA expression
was quantified for each enzyme using SDS software and the arithmetic formula 2-24€" in accordance with the
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comparative Ct method® to determine the amount of the target normalized to the GAPDH endogenous control
as a reference®, relative to fully grown GV oocytes and their cumulus cells.

HA measurement and the evaluation of cumulus expansion.  Groups of 25 COCs were cultured
for 24 or 48 h as described above and processed as previously described®® . Briefly, the COCs were three-times
washed in PBS-PVA, and oocytes were mechanically denuded by repeated pipetting. Isolated HA was enzy-
matically digested with lyase from Streptomyces hyalurolyticus (21U/mL) at 39 °C overnight. Subsequently, HA
solutions were spectrophotometrically measured using a Helios Gamma spectrophotometer (Thermo Fisher
Scientific) at 216 nm against a blank consisting of PBS-PVA containing lyase. The quadratic calibration curve was
based on five HA standards (0.006-0.1% sodium hyaluronate) digested via the protocol used for the samples. The
concentration of HA was expressed as the retained HA relative to the untreated control group.

LC-MS/MS analysis of BPS in porcine follicular fluid.  Follicular fluid samples were prepared during
oocyte aspiration in accordance with the previously described oocyte collection. The follicular fluid was obtained
from three independent aspirating sessions. Subsequently, a sample preparation method described by®! was
employed with modifications. Briefly, samples were centrifuged, and 2 mL of supernatant was added to 1 mL of
200 mM sodium acetate buffer (pH 5.4) together with a (**C,,) internal standard (10 uL of a 50 ng/mL solution),
followed by incubation with 20 uL of beta-glucuronidase/arylsulfatase from Helix pomatia (Roche, Mannheim,
Germany) for 5h at 37 °C. Samples were extracted with 2mL of acetonitrile and 3 mL of ethyl acetate. After soni-
cation (40 kHz for 10 min.) and centrifugation, 4 mL of supernatant was evaporated under nitrogen at 60 °C, and
the residue was reconstituted with 0.5 mL of 50% methanol in water. Samples were analysed on a Dionex Ultimate
3000 UHPLC system (Thermo Fisher Scientific) coupled to a 3200 QTRAP triple quadrupole mass spectrometer
(AB Sciex, DC). The following liquid chromatography conditions were used: Phenomenex Kinetex C18 column
(30 x 2.1 mm, 1.7 um), column temperature 35 °C, autosampler temperature 10 °C, flow 0.3 mL/min, injection
volume 10 uL. Mobile phase (A) was methanol, and phase (B) was water. The following gradient was employed:
0min 90% B, 0.2min 90% B, 4.5min 10% B, 5.5 min 10% B, 6.5 min 90% B, and 8 min 90% B. The following mass
spectrometry parameters were used: the ESI source was operated in negative mode at 600 °C, ion spray voltage
—3500V, curtain gas 20 a.u., nebulizer gas 35a.u., turbo gas 25a.u., collision gas “medium’, ion dwell time 70 ms,
ions registered: 249.1/107.9/155.9/92.0 for bisphenol S and 261.1/114.1/98.1/162.1 for the internal standard. The
BPS retention time was approximately 2.55 min. Eight-point linear calibration (r=0.9999) ranged from 0.05ng/
mL to 100 ng/mL.

Statistical analysis. The data are presented as the mean & SEM of at least three independent experiments.
The general linear models (GLM) procedure, following the Shapiro-Wilk test of normality, was employed in SAS
package 9.3 (SAS Institute Inc., Cary, NC, USA) to analyse data from all experiments. Significant differences
among groups were determined using Shefté’s test. P < 0.05 was regarded as statistically significant.
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The production of prostaglandin E2 (PGE2) seems to play an important role in the ovulation process. PGE2 was
found to induce cumulus expansion and meiosis resumption in mice, but little is known about its role in pigs. The
goals of this study were (a) to assess the effect of PGE2 on the expression levels of cumulus expansion-related
genes, (b) to define the signaling pathways that drive the PGE2-stimulated expression of cumulus expansion-re-
lated genes, (c) to measure the effect of PGE2 on the activation of key signaling molecules (MAPK3/1, PKB) and

on hyaluronan production in cumulus cells, and (d) to assess the effect of PGE2 on meiosis resumption. We docu-
mented that PGE2 is able to induce the expression of cumulus expansion-related genes (HAS2, TNFAIP6) as well
as genes involved in steroidogenesis (CYP11A1) or prostaglandin production (PTGS2). PGE2 is able to activate
PKB and MAPK3/1 and induce mild cumulus expansion and meiosis resumption, but less efficiently than FSH.

1. Introduction

Cumulus cell expansion is a process that enables the detachment
of the cumulus-oocyte complex (COC) from the follicle wall and sub-
sequent ovulation. The process is accompanied by an extensive re-
arrangement of the cumulus cell cytoskeleton [1] and the production
of a large amount of hyaluronic acid-rich extracellular matrix (ECM),
which is synthetized by hyaluronan synthase 2 (HAS2). The organiza-
tion of linear molecules of hyaluronan is mediated by tumor necrosis
factor alpha induced protein 6 (TNFAIP6) [2] and pentraxin 3 [3]. Dis-
ruption of either of these genes leads to female infertility and has a
large impact on the stability of the expanded cumulus and on hyaluro-
nan retention. Hyaluronan binds to its receptor CD44 on the cumulus
cell surface. Activation of CD44 by hyaluronan binding is able to in-
hibit apoptosis of human mural granulosa and cumulus cells [4]. In
pigs, interaction of hyaluronan and CD44 seems to regulate meiosis re-
sumption [5] and expression of CD44 increases in a manner dependent
on the degree of cumulus expansion [6]. Additionally, activity of the
extracellular metalloprotease ADAMTSI is required for the structural
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remodeling of the cumulus ECM and subsequent ovulation [7]. In-
terestingly, murine COCs expanded in vitro neither contain detectable
ADAMTS1, nor intact or ADAMTS1-cleaved versican, a substrate of
ADAMTS1 [8]. The altered composition of cumulus ECM and cumulus
physiology may contribute to the lower developmental competence of
oocytes cultivated in vitro [8,9]. Connection between ECM and cumu-
lus cell seems to be mediated via syndecan 4 (SDC4). SDC4 is a he-
paran sulfate proteoglycan which serves as a direct link between the
ECM and intracellular signaling proteins and cytoskeleton. Expression of
SDC4 in porcine cumulus cells is upregulated by follicle-stimulating hor-
mone (FSH) [10] and its expression in human cumulus cells positively
correlates with developmental competence of oocyte [11].

In response to the preovulatory surge of luteinizing hormone (LH),
mural granulosa cells and cumulus cells start to produce EGF-like pep-
tides amphiregulin (AREG) and epiregulin (EREG), which act as the me-
diators of LH action in the follicle [12,13]. Both in vivo and in vitro,
the peptides are able to induce the resumption of meiosis and expan-
sion of cumulus cells [12,13]. The peptides bind to epidermal growth
factor receptor (EGFR) and induce activation of mitogen-activated pro-
tein kinases 3/1 (MAPK3/1), signaling molecules essential for cumulus
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expansion and female fertility in mice [14] and pigs [15]. Targeted
disruption of the gene coding CCAAT/enhancer-binding protein beta
(Cebpb) in murine granulosa cells leads to the similar phenotype ob-
served in granulosa-specific Mapk3/1 knockout mice, indicating a role
of CEBPB transcription factor in expression of cumulus expansion re-
lated-genes [14]. Both FSH and EGF-like peptides are able to acti-
vate protein kinase B (PKB) which seems to be required for FSH-
and AREG-induced expression of HAS2 and TNFAIP6 [15]. Addition-
ally, EGF-like peptides and FSH upregulate the expression of
prostaglandin-endoperoxide synthase 2 (PTGS2), the rate-limiting en-
zyme in prostaglandin synthesis. The production of prostaglandins, es-
pecially prostaglandin E2 (PGE2), seems to be essential for female fertil-
ity. In mice, the targeted disruption of Ptgs2 leads to severe disruption of
ovulation and fertilization [16] and a similar phenotype was observed in
mice lacking the receptor of prostaglandin E2 Ptger2 [17]. Interestingly,
the removal of cumulus cells from wild-type oocytes led to similar fer-
tilization rates to those observed in Ptger2 null oocytes (49% vs. 39%),
indicating the importance of PGE2/PTGER2 for cumulus cell function
[17,18]. Indeed, PGE2 induces cumulus expansion in many mammalian
species, e.g. in mice [19-21], cows [22,23] or macaques [24]. PGE2 was
found to upregulate the expression of key genes associated with cumu-
lus expansion, namely Areg and Ereg in both mouse [25] and human
granulosa cells [26], in addition to Has2, Ptgs2 and Tnfaip6 in mouse
granulosa cells [25]. Interestingly, PGE2 is probably involved in the reg-
ulation of the cumulus ECM assembly via the expression of chemokines
(Ccl2, Ccl7 and Ccl9) in murine cumulus cells [27]. This prostaglandin is
required for the downregulation of Ccl7 expression, and thus PGE2 pre-
vents excessive integrin engagement to the cumulus ECM, which causes
fertilization failure [27]. Moreover, mouse cumuli expanded in vivo are
able to retain cumulus cell-synthesized PGE2 within the complexes more
than in vitro-expanded COCs stimulated with FSH and epidermal growth
factor [9]. Although the causality is unclear, COCs expanded in vitro
exhibit altered molecular filtration properties, which affects metabo-
lite diffusion into cumuli and oocytes [9]. The correlation between the
PGE2 receptor PTGER1 and SERPINE1 expression in non-apex cells in-
dicates an involvement of PGE2 in the regulation of proteolytic events
before stigma formation [28]. The role of PGE2 in cumulus expansion
and stigma formation was also confirmed in Pgs2 null mice [20].

The aim of this study was to describe the effect of PGE2-enriched
medium on the expression of key genes involved in cumulus expansion
in porcine COCs. Using pharmacological inhibitors of selected signaling
proteins, we studied the signaling pathways which seem to mediate the
effect of PGE2 on gene expression. We also quantified the concentration
of PGE2 produced into the cultivation medium by FSH-stimulated COCs
and assessed the effect of exogenous PGE2 on cumulus expansion.

2. Materials and methods
2.1. Culture media and reagents

All chemicals were purchased from Sigma-Aldrich (Prague, Czech
Republic) unless otherwise specified.

2.2. Isolation and culture of cumulus-oocyte complexes

Ovaries of prepubertal gilts were collected at a local abattoir and
immediately transported to the laboratory in a thermo-flask at 37 °C.
COCs were aspirated from medium-sized antral follicles about 3-5 mm
in diameter, washed in phosphate buffered saline (PBS) and cultured
in M-199 medium (Gibco, Life Technologies, Rockville, MD, USA) sup-
plemented with 0.91 mM sodium pyruvate, 0.57 mM cysteine, 5.5 mM
Hepes, antibiotics and fetal calf serum (5%). Groups of 30 COCs were
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cultured in four-well dishes (Nunclon, Roskilde, Denmark) in 0.5 ml of
cultivation media at 38.5 °C in a humidified atmosphere of 5% CO,.
PGE2 was dissolved in absolute ethanol and the stock solution (1 mg/
ml) was stored at 4 °C. Shortly before use, 2 pl of stock solution was dis-
solved in 998 pl of cultivation medium and the solution was vortexed
vigorously. Then 10 or 50 pl of this solution was added to a culture
well to obtain a final concentration of PGE2 40 or 200 ng/ml. The max-
imum final concentration of ethanol in culture medium was 0.02% (v/
v). For induction of PGE2 and hyaluronan production, FSH from sheep
pituitary (1 IU/ml) was used. For the inhibition of protein kinase A
(PKA), phosphoinositide 3-kinase/protein kinase B (PI3K/PKB), mito-
gen-activated protein kinases 1/3 (MAPK3/1), mitogen-activated pro-
tein kinase 14 (MAPK14) and epidermal growth factor receptor (EGFR)
tyrosine kinase, the COCs were first exposed for 1 h to different con-
centrations of H89 (20 pM), LY294002 (25 uM), U0126 (10 pM; Merck
Chemicals Ltd., Nottingham, UK), SB203580 (20 pM; Merck Chemicals
Ltd., Nottingham, UK) or AG1478 (10 uM) respectively and then PGE2
was added (200 ng/ml). The inhibitors were dissolved in dimethyl sul-
foxide (DMSO) and 10 or 100 mM stocks were stored frozen at —20 °C
for a maximum period of 3 months. The maximum final concentration
of DMSO in culture medium was 0.2% (v/v).

2.3. Assessment of oocyte maturation and cumulus cell expansion

To assess their nuclear maturation, oocytes were cultured for 42 h
and then removed from cumulus cells by vortexing, mounted on slides
and fixed in acetic ethanol for 48 h. Oocytes were then stained with
1% orcein and observed with a light microscope. Oocytes were scored
for GV, GVBD (mostly comprised of oocytes at the MI stage and a few
oocytes in late diakinesis, anaphase I or telophase I) and for the MII
stage. The degree of cumulus expansion was assessed at 28 h after the
onset of culture using a subjective scoring method [29]. Briefly, no re-
sponse is scored as 0, minimal observable response, the cells in outer-
most layer of the cumulus become round and glistening as 1, the expan-
sion of outer COCs layers as 2, the expansion of all COCs layers except
corona radiata as 3 and the expansion of all COCs layers as 4. After-
wards, a cumulus expansion index (CEL 0-4) was calculated as an aver-
age degree of expansion in the experimental group of COCs.

2.4. Real-time reverse transcription-polymerase chain reaction

The total RNA from 30 COCs cultured for 1, 4 and 8 h was iso-
lated using an RNeasy Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. Real-time RT-PCR was carried out in
a RotorGene 3000 cycler (Corbett Research, Sydney, Australia) using
a One-Step RT-PCR Kit (Qiagen) with gene-specific primers shown in
Table 1. The 25 pl total reaction volume contained QIAGEN OneStep
RT-PCR Buffer (1x), dNTP Mix (400 uM final concentration of each),
reverse and forward primers (both 400 nM final concentration), Sybr-
Greenl (0.5 pl of 1:1000 stock solution, Molecular Probes, Eugene, Ore-
gon), RNasine inhibitor (5 IU, Promega, Madison, WI, USA), QIAGEN
OneStep RT-PCR Enzyme Mix (1 pl) and template RNA (3 pl). The re-
action conditions were as follows: reverse transcription at 50 °C for 30
min, predenaturation at 95 °C for 15 min, followed by various numbers
of PCR cycles, each of which consisted of denaturation at 95 °C for 30 s,
annealing at a specific temperature for each pair of primers (shown in
Table 1) for 20 s, extension at 72 °C for 30 s, and a final extension step
at 72 °C for 5 min. The specificity of the PCR product was verified by
melting analysis. The relative concentrations of templates in different
samples were determined using comparative analysis software (Corbett
Research). The results for individual target genes were normalized ac-
cording to the relative concentration of the internal standard, HPRT.
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Table 1

Primers used for real-time RT-PCR.

Gene
transcript

Sequence
5-3

Amplicon
length
[bp]

[*C]

Gene Accesion
Number

AREG

CD44

CEBPB

CYP11A1

EREG

HAS2

HPRT1

PTGS2

SDC4

F: CTATTG
CTG TTG
TTATTAC
R: GTT
CTG TCT
TCT TAT
GAT

F: GAG
GCG GCC
CTG AAC
ATA

R: AAG
GTA TTA
GGC AGG
TCT GTG
AC

F: TAC
AAG ATC
CGG CGT
GAG

R: CAG
CTG CTT
GAA CAA
GTT CC
F: ATA CCT
CGT GAA
TGA CTT
R: CCT
GGA TTT
GAG AAG
AAG

F: AAG
ACA ATC
CAG GTG
TGG CTC
AAG

R: CGA
TTT TTG
TAC CAT
CTG CAG
AAA

F: GAA
GTC ATG
GGC AGG
GAC AAT
TC

R: TGG
CAG GCC
CTT TCT
ATG TTA
F: CCA
GTA AAC
GGG CGA
TAT AA
R: CTT
GAC CAA
GGA AAG
CAA GG
F: TCG ACC
AGA GCA
GAG AGA
TGA GAT
R: ACC
ATA GAG
CGC TTC
TAA CTC
TGC

F: GGC
AGC AAC
ATC TTC
GAG AG

221

218

183

111

277

407

129

260

149

53

58

57

53

58

54

55

55

58

NM_214376

XM_013994409

AB569088

NM_214427

XM_013978775

NM_214053

NM_001032376

NM_214321

NM_214284
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Table 1 (Continued)

Amplicon
Gene Sequence length Tan Gene Accesion
transcript 5-3 [bp] [°C] Number

R: GGT
TTC TTG
CCC AGG
TCG TA
TNFAIP6 F: CAG 150 54 NM_001159607

AAG ACA
TCA TTA
GTA

R: CAG
TAG AAG
TAG TAG
TTG

T,, — annealing temperature.
2.5. Immunoblotting

At the end of each culture, COCs were washed in PBS and solubilized
in Laemmli buffer containing 2% sodium dodecyl sulphate (SDS) and
5% 2-mercaptoethanol. Samples were boiled at 100 °C for 3 min and
frozen (—20 °C). Subsequently, proteins were separated in 10% acry-
lamide/SDS gels and transferred to Immobilon-P membranes (Millipore,
Bedford, MA, USA). Membranes were blocked in 5% low fat dry milk in
Tris-buffered saline (TBS) with 0.5% Tween 20 for 2 h at room temper-
ature and then incubated with the primary antibody diluted 1:1000 in
5% BSA in TBS-Tween, at 4 °C overnight. The primary antibodies were
phospho-AKT (Ser 473), AKT (detecting PKB) — both from Cell Signaling
Technology, and p-ERK, ERK (detecting MAPK3/1) — both from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The secondary antibodies
(anti-mouse or anti-rabbit IgG conjugated with HRP; GE Healthcare, Lit-
tle Chalfont, UK) were diluted 1:5000 in 2% BSA in TBS-Tween. The
membranes were incubated with the secondary antibody for 1 h at room
temperature and washed intensively in TBS-Tween. The immune reac-
tion was detected by enhanced chemiluminescence (Pierce, Rockford,
IL, USA) according to the manufacturer’s instructions. The intensity of
the specific bands on the blots was analysed by scanning densitometry
using the free software ImageJ Version 1.29 (National Institute of Men-
tal Health, Bethesda, MD, USA).

2.6. Measurement of PGE2 concentration in cultivation media

To quantify the concentration of PGE2 produced by COCs into the
cultivation media, 30 COCs were cultivated in 500 pl of maturation
medium for various periods of time (1, 4, 8, 12, 24, 48 h) in the pres-
ence or absence of FSH (1 IU/ml). The cultivation media were aspirated
at the end of the culture and stored at —20 °C. The PGE2 concentrations
in the samples were determined using a PGE2 ELISA kit (Enzo Life Sci-
ences, Famingdale, NY, USA) according to the manufacturer’s instruc-
tions. Briefly, 100 ul of PGE2 standards or samples were added to wells
coated with affinity-purified antibody. A blue solution of PGE2 conju-
gated to alkaline phosphatase (ALP) was then added, followed by a yel-
low solution of monoclonal antibody to PGE2. The plate was incubated
for 2 h on a shaker at room temperature to promote the immune reac-
tion of endogenous and ALP-conjugated exogenous PGE2 with the an-
tibody and binding of the complex to the affinity antibody. The wells
were emptied after incubation and extensively washed three times with
the supplied wash-buffer to leave only bound PGE2 in the wells. A total
of 200 pl of p-nitrophenyl phosphate solution, an alkaline phosphatase
substrate, was then added to each well and the plate was incubated for
1 h at room temperature in the dark without shaking. The reaction was
stopped with trisodium phosphate solution and the amount of signal,
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proportional to the amount of PGE2 in the sample, was measured with
an ELISA plate reader (Synergy HT, BioTek, Winooski, VT, USA) at
405 nm. The PGE2 concentrations in the samples were calculated from
a standard curve and are expressed as pg/ml.

2.7. Hyaluronan retention assay

Groups of 30 COCs were cultured for 24 h in 500 pl of cultiva-
tion medium with FSH (1 IU/ml) or PGE2. At the end of the culture
period, the COCs were washed four times in 500 ul PBS-PVA. To de-
termine the HA retained in the expanded cumuli, the last washing
was quantitatively transferred into an Eppendorf tube and stored at
—20 °C until use. Subsequently, the samples were enzymatically di-
gested with the lyase from Streptomyces hyalurolyticus (2 IU/ml) at
39 °C overnight. The solutions were spectrophotometrically measured
using Helios Gamma (Fisher Scientific, USA) at 216 nm against a blank
consisting of PBS-PVA. The quadratic calibration curve was based on
five hyaluronan standards (0.006-0.1% sodium hyaluronate) diluted
and digested according to the protocol used for samples. The amount of
hyaluronan obtained by lysis of the expanded cumuli is expressed in pg/
ml of the measured sample. Comparison with expanded COCs classifica-
tion or expansion area revealed the used method of hyaluronan quantifi-
cation as suitable for an evaluation of cumulus expansion in vitro [30].

2.8. Statistical analysis

The statistical analyses were performed with the software Graph-
Pad Prism 5.0 (La Jolla, CA, USA). Each experiment was performed in
at least 3 replicates. Each replicate was carried out on a different day
on a single batch of COCs that were randomly allocated to the treat-
ments. The differences in the percentages of maturing oocytes, cumulus
expansion index, PGE2-induced gene expression and the densitometri-
cal quantifications of MAPK3/1 were compared by analysis of variance
(ANOVA) followed by Tukey’s post-test. The differences in concentra-
tion of hyaluronan in samples of COCs and the effects of inhibitors on
PGE2-induced gene expression were analysed by unpaired t-test. The
Kolmorogov-Smirnov test was used to examine the normal distribution
of all data. A level of P < 0.05 was considered significant. Error bars
indicate the standard error of the mean (SEM).

3. Results

3.1. PGE2 upregulates the expression of key genes involved in cumulus cell
function

In order to determine the effect of PGE2 on gene expression in cumu-
lus cells, COCs were cultured for 1, 4 or 8 h in two different concentra-
tions of PGE2 (40 or 200 ng/ml). PGE2 was found to induce the expres-
sion of EGF-like factors aphiregulin (AREG) and epiregulin (EREG). The
PGE2-treatment also upregulated the expression of the key transcription
factor CEBPB and genes associated with ECM production and organi-
zation (CD44, HAS2, TNFAIP6, SDC4) and steroid hormone (CYP11A1)
and prostaglandin (PTGS2) synthesis (Fig. 1).

3.2. PGE2-induced expression of key genes is downregulated by inhibitors
of multiple signaling proteins

Subsequently, we focused on the signaling proteins which may par-
ticipate in the regulation of the PGE2-induced expression of AREG,
EREG, HAS2, PTGS2 and TNFAIP6. As shown in Fig. 1, the expression
levels of AREG, EREG, and HAS2 peak at 4 h of culture. Based on these
results, we chose 4 h interval as optimal for all selected genes. The
inhibitors of MAPK3/1 (U0126), MAPK14 (SB203580), and the EGFR
(AG1478) were found to downregulate the PGE2-induced expression of
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all studied genes. Interestingly, an inhibitor of phosphoinositide 3-ki-
nase (LY294002) dramatically reduced the expression of HAS2 and TN-
FAIP6, but upregulated on the PTGS2 expression level (Fig. 2). More-
over, LY294002 significantly increased the expression of AREG in COCs
cultivated with PGE2. Surprisingly, the inhibitor of PKA (H89) down-
regulated the expression levels of all studied genes except of AREG.

3.3. PGE2 activates protein kinase B and MAPK3/1 in COCs

The inhibitors of MAPK3/1 and PKB had disrupted PGE2-induced ex-
pression of cumulus expansion-related genes and EGF-like factors and
these results led us to a hypothesis that PGE2 itself is able to activate
PKB and MAPK3/1. We examined the activity of PKB and MAPK3/1 in
COCs cultivated in PGE2-enriched medium for various periods of time.
We found that PGE2 promptly (within 10 min) activated both PKB and
MAPK3/1, which was documented by a significant increase in phospho-
rylated variants of the kinases over the level detected in control samples
collected at the beginning of the culture (Fig. 3A). The increased activ-
ity of MAPK3/1 returned to the base level in 0.5-1.0 h (Fig. 3B) and the
activity of PKB in 2 h (Fig. 3C). No increase in the activity of the kinases
occurred during the culture of COCs in control medium without PGE2
(data not shown).

3.4. The effect of PGE2 on oocyte in vitro maturation and cumulus cell
expansion

In control medium without PGE2 or FSH (1 [U/ml), approximately
71% of oocytes remained in the GV stage, 16% underwent GVBD and
13% of oocytes reached metaphase II during the culture period of 42 h
(Table 2). The addition of 200 ng/ml of PGE2 to the culture medium re-
sulted in a significant decrease in the proportion of oocytes remaining
in the GV stage (47%; P < 0.05) and in a significant increase in the pro-
portion of oocytes reaching MII (30%; P < 0.05). However, the PGE2
was less efficient at stimulating oocyte maturation than FSH (1 IU/ml),
which induced the completion of meiosis to the MII stage in 84% of
oocytes (P < 0.001 for FSH vs. control and FSH vs. PGE2).

The expansion of cumulus cells was not stimulated in COCs cultured
in the control medium (Table 2; Fig. 4A). The addition of PGE2 resulted
in a significant and dose-dependent increase in CEI. However, the ex-
pansion reached degree 1 in most COCs and about 20% of COCs dis-
played degree 2 or 3 (Fig. 4B). In contrast, FSH (1 IU/ml) induced de-
gree 3 or 4 in the vast majority of the cultured COCs (Fig. 4C).

3.5. PGE2 production into the cultivation media

To quantify the concentration of PGE2 produced by COCs cultivated
in the presence of FSH (1 IU/ml), 30 COCs were cultivated in 500 pl of
maturation medium for various periods of time (1, 4, 8, 12, 24, 48 h)
with or without FSH. The highest concentration of PGE2 was observed
at 24 h (average 2917 pg/ml ~ 8276 pmol/1), indicating that one COC
was able to produce approximately 49 pg (0.14 pmol) of PGE2. At 48 h
of cultivation, the PGE2 concentration decreased dramatically (Fig. 5).

3.6. Hyaluronan production and retention in cumulus

A spectrophotometric assay was used to evaluate the hyaluronan
production and retention in the cumuli of COCs cultivated with FSH
(1 IU/ml) or PGE2 for 28 h. Using this approach, we found a significant
increase in the amount of hyaluronan in COCs cultivated with FSH and
higher concentration of PGE2 (200 ng/ml) compared to control COCs
(cultivated neither with FSH nor PGE2). On the other hand, no statis-
tically significant differences were observed between control COCs and
COCs stimulated by lower concentration of PGE2 (40 ng/ml) (Fig. 6).
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Fig. 1. Effect of PGE2 on the expression of genes in COCs cultured for 1, 4 and 8 h. A. Genes encoding signaling molecules. B. Genes involved in hyaluronan synthesis and organization
of ECM. C. Genes involved in regulation of follicle steroidogenesis and PGE2 production. The relative concentrations of the template in the different samples were determined using

comparative analysis software (Corbett Research). The relative abundance of specific gene

mRNA is expressed in arbitrary units as fold increases in the specific gene/HPRT ratio over the

level found in the control group of COCs cultured for the depicted intervals in medium without PGE2. The data were analysed by the ANOVA followed by Tukey’s post-test, for each time
interval separately. The values with asterisks are significantly different from the corresponding value of the control group within the same period of culture. P < 0.05 for single asterisk;

P < 0.01 for double asterisk; P < 0.001 for triple asterisk.

4. Discussion
4.1. PGE2 concentration

In our preliminary experiments, we found that the expression of
HAS2 and TNFAIP6 was stimulated by PGE2 at concentrations of at least
40 ng/ml (data not shown). A similar concentration of PGE2 (35 ng/
ml) stimulates the expression of AREG and EREG in human granu-
losa cells [26]. In cattle, a COC cultivated with estradiol, FSH and
LH for 24 h produces 0.7 + 0.3 ng PGE2 [31], which gives almost the
same concentration (42 ng/ml) as in our cultivation system (30 COCs
in 500 pl of medium). The concentration of PGE2 in follicular fluid in
bovine follicles found 24 h after the onset of estrus was 87.9 + 30.9 ng/
ml [32]. These data indicate that concentrations of PGE2 used in this
study are in the relevant physiological range. In mice, the stimula-
tory effect of PGE2 on cumulus expansion is well doc-

umented by many studies. PGE2 was found to stimulate the produc-
tion of hyaluronan at similar concentrations [19,33] to those used in
our study. We also documented that porcine COCs cultivated with FSH
produce significant amounts of PGE2 into the cultivation media (max.
2.9 ng/ml). A comparable concentration of PGE2 (up to 10 ng/ml) was
produced by murine COCs stimulated with FSH [21]. On the other hand,
previously published data indicate that porcine COCs stimulated with
FSH are only able to produce about 0.5 ng/ml of PGE2 [34]. How-
ever, both studies [21,34] suggest that the maximal concentration of
PGE2 is reached at 18-20 h of culture, which is consistent with the
data presented in this study. The dramatic decrease in PGE2 concen-
tration at 48 h may be a result of dynamic equilibrium between PGE2
production and its degradation. It is very difficult to estimate PGE2
half-life/stability in our cultivation system, but PGE2 half-life seems
to be short as indicate in vivo studies and paracrine/autocrine mecha-
nism of action. In cats, the half-time of PGE2 injected intravenously is
0.29-1.08 min [35]. On the other hand, it is very difficult to compare
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Fig. 2. Effect of signaling protein inhibitors on PGE2-stimulated expression of genes in COCs. To define signaling pathways that drive PGE2-induced gene expression, porcine COCs were
treated for 1 h with inhibitor of PKA (H89), PI3K/PKB (LY294002), MAPK3/1 (U0126), MAPK14 (SB203580) or EGFR (AG1478) respectively and then PGE2 was added (200 ng/ml).
C4 represents COCs cultivated in PGE2-free medium for 4 h. The relative concentrations of the template in the different samples were determined using comparative analysis software
(Corbett Research). The relative abundance of specific gene mRNA is expressed in arbitrary units as fold increases in the specific gene/HPRT ratio over the level found in the group of
COCs cultured with PGE2 for 4 h. The data were analysed by unpaired t-test. The Kolmorogov-Smirnov test was used to examine normal distribution of all data. The values with asterisks
are significantly different from the corresponding value of the group of COCs cultured with PGE2 without inhibitors. P < 0.05 for single asterisk; P < 0.01 for double asterisk; P < 0.001

for triple asterisk.

in vivo and in vitro PGE2 elimination, because in vivo half-time is short
due to extensive pulmonary inactivation of the prostaglandin. PGE2 is
probably more stable in vitro than in vivo but there are many factors
which may affect its in vitro degradation, e. g. albumin present in cul-
ture medium. Moreover, activity of 15-hydroxyprostaglandin dehydro-
genase, an enzyme responsible for PGE2 biological inactivation, was
found to be upregulated by gonadotropin stimulation in macaque gran-
ulosa cells [36].

4.2. Gene expression

The first aim of our study was to describe the effect of a PGE2-en-
riched medium on the expression of key genes involved in cumulus
expansion in porcine COCs. We have shown previously that exposure
of COCs to FSH as brief as 3 h, followed by culture in hormone-free
medium, is sufficient to initiate cumulus expansion and the resumption
of pig oocyte meiosis [37]. Additionally, the expression levels of some
key genes seem to be upregulated within one hour after gonadotropin
addition [10] and the expression of some regulatory genes became
downregulated by 4 h after FSH addition [10,13]. Based on this back-
ground, we chose the specific time intervals 1, 4 and 8 h.

We documented a significant upregulation of the expression of genes
coding precursors of the EGF-like peptides AREG and EREG, which are
the mediators of LH signaling in mice [12] and pigs [13]. PGE2 prob-
ably promotes the expression or release of EGF-like factors which are
able to upregulate PTGS2 expression and thus the AREG/PGE2 sys-
tem represents a positive feedback loop as previously proposed [25].
Moreover, very prompt phosphorylation of MAPK3/1 and PKB indi-
cates, that PGE2 itself is able to activate both these key kinases with-
out previous upregulation of AREG and EREG expression. On the other
hand, the activity of PTGS2 seems to be non-essential for the

expression of AREG, EREG, HAS2, and TNFAIP6 during the first hours of
in vitro cultivation of porcine COCs stimulated with FSH [34]. These re-
sults can be explained by the fact that FSH itself is also able to activate
MAPK3/1 and PKB as previously reported in rat granulosa cells [38].

PGE2 also induced the expression of CEBPB, which was found to be
essential for the expression of cumulus expansion-related genes [14].
Our data support a previously published conclusion that CEBPA and
CEBPB mediate specific events downstream of both cAMP/PKA and
MAPK3/1 [39]. In our previous study, CEBPB expression was found to
be upregulated more effectively by FSH than by EGF-like peptides [10].
Data presented in this study indicate that CEBPB is upregulated by PGE2
more promptly than by FSH.

Our data and data from other groups strongly suggest that PGE2 is
especially crucial for Tnfaip6 expression. In ovarian follicles of Ptgs2~/~
and Ptger2~/~ mice stimulated with human chorionic gonadotropin, the
expression of Tnfaip6 is absent in cumulus cells [40]. Moreover, PGE2
is able to restore cumulus expansion and TNFAIP6 expression in COCs
obtained from Ptgs2~/~ mice [21].

4.3. Signaling pathways

To define the signaling pathways that drive the PGE2-induced ex-
pression of cumulus expansion-related genes, we used a panel of phar-
macological inhibitors of selected signaling molecules. In accordance
with our previous results [15], inhibitors of MAPK3/1 and EGFR caused
a significant decrease in the PGE2-induced expression of all selected
genes, which confirms the essential role of MAPK3/1 and EGFR in
the process of cumulus expansion [14]. The inhibitor of MAPK14 also
dramatically reduced the expression of AREG, EREG, HAS2, PTGS2
and TNFAIP6. These results support the conclusions of the study of
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Fig. 3. Effect of PGE2 (200 ng/ml) on activation of PKB and MAPK3/1. A. A representa-
tive result of immunoblotting of phosphorylated PKB and MAPK3/1 (top panel) and total
PKB and MAPK3/1 (middle and bottom panels) in samples of 25 COCs cultivated in vitro
for the indicated periods of time. B. Quantification of the activated MAPK3/1 by densit-
ometry. The results are shown as proportions of the phosphorylated and total MAPK3/
1 and expressed in arbitrary units as a fold increase over the proportion found in COCs
at the beginning of the cultivation. The data were analysed by the ANOVA followed by
Tukey’s post-test. The different superscripts above the columns indicate significant differ-
ences (P < 0.05). The data were summarized from 5 independent experiments. C. Quan-
tification of activated PKB by densitometry. The results are shown as proportions of the
phosphorylated PKB and total PKB and expressed in arbitrary units as a fold increase over
the proportion found in COCs at the beginning of the culture. The data were analysed by
the ANOVA followed by Tukey's post-test. The different superscripts above the columns in-
dicate significant differences (P < 0.05). The data were summarized from 5 independent
experiments.

granulosa-specific Mapk14 null mice (Mapk14%~/~). In the COCs of
these animals, PGE2 neither induces cumulus expansion nor the ex-
pression of Areg, Has2 and Ptgs2 [25]. Our previously published re-
sults also confirm the importance of MAPK14 for both the AREG- and
FSH-induced expression of cumulus expansion-related genes [15]. Sur-
prisingly, the inhibitor of PI3K/PKB dramatically reduced the expres-
sion levels of HAS2 and TNFAIP6, but upregulated PTGS2 expression.
These results are in accordance with our previous finding that the PI3K
inhibitor decreases the FSH- or AREG-induced expression of HAS2 and

Prostaglandins and Other Lipid Mediators xxx (2017) xxx-xxx

TNFAIP6, but upregulates PTGS2 mRNA level [15]. These data led us
to a hypothesis that the increase in PTGS2 expression may represent a
compensatory mechanism to maintain PKB activity. To test the hypoth-
esis, we studied the effect of PGE2 on PKB phosphorylation in both in-
tact COCs and oocytes. In accordance with previously published find-
ings in mice [21], we confirmed a prompt and transient PKB activation
in porcine COCs within 1 h of PGE2 addition to the cultivation medium.
Moreover, PGE2 was found to activate MAPK3/1, the signaling mole-
cules essential for cumulus expansion in mice [14] and pigs [15]. These
data indicate that PGE2-induced activation of MAP3/1 or PKB is not de-
pendent on induction of AREG and EREG.

4.4. Hyaluronan production and retention

Despite the activation of key signaling molecules and expression of
cumulus expansion-related genes, our results indicate that PGE2 itself
is not able to induce full cumulus expansion in porcine COCs. Similarly
in bovine COCs, PGE2 induced only mild cumulus expansion, even at
a concentration of 1000 ng/ml [23]. To objectify this observation, we
measured the amount of hyaluronan retained in cumuli from COCs cul-
tivated with FSH (1 IU/ml) or PGE2. No statistically significant differ-
ences were observed between control COCs and COCs stimulated by
lower concentration of PGE2 (40 ng/ml). Higher PGE2 concentration
(200 ng/ml) induced significant increase in hyaluronan production/re-
tention, but still relatively low compared to FSH-stimulated COCs, in-
dicating the absence of factors essential for hyaluronan synthesis or re-
tention in the cumulus. In porcine cumuli, hyaluronan is bound to its
receptor CD44, which is localized on the surface of cumulus cells [41].
In vitro, the expression of CD44 in porcine cumulus cells was found
to be upregulated by equine chorionic gonadotropin [41], and interac-
tion with hyaluronan-CD44 seems to be required for meiosis resumption
[5]. However, PGE2 was able to upregulate CD44 expression in similar
way as FSH (1 IU/ml, data not shown). Thus we suggest that a complex
analysis of the expression profiles of PGE2- and FSH-stimulated COCs
should be performed using a different experimental approach (e.g. mi-
croarrays).

4.5. Meiotic maturation

Our final aim was to assess the effect of PGE2 on meiotic maturation.
PGE2 induced meiosis resumption, but less efficiently than FSH. Our
data are in accordance with previously published experiments in mice
[21]. On the other hand, PGE2 (above 50 ng/ml) was found to stimulate
the meiotic maturation of bovine COCs as effectively as FSH + LH [23].

4.6. Conclusions

We documented that PGE2 added to the cultivation medium at a
concentration higher than 40 ng/ml is able to induce the expression
of cumulus expansion-related genes and mild cumulus expansion. The
substance also promotes the resumption of meiosis but less efficiently
than gonadotropins. PGE2 activates PKB and MAPK3/1 in cumulus cells,
which are essential for cumulus-expansion gene expression. Activation
of MAKP3/1 and PKB was observed within 10 min after PGE2 addi-
tion indicating that PGE2-induced expression of AREG and EREG is not
required for such prompt activation. Activation of these key signaling
molecules probably allows upregulation of genes previously associated
to cumulus expansion and antral follicle development. Although MAP-
K14 is involved in PGE2-induced gene expression, we would like to
point out the importance of PKB which is activated by PGE2. Upreg-
ulation of PTGS2 expression in COCs cultivated with the inhibitor of
PI3K indicates a possible compensatory mechanism to secure the PKB
activity required for HAS2 and TNFAIP6 expression. Further research of
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Table 2

Effect of prostaglandin E2 on maturation of pig oocytes and expansion of cumulus cells.
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Treatment of COCs

No. of oocytes

% of oocytes in

Cumulus expansion

during maturation (42 h) examined GV GVBD MIL index

None 150 70.9 + 4.22 16.1 + 3.2 13.0 + 3.8° 0?

PGE2 (40 ng/ml) 146 63.2 + 8.0% 18.1 +£ 3.6 18.7 + 3.5% 1.03 + 0.05"
PGE2 (200 ng/ml) 186 47.1 +5.0° 23.0 + 4.0 29.9 + 2.9° 1.49 + 0.05¢
FSH 139 5.7 + 2.5¢ 9.9+1.9 84.4 + 3.6° 3.02 + 0.03¢

The values are shown as means + SEM. Values with no common letter in superscript are significantly different within a column (P < 0.05 for the maturation values and P < 0.001 for the

cumulus expansion index). Data were obtained from 6 replicates. COCs: cumulus-oocyte complexes. GV: germinal vesicle. GVBD: germinal vesicle breakdown. MII: metaphase II. PGE2:

prostaglandin E2. FSH: follicle stimulating hormone.
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Fig. 4. Effect of PGE2 and FSH (1 IU/ml) on expansion of pig COCs. A. COCs cultivated for 28 h in control medium. B. COCs cultured in medium with 200 ng/ml PGE2. The image shows
selected COCs that responded to the stimulation by expansion of the external layer of cumulus cells (degree 2; see Materials and methods). C. COCs cultivated in medium with FSH; almost

all COCs display degree 3 of expansion. Bar = 400 pm.
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Fig. 5. Production of PGE2 by FSH-stimulated (1 IU/ml) COCs during in vitro cultivation.
The data were analysed by the ANOVA followed by Tukey’s post-test. The value with su-
perscript is significantly different from the other values (P < 0.05).

the role of PGE2 in oocyte maturation and cumulus expansion may pro-
vide new insights into cumulus cell function and the improvement of
cultivation systems. Previous data from our [10,42] and other groups
[43,44] indicate that the exposure of COCs to cAMP-elevating sub-
stances followed by cultivation with EGF-like factors and steroid hor-
mones may have beneficial effect on oocyte developmental competence
and cumulus cell function. PGE2 as a substance inducing cAMP produc-
tion may be useful in new two-step cultivation systems.
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