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1. Uvod

Meiotické zrani savcich oocytll je jedinecné asymetrické bunécné déleni, béhem kterého
vznikd sérii po sobé jdoucich zmén plnohodnotna samici gameta, preduréend k oplozeni
a zdarnému vyvoji embrya. Mezi klicové déje, nezbytné pro Uspésny prabéh meiotického
zrani, patfi napriklad rozpad jaderné membrany oocytu po vystupu z meiotického bloku,
epigenetické modifikace nukleozoml nebo zarovnani chromozomi do metafazni roviny

pomoci meiotického vietene a nasledné vydéleni pélového téliska.

K negativnimu naruseni funkci reprodukéni soustavy, zahrnujici i proces meiotického
zrani, mazZe dochazet vlivem toxickych latek, které se vyskytuji v Zivotnim prostredi a odtud
vstupuji do organizmu. Jednou z nejvyznamnéjsich skupin téchto exogennich chemikalii jsou
endokrinni disruptory (EDs), které jsou schopné imitovat ucinky nékterych endogennich
hormonll a tim naruSovat endokrinni systém, véetné hormonalné ftizené reprodukéni
soustavy. Mezi latky ze skupiny EDs, vyznamné zasahujici do regulace fyziologickych procest
reprodukce se radi bisfenoly, které maji diky své nepostradatelné uloze pri vyrobé plastu

a epoxidovych pryskyfic Siroké uplatnéni napriklad v potravinarském pramyslu.

V soucasné dobé patii mezi nejvyuzivanéjsi bisfenoly bisfenol S (BPS), ktery ma radu
vlastnosti, diky nimz byl zvolen jako vhodny komponent pfi vyrobé obalovych hmot
vyuzivanych v potravinarském primyslu. Je stabilni pfi vystaveni vysokym teplotam a odolny
vUci slune¢nimu zareni. Tyto vlastnosti jsou pfinosné pro stabilitu materiald a BPS diky nim
neni tak nachylny k uvolfiovani z téchto hmot. Zaroven to ale znamena, Ze je chemicky

stabilnéjsi a hlife biologicky odbouratelny i po priniku do organismu ¢lovéka.

V soucasné dobé existuje jen velmi omezeny pocet publikovanych dat, zabyvajicich se
negativnimi Gcinky BPS pfitomného v organismu na reprodukci lidi. K dispozici je vSak
vzrlstajici pocet studii provadénych v podminkdach in vitro a in vivo, zaméfujicich se na
mechanismus ucéinku BPS v organismu bezobratlych, ryb a savcl, které potvrzuji jeho

endokrinné disrup¢ni Ucinky a negativni vliv na reprodukci tak, jak je tomu u jinych bisfenol(.

V této praci jsme jako experimentdlni model zvolili mys (Mus musculus), ktera je
z dlvodu svého rychlého generacniho cyklu vhodnym modelem pro studii transgeneracnich

efektl a prase (Sus scrofa), ¢asto vyuzivané jako biomedicinsky model.



2. Literarni resSerse

2.1.  Oogeneze

Oogeneze je slozity déj, pfi kterém z plvodnich primordidlnich zarodeénych bunék
(primordial germ cells — PGCs) vznikaji sérii zmén zralé, oplozenischopné pohlavni bunky —
oocyty, které jsou nezbytné pro Uspé$nou reprodukci savcl, véetné ¢lovéka. Ustiedni role
oocytl v biologii je doloZena i slavnym vyrokem ,,Omne vivum ex ovo”“ — veskery Zivot z vejce,

ktery je pfipisovan Williamu Harvey (Exercitationes de Generatione Animalium, 1651).

Proces, oznacovany jako oogeneze, zac¢ina u savcu jiZ v ranné fazi prenatalniho vyvoje
a lze jej rozdélit do tfi po sobé jdoucich fazi — fazi mnozeni, rlstu a meiotického zrani

(Wassarman and Albertini, 1994).

2.1.1. MnoZeni oogonii

Vyvoj pohlavnich bunék samic savcl zacina jiz v raném embryondlnim vyvoji a je
ukoncen aZ v dospélosti, v obdobi zastavy pohlavni aktivity samice. Na pocatku oogeneze,
v proximalnim epiblastu embrya, dochdzi k selekci skupiny bunék, kterd utvofi populaci
potencialnich prekurzord zarodeénych bunék. Tato populace dale pasivné migruje k povrchu
Zloutkového vacku a zaclenuje se mezi entodermalni buriky v blizkosti allantois. Zde dochazi
k druhému cyklu molekularni selekce, po niz zGstava vyclenéna skupina bunék, které lze jiz
identifikovat jako prekurzory zarodecnych bunék, neboli PGCs. PGCs poté rychle proliferuji
a migruji pres Zloutkovy vacek a zadni konec endodermu na kaudalni konec embrya,
nasledné jiz pomoci améboidnich pohyb( migruji pfes dorzalni mezenterium na budouci
misto primitivnich gonad — genitdlni listy (Wylie, 1993; Picton et al., 1998; Richardson and
Lehmann, 2010). Kolonizace genitalnich liSt probiha tésné po tom, co tyto struktury vznikaji
z centrdlniho mezodermu a probihd determinace somatického pohlavi (Boowles and
Koopman, 2007). Aktivni pohyb urcitym smérem, ktery PGCs vykazuji v poslednim useku
migrace, je dan jejich schopnosti reagovat na chemotaktické podnéty. Tyto podnéty
vyvolavaji latky (chemokiny), které jsou vylu¢ovany pfimo ze zakladu gonad a mimo navadéni
PGCs zaroven ovliviuji jejich mitotickou aktivitu. PGCs diky tomu méni svuj tvar a stavaji se

méné pohyblivymi (Hurk and Zhao, 2005). Migrace PGCs je u prasete zahajena 18. den



embryondlniho vyvoje a vstup do genitdlni listy je uskute¢nén 26. den (Takagi et al., 1998).
Oproti tomu u mysSiho embrya je migrace PGCs zahajena jiz 9. den vyvoje a k dosazeni
genitalni listy dochazi u vétsSiny PGCs 11. den (Ewen and Koopman, 2010). Po usidleni
v zakladu gondad ztraceji PGCs schopnost pohybovat se Uplné (Picton et al., 1998). Dochazi
k diferenciaci PGCs v oogonie, které jsou jiz pohlavné determinovany a zacinaji se intenzivné

mitoticky délit (Picton et al., 1998; Bowles and Koopman, 2007).

Casovy interval, béhem kterého se oogonie mitoticky déli, je druhové specificky.
Nejvyssiho poctu oogonii je u prasete dosazeno ptiblizné 50. den embryondlniho vyvoje,
pricemz mitotickou aktivitu oogonie vykazuji az do 7. dne po narozeni (Hunter, 2000; Kanitz
et al., 2001). Oogonie mysi jsou mitoticky aktivni jiz od 11. dne po oplozeni a nejvyssi aktivity
dosahuji den 13. Kukonceni mitotického déleni dochazi 14. den vyvoje v souvislosti
s pohlavni diferenciaci gonad. Po ukonceni mitotického déleni je pocet oogonii konecny, po
zbytek prenatdlniho a postnatalniho Zivota jedince uz k dalSimu mnozeni zarodecnych bunék
nedochazi (Ewen and Koopman, 2010). Toto obecné dogma o kone¢ném poctu oogonii je

rozporovano tzv. teorii postnatalni obnovy oocytl, kterd bude popsana nize.

Zahajeni meiotického zrani je asynchronni a je uskutecnéno jesté v prabéhu
prenatalniho obdobi (u prasat mezi 35. — 40. dnem embryonalniho vyvoje, u mysi 13. — 16.
den vyvoje), kdy béhem posledniho mitotického déleni dochazi k finalni replikaci DNA
a k tvorbé vrstvy pregranuldznich bunék, obklopujici spolu s bazalni membranou zarodec¢nou
bunku. Nasledné zarodecné bunky, nyni jiz nazyvany oocyty, vstupuji do profdze prvniho
meiotického déleni (profaze I), ktera je dale ¢lenéna do 5 — ti po sobé jdoucich fazi. Jsou jimi
leptotene, zygotene, pachytene, diplotene a diakineze. V priibéhu téchto fazi dochazi
k postupné kondenzaci chromozom{, jejich homolognimu parovani a tvorbé bivalent(i, mezi
nesesterskymi chromatidami dochdzi ke crossing — overlim, tedy ke vzniku genetickych
rekombinaci. Mista, ve kterych doslo k prekfizeni chromatid, se nazyvaji chiasmata a jsou
viditelnd aZ do pozdni profaze (Hurk and Zhao, 2005; Ewen and Koopman, 2010; Cohen and
Holloway, 2015). V posledni fazi profaze | dochazi k oddaleni rekombinovanych chromozomu
a k zastaveni meidzy v |. meiotickém bloku. Zarodeéna burka se od této chvile oznacuje jako
primdrni oocyt ve stadiu zarodec¢ného vacku — GV (germinal vesicle — zarodeény vacek)

(Wassarman and Albertini, 1994; Hunt and Hassold, 2008). JelikoZ je oogeneze prasat i mysi



asynchronni, na vajec¢nicich plodu se mohou vyskytovat v urcité fazi vyvoje jak mitoticky

aktivni oogonie, tak meiotické oocyty (Bielanska — Osuchowska, 2006).

Teorie postnatdlni obnovy oocytt

Jiz v roce 1921 Pearl a Schoppe citovali "zakladni biologickou doktrinu”, Ze béhem
postnatalniho Zivota savCich samic nemuUze dochazet k zddnému zvyseni poctu primarnich
oocytll nad rdmec téch, které byly plvodné vytvoreny pfi vzniku vaje¢niku. Tato koncepce
byla upevnéna jako dogma v roce 1951 (Zuckerman) ve studii, kterd kriticky zhodnotila
a ucinné rozptylila jakoukoli studii, ktera byla v rozporu s presvédéenim, Ze savéi samice maji
béhem perinatdlniho obdobi koneénou a neobnovitelnou zarode¢nou rezervu.
Predpokladalo se, Ze ackoli saméi pohlavi si udrZuje zarode¢né kmenové bunky (GSC —
germinal stem cells) pro spermatogenezi i béhem dospélého Zivota, u samiciho pohlavi
v postnatalnim vyvoji neexistuji kmenové bunky, které by se podilely na obnové pohlavnich
bunék. Pocet oocytll pak klesd béhem postnatdlniho Zivota prostfednictvim mechanisma

zahrnujicich apoptdzu (Zuckerman, 1951).

Ackoli toto dogma pretrvavalo vice nez 50 let, studie Johnson et al. (2004) pozdéji
poskytla dlkazy zpochybnujici platnost této doktriny, kterd predstavuje jeden
z nejzakladnéjsich pilira reprodukéni biologie. Johnson et al. (2005) ve své studii popisuji jako
potencialni zdroj zarodecnych bunék pro obnovu oocytl kostni dfen. Podle Bukovski et al.
(2004) probiha na vajecnicich obnova zarodecnych bunék diky pretrvavajici pfitomnosti
primordidlnich kmenovych bunék, coz mlGze kompenzovat atrézii velkého mnoizstvi folikull

a zajistit jejich relativné stdlé mnozstvi v pribéhu pohlavniho Zivota samice.

2.1.2. Rust oocytu

Pro ziskdni schopnosti vystoupit z I. meiotického bloku a obnovit meiotické zrani,
musi oocyt nejdfive podstoupit takzvanou ,rlstovou fazi“. Béhem rlstu dochazi ke
kvalitativnim i kvantitativnim zménam bunéénych kompartmentli oocytu a biochemickym
zménam v cytoplazmé (Eppig et al., 1996; Hyttel et al., 1997). Typickd je intenzivni
transkripce, translace a syntéza a pfijem makromolekul, které jsou v oocytu skladovany. Dale
probiha syntéza novych organel a modifikace organel stavajicich. Tyto zmény jsou nezbytné

pro rUst, vyvoj a zrdni oocytu a zaroven slouZi jako zasoba informaci a materidlu, potfebna



pro prvni obdobi po oplozeni, pfed reaktivaci embryonalniho genomu (Schultz et al., 1979;

Wassarman and Albertini, 1994).

Vlivem nardstu syntézy mRNA a rRNA dochazi v rlistové fazi k prestavbé jadra oocytu,
které se zvétSuje a jadérko nabyva kompaktnéjsi podoby. Spolu s akumulaci rRNA roste
i mnozstvi ribozomU v polyzomech i mnoiZstvi polyzom( samotnych, na kterych probiha
proteosyntéza z mRNA (Wassarman and Albertini, 1994; Picton et al., 1998; Hurk and Zhao,
2005). Pro regulaci uchovavani mRNA je dllezZita polyadenylace (prodluzovani poly — A konce
MRNA) a deadenylace (zkraceni poly — A konce mRNA) (Reyes and Ross, 2016). Urcité
transkripty jsou syntetizovany pro okamzité pouziti, u jinych ale dochazi k deadenylaci. To
vede bud' k jejich odbourdni, nebo jsou uréeny pro nasledné skladovani. Skladovani probiha
v ooplazmé v ribonukleovych proteinech (ribonucleoproteins — RNP), nebo v RNA granulech.
Transkripty skladované v RNP se nespojuji s ribozomy, naopak dochazi k asociaci
s maskovacimi faktory. Diky tomu nedochazi k jejich okamzité translaci (Motlik and Fulka,

1986; Eichenlaub — Ritter and Peschke, 2002; Reyers and Ross, 2016).

Vlivem intenzivni proteosyntézy v oocytu se také zvétSuje objem endoplazmatického
retikula a Golgiho komplexu (Oakberg, 1968; Wassarman and Albertini, 1994). Struktury
Golgiho komplexu jsou z velké ¢asti presunuty z oblasti kolem jadra na periferii k plazmatické
membrané, kde se aktivné podileji na exportu glykoproteint do zona pellucida a formovani
kortikalnich granul (Mehlmann et al., 1995, Hurk and Zhao, 2004). TéZ dochazi
k podstatnému zvySeni poctu mitochondrii a zméné jejich struktury. Méni se tvar
mitochondridlnich krist a bunécna lokalizace mitochondrii, kdy dochazi ke zvySeni mnoZstvi
mitochondrii v blizkosti plazmatické membrany (Wassarman and Albertini, 1994; Picton et

al., 1998).

vvvvvv

glykoproteinové vrstvy obklopujici oocyt — zona pellucida (ZP), ktera predstavuje pfirozenou
bariéru mezi oocytem a kumularnimi bunfkami. Diky vybézkim kumuldrnich bunék, které
prostupuji skrz ZP, je zprostfedkovdna komunikace mezi burikami (Yanagimachi, 1988;
Kanitz, 2001). V ranych stadiich rlstu oocytu glykoproteiny ZP vytvareji ostrivky jemnych
vldken nachdzejicich se mezi oocytem a kumuldrnimi burikami. Jak rist oocytu pokracuje, ZP

se stava silnéjsi a tvofi ji hustsi sit propojenych vldken, které plné obklopuji oocyt a oddéluji
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ho od kumularnich bunék. Spojeni pokracuje pres kontakty vzniklé mezi mikroklky oocytu
a vybézky kumuldrnich bunék, které pronikaji pres ZP. Na téchto kontaktech probihd pomoci
mezerovych bunéénych spoji (gap junctions) vzajemnd vyména latek a komunikace
prostrednictvim specifickych bunécnych signall koordinujici rlst a zrani oocytu (Wassarman

and Albertini, 1994; Soyal et al., 2000; Kanitz, 2001; Eppig, 2018).

Béhem faze rlstu ziskavaji oocyty takzvanou meiotickou kompetenci. Tento proces
umozZnuje oocytu pozastavenému v |. meiotického bloku obnovit a dokoncit proces
meiotického zrani az do metafaze Il. meiotického déleni (Mll), kde nastava Il. meioticky blok
(Motlik et al., 1984).

Ziskani meiotické kompetence praseciho oocytu spociva v Uspésném dokonceni
rastové faze a dosazeni plné velikosti, dale na protesyntéze a pritomnosti dostatecného
mnoZstvi regulacnich faktorl meiotického zrani. Caste¢né meiotické kompetence nabyvaji
oocyty jiz v prlbéhu rlstu v dobé, kdy nejsou plné dorostlé. Tyto oocyty jsou schopné
vystoupit z bloku a zahdjit meiotické zrani, nejsou vSak schopné ho dokoncit a zastavuji zrani
jiz v metafazi |. meiotického déleni (MI) (Yanagimachi, 1988). Caste¢né meioticky
kompetentni prase¢i oocyty jsou kromé své velikosti také charakteristické tim, Ze
dekondenzovany chromatin jadra je rozptylen po celé nukleoplazmé a neobklopuje strukturu
jadérka, které je ovSsem dobre viditelné. Takovéto oocyty se nazyvaji non surrounded
nucleolus (NSN; neohrani¢ené jadérko). Po dosaZeni plné kompetence se chromatin
kondenzuje a dochdzi kjeho soustfedéni kolem jadérka, kde tvofi souvisly prstenec.
Takovéto oocyty se oznacuji jako surrounded nucleolus (SN; ohrani¢ené jadérko) (Fulka

etal., 1986).

Rozmeéry, kterych oocyt v prlbéhu rlstu dosahuje, odpovidaji jednotlivym stupfdm
meiotické kompetence oocytu. Oocyty prasat jsou oznacovany jako meioticky
nekompetentni, jestlize v pribéhu ristové faze dosahuji velikosti 80 — 89 um a 90 — 99 um,
Castecné meiotické kompetence nabyvaji oocyty o velikosti 100 — 110 um (NSN) a uUplné
meiotické kompetence nabyvaji oocyty o velikosti 120 — 125 um (SN) (Motlik and Fulka,
1976).

Mysi oocyty, oproti oocytim prasecim, jsou meioticky nekompetentni pfi velikosti
mensi, nez 40 um, ¢astecné meiotické kompetence nabyvaji pfi velikosti 40 — 60 um a plné

meiotické kompetence dosahuji jesté v pribéhu rlstu, pfi velikosti od 60 um (NSN), kdy stale

11



probiha intenzivni proteosyntéza. PIné dorostlé oocyty pak dosahuji velikosti 83 — 90 um
(SN) (Wassarman and Josefowicz, 1978). Jiz oocyty ve stadiu neohrani¢eného jadérka tedy

nabyvaji plné meiotické kompetence.

V dobé dosazZeni plné velikosti dochdzi u sav¢iho oocytu k prudkému poklesu miry
transkripce a oocyt se stdva transkripéné neaktivnim (Wassarman and Albertini, 1994; Picton
etal., 1998).

2.2. Meiotické zrani

Po ukonceni ristové faze, tésné pred ovulaci, obnovuji oocyty savcli meiotické zrani,
které zahrnuje preménu plné dorostlého meioticky kompetentniho oocytu v oocyt zraly a
oplozenischopny. Tento slozZity proces, jehozZ fyziologicky pribéh je nezbytny pro Uspésnou
fertilizaci a nasledny embryondlni vyvoj jedince, je charakterizovan dvémi po sobé jdoucimi
délenimi — I. a Il. meiotickym délenim (Motlik and Fulka, 1986). V pribéhu téchto déleni
dochazi paralelné k jadernému a cytoplazmatickému zrani, kterd se vzdjemné ovliviuiji.
Jaderné zrani zahrnuje rozpad jaderné membrany, kondenzaci, preskupeni a redukci poctu
chromozomd, spolu s vydélenim pdlového téliska a dosazenim metafaze Il. Cytoplazmatické
zrani umoznuje oocytu dokoncit jaderné zrani a pripravit ho na oplozeni a nasledny casny
embryonalni vyvoj, na rozdil od jaderného zrani probihd i v dobé meiotického bloku. Je
charakteristické dynamickymi zménami a syntézou cytoplazmatickych sloZzek, jako jsou
zmény cytoskeletu a endoplazmatického retikula, zmény v poctu, aktivité a distribuci
mitochondrii, mnoZeni glykogenovych a lipidovych sloZek oocytu, ¢i syntéza kortikdlnich

granul (Thibault et al., 1987; Hunter, 2000).

Pfed zahdjenim meiotického zrani je oocyt ve stadiu GVO (NSN) s chromatinem ve
formé dekondenzovanych vldken a jasné ohrani¢enou jadernou membrdanou. Vystupem
z bloku je zahdjeno |. meiotické déleni, pro které je charakteristicky rozpad zarodecného
vacku (GVBD — germinal vesicle break down) a kondenzace chromozomd, které vytvareji
homologni pary — bivalenty. Proces GVBD Ize roz€lenit na 4 po sobé jdouci faze — GV1, GV2,
GV3 a GVA4. Ve fazi GV1 (SN) zacind chromatin kondenzovat, je viditelné jadérko, kolem
kterého je soustfedén veskery chromatin a vytvari kolem né&j neporusenou prstencovou

strukturu. Fdze GV2 je charakteristickd narusenim kompaktniho prstence chromatinu
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a vytvarenim podkovovité struktury kolem jadérka. Ve fazi GV3 dochazi k rozptyleni
kondenzovanych chromatinovych shlukl z nukleolemy do celé nukleoplazmy, jadérko jiz neni
ohrani¢eno chromatinovym prstencem, je vsak stale viditelné. Ve fazi GV4 jsou pritomny
shluky chromatinu v rozsahu celého jadra, jadérko vsak jiz zcela mizi a je dobfe viditelnd
fragmentace jaderné membrany (Motlik and Fulka, 1976; Sun et al., 2016). Cely proces GVBD
trvd u prasecich oocytl kultivovanych v in vitro podminkach az 22 hodin, u mysich oocytl

6 hodin (Motlik and Fulka, 1976; Fulka et al., 1986).

Po GVBD nasleduje metafaze |, béhem které se chromozomové bivalenty jako tetrady
fadi v ekvatoridlni roviné do metafazni desticky a dochazi k prichyceni bivalentld na
tubulinova vldkna formujiciho se déliciho vieténka. Vazebnym mistem pro mikrotubuly jsou
proteinové komplexy kinetochorll. Nasleduje anafaze |, chromozomalni bivalenty se rozdéli
diky deaktivaci synaptonemalniho komplexu (proteinové struktury, ktera je pfitomna uvnitf
bivalentd a drzi homologni chromozomy pohromadé) a homologni chromozémy se
rozchazeji k opaénym polidm bunky, tim je zabezpedena redukce poctu chromozomi
a nasledné dochazi k asymetrickému rozdéleni cytoplazmy oocytu (Eichenlaub — Ritter, 2012;

Holt et al., 2013).

Posledni fazi 1. meiotického déleni je telofaze I, kdy se vydéluje I. pdlové télisko,
obsahujici kromé chromozomU i malé mnoZstvi organel (mitochondrie, ribozomy), snizuje se
objem oocytu a vytvari se perivitelinni prostor. Po vydéleni pdélového téliska nedochazi
k opétovnému sestaveni jaderné membrany, ani replikaci DNA a oocyt rovnou vstupuje do
II. meiotického déleni, kde ve stadiu metafaze Il opét prerusuje zrani a vstupuje do druhého
meiotického bloku. K dokonceni Il. meiotického déleni, tedy k podélnému rozstépeni
zdvojenych chromozomu a naslednému vydéleni Il. pélového téliska, dochazi az po fertilizaci
ovulovaného oocytu, nebo po partenogenetické aktivaci. Prase¢i oocyty kultivované
v podminkdch in vitro dosahuji metafaze | po 24 hodindch a metafaze Il po 44 — 48 hodinach
kultivace (Yanagimachi, 1988; Wassarman and Albertini, 1994). Oocyty mysi dosahuji
metafaze | po 8 hodinach a metafaze Il po 16 hodinach kultivace v in vitro podminkach

(Nevoral et al., 2018; Cavalera et al., 2019).
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2.2.1. Klicové faktory meiotického zrani

Stejné jako mnoho dalSich proces( v burice, je i proces meiotického zrani regulovan
radou faktord, které mohou bud’ zabranovat oocytu ve spontannim vystupu z meiotického
bloku v nevhodnou dobu (inhibi¢ni faktory) nebo se naopak svou aktivitou podileji na
znovuzahajeni, pribéhu a Uuspésném dokonceni meiotického zrani (Christmann et al., 1994;

Liang et al., 2005).

Za udrzeni oocytu v I. bloku je odpovédna signalni draha cAMP/PKA (cAMP — cyklicky
adenosin monofosfat; PKA — cAMP dependentni proteinkindza A), pfitomna v oocytech
a kumuldrnich bunkach. Syntéza cAMP je katalyzovdna enzymem adenylat — cyklazou,
lokalizovanym v cytoplazmatické membrané oocytu. Adenylat — cykldza svou aktivitou
udrzuje vysoké hladiny cAMP v oocytu a tim indukuje aktivaci PKA udrZujici oocyt
v meiotickém bloku. Potlacenim aktivity adenylat — cyklazy a aktivaci fosfodiesteraz Stépicich
dvojnou vazbu cAMP, dochazi ke snizeni hladiny cAMP v oocytu (Dekel and Beers, 1980).
gap junction mezi oocytem a kumularnimi bunkami, ¢imz je omezen tok cAMP do oocytu
z kumuldrnich bunék (Liang et al., 2007). Pokles koncentrace cAMP a aktivity PKA jsou
nezbytné pro GVBD po znovuzahajeni meiotického zrani (Dekel and Beers, 1980; Wassarman

and Albertini, 1994).

Dalsimi inhibi¢nimi faktory, které reguluji setrvani oocytu v meiotickém bloku, jsou
protein kindza C (PKC) a cyklicky guanosinmonofosfat (cGMP). Aktivatory PKC inhibuji zmény
v metabolismu fosfolipidl, které jsou spojeny se spontdnni aktivaci a znovuzahdjenim
meiotického zrani. cGMP je tvofen kumuldrnimi bufikami, kterymi je pomoci gap junctions

transportovan do oocytu, kde svou ¢innosti zabranuje degradaci cAMP (Norris et al., 2009).

K prolomeni meiotického bloku a GVBD dochazi v in vivo podminkach disledkem
hormonalni stimulace plUsobenim gonadotropini — folikuly stimulujiciho hormonu (FSH)
a luteiniza¢niho hormonu (LH). Receptory pro gonadotropiny nejsou v oocytech pfitomny,
proto je Uspéch zrani zavisly na distribuci LH signalu z okolnich kumularnich bunék.
Hormonalni stimulace ma poté za nasledek potlaceni aktivity inhibi¢nich faktor(i meiotického

zrani v kumuldrnich bunkach a oocytech (Eppig, 1991). V podminkach in vitro je moiné
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u oocytl vyvolat spontanni zahajeni zrani aspiraci zfolikulu, pro pokracovani zrani pak
nasledna kultivace za vhodnych kultivacnich podminek, za vyuZiti FSH a LH v kombinaci se
sérovymi proteiny a rastovymi faktory (Singh et al., 1997, Uhm et al., 1998). U prasete
dochazi k preovulac¢nimu zvySeni hladiny LH 36 — 40 hodin pred ovulaci (Hunter, 2000),

12 hodin pted ovulaci dochazi k preovulaénimu zvySeni LH u mysi (Liang et al., 2008).

Na znovuzahajeni meiotického zrani a GVBD se také vyznamné podili proteinovy
komplex MPF (maturation promoting factor — faktor podporujici zrani). Tento komplex se
skldda z dvou podjednotek, z nichz jedna je regula¢ni a druhd katalytickd (Masui and
Markert, 1971; Sorensen et al., 1985). Regula¢ni podjednotkou MPF je cyklin B, katalytickou
cyklin — dependentni proteinkindza 1 (Cdk1). Intraceluldrni hladiny cyklinu B a Cdk1 jsou
zodpovédné za setrvani oocytu v profazi |, Cdk1 pak také za aktivitu MPF. V pribéhu ristové
faze se hladiny téchto podjednotek v oocytu diky syntéze zvysuji, pIlné dorostly meioticky
kompetentni oocyt pak diky tomu obsahuje zasobu cyklinu B a Cdkl v neaktivni formé,
nazyvajici se pre — MPF (Gordo et al., 2001). Po aktivaci komplexu, MPF fosforyluje proteiny
jaderné membrany, ¢imz indukuje jeji rozpad a pomoci pozitivni zpétné vazby aktivuje dalsi

MPF komplexy, ¢imzZ dochazi k nardstu kinazové aktivity (Nebreda et al., 1995).

DalSim nezbytnym déjem, ktery vede po preovulaéni viné LH ke znovuzahajeni
meiotického zrani, je aktivace kindaz MAPK (mitogen — activated protein kinases — mitogenem
aktivované proteinkindzy). MAPK patfi do skupiny serin/threonin proteinovych kinaz a jsou
aktivovany fosforylaci aminokyselinovych zbytk(l tyrosinu a threoninu. Jejich aktivita
v prasecich oocytech nar(ista kratce pred rozpadem jaderné membrany (Alberts et al., 1998).
MAPK se ptfimo podileji na GVBD prostfednictvim aktivace MPF (Ohashi et al., 2003). Aktivni
MAPK jsou dlleZité pro kondenzaci chromozém a jejich segregaci béhem meiotického zrani
(Kishimoto, 2003). Soucasné se podileji na formaci délictho vreténka, jeho stabilizaci
a elongaci, dllezitych pro vydéleni 1. pélového téliska (Takenaka et al., 1998; Lee et al.,
2000; Ohashi et al., 2003). Mimoto, MAPK potlacuji opétovnou kompletaci jaderné
membrany fosforylaci jadernych lamind, tvoricich proteinovou sit na vnitfni strané jaderné
membrany (Inoue et al., 1998; Fan et al., 2002). V dusledku aktivnich MAPK tak nenastdva
interfaze v pfechodu mezi . a Il. meiotickym délenim, nedochazi k replikaci DNA a k zahajeni

II. déleni ihned po I. déleni (Kishimoto, 2003; Fan and Sun, 2004). Aktivita MAPK pretrvava az
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do dosazeni metafaze Il, kde se podileji na udrzovani 2. meiotického bloku a vysoké aktivité

CSF (Maller et al., 2001; Kishimoto, 2003; Ohashi et al., 2003).

CSF je proteinovy komplex, jehoz soucasti jsou také proteiny Emil a Mos (Li et al.,
2002; Reimann and Jackson, 2002). Aktivita CSF vzrista po dokonceni I. meiotického déleni
a pretrvava do metafaze Il (Takakura et al., 2005). Uloha CSF spociva v potladeni aktivity
APC/C, ¢imZ zabranuje polyubikvitinaci a proteolytické degradaci cyklinu B (Maller et al.,
2001; Reimann and Jackson, 2002). Vysledkem je stabilizace MPF a udrzovani jeho
konstantni aktivity (Maller et al., 2002; Fan and Sun, 2004). Aktivni MPF soucasné fosforyluje
protein Emil a tim pozitivni zpétnou vazbou udrzuje vysokou aktivitu CSF (Kishimoto, 2003).
Mos, druhd z komponent CSF, se uplatriuje v udrZovani aktivity MAPK (Kyriakis and Avruch,
2001).

Aktivita CSF je potlacena CaMKIl, ktera je aktivovana vzrlistem koncentrace iont(
Ca2+ (Fan and Sun, 2004). Vzrist koncentrace Ca2+ nastava po aktivaci oocytu spermii
anebo po spontanni partenogenetické aktivaci (Lindemann and Goltz, 1986). K uvolnéni Ca2+
dochazi z intracelularnich depozit oocytu, jako jsou mitochondrie a endoplazmatické

retikulum (Machaty et al., 1997).

2.2.2. Vyznam vybranych bunécénych struktur v priibéhu meiotického zrani

V pribéhu meiotického zrani oocytl dochazi k radé klicovych déjl, které jsou
nezbytné pro UspéSnou progresi zrani a ndsledné oplozeni, vedouci ke vzniku
Zivotaschopného embrya. Mezi tyto déje radime preusporddani a epigenetické modifikace
jadernych nukleozémd, zakladnich jednotek chromatinu, které jsou tvorfeny DNA a histony
a dale také rozpad jaderné membrany, na kterém se vyznamné podileji cytoskeletarni slozky

oocytu, jako jsou proteiny vnitini jaderné membrany — jaderné laminy (Link et al., 2018).

Epigenetické modifikace nukleozomu

Vyvoj savcich oocytl je koordinovan dynamickou regulaci epigenetickych modifikaci
nukleozému, které propUjcuji DNA dalsi udroven informaci, ovliviujicich pfistupnost
nukleotidové sekvence k jadernym procesim jako je genova transkripce, coZ je zdsadni jak

pro nasledny pribéh meiotického zrani oocyt(, tak pro ¢asny embryonalni vyvoj (Kageyama
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et al., 2007). Epigenom — souhrn epigenetickych modifikaci napfi¢ genomem - tak
predstavuje zakladni sou¢ast mechanismu, kterym jsou informace o genomu organizovany,
prizplsobovany a interpretovany (Endo et al., 2005). Nékteré epigenetické modifikace,
zejména methylace cytosinu, mohou byt rozmnozeny do dcetinych bunék pfti replikaci DNA,
aby se zajistila dlouhodobd pamét dfivéjsich rozhodnuti buriky, napfiklad genova aktivace
v reakci na vnéjsi signaly. Epigenetické modifikace tedy diktuji funkci genomu, ale také
poskytuji ukazatele vyvojové historie, zkusenosti nebo méniciho se vnéjsiho prostredi a diky
tomu mohou nafidit nebo omezit pozdéjsi reakce (Endo et al., 2005; Gu et al., 2010;

Geetal., 2015).

a.) Methylace DNA

Methylace DNA je nezbytnou soucasti epigenetickych modifikaci béhem vyvoje
savéiho genomu, jelikoz hraje klicovou roli v transkripéni regulaci, jako je inaktivace
chromozomu X, genomovy imprinting a inaktivace transpozon( (Li, 2002; Santos and Dean,
2004; Morgan et al., 2005). Hlavnim mistem pro epigenetickou modifikaci DNA je methylace
cytosinu v poloze 5 pyrimidinového kruhu CpG (cytosin trifosfat deoxynukleotid -
fosfodiester — guanin trifosfat deoxynukleotid) dinukleotid( (Robertson and Wolffe, 2000),
pricemz oblasti bohaté na CpG se nazyvaji CpG ostrovy. U samcich a samicich zarodec¢nych
linii zahrnuji CpG ostrovy imprintované, specifické methylované regiony, které ziskavaji
methylaci v zarodecné linii a zachovavaji tuto monoalelickou methylaci po celou dobu vyvoje
a postnatdiniho Zivota (Sasaki and Matsui, 2008). Tyto lokusy odolavaji celogenomové
demethylaci, ke které dochazi po oplodnéni, a selhani ziskani nebo udrzeni methylace pfi
imprintingu specifickych methylovanych regiont vede k embryonalni letalité (Kaneda et al.,
2004; Smith and Meissner, 2013). Mechanismy odpovédné za cileni methylace DNA na CpG
ostrovy, zejména in vivo, zUstavaji navzdory své dlleZitosti zatim malo objasnény. Je vsak
znamo, Zze methylace DNA pozitivné a negativné koreluje s fadou posttransla¢nich modifikaci
histon(, coZz naznacuje, Ze modifikace histonl mohou béhem procest de novo nasmérovat
komplex DNA methyltransferdzy, a to i na urcité CpG ostrovy (Cheng and Blumenthal, 2010;
Blackledge and Klose, 2011).
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V prlibéhu oogeneze mysi dochdzi k methylaci DNA v nedélicich se bunkach, na
prevazné nemethylovaném genomu, coZ z oogeneze Cini vysoce informativni model pro
zkoumani toho, jak mohou modifikace histon(i formovat methylom DNA (Kobayashi et al.,
2012). Napriklad mohou histonové modifikace zptistupnit nebo znepfistupnit chromatin pro
komplex DNMT3A / DNMT3L [DNA (cytosin 5) methyl — transferaza 3a; DNA (cytosin 5)
methyl — transferdaza 3 — like]. Trimethylace a dimethylace H3K4 (K4me3 / K4me2) jsou
charasteristické pro oblasti CpG ostrovi a oznacuji mista iniciace transkripce (Deaton and
Bird, 2011; Henikoff and Shilatifard, 2011), spolu s tim ale také eliminuji ¢innost komplexu
DNMT3A a DNMT3L prostfednictvim svych domén ATRX — DNMT3A — DNMT3L, ¢imzZ ucinné
chrani pridruzenou DNA pifed methylaci (Ooi et al., 2007; Noh et al., 2015), histon H3K4 musi
byt tedy pred zapocetim de novo methylace v pfilehlém CpG ostrové demethylovan. Naopak
H3K27me2 muaze komplexy DNMT3A (Dhayalan et al., 2010) a DNMT3B [DNA (cytosin 5)
methyl — transferdza 3B] aktivovat (Baubec et al., 2015; Morselli et al., 2015). JelikoZ vétSina
CpG ostrovl, které jsou v oocytu methylovany je intragenni, mGze akumulace K36me3 cilit
na tyto lokusy pro methylaci DNA. Do nedavna byla vétSina analyz vztahu mezi modifikacemi
histonl a methylaci DNA provadéna v systémech, jako jsou bunééné embryonalni kmenové
buriky nebo spermie mysi, vzhledem k relativni snadnosti izolace a velkému poctu takovych
bunék, které jsou k dispozici ve srovnani s oocyty (Smallwood et al., 2011; Kobayashi et al.,

2012).

b.) Histonovy kdd

Jadro nukleozému je sloZeno ze dvou kopii ¢tyr histont (H2A, H2B, H3 a H4) tvoficich
oktamer, ktery je zabalen pomoci linkerového histonu H1 do struktur vysSiho radu.
Histonové — COOH nebo — NH2 zbytky mohou byt nahrazeny svymi variantami nebo
modifikovany prostfednictvim acetylace, ubikvitinace, methylace a fosforylace, za ucelem
regulace stavu chromatinu (Thompson et al., 2013; Watanabe et al., 2013; Hiragami —
Hamada et al., 2016; Kadoch et al., 2016), ktery hraje zasadni roli v replikaci DNA (Franke et
al., 2016), transkripci genQ (Yang et al., 2016), homologni rekombinaci (Yoon et al., 2016),
opravé dvouvldkennych zlomU (Lange et al., 2016) a stabilité chromatinu. Tyto histonové
varianty a posttranslac¢ni modifikace tvofi tzv. ,histonové kédy” (Wolfe et al., 2008; Tang et
al., 2015). Sirokd 3kala histonovych modifikaci tvofi b&hem meiotického zrani vysoce

komplikovanou a dobfe organizovanou regulaéni sit, coz zajistuje, Ze tento proces bezchybné
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postupuje, a nakonec produkuje haploidni gamety. Dramaticka pfestavba chromatinovych
struktur b&éhem meidzy vytvari obrovské pozadavky na posttranslaéni modifikace, varianty a
premisténi histond. Histonové kédy se tak nevyhnutelné fadi mezi ,,hlavni hrace”

v meiotickém zrani pohlavnich bunék (Akiyama et al., 2004; De La Fuente et al., 2017).

Nejlépe studovanou epigenetickou modifikaci histon ve specifickych zbytcich je
methylace, ktera se obvykle vyskytuje na zbytcich lysinu a argininu histond H3 a H4 a ma
zasadni roli jak pfi transkripéni represi, tak pfi aktivaci béhem embryogeneze
a embryonadlniho vyvoje (Zhang and Reinberg, 2001; Kouzarides, 2002; Bedford and Clarke,
2009; Lan and Shi, 2009). Nékteré zbytky na histonu H3 a H4 mohou byt mono —, di — nebo
tri — methylované, coz vede ke zvysSeni komplexnosti epigenetické regulace. Tyto modifikace
jsou katalyzovany histon — methyltransferdazami (HMT) (Santos — Rosa et al., 2002; Wang et
al., 2003), které vyuzivaji S — adenosylmethionin jako svého darce methylové skupiny
k Upravé zbytk(a argininu nebo lysinu, a tim reguluji transkripci genu, integritu genomu
a epigenetickou dédi¢nost (Bannister et al., 2002; Klose and Zhang, 2007; Wasserzug — Pash
and Klutstein, 2019). Tyto modifikace jsou povazovany za markery bud pro aktivaci nebo
represi pribuznych genl (Martin and Zhang, 2005), mezi nimiZ jsou methylace H3K4, H3K36
a H3K79 spojeny s aktivaci gen(, zatimco methylace H3K9, H3K27 a H4K20 jsou odpovédné
za represi gen(. Ve skutecnosti hraje methylace histon( Zivotné duleZitou roli v pachytennim
stadiu meidzy tim, Ze moduluje expresi gend souvisejicich s meiotickym zranim (Martin and

Zhang, 2005; Klose and Zhang, 2007; De La Fuente et al., 2017).

Jadernd lamina

Jaderna lamina je pevna, vlaknitd proteinova sit na jaderné periferii, ktera je
formovana cytoskeletdrnimi proteiny patficimi do skupiny intermedidlnich filament,
nazyvajici se laminy. Tato sit obklopujici nukleoplasmaticky povrch vnitini jaderné membrany
definuje mechanické vlastnosti jadra a téZz je zapojena do replikace DNA, transkripce
a organizace chromatinu béhem meiotického zrani (Aebi et al., 1986; Dechat et al., 2009;

Link et al., 2018).

V savsich burikach, véetné bunék pohlavnich, dochazi k expresi dvou typl laminovych
protein (LMN) o rdznych izoformach, které se samostatné organizuji do struktur vyssiho

fadu a utvati tak jadernou laminu (Prather et al., 1989). V nedavnych studiich na mysich
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oocytech bylo prokazano, ze malé, avsak vyznamné frakce LMN se béhem faze GV (GVO,
NSN) a casné faze GVBD (GV1 — GV2, SN) vyskytuji kromé oblasti jaderné laminy také
v blizkosti jadérka a byvaji oznacovany jako nukleoplazmatické laminy (Susor et al., 2015;

Pochukalina et al., 2016).

Na zdkladé biochemickych a sekvencnich charakteristik 1ze LMN v oocytech savcu
¢lenit na laminy typu B (LMNB), jejichZz izoformy jsou lamin B1, lamin B2 a lamin B3 (kratky
protein specificky pro zarode¢né bunky), kédované geny LMNB1 a LMNB2 a déle na laminy
typu A (LMNA), jejichz izoformy jsou lamin A, lamin C, lamin AA10 a lamin C2 (specificky pro
zarodecné bunky) a jsou kddovany genem LMNA. Jak bylo popsdno v somatickych bunkach
a pozdéji i v oocytech Xenopus Leavis (Goldberg et al., 2008) a mysi (Pochukalina et al.,
2016), oba typy LMN tvofi v jaderné laminé oddélené vlaknité sité s velmi omezenym
poctem kolokalizacnich bod( a vykazuji organizaci domén typu intermedidlnich filament
s N — terminalni hlavovou doménou, centrdlni a — helikalni ty¢covou doménou a globularni
C— terminalni koncovou doménou. Zatimco koncové domény LMNB jsou permanentné
fernesylovany a karboxymethylovany a proto zUstavaji pevné spojeny s jadernou
membranou, koncové domény LMNA podléhaji dalSimu Stépeni, coz je Cini vice rozpustnymi
a mobilnimi, na rozdil od LMNB, které jsou imobilni (Shimi et al., 2008; Goldberg et al., 2008;
Koncicka et al., 2020).

a.) Dynamika LMN v prubéhu meiotického zrdni

Oocyty v casném stadiu GV (GVO) jsou charakteristické difuznim rozptylenim
euchromatinu, heterochromatinem soustfedénym do chromocenter a nepfitomnosti
chromatinového prstence. V tomto stadiu jsou LMNA lokalizovany pouze na obvodu jadra,
kde na vnitfni jaderné membrané tvofi jadernou laminu (Schatten et al., 1985; Prather et al.,
1989). LMNB jsou kromé jaderné laminy pfitomny i v nukleoplazmé, v oblasti chromocenter,
na jejichz formovdni se podileji (Pochukalina et al.,, 2016). Vystup oocytu z prvniho
meiotického bloku a znovuzahdjeni meiotického zrani je spojeno se zménami v intracelularni
distribuci jadernych LMN. Ve stadiu GV1 (SN), kdy se v oocytu formuje chromatinovy
prstenec po obvodu jadérka, tvofeny kondenzovanym chromatinem, aktivni komplex MPF
zacind postupné fosforylovat LMN. Vlivem toho LMNA depolymerizuji a ¢astecné disociuji

z jaderné membrany a poté jsou lokalizovatelné nejen na vnitfni jaderné membrané, jako
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soucast jaderné laminy, ale také na periferii prstence. Tvofi tak v oblasti jddra a jadérka dvé
koncentrické kruznice, odpovidajici jadernému obalu a chromatinovému prstenci.
Membranové LMNB jsou diky své strukture imobilni, zlstavaji tedy pripojeny k jaderné
membrané az do pozdni faze GVBD (GV4). U mysich experimentalnich modeld, které byly
dosud vyuzity pro studium dynamiky LMN v pribéhu zrani savcich oocytl, nebyly
lokalizovany zadné typy LMN ve vnitfnim prostoru jadérka (Susor et al., 2015; Nikolova et al.,

2017).

Postupna disociace LMNA z jaderné laminy diky fosforylaci MPF vede také k oddéleni
kondenzovaného chromatinu z vnitfni jaderné membrany. Ve stadiu GVBD pak mohou LMNA
vytvaret agregaty nepravidelného tvaru v blizkosti chromozom( (Prentice — Biensch et al.,
2012). Az ve fazi GV4 dochazi k depolymeraci LMNB, které zGstavaji pripojeny k membrané,
(Dechat et al., 2008). Sanfins et al. (2004), detekovali LMNB u mysich oocytli a popsali
pocatecni kolaps jaderné laminy, nasledovany postupnym roztazenim reaktivnich struktur

LMNB v prometafazi.

Béhem metafaze | a metafaze Il nedochazi k asociaci LMN s kondenzovanymi
chromozomy, avsSak nedavné studie prokazaly, Ze se jak LMNA, tak LMNB, asociuji
s meiotickym vietenem. Tato asociace je slabsi u LMNA, které jsou detekovany v celé
cytoplazmé, avsak s tendenci soustfedit se do difizniho kruhu v oblasti obklopujici vieteno,
bez vazby na samotnd vlakna. Oproti tomu LMNB vykazuji spolecnou lokalizaci s meiotickym
vietenem. Kolokalizace je plna a prodlouzena po celé délce vldken vietene (Susor et al.,

2015; Nikolova et al., 2017).

Disociované LMN se opét formuji a polymerizuji na vnitfni jaderné membrané az
v prlibéhu oplozeni, v pronuklearni zygoté, kde byla pozorovana jaderna lamina s typickou
strukturou a sloZzenim obsahujicim oba typy LMN (Prather et al., 1989; Foster et al., 2007;
Kelly et al., 2010). Pfi sestavovdani jaderného obalu a jaderné laminy LMN zpocatku dimerizuji
prostfednictvim svych tyéovych domén a ndasledné polymerizuji ve sméru od hlavové, ke
koncové doméné (“head — to — tail orientation”). Tim se utvafi antiparalelni sestaveni
polymerd LMN, z nichz se formuji protofilamenta, kterd se dale spojuji za vzniku

intermedialnich filament (Heitlinger et al., 1991; Karabinos et al., 2003; Foeger et al., 2006).
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K expresi nového LMNB v pribéhu embryogeneze vsak dochazi podstatné dfive, nez je tomu
u LMNA. Zatimco LMNB je exprimovan jiz po zahajeni transkripce v embryonalnim genomu,

LMNA je exprimovan aZ po zahajeni embryondlni tkanové diferenciace (Adam et al., 2012).

b.) Interakce lamin — chromatin

Jadernd lamina je vysoce organizovana trojrozmérnd sit, kterd vytvari pfima
i nepfima spojeni s chromatinem na mnoha rlznych Urovnich. Vyznamné se tak podili na
pohybu chromozomi v pribéhu profaze meidzy |, ktery je nepostradatelny pro jejich
zarovnani, homologni pdrovani a ndaslednou segregaci. Bylo prokdzano, Ze postupnd
fosforylace a depolymerace LMN jaderné laminy po zahajeni meiotického zrani koresponduje
s oddélovanim chromatinu od jaderné membrany, ¢imZ je podpofena reorganizace

chromatinu v pribéhu meiotického zrani (Guelen et al., 2008; Link et al., 2018).

Redistribuce LMNA z jaderné membrany a kolokalizace nukleoplazmatického LMNB
s chromocentry, poukazuje na interakce téchto proteinli s kondenzovanym chromatinem
nejen v oblasti jaderného obalu, kde jsou pred vystoupenim oocytu z meiotického bloku
dlouhodobé znamé interakce lamin — chromatin, ale také uvnitf jadra, v oblasti
chromatinového prstence a kondenzovanych shlukd heterochromatinu (Dechat et al., 2008;

Pochukalina et al., 2016).

Specifické genomové oblasti, které jsou prednostné lokalizovany na jaderné periferii
v oblasti vnitfni jaderné membrany, kde vytvareji pfimy molekuldrni kontakt s LMN, se
nazyvaji chromozomové domény asociované s jadernou laminou (LAD; lamina — associated
domains). Velké mnoiZstvi genll v LAD je béhem interfaze exprimovdno ve velice nizkych
hladinach, coZz naznacuje Ulohu LMN v genové represi oocytl, kterd byla jiz prokazana
u somatickych bunék. Mezi nepfima spojeni LMN a chromatinu se fadi spojeni s jadernymi
péry vazanymi na chromatin, nebo spojeni LMN s LEM doménami proteintd (LEM; Lap2 —
emerin — MAN1), které jsou pres komplex BAF (barrier to autointegration factor) propojeny
s chromatinem. LEM domény jsou strukturni ¢dsti tfi proteinli — LAP2 (lamin — associated
polypeptide; polypeptid asociovany s LMN), emerinu a MAN1, které jsou integrované do
jaderné laminy, zprostfedkovavaji jeji kontakt s chromatinem a tim se zapojuji do
reorganizace chromatinu a rozpadu jaderné membrany v pribéhu zrani (Yanez — Cuna and

van Steensel, 2017; Cohen — Fix and Askjaer, 2017; Link et al., 2018).
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Chromozomové pohyby v jadfe, na nichz se LMN podileji, jsou Fizeny
cytoskeletarnimi silami generovanymi v cytoplazmé a prendsenymi jadernou membranou do
nukleoplazmy na telomery chromozom(l prostfednictvim konzervovaného mechanismu
zahrnujiciho LINC komplexy (linker of nucleoskeleton and cytoskeleton complex, spojovaci
komplex nukleoskeletu a cytoskeletu). Tyto komplexy jsou tvofeny doménovymi proteiny
SUN a KASH, které jsou pfitomné na vnitini (SUN) a vnéjsi (KASH) jaderné membrané a
fyzicky interaguji v lumenu perinukledrniho prostoru jaderné membrany. SUN domény jsou

zaroven pfimo, nebo nepfimo propojeny s LMN (Zeng et al., 2017).

Pohyb chromozom( zprostfedkovany LINC komplexy se shoduje s drastickou
reorganizaci jaderné membrany a koreluje s fosforylaci a disociaci LMN z jaderné membrany
v pribéhu meiotického zrani. Poruchy v disociaci LMN vedou k zpoZzdénému rozpadu jaderné
membrany, ke zméné v usporadani chromatinu, neparovym nebo vzajemné propojenym
chromozomUim a ke zpomaleni pohybu chromozom(. Kinazy fosforylujici LMN jsou
prendseny na LMN pres telomery chromozomu pfipojené k jaderné membrané, disociace
a rozvolnéni sité LMN tedy hraje roli pfi modulaci kontaktl mezi chromozomy a jadernou

membranou béhem meidzy (Link et al., 2018).
2.3.  Exogenni latky negativné ovliviiujici organismus savcl

V Zivotnim prostfedi se ptirozené, nebo vlivem lidské cinnosti vyskytuje Siroké
spektrum latek, které mohou byt pfirodniho, nebo syntetického charakteru a diky svym
vlastnostem se v lidské spolecnosti zacaly vyuZivat k mnoha rlznym ucelim, aniz by se blize
zkoumal jejich mechanismus Ucinku, vliv na Zivotni prostfedi, nebo organismus clovéka,
véetné reprodukcnich funkci. BohuZel u mnoha z téchto latek byl pozdéji zjistén negativni
ucinek jak na Zivotni prostfedi, tak na organismus savci, ¢lovéka nevyjimaje. Mezi zndmé
ptipady patfi masové pouziti DDT jako insekticidu, thalidomidu jako Iéku pro téhotné Zeny
(McBride, 1961), novéjSich neonikotinoidnich insekticidd pouzivanych v ochrané rostlin
(Blacquiere et al., 2012), nebo svétové nejrozsifenéjsiho herbicidu — Roundupu, na bazi

glyfosatu (Spinaci et al., 2020).

Postupné narlstajici evidence o negativnich ucincich takovych latek vedou k jejich

naslednému omezeni a nahrazeni jinymi alternativami. V fadé pripad( to pfinasi skutecné
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zlepseni (Landrigan et al., 2004), na druhé strané vsak existuje rfada pripadd, ve kterych byly
Siroce vyuzity latky, jejichz negativni ucinky na Zivotni prostfedi nebo lidské zdravi byly
zjistény a7 po dlouhém obdobi uZivani. Rada z nich pfisludi do skupiny takzvanych
endokrinnich disruptorli (EDs). Vysledkem endokrinné disrupcniho efektu této skupiny latek
muze byt vedle celé rfady dalSich efekt(i i narusena hormonalni bilance, ¢imz je velmi Casto
ovlivnéna i reprodukéni soustava a jeji fyziologické fungovéni. Hodnoceni reprodukénich
funkci a detailni studium vyvoje pohlavnich bunék tak muize byt jednim z vhodnych
ukazatell, podle kterych lze odhadovat rizika endokrinnich disruptord na organismus

ZivocichU, vcéetné ¢lovéka (Damstra et al., 2002).

2.3.1. Endokrinni disruptory

Pojem endokrinni disruptor (ED) — chemikalie narusujici endokrinni systém, poprvé
pouzila v roce 1991 Theo Colborn (World Wide Nature Fund Wingspread Conference,
Wisconsin, USA, 1991) poté, co jeji tym identifikoval v lidském prostredi rizné skupiny latek,
které maji diky svym vlastnostem potencial vstupovat do organismu Zivocich( a lidi a tim
ovliviovat hormonalné fizené soustavy, véetné soustavy reprodukéni (Colborn et al., 1992).
Oficialni stanovisko Endokrinologické spole¢nosti USA (Endocrine Society of the US) k latkam
s endokrinné disrupénim efektem bylo vsak vydano aZz v roce 2009, kdy byly EDs
charakterizovany jako "exogenni C(Cinitelé (latky), ktefi zasahuji do syntézy, sekrece,
transportu, metabolismu, vazby nebo eliminace pfirozenych krevnich hormonu, které jsou
pritomné v téle a jsou zodpovédné za udrZovani homeostaze, reprodukce, vyvinu a/nebo

chovani organismu" (Diamanti — Kandarakis et al., 2009).

Typickou vlastnosti EDs je tedy jejich hormonalni aktivita, diky které mohou imitovat
¢innost endogennich hormonu. Tato aktivita a jeji vysledny vliv na organismus zavisi na
nékolika faktorech, jako je koncentrace EDs i endogennich hormont v organizmu, délka

expozice, nebo obdobi, ve kterém je organismus ucink(im EDs vystaven.

Uginky EDs na organismus mohou byt potlateny nebo mohou uplné vymizet
v pfipadé, Ze je jejich koncentrace v organismu vyssi, nez fyziologicka Uroven hormonu, jehoz
ucinek mimikuji. Tato schopnost EDs dosahnout paradoxné silnéjsich ucink( v nizkych,

subtoxickych davkach nez ve vysokych davkach (vom Saal and Welshons, 2005) se nazyva
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"efekt nizkych davek" (low dose effect) (Grasselli et al., 2010; Vandenberg et al., 2012).
Hypotéza efektu nizkych davek predpokldadd, Ze exogenni chemické latky, které vykazuji
hormonalni aktivitu, mohou pusobit zcela specifickym zplsobem a nelze u nich tedy uplatnit,
a priori predpokladat tradi¢ni toxikologické dogma, které tvrdi, Ze umérné se vzrustajici
davkou chemické latky vzrlstd i toxicky ucinek (Vandenberg et al., 2012). Navic, odezva

organismu na expozici EDs se mlze se stoupajici dadvkou nelinedrné ménit, coz muize

evvys

evvs

versa. Odezva organismu na expozici stejnou davkou EDs se muZe v zavislosti na dobé
expozice také nelinedarné ménit — odpovéd organismu je tedy nemonotdénni. Proto byla
definice nizké davky rozsifena o takzvané “nemonotdénni odezvy”. Diky témto poznatkim by
tedy nemélo dochazet k odmitani védeckych studii zamérujicich se na ucinky EDs jen proto,
Ze vysledné zavéry neodpovidaji klasickému toxikologickému pojeti monotonie. Mechanismy
odpovédné za nelinearni ucinky jsou detailné popsany (Vandenberg et al., 2012), obvykle
v souvislosti s interakci mezi ligandem (hormonem nebo ED) a hormondlnim receptorem
(Vandenberg, 2014). Nelinedrni odpovédi na davku se béiné vyskytuji u endogennich
a syntetickych latek (napf. lékd, hormon(, peptidd), které aktivuji nebo inhibuji signalni
drahy zprostfedkované receptory ovliviujici rzné biologické funkce. Mohou tedy pusobit
jako agonisté, ale i antagonisté endogennich hormond, jelikoz vazbou na hormonalni
receptory umocnuji, nebo oslabuji u¢inky endogennich hormona v organismu (Calabrese and

Baldwin, 2001; Calabrese, 2005).

Efekty nizké davky jsou popsany u vétSiny EDs (Birnbaum, 2012; Zoeller et al., 2012;
Vandenberg et al., 2012; 2013; Bergman et al., 2013; Demeneix et al., 2020) a mnoho z nich
Ize priCist téZ obdobi expozice. Expozice EDs béhem kritickych obdobi vyvoje organismu
mUlze nevratné ovlivnit diferenciaci a organogenezi. Studie zabyvajici se expozici EDs
v prilbéhu vyvoje také prokazaly, Ze EDs méni epigenom, coZ naznacuje, Ze zménéna
epigenetika mlze byt jednim z mechanism( plsobeni nékterych EDs (Vandenberg et al.,

2013; Simeoni et al., 2018; Rattan et al., 2019).

Spojeni EDs s negativnimi biologickymi ucinky u zvifecich druhl vyvolalo obavy, Ze

nizkourovnova “subtoxicka” expozice mlze zpusobit podobné ucinky i u lidi (Giesy et al.,
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1994; Guillette et al., 1994; 1995; Fry, 1995; Sumpter and Jobling, 1995; Solla et al., 1998;
Siegel et al., 2019). Negativni vliv nékterych EDs na lidsky organismus byl pozdéji opravdu
prokdzdn na mnoha Urovnich. Napftiklad EDs vyznamné ovliviuji reprodukci, véetné vyvoje
spermii (Li et al., 2011; Knez et al., 2014; Sharma et al., 2019) a oocytd, stejné jako nasledny
embryondlni vyvoj (Mok — Lin et al., 2010; Xiao et al., 2011; Cabry et al., 2020). Kromé toho
byl popsdn ucinek EDs na reprodukci dospélych osob véetné transgeneracniho efektu
(Susiarjo et al., 2015; Ziv — Gal et al., 2015; Rattan and Flaws, 2019). V soucasnosti Siroce
rozsirené EDs, zasahujici do regulace fyziologickych reprodukcnich procest, predstavuji

bisfenoly.
2.3.1.1. Bisfenoly

Chemicka struktura této vyznamné tfidy EDs je charaktericticka pritomnosti dvou
fenolickych kruhl spojenych dohromady uhlikovym atomem. Tyto difenylalkany obdrzely
obecny nazev bisfenoly. Zastupcl bisfenoll je nékolik, mezi nejvyznamnéjsi patfi bisfenol
F (BPF), v jehozZ strukture spojovaci uhlikovy atom nema zadny substituent, bisfenol A (BPA),
kde spojovaci uhlikova skupina obsahuje dvé methylové skupiny, bisfenol S, kde uhlikova
skupina obsahuje navdazanou sulfonylovou skupinu, nebo bisfenol AF, pokud jsou methylové
skupiny bisfenolu A perfluorované. Bisfenoly patfi v souCasné dobé mezi nejvyuzivané;si
chemikalie v plastickych hmotach, epoxidovych pryskyficich a/nebo polykarbonatech
v potravinarském pramyslu. Dalsi velice rozSitené vyuziti nasly bisfenoly u recyklovaného

papiru a papiru pro termalni tiskarny (Rosenmai et al., 2014; Wang et al., 2015).

Doneddvna nejvice vyuZivanym bisfenolem v téchto materidlech byl BPA, jehoZ
produkce Cinila v roce v roce 2016 8 miliond tun a predpoklada se, Ze v roce 2022 bude jeho
produkce Cinit az 10,6 miliond tun (Abraham and Chakraborty, 2020). BohuzZel vsak, jak bylo
zjisténo az po dlouhé dobé jeho vyuZivani, teplo, UV zéfeni, alkalicka Uprava, intenzivni
promyvani, nebo kontakt s kyselymi nebo bazickymi slouc¢eninami urychluji hydrolyzu
esterové vazby spojujici molekuly BPA v polykarbondatu a pryskyficich a to vede k uvolnéni
monomeru BPA, ktery tak vstupuje do Zivotniho prostfedi, potravniho fetézce a lidského
téla, kde plsobi jako endokrinni disruptor (Rubin, 2011) s nepfiznivym ucéinkem na lidské
zdravi, v€etné obezity, diabetu, abnormalniho chovani a Zenskych a muzskych reproduk¢nich

funkci. Hlavni cestou expozice ¢lovéka je konzumace kontaminovanych potravin, pitné vody
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nebo dermdlni kontakt s termdlnim papirem a kosmetikou, nebo inhalace kontaminovaného
prachu ze vzduchu (Miyamoto and Kotake, 2005; Huang et al., 2012; Ribeiro et al., 2017).
Neni tedy prekvapivé, Ze fada studii pozdéji prokdzala pfitomnost BPA v lidskych télnich
tekutinach, tj. modi, krevnim séru, folikularni tekutiné, plodové vodé, materském mléce
a semindlni plazmé (Yamada et al., 2002; Ikezuki et al., 2002; Liao et al., 2012; Mendonca et
al., 2014; Vitku et al., 2015), ale také v Zivotnim prostiedi. V dnesni dobé je jiz pritomnost
BPA prokazana ve vzduchu, bytovém prachu, odpadnich a podzemnich vodach, nebo
v fekdch a v morské vodé (Liu et al., 2009; Huang et al., 2012; Yuan et al., 2014; Desforges et
al., 2014; Sun et al., 2016; Graziani et al., 2019; Caban and Stepnowski, 2020a; 2020b).

Vzhledem ke vzrUstajicimu poctu studii, které prokazuji negativni vliv BPA na
organismus clovéka na mnoha urovnich, véetné reprodukce, je pouziti BPA v nékterych
zemich omezeno nebo zakazano (kojenecké lahve) (EFSA, 2011; FDA, 2012). K jeho nahrazeni
ve vyrobnim procesu se nyni vyuzivaji dalsi bisfenoly s podobnou strukturou, a to ackoliv
chybi didkazy o ucincich téchto bisfenol(l na organismus ¢lovéka a jeho reprodukéni soustavu.

Jednim z nejcastéjsich substituentd je i BPS (Eladak et al., 2015).
2.3.1.2. Bisfenol S (4, 4' — sulfonyldifenol)

BPS ma radu vlastnosti, diky kterym byl zvolen jako vhodny komponent pfi vyrobé
obalovych hmot vyuZivanych v potravinarském primyslu, ve kterém dochazi k nejéastéjSimu
kontaktu s organismem clovéka. Je stabilni pfi vystaveni vysokym teplotdm a odolny vUci
slune€nimu zareni. Tyto vlastnosti jsou pfinosné pro stabilitu materidld a BPS se diky nim
z téchto hmot neuvoliiuje do prostredi v takové mife, jako tomu bylo u BPA. Zaroven to ale
znameng3, Ze je chemicky stabilni a hlfe biologicky odbouratelny i po priniku do organismu
(Chen et al., 2002; Liao et al., 2012). Jako chemikalie, jejiz pouzivani podléha slabé legislativni
regulaci, je nyni BPS pouzivdn v mnoha materidlech a jeho pfitomnost byla prokdzana

v lidském organismu v mnoha populacich ekonomicky rozvinutych zemi (Liao et al., 2012).

V Evropské unii je rocni produkce BPS az 10 000 t a neustdle se zvySuje (Del Moral et
al., 2016). BPS v koncentracich podobnych nebo dokonce vétsich, nez BPA byl jiz zjiStén
v abiotickém prostredi, jako jsou kaly z Cistiren odpadnich vod (Lee et al., 2015; Yu et al.,
2015), povrchové vody (Yamazaki et al., 2015; Jin and Zhu, 2016), nebo bytovy prach (Wang
et al., 2015; Liu et al., 2021). V dasledku Sirokého vyskytu byl BPS detekovan v potravinach
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(Liao and Kannan, 2014) a nasledné i v lidskych télnich tekutindch. Nejvyssi koncentrace BPS
v télnich tekutinach byly naméreny u lidi, ktefi jsou expozici BPS vystavovani pravidelné ve
vyssi mife (pokladni), nebo u asijského obyvatestva, kde je koncentrace BPS v prostiedi
vyrazné vyssi, nez v jinych svétovych oblastech. Prlmérné hodnoty BPS v moci se podle
dostupnych studii pohybuji v rozmezi 0.67 ng / ml az 2.53 ng / ml (Chen et al. 2016; Ndaw et
al., 2018; Philips et al., 2018), s tim koreluji koncentrace ve folikularni tekutiné —az 2.11 ng /
ml (Dimitriadis et al., 2017), v krevni plazmé se koncentrace BPS pohybuje mezi 0.073 ng / ml
a 4.844 ng / ml (Thayer et al., 2016; Macczak et al., 2017; Mokra et al., 2017), v seminalni
plazmé je t0 0.12 ng / ml az 0.17 ng / ml (Smarr et al., 2018), v materském mléce aZ 0.683 ng
/ ml av pupecnikové krvi az 0.12 ng / ml (Niu et al., 2017; Liu et al., 2017).

K expozici ¢lovéka dochazi riznymi cestami, a to jak dermalnim kontaktem, inhalaci
kontaminovaného vzduch a prachu, tak ptijmem per os, jez tvori nejvétsi podil prijatého BPS
(Wang et al., 2015; Thayer et al., 2016; Ndaw et al., 2018; Wan et al., 2018; Wu et al., 2018).
V soucasné dobé existuji jen velmi omezena data zabyvajici se negativnimi Ucinky BPS
pritomného v organismu na reprodukci lidi, je vSak k dispozici vzrastajici pocet studii
provadénych v podminkach in vitro a in vivo, zaméfujicich se na ucinky BPS a jejich

mechanismus v organismu bezobratlych, ryb a savc(.

Studie zabyvajici se mechanismy ucéinku BPS podle cilovych struktur v bunkach
zvolenych modelovych organism( (mys, potkan) a lidskych bunécénych liniich, prokazaly
negenomické ucinky BPS ovliviujici bunécnou signalizaci (Vifias and Watson, 2013a; 2013b).
BPS se vaZze na sérové albuminy (Mathew et al., 2014) a proto je snadno distribuovatelny po
celém téle. Také pro svou schopnost distribuce je BPS schopen napodobit vlastnosti
hormon( a interagovat s ER (estrogenové receptory) (Delfosse et al., 2012; Rosenmai et al.,
2014; Le Fol et al., 2015) a byla potvrzena jeho pfima vazba na jaderné ER (Yamasaki et al.,
2004), podobné jako u dalSich bisfenolli, ¢imZz je schopny regulovat genovou expresi
genomické cesty (Mesnage et al., 2017; Li et al., 2018). Ve femtomoldrnich az pikomolarnich
koncentracich indukuje BPS membranové ERa — zprostfedkované drahy a ucinky na MAPK
signalizaci, bunécnou proliferaci a aktivaci kaspdzy 8 (Vifias and Watson, 2013a; 2013b). Tyto
rychlé, negenomické drahy jsou vyznamné pro optimalni funkci bunék, zprostfedkovani

proliferace a apoptdzy (Vifias and Watson, 2013a; 2013b), stejné jako pro dalsi akce, jako
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jsou funkce pankreatickych bunék (Alonso — Magdalena et al., 2008) a estrogenem
zprostiedkované hypofyzarni mozkové funkce a chovani (Moenter and Chu, 2012; Laredo et
al., 2014). BPS tedy vykazuje estrogenni aktivitu jako estradiol a je schopen stimulovat drahy
membranového receptoru, které jsou obvykle regulovany estradiolem a zasahuje do
regulace steroidnich genovych transkriptl (Eladak et al., 2015; Feng et al., 2016). Tyto
vysledky dokazuji, Ze ER signalizace hraje klicovou roli v reprodukéni neuroendokrinni
odpovédi na expozici BPS. Také byl prokdzdn obdobny mechanismus ucinku BPS ve vztahu
k androgentm (Kitamura et al., 2005; Molina — Molina et al., 2013; Rosenmai et al., 2014).
Zhang et al. (2018) posléze prokazal vazbu BPS na thyroidni receptory, u kterych doslo

k proliferaci sledovanych bunék GH3 u potkant (Zhang et al., 2018).

Dalsi vyznamnou bunécénou drahou zasahujici do reprodukce je drdha cytochromové
aromatazy, kterd je ustfednim prvkem syntézy estrogent, katalyzujici konecny krok
omezujici rychlost prenosu androgenl na estrogeny. Expozice nizké davce BPS vyvolava
predc¢asnou hypotalamickou neurogenezi, zprostifedkovanou signalizaci aromatazy, kterd je
aktivovana v odezvé na expozici latek s estrogenni aktivitou (Kallivretaki et al., 2006; Kinch et
al., 2015). Navic Qiu et al. (2016) popsali, Ze flavinovy inhibitor aromatazy (FAD) vyznamné
zeslabuje stimulacni Gcinky BPS na reprodukéni neuroendokrinni expresi gen(. Tento
vysledek dokazuje, Ze enzymatickd aktivita aromatazy je také cCastecné vyzadovana pro
zprostredkovani stimulacnich Gcinkd BPS na reprodukéni neuroendokrinni systém (Qiu et al.,

2016).

U outbrednich potkani kmene Wistar bylo prokazano, Ze BPS pusobi prostfednictvim
vice bunécnych drah, neomezujicich se na estrogenni a androgenni drahu. Da Silva et al.
(2019) popsali zménu hladin thyroxinu a trijodthyroninu v plazmé pfi expozici jedinct BPS.
Thyroxin je hormon stitné Zlazy, ktery mimo jiné u samic v obdobi bfezosti reguluje genovou
expresi a zaroverl ma béhem c¢asného vyvoje mozku plodu vliv na proteiny podilejici se na
pozdéjsi diferenciaci mozku. V souvislosti s tim, Qui et al. (2016) ve své studii popsali, Ze
thyroxin c¢aste¢né zprostfedkovava (oslabuje) stimulaéni ucéinky BPS na reprodukéni

neuroendokrinni systém a s tim souvisejici expresi genl v prenatalnim vyvoji jedinca.
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Zména steroidogeneze vlivem pfitomnosti bisfenolu S ve folikularni tekutiné byla
nasledné prokdzana i ve studiich vyuzivajicich bovinni granulézni buriky (Campen et al., 2018)

a granuldzni bunky Zen, podstupuijicich in vitro fertilizaci (Amar et al., 2020).

Funkéni interakce mezi drahami aktivovanymi estrogenovymi, thyroidnimi
a aromatdzovymi receptory muize slouzit jako dullezitd regulacni vazba v endokrinnich
systémech. Vsechny tyto drahy jsou zaroven nezbytné k pozorovani plnych ucink( BPS na

zmény exprese genu v reprodukénim neuroendokrinnim systému.

Eladak et al. (2015) popsali negativni ucinek BPS na testikularni tkan a oxidativni stres
samcU potkanl. Zda se, Ze expozice BPS nejen indukuje oxidacni stres, ale také zvysuje
aktivitu antioxidacnich enzymu v tkani. Se zvysujici se davkou BPS dochazi k vyraznému
zvyseni testikuldrnich reaktivnich druhl kysliku a lipidové peroxidace, zatimco aktivita
antioxidac¢nich enzymi, obsah proteind, koncentrace plazmatu a intratestistického
testosteronu jsou vyznamné snizeny. Tyto Udaje naznacuji, Ze BPS ma potencial indukovat
oxidacni stres ve varlatech a mlzZe mit vliv na spermatogenezi u potkan(, jak potvrdily i dalsi
studie, zabyvajici se genotoxickym a cytotoxickym efektem BPS v souvislosti s posilenim

vzniku reaktivnich forem kysliku (George and Rupasinghe, 2018; Hercog et al., 2019).

Negativni vliv expozice BPS byl prokazan i ve spojeni s utvarenim mlécnych zlaz (Kolla
et al., 2018) a télesnym vyvojem (Ahsan et al., 2018) samic potkanl. Kolla et al. (2018)
popsali vliv BPS na mlécné Zldzy samic mysi, jejichz utvareni je v prlbéhu Zivota silné
ovliviilovdno hormony. V zavislosti na véku samic a davce BPS byly pozorovany specifické
estrogenni Ucinky BPS, zcela odlisSné od ucinkd jinych xenoestrogen(. Prenatdlni expozice
samic vede k tvorbé intraduktalni hyperplazie mléénych Zlaz v dospélosti. Prepubertani
expozice pak vede k pozménéné morfologii mlécnych Zlaz, opozdénému nastupu puberty,
zvyseni télesné hmotnosti, snizené hmotnosti délohy a zménénym hladindm plazmatickych
hormon(. Zaznamenana byla zvySend acyklie vaje¢nik(i spojenda se zvySenym poctem
cystickych a atretickych folikuld a poklesem poctu ovulujicich folikuld (Ahsan et al., 2017;

Kolla et al., 2018; Shi et al., 2019).

Atlas and Dimitrova (2019) nasledné prokazali vliv BPS na organizaci epitelidrnich
bunék mlécné Zlazy Zen, kde BPS zpUsobil naruseni organizace bunék a nadmérnou expresi

onkogena. Potvrdili tedy jeho vliv na vyvoj mlécné Zlazy a pfispéni k rozvoji rakoviny prsu.
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Navic, Grandin et al. (2019) prokazali nizky materno — fetalni prostup metaboliti BPS

placentou v pribéhu téhotenstvi z krevniho obéhu matky.

V dalSich experimentech zamérenych na bunécéné kultury bylo prokazano, Zze BPS
pusobi cytotoxicky, genotoxicky (Lee et al., 2013) a mutagenné (Fic et al., 2013) tim, Ze
indukuje chromozomové aberace a vyraznd poskozeni DNA i pfes samovolny proces
homologni rekombinace. Divodem téchto negativnich Uc¢inkl maze byt vazba na sérové
albuminy nebo poskozeni DNA a nasledné ovlivnéni nékolika signdlnich kaskad kdekoliv
uvnitf organismu (Lee et al., 2013; Mathew et al., 2014), vcéetné naruSeni bunécné

signalizace v apoptotickych drahach (Salvesen and Walsh, 2014).

Negativni vliv BPS na reprodukci samic savcl byl prokazan i nasim tymem, ktery jiz
publikoval c¢ast vysledkd, na které navazuji vysledky této prace (Zalmanova et al., 2017;

Nevoral et al., 2018).

Diky in vitro expozici prasecich oocytl BPS v pribéhu meiotickému zrani, dochazi
k selhani tvorby tubulinovych vldken, které jsou soucasti meiotického vietene a kontroluji
spravnou segregaci chromozom(. Dale byly prokdazany zmény v zasobovani maternalni
MRNA, ktera je nezbytna pro Uspésny vyvoj oocytu a embrya v dobé zrani a po oplozeni, nez
je zahdjena transkripce embryonalni mRNA. Ziroven byly potvrzeny zmény v mnoZstvi
proteinli a distribuci estrogenovych receptorll o a B a aromatdzy, jak bylo popsano
v dfivéjSich studiich u ryb a somatickych bunék savcui. Tato studie vlivu BPS na meiotické
zrani oocytl prasat byla posléze doplnéna obdobnymi vysledky u bovinnich oocytt (Campen

etal., 2018).

Ve studii Nevoral et al. (2018), ve které byl vyuzit mysi experimentalni model, byly
samicim podavany in vivo nizké koncentrace BPS simulujici realny vyskyt tohoto ED
v Zivotnim prostfedi. U skupiny mysi krmenych stravou s pfidanym BPS doslo k redukci
hmotnosti ovarii a poctu primdrnich a preantralnich folikulG. Dale byl zaznamendn zvyseny
objem antralnich folikull, coz mlzZe byt vysvétleno kompenzaci redukce poctu folikull. Ve
stejné studii byly analyzovany potencidlni epigenetické zmény, reprezentované zménou
methylace DNA, presnéji 5 methyl — cytosinu (5mC) a dimethylace lysinu K27 na histonu H3

(H3K27me2). Byly zaznamendny zmény v methylaci H3K27me2 u oocytli vystavenych riznym
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koncentracim BPS. Toto zjisténi demonstruje obdobnou epigenetickou aktivitu, ktera byla

zaznamendna u BPA (Nevoral et al., 2018).

Nahrada BPA za BPS se diky nedostate¢nému prostudovani jevila jako optimalni. Nyni
se viak zda, Ze je tomu prfesné naopak. Nové ziskavané poznatky tedy stale jasnéji ukazuji, Ze

BPS neni zdaleka tak bezpeéna latka, za jakou byla povazovéna.
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3. Hypotéza

Na zakladé dostupnych informaci byla stanovena hypotéza, Ze BPS negativné
ovliviiuje pribéh meiotického zrani savcich oocytll, epigeneticky vzor oocytli a utvareni

cytoskeletarnich struktur oocyt(.
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4. Cile prace

Za Ucelem oveéreni stanovené hypotézy byly navrzeny nasledujici cile:

1.) prokazat vliv BPS na pribéh meiotického zrani

2.) sledovat zmény v expresi a bunécné lokalizaci proteinovych markerd meiotického zrani

3.) sledovat zmény v distribuci vybranych markerl meiotického zrani — laminu A / C,

o — tubulinu, methylaci DNA a histonu K3H27
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5. Materidly a metodika

5.1. Experimentalni model prase (Sus scrofa)

5.1.1. Etické zasady

Viechny experimenty byly provedeny v souladu se stavajicimi zakony Ceské republiky
a vdechny experimentélni protokoly byly schvaleny etickou komisi Ceské zemédélské

univerzity v Praze.
5.1.2. Chemikalie

Vsechny pouzité chemikdlie byly zakoupeny u spolecnosti Sigma Aldrich (St. Louis,

MO, USA), pokud neni uvedeno jinak.
5.1.3. Ziskdvani a kultivace prasecich oocytl

Vajecniky prasat byly ziskdavany z jatecné porazenych prepubertalnich prasnicek.
Kumulo — oocytarni komplexy (COCs) byly z vajecnikd ziskavany aspiraci folikularni tekutiny
z folikull o velikosti 2 — 5 mm pomoci injekéni stfikacky s jehlou 18G. Pod
stereomikroskopem byly z folikularni tekutiny vybirdny pouze COCs s neporusenou

cytoplazmou a kompaktnim kumularnim obalem.

Pfed samotnou kultivaci byly vybrané COCs nejdrfive tfikrat promyty v kultivaénim
médiu bez pfidavku BPS a posléze rozdéleny do jedné kontrolni (K) a tfech pokusnych skupin
(3nM, 300nM, 30uM). Kultivace probihala ve ¢tyfjamkové desticce 4 — well multidish (Nunc,
Denmark), v 1 ml modifikovaného kultivaéniho média MI99 obohaceného o hydrogen
uhli¢itan sodny (0,039 ml 7 % roztoku na 1 ml média), laktat vapenaty (0,6 mg / ml),
gentamicin (0,025 mg / ml), HEPES (1,5 mg / ml), gonadotropni hormony eCG a hCG
v poméru 13,5 I.U : 6,6 I1.U. / ml (P.G.600, Intervet, Boxmeer, Holland) a folikularni tekutinu
(100 ul / ml), v podminkach fizené atmosféry o obsahu 5 % CO2 ve smési se vzduchem pfi
39°C. Do kultiva¢niho média pokusnych skupin byl pfidan roztok BPS o vysledné koncentraci

3nM, 300nM a 30uM BPS. Kultivace probihala po dobu 16, 18, 20, 22, 24 a 48 hodin.

35



5.1.4. Osetfeni oocytl

Po celou dobu kultivace byly COCs pokusnych skupin v kultivaénim médiu za
pfitomnosti roztoku BPS. BPS rozpustény v DMSO byl pfidan do kultivaéniho média, ¢imz
bylo docileno finalni koncentrace 3 nM, 300 nM a 30 uM BPS. Findlni koncentrace DMSO

byla vidy 0,1 %. Oocyty kontrolni skupiny byly oSetfeny pouze 0,1 % DMSO.

5.1.5. Morfologické hodnoceni stadii GVBD

COCs byly po pfislusné dobé kultivace zbaveny kumuldrnich bunék pipetovanim

pomoci tenkosténné kapildry. Poté byly oocyty:

e fixovany v 4 % roztoku paraformaldehydu v PBS (Phosphate buffered saline),
pfi laboratorni teploté po dobu pul hodiny, permeabilizovany a blokovany
v 0,1 % Tritonu X — 100 (v1 % a 5 % kozim séru ve fosfatovém pufru, NGS —
PBS) a nasledné podrobeny imunocytochemickému barveni (popsano v 5.1.6.)
— plati pro oocyty kultivované 16, 18, 20 a 22 hodin.

e montovany na podloZni skla, fixovany po dobu nejméné 24 hod. v roztoku
ethanol : kyselina octova (3 : 1) a nasledné barveny 1 % orceinem
a vyhodnoceny pod mikroskopem s fazovym kontrastem (zvétSeni 400x) —

plati pro oocyty kultivované 24 a 48 hodin.

Na zakladé délky kultivace a dosazeného stadia jaderného zrani byly oocyty
rozdéleny na: rozpad zarode¢ného vacku (GVBD) ve stadiu GV1, GV2, GV3 a GV4, prechod
mezi prometafdzi a metafazi | (16 — 22h kultivace); pozdni diakineze; prechod mezi anafazi |

a telofazi |; metafaze | (24h kultivace) a metafaze Il (48h kultivace) (Motlik and Fulka, 1976).

5.1.6. Lokalizace vybranych proteinovych struktur

Po ukonceni pfislusné doby kultivace byly oocyty zbavené kumuldrnich bunék
fixovdny v 4 % roztoku paraformaldehydu v PBS pfi laboratorni teploté po dobu pll hodiny
a skladovany ve 4°C v roztoku PBS s azidem aZ do dalSiho vyuZiti. Pro dalsi vyuzZiti byly oocyty
permeabilizovany a blokovany v 0,1 % Tritonu X — 100 (v 1 % a 5 % kozim séru ve fosfatovém

pufru, NGS — PBS). Poté byly oocyty inkubovany s primarni monoklondlni protilatkou
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specifickou pro dany protein (anti — lamin A / C; Abcam, UK) po dobu 1 hodiny (1:200, pfi
39°C, 5 % C0O2) v1 % NGS. Po uplynuti doby kultivace byly oocyty 3x promyty v roztoku 1 %
NGS a nasledné kultivovany se sekundarni kozi anti — mysi IgG protilatkou konjugovanou
s fluoresceiny FITC (fluorescein isothiokyanat; 1:200). Inkubace se sekundarni protilatkou
probihala pfi laboratorni teploté v1 % NGS po dobu 40 minut. Po inkubaci byly oocyty
3x proplachnuty v1 % NGS a namontovdny na sklo s kapkou Vectashield obsahujici 4'6 —

diamidino — 2 — fenylindol (DAPI; Thermo Fisher Scientific) pro obarveni chromatinu.

5.1.7. Statisticka analyza

Data jsou prezentovana jako primér + SEM z nejméné tfi nezdvislych experimentd,
minimalni pocet oocytl na skupinu je 45. Pro statistickou analyzu dat byl pouzit
neparametricky F — test a Shapiro — WilkGv test normality. Statisticka analyza byla provadéna
v programu 9.3 SAS (SAS Institute Inc., Cary, NC, USA). P hodnota mensi nez 0,05 byla

povazovana za statisticky vyznamnou.

5.1.8. Experimentalni schéma

Hodnoceni vlivu BPS na pribéh meiotického zrani oocyti

Vliv BPS na jaderné zrdni oocytu v prubéhu GVBD

V experimentu byl zjistovan vliv jednotlivych koncentraci BPS (3nM, 300nM, 30uM)
na prubéh GVBD prasecich oocytl in vitro. Oocyty byly kultivovany v podminkach in vitro
16, 18, 20 a 22 hodin za ptitomnosti BPS, pro zjisténi vlivu BPS na dosazZeni jednotlivych fazi
GVBD. Podle morfologického hodnoceni chromatinu oocytli byla stanovena faze GVBD

oocytd (GV1, GV2, GV3, GV4).

Vliv BPS na jaderné zrdni oocytu v priibéhu Ml a Ml

V experimentu byl zjistovan vliv jednotlivych koncentraci BPS (3nM, 300nM, 30uM)
na pribéh meiotického zrani prasecich oocytu in vitro. Oocyty byly kultivovany v podminkach

in vitro 24 hodin (MI) a 48 hodin (Mll) za pfitomnosti BPS, pro zjisténi vlivu BPS na jednotlivé
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faze meiotického zrani. Podle morfologického hodnoceni chromatinu oocyt(i byla stanovena

faze meiotického zrani oocyt(.
Hodnoceni vlivu BPS na lokalizaci LMNA v priibéhu meiotického zrani

Vliv BPS na lokalizaci LMNA v pribéhu GVBD

V experimentu byl sledovan vliv jednotlivych koncentraci BPS (3 nM, 300 nM, 30 uM)
na lokalizaci LMNA v pribéhu GVBD prasecich oocytl in vitro. Oocyty byly kultivovany
v podminkdch in vitro 16, 18, 20 a 22 hodin za pfitomnosti BPS, pro zjisténi vlivu BPS na

lokalizaci LMNA v jednotlivych fazich GVBD.

Vliv BPS na lokalizaci LMNA v pribéhu Ml a Ml

V experimentu byl sledovan vliv jednotlivych koncentraci BPS na lokalizaci LMNA
v pribéhu meiotického zrani oocytl in vitro. Oocyty byly kultivovany v podminkach in vitro
24 (MI) a 48 hodin (MIl) za pfitomnosti BPS, pro zjisténi vlivu BPS na lokalizaci LMNA

v prlbéhu dosazeni kontrolnich fazi meiotického zrani.

5.2.  Experimentalni model mys (Mus musculus)

5.2.1. Etické zasady

Vsechny experimenty byly provedeny v souladu se zakonem ¢. 246 / 1992 Sb.
o ochrané zvifat proti tyrani pod dohledem Poradniho vyboru pro dobré Zivotni podminky
zvifat na Ministerstvu kolstvi, mladeze a télovychovy Ceské republiky, ID schvaleni MSMT —
11925 / 2016 — 3. Vsechny experimentalni protokoly byly schvéleny etickou komisi Karlovy

Univerzity v Praze.
5.2.2. Chemikdlie

Vsechny pouzité chemikalie byly zakoupeny u spole¢nosti Sigma Aldrich (St. Louis,

MO, USA), pokud neni uvedeno jinak.
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5.2.3. Vyuiity experimentalni kmen a chovné podminky

Samice ICR (outbredni kmen) mysi ve véku od Sesti do sedmi tydn( byly zakoupeny
od spoleénosti Velaz Ltd. (Ceska republika), chovany v intaktnich polysulfonatovych klecich
a udrzovany v podminkach s 12 — ti hodinovym cyklem svétlo / tma, pfi teploté 21 +1° C
a relativni vlhkosti 60 %. Dieta neobsahujici fytoestrogeny (1814 P; Altromin, Némecko)
a ultracistd voda (ve sklenénych lahvich, ménéna dvakrat tydné) byly poskytovany ad libitum.

Zvirata byla aklimatizovana alespon jeden tyden pred zahajenim experimenta.

5.2.4. Expozi¢ni schéma

Zvirata (N = 75) byla ndhodné rozdélena do péti experimentalnich skupin po 15 — ti
zvifatech / skupina, které zahrnovaly jednu kontrolni skupinu a ¢tyfi skupiny oSetfené jednou
ze Ctyf vybranych davek BPS (0,001; 0,1; 10 a 100 ng BPS x g télesné vahy™ den™, dale
oznacovanych jako BPS1, BPS2, BPS3, respektive BPS4). Pokusy byly provadény v péti
nezavislych opakovanich. BPS byl rozpustén v 50 ul 50 % glycerolu obsahujiciho 0,1 %
dimethylsulfoxidu a podavan denné po dobu sedmi dnl oralni sondou. Po expozici byly mysi

usmrceny cervikalni dislokaci a jejich vajec¢niky byly odebrany pro dalsi experimenty.

5.2.5. Ziskavani a kultivace mysich oocytl

Pro ziskdni plné dorostlych, nezralych oocytl ve stadiu GV, byly na odebranych
ovdriich pomoci jehly 27G naruseny ovarialni folikuly. Ziskané GV oocyty byly nasledné
manipulovany v médiu M2 doplnéném o 100 uM isobutyl — methylxanthinu (IBMX),
specifickym inhibitorem endogenni fosfodiesterdzy, za ucelem zachovani intaktnich GV
oocytll (Grondahl et al., 1998). PIné dorostlé intaktni GV oocyty byly nasledné, po ukonceni
manipulace, umistény do kultiva¢niho média M16 s IBMX, po dobu alespori 1 h pfi37°Ca5
% CO2, pro regeneraci oocytarnich protein(. Poté byly oocyty fixovdny ve 4 %
paraformaldehydu ve fosfatovém pufrovacim solném roztoku (PBS), doplnény 0,1 %
polyvinylalkoholem (PVA), po dobu 30 minut pfi pokojové teploté (22° C) a uloZeny pfi 4° C
pro dalsi pouZiti. Alternativné byly ziskané GV oocyty kultivovany v kultivaénim médiu M16
bez IBMX po dobu 16 hodin pfi 37 ° Ca 5 % CO2, pro zisk maturovanych MIl oocytU. Zralé

oocyty s vyloucenymi pélovymi télisky byly fixovany a uloZeny, jak je popsano vyse.
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5.2.6. Termindlni deoxynukleotidyl — transferdzové dUTP znadeni a barveni (TUNEL)

Fixované MIl oocyty byly permeabilizovdny v 0,1 % Tritonu X — 100 v PBS obsahujicim
0,05 % NaNs po dobu 40 minut. Oocyty byly osetfeny dUTP konjugovanym s fluoresceinem
a termindlnim deoxyribonukleotidyl — transferazovym enzymem (In situ Cell Death Detection
Kit, kat. ¢. 11684795910, Roche, Némecko) po dobu 1 hodiny ve tmé pii 37°C. Pozitivni
kontrola byla pfipravena pomoci soupravy DNase | (AMP — D1, Sigma — Aldrich). Nakonec
byly oocyty namontovény na sklicka s médiem Vectashield DAPI (4', 6 — diamidino — 2 —
fenylindol; VectorLaboratories Inc., USA). Intenzita signdlu byla méfena pomoci softwaru

ImagelJ (National Institutes of Health, USA).

5.2.7. Lokalizace vybranych proteinovych struktur

Fixované oocyty byly permeabilizovany v PBS s pridavkem 0,04 % Triton X — 100 a 0,3
% Tween — 20 po dobu 15 minut. Byly hodnoceny heterochromatinové markery oocytd,
véetné 5' — methylcytosinu (5meC) a dimethylace histonu H3 na lysinu K27 (H3K27me?2).
Kolokalizace 5meC a H3K27me2 byla provedena pomoci HCI a trypsinu, jak bylo popsano
drive (Santos et al., 2002). Poté byly oocyty blokovany v 1 % roztoku bovinniho sérového
albuminu (BSA) v PBS s Tween — 20 po dobu 15 minut a inkubovany s protilatkami anti — a —
tubulinem (1: 200, Sigma — Aldrich), anti — 5meC (1: 200, Sigma — Aldrich) a anti — H3K27me2
(1: 200, Abcam, UK). Po promyti byly oocyty inkubovany s protilatkami anti — mySim a anti —
kralicim AlexaFluor 488 a 647 (1: 200). Phalloidin (1: 200; Thermo Fisher Scientific, USA) byl
pfidan do promyvani a pouzit pro vizualizaci B — aktinu. Obarvené oocyty byly namontovany
na sklicka v médiu Vectashield DAPI. Intenzita signdlu byla méfena pomoci softwaru Imagel.
Byla také hodnocena konfigurace chromatinu kolem jadra [SN, NSN (Zuccotti et al., 1998)] a
vylouceni pélového téliska. Snimky byly ziskany za pouzZiti konfokdlniho mikroskopu
s rotujicim diskem Olympus IX83 (Olympus, Némecko) a softwaru VisiView (Visitron Systems

GmbH, Némecko).

5.2.8. Statisticka analyza

Data byla zpracovdna pomoci programu Statistica Cz 12 (StatSoft, Inc., USA).

Statisticky test Kruskal — Wallis ANOVA byl pouZit pro kvantitativni proménné a x*> — kvadrat
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test byl pouzit pro proporcni testovani. Vyznamné rozdily mezi jednotlivymi pary skupin byly
hodnoceny post hoc pomoci vicendsobného srovnani primérnych fad, Mann — Whitney
U test s Bonferroniho korekci, nebo Fisherav exaktni test s Bonferroniho korekci. Kde to bylo
vhodné, byly korelace mezi proménnymi hodnoceny pomoci Spearmanovy metody.
Statisticky vyznam byl nastaven na a = 0,05 a vSechny pouzZité hodnoty P a testy byly

oboustranné.

5.2.9. Experimentdlni schéma

Hodnoceni vlivu BPS na vybrané markery pred zahajenim meiotického zrani

Vliv BPS na kvantitu a meiotickou zptsobilost GV oocytt

V experimentu byl zjistovan vliv jednotlivych koncentraci BPS (0,001; 0,1; 10 a 100 ng
BPS x g télesné vahy™ den™) na kvantitativni a kvalitativni markery GV oocytd mysi pred
zahdjenim meiotického zrani in vitro. GV oocyty byly ziskany z mysi, které byly po dobu
jednoho tydne vystaveny rliznym koncentracim BPS in vivo pro zjisténi vlivu BPS na vytéZnost
a meiotickou zpUsobilost ziskanych GV oocytl. Podle morfologického hodnoceni chromatinu

byla stanovena faze GV oocytl (NSN, SN).

Vliv BPS na zménu v methylaci DNA a histonu H3K27 u GV oocytt

V experimentu byl zjistovan vliv jednotlivych koncentraci BPS (0,001; 0,1; 10 a 100 ng
BPS x g télesné vahy™' den™) na vybrané zmény v epigenomu GV oocytll mysi pred zahajenim
meiotického zrani in vitro. GV oocyty byly ziskany z mysi, které byly po dobu jednoho tydne
vystaveny rlznym koncentracim BPS in vivo, pro zjisténi vlivu BPS na zménu v epigenetickém

vzoru DNA a histonu H3K27 ziskanych GV oocytd.
Hodnoceni vlivu BPS na vybrané markery v prtibéhu meiotického zrani

Vliv BPS na formaci déliciho vietene u Mll oocytt

V experimentu byl zjistovan vliv jednotlivych koncentraci BPS (0,001; 0,1; 10 a 100 ng
BPS x g télesné vahy™ den™) na utvareni meiotického vietene v pribéhu meiotického zrani
in vitro. Mysi byly po dobu jednoho tydne vystaveny rlznym koncentracim BPS in vivo, po

ukonceni expozice byly odebrané oocyty kultivovany v podminkdach in vitro 16 hodin (Mll)
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bez pfitomnosti BPS, pro zjiSténi vlivu BPS na formaci tubuldrnich vldken v pribéhu

meiotického zrani.

Vliv BPS na integritu DNA u MIl oocyti

V experimentu byl zjistovan vliv jednotlivych koncentraci BPS (0,001; 0,1; 10 a 100 ng
BPS x g télesné vahy™ den™") na zmény v integrité DNA MIl oocytl v pribéhu meiotického
zrdni in vitro. Mysi byly po dobu jednoho tydne vystaveny rliznym koncentracim BPS in vivo,
po ukonéeni expozice byly odebrané oocyty kultivovany v podminkach in vitro 16 hodin (Mll)
bez pfitomnosti BPS, pro zjisténi vlivu BPS na zménu ve vyskytu dvojitych zlomi DNA

v prabéhu meiotického zrani.

Vliv BPS na zménu v methylaci DNA a histonu H3K27 u MIl oocytt

V experimentu byl zjistovan vliv jednotlivych koncentraci BPS (0,001; 0,1; 10 a 100 ng
BPS x g télesné vahy™' den™") na vybrané zmény v epigenomu MIl oocytl v pribéhu
meiotického zrani in vitro. Mysi byly po dobu jednoho tydne vystaveny rliznym koncentracim
BPS in vivo, po ukonceni expozice byly odebrané oocyty kultivovany v podminkach in vitro 16
hodin (MIl) bez pfitomnosti BPS, pro zjisténi vlivu BPS na zménu v epigenetickém vzoru

nukleozédmu v prabéhu meiotického zrani.

6. Vysledky

6.1. Experimentalni model prase (Sus scrofa)

6.1.1. Hodnoceni vlivu BPS na pribéh meiotického zrani

Vliv BPS na jaderné zrdni oocytu v prubéhu GVBD

Cilem bylo zhodnotit vliv BPS na prGbéh jednotlivych fazi GVBD. Ackoliv nebyl
pozorovan statisticky vyznamny vliv pfitomnosti BPS na rychlost pribéhu GVBD (Obr. 1A, B).
Byly pozorovany tyto trendy: po 16 — 18 hodindch in vitro kultivace doslo oproti kontrole u
vSech pokusnych skupin ke zvySeni procenta oocytl, které dosahly faze GV3, GV4 a PM — Ml
(Obr. 1A). U skupiny oSetfené 300 nM BPS doslo k procentudlnimu narlstu oocyt(, které po

16 — 18 hodinach kultivace dosahly PM — Ml, po 20 — 22 hodinach ale byla procenta oocyt(,
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ktera dosdhla PM — Ml srovnatelna s kontrolou. U koncentraci 3 nM a 300 nM také doslo po
20 — 22 hodinach kultivace ke snizeni procenta oocytu, které dosahly PM — Ml (Obr. 1B).
Tento trend napovida pocatecnimu zrychleni pribéhu GVBD, které je nasledované
postupnym zpomalenim, u koncentrace 300 nM doslo navic pravdépodobné k ¢aste¢né

stagnaci GVBD ve stadiu PM — Ml po 16 — 18 hodinach kultivace.
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Ucinky BPS na schopnost oocyt(i doséhnout jednotlivych fdzi GVBD. (A) U&inky BPS (3 nM,
300 nM a 30 uM) na stupné GVBD dosaZenych oocyty kultivovanymi 16 — 18 h in vitro, (B)
Ucinky BPS na stupné GVBD dosaZenych oocyty kultivovanymi 20 — 22 h in vitro. K — kontrolni
skupina oocytu kultivovanych in vitro bez pfitomnosti BPS, GVO — germinal vesicle 0
(zdrodecny vdcek ve stadiu 0), GV1 — germinal vesicle 1 (zdrodecny vdcek ve stadiu 1),GV2 —
germinal vesicle 2 (zdrodecny vdcek ve stdadiu 2), GV3 — germinal vesicle 3 (zdrodecny vdcek
ve stddiu 3), GV4 — germinal vesicle 4 (zarodecny vdcek ve stdadiu 4), PM — M| prometafdze —
metafdze I. Data jsou vyjddrena jako primér + SEM ze tii nezavislych experimentd, v kaZzdém

experimentu bylo sledovdno minimdiné 45 oocytu na skupinu.
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Vliv BPS na jaderné zrdni oocytu v pribéhu Ml a Ml

Cilem bylo zhodnotit vliv BPS na jaderné zrani prasecich oocytli po 24 h a 48 h

kultivace in vitro. Bylo zjiSténo, Ze oocyty, které byly oSetfeny rliznymi koncentracemi BPS

(3 nM, 300 nM nebo 30 uM), vykazovaly signifikantni, na davce zavislé sniZeni schopnosti

dosahnout Ml a Mll po 24 a 48 hodinach in vitro kultivace. Oocyty kultivované s BPS (300 nM

a 30 uM) neobnovily meidzu po 24 hodindch in vitro kultivace. AvSak po 48 hodinach in vitro

kultivace, vSechny oocyty kultivované s BPS iniciovaly meiotické zrani a dosahly alespon

stadia Ml (Obr. 2A, B).
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Ucinky BPS na meiotické zrdni oocytd. (A) Ucinky BPS (3 nM, 300 nM a 30 uM) na

stupné meiotického zrani dosaZenych oocyty kultivovanymi 24 h, (B) 48 h in vitro. K —

kontrolni skupina oocytu kultivovanych in vitro bez pritomnosti BPS, GV — germinal vesicle

(zdrodecny vdcek), LD — pozdni diakineze, Ml — metafdze I, ATl — anafdze | — telofdze |,

MIl — metafdze 1. Data jsou vyjdadrena jako prumér * SEM ze Ctyr nezdvislych

experimentu, v kazdém experimentu bylo sledovdno minimdlné 120 oocytu na skupinu.

Rdzné horni indexy oznacuji statisticky vyznam pfi P <0,05.
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6.1.2. Hodnoceni vlivu BPS na lokalizaci LMNA v prlibéhu meiotického zrani

Vliv BPS na lokalizaci LMNA v pribéhu GVBD

Cilem bylo zhodnotit vliv pfitomnosti BPS na zmény v lokalizaci LMNA, jako markeru
jaderné membrany, v jednotlivych fazich GVBD. Bylo zjisténo, Ze oocyty, které byly osSetfeny
rdznymi koncentracemi BPS (3 nM, 300 nM, 30 uM), vykazovaly zmény v zahajeni GVBD,
oproti oocytlm v kontrolni skupiné, kultivovanym bez pfitomnosti BPS (Obr. 3A, B). Zatimco
u kontrolnich oocytll byla iniciace kolapsu jaderné membrany viditelna jiz od stadia GV2,
v pokusnych skupinach byl vyznamny narlst poctu oocytd, které vykazovaly pocatecni kolaps
mebrany, zjiStén az ve stadiu GV4. Nejvyssiho efektu bylo dosazeno u koncentrace 30 uM
BPS (Obr. 3C). Zaroven byl u oocytl osetfenych BPS viditelny statisticky vyznamny rozdil ve
zpUsobu kolapsu jaderné membrany. U kontrolni skupiny dochazelo k postupnému
prekladani jaderné membrany a tvorbé listd (Obr. 3A — bilé Sipky; 3D), zatimco u pokusnych
skupin bylo u vyznamného procenta oocytl viditelné vchlipovani membrany smérem do

nukleoplazmatického prostoru (Obr. 3B — bilé Sipky; 3D).

s
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Lokalizace LMNA v pribéhu GVBD. (A) Reprezentativni obrdzky zobrazuji iniciaci
rozpadu jaderné membrdny u oocytl kontrolni skupiny (GV1 — GV4), kultivovanych 16 — 22 h
in vitro. (B) Reprezentativni obrdzky zobrazujici zpoZdéni iniciace GVBD u oocytl pokusnych
skupin (GV1 — GV4) kultivovanych 16 — 22 h in vitro za pfitomnosti BPS. Rozdilny zp(sob
kolapsu membrdny u oocyt( kontrolni skupiny (A) a oocyt pokusnych skupin (B) oznacuji bilé

Sipky. Zelend barva oznacuje LMNA, modrd oznacuje chromatin. (C) Graf zdvislosti
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koncentrace BPS na stddium iniciace GVBD. (D) Graf zavislosti koncentrace BPS na zplsob
GVBD. Data jsou vyjddrena jako prumér + SEM ze tii nezdvislych experiment(, v kaZdém
experimentu bylo sledovdno minimdlné 65 oocytu na skupinu. RiGzné horni indexy oznacuji

statistickou signifikanci pri P <0,05 a P <0,01.

Vliv BPS na lokalizaci LMNA v prabéhu Ml a Ml

Cilem bylo zhodnotit viiv BPS na lokalizaci LMNA v prabéhu M, respektive Ml (Obr. 4A, B). U
vsech pokusnych skupin osetfenych BPS bylo pozorovano vyznamné zvyseni poctu oocytd,
které si v pribéhu MI zachovaly fragmenty jaderné membrany, pficemz nejvyssi statisticky
vyznamny rozdil byl pozorovan u oocytli oSetfenych 3 nM a 30 uM BPS (Obr. 4C). Toto
zjiSténi koresponduje s predchozimi experimenty, ve kterych bylo prokdzdano vyznamné
zpoZdéni iniciace rozpadu jaderné membrany v pokusnych skupinach, oproti oocytiim v
kontrolni kupiné. V prabéhu MIl jiz nebyl LMNA lokalizovan v zadné z pokusnych, ani v

kontrolni skupiné (Obr. 4A, B).
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Lokalizace LMNA v priibéhu Ml, MIl. (A) Reprezentativni obrdzky ukazuji uplny rozpad
jaderné membrdny u oocytu kontrolnich skupin kultivovanych 24 h (Ml) a 48 h (Mll) in vitro

bez pritomnosti BPS. (B) Ddle obrdzky ukazuji reprezentativni obrdzky zachovdni fragmentd
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jaderné membrdny po 24 h a uplny rozpad jaderné membrdny po 48 h in vitro kultivace za
pfitomnosti BPS u oocytl pokusnych skupin. Zelend barva oznacuje LMNA, modrd oznacuje
chromatin. (C) Graf zavislosti koncentrace BPS na pfitomnost fragmentu jaderé membrdny ve
stadiu MI. Data jsou vyjadrena jako prumér + SEM tii nezdvislych experimentt, v kaZzdém
experimentu bylo sledovdno minimdlné 65 oocyti na skupinu. Ruzné horni indexy oznacuji

statistickou signifikanci pfi P <0,01 a P <0,05.
6.2.  Experimentalni model mys (Mus musculus)

6.2.1. Hodnoceni vlivu BPS na vybrané markery pred zahajenim meiotického zrani

Vliv BPS na kvantitu a meiotickou zpGsobilost GV oocytt

Cilem bylo zhodnotit vliv BPS na ovaridlni vytéZnost a stadium GV oocytl (SN / NSN),
izolovanych z hormonalné nestimulovanych samic mysi po in vivo expozici BPS. Pomér SN a
NSN v GV oocytech a rychlost GVBD / maturace ve zralych oocytech byly analyzovany
s pouzitim fluorescencniho znaceni chromatinu. Nebyl pozorovan statisticky vyznamny vliv
BPS na vytéZzek GV oocytl (obr. 5A). Podobné, pomér SN / NSN se neodliSoval mezi kontrolni
skupinou a skupinami oSetfenymi BPS (obr. 5B). Ani mira zrani (obr. 5D) neprokazala
statisticky vyznamné rozdily, coz naznacuje, Ze expozice BPS pfi testovanych hladinach nema

zadny vliv na celkové mnozstvi ani kvalitu oocyt(.
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Obrazek 5
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MnoZstvi a meiotickd zpusobilost oocytl ve fazi zarodecného vacku (GV) izolovanych
po expozici samic mysi BPS. (A) VytéZek oocytt na zdkladé poctu oocyti izolovanych z jedné
samice, N=12 (pocCty samic ze CtyF nezdvislych experimentt). (B) Proporcni zobrazeni
ohrani¢eného (SN) a neohraniceného (NSN) jadérka, n>35 (poclty oocyti ze sesti nezdvislych
experimentt). (C) Reprezentativni fluorescencni snimky oocyti SN a NSN ve fdzi GV. (D)
Rozpad GV (GVBD) a rychlost zrdni oocytl, odrdZejici schopnost GV oocytu znovu zahdjit
meidzu a dosdhnout stadia MlIl, n>261 (pocty oocytu ze Sesti nezdvislych experimenti). (E)
Reprezentativni snimky nezralych GV a zralych MIl oocytli v prochdzejicim svétle. Sipka
oznacuje oocyt, ktery prosel GBVD, ale nedosdhl stadia MIl. Trojuhelniky oznacluji GV
a vydélené pdlové télisko jako markery nezralého GV, respektive zralych Ml oocytl. Data

jsou vyjadrena jako medidn, minimalni a maximdlni hodnoty.

Vliv BPS na zménu v methylaci DNA a histonu H3K27 u GV oocytu

Cilem bylo zhodnotit vliv BPS na epigenetické alterace GV oocytl po oSetfeni BPS in

vivo. Jelikoz celogenomova methylace DNA a histonu H3 tvofi markery stability
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heterochromatinu, byly 5meC a H3K27me2 hodnoceny na urovni celé bunky pomoci
imunocytochemie (obr. 6A). Bylo zjisténo, Ze hladiny 5meC byly vyznamné zvyseny ve
skupinach BPS3 a BPS4 ve srovnani s hladinou 5meC u skupiny BPS2. Statisticky vyznamny
rozdil vSak nebyl pozorovan ve srovnani s kontrolnimi oocyty (obr. 6B). Statisticky vyznamné

byla oproti kontrole v BPS3 oocytech zvysena dimethylace H3K27 (obr. 6B).
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Celogenomové epigenetické markery v nezralych oocytech ve stddiu zdrodecného
vacku (GV). (A) Reprezentativni snimky 5meC (zelend) a H3K27me2 (Cervend) represivnich
markerl chromatinu v nezralych GV oocytech. Prerusované a plné kruhy ukazuji hranici
oocytu a zdrodecného vacku. (B) Integrovand hustota signdlu pro 5meC a H3K27me2 ve
srovndni s hustotou kontrolni skupiny. Data jsou vyjddrena jako prumér + SEM ze tri
nezavislych experimenti, v kaZzdém experimentu bylo sledovdno minimdlné 21 oocytl na

skupinu. RiGzné horni indexy oznacuji statisticky vyznam pri P <0,05 a P <0,01 nebo P <0,0001.

6.2.2. Hodnoceni vlivu BPS na vybrané markery v pribéhu meiotického zrani

Vliv BPS na formaci déliciho vietene u Mll oocytu

Cilem bylo zhodnotit vliv BPS na tvorbu a usporadani metafazniho vietene MIl oocytl
osSetfenych BPS in vivo, zrajicich v podminkach in vitro. Bylo zjiSténo, Ze usporadani
chromatinu u MIl oocytl, zastavenych v 2. meiotickém bloku po kultivaci in vitro,
nevykazovalo Zadné vyznamné rozdily oproti kontrolni skuping, tj. nebyly detekovany zadné

malformace metafazni desticky.

Oproti tomu vsak byly u téchto oocytl detekovany nekonjugované tubuly v celé délce
a polech vietene a ve skupiné BPS2 byla pozorovana dvojita metafazni vietena, ktera vsak
nevykazovala Zzadné znamky malformace (obr. 7A, B). Lze tedy predpokladat, Ze nami pouzité
davky BPS primarné vyvolavaji poskozeni vietene, spiSe nez nesourodost chromatinu (obr.
7B). Navic, nebyly pozorovany zadné defekty vietene po osetfeni 0,1 ng BPS x g télesné
vahy™ den™ (BPS2) (obr. 7B), coz naznaCuje, Ze tato nizkd davka BPS vykazuje na vfeteni

zavislé specifické zplsoby pUsobeni.
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Obrazek 7
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Meiotické vieteno a zarovndni chromozom( u oocytl zrajicich in vitro za pfitomnosti
BPS. (A) Reprezentativni snimky chromatinu a meiotického vretene zralych MIl oocytd.
Samice mysi byly vystaveny riiznym ddvkédm BPS (BPS1 — BPS4) nebo kontrolnimu roztoku
(GV). Chybné zarovndni chromozomi a malformace vietene byly hodnoceny na zdkladé
barveni DNA, respektive a — tubulinu. Sipky oznacuji jednotlivé odchylky chromatinu
a trojuhelniky ukazuji nekonjugované tubuly v délkdch a na pdlech vietene. (B) Chromatin

a malformace vietene byly identifikovdny ve Ctyfech nezavislych experimentech. Zmény jsou
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vyjadreny jako kumulativni podil normdlnich a abnormdlnich oocytu, vcéetné oocytu
snormdlnim vs. abnormdlnim chromatinem a vreteny. Chybové usecky ukazuji 95 %
konfidencni intervaly pro proporce populace. Rizné horni indexy oznacuji statistickou
signifikanci pri P <0,05 a P <0,01, v kazdém experimentu bylo sledovdno minimdIné 45 oocytu

na skupinu.

Vliv BPS na integritu DNA u Mll oocyti

Cilem bylo zhodnotit integritu DNA MIl oocytl oSetifenych BPS in vivo, zrajicich in
vitro, za pouziti metody TUNEL k analyze. Tato analyza prokazala statisticky vyznamné
zvyseni vyskytu dvouretézcovych zlomU DNA ve trech skupinach exponovanych BPS (BPS1,
BPS2, BPS4) oproti kontrolni skupiné, coz podporuje myslenku Skodlivého ucinku BPS (obr.
8A). Po osetfeni 10 ng BPS x g télesné vahy™ den™ (BPS3) (obr. 8B) nebyl zjistén vyznamny

ucinek na integritu DNA, coZ naznacuje, Ze tato nizkd davka BPS vykazuje specifické zpUsoby

pUsobeni.
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Integrita DNA pri zrdni oocyt vystavenych BPS. (A) Integrita DNA byla hodnocena
pomoci testu TUNEL. Obrdzky pfedstavuji integrovanou hustotu vyhodnocenou pomoci
programu Imagel. Samice mysi byly vystaveny riznym ddvkam BPS (BPS1 — BPS4) nebo
kontrolnimu roztoku (VC). PC: pozitivni kontrola. (B) Data jsou vyjadrena jako primér + SEM
ze Ctyr nezavislych experimentd, v kazdém experimentu bylo sledovdno minimdiné 15 oocyti

na skupinu. RGzné horni indexy oznacuji statisticky vyznam pri P <0,05 a P <0,01.

Vliv BPS na zménu v methylaci DNA a histonu H3K27 u Mll oocytt

Cilem bylo zhodnotit vliv in vivo expozice BPS na epigenetické markery
heterochromatinu po zrani oocytl in vitro. Imunologické barveni 5meC a H3K27me2
metafaznich chromozom MIl oocytl (obr. 9A) odhalilo vyznamné zvySenou hladinu (P
<0,05) 5mC ve skupiné BPS2. Hladiny H3K27me2 se vsak vyznamné neliSily od kontrolnich
oocytl (obr. 9B). Navic, hladiny 5meC se vyznamné zvysily v oocytech oSetfenych 0,1 ng BPS

x g télesné vahy™ den™ (BPS2), ackoli u GV oocytll nebyl pozorovan zadny efekt.
Obrazek 9
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zmény v methylaci DNA a H3K27me2
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Celogenomové epigenetické markery ve zralych Ml oocytech. (A) Reprezentativni
snimky 5meC a H3K27me2 ve zralych MIl oocytech. Prerusovany kruh ukazuje hranici oocytu.
Ramecek predstavuje zvyraznénou oblast metafdzniho chromatinu. Vydélené polové télisko,
které oznacuje zraly oocyt, je oznaceno hvézdickou. (B) Integrovand hustota signdlu 5mC a
H3K27me2 byla porovndna s hustotou kontrolni skupiny. Data jsou vyjddrena jako primér
+ SEM ze Ctyr nezavislych experimentu, v kaZzdém experimentu bylo sledovdno minimadlné 20

oocytl na skupinu. Rizné horni indexy oznacuji statisticky vyznam pri P <0,05 nebo P <0,001.
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7. Diskuse

BPS je v soucasné dobé vyuzivan v mnoha béznych spotfebnich vyrobcich, zejména
v produktech oznacovanych BPA free, kde casto slouzi jako ndhrada BPA, ktery je
prokdzanym ED a jeho pouziti je v EU i USA pravné regulovdno (EFSA, 2011; FDA, 2012).
Vzhledem k tomu, Ze nedavné biomonitoringové studie zaznamenaly srovnatelny vyskyt BPS
s vyskytem BPA jak v prostiedi, tak v nékterych télnich tekutindch ¢lovéka (shrnuto ve Wu et
al., 2018; Karrer et al., 2020), neustdle vzrlista potreba zabyvat se vyzkumem biologického
ucinku BPS k posouzeni rizika expozice BPS na lidské zdravi (Rochester and Bolden, 2015).
Dosud byly vyzkumy zabyvajici se negativnimi ucinky BPS v souvislosti s lidskou reprodukci
zamérené zejména na chronickou expozici, tedy vliv dlouhodobé pfitomnosti BPS
v organismu na reprodukci ¢lovéka. Vzhledem ke kazdodenni opakované expozici ¢lovéka
nizkym hladinam BPS, ktery je rychle metabolizovan a jeho glukuronidy jsou vylu¢ovany modi
(Skledar et al., 2016), je ale nezbytné analyzovat také dopady kratkodobé — akutni, zejména
s védomim, Ze akutni a chronické dopady endokrinnich disruptorl na reprodukéni zdravi
¢lovéka se mohou vyznamné lisit (Da Silva et al., 2019), jak jiz bylo prokdzano ve studiich
zabyvajicich se BPA (Li et al., 2016; Berger et al., 2008). Pro potieby této studie jsme zvolili
dva experimentalni modely — mysi a praseci. Mysi experimentalni model je diky svému
kratkému generacnimu cyklu vhodnym modelem pro studium transgeneracnich efektd.
JelikozZ bylo prokazano, ze v citlivém fetalnim modelu in vitro jsou lidské gonadalni buriky 10
az 100krat citlivéjsi na BPA, BPS a bisfenol F (BPF), nez buriky hlodavcl (Eladak et al., 2015),
bylo jako druhy experimentalni model zvoleno prase, jez je diky analogiim s lidskym
organismem z hlediska anatomie, genetiky, fyziologie, ale i délky a prlibéhu meiotického

zrani vhodnym modelem ke studiu plsobeni xenobiotik na oogenezi (Swindle et al., 2012).

Vzhledem k tomu, Ze v soucasné dobé jiz existuji studie prokazujici pfitomnost BPS
v séru a folikularni tekutiné matek (Dimitriadis et al., 2017; Li et al., 2020), vyuZili jsme v nasi
studii pro simulaci podminek zrdni oocytl, béhem kterého jsou zndmy pftiblizné hladiny
koncentraci BPS ve folikularni tekutiné samice, praseci experimentalni model in vitro.
Naopak pro simulaci pribéhu meiotického zrani bez ptitomnosti BPS, pred jehoZ zahajenim
doslo k akutni expozici organismu matky presné definovanym nizkym ddvkam BPS, byl vyuZit
mysi experimentdlni model. Zvolené testované davky BPS byly niZsi, nez koncentrace BPS

pozorované v lidské moci a krevnim séru (Thayer et al., 2016). Ackoli jiz velmi nizké davky
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BPS maji zndma rizika (Eladak et al., 2015), tolerovatelna denni davka (tolerable daily intake;
TDI) pro BPS dosud nebyla stanovena. BPS vyskytujici se v prostiedi clovéka si zalouzi
zvySenou pozornost, zejména pokud jde o lidské reprodukéni zdravi a jeho akutni / chronické

ucinky.

Pro analyzu potenciadlniho efektu expozice BPS na meiotickou progresi prasecich
oocytl bylo nejdrive hodnoceno jaderné zrani oocytl v prabéhu rozpadu jaderné membrany
(GVBD), kterd tvofi prirozenou bariéru mezi jadernymi a cytoplazmatickymi slozkami oocytu
a jak bylo jiz prokazano u mysi, prilbéh GVBD muze byt zpozdén, nebo inhibovan pldsobenim
BPA (Chao et al., 2012), BPAF (Ding et al., 2017), nebo BPB (Zhang et al., 2020). Pfesto, Ze
v nasSich experimentech nedoSlo k zadnym statisticky vyznamnym zménam v progresi
jaderného zrani béhem GVBD, byl pozorovan trend pocatecniho zrychleni GVBD, které bylo
nasledovano postupnym zpomalenim pribéhu GVBD, coz by mohlo souviset se
zménou aktivity MAPK, ktera se na GVBD vyznamné podili a mizZe byt ovlivnéna plsobenim

bisfenol(, jak jiz bylo prokazano u BPA (Wang et al., 2016).

Dale bylo hodnoceno jaderné zrani v prabéhu Ml a MIl, jez tvofi dalsi vyznamna
meioticka stadia, nezbytna pro Uspésné zrani, oplozeni a nasledny embryonalni vyvoj (Aebi
et al.,, 1986). Oocyty, které byly osetreny BPS, vykazovaly signifikantni, na davce zavislé
snizeni schopnosti dosahnout Ml a Mll po 24 a 48 hodinach in vitro kultivace. Po 24 hodinach
kultivace dosahly oocyty stadia Ml se sniZzenou Uspésnosti, zatimco vSechny oocyty dosahly
stadia MI po 48 hodinach zrani, ale ¢ast nepokracovala v meiéze az do Mll. Obdobi kolem Ml
se tak zda byt vzhledem k pozorovanym ucinkim BPS na zrani oocyt(l prasat kritické, cemuz
odpovidaji i nase predeld pozorovani (Zalmanova et al., 2017). BPS zpUsobuje nejen
zpomaleni zrani prasecich oocytll in vitro, podobné tomu, které bylo pozorovano ve vyssich
koncentracich za pfitomnosti bisfenolu AF (Nakano et al., 2016), nebo BPA béhem zrani
prasecich (Wang et al., 2016) a mysich (Can et al., 2005) oocytu, ale BPS také blokuje pribéh
zrani ve vyznamné casti oocyt(, jak jiz bylo pozorovano u lidskych (Machtinger et al., 2013),
mysich (Lenie et al., 2008), prasecich (Wang et al., 2016) a bovinnich (Ferris et al., 2015)
oocytll za pritomnosti BPA. Podobné ucinky BPS ve vy$sich koncentracich, nez byly pouzity
v nasich experimentech, byly jiz pozorovany pfi zrani bovinnich a ov¢ich oocytl (Campen et

al., 2018; Desmarchais et al., 2020).
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Citlivost oocytl vici BPS béhem obdobi kolem MI souvisi s vlivem na tvorbu
meiotického vietene. BPS narusuje jeho tvorbu v praseéich oocytech a zpusobuje
nepravidelnosti v uspofadani tubulinovych vldken, coz mda negativni vliv na organizaci
chromozom( a progresi bunééného cyklu (Zalmanova et al., 2017). Tyto Gcinky lze pfipsat
estrogenni aktivité BPS, konkrétné napodobeni ucinku estradiolu, ktery ovliviiuje regulaci
zrani oocytl savcl in vitro (Beker et al., 2002; Beker — van Woudenberg et al., 2004) a
zvySené koncentrace maji za nasledek defekty meiotického vreténka (Beker — van
Woudenberg et al., 2004). Podobné ucinky, vyvolavajici chybnou organizaci chromozomt in
vivo (Nevoral et al., 2018) a in vitro (Can et al., 2005; Eichenlaub — Ritter et al., 2008), jiz byly
pozorovany béhem zrani mysich a bovinnich (Nevoral et al., 2018; Campen et al., 2018)
oocytl v pfitomnosti BPS; abnormality meiotického vietene byly zjevné vysledkem selhani

SAC (spindle assembly checkpoint).

Ackoliv negativni Gcinky BPS na jaderné zrani v pribéhu GVBD nebyly statisticky
vyznamné, pozorovany trend napovida, Ze i tato pocatecni faze zrani by mohla byt citliva na
pusobeni BPS. Obdobi GVBD je iniciovano postupnym rozpadem proteinové sité vnitini
strany jaderné membrany a jeji interakci s chromatinem. Tato sit se podili na pfeusporadani
a kondenzaci chromatinu v pribéhu GVBD (Chakarova et al., 2017), proto je pravdépodobné,
Ze zpomaleni, nebo zastaveni jaderného zrani prasecich oocytd mulzZe byt spojeno i
s rozpadem proteinové sité vnitini strany jaderné membrany. Z tohoto ddvodu byly nase
dalsi experimenty zaméreny pravé na jadernou membranu a na proteinovou sit vnitfni strany
membrany — jadernou laminu, kterd iniciuje GVBD a fosforylace protein( jaderné laminy

muze byt ovlivnéna pUsobenim BPS.

Na zakladé nasi hypotézy byl testovan vliv BPS na lokalizaci laminovych protein(
(lamin A / C) v prlibéhu vsech tfi vybranych stadii, zvolenych v pfedchozich experimentech —
GVBD, Ml a MIl. U vSech experimentdlnich skupin doslo k vyznamnému zpoZdéni rozpadu
jaderné membrany oproti kontrolnim oocytlim. Zatimco u kontrolnich oocyti doslo
k pocateé¢nimu kolapsu membrany jiz ve stadiu GV2, oocyty oSetfené BPS zahjjily viditelny
rozpad membrany aZ ve stddiu GV4. Jednou z potencidlnich pficin tohoto efektu muze byt
rozdilnd fosforylace laminovych proteinl po oSetfeni oocytl BPS, zplisobend ovlivnénim

aktivity MAPK, ktera patfi mezi vyznamné faktrory regulujici zrani oocytl a jejiz signdlni
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draha je zodpovédnd za znovuzahdjeni meiotického zrani, fosforylaci laminovych protein(
a organizaci vieténka v prasecich oocytech (Liang et al., 2007; Sun et al., 2016). Zména
aktivity MAPK mUZe vést ke zpozdéni a / nebo Uplnému selhani GVBD, chybnému zarovnani
metafaznich chromozomu do ekvatoridlni roviny, vydéleni prvniho pdlového téliska a mlize
vést aZ k Uplnému zastaveni meiotického zrani, nebo tvorbé aneuploidii po oplozeni, jak jiz
bylo prokazano u prasecich (Wang et al., 2016) a mysich (Can et al., 2005) oocytl vlivem

plsobeni BPA.

Navic, fragmenty jaderné membrany byly v naSich experimentech u oocytd
oSetfenych BPS pozorovany i ve stadiu MI, ve kterém by vlivem disperzniho rozptyleni po
cytoplazmé oocytu nemély byt lokalizovatelné (Prentice — Biensch et al., 2012). Zaroven byl
v nasich experimentech u osetfenych oocytd pozorovan i rozdilny zplsob GVBD,
doprovazeny vchlipovanim jaderné membrany do nukleoplazmatického prostoru. Tento
efekt muUze byt zplsoben opozdénym oddélenim jaderné laminy od chromatinu, coz mlze
souviset s perzistenci fragmentd jaderné membrany ve stadiu M| a opoZzdénim az zastavou
jaderného zrani. Podobny efekt byl pozorovan ve studii zabyvajici se vlivem exprese
nefosforylovatelného laminu na pribéh mitotického déleni u zygot (Velez — Aguilera et al.,
2020), ¢i studii sledujici vliv post — translacnich modifikaci laminu A / C na prabéh
meiotického zrani u Caenorhabditis elegans (Link et al., 2018). Uvedend pozorovani
podporuji domnénku vlivu BPS na fosforylaci laminG vlivem aktivity MAPK a nase dalsi

experimenty budou zaméreny pravé na tuto problematiku.

Pro simulaci podminek vtéle matky, akutné exponované nizkym davkam BPS
z prostredi, jsme v nasledujici ¢asti naSich experiment( zvolili mysi samice akutné vystavené
BPS in vivo a nasledné jejich oocyty, podstupujici meiotické zrani in vitro bez pfitomnosti
BPS. Heterogenita v lidské populaci byla simulovdana pomoci hormondlné nestimulovaného
outbredniho mysiho kmene. Pro zkoumani moZného dopadu akutni expozice BPS na
meiotickou progresi oocytl byla nejprve vyhodnocena vytéZinost GV oocytl, meioticka
zpUsobilost oocytd (SN vs. NSN oocyty), opétovné zahdjeni meiotického zrani a rychlost
zrani. Poté, co vtéchto parametrech nebyly pfi akutni expozici zaznamenany Zzadné

vyznamné rozdily, byly nasledné hodnoceny molekularni markery meiotického zrani oocytu.
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Nejprve bylo testovdano meiotické vieteno, které zprostfedkovava zarovnani
a segregaci chromozomd(, jak bylo jiz popsano u praseciho experimentalniho modelu.
Vieteno také plsobi jako centrum fyziologicky asymetrické cytokineze oocytl (Grgndahl
et al., 1988). V nasich experimentech bylo ve vsech skupindch osSetfenych BPS pozorovano
zvysené procento abnormalnich oocytl, véetné zvySeného vyskytu malformace vietene
a chybného zarovnani chromozomu. Zejména nepravidelné usporadani mikrotubull vietene
bylo nejcastéjsim pozorovanym fenotypem, cozZ zdlraznuje ucinek BPS podobny estrogenu
(Beker — van Woudenberg et al., 2004) a zadroven tyto vysledky naznacuji, Zze akutni expozice

BPS muZe zpUsobovat spiSe poskozeni vietene nez vychyleni chromatinu.

Dale byla hodnocena integrita chromatinu kvantifikaci dvouretézcovych zlom( DNA.
Negativni ucinek BPS na integritu DNA, indikovany zvySenym signalem TUNEL, byl detekovan
ve skupinach BPS1, BPS2 a BPS4. Toto zjisténi potvrzuje nemonotdnni reakci na expozici BPS,
ktera byla dfive popsédna jako charakteristicka pro efekty ED (Vandenberg et al., 2012).
Vysledky nasich experimentl akutniho pldsobeni BPS na mysim experimentalnim modelu se

snizenou hormonalni stimulaci tedy podporuji hypotézu negativniho Gcinku BPS.

Kromé poskozeni cytoskeletu maji endokrinni disruptory také dobie definovany
epigeneticky ucinek. V naSich experimentech bylo zjiSténo, Ze jak methylace DNA, tak
methylace histonu (tj. 5meC a H3K27me?2), jako markery genomické represe, jsou nachylné
k naruseni po akutni expozici BPS. V nezralych GV oocytech byla po osSetfeni BPS3 zvySena
methylace H3K27. Naproti tomu hladiny 5meC vzrostly ve zralych MIl oocytech ve skupiné
BPS2. Nase pozorovani tedy podporuji dfive pozorovany ucinek BPA na methylaci histonu
v oocytech (Trapphoff et al., 2013; Wang et al., 2016) a zmény H3K27me2 vyvolané ucinkem
BPS (Nevoral et al., 2018). Epigeneticky ucinek se vsak liSil podle zplsobu expozice (akutni vs.
chronicka). Hladina H3K27me2 se zvysila po chronické expozici BPS (Nevoral et al., 2018),
zatimco u soucasnych experimentl s akutni expozici nebyl pozorovan Zadny ucinek. Tato
nesrovnalost zdUrazniuje mozné rizné cile akutni vs. chronické expozice, zejména preantralni
/ antralni folikuly a drivéjsi stadia (tj. primordidlni a / nebo primarni folikuly). Dohromady
tato zjisténi naznacduji, Ze BPS moduluje epigeneticky fizenou genovou expresi, podobné jako
BPA (Verbanck et al., 2017). Kromé toho muzZe plsobeni BPS vyvolat zmény

v epigenomickém programovani, které muaze pretrvdvat po cely Zivot, a tim ménit genovou
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expresi a prostfednictvim transgeneracniho prenosu ovliviiovat i ndsledujici generace

(Walker, 2016).

NasSe vysledky souhrnné naznacuji, Ze je nutné identifikovat molekuldrni cile
a interakce BPS v gametach a ¢asnych embryich s cilem chranit lidské reprodukéni zdravi. Pro
uplné objasnéni jsou nutné dalsi experimenty, zamérené na oplodnéni a ¢asny embryonadlni
vyvoj oocytl ovlivnénych BPS, s pfihlédnutim ke kvalitativnim zménam mezi oocyty zrajicimi
in vitro a in vivo, hormondlni stimulaci (pokud jsou wvyuzZity technologie asistované

reprodukce) a vyvojové Uspésnosti embryi po pfirozeném oplodnéni nebo oplodnéni in vitro.
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8.  Zavér

Meiotické zrani oocytl je klicovym procesem pro oblast reprodukénich
biotechnologii, jako je in vitro oplozeni (IVF) nebo prenos jader somatickych bunék (SCNT).
Detailni studium meiotického zrani oocytl a testovani potencidlnich latek, které by mohly
bezchybny pribéh zrani narusit, je nezbytné pro vyssi efektivitu ziskavani in vitro dozralych
oocytl a tedy dalsi pokrok reprodukénich biotechnologii s aplikacemi v humanni mediciné.
Cilem prace bylo ovérit hypotézu, podle které Siroce rozsireny endokrinni disruptor bisfenol
S (BPS) negativné ovliviiuje pribéh meiotického zrani prasecich a mysich oocytu in vitro.

Na zakladé experimentl bylo zjiSténo, Ze bisfenol Svyznamné narusuje priabéh
meiotického zrani prasecich oocytl in vitro, a to jak v pribéhu rozpadu jaderné membrany
(GVBD), tak béhem metafaze | (MI) a metafaze Il (Mll). Expozice BPS béhem meiotického
zrani sice neovlivnila schopnost oocytl dosahnout jednotlivych fazi jaderného zrani béhem
GVBD, vyznamné vsak ovlivnila rozpad a zpUsob rozpadu jaderné membrany a také
schopnost oocytl dosdahnout metafaze | a metafaze Il. Lze predpokladat, Ze opozdéni
rozpadu jaderné membrany je pravdépodobné spojeno s jeji zpozdénou depolymeraci, kterd
vyvolava perzistenci fragmentd membrany ve stadiu MI, ve kterém je za fyziologickych
podminek jaderna membrana v oocytu jiz nepfitomna.

Dalsi experimenty byly zaméreny na vliv akutni expozice BPS in vivo na nasledny
prabéh meiotického zrani mysich oocytl in vitro. Bylo zjisténo, Ze akutni expozice samic pred
zahdjenim meiotického zrani neméla vliv na vytéznost oocytli ani meiotickou zpUsobilost.
Nebyl pozorovan statisticky vyznamny efekt ani na Uspésnost zrani oocytll, na rozdil od
praseCich oocyti, kde byl vyznamny efekt BPS na UspésSnost zrani prokdzan. Je
pravdépodobné, Ze rozdilny efekt BPS na Uspésnost zrani u prasecich a mysich oocytd je dan
rozdilnym zpUsobem expozice, zvolenou davkou a druhové specifickymi naroky na zrani.

Dale byly u mySich oocytll sledovany celogenomové markery stability
heterochromatinu, a to jak ve stadiu GV, tak u zralych MIl oocyt(. Bylo zjisténo, Ze jak
methylace DNA, tak methylace histonu (5meC, H3K27me2), jako markery genomické
represe, jsou nachylné k naruseni po akutni expozici BPS. Zatimco v nezralych GV oocytech
doslo kvyznamnému zvySeni methylace H3K27 (BPS3), hladiny 5meC v MIl oocytech
vyznamné vzrostly ve skupiné BPS2. Tato zjiSténi naznacuji, Ze BPS moduluje epigeneticky

fizenou genovou expresi, podobné jako BPA.
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Také experimenty zamérené na defekty chromatinu a formovani meiotického vietene
prokazaly negativni vliv BPS na meiotické zrani mysich oocytli. Byla pozorovana tvorba
nekonjugovanych tubull (BPS1, BPS3, BPS4) a tvorba dvojitého vietene (BPS2), zatimco
nebyly prokdzany zadné malformace metafazni desticky, bylo vSak pozorovdno vyznamné
zvyseni vyskytu dvouretézcovych zlom( DNA (BPS1, BPS2, BPS4).

Nase vysledky potvrzuji ucinky BPS jako endokrinniho disruptoru, presto je zapotiebi
dalSich vyzkum(, které by detailnéji objasnily mechanismus Ucinku BPS. Z naSich vysledku
vyplynulo, Ze expozice velmi nizkym davkam BPS vyznamné ovliviiuje kvalitu oocytl béhem
meiotického zrdni, zejména proces GVBD, tvorbu vietene, integritu DNA a epigenetické
modifikace nukleozém{. Nase pozorovani proto naznacuji, Ze BPS neni vhodnou nahradou za
BPA, produkce BPS by méla byt vyrazné omezena nebo zakdzédna a kritéria pro zvoleni

vhodné alternativy by méla byt nastavena prisnéji.
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ARTICLE INFO ABSTRACT

Keywords: Bisphenol S (BPS) is widely used to replace the known endocrine disruptor BPA in various products. We eval-
Endocrine disruptors uated the effect of acute in vivo BPS exposure on oocyte quality, simulating the oral route of exposure via oral
Epigenetics gavage. Eight-week-old ICR female mice (N = 15 per experimental group) were exposed to vehicle or

Histone modifications
DNA methylation
Meiotic spindle
Oocyte development

BPS1-BPS4 (0.001, 0.1, 10, and 100 ng BPS x g bw ™! day ~*, respectively) for seven days. Oocytes were isolated
and matured in vitro. We observed that BPS exposure increased aberrant spindle formation in mature oocytes and
induced DNA damage. Moreover, BPS3 significantly increased the chromatin repressive marks 5-methyl cytosine
(5meC) and H3K27me2 in immature oocytes. In the BPS2 group, the increase in 5meC occurred during oocyte
maturation. Transcriptome analysis revealed differential expression of early embryonic development transcripts
in BPS2-exposed oocytes. These findings indicate that the biological effect of BPS is non-monotonic, affecting

oocyte quality even at concentrations that are orders of magnitude below those measured in humans.

1. Introduction

Bisphenols are widely used in day-to-day consumer products in-
cluding paper, cans, and baby bottles [1,2]. The most widely used bi-
sphenol, bisphenol A (BPA), constitutes an endocrine disruptor with
numerous deleterious effects on public health [3]. Further, very low
(e.g., subtoxic) doses negatively affect health with a nonlinear effect
[4,5]. These findings have led to BPA elimination based on tolerable
daily intake (TDI) thresholds, including 25 ng x g body weight (bw) ™!
day ! as determined by the United States Food and Drug Administra-
tion in 2014 [6] and more strictly as 4 ng x g bw ™' day ™! by the
European Food Safety Administration in 2015 [7], following a complete
ban on BPA in children’s items and additional ‘BPA-free’ products by
the latter agency in 2013 [8]. However, the resulting products are not

truly bisphenol-free.

In particular, Bisphenol S (BPS) has become the most widely used
replacement for BPA because it is more chemically stable and eco-
nomical to use [9]. Although released into the environment in lower
amounts than BPA [10], BPS is often detected in the environment, in-
cluding in the air, water, food, and/or house dust [11]. Accordingly,
increasing human BPS exposure has been confirmed [12]. Analogous to
well-known BPA exposure routes, BPS enters the human body via in-
gestion, inhalation, or dermal contact [13]. Following entry into the
body, BPS is rapidly metabolised and gradually excreted. However,
despite such intensive BPS clearance, repeated acute human exposure is
probable owing to the high stability and prevalence of BPS in the en-
vironment [14].

The body responds to endocrine disruptors in a nonlinear manner,

Abbreviations: 5meC, 5-methyl cytosine; BPA, bisphenol A; BPS, bisphenol S; bw, body weight; DAPI, 4’,6-diamidino-2-phenylindole; GV, germinal vesicle; GVBD,
germinal vesicle breakdown; IBMX, isobutyl-methylxanthine; MII, metaphase II; NSN, non-surrounded nucleolus; PBS, phosphate buffered saline; qQRT-PCR, quan-
titative reverse transcription-polymerase chain reaction; SN, surrounded nucleolus; TDI, tolerable daily intake; TUNEL, Terminal deoxynucleotidyl transferase dUTP
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with paradoxically stronger effects at lower doses [5]. Recent BPS ex-
posure in the general population ranges from 0.01 to 10 ng/mL in
several body fluid types including the blood, urine, breast milk, and
follicular fluid [15-17]. The highest levels occur among individuals
with occupational exposure [18], with an estimated daily intake of
0.06-1.7 ng X g bw~! [11,19]. The biomonitoring data indicate a
possible risk of such low doses for human health if the negative effects
of BPS replicate those of BPA.

Notably, the reproductive system is a unique indicator of detri-
mental impact consequent to bisphenols and other hormonal disruptors
in the environment owing to their stimulation of estrogenic signalling
[20], alteration of post-translational modifications of functional pro-
teins [21], and epigenetic shift in germ cells [22], which opens the
possibility of transmitting the effect into subsequent generation(s)
[23,24]. The female reproductive system is particularly extremely
sensitive to environmental stress because the oocyte pool is not re-
newed. Furthermore, multiple features in this system may be adversely
affected, thus impacting fertilisation and embryonic development [25].
Specifically, the two physiological checkpoints where oocyte meiosis is
arrested represent critical exposure windows of oocyte susceptibility.
Chromatin assembly initially occurs in germinal vesicles (GVs) in im-
mature oocytes and is arrested at the meiotic prophase checkpoint [26].
Mouse prophase oocytes isolated from antral follicles in the first critical
window may possess two chromatin configuration types. The first is the
non-surrounded nucleolus (NSN) configuration, with more dispersed
chromatin and high transcriptional activity characteristic of growing
oocytes. The second is the transcriptionally inactive surrounded nu-
cleolus (SN) configuration, which is attained upon oocyte growth and
exhibits more condensed chromatin, with a significant fraction con-
centrated around the nucleolus [27]. Thus, fully grown oocytes isolated
from antral follicles represent a non-homogenous population, in which
oocytes have either NSN-type or SN-type chromatin conformation [28].
On such a background, epigenetic GV marks constitute a precise tool to
evaluate oocyte health because oocyte chromatin uniqueness results
from transcriptional silencing and many endocrine disruptors have an
epigenetic mode of action [29,30]. Moreover, oocyte maturation, fer-
tilisation, and embryonic development are fully dependent on the oo-
cyte cytoplasmic mRNA pool and organelles. Contrary to the status quo
description of immature oocytes, chromatin dynamics during oocyte
maturation is essential. The chromatin changes necessary for successful
fertilisation and embryonic development facilitate 1) restarting meiosis
after the first checkpoint, manifested by GV breakdown (GVBD); 2)
proper chromosome segregation and reduction to haploid order,
leading to polar body extrusion; 3) chromosome alignment in the me-
taphase II (MII) plate; and 4) establishment of the second meiotic
checkpoint and chromatin integrity as an outcome of DNA damage
[31,32].

In mammalian oocytes, very low BPS doses cause various deleter-
ious impacts in pig oocytes matured in vitro [33] and in mouse oocytes
in vivo [34]. In these studies, BPS exposure causes meiotic spindle for-
mation failure, improper chromosome alignment, and alters oocyte
oestrogen receptor expression and distribution [33]. In our previous
study, we demonstrated that long-term exposure to very low BPS doses
causes decreased antral follicle size and number in female mice [34]. In
addition to causing cytoskeletal changes in the oocyte spindle, BPS
exposure results in inadequate genome-wide epigenetic changes [34].
However, the cytoskeletal and epigenetic disturbances in oocytes con-
sequent to doses present in human populations remains unclear.

Therefore, the aim of this study was to assess both cytoskeletal and
chromatin changes in oocytes following in vivo exposure, using appro-
priate markers. Moreover, mRNA analysis was performed to profile
transcriptome-wide changes and predict the impact of BPS-affected
oocytes on subsequent fate. Accordingly, we simulated acute oral ex-
posure with wide-range subtoxic BPS doses in vivo, causing immature
GV oocytes to arrest at the first meiotic checkpoint. To track the hor-
monally disruptive effects of BPS, we assessed the quality of immature

20

Reproductive Toxicology 93 (2020) 19-27

oocytes, spindle assembly, chromatin integrity, and epigenetic mod-
ifications in mice without hormonal stimulation.

2. Materials and methods
2.1. Reagents

All chemicals were purchased from Sigma-Aldrich (USA) unless
stated otherwise.

2.2. Animal use and housing

All animal procedures were conducted in accordance with Act No.
246/1992 Coll. on the Protection of Animals against Cruelty under the
supervision of the Animal Welfare Advisory Committee at the Ministry
of Education, Youth and Sports of the Czech Republic, approval ID
MSMT-11925/2016-3. Six- to seven-week-old female ICR mice were
purchased from Velaz Ltd. (Czech Republic), housed in intact poly-
sulphonate cages, and maintained in a facility with a 12 h light/dark
cycle, a temperature of 21 = 1 °C, and a relative humidity of 60 %. A
phyto-oestrogen-free diet (1814 P; Altromin, Germany) and ultrapure
water (in glass bottles, changed twice per week) were provided ad li-
bitum. Animals were allowed to acclimate for at least one week prior to
initiation of treatment.

2.3. BPS exposure experiments

Animals (N = 75) were randomly separated into five experimental
groups of 15 animals per group treated with one of four different BPS
doses (0.001, 0.1, 10, and 100 ng BPS x g bw™' day ', hereafter
termed BPS1, BPS2, BPS3, and BPS4, respectively), and vehicle (see
below). Experiments were performed in five independent replicates.
BPS was dissolved in 50 pl 50 % glycerol containing 0.1 % di-
methylsulphoxide and administered daily for seven days by oral ga-
vage. After the exposure period, mice were euthanised by cervical
dislocation and their ovaries were collected for further experiments.

2.4. Oocyte collection and in vitro maturation

Ovarian follicles were punctured using 27 gauge needles. Immature
oocytes in the GV stage were collected and manipulated in M2 medium
supplemented with 100 pM isobutyl-methylxanthine (IBMX), a specific
endogenous phosphodiesterase inhibitor, to maintain intact GV oocytes
[35]. Fully grown immature oocytes with intact GVs were placed in
M16 culture medium with IBMX and allowed to recover their oocyte
pool of proteins for at least 1 h at 37 °C and 5 % CO,. Thereafter, oo-
cytes were fixed in 4 % paraformaldehyde in phosphate buffered saline
(PBS), supplemented with 0.1 % polyvinyl-alcohol, for 30 min at room
temperature (22 °C), and stored at 4 °C until further usage. Alter-
natively, recovered GV oocytes were cultured in IBMX-free M16 culture
medium for 16 h at 37 °C and 5 % CO,, to obtain matured MII oocytes.
Matured oocytes with extruded polar bodies were fixed and stored as
described above.

2.5. Terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) assay

Fixed MII oocytes were permeabilised in 0.1 % Triton X-100 in PBS
containing 0.05 % NaNj for 40 min. The oocytes were treated with
fluorescein-conjugated dUTP and terminal deoxyribonucleotidyl trans-
ferase enzyme (In Situ Cell Death Detection Kit, cat. No. 11684795910,
Roche, Germany) for 1 h in the dark at 37 °C. The positive control was
prepared using a DNase I kit (AMP-D1, Sigma-Aldrich). Finally, the
oocytes were mounted onto slides with Vectashield medium plus 4/,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories Inc., USA). Signal
intensity was measured using ImageJ software (National Institutes of
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Health, USA).

2.6. Immunocytochemistry and image analysis

Fixed oocytes were permeabilised in PBS containing 0.04 % Triton
X-100 and 0.3 % Tween-20 for 15 min. Oocyte heterochromatin marks
were evaluated including 5’-methyl cytosine (5SmeC) and dimethylation
of histone H3 on lysine K27 (H3K27me2). 5SmeC-H3K27me2 co-staining
was performed using HCI and trypsin as previously described [36].
Then, oocytes were blocked in 1 % bovine serum albumin in PBS with
Tween 20 for 15 min and incubated with anti-a-tubulin (1:200, Sigma-
Aldrich) or a cocktail of anti-5meC (1:200, Sigma-Aldrich) and anti-
H3K27me2 (1:200, Abcam, UK) antibodies. After washing, the oocytes
were incubated with a cocktail of anti-mouse and anti-rabbit AlexaFluor
488 and 647 (1:200) antibodies, respectively. Phalloidin (1:200;
Thermo Fisher Scientific, USA) was added to washes and used for (-
actin visualisation. Stained oocytes were mounted onto slides in Vec-
tashield medium with DAPI. Signal intensity was measured using Im-
ageJ software. Chromatin configuration around the nucleolus (SN, NSN
[37]) and extrusion of the polar body were also evaluated. Images were
acquired using an Olympus IX83 spinning disc confocal microscope
(Olympus, Germany) and VisiView software (Visitron Systems GmbH,
Germany).

2.7. RNA isolation

For each sample, 50 oocytes were collected in TRIzol reagent
(Invitrogen, USA) and homogenised using a TissueLyser LT (Qiagen,
The Netherlands) for 5 min. Chloroform was used for phase separation,
and the aqueous phase was mixed 1:1 with 70 % ethanol. RNA was
purified using RNeasy MinElute spin columns (Qiagen) and quantified
by quantitative reverse transcription-polymerase chain reaction (qQRT-
PCR; see section 2.8). Integrity was assessed using a 2100 Bioanalyzer
and an RNA 6000 Pico Kit (Agilent, Germany).

2.8. qRT-PCR

Total RNA was reverse transcribed using SuperScript III (Thermo
Fisher). Mouse phosphoglycerate kinase (Pgkl) cDNA was amplified
using the following primers: Pgkl_c140F: 5 GGTGTTGCCAAAATGTC
GCT 3’ and Pgkl_c186R: 5° AACGGACTTGGCTCCATTGT 3’; 186 bp
amplicon size. The amplification reaction was performed in an Applied
Biosystems 7900 H T thermal cycler using PowerUp SYBRGreen master
mix (Thermo Fisher). Pgkl was selected from among three possible
housekeeping genes based on stability and high oocyte expression. RNA
samples were diluted to equal concentrations based on the relative Pgk1
quantity (computed using the 2 =2 method).

2.9. Microarrays

Transcriptome expression analysis was performed with four control
samples and four BPS-exposed samples using Affymetrix Mouse Gene
2.1 ST Array Strips (USA). Each strip evaluated two controls and two
exposed samples. The results were analysed using the Transcriptome
Analysis Console (TAC, Affymetrix). The data discussed in this study
have been deposited in the NCBI Gene Expression Omnibus [38,39] and
are accessible through GEO Series accession number GSE140640
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE140640).
We selected quantile normalisation and assessed BPS exposure as the
main factor, controlling for scan date (i.e., the strip) as the confounding
variable. Statistical differences were tested using two-way analysis of
variance (ANOVA), with multiple comparison correction using the
Benjamini-Hochberg (false discovery rate) method.
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2.10. Statistical analysis

The data were processed using Statistica Cz 12 (StatSoft, Inc., USA).
Kruskal-Wallis ANOVA was used for quantitative variables and chi-
square tests were used for proportions. Significant differences between
individual group pairs were assessed post hoc using multiple compar-
isons of mean ranks, Mann-Whitney U tests with Bonferroni correction,
or Fisher’s exact tests with Bonferroni correction. Where appropriate,
correlations among variables were assessed using Spearman’s method.
Statistical significance was set at a = 0.05, and all reported P-values
and tests were two-tailed.

3. Results
3.1. BPS effects on oocyte quantity and meiotic ability

We first evaluated the effect of BPS on ovarian capacity and the
maturation rate of GV oocytes isolated from BPS-exposed, hormonally-
unstimulated female mice. SN and NSN statuses in GV oocytes and the
GVBD/maturation rate in mature oocytes were analysed using DAPI-
stained oocyte chromatin. We observed that the GV oocyte yield was
not affected by BPS treatment (Fig. 1A). Similarly, the SN/NSN ratio did
not differ between the control and BPS groups (Fig. 1B). Even the
maturation rate and meiotic capability (Fig. 1D) showed no statistically
significant differences, suggesting that BPS exposure at the tested levels
in oocyte donors has no effect on the general oocyte quantity or quality.

3.2. Effects of BPS exposure on spindle formation in mature MII oocytes

We next assessed metaphase spindle formation of BPS-treated MII
oocytes matured in vitro. Chromatin features established at the second
matured oocyte arrest stage recapitulated both the molecular and cy-
toskeletal inheritance of immature GV oocytes exposed to BPS in vivo;
i.e., no significant differences were detected. However, BPS-treated
mature oocytes showed unconjugated tubules on the barrel and pole of
the spindle and some double metaphase spindles occurred in the BPS2
group (Fig. 2A). Thus, BPS primarily induced spindle damage rather
than chromatin misalignment (Fig. 2B-D). Notably, no consistent effect
on spindle malformation was observed following 0.1 ng x g bw ™’
day‘1 (BPS2) treatment (Fig. 2D), suggesting that low-dose BPS exerts
spindle-specific modes of action.

3.3. Effects of BPS exposure on DNA integrity in mature MII oocytes

DNA integrity of BPS-treated MII oocytes matured in vitro was also
evaluated. TUNEL assays used to analyse DNA double-strand breaks
revealed increased abnormal oocytes and elevated abnormal chromo-
some alignment and/or spindle malformation in all BPS-exposed
groups, supporting the deleterious effect of BPS (Fig. 3A). Remarkably,
no consistent effect on DNA integrity was detected following 10 ng x g
bw ™! day~! (BPS3) treatment (Fig. 3B), suggesting that low-dose BPS
also exerts DNA-specific modes of action.

3.4. BPS alters H3K27 methylation in immature GV oocytes

Based on the cytoskeletal and chromatin changes in mature oocytes,
we investigated epigenetic alterations to GV oocytes following BPS
treatment. As genome-wide DNA methylation and histone H3 constitute
markers of heterochromatin establishment and chromatin stability,
5meC and H3K27me2 were evaluated on a global level using im-
munocytochemistry (Fig. 4A). 5meC levels were significantly increased
in the BPS3 (P < 0.05) and BPS4 (P < 0.01) groups compared to the
BPS2 5meC level. However, no significant difference was observed
compared to control oocytes (Fig. 4B). In comparison to the control,
H3K27 dimethylation was increased in BPS3 oocytes (Fig. 4C).

96



$. Prokesovd, et al.

(A) (C)

60

8
g
@ 40
og
28
5 Q20
o
€
=2
-
o
) N ) )
’/\ ’/\ /’a, ’/’a’ /;3’
¢ ¢ ¢ ¢ ¢
¥ o & L &
& & &

(B)

NSN

Cumulative proportion within group

BPS1 BPS2 BPS3 BPS4

(E)

mm GVBD B3 maturation rate

=}
t=3

GVBD/maturation rate (%)
o
o

Reproductive Toxicology 93 (2020) 19-27

Fig. 1. Quantity and quality of germinal vesicle (GV) oocytes isolated following exposure of female mice to BPS. (A) Oocyte yield based on the number of oocytes
isolated from one female. Data are expressed as median, minimum, and maximum lines. Numbers of females from four independent experiments are indicated in
brackets. (B) Surrounded (SN) and non-surrounded nucleolus (NSN) proportions from six independent experiments. (C) Representative fluorescent pictures of SN and
NSN oocytes in the GV stage. (D) GV breakdown (GVBD) and oocyte maturation rates (median and min-max), indicating GV oocyte capacity to reinitiate meiosis and
achieve MII stage, respectively. The numbers of oocytes from five independent experiments are indicated in brackets. (E) Representative pictures of immature GV and
matured MII oocytes in transmitted light. The arrow indicates the oocyte having undergone GBVD but not achieving the MII stage. Arrowheads indicate GV and
extruded polar body, as markers of immature GV and matured MII oocytes, respectively.

3.5. BPS modifies genome-wide DNA methylation in mature MII oocytes

We next examined heterochromatin marks following in vitro oocyte
maturation. Immunostaining of 5meC and H3K27me2 in metaphase
chromosomes of matured oocytes (Fig. 5A) revealed significantly in-
creased (P < 0.05) 5SmeC in the BPS2 group (Fig. 5B). However,
H3K27me2 levels were not significantly different compared to those of
controls (Fig. 5C). Notably, 5meC levels increased in BPS2 matured
oocytes although 5meC of GV oocytes was intact.

3.6. Microarray analysis of GV oocytes after in vivo BPS2 treatment

As the altered 5meC levels in matured compared to GV oocytes
suggested that upstream epigenetic factors may have been affected at
the transcriptional level in immature BPS2 oocytes, we next evaluated
the effect of BPS2 on gene expression in transcriptionally silenced GV
oocytes. As the number of available samples was limited (N = 4 for
both control and BPS2 groups), the results did not reach genome-wide
significance after correcting for multiple comparisons. However, using
arbitrary fold change cut-offs of > 1.5 and P < 0.01, 102 genes were
up- (89) or downregulated (13) following BPS2 treatment (Fig. 6A and
B). These results indicated that genes associated with cellular stress (in
particular, Cldn34b2, Gsdmc2, and Batf3) were upregulated following
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BPS exposure. In contrast to our initial hypothesis, we observed al-
terations in factors related to embryonic development rather than epi-
genetic regulators (e.g., DNA methyl transferases and histone methyl
transferases) in BPS-treated oocytes. In particular, Ceacam10, Hist1h2af,
Tmal6, and Raptor expression, which constitute markers of pre-
implantation and embryonic development, were upregulated. High
Tmal6 and Batf3 transcript levels appeared to be indicative of BPS-
mediated changes during early embryonic development.

4, Discussion

BPS is currently utilized in many common consumer products, in-
cluding cases in which legal prohibitions against BPA allow products
containing BPS to be labelled ‘BPA free’. Thus, considering that a recent
biomonitoring study detected comparable instances of BPS-positivity to
those for BPA [40,41] and BPS is more stable under heat and light than
BPA [4], testing the biological effect of BPS is necessary to assess the
risk to human health from BPS exposure [12].

For the present study, we chose an in vivo mouse model of acute BPS
exposure. The tested doses were mostly lower than the established
values for TDI (4 ng x g bw™! day ') and much lower than the no-
observed-adverse-effect level (NOAEL, 5 pg g bw ™! day ') and low-
observed-adverse-effect level (LOAEL, 50 ug g bw ™! day~!) for BPA
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Fig. 2. Meiotic spindle and chromosomal alignment in BPS-exposed oocyte maturation. (A) Representative images of the chromatin and meiotic spindle of mature
oocytes. Female mice were exposed to vehicle (VC, vehicle control) or different doses of BPS (BPS1-BPS4). Chromosome misalignment and spindle malformations
were assessed based on DNA and a-tubulin staining, respectively. Arrows indicate individual chromatin aberrations, and arrowheads show unconjugated tubules on
the spindle barrel and pole. (B-D) Chromatin and spindle malformations were identified in four independent experiments. The changes are expressed as the
cumulative proportion of normal to abnormal oocytes, including oocytes with normal vs. abnormal chromatin and spindles. The values represent the number of
oocytes in each experimental group. Error bars show 95 % confidence intervals for population proportions. Asterisks indicate statistical significance at P < 0.05 (*)
and 0.01 (**) of pair-wise Fisher exact tests in a post-hoc role after overall significance testing as indicated.

[42]. However, a TDI for BPS has not yet been established, although
very low doses of BPS have known risks [4]. Therefore, environmental
BPS deserves rigorous attention, particularly in regard to human re-
productive health.

We modelled population heterogeneity in the human population
using a hormonally-unstimulated outbred mouse strain. To investigate
the potential impact of BPS exposure on oocyte meiotic progression, we
first evaluated oocyte number, the quality of immature oocytes (SN vs.
NSN oocytes), re-initiation of meiotic maturation, and maturation rate.
After noting no significant differences in these parameters, we focused
on the oocyte quality in subsequent experiments and evaluated mole-
cular markers of oocyte health.

First, the spindle apparatus was tested because it mediates chro-
mosome alignment and segregation. The spindle also acts as the centre
of physiologically asymmetric oocyte cytokinesis [35]. Defects in
spindle assembly and abnormalities in chromosome alignment can

(A)

result in meiotic progression failure and subsequently alter embryonic
development consequent to fertilisation failure or aneuploidy [43,44].
Meiotic abnormalities in ova (e.g., unequal chromosome segregation)
can cause changes in chromosome alignment and/or aneuploidy [45].
Moreover, presumed BPS-targeted cytoskeletal proteins and upstream
factors are sensitive to BPS exposure [33]. In our experiments, ab-
normal oocyte levels were increased, including an increased incidence
of abnormal chromosome alignment and/or spindle malformation, in
all BPS-treated groups. Therefore, BPS causes spindle damage rather
than chromatin misalignment. In particular, irregular spindle micro-
tubule arrangement was the most frequent phenotype observed in our
study, highlighting an oestrogen-like BPS effect similar to that reported
in a previous study describing oestrogen-affected spindles [46].
Chromatin integrity was also assessed by quantifying double-strand
DNA breaks. A deleterious effect of BPS on DNA integrity, indicated by
increased TUNEL signal, was detected in BPS1, BPS2, and BPS4 groups.
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Fig. 3. DNA integrity in BPS-exposed oocyte maturation. (A) DNA integrity was evaluated using TUNEL assays. Pictures are representative of integrated density
evaluated using ImageJ. Female mice were exposed to vehicle (VC, vehicle control) or different doses of BPS (BPS1-BPS4). PC: positive control. (B) Statistical
differences were tested using a Kruskal-Wallis nonparametric test followed by Dunn’s multiple comparison. Centre lines represent medians of individual values (n, the
number of analysed oocytes, is noted in brackets for each experimental group). Asterisks indicate statistical significance at P < 0.05 (*) and 0.01 (**).
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Fig. 4. Genome-wide epigenetic marks in immature germinal vesicle (GV) oocytes. (A) Representative images of 5SmeC (green) and H3K27me2 (red) chromatin-wide
repressive marks in immature GV oocytes. Dashed and solid circles show the oocyte and GV border, respectively. (B, C) Integrated signal density for 5SmeC (B) and
H3K27me2 (C) compared to that of the vehicle control group. Statistical differences were identified using the Kruskal-Wallis nonparametric test followed by Dunn’s
multiple comparison. Asterisks indicate statistical significance at P < 0.05 (*), 0.01 (**), or 0.0001 (****). Centre lines represent medians of individual values (n, the
number of analysed oocytes, is noted in brackets for each experimental group).

These findings suggested that BPS functions as an endocrine disruptor, BPS exposure, which was previously described as an endocrine dis-
as observed in a recent endocrine disruptor study [47] and using a ruption effect [5]. The effects of BPS as an endocrine disruptor support
previously-established approach for DNA damage assessment [48]. This the findings in our reduced hormone stimulation donor mouse model.
finding further underlines a non-monotonic curve in the response to In addition to cytoskeletal damage, endocrine disruptors also have a
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Fig. 5. Genome-wide epigenetic marks in mature MII oocytes. (A) Representative images of 5SmeC and H3K27me2 in mature MII oocytes. Dashed circle shows the
oocyte border. The frame represents the emphasised area of the metaphase chromatin. The extruded polar body, which mark the mature oocyte, is indicated with an
asterisk. (B, C) Integrated signal density of 5meC (B) and H3K27me2 (C) was compared to that of the vehicle control group. Statistical differences were tested using
the Kruskal-Wallis nonparametric test, followed by Dunn’s multiple comparison. Asterisks indicate statistical significance at P < 0.05 (*) or 0.001 (**). Centre lines
represent medians of individual values (n, number of analysed oocytes, are noted in brackets for each experimental group).
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Fig. 6. Effect of BPS2 exposure on gene expression in mouse germinal vesicle (GV) oocytes. (A) mRNA expression heatmap in GV oocytes shows differences in gene
expression between the vehicle control (control) and BPS2-treated oocytes. (B) Principal component analysis (PCA) and clustering of individual samples. Blue dots:
control group, red dots: BPS2-treated group. Transcriptional profiling was performed using four pooled samples (equal to four independent experiments; 50 oocytes
per sample from three animals) of the control and treated groups (i.e. n = 12 animals each).
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well-defined epigenetic effect. We found that both genome-wide DNA
and histone methylation (i.e., 5meC and H3K27me2), as genome-re-
pressive marks, are vulnerable to disruption by BPS. In immature GV
oocytes, H3K27 methylation was increased following BPS3 treatment.
In contrast, 5meC levels increased in matured MII oocytes in the BPS2
group. Our observations thus support a previously-observed BPA effect
on histone methylation in oocytes [49,50] and the BPS-induced
H3K27me2 alterations [34]. However, the epigenetic effect varied with
the mode of exposure (acute vs. chronic). The level of H3K27me2 in-
creased following chronic exposure to BPS [34], whereas no effect was
observed in present acute-exposure experiments. This discrepancy
highlights the potential different targets of acute vs. chronic exposure,
particularly preantral/antral follicles and earlier stages (i.e., primordial
and/or primary follicles). Taken together, these findings suggest that
BPS modulates epigenetically-driven gene expression, similar to BPA
[51]. Furthermore, BPS-altered epigenomic programming can persist
throughout the lifespan, thereby altering gene expression and possibly
increasing disease susceptibility across generations [52].

Based on the findings that BPS2 oocytes also exhibit altered 5meC in
matured MII oocytes, we considered GV ooplasmic factors that might
underlie the epigenetic shift observed in MII oocytes. Moreover, the
BPS2 dose of 0.1 ng BPS x g bw™! day ! is comparable to actual ex-
posures [53] that exert detrimental effects on the cytoskeleton and DNA
integrity. Because bisphenol alters epigenetic marks [54], we used
microarray-based transcriptome analysis to profile the expression of
genes related to genomic features and potential markers of oocyte
quality of in vivo-exposed GV oocytes. We identified 102 genes as dis-
tinctly up- or downregulated following BPS treatment. In contrast to
our hypothesis, rather than epigenetics-associated genes, the results
suggested preferential biologically meaningful gene upregulation of
preimplantation and embryonic development genes, such as Raptor, the
central component of the mTOR complex 1, which is indispensable for
oocytes and subsequent embryonic development [55]. Moreover, the
two genes with the highest increased expression levels were Tmal6 and
Batf3, which respectively encode a transcriptional machinery-asso-
ciated protein and the basic leucine zipper transcription factor ATF-like
3, an RNA polymerase II proximal promoter sequence-specific DNA
binding protein. Both genes regulate gene expression in early em-
bryonic development. Therefore, fertilisation and early embryonic de-
velopment appear to be highly sensitive to BPS, which may underlie the
endocrine disruptor-induced reproductive failure.

In contrast, the transcriptome analysis results indicated that epige-
netic factors (e.g., DNA methyl transferases, TET family dioxygenases)
in the immature oocyte are likely affected by BPS in various ways other
than through the targeting of transcription to exert an eventual epige-
netic effect on matured oocyte chromatin. Such alternate BPS-sensitive
mechanisms may include protein inactivation and/or inadequate post-
translational modifications. Therefore, it is necessary to identify BPS
molecular targets and interactions in gametes and early embryos, with
the goal to protect human reproductive health. An obvious requirement
also exists for further experiments focused on the fertilization and early
embryonic development of BPS-affected oocytes, considering the qua-
litative changes between in vitro- and in vivo-matured oocytes, possible
counteractions of bisphenols and hormonal stimulation (when assisted
reproductive technologies are applied), and the developmental success
of embryos following natural or in vitro fertilization.

In conclusion, acute exposure to very low BPS doses affects oocyte
quality, as evinced by changes in the genome-wide epigenetic code and
the transcriptional profile in immature GV oocytes. Moreover, BPS ex-
posure significantly impacted the quality of GV oocytes, particularly
spindle formation, DNA integrity, and epigenetic modifications, during
meiotic maturation. Our observations therefore indicate that BPS is not
a suitable replacement for BPA, and BPS intake should be limited.
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ABSTRACT: A range of substances that are released into the environment, foodstuffs and drinking water as a
result of human activity were originally considered relatively harmless, and it was only later that their adverse effects
were discovered. In general the use of such substances is currently restricted, and they are often replaced by other
substances. This applies also in the case of a range of endocrine disruptors. These substances have the capacity to
disturb the balance of physiological functions of the organism on the level of hormonal regulation, and their pleio-
tropic spectrum of effects is very difficult to predict. Endocrine disruptors include the currently intensively studied
bisphenol A (BPA), a prevalent environmental pollutant and contaminant of both water and foodstuffs. BPA has
a significantly negative impact on human health, particularly on the regulation mechanisms of reproduction, and
influences fertility. The ever increasingly stringent restriction of the industrial production of BPA is leading to its
replacement with analogues, primarily with bisphenol S (BPS), which is not subject to these restrictions and whose
impacts on the regulation of reproduction have not yet been exhaustively studied. However, the limited number of
studies at disposal indicates that BPS may be at least as harmful as BPA. There is therefore a potential danger that
the replacement of BPA with BPS will become one of the cases of regrettable substitution, in which the newly used
substances manifest similar or even worse negative effects than the substances which they have replaced. The objec-
tive of this review is to draw attention to ill-advised replacements of endocrine disruptors with substances whose
effects are not yet tested, and which may represent the same risks for the environment, for the reproduction of males
and females, and for human health as have been demonstrated in the case of the originally used substances.

Keywords: human health; environment; endocrine disruptor; reproduction; oocyte; sperm

INTRODUCTION earlier or later that they are harmful to the environ-
ment and/or human health. Notorious cases include

Many substances have been introduced into use  the mass use of DDT as an insecticide (http://apps.
with great hopes, only for it to be demonstrated who.int/iris/handle/10665/40018), thalidomide
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as a drug for pregnant women (McBride 1961), or
more recently neonicotinoid insecticides used for
the protection of fields against seed-destroying
insects (Blacquiere et al. 2012). Substances whose
negative effects on the environment or human health
were detected only after a long period of use also
include endocrine disruptors (Damstra et al. 2002).

The detection of the negative effects of abun-
dantly used substances leads to a dramatic restric-
tion of their use and their substitution with other
substances. In a range of cases this brings about
a genuine improvement. For example, chromated
copper arsenate (CCA) used for wood preserva-
tion was demonstrated to be a substance with
carcinogenic effects, and as a result was replaced
with alkaline copper quaternary (ACQ). ACQ does
not contain arsenic or chrome, and although it is
just as effective as CCA against wood destroy-
ing arthropods, its impacts on the environment
and human health are fundamentally less serious
(Landrigan et al. 2004).

On the other hand, we have been witnesses to
substitutions of harmful substances which have later
been shown to be highly problematic. For example,
2,3-butanedione, which occurs naturally in butter,
has been produced synthetically and added to foods
in order to impart a buttery flavour. When it was
demonstrated that 2,3-butanedione damaged lung
tissue, it was replaced by 2,3-pentanedione, which
however was subsequently proven to have similar
negative effects on lung tissue as 2,3-butanedione
(Hubbs et al. 2012). There are far more similar ex-
amples of “regrettable substitutions” (Fahrenkamp-
Uppenbrink 2015; Zimmerman and Anastas 2015).
In these cases, negative impacts on reproduction are
often subsequently detected. For example, in the
case of pyrethroids, which replaced older insecticide
agents such as organocholorines, organophosphates
or carbamates, and which were considered harmless
to mammals, negative impacts were demonstrated on
the maturation of mammal oocytes (Petr et al. 2013).

From the perspective of reproductive risks, the
substitution of bisphenol A (BPA), a widely used
component of plastics and many other materials,
with its analogue bisphenol S (BPS) appears to be
potentially problematic. BPA has been proven to be
a strong endocrine disruptor, and its use has been
restricted. Many products are sold with a “BPA-free”
guarantee. Because BPA is substituted in a range
of cases by BPS, these products are not however
“bisphenol-free” (Glausiusz 2014), and their use
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may be linked to significant reproductive risks. The
aim of this review is to point to the replacement of
BPA by BPS as a “regrettable substitution”

Endocrine disruptors

A less harmful substitute is currently searched
for a number of substances that had previously
been considered safe from a toxicological perspec-
tive and finally appeared to exert various negative
effects on health. This category of compounds
includes substances referred to summarily as en-
docrine disruptors (Clayton 2011). According to
the US Environmental Protection Agency, endo-
crine disrupting chemicals (EDCs) are defined as
“exogenous agent(s) that interfere(s) in synthesis,
secretion, transport, metabolism, binding action,
or elimination of natural blood-borne hormones
that are present in the body and are responsible
for homeostasis, reproduction, and developmental
processes” (Diamanti-Kandarakis et al. 2009).

EDCs manifest a range of particular properties.
Their hormone-like effects may be suppressed or
may fade away entirely in the case that the concen-
tration of EDCs is higher than the physiological
level of their hormonal counterpart. This ability
of agents to attain paradoxically stronger effects
in low doses than in high ones (vom Saal and
Welshons 2005) is termed the “low dose effect”
(Grasselli et al. 2010; Vandenberg et al. 2012). The
low dose hypothesis posits that exogenous che-
micals that interact with hormone action can do
so in a quite specific manner. In accordance with
that, mentioned traditional toxicological endpoints
are not capable to preclude adverse outcome, as
EDCs act with dose responses, that are nonlinear
and potentially non-monotonic (Vandenberg et al.
2012). In the case the relationship between dose
and response is nonlinear, any prediction is even
more complex. Therefore, the low dose definition
was extended by the effects of non monotonic
response curves. The mechanisms responsible
for the non-linear effects are described in detail
(Vandenberg et al. 2012), usually in connection
with an interaction between a ligand (hormone or
EDC) and a hormone receptor (Vandenberg 2014).

Non-linear dose-response patterns are com-
monly observed with endogenous and synthetic
agonists (e.g. numerous drugs, hormones, peptides)
that activate and inhibit receptor-mediated signal
pathways that affect various biological functions

104



Czech ]. Anim. Sci., 61, 2016 (10): 433-449

Review

doi: 10.17221/81/2015-CJAS

(A) H

H

(@) CHs

CH3

O=0n=0

Figure 1. Chemical structure of bisphenol A (A), bisphe-
nol S (B), bisphenol F (C)

(Calabrese and Baldwin 2001; Calabrese 2005). Ho-
wever, EDCs can also produce non monotonic dose
responses in which the slope of the curve changes
sign over the course of the dose-response (www.
who.int/ceh/publications/endocrine/en/index.html)
and low dose effects are described for the majority
of EDCs (Birnbaum 2012; Vandenberg et al. 2012,
2013; Zoeller et al. 2012; Bergman et al. 2013).

The concept of endocrine-disrupting chemicals
was proposed after these compounds had been
observed to affect various reproductive functions
in wildlife and humans (Colborn et al. 1993). The
influence of several EDCs was demonstrated on the
course of development of male gametes, sperm (Li
et al. 2011; Knez et al. 2014) and female gametes,
oocytes, as well as embryonic development of males
and females (Mok-Lin et al. 2010; Xiao et al. 2011).
Moreover, the effect of EDCs on the reproduction
of adult individuals, including transgenerational
inheritance, has been described (Susiarjo et al.
2015; Ziv-Gal et al. 2015). Therefore, reproductive
functions represent crucial targets of the EDCs’
negative effects. Recently intensively studied EDCs,
interfering with the regulation of physiological re-
productive processes, include bisphenols, a family
of chemical compounds with two hydroxyphenyl
functional groups (Figure 1).

Bisphenol A

An example of a widely used substance, in which
endocrine-disrupting properties were detected
only later, is bisphenol A (BPA, 4,4'-(propane-2,2-
diyl)diphenol) (Vandenberg et al. 2009). BPA was
first synthesized in 1891, and as early as in 1936
it was demonstrated that it imitates the activity of

the hormone estradiol (Dodds and Lawson 1936).
Despite a very strong estrogen activity, BPA has
been commercially used since 1957, and despite
the fact that its endocrine-disrupting activity was
discovered (Krishnan et al. 1993), BPA has become a
high production volume chemical (Wang et al. 2012).
Worldwide annual production, which in the case
of BPA reached 4.6 million t in 2012, is constantly
increasing. Its production was estimated at 5.4 mil-
lion t in 2015 (Merchant Research & Consulting,
http://mcgroup.co.uk/researches/bisphenol-a-bpa).

BPA is present especially in polycarbonate plas-
tics, epoxide resins, and several paper products
(Ehrlich et al. 2014), and as a result it is used in a
variety of commonly used consumer products such
as thermal recipes, cosmetics, dental materials,
medicinal tubes, utensils, toys, baby feeding bot-
tles and dummies, etc. Heat, UV radiation, alkaline
treatment or intensive washing causes a release of
BPA monomer. It is estimated that the worldwide
release of BPA into the environment is almost half
million kg per year (Mileva et al. 2014).

BPA is released into the environment either di-
rectly from chemical, plastic coating, and staining
manufacturers, from paper or material recycling
companies, foundries which use BPA in casting
sand, or indirectly leaching from plastic, paper, and
waste in landfills (Yang et al. 2015). BPA passes into
foodstuffs or water directly from the lining of food
and beverage cans, where it is used as an ingredi-
ent in the plastic used to protect the food from
direct contact with the can (Goodson et al. 2002;
Vandenberg et al. 2009). The main path of human
exposure is the consumption of such contaminated
foodstuffs, drinking water or via dermal contact
with thermal paper and cosmetics or inhalation
(Miyamoto and Kotake 2005; Huang et al. 2012).

It is therefore not surprising that a range of stud-
ies have now demonstrated the presence of BPA
in human tissue. Levels of BPA have been tested
in various populations worldwide, and the pres-
ence of BPA was demonstrated in 92.6% of Ameri-
cans (Wetherill et al. 2007) and 90% of Canadians
(Bushnik et al. 2010). Levels of BPA have been
demonstrated in various biological matrices, most
frequently in urine (Casas et al. 2013; Salgueiro-
Gonzalez et al. 2015), but also in blood serum.
Within the human reproductive system, levels of
BPA have been confirmed for example in testicle
tissue, seminal plasma (Manfo et al. 2014), in ovar-
ian follicular fluid (Ikezuki et al. 2002), mother’s
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Table 1. Bisphenol A (BPA) levels in human fluids
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Sample Level of BPA References

Blood (ng/ml) 12.4-14.4 Bushnik et al. (2010)
Maternal blood (ng/ml) 0.63-14.36 Yamada et al. (2002)
Fetal blood (ng/ml) 0.2-9.2 Schonfelder et al. (2002)
Urine (ng/ml) 0.02-21.0 Liao et al. (2012¢)
Saliva (ng/ml) 0.3 Joskow et al. (2006)
Follicular fluid (ng/ml) 24 +0.8 Ikezuki et al. (2002)
Amniotic fluid (ng/ml) 1.1-8.3 Ikezuki et al. (2002)
Placental tissue (ng/g) 1.0-104.9 Schonfelder et al. (2002)
Breast milk (ng/ml) 0.5-1.3 Mendonca et al. (2014)

Semen plasma (pg/ml)

66 (fertile men)
132-179 (infertile men)

Vitku et al. (2015)

milk, fetal plasma (Shonfelder et al. 2002), amniotic
fluid (Yamada et al. 2002; Edlow et al. 2012), and the
placenta (Jimenez-Diaz et al. 2010; Cao et al. 2012)
(Table 1). Several studies have demonstrated a direct
correlation between exposure of the mother and the
BPA level of the fetus (Ikezuki et al. 2002; Kuruto-
Niwa et al. 2007). BPA may permeate the placenta
and thus influence the development of the fetus
(Edlow et al. 2012; Corbel et al. 2014). Newborns
may then be further exposed to the effect of BPA
during breastfeeding due to the presence of BPA in
mother’s milk (Mendonca et al. 2014).

The effects of BPA on humans are dependent not
only on the dose, but also on the window of exposure.

Exposure to BPA in the prenatal and neonatal period
probably affects the human organism in the most
receptive period (Fernandez et al. 2014).

Mechanism of BPA action

A typical feature of endocrine disruptors is their
wide spectrum of outcomes (Figure 2). Combi-
nation of their action in various target systems
in the organism is one of causes of their non-
linear effects. In this respect, BPA acts as a typical
endocrine disruptor with multi-level impacts (Khan
and Ahmed 2015). Nongenomic effects of BPA have
been described, thus influencing cellular signalling

BISPHENOL

non-genomic effects

—

genomic effects

—_——

epigenetic effects

\//

2nd messengers receptors for hormones DNA
signalling enzymes receptors for growth ncRNA
factors histones
— — e
cell signalling changes : altered DNA methylation
mitochondrial dysfunction altered gene transcription micro RNA changes
histone modification

disturbed endocrine system, reproductive disruption, failure neurodevelopment,
adverse birth outcomes, metabolic disorders, cancer risk, cardiovascular diseases,

respiratory diseases, hepatic dysfunctions, altered transgenerational epigenetic inheritance
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Figure 2. Possible mecha-
nisms of bisphenol action
and its potential impact
on human health
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(Nakagawa and Tayama 2000), as well as genomic,
which affect transcription regulation (Trapphoff et
al. 2013), and also epigenetic, responsible for the
methylation and acetylation of DNA and core his-
tones (Bromer et al. 2010). It is precisely pronounced
estrogen activity of BPA in vitro (vom Saal et al. 2007;
Wetherill et al. 2007) and in vivo that contributes to
its immense potential to afflict the hormonal system
and act as an endocrine disruptor.

BPA inhibits the activity of natural endogenous
estrogens and thus disrupts estrogen nuclear
hormone receptor action (Kitamura et al. 2005;
Wetherill et al. 2007; Grignard et al. 2012). BPA
affects hormonal homeostasis, for example through
bonding to the classic nuclear estrogen receptors
a, B, Y (ERa, ERPB, ERy), where it manifests a com-
bination of agonistic and/or antagonistic actions
in dependence on the target tissue, cell types, ER
subtypes, and differential cofactors recruited by
ER-ligand complexes (Kurosawa et al. 2002). BPA
also bonds to non-classical membrane ERs and
causes activation of the nuclear receptor gamma
(Takayanagi et al. 2006; Matsushima et al. 2007).

BPA has been identified as an antagonist of an-
drogen receptors (Kitamura et al. 2005; Wetherill et
al. 2007; Vinggaard et al. 2008; Molina-Molina et al.
2013). Its anti-androgenic activity has been docu-
mented in several studies, but with changing values
of the maximum inhibition concentration (Xu et al.
2005; Bonefeld-Jorgensen et al. 2007). In contrast
with other known androgen receptor antagonists,
BPA inhibits the effective nuclear translocation of
the androgen receptors, and disrupts their function
by means of a number of mechanisms (Teng et al.
2013). The endocrine-related BPA action mechanism
also involves a reduction of aromatase expression
(Zhanget al. 2011; Chen et al. 2014) and a decrease
in aromatase activity in vitro (Bonefeld-Jorgensen
et al. 2007). Within this context, it is of interest
that a decline in the synthesis of testosterone and
estradiol in vivo has been documented following
exposure to BPA (Akingbemi et al. 2004).

The epigenetic mechanisms of the effect of BPA
include the alteration of certain DNA methylation
samples (Dolinoy et al. 2007; Susiarjo et al. 2013).
Prenatal exposure to BPA alters the expression of
genes coding individual subtypes of ERs in a sex-
and brain region-specific manner (Kundakovic et
al. 2013) and disrupts the normal development of
the placenta (Susiarjo et al. 2013). As a result, it is
possible that BPA predetermines the response to

steroid hormones in the very early phase of devel-
opment (Wilson and Sengoku 2013). It has been
documented that BPA also disrupts the gene ex-
pression of the regulating factors that control the
stability and flexibility of epigenetic regulation,
and as a result has an adverse influence on the
development of functions of the controlling organ
of hormonal regulation, the hypothalamus (Warita
et al. 2013). The impacts of these changes have
transgenerational effects (Manikkam et al. 2013).

Further demonstrated actions of BPA in the
organism include the bonding to the glucuronide
receptor, suppression of the transcription receptor
of the thyroid hormone, reduction of the transport
of cholesterol via the mitochondrial membrane,
increase of oxidation of fatty acids, stimulation of
prolactin release (Machtinger and Orvieto 2014)
or an agonistic effect on the human pregnane X
receptor (Sui et al. 2012).

BPA and human health

With such a wide spectrum of effects, it is evi-
dent that BPA has a negative influence on hu-
man health. Frequently discussed themes include
the possible association of BPA for example with
obesity (Trasande et al. 2012), diabetes (Lang et
al. 2008), neurobehavioural disorders (Jasarevic
et al. 2011), cancer (Jenkins et al. 2011), hepatic
(Peyre et al. 2014) and cardiovascular diseases,
hypertension, and disorders of the thyroid gland
function (Rochester 2013; Wang et al. 2013).

Especially in the area of reproduction in both
animal models and in humans, a wide range of
negative influences of BPA have been observed
(Kwintkiewicz et al. 2010; Trapphoff et al. 2013;
Zhang et al. 2014). BPA has varied and complex
mechanisms of action that may interfere with
normal reproductive development and functions.
In both males and females, BPA interferes with
hormonal regulation and influences the hypotha-
lamic—pituitary—gonadal axis on all levels (Navarro
et al. 2009; Patisaul et al. 2009; Xi et al. 2011).

Influences of BPA on reproduction of males

As arule, endocrine-disrupting substances have
pronounced impacts on the reproduction of both
sexes. Several studies have shown detrimental
effects of BPA on spermatogenesis and semen
quality in fishes. The number of mature and im-
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mature spermatozoa was decreased and increased,
respectively (Sohoni et al. 2001) and also the sperm
motility and concentration were reduced (Lahn-
steiner et al. 2005). There is a large evidence that
BPA can induce sex reversal from male to female
in aquatic animals. Changes in sex ratio were
observed at zebrafish during embryonic develop-
ment (Drastichova et al. 2005) and Xenopus larvae
through metamorphosis (Kloas et al. 1999).

Experimental studies on the effects of BPA on
the reproduction of male rodents have revealed
an adverse influence on the development of testes
(Vrooman et al. 2015) and on the spermatogenesis
of adult individuals following prenatal in utero
or early postnatal exposure. Exposure to BPA
during the period of development of the testes
is frequently linked to a range of negative effects
in adult testes, e.g. decreased levels of testicular
testosterone, decreased weights of the epididymis
and seminal vesicles, a decrease in daily sperm
production per gram testis, and increased weights
of the prostate and preputial (Richter et al. 2007).
Vrooman et al. (2015), with the help of transplan-
tation of spermatogonia from the testes of mice
exposed to the action of BPA into mice which were
not exposed, demonstrated permanent damage to
spermatogenesis. The influence of the exposure
of adult rodents to BPA on the quality of sperm
was also studied (Peretz et al. 2014).

Despite the differences in the experimental de-
signs used, certain findings appear repeatedly,
especially reduction in the number of sperm, reduc-
tion in the motility of sperm, increased amount of
apoptotic cells in the seminiferous tubules, changes
in the levels of hormones and steroid enzymes, and
damage to the DNA of sperm (Peretz et al. 2014).

Contemporary studies confirm that rodents are not
relevant for predicting the effect of low BPA concen-
trations on the endocrine function of human fetal
testis (N'Tumba-Byn et al. 2012). In a comparative
study by Maamar et al. (2015), the influence of BPA
was studied both on rats and on human fetal testes,
and it was determined that in both cases BPA had
dose-dependent anti-androgenic effects. Neverthe-
less, the authors urge caution in interpreting the
results obtained on rodents and their application
in human medicine (Maamar et al. 2015).

Unfortunately, there is only a limited number
of studies that have observed the influence of
exposure to BPA on the quality of sperm in adult
humans. In men exposed to BPA in the workplace
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and patients in reproduction centres, a higher
level of BPA in urine was linked to a lower num-
ber, concentration, and motility of sperm (Knez
et al. 2014; Lassen et al. 2014). Nevertheless, in
a study conducted by Mendiola et al. (2010) on
fertile men, the concentration of BPA in urine did
not correlate with changes in semen parameters,
despite the fact that a significant correlation was
observed between the level of BPA in urine and
the volume of seminal plasma or markers of free
testosterone (Mendiola et al. 2010).

The following cohort study examined the re-
lationship between the concentration of BPA in
urine and the level of reproductive hormones
and semen in a group of 308 young healthy men.
It was determined that the concentration of BPA
strictly correlates with higher levels of selected
circulating reproductive hormones and reduced
motility of sperm. The results indicated that the
exposure to BPA on the level of environment has
an anti-androgenic and/or anti-estrogenic effect
due to the effect of BPA on the level of recep-
tors. The anti-estrogenic effect on the level of
the epididymis also explains the determined low
mobility of the sperm (Lassen et al. 2014).

Influences of BPA on reproduction of females

BPA markedly influences not only the reproduc-
tion of males, but also the reproduction of females.
In both in vitro and in vivo studies, the influence of
BPA hasbeen demonstrated on fertility, function of
the womb i.e. formation of benign and malignant
lesions (Newbold et al. 2009), disruption apoptosis
of the uterine epithelium during estrus (Mendoza-
Rodriguez et al. 2011), function of ovaries and
quality of oocytes (Peretz et al. 2014), and defec-
tive folliculogenesis (Santamaria et al. 2016). In
females it is precisely the ovaries that are the key
organ responsible for reproductive and endocrine
functions, and BPA is frequently indicated as an
ovarian toxicant. BPA afflicts not only the overall
morphology and weight of the ovaries (Suzuki et al.
2002; Santamaria et al. 2016) but also demonstrably
reduces the quality of oocytes in both animal and
human models (Machtinger and Orvieto 2014).

During the course of the maturation of mouse
oocytes in vitro following treatment with BPA,
changes were documented in the configuration of
the meiotic spindle resulting in errors in chromosome
segregation and hyperploidy frequencies in mouse
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oocytes (Hunt et al. 2003). Similary, it was reported
that BPA exposure altered chromosome and spindle
organization which resulted in hyperploidy of mouse
oocytes during meiosis (Can et al. 2005) and it was
also demonstrated that low BPA doses are related
with aberration during meiotic prophase, including
increased incidence of recombination (Susiarjo et
al. 2007) and failure formation of primordial follicle
by inhibiting meiotic progression of oocytes (Zhang
et al. 2012). In contrast, Eichenlaub-Ritter and her
colleagues found no evidence that low BPA doses
increased hyperploidy at meiosis II. On the other
hand they observed cell cycle delay and meiotic
spindle abnormalities, changes in the distribution
of pericentriolar material and chromosome align-
ment (Eichenlaub-Ritter et al. 2008). Exposure of
mice, from mid-gestation to birth, causes synaptic
abnormalities in oocytes and an increased amount of
recombination between homologous chromosomes.
It is also of interest that identical effects have been
observed in homozygous mice with an intentionally
disrupted gene coding the ERP. In mouse oocytes,
epigenetic changes have also been documented fol-
lowing cultivation of follicles in the presence of
BPA, in which a disruption of the configuration of
chromosomes took place, as well as disorders of
meiosis caused by faulty genomic imprinting and
altered posttranslational modification of histones
(Trapphoft et al. 2013). Chronic exposure of oocytes
was linked to an increased incidence of aberrant
metaphases Il and prematurely segregated chromatids
(Pacchierotti et al. 2008).

Bovine oocytes cultivated in the presence of
BPA have also manifested disorders of the meiotic
spindle and the chromosomal configuration (Ferris
etal. 2015). In Barbary Macaques, negative effects
of BPA have been demonstrated in various stages
of the oogenesis of developing ovaries. Oocytes
in the prophase of meiosis and in fetal ovaries
exhibited an increased number of recombination,
and an increased number of abnormally formed
follicles containing multiple oocytes was recorded
in perinatal ovaries (Hunt et al. 2012).

Similary as in the aforementioned studies on ro-
dents, cattle, and primates, an increased number of
crossing over and degenerations in oocytes have been
determined also in human oocytes cultivated in vitro
in the presence of BPA (Brieno-Enriquez et al. 2011).
In connected studies it has been demonstrated that
the exposure of human oocytes to BPA is linked to
up-regulation of genes involved in meiotic processes

connected to double strand breaks repair progression
(Brieno-Enriquez et al. 2012). A non-linear response
to BPA doses on the incidence of MII oocytes with
aligned chromosomes has also been determined
(Machtinger et al. 2013). The changes which have been
recorded in the development of oocytes exposed to
bisphenol may lead to disorders in the development
of embryos, fetal loss or genetic disorders (Rama
Raju et al. 2007; Ye et al. 2007; Tomari et al. 2011).
The result of maternal exposure to BPA may be the
disruption of the entire oogenesis in the developing
ovary (Susiarjo et al. 2007).

A number of cohort studies have been focused
on groups of persons who undergo treatment for
infertility through in vitro fertilization (IVF). The
measured levels of BPA in these persons were ex-
amined in connection with the ovarian response,
quality of embryos and implantation. A reduced
ovarian response was linked to a reduced success
rate of IVF (Mok-Lin et al. 2010). BPA also dis-
rupted embryonal development of fish via delay
hatching, yolk reabsorption, and larval growth of
trouts (Aluru et al. 2010), moreover lethality in
zebrafish larvae increased (Chan and Chan 2012).

There is only a limited number of studies which
have observed the effects of BPA on the develop-
ment and quality of mammalian blastocysts. Failure
of embryonic development to mouse blastocyst
stage has been demonstrated after exposure of
females to BPA (Xiao et al. 2011). Disorder of
implantation of mouse blastocysts was also dem-
onstrated by Borman et al. (2015).

In human, Bloom et al. (2011) state a correlation
between the concentration of BPA in the urine
of men, though not in women, and a decline in
the quality of embryos generated by IVFE. By con-
trast, in a study performed by Knez et al. (2014),
which confirms changes to the semen quality of
men with a determined environmental level of
BPA, undisrupted development of embryos into
blastocysts is described. As against this finding,
in women who have undergone IVF, a correlation
has been demonstrated between the concentration
of BPA in urine and a change to the formation of
blastocysts, though a reduced quality of embryos
was not recorded (Ehrlich et al. 2012).

The advent of BPS

The above-stated facts led to the necessity for
stringent regulation of the use of BPA, and in a
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range of cases its substitution with another chemi-
cal. On the basis of the effects on human health
and reproduction demonstrated with the help of
standardized toxicological testing procedures,
government agencies in the United States (the US
Environmental Protection Agency, USEPA), Canada
(Health Canada), and Europe (the European Food
Safety Authority, EFSA) have established tolerable
daily intake levels, ranging from 25 to 50 pg BPA/kg
of body weight (BW) per day (Rochester 2013).
With regard to the fact that several studies have
demonstrated BPA low dose effects (Vandenberg
et al. 2012), and that this possibility is unfortu-
nately not taken into account in the approach of
“traditional” toxicological studies, in which low
doses are not generally subjected to examination
(Vandenberg et al. 2012; Rochester 2013), scientists
have expressed concerns that the “safe” cut-off set
for BPA is too high (vom Saal and Hughes 2005).
In 2010 the Canadian government prohibited the
import, sale, and advertisement of baby feeding
bottles containing BPA. The European Union re-
sponded with a prohibition of the manufacture of
baby feeding bottles with BPA, which was passed
in 2011 (Commission Directive 2011). The Food
and Drug Administration (FDA) has indicated
BPA as a “chemical of concern”, and in July 2012 a
blanket prohibition of BPA in baby feeding bottles
and sippy cups was recommended (FDA 2011).
However, new data and refined methodologies
have led EFSA experts to considerably reduce
the safe level of BPA from 50 pug/kg of BW/day to
4 pg/kg of BW/day (EFSA 2014).

With regard to these restrictions and societal pres-
sures, manufacturers of plastics are now forced to
seek an alternative product which can replace BPA.
It is in the interest of chemical concerns that the
substitute which replaces BPA is inert or at least far
less toxic than BPA. Nevertheless, new chemicals
introduced onto the market are frequently untest-
ed, and may be equally or more harmful than the
originals, which are ultimately termed “regrettable
substitutions” (Rochester and Bolden 2015), as has
been the case of a number of perfluorinated chemi-
cals (Howard 2014), pesticides (Coggon 2002), and
self-extinguishing compounds (Bergman et al. 2012).
Manufacturers seeking BPA alternatives have turned
primarily to bisphenol S (BPS, 4,4'-sulfonyldiphe-
nol) (see Figure 1), a structural analogue of BPA, to
produce “BPA-free” products (Grignard et al. 2012;
Barrett 2013). BPS is chemically more stable, worse
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in terms of biodegradability than BPA, and shows
better dermal penetration than BPA (Ike et al. 2006;
Danzl et al. 2009; Liao et al. 2012a, b). It is discon-
certing that these properties may lead to a longer or
higher body burden or bioavailability of BPS versus
BPA (Helies-Toussaint et al. 2014). For these reasons,
too, at present the replacement of BPA with BPS is
considered a “regrettable substitution” (Fahrenkamp-
Uppenbrink 2015; Zimmerman and Anastas 2015).
With regard to the increase in production of BPS and
the indispensability of bisphenols in the production
of plastics, it is unfortunately possible to expect the
same widespread use of BPS as in the case of BPA
(Liao et al. 2012c). Now the presence of BPS can be
expected in almost all the consumer goods here in
which BPA was initially used (Mathew et al. 2014),
for example as a wash fastening agent in clearing
products, an electroplanting solvent, and a constitu-
ent of phenolic resins (Rochester and Bolden 2015).
One of the major industries that have replaced
BPA due its high occurrence (~3-22 g/kg) is that
of thermal paper (Mathew et al. 2014). In the
USA, Korea, Vietnam, Japan, and China (Liao et
al. 2012c), BPS has been detected in several differ-
ent “BPA free” paper products, including receipts
and paper money (Liao et al. 2012a). The presence
of BPS has been determined in tinned foodstuffs
(Vinas et al. 2010). The occurrence of BPS has
also been determined in indoor dust (Liao et al.
2012b), in fluvial water (Ike et al. 2006), surface
water, and waste waters (Song et al. 2014) (Table 2).
The main pathway to the human body is dermal,
dust ingestion, and dietary exposures (Liao et al.
2012b). Unfortunately, for example thermal paper
carries BPS into all recycled paper products, mak-
ing dermal exposure inevitable. Massive exposure
of the population to the effects of environmental
BPS has been demonstrated in a number of differ-
ent countries. Within the range of 0.02-21 ng/ml
(0.8—84nM) it has been detected in human urine
samples originating from seven Asian countries
and the USA (Liao et al. 2012a) in 81% of analyzed
samples. In the following study the presence of
BPS in urine was demonstrated in residents living
near a manufacturing plant in south China in a
concentration of 0.029 ng/ml (Yang et al. 2015).

Biological effects of BPS

Although nowhere near as much information
is available about BPS as about the endocrine-
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Table 2. Bisphenol S (BPS) levels in the personal care products and environment

Sample Level of BPS References

Canned food (ng/g) 8.9-17 Vinas et al. (2010)
Thermal paper (mg/g) 0.0000138-22.0 Liao et al. (2012c)
Tickets (pg/g) 0.183-5.93 Liao et al. (2012c¢)
Currency bills (ng/g) 0.00-6.26 Liao et al. (2012c¢)
Other paper product types (pg/g) 0.00-8.38 Liao et al. (2012c)
Indoor dust (pg/g) 0.34 Liao et al. (2012b)
Municipal sawage sludge (ng/g dry weight) 0.17-110.00 Song et al. (2014)
River water (ng/l) 0.29-18.99 Yang et al. (2014)

disrupting effects of BPS, the substitution of BPA
with BPS is raising concerns. The limited number
of studies available at the present time, dealing
with the biological interactions of BPS with the
organism, indicate that BPS is also capable of
imitating properties of hormones, interacting with
ER (Delfosse et al. 2012; Rosenmai et al. 2014;
Le Fol et al. 2015), and direct binding to nuclear
ERs (Yamasaki et al. 2004) and serum albumins
(Mathew et al. 2014) has been confirmed.

Some in vitro studies have demonstrated a weaker
estrogen activity of BPS than the activity manifested
by estradiol (Kuruto-Niwa et al. 2010; Grignard et
al. 2012; Molina-Molina et al. 2013; Rochester and
Bolden 2015). By contrast, a study conducted by
Vinas and Watson (2013a, b) demonstrated the same
or higher estrogen effectiveness than estradiol, BPS
was capable of stimulating the membrane recep-
tor pathways ordinarily up-regulated by estradiol.
After exposure to BPS there are also changes in
the expression of aromatase, the key enzyme in the
synthesis of estradiol (Kinch et al. 2015).

Like in the case of BPA, the androgenic activity
of BPS was confirmed (Kitamura et al. 2005), and
subsequently its anti-androgenic activity as well
(Molina-Molina et al. 2013). These observations in
vitro have also been confirmed by in vivo studies.
Chen et al. (2002) described acute toxicity of BPS in
Daphnia magna and at the same time also demon-
strated estrogen activity of BPS in vitro. Yamasaki et
al. (2004) documented estrogen activity of BPS in vivo
in rats with the assistance of postnatal exposure to
BPS, which in both low and high doses induced the
growth of the womb (Owens and Ashby 2002). An
in vivo study on the effect of BPS in zebrafish docu-
mented not only changes in the mass of the gonads
and plasmatic levels of estrogen and testosterone,
but also a marked disruption of reproduction. The

study of Qiu and colleagues evaluated the impact of
BPA and BPS on the reproductive neuroendocrine
system during zebrafish embryonic development,
and explored potential mechanisms of action as-
sociated with ER, thyroid hormone receptor, and
enzyme aromatase pathways. All of these pathways
were necessary to observe the full effects of BPS on
the changes in gene expression in the reproductive
neuroendocrine axis (Qiu et al. 2016). These data
were substantiated by a decrease in egg production
and hatchability and an increasing number of embryo
malformations (Ji et al. 2013). These observations
were later extended upon by increased time to hatch,
reduced number of sperm, increasing number of
female to male ratio, and changes in the levels of
testosterone, estradiol, and vitellogenin (Naderi et
al. 2014). In further experiments provided in cell
cultures it has been demonstrated that BPS acts
cytotoxically, genotoxically (Lee et al. 2013), and
mutagenically (Fic et al. 2013).

The reason for these negative effects may be
for example binding to serum albumins or DNA
damage and subsequent influencing of several
signal cascades anywhere within the organism
(Lee et al. 2013; Mathew et al. 2014). Exposure to
BPS disrupts cellular signalling in the apoptotic
and survival pathways (Salvesen and Walsh 2014).
Evidently, it is possible to expect the interference
of BPS in signal pro-apoptotic pathways and signal
cascades described also in gametes, leading to an
altered cell cycle and cell death (Nevoral et al. 2013;
Sedmikova et al. 2013). Further studies focused on
the mechanism of BPS action are needed for a full
understanding its negative effect on reproduction
on the gamete level and cell cycle regulation.

In respect to previous regrettable substitution,
another bisphenols, such as bisphenol F (BPF,
bis(4-hydroxyphenyl)methane; see Figure 1), do
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not seem to be a suitable alternative. In addi-
tion to BPA and BPS, BPF has been described as
endocrine disruptor as well (Perez et al. 1998).
Surprisingly, natural presence of BPF has recently
been observed in mustard and, therefore, it is
a frequent compound of foodstuff (Zoller et al.
2016). Hence, BPF regulation is ambiguous for its
chronical intake by a major part of human popula-
tion (Dietrich and Hengstler 2016).

CONCLUSION

At present we are witnessing the substitution of
BPA with BPS in a whole range of materials, and
BPS is becoming a standard component of several
products. BPS is a substance which is structurally
very similar to BPA, it shows analogous effective-
ness and mechanism of in vitro action. Biological
changes occurring in the range of typical human
exposures were documented at doses below those
used in traditional toxicology. On the basis of the
described comparisons, it is possible to expect
that BPS, like BPA, is an endocrine disruptor,
and that it may have similar targets and manner
of action in vivo and may influence physiological
processes on several levels. With regard to its
slower degradation, BPS may act for a longer time
in the organism and thus interfere with the regu-
lation of reproduction of mammals in a yet more
dangerous manner than has been demonstrated
by a range of studies in the case of BPA.

The alarming results of the first reproduction
studies on BPS have generated an acute need for a
wider and at the same time more detailed assess-
ment of the impacts of BPS, with emphasis on the
area of reproduction of mammals, which is entirely
lacking at present. Should this not materialize,
due to the increasing industrial production of BPS
caused by the need to replace BPA, unfortunately
BPS may within the foreseeable future become
just as great an environmental health risk as BPA.
There is a need for very intensive research and
subsequently also legislative measures in order
to ensure that BPS will not become another “re-
grettable substitution” with pronounced negative
impacts on the environment and on human health,
including negative impacts on reproduction.
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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.
. Itis 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
. inthe 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”®. 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'2. 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 I 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 48 h 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 72h 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 48h 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, ERB3, and aromatase. Our results indicated the presence of mRNA transcripts for
ERaq, ER, 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 ER3 transcripts were
observed in oocytes. In the cumulus cells surrounding the oocytes, nRNAs of aromatase and ER3 decreased after
30uM BPS treatment (Fig. 3A-C).

Effects of BPS on the expression and redistribution of ERc, 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 ERaand ERB3. 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 3nM 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 (3 nM, 300 nM, and 30 uM) on
the stages of meiotic maturation achieved by oocytes cultured for (A) 24 h, (B) 48 h, 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)"> 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 MI. After 24 h 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 MIL These effects

SCIENTIFICREPORTS | 7:485 | DOI:10.1038/541598-017-00570-5 3

122



A a-tubulin
DAPI a-tubulin merge abnormality (%)

Control &
3.3+33
3nM b
23.3+5.1
300nM b,c
36.2 +3.8
SOHM c
444 +56
B a-tubulin
DAPI a-tubulin merge abnormality (%)
Control . a
33433
3nM ab
20.0+115
300nM b,c
39.7+3.2
30uM c
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 24h (A) or 48 h (B) of culture in vitro after BPS (3 nM, 300 nM, and 30 uM) treatment. Green colour
indicates a-tubulin, blue indicates DAPL. 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 & 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 pM) on the relative mRNA expression of (A) ERq, (B) ERS3, 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 COC:s 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 24h 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 ER, ERq, and aromatase during oocyte maturation. Representative pictures
showing changes in the distribution of ER« (A), ER3 (C), and aromatase (E) in oocytes cultured for 24 h and
48h in vitro after BPS (3 nM, 300 nM, and 30 uM) treatment. Green colour indicates ERa and ER{, red indicates
aromatase, and blue indicates chromatin. Scale bar =50 uM. Graphs (B), (D), and (F) represent differences in
the relative fluorescence intensities of ERc, ERB, and aromatase. The data are expressed as the mean 4= 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 ERay, 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 ER(3
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 ERB transcripts may be related to the affinity of ERs to BPS*. Thus, BPS may trigger diverse
translation responses. The decrease in ER« 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 ERae and ER(3 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
ERaand ERS, as seen in MI and MII. 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 ERa mRNA in mature oocytes may be
associated with increased ERa signal intensity during in vitro maturation, thus suggesting transcript depletion
during ERa 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 ER«
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 ERJ is protracted. However,
the amount of ERB 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
300nM 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 3nM 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.

SCIENTIFICREPORTS | 7:485 | DOI:10.1038/541598-017-00570-5 7

126



www.nature.com/scientificreports/

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 (0.025mg/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:
30 pM, 3nM, 300nM, and 30 1M, dissolved in DMSO to its final concentration of 0.1%. Vehicle control when
COCs 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 (TI), 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 « (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
(DAPIL; Thermo Fisher Scientific). Images were acquired using a Ti-U microscope (Nikon Co., Tokyo, Japan) to
detect ERo/ERB 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 ERS 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 pL 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 2 h with primary antibodies at a concentration of 1:500 for 3-Actin
(#4970, Cell Signaling Technology, Davers, MA, USA; as an internal loading standard), ERa 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, ERo, and ER3 mRNAs were prepared from immature GV and mature MII oocytes (50 oocytes in
each group). Concurrently, caumulus 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 L. Sets of specific primers were
synthesized in accordance with known sequences to amplify specific products for GAPDH, aromatase, ERc, and
ERB (see Supplementary Table S4). Each PCR reaction was performed in triplicate in a total volume of 10 .L with
the gene-specific primers at 500nM and the TagMan MGB probe at 200nM, 5 pL of 2x concentrated Fast TagMan
Universal Master Mix (Thermo Fisher Scientific), 1 L 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 20 s. mRNA expression
was quantified for each enzyme using SDS software and the arithmetic formula 2227 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 pL 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 3mL 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 0.5mL 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 2.1mm, 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, 6.5min 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 25 a.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 0.05 ng/
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 Sheffé’s test. P < 0.05 was regarded as statistically significant.
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Abstract

Bisphenols belong to the endocrine disruptors, affecting reproduction even in extremely low doses. Bisphenol S (BPS) has become
widely used as a substitute for the earlier-used bisphenol A; however, its harmlessness is questionable. The aim of this study was to
evaluate the effect of BPS on folliculogenesis and oocyte quality after in vivo exposure to low doses of BPS. Four-week-old ICR
females (n=16 in each experimental group) were exposed to vehicle control (VC), BPS1 (0.001 ng BPS.g/bw/day), BPS2 (0.1 ng.g/bw/
day), BPS3 (10ng.g/bw/day) and BPS4 (100 ng.g/bw/day) for 4 weeks. Ovaries were subjected to stereology and nano liquid
chromatography-mass spectrometry (LC/MS). Simultaneously, metaphase Il oocytes were obtained after pregnant mare serum
gonadotrophin and human chorionic gonadotrophin administration, followed by immunostaining. In particular, mating and two-cell
embryo flushing were performed. We observed that BPS decreases the amount of ovarian follicles and BPS2 (0.1 ng.g/bw/day) affects
the volume of antral follicles. Accordingly, ovarian proteome is affected after BPS2 treatment. While BPS2 dosing results mainly in
cytoskeletal damage in matured oocytes, the effects of BPS3 and BPS4 seem to be due instead to epigenetic alterations in oocytes.
Arguably, these changes lead to observed affection of in vivo fertilization rate after BPS3 and BPS4 treatment. BPS significantly affects
female reproduction astoundingly in extremely low doses. These findings underline the necessity to assess the risk of ongoing BPS

exposure for public health.
Reproduction (2018) 156 47-57

Introduction

Bisphenol S (BPS) is an industrially produced compound
found in many plastic items and, accordingly, a
widespread environmental contaminant (Glausiusz
2014). BPS is found in water, house dust and/or food (lke
et al. 2006, Vinas et al. 2010, Liao et al. 2012a, Zhao
et al. 2014, Li et al. 2015), entering the human body
through ingestion, inhalation and dermal absorption
(Liao et al. 2012b). Indeed, BPS has been detected in
human blood and urine (Cobellis et al. 2009, Liao et al.
2012a, Yang et al. 2015). BPS is capable of disrupting
the hormonal balance of the humans and influencing
several physiological functions, similar to many other
endocrine disruptors (EDs) (Colborn et al. 1993,
Rochester & Bolden 2015). These chemical compounds
mimic hormonal action in subtoxic doses and induce

© 2018 Society for Reproduction and Fertility
ISSN 1470-1626 (paper) 1741-7899 (online)

hormonal imbalance, leading to inadequate regulation
of folliculo- and oogenesis (Mok-Lin et al. 2010,
Vandenberg et al. 2012, Rivera et al. 2015). Recently,
BPS has been used as a ‘safe substitution” of mass-
produced bisphenol A (BPA), previously determined to
be a compound with ED features (Le Fol et al. 2017,
Gingrich et al. 2018).

The negative effects of BPA on both male
(Rahman et al. 2015, 2018) and female reproduction
(Eichenlaub-Ritter et al. 2008, Rivera et al. 2015),
on human reproductive health (Peretz et al.
2014, Mannelli et al. 2015), as well as on assisted
reproductive technologies (ARTs) (Mok-Lin et al.
2010), have been described. Based on these alarming
findings, the tolerable daily intake (TDI) for BPA (EFSA
2014, available from www.efsa.europa.eu) has been
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established at 50 ng.g/bw/day, without manifestation
of toxic effects on live organisms. Recently, many
plastic goods have a low BPA content, and some
of them are labeled as BPA-free. However, BPA is
gradually substituted by alternative compounds, most
often structure analogues of BPA, including other
bisphenols. Substantial evidence points to BPS as
being the most used BPA alternative (Liao et al. 2012c,
Barrett 2013, Eladak et al. 2015). An increasing
number of studies (Rochester & Bolden 2015, Sartain
& Hunt 2016, Zalmanova et al. 2017) underscore
the possible deleterious substitutions known in other
cases (Coggon 2002, Howard 2014).

A limited number of studies have focused on the
biological mechanism of BPS and have indicated a
BPA-like effect of BPS, with the ability of the artificial
simulation of hormonal action, including interaction
with estrogen receptors (Hashimoto et al. 2001, Chen
et al. 2002, Kitamura et al. 2005, Kuruto-Niwa et al.
2005, Delfosse et al. 2012, Grignard et al. 2012,
Rosenmai et al. 2014). According to those studies,
genotoxicity, acute poisoning and/or inadequate
estrogen activity associated with BPS were observed
(Liao et al. 2012a). Moreover, in zebrafish offspring of
exposed parents, there was also evidence of a BPS-
induced decrease in the weight of gonads, disrupted
production of steroidogenesis and increasing incidence
of developmental malformations (Ji et al. 2013, Naderi
et al. 2014). Regarding mouse sperm, a reduced
quantity of spermatozoa and decreased sperm motility
were observed after BPS in vivo treatment (Shi et al.
2017). The first evidence of the negative effect of BPS
on mammalian oogenesis was recently published
(Zalmanova et al. 2017), and damage to the meiotic
spindle in mature oocytes treated in vitro has been
described. In addition, BPS induces changes in the
epigenetic pattern in somatic cells (Verbanck et al.
2017). A similar effect in gametes is possible.

To the best of our knowledge, there is a lack of
study simulating temporal exposure of humans to BPS.
Hence, this study addresses the impact of long-term in
vivo dosing of mice with BPS in low concentrations,
simulating real conditions of human exposure. In
addition, experiments are designed with respect to the
impact of BPS-exposed ART-subjected women. Our
study simulates the exposure of the first and subsequent
ovarian cycles until the reproductive peak is reached
(~25 years in women, corresponding to 8-week-old
mice), through hormonal ovarian stimulation followed
by ART.

Materials and methods
Chemicals

All chemicals were purchased from Sigma-Aldrich if not
otherwise stated.

Reproduction (2018) 156 47-57

Animals and ethical statements

All animal procedures were conducted in accordance with
Act No. 246/1992 Coll., on the Protection of Animals against
Cruelty, under the supervision of the Animal Welfare Advisory
Committee at the Ministry of Education, Youth and Sports
of the Czech Republic, approval ID MSMT-11925/2016-
3. Four-week-old ICR mice were purchased from Velaz Ltd.
(Prague, Czech Republic), housed in intact polysulfonate
cages and maintained in a facility with a 12h light:12h
darkness photoperiod, a temperature of 21 +1°C and a relative
humidity of 60%. A phyto-estrogen-free diet 1814P (Altromin,
Animalab, Poznan, Poland) and ultrapure water (in glass
bottles, changed twice per week) were provided ad libitum.

Animal dosing and sample collection

Immediately after admission to the Animal Research and Care
Facility, mice were randomly assigned to the experimental
groups and allowed to acclimate for 1 week. BPS was then
administered to the mice, and they underwent vaginal opening,
for following 4 weeks through drinking water. The exposure
consisted of five BPS dose treatments: 0, 0.004, 0.375, 37.5
and 375ng/ml, that is vehicle control (VC) and BPS1-BPS4
groups, respectively. With respect to recorded body weight and
known water intake (Bachmanov et al. 2002), the following
doses were used: 0, 0.001, 0.1, 10 and 100 ng.g/bw/day (see
‘Animal dosing’ in the Supplementary methods for additional
details; see section on supplementary data given at the end
of this article). Appropriately comprehensive range of doses
aimed to the endocrine-disrupting effect of BPS. Selected doses
are in accordance with real oral exposure of human (Oh et al.
2018) and included the EFSA and NIH limits for the intake of
BPA. The chosen window of exposure corresponds to at least
three waves of cyclic follicle recruitment, beginning at the
time of initial recruitment and continuing until attainment of
the reproductive peak (McGee & Hsueh 2000, Moore-Ambriz
etal 2015).

Mice were euthanized by cervical dislocation and ovaries
were collected. Body weight and weight of ovaries were
recorded and ovaries were fixed as described in the following
section. In addition to ovaries, blood was collected by
intracardiac blood puncture. Serum samples were prepared
by centrifugation (10,0008, 10 min, 4°C) and stored at —80°C
until usage.

Ovarian histology

Ovaries free of oviduct and bursa were fixed in 2%
paraformaldehyde for at least 48h at room temperature.
Histological analysis was performed as previously described
(Hernandez-Ochoa et al. 2010) in accordance with
the experimental design (Fig. 1). Seven left ovaries per
each experimental group were used for histological and
stereological analysis. Samples were dehydrated, embedded
in paraffin blocks, cut into 10 pm-thick histological sections
and mounted with five sections per slide. The histological
cutting plane of each sample was randomized using an
orientator (Mattfeldt et al. 1990). Every fifth slide was stained
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4-week BPS treatment | Day 0 | Day 1 Day 2 | Day 3 | Day 4 |
------ I I I A I ~ |
bl od} T T T E
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Figure 1 Experimental design. The scheme of hormonally unstimulated ovary collection for histological and proteomic analysis after 4-week
bisphenol S (BPS) treatment, followed by evaluation of gonadotropin responsiveness expressed by flushing of in vivo-matured oocytes on Day 3.
The following essential methodological approaches, such as ovarian histology, liquid chromatography-mass spectrometry (LC/MS-MS) and
immunocytochemistry (ICC), are shown (blue lines). The number of mice per group used in a particular experiment is indicated.

in hematoxylin-eosin. From each stained slide, two adjacent
sections, in predetermined order, were recorded. The primary,
preantral, antral and atretic follicles and their volumes were
morphologically assessed, with respect to analysis of recruited
disruption-prone follicles, using a number of stereological
techniques. For more details see ‘Ovarian histology” in the
Supplementary methods.

Proteomic analysis

Based on a pilot analysis covering all VC and BPS groups,
ovaries of hormonally unstimulated mice (n=3) of VC and
BPS2 groups were collected for the complete proteomic
analysis. Nano liquid chromatography-mass spectrometry (LC/
MS) was used for protein identification and quantification. For
additional details, see ‘Protein identification by nano LC/MS’
in the Supplementary methods.

Assessment of ovarian gonadotropin responsiveness

Following pregnant mare serum gonadotrophin (PMSG)/
human chorionic gonadotrophin (hCG) treatment of females
(treated as illustrated in Fig. 1), flushing of in vivo-matured
oocytes was performed. The total number and percentage of
vital matured oocytes were counted and these oocytes were
used for immunocytochemistry.

In vivo fertilization assay

Following PMSG/hCG treatment of females as described
earlier, an in vivo fertilization assay was performed according
to Zudova et al. (2004). Embryos were flushed from the oviduct
and the fertilization rate was calculated as the percentage of
cleaved embryos of the total recovered embryos/oocytes. For
more details, see Fig. 1 (Experimental design).

Immunocytochemistry (ICC)

Oocytes were fixed and permeabilized using two different
methods according to visualized factors (for more details, see
‘Immunocytochemistry” in the Supplementary methods). After
blocking in 1% BSA in PBS with Tween 20, incubation with
specific antibodies followed: anti-a-tubulin (Sigma-Aldrich),

www.reproduction-online.org

pericentrin (PCNT, Abcam), anti H3K27me2 (H3K27me2;
Abcam) and anti-5'-methyl cytosine (5meC; Abcam).
Thereafter, samples were washed and incubated with a cocktail
of anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 647.
Concurrent with washing, phalloidin was applied for p-actin
visualization. The signal intensity (i.e. integrated density) was
measured using Image] software (NIH).

Statistical analysis

The data were processed with Statistica Cz 12 (StatSoft,
Inc., Tulsa, OK, USA). For overall comparison of the study
groups, Kruskal-Wallis ANOVA (for quantitative variables)
or chi-square tests (for proportions) were used. In the
case of a significant overall finding, differences between
individual group pairs were assessed post hoc, using multiple
comparisons of mean ranks, the Mann-Whitney U test with
Bonferroni correction, or Fisher’s exact test with Bonferroni
correction. Where appropriate, correlations among variables
were assessed using Spearman’s method. The level of statistical
significance was set at «=0.05 and all reported P values and
tests were calculated as two-tailed.

Results

Effect of BPS on ovarian follicles and
histological quality

The goal of this experiment was to test the effect of BPS
on the ovaries of hormonally unstimulated outbred
mice. The BPS treatment covered the developmental
time period, which includes initial follicle recruitment
and subsequent cyclic ovarian recruitments, until the
reproductive peak was reached, as evidenced by tracking
of all recruited follicle stages (i.e. primary, preantral
and antral follicles). The primary quantitative data, with
the results of statistical and correlational analysis, are
provided in the Supplementary results (Supplementary
Table 2).

A significant reduction in the total volume of the
ovary and relative ovary weight was found (Fig. 2A and
B). This can largely be attributed to the reduction of the
corpus luteum volume, as confirmed by the correlational

Reproduction (2018) 156 47-57

133



50

] Nevoral, Y Kolinko, ] Moravec and others

A E E'
0.09% 800 2 700,000
£ oosx | § 70 § 00000
0.07% 3 600 ab E
3, A
§ 0.06% | b b b § 0 b " 'EE 500,000
§- 005% %00 b : 400,000
S
o i= 1] o
X 200,000 -
5 0.02% £ 20 i #
001% 2 100 100,000
0.00% - [ . o
vc BPS1 BPS2 BPS3 BPS4 vc BPS1 BPS2 BPS3 BPS4 vC BPSL BPS2 BPS3 BPS4
1
B F oo F
E ab _ 9,000000
& B ab a § 500 a B 8,000,000
E 50 § §_ 700000
400 ng 6,000,000
40 b !
% od be S b & E 5,000,000
E a0 5 be ig 4,000,000
Y § 2° £€ 300000
s 1.0 s 100 i 2000000
1,000,000
00 0 o/ MM W . .
Ve BPS1 8PS2 BPS3 BPS4 ve 8ps1 BPS2 BPs3 8P4 ve BPS1 BPS2 BPS3 BPS4
'
C 16 ‘ G 300 G 100,000,000
14 a 90,000,000 -| s
g iz g 0 g 80,000,000 | ab
%‘E 1.0 ‘ i 200 ab 70000000
3 | 2 b g  s0000000 abe
£ o8 150 b T 50000000 |
| s b T N o
gi 06 ¥ 400 3 40,000,000 c
T ioad 5 30,000,000 |
T o2l zZ w0 Z 20000000
" “ g 10,000,000 -
00 - ° - ~— . - - 0 ) )
ve BPSL  BPS2  BPS3 BPS4 ve BPS1 BPs2 i st ve 8PS1 8PS2 BPS3 BPS4
D H H'
08 a 800 10,000,000 i
‘é‘ 0.7 8 700 | $ 9,000,000 4
< 06 g 600 | 3 8,000,000
3 ab 3 7,000,000 1 abc
{0z . . i [ : |
5 04 b s %1 "'E 5,000,000
g o3 ! 300 | i 4,000,000 é
3
2 o2 200 | 3,000,000
3 2 ) £ 2000000 |
5 L. 20 i 1,000,000
00 + - 0 - - . ° . .
ve BPS1 BPS2 BPS3 BPS4 ve BPS1 BPS2 BPS3 BPS4 ve 8ps1 BPS2 8ps3 BPSA

Figure 2 Ovarian histology after treatment with different doses of BPS. The weight of ovaries related to total body weight (A) and volume of
ovaries (B), including ovarian cortex (C) and medulla (D), were recorded. Different superscripts indicate statistically significant differences
(P<0.05). Absolute numbers (E, F, G and H) and indicate volumes (E’, F', G’ and H’) of primary, preantral, antral and atretic follicles are
evidenced per one (left) ovary. Data are expressed as the mean+ sem. Different superscripts indicate statistically significant differences (P<0.05).

assessment (Supplementary Table 2 of Supplementary
results), as well as to the decrease of both the number
of antral follicles and their volume (Fig. 2G and G’). In
addition to the cortex structures, medulla volumes were
also reduced after BPS treatment (Fig. 2D).

No significant differences were found among the
mean volumes of primary or preantral follicles in the
administered BPS concentrations (Fig. 2E’ and 2F’).
In contrast, the mean volume of antral follicles was
increased almost twofold in animals receiving BPS in
low concentrations (Fig. 2G’). While the number of
primary and preantral follicles followed a linear dose-
dependent curve (Fig. 2E and F), the volume of the antral
and atretic follicles shows a non-linear effect (Fig. 2G’
and 2H’). Moreover, in the BPS3- and BPS4-treated
animals, a visible antrum appears in follicles with
fewer layers of granulosa cells (Supplementary Fig. 1).
These findings were reflected by a significant decrease
in plasma 17B-estradiol after BPS3 and BPS4 treatment
(Supplementary Fig. 2).
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Proteomic profiling of the ovary after BPS treatment

This experiment was focused on possible protein
targets of BPS, and an LC/MS-MS analysis was
performed on hormonally unstimulated mouse ovaries.
Based on proteomic analysis of BPS-wide exposure,
BPS2 treatment was selected for additional detailed
screening. There were 171 identified and quantified
proteins, varying in densitometry analysis between VC
and BPS2.

Apparent up-/or downregulated protein targets were
identified, belonging to proteins with catalytic activity
(e.g., superoxide dismutase (SOD)), transporter activity
(e.g., aldo-keto reductase), translation regulator activity
(elongation factors), structure molecule activity (e.g.,
tubulin a-1B chain, talin), receptor activity (laminin
subunit), basal metabolism (subunit B of electron
transfer flavoprotein) and binding proteins (galectin,
Ca’*-binding Ser/Thr-protein phosphatase 2A). Proteins
identified as affected by the BPS2 treatment are
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Figure 3 Quantification analysis of ovarian proteins after BPS2 treatment. Proteins with significantly different levels (P<0.05) in the BPS2 group,
compared to vehicle control (VC), are shown and summarized. Nano LC/MS protein detection was performed, followed by analysis using
ProteinPilot software and interpretation with the use of Panther 12.0 software. There are 15 protein hits, representing consistent upregulated (up)
or downregulated (down) trends, at least in two individual samples per analyzed experimental group (i.e. VC and BPS2; n=3 each, from
independent experiments). Proteins include binding proteins and proteins with different activities (transporter, translation regulator, structural,

receptor and catalytic).

summarized in Fig. 3 (also see the separately provided
Supplementary Tables 1 and 2 for complete output).

Effect of BPS on chromosome misalignment and spindle
malformation in oocytes

The goal of this experiment was to evaluate the
influence of BPS treatment on spindle formation and
chromosome segregation in in vivo—matured and
flushed oocytes. In addition to spindle a-tubulin and
chromatin staining, subcellular immunolocalization of
PCNT was performed.

An increased incidence of spindle malformation and
abnormal chromosome alignment was observed in BPS-
treated groups (Fig. 4A). After BPS2 and BPS3 treatments,
there were increased numbers of abnormal oocytes,
including those with spindle- and/or chromatin-derived
oocyte abnormalities, (30.6+5.9 and 34.3+3.2%,
respectively, vs. 15.0+3.4% in VC). These deviations
seem to have been caused by spindle malformation,
for which statistically significant differences were
observed after BPS2 and BPS4 treatment (27.8+10.7
and 33.7+5.5%, respectively, vs. 9.0+2.6%). To
the contrary, there were no significant differences in
chromosome misalignments among the groups. Data
are summarized in Fig. 4B.

The observation of malformed spindle a-tubulin
was supported by the results of the PCNT staining
(see the representative pictures in Fig. 4C). Indeed, a
PCNT signal was observed seemingly external to the
spindle pole in the BPS1 group (dashed arrowhead
in Fig. 4C), while oocyte spindle abnormalities in the
BPS2 group were accompanied by a cap-shaped pole
(empty arrowhead). Similarly, divided PCNT poles in
the matured oocytes in metaphase Il (MIl) oocytes were
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found in greatest abundance in BPS4-treated mice
(white arrowhead).

Effect of BPS on oocyte yield, fertilization ability and
epigenetic quality of oocytes

The goal of this experiment was to examine the
physiological function of BPS-influenced ovaries of
mice. PMSG-hCG hormonal stimulation was used and
efficiency of in vivo-matured oocytes in MII stage was
evaluated. Subsequently, genome-wide 5-methylated
cytosine (5meC) and di-methylated histone H3 on lysine
K27 (H3K27me2) were analyzed, as the DNA and
histone markers of heterochromatin establishment and
chromatin stability. In addition, an in vivo fertilization
assay was performed as a marker of the fertilization
ability of oocytes.

There was an increased number of MIl oocytes
flushed after hormonal stimulation following BPST1,
BPS3 and BPS4 treatments; however, these differences
were not statistically significant (Fig. 5A). The 5meC
and H3K27me2 were immunolocalized in MIl oocytes
thereafter, and the signal intensity was related to the
control oocytes (Fig. 5B). Although 5meC was not
affected after BPS treatment compared with the VC group,
differences among individual BPS treatment groups were
observed (Fig. 5C). In contrast to 5meC, the methylation
of H3K27 was affected after BPS3 and BPS4 treatment
(Fig. 5D). In addition to oocyte epigenetic quality, the
fertilization rate (fertilized oocyte/two-cell embryo ratio)
was affected after BPS exposure. Decreasing fertilization
rate in dose-dependent manner is intimated; however,
only BPS3 showed statistically significant decline of
19.2%. On the contrary, BPS4 significantly increased
the fertilization rate. The number of two-cell embryos
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Figure 4 Incidence of spindle misalignment and abnormal chromosome segregation of in vivo—-produced oocytes following bisphenol S (BPS)
treatment. Abnormal oocytes, including abnormal spindle and/or chromatin in metaphase plate (A), were counted and quantified (B). Groups
BPS1-BPS4 were tested against the vehicle control (VC) group for significant differences in the proportion of abnormal findings, that is abnormal
oocytes in general, abnormal spindle and abnormal chromatin alignment. Fisher’s exact test was used; one star indicates significance at the
basic level (P<0.05), two stars indicate significance after Bonferroni correction for quadruple testing (P<0.0125) and non-significant results are

not shown. Observed numbers of oocytes with normal and abnormal phenotype are stated inside the appropriate columns. The width of the
columns is proportional to the number of oocytes analyzed in each group (number of flushed females=3 per each experimental group). In
addition to spindle a-tubulin, pericentrin (PCNT) on the poles of the spindle was tracked. Arrowheads indicate abnormal formation of PCNT on

spindle poles (C). Scale bars represent 25 pm.

flushed per mouse did not show significant differences
(Fig. 5E).

Discussion

Our study provides the first evidence of the effect of
BPS on mammalian general ovarian morphology and
physiology, including folliculogenesis, responsiveness
to hormonal stimulation and the quality of in vivo-
matured oocytes. Tested doses (0.001-100 ng.g/bw/day)
with observed BPS effects are very low, comparable
to established values for the TDI (50ng.g/bw/day),
no-observed-adverse-effect level (5 pg.g/bw/day) or low-
observed-adverse-effect level (50 pg.g/bw/day) for BPA
(Tyl 2009). Moreover, there was no possibility of strictly
testing BPS with regard to these values, because they

Reproduction (2018) 156 47-57

have not yet been established. Tested very low doses
of BPS represent real environmental exposure levels
of people (Liao et al. 2012a,b, Rocha et al. 2015) and
deserve rigorous attention.

We simulated the heterogeneity in the human
population by using hormonally unstimulated mouse
females. Although mice were in various stages of the
estrus cycle, we observed a significant reduction in the
total number of activated primary and preantral follicles
after animals were exposed to various doses of BPS. The
decrease in the number of follicles was accompanied
by an increased volume of antral follicles, which could
be a compensatory reaction, as the follicle population
is regulated by follicular interactions, perhaps by a
quorum sensing mechanism (Bristol-Gould et al. 2006).
This compensation seems to have its limits, because

www.reproduction-online.org

136



Bisphenol S affects female reproduction 53

A 10 C 2
o Median, (] 25%-75%, T 5%-95%
90 18 Kruskal-Wallis: p = 0.0024
*
80 < 218t — =
i
o $ 14 T
7 o £ .
g 7 o F 12 o
8 g o
> =]
g 60 @ 1.0
o o
o f— > o _—
5 50 ° o g o8 o
5 = g : =
5 5 g 08
'E 40 £
— o § 04
=
Z 30 - ° ° ° 02
20 o ° o 0.0
o < ve BPS1 BPS2 BPS3 BPS4
o o
10 o
0 D 7 o Median, (] 25%-75%, T 5%-95%

BPS1 BPS2 BPS3

DNA merged

5meC

H3K27me2

VC
vC BPS1 BPS2 BPS3 BPS4
E Overall Chi-squared test: p < 0.0001
ek

— Kruskal-Wallis: p = 0.0005

)
*

"J

w

~

H3K27me? relative signal intensity

He]

o

*

100%

9
19 No
51
80% 63 25 fertilization
2
€ 60% L
= L
2
8 132
€ 40% (Vg3 2C
& "7 126 embryos
34
20%
0%
vc BPS1 BPS2 BPS3 BPS4
(n=3) (n=3) (n=4) (n=3) (n=3)

Figure 5 The effect of bisphenol S (BPS) on in vivo oocyte production, oocyte fertilization ability and epigenetic quality. Efficiency of in vivo
flushing of matured oocytes (number of matured matured oocytes in metaphase Il (Mll) oocytes per one mouse) after BPS treatment, followed by
gonadotropin stimulation (A). Immunostaining (B) and relative signal intensity (vehicle control (VC)=1) of 5-methylcytosine (5meC) (C) and
H3K27me2 (D) in in vivo-matured oocytes. 5meC and H3K27me2 data are expressed as means. The boxplot shows 25% and 75% quantiles, as
well as 5% and 95% quantiles of observed it in the groups. One star indicates significance at the basic P<0.05 level (C and D). Scale bar
represents 25 pm. Fertilization rate of ovulated oocytes was recorded after in vivo fertilization assay (E). Groups BPS1-BPS4 were tested against
the VC group for significant differences in the proportion of fertilized oocytes (fertilization rate) using Fisher’s exact test (one star indicates
significance at the basic level P<0.05, two stars indicate significance following Bonferroni correction for quadruple testing, P<0.0125,
non-significant results are not shown). Numbers of non-fertilized oocytes (no fertilization) and 2C embryos are stated inside the appropriate
columns. The width of the columns is proportional to the number of flushed oocytes/2C embryos for the particular group. Numbers of flushed
females are indicated in brackets. There is no difference in the number of flushed two-cell (2C) embryos per mouse.

at higher doses of BPS, we observed a decreased
volume of antral follicles, which could be associated
with suppression of their development (Altunkaynak
et al. 2016). These findings are supported by hormone
profiling and the observed decrease of p17-estradiol
in blood serum (Supplementary results). Although BPS
is considered to be an analogue of BPA, the effects of
the two bisphenols could differ in many aspects, as
Moore-Ambriz et al. (2015) did not observe effects of
BPA on histological features of ovaries after comparable
dosing of mice. Contrary to our findings, which did not
reveal an increase in follicle atresia after BPS treatment,
Soleimani Mehranjani and Mansoori (2016) observed
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an increased number of atretic follicles after treatment
of mice with BPA.

Because the effect of BPS on ovaries and
folliculogenesis was observed even at a low dose
(0.1ng.g/bw/day), the proteome of hormonally
unstimulated ovaries after BPS2 treatment followed.
The decreasing level of SOD suggests a limited
ability to be resistant to oxidative stress, similar to the
previously described suppression of SOD expression
and activity after treatment of bisphenols (Maéczak
et al. 2017, Rahman et al. 2017). This assumption is
further supported by our observation of the affected
expression of proteins associated with basal metabolism
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(aldo-keto  reductase,  hydroxymethylglutaryl-CoA
synthase and phosphoglycerate kinase) and protein-
glutamine y-glutamyltransferase, pro-apoptotic and
inflammatory markers. In addition to cellular stress, based
on BPS-wide proteomic screening, the factors belonging
to steroidogenesis, such as 7-dehydrocholesterol
reductase, apolipoprotein and lipid transfer protein,
were altered. In particular, 7-dehydrocholesterol,
involved in steroid metabolism (Shackleton 2012),
was significantly decreased after BPS1, BPS2 and BPS3
treatment. This effect can be considered as being a feature
of endocrine disruption, with respect to the significant
decrease of circulating 17p-estradiol, mentioned
earlier. This assumption is in accordance with BPA-
disrupted steroidogenesis and estradiol biosynthesis
(Peretz et al. 2011), as well as the observation of
BPA-comparable estrogenic activity of BPS (Grignard
et al. 2012). In addition, BPS treatment decreased the
amount of protein-arginine N-methyltransferase 1, and
post-translational modifications of various proteins,
including factors essential for fertilization and early
embryonic development (Panamarova et al. 2016), are
considerably affected. This observation confirms the
likelihood of BPS-mediated disruption of epigenetic
modulation. In addition to steroidogenesis and
epigenetics, cytoskeletal and associated factors (tubulin
a-1B chain, talin-1, Ser/Thr-protein phosphatase 2A) are
affected and considerably affiliated with other findings
on cytoskeletal structures, accordingly with previous
studies on BPA (Rahman et al. 2016).

Although the follicle populations were mostly
reduced after BPS treatment and proteomics
were significantly affected, the responsiveness on
gonadotropin stimulation expressed by the number
of flushed in vivo-matured oocytes was unchanged.
Similar to oocyte number, the number of flushed
two-cell embryos did not show a significant change
in mice treated with BPS. This could indicate that
superovulatory treatment still permits recruitment
of a satisfactory number of follicles from a reduced
follicular population. However, in humans, there is
a reduced response to ovarian stimulation in women
with reduced population of antral follicles in ovaries
(Hendriks et al. 2005). The quality of flushed embryos
was not determined in our study. Because we did not
observe fragmented embryos, it does not appear that
apoptosis poses a problem in these very early stages
of embryonic development (Kamjoo et al. 2002, Tarin
etal. 2002). On the other hand, we can suggest impaired
quality of embryos with later manifestations as a result
of detrimental BPS effect on oocytes (Krisher 2004,
Sirard et al. 2006). Further experiments are needed to
follow the effects of BPS exposure on embryo quality.

An epigenetic effect of EDs is one of their well-
defined molecular mechanisms. Accordingly, we
analyzed DNA and histone methylation, tracking
5meC and dimethylation of lysine K27 on histone H3

Reproduction (2018) 156 47-57

(H3K27me2), respectively. Changes in signal intensity
of H3K27me2 were observed after BPS3 and BPS4
treatment, demonstrating an epigenetic mode of BPS
action. Our observations are in accordance with
previous studies describing BPA-affected methylation
of core histones H3 and H4 in oocytes (Trapphoff
et al. 2013, Wang et al. 2016). This suggests that BPS-
modulated epigenetically derived gene imprinting
occurs, as previously demonstrated for BPA (Trapphoff
et al. 2013). In general, although the quantity of flushed
oocytes and embryos are not affected, the quality of the
cells can be influenced with numerous consequences in
subsequent processes, such as fertilization, embryonic
development and/or gametogenesis of offspring where
transgenerational inheritance can occur (Dolinoy
et al. 2007, Ziv-Gal et al. 2015). This assumption is
supported by the aforementioned BPS3/BPS4-shifted
fertilization rate.

Observed aberrant spindles of BPS-derived in vivo—
matured oocytes are in accordance with the previously
described negative effect of BPA on the meiotic spindle
of mammalian oocytes (Hunt et al. 2003, Can et al.
2005, Vinas et al. 2010, Wang et al. 2016, Zhang et al.
2017). So far, the BPS destructive effect on oocyte
spindles has been described in vitro (Zalmanovd et al.
2017). In addition to spindle a-tubulin, PCNT was
tracked and its disruption was detected. In parallel with
our observation, abnormal BPA-induced localization
of PCNT has been described (Eichenlaub-Ritter et al.
2008). However, the molecular mechanism remains
unknown and, based on differences in the BPS-dose-
dependent pattern of PCNT localization, the BPS
effect seems to be dose-specific. In accordance with a
previous study (Jiao et al. 2017), it is likely that there
are BPS-targeted proteins belonging to the cytoskeleton
and to up-stream factors leading to cytoskeleton
formation. In addition to the effects on cytoskeletal
proteins, abnormalities in chromosome segregation
were observed and the mechanism of chromosome
alignment is presumably affected, similarly to previous
BPA studies (Hunt et al. 2003). Nevertheless, further
experiments focused on the assessment of chromosome
alignment are needed.

As a group, higher BPS concentrations (BPS3
and BPS4, i.e. 10 and 100ng.g/bw/day) seem to be
targeting steroidogenesis. In addition to this hormonal
effect, BPS3/4-modulated epigenetics is clear, and
the changes in hormonal signalization, epigenetic
changes and fertilization capability are clearly
connected. However, the ambivalence of the BPS
effect on fertilization capability notes a difference in
the molecular mechanism, even between BPS3 and
BPS4. In contrast to BPS3 and BPS4, the dose of BPS2
(0.1 ng.g/bw/day) led to cytoskeletal damage with clear
manifestations. The further impact of different forms
of BPS-damaged oocytes on embryonic development
remains to be elucidated.
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Conclusions

In conclusion, this study is the first thorough evaluation
of female reproduction following in vivo BPS treatment.
In comparison with BPS-substituted BPA, BPS shows
comparable biological effects even at much lower
doses. Moreover, BPS is chemically more stable, making
it worse in terms of biodegradability than BPA, and it
shows higher levels of dermal penetration than BPA
(Ike et al. 2006, Danzl et al. 2009, Liao et al. 2012a).
Therefore, our conclusions indicate the necessity to
estimate BPS intake in human populations and to assess
the risk of ongoing BPS exposure to public health.
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Abstract

progress of meiosis.

Background: SIRT1 histone deacetylase acts on many epigenetic and non-epigenetic targets. It is thought that
SIRTT is involved in oocyte maturation; therefore, the importance of the ooplasmic SIRT1 pool for the further fate of
mature oocytes has been strongly suggested. We hypothesised that SIRT1 plays the role of a signalling molecule in
mature oocytes through selected epigenetic and non-epigenetic regulation.

Results: We observed SIRT1 re-localisation in mature oocytes and its association with spindle microtubules.
In mature oocytes, SIRT1 distribution shows a spindle-like pattern, and spindle-specific SIRT1 action decreases
a-tubulin acetylation. Based on the observation of the histone code in immature and mature oocytes, we
suggest that SIRT1 is mostly predestined for an epigenetic mode of action in the germinal vesicles (GVs) of
immature oocytes. Accordingly, BML-278-driven trimethylation of lysine K9 in histone H3 in mature oocytes
is considered to be a result of GV epigenetic transformation.

Conclusions: Taken together, our observations point out the dual spatiotemporal SIRT1 action in oocytes,
which can be readily switched from the epigenetic to non-epigenetic mode of action depending on the

Keywords: Epigenetics, Histone code, In vitro maturation, Oocyte, SIRT1, Sirtuin 1

Background

SIRT1, a mammalian homologue of yeast Sir2, belongs
to NAD'-dependent histone deacetylases (also called
sirtuins, SIRT1-7) [1]. SIRT1 shows the ability to
deacetylate both epigenetic and non-epigenetic targets;
therefore, SIRT1 molecular action leads to regulation of
the cell cycle, apoptosis, and oxidative stress response,
thereby influencing cell viability and senescence [2—4].
Resveratrol and several other polyphenolic compounds
have been identified as sirtuin-activating, and their
positive effect on oocyte viability was due to sirtuin acti-
vation [5-7]. However, an exact mechanism of SIRT1
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action in oocytes has not been studied and, therefore,
practical use of SIRT1-stimulating compounds remains
to be limited.

Mammalian oocytes represent a unique model for the
study of cell cycle regulation. Oocyte meiosis is synchro-
nised in the G2/prophase and arrested for several years
or decades in domestic animals and humans, respect-
ively. Meiosis re-initiation, accompanied by nuclear
envelope breakdown (NEBD) of germinal vesicles, is
followed by further meiotic progression and finally, a
mature oocyte is arrested again in metaphase of the
second meiotic round (metaphase II), where the oocyte
is predestined for fertilisation. The oocyte meiotic mat-
uration is ingeniously orchestrated by the machinery of
enzymes responsible for post-translational modifications
(PTMs) of protein targets (summarised by Madgwick
and Jones [8]). In addition to the well-known protein

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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phosphorylation balanced by phosphatases/kinases [9—
12], sirtuins represent an impactful protein-modulating
acetylation of many cytoskeletal and/or regulatory
proteins [13-16]. Moreover, SIRT1-driven deacetylation
is involved in epigenome establishment, and SIRT1
represents an epigenetic factor affecting male germ cells
[17] as well as early embryos [18]. Accordingly, SIRT1
involvement in oocyte epigenome modulation is taken
into consideration.

There are many direct epigenetic SIRT1 substrates,
i.e., histone lysine (K) residues, such as H3K9, H4K16
and others [19-21]. In a previous study, we revealed a
SIRT1-modified histone code favouring histone H3K9
methylation in one-cell zygote [18]. This histone modifi-
cation represents a relevant marker of SIRT1 activity
through the associated signalling of SUV39H1 methyl-
transferase and MDM2 E3-ubiquitin ligase [18, 22].
Therefore, oocyte SIRT1 is considered to be essential for
gametogenesis, arguably including oocyte meiotic matur-
ation, for fertilisation and subsequent embryogenesis
(17, 23, 24]. Additionally, the study of SIRT1 in oocyte
meiosis provides relevant knowledge of the cell cycle of
general medical significance.

In this study, our observations point out the involve-
ment of SIRT1 in oocyte meiosis via epigenetic and non-
epigenetic factors, based on affected targets. These
results are the first to describe the benefits of a specific
SIRT1 activator, BML-278, for the chromatin integrity of
non-interphase cells through the revealed molecular
mechanism. Moreover, our experiments show that
pharmacological SIRT1 activation is a possible way to
improve the viability of oocytes.

Methods

Animals

All animal procedures were conducted in accordance
with Act No. 246/1992 Coll., on the Protection of
Animals against Cruelty, under supervision of the Ani-
mal Welfare Advisory Committee at the Charles Uni-
versity, Faculty of Medicine in Pilsen, and approved by
the Animal Welfare Advisory Committee at the Minis-
try of Education, Youth and Sports of the Czech
Republic.

Six- to eight-week-old ICR female mice were main-
tained in a facility with a 12 h light: 12h dark photo-
period, a temperature of 21+1°C and a relative
humidity of 60% and had free access to food and water
throughout the period of the study. Females were ad-
ministered with i.p. 51U PMSG, and the experiment was
terminated 48 h later for isolation of immature GV (ger-
minal vesicle) oocytes. To obtain in vivo mature oocytes,
PMSG-treated females were administered with 5IU
hCG, and cumulus-oocyte complexes were flushed from
oviducts 16 h later.
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Chemicals

All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA), if not otherwise stated. BML-278
(Abcam, Cambridge, UK; Cat. No. ab144536), a selective
SIRT1 activator (ECso=1pumol/L vs. ECsy 25 and
50 umol/L for SIRT2 and SIRT3, respectively), and sirti-
nol, selective SIRT1 and SIRT2 deacetylase inhibitor
(Abcam, ab141263), were used in this study. Moreover,
BML-278 activity was compared with resveratrol (Abcam;
ab120726), non-selective sirtuin activator, using a fluoro-
metric SIRT1 Activity Assay Kit (Abcam; ab156065), in
accordance with manufacturer’s instructions.

In vitro maturation

Ovaries were dissected and immature fully grown
oocytes at GV stage were isolated and manipulated in
M2 medium supplemented with 100 pmol/L isobutyl-
methylxanthine (IBMX). Fully grown and cumulus cell-
free GV oocytes with intact ooplasm were placed into
M16 medium containing 100 pmol/L IBMX for 1h,
followed by in vitro maturation in IBMX-free M16 for
16 h at 37°C and 5% CO,. For the elucidation of the
SIRT1 activation effect on the quality of mature oocytes,
the culture medium was supplemented with BML-278 to
final concentrations of 0.125, 0.25 and 0.5 umol/L during
oocyte meiosis progression. Alternatively, GV oocytes
were treated with BML-278 in M16-IBMX for 16 h, and
the effect of SIRT1 activation on GV chromatin was
studied. In all treatment studies, BML-278 was dissolved
in DMSO, and its concentration in M16 did not exceed
0.1% (v/v), therefore, a vehicle control (VC) consisting of
0.1% DMSO was included. Concurrently, untreated in
vitro-matured oocytes were incubated with 10 pmol/L
Taxol (in 0.1% DMSO, v/v), an anti-microtubule depoly-
merising agent, for 45min at 37°C. All oocytes were
processed for immunocytochemistry as described below.

Fixation and immunocytochemistry

Oocytes at all stages were fixed in two ways: either i) in
4% paraformaldehyde in PBS with 0.1% polyvinyl-alcohol
(PVA), 30 min for at room temperature, or alternatively,
ii) for H3K9me3, H3K4me2 imaging, in PFA-TX-100 for
15min, at 37°C, following permeabilisation in 0.03%
Tween 20 in PBS-PVA for 60s at 37 °C. Subsequently,
all oocytes were equally permeabilised in PBS containing
0.04% Triton X-100 and 0.3% Tween 20, for 15 min.
Thereafter, oocytes were blocked in 1% BSA in PBS with
Tween 20 for 15 min. The 1 h incubation of oocytes with
specific antibodies (all diluted 1:200, if not otherwise
noted) followed: anti-SIRT1 (Abcam; ab104833; 1:200),
anti-SIRT2 (Abcam; ab51023, 1:100), anti-a tubulin (Cell
Signaling Technology, Leiden, Netherlands; #2144; 1:200),
anti-acetylated a-tubulin (Abcam; ab24610; 1:200), anti-
H3K9me2/3 (Abcam; abl84677; 1:200), anti-H3K4me2
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(Abcam; ab7766; 1:200), and anti-ubiquitinated (K119)
H2A (H2AK119ub; Cell Signaling Technology; D27C4; 1:
200). Thereafter, washing and 1h incubation with the
cocktail of anti-mouse-AlexaFluor 488 and anti-rabbit-
AlexaFluor 647 (1:200), respectively, were used.
Concurrently with washing after the cocktail of second-
ary antibodies, phalloidin (Thermo Fisher Scientific,
Waltham, MA, USA; 1:200) was applied for 15 min for
B-actin visualisation. Stained oocytes were mounted
onto slides in a Vectashield medium with 4'6’-diami-
dino-2-phenylindole (DAPI; Vector Laboratories Inc.,
Burlingame, CA, USA). Images were acquired using
spinning disk confocal microscope Olympus IX83
(Olympus, Germany) and VisiView® software (Visitron
Systems GmbH, Germany).

TUNEL assay

Fixed oocytes were permeabilised in 0.1% Triton X-100
in PBS containing 0.05% NaNj for 40 min. Oocytes were
treated with fluorescein-conjugated dUTP and the
terminal deoxynucleotidyl transferase enzyme (In Situ
Cell Death Detection Kit, Cat. No. 11684795910, Roche,
Mannheim, Germany), for 1h in the dark at 37°C, in
accordance with the assay protocol. Positive control
(PC) was prepared using DNase I kit (AMP-D1, Sigma-
Aldrich). Finally, oocytes were mounted as mentioned
above, and chromatin was visualised. Images were
acquired as described above.

Image analysis and colocalisation

Negative controls were performed by omitting specific
antibodies and these slides were processed at compar-
able settings. Immuno- and TUNEL-stained oocytes
were subjected to measurement of, integrated density’
(expressing signal intensity) of appropriate colour
channels using Image] software (NIH, Bethesda, CA,
USA). Nuclear signal intensities were scaled by signal
intensity of corresponding ooplasms. Thereafter, the
values of integrated density were related to control
oocytes (VC=1). JACoP (Just Another Co-localisation
Plugin) approach for colocalisation of SIRT1 with
spindle o-tubulin was used (according to Bolte and
Cordelieres [25]). The Costes’ randomisation (Costes’
rand), modifying Pearson’s coefficient R, according to
Costes et al. [26], and Manders’ overlap coefficients (R,
M1 and M2) were used for estimation of colocalisation
and overlap. Colocalisation analysis was performed on
oocyte spindles used as the region of interest (ROI).

Western blotting

Oocytes were collected and lysed in 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
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subjected to SDS-PAGE electrophoresis in precast
gradient gels and blotted using Trans-Blot TurboTM
Transfer System onto a PVDF membrane (Bio-Rad
Laboratories, Steenvoorde, France). After blocking in 5%
non-fat milk in TBS with 0.5% Tween-20 (TBS-T) over-
night at 4°C, the membrane was incubated with mouse
monoclonal anti-SIRT1 (1:1,000). Mouse monoclonal
anti-B-actin loading-control antibody (Santa-Cruz Bio-
technology, Inc., UK; sc-47778; 1:1,000) was used under
the same conditions. Subsequently, the membrane was
incubated with horseradish peroxidase (HRP)-conjugated
goat anti-mouse or anti-rabbit IgG in TBS-T (Thermo
Fisher Scientific; 1:10,000) for 1h at room temperature.
Proteins with adequate molecular weight were detected
using the ECL Select Western Blotting Detection
Reagent (GE Healthcare Life Sciences, Amersham, UK)
and visualised by ChemiDocTM MP System (Bio-Rad
Laboratories, Steenvoorde, France).

Statistical analysis

Data from three independent experiments were proc-
essed and analyzed. Because of their significant non-
normality (Shapiro-Wilk test) the data are represented
by medians with appropriate quantiles and a non-
parametric method, i.e. Kruskal-Wallis ANOVA, was
used for the comparison of the study groups. In case of
a significant overall finding, the differences between
individual group pairs were assessed by a post hoc test,
using multiple comparisons of mean ranks. Because of
an asymmetry of the data distribution, logarithmic scale
was used in the boxplots. The data were processed with
Statistica Cz 12 (StatSoft, USA). The level of statistical
significance was set at a =0.05 and two-tailed P values
are indicated.

Results

SIRT1 re-localisation during the progress of oocyte
meiosis

In this experiment, we immunolabelled SIRT1 and
described its subcellular localisation in mouse oocytes
matured in vitro. For better visualisation of mature oo-
cytes and their meiotic progress, a-tubulin and B-actin
were co-immunolabelled. SIRT1 was exclusively located
in germinal vesicles (GVs) of immature oocytes, and only
a weak signal in ooplasm was obvious. As soon as the
meiosis was re-initiated, SIRT1 was dramatically re-
localised into the ooplasm of NEBD oocytes. In contrast
to the spindles of metaphase I oocytes, where the SIRT1
signal almost disappeared, SIRT1 showed a spindle-like
pattern in metaphase II oocytes (Fig. 1a). The binding
specificity of anti-SIRT1 antibody (abl104833) against
SIRT1 protein (Q923E4, UniProtKB) was verified by
primary antibody omitting (Fig. 1b) and confirmed by
Western blotting (Fig. 1c). SIRT1 expression was verified

144



Nevoral et al. Journal of Animal Science and Biotechnology (2019) 10:67 Page 4 of 12
SIRTH ac-tub

DNA

GVBD

Pre-Ml

AITI

Ml

B C
IASHATTB~actin (kDa) GV IVM IVO PP
120 ] E
80 A a.
~65 = =
60 &
12— - - P anti-
B-actin
100%
5 80% B65 kDa
g_ 60% 060 kDa
S 40%
©
€ 20%
m
0%

GV IVM IVO
Fig. 1 (See legend on next page)

145



Nevoral et al. Journal of Animal Science and Biotechnology

(2019) 10:67

Page 5 of 12

(See figure on previous page.)

presented in Additional file 1: Figure $1.3)

Fig. 1 SIRT1 subcellular re-localisation during oocyte meiosis. a SIRT1 in immature GV oocytes, with visible germinal vesicle (gv), and in vitro produced
oocytes at different stages, i.e., NEBD (nuclear envelope breakdown), pre-MI (pre-metaphase I), MI, AT (anaphase-telophase transition) and MII
(metaphase Il) oocytes with extruded polar body (pb). Scale bar represents 50 um. b Negative control of immunostaining where the primary antibody
was omitted. ¢ Immunoblotting of SIRT1 (60120 kDa) and B-actin (42 kDa), in different oocytes (GV, IVM, IVO), including the proportion of 60 and 65
kDa bands (min — max values are indicated). Approximately 200 lysed oocytes were loaded per lane. PP: pure SIRT1 protein. The full-length blot is

in GV oocytes, and in vitro (IVM) and in vivo (IVO) ma-
tured oocytes. An expected 120-kDa SIRT1 band as well
as a ~ 80 kDa one (presumed 75 kDa fragment [27]) were
detected, in accordance with the antibody manufacturer
and UniProtKB database. Additionally, a 60-kDa and ~
65 kDa bands were observed, for which a SIRT1 isoform
2 (59.9kDa) was considered. Interestingly, the 60 kDa
bands disappeared in matured oocytes while the 65 kDa
bands remained (Fig. 1c). B-actin (42 kDa) was used as
an internal standard.

SIRT1 distributes in a spindle-like pattern when the
oocyte matured

Based on the SIRT1 subcellular spindle-like pattern ob-
served in the previous experiment, we suggested the asso-
ciation of SIRT1 with cytoskeletal structures in mature
oocytes. To support the suggestion of SIRT1-microtubule
association, Taxol was used for inhibition of microtubule
depolymerisation, followed by co-immunolabelling of both
factors. IVO and IVM oocytes subjected to the colocalisa-
tion analysis showed a high-level overlap of SIRT1 and a-
tubulin on meiotic spindles (Fig. 2a). Moreover, strong
SIRT1 association with a-tubulin was detected in IVM
oocytes (see Pearson’s and Manders’ coefficients, used in
accordance with previous studies [25, 26]). In contrast to
the SIRT1 spindle-like pattern in mature oocytes, Taxol-
treated oocytes did not show SIRT1-«a-tubulin association,
and SIRT1 seemed to be diluted in ooplasm (Fig. 2b). The
representative pictures and colocalisation coefficients are
summarised in Fig. 2c.

SIRT1 leads to the hypoacetylation of spindle a-tubulin in
matured oocytes

Here, the selective SIRT1 activator BML-278 was used.
BML-278 was assumed to be highly specific based on
the provided manufacture’s informations and the bio-
chemical studies known so far [28, 29]. First, we verified
the SIRT1 activation capability of BML-278, using a
SIRT1 Activity Assay Kit and comparing BML-278 with
well-known non-specific SIRT1 activator resveratrol. A
comparable activation ability of BML-278 was ob-
served, and there was no significant difference in
SIRT1 activity after BML-278 and resveratrol treat-
ments (see Additional file 1: Figure S1.1). Therefore,
BML-278 was used for in vitro treatment of mature oo-
cytes. The oocyte maturation rate was assessed, oocytes

Parameter [\e] Ivm P value

Pearson's coeff.(R)

by Costes' rand® 0.243:0.030  0.632:0.039  0.000000
Overlap coefficient (r) 0.745:0.009  0.802:0.017 0.000505
Manders' M1 coeficient ~ 0.439:0.074  0.942:0.020  0.000001
Manders' M2 coeficient ~ 0.4720.056  0.835:0.027  0.000003

Fig. 2 Association of SIRT1 with spindle microtubules in matured
oocytes. a SIRT1 colocalisation with a-tubulin in IVO and IVM
matured oocytes. Scale bar represents 25 um. b Co-immunolabelling
of SIRT1 and a-tubulin in Taxol-treated IVO oocytes. ¢ The results of
colocalisation analysis in IVO and IVM oocytes. JACoP (Just Another
Co-localisation Plugin) approach for colocalisation of SIRT1 with the
spindle a-tubulin was used [25], and sensitivity of Pearson'’s R, value
to noise and green/red signal intensity variation was eliminated by
Costes' randomisation [26] (Costes’ rand); the Costes’ coefficient
modifies Pearson’s coefficient estimating automatic threshold,
eliminating false-positive colocalisation and signal noise. Manders’
overlap coefficient (R) was used for estimation of colocalisation.
In addition, Manders' M1 and M2 overlap coefficients express the
proportion of green (a-tubulin), which is also red (SIRT1), and
vice versa, respectively, with respect to spindle localisation as the
ROL. N (number of analysed matured oocytes) =15 per group.
t-test was used and P values are indicated
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were subsequently immunolabelled, and the acetylation
of spindle a-tubulin in mature metaphase II oocytes
was quantified. No effect of BML-278 on the meiosis pro-
gress and maturation rate was detected (Additional file 1:
Figure S1.2). We observed the decline in acetylated o-
tubulin after 0.25 pmol/L BML-278 treatment (Fig. 3b).
On the other hand, sirtinol (selective SIRT1 and SIRT?2
deacetylase inhibitor) increased signal intensity of
acetylated a-tubulin (Fig. 3c). Based on SIRT1 and SIRT2
colocalization (Additional file 1:Figure S1.4), we consider
these findings as a result of SIRT1 action. With respect to
the SIRT1 pattern in mature and Taxol-treated oocytes
mentioned above, we explain it by a temporary limited
deacetylating action of SIRT1 on tubulin during oocyte
spindle formation, rather than after spindle establishment.

SIRT1-modulated epigenome of mature oocytes

Although SIRT1 is exclusively immunolocalised on the
spindles of matured oocytes, the epigenetic SIRT1 action
in oocytes is considered in accordance with our own pre-
vious findings [18]. Therefore, several post-translational

(2019) 10:67

Page 6 of 12

histone modifications, such as positive and negative
markers of genome stability, ie, H3K9me3 [31] and
H3K4me2 [32], were analysed as previously described.
Moreover, we established H3K9me3 as a double-marker
of SIRT1 action: i) direct histone H3 deacetylation, and ii)
indirect histone H3 methylation of the same lysine residue
[18]. In addition to already well-known histone markers,
ubiquitinated (K119) H2A (H2AK119ub) was analysed be-
cause a SIRT1 overlap with ubiquitin-associated proteins
has been reported [33]. Moreover, there have been contra-
dictory findings of actual association of H2AK119ub with
eu- or heterochromatin markers [34, 35], and H2AK119ub
significance for mature oocyte quality remain unknown.
Finally, the DNA protective effect of SIRT1 activator
BML-278 was elucidated with a TUNEL (terminal deoxy-
nucleotidyl transferase dUTP nick) assay.

The fold-change in signal intensity of trimethylation of
histone H3 at lysine K9 (H3K9me3) after 0.25 pmol/L
BML-278 treatment increased compared to control oocytes
(Fig. 4a, d). The pericentric H3K9me3 pattern, described in
previous studies [36, 37], was verified using chromosome

0.125 umol/L

0.25 umol/L

0.5 pmol/L

10.00 e
5.00 —_—
dek
2.00
1.00
o 050
2 o
&
s 0.20
0.10 O Median
[0 25%-75%
0.0 T 5%-95%

0.02 | [Kruskal-Wallis: P < 0.0001

0.01
vC BML 0.125 BML0.25 BMLO0.5
100.00
. *
Kk
10.00
o 1.00
2
)
®
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[ 25%-75%
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vC sirtinol 1 sirtinol 10
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Fig. 3 Deacetylation of spindle a-tubulin in IVM oocytes after SIRT1 activation. a Representative images of immunolocalised acetylated
a-tubulin (ac-tub) in BML-278-treated oocytes. Scale bar represents 25 um. b Image analysis of ac-tub in VM oocytes. The quantification
of integrated density parameter via ImageJ software was performed. The integrated density of BML-278-treated oocytes is normalised
to the mean of the signal in vehicle control oocytes (VC) and expressed as a median + quantiles from five independent experiments

(N 235 per group). ¢ Quantification of integrated density of oocytes treated with sirtinol (1 and 10 umol/L), a SIRT1 inhibitor.
Differences between individual group pairs were assessed post-hoc using multiple comparisons of mean ranks [30], including a
Bonferroni adjustment for multiple testing; *, ** and *** denote significance at P <0.05, 0.01 and 0.005, respectively
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Fig. 4 Modulated histone code in SIRT1-activated matured oocytes. a, b, ¢ Representative images of H3K9me3, H3K4me2 and
H2AK119ub, respectively, and the emphasis of metaphase area, used for the quantification of integrated density parameter via ImageJ
software. d, e, f Quantification of integrated densities of H3K9me3, H3K4me2 and H2AK119ub, respectively, localised and analysed on
metaphase MIl chromosomes. Integrated densities are normalised to the mean of vehicle control oocytes (VC) and expressed as a

median + quantiles from five independent experiments (N 2 30 oocytes per group). g Effect of SIRT1 activation on DNA damage. TUNEL
signal was detected in mature oocytes after BML-278 treatment, and integrated density was quantified (N2 30 oocytes per group). The
region of interest (ROI) for TUNEL signal was established in accordance with DNA staining (red line on representative pictures). TUNEL
assay was elucidated using positive control (PC) through DNase | digestion of oocyte chromatin. Differences between individual group
pairs were assessed post-hoc using multiple comparisons of mean ranks [30], including a Bonferroni adjustment for multiple testing; *

and *** denote significance at P<0.05 and 0.005, respectively

spreading and co-staining with centromere-associated
Kinesin-13 protein KIF2A (Additional file 1: Figure S1.5).
In contrast, signal of dimethylation of H3 on K4
(H3K4me2) was significantly decreased to 0.69 and 0.74
after 0.125 and 0.25 umol/L. BML-278 treatments, respect-
ively (Fig. 4b, e). The increase in H2AK119ub was etected
after 0.25 umol/L BML-278 treatment (2.46 + 0.33 versus
1.0 £ 0.17; Fig. 4c, f), consistent with the H3K9me3 het-
erochromatin marker. The DNA protective effect of
BML-278-activated SIRT1 was assessed through TUNEL
assay. In accordance with H3K9me3 and H3K4me2, we

observed decreasing integrated TUNEL density in oo-
cytes matured in the presence of BML-278 (0.125 and
0.25 umol/L), compared to control oocytes (0.36—0.47
vs. 1.0; Fig. 4g).

Our results showed significant changes in signal inten-
sities of the fluoresceins staining individual histone PTMs.
These findings point out the SIRT1-shifted histone code
and chromatin quality of matured oocytes after BML-278
treatment. Moreover, the heterochromatin-associated
ubiquitination of H2A, rather than as a DNA damage
marker is strongly indicated. Although SIRT1 lost the
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association with chromatin as soon as NEBD occurred, we
rendered SIRT1-driven chromatin quality in matured MII
oocytes, and therefore, we assumed that SIRT1 modulates
histone code in immature GV oocyte because SIRT1 is
exclusively localised in GVs.

SIRT1 drives histone code establishment in immature GV
oocytes

In this experiment, GV oocytes were kept under meiosis-
suppressing conditions for 16 h and treated with SIRT1
activator BML-278. With respect to the exclusive SIRT1
location in GVs, we assumed histone targets of SIRT1 in
GV immature oocytes. To test this suggestion, we used
previously introduced histone markers, and the integrated
densities of H3K9me3 and H3K4me2 were analysed. We
observed an increase in the signal intensity of H3K9me3
after 0.25 pmol/L and 0.5 pmol/L BML-278 (2.91 +0.83
and 4.84 + 1.16, respectively, vs. 1.0 +0.15 in control). In
contrast, these BML-278 doses had no effect on
H3K4me2, however, 0.125pumol/L. BML-278 treatment
decreased the signal intensity of H3K4me2 (Fig. 5). Based
on the observed effect of BML-278 treatment on signal
intensities of both histone PTMs, we can consider SIRT1
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epigenetic mode of action in immature GV oocytes and a
different, rather non-epigenetic, molecular mechanism in
mature oocytes. These findings are in accordance with a
previous observation, where SIRT1 was lacking in the
perichromatin area immediately after NEBD, and colo-
nised spindles in matured MII oocytes.

Discussion

Sirtuins represent a potent group of proteins relevant to
several fields of medical studies, including both veterin-
ary reproduction and human assisted reproduction
technologies [23, 38-40]. Indeed, in accordance with
previous studies [41-43], we detected SIRT1 in both im-
mature GVs and matured metaphase II (MII) oocytes
through different approaches. In addition to SIRT1
detection, the possibility of modulation of SIRT1 activity
due to pharmacological treatment offers many medical
implications. Therefore, we have chosen BML-278, a
SIRT1 specific activator with only minor ability to
activate SIRT2 and SIRT3. Based on recent knowledge,
BML-278 is the most selective activator for SIRT1 [28, 29].
Moreover, observed phenotypes are considered to be a
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Fig. 5 Modulated histone code in BML-278-treated immature GV oocytes. a Representative images of H3K9me3 and H3K4me2 subjected to the
quantification of integrated density parameter via ImageJ software. b, ¢ Quantification of integrated density of H3K9me3 and H3K4me?2 localised
and analysed in germinal vesicle (GV) of oocytes treated with BML-278 activator, respectively. The integrated density of BML-278-treated oocytes
is normalised to the mean of the signal in control oocytes and expressed as a median + quantiles from five independent experiments (N = 30
oocytes per group Differences between individual group pairs were assessed post-hoc using multiple comparisons of mean ranks [30], including
a Bonferroni adjustment for multiple testing; *, ** and *** denote significance at P < 0.05, 0.01 and 0.005, respectively
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result of SIRT1 action with respect to different subcellular
localisation of SIRT1 and SIRT?2.

Our observations reveal SIRT1 to be present exclu-
sively in GV of immature oocytes; however, the SIRT1
signal is diluted in the ooplasm immediately after nu-
clear envelope breakdown (NEBD), and finally forms a
spindle-like pattern in matured MII oocytes, comparable
with other histone deacetylases in oocytes [44—46] and
SIRT1 in human somatic cells [47]. Based on this find-
ing, we have elucidated the deacetylating action of SIRT1
towards spindle tubulin in matured MII oocytes that
was proved by sirtinol (a SIRT1 deacetylase inhibitor)
treatment. Our study, utilising colocalisation analysis,
quantified SIRT1 association with the spindle a-tubulin
and revealed the overlap of both factors in in vivo and in
vitro matured oocytes. This observation is in accordance
with the previously described involvement of HDAC3
and HDACS in deacetylation of spindle tubulin, which,
therefore, is responsible for microtubule attachment to
the kinetochore and euploidy maintenance in matured
oocytes [44, 45]. Even, SIRT2 has been found on the
spindle, however, in contrast to our observation, SIRT2
occupies uniquely metaphase I spindle [48]. Surprisingly,
the deacetylating action of HDACs on the spindle tubu-
lin is considered a phenomenon essential for metaphase
II spindle assembly in oocytes [44, 46], although tubulin
acetylation is a marker of stable microtubules [49]. On
the other hand, SIRT1 may contribute to microtubule
polymerisation via alternative PLK1 regulation [50]
through equal localisation on the oocyte spindle.

The SIRT1 spindle pattern observed in mature oocytes
seems to be a result of successive SIRT1 re-localisation
and short-term spindle occupation. This suggestion is
supported by i) almost no observable signal in metaphase
I oocytes and subsequently, a gradual spindle-like pattern
of SIRT1 during meiosis progression, ii) no association of
SIRT1 with overpolymerised a-tubulin in Taxol-treated
oocytes, and iii) weaker association of SIRT1 in in vivo
mature oocytes. Accordingly, in vivo mature oocytes
represent a physiological control for in vitro experiments,
and lower colocalisation coefficients underline decreasing
SIRT1 requirements on oocyte spindles after metaphase II
achievement. Based on the findings in in vivo matured
oocytes and Taxol-treated oocytes, declining SIRT1-a-
tubulin association suggests a preparation of the spindles
of mature oocytes for subsequent changes following fertil-
isation [51]. Moreover, other SIRT1-associated proteins
and potent deacetylating targets (e.g., transcriptional
factors, core histones) are worth considering [18, 52, 53],
and a complex physiological role of the SIRT1 action
through these substrates remains to be elucidated.

Because of the well-known SIRT1 targets leading to
modulation of the epigenetic code [18, 33], we studied
several histone modifications in mature MII oocytes
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treated after SIRT1 activation. In accordance with the
aforementioned postulation of many SIRT1 targets in
the oocyte, we revealed the SIRT1-shifted histone code
towards chromatin stabilisation and DNA protection, in
accord with other sirtuins [54, 55]. We may consider
both epigenetic and non-epigenetic substrates in oocyte
epigenome modulation, such as lysine K9 in histone H3
deacetylated through SIRT1 and enzymes -catalysing
methylation of core histones, respectively. Considering
histone methylation, increasing activity of SUV39H1
histone methyltransferase is suggested, in accordance
with previous observation [22], to result in increased
H3K9me3 [56]. In contrast, histone demethylase LSD1/
KDM1A demethylating H3K4 is a plausible substrate of
SIRT1 in mouse oocytes [21]. Therefore, SIRT1 can
achieve significant impact through the regulation of
LSD1/KDMI1A in gametes as well as early embryos and
embryonic stem cells [57, 58].

In addition to H3K9me3 and H3K4me2, we elucidated
the ubiquitination of H2A at lysine K119 (H2AK119ub).
In our experiment, BML-278 treatment increases
H2AK119ub signal although decreasing occurrence is
assumed, in accordance with the knowledge of ubiquityl-
H2A accompanying DNA damage [35, 59]. However,
there is also an evidence of H2AK119ub to be hetero-
chromatin repressive mark [34, 60]. In accordance with
these studies, we consider an involvement of SIRT1 in
ubiquitin-proteasomal  system-modulated chromatin,
which is consistent with our earlier findings of MDM2
ubiquitin E3 ubiquitin ligase interaction with SIRT1
[18]. A dual physiological role of H2AK119ub seems to
be heterochromatin-marking and DNA protection in
mature oocytes, however, a comprehensive study is
required for testing of this hypothesis.

The above-mentioned histone PTMs occur in mature
oocytes, although SIRT1 subcellular localisation is not
associated with condensed chromosomes. These facts
lead us to postulate an inheritance of histone modifica-
tions acquired earlier than oocytes mature. Therefore,
we tested post-translational changes of histone H3 in
GV oocytes after SIRT1 activation via BML-278. Indeed,
GV histone H3 is modified at lysine K9 in a SIRT1-
dependent manner, favouring heterochromatin features
for gene silencing, chromatin stability and DNA protec-
tion [61, 62]. In addition to H3K9me3, H3K4me2 shows
a decrease after 0.125 pmol/L BML-278 treatment of GV
oocytes. Hence, we suggest that the SIRT1-modulated
histone code, observed in mature oocytes, is attained
earlier and inherited from the GV stage. Furthermore,
the involvement of LSD1/KDM1A demethylase may be
considered in SIRT1-driven modulation of H3K4me2 in
GV and MII oocytes [21]. This assumption is supported
by the observation of LSD1 spindle-like distribution in
somatic cells [63], and we can surmise the SIRT1-LSD1
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crosstalk resulting in modulation of H3K4me2 in mature
oocytes.

SIRT1 seems to be capable of both epigenetic and
non-epigenetic mode of molecular action, in immature
GV oocytes and matured MII oocytes, respectively.
Accordingly, immature GV oocytes, arrested in the first
meiotic arrest, tender more available chromatin for
epigenetic modulators in extensive time window, includ-
ing oocyte growth [64, 65]. On the other hand, mature
oocytes arrested at a time-limited stage of metaphase II
and containing highly condensed chromatin offer fewer
opportunities for epigenetic modifications. The ability to
switch the epigenetic and non-epigenetic mode of action
during oocyte maturation is proposed and the mechan-
ism of this exchange is a subject of further study.

In accordance with the epigenetic to non-epigenetic
switch assumption, anti-SIRT1-immunodetected 60-kDa
protein (supposed SIRT1 isoform 2) shows a shift in
molecular weight of this protein towards 65-kDa with oo-
cyte maturation. The change indicates an achievement of
post-translational modification [66-68] and/or protein-
protein interaction [69], in mature MII oocytes. Based on
our best knowledge, we presumed a crosstalk of SIRT1
and the ubiquitin-proteasomal system [33, 66]. A descrip-
tion of SIRT1-interacting proteins and clarification of the
physiological role of SIRT1 PTMs in oocyte maturation,
fertilisation and early embryonic development remains to
be elucidated.

Conclusions

Our results show that SIRT1 is predestined for an epigen-
etic mode of action in immature GV oocytes while SIRT1
distributes in a spindle-like pattern in fully mature oocytes
where SIRT1-decreased tubulin acetylation occurs. Our
observations suggest a dual spatiotemporal SIRT1 action
in oocytes and the capability of being readily switched
during the meiosis progress is indicated.
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Abstract: The rate of chromosome segregation errors that emerge during meiosis I in the mammalian
female germ line are known to increase with maternal age; however, little is known about the
underlying molecular mechanism. The objective of this study was to analyze meiotic progression
of mouse oocytes in relation to maternal age. Using the mouse as a model system, we analyzed
the timing of nuclear envelope breakdown and the morphology of the nuclear lamina of oocytes
obtained from young (2 months old) and aged females (12 months old). Oocytes obtained from older
females display a significantly faster progression through meiosis I compared to the ones obtained
from younger females. Furthermore, in oocytes from aged females, lamin A /C structures exhibit
rapid phosphorylation and dissociation. Additionally, we also found an increased abundance of
MPF components and increased translation of factors controlling translational activity in the oocytes
of aged females. In conclusion, the elevated MPF activity observed in aged female oocytes affects
precocious meiotic processes that can multifactorially contribute to chromosomal errors in meiosis I.

Keywords: aging; oocyte; MPF; meiosis; translation; lamin A /C

1. Introduction

The development of female germ cells (oocytes) is essential for sexual reproduction. Oocytes,
arrested in meiotic prophase, undergo a major growth phase during their development in ovarian
follicles. During this phase, they actively transcribe their genome; however, most derived mRNAs
are stored in ribonucleoprotein particles to be used much later during the final stages of meiosis and
early embryonic development. A unique property of the oocyte is that the final stages of meiosis (after
prophase I) occur in the absence of de novo transcription. Consequently, regulation of mRNA stability
and translation serves as the main driving forces behind oogenesis and early embryogenesis [1].

Int. |. Mol. Sci. 2018, 19, 2841; d0i:10.3390/ijms 19092841 www.mdpi.com/journal/ijms
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Mammalian oocytes undergo two successive cell divisions without an intermediate replicative
phase. This brief period is called “meiotic maturation” and is crucial for the formation of an egg capable
of being fertilized and for the generation of viable and euploid offspring. At the onset of meiosis I,
the nuclear lamina is phosphorylated (namely lamin A/C; LMN A/C) and disassembled, leading to
nuclear envelope break down (NEBD), chromosome condensation, and progressive reorganization of
microtubules into a bipolar spindle [2]. At the end of meiosis I, the first asymmetric division occurs.

Human and mouse oocytes are vulnerable to aging as the incidence of chromosome segregation
errors (aneuploidy) reaches high levels in females/mothers of advanced age [3-5]. For example,
in 20-year-old women, aneuploidy occurs in ~2% of matured oocytes; however, after 35 years of age
aneuploidy increases to 35% [6,7]. Similarly, oocytes from aged mice display a significant increase
in the incidence of aneuploidy. In three-month-old mice, aneuploidy occurs in 5% of cases; however,
by 12 months of age this figure increases to 30-50% [4,8,9]. The majority of chromosome segregation
errors are known to arise during the first meiotic cytokinesis [6,10]; however, the reasons why female
meiosis shows this peculiar vulnerability to aging remains unclear.

In this study, we present evidence for the aberrant timing of meiosis I in the oocytes derived
from female mice of advanced age. Such age-associated abnormalities present as aberrations in
nuclear envelope morphology as well as the precocious timing of NEBD and the formation of
kinetochore-microtubule (K-MT) attachments, resulting in accelerated first polar body extrusion
(PBE). Furthermore, we reveal that it is the overexpression of metaphase promoting factor (MPF)
components associated with impaired translational machinery that leads to this phenotype.

2. Results

2.1. Meiosis I Is Accelerated in Oocytes from Females of Advanced Age

It is well known that increased maternal age negatively affects oocyte quality [3,5]. We isolated
oocytes from antral follicles and obtained an average of 22 fully grown GV oocytes per young mouse
(YF; 2 months old) compared to 3 oocytes per aged female (AF; 12 months old). Following removal of
IBMX from the culture medium, to restart meiosis I, 98.75% of selected oocytes from young females and
98.53% oocytes from aged females resumed meiosis (NEBD; Student’s t-test p = 0.9985). Of the cells that
resumed meiosis, 84% of the young oocytes extruded polar body and reached MII in the 12 h period
compared to 94% of AF oocytes (Student’s t-test p = 0.010809). Measurement of oocyte diameter did not
show any differences between age groups (71.73 4= 1.5 and 72.31 + 1.6 pum, respectively, Student’s t-test
p = 0.99743). To analyze the effect of maternal age on the progress of meiosis I, we compared the
maturation of mouse oocytes from young females (YF; 2 months old) and aged females (AF; 12 months
old). Time-lapse microscopy revealed that the oocytes from AF progress through meiosis I significantly
30 min faster than oocytes from YF (p < 0.05; Figure 1a,b). The oocytes in the AF group initiate nuclear
envelope breakdown (NEBD) earlier (Figure 1a) and consequently polar body extrusion (PBE) also
occurs earlier than in the YF group (p < 0.05; Figure 1b); manifest as a shortening of time between
NEBD and PBE (Figure 1b). Next, we scored the attachment of individual cold-stable microtubules
(MT) with end-on kinetochores in both age groups. We found that, during metaphase I, 6 h after
releasing oocytes from prophase I (6 h post-IBMX-wash), the AF group had a higher number of stably
attached kinetochores (95.5%) than the YF group (75.8%, p < 0.01) (Figure 1c,d). The larger number
of stably end-on attached kinetochores in the AF group demonstrates that the progression through
meiosis [ was accelerated in the oocytes from the AF group.

2.2. Dissociation of Nuclear Envelope Is Accelerated in the Oocytes from Aged Females

The abundant components of the nuclear envelope are lamin A and C (LMN A/C) [11].
Phosphorylation of these lamins at Serine-22 (Ser22) triggers the disassembly of the nuclear
lamina, which is a prerequisite for nuclear envelope breakdown [12]. Therefore, we analyzed the
phosphorylation of LMN A/C (Ser22) as a marker of meiotic progression. Oocytes from both age
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groups were analyzed by Western blotting at various time points relative to their initial isolation
(i.e., after 0, 1, 3, 6, and 12 h). We found that the AF group had a significantly increased level of
phosphorylated LMN A/C 1 h post-IBMX-wash (p < 0.05; Figure 2a,b). On the contrary, the YF
group only had an abundant level of phosphorylated LMN A /C 3 h post-IBMX-wash (Figure 2a,b).
Despite the observed different timing of LMN A/C phosphorylation between these two groups, the
total /eventual level of LMN A/C remained constant (Figure 2a,c).
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Figure 1. Meiosis I is accelerated in oocytes from females of advanced age. (a) Timing of nuclear
envelope breakdown (NEBD) of oocytes isolated from young females (YE, n = 80; black line) and aged
females (AF, n = 68; red line). Trend line is depicted by dot line. Data represent mean =+ SD, n = 6,
*p <0.05, Student’s t-test. (b) Time from NEBD to polar body extrusion (PBE) in oocytes from YF
(n = 80; t = 8:30 h) and AF (n = 68; t = 8 h). Data represent mean + SD and data are from at least
three experiments of biologically different samples. * p < 0.05, Student’s t-test. (c) Representative
Z-projections from the assessment of cold stable attachments of kinetochore (KT) to microtubule (MT)
imaged by confocal microscopy using CREST (green) and Tubulin (red) antibodies. Representative
images from three experiments of biologically different samples are presented (scale bar, 10 pm).
(d) The percentage of cold stable end-on MT to KT attachments in each age group averaged over
multiple cells (n > 15) 6 h post-IBMX-wash. Kinetochore-MT end-on attachments were quantified.
The morphology of kinetochores analyzed is specified in detail. Data represent mean =+ SD. ** p < 0.01,
Student’s f-test.
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Figure 2. Dissociation of nuclear lamina is accelerated in the oocytes from the AF group. (a) Western
blot analysis of phosphorylation status of LMN A /C (Ser22) at different time points during meiotic
progression (0 h, GV; 1 h, post-NEBD; 3 h, post-NEBD; 6 h, post-NEBD/metaphase I; 12 h,
post/NEBD/metaphase II). Antibodies against LMN A/C and GAPDH were used as loading controls.
Representative images are from three experiments of biologically different samples. (b) Quantification
of LMN A/C phosphorylation (Ser22) at different time points during meiotic maturation. Data are from
three experiments of biologically different samples. Values obtained for the YF group were set as 100%.
AF values from each antibody was compared between groups and same oocyte stage. Data represent
mean =+ SD. * p < 0.05, bars with ns are non-significant, Student’s t-test. (c) Quantification of GAPDH
and LMN A /C protein expression at different time points during meiotic maturation. Data are from
three experiments of biologically different samples. Values obtained for the YF group were set as 100%.
AF values from each antibody was compared between groups and same oocyte stage. Data represent
mean =+ SD. * p < 0.05, bars with ns are non-significant, Student’s t-test. (d) Representative images
of LMN A/C structures 3 h post-IBMX-wash (post-NEBD, scale bar 20 pm). The cortex of the oocyte
indicated by the white dashed line. See Figure S1 for the LMN A/C localization and phosphorylation
during oocyte meiotic progression and Figure S2 for electron microscopy images of the nuclear lamina.
(e) Quantification of LMN A/C structures in the oocytes from different age groups post-NEBD (n > 33
and three independent biological replicates). Data represent mean == SD. * p < 0.05, Student’s t-test.

It has been previously documented [13,14] that nuclear lamina structures can be still present
at least a few hours after NEBD in mouse oocytes. By immunocytochemistry (ICC), we visualized
LMN A /C structures during oocyte meiotic maturation (Figure Sla,b). Using specific antibodies,
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both total LMN A/C as well as phosphorylated LMN A/C (Ser22) were detected within the
disrupted nuclear lamina structures in NEBD stage oocytes, 3 h post-IBMX-wash (Figure Sla,b).
The observed lamina structures surrounded the chromosomal area, where the new spindle was due to
be assembled (Figure Slc), but disappeared as meiosis progressed (Figure S1). When we compared 3 h
post-IBMX-wash oocytes from both age groups, we found that the dissociation of the described LMN
A/C structures was completed significantly faster in the AF group, at a time-point at which they still
persisted in the YF oocytes (p < 0.05; Figure 2d,e).

Additionally, we imaged GV stage oocytes (oocytes with intact nucleus designated as germinal
vesicle, GV) from both age groups by transmission electron microscopy and we were able to distinguish
visible differences in the structure of the nuclear envelope in both groups. The nuclear membrane
of AF oocytes presented an unique characteristic series of invaginations and decreased compactness
(Figure S2a,b). The distinct morphology of the nuclear envelope in the AF oocyte group resulted in
a significant increase in the circumference of the nuclear envelope (p < 0.01; Figure S2b). Moreover,
the observed ultrastructural morphology of the nuclear lamina in AF oocytes resembled that reported
in the nuclear phenotypes of other aged cells [15,16].

To conclude, in addition to the above-mentioned precocious timing in meiosis, observed in AF
oocytes, we also observed a comparatively earlier phosphorylation of LMN A/C that was associated
with a faster disassembly of nuclear lamina, thus affecting the timing of nuclear membrane breakdown,
when compared to oocytes from the YF group.

2.3. CDK1 Activity Is Responsible for NEBD in Mouse Oocytes

NEBD is reported to be driven by CDK1 (MPF) activity via phosphorylation of lamin proteins
and subsequent lamina disassembly at the onset of meiotic resumption or mitosis [17,18]. To test
whether LMN A/C were phosphorylated in a CDK1-dependent manner, we treated mouse oocytes
with 20 uM Roscovitine (Rosco), a potent inhibitor of CDK1 activity, for 2 h after NEBD. We found
significantly decreased levels of LMN A/C (Ser22) phosphorylation in oocytes treated with Rosco
(p < 0.05; Figure 3a,b) versus controls, a result that is consistent with findings of [17].
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- = | LMNA/C €
(Ser22) .5 100 4
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LMN A/C 3
'uE: 50 A
s
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W s  GAPDH
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GAPDH LMNA/C LMN A/C (Ser22)

Figure 3. CDK1 is responsible for LMN A/C phosphorylation in mouse oocyte. (a) Western blot
analysis of oocyte samples treated for 2 h after NEBD with 20 uM CDK1 inhibitor, Roscovitine (Rosco).
Phosphorylation status of LMN A /C (Ser22) was detected using a specific antibody. Antibodies against
LMN A/C and GAPDH were used as a loading control. (b) Quantification of total and phosphorylated
LMN A /C after Roscovitine (Rosco) treatment. Protein levels were normalized in a way that non-treated
controls are 100%. Data was derived from three experiments containing biologically different samples.
Columns represent mean, + SD; ns non-significant; * p < 0.05, Student’s t-test.

Thus, our data confirm the functional involvement of the activated MPF in nuclear lamina
disassembly through regulation of LMN A /C phosphorylation status.
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2.4. CDK1 Activity Is Increased in Mouse Oocytes from Aged Females

We next examined, whether the expression of MPF components, that directly affect meiotic
progression [19], differs between the YF and AF groups of mouse oocytes. Firstly, we isolated total RNA
from transcriptionally silent GV staged oocytes from each group and performed quantitative RT-PCR
mRNA expression analysis of the MPF component genes Cdk1 and the B-type Cyclins. We found
significantly increased levels of both Cdk1 and Cyclin B transcripts in the oocytes from the AF group
(Figure 4a) that were not reflected in the total RNA content (Figure S3a) nor in the expression level of
Gapdh mRNA (Figure 4a). Next we analyzed the expression of MPF components at the protein level
via Western blotting, and again we discovered a significant increase in the expression levels of CCNB
and CDK1 proteins, specifically in the AF group of oocytes (Figure 4b,c). In addition to the use of a
pan-CDK1 antibody, we also probed the oocyte samples with an antibody that specifically recognized
phosphorylated (Thr161) CDK1, the enzymatically active form of the protein that is required for a
functional MPF activity [19-22]. Again, we found increased phosphorylation status of CDK1 in the AF
group versus the YF group of oocytes (Figure 4d,e). Consistently, an analysis of MPF activity, using a
standard kinase assay, also revealed a significant increase in CDK1 activity at 1 h in the AF oocytes
compared with the YF oocytes, at the time of NEBD (Figure 4d,e).

Taking these results together, we conclude that the activation of the MPF is significantly accelerated
in the oocytes from aged females.

2.5. Translation of Positive Regulators of Translation Is Increased in the Oocytes from Aged Females

De novo transcription in fully grown oocytes ceased, so we wondered whether the elevated
levels of CCNB and CDK1 proteins in the oocytes from aged females were only due to higher
transcript abundance or could also be related to higher translational activity. To experimentally
address this question, we compared the incorporation of 3°S-Methionine into nascently translated
proteins in both the YF and AF groups of oocytes during maturation (Figure S3b), but we found no
significant difference in the levels of global translation (Figure S3b,c). However, we also derived
an RNA-seq dataset of mRNA polyribosomal occupancy that allowed us to detect and identify
actively translated mRNAs in the two studied age groups of oocytes. Whilst the polysome occupancy
was unchanged for mRNAs encoding GAPDH, CDK1, and CCNBI1, we did intriguingly identify
Ccnb2-derived transcripts enriched over 11-fold in polysomal fractions from AF compared to YF
oocytes (Figure 5a). A further GO-term (gene ontology) enrichment analysis of polysome-bound
mRNAs indicated a significant enrichment of mRNA coding for protein factors belonging to GO
functional categories associated with translation initiation and regulation, specifically in the AF oocyte
group (p-value = 4.76—6.34 x 10~° for 38 individual mRNAs) (Figure 5b). Generally, this enrichment
was higher and the respective categories contained more mRNAs in the AF group over the YF
oocytes. We therefore systematically examined the polysome-bound mRNAs whose products are
involved in the regulation of translation and revealed increased levels of mRNA coding for positive
translation regulators, namely, eukaryotic translation initiation factors (eIF2D, eIF3E, elF4B, elF4E3,
and elF4G1), polyadenylation factors (PABPN1L and PABPN1), elongation factor (eEF2), and the
number of ribosomal proteins (60S-RPL6, RPL10, RPL10A, RPL17, RPL19, RPL23A, RPL24, RPL37,
RPL38; 40S-RPS6, RPS8, RPS9, RPS13, RPS16, and RPS25) in the AF group of oocytes (Figure 5c¢).
Contrarily, we detected a decreased level of mRNA-polysome association for the elongation factor
kinase (eEF2K), which is known to act as a suppressor of translational elongation (Figure 5c).

Overall, these results suggest that the translation of individual MPF components and of specific
translational factors is elevated in AF oocytes, which is likely to result in changes in the physiology of
oocytes from aged female mice.
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Figure 4. Expression of MPF components and its activity is increased in the oocytes from aged females.
(a) RT-PCR quantification of mRNA coding for CDK1 and B-type cyclins, as well as loading control
Gapdh in the GV oocytes (0 h) from different age groups. For quantification of total RNA content in
oocytes from YF and AF groups see Figure S3a. Values obtained for the YF group were set as 100%.
Data was derived from at least four experiments of biologically different samples. Columns represent
mean; error bars + SD; ns non-significant; * p < 0.05, Student’s f-test. (b) Western blot analysis
of CDK1, CDK1 (Thr161) and CCNB during oocyte maturation (0 h, 1 h and 6 h) in the both age
groups. See Figure S3b,c for the assessment of global translation in oocytes from YF and AF groups.
(c) Quantification of MPF components, CDKT1, its phosphorylation (Thr161), CCNB and GAPDH as a
loading control. Values obtained for the YF group were set as 100%. From at least three experiments
of biologically different samples. Columns represent mean + SD; * p < 0.05; ** p < 0.01; bars with ns
are non-significant; Student’s t-test. (d) Representative image of analysis of CDK1 activity (H1) in
the oocytes after isolation (0 h), NEBD (1 h) and at metaphase I (6 h). Kinase assay was done with
oocytes of both female age groups. CDKI1 activity was measured towards histone H1 as external
substrate, marked by white rectangle. (e) Quantification of CDK1 (H1 substrate) activity during oocyte
maturation from YF and AF groups. Measurements originated from four experiments of biologically
different samples. Values obtained for the YF group were set as 100%. Columns represent mean;
error bars 4 SD; ns non-significant; * p < 0.05; Student’s t-test.

160



Int. J. Mol. Sci. 2018, 19, 2841 8of 17

g

| YF polysomes o wansiascn factor actvity. RNAbIdIng __ 4.76x 10712

1500 1 mAF polysosomes

[

Transcript presence in the
polysamal fractions (%)
3
=& 8 8 8
. L ) L .

translaton factor activity, RNA binding 476x10° 22
ransiagon inldation factor ac 634x10° 16

Gapdh Cdk1 Cenb1 Cenb2

(2]

600 1 myf polysomes W AF polysosomes nn

400 + » e o

EeEy * e

200 — —a s = i ==

Transcript presencein the polysomal fractions (%)
»
*
:
M
.
.
»
*
H
»
»
.
»
.
:
*
.
-
»
*
:
.
*
4
:
»
H
*
H

D At 0 B N NS * Q © W0 of W WO a0 A A B O H O B o H
RGeS & P AR A S A a4 AR PPN NP
B 0@6\0\& é\h Q&OQQ SQQ Q}\ < «® ® Q&\\' @ o Q&\"‘ Q@ W@ R Q&" Q.Q" $Qs

Initiation factors  Polyadenylation Elongation Ribosomal proteins — 60S subunit Ribosomal proteins — 405
factors factors

Figure 5. Translation of a number of translational factor components is increased in the oocytes from
aged females. (a) mRNA abundance of MPF components, Cdk1 and Cyclins B as well as Gapdh used
as the control in the polyribosomal fractions. Percentage of reads from RNA-Seq. See Figure S3a
for quantification of total RNA in oocytes from YF and AF groups. Three independent experimental
datasets from biologically different samples. Values obtained for the YF group were set as 100%.
Data columns represent mean; error bars, = SEM; ns non-significant; *** p < 0.001; Student’s t-test.
(b) Top 10 most enriched GO Function categories in polysome-bound mRNAs in YF (grey) and AF
(red) oocytes determined by Gorilla. NoG (Number of Genes) denotes the number of genes in enriched
categories. Highlighted lines represent translational functional categories. (c¢) Translational regulation
of mRNA coding for different translational factors from polysomal fractions of YF and AF oocytes.
Values obtained for the YF group were set as 100%. Data represent mean + SEM; * p < 0.05; ** p < 0.01;
*** p < 0.001; Student’s t-test.

2.6. Elevated CDK1 Activity Is Responsible for Faster Meiosis I in Mouse Oocytes

It is known that the expression of CCNB is the limiting factor for the activation of MPF in
oocytes prior to resumption of meiosis I [23,24]. It has been reported [25] that the slow increase in
CDK1 activity during meiosis I acts as an intrinsic timing mechanism that ensures the appropriate
stabilization of kinetochore attachments and thus guards the oocyte against chromosomal segregation
errors. We examined whether the overexpression of CCNB affects the timing of meiotic progression.
We overexpressed CCNB by microinjecting a cRNA encoding GFP-fused to CCNB into YF oocytes at
the GV (0 h) stage (Figure S4). We also microinjected other GV oocytes with Gfp cRNA as a negative
control. We found that, when experimenting with oocytes derived from the YF cohort, there was a
significant increase (p < 0.05) in the levels of phosphorylated LMN A /C (Ser22) and phosphorylated
CDK1 (Thr161) when microinjected with Ccnb:gfp cRNA, as measured 3 h post-IBMX-wash compared
to the control group (Figure 6a,b). Live cell imaging of meiotic progression/maturation of such oocytes
revealed that the increased expression of CCNB was also able to significantly accelerate overall meiotic
progression, as evaluated by the timing of the NEBD and PBE (p < 0.05; Figure 6¢,d). Specifically,
oocytes injected with Ccnb:gfp extruded the polar body significantly earlier compared to the control
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group (Figure 6¢). Thus, they mimicked the phenotype observed in the AF oocytes (Figure 1). Moreover,
we also visualized cold-stable kinetochore-microtubule end-on attachments [25,26] and found that the
oocytes overexpressing CCNB had a significantly higher rate of the kinetochore-microtubule end-on
attachment than the controls at the 6 h post-IBMX-wash (p < 0.05; Figure 6e,f). These results suggest
that artificially increasing MPF activity leads to a notably more rapid progression through meiosis I as
exemplified by the production of stable kinetochore-microtubule attachments.
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Figure 6. Elevated MPF activity is responsible for meiosis I acceleration in oocytes. (a) Western blot
analysis of LMN A/C (Ser22), LMN A/C, CDK1 (Thr161), CDK1, and GAPDH in the post-NEBD
oocytes (3 h) injected with Ccnb RNA or control Gfp RNA (Cntrl). See Figure S4 for the over-expression
of CCNB in oocytes. Representative images from at least three experiments of biologically different
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v
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samples. (b) Quantification of protein expression, LMN A/C, and CDK1 phosphorylation. From three
experiments of biologically different samples. Values obtained for the YF group were set as 100%.
Data represent mean + SD; ns non-significant; * p < 0.05; Student’s t-test. (c) Timing of NEBD
of YF oocytes microinjected with Gfp (n = 46; black line) and Ccnb cRNA (n = 51; red line).
From three experimental data sets of biologically different samples. Trend line is depicted by dot lines.
Data represent mean =+ SD. * p < 0.05, Student’s t-test. (d) Time from NEBD to PBE in oocytes from
YF injected with RNA coding for Gfp (n = 46; t = 8:25 h) and Ccnb (n = 51; t = 7:52 h). Data represent
mean =+ SD and data are from at least three experiments of biologically different samples. Student’s
t-test. (e) Representative Z-projections from the assessment of cold stable attachments of kinetochores
(KT, CREST, green) to microtubule (MT, tubulin, red) of oocytes microinjected with control Gfp and
Ccnb cRNA. Representative images are from three experiments of biologically different samples (scale
bar, 10 um). (f) The percentage of cold stable end-on MT to KT attachments in each group averaged
over multiple cells (1 > 28) 6 h post-IBMX-wash. Kinetochore-MT end-on attachments were quantified.
The morphology of kinetochores analyzed is specified in detail. Data represent mean + SD. * p < 0.05,
Student’s t-test.
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Taken together, these experiments show we were able to mimic the faster meiotic progression
observed in the AF oocytes, that itself stems from higher MPF activity.

3. Discussion

Here we have addressed the question of how meiosis I differs in oocytes from females of advanced
reproductive age versus those originating from young females. The precise timing of the cell cycle
is a prerequisite for the appropriate propagation of genomes. It is well accepted that, in human
and mouse oocytes, the incidence of genomic instability and aneuploidy increases with maternal
age [5,7,27-30]. Age-associated increase in aneuploidy [27-30] has been attributed, at least in part,
to a faster progression through the first meiotic division in oocytes from aged females, which would
affect the time available for proper chromosome congression prior to chromosome segregation [27].
The mouse is a useful model in which to study the effect of age on egg quality, including the molecular
basis for observed age-associated increase in aneuploidy.

We have found that oocytes from aged females resume meiosis and progress through meiosis I
faster than the oocytes from young females. Our finding is consistent with findings of others [5,27,31-33]
but opposes other findings reporting a lack of timing in oocytes from aged females [34,35]. In addition,
we found that oocytes from aged females are significantly more meiotically competent than from young
females, a further consistent observation [36]. The underlying reasons for the reported discrepancies
related to the length of meiosis I in aged oocytes are not clear; however, they may have their origin in
the methodologies employed to select meiotically competent GV oocytes and/or further differences in
oocyte manipulation (e.g., the removal of cumulus cells and microinjection). Relating to our own data,
we conclude that an increase in MPF activity during meiosis I temporary regulates acceleration of
NEBD, the attachment of chromosomes, and cytokinesis events in aged oocytes. Moreover, our results
are in agreement with previous findings [25] in which it is reported that premature increases of CDK1
kinase activity, induced by cyclin-B microinjection, are responsible for the precocious formation of
stable kinetochore-microtubule attachments and lagging chromosomes during anaphase I, a condition
that leads to aneuploidy. Thus, the increased presence of MPF components, as observed in our AF
oocyte cohort, could clearly act in a similar manner to result in chromosome segregation errors during
meiosis L.

Surprisingly, we have also found that transcripts coding for MPF components are significantly
overexpressed in the oocytes from aged females. However, it is important to recognize that the
abundance of mRNA only represents one part of the regulation of gene expression and that selective
translational regulation of transcripts can play a pivotal role. It has been previously reported
that CCNB2 has a functional role during the prophase/metaphase transition of mouse oocyte
maturation [37], and these data support our findings showing that the increased translational rate of
CCNB?2 transcripts in the oocytes from aged females might be associated with faster meiotic progression.
Consistent with this prevailing view, we have also demonstrated elevated phosphorylation levels
of CDK1 (Thr161), that in turn contributes to its MPF activity [38], in AF oocytes. Notwithstanding
this observation, the upregulation of Cyclin B clearly plays a positive role in reinforcing CDK1/MPF
activity and thus driving meiotic cycle progression. As such, our study correlates the resumption of
meiosis with the synthesis of the regulatory subunit of MPFE, namely cyclin B1/2, as supported by the
fact that the level of MPF activity is known to depend on the amount of cyclin B present [22,39,40].
Thus, the fact that the MPF components in aged GV oocytes are apparently more expressed (but not
necessarily fully active) and that they are then rapidly activated during their maturation (in AF versus
YF oocytes) contributes to the observed acceleration of the AF oocytes meiotic progression.

We show that both cyclins B are expressed and differentially occupy polyribosomes in the AF
group. In addition to the increased expression of MPF components, which leads to accelerated
meiotic progression, we also demonstrate that the key components of the translational machinery are
more translated (associated with polysome fractions), which in turn is likely to positively affect
general translation in AF oocytes. Indeed, our findings are in good agreement with published
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data describing increased numbers of ribosomes in oocytes from older females [41]. However,
in connection to increased number of ribosomes, we have not observed increased rates of global
translation. Nonetheless, our results suggest that there is increased translation of specific mRNAs
related to specific translational machinery activity in AF oocytes, which may contribute to amplifying
the roles of specific regulators [13,42]; mechanisms that could target specific nRNAs for translation
and consequently affect meiotic progression rates. In addition to the increased number of ribosomes
and translational regulators in oocytes from females of advanced age, it has also been reported [43,44]
that the number of mitochondria is also increased in the oocytes and embryos derived from aged
mouse and human subjects.

We have also shown that the GV oocytes from female mice of advanced age have aberrantly
formed nuclear envelopes, which strongly resemble the morphology of those in aged somatic
cells [15,45]. In association with described precocious meiotic progression and increased MPF
activity, we have shown that the nuclear lamina is also precociously dispersed in aged oocytes.
We have previously reported that LMN A/C structures surround oocyte chromosomes post-NEBD,
resembling an organelle-exclusion “spindle envelope” that acts as a diffusion barrier structure [46-48].
Such spindle envelopes are thought to confine spindle assembly and their mechanical disruption is
reported to compromise precise and appropriate chromosome segregation in mitosis [47]. It is therefore
possible that the lack of such a functioning spindle envelope in AF-derived oocytes contributes to
increased aneuploidy rates observed.

Taken together, our results can provide at least a partial explanation for the commonly recognized
multifactorial phenomenon of age-related increase in oocyte aneuploidy on a molecular level.
In addition, our study significantly contributes to the overall knowledge base concerning the molecular
physiology of aged cells, including but not restricted to oocytes, and provides a solid foundation for
further work related to the observed translational discrepancies between young and aged oocytes
identified herein, and their functional interplay with meiotic progression/maturation.

4. Material and Methods

4.1. Oocyte Cultivation, Treatment, and Microinjection

GV oocytes were obtained from CD1 mice 46 h after injection by 5 IU pregnant mare serum
gonadotropin (PMSG, HOR 272, ProSpec, Rehovot, Israel). Oocytes were obtained from females in
two distinct age categories: young females (YF) group (2 months old) and aged females (AF) group
(12 months old). Oocytes were isolated in germinal vesicle stage (GV; 0 h) in transfer medium [49]
supplemented with 100 uM 3-isobutyl-1-methylxanthine (IBMX, 15879, Sigma-Aldrich, Darmstadt,
Germany) to prevent NEBD. Selected fully grown GV oocytes were denuded by pipetting and cultured
in M16 medium (M7292, Sigma-Aldrich, Darmstadt, Germany) without IBMX at 37 °C, 5% CO,.
Post-IBMX-wash (PIW) oocytes undergo nuclear envelope breakdown (NEBD) within 1 h; they reach
metaphase I in 6 h and metaphase II in 12 h. For oocytes treatment, 20 uM roscovitin (186692-46-6,
Cayman Chemical, Ann Arbor, MI, USA) was added 1 h PIW. GV oocytes were microinjected in
the presence of the IBMX on inverted microscope Leica DMI 6000B (Leica Microsystems, Wetzlar,
Germany) using TransferMan NK2 (Eppendorf, Hamburg, Germany) and FemtoJet (Eppendorf).
Oocytes were injected with 20 ng/uL of in vitro transcribed (mMessage, Ambion, Thermo Fisher
Scientific, Waltham, MA, USA) RNAs from plasmids (GFP, [50]; CCNB1, Dr. Martin Anger, Laboratory
of Cell Division Control, IAPG, CAS) diluted in RNAse free water. Approximately 5 pL of RNA
solution were injected into one oocyte. Microinjected oocytes were used for time-lapse microscopy;,
cold tubulin stability testing, and immunoblotting. All animal work was conducted according to Act
No 246/1992 for the protection of animals against cruelty; from 25.09.2014 number CZ02389, issued by
Ministry of agriculture.
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4.2. Time-Lapse Microscopy

Oocytes were scanned with an inverted wide field microscope, Leica DMI 6000B (Leica
Microsystems, Wetzlar, Germany), equipped with a chamber system (Pecon, Erbach, Germany),
a Tempcontroller 2000-2 (Pecon), and a CO; controller (Pecon). Cover-glass-based 4-well chambers
(94.6190.402, Sarstedt, Niimbrecht, Germany) were used for live oocytes imaging. Oocytes were put
into a 10 uL drop of M16 medium without IBMX and covered by approximately 1 mL of mineral
oil (M8410, Sigma-Aldrich). The chamber was pre-tempered to 37 °C and 5% CO,. Images were
captured every 5 min. Timing of the NEBD and polar body extrusion (PBE) were evaluated through
time lapse movies.

4.3. Immunoblotting

Oocytes were washed in phosphate buffer saline (PBS, Sigma-Aldrich) with polyvinyl alcohol
(PVA, Sigma-Aldrich) and frozen to —80 °C. An exact number of oocytes (15-30) were lysed in
10 uL of 1x Reducing SDS Loading Buffer (lithium dodecyl sulfate sample buffer NP 0007 and
reduction buffer NP 0004, Thermo Fisher Scientific, Waltham, MA, USA) and heated at 100 °C for
5min. Proteins were separated by gradient precast 4-12% SDS-PAGE gel (NP 0323, Thermo Fisher
Scientific) and transferred to Immobilon P membrane (IPVD 00010, Millipore, Merck group, Darmstadt,
Germany) using a semidry blotting system (Biometra GmbH, Analytik Jena, Jena, Germany) for
25 min at 5mA cm 2. Membranes were blocked by 5% skimmed milk dissolved in 0.05% Tween-Tris
buffer saline (TTBS), pH 7.4 for 1h. After a brief washing in TTBS, membranes were incubated
at 4 °C overnight with the primary antibodies diluted in 1% milk/TTBS (see Table S1). Secondary
antibody Peroxidase Anti-Rabbit Donkey (711-035-152) or Peroxidase Anti-Mouse Donkey (715-035-151,
Jackson ImmunoResearch, West Grove, PA, USA) was diluted 1:7500 in 1% milk/TTBS. The membranes
were incubated in the secondary antibodies for 1 h at room temperature. Inmunodetected proteins
were visualized on films using ECL (Amersham, GE Healthcare Life Sciences, Barcelona, Spain).
Films were scanned using a GS-800 calibrated densitometer (Bio-Rad Laboratories, CA, USA) and
quantified using Image]J (http:/ /rsbweb.nih.gov /ij/).

4.4. Measurement of Overall Protein Synthesis

To measure the overall protein synthesis, 50 pCi of 3°S-methionine (Hartmann Analytics,
Braunschweig, Germany) was added to methionine-free culture medium. Ten oocytes per sample were
labeled for 2 h, then lysed in SDS-buffer, and loaded to SDS-polyacrylamide gel electrophoresis and
transferred to an Immobilon P membrane using the semidry blotting system for 25 min at 5mA cm 2
(the same materials as in Immunoblotting). The labeled proteins were visualized by autoradiography
on FujiFilm (incubated at least 14 days in —80 °C), scanned using BAS-2500 Photo Scanner (FujiFilm
Life Science, Tokyo, Japan) and quantified by Image]. GAPDH antibody was used as a loading control.

4.5. Immunocytochemistry and Cold-Stable MT Assay

After cultivation, oocytes were fixed for 15 min in 4% paraformaldehyde (PFA, Alfa Aesar,
Thermo Fisher Scientific, Waltham, MA, USA) in PBS/PVA. Oocytes were permeabilized in 0.1%
Triton (X-100, Sigma-Aldrich) in PBS/PVA for 10 min, washed in PBS/PVA, and incubated overnight
at 4 °C with primary antibodies (see Table S1). After washing in PBS/PVA, detection of the
primary antibodies was performed by cultivation of the oocytes with relevant Highly Cross-Adsorbed
Secondary Antibodies, Alexa Fluor 488, 594 or 647 conjugates (Thermo Fisher Scientific) diluted
1:250 for 1 h at room temperature. Oocytes were then washed two times for 15 min in PBS/PVA and
mounted using a Vectashield Mounting Medium with DAPI (H-1200, Vector Laboratories, Burlingame,
CA, USA). For the cold-stable MT assay, oocytes were matured for 6 h post-IBMX-wash and then were
incubated for 15 min in 4 °C, fixed in 4% PFA /PVA, and stained for tubulin and CREST according to
the immunocytochemistry protocol. Confocal images were collected as Z stacks at 0.3 pm intervals
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to visualize the entire meiotic spindle region. Samples were visualized using a Leica SP5 inverted
confocal microscope (Leica Microsystems, Wetzlar, Germany). To classify kinetochore attachment
status, images were scored around the same Z plane using the merged two-color confocal stack of
CREST and MT images. Images were assembled in software LAS X (Leica Microsystems).

4.6. Transmission Electron Microscopy

Mouse oocytes in GV were washed three times in PBS/PVA and one time in 0.1 M Sorenson’s
phosphate buffer (pH = 7.2) with PVA. Oocytes were fixed in 2.5% glutaraldehyde (G5882,
Sigma-Aldrich) in 0.1 M Sorenson’s phosphate buffer for 1 h at room temperature. Fixed oocytes
were transported to the Electron Microscopy facility at the Microscopy Centre of the Institute of
Molecular Genetics, CAS. Fixative was removed and oocytes were centrifuged (5000x g/5 min) in 1%
low-temperature melting agarose. Oocytes were embedded to Epon blocks and sliced by UltraCut6
(Leica Microsystems) to ultra-thin sections. Oocyte sections were imaged at 80 kV using FEI Morgagni
268 Transmission Electron Microscope with Olympus Megaview III Digital Camera EM (FEI Company,
Hillsboro, OR, USA).

4.7. RNA Isolation and RT-PCR

RNA was extracted using a RNeasy Plus Micro kit (74034, Qiagen, Hilden, Germany) and
genomic DNA was depleted using gDNA Eliminator columns. The quality and quantity of the isolated
RNA was analyzed using the Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) system employing
the RNA 6000 Pico kit (5067-1513, Agilent). RT-PCR was then carried out using the Rotor-Gene
3000 (Biocompare, South San Francisco, CA, USA) and the OneStep RT-PCR Kit (210210, Qiagen)
and SybrGreen I (57563, Thermo Fisher Scientific) according to manufacturers’ provided protocols.
Gene/transcript specific RT-PCR primers were designed with an annealing temperature of 58 °C (see
Table S2). The reaction condition for reverse transcription was as follows: 50 °C/30 min, then initial
activation at 95 °C/15min, followed by 40 PCR amplification cycles (95°C/15s,58°C/20s,72°C/30s)
and 72 °C/10 min. Quantification analyses were performed using a dynamic amplification efficiency
determination for each amplification run as provided in the comparative quantification function with
the Rotor-Gene RG-3000 software. The exact amplification efficiencies were assessed in each tube,
and a mathematic model was applied for the derived calculation of the relative gene expression in the
control (YF).

4.8. Polysome Fractionation and RNA Extraction

Prior to oocyte collection, 100 png/mL of cycloheximide (CHX, 01810, Sigma-Aldrich) was added
for 10 min. Next, 200 oocytes (per sample) were washed three times in PBS/PVA supplemented with
CHX and frozen at —80 °C in low-binding tube (Eppendorf). To disrupt the zona pellucida and lysate
the oocytes, 250 L of zirconia-silica beads (11079110z, BioSpec, Bartlesville, OK, USA) were added to
the tube with frozen oocytes together with 350 pL of lysis buffer (10 mM Hepes, pH 7.5; 62.5 mM KCl;
5 mM MgCl,; 2 mM DTT; 1% TritonX-100; 100 png/mL of CHX supplemented with Complete-EDTA-free
Protease Inhibitor (05 056 489 001 3, Roche Diagnostics GmbH, Mannheim, Germany) and Ribolock
20 U/mL (EO0381, Thermo Fisher Scientific)). Oocytes were disrupted in the mixer mill apparatus
MM301 (shake frequency 30, total time 45 s, Retsch, Haan, Germany). Lysates were clarified by
centrifugation at 8000 x g for 5 min at 4 °C). Supernatants were loaded onto 10-50% linear sucrose
gradients containing 10 mM Hepes, pH 7.5; 100 mM KCl; 5 mM MgCl,; 2 mM DTT; 100 pg/mL
CHX; Complete EDTA-free (1 tablet/100 mL); and 5 U/mL Ribolock. Centrifugation was carried out
using Optima L-90 ultracentrifuge (Beckman Coulter, Brea, CA, USA) at 35,000 x g for 65 min at 4 °C.
Polysome profiles were recorded using ISCO UA-5 UV absorbance reader. We monitored the overall
quality of the polysome fractionation experiment by an inclusion of a parallel HEK293 cells sample.
Ten equal fractions were recovered from each sample and subjected to RNA isolation by Trizol reagent
(Sigma-Aldrich). Each fraction was then tested by qPCR with 18S and 28S rRNA-specific primers in
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LightCycler480 (Roche) to reconstruct a distribution of non-polysomal and polysomal RNA complexes
in each oocyte—specific profile.

4.9. Library Preparation, RNA Sequencing and Data Analysis

Fractions corresponding to polysomal and non-polysomal part, respectively, were pulled together.
These sub-samples were concentrated to 16 uL of Clean & Concentrator-5 (R1014, Zymo Research,
Irvine, CA, USA) and ribosomal RNA was removed from them by Ribozero-Gold (MRZG12324,
[llumina, San Diego, CA, USA). Afterwards, RNA was turned into cDNA and amplified by using
the REPLI-g WTA Single Cell Kit (150063, Qiagen). Finally, cDNA was tagmented and libraries were
prepared using the Nextera DNA Library Prep Kit (FC-121-1030, Illumina). Sequencing was performed
in Centro Nacional de Analisys Genomico facility (CNAG, Barcelona, Spain). Samples were sequenced
by HiSeq 2500 (Illumina) as 150 bp paired-end. Reads were trimmed using Trim Galore! v0.4.1 and
mapped to the mouse GRCm38 genome assembly using Hisat2 v2.0.5. Gene expression was quantified
as fragments per kilobase per million (FPKM) values in Seqmonk v1.40.0. Functional annotation
was performed using GOrilla [51,52] with ranked lists of genes detected in polysomal fractions
(FPKM > 0.1).

4.10. Kinase Assay

Kinase activities of CDK1 (H1) and MAPK (MBP) were determined in a single assay via
their capacity to phosphorylate external substrates histone H1 and myelin basic protein (MBP),
respectively [53]. Fifteen oocytes per sample were collected and lysed in 5 uL of lysis buffer (10 pg/mL
leupeptin, 10 pg/mL aprotinin, 10 mM p-nitrophenyl phosphate, 20 mM (-glycerophosphate, 0.1 mM
NazVOy, 5 mM EGTA, 1 mM benzamidine, 1 mM AEBSF) by three cycles of freezing/thawing.
Next, 5 uL of double kinase buffer (60 pg/mL leupeptin, 60 ng/mL aprotinin, 24 mM p-nitrophenyl
phosphate, 90 mM f3-glycerophosphate, 4.6 mM NazVOy, 24 mM EGTA, 2 mM benzamidine, 2 mM
AEBSF, 24 mM MgCl,, 0.2 mM EDTA, 4 mM NaF, 1.6 mM DTT, 0.2% (w/v) polyvinyl alcohol, 40 mM
MOPS pH 7.2, 2.2 uM protein kinase inhibitor (P0300, Sigma-Aldrich), 1 mg/mL MBP (M1891,
Sigma-Aldrich), 0.5 mg/mL histone H1 (10223549001, Roche), 0.6 mM ATP, 1 mCi/mL [y-32P] ATP
(Hartmann Analytic, Braunschweig, Germany) was incubated with the lysed sample for 30 min at
30 °C. The reaction was terminated by addition of 12.5 uL of double-strength concentrated reducing
sample buffer [54]. The phosphorylated substrates were resolved on 15% SDS-PAGE gel, the gel
was stained with Coomassie Brilliant Blue R250 (27816, Sigma-Aldrich), dried and exposed to an
intensifying screen in the exposure cassette for 20 h. Phosphorylated substrates were visualized using
a FujiFilm BAS-2500 Photo Scanner and the kinase activity was quantified using Aida Image Analyzer
software (Elysia Raytest, Angleur, Belgium).

4.11. Statistical Analysis

Mean and standard deviation (£SD) values were calculated using MS Excel. Statistical significance
of the differences between the groups was tested using Student’s t-test (PrismaGraph5) and p <0.05
was considered as statistically significant (marked by asterisks: * p < 0.05; ** p < 0.01; *** p < 0.001).

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/9/
2841/s1. Figure S1. Localization of LMN A/C during oocyte maturation. (a) Representative confocal images from
immunocytochemistry (ICC) showed localization of LMN A/C (red) and phosphorylated LMN A/C Ser22 (green)
during oocyte maturation (GV 0 h; NEBD 3 h; MI 6 h, MII 12 h). Cortex of oocytes is depicted by white dashed
line. DNA, blue and scale bar, 10 um. (b) Co-localization of LMN A /C (Ser22) (green) and the spindle (tubulin,
red). DNA, blue and scale bar 10 pm. (c) Localization of LMN A /C (red) during oocyte meiotic maturation. DNA,
blue and scale bar 10 um. Arrowhead marks polar body. Figure S2. Transmission electron microscopy of oocyte
nuclei from females of different age. (a) Representative images of the nucleus from YF and AF oocytes. The images
in the right panels show nuclear membrane highlighted with red line. Scale bar 10 pm. (b) Measurement of nuclear
membrane circumference of oocytes from the YF and the AF group. From two experiments of biologically different
samples (n > 8). Data represent mean + SD. ** p < 0.01, Student’s f-test. (c) Detail of nuclear lamina from AF
and YF oocytes. Representative images are from two experiments from biologically different samples (bar, 1 pum).
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The images in the right panels show nuclear membrane highlighted with red line. Figure S3. Total RNA amount
and global translational activity is not different between YF and AF groups. (a) Quantification of total RNA by
Agilent 2100 Bioanalyzer in the oocytes from different age groups. From 10 experiments of biologically different

samples. Data represent mean + SD. ns, non-significant, Student’s t-test. (b) *S-Methionine incorporation during
meiotic progression of oocytes from YF and AF groups. Representative images are from three experiments of
biologically different samples. (¢) Quantification of 355 Methionine incorporation in the oocytes from different
groups. From three experiments of biologically different samples. Values obtained for the YF group were set
as 100%. Data represent mean =+ SD, ns, non-significant, Student’s t-test. Figure S4. Induced expression of the
CCNB in the oocytes. Oocytes injected with control Gfp (Cntrl) and Ccnb RNA. See Figure 6a for the effect of
the overexpression. WB analysis of samples using CCNB antibody. Arrowhead depicts endogenous CCNB and
arrow GFP tagged CCNB protein. GAPDH was used as a loading control. From three experiments of biologically
different samples. Table S1. Primary antibodies used for WB and ICC in the study. Table S2. Primers used in the
study for RT-PCR.
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There is increasing evidence that bisphenols BPS and BPF, which are analogues of BPA, have deleterious effects
on reproduction even at extremely low doses. Indirect exposure via the maternal route (i.e. across the placenta
and/or by breastfeeding) is underestimated, although it can be assumed to be a cause of idiopathic female
infertility. Therefore, we hypothesised the deleterious effects of exposure to BPA analogues during breastfeeding
on the ovarian and oocyte quality of offspring. A 15-day exposure period of pups was designed, whilst nursing
dams (N > 6 per experimental group) were treated via drinking water with a low (0.2 ng/g body weight/day) or
moderate (20 ng/g body weight/day) dose of bisphenol, mimicking real exposure in humans. Thereafter, female
pups were bred to 60 days and oocytes were collected. Immature oocytes were used in the in-vitro maturation
assay; alternatively, in-vivo-matured oocytes were isolated and used for parthenogenetic activation. Both in-vitro-
and in-vivo-matured oocytes were subjected to immunostaining of spindle microtubules (a-tubulin) and deme-
thylation of histone H3 on the lysine K27 (H3K27me2) residue. Although very low doses of both BPS and BPF did
not affect the quality of ovarian histology, spindle formation and epigenetic signs were affected. Notably, in-vitro-
matured oocytes were significantly sensitive to both doses of BPS and BPF. Although no significant differences in
spindle-chromatin quality were identified in ovulated and in-vivo-matured oocytes, developmental competence
was significantly damaged. Taken together, our mouse model provides evidence that bisphenol analogues
represent a risk to human reproduction, possibly leading to idiopathic infertility in women.

1. Introduction

Human infertility has become a serious medical issue in developed
countries, due to increased maternal age (Bukovsky, 2017), lifestyle
practices (Leisegang and Dutta, 2020), and/or environmental threats (Di
Renzo et al., 2015). However, many infertility cases have been classified
as ‘idiopathic’, when the primary cause is unknown (Monteiro et al.,
2020; Punab et al., 2016). In idiopathic infertility studies, the genetic
background of patients is favoured (Mallepaly et al., 2017), and when
environmental noxious stimuli are considered a cause of reproduction
failure, direct exposure via different routes is assessed (Ndaw et al.,
2018; Upson et al., 2014). At most, gestational exposure to environ-
mental pollutants is considered an indirect burden (Fisher et al., 2020;
Monteiro et al., 2020; Ziv-Gal et al., 2015). However, there is limited
information regarding breast milk contamination with bisphenols

(Tuzimski et al., 2020), as well as the possibly deleterious effects of
nursing-mediated exposure in adulthood (Li et al., 2016).

Accordingly, we can consider the nursing period as crucial for testing
environmental pollutants due to the following assumed reasons: i)
breastfeeding is an exclusive food for infants; ii) pollutants are often
liposoluble; iii) therefore, higher concentrations of these compounds
may be consumed in fatty-rich breast milk; iv) elimination via the glu-
curonidation metabolic pathway in the infant kidney is not fully
developed (Matalova et al., 2016) and, therefore, v) the exposure to low
doses may act as a reproductive toxin, despite being harmless to the
mother; and finally vi) despite the direct impact of chemical compounds,
the metabolic effect of vertical exposure from mother to foetus is
considered (summarised in Chemek and Nevoral, 2019).

A multitude of plastic compounds occurs in developed countries,
threatening human reproduction. Bisphenols are a widely used plastic

* Corresponding author at: Biomedical Center of Faculty of Medicine in Pilsen, alej Svobody 1655/76, Pilsen, Czech Republic.

E-mail address: jan.nevoral@lfp.cuni.cz (J. Nevoral).

https://doi.org/10.1016/j.taap.2021.115409

Received 13 September 2020; Received in revised form 8 January 2021; Accepted 10 January 2021

Available online 18 January 2021
0041-008X/© 2021 Published by Elsevier Inc.

171



J. Nevoral et al.

compound, with endocrine-disrupting properties that ubiquitously
affect the endocrine system. Bisphenol A, the most widely used
bisphenol compound, is well known for having a negative effect on
human reproductive health (Brieno-Enriquez et al., 2012; Minguez-
Alarcon et al., 2015; Peretz et al., 2014) and therefore has gradually
been eliminated from many commonly used products (Zalmanova et al.,
2016). In particular, its use in baby bottles and toys has been prohibited.
Consequently, obvious but regrettable substitutes have been found
(Zalmanova et al., 2016): bisphenol S (BPS) and/or BPF that replaced
BPA from many consumables, with deleterious BPA-like biological ef-
fects (Zalmanova et al., 2017).

While many studies have compared BPA versus alternative bisphe-
nols, few studies describing BPA analogues on reproduction have been
published in recent years (Desdoits-Lethimonier et al., 2017; Rehfeld
et al., 2020; Warner and Flaws, 2018). However, little is known about
the molecular mode of the action of bisphenols at relevant doses.
Moreover, there is limited information available regarding exposure to
BPA analogues, BPS and BPF. Current evidence indicates that gametes
are more sensitive to low doses of BPS, whereas the oocyte cytoskeleton,
epigenetic code, and/or protein post-translational modifications are
affected in a subtle way, depending on the biological impact of
bisphenol (Nevoral et al., 2018b; Prokesova et al., 2020; Rimnacova
et al., 2020). These observations appropriately supplement the findings
of cohort studies and human biomonitoring, preceding the selection of
experimentally used doses. In addition to the direct exposure of adults,
gestational transplacental exposure has become a hot topic in human
biomonitoring and toxicokinetic studies (Sharma et al., 2018). Similarly,
the nursing period has recently come into the centre of interest and is
being considered as an exposure window with significant impact on
reproduction (Martini et al., 2020). There are several reasons to spec-
ulate about this exposure window as a cause of idiopathic infertility
induced by environmental pollutants, concurrently being under-
estimated in the context of reproductive health.

In accordance with the aforementioned evidence, we hypothesised
that neonatal exposure to bisphenol analogues leads to female repro-
ductive failure in adulthood, which may otherwise be considered as
‘idiopathic’. The aim of the study was to simulate the real-life exposure
route to bisphenols being considered safe for reproductive health. Doses
have been chosen based on the actual exposure of humankind
(Rochester and Bolden, 2015). Moreover, they were used in animal ex-
periments that induced non-fatal systemic responses in exposed animals
(Nevoral et al., 2018b; Prokesova et al., 2020). In addition to standard
molecular assessment of oocytes, developmental competence of them
was evaluated, being considered as a key marker of female fertility
(Sirard et al., 2006). Our study provides the first evidence of the bio-
logical effect of translactational transfer of alternative bisphenols on
female reproduction, using the perinatal nursing window of exposure.

2. Material and methods

All chemicals were purchased from Sigma-Aldrich (MO, USA), unless
stated otherwise.

2.1. Animals

Six- to seven-week-old female ICR mice (n = 60) were purchased
from Velaz Ltd. (Czech Republic) and used as dams of F1 offspring
subjected to experimental assessment. The animals were housed in
intact polysulphona cages, maintained in 12 h-light/dark cycles at room
temperature (21 + 1°C) and relative humidity (60%). A phyto-
oestrogen-free diet (1814P; Altromin, Germany) and ultrapure water
(in glass bottles, changed twice weekly) were provided ad libitum. All
animal procedures were conducted in accordance with the Coll. Act on
the Protection of Animals against Cruelty No. 246/1992 of the Czech
Republic and under the supervision of the Animal Welfare Advisory
Committee of the Ministry of Education, Youth, and Sports of the Czech
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Republic (approval number: MSMT-11925/2016-3).
2.2. Exposure and dosage

ICR dams were mated in the oestrus phase. Bisphenols were
administered via drinking water (low and moderate BPS, 0.375 ng/mL
and 37.5 ng/mlL, respectively) during the nursing period of ICR dams
between PNDO (i.e. day of delivery) and PND15. Vehicle control
comprised treatment with 0.1% ethanol in sterile tap water. The expo-
sure duration covered the sensitive exposure window and assured breast
milk as an exclusive feeding route for offspring. The route of exposure to
bisphenols was selected with respect to the welfare of females exposed
during a highly sensitive period of nursing. Doses with known biological
effects (Nevoral et al., 2018b) and appropriate to real-life human
exposure (Rochester and Bolden, 2015) were chosen. After recording the
drinking water consumption and body weight of nursing dams, the
actual bisphenol exposure of dams was determined. Henceforward,
corrected bisphenol intake was maintained at low and moderate BPS
dosages.

2.3. Inspection of clinical signs of reproduction onset

The weight of the litter was inspected at delivery and defined as
postnatal day (PND) O (PNDO). Thereafter, weight was recorded at
PND10 and PND21. Once pups were weaned at PND21, anogenital
distance, a marker of androgenic activity, was measured as the distance
from the superior edge of the external genitalia to the inferior edge of the
anus, using a handheld calliper with precision to 0.1 mm. During post-
weaning housing, the day of vaginal opening was recorded as the day
of onset of puberty.

2.4. Histology and sample preparation

Young and adult ovaries were isolated on PND15 and PND60, when
the exposure was terminated and the reproductive peak was achieved,
respectively. Ovaries were fixed for 14 days in Bouin's solution, fol-
lowed by storage in paraffin blocks. Blocks were processed into 10-pm-
thick systematic serial sections with random orientations (100 + 10
sections per animal) using a microtome (Leica RM2255). Every fifth
section was mounted on to the slide, followed by staining with the
standard protocol with haematoxylin-eosin. From 7 to 14 equidistant
sections per ovary, depending on the ovary size, were used for the ste-
reological analysis (Mouton, 2002).

2.5. Stereology and follicle count

Stereological analysis of ovaries was performed using Stereologer 11
software (SRC Biosciences, Tampa, Florida, USA) on a personal com-
puter, attached to a Nikon Eclipse Ti—U microscope, equipped with
high-speed XY stage and Z-axis motors (Prior, UK), camera (Promicra 3-
3 cc), and a standard set of lenses (Plan Fluor). The total volume of the
ovaries was estimated, using the point grid counting approach, based on
the Cavaslieri principle (Gundersen et al., 1999). The quantification of
follicles was performed using optical dissector techniques (Sterio, 1984)
by counting visible cell nuclei. The follicles were divided into the
following five groups, according to the morphological features described
earlier (Nevoral et al., 2018b): primordial, primary, preantral, antral,
and atretic follicles. The primordial follicle count was used to estimate
the ovarian reserve of young ovaries (PND15) and was excluded from
the analysis in adult ovaries (PND60).

2.6. Oocyte isolation
For immature oocytes in the GV stage, we used 8- to 10-week-old

perinatally exposed females in the pro-oestrus or oestrus phase. Oo-
cytes were isolated from ovarian tissue using a needle and a 27-G
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syringe, and used subsequently for in-vitro maturation studies. Alter-
nately, another female was administered PMSG and hCG 48 h later,
followed by isolation of in-vivo-matured oocytes after 16 h. Ovulated
cumulus-oocyte complexes were flushed from the oviduct and treated
with 0.1% hyaluronidase for 5 min to remove cumulus cells. These oo-
cytes were used for in-vitro fertilisation or immunocytochemistry.

2.7. In-vitro maturation assay

Immature oocytes in the GV stage were manipulated in M2 medium
supplemented with 100 pM isobutyl-methylxanthine (IBMX), a specific
endogenous phosphodiesterase inhibitor, to maintain intact GV oocytes.
Fully grown immature oocytes with intact GVs were placed in M16
culture medium with IBMX and allowed to recover their oocyte pool of
proteins for at least 1 h at 37°C and 5% CO,. Thereafter, oocytes were
fixed in 4% paraformaldehyde in phosphate buffered saline (PBS),
supplemented with 0.1% polyvinyl-alcohol, for 30 min at room tem-
perature (22°C), and stored at 4°C until further use. Alternatively,
recovered GV oocytes were cultured in IBMX-free M16 culture medium
for 16 h at 37 °C and 5% CO, to obtain matured MII oocytes. Matured
oocytes with extruded polar bodies were fixed and stored until further
use at 4°C.

2.8. Immunocytochemistry (ICC) and image analysis

In both in-vitro- and in-vivo-matured oocytes, a-tubulin and dime-
thylated histone H3 on lysine K27 (H3K27me2) were used for spindle
visualisation and heterochromatin assessment, respectively. Firstly, 4%
paraformaldehyde-fixed oocytes were permeabilised in PBS containing
0.04% Triton X-100 and 0.3% Tween-20 for 15 min. Then, oocytes were
blocked in 1% bovine serum albumin in PBS with Tween 20 for 15 min
and incubated with a cocktail of anti-a-tubulin (1:200, Sigma-Aldrich)
and anti-H3K27me2 (1:200, Abcam, UK) primary antibodies. After
washing, the oocytes were incubated with a cocktail of anti-mouse and
anti-rabbit AlexaFluor 488 and 647 (1:200) antibodies, respectively.
Phalloidin (1:200; Thermo Fisher Scientific, USA) was added to the
washes and used for p-actin visualisation. Stained oocytes were mounted
on to slides in Vectashield medium with DAPI. Signal intensity was
measured using ImageJ software. Images were acquired using an
Olympus IX83 spinning disc confocal microscope (Olympus, Germany)
and VisiView software (Visitron Systems GmbH, Germany). Immuno-
stained oocytes were subjected to measurement of the integrated density
(expressing signal intensity) of H3K27me2, using ImageJ software (NIH,
Bethesda, CA, USA). The integrated density values were related to
control oocytes (VC = 1).

2.9. Parthenogenetic activation

Alternatively to ICC, in-vivo-matured oocytes of low and moderate
BPS exposure groups were denuded from cumulus cells, as described
above, and used for parthenogenetic activation. Oocytes were incubated
in modified EmbryoMax KSOM Mouse Embryo (MR-121-D, Millipore)
medium, supplemented with 0.1% bovine serum albumin (BSA), 2 mM
EGTA, 10 mM SrCly, and 5 pg/mL cytochalasin B for 5 h at 37°C and 5%
CO,. Embryos were cultured in KSOM with BSA for 24 h and 96 h to
cleaved embryos and blastocyst stages, respectively.

2.10. Statistics

The data were analysed using GraphPad Prism 8 (GraphPad Software
Inc., San Diego, CA, USA). Based on Shapiro-Wilks normality distribu-
tion tests, differences were tested using an ordinary one-way ANOVA,
followed by Tukey’s multiple test. Alternatively, Kruskal-Wallis tests
and Dunn’s post-hoc tests were used for non-normally distributed data.
Proportion data were analysed using Fisher’s exact test with Bonferoni
correction. P-values <0.05, 0.01, 0.001, and 0.0001 were considered
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statistically significant and indicated with asterisks (*), (**), (***), and
(****), respectively. Normally and non-normally distributed data were
expressed as means and medians, respectively.

3. Results

3.1. Exposure to very low doses of bisphenols does not induce androgenic
and/or oestrogenic effects

We aimed to track essential non-invasive characteristics of individ-
ual litters, such as weight gain throughout the nursing period, followed
by recording of anogenital distance at the day of weaning (defined as the
21st postnatal day, PND21) and the day of vaginal opening following
exposure to low and moderate doses of BPS and BPF from delivery to
PND15, via exposure to doses given to lactating dams. For comparison,
two of the most commonly used alternative bisphenols, bisphenol S
(BPS) and BPF, were chosen for the initial testing. Diethylstilbestrol
(DES), a synthetic nonsteroidal form of oestrogen, was used as a positive
control for the potential oestrogen-like effects of low doses of both
bisphenols.

Based on the recording of water intake and body weight of nursing
dams, the actual bisphenol exposure was calculated (Fig. 1A). There was
no effect of perinatal bisphenol exposure on litter weight or weight gain
during the nursing period (Fig. 1B). Neither anogenital distance nor
vaginal opening, a marker of androgenic and oestrogenic activity,
respectively, showed any differences compared to vehicle control
(Fig. 1C).

3.2. Ovarian reserve estimation in bisphenol-exposed female pups and
adult mice

Histological evaluation of ovarian tissue samples was performed at
PND15 and PND60, corresponding to the end of bisphenol treatment and
reproductive peak achievement, respectively. No effect of BPS was
observed on the primordial follicle reserve in young ovaries (Fig. 2A and
Supplementary Table S1). Treatment with low doses of DES did not
show any differences. Thus the effect of DES exposure was not evaluated
in adult ovaries. Similarly, exposure during lactation to either BPS or
BPF did not affect the pool of primary, preantral, and antral follicles in
adult ovaries (Fig. 2B and Supplementary Table S2). Even the number of
atretic follicles in the low-concentration BPS group was not found as
statistically significant (P = 0.3911). For complete histological data, see
Supplemental Material (Supplementary Tables S1 and S2).

3.3. Assessment of the ovarian reserve of bisphenol-exposed female
offspring

Following the findings of histological analyses, the physiological
reserve of the ovaries was tested. Females in the proestrus/oestrus phase
were used as donors of immature germinal vesicle (GV) oocytes, which
are used for in-vitro maturation (IVM). Alternatively, hormonally stim-
ulated females ovulated in-vivo-matured oocytes.

Based on the number of GV oocytes isolated per ovary, we did not
observe any effect of nursing exposure to bisphenols (Fig. 3A). In
addition, the ability of meiotic arrest breakdown (GVBD, germinal
vesicle breakdown, GVBD) and the maturation stage (maturation rate)
were not affected (Fig. 3B). Similarly, the number of flushed in-vivo-
matured oocytes was not affected, and the number of atretic or frag-
mented oocytes, indicating oocyte quality, was not altered in bisphenol-
exposed offspring (Fig. 3C).

3.4. Bisphenol-affected spindle assembly and histone code in oocytes
matured in vitro

Based on the above findings, indicating bisphenol had no effect on
oocyte yield or quality, we considered a more tenuous mechanism of
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Fig. 1. Non-invasive features of litters and offspring. (A) Planned and effective exposure of dams to bisphenols (BPS, BPF) and diethylstilbestrol (DES), labelled as
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belonging to at least three independent litters is noted in brackets. Data are expressed as medians, and whiskers represent the range of minimum-maximal values.
Statistical differences were tested using the Kruskal-Wallis nonparametric test, followed by Dunn’s multiple comparisons test. The asterisk indicates statistical

significance at P < 0.05 (*).

action for low doses of bisphenols at the intracellular level. Immuno-
staining of o-tubulin and demethylation of histone H3 on lysine K27
(H3K27me2) were chosen as markers of cytoskeleton and histone code-
marked heterochromatin, respectively. We considered the native oestrus
cycle and selected oocyte donors in the pro—/oestrus phase to avoid any
potential interactions with administered gonadotropins.

In-vitro-matured oocytes showed a higher occurrence of spindle ab-
normalities, accompanied by chromosome misalignment (Fig. 4A).
Moreover, persistent astral microtubules were observed in the ooplasm
of several oocytes of the low BPS group, along with spindle malforma-
tion (Fig. 4B). Indeed, oocytes of female donors exposed to low BPS
showed evidence of spindle malformation. Interestingly, only moderate
BPF led to a significant increase of spindle misassembly in matured
oocytes (Fig. 4C). In addition to abnormalities in ooplasmic microtu-
bules in oocytes exposed to a low level of BPS, a statistically significant
increased frequency of chromosomal misalignment was observed
(Fig. 4D). A significant decrease in H3K27me2, a chromatin repressive
marker, is observed in adult oocytes after a perinatal exposure to either a
low dose of BPF or moderate doses of BPS or BPF (Fig. 4E).

3.5. In-vivo maturation alleviates oocyte damage, but affects
developmental competence

To investigate the effect of nursing exposure on the quality of in-vitro-
matured oocytes, the latter were subjected to cytoskeletal and histone
code assessment of in-vivo-matured oocytes of hormonally-stimulated
female donors, considered as these oocytes being more resilient to
environmental stress (Fig. 5A). There is a significantly increased pro-
portion of oocytes with spindle damage (a-tubulin) and chromosome
misalignment in the low BPS group of females (Fig. 5B,C). No changes in
histone heterochromatin marker methylation status (H3K27me2) were
observed in all bisphenol groups (Fig. 5D).

Following the finding of spindle damage and chromosome
misalignment in oocytes of low-BPS-nursing exposed females, in-vivo-
matured oocytes were used to assess developmental competence. For
this purpose, parthenogenetic activation was used, leading to blastocyst
formation, while eliminating paternal contribution unlike in-vitro fer-
tilisation. Only BPS-affected oocytes were assessed, due to the equality
of BPS and BPF phenotypes observed on the oocyte spindle (Fig. 5B).
Indeed, the parthenogenetic activation assay indicated a decrease in
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differences were tested using an ordinary one-way ANOVA, followed by Tukey’s multiple test.

developmental competence of ovulated oocytes. The exposure to a low indicating the association of embryonic development success with the
dose of BPS affected the activation and cleavage rate, as well as the cytoskeletal fitness of matured oocytes.
blastocyst rate, in contrast to the moderate BPS group (Fig. 5D-E),

175



J. Nevoral et al. Toxicology and Applied Pharmacology 413 (2021) 115409

moderate
BPF

moderate
BPS

low

(A) (&)

vehicle
” @ normal spindle @ abnormal spindle

Fkdek

1004

B- aclm

oocyte proportion (%)
g

0-

Jgh :5\ )ﬁh )§§ /éh
A
L7 R R
‘b 04@ 00
\o (& N9 Q(i‘
O 0b
e

(D) =

L@

a-tubulin

I aligned I misalignment

*

1004

N
[F
£
~
o
X
(2]
I

oocyte proportion (%)

0_
B A D S S
il < \\\’« o Nty
stack 2 @ <

=z S LS &

e o )

Ve @‘ © (b
(&) &O

<&

(E) .

DNA
a-tubulin

H3K27me2 fold-change

Fig. 4. Effect of nursing bisphenol exposure on cytoskeleton and epigenetic quality of in-vitro-matured oocytes. (A) Representative images of chromosome
misalignment, cytoskeletal damage of the spindle, and chromosomal H3K27me2. The frame represents the emphasised area of the metaphase chromatin. Arrows
indicate chromosome misalignment; pb: polar body. (B) Persisting astral microtubules in the ooplasm (indicated with arrows), accompanying spindle defects of low
BPS oocytes. (C) Quantification of matured oocytes carrying the affected spindle, including astral microtubules noted above. (D) Frequency of chromosomal
misalignment. (C,D) Data are expressed as cumulative proportion of oocytes, come from at least three unrelated female donors. The numbers of oocytes are indicated
in brackets. Statistical differences between control and bisphenol-exposed groups were tested using Fisher’s exact test with Bonferoni correction. Asterisks indicate
statistical significance at P < 0.05 (*), 0.01 (**), and 0.0001 (****). (E) Quantification of H3K27me2 signal density in matured oocytes, related to unexposed control
(mean of the vehicle = 1). Data show nonparametric distribution and lines indicating medians. The numbers of analysed oocytes are indicated in brackets. Statistical
differences were tested using the Kruskal-Wallis nonparametric test, followed by Dunn’s multiple comparisons test. Asterisks indicate statistical significance at P <
0.05 (*), and 0.01 (**).

4. Discussion

Investigation into the biological effect of widely used BPA has pro-
duced much evidence supporting the deleterious effects of BPA on the
endocrine system and on reproduction (Hunt et al., 2003; Moore-Ambriz
et al., 2015; Pollock et al., ; Wang et al.,
Ziv-Gal et al., 2015). This has led to a subsequent ban on its use in many
commonly used products, such as in polycarbonate plastics and bottles,
baby bottles, and toys. For this reason, the BPA analogues, BPS and BPF,
have been introduced and used industrially in plastic compounds as a
replacement for BPA (Sa 2016). Recently, several studies
have demonstrated the negative effect of these substitutes, and there-
fore, another ‘regrettable substitution” has surfaced (Vandenberg et al.,

2014; Rahman et al., 2015 2016;

rtain and Hunt,

12). However, few studies have dealt with very low doses of bisphe-
nols (Jan Nevoral et al., 2018b; al., 2020; Zhang et al.,
2020), which mimic actual intake levels via environmental exposure in
developed countries (summarised by Wu et al., 2018), at most increased
in several cases of occupational exposures (Ndaw et al., 2018;
2016). In fact, indirect exposure to those low
doses through the placenta and/or breast milk are not usually assessed,
despite the fact that the exposure windows of in-utero development and
nursing represent sensitive exposure windows (Dolin
2020). Regardless of dosage, the effect of exposure
during this exposure window on female reproduction is lacking,
although some evidence about translactational exposure to BPA ana-
logues has been published (LaPlante et al., 2017; Li et al., 2016).

Prokesova et

Russo

et al., 2017; Thayer et al.,

oy et al., 2007;

Monteiro et al.,
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parthenogenetically activated oocytes of BPS-exposed female offspring and the ability of cleavage and blastocyst achievement. Fisher’s exact test with Bonferoni
correction was used for statistical testing. Asterisks indicate statistical significance at P < 0.0001 (****); ns: no significance. The number of activated oocytes is
indicated in brackets. (F) Illustrative pictures of activated oocytes of vehicle and low BPS groups, after 6 h, 24 h and 100 h of in-vitro embryo culture, leading to
pronucleus formation, cleavage, and blastocyst achievement, respectively. Arrows and arrowheads indicate intact non-cleaved oocytes and lysed embryos,

respectively.

Furthermore, existing knowledge has been derived mainly from BPA
studies using toxic doses (Chen et al., 2020; Qiu et al., 2020), and no
specific molecular markers of female fertility have been examined. In
this study, we designed a mouse model of translactational exposure to
female offspring, through which nursing mothers were exposed orally to
bisphenols, to simulate the exposure of nursing mothers to real-life doses
of alternative bisphenols, BPS and BPF. Moreover, cytoskeletal and
epigenetic markers were analysed in offspring oocytes to uncover the
subtle changes in molecular activity of very low doses, in accordance
with knowledge of the perinatal period being highly sensitive due to

DNA integrity maintenance (Stringer et al., 2020) and epigenetic
changes leading to transgenerational inheritance (Pocar et al., 2017,
2012).

In our experiments, we did not observe any obesogenic, androgenic,
and/or oestrogenic effects, based on litter weight recording, anogenital
distance, and vaginal opening, respectively, in female pups of dams
exposed to BPS or BPF. Conventional toxicological approaches cannot
detect subtle changes in reproductive functions, leading to ‘idiopathic
infertility” when suckling offspring transition to adulthood. Therefore,
we assumed that there could be impairments identifiable in follicles at
different stages of development: i) in young ovaries at PND15, when
most oocytes are transcriptionally active and physiologically not bearing
meiotic competence and ii) in adult ovaries where follicle recruitment
occurs and different stages of follicle development can be found (Sor-
ensen and Wassarman, 1976). In this study, different doses of alternative

bisphenols did not induce any significant changes in the number of
follicles or in the number of atretic follicles. In accordance with the
histological analyses, ovarian reserve was not affected, and the yield of
immature and ovulated oocytes was similar for animals exposed to
vehicle control and those exposed to both bisphenol doses. Nevertheless,
oocyte quality could be affected, while ovarian assessment did not
reveal any effects due to bisphenol at low doses.

Our findings showed that the oocyte cytoskeleton was impaired
when females were exposed through breast milk to low doses of BPS and
BPF, particularly with regard to the meiotic spindles. Moreover, per-
sisting ooplasmic astral microtubules were observed in mature oocytes,
seemingly reminiscent of the microtubule-organising centres physio-
logically occurring in immature oocytes (Verlhac et al., 1993), which
persisted in oocytes treated with taxol, a microtubule stabilising agent
(Mailhes et al., 1999). These aberrant particles may be considered as
non-degraded pericentriolar material or as precursors of centrosomes in
oogonia (Sathananthan et al., 2000; Simerly et al., 2018). In addition,
spindle resemblance was similar to that observed following excessive
polymerisation of tubulin, accompanied by widening of the spindle, and
the presence of astral microtubules emanating from spindle poles and/or
cytoplasmic foci, found in cryopreserved oocytes (Tamura et al., 2013).
Nevertheless, this deviation must not be associated with aneuploidy
(Forman et al., 2012). This phenotype is obviously an impact of the
exposure on primary oocytes during the perinatal exposure window,
while primordial follicles are being formed (Niu and Spradling, 2020).
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In addition to spindle assessment, we assumed the epigenetic mode
of action of bisphenols. Therefore, H3K27me2 was chosen as a multi-
lateral marker of heterochromatin formation and stability, while its
decrease is possibly due to induced apoptosis (Liu et al., 2017) and an
obese-mouse oocyte phenotype (Hou et al., 2016). Indeed, in-vitro-
matured oocytes showed a decrease in H3K27me2 in our experiments,
indicating that chromosomal epigenetic assembly repressed hetero-
chromatin formation. Epigenetic remodelling by endocrine disruptors is
variable, with the effect of different molecules differing according to the
chemical structure. In any case, the epigenetic changes in gametes can
potentially lead to the modulation of epigenetic memory and/or shift of
gene imprinting, resulting in transgenerational inheritance of these
changes (Manikkam et al., 2013; Pocar et al., 2017). Essentially, incor-
rectly assembled spindles and impaired chromatin stability of in-vitro-
matured oocytes indicate a defect in the chromosome-segregation ma-
chinery in immature oocytes, associated with specific alteration of
transcription factors in the ovary of suckling females. Conversely, when
the quality of in-vivo-matured oocytes was assessed following hormonal
stimulation and ovulation of cumulus-oocyte complexes, no significant
differences were found.

Our observations of spindle damage and epigenetic remodelling
following bisphenol exposure in in- vitro- and in-vivo-matured oocytes
are in accordance with our histological findings, highlighting the sig-
nificance of an oocyte somatic cell-based environment. Whereas the
follicle count was not affected, somatic cell interactions were not able to
rescue oocyte quality (Li et al., 2008). This assumption is in accordance
with the fact that granulosa cells are differentiated and established in the
first days of perinatal life (Niu and Spradling, 2020). Although an in-vivo
ovulation bottleneck can select oocytes with well-assembled spindles
and metaphase plates (Hornak et al., 2012, 2011), we observed spindle
damage even in in-vivo-ovulated oocytes. Although in-vivo oocyte
maturation seems to be more robust than in-vitro systems, those oocytes
can be affected even in vivo anyway, leading to the failure of embryonic
development. Accordingly, we observed the declined developmental
competence of BPS-affected in-vivo-matured oocytes using the parthe-
nogenetic activation. Our findings are noticeably similar to earlier
published work describing cytoskeletal and epigenetic damage of oo-
cytes following gestational exposure to very low doses of bisphenol S
(Zhang et al., 2020).

There are no doubts that further investigation is needed to charac-
terise the targeted proteins. However, several aspects should be taken
into consideration: i) developmental competence may be affected by the
ability of oocytes to undergo meiotic disruption and maturation; ii)
responsible factors are synthesised in young ovaries, seemingly creating
a pool not significantly replenished past PND15, which is responsible for
the cast-off infertility diagnosed as idiopathic; and iii) surprisingly, the
exposure to lower doses of BPS exerts activity which is in contrast to
moderate exposure levels of BPS, underlining the non-linear effect of
BPS as an agonist of yet unknown targets, further supporting the role of
perinatal-induced and bisphenol-driven idiopathic infertility.

5. Conclusions

Alternative bisphenols seem inappropriate and should not be
considered as safe BPA substitutes. Both BPS and BPF exert distinct
biological effects on oocytes during the perinatal exposure window
when the ovarian pool meiotic competence of oocytes is established.
Interestingly, individual bisphenols seem to differ in their molecular
activity and result in different phenotypes in BPS- vs. BPF-exposed fe-
males. Further, each BPA substitute is characterised by a different
‘effective dose’, resulting in different threshold effects. Given the above
evidence, bisphenol analogues represent compounds bearing a burden
on human reproduction, and through the effects induced during an early
exposure window in the breastfeeding infant, these may potentially
result in idiopathic infertility in women.
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