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Souhrn

Kazdy den je do naSeho prostiedi uvolinovano ohromné mnozstvi tzv. polutantii zivotniho
prostiedi, které mohou negativné ovlivnit nase zdravi. Nékteré z téchto sloucenin jsou
hormonalné aktivni latky (tzv. endokrinni disruptory), které mohou interferovat s nasim
hormonalnim systémem. Hormonalni systém ovliviluje spravnou funkci mnoha
fyziologickych procesu a je jeden z nejdilezitéjSich regulacnich systéma v organismu.
| reprodukéni systém je do znaéné miry regulovan riiznymi hormony a jejich spravna funkce
je zasadni pro tvorbu gamet, oplodnéni a vyvoj embrya. Proto znecisténi zivotniho prostiedi
je povazovano za jednu z moznych pficin zvysené neplodnosti v lidské populaci. V naSich
studiich jsme se proto rozhodli studovat vliv dvou endokrinnich disruptorQ
(tetrabrombisfenol A - TBBPA a zearalenon - ZEA) na sam¢i reprodukéni systém mysi

in vivo.

Podle naSich vysledkt je TBBPA schopen indukovat apoptdzu testikuldrnich bunék, stejné
jako zmény v expresi vybranych testikularnich gend a protaminaci spermii. Déle nase
vysledky naznacuji, ze pii kontinualni expozici TBBPA dochazi k akumulaci jeho
negativniho vlivu v dalsi generaci v zavislosti na tom, zda rodi¢e byli nebo nebyli ovlivnéni.
Jednim z moznych mechanismi trans-genera¢niho pfenosu by mohly byt pozorované zmény

Vv protaminaci spermii.

Vysledky z nasi dalsi studie ukézaly, Ze ZEA ma negativni vliv na kvalitu spermii, zejména
na koncentraci a morfologii. Vysledky z analyzy genové exprese naznacuji, Ze mezi nejvice
ovlivnéné bunky patii spermatogonie a meiotické zarodecné bunky. NaSe vysledky rovnéz

ukazaly, Ze niz8i ddvka ZEA ma vyraznéjsi efekt na testované reprodukéni parametry nez

davka vysoka.

V nasi posledni studii jsme analyzovali expresi vybranych geni ve vzorcich z testikularnich
biopsii pacientll s azoospermii, kteti podstoupili TESE. Nase vysledky ukazuji, Ze analyza
genové exprese milze byt uziteCnou diagnostickou metodou, kterd pomize k vybéru

nejvhodnéjsiho postupu pro kazdého pacienta.



Abstract

In our environment there are many compounds which can negatively influence humans and
wildlife. Every day, a vast number of environmental pollutants are released into our
environment and there is no way to avoid their exposure. Some of these compounds can
even mimic endogenous hormones and interfere with our endocrine system (so called
endocrine disruptors), which is the key regulatory system controlling almost all
physiological processes in human and animal bodies. Also the reproductive system is largely
regulated by various hormones, and their proper function is crucial for gamete formation,
fertilization and embryo development. Environmental pollutants are therefore considered as
one of the possible causes of increased infertility in human population. This prompted us to
study the effect of two endocrine disruptors (tetrabromobisphenol A — TBBPA, and

zearalenone — ZEA) on the male mouse reproductive system in vivo.

According to our results, TBBPA is able to induce apoptosis as well as changes in the
expression of selected testicular genes and sperm protamination. Our results also suggest
that permanent exposure to TBBPA slightly enhances its effect in the next generation,
depending on whether the parents have been affected or not. We hypothesized that
differential protamination of the sperm DNA may be one of the possible mechanisms of
trans-generational transmission of the pathological phenotypes induced by environmental

pollutants.

Results from our next study have shown that ZEA is able to negatively influence the sperm
quality, mainly sperm concentration and morphology. Based on our results from gene
expression analysis we assumed that the most affected cells are spermatogonia and meiotic
germ cells. Our results have also shown that the lower dose of ZEA had a greater effect on

exposed animals.

Finally, in the third part of the presented work we analyzed expression of selected genes in
specimens from testicular biopsies of azoospermic patients who underwent TESE. Our
results showed that gene expression analysis can be an additional and useful tool for

assessing the most suitable procedure for each patient.



1. Uvod

Neplodnost v lidské populaci je v soucasnosti zavaznym problémem a proto se také stala
jednim z dilezitych smérii biologického a biomedicinského vyzkumu. Podle svétové
zdravotnické organizace ma az 15% parQ v reprodukénim véku problémy v oblasti reprodukce
az 50% je pii¢ina na strané muze 2, Jednim z hlavnich déivod muzské neplodnosti je snizena
kvalita spermatu 3°, kterA miZe mit mnoho pf¥i¢in. Maze byt zpisobena genetickymi
poruchami, nezdravym zivotnim stylem ¢i nadmérnou konzumaci alkoholu a v neposledni

miZze negativné pusobit i Spatnd Groveil zivotniho prostiedi.

V naSem zivotnim prostiedi se vyskytuje velké mnozstvi syntetickych latek (tzv. polutanty
zivotniho prostiedi), které se hojné vyuzivaji ve vSech prumyslovych odvétvich. Tyto latky
jsou kazdy den uvolnovany do naseho prostiedi, dostavaji se do pitné vody, do potravin i
vzduchu a je tak témét nemozné vyhnout se jejich plsobeni. Proto je velmi dulezité odhalit,

které z téchto latek maji Skodlivy vliv na zdravi zvitat a lidi a pokusit se eliminovat jejich uziti.

1.1 Spermatogeneze

Spermatogeneze probiha v semenotvornych kanalcich testes, které jsou tvotfeny nékolika
bunétnymi typy. Nalezneme zde rtizna vyvojova stadia zarodeénych bunck, které jsou
obklopeny podplirnymi Sertoliho buiikkami. Intersticidlni prostor mezi jednotlivymi
semenotvornymi kandlky je vyplnén Leydigovymi a myoidnimi bunkami. VSechny tyto

bunécné typy jsou nezbytné pro spravny pribéh spermatogeneze a tvorbu funkénich spermi.

Na zacatku spermatogeneze dochazi k mitotickému déleni specializovanych kmenovych bunék
— spermatogonii typu A. Tyto spermatogonie se jednak déli, aby byl zachovan jejich pocet,
nebo diferencuji a vznikaji tak spermatogonie typu B. Spermatogonie typu B se dale mitoticky
déli a davaji tak vzniknout primarnim spermatocytim, které nasledné podstupuji proces
heterotypického déleni (meidza I) za vzniku sekunddrnich spermatocyti. Tyto podstupuji
proces homeotypického déleni (meidza IT) a vytvaii tak haploidni kruhové spermatidy ©.

Centralni roli v tomto procesu hraji Sertoliho bunky, které se podileji na koordinaci
jednotlivych krokii a bez kterych spermatogeneze neprobihd. Sertoliho bunky jsou vSak velmi
dilezité i béhem embryonalniho a postnatalniho vyvoje, kdy se podileji na tvorbé varlat &,
V puberté dochédzi k ustanoveni finalniho poctu Sertoliho bunék, které ndsledné ztraceji
proliferacni aktivitu a diferencuji. Diferencované (maturované) Sertoliho buiiky tvofi bunétné

spoje jednak mezi sebou a formuji tak tzv. hemato-testikularni bariéru a dale tvoii spoje se



zarodeénymi buiikami, se kterymi ziistavaji propojeny béhem celého jejich vyvoje . V
maturaci Sertoliho bunék hraji hlavni roli dva hormony. Je to folikuly stimulujici hormon
(FSH) a thyroidni hormon (TH). TH inhibuje proliferaci Sertoliho bunék a zaroven podporuje
jejich maturaci, zatimco FSH funguje jako pro-prolifera¢ni faktor 8.

1.2 Spermiogeneze

Spermiogeneze je finalni faze spermatogeneze, pii které dochazi k diferenciaci kruhovych
spermatid na vysoce specializované bicikaté buiikky — spermie. Béhem tohoto procesu se méni
funkce a struktura vétSiny organel, dochazi ke kondenzaci jadra, tvorb¢ biciku a akrosomu a

spermie se zbavuje vétiiny cytoplazmy °.

Na pocatku spermiogeneze dochazi k preméné Golgiho apardtu na akrozomadlni vacek, ktery
se nachazi v ptedni ¢asti hlaviéky a je naplnén lytickymi enzymy (napt. hyaluronidaza ¢i
akrozin). Akrozém hraje dilezitou roli béhem oplozeni, zejména pti prichodu spermie
vnéj$imi vajeénymi obaly. Dale dochazi k tvorbé bi¢iku, ktery roste z jedné z centriol smérem
do lumen semenotvorného kandlku. Béhem tvorby biciku dochazi také k premisténi
mitochondrii, které se u diferenciované spermie nachazeji v ¢asti bic¢iku zvané spojovaci oddil

(midpiece) 1°.

Béhem posledni faze spermiogeneze dochazi ke kondenzaci jadra. Tento n€kolika krokovy
proces zahrnuje rozvolnéni nukleosomalnich struktur a vyménu histont za tranzi¢ni jaderné
proteiny, které jsou nasledné vyménény za protaminy. Protaminy vysoce kondenzuji DNA,
ktera se tak stava trasnkripéné inaktivni. AvS§ak ne v8echny histony jsou vyménény, urcita ¢ast

DNA spermie ziistdva vazana na histony (1-15% v zavislosti Zzivo¢isném druhu) 1.

Mnoho studii prokéazalo souvislost mezi muzskou neplodnosti a zménami v protaminaci
spermii (mnozstvi protaminu ¢ zmény v poméru protaminu 1 / protaminu 2) 114, Bylo také
proké&zano, ze distribuce gent v oblastech, kde je DNA vazané na protaminy nebo histony, neni
nahodna > 18, Byla identifikovéna ¢ast DNA, kter4 ve spermiich z{istava asociovana s histony
a ukazalo se, ze tato DNA obsahuje geny dulezité pro ¢asny embryondlni vyvoj, miRNA a pro

signalni faktory dilezité pro vyvoj embrya ',

Stuide Cho et al. ® hezky ukazala, Ze oba protaminy jsou nezbytné pro spravnou funkci spermie
a pro Casny embryonalni vyvoj u mysi. Bylo prokazano, Ze snizené mnozstvi jak protaminu 1,

tak protaminu 2 vede k poskozeni DNA ve spermii a k neplodnosti.



1.3. Endokrinni disruptory

Endokrinni disruptory (EDs) jsou exogenni latky, které jsou strukturné podobné endogennim
hormontim, a proto jsou schopny s nimi interferovat a narus$it tak hormonalni rovnovahu
ovlivnéného organismu *°. Béhem poslednich tficeti let jsou tyto latky systematicky zkoumany
a je hodnocen jejich potencialni skodlivy vliv na organismus. Reproduk¢ni systém mize byt

narusen hlavné latkami s anti-androgennim nebo estrogennim piisobenim %,

1.3.1 Tetrabrombisphenol A

Tetrabrombisphenol A (TBBPA) je vysoce lipofilni halogenova sloucenina, ktera se bézné
pouziva jako zpomalovac¢ hoteni. Pouziva se predevsim jako ptisada do epoxidovych pryskytic
a polykarbonati a bylo prokazano, Ze je schopna uvolnit se z rtznych elektronickych

zatizeni 2.

Bylo prokazano, ze TBBPA se silné vaze na transthyretrin (TTR), ktery v organismu
transportuje tyroxin (T4) a vitamin A ?°. Déle bylo prokazano, ze TBBPA je schopen inhibovat
vazbu trijédthyroninu na thyroidni receptor a stimulovat proliferaci thyroid-dependentnich
GH3 bunek 33!, TBBPA se také vaze na estrogenni receptor in vitro 32 a stimuluje proliferaci
estrogen-dependentnich bungk 3% 3L Jen malo studii se zabyvalo vlivem TBBPA na
reprodukéni systém in vivo. Experimenty provedené na krysach ukazaly, ze TBBA je schopen
ovlivnit koncentraci tyroxinu a testosteronu v krvi ovlivnénych samct. U zvifat vystavenych

¢inkim TBBPA byla také pozorovana zvysend vaha gonad **.

Vsechny zminéné studie ukazuji, ze TBBPA je vSudypfitomna latka s potencidlnimi
negativnimi u¢inky na zdravi lidi ¢i zvitat. Proto jsou potieba dalsi studie, které by pomohly

odhalit potencialni $kodlivy G¢inek TBBPA na nase zdravi.
1.3.2 Zearalenone

Zearalenone (ZEA) je mykotoxin produkovany houbami z rodu Fusarium. Tyto houby jsou
béznymi patogeny vétSiny zemédélskych plodin, zejména pSenice, kukufice, jeCmene, ryze, ale
také sena nebo silazi . S ohledem na priimémou koncentraci ZEA v potravinach byla
vypoctena prumérna denni davka pro dospélého ¢loveék na 2.4 - 29 ng/kg télesné hmotnosti/den
(plati pro Severni Ameriku a Evropu). U batolat (12-36 mésici starych) byla vypoctena

pramérna denni davka na 9.3 - 100 ng/kg t&lesné hmotnosti/den *°.

Bylo prokazano, ze ZEA se vaZze na estrogenni receptor a je i schopen spustit estrogenni

35

odpovéd” *°. U mysi byl po plsobeni ZEA pozorovan zvySeny pocet morfologicky
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abnormalnich spermii a snizeny pocet zivych spermii. Jina in vivo studie provedena na krysach
ukazala, ze jedina intraperitonedlni davka ZEA (5 mg/kg télesné hmotnosti) je schopna
indukovat apoptdzu testikularnich zarode¢nych bunék . In vitro studie, provedena na mysich
Leydigovych bunkach, prokazala snizeni produkce testosteronu v téchto buiikach po ptisobeni

ZEA nebo a-ZOL a lidského choriového gonadotropinu .

Vsechny tyto vysledky ukazuji, Ze pusobeni zearalenonu muze narusit funkci endogenniho
hormonalniho systému a negativné ovlivnit sam¢i reprodukéni parametry in vivo. I kdyz ucinek
ZEA byl pomérné¢ intenzivné zkouman, neexistuji zadné studie zkoumajici dlouhodobé

pusobeni ZEA v nizkych (fyziologicky relevantnich) koncentracich.

1.4. Asistovana reprodukce

Jak jiz bylo zminéno, v lidské populaci je vysoké procento part, které maji problémy s poéetim.
Spousta z nich proto hledéd 1ékaiskou pomoc a je jim doporuceno vyuzit sluzeb nékterého

z center asistované reprodukce. V téchto centrech jsou pouzivany ruzné techniky a je velmi

wrwe

P 4

injekci spermie (ICSI), extrakci spermii z testikularni tkané (TESE) nebo mikroskopickou

aspiraci spermii z nadvarlete (MESA) 42,

Asistovand reprodukce je dulezitou soucasti nasi spole¢nosti a je vynakladano velké usili
vylepsit stavajici IVF techniky, stejné jako diagnostické metody, které jsou klicové pro vybér

nejvhodnéjsich 1é¢ebnych postupd.

2. Cile prace

e Ohodnotit vliv TBBPA na sam¢i reprodukéni parametry se zaméfenim na morfologii

testikularni tkané, kvalitu spermii a expresi vybranych testikuldrnich gent;

e Zjistit vliv nizké davky mykotoxinu zearalenonu na funkci samcich gonad, kvalitu

spermii a expresi gena dulezitych pro vyvoj spermii;

e Analyzovat expresi genll ve vzorcich z testikularnich biopsii pacientd, kteti podstoupili
TESE a ohodnotit zda by analyza genové exprese mohla byt dal$i nastroj, ktery by

dopomohl k ptesnéjsi diagnostice u neplodnych pacientt.



3. Metody

Imunofluorescencni detekce

K fixaci pfipravenych roztéri byl pouzit aceton, nasledné byla skla oplachnuta PBS a
inkubovana ptes noc pii 4°C s monoklonalnimi protilatkami proti intra-akrozomalnim
proteinim (Hs-8 a Hs-14), které byly nafedény na koncentraci 20 pg/ml. Po inkubaci byla skla
omyta PBS a inkubovana 1h pii 37°C s fluorescen¢né zna¢enou sekundarni protilatkou (Sigma)
nafedénou 1:128 v PBS. Nasledné byla skla omyta PBS a destilovanou vodou a zamontovana
do Vectashield mounting medium s DAPI (Vector Laboratories). K detekci poskozenych
spermii byl pouzit kit Annexin V-FITC (Sigma). Pii jeho aplikaci bylo postupovéno podle
instrukci vyrobce. VVzorky byly zkoumany Nikon Eclipse E400 fluorescen¢nim mikroskopem
a fotografovany kamerou CCD-1300 VDS (Vosskihler GmbH) za pomoci zobrazovaciho
softwaru NIS-Elements (Laboratory Imaging Ltd.).

Histologicka analyza

Pravé testes bylo fixovano v 4% paraformaldehydu a nasledné zalito do parafinu. Byly
pfipraveny 2-3 pum fezy, které byly nabarveny hematoxylinem a eozinem. Vzorky byly
hodnoceny pod svételnym mikroskopem. U kaZzdého vzorku bylo analyzovano 100
semenotvornych kanalkil a byla métena tloustka epitelu a primér semenotvorného kanalku.
Pocet apoptotickych bunék v testes byl ur€en pomoci kitu ,,deoxynucleotidyl transferase-
mediated dUTP nick end labelling— TUNEL” (Promega), ktery byl pouzit dle pokyni vyrobce.
U vSech vzorkl byl pocitan pocet TUNEL pozitivnich bunék v dvaceti semenotvornych

kanalcich a obdrzené vysledky byly statisticky zpracovany.
Kvantitativni polymerazova retézova reakce (QPCR)

Z testes byla vyizolovana celkova RNA s pomoci Kitu Tri-Reagent (Sigma). K levému testes
bylo pfidano 1 ml Tri-reagentu a dale se pokrac¢ovalo dle pokynt vyrobce. U vyizolované RNA
byla zkontrolovana kvalita a Cistota a nasledné byla skladovana pti -70 °C. K syntéze cDNA
bylo pouzito 5 ug RNA, ke které byl ptidan 1 ul DNase I (Invitrogen), 1 pul DNase I reakéniho
pufru (Fermentas) a H2O (koneény objem 10 ul). Tato smés byla inkubovana 30 min pti 37 °C
v Touchgene Gradient Thermal Cycler (Techne). Nasledné byl pridan 1 pl EDTA (Fermentas)
a smés byla dale inkubovana 10 min pfi 65 °C. Nasledné bylo ke vzorkiim ptidano 30 pl reakéni
smési obsahujici 8 pl reakéniho pufru pro M-MuLV reverzni transcriptazu (Fermentas,), 5 ul
10 mM 4dNTP (Fermentas), 0.3 ul RiboLock inhibitor (Fermentas), 1 ul oligo (dT) + nahodné
primery (Promega) a 15.2 pl H20. Nasledné byly vzorky inkubovany 60 min pii 42 °C a 10

10



min pii 70 °C. Vznikla cDNA byla pouzita na qPCR reakci, kterd probihala ve stripech ¢i 96-
ti jamkovych desti¢kach (BioRad). Na kazdou reakci byly pouzity 2 ul 5x nafedéné cDNA, 10
ul SYBR Green Master Mix (Fermentas), 0.5 pl primeru a 7 ul H20. Vsechny reakce byly
provadény v dvojicich v PCR cykléru (Eppendorf). Z naméfenych Cq hodnot, které byly
normalizovany podle referen¢niho genu (Ppia nebo Actb), bylo spocitano relativni mnozstvi
dané mRNA v kazdém vzorku metodou 244¢4, Hodnoty kontrolnich vzorki byly vyjadieny

jako 100% a hodnoty experimentalnich vzorkl k nim byly vztazeny.
qPCR na pristroji BioMark

Analyza genové exprese byla provedena za pouziti piistroje BioMark (Fluidigm), ktery
umoziuje provedeni velkého mnozstvi qPCR reakci béhem jediného testu. Pfed samotnou PCR
reakci vzorky musely byt pre-amplifikovany. Na pre-amplifika¢ni reakci bylo pouzito 2 ul
cDNA a 1.2 pl smési primertt (208nM), kdy vysledna koncentrace kazdého primeru byla 25
nM, dale bylo pfidano 5 pl smési iQSupermix (BioRad) a 1.8 pl H2O. Vznikld smés byla
inkubovana 10 minut pti 95 °C a nasledné 4 minuty pti 59 °C. Pre-amlifikovand cDNA byla
nafedéna 20x a pouzita na qPCR reakci, ktera probihla v GE Dynamic pole 48x48 v HD
systému BioMark (Fluidigm). Na PCR reakci bylo pouzito 1 pul zfedéné pre-amplifikované
cDNA, 0.25 ul 20x DNA Binding Dye Sample Loading ¢inidla (Fluidigm), 2.5 pl
SsoFastEvaGreen Supermix (Bio-Rad), 0.1 ul ROX (Invitrogen), 1.15 pul RNAse/DNAse free
H20, 2.5 ul 10 uM primeru (forward a reverse) a 2.5 pl DAAssay Loading ¢inidla (Fluidigm).
Reakce probihala za nasledujicich podminek — 98 °C po dobu 40-ti sekund; 40 cykli 95 °C po
dobu 10-ti sekund; a 60 °C po dobu 40-ti sekund. Jako referenéni gen byl vybran f-aktin (Actb).
Tento gen byl vybran z nékolika kandidatt prostfednictvim programu Normfinder (Genex
Enterprise, Mul-tiD Analyses). Obdrzena data byla analyzovana programem BioMark Real-
Time PCR analysis Software 3.1.3. (Fludigm). Udaje byly normalizovany relativnimi Cq z
reakci pro referenéni gen. Relativni zména genové expres byla vypoétena metodou 2244 pro
kazdy replikdt a pak vyjadfena jako aritmeticky primér piislusnych replikat. Hodnoty
kontrolnich vzorkl byly vyjadifeny jako 100% a hodnoty experimentalnich vzorki k nim byly

vztazeny.
Extrakce jadernych proteinii ze spermii

Pro extrakci jadernych proteini bylo pouzito 5 x 10 spermii izolovanych z koncové &asti
nadvarlete. Ke spermiim byla ptidana smés obsahujici 0,5% Triton X-100, 20mM Tris, 2 mM
MgCl. a nésledovala centrifugace pti 8940 g, 5 min, 4 °C. Po centrifugaci byly vzorky
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zpracovany zpusobem, ktery popsal de Yebra et al. **s tim rozdilem, Ze misto jod acetatu byl
pouzit 0.8% vinyl pyridin. Po té byl kazdy vzorek resuspendovan v 10 pl vzorkového pufru,
obsahujiciho 5.5 M mocovinu, 20% B-merkaptoethanol a 5% kyselinu octovou. DNA, ktera
zustala v peleté po extrakci jadernych proteint, byla extrahovana a kvantifikovana, jak jiz bylo

popséano difve #.

Separace a analyza jadernych proteiniti ze spermii

Bazické jaderné proteiny byly analyzovany za pouziti kyselého polyakrylamidového gelu
obsahujiciho 2.5 M mocovinu, 12.5 M thiomo¢ovinu, 0.9 M kyselinu octovou, 15% akrylamid,
0.1% bis-akrylamid a 0.12% peroxid vodiku. Z kazdého vzorku byly na gel naneseny 2 ul
vyizolovanych jadernych proteinti a nasledna separace proteind probihala v 0.9 M kyseliné
octove po dobu 90 min pii 110 V. Spole¢né s analyzovanymi vzorky byly na gel naneseny také
standardy lidskych protaminu (0,435; 0,87; 1,74; 2,61 pg). Nasledné byly gely barveny
¢inidlem EzBlue (Sigma) dle instrukci vyrobce a obarvené gely byly oskenovany.
Denzitometrickd analyza band odpovidajicim P1 a P2 byla provedena pomoci programu
Quantity One software (Bio-Rad Laboratories). Z nanesenych protaminovych standardi byla
vypocitana regresni kiivka, ktera byla pouzita k absolutni kvantifikaci mnozstvi protamint
(P1 + P2) v jednotlivych vzorcich. Z naméfenych hodnot byly vypocitany poméry P1/P2,
P1 + P2/DNA, P1/DNA a P2/DNA.

Extrakce spermii z testikularni tkané (TESE) a ICSI

Malé kousky testikularni tkan€ byly umistény do Petriho misky s proplachovacim roztokem
(Medicult) a extrakce spermii z tkané byla provedena, stejnym zptisobem, jak jiz bylo popsano
diive *°. Pied odebranim spermii byl odebran maly kousek tkang, ktery byl poté podroben
histologické analyze. Nasledné byly vzorky rozdéleny do t#i skupin: hypospermatogeneze
(HS), maturacni arest (MA) a ,,Sertoli cell only” syndrom (SCO). ICSI bylo provedeno dle
Silbert et al. . Spermie byly inkubovany v kapkach promyvaciho média (Medicult) s 30 %
lidskym sérem po dobu 120 min a nasledné injikovany do vajicka. Uspé&nost oplozeni byla

hodnocena po 18 hodinach podle pfitomnosti dvou pronuklei a druhého polarniho téliska.
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4. Vysledky a diskuze

4.1. V1liv TBBPA na samdi reprodukéni parametry se zamérenim na morfologii

testikularni tkané, kvalitu spermii a expresi vybranych testikularnich geni.

V téchto studiich jsme analyzovali vliv bromovaného zpomalovace hoieni
tetrabrombisphenolu A (TBBPA) na reproduk¢ni parametry mysich samct in vivo. TBBPA se
hojné vyskytuje v nasem prostiedi. Hlavnim zdrojem kontaminace jsou tovarny, kde se TBBPA
pouziva. Bylo také prokdzano, ze se mize uvoliovat z riznych elektronickych spotiebict a

kontaminovat tak naSe domovy ¢i kancelare.

Abychom ohodnotili vliv TBBPA na reprodukci mysich samcti, provedli jsme dvougenera¢ni
in vivo studii, kdy jsme zvifata kontinualné ovliviiovali tetrabrombisphenolem A, ktery byl
rozpustén v pitné vod¢é v koncentraci 200 pg/l (cca 35 ug/kg télesné hmotnosti). V prvni
generaci byly dvé skupiny — kontrolni skupina C a exponovana skupina T. Ve skupiné T byla
zvitata exponovana od téhotenstvi az do dospélosti, zatimco skupina C nebyla viibec ovlivnéna.
Ve véku 70 dnt byla zvifata z F1 generace kiizena, aby vytvofila F2 generaci. Kfizeni
probihalo nasledujicim zplisobem — samci a samice ze skupiny C vytvofili skupinu CC
(kontrolni skupina druhé generace); oba rodice ze skupiny T vytvofili skupinu TT; samice ze
skupiny C a samci ze skupiny T vytvofili skupinu CT; samice ze skupiny T a samci ze skupiny
C vytvorili skupinu TC. Zvifata z F2 generace byla exponovana pouze ve skupinach TCa TT

(skupiny CC a CT nebyly exponovany).

Ve véku 70 dnt byla zvifata z obou generaci usmrcena a podrobena analyze. Nejdiive byly
hodnoceny obecné reprodukcni parametry. Pocet potomkl, vaha téla a anogenitalni vzdalenost
pisobenim TBBPA ovlivnény nebyly. Véha reprodukénich orgéni byla nejvice ovlivnéna u
zvitat ze skupiny TT, kde byla detekovana sniZend hmotnost testes a zvySend hmotnost prostaty
a semennych vakid. Analyza parametri spermii (morfologie, Zivotnost a stav akrozdému)

neukazala zadné signifikantni zmény po pliisobeni TBBPA.

Dale byla provedena histologické analyze testikularni tkan¢. U experimentalnich skupin nebyly
pozorovany zadné patologické zmény v morfologii semenotvornych kanalki. Az
morfometrickd analyza ukdzala, ze u zvitat ze skupiny T (F1 generace) a TC; TT (F2 generace)
byla sniZzena tloustka epitelu semenotvornych kanalkti. U téch samych skupin byl také

pozorovan zvySeny pocet apoptotickych bunék v testes.
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Daéle byla provedena analyza exprese gent, které hraji dalezitou roli béhem spermatogeneze.
Gen pro pro-akrozin (Acr) byl vybran jako zastupce akrozom-specifickych geni. Gen pro
androgenni receptor byl vybran jako z&stupce androgen-responzivnich gent, dale bylo
testovano nékolik gend kodujicich tzv. proteiny tepelného Soku (Hsps) - Hsp70-2, Hsc70t,
Hsp60, a APG-1. Geny kddujici proteiny Bax a Bcl-2 byly vybrany jako zastupci apoptotickych
gent a gen kodujici Sox9 protein byl vybran jako marker Sertoliho bunék. Nejvice ovlivnéné
skupiny byly ty, které byly vystaveny uc¢inkim TBBPA, to znamena skupina T (F1 generace)
a skupiny TC; TT (F2 generace). U zvifat z téchto skupin byla detekovana snizena exprese
gent pro Hsp70-2, Hsp60, Bcl-2 (anti-apoptoticky protein) a Sox9 a zvySena exprese gentl pro
Hsp70-t a Bax (pro-apoptoticky protein). U zvitat ze skupiny TT a TC (F2 generace) byla jesté
detekovana snizena exprese genu pro Ar. Zajimavé je, ze byly pozorovany zmény v genové
expresi i u zvitat ze skupiny CT (F2 generace), ktera nebyla vystavena u¢inkiim TBBPA. Zde

byla detekovéana snizena exprese genii kodujicich Hsp70-2 a Hsp60.

Nase vysledky ukazuji, ze TBBPA je schopen indukovat apoptozu testikularnich bunék, coz je
pravdépodobné pric¢ina snizené tloustky epitelu semenotvornych kanalkt. Analyzované
parametry spermii nebyly ovlivnény pisobenim TBBPA, avsak qPCR analyza ukazala zmény
v expresi vybranych testikularnich gent. Tyto geny byly vybrany proto, Ze hraji daleZitou roli
ve vyvoji spermii a proto zmény v jejich expresi by mohly vést k naruseni tohoto procesu. Nase
vysledky také naznacuji, ze pii trvalém pusobeni TBBPA dochazi mirnému navyseni jeho

ucinku v F2 generaci v zavislosti na tom, zda rodi¢e byli nebo nebyli ovlivnéni.

V nasi dalsi studii jsme blize zkoumali vliv TBBPA na kvalitu spermii. Zamé¢fili jsme se na
analyzu jadernych proteinti Spermie — protamint a na analyzu integrity DNA. V této studii byla
zvitata vystavena TBBPA ve stejné koncentraci a stejnym zpusobem jako tomu bylo
v predchozi studii. Vysledky z analyzy protamint ukazaly snizeny pomér protaminu 1 a
protaminu 2 a zvySeny pomér celkového mnoZstvi protaminu a DNA u zvifat vystavenych
u¢inkim TBBPA. Integrita DNA byla hodnocena pomoci metody TUNEL. U zvifat
exponovanych TBBPA byl detekovan vyssi po¢et TUNEL pozitivnich spermii v porovnani
s kontrolnimi zvitaty. Tyto vysledky ukazuji, Ze u exponovanych zvifat je DNA spermii vice
poskozena. Mnohé studie poukazuji na vztah muzské neplodnoti se zménami v protaminaci
spermii a/nebo s fragmentaci DNA 16:27:2%.33 Dalsi studie naznacuji, ze protaminy by mohly

byt soucasti epigenomu spermie 3% 4

a proto zmény v protaminaci spermii by mohly
predstavovat mozny mechanismus trans-generaéniho pfenosu patologického fenotypu

zpusobeného plisobenim polutantti zivotniho prostredi.
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4.2 Vliv nizké davky mykotoxinu zearalenonu na funkci samcich gonad, kvalitu spermii

a expresi genu dulezitych pro vyvoj spermii.

Zearalenone (ZEA) je mykotoxin s estrogenni aktivitou produkovany houbami z rodu
Fusarium. Tyto houby jsou béznymi patogeny vétsiny zemédélskych plodin. V této studii jsme
analyzovali vliv dvou riznych koncentraci ZEA (0.15 pg/l a 150 pg/l) na reprodukéni
parametry a expresi testikularnich gend u mysi in vivo. V této studii byly dvé experimentalni
skupiny (jedna vystavend ZEA v koncentraci 0.15 pg/l and druhd v koncentraci 150 pg/l) a
jedna kontrolni skupina. Niz$i podavana davka odpovida pramérné denni davce pro dospélého
¢lovék (cca 25 ng/kg télesné hmotnosti) 3. ZEA byl zvifatim podavan od prvniho dne
téhotenstvi matek a narozena mlad’ata byla nasledné kontinualné exponovana az do véku 70

dnd, kdy byla usmrcena a podrobena analyze.

U experimentalnich zvifat nebyly pozorovany Z4dné zmény Vv télesné hmotnosti nebo
hmotnosti reprodukénich organd v porovnani s kontrolni skupinou. Nicméné, byla pozorovana
snizena kvalita spermii a to pifedevsim u zvifat vystavenych nizké koncentraci ZEA. V této
skupiné¢ byla detekovana snizend koncentrace spermii, zvySené mnozstvi morfologicky
abnormalnich spermii a zvysena vazba apoptotického markeru annexinu V. Déle byl metodou
qPCR ohodnocen expresni profil 28 testikularnich gent. Testovana geny mohou byt rozdéleny
do péti skupin v zavislosti na jejich funkci — geny exprimované v zarode¢nych buiikach (Vegfa,
Sycp3, Sycpl, Ccnal, Meigl, Grth, Prm1, Tnpl, Tnp2), geny exprimované v Sertoliho
burikach (Sox9, Wtl, Eps8, Icap1, Masl), geny hrajici roli v hormonalni odpovédi (Ar, Fkbp5,
Tff1, Igfbp5, Ctsd, Fshr), geny hrajici roli v apoptotickém procesu (p21, Bcl, p53) a geny
souvisejici s epigenetickymi procesy (Ccndl, Crem, Kdmd4a, Spata2, Dnmtl). Obecné bylo
pOZOorovano vice zmén v expresi vybranych gend u zvitat vystavenych nizké davce ZEA. V
této skuping, byla zjisténa snizena exprese genu Vegfa, ktery je specificky exprimovan ve
spermatogoniich. Dale byla detekovana snizena exprese gent specifickych pro spermatocyty —
Sycp3, Ccnal a Grth. Ve skupin€ vystavené vyssi davce ZEA nebyly pozorovany zadné
signifikantni zmény v expresi téchto gend. V piipadé genti exprimovanych v Sertoliho buiikach
byla zaznamenana signifikantné snizend exprese genu Sox9 u obou skupin a také sniZzena
exprese genu Wtl u zvifat vystavenych vysoke davce ZEA. Daéle byly testovany geny
souvisejici s epigenetickymi procesy, zde byla pozorovana snizena exprese gent pro Ccndl a
Dnmtl u zvitat vystavenych nizké davce ZEA a snizena exprese gentu pro Ccndl, Kdm4a a

Spata2 u zvitrat vystavenych vysoké davce ZEA.
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NaSe vysledky ukazuji, ze ZEA ma negativni vliv na kvalitu spermii a to zejména na
koncentraci a morfologii. Na zaklad¢ vysledki z qPCR analyzy miZeme usuzovat, ze mezi
nejvice ovlivnéné buiky patii spermatogonie a meiotické zarodec¢né buiiky. Obecné se da fici,
Ze v této studii byl pozorovan vétsi vliv u zvitat vystavenych nizké davce ZEA. Tento jev, kdy
niz§i davka dané latky ma urcity vliv, zatimco vysoka davka ma zadny nebo jiny efekt, se
v endokrinologii vyskytuje bézné. Existuje n€kolik vysvétleni tohoto zajimavého ukazu.
Hormonaln¢ aktivni latky (endokrinni disruptory) jsou schopné vazat se na ptislusné receptory
anasledné vyvolat hormonalni odpovéd’, ktera se muze lisit v zavislosti na koncentraci ligandu
51 Také bylo prokazano, ze kdyz je ligand v koncentracich vyssich nez jeho fyziologicka
hodnota, miize se vazat na receptory pro jiny hormon a vyvolat p¥islusnou odpovéd °2. Je tedy
ziejmé, ze v zavislosti na koncentraci ligandu mohou byt vyvolany rizné fyziologické
odpovédi. Zjevné, razné odpoveédi mohou tedy byt obdrzeny v zavislosti na koncentraci

hormonu.

4.3. Analyza genové exprese ve vzorcich z testikularnich biopsii pacienti, ktefi
podstoupili TESE.

V nasi populaci existuje mnoho pard, které maji problémy v oblasti reprodukce. Mnozi z nich
hledaji 1ékafskou pomoc a pouziti sluzeb nékteré z center asistované reprodukce. Jednou z
pri¢in muzské neplodnosti je absence spermii v ejakulatu - azoospermie. Pacienti s azoospermii
maji mozZnost stat se otcem ditéte a to pomoci testikularni extrakce spermii (TESE)
nasledovanou ICSI 3. V soucasné dobé je jedingm spolehlivym a bé&zné pouzivanym
prediktorem Uspésné TESE histologickd analyza testikularni tkané. V této studii byla
nalyzovana genova exprese ve vzorcich z testikularnich biopsiich pacientti s azoospermii, ktefi
podstoupili TESE.

Geny testované v této studii byly - GAPDH (exprimovan v somatickych bunkach testes a ve
spermatogoniich); MND1 / GAJ a SPATA22 (exprimovany v germinalnich bunkach pied
meiotickym délenim); GAPDHS a ACR (exprimovany v haploidnich spermatidach). Celkem
bylo analyzovano 34 vzorku, z nichz 9 bylo diagnostikovano jako ,,Sertoliho cell only*
syndrom (SCO); 12 jako maturacni arest na urovni spermatocytt (MA); 12 jako
hypospermatogeneze (HS) a jeden jako obstrukéni azoospermie. Ve tiech vzorcich ze skupiny
HS a v Sesti vzorcich ze skupiny MA nebyla detekovana zadna nebo velmi nizka exprese
studovanych gent. V jednom vzorku ze skupiny HS a ve dvou vzorcich ze skupiny MA byla

detekovéna exprese MND1 a SPATA22, ale nebyla detekovana exprese genu ACR ¢i
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GAPDHS. Ve skupiné¢ SCO byla ve dvou vzorcich detekovana snizena exprese testovanych
genll a u zbyvajicich sedmi vzorkl byla detekovana pouze rezidudlni exprese geni GAPDHS,

ACR a SPATA22.

Tato studie wukazala, ze analyza genové exprese muze potvrdit histologicky
diagnostikovany SCO. V piipadé¢ MA a HS by analyza genove exprese mohla pomoci ur¢it, ve
které fazi doslo k preruSeni spermatogeneze, a tim dopomoci k vybéru nejvhodnéjsiho postupu

pro kazdého pacienta.

5. Zavér

Ptedlozena studie je zamétfend na studium vlivu dvou endokrinnich disruptorti (TBBPA a ZEA)
na rizné reprodukéni parametry u mysi in vivo. Podle nasich vysledku jsou tyto latky schopné
ovlivnit spermatogenezi a nasledné tak kvalitu spermii. V ptipadé TBBPA byl dokonce
zaznamenan mirny transgenera¢ni ucinek, ktery byl jiz dfive pozorovan v souvislosti s jinymi
endokrinnimi disruptory 4. V piipadé ZEA byl pozorovan vliv hlavné na kvalitu spermii a
expresi testikularnich genl. Také bylo pozorovédno, Ze niz$i koncentrace ZEA ovlivnila
experimentalni zvifata vice, neZ koncentrace vysoka. V mnoha toxikologickych studiich se
pouzivaji vysoké koncentrace testovanych latek za piedpokladu, Ze pokud tyto vysoké
koncentrace nemaji negativni vliv, plati totéz i pro nizké koncentrace. Avsak, nase a dalsi studie

ukazaly, Ze to neni pravda, a to zejména Vv ptipadé latek s hormonalni aktivitou.

Pii nasich experimentech jsme sice nepozorovali signifikantni vliv na plodnost exponovanych
zvitat, nicméné je dulezité¢ si uvédomit, ze lidé a zvifata jsou vystavena tisicim rtznych
organickych nebo syntetickych latek, které mohou ovlivnit zdravi a/nebo plodnost. S rostoucim
pocetem neplodnych parti a rychle klesajici kvalitou spermatu hlasenou z Evropskych a
Americkych zemich, je velmi dilezité odhalit latky, které mohou negativné ovlivnit nase

reprodukéni zdravi a eliminovat jejich pouziti.

Rostouci pocet neplodnych pard je spojen s vyssi poptavkou po asistované reprodukci.
V soucasné dob¢ je k dispozici mnoho technik a je dulezité zvolit nejvhodnéjsi pfistup pro
kazdého pacienta. Pro tento Ucel je dileZzité vyvinout senzitivni diagnostické techniky. V nasi
studii jsme ukazali, ze analyza genové exprese by mohla byt jednou z dalSich technik, ktera by

dopomohla k piesnéjsi diagnostice a Kk vybéru vhodného postupu.
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1. Introduction

In recent years, infertility became a common problem in human population and therefore an
important topic for scientific and medical research. According to the World Health
Organization, 15 % of couples in reproductive age suffer from infertility problems, and up to
50 % of cases are caused by the male 2. One of the most common causes of male infertility is
severely decreased sperm quality. Several studies have shown that sperm quality, in particular

sperm concentration, has decreased globally over the past 60 years .

Many different pollutants and endocrine disruptors appear in our environment. They are
released from factories or various products and can get into the water, food or air and influence
our health. Therefore, it is necessary to reveal which of these pollutants are dangerous to our
health to eliminate their usage.

1.1. Spermatogenesis

Spermatogenesis takes place in seminiferous tubules, which are long and convoluted structures
inside the testis. Seminiferous tubules consist of various types of germ cells that are surrounded
by supporting Sertoli cells. The interstitial space between particular seminiferous tubules
consists of Leydig and myoid cells. All these cell types help create the environment necessary

for proper spermatogenesis.

The process of spermatogenesis begins with a series of mitotic divisions of primordial germ
cells, which give rise to spermatogonia (types Al - A4). Type A spermatogonia still retain the
ability of stem cells, which means that they are able to divide and provide a constant supply of
type A spermatogonia or to differentiate into type B spermatogonia. Type B spermatogonia are
already determined for sperm differentiation and they lack the properties of stem cells. These
cells divide mitotically and give rise to primary spermatocytes. Primary spermatocytes then
enter the first meiotic division and form secondary spermatocytes, which subsequently
complete the second meiotic division and produce haploid round spermatids °.

Mammalian spermatogenesis is a highly coordinated process and throughout all the stages, the
developing germ cells are attached to the Sertoli cells via specialized cell junctions ’. In
adulthood, Sertoli cells support spermatogenesis, but it is not the only function they have.
Sertoli cells also play an important role during testis formation in fetal and early postnatal life 8.
At puberty the role of Sertoli cells switches to supporting germ-cell differentiation and they

also form the blood-testis barrier. The blood-testis barrier is created by adjacent Sertoli cells
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near the basal lamina and divides the seminiferous epithelium into the basal and apical
compartments ‘. The maturation of Sertoli cells is controlled by hormones; in particular
follicle-stimulating hormone (FSH) and thyroid hormone (TH). TH inhibits Sertoli cell
proliferation and stimulates their functional maturation, while FSH functions as a pro-

proliferative factor &,

1.2. Spermiogenesis

Spermiogenesis, sometimes also called spermateliosis, is the final stage of spermatogenesis
when the transformation of round spermatids into differentiated spermatozoa occurs. It is a
metamorphosis process, which involves condensation of the nuclei, formation of flagellar and
acrosomal structures, and loss of a significant amount of cytoplasm. During this process many
organelles such as the nucleus, endoplasmatic reticulum, Golgi apparatus, mitochondria, and
centriole undergo structural and functional changes that are necessary for proper function of

spermatozoa °.

In early stage of spermiogenesis, the Golgi apparatus is transformed into the acrosome vesicle,
which is placed over the anterior half of the sperm head. Acrosome is quite similar to a cellular
lysosome; it is a sack-like structure composed of inner and outer acrosomal membrane and
contains various digestive enzymes (e.g. hyaluronidase or acrosin). Acrosome plays an
important role during fertilization, in particular during the passage of sperm through oocytes’
external covers and sperm-oocyte binding. Another step is formation of the flagella structures,
when the future axoneme grows out of one centriole and the flagellum is extended into the
lumen of seminiferous tubules. During the flagellum formation, mitochondria align along the
elongating flagella and are placed in the flagellar midpiece, where they form a ring around the

axoneme 10,

During the last stage of spermiogenesis, condensation of the sperm nucleus takes place. This
step-wise process includes disassembly of the nucleosome structure, replacement of histones
by transition proteins (TNPs) and finally by protamines. Once the sperm DNA is tightly packed
with protamines, the overall transcription is terminated and the sperm nucleus remains
transcriptionally silenced. However, not all histones are replaced by protamines. In sperm,

certain amount of DNA remains associated with histones (1-15% depending on species) *.

Many studies have shown a link between alterations of protamine content or protamine ratio
and male infertility 114, There is also growing evidence that the distribution of genes in the

regions associated with protamines or histones in the sperm is not random * 8, It was shown
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that sperm DNA which remains associated with histones contain loci important for early
development including imprinted gene clusters, miRNA clusters, and the promoters of

developmental transcription and signalling factors 7.

The study of Cho et al. '8 nicely demonstrated the importance of protamines for proper sperm
function and embryo development in mice. Authors have shown that both protamines are
essential and that a decrease in the amount of either protamine impairs nuclear formation and

leads to altered spermatogenesis and male infertility.

1.3. Endocrine disruptors

Endocrine disruptors (EDs) are exogenous substances that are structurally similar to
endogenous hormones and are able to interfere with them. This results in disruption of the
function of endocrine system, and consequently causes various health problems for the
particular organism or its progeny °. In the last thirty years, these substances are under
systematic investigation to reveal their potential harmful effect on mammalian organism. The
reproductive system may primarily affect substances with anti- androgenic or estrogenic

effect 20,

1.3.1 Tetrabromobisphenol A

Tetrabromobisphenol A (TBBPA) is a highly lipophilic halogen compound, which is
commonly used as a flame retardant 2. It is primarily used as a reactive flame retardant in
epoxy resins and polycarbonates and it has been shown to be able to release from various

electronic devices %2. Indeed, TBBPA was detected in the environment in various areas 232,

TBBPA can strongly bind to transthyretin (TTR). The function of TTR is to transport thyroxine
(T4) and vitamin A. An in vitro experiments showed that TBBPA has even higher affinity to
TTR than T4 itself %°. Furthermore, it was demonstrated that TBBPA inhibits binding of
triiodothyronine (T3) to the thyroid receptor (TR) and stimulates proliferation of GH3 cells
(TH-dependent pituitary cells) 3 31, TBBPA is also able to bind to the estrogen receptor
in vitro 3 and is able to induce proliferation of estrogen-dependent MCF-7 3 and Mit/E2
cells 3. A few studies have investigated the effect of TBBPA on the reproductive system in
vivo. Experiments performed on Wistar rats 3* showed reduction of thyroxin circulation,
increased weight of gonads and increased plasma levels of testosterone in F1 males after
TBBPA treatment.
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All these studies indicate that TBBPA is a ubiquitous environmental pollutant with potential
negative effect on human or wildlife health. Therefore, additional in vivo studies are needed to

further study this compound and asses its potential deleterious effect.
1.3.2. Zearalenone

Zearalenone (ZEA) is a mycotoxin produced by fungi of the genus Fusarium. These fungi are
common pathogens of most agricultural crops mainly wheat, corn, barley, oats, rice, but also
hay or silage *. Considering the average concentration of ZEA in food and its consumption,
the average daily dose was calculated to 2.4 - 29 ng/kg bw/day for an adult in Europe and North
America. For toddlers (12-36 months old), the highest average daily intakes was calculated to
9.3 - 100 ng ZEA/Kg bw/day 3.

The main effect of zearalenone results from its estrogenic activity. It has been shown that
binding of ZEA or its derivatives to estrogen receptor trigger estrogen stimulation *. Thus ZEA
is able to disrupt the hormonal balance in various animals in vivo 3", In mice, ZEA induced
significant increase of abnormal spermatozoa and significant decrease of live spermatozoa.
Testicular and cauda epididymal sperm counts were also reduced, as well as serum
testosterone . An in vivo study in rats showed that a single intraperitoneal dose of ZEA
(5 mg/kg bw) induces testicular germ cell apoptosis in a time- dependent and stage-specific
manner “°. An in vitro study, made on mouse Leydig cells, has demonstrated decrease of
testosterone production in Leydig cells co-treated with ZEA or a-ZOL and human chorionic

gonadotropin. 4%,

All these results indicate that exposure to ZEA can cause disruption of endogenous hormonal
system as well as impair male reproductive parameters in vivo. Although, the effect of ZEA
was quite extensively investigated, there are no studies examining the long- term exposure to

low (physiologically relevant) concentration of ZEA.

1.4. Assisted reproductive technology

As mentioned previously, in human population there are many couples experiencing some form
of infertility problems. Many of them search for medical assistance and are recommended to
use services of some of the centers of assisted reproduction. In these centers, various assisted
reproductive techniques are used. It is very important to choose a suitable technique depending
on the cause of infertility. The most simple and least demanding for the couple is intrauterine

insemination. In the case of more severe pathology, it is possible to proceed from insemination
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to conventional in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), testicular

sperm extraction (TESE), or microscopic epididymal sperm aspiration (MESA) 2.

Assisted reproduction is an important part of our society and there is great effort to further
improve the IVF techniques as well as diagnostic methods which are crucial for choosing the

most suitable treatment.

2. Aims of the work

e To evaluate how TBBPA affects the male gonadal function with focus on testicular

morphology, sperm quality and expression of selected genes;

e To assess the effect of treatment with a low dose of mycotoxine zearalenone on the
male gonadal function, sperm quality and expression of genes playing important roles
during spermatogenesis, genes expressed in Sertoli cells, and genes playing a role in

apoptosis and hormonal response;

e To investigate the expression of spermatogenesis-related genes in specimens from
testicular biopsies of infertile men who underwent TESE for the ICSI procedure to

provide an additional approach to increase the prediction of positive TESE outcome.

3. Methods
Indirect immunofluorescence

Epididymal spermatozoa loaded on glass slides were fixed for 10 min with acetone. After
rinsing with PBS, the slides were incubated overnight at 4 °C with monoclonal antibodies
against intra-acrosomal proteins (Hs-8 and Hs-14) prepared in our laboratory (diluted to an
immunoglobulin concentration of 20 pg/ml). After washing with PBS, the smears were
incubated with anti-mouse IgM fluorescein isothiocyanate (FITC) conjugate (Sigma), diluted
1:128 in PBS and incubated for 60 min at 37 °C, washed with PBS and distilled water and
mounted in Vectashield H-1200 DAPI (Vector Laboratories). The Annexin V-FITC apoptosis
detection kit (Sigma) was applied for detection of the sperm damage according to laboratory
instructions. Samples were examined with a Nikon Eclipse E400 fluorescent microscope and
photographed with a CCD 1300-VDS camera (Vosskiihler GmbH,) with the aid of the NIS-
ELEMENTS Ar imaging software (Laboratory Imaging Ltd.).
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Histological analysis and tissue morphometry

The right testis was fixed in 4% formaldehyde in PBS. The paraffin-embedded 2-3 um thick
tissue sections were prepared and stained by haematoxylin—eosin staining. Tissue specimens
were evaluated under a light microscope. In all specimens, 100 seminiferous tubules were
analyzed by computer assisted morphometry. The thickness of the germinal epithelium and
diameter of the seminiferous tubules were measured. The number of apoptotic cells in tissue
sections of the control and experimental animals was detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling (TUNEL), using an in situ detection Kit
(Promega) according to the manufacturer’s instruction. In all specimens the number of TUNEL
positive cells in 20 cross-sectioned seminiferous tubules was counted. Differences between the
number of TUNEL-positive cells in the control and experimental samples were statistically

analyzed.
Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from the testicular tissue using a Tri-Reagent kit (Sigma). To the left
testes 1 ml of Tri Reagent was added, and the samples were then processed according to
manufacturer’s instructions. Isolated RNA was stored at -70 °C. The RNA quality and purity
was measured spectrophotometrically in NanoDrop 1000 spectrophotometer (Thermo
Scientific). The synthesis of cDNA was done using 5 pg of purified RNA with addition of 1 pl
DNase I (Invitrogen), 1l DNase I reaction buffer (Fermentas) and H20 to reach a volume of
10 pl. This mixture was incubated for 30 min at 37 °C in a Touchgene Gradient Thermal Cycler
(Techne). After incubation, 1 pl EDTA (Fermentas) was added and the mixture was further
incubated at 65 °C for 10 min. 30 pl of the reaction mixture (8 pl of reaction buffer for M-
MuLV reverse transcriptase (Fermentas,), 5 ul 10 mM 4dNTP (Fermentas), 0.3 ul RiboLock
inhibitor (Fermentas), 1 pl oligo (dT) + random primers (Promega) and 15.2 pl H20) was then
added to the samples. The mixture was incubated for 60 min at 42 °C followed by 10 min at
70 °C and in the end was maintained at 4 °C. RT-gPCR reaction was carried out in PCR strips
or 96-well plates (BioRad) and all work was performed in a sterile PCR box (Biosan). For each
reaction 2 pl 5x diluted cDNA, 10 pl SYBR Green Master Mix (Fermentas), 0.5 pl primer and
7 ul H20 was used. All reactions were performed in duplets in a PCR cycler (Eppendorf). The
relative amount of mRNA in each sample was calculated from the measured Cqg values

normalized to reference gene (Ppia or Actb).
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RT-gqPCR performed using BioMark analysis

Gene expression analysis was performed in BioMark (Fluidigm). Before performing BioMark
analysis the samples were pre-amplified. The pre-amplification reaction was done as follows:
2 ul of cDNA (10 ng RNA/ pl) was mixed with 1.2 pl of 208 nM primer mix (all primers were
mixed together, final concentration of each primer 25 nM), 5 ul of iIQSupermix (BioRad) and
1.8 pl of H20. The mixture was first incubated for 10 min at 95 °C, then followed 18 cycles of
15 s at 95 °C, and finally 4 min at 59 °C. Pre-amplified cDNA was diluted 20x. The real-time
PCR reactions were carried out in GE Dynamic array 48.48 in a BioMark HD System
(Fluidigm). Five pl of Fluidigm sample premix consisted of 1 pl of 20x diluted pre-amplified
cDNA, 0.25 ul of 20x DNA Binding Dye Sample Loading Reagent (Fluidigm), 2.5 pl of Sso
Fast Eva Green Supermix (Bio-Rad), 0.1 pl of 4x diluted ROX (Invitrogen) and 1.15 pl of
RNase/DNase-free water. Each 5 pl assay premix consisted of 2.5 pl of 10 uM primers
(forward and reversed at a final concentration of 500 nM) and 2.5 pl of DA Assay Loading
Reagent (Fluidigm). Conditions for gPCR were: 98 °C for 40 s, 40 cycles of 95 °C for 10 s,
and 60 °C for 40 s. The actin (Actb) reference gene was selected from several reference gene
candidates by Normfinder (GenEx). The data were collected using BioMark 3.1.2 Data
Collection software and analyzed by BioMark Real-Time PCR Analysis Software
3.1.3. (Fludigm).

Extraction of sperm nuclear proteins

For protamine extraction, 5 * 10° of mouse epididymal sperm cells were used. Sperm cells
were resuspended in 200-pL PBS, centrifuged at 8940 g for 5 min at 4 °C and the pellet was
resuspended in 100 pL of 0.5% Triton X-100, 20 mM Tris, 2 mM MgCI2 solution and
centrifuged at 8940 g for 5 min at 4 °C. After centrifugation the samples were treated as
described previously “3, except that instead of using iodoacetate treatment we performed
a treatment with 0.8% vinylpyridine (Sigma) for 30 min at 37 °C to further inhibit formation
of cysteine disulphide bonds. Finally, each sample was resuspended in 10 pL of sample buffer
containing 5.5 M urea, 20% [- mercaptoethanol and 5% acetic acid. The DNA remaining in
the pellet after the extraction of the nuclear proteins with 0.5 M HCI was extracted and
quantified after 0.5 N perchloric acid hydrolysis (90 °C, 20 min) and absorbance determination
at 260 nm, measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Products), as

described previously 4.
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Separation and analysis of sperm nuclear proteins

Basic nuclear proteins were analysed using acid—urea polyacrylamide gel containing 2.5 M
urea, 12.5 mM thiourea, 0.9 M acetic acid, 15% acrylamide, 0.1% bis-acrylamide and 0.12%
H20». After polymerization, 2 pL of each sample was loaded and the gel was electrophoresed
in 0.9 M acetic acid buffer for 90 min at 110 V. Different known quantities of a human
protamine standard from a pool of human normozoospermic sperm samples (0.435, 0.87, 1.74
and 2.61 pg) were added in each acid-urea electrophoretic gel. The gels were stained with
EzBlue staining reagent (Sigma) following the manufacturer’s instructions. The stained gels
were scanned and the intensity of the bands corresponding to P1 and P2 was quantified with
Quantity One software (Bio-Rad Laboratories). The data obtained from Quantity One software
were used for calculating the P1/P2 ratio. A standard curve was obtained from the different
concentrations of human protamine standard to calculate the total amount of protamines
(P1 + P2) in each sample, and the P1/P2, P1 + P2/DNA, P1/DNA and P2/DNA ratios were
calculated.

TESE procedure, sperm extraction and ICSI

Testicular sperm extraction (TESE) was performed as previously described *°. Briefly, small
pieces of testicular tissue were placed in a Petri dish in Flushing medium (Medicult) and cupped
up using two sterile needles. The fragmented tissue was assessed for the presence of motile
spermatozoa under the phase contrast microscope. The suspension of cells was cultivated for
24-48 hours before injection or freezing procedure. Prior to the sperm retrieval procedure,
a small piece of testicular tissue was taken for histological examination. TESE samples were
divided into three groups: hypospermatogenesis (HS), maturation arrest (MA), and Sertoli cells
only syndrome (SCO), with a histopathology score counting according to Holstein et al. °.
ICSI procedures were carried out according to Silber et al. *. The sperm cells were incubated
in droplets of 5 ul of Flushing medium (Medicult) with 30% of human serum for 2 hours
followed by injection into the oocyte. The fertilization rate was assessed approximately 18h
after the injection by the presence of two pronuclei and second polar body and was quantified
as a percentage of fertilized mature oocytes. Clinical pregnancy was confirmed by observing

the gestational sac or detecting foetal heart beats.
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4. Results and discussion

4.1. The effect of TBBPA on male gonadal function with focus on testicular morphology,
sperm quality and expression of selected genes.

In these studies, we analyzed the effect of brominated flame retardant tetrabromobispehol A
(TBBPA) on reproductive parameters of male mice in vivo. This environmental pollutant has
been shown to be ubiquitous in the environment. The main source of contaminations are
factories where TBBPA is produced, and it has also been shown that it is released from various

electronic products and thus contaminating our homes or offices 2+ %8,

We conducted two-generational in vivo study where animals were continuously exposed to
TBBPA. TBBPA was dissolved in drinking water in concentration 200 ug/l, which roughly
corresponds to 35 pg/kg bw. In the F1 generation there were two sub-groups — C (control
group) and T (group exposed to TBBPA). In group T, the pups were exposed to TBBPA during
gestation, lactation, pre-pubertal and pubertal period, and up to the adulthood. In group C, the
pups were not exposed to TBBPA at all. Animals of F1 generation were bred at the age of 70
days to form F2 generation. The breeding was performed as follows — females and males from
group C formed group CC (control group of F2 generation); both parents from group T formed
group TT (interbreeding), female from group C and male from group T formed group CT
(outcrossing), and female from group T and male from group C formed group TC (reverse
outcrossing). Pups of F2 generation were exposed to TBBPA only in groups TC and TT (groups
CC and CT were not exposed).

At the age of 70 days, animals of both generations were sacrificed and subjected to analysis.
First, we evaluated the general reproductive parameters. We did not observe any effect of
TBBPA on the number or sex ratio of the progeny, body weight and anogenital distance in both
generations. Regarding the weight of reproductive organs, the most affected group was the
group TT of F2 generation, where we noticed significantly reduced testicular weight and
increased weight of the prostate and seminal vesicles. Evaluation of sperm parameters (sperm
morphology, viability and acrosome status) did not reveal any negative changes after exposure
to TBBPA in both generations.

We also performed histological analysis using testis paraffin sections stained by hematoxylin
(nucleus) and eosin (cytoplasm). In experimental groups we did not observe any visible

pathological changes in morphology of seminiferous tubules. Likewise, the process of
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spermatogenesis was not interrupted. However, epithelial thickness was significantly lower in
groups T (F1 generation) and TC; TT (F2 generation). To identify the number of apoptotic cells
in the testes we performed the TUNEL analysis of testis paraffin sections. We observed
increased numbers of apoptotic cells in the testes in group T of the F1 generation (almost double
compared to the control) and in groups TC and TT of the F2 generation (about 25 % more

apoptotic cells compared to the control).

To evaluate the effect of TBBPA on events taking place in testicular tissue more closely, we
analyzed the expression profile of several testicular genes. The gene for proacrosin (Acr) was
tested as an acrosome-specific gene. The gene for androgen receptor (Ar) was tested as an
androgen-responsive gene. Several genes for heat shock proteins (Hsps) — Hsp70-2, Hsc70t,
Hsp60, and APG-1 — were analyzed to determine the overall stress effect of TBBPA on
testicular cells. Genes for Bax and Bcl-2 proteins were selected for their relation to apoptosis,
and finally the Sox9 gene was chosen as a marker for Sertoli cells. The most affected groups
were those that were exposed to TBBPA — groups T (F1 generation) and TC; TT (F2
generation), where we detected decreased expression of genes for Hsp70-2, Hsp60, Bcl- 2
(anti-apoptotic protein) and Sox9. In these groups, we noticed increased expression of genes
for Hsp70-t and Bax (pro-apoptotic protein). Moreover, we detected significantly decreased
expression of the gene for Ar in groups TC and TT. Interestingly, we also observed certain
changes of gene expression in group CT (F2 generation), which had not been exposed to
TBBPA (only the father was). Here, we observed increased expression of genes for Hsp70- 2
and Hsp60.

In summary, our results provide evidence that TBBPA is able to induce apoptosis of testicular
cells, which is probably the cause of decreased thickness of seminiferous epithelium. The
analyzed sperm parameters did not show any alterations after TBBPA exposure; however, real-
time PCR analysis revealed changes in the expression of selected testicular genes. These genes
were selected because of their essential role during spermatogenesis, and thus any alteration of
their expression might lead to impairment of this process. Our results also suggest that
permanent exposure to TBBPA slightly enhances its effect in the next generation, depending

on whether the parents were affected or not.

In our next study, we decided to get a closer look on the effect of TBBPA on spermatozoa as
the carrier of parental genetic information. We analyzed the protamine content and DNA

integrity in the mouse sperm after TBBPA exposure. In this study we used the same TBBPA
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concentration (200 pg/l) and treatment (continuous exposure during gestation, lactation,
pre-pubertal, pubertal periods up to adulthood) as in previous study. Regarding the results from
protamine analysis, we detected a decreased P1/P2 ratio (0.362 + 0.024 in TBBPA group vs.
0.494 + 0.052 in controls) and increased total protamine/DNA ratio (0.517 £ 0.073 in TBBPA
vs. 0.324 + 0.081 in controls) in animals exposed to TBBPA. To analyze the sperm DNA
integrity, we performed the TUNEL assay. In animals exposed to TBBPA, we observed higher
numbers of TUNEL positive spermatozoa compared to the control (39.5+4.5% vs 21.2 £ 3.1
%), indicating higher sperm DNA fragmentation in the exposed animals. One of the main
function of protamines is to protect the paternal genetic information “® and thus it is not
surprising that in animals with altered sperm protamination we also observed higher sperm
DNA fermentation. Various studies have demonstrated the link of protamine imbalances and
DNA fragmentation with male infertility 1134, However, protamines might also be involved
in other aspects than protection of paternal DNA. It has been shown that protamines play an
important role in the sperm epigenome 1" %°, and thus differential protamination of the sperm
DNA may represent a possible mechanism of trans-generational transmission of the
pathological phenotypes induced by environmental pollutants.

4.2. The effect of treatment with a low dose of mycotoxin zearalenone on the male

gonadal pathology, sperm quality and expression of important testicular genes.

Zearalenone (ZEA) is a nonsteroidal oestrogenic mycotoxin produced by a variety of Fusarium
fungi, which are common contaminants of cereal crops worldwide ®. In this study, we
investigated the effect of two different concentrations (150 pg/l and 0.15 pg/l) of ZEA on the
reproductive parameters and expression of testicular genes in male mice in vivo. In this
experiment there were two experimental groups (one exposed to ZEA in concentration
0.15 pg/l and second 150 pg/l) and one control group (not exposed). ZEA was administered in
drinking water starting from the first day of mothers’ pregnancy, then the born pups were
exposed during gestation, lactation, pre-pubertal and pubertal period up to the age of 70 days,
when they were sacrificed and analyzed. Animals exposed to the low dose were exposed to an

environmentally relevant concentration (around 25 ng/kg bw) *¢.

We did not observe any changes of the body weight or weight of reproductive organs between
the control and experimental groups. However, we observed decreased sperm quality mainly
in group exposed to low concentration of ZEA. In this group we observed decreased sperm

concentration, increased amount of morphologically abnormal spermatozoa and increased
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binding of apoptotic marker annexin V. Using gPCR technique we evaluated expression profile
of 28 testicular genes. The tested genes can be divided into five groups according to their
function — genes expressed in the germ cells (Vegfa, Sycp3, Sycpl, Ccnal, Meigl, Grth, Prm1,
Tnpl, Tnp2), genes expressed in Sertoli cells (Sox9, Wtl, Eps8, Icapl, Masl), genes playing
a role in hormonal response (Ar, Fkbp5, Tff1, Igfbp5, Ctsd, Fshr), genes playing a role during
apoptosis (p21, Bcl, p53), and genes related to epigenetic processes (Ccndl, Crem, Kdm4a,
Spata2, Dnmtl). In general, we observed more alterations in expression of selected genes in
animals exposed to low dose of ZEA. In this group, we detected decreased expression of the
Vegfa gene, which is specifically expressed in spermatogonial cells. We also detected
decreased expression of several genes specific for spermatocytes — Sycp3, Ccnal, and Grth.
Interestingly, in group exposed to higher dose of ZEA we did not observe any significant
changes in the expression of the tested germ-cell specific genes. Regarding genes expressed in
Sertoli cells, we noticed significantly decreased expression of Sox9 genes in both groups and
also decreased expression of Wtl genes in the group exposed to the high dose. In the case of
genes related to epigenetic processes, we observed decreased expression of genes for Ccndl
and Dnmt1 in the animals exposed to the low dose of ZEA and decreased expression of genes

for Ccndl, Kdm4a and Spata2 in animals exposed to the high dose.

We have shown that ZEA is able to negatively influence the sperm quality, mainly sperm
concentration and morphology. Based on our results from gene expression analysis we assume
that most affected cells are spermatogonia and meiotic germ cells. In this study, animals
exposed to the low ZEA concentration were affected markedly more than animals exposed to
the high ZEA concentration. This phenomenon, when lower dosages of hormones have some
effect while the high dosages have no or opposite effect, is quite common in endocrinology.
There are several explanations for this phenomenon. The hormonally active endocrine
disruptors interfere with endogenous hormones and act through the same mechanism, which
means they bind to the receptors that subsequently mediate the response which depends on
ligand concentration %! Also, it has been shown that at concentrations exceeding its
physiological value the ligand may bind to receptors for a different hormone and induce the
response °2. Apparently different responses may therefore be observed depending on the

hormone concentration.

32



4.3. Expression of spermatogenesis-related genes in specimens from testicular biopsies

of infertile men who underwent TESE for the ICSI procedure.

Many couples in our population experience some form of infertility problems. Many of them
search for medical assistance and use services of some of the centers of assisted reproduction.
One of the common causes of male infertility is absence of spermatozoa in ejaculate —
azoospermia. Azoospermic patients still have the opportunity to father a child with the help of
testicular sperm extraction (TESE) and ICSI 3. At present, the only reliable and routinely used
predictor of successful TESE is testicular histology. In this study, we used specimens from
testicular biopsies of azoospermic patients who underwent TESE and we analyzed expression
of selected genes. We assumed that this analysis could provide an additional approach to

increase the prediction of successful TESE.

Genes tested in this study were — GAPDH (expressed in somatic testicular cells and
spermatogonia); MND1/GAJ and SPATA22 (expressed prior to meiotic division); GAPDHS
and ACR (expressed in haploid spermatids). In total we analyzed 34 samples, out of which 9
were diagnosed as Sertoli cell only (SCO); 12 as maturation arrest at spermatocyte stage (MA);
12 as hypospermatogenesis with a few spermatozoa present (HS) and one as obstructive
azoospermia. In three samples from the HS group and in six samples from the MA group we
detected no or low expression of the studied genes. In one sample from the HS group and two
samples from the MA group we noticed expression of MND1 and SPATA22, but we did not
detect any ACR or GAPDHS gene products. In the SCO group, in two samples we observed
decreased expression of the tested genes, whereas in the remaining seven samples we noticed
only residual presence of GAPDHS, ACR and SPATA22.

In this study, the expression analysis of selected genes provided sensitive confirmation of
histologically diagnosed SCO. Concerning MA and hypospermatogenesis, gene expression
analysis could help determine in which stage the spermatogenesis arrest occurred and thus help

assess the most suitable procedure for each patient.

5. Conclusion

In the presented study, we focused on the effect of two environmental pollutants (TBBPA and
ZEA\) on various male reproductive parameters using a mouse model. According to our results,
these pollutants have a significant effect on spermatogenesis and can negatively influence the

sperm quality. In the case of TBBPA we even observed a slight transgenerational effect which
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has been previously observed in some other endocrine disruptors 4. In the case of ZEA, we
observed a negative effect mainly on sperm parameters and expression of important testicular
genes. We also noticed that the lower concentration of ZEA had a stronger effect than the high
concentration. Many toxicological studies use high concentrations of the tested compounds and
it is assumed that if high concentrations do not have any negative effect, the same is true for
the low concentrations. Our as well as other studies have disproved this hypothesis, especially

for compounds that can be hormonally active.

Nevertheless, during our experiments we did not observe any significant effect on fertility of
the exposed animals. However, we have to realize that humans and wildlife are exposed to
thousands of various organic or synthetic compounds which can influence their health and/or
fertility. With growing number of infertile couples and rapidly decreasing sperm quality
reported from European and American countries, it is crucial to reveal compounds that are

hazardous for our reproductive health and to eliminate their usage.

The growing number of infertile couples is linked with higher demand for assisted reproductive
technology (ART). At present, many techniques are available and it is important to choose the
proper one for each patient. For this purpose there are diagnostic methods that help select the
most suitable ART. In our study, we have shown that gene expression analysis could be an

important additional tool for more precise and help to choose the best approach for each patient.
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