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Souhrn

Steroidni hormony hraji dllezitou roli béhem spermatogeneze, v produkci
spermatu a v neposledni fadé také v udrzovani sekundarnich muzskych pohlavnich
znaku a libida. Jsou také diskutovanym cilem pro latky, které se nazyvaji endokrinni
disruptory (ED). Dosud vSak nebyla provedena zadna studie, ktera by se zabyvala
vlivem ED na steroidni spektrum ve 2 biologickych matricich — v plasmé a seminalni
plasmé.

Cilem mé disertatni prace bylo vyvinout a zvalidovat metodu pro stanoveni
bisfenolu A (BPA) a spektra steroidi v plasmé& a semindlni plasmé a tuto metodu
spole¢né s dalSimi ukazateli vyuzit k vyhodnoceni vlivu BPA a polychlorovanych
bifenyld (PCB) na lidskou spermatogenezi a steroidogenezi.

Byly vyvinuty a zvalidovany 2 nové metody na stanoveni BPA a 11 steroidu
v plasmé a seminalni plasmé& a tyto metody byly pouzity ke stanoveni 191 vzork
v obou télnich tekutinach u muzd s rlznym stupném neplodnosti. Soucasné byly
v plasmé stanoveny hladiny 6 kongenert PCB, gonadotropinu, selenu a zinku. K
vyhodnoceni vztahl mezi vSemi analyty byly pouzity parcialni korelace adjustované na
vék a BMI.

BPA v seminalni plasmé& negativné koreloval s koncentraci spermii (r=-0.212;
p=0.005), celkovym poctem spermii (r=-0.178; p=0.018) a jejich morfologii (r=-0.156;
p=0.049). Tyto vztahy byly zjiStény jen pro BPA v seminalni plasmé&, coz poukazuje na
unikatnost této télni tekutiny ve studiu ED. V seminalni plasmé BPA negativné koreloval
s hladinami steroidnich prekurzortl (pregnenolon, 17a-hydroxy-pregnenolon), opaéné
vztahy byly zaznamenany pro BPA a steroidni prekurzory v krevni plasmé. V obou
télnich tekutinach byly zjistény pozitivni korelace BPA s hladinami estrogenl. Soucet
hladin kongenerlt PCB negativné koreloval s koncentraci testosteronu, volného
testosteronu a dihydrotestosteronu v plasmé.

BPA negativné pfispiva k vysledné kvalité spermii. Vysledky naznacuji odliny
vliv BPA na gonadalni a adrenalni steroidogenezi a nasledné naruseni steroidogeneze i
v dalSich krocich. Hladiny PCB v Zivotnim prostfedi u studované skupiny muzi
prekvapivé nemély vliv na kvalitu spermii, ale snizovaly koncentrace androgenu

v plasmé.



Summary

Steroid hormones in testis play an important role in spermatogenesis,
maintenance of the male reproductive tract, production of semen and the maintenance
of secondary sex characteristics and libido. They are also discussed as a target for
substances called endocrine disruptors (EDs). No complex study was conducted on
evaluation of relationships between EDs and steroid spectrum in 2 biological fluids;
seminal plasma and plasma.

The aim of the PhD. thesis was to develop and validate a method for
determination of bisphenol A (BPA) and steroid spectrum in plasma and seminal plasma
and to shed more light into mechanisms of ED action and effects of BPA and
polychlorinated biphenyls (PCBs) on human spermatogenesis and steroidogenesis.

Two new liquid-chromatography mass spectrometry methods for determination of
BPA and 11 steroids in plasma and seminal plasma were developed and validated. The
methods were used for estimation of analyte concentrations in 191 men with a different
degree of fertility. Concurrently, the levels of six congeners of PCBs, gonadotropins,
selenium and zinc in plasma were estimated. Partial correlations adjusted for age and
BMI were calculated to evaluate relationships between these analytes.

Seminal BPA, but not plasma BPA, was negatively associated with sperm
concentration (r=-0.212; p=0.005), sperm count (r=-0.178; p=0.018) and morphology
(r=-0.156; p=0.049). These relationships were observed only in seminal plasma BPA,
which indicates the uniqueness of seminal plasma in the ED research. BPA in seminal
plasma negatively correlated with seminal steroid precursors (pregnenolone, 17a-
hydroxy-pregnenolone), on the other hand, the opposite results were found for BPA and
steroid precursors in plasma. The sum of PCB congeners was negatively associated
with testosterone, free testosterone and dihydrotestosterone in plasma.

BPA negatively contributes to the final state of sperm quality. Moreover, the
present data indicate that BPA influence human gonadal and adrenal steroidogenesis at
various steps. Environmental levels of PCBs in our study population negatively
correlated with androgen levels, but surprisingly without negative effects on sperm

quality.



1 Uvod

V poslednich dekadach se do zivotniho prostfedi dostavaji antropogenni Cinnosti
tisice tun raznych chemikalii. O téchto latkach se pfedpokladalo, Ze nemaji zadnou, Ci
maji jen velmi malou biologickou toxicitu. Dnes nas obklopuji bézné v kazdodennim
zZivoté, jsou napf. ve vzduchu, vodég, plidé, potravinach, elektronice €i plastech a nyni se
ukazalo, ze mnoho z nich ma schopnost zasahovat do endokrinniho systému. Tyto latky
se nazyvaji endokrinni disruptory (ED). Postupné pfibyvaji dikazy o jejich negativnich
vlivech jak na zivo€iSnou populaci, tak na lidsky organismus [1, 2].

V poslednich desetiletich byly také zaznamenany zhorSujici se reprodukéni funkce
ulidi i zvifat. Jiz vroce 1992 byla publikovana rozsahld metaanalyza, kde bylo
prezentovano postupné snizovani pocCtu spermii u muzi zruznych c¢asti svéta
v prubéhu uplynulych padesati let [3]. Tyto vysledky podpofily i dalSi studie [4-6],
naopak nékteré pokles kvality spermii neprokazaly [7, 8]. Byl zjistén také sekularni
pokles hladin testosteronu u muzu [9, 10].

Carlsenova [3] svoje analyzy davala do souvislosti pravé se zvySujicim se vyskytem
chemikalii v prostfedi. Kromé kvality spermii byl zaznamenan vyssi vyskyt nadorl varlat
[11] a vySSi riziko kryptorchismu a hypospadie [12, 13]. Stale Castéji se uvazuje, Ze
expozice ED je nejvétsi vinik téchto problému. Mezi nejdiskutovanéjsi ED patfi
polychlorované bifenyly (PCB), dioxiny, ftalaty, a bisfenol A (BPA), a to bud kvdli jejich
perzistenci v prostfedi a schopnosti bioakumulaci v potravinovém fetézci (PCB,
dioxiny), nebo kvuli jejich vSudypfitomnosti, napf. v obalech na potraviny (BPA, ftalaty).

Lidé jsou vystaveni vlivu ED ve svém kazdodennim Zivoté a neni mozné zcela
zabranit jejich plsobeni. Hlavnimi cestami, jak se ED dostanou do organismu, je poziti
kontaminované potravy a tekutiny, dychani kontaminovaného vzduchu, i
transdermalné [14].

V roce 2015 byla publikovana rozsahla studie, v niz byla skupina védcl vyzvana,
aby na zakladné dostupnych udaji z Evropské unie odhadli ekonomickou zatéz a
naklady spojené s onemocnénimi Ci poruchami, které mohou byt pfipsany ED [15]. Na
zakladé publikovanych ¢lankd z oblasti reprodukce byly vyhodnoceno mirné
epidemiologické a silné toxikologické riziko muzské neplodnosti spojené s expozici

ftalatim, které si se 40-69% pravdépodobnosti vynuti dalSich 618000 procedur v oblasti
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asistované reprodukce. Tyto procedury stoji EU 4.7 miliardy eur. Pfislusné odhady byly
zamérfeny jen na expozici ftalatim a polybromovanym diphenyl etherim, protoze jejich
vliv na volné Zijici zvifata i lidskou populaci je nejlépe dokumentovan [16].

Naopak nékteré latky pfitomné v Zivotnim prostifedi mohou, pokud jde o muzskou
reprodukci, pusobit pfiznivé. Mezi né patfi selen a také zinek. Selen (Se) je kliC¢ovym
prvkem pro fyziologicky vyvoj varlat a neporusenou spermatogenezi [17]. Nékteré studie
prokazaly u muzu s deficitem Se zlepSeni motility spermii a zvySeni Sance k poceti po
jeho suplementaci [18]. Obsah zinku (Zn) ve varlatech a v seminalni tekutiné je vyssi
nez v ostatnich tkanich téla. Zinek ma antioxidacni vlastnosti a hraje roli v odstranovani
reaktivnich kyslikovych radikald. Vysledky nékolika studii naznacuji, Ze snizeni
koncentrace Zn v seminalni tekutiné je rizikovy faktor pro fyziologickou tvorbu spermii a
jednou z moznych pfi€in poruch muzské plodnosti [19, 20].

Ackoli uc€inky nékterych ED na organismus jsou dobfe znamé, u jinych stale
previada nejistota a nekonzistence. Cilem disertacni prace bylo pfispét k objasnéni vlivu
nékterych vybranych faktord vnéjSiho prostfedi na lidskou spermatogenezi

a steroidogenezi.
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2 Pracovni hypotéza

Jednim z moznych mechanism( pasobeni ED by mohlo byt ovlivnéni aktivity
vyznamného enzymu metabolismu steroidd, 11B-hydroxysteroidni dehydrogenazy
(11BHSD) typu 1 a 2. Isoformy tohoto enzymu chranitestes pfed nadbytkem
glukokortikoidu tak, Ze upravuji lokalni pomér kortizolu ke kortizonu ve prospéch
kortizonu. Pokud by tento enzym byl inhibovan, nadbyteCné mnozstvi Kkortizolu
v Leydigovych bunkach zpulsobi snizeni tvorby testosteronu, ktery je zasadni pro
fyziologickou tvorbu spermii. DalSim dulezitym faktorem pro celkovy pocet, motilitu a
morfologii spermii je pfiméfena koncentrace nékterych prvkud, konkrétné Zn nebo Se.
V8echny tyto vlivy, jak positivni (Se a Zn) tak negativni (vysoké hladiny glukokortikoidu

a pusobeni endokrinnich disruptorl) maji podle nasi hypotézy vliv na normospermii.

3 Cile disertaéni prace
Cilem disertacni prace je pfispét k objasnéni vlivu nékterych vybranych faktor(
vnéjSiho prostredi na lidskou spermatogenezi, se zamérenim na steroidy a jejich ulohu

v muzské reprodukci. VytyCené cile jsou konkrétné tyto:

1) Vyvinout metodu na stanoveni steroidd a BPA v plasmé a seminalni plasmé na
vysokoucinném kapalinovém chromatografu s tandemovou hmotnostni detekci
(UHPLC-MS/MS)

2) VysSetfit rozdily v hladinach vybranych ED, steroidu a dalSich relevantnich analytd
u 4 skupin muzd s riznym stupném neplodnosti

3)  Zhodnotit vliv vybranych ED na parametry spermiogramu

4)  Zhodnotit vliv vybranych ED na aktivitu 11BHSD a dalSich enzymi
steroidogeneze.

5)  Zhodnotit vliv vybranych ED na hladiny imunoaktivnich a dalSich steroidd.

6) Zhodnotit vliv vybranych ED na hladiny vybranych stopovych prvku

7)  Zhodnotit, nakolik spolu koreluji jednotlivé analyty v plasmé a seminalni plasmé

12



4 Literarni prehled

4.1 Obecné vlastnosti endokrinnich disruptor

Endokrinnim disruptorem je jakakoliv latka, kterd né&jakym zpusobem ovliviiuje
endokrinni systém. Presna definice podle Environmental Protection Agency (EPA)
definuje ED jako exogenni latku, ktera zasahuje do syntézy, sekrece, transportu, vazby,
akce nebo eliminace pfirozenych hormoni zodpovédnych za udrZovani homeostazy,
reprodukci, vyvoj a/nebo chovani. Dnes pod tento pojem spada nékolik tisic latek.

Disruptory jsou ruznoroda skupina latek, které vykazuji nékteré zajimavé

charakteristiky. Podobné jako hormony mohou uc€inkovat ve velice malém mnozZstvi.
NizSi hladiny ED mohou mit ve vysledku vétsi u€inky na cilovou tkan nez vyssi hladiny
ED. Mohou také vykazovat netradi¢ni dynamiku davky a odpovédi, kdy kfivky zavislosti
davky na odpovédi mohou mit tvar U Ci invertované U [1]. Poc€et publikaci o ED
dramaticky naristda — nejvice zajmu pfitahuje jejich vztah k funkci stitné Zlazy, na
druhém misté je fertilita a na dalS§im pak onkogenni plsobeni, vztah k nastupu a
prubéhu puberty a nejnoveéji pak vztah k obezité, kdy je nékterymi autory pfipisovan ED
kliCovy vztah k pandemii obezity.

Dulezity v pfipadé disruptort je vék v dobé expozice. Vystaveni se pusobeni ED
v dospélosti muze mit zcela odlisné dusledky nez expozice béhem vyvoje. U dospélych
je zpravidla potfeba vyS$si hladina ED, aby pusobila toxicky na organismus. Naopak
béhem vyvoje organismu staci nizka davka po kratSi dobu a muze mit trvalé nasledky
az do dospélosti, kdy uz ED davno v téle neni pfitomen. Tento koncept je pojmenovan
.the fetal basis of adult disease“ neboli expozice ED pfi vyvoji organismu je zaklad
nemoci/poruchy v dospélosti [21]. Z fady moznych mechanismU zasahu ED do systému
jejich pusobeni na pfislusné receptory a epigenetické vlivy. Vedle rozdilného pusobeni
ED vruznych vyvojovych obdobich ¢&lovéka, zvlasté intenzivnich ve ,vyvojovych
oknech® (intrauterinng, v raném détstvi, v puberté a ve stafi) patfi ke zvlastnostem
pusobeni ED také latence plsobeni, nékdy i transgeneracni pusobeni smési (Casty
synergismus) a netradiéni zavislosti na davce. Pfikladem synergického puasobeni je

dieldrin a endosulfan, které plsobi 100x vy$Sim estrogennim efektem v kombinaci nez
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samostatné - EC50 = 100nM [22]. Podobné dieldrin plsobi synergicky i s jinymi
disruptory (lindan) [23]. Jini autofi [24] prokazuji, Zze kooperativni uc€inek dieldrinu a
endosulfanu, pokud vibec existuje, neni natolik silny, aby hral vétsi roli v ohroZovani
lidského zdravi.

Do muzskych reprodukénich funkci mohou zasahovat zejména ED s vliastnostmi
anti-androgenu nebo estrogend. U muzl byla prokazovana spoluu¢ast ED na fadé
klinickych poruch jako je snizena kvalita spermii, karcinom zarodeCnych bunék,
anomalie muzské reprodukéni soustavy, karcinom prostaty a erektilni dysfunkce [1, 25,
26].

Nejznaméjsimi latkami, které zasahuji do endokrinniho systému, jsou
polychlorované bifenyly (PCB), bisfenol A (BPA), dioxiny, ftalatové estery, fytoestrogeny
a pesticidy. Mnohé z nich jsou velmi perzistentni (PCB, dioxiny), coZz ma za nasledek
jejich bioakumulaci v potravnim fetézci a také v lidském organismu, jiné se naopak
rychle rozkladaji a mohou tak pUsobit jen po omezenou dobu (ftalaty). Pfesto ve vyvoji a
dozravani varlat existuje nékolik kritickych useki, které jsou k expozici disruptorim

obzvlasté citlivé.

4.2 Vlastnosti vybranych endokrinnich disruptoru

Mezi ED vybrané pro vyzkum v ramci disertaCni prace byl zafazen BPA a 6
kongeneru PCB (28, 52, 101, 138, 153 a 180).

4.2.1 Bisfenol A

Bisfenol A (Obr. 1) patfi k vibec nejrozSifenéjSim ED. Je obsazen hlavné
v plastech, dale pak napf. epoxidovych pryskyficich, kterymi byva potazen vnitfek
plechovych nadob, v dentalnich vyplnich &i ve stvrzenkach z pokladen [27]. Poprvé byl
syntetizovan v roce 1891 a ve 30. letech minulého stoleti byl provéfovan béhem hledani
syntetickych estrogent pro lékafské ucely. Estrogenicita BPA byla potvrzena, a jesté
vySSi estrogenicita byla zjisSténa u diethylstilbestrolu (DES). Ve 40. a 50. letech se pro
BPA tedy na$lo jiné uplatnéni — stavebni kdmen pro vyrobu polykarbonatovych

plastovych hmot a jako aditivum do jinych plastovych hmot [28].
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Molekuly BPA jsou v plastech spojené esterovou vazbou, ktera je pfedmétem
hydrolyzy hlavné pfi vysSich teplotach nebo v kyselém &i zasaditém prostiedi [27, 29-
31], coz ma za nasledek uvolfiovani BPA z vyrobkd. Uginky BPA v organismu byly
predmétem zajmu mnoha studii. Kromé puasobeni na klasickych estrogennich
receptorech (ER) a i B [32-34] BPA interaguje i s estrogentim pfibuznym receptorem y
[35, 36], androgennim receptorem (AR) [37, 38], thyroidnim receptorem (TR) [39],
glukokortikoidnim receptorem (GR) [40], receptorem aktivovanym proliferatory
peroxisomU y (PPARYy) [41, 42], pregnanovym X receptorem [43] nebo muze pusobit na
neklasické membranové ER [44]. Tyto ucinky byly pozorovany pfi koncentracich

srovnatelnych s koncentracemi endogennich hormona [27].

Obr. 1 Chemicka struktura BPA Obr. 2 Chemicka struktura PCB
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4.2.2 Polychlorované bifenyly

Polychlorované bifenyly (PCB) (Obr. 2) jsou z chemického hlediska chlorderivaty
dibenzenu. Tato skupina zahrnuje pfes 200 kongenerl neboli pfibuznych latek, které
mély Siroké vyuZziti: tekutiny do chladicich zafizeni (izolace €i chlazeni), zpomalovace
hofeni, aditiva do pesticidu &i barviv [45]. PCB jsou rozpustné v tucich, a proto se také
akumuluji v tukové tkani. V 70. letech minulého stoleti byly kvuli své toxicité zakazany,
ale vzhledem k jejich perzistenci a jejich dfive hojném vyuzivani jsou stale
vSudypfitomné v prostfedi. Lidé je pfijimaji hlavné potravou, protoZe se bioakumuluji v
potravnim fetézci. Epidemiologické studie ukazuji na nepfiznivé ucinky PCB hlavné na
motilitu spermii. Tento vztah byl konzistentné zjiStén ve studiich nejen z Ameriky, ale i
dal$ich jako naptiklad v Indii, Nizozemi, na Taiwanu, Svédsku [46-49]. Dalsi studie
vySetfovaly vztah mezi PCB a reprodukénimi hormony [48, 50-54], zde jiz vysledky

ovSem nedosahovaly takové konzistence.
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4.3 Spermatogeneze

Spermatogeneze je slozity proces, pfi kterém nezrald zarode¢na bunka
podstupuje déleni, diferenciaci a meiosu, aby se stala haploidni spermii. Zahrnuje 3
faze: spermatogonialni fazi, fazi spermatocytd a fazi spermatidovou [55]. V prvni fazi
spermatogonie, relativné nespecializované diploidni zarode¢né buriky, lezici na vnitfni
strané semenotvornych kanalkd [56], podstupuji mitdézu za vzniku diploidnich
spermatocytd. V dalSi fazi diploidni spermatocyty projdou dvéma meiotickymi délenimi,
béhem kterych vzniknou haploidni spermatidy. Z nezralych kulatych spermatid se
v posledni fazi, nazyvané spermiogeneze, stavaji zralé spermie [57].

Pro spermatogenezi jsou zasadni Sertoliho bunky, které nasedaji na bazalni
membranu v semenotvornych kanalcich. Mezi sebou jsou spojeny tésnymi spojenimi
neboli ,tight junctions® a tvofi tak bariéru mezi krevnim fecistém a semenotvornymi
kanalky [58]. Sertoliho bunky podporuji zrani zarode¢nych bunék bud pFimym
kontaktem se zarode€nou bunkou nebo Fizenim vnitiniho prostfedi v semenotvornych
kanalcich [59]. Regulovany jsou folikuly stimulujicim hormonem (FSH) z adenohypofyzy
a testosteronem, ktery je produkovan Leydigovymi bunkami varlat jako odpovéd na
stimulaci luteinizaénim hormonem (LH) z adenohypofyzy [55]. Testosteron plsobi na
Sertoliho buriky prostfednictvim androgenniho receptoru a stimuluje syntézu riznych
proteint a trofickych faktor( ve specifickych fazich spermatogeneze [60]. Mezi trofické
faktory parakrinné secernované Sertoliho bufikami patfi napf. insulin-like growth factor 1
(IGF-1), nerve growth factor (NGF), growth factor derived from glia (GDNF) a stem cell
factor (SCF) [61].

Proces spermatogeneze zacina pod vlivem steroidnich androgend a FSH
v puberté a pokraCuje v pribéhu celého Zivota. Proto je muz béhem celého tohoto
obdobi citlivy na zmény v zZivotnim stylu a také na vystaveni se riznym chemikaliim
v zivotnim prostfedi [62]. Neméné dulezité je obdobi fetalniho vyvoje, kdy jsou polozeny
zaklady muzskych pohlavnich organd. Zmény ve vyvoji zpasobené ED by mohly mit

zasadni vliv na kvalitu spermatogeneze v dospélosti [62].
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4.4 Steroidogeneze v Leydigovych bunkach

Steroidogeneze v Leydigovych burikach je fizena LH. Po vazbé LH na receptor
spojeny s G-proteiny je stimulovana tvorba cyklického adenosin monofosfatu (cAMP)
[63]. VySSi hladiny cAMP nasledné aktivuji na cAMP zavislou proteinkinazu A (PKA),
ktera fosforyluje seriny na steroidnim akutnim regulaénim proteinu (StAR), ¢imz ho
aktivuje. [64]. StAR spolecné s perifernim typem benzodiazepinového receptoru (PBR)
zprostiedkovavaji pfenos cholesterolu od vnéjSi k vnitfni mitochondrialni membrané
[65-67]. Pfenos cholesterolu je prvnim a zaroven limitujicim krokem ve steroidogenezi.
Jakmile se cholesterol dostane do vnitfni mitochondrialni membrany, je konvertovan na
pregnenolon cytochromem P450scc (CYP11A1l). Pregnenolon se pak z mitochondrie
pfesouvda do hladkého endoplasmatického retikula, kde je pomoci 17a-
hydroxylazy/17,20lyazy (CYP17A1) konvertovan pfes 17a-hydroxy-pregnenolon (17-
OH-PREG) na dehydroepiandrosteron (DHEA). V dalSim kroku se uplatni enzym 3p-
hydroxysteroidni dehydrogenaza (3BHSD), ktera katalyzuje preménu DHEA na
androstendion (ADION) a posledni faze, pfeména na testosteron (T), je zajiSténa 17-
hydroxysteroidni dehydrogenazou (178HSD) typu 3 [68].

4.4.1 Rizeni steroidogeneze

Cela signalizaéni osa je fizena zhypothalamu pulzné vylu¢ovanym
gonadotropin-uvolfujicim hormonem = gonadoliberinem (GnRH), ktery dale pusobi na
adenohypofyzu. Zté se po podnétu vyluCuji FSH a LH, které se krevnim fecistém
dostavaji do varlat. LH plsobi na Leydigovy bunky v intersticiu a stimuluje tvorbu
testosteronu, zatimco FSH plsobi pfimo na Sertoliho bunky. Uvolfovani GnRH je
fizeno hypothalamickym peptidem kisspeptinem-1 a jeho receptorem spfazenym s G-
proteiny. Kisspeptin je kédovan genem KISS1, ktery je cilem gonadalnich steroidd u
obou pohlavi [69]. Kisspeptinové neurony exprimuji ERa, progesteronovy receptor (PR)
a AR [70]. Je pravdépodobné, Ze regulace exprese KISS1 genu bude fungovat jako
negativni zpétna vazba [71]. Dokazano to bylo napf. na samicich mysi, kdy po
ovariektomii se gen KISS1 exprimoval vice a jeho exprese po podani estradiolu zase
klesla [72]. U mySi a lidi, kterym chybi kisspeptinovy receptor, se objevuje

hypogonadotropni hypogonadismus a s tim souvisejici infertilita [73, 74].
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DalSimi hormony podilejici se na fizeni osy hypothalamus-hypofyza-testes jsou
inhibiny a aktiviny. NejprozkoumanéjSim inhibinem je inhibin B tvofici se v Sertoliho
bunkach v testes, ktery inhibuje tvorbu FSH v hypofyze [75-77]. Opacné ucinky ma
aktivin A produkovany testes, hypothalamem i hypofyzou, ktery tvorbu FSH stimuluje
[78, 79]. Anti-Mulleriansky hormon je dalSim ¢lenem rodiny transforming growth factor 3

(TGFB), ktery se tvofi v Sertoliho burkach a podili se na regulaci steroidogeneze [80].

4.5 Mechanismy pusobeni ED

4.5.1 Kompetice o vazbu na receptory

Nejdéle znamym mechanismem pulsobeni ED je jejich vazba na jaderné
receptory. Endokrinni disruptory jsou strukturné podobné mnoha steroiddm, ucinkuji
také v nizkych davkach a mohou mit lipofilni vlastnosti. Proto jsou schopné
napodobovat endogenni hormony a napodobovat jejich mechanismus puUsobeni,
transport a ukladani ve tkanich. Jejich vlastnosti jim umoznuji navazat se na jaderné
receptory a tim aktivovat nebo potlaovat jejich funkci. Je znamé pusobeni ED na ERa i
B [32-34], AR [81] , TR [39, 82], PR [83], retinoidni receptor [84] receptor pro arylované
uhlovodiky (AhR) [85, 86] , GR [40] ¢ PPARy [87-90] [91] Ci pregnanovy X receptor
[92].

Po navazani ED na receptor se komplex pfesune do jadra, ma vsak Casto jiné
ucinky nez pfirozeny ligand. Pokusy s estradiolem a DES ukazaly, Zze DES jakozto
synteticky estrogen se sice navaze na ER stejné jako estradiol, ale nékteré geny se pod
jeho plUsobenim exprimuji vice a jiné naopak méng, takze vysledny efekt téchto dvou
latek je rozdilny [93]. Bylo prokazano, ze ED se mohou vazat nejen na jaderné

receptory ale i na membranové ER [94, 95] i na nesteroidni receptory [1].

4.5.2 Modulace enzymovych systémii

Plavodné bylo pusobeni endokrinnich disruptori vysvétlovano jen vazbou na
nuklearni steroidni receptory. Dnes jiz vime, Ze mohou pusobit i na jinych Urovnich,
mimo jiné mohou narusovat steroidni biosyntézu a metabolismus [1] Ci antioxida¢nimi
mechanismy [96]. Negativni Uc€inky disruptord byly pozorovany vin vitro i in vivo

studiich.
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4521 Modulace steroidni biosyntézy a metabolismu

Ovlivnéni steroidogeneze ED mulzeme predstavit na pfikladu ftalata. Ftalaty
ovliviluji steroidogenezi v Leydigovych burikach v zavislosti na stadiu fetalniho vyvoje.
Podavani diethylhexyl ftalatu (DEHP) potkanim dva tydny postnatalné ma za nasledek
snizeni aktivity 17BHSD a hladin T v Leydigovych burikach. Na druhou stranu podavani
DEHP dospélym potkanim steroidogenezi v Leydigovych burikach neovliviuje [97].

V pfipadé podavani xenoestrogenu bisfenolu A byla zjisténa snizena aktivita
cytochromu CYP17A1 [98] a stejné tak StAR, CYP11A1, a 17BHSD [99].

Plsobenim na steroidogenni enzymy ED ovliviuji syntézu T Leydigovymi
burfikami v prabéhu fetalniho vyvoje i v dospélosti. NejCastéjSim cilem ED jsou tedy
geny koédujici StAR, CYP11Al1 a CYP17Al1, které jsou potfebné pro biosyntézu
steroidnich hormonu. Nasledkem zmén ve steroidnim spektru, které dale ovliviuji
zpétnovazebné systémy na ose hypothalamus-hypofyza-gonady, dochazi k reprodukéni
dysfunkci [100].

45.2.2 Indukce oxidaéniho stresu

Stale vice dikazi naznacuje, ze chemikalie z prostfedi mohou snizovat
testikularni funkce také naruSenim rovnovahy mezi pro-oxidaénimi a antioxidaénimi
mechanismy, €imz aktivuji daldi drahy, napf. drahu vedouci k apoptdéze. Ackoliv
fyziologické hladiny reaktivnich kyslikovych radikalt a apoptézy jsou nutné pro normalni
funkce varlat, patologické hladiny mohou byt Skodlivé [101].

Ve varlatech je vyvinuta fada antioxidacnich mechanismu, mezi nimiz pUsobi jak
enzymatické tak neenzymatické slozky [102]. Mezi antioxidacni enzymy chranici varlata
patfi napf. superoxid dismutaza, glutathion peroxidaza a katalaza. Superoxid dismutaza
nejprve konvertuje superoxidovy anion na peroxid vodiku, ktery pak katalaza a
superoxid dismutaza prevede na vodu.

Nékolik studii publikovalo vysledky ohledné BPA, ve kterych zvySuje oxidacni
stres ve varlatech, nadvarlatech a spermiich u riznych ZivociSnych druhl. Podavani
BPA potkanum zpUsobuje snizeni motility i po¢tu spermii v epididymis, dale snizuje
aktivitu superoxid dismutazy, katalazy, glutathion reduktazy a glutathion peroxidazy a
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s tim souvisejici zvySeni hladin peroxidu vodiku a lipidové peroxidace [96]. Ve varlatech
byly u mysi zjistény sniZzené hodnoty redukovaného glutathionu po podani BPA [103].

U endokrinnich disruptorll, jako jsou napf. BPA, 2,3,7,8-tetrachlorodibenzo-p-
dioxin ¢i kadmium, je znamo, ze indukuji oxidativni stres ve varlatech down-regulaci
antioxidac¢nich enzymu [96, 104, 105]. Nedavné studie ukazaly, Ze ED mohou zpusobit
muzskou infertilitu také naru$enim bunéénych spojeni mezi Sertoliho a zarode¢nou
bunkou v testes a mezi Sertoliho burfikami navzajem. K takovému poruSeni integrity
v testes mlze dochazet bud pFes signalizaCni drahu mitogenné aktivované protein
kinazy (MAPK) nebo pres kaskadu fosfatidylinositol-3-kinazy/c-Src/focal adhesion
kinazy [106]. NaruSeni spojeni mezi jednotlivymi burfikami vede nasledné k dysregulaci
spermatogeneze. Bisphenol A je jednim z disruptorl, které mohou pusobit pres MAPK
drahu a narusovat spojeni ,tight junctions” mezi Sertoliho burfikami v hematotestikularni
bariéfe [107].

45.3 Epigenetické pusobeni ED

VSechny doposud jmenované mechanismy vysvétluji pfimé pusobeni ED na
organismus. Relativné nedavno bylo zjisténo, Ze vyvoj zarodeCnych bunék muize byt
ovlivnén také nepfimo, zdédénym epigenetickym pusobenim ED. Epigenetické zmény
jsou takové zmény v genové expresi, pfi kterych DNA sekvence zUstava zachovana, ale
upravena muze byt napf. metylace DNA, acetylace histond & microRNA [108].
Dostupné informace z modell na zvifatech ukazuji, Zze pfi expozici xenobiotikim
v kritickych obdobich sav&iho vyvoje mize dochazet k trvalym a dédiénym zménam
v epigenetickém stavu. Poprvé byly epigenetické zmény v zarodecné linii prezentovany
u potkani Anwayem akol. [109]. Bfezi samice potkand byly vystaveny
antiandrogennimu fungicidu vinclozolinu &i estrogennimu insekticidu methoxychloru.
V F1 generaci byl pozorovan snizeny pocCet a viabilita spermii. Tyto ucinky byly
pozorovany ve vSech zkoumanych generacich (az do F4) a korelovaly se zmé&nami
v metylaci DNA [109]. Dalsi studie prokazaly hypometylaci DNA pfi prenatalni expozici
BPA u potkand [110] &i negativni korelaci mezi hypometylaci DNA a hladinami

persistentnich organickych polutanta (napf. DDT, p,p’-DDE) v séru [111].
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4.6 Legislativa endokrinnich disruptort

Pojem endokrinni disruptor byl poprvé definovan na konferenci védcl ve
Wingspreadu ve staté Wisconsin v roce 1991: ,Mnoho latek uvedenych do prostredi
lidskou Cinnosti je schopnych naruSovat endokrinni systém zvifat, v€etné ryb, volné
Zijicich zivocCicht a Clovéka.* Od té doby se zacala feSit problematika ED a jejich
potencialni nepfiznivé ucinky na Clovéka.

Vétsina zakonl o environmentalnich kontaminantech ve Spojenych statech
americkych jsou pfipravovany agenturou EPA, ktera identifikovala asi 87 000 chemikalii,
které jsou komercné vyuzivany. O drtivé vétSiné z téchto latek mame jen malo informaci
o jejich toxicité. Proto v roce 1998 EPA navrhla 2-pilifovy postup na testovani toxicity
chemikalii. Prvni pilif zahrnuje skriningovou baterii in vitro a in vivo testd navrZzenou pro
testovani potencialnich interakci latek s endokrinnim systémem. Ty latky, které budou
vyhodnoceny jako potencialné interagujici, postoupi do druhého pilife pro urceni
nezadoucich 0€inkd na organismus a urCeni dynamiky davky a odpovédi. Vysledky
testt z druhého pilitfe pak poslouzi k posouzeni nebezpecnosti latek, které povedou
k regulaci téchto latek na trhu.

V Evropské Unii je hlavnim regulaénim organem ECHA (European Chemical
Agency), ktera se stara o tvorbu a uplatfiovani pravnich pfedpisu o chemickych latkach,
které vedou k ochrané lidského zdravi a prostfedi. V roce 2007 vstoupila v platnost
smérnice  REACH (Registration, Evaluation, Authorisation and Restriction of
Evropské unii a €ini pramysl odpovédnym za stanoveni a vyhodnoceni rizik chemikalii a
uzivatellm musi poskytnout informace o latkach, které vzbuzuji mimoradné obavy. Na
kandidatské listiné latek vzbuzujicich mimofadné obavy figuruje v souCasnosti 144
chemikalii. V kvétnu minulého roku skoncila druha vina registrace chemikalii, které jsou
dovazené jednou spole€nosti do Evropské Unie v mnozstvich 100 az 1000 tun ruéné.
Posledni vina registrace ma probéhnout do konce kvétna 2018, kdy maji byt
zaregistrovany chemikalie dovazejici se do EU v mnozstvi mensSi nez 1 tuna rocné.

Téma endokrinnich disruptort je v posledni dobé velmi diskutované. V ¢ervnu
roku 2013 podepsalo 89 prednich védcl z celého svéta Berlaymontskou deklaraci o

endokrinnich disruptorech. V té vyjadrili svij nazor k tomuto dilezitému tématu a vyzvali
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Evropskou komisi k zavedeni regulacnich opatfeni, ktera jsou v souladu se sou€asnymi
nejnovejSimi védeckymi poznatky a metodami. Podobné stanovisko zaujima Evropsky
parlament, ktery jednomysIné schvalil zpravu europoslankyné Asy Westlund o ochrané
vefejného zdravi pfed endokrinnimi disruptory. Ta vyzyva k pfijeti opatfeni, ktera by
byla zaméfena na snizeni kratkodobé a dlouhodobé expozice osob endokrinnim
disruptorim. Navrhuje také daleko vice se zaméfit na vyzkum, ktery by zlepSil védecké

poznatky o vlivu latek s negativnim plsobenim na endokrinni systém a lidské zdravi.
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5 Material a metodika

5.1 Uéastnici studie

Studovana skupina se skladala ze 191 muzl, ktefi navstévovali Centrum
asistované reprodukce Pronatal v obdobi od dubna 2012 do zafi 2015. Muzi se liSili ve
stupni plodnosti. Cast souboru zahrnovala muze-normospermiky, kde pfi¢ina
neplodnosti byla na strané partnerky. Ostatni pacienti méli rizné defekty spermii od
mirnych defektl az po azoospermiky. Kazdy pacient podstoupil standardizované
vySetfeni ejakulatu (spermiogram), které probihalo podle kritérii Svétové zdravotnické
organizace (WHO) zroku 2010. VSichni pacienti podstoupili zakladni urologické a
andrologické vySetfeni v€etné ultrasonografie prostaty, seminalnich vacka a varlat, kde
nebyly zjistény zadné patologické nalezy. Dale byla zaznamenana jejich vaha a vyska.

Muzi byli rozdéleni na zakladé vysledk( spermiogramu do 4 skupin. Prvni
skupina (n=89) zahrnovala muze s normospermii, do druhé (n=59) byli zafazeni muzi
s oligospermii, asthenospermii a oligoasthenospermii, tfeti skupina (n=25) obsahovala
muZe s teratospermii, oligoasthenoteratospermii Ci oligoteratospermii a v posledni
skupiné byli muzi-azoospermici (n=18). Tyto skupiny jsme pojmenovali jako zdravé
muze (1.sk), a dale mirné (2.sk), stfedné (3.sk) a téZce (4.sk) neplodné muze.

Studie byla vedena v souladu s Helsinskou deklaraci vydanou Svétovou
Iékafskou asociaci (WMA). Protokol byl schvalen etickou komisi Endokrinologického
ustavu. Kazdy pacient podepsal informovany souhlas pfed zafazenim do studie a

odbérem biologického materialu.

5.2 Sbér vzorku

Od kazdého pacienta byl odebran vzorek krve do zkumavek pro nesrazlivou krev
obsahuijici ethylendiamintetraoctovou kyselinu (EDTA) a vzorek ejakulatu. Plasma byla
ziskana 10-ti minutovou centrifugaci pfi 1500g. Ejakulat byl centrifugovan 10 minut pfi
2000g a supernatant - seminalni plasma - byla nasledné prevedena do nové zkumavky.
Vzorky byly ulozeny v teploté -20°C a rezervni vzorky pfi -80°C az do doby, kdy byly
zpracovany. V8echny kroky v pracovnim postupu vcetné skladovani byly provedeny ve

skle a za uzivani sklenénych pomucek, abychom se vyhnuli kontaminaci BPA. Doba
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stani krve v odbérové zkumavce byla snizena na minimum a bylo ovéfeno, ze touto
cestou nedochazi ke kontaminaci. Vice se timto problémem zabyvame ve ¢lanku Vitku
a kol. 2015a [112] (Ptiloha VIII).

5.3 Roztoky a chemikalie

Kortizol, kortizon a dehydroepiandrosteron (DHEA) byly zakoupeny v Koch-Light
Laboratories Ltd. (Colnbrook, Velka Britanie); 7a-hydroxy-DHEA (7a-OH-DHEA), 7B-
hydroxy-DHEA (7B-OH-DHEA), 7-oxo-DHEA, T, ADION, PREG, 17-OH-PREG, estron
(E1), 17B-estradiol (E2), estriol (E3) a deuterované standardy DHEA (d3-DHEA),
ADION (d7-ADION), PREG (d4-PREG), 17-OH-PREG (d3-17-OH-PREG), E1 (d4-E1),
E3 (d2-E3) s dihydrotestosteronu (d3-DHT) byly od Steraloids (Newport, RI, USA). D4-
Kortizol zakoupen v CDN isotopes (Ponte-Claire, Canada). D1-7a-OH-DHEA and d1-7-
oxo-DHEA byly ziskany z Betulinines (Stfibrna Skalice, Ceska Republika). D1-T byl
syntetizovan firmou Sci-Tech (Praha, Ceska Republika). BPA a jeho deuterovany
standard (d16-BPA), deuterovany E2 (d3-E2) a kortizon (d7-kortizon), DHT, 2-
hydrazinopyridin, ammonium format, trifluorooctova kyselina, 99.9% tert-butyl methyl
ether, aceton, hydrogenuhli€itan sodny, hydroxid sodny a dansyl chlorid byly zakoupeny
v Sigma-Aldrich (St. Louis, MO, USA). Metanol a voda pro chromatografii v HPLC
kvalité byly dodany firmou Merck (Darmstadt, Némecko). Diethyl ether byl objednan ve

firmé& Lach-Ner, s.r.o. (Neratovice, Ceska Republika).

5.4 Kapalinova chromatografie s tandemovou hmotnostni detekci

Pro stanoveni steroidi a BPA vplasmé a seminalni plasmé byla pouzita
kapalinova chromatografie Eksigent ultraLC 110 (Redwood City, CA, USA), ktera byla
vybavena kolonou Kinetex C18 (100 x 3.0 mm, 2.6 ym, pfip. 1.7 um; Phenomenex,
Torrance, CA, USA) a prfedkolonou Security Guard ULTRA cartridge system (UHPLC
C18 pro 3mm prumér kolony; Phenomenex, Torrance, CA, USA).

Detekce analytl byla provadéna na hmotnostnim detektoru API 3200 od firmy
AB Sciex (AB Sciex, Concord, Kanada), kde probihala ionizace elektrosprejem
v pozitivnim modu. Optimalni podminky iontového zdroje a hmotnostniho detektoru byly

zjistény pomoci infuze 0.2 pg/mL jednotlivych analytl rychlosti 20 yL/min. Optimalni
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podminky byly nalezeny pfi napéti iontového spreje 5500V, teploté 600°C, hodnoté
,curtain gas“ 25.0 psi, hodnoté kolizniho plynu 4 psi, prvniho plynu iontového zdroje

40.0 psi a hodnoté druhého plynu iontového zdroje 60.0 psi.

5.5 Dalsi méreni

LH, FSH a globulin vazajici pohlavni hormony (SHBG) byly stanoveny
imunoradiometrickou metodou formou Kkitu (Immunotech, Marseille, Francie).
Plasmaticky DHT byl stanoven radioimunoanalytickou metodou vyvinutou na nasem
pracovisti [113]. Koncentrace Se a Zn v plasmé byly stanoveny v laboratofich AGEL
(Novy Jigin, CR) atomovou absorpéni spektrometrii, metodou akreditovanou a
komerc¢né dostupnou. Hladiny 6 kongenerd PCB (PCB 28, 101, 118, 138, 153, 180) byly
zméfeny v akreditované laboratofi ALS Czech Republic (Pardubice, CR) pomoci
plynové chromatografie spojené s hmotnostni detekci s vysokym rozliSenim (GC-
HRMS).

Hodnota volného testosteronu (FT) byla spocitana podle Vermeulena a kol.
[114].

5.6 Statisticka analyza

Na zakladé bézné praxe byla data pod limitem detekce (LOD) nahrazena
hodnotou LOD/N2 [115]. V8echna data byla transformovana kvili vyznamné $ikmosti,
SpiCatosti a nekonstatnimu rozptylu (heteroskedasticité¢) pomoci Box-Coxovy
transformace smérem k symetrii rozdéleni data a rezidui a ke konstantnimu rozptylu
(homoskedasticité). Rozdily mezi skupinami v jednotlivych analytech byly vyhodnoceny
jednofaktorovou analyzou variance, ktera byla nasledovana vicenasobnym porovnanim
metodou nejmensSich vyznamnych rozdill. Tyto statistické operace byly provedeny
v softwaru Statgraphics Centurion XVI od firmy Statpoint Inc. (Warrenton, VA, USA).
Vicerozmérna korelaCni analyza a s tim souvisejici vyhledani vicerozmérnych

nehomogenit byly provedena v software NCSS 2007 (Kaysville, UT, USA).
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6  Vysledky

6.1 Vyvin metody na stanoveni steroidti a BPA v plasmé a seminalni
plasmé na UHPLC-MS/MS

Systém UHPLC-MS/MS, ktery mame v laboratofi, nheumoznil stanoveni vSech
steroidd bez vétsi pfipravy kvali malé citlivosti. Proto bylo nutné pouzit derivatizacni
Cinidlo, abychom zvysili citlivost a rozliSeni. Po vyzkouSeni nékolika riznych
derivatizaCnich Cinidel byly vybrany 2 derivatizaCni Cinidla - 2-hydrazinopyridin pro
stanoveni steroidu s ketoskupinou a dansyl chlorid pro stanoveni analytd s fenolovou
skupinou - estrogenu (estron, 173-estradiol, estriol) a BPA.

Obé metody byly optimalizovany jak z hlediska mnozstvi derivatizacniho Cinidla,
délky jeho pusobeni a dalSich krok, jako je volba chromatografické kolony a nastaveni
vhodnych podminek pro hmotovy spektrometr. Metoda na stanoveni BPA a estrogent
byla navic testovana pro vylou€eni mozné kontaminace béhem pracovniho postupu.

Druha metoda byla vyvijena ve 2 krocich. V prvni C¢asti byla metoda
optimalizovana pro stanoveni 6 steroidu (Kortizol, kortizon, DHEA, 7a-OH-DHEA, 783-
OH-DHEA, 7-oxo-DHEA) v plasmé, v¢. optimalizace volby extrakéniho €inidla a jeho
objemu. Tato metoda byla nasledné rozSifena o stanoveni dalSi 4 steroidt (Preg, 17-
OH-Preg, ADION, T) a validovana jak pro plasmu, tak pro seminalni plasmu.

Metody byly publikovany v Casopisech s impakt faktorem, kde je detailngji

popsan pracovni postup a vysledky validace ([112, 116] - Pfiloha VII, VIII a X).

6.2 Rozdily v hladinach ED, steroida a dalSich relevantnich analytt
u 4 skupin muza s riznym stupném neplodnosti
Primérny vék (£SD) vSech ucastnikl studie byl 35.8+5.6 let a primérna hodnota
BMI (xSD) byla 27.2+3.6 kg/m2. Do studie bylo zafazeno 55% muzu trpici nadvahou
(BMI 25-30) a 20% obéznich (BMI>30). Vék i hodnoty BMI se vyznamné neliSily mezi 4
sledovanymi skupinami muzu (Tab. 1).
BPA byl detekovan v 89% plasmatickych vzorcich a v 93% seminalnich vzorcich.

Mezi nejhojnéjSi kongenery PCB se zafadili PCB 180 a PCB 153 (detekovany v 99 a
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100% vzorku). Dale nasledovaly PCB 138 (v 96 % vzorkl), PCB 118 (v 56 % vzorku),
PCB 101 (v 8 % vzorku) a PCB 28 (5%).

Rozdily v hladinach PCB mezi jednotlivymi skupinami jsou uvedeny v Tab. 1.
Hladiny seminalniho BPA se zvySovaly smérem ktézce neplodnym muzam.
Plasmatické hladiny BPA byly vyznamné vyS$Si u mirné a stfedné neplodnych muzu
Vv porovnani se zdravymi a tézce neplodnymi muzi. Soucet hladin kongeneru byl nizsi u
mirné neplodnych muzl v porovnani s ostatnimi skupinami. Pro samostatné kongenery
PCB 101 a 28 nebylo vicenasobné porovnani provedeno z divodu malého poctu vzorku
s koncentracemi nad limitem detekce. Vicenasobné porovnani bylo provedeno stejnym
zpusobem i pro steroidy v plasmé a seminalni plasmé a dalSi relevantni analyty v
plasmé (LH, FSH, SHBG, Se, Zn) (Tab. 1 pro steroidy v seminalni plasmé a ED a Tab.

2 pro steroidy v plasmé).
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Tab. 1. Porovnani hladin vybranych ED (PCB v plasmé a BPA v plasmé a seminalni plasmé) a steroidd v seminalni plasmé u 4 skupin muzu s rGznym stupném
neplodnosti. Data jsou uvedena jako praméry s 95% konfidenénimi intervaly (v zavorkach) pro kazdou skupinu.
Skupina 1 = zdravi muzi; Skupina 2 = mirné neplodni muzi; Skupina 3= stfedné neplodni muzi; Skupina 4 = téZce neplodni muzi

Analyt Jednotky SKUPINA 1 SKUPINA 2 SKUPINA 3 SKUPINA 4 W:’;::}':zsti Vicenasobn
(n=89) (n=59) (n=25) (n=18) 0 porovnani
Vék rok 35.9 (34.8; 37.0) 35.7 (34.3; 37.0) 35.8 (33.8; 37.8) 35.2 (32.9; 37.6) 0.972
BMI kg/m? 27.7 (26.7;28.8) 26.9 (25.8;28.1) 26.1(24.9; 27.5) 26.4 (24.8; 28.1) 0.275
3 6 PCB kongenerd  ng/g plasmy 1.52 (1.35;1.72) 1.30(1.13;1.51) 1.00 (0.76;1.31) 1.32 (1.00;1.75) 0.035 3<1
PCB 180 ng/g plasmy 0.66 (0.58;0.76) 0.53 (0.45;0.62] 0.49 (0.36;0.66) 0.57 (0.41;0.77) 0.098 2<1
PCB 153 ng/g plasmy 0.57 (0.50;0.65) 0.48 (0.41;0.56) 0.35 (0.26;0.47) 0.47 (0.34;0.63) 0.021 3<1
ED PCB 118 ng/g plasmy 0.030 (0.25;0.035) 0.026 (0.021;0.033) 0.025 (0.015;0.044) 0.020 (0.012;0.038) 0.552
PCB 138 ng/gplasmy  0.223(0.195;0.256) 0.202 (0.173;0.237) 0.184 (0.137;0.252) 0.206 (0.147;0.295) 0.641
Plasmaticky BPA ng/mL 0.029 (0.019;0.044) 0.059(0.034;0.106) 0.072 (0.039;0.185) 0.019 (0.008;0.047) 0.029 1<2,3
Seminalni BPA ng/mL 0.075 (0.055;0.100) 0.130 (0.093;0.179) 0.153 (0.091;0.243) 0.148 (0.082;0.250] 0.018 1<2,3,4
Pregnenolon ng/mL 0.198 (0.170;0.231] 0.173 (0.144;0.206) 0.298 (0.229;0.385) 0.182 (0.132;0.249) 0.009 1,2,4,<3
17-OH-PREG ng/mL 0.119 (0.090;0.154) 0.100 (0.072;0.136) 0.126 (0.080;0.186) 0.090 (0.048;0.151) 0.667
Kortizol ng/mL 4.60 (3.74;5.55) 5.76 (4.67;6.97) 6.88 (5.15; 8.88) 4.88 (3.20;6.93) 0.105 1<3
Kortizon ng/mL 7.42 (6.78;8.06) 7.78 (7.05;8.51) 7.72 (6.64;8.81) 6.69 (5.41;7.99) 0.508
DHEA ng/mL 1.40 (1.13;1.75) 1.45 (1.14;1.86) 2.40 (1.65;3.57) 1.88(1.22;2.99) 0.073 1,2<3
70-OH-DHEA ng/mL 0.275 (0.238;0.318) 0.235 (0.198;0.279) 0.245 (0.191;0.313) 0.223 (0.165;0.299) 0.429
SEMINALN{ 7B-OH-DHEA ng/mL 0.064 (0.053;0.075) 0.066 (0.054;0.079) 0.081 (0.061;0.103) 0.078 (0.056;0.103) 0.381
PLASMA 7-ox0-DHEA ng/mL 0.035 (0.027;0.044) 0.039 (0.029;0.051) 0.040 (0.025;0.059) 0.039 (0.023;0.060] 0.917
Androstendion ng/mL 0.016 (0.010;0.025) 0.022 (0.014;0.036) 0.016 (0.007;0.035) 0.011 (0.005;0.027) 0.528
Testosteron ng/mL 0.019 (0.012;0.031) 0.020 (0.011;0.035) 0.023 (0.010;0.050) 0.018 (0.006;0.050) 0.975
DHT ng/mL 0.225 (0.184;0.271) 0.158 (0.121;0.201) 0.135 (0.087;0.198) 0.114 (0.063;0.185) 0.012 1>2,3,4
Estradiol ng/mL 0.0039 (0.0034;0.0045)  0.0041 (0.0034;0.0050)  0.064 (0.0046;0.0097)  0.0050 (0.0036;0.0075) 0.036 1,2<3
Estron ng/mL 0.0043 (0.0037;0.0050)  0.0047( 0.0039;0.0057)  0.0077 (0.0056;0.0109)  0.0047 (0.0034;0.0068) 0.016 1,2,4<3
Estriol ng/mL 0.043 (0.033;0.055) 0.031 (0.022;0.043) 0.048 (0.029;0.079) 0.065 (0.036;0.114) 0.128




Tab. 2. Porovnani hladin steroidd v plasmé u 4 skupin muzi s rdznym stupném neplodnosti. Data jsou uvedena jako primeéry s 95% konfidenénimi intervaly (v
zavorkach) pro kazdou skupinu.
Skupina 1 = zdravi muzi; Skupina 2 = mirné neplodni muzi; Skupina 3= stfedné& neplodni muzi; Skupina 4 = téZce neplodni muzi

Analyt Jednotky SKUPINA 1 SKUPINA 2 SKUPINA 3 SKUPINA 4 vv:lr::::zsti Vicenasobné
(n=89) (n=59) (n=25) (n=18) 0 porovnani
Se umol/L 0.96 (0.91;1.01) 0.97 (0.92;1.04) 1.04 (0.93; 1.17) 1.03 (0.91;1.18) 0.512
Zn mol/L 12.59 (11.80;13.44) 12.34 (11.43;13.33) 13.28 (11.60;15.22) 11.09 (9.55;12.90) 0.346
LH Iu/L 2.80 (2.47;3.17) 3.40 (2.92;3.97) 3.25 (2.50;4.25) 5.39 (3.99;7.29) 0.001 1,2,3<4
FSH IU/L 2.94 (2.57:3.37) 3.90 (3.29:4.66) 3.61(2.70;4.90) 10.24 (6.96;15.48) 0.000 1<2,4 2,3<4
SHBG nmol/L 21.69 (19.65;23.87) 20.58 (18.24;23.14) 20.18 (16.34;24.64) 22.12 (17.42;27.70) 0.848
Pregnenolon ng/mL 0.36(0.29;0.44) 0.33 (0.25;0.42) 0.47 (0.32; 0.66) 0.30(0.17;0.47) 0.358
17-OH-PREG ng/mL 1.64 (1.41;1.90) 1.44 (1.21;1.73) 1.78 (1.34; 2.37) 1.26 (0.91; 1.77) 0.329
Kortizol ng/mL 106 (97;116) 106 (96;117) 97 (82;114) 87 (70;107) 0.266
Kortizon ng/mL 25.8 (24.5;27.2) 24.8 (23.3;26.4) 25.4 (23.0;27.9) 25.0(22.2;27.9) 0.810
DHEA ng/mL 4.29 (3.81;4.85) 3.82 (3.33;4.41) 4.35 (3.49;5.48) 3.36 (2.62;4.36) 0.267
7a-OH-DHEA ng/mL 0.278 (0.244;0.317) 0.253 (0.217;0.295) 0.282 (0.222; 0.359) 0.209 (0.156;0.279) 0.285
7B-OH-DHEA ng/mL 0.149 (0.133;0.166) 0.126 (0.108;0.145) 0.139 (0.110;0.170) 0.104 (0.074;0.137) 0.064 1>4
7-oxo-DHEA ng/mL 0.039 (0.032;0.048) 0.030 (0.023; 0.039) 0.034 (0.022;0.050) 0.042 (0.027;0.063) 0.336
Androstendion ng/mL 0.583 (0.532;0.638) 0.612 (0.549;0.683) 0.642 (0.536;0.769) 0.540 (0.436;0.670) 0.583
Testosteron ng/mL 3.32 (3.07;3.58) 3.34 (3.04;3.66) 3.75 (3.25;4.28) 3.37(2.82;3.98) 0.494
DHT ng/mL 0.519 (0.497;0.541) 0.522 (0.486;0.549) 0.549 (0.504;0.597) 0.531 (0.480;0.585) 0.679
Estradiol ng/mL 0.017 (0.014;0.021) 0.016 (0.013;0.020) 0.016 (0.011; 0.022) 0.007 (0.004;0.012) 0.016 1,2,3>4
Estron ng/mL 0.023 (0.019; 0.027) 0.022 (0.018;0.027) 0.022 (0.017; 0.029) 0.019 (0.013; 0.027) 0.854
Estriol ng/mL 0.009 (0.006;0.014) 0.006 (0.004;0.010) 0.006 (0.003;0.012) 0.010 (0.005;0.026) 0.474

29



6.3 Vliv vybranych ED na parametry spermiogramu

Pomoci parcialnich korelaci adjustovanych na vék a BMI byly vyhodnoceny
vztahy mezi jednotlivymi ED a parametry spermiogramu — celkovym poctem spermii,

koncentraci spermii, motilitou a morfologii (Tab. 3).

Tab. 3. Vliv vybranych ED na parametry spermiogramu

Parametry spermiogramu 26 PCB kongianerﬂ BPA v plasmé BPAV semivnélnl'
v plasmé plasmé
r p-hodnota r p-hodnota r p-hodnota
Koncentrace (10°/mL) 0.273 0.000 -0.119 0.134 -0.212 0.005
Celkovy pocet 0.308 0.000 -0.115 0.146 -0.178 0.018
Motilita 0.069 0.376 0.139 0.079 -0.106 0.164
- Progresivné pohyblivé spermie 0.112 0.147 0.095 0.233 -0.122 0.108
- Neprogresivné pohyblivé spermie -0.064 0.411 0.192 0.014 -0.039 0.606
- Nepohyblivé spermie -0.027 0.723 0.071 0.373 -0.037 0.626
Morfologie 0.099 0.223 -0.029 0.729 -0.156 0.049

Hladiny BPA vseminalni tekutiné negativné korelovaly s koncentraci,
celkovym pocCtem spermii a morfologii, na druhou stranu tyto zavislosti nebyly
zjistény u BPA v plasmé. Zde byla pozorovana pozitivni korelace mezi BPA a po¢tem
neprogresivné pohyblivych spermii. Hladiny PCB v plasmé prekvapivé pozitivhé

korelovaly s koncentraci a celkovym pocétem spermii.

6.4 Vliv vybranych ED na aktivitu 11BHSD a dalSich enzymu

Pro zjisténi aktivity nékterych enzym( steroidogeneze byly koncentrace
steroidd dany do poméru — vzdy prekurzor ku produktu a hledany zavislosti
s vybranymi ED. Vztahy jsou uvedeny jako parcialni korelace adjustované na vék a
BMI. Korelace podili s plazmatickymi ED byly vypoc€itany z plasmatickych hladin,
korelace se seminalnim BPA byly spocitany z pomért hladin steroidd v seminalni
plasmé (Tab. 4).

Vyznamné parcialni korelace byly nalezeny pro PCB a poméry
Androstendion/T a T/DHT odpovidajici enzymim 17BHSD a 5a-reduktaze. V periferii
byl BPA  asociovan s pomérem  kortizol/kortizon  (enzym  11BHSD),
DHEA/androstendion (enzym 3BHSD), androstendion/T (enzym 17BHSD i
aldoketoreduktaza AKR1C3) a T/E2 (enzym aromataza). Naopak v seminalni plasmé

nebyl nalezen zadny vztah mezi BPA a poméry steroidi, coz naznacuje spiSe
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ovlivnéni systémovych enzym( steroidogeneze ulozenych v nadledvinach a

perifernich tkanich.

Tab. 4. Vliv PCB a BPA na aktivitu vybranych enzym

Prekurzor/produkt 26 PCitzr:fgneru v BPA v plasmé BPA ;/I:::énalnl
p- p- p-

r hodnota r hodnota r hodnota
Kortizol/Kortizon 0.146 0.065 0.176 0.026 0.042 0.617
PREG/17-OH-PREG -0.049 0.527 0.061 0.443 0.082 0.352
17-OH-Preg/DHEA -0.030 0.703 0.151 0.058 -0.137 0.119
DHEA/Androstendion  0.103 0.190 0.168 0.037 -0.016 0.860
Androstendion/T 0.221 0.004 0.166 0.037 -0.118 0.220
T/DHT -0.320 0.000 0.076 0.341 0.157 0.093
T/E2 -0.097 0.289 -0.372 0.000 0.037 0.695

6.5 Vliv vybranych ED na hladiny imunoaktivnich a dalSich
steroidu

Pro hodnoceni vztaht mezi imunoaktivnimi steroidy a ED byly opét vypocitany
parcialni korelace adjustované na vék a BMI (Tab. 5). Pro uplnost byly zjistény i
korelace s plasmatickymi gonadotropiny a SHBG. Hladiny plasmatickych ED byly
korelovany s plasmatickymi hladinami analytl a koncentrace BPA v seminalni
plasmé byla korelovana s koncentracemi steroidd v seminalni plasmé. Nebyl zde
patrny vliv BPA ani PCB na hladiny plasmatickych gonadotropind a SHBG.
Koncentrace 6 kongeneru PCB negativné korelovala s plasmatickymi androgeny - T,
DHT i volnym T. Opac¢né vysledky byly pozorovany u BPA v plasmé a seminalni
plasmé u steroidl na zacatku steroidni biosyntézy: BPA v plasmé pozitivné koreloval
s PREG, 17-OH-PREG a DHEA v plasmé&, naopak BPA v seminalni plasmé s PREG
a 17-OH-PREG koreloval negativné. Dale BPA v plasmé i seminalni plasmé
koreloval s plasmatickymi, resp. seminalnimi estrogeny. Kromé pozitivni korelace
mezi plasmatickym DHEA a BPA v plasmé& nebyly zaznamenany Zadné dalSi

vyznamneé vztahy mezi imunoaktivnimi steroidy.
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Tab. 5. Vliv vybranych ED na hladiny imunoaktivnich a dalSich steroidu

Analyt 26 PCIi)Eosrfsneru v BPA v plasmé BPA ;éinn::vanalm
p- p- p-
r hodnota r hodnota r hodnota
LH -0.014 0.862 -0.021 0.792
FSH 0.019 0.812 -0.111 0.166
SHBG -0.056 0.472 -0.011 0.893
PREG -0.021 0.786 0.239 0.002 -0.207 0.011
17-OH-PREG 0.022 0.778 0.264 0.001 -0.207 0.015
Kortizol 0.166 0.035 0.099 0.213 0.048 0.565
Kortizon 0.091 0.250 -0.077 0.331 0.049 0.553
DHEA 0.050 0.523 0.249 0.001 -0.125 0.129
7a-OH-DHEA -0.128 0.103 0.069 0.386 0.082 0.329
7B-OH-DHEA 0.021 0.790 0.148 0.062 0.054 0.514
7-oxo0-DHEA -0.015 0.853 0.012 0.880 -0.109 0.210
Androstendion -0.037 0.634 0.145 0.069 -0.037 0.681
T -0.332 0.000 -0.044 0.577 0.105 0.266
FT -0.337 0.000 -0.035 0.660
DHT -0.191 0.013 -0.177 0.026 -0.075 0.367
E2 -0.047 0.604 0.357 0.000 0.163 0.033
E1 0.138 0.131 0.286 0.001 0.061 0.423
E3 0.250 0.006 0.079 0.372 0.202 0.009

6.6 Vliv vybranych ED na hladiny stopovych prvku

Parcialni korelace adjustované na vék a BMI byly opét vyuzity k odhaleni
vztahl mezi PCB a BPA a hladinami stopovych prvkl v plasmé (Tab. 6). Nebyly zde

pozorovany zadné vyznamne asociace.

Tab. 6. Vliv vybranych ED na hladiny Se, Zn

3 6 PCB kongenert v

Analyty v plasmé plasmeé BPA v plasmé
p- p-
r hodnota r hodnota
Se 0.078 0.315 -0.001 0.989
Zn -0.028 0.723 0.163 0.052

6.7 Korelace jednotlivych analyta v plasmé a seminalni plasmé
Na zavér bylo zjisténo, nakolik jednotlivé analyty v plasmé koreluji se svymi
protéjSky v seminalni plasmé (Tab. 7). Lze shrnout, Ze steroidy v obou biologickych

tekutinach spolu vzajemné koreluji, kromé 7-oxo-DHEA, DHT, estronu a estradiolu.
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VSechny tyto steroidy jsou syntetizovany zejména enzymy v periferii, naopak v testes

se tvofi minoritné.

Tab. 7. Korelace jednotlivych steroidd a BPA ve 2 biologickych tekutinach

Analyt r hodpnota
BPA v plasmé vs. BPA v seminalni plasmé 0.253 0.001
Kortizol v plasmé vs. kortizol v seminalni plasmé 0.468 0.000
Kortizon v plasmé vs. kortizon v seminalni plasmé 0.396 0.000
PREG v plasmé vs. PREG v seminalni plasmé 0.375 0.000
17-OH-PREG v plasmé vs. 17-OH-PREG v seminalni plasmé 0.351 0.000
DHEA v plasmé vs. DHEA v seminalni plasmé 0.301 0.000
7a-OH-DHEA v plasmé vs. 7a-OH-DHEA v seminalni plasmé 0.468 0.000
7B-OH-DHEA v plasmé vs. 73-OH-DHEA v seminalni plasmé 0.193 0.000
7-oxo-DHEA v plasmé vs. 7-oxo-DHEA v seminalni plasmé -0.041 0.645
Androstendion v plasmé vs. androstendion v seminalni plasmé 0.192 0.031
Tv plasmé vs. T v seminalni plasmé 0.230 0.013
DHT v plasmé vs. DHT v seminalni plasmé -0.076 0.365
Estron v plasmé vs. estron v semindlni plasmé 0.005 0.954
Estradiol v plasmé vs. estradiol v seminalni plasmé 0.035 0.698
Estriol v plasmé vs. estriol v semindlni plasmé 0.498 0.000

7 Diskuse

Plasobeni ED na lidsky organismus predstavuje v soucasnosti velice
diskutovany problém, jak na narodni, tak na mezinarodni urovni. Snahou Evropské
Unie v souCasné dobé je stanovit kritéria pro posuzovani vysledku testd ED, na
jejichz zakladé budou jednotlivé ED na trhu omezeny, vyfazeny pfip. ponechany.
Cilem prace bylo objasnit mechanismy pusobeni ED na jednotlivé kroky lidské
gonadalni a adrenalni steroidogeneze z hlediska muzské reprodukce. Uvedené
informace by mohly pfispét k prevenci negativniho pisobeni ED a pravdépodobné i
k 16Ebé nasledkd pusobeni ED na muzsky reprodukéni systém.

Ve vétsiné studii zkoumajicich u€inky ED na hladiny reprodukénich hormoni
byly korelovany mocové koncentrace ED s plasmatickymi hladinami hormond. Jen
malo studii porovnavalo plasmatické hladiny ED s plasmatickymi, pfip. seminalnimi
hladinami hormonu (shrnuto v ¢lanku [117], PFiloha I). Vychazeli jsme z pfedpokladu,
Ze hladiny ED méfené pfimo v seminalni tekutiné budou nejlépe odrazet jejich

plusobeni na kvalitu spermii a steroidogenezi ve varlatech (shrnuto v ¢lanku [118],

33



Pfiloha Il). Sou¢asné mérfeni ED a steroidd v plasmé umoznilo zjistit, do jaké miry
spolu koreluji plasmatické a seminalni koncentrace sledovanych analytl a odhadnout
vliv ED na steroidogenezi v periferii.

V prvé fadé byla vyvinuta metoda na stanoveni BPA a estrogenu (estron,
estradiol, estriol) v plasmé a seminalni plasmé ([112], Pfiloha VIIl). Metodika
stanoveni BPA v plasmé/séru se jiz pomérné bézné pouziva [119-124]. Stanoveni
BPA v biologickych tekutinach je v porovnani se stanovenimi steroidu
komplikovangjsi z divodu mozné kontaminace vzorkl bisfenolem A béhem sbéru,
manipulace se vzorkem a jeho skladovani. V kazdém kroku je nutno ovéfit, zda
nedochazi k uvolfiovani zmifiované chemikalie z laboratornich plastd. V nasi studii
jsme sledovali moznou kontaminaci béhem celého procesu zachazeni se vzorkem a
dokazali jsme, ze celkova kontaminace BPA je pod limitem jeho detekce. Metoda
tedy poskytuje citlivé a pfesné stanoveni nekonjugovaného BPA v plasmé i seminalni
plasmé.

Stanoveni BPA v seminalni plasmé jiz bézné neni. Dosud byly publikovany 3
¢lanky na toto téma [120, 125, 126]. Inoue s kolektivem vyvinul instrumentalni
metodu na stanoveni BPA ve spermatu bez vyuziti derivatizace, proto jeho metoda
méla pomérné vysoky limit detekce (LOD) — 100 pg/mL a limit kvantifikace (LOQ) 500
pg/mL [125]. Po porovnani se stanovenim BPA pomoci enzymové imunoanalyzy na
pevné fazi (ELISA) autofi shrnuli, ze vysledky z ELISA metody mohou poskytovat
nepresné vysledky kvili matricovym efektim a nedostatecné specifité protilatky proti
BPA [120, 125, 127]. V dalSi zminované studii autofi méfili BPA v seminalni plasmé,
prekvapivé v8ak vSechny jejich méfené vzorky byly pod LOD, ktery Cinil 1 pg/mL
[126]. DalSi studie méfila BPA radioimunoanalyticky v seminalni tekutiné a folikularni
tekutiné u 28 nahodné vybranych pard podstupujici in vitro fertilizaci. Koncentrace
BPA v seminalni tekutiné se pohybovaly od 80 pg/mL do 1 ng/mL [120]. Nase
metoda s limitem kvantifikace 28.9 pg/mL pro seminalni plasmu a 43.5 pg/mL pro
plasmu umoznila stanoveni BPA v 93% vzorki seminalni plasmy a 89% vzork
plasmy. Koncentrace estriolu v seminalni plasmé byly v tomto ¢lanku publikovany
poprve.

Druha metoda na stanoveni steroidl v plasmé a seminalni plasmé& umoznila
stanovit v plasmé& 10 steroidd a vseminalni plasmé 11 steroidd. Steroidem
stanovovanym navic v seminalni plasmé oproti krevni plasmé byl DHT, ktery

v plasmé& nedosahl uspokojivych validaénich vysledkd. V porovnani s dfivéjSimi
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imunoanalytickymi metodami vyvinutymi na naSsem pracovisti i dalSich pracovistich
tato metoda umozni rychlejSi, presnéjsi a citlivéjSi stanoveni za pouziti 500 pL krevni
plasmy nebo 1 mL seminalni plasmy pro celou analyzu. Stanoveni komplexniho
spektra steroidd umoznilo sledovat vliv ED na celou zakladni steroidogenezi.

V nasi studii BPA v plasmé jen mirné koreloval s BPA v seminalni plasmé a
jen BPA vseminalni plasmé negativné ovliviioval koncentraci spermii, jejich
morfologii a celkovy poc€et spermii. Téchto vysledkd jsme dosahli jak na mensim
poctu pacientu, tak poté na celé skupiné 191 muzd ( [128] — Pfiloha IX a Pfiloha X).
Podobné vysledky byly publikovany v nékolika studiich [129-131], na druhou stranu
jiné studie tyto vztahy neprokazaly [132-134]. VSechny tyto studie méfily BPA v mo i
a ani vramci této matrice nebylo dosaZeno shody ve vysledcich. Stanoveni
mocovych analytl reflektuje spiSe jejich rychlost vyluCovani, plasmatické hladiny
nekonjugovaného BPA jiz dokumentuji vice jejich biologickou dostupnost pro tkané.
Seminalni plasma se zda byt optimalni pro studium vztahi mezi kvalitou spermii a
vlivem ED, protoZe se nachazi nejblize zrani spermii, ovSem jsou zde jiné omezeni,
jako je jeji horsi dostupnost a maly objem vzorku. Dale vybér populace mize vést
k odliSnym zavérum, kde v nékterych studiich byla zkoumana obecna populace [132,
133], v dalSich plodni muzi [134], muZzi navstévujici centra asistované reprodukce
(nase studie, [129, 131]) ¢i muzi vystaveni velké expozici ED [130].

Vztahy mezi vlivem PCB a kvalitou spermii byly shrnuty v pfehledovém ¢lanku
od Meekera a Hausera [45]. Autofi ukazali konzistentni vztah mezi PCB a zhorS§enou
motilitou, ktery v naSi studii potvrzen nebyl. Dale bylo zjiSténo, Ze hladiny PCB
v plasmé byli niz8i u zdravych muzl v porovnani se stfedné neplodnymi muzi (Tab.
1) a soucCasné pozitivné korelovaly s celkovym pocCtem spermii a jejich koncentraci.
Podobné vysledky byly uvedeny ve studii Dallingy a kol. [47], kde byly zjistény vyssi
hladiny PCB u muzu s dobrou kvalitou spermii v porovnani s muzi s horSi kvalitou
spermii. Tyto vysledky byly na hranici vyznamnosti (p=0.06). Podobné jako studie
vySe uvedenych autorl i naSe prace naznacuje, ze horSi kvalita spermii neni

Na téma vlivu mocCového BPA na hladiny plasmatickych reprodukénich
hormon( bylo publikovano vice studii, ovSem s protichidnymi vysledky [133-140].
Nase zjisténi o pozitivni korelaci mezi BPA v obou télnich tekutinach s estrogeny bylo
v souladu se tfemi z nich [133, 136, 137]. Jedno z moznych vysvétleni zvySenych
hladin estrogenl a snizeného poméru T/E2 v plasmé by mohlo byt zvySeni aktivity &i
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exprese aromatazy na periferii nebo pfimo ve varlatech. Vysvétlenim by mohlo byt
také pomalejSi odbouravani estrogenl pomoci sulfotransferaz & UDP-
glukuronosyltransferaz. Podle jedné studie je i BPA glukuronidovan pfi katalyze
riznymi izoformami UDP-glukuronosyltransferaz [141]. Mohlo by tedy jit o kompetici
na téchto enzymech. In vitro studie od Zhanga a kol. na H295R burnkach podporuje
tuto hypotézu [142]. DalSi studie nepotvrdili vztah mezi BPA a E2 [134, 135].

ProtichiGdné vysledky byly publikovany také ohledné vztahu BPA a
plasmatickych gonadotropinu. V této studii BPA nemél statisticky vyznamny vliv ani
na jeden z gonadotropinu, stejné jako ve studii Mendioly a kol.[134]. Studie autor(
Lassen a kol. uvadi vy$Si hladiny LH vlivem BPA, bez zmény koncentraci FSH [133].
Na druhou stranu Meeker a kol. nalézaji vySSi hladiny FSH, ale ne LH ve vztahu
k BPA [138]. Dalsi studie na zvifecich modelech naopak prokazovaly potlaceni
tvorby obou gonadotropinu po expozici BPA [98, 143], zatimco jina studie publikovala
zvySeni produkce LH [144]. Z takto nekonzistentnich vysledk( je samoziejmé obtizné
vyvodit jednoznacné zavéry. Pro vyhodnoceni vztahu mezi gonadotropiny a BPA
bude tedy zapotiebi uskutecnit vice studii.

Nase vysledky ohledné snizeni plasmatické koncentrace T ve vztahu k PCB
jsou v souladu s nékterymi studiemi jinych autort [50, 51]. Stejné vysledky byly
ziskany u adolescentq, ktefi byli pasobeni PCB vystaveni prenatalné [145]. DalSi
studie publikovaly negativni korelace PCB s T vazanym na SHBG [52, 53] &i FT [48,
54], zatimco jiné studie nenalezly zadny vztah mezi PCB a T [146, 147].

Pokud je nam znamo toto je prvni studie zabyvajici se vlivem ED na hlavni
kroky steroidogeneze (Tab. 5). Zatimco v krevni plasmé prekurzory pohlavnich
hormont (PREG, 17-OH-PREG a DHEA) pozitivné korelovaly s BPA, situace
v seminalni plasmé byla odliSna. BPA s PREG a 17-OH-PREG zde koreloval
negativné. Plasmatické koncentrace A® steroidd odraZeji hlavné jejich produkci
v nadledvinach [148], zatimco v semindlni plasmé pfedpokladame prevazné
testikularni ptvod A® steroidd [117] (Pfiloha ). Vzhledem k tomu Ze na poméry
PREG/17-OH-PREG v plasmé i seminalni plasmé BPA vliv nema, sniZeni produkce
prekurzorl reproduk&énich hormonu ve varlatech by mohlo byt zplsobeno snizenou
dodavkou substratu do mitochondrii (snizeni aktivity &i exprese cholesterol
desmolazy Ci StAR). DfivéjSi in vitro studie a studie na mySich prokazaly snizeni
exprese StAR proteinu po expozici BPA [149, 150] ve shodé s nasi hypotézou.
V plasmé byla situace obracena, moznym vysvétlenim je naopak zvySena dodavka
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cholesterolu do mitochondrie nebo snizeni aktivity €i exprese enzymu stojici dale ve
steroidni cesté a tim akumulace prekurzor(.

Podil kortizol/kortizon neodrazi jen aktivitu nadledvin, ale také lokalni
interkonverzi mezi kortizolem a kortizonem v jednotlivych tkanich katalyzovanou
11BHSD (typ 1 nebo 2) [151] (Pfiloha VI). PCB nemély vliv na podil kortizol/kortizon
a BPA mirné koreloval s timto podilem v plasmé, ale uz ne v seminalni plasmé, kde
jsme tento vztah predpokladali. Korelace obou ED v plasmé s podilem ADION/T
naznaCuje snizeni aktivity systémovych (perifernich) 17B-hydroxysteroidnich
dehydrogenaz. Zajimava je i negativni korelace plasmatickych PCB s
pomérem T/DHT ukazujici jejich negativni vliv na systémové hladiny T. Kromé
potlaceni syntézy na periferii muze tento vysledek znamenat zvySeni aktivity 5a-
reduktazy. V neposledni fadé byla zaznamenana negativni asociace plasmatického
BPA s T/E2 a vySSi hladiny jak plasmatickych, tak seminalnich hladin estrogenu,
které byly jiz diskutovany vyse. V8echny tyto vysledky ukazuji na rGzné mechanismy
ucinku studovanych ED.

Poprvé byly stanoveny koncentrace ED spoleCné s hladinami 7-
hydroxylovanych metabolitd DHEA, o kterych se predpokladaji imunomodulacni a
imunoprotektivni UCinky [152-154]. Tyto metabolity jsou pfitomné i v seminalni
plasmé [155], kde by mohly pusobit proti nepfiznivym uc€inkim glukokortikoidd na
testikularni steroidogenezi. Ackoli jsme pozorovali zvy$ené hladiny plasmatické
DHEA ve vztahu k BPA, zadné dalSi korelace mezi 7-hydroxylovanymi metabolity
DHEA a ED nebyly nalezeny ani v plasmé ani v seminalni plasmé.

Nebyl nalezen ani Zadny vztah mezi hladinami Se a Zn v plasmé a kvalitou
spermii, ackoli se obecné uznava, Ze tyto stopové prvky maji pfiznivy vliv na

spermatogenezi [156-158].

8 Zavéry

- Dvé metody na stanoveni BPA a 10 steroidd v plasmé &i 11 steroidu v seminalni
plasmé byly vyvinuty a validovany. Obé metody poskytuji nizké limity
kvantifikace, pfesnost a selektivitu.

- Environmentalni hladiny PCB nemaji vliv na kvalitu spermii u studované

populace muza z CR.
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Byla vSak prokazana negativni korelace mezi PCB a hladinami T, FT a DHT

v Krvi.

Zvysené hladiny BPA v seminalni plasmé byly spojené se signifikantné snizenym
celkovym poctem spermii, koncentraci a morfologii spermii. BPA tedy

predstavuje nepfiznivy faktor pro lidskou reprodukci.

Vysledky dale naznaduji, Ze BPA sniZuje rychlost steroidogeneze v testes v A°
cesté, naopak tato cesta byla stimulovana v periferii, tedy v nadledvinach. Dalsi
naruseni steroidogeneze se zfejmé& odehrava na urovni estrogenniho
metabolismu, kdy dochazi bud k potlaceni estrogenniho katabolismu Ci zvySeni

aktivity Ci exprese aromatazy.

Shrnuti zaveéru prace

Byly vyvinuty 2 metody na stanoveni BPA a 10 steroidi v plasmé a 11 steroidl

v seminalni plasmé, které umoznily stanoveni u 191 muzi. BPA predstavuje

nepfiznivy faktor pro lidskou reprodukci snizovanim kvality spermii a ovlivnénim

hladin steroidd. PCB plsobi negativné na koncentrace androgenu v krvi. Vysledky

nepotvrdily puvodni hypotézu o ovlivnéni aktivity 11BHSD endokrinnimi disruptory,

ukazaly vSak na jiny mechanismus ucinku ED v organismu.

Disertacni prace byla podpofena projektem Interni grantové agentury
Ministerstva zdravotnictvi NT/13369.
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Seminal plasma represents a unique environment for maturation, nutrition, and protection of
male germ cells from damaging agents. It contains an array of organic as well as inorganic chemi-
cals, encompassing a number of biologically and immunologically active compounds, including
hormones. Seminal plasma contains also various pollutants transferred from outer environment
known as endocrine disruptors. They interfere with hormones at the receptor level, act as inhibitors
of their biosynthesis, and affect hormone regulation.

In this minireview, the main groups of hormones detected in seminal plasma are summarized.
Seminal gonadal steroids were investigated mostly with aim to use them as biomarkers of impaired
spermatogenesis (sperm count, motility, morphology). Concentrations of hormones in the seminal
plasma often differ considerably from the blood plasma levels in dependence on their origin. In
some instances (dihydrotestosterone, estradiol), their informative value is higher than determina-
tion in blood.

Out of peptide hormones detected in seminal plasma, peptides of transforming growth factor
beta family, especially antimullerian hormone, and oligopeptides related to thyrotropin releasing
hormone have the high informative value, while assessment of seminal gonadotropins and prolactin
does not bring advantage over determination in blood.

Though there is a large body of information about the endocrine disruptors’ impact on male
reproduction, especially with their potential role in decline of male reproductive functions within
the last decades, there are only scarce reports on their presence in seminal plasma. Herein, the
main groups of endocrine disruptors found in seminal plasma are reviewed, and the use of their
determination for investigation of fertility disorders is discussed.

Key words: hormone, steroid, peptide hormones, seminal plasma, endocrine disruptors

Introduction

Seminal plasma is a unique environment for matura-
tion, nutrition, and protection of male germ cells from
damaging agents and aggressive reactive oxygen spe-
cies (ROS). From the immunological point of view, it
protects sperms from infection and, at the same time, it
helps to overcome immunological barrier of the female

organism, enabling thus penetration of sperms into the
ovum at conception.

Seminal plasma contains an array of biochemical
substances, including variety of enzymes and other
proteins, substrates and intermediates of biochemical
pathways, nutrients, phospholipids and immunologi-
cally active components, as well as a number of other
biologically active compounds, including hormones.

Corresponding Author: Prof. RNDr. Richard Hampl, DrSc., Institute of Endocrinology Narodni 8, 116 94 Praha 1, Czech Republic;
phone: +420 224905289; fax: +420 224905325; e-mail: rhampl@endo.cz.
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HORMONES AND ENDOCRINE DISRUPTORS IN SEMEN

The constituents present in the seminal plasma enable
to compensate hostile biochemical and vaginal, mostly
acidic, environment. From the electrolyte balance and
buffering capacity maintaining point of view, the im-
portant components of seminal plasma are inorganic
substances as ions and trace elements (Owen and Katz
2005). In addition, various chemicals from the outer
environment may via the blood circulation enter the
seminal plasma and affect its properties and function.

In the following text, we will provide a list of main
classes of hormones detected in the seminal plasma
and their origin and role in the spermatogenesis. Their
determination as potential biomarkers for laboratory
diagnostics of disorders of male reproductive function
will be discussed, too. Finally, a survey of environmental
contaminants adversely influencing male reproduction
and fertility, known as endocrine disrupting chemicals
(EDCs, endocrine disruptors, EDs) found in seminal
fluid, will be summarized.

Hormones in seminal plasma

Steroid hormones

It is not surprising that first of all most attention has
been paid to hormonal steroids, i.e. gonadal androgens
and estrogens. The first reports regarding the sex steroids
concentrations in seminal plasma appeared as early as
in the seventies (for survey of the older literature see
Hampl et al. 2003).

Sex steroids

The range of reported androgen and estrogen lev-
els in seminal plasma is very broad and reflects the
methodological development during the last decades.
More recent data of seminal and blood plasma con-
centrations of four major androgens and estradiol in
normospermic men (with appropriate references) is
shown in Table 1.

As evident, seminal and blood plasma concentrations
of sex hormones differ considerably. While testosterone
in seminal plasma is in average seven times lower than in
blood, the levels of dihydrotestosterone are comparable
in both fluids, and estradiol is even higher in semen. It
reflects the origin of male sex steroids, while testoster-
one derives essentially from the accessory sex glands,
dihydrotestosterone mainly comes from epididymis (Le
Lannou et al. 1980). In the case of estradiol, it reflects
high aromatase activity in semen (Carreau et al. 2009).
Low concentrations of dihydrotestosterone correlated

55

very well with impaired spermatogenesis (Facchinetti et
al. 1987; Zalata et al. 1995; Schwartz et al. 1997; Laudat
et al. 1998; Luboshitzky et al. 2002) as did high levels
of estradiol (Singer et al. 1987; Santiemma et al. 1991;
Bujan et al. 1993; Luboshitzky et al. 2002; Zhang et al.
2010), and therefore, these steroids were recommended
as biomarkers for assessment of semen quality.

On the other hand, the data on testosterone in nor-
mospermic versus oligo-, astheno- or azoospermic men
were rather controversial and did not bring improve-
ment over determination in blood plasma (Facchinetti
et al. 1987; Singer et al. 1987; Bujan et al. 1993; Zalata
et al. 1995; Laudat et al. 1998; Luboshitzky et al. 2002;
Zhang et al. 2010).

Immunomodulatory steroids

The data regarding the seminal dehydroepiandros-
terone and its sulfate (DHEA/S) are scarce (Bujan et
al. 1993; Hampl et al. 2003). Their presence in seminal
plasma may be of interest with respect to the immu-
nological properties of DHEA and its 7-hydroxylating
metabolites as immunomodulatory steroids, counteract-
ing the excessive action of glucocorticoids (Morfin et al.
2000; Hampl et al. 2003). Cortisol is also present in the
seminal fluid but its concentration is about one fourth
of the physiological plasma levels (59 - 176 nmol/l)
(Abbaticchio et al. 1981; Brotherton 1990; Hampl et al.
2003). Cortisol influences the biosynthesis of testicular
androgens through its receptors in Leydig cells (Hu et
al. 2008). In addition, it belongs to the factors regulating
cytokine composition (Rogatsky and Ivashkiv 2006; Ses-
hadrietal. 2011). Thelocal balance between biologically
active cortisol and inactive cortisone is maintained by
the enzyme 11f-hydroxysteroid dehydrogenase (Types
1 and 2), present also in the seminal fluid (Nacharaju et
al. 1997). As it will be shown below, this enzyme is one of
the targets of EDCs. With respect to its immunomodu-
latory effects, cortisol represents a potential biomarker
of male fertility impairment of (auto)immune origin in
seminal plasma.

Peptide hormones

Steroids are not only hormones present in seminal plas-
ma. It contains a set of hormonally active peptides, some of
which may serve as biomarkers of male fertility disorders.
To the latter group, prostatic oligopeptides of thyroid re-
leasing hormone (TRH)-like family, insulin-like growth
factors (IGFs), some peptides of transforming growth fac-
tor beta (TGF-P) family as TGF- itself, inhibins, activins,
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Table 1

Average concentrations of four major androgens and estradiol in seminal and blood plasma of normospermic men

Seminal plasma Blood plasma
Steroid reported levels  Reference reported levels Reference
(nmol/1) (nmol/l)
Te 2.39 Moreno-Escallon et al. 1982 16.5 Moreno-Escallon et al. 1982
2.18 Bujan et al. 1993 239 Bujan et al. 1993
0.70 Zalata et al. 1995 15.3 Zalata et al. 1995
1.39 Luboshitzky et al. 2002 18.7 Luboshitzky et al. 2002
4.60 Zhang et al. 2010 16.4 Zhang et al. 2010
DHT 1.92 Facchinetti et al. 1987 1.66 Schwarzt et al. 1997
1.14 Zalata et al. 1995
1.22 Laudat et al. 1998
1.22 Schwarzt et al. 1997
AD 0.53 Facchinetti et al. 1987 4.00 Wilson et al. 1998
0.93 Laudat et al. 1998
DHEAS 1400 Bujan et al. 1993 6850 Bujan et al. 1993
E2 0.60 Bujan et al. 1993 0.096 Bujan et al. 1993
0.24 Luboshitzky et al. 2002 0.086 Luboshitzky et al. 2002
0.26 Zhang et al. 2010 <0.18 Wilson et al. 1998

Abbreviations: Te - testosterone; DH'T - dihydrotestosterone; DHEAS - dehydroepiandrosterone sulfate; AD - androstenedione,

E2 - 17p-estradiol

and antimullerian hormone (AMH) can be included. Since
seminal plasma is very rich in proteins, it is often difficult
to separate peptide hormones from the protein matrix,
which makes it difficult to determine them.

TGF-p related peptides: TGF-, inhibins,
activins, and AMH

The content of TGF-p in seminal plasma belongs to
the highest ones measured in biological fluids. It mostly
originates from seminal vesicles. Seminal TGF-p is one
of the principal stimulating agents in the post-coital
inflammatory response, involved in the induction of
immune tolerance to seminal antigens (see Introduc-
tion). From this point of view, its determination may
be important in the targeted therapy of immune-based
infertility disorders (Robertson et al. 2002).

Inhibins and activins are homo- or heterodimers
formed by combinations of two peptide subunits, a and
B. Inhibin immunoreactivity has been found in human
seminal plasma as early as in 1981 (Scott and Burger
1981), and inhibin B was later tested as an indicator of
the number of released spermatozoa. It was concluded
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that inhibin secretion into the ejaculate is a marker of
the functional activity of the seminiferous tubule, but
due to its very broad concentration range in seminal
plasma it is not a better marker than the serum hormone
(Anderson 2001; Deffieux and Antoine 2003).

AMH is specifically produced by Sertoli cells since the
5% week of gestation under influence of follicle-stimu-
lating hormone (FSH) and later also of testosterone, but
it has no feed-back eftect on the major hormones of the
gonadal axis. As such, it is believed to be a better marker
of Sertoli cells development and activity than FSH, and
its concentration in seminal plasma correlates well with
the number of mature spermatozoa (Deffieux and An-
toine 2003). AMH determination in the seminal plasma
of men with non-obstructive azoospermia may be used
as a marker of the existence of testicular spermatozoa
when intracytoplasmic sperm injection is considered
(Rey 2000). However, it is completely absent in all cases
of obstructive azoospermia (Mostafa et al. 2007).

TRH-like oligopeptides
Though thyroid hormones influence testicular func-
tion through their receptors in both Sertoli and Leydig
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cells (Maran 2003) and there are many reports dealing
with the association of semen quality and the circulat-
ing thyroid hormones (Rajender etal. 2011), the reports
on thyroid hormone content in seminal plasma are
scarce (Landau et al. 1983; Eiler and Armstrong-Backus
1987). In seminal plasma, the presence of 5-deiodase,
a key factor regulating local supply of biologically ac-
tive triiodothyronine (T3), as an essential factor in the
testicular paracrine function, has been documented
(Brzezinska-Slebodzinska et al. 2000). The highest
5’-deiodinase activity in the male reproductive system
is expressed in the epididymis (Anguiano et al. 2008)
and local generation of T3 could be associated with
the development and function of epididymis and/or
spermatozoa maturation.

Seminal plasma is rich in tripeptide related to
hypothalamic thyrotropin releasing hormone (TRH,
thyreoliberin, p-Glu-His-Pro-NH,), called fertilization
promoting peptide (FPP, pGlu-Glu-ProNH,), produced
by prostate. Under its influence uncapacitated sperma-
tozoa undergo accelerated capacitation and become able
to fertilize. As such, it belongs to potential biomarkers
of the male fertility (Fraser 1998; Fraser and Adeoya-
Osiguwa 2001).

Insulin-like peptides

Insulin-like growth factor 1 (IGF-1) present in
seminal plasma is another potential biomarker of male
tertility disorders. As a paracrine acting agent, it is in-
volved in the development of male germ cells acting via
its receptor in the plasma membrane of human sperm
(Sanchez-Luengo et al. 2005). It has been shown that its
concentration in seminal plasma significantly correlates
with the percentage of morphologically normal sper-
matozoa (Glander et al. 1996) as well as with the total
sperm count (Colombo and Naz 1999). Peptide relaxin,
with a similar chemical structure and mechanism of ac-
tion as insulin, also belongs to this group of hormones
present in seminal fluid. It is synthesized in the prostate
and released into the seminal fluid. Among many other
actions, it stimulates sperm motility and thus increases
the sperm penetration into oocytes. With respect to its
pleiotropic effects, it has not been suggested as suitable
biomarker of the male fertility (Bani 1997).

Gonadotropins and prolactin

Both lutropin (LH) and follitropin (FSH) have been
detected and measured in the human seminal plasma as
early as in 1970ties. While FSH concentrations in semi-
nal plasma were almost the same as in blood plasma,
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LH levels were about three times higher. The attempts
were made to use these as markers of impaired sperma-
togenesis, but it was concluded that their measurement
in semen does not bring advantage over determination
in blood (Shirai et al. 1975, Schoenfeld et al. 1978,
Mladenovic et al. 1993).

Prolactin is transported from blood to accessory sex
organs and then released into the seminal fluid. Its con-
centrations in seminal plasma are close to those in the
blood, though both levels need not correlate (Gonzales
etal. 1989; Arowojolu et al. 2004). Seminal prolactin has
been reported to be positively associated with sperm
motility and negatively with sperm count (Arowojolu et
al. 2004). However, these findings were not confirmed
by others and therefore, its determination in seminal
plasma cannot be recommended as an alternative to
determination in blood plasma.

Other peptide hormones

The presented list of peptide hormones found in
seminal plasma is far not complete, but we tried to
focus only to those which may serve as biochemical
markers of male fertility. Angiotensin IT and calcitonin
belong to the group of peptide hormones found in
seminal plasma (Fraser 1998). Herein, we may men-
tion at least extra-hypothalamic oxytocin which is also
produced locally within the testis, and possibly also in
the epididymis and prostate, from where it is released
to seminal fluid. Tt is involved in the pathophysiol-
ogy of prostatic disease (Nicholson and Whittington
2007) and its possible role in respect to the fate of the
semen following ejaculation was also discussed (Ivell
et al.1997).

Endocrine disruptors in seminal plasma

EDC:s - their origin and role in male reproduction

According to the United States Environmental Pro-
tection Agency (USEPA), EDCs or EDs are defined as
“exogenous agents that interfere with the synthesis,
secretion, transport, binding, action or elimination of
natural hormones in the body that are responsible for
the maintenance of homeostasis, reproduction, devel-
opment, and/or behavior” (Gore 2010). This definition
encompasses a large list of industrial materials, plastics
and plasticizers, pesticides, fungicides, plant constitu-
ents, metals, and many other anthropogenic materials
including drugs and nutrients and, last but not least,
contraceptives coming to in drain from urine. Some
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authors include to EDCs also natural substances like
phytoestrogens.

Many of these compounds have been detected in
body fluids (blood plasma, urine) and semen. From the
chemical point of view, following major groups of EDCs
have been found in the seminal fluid: a) diesters of 1,2-

benzenedicarboxylic acid (phthalates); b) polychlorinated
biphenyls, like phthalates used in industrial applications;
¢) other organochlorine compounds, including the most
dangerous persistent pesticide known as DDT and its ma-
jor metabolite, DDE; d) 4,4’-(propane-2,2-diyl)diphenol
known as bisphenol A, widely used in various plastics and

Disruptor type Chemical Method Studied group Reference
Various phthalate esters GC-MS Infertile men vs. healthy Rozati et al. 2002
controls
Phthalates DHPH end its metabolite HPLC Healthy men Mazzeo et al. 2007
MEPH
Various phthalate esters Reverse phase GC Infertile vs. fertile men Pant et a. 2008
DEHP, MEHP UPLC-MS/MS Healthy volunteers Han et al. 2009
Various PCB isomers GC Infertile men vs. healthy Bush et al. 1986
controls
Various PCB isomers GC-MS Random population sample  Schlebush et al. 1989
Various PCB isomers GC Random population sample  Stachel et al. 1989
Infertil . health
PCB Various PCB isomers GC-MS nlertie men vs. healthy Rozati et al. 2002
controls
PCBi 118,1 1 M i
CB isomers 118, 138, 153, Ge eniaccordmg to sperm Dallinga et al. 2002
180 quality
PCB isomers 118,126,153  GC-MS Random population sample  Pflieger-Bruss et al. 2006
PCB isomers 49, 153, 180 GC Men attending IVF program  Younglai et al. 2002
p.p’-DDE Ge Infertile men vs. healthy Bush et al. 1986
controls
HBC, BHC, DDT and . .
Other metabolites GC Random population sample  Stachel et al. 1989
organochlorine ) i rent chlori Men attending TVE
compounds ifferent chlorine G en attending Wagner et al. 1990
hydrocarbons programme
p-p -DDE GC Men attending [VF Younglai et al. 2002
programme
Organobromine Polybrominated diphenyl GC-MS IiO[?ulatlon stample from one Liu et al. 2012
compounds esters Chinese region
. 13 perfluorinated organic HPLC ijban and rural population in Guruge et al. 2005
Perfluorochemicals compounds LC-MS/MS Sri Lanka Ravmer et al. 2012
PFOA, PFOS Large male population sample y ’
Bisphenols Bisphenol A LC-MS Evaluation of analytical Inoue et al. 2002
method
Dioxin and dioxin like
Dioxins chemicals: GC-MS Veterans from Vietnam Schecter et al. 1996
TCDD

Abbreviations: Methods: GC, gas chromatography; GC-MS, gas chromatography-mass spectrometry; HPLC, high performance liquid
chromatography; LC-MS, liquid chromatography-mass spectrometry, LC-MS/MS, liquid chromatography-tandem mass spectrometry,
UPLC-MS/MS, ultra-performance liquid chromatography and tandem mass spectrometry
Chemicals: a-BHC, hexachlorocyclohexane; p,p“-DDE, dichlorodiphenyldichloroethylene; DDT, 1,1,1-trichlor-2,2-bis(4-chlorfenyl)
ethane; DEHP, di(2-ethylhexyl)phthalate; HCB, Hexachlorobenzene; MEHP, mono(2-ethylhexyl)phthalate; PCB, polychlorinated
biphenyls; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate; TCDD, dioxin congener 2,3,7,8-tetrachloro-dibenzo(b,e)

(1,4)dioxin
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epoxy resins; e) other polychlorinated heterocyclic com-
pounds derived from dibenzo(b,e)(1,4)dioxin known as
dioxins, persistent environmental pollutants accumulated
in the food chain; and f) perfluorinated or polybromi-
nated organic compounds mostly used in agriculture.
The list of these compounds with their chemical names
is provided in Table 2.

A large array of studies has brought evidence that
EDCs influence semen quality as measured usually by
sperm volume, motility, and morphology. The evidence
for relationship between semen quality and exposure to
EDCs is limited to adult males, though semen quality
in adulthood may be affected by EDCs exposure during
earlier stages of life and even by transgeneration transfer
(Hauser et al. 2010).

An important risk factor responsible for the low
sperm quality is an impairment of seminal antioxidant
system, usually measured as activities of antioxidant
enzymes (Sharma and Agarwal 1996; Deepinder et
al. 2008). Therefore, it could be presumed that EDCs
influence antioxidant status, but so far, we have found
only little information on association of seminal plasma
EDCs with sperm antioxidant capacity. However, fur-
ther studies, especially in humans, are needed (Yousef
etal. 2003; Jin et al. 2011; Atig et al. 2012).

The main biochemical effects of EDCs consist in
their interaction with hormonal receptors as agonists
or antagonists, It concerns both membrane receptors,
typical for peptide and protein hormones, and intracel-
lular receptors, characteristic for steroids. EDCs act as
inhibitors of key enzymes of hormone biosynthesis and
elimination. This is typical for the steroid hormones.
Finally, EDCs may interfere with endocrine axes at
various levels (gonadal, adrenal, thyroid).

The presence of EDCs in the environment is often put
into connection with observed decline of semen quality
in the last 5-6 decades with regard to sperm count, mo-
tility, and morphology. The main outcomes have been
published in official documents of the World Health
Organization (WHQO) (WHO Library Cataloguing-in-
Publication Data 2012) as well as in the already cited
monography (Gore 2010), but their discussion would
largely exceed this minireview. In the present study, we
focus only to EDCs in semen.

EDCs in seminal plasma

How EDCs may influence the male reproduction
and development has recently been reviewed by Hauser
et al. (2010). Epidemiologic studies as well as animal
experiments summarized therein have brought a large
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amount of evidence that exposure to EDCs may lead
to an impairment of spermatogenesis and their high
levels in blood and urine were associated with fertility
disorders.

There is, however, relatively scarce information avail-
able on the relationship of EDCs in seminal plasma with
the above mentioned disorders. In other words, whether
their determination might help in the search for the
origin of fertility problems and observed disorders. In
the present paper, we tried to review the available data
of the main groups of EDCs detected and measured in
seminal plasma. Their survey is in Table 2. The cited
works include: 1) analytical papers, some of them are the
first reports evidencing the presence of EDCs in seminal
plasma (Stachel et al. 1989; Wagner etal. 1990; Inoue et al.
2002; Mazzeo et al. 2007; Liu et al. 2012); 2) attempts to
establish occurrence of selected EDCs in seminal plasma
from general male population or in men exposed to
various environmental pollutants (Schlebush et al. 1989;
Schecter et al. 1996; Younglai et al. 2002; Guruge et al.
2005; Han et al. 2009); and 3) to find out, what extent of
seminal EDCs is associated with fertility disorders, with
particular respect to sperm characteristics — sperm count,
motility, and morphology (Bush et al. 1986; Dallinga et
al. 2002; Rozati et al. 2002; Pant et al. 2008).

As the latter is concerned, the main outcomes were
as follows: high PCBs levels were detected in seminal
plasma of infertile men but not in controls (Bush et al.
1986; Rozati et al. 2002) and were inversely related to
the sperm motility (Dallinga et al. 2002). Infertile men
had also higher levels of DDE. Similarly, concentration
of phthalate esters was significantly higher in infertile
men than in controls (Rozati et al. 2002; Pant et al.
2008). On the other hand, only the report dealing with
perfluorooctanoate (PFOA) and perfluorooctane sul-
fonate (PFOS) in seminal plasma did not revealed any
effect of perfluorinated organic pollutants on the sperm
concentration and motility (Raymer et al. 2012). It is
evident that more studies are needed to determine the
relation between the other groups of EDCs found in
seminal plasma and impaired spermatogenesis.

As mentioned above, an important constituent of the
seminal plasma is cortisol with its immunosuppressive
properties. Its local concentration in semen is regulated
by the isoenzymes of 11p-hydroxysteroid dehydrogenase
(Nacharaju et al. 1997). Some EDCs such as phthalate
esters, many different pesticides, and phytoestrogens are
potent inhibitors of both enzyme types and thus may
strongly influence the glucocorticoid action in the testis
(Ohshima et al. 2005; Ma et al. 2011).
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Conclusion on their occurrence in seminal plasma. We suggest that
their simultaneous determination in seminal plasma,
Taking into account their role in male reproduction,  along with hormones, the biosynthesis and mechanism

hormones determined in seminal plasma may serveas  ofaction of which is under influence of these chemicals,
important biomarkers of male fertility disorders, in par- would bring new insight on the problems associated
ticular of impaired spermatogenesis, in some instances  with male fertility.

even better than blood plasma hormones. The seminal

plasma contains also environmental chemicals, acting as Acknowledgements

endocrine disruptors. They reflect the exposure of men

to ubiquitous pollutants, which, of course, differ consid- This work was supported by the Grant No. 13369-4

erably according to regions, occupation and generally  of the Internal Grant Agency of the Czech Ministry of
global situation. There is surprisingly little information Health.
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Steroids in semen, their role in spermatogenesis,
and the possible impact of endocrine disruptors

Abstract: The data on hormonal steroids in the human semi-
nal plasma and their role in spermatogenesis are summa-
rized. The seminal steroid levels need not correlate with the
blood plasma levels. The recent reports showed that andro-
gen, especially dihydrotestosterone, and the estrogen levels
in the seminal fluid may be used as the markers of sper-
matogenesis impairment. The estradiol concentration in the
seminal plasma was higher than in the blood plasma, and
its levels were significantly increased in men with impaired
spermatogenesis. A good indicator for predicting the normal
spermatogenesis, therefore, seems to be the testosterone/
estradiol ratio. The seminal plasma also contains significant
amounts of cortisol, which influences the androgen hiosyn-
thesis through its receptors in the Leydig cells. The local
balance between cortisol and inactive cortisone is regulated
by 11B-hydroxysteroid dehydrogenase, the activity of which
may be affected by the environmental chemicals acting as
the endocrine disruptors (EDCs). These compounds are
believed to participate in worsening the semen quality — the
sperm count, motility, and morphology, as witnessed in the
recent last decades. As to the steroids’ role in the testis, the
EDCs may act as antiandrogens by inhibiting the enzymes
of testosterone biosynthesis, as the agonists or antagonists
through their interaction with the steroid hormone recep-
tors, or at the hypothalamic-pituitary-gonadal axis. Surpris-
ingly, though the EDCs affect the steroid action in the testis,
there is no report of a direct association between the con-
centrations of steroids and the EDCs in the seminal fluid.
Therefore, measuring the steroids in the semen, along with
the various EDCs, could help us better understand the role
of the EDCs in the male reproduction.
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Steroids in testes - their
biosynthesis and role in
male reproduction

The seminal plasma represents a unique milieu for the
protection and maturation of the sperm cells facilitating
their penetration into the ovum at conception. It con-
tains the substrates needed for nutrition, a large array
of enzymes and other proteins, phospholipids, and a
number of other biologically active compounds includ-
ing hormones. It is well known that the sex steroids and
other steroid hormones, in concert with the nonsteroidal
constituents of the seminal fluid, are necessary for func-
tional spermatogenesis. Since the introduction of the sen-
sitive methods of steroid determination in the body fluids
in the 1970s, a number of reports have appeared on the
steroid concentration in the seminal plasma. The main
task was to assess to what extent their determination may
help in the diagnosis of the various sperm abnormalities
(oligo-, astheno-, azoospermia) in comparison with the
determination of their plasma levels and whether the cor-
relation between their concentration in the plasma and
semen does exist. The survey of the literature on the ster-
oids in the seminal fluid listed chronologically, together
with the reported range of values is shown in Table 1. On
the right part of the table, the corresponding levels in the
blood plasma are provided for comparison. The range of
the reported seminal steroid concentration is very broad,
especially in the case of testosterone, which is rather due
to the methodology used, than to the differences in the
sperm parameters. Table 2, therefore, shows the selected
data from the literature of testosterone measurement in
both seminal and blood plasma in normospermic men.
As for testosterone, while in most earlier papers the
authors did not find significant differences between the
normal men and those with impaired spermatogenesis
(see Ref. [1-6, 9, 10, 12]), the more recent refinement of the
analytical methods revealed a reduction in the testoster-
one levels in oligo-, astheno-, or azzoospermic men (see
Ref. [7, 11-16]) in Table 1). As evident from Table 1, the
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Table1 The reported concentration range of the five hormonal steroids in the human seminal plasma and blood (nmol/L).

Steroid Seminal fluid References Blood plasma or serum References
Testosterone 0.3-4.6 [1-16] 10-35 [6,12,13,15-17]
Dihydrotestosterone 1.1-1.9 [1, 3-5,7,8,11,13, 14, 18] 0.87-2.6 [17,18]
Androstenedione 0.3-2.0 [3,11,13] 3.0-5.0 [17]
Estradiol 0.2-0.6 [1,7,10,12, 15,16, 19] <0.18 [12, 15, 17]
Cortisol 59-176 [20-22] 140-690 [17]

Table 2 The reported mean testosterone concentrations in the
seminal plasma and blood from the normospermic men (nmol/L).

Seminal Blood plasma Author, year Reference
plasma or serum
2.39 16.5 Moreno-Escalon et al. 1982 [6]
2.18 23.9 Bujanetal. 1993 [12]
0.70 15.3 Zalataeta. 1995 [13]
1.39 18.7 Luboshitzky et al. 2002 [15]
4.60 16.4 Zhangetal. 2010 [16]

dihydrotestosterone (DHT) levels in the seminal plasma
were comparable with those of testosterone, but the
reported data did not show significant differences [1, 3-5,
7,8, 10, 13, 14, 18], and in contrast to testosterone, it was
in most instances lower in men with impaired spermato-
genesis than in the normospermic men and, therefore, is
believed to be an even better marker of sperm quality [10].
The seminal concentrations of the above main androgens
usually correlated well with each other, but they did not
need to correlate with the respective blood plasma levels
[13]. The levels of the testosterone precursor androsten-
edione in the seminal plasma were similar to testoster-
one and did not usually correlate with the spermatologic
parameters [3, 11, 13]. The estradiol concentration in the
seminal plasma was even higher than in the male blood
plasma, and its levels were significantly increased in
men with impaired spermatogenesis [1, 7, 10, 12, 15, 16,
19]. More recent studies demonstrated that the seminal
gonadal steroids, specifically the testosterone/estradiol
levels and/or their ratios, may be good indicators for pre-
dicting the normal spermatogenesis [16]. Concerning the
source of the major male sex steroids in the seminal fluid,
it was concluded that testosterone is derived essentially
from the accessory sex glands, whereas DHT is mainly of
testicular or epididymal origin [5].

The human seminal plasma also contains measur-
able amounts of cortisol. The reported mean values in the
normospermic men varied from 59 to 176 nmol/L [20-22],
thus reaching from 11% [20, 22] to 60% [21] of the respec-
tive serum levels. It is of special interest in light of the

fact that the glucocorticoids influence the testosterone
biosynthesis through their receptors in the Leydig cells
[23, 24]. As shown below, many environmental com-
pounds known as endocrine disruptors (EDCs) and found
in the seminal plasma may affect the actual levels of the
biologically active glucocorticoids through their effect on
the 11B-hydroxysteroid dehydrogenase enzymes.

Endocrine disruptors, steroids, and
effects on spermatogenesis

The large population studies and meta-analyses brought
evidence that the quality of semen with regard to the
sperm count, motility, and morphology has declined
in the last 50-60 years [25-27]. The data from the other
studies, however, did not confirm these findings [28-30].
It was concluded that the results must be interpreted with
caution due to the great heterogeneity and other bias,
geographical and/or ethnical variation, different study
designs, and different methodological approaches [31].
These trends have been attributed at least partly to the
exposure to the environmental chemicals that act as EDCs,
which, among many other effects, influence the steroid
actions in the testis [32, 33]. The problematics has been
reviewed in the recent monography, summarizing the most
important human as well as animal studies [34]. The main
groups of the chemicals acting as EDCs include a large list
of industrial materials, plastics, pesticides, plant constitu-
ents, and many other anthropogenic materials including
drugs and nutrient constituents; see Ref. [33-35]. As for the
role of the steroids in the testis, the EDCs may principally
act in three ways: 1. as antiandrogens by inhibiting one or
more enzymes of the testosterone biosynthesis [35]; 2. as
agonists or antagonists through their interaction with the
steroid hormone receptors — androgen, estrogen, and even
glucocorticoid, all of which are present in the testis [23, 24,
36-39]; 3. by affecting the hypothalamo-pituitary-gonadal
axis on the central level [40]. In addition to their effects as
hormone agonists and antagonists, the EDCs as, e.g., par-
ahydroxybenzoic acid esters (parabens), polychlorinated
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biphenyls, or bisphenol A, may damage the sperm DNA, as
demonstrated (among others) by the association between
the urinary EDCs with the sperm DNA damage measures
[41-43]. It would be worth noticing to measure these EDCs
in the seminal fluid. As shown in the previous paragraph,
the steroids in the seminal fluid influence the quality of
semen and, in general, spermatogenesis, as do (usually in
the opposite way) the EDCs. The question may be raised
whether there is an association between the EDCs and
steroid content in the seminal plasma; in other words,
whether the EDCs affect the steroid biosynthesis and action
in semen. Surprisingly, to the best of our knowledge, there
is no report on the direct association between the con-
centrations of the steroids and the EDCs measured in the
seminal fluid. However, as shown below, the EDCs, either
from the environment or experimentally administered,
possess various effects on the seminal steroid action.

Another group of chemicals with the potential to
influence the male fertility are soy phytoestrogens, which
are part of the common diet in the East Asian countries.
The major representatives of this group are the isofla-
vones, daidzein and genistein, and the metabolite of the
former, equol. They act as week estrogens via their interac-
tion with the estradiol receptors (B type). Their consump-
tion in the South and East Asian countries is often put in
connection with the lower incidence of female as well as
male cancers [44]. Studies were, therefore, performed on
whether their consumption may affect the sperm param-
eters and, more generally, male reproduction. Though
some indications exist that phytoestrogens may alter the
reproductive hormones, spermatogenesis, sperm capaci-
tation, and fertility, no unequivocal effects were observed
[33, 45-48]. So far, we have not found any report dealing
with their residues in the spermatic fluid.

Effects of endocrine disruptors on
seminal steroid action

The steroid 5-a-reductase inhibitors, such as finasteride or
MK-386, have been used for the treatment of benign pros-
tate hyperplasia or cancer, and also for acne. A clinical
study was performed on how the administration of these
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drugs influences the DHT content in the semen. While fin-
asteride reduced the seminal DHT only slightly, no effect
was observed after MK-386 [18]. This points to the impor-
tance of the internal milieu represented by the semen for
spermatogenesis.

The glucocorticoids present in the seminal plasma,
cortisol in humans, and corticosterone in rodents, coun-
teract the androgen action via their receptors in the
Leydig cells [23, 24]. In addition, the glucocorticoids are
the regulators of an array of pro- and anti-inflammatory
cytokines and transcription factors [49-51], many of
which are also present in the semen [52, 53]. The local
glucocorticoid concentration in the testis is governed by
the 11p-hydroxysteroid dehydrogenase isoenzymes. Their
expression was demonstrated in the rat Leydig cells [54],
and their activity was proven in the human semen [55].
The EDCs as alkylphenols, phthalate esters, phytoestro-
gens, organotins, and pesticides are potent inhibitors of
both the enzyme types and, thus, may strongly influence
the glucocorticoid action in the testis [56, 57].

Conclusion and outlooks

We tried to demonstrate that the steroid hormones in the
human seminal plasma play an important role in spermato-
genesis and may serve as the biomarkers for the assessment
of successful fertility. The chemicals from the environment
known to act as the EDCs affect considerably the spermato-
genesis and reproductive functions in the males. It is rather
surprising that there are only a few reports on the levels
of the EDCs in the semen [58, 59] and even fewer studies
on the association of the EDCs in the seminal plasma and
the respective steroid concentrations. We suggest that the
measurement of the steroids in seminal fluid, along with
the assessment of the various EDCs, is needed to help better
understand the role of the EDCs in the male reproduction.
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ENDOKRINNI DISRUPTORY
A JEJICH VLIV NA SPERMATOGENEZI
A TESTIKULARNI STEROIDOGENEZI

ENDOCRINE DISRUPTORS AND THEIR IMPACT ON
SPERMATOGENESIS AND TESTICULAR STEROIDOGENESIS

JANA KUBATOVA, LUBOSLAV STARKA

Endokrinologicky ustav, Praha

SOUHRN
Endokrinni disruptory (ED) jsou latky, které ovliviiuji endokrinni systém a zasahuji tak do dalezitych procest ve vyvoji ¢lovéka
i volné Zijicich zvifat. Do Zivotniho prostiedi se dostavaji hlavné antropogenni ¢innosti a zahrnuji velice riznorodou skupinu
latek, které dosud neni kompletni. U volné Zijicich zvifat jsou jiz negativni G¢inky ED na reprodukéni soustavu dokazany,

ucinky na lidsky organizmus zatim nejsou tak ddkladné prozkoumany. Studium Gcinkd ED je komplexni problém, protoze

zavisi jak na davce, tak i dobé expozice, kterd je kriticka v urcitych vyvojovych obdobich. Mchou se objevovat i synergické
ucinky ED. V piehledu shrnujeme znamé mechanizmy pasobeni ED, s dirazem na poznatky o jejich vlivu na spermatogenezi

a steroidogenezi ve varlatech.
Kli¢ova slova: endokrinni disruptory, spermatogeneze, steroidogeneze, mechanizmus plsobeni

SUMMARY
Endocrine disruptors (EDs) are substances that affect endocrine system and may also interfere with the developmental
processes of humans and wildlife species. EDs get into environment mainly through anthropogenic activities and include
a very heterogeneous group of chemicals, which is not yet complete. Although negative effects of EDs on reproductive system
of wildlife species have been confirmed, effects on humans are still not fully understood. Study on endocrine disruptors’
effects is very complex problem because it depends on the dose as well as on the time of exposure which is critical in certain
developmental periods. EDs can also work together to produce synergistic effects. The review summarizes known mechanisms of
endocrine disruptor action, with particular focus on their impact on spermatogenesis and testicular steroidogenesis.
Key words: endocrine disruptors, spermatogenesis, steroidogenesis, mechanism of action

Uvop

V poslednich dekadach se do zivotniho prostiedi dosta-
vaji antropogenni ¢innosti tisice tun rdznych chemikalii.
O téchto latkach se predpokladalo, ze nemaji zadnou, ¢i maji
jen velmi malou biologickou toxicitu. Dnes nas obklopuji
bézné v kazdodennim Zivoté, jsou napf. ve vzduchu, vodé,
pGdé, potravinach, elektronice ¢i plastech a mnoho z nich
ma schopnost zasahovat do endokrinniho systému. Tyto
latky se nazyvaji endokrinni disruptory. Pfehled védomos-
ti o této skupiné latek a stanovisko americké Endokrinolo-
gické spolecnosti k této problematice jsou obsazeny v ¢lanku
Diamanti-Kandarakis a kol. (Diamanti-Kandarakis et al., 2009).

V poslednich desetiletich byly také zaznamenany zhor-
Sujici se reprodukeni funkce u lidi i zvifat. Jiz v roce 1992
byla publikovana rozsahld metaanalyza, kde bylo prezento-
vano postupné snizovani poctu spermii u muzd z rdznych
casti svéta v pribéhu uplynulych padesati let (Carlsen et al.,
1992). Tyto vysledky podpofily i dalsi studie (Auger et al.,

1995; Irvine et al., 1996; Swan et al.,, 1997), naopak nékteré
pokles poctu a kvality spermii neprokazaly (Fisch et al. 1996;
Seo et al. 2000; Zvéfina et al. 2002). Byl zjistén také sekuldr-
ni pokles hladin testosteronu u muzd (Andersson et al. 2007;
Feldman et al. 2002).

Carlsenova (Carlsen et al., 1992) svoje analyzy davala do
souvislosti pravé se zvysujicim se vyskytem chemikalii v pro-
stiedi. Kromé kvality spermii byl zaznamenan vyssi vyskyt
nador( varlat (Adami et al., 1994) a vy3si riziko kryptorchiz-
mu a hypospadie (Chilvers et al., 1984; Paulozzi, 1999).V le-
tech 1973-1992 byl pozorovan pokles koncentrace spermii
0 2,1 % za rok, pokles motility spermii o 0,6 % za rok a po-
kles podilu normalnich spermii 0 0,5 % za rok (Carlsen et al.,
1992).

Skakkebaek vroce 2001 navrhl hypotézu, kdy snizena kva-
lita spermii, nadory varlat a abnormality ve vyvoji fetalnich
varlat by mohly mit spole¢nou kauzalni pficinu. Tuto trojici
poruch definoval jako syndrom testikularni dysgeneze. Stéle
Castéji se uvazuje, ze expozice endokrinnim disruptoriim je
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nejvétsim vinikem téchto problém. U volné Zijicich zvifat
jiz byly ucinky disruptort na reprodukéni soustavu dokaza-
ny. Bylo prezentovano, ze mnozstvi chemikalii pfes chloro-
vané slouceniny (dioxiny, polychlorované bifenyly), pestici-
dy, herbicidy az po tézké kovy pasobi jak na dospéla zvifa-
ta, tak na jejich mladata (Diamanti-Kandarakis et al., 2009).
Nejnapadnéji jsou postizeny reprodukéni funkce.

V tomto prehledovém ¢lanku jsou shrnuty znamé mecha-
nizmy plsobeni ED, s dlirazem na poznatky o jejich vlivu na
spermatogenezi a steroidogenezi.

OBECNE VLASTNOSTI DISRUPTORU

Disruptory jsou chemicky ridznoroda skupina latek, které
vykazuji nékteré zajimavé charakteristiky. Podobné jako hor-
mony mohou ucinkovat ve velice malém mnozstvi. V nékte-
rych piipadech nizsi hladiny ED mohou mit ve vysledku vét-
$i Ucinky na cilovou tkan nez vy3si hladiny ED. Mohou také
vykazovat netradi¢ni dynamiku davky a odpovédi, kdy kriv-
ky zévislosti davky na odpovedi mehou mit tvar U ¢i inverto-
vané U (Diamanti-Kandarakis et al., 2009). Zavisi také na tom,
za jakého vyvojového stadia je organizmus endokrinnim di-
sruptorim vystaven.

Pocet publikaci o ED dramaticky nardsta - nejvice zajmu
pfitahuje jejich vztah k funkci stitné zlazy, na druhém misté
je fertilita a na daldim pak onkogenni plisobeni, vztah k na-
stupu a pribéhu puberty a nejnovéji pak vztah k obezité,
kdy je nékterymi autory pfipisovan ED klicovy vztah k pan-
demii obezity.

Dalezity v pripadé disruptord je také vék v dobé expo-
zice. Vystaveni se plsobeni ED v dospélosti mlze mit zce-
la odlisné dusledky nez expozice béhem vyvoje. U dospé-
lych je zpravidla potfeba vy$si hladina ED, aby plsobila to-
xicky na organizmus. Naopak béhem vyvoje organizmu staci
nizka davka po kratsi dobu a mize mit trvalé nasledky az do
dospélosti, kdy uz ED davno v téle neni pfitomen. Tento kon-
cept je pojmenovén ,the fetal basis of adult disease” neboli
expozice ED pfi vyvoji organizmu je zdkladem nemoci/poru-
chy v dospélosti (Barker, 2003). Z fady moznych mechanizmi
zasahu endokrinnich disruptord do systému reprodukénich
funkci jsou nejdilezitéjsi modifikace metabolizmu hormo-
nu, medifikace jejich plsobeni na pfislusné receptory a epi-
genetické vlivy. Vedle rozdilného plsobeni ED v riznych vy-
vojovych obdobich ¢lovéka, zvlasté intenzivnich ve ,vyvojo-
vych oknech” (intrauterinné, v raném détstvi, v puberté a ve
stafi) patfi ke zvlastnostem pusobeni ED také latence plso-
beni, nékdy i transgeneracni pdsobeni smési (Casty synergiz-
mus) a netradi¢ni zavislosti na davce. Pfikladem synergického
pusobeni je dieldrin a endosulfan, které pisobi 100x vy3ssim
estrogennim efektem v kombinaci nez samostatné — EC50 =
100 nM (Arnold et al., 1996). Podobné dieldrin ptsobi syner-
gicky i s jinymi disruptory (lindan) (Sharma et al., 2010). Jini
autofi (Wade et al., 1997) prokazuji, Ze kooperativni ucinek di-
eldrinu a sulfanu, pokud viibec existuje, neni natolik silny, aby
hrél vétsi roli v chroZovani lidského zdravi.

Do muzskych reprodukénich funkci mohou zasaho-
vat zejména ED s vlastnostmi anti-androgent nebo estro-
gent. K prvym patfi napf. polychlorované bifenyly, vinklo-
zolin, nebo DDT/DDE, estrogenni vlastnosti jsou zjistény
pro diethystilbestrol, bisfenol A, polychlorované bifenyly,

fytoestrogeny, mykoestrogeny, UV-filtry, kadmium nebo ar-
senik.

U muzl byla prokazovana spolutcast ED na fadé klinic-
kych poruch, jako je snizend kvalita spermii (ftalaty, PCB,
dioxiny, neperzistentni pesticidy), karcinom zarodecnych
bunék, anomalie muzské reprodukéni soustavy, karcinom
prostaty a erektilni dysfunkce (pesticidy, herbicidy, organic-
ka rozpoustédla, pramyslové chemikalie, stilbeny, aditiva
pro plasty, sirovodik, olovo, methylbromid).

SPERMATOGENEZE

Spermatogeneze je slozity proces, pfi kterém nezrald za-
rodecna bunka podstupuje déleni, diferenciaci a meidzu, aby
se stala haploidni spermii. Zahrnuje 3 faze: spermatogonial-
ni fazi, fazi spermatocytd a fazi spermatidovou (Phillips a Tan-
phaichitr, 2008). V prvni fazi spermatogonie, relativné nespe-
cializované diploidni zérode¢né buriky, leZici na vnitini strané
semenotvornych kanalkd (de Rooij a Russell, 2000), podstu-
puji mitoézu za vzniku diploidnich spermatocytd. V dalsi fazi
diploidni spermatocyty projdou dvéma meiotickymi déleni-
mi, béhem kterych vzniknou haploidni spermatidy. Z nezra-
lych kulatych spermatid se v posledni fazi, nazyvané spermio-
geneze, stavaji zralé spermie (O'Donnell et al., 2001).

Pro spermatogenezi a funkci testes jsou zésadni Sertoli-
ho buriky, které nasedaji na bazalni membranu v semeno-
tvornych kanalcich. Mezi sebou jsou spojeny tésnymi spoje-
nimi neboli, tight junctions” a tvofi tak bariéru mezi krevnim
fecistém a varletem (Walker a Cheng, 2005). Sertoliho bufiky
podporuji zrani zarodecnych bunék bud' pfimym kontaktem
se zarodecnou burikou, nebo fizenim vnitiniho prostiedi
v semenotvornych kanalcich (Griswold, 1998). Regulovany
jsou folikuly stimulujicim hormonem (FSH) z adenohypofy-
zy a testosteronem, ktery je produkovén Leydigovymi bun-
kami varlat jako odpovéd na stimulaci luteinizaé¢nim hormo-
nem (LH) z adenchypofyzy (Phillips a Tanphaichitr, 2008).
Testosteron pusobi na Sertoliho buriky prostiednictvim an-
drogenniho receptoru a stimuluje syntézu rdznych proteinG
a trofickych faktort ve specifickych fazich spermatogeneze
(Wang et al., 2009). Mezi trofické faktory parakrinné secerno-
vané Sertoliho bunkami patfi napf. insulin-like growth fac-
tor 1 (IGF-1), nerve growth factor (NGF), growth factor de-
rived from glia (GDNF) a stem cell factor (SCF) (Lagos-Cabre
a Moreno, 2012).

Proces spermatogeneze zacind pod vlivem steroidnich
androgen( a FSH v puberté a pokracuje v pribéhu celého
Zivota. Proto je muz béhem celého tohoto obdobi citlivy na
zmény v zivotnim stylu a také vystaveni se riznym chemi-
kéliim v zivotnim prostredi (Sharpe, 2010). Neméné dlezité
je obdaobi fetdlniho vyvoje, kdy jsou polozeny zéklady muz-
skych pohlavnich organ(. Zmény ve vyvoji zptsobené ED by
mohly mit zasadni vliv na kvalitu spermatogeneze v dospé-
losti (Sharpe, 2010).

STEROIDOGENEZE V LEYDIGOVYCH BUNKACH

Steroidogeneze v Leydigovych bunkach je fizena LH. Po
vazbé LH na receptor spojeny s G-proteiny je stimulova-
na tvorba cyklického adenosin monofosfatu (cAMP) (Du-
fau, 1998). Vyssi hladiny cAMP nésledné aktivuji na cAMP
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zavislou proteinkinazu A (PKA), ktera fosforyluje seriny na
steroidnfm akutnim regula¢nim proteinu (StAR), ¢imz ho
zaktivuje (Arakane et al., 1997). StAR spolecné s perifernim
typem benzodiazepinového receptoru (PBR) zprostiedko-
vavaji prenos cholesterolu od vnéjsi k vnitini mitochond-
rialni membréné (Hauet et al.,, 2002; Papadopoulos, 2004;
Stocco, 2001). Pfenos cholesterolu je prvnim a zaroven li-
mitujicim krokem ve steroidogenezi. Jakmile se cholesterol
dostane do vnitfni mitochondridlni membrény, je konver-
tovan na pregnenolon cytochromem P450scc (CYPT1A1).
Pregnenolon se pak z mitochondrie pfesouva do hladkého
endoplazmatického retikula, kde je pomoci 3p-hydroxyste-
roidni dehydrogenazy (3BHSD) pfeménén na progesteron.
V dalsim kroku se uplatni enzym 17a-hydroxylaza/17,20ly-
aza (CYP17), kterd katalyzuje pfeménu progesteronu na an-
drostendion a posledni faze, pfeména na testosteron, je za-
jisténa 17B-hydroxysteroidni dehydrogenazou (17BHSD)
(Payne a Hales, 2004).

RiZENi STEROIDOGENEZE

Celd signaliza¢ni osa je fizena z hypothalamu pulzné vylu-
¢ovanym gonadotropin-uvolfiujicim hormonem = gonado-
liberinem (GnRH), ktery dale pisobi na adenohypofyzu. Z té
se po podnétu vylucuji FSH a LH, které se krevnim recistém
dostéavaji do varlat. LH pudsobi na Leydigovy burky v inters-
ticiu a stimuluje tvorbu testosteronu a FSH pisobi pfimo na
Sertoliho bunky. Uvolfiovani GnRH je fizeno hypothalamic-
kym peptidem kisspeptinem-1 a jeho receptorem spiaze-
nym s G-proteiny. Kisspeptin je kédovan genem KISS1, ktery
je cilem gonadalnich steroidd u obou pohlavi (Silveira et al.,
2010). Kisspeptinové neurony exprimuji estrogenni recep-
tor a (ERa), progesteronovy receptor (PR) a androgenni re-
ceptor (AR) (Roseweir a Millar, 2009). Je pravdépodobné, ze
regulace exprese KISS1 genu bude fungovat jako negativni
zpétnd vazba (Rance, 2009). Dokazano to bylo napf. na sami-
cich mysi, kdy po ovariektomii se gen KISS1 exprimoval vice
a jeho exprese po podani estradiolu zase klesla (Smith et al.,
2005). U mysi a lidi, kterym chybi kisspeptinovy receptor, se
objevuje hypogonadotropni hypogonadizmus a s tim sou-
visejici infertilita (de Roux et al., 2003; Seminara et al., 2003).

Ucinky ED NA SPERMATOGENEZI

Kompetice o vazbu na steroidni nuklearni receptor

Endokrinni disruptory jsou strukturné podobné mnoha
steroid(m, Gc¢inkuji také v nizkych davkach a mohou mit li-
pofilni vlastnosti. Proto jsou schopné napodobovat endo-
genni hormony a napodobovat jejich mechanizmus pdso-
beni, transport a ukladani ve tkanich. Jejich vlastnosti jim
umoznuji navazat se na jaderné receptory a tim aktivovat
nebo potlacovat jejich funkci. Je znamé pisobeni pres estro-
genni receptory ai 3, androgenni receptor, tyroidni receptor,
progesteronovy receptor, receptor pro arylované uhlovodiky
(AhR), glukokortikoidni ¢i PPAR (peroxisome proliferator-acti-
vated receptor) (Schug et al., 2011). Po navazani ED na recep-
tor se komplex pfesune do jadra, md ale vétsinou jiné ucin-
ky nez pfirozeny ligand. Napf. diethylstilbestrol jakozto syn-
teticky estrogen se vaze na estrogenni receptory. Nékteré
geny aktivuje stejné jako endogenni 17B-estradiol (E2), ale

u jinych skupin gend se mira aktivity lisila v porovnani s E2
(Watanabe et al., 2003).

Modulace steroidogeneze

Plvodné bylo pisobeni endokrinnich disruptorl vysvét-
lovano jen vazbou na nuklearnf steroidni receptory. Dnes jiz
vime, ze mohou pusobit i na jinych urovnich, mimo jiné mo-
hou narusovat steroidni biosyntézu a metabolizmus (Dia-
manti-Kandarakis et al., 2009). Negativni Ucinky disruptord
byly pozorovany v in vitro i in vivo studiich.

Napf. ftalaty ovliviuji steroidogenezi v Leydigovych
burikéch v zévislosti na stadiu fetdlniho vyvoje. Podavéni
diethylhexyl ftalatu (DEHP) potkanim dva tydny postna-
talné ma za nasledek snizeni aktivity 17BHSD a hladin tes-
tosteronu v Leydigovych burikach. Na druhou stranu podava-
ni DEHP dospélym potkanim steroidogenezi v Leydigovych
burikach neovliviiuje (Akingbemi et al., 2001).

Dioxiny vétsinu, ne-li viechny své ucinky na organizmus
uskutecnuji pfes vazbu na AhR. Komplex dioxin-AhR se na-
sledné pfesune z cytosolu do jadra a reguluje transkrip-
ci cilovych gent (Mimura a Fujii-Kuriyama, 2003). Podava-
ni 2,3,7,8-tetrachlorodibenzo-p-dioxinu (TCDD) potkantm
zpomaluje transport cholesterolu do mitochondrie (Moore
et al., 1991) a snizuje také aktivitu CYP17 (Mebus et al,
1987). Dalsi studie v souladu s pfedchozimi prokazala snize-
ni exprese StAR, cytochrom0 P450 11A1, 17, 11B1 a 3BHSD
ve varlatech mladat potkand, jejichz matky byly v gravidité
vystaveny plsobeni TCDD (Mutoh et al., 2006). Pro dioxiny je
zajimavy poznatek, ze expozice dioxinu TCDD v détstvi sni-
Zuje koncentraci spermii a jejich motilitu, naopak, dojde-li
k expozici béhem puberty, je vidét opacny ucinek (Mocarelli
etal, 2008).

V pfipadé podavani xenoestrogenu bisfenolu A byla zjis-
téna snizena aktivita cytochromu CYP17 (Akingbemi et al.,
2004) a stejné tak StAR, CYP11A1 a 17BHSD (Nakamura et
al., 2010).

Plsobenim na steroidogenni enzymy ED ovliviiuji pro-
dukci testosteronu Leydigovymi buiikami v pribéhu fetal-
niho vyvoje i v dospélosti. Nej¢astéjsim cilem ED jsou tedy
geny kédujici StAR, cytochrom P450scc a cytochrom P450
17a-hydroxyldzu/17,20 lyézu, které jsou potiebné pro bio-
syntézu steroidnich hormon. Nasledkem zmén ve steroid-
nim spektru, které dale ovliviiuji zpétnovazebné systémy na
ose hypothalamus-hypofyza-gonady, dochazi k reprodukéni
dysfunkci (Yeung et al., 2011).

Indukce oxidativniho stresu

Stale vice dlkaz( naznacuje, ze chemikalie z prostfedi
mohou snizovat testikularni funkce také narusenim rov-
novahy mezi pro-oxida¢nimi a antioxida¢nimi mechaniz-
my, ¢imz aktivuji dalsi drahy, napf. drahu vedouci k apo-
ptoze. Ackoliv fyziologické hladiny reaktivnich kyslikovych
radikald a apoptozy jsou nutné pro normalni funkce varlat,
patologické hladiny mohou byt $kodlivé (Mathur a D'Cruz,
2011).

Ve varlatech je vyvinuta fada antioxida¢nich mecha-
nizmd, mezi nimiz plsobi jak enzymatické, tak neenzyma-
tické slozky (Aitken, Roman, 2008). Mezi antioxidacni enzy-
my chranici varlata patfi napf. superoxid dismutaza, gluta-
thion peroxiddza a kataldza. Superoxid dismutaza nejprve
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konvertuje superoxidovy anion na peroxid vodiku, ktery pak
kataldza a superoxid dismutaza pfevede na vodu.

Kromé enzym se na ochrané testes pied oxida¢nim po-
skozenim podileji i molekuly s malou molekulovou hmot-
nosti, jakou je napf. zinek, ktery je hlavni soucdsti antioxi-
dacnich enzymd, jako je superoxid dismutdza, chrani — SH
skupiny v burice pfed oxidacf a snizuje lipidovou peroxidaci
tak, ze odstranuje pfechodné kovy, jako jsou zelezo a méd,
z katalytickych mist (Bray a Bettger, 1990). Mezi dalsi antioxi-
danty s malou molekulovou hmotnosti patfi vitaminy C a E.
Nedostatky téchto vitaminG vedou ke staviim oxidativniho
stresu ve varlatech a tim k naruseni spermatogeneze i ste-
roidogeneze (Johnson, 1979). Zajimavou antioxidacni mole-
kulou je melatonin, ktery podstupuje 2-elektronovu oxida-
ci pfi jeho antioxida¢nim plsobeni a navic je rozpustny ve
vodném i lipidovém prostfedi, mdze proto snadno prostou-
pit hematotestikularni bariérou a chranit zarodeé¢ny epitel
(Aitken a Roman, 2008).

Nékolik studii publikovalo vysledky ohledné bisfenolu A,
ve kterych zvysuje oxidacni stres ve varlatech, nadvarlatech
a spermiich u rlznych zivocisnych druhd. Podavani bisfeno-
lu A potkanim zpusobuje snizeni motility i poctu spermii
v epididymis, dale snizuje aktivitu superoxid dismutézy, ka-
taldzy, glutathion reduktazy a glutathion peroxidazy a s tim
souvisejici zvyseni hladin peroxidu vodiku a lipidové pero-
xidace (Chitra et al., 2003). Ve varlatech byly u mys3i zjistény
snizené hodnoty redukovaného glutathionu po administra-
ci bisfenolu A (Kabuto et al., 2003).

U endokrinnich disruptord, jako jsou napi. bisfenol A,
2,3,7,8-tetrachlorodibenzo-p-dioxin ¢i kadmium, je znamo,
Ze indukuji oxidativni stres ve varlatech down-regulaci an-
tioxidacnich enzym( (Dhanabalan a Mathur, 2009; Chitra et
al., 2003; Patra etal., 2011). Nedavné studie ukazaly, Ze endo-
krinni disruptory mohou zplsobit muzskou infertilitu také
narusenim bunéénych spojeni mezi Sertoliho a zdrode¢nou
bunkou v testes a mezi Sertoliho burikami navzajem. K tako-
vému poruseni integrity v testes mize dochazet bud pies sig-
naliza¢ni drédhu mitogenné aktivované protein kinazy (MAPK),
nebo pies kaskadu fosfatidylinositol-3-kinazy/c-Src/focal ad-
hesion kindzy (Wong a Cheng, 2011). Naruseni spojeni mezi
jednotlivymi burikami vede nasledné k dysregulaci sperma-
togeneze. Bisphenol A je jednim z disruptor(, které mohou
plsobit pfes MAPK drahu a narusovat spojeni,gap junction”
mezi Sertoliho burikami v hematotestikuldrni bariéfe (Cheng
etal, 2011).

Epigenetické pusobeni ED

Vsechny doposud jmenované mechanizmy vysvétluji
pfimé plsobeni ED na organizmus. Relativhé nové bylo
zjisténo, Ze vyvoj zarodecnych bunék muaze byt ovliv-
nén také nepfimo, zdédénym epigenetickym pusobe-
nim ED. Epigenetické zmény jsou takové zmény v genové
expresi, pfi kterych DNA sekvence zlstava zachovana, ale
upravena muze byt napf. metylace DNA, acetylace histon(
¢i microRNA (Baccarelli a Bollati, 2009). Dostupné informa-
ce z modelll na zvifatech ukazuji, ze pfi expozici xenobioti-
kiim v kritickych obdobich savciho vyvoje mize dochazet
k trvalym a dédi¢nym zménam v epigenetickém stavu. Po-
prvé byly epigenetické zmény v zarodecné linii prezentova-
ny u potkant Anwayem a kol. (2005). Bfezi samice potkan(
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byly vystaveny antiandrogennimu fungicidu vinclozolinu
¢i estrogennimu insekticidu methoxychloru. V F1 generaci
byl pozorovan snizeny pocet a viabilita spermii. Tyto ucin-
ky byly pozorovany ve viech zkoumanych generacich (az do
F4) a korelovaly se zménami v metylaci DNA (Anway et al.,
2005). Dalsi studie prokéazaly hypometylaci DNA pfi prena-
talni expozici BPA u potkand (Dolinoy et al., 2007) ¢i nega-
tivni korelaci mezi hypometylaci DNA a hladinami perzis-
tentnich organickych polutantt (napt. DDT, p,p’-DDE) v séru
(Rusiecki et al., 2008).

ZAVER

Béhem zivota jsou lidé i zvifata vystaveni mnozstviche-
mikalii, z nichz vyznamny pocet mize zasahovat do en-
dokrinniho systému organizmu. U nékterych latek jiz jsou
nepfiznivé Uucinky dokazany, u jinych se ¢eka na jejich od-
haleni. Tyto ucinky jsou prozkoumany hlavné na zvifatech
a epidemiologickych datech. Zda se byti velmi pravdépo-
dobné, Ze ED pUsobi i na muzsky reprodukéni systém. Me-
chanizmy jejich G¢inkd mohou byt rGizné, ale maji spole¢ny
nasledek, zhorsené fertilizacni schopnosti. Stale v této ob-
lasti existuje omezené mnozstvi studii, z nichz jich fada uka-
zuje na protichadné vysledky. Proto je potieba dalsich vy-
zkum( k prokazani pfesnych vztahd mezi ED a muzskym re-
produkénim systémem. Dulezité je mimo jiné prozkoumat
mechanizmy plsobeni vice ED najednou, protoZe organiz-
mus je v drtivé vétsiné vystaven smési ED, kterd mohou pu-
sobit aditivné ¢i dokonce synergisticky. Neméné zavazné je
plsobeni disruptor béhem vyvoje organizmu, kdy mohou
byt nasledky ¢asové odlozené od expozice a patrné az v do-
spélosti. | poznatky o mechanizmech pasobeni ED jsou sta-
le nedplné.

Podékovdni: Prehled vznikl za podpory projektu IGA MZ
CR NT 13369-4 a MZ CR - RVO (Endokrinologicky tstav - EU,
00023761).
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Zzeni viscerdlni tukové tkiné
0 66-129 %, piicemz prevalence
obezity infikovanych opic do-
sahla 100 %. Studie provedené
na vzorcich lidské tukové tkané
infikovanych virem AD-36 pro-
kdzaly zmnoZeni tukovych bu-
nék a zvysenou expresi nékte-
rych enzymiu, jako jsou napf.

lipoproteinova lipdza a syntdza
mastnych kyselin.

Primdrnim mistem pusobeni
tohoto infekéniho agens je tu-
kova tkan, kde se prostfednic-
tvim bilkoviny oznacované jako
Egorf1 aktivuji enzymy tcastni-
ci se adipogeneze. Tato bilkovi-
na je navic zodpovédna za zvyse-

Hlustraéni foto: newswise.com

né vychytavani glukoézy v tukové
tkdni nezavisle na inzulinové
signalizaci a soucasné za snize-
né uvoliiovani glukézy z jater.
Podobné jako u dospélych pro-
kazaly i studie u déti a adoles-
centil 2-3Krat vyssi prevalenci
pozitivity protilatek proti AD-
36 u obéznich jedincii oproti je-
dincim s normalni télesnou
hmotnosti.

Studie COPAT

Studie Childhood Obesity Pre-
valence And Treatment (CO-
PAT), realizovana Endokrinolo-
gickym tstavem, popisuje mimo
jiné souvislost pozitivity protila-
tek proti AD-36 s obezitou a me-
tabolickymi riziky u 1179 jedin-
cu, a predstavuje tak doposud
nejvétsi takto vysetfeny soubor
adolescentil. Pozitivita protila-
tek proti AD-36 vyznamné sou-
visela s télesnou hmotnosti (p
= 0,042), BMI (p = 0,015), obvo-
dem bokl (p = 0,004), Z-skore
télesné vysky (p = 0,029), celko-
vym télesnym tukem (p = 0,000)

a s tukem na trupu (p = 0,000).
U adolescentii vykazujicich po-
zitivitu AD-36 byly zjiStény vys-
§i koncentrace celkového a LDL
cholesterolu pfi signifikantné
nizdich glykemiich nalacno.
Vztah infekce AD-36 ke koncen-
traci adiponektinu ale zazname-
nan nebyl.

Je otazkou, zda infekce AD-36
nemiize souviset s ,metabolicky
zdravou obezitou" a zda se protein
Egorf1 nemiiZe stat zikladem pro
vyvoj novych antidiabetik, kterd
by vedle diabetu mohla pfiznivé
ovliviiovat nealkoholickou stea-
tézu jater a lipodystrofii.

Podporeno grantem z Norska prostied-
nictvim Norského finanéniho mechanis-
mu CZ0123), grantem 7Fo8077 2 MSM/7F
a projektem MZ CR - RVO (Endokrino-
logicky tistav - EU, 00023761).

RNDr. Hana Zamrazilovd, Ph.D.,

MUDr, Irena Aldhoon Hainerovd, Ph.D.,
doc. MUDr. Vojtéch Hainer, CSc.

Centrum pro diagnestiku a lécbu obezity,
Endokrinologicky dstav, Praha

L] r 4 o
Endokrinni disruptory
— silici hrozba pro lidskou populact
1 volne zijict organismy
V poslednich dekadach se objevuje stale vice dikazl o zvySeném vyskytu
rtiznych hormonalnich poruch u lidi i volné Zijicich zvifat. Prevalence obezity,
diabetes mellitus 2. typu, nadord spojenych s endokrinnim systémem, jako
jsou karcinomy prsu, endometria, ovarii, prostaty, varlat i stitné zlazy stoupa,
naopak klesa kvalita spermii a celkova plodnost muz( i zen. Tyto skutecnosti

jsou davéany do souvislosti se zvy3ujicim se vyskytem antropogennich latek
v prostredi, které maji ucinky na endokrinni systém. Takové latky nazyvame

endokrinni disruptory.

iZ v roce 1992 byla publikova-

na rozsihla metaanalyza, kde
bylo prezentovano postupné
nizovani poctu spermii u muzi
z ruznych ¢éasti svéta v prabéhu
uplynulych padesati let. Existu-
ji zde sice geografické odlidnosti,
ale je jisté, ze napf. 20-40 % mla-
dych muzii v Diansku, Finsku,
Némecku. Norsku &i Svédsku ma-

ji poéty spermii v subfertilnich
mezich. U Zen jsou diskutova-
ny téinky disruptoril ve vztahu
k mimodéloZnim téhotenstvim,
pied¢asnym porodiim, potratiim
i neplodnosti. Znamy je pfiklad
diethylstilbestrolu jakoZto syn-
tetického estrogenu, ktery byl
pfedepisovan v letech 1938-1971
téhotnvym Zenam ve Spoienych
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statech americkych jako prevence E

proti potratim a pfedéasnym po-
rodim. U dcer téchto matek by-
la pozdéji ¢astéji diagnostikovana
vzacna forma vaginalniho adeno-
karcinomu a u 90-95 % z nich by-
ly pozorovany benigni reproduke-
ni problémy.

Endokrinni disruptory jsou che-
micky riiznoroda skupina latek,

llustradni foto: 123.co.uk
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které se nachazeji v prostiedi viu-
de kolem nds. ObsaZeny jsou ze-
jména v potravinach, plasto-
vych ldhvich a dalSich obalech
¢i v elektronice, hrackach a kos-
metickych pfipravcich, pestici-
dech a fungicidech. Do organis-
mu se dostanou zejména pozitim
kontaminované potravy, vypitim
kontaminované vody, dychanim
znecisténého vzduchu ¢i trans-
dermalné. U¢inky disruptorii
jsou také casto popisoviny na pii-
padech ndhodné masivni expozi-
ce v zameéstnani,

Mechanismy ptisobeni
endokrinnich disruptor(
Plivodneé se soudilo, ze endo-
krinni disruptory plisobi pre-
deviim pies jaderné receptory,
jako jsou estrogenni, androgen-
ni, progestinové, thyroidni re-
ceptory i receptory retinoidni.
Disruptor se diky vlastnostem
podobnym endogennim hormo-
niim navaze na jaderny receptor,
cely komplex se nasledné piesu-
ne k DNA, kde se navaZe na hor-
mon-responzivni element a zde
puisobi jako transkripcni faktor,
ktery spousti kaskadu déji ve-
doucich k transkripci cilovych
genil, Pokusy s estradiolem a di-
ethylstilbestrolem ukdazaly, ze
diethylstilbestrol se sice navize
na estrogenni receptor stejné ja-
ko estradiol, ale nékteré geny se
exprimuji vice a jiné naopak mé-
né, takze vysledny efekt téchto
dvou latek je rozdilny. Jsou zna-
my i dalsi receptory, jako mem-
branovy steroidni receptor pro
estrogeny, receptory pro arylo-
vané uhlovodiky, receptory ak-
tivované proliferdtory peroxiso-
mil y (PPARy) a dalsi nesteroidni
receptory, pies které mohou di-
sruptory pilisobit.

Dnes jiZ vime, Ze endokrinni
disruptory piisobi nejen pies
receptory, ale mohou piisobit
i na jinych trovnich regulace
hormoni, jako je degradace,
transport a biosyntéza hormo-
nil. Ovlivnénim enzymovych
systémi dojde k naruseni kieh-
ké rovnovahy mezi regulaéni-
mi mechanismy v endokrinnim
systému, které pak maji zasad-
ni vliv na koncentrace hormont
vorganismu. V pfipadé bisfeno-
lu A, znamého disruptoru, ktery

se nachazi v plastovych ldhvich,
a ktery se nasledné uvolnuje
do jejich obsahu, byla zjisté-
na snizena aktivita steroidniho
akutniho regula¢niho proteinu
(StAR), kontrolujici transport
cholesterolu do mitochondrii
a enzymi zahrnutych do ste-
roidni biosyntézy a metabolis-
mu jako cholesterol desmola-
za, 17a-hydroxyldza/17,20lydza,
17B3-hydroxysteroidni dehydro-
gendza i 11f-hydroxysteroidni
dehydrogenaza. Nasledkem
zmén ve steroidnim spektru,
které dile ovliviiuji zpétnova-
zebné systémy na osdch fize-
nych hypothalamem, dochdzi
napi. k reprodukéni dysfunk-
ci. Disruptory nepiisobi jen na
enzymy ve steroidni cesté, ale
mohou downregulovat i antio-
xidaéni enzymy, které se staraji
o odstranovani §kodlivych kys-
likovych radikdll v burice. Me-
zi antioxidaéni enzymy chrani-
ci bunku patfi napf, superoxid
dismutaza, glutathion peroxi-
daza a kataldza.

Viechny doposud jmenované
mechanismy vysvétluji pfimé
plisobeni ED na organismus.
Relativné nedavno bylo zjisté-
no, Ze vyvoj zarodecnych bunék
milZe byt ovlivnén také nepfi-
mo, zdédénym epigenetickym
plsobenim ED. Epigenetické
zmény jsou takové zmény v ge-
nové expresi, pii kterych DNA
sekvence zlstava zachovana,
ale upravena miiZe byt napi.
metylace DNA, acetylace histo-
nil éi microRNA. Dostupné in-
formace z modelli na zvifatech
ukazuji, Ze pii expozici xenobi-
otiklim v kritickych obdobich
savéiho vyvoje mlze dochazet
k trvalym a dédiénym zménam
v epigenetickém stavu,

Zvlastnosti pusobeni
disruptoru

Endokrinni disruptory svymi
nucinky vykazuji nékteré zajima-
vé charakteristiky. Paradoxné pu-
sobi nepiiznivéji v extrémné niz-
kych koncentracich nez ve vétSich
dédvkich. V tomto se podobaji en-
dogennim hormontim, které mi-
mikuji a které také piisobi v na-
nomolarnich koncentracich.
Zasadni v pfipadé disruptort je
vék v dobé expozice. Mohou sice

Mustradni foto: politiken.dk

plisobit v priibéhu celého Zivota,
ale vystaveni se ED v dospélosti
miiZe mit zcela odlisné disled-
ky nez expozice béhem vyvoje.
U dospélych je zpravidla potfe-
ba vy3si hladina ED, aby pliso-
bila toxicky na organismus. Na-
opak béhem vyvoje organismu
staci nizkd davka po kratsi do-
bu a miiZe mit trvalé nasledky az
do dospélosti, kdy uz endokrin-
ni disruptory davno v téle ne-
jsou pfitomny. Tento koncept
je pojmenovin ,the fetal basis
of adult disease” neboli expo-
zice ED pfi vyvoji organismu je
zakladem nemoci/poruchy v do-
spélosti, Ditvody pro vysokou cit-
livost k disruptoriim ve fetalnim
arané postnatalnim obdobi jsou
funkéni a strukturalni zmeény,
které v tu dobu probihaji. Svou
roli v této fizi vyvoje maji po-
hlavni hormony v diferenciaci
pohlavi a thyroidni hormony ve
vyvoji mozku, se kterymi mohou
disruptory interagovat. Na roz-
dil od dospélého organismu zde
také jesté nejsou plné rozvinuty
reparacni mechanismy k ochra-
né DNA, imunitni systém, de-
toxikaéni enzymy, jaterni me-
tabolismus a hematoencefalicka
bariéra. Mezi dalsi kriticka ob-
dobi v Zivoté jedince patfi dét-
stvi a puberta.

V prostiedi existuje velké mnoz-
stvi ldtek, které mohou naruso-
vat endokrinni rovnovahu a or-
ganismus proto neni vystaven
puasobeni jen jedné chemikalie,
ale spiSe koktejlu riznych latek.
Tyto litky pak mohou v téle or-
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ganismu vykazovat aditivni nebo
dokonce synergické ucinky, kdy
efekt spole¢ného plisobeni neni
jen prosty soucet puisobeni latek,
ale je obvykle vét§i nebo kvali-
tativné lepsi. Mnohé z disrupto-
rii jsou velmi perzistentni (PCB,
dioxiny), coz ma za nasledek je-
jich bioakumulaci v potravnim
fetézci a také v lidském organis-
mu, jiné se naopak rychle roz-
kladaji, a mohou tak piisobit jen
po omezenou dobu. Tyto skutec-
nosti pak velice ztézuji zjistova-
ni negativnich u¢inka disrupto-
T in vivo.

Neddvno byla také publikova-
na studie o dalSich neprozkou-
manych vlastnostech nékterych
syntetickych hormondlnich 1a-
tek v prostiedi, Ve Spojenych
statech americkych je pouzi-
van trenbolon acetdt jako riis-
tovy prepardt pro hovézi do-
bytek. V téle dobytku se tento
anabolicky steroid rozkldda na
17a-trenbolon, 17f-trenbolon
a trendion. O prvych dvou me-
tabolitech je zndmo, Ze to jsou
uéinné endokrinni disruptory.
Mélo se za to, Ze po opusténi té-
la zvifete tyto latky degraduji
v prostiedi a nemaji pak vliv na
ostatni organismy. Opak se uka-
zal pravdou, bylo prokazino, ze
za denniho svétla tyto litky sice
degraduji na neaktivni metabo-
lity, ovSem tato reakce je rever-
zibilni a béhem noci se az 60%
inaktivnich metabolitii zméni
zpét na acinné endokrinni di-
sruptory. Uvedeny vysledek v té-
to problematice je velice zasadni
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a je moZné, Ze i dalsi endokrin-
ni disruptory jsou schopné této
reverzibilni fotoreakce. Bylo to
prokazano uz v piipadé dieno-
gestu, coZ je progestin pouziva-
ny v ordlni antikoncepci, ¢i u di-
endionu, anabolického steroidu
ilegdlné pouzivaného kulturisty
k riistu svalové hmoty.

Obezogeny - specidlni
skupina endokrinnich
disruptori

Role hormontl a potazmo i endo-
krinnich disruptori v metabolic-
kych poruchédch jako obezita a di-
abetes, je v posledni dobé velmi
diskutovand. Diivody, proc to-
mu tak je, vychazeji ze studii na
zvifatech. Ty naznacuji, Ze vy-
staveni se uré¢itym endokrinnim
disruptorim béhem kritickych
obdobi ve vyvoji organismu ma-
Ze vést k narufenému lipidové-
mu metabolismu, pfibyvani na
vdze a vzniku diabetu druhého
typu v pozdéjsich fazich Zivota.
Poznatky u lidské populace jsou
omezené, nicméné faktem je, Ze
koufeni béhem téhotenstvi vede
k nérfistu vahy potomka pozdéji
v dospélosti.

Jako obezogeny jsou oznacovany
chemikalie, které podporuji obe-
zitu zvySovdanim poctu tukovych
bunék (a zvySovanim obsahu tu-
ku v jiZ existujicich bunkich),
zménou poctu kalorii spileném
pfi klidovém metabolismu a za-
sahuji do regulaénich mechanis-

lustragni foto: nhfengmel-en.alibaba.com

mii, které ovliviuji chut k jid-
lu a sytost. Typickym a nejdéle
znamym obezogenem je tribu-
tyltin. Vaze se v nanomolarnich
koncentracich jak na PPARy, tak
na jeho heterodimerniho partne-
ra, retinoidni X receptor, a in-
dukuje adipogenezi. Tributyltin
se vyuziva jako fungicid nebo do
piipravki k impregnaci dfeva.
Studie s timto endokrinnim di-
sruptorem na myS$ich ukazaly,
Ze expozice tributyltinu in ute-
ro vedla k pfed¢asnému uklada-
ni tuku v tukové tkani potom-
ka a tato tendence k uchovavani
tuku byla preprogramovana jes-
té pfed porodem.

Nadmérna konzumace nezdra-
vych jidel a nedostateéna po-
hybova aktivita bezpochyby
vedou k obezité. Zda jsou tyto
mi ve vzniku obezity, nebo zda
jsou tu dalsi vyznamné fakto-
ry, které k ni pfispivaji, zatim
neni jasné, Pfibyva ovSem dii-
kazii o vyznamu endokrinnich
disruptorli v programovani obe-
zity v raném véku. Do budoucna
bude potfeba zjistit, kolik tako-
vych latek kauzalné spojenych
s obezitou je.

Legislativa endokrinnich
disruptorii

Pojem endokrinni disruptor popr-
vé zaznél na konferenci védch ve
Wingspreadu ve staté Wisconsin
v roce 1991, kde zaznélo, Ze ,mno-
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ho latek uvedenych do prostiedi
lidskou ¢innosti je schopnych na-
rusovat endokrinni systém zvi-
fat, vCetné ryb, volné zijicich Zi-
votichiia clovéka". Od té doby se
zacala feSit problematika ED a je-
jich potencialni nepfiznivé icin-
ky na clovéka,

Vétsina zdkoni o environmen-
talnich kontaminantech ve Spo-
jenych statech americkych je
pripravovana US Environmen-
tal Protection Agency (USEPA),
ktera identifikovala asi 87 coo
chemikalii, které jsou komerc-
né vyuzivany. O drtivé vét§iné
z téchto latek mdme jen mdlo in-
formaci o jejich toxicité. Proto
v roce 1998 USEPA navrhla zpili-
fovy postup na testovani toxicity
chemikalii. Prvni pilif zahrnu-
je screeningovou baterii in vitro
ain vivo testll navrZenou pro tes-
tovani potencidlnich interakei
latek s endokrinnim systémem.
Ty latky, které budou vyhodno-
ceny jako potencialné interagu-
jici, postoupi do druhého pilife
pro uréeni nezadoucich uéinkia
na organismus a urceni dyna-
miky davky a odpovédi. Vysled-
Ky testii z druhého pilife pak po-
slouzi k posouzeni nebezpecnosti
latek, které povedou k regulaci
téchto latek na trhu.

V Evropské unii je hlavnim re-
gulaénim organem ECHA (Euro-
pean Chemical Agency), kterd
se stard o tvorbu a uplatnovani
pravnich predpisii o chemickych
ldtkdch, které vedou k ochra-
né lidského zdravi a prostiedi.
V roce 2007 vstoupila v platnost
smérnice REACH (Registration,
Evaluation, Authorisation and
Restriction of Chemicals). Ta
legislativni rimec pro chemické
latky v Evropské unii a ¢ini prii-
mysl odpovédnym za stanoveni
a vyhodnoceni rizik chemikalii
a uzivatelim musi poskytnout
informace o litkich, které vzbu-
zuji mimofadné obavy. Na kan-
didatské listiné latek vzbuzuji-
cich mimofadné obavy figuruje
v soucasnosti 144 chemikalii,
V kvérnu letodniho roku skon-
¢ila druha vina registrace che-
mikalii, které jsou dovaZené
jednou spolec¢nosti do Evropské
unie v mnozstvich 100 az 1000
tun ruéné, Posledni vina regis-
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trace md probéhnout do konce
kvétna 2018, kdy maji byt zare-
gistrovany chemikdlie dovdze-
né do EU v mnozstvi mensi, nez
1tuna rocné,

Téma endokrinnich disruptorii
je v posledni dobé velmi disku-
tované, V cervnu letosniho roku
89 pfednich védci z celého svéta
sepsalo Berlaymontskou deklara-
ci 0 endokrinnich disruptorech.
V té vyjadiili sviij ndzor k tomu-
to diilezitému tématu a vyzva-
li Evropskou komisi k zavedeni
regulacnich opatfeni, kterd jsou
v souladu se sou¢asnymi nejno-
véjsimi védeckymi poznatky
a metodami. Podobné stanovis-
ko zaujima Evropsky parlament,
ktery jednomysliné schvalil zpra-
vu europoslankyné Asy Westlund
o ochrané vefejného zdravi pied
endokrinnimi disruptory. Ta vy-
2yva k pfijeu opatfeni, ktera by
byla zaméfena na sniZeni krit-
kodobé a dlouhodobé expozi-
ce osob endokrinnim disrupto-
rim. Navrhuje také daleko vice
se zaméfit na vyzkum, ktery by
zlepsil védecké poznatky o vli-
vu litek s negativnim pflisobe-
nim na endokrinn{ systém a lid-
ské zdravi.

Do budoucna je potfeba lépe pro-
zkoumat rizika endokrinnich di-
sruptoril, aby se sniZila expozice
endokrinnich disruptorii béhem
vyvoje organismu a mohlo se
piedchdzet rizikiim disruptory
vyvolanych onemocnéni. Vy-
zvou pro dalsi vyzkum je i vyvoj
analytickych metod pro jejich
identifikaci a screening, které
by odpovidaly pozadavkim na
legislativu. V neposledni fadé
pak je zde snaha o porozuméni
ucéinkiim smési ED na organis-
mus a poznani mechanisma,
které za tim stoji.

Studiu endokrinnich disruptorii se miiZe-
mevénovat diky podpofe IGA MZCRNT
13369-4 a prajektu 00023761 MZ CR kon-
cepcniho rozvoje vyzkumu EU.

Mgr. Jana Kubdtovd,

prof. MUDr. RNDr. Luboslav Stdrka, DrSc.,
RNDr. Marie Bicikovd,

prof. ANDr. Richard Hampi, DrSc.,
Endokrinologicky ustay, Praha
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ARTICLE INFO ABSTRACT
Artid_i’ history: This introductory chapter provides an overview of the levels and sites at which endocrine disruptors (EDs)
Received 24 March 2014 . affect steroid actions. In contrast to the special issue of Journal of Steroid Biochemistry and Molecular
Received in revised form 14 April 2014 Biology published three years ago and devoted to EDs as such, this paper focuses on steroids. We tried to

Accepted 20 April 2014

Available online s point to more recent findings and opened questions.

EDs interfere with steroid biosynthesis and metabolism either as inhibitors of relevant enzymes, or at
the level of their expression. Particular attention was paid to enzymes metabolizing steroid hormones

ggr‘::?;g& to biologically active products in target cells, such as aromatase, 5a-reductase and 33-, 113- and 17[3-
Endocrine disruptors hydroxysteroid dehydrogenases. An important target for EDs is also steroid acute regulatory protein
Sites of action (StAR), responsible for steroid precursor trafficking to mitochondria.

Overreview EDs influence receptor-mediated steroid actions at both genomic and non-genomic levels. The remark-

able differences in response to various steroid-receptor ligands led to a more detailed investigation of
events following steroid/disruptor binding to the receptors and to the mapping of the signaling cascades
and nuclear factors involved. A virtual screening of a large array of EDs with steroid receptors, known
as in silico methods (=computer simulation), is another promising approach for studying quantitative
structure activity relationships and docking.

New data may be expected on the effect of EDs on steroid hormone binding to selective plasma transport
proteins, namely transcortin and sex hormone-binding globulin.

Little information is available so far on the effects of EDs on the major hypothalamo-pituitary-adrenal/
gonadal axes, of which the kisspeptin/GPR54 system is of particular importance. Kisspeptins act as stim-
ulators for hormone-induced gonadotropin secretion and their expression is regulated by sex steroids
via a feed-back mechanism. Kisspeptin is now believed to be one of the key factors triggering puberty in
mammals, and various EDs affect its expression and function.

Finally, advances in analytics of EDs, especially those persisting in the environment, in various body
fluids (plasma, urine, seminal fluid, and follicular fluid) are mentioned. Surprisingly, relatively scarce
information is available on the simultaneous determination of EDs and steroids in the same biological
material.

This article is part of a Special Issue entitled ‘Endocrine disruptors & steroids’.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. History

The term endocrine disruptors (EDs) as substances which can
interfere with the endocrine or hormone system in mammals dates
back to the early nineties [ 1], but it was well known much earlier
that many chemicals present in the environment may affect, mostly
adversely, human and animal life and health. This includes many
civilization diseases across the life cycle, such as cancer, genetic
modification, metabolic diseases, the malfunction of various organs
and, last but not least, reproduction. Concerning their effect on
reproduction and, in broader terms the endocrine system, it is not
surprising that a great part of this matter deals with steroids. This
has been the subject of numerous reviews and monographs, such as
that of Gore [2]. Some of these topics were addressed and discussed
in this journal two years ago [3].

1.2. Classification

EDs may be divided into natural compounds such as soy phytoe-
strogens, extracts and formulas from various plants or fungi and a
broad spectrum of human and industrial products. The latter com-
prise chemicals used in fighting undesired wildlife and agricultural
threats (pesticides, fungicides, insecticides, and rodenticides) or
various synthetic compounds as substances used in the produc-
tion of plastics and plasticizers, packaging materials, including also
non-intentionally added substances (bisphenol(s), phthalates) or a
broad spectrum of industrial chemicals used as building materi-
als, paints, isolation materials (PCBs, metals). Endocrine disruptors
also include many drugs derived from natural hormones, particu-
larly all contraceptives. Given their duration in the environment,
EDs are usually divided into persistent and short-life compounds.
The use of many of these chemicals (see e.g. DDT) was banned after
their effects on wild life were discovered, but they still persist in
the environment.

1.3. Effects

Generally, EDs may intervene in the hormonal function at
various sites: they can directly affect hormone biosynthesis, the
metabolism, transport, and mechanism of action on both recep-
tor and post-receptor levels. They may act at a genome level by
influencing gene expression and even via epigenetic mechanisms,
including effects on genomic imprinting. Many EDs are known to
affect fetal (prenatal) development. Other characteristic features of
some EDs are their transgenerational effects and their often non-
linear or non-monotonic dose-response curves. Some EDs actin an
additive way with natural hormones and act complexly upon mul-
tiple targets. Finally, EDs can interfere with feed-back mechanisms
typical for the endocrine system.

In the following text we will not repeat known facts about EDs,
but focus on their effect on steroids, namely their biosynthesis,
metabolism, mechanism of action, their co-existence with steroids
in body fluids as potential biomarkers, and also discuss their

participation in feed-back mechanisms in an attempt to point to
open questions.

2. EDs and steroid biosynthesis and metabolism

EDs may influence steroid biosynthesis and metabolism either
as inhibitors or rarely as activators of key enzymes, or on the level
of the respective enzyme expression. Many excellent reviews have
appeared since the beginning of this century demonstrating in vitro
as well as in vivo inhibitory effects of an array of EDs, covering
most of their classes — pesticides, plasticizers, dioxins, PCBs and
polycyclic aromatic hydrocarbons, and their impact on ovarian or
testicular functions [4-9]. The reviews covered all steroidogenic
enzyme issues, most of which belong to the cytochrome P450 fam-
ily [4,5,7]. Some of them dealt preferably with gonadal, ovarian [7,8]
or Leydig cell [6,9] steroid biosynthesis.

Particular attention was devoted to aromatase activity [8], not
only in humans or rodents, but also in fish regarding the strong
impact of EDs pollutants in water on fish reproduction [10]. In
rodents, it was shown that bisphenol A from plasticizers may
even increase aromatase activity in rat prostate. At the same time,
this chemical affects the expression of another important steroid
metabolizing enzyme - 5a-reductase — existing in form of three
isoenzymes (5a-R1, 5a-R2 and 5a-R3). While the expression of the
first two isoenzymes is inhibited by bisphenol A, the third, 5a-R3,
known as a biomarker for malignancy, is increased. It is an exam-
ple of the synergic effect of the disruptor at various sites, each
leading to an increased risk of cancer [11]. 5a-Reductase isoen-
zymes as targets for EDs are important enzymes not only due to
metabolizing testosterone and its precursor to peripherally active
androgens [12], but also in biosynthesis of 5a-saturated C21 neu-
roactive steroids as allopregnanolone [13]. So far little is known
about EDs action on this enzyme in brain.

3B-Hydroxysteroid dehydrogenase (3(3-HSD) and 17(3-
hydroxysteroid dehydrogenase (17p3-HSD) are key enzymes
involved in androgen biosynthesis in Leydig cells. Various phtha-
lates were tested as potential inhibitors of these enzymes in
human and rat testicular preparations. Their inhibitory activities
differed according to the length of carbon chains in the ethanol
moieties [ 14]. Both enzymes were also inhibited by perfluorinated
chemicals [15]. For a review of the effect of a broad spectrum of EDs
covering industrial materials (perfluoroalkyl compounds, phtha-
lates, bisphenol A and benzophenone) and pesticides/biocides
(methoxychlor, organotins, 1,2-dibromo-3-chloropropane and
prochloraz) and plant constituents (genistein and gossypol) see
e.g [9].

17B-HSD and 11B-hydroxysteroid dehydrogenase (11p3-HSD)
are also enzymes regulating the actual concentration of biologi-
cally active hormonal steroids in peripheral tissues. While 173-HSD
acts on sex steroids (testosterone and estradiol and its 17-oxo
precursors), 113-HSD isoenzymes convert 11-o0xo corticoids into
their hormonally active 113-hydroxy-derivatives and vice versa.
While the first type of 113-HSD acting as reductase is ubiqg-
uitous, the especial role of Type 2 113-HSD acting as oxidase,
protects kidney and also testicular Leydig cells from an excess of
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glucocorticoid. Both hydroxysteroids dehydrogenases are targets
for various endocrine disrupting chemicals, which may affect their
activity as well as expression [16-18].

Another target for EDs are isoenzymes responsible for the sul-
fation of estrogen, androgens and their precursors in biosynthetic
pathway. Sulfation plays an important role both in detoxification
and in the control of steroid activity and, moreover, in the case
of some so-called neurosteroids as e.g. dehydroepiandrosterone,
it changes its activity the opposite way. Sulfotransferases were
inhibited by phthalates, chlorinated phenols and also by some phy-
toestrogens [19-21].

An important step in the steroid hormone biosynthesis is the
transport of cholesterol substrate across the inner mitochondrial
membrane, mediated by Steroidogenic Active Regulatory protein
(StAR) identified ten years ago [22]. StAR is present in mitochon-
dria of typical steroidogenic cells as in adrenocortex and in gonads.
Its gene belongs to those, the expression of which may also be inhib-
ited by various EDs [23-25]. Besides “typical” EDs its expression at
least in fish was also inhibited by heavy metal, namely cadmium
[26].

The selection of the reviews and original papers should reflect
the large publication activity in this field and is far from complete:
forinstance, as this chapter was being prepared there were as many
as 150 references alone under the key words EDs and estrogen
biosynthesis and review.

2.1. EDs and receptor-mediated steroid action

Steroid hormones exert their actions in the target cell through
intracellular or membrane receptors. The classical genomic mech-
anism employing intracellular receptors consists of regulation —
stimulation or inhibition - of the expression of particular genes.
The individual steps started by hormone binding to the intracellu-
lar receptor, followed by the translocation of the steroid-receptor
complex to the nuclei, its binding to steroid regulated elements
and transactivation making accessible the initiation sites for mRNA
transferase(s) and the initiation of transcription, actually includes a
number of protein-protein interactions with nuclear factors (often
called co-activators or co-repressors), many of which have only
recently been revealed [27,28]. EDs may interfere with all these
steps, leading to incredible diversity and complexity of EDs action.
The investigation of EDs interaction with these transcription factors
opens an interesting new field in the mosaic of their actions.

Regulatory mechanisms mediated by membrane receptors are
not so frequent and, in most instances reported to date, deal
with reproductive functions mediated by estrogen, progestine and
androgen receptors, but examples concerning other steroid action
have been reported as well; for the review see e.g. [29-31]. These
mechanisms involve the binding of the steroid to a membrane
receptor coupled with a G-protein, the activation of an effec-
tor (usually adenylate cyclase) and the initiation of a signaling
cascade (usually phosphorylation), resulting in a variety of acti-
vation/inhibition effects.

Of interest are newly discovered “mixed mechanisms”, begin-
ning with steroid binding to a membrane receptor and initiating
a signaling cascade, the final step of which is the activation of a
so-called cAMP activated regulatory protein (CREB), which binds
to the gene-regulatory elements and thus promotes transcription
as in the “classical” mechanism; for examples see [32,33]. EDs may
interfere with such a mechanism, too [34].

The methods of investigating how EDs interfere with receptor-
mediated steroid action underwent remarkable progress) over the
past few decades. For a review of these approaches see e.g. Adler
in the cited monograph [35]. The first experiments in the early
nineties dealt with the binding of EDs to steroid receptors as lig-
ands and their competition with native steroid hormones. Various

3

sources of steroid receptors from animal or human tissues or cell
cultures were used. The great deal of reports concerned estrogen
receptors (ERs), since most of the effects of EDs consisted of their
estrogenic/antiestrogenic properties. The experimental data were
compared with observed in vivo effects. It was clear that the binding
of EDs to the respective steroid receptors differs in their affinity and
kinetics, and that the binding characteristics need not correspond
to the final disrupting effect.

Another way of investigating EDs actions consisted of studying
the effects of EDs on gene expression. Steroid hormones regu-
late thousands of genes and a great advance brought the methods
enabling the screening of a large array of expressed genes after
the isolation and multiplication of cDNA from various hormone-
responsive tissue preparations. The more detailed follow-up of
gene expression in time and dose-response studies enabled meth-
ods employing gene reporters (e.g. luciferase) co-transfected with
hormone response elements (HRE) of selected steroid-responsive
gene. It was enabled by advances in molecular biology in the eight-
ies, crowned by the characterization of human and animal genome.
The remarkable differences in response to various steroid-receptor
ligands led to a more detailed investigation of the events that fol-
lowed steroid/disruptor binding to the respective receptors and
the mapping of the signaling cascades and individual components
involved. As mentioned above, these are very current topics and an
interesting finding may be expected.

The differences in the effects of disruptors on various targets
and more detailed knowledge of steroid receptor structures led
to computer modeling of suitable ligand structures. This approach
known as in silico methods (=computer simulation) [36,37], in fact
avirtual screening, is an inexpensive tool for studying quantitative
structure activity relationships and docking, which undoubtedly
belongs to perspective approaches in investigating EDs actions.

3. EDs and steroid hormone binding in circulation

Reversible binding to plasma transport proteins consider-
ably influences the availability of free, biologically active, steroid
hormones. Of particular importance are corticosteroid-binding
globulin (CBG, transcortin) and sex hormone binding-globulin
(SHBG). The structure and genes coding for these proteins have
been well characterized. The main source of both proteins is the
liver, but their expression is not limited to this tissue. Though ful-
filling similar function, there is no homology between them. For
the review covering the main information about their properties
and functions see e.g. [38-41]. The SHBG function is broader: it
possesses its own receptors on the membrane of cells from some
reproductive tissues and triggers a signaling cascade by way of
CAMP [41]. The binding of various non-steroidal ligands to SHBG
could considerably modulate steroid hormone action; SHBG and
CBG thus represent possible targets for various endocrine dis-
ruptors [42]. Surprisingly, the only reports on the interaction of
EDs with the SHBG analog concerned fish [43], but analogous
interaction of EDs was described for the thyroid binding protein
transthyretin [44]. The reports on the effects of EDs on steroid-
binding transport proteins have been scarce to date and new data
may be expected.

3.1. How EDs may influence hypothalamic-pituitary hormonal
axes on central levels

Steroid hormones, in concert with other hormones, genes, neu-
rotransmitters, growth and other factors play an important role
in the development and function of the brain and neural system
in general. Since embryonic life, any of these well coordinated
and programmed sequence of events may be affected or even
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disrupted by environmental agents. Especially vulnerable are pre-
natal or early postnatal periods and puberty. Changes in brain
development, including the central nervous system, caused by
exposure to toxic and endocrine-disrupting agents may have seri-
ous consequences for the entire life, especially for reproductive
functions, behavior, motor activity and cognition; for the review
see e.g. [45]. In the following text we will focus only on the mecha-
nisms by which EDs influence the central-peripheral regulations of
steroid actions through major hypothalamic-pituitary-peripheral
axes.

Gonadal and adrenal steroid hormone biosynthesis and
secretion is controlled by feed-back mechanisms known as
hypothalamic-pituitary-adrenal- or gonadal axes (HPA, HPG).
Steroids interact with hypothalamic as well as pituitary receptors
of the trophic cells. Both genomic and non-genomic mechanisms
may take part there. This results in the secretion or biosynthe-
sis of hypothalamic liberines or pituitary hormones. Various EDs
can compete as antagonists or agonists with natural steroid hor-
mones for the receptors thanks to their structural similarity or, in
a genomic way by affecting their expression in various neuronal or
pituitary cells.

The mechanisms are the same as those that occur in other tar-
get cells for steroid hormones. Some recent examples of ways how
EDs intervene with hypothalamic-pituitary regulations are shown
here. The cited papers demonstrate on animal models how EDs
affect further development of hypothalamic-pituitary regulation
system in prenatal or neonatal period(s): even low doses of bisphe-
nol A administration in early life altered sex-specific ER expression
in rat hypothalamus and amygdala [46]. Besides ER, bisphenol A
also disrupted hypothalamic gonadoliberin (LHRH) mRNA process-
ing in hypothalamic nuclei, both leading to changes in estrous
cyclicity in adult rats [47]. Similarly acted PCBs, which altered the
expression of a set of genes including estrogen receptors alpha in
rat hypothalamus, also resulting in a change in the trajectory of
postnatal development [48].

Bisphenol A also disrupted non-genomic estrogen induced sig-
naling via ERs coupled with G-protein [49].

Among the protein actors expressed in the hypothalamus and
pituitary, of particular importance is kisspeptin/GPR54 system.
Kisspeptins, encoded by the KISS1 gene, act as stimulators for
hormone-induced gonadotropin secretion and their expression is
regulated by sex steroids via a feed-back mechanism. Kisspeptin
is now believed to be one of the key factors triggering puberty in
mammals [50]. Itis not surprising thatitis a potential target for EDs
and first reports brought evidence that various EDs affectits expres-
sion and function; for examples see [51,52]. Organochlorine EDs as
DDT and its metabolites may even increase gonadoliberin secretion
through its effects on steroid and glutamate receptors [53].

Compared with the HPG axis, less attention was paid to the effect
of EDs on the HPA axis, for the review see e.g. [54]. Interestingly, the
effect of atrazine, a widely used herbicide on LH release was in the
first line mediated by stimulation of HPA axis and the alteration of
adrenal hormone secretion. Among other things, it demonstrates a
close linkage between both hypothalamic-pituitary-adrenal- and
gonadal axes [55].

The examples shown here, performed mostly on animal mod-
els, demonstrate the diverse actions of EDs on hypothalamic and
pituitary levels; further studies, especially in humans, are needed
to complete the mosaic of EDs actions on the autonomous nervous
system,

3.2. Steroids and endocrine disruptors in body fluids
Since EDs influence steroid biosynthesis and its actions at var-

ious levels, it logically raises the question of how steroid levels
correlate with actual concentration of EDs. Advanced analytical
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techniques [56-58] enable the assessment of a large array of EDs
and their metabolites (some of which may be more active than
parental compounds) in various body fluids. The latter concerns
not only blood serum (plasma) or urine, but also follicular fluid,
semen, maternal milk, saliva and even tissues obtained by biopsy.
The EDs content in male semen (seminal plasma, fluid) is of partic-
ular interest with respect to the observed decline of sperm quality
within the last decades [59,60].

Two ways of investigation may be traced: how steroid levels in
the body associate with concentration of EDs and how exposure to
EDs influences actual steroid levels. Both studies of the general pop-
ulation and special cohorts of humans exposed to EDs risks were
reported.

In Table 1 we attempted to summarize chronologically major
reports on EDs from the last decade and, if measured too, steroids,
in serum, urine and also maternal milk [61-63] and follicular fluid
[64]. Besides general population from various geographic regions
and including also pregnant women, the studies focused on var-
ious common disorders associated with hormonal imbalance as
ovarian dysfunction and PCOS [65-67]. The most frequent analytes
were bisphenol A and PCBs. A consensus was reached on the pos-
itive association of BPA levels with biomarkers of PCOS including
insulinoresistance [67] and hyperandrogenemia [65]. Surprisingly,
as may be seen, there are relatively few reports on the simulta-
neous determination of EDs and hormonal steroids in the same
biological material, above all in serum. In females it concerned
pregnant women [68,69] and the already mentioned PCOS [66,67].
In men, two large studies provided evidence of the association of
decreased testosterone levels with PCB and perfluorooctanesul-
fonic acid (PFOS) concentration, respectively [57,70]. More studies
are needed to address the issue regarding the association of other
EDs concentrations, especially persistent and steroid levels in the
same material.

From the point of view of male reproduction, more attention
was devoted to determining various EDs in seminal plasma and its
association with the impairment of semen quality. This issue has
been reviewed in the previously cited chapter of Hauser et al. in
Gore’s monograph [60]. Only a few reports, however, have dealt
with the simultaneous determination of EDs and steroids in sem-
inal plasma, though there was a clear association between actual
steroid- and EDs concentration in this fluid. We have reviewed this
matter recently [71].

4. Conclusive remarks and further perspectives

Three years ago a special issue of Journal of Steroid Biochemistry
was devoted to endocrine disruptors as such, but many themes
more or less dealt with steroids. To avoid overlapping, we tried in
this issue to focus more on steroids and, at the same time, to point
to news of this very vital topic.

As concerns steroid metabolizing enzymes, a promising topic is
the effects of EDs on brain 5a-reductase with respect to its key role
in metabolizing of progesterone to saturated metabolites, known to
act as modulators of GABA, receptors. More information is needed
about EDs effects on steroid transport to mitochondria and their
influence on StAR protein.

Hand in hand in learning of steroid-triggered signaling cascades
the effects of EDs on individual steps may be expected. Interesting
would be the impact of EDs on pluripotent glucocorticoid actions
in the light of their immunomodulatory, anti-inflammatory and
apoptotic properties. The virtual screening of large sets of genes
regulated by steroids and their affection by EDs could be a promis-
ing approach.

Very little is known about the effects of EDs on steroid binding
to plasma proteins.
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Table 1

Endocrine disruptors and steroids in body fluids.
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Author, year Ref. Subjects Analyzed material EDs Steroid(s) and Main findings
hormones
Takeuchi [65] 47 normal and Serum (both BPA Testosterone, Strong relationship between serum BPA and
et al., 2004 women with hormones and EDs) androstene- androgen concentrations
various ovarian dione
dysfunctions
Wang et al., [68] 50 pregnant Serum and 17 dioxin congeners, 4-and The ratio of 4- to 2-hydroxylated estradiol
2006 women aged 25-34 placental tissue 12 dioxin-like PCBs, 2-hydroxylated decreased with increasing exposure to
years, 3rd trimester (both hormones and 6 indicator PCBs E2 metabolites 2,3,7 8-tetrachlorodibenzo-p-dioxin, while
and EDs) levels of 4-OH-estradiol increased with
increasing concentrations of high-chlorinated
dibenzofurans
Mocarelli et [72] 135 males (3 age Serum (both 2,3,7.8- Estradiol, FSH Exposure in either period leads to permanent
al.,, 2008 groups) exposed in hormones and EDs) Tetrachlorodibenzo-p- reduction of estradiol and increased FSH
the past to 2,3,7,8- dioxin
tetrachlorodibenzo-
p-dioxin
Brucker- [61] Nursing mothers of Colostrum, 125 15 antiandrogenic All maternal milk available was contaminated
Davis et 6246 boys screened samples (56 for and/or antiestrogenic with EDs, insignificantly higher concentrations
al., 2008 for cryptorchidism cryptorchid and 69 EDs including DDE, were found in milk from mother of cryptorchid
(1.6% cryptorchic) for controls) PCBs and others boys
Goncharov [57] Native Americans Serum (both PCBs - 101 congeners Testosterone Elevation in serum PCB levels is associated
etal., 2009 (Mohawks), 257 hormones and EDs) with a lower concentration of serum
adult men and 436 testosterone in men only
women
Bushnik et [73] 5319 general Serum, urine BPA, lead Blood lead was found in 100% samples, urinary
al, 2010 population BPAin 91%
Galloway [74] 715 adults Urinary excretion BPA Testosterone, No associations with the serum hormone levels
etal., 2010 between 20 and 74 and serum estradiol, SHBG and urinary BPA excretion, with exception of
years of age (steroids only) association between BPA and SHBG
concentrations in premenopausal women
Weldon et [75] 366 low-income, Serum PCB congeners, DDT, Persistent organic pollutants were not
al., 2010 Mexican-American DDE associated with shortened lactation duration,
pregnant women but may be associated with longer lactation
duration
Wan et al., [69] 26 pregnant Serum (both 10 polybrominatd Estradiol Concentrations of 6-hydroxylated
2010 women and 28 hormones and EDs) diphenyl ethers plus polybrominated diphenyl ethers in maternal
matching fetuses BPA and cord serum were positively correlated,
being significantly greater in cord blood serum
Kandaraki et [66] 71 women with Serum (both BPA Testosterone, Higher BPA levels in PCOS women than
al,, 2011 PCOS and 100 hormones and EDs) androstene- controls and a statistically significant positive
healthy women dione association between androgens and BPA
Kadar et al., [62] 30 breast milk Breast milk Perfluorinated Advanced analytics
2011 samples from compounds, PFOS,
French women PFOA and other
Yeetal., [76] 936 children 3-11 Serum, urine BPA +7 other phenols Urine, not
2012 years, general serum is the
population preferred
matrix for EDs
monitoring
Gyllenhammar [77] 100 young women, Serum Nonylphenol, BPA Association with nutritional habits
etal, 2012 general population
Petroet al., [64] 40 women Folicullar fluid, PCB 153 and other Estradiol Higher EDC contamination in the follicular
2012 undergoing IVF serum PCBs, p,p'DDE fluid was associated with a decreased
fertilization rate
Kim et al., [63] Healthy women at Umbilical cord and Polybrominated EDs A strong correlation was found for studied EDs
2012 delivery and their maternal blood, between breast milk and cord blood or
newborns, 21 pairs breast milk maternal blood and cord blood samples
Meijer et al., [78] 53 pregnant Maternal serum at 8 neutral and 4 Organohalogen compounds correlated with
2012 women and their 35 weeks of phenolic markers of sexual development in boys up to
male newborns pregnancy polychlorinated EDs 18 months of age
Joensen et [79] 881 healthy men, Serum (hormones), 14 phthalate Serum Negative association of EDs with total and free
al, 2012 who provided urine (EDs) metabolites, including testosterone, testosterone and testosterone/estradiol ratio
serum, urine and di(2-ethylhexyl)- and estradiol,
semen samples diisononyl-phthalate SHBG, LH, FSH,
metabolites inhibin-B
Toft et al., [80] 588 partners of Serum 4 perfluorinated Negative associations between PFOS exposure
2012 pregnant women chemicals and sperm morphology
who provided
semen samples
Joensen et [70] 247 men, general Serum (both Serfluorooctanesulfonate  Testosterone Negative association between serum PFOS and
al., 2013 population hormones and EDs) (PFOS) (total and free), testosterone
LH, FSH
Tarantino et [67] 40 women with Serum (both BPA Testosterone, Association of BPA with PCOS markers incl.

al., 2013

PCOS and 20
healthy women

hormones and EDs)

SHBG

insulinoresistance
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Further studies are needed for a more complex understanding
of the impact of EDs on major hypothalamic-pituitary-gonadal or
adrenal axes and on the role of kisspeptin systems.

Finally, advanced analytical methods would enable the simulta-
neous assessment of EDs and a broad steroid spectrum in biological
fluids and their association with various endocrine diseases. There
is still a scarcity of data on the concentrations of EDs and steroids
in the same body fluids. EDs and steroids could be measured not
only in blood or urine, but also in seminal plasma, follicular fluid,
cerebrospinal fluid and saliva, and new data may be expected.
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ABSTRACT

Numerous chemicals in the environment have the ability to interact with the endocrine system. These
compounds are called endocrine disruptors (EDs). Exposure to EDs represents one of the hypotheses for
decreasing fertility, the increased risk of numerous cancers and obesity, metabolic syndrome and type 2
diabetes. There are various mechanisms of ED action, one of which is their interference in the action of
11B-hydroxysteroid dehydrogenase (11BHSD) that maintains a balance between active and inactive
glucocorticoids on the intracellular level. This enzyme has two isoforms and is expressed in various

Keywords: . tissues. Inhibition of 113HSD in various tissues can have different consequences. In the case of EDs, the
113-hydroxysteroid dehydrogenase . . i
Inhibitor results of exposure are mainly adverse; on the other hand pharmaceutically developed inhibitors of
Endocrine disruptor 11BHSD type 1 are evaluated as an option for treating metabolic syndrome, as well as related diseases
Testis and depressive disorders. This review focuses on the effects of 113HSD inhibitors in the testis, colon,
Colon adipose tissue, kidney, brain and placenta.
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1. Introduction

Since anthropogenic substances have been introduced to the
environment, people have been continuously exposed to those
chemicals. It was assumed that they do not have any biological
effects, yet many of them might in fact disrupt the endocrine system.
Evidence indicates the impact of these chemicals - endocrine

Please cite this article in press as: J. Vitku, et al., Endocrine disruptors and other inhibitors of 113-hydroxysteroid dehydrogenase 1 and 2:
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disruptors (EDs) - on all endocrine organs in a human or animal
body [1].

The prevalence of obesity, type 2 diabetes, endocrine-related
cancers (breast, endometrial, ovarian, prostate, testicular and
thyroid cancers) increased worldwide in recent decades and also
low semen quality has been the subject of discussion [1-3]. One of
the hypotheses for decreasing fertility in some countries, increas-
ing the risk of cancers, obesity and type 2 diabetes is exposure to
EDs. The group of EDs currently consists of thousands of chemicals
of differing structures, though plenty of other EDs are undoubtedly
still waiting to be discovered.

EDs can act in numerous ways in an organism. The longest
known ED mechanism of action is their binding to nuclear
receptors. They can also modulate the enzyme system involved in
e.g., steroidogenesis or the antioxidative system. An epigenetic
mechanism was also reported [4-6].

Many EDs are known to interfere in the action of 11B-
hydroxysteroid dehydrogenase isoenzymes (113HSD1 and
11BHSD2), which maintain a balance between active and inactive
glucocorticoids on the intracellular level. Many structurally
distinct inhibitors of 113HSD1 were developed in the pharmaceu-
tical industry as potential therapeutic agents for treating obesity,
metabolic syndrome, type 2 diabetes, Alzheimer's disease and
major depressive disorder and associated diseases [7-10].

The isozymes of 11BHSD are distributed in numerous body
tissues with various mRNA expressions and have different
physiological effects. They have been shown to modulate
glucocorticoid action mainly on autocrine and paracrine levels.
With respect to the wide spectrum of local glucocorticoid actions,
changes in intracellular glucocorticoid concentrations can have
either favorable or deleterious effects.

This review focuses on EDs and other synthetically developed
inhibitors of 11BHSD activity, and the consequences of their
actions on the testis, brain, colon, adipose, kidney and placenta.

2. 113-hydroxysteroid dehydrogenase (11[3HSD)

11BHSD isoforms are important enzymes in steroid metabolism
that regulate interconversion between active and inactive gluco-
corticoids. Conversion of cortisone to cortisol was first discovered
more than 50 years ago [11]. The key role of this enzyme in the
kidney was highlighted by Edwards et al. [12] and Funder et al. in
their work [13]. They explained that mineralocorticoid receptors
(MR) in distal nephrons are selective in vivo because of the
presence of 11 BHSD2, which inactivates the active stress hormone
cortisol and allows aldosterone that is present in 100-1000 times
lower concentrations than cortisol to bind to the MR. If 11BHSD2
activity is inhibited, cortisol will also bind to the receptor and a
syndrome of apparent mineralocorticoid excess (AME) occurs.

Generally, two distinct isoforms of 11BHSD are distinguished:
11BHSD1 and 11BHSD2 (Table 1). 11BHSD1 is a bidirectional
oxidoreductase but preferentially acts as a reductase in vivo.
11BHSD1 uses NADP*/NADPH as a cofactor. The NADPH pool is
available from hexose-6-phosphate dehydrogenase (H6PD), which
catalyzes the formation of 6-phosphogluconate from glucose-6-
phosphate in the pentose-phosphate pathway. Both enzymes are

Table 1
Principal characteristics of two 11BHSD isozymes.
113HSD 1 113HSD 2
Direction Bidirectional Unidirectional
Cofactor NADP*/NADPH NAD"
Distribution Liver, adipose tissue Kidney, testes
Affinity to substrate Low High

J. Vitku et al./Journal of Steroid Biochemistry & Molecular Biology xxx (2014) xxx-xxx

located in the lumen of endoplasmatic reticulum (ER) where
functional as well as physical interaction has been demonstrated
[14-16]. This co-localization results in cooperation [17], with high
NADPH/NAD" ratio moving the 11BHSD1 reaction toward the
reductase direction in most tissues [14].

On the other hand 11BHSD2 is unidirectional with NAD" as a
cofactor. It is expressed not only in mineralocorticoid sensitive
tissues such as kidney [18] and sweat glands [19] but also in the
testis [20] or placenta [21]. Its role is to protect these tissues from
an excess of glucocorticoids.

Both isozymes of 11BHSD are localized on plenty of sites in the
body. 11BHSD1 is expressed in the liver, adipose, adrenal gland,
brain, testis, ovary, vascular epithelium and eye [22-27]. 11BHSD2
is expressed in the kidney, colon, placenta, ovary, testis, salivary
glands, sweat glands, pancreas, skin, lung, vascular endothelium
[18,28-31].

In 1997, the third type of 11BHSD isozyme (113HSD3) has been
suggested in sheep kidneys [32]. Evolutionary analysis indicates
that 113HSD3 (also known as HSD11B1L, SCDR10B or SDR26C2) is
the ancestor of 113HSD1 [33]. It was reported that has orthologs in
sea urchin, amphioxus and Ciona, thus, 113HSD3 emerged before
development of glucocorticoid signaling suggesting other physio-
logical role for 11BHSD3 [34]. Moreover, 113HSD3 exerts only
weak dehydrogenase activity on the cortisol substrate with the
presence of NADP* [35].

2.1. EDs and 11 BHSD activities in testis

Both isoforms of 11BHSD are present in human testis with high
levels of 11BHSD1 expression and lower levels of 11BHSD2
expression [24,30,36]. It seems that the expression of 11BHSD
isozymes in testis differ across species; e.g., mice testis do not
express neither 11BHSD1 nor 11BHSD2 [37]; weak expression of
11BHSD1 and almost zero expression of 113HSD2 was found in
chicken testis [38,39]. Moreover, there are ambiguities regarding
the reaction direction of 11BHSD1 in Leydig cells [40-42] where
also the switch from reductase activity to oxidase activity during
maturation of rat Leydig cells has been reported [43]. This could be
species-dependent as well because the switch has not been
observed in pigs where dehydrogenase activity continuously
predominates [44,45].

Some studies suggested enzymatic coupling between 11BHSD1
and 17B-hydroxysteroid dehydrogenase type 3 (17B3HSD3) in
testes [46,47]. However, a recent study has shown that the catalytic
moiety of 178HSD3 faces to cytoplasm and that is why it cannot
share the ER-luminal NADP/NADPH pool with 113HSD1 [48].

Stress conditions or inhibition of 11BHSD dehydrogenase
activities results in a glucocorticoid excess in the Leydig cells. A
surplus of glucocorticoids causes delayed genomic repression of
testosterone production through GR or a rapid nongenomic
decrease in testosterone production. The rapid depression has
been hypothesized to occur via the putative plasma membrane
corticosteroid receptor [46]. A decrease in testosterone levels leads
afterwards to adverse changes on spermatogenesis. Therefore, it
seems that 11BHSD 1 or 2 could be a target for EDs and this could
be one of the possible mechanisms of endocrine disruption in the
testis that leads to impaired spermatogenesis.

Many EDs have been detected in human body fluids such as blood
plasma or urine [49]. Fewer chemicals were found in seminal fluid.
Chemical substancesthat have beendetected in human seminal fluid
include phthalates: mono(2-ethylhexyl) phthalate (MEHP, di(2-
ethylhexyl)phthalate (DEHP), polychlorinated biphenyls (PCBs),
other organochlorine compounds (DDT and its metabolite p,p’-
DDE organobromine compounds (polybrominated diphenyl esters),
perfluorochemicals (perfluorooctanoic acid-PFOA), bisphenol A and
dioxins (reviewed in [50]). Some of these compounds were found to
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Table 2
Inhibitors of 11BHSD1.
Activity Testing system 1C50 (M)  Reference
Natural compounds
Resveratrol Reductase  Rat adipose microsomes 35.2 [51]
Curcumin Reductase  CHOP cells microsomes (transfected with human HSD11B1) 10.62 [52]
Rat testis microsomes 418 [52]
Intact CHOP cells (transfected with human HSD11B1) 229 [52]
Intact rat Leydig cells 5.78 [52]
(1E,4E)-1,5-Bis(3-methylthiophen-2-yl)penta-1,4-dien-3-one  Reductase Intact rat Leydig cells 0.11 [52]
Intact CHOP cells (transfected with human HSD11B1) 0.18 [52]
(1E,4E)-1,5-Bis(thiophen-2-yl)penta-1,4-dien-3-one Reductase Intact rat Leydig cells 0.18 [52]
Intact CHOP cells (transfected with human HSD11B1) 0.09 [52]
(1E,4E)-1,5-Bis(thiophen-2-yl)cyclohexanone Reductase Intact rat Leydig cells 2.55 [52]
Intact CHOP cells (transfected with human HSD11B1) 3.57 [52]
Emodin Reductase Intact 3T3-L1 adipocytes (1h treatment) 7.24 [53]
Intact 3T3-L1 adipocytes (24 h treatment) 4.2 [53]
HEK 293 cells (transfected with human HSD11B1) microsomes 0.19 [54]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 0.09 [54]
Aloe emodin Reductase HEK 293 cells (transfected with human HSD11B1) microsomes 0.88 [54]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 0.1 [54]
Rheochrysidin Reductase  HEK 293 cells (transfected with human HSD11B1) microsomes 0.54 [54]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 0.08 [54]
3-Methylchrysazin Reductase HEK 293 cells (transfected with human HSD11B1) microsomes 3.54 [54]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 04 [54]
Flavanone Reductase Lysates of HEK 293 cells (transfected with human HSD11B1) 18 [55]
Intact HEK 293 cells (transfected with human HSD11B1) 8.3 [55]
Intact 3T3-L1 adipocytes 13 [55]
6-Hydroxyflavanone Reductase Lysates of HEK 293 cells (transfected with human HSD11B1) 187 [55]
4'-Hydroxyflavanone Reductase Lysates of HEK 293 cells (transfected with human HSD11B1) 34 [55]
2'-Hydroxyflavanone Reductase Lysates of HEK 293 cells (transfected with human HSD11B1) 10 [55]
Intact HEK 293 cells (transfected with human HSD11B1) 57 [55]
Intact 3T3-L1 adipocytes 1.8 [55]
Abietic acid Reductase  Lysates of HEK 293 cells (transfected with human HSD11B1) 27 [55]
Oxidase Lysates of HEK 293 cells (transfected with human HSD11B1) 28 [55]
Methyl jasmonate Reductase Lysates of HEK 293 cells (transfected with human HSD11B1) 107 [55]
Zearalenone Oxidase Lysates of HEK 293 cells (transfected with human HSD11B1) 34 55]
Glycyrrhetinic acid Reductase Lysates of HEK 293 cells (transfected with human HSD11B1) 1.57 [55]
Oxidase Lysates of HEK 293 cells (transfected with human HSD11B1) 0.03 [55]
Euphane-3[3,20-dihydroxy-24-ene Reductase  HEK 293 cells (transfected with human HSD11B1) microsomes 0.04 [56]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 0.08 [56]
Kansuinone Reductase HEK 293 cells (transfected with human HSD11B1) microsomes 112 [56]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 1.08 [56]
Euphol Reductase HEK 293 cells (transfected with human HSD11B1) microsomes 0.02 [56]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 0.08 [56]
Kansenone Reductase HEK 293 cells (transfected with human HSD11B1) microsomes 0.003 [56]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 0.01 [56]
(24R)-Eupha-8,25-diene-3[3,24-diol Reductase HEK 293 cells (transfected with human HSD11B1) microsomes 0.03 [56]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 0.05 [56]
(20R,23E)-Eupha-8,23-diene-3(3,25-diol Reductase HEK 293 cells (transfected with human HSD11B1) microsomes 0.02 [56]
HEK 293 cells (transfected with mouse HSD11B1) microsomes 03 [56]
Epigallocatechine-3-gallate Oxidase Human liver microsomes 131.2 [57]
Reductase Human liver microsomes 57.99 [57]
Environmental chemicals
4-Nonylphenol Reductase Human liver microsomes 493 [36]
Oxidase Lysates of HEK 293 cells (transfected with human HSD11B1) 178 [55]
4-t-Octylphenol Oxidase Lysates of HEK 293 cells (transfected with human HSD11B1) 85 [55]
2,2-Dihydroxybiphenyl Oxidase Lysates of HEK 293 cells (transfected with human HSD11B1) 151 [55]
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Table 2 (Continued)
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Activity Testing system IC50 (M)  Reference
Dibenzoylmethane Reductase  Lysates of HEK 293 cells (transfected with human HSD11B1) 52 [55]
Diethylhexy! adipate Reductase Human liver microsomes 49.4 [36]
BPA Reductase Human liver microsomes 14.81 [58]
Rat testis microsomes 19.39 [58]
Methoxychlor Reductase Human liver microsomes 191 [59]
2-Bis(p-hydroxyphenyl)-1,1,1-trichloroethane Reductase Human liver microsomes 8.88 [59]

inhibit 113HSD activities (Tables 2 and 3), and probably a lot of EDs
are still waiting to be discovered in seminal fluid.

Since some EDs were detected in seminal fluid and the
mechanism of action through inhibition of 11 3HSD dehydrogenase
activities was also confirmed, this might lead to an excess of
glucocorticoids in the Leydig cell, resulting in a testosterone
decrease and eventually to spermatogenesis deterioration.

2.2. EDs and 118HSD activities in colon

MRs are expressed in many tissues including the colon, and
11B8HSD2 is also co-localized here to protect the MR from
activation by glucocorticoids. 11BHSD2 mRNA levels are signifi-
cantly increased in human colonic adenomas as well as Apc*™n
mouse intestinal adenomas compared to levels in normal colonic
tissues [65]. An abundance of 11BHSD2 activity leads to
inactivation of a large amount of glucocorticoids, and inactive
cortisone (or corticosterone in rodents) is therefore unable to
activate GR. The lack of glucocorticoids subsequently releases the
repression of inducible cyclooxygenase type 2 (COX-2), which is
then expressed in high levels and promotes colon tumorogenesis
[66].

Studies have shown that use of selective COX-2 inhibitors (such
as rofecoxib) or nonselective COX inhibitors helps to reduce the
number and size of colonic adenomas, although it is linked to
increased cardiovascular risk [67,68] or increased gastrointestinal
effects [69,70], respectively.

The inhibition of 113HSD2 by glycyrrhizic acid (GA) suppresses
COX-2 derived PGE2 production and colorectal tumor growth
without adverse side effects of selective COX-2 inhibitors [65]. GA
is an endocrine disruptor found in licorice roots and rhizomes. It is
nonselective 113HSD inhibitor and most of the GA is converted in
the body into more potent metabolite, glycyrrhetinic acid (GE). The
selective inhibition of 113HSD2 is then a promising therapeutic
option, particularly with the locally acting enteric 113HSD2
inhibitor that is neither systemically absorbed nor influences
renal 113HSD2 [66]. Kratschmar et al. created 15 GA derivatives,
that are highly selective and potent 11BHSD2 inhibitors, but their
stability and tissue distribution still need to be examined [71].

Conversely, colorectal carcinoma (CRC) is associated with
decreased levels of 11BHSD2 mRNA [72]. Similarly, 11BHSD2
activity in adenomas within the early stage of neoplastic
transformation is downregulated. Therefore, downregulation of
113HSD2 is a typical feature for the development of colorectal
polypous lesions and their transformation into CRC [73]. At this
stage of CRC development, GA treatment is likely to be ineffective.

2.3. EDs and 118HSD activities in adipose tissue

Besides the liver and brain, 113HSD1 is also expressed in
adipose tissue [74] and regulates intracellular levels of glucocorti-
coids there. 113HSD1 activity was found to be higher [75-77] or
the same [78,79] in visceral adipose tissue than in subcutaneous
adipose tissue. Moreover, a growing number of studies has shown
an overexpression of adipose 11BHSD1 in obesity, type 2 diabetes
and metabolic syndrome [76,78,80-82]. Similarly overexpression

of H6PDH in adipose tissue of transgenic mice induce 113HSD1
reductase activity leading to elevated local corticosterone produc-
tion and mild accumulation of abdominal fat [83]. HGPDH then
represents another possible target for intervention [84].

Interestingly, developmental difference has been detected
between preadipocytes and adipocytes in 11BHSD1 directionality;
11BHSD1 in undifferentiated human omental adipose stromal cells
exhibit primarily dehydrogenase activity opposed to mature
omental adipocytes, where reductase activity predominates. The
switch in 1T1BHSD1 activity occurs at early stage of differentiation
process [77], probably as a result of increase in H6PDH mRNA levels
[85].

EDs that inhibit 118HSD1 dehydrogenase activity in preadipo-
cytes are expected to increase local levels of active glucocorticoids,
which are known to suppress proliferation in favor of differentia-
tion preadipocytes to mature adipocytes [86,87]. That finding can
be crucial in pathogenesis of obesity [77].

Multiple studies suggested that the inhibitor of 113HSD1 is a
potential therapeutic target for metabolic syndrome, obesity and
type 2 diabetes treatment that acts by lowering intracellular levels
of glucocorticoids [7,8,76,88-92]. For instance, the triterpenoids
from Euphorbia kansui exhibit strong inhibitory activity against
human 113HSD1 that might be useful for therapeutic purposes to
prevent type 2 diabetes [56].

One of the environmentally accessible compounds is resvera-
trol (Table 2). It is present e.g., in grapes and wine, berries and
peanuts. It is a strong antioxidant and has a wide range of positive
effects on an organism. Recently, significant inhibition of 113HSD1
by resveratrol was observed in rat adipose microsomes, indicating
one of the mechanisms of its antiobesity action [51]. Antiobese
effects of resveratrol such as inhibiting preadipocyte differentia-
tion, decreasing adipocyte proliferation, inducing adipocyte
apoptosis, decreasing lipogenesis, and promoting lipolysis and
B-oxidation of fatty acids was observed previously as well as
recently [93-96]; improved steroidogenesis in Leydig cells in obese
mice treated by resveratrol was also detected [97].

Studies with carbenoxolone, a synthetic 11BHSD inhibitor,
showed increased insulin sensitivity and decreased glucose
production in healthy men [98]. Furthermore, a reduced glucose
production rate due to reduced glycogenolysis was observed. On
the other hand, carbenoxolone as nonselective 11BHSD inhibitor
increases intrarenal cortisol concentration by 113HSD2 inhibition.
Decreased activity of 113HSD2 then leads to long-term side effects,
including arterial hypertension [99]. The selective 11BHSD1
inhibitor should be clinically more useful. A promising 11BHSD1
inhibitor may also be able to better inhibit 113-reductase activity
than the opposite 11B-oxidase direction (for the review read
[100]). There are also problems with the poor bioavailability in
adipose tissue since inhibitors are highly distributed into the liver
[101].

The well known endocrine disruptor bisphenol A (BPA)
significantly inhibits human and rat 113HSD1 activities in vitro
with IC50s of 14.81puM for human and 19.39uM for rat,
respectively [58] (see Table 2), but this mechanism of action in
vivo due to pharmacological doses of the compound can be
excluded. However, BPA can act through other mechanisms in
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Table 3
Inhibitors of 11BHSD2.
Testing system 1C50 (M) Reference
Natural compounds
Glycyrrhetinic acid CHO cells (transfected with human HSD11B2) microsomes 0.01 [60]
Lysates of HEK 293 cells (transfected with human HSD11B2) 0.03 [55]
Lysates of HEK 293 cells (transfected with human HSD11B2) 04 [61]
Intact HEK 293 cells (transfected with human HSD11B2) 1.01 [61]
Curcumin Rat kidney microsomes 11.92 [52]
Human kidney microsomes 14.56 [52]
(1E,4E)-1,5-Bis(3-methylthiophen-2-yl)penta-1,4-dien-3-one Human kidney microsomes 19.58 [52]
Abietic acid Lysates of HEK 293 cells (transfected with human HSD11B2) 12 [55]
Zearalenone Lysates of HEK 293 cells (transfected with human HSD11B2) 107 [55]
Fusidic acid Lysates of HEK 293 cells (transfected with human HSD11B2) 134 [55]
Euphane-33,20-dihydroxy-24-ene HEK 293 cells (transfected with human HSD11B2) microsomes 818 [56]
Kansuinone HEK 293 cells (transfected with human HSD11B2) microsomes 263 [56]
Euphol HEK 293 cells (transfected with human HSD11B2) microsomes 0.4 [56]
Kansenone HEK 293 cells (transfected with human HSD11B2) microsomes 0.11 [56]
(24R)-Eupha-8,25-diene-3[3,24-diol HEK 293 cells (transfected with human HSD11B2) microsomes 1.69 [56]
(20R,23E)-Eupha-8,23-diene-33,25-diol HEK 293 cells (transfected with human HSD11B2) microsomes 0.67 [56]
Environmental and industry chemicals
Carbenoxolone CHO cells (transfected with human HSD11B2) microsomes 0.02 [60]
Endosulfan Lysates of HEK 293 cells (transfected with human HSD11B2) 61 [55]
BPA Lysates of HEK 293 cells (transfected with human HSD11B2) 50 [55]
Disulfiram Lysates of HEK 293 cells (transfected with human HSD11B2) 013 [62]
Thiram Lysates of HEK 293 cells (transfected with human HSD11B2) 013 [62]
Diethyldithiocarbamate (DEDTC) Lysates of HEK 293 cells (transfected with human HSD11B2) 1.7 [62]
Lysates of HEK 293 cells (transfected with human HSD11B2) 6.3 [55]
Pyrrolidine dithiocarbamate (PDTC) Lysates of HEK 293 cells (transfected with human HSD11B2) 6.3 [62]
Maneb Lysates of HEK 293 cells (transfected with human HSD11B2) 0.75 [62]
Zineb Lysates of HEK 293 cells (transfected with human HSD11B2) 31 [62]
Diphenyltin Lysates of HEK 293 cells (transfected with human HSD11B2) 1.42 [61]
Intact HEK 293 cells (transfected with human HSD11B2) 2.89 [61]
Triphenyltin Human kidney microsomes 33 [36]
Lysates of HEK 293 cells (transfected with human HSD11B2) 3.19 [61]
Intact HEK 293 cells (transfected with human HSD11B2) 0.99 [61]
Tributyltin Human kidney microsomes 16.5 [36]
Lysates of HEK 293 cells (transfected with human HSD11B2) 1.9 [61]
Intact HEK 293 cells (transfected with human HSD11B2) 1.52 [61]
Dibutyltin Lysates of HEK 293 cells (transfected with human HSD11B2) 1.95 [61]
Intact HEK 293 cells (transfected with human HSD11B2) 5.03 [61]
4-t-Octylphenol Human kidney microsomes 89 [36]
Lysates of HEK 293 cells (transfected with HSD11B2) 30 [55]
4-Nonylphenol Human kidney microsomes 203 [36]
Lysates of HEK 293 cells (transfected with HSD11B2) 79 [55]
4-n-Octylphenol Human kidney microsomes 235 [36]
4-n-Nonylphenol Human kidney microsomes 26.2 [36]
Dicyclohexyl phtalate Human kidney microsomes 46.5 [36]
Rat kidney microsomes 32.64 [63]
Dipropyl phthalate Rat kidney microsomes 85.59 [63]
Di-n-butyl phthlate Rat kidney microsomes 13.69 [63]
Mono(2-ethylhexyl)phthalate Rat kidney microsomes 121.8 [63]
Mono(2-ethylhexyl)phthalate Human kidney microsomes 110.8 [63]
Perfluorooctyl sulphonate Human kidney microsomes 0.05 [64]
Rat kidney microsomes 0.29 [64]
Perfluorooctanoic acid Human kidney microsomes 2441 [64]
Rat kidney microsomes 38 [64]
Perfluorohexanesulfonate Human kidney microsomes 18.97 [64]
Rat kidney microsomes 62.87 [64]
2-Bis(p-hydroxyphenyl)-1,1,1-trichloroethane Human placental microsomes 55.57 [59]
Rat kidney microsomes 12.96 [59]
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adipose tissue including an increase in the mRNA expression of
11BHSD1, peroxisome proliferator-activated receptor y (PPARy)
and lipoprotein lipase (LPL) in omental adipose tissue samples and
at visceral adipocytes. These results were observed even at the
lowest concentration tested (10nM) suggesting acceleration of
adipogenesis [102].

There can be various mechanisms of action of each ED that can
act in more than one way. This is the case of BPA that, besides
alterations in 113HSD activity and the activity of other enzymes, is
known to interact with estrogen receptors (ER) [103], estrogen-
related receptor y [104,105], androgen [106,107], thyroid [108],
glucocorticoid [109], PPARy [110,111] and pregnane X receptor
[112]. Signaling through non-classical ER was also reported [113].
Surprisingly, it is in this way that BPA induces human adipocyte
differentiation rather than through GR activation [114].

With its effects, BPA belongs to the special group of endocrine
disruptors that disrupt the balance of lipid metabolism and are
called obesogens. These chemicals promote obesity by increasing
the number of fat cells, up-regulating fat storage into existing fat
cells, changing the amount of calories burned at rest, shifting
energy balance to favor storage of calories or altering the
mechanisms through which the body regulates appetite and
satiety [115]. They have the potential to disrupt multiple metabolic
signaling pathways, including dysregulation of 11B3HSD1 [102,116].
However, the best documented mechanism of obesogen action is
PPARy activation, which is a key regulator of adipogenesis [115].

2.4. EDs and 11 BHSD activities in kidney

Renal 11BHSD2 is highly expressed in distal tubules and
collecting ducts as well as MRs [117]. Since MR is a non-selective
receptor, it can bind not only mineralocorticoid aldosterone but
also active glucocorticoids (cortisol in primates and corticosterone
in rodents). 11BHSD2 inactivates active glucocorticoids to their
inactive 11-oxo forms that cannot bind to the MR. This colocaliza-
tion in vivo therefore allows aldosterone to bind to MR [13].
Aldosterone stimulates sodium resorption, and potassium excre-
tion. A defective 113HSD2 gene results in AME syndrome that is
manifested by hypertension and hypokalemia. The same symp-
toms occur when 118HSD2 is inhibited. Licorice has long been
known to inhibit 1T1BHSD2 and induce AME like symptoms [118].
More 113HSD2 inhibitors with the potential to have similar effects
have been discovered to date (Table 3).

2.5. EDs and 11 BHSD activities in brain

We can find both isoforms of 11BHSD in the brain, but in
different regions and with different levels of expression. 113HSD2
was found to be expressed in the human amygdala, caudate
nucleus, cerebellum, corpus callosum, hippocampus, spinal cord,
and thalamus in concentrations that range from 10 to 100-fold
lower than those in the adrenal [119].

The role of 11BHSD2 in adult brain seems to be to centrally
control blood pressure and sodium appetite, apparently by a
mechanism protecting MR from glucocorticoids and leaving
available space for aldosterone. Unlike its limited expression in
the adult brain, this isozyme is highly expressed in the fetal brain,
where it is crucial for physiological maturation [120].

11BHSD1 is expressed in humans in the hypothalamus,
hippocampus, prefrontal cortex, and cerebellum [121,122] sug-
gesting that 11BHSD1 could be an important regulator of the HPA
axis [120]. A chronic increase in plasma corticosterone is
associated with cognitive decline and hippocampal atrophy in a
subgroup of aged rodents [123]. Furthermore, aged 11BHSD1
knockout mice learned as well as young mice and avoided
cognitive decline seen in most aged wild-type mice.

J. Vitku et al./Journal of Steroid Biochemistry & Molecular Biology xxx (2014) xxx-xxx

Intrahippocampal corticosterone was significantly reduced in
aged 11BHSD1 knockout mice in comparison to the wild type
[123]. Moreover, aged mice after treatment with a selective
11BHSD1 inhibitor (UE1961) that crosses the blood-brain-barrier
for 10 days improved spatial memory performance [124]. In
humans, four weeks of carbenoxolone administration (100 mg,
three times a day) improved verbal fluency in healthy elderly men
with no changes in plasma cortisol, suggesting that the 113HSD1
modulates HPA axis [121]. On the other hand, the genetic
background also plays an important role in HPA axi$ regulation
[125]. Thus, the selective inhibitor of 113HSD1 targeted to the
brain seems to be a potential therapeutic agent and deserves
further investigation.

ABT-384 as a potent selective 11BHSD1 inhibitor was recently
evaluated for inhibition of 11HSD1 in the central nervous system
(CNS) in healthy male volunteers. Partial CNS 113HSD1 inhibition
and fully hepatic inhibition of 113HSD1 was observed in 1 mg of
ABT-384 administration per day and full inhibition in doses greater
than 2 mg daily [10]. These results indicate that this inhibitor could
be beneficial in the treatment of diseases where there is the need to
decrease intracellular cortisol levels in CNS such as Alzheimer’s
disease or major depressive disorder.

2.6. EDs and 11 BHSD activities in placenta

The distribution of 11BHSD isozymes differs across placental
tissue, therefore the enzymes provide divergent amounts of
bioactive glucocorticoids in various cell types. 118HSD1 expression
in placenta was localized exclusively to intermediate trophoblast
and vascular endothelium where only weak expression was found
compared to chorion [126]. Its function in these tissues remains
unclear. Sun et al. hypothesize that 113HSD1 reductase activity in
vascular endothelium as well as in other blood vessels can
influence vascular tone [126,127].

Incontrast,113HSD2isstronglyexpressedinsyncytiotrophoblast,
the outler layer of a placenta that is the closest to maternal
compartment[60,128].Itiswidelyaccepted that 113HSD2 inplacenta
createsaprotective barrier to preventafetus againsta maternalactive
glucocorticoids [60,126,129,130]. Also differences between cortisol
levels in umbilical vein and umbilical artery showed that cortisol for
the most part does not pass the placenta (changes in corticoid levels
and levels of other steroids reviewed in [131]).

Studies on pregnant rats treated by carbenoxolone, the potent
nonselective inhibitor of 11BHSD activities showed decreased
birth weight of the offspring and elevated blood pressure as well as
hyperglycemia later in life [129,132,133]. In humans, birth weight is
also inversely associated with systolic blood pressure (e.g.,
[134-136]). Inhibition of placental 11BHSD2 in carbenoxolone
treated rats also resulted in downregulation of renal 113HSD2 and
hepatic 113HSD1 in adult offspring [129]. The arterial hyperten-
sion could be partly explained by the decreased 11BHSD2 activity
in kidney [137]. Furthermore, elevated basal hypothalamus-
pituitary-adrenal axis (HPA) activity and anxiety in aversive
situations have been reported if enzymatic disturbances in
foetoplacental barrier occurred [138].

In conclusion, studies on rats showed that placental 113HSD2 is
crucial for normal fetus development. In the case of prenatal stress or
inhibition of the placental 11BHSD2, the fetus is abundantly exposed
to maternal glucocorticoids resulting in the adverse consequences
such as fetal growth restriction, increased cardiovascular risk and
neuroendocrinology and anxiety disorders later in life.

3. Conclusion

EDs and therapeutically used inhibitors of 113HSD modulate
local glucocorticoid action. With respect to the very broad effects
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of glucocorticoids in different tissues they may possess adverse or
beneficial effects.

The inhibition of 11BHSD2 by EDs or other inhibitors leads to an
excessive quantity of glucocorticoids that makes mineralocorti-
coids impossible to bind to MR in mineralocorticoid tissue, causes
AME [12] and accelerates atherogenesis [139]. In glucocorticoid
target tissues as testis and placenta, it causes decreased testoster-
one levels in the testis [20] and fetal development disorders [140],
respectively.

On the other hand, selective inhibitors of 11BHSD1 are the
beneficial ones and can possess positive effects in various tissues
such as adipose tissue, the brain and may be good therapeutic
agents in the treatment of obesity, metabolic syndrome, Alz-
heimer’s disease or major depressive disorder. It is important to
develop inhibitors that are specific to 1T13HSD1 and specifically
inhibit their reductase activity with no effects on oxidase action.

Some of the 11BHSD1 inhibitors are available in diet, like
curcumin in spice turmeric, catechins from green tea or resveratrol
in grapes and wine, respectively (Table 2). Apart from 118HSD1
inhibition, they are known to act by a multiple mechanism in anti-
obese action (for review see [141]). Results from human studies are
inconsistent, but they could have favorable effects in obesity
prevention. Therefore, further clinical trials are needed to shed
light on this issue.

EDs can have multiple effects on an organism and it is better to
try to decrease its exposure, e.g., by replacing BPA-containing
containers with glass. Nowadays, it is impossible to avoid EDs in
our environment. Thus, there is the need to develop new sensitive
methods to unmask EDs and figure out how to protect ourselves
from them, especially during fetal development or other critical
windows of susceptibility.
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Dehydroepiandrosterone (DHEA) and its 7-oxo- and 7-hydroxy-metabolites occurring in the brain are
considered neurosteroids. Metabolism of the latter is catalysed by 11p-hydroxysteroid dehydrogenase
(11p-HSD) which also interconverts cortisol and cortisone. The concurrent metabolic reaction to DHEA
7-hydroxylation is the formation of 16u-hydroxy-DHEA. The LC-MS/MS method using triple stage
quadrupole-mass spectrometer was developed for simultaneous quantification of free DHEA,
7o-hydroxy-DHEA, 7p-hydroxy-DHEA, 7-oxo-DHEA, 16c-hydroxy-DHEA, cortisol and cortisone in
human plasma and cerebrospinal fluid (CSF). The method employs 500 uL of human plasma and
3000 pL of CSF extracted with diethyl ether and derivatized with 2-hydrazinopyridine. It has been
validated in terms of sensitivity, precision and recovery. In plasma, the following values were obtained:
limit of detection: 2-50 pg/mL; limit of quantification: 5-140 pg/mL; within-day precision 0.58-14.58%;
between-day precision: 1.24-13.89% and recovery: 85-113.2%). For CSF, the values of limit of detection:
2-28 pg/mL; limit of quantification: 6-94 pg/mL; within-day precision; 0.63-5.48%; between-day
precision: 0.88-14.59% and recovery: 85.1-109.4% were acquired. Medians and concentration ranges
of detected steroids in plasma and CSF are given in subjects with excluded normal pressure
hydrocephalus (n=37; 65-80 years). The method enables simultaneous quantification of steroids
important for the estimation of 11p-HSD activity in human plasma and CSF. It will be helpful in better
understanding various degenerative diseases development and progression.

2015 Elsevier Inc. All rights reserved.
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1. Introduction derivatives - 7a-OH-DHEA, 7B-OH-DHEA and 7-oxo-DHEA in var-
ious tissues, including the liver and brain [3-5].

Dehydroepiandrosterone (DHEA) is an important endogenous 70-OH-DHEA was first isolated and identified in 1959 by Okada

steroid with a broad range of biological effects. It is synthesized
in the adrenal cortex, gonads, brain and gastrointestinal tract and
is a precursor of androgens and estrogens. DHEA is, together with
its sulfated derivative, the most abundant circulating steroid in
young adult humans. The levels of DHEA decline considerably with
age and correlate with degenerative changes [1,2]. Significant por-
tion of circulating DHEA is further metabolized to its 7-oxygenated

Abbreviations: DHEA, dehydroepiandrosterone; 7x-OH-DHEA, 7a-hydroxy-
dehydroepiandrosterone;  7p-OH-DHEA, 7p-hydroxy-dehydroepiandrosterone;
160-OH-DHEA,  16a-hydroxy-dehydroepiandrosterone;  LC-MS/MS,  liquid
chromatography-tandem mass spectrometry; 11p-HSD, 11p-hydroxysteroid
dehydrogenase; CSF, cerebrospinal fluid; UPLC, ultra-high pressure liquid chro-
matography; MRM, multiple reaction monitoring.

* Corresponding author.
E-mail address: rhampl@endo.cz (R. Hampl).

http://dx.doi.org/10.1016/j.steroids.2015.01.019
0039-128X/@ 2015 Elsevier Inc. All rights reserved.

[6] and soon thereafter by Starka [7]. For a long time, 7-hydroxylat-
ed metabolites were considered physiologically inoperative. At the
turn of the millennium, however, a number of publications
appeared reporting antiglucocorticoid, immunomodulatory,
neuroprotective, antioxidant and antiapoptotic effects of
7-hydroxylated DHEA metabolites [1,8-13].

7-0x0-DHEA was isolated from body fluid as early as 1954 [14]
and later was established as a natural constituent of human plasma
and urine [1]. In the 1990s it was reported that endogenous 7-oxo-
metabolite of DHEA could act as an ergosteroid, enhancing the
activity of several enzymes that influence a thermogenic system
in rat liver [15,16]. Later also the neuroprotective and antigluco-
corticoid actions of 7-oxo-DHEA were discovered [1,17,18].

The abovementioned 7-oxygenated steroids are metabolized by
the enzyme 11B-hydroxysteroid dehydrogenase type 1
(11p-HSD1): 7a-OH-DHEA is a substrate for the 113-HSD1, which
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converts 7a-OH-DHEA into 7B-OH-DHEA via 7-oxo-DHEA and also
vice versa [19-21]. The 11-HSD1 is mainly localized in glucocor-
ticoid responsive tissues such as liver, brain, adipose tissue and
others, where the NADP(H)-dependent oxido-reduction of cortisol
to cortisone occurs, [19,21,22]. The modelling analyses indicated
that 7-oxo and 7-OH-DHEA occupy the same binding site in 11p-
HSD1 as cortisol and cortisone, respectively [23].

A concurrent metabolic reaction to 7-hydroxylation of DHEA is
hydroxylation at carbon 16, resulting in 16-hydroxylated steroids
[1]. 160-OH-DHEA was first detected in humans in the 1950s
[24], and only several reports concerning this steroid appeared
later [25-29]. 16a-Hydroxylation of DHEA occurs in liver, adrenal
cortex and also in several other tissues [30]. Increased levels of
160-OH-DHEA were recently associated with autoimmune
diseases and may counteract the beneficial effects of 7-oxo- and
7-hydroxylated-DHEA metabolites. The ratio of 16o-OH-, 7a-OH-,
7B-OH- and 7-oxo-DHEA in blood and various tissues may differ
in healthy subjects and patients with autoimmune diseases and
brain function disorders [29]. Recently, 16a-OH-DHEA was also
detected in the cerebrospinal fluid (CSF) [31]. It indirectly supports
the previous hypothesis of the role of 166-OH-DHEA in brain func-
tion disorders.

This work presents the development and validation of a sensi-
tive method, which involves liquid-liquid extraction, derivatiza-
tion with 2-hydrazinopyridine and LC-MS/MS, for simultaneous
quantification of DHEA, 7a-OH-DHEA, 7B-OH-DHEA, 7-oxo-DHEA,
160-OH-DHEA, cortisol and cortisone in human plasma and CSF.

2. Experimental
2.1. Chemicals and reagents

Cortisol, cortisone and dehydroepiandrosterone (DHEA) were
purchased form Koch-Light Laboratories LTD (Colnbrook, Great Bri-
tain), 7o-OH-DHEA, 7B-OH-DHEA, 7-oxo-DHEA, 160-OH-DHEA
and D3-DHEA were from Steraloids (Newport, USA). D4-Cortisol
was from CDN isotopes (Ponte-Claire, Canada). 2-hydrazinopy-
ridine, ammonium formate, methyl tert-butyl ether and
trifluoroacetic acid were from Sigma-Aldrich (St. Louis, USA).
LC-MS grade methanol, water and diethyl ether were from Merck
AG (Darmstadt, Germany). The physiological solution (0.9%
sodium chloride) was from B-Braun (Melsungen AG, Germany).
[1,2,6,7-3H]|Cortisol, specific radioactivity 3.04 TBq/mmol was
from Amersham Biosciences, Inc. (Amersham, UK).

Table 1

2.2. Preparation of stock solutions, calibration standards, and quality
control samples

Stock solutions of steroids and deuterated steroids were
prepared gravimetrically in methanol at the concentration of
1 mg/mL. Working standard solutions were prepared at 10 ng/mL
and 1 ng/mL by diluting the stock solutions with methanol. The
LC/MS standard solution was prepared by mixing appropriate
volumes of individual steroid working solution and methanol to
obtain a mixture containing 400 ng/mL cortisol, 80 ng/mL cortisone,
20 ng/mL DHEA, 3 ng/mL 70-OH-DHEA and 7p-OH-DHEA, 1 ng/mL
7-0x0-DHEA and 160-OH-DHEA for plasma samples. For the
CSF samples, the LC/MS standard solution contained 100 ng/mL cor-
tisol, 25 ng/mL cortisone, 2 ng/mL 70-OH-DHEA, 1 ng/mL DHEA,
7B-OH-DHEA, 7-oxo-DHEA and 16a-OH-DHEA. All stock standards
and LC/MS standards were stored at —20°C and allowed to
equilibrate at room temperature for at least 15 min before use.
An eight-points calibration curve was prepared for calibration.

The stock internal standard solutions contained D3-DHEA and
D4-cortisol (plasma: 10 ng/mL and 100 ng/mL, respectively; CSF:
both 10 ng/mL). All standard and internal standard solutions were
first pipetted into an empty tube and evaporated in a vacuum
evaporator to dryness.

The calibration curve samples, zero samples (only internal
standards added) and blank samples (no standards added) were
prepared in duplicate similarly for the plasma and CSF samples,
only by substituting plasma with charcoal-treated plasma and
CSF with physiological solution. Calibration ranges for individual
steroids are shown in Table 1. Quality control samples were pre-
pared in-house, using a pool plasma and CSF with appropriate vol-
umes of steroid stock solutions. Charcoal treated plasma was
prepared by an in-house method employing multistep adsorption
of steroids on charcoal. Absence of steroids was checked by spiking
of plasma with [*H]cortisol (10,000 dpm/mL) and measurement of
remaining radioactivity close to zero.

2.3. Samples

Samples were previously collected from 37 subjects (64—
85 years; 24 females and 13 males) tested for suspected normal
pressure hydrocephalus, in which, however, this diagnosis was
excluded on the basis of a combination of NMR imaging and lum-
bar drainage test [32]. Peripheral blood and CSF were collected in
the morning before lumbar drainage test. The surgeries were

The calibration ranges, correlation coefficients, limits of detection (LOD) and limits of quantification (LOQ), within-day and between-day coefficients of variability (CV) for

individual steroids in plasma and cerebrospinal fluid.

Analyte Calibration range (ng/mL) Correlation coefficient (R?) LOD (pg/mL) LOQ (pg/mL) Within-day CV (%) Between-day CV (%)
Plasma matrix

DHEA 0.156-20 0.9995 5 15 0.58-6.31 3.46-4.24
Cortisol 3.125-400 0.9998 50 140 0.55-3.92 4.19-9.31
Cortisone 0.625-80 0.999 4 13 1.67-6.00 1.32-8.07
79-OH-DHEA 0.023-3 0.9991 3 10 3.78-9.48 5.8-10.1
7p-OH-DHEA 0.023-3 0.9992 2 5 4.79-13.05 5.20-10.46
7-oxo-DHEA 0.008-1 0.9988 3 8 2.26-9.52 5.02-8.41
160-OH-DHEA 0.008-1 0.9989 2 5 10.09-14.85 1.24-13.89
Cerebrospinal fluid matrix

DHEA 0.008-1 0.9996 4 12 3.31-4.75 0.88-4.47
Cortisol 0.8-100 0.9994 28 94 0.81-2.38 3.09-5.05
Cortisone 0.2-25 0.999 9 30 0.85-4.44 4.74-9.5
79-OH-DHEA 0.016-2 0.9993 12 40 232-4.32 1.85-4.50
7B-OH-DHEA 0.008-1 0.9994 6 2.09-2.42 2.75-6.48
7-0x0-DHEA 0.008-1 0.9989 12 40 4.28-5.48 4.45-14.59
160-OH-DHEA 0.008-1 0.9989 5 16 0.63-3.42 1.82-7.99
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performed in Department of Neurosurgery of Central Military
Hospital in Prague.

Samples for the preparation of pooled plasma, charcoal-treated
plasma and pooled CSF were the excessive amounts obtained from
subjects investigated for the scientific purposed in the Institute of
Endocrinology and Department of Neurosurgery of Central Military
Hospital in Prague.

Samples were collected in plastic tubes, frozen and stored at
—79 °C. The protocol was approved by the Ethical Committee of
the Institute of Endocrinology. Informed and written consent with
the use of biological materials for research reasons was obtained
from all subjects participating to the project.

2.4. Optimization of extraction procedure, derivatization reaction and
LC-MS/MS analysis

Methyl tert-butyl ether and diethyl ether in various volumes
and extraction times were tested for the extraction. The diethyl
ether extraction showed higher signals and better shapes of indi-
vidual peaks. Various reaction volumes (50, 100 and 200 pL) and
reaction times (10, 15, 20, 30, 45 and 60 min) were tested to obtain
monoderivates with 2-hydrazinopyridine giving the highest inten-
sities of the signal.

For the liquid chromatography, various mobile phases with
and without formic acid (0.1%), mobile phase gradients, flow rates
and column oven temperatures were used. For selected
conditions, the best intensities and shapes of individual peaks
were reached.

Optimal conditions were used for sample preparation and LC-
MS/MS analysis.

2.5. Sample preparation

Plasma sample (500 pL) was spiked with 10 pL of stock internal
standard solution and diluted with 500 pL of the physiological
solution. Samples were extracted with 3 mL of diethyl ether to
obtain free (unconjugated) steroids; the water phase was frozen
in solid carbon dioxide and the organic phase was transferred into
a glass tube and the solvent was evaporated. Control samples of the
known concentration of individual analytes were processed in the
same way.

CSF sample (3000 pL) was spiked with 20 pL of stock internal
standard solution, diluted with 1000 pL of physiological solution
and then extracted with 4 mL of diethyl ether, the water phase
was frozen in solid carbon dioxide and the organic phase was
transferred into a glass tube, The organic phase was evaporated.
Control samples of the known concentration of individual analytes
were processed in the same way.

In the next step 100 pL of derivatization solution was added.
This solution was prepared freshly and contained 2-hydrazinopy-
ridine, methanol and trifluoroacetic acid (1 mg: 5mL: 1.63 L)
according to Higashi et al. [33]. The samples were mixed and incu-
bated for 15 min at 60°C. After incubation, the solvent was
evaporated under stream of nitrogen.

The dry residues were dissolved in 100 pL of 10 mM ammo-
nium formate solution in 50% methanol and mixed vigorously
to rinse the tube walls. The samples were than centrifuged
(2000g, 4 min, 22 °C). The whole amount of the solution was
transferred to the insert vials and 50 pL, corresponding to
250 uL of plasma and 1500 pL of CSF, respectively, were
injected into the UPLC.

2.6. LC-MS/MS conditions

LC-MS/MS was performed using an API 3200 (AB Sciex,
Concord, Canada) triple stage quadrupole-mass spectrometer with

electrospray ionization (ESI) connected to the UPLC Eksigent ultra-
LC 110 system (Redwood City, CA, USA). Chromatographic separa-
tion was carried out on Kinetex C18 2.6 pum (150 x 3.0 mm)
column (Phenomenex, Torrance, CA, USA) with a corresponding
security guard at the flow rate 0.55mL/min at 40°C for
plasma samples and at the flow rate 0.75 mL/min at 50 °C for CSF
samples.

Mobile phases consisted of water (solvent A) and methanol (sol-
vent B). The following gradient was employed (all steps linear):
0 min, 50:50 (A:B); 2min, 50:50; 6 min, 10:90; 7 min, 5:95;
8 min 505, 5:95; 9min, 50:50; 11 min, 50:50 and at 11 min
stop for plasma samples and 0 min, 50:50 (A:B); 2 min, 50:50;
4 min, 25:75; 7 min, 5:95; 8.5 min 5:95; 9 min, 50:50; 10 min,
50:50 and at 10 min stop for CSF samples. LC mobile phase was
diverted to waste till the 3rd minute and from the 9th minute of
the run.

The mass spectrometer was operating in the positive ESI mode
using multiple-reaction monitoring transitions (MRMs). The condi-
tions were as follows: curtain gas: 25 psi, ion spray voltage: 5.5 kV,
vaporizer temperature: 600 °C, ion source gas 1: 40 psi, ion source
gas 2: 60 psi, interface heater: on. Nitrogen was produced by a high
purity nitrogen generator (Peak Scientific instruments Ltd., model
NM20Z, Renfrewshire, Scotland) and employed as curtain, nebuliz-
er and collision gasses.

2.7. Quantification of the samples

The analytes were quantified by means of calibration curves
made on the basis of known concentrations in the mixtures of
analysed standards with constant level of internal standards. The
calibration curves were obtained by plotting the response factor (-
analyte areafinternal standard area) against the concentration of
the calibration standard. The values were corrected for procedural
losses according to yields of internal standards. For DHEA, 7¢-OH-
DHEA, 7p-OH-DHEA, 7-oxo-DHEA and 162-OH-DHEA D3-DHEA
was used as internal standard. Cortisol and cortisone were quanti-
fied using the D4-cortisol as internal standard.

2.8. Method performance characteristics

Calibration curves were obtained by linear regression analysis
using internal standardization. The data were fit to a linear least
square regression curve with a weighing index of 1/x. Calibration
ranges and correlation coefficients for individual steroids are
shown in Table 1. Peak area ratio between target analyte and its
internal standard was used for quantitation. The assay acceptance
criterion for each back-calculated standard concentration was 15%
deviation from the nominal value.

The limit of detection (LOD) and limit of quantification (LOQ)
were defined according to Taverniers [34] as the concentrations
at which the signal-to-noise ratio (S/N) was 3 and 10, respectively.
They were determined by repetitive analyses (n = 6) of the lowest
quality control samples independent of the calibration curve,
which were stepwise diluted so that the S/N was around 10 and
3. The analyte response was compared to the zero sample
response.

For the precision study, the concentrations of each analyte
was determined six times during the same day (within-day pre-
cision) and six times on different days (between-day precision).
The precision was expressed as relative standard deviation
(RSD).

For the plasma samples, the recovery of the analytes was deter-
mined by spiking pooled plasma (n = 5) with three concentrations
according to the physiological value of individual analytes. The
method employing CSF, the recovery of the analytes was deter-
mined by spiking pooled CSF samples with two concentrations
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Table 2

Mass spectrometric settings: precursor, quantification and confirmation ions, declustering potentials (DP), entrance potentials (EP), collision entrance potentials (CEP), collision
energies (CE) and collision cell exit potentials (CXP) for measured analytes and deuterated internal standards and retention times (RT) of detected steroids in plasma and CSF.

Analyte Precursor ion  Quantification ion  Confirmation ion DP (V) EP(V) CEP(V) CE(V) CXP (V) Plasma RT (min)  CSF RT (min)
DHEA 380 159 131 66 5 20 43 (53) 4 742 6.14
Cortisol 454 120 121 81 85 20 73 (53) 4 6.53 5.16
Cortisone 452 121 120 71 6.5 22 51(51) 4 6.33 5.02
70-OH-DHEA 369 134 115 66 11 20 45(129) 4 6.42 5.07
7p-OH-DHEA 396 148 131 76 8 22 41 (45) 4 6.03 4.78
7-oxo-DHEA 394 131 107 71 8 18 51 (59) 4 6.11 4.86
160-OH-DHEA 396 378 128 56 7.5 20 29 (29) 32 (4) 6.58 531
D4-Cortisol 458 120 121 91 7 22 71 (55) 4 6.54 519
D3-DHEA 383 162 107 66 95 16 43 (47) 4 743 6.12
# Values for the confirmation ion are given in the parentheses.
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Fig. 1. Chromatograms of individual steroids in plasma sample. Transition details are presented in Table 2 and retention times (min) are indicated above the peak.

according to the physiological values of individual analytes. The
spiking by only two concentrations was proceeded because of
the limited amount of CSF matrix. The spiked samples were
processed in the same way as real samples. The recoveries for indi-
vidual analytes were calculated as [(concentration of the analyte in
spiked sample — concentration in non-spiked sample)/amounts of
added steroids] * 100 (%).

Matrix effect, which is the result of the ion suppression was
determined according to Annesley [35] by performing post-column
infusion. Visual inspection of the post-column perfusion transi-
tions revealed no evidence of any significant drop in MS/MS signal

during the retention times of measured steroids and deuterated
steroids.

Carry-over was determined by running a blank solvent after the
highest calibrator and by injecting a control sample of known con-
centration of analytes.

2.9. Data and statistical analysis
Analyst software version 1.6 (AB Sciex, Concord, Canada) was

employed for data acquisition, peak-area integration and quantita-
tion of unknown plasma and CSF samples. Calibration curves were
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derived in each analytical run. Validation data were calculated
using Microsoft Excel® 2013.

3. Results
3.1. Method performance characteristics

The precursor, quantification and confirmation ions of indi-
vidual steroids and other optimized values as well as the retention
times are summarized in Table 2. The representative chro-
matograms of individual steroids in plasma and cerebrospinal fluid
sample are shown in Figs. 1 and 2.

The linearity of the method expressed by the correlation coeffi-
cients is summarized in Table 1. The correlation coefficients were
0.9988 and higher. The LODs and LOQs of individual analytes are
summarized in Table 1. The within-day and between-day coeffi-
cients of variation (CV) are demonstrated in Table 1. The RSD was
in all steroids lower than 15%. The recoveries in plasma and CSF
samples are summarized in Table 3. The recoveries were in the
range of 85-113.2% and 85.1-112.6 in plasma and CSF, respective-
ly. In both matrices, no carry-over was detected.

3.2. Application to plasma and CSF samples

Medians and concentration ranges of individual free steroid
hormones in plasma and CSF in abovementioned subjects are
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summarized in Table 4. There were observed no significant differ-
ences between men and women except plasma 7a-OH-DHEA; see
e.g [1].

4. Discussion

Derivatization by 2-hydrazinopyridine has been described for
several steroids including DHEA, cortisol and cortisone [33,36],
but so far not for 70-OH-DHEA, 7p-OH-DHEA, 7-oxo-DHEA
and 160-OH-DHEA. These steroids are usually determined by
radioimmunoassays [37-40] and by gas-chromatography-mass
spectrometry [17,31,41-43]. The HPLC/MS determination for these
7-oxygenated steroids was published only for identification
purposes [19,44-46].

Our LC-MS/MS method enables rapid, complex and more
sensitive and precise determination of 7a-OH-DHEA, 73-OH-DHEA,
7-0x0-DHEA and 16x-OH-DHEA, when compared to the immuno-
analytical methods. Together with the determination of DHEA,
cortisol and cortisone it may serve for the complex evaluation of
the 118-HSD1 activity. Considering the detection limits of each
of determined steroid, using of 500 pL of plasma and 3000 pL of
CSF provide satisfactory accuracy, precision and recovery.

Derivatization of analytes is effective to improve the sensitivity
on LC-MS/MS and increase the detection response. Thanks to
derivatization it is possible to measure abovementioned analytes
in the pg/mL order of magnitude with triple stage quadrupole mass
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Fig. 2. Chromatograms of individual steroids in cerebrospinal fluid (CSF) sample. Transition details are presented in Table 2 and retention times (min) are indicated above the

peak.
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Table 3
Recovery from addition at three concentration levels in plasma.

Analyte Amount  Recovery in plasma (%) Amount Recovery
added to added to in CSF (%)
plasma CSF
matrix matrix
(ng/mL) (ng/mL)

Cortisol 8 95.8 2.67 103.6
40 92.5 10.67 96.1
120 91.0

Cortisone 1.6 95.8 0.67 87.1
8 106.5 2.67 78.4
24 110.1

DHEA 1.6 109.7 0.027 99.4
8 98.1 0.155 100.2
24 933

70-OH-DHEA  0.06 101.1 0.053 108.6
0.3 109.7 0.213 109.4
1.5 88.4

7p-OH-DHEA  0.06 106.1 0.027 96.5
0.3 111.6 0.155 93.8
1.5 85.0

7-0x0-DHEA 0.02 104.0 0.027 89.5
0.1 98.3 0.155 85.1
0.5 94.2

160-0OH- 0.02 102.5 0.027 112.6

DHEA 0.1 107.8 0.155 109.5
0.5 1132

Replicate: n=5 and at two concentration levels in cerebrospinal fluid (CSF), repli-
cate: n=5.

Table 4

Medians and concentration ranges of free steroids in plasma and cerebrospinal fluid
samples. LOD means limit of detection. The concentration of steroids are provided in
ng/mL.

Analyte Plasma Cerebrospinal fluid
Concentration Medians Concentration Medians
range range

DHEA 0.066-2.190 0.83 0.004-0.610 0.03

Cortisol 23.8-184.0 96.75 0.808-20.20 6.54

Cortisone 7.161-26.601 18.85 0.137-5.028 2.0

Cortisol/cortisone  2.72-9.02 5.06 1.15-10.31 29

74-OH-DHEA 0.058-0.380 0.138 0.016-0.315 0.06

7p-OH-DHEA 0.024-0.072 0.049 0.003-0.041 0.01

7-ox0-DHEA 0.009-0.052 0.017 Under LOD Under

LOD
160-OH-DHEA 0.027-0.068 0.051 0.005-0.027 0.006

detector. Without derivatization, more sophisticated LC-MS/MS
instruments would be necessary which are not easily accessible
for many research and healthcare laboratories. 500 pL of plasma
is routinely used amount for the majority of medical devices.
3000 pL of CSF is a large volume, but when investigating the neu-
rological diseases, CSF is easily accessible by performing the lum-
bar puncture or lumbar drainage, which is routinely carried out
in the neurosurgical departments.

The analysis of CSF has become a suitable method in the diagno-
sis and understanding of various neurodegenerative disorders. CSF
is in the close contact with the brain extracellular fluid and there-
fore can better reflect biological processes in the brain. Transport of
the analytes from blood to CSF may be disturbed by several disor-
ders and therefore might be CSF an excellent material in disease
diagnosis [47].

To the best our knowledge, this is the first attempt to determi-
nate free 7-oxo-DHEA in CSF at all, however the levels of this

metabolite in CSF were at the edge or under the detection limit
of our method (below 12 pg/mL). These results supported the
hypothesis, that 7-oxo-DHEA is only an intermediate involving
70-OH-DHEA and 7B-OH-DHEA interconversion [19]. The 11B-
HSD1 activity in CSF is shifted toward hydroxylated metabolites
of DHEA. This is also the first LC-MS/MS determination of free
70-OH-DHEA, 7B-OH-DHEA, 7-oxo-DHEA, 160-OH-DHEA in their
2-hydrazinopyridinated form.

When comparing our results in plasma and CSF samples with
the results of other authors, our data from LC-MS/MS analysis
are in a good agreement, especially for 7o-OH-DHEA, being very
close to the data of Kancheva et al. [31,48] and Kim et al. [49], how-
ever these results show lower values than corresponding data from
immunoassays [38]. It is also valid for DHEA, 7p-OH-DHEA and
plasma 7-oxo-DHEA [38,39]. The lower levels obtained by instru-
mental methods can be explained in general by cross-reactivities
and lower specificities of immunoanalytical methods. The levels
of plasma 160-OH-DHEA corresponded with both instrumental
and immunoanalytical methods [31,48,50]. Its CSF levels were
about three times higher when compared data from third ventricle
measured by GC-MS using the single quadrupole mass spec-
trometer [31,48]. Concerning cortisol and cortisone in plasma
and CSF, the levels were in a good agreement with one of the most
recent results of Sinclair et al. [51] and McWhinney et al. [52].

The determination of the above-mentioned free steroids in plas-
ma and CSF may help to understand of the origin of these steroids,
i.e. whether they are of peripheral origin or synthesized de novo in
the CNS. In general, our data are in agreement with the concept
that a part of steroids may be synthesized de novo in CNS from
the steroid precursors or directly transported from the periphery.
The CNS synthesis and transport from the periphery might be
complementary in some cases, i.e. brain synthesis might provide
minimum level of steroids, which are indispensable for the CNS
functions [31].

Our and other author’s results [31] indicate relatively close con-
centrations of free 7o-OH-DHEA in CSF and plasma. These results
demonstrated relatively uncomplicated transport of this steroid
between CSF and peripheral circulation and supported the concept
that 7o0-OH-DHEA may originate in the brain and also penetrate
from the periphery in the CNS. 7a-OH-DHEA is in CNS further con-
verted to 73-OH-DHEA via 7-oxo-DHEA in the CNS. Among free 7ot~
OH-DHEA, we found substantially lower levels of the CNS steroids
in comparison with the levels in circulation. Free cortisol and
cortisone levels in CSF were lower than in plasma, which is in
accordance with other author’s results [51]. 11BHSD1 is expressed
in humans in many brain areas [53] suggesting that 11pHSD1
could be an important regulator of the local (in situ) concentration
of biologically active hormone. With respect to its counterregulato-
ry potential to 7-oxygenated steroids, the determination of free
160-OH-DHEA in CSF may serve as additional marker of brain dis-
orders of autoimmune origin. As with the majority of determined
steroids, the levels of free 16a-OH-DHEA were also lower in CSF
compared to the levels in plasma.

5. Conclusion

The standardized sample preparation procedure, detection
limits, analysis time and the multi-analyte estimation make this
LC-MS/MS method suitable for the determination of free DHEA
and its 160-OH-, 70-OH-, 7B-OH- and 7-oxo-metablites. This com-
bination of these analytes together with free cortisol and cortisone
enables the estimation of 11B-HSD1 activity in plasma and CSF.
The simultaneous determination of the abovementioned free
steroids in plasma and CSF may be helpful for better understanding
of the development and progression of various neurodegenerative
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diseases including Alzheimer’s dementia and normal pressure
hydrocephalus.
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Bisphenol A (BPA) is a widely known endocrine disruptor with estrogenic, antiestrogenic or anti-
androgenic properties. BPA could interfere with estrogen metabolism as well with receptor-mediated
estrogen actions. Both environmental BPA and estrogens may be traced in body fluids, of which, besides
the blood plasma, the seminal fluid is of particular interest regarding their possible interactions in the
testis. The method for simultaneously determining BPA and estrogens is then needed, taking into account
that their concentrations in these body fluid may differ. Here the method was developed and validated
for measurements of BPA, estrone (E1), estradiol (E2) and estriol (E3) in blood plasma and seminal
plasma using liquid chromatography-tandem mass spectrometry. Due to the phenolic moiety of all
compounds, dansyl chloride derivatization could be used. The analytical criteria of the method with
respect to expected concentration of the analytes were satisfactory. The lower limits of quantifications
(LLOQ) amounted to 43.5, 4.0, 12.7, 6.7 pg/mL for plasma BPA, E1, E2 and E3, and 28.9, 4.9, 4.5, 3.4 pg/mL
for seminal BPA, E1, E2 and E3, respectively. The concentrations of individual steroids differed between
body fluids. To the best of our knowledge, this is the first method that enabled the measurement of
estrogens and BPA together in one run. The concentrations of E1, E2 and for the first time also of E3 in
seminal plasma in normospermic men are reported.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent decades, a large amount of chemicals has been intro-
duced to the environment by anthropogenic activities. Many of them
interfere with the endocrine system as so called endocrine disruptors
(EDs). Bisphenol A (BPA) is one of the known EDs, which is widely
used in polycarbonate and other plastics, epoxy resins, dental sea-
lants, consumer electronics or thermal receipts [1,2]. BPA exposure
has been associated with a variety of health complications including
obesity, type 2 diabetes, cardiovascular disease and reproductive
disorders [2,3]. Specifically in men, the relationship between BPA
levels and decreased semen quality, sperm DNA damage and changes
in reproductive hormones have been reported [4-7].
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tchlupacova@endo.cz (T. Chlupacova), Isosvorova@endo.cz (L. Sosvorova),
rhampl@endo.cz (R. Hampl), mhill@endo.cz (M. Hill),
jiri.heracek@Ifl.cuni.cz (J. Heracek), mbicikova@endo.cz (M. Bicikova),
Istarka@endo.cz (L. Starka).

http://dx.doi.org/10.1016/j.talanta.2015.03.013
0039-9140/© 2015 Elsevier B.V. All rights reserved.

Multiple studies reported the determination of unconjugated
BPA in serum/plasma (reviewed in [1,2]). However, a discussion has
been raised about potential external contamination with BPA and
method sensitivities. Therefore additional studies are needed to
accurately determine BPA exposure in the general population [3]. A
detailed evaluation of formerly published methods for measuring
BPA in serum/plasma was reviewed by Vom Saal and Welshons [1].
On the other hand, the knowledge about BPA in seminal plasma is
limited.

Research addressing the impact of BPA on steroidogenesis in men
used BPA measurements in urine [7-10]. The results indicate that
BPA can alter the steroid hormone pathway in men, although most
of the studies dealt with infertile men. Therefore, more data are
necessary to appraise the exact effects of BPA on steroidogenesis,
especially in fertile men [7].

BPA possess a weak estrogenic activity similarly to endogenous
estrogens, but it may also act as antiestrogen or antiandrogen
[3,11,12]. Taken together, BPA effects are very complex and wide-
ranging (for review see [3]). From a chemical point of view, estro-
gens and BPA possess phenolic moiety, therefore, it offers the
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possibility for dansyl chloride derivatization. In addition, no study
has reported the simultaneous determination of estrogens and BPA
together, which would be useful in discovering the effects of BPA on
estrogen metabolism.

The aim of the study was to develop with sufficient accuracy and
sensitivity the LC-MS/MS assay for the simultaneous determination of
unconjugated bisphenol A and estrogens (estrone, estradiol, estriol) in
human plasma and seminal plasma. Application of this method
allowed for the measurement of analytes in both matrices in 79 nor-
mospermic men. The LC-MS/MS assay was compared with the GC-MS
method to determine E2 as well as with radioimmunoassay (RIA).

2. Experimental
2.1. Reagents and materials

The steroids estrone (E1), 17p-estradiol (E2) and estriol (E3) and
deuterated standards of estrone (d4E1) and estriol (d2E3) were
purchased from Steraloids (Newport, RI, USA). Bisphenol A (BPA),
deuterated BPA (d16BPA) and deuterated E2 (d3E2) were obtained
from Sigma-Aldrich (St. Louis, MO, USA) as well as 99.9% tert-butyl
methyl ether (MTBE), acetone, sodium bicarbonate, sodium hydro-
xide and dansyl chloride. Methanol and water for chromatography
were purchased from Merck (Darmstadt, Germany). All solvents and
reagents were of HPLC grade.

2.2. Preparation of reagents

The sodium bicarbonate buffer (100 mM, pH 10.5) was pre-
pared by dissolving 0.42 g sodium bicarbonate in 50 mL of ultra-
pure water. The pH was adjusted to 10.5 with aqueous 1 M sodium
hydroxide.

Physiological solution was prepared by adding 4 g of sodium
chloride to 0.5 L of ultrapure water to give 0.9% solution.

2.3. Preparation of stock solutions, working standard solutions and
calibration mixtures

Stock (1 mg/mL) and working solutions (1 pg/mL) in methanol
were prepared for each compound and stored at — 20 °C. The cali-
bration mixture was prepared from the individual working solutions
in a concentration of 4 ng/mL for BPA and 1 ng/mL for estrogens. The
mixture of internal standards (IS) in methanol was prepared simi-
larly to give final concentrations of 100 ng/mL for d16BPA and
50 ng/mL for estrogens. Mixtures were stored at —20 °C. Eight point
calibration curves were constructed in the range of 0.008-1 ng/mL
for estrogens and 0.032-4 ng/mL for BPA for both matrices.

Table 1

2.4. Samples

Samples of plasma and seminal plasma were obtained from
patients attending the Center of Assisted Reproduction Pronatal
(Prague, CZ). Each patient underwent standardized ejaculate exam-
ination (spermiogram) according to the World Health Organization
(WHO) criteria. The group of 79 patients was specified by repro-
ductive age (35.8 + 4.7 years) with normospermic spermiogram. The
protocol was approved by the Ethical Committee of the Institute of
Endocrinology. Informed and written consent with the use of bio-
logical materials for research reasons was obtained from all subjects
participating to the project. All samples were stored at — 20 °C,

2.5. Extraction, derivatization and optimization

A sample of plasma (500 pL) or seminal plasma (1000 pL) was
spiked with 10 uL of IS mixture and diluted with 500 uL of physio-
logical solution. Samples were shaken and liquid-liquid extraction
(LLE) using MTBE (2 mL, 1 min) was performed. The organic phase
was transferred to clean glass tube and evaporated until dryness
using a vacuum concentrator (55 °C).

The derivatization step was performed according to Anari et al.
[13] with certain modifications. A volume of 50 puL of bicarbonate
buffer (100 mM, pH 10.5) and 50 uL of dansyl chloride in acetone
(1 mg/mL) was added to the dry residues and shortly vortexed. The
mixture was incubated at 60 °C for 5 min and then let cool down to
room temperature. Thereafter, the samples were evaporated to dry-
ness using vacuum concentrator (55 °C). The dry residues were
reconstituted with 300 pL of methanol and 50 uL of the solution was
transferred to the vial with a glass insert where 50 pL of the
ammonium formate in ultrapure water (10 mM) was pre-pipetted.
The volume of 50 pL of the sample was injected into LC-MS/MS for
analysis.

Different reagents for extraction were tested (MTBE vs diethyl
ether) and also various volumes of extraction agents were tried out
(1mlL, 2mL and 3 mL for both reagents). The best recovery was
obtained when 2 mL of MTBE was used.

2.6. Liquid chromatography

The ultra-high performance liquid chromatography (UHPLC)
Eksigent ultraLC 110 system (Redwood City, CA, USA) equipped
with a Kinetex €18 column (100 mm x 3.0 mm, 1.7 pm; Phenom-
enex, Torrance, CA, USA) and Security Guard ULTRA cartridge
system (UHPLC C18 for 3 mm ID column; Phenomenex, Torrance,
CA, USA) was used for the analysis. Column temperature was
maintained at 50 °C and separation was carried out at a flow rate
of 0.4 mL/min.

HPLC grade water (A) and methanol (B) were used as mobile
phases. A gradient elution started at 50% B (0-2 min); linearly
increased to 90% B (2-6 min), then to 95% B (6-7 min), maintained

Retention times, precursor ions, fragment ions and MS optimized conditions (declustering potential, DP; entrance potential, EP; collision entrance potential, CEP; collision

energy, CE; collision cell exit potential, CXP) for all analytes.

Analyte Retention time (min) Precursor ion Quantification ion Confirmation ion DP (V) EP (V) CEP (V) CE (V) CXP (V)
BPA 9.31 695.24 171.04 170.05 86 6.5 28 65 (65) 4
d16BPA 9.25 709.28 171.11 170.15 86 7.5 28 65 (65) 4
E1l 8.07 504.18 171.00 156.01 71 5 22 47 (75) 4
d4E1 8.06 508.23 171.09 156.07 71 5 24 49 (77) 4
E2 8.26 506.17 170.98 155.98 76 5 24 49 (75) 4
d3E2 8.24 509.24 171.09 156.09 76 5 22 49 (73) 4
E3 7.29 522.24 171.03 156.02 76 5 22 49 (79) 4
d2E3 7.28 524.27 171.10 156.10 71 8 24 47 (77) 4

? Values for the confirmation ion are given in the brackets.

111



64 J. Vitku et al. / Talanta 140 (2015) 62-67

at 95% B (7-8.8 min), dropped to 50% B (8.8-9 min) and stayed at
50% B from 9 min to 11 min. Retention times of the analytes are
given in Table 1.

2.7. Mass spectrometry

Detection of the analytes was performed on an API 3200 mass
spectrometer (AB Sciex, Concord, Canada) with electrospray ioni-
zation (ESI) probe operating in a positive mode. Ion source and
MS/MS conditions were optimized by infusion of 0.2 ug/mL of the
individual derivatized analytes to MS at 20 uL/min. The optimal
conditions were as follows: ion spray voltage of 5500V, tem-
perature of 600 °C, curtain gas of 25.0 psi (172.38 kPa), collision
gas of 4 psi (25.58 kPa), ion source gas 1 of 40.0 psi (275.79 kPa)
and ion source gas 2 of 60.0 psi (413.69 kPa). Jons were examined
in multiple reaction monitoring mode (MRM). Transitions with
optimized conditions for MS are listed in Table 1. Analyst
1.6 software was used for system control and data evaluation.

2.8. Validation

The analytical method was validated according to FDA Gui-
dance for Industry [14]. Validation parameters include (1) selec-
tivity, (2) precision, (3) recovery (analytical accuracy), (4) calibra-
tion curve, and (5) stability of the analytes in spiked samples.

Acceptable selectivity was defined as the absence of any detect-
able SRM LC-MS/MS ion currents at the retention time regions of
each analyte and its deuterated standards in blank plasma samples
(double blanks).

Accuracy, precision and recovery were determined by using
6 samples per concentration; four different concentrations were
assessed for plasma analytes and three different concentrations
were examined for seminal fluid analytes. Pooled plasma samples or
pooled seminal fluid containing IS were used as the first con-
centration. The spiked concentrations were as follows: 0.02, 0.1,
0.24 ng/mL for plasma estrogens (E1, E2, E3); 0.08, 0.40, 0.96 ng/mL
for plasma BPA; 0.04 and 0.2 for seminal fluid estrogens and 0.16
and 0.8 ng/mL for seminal fluid BPA. Samples were pretreated in the
same way as in Section 2.5.

Intra-assay precision (repeatability) and inter-assay precision
(intermediate precision) were assessed and the values are expressed
as relative standard deviation (RSD).

The recoveries for individual analytes were calculated as [(con-
centration of the analyte in spiked sample — concentration in non-
spiked sample)/amounts of added steroids] x 100 (%).

Lower limit of quantification (LLOQ) was defined as 10 x
standard deviation/slope of the calibration curve.

Freeze and thaw stability test, short-term temperature stability
test, long-term stability test, stock solution stability test and post-
preparative stability test were examined.

3. Results
3.1. Selectivity, precision and recovery

There were no detectable SRM LC-MS/MS currents at the
retention time regions of all analytes. A satisfactory assay accuracy
(analytical recovery) ranging from 92.3% to 104.0% for plasma and
95.0% to 103.8% for seminal fluid was obtained. Precision did not
exceed 15% of the RSD at all concentrations in both matrices. The
results are given in Tables 2 and 3 for plasma and seminal fluid,
respectively.

Table 2

Validation parameters for analytes in plasma.

Plasma Precision (%) Recovery (%)
Compound Added (ng/ml) [ntra-day Inter-day
BPA 0 11.55 8.8
0.08 1057 76 93.7
0.4 7.86 35 92.3
0.96 8.69 8.3 103.0
E2 0 823 22
0.02 8.7 0.5 97.7
0.1 592 51 103.2
0.24 6.05 5 98.1
E1 0 10.99 8.4
0.02 7.12 6 103.4
0.1 8.92 29 102.0
0.24 5.77 7 1033
E3 0 10.98 143
0.02 8.86 94 99.6
0.1 7.35 34 104.0
0.24 5.57 31 102.0
Table 3
Validation parameters for analytes in seminal fluid.
Seminal fluid Precision (%) Recovery (%)
Compound Added (ng/ml) Intra-day Inter-day
BPA 0 9.25 6.6
0.16 6.89 6.5 99.7
0.8 5.36 1.7 103.8
E2 0 13.96 3.2
0.04 8.82 33 96.1
0.2 5.61 6.6 98.6
E1 0 12.21 1.1
0.04 8.02 5.6 95
0.2 4.27 29 96.7
E3 0 12.46 6.9
0.04 5.27 6.2 100.7
02 4.14 24 99.8

3.2. Calibration curve and matrix effect

Charcoal-treated plasma was used as blank matrix for plasma
estrogens calibration curve. The plasma contained a small amount of
BPA, apparently during the manufacturing process, therefore it could
not be used for preparation of the calibration curves for BPA in
plasma. Hence, we examined five sets of calibration curves con-
taining IS in charcoal-treated plasma and five sets of calibrations in
physiological solution similarly as Higashi et al. [15]. The regression
lines were constructed with 1/x weighting and reached good line-
arity (r=0.9991) and acceptable reproducibility [0.567 + 0.0645
(mean + SD) and 11.39% (RSD)]. Slopes of the lines obtained from
physiological solution did not significantly differ from slopes from
standard-added plasma.

Similarly, we compared the slopes of calibration curves pre-
pared in physiological solution and pooled seminal plasma due to
the impossibility to produce or buy the seminal plasma stripped of
steroids and BPA. BPA calibration prepared in a physiological
solution showed good linearity (r=>0.9990] and reproducibility
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[1.2040 + 0.0585 (mean + SD) and 4.9% (RSD)]. Slopes showed no
significant difference and we therefore concluded that plasma
and seminal plasma matrix have no significant impact on BPA
determination.

Calibration curves for estrogens constructed in a physiological
solution exhibited good linearity with satisfactory correlation coef-
ficients (r> 0.9991 for each estrogen) and reproducibility of slopes
[2.19 + 0.1511 (mean + SD) and 6.9% (RSD) for E2; 2.15 + 0.1196 and
5.6% for E1; 2.01 + 0.18 and 8.8% for E3]. Slopes of calibration curves
were compared in the same manner as BPA with slopes of calibra-
tion curves constructed in pooled seminal plasma. There was no
significant difference observed for any estrogen. Therefore, seminal
plasma did not display any matrix effect for estrogen determination.

Calibration ranges and LLOQs for each steroid are provided in
Table 4.

3.3. Stability tests

3.3.1. Freeze and thaw stability test

We evaluated the stability of the samples after three freeze and
thaw cycles. Three aliquots of each of the low (0.05 ng/mL and
0.2 ng for estrogens and BPA, respectively) and high (0.6 ng/mL
and 2.4 ng/mL for estrogens and BPA, respectively) concentrations
of plasma were used. Due to the limited amount of seminal fluid,
we used two aliquots of low concentration (0.125 ng/mL for BPA,
0.005 ng/mL for E1, 0.007 ng/mL for E2 and 0.03 for E3) and two
aliquots of high concentration (1.26 ng/mL for BPA, 0.285 ng/mL
for E1, 0.287 ng/mL for E2 and 0.31 ng/mL for E3). After perform-
ing the tests, there were no statistical differences between analyte
concentrations in these groups.

3.3.2. Short-term temperature stability

We evaluated short-term temperature test with the same set of
sample concentrations as in freeze and thaw stability test. After
19 h in laboratory temperature, the samples were analyzed and
compared with samples, which were immediately processed after
thawing. We did not observe any statistical differences between
analyte concentrations in these groups.

Table 4
Calibration ranges and lower limits of quantifications of all analytes in plasma and
seminal fluid.

Analyte Calibration range Seminal fluid LLOQ Plasma LLOQ
(ng/ml) (pg/ml) (pg/ml)
BPA 0.032-4 289 435
E2 0.008-1 4.9 4.0
E1 0.008-1 4.5 12.7
E3 0.008-1 34 6.7
y = 1.037x - 0.0042
r=0.93
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3.3.3. Long-term stability testing

Charcoal treated plasma with two different concentrations added
(0.2 and 2.4 ng/mL for BPA and 0.05 and 0.8 ng/mL for estrogens,
respectively) was prepared at the beginning of the validation tests
and aliquoted. These samples were used in duplicates through all
validation experiments and also for measuring plasma samples from
normospermic men. Peak intensities of the samples were monitored
continuously. Concentrations of the samples were compared with
the appropriate concentrations from the first day of testing. The
values in each concentration did not differ significantly.

Similar results were observed for seminal fluid samples. Pooled
seminal fluid was used as the low concentration (0.125 ng/mL for
BPA, 0.005 ng/mL for E1, 0.007 ng/mL for E2 and 0.03 ng/mL for
E3) and the pooled seminal fluid with the addition of appropriate
standards was used as the high concentration (2.4 ng/mL for BPA,
0.57 ng/mL for E1 and E2, 0.60 ng/mL for E3).

3.3.4. Stock solution stability

The stability of stock solutions of analytes and deuterated stan-
dards was evaluated after 15 h at room temperature. Two calibration
curves were prepared using the stock solution left in a room tem-
perature for the relevant period and subsequently compared by two
calibration curves constructed from freshly prepared solutions. The
instrument responses remained unchanged.

3.3.5. Post-preparative stability

The stability of samples was assessed after 24 h of remaining in
the autosampler. The test showed that instrument responses of the
samples remain unchanged at least for 1 day.

3.4. Comparison of the method with gas chromatography-mass
spectrometry (GC-MS) method and radioimmunoassay (RIA)

We compared E2 in 20 plasma samples measured by the present
method and the published GC-MS method [16]. In addition, plasma
E2 was compared with the commercial RIA kit from Cisbio Bioassays.
Both reference methods showed strong correlations with the pre-
sent method (r=0.93 and r=0.90 for GC-MS and RIA respectively).
Regression showed the equations y=1.04x —0.004 and y=0.2x+
0.004 for comparison with GC-MS and RIA, respectively. Plots of
fitted models are shown in Fig. 1. The slope of the second regression
analyzes indicated considerable overestimation by RIA.

3.5. Determination of estrogens and BPA in plasma and seminal fluid
in normospermic men

Plasma BPA, E2, E1 and E3 were detected in 73%, 90%, 100% and
82% samples, respectively. Seminal BPA, E2, E1 and E3 were detected

y=0.202x + 0.0041

r=0.90
0.20 |- .
__ 016
-
E
g o012
w
=
w
2 008
Q
-
0.04
A
oy %, L L L L
0 0.2 04 0.6 0.8 1
RIA (ng/mL)

Fig. 1. Simple regression for E2. GC-MS and RIA, respectively, were selected as reference methods (x) and LC-MS/MS as a test method (y).
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in 87%, 72%, 85% and 99% samples, respectively. Concentration ran-
ges of each analytes and medians of measured samples in both fluids
are given in Table 5. Examples of chromatograms obtained from the
samples are shown in Fig.2.

All steps in protocol were performed using glass equipment e.g.
Pasteur pipettes, glass syringes and glass tubes and controlled for
contamination. Collection tubes were the only plastic that the
blood came into contact with. The dwell time at collection tubes
was reduced to the minimum. Nevertheless, we tested whether it
could lead to contamination. Plasma collection tubes with K2ZEDTA
did not display BPA contamination. Surprisingly, collection tubes
for serum appeared to be a significant source of BPA. We could
hypothesize that this is a consequence of BPA leakage from the
separator gel. We therefore used collection tubes with K2EDTA.
Total BPA contamination was below the limit of detection.

4. Discussion

Sex steroids (androgens and estrogens) are not only synthe-
sized in the testis, but also act there through their receptors in
both testicular cell types [17]. In the seminal fluid, in concert with
its other constituents, they participate in maintainance of a unique
milieu for protection and maturation of germ cells. The composi-
tion of testicular fluid may differ considerably from that of blood
plasma and it is valid as well for steroids [18,19].

In this paper we attempted to determine and compare the con-
centrations major estrogens together with BPA in both body fluids.
Our results of E2 in blood plasma are in accordance with those of
other authors in normospermic men [20-22]. In this case, the results
from immunoassays are comparable with instrumental methods. Few
studies have determined E2 in seminal fluid in normospermic men
[20,21,23-25] (for review see [18,19]). Seminal E2 concentrations

Table 5
Concentration ranges of each analyte and medians of measured samples (n=79) in
both fluids.

Analyte Plasma Seminal fluid

Concentration range Median Concentration range Median

(ngfml) (ng/ml) (ng/ml) (ng/ml)
BPA < LLOQ-7.23 0.093 <LLOQ-10.9 0.085
E2 < LLOQ-0.073 0.022 <1LOQ-0.258 0.005
El < LLOQ-0.065 0.025 < LLOQ-0.063 0.006
E3 < LL0Q-0.298 0,018 < LLOQ-0.360 0.043
8.07 2
100 100 826
E1 E2
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were substantially higher than concentrations in blood plasma when
using competitive immunoassays [20,21,23,26]. It was concluded that
immunoassays are suitable for blood plasma determinations of E2,
but are not applicable for seminal plasma E2 determination without
more selective chromatographic separation [24].

When comparing our results to chromatographic determina-
tions, the results are more similar [24,25]. None of these authors,
however, measured simultaneously plasma levels of E2, therefore
it was not possible to correlate concentrations of E2 in both bio-
logical fluids.

E1 is a biologically less active estrogen with the concentration
range in plasma/serum of 9-60 pg/mL [22,27-29]. The role of E1 in
men is unclear. Of interest may be the recent finding of Jasuja et al.
with a cohort of 1458 men that plasma E1 was associated with
diabetes risk [29]. Here we reported a median of 25 pg/mL in
blood plasma. To our knowledge, only three studies measured E1
in seminal fluid. The reported mean concentration in normos-
permic men amounted as much as 150-178 pg/mL [24,2G] in
comparison to only 5 pg/mL found by us. Our data are almost 30
times less than results published in the 80s probably due to the
instrumentation at the time.

E3 is the third, weakest bioactive estrogen. Mean concentrations
in blood plasma in healthy men were reported between 19.1 [30]
and 36.8 pg/mL [31], which is in accordance with our findings. To
our knowledge, until now, nobody has measured E3 in the seminal
fluid. The nearly twice higher concentration of E3 in seminal fluid
than in blood plasma (74 pg/mL in seminal fluid vs 38.4 pg/mL in
plasma) could be a result either of more intensive metabolic
degradation of E1 in the testes or in seminal fluid, or of easier
transport of E3 to seminal fluid.

Many studies reported serum/plasma levels of BPA in men
([32-37]; for review see [2,38]). The determination of BPA in body
fluids is more problematic in comparison with measurements of
steroids due to the possible BPA contamination of samples during
collection, handling and storage. It is necessary to check if BPA is
leaking from the laboratory equipment. In our study, we evaluated
potential contamination of the sample during the entire process
and concluded that the total BPA contamination is below the limit
of detection. Therefore, our method provides sensitive and accu-
rate measurements.

Previously, three methods determined BPA in semen with incon-
sistent results [33,39,40]. Inoue et al. developed the instrumental
method to quantify BPA in human semen without a derivatization
step, that is why the LOD was relatively high — 100 pg/mL and LOQ
500 pg/mL [39]. The authors compared their method with the ELISA
method and concluded that the ELISA results may give inaccurate

7.29 9.31
100 100
E3 BPA
100% = 1.1e? 100% = 2.5¢°
50 50
0 0 _A_AAMMAMM
7.0 95 7.0 95

Time, min Time, min

Fig. 2. Chromatograms of estrogens in plasma and BPA in seminal fluid. The measured concentrations were as follows: E1 - 0.148 ng/ml; E2 - 0.056 ng/ml; E3 - 0.149 ng/ml;

BPA - 0.0723 ng/ml.
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results due to the matrix effect and insufficient specificity of anti-BPA
antibody [33,39,41]. Other authors also measured BPA in seminal
plasma, but all of their samples were surprisingly below LOD
(1 pg/mL) [40]. The third study concerned BPA levels in follicular and
seminal fluids by RIA in 28 randomly selected couples attending in
vitro fertilization. The concentration range of BPA in semen varied
from 80 pg/mL to 1 ng/mL [33].

Our method with LLOQ 289 pg/mL enabled us to measure
unconjugated BPA in seminal fluid in 87% of samples. Median of BPA
concentration in seminal fluid is similar with the concentrations of
BPA in human plasma (see Table 5), which indicates that the
transmission from blood through blood-testis barrier to seminal
plasma occurs. Nevertheless, plasma and seminal fluid concentra-
tions of BPA did not correlate with each other, which emphasized
that seminal plasma and testis represent quite a different milieu. It
points to importance of simultaneous determination of BPA as an ED
and steroids in semen. Furthermore, a trend of increasing seminal E2
and E1 levels as well as plasma E2 levels towards the highest BPA
quartile was observed (data not shown).

5. Conclusion

To the best of our knowledge, this is the first method that
allows estrogens and BPA to be measured together in one run. The
concentrations of E1, E2 and for the first time also of E3 in seminal
plasma are reported. The method will be beneficial for the mon-
itoring of estrogen metabolism within the context of BPA exposure
in men and their fertility status. The method enables highly sen-
sitive BPA and estrogens to be determined and the examination
disruption of estrogen metabolic pathways by BPA not only in the
circulation but also directly in testes.
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Summary

The general population is potentially exposed to many chemicals
that can affect the endocrine system. These substances are
called endocrine disruptors (EDs), and among them bisphenol A
(BPA) is one of the most widely used and well studied.
Nonetheless, there are stil no data on simultaneous
measurements of various EDs along with steroids directly in the
fluid, effects of EDs on
spermatogenesis and steroidogenesis are assumed. We
determined levels of BPA and 3 estrogens using LC-MS/MS in the

plasma and seminal plasma of 174 men with different degrees of

seminal where  deleterious

infertility. These men were divided according their spermiogram
values into 4 groups: (1) healthy men, and (2) slightly, (3)
moderate, and (4) severely infertile men. Estradiol levels differed
across the groups and body fluids. Slightly infertile men have
significantly higher BPA plasma and seminal plasma levels in
comparison with healthy men (p<0.05 and p<0.01, respectively).
Furthermore, seminal BPA, but not plasma BPA, was negatively
associated with sperm concentration and total sperm count
(-0.27; p<0.001 and -0.24, p<0.01,
findings point to the importance of seminal plasma in BPA
research. Overall, a disruption of estrogen metabolism was
observed together with a weak but significant impact of BPA on

respectively). These

sperm count and concentration.

Key words
Bisphenol A e Estrone e Estradiol « Estriol ¢ Seminal fluid/plasma
¢ Blood plasma e Infertile men ¢ LC-MS
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Introduction
Bisphenol A (BPA) is a long- and well-known

(ED), that still
a considerable amount of attention from the scientific

endocrine  disruptor receives
community as well as the general public, mainly because
of its ubiquity in our environment and uncertainties about
its effects on humans. For the most part, BPA enters the
body by the ingestion of contaminated food or beverages.
It leaks from polycarbonate plastics, which are used to
line food and drink containers such as bottles and cans.
Further minor ways of penetrating into the body are
through the skin (e.g. contact with thermal receipts)
(Ehrlich et al. 2014, Liao and Kannan 2011) or inhalation
(e.g. cigarette smoke or dust) (Braun ef al. 2011, He et al.
2009, Inoue et al. 2006, Rudel ef al. 2003). There is still
an ongoing debate whether environmental levels of BPA
are harmful for the population or not.

BPA is a weak estrogen when considering its
binding activities to the estrogen receptor (ER)
(Welshons ef al. 2003). On the other hand, it can act with
the same potency as endogenous estradiol (E2) on the
non-classical membrane estrogen receptor (Alonso-
Magdalena ef al. 2012, Quesada ef al. 2002, Wozniak et
al. 2005). Its mode of action, however, is much more
complex. It may act through other nuclear receptors
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including the estrogen related receptor (Delfosse et al.
2014, Okada et al. 2008), androgen receptor (Lee ef al.
2003, Teng et al. 2013), thyroid receptor (Moriyama et
al. 2002), glucocorticoid receptor (Sargis et al. 2010),
peroxisome proliferator activated receptor y (PPARY)
(Pereira-Fernandes et al. 2013, Wang et al. 2010) and
pregnane X receptor (Sui ef al. 2012). An interaction of
BPA with the expression and activity of steroidogenic
enzymes has also been reported (Cannon et al. 2000,
Gilibili et al. 2014, Hanioka et al. 1998, Ye ef al. 2014,
Ye et al 2011, Zhang et al. 2011). Moreover, BPA exerts
a non-monotonic dose response at low physiologically-
relevant concentrations, with tissue-specific effects (for
review see Wetherill et al. 2007).

Endogenous estrogens are thought to have an
important role in the testis, because estrogen biosynthesis
occurs in the testicular cells and the absence of ERs
causes adverse effects on spermatogenesis as well as
steroidogenesis (Akingbemi 2005). Physiological levels
of E2 are essential for normal spermatogenesis; in
contrast, a surplus of estrogens (together with a lack of
testosterone) occurs in infertility (Pavlovich e al. 2001).
The impact of BPA on male reproductive function is of
particular interest due to its estrogenic and antiandrogenic
activities, which could have potentially deleterious effects
on spermatogenesis (reviewed in Hampl ef al. 2013a,b).

Recently, our group developed a sensitive and
accurate method for the simultaneous measurement of
estrogens (estrone, estradiol and estriol) and BPA in
human plasma and seminal fluid (Vitku er al. 2015).
Reported levels of estrogens and BPA wvary in these
biological fluids in normospermic men, underlining the
fact that seminal fluid is a unique environment where the
effects of BPA may be expressed directly in the testis. In
this study, we aimed to investigate BPA and estrogen
concentrations in the plasma and seminal fluid in men
with different degrees of infertility, and evaluate the
potential effects of BPA on the estrogen metabolism and
sperm quality.

Materials and Methods

Chemicals and reagents

Reference standards of estrone (El), 17p-
estradiol (E2) and estriol (E3) and deuterated standards of
estrone (d4E1) and estriol (d2E3) were purchased from
Steraloids (Newport, RI, USA). Bisphenol A (BPA),
deuterated BPA (d16BPA) and deuterated E2 (d3E2)
were obtained from Sigma-Aldrich (St. Louis, MO, USA)

as were 99.9 % tert-butyl methyl ether (MTBE), acetone,
sodium bicarbonate, sodium hydroxide and dansyl
chloride. Methanol and water for chromatography were
purchased from Merck (Darmstadt, Germany). All

solvents and reagents were of HPLC grade.

Study population and sample collection

Samples of plasma and seminal plasma were
obtained from patients attending the Centre of Assisted
(Prague, CZ). Each patient
underwent a ejaculate  examination
(spermiogram) according to the World Health
Organization (WHQ) 2010 criteria. In a previous study
(Vitku et al. 2015), we dealt with the problem of ensuring

Reproduction Pronatal
standardized

that sampling equipment is not contaminated with BPA.
Following the procedures detailed in that study, all steps
in sample collection and processing were carried out
using BPA-free glass equipment and stored in glass tubes
in =20 °C until analysis. Plasma and seminal plasma
samples were obtained from 174 men with different
degrees of infertility. The mean age of the men was
35.97+5.64 years and BMI 27.3243.65. Men were
divided into four groups according to spermiogram
values. The first group included normospermic men
with a normal
asthenospermic and oligoasthenospermic
included in the second group (n=56); teratospermic,

spermiogram (n=84); oligospermic,

men were

oligoasthenoteratospermic and oligoteratospermic men
were placed in the third group (n=20); and the fourth
group consisted of azoospermic men (n=14). We termed
these groups: (1) healthy men, and (2) slightly, (3)
moderately and (4) severely infertile men.

The study was performed in accordance with the
Declaration of Helsinki (2000) of the World Medical
Association. The protocol was approved by the Ethical
Committee of the Institute of Endocrinology. Informed
and written consent with the use of biological materials
for research reasons was obtained from all subjects
participating in the project.

Determination of estrogens and BPA

We analyzed unconjugated forms of E1, E2, E3
and BPA in plasma and seminal plasma by a newly
developed isotope dilution ultra high performance liquid
chromatography — mass spectrometry method (Vitku et
al. 2015). A Kinetex C18 column (100 x 3.0 mm, 1.7 um;
Phenomenex, Torrance, CA, USA) and Security Guard
ULTRA cartridge system (UHPLC CI8 for 3 mm ID
column; Phenomenex, Torrance, CA, USA) was used for
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the analysis. An Eksigent ultraLC 110 liquid
chromatograph system (Redwood City, CA, USA) was
coupled to an API 3200 mass spectrometer (AB Sciex,
Concord, Canada) with an electrospray ionization (ESI)
probe operating in positive mode.

Detailed information about the analysis procedure
and validation are provided elsewhere (Vitku ef al. 2015).
Briefly, 500 pl of plasma or 1000 pl of seminal fluid was
diluted by 500 ul of physiological solution (0.9 % sodium
chloride) and samples were vortexed. Consequently,
extraction with 2ml of 99.9% tert-butyl methyl ether
(MTBE) for one minute was performed. The organic phase
was evaporated until dryness using a vacuum concentrator
(55 °C). Further, aderivatization step was carried out: a
volume of 50 pul of sodium bicarbonate buffer (100 mM, pH
10.5) and 50 pl of dansyl chloride in acetone (1 mg/ml) were
added to the dry residues, shortly vortexed and incubated in
a heat block (60 °C) for 5 min. After removing from the heat
block, samples were left to cool down to room temperature
and again evaporated until dryness. Thereafter, samples
were reconstituted with 300 ul of methanol, and 50 pl were
transferred to the glass insert containing 50 ul of the
ammonium formate in ultrapure water (10 mM) pre-
pipetted. The injection volume was 50 pl.

Statistical evaluation

Before statistical analysis, the data were
transformed by Box-Cox transformation due to the
significant skewness, kurtosis and heteroscedasticity of
most variables. Differences between groups were
evaluated using one-way ANOVA followed by least
square difference multiple comparisons. The statistical
software Statgraphics Centurion XVI from Statpoint Inc.
(Warrenton, VA, USA) was used for data
transformations, correlations, ANOVA testing and
multiple comparisons. Multiple outliers for correlations

were found using NCSS 2007 (Kaysville, UT, USA).

Results

Here we report the first data on BPA exposure in
a population of Czech men (Table 1). The groups of men
did not significantly differ from each other in age and
BMI. We detected BPA, E2, El1 and E3 in 87 %, 94 %,
100 % and 62 % of plasma samples, respectively, and
92 %, 84%, 90% and 97% of seminal samples,
respectively. In the rest of the samples, levels were under
the lower limit of quantification.

Table 1. Comparisons of age, BMI, BPA (pg/ml) and estrogen levels (pg/ml) in groups of men with different degrees of infertility.

Group 1 Group 2 Group 3 Group 4 I Multiple
-value
(n=84) (n=56) (n=20) (n=14) p-valu comparisons
Age 36(34.9:36.7) 35.8(34.5;37.2) 35.7(33.4:37.9) 35.2(32.5;37.9) 0.959
BMI 27.4(26.2;28.5) 27.5(26.2;28.7) 26.6(24.9;28.2) 26.2(24.9;28.2) 0451
BPA 47 (26:81) 137 (75; 239) 114 (42:270) 33 (6;125) 0.036 1<2
Pl E2 22 (18:26) 18 (15;23) 17 (11:24) 7(3:12) 0.002 1,2,3>4
asma
El 24 (20;29) 23 (18;28) 21 (15:29) 17 (10;26) 0.513
E3 19 (11:31) 20(10;36) 19 (5:53) 13 (3:36) 0.933
BPA 66 (44;94) 144 (98;205) 132 (69;228) 179 (84;330) 0.009 1<2,4
Seminal E2 2(1:3) 4(3:6) 9 (5:15) 7(3:14) 0.002 1<3,4,2<3
Sluid El 4(3:5) 5(4:7) 9(6:13) 6(3:9) 0.008 1,2<3
E3 43 (30;59) 31(19:47) 34 (16;63) 83 (40:154) 0.129 2<4

Data are shown as means and 95.0 percent confidence intervals (in parentheses) for each group, with levels of significance for the

ANOVA and multiple comparisons provided. Group 1 =

normospermic  men;

Group 2 = oligospermic/asthenospermic/

oligoasthenospermic men; Group 3 = teratospermic/cligoteratospermic/oligoasthenoteratospermic men; Group 4 = azoospermic men.

Comparisons of plasma and seminal BPA and estrogen

levels in men with different degrees of infertility
Generally, BPA levels in seminal fluid were

slightly higher than those in plasma, except for in the 4th

group where seminal fluid BPA levels were nearly three
times greater (Table 1). Seminal BPA concentrations
were found to be higher in all groups of men with various
degrees of infertility in comparison with normospermic
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men. Plasma BPA levels were significantly higher in the
group of slightly infertile men compared to healthy men.
Concentrations of plasma E2 decreased from the first to
the fourth group, while seminal E2 levels increased.
Mean plasma levels of E2 varied from 7 to 22 pg/ml
among the groups, in comparison with 2-7 pg/ml mean
E2 in semen. Plasma and seminal fluid E1 levels showed
similar results as for E2. Concentrations of E3 in seminal
fluid were significantly higher than E3 plasma levels in
all groups, and did not differ across the groups.
A graphical representation of the differences in BPA and
E2 levels in both fluids across the groups is shown in
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Figure 1.

Correlation matrix  between BPA, estrogens and
spermiogram parameters

Pearson’s correlation coefficients between all
parameters are provided in Table 2. Although plasma and
seminal BPA levels correlate with each other, only BPA
in seminal fluid was negatively associated with sperm
concentration and total sperm count. This indicates the
importance of seminal fluid in research on the effects of
BPA. Another finding that is of interest is the positive

association between BPA and E2 in both body fluids.
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Fig. 1. Differences in bisphenol A (BPA) and estradiol (E2) levels in plasma and seminal plasma among the 4 groups of men. Group 1 =
normospermic men (n=84); Group 2 = oligospermic/asthenospermic/oligoasthenospermic men (n=56); Group 3 = teratospermic/
oligoteratospermic/oligoasthenoteratospermic men (n=20); Group 4= azoospermic men (n=14).

Discussion

To the best of our knowledge, this is the first
study reporting levels of EDs and steroids directly in
seminal fluid. We measured unconjugated forms of
estrogens as well as BPA, thought to be the active forms,
and found that the levels differ in seminal fluid and
plasma. This indicates that seminal fluid is a unique
milieu that deserves further investigation.

Experimental studies in adult rodents have

provided evidence that exposure to BPA affects sperm
quality and production (reviewed in Peretz et al. 2014).
However, few studies have reported the impact of BPA
on sperm quality in adult men. To our knowledge, six
studies have dealt with this problem, all measuring BPA
in urine, and with divergent results (Goldstone et al
2014, Knez et al. 2014, Lassen ef al. 2014, Li et al. 2011,
Meeker et al. 2010b, Mendiola ef al. 2010). Our finding
of decreasing sperm concentrations and counts in
association with increasing seminal BPA (Table 2) is in
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agreement with three of the studies (Knez ef al. 2014, Li
et al. 2011, Meeker et al. 2010b). In contrast, the other
studies did not find any association between these sperm
parameters and urinary BPA (Goldstone et al. 2014,
Mendiola et al. 2010). However, Lassen et al. (2014)

reported a significant inverse association between BPA
excretion and progressive motility. Still, the outcomes
vary across studies, apparently due to the difficulties in
evaluating the effects of EDs when organisms are
exposed more than one at a time.

Table 2. Pearson’s correlation coefficients among levels of plasma and seminal BPA and estrogens, and spermiogram parameters.
Correlation coefficients are provided in the first row of each variable, p-values are in the second row. If significant, coefficients and

p-values are highlighted in bold.

. <
s z g 5 & & ¢ & § § ¢ £
: i z : ‘& & & ® £ % T FE °
= = = & @ & 2] 2] @] = = & E =
Plasma E2 1.000
Plasma E1 0.372 | 1.000
0.000
Plasma E3 0.366 |0.173 | 1.000
0.001 |0.144
Plasma BPA  [0.363 [-0.146 |0.192 |1.000
0.000 |0.120 |0.103
Seminal E£2 -0.065 |-0.236 |0.190 |0.076 |1.000
0.498 10.012 |0.110 |0.378
Seminal E1 0.035 |-0.004 |0.124 |0.058 |0.181 |1.000
0.714 10.967 |0.299 |0.499 |0.023
Seminal E3 0.229 |-0.059 |0.384 |[0.106 [0.192 [0.158 |1.000
0.016 |0.538 |0.001 |0.218 [0.016 |0.047
Seminal BP4 [0.082 [-0.257 |0.185 |0.338 [0.318 |0.061 |0.156 |1.000
0.395 |0.006 |0.120 [0.000 |[0.000 [0.450 |0.051
Concentration |-0.006 0.053 [-0.003 [-0.160 |-0.146 |-0.098 |0.063 |-0.271 |1.000
0.952 |0.575 |0.983 [0.057 [0.066 |0.222 ]0.429 |0.001
Total count -0.059 10.077 |-0.022 |-0.163 |-0.164 |-0.106 |0.010 |-0.236 |0.957 |1.000
0.536 |0.412 |0.852 [0.052 [0.039 [0.184 |0.898 |0.003 |0.000
Motility 0.293 |0.164 |0.268 |0.065 |-0.248 |-0.187 |0.021 |-0.115 |0.513 |0.506 |1.000
0.002 |0.081 |0.022 |0.439 |0.002 (0.019 [0.796 |0.151 |0.000 |0.000
Progressive 0.291 |0.172 |0.231 |0.012 |-0.244 |-0.225 |0.027 |-0.129 |0.546 |0.550 |0.958 |1.000
motility 0.002 |0.066 |0.049 |0.886 [0.002 [0.005 [0.732 |0.106 |0.000 |0.000 |0.000
Morphology  10.096 |-0.010 [0.133 [-0.103 [-0.203 |-0.185 |0.013 |-0.124 |0.595 |0.561 [0.722 [0.741 |1.000
0310 |0.918 |0.264 |0.223 |0.010 |0.020 |0.870 |0.119 |0.000 |0.000 |0.000 |0.000
The levels of BPA in the plasma of group 4 are Although the body of ED research is

similar to those of groupl, i.e. of normal fertile men. One
possible reason may be that the severe infertility in men
of group 4 is caused by other factors than the effects of
hormones and other constituents of seminal fluid, e.g.
genetic or anatomic causes or the result of infections.

continuously expanding, there still exist uncertainties in
the process of BPA degradation in the body. It has
generally been thought that BPA is rapidly metabolized
in the liver and excreted in the urine within hours (Volkel
et al. 2002, 2005). On the other hand, a recent study
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showed that during fasting BPA levels did not decline  blood-testis-barrier to the testis. Alternatively, estrogens
rapidly, suggesting a substantial non-food-related  originating in the testis may have a harder time accessing
exposure or accumulation in tissues (Stahlhut et al.  the periphery. Other possibilities include the increased
2009). This is why we decided to study the relationships  expression or activity of aromatase in the testis and/or
between EDs and sperm quality in seminal fluid, with its ~ decreased expression or activity in the adipose tissue. The
closer proximity to sperm production. According to our  metabolism of E2 could be also protracted by the
previous study, seminal and plasma BPA levels in  interaction of BPA with enzymes involved in steroid
normospermic men did not correlate with each other,  conjugation such as estrogen glucuronidase or
indicating that their distribution or metabolism are  sulfotransferase. This explanation is in accordance with
different in these body fluids (Vitku et al 2015).  the in vitro study of Zhang er al. (2011), who reported
Furthermore, BPA competes with sex steroids for human  that BPA suppressed E2 catabolism in H295R cells but
plasma SHBG (Dechaud et al. 1999), suggesting that the ~ without altering aromatase activity. On the other hand,
bioavailability and half-time in blood could be affected.  studies from in vitro and in vive experiments focused on
Further studies on the persistence of BPA in semen and  the impact of BPA on aromatase activity have yielded
other body fluids during chronic exposure are needed. conflicting results (Castro ef al. 2013, Ehrlich ef al. 2013,
Studies that have investigated associations  Rajakumar et a/. 2015, Shanthanagouda et al. 2014).
between BPA and steroidogenesis are divergent as well. In conclusion, the results of our study show an
Only a few of them have investigated the impact of BPA  inverse association between seminal BPA and sperm
on estrogen levels and estrogen metabolism. Urinary = count and concentration. The correlation coefficients
BPA was reported to be positively associated with plasma  were relatively weak (r=—0.24 and r=—0.27, respectively)
E2 in a group of young men (Lassen ef al. 2014). Another  suggesting that BPA slightly, but significantly,
study showed no association with E2 levels (Galloway er  contributes to the final state of sperm quality, together
al. 2010) and another reported an inverse relationship  with other factors. Moreover, a disruption of estrogen
(Meeker et al. 2010a). metabolism was observed, but the mechanism of action
Our results show that the levels of E2 differ  remains to be elucidated.
across the groups and body fluids. Only 10-25 % of the
E2 in circulation in men is synthesized in the testis. = Conflict of Interest
Aromatase activity and estrogen biosynthesis in men  There is no conflict of interest.
occur mainly in adipose tissue (Levine ef al. 1997). In our
study, the increases of E2 and El in the seminal plasma  Acknowledgements
of increasingly infertile men and the opposite trends in ~ This study was supported by Internal Grant Agency
plasma raise some considerations. One explanation is that ~ Project no. NT/13369 from the Czech Ministry of Health.
peripheral estrogens penetrate more easily through the
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Abstract

Background: In the testis, steroids play an important role in spermatogenesis, the
production of semen, and the maintenance of secondary sex characteristics and
libido. They may also play a role as a target for substances called endocrine
disruptors (EDs). As yet, however, no complex study has been conducted evaluating
the relationships between EDs and the steroid spectrum in the plasma and seminal

plasma.

Objectives: To shed more light into mechanisms of action of EDs and the effects of
Bisphenol A (BPA) and polychlorinated biphenyls (PCBs) on human
spermatogenesis and steroidogenesis.

Methods: We determined BPA and 11 steroids in the plasma and seminal plasma of
191 men with different degrees of fertility, using a newly developed liquid-
chromatography mass spectrometry method. Concurrently, plasma levels of 6
congeners of PCBs, gonadotropins, selenium, zinc and homocysteine were
measured. Partial correlations adjusted for age and BMI were performed to evaluate

relationships between these analytes.

Results: Seminal BPA, but not plasma BPA, was negatively associated with sperm
concentration (r=-0.212; p=0.005), sperm count (r=-0.178; p=0.018) and morphology
(r=-0.156; p=0.049). Divergent and sometimes opposing associations of steroids and
BPA were found in both body fluids. The sum of PCB congeners was negatively
associated with testosterone, free testosterone, the free androgen index and

dihydrotestosterone in plasma.

Conclusion: BPA negatively contributes to the final state of sperm quality. Moreover,
our data indicate that BPA influences human gonadal and adrenal steroidogenesis at
various steps. Environmental levels of PCBs negatively correlated with androgen

levels, but surprisingly without negative effects on sperm quality.

Keywords: bisphenol A, endocrine disruptor, polychlorinated biphenyls, steroid,

reproduction, spermatogenesis
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1 Introduction

For nearly 30 years there has been ongoing debate regarding the potential
harm of substances called endocrine disruptors (EDs). Many studies have dealt with
the effects of EDs on various body organs, and despite the difficulties accompanying
this research there is emerging evidence for adverse impacts on humans (for review
see Diamanti-Kandarakis et al. 2009). The most often discussed EDs include
polychlorinated biphenyls (PCBs), dioxins, phthalates and bisphenol A (BPA)
because of their persistence in the environment and accumulation in biomass (PCBs
and dioxins), as well as their ubiquity in food packaging and other materials
(phthalates, BPA). People come into contact with these EDs in the environment and
cannot completely avoid exposure in everyday life. The main routes of exposure are
through the intake of food, water and air. A further pathway is through dermal contact
(Darbre 2015). Regarding reproduction, in 2007 it was concluded based on animal
studies that there is substantial evidence of even low dose effects of BPA on
reproductive health, specifically a reduction in spermatogenesis (vom Saal et al.
2007).

Human studies investigating the effects of BPA on sperm quality (Goldstone et
al. 2014; Knez et al. 2014, Lassen et al. 2014; Li et al. 2011; Meeker et al. 2010a;
Mendiola et al. 2010; Vitku et al. 2015b) and reproductive hormone levels (Galloway
et al. 2010; Kim et al. 2014; Lassen et al. 2014; Liu et al. 2015; Meeker et al. 2010a;
Mendiola et al. 2010; Zhou et al. 2013; Zhuang et al. 2015) have not provided clear
results. More studies have been conducted on the impact of PCBs on male
reproductive functions, but have also been inconsistent (reviewed in Meeker and
Hauser 2010).

It is well known that some substances can adversely affect reproductive
functions. Alternatively, other substances such as trace elements selenium (Se) and
zinc (Zn) can positively influence these functions (Bleau et al. 1984; Colagar et al.
2009). Potentially beneficial agents include endogenous immunoprotective steroids
with antiglucocorticoid effects as dehydroepiandrosterone (DHEA) and its 7-
hydroxylated metabolites (Hampl et al. 2003; Chmielewski et al. 2000; Niro et al.
2010)

In 2015, expert panels were convened to estimate the burden and disease
costs that can be ascribed to EDs, based on current evidence from the European

Union (Trasande et al. 2015). According to relevant studies published by that time,
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low epidemiological and strong toxicological evidence for male infertility attributable
to phthalate exposure were identified, resulting in a 40-69% probability of causing
618000 additional assisted reproductive technology procedures costing € 4.71 billion
annually (Hauser et al. 2015). These estimations focused on exposure to phthalates
and polybrominated diphenyl ethers because their impact on reproductive functions
was among the best documented in human as well as animal studies (Hauser et al.
2015).

Although the effects of some EDs on reproductive functions are well
documented, there remain uncertainties regarding the effects and mechanisms of
action of other EDs. The body of literature on animal as well as human studies
suggests that EDs can disrupt steroid hormone homeostasis (Clark and Cochrum
2007). Any impairment of the delicate balance in hormone biosynthesis and
metabolism can have adverse consequences in the human organism.

In this study we attempted to elucidate to what extent the most well known
environmental endocrine disruptors, namely BPA and PCBs, are associated with

male reproductive function. The following issues were addressed:

(1) To what degree BPA and PCBs influence spermiologic parameters with respect to

different degrees of infertility (from normospermic to azoospermic men).

(2) In connection with this, we were interested in how blood- and seminal plasma

levels of the measured analytes correlate with each other.

(3) How the levels of the main reproductive hormones, steroids as well as
gonadotropins correlate with the above mentioned EDs. In contrast to numerous
studies reported by others, we also measured the main precursors and
intermediates, enabling us to map the possible effects of EDs on
biosynthetic/metabolic pathways and thus to assess effects on the activities of the

responsible enzymes.

(4) To elucidate possible effects on immunity, we also measured 7-oxygenated
metabolites of DHEA, which have recently been shown to be present in seminal fluid
(Hampl et al. 2000).

(5) In addition, two trace elements involved in the mechanism of reproductive

functions, selenium and zinc, along with homocysteine, one of the parameters of
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oxidative stress (Forges et al. 2007), were measured to determine whether there are

any associations with EDs.

2 Experimental

2.1 Chemicals and reagents

The steroids cortisol, cortisone and DHEA were from Koch-Light Laboratories
Ltd. (Colnbrook, Great Britain); 7a-hydroxy-DHEA (7a-OH-DHEA), 73-hydroxy-DHEA
(73-OH-DHEA), 7-oxo-DHEA, testosterone (T), androstenedione (ADIONE),
pregnenolone (PREG), 17-hydroxy-pregnenolone (17-OH-PREG), and deuterated
standards of DHEA (D3-DHEA), ADIONE (D7-ADIONE), PREG (D4-PREG), 17-OH-
PREG (D3-17-OH-PREG) and dihydrotestosterone (D3-DHT) were from Steraloids
(Newport, RI, USA). D4-Cortisol was obtained from CDN isotopes (Ponte-Claire,
Canada). D1-7a0-OH-DHEA and D1-7-oxo-DHEA were obtained from Betulinines
(Stribrna Skalice, Czech Republic). D1-T was synthesized by Sci-Tech (Prague,
Czech Republic). DHT, D7-cortisone, 2-hydrazinopyridine, ammonium formate and
trifluoroacetic acid were from Sigma-Aldrich (St. Louis, MO, USA). Methanol and
water for chromatography were of HPLC grade and were from Merck (Darmstadt,
Germany). Diethyl ether was obtained from Lach-Ner, s.r.o. (Neratovice, Czech
Republic). The physiological solution (0.9% sodium chloride) was from B. Braun

(Melsungen AG, Germany).

2.2 Study group

The studied cohort consisted of 191 Czech men attending the Pronatal Centre
of Assisted Reproduction (Prague, CZ) since April 2012. Some of the patients were
normospermic men, where the cause of infertility was the female factor, and the
others included patients with various degrees of impaired fertility. Each patient
underwent a standardized ejaculate examination (spermiogram) according to the
World Health Organization (WHO) 2010 criteria. Height and weight were measured,
and a basic urological and andrological examination was performed including
ultrasonography of the prostate, seminal vesicles and testicles, with no pathological
findings observed. Samples of plasma and seminal plasma were collected from each
patient. All steps in the sample collection protocol and subsequent processing were
carried out using BPA-free glass equipment and stored in glass tubes at -20°C until
analysis. For details on how we dealt with possible BPA contamination, see our
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previous study (Vitku et al. 2015a). Men were divided into four groups according to
their spermiogram. The first group included normospermic men with a normal
spermiogram (n=89); oligospermic, asthenospermic and oligoasthenospermic men
were included in the second group (n=59); teratospermic, oligoasthenoteratospermic
and oligoteratospermic men comprised the third group (n=25); while the fourth group
were azoospermic men (n=18). We termed these groups: (1) healthy men, and (2)
slightly, (3) moderately and (4) severely infertile men.

The study was performed in accordance with the Declaration of Helsinki
(2000) of the World Medical Association. The protocol was approved by the Ethical
Committee of the Institute of Endocrinology. Informed and written consent with the
use of biological materials for research reasons was obtained from all subjects

participating in the project.

2.3 Development and validation of a LC-MS/MS method for determining 10
unconjugated steroids in plasma and 11 unconjugated steroids in seminal

plasma

2.3.1 Sample preparation

Our previously published method on selected neuro- and immunomodulatory
steroids in blood plasma (Sosvorova et al. 2015) was extended to include the
determination of PREG, 17-OH-PREG, cortisol, cortisone, DHEA, 7a-OH-DHEA, 7[3-
OH-DHEA, 7-oxo-DHEA, T and ADIONE in plasma and in seminal plasma with minor
modifications. In addition, DHT was determined in seminal plasma. Briefly, a sample
of plasma (500 pL) or seminal plasma (1000 uL) was spiked with 10 yL of an internal
standard (IS) and diluted with 500 uL of physiological solution. Samples were
shaken, and a liquid-liquid extraction using diethyl ether (3 mL, 1 min) was
performed. Dry residues were derivatized by 100 pyL of 2-hydrazinopyridine in
methanol with the addition of trifluoroacetic acid (1mg: 5mL: 1.63 L) according to
Higashi et al. (Higashi et al. 2007). The samples were shortly shaken and then
sonicated for 15 mins. After evaporating under a gentle stream of nitrogen, samples
were redissolved in 100 yL of 5 mM ammonium formate in 60% methanol, of which

50 pL was injected into the liquid chromatograph.
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2.3.2 Liquid chromatography/mass spectrometry (LC-MS/MS) of steroids
Chromatography was performed on an ultra-high performance liquid
chromatography (UHPLC) Eksigent ultraLC 110 system (Redwood City, CA, USA)
equipped with a Kinetex C18 column (100 x 3.0 mm, 2.6um; Phenomenex, Torrance,
CA, USA) and Security Guard ULTRA cartridge system (UHPLC C18 for 3mm ID
column; Phenomenex, Torrance, CA, USA). Column temperature was maintained at
50°C and separation was carried out at a flow rate of 0.75 mL/min. Detection of the
analytes was performed on an APl 3200 mass spectrometer (AB Sciex, Concord,
Canada) with electrospray ionization (ESI) probe operating in positive mode.
Retention times and transitions with optimized conditions for MS are summarized in
Table S1. Analyst 1.6 software was used for system control and data evaluation.
More information about the LC-MS/MS conditions can be found in the study of

Sosvorova et al. (Sosvorova et al. 2015).

2.3.3 Validation

The analytical method was validated according to the FDA Guidance for
Industry (Food and Drug Administration 2001). Validation parameters included (1)
selectivity, (2) precision, (3) recovery (analytical accuracy), (4) calibration curve and
(5) stability of the analytes in spiked samples. Accuracy, precision and recovery were
determined by replicate analysis of 6 samples in 4 different concentrations in plasma,
or 3 different concentrations in seminal plasma due to the limited amount of the
matrix. Samples were pretreated in the same way as in Section 2.3.1. Pooled
plasma, resp. seminal plasma was used as the first concentration. The spiked
concentrations in plasma were as follows: 0.28, 1.4 and 3.36 ng/mL for T, PREG and
17-OH-PREG and 0.06, 0.3 and 0.72 ng/mL for ADIONE. Seminal plasma spiked
concentrations were as follows: 16 and 80 ng/mL for cortisol; 3.2 and 16 ng/mL for
DHEA and cortisone; 0.56 and 2.8 ng/mL for T, PREG and 17-OH-PREG and 0.12
and 0.6 ng/mL for seminal ADIONE, 7a-OH-DHEA, 73-OH-DHEA and DHT. The
results of validation parameters including lower limits of quantifications are given in
Table S2 and Table S3 for plasma steroids and seminal steroids, respectively. All
results met the FDA guidelines criteria.

Calibration curves were constructed with 1/x weighting and reached good
linearity; correlation coefficients for each calibration curve are given in Table S2 and

Table S3. A freeze and thaw stability test, short-term temperature stability test, long-
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term stability test, stock solution stability test and post-preparative stability test were
carried out. All tests showed satisfactory results when comparing instrument
responses between freshly prepared samples and corresponding samples after

stability testing.

2.4 Additional measurements/methods

BPA and estrogens (estrone-E1, estradiol-E2 and estrone-E3) were measured
according to our previously published LC-MS/MS method (Vitku et al. 2015a).
Luteinizing hormone (LH), follicle stimulating hormone (FSH) and sex hormone
binding globulin (SHBG) were measured using immunoradiometric assay (IRMA) kits
from Immunotech (Marseille, France). The immunoassays were processed on a
Stratec (France) automatic analyser. Plasma DHT was assessed by a
radioimmunoassay method published elsewhere (Hampl et al. 1990).

Se and Zn concentrations in plasma were measured by a commercially
available and accredited atomic absorption spectrometry method in Agel Laboratories
(Novy Jicin, Czech Repubilic).

Six congeners of polychlorinated biphenyls (PCB 28, 101, 118, 138, 153, 180)
in plasma were determined in the accredited laboratory ALS Czech Republic by gas
chromatography-high resolution mass spectrometry (GC-HRMS) (Pardubice, Czech
Republic).

Homocysteine was assessed by a previously published method (Husek et al.
2003).The free testosterone (FT) value was calculated according to Vermeulen et al.
(Vermeulen et al. 1999). The free androgen index (FAI) was calculated as total
testosterone (nmol/L)/SHBG (nmol/L) x 100.

2.5 Statistical analysis

Based on conventional practice, the data that were below the limit of detection
(LOD) were replaced by LOD/N2 (Hornung and Reed 1990). All data were
subsequently transformed by Box-Cox transformation before further processing due
to the non-Gaussian data distribution and non-constant variance (heteroscedasticity)
in most variables. Differences between groups were evaluated using one-way
ANOVA followed by least square difference (LSD) multiple comparisons. The
statistical software Statgraphics Centurion XVI from Statpoint Inc. (Warrenton, VA,
USA) was used for data transformations, correlations, ANOVA testing and multiple

comparisons. Two-dimensional non-homogeneities (in correlations) were found using
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NCSS 2007 (Kaysville, UT, USA) and subsequent partial correlations analyses were
performed using the same statistical software.

3 Results

We measured the seminal and plasma concentrations of 11 steroids, reflecting
the major biosynthetic pathways, along with seminal and plasma BPA, 6 congeners
of PCB in plasma, plasma gonadotropins, Se, Zn and homocysteine, and compared
them with parameters of semen quality.

The mean age (x SD) of all participants was 35.8+5.6 years and mean BMI
value was 27.2+3.6 kg/m?. In our study, 55% of men were overweight (BMI 25-30)
and 20% were obese (BMI>30). BMI values as well as age did not significantly differ
among all the groups of men studied (Table 1).

BPA was detected in 89% of plasma samples and 93% of seminal samples.
The most abundant PCB congeners were PCB 180 and PCB 153 (detected in 99 and
100% of samples, respectively) followed by PCB 138 (96% of samples), PCB 118
(56%), PCB 101 (8%) and PCB 28 (5%). Differences were found between BPA levels
and levels of the sum of 6 PCB levels and individual PCBs across the groups of men
with various degree of fertility (Table 1). Seminal BPA levels increased with
increasing severity of infertility. Plasma levels of BPA were significantly higher in the
groups of slightly and moderately infertile men in comparison with healthy men and
severely infertile men. Levels of the sum of the 6 congeners were lower in the group
of moderately infertile men compared with the other groups. Multiple comparisons of
PCBs 101 and 28 across groups were not carried out because of the small sample
size in these analytes.

Furthermore, significant differences were found in the concentrations of some
steroids in plasma as well as seminal plasma across the groups (Table 1). Levels of
the rest of measured analytes that were not significantly different between groups are
shown in Table S4.

Table 2 shows partial correlations between EDs and spermiogram parameters,
adjusted for age and BMI. Seminal BPA negatively correlated with sperm count,
concentration and morphology. Plasma BPA was positively associated with non-
progressively motile sperms. The sum of PCB congeners was surprisingly positively

correlated with sperm concentration and total count.
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The next step was to evaluate partial correlations between plasma
concentrations of EDs and measured plasma analytes (Table 3). The sum of 6 PCB
congeners was positively associated with the stress hormone cortisol. Furthermore, it
was negatively associated with T and DHT as well as with markers of androgen
status — FT and FAI. Plasma BPA was positively correlated with PREG, 17-OH-
PREG and DHEA, which are steroids at the beginning of steroid hormone
biosynthesis. Moreover, plasma BPA was negatively associated with DHT and
positively associated with E2 and E1.

Correlation analysis of seminal BPA and seminal hormone concentrations
revealed different results from that in plasma (Table 4). Contrary to plasma
associations, seminal BPA was negatively associated with PREG and 17-OH-PREG.
Similarly, seminal BPA concentrations were positively correlated with E2 and E3.

Finally, we investigated how reproductive hormones and BPA in plasma
correlate with their corresponding analogues in seminal plasma. Plasma BPA
significantly correlated with seminal BPA (r=0.253; p=0.001). Concerning the
reproductive hormones, plasma T significantly correlated with its seminal analogue
(r=0.230; p=0.013), but plasma E2 did not correlate with seminal E2 at all (r=0.035;
p=0.698), nor did plasma DHT with seminal DHT (r=-0.076; p=0.365). Correlations of
other steroids in biological fluids are shown in Table S5.

4 Discussion

In most studies of the effects of EDs on steroids, only urinary EDs were
correlated with steroid plasma levels. Only a few papers have investigated plasma or
even seminal plasma steroids along with plasma levels of EDs (for review see Hampl
et al. 2013).

In our study plasma and seminal BPA correlated slightly with each other, and
only seminal BPA was negatively associated with sperm concentration, sperm count
and morphology. These results are in accordance with our previous study on a
smaller group (Vitku et al. 2015b), though our present study has higher statistical
power. Our results showing the negative impact of BPA content in seminal plasma on
sperm concentration, sperm count and morphology (see Table 2) are in accordance
with some studies (Knez et al. 2014; Li et al. 2011; Meeker et al. 2010b), but are in
contrast with others (Goldstone et al. 2014; Lassen et al. 2014; Mendiola et al. 2010).
These discrepancies may be due to differences in the biological matrices where BPA
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was measured. We only found the association in seminal plasma, but not in blood
plasma. All other studies examined the effects of BPA on semen quality in urine, and
even in this matrix the results have not been consistent. Levels of BPA in urine seem
to rather reflect the excretion rate of BPA, while measurements of unconjugated BPA
in the blood likely more accurately reflect its bioavailability in the body. Seminal
plasma seems thus to be the optimal body fluid for studying physiology and
pathophysiology in the testis. Furthermore, the choice of men — from the general
population (Goldstone et al. 2014; Lassen et al. 2014) vs. fertile men (Mendiola et al.
2010) vs. groups recruited from infertility clinics (the present study, Knez et al. 2014;
Meeker et al. 2010b) vs. highly exposed populations (Li et al. 2011) may lead to
different outcomes. Therefore, more studies are needed to achieve greater
consistency.

Associations between PCBs and semen quality were described in detail in the
review by Meeker and Hauser, where mainly an inverse association between PCBs
and motility appeared to be consistent across studies (Meeker and Hauser 2010). In
our study, PCB levels were surprisingly lower in the group of moderately infertile men
than in healthy men (see Table 1), and were also positively associated with sperm
concentration and total count. Similarly, in the study of Dallinga et al. there were
statistically insignificantly (p=0.06) higher levels of PCBs in the seminal plasma of
men with good semen quality than in men with poor semen quality. They therefore
conjecture that the poor semen quality was not caused by exposure to PCBs, but due
to other, so far unknown, causes (Dallinga et al. 2002).

Several reports are available on the effects of urinary BPA on reproductive
hormone concentrations, but with conflicting results (Galloway et al. 2010; Kim et al.
2014, Lassen et al. 2014; Liu et al. 2015; Meeker et al. 2010a; Mendiola et al. 2010;
Zhou et al. 2013; Zhuang et al. 2015). Our finding of a positive association of E2 with
BPA in both body fluids is in accordance with 3 studies (Kim et al. 2014; Lassen et al.
2014; Liu et al. 2015). One possible explanation for elevated E2 may be the
increased activity or expression of aromatase in the periphery or in the testis. Another
explanation for the E2 surplus can be competition with BPA on sulphotransferases
and UDP-glucuronosyltransferases; different UDP-glucuronosyltransferase isoforms
are considered a major group of enzymes involved in the conjugation of BPA (Trdan
Lusin et al. 2012). The in vitro study of Zhang et al. on H295R cells supports the

latter hypothesis (Zhang et al. 2011). Other reports, however, have not found any
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association between BPA and E2 (Galloway et al. 2010; Mendiola et al. 2010). We
did not find any association of BPA with T blood- or seminal plasma, in agreement
with the already mentioned paper of Mendiola et al (Mendiola et al. 2010).

Conflicting results have also been reported addressing the effect of BPA on
plasma gonadotropins: in the present study, gonadotropin levels were not associated
with BPA, similarly as in the study of Mendiola et al. (Mendiola et al. 2010). Lassen et
al. reported higher LH levels in association with BPA, with no correlation with FSH
(Lassen et al. 2014). In contrast, Meeker et al. showed higher FSH levels but not LH
levels in association with BPA (Meeker et al. 2010a). Some results from animal
studies have reported the suppression of LH and FSH after BPA uptake (Akingbemi
et al. 2004; Wisniewski et al. 2015), while others have reported an increase in LH
production (Tohei et al. 2001). These inconsistent results only indicate that the
eventual effect of BPA on sex steroids does not seem to be controlled at a central
level.

Three studies have reported an inverse relationship between BPA and
ADIONE (Liu et al. 2015; Zhou et al. 2013; Zhuang et al. 2015), which is not in line
with our findings. One possible explanation can be the different degree of exposure:
while our subjects were recruited from an infertility clinic, the other studies used
participants who were exposed occupationally.

As concerns the effect of PCB, our finding of decreased plasma T in
association with PCBs content in blood plasma is in agreement with some other
studies (Goncharov et al. 2009; Schell et al. 2014). The same results were obtained
from adolescents exposed prenatally to PCBs (Grandjean et al. 2012). Further
studies have reported an inverse association with SHBG-bound T (Persky et al.
2001; Turyk et al. 2006) or with FT (Bonde et al. 2008; Richthoff et al. 2003). Some
studies have also reported no associations between PCBs and any sort of T
(Giwercman et al. 2006; Hagmar et al. 2001).

To the best of our knowledge, our study is the first to focus on the impact of
BPA as well as PCBs on the main steps of steroid hormone biosynthesis (Tables 3
and 4). In blood plasma the precursors of reproductive hormones, PREG, 17-OH-
PREG and DHEA correlated positively with BPA. The situation in seminal plasma
was different, with significant negative correlations found between the former
precursors (with the exception of DHEA) and BPA. Given that plasma concentrations
of these A steroids reflect mainly their production in the adrenals (Sagel et al. 1982),
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we can hypothesize that seminal concentrations mainly show levels of A® steroids of
testicular origin. A decrease in the synthesis of reproductive hormone precursors in
the testis could be caused (among other things) by an impairment of cholesterol
transport to mitochondria by steroid acute regulatory protein (StAR) or the reduced
conversion of cholesterol to PREG inside mitochondria.

The ratio of cortisol to cortisone reflects not only adrenal activity, but also the
peripheral reduction of cortisone to the active hormone by 11B-hydroxysteroid
dehydrogenase type 1 (Vitku et al. 2014). The absence of an effect of PCBs and the
only moderate increase by BPA on the ratio in blood but not in seminal plasma, along
with slightly increased plasma cortisol levels, suggest only minor effects of EDs on
the activity of the latter enzyme. The association of an elevated ADIONE to T ratio in
blood plasma with the plasma content of both disruptors may point to decreased
activity in some systemic (peripheral) 17B-hydroxysteroid dehydrogenases. Of
interest is the negative association of the T/DHT ratio with plasma PCBs, along with
their negative effect on systemic testosterone levels. Besides the suppression of
systemic testosterone synthesis, this may also indicate the suppression of 5a-
reductase activity by PCBs. Finally, BPA, but not PCBs, was negatively associated
with the plasma T/E2 ratio. All these results show different effects of the studied EDs,
which need not be associated with the effects on the seminal plasma composition.

For the first time, we simultaneously measured 7-oxygenated metabolites of
DHEA considered to possess immunomodulatory and immunoprotective properties
(Hampl et al. 2003; Chmielewski et al. 2000; Niro et al. 2010). These metabolites are
present in the seminal fluid and may counteract the adverse effects of cortisol on
testicular steroidogenesis (Hampl et al. 2000). Although we observed an increase of
DHEA in association with plasma BPA, no relationship was found for 7-hydroxylated
metabolites and selected EDs in either plasma or in seminal plasma.

We also did not find any association between plasma Zn and Se and semen
quality, although it is generally accepted that these trace elements have positive
effects on spermatogenesis (Ahsan et al. 2014; Camejo et al. 2011; Omu et al.

2015). Finally, we found no relationship between homocysteine and EDs.

5 Conclusion
We conclude that environmental levels of PCB do not impair fertility in the
population of Czech men studied here, but we did find a negative association
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between the PCBs and androgen levels. On the other hand, elevated seminal levels
of BPA were associated with a significant decrease in sperm count, sperm
concentration and morphology. Furthermore, our data indicate that BPA reduces the
rate of testicular steroidogenesis in the A° pathway. In contrast, we found a
stimulation of adrenal steroidogenesis by BPA. The further disruption of
steroidogenesis by BPA possibly occurs at the level of E2 metabolism via the
suppression of estradiol catabolism or perhaps by the stimulation of aromatase

expression and/or activity.
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Table 1. Comparisons of analyte concentrations among men with different degrees of infertility

GROUP 1 GROUP 2 GROUP 3 GROUP 4 Multiple
(n=89) (n=59) (n=25) (n=18) p-value comparisons
Age 35.9 (34.8; 37.0) 35.7 (34.3; 37.0) 35.8(33.8; 37.8) 35.2 (32.9; 37.6) 0.9715
BMI 27.7(26.7;28.8) 26.9 (25.8:28.1) 26.1(24.9; 27.5) 26.4(24.8; 28.1) 0.2748
Plasma BPA (ng/mL) 0.029 (0.019;0.044) 0.059(0.034;0.106) 0.072 (0.039;0.185) 0.019 (0.008;0.047)  0.0288 1<2,3
Seminal BPA (ng/mL) 0.075 (0.055;0.100) 0.130 (0.093;0.179) 0.153 (0.091;0.243) 0.148 (0.082;0.250]  0.0180 1<2,3,4
Y of 6 PCB congeners (ng/g of plasma) 1.52(1.35;1.72) 1.30(1.13;1.51) 1.00(0.76;1.31) 1.32 (1.00;1.75) 0.0350 3<1
EDs  pCB 180 (ng/g of plasma) 0.66 (0.58;0.76) 0.53 (0.45;0.62] 0.49 (0.36;0.66) 0.57 (0.41;0.77) 0.0984 2<1
PCB 153 (ng/g of plasma) 0.57 (0.50;0.65) 0.48 (0.41;0.56) 0.35 (0.26;0.47) 0.47 (0.34;0.63) 0.0211 3<1
PCB 118 (ng/g of plasma) 0.030 (0.25;0.035) 0.026 (0.021;0.033) 0.025 (0.015;0.044) 0.020 (0.012;0.038)  0.5522
PCB 138 (ng/g of plasma) 0.223 (0.195;0.256) 0.202 (0.173;0.237) 0.184 (0.137;0.252) 0.206 (0.147;0.295)  0.6410
LH (IU/L) 2.80 (2.47;3.17) 3.40 (2.92;3.97) 3.25 (2.50;4.25) 5.39 (3.99;7.29) 0.001 1,2,3<4
oLasya FSH (UL 2.94(2.57;3.37) 3.90 (3.29;4.66) 3.61(2.70;4.90) 10.24 (6.96;15.48) 0000  1<2,4 2,3<4
7B-OH-DHEA (ng/mL) 0.149 (0.133;0.166) 0.126 (0.108;0.145) 0.139 (0.110;0.170) 0.104 (0.074;0.137)  0.064 1>4
Estradiol (ng/mL) 0.017 (0.014;0.021) 0.016 (0.013;0.020) 0.016 (0.011; 0.022) 0.007 (0.004;0.012)  0.016 1,2,3>4
Pregnenolone (ng/mL) 0.198 (0.170;0.231] 0.173 (0.144;0.206) 0.298 (0.229;0.385) 0.182(0.132;0.249)  0.009 1,2,4,<3
Cortisol (ng/mL) 4.60 (3.74;5.55) 5.76 (4.67;6.97) 6.88 (5.15; 8.88) 4.88 (3.20;6.93) 0.105 1<3
SEMINAL  DHEA (ng/mL) 1.40 (1.13;1.75) 1.45 (1.14;1.86) 2.40 (1.65;3.57) 1.88 (1.22;2.99) 0.073 1,2<3
PLASMA " byt (ng/mL) 0.225 (0.184;0.271) 0.158 (0.121;0.201) 0.135 (0.087;0.198) 0.114 (0.063;0.185) 0.012 1>2,3,4
Estradiol (ng/mL) 0.0039 (0.0034;0.0045)  0.0041 (0.0034;0.0050)  0.064 (0.0046;0.0097)  0.0050 (0.0036;0.0075)  0.036 1,2<3
Estrone (ng/mL) 0.0043 (0.0037;0.0050)  0.0047( 0.0039;0.0057) ~ 0.0077 (0.0056;0.0109) 0.0047 (0.0034;0.0068)  0.016 1,2,4<3

®Data are shown as means and 95.0 percent confidence intervals (in the parentheses) for each group, the levels of significance of the model and multiple comparisons are provided.
Group 1 = normospermic men; Group 2 = oligospermic/asthenospermic/oligoasthenospermic men;

Group 3 = teratospermic/oligoteratospermic/oligoasthenoteratospermic men; Group 4= azoospermic men
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Table 2. Partial correlations adjusted for age and BMI between sperm parameters and EDs in plasma and seminal plasma.

Y of 6 PCB congeners

. Plasma BPA Seminal BPA
Sperm parameters in plasma
r p-value r p-value r p-value

Concentration (mil/mL) 0.273 0.000 -0.119 0.134 -0.212 0.005
Total count 0.308 0.000 -0.115 0.146 -0.178 0.018
Motility 0.069 0.376 0.139 0.079 -0.106 0.164
- Progressively motile sperms 0.112 0.147 0.095 0.233 -0.122 0.108
- Non-progressively motile sperms -0.064 0.411 0.192 0.014 -0.039 0.606
- Immotile sperms -0.027 0.723 0.071 0.373 -0.037 0.626
Morphology 0.099 0.223 -0.029 0.729 -0.156 0.049

®The correlation coefficient of partial correlation r is a measure of the strength between variables and the p-value shows statistical

significance.
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Table 3. Partial correlations adjusted for age and BMI between plasma EDs and
measured analytes.

2 of 6 PCB
Plasma analyte congeners in Plasma BPA
plasma
r p-value r p-value
Homocysteine 0.060 0.497 -0.041 0.657
Se 0.078 0.315 -0.001 0.989
Zn -0.028 0.723 0.163 0.042
LH -0.014 0.862 -0.021 0.792
FSH 0.019 0.812 -0.111 0.166
SHBG -0.056 0.472 -0.011 0.893
PREG -0.021 0.786 0.239 0.002
17-OH-PREG 0.022 0.778 0.264 0.001
Cortisol 0.166 0.035 0.099 0.213
Cortisone 0.091 0.250 -0.077 0.331
DHEA 0.050 0.523 0.249 0.001
7a-OH-DHEA -0.128 0.103 0.069 0.386
7B8-OH-DHEA 0.021 0.790 0.148 0.062
7-oxo-DHEA -0.015 0.853 0.012 0.880
ADIONE -0.037 0.634 0.145 0.069
T -0.332 0.000 -0.044 0.577
FT -0.337 0.000 -0.035 0.660
FAI -0.260 0.001 -0.034 0.673
DHT -0.191 0.013 -0.177 0.026
E2 -0.047 0.604 0.357 0.000
El 0.138 0.131 0.286 0.001
E3 0.250 0.006 0.079 0.372
ratio Cortisol/Cortisone  0.146 0.065 0.176 0.026
ratio ADIONE/T 0.221 0.004 0.166 0.037
ratio T/DHT -0.320 0.000 0.076 0.341
ratio T/E2 -0.097 0.289 -0.372 0.000

®The correlation coefficient of partial correlations r is a measure of the strength
between variables and the p-value shows statistical significance.



Table 4. Partial correlations adjusted for age and
BMI between steroids and their ratios and BPA in
seminal plasma.

Seminal analyte Seminal BPA
r p-value
PREG -0.207 0.011
17-OH-PREG -0.207 0.015
Cortisol 0.048 0.565
Cortisone 0.049 0.553
DHEA -0.125 0.129
7a-OH-DHEA 0.082 0.329
7B-OH-DHEA 0.054 0.514
7-oxo-DHEA -0.109 0.210
ADIONE -0.037 0.681
T 0.105 0.266
DHT -0.075 0.367
E2 0.163 0.033
El 0.061 0.423
E3 0.202  0.009
ratio Cortisol/Cortisone  0.042 0.617
ratio ADIONE/T -0.118  0.220
ratio T/DHT 0.157  0.093
ratio T/E2 0.037  0.695

®*The correlation coefficient of partial correlation r is a
measure of the strength between variables and the p-
value shows statistical significance.
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